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ABSTR2CY.,

An electronic system was designed and consiructed to display random
dot stereograms, both of the stationary and of iig dynamic type. Binocu-
lar disparity, the sheape of the stereoscopic stirulus and the dot size
weTe easiiy varied. A further feature was the in:srtion of a variable
phase difference between thg two parts of the stcrveoscopic pair to facili-
tate tests on the effect of interocular delay. Eperiments were conducted,
presenting the random dot stimuli for brief pericds to subjects and
varying the size, shape, position and depth of tis stereoscopic stimuli,
in ordér to test some proposed theorieés of sterewnsis. In particular, the
Julesz dipole model was found to be useful but nut sufficient to explain
the results.

A Pulfrich-sﬁereOphenohenon using only ranc.m dot patterns was
investigated. A further experiment with non~simulianeous presentation eof
random dot patterns suggested that the time constant of the binOCular‘

fusion process did not vary with the amount of ir’erocular delay.
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CHAPTER 1.

- ‘ INTRCDUCTICN.

The human visual system contains two eyes in the front of the
head. The visual field which are imaged by each eye lens on their res-
pective retinae overlap to a great éxtent, From these two retinal images
the brain forms one impression of the world. Under certain conditions the
brain gets a better impression of an object imaged on both retinae than
of a similar object imaged on only oné (FOX & BLAX®, 1973). In this situ-
ation each eye samples the world and the brain makes & more reliable
judgement from two samples than from one. ¥When evide%ce from one sample
contradicts that obtained fron the other the brain is fofced tc make a
choice. The eye that the brain chooses to accept sz giving the correct
view is called the dominant eye. Eye'dominance varies from cone cobserver
tb the next in both type and degree and may also vary across the visual
field for one observer. When an chserver pays gttention to some point in
space that ié clearly Visiblé in both eyes, the eyes converge so that the
image of this point falls on the fovea of each retina. The fovea is the
centre of each retina and is the region of highest visual acuity so that
when attention is paid to an object in gpace; the eyes move so as to give
the brain the most exact description of the object. Other objects near to
the point of fixation (where interest is directed) are also imaged by each
eye and so the three-dimensional world is mapped onto the two-dimensional
retinaze., The brain is able to reconstruct an’impression of three dimensicn
nal space because of the slight differences in the relative positions of
the objects' images in the two retinae, By a comparison of the two retinal
images each object seen by the cbserver may be 1oéated in depth relative

to the point of fixation. The study of binocular vision may be divided
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into the three topics mentionsd above. Firstly there is binocular
summation of subliminsl moncocular images, Wherekﬁwo eyes may be‘used to
obtain a better Judgement than one alone., Secondly there is the study of
binocular rivalry where two retinal images are incompatible and cannot be
fused. Binocular rivalry is frequently used as a tool in psychological
research. Finally there is the study of the spaiial localisation of objects
in space through binocular vision. There are mary binocular cues the brain
may use to locate objects in space and these are listed in section 2.2,
but tﬁe most important cue is the relative horiZQﬁtal disparity of retinal
images. The use of this cue is called stei‘eopsism

Most of the experiments reported in this thesis concern the last
topic. Stereopsis under brief exposures is invesiigated in the centre of
the visual field. In additioﬁ an experiment is psrformed on stimuius mas-
king with visual noise when the noise but not the stimulus is subjected to
an interoculsr delay. This falls wifhin the firsi topic of binccular sum~
mation. Interccular delay in effect, means that an optical delay line is
placed between the stimulus and one eye. Thus one eye lags behind the other,
The use of interaural délay as a tool to study binau§al fusion is mére
familiar fhan the binocular equivalent even though Sherrington (SHERRINGTON
1906) employed it more than seventy years ago in a study of critical
fusion frequencies. Interaural delay is importani in binaural fusion because;'
the time delay between the audio signal reaching each ear gives information
about the location of the sound source and is therefore Analogus'to bin-
ocular disparity rather than interccular delay. Interaural delay océurs
naturally but interocular delay may only occur if the retinal luminance is
unequal in the two eyes. Luminance affects theAspeed of response of the
retina to light sources, An‘optical illusion dependent upon this fact is

"~ the Pulfrich stereophenomenon (OGLE, 1962; PULFRICH,1922) where a simple
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pendulum appears a5 & conical pendulum when a neutral density Filter is
placed over one eye. This and a similar effect with visual noise is fully
described in chapter 8. Interéural delay is useful to a listener because
of the spatial information it brings and the brain rneeds some method for
appreciating this delay. Interocular delay is not useful to the observer
and only sérves to distoert movement. There is a slight possibility that,
if it shogld occur naturally through unequal retina luminance, the brain
is able to adapt itself to minimise the effect upon binocular fusion. This
possibility 1s investigated by an experiment described in Chepter 8.

The human visual system does have some similarities to its aural
counterpart. In order to gain a fused imsge from two receptors nerve fibres
from one recptor pass across the brain to meet with fibres from the other
receptor. The part of the brain that deals with vision is called the visual
cortex. Helf of this belongs to the right cerebral hemisphere and the other
half to the left. The right hemisphere contains the fused "brain image"
of the 1§ft visual field whilst the 1¢ft hemisphere deal with the right
vigual fieid. Nerve fibres eémanating from each retina are divided into two
groués. A vertical line through the fovea divides the nassl hemiuretiéa
from the temporél hemi-retina and hence the left visual field from the
right visual field. Fibres from the nasal hemi-retina of one eye cross over .
the b;ain to meet Wiih fibres from the temporal hemi-retina of the other
eye. If this division were absolute then an object immediately in front
(behind) of the fixation point would stimulate peints on two temporal
(nasal) hemi-retinae and binocular fusion would be impossible. However,
stereopsis in the centre of the visual field is possibie except in subjects
with split brains (MITCHELL & BLAKEMOEE, %970). This indicates that inter-
cerebral communication is an important factor in maintaining stereopsis

over the entire visusl field.



It has been found that limits in the extent.of intercerebral
communication result in a drop in the accuracy of lecating dbjeéts very
far in front or behind the observer's point of fixation (BLAKENORE, 1970).

Phyéiological research in the last decade on the visual system of
cat and monkey have tended to reveal neural units in the visual cortex

which respond to a particular set of stimulus conditions. Typically these
could be a moving edge (formed by bright gradients) aligned at a certain
angle (HUBEL & WIESEL, 1962) or 2 binocular stimulus at a certain disparity
(BARLOW et al, 1967). A neural unit that opiimslly fires for one set of
stimulus conditions is inhibited by an unpreferred set. The author has
B performed psychophysical experiments‘on stereopsis in the centre of the
visual field With'a view to relating the results to the ideas of inter-

cerebral communication and the characteristics of specific neural units
discovered by recent physiological research, Use was alsc made of a
“physical analogy tc the brain's mechanism of stereopsis suggested by
‘Julesz (JULESZ, 1971).

Physiological research,'of the type necessary to probe the neural
equivalent of thg visual imege, may cnly be carried out on animals. The
cat and monkey are thought to possess a binocular visual system similar to
man bgt ideas thrown up by such research must always be tested by psycho-
ﬁhysical experiments on normal human subjects before thé'neurophysiologicﬁ.
findings can be carried over confidently to man. With greater néuroPhysio-
logical knowledge on the brain's visual system now available there is less
need for simple physical models to describe a particular action or.function
of the brain. However, although neural functions at the first stages of the
analysis of the retinal image may be isolated, it is not yet possible to
provide & generai neurophysiolcgical description for the chain of events

leading to the observer's decision as to the nature of the visual stimulus.
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There iz then a glace for the physical analogy which adequately describes
the results of phychophysical experiments even though the ara?cgy itself
may seem very far from neurophysiology. The physicel analogy of Julesz
possesses inertia and therefore lends itself very well to describing tempo-
ral aspects of stereopsis.

Special stereoscopic stimuli were used in all the experi-
ments reported in this thesis. They are called a random dot stereograms,
fnvaﬁted over a decade ago (JULESZ, 1S60) and nov seeing extensive use in
studies of stereopsis as well as psychological research in quite different
fields (section 3.2 ).-The random dot stereogram may be seen as & method
of displaying a figure distinct from its background using only the depth
cue of binocular disparity,‘without any trightness gradients or any
familiarity cues defining thé boundaries of the Iigure. In monocular viewing
the eye sees a matrix, each point of which being ussigned a brightness level
in a random manner. The boundarles of the figure =zannot be discerned from
this random texture but after binocular fusion the matrix separates into
two depth planes., The fact that most observers ses this separation demon-
stretes that stereopsis is possible without any familiarity cués.-This dis-
covery anficipated the neurophysiological finding that disparity-specific
binocular cells exist in the visual cortex for without these disparity-
épecific units stereopsis ffom random dot stereogﬁé@s weuld be a difficult
task for the brain. Because the random dot stereogram isclates the binocu~
larity disparity cue it is fhé ideal stimulus to probe thé brain's system
of binocular fusion arrays of disparity-specific units;

For an N by N square metrix with two brightaess levels allowed, there
are ZNZ different dot patterns. Each one may be used with its stereoscopic
complement to present the same flgure at the same depth relative to its

background or reference plane of dots. Alternatively the 2N2 dot patterns
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msy be presented in rapid tewmporal succession so that in monocular
viewing the observer sees the dots in repid random motion as in‘the
visual noise that may be cbserved in an untuned felevision receiver., In
binocular viewing of this dynemic random dot stereogram, the figure stands
distinct from its background and is made up of a texture of visual noise.
Use is made of dynamic stereogrems in the experiments on interocular delay
reported in chapter 8,

A special electronic device was constructed to generate a;d display
the stereograms. This device is fully described in chapters 4 and 5 but
briefly its facilities included variation in position, shape and depth of
figure and interocular delay. The density of dots was large enough for
small figures to be presented in the centre of the visual field.

The physiology and psychology of speech and hearing have long been
of interest to communications engineers. Corresponding interest in visual
percepfion has been more fecent but is becoming increasingly more important
as solid state technology continues to be developad. Large scale integration
in MOS technology will allow mcre complex signal processing to take place
in a terminal receivér so0 that ambitions bandwidth compression schemes ey
be attempted without making the consumer's equipment toc bulky or expensive.
Development of so0lid state displays will allow possibilities in scanning
fechniques not feasible with the familiar cathode ray tube display.
Communications engineers will always need tc know about the perception of
humang when they are at either end of a communication link. It is wasteful
to use excess chamnel capacity tc ensure perfect transmission of a signal
when a certain amount of degradation cannot be detected by the observer.
When the characteristics of the perceptuzal process are known it will be
possible to code.signals (speech or vision) efficiently so that, after

distortion and degradation by noise in the channel, the decoding at the
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terminal will adequately and unambiguously stimulate the human receiver.
The ordinary cathode ray tube display makes use of certaig basic
- properties of the human visual system. For example, the field repetition
frequency of 50 HZ (60 HY in North America) matches the response of the
rétina. It the video signal is noise-Iree, then scanning at 200 12 does
not give the viewer a better picture, The finer resolution of movement
cannot be appreciated because of the slow response of the retina but. if
noise is added to the video signal a subjective improvement in the signal
ratio would be obtained. With the field frequency fixed the necessary
video bandwidth is related fto the limits of resolution of the eye. The
viewer does not wish to ses the scanning lines nor does he wish to see an
"out of focus" picturgﬂj The design of Lhe cathode réy tube display i=s
related to the ;roperties of-the periphersal processes of the visual system
and not fo the central processes at the visual cortex, Whether it is pos~
sible to make use of some of the complex functions of the visual cortex
in designing more efficient tglevisual systems 1s an interesting engineering
problem but one that is touched only indirectly im this thesis., However, |
neurophysiological evidence indicates that binocular fusion is a primary
function gf the visual cortex and stereopsis, which results from binocular
fuéion, is investigated in the expérimehts reported in this thesis as is
: ﬁinocular interaction with interocular delay. Some comment can therefore
be made on the engineering importance of binocular fusion as a primary
function of the visual cortex. |
Three dimensional displays may have some importance when a2 two dimen~
sional representation is confusing or inadequate., This may occur for an
unfamiliar ebject such as a model of complex molecular structure in organic
chemistry (ORTONY, 1970) or a graphical representation of a mathematical

function of three variables (JULESZ & MILLER, 1952). It is unlikely to be
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developed for or ordinary televisicn broadcasting as experience in the
film industry suggests that its value in enteritainment is not gfe&t.
However, there is a possibility thzt binocular summetion of heavily noise
degraded or subliminal stimuli could be important for special purposes.

in application of the reaction of the visusl system to interocular delay
is described in Appendix 3 though for reasons given in chapter 8 snd 9 this
will never be very useful.

The contribution of the work described in this thesis to the study
of binbcular fusion is primarily the development of a special device to
display random dot stereograms and in particular dynemic stereograms with
interocuiar delay. The great density of dots in the 613p1ayed patterns have
enabled experiments tc be conducted with small stimuii so that the limita-~
tions of stereopsis in the centre of the visuzl field, which hss previous~
ly teen studied with classical line images, may %é repeated with Julesz
patterns. The novel method of tachistoscopically vpresenting stereoscopic
stimuli with inferocular delay used in Experiment 12 and described in
section 8,2 could be of future use to workers in this field.

The Pulfrich stereo-phenomenon using only random dots has not been
reported previously and reasons for this are suggested in section 8.3.
Although it is known that a V2 improvement in the picture signal to noise
fatio can be achieved by masking each eye's stimulus with independent noise
sources, the author is not aware of ény experimests reported on the appli-
cation of masking noise with interocular delay. In this respect Experiment
13 (section 8.4) is original although it is not suggested it is a good
method t'or the estimation of the stereoscopic swmmation tire,

Chapter 2 briefly reviews the early work om binocular fusion by the
scientists such as Helmholtz, Hering end Panum, ﬁﬁereopsis as a cue to

depth is put into perspective by a list of the secondary cues teo spatial



localisaﬁion of objects in space. Tachistoscopic and non-simultaneous pre-
sent&ﬁion of stereoscopic stimuli is discussed and the physiological basis
for binocular fusion is outlined. Chapter 3 is devoted to the perception
of random dot stsreograms. 4 complete description of their construction is
given and the perception of the"ambiguous areas" fully discussed. The
author compares scme findings of his own with thoze of Julesz and reviews
the role of random dot stereograms in perception researth. Chapters I and
5 describe the suthor's apéaratus, the latter chapter describing the
electronic circuits involved whilst the former is a general account of the
experimental methods used in the author's research. Chapters 6, 7 and 8-
report the experimental work with chapter 8 devoted to experiments with
interocular delay and chapters 6 and 7 concerned with experiments involving
sterecpsis in the centre of the visuasl field and other general experiments.
Chapter 9 concludes the thesis with a discussion of the implications of the

research undertsken,
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CHAPTER 2

FUMDAMENTALS CF BINOCULAR VISICH,

2e1e EARLY PSYCHOPHYSICAL INVESTIGATICHS.

Although the subject of binocular visiecn tosk the attention of both
Newton and Descertes, significant interest only developed after Wheatstone's
invention of the stereoscope in 1838 (Fig.2.1). Fsnum was thé first
scientist to devote csnsiderable tiﬁe,to the study of binocular fusion
and von Helmholtz paid particular attention to binccular fusion in his
"Handbuch der Physiclogischen Optik¥.

| Panum notéd that if the eyes are fixsted on same point, then objects
placed'near this fixation point are seen as single objects.(through fusion
of the binocular images) whereas objects much closer or further away from
the observer are seen double. The area around the fixation point where
objects are seen single is known as the Panum fusional srea. Figure 2;2
dcgonétrates this and shows how the width of the fugional ares increases
with the peripheral angle in the visuzl field,

A distinction must be drawn between the Factiual objective physical
world of objects and the subjective visusl world ;s experienced by the
person " ( OGLE, 1962). When an eye fixates on an object, the image
of this object on the retina is located on the fovea. The subjective
direction of thé object from the obse;ver is termed the principle visual
direction. It would appear that if both eyes fixeted on a single point of
fixation there would be two principle visual directions (Fig.2.3) but
Hering showed that the two directions were identical. This fact is known
as the "law of identical visual directions"; Hering's famous experiment
is as follows. The observer stands two feet from & window that affords a

good view. He closes his right eye and directs his left to & point on a



distant object scmewhat to the right and makes & mark on the windew in
line with his left eye and the fizated point. He then closes his left

and opens his rignt and notes which object is in line with the mark and
his right eye. Opening both eyes and divecting them to the mark on the
pane the two objects are seen in one viguval direction - the same as the
mark, although in objectiveAspace the tW0.0bjthﬁ may be widely separated,

From the definition of the principle visual direction comes the
notion of corresponding retinal peoints, With fhe eyes directed to some
fixation point there must exist for every retinzl element in one eye a
corresponding one in the_other which gives rise %o the ssme subjective
direction. These elements are termed corresponding retinal elements and
may be mapped out by Volkmann's "Nonius™ method { OGLE , 1962).
Subjective directions are always relative to the principle visual direction
associated with a fixation-point imsge on the fovea. Absolute visual
directions which enable the observer to orientats himself in his environ-
ment involve processes in addition to the signs cvbtained from retinal
stimulation, Visual direction of objects in space remgin stable despite
eye movements and éhanges in‘fixation point. Thir stability is thought
to be due to nerve signals which lead to eye movements providing the
information for overall corrective direétional SENSE.

Apart from the Hering experiment there are many descrepancies
between subjective and objective space. When asked to divide a horizontal
line obgervers may consistently overestimate the size of the temporal
half (KUNDT partition) or conversely the nasal half (MUNSTERBERG partition)

Lines adjosted to appear vertical may actually be rotated temporally

at the top by one or two degrees from the true vertical and indeed there
are many other exeamples of objective - aubjective discrepancies in the

field of optical illusions.



Returning to the probi&m of fusion Fig.Z.h. illustrates the
situation where the eyes are directed to a fixstiion point and another
object is present inside the Panum fusional ares and is therefore
perceived as a single object. In general, the imgzs of this object
will not fall'on corresponding points on the two retinas and theretfore
there exists two subjective visual dirvections as:zociated with the object
yet it is perceived ;inglez This is one of the classical problems of
binocular fusion,

An old theory proposed to account for the phenomenon of Panum's
tusional area is that rapid ﬁystagmoid movements {movements unsynchronised
in the two eyes)’sﬁmehow'average out the effect of two subjective
directions. Verhoett proposed a replacement process in which portions of
the images were seen alternately by one eye and then by the other.

LeGrand suggested that Panum's areas are the result of a lack of acuity
in the perception of double images of vertical rcds or threads. It is
now thought more iikely that a cortical process, vossibly involving
pattern recognition of the retinal images at soms 1eve1, arranges for

a final composite *image" in-the brain fo be obtzined.

If the images of the object P in ®ig.2.4. had fallen on corresponding
;etinal points the object would have been, by definition on the longitu- ‘
‘dinal horopter for that particular fixation point. Objects lying on the
horopter are perceived at the same distance from the observer as the
fixation point. Consider the case where a point cbject is moved off the
horopter in the principle visual plane, so that the image on the left
retina remainé fixes whereas the right image is shifted transversely across
the right retina. The distence the latter image moves is khown as the
. binccular disparity for that object with respect to the given fixation

point. The object is no longer perceived at the same distance from the



observer. If the object has not moved ocut of Parum's fusionsl areas

it will be seen singly. The information about 2 relative depth be-~
tween the object and the fixation point is in t!: binocular disparity.
The perception of depth by the couparisen of dirparate images is
called stereopsis.

If points on the retinas of the two eves shich are at equal
lateral distances from their respective foveas sre actual correspond-
ing points then the longitudinal hofopter is the Vieth—ﬁﬁller circle
(Fig.2.5). In fact the true horopter, by whatever method it is determined
never lies on this circle but somewhere between it. and the objective
frontoparallel plane. The deviation of the trus curve from the Vieth-
Muller circle has been called the Her;ng—%llleb and horopteA deviation.
The point P in Fig.2.5. stimulates a point in th» temporal hemi-retina
of the left eye and a point in the nasal hemi-reotina of the right eye.
Since P is not on the Vieth-¥uller circle the arcles 6 and ¢ are not
equal. Hillebrand suggested that this result indicates an asymmetrical
spatial distribution of corresponding points on the retinas and this is
supported by the monoccular partition experiments of Kundt and Munsterberg
already mentioned.

uﬂﬁ object in Panmum®s area is seen both sirmgly and ir depth with
reépect to the fixation voint. Outside Panum's zrea the experience of
depth may still be compelling though two objects are seen, At larger
disparaties a qualitative response of "nearer" o "further” may only be
experienced and a further increase in disparaty may destrqy the depth
effect and the two half images become 1ndef1n1ﬁely‘100alisad.

Binocular disparity alone yields stereopsis bubt there is evidence
that secondary cues, both monocular and binoculsr, aid in the spatial

localisation of objects and possibly in the compulsion for fusion itself.



22

These are described in the next section.

2.2. SECONDARY CUXS IN THE PERCEPTION OF DEPTH.

Stereopsis may be the principle mechanism for the determination of
depth but normally there exist numerous secondary cues that the observer
may meke use of. Most of these cues are available in the monocular imege
but some are gxclusively binocular. The importance of monoculer cues to
- spatial localisation of objects may be judged by the apparent ease with
which a one-~eyed man pursues a norymal life, |

The retinel image that an object gives rise to is proportional to
its size and inversely proporticnal to its distance from the observer.
This relationship between sizé and distance is embodied in what is
called linesr perspective. It is thought to be a very powerful cue to the
estimation of distance and is sometimes used to explain optical illusions
such as the Ponzo illusion (GREGORY, 1970). It has been shown (HOLWAY &
BORING, 1944) that when judgements are made of the size of objects at
different distances the observer will adjust the size of the test object
to the gcfual size of the reference cbject. The observer is better at this
the greater the number of visual cues present which will help him to
éstimate the different distances, With visual cues reduced as far as
possible size Jjudgement seems to depend only on retinal size of image..
The fact that apparent size remains constant regardless of apparent distance
is normally called the size—cénstancy phenomenon and it was first expres-
sed in Emmert's law which gives the rule for the estimation of the size
of after-images superimposed on surfaces at aifferent distances from the
observer.

The loss of discrimination of details in a figure and therefore of
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surface texture with increasing distance from the observer is a2 cue to

this distance. A texture with a repetitive pattern gives a cue to distance
when slanted with respect to the visual axis. The aid that such vertical
gradients give to depth perception has been Btu&i@a by Gibson (GIBSON,1950).
The shape éonstancy‘of so0lid objects may also be-considered a depth cue,

An object such as a plate on a table is known te be circular yet it gives
an elliptical image. The upper boundary of the ellipse is then taken to

be further from the observer than the lower boundary,

Interposition is a most useful cue to relative dépth localisation.

A4 near object in the same line of sight from the observer as a distant
objectrprevents the formation of a complete imege of the latter. The use

of this cue rests upon the recognition by the cbserver of the discontinuity
of the boundary ofvthé distant object and is thus linked with gestalt
organisation.

The loss of sharpness of contours may lead %o an experience of greater
distance ffom the observer. This may be due to limit of resolution in the
visual s&stem or due to the properties of the’meaium through which light
passes. Water vépour, dust, and smoke particles in the atmosphere blur |
the outlines of distant objects, making their details less distinct.
Their’hueé also become less saturated as they are further away from the
observer. The aimospheric medium is also spectrally selective so that
distant obJject appear bluer and nearer objects redder. This is quite apart
from ihe effect of chromatic observation of the eye lens that causes, in
darkness, point sources of Blue light to appear further away than point
sources of red light, '

Brighter objects are generally taken as nearer than darker objpcts.

The pattern of shading on a surface is a very strong cue to depth as is
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suggested by the fact that when a convex surface is illuminated from
below (illumination in common experience comes Toom above) it appears
CONCAvE .,

When the head moves but objects in space are stationary the images
of these obJjects move across the retina. Ymages of near objects are
subject ﬁq greater translation than distant objects and thus appear to
move faster. This cué to depth is called motion pavallax,

Because the eyes are above the ground cbjects further away from the
observer on flat ground form images lower on the vetina (higher befors
inversion) than those that are nearer the observer. This is a useful cue
in pictorial representation.

A further monocular cue may be found in a propricceptive sense of
accommodation of the eye lens but it is not known to what extent if any
this is used. & binocular proprioceptive cue could exist in the differing
amounts of accamodation required for focusing on an object of different
distances from the two eyes or from & sense of the angle of convergence

at fixation.

-

A many facéd golid object, such as a cube, close to &n cbserver may
présent quite different aspects fo the two eyes. This aspect difference
may sérve as a secondary binocular cue to spatial localisation. It would
probably be of greater use for familiar objects.

Vertical disparity may sefve as a depth cﬁa for an object viewed in
asymmetrical convergence, The different distances of the object from the
two eyes would yield images of different sizes. These differcnces
decrease as the object is placed further éway from the observer.

A repetitive pattern in the fronto-parallel plane, such as a wall-

paper of vertical stripes produces an image on the retina with a periodic
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spacing that is distorted since the stripes are at different distances
from the eye. The second eye in a different viewing position receives a
retinal imege containing different distortions. 4Again these differences
decrease 2s the fronto-parallel plene is moved further from the cbserver,.
Binocular difference in interposition is a cue related to aspect
differencé. The overlap between an image ofa near object and the image

of a far object may be quite different for the two eyes (Fig.2.3).

2.3. DURATION CF EXPOSURE AND THE STERECSCOPIC THRESHOLD,

Dove (DOVE,1841) discovered that depth could be percéived from
line drewings in a stereoscops {lluminated for & very short time by an
electric spark. Hering (HERING, 4865) confirmed %his result with his
famous falling bead experiment. In this experiment the observer viewed a
plumb line through a horizontal slit whilst a bead was dropped either in
front or behind the line. Suﬁjects were able to percéive éepth in this
situation quite well even thoﬁgh secondary cues were minimal and the
bead was seen for a very short time. Smith (SMITH,1946) confirmed sub-
stantially the same results which imply that neither convergence move-
éents of the eyes nor propricceptive influences from the external muscles ;
of the eye are necessary for the emergence of a stereoscopic perception |
of depth.

Langlands (LANGLAND, 1926) exemined the stereoscopic thre‘sho‘lc‘z
under conditions of short exposure and although his experimental apéaratug
and procedure has been criticised (OGLE,1962) his results are summarised
as follows. For an exposure time of greater than fhree seccnds there

.existed a constant low threshold of stereoscopic depth. When the exposure
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time decreased from three seconds to 1,40 second the stereo thréaholﬁ
increased.As the exposure durstion decreased further ihe sterec
threshold became constant.The threshold of sterecscopic depth percepticn
wnder a given set of.conditions is defined as the least difference in
sagittal distance between two objects that can be discriminated.

Ogle criticised lLangland's experiments because he claimed that the
stereoscopic threshoid.was not measured under the same condition for all
exposure times. He pointed out that at short exposure times little
light energy talls on the retina and since it is known that the level
of 1llumination affects the sfereoscoPic threshold it is necessary
to account for this in the experimental procedure.Stereopsis is possible
at scotopic light levels but the threshold decreases reapidly as the
overall illumination increases. At high photopie light levels the
sﬁereoscopic threshold becomes a constant low valus.

In an experiment (OGLE & WEIL, 1958) which was based on Langland's
original experiment but with all the parameters that were known to affect
stereopsis kept constant the results shown in Fig.2.6. were obtained.

#n explanation for these results can be forwarded on the basis of normal
physiological ocular nystagmoid movements . There are two types of move-
ﬁent,The'first are small binocularly uncerrelated movements with a

maximun frequency of about 100HZ and a median extent of 15 sécé of arc
which probably play no part in visual perception.Secondly there exist large
involuntary drifts and Jerky motions of the eyes which are equal and
synchronised together.Nystagmoid movements have long been cited to explain
the extresordinary high visual acuity that the eye appears to have,
Stereopsis is reiated to visual acuity since to get a true

qualitétive smense of depth the binocular disparity must be



accurately evaluated. As the exposure duration dicreases, the extent
to which the eye cen move is reduced. For very shourt exposures the
retinal image is stopped and an upper boundary fur the stereo threshold

of perception is reached.

2.4 NON=-SIMILTANEQUS BINOCULAR STINULATION.

Guilloz noted in 1904 (trenslation (CGLE, 4962)) that "when the two
eyes are open and seeing alternately, never at ihe same time, but with
a very‘much reduced period of total occlumion sall sensstion of relief is
as perfect ag in the direct observation of the o&jecté.,q. :

These experim&nts show how tﬁe perfect sensation of stereoscopic relief
can depend continually super-additive judgements although having been
formed with the aid of successive impressions of which physiologically
one is already erased or almost so when the othe:r acts.

Ogle could not verify the existence of sterso depth perception with
after-images imprinted first in one eye and then in the other but succeeded
in getting depth from after images simultareously imprinted.

'A‘gooﬁ deal of. experimental work hasd been done on a problem very
similar to non-simultaneous presentation of images to the two retinas.,
This is the modification of Hering's falling bead test where one eye sees
only the top half of the fall and the other sees the bottom half of the
£all. Thus the eyes do not smee the falling bead simultaneously. This
experiment (VAN DER MEULEN & VAN DOOREVAAL, 1873) was perfemmed by tsaking
the Hering apparatus and placing an optical prism in front of one eye.

They concluded that as depth was seen, the depth finding process was a



28

psychicalone as opposed to a physiological one. Nofmarn, by qualifying
the word psychical, said (translatiﬁn (CGYE, 1953)) that "we should
always have to classify bincculsr depth percepticn among the gestalt
perceptions™ after he had performed the same expuriment. Ogle did the
Hering falling bead test with more elaborate epparatus and found that
though a stereo response was certainly present when individusl eyes ssw
different parts of the bead's fall the effect was not a true quantitative
sterecpsis but only a weak sense of further}or nzarer then the tixation
poiﬁt. He concluded that for true stereopsis the s;multaneous stimulatibn
of horizontally associated disparate elements is necessary. (OCLE, 41954) .

Efron performed an interesting experiment {BFRON, 1957) in which
the constituents of a stereo pair were presented non-simultaneocusly to the
two eyes. Non=-simultaneous presentation was faciliitated by a rotating
disc with adjustable viewing slits cut away. The stereo image consisted
of a sequence of three letters each letter placed in space at a random
sagittal distance from the ocbserver who had to perceive the relative depths
in the sequence. The experimental variables were; =
I ) SHORT INTERVAL (SI)

This is the time between the end of stimulztion to the first eye

'ana the start of stimulation to the second uye
I | ) TLONG INTERVAL (LI)

This is the time between the end of the atimulus to the second

eye and the start of the stimulus to the first eye
IIT ) FLASH DURATION

This is the time allowed for each eye to view its half of the stereo

pair
IV ) INTENSITY OF ILLUMINATION

Efron found that, with the wheel set in motion, horizontal flicker



was perceived. At this stage the subject was unable tc say which letter
was nearest. The first letter to become fussd and be located in space,
aé the disc was turned fastexr, was the nearest. This was socon followed
by the other two. If the wheel speed was then reduced the subject could
often still hold the letters in position. This hysteresis effect seems
to be & feature of stereoscopic vision and is to be compared with
hysteresié cbserVed,when‘stereo images are pulled apart in stabilised
vision (FENDER & JULESZ, 1967) whicﬁ is described in the next chapter.
In Efron's experiment a meaningful word was fused more readily than a
nonsense seguence.

More objectively he found that the ratio LI/SI had the greatest
effect in determining the maximum permissible time betweeg stimulation
of one eye and the other. The longer the interval between the flashes
presented to one eye, then the shorter the inierval between the stimulation
of each eye. The limiting value for the short interval was 13 milliseconds
and éccurred when only one couplet was presented {i.e. loAg interval
was infinite).

Efron concluded that a temporal summation of imsges had cccurred
and asked the question of whether this occurred &s a function of retinal
persiétence or as a result of a more complex process in the visual cortex.
He postulated the latter by appeal to the fact thsat the flicker fusion
threshold and the stereoscopic fusion threshold were clearly distinct.

Dodwell and Engels did the same experiment replacing Efron's wheel
with electronic flashlights and found substantially the same results
{DODWELL & ENGELS, 1963). They proposed a simple cell network model to
explain them. Noting the discovery of binocular disParity-qélls in the
visual cortex (HUBEL & WIESEL, 1962) they prcposed that the strength

of the electrical signal delivered by these units depended upon the degree .
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.of overlep between the lazft and right sye signals. The binoccular pulse
was expanded temporelly s~ccording to its iritial strength and héd to last
until the production of another binocular pulse. Therefore as the short
interval of Efren's wes increased the binocular pulse became weaker and
the long interval had to be made shorter to enable fusion to take placs.
It will be noted that there 18 no provision for hysteretic effects in this

mod«elo

2.5, NEUROPHYSIOLOGICAL BASIS FOR BINOCULAR VISTON.

It is well known that; in man, a partial decussation of optiec fibres
exists (Fig.2.7) such that the ipsilateral fibres from the temporal hemi-
retina and the contrlateral fibres from the nssal hemi-retina come to-
gether in an optic tract. There are thus two optic tracts,one in each
cerebral hemisphrre. The left sided optic tract carfies gignals from
both eyes referring to the right hand fiél& of view whilst the optic tract
on the right side of the brain deals with the left half of the visual
field. The optic tracts sach\run into a lateral geniculate nucléus which
actg as & relay station for the nerve impulses and thence to opposite
sides of the visual cortex. At what point in the brain stereopsis occurs
has always been a difficult problem but recent findings in neurophysiology
have clarified the issue considerably. |

It was formerly thought that visual form is first elaborated for each
eye separately and that stereopsis is added in the brain after all analysis .
on the monocular stimuli is completed (HEIMHOLTZ, 1909). Work on sterecopsis
with random dot stereograms cast doubtﬂoﬂ this even though it was foun@
(JULESZ, 1960) that monocular cuee superimposed on the random dot stimuli
greatly facilitated sterccpsis., However the discovery (HUBEL & WIESEL, -

1962, 1968) that many cells in the visual cortex of the cat and monkey



are binoc@ax*ly driven and that these binocular cezlls precede in the
neural pathways cells whose purpose is to spot complex features provides
a neuréphysiclogical basis for an alternstive THE Oy .

Neurophysiological yesearch has led to the discovery of many special
purpose cells in the visual system. Neural processing or pattern recog-
and these were first identified in the visuzl sysztem of a crab (HARILINE,
1949). Kuffler (KUFFLER, 1953) introduced the idea of a receptive field.
He fouhd that, in fact, retinal ganglion cells could be excifed by the
illumination of small spots on the retina but inhibited by the stimulation
 of other areas.The optimum stimulus configuraticn was a bright spot in a
dull ring or a bright ring surrounding a dull centre. Concentric receptive
fields similar to this have been found in the lateral geniculate nucleus
ot the cat. (WIESEL & HUBEL, 1966). Simple movement detectors in the reti-
na of the rabbit have also been discovered (BARLOW & HILL, 1963). Pattern
recognition in the frog's visual system has been studied (LETIVIN et al,
1959) with a view to relating identifisble stimuli to the frog's necessi-
ties of life, |

After an extensive study of the function of individual cells in the
cat's’visual cortex, Hubel and Wiesel have proposed,tﬁe cencept of a
hierarchical order of visual neurons. Cells with simple stimulus require-
ments provide the receptive fields for more complex cells.Hubel and Wiesel
have suggested the classification of visuel neurons into simple, complex,
lower-order hypercomplex and higher order hypercomplex (HUBEL & WIESEL,
1968).

Typically simple cells have narrow elongated receptive fields. The
flanking areas around these slits may be symuetrical or asymﬁetrical S0
that, for example an excitatory slit may be inhibited only on one side.

The orientation of the slit has been found to be eritical; changing the
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orientation by 50 - 0% 1s often ensugh to greaily reduce a response

or remove it completely. In addition to these delectors there are edge
detectors whose receptive fields have excitatory and inhibitory regions
meeting at the detectable boundary. Moving stimuli are effective and
optimum rates of movement vary from one cell to the next. Complex cortical
cells have receptive fields that are not easily mapped out for they respond
to a range of variously-shaped stimuli both staticnary and moving.

There is a link between cortiecal organiSatioh and functional orga-
nisatibn in the visual cortex of the cat. 4 vertical column (perpendicular
to the cortical surface) contains many types of cells but all these
feature extractors have the same preferred organisation. Also cells having
receptive fields in neighbouring retinal images lie close together in the
visual cortex. ‘

In Hubel and Wiesel's early.work it was assumed that the receptive
field and the appropriate stimulus for a particular cortical neurone was
identical for each eye and that the signals from the two eyss were added
together when the two stimuli were correctly located. It was further
assumed that the two stimuli elways lay in corresponding regions in the
two retinée s0 that the binocular stimulus was at an effective zéro dis- -
parity. Later other researchers studied binocular cells and achieved dif-
ferent results {EARLOW, BLAKEMORE, -PETTIGREW, 1967).They found in a
study of binocularly driven units in the visual cortex that a stimulus
located, with the optimum binocular disparity, in the viéual fields of
both eyes was more effective in driving the units than a monocular
stimulus and much more effective than a binocular stimulus which was
correctly positioned in only one eye (i.e. at a sub-optimum disparity).
The spread of optimum disparities displayed by these binocularly driven
units in a cat was about 6.6° for korizontal disparities and about 2.2°

for vertical disparities. It is clear that with fixed convergence different
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~units will be optimally sxcited by objwcts located at different

sagittal distances. This supgests a basic mechanisa depth in ﬁhé cat.

This would be a parallel search process because for a particular object
the possible disparities are investigated simuliineously by an ensemble

of disparity-specific binocular cells. & single ©9ll may also be selective
in its feature extraction so that it may do the iwo basic parts of the
stereopsis process, namely the pairing of images of the same feature

and the assessment of binocular disparity. Unforiunately the actual dis-
parities reported by Barlow et al in the above-menitioned publication were
not thought by the researchers to be very accuraic because of difficulty
in locating the area centralis of the cat and they were unahle to be very
positive about whether or not ther was an associziicn between mean dispa~
rity and eccentricity in thewfield of vision. They also cautioned against
carrying over the results obtained from a cat %o lhe visual system of

man seaying that " the cat, a hunting animal, surveys a wide range of depth
at low accuracy, whereas man,ra sophisticated toclpeker surveys a narrow
band at high accuracy varying the position of the band with his convergence
movements",

- An impcrtant agpect of the input connectionz for a typical visual
neuron ig that many of them are wholly irhibitory. The ivhibitory
mechanism suppresses the activity of the cell whenever stimulus features
inappropriate to its specialisation are presented in the receptive field
of the unit. & particular small part of the visusl field cannot provide
appropriate stimuli for more than a small proportion of the cells with
receptive fields in the area sc that the activity of most of them will be
suppressed,

Cortical units looking for particular features maintain a much

lower level of discharge than units lower down in the visual pathway
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Jbecauge of the inhibitory «"leots o0 in

nropriste stimuli,

¥ost cells in the latersl geniculsate nucleus have & binocuiar
influence of en inhibitory nsture. There is no excitatory interaction
between the two retinal inputs until the visual pathways corxe together in
the visual cortex. (BISHOP, 1970). The specific stimulus property required
for the discharge of a binoccular cell is very similér for both eyes and
the receptive fields have the same size and arrangement. The only difference
between the two fields relates to eye dominance (BLAKEMORE & PETTIGREW,
1970).

By examining the responses of many binocular disparity cells
a Bishop was able to suggest a neural basis for the phenomena of binocular
sirgle vision. He found that each binocular cell gave an optimal response
whern both eyes were appropriately stimulated with the same particular
feature and for a particulardisparity between the right and left eyes.
If the disperity was slightly more of less than this then the cell response
was greatly reduced. Furthermore separation gave rise to an increased
response but at a lesser strength than the optimal binocular response.
This means that a blnocular disparity cell only fires at full strength
for a particular disparity and an object at a certain distance from a
fixation point will only stimulate ore set of binccular cellé, other sets
of slightly differenﬁ disparities being inhibited. There will be in
general four further sets of binocular cells that fire sub-cptimally be-
cause they are stimulated by the feature in one eye but are not inhibited
by the same feature in the other, their particular disparity being much
greater or much smaller than the disparity of the actual object. The opti-
mél response of one aggregate of cells indicates the depth. When the cbject |
is very far or very near the observer such that the disparity is very

great then there may be no cell which fires Optimaily. Furthermore only
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Awo sets of cells will five subeoptimalliy. These give rise te deouble
images wiilch nevertheless still indicste & sense of nearer or fﬁrther
from the fixstion point. Thus the classical findings of Panum and others
now have a neural explanation.

It was once thought that many of the cells in the visual cortex
were exclusively monocular but recent findings have shown (BISHOP, 1970)
that in the cat many if not most of these cells have inhibitory and
subliminal excitatory response fields from the non-dominant eye. These
cells are discharged from a stimulus in one'eyg if and only if the
subliminal excitatory region in the othér eye is also stimulated. Bishop

calls these cells binocular gate neurons.

2.5. OTHER TOPICS IN BINOCULAR VISIQN,

An object that lies directly in front or béhind the fixation point
has its image on teﬁporal or nasal hemi-retinae in both eyes. If there is
gtrict partial decussation of the nerve fibres projecting from the retinae
then such an object should be represented monoculsrly in each cerebial
hemisphere. It has been suggested (BLAKEMORE 1969) that an intercortical
pathway exists through the corpus collosum (rig.2.7.) which allows the
convefgence of the mongcular signals onto single binocularly driven neurons.
In the cat a central vertical strip in. the visual field about the point
of fixation is representea in both cerebral hemispheres..It has been
shown (BLAKENORE, 1969) that.the size of this bilateral representation
accounts quite well for the range of binocular disparities found in
neurons in the cat's visual cortex which have receptive fields in the
area centralis. This range of binocular aisparities is about 2 to 3 degrees i
in the centre of the visual field as opposed to 5 degrees or more in the

periphery. Blakemore (BLAKEMORE, 1970) speculated that " the sherper
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decline in stereoacuity with sbsolute disparity in the centre of the
visual field is due te the limits of the amount of bilateral represen-
tation in the human cortex® after he had performed sterecacuity on human
subjects. This is supported by experiments using a split-brain subject
(MITCHELL & BLAKEMORE, 1970) who could not recognize disparities at all
in the centre of the visual field although his peripheral sterveopsis
was. intact. u

Relative depth discrimination between two objects is finest at the
horcpter which is therefore the region of maximum sterecacuity. The stereo-
threshold increases as targets moved along the horopter visual field. This
threshold increases exponentially as the targetsmove in absclute disparity
away from the horopter (OGLE; 1953, BLAKEVORE; 1970).

The two cerebral hemisﬁheres are not egual in their capacity teo
anzslyse stersoscopic material. The right hemisphere which relates to the
‘let't visual field appears better at this than the left hemisphere
(DURNFORD & KIMURA, 1971). The latter researchers showed this using clas=~
sical stimuli ({vertical rods) and also random dot sterecgrams in tachiscopic
presentation. The special ability of the right hemisphere for analysing
visuo-spaiial stimuli can be compared to the special speech function that
the left hemispheré possesses (KINURA, 1973).

‘ The sterecpsis‘mechaniSm demonstrates an after effect (BLAKENORE &
JULESZ, 1971). It has been shown that when a subject adapts to a random
dot stereogram consisting of two rectangles of which the'upper one is
closer to the observer than the lower one and both are equidistant ( in
opposite directions) in depth from the fixation point, he will, on turning
to view a similar stereogramnwith tﬁe t'ixation point and both rectangles
at the ssme disparity, see the upper rectangle further away than the lower
rectangle. The duration of the after effect depends upon the adaptation

time.
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RANDCE DOT STEREOGHAMS.

3.1, THE COHESTHUCTION OF A RANDOM DOT STEREO PATR,

Random dot stereograms or "Julesz" patterns are now widely used
for a variety of purposes (see 3.2.) but for the sake of completeness
they will be described here. The first computer generated patterns for
binecular studies (JULSSZ, 1960) were used‘bf Julesz who posed the
guestion of whether binocular fusion preceded pattern recognition oF
whether monocular pattern recognition was essentizl before any binocular
fusion could take place. He found that it was nol necessary for recog-
nisable bodies and shapes to be present in the monocular stimulué for
the subject to pérceive & three dimensiongl field in which distinét
areas with well-defined boundaries stood cut as nzarer or further from
the subject than some reference plane. | |

In the reél world a humah observer uses meny cues to determine the
relative positions of objects in space (see 2.2.) but in a stereoscope
an artificial three dimensional world may be crested out of two line
drawings which differ only in binocular disparity (DUDLEY, 1951).

A%' Figure 3.1a shows & simple s%ereoscopié situation of three bars arranged
in a triangle. In this case, the binocular disparity is convergent (the
image of the centre bar in the right field is to the left of the image'
of the centre bar in the left field) so that the centre bar appears
nearey to the observer than the two outer bars. A% present each bar
consists only of a rectangular boundary for its definition but thé
sfereoscopic situation is not affected if each rectangle is broken up

into & grid of iwo by foux . Furthermore, the bars may be given a

speckled appearance by randemly filling in the boxes in the grid with

»«t’ T’L{_ {rtau\le 2 %tists a(’['{r‘ s('.er{oscopfc ¢ ombinafion,
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black or white cclouring (Fig.3.ik). Keturally tl: corresponding bar

v ddentical mannexr

jat
iy

in the complementary field must be sﬁecklsd‘i
or binoculer rivalyy will result when the two firids are viewed
stereoscopically. If, however, the herizontal disiances betweén the
bars are arrangsd to be an integral number of grid dimensions then

it will be possible to camouflage the bars by spockliing the background
in the same way. If the two fields are superimpc’cd then what is left
blank is that part of the background which is comuon to both fields.
This area is filled in randomly black or white a: before and the same
for both fields. Remaining in both fields is a tkin strip adjacent to
the centre bar which is. the background for one 1214 and part of the
centre bar for the other (Fig,§.1c}. These two areas are speckled in-
dependently so that each field is now 2 homogencu: randomly speckled
matrix with no vertical bars visible (Figej;ﬁa}.

The stereoscopic information which exists in the form of binocular
disParity for the centre bar has not been altered. Then the stereo pair
(Fig03}1d) is viewed stereoséopically a centre bayr of dimensions two
by four units is seen nearér to the observer thawn the remainder of the
dot pattern. The other two bars that existed in the line drawing stereo-
gram (Fig.3.1a) are no longer distinguishable sirce there is nothing to
aistinguish these bodies from the background. Monocularly the entire
field is homogenousrand in binqcul&r viewing ther: is no binocular éis—
parity between the dots that lie in these outer birs and those tha£ lie
in the background. For the centre bar however binscular ﬁisParity‘brings
it out as an complete region in stereoscopic viewing although it is lost
in the dot pattern in monacular viewing.

A-similar situation exists in aerial pho%ogfaphy. Heavily camouflaged

installations may not be apparent in ordinary viewing but if a stereo



-palr is foymed from two pholographs teken from &ifferent positions the
camouflaged object juvps out. Animels of prey novmally possess good
stereoscopic systems (two eyes at the front of the head) so that their
victims,when still,and in a background of similas texture and hue may

be detected. A body covered in,for example,leave: and situated in front
of a background of leaves presents conly one cue zdditional to binocular
dispérity'for tis detection. This is that leaves on the body nearer

to the observer will produce a larger image on the retina than those that
are further away.‘ﬁ texture gradient is set up axd its is this cue which
enables an observer to distinguish between differentuniformly illuminated
objects which pfesent the same plane image on the retina, The role of
texture gradients in slant and depth perception lus been studied by
Gibson (GIBSON, 1950). In the computer generated patterns of Julesz this
cue has been removed and only binoculer disparity remains as a cue {o
depth. It is the omission of the texture gradiest monocular cue that
makes the random dot stereograms an artificial stimulus. For if a region
containing square black and white dots is in fromt of a similarly textured
background then ﬁots in this region will produce a larger retinal image
than those dots from the background. Conversely if the dots give the

same gize of retinal image everywhere, then those which belong to this
fegion must appear s@aller than those from the background. This is fhe
size constancy relation embodied in Fmmert's leow.

In the real world, when the eyes fizate on some distant objéct neaxr
chjects will allow one eye to see portions of the background that the
other eye does not. Binocular rivalry does not result from the different
images that fall on corresponding parts of the two retinae because
attention is being paid to the distant object or point of fixation. The

cbserver cannot binocularly fixzate on a. distant object which lies in only
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cne field of view. To do this he mist move his hesd sideways so that

the near object does not obscure the new fimation point for both eyes.

o

In the random dot stereogram there are regions of dots in one field with
no duplicate in the other. In Fig.3.1c these are the thin strips adjacent
to the centre bar. Whereas in a normael sifuation a portion of one field
which has no correspondence in the cther usuvally possssses clues which
enable 1‘5 to be attached to an object which is “eer binoeularlyssc that
there is no doubt as to whether it shoulé‘lie in the féreground‘or back-
graund;in & random dot stereogram this i& not the case. A pa;ticular do%
located in one field msy bef;atchea with any one of several in the other
field giving a whole range of apparent depth. The human visual system
however assumes that near neighbours to this dot will lie &t or at very
nearly the same depth. It looks for = corisensus of disparity among the
dots clustered together in 2 particular region. This is how the vertical
bar in Pig.3.1d is seen as one plane of dots. The visual system will try
to collect the dots which lie in the thin strips on either side of this
bar either as part of the bar or the refererse plane and willlignore any
other solution to the depth location problem. 4 dot which lies in one

of these areas of ambiguous depth {JULESZ, 1660) in one field has a 50 %
chance of matchiﬁg for zero disparity, a 50 % éhamce of matching for the
'éame disparity as the centre bar, a 25 % chance of matching for both and
a 25 % chance of matching for neither with dots in the other field when
as in Fig.3.1 a dot may only have cne of two possible brighiness levels.
Yt is not easy, however, to produce z precise figure from these values of
what fracticn of the areas of ambiguous depth will beccme part of the
centre bar and what fraction blends into the background since so much
depends upon the visual system of the cbserver, The experiments of Julesz

(JULESZ, 1960, 1963), though not directly applicsble to this problem, do



indicate the importance of commectiviiy of point domsins in stereopsis,
Perturbation to one field of the stereoc pair may destyoy stereoﬁsis S0
that only one plane of dots is seen and this is rove likely to happen
when dots of non-zero disparity ere ssparated by others whose disparity
is randomly assigned. ﬁowever when perturbationsz sre uniformly aﬁplied
to one field such as by defocusing or by the addition of gaussian o¥
quantising noise stercopsis is remarkably resilent. From this, it is likely
that any clusters of dots which, by chance, have %he same disparity as the
centre bar, (Eig.iSA), will have to be connected to the bar’or be of such
size that the connection is made perceptually. The quantitative details
for this are not known but it is clear from observing stereoPSis in a
random dot pattern that ilhe boundary between the prescribed region of non
zerp disparity gnd the regioﬁ of zevo disparity is ragged. This gndicates
that parts of fhe region of ambiguous depth are sttaching themselves to
the figure, but since this region does not exist ns a porous extension of
the figure it is clear that connectivity is dmporiant. If a succession of
independent random dot patterns which themsel§es vield the séme shape at
the same depth are presented to the observer in succession at scme rate
greater than the critical flicker fusion frequency then Séereoﬁsis is
still maintained but the planes of random dots are now planes of visual
ﬁoise. The author has found that in this case the boundary between the
prescribed region of non=zero disparity and the region of zerc disparity
is no longer ragged but quite straight. The likely eXplaﬁation for this
is a follows. The ragged edge yielded by each steveogram is different and
independent of all otherz. The sterecscopic visual system ie slower than
the monocular system so that the observer does not follow the abrupt
change from one ragged edge to the next for his stereosccpic system has

to look at a binocular pair, each component of which may be made up of
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several fields that have beon presented in the prst. (JULESZ & WHITE,1969).
This does not affect the prescribed region of nen-zero disparitj ince
the addition of several fields maintains the corvespondence hetween.the
components of the sterec pair. However, at the edses several fields
¥ielding similar clusters around & given point would be required for
these clusters fo remain. Another possibility is that the formstion of
the ragged edge by the cobserver in a stationary stereogram itakes longer
{han the formation cof the main region seen nearer or further then reference
plane. If this is so then the ragged edge would bs smeared out even more.
In practice, with a stereogran of visual ncise, pérfectly cleér boundaries
Vare observed.

According to Julesz (JULESZ, 1971), dots of undetermined depth at
a boundary between two planes in a random dot steveogram fall into the
plane furthest awaj from the obser;er. This means that a figure presented
with divergent disparity éhould appear wider than the same figure with
convergent disparity. This effect can certainly be noticed but as has
been pointed out earlier a change in apparent size occurs anyway thiough
the operation of Emmert's law although this operates equally in both
vertical and horizontal directions. 4 better illustration of Julesz's
rule @as been found by the author with the use of a fixation point
imprinted into the réndom dot pattern. This is shown in Plates 4.4 & 4.2
The fixation point is & black cross normally located with zéro disparity
relative to most of the dot pattern. If a square area is seen in front
of this cross the latter cuts out a circle or ellipse out of the sguare

but when the square lies behind the point of fixation the cross stands

out quite clear with no dots attached.
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The most important use of rendom dot stersogrems ies s a tool to
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study sterecpsis. Neoyrmally the brain i ed with a range of

femiliarity cues {see 2.2) with which to 2id the location of objects in
space. In order to understancd the process of sterecscopic vision it is
necessary to separate the many cues that msy be used by the humen

visual system. The random dot stereogrem removes familiarity cues, bright-
ness gradients and texture gradients and leaves ornly binocular disparity
and for this reason it is the purest form of stereoscopic stimulus that

is possible. The results of meny classical experiments cn stereopsis

ware open to éonflicting interpretation because of the inability to isolate
all stereoscopic cues. or examples Doves experiments (DOVE, 1844) on
stercopsis under brief expasuées were criticised {OGLE, 1962) because the
subject knew what to expect but the more recent work on tachistoscopic
presentations of random dot stereograms (JULESZ, 4964} demonstrate con=
clusively that Dove's original statexment that stereopsis could take place
after exposures as short as one miilisecond and that vergernce movements
were not required was correct. There are many instances where familiarity
cuss appear stronger than binoccular disparity. For example, a {ace mask’
presented stereoscopically with each eye seeing what should be the other's
field,(pseudoscopic presentation (GREGORY, 1970)) should, if the brain's
#isual system obeyed only binocular disparity, yilelid a percept of a face
with all the depth relationships reversed. However, instead of this “inside—‘
out™ face a normal frace is seen. In this case it is presumed that fhe
observer's familiarity with the topclogy of faces backed up brightness
gradients and texture gradients prevents the cobserver from seeing what
binocular disparity alone indicates. Despite this and other examples where

binocular disp=arity is overruled the importance of" the initial work of
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Julesz (JULESZ, 1950) is ithe discovery thai bincnder disparity alone
is sufficient for sterecpsis. Following the neurcnhysioclogical evidence
(HUBHEL &:WIESEZ, 4968} it is now thought that th: disparity cue is
fundamental to stereoscopic systems.,

When information on disparity is ignored iz favour of conflicting
informeation from familiaxity cues it is presumsbiy because the subject
has a predilection to see what he has lsarnt to wxpect even if this
conflicts information gained from objective sourtes. It could be that
because of this the human steredscopic systeﬁ is not used to its full
advantage until an artificial situvation is met wiere familiarity cues are
removed, In this respect it 1 interesting té note that not everybody is
capable of extracting stereoscopic informaticn from random dot stereo-
grams. According to Julesz (jULESZ, 1971, p.270) there are a few people
who, although not suffering from some inability «f one eye or eye
co~ordination, strabismus or astigmatism, are stereopsis blind. He found
a greater number who had some stereopsis-deficiercy in that they have
difficulty fusing complex stereograms even though again they apparently
suffer from no eye defects. He has speculated thzt in this case poor
steneosccfic performance could have bgen the result of bad viewing habits.
The mgjority of the population has no difficulty with fusing random dot
étereograms according to Julesz and this has beex the author's experience.
Out of fifty people screened as possible test sibjects only three had
problems with the basic stereogram and these may have suffered from one
of the defects mentioned above.

Apart from the-uses of random dot stereograns in the study of
binocular vision they may be used in the more gereral explanation of the
human visual system. There are several synaptic junctions between the

retina and the visual cortex and in the passage of visual information



along this path the stimulus undergoes éame procisging. After binocular
fusion the stimulus may be further processed so 1hat the higher cognitive
processes have an indicalion of what stimulated lhe retinae. There are
then two stages of processing; firstly the peripleral processing and
secondly the central processing (this terminology~is not meant to present
any analogy between the visusl system and a gencial purpése computer) .
Random dot sterecograms may be used to isolate th. function of these
geometric processors. 4 classical stimulus consisting of some geometric
shapes may be modified considerably in the peripheral processors to produce
some effect. A random dot stereogram may be coneiructed that, on binocular
tusion, yields the same geometric shapes, but since these shapes were not
present in the monocular stimulus any special opcrators in the peripheral
processors could have no efféct. However any proccssiné done on such
gecmetric shgpes in the central fracessors should be effective and evident.
Therefore information in random dot stereograms cifectively bypasses
special peripheral processing and instead enters zt the central processors.
This point of entry Julesz calls the cyclopean rciina (JULESZ, 1974) aftex
the mythical one-eyed cyclops. 4n effect evoked by the classical but not
cyclopeaﬁ stimulus would indicate peripheral processing. If the effect
is weakly evoked by the cyclopean stimulus then probably both processors
;re involved. If the effect is produced by both stimuli then this implies
that central processing is involved though it is possible that peripheral
processing may also be present, If,however, only the cyciopean stimulus
evokes the effect then it is probable that the central processing is
normally affected by peripheral processing or that for some reason the
céntrai processes are not properly stimulated by the classical stimuli.

An example of a phenomenon existing only urder classical stimulation

is the Hermann-Hering grid (JULLSZ, 1965). In this case the inhibitory
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ds of the typs described by Tuffler (XUFFLER, 1953). Presumably
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there are no such recepiive fields in central processing of the cyclopean
retina or depth changes would be expected in a Hermenn~Hering grid made
by & random dot sterecgram,

Most optical illusions are seen when produced in & randecm dot
stereogram. The Ponzo and KMuller Lyer illusions may both be cbserved in
this way and in the case of the latter it has been shown that the illusory-
effect is quantitatively the same for cyclopean 25 classical stimulation.
(PAPERT, 1961).

In the alternate stroboscopic presentation of an object in two
different pesitions pefsep%ién is divided into three categories éccording
to the laws of Korte (KORTE, 1915). When the duration of the stimuli or
the pause between the stimuli is long, the object appears successively in
the two sepatate positions. As these duraiions are reduced the object is
seen moving bhetween the two pusitions. (phi phencmenon). When they are
reduced further the c¢bject is observed simultenecusly in the two positions.
Tt has beén claimed (JULESZ & PAYNE; 1968) that in cyclopean stimulation
a fourth state exisis beﬁéeen cptimum movement and simultaneity. In this
éaae & single obJject is seen at sftandstill. Juless and Payne took ecare to
remove monocular movement'cués by using two pairs of random dot patterns
with the pattexns for each pair independent of the other‘pair. Indeed they
found that when the same basic dot pattern was used this fourth state was
not elicited., They concluded from this that this fourth state of cyclopean
standstill would be masked by monocular movement. However, the author was
not able to see this fourth state with sterecgrams of dynamic noise where

no movement cues are availsble for the changeover of the cobject from one
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position to the next.

Another problem to which randem dot sterecsyans may be applied is
the gquestion of pattemn recognition and its place in binocular fusion.
It is possible to imagine a system where patterr recognition is applied
to each monocular field so that lines, squares zud circles etc. are
extracted and then the two processed pictures fused together,
Alternatively a system which first performed binvoular fusion and then
allowed pattern recognition processes to operate would be feasible.
The approach of Julesz (JULESZ, 1960}.was as follows. One field of the
stereo pair is perturbed before the two fields are presented stereo=-
scopically. If stereopsis results, then the india&tion is that elementary
pattern recognisers are not at work before binocular fusion., This follows
from the assunption that the results of pettern recognition would be so
different for the two fields that if these resulis were presented for
stereopsis then none could result. It is then concluded that binocular
fusion precedes pattern recognition., The difficuliy with this argument
lies in the understanding of the term "binccular fusion” for fusion must
surely involve some sort of pattern matching process in which two fields
are used to create one, It is difficult to conceive how patterns may be
matched if they are not first recognised fto some extent for even in the
éifference field model of stereopsis (JULESZ, 4950) brightness levels
at points on the grid must be recognised for what they are. However, if a
particular type of pattern recognition'is propesed as a sole process on
the moncculer stimulus from which the binocular fusion mechanism feceives
its inputs, and it is then possible to gain stereopsis after one field
has been perturbed in such a way that the output from the process might
have come from an entirely different stimulus, thén it is clear that this

pattern recognition process could not hsve precszded binocular fusicn.



fnother use of randam dob stersosiams which mey be of importance
W

in future years is the poesibility of aubtmmetica 1y displaying mathemetical
functions in three dimensions without wany brighicsss grddients in the
display (JULESZ & MILLER, 1962). Random dot stersosgrams may also be used

reoscoplce vision.

(:4.

to screen people for tasks which regquire good st

3.3, FUQTHT? IMPLICATTIONS TOR STHERECPETS,

There are problems associated with the use of a special type of
visuel stimulus many of which have been already wantioned. In perceptien
research, the most desirable stimulus is one cloztst to the real life
stivation. However, if it iz desired to evaluate the varous components
of the picture and their effect in some proposed neursl processing model
then it is necessary to create artificial stimuli by isolating these
components, Tt must be borne in mind however, that the stimulus that is
simplest to analyse mathematically is not necesserily the simplest percep-
tually tor the subject. When a stimulus that is fomiliar to the subject
is analysed into its elementary(mathematically spueking) parts and each’
cqmponent is applied.separately to the subject then, quite apart from any
assumptions of linearity in the peripheral receptors, it cannot be assumed
that each constituent, being by itself unusual te the subject, will not
be prccessed and perceived by the subject in a guite diff'erent way to the
complete stimulus‘which is the sum of these constituent parts. The whole
may then be more than the sum of its parts.

A further problem that is commen to all experimental research is tie
inability to prove the null hypothesis. That stercopsis is possible with
random dot stereograms is a proof that binccular disparity alone is
sufficient but this gives no indication of the extent to which this cue

is used when others are present. Another example ia the statement
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(JULESZ, 96L) that the reut
dot sterveoprams displayed to the observer for 1 nillisecond disproves
Hering's thecry on the role of deuble iwage. Obiints in the visual field

whoss bincculay disparity takes them outside Peran's fusional area are

seen dousle and are crossed or uncrossed depending

g upen whether the obJject
is in front of or behind the fixation point. Hexlng stated that objects
-exposed tor too brief & time for vergence movemeris tc possible could

8ti1l be located in the visual 1ield with respec: to some point of fixation
by usieg the double image cue and that this in fzet was the principle
mechanism of depth location in tachistoscopic illumination. In random dot
stereograms no double imsges are possible since ihe boundaries of the
stereo image are not visible in the monocular stimulus. Stereopsis is
possible well outside the classical fusional ares of Panum (FENDER & JULESZ
1967). The tachistoscopic experiment with random dot stereogrems does not
prave that Hering's theory is false but it does indicate that the visual
system has‘the ability tc detect depth in brief exposures without recourse
to Hering‘s double image cue. In & real situatien this cue may of course
he utilised since the disparity information woul<d likely be much less than
in stereégrams comprising of' dots with each compwment dot jielding
binocglar disparity.

Tachistogcopic presentation of random dot ztereograms with a presen-
tation time of one millisecond is sutficient for sterecpsis but because
of after-images this gives no indication of the time the visual system
requires to take in the information and construet the stereo image.
Julesz discovered an elegant method for finding the "perception and
attention®” time for stercopsis by making use of the properties of ambiguous-
1y perceivable surfaces. Wallpapér with repetitive vertical stripes may

be seen by an chserver in variety of depth planes and this fact is known
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as the "Wallpapexr" eftect. The ocours whe: the vertical stripes
subtend a visual engle much smaller than the 1im % of Panmum's fusional

area. Then a corregpondence oxists belwsen the roiinae for a disparity
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equal to the true disparity plus any integral nusbher of periods in the
wallpaper pattern. Thus several depth planes are possible.

A random dot stereogram may be constructed, with two possible
depth planes in addition to the reference plane. {JULESZ & JOHUSCN, 1968)
Although most observérs are said to have some invate bias (JULESZ, 1971)

both planes may be perceived although not simultsncously. However, the
ambiguous stereogram is not in the same category of ambiguous stimuli as
the Necker cube (GREGORY, 1970). In the latter case concentration
on one percept forces the alternafion to the other. Perception of one
plane in the stersogram is gulie stable until ths observer maskes a conscious
mental effort to perceive the alternative. It is therefore posgasible to
present ambiguous stereograms to a subject without the ambiguity being
obviocus to .him.

The prodedure for finding the perception time for stereopsis was as
follows., Firat the subject was presented for a time T4 with an ordinary
stereogram with a central region lying either in fronp or behind the
reference plane. There is then a delay of time TZ after which an ambiguous
étereogram is presented for about eighty milliseconds. The latter may yield
a percept identical to the first stimulus or that percept with depth
reversed, If T1, the perception time, is long enéugh and T2, the attention
t%me,’is short encugh, the perception of the second stimulﬁs is conditioned
b& the first. The second stimulus effectively erases the after images of
the first of which the subject may not in any case be aware of. The two
random dot pairs ére independent of each other sc¢ that no monocular

movement cues are present. According to Julesz (JULESZ, 1971) "perception



i
Un

and atten‘i;im{ times are B}!’jpf!..(}&ié,ly undsr fifty milliscconds”,

In this experiment there are two processes at work. The first stimulus
provides the infornation for the stevecscopic system to act upon and
if the stimulus is presented for too short a time apparently no action
is taken. Information gaine& stays in the system for a time and will
affect the perception of another stimulus provided the time interval
between the stimuli is not too great. The stereoscopic system must be
thought of as posseséing inertia. It requires a certain force to change
its state from the quiescent state but in the 2bsence of applied force
it takes time to mSQe back to its final steady value,

It may be thought that only the perception time and not the
attention time is of importance but this is not the case. In an experiment
conducted by the author a subject locked at visual noise binccularly
presented by two TV monitors. After a warning buzzer, a stereo stimulus
was presented for a few frames in the form of a centre region of dots in
front of the reference plane. Because each frame of dots was independent
of the next no monocular cues were available for the subject 4o detect the
centre region. Subjects could not detect the brief sterec stimulus when
the stereogram giving the centre region in froent lastgd only one television
trame, or forty milliseconds. In this case the subject saw only ordinary
visual noise with no change after the warning buzszer., However, stimulus
was observed when it lasted for two television frames or eighty milli-
seconds. In this case the stereoscopic system is being fed with continuous
information to define the reference plane and it takes time for the system
to move out of this state when a different stereoscopic stimulus is
presented.

A possible theory for stereopsis with randem dot stereograms is that

the eyes converge and diverge until correct superposition is obtained for
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an ares that possesses binccular disparilty. This would be equivalent to

a serial] disparity searching
in tachistoscepic conditions rules out the use of vergence movements in
such a gearch but it is possible to imagine a nesyal process equivalent

to this taking place. It has been shown that if 11 the black elements

in one field are cxpanded by 20 % whilst the totul area of the dob pattern
is kept constant then stereopsis is not prevented (JULESZ, 1963).

It could be supposed that some cortical mechaniss exists to allow for thia
change in the contours as is likely for the case where all elements,

black and white, are expanded by 15 % (JULESZ, 1%50). This assumption may
be premature because a stereoscopic system thai wis crude and insensitive
would not be affected too much by the degradatiom of an image, the former
quality of which it was not able to take complete advantage of. Thus these
experiments do not necessarily lend support to the idea of a supreme

cortical adapter that doecs what the eyes cannot o do not have time to do.

3o4s MODELS OF STEREOPSIS,

The first model to be proposed for sterecpsis which took into account
the results with randm dot stereograms was the difference-field model
(JULESZ, 1960). In this model the two fields were superimposed and the
brightness vahﬂg subtracted. Regions of zero binceular disparity would give
a zero brightnesé level whilst other areas (iﬂ 2 rmndom dot stereogram)
would give a random téxture. The two fields are then realigned with a certain
diéparity and the process is repeated. If there is a region yielding this
binocular disparity then this area is revealed with zero brightness level.
The subtraction of brighiness levels is no diffezent from a correlation
process such as is easy to imagine ocurring in a meural network and there-

fore seems quite realistic. From the explanatica given above a serial



procesg 18 indicated but this need nol be sos By considering several
arvays of binccular disparity specifiec cells in the visual CQrteﬁ cact
array possessing a unique disparity it is possibiz to conceive of a1l the
cperations talken place simultaneously.

The difference field model is an obﬁious oui to explein the ease
with which random dot stereograms are fused but it is not so convenient
for blaok_and white textureless cartoon images. When texture is present
then the difference field model only yields full correlation for a small
area which is part of a large figure when the correct disparity is made
between the two fields. Without texture that aree yields the same value
after correlation for a range of disparities. In this case a mcdel for
binocular fusion would Be simpler if at first monocular pattern recogni-
tion were allowed.

The difference field model assumes no distoriion in either of the
fields, The fact that Stefeopsis is possible with one field expanded ox
rotated witb respect to the other indicates that further develo@ement
of this model is required. But what is more important; no inertiaz has been
put in the system so that there is no description for temporal phenomens
or for any hysteretic effects (FENDER & JULESZ, 1967).

There are basically two ways in which hysteresis.occurs in binocular
vision, Hysteresis inrvergence movemente was first pointed out by Helmholtz
(HELMHOLTZ,‘1909), When an object's images in the binocular fields are
slowly pulled apart, the eyes diverge to maintain fusion. At e divergerce
or 8° the fusion is broken and two images are seen. However, if the
binocular images are suddenly presented at a separation that requires a

divergence angle of a few degrees but less than eight fusien cannot be

ct

brought about. The state of vergence in the binocular system thus depends

upen the history of vergence movements in the system.
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Fender and Julesz, in the poper cited above,

registration system exists that helps to maintair fusion as images are
pulled apart on corregponding retinae and that this system also exhibits
hysteresis. Although single vision is always mainisined in Panum's
fusional areas, eye movements malke the cortical eystem difficult to
study. Fender and Julesz used retinal stabilised images to both eyes so
that eye movementes were eliminated and used a high contrast ratio in their
black and white stimuli so that no frégmgnﬁation or disappeararnce or
images was experienced. They found that pulling the imsges apart in
stabilised vision with a single verticel line as stimulus gave a break-
way point at about siztiy minutes of aré disparity and a refusion point at
about forty minutes of are disparity. When s random dot stereogram was
used fusion was maintained up to 2 diaparity but the refusion point was
well bacg into Panum's fusional area with six minutes of arc disparity.
Presumably, the greater binocular disparity infor&ﬂtiaﬁ:in‘the dot pattern
enabled fusion to be held at a larger separation but the ease of monocular
recognition for the line stimulus enabled refusior to ocour at earxlier ag
the separation was decreased from the breakway point. It is important to
note that the entire dot pattern was moved across the retina and the
disparity of the centre region was kept the same relative to the reference
élane throughout the experiment. Thus the loss of stereoscopic vision and
the separation of the two patterns occurred ai the same point of break-
away. | |

To account for hysteretic effects in the point by point labelling
process that is assumed to take place in the visual cortex a new model or
analogy of the stereopsis mechanism has been proposed (JULESZ, 1971) and
is shown in Fig.ﬁ;Z. The working of this model is as follows. The magnetic

dipoles are ordered in polarity according to the brightness level of the



corresponding point of its retina. The points of the dipcles are
connected in the vertical and horizontsel directicons to each othef by
springs which restrict the individual movensnts of the dipoles but not
group movements to the same extent. Each retins has a correspending
dipole array. The dipoles.-are placed side by sido by vergence movements
and fusion involves the interleclking of these arrays. Fhen the retinae
are stimulated by independent dot patterns there is equal attraction and
repulsion between the arrays with no resultant fowce. When there is large
identical in both patterns a net atiractive force results and the arrsys
interlock. I the arrays are now subjected {o a shear force the ordered
group magnetic force opposes this and the interlocking is maintained until
the shear strain is too great at which point the attractive force dis-
appeers and no net force remains. This is analogous to the point of break-
away. In this model the magnetic force exerted between two groups of
dipoles of randomly assigﬂed polarities depends uvpon the angular dis-
placement qf these dipoles shout their axis, The system thus exhibits
hysteresis, in that after breakeway the two arrays have to be brought back
into alignment before a net force exists that will give a unifom angular
diéplacement to these dipoles, If there iz a region in the dot pattern
that has a relative disparity to the reference plane which is less than
the Gisparity limit éfter which breaksway occurs., then the two arrays
may be subjected to shear strain so that this second region is brought
into alignment. Once aligned it remains so even if the shear strain is
removed. In this way, an analogy to stereopsis in a random dot stereo=
gram may be cbtained.

Implicit in the model is the idea of a serial search for binocular
digparity. It would seem to suggest that regions demonstrating smaller

binocular disparities are found before those demonstrating greater
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x 1

i

eh oree is operating apgainst the attrec-

disparities. Since in this s

tive force of the slveady interlocked reference plane more work is required
to fuse vregions of high disparity. The mechaniss of the anslogy is {tolerant
to slight misalignments of the two arrays unlike the difference fieldr
model described earlier, The model is alsoc adegusie to explain the stabili-
ty of perceived depth in an ambigucus stereogram since once interlocking

is obtained a lot of effect is required to bring ibout the alternative
organisation. However it does not explain the fast (JULESZ, 1971) that

in “t;achistoscépic presentation an ambiguous sterecgramn is always seen one
way for particular subject but that this natursl 3ias may be reversed

by a bias in the stereogram of 3% - 10 % . In thy dipole anelogy the
natural bias would start the search one way and weuld stop when a suffi~-
cient attractive force was exerted. The fact that ratural bias can be

overruled indicates a parallel search process which cannot be envisaged.

in the dipole model.
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THE GENERAL FPUNCTICN OR THE APPARATUR,

Let. INTRODUCTION

Although it is true that there is an increasing use of special
machines, microprocessors, mini-computers etec. in telecommunications,
where tiﬁé sharing of a large genersl purpose computer becomes either
unreliable or uneconomic, this is nét_ generally so in scilentific resesxch.
The flexibility of the programmable machine makes it movre suitablé for
a developing programms of research whereas & spscisl device may béceme
out of date cr unsuitable soon after commission. This argument would
hold for research in visusl perception except for certain &iff‘iculties
of computer gencrated pictures. These are amply «:e.:'scmbed by Julesz (JULESZ

1974, pe 285);~ “The problem can be divided into two, depending on
whether the researcher wants to use fixed stimilus material or desires
to- ge:nera,te the stimuli in resl time. While the {irst stimulus class is
within the reach of any unive:sity departmentecess... The lalter
stimidus class is only available for the lucky foweeieessos Uni‘orﬁun&te}.y?
visual patterns contain such large amounts of information that even on
our present third-generation computers, time sharing is out of the .
question”, _

The authorts mechine is capable of presenting dynamic ranc‘iom dot
stereograms with and without interccular delay. The stereo image may
be in front of or behind the reference plane of dets and may be of any
shape, but only plane imeges are possible. Complex stereo pictures
(JULESZ & KILLER, 4962), which require great storage and mathematical
operations for their generation cannot be preduced. In the author's

apparatus, the size of the dots and the depth of the stereo lmage may



be varied and it has been found that these and ths other varisbles
menticned are sufficient for the investigstions wnich are the subject

of this thesis,

L.2 THE VIEVING SYSTEM.

The &iewing system is shwwn in Figure 4.1. T5o television monitors
are used. Each screen is covered with a sheet of polarcid with the
polarisation orthogonal. The light from the‘moniﬁars is reflected or
trenemitted through a halfesilvered mirror A. A further half-gilvered
mirror -B engbles an illuminated‘dbject (such as = fixation point) located
in box C to be superimposed on the‘ran&cm dot patierns. Polaroid eye

-

pieces; again orthogonally polarised, ensble the light from the monitors

to be separated for sterec viewing. The insides cnd outsides of the wooden
boxes conteining the mirrors etc. were painted ma’it black to avoid internal
reflections. The polaroid system described here, though very common  in
stereoscopic systems (particulerly in stereso projiction systems, where
alluninium screens are used to maintein the separte polarisations) suffers;‘
from certsin disadvantages, The first is that the polaroid plstes reduce
the overall illumination by 50% and the half-silvsred mirrors a further
50 % ‘each. Secondly and of less significance ig the fact that oxidation
of the anti-reflection coating on the back of the mirrors causes a
variation in therspectral response between'transmission and reflection.
When this becomes noticeable the mirrors must be replaced. Thirdly the
polaroids do not give absolutely perfect separation of the two light
sources although with the illumination used in the experiments perform-
ed such visual "crosstalk" was never observable. The chief advantage of

the polaroid system is its simplicity. It requires no elaborate proce~

dures for setting up before each experiment other than 2 check on the
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system is the use of opticsl prisms
seperately into the two eyes. These metheds do nob suffer the same dis-
advantages as the pelaroiﬁ‘qysteﬁs,

The distance from the subject's eyesg to the visusl display wes 75 cm.
The dimensions of the Amper V-S4 monitor was 44 ¢m. vertically by 18 om.
horizontally. The random dot pattern did not oeccupy the entire screen
area. If this were done the two monitors would have to be aligned exactly
with absolutely identical gecmetrizs end the monitor's position in the
apparatus would iftsezlf be eritical. The sligrmen® problem is eased by
resfricting the Julesz pattern to & rectangular ares smaller than the
monitor screen. Then the setting wp procédure was &8s follows.
First the gains of each finel video amplifier ( ¥i3.5.5 ) is set to
give the equal reqguired illuminsticn at the viewing polarcids. An iilu«
mination meter (Holophsne Lumeter Tape 48A) was used for this measurement.
Then the viewing polaroids were removed so that the observer saw two
pictures superimposed. The monitors were meved so that the horizontal
disparity wag zero (This was essential to ensure that the eyes were
converging with the correct engle). The vertical position was then adjusted
by thg V-hold contrcl so that vertical disparity was zero. Adjustments
were then made to the vertical and horizontal size controls to give equal
areas in the monitors. The signal going intc cne of the moéitors is then
inverted so that in superposition a black dot from cre picture added to
a white dot from the seccnd picture (the random dot patterns displayed
being identical before inversion of one sigral) tc give a unifom grey.
If the picture gecmetries were not identical, areas of light and dark grey
were observed giving a "moonscape” impression, The vertical and horizontal
linearity controls were then adjusted to reduce these "bumps” to a minimum,

- After these adjustments were made, inverted signal was returned to normal



LTiunination on a TV scroen can of

and the illuninetion was checked, 1
course be varied by the brightrness and contrast controls but this is
undesirable because of large changes in picture gﬁcmeﬁrf that this
causes and 1t 1s thercfore better to use the video smplifier gain
controla. 4 fine control on illumination is obtained by the sort of
amplifier ghown in Pig.5.5.

An important characteristic of the monitors when used in visual
experiments is the decay time of the phosphors. On the particular
Ampex monitors used this was found to be about 1 millisecond by measure-

ment with s photetrensistor. This is quite typicel for a monochrome

television picture tube (RICHLRDS 4973, p. 90).

he3s GENERATION OF RANDOM DOT STEREOGRAMS,

In principle it is é,simple ma{fér to generate & Julesz pattern
pair on twq TV screens or Cathode ray osscilloscopes using ordinsry white
noise generators. Figure 4.2 deﬁonstrates the scheme. Two random noise

'generaﬁors of identical statistical properties are required together
with two tapped delay lines. Noise source 1 woul&.ﬁrovi&e the entire
picture for onme screen which might be presented to thé right eye. Then
for a line scan system from left to right a vertical bar in depth is seen
on binocular fusion if the left eye is shown the picture b which is made
up of three separate signals. Picture component A& comss from noise source
1. Component B originates from noise source 2 whilst C is a delayed version
of noise source 1. A timing pulze T is pgoduced in synchronism with the
line scan to indicate the position of the verticel bar end its arrival -
initiates the insertion of noise source 2 into picture b. The further
arrival of T delayed by the same amount as the delayed Vérsion of noise

source 1 allows the latter signal into picture b wuntil the completion of
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this pulse.

The practicel difficulty of this arrangement stems from two points.
Firatly, the two noise generators must appear to originate from similar
statistical processes. The human viguai system will easily detect a
change in mesn or standard deviation of visual noise (JULESZ, 1962).

A variatién in noise bandwidth causing the size of white and black spots
to change their shape and size is alsoc easily detectable. (Bendlimiting
causes, for a horizohtal scamning system, a lengthening of the dot's
horizontal dimension,»A further complication can arise with the Benham
colour effect. (GREGCRY, 1970, p.77). Apparent colour is caused by a low
frequency stimulation of the retina causing differential excitation of
colour sensitive cells because of their Qifferent time constants.

This effect, normally demonstrated by Benham's disc is also revealed by

a cathode ray tube with & sultable spatial density of randomly stimulated
points. If this density véries across the screen then the subjective line
which, when produced in this.way is very weak, also varies across the
picture. Therc are however no clear demarcation lines in subjective coicur
perceived even if the density changes abrubtly. This, then, is a secondary .
effect but could become important in a filtering scheme designed to remove
effects of switching transients due to the multiplexing of the various
éoise sources, by reducing the dot density on the final noise picture.

Switching transients constitute in fact the‘most serious drawback
to be overcome in the system of Fig. 4.2. The human sensory processes
are remarksbly sensitive to repetitive stimulation. Spikes iﬁ an audio

signal such as those caused by some switching process are readily detected

by a human listener even when the noise level is high so thatl the periodic
signal contains ohly a fraction of the signal's total power., In a video

signal spikes in synchronism with the line frequency, masked with ncise,
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again are readily detected by the hdﬂ’l ohserver, as shown by Marsh
(MLRSH, 4967}, The human visual system is able to integrate cut the effect
of additive noise to leave a c¢lear percept of, in the case of the switching
scheme propesed in Fig. 4.2., three vertical linzsz - one for each of the
switching points. Marsh d&id in fact show that horizontal and vertical lines
seen in this way can be detected at & lower signsl to noiss level then
lines of other orientations.This is because of the presence of orientaticn
specific line detectors in the visual contex. (HUBEL & WEISEL, 1962).

Finally =& prcblem arises with the delay linss. It is not veﬁy
important that the pulse T is ﬁe}ayed exactly ths same period as ﬁoise
source 1 but it is important that the delayed naigc‘signal should, apart
from its delay be an exact replica of the originsi. This is within modern
 technology and for the delays required ( a few microseconds) LC delay
lines or accoustic delay lines, as used in cclour television receivers,
could be employed. (HARYOCD, 1970). |

" 411 the difficulties listed above are conco.ned with the probiem of
removing monocular cues from the sterecscopic stimulus. If the left eye
sees vertical white lines locating the boundariez of a vertical bar of
dots in front of a reference plane of dots then ihis, apart from introdu~
cing binocular rivalry, gives the observer inforn.tion about the stereo~
78cépic stimulus which he may use prior to binccular fuéion. This nullifies
the value of Julesz patterns which were invented.for the presentation of
pure stereo information without any ciues present &t the monocular peri-
pheral stages iﬁ the visual system.

The author attempted such a scheme with analogue white noise gene-
rators but,because of the difficulties mentioned zbove abandoned it
in favour of a digital method which made use of tie properties of pseudo-

random noise, This will be described in the next section.



o
N
SH

Tty
X ide

s ‘i "

Lo THE USE OF PSEULO

A summery of the mathematical properties ¢ paeudo-random
sequences is given in.Aerméix 1 but it may be noted here that 2 pseude-
random sequence generator is e finite state machine operating in
discreste time in which esach successive state is = function of the

previous state. When the machine first arrives in a state in which it

hag previously existg& a complete cycle is perfo:med. Thus the output
from a pseudo-random sequence generator is ?erigéic but the statistical
properties of the signal in one period make it noise-like. In prac%ice,
a generator consistes of a shift register store vhose cells define the
machine state. The feedback function is & lipear function, being made
up of modulo 2 adders or FXCLUSIVE-OR gates. A maximum length sequence
occurs when the shift register goes through all possible states which
for an N stage vregister is M 1. The =1 term ezists because the all
zero state is éelf perpetuating if all feedback cumponents are modulo-2
adders and is therefore not an allowed state. The generator's cuiput

is two lewvel but this may be conﬁérted by suitable weighting of outputs
at different times tq a multilevel nciée sequence or, by an analogue
filter to continuous wave noise., In the application describéd here the
two level sequence is sufficient, If the sequence length is made long
enough compared to the memory of any receiver dsvice then the signal
will appear ss random noise and its periodic nature is not evident.

To generate Julesz patterns the author used a 31 stage shift register
to generate a meximum length sequence of 2. 1 or Just over two
thousand million. When the register is clocked at a rate of 5 MHZ then
the sequence period is over six minutes. Furthermore, since this period
is not an exact multiple of the time for cne telsvision frame then the

same random dot pattern will not recur even after this length of time.



£ this sequence

4
et
Bt
@
[l
S
43
[
£
iy
(e}
4
b}
)
o
oy
bl
in
)
hod
&
vy’
-t
o
od
e}
£
WA
O
%
IS
<
sy
o
o
o
oy
L%
o
j
o
el
T
o
]
=

£ twp-level

[¢]
jo
o
x
0
[xa
o]
i
by
b:)
pat
é— '
b
L
(&)
©
<4
fods
g
%
O
&
]
s}
o
Ll
O
]
3
t,.ﬁ ]
bt
s
[
o
fix)
s ]
footn
2
£
£
&
3

random neise.

The chief advanitage of using pssudo-randcm noise for this application
ig that a stationary rendem dot piciure may be readily obtained. The
sequence genexator is set in some initial state such as the "all-one® state
when each cell of the shift register stores the logic level of unity.

At the start of a television frame the shift register is clocked so that
it begins to proceed through its determined sequence. At the compietion
of the frame the shift regisﬁer is set back inté the same initial.state
and awaits the start of the next frame to go througg the same process,
When s*?ficiegt care is ﬁakén,over timing & perfect jitter~free stationary
random dot picture is oblained as is regﬁireé.to display a binary random
dot stereogram of the type that Julesz used. The method of synchronisation
control is described in 5.1,

'Having produced a pseuiomrandom sequence it may be processed in the
same way as described in 4.2. for analogue signals andvshown»in Pig.s L.2.
There are certsin simplifications to this scheme which make the system
on the whole more practical. Firstly the problem of obtaining two noise
§ouices of similar statistics is no difficulty but does not in fact arise
since use may be made of the "shift and add"” property éf pseudo~random
sequences (Appendix 1.) to generate the same seguence out of phase. .
Providing this phase difference is maée large enough the second sequence
will be effectively independent of the first as for as the human cbserver
is concerned yet will possess the same stétistical characteristics.
This delay line for the analogue noise scurce now need only be anocther
shift register and the actual delay may be easily varied to set the

required binocular disparity and hence the stereoscopic depth. The
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gwitching problems ave very much essed now that the system is operating
in discrete time and it becomesquite practical to cowpletely eliminate
all monoculsr cuss dus to switching transients. The sccond delay line
for the timing pulse T might have to be vather a long shift register to
cover a complete range of video stimuli but cther techniques are used
to obviate the need for this., i

The digital system can produce stationary mnd dynsmie random dot
stereograms readily where all monocular cues may be positively removed,
One monocular cue not yet mentioned is caused by ecach video monitor
picking up and displaying é little of the video zignsl sent to the other
or in other words there is "visual crosstalk™. £ithough screened cables
carry the video signals to the monitors, screening the monitors them-

selves would be rather clumsy. The problem of virual cross talk is that

serposed the region 4

when the two components of the Julesz pair are s
of Fige L.2..1s reinforces by the crosstalk whercss regilons B and C are
not. The autocorrelstion function of a pseu&c;rﬁﬂﬂsm sequence is such that
any non-zero and non~periodic shift gives an autczorrelation 05"1/L where
L is the sequence length and the autocdrrelatien 2t zero and at integral
multiples of sequence length is unity. If therefcre one conponent of the
Julesz pair is delayed by one bit cor one ¢clock pariod in time then the
cross-correlation at zero time shift for the two components a and b
(Figeh2.) is a uniform "1/L since the extra sbift in region B and C
gives us less correlation then the single bit shift in region A. The
effect of visual crosstalk is then just like an #ddition of independent
noise over the entire picture which does not conshitute a monocular cue.
This was the system that was adopted in the appazatus used.

4 further advantage of pseudo-random sequesces over analogue noise

‘sources is the ease with which interoculsr delay may be implemented,
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It is desived to stimulate one retina with its stereoscopic component

at & time afler the complementsry sigrnal hes stimclated the other relina.
This delay will be of intorest when in the range of 4 ms to 4100 ms.

In principle this can be arxangecAby adding a delay line in the path of
one video source to its monitor. However, since the video bandwidth is
about 5 MHE the number of céﬁ onents for a dlstortionsl-free delay

)

produced by an LC delay lins would be of the ordey of 1C° . This del tay

implemented with accoustic delay linss would alse be ynpractical ald

not so unrealistic (HAFWOOD, 1970). With pseudo-random sequences the
delay is easily producedby a second but identical sequence venerator
whiéh is out of phase with the first by & time egual to the required
éelayo This, of course, has only delayed the picture component of the
video si gn al, Por the picture to appear the ssme, except for its delay,
onn the monitor the synchronlsatlon informaticn maet also be delayed by
the ssme amount. Since the interocular delay recuired is always wuch
greater than the 64 usecs required for one line scan the best practical
solution to this problem is to separate the line synchronism completely.
from the field synchronism. The line scen is left alone and is identical
for each monitor. The freme synchronism is then delayed by ar amount
equal to the remaindeyr obtained by dividing the interocular delay by thé
reme period. This delay is easily produced without a long delay line as
described in 5.4 « By this method any interocular delsy that is an
integral multiple of 64 micro-seconds, the time for one line,and is also

much less than six minutes, the pericdic length of the pseudo-random

seguence may be produced. The interocular delays regquired fortunately

tall in this range.
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Lebo THE T¥EVISION EQUITLENT,

Figure L.3. shows the generel desipgn for vhe closed circuit
television system. A 10 MHZ crystal oscilletor is used to drive the
pattern generstor as well as synchronising the sync, pulse generator

]

(Philips Type EL 8250/01). Division of the clock frequency by 320

@
[$]

yields 31,250 HZ which for a 625 line 50 HZ syst-m is double the line
frequency; This is gupplied to the synec. pulse gonerater which by
further division produces its vertical, horizonizl, blanking and sync.
pulses and so there is never any possiblity of loss of synchronism
between the felevision scanning systems andAth@ Zigital sigpal which is
developed by the pattern genmerator. This is essential to ensure a stable
ataticnary random dot picture. Vertical and horizontal sync. pulses are
supplied to the pattern generator and mixed sync. pulses are taken
direct to the monitors. When interocular delay is réquife& the field -
coemponent of the‘mixed,sync. is inserted separatcly into each monitor
so that théy only run in synchronism és far es tiz line scan is concerned.
Because the crystal ozcillator links the pattern generator.with the sync.
pulse generator it is often necessary to use this frequency or its
derivatives to count out timing periods. For exsmple, the time that the
' sequence generator lies in the initial state bef&xe‘going through its
sequence for one frame must be accurately comtroiled in this way. If this
timg was dependent. upon an RC. network such as a mcnostable, then the
random dot pattern would jerk sideways in a randen manner, especislly at
disturbances to its supply voltage.

A camera control unit (Philips Type LOH 0130) operates a camera in
synchronism with the rest of the system. The video signal from the camera
may be used to define the shape of the stereo imege in the rendom dot

pattern,
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When, as described here, the rendom dob peitern is in step witl

T.V. sync. waveforms a grid-like

lines as well as the horizontal scan lines. This, then, is similsr in
appearance to the criginal stereograms produc s Julesz on his computer.
(JULESZ, 1960). The black and white do s however, are not perfectly square
but depend upon the frequency which drives the psitern generator.
At b NHZ ﬁhich is within the bandwidth of the Azpex VHE-94 monitor the hori
vert, Tratio of the dots is about 1;6. which is not too far off sQuare
At 2.5 MHZ the dots lock more like hyphons and the depth control which
is quantised in dots widths becomes coarser.
In order tc compensate for the fact that %tze cbserver sees the
mirror image of monitor 41 the line scan on this monitor must be reversed

so that it scans from right to left. This is easily done by reversi

the transformer connsctions to the horizontsl yoke inside the monitor.

4.6. THE STERE OQCODIC STIMOLUS.

The area of random dots in a Julesz pattern that is in front of or
behind the ret'erence plane of dots may be defined electronically or
alternatively may correspond to any picture picked up by a television
éamera. The only shapes that can be produced very simply electronically
are rectangles which need only four monostables for their definition
although they are now integrated in units available for alpha-numeric
character generation for television systems. Alsc television pattérn
generators have long been available tor broadcasiing production
techniques. However the simplest way to give the stereoscopic stimulus a
more ccmplex geomefry than a rectangle is to make & black and white

drawing and perform edge detection on the video signal emsrating from a
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camera. This def'ines the contours of the "in-depth™ area and thus all the
information required,

Making the interrnslly generated rectangular stimulus move is an
easy matter requiring pulse width modulation of the distance trom the
left hend edge of the screen to the start of the rectangle., This is
described fully in 5.4 . Altermatively effecting a mechanicel movement
of the caﬁara’s subject will do the seme thing aithough this is more
difficult tc arrange fror precise trajectories,

I in Fig. 4.2, the left eye sees picture # and the right eye
sees picture a then the vertical bar defined 5y srea C will appear in
front of the main common area A. If each eye is presented with the other
eye's view thea C should appear behind & for now the bimpoular dispariiy is
divergent. The extent of this disparity preduces the amount of apéarent
depth of the stereoscopic stimulus and is veried by a switch which selects
the required tap on the shift register delay and alsé'the width of area B,
Reversal of depth may be implemented by interchanging the polaroids in
the eye pieces but it is better for experimental purposes to be able to
change the depth plane without the subject's knowledge. Switching pictures
a and b (of Fig. 4.2.) between the monitors is the simplest way to do
this.’Providing the subject does not have eidetic memory he will have
no monocular cues availsble to him for ascertaining whether the stereo-
scopic stimulus is in front of or behind the reference plane of dots,
pictures a and b appearing the same to each eye before binocular combination
¥hen interccular delay is being used interchangirg the monocular stimuli
is a little more complicated since the two compouents differ also by a
time delay as well as binocular disparity.

In most of the experiments conducted by the author stereoscopic



ed
[

stimull were presented for & short time to &&bjﬁ&%ﬁ; There are meny
problems with such tachistoscopic presentation ceused by the nature of
television, With interlaced scanning, as was uss¢ here, a complete
television picture consists of two fields sach regquiring 20 milliseconds
for their complete description. Visual stimuli derived from televisions
cannot then be presented to & subject for less than one complete frase

or 40 miliiseconds and at least for presentation times not far differsnt
from single frame all display times must be quantised in 40 milliseconds
sﬁépsg If this is not done some parts of the picture will be. seen more
thén others. In any case the disadvantage of seeing the top part of the
picture before the bottom half is always present unless an attempt is
made to rendomise the starting posi%ioﬁ on the screen. However in
experiments on facial recognition Garneau (GARNELU, 4973) attempted to
discover the important features of a human face i&aﬁ enable it to be
recognized. He used exposure times of two or three frames and was there-
fore in a éituation where results indicéﬁing the greater importance of,
for example, the forehead over the chin could be affected by the fact
that the forehead was always seen first. Yet, on repeating his experiment
with the television monitor turned on tis side, =0 that he had a vertical-
1y scénning system, he found no significent difference in his results.

In experiments on binocular vision it is important that when visual
stimuli are presented in brief exposures there is ne time for vergence
movements to take place., It has been shown (RASHRASS & WESTHEIMER, 1964),
in their investigétions'on‘the dynamic behaviour of the vergence movements
performed by the eyes, that a delay of appreximateﬂy 160 milliseconds
occurs before the eyes react to a stereoscopic stimulus in order to change

their point of fixation. This means that in a stereoscopic exposure of



80 milliseconds or two television fr#meg the experimenter may be confident
that the eyss cannot move to ’ixaﬁe on the "in-depth"™ rezion of dots.

If these eye movements were much quicker, so that the binccular system
could react before the television frame had been completed, then a
television system such as the one described here could not be used. For
exposure times of less than 40 milliseconds conventional tachistoscopic
methods must be used.

With the equipment described, there are available several methods
of presenting brief stereoscopic stimuli. Firstly it is possible to flash
up & few fremes of the video signal from a blank nicture as in a noneal
single field techistoscope. If, with the video switched off, the monitor's
screen is completely black, then the sudden application of the signal
causes a small drop in the high tension voltage which causes in turn a
brighter area at the top of the screen untii thiz voltage falls to &
steady value. Therefore, strictly speaking, the mﬁéitor ghould noct be
used in this wayrunless a large high voltage capzcitor steadies the high
tension line. Problems may also arise if there is a d.c. component in
the video signal‘and a large input capacitor together with a high input
impedance in the video amplifier. This will cause the picture to become
brighéer at the bottom. This methed is then not very desirable for a-
television system and suffers some disadvantages because of the change
in illumination between the blank screecn and the visual stimulus. The eye
requires time to accomodate to a change in illumination and for this
reason a system similar to the cne described by Julesz (JULESZ, 1964) is
to be performed. In this method botﬁ eyes focus on jidentical random dot
patterns with, therefore, no special "in-depth" arca. The stereoscopic

stimulus is presented by removing these patterps end replacing them for



& short time with ancther pair of pattsrns independent of the first
and which contain binoculsr disparity over scme region. The cverall

illumination does not change in this ch

are present either.,

A system, based on this method, may be readily implemented on
the epparatus. A stationary random dot picture is presented to the
subject which is then changed to ancither by putting the pseudc-random
sequence generator into a different initial stete st the start of cach
freme. The new initial atate is, of course, far removed in phase from
the original initial state so that the two successive pictures are
effectivély independent. The "in depth® sres exists only Ffor the time
that the second random dot péttern is presented. In Fig. 4.2. this means

th&t!initially both eyes see picture &; secondly & new random dot picture

is repeated, Without the new random dot pattern a monocular cue exisis
for the eye that sees the change from a to b. 4gain using Fig. 4.2. what
one eye sees is an apparent movement of the dots contained in area C from
left ﬁo right. This defines the boundaries of the "in depth" area of the
pattern and therefore constitutes a monocular cue. The apparent movement
observed iz en example of the phi phencmenon as applied to random dot
patterns which has itself been a subject of studies (ANSTIS, 1970).

An alternative method for presenting a stereo stimulus without any
monocular cues or changes in illumination at the instant of exposure is
to provide the subject with two‘identical dynzmic noise patterns and then
to change one to yield an "in-depth" area. Since, in dynamic noise, each
television frame is independent of its predecessor no mohocular cue arises

in the changeover from picture a to picture b (Fig.4.2). This method may



alse be used for presenting random dot miereosy

L

but if it is desired that no interocular delay show

the actual atimulus is pressnted sncthey method ieo possible. RBoth eyes are
presented with identical stetionary raundom dot pic~tures. Then one picture
changss from stationary to dynamic noise. At a lsier time the other picture
does the same., These dynamic pictures lest for thu same total length of
time after which the situation returns to two identical stationary pictures.
When the pictures consist of dynamic noise the two form a Julesz pair with
of course, interocular delay. In this way, there iz no change of illumi-
nation and no indication of interocular delay before the sterec stimulus

is presented.

L.7. THE FIXATION POINT, .

As mentioned previously it is desirable to provide a point for the
subject to fixake upon so that the position of soms brief stimulus on
the retina may be defined. In Pig. 4.1. an illuminsted spot inserted in
box C will provide a fixation point but.if there ‘s a continuous random
dot display the spot will have to be more intensciy illuminated and
possibly of a different hue for it to be seen readily. This is undesirable
and furthermore the position of the illuminated spot will have tb be
precisely located in box C so that the fixation point lies in the plane
of the random dot pattern or at an exact éistance in front of or behind
the pattern as reguired. A better method is to insert the fixation point
as a small cross made up of black or white dots in the random dot pattern.
The dimensions of the cross are then quantised in dot sizes and binocular:
disparity mey be added again in steps of a dot width. Plates 4.1 and 4.2 ~
show examples'of random dot patterns foymed ag described here with the

fizetion point inserted.
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A NOTE On VY
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The stereograms displayed in Plates L.1~4.40 nay be viewed by
heolding the sterco pair about LO om from the eyes which should fixate
on a much nearer point.The centre of the left imspe may then have the
same visual direction in the right eye as the cenire of the right imege

in the left eye.With a little practice these stercograms may be fused

re&dily.



PLATE 4,1 S/ ,UARE BEHIND (DISPARITY 3 BITS AT 5 MHX)
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PLATE 4.3 SOUARE SSHIND (DISPARITY 6 BITS AT 5 MHZ)
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PLATE 4.4 SLUARE IN FRONT (DISPARITY 6 BITS AT 5 MHZ)
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PLATE 4.5 SOUARE BEHIND (DISPARITY 3 BITS AT 2.5

VHZ )
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PLATE 4.6

SOUARE IN FRONT (DISPARITY 3 BITS AT 2.5 MHZ)
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PLATR 4.7 THE SHAPES HIDDEN IN THE STEREOGRAMS OF PLATES 4.8 & 4.9 90




PLATE 4.8

“THE

EYE" IN PRONT(DTSPARTTY 3 RITS AT 5 MHZ)
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PLATE L .10
TOP_RECTANGLE BEHIND,B0TTOM RECTANGLE IN FRONT.(DISPARITY 3 BITS) 93
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Hele THE SROURNCY GEMNERATOR,
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The sequence generater shown in Fig.5.1. hsa feecdback taps at
stages {13 and 31 which is a combinaticn thet gives a maximum length
sequence { KCRN, 1966 ). When the conirel pulse i is high the
feedback combination is allé%ea through into the first slage of the
register but whén Cf fells, the feedback iz blecked end a consteng
logical level of unity is fed into the firast astage. After 34 clock
pulses the generator is resting in its initial "all-one" gtate¢ The
pulse ¢4 is normally & short pulse falling to zero at the end of cach
frame to set the generator back into its initisl state so thst a
stationary picture may be cbtained, With €1 constantly high a dynemic
naﬁsg pleture is'praduce&. A further input C2 enables a different
statiocnary plcture to be cobtained by changing the initizl state of the
gererator, With G2 bhigh stags e;ght passes its inféxm&tian«to stage
nine in the nomsl way but when C1 and C2 are both low then at every
alternate clock pulse this passage is blocked and a zerc inserted into
the ninth stage. This new initial state has been shown by compuber simulation
to be morethan one complete frame of noise out of phase with the "all-one”
initisl state. Thus a new staticnary picture may be cbtained that is
effectively independent of the origimal. It is essentiel that, for this
new picture to be jitterfree, C1 is a precise number of clock pulses
in length.

The 3%33 stage is the output of the generator (Vi) and provides
the basic reference plane of dots. A further shift register delays V4 to

give V2. The actual delay is the binocular disparity and is selected by
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decede gwitches as shown. Operating o tro taps of this register, and

=4

¥

(Y

using the "shift apd add” preperty of peeudo-random sequences, gives the

"independent® signal V2. V2 £ills in the gep between the refersnce plane
and the shifted area which contains bineccular disparity.

The sequence of random digits is contained in a rectangular area
occupying most of the television screen. PFigure 5.2. demonstrates how
four monostables can be uscd to provide this rectangle. In the notation
of the diagram the pulse 4 determines the vertical position, B fixes the
rectangle’s vertical dimension and C and D the corresponding horizontal
dimensions, This arrangeméﬁﬁ iz ﬁsed to generate any rectangular shape
required. Shown below the monostable chain is a circuit designed to
modulate the horizontal position and this may be ﬁsed in place of the
third monostable., 4 capacitor, discharged initially at the beginning
of each line, charges at a constant rate and is compared with the signal
voltage. The time taken to reach equality corresponds to the horizontal
position. This technique mey be used to vary any dimension according to

some prescribed function.

5e2. THE SHAPE OF THE STEREOSCOPIC STIMULUS.

,The shape of the "in-depth™ area may be a rectangle internally
generated as Gescribed above or may be derived from an external video-
signel. Pig. 5.3. showa the level detectcr used to operate on a video
signal so that the boundsries of a bleck chbject on a white background
may be found. VR2 is varied to bias the MC 1510 integrated amplifier,
which has a flat response from d.c. to about 4O IHZ, so that the video
is amplified whilst the sync. pulses are clipped. A Schmitt trigger then
level detects the amplified signal. VR1 sets the gain of the system.

whatever the origin of the signal defining the shape of the
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produce the binccular di T a vertical bar ccoupying
about & 5 of the screen arc shown. The rising and leading edges ave
first sepereted by unileteral differentistors whose outputs set separate
bistable latches. The ceounters are driven by the system's operating
clock pulse and, on the setting of their controlling latch, count to the
required binocular disparity set by decade switchesz which tap off the
decoder's outpubs ané.reset the latch. Finally three wavefomms are
cbtained which mark out the regions where V1, V2 and v3 belong. Multi-
plexing to produce the final picture is perfommed as shown in ffig. 5.5.
The first three flip-flops are required ﬁo synchronise the wavefomms with
a clock 900 out of phase with the main clock so thet as  the mizxed out-
put passes into the final flip-flep, which provides the one bit delay
necessary to cut out visual ”crosstalk“;signal changeover cccurs when the
main clock pulse is low. Failure to do this camuses exratic working in
this flip-flop and & monocular cue as a switching line is visible.
Switches X1, X2 and K3 enable the three regions of the dot pattern to be
blanked out so that a check msy be made on the constitution of the picture
and so that the size and position of the "in-depth” area may be adjusted
“in an experiment without the need for binocular viewing. Not shown in
Fig. 5.5. is an output for the experimenter's monitor with V3 alweys
removed to facilitate such adjustments.

The output from the T.T.L. pusses into the video amplifier, also
shown in Fig.5.5., whose purpose is to match the impedance of the signal
source to that of the coaxial cable. This is essential as retlections on
a picture of such density of detail as a random dot pattern show up

readily on the monitor. 4 feature of this amplifier is the possibility

of adding further amplitude modulation on the video signal. The brightness



of the dots may be varied over the totsl picture fo yield a faint signal

embedded in nolze. Naturally, the other half of e stereo palir, consisting

of ¥4, i3 amplified in the sams way. Coarse apd ‘ine adjustments to

the gein of the amplifier are made with VE! and 42 respectively.

5.3, TIMING THE STIMULUS,

In order to present the stereoscopic stimuius for a precise number
of frames the frame counter of Fig.5.56. was used. Its range is 1 to 99
frames which is 40 milliseconds to almost four s-conds. Because of
gifficulties arising from timing with inferoculsar delay it is necessary
to uniquely identify the beginning of each frame insteed of merely divi-
ding the field wave by twe. The method ror doing éﬁis is shown on the
bottom of Fig.5.6. When the beginning of a fiél&.occurs with the begin-
ning of a line the flip-flop is cleavred and this J=2fines the start of a
new frame,

The method of presentation invelved in mosi of the experiments
perfomed was for the experimenter fto give the suhject a warning buzzer
lasting about oné second after which the stimulus would appear. Actually,
the time interval between the end of this warning and the onset of the
stimuius could lie anywhere beiween zero and 40 williseconds bhecause of
the quantisation in television frames, This was rot thought to be of
any importance.

At the end of the buzzer the latch governing the counters is reset,

"s0 clearing its connected flip-flop which then awzits a frame pulse to
enable the counters to count. The second frame pulise is the first that
is registered in the counters. When the decoders signify the required

frame number has been reached both bistable latches are reset and the
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controliing the couwnters,

Selee  ITNPLEMENIATICN QF INTEROCULAR DELAY.

Figuve 5.7. shows the general schems adopted. A second pseuda-
random sequence generator with identicel configoration to the first is
required which is controlled separately so that it may be set to some

-

preciﬁé phate relation to the first, Two control pulses are produced,

to set the initial states of the sequence generstors. The first is in

step with the television sync.pulse generator and denotes the start of
each frame; the second has the same pulse width and frequency but is eut
of phase. These two pulses aré switched between the wequence genersiors
(Fig.5.7 ) depending upon not only which eye sheowld receive a delayed
version of the sterecscopic stimulus but also whethews this stimulus should
be behind or in front of the reference plane of dots., This is because the
first_sequence generator is always used to produce the pattern b in
Fig.4.2. so that the bottom half of Fig.5.1. need not be duplicated.

This means that when the first sequence 18 delaycd the boundaries of the
“in-dep%h" area must also be delsyed. Since the iine synchronisation is
the same for the standard picture and its delayed version, this inter-
nally generated stimulus only requires &n out-of-phase field pulse for

it to apvear out of phase. If a general shape is required.so that a camera
must be used then the synchronisation of this camera must be altered so
that it is always in step with the first sequence generator. 4 second
rectangle to enclose the dot pattern must also be produced and again this

is done by triggering a monostable chain, as shown in Fig.5.2., with an

out of phase field pulse. The two rectangles are switched by switch 2 in



rectangles had to be set up for identical dimensicas by varying the.pulse

-

widths éf the monostable chain. Switch 4 in Pig.5.7. switches the signels
derived from the two sequence generators betwsen “he two video amplifiers
and monitors depending wpon whether the sterecscosic stimulus should bé
behind orrin front of the reference plans of dotz.

Pigure 5.8, shows the circuitfy.required for producing a delayed
version of the field wave. If an interocular delzy of an even number of
fields is required it is only necessary to deslay the field pulse by an
integral number of lines between O and 312. If, however, an odd number of
fields is included in the delsy the required delay is greater than the
field period. Account is taken of the fact that au even field pulse is

istinguished from an odd field pulse by its phess relation to line
sygchroniaation¢ Therefore, instead of integrel riziber of lines less than
312, an integral number plus one half a line up io 312} is counted out
when the interocular delay contains en odd number of fields. In Fig.5.8
the input is a field.pulse snd is differentiated {0 set a bistable
latch controlling two four-bit ripple counters whose clock pulse is
2.5.MHZ. Another bistable latch in the lower half of the diagrem is set
by the same input and this allows aflip-flop to zccept & clock inmput
6f line pulses. At the arrival of a liné pulse ths upper ccunters lose
their 2.5.KH7 input and the three decade counters below count out line
pulses to the required number. The lower bistable latich is then reset
and the 2.5 MiZ wave is then allowed back intc the upper counters.

These counters elther go as far as 150 which is 64 microseconds or 1 line

or 240 which is 96 microseconds or 14 lines. The choice is determined by
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switch S1 which is set according to whether the delay is an even or
odd number of fields. When this count is finished the system is com-
pletely reset and may accept a further input. The timing output is
taken from the upper bistable latch and is always an integral number
of lines or half lines irrespective of where the input lies with
respect to the line synchronisation.

;he output of Fig.5.8. provides, with its falling edge differen-
tiated, the field control for the monitor which displays a delayed
picture., A number of adjustmenté must be made to the standard monitor
to facilitate this. In the normsl way field information is extracted
from the sync. pulses by a simple low pass Filter which is then connec~
ted to the input of a blocking oscillator. The latter connection must
be broken and instead a pulse of similar height and width inserted to
give the.new field information. This is shown in Fig.5.10. The normal
sync, pulses must be replaced by a signal consisting only of line pulses.
If this is not done, any slight loss of synchronism of the line blocking
cacillator occurring during the original field blanking period results
in binosular disparity between the two monitors and preduces a horizon-~
tal bar of dots outside the reference plane of dots.

An out of phase frame pulse to control a sequence generator is
produced in & similar way to the field pulse delay shown in Fig.5.8.

The only difference is that theru§per counters always count to exactly
one line and the lower counters may be set to any number up to 624.
The rest of the delay is produced as shown in Fig.5.9.

The latch L@ determines whether a stationary or dynamic picture is

‘obtained., If it is set so that A is high,then with the flip-flop receiving

as & clock input short frame pulses the flip-flop's output Q is high and
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the frame pulses are let into latch L2. This latch is reset by two four
bit ripple counters and the latch ocutput thus produces the short
'accurately timed pulses which contrxwl the sequence generators, In the
lower half of the diagram the system is duplicated but the latch L3 is
set by delayed frame pulses which are gated not by Q, the output of the
flip-flop F, but by a delayed version of this which is taken from a
shift register clocked at the frame frequency.

When the latch L4 is reset @ falls to zero after the yeset frame
pulse and this blocks any furtheg:}rame pulses into L2. The sequence gene-
rator that receives its control from the latch L2 is then no longer
set to the initial state at the start of each frame but begins to run
free. The latch L3 continues to receive delayed frame pulses until the
fall of Q to zero has passed through the shift register. The sequence
generator which L3 controls does not run free until this time. A phase
relation between these two sequences is therefore set up which may consist
of any number of frames and lines up to and including eight frames (with
the eight-bit register used). The input to L1 may be froam a manual switch
or can be a timing pulse derived from the frame counter so that the
sequences run free at the time that the stereoscopic stimulus is presented,

There are scme minor complications that arise in order that.the
stereoscopic?stimnlus is presented without any monccular cue. If the
cﬁangeOVer from pattern a to pattern b (Fig.h.2) occurs in an already
dynamic picture then it is only necessary to ensure that this changeover
occurs in the mbnitor's field blanking period. If the first seguence
generator is lagging behind the second then the timing pulse from the frame
counter must be put in step W%th the former by the circuit in Fig.5.11(a).

3

When the subject is presented with a stationary pattern which then changes
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to dynamic neoise with interocular delay it is necessary to change from
pattern a to pattern b just before the first frame that is different
from its predecessor. If sequence {1 leads sequence 2 then the waveform
to perform the petiern change will be @ (Fig.5.9.) delayed by one franme
as shown in Fig.5.11(b). This is because the picture is stationary for
one frame after Q rises, When seguence 1 lags behind sequence 2 then it
will be necessary to differentiate between a delay of an even and an

odd nﬁmber of fields, If the délay is an even number then the‘waveform
to switch from pattern a to pattéfn b will be obtained by delaying S
(#ig.5.9) by one field and then péssing the output into the circuit of
Fig.5.11(a) for a further delay of less than one field., If the delay is
an odd nunber of fieids than S is delayed by one whole freme before
passing into circuit a (Fig.5.11). This is shgwn‘in Fig.5.11(c) where S1
is the same switch used to distinguish between delays of even and odd
nupbers of {ields used in Fig. 5.8. With these arrangements there is never
any monocular cue in the presentation of thé stereoscopic stimulus fto the

subJject.

5.5. THE FIXATION POINT.

| Figure 5.12 shows the scheme for the production of the fixation
point. There.are gix measuremeﬁfs to be defined. Vertical dimensiocns are
all integral numbers of lines whilst horizontal dimensions are integral
numbers of 2.5. MHZ bits. This ensures that the fixation point will fit
exactly into the grid system already in the random dot pattern. The
fixation point may be made up of white dots or black dots but normally
black was used. Binocular disparity is added by a shift register clocked

at the frequency of the random dot pattern. 411 six dimensions were
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variable; v and h could be set (Fig.5.12) to two decimal places whilst
all the rest could be fixed to one decimal place. For the vertical
‘dimensions in Big.5.12, a wide field pulse ériggerg v which in turn -
triggers 1 at its completion time preventing itself from further gene-
ration in that television field. The outpﬁts m end t are then mixed with
w and U which are produced in a similar way to give the fixation point

as shown.
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CHAPTER 6

PRELIMINARY BEXPERIK

. 6.1. INTRODUCTTON,

Before proceeding to describe experiments conducted by the author
some dbservationé may be made on the uze of visual noise in perceptal
research. Visual noise is rich in Yreatures and theref'ore may be expected
to excite even if cnly incompletely, most of the feature extraction systems
in the brain. The orthogonal atterimeges of McKay (McKAY, 1561, 1965) are

RS
an example of this. &n cobserver, after adaptation to a stimulus consisting

of radial lines, sees on transferring his gaze to visual noise the ortho-
gonal pattern of concentric rings superimposed on the noise, Visual noise
n this case does not excite all detectors equally because the feature

rextractors responding to radial lines, having formerly been excited to a
greater degree t@an others, become less sensitive and give less cutput fo
an ejual stimulus than those feature extractors detecting the orthogonzal
patterﬁ of concentric rings.

Moiré patterns produced entirely by random dots were first reported
by Glass (GLASS, 1969). This may be ocbserved on the author's apparetus by
removing the viewing polarcids and shifting cne of the TV monitors sc that

4

- Py 3 o I o * ) 3 o
its picture is not seen exactly superimposed on the other. kioving Moire

1

patterns may be observed with dybemic nocise. In this case the noise appears
to “stream off” into a variety of channels, 4s a phase change (temporal)
is introduced between the pictures the "streams™ of noise appear to flow
more sluggishly giving a "treacly” texture. 4s the delay is increased
beyond a critical point, this treacly texture disappears and any further

delay between the pictures prgduces no change in the appearance of the

noise which is now as if the visual noise displayed on the monitors is



116

4der1vwd from two independent sources. At a delay below this critica1 point
apparent motion petween the two superimposed ncise patterns is perceived.
The apparent speed is then inversely moporitional tc the delay. When the
‘deléy approaches the critical limit, which depends upon the separation by
the two sunerlmpoqea pictures, apparent motion is lest.

“hen a random dot stereogram consisting of dynamic noise is viewed,
the area containing binccular disparity is seen as s sheet of swirling dots.
These swirling dots do not change depth planes., Tf one of the planes is a
‘ring then

he swirling dots may sometimes appear to move around the ring.

[va

Smalil areas in the stereog%&ﬁ of binocular disgarity are difficult
to see in a stationary dot p&tterﬂ but may become cleaner when the stereo-
gram is made Iron dynamic noise. Small clusters of dots may ﬁave,by chance,
identicel zero as well as non-zero binocular disparity and the brain must
resolve this ambiguity, ! hen the stereogrem is made of dynamic noise then
each frame of dots is an independent sample and the brain is then provided
with a continual supply of evidence to resolve the ambiguity.

If an area in one component of a random dot stereogram is replaced
by an entirelj independent dot pattern binocular fusion of the two patterns
yields a "hole" in this area if the patterns are of statiomary dots. Since
‘there is no regular disparity for this area, clusters of dots fsrﬁ at
varying depths but all further from the observer than the feference plane,
This seems to agree with Julesz's rule for (JULESZ, 1974 ) the location of
the dots in'the ambiguous area of a normal random dot stereogram. Solutions
which place these dots further from the observer are vreferred to those
which place them nearer. When the experiment of fusing 1rdenen6ent patterns
is repeated with dynamic noise then clusters of dots are not seen moving
in depth. The "hole"” effect disappears and the independent noise is seen

f
in the same plane as the reference plane though the difference in texture
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picture is

WY

" between the area of indeﬁegdent noise and the rest of th
evident. The special area is less clearly defined and the movemnent of the
dots less sha¢ « The failure to see clusters of dots jumping between depth
‘planes when dynamic noise is used is evidence of the time required by the
brain to solve the depth location problem when there is no regular dis-
parity. Every frame would yield a different solution and each would be
independent of the next so that a solution carnot be reabh;d after sevesral
frames but must be found separately for each new frame.

Of the experiment to be described in this chapter Test 4 and 2 com-
pare the various ways of presenting a stersoscopic stimulus for a short
time to a subject. Tests 3 - 6 investigate binoculsr fusion in the centre

of the visual field as disparity, the time of presentation and the size of

dots are varied.

6.2, EXPERINENT 4,

Ten subjects were used for this test, each subject being presented
with four tresiments of ten samples each, The subject was shown a random
det stereogram for 80 millisecconds which ceontained a rectangle at a con-
vergent disparity. The rectangle was either aligned with its longest =ide
vertical or its lengest side horizentsl and the subject was asked to dis-
criminate be tween the two. This method of shape discriminaticn for testing
stereoscopic ‘fusion has been used by Durnford in tests on hemispherical
domln&nce (DURKFORD & KIMUEA, 1971). In the author’s experiment photographs
of the rectangle in its two posifions were made and the transparencies
presented to a TV camera by a TV slide viewer (Philips typeSQOb ). After
level detection of the camera signal the same shape appears in the randem
dot stereopram. f

In-treatment! the subject viewed a staticnary random dot pattern with
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&1l the dots in one plane, The rectangle was presented by an area in the

left eye's pattern shifting to the right to give s rectangle of dots with

a convergent disparity. The right eye's patiern remains staticnary through
out.

-

In treatment 2 the subject viewed a blank screen with an illumination
equal tc that present when the random dot pattern was presented. This was

shown for the same time as in trestment 1 but now the left eye's mono-

&

cular cue does not exist, Treatment 3 was the same as treatment 2 except
that the two frames that contain the stereogram have indeperdent dot
patterns esch displaying the same shape at the szame disparity.

In trextment 4 the subject viewed a dynamic noise pattern with éll
the dots in one plane. The stimulus. was presented as in treatment 1 but
the left eye does not see the shift of the rectangle area sincd each frame
of dots is independent of the next.

A one second buzzer warned the subject of the onset of the stimdlus.
After making his decision he pressed one of the buttons on a keyboard in
front of him. This 13t up a number tube located near the experimenter and
alsc one by the keyboard so that the subject could check what he had pressed.
The code for correcling the subjects answers into nwnbers was clearly
written on the keys. Af'ter recording the subject’s answer the experimenter
cleared the number tube and proceeded to arrange the next displey. By an
extra light inéicating an error, provisicn was made for the subject to change
nis answer if he should press the wrong key by mistake. The subject and
the optical equipment were in a room 10' by 12' with an illumination much
lower than that of the TV monitcrs, A smell light illuminated the keyboard
after each stimulus and was turned off when the number tube was cleared.

The experimenter and the electrcnic egquipment were positioned cutside the

f
experimental room. There was no verbal communication between the subject
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and eyperlmepter once the subject had entered the experimental room.’

The subject was presented with the ten samples for each treatment
-before moving on to the next treatment. The order in which he was subjected
‘to these treatments was randomised for each subject as was the sequence for
an individual treatment, |

' The results for Test 1 are shown oa fig.v,1. & t test with 9 degrees
of freedom reveals that only in the cese of treatment 4 and treaitment L
.is the averape score significently better then that which could be cbtain-
~ed by chance. A further comparison shows that the score for treatment 1
is significantly better than that cbtained under treatment 4.,

Subjects distinguished between the two rectangles on the basis of

the srea showing

(=]

bingcular disperity ° wreletive to the reference plane.
¥rom the results it would appear that this relative disparity is more
readily deciphered when the observer views the reference plane of dots be-
fore the appearénce of rectangle ss in treatments 1 and L, In addition the
subjects found the task easier when the pattern remained stationary with

a monocular cue displayed.when'the rectangle .appeared,than when the pattern
was of moving dots with no monocular cue in the presentation of the
rectangle. It would seem that the monocular cue was a significant aid,

Experiment 2 was designed to confirm this,

H

6.3. EXPERIMENT 2,

In this experiment treatment'1'was the seame as treatment 41 in Ex-
periment 1. In treatment 2 the subject locked at a stationary dot pattern
which chénged to a new independent dot pattern when the stimulus was pre-
sented, In this way the monocular cue of treatment 4 was removed but the
texture and brightness of the,pattern before aﬁé after the stimulus was

presented were identical,
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Eighteen subjects were used for this experiment. The test stimulus
was a square in front of the reference plane. A test sample of 50 was used
and in half‘of these the squeve appeared after the warning buzzer. In the
‘other half the reference plane remained as it was before the buzzer {except
_that in treatment 2 the plane was made up of a new set of dots). The task

for the subject was to decide whether a square had appeared ¢ no

¢

”
51);1

o
-

gsubject had a different sequence in which all four types of gample(2 treat-

ments and 2 possibilities for each treatment) appeered in random suvvession,

The first ten samples were used as practiceand disregardéd by the experi-
menter. Of the remaining 40 theré‘%ere 20 Tor each tyeatment of which 10
showed the square. 4 single frame‘ef L0 milliseconds was used to present
the stimulus. The results and a summary of the experimental conditions are
shown on Fig. 6.2,

A t test with seventeen degrees of freedom indicates that the sub-
Jjects were &ble to score at better than a chance level for both trestments.
Comparing the success scores for treatment 1 and 2 by the method of anslysis
of variance (EDWARDE, 1970) it is found that subjects did signii‘i.cantly
better with treatment 1 when a monoculsr cue was present than with treat-
ment 2, Analysing the errors of each treatment inteo the two ﬁossibilities
{i.e. squere misteken fo@ blank (no stimulus) and vice versa) the following
is found. The error that occurs when a blank is thought to be a square is
less likely under treatment 4 then under treatment 2, For treatment 1 this
error is less likely to occcur than its inverse., These two statements are
for a significance level of 5% and all cther comparisons.shoﬁ a non-sig-
-nificant difference.

The single frame exposure made this test rather difficult though the

subjects were able to do better than chance ever, without the monccular cue.
¢ ,



-
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-

The latter is a positive help in attempting the ftask given in Exy ezlmsrt

2 and the absence of this cue when the piciture remoins staticrary makes

" subjects verv certain that no sguars has been presented,

6.4, EXPERIMENT 3 AND 4,
These two experiments are the Tirst in a sequence designed to examine

the nature of steresopsis in the centre of the visual field with the aid of

random dot stereoprams. Kxperiment 3 and L were identical in design bui

-

L was pc”iclm€ﬁ a week af'ter 3 in oxder to investigate any learning., The

th

same twenty subjects weré used in both experiments. The mode of presentation
ot the sterecscopic stimulus was as for trestment 2 in Experiment 2, A small
black cross which was part of bcth %eievision plctures was used as a [ixa-
tion point and this was seen at zero disparity (i.e. in the reference

plane of dots). The same square as used for Experiment 2 was used as the
stimulus and this eppeared either in front of the reference plane (nearer

o

to the cobserver) or behind the reference plene (further from the observer)

’

for two television frames or 80 milliseconds and the fixation point dis-
appeared for this time. The disparity was varied from one tc six bits at
5 KHZ which is a range from 3.4" to 20.4'. The square was taken with con-
vergent anddiV$?g$ntdiéparity fron inside Panum's fusional area tq well

g

outside. As double images cannot exist with random dot stereograms, stereop-

-

sis in the steady state is possible at these dispari

r?‘

it is the

[add

jes bui

b

dynamic aspe&ts of the fusion process that are to be examined here.

Bach subject was presented with a sequence ot 100 samples and recorded
his judgement as to whether the gquage appeared turther or nearer to him
than the reference plane of dots and the fixation point, ¥ach subject

raceived 2 ditterent sequencel in which the treaiments were randomised,
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The first sixteen were discarded by the experimenter, Of the remaining
eighty tour,each treatment,which in this cese was a particular disparity,

»

w&S'presentéd fourteen times and in half of these the square was in front

‘of the referemce plane, All the subjects used were,by the time Experiment

3 wag: conducted,very familiar with random dot stereograms and could

readily discriminate between a square in front of the reference plane and
one behind,The subjests were told before the experiment was begun that

the square wcula always eppear but that the depth either in frent or be-
hind the referenoe plane would vary and they were then shown all twelve
positicns in which the squars could appear, The results for Experiment 3

are shown in Pig.6.5 and a summary'cf the experimental conditions in Fig.6.5.

The two types of error are analysed separately. In exrrcr 1 the sub-

o,

ges the square to be further from him than the reference plane
q P

...Jc

ject j

when in fact it is nearer to him and ervor 2 is the converse casze, By the

a

P

metheds of Analysis of Variance,Table 6.8 shows that there sre significant
differences between the treatments for error 2 but not for error 1. A
Duncan's Multiple Range Test (EDWARDS, 1970) is pertormed for errcr 2 and

theresult is shown in Table 6.9, The ervor increases with the disparity,

o

Disparities 5 ané 6 give the greatest ervors and these are significantly
higher than for all other treatments but do notv"‘ffer significantly
between themselves. The error for disparity 4 cannct be distinguished
trom that for 3 but is significantly greater than that for disparities

1 and 2, These relations are demonstrated in Table 6,7 by lines linking
the disparities whose errors do not ditfer significantliy. Table 6.12 in
Fig. 6.5 shows that for kxperiment 3 there is no significant difference
between error 1 and error 2 for disparities 1 and 2 hut for the rest
error 2 is significantly greater than ervor 1. The rgults for fest L are

f
shown in Tig. 6.4 and a comparison betwesn Tests 3 and 4 shown in Tables



6,12 and 6.,13in rig.6.5. Tables 6.10 and 6.11 for Test 4 show similar

results as thelr counterparts, Tables 6.8 and 6.9, for Test 3.
Table 6,12 demenstrates a difference between Tests 3 and L for disparities
1 and 2. Whereas f'or Test 3, there was no significant ditference between
errors 1 and 2 at these disparities, in Test L errcr 1 1s significantly
greater than error 2. for disparities 3 - 6 error ¢ is sigpiticantly
greater than svror 1 as it was in Test 3. Tn Table 6.13 on Fiz.6.5 an cver-

between the Tests 3 ard & is made., There is no significant

+

]

¥
oo

all compariso
difference between the two tests for ervor 1, exror 2 or for the total error.

In conclusion it may be saia that Tests 3 and 4 showed that dispari-
ty did not affect errvor 4 but for €rror 2 an increase in disparity caused

an increase in error. At the high disparities of 3 ~ 6 more mistakes o

A

the error 2 type are made than the error 1 type. The subjects 4id not im~
prove their performance in Test L over Test 3. The tendency to produce
mere type 1 errors than type 2 errors at disparities 1 and 2 in Test L was
probably caused by a need felt by the subjects to record as many sguares

behind as in front of the reflerence plane although they were not told

L

there was an equal number of each, It is clear that there is a tendency
at high disparities to judge many squares actually behind the reference
plane as in front. This tendency evidently does not disappear with practice,

although no feedback was given to the subjects on their performance.

6.5. ZIEXPERIMENTS 5 AND 6.

In Experiments 5 and 6 the disparity was xept constant but the

duration of presentation was varied from a minimum of fwo frames {to a maxi-
mum of seven frames. A clock pulse of 2,5 ¥/ was used in Test 5 and of

-

5 ¥HZ in Test 6. In all otherf respects Tests 5 and & were identical to
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Tests 3 and 4. The test conditions are summarised in Fig.6.9.
Table 6.4 on Fig.6.7 shows the results for Test 5. As in Tests 3

and 4 only error 2 shows a significant vatic in the aralysis of variance,

.

& Duncan's Multiple Range test performed for errcr 2 is shown in Table 6.15.
The error decreases as the duration of exposure increases. The vesalts for

Test 6 are shown in Fiz.6.8. They are qualitatively the same as Test 5.

A comparison of

ow

Tests 5

£
o

n

j11]

is mede on Tables 6,18 and 6,19, Table 6.18
shows a significant tendency to make more type 2 errors than type 1 errors

3

up to dureation of 4 to 5 frames or 150 to 200 milliseconds., Teble 6.19
shows that an increase in the number of bits in the screen, by wsing a
clock pulse of 5 ¥HE in Test 6 inétead of the 2.5 MU in Test 5 gave no
overall significant reduction in error. Figure 6.10 shows the variation
of error against duration in graphical form,

Thne tendency 1o make many type 2 errvors at high disparity in the

centre of the visual {ield decreases as duration increases. No significant

variation of & type 1 ervors in the range of durations tested was found.

Increasing the number of bits on the screen {and hence providing more

ot

and right eye visual fields) does

Yot

points for a corrvelation between the lef

not remove the tendency to make more type 2 than type 1 errors.

6.6, CONCLUSICH

Tests 1 and 2 demonstrated that a monccular cue aids siereopsis,
Becalse of this, the mode of presentation used in subseguent experiments
involved the subject looking at a random det pattern which, at the instant

the stimulus wes presented, changed to a new independent dot pattern, This

changed back to the original, when the stimulus was removed. There was then

no change in texture or illumfination when the stimulus was presented and
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- no monecculay cue to aid stereopsis.

The task of locating the depth of a small square in the cenire of
the‘visual_fiel& was found to be difficult at high binocular dispsrities,
‘In this case there was a tendency for the subjects to judge a square that
was actually behind the reference plane to appear in front., This effect
did not dissppear when the same experiment was repeated a week later nor
was 1t affected by reducing the nurber of dots in the random dot pattern

cas in Test 5, Tt was, however, removed by increasing the duration of ex-

posure to the stimulus,
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FI¢, 6.4 BESULTS OF FYPERIMENT 4
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—le

-
A
W

2 1.6 ’ 0.65 1.95 2.3 2.8 R, =
3 2,25 1.3 1.65 2.15 R = 1.37

L 3.55 B 0.35 0.85 B = 1.40

6 ‘ 3.9 0.5 1%6 = 1.42
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TG 6. 5 BLOR TUEATAL CONDTTIONS FOR TESPTS 3 AND b A A COMRPARTSON
OF THETR RESULTS,

UBER OF SUBJECTS ...... 20 ’

SEGURNCE LINGTH. ....6 TREATMANTS % 2 LOCATTCNS x 7 SAFLES = 84
BINOCULAR DISPARITY....3.4'=20.4" IN 6 ESUAL STFP3(1-6 BITS 47 53H%)

Lawl

T 'x-ﬂm{\

DURATION OF STIMULUS.,....2 TV FRAUES OR 80 MIILISECONDS,
TLLUMINATION, oo voovvn sy ok LGNS/ 9, 500T (MRASURRD AT VIETING POLAROTIDS)
S s =30 . - . S
SIZE OF SQUARE.......... 1.587%x 1.58" (IN CONTRE OF VISUAL FITLD)
TABLT 6,12 A COPARIOON -OF ERROR BIAS FOR TRITS
t TEST AT 5% STGNIFICANCE LEVEL) .
DISPARTTY TE3T 3 TEST 4
insignificant s -
1 3 PPopence - Error 1 ) Error 2
insignificant Brror 1 D
2 difrerence EBrror 1 ) Ervor 2
Ka.a 248
3 Error 2 > FBrror 1 | Error 2 ) Zrrvor 1
4. ZIryvoy 2 ) Brror 1| Error 2 ) Error 4
5 Error 2 ) Frror 1 { Error 2 » Error 1
6 Error 2 ) F¥rror 1 | Frror 2 D Frror 1
TARLE 6.13 CONPARTSON OF SCORES FCR TESTS 344 BY ANALYSIS OF VARIANCE
(FACTOR 4 IS A T%Q LEVIL FACTOR REUPRESENTING TEST 3 AND TEST 4)
OBJECT OF IDENTIFI-| SUM OF CDEGE MEAN 7
, OF
COMPARISON CATTON SQUARES | FREEDOY SOUARR

A

-

0.1B4

WITHIN

LE6

TREATLTNT 4
YREOR 1 A 816 1 0.816 0.606
HITHIN " !
. 98 . Zh5
S ap— 307.435 228 1305
— A 0,0167 | 1 0.0167 | 0.0065

WTTIIR
CAIRRATEG

iNT

582.2
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¥IG, 6,6 COMBINED RESULTS FOR EXPERTIENTS 3 AND L

GRAPH A ERROR 1 v DISPARITY

% 100 -
ERROR 80 =
€0 -
40 -

s

DISPARITY (5MHZ BITS)

GRAPH B ERRGR 2 v DISPARITY

100
O
%
£ RROR
60 -
40 -

20

DISPARITY (5 MHZ BITS)
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PIG.6.7

TABLE 6,44 ANALYSTS OF VARTANCE

LEFORTED AS “5R{

~ «Dﬂ

6

IN TV FR

4

A% < ‘(K"!"ﬁ
S0

f el “'\’m 5"Hm
SHCRTRST

2 13 |4 |5 16 2 |13 14 15 |6 17

" 1550000 1.4 1.3 951 1.4 30 12,5 2. [ 1.9 .G85 .55

2

S Do o a0 ot 6’?7 - E4 6&‘;" —~0 a F 7

k 2,000 JR27 1712 . 961 L6315, 31 BINIE GRS (A N 151 (I s 3 P

X 1553 1.85 af
M, .86 19,77 5
h%m‘ 2.4 2.42 144

¥r o
i 0,357 . 8,16%

¥Sigrnificance level 5%
TLPLE 6,45 DONCGAN'S MULTIPLE RANGE TEST POR HRPOR 2

@ = 0,01
PROTECTICN L.TVEL

o5

DURATION 0.55 0.95 1. 2.0 2.3 3.0 SIGRIFISART RANCE
7 0,55 0.40 1.35 1.45 2.35 2.L5 Ry=1.29
&  0.95 0.95 1.05 1.95 2.05 =1.3k4

1-90

2.0

2.9

G.9

5
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FIG.6.8 RESULTS OF EXPERTMENT 6

TABLE 6,16 ANALYSIS OF VARTANCE

TRROR BREQR 2
NEHARNE "REPORTED AS"FURTHIR™ PPURTHER "REPORTED ASNRARERY
DURATTIONY o o , . )
=3 N C R L O R A 2 |3 1k 15 16 7
ﬁk ﬁ.?f’ 075 06 o? 485 101 5-252n752n15 1zf:‘ 99 085
s;'; D621, 78] .67] 851 .61R2.41] | B.oal3.36p2. 343,240 .00 .98
X 0.955 1.9 af
E\TST 3 @ f}g(x i 9 L4 l{‘8 5
E?T 181 N 267 144
F 1098 RN ?'21*
*Significant at 5% level
TAALE 6,417 DUNCAN'S KULTIELY RANGE TEST POR ERROR 2
N & -1 0001
DURATION IN TV FRAMES PPOTECTION LEVEL, 95%
7 06 5 L 3 2 SHORTEST
DURATION G.85 0.9 1.5 2.45 2.75 3.25 STGNIFICANT RANGED
7 0.85 0.05 0.65 41.30 1,90 2,40 R, = 1.31
6 0.90 0.60 1.25 1.85% 2,35 R, = 1.36
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2,15

2.75

i

0.65 1.25 1.75 R, 1.40

.43

i

0.60 1,1 - R5

0,50 1,47
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PI1G,6.9 FXPERTMENTAL, CONDITIONS FOR TEITS 5
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CHAPTER 7

m)EPiI&A.{J Y 7 - 4.

7.4. INTRODGCTION.

In chapter & stereopsis was studied as binccular disparity and
duration of expcosurewere varied. Tn the experiment described in this
chapter disparity and duration are held constant but position, she pe and
size of the stimulus are varied to provide more information tor a model
of stereopsis. The bincculay dlgfarlty ig set at six units with a clock-
pulse of 5 MH7 which is an anguler disparity of 20.4'. The stereoscopic
stimulus is ?resenied in the same way as in Experiments 3 - 6 and for
& duration of two ue%ev151on frames or eighty milliseconds,

Ordirary monocular visual aculty varies with position of the
stimulus in the visual field, acuity being highest in the centre of
vision and falling off steadily as the peripheral angle increases., Like-
wise stereo-aculty varies with peripheral angle (BLAKENMOEE, 1970).

With spatial localisation there is an asymmetry between the two halves
of the visual field, stereopsis tal king place in the right cexebral
hemisphere (referring to objects in the left half of the visual field)
being more efficient than that localised in the lef't hemispere (DURNFORD
& KIMURA, 1971) The extent of the regicn of single vision (Fahum's

o

fusional area) also varies with peripheral angle { OGLE, 4962) though is

e

apparently symmetrical abtout the fixation peint, Limitaticns of the
equipment prevent small stimuli being presented to the subject at a
peripheral angle of more than 3% with the fixation point in the centre
of the dot pattern though this angle may be doubled if the fixetion point
“is moved to one edge of the picture. However, a peripherzl angle of conly

O . v s ; . . -
57 is sufficient to ensure that the stimulus is represented in only



one cerebra’ hemisphere (BLAKEMORE, 1969).

The difficulty of forming a depth judgment of & small square in
a random dot stereogram presented for a short time at a large binocular
'disPafity has been demonstreted by Experiment 3.
The purpose of experiments 7 - 5 was to test the hypothesis that a‘smali
shift of position of this swall square into the periphery would make the

problem of depth localisation easier. If there are meore disparity specif

T'or a stimulus pesitioned in the periphery than for a stimulus positioned
in thé_centre of the visual field this could well be so. Alternatively
problems associated with the naso-temporal division could make perception
of s;lm 111 at high binccular disparity morve difficult in the centre of
vision than iﬁ the periphery. Stereopsis is not possible for an object
located fax in front of the point of fixation unless there iz intercerebral
communicaticn (see 2.4). In either case some improvement might be expected
by moving the large-disparity-stereo-stimulus a 1ittle into the periphery
altacugh because of the asymmetry of function in the cereiral hemispheres
it may be that = shift 5ff centre in one direction only will cause an
improvement.

In experiment 10 two rectangles of identical size were presented
to the subjects (one at a time) &s stimuli. One rectangle had its longest
side vertical,the other its longest side horizontal. The centre of both
rectangles was at the fixation point. This experiment was u@ed to confirm
the resultas of experiments 7~9 in that the two stimuli differed by
virtue of one rectangle having more of its area in the periphery than the
other., (i.e. the second movement of the horizontally-aligned rectangle
about a vertical axis through the fixation point was greater than that of

{ ,
aligned rectangle).

the vertically

<t
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N

)

was the one used in Experiments 3 - 6,

-
W
03]

Finally Experiment 11 tested the effect of a size increase. The
stimuli were both square and centrsd 2t ithe fixation point with the largexr

having a side three times the length of the smeller. The smaller square

7.2, EXPERTMENTS 7, 8, O,

In Experiment 7 the subject was asited tc determine the depth (neargr
or further than the fixation point and ﬁhe-reference plane) as it appeared
for eighty milliseconds in one of\geven positions chosen at random.

The seven positions for the square included one in the centre of the visusl
$ield and three symmetrically located on either side to a meximum peri-~
pheral angle of 3°. In all other respects the experiment was similar to the
Experiments 3 - 6 repeated in chapter 6. Bach subject received a sequence
of a hurndred samples whose order was independent of that given'to all the
other subjects and the answers to the first sixteen samples were discarded, .
The remaining eighty-~four samples were egually distributed among the seven
treatments and fér each treatment the square was six times further from

the subject than the fixation pcint and for six times it was nearer,

Twenty subjects were used. The seven positions for the square and other
experimental conditions are listed in Fig.7.2.

To say:that the stereoscopic stimulus is a sgusre is to say that the
vertical and}herizontal dimensiéns are identical but as has been already
discussed (section 3.1 ) there is a perceptual uncerteinty on the horison-
tal dimension. In addition-. it may appear greater when the square isilocated
behind the fixation point then when it is in front.For the purposes of these
experiments the horizontal dim§n§ion is taken to include half the ambigucus

arca of dots and the centre of the square, from which pecint peripheral

angle is measured, is located accordingly.
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The squere area that wae used as the stéreoscopic stimulus was
defined internally in the system (section 4. 6 ) and its horizontal position
was varied during the test by the experimenter so that the square lay in
‘one of the seven positions. The experimenter was provided with his owm
‘monitor which displayed the random dot patfern with fthe stimulus area
blanked out irrespeciive of whether the stimulus was being presented to

s ~

the subject or not. Superimposed on the monitor was a grid centred on the
fixation point to locate the seven positions. The experimenter was thus
able to move the square to its required position whilst the subject was
walting for the next sample.

After the test mapy subjecté inquired as to whether the exposure
duration was also varied as well as the position. A check on the timing
system confirmed that it was working.properly. It was éSSumed that the
varying difficulty of perceiving the stimulus as ils position was varied
induced the response on the part of the subje cts that the duration also
varied.

The results of experiment 7 afe tabulated in Table 7.1 on Fig.7.1.
Iror both types of exrror (nearer appearing further and further appearing
neaver) a significant ¥ ratio is obtained in the analysié of variance,
Duncan multiple range tests were performed {Tables 7.2 and 7.3) for both
types of error. A graphical representation of the results is shown in
Mig.7.3. A & B.

Graph B shows the hemispherical asymmetry of the brain in spatial
location tasks which has been noted before {DURNFCRD & KIMURA, 1971).
Actually, Experiment 7 and the above-cited work differ in several ways.

In Durnford's original experiment, only the fixation point was visible be-

fore the stimulus appeared and duxing the presentation the entire randem
f

dot pattern fell on one half of the visual field, The task for the subject
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was to discriminate between several different shapes that appeared in

front of the reference pléne at scme relative convergent disparity. .

Since the varicus shapes were defined only by binocular disparity, and

since binocular dispardity is a primery cue for spatial localigation, it

could be concluded that differences in taslk performance for the left and

the right visual fields were evidence for hemisphericel asymmetry in the

general ability to locate cobjects in space. However, if %the cerebral
hemispheres were egually able %o group dots of equal disparity together
but showed different ability ir recognising the form or shape of these

equal~disparity aveas the same experimental result would be obiained. Tt
is more reasconable to keep the shape of the stnr&osﬂopoo stimulus constant
and to ask the subject to recognise variations in disparity. In Experiment

o

7 the task is to discriminate between convergent and divergent disparity

\
J

2

of equal magnitude,
In Table 7.5 the results for positions 1 and 7 the two extreme

. o - . . . T o
pogiticns at a peripheral angle of 3 are compared. There is no significant

3

difference between the error 1 scores but for error 2 (further appearin
nearer) positicn 7 in the right visual field has a significantly higher
value position 1 in the left visual field.

For the left half of the visual field (analysed in the right cerebral
bemisphere which is thought to be better ihan the left for spatial lccation
tesks) grap“s A & B in rig.7.3 show a pattern femiliar to Experiments 3 -6,
The error type 2 is highest at éésition L in the centre of the visual {fisld
and decreases as the sguare moves towards the‘geriphery. The type 1 error
is lower on average but incréases for those treaiments where the type 2 error
is low, Table 7.4 in Fig. 7.2 shows the significant error preferences in

the seven treatments and incidentally displays another aspect of hemisphe-

rical esymuetry. Type 2 errovs are made more often than type 1 errors in
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the centre of the visual field and at a peripheral angle of 1° in either
direction. There is no bias at angles of 2° una 5% in the righf visual

ield and at 27 in the left visual field but the biss is inverted on the
extreme left side in positicn 1.

Taking these results as they stend one might make the following
statement. Random dot stercograms containing a small square at high
relative divergent disparity to the reference plane shown briefly in
the centre of the visual field to a subject are frequently confused with
gimilaxly presented stimuli of convergent disparity of equal magnitude.

-

There is then a definite tendency on the subject's part to place such

stimuli nearer to him than the reference pléne rather than further away.

This effect dissppears as the stimuius is presented at a peripheral angle
e} c

of 27 or 37,

1 2

The explanaticn for the inverted bias at position 1 is that the
subject feels a need to record an approximately equal number of squares
ag nearer to him than the fixation point as further away. IP for one
treatment he records & majcrity as nearer to him then he will make up for
this in other treatments where the effect is not present. If the subject
could not see the square very clearly when it wes presented to him in
the periphery than,he might have a tendsncy to guess in a certain way to
compensate for the enswers he was recording in the centre cof the visual
field where he could always see the square. To investigate this possibi-~
1lity Experiment 8 was conducted.

The hypothesis to be tested in Experiment 8 was that when the subject
found it difficult to see the sguare he recorded that it wes further from
him than the reference plane. To do this a similar experiment to Experiment

7 was designed but without the subject being informed several of the
f .
samples contained nc sguare at all, I without any evidence to position
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the subjects showed a tendency to record that the square was further

away fhen the hypothesis is proved. "Fo scuare at all” in a random dot
stereogram is equivalent to a square at zero disparity and sc the experiment
~could be leoked upen es testing the bias to either convergent or divergent
disparity when zero disparity is présented.

The same sequence of length of a hundred gamples with the first
sixteen being discarded was used. However, there were in Experiment 8 only
five positions for the sguaere stimulus, As before, one was in the centre
of the visual field but only two were placed symmetrically on either side
of the fixation pointa'Thesa were-at 3° and a 1%00 The twenty-four samples
that were, in Ixperiment 7, used for the other two treatments were used in
Experiment 8 as blenks (stimuli with zero bincoular disparity). Fourteen
subjects were engaged in this experiment,

ATter the experiment, no subject remarked on the blank stimuli. It
#as therefore assuned that in all cases stereopsis in at least one of the

five positions was not very definite, Table 7.6 in Fig.7.5 gives an
g

o

‘analysis of the subject’s lccation of these zero disparity stimuli. 4 sig-
nificeant difference exists between the scores for the two locations and
in fact subjects placed three times as many of the blanks behind the
fixation point of in front, This proves the hypothesis.

It is clear that before copclusions can be drewn from an exXperiment
like Experiment 7 scme more knowledge of the subject's stereoscopic vision
over the region of the visual fiéld of interest must be knowﬁ. Experiment
S was ccnducted to select if possible,a group of subjects who could iden-
tify positively sqguares presented in at least one half of the visual
field under the conditions of Experiment 8.

A sequence of a hundred samples, of which the first ten were disg-

carded, were presented to each subject. Of the remaining ninety, feorty-five
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were blanks and the other forty-five were divided equally among the
tive positions of Experiment 8 (Fig.7.5). All squares were located in
front of the reference plane, The subjects were told where the stimulus

‘could appear and alsc that it might not appear st all. They were asked

»

to record the position of the square if it appeared (one cut of five

\

possibilities) or to record its absence it did not appear, They were

(=D
p-b

ot informed of the frequency of any of the six"ty,es of

>

sample . All other experimental conditions were as for Experiment 8,

i

Twenty subjecis were screened in this way.

¥E

Por "pa ssxig" this test were as follows. The subject

&y

The condiiions !
was allowed only one error cul of the twenty-seven samples that referred
to positicns {¥ig.7.5) 1, 2 and 3 or 3, 4 and 5. That is he must correctly

1

ocate the sguare that fell in the centre and at 1east cne half of the

od

-

visuel field, Secondly, not more than 10 % of the blanks (i.e. 4) could

be incorrectly placed on the side on which the subject had apparently

.

better sterecpsis.

Under these conditions five passed the test of which subjects
perceived more correctly in the left visual field and one in the right.
Ore subject apparently perceived equally well in both halves of the visual

field. &ll five of these subjects were included in the fourteen that did

 Experiment 8 and their results for this experiment are shown in Table 7.7,

"Fig.7 e

In contrast to the results of Experiment 7 a significant 7p ratio
in the analusis of variance is found only for the type 2 error. The Duncen
Multiple range test for this error is shown in Table 7.8. The three treat-
ments in these tables refer to the centre of the visual field (1), a peri-’
pheral angle of 1%0 (2) and a peripheral angle of 3° (3). The results are

; c s . -
displayed graphically in graphs C, D in Fig,7.3, Table 7.9, Fig.7.4, demon~



strates that a significant bias for type 2 errors exists only in the
centre of the visual fieid.‘The effect disappears in the periphery.
Although it.is not very satisfactory to draw conclusions from so
‘few subjects it is clear that the conclusions from Fxperiment 7 are
substantiated by a special group of subjecits who possessed Qery good
stereopsis in at least one half of’ the visual field. The possible criticis
of Bxperimeni 7, namely that subjects did not see the stimulus very well
when it was presenﬁéd off«centre and recorded an answer which depended
more on their answers for the stimulus in the centre of the visual field,
which they could see very well, than on the evidence presented tc them

. in the previocus sample, is then overruled.

7+3. EXPERTHMENTS 10 =and 11.

In Experiment 7, 8, 9, one difference between the square in the
centre of the visual field and that slightly in the periphery was that the
fixation peint covered a small area where the square appearcd. The possibls
effect of the fixation point, which was a small black cross, on the results

was minimised by removing it when the stimulus was presented, The fixation

b

point is absoclutely necessary to direct a visual signal to some particular

part of the retina but it is undesirsble that it should affect the experi-
ment in any other way. One rectangle was‘used and was alignéd either
horizontally ér vertically as mentioned in section 7.1 and shown in Fig.7.6
where other experimental details are listed. The fixation peint covered
the same area of both stimulus 1 and 2 and so cannot by itself be a factor
in any differences between the perception of the two stimuli.

- The rectangles were presented randomiy as was their depth relative

to the reference plane., The subjects, who were eighieen in number, were

not asked to discriminate between the two stimudl but only fe record their
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depth as either being closer or further from them than the point of
fixation.
In order to get a rapid changeover {rom one stimulus to another the

“horizontally aligned rectangle was generated electronically within the

L

L

system whilst the vertical rectangle was presented via a transparency
to & TV.camera. The experimenter then only had to switch in one of these
signals to present fthe stimulus. |

The resulis are shown in Pables 7.10, 11, and 12. 4 significant
difference between the two types of error existed only for the verticsal
rectangle where the subjects made significantly more type 2 errors than
type 1 errors. There was no significant difference in the acores for type
1 errors between the two stimuli but more type 2 errors were made for
stimalus 1 tﬁan for stimulus 2.

Therefore the differences in response between the vertical and
horizontal rectangle centrally placed in the visupal field are similar to
the differences in response between the square centrally located and the
square located in the periphery as in Zxperiments 7 and 8. In the latter
case the square stimuli were of identical size bul had different first and
second moments about a vertical axis through the point of fixaticn. In
Experiment 10 the two stimuli differed only in the second moment about this
axis.

In Experiment 11 a size increase was invesiigated. The smaller square.
stimulus was the same size as that as used for Experiments 3 - 6. The
experimental ccnéitions are listed in Fig.7.7. The experimental design and
the task given to the subjects were identical teo Experiment 10 but two
more subjects, making a total of twenty were used. The results are saown in
Tatles 7.13, 14 and 15, Fig.7.7.

f .
An increase in size at this high binccular disparity of 20.4' czuses
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a decyeaae in both types of error. The familiar error bias of more
type-2 errors being made than type 1 errors is elicited enly by the small
square,
It is'reasongble that an increase in size yiéléing more evidence
of the binocular Gisparity of & group of dots should result in better

perception,

74, CONCLUSTONS.

Two tgpes of asymmetry in tge visual field have been enccuntered in
the revorted experiments. Firstly!the left/right asymmetry due to the
differential abilities in spatial localisation of the two cerebral hemi-
spheres was noted in Experiment 7. Secona¢y in Experiment 40 aArecta;ble
when aligned horizontally and presented briefly at high binocular dispa-
rity was more easily located in depth than the same rectangle aligned
- vertically. In both alignments the centre of the rectangle was at the point
of fixaticn so that an equal area lay in each half of the visual field,

If, as suggested by Blakemore (BLAXEMORE, 1970) a central strip of retina
exists that is represented in both hemispheres, it might be supposed that,
with hemispherical preference in sterecpsisas confirmed by Experiment 7, é
the vertical rectangle belng completely represented in the right hemisphere
would be perceived more readily than the horizontal rectangle of which

only a fraction is thus represéﬁted. But the results show the reverse,

The difficulties in stereopsis, that were noted in chapter 6, for
a small square st high divergent binocular dispsrity presented briefly in
é random dot stereogram have been shown to exist only in the centre of
the visual field. This result, indicated by Experiment 7, was thought
doubtful because of the possiblity of subjects guessing for sguasres shown

in the periphery which might not have been seen very clearly in order to
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compensate .for the bies in the centre of the visual field. This possi-

bility was largely reinfercedby Experiment 8 but by specially selecting

Pruze

16 could see well on at least one side of the

[

a smeller group of subjects w
fixation point the result indicated by Experiment 7 was confirmed. It is
cleér frem the resulis of this small group of subjects how much more certain
stereopsis with large éispéritiés is at 30 in the periphery than in the
cenfre of the visual field.

Finally, Experiment 11 in which a size increase is investigated,
adds nothing to the argument, It may be noted, however, that increasing the

size of the stimulus gives an overall increase in correct depth Jjudgements

and that neo bias exists in the small numbers of errors made,
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¥IG. 7,1 RESULTS OF EXPERIWERT 7

TABLE 7,1 ARALYSTS OF VARTANCE
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FIG. 7.3 RESULTS CF EYPERIMENT 7 AND 8
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G 7 7 CONDITIONS AND RESULTS OF EXPHRINENT 44
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CHAPTER 8

EXPERIMENTS WTTH INTFRCOCULAR DELAY,

Bels  INTRODUCTICN

The work of Dodwell (DOIWFLL & ENGELS, 1963) and Efron {EFRON,1957)

on the critical i'requency of stersoscopic fusion has already been dis-

<

~

cussed in chapier 2. Both these workers postulated a system of stereo-
scopic fusieon that contained inertia and performed experiments with in-
terccular delay to investigate the dynamics of the SJktem. ¥uch eaxlier

AN

work (SHERRINGTON, 4906) indicated.that the flicker fusion frequency (not

~

the stersoscopic fusicor freqaency) could be reduced by binocular prosens
tation of out of phase {temporal) stimuli. Although Sherrington's figure
for the monocular initial flicker fusion frequency iz much higher than
what is now accepted as correct, the reduction in this figure by the
binocular presentation of oubt-of -phase instead of in-phase stimuli has
been verified {FOX & ELAKE, 1973) by other researchers.

The fel&tianship bhetween interoculsr delay and sterecscopic acuity
has also been studied (WIST &GOGEL, 1966; OGLE, 1963). Wist and Gogel found .
that for interocular delays up to thirty-itwo milliseconds there was
negligible deterioration in stereoscopic acuity. Ugle leoxed for a cri-
tical delay at which fall in sterecacuity would be significant and found
that for repétitive stimulation with a flash dur ation of fifty milli-

'

seconda the critical aelay was twenty-five milliseconds. Tn the same article
Ogle reported a practical attempt in World ¥ar TI to gain siereopsis from
btinocular stimulation with interocular delzy. An observer in an aeroplane

viewed the ground below with the line joining his two eyes parallel to

the prineiple axis of the airpraft. Apertures to control the light to the
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two eyes wére opened alternately so that first one eye saw the ground
below for a short time and then; af'ter an interval; the second eye was
briefly exposed. The interval allcwed the aeroplane to change its ?osition
betﬁeen exposures 80 that the effective interocular distance was increased
and the relative depth of objects on the ground exaggerated. The desired

stereoscopic effect was not produced because the aircraft did not travel

Q

fast enough for an effective interocular distance to becreated before the
occurrence of herizontal flicker (EFRON, 15957} caused by apparent ‘motion
between binoculaxr disparate imsges temporally separated.

Interocular delay hes also béen studied in relation to the investi~
gation of binccular summation of subthreshold stimuli. Under certain
conditions (FOX & BLAXE, 1975) a stimulus which is net perceived when
shown %o one eye only may be perceived if shown to both. It has been
further found (BATTERSEY & DEFABAUGH, 1969) that the threshold for detection
of a five millisecond test stimulus presented to one eye was significantly
decreased when pairedwitha successive five millisecond sub-threshold flash
presented to the corresponding area of the other eye but that this decrease

in threshold was limited to a flash interval of less than fifty milliseconds .
Other work on interocular delay reporte" in the literature has
generally been centred around the illusion known as the Pulfrich pendulum
which is described in section 8.3. This phenomenon is geherally thought to
be due to the relationship betwepn retiral luminance and the delay between
retinal stimuletion and cortical reception of the corresponding neursl
signal. It has been shown (JULESZ & WHITE, 1969) that stereopsis may bé
restored to the perception of dynamic randem dot stereograms presented
with interocular delay by darkening the image shown to the "leading" eye.

This experiment, which has been repeated by the author, demonstrates the

4
importance of simultaneity over other fidelity criteria for stcrecpsis.
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When a dynamic random dot stereogram designed to display a central square
at a binocular disparity of azboul six minutes of arc is presented with

an interccular delay of about forty milliseconds, sach eye seecs a well-
‘defined and illuminated picture but sterecpsis does not occur. Stereopsis

is recovered by rotating enother piece of polaroid in front of the "leading"®
- eye to darken its plcture. 4t the point of recovery simultaneity is restorea
to the point of binocular fusion in the visual cortex but one retinal

image is much derker than the cother (a fact that might be expected to lead
to some biﬂocularArivalry) and &8 a result is not so well defined, If would
seem that these differences between the retinal images are much less im-

portant to their proper stereoqcop_c fusion than temporal separation
tetween the nerxve signals at the visual cortex.

In this chapier three experiments are described. The first is inspired
from the results of the previous experiments described in chapters 6 and 7.
It is designed to investigate the nature of the nasotemporal division in
the retina and the subsequent. double representation of a central strip
of retina in each cerebral hemisphere. The seceond is an investigation of

£

a Pulfrich phenomenca that occurs when dynemic random dot stereograms are
?resented to the observer with interoculsr delay. The results of this
experiment suggested the possibility that the system of binocular fusion
in the visual cortex may adept itself to deal with interécular delay.
Finally, an experiment is described which tested this hypothesis by

examining the stimulus threshold necessary for perception when the stimulus

is masked with noise binocularly presented with interocular delay.

In this experiment stergoscopic stimuli are presented to subjects

with a time lag between the left and right eye's stereoscopic component.



By presenting this time lag to each eye in turn any asymmetry of binocular
fusion may be studied. 4As discussed in chapter 7 cerebral dominance gives
rige to asymmetry of éerception in the visual field but ocular dominance
‘also exists and becomes importani in situstions where binocular rivalry
occurs (CGLE, 4962). However, the possible correlation between eye dominance
and interccular delay is not to be investigated in Experiment 12 buil rather
the asymmetry in the effect of interccular delay for a small stimulus at
high binocular disparity in the centre of the visual field. Thus the aim
of' the experiment is to show that the perception of a sméll stimulus
sagittally nesrthe fixation point is equally degraded by equal delays put
in the left or right eye's path bﬁt\this is not so for the same stimulus
sagitally further from the fixation point.

Objects in space that stimulate points in the nasal hemi-yetina of
one eye and the temporal hemi-retina of the other may be located in fusion
points in one cerebral hemisphere only, If, however, an object stimulates
two nasal or twe temporal hemi-retinese then fusion can only take place

if there is communication between the cerebral hemispheres. This is the

é

function of the cerebral bridge or corpus éollosum (BLAKEMORE, 1570).
In the first case, when only one hemisphere ig invelved, the transmission
times from the each eye to the point of binocular fusion will be roughly
equal. In the second case when an extra neural pathway through the corpus
collosum is 11kely to be involved these transwission times will be une qual.
In neural communications the velocity of an impulse in a nerve fibre is
finite but the chief sources of delay are at the'neural relay stations”
where synaptic inputs are accepted and where their number over a period
of time affect the frequency of the nerve impulses given at the output.

An object nearer to the obsexrver thap the fixation point and in the

4
centre of the visual field is represented in
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cerebral hemisphere by nerve fibres diverted (through the L.G.K.) from

the right eye's tempbral hemi-retina and hy nerve fibres from the left
eve's temporal hemi-retina via the corpus collesum. The transmission time
“fram the left eye to the point of binocular fusion in the right cerebral
hemisphere is thus longer than the itransmission time from the right eye.
It will be better for fusion in the right-hemisphere if the right eye’s
picture has a time lag with respsct to the left eye’s plcture than vice
versa. As regards binceular fusion in the lef't hemisphere it is more desi-

rable that the

by

t e

=

ve's picture arrives after the yight eye's. Tor

v B

2

fod

objects in the centre of the visual field, which are located further frem:
the cbsérver than the fixation ?oint, all these relations are reversed so
that after the neural crossover in ?he optic chiasmf the right hemisphere
recelves nerve fibres from the left eye direct but fibres from the right

eye via the corpus collosum.

Perception may vary according to which eye receives a delayed stimulus
if cne of the following are true. IT the right cerebral hemisphere is more
efficient in binocular fusion than the left it mey be better to degrade
the left héemispheres point of fusion more than the right hemisphere's
then vice versa. Alternatively in the eveni of binocular representation
in both hemispheres priority mey be given to information in one. In this
éase it would be betier that this point of fusion received binccular
signale relatively less out of phase than the correspording point in the
other hemisphere; A third possibility is that p“cjeétions from one hemi-
gphere to the other are streonger than the reverse process. This might be

' aiao yield asymmetry with interocular delay.
- There is the possibility that eye dominance can effect experiments
with interccular deley. If this is thelcase it would te expected to affect

- ¢
the perception of sguare behind the fixatlion point in the same way as a

"~ # Perception involves the combination of informstion from the fusion nointe
in both hemispheres. Any asymmeitry in the effect of interocular deléy
then depends upon how this combination is made cr the relative strengths
of the fusion points of the two hemispheres. This is discussed in the
next paragraphs ' :



square in front of the fixation point. There would zlso be no difference
in the‘effect of interocular delay on stimuli of different binocular
~disparity in the centre of the visual field,

The method of presenting stereoécopic stimuli for brief pericds with
interocular delay has been described fully in chapter 4 but it will be
sumnarised here. Whilst waiting for the warnirg buzzer the subject views
binpcularly a stztionary dot pattern consisting of one plane. At the
end of the buzzer one eye's picture changes to & dynamic picture for the
required nuober of frames set by the timer and then reverts to the staticons
afy dot pattern éisplayed iritially. The other eye's picture goes through
the ssme sequence but a time lag exists between the two. The dynsmic noise
pattgrns éis?layeé yield, if the interoculer delay is not too great, a
gmall area at a different depth level to the relerence plane when the two
patterns arerbinocularly fused..There is no monocular cue to stereoscopie
depth but there does exist a cue to the direction off interocular delay
although with a delay of about ten milliseconds as used in Zxperiment 42
it is unlikely that this could be used. 4s described in chapter 4 the
gystem used.tO'praduce interocular delay involves a phase difference in
the vertical scanning of the two TV monitors. Thus, even when a st;tionary
pictures is displayed an interocular delay exists unless the set delay
is an integral number of frames. This delay is not apparent to the observer.

The samples are presented‘}o the subjects with interocular delay |
varying randomly from zero tc 9.6 milliseconds in either the left or right
eye's picture. Interchanging the delay means interchanging the pseudo-
random noise generators to the separate video: inputs of the monitors and
also the scanning synchronisation inputs. To avoid.disturbance to the
subject whilst this is being done the mcnitors are allowed to "free-run"

. f .
with no video input and with a uniform brightness equal to the average
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brightness of the random dot pattern.

In every experiment reported so far, it was necessary to match the
brightness for eaéh eye at the viewing pclarcids. In this experiment it
‘is particularly important as variation in brightness casuses varistions
ip the transmission times from the retina to the binocular fusion points
in the visusl cortex. To make sure that ithe resulis were not affected by
imperfect matching of brightness each subject did the experiment twice
with the viewing polarcids interchanged the second time. Testing all the
subjécts once teook about a week and in this time half the subjects did the
test with the viewing polaroidé positiocned rormally and the other half
performed the test with the polaroids interchanged, The effect of changing
over the polarocids c&ﬁ then be found fran the results.

Eighteen subjects were used in Zxperiment 12, A small square in the
centre of vision was presented to them at two different disparities, 6.87
and 20.4', which couléd be either convergent or divergent and their task
was to aScertgi whether the square was closer to them than the fixation
point or further away. The sguare in éddition, was presented with three
possibilities of interccular delay. These were the 1eft eye's picture
lagging or leading the right eye's picturé by $.6 milliseconds and thirdly
no delay between the two pictures. Three delays multiplied by fcur dis-
parities (two magnitudes each presented at convergent or divergent dis-
parity) made twelve treaiments g?d these were presented to the subject
seven times each making a tctel of eighty-four samples. The random order
of these samples was different for each subject. The sequence length that
the subject actually received was a hundred as the first sixteen were dis-
carded, The subject was informed about the different binocular disparities

“and was shown the square in its four positions but was not informed about

f
the intercculaxr delay.
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The interccular delay of 150 lines or 9.6 milliseconds was chosen
after a number‘of preliminary tests on a smaller group of subjects
{noné of whom did Experiment 12) designed to find an interccular delay
-at which results might become significant. The results of Experiment 12
are shown on Mig.8.1 and 8.2 and the experimental conditions are sum-
marised on Fig.8.2.

As in previous erperiments the two trnes of error are znalysed
separately bul the analiysis of variance is now as for a faclorial exper1~
ment with.a randomised greoup design. The three factors are A (disparity
with two levels), B (intercecular deley with three levels) and C (orien-
tation of pelarcids with two levels). A sumnary of the analysis of
variance‘is shown in Table 8.2, Fgr»both types of error the treatments show
a gignificant B ratio as does the main efTect A.(magnifude of ﬂinocular
disparity). However, the main effect B (interocular delay) is only signi-
ricant for type 1 errors.The main effect C (orientation of pelarcids) is
nonsignificant for boith types of error as is its interactions with & and
B, Thé in%eraction of A with B is only significant for error 1.

Increasing the magnitudé of the binocular disparity increases both
types of error. Changing the polaroids over has no effect whatever on the
experiment as it should not if the brightnesses at the viewing polercids
ars matched’COrrectly. The effect of interccular delay con error is shown
graphically on {"ig.8.3 A. For t@e smaller disparity the addition of inter-
ccular delay to either the left or right eye causes an increase in error,
As indicated by Table 8.4, Fig.8,2, the tctal of errors with interccular
delay of 9.6 milliseconds are signiticantly greater than errors with no
delay but there is no significant difference between the effect of a delay
in the left eye's picture and a delay in the right eye's picture. However,

§
2t the largevr binocular disparity the error tcials &% a1l three levels of

f
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the delay tactor B are significantly different from each other as

iné cated in Table 8.L, The greatest error rate is caused by the right
eye's view lagging behind the lett eye's view and the smallest srror
rate occurs with simultaneous presentation (an interocular delay of zero).
That interocular delay acts differently with different binccular dispa-
rities is indicated by the signiticant & x B factor for the error type 1.
Table 8.3, Fig. 8.2, demcnstrates in enother way the effect of disparity
‘and interoecular delay. Totals for either type of error do not differ
significantly from each other for the smaller disparity nor for the larger
disparity with the right eye's Vigw lagging. However, an error bias does
exist for simultanecus presentatigﬁ\and a 1ef£ eye's view lagging at the
larger disparity.

Prom the avgument given earlier it was expected that the etfect of
interocular delay would be different for small and large binocular dis-
parities and different for large convergent and divergent dlSOaviﬁies;
The results show that interocular delay does not react ditferently for
different magnitudes of disparity providing these are convergent. For
divergent disparities interccular delsy increases the error rate but
there is no signiticant difference between the error rate for the right
eye's view leading and for the right eye's view lagging. The higher error
rate for the lagging right eye at a lairge convergent disparity suggeéts
that priority is given to the left hemisphere when double representation
exists, or that projections from the right hemisphere to the left are
strorger than projecticns fxom the left hemisphere to the right.
However,again fcllowing from the reasoning given earlier this would imply
that at a large divergent disparity a higher error raté should exist for
leading eye's right view. This was not found. It could be argued that scme

f .
constant bias exists (due perhaps te eye Gominance) and that this bias
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may be increased but not ertlrely reversed. However, if this bias were
due to scmething like eye dominance it is odd that this is not shown for
ihe smaller binccuiar disparity, Alternatively, it could be argued that

ince perception at divergent disparities is s¢ poor with no interocular -

delay, that the application of interccular delay has little extra effect.

B.5. T35 PULIFRICH ETEREO-PHENCUENCON FROM RANDOM DOT STERCGRANS WITH

H

TERQCULAR DELAY,

Y¥hen a random deot sterogramﬁponsisting of cne plane at zero dis-
parity is made from dynasmic noiseAa?d presented with interccular delay the
follcwiﬁg is observed. Clusters of dots are seen moving outside the
reference plane which lies through éhe point of fixation. VWhen the right
eye's view is lagging the left, those clusters nearer to the observer
than the fization point move from Jeft to right whilst thosé further away
on the other side of.uhe reference plane move from right to left. Aétthe
extreme left and right ends of the random dot pattern the %wo paths of
motion meet so that the complete trajectory of the clusters of dots is
elliptical. The moving clusters form the boundaries of a transparant ellip-

tical cylinder whose axis is a vertical line though the fixation point

when this is placed in the centre of'the random dot pattern. The clusters
move together around the trajectory so that no relative movement is ob-
served between the clusters on ;;e side of the reference plane, (ne axis
of the ellipse is the horizontal dimension of the random dot pattern, The
other axis which is on a line from the cbserver through the centre of the
dot pattern varies in magnitude according tc the interccular Gelay. 4n in-
crease in this delay -increases this axis of the ellipse. The other effect
of increasing the interccular fdelay is to decrease the apparent motion of

the clusters of dots and to make these clusters larger and fewer in number.
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The description given by many subjects on being shown this effect was
"like a snowsteorm™. It takes only & few seconds to perceive the full effect,

this time increasing as the interocular delay increases. When the inter~

1

-ocular delay is increased beycond a certain point it is not possible 1o

perceive tﬁe effect at all. At this point the appearance of the pattern
is like that obteined by binocularly viewing two independent visual noise
sources. Apparent movement 1z resiriected to two dimensions as for aﬁ inter-
ocui&r delay of zero. dlthough the classical Pulfrich stereophencomencn
is well known ihis will be reviewed before furiher discussion of the
special random dot effect. N
The classical illusion was discovered by Pulfrich over fifty years
ago (PULF?¢un 1922) and is demonstrated by rFig.8.4.4. Yhen a simple pen—
duluwn is ohserved hinocularly with a filter over one eye to reduce illu-
mination the pendulum bob appears to move in an elliptical path. The
direction of rotefion is reversed if the optical filter is transferred
to the other eye.The magnitude of the stereoscop ¢ effect increases with
. € R 0
the denéity of the fil?er used. The effect does not exisi/widh no other
cbjects {other than the pendulum) in the visual field. Tt is usually
stated (OGLE, 1962} that the effect is independent of the point of fixation.
That is, the effect is cbserved whether the eyes track the pendulum bob
or whether they fixate on s fixed point in the visual field. However, a
recent paper. (ROGERS et al, 1974) suggests that the effect disappears if
the eyes track the pendulum bob‘éc that its image aiways falls on the
respective foveas.
The normal explanation for the Pulfrich effect is as follows.
tetinal 1uminaﬁ§e affects the time delay betwean retinal stimulation and
cortical stimulation. A decrease in luminance causes an increase in this

3

delay. If the filter is placeé over the right eyve then as far &

[

the visusl

i



'CDrtex is concerned the right eye sees what the left eye has seen earlier.
From tne geowetry of Fig.G8.4.A the simple pendulum is observed as a
conical pendulunm, ‘ Y

The delay line explanation given above has been confirmed by an
experiment with random dot stercogrems (JULESZ & WHITE, 1969). They pré—
duced a random dot sterec movie with an interocular delay of one frame,
Without this phase difference successive random ok stereogrars, that
formed the movie, ylelded a square area of dots in front of the reference
plane. The mcvie was run at several speeds and *llumlnatlon and sterecpsis
could always be recoversd by reduolzg the illumination of the 1eading eye,
There are other studies of visual delay as a function of luminance .

(WILSON & &NSTIs, 1969).

The description of the classical effect is very similar to the random
dot Pulfrich phenomenon described earlier except in one respect, In the
classical case, interccular delay does not affect the time for one complete
cycle whilst in the random dot case initial cbservations suggest that it

- Goes. An experiment was performed to check these cbservations cbjectively.

A bl&ﬁh square, each side subtending a visual angle of 30' of arc,
was cut into each random dot pattern. Tts horizontal position was mcdulated
by a triangular wave so that it traversed the horizontal extent of the
pattern'at uniform speed reversing its direction as it arrived at each end.
Its vertical position was mi&waytbetween the upper and lower boundaries
and it was presented at zero disparity sc that it moved in the reference
plane. Subjects were presented with a random dot pattern at some interccular
delay and adjusted the frequency of the tri&ngular wave until the black
square‘moved across the picture at the same speed as the clusters of dots.

The triangular wave was chosen to modulate the position of the

!
square in preference to eny other wave (e.g. a sine wave) because the author
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considered that & constant speed stimulus was the least §r¢sumptious of
the poésibilities available. 4 sine wave seemed particularly unsuitable
as it appeared to the author that the clusters of dots increased their
qued &8 they dyprcauhed the horizontal limits of the dot patrern. The

o ..
horizontally and the

s

size of the dot pattern was $0.3° vertical 11y by 5.95
illumination was set at 1 lumen/sgyare foot for each eye. The usuel clock
frequency of 5 ¥H? was used.

Five interccular delays were used in this experiment~ranging from

three hundred televizion lines or 19,2 milliseconds o eleven hundred lines

-
.
or 70.5 milliseconds. The right eye's view always lagged behind the left

eye's view. Hach subject was presén%ed with twenty-five samples; each
magnitude of delay béing used five times and in random order. When the
subjectlwas satisfied that the black hole was moving at the same average
speed as the clusters of dots he signalled his satisfaction to the expe~
rimenter who read off the frequency from a digital frequency counter con-
nected to the waveform generator. The experimenter then asked the subject
to adjust the speed of the black square to its lowest valuebefore the next
sample was presented. The dial on the wavelform generator was covered with
black tape so that the siject could not read the setting. The oscillatoer
was positioned close to the subject so that he could adjust the frequency
whilst observing the random dot pattern. The results for two subjects are
shown on Figi&.# B. | -

Both subjects show a maximum speed at thirty-two milliseconds inter-
ocular delay and a steady decrease in speed for greater delays. No sigai-
ficance is put on the subh-~cptimal value at 19.2 milliseconds because

it seemed to the author that the Pulfrich effect was fairly weak here,
with the ordinary random moti?n of dynamic ncise dominating perception,

and that it wasg diff icult to match the speed of the black square with
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what Pulfrich moticon could te observed.
Otherwise the results confirm the initisl observation that the
speed of the elliptical motion decresses as interocular delay increases.,
Ariother experiment was performed to ascertain the limits of intey-
ocular delay at which the effect could be observed. The subject was pre-

sented with a random dot pattern with some interccular delsy either in the
right or in the left eye's view. le was asked to record the direction of
elliptical motion, If at one magnitude of interccular delsy he was able

to record five corvect answers in a row the delay was increased or decreased
(@epending upon whether the uppe#xbr lower threshold is being sought) to
make the next samples more difficﬁlt, Both thresholds were approached from
below and above blmult“x cusly and the experimenter presented samples from
any of the four paths in a raendom manner so that the subject would not get
the impression he was approaching a threshold, The effect was found to
exist from a delsy ofAfifty lines (about three milliseccnds) to a delay

cf 1&r0 lines {sbout ninety~three milliseccnds) after testing one subject
ﬁxﬁa times. The illumination for this test was 1 lumen / square foot for
both eyes and the size of picture Waéliﬁsje vertically by 5.950 horizcone
tally. A clock pulse of 5 M wés used,

Presenting the dynamic nolise with interceular delay for only a brlef
time (as in BExperiment 12) it was found that the direction of motion cor-
rectly identified when only three frames were presented with an inter-
ccular delay of itwo frames. Little significance can be placed on this re-
sult however as the subject could easily distinguish between a delay in
the left cr right eye's view by noting which eye saw the stationary picture
chenge to a dynemic picture first.

A further observation which is of interest is that when the inter-

f
ocular delay was large (e.g. about eighiy milliseccnds) and the clusters
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of dots lerge and slow moving , sharp jerking movemernts of the heaﬁl
caused the pattern of clusters to shatier. The effect was like that of
dust particles suddenly receiving a gust of air. This was not observed

‘at smeller interccular delaya,

There are two questions to be answered in the explsnation of the
effect. It is necessary to explain why it occurs ané also why the ellip~-
tical movement slcws Qown ag interocular delay increases. As regards the

‘first point it must be noted in studies of interccular delay and random
dot stereogrems reported previcusly (JULESZ & WHITE, 196%) the Pulfrich
effect of sﬁirling dots was nct DEServed. Howewver, in the above cited
publicatiéﬁxthe dot density was sixtybfive timeés less than in the experi-
ment reported here. .The horizontal extent of the dot pattern was 500 of
are instead of 10.50 used here and the width of each dot was almost four
times greater. Purthermore a quarter of the area of the dot pattern was at
some non zero disparity.

¥hen a dynamic dot pattern is viewed the dots appear to move about

obe

randomly in all directicns. The movemeni observed is apparent movement which
results from ciosely spaced sequentially flashed dots (BIEDERMAN-THORSON
et al, 1971). Except at the edges dots will appear to move from left to
right and right to left in equal numbers. If the right éyefs view is delay-
ed those moving frem lett to right are seen in front of the fixatioﬁ point
and those moving fran right to left sre seen behind. The increase in appae-
rent speed resulting from closely spaced sequentially flashed dots situated
in the periphery-rather than the centre of the visual field reported in
the above cited publication could explain why the clusters of dots appezl
to travel faster at the extremes of the elliptical path. The greater number
of dots and their smaller size compared to an earlier experiment (JULESZ

f :
& WHITZ, 1969) would result in a better apparent movement effect. -
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For the Pulfrich effect to exist there must be movement and an inter-
ocular delay. If the movement is apparent movement in a dynamic ncise

pattern then its speed will not very with interccular deLaj. Noting that
increasing the interocular delay from 32 tc 70.5 milliseconds almost halves
the apparent speed there is the possibility that the interocular delay it-
gelf 1is responsible for the apparent motion.

Apparent motion may certainly be cbserved from dichoptic stimulation
as éemonstrated by the horizental flicker observed with stereograms pre-
sented non-simultaneously and &t & repetition rate below the critical fusion

£

rrequency for stereoscopic visicn (EFRCN, 1957). In thie case for a given

\\

binocular dispsrity the speed 1s inversely proportional to the interocular

deley., However, it is difficult to see hew a Pulfrich effect could result

:

frem’t.ls since the effect must surely require monocularly perceivable
movenent in addition to an interccular delay. In addition there is no
binocular disperity in the centre of the visual field and hence no movenent.
A second possibility is that each eye sees in additicn to its cwn
picture a little of the cther eye's view (i.e. there is "visual crosstalk")
This crosstelk cannot be derived from the monitors themselves since jnter-
oculay delay ensures that the video signals arve entl*ely out of phase,
but it could result from imperfect orientation of the polarising filters
However, with the right eye's monitcr turned off no trace of any dot paﬁtern§

can be seen by the right eye. With both moniters turnsd on at an inter. -

ccular del&y which enables apparent moticn to be chserved by superpcsition
of the two pictures (section 6.1) no epparent motion can te cbserved
locking through the viewing polaroids. If significent visual crosstalk did
existAthe apparent motion seen monocularly, though depending in part on

the interocular delay, would be different for each eye. The delta movement

e

of Korte (GRAHAM, 1955,p.581 &nd KCRTE, 1915) is a reversed apra rent
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movewent which occurs when the second cobject flashed is at a greater
brightness than the first. The difference in retinal latency results in

the second object reaching the cortex Tirst and hence a reversal of

o

apparen* motion, If crosstalk sxisted between random det patterns the

following would result,if the "leading" pattern waes brighter the &ﬂ arent.

speed would be reduced whilst if the lagging pattern was brighter apparent

speed would be increased or reversed. visual cresstalk though pocssible
imperfections in the polarising rilters is thus not an adequate explanation
tor the cobserved Pulfrich effect.

I, as suggested earlier, #ﬁ% monocularly perceivable movement that
caasea the Pulfrich effect, when interocular delay is added, is the zpparent
motion of random dots from one randem dot pattern, a possible mechanism

tor slowing down the Pulfrich elliptical mot

foie

on is an increase in the ste-
reoscopic summation time. It there is an interscular delay of one f{rame
then there exists nc correlation between frumes simultaneously presented
to the lef't and right eyes. If the stereoscopic sumnation time, which may
be considered as ithe time constant of a low pass filter that accepts the
visual inputs from each eye prior to binocular combination, is much less

then the frame repetiiion period, then there will be no correlation be-

=2
[¢

tween the let't and right eye inputs to the point of binocular fusion.
Perception will then be as if the two eyes were viewing independent ncise
sources. If, howeVer the sterecsgopic integration time is much greater
than the f'rame repetition period, se#eral frames of noise will be inte-
grated tegether and the binocular correlation will increase, It is pos-
sible, though to the author's knowledge it has never before been suggested,
that the system of binocular fusion is an adaptive process. As the inter—
ccular delay increases the stereosceopic swmetion time might increase

f
in cxder to rstain signigicant correlation between the signals derived
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Irom ?he two eyes prior to binocular fusion, Interccular delay must some-
how be cbserved in magnitude and direction and the binocular fusion process
will adept itself to lessen the effect of the delay.

If the apparent movement is extracted after the low pass filter with
the time constant T, the sterecscoplic summation time, then an increas
in T will cause the clusters of dots tc be larger and their movement slower,
Low pass filtering of the sequence of frames smooths out their differences
so that instead of small dots performing sharp jJerky movements aggregates
.of dots move about rather sluggishly,

Ividence for this idea of éﬁ\a zptive process 1s in the observation
reported in this section that sharp movements of the head at a large
interccular celay casuses the percept of slowly moving clusters to shatter,
If what is obéarved is Que to frames of noise presented in fhe past, a
sharp movement of the head destroys the correspondence beitween a particular
point on the retina and what is in the visuval memory (the low pass filter

s

ith time constant T) after having been stimulated by this point on the

b

retina in the past. In the next section an experiment is performed to test

the hypothesis of an sdaptive process for binocular fusion.

8re A THRESHCLD EXPERTMENT WITH TRTEROCUL AP DELAY.

In any communcation channel where the signal is frequency bandlimi~
ted an improvement in sigral to noise ratio may be obtained by {iltering
out all roise that lies outside the signal band. If the signal is
restricted to zero freguency (d.c. in electrical terminology) then the
ideal filter is a perfect integrator. If the eyes are viewing a stationary
stimulus imbedded in a noisy television picture the judgement, es to the
characteristics of the objects that the cbserver may make depends upon the

filtering ystem of nis eyes and visual cortex. The best approach for a
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stationary cbject is to integrate successive television frames and take

a "running" mean., However, any movements of>the object will be smearéd

out by this process and so a compr;nise must be made bétween noise immunity
and movement sensiti%ity. Experiment 13, which is described in this section,
tests the hypothesis that the summation time of binocular fusion varies
with interocular delay. The binocular fusion system is modelled aé a first
order low pass filter with a time ccnstant equal to the summation time.

The use of threshold experiments’with stimuli ewbedded in noise as a means
to finding the summation time is not new. It was suggested by Gregory
(GREGORY, 1955) to calculate the change of retinal summation time with
luminance.

A very simple model is used to model the binocular system and is shown
in Mig.8.5. The retina is given a time constant a which depsnds upon the
average luminance and is fixed throughout the experiment. Binocular fusion
at the visual cortex is preceded by a low pass filter of time counstant b
which it is supggested may vary., The separation of the two low pass filters
is supported by the work of Efron {EFRCN, 1957) who confirmed the separate
nature of stereoscopié and monocular critical fusicn fregquencies., After
passing through both low‘pass\filters the signals are added togethef. Ir
independent noise is added in éach channel the combination of the two néise_i

degraded signals results in an imprcvément in the signal to noise ratio
by & factor of \JZ. This is éo since the mean of two independent samples

€

; 2 .o
P variance ¢ yields & new

"

of the same event drawn form a population

[

R

. - . . . : s 2
population of identical mean to the first but having a variance of ¢°/2 .
That binocular combination in the cortex is capable of producing this /2
improvement in detection thresholds has already been shown (CAMPBELL &

GRExN, 1965). The coding of the retinal response into nerve impulses and

their subsequent decoding into decisions taken by the observer is not in=



174

cluded in the model. The medel is meant to represent the overall passage
of a signal up to sterecscopic fusion, This is distinct from monocular
vision where the itime constant b will not be invelved. The two chennels in
Pig.8.5 represent optic fibres from the left and right eyes. The delay T
is the interocular deley and is the phase difference of the video signals
that feed the two TV, monitors, >

. A - . . 2

As stated sbove, the average of two noise processes of variance ¢

yields a new noise process of variance dzfQAif the two nolse processés are

: - - : - .
independent and o if they sre identical, If the correlation between
the two noise processes lies betweén these two extremes then it can be

shown (4ppendix 24) that the new variance is given by,

2 2 .
‘z o= 7 (dxe) : (8.1)
, _

where %? is the new variance and p is the normalised correlation
coeffiéient. The coefficient p is dependent upon the interocular delay
T and the time constants a and b of Fig.B.5. 4n increase in T will decrease
p and hence {%2 , the effective variance of the noise after binocular
combination. If b is ceonstant, the stimulus level at which detection is
possible, will decrease as interocular delay increases. When the delay T
becomes much greater than the time constanis a2 and b, so that smoothing by
these filters is insufficient to cause sigrnificant correlation between the
nolse and its delayed version, tge stimulus level should asymtotically

approach 1/’~/2 of its level for zero interccular delay.

The effect of an increase in b as interccular delay increases is twer

fold, Firstly, it increases the correlation ccefficient p and therefore
tends to increase the stimulus level for detection. Secondly, an increase

ne filtered ocut and therefore tends to reduce

<

e

in b results in more noise be

the stimulus level. Fecause the time constant of the TV screen is much less



than a, the retinal time constant, end the period of the pseudo—ranacm
sequence is much preater thsn a, the power spectrum of the visual noise

( #fppendix 4,E . ) may be considered flat. Tt is shown in Appendix 2,B
Athat in the case of white noise the change in stimuvlus level at which
detection cccurs as the time constant b changes from ho (with zero inter-

- ocular delay) to b, (with interocular deley of T) is given by,

T
g/ i b8
v - i+ EO,' (8.2)
: % 1 o+ bT;a
The total effsct on the stimulus level when the interocular delay changes

from zeyo to T is then

5f - P op 1o+ bﬁf&} (8.3)
. > )

when the change in correlation iz also taken into account.

The term ¥ may vary between ¢{1 + bo/é)and zero, 1t is therefore

. . L 1 .
pessible that the fraction é’may fall below /+/ 2. If this is so then

P

it would mean that stimulus detection fo: noise applied with some finite
interocular delay T would be better than for independent noise applisd to
each eye, If the system of binocular fusion is adaptive with respect to
interocular ﬁel&y the following behaviour is expected for
visual stimulus imbedded in noise. If the stimulus level for detection with
Zero interocglar delay is unity then this level falls below unity as intex-
ocular delay is increased. %hen the interocular delay T is such that a
significant change in the time constant b occurs ( e.g. by a factor of

two a three) the stimulus level falls below 1,/4/2. As the delay T is in-
creased {urther the adaptive system ceases to function, the time constant

b returns to b, its value for zero delay, and the stimulus level jumps to

0

1/V2. If however, the binocuiar fusion process 1is not adaptive and b

remains constant for all interocular delays then as T is increased the
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t:\:lmulus level falls monotounically to 14/¢ the level for independent
noise in each eye.

The relation between the correlation coefficient p and a, b, and T
my be found by an applicatiocn of linear system theory. With the notation

given in Fig, 8.5

4 7
where 82 and S‘i represent only the visual noise. The stimulus is a d.c,

component added onto Sﬁ and 52.,’1’ ¥ correlation _12(7‘_) between S1 and 3, is
[

given by,
D (7]

12

T

[
£, (L) sz"(tr»r} dt | {8.5)

j ‘?
P ;]
fans¥ N
.which using (8.4) becomes,

T

D) = @, (T+7) = j__-[sq(t) 8, (t-T-7) at (8.6)
mc;&"él o

_ T oo

If hi{t) is the impulse response of the complete channel and n(t) is the

\,,3
+3 i

8\.‘)

i

ﬁ

noise input then

&

s(t) = fhg 2) n{t-u) du ‘ (8.7)

S0
It is shown in Appendix 2C that by the substitution of (8.7) into {8.6)

o 1( T+ 7 ) becomes

0o
CP,H(»T-e T) = [h(?x) A -T- T) ax (8.8)
‘ 200

Using the Wiener theorem of autoocorrelsticn for r =0

oo
D,,(0) = @, (7) = ﬂﬁ(:}w)‘?‘ exp joT dw. (8.9)
2n )

where H(J®@) is the Fourier Transform of b( % ) . For a channel consisting

of two low pass filters of time costants & and b, H{(j® )is written as
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H(jw) = 1. (8.10)

It is shown in Appendix 2C thet sustitution of (8.10) into (8,9) and
evaluation of the integral leads %o

z

QHZﬂO) = be L/® »»ae”T;é (8.41)
2(6%a) '

The normaliged correlation ccefficient p then becomes
.

Ve VO N (8.12)

e - fe

b - a

As b approaches a, p behaves as

For both {8.12) and (8.1%), excluding negative T , p has a maximum
valag of unity when T is zerc and falls to zerc as T becorxes much greaier
than a and b.

The stimulus used in Bxperiment 13 was a grating of vertical bars
superimposed upon the visual noise. The method by which the videe noise
signal may be modulated by another signal was described in chapter 5.
A-portion of‘the modulated video signal is dyswn in Fig,.8.6A. Vertical bars ;
were a convenient video stiﬁulus to use-because these could be conveniently |
- generated by dividing down the line synchronisation pulses. The system for
intreducing interocular delay into the TV, menitors leaves the line syn-
chronisation the same in both monitors and so there is no interocular
gpatial phase difference betwpen the stimuli. This is important as it has

been shown {(HENRIKG & BYETZ, 19 that such a phase difference will lower
» Vg
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the threshold for detection, Twelve bars were visible on the picturg

. which gave a spatial frequency of just cover 4 cycle/degree, The Mp;tlal
frequency of the bard could be exnﬂob =d to affect percepticon (CAVFRELL &

GREEN, 1965; POLLEYN & ROEHRIG, 1970). The latter reported that the
"signal tec neoise threshold, in addition to being sitrongly dependent on the
bar pattern frequency, is also dependent on the r.m.s, value and the

frequency distribution of the nolse as well as the difference between the

medium frequency of the noise". However,

o
o7
@
=

bar pattern freguency and
since the purpose of Experiment 13 is only te follow the relative change
in stimalve Jevel necessary for ﬂe"c ption as interocular delay is varied
these considerations are not rele?ant. The most appropliate wisual noise

form to mask a vertical grating is another grating of thinrer vertical

lines of random brightness (JULESZ, 1971) but again, for the purposes of

7l

xperiment 13, visual noise of any sort is adequate.

A

The sqguare wave that generates the vertical greting was varied in

strength by & potenticmeter and its value at the modulation input of the

-

video amplirier was measured by a digital voltmeter (Simpson 460),Because

g

2 o

the signal modulates the noise instead of being added to it the total
power in the modulated waveform-is, in the notaticn of Pig., £.64,

Total Power = 2 [( V&S 2, { V=58 }2:} = 1 [V2+é82]
The signal power may be found by ccnsidering the power at the signal fre-
quency in thg spectrum of the modulated waveform., This is the product of
the d.c. 1evél of the unmodulated noise and the signal itself, Thus

Signal Power = (%V)g.(SXQV)Z = 32/

-

b and
. Wl L2
Noise Power = Total Power - Signal Power = = ( V74 $°/8)
£ z

and the r.m.s. signal to noise ratio may be written

—SIGHL (r.m.s.) ok 8 o, ~ """'—S——"?'M 2y Sy Eam,
NOTSE | \FeRese WA + 85/8V) VO LesT/IEV) v v
{

Therefore the signal to noise level a2t which detection occurs is appro 1late+y

proportional to S the stimulus level ( F ig. B.64 ).
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level, Tdeally a linesy tfansformation from the video signal to brigﬁt—
ness on the TV.screen is required. This wus possible with an S/V of about
1/10 and the V level set so that with S=0 the "white" dots were actually
medium.grey.
Ten subJjects were used in this experiment., Each subject's threshold
was found in eight different ccnditions. The interocular delay was varied
from zero to 120 millisecconds in steps of 20 milliseconds. In addition the
threshold was found for independent noise applied to each eye. A staircase
method was employed to find the thresholds. The vertical bars were shown
to the subject initially and theﬁ Ehe volse was presented to the subjsct
with or without the bhars added. Théasubject was asked to judge whether the
vertical grating was present or absent. He had to get five in a row of &
randem sequence correct before the stimulus level was veduced further,
The experimenter randcmly moved from one of the eight conditions to another
zo that each threshcld was approached simultanecusly. The threshoid stimulus
level for each trestment was divided by the level obtained for zerc inter-

ocular delay Ieaving a stimulus level of unity for the.lattgr. The average

readings cof the ten subjecfs are shown in Fig(8.6)together with a summary
of the experimental conditions. The effective changs in signal to noise
ratio necessary for perception is plotted against interccular delay in
Fig(8.74), '

The resﬁlﬁs shown in this .graph are rather dissppointing. There is
no range of interocular delays at which perception of a stationary stimulis
is superior %o perception with . independent noise in each eye. The
1/'\/2 improvement is indeed obtained in this latter case:zbut the applica=
tion of interocular delay results in a rather slow approach to this value.

The behaviour that was predicted for an adsptive system is not found. In

f ,
the calculations to find b it is first assumed that b remains constant

-



as interocular delay varies. If however, b increases with the delay then

the b' calculated by considering only the [ 4 +p term in equation
2
8413 will show a steady decrease as the interocular delay increeses., The

.tlme constant b is calculated on this basis and Table 8.5 in Fig.8.6 shows
the results together with the effective standard deviations. The latter
were calculated by considering the first order sensitivity of b with res-
pect to the stimulus Jevel necessary for perception. A value for a of

20 milliseconds was used for all calculations (FINK, 1557). The results for

b are pletted on graph B in Fig, 8 7. The mean value of b is 56 milliseconds

\\

and . there is no overall decresse o? b with intexocular delay. It seems

~

therefore that binocular fusion does not act as an adaptive system but
maintaing constent parameters as the intercculax delay is varied. The mean
value of b is sustituted into equations (8.12) and (8.3). The predicted
curve for the signal to noise ratio necsssary for perception is plotied
with the experimental results ozl Graph 4, Fig(8.7}.

The two curves of Graph A follow each other closely. The two time
constant medel of Fig.8.5 would seem to explain the experimental results
adeqpately'w1tﬁauz any adjustment required for an adaptive time constant
b. Although, as will be discussed in the next chepter, the calculated value
of b of 56 milliseconds is supported by quite ditferent experiments, the
method described here cannot be considered a goed cne tor measuring b,

The calculatéd value of b is rather sensitive to small changes in £ ,

the sigral to neise ratio at which percepticn is possible. furthermore the
retina must be modelled by a first order low pass filter whose time con-
stant will alse affect B . The important éonslusions of this experiment
are that, contrary to what was suggested in section 8,3, it is not possible
to do better with 1nterccularfde1af than with independent noise presented

tc each eye in the problem of perceiving a stutionary stimulus masked by

‘noise,
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8.5, CONCLUSICES.

Experiment 12, described in section 8.2, was partially successful
in that the effect of interccular delay was different for the disparities
‘used. This was predicted from a consideration of the effects of double
repregentation of a central strip of retina in the cerebral hemispheres
caused by the naso-temporal division, The results for the two types of
possible errors were different as was predicted. The relation between the
results of Experiment 12 and previous experiments is discussed in chapter 9.

The slowing down of the "Pulfrich" effect described in section 8.3
cannot be caussed by a system ofibinocular fusion in the visual cortex
increasing its summation time for the neural inputs so as to compensate
for interocular delay. This is clear from the results of Experiment 13 which

are consistent with e non-ad ptive system of binoaular fusion., It scems

(%

the

possible, therefore, that the aprarent motion, which must exist for

interocular delay to distort the trajeétsry of motion, is caused by inter-
ocular delay itself. Non~simultaneous stimulation & the two eyes may

certainly give rise to apparent motion as for sexample in the horizontal

flicker described by Efron (EFRON, 1957). Ir this is the explanation of tie
effect then it is clear that the random dot Pulfrich phenomenen is guite

different from the classical one where the speed of the object is guite

" independent of the interccular delsy which onlngervea to modulate one

axisg of fhe élliptical trajecuary.

It the results of Zxperiment 13 had been different and a reduction
in s timulus strength less than 1/\/2 had been found for scme finite
interpcular delay T, there might well have been scme engineering applications;
I the information in a video signal is reduced by low pass filtering, 2
decrease in horizontal resclution reéults. If the information is reduced

4
by missing out several of the lines & decrease in vertical resclution



182

results, If, however, the video signal is sampled and only the sampléd
points displayed then the piciure appears to have been degraded by impulse
noise, In this way video bandwidth mey be exchanged for a lower picture
'signél té noise ratio. If a means is found for increasing the effective
signal to noise ratio at the visual cortex by inducing the brain to take
en averege of several frames the ill effects of the impulse roise might be
reduced. A vides sampling scheme in which this was tried is described in

the next chapter and details sre given in appendix 3. -
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¥IG.8,3 RESULTS OF EXPERIMENT 12
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PIG. 8. 0A THE PULFRICH STEREQPHMIICIITNON
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FIG, 8.7 RESULTS OF EXPERIMENT 13
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The experiments reported in chapters 6, 7 and 8 have revealed four
separate agymmeiries in stercoscopic vision. "Inder certain conditions
observers are more likely %o perceive a convergent disparity correctly %haﬁ

divergent &isparity of the same angular magnituﬁe, This may be considered
as an asymretry of stereoscopic ability on a sagittal line through the point
of fixation. Secondly observers are generally able to perform the operation

eir right cerebral hemispheres(objects in the

t‘f

of' stereopsie better in ¢

left cerebyral hemispheres{objects in the

;..c.

n their

e

left visusl field) than
Tight visual field). Thirdly, a rectangle centrally located in the visual -

field with its longest side horizontal is more likely to be corvectly
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f fixation than the same rectengle
aisc centrally located but with its longest side vertical. Finally a small
object located in the centre cf the visusl field with a large convergent
disparity and presented with irterocular delay, has its depth relative to
to the fixation point more coxrectly perceived if the right eye veceives
the "leading" image rather than the “lagging® image.

A1) these findings were made with random dot stereograzs ryather than
glassical stimuli, It is interesting to note that hemis vherical asymmetry
in problems of spatiel lccaliségien is much more evident with random dot
stereograms then with line Srawings(DURNFORD & KTMUR4,197%).The presence
of depth cues other than binocular diéparity w1ll mask any variations in
sbility of the brains mechanism of stereopsis s2s suggested by the invenior

of random dot stereograms (JULESZ, 1971). Furthexrmore the experiments

veported in this thesis on stéreopsis in the centre of the visual field
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¢an only be performed with high density dot patierns, If the dot density
is low than a small area in the pattern that is marked out for some
relative digparity to the rest of the pattern will contain so few dots
that stereopsis is difficult to schieve, If it can only be achieved

reliably when & long time of presentation is allowed so that convergence and
divergence movements of the eye are possible, the experimenter can~
not be sure of what part of the observer's retina he is stimulating and
what binocular disparity a particuler part of the stimulus gives rise to.
From the results of work on VGrgeﬁce movenments of the eyes (RASHBASS &
BSTHEIMER, 41961) it is clear that 80 milliseconds, the standard presenta-
tion time used in the reported exveriments in this thesis,is short enocugh
for the experimenter to be certain of the binoccular disparity and position
of any stimulus presented. Ancther aspect of the method of presentation of
a stereoscopic stimulus used is that there is no change in either overall
retinal illumiration or the general texture of the retinal imspe when a
step change in binocular disparity is produced, and this is achieved with-
out any monocular cues being available for depth perception. Experiment 12
{ Section 8,2 ) used an original method of presentation to remove some
of the problems encountered with interocular delay. If & fixed visual
stimulus is presented first to one eye and then at a later time to th;
cther there is certainly an interocular time difference between the axrival
of the stimulus at the two retinae, However, if the duration of the stimun;
lus at each retina is much greater than this time difference,then, from a
cortical viewpoint , the interocular time difference disappears after a
time because the yisual stimulus does not change with time for its pericd
of existence. This difficulty may be removed by making the duration of the.
‘stimulus much less than the interocular time difference but -there are some

f
cireumstances winere good perception demands & longer exposure to the stimu.
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.

ius. In Experiment 12 2 stimulus duration of 80 milliseconds is used with
an interocular delay of sboul 10 milliseconds by using a dynamic noise
pattern to present the step change of binccular disparity. It may be noted
" thet other workers, who &id not use this technigue (WIST & GOGEL, 1965),
have reporied thet there is negligible change in sterecacuity for inter-
ocular delays up to 32 milliseconds whereas the author found in Experiment

12 thet for a

¢

gnvergent disparity of 6.8' perfomeance was significsntls
B I Y P g

i

worsened with an interocular delay in either eye of Just under 410 milli~-
seconds. 4nother aspect oP the method of presentation of a stereoscopic

I3

stimulus used in experiments repbrted in this thesis is the stimulation of
binocular disparity detectors (which are assumed to exist in the visual
cortex) at all times. I the observer had been presented with a uniform
'grey sheet of the same average brightness as the random dot pattern then
prior to the appearance of the random dot stereogrsm there should he iittle

activity in the disparity detectors. In the author's methed the observer

gazes at a random dot pettern in a fronto-parallel plane through the

Pon

fixation point so that his zerc disparity detectors will be stimulated.
According to the tuned detecter theory (BiSHCP, 1970, ERE & HAGEN,
1972) disparity detectors that fire maximally for binccular disparities of
magnitude a little greater than zero will be inhibited whilst those tuned
to much larger disparities will fire fresly at some sub-o*tlmal level,
In considering the results of, for example, Experiment 3 which showed
a significant tendency to Jjudge large divergent disparities as actually
convergent, there is always the possibility thzt these results are caused
.by some fault in the apparatus or in the experimental methods, It could be
argued that the difficulty in pérceiving divergent disparities is the d&if-
ticulty of perceiving a "hole" in the reference plane with & second plane

f
vigible behind rather than an area placed on top of the refexence plane,
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However, if this is the reascn behind convergent-divergent asymmetry it
is difficult to see why this asymretry should disappear for small dis-
parities, for "holes’ in the periphery rather than the cenire of the
vim%al field and for = horizontaliy aligned rectangle rather than a
verticelly aligned rectangle. The problems of visual "orosstalk” were
completely eliminated as fa;vas the monitors were concerned (chap#ér 1)
and, by having the viewing polaveids fixed to the apparatus rather than
to the observer, that which originated from imperfect polarisation of
light was severely reduced. Again, because most experiments compared the
results of two or more stimuli tne results can only be explained as due
to a faulty method by consiéari;g‘éﬁ irteraction of apparatus idiosyncrasy
with the stimulus variation. The author is confident that such possible
idingyncrasies that did exist played no part in the results.

The results of Experiments 4 - 42 will first be considered in terms
of Julesz's dipcle model f'or sterecpsis (JULEZZ, 1970), which was described
in chapter 3, and then with reference to particular neurcphysiological

‘findings that have been reported. The dipole model was postulated largely
onn the basis éf one experiment (FENDER & JULESZ, 1967) and it differs from
the earlier difference field model (JULESZ, 1560) by possessing inertia and
in particular by éemonstrating hysteresis, This ought to make it suitable
for discussing the dynamic aspects of sterecpsis.

It‘shoéld,be said that although the action of two matrices of magne-
tic dipocles superimposed may have little resemblance to the action of
several matrices of tuned binocular disperity detectors, the action of the
brain in decoding the outputs of the disparity detectcrs to yield the
final perception may well resemble the behavicur of the physical model.

It could be that in some circhstances tne link between disparity detection

and conscious knowledge is more important for perception then the link
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between retinal stimulation and disparity detection or indeed the dynamics
of thé response of disparity detecters. It would therefore be wrong to
disregard the Julesz model because of neurephysiclogical findings on the
‘primary functions of the viszal cortex.
Cne of the features of the dipole model is the idea of a serial

search for binocular disparities to give stereopsis. This might provide

an explanation for the convergence~divergence asymmelry noted at the
beginning of this chapter. 4s the observer awaits the stimulus the arrays
of dipoles are locked together at zero binocular disparity, When the
stimulug arrives each dipole changes to a new sign of polarity independent
of its previocusly held one but with the possible exception of the arca

showing relative disparity the BYT&YS &X' s5till Jocked together. If" the
relative disparity is nct great this area may still remain leeked in and
thus will yield information on whether the relative disparity is convergent
or divergent. I however, the relaiive disparity is very great, lock-in
will not be possible initislly. In this situation the two arrsys must move
across each to reduce the disparity of the special area in crder to lock
the dipoles in this region firmly together, This movement of the arrays
may be performed by vergence movements of the eyes cor as Julesz suggestis
by some form of cortical shifting mechanism. When the disparity between
corresponding aggregates of dipcoles is so great that there exists no clue
as to whether the disparity is convergent or divergent, the shifting
mechanism must move in cne direction and presumably only return tfo invasti;
gate the other direction when the rest of the dipoles ,originally rirmly
locked together jbegin to break apart. The initial direction in which the
arreys slide over each other may be determined by scnre echance decision or
alternatively according to scme constant preference. The results of

f
xperiment 3 may now be considerved in terms of this model. The sgquare area

5
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in the centre of the visual field undergoes a step change in binocular
isperity but if the change in diapafity is small then the arrays remain
locked together everywhere and perfect stere&psis is obtained., If the dis-
. parity is large then the arrays must move apd, if they are unable to do so
in. the time allowed, stercopsis will not be possible. Furthermore, if there

is always

3]

preference or priority for convergent disparities belng inves-
tigated first then large convergent disparities will be fused quitker than
large divergent disparities. This could explain the convergent-divergent
asymmetry found in Ixperiment 3. Experiments 10 and 11 may alsc be explained
in this way. In Experiment 14 +wo “squares, one 9 times the area of the other
were used asstimuli in a random dot pattern at large convergent or diver-
gent disparities. 41 this disparity of 20.4' of arc the large square was
more likely to be correctly located in depth than the smaller sqguare. In

the dipole model the relative disparity that sn aggregate of dipoles may
vossess bel'cre breakawey occurs depends upon the size of this area and
particularly upon‘its Gimension in the direction of shear, Thus, after the
step change in disparity has occurred, the larger square may remain locked
in but the smaller square may not., Similaerly, in Experiment 11, it nay be
said that the greater success rate in depth localisation f'or the horizon-
tally aligned rectangle is due to its greater tc;erance to shear in the
horizontal direction.

It is interesting to note that the feature of the dipole model which
has been used here to explain the convergent~divergent asymnetry is the
feature that Julesz found most inconsistent with his findings, He found
that he could reverse the subjects natural preference for = convergent or
divergent disparity when viewing an ambiguous stereogram by adding a little
more evidence for one possible percept. He took this as an arguement sgainst

. ( '
serial search procedure for binccular disparity which the dipole model
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implies. However, since he used large regions of dots at small binocular
disparity for his experiments it could equally well be argued that no

searching was necessary anyway. If there were more dipoles present to give
‘a convergent (divergent) disparity then the arrays would immediately lock-
in to represent this convergent (divergent) disparity.

Although a certain amcunt of success has been had with Julesz's
megnetic dipcle model it cannot explain qualitativély the result of every
"experiment reported in this thesis. For example the dreop in perceptual
errpr rate as the stimulus.is moved ocut of the centre of the visual tield
into the periphery {Experiments 7,8,9) finds no analogy in the dipole model.
The asymmetry in stereoscopic ability between the left and the right hemi-
spheré (gxperiment 7) is not explained by the model as it stands. It is
difficult to see how the model could ever be modifiied to deal with the
implicaticns of Experimént 12 which dealt eith interccular delay. Lever-—
theless it has shown to be a useful analogy in many other cases. The
@ifficulties of obtaining stereopsis wnen only a small collection of dots
in the two patterns show relative disparity are well illustrated by the
Julesz model,

A bias in the initial direction of the search procedure may well
explain how large convergent disparities are fused quicker than large di-
vergent disparities but this does not explain the perception of an area in
the random dot pattern of largé divergent disparity prior to actual stereop-
sis. It is reascnable to assume that while the search procedure is under-
way (but proceeding in the wrong direction) the perception of such an area
would be as if this area in one eye's view was filled with a pattern of
dots different and independent to that which filled the corresponding area
in the other eye's view., However, in an experiment designed to test percept-,

f
ion in such a stiuvation described in secticn 6.4 it was found that dots in



this area were located at varicus depthe but a1l further from the obéerver
than the reference plane, This experiment, pe“¢0“meﬁ firet with a stationary
npise pattern was repé“te with djﬁmmlc nolse and it was found that the
.'dots remained in the referesnce plane but the area covered by the two in-
dependent noise sources could he easily dstected from its texture, When

the independent noise was added for»cn\ly 20 milliseconds to what was

perception was similar to continuous
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viewing of a dynamic noise pilcturs with a regicn made up from independent
noise‘sources, If then an area in the random dot stereogrem is suddenly
given a large stepchange in disps rlty in a divergent direction, initial
perceptlor will indicate that thls area is different from the rest of the
dot pattern but its relative depth Wiillbe uncertain., This may explain the

large error rate found in this situation in Experiment 3 but the author

s

did not tind that & priel exposure tc an area of large divergent disparit;

¢k

appeared similar to a brief exposure teo independent noise in each eye but
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this is pnly one =ubjective op
Hysteresis is an important feature of the dipole model and it is a
feature that may be invoked to discuss the experir ﬂ?nts reported hers.
For reasons suggested above, a step change in disparity in the divergent
direction may be perceived as a convergent disparity. Once this initial
decision on depth has been made it could be that a much greater amount of
evidence has to be produced to reverse the depth percevtion obtained. This
would follow from any hysteretic modgsl of decisions arising from conflicting.
evidence. As the duration of exposure or the size of stimulus increases
t&e evidence for the cpposite view builds up and gives correct perception.
On the questicn of the time requ1red to perceive a large divergent dlsparlta‘
as divergent, the results of Experiment 5 indicate that the error rate be-

{
gins to decrease significantly at a duration of aboul 4 TV. frames or
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160 milliseconds. This is the time required between stimulation of the
retina and action by the eye muscles to perform vergence movements that
change the point of fixation, It is therefore likely that such E€¥EC mOVve~
‘ments play a part in improving depth perception in this experiment.
Hysteresis is a property that is exhibited by mMJy mathematical models of
the dynamics of large populations of n neurons(¥ILEONSCOWAN ,1972)when inhibitory
synaptic connections are included as well as excitatory. It is therefore

»

yeteresis may be a property of perceptual

g

reasongble to sugpest that

Judgements.

Having maés use of Julesz's ‘magnetic dipole model of stereopsis and
having found it only partially su$Cessful in explaining the experimental
resulis obtained by the suthor, it iz now necessary to consider these same
results in the light of neurophysiclegiesl findings, Keurcphysioclogical
data are normelly cbtainéd froam the cat which is an animal that possesses
is but there is a possibility that some of these findings are
-particular to the cat and do not apply either qualitati ely or quantitative~
1y to man, However, many such findings in the cat have been demonstrated
by psychephysical experiments to be alse true for men and it is therefor
sensible tc discuss results of perception experiments in these terms.

0

There are two possible explenations for the convergsnt-divergent asym-
‘
wetry and its decline with peripheral angle. #n investigation into the dis-
tribution of binoculer disparity detectors in the visual cortex of cat
(BARLOW et al, 1967) indicated ( though not concliisively) that detectors
of high disparity were more frequently found corresponding to perivheral
regions in the retina than to the centre of the visual field. XNore detectars
were found firing optimally for convergent disparities than for divergent
disparitiea. It could be argued that the greater number of convergent

f
disgparities explain the convergent-divergent asymmetry but it is unlikely
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that the distribution of disparity detectors as indicated by Barlow et al
can explain the results of Experiments 7, 8 and 9. Taxking
ag they stend, the gradual increase in the number of high disparity detect-
ors as peripheral angle increases is more akin to the gradual change of
width of Panum's fusional area with incresse in peripheral angle than the
author's results which show sigrificantly large changes.in error rate for

a small (3°) shift into the periphery.

The second explanation concerns the possibility of difficulties in
sterecpsis arising through the naso~temporal division in the retina, If
there was perfect division of théhvisual field with no extra corrections
made at the optic chissm or through the corpus collosum then no stereopsis
would be pos ible in the centre of vision. It has been suggested (BLAKZORE,
1962) that a central strip of retina as wide as 1.5° is represented in
both cerebral hemispheres in man and evidence indicates (BETCHEL& &

his doutle representation in man is facilitated by

a corpue ceollosal path. Although the naso-temporal division has been cited
(FOX & PLAKE, 4973) for a failure of binocular summation of subliminal
stimili located on a vertical line through the fixaticn point it is not
immédiately clear how the author's experimental results may be explained.
'It is necessary to suggest that in this region of double representation
detectors of large divergent diéparities (of the order of 20! of axe) are
not as frequent as detectors of .equally large convergent disparities, With
this extra hypothesis and Bishop's thecry of tuned disparity detectors
(BISHOP, 1970), it is possible to explain how a large divergent disparity
may actually eppear convergent to the ¢bserver. A stimulus of low binccular
disparity (6' of arc) of either divergent or convergent direction makes a

detector tuned to this disparity fire optimally whilst inhibiting those that
i

are tuned to disparities close to the actual one shown, Detectors tuned
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to fay different disParities-fire sub-optimally but are not inhibited,
The optimal firing rét& of one group of receptors provides the necessary
~information for stereopsis, A stimlus of high divergent binocular
" disparity provokes %o optimal response from any set of detectors gince
there are none that are tuned to this pérticular éisParityébut those
detectors that do exist will fire at a rate dependent upon the difference
between thelr tuned disparity and the divergent disparity presented. Those
~that réspond to divergent disparities not too far from that presented
will be inhibited wherecas others that respond to convergent disparities
will fire sub-cbitimally at a raté\higher than those that are inhibited,
The information that the binoculaf disparity detectors now present to thé
-brain is as feollows. Over a great part of the visual field there is optimel
firing rate of the zero disparity detectors but in the centre these detect-
ors fire sub-optimelly. There is no optimel response from any group of
detectors in this region but Lhere is a greater response per unit of the
convergent disparity detectors then of the divergent disparity detectors
a8 many of these latter are inhibited. Therefore the brain is able to
identify the region in the centre by the lack of respomse at zero disparity
and,because of the greéter response per unit of the convergent disparity
detectore,mey come to the cernclusion that the region in the centre cf the
visual field is in front of the rest of the dot patteims. This argument
" only holds for randem dot stereograms because line dréwing stimuli presented
briefly outside Fanum's fusional area, the region of patent stereopsis
-( OGLE , 1962), would yield double images. Information about whether these
images are crossed (convergent disparity) or uﬁ¢rossed (divergent disparity)
Wouid give a sense of further oxr neérer from the fixation point,

Fxperiment 12 was designed on the aséumption that a corpus collosal

I3

vath exists which enables a centrzl strip of relipa te be represented iv
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both cerebr&l_hemispheres, The higher the binocular disparity of an
object in the centre of the visual field, the more important this corpus
collosel path is for stereopsis. The quite different effect of interocular
‘delay on small and large convergent disparities indicated that in the
préblem of taking information from the two hemispheres for the one central
area-the left hemispheve may be given priority, Alternatively the results
may be viewed ag indicating thet for objects in front of the fixation
point there are more projections from the right hemisphere to the left than
vice versa, The railure of divergent disparities to yield 2 similar result-
may be explained by the lack of hﬁ§1dfvergent digparity detectors in the
centre of the visusl field. Perception.was roor at zero interccular delay
and was pot noticeably affected by its intr oducticn,

The importance of Experiment 13 is that it demcnstrates that masking a
stimzlus by binooularly presented noise with interocular delay leaves the
stimulus less perceivable than if the stimulus in each eye was masked by
& separate independent noise source. The reduction in steresoscopic thres-
hold for the latter case over that cbtained with each eye receiving an
‘identical noige input is /\/2 and ¢“1§'fracticn is also approached as
the interocular delay beccmes much greater than the sterescscopic summation
time. It is apparent that tiis summeticn time does not adapt to inter-
ocular delay. This imélies that the slewing down of the Pulfrich movement
in dynamic random dot sterecgrams presented with interocular delay, is
not due to a lowering of the cut-off frequency of low-pass filters in the
human visual system. It is more likely that the apparent movement is
derived from the interocular deléy itself .so that as this increases the
apparent speed decreases. For reasons given in chapter 8, Experiment 13
‘cannot be seen as a geod method for measuring the sterecscopic summation

: f
time., Nevertheless the value of 56 milliseconds chtained in this measurensnt
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compares with the figure of abcut 50 milliseconds Julesz (JULRSZ, 1571)
found for his perception time for stereopsis (chapter 3). In addition,in
experiments on binocular summation of subliminel stimuli (BATTERSEY &
DEPARAUGH, 1969) it has been found that summation is possible for inter-
oculér delaysfof up to 50 milliseconds.

Experiment 13 wag performed with very low visual signal to noise
ratics. 4As menticned at the end bfbchapter 8 an ordinary television picture
may be sampled with different sampling points in each frame so that the
effect is similar to a video signal degraded by impulse noise. If two
sampled pietures are prepared fof\binocuiar viewing interoccular delay may
bg placed between tpe sampling poiﬁts of the two pictures by a small-
addition to the basic apparatus already described. This is shown in
fppendix 3. When an ordinary televisicn picture is sampled and binccularly
viewed, the application of interccular delay produces the same Pulfrich
effects described in chapter 8. An interccular delay of 1 or 2 Prames
smears out the impulse noise so that its efiect is less irritating to the
observer, ¥When the interccular delay isAexactly one frame oy 40 milli-
seconds in length it is as if one frame of the degraded picture is first
shown'to one eye and then passed on to the next whilst another is shown
to the first. Ifrom the results of Experiment 13 it would seem that the
effective signal to noise ratic is increased without any change to the
video signal. Theretore it shculd be possible to reduce the infomation in
a video signal by sampling and then to reduce the ill effects of this
process on perception by the use of interocular delay. However, any move-
ment in the picture will be distorted by the Pulfrich effect and one
would not expect to be able tc improve the detectability of a fast moving
stimulus by the applicaticn of interocular delay.

r N
The author is of the opinion that more work can te done with the



apparatus described in this thesis to further characterise the dynamic
nature of sterecpsis. The precess of stereopsis exhibits substantisl
inertia and hysteresis which should be revealed by experiments on move-
rent sensitivity to stimuli in dynamic r;na m dot sterecgrams,

4 possible relation between eye dominance and the effects of inter-
ocular delay might be fully explored by using many more subjects than the
author typically used in his experiments., These would be characterised
according to eye dominance and their respounse to left eye and right eye
delays measured. On the question of whether any part of the human visuel
’sysfeﬁ adapts to interccular delaj\this might be fully tested by usipng the
methods of after-effects tO'eVercﬁm; some of the disadvantages of Experi-
ment 13. The subject would gaze for a time at a dynsmic random dot stered=
gram pregented,with gither a left or a right eye delay. After this his |
pertermence in visuval tasks either monccular or binoccular cculd be measured,
By repeating this Tor various interocular delays it could be seen if the
application of interocular delay caused any adaptation in the leading or
lagging optic pathway or in the point of binocular fusion.

The ettect or interccular delay on stereopsis from various sizes,
positions and disparities of stimuli might be more fully invest igated.

Experiment 12 used cnly one size of stimulus, twe d*snar ties and only one

magunitude of delay.



APPENDIX

41. PRCPEETIES OF PSEUDO-RANDOM SEQUENCES

A1 A TRTRODUCTTION

A& pseudo-random ssquence is 2 periodic ssquence which exhibits eover cne
cycle the properties associated with randomness.The sequence is generated
according to some predetermined programme or mathematical algorithm.The
algorithm is & difference equation and the algebraic operaticns arxe
modulo-2 addition if a binary sequence is required.The difterence equate
ion may be modelled by a shii't register with the state of the first stage
of the register determined from a selection of later stages whose outputs
provide the inputs of a network consisti ing of JA“LGbIVEmOR gates(modulo-
2 adders).The pseudo-random sequence may then be looked upon as the
natural response of a digital oscillator(HUF@hAk 1955) The length of the

sequence depends upon the feedback arrengement but & maximum length is

set by the order of the difference equation,

}33

or certain feedback arrangements,sequences are chtained which over
one period exhibit the run-length distribution expected of a random coin-
tossing experiment.The autecorrelation function of the sequence is large
at multiples.of the sequence period and uniformly low elsewhere.The
properties of pseudo-random sequences have been comprehensively studied
(GOLOMB et al,1964) but their chief properties which are relevant teo this
thesis are set cut in this pppendix,

41,8 LENGTH OF SIQUENCE

Fig Al shows an N stage shif't register where the first stage's
input is the output ofthe feedback network,The N binarxy outputs of the
shift register describe the state of the network.After the next clock
pulse the pattern of digits moves one place to the right and the first

stage X, becomes XO the previous cutput of the feedback network,Since
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the feedback contains onl? modulo~2 adders and therefore is memoryless,
the state of the network in the time interval k determines the state in
the time interval k+1.Therefore,when the shift register contains a
pattgrn it has previously held,a cycle is completed.¥n an N stage binary
shift register each stage may have cne of two values.Therefore there are
VEN pessihlevpatterns of N digits which the shift register may contain.
However the all~zeroc state with a feedback network of medulo-2 adders
would be self-perpetuating.The maximum length of sequence for an N stage
N

shift register is thsn 2'-=4,A sequence which is of maximum length is
called an m-sequence,

A1.C THE SFIFT AND ADD PROPERTY -

RN

A sequence from a generator which does not produce me-sequences is

determined by the initial state of the generstor as well as the feed-
back configuration.If one sequence that is produced is less than the

s - N . o .
maximum length,then not all the 2 ~1 possible states of the shif

rd

egister appear.If the shift register is iﬁitially given a state which
did not appear in the previous sequence,then the generator may either
éass into cne of the states that did sppear before,in which case the
previeﬁs seéugnce is produced,or.it may periocdically pass th?ough an
éntirely new sel of states to yield a sezond sequence,
In an m~sequence generator,the register passes thrsugh all states
N
and so any one of the 2 -1 possible states may be taken as an initial
state and the same m-sequence is always produced.The m-sequence depends
only upon the feedback configuration and not on the initial state,This
fact may be used to derive the Yshift and add" property of m-sequences,
For an N stage shift register the generaztor feedback equation may
be written as,

ao = a-n@ ap@ aq@...» oo@[ar (A1’1)

where there are taps on stages n,p,q....r and e represents the linear
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operator of moduleo-2 addition which operates on the binary values an,ap,
aq...ar.With a shift of k digits where k is nes-zero nor an integral

nultiple of the sequence length (A1.1) becomes.

&o=a 0 ap+k ® aq+k ©es 2@ B L (A1.2)
Adding the sequence to its shifted version,
& a = } @ 20 ) 20 4 ®
0 © &y (an e 2@ ea ! o (an+k & %p+k @ ® ar+k} (A1,3)

and following from the properties of the linear operator e this becomes

a.soa ={a oa . )e (a »a ®ere .0 (8 a A1
0 k ( n n+k’ ( e p+k) ( r ® r+k) (a1.4)
IPfa_sa_ , =8’ thena ¢a = &' and so (4 X writter
" pik = Eppthena ea - nd so (A1.4) may be written as
gy =2al e aé @ aé Bes 008 a; , (A1.5)

~

The same feedback arrangement is represented here as in (41.1) and since
thisg gives rise to an m~sequence,thé sequence indicated by {(41.5) must
also be this m~sequence.The result of "shifting and adding"is a phase-~
shifted version of the criginal sequence.

A1,D THRE &TTOCORRELATTICON FUNCTTCON

To obtain the autocorrelation funciion the logical levels of O and 1
of the m~seguence 4 asre given the values -t and +1 respectively to make
sequence B.In this transformetion modulo~2 addition is equivalent to
rmultiplication with a sign change.The autocorrelation coefficients of the

sequence X are defined as

i=L .
= : N
Rr = ‘E Lbix bi,p » Where L=2 =1 (A1.6)
i=t =
g— put w hefahi Ptand s3dl -
where bi x bi+r'~ a; ea, . .From the%"shiftand add"property,
a; ® & . :4ai+d;: bi+d if r is non-zZero nor an integral number of
sequence periods.Then,substituting this into {41.6)
j.:r_v . ’
R, =A;}:Bi+d = -1 (41.7)
i=t

The last result follows from the fact that the sequence A has one more

1 thah O digit when the all-zero state of the shift register is dis-~
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allowed.,When r is zero or an integral nurber of seguence periods

=T, .
2 I
Ry = Ry = Z(bi) =L = 2 =1 (£1.8)
izt
The normalised autccorrelation ceefficients are therefore
R =1% jrl = 0,L,2L,...
{41.9)
R = -1/ elsewhere

This result is for discrete time only.To obtain the sutocorrelation
function R{ 7 ) for continucus time it is necessary to consider the
shape of the pulses.d rectaengular pulse of width § gives a triangular
R{ 7) as shown in Fig(A1.2) which is t'or the case when § is the p.r.g.
clock pericd,

Al.E THE POVER SPECTRUM

RN

The Wiener-xhintchine theorem relates ti?e power specimum of &
signal to the Fourier transform of its autocorrelation function.The
autocorrelation function of an m~sequence of length L and clock pericd &
is periodic at intervals of L ,The harmonic repetition frequency is
therefore 2 7 /L8 rad/sec and becavse R{ 7 ) is an even function only
the Fourier cosine component need be considered.The one-sided power

spectrumi{all power in the positive frecuency range) is

Lés2
Flw) = & fR(T) coswT &7 {A1.10)
Lé
0
and substituting R(7) = 1- 7/8 for 7 < §
)
F(w) = &4 ('t- _{) coswT dT (at.11)
Ts 5

when it is assumed that 1/L &1 ‘so that the out-cf-phase correlstion in

R(7) may be ignored.After integration (41.11) beccmes

\ 2
F(w) = 2 (sin wd/2 .

and this is plotted in Fig(41.3).
If the width t of the rectangular pulse in the sequence is smaller

than the p.r.g. clock pericd 0 then the new envelope is given by,

F(w) = _?,(wﬁ@)z | | (A1.13)

L\ wt/?
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- The harmonic repetition freguency remeins 2 7 /L5 but the first node is

at 27/t and not 27 /§ .Therefore by meking the pulse width t much shorter
than & the frequency spectrum becomes progressively flatter st the

lovier frequencies.If the harmonic spacing 27/N§ is very much smaller

than the cut-cff frequency of & low-pass tilter which operates on the
pseudo-random sequence,and the cul-cff frequency is much less than the

frequency of the first node 2 7 /t,then the noisze may be considered as

white for the purposes of the filtering operation.
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PTG, 4.2 NORMALTSED AUTOCCRRELATION FUNCTION OF BINARY M-SEOUXNCE

R(TY

¥IG. A1, 3 POWER SPECTRUM OF M~SEQUENCE

F{w)

2 /L -

d.c. o o)
. '/f—"ﬁ i,’llj'lill Anllllilli!'Iillli ,»_
o R A | ] 1 ot

0 27/ 4 /s
rad/sec
Line Spacing=_2n/L§ 8=clock period :
L= length of sequence
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42, -BINOCULAR COPRELATION AND TRWTFROCULAR DFELAY

A2, A VABTANCE OF THE MEAN OF T%C VARTABRLES WHEN A FIKITE CCRRELATICH

EYISTS BETWELN THEM,

Consider a random variasble X drewn from a populaticn of mean X and
. 2 . - o 2
variance ax.Consz.der 2lso & variasble ¥,mean Y and varisnce oy.From X

end Y a new variable Z = (¥+Y)/2 is formed.Then

7 = B(2) = B((T+Y)/2) = (B(X)+E(Y))/2 =(%s¥)/2 (22.1)
and a‘:: = E(Z—-E)z—.: .(E(Xﬁ-—i’{-"?)z)/k
= 1(E(x~§:)2 + E{Y—?)e + 2E(x~":}f;r~i?)) . (42.2)
N

The correlaticon coefficient p is defined as,

b= B(EE)(1-F) R 42.5)
@/ﬁ{xwffjgz(f-ﬁ*)z
. 2 2 2
and if o, = "}r = @ then
oo =1 ( 20’2 + .?.paz) = 0'2(1+P) (£2.%)
=y H

A2,B LOYV PASS FILTERTNG OF WHITE KOISH

Congider a filter with two time constanis a and b.Its transfer
function H(jw ) is given as,

Hjw) = 4 (42.5)
(1+jwa)(1+jwb)

If the white noise is operated on by this filter the cutput power is

proportlonal: tgo

PQ = [ H{jow) 2 dw . : (AZ.IG)
~ 0o
= o dw

v o

a Tw™ ¢ l2> (w + 12)

S a B
00

= 1 1 - 1 dw (82.8)

S B

a b



~-P, = w{a-b = T (£2.9)
a -h a+h

If the time constant e is kept constaent but b takes on two values bo and

b1,th<=n the ratio of the noise power for these two values of b is

VTSR Pl g s f‘,‘!i = ’ .
f\OJ.u.u POU}LR YVIﬁq b b‘y _ a + 13,\' _ ‘3 + br\{fa (Az..fa)
NOISE POWER WITH b = by T a4+ b, 4+ b;/h.

-3
i
¢

2
9]
Mo
i

42,0 CORRELATION COEFATCTENT AS A FUNCTION OF THE FILTER TACTERISTICS

ARD INTEROCUL AR DELAY

The model the asnalysis is referred to is shown in Fig(8.5) and the
symbols are as in the diagram,At the point of fusicn the two signals 51(t)
SN
and sz(t) are related by the interccular delay T so that

AN

sZ(t) = s‘i(tn"i‘) ’ : (82.41)
Considering only the noise component of s 4 (t) and 32(1:) the cross—.

correlation @12(’?’} is

V[ fs (t) s?(t-'Y) dt (4z.12)
27

1 fs (t) s, (t-T=7T) at = CID”(T+’)_’} © (42,13)
27 )

T Sp
The signel s, (t) is related to the noise input n(t) by the filter

£

@,.(7)

fl

impulse response h(t)in the following way,
(e -]

51‘(11) = fh(u) n{t-u) du (£2,14)

so that the subotit&cion of (2. 1) into (42.13) gives

(T+'Y) = D[ h()\)n(twk)a)\ /n(xﬂ (t-—u—T-')’)&uJat (a2, 15)

T—re0 = =00
and after interchaz glng tiﬂe mtegrals this becomes

@, 4 (B+ T) —[fh()\}h(u)du d);[ [n(t»)\)n(t-fi‘-—u~'}’)dt (#2.16)
2T

T —% =7
From the properties of the autocorrelation function of noise the last

- i ) " £ - 3.
integral becomes the & function and (A2.16) simplifies to,
£ - o

CI)H (T+7) = [h.()x)h(u) 8 (A\=u~T=Y) 4\ du (42.17)

Yoo %00
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Performing one integration (42.17) becomes
20

@H(m'}’) = / h(X)_ A(A=-T -'Y)lé}\ (ﬁ.z.HS)

s

The term on the right is the autocorrelation function for the impulse

respense h(t).The correlation coefficient of interest is
®,(0) = @ (1) = &, (T) (42.19)

srom the Wiener-Khintchine theorem (ihb(T) is related to H(jw), the

H

filter transfer runction.

a
= my a2 o s .
D,,(0) = D (T} = ]H(JW} exp jul o (22.20)
G0 -
For the filter shown in Fig(8.5},.
ﬁ(ju\)}!z = ' 1 (42.21)

. 2,2 . . . .
‘ 2B (W=j3/a) (wej/a) (W=3/b) (W i/b)

The integral in (£2.20) is evaluated by the method of residues, Consider—
ing W= u+ jv ,a complex number, the contour of integration is taken
along the real axis u and around the positive imaginary half of the

complex plene.Bumming the residues at W= +3i/a,+j/b the integral becomes

- ~T /3
¢H2(Q) = be /b _ ae T/ (A2.22)
2(6%~a?)

This correlation coefficient may be normalised giving,

¢12(G) = '!:x-::'r}?/?b - ea.e—m’fEl (42,23)
b - a

This formula does net hold for b = a because if this occurs the
tilter has ajdouble pole and the residues calculated for single poles at
+3/a,+j/b are not correct.The formula for this case may be found by
writing b = a +¢€ and considering the limit as € — Q.

¢12(O) :b[i£a+ €) e-T/Ka+€) - aeﬁT/é
€

€—0 , |
e..T/a . ae-T/a ( T € fla(are)) _ 1)

; €
€ -—0

-
o

T - 2,0k
= et/ ae /2 (4 -7 e/hg +?262/@aq s ae=l)

€

€—0

a o T/2 (1 -7/ ) (42.25)
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A3, A VIDEO SAMPLING SYSTEM WITH INTEROCULAR DULAY

Fig(A3.1) demonstrates the system used. Taps are taken from one
pseudo-random sequence generater at stages 8,14,15 and 23 to provide
a four bit binary number,This is compered to another four bit number

selected by the experimenter.Tf it is greater than the fixed number,

the output of the comparator is high and closes the videc switch
allowing the videc signal from the camera into the monitor.By varying
the input to the comparator the density of sampling points may be

varied. inother pseudo-random sequence out of phase with the first

roverns the videc input to ancther monitor.In this wav an ordinam
g s X 5
~.

=

television picture may be binocularly viewed with sampling points in
the two sources identical except for an interccular delsy.If only one
camera 1s used the intervocular delay must be an integral number of

television frames.Plates 243.1,2 show sampled television pictures.
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PLATE A3,I A SAMPLED TELEVISION PICTURE
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A SAMPLED TELEVISION PICTURE

PLATE A3.2
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