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ABSTRACT .

An angular disparity between the left and night retinal
4’.ma4e/.: 40 4wL{;Lowvt 4o elicit a sensation of 4ma4cop,£c .'d,e,p,th,.
Hitherto, few studies oﬁathe,dynww ol this elfect have leen
reported.

Some experiments are described which show how @ oulject's
Qbility to utilize disparity cues dn detecting a target's movement
i a,{;ﬁecte,d by the frequency of the »taJLg.?/t'»é oscillation. Also
wwoed Lo ufwm these dynamic dza)w.otwtooo ol binocular
dep,th, pe/aoepixon difler Lor stinuli Lacwted. in pront of, behind, ox .
near ath.e pla.ne of {Lixation, and the diflering e,,Lﬁe,otA oﬂ 4mewaue,
4q,ua/z.e,waue. and pJ.LlAed movements. The mu,bt/: ol threshold experiments
are campa/ced with the results o,l; 4up/L¢U2)LeAhOLd ( natched d.ep,th)

» expe)umem‘/a

A new me/tlwd 4 duc)ul:ed {;o)c the MoLa/twn and «the 4epa/1.a,ta
4tudy,o,£tfwe,{,,£eobo a{,.owe.ataoademoumemuwzddwng,um
mwwonmmpuana#mveﬁwwtmdep«th Tiu,o 7
nLe,de 48 o cause the um.ecau/we. of motion 4in dep/th. 1o d/#% from
theumcauua o{.ﬂwodetaude.mauenwv&» of the retinal images.
Some experiments which were performed wsing this method are descriled.
Both sinewave and osquarewave stimulation were wsed. A model 4o
p/z.apounde,d w/u,ch will account for the ,Lmdu‘th o# these experiments.

Twa IILe/thOdA are descrilbed foxr qermaunq a 4Wuuuw which
apﬁéa/w 4to move 4in a Ape,oquc direction in three-dimensional space.
These methods are o alter the relative amplitudes of, or the -
Zelative phase differences letween, the movements of the targeto
scen by the left and right eyes. The effects of adapting to euch
stimull are reported. A model which will account for the findings
of these expe/uﬂwm {40 diocussed.,



FOREWORD «

This thesdis reports an atteapt to investigate some of the
characteristics of the binocular perception of otimuli that move
in depth.

There are several possilble cues Mmbawu can wse o
estimate how far away an object is. These cuu&(a) accommodation - the
adjustment of the shape of the eye'’s lens necessary to bring an
olbject into focus; (b) convergence - how far the eyes must converge
ta bring an oliject dnto the region of linocular single visdon;

(c) retinal dioparity - the images on the left and right retinae of
a single object will have different positions; (d) motion parallax -
when the head 4is moved, two oljects at different depths will move by
ditlering amounts; (e) size - the 4ize of the retinal image of an
olject increases as the ab{zot approaches; (L) dnterposition -
nearby objects can occlude more distant objects, but not vice versa;
and (g) texture - the texture of a requlardy marked object becomes
denser as the object recedes. These cues will have differing effecitos
upon the perception of depth. ?uthww&, the cues will interact
with each other.

To oimplify the dnvestigation of the mechanism of depth
perception, only the effects of changing retinal disparity are
considered in this theeis. This Linits the extent o which He
findings can le applied to the general problem of how human beings
perceive an olbject moving in depth.

J would Like to thank Dr. D. Regan, my osupervisor, for all
the help and advice that he has given me, {for managing 1o put up
wmwww,mp¢ammaaw¢eammaﬁm
. experiments. J am grateful to my wife, Jo, for helping me type this



thesdio, for coriecting many of the errors therein and for acting as
a oulbgject in many of the experiments. Further thanks muest go to my
other subjects, Mlargo Young, John Jodley and Simon Hakidl. J am
indebited to Professor D. M. MacKay for the help he has given me and
the facilities that he made availalblde in the Department of
Communication; ta Robert Cartuwrnight, who gave me much technical
advice when J needed it, and to the Science Research Council which
generousdy supported me for three years, enabling me io cary cut
this research. |



CONTENTS.

A akrack o
Foreword.

Contents.

Chapter 1. Introduction.

Chapter 2. [Methods.

2:1. Apparatuc.
2:7:7.
2:7:2.
2:7:3.
2:1:4.
2:7:5.
2:1:6.

2:2. Stimuldl.
2:2:1.

2:2:2.
2:2:3.

2:2:4.
2:2:5.
2:2:6.
2:3. {lethods.
2:3:1.
2:3:2.
2:3:3.
2:3:4.
2:3:5.
2:3:6.
2:3:7.

Apparatus 1 - Single Uibratonr.
Apparatus 2 = [loving lliveor.
Apparatus 3 - Twin Uibrators.
Ancilliarnyy Apparatus.

Method of Generating AF.
Calibrations.

Stimulus 1 = Random Dot; Circular

’Suaaaund.

Stinulie 2 - Single Roving Baxr.

Stimulus 3 - Single Moving Bar with
Comparison Bar.

Stimulus 4 - Random Doit; Square Surround.
Stimulus 5 - Two Moving Black Bars.
Stinwdws 6 - Two Moving White Bars.

Comparison of Methods.
Method 1 = Threshold.
llethod 2 - fNatched Depth.
Method 3 - Pulsed llovement.
flethod 4 - OF

Method 5 = Deadaptation, Racerery {u A bk,

Method 6 - Adaptation.



2:4e Suljects.

Chapter 3. Some Dynamic Features of Depth Perception.
3:1. Sdinewave Movement Threshodd.
3:1:1. The ELLect of Frequency.
3:71:2. The ELLect of Static Disparity.
3:7:3. The ELLect of Static Disparity oﬁ
Low-Frequency Threosholds.
3:7.:4. Controls.
3:7:5. Didocussion.
3:2. Squarewave [llovement Threohodd.
3:2:1. The Effect of Static Disparity on
Low=-Frequency Thresholds.
3:2:2. Diocussion.
3:3. Pulsed Movement Threshold.
3:3:1. The Effects of Pulse Duration and
Puloe Direction.
3:3:2. The Effect of Static Disparity.
3:3:3+ Diocussdon.
3:4. Sinewave latched Depth.
3:4:7. "Noamal” Subgjecta.
3:4:2. R "Sterecanomolous” Subject.
3:4:3. Discussion.
3:5. Squarewave Matched Depth.
 3:5:1. The Elfect of Frequency.
3:5:2. Discussdion.
3:6. Matched Depth for Pulses.
3:6:7. Resultas.
3:6:2. Discussion.
3:7. Summayje
Chapter 4. The Dissoclation of Sideways Movements From fovements in Depth.
4:7. Introduction.
$:2, Squarewave Stimulation.



4:3.

bi4.

4:5,.

4:2:7. Resuwlts.
4:2:2. Diocussion.
Sinewave Stimulation.
4:3:1. Results.
4:3:2. Discusedon.
Modela.
4:4:1. Fallure of a Simple fModel.
4:4:2. Description o#la Second Rodel.
4:4:3. Findings Explained by the Second
flodel and Some Predictions.
Summariy.

Sdakie Addpaion & e Dicedion of Nlion v Sgace.

5:1.
5:2.

5:3.

5:4.

5:50
5:6.

Introduction.
Timecourse of Recovery {rom Adaptation.
5:2:7. Reoults.
5:2:2, Discusasdion.
Adaptation with Unequal Amplitudes of Stimulus
Gocillation Seen by the Left and Right Eyes.
5:3:1. Results. |
5:3:2. Ddecusosdion.
Adaptation with a Phase Difference Between the
Stimulue Gacildations Seen by the Left and Right Eyeas.
5:4:7. Results.
5:4:2. Diocusasdon.
Mlodels.
Summaiy.

Conclusions.

Appendix 1. Stimulus Motlon with Sinewave, Squarewave

or Pulsed [lovenments.

Appendix 2. Stimulus Motion with om Qepblide  Difference

Between the Lelt and Right Eyes' Stimulus



| References.

Appendix 3.

Appendix 4.

Appendix 5.

Oacillations.

Stimulus Motion with a Phase Difference
Between the Left and Right Eyes’ Stimulws
Gcillations. |
Stimulus Motion with a Frequency Difference
Between the [Left and Right Eyes' Stimulus
Oscillations =~ Sinewave. |

Stimulis Motion with a Frequency Dillerence
Between the feft and Right Eyes' Stimulis
Gscillations - Squarewave.



1/ 9 RODUCTION.

One consequence of the fact that man's eyes are separated by
a distance of a few centimetres is that the left and right eyes
have different views of three~dimensional clbjects. Thwe, there io
an angular disparity lbetween the left and right retinal images of an
olject which is either in front of or lLehind the point at which one
44 dooking. Although in everyday life many visual cues contrilute to
the sensation of depth, it has long lbeen known that an angular
disparity between the deft and right retinal images is oufficient
2o elicit a sensation of sterecscopic depth ( Uheatstane, 1838, 1852),
even when there are no monocular cues o depth at all ( Juleoz, 71960).
This phenomenon has lbeen the subject of many recent studies wsing
poychophysical ( Juleoz, 1967, 1965, 1971; Ogle, 1950; Blakemore,
1970A; Bough, 1970; Richards, 1970, 1971), single-unit ( Hubel and
Wiesel, 1970; Barlow, Blakemore and Pettigrew, 1967; Nikara, Bishop
and Pettigrew, 1968; Pettigrew, Nikara and Bishop, 1968; Blakemore,
1967, 1970B)and evoked potential ( Regan and Spekreijse, 1970;
Fiorentini and Maffei, 1970; Regan and Beverley, 1973€) techniques.

The single-unit studies ( on animals) have descrilied single
cortical newrones which ondy give an apprecialile response when the
visual stimuli fullill certain precisely-detined conditions. Among
these conditions are that the left and right eyes view oimilar
targets, which must be. moving contrast borders ( edges), and that
there nust le oome unique dioparity letween the images of the target
on the deft and right retinae. The optimal value ol retinal disparity
io different for diflerent newrones. I{ neurones with oimilar
properties exist din the human brain, then they may play a role in
binocular depth perception. There has, therefore, leen interest in
corelating the neurophysiological data with subjective clbservations



in man. One possible approach io through evoked-potential experiments
Ain man, which can give both suljective olservations and also
objective data concerning the workings of populations of newrones

( Regan and Beverley, 1973L). Anocther approach is put forward in this
thesis.

A najor problen in the attempt to correlate single-unit with
poychophysical data has leen the fact that all single-neurone otudies
of disparity-specific neurones have, of necessity, used moving
sl i, whereas in. most human psychophysical otudies, otationary
otimudd have been wsed. There are ondy a few poychophysical otudies
of ithe dynamice of depth. perception whose aim has been to descrile
thie nole of stimulis motion in bLinocular depth perception ( e.g.
Tyler, 1971; Richards, 1972; Regan and Beverley, 1973A).

One way of investigating the dynamics of binocular depth
peliception is to measuwre how poychophysical eensitivity to cecillat-
dons dn retinal disparity depend on the frequency of oscillation.
This has been experimentally achieved by presenting a target to
the left eye which ocscillates mmamaauauamwm;,
while presenting to<the right eye an ddentical target which also
cscillates from 44’de. 4o sdde at FHz.. The two targets are then
Lused in binocuwlar visdion. Jf the two targets ocscillate in phase then
the fused target appears to move from sdide o odde at Fiz.; if the
targets oscillate in antiphase, then the subject experiences a
compelling illuwsion that the fused target appears io cscillate
backwards and fowwards in depth at FHZ.. Such antiphase movements
have leen used in attempts to {ind how poychophysical sensitivity o
oscillations in depth is affected by the frequency of cscillation
( e.g. Richards, 1972).

Chapter 3 descrilies some experiments which show how a sulrject’s
ability to utilize disparity cues in detecting a target's movement Lo
aflected by the frequency of the targel's cscillation. Experiments on

io



whether the dynamic charaéteristics of binocular depth perception
difter for stimuli docated in front of, lehind or near to the plane of
fixation were performed, as this might have some learing on Richards'
( 1970, 1971) suggestion that there are three pools of dispariity
detectors maximally responsive o crossed, uncrossed and near-3ero
disparities. The differing effects of sinewave, osquarewave and

pulsed movements are discussed. Finally, the results of threohold
experiments are compared with the results for suprathresholdd ( matched
depth) measuwrements.

JE a change in zretinal disparity ds necessary to elicit the
dusdon that a target moves in depth, then there must necessarily be

a sdideways movement of one or both retinal images at the same time.
Ao a result, it 4s difficult to be certain, in threshold situdies,
whether the subject 4o wsing puredy sterecscopic cues zrather than
cues related to the sddewaips motion of the targeto on the iwo
retinae. Some authors ( Richards, 1972) have overcome this prollenm
by wedng suprathresholdd depth measurements ( e.g. matched depth
paradigns) however it is uncertain whether results from these
measurements can e extrapolated o threshodd.

What 46 required io a method for deolating and separatelsy
measuring the ways 4in which side to sdide movements of the retinal
image(s) and changes in retinal disparity contribute to the reosult-
ing perception .a_{i a change in depth. JIn other words, we wish to
treat oide to side movements and changes in zetinal die ity ao
two distinct stimulus ( input) variables for the uum%m
the viosual osysten'’s output is a sdingle quantity - a change in
We,d depth. The ddea 44 io {sodaie and separately ostudy
monocular and binocular information processing in binocular depth
perception.

In all binscular depth experiments <o far described, the side
ta side movements of the retinal image(s) and the changes in
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perceived depth were at the came frequency, and therefore, were
difticult to distinguish when the movements were omall ( as at
threshold). MHowever, it is not necesdsary that this should be so.

JL the target seen by the left eye cscillates from side to osdde at
frequency ?H;.,.and the tu%ct seen by the right eye ocscillates
from sdide to side at a olightly different frequency GHz. ( where

G = F + AF), then, provided that fusion can be maintained, oocillat-
dons dn depth can be seen with anplitude waxing and wanking AF times
a second. This can e understood by consdidering that the posditions
of the left and right retinal images oscillate at frequency F Lut
that the relative phase of these cscillations is modulated at
frequency AF. In this context relative p/meﬁomopondz.t to retinal
disparity. Since AF is independent of loih F and G, the timecouwrse
of oddeways motion will differ from the timecourse of motion in
depth, and the threshold functions for the two stimulus parameters
can de dindependently measured.

Chapter 4 descrilies some experiments which were performed
waing this method. Both sinewave and <squarewave otimulation wer used.
A model which will account for the findings of these experimenis is

discussed in Section 4:4.
can
Stationary objects[appear to be in motion if olbjects moving

in one direction a/ce.l{;uu«t] viewed for some oti.n%. The direction of
the auvm\g motion is opposite to the direction of movement of the
tirot viewed olbjects. This afterelfect of seen motion has been cited

as evidence for the presence of directionally-selective mation
detectors in the human vieual system ( Wohlgemuth, 1911). According
40 this explanation, the human visual system contains motion
detoctons that respond preferentially to a zetinal image that i
‘moving dn a opecific direction. The "preferred” direction differs
for different motion detectors. The particular detectors that are
excited by a moving otimulus provide a physiological representation



this theedis, further peychophysical evidence for such mechanioms 4o
gbﬁg&o V

One method for generating a stimulus which appears to move
in a opecific direction in three-dimensional space, is 0 view.
ddentical targets which oscillate sdnusodidally from odde to sdide in
the two eyes. If the relative amplitude of stimulus oscillation seen
by the left and right eyes ( L/R 2atic) is varied, the fused target
appears to oscillate along a specific direction in space. If the
relative phase difference between the cocillations viewed by the left
and night eyes is altered, the fused target appears to orbit in depth,
the direction of motion lbeing different for phase differences of less
than 180° and for phase differences greater than 180°

The effects ongbﬁggaug with an amplitude
dillerence letween the iwo eyes' stimulus cscillations 4o reported
in Section 5:3. The effects of adapting io a stimulus with a phase
difference between the two eyes' stimulus oscillations is reported



.0l the direction of movement. The balance letween the outputs of
detectors with different "preferred" directions is upset when all
detectors with the same "preferred” direction are selectively fatigued,
and this imbalance produces an ildusion of movement. Motion-sensitive
neurones of @Agbm\ that could be responsdibde for this .@bnmn\ﬁ have

been found in\rablit ( Barlow and HilL, 1963).

Jt is possible that there are directionally-selective
mechanisms in the human visual system other than those selectively
nesponsive to the direction of osdideways motione In particular, there
may e dispaiity=sensitive mechanisms selectively responsive io the
direction of motion 4in depth. Binoculardy-activated neurones which
wespond ondy when disparity 4s changing in a particular direction
have recently lLeen found in cat ( Pettigrew, 1973). Regan and
Beverdey ( 1973€) have reported some electrophysiological evidence
for such mechanisms in man. In Sections 3:6:2, 4:3:1 and 4:4:3 of



in Section 5:4. The timecourse of recovery from adaptation io ‘
discussed in Section 5:2. A model which will account for the Lind-
ings of these experiments is discussed 4in Section 5:5.

I
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2/ WETHODS.

2:7. Apparatus.

2:1:7. Apparatus 1 = Single Udbrator.

A schenatic diagran of Apparatus 1 io shown in Fig. 1.

X1 and X2 are W boxes which were Light-tight except
for a 10cn. square aperture on one side. This aperture was covered
with an opalescent glass oheet ( ocreen). Behind the aperture four
6 watt, Qcm. dong, fluorescent tubeo were mounted equidiotant Lrom

each other. When the tubes were on, the screens were evenly illuminated.,

The luminance of the screens was 110cd/rn2.

The ostimulus t/awwm&nu’.u were mounted in front of these
screens. Figs. 9A and B chow the two eets of otimulus Ma:wpa/&nw
that were woed with RApparatus 7. MWMW were
photographically produced on "Xodalith Ortho Eilm Type 3", an
extremedy high contrast negative fidm. R negligilde amount of light
was tranemitted through the Ulack parts of the stimulis wmw}w,w,
and deos than 10% of the Light was absorbed by the mMpa/&m_ parts.

Stimulus /t/tapra/:&izo«len 52 and $3 were cemented ( using
perspex cement) to 10cm. oquare by 0.3cm. thick clear perspex plates
which were mounted about 3cm. in front of their respective luminoue
screens. The OMWWW&WWO#WWW
to the oubjects' pupils was 75cms..

Tmpa/:&nzy $1 ( which was either a disc 3.3cm. in diameter,
or an opaque lar 2.6cn. high by 0.15cm. wide) was mounted on one end
ol a oteel ( and hence opaque - see lelow) zod of albout 0.04cm..
dianeter. The oteel 20d extended from the centre a,/,man.opaﬂlknqc s1,

te
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horizontally 4o the left, beyond the edge of the luminows screen.

The other end of the oteel 20d was mounted on the shaft of a

( horizontal) ”Pq,e,—.cazg“vwmwn generator ( M)( vibrator). Bt}
applying a voltage to the vibrator, the steel rod, and hence
Man/.)pa/:&na* S1ycould be moved o and fro in a horizontal direction.
T/zarwp,a/:&ncy ST could e moved through a total distance of about O.5cm..

Stinulus transparkncies ST and S3 were arranged in such a way
that the emulsion sides of the transpurincies were face-to-face and
separated by no more than O.lcme. From the viewing distance of 75ca.,
and when viewed by the left eye alone, both transparinciecs appeated
to Lie in a single plane. As this was the situation during an
experinent, it wae felt that the difference of 1 part in 750 between
the viewing distances of WMW $7 and S$3 was negligible.

A 10cm. square sheet of "polaroid” ( P2) was mounted in front
af Man/.tpa;&ncy_ 52. A second 10cm. square sheet of'podarcid” ( P1),
with its polarising direction at 90° to that of P2, was mounted in
Pront of transparkncics ST and S3.

A 30cm. by 20cm. beam—-oplitter ( BS) wae mounted <o that
WWW 81, §2 and $3 appemd exactly coincident. 7o
WWWWW (a) the vibrator ( W)( and
hence Wpa}z)&ncy, S1) was mounted on a micrometer w/u,c.h enabled

alignment of Mwwpm)skrw S7 and $3; ** (U) Mwwpa/()&m:y. 52 was

* A disparity of 10 sec. arc 4o detectalle. AL a viewing distance of
L3

75em., this corresponds o 0.004cm.. Coincidence of the transparync-

ies to Letter than 0.002cm. was therefore required.

e TW‘WMMM%LMUWMMWMMMUM
could be wsed o move the vibzator ( and hence transparney S1) a
precisely deternined diolencr hou;an/ta,w;. This caused a ostatic
dioparity io occu/z between Uaapraﬂ)ywq, S7 and the corresponding
part of WM;:MZYIGQ, $2. Uhen the Mapra/dg(nue/a were vdiewed Ain



mounted én, an adjustalle optical bench saddle which was also mounted
on a micrometer. This enabled mpa/&,w $2 4o be aligned with
MaJMpaJ:&m;LeA S71 and $3; (c) the lean AW ( BS) was mounted in
an adjustalble mount to pewnit a coawse alignment letween the three
Wwpww.

The sulbject wore a pair of ophthalnic trial frames containing
two oheets of”podareid” ( P1 and P2), one in front of each eyeyouch
Uw/tatfwl,e,{;teq,e.uiawedmpu;}nw 87 and §3 only, and the right
eye vdiewed Wwpajgncq. $2 only. Prescription denses could alsoc de
inserted in the trial frames, if necessary. |

The whole apparatus was contained in a ldarge, light-tight box.
AL ( non-optical) surfaces were coated with matt black paint. At one
end of the box there was a olit, 10cn. wide and 5cm. high. The subject
sat, more or less in the dark, in a curtained cubicle oo that he
could view the WW through the elite

The oubject rested his chin on a chin-rest, which was adjusted
40 that his eyes were in the same horizontal plane as the centres of
L3
the transparincies, and the viewing distance was 75cms.

Uhen the suliject’s eyes were correctly converged on the
Lixation plane of black dots, he saw two black nonijue Lines ( 15mnin.
mu@b¢1m. arc wide) as a single Line. In fact the upper half
oﬁu:,e,.u'ne.wcuAembg,UwLe,{;tey,anzd«theLowuha,LﬂbgWugju.
These lines were to assist the subject in maintaining a steady
convergence. A deviation of convergence of dess than 0.5 min. arc
cadebade@MW.
binocular fusion this static disparity cauwsed the central disc
( Stimulus 1 Fig. 9R) or the right hand bar ( Stimulue 2 Fig. 9B)

0 otand out in depth. The anount by which the central disc ox the
right hand bar stood out in depth ( elther in front of, or lehind the
nest of the stimulus) could thus e preset by adjustment of the

micrometer movemnent.

I3
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. Figure 2. Schematic diagran of Apparatis 2. X1,)£2,X3 - &uwwcem‘_

tube ,[j_gh,t qournces; S7’52,S3 - atimulis Ma/wpu@uu; P7,P2 -
polarizers; BS ~ Lean splitter; il - Lront surface mirror mounted on

13
a pen motor, Rotation of the mirror deflects stimulus transparkncy
33 and hence changes the stimulus dicpariiy.

19



The electronic apparatus for the generation and control of
otimulus movements, and {for the recording of the 4u,b4'e_obo" 2esponses
was the same for all three sets of op/t,i,ca,l.appa/b;vttw and 4o descriled
in Section 2:7:4.

Apparatus 1 was wsed for two sets of experiments. At the
conclusion of these experiments certain shortcomings in the apparatus
were evident. The main prollem wae the opaque rod which extended from
the left hand side to the centre of the otimulus. This zrod, although
very thin, was nonetheless clearly visible. Rs it did not appear to
move, elther 4in depth or from 44"de. 40 adde, 4t was unlikely to have
affected the experimental resulits. Jts vewy presence was, howevenr,
"distracting” and this was consdidered unsatisfactory.

A cecond prollem was that the vibrator could only move
Marwpazzgywy, 1 through a horigontal dietance of 0.5cm. ( correspond-
ing o a change in disparity of about 24 min. arc). This restricted
measurements to within Panum's fuedonal area. |

In order to overcome these ohortcomings, a new apparatus was
constructed.

2:1:2. Apparatus 2 - [loving lirror.

‘A sachematic diagram of Apparatus 2 ie shown in Fig. 2.

X1, X2 and X3 are CLLLUIDU‘I;\LLU?L boxeos which were light-tight except
for a 10em. osquare aperture on one dide. Thio aperture was covered
with an opalescent glass sheet ( ocreen). Behind the aperture four
6 watt, 2cm. dlong, {luorescent tubes were mounted equidistant from

each other. When the tubes were on, the screens were evenly luninated.,

The luminance of the screens was 770¢d/m2.

2
The otinulus WW were mounted in front of these
R Q
screens. Fig. 9C shows the stimudis Mpxu)yw that were wsed
44 Q
with Apparatus 2. AL the transparincies were photographically

produced on "Xodalith Ortho Film Type 3", an extremely high contrast

29



negative fidn. A negligiiile amount of Light was transmitted by the
black parts of the stimulis WW and dess than 10% of
the Light was absorled by the uan,opa/:&nt parts.

M,Lﬂmamww ua;wpa/:)xn,ulu were cemented ( wsing
peropex cement) to 10cm. square by 0.3cn. thick clear perspex plates
which were mounted about 3cm. in front of their respective luninows
screens. The optical distance from the plane of the MW
o the sulject’s pupils was 63cm..

A 10cn. square oheet of "pol',azwoéd" P1 was mounted in front of
Wn/spaﬂikncy. $1. Additional sheets of "polaroid™ P2 with optical axes
at 90°to that of P1 were mounted in front of mmwpaz:iymu 52 and $3.

A surface—silvered mirior (M) was mounted on a‘beuw‘pe:z
muammammbawmmnv&mgs and the right eye.
By applying a voltage o the pen motoxr, the mirror could be rotated
through a enall angle. Thie wweddwmgeo{;mupu;wy $3 4o
shift fLrom sdide o sdide on the right retina. The dimage could le
moved through a distance camw;zoW 20 an apparent ohifit of 1.5cm.
in the position of MaMpM;ﬂLy, $3. This was equivalent to a clwz.gé
in disparity of 82 min. arc.

| Two 30cm. by 20cm. beam splitters ( B.S.) were mounted 4o
that WW $7, S2 and 83 appeared exactly codncident .* 7o
facilitate aligning the uan/.spa/:&lwm (a) Sunum‘S.Q was mounted
on a micrometer which enabLeda,Lmean/toﬂua.nApaﬁ*nma $2 and $3;
(v) t/Lapr,a/Lan.cy. $1 was alsc mounted on a nuc/wme/te/c This enalbled

«t/w:wpa/&&ncg. $1 o beai«cgrwdwmm:wpa/&gnw $2 and $3; (c)
both beam splitters were mounted in adjustalble supports to permit a

14
coarse alignment Uetween the three «t}tazwpa/din,u.u

* A disparity of 10 sec. arc 4o detectable. At a viewing distance of

2
63cn. this corresponds to 0.004cm.. Codincidence of the transparyncies
to lbetter than 0.002cm. s therefore required.
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The sulject wore a pair of ophthalmic trial frames containing
two sheets of "polaroid” ( P1 and P2), one in front of each eyeysuch
mmwaﬂumwmpu;wm ondy, and the right eye.
viewed mwmﬁ;nam S2 and $3 ondy. Preocription lenses could also
be dinserted in the trial frames if necessary.

The whole apparatus was contained in a large, light-tight
boxe ALL ( non-optical) osurfaces were coated with matt black paint.
At one end of the box there was a 4slit, 10cn. wide and 5cm. high.
The sulject sat, more or less in the dark, in a curtained culicle
40 that he could wathamwpa/:kmw through the slit.

The oubject rested his chin on a chin-rest, which was
adjusted s0 that his eyes were in the same horizontal plane as the
centres oﬁﬂwualwpa/:&noéu, and 40 that the viewing distance was
63cm. .

When the sulject’s eyes were correctly converged on the
tixation plane of black dots, he oaw two, black, nonijus Lines ( 15
nin. mLonqw 1 nin. arc wide) as a oingle Line. In fact the
upper half of the line was secen by the left eye and the lower hall .
by the right. These Lines were to assist the subject in maintaining
a osteady convergence. A deviation in convergence of less than 0.5
mnin. arc could lbe detected by this means.

The electronic apparatus for the generation and control of
stimulus movements, and for the recording of the osulject’s responses
is descriled in Section 2:1:4. |

Apparatus 2 was wsed for several experiments. Although the
shortcomings of Apparatus 1 had been overcome, there were otill some
deliciencies in the new apparatus. ?WLL;L, it was diflicult to
preset a static disparity betueen uafw,aa):)slncy_ $3 and the correspond-
ing part of traneparkncy ST. A D.C. voltage had to be applied 4o the
pen motor to achieve this. This voltage changed slowly with time,
however, as athzwwmoughathep,anmotoa caused it to heat up.
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Figure 3. Schematic diagran of Apparatus 3. X7,X2,X3,X4e- 2uores—
cent tube Light sources; Q1,02,03,04 - stimulus transpaiincies; P -
polarizer; Ba - bean splitier; 1,2 = uwzwzt,wn generators. flove-

ment of R1 and/or 2 moves stimulus t/w.rw;:az&*nuefa Q3 and/or Q4 and
hence changes the atimulus disparity.
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Although this was not serious, 4t meant that it wae necessary to
neset the static dioparity every half hour or so.

A second problem was that the pen motor had a large ( Scm.
by 6cm.) minror mounted on it. Although the mirror was very Light
( it was 4in fact a microscope cover olip with one osurface aluminised)
At 2l had a osubstantial moment of inertia. This meant that
although a /ceA/;rLa.qu dnear {requency response could le achieved
with sdnewaves ( up to 20Hz. +0, -1dB.) the response o squarewaves
was not very good ( monitored with a photocell). The squarewave
response was acceptalle be,Log albout 3H3ey however. It was not
possilile to perform some e,xpe/um,am with the moving mirror sdince

MX’\MWWM%
Mkém&ed osquarewaves of up o 20H3. dn frequency.

A thind point was that with boa‘ﬁ Apparatus 1 and Apparatus 2,
one eye saw one uanApMQ&.nch ( with virtually 100% contrast) whilst
the other eye saw two ( with a maximun contrast of 50%). It was felt
thbtwawdbeb@t&dﬂwconi/uuthbaﬂzw was about the

AAMN2«

A fourth podnt was that with both Apparatus 1 and Apparatus 2,
the ostimulus moved 4in only one eye. For some experiments, however, it
was necessary to be able o move stimuli in both eyes independently.

A new apparatus was, ihue,ﬂom, constructed 4o overcome these

shorteomings.

2:1:3. Apparatus 3 - Twin Uibrators.

A schenatic diagran of Apparatus 3 ie ohown in Fig. 3.

X7,. X2, X3 and X4 are aluninlum boxes which were light-tight
except for a 10cm. square aperture on one side. This aperture was
covered with an opalescent glass oheet ( screen). Behind the aperture
four 6 watt, 22cm. dong, flucrescent tubes were mounted, equidisitant
Lron each other. When the tubes were on, the screens were evenly

24



idduninated. The duninance of the screens was 710 cd/m’z.

The otimulus MGIMPMQ&IC/CGA were mounted in frwont o,‘l these
screens. Figo. 90 and € ehow 4wo seto of otimulus WMWW that
were wsed with Apparatus 3. Two further sets of otimulus «ULanApaa)&nc
des we}z:zf:/aed with Apparatus 3. These sets were the "naq,a/t/we/.)" of the
Mwww)%num shown in Figs. 9D and €. ALL the uazwpmlg\nm were
photographically produced on "Xodalith Ortho Film Type 3", an
extrenedy high contrast negative film. R negligilde amount of Light
was itranomitted by the Ulack partes of the otimuluo ua:wpalzyzd,u.
Less than 10% of the Light was absorbed by the uampaﬁyu. parts of
the otinulus traneparhpcies.

Smwmwpa;)skrw01ando2wmc&nemted(mm
perspex cement) to 10cm. oquare by O.3cm. thickgclear perspex plates,
which were mounted about 3cm. in front of their respective luminouwe
screens, Sww,l.u/.\«vwwpa;&noéaom and Q4 were cemented ( weing a
clear iso-cyanate glue) to two 8crn.. by bene by approximately 0.02cam.
microscope cover sdips. The two cover slips were mounted on the shafts
of two ( horizontal) "me.-mf vibration generators (M1 and N2)

( vibrators). By applying a veltage to one vibrator, the correspond-
ing otimulus Wpuh&zwycaudbe,muadu and fro in a horizontal
direction. T/Lanxapa/:hkno&e,o Q3 and Q4 could each de moved through a
total distance of a,bou/t 0.5¢cmes The apuch distance Lrom the planes
of all four mpmlknau o the 4u,b4zoto pupils was 63cm.. This
mwutﬂw/taquewd,wpa/u/ty,aﬁa«bothOmxn are could be
achieved.*

* With Q3 at its extreme left position and Q4 at ite extreme right
position, the disparity will be +0.5¢cn..lith Q3 at its extreme right
position and Q4 at its extreme deft position, the disparity will be
-0.5cme. A change in dioparity of Tcm. (~a,bou,t 60 min. arc) 4o thue
possilde.
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A 10cn. oquare oheet of "polaroid" (P) wae mounted in front

- of mwpu/:)xnw Q3. A second 10cmn. oquare sheet of'"polarodd”ywith
its optical axis at 90° to the first sheet,was mounted in front of
transparyncy b, lhen the "negative” oete of etinulus WW
were uwsed, two 4h,e.é/t4 of "podarodid" were mounted in front of
Man/.’pa/:&.n.cy. Q2 o0 that the upper ( white) lra:c was polarized with
its ommmwwoﬁmmw, and the lowenr
( white) ba/(.waA polarized with its optical axis paralleld to Uw/t
ol ua:wp.ulyzcy, Q4. Uhen the positive sets a{, otinulus Mwwpu)&nu.u
shown in Figs. 9D and € were wsed, bl.anz:pu)incy, Q2 was unpolarized.
Stimulws ua/wpa/&kn,u,c Q7 wae)unpolarized.

Three 30cm. by 20cm. beam splitters ( Bs) were mounted 40
MWW Q1, Q2, Q3 a.nd.él4 appeared exactly coincident. *
To' facilitate aligning the transparncies,(a) both vibrators (M1
andl/l.?.)(an,dhmceumwpaﬁzkrw Q3 and Q4) were mounted on
micrometers which enalbled alignment ol MW QG with Qlyand
Q4 with Q15 () mww;(wy Q2 was also mounted on a micrometer.
This mmm@wmubemwmmm&w a1,
Q3 and Q4; (c) auﬂmebeamopbbbte/u ( Bs) were mounted in
adjustalble supports to penit a coarse alignment Letween the four

The oulject wore a pair of ophthalnic trial frames containing
4o oheets of "polaroid” (P), one in faont of each eye, ouch that the

iz/&tey,eume,d«vw!wnaﬁywa7m03 and the right eye
viewed WW Q7 and Q4. Uhen the positive sets of AWuLuM

* A disparity of 10 sec. arc 4s detectalle. At a viewing distance
of 63cm. this corresponds to 0.004cm.. Codincidence of the transpar-
e .

)syzu:e,o 1o better than 0.002cm. 4is therefore required.
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transparyncies shown in Figs. 9D and € were used, uazwp,a/zlx.n,cy. Q2 was

unpolarized, and thus could be seen Ly loth eyes. Uhen the " e’
'3 LA

sets of otimulus transparlncies vere used, mpazay.m:g Q2 was

podarised 40 that the left eye saw the upper ( white) lar, and the
2ight eye osaw the lower ( white) bar. Prescription denses could also
be dnserted in the trial frames, if necessary.

The whole apparatus was contained in a large, light-tight box.

AU ( non-optical) surfaces were coated with matt black paint. At
one end of the box there was a slit, 10cm. wide and 5cm. high. The
sulject sat, more or less mthe dark, inAa curtained cubicle 4o
that he could v&wthemampuw theough the slit. The sulbject
rested his chin on a chin rest, which was adjusied 40 that his eyes
were dn the same horigontal plane as the centres o,'_uwmwpa,:)*m-
ies, and 40 that the viewing distance was 63cm..

In the experiments where the "negative” ma:wpajfknuu were

| woed, when the 4u,bgléct'4 eyes were correctly converged on the
tixation plane of white dots, he saw two white noniyus Lines ( 15
nin. arc dong by 1 min. arc wide) as a single line. In fact, the
upper half of the Line was seen by the left eye and the lower half
by the right. These lines were o assdiot the sulject in maintaining
a oteady convergence. R deviation in convergence of less than 0.5
min. arc could be detected by this means.

The electronic apparatus for the generation and control of
stimulus movements, and for the recording of the oulject's responses
is described in Section 2:1:4.

Apparatus 3 was wsed for several experiments. The major
shortcomings of Apparatus 1 and Apparatus 2 had been overcome.
Static disparitics between transpuryncies 03, 04 and Q7 could be
easily preset by adjustments of the micrometers upon which the
vibrators, and hence WMPW:)}JW Q3 and Q4, were mounted. The
transient response of the vibrators was adequate for the purpose

7
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( see Section 2:7:6). The contrast of the stimuli seen by lLoth eyens

was the oame. Finally, the stimull could be moved quite independently
in either eye.

2:7:4. Ancilliarny Apparatus.

AR achematic diagram of the ancilliary apparatus wsed o
generate the stimulus movements and 1o record the subject's responses -

4o shown in Fig. 4.

The irregular pulse generator consisted of four astable
nultivibrators running at diflerent frequencées. The outputs fLrom
these astalle multivibrators were oummed and fed ato a Schmitt
trigger, and thence to a monoestable multivibrator with a time
constant which could e varied between 100 milliceconds and 4
seconds. The output from the monootable was differentiated and fed
to the trigger dinput of the Wavetek. The sum of the four uncorrelated
squarewaves caused ithe Schmitt to trigger at ivegular intervals
in a sequence that repeated after 16 triggerings (appztoﬁﬂza/tel@

20 seconds). The monostable ensured that the output pulses were
separated by at least a minimun intewal ( wsually twice the duration
0f the output pulses of the Wavetek - see lelow). The trigger pulses
to the Wavetek were sulliciently irvegular for the subject not to le
able 4o know when the next stimulus movement would occur.

The Vavetek was a Wavetek model 112 oignal generatonr,
which either could e triggered by the ivegular pulse generator, oxr
could be set to oscillate continuowsdy. The Wavetek was uwsed io
generate variable {requency sinewaves OX squarewaved, or when
externally triggered, variable duration pulses. Three, constant-
anplitude cutputs were available from the Wavetek; one output being
180° out of phase from the other twa.

One output from the Uavetek was fed io a variable-gain
operational anplifier ( 741 = OPA )( amplitude control) the output



of which could be connected to one gang of the subject's control
potentiometer. This permitted the experimenter io alter the calil-
ration of the subject’s control potentiometer at any time during an
experiment, thus enouring that the posdition of the knol on Uz,e,
subject's control potentiometer provided no clue as to the amplitude
of the stimulus cscillations. |

The two other outputs of the Wavetek ( 180° out of phace with
each other) were both connected to iwo phase-shift networks. Since
these networks were on,Ly,. wied with sdnewave otimuluo ocscillations
at a single frequency ( 0.81z.), simple reoistance/capacitance
‘nwuofz,k/.a were wsed to generate a phase shift of 90° ( at 0.8H3.).

By owitching the inputs to the netwozrks, phase shifts of 0°, 90°,
180° on 270° relative to the third output of the Wavetek, could be
obtained. By mixing these phace-shifted odignals and by varying the
anplitude of each, a signal whose phase could be varied lLetween 0°
and 360° was obtained. *

The variable phase sdignals from the iwo phase ohift networke
were fed to itwo Uaﬂ,ia,(:.l,e-q,a,;h operational amplifiers ( 741 - OPA )
( amplitude control). The outputs from elther of these amplitude
controls could e connected to a second gang of the subjects
control potentiometer. This pernitied the experimenter to owitch
between two signals of different phase ( see below) on o ewitch

between wa/)mw ol different amplitude ( see below) on to switch

between signals differing both in amplitude and phase ( see lelow).
The experimenter could aleo use the amplitude controds to alter the
calibration of the sulbject's control potentiometer.

* For example, 3er0 sdignal ai OophaAe + 3 valts at 90° phase +

4 volts at 180° p!me+5uooignaia/t270°pha4ewwbtoina5wu

sdgnal with a Me. of 143.2°.
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The 7 and AF generator is descriled in Section 2:1:5.

A D.C. voliage could e connected to the thirnd gang of the
sulijects control potentiometer. The output voltage from ithe
potentiometer varied lineardy with the position of ithe potentiometer,
and was fed to a chart recorder. The chart recorder thus recorded
the position of the subject'’s control potentiometer as the osulbject
set 'tjw,‘ depth threshodd.

The outputs of the other two gangs of ithe subject's control
potentiometer were fed .ta two dow-pass Lilters. These were single-
stage resistance/capacitance networks with Fp = 100Hz., designed to

Linit the rate of change of input voltage to the power amplifiers and

40 reduce overshoot.

The power anplifiers were modified Tobey/Dinsdale’ D.C. power
anplifiers. They could produce an output of + 10U D.C. at up to 3A.
Their output impedance was dess than 0.7 Thelr frequency response
was Limited by the preceeding low-pass Lilteras.

The vilrator/pen motors were either Pye-Ling vibration
generators or "Devices pen motors. They converted the output voltages
of the power amplifiers dinto otimulus movements.

The motion of the ostimuli could be monitored by means of
two photocells. Theoe were pin photodiodes, the outputs of which ,
after amplification, could be displayed on an oaomoac.apa.

During experiments, ithe motion of the stimulws was monitored
by displaging the outputs of the D.C. amplitiers on a'Tektronix
Aype SOM\\oaoLu,oacape,. These voltages ( which had previously been
calibrated u/.»mg, the photocells - see Section 2:1:6) were wsed as
the experimental measure of the subject's threshodd.

In the experiments of Sections 3:71 and 3:4, the Wavetek wae
4e/£ »ta"{)z,ee_—)um“and sdinewaves with frequencles in the range 0.7 o
20H3. were generated. In the experiments of Sections 3:2 and 3:5
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ohifts were only set to 0° or 180°. In the experiments of Section
5:4 phase shifts in the range 0° to 360° were used. In the experiments
of Sections 5:2 and 5:3, the relative stimulus oscillation anplitude.
letween the left and right eyes ( L/R ratic - see Section 5:1) was
varied by the experimenter throughout each experiment by altering
the amplitude controds. In the experiments of Section 5:4,the L/R
ratic was preset before each experiment and remained constant
throughout that experiment. In the experiments of Section 5:2,a D.C.
voltage was connected to the third gang of the sulject's control
potentiometer. The output voltage from the potentiometer was
rnecorded on a chart recorder. This enabled a permanent recording to
be made of the position of the subjectd control potentiometer
throughout the experiment ( L.e. the oulject's th/LeAh.al.d, setting).
In all the experiments of Chapter 5,the electronic equipment
following the subject’s control potentiometer was the same as wsed
in the experiments of Chapter 3.

The non-commercial electronic equipment was powered by two
'ﬂduarwe,\‘ 12U, 3R otalilised power supply units connected 40 as to
give + 12U with respect to earth.

Each of the 12 fluorescent tubes was run off a 2500 D.C.
power supply unit, with a 12614 valve in series ( 1o compensate for
the negative resistance characteristic of the flucrescent tubes).
The current through the flushescent tubes ( and hence the Light
output) was maintained at a consiant value Unduglwu,t all the
experiments by adjusting the bias of the valves. |

The static disparities of the stimulue mMpa/l.&Jw& les could
be preset at the beginning of an experiment by one of two methods.
- Elther the otimuluns Ma:wpﬂ;?g(w,/— was physically moved by means of -
a micrometer adjuoiment, or a D.C. voltage could be added to the
stimulus wavelorns produced by the Wavetek ( sce Sections 2:7:1,

2:7:2 and 2:1:3). Jn the latter case, the resulting D.C. outputs
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Figure 5. lNethod of generating eignale whose frequancies differ
by a variable anount (OF). 01,02 = high-stability, variable-speed
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L0 squarewave convelielr.
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from the power amplifiers produced constant mean displacements ol
S
the stimulus transpardncies ( i.e. static disparities).

2:71:5. MNethod of Generating AF.

The principle of the method used to generate signale whose
frequencies differ by a p/Le,c,i/.se,Lg-/carubwLLed anount has leen
previowsly described ( Regan, 1970; Regan and Cartwright, 1970).

A achematic diagran of the apparatis 4o ohoun in Fige 5.

A high-stalbility variable-speed motor ( M1) drives an
alternator (A1) Wot&;mzdaaecondmbteﬂwtol& ( A2) through a
difterential gear ( D). The sopeed of  motor Ml sets the Lrequency
( FHz.) of the sinusocidal output Lrom alternator Al. A 4e.c§n.d,
high-ezabilityyvariable-speed motor ( I2) drives a third alternator
( A3) directly and aleo tuwns the differential gear D. The speed of

motor M2 sets the frequency ( AFHz.) of the sdinusoidal output
Lwn  alternator A3. The frequency of the sinuwscidal output fron
alternator A2 is set by the speed of both nwato)z,o‘ and Lo (F+AF)Hz..

For exanple, Af the opeed of motor M1 ie 600 2.p.m. and the
speed of motor M2 4s 60 z.pem. ( both motone aotating 4n the oame
direction) then in 1 secondsalternator A1 will have rotated 10 tines
( 4eee F = 10H3.), alternator A3 will have rotated once ( i.e. AF =
1H3.), and alternator A2 will have rotated 10 times due to M1 plus
1 additional time due to the roitation of the differential caused Iy
M2 - a total of 11 times ( dees F+bF = TTHz.). The differential is
thus seen to act as an algebraic adder. The advantage of thie
method is that since the frequency difference AF 4o directly
introduced, ewrore in speed appear as a percentage of OF s0 that
even when ( AF/F) is very omall, DF may otill be comouzd with
preciodion.

The.owtpwt/:’oﬁ altermators Hj and A2 can Ve connected to two

gangs of the oubject's controd potentiometer ( Fig. 4). I required,
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a vibration genzrator ( Lilled equares) ox a pen motor ( open
circles). Both axes are Linedi. '



Figure 7. Calibration. Frequency response cuwes for a vibration
generator ( pilled oquares) and a pen motor ( open circles). The
response of a vibration generator when a 1001z, low- pass Lilter
{o inserted before the power amplifier is also shown ( open equares).
Ordinates are linear, alecissae are logarithmic.
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these sdnewave outputs can be converted to squarewaves by means of

two sinewave to squarewave converters ( S)e The sinewave o square-
wave converters are 741 OPA operational amplifiers connected
without feedback, and they act as amplifiers with voltage gaine of
approximatedy 700dB. .

2:7:6. Calibrations.

Fig. 6 ohows the change in otimulus position caused by a
oteady D.C. voltage applied to a vibrator ( Lilled squares) or to a
pen motor ( open circles). The change in otimulus position was
measuwred by means of a photocell ( see Fig. 4), and the D.C.
voltage was measured by a flodel 8 Avometer. It is clear that the
change in ostimulus position was a dinear function of the input
vodtage up 4o about 40 min. arc for the vibrator, and up o at
deast 80 min. arc for the pen motor. This was trwe for all the
vibrators and pen motors used.

Fig. 7 ohows the osinusoidal frequency response curves for a
vibrator ( pilled squares) and a pen motor ( open circles). The
output was the peak to peak change in otimulus poodition measured by
means of a photocell. For all cuwwes the 0dB. level corresponds to
20 min. arc peak to peak change in stimulus posdition.

The resudts for the pen motor apply o its wse in Apparatus
2 ( see Section 2:71:2). It can le ccen that the {requency response
was flat ( to within about + 0.5dB.) to about T0Hz. and then dropped
off steeply. Jnsertion of the 100Hz. dow-pass filter before the
power amplifier had no effect on this response.

The results for the vilbrator ap.pl# o its wse in Loth
Apparatus 1 and Apparatius 3 ( the graph in fact shows the results
under Apparatus 3 conditions). Without the T100Hz. dow-pass Lilter
dnserted before the power amplifier, the frequency response was flat
( to within + 0.5dB.) up to about T0Hz.; between T0Hz. and 100H3.
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- 40ms  20ms  15ms

Figure 8. Calibration. Transient responde of a vilration generator.
Upper ~ olgnal generator output; middle - powenr amplilier owtput;
lower - otimulus novenment ( as measured by a photocell). Each plot is
the sun of 100 pulses averaged on a Data Retrleval Computer.

Lo



there was a +4dB. peak ( caused by mechanical resonance); albove

100H3. the Zesponse dropped off very oteeply ( not ohown).

Insertion of the T100H3. dow-pass Lilter before the power amplifier
rnemoved the peak, making the frequency response flat ( 4o within

+ 0.5dB.) up to 30H3. ( open squares) and -6dB. at 100Hz. ( not shown).

Fig. 8 shows the transient response of a vilrator as wsed in
Apparatus 3,with a 100Hz. dow-pase filter inserted lbefore the power
anplifier. The top row of cuwes show the output of the Wavetek
sdignal generator. The middle row of cuwes show the output from the -
power anplifier ( 4.e. the input to the vilbnator). The bottom row of
cuwes show the movement of the stimulis measured by means of a
photocell ( see Fige 4). The curwes ohow atl:a/t rectangular pulses down
40 15 nilliseconds duration were quite aeadnabily reproduced by the
- vibrator. The 20 millisecond pulse waveform shows the response to le
expected from a 25H3. squarewave, and it was concluded that square-
waue_AztA’J;uu:a,tLonu.p«to this frequency could be performed with this
appaatis.



Fiqure 9. Stimuwlus uan,opa/:&nom (a) Stimulus 1, wsed in apparatus

(b) Stimulus 2, wsed 4in apparatus 1; (c) Stimulus 3, wsed .in
apparatus 2; (d) Stimulue 4, wsed din apparatus 3; (e) S/tuu.«(u/: 5,
weed in apparatus 3. $1,52,83,07,02,03,Q4 - otimulus Ul.alwpa@w;,
dabels referring to Figs. 1T - 3.

b
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2:2. Stimulli.

AL the stinuli were Ulack and white Mwwpa&;loéu, photo-
" graphically produced on "Xodalith Orntho Film Type 3", an extremeldy
hA.q}z.conMaAztnzgw,uueM ﬂmwummoﬁmwu
mmmommbmpmoﬁmduwmww
Luathanwc’o#thel,cgjvtwuaboowedwmmwmﬂg{vtpm of
Uwaummmwww Thzuwunmwao,ﬂthammpa/u‘;‘n,tpam
of the stimulus Man/.spaﬁg@w was 110cd/m..

2:2:1, Stimulus 1 = Random Dot; Circular Surround.

<
The three otimulus transpavyncies which, when fused, made up
Stimuluws 1 are shown in Fig. 9A. Stimulus 1 was only used with
Apparatus 1.

Stimulus Mwwpajz*lwy S1 was a 6.5cn. dianeter vwsza/:&n,t
circle in the centre of which there was a 3.3cm. diameter circular
area of irvrequlardy-scattered bdack dote.

Stimulus ua:wpa:);@cg, 52 was a 6.5¢m. diameter circular area
of ivegularly-scatiered black dots. The dots in the central 3.3cm.
area were identical to the dots of transpargncy ST.

Stimulus MW $3 was a 6.5cn. dianeter circular area
of iveegularly-scatiered black dots. The central 3.2cm. area was
devoid of dots. The dote surrounding the transparnt central area
wmmmumdaummwwmmma;m@w
S2.

=,
Stinulus traneparincy S2 was viewed by the aight eye alone,
2 |
and transpariincies ST and S3 were viewed by the lefi eye alone.

2
In all three transpancies the dote were of approximately
0.02cm. diameter and made up some 1% of the total area.

. <,
Since the transpalncies were docated 75cm. from the subject,



2
Tcn. on the transparincies corresponded to a visual angle of 0.76
<
degrees of arc. The mpa@w thus subtended some 5° with the
central area some 2.5° in diameter.

2:2:2, Stimudws 2 - Single floving Bare

e .
The three stimulus transparncies which, when fused, made up
Stimulus 2 are chown din Fig. 9B. Stimulus 2 was only used with
Apparatus 1.

Stimulus bzarwpa;).gn,a; $71 was a 6.5cm. square Man/apa;)'%n,t area.
There was a Llack bar 2.6cn. high and 0.75cn. wide situated so0 that
the centre of the bar was 1.3cm. to the right of the centre of the
square.

Stimulus Mazwp,a/:&rw,a S2 was a 6.5cm. oquare area of

| irnegulardy-scattered black dote. There was a black bar 2.6cn. high
and 0.75cm. wide situated 40 that the centre of the bar was 1.3cn.
to the right of the centre of the square. There was a black noniyus
Line 0.3cn. high and 0.02cn. wide situated ¢ the lottom of the

noniyus line was at the centre of the square.

Stimuwlis mpa/;;lm $3 was a 6.5¢cn. square area of
iregularly-scattered black dots. These dots were didentical to the
dots of Uw:wpaxs%ncq $2. There was a Ulack nonifus line 0.3cm. high
and 0.02cm. wide situated s0 that the itop of the nonlhus line was at
the centre of the osquare. |

Stinulue mpa»;w; $2 was viewed by the 2ight eye alone,
mmpuz(m:e/o $1 and $3 were viewed by the left eye alone.

In uwwpa,zywm S2 and $3 the dots were of approximately
0.02cn. diameter and made up some 1% of the total area.

3
Since the uaiw[m/()&.nu.e/: were docated 75cm. {rom the subject,
 Tem. on the transparincies corresponded to a visual angle of 0.76
degrees of arc. The «t/m:wp.a;i*now thus subtended some 5° with the



black bars being 2° by 7' and the noniyus Lines being 15 iy 1.
The black bars were 1° to the right of the noniyus Lines.

2:2:3. Stimulus 3 - Single fMoving Bar with Comparison Bar.

‘ L&
The three stimulis zt/za.n/.spmlknue/: which, when fused, made up
Stimulus 3 are shown in Fige 9C. Stimulus 3 wae only woed with
Apparatuws 2.

Stimuwlivs mpaﬂ‘;g,lwy, S$7 was a S5.5cn. square area of
diveegularly-scattered blaock dots. There were two Ublack bars 2.2cnm.
high an.d{O.13cm.. wide situated 40 that the centres of the bars were
Telen. 2o the deft and right of the centre of the square. There was
a Ulack nonijus Line 0.3cm. high and 0.02cm. wide situated 4o that
the bottom of the nonifjus Line was at the centre oﬁatlwoqua/ze;

Stimulivs vww,aal%lwy, $S2 was a 5.5"an. square area of
vegularly-scattered black dots. These dots were identical to the
dots of Uw:wpazsgncg. S1. There was a black bar 2.2cm. high and
0.73cn. wide aituated o0 that the centre of the bar was 1.7cn. to
the left of the centre of the square. There was a llack nonijue
Line 0.3cm. high and 0.02cn. wide oituated oo that the top of the
nonijus lLine was at the centre of the square.

' <

Stimulivs mMpa/L)sknw $3 was a S5.5¢n. square Mwwpmlx.n,t area.
There wao a Ublack bar 2.2cm. high and 0.13cm. wide situated so that
the centre of the bLar was 1.7cm. o the right of the centre of the

dquare.

Stimulus mpa/&nwﬂ was viewed by the left eye alone,
andat/w.:wpa/:)'gnm $2 and $3 were viewed by the right eye alone.

In zt/z.alw;w/&no&w $1 and S2 the dots were of approximately
0.02cm. diameter and made up some 1% of the itotal area.

Since the umpa&nw were located 63cm. from the subject,
Tem. on the uan/.spaz;ncéw corresponded to a vioual angle of 0.97

]
degrees of arce The at/w:w;zazz)&nw thus eubtended some 5° with the



black bars being 2° by 7’ and the nonius Lines being 15 by 1°.
The Ulack bars were 1° 1o the left and right of the nonijus lines.

2:2:4. Stimudus 4 - Random Dot; Squarze Surround.

R ,
The four stimulus WWW which, when fused, made up
Stimulus 4 are shown in Fig. 9D. Stimulus 4 was only wsed with
Apparatus 3.

: < '
Stinulus transpariney Q1 was a 5.5cn. square area of
Lequlardy~scattered black dots, in the centre of which there wao
a 2.7cn. dianeter circular area devodid of dots.

2 Y

Stinulue transpariney Q2 was a 5.5cm. square transparint area.
Two black noniXus Lines 0.3cme high and 0.02cn. wide were situated,
one immediatedy above the other, at the centre of the square.

Stimuwlizo bz,ajwpa/()sknwl {es Q3 and Q4 were ddentical and
con'/aute,d of a S5.5¢cn. oquare uazwpa/:&n,t area in the centre of
which was a 2.3cm. diameter circular area of ivegulardy-scattered
black doto.

3
Stimuluo «t/ca.Mpa/&&nu,eA Q7 and Q2 were viewed by loth eyes.
2. g' £
Transparincy Q3 was viewed by the lefit eye alone and transparincy
Q4 was viewed Iy the right eye alone.

e ‘
In transparincies Q1, Q3 and Q4 the dots were of approximately
0.02cn. diameter and made up oome 70% of the total area.

Since the WW were docated 63cm. from the oubject,
Tem. on the man/apa:)gnulu corresponded to a visual angle of 0.97
degrees of arc. The ua;wpazsgxw thus subtended some 5° with the
central area some 2° in diameter. The nonifus lines were each 15/
by 7.

2:2:5. Stimulws 5 - Twoe Moving Black Bars.

N ,
The four stimulus transpar¥ncies which, when fused, made
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Flgure 10. Comparison between iwo experdmental methods. lovement
 detection threshold ( mins. arc) versus frequency ( Hz.) for the

method of adjustments ( filled oquares, each point is the average
of 10 settings) and the two forced-choice method ( open circles,

each point is the average of 5 trials). The vertical dines repres-
. ent + 1 standard deviation of the nethod of cdjustments. The
subject was J.B.. Both axes are logarithmic.
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2:3. Methodse.

2:3:1. Comparison of Methods.

Two different peychophysical methods were wsed to gather
data for the results reported in this thesis. These m@thad@ were
the method of adjusitments and the two-alternative forced-choice
method. In the method of adjustments the sulject altered a.- control
ohih vori i ety o stiscin sacllesin wdld o by,
could fjust detect motion of the am\( thresholdd experiments) or
'h,a consddered that the stimulus moved o the samne depth as a
comparison stimulus ( matched depth experiments). In the two forced-
choice method the sulbject passively watched the stimulus and waos
asked either whether he saw the stimulus move ( threshold experiments)
or whether he considered that the stimulus moved o a point in front

ol or behind a comparison stimulus ( matched depth experiments)

Fig. 1d shows the result of a comparison letween the two
methods. Jt 4o a plot of movement detection threshold versus
Lrequency of sdnuweodidal oscillation with 3ero otatic disparity. The
sulbgect was J.B.. The conditions of the experiment were the same as
Lor Fige 13 in Section 3:7:3.

The Lilled squares show the mean of 10 settings wsding the
method of adjusimenis. The open circldes show the mean of 5 «ettings
wsing the itwo forced-choice method. The vertical lines represent +1
standard deviation of the method of adjusiments results and are
displaced downwards for the sake of clarity.

It L8 clear that the two methods give oimidar results.

In all experiments of Chapters 3 and 4 where a comparison
between the two methods was made,similar results were olserved. In
the adaptation experiments of Chapter 5,a diflerence between the two
nethods was obsewed. This is discussed in Section 5:2.
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Since all the subjects preferred the method of adjustments,

the two forced-chodice method was only used to confirm the resultls
found by weding the method of adjustments.

2:3:2. Method 1 = Thireshodd.

The sulject used both eyes o view a fixation plane defined
by a 2andom dot pattern. The purpose of the dots was to assioet the
subject to maintain a osteady convergence. For mosit experiments, +two
nonifus Lines were present; one was seen by the left eye alone, the
other was seen by the right eye alone. bhen the two eyes were
corectly converged on the fixation plane the iwo nonijus Lines
appeared as a single vertical line. Jf convergence altered, the two
non,il(w.: Lines separated.

The central circuwlar area of random dote ( Stimwlus 7) ox
the 2ight hand black bar ( Stimwlus 2 and Stimulus 3) could be set
at a constant retinal disparity ( otatic disparity) 40 that it ( the
- target) appeared to otand out 4in depth either in front of, on, or
behind the fixation plane. The retinal disparity of the target wae
then oscillated about this mean static disparily cauwsing the ata/Lq,e.«t
io appear to oscillate to and fro dn depth albout a can;oztcm,t mean
paabtt’.an..

In the experiments of Section 3:71:2 a different otimuliLs
arvwangement was used ( Stimulus 5). Here the osulject viewed four
deparate stimulis patterns in binocuwlar fusdion. £a.c}7. eye vdiewed
three of the patterns. The subjective appearance of the binocularly-
fused pattern was a 5° by 5° plane of randomly-scattered black dote
each of which subtended a visual angle of 1'. Two vertical black
nonifus Lines were located dn the centre of this plane to assiot
Pixation ( see above). Vertical black bare that subtended 2°by 7'
were docated 1° to the deft and right of the nonifus Lines. The
distance din depth letween the Lixation plane and either lar could
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be preset by adjusting the mean disparity of the bar. This was done
before each experiment. The right hand lLar could be ocscillated in
depth by cocillating stimuluo mpw&nuw Q3 and 04 ( Fig. 9€) 4n
antiphase ( sterecscopic siimulation). This lbar could also be |
oscillated from side Lo sdide by oscillating stimulus at/zan,opa/:&rmu
Q3 and Q4 4in phase ( binocular movement otimulation). Th,e anplitudes
of ocscillation of Q3 and Q4 were equal. The only difference between
oaterecscopic and MnoW movemnent stimulation was 4in the We
tining ( phase) of the lefit and right retinal image movements.
Monocular movement stimulation could be produced by occluding either
eye.

It oshould be noted that, 4in fact, all parts of the actual
stimudlis, at all times, remained at a constant dietance Lrom the
oubject, adnce the llusdion of movement in depth was produced
entiredy by altering /ze/t(.ncLL dAAp,a)u/ty,.

In the binocular movement control experiments of Sections
3:7:1 and 3:7:4 it wao convenient to generate the sdideways moving
stinulus in a different way than in the other experiments. Jn these
experiments the moving target, viewed by loth eyes, was physically
oacillated from side to sdide by a vibrator. This target could le
positioned ( +) 5 min. mmm@aﬁﬂwﬁxmonpime, (-)5
nin. arc behind the fixation plane, or veryy close to the ,L«.xa/twn
plane ( dess than 1 min. arc away). The om4umwmww:§pw
were occluded. |

Jt oshould be emphasised that the stimuli <cen by the right
eye, 4in all the experiments, appeared mcu. Ondy the deft eye'’s
stimudi differed.

S .

A complete description of actual and appa/&*n.t stimulus
movements which occurred when wsing this method is given 4in Appendix
7.



The subfect was instructed to aliter the amplitude of the
tarnget's oscillations until he could jfust detect movement in depth.
This setting was then 2epeated over a zange of ostimulue cscillation
frequencies such that at least 5 settings we/&amadé.cutea.dt
oscillation frequency. By altering the calilration of the sulbject's
control potentiometer, the experimenter wae alble 40 encure that the
position of the potentiometer gave no clue to the stimulws 04Wn
anplitude.

The target was then reset io a different static disparity and
the experiment was nrepeated. |

Both AMcwe, and squarewave stimulus cscillations were uwsed.

AU the suljects were Wezzpmc/uhemmuq.tuvwd
poychophysical judgements before recordings were made. The subjects
were aJJ.owed Lrequent rests during an experdmental sessdon.

2:3:3. llethod 2 = Matched Depth.

This method was the same as lMethod 1 except that matched
depth settings were made by the sulject. |

Ondy Stimuwlus 3 was used with this method.

The left hand black bar was always stationary. Jt could be
adjusted 40 as 4o appear io osiand out in depth either in front of,or
behind the fixation planeyat oome constant depth of up to 20 min. arc.
The right hand black bar was then centkred on the fixation plane and
oscillated to and fro in depth.

The subject was inotwucted to alter the amplitude of
oscillation of the right hand bar until he judged that the depth
traversed by the cacillating bar in front of ( or behind) the
Hxation plane equalled the depth of the ostatic left hand bar in
Lront of ( o behind) the fixation plane. This seiting was then
2epeated over the same range of otimulus conditions as descriled
for llethod 1,

)
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2:3:4. Method 3 = Pulsed Movement.

The subject viewed four separate stimulus patterns 4in

- binoawlar fusdion. ( Stimulus 6). €ach eye viewed three of the pa/bte)uw
The subjective appearance of the binocularly-fused pattern was a 5°
by 5°plane of randomly-scattered white dots, each of which subtended
a vieual angle of 1 min. arc. Two vertical, white, nonijus Lines
were located in the centre of this plane to assist Lixation ( see
Section 2:3:2). Uertical white bare that subtended 2° by 7' were
Located 1° to the left and right of the nonikus Lines. The apparent
distance in depth letween the fixation plane and either bar could e
preset by adjusting the mean disparity of the lbar. This was done
before each experiment. The deft hand bar always remained stationauy.
Dwu';u; an experiment the right hand bar moved as follows.

After a varialble intewal ( ranging from 4 second 2o 5
seconds) the bar appeared to move suddenly ( risetime 1 millisecond)
towards or away from the subject. After a preset intewal (7
milliseconds to 1 second) the bar returned to its original position.
The cycle was then 2epeated. In the sddeways movement control
experiments the right hand bar moved from ade 0 ado inetead of
towards ok away from the osulbject, othewive the cycle was simndlar.

Jt should be noted that, in fact, all parts of the actual
otinulue, at all tines, remained at a constant distance Lrom the
subject, since the illusion of movement in depth was produced
entirtedly by altering retinal disparitise

A complete description of actual and apparent stimuliLe
movements which occu)uaeft when wsdng this method 40 given in Appendix 1.

The sulject used a potentiometer o control the diotance
through which the right hand bar moved. The experimenter randomly
varied the calilbration of this potentiometer during the experimentas
00 that the position of the potentiometer gave no clue as to the
distance through which the lar moved.



Jn the thresholdd experiments the oubject adjusited the
potentiometer until he could just see the right hand bar move.

In the matched depth experiments the oubject adjusted the
potentiometer until he 4,ud<;e,d that the position io which the right
hand bar appeared to move was at the same distance as the left hand
bar Lrom the fixation plane.

AUL the subjects were given practise in the required
pogchophysical judgements before recordings were made. The sulrjects
were allowed frequent rests during an experimental session.

2:3:5, Method 4 - AF.

The sulject viewed four separate stimulus patterns in
binocular fusion ( Stimulus 4). Each eye viewed three of the patterns.
The sulbjective appearance of the binocularly-fused pattern was a 5°
by 5 ° plane of randomly~scattered black dots. Two, vertical, Ulack,
nonifus dines were located in the centre of this plane to assiet
Lixation ( see Section 2:3:2). The central 2° diameter circular
area was made up of two ddentical areas of random doie ( the targets),
one geen by each eye. Both defit and right targets could be moved from
sdde 20 odde independently of each other.

A complete description of actual and apparent stimuwlus
movements 4is given in Appendix 4 for sdinewave oscillations, and in
ﬂpp,cnd/i.x 5 for squarewave oscillations.

For sdinewave oscillations, ithe apparent movement of the
stimulus can be oumnarized by saying that the fused target appeared
to move Lrom odde to side at a frequency of FHz., the movement in
depth waxing and waning at a frequency of AFiiz.. The eubject could
easidy discriminate letween the two types of movement and was able
to judge depth thresholds without contamination from sideways
movenent ( sece Se_cu.o:"z. 4:1)e In fact, consideralble sideways motion

53
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of the fused target was often apparent at the ithreshold of depth
perception. Uith squarewave stimulation, the fused target appeared

to move invrequlardy, backwards and forwards in depth, letween three
different positions.

The osubject used a potentiometer to control the ocscillation
anplitude of the targets' movements. The experimenter randomly
varied the calibration of this potentiometer during the experiments
40 that the position of the potentiometer gave no clue as io the
targets ' oscillation amplitudes. |

The subject was instrwucted to alter the ocscillation amplitude
untidl he could just see movement in depth. The subject was instructed
2o dgnore all sdideways movements of the fused target. |

Throughout any one experiment, AF was held constant and the
threshold for movement in depth waos measured as a function of F.
Sinewave and squarewave oscillations were wosed in separate experiments.

ALl the subjects were given consideralle practise dn the
required poychophysical judgemente lefore recordings were made. The
suljects were allowed frequent rests during an experimental session.

2:3:6, Method 5 = Racony Qo Bddpliin .

The subject viewed four separate stimulus patterns in
binocular fusion ( Stimulus 4). Each eye viewed three of the patterns.
The subjective appearance of the lincculardy~fused pattern was a 5°
by 5° plane of randomdy-scatiered black dots. Two, vertical, black,
nonifus dines were located in the centre of this plane to assdiot
Lixation ( oce Section 2:3:2). The central 2° diameter ouwulall. area
was made up of two didentical areas of random dois ( the targets),
one seen Ly each eye. Bothl,e,btanduglvt.tajbq,w could be moved
Lrom side to side independently of each othenr.

A complete description of actual and apparent stimulus



movements 4o given in Appendix 2. The apparent movement of the
otinulus can be summarized by eaying that the effect of altering the
/L@La/ti,ue.amplm of ocscillation of the left and right targets

( i.e. the L/R natio) was to change the dizection of the line along
which the target appeared to oscillate in three-dimensional space.

The L/R ratio was set by adjusting the relative amplitudes of
the odignals fed to the vibrators. The subject, by adjusting a control
potentiometer, could vary the absolute amplitude of the zetinal image
movenents without altering the L/R Wo. Jn order to record the
timecourse of recovery afier adaptation, the subject'’s control
potentiometer was ganged to another poientiometer which gave a
voltage proportional to the amplitude through which retinal disparity
oscillated. Thie voltage was /Leco/ade,d on a chart recorder ( see
Section 2:7:4).

The subject gazed for 15 minutes at the adapMLq, stimudus,.
The otimulus cscillated at 0.8H3. with a fLixed L/R ratio and was M
wedl alove threshold. Immediately the adaptation otimulis ceasded,
the subject adjusted the control potentiometer until he could “just
see m.ouemz:vt in depth. The oubject then adjusted the control

" W

pote:vuome/tm until he could just not gee movement in depth. Th,e.
sulject continued alternating ”wt seeing” with "fuost not 4&&:11@" |
measuwremenits until he was asked to ostop by the experimenter ()a,bcu/t.
3 minutes). In this way a record wao made of the oubjects ohort-tern
recovery {rom adaptation.

| The subject retwrned to the apparatus at intewals (from 2
minutes to 30 m,uuw),and, repeated the "just seeing” and "just not
seeing” measurements for periods of about 30 seconds. The average
oscillation anplitude set by the subject in these 30 second readings
was woed as a meadure a#ﬂm4en/44’/t_i«v&t¢atobmummm¢ep,th of the
oubjectyalter ua)u%'a% durations of recovery from adaptation. In this
way, a record was made of the subject's long-iern recoverny from
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The experimenter zandomly varied the calilbration of the
ouliject's control potentiometer during the experiments, <o that
the posdition o#t/wﬁoten/tzéome/tmgaueno clue as 2o the stimulue
oscillation amplitude.

The experiments were repeated usding the two forced-choice
method. flete the subjects were allowed 5 seconds viewing of the teot
stimulus ( alternating with 30 second adaptation periods), and had
to say whether they could see the stimulus move 4in depth. Othewwise,
the experimental procedure was similar. |

AL the subjects were given consideralle practise in the
experimental procedure before recordings were made.

Experiments recording the effect of the phase diflerence
letween the left and right eyes' mtimulus oocillations ( Section 5:4)
were performed 4in exactly ithe same manner as 4o descrilied above
except that phase difflerence was the experimental varialle instead
of L/R ratio. '
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2:4.  Subjects.

In all, 6 subjecits were used in the experiments reported .in
this theosds.

Subject X.B. ( the author), male, aged 24 yearo at the
conclusion of the experiments, had uncorrected vision of 6/6.

Subject D.R., male, aged 38 years at the conclusion of the
experiments, had vieion corrected to 6/6.

The binocular viedon of Loth these subjects was tested at
the Moorfields Eye Hospital. Both subjects had apprecialble otereopsis.
X.B. had 2D exophoria at ém. and 12D at fm. with rapid recovery, and
was alile to converge 25D for Im. target before suppression. D.R. had
1° divergence R/L 1D with good zecovery at dm., no deviation at 6m.
and was able o converge 18D at fm, before looing fusdion, and 20D
with SU sdlides.

Subject 1.B.) fenale, aged 25 years at the conclusion of the
experiments, had visdion corrected by contact micro-corneal denses
to 6/6.

Subject M.Yo, female, aged 24 years at the conclusion of the
experiments, had uncorrected vision of 6/6.

Subject 1.7., male, aged 24 years at the conclusion of the
experiments, had viedion corrected o 6/6.

Subject S.H., male, aged 23 years at the conclusion of the
experiments, had uncorrected vision of 6/6.

The binocular vision of the alove four osubjects was not
tested, However, none had any difliculty in maintaining fusion of
the stimudi and 4in ceeing the stimuli move in depth. *

* But see Section 3:4:2 for subject J.Ble results £0r uncrossed
disparities.
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3/ SOME DYNAMIC FEATURES OF DEPTH _PERCEPTION.

3:7. Sinewave llovement Threohold.

In this section, the statement of a "significant difference”
implies that the probalbility that there 4s no edignificant
difference is dleos than .05 weing the Siudent's "t" teot of
sdgnificance. Thio test was wsed sdnce there was no evidence that
the distribution of the means wao not nornal ( see Fioher, 1963).

The attenuation in dB/octave ( where 20dB equals 70 times) of
any curve 4is the olope o{.atlwuq/zuaiqnunz, ftitted by the method
of deast squares, through the experimental points. Theoe experimen-
tal points include either those whose abocissae are dess than 0.6Hz.
( dow-frequency attenuation) or those whose abaciscae are greater
than 5.0Hz. ( high-frequency attenuation). The turncver frequency
(7,) 4o the frequency where the regression line dinterdects the
horizontal Line through the threshold minimum.

3:7:1. The ELfect of Frequencye.

Fige N illustrates the effectyupon the movement detection
threshold,of varying the otimulation frequency under three viewing
conditions for subject XeBeo There was a rapid thresholdd increase
Loa the monocular-steresscopic condition ( weing Rpparatus 1,
SMI and Method | ) as the otimulation frequency exceeded <some
SHz. ( Ty equals 4.0H3., attenuation equals 5.8dB/octave). There was
aloo a slightybut significantthreshold increase for otimulation
trequencies below 0.5H3. ( ¥, equals 1.0Hz., attenuation eguals
0.46dB/actave). '

*  See (‘\\W\‘ g\%g.

| rm—— e
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Figure 12. The effect of static disparity upon movement detection gswﬂ
threshetd for sinewave stimulation. The plane of fixation is zero
disparity; positive ( crossed) disparities are-dn front of the

Lixation plane and negative ( uncrossed) disparities are behind the
Lixation plane. The chain dine shows nonocular-sterecscopic

wﬁéﬁh\f.b:.. the continuous line shows sierecscopic stimulation; the .
dotted line shows binocular stimulation. For monocuwlar cgﬁo:v
either the right ( upright triangles) Qﬁgﬁgggpc@r ,
was occluded,. The horizontal dashed line 44 drawn through the mean
nonocular threshold. The oscillation frequency was 0.THz.. Each

point 4s the mean of 5 settings. The vertical bars show the total

range of settings. Subject X.B.. O&Rma.n\ﬁm\u are logarithmic, abscissae
are linear. : :
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For the binocular movement condition ( woing Apparatus 1,
Stinulus 1 and Method 1), the threohold increase at high frequencies
( F, equale 4.713., attenuation equals 6.2dB/octave) was almosi
ddentical to the increase under monocular-sterecscopic conditions.
However, for dow ostimulation frequenciesythe threshold increased as
the stimulation frequency decreased ( TJ. equals 1.7Hz., attenuation
equals 3.5dB/octave).

llonocular movenent stimulation ( ueing Apparatus 1, Stimulus
1 and Method 1 )l\;a,ve sinilar recults at high frequencies. Threshold
rapidly increased, however, as the stimulation frequency decreased
( ¥, equale 1.7Hz., atienuation equals 4.3dB/octave).

ALL three otinulation conditions were clearly equivalent fox
Lrequencies greater than about 5Hz.S binocular maquwt and
nwrwaua/z-‘oatmaocap,éd conditions were clearly equivalent above
about THz.. ALL three oubjects aeporied that,for frequencies in
excedss of THz., ouprathresholdd sterecscopic stimuli hardly appeared
4o move in depth even when darge oideways movements were vioille,
These findinge suggeost that ostereocscopic movement threshodd curwes
do not describe dynanic properties of depth perception at frequen-

cies 4in excess of THze.

No sdignificant differences were ol:4Wed when a bar pattern
(Stinulus 2 ) replaced the random-doit pattern.

These Lindings were confirmed dn two further subjects ( D.R.
and J.B.)e In both thece 4@4@&4 the monocular-sterecscopic Low-
frequency attenuatdon was more pronsunced than with oubject X.B.

( see Section 3:1:5 below).

3:7:2. The &Llect of Static Dieparity.

?424.12%%&&&#&@01. varying the mean stimulus
distance from the Lixation plane ( static dieparity) upon the
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and -11 2o =15 min. arc; and was sdignificantly greater than binocular
and monocular movement sensitivities over the range +8 to =7 min..

alle

Senasitivity to movement in depth w@ sdgnificantly .q/oe,a,te)t
than sensitivity to sideways movement ondy within a narwow range
( approximately +7 min. arc) of static dioparities from the fixation
podint. The movement sensitivities for all four stimulation conditione
were equal at static disparities of +10 min. arc. Stereoscopic
movement senoditivity was olightly dess than both monocular and
binocular movement sensitivities {for ostatic dioparitics greater than
13’ nin. arc. This latter point was confirmed by subjective reports
that,at -15 min. arc etatic disparity,a subthreshold eteresscopic
otimulus movement could e detected if omvmmﬁooa. Manocular-
stereoscopic movement senodtivily was greater Um\ate/z,eoocapic
movement sensitivity, which dn turn was greater than binocular zq,w
movement sensitivity,over approxinately the same range ( +7 min. arc)
ol static dispallities. '

Monocular~stereoscoplc movement sensitivity was approximately
twice (2.3 times) the sterecscopic movement senoitivity, which in tuwn
was approximately twice (2.3 times) the Linocular movement sensitiv-
ity, which in turn was approximately twice (1.6 times) the monocular
movement sensitivity,in the {anuan plane ( zero etatic disparity).

AL four cuwes are oymmetrical about the fixatdon plane ( 4o
within 2.5 min. arc) which suggests that the 4uJJW had only a emall
Ixation error.

These Lindings were confirmed in a second oubject ( J.B8.),
and the major finding,.that there is a narrow region of high |
oterecacopic sensdtivity arwound the Lixation plane, was confirned dn
a further two subjects ( DoRe and J.7.). o

b4
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Figure 13. The eflect of siatic disparity upon Law—W movement detection
threshalde. The cuwes shown are for monocular ( triangles), blnocular ( circles)
and monocular-stereoscopic ( squares) stimulation conditions. R = 3ero otatic
disparity; B - +5 nin. arc otatic disparity ( crossed); C = =5 min. arc static

disparity ( uncrossed). Uertical Lines show +1 standard deviation. Subject X.B..

Both axes are logarithmic.
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3:1:3.  The ELlect of Static Disparity on Low-Frequency Threohodds.

Fig. 13 illustrates the effect of varyying the otimulation
Lrequency upon the movement detection thresholdd for three values of
static dioparity ( 0, +5 and =5 min. arc) for subject X.B.. The
threshold increase at low frequencies,for monocular stimulation,

( using Apparatus |, Stimulus 2 and Method 1) did not vary as the
static disparity was altered ( Fe equals 1,0H3., attenuation equals
4.0dB/octave). The reasan for this has already lLeen given in Section
3:7:2.

The threshold increade at low frequencies,for binocular
stimulation ( using Ppparatus 1, Stinulus 2 and Method 1 ) at zero
static disparity ( ?t equalo O.9|+3., Muauon equals 3.3dB/octave)
was dess upi.d.thmyz.aimmwe.la/t +5 min. motaucdxlopmy.(?"t
equals 1.6H3., attenuation equals 4.0dB/octave). The increase at -5
nin. arc ( 7"' equals 1.2Hz., attenuation equals 4.2dB/octave) did noit
sdgnificantdly differ from the increase at +5 min. arc, and neither
diftered oignificantly from the increase for monocular etimulation
( Fig.13).

The threshold increase at low frequencies,for monocular-
stereoscopic stimulation,( ueing Rpparatue 1, Stimulue 2 and Method
1 ) was only olight at gerc static dicparity ( 7, equals 1.3H3.,
attenuation equals 0.56dB/octave). The increase was more rapid at +5
min. arc static disparity ( 7& equals 0.9#3., attenuation equals
3.4dB/octave) and otill more rapid at =5 min.arc otatic dieparity
( 7, equals 1.0H3., attenuation equals 4.1dBfoctave). The dncrease
at -5 min. arc did not differ signiticantly from the dncrease for
monocular stimulation ( compare Fige13a with Fig.13c).

These Lindings ouggest that the threshold for movement in
depth became leds contaninated with sideways movements of the

bb
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Figure 14. Control for inter-subject variability. The monocular-

otereoscopic movement detection threshold versus sdnewave ostimulation
Lrequency at +5 min. arc otatic disparity io shown for four eubjects,
XeBey Joley 3.8B. and Bl.Y.. Each point is the mean ol 10 seitings. Both
axes are dogarithmic.
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retinal imagesythe lower the frequency ol stimulatlon, and the
onaller the otatic disparity. This adds further support to the
findings of Sections 3:1:1 and 3:7:2. Fig.13 aleo shows that the
ellects of lowering the ostimulus frequency and increasing the static
disparity combine 1o dncrease the thresholdd for sterecscopic
stinulation. '

The results shown in Fig.13 for a stimulation Lrequency of
0.7Hz. may be directly compared with the equivalent reosults shown in
Fig.12, odnce the experiments were almost ddentical; the only change
wae the wse of different otimulus patterns. The results shown in
Fig.13a and Fig. 11 may e compared for the same 2eason.

These findings were confirmed on three additional subjects
( 3.Bey o3 and M.Y.).

3:7:4. Controda.

The fLollowing controld experiments were performed to determine
the reliability of the experimental results. Quantitatively,there
- were large dnter-subject differences even though,qualitatively,the
results were sinilar. o averaging across 4MM was therefore
performed.

Fig. 14 gives an example of inter-subject variability and 4o a
plot of monocular-stereoscopic movement detection threshold verous
sdinewave otimulation frequency. The stimulus had a otatlic disparity
ol +5 min. axc a.nd the resultos for four osubgfects are shown. The
ohapes of. the curves wee ainilar even hough the absolute threshold
values varied widely.

The resuwlts of a single subject tested on difflerent oc.ca,ﬁ,{.olu
showed quantitative differences. These diflerences were usually
onall enough to be nzqizcted, and data from ditferent occasions
were combined unless 4t 4is othewdse stated,

b8
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Flgure 15. Control for intra-sulject variability. The monocular
movement detection threchold verdus sdnewave stimulation {requency

at 3ero static disparity e shown for eubject X.B.. The results of
experiments perlormed on four different days are shown. The vertical
bars represent +1 ostandard deviation calculated from the results of
a single experiment, and are vertically displaced for the sake of
clarity. Each point is the mean of ten settings. Both axes are
dogarithnic.
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Figure 16. Control for sequence effects. The monocular-stereoscopic
novement detection threshold versus sinewave stimuwlation frequency
at =5 nin. arwce ostatic disparity 4s shown for sulject XeBeo The
nesults for increasing frequency ( open circles) and for decreasing
\&ﬂgx\«ggg%y%g . The vertical bars represent
+1 standard deviation calculated from the results for increasing

trequency and are vertically displaced for the sake of clarity. €ach

point is the mean of 10 settings. wgﬁﬁggg
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Figure 17.  Monocuwlar control experdments. The monocular movement
detection threshold versus sdnewave stimulation frequency at zero

otatic disparity 4s shown Lor subject XeBoeo The g.@%@ elther was .

occluded ( aﬁgy or viewed just the random-dot background <een
by the right eye ( g&&m\.ﬁ or viewed the random-dot background
seen by the right eye plus a>o§m\o:§b§.m§0~b€ The vertical
bars represent +1 atandard deviationgycaleulated from the zesulis

for the occluded condition, and are displaced for the sake of clarity, .

Each point 4s the mean of 10 settinge. Both axes are logarithmic.
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Fig.15 gives examples of day-to-day intra-oubject variability,
and 40 a plot of monocular movement detection threshold verous
ddinewave stimulation frequency for subject X.B.. The zesulte for four
different experiments performed over a three-week period are shown.
The vertical lbars represent +1 standard devdiation calculated from the
results of a oingle experiment, and are vertically displaced for the
sake of clarity. The diflerences leiween the curves were insignific-
ant. |

The independent variable was woually varied systenatically
except where othewise otated. num were auuw carviied out dn
paire; one dincreasing, the other decreasing the independent varialble.
The increasing and decreasing trials never differed sdignificantly.

Fig. 16, wmmmmmucka,zwawww ioa
plot of mnaam-oztuzoocopu movement detecbwn threshold veroues
odinewave ostimulation Mequy. for 4wb41zot X.Bes The vertical bare
represent +1 standard deviation calculated from the results fox
dncreasding frequency, and are vertically displaced for the sake of
clarity. The differences lbetween the cuwes were insignilicant. |

The monocular control experiments were cariied out 4n one of
three ways. Either the left eye was occluded (N.B. only the 2ight
eye's stimulus moved) or it viewed a pattern uncorrelated with the
pattern viewed by the right eye. This uncorrelated pattern was either
just the random-dot background vdiewed by the right eye, ox the rw.ndém-
dot buckground viewed by the right eye plus a horizontal bar. When
viewing theee uncorrelated patternsyretinal rtwalryy occurred and the
subject could only make threchold settings when his ( 2ight) eye
could see the moving otimulude. |

Fige17 40 a plot of monocular movement detection threshold

versus sinewave stimulation frequency for oubject X.B.. It idlustrates
thmtﬂwexpmmumu,w were the same for each of the three
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stimulus conditions. The vertical bars reprecent +1 standard
deviation calculated from the results for the occluded condition, and

are veartically displaced for the sake of clarity.

3:7:5. Discussion.

In poychophysical experiments there are at least two cues that
a subfect can wse to detect movements 4in depth 4dince changes dn
dioparity must be accompanied by movements of one or loth retinal
dmages. | The experimenter
cannot e certain which cue ( or cues) the subject was using in a
depth threshold experiment. Therefore, the subject was inetructed 4o
adjust the control potentiometer until "the ostimulus ondy jueit
- appeared to move", and to dignore "the direction of motion of the
oumu,uw; whether it moved to and fro dn depth o from sdde to odde",
Jt should e noted that,with sterecscopic stimulation,both cues io
‘movement were present, whereas,with binocular ( ox monocular)
otimulationythe ow cue was zetinal dimage movement. CaquuenMg.,Uw
data Muuvted above relate to the d,e/te,ouon of movement, and do noi
dnwolve a.n.g. discrinination as to the type of movement. The possibility

that ouljects might have been able to discriminate between stimuli
where dA/JpWy. changed ( 4«tue.o4capi.9 otimulation) and etimuli
where there was no change 4n di,opa/boty, ( binocular and monocular
otimulation) at threchold is left open ( see ‘
Section 4:1 ).

The {ol,(,oww evidence oupports the M..ownpa‘fcan that the
4MM maintained 4MW during each threshold setting.
wam fixated nonijus Lines located at the centre of the stimulus.,
The upper dne was seen by the Le;bt eye only, and the lower Line by
thz/u&qh/te,;;eon,l,;;. wnmm_ow@gotmmmm&ma;m
stinulus the nonidus lines were seen as one c.onzﬁ.p&oy.o Line. Howeven,
when comempra deviated, the lines separated. A separation of hall the
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These nesults suggeot an explanation to Tylern's (1971) recent
finding that sencitivity to oterecscopic depth movement was less
than senoitivity to monocular movement. His fixation controls were
poor; the wse of only a «ingle stationaryy fixation line would not
enalble large ( greater than 5 min. arc) fixation errors to e detect-
ed. Errons ol Um order of ma.gf,owde. could easily have been
reoponsibide for his resulte.|Fhie use of only a single fixation Line
would not enalile vergence tracking movements to le detected eithet.

" Tyler ( personal communication) otates that in later
experiments he controlled for posesible vergence tracking within
Panum's fuodional zegion by weing two otimulus bars whose sdimultaneows
ogscillations in depth were ouch that they always moved dn opposite
directions. When the cecillation {requency was less than THz. he no
donger found that eteresscopic sensitivity was lower than monocular
sensitivity.” - ( Regan and Beverley, 1973R) |

9t was shown 4n Section 3:7:1, Iwwwe}i, that disparity cues

ondy a,&,&eoted rrwvement detection for frequencies less than THz..
Thio ouggests that Tyler's reocults were due 1o vergence eye movementa.

The 4L0pe, ol the low-frequency attenuation cuwe for =5 min.
are static wm,wu greater A‘an the olope for +5 min. arc
4th¢um,wuchm¢mwu greater than the olope for zero
static dleparity. The threshold dynanle characterlstics of the
n.e,uz.a,L mechanisne that process disparity cannot be obiained by
odmply 4wbt/4a,otm4 the binocular from the stereoscople data sdince
this would aseune an ( unproven) assumpiion of dinearity. This
assunption has some oupport {rom Sectlon 3:7:3, whue. 4t was ohown
«tha,tathze,{,{;ecx,o o¢4mwwmmqmcy—added nore=o1-

o Unearly,io deadzm)fwvtmmdmaa,bm
ateresscopic movement. This "linearity" held only over a {,au,Lg,
Ww Wa ot {requencles ( below THz.) and otatic disparities



( =10 to +70 min. arc), however, and does-not conclusively progve

dinearity. The moot that one can say is that the ellect ol frequency
upon depth perception dio different for crossed, uncrosded and 3ero

disparnities. This Lindling Ls consistent with Richards ( 1970; 1971)

hypothesis of three pools ol disparity detectors responding respect-
dvely o crossed, uncrossed and near-zers disparitied.

llone of the above conclusions 4o alfected by the dnter-
subject variability discussed in Section 3:1:4.

The olope of the low-frequency attenuation for 3ero static
dicparity was not always as dow as for oubject X.B. ( Fig.11 and
Fig.13). For tha subjecto tested,the olopes varled lbetween 0.46
dB/ootcwé and 18dB/octave. The reason {for this difference is not
known. Jt could have been due ito the amount of practise the subjects
had hadyor, nore Likely, it could have been due sinply 4o veal
dnter-subject varialbility. wha,teve)c the nreason, the ondy effect
this umwwm,wuummmwuwmm
difference Letween the stereoscopic and the binocular movement
detection cuwes becane significant.

76
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- Mm. Arc.

THRESHOLD

MOVEMENT DETECTION

FREQUENCY Hz.

Figure 18. The effect of satatic disparity upon movement detection
threshold for squarewave stimulation. The cuwes shown are for 3ero |
static disparity ( squares), +5 min. arc static disparity ( circles)
and =5 min. arc static disparity ( triangles). Uertical Lines show

+1 standard deviation. Sulbject X.B.. &€ach point is the mean of 10
settings. Both axes are logarithmic. .



3:2. Squarewave Movement Threohold.

In thie section the statement of a "odignificant diflerence”
| means that the probability that there is no eignificant difference
48 less than .05 using the Student's "i" test of osdignificance. This
teot was wsed odnce there was no evidence that the distribution of
the means was not normal ( see Fisher, 1963).

The attenuation in dB/octave ( where 20dB equals 10 times)
of any curve 4o the olope of the regresedon Line, Litted by the
method of deast osquares, through the experimental points whese
abacissae a/l.e. deso than 0.6Hz.. The turnover frequency ( 7 ) 0 the
{requency where the regressdion line intersects the horizontal Line
thiough the threshold mininun. |

3:2:1. The €LLect ol Static Disparity on Low-Freguency Th)uz/:h.old

714. 18 illustrates the effect of UaJupwq, the etimulation
frequency upon the movement detection threshold for three values of
static d,oopcvu/tt; ( 0; +5 and =5 min. arc) for 4@M XeB.o There
was no 4LM(‘.caJvt threshold increase at low ,!/Leq,wmu Lor
monocular-steresscopic otimulation ( womgﬂppcuw«uu 1, Stinulus

1 and Method 1) at zero otatic dieparity. On the other hand,thete
was a marked threshold increace at +5 min. arc static dicparity

( Fy equals 7.9H;.; attenuation equals 1.443/(;9@;(2) and also at
-5 min. arc atatic disparity ( 7, equals 3.213., attenuation equals
1.4dB/octave) 1&04. Low {uquu,w

?'o/z. ,bze,qu.en:,m above 2H3. there was no 44.9:u&ccant diflerence
bLetween any of these cuwwes. llelther was there any significant

ditlerence between the curves for sinewave and squarewave otimulation
( not illustrated).

7o¢‘l‘owmqumuu there was no significant difference
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between the threshold increades at +5 and =5 min. arc atatic

disparity. Furtherwmore, there was no significant difflerence between
the sdnewave and squarewave curves {.MQ 3er0 otatic d«wpa/u/w.

However, for +5 and -5 min. arc static disparity the oinewave and
squarewave curves differed markedly at low frequencies ( compare V\;GB
a and b and 7ig.18). '

ALL four subjects reported that for frequencies in excess
ol THz., oterecscopic stimuli which were only juet above thresholdd,
did not appear to move in depth although <ddeways movements were
cleardy visibde. This reoult agreed with subjective reports for
sinewave otimulation. However the osuljective appearance ol the
otimulus changed dramatically when dlarger otimulws movements
occuned ( oee Section 3:5:1).

Sinidar reoults were obtalned when a bar pattern ( Stimulie
2 ) replaced the random-doi pattern.

These results were conlirmed in a second oubject ( My.).
However, for two further oubjects ( J.B. and J.J.) the +5, 0 and
=5 min. arc otatic disparity cuwes were sinilar, as also were the
sinevave and equarewave curves £or 3ers otatic d»opa/wty ( not
dlustrated, see Section 3:2:2 below).

3:2:2. Ddoscussdon.

For oquarewave stimulationyas for sdnewave otimulation,

 changes in retinal dieparity had no effect upon movement detection
sensditivity for frequencies 4in exceds of 1Hz.. This adde additional
support to the euggestion that threshold curves above TH3. d«cd. not
descrile a dynamic property of slereoscopic depth perception.

For frequencies below THz., the é:g—{)zu;umcy. attenuation
for oquarewave otimulation was deds «tlumVoa; sdnewave stimulation.
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The reoults fLrom Section 3:71:2 ( Fig.l12) ouggeoted that the movement
sensitivity function wae tuned with respect to ostatic disparity.

These two results suggest that fLor oquarewave stimulation the tuning
would be broader than for sinewave oiimulation.

Two possdilbde reasons for these efflects aze, firotly that
oquarewaves can be thought of as leing made up by superposition of
several harmonically-related einewaves ( {fundamental plus harmonics)
and although the amplitudes of higher harmonics decrease progress-
dvely, even veryy low frequency squarewaves may have harmonice with
apprecialble amplitudes in the region of THze. The detection of low-
{requency squarewave movement could thus lbe thought ol as the
detection of only those hawmonice with frequencies near THz.. R
second and more likely reason lies inﬂueabmﬂnaﬂua_oﬁ«:&mdzu
movenents with squarewave stimulation. Rs frequency 4o decreasded, the
ondy change uu‘u be an dincrease dn the time between movements. The
novements themselves will remain the same, and hence their detect-
ability should aleo ( for 3ero otatic disparity). For extremely Low
Prequencies, however, it will be dmpososible to maintain accurate
Lixation ( the reason why the cuwes do not go below 0.THz.) o0 the

detectability will probably change.
' movement sensitivity function
The suggeoted baroadening of Uw)oé&bée-ééopwuy-wu
could be the reosult of either of the above effects in conjunction

with the sinewave movement sensitivity function ( Fig.12).

The oinilarity lLetween the dow-frequency attenuations for
crossed and uncrossed dieparities for dcw.aiwﬂa,ue,;s 40 consdstent
with Richardas' ( 1972) results. The uﬁﬂuence in the low-fLrequency
attenuations for sdnewave and oquarewave stimulation 4s aleo ’
conedlstent with Richards' ( 1972) results.
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Figure 19. Schematic diagram ildustrating the apparent motion of the stimulus. The

deft and right eyes ( shown only once for aimplicity) fixate the nonlous lines (n) at
the centre of the stimulus. The longer arvwow illustrates the Liret hall ol ithe
otimulus movement. There are ten otimulation conditions ( <see text). '
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PULSE  DURATION.  Millisec.

Figure 20. The effect of pulse duration and pulee direction upon
movement detection sensitivity for brief changes of disparity.

Movement detection sensitivity versus pulse duration is shown for

A disparity pulses and B sideways movement pulses. In all four

stimulation conditions ( N+ ( circles in'R), P+ ( triangles in A),

h+ﬁ§g@§w+ﬂg§§§@p%§5§
disparity was +%g.§ﬁ§§ogaﬁ\¢5¥§;§p. Each
point is the mean of 3 settings. Subject D.R.. Both axes are
dogahrithnic.
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3:3. Pulsed Movement Threohodd. .

The otinulation conditions were ao follows ( <ee Fig. 19).
The otimulus bar moved either towards ( positive pulse "Z’") or away
Lrom ( negative pulse "N") the osulject, and then returned to its
nitial posdtion. The initial position of the bar cowld either e
behind ( uncrossed static disparity "="), on ( zero oatatic disparity
"0") or in front of ( crossed otatic disparity "+") the Lixation
plane. This gave six experimental conditions ( P+, PO, P=, N+, NO
and N-).

In separate controld experiments the lLar moved elther io ithe
lett ( leptwards puloe "L") or to the right ( ug/»wm pulse "R")
and then returned to ite initial position. The dinitial position of
the bar could either be behind or dn front of the fixation plane,
giving four control conditions ( L+, L=, R+ and R-). In these control
experiments no dwzqwmmumw;wb&ty. occurred, and hence the
bar did not appear o move 4in depth.

In thise Seotéon, the attenuation in dB/oota.ue. of any curve 4o
the olope aﬁthe.umuwnm, L«Mzdbutlwmu‘!wd. ol least
squares through the experimental points whose abscissae are less
than 50 millisec. ( note that 20dB equale 10 timeo). The pulse
duration turnover point ( T,) Lo the pulee duration where the
regressdion Line intersects the horizontal line through Uze. senodltivity

naximumn.

3:3:1. The ELLects of Pulse Duration and Pulse Direction.

Fig. 20a dustrates the elfects of varying the pulse duratlion
and the pulse d,ue.oti.on upon the movement de,te.ouon sensdtiviyy for

brief ( puloed) changes of disparity. Apparatus 3, Stimulus b and
Method 3 were wied, and the subject was D.R..
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There was no change 4in movement detection sensitivily with
pulse duration for pulse durations longer than about 100 millisecs..
The movement detection sensitivity decreased, however, as the pulse
duration was decreased. This decrease in movement detection sensit-
ity diflered,for positive-going pulees ( P+ condition, T, equals
68 millisecs., attenuation equals 4.8dB/octave) and negative-godng
pWeA ( N+ condition, T, equals 70 nillisecs., attenuation equals
3.2dB/octave).

The subject could either have used changes in retinal
disparity, or movements of one oa loth retinal images, or both cueo
4o detect otimulus motion ( see Section 3:1:5). That the diflerence
between the attesuations for poeitive-going pulses and negative-
going pulses was related io changes in retinal disparity alone is
shown bc-; the control experiments of Fig. 200, In these e.xpezu:ﬂwvu‘
MW&WMMOW4G the etimulus did
not appear to move 4n depth. ?’qu.. 200 ohows that the effects of
varing the pulse duwwation and pulse direction upon movement
detection 4e.:wmuu‘4 for brief ( puloeed) addeways movements.
flppazza,tuaB; Stimulus b and Method 3 were wsed, and the subject was
DeRee

TMWahape of the curves was admilar to the shape of
the cuwes fLor d,(,opa/l,btl; pul,ou; However, the decrease in movement
detection wwuwm for short pulse durations wae sinilar for both
Leptwards ( L+ condition, T, equals 116 millisecs., attenuation
equals 4.2dBfoctave) and rightwarde pulses ( R+ condition, T, equals
124 mul,ww, attenuation equals 4.3dB/octave). This wéwm
Uw,tchangu mwmwMaJnnewmmpo@wu{_mm
d,q,mzrm in attenuation between positive- and M;;wuue-éom puloes
shown 4in 7414. 20a.

These Lindings were confirmed on one additional sulbject



Figure 21. The effect of static disparity upon movement detection
sensdtivity for briel changes of disparity. The curwes through the
squares ( upper left) are for positive pulses from a crossed static
disparity ( P+). The curves through the circles ( upper 2ight) are
Lor positive pulses either from an uncrosded static disparity ( P-)
or from 3ero otatic disparity ( P0). The cuwes through the iriang-
des ( dower left) are for negative pulses either from a crossed
static disparity ( N+) or from 3ero atatic disparity ( N0). The
curves through the inverted triangles ( lower right) are for
negative pulses from an uncrossed static disparity ( N-). The
numbers on the curves give the dnitial static disparity ( mins. arc)
of the otimulus bar. Each point is the mean of two settings. Subject

XeB.. Both axes are logarithmic.
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( X.B.) ( oee Fig. 21).

3:3:2. The ELfect of Static Disparity.

Fige 21 shows the movement detection sensitivity of subjfect
X.B. plotted verous the pulse duration for oir experimental condit-
dono ( P+, PO, P-, N+, NO and N-). The single PO cwwe has been
conbined with the three P- cuwes and the single N0 cutve with the
three N+ cwwes. Apparatus 3, Stimulus b and Method 3 were used.

Fige 21 shows that the three P+ cuwes were almoot identical
o the couéopand,inq M- cuwes. In other words,. similar poychophyedcal
reoults were obialned for all pulses directed away from the fixatlon
plane. ALL oix cuwes were sinllar o a dow-pass filter character-
dotic with a pulse duration turnover podint at about 110 nillisecs.
( P+4 equals 85, P+8 equals 120, P+12 equales 1710, N-4 equale 110,
N-8 equals 145 and N-12 equals 110 millisecs.). The Linal olope
approximated 7.2dB/octave ( P+4 equals 7.2, P+8 equalo 7.2, P+12
equals 8.4, N-4 equals 6.6, N-8 equals 6.7 and N-12 equals 6.8
dB/octave).

Sinllarly, the P- cuwes were almoost identical o the
corresponding N+ curwes. In other words, sdmilar po«;dwphw»tcal.
results were olbtained for all pulses directed towards the fixation
plane. Again, all oix cu/wu‘ showed a 2esponse simidar to that of a
Low-pass Lilter with a pulee duration tuwnover poiat at about 120
nillisecs. ( P-4 equals 115, P-8 equale 135, P-12 equals 125, N+
equale 115, N+8 equals 160 and N+12 equals 95 millicece.). The final
osdlope approximated 3.4dB/octave ( P-4 equale 3.0, P-8 equals 2.8,
P-12 equals3.2, N+é equals 4.0, N+8 equals 3.4 and N+12 equals 4.2
dB/ectave).

The Linal olopes for the P+ and N- awes diflered markedly
{rom the Linal olopes foa the P~ and N+ conditions. However, the



Figure 22. Control experiments for briel changes of disparity.
Movement detection sensitivity Lo plotted versus pulse duration Loa
three experimental conditions. The squares show senaitivity o
2ightwards pulses from a crossed static disparity ( R+). The circles
show sensitivity to lefiwards pulses from a crossed static disparity
( L+). The triangles show sensitivity to lefiwards pulses from an
uncrossed static disparity ( L=)e The otatic disparity wae 8 min. are.
€ach point ie the mean of two settings. Suliject X.B.. Both axes are
dogarithnic, :
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pulse duration turnover frequencies were noi maA.kedJ.z; diflerent.

This ouggests that the visual senoitivily was determined noit
by whether the pulse was directed towards or away from the eyes
(vee Section 3:3:1.), but by the direction of the pulse relative o
the fixation plane.

The curves for zero static disparity ( PO and RO); howevenr,
gove reoulto 4%ﬂta-the?—andﬂ+ curwes, not o the P+ and N~
cuwes as would )\ expected. The pulse duration turnover point wao
approxinately 100 nillisecs. ( PO equals 70, N0 equals 130 millisecs.)
and the final olope approximated 4.0dB/octave ( PO equals 4.2, NO
equals 3.9dB/ac,ta.be.). ’

Control experiments were carviied out to determine whether
these resulis were due to changes in retinal dlsparity alone o
whether auwa;,,o movenents of the retinal images contributed to the
reoults ( see Section 3:7:5.). In these experimentoyno changes dn
retinal disparity occurred oo that the otimulus did not appear io
move 4n depth.

7-(,‘4. 22 ohows movement detection 4en,ou‘,¢u44ty. plotted versus
pulse duration for L+ ( circles), L= (mmq,tg/:)‘md R+ ( osquares).
Apparatus 3; Stimulus b and Method 3 were uced, and the oubject was
X.B.. For each condition,the static daMpand;y. was & min. arc. A
cuwe drawn through the expmwva pointes would e similar 4in
shape to the cuwwes #GIL dAApMuU— puloes. The dzuwue in nwumn/t
dote,otwn sensitivity for ohort pulses was sinidar for all three
conditions ( Tt. equalse SO0 nillisecs., attenugtion equals 5.9
dB/octave). These results,thereforeysuggest that changes in aetinal
d,oopwu/tg were reoponoille for the differences between the ‘typu ol
curve n Fig. 21.

The/.»e 1Luuﬂnq/: wele conpwwd on one a.ddatwnu au,bgzct
( D.R.) wh.Me, sdlopes were 5.1dBfoctave ( away Lwm the plane),
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3.1dB/octave ( towards the plane) and 4.3dB/octave ( oideways
movemnent).

3:3:3. Diocusodon.

In no experiment was any displacement of the nonikus lines
associated with a otimulus movement. Since a change in convergence
of gome 0.5 min. arc could be detected with the noniyus lines, it io
unllkely that the findings were due io vergence eye movements (-Qze.
aleo Fig. 23).

The reoults shown in Fig. 20 - 22 ouggeoit that for pulse
durations ohorter than 110 millisecs. there was a progressdive
decrease in movement detection sensditivity. Figoe. 20 and 21 show
that this attenuation differed for different pulse directions. Fig.
21 shows that this attenuation also differdd for crossed and uncrossed
otatic disparities. That these differences were related io changes
muztmal.wpuuua,l,onz, 4o shown by the fact that there were no
differences for sideways movement stimulation ( oee Fig. 200 and
Fig. 22).

The anomalous 3ero static dAApaMtq. cuwwes can be explained
in one a{ wo_d,L{,,&M wa%w. There could have been some omall
dnetrumental exrvor ( leos than 0.5 min. a/&c.)‘and/oll. a omall Lixation
ertor. This explanation eeems unlikely because nonifus Lines were
used to aid p.xa/uon Thio zestricted fixation errors to dess than
about 6.5 min. arc ( gee Section 3:7:5.). MAM thwt these e)uwu
wmwwommmmdwmmmwwm, there io a
25 ,mwu,u,w that the WWOM 2esults could have been due to
this cause.

The second and moze dikely poaa»&b—u,bt;/, 46 that this anomaly
40 2eal. There 4o dindependent euidenceﬂwt}d,éopumu for targets
close to the Lixation plane are handled b;; a "pool" of d,wpa/uth
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Figure 23. Comparison between 0.1Hz. odnewave oscillations of
disparity and 1 second pulses of disparity. The continuous line o
the cuwwe for stereoscopic movement detection sensitivity versws
atatic disparity replotted from Fige 12. The circles show stereo-
scopic movement detection sensdtivity for 1 secand pulses derived
from Fige 21 for negative-going pulses. The squares show sinilar
results for positive-going pulses of disparity. Subgfect X.8B..
Owdinates are logarithmic, abscissae are linear.
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Figure 24. The effect of frequency upon ';tha perceived cscillation

anplitude ( matched depth) for suprathresholdd sinewave otimulation.
A - crossed disparity. B - uncrossed dioparity. The nunbers on the
cuwes give the otatic disparity ( mins. arc) of the comparison lar
10 which the cscillation amplitude was matched. Each podnt is the

mean of. 5 settings. Sulject X.B.. Both axes are logarithmic.
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Tigure 25. fMatched depth versus stimulation frequency for sinewave

stimulation for crossed and uncrossed disparities. The points are

derived from Fig. 24 plus some additional results. The asymptotic
 slopes of the curwes Lor crossed and uncrossed dioparities are
shown. The numbers on the curwes /Le,ﬁu to the matched oscillation

anplitude of the moving bar ( in mins. arc)e A - crossed disparity.

B - uncrossed disparity. €ach point is the mean of 5 readings.
Subject T.J.. Both axes are logarithmic.

¢ s St o - et i e e e 4 1 st e P —— U U

€b



3:4. Sinewave [Matched Depth.

[ —

(whor 2048 sqpade VOin)
The Liniting odope in dB/oota.ueLa,C any cuwe 46 the odope

of the line jodning the two experimental points with the higheot
frequencies. The tutnover frequency ( F,) 4o the frequency where
this Line intersects the horizontal line through the point where the

trequency io lowest ( 0.THz.)e

3:4:1. "Normal” Subjects.

Fige 24 illuotrates the eflect of UMyAAg. the ostimulation
£requency upon the perceived oscillation amplitude ( matched depth)
Lor sinewave stimulation. Apparatus 2, Stimulus 3 and Method 2 were
Woed. The subject was X.B..

There was no increase in low-frequency oscillation amplitude
under matched depth conditions,for either crossed or uncrossed
disparities ( compare with Section 3:1). |

There was a oteep high-frequency increaseyunder matched
depth conditions,for both crossed and uncrossed disparities, and
for all matched depths An the range 2.5 20 20 min. arc. Under no
conditions w@dam@dwddepﬁo@t&mbem{aamm in
excess of 5Hz.. The turnover {)Leq:mom for crossed wPaJLLuu
were 2.8#3. ( at 2.5 min. arc), 1.7H3. ( at 5 min. arc), 1.5H3.

( at 10 nin. arc) and 0.9Hz. ( at 20 min. arc). For uncrosced
disparities the twmouu frequencies were 3.4#z. (et 2.5 min. arc),
2.343. ( at 5 min. arc), 2.3Hz. (et 10 min. arc) and T.6Hz. ( at
20 min. arc). The olopes of the curwwes could not be acunwtuq.
obtained becauseyat high frequenciesybinocular lwawn. broke down due
X0 the n.emaau,b;; J,a/Lqe oscillations of disparity.

In Fig. 25, data sinilar to that shown in Fig. 24 are
erLausz4uchawaq.utomphMMzmeMuwceb@twm
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Figure 26. As Fig. 24 but for subject J.B..
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crossed and uncrosced disparities. Each of the _Cll)L__l_I_e__A_ in plots

such as Fig. 24 are tranoformed into a horizontal eet of points dn
plots such ao Fig. 25. Fig. 25 shows perceived depth plotted Lo
different values of cecillation anplitude ( as compared io Fige 24
which oshows the cscillation amplitude necessaruy for diflerent values
of matched depth to le perceived). The oubject was J.J..

The perceived depth of a sinewave cocillation of constant
anplitude decreased rapidly as frequency was increased for both
crossed and uncrossed disparitied. For all three subjects the
decrease was more rapid for uncrossed than for crossed disparities.
The liniting slopes for crossed dieparities wm.30 ( X.B.), 18
( 7.7.) and 20dB/octave ( Mlafs); for uncrossed dieparitico they
were 36 ( X.B.), 46 ( J.1.) and 38 ( M.y.). For one subject, the
diflerence dn the éLope,o for crossed and uncrodsed disparities was
as darge as 2.5:7.

It was clear from these reoulds «th, unlike threoholdd
experinents, natched depth experiments did not show a decrease. in
aefmatww at low frequencles.

Sulqle,oto‘m not see oscillations dn depth when the otimulus
{quuencqexceede,d 5Hz. no matter how large the otimulie oscillation
anplitude. Senoitivity -ta oscillations 4in de.pﬂz decreased rapidly
above albout 2Hz.. TIpLo decrease An 4e¢wbuuou;. wgliwmvt Lor
crossed and uncrossed disparities; in all subjects, the decrease was
moxre. prut for uncrossed dAApMU?A

Similar reoults were obitained for three 4ub4zoto ( X.B.,
2.7. andfl.y.). A fourth subject ( 1.B.) gave anomolous results
( see Section 3:4:2).

3:4:2. A "S«touaanomaLaua" Su,bgae,ot

744. 26 ilustrates the eﬁ[zot o{. ua)zq,mq the etimulation

14
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Figure 27. As Fig. 12 but for subject J.B.. The cuwes fox monoc~
war-stereoscopic stimdation and for binocular stimulation are
os&@&. ,



| frequency upon the perceived ocscillation amplitude ( matched depth)
for sinewave etimulation, for subject J.B.. Apparatus 2, Stimulus
3 and Method 2 were used.

Her reoults for crossed disparities ( Fig. 26a) were sinilar
40 those Lor the other three oubjects ( Flg. 24a). However, fox
uncrossed disparitiesyondy her MM for 2.5 and =5 min. arc were
simidlar to those of other oubjects. Her reoults for =10 and -20 min.
are were ivegular, dinconsiotent and showed no oystematic variation
with frequency. The settings were as if the subject was merely
"quesosding” the matched depth setting. Her eubjective report
confirmed this. There was no appearance of depth for otimuli moving
more than 5 min. arc behind the {Lixation plane.

An error 4in convergence would be the moot Likely explanation
for this "anomedows" failure of osubfect l.B.'s depth perception {or

uncrodsed disparitico more than 5 min. arc behind the Lixation plane,
together with her "noamal" depth perception for other disparities. In

order to account for these resulis, an erior dn convergence greater
than 15 min. arc ( that 46 20 min. arc minus 5 min. arc) would be
required. This uiwu.ld seen .t.a be uded out by the resulds shown 4in
Fig. 27.

742;. 27 4.,4 a plot of movement detection sencdtivity verous
stinulis dietance from the &an«twn plane ( etatic disparity) for
oubject 7.8.. Apparatus 3, Stimulus 5 and Method 1 were used. The
4W of ath,e steresocopic cuwe aboutl zero static disparity
showoe that a.n.g, conuuwwe error was unlikedy to have exceeded 2.5
min. a/Lc(.ae,e,Se,ouaM312dnd375, cuui'fq. 12)

This Auq,q,e,ou that the "anomulous" results of oubm J.B.
were due to some error in the p)wce/.vu’.ng ol uncrossed cLLopa/wtg,
Anformation.,

98
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3:4:3. Discusaione

The results for suprathreshold sdnewave stimulation diflered
fron the results for threoshold otimulation,at low frequencies. For
suprathreshold otimulationythere was no low-frequency atienuation.
This data b inconsdstent with Richarde' ( 1972) Linding of low-
Lrequency attenuation Un sinewave matched depth experiments.
Howery, his Linding relates only to disparities exceeding 30 min.
arc. In the experiments reported abovesthe largest disparity was
20 min. arc. For dioparities dess than 30 min. arc, Richards aleo
finds no low-Lrequency attenuations

The tinding that sensditivity to cscillations 4in depth
decreased rapidly above about 2H3e, addo oupport to the find-
dnge of Section 3:1 that,above THz., disparity cues had no effect
upon the detection of movement {in depth.

The Lmqu of a hiqh-{/wquena;: diflerence din sensitivity
for crwssed and uncrossed disparities, adds support o the Linding
of Section 3:1 that the effect of {requency upon depth perception
4o different Lor crossed and uncrossed disparities. This finding Lo
consdstent with udmd«o' ( 1970,1971) ouggestion that crossed and
uncrossed d/wpa/tuy detectors are owanued into 4apua,te pools.

Richards ( 1970,1971) has reported the existence of
"anomaloue” binocular depth perception, which he attriluted o the
functional a,bxac.e:we, ol one or :rw/w of the three hupotfwuca,l. poads
of disparity detectors. The "a:wmkguwo" nesults for subject J.B.
could be explained aLan.q, these lines as a selective loss of the
u.rmuae.d.. disparity detector pood. ikhar o

The finding that J.B. showed \ ouprathrechold nor threshold
cmomal.q. for wzowaaed disparities up to 5 m«('n. arc A@M
"sparing" of disparity detectors close o w_ Hixation plane. This
would be consistent with Richards' ( 7970 1971) euggestion that
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disparity detectors near the fixation plane form a separate pool.



Min. Arc.

OSCILLATION AMPLITUDE

g0

40

20

10

25

SQUAREWAVE STIMULATION

SQUAREWAVE STIMULATION

H a -
= CROSSED DISPARITY ; UNCROSSED DISPARITY
/ E 20 -/\
i 20 \ i _ _7\...._—-
10 —.
10 -__ / ---'-——-.
5 / \ 5 " /‘.\"—'.._':
2-5 / 2'5 4 )
P~ 1 [} 1 ¥ 91 | ] ol 1 1 ‘ ] 1
0-1 02 04 0-8 16 32 6-4 0-1 02 04 0.8 16
Hz.

FREQUENCY

Figure 28. Ao Fige 2% but for equarewave stimulation. Subject X.B..

lot



102

3:5. Squarewave Matched Depth.

3:5:7. The ELfect ol Frequency.

Fig. 28 illustrates the effect of varying the stimulation
trequency upon the percelved oscillation amplitude ( matched depth)
foa squarewave stimulation. Apparatus A, Stimulus 3 and Method 2
were uwsed. The subject wao X.B..

Like sinewave otimulation, there was no dlow-Lrequency
dncrease dn oscillation amplitude under matched depth conditions Loz
either crossed or uncrossed disparities ( see Section 3:4:1).

Unlike odinewave ostimulation, there was no steep high-frequency
dncrease under matched depth conditions for either crossed or
uncrodssed d«wpwwuu ( compare Fig. 24 with Fig. 28). There was,
however, a olight increase up to about 3Hz. for Loth crossed and
uncrossed disparities. Juost above 3H3z. there was an abrupt increase
An sensdtivity to alnost the Low-{zze.qu.e.n&; devels The percelved
cacillation qmp,LLwd.e, did not um with ,quzwwq, above this
d—t',oc.onu:u»w.

The discontinuity lbecame onoothed out in the curves of Fig.

28 fon iwo neasons. Firetly, the frequency at which the discontinulty -
occurred was not constant ( for e.xamplz.‘ it varied over the range

2.8Hz. u 3 4Hz. for oubglact XeB. for 10 min. arc crossed disparity).
Second,w Mwa,oa.hy/:te/buu efiect. axpwﬂmx.uu,wm

which frequency was gradually Wed, gave consistently higher
mmmyamwmmmgummuqumwwu
decreased. /th!wugh these variatione were .omau, Uw; were sufficlent
4to <mooth Uvz discontinuities in the averaged results.

-

Thmwmapucammmzqzmmappmoﬁm
stimudue which was always codncident with this discontinuity. For
wmqmw,momuuwamomuaommbmabwp&w
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moving from in freont of the fLixation plane io lehind the fixation
plane. Rlove the discontinuity, the stimulus appearance c.lwm.q.e.d, to
that of two stationary bars, one in fronk of, the other behind
the plane of fLixation. Altering the oscillation amplitude, altered
the distance of the lars from the fixation plane. Consequently,
matched depth settings were easily made at these high stimulation
frequencies. For aJ,L'-owl:\W and for a,u.v conditione, thie change
in appearance of the otimuwlus coincided with the discontinuity in
matched depth sensitivity.

Each individual trial for oquarewave otimulation closely
followed the resulls for oinewave matched depth otimulation up o
the discontinuity. "

Themean{)ceqwmq.wtwh&ch«the,d,&ocawvum occurred was
the same £or all crossed dieparities ( 3.7Hz. for subject X.B.),
and also for all uncrossed dA/Jpa)bthEA ( 2.6Hz. for subject X.B.).
Although the frequencies wthdLULedAACOWW occurred
varied from 4ub;£eot to subject, the m44ed-¢am discontinulty
was a,lwa,y,o uaowmwwuwmmmouMw-
chpa)u.aty, d,Locanunuuy. ( Student's "t" test, probability greater
than .99).

Th,e, matched depth amplitudes set above M.e. discontinuity were
ouqh/bwug!mmmwnpuwdu det at very Low {requencies. This
was possildy due to a olight "blurring" of the etimulus ( when
doubled) due to the etimulus being 4in each positlon for ondy. 50%
of the tine. ( Juless ( 1961,1965) has reported that depth sensations
can be elicited In.; viewing .twa stationary patterns, one of which 4o
sharp and the other optically blurred.)

/lppwza/uwl,tm,ta/u,om pe/urwt/tedoquawmue{/cequenw up o
on,Lu 203 to be generated. However, it seems Likely that the
doulbling of the stimulus continues upuuwepumwmm.
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These results were confirmed in a second subject ( M.Y.).
Results forn crossed disparities for a third sulbject (J.8.) were
‘also admilar. |

3:5:2. Discussdion.

The results for ouprathreshold oquarewave ostimulation
diflered from the results for threshold oquarewave stimulation at
dow frequencies ( oee also the results for sinewave stimulation).
For suprathieshold stimulation there was no low-frequency attenuation.
This data is consistent with Richards' (1972) Linding of no low-
frequency attenuation for squarewaved.

The results for squarewaves ( Fig. 28) paralleled the resulte
Lor sinewaves ( Fig. 24) in matched depth experiments for frequencies
up to about 3Hz..

The pay.dw;:}w,ow discontinuity at about 3Hz. exactly
paralleled a perceptual dwweiintlwappmafwe ol the otimulus.
Th.e{zueqwanc&wtwhidmﬂulo discontinuity occuried was different fLox
crossed and uncrossed disparities. This Linding 4o consistent with
Richards' ( '7970; 1971) hypothesis that crossed and uncrossed
dAApa/u/tg. detectors are organised into deparate poods.

Thm 4o p/wba,bQ a causal relatlonshAp beuueen the
poychophysical discontinuity and the sulbijective chanqe. Ain the
appearance of the otimulus. Below the discontinuity, movement of
the stimulus generated an illusion of motion dn depth. This can le
Likened 4o an analog in the depth  dimensdon of the well
known phi phenomenon. There are only wo possille otimulus positions
( oee Appendix 1) at any given oecillation amplitude Lo squarewave
stinulation ( unlike sdinewave ostimulation where an infinite number
of etimulus positions can occur). For low stinulation frequencies,
the etimulus bar would appear to "jump" from one position io ,f_h,e_



other and back again ( compare with the phi phenomenocn), and thus
wauld appear as a single ( moving) bLar. The discontinuity would
be, therelore, the point at which this illuwsion of motion broke
down ( about 3Hz.)s This io oupported by the fact that the {requency
at which the discontinuity occurred, Ua/béedau,qjvtLy,{)Lamonzumto
the next; mf&mmmwmu occurred around the point of
discontinuity.

When the ilduocion of apparent motion broke down, two
( stationary) lLare were seen, "appearing” and"disappearing" in both
of the two podssdible ostimulis positions. In thie "doubled" condition,
both bars appeared Llurred and of somewhat lower contrast than when
ondy one bar was seen. The lower contrast would be due o the
stimulus bar occupying each position for ondy hall the time.

Side to side otimulis movements should also show a discontin-
uwity when the phi phenomenon for sideways movement breaks down. Thie
discontinuity was subjectively obserwed, but since it occurred at a
much higher trequency ( about 20Hz.) than for movement in depth,'a
quantitative investigation could not le carried out ( due o

abbackins Linitations).

\0s



PULSE  DURATION. Millisec.

Figure 29. Suprathreshold data. Pulse cscillation Sgg&a versws
pulse &:\S\,Y.\o: under four experimental conditions. The curves
thiough the squares ( upper left) are {for positive pulses from 3ero
L0 a crossed static disparity ( P+)e The cuwes thiough the circles
( upper right) are for positive pulses from an uncrossed to 3ers
static disparity ( P-)e The curves through the triangles ( Lower
deft) are for negative pulses from a crossed o zero static

. disparity ( N£). The curves through the inverted triangles ( dower

\t.‘.ivﬁ are for negative pulses from 3ero to an uncrossed siatic
disparity ( N-). The nunbers on the curves give the atatic disparity
( min. arc) of the gﬁbn\gop. bar Lron which or to which the pulse
‘anplitude was matched. Each point 49 the mean o.% dwo seltings.
Subject X.B..
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3:6. Matched Depth Lor Pulses.

(\ch. 2038 W \Q‘\Tm\u)
In this section, the attenuation in dB/oc-taveXoﬁ any cuwe

4o the olope of the zegression line, fitted by eye, through the
five experimental points with the shorteost pulse durations. The
Wedumuonuwwumpom(Tt) o the pulse duration where the
regresoion dne intersects the horizontal line through the sensdtivity
mlnimumn. |

A description of the experimental conditions ( P+,P=,N+ and
N-) can be {ound at the leginning of Sectlon 3:3.

3:6:7. Reoults.

Fige 29 ohows visual sensitivity for ouprathreshold ( matched
depth) stimulation as a function of pulse duration for subject X.B..
Apparatus 3; Stinulus b and Method 3 were used. The pulse cscillation
amplitudes necessary for the bar to appear to move .th/wu.gh. a preset
dupa/bu:g are plotted versus pulse duration pa four experimental
conditions ( P+,P-;IZ+ and N-). For P+ and M-, the 2ight hand bar was
uu/ua,bu/,a,tgua 4t@¢£¢d4’4pMandmouedwa;.{)mewﬁxa/uon
plane. For }’-an.dn+', the right hand bar wae dnitially at eome preset
static d,IApmy, and moved to the plane of fixation.

74’4. 29 shows that, as for threshold stimulation ( Fig.21),
the three P+ cuwwes were simidar 4o mwwmm - cwwes.s ALL
odxX cuwes were oimidar to a dlow-pass Lilter dmaotw,ou,c
The apparatus used did not allow excursions of disparity mgu_ than
30 nin. arc to be qenua/ted. Neither the turnover point nor the
Linal olope of these cuweo could, therefore, be eotimated,due to
dack of 4u4LL<.u,ert data pouvto

Tu,z. 29 also shows that, as for threshold otinulation ( ¥ig.
21), the three P- curwes were aimilar 4o the c.oue,opaluung N+ curves,



RUL six cuwes were similar o a low-pass Lilter characteristic with
a pulse duration turnover point at about 120 millisecs. and a Linal
odope approximating 6.4dB/octave.

It 4o clear that the curwes for the P+ and N- conditions

dea/ckeu@{/wmthzauwuﬁalctth-andn+condiLLOM. In

other words, all peychophysical results oliained for pulses directed
wn o eamadeor

W
away fron the fixation plane differed)\fron all poychophysical results
obtained for pulses directed towards the fixation plane ( compare
with Section 3:3:2).

3:6:2. Discwsedon.

There was an dincreade 4in matched depth oscillation amplitude
for pulse durations shorter than about 120 millisecs. ( Fig. 29).
This dncrease differed for different pulse directions and for
crossed and uncrossed dicparities ( compare with Section 3:3:3).
This suggests that the natched depth ou@uww was determinedynot
by whether the pulse was directed towards ox awaq, trom the eyes, lLut
by the direction of the pulee 2elative to the fixation plane.

These onwbto, toW with the results for threshold
oumul.auan; suggest that inferwmation that a target's dAApr; has
changedyis handled differently when the target’s movement ie directed
away {from the Lixation plane than when it is directed towards the
plane.

This finding 4o conslotent with Richarde' hypotheois of
separate pools for crossed and uncrodsed d,Lopa/wtg detectors
( Richards, 1970,1971; Regan and Beverley, 1973f). Howwa,atlwe
zesulto 4uq,q,uttha,twcho1£thuepoobo hao at least two
functionally distinct parts. One part would be 4@Lectwel.q, sensdiive
1o movement directed away from the {fixation plane, and the other
part would be sensitive to movement directed towards the Lixation

103
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plane.

IL the Lirst hall of the pulse either attenuates or enhances
dhe response to the second hall of the pulse, and if the dynanmic
characteristics of the newral mechaniome that process dioparity
changes differ, for movements directed towards or away from the
{fixation plane, then the efflect of pulse direction could le bun,du-
stood. Such directional asymmetry of binscular depth mechaniome would
e coneiotent with uzdependen/t poychophysical ( Beverley and Regan,
1973A,7973B; Regan and Beverley, 1973C) and electrophysiological
( Regan and Beverley, 1974H) evidence for disparity-sensitive
mechanioms "tuned” to the direction of movement in depth. Furthewmore,
neuwrones whose properties ouggeot that they might signal the direction
ol motion in depth have recently leen found in cat ( Pettigrew, 1973)
and monkey ( Zeki, personal communication).

This splitting of dA,apuLtq. poods would noit e apparent when
wodng sinewave or squarewave otimulation ( e.g. Richards, 1972;
Regan and Beverley, 1973A; Sections 3:7,3:2, 3:4 and 3:5) since
these stinuli have no left-to-right asymnetry.



3:7. Summary.

Section 3:1 shows that changes 4in retinal disparity had no

eflect upon movement detection sensitivity for sinewave ostimulation
at frequencies above THz. ( Fig. 11 and Fig. 13). Movement could not
be seen at all for Lrequencles above 30Hz.s For sdinewave otimwlation
at Lrequencies below TH3. changes dn retinal disparity enhanced
movement detection sensitivity, but ondy for otimulli whose mean
disparitics were less than 5 min. arc from the Lixation plane ( Fig.
12 and Fig. 13). For otinuli with mean disparitics more than 10 min.
arc from the fixation plane, dioparity cues reduced movement
senoditivity. This may explain Tyler's ( 1971) Linding that
otereoscopic movement sensdtivity was less than monscular movement
sensdtivity. This Linding means that precise control of {ixation 4s
of central dmportance An any experiment on stereopsdis.

For Lrequencies below THz., the eflect of frequency upon
stereoscopic movement perception was different for crossed, uncrodsed
and 3ero dicparities ( Fig. 13). This i consistent with Richarde!
hypothesis that there are three pools of disparity detectors |
responding respectively to crossed, uncrosced and near-3ero
disparities. ‘

Although there were large,quantitative,inter-subject difler-
ences dn the abiove results ( Fige 14), qualitatively the results
were sinilar. fone of the varlables tested caused significant
intra-oubject differences ( Figoe 15 = 17).

Section 3:2 ohowo that the results for osquarewave stimulation
provide additional support to the concluedlons laced on sinewave
stinulation. A diflerence letween sinewave and squarewave stimulation
was that low-Lrequency ( dess anwgﬂ;.) attenuation for oquarewave
stinulation was olightly less athanx#ozt sinewave stimulation ( Fig.18).

"o
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depth perception which he attrlilutes to the functional abedence of
one or more disparity pools. One sulject showed an abnormality in
her auprathresholdd reoults for uncrossed dioparities greater than 5
mine. arc ( Fig. 26). Her reoults for other disparities were no/uﬁl..
There was no major error in her tixation ( Fig. 27). Her resulto
could thus lbe explained in tewms of an MAWW the uncrossed
pool of dieparity detectors.

Section 3:5 shows that sensitivity to suprathresholdd ( matched

depth) oquarewave stimulation was oimidar to sensitivity to sdnewave
otimulationelow about 3Hz. ( Fige 28). However, at about 3Hj.

there was an abrupt increasde in sensitivity for osquarewave stimulation
( discontinuity). Above thie diecontinuity, perceived oscillation
mWMmtumwuhmqmupaml»thutMM
tested ( 20H3.). The appearance of the stimulus also changed

abruptly at the discontinuliy. The appearance of a single bar
moving 0 and fro in depth changed to an appearance of iwo otatlonary
barse

The Lllusdon of a single bar moving 4in depth can e Likened
to an analog, 4in the depth dimension, of the phli phenomenon. The
dlscontinulity corresponds to the point where this dusion breaks
down. R prediction that side o sdde stimulus ocscillations should
also show a discontinuity when the phl phenomenon for sideways
movements breaks downywas qualitatively confirmed.

The discontinuities for crossed and uncrossed disparities
occurred at dilferent frequencies, meeuwm{oz
Richards' pool theory.

Sectlon 3:6 shows that the results for suprathreshold
( matched depth) atimlation for pulses add further
evidence o the results for threshold pulse atimulation
( compare Fig. 21 with Fig. 29).




4/ THE DJISSOCIATION OF SIDEDAYS MOVEMEITS FROM _MOUEMENTS JIn

DEPTH.

Throughout this chapterythe following terminology will be
used, TLLo«thl/wqqency,oﬁMoLLLazuonoﬁﬂwamwu seen by the
deft eye. 7&Mmmm¢o{ooomona#m4mw“4mby,
the right eye. DF Lo the frequency difference letween the left and
2ight eyes’ otimulus oscillations and e independent of loth ¥, and
F,e Since ¥, wae alwaye greater than 7,, A?=7‘L-T¢.A?Lom
Lrequency with which the amplitude of oocillations din depth wax and
wane. Sideways ocscillations of the fused otimulus occur at a
Lrequency F which is the lower of the two frequencies seen by the
Leumtdugh«tey,u.7=?'£u:uz{ou.

For all experiments descriled dn this chapter, Rpparatus 3,
Stinulus & and Method & were wsed.

4:10 Introduction.

A major problen in investigating the dynamics of eteresscopic
depth perception 4o the fact that changes mwmmmaum
the movement of one or both retinal dmages. In threshold studies the
problen Lo particularly difpicult as it is difpicult to be certain
whether the osubject is usdng olerecscopic cues, or cued related to
the sideways movement of the otimulus on the two retinae, or both. |
Jt 4o posedille io overcome this prollen to some extent by weing only
suprathreshold depth judgements ( e.g. Richards, 1972; Regan and

"3
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Beverley, 1973A; Sections 3:4, 3:5 and 3:6). However it io uncertain
whether results {rom matched depth experiments can le exirapolated
X0 threshold. What is required is a method for distinguishing between
the effects of changes 4in retinal disparity, and the elfects ol
sddeways movements on the two retinae. One method of making thie
discrimination, 40 as to allow sterecscopic threshold to be measured
dndependently of sideways movemento, 4is desciiled lelow.

Uheatotone ( 1838,1852) has shown that retinal disparity cues
alone are sulficient to produce a sensation of depth. Two stimulld
may therefore le presented, one to each eye, in such a manner that
when fused, one area of the stimulus pattern appears at a different
depth to the remainder. If the retinal disparity 4s rhythmically
changed, one area ( e.g. the centre) of such a stimulus can be made
to appear to cecillate in depth ( e.g. Regan and Spekreljse, 1970).
However, the frequency of movement 4n depth Lo M.e{ocme, as the
frequency of sddeways movement on the itwo retinae, and 4t ie thus
ditlicult to distinguish lbetween sdideways and depth movements,
particulardly near threshold. This confusion of sideways movement and
movement in depth occwiys dargely because the iwo movements p/wdtwe
qualitatively similar sensations near threchold. Jt is not necessary,
however, that cscillations in depth and sideways cscillations should
have the ¢ame frequency. I£ they have different frequencies the
4w¢amuemupma@m¢qumuamudammh
between sddeways and depth osclllations near threshold. A sdngle
stimulis pattern can be made to cscillate in depth al a frequency
which 48 different fron the frequency of dts odde o oide oscillat-
don. One way of creating this Lllusion is ao follows.

The atimulis pattern seen by the left eye 46 made 4o

ooaummnamuomuommw(u), and the pattern
seen by the right eye is made to oscillate Prom eide o oide at a
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alightly ditferent frequency ( 7,). Provided that fusion can be
maintained, a otimulus is generated in which the frequencies of
sideways oocillation on the two retinge ( ¥, and 7,) are different
from the frequency at which the subject sees ogscillations in depth
(A?H?L-’i)b). IL the fLrequency difference AF is omall compared
with F, ( and 74,)' the amplitude of the stimulus's apparent
oscillations in depth waxes and wanes AF times per second. Neither
F, nor 7, need le zelated to A¥, 00 that cscildations in depth can
be dissociated from sddeways ocscillations at threshold by the
difference in {Lrequency. Furthewnore, the. frequency of cecilldation
in depth can be altered independently of the frequencies of
sddewaypo movement on the two retinae, thue the two threshold
functions can be independently measured.

It should le emphasised that under all stimulation conditions

both dleft and right eyes view uwwarying sdinewave ( or osquarewave)
otimulus oscillations. '

A complete description of actual and apparent stimulis
movenents 4o gilven din Appendix 4 {for sinewave cscillatione and in
Appendix 5 fLor squarewave ococillations.
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Figure 30. Udloual sensitivity for movements dn depth for squarewave
oscillations of the stimulus targets. Threoshalds for depth movemento

- ( mins. arc) are plotted versus the otimulus osclllation Lrequency

AF ( in Hz.) for F equals 0.5, 2, 4, 5 and 6.5Hz.. Sulject X.B..
Both axes are logarithmic.
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Figure 31. Udsual sensitivity for movements in depth for squarewave
oscillations of the stimulus targets. Thresholds for depth mavements
( nins. arc) are plotted versus the stimulus oscillation frequency

F (dn H3.) for AF equale 0.5, 2, 4 and 5Hz.. Subject X.B.. Both axes
are logarithmic. )
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Figure 32, Udeual sensitivity for movements in depth for squarewave.

ogscillations of the stimulis targets. The threshold measuremento

#ron Figs. 30 and 37 plus additional data are replotted versus (F +
67). ' |
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the fact that F+\F was the frequency of otimulation of the right eye
ds divelevant. The{aotﬂwt?+&?waolﬂw%{/zequg.p«mm,
however, may le of somewhat more importance.

The foam of the retinal dispardity {function with time is shown
in Appendix 5. Jt is notable that only three discrete values of
disparity are poseille, and that the maximum "dwell time" at any
one disparity 48 1/( F+0F) seconds. The importance of the parameter
FHAF now becomes obviows. To a Lirst approximation, the threshold
for squarewave movement in depth can e descriled entirely in terms
ol a "dwell time" equal to 1/(7+AF) seconds. As the maximumn otimulis
"dywell time" Lo increased, depth threshold falls. The slope io
approximately 6dB/octave. This relationship fails at a "dwell time”
of approximately 500 millisecs., which implies that somewhere in the
steresscopic viosual oystem there are newwal mechanioms which
integrate dieparity Anformation over time.

. This 500 millisec. integration time is conedderally ..Longu
than the integration time for light intensity ( 60-100 millisecs.,
Bloch, 1885) and even donger than the dintegration time for wavelength
changes ( 150-300 millisecs., Regan and Tyler, 1971) or visual taske
( 200-350 nillisecs., Xahneman and Norman, 1964).

{Z20
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4:3, Sdnewave Stimulation.

$:3:7. Reoulis.

Fig. 33a (upper) is a plot of threshold for perception of
movenent in depth ( ordinate) versus BNF ( abscissea), for a value of
F of 0.2H3zes The Ligure olwwov that poychophysical sensitivity for the
perception of movement in depth ( depth movement sensitivity) fell
osharply as NF was increased to roughly 2H3.. When DF was increased
beyond 2H3., the appearance of the otimulus altered surprisingly. IL
the night eye was closed, the deft eye's otimulus appeared o Le
oscillating at FHz., however , if the left eye was closed, the right
eye's otimulus appeared stationary, though blurred.

dnstead of an oecillation in depth at frequency AFHz. ( e. Ge
at 4Hz.), the bLinocuwlarly-fused otimulis appeared to move slowly 4in
depth at frequency FHz. ( here 0.2H3.). ( Juleaz (1967,7965) haso
" neported that depth sensations can le elicited by viewing two
stationaryy patterns, one of which ie sharp and the other optically
blurred.) The chuJ_a/wa-Med otimulus appeared o move aLang. a
ostraight line directed towards the right eye. Within the limits of
experimental error, depm‘rrwuemem‘. sensdtivity was now dindependent
of {requency OF up to the highest frequency etudied ( 20Hz.). This
was terned "depth reglon an,

?’4‘4. 33a (lower) ohows the percentage of readinge #a/:. which
depth c.awl.d.Xbe. perceived ( ordinate) plotted as a histogran veMM
OF. For F=0.2H3., depth was seen in all cases. |

Fige 33U shows the results for F=0.8H3.. Depth movement
sensliivity decreased oharply as AF was increased o roughly 3Hz..
However, as AF was dincreased bel,/«Ond 4Hz., depth movement sensitivity
dncreased sharply. Beyond 6Hz., depth region 2 set in and depth
movement sencitivity becane dindependent of NF. Fig. 330 (Lower)
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shows that for frequencies letween 2Hz. and V6H3.., depth could not
be perceived at all in some percentage of trials.

| Fige 33c ohows the results for F=1.4Hz.. Depth movement
densitivity decreased sharply as A?l was dncreased ata.uuqlu.y. 3Hz..
For AF Letween 3Hz. and 7Hz., movements in depth were never seen, no
matter how large the cscillation amplitude. Beyond 7Hz., depth could
again be secen as depth zegion 2 set in. Between 7#z. and 20H3., depth
movement sensitivity was independent of AF.

.74'4. 33d chows the results for F=2.2H3.. The region where
depth wae never vieible had increased, and extended from 1.8Hz. to
10H;.'. The negions of normal eterecscopic depth perception and depth
region 2 had decreased.

Fig. 33e ohows the reoults for F=3.0Hz.. The region where
depth was never visible had increased, and extended from 0.3Hz. 4o
14Hz.. The reglons of normal osterecscopic depth percepllon and depth
region 2 had further decreased.

For Lrequency F less than 3Hz., depth was woually vieille
Lor oome values of AFe For frequency ¥ greater than 3Hz., depth wM
never vieible for frequencies of AF in the zange 0.7 = 20Hz. ( the
Limits of the apparatus).

Jt 4o clear that the cuwes chown 4n Fig. 33 have three
distinet 2egions.

For Low prequencies of DNF ( leas than 2 = 3Hz.), depth
movement sensitivity was ostrongly dependent on both ¥ and AF. Depth
movement oensitivity decreased when either F or OF was increased in
. {requency. Subfectively, the otimulus appeared to move 4in depth
along a roughly elliptical path. Large depth excursions were vieible,
decrensing as elther F or AF were dncreased in frequency. Considerable
sideways movements of the stimulus could be seen in elther eye. In
this region depth was <een on Ma.otcca,l,u* 100% of trials.
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For medium frequencies of AF ( 1 = 10H3. dependent on 7),
densdtivity to changes 4in depth was low or dnapprecialble. The range
of frequencies of AF over which depth could never e seen dincreased
as F dncreased. Subjfectively the depth impressdion wae very poor and
was ondy viedlle over a limited range of ostimulus oscillation
anplitudes. Frequently the impreossion of depth was completely alisent.
Consideralde sddeways movement of the otimulis could be seen in
either eye. In this region depth was <seen on practically 0% ol trials.

For high Lrequencies of AF ( greater than 5Hz. dependent on 7),
sensitivity to changes in depth wae high and independent of NF. Thie
reglon was termed the "depth reglon 2". Subjectively the siimulus
appeared to cscillate sdnusoidally 4in depth at FHz. along a <straight
Line directed towards the right eye. The left eye's otimulis
appeared to cscillate at FHze. The /u.glu‘. eye's otimulus appeared
stationary but blurred. Increasing the stimulus oocillation anplitude
until sideways movement became vioille by the 2ight eye caused the
sensation of depth to break down. In this region depth was seen on
practically 100% of trlals.

Finally it is clear from Fig. 33 that X osclllations of
retinal disparity per second produced no sensation that depth was
changing X times per second unless X was dess than 2 = 3Hz.. The
exact frequency was different for different _.ou,b»je.oto, but L X
exceeded this, the oulject could not <sce depth changes however Lqu

the change in disparity.

4:3:2. Ddocussion.

AlLL the depth movement sensdiivity functions of Fig. 33 can
be descrilied in terns of three frequency regions. The most cbuiouws
explanation for the exietence of these three frequency regions ol
the poychophysical cwwes would be i the stimulus disparity function
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"Sine(F+0AF) = Sine(F)" changed with time in one of three different
ways. This is in fact the case ( see Appendix 4), although there
were no abrupt transitions from one waveform ito the nexi. The
frequencies at which the changeovers letween the three stimulus
waveforms occurred have leen indicated Iy the vertical dotted lines
dn Fig. 33+ ( lNote that although the criteria for the changeover
Prequencies adopted in Appendix 4 areywithin Liniteyarbitary, they
are not sufliciently 40408 to affect the conclusions of this Section.)
It Lo clear that these vertical dotted dines do_not correlate with
the boundaries of the three poychophysical regions ( roughly where
the percentage of no depth reoponses are 50%). This ouggeots that
the poychophysical results are not due merely &o changes in the
appearance of the otimulus wcwe,{,am,bwtl must reflect changes din the
visual processing of the otimulus.

One possoille explanation for the perception of depth for high
frequencies of AF ( depth region 2) lies in the monocular behaviour
of the ostimulus. For high frequencies of motion cecillation (( F+AF)
Ain the right eye), the otimulus appeared blurred but Amm. This
would appear to le some lorm of "motion fusion”, dndicative of an
dntegqration process in the monocular pathway, ama,mug
peripheral to be common to Loth motion and depth channels ( Regan
and Beverley, 1973R, 71973B; Section 3:7:1). For snall oscillation
anplitudes "woien %\u"\m\." occurred at frequencies as Low M S5Hzes
4t lecame more marked, however, at {frequencies above 10Hz.. This
indicates that the dintegration time constant was of the oader of
Ib nillisecs. ( The cuwes of Fig. 11 indicate a turnover frequency
oL 4.7H3+, and an dntegration time constant of 3k nillisecs.). The
sterecscoplc otimulins for high {requencies of N¥ was,therelore,
equivalent to a blurred otationary pattern in the 2ight eye, and a
odlowly moving pattern of frequency 7 in the left eye. Ao Lo 4o le
expected from Juleoz's ( 1961, 1965) reoults, this stimulus is
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capalle of producing a sensation of movement in depth; the frequency
of movement leing FH3z.. JIL the stimulue oocillation amplitude were

4o be dncreased, then the "motion fusdon” would break down and the
depth sensation would be lost. Thie phenomena is thwe Linited 4o a
restricted range of ostimulus ocscillation amplitudes.

One poesille explanation of the threshold curweo for low
Lrequencies of NF ( deos than 2 - 3Hz.), dleo in asouming an
dntegration process 4o occur in the otereoscople patlway. On this
a,o/.mmpuc(v& %ywa/bcon of movement in depth would e expected to
decrease M}f)beq-u,elch. 4o increased ( see Sections 4:4:1 and 4:4:2
for a quantitative analysie of this important point).

The depth sensitivity region {for medium frequencies of AF,
therelore, could be the reglon where the phenomenon of "motion
fusdon”" did not occur, and where the range of normal depth perception
was exceeded. |

Thus, 4t can le secen that normal oterecscopic depth perception
Lo Linited to the situation where the stimulus cscillation frequency
dn both eyes io lLelow 3Hz.. Even when one stimulus frequency exceeds
about THz., depth sensitivity 4o severely degraded. This oupporte
Regan and Bewverley's ( 1973R, 1973B) suggestion that otereoscoplc
depth thresholde for frequencies in excess of THz. are in fact
detewnined pulmarily by the sideways movements of the retinal
imageo ( see Chapter 3).
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4:4. mOdw.

4:4:1, Failure of a "Simple' Model.

Section 4:3:2 suggested that the decrease in depth movement
sensitivity for low frequencies of AF ( dless than 2 - 3Hz., <ee Fig.
33) could le explained by assuning an integration process to occur
in the disparity processing pathway. In thls Section an aliternative
hypothesis = that all integration takes place lelore the signals
Lrom the two eyes dnteract - io consdidered.

Fig. 34 chows a simple model which asoumes that the depth
threshold 4s determined soledly by atienuation in the monocular
patturay lefore the signals from the two eyes unite. Stage A, which
signale retinal dmage position, contains the integrative element.
Stage B, into which is condensed all ¢signal processing alter the
sdignals from the two eyes unite, codta»&wna&utegzzab&ueez(.emmu.
LMdekmmﬂwpeakupmkmpMM of sdnwsoddal retinal
image movements in the left and 2ight eyes rescpectively. L, , and
koummpzakupzakampbuudu of the einuosocidal outputs of
the left and right otage A elements reopectively. S 4o the disparity
.ou,tp.wt oL <tage B which goes to the threchold-detecting <tage. It Lo
assuned that threshold judgements are made at a particular value of
S. 9t 4o further assumed that S 4s proportional to L , - R, , ( d.e.
that ostage B is Linear).

" As BF tends towarde OHz., (F+AF) tends towards FHz. and
the apparent movement of the otimulus becomes a 4imple sdinusoidal
04andepﬂtwwthchalwin¢peakupedkwnp4,w¢de. The
threoshold attenuation of thls depth cscillation with frequency must
represent the total attenuation affecting disparity processing.
Since all the attenuation 46 assumed to occmatotaq,eﬂjﬂmuw
high~frequency attenuation of the cwwe representing depth movement
threshold versus stimulus oscillation frequency ( F+AF)Hz.,yas OF



(F+aF) Hz.

Figure 35. Theoretical prediction of the effect of AF upon depth
threshold. The thick continuous line joins experimentally-measured
values of depth threshold for ditferent values of (F + AF) with AF
veryy small ( 0.2H3z.). qgggsﬁggqbsmkgﬁg»
gﬁgggg show the effect of dncreasding AF for fixed values
of F equal to 1.8, 3 and 4H3.. ﬂ?@&ogg%sbgg& values
%ggaage\«g otars (see dext),
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tends towards OHz. will le the linear sum of the high-{requency
attenuations in the left and right monocular channels.

The heavy full line in Fig. 35 represents thie attenuation
cuwe ( It io actualdy the cuwe for AF = 0.2Hz. plotted verows
(T'f'A?")H}o)o

( It io probably equally justifiable to derive the stage A
attenuation fron the suprathreshold cuwes of Fig. 24 as matched
depth tends towards 0 min. arce This procedure gives results which
do not differ significantly fron the results presented lelow).

The high=frequency attenuations a#athzuf/tand&éq.h,t4‘ta9e.
A's are,therefore hall the attenuation uplce/.:en/tzd. by this cuwe,
and are shown 4in Table 1. ( Attenuation in ostage A left,
(‘Cm"cowt)/c-én = attenuation in stage R right, (kin'kou)/k .)

Table 1
Threshold Total Attenuation 4in

Frequency Hz. min. arc Attenuation % Either Eye %

0.8 5.5 0 0

1.2 6.5 | 7 8

1.6 7.2 25 12

2.0 6.9 21 11

2.4 8.3 35 17

2.8 9.4 42 21

3.2 11.6 53 27

3.6 13.0 58 29

4.0 15.2 64 32

bod 18.1 70 35

4.8 2.8 77 39
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Uhere the frequencies of otimulation of the left and right
eyes difter ( NF greater than 0), the total attenuation due o stage
A will be equal to the oun of the attenuations in the left and right
channels. For example, 4L F = 2.8H3. and ANF = 0.8Hz. ( that i, deft
eye's otimulus frequency 4o 2.8H3., right eye's ostimulis frequency
4o 3.6Hz.) then the total attenuatlon due to stage A will be 21%
(Left) + 29% (right) = 50%. The predicted depth threshold for F =
2.8Hz., AF = 0.813., 46, according to Table 1, between 9.4 and 11.6
nin. are ( by dnterpolation 10.9 min. arc).

Points calculated in thils manner are plotted 4n Fig. 35
as otarse ( dotted Line) for three different frequencies for F.
Corresponding experimentally~deternined points are plotted as
triangles ( tine Line). The nunber by each line is 7.

It is clear that there i a large discrepancy between the
predicted and experimental values. This suggests that the assumption
- "there 4o no attenuation after the slgnale from the two eyeo
unite" - io wrong. Furthermore, the larger the frequency difference
AF, the larger was the discrepancy between the predicted and the
experimental values. The effect of AF upon depth movement threshold
nuwst, therelore, e explained, at deast in part, by ¢ignal process=
ing after the signals from the two eyes unite.



mmgwm Model. Neural processdng *gggt&oé

Stage A - boxes bounded by chain dines oignal retinal image poaition.

Each box contains a bobFﬁq\vS of elements (e i.x&mﬁg.v.g
elenent is sensitive over a &ﬁggg Stage B - loxes
éﬁﬁ&&*gg osdignal the disparity of the retinal images. Each
box contains a population of elements. Lach element computes retinal .
gg.bﬁ%aﬁxgb&ohéﬁq\ggg&t@gggﬂ

narrow range of retinal disparitles (centered on di, d2 ete.). Stage C |

- ouns the outputs of the dispariity computing elements of Stage B. The
dnput-output characterlotic of Stage C 4s shown. Stage D - odgnals
translational veloclty of the retinal dmage and hence the sideways
- velocity of the etimulus target. Stage D has the attenuatlon verous |
#requency characterlotic shown. Stage € - threshold detection stage.
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Pt=time
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Figure 37. A - sideways displacements of &b\@@? viewed by left _
and right eyes. x&gx&g@%bﬁg?@ of the 2etinal images in
the left and right eyes. This stimulus causes Stage A elements o

2espond as shown in B, C, D and &« B 44 {for a Stage A element whose :

2etinal receptive field is darge. C, D and € are for progressively
snaller receptive fields.
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4:4:2. Description of a Second Model.

The model shown in Fig. 36 can account for moot of the
findings of Chapters 3 and 4.

Stage R consists of contour position ( contrast) detectors
( Xppr Xr70 Xpgs etc.) each of which gives an output whenever the
position of the retinal image ( X, Xp ) dies within s  receptive
field. Some stage R elements respond preferentially to retinal image
movenents directed from left to right; other stage A elements respond
preferentially to movements from right to deft. The contrast
detectors dntegrate retinal dmage movement with respect to time.
This means that if the otimulating contour does not zemain oulfic-
Lently dong within the receptive field then the output of the
contrast detector will de attenuated.

IL the excuresdon ol the retinal image remains within the
receptive field of any siage A element, then the output of that
element will be approximately sinusodidal and of the same frequency
as the otimulus oaou,l.a/tégn trequency ( see Fig. 37R). The otage A
elements which have the largest receptive fields will give the
omallest sinueoddal response to stimuwlus oscillations ( compare
Figs. 378, C, D and €). The outputs of the elements with the
dargest receptive fields will also be the Liret to fuse when the
stinulus oscillation frequency io increased.

The results of Section 3:1:1 ( Fig. 11) ouggest that the
integration time constant (’t;q ) 40 approximately 30 pilliseconds
Lor 4ztdge. A elements whose receptive field exceeds some 0.5 min.
arc. Thio probably includes all stage A elements sdince the
monocular receptive field oize for the majority of b—«'nocu,lw- |
sensitive neurons ( 4in ca,m)‘/uw been reported to le in excess of
some 20 min. arc ( Pettigrew, Nikara and BConp, 1968 ).

The output of otage A elements with emall responce areas
( Fige 37€ ) will only be attenuated when the durations of the



Figure 38. The effect of temporal dntegration on the outputs of
Andividual disparity computerse A - plot of relative response versus
retinal dieparity for a narrowly-ituned Stage B element. B - time-
course of retinal disparity changes caused by a targel which executes
sinewave oscillations in depth. C - output of narwowly-tuned
dioparity computer shown in Re Ddoparity computer responds io
dncreasing but not to decreasing disparity. D - as C, dut disparily
computer responds only to decreasing disparity. €, ¥, G and K are
sinilar to A, B, C and D, but zefer to a broadly-tuned Stage B
element which responds over the whole range of stimulis dioparities.
G 2, G and i also ochow the effects of a short ( dotted Line) and a
dong (chain Line) integration time consiant.
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Fig. 37§Wu are comparalble with 1/F ( where F io the otimulus
oocillation frequency)e. This will ondy occur at high otimulation
frequencies, when depth movement sencitivity 4o already greatly
reduced.

Stage B consiots of a matrix of disparity computers (d.7; d2,
d3, etc.). Each element receives contour position information (XLcuu'l.
Xy ) fron the left and 2ight eyes and computes the retinal disparity
#o/Ladmal,LWw,La/Lea.(d=Xm-Xm). Stage B elements only
respond 46 a restricted range of retinal disparities. €ach individ-
ual oiage B element has an integration time constant (Vg ). The
e{;ﬁecto-{.’L'B upon the outputs of individual otage B elements io
shown in Fig. 38.

Fige 38A - D show a stage B element which only tespands over
a vey narwow range of retinal disparities. Fig. 38€ - H show a
stage B element reoponsive to a broad range of retinal disparities.
Fig. 384 and € represent the responses of two otage B elements
plotted versus retinal disparity. Fig. 388 and F represent the
sinewave cscillations of the retinal disparity of the stimulus.
Fige 38C ohows the response of a narrowly-tuned stage B element
which responds during only a small part of the otimulus cycle. JL
the stage B element has a short Tp then its output will follow the
dotted Une; for a dong Tp its output will follow the chain line.
For a given dnput, a Lonq,u.’t’B will mean less variation in the
output {me*thz stage B elements, and therefore, lower 4e.rwwy4/t4
to movements in depth. Increasing the frequency of stimulation for
a constant Ty will aleo dower the 4eM44tw4,ty, 40 movements in depth.

» Stage B elements whose response is restricted to 1/10th. of
the stimulus cycle will show the required decrease in depth move-
nent sensitivity with frequency ( Fige 35thick Line) fon a ¥y of
53 nilliseconds ( single-stage R-C Lilter). Stage B elements
whose response is restricted 20 § of the etimulus cycle ( ’}'44. 389)
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will ohow a eimilar decrease 4in depth censitivity for aTp of 30
milliseconds. '

DMMMW&LLU«& sdngle units have leen descriled whose
senoitivity had fallen by 10% when retinal disparity wae altered by
1.5 nin. arc ( Pettigrew et al, 1968). This suggests that 3 min. arc
will e a generous eotimate of the minimum width of the sencitlvity
curwe shown in Fige 38Re The maximum retinal disparity excurodon
woed 4in these experiments was 30 min. arc which means that the
minimun width of the sensitivity cuwe ds 1/10th. of a stimulus
cycle. Thie in turn means that the longest T for the moot selective
otage B element will be 53 milliseconds. For oubject D.R. the
dLongest TB will be b2 milliseconds.

Segregation of left-right and right-left retinal image
movenents 4is maintained beyond oiage B.

Stage C oums the outputs of the disparity-computing elemento
of stage B. The outputs of the oitage B elements are weighted,
progressively higher weighting lbeing given the larger the retinal
disparity. The weighted sun of ithe outpute of stage 3 de,tm
the amount of depth seen. If the weighted sum grows too large, |
however, the output of otage C fallo o nearly 3ero ( oee Fig. 3'6
for input/output characteristic). This discontinuity coincides
with the loss of binocular fusion for large disparities. The
finding that depth sensations can be elicited by retinal disparities
which cannot be fused ( Ogle, 1953) requires that the output from
stage C remains above 3ero for very darge disparities.

Segregation of deft-right and right-deft retinal image
movements 4is maintained beyond otage C.

Stage D computes the sidevays velocity of the retinal inages
and hence the sideways velocity of the etimulus. The left-right and
2ight-delt outputs from the stage A elements are segregated up o
stage D 4in ocrder o account for the well known alterellects ol scen



movement ( see for example. Barlow and Hill, 1963).

Stage £ is the threshold detection stage.

4:4:3. Findings Explained Iy the Second fMlodel and Some Predictions.

The decrease in sideways movement sensitivity at high

trequencies ( Fig. 11) can be explained by the temporal integration

of stage A elements ( tine constant T, ), together with the
teaporal integration of otage D elements ( see Fig. 36). The
decrease 4in senoditivity to sdideways movements at low oecillation
trequencies ( Figs. 11, 13 and 18) can be explained by high pass
filtering associated with otage D. The decrease in sensitivity to
movements in depth for frequencies above about THz. can le
explained by the time constants (’t’B ) of 30-bOmilliceconds for
stage B elements.

For ouprathreshold aqmacwsst otimulation at frequencies din
excess of 3H3z., two stationary otimulus patterns docated at
different depths are seen inostead of one moving stimulus patiern
( Section 3:5:1). This subjective obserwation can be explained bg_
' Uw.aln/tag/w,uonwnac&m/twm (Vg ) of the otage B elements. The
two sets of otage B elements representing the two poseilde retinal
disparity values will give alternate outputs at dlow stimulation
trequencies. For higher {requencies, howevenr, ’L’B will cause the
outputs to overlap 4in time; eventually the overlap will le
conplete and there will Ue two constant outputs from stage B
representing two separate oljects. The Linding that the "dwell
tine” for retinal disparity governs threshold for squarewave
stimulation ( Section 4:2:1) can dbe explained by iime constants
(¥ ) up 40 500 milliceconds for stage B elements.

2
The exuﬂgﬁ,c,e, of the high~frequency ( depth mode 2) and
nediun-frequency regions for sdinewave stimulation ( Section 4:3:1)
can le explained as fodlows. In the depth mode 2 region, temporal
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- Figure 39. Upper - retinal disparity (X, = X ) output of Stage B
disparity computers for &F > 3F. The horizontal bars represent the

valires of retinal disparity leyond which overdriving occurs 4n Stage

C. Lower - the effect of temporal integration ( low-pass fLiltering)

upon the waveforun aliove.
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dntegration in stage A causes the outpul of stage R io be much
zeduced. The outpuit of the stage B disparity computers will then
be oimilar to Fig. 39B. This dioparity 4W will pass through
stage C to the threshold detection otage €. In the mediun-frequency
reglongwith (F+8F) dess than about 8iz., temporal integration in
stage A 4o dnsuflicient to prevent large excursions in the retinal
disparity signal reaching stage C ( Fige 39R). These large
excursions will overdrive stage C whose output will fall to almost
zer0 at the retinal dieparity peaks ( ece characteristic of etage C
in Fig. 36). The horizontal bare in Fig. 39A represent this break-
down. JL there dio hysterisis dn otage C then these briefl breakdowns
will degrade depth peirception throughout the ostimulus cycle. These
briel breakdowne of depth perception were olserved by both subjectes
and were associated with generally degraded depth perception ( see
Section 4:3:17).

Fig 35 has ohown that the iﬂﬁect of increasing NF was to
produce an unexpectedly large dewkmam‘. in depth sensitivity.
Section 4:3:3 has ohown that the higher the frequency 0\, the
greater the difference between the predictions of the sdimple
model and the experimental findings of Section 4:3:1. This meanc
that the effect of AF cannot be entirely explained in terms ol the
time constants (’C’A) of stage A.

The ellect of DF can be explained by the second model
( Section 4:3:4) as Lollows. |

3¢ the dett ( X, ) and right ( Xp ) eyes' stinuli are both
oscillating sinusoidally at frequency FHz., then the phade difference
(9) letween the two sinewaves 4o conotant. I X, leads X]e 1:;;. a
phase difference © then X, reaches its maximun value O/360F seconds
earlier. 3¢, hovever, X, oscillates at FHz. and X, oecillates at
(F+F)Hs. then ®io continually changing, passing through 360
degrees in 1/AF seconds ( see Appendix 4).
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prediction of adaptation to cL«Jceobwn of movement in depth is
discussed in Chapter 5.

One way of explaining the effect of OF upon depth movement
sensitivity 4s to asoume the existence of several phase-selective
mechanisms tuned to different phase differences letween the left
and right eyed otimulus cecillations. This prediction can be
directly teoted, and is discuseed in Chapter 5.
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4:50 SUJIUPW.

This chapter descrilbes a method for discriminating <ideways
movements {from movements in depthyat thresholdd. The method s L caua
the ogscillation frequency for sdideways movements io differ from ithe
coacillation frequency for movements in depth. A subject can make
wie of this difference in frequency to set depth thresholds
Andependently of sdideways retinal dmage movements. In fact, at the
threshodd for movement d4n depth, large sdideways movements of the
stimulus can be seen.

The left eye views a ostimulus pattern which cecillates from
sdde to side at F, Hz.. The right eye views an identical patiern
which oscillates fron side to side at ¥, Hz. (where 7, = 7, +A¥).
Provided that AF is emall compared with ¥, ( dess than § - see
. Appendix 4), and provided that fusion can e maintained, oscillat- -
ions in depth can be seen with amplitude waxing and waning AF
times a oecond. AF can lbe made independent of bLoth F,and 7,
hence the timecourse of sideways motion will differ from the
timecourse of motion in depth, and the threshold functions for the
dwo etimulus parameters can be independently measured.

Under all stimulation conditions, both deft and right eyes
view unwarnying sinewave ( or oquarewave) stimulus oscillations.

For squarewave stimulation, there was a rapid de&wxwe in .
_sensitivity to movement in depth as both F ( equals ¥, ) and AF
were increased. Mo movement in depth could be seen at all when
either F or AF wae greater than 7H3.. To a firet approximation,
Umew\gﬁ? can le described in terms é;mampww
(F +AF)N1/( F + AF) 4o the maxinun "duell time” of the stimulus
pattern at any one disparity ( oee Appendix 5). As the dwell time
s increased, depth sensdtivity is imcreased ( at 6dB/octave).
This relationship fails at a dwedl time of approximately 500
milliseconds. '
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The results for sinewave otimulation can le descrilbed in
terms of three frequency regions.

a) Low frequencies. When AF was less than 3Hz., cocillations 4in
depth could be seen. Depth sensitivity decreased as both F and AF
were dncreased. At threshold, considerablde sideways movements of
the stimulus could J}e deen An both eyes. Moum in depth could
be seen on practically 100% of trdals.

b) Niddle frequencies. When NF was in the range 1 to 10H3. ( depend-
ent on F) sensitivity to oscillations in depth was low. At threshold,
considerable osideways movements of the otimulio could be seen 4in
both eyes. Movements in depth could e secen on practically 0% of
uials.

c) High frequencies. When AF was above about 5H3. ( dependent on ¥)
sensitivity to oscillations in depth was high and independent of

AF. Oscillations in depth appeared at frequency F. Movements 4in
depth could ondy be perceived over a resiricted range of cecillation
anplitudes. At threshold the right eye's stimulus appeared
stationaryy although the left eye's otimulus appeared io cscillate
2ron sdide to odde. Movements in depth could le seen on approximately
100% of trialo.

The otimulus dieparity waveform could also be descriled dn
terwns of three frequency regions. These three regions did not
codincide, however, with the three poychophysical regions. Thie
suggests that the three poychophysical regions reflect changes 4in
the visual procecssing of the otimuwlus.

The existence of depth perception in the high-frequency
region can le explained in terms of temporal integration lefore
the signals from the two eyes unite, and at a point common 4o both
disparity and sddeways motion channels. The integration time
constant would be about 30 nillisecondas.

The middle-frequency zegion can e explained as the region



beyond the point at which the low-frequency depth mechanism
operates, and before the point at which "motion fusion" occuris.

The low=frequency region Lo the region of "nounal'
stereoscopic depth perception, and is dinited to the situation
where both eyes' stimulus oscillation frequencies are below 3MHz..
The effect of AF upon depth movement sensitivity in this region
cannot le explained by assuming that all integrative processes
occur before the signals from the two eyes unite. Therefore, some
foan of temporal integration mwst occur at a odite central o
binoalar conwergence. The integration time constant would be of
ﬂw. order of 50 milliseconds.

A model which will account for most of the findings of
Chapters 3 and 4 is proposed ( Section 4:4:2). This model assumes
the existence of 2 or more phase-selective mechanisms ituned to
diflerent phase differences lbetween the deft and right eyes'
ostimulus oscillations. This predicts that selective adaptation
would occur to phase differences between the two eyes' stimulus
oscillations. This prediction is tested in Chapter 5.

The model also predicts a new kind of siereoscopic movement

adaptation eflect selective to the direction of movement 4in space.
For example, it should e possille to selectively adapt to one
direction of motion in opace and deave one's sensdtivity io other

directions of motion unaffected. This prediction is aleo tested in

Chapter 5.

\hS



5/ SELECTIVE ADAPTATION TO THE DIRECTION OF NOTION _IJn  SPACE.

5:1. Introduction.

Jt has lbeen 4u9¢m£ed that " the human visual oyostem contains
motion detectors that respond preferentialdy to a retinal image
which 4is moving in a specific direction. The particular detectonrs
that are excited .ln} a moving otimulws provdde a physiological
representation of the direction of movement. The balance letween
the outputs of detectors with different "preferred” directions is
upset when all detectors with the same "preferred" direction are
selectively fatigued, and this imbalance ( can) produce an ildwosion
of movement.” ( Wohlgemuth, 1911).

More recently, Barlow and Hill ( 1963) have found motion-
sensitive newrons in the rabbit's visual pathway which have
diflering responses to different directions of retinal dimage
movement, and thus could le responsible for this aftereffect.

It 44 possible that there are directionally-selective
mechanioms 4in the human visual sysiem, other than those selectively
responsive to the direction of sideways motion. In particular, »wa,
nay e disparity~-sensitive mechanioms selectively responeive to the
direction of motion in depth. Binocwlarly-activated neurones which
respond ondy when disparity 46 changing in a particular direction
have recently leen found in cat ( Pettigrew, 1973). Zeki ( personal

communication to D. Regan) has Lound sdimidar neurones in rablit which.

ondy respond to a change in disparity. Regan and Beverley ( 1973E)
have recently reported an eLaot/bOPfujAwLagA,caL e.xpe/uiriwvt which
gave evidence for such mechanisms in man.

In Section 3:6:2 pA:;dwpfu,cha;L evidence was reported for

(b



the existance of such mechanioms 4in man.

Further evidence for such ditectionally-selective disparity
mechanisms can be deduced from the experiments reported in Chapter 4.
It was chown in Section 4:3:1 that an unexpectedly large decrement
in depth sensitivity occurred when there was a small frequency
difference between the ocscillations seen by the left and right eyes.
It was shown in Section 4:4:3 that this finding can be accounted for
by postulating the existance of several classes of dioparity detectors
selectively sensitive o the phase differences between the left and
right eyes' stimulus oscillations. Jf thie assumption 4s correct,
it might be possille to selectively fatigue one ( or more) of the
phase-selective mechanisms by adapting to a otimulus with a specific
phase difference lbetween the left and right eyes' otimulus cocillat-
ions. The results of adapting to such a otimulus are Zreported in
- Section 5:4.

The model discussed in Section 4:4:3 assunes that the defit-
rght and right-left outputs fLrom the contour position detectonrs
( atage R) maawmmmWLW(MgeC). It this 4is
40, then a type of otereoscopic movement adaptation effect similar
4o the well known afterellect of <idewayps movement ( see above )
ohouwld occur. For example, it should e possille to selectivedy
adapt to one direction of motion in space and leave one's
sensitivity to other directions of moition unalfected.

Jt is possille to generate a otimulus which appears o
oecillate along a specific direction of motion in space by using
Apparatus 3 and Stimulus &, and by varying the relative amplitude
of stimulus oscillation seen by the left and right eyes. The
results of adapting to such a otinulus are reported in Se,oulon 5:3.

A complete description of actual and apparent otinulie
movements is given in Appendix 3 for adaptation io phase diflerences
between the two eyes stimulus cscillations, and in Appendix 2 Lor

|7
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adaptation to amplitude dilferences letween the itwo eyes' ostimulie
oscillations. ’

Jn all the experiments described in this chapter, both left
and 2ight eyes viewed wwawping sinewave otimulus oscillations.
This means that the leftwards and rightwards motions were exactly

. dbalanced for each eye.
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Fiaure 40. Tdmecouwse of recovery of visual sensitivity to movement .
An depth after 15 ninutes adaptation to a stimulus moving din depth,
Upper = recording of depth threshold versus iime in minutes after
end of adaptation. Both axes are dinear. Lower = long term recovery
- of stereoscopic depth sensitivity. €ach point is the mean threshold
set during a 30 second test period. Continuous Une = test lefit/-

. ight ratls ddentical to adapting left/right ratis. Chain Une = «3».

deft/right ratlo Lo the inverse htsggg\%g
. Ordinates are linear, ggaggbon\gﬁo
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5:2. Timecourse of Recovery fLrom Adaptation.

When measuring the effect of adaptation to a particular
stimulws, an dmportant problem is ﬂw:a[u\sa.g:p/m,uon starts immed-
dately the adapting stimulus is changed to the test stimulus. IL
the presentation time of the teot otimulus is long ( as for
example when wsing the method of adjustments), then the magnitude
of any adaptation effect will be decreased lecaude 40;“\’;“& a,&;:\p/ta/t-
don will occurn. Since the method of adjusiments is preferred by
mosi sulijects for measuring threoholdds, it 4o dmportant to know
whether the method will give wdeful results. To this end, the
tmecowrse of recovery of visual sensitivity to movement in depth
was measured after adaptation to a ostimulus nﬂouing in depth. Thie
experiment is reported below. The method descrilbed in Section
2:3:6 was used.

5:2:7., Results.

Fig. 40 ( upper) io a tracing of an on-Line record of
oubject X.B.'s threohold for the detection o,L‘ movement in depth
versus the time in minutes after the end of adaptation. Prior to
the ostart of this necord the subject gazed for 15 minutes at the

adapting  otimulus ( see Section 2:3:6).
veoveny ko

At the otart of | adaptation the oulbject's depth threshold
decreased rapidly. Within the firet 20 to 60 seconds ( the actual
time varied widely from oubject Lo oubject and from one experiment
10 the next) the threshold had decreasded from 10 or more times o
about twice the pre-adaptation level. However, after this rapid
dacJLe,aAe; the threshold decreased more slowly. Thio sdlow threshold
decrease to the pre-adaptation devel is shown more cleardy 4in
Fige 40 ( lower).

Fig 40 ( lower) chows that recovery of stereoscopic depth
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sensitivity was not complete ( where the two lines cross) until
270 minutes had e,LapAed sdince adaptation. The continuous dine shows
the depth threshold after adaptation to an adapting L/R ratic *
ddentical 40 the teot L/R ratio. The chain line shows the depth
threshold for the control situation where the teot L/R rnatio was
the inverwse of the adapting L/R ratio. Both measurements were
taken concurrently 4in one experiment with subject D.R..

JztohodebanazteddLa/t7)whALLeth.eowa/teA' are linear
the abecissae are logarithmic; 2) the control results form a
horizontal straight Line ( other experiments which are not illuot-
rated confiwm this) as is to be expected; 3) the test results lLie,
more or dess, along a ostraight line 4in this log.-Llin. plot. This
dnplies an exponential decay of the adaptation effect.

5:2:2, Discussion.

The above results confirwm that the method of adfustments can
be wsed to measure adaptation threshodds, but ondy il several

conditions are olserved.

Firatly, the eubject nay be(only) alloved)a Linited anount of

time in which Y  cet the depth threshold. From Fig. 40 ( upper)
it Lo clear that this time muwst be dess than 20 seconds and should
preferably be less than 10 seconds. Even 40, the adapted threshold
measured will e far lese than the adapted thresholdd measured by

‘Thzmwd:zqo#thamﬂkmouaxpmmséwn5:3. In
lm,i,e,{, it io the peak o peak otimulus oocillation amplitude seen
wmwmwwedwmmmpﬁf4mm cscillation
mweaemwmemm(muxmmmmo{
maximum otimudus velocities in the left and right eyes).
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( for example) the 2 forced-choice poychophysical method. * Since
it was dntended only 4o make comparative measurements between ( Lor
example) the adaptation effect of different L/R ratios,then this
decrease 4in measured adapted threshold is unimportant. It should be
noted that this assumes that the timecourse of deadaptation ie
sinilar for different L/R ratios. Mo evidence that this is not true
has been found. Similar results to the results of Fig. 40 were
obtained when a L/R ratio of 1:1.5 was wsed insiead of 1.5:1.

The second condition is that each teosit threshold setting
nust e preceXded by a sulliciently long adaptation period io
ensure that /th.a~atlme,ohol.d rdses o an equivalent level at the ostart
of each teot period. If this ie not done there will be extremely
darge varilalbility 4in the results.

Thirdly, only two adaptation L/R ratics ( or phase angles)

" may be used for any one subject on any one day. This is clearly
shown in Fig. 40 ( dower) wh,yc«:& c}d“:p,ta,tton was not complete fox
34 hours. L two adaptation L/R ratios are 4o bequaed on any one
d@. on one oulject, then there should be at .Lecwzt\G hour ( foxr
safety) dntewal lLetween them io avodid dinteraction effecte. It 4is
probalbly beot to usce only one adaptation L/R ratio per subject per

day.

* In a contwl experiment, adapted threcholds measured by the 2
forced-choice method were 3 times lamec than thresholds measured
by the method of adjustments. See also Section 5:3:7.
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S5:3. Adaptation With Unequal Amplitudeo of Stimulie Oscillation

Seen by the Leli and Right Eyes.

The tean "left/right ratio" orn L/R ratio, as wsed in this
section and elsewhere, 4o defined as fodlows.

The left eye views a stimulus, part of which ( the target)
io oscillating sinusoidally from left to right. Let the peak io
peak oscillation amplitude of this target be A ( min. arc sulbtended
at the left eye).

The 2ight eye views a otimulus, part of which ( the target)
49 oscillating sinusoidally from deft to right. Let the peak o
peak oocillation amplitude of this target be B ( min. are subtended
at the 2ight eye).

The L/R ratioc ie then R/B ( or R:B).

I the left and right eyes' targets oscillate dn phase,
the L/R ratio is delined as lbeing poeitive. If the left and right
eyes' targets oscillate in antiphase, the L/R ratio is defined as
being negative.

A complete description of actual and apparant otimulis
novenents {for experiments reported in this Section ie given in
Rppendix 2.

UValues of L/R ratio can/wnq«efzwm.ou+00a@d{/z,om0«to-oo.
In order to plot this range of L/R ratices on a graph, the inverse
_tangent ( tan~! ) of the L/R ratio was wsed. The L/R ratic was
theretore plotted along a linear scale of tan™'( L/R ratic).

The method of adjustments as descriled in Section 2:3:7 was
u,o.e,d Lon all experiments aeported in thie Section ( see aloo
Section 5:2). Apparatus 3 and Stimulus 4 were used.



LEFT : RIGHT  RATIO.

Flgure 41. Adaptation to a partlcular directlon of movement in depth.
Ordinates are poychophysical thresholds ( mins. arc) for movement dn
depth. Alscissae are left/right ratics of the test stimuli. The
continuows Lines are the pre-adaptation "baselines". The chain lines
in R, B and C show thresholde neasured after adaptation io moving

. A&\SELL.\ with g\% ratlos of lﬂu...‘c. =(2:1) and -(1:1.05)

respectively, d.e. stimuli moving along Lines ditected respectively
%ﬁh&etﬁ%\n of the lelt eye, just o the lelt ol the right eye

- ggohg@&gg%s@o ggg albsclosae
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5:3:7. Reoults,

Fige. 41 illustrates the elfect of adapting to a particular
direction of movement in depth ( L/R ratic) upon sitereoscopic depth
threshodd for subject X.B..

Before any adaptation experiments were performned, the
4u,bqle.c>t/’4 depth threshold was measured as a function of L/R ratic.
This provided an unadapted "baseline” with ,wly‘.dxu&ﬁ i;‘%eou ot
adaptation could le compared. The continuous Lme&m Fige 41A showas
this baseline. The baseline is also plotted in Fig. 418 and C fLor
comparioon inLpMM. Jt was dimpossille to measure the depth threoh-
odd when the L/R ratio approached (1:7) sdnce the target then
appeared o move sodely from sdide to odde and no motion 4in depth

was Hean.

The graph shows that the stercoscopic depth threcshold was
highest for L/R ratios close to =(1:1) ( d.e. otimudus moving
along a dine directed towards the head). The sterecscopic depth
threshold progressively decreased as the Wan of ostimulue
movement was inclined away from the head. This finding held for
all four suljects tested.

The chain 4ine in Fig. 41A shows the sterecscopic depth

threshold after the subject had adapted to a L/R ratioc of -(1:2)

for 15 minutes ( i.e. to a otimulus moving along a line directed
just o the right of the left eye). SbateJLe,o/ac.op,Lc depth threshold
was elevated for all L/R ratios in the range (1:1) 2o -(0:1) 4o
=(1:1) but was unaflected for the other L/R natics. This means

that the osterecscopic depth thresholdd was elevated for tesi
| stimudl which moved to the deft of a point midway between the ec;e/.»,
but was unaffected for test otimuli which moved to the right.

 The chain line in Fig. 41B shows the otereoscopic depth

threshold after the subject had adapted to a L/R ratio of -(2:1)
for 15 ninutes ( i.e. to a otimulus moving along a line directed

\Ss
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dust to the left of the right eye). Sterecscopic depth threshold
was elevated for all L/R ratics in the range (1:1) 4o -(1:0) to
=(1:1) but was unaffected for the other L/R ratics. This meane
that the stereoscopic depth thieohodd was elevated for teot otimuldi
which moved to the right ol a point midway lbetween the eyes, lut
was unaflected for test oiimuli which moved to the left.

The chain line in 714.» 471C shows the osterecscopic depth
threshodd after the osubject had adapted to a L/R ratio of -(1:1.05)
for 15 minutes ( d.e. to a otimulus moving along a line directed
just to the right of the point nidway letween the two eyes).
Stereoscopic depth threshold was elevated for all L/R ratics 4in
the range -(0:1) 2o =(1:1) 2o -(1:0). This means that the <tereo-
scopic depth threshold was elevated for teost stimuli which moved
towards the headyletween the eyes.

Threshold elevations of no more than about 250% were
recorded woing the method of adjustments ( Fige 41)s bhen a bue
Jorced-choice method was wsed, much larger threshold elevations
occurred ( see Section 5:2); in 4ome cases they were as much as
600%. This difference in threshold e,Leua,tLo'n was probalbly due o
the difference in the time which elapsed letween the cessation of
adaptation and the test threshold measurement ( within 5 seconds

A,do/z. the two forced-choice method and up to 10 seconds for the
nethod of adjustments Je Thio difference in threshold
elevation does noi affect the conclusions of Section 5:3:2.

The subject's impressions of the stimulus were recorded
during the experiments and can le summarized as follows. As the
osubject gazed at the adapting target, at fireit the target's
oscillations in depth appeared darge. However, as adaptation
progressed, the oscillations in depth grew p/wq/zuawe,&; snaller
untid, after several minutes, (mevaued.{/wm-owb;iaottq
subject and fron day 20 day) no movement in depth was vieille at

ald. It showld be noted however, that the stimulus otill appeared



\I/Amu./\\l/
[ —_ 1

1 1 2
) -0:1) -(1:1) -(1:0) @y

Figure 42. Fractlonal elevations of threshold for movement din depth -

| cauwsed by adapting to 13 different left/right ratios. R - continuows

Line at dept, left/right ratio (1:1.3); continuows Line at right,
(1.3:1); dotted Line at left, (1:2.8); dotted Line at right, (2.8:1); .
dashed Line at deft, (1:29); dashed Une at right, (29:1); B -
continuous Line at left, ~(1:4.3); continuous Line at right, ~(4.3:1);
dotted line at left, -(1:2); dotted Line at right, =(2:1); dashed
Une at dett, =(1:1.3); dashed Une at 2ight, -(1.3:1)¢ C - continuous
Line, =(1:1.05). The = eign indicates that the left and right eye's
ggg&bﬂ&vﬁ.\g Ordinates are linear, gg@ogg

| with reopect o tan” ﬁg.\?ﬁ& \S\osV
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Fiqure 43. TFractional elevations of threshold for movement dn depth
" cawsed Uy adapting to different deft/right ratics. Each cwwe s the
mean ol a set of cuwwes shown in Fige 42. Continuows dine at lefi,
g.o.ﬁ threshold elevations for dleft/right ratios (1:1.3), (1:2.8)
and (1:29). Contlnuous Line at right, (1.3:1), (2.8:1) and (29:1).
Chain Line at left, -(1:4.3), =(1:2) and =(1:1.3). Chain line at
right, ~(4.3:1), -(2:1) and =(1.3:1)e The dashed Line is the

' threshold elevation for deft/right ratic -(1:1.05). Ordinates are

Unear, abscissce are Linear with respect o g..qﬁg\% ratds) .
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to move from sdide 4o odide, and that even after 30 minuteos adaptation
no noticibde change in this side 40 sdide movement occurred.

Although several minutes adaptation were Mow to
completely albolish the perception of movement in depth, a marked
doss of senositivity took place within the Mt',ﬂw seconds of
adaptation. When adaptation was complete and testing at diflerent
L/R ratios began, it was evident that a much greater stimuwlico
oscillation anplitude was necessary o dee depth for some L/R ratics
than for others ( this was appaﬂ;nx. tron the odideways motion of
the otimuwlus). It was much more difficult to see oscillations in
depth for stimulus oscillations directed o the same side of the
head as the adapting otimulue cecillations. This was twe for all
adapting L/R aatios except =(1:1.05). |

The alove results were confirmed on three additional
sulrjects ( D.R., J.7. and S.H.).

Threshold elevation curwes similar to those ohown in Fig. 41
were measured for 13 different adapting L/R ratics. For ease of
Ainterpretation the threshold elevation ( defined as ( UVLeAhoLd
after adaptation - threshold before adaptation)/( threshold belore
adaptation) for each L/R ratic) was plotted directly. Threshold
elevations in the aange + 0.7 were considered to be dineignificant
and Umz{;au were not plotied.

Fig. 42 ohows these 13 cuwes for oubjfect X.B..

It is clear that adaptation et L/R ratios of (1:1.3),
(1:2.8) and (7:29) had the same effect upon eterecscopic depth
threshold. The mean of these three curwes 4s plotted as the
continuous dLine to the fefe of Fig. 43.

Adaptation at L/R ratios of =(1:4.3), =(1:2) and -(7:1.3)
produced similar threshold elevations. The mean of thece three
cuwes io plotted as the chain Line to the deft of Fig. 43. This

1S9



LEFT : RIGHT RATIO.

Tigure 44 Sensitivity cuwes of the hypothesiced 4 underliyping
mechanisns that descrllbe the experimental curwes of Figs. 42 and
43. _ = .



RELATIVE
o)

&)

SENSITIVITY.

-

09



Une coincides with the continuouws dine on the left of Fig. 43 for
/R ratios in the approximate range (1:1) 2o -(0:1).

Adaptation at L/R ratics of (1.3:1), (2.8:1) and (29:1)
had the same effect upon sterecscopic depth threshold. The mean of
these three cuwwes 4o plotted as the continuous line to the '
right of 742;. 43.

Adaptation at L/R ratics of =(4.3:1), =(2:1) and -(7.3:1)
produced osimidar thresholdd elevations. The mean of these three
cuwwes i plotted as the chain Line in Fig. 43 to the right. Thie
dine coincides with the continuous line on the right of Fig. 43 for
L/R ratios 4in the approximate range =(1:0) %o (1:1).

Adaptation at a L/R ratio of =(1:1.05) produced a ath/ce/ah,ol.d
elevation cuwe different to any of the other curves. This cuwe
4o reproduced as the dashed Line in Fig.43.

The above findings were confiwmed on a second aulbject D.R,.

5:3:2. Discusasion.

Fig. 43 ohows that ondy 5 different cuwes are mmow to
descrilbe the threshold elevations for depth movement produced Iy
13 diflerent adapting L/R ratics. It is clear to dinformal visual
dinspection that these 5 cwwes can le summarised in teams of 4
hypothetical sensitivity functions. These 4 sensitivity functions
are shown in Fig. 44.

This euggests that 4 newral mechanisms underdie visual
Ae.:wu‘/wu&; 4o depth movement, and that these mechanioms are
"tuned” in terms of L/R ratic. Since L/R ratio provides a cue io
the direction of a target's motion in space, these hypothetical
mechanioms might act as detectors of the direction of motion in
three~dimensional opace. One function of the muliiple sensitivity
#Luu’/twm shown in Fig. 44 night be o provide a basis .f,o);:.

1y



(62
sensitively discriminating different L/R ratics that Lie at or
near the crossover points of the four sensitivity functions. These
crosscver points are near ( though not exactly coincident with)
L/R natios of ~(0:1), =(1:1) and -(1:0). * ( Beverley and Regan,
19738).

A L/R ratio of (1:1) means that the target was moving
purely from side 4o side. A L/R ratio of =(1:1) means that the
target was nwu«mq.t& a.n.d.%rv {n depth aimed at a point midway
between the eyes. L/R ratios of =(0:1) and ~(71:0) mean that the
target was moving towards ( and away from) the left and right eyes
nespectively ( <ee Appendix 3). Since the distance lLetween the eyes
4o approximately bem., and as the fta/l.q,e,t wao docated 63cm. in
front of the eyes, the vicual angle between lines directed from
the target towards the left and aight eyeswns only 6. This snall
angle of visual opace is subsewed by 2 out of the 4 hypothetical
newral mechanioms. The other 2 hypothetical neuwral mechanisms
subserwe the remaining 774° ol visual ospace.

This ouggests that, when pAocegmi.nq Ainfornation albout
movement in three-dimensional dpace, the brain does not give equal
weight to all visual directions. The narrow band of visual directions
podnting towards the head, lLetween the eyes, seemato le at least as
important as :m‘mau remalning range of other directions. This Lo
not AU)Lp)uLoing,; sdnce the ability to finely judge whether an object
( ouch as an arrwow, a opear, or even a cricket ball) i going to
hA/t, or just miss one's head is an obuvious osuwwival characteristic,
The pres\ence of 4 senoitivity functions would provide the means by
which such a quwumuan could e effected.

It seems unlikely that the site of the neural mechanisms
responeille for adaptation to movement in depth is lefore the site
of binocular convergence. There are several arguments supporting
- thie conclusion. Firetly, adaptation 4o a target's movement in

* see overdeal.
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depth 4o much greater than to its simultaneous oideways movement.
Secondly, no test or adapting etimulus used in the experiments of
Section 5:3:2 had any monocular directional bias. Both eyes always
viewed a edinusodidally oscillating target, oo that there was always
an exact Yalance between movements in different directions. Thirdly,
mono culady=indistinguishable adapting ostimuli gave quite
different ztlm,e,olwld elevation cuwes. For example, the comb&uw@
Une to the left of Fige 42R ( L/R ratic (1:1.3)) and the dashed
Line to the left of Fig. 42B ( L/R ratio =(1:1.3)) show clearly
different adaptation effects yet monocularly the tws adaptation
stinuli were identical. The only difference dlay 4in the relative
tining ( phase) of the oscillations viewed by the left and right
eyes. Relative timing ( phase) is obviowsly meaningless if only
one eye 4s wsed ( <ce also Section 5:4:2).

92 the site of the newral mechanioms responeibile for
adaptation to movement in depth is alter the site of binocular
convergence then there are several possible explanations for the
olbserved threshold elevation curwwes. One possille explanation 4o
discussed 4in Seou'.an.. 5:5.

In the experiments reported in Section 5:3:1, the targets -
seen by the left and right eyes both cscillated sinusodidally from
side to side at a {requency of 0.8H3ee This frequency was wsed as
it was sufficiently dow to avoid confounding the threshold for
movenent in depth with the threshold for sideways movement ( see
Sections 3:1 and 4:3).

support this assumption. They have shown that subjective judgements
0f the direction along which an object moves in three dimensions
are moire densitive at L/R ratios close 4o the crossover points of
the 4 hypothetical seneitivity functions,



The aoymnetric thieshold elevations of Figse 41 and 42 were
confirmed while both Lixation and depth tracking were monitored by
means of noru,\uxa Lines. Changes in ocular cowergence of 0.5 mins.
arc could le de/te,ded by this means. It seems unlikely that changes
in fixation, or tracking of the stimulusyof thise order of maqm)tu.de
could account for the a/.aymm.e/buc thresholdd elevations which were

olserved.

bk



minutes of arc.

THRESHOLD

DEPTH

0 90 180 270 360
PHASE DIFFERENCE degrees.

Flgure 45. Depth threshold versus the phase difference between the
tarnget sscillations presented to the left and right eyes. The
continuous lines are the pre-adaptation "baselines". The chaln Line
dn A shows the threshold measured after 15 minutes adaptation to a
phase of 174° (arrowed). The chain Une in B shows the threshold
measured after 15 minutes adaptation to a phase of 186° (arrowed).

. Both axes are linear.
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wae highest for phase differences in the range 90° to 270° ( i.e.
for atimudi moving in an ellipse whose major axis pointed itowarde

( or away from) the head). The sterecscopic depth threshold wao
dower for phase differences between 0° and 90° cmd. between 270° and
360° ( i.e. Lor ostimudi moving in an ellipse whose major axio
pointed from sdide to sdide). This finding was trwe for all three
suljects tested and for all three L/R ratios used.

The chain line in Fig. 45R shows the sterecscopic depth
threohold after the subject had adapted to a phase difference of
174° for 15 minutes ( i.e. to a stimuluws moving in an anticlockwise
ellipse as viewed from above.). Stereoscopic depth threshold wae
elevated for all test phase differences less than 180°. In contrast,
threshold was not\elevated for any test phase greater than 180°, *
This means that otereocscopic depth threshold was elevated for all
stimuld which appeared ia nove 4n an anticlockwise ellipse, Lut
was not elevated for all stimuldi which appeared io move 4in a
clockwise ellipae.

The chain Line 4in Fig. 45 B shows the saterecscopic depth
threohold alier the subject had adapted to a phase dilference of
186° ,C@L 15 ninutes ( L.ec. to a stimulus moving in a clockwise
: e/LLLp/.)é as viewed from above). Stereoscopic depth threshold was
elevated for all test phase differences greater than 180°. In
con/t)w/.vt; threohold was natie,Laua,ted for any zest phase less than

* For one subject ( X.B.) out of the three testedya decrease in
threohold was produced when the test phase was just greater than
180°( for adaptation at 174°) or when the test phase was just less
than 180°( for adaptation at 186°) ( Fig. 45R). These decreases were
dess clear, however, when L/R ratios other than (1.5:1) were used.
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This means that otereocscopic depth threshold was elevated for all
otimuld which appeared o move in a clockwise ellipse, but was not
elevated for all stimuli which appeared to move in an anticlock-
wise eldipoe.

The subgfect'’s dmpressions of the otimulus were recorded
during the experiment and can le oummarized as follows. Ns the
subfect gazed at the adapting target, the target appeared to move
in an ellipse extended in depth. However, as MMn progressed,
the oscillations in depth grew progressively omaller until, aflter
several minutes ( the time varied from osubject to subject and fronm
day to day) no movement in depth was visille at all. The target
then appeared o mave soldely from side to sdde. Although several
minutes adaptation were necesoary io completely albolish the
perception of movement in depth, a marked doss of senoitivity took
place within the firet few seconds of adaptation. When adaptation
was complete and testing at different phase differences lbegan,it
was evident that a much greater stimulus oscillation amplitude wae
necessary to see depth for some phaA“e diflerences than for othenrs.
It was much easier to see oou',ua,ucia in depth for stimuld which
appeared to move 4in the opposite direction .ata the adapting otimulus. |
Th,i,o. was twe for all subjects tested and for all L/R ratios used.

The albove experiment was repeated for subject X.B. for two
Lurther L/R ratios of (1:1) and (2:7). These L/R ratios produced
einilar adaptation eflfects to those shown in Fig. 45 for a L/R
ratio of (1.5:1), although the threchold elevations were not as
darge.

 The asymmetric threshold elevations shown in Fig. 45 were
contirned on two further subjects ( D.R. and S.H.) using adapting
phases of 90° and 270° and a L/R 2atio of (2:1).



5:4:2., Diocussion.

In the experiments reported in Section 5:4:1, the targets
deen by the left and right eyes both cscillated Lrom deft to right
at a frequency of 0.8H3.. This frequency was wsed as 4t was sullic-
dently low 4o avodd confounding the threshodd for movement in
depth with the thresholdd fonr sideways movement ( see Sections 3:1
and 4:3). Both targets oscillated sinueoidelly with constant
rnelative peak to peak amplitudes throughout the experiments. Only
the phase difference ( that is the relative timing) beitmtgematlw
deft and right targets oscillations was altered in any\experinent.
This means that adaptation at a site peripheral to Uinocular
conwergence cannot explain the asymmeiric adaptation effects din
the ability o v.oee movement in depth.

To repeat, at all times the deft eye viewed a sinusoidally-
oocillating target, 4o that there was always an exact balance
between movements 4in different directions. The oame was true for
zthaug/»tm Phase difference ( or relative timing) which alone
distinguiches between the adapting and the vardious teost stimuli 4o
obviowsdy meaningless if only one eye is used ( oee also Regan and
Beverley, 1973C). Th.ux.?, adaptation of monocular, directionally-
specific motion detectors cannoi account for the above reoults dn
the same way that it can account for classical e{,;’.;c/u ol seen |
motion osuch as the "Waterfall Effect” ( Wohlgemuth, 1911; Barlow
and HLLL, 1963).

. However, the aoymmetiic threshold elevations can be
explained in tewns of adaptation at, or central to the site of
binccuwlar convergence. This 4o discussed further dn Section 5:5.

Finally, it ohould be noted that the asymmetric threchold
elevations were confirmed while both fixation and depth M,a,c.k,mq.
were monityred ) bl} means of noniXus dines. Changes in ocular
convergence 0f 0.5 min. arc could be detected .b,;g, this means. It
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seens unlikely that changes in fixation, or tracking of the stimulus,
of this order of magnitude could account for the asymmetric

- threshodd elevations which were olserved.



RIGHT

L

'

:

l lllllllll
\ > 4‘\ a *es)essese seses -i..
/' > l o 0 s) 0 a0 P 0 N )
LEFT v o

EYE

EYE @\ A Feedeseens ?
. > : '

17

il

T\\
1INHIBITION
4

mam 25

Figure 46. Suggested way in wh,Lch'cLbze.cU,ona,LUJ. dpecilic 2R4pONSRS
10 movements oﬁmuummwmmuumwwwm

conbdined in siereoscopic depth perception.,



172

5:5. [Models.

The model shown in Fig. 46 can account for the Lindings
of Section 5:4.

Suppose that for every point on the left retina there is a

group of motion detectors which are most sensitive to stimuli
noving from deft to right ( aL) and a second group of motion
detectors which are most sensitive to stimuli moving from right
to left (_bL). Suppose also that for every ﬁoavt on the 2ight :
retina there are two corresponding groups of motion detectors
( @, and b,). Single newrones in the visual pathway of aninale
which show such directional selectivity have been reported
( Barlow and HilL, 1963; Hubel and Wiesel, 1959, 1962; Pettigrew,
Nikara and Bishop, 1968). This means that for each value of retinal
disparity there could be four classes of disparity detectors;
A ( excited only when a, and a, excited), B ( &y + 4,), C (a, +
bL) and D ( a + lf)L). These four classes would exiot ondy if the
directionally-sensitive outputs from Loth eyes are kept oeparate
up to the level at which retinal disparity 4e computed.

Now consdider the movement of the otimulus when there 40 a
phase diflerence between the left and right eyed otimulis socillat-
' dons ( see Appendix 3). For phase differences less than 180°, when
crossed disparity is greatest ( i.e. when the target appears to lbe
nearest the head) Loth left and right targets are moving from lelt
to right s0 that class A disparity detectors are excited. If
prodonged viewing produces apprecialle adaptation of clase A
d-VJpa/u/tg detectorsybut Little adaptation of class B mpazww
detectorsythen the finding that depth thresholds were elevated for
test phases less than 1805 but not\for test phases greater than
1805 would be explained. |

For phase differences greater than 180°, the osdtuation 4is
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Fiqure 47. Model. a - monocular dnage position detector which .
responds M@wmw@mmmmnpwnwu right,.
& - monocular dmage position detector which responds preferentially
4o retinal inage motlon from 2ight to left. ¢, d, e and L - stages
which compute the retinal dmage disparity and which are "iuned" foa
deft/right ratio. These disparity computers respond apprecialily only
when the left/right ratio falls within the following ranges: [
=(0:1) 40 =(1:1); d = =(7:1) 20 =(7:0); & = (1:1) o0 -(0:1); YA
=(7:0) 2o (1:1).
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reversed, Class B disparity detectors will adapt, and class A
disparity detectors will b:’ait atfected. This could account for the
£inding that the asymmetry of the threshold elevation cwwe
reverses when the ad,a,p/t,uzq phase crosses 180° ( Fig. 45) ( see aleo
Regan and me, 1973C).

The smalld, docalised reduction in depth threshold that one
subject showed ( XoB. Fig. 45) could be explained in tewns of
antagoniom or mutual M«ubwn. between class A and class B
. disparity detectors. Such a "oharpening-up" proceds might aleo be
necessaryy to account for Uz,e fine sensdtivity to small changes in
phase angle around 180°. *

The model chown in Fige. 47 can account for the findings o
Section 5:3.

”

This model is similar to the model shown in Fig. 46 in that
two groups of motion detectors (a and &) are postulated which are
selectively sensitive 4o o.u;n.u,lx. moving from left to right ( a)
and 2ight to left ( ) on each retina. The outputs from these four
groups of motion detectors ( a), a,, ¥, and b)L) feed into dieparity-
computing stages. Four such d,b.apa/ubty,-compwuhg. stages are shown
(C, D, € 7). Note that these are entirely different from the
disparity-computing stages A and B shown in Fig. 46.

StayuCandDauexu/tadaw;whmthemgumﬂwLe,{,t
and 2ight eyes are moving 4in opposite directions. S&Xg,e/a Eand 7
are excited only when the dimages din the lelt and right eyes are
moving 4in the same direction.
* This modeld was ﬁomea/tede«MCmawn with D. Regan and 4o
also described in Regan

and Beverley 1973C.



SW C 4o shown as responding over a range of L/R ratiocs
from =(0:1) o =(7:1) i.e. from a direction that passces through
the left eye to a direction through a point midway between the eyes.
This corresponds to a visual angle of some 3° ( see Section 5:3).
Stage D is shown as responding over a range of L/R ratice from
=(1:1) 2o -(7:0) i.e. fron a direction that passes through a point
midway between the eyes to a direction that passes through the
right eye. This also corresponds to a visual angle of some 3°.
Stage £ is shown as responding over a range of L/R ratics from
(1:1) 2o -(0:1) i.e. from sideways motion to a direction that
passes through the left eye. Thie corresponds to a visual angle of
some 87°. Stage F is shown as responding over a range of L/R ratios
from =(1:0) 4o (1:1) i.e. from a dirtection that pasces through the

right eye to dideways motion. This also corresponds to a visual angle |

of oome 87°,

These four disparity-computing otages correspond ito the
four neural mechanioms "tuned" in terms of L/R ratio that underlie’
the four censitivity functions shown in Fig. 44.

Section 5:4 has shoun that Lo a given L/R ratio adaptation
4o movement is opecific to the phase difference letween the
stimulis oscillations secen by the left and right eyes. This was
modelled in Fig. 46. It seems likely, therefore, that each of the
disparity~-computing otages ( C, D, € and 7) of Fig. 47 may be
subdivided into two parts.

For example, each part of ostage € recedves an input from
- elther type a or type U motion detectors, lut not Loth a and &
motion detectors. Thus some of the d«Mpa/thq—c.ompu;thg mechandisms
are excited only when the left and right retinal images are
moving {from left to right in both eyes. The remainder are excited
only when both retinal images are moving from right to left.

The evidence of Section 5:4 and Fig. 46, however, only

(WA
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applies directly to otages € and F. A yet, there 4o no direct
evidence to suggest an analogows subdivision of stages C and D,
although this seems plausible ( in fact it would be diflicult 4o
draw the model without this segregation). *
Jt should be noted that, aince retinal image position was
varied sinusodidally 4in these experiments, the peak to peak
oscillation amplitude was proportional o .the, maximum velocity of
the retinal image. Consequently the L/R ratio confounds the ratioc
of maximum displacements aﬁmwmwwmu with

the ratio of maximum image velocities. Therefore, it 4o not yet
clear whether the sensitivity curwes shown in Fig. 44 or the
retinal disparity computers of Fig. 47 are "iuned" on the basis of
the relative displacements of the retinal images or on the lasis of
the relative velocitics of the retinal imageas.

Finally, the existence of the several types of disparity

computing mechanisme shown albovegis ouflicient to explain the
ellects of AF upon depth movement sensitivity ( Chapter 4)e.

* This model was formulated in discussion with D. Regan and is
also descriled in Beverley and Regan, 19738.
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5:6. Summary.

This chapter reports experiments performed in order to test
the predictions made in Chapter 4. The model described M.Se,c,téan
4:4:2 assumed the existence of several phase-selective mechanioms
tuned to different phase differences between the left and right
eyes’ atinmulus oscillations. This would mean that selective adapt-
ation should occur 4o phase differences lbetween the two eyed
otimulus oscillations. The reoults of Section 5:4 show that such
phase selective adaptation does indeed occur. Adaptation 4o a
stimulus with an inter-ocular phase difference of lese than 180°
produced a threshold elevation for test stimuli with phase
differences dess than 180°. In contrast, the threchold for test
otinuli with phase differences greater than 180° was unaffected.
Adaptation to a otimuls with a phase difference greater than 180°
produced the reverse effect. This Linding was trwe for all subjects
teoted and for all L/R ratiocs used, although the effect was greatest
for a L/R ratio of (1.5:1). ( Note that &w.‘[/k ratio was unchanged
throughout each experiment, and that loth eyes at all times viewed
wwarying sinuwsoidal stimulis anM).

This Linding cannot e explained by adaptation at a site
peripheral 4o Ubinocular convergence.

A model is proposed in which the adaptation occurrs at or
after the disparity computing otage. ( At deast) Two classes of
disparity detectors are posiulated. Each eye's input to a single
class of disparity detector consists of the physiological /wopan/.su
to a single direction of otimulus movement on the reting.

The model descriled in Section 4:4:2 aloo predicted that it
should be poosille to selectively adapt to one direction of motion
in space of the stimulus, but dleave the sensitivity to other
directions of motion unaffected. The results of Section 5:3 ohow
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that such direction-selective adaptation occirrs. Varying the
relative amplitudes of stimulus cscillation din the left and right
W ( L/R natio) varies the apparent direction aZ motion in espace
of the stimulus. Adaptation to a otimulus which moved a,Lan.q, one
paticular direction in space produced a threcholdd eLevatLan Lor
test stimuli moving close to that direction. For other directions
of movement the thieshold was unaffected. This finding was true
for all four subjects tested. ( Note that both eyes at all times
viewed unwarnyping sinuwsoidal stimulus oscillations.) Any adapting
otimulis whose L/R ratio fell within a definite range gave oimilar
threshold elevations. The results for 13 different adapting L/R
ratios produced evidence for 5 such ranges. This finding was
conlirmed on a second subject. The 5 different threoshold elevation
cuwwes could be oummarized in tewns of 4 hypothetical sensitivity

Lunctions.

These Lindings cannot be explained Iy adaptation at a
sdite peripheral to Linocular convergence.

A .nwde,L 4o proposed dn which the adaptation occurrs at oz
alter the dieparity computing stage. Eight classes of dieparity
detector are postulated. These classes are grouped into Lour pairs.
€ach pair is tuned to one direction of motion in three-dimensional
opace, thus reflecting the 4 positulated senoitivity functiona.
€ach pair of classes of disparity detector is subdivided in terns
of phase difference. One being selectively sensitive to phase
differences dess than 180°, the other selectively sensitive to
phase differences greater than 180°.

Four of the eight classes of disparity detector are wholly
concerned with movementes along directions which pass very close ito
the head. These four classes subserwe a visual angle of dess than
6° and night go oome way to explain man's excellent ability to
fudge the direction of movement in space of any object Likely to
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hit Ko head ( or body).

The exdiostence of the several types of disparity de,t,aoto/L
Lo suflicient to explain the eflects of NF upon depth movement
sensitivityyreported in Chapter 4.
Section 5:2 reports on the timecowrse of adaptation and\
adaptation to otimuli moving in depth. The thresholdd for movement
in depth decreased rapidly from ten or more times to albout twice
the pre-adaptation level within 20 o 6or seconds from the amum‘;?ﬁm
adaptation. This ie similar to the recovery from adaptation to
gratings reported by Blakemore and Camplell ( 1969). Howevenr,

recovery was not complete until 700 to 300 minuteo had elapoed.



6/ CONCLUSIONS.

The conclusions that can lbe drawn from the experiments
reported in this theosis can e summarized as fodlows.

For both sinewave and squarewave stimulation,* disparity cues
alfected a subject's alility to detect movement only when the
stimulus oscillation frequency was dess than THz. ( Sections 3:7:1,
3:7:3 and 3:2:71). Disparity cues then increased sensitivity for
targets close to the fixation plane ( within 7.5 min. arc), but
decreased sensitivity for targets whose disparities were greatenr,
Binocular sensitivity to sideways movement was higher for targets
in the fixation plane than for targeis with Linite disparities
( Section 3:1:2). The above findinge mean that precise control of
Lixation ( convergence) is of central importance din any experiment
on stereopsis. One way of checking that convergence remaine conetant
46 to wee nonius lines. Convergence on the {ixation plane can be
held to within 0.5 min. arc for 5 to 20 seconds by this means.
Displacing the moving part of the otimulis pattern to one sdide of
the fixation point, also helps maintain a steady convergence. |
Fig. 12 and Fig. 27 give oome evidence that convergence errors were
very omall.
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* It should le noted that, in the experiments of Chapter 3, changes
| din disparity were accompanied by movements of one or both retinal
inages. Because of thie, all threshold measuwrements referred to the
detection of "mov " of the target, and did not inwodve any
discrinination as to whether the target moved in depth. The queation
as io whether the subjects could discriminate movements in depth
from aideways mumen&,wt threshold yis deft open.
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The effect of frequency upon depth sensitivity was different
for crossed, uncrossed and zero disparities ( Sections 3:1:3 and
3:2:1). Suprathreshold depth sensitivity had a steeper high-frequency
attenuation for uncrossed than for crossed wpmw ( Section
3:4:71)e One "otereoanomolows” subject could see depth for crosesed
disparities but gave no depth responses at all for uncrossed
disparitics of more than 5 min. are ( Section 3:4:2)s This io
consdstent with Richarde! (1970, 1971) hypothesis that there are
threee pools of disparity detectors reoponding respectiveldy ito
crossed, wmooaé,d and near-3ero disparities.

There was a discontinuity at about 3Hz. in the matched depth
curwes for suprathreshodd squarewave stimulation ( Section 3:5:1).
Albove this discontinuity, ithe sensation of depth did not vary with
frequency. Théappamwmo#aabwmqumumwwzd{/wm
depth changed to an appearance of two oiationary targets. This can
be likened to an analog, in the depth dimeneion, of the phi phenomenon.

Uhen a target's retinal disparity changes with a pulsed
waveform, the target appears to execute a pulsed movement dn depth
( Sections 3:3:1, 3:3:2 and 3:6:1). Uiosual sensitivity to ouch
disparity changes was plotted as a function of pulse duration.
These curwes resenbled low-pass filter characteristics. For a given
direction of movement in depth, different sensitivity curves were
obtained for targets located in front of and lehind the plane of
binocular fixation. However, depth sensitivities were similar for
pulses directed from either location towardes the fixation plane
or ditected from either location away from the plane. This ouggests
that movements in depth directed towards and away from the Lixation
plane are handled by different newral mechanisms in man in accord
with odngle-newrone evidence 4n cat and monkey ( Pettigrew, 1973;
Zeki, personal communication o D. Regan), This is also consistent
with Richards' ( 1970, 1971) hypothesis of three pools of disparity
detectora,

18I



sideways oscillations were dess than 5Hz. din both eyes, depth
oocillations could e secen; (L) when the frequency of oideways
oscillation dlay between 5 and T10H3z. dn either eye, depth oscillations
could not le seen; (c) when the fLrequency of osideways cecillation
exceeded 10Hz. 4in one eye and was dess than 3Hz. in the other eye,
depth gecillations could be seen. Although the stimulie disparity
waveforms could aloo be descriled in terms ol three frequency
regions, these three regions did not codncide with the three
poychophysical regions. The exdstance of depth perception in the
high=trequency region can be explained in terms of temporal
dntegration (¥, = 30 nilliseconds) lbefore the signals Lrom the two
. eyes unite, at a point common to both disparity and sideways motion
channels.

Sensitivity to cacillations in depth fell off when depth
oscillated faster than THz. at most, and failed completely at 2 io
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Jt 48 possdbde to discriminate between odideways movements
and movements 4in depth of a fused target at threshold. One method
( described in Chapter 4) 4s to cause the timecaurse of oidewaiys
notion to differ from the timecourse of motion 4in depth.

Using this method with squarewave otimulation, there was a
rapid decreasde in sensitivity to movement in depth as both F and OF
were increased ( Section 4:2:1)e No movement in depth could be seen
at all when either 7 on AF was greater than 7Hz.. To a Liret
approximation, fte.mbtm\ results can be deoscrilbed in tewns of the single
paraneter ( fsu/q\a F+0F) wae the maxinun "dwell time" of the
fused target at any one disparity. As the dwell time was increaced,
depth seneitivity was increased. This relationehip failed at a dwell
time of approximatedy 500 milliseconds.

Using this method with einewave stlmulation, the perception
of depth cscillations could be classified into three frequency
regions ( Section 4:3:1). These were (@) when the frequencies of
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SH3ee Sideways oscillations could le seen at much higher {requencies
than cscillations in depth, up to at deast 20 to 25Hz..

. One's ability to see oscillations indep/thwa/.siceduce,d&am
unexpectedly darge degiee when AF was increased. This means that
aome. form of temporal integration (g = 50 milliseconds) must occur
at a aite centrual to Uinocular convergence.

A moded 4s proposed ( Section 4:4:2) to account for the alove
findings. This model assumes the existance of several classes of
"disparity detector”" such that a .q,Lvm monocular dnput o a given
disparity detector is elicited by ondy one direction of retinal
image movement. These classes of disparity detector would also be
tuned to different phase differences between the left and right eyes!
stimulus oscillations. Some evidence, which points to the existance
of directionally-selective mechanioms, has recentdy been found in
cat ( Pettigrew, 1973), monkey ( Zeki, personal communication 4o D.
Regan) and man ( Regan and Beverley, 1974R).

The relative distance through which the left and right
retinal images move ( L/R ratio) provides a sensitive cue 2o the
direction along which a target moves 4n ﬂme-&mezwwncd 4apace.

( Section 5:3:1).

Gazing at a target which moved along a fixed direction in
space produced a gross reduction of visual sensitivity to movements
in depth along that direction. For other di/zzot&om.o{_ movement,
visual sensitivity was not affected ( Section 5:3:1). Sencitivity
40 depth movement rapidly rose almost to the p/Le¥a,dap/ta,t€,on devel
within the firet 20 to 60 seconds alter removing the adapting target,
but recovery was not complete until 2 to 5 hours had elapsed
( Section 5:2:1). Any adapting target whose L/R ratioc flell within a
definite zange gave sdinilar reductions of visual sensitivity io
movements 4in depth ( Section 5:3:1). There were Live such ranges.
These Live ranges can le summarized in terms of four hypothetical
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sensdtivity functions ( Section 5:3:2). Regan and Beverley ( 1975)
have p{wui.de,d further evidence for these four sensitivity functions.
ALL this points o four clasees of dieparity detector, each tuned to
one direction of motlon in three~dimensional ospace.

In Chapter 5 4t was aleo shown that viewing a target moving
in depth depressed visual sensitivity to depth when test and
adapting otimuli simlated motion along closed paths with the same.
directions of rotation ( L.e. when the inter-ocular phase diflerence
was either less than 180° for loth test and adapting stimuli, or was
greater than 180° for both test and adapting etinuli) ( Section 5:4:1).
However Lor opposite directions ol moitlon, sensitivity was elther
unaflected or dncreased. This pointe io two classes of disparity
detector tuned with respect to the dinter~ocular phase difference.
Either eye'’s input to a dsingle class of disparity detector conelsts
of the physiological responses 4o a obzg,l,e direction ol horizontal
movement.,

The tindings of Chapter 5 cannot le explained by adaptation
at a site peripheral to bLinocular convergence. Jnsiead, a model 4o
proposed in which the adaptation cccurrs at or after the disparity
computing stage ( Section 5:5). Eight classes of ddsparity detector
are postulated. These classes are grouped into four palre. Each
pair is tuned to one direction of motion in three-dimensional space
( Section 5:3:2). Each pair of classes of disparity detector 4o
subdivided in terms of phase difference ( Section 5:4:2). One leing
selectively sensitive to phase differences dess than 180° , the
other selectively sensitive to phase differences greater than 180°,
Four of the eight classes of disparity detector are wholly concerned
with movements along directions very close to the dline which cuts
midway between the eyes, and do noi respond to movements whose
direction departs by moze than 1.5° fron the preferred direction.
This might go some way to explain man's excellent ability to judge
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the direction in which an object moves in three-dimensional space.

The exiotance of the several classes of disparity detector is
sufficient o explain the elfects of AF upon depth movement sensit-
ity ( Section 4:3:1). ’

Jt 4o possible that each of these eight classes of dioparity
detector 4o further subdivided in termes of the static disparity over
which they operate. Richards ( 1970, 1971) has postulated the
exiotance of thiee pools of disparity detectors responding respectively
40 crossed,uncrossed and near 3ers disparities. Further evidence foxr
the exiotance ol these poods was found in Sections 3:7:3, 3:2:1,

3:3:2, 3:4:1, 3:4:2, 3:5:71 and 3:6:7. Regan and Beverley ( 1974A)
have found differences in the electrophysiological responses to
crossed and uncrossed disparities which further supports thie

osupposition.
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Figure 48. Sideways displacements of zhe otimulus patterns and

the neoulting changes in disparity for sinusoidal stimulation

( chapter 3). ap,lm row. Sideways displacement of. the siimudus seen
by the left eye. Middle row. Sidewaps displacement of the stimulus
seen by the right eye. Lower aow. Resulting disparity changes. Left
codunn. Movement 0l the otinulus pattern in only one eye. Centre
codunn. [flovenent of both stinmulus patieins in antiphase. Right
colunn. Movenent of both etinulue patterns in phase.
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APPENDICES.

Appendix 1. Stimulus Motion With Sinewave, Squarewave or Pulsed

Movementse

Sinewave Stimulatione

Jt 4io poseilde to generate an illusion of depth by weing
disparity cues alone ( Uheatstone, 1838, 1852). Regan and Spekreijse

( 71970) have shown that by zhythmically changing the retinal disparity

of part of a ostimulus pattern, a compelling ildusion of movement in
depth can le created ( see also Appendix 4). This illusion occurrs
even though no part of the stimulus pattern moves 4in depth either
towards or away from the subject ( dees when only oideways displace-
ments of the otimulus patierns occur).

Fig. 48 ohows the sideways displacements of the stimulus
patterns and the resulting changes in disparity that occurred when
weing osdnusoidal .ouﬂuMon for the expwwm ol Sections 3:1 and
3:4. The upper row shows the oideways displacements of the moving
part of the otimulus patterns ( target) seen by the lefi eye
( Stimulus 1, S1; Stimwlus 2, ST; Stimulus 3, $3; or Stimwlues 5, Q3).
The target scen by the left eye always moved sinuscidally. The
middle row chows the oddeways displacements of the target seen Iy
the night eye. In the left-hand codumn no displacement occurrs
( Stimulus 1, $2; Stimulus 2 S2; or Stimulus 3, S1), whereae in the
centre and 2ight hand colunns ainusoidal displacements occur
( Stimulus 5, Q4). The lower 2ow shows the iesulting changes in
disparity that occurred when the targets were displaced in this way.

The deft column, in which there io sideways movement of the

187
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target in one eye only, refers to the experiments of Sections 3:1:1,
3:7:2, 3:1:3, 3:7:4, 3:4:1 and 3:4:2. The deft eye viewed a target
oscillating sdnusoddally from side 1o side and the right eye viewed
an ddentical otationary target, When fused, the sulject saw a single
target oscillating sdnusoidally o and fro in depth; the direction
of motion leing towards the right eye. * The centre codumn, in which
thmmo}idwaw movements of the targets in lboth eyes, refers 4o
the experiments of Section 3:7:2. Here sdlnusoidal displacements of
the identical targets occurred in antiphase dn the two eyes. Since a
change in disparity refers to the difference lbetween movements in
the left and right eyes, the peak 4o peak change in disparity was
twice that for the situation shown in the left codumn. When fused
the oubject saw a single target ocscillating sdinusoidally 2o and fro
in depth; the direction of motion leing towards a point midway
lLetween the eyes. The right codumn, 4dn which there are odideways
movements of the targets in both eyes, refers o the experiments of
Sections 3:71:1, 3:1:2 and 3:7:3. Here sdinusoidal displacements of the
ddentical targetos occurred dn phase in the iwo eyes. Since a change
in disparity refers to the difference lbetween movements in the lefit
and right eyes, there was no change din dieparity for thie condition.
When fused the oubject saw a single target oscillating sinusoidally
from adide to side. The sulfect saw no motion in depth.

The three columns refer to the three stimulation conditions
of monocular-stereoscopic movement ( left codumn), sterecscopic
movement ( centre column) and Uinocular movement ( right coldumn).

A Lourth etimulation condition ( monocular movement) occurred when
one eye was occluded. The non-occluded eye viewed the left eye's

* Uhen wsding Stimudus 3, the delft eye viewed the statlonary target
and the right eye the moving one. This, however, makes no diflerence
2o the argument except that "lefit"” and "aight" should be interchanged.
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Figure 49. As Fig. 48 but for squarewave stimulation.
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stimulins shown in Fig. 48, and the subject saw the target move anly

Lrom side to sdide.

Jt should be emphasised that, although the subject had an
illusion that the fused target moved to and fro in depth, at no time
did any part ol the actual stimulus pattern move in depth. The
LlUusion of movement in depth was generated entirely by changing the
retinal disparity of part of the stimulus by meand of odide to side
movements.

Squarewave Stimulation.

Fig. 49 oshows the addeways displacements ol the ostimulus
patterns and the resulting changes in disparity that occurred when
weing squarewave ostimulation for the experiments of Sections 3:2
and 3:5. The actual side 1o 4ide movements of the targets and the
resulting changes in disparity, ohown din Fig, 49 for oquarewave
stimlation, can be explained in exactly the same way as for
sinewave otimulation ( shown in Fig. 48).

Stimulis 1 and Stimuwlis 2 were used dn Section 3:2, and
Stimudus 3 was woed in Section 3:5.

At threshold, the subjfective appearance of the fused ostimulis
with 4qua)£waue stimulation was similar to the sulbjective appearance
of the movements of the fusced otimulus with sdnewave otimulation
( Sections 3:1 and 3:2). However, with suprathresholdd ( matched depth)
stimulation ( Sections 3:4 and 3:5)the appearance of the movements
differed.

With euprathresholdd sdinewave ostimulation, the fused target
appeared to odinusodidally ao@LLa/t.e. 40 and tro in depth. The movement
of the fused target was continuous. With suprathreshold squarewave
stimulation, however, the fused target appeared to jump {from one
position 4in depth to a second position at a different depth. At
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Fiqure 50. Sideways displacenents of the stimulus patterns and
the resulting changes in disparity for pulse stimulation ( chapter
3)e Firnst two rows. Sidwai,w displacenents of the stimuld seen by
the left and right eyes. Lower 2ow. Resulting disparity changes.
Firet codunn. dpparant movement of the stimulus towards the sulject
( 7). Second codumn. Apparant novenent ol the stimulus away from
the ouwbject ( N). Thiwd codumn. Apparant movement of the Amwl,u/a
to the right ( R). Fourth codunn. Rpparant novement of the stimulus
40 the Lept ( L).
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each of the two posditions, the fused targeil remained for a short
period. This period varied inversely with the frequency of the
squarewave oscillation. Thieo 4is o le expected from a consideration
of Fig. 49.

However, as the Aquajcwabe gacillation frequency was increased
to, roughly, 3Hz. there was an abrupt perceptual change in the
appearance of the stimulus. Jnotead of a single fused target
abruptly moving between two positions in depth, the appearance of
the otimulus char@edztaztha/to,&aum otationary targets, one at each
of the two depth positions. These two targets appeared adightly
"bluried". Thio abrupt perceptual change always osccurred at about
the same frequency ( for increasing frequencies the change occurred
at a olightly higher frequency than for decreasing frequencies -
deee there was some hq/.vt%i,ou)‘. Rbove this frequency, altering the
stinulus oecillation anplitude altered ithe positiond of the "two'
bars. Consequently, matched depth dettings were easily made at these
high frequencies. This pucepnmidwwemmappmmca of the
stimulis occurred for all subjects and under all experimental
conditions.

A posoille explanation for this change 4in the appearance of
the stimulus i given in Section 3:5:2.

A odinidlar abrupt change 4in the appearance of the otimulus
occurred fLor sdide to sdide movements when osquarewave otimulation was
wsede Jn this cave the fLrequency at which ithe abrupt change occurred
was roughly 201z

Pulsed Movement Stimulation.

Fige 50 ohows the sdideways Wplawnenm of the otimulus
patierns and the reosuliing changes 4in disparity that occuired when using
pulsed movement stimulation for the experiments of Sections 3:3 and |
3:6., |
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The upper row shows the sideways displacements of the target
seen by the left eye ( Stimulus 6, Q3). The middle row chows the
contemporaneous sdideways displacements of the target secen by the
right eye ( Stimulus 6, Q4). The lower 2ow ohows the resulting changes
in disparity that occurred when the targeto were displaced in thie
way.

In the Liret two columns, sdideways displacements of the
ddentical targets occurred in antiphase in the two eyes. The
timecourses of the targete'! movements shown in the first column were
as follows. After a variable intewal ( averaging about 1 second)
the left eye's target moved suddenly io the right. It remained in
this second position for a preset interwal ( the experimental
variable - range 7 milliseconds to 1 second), and then 4t euddenly
returned to its ordiginal position. The cycle was then repeated. The
- 2ight eye's target, mmnl,Ly,a,tUwLe,{yt,'movedouddauytoUw
right and then returned. These movements caused a resulding change.
in disparity. The disparity, initialdy negative ( uncrossed) changed
abruptly o a more positive value ( crossed) and then returned. The
appearance of the fused target was as follows. After a varialble
interval the fuced target moved suddenly towards the sulject. After
a preset intewal the target suddenly returned to its original
- position. This cycle was then repeated, For any one measurement ithe
presei uvtwu was constant. The varialle dnterval,
however, varied irteqularly 40 that the subject could not guess
when the targei would move.

The timecourses of the targete'! movements shown in the
second codumn were the reverse of the timecourses shown ﬁ:.“atlw
Lirst column. The left eye's target moved to the left andycwwmd,-
the night eye's target moved to the right and then returned;
disparity changed from a positive io amunzqwt&ueuwmaﬁdthm
returned; and the fused target appeared o move suddendy away Lrom
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the subject and then it returned.

In the dast two cowm/a,,m:dwazp displacements of the two
ddentical targets occurred 4in phase in the iwo eyes. Thus, in the
third colunn, the left eye's target moved suddenly o the right and
then returned. The right eye's target also moved suddenly 4o the
right and then returned. There was no change in disparity. The fused
Wap,mumcueomtamwwmum.
There was no apparant movement in depth. JIn the fourth codumn, the
left eye's target moved suddenly to the left and then returned. The
right eye's target alsoc moved ouddendy io the left and then returned.
There was no change in disparity. The fused target appeared to move
ouddendy to the left and then it returned. There was no apparant
movement in depth.
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Fiqure 51, Schematic diagram idlustrating the motion of the dimages
on the left and right retinae of a bihocwl.a/&&;—l;ixazted stinulis
which éooLLLwteA sdnusoidally An variows directions 4in thiree-
dinensional space. See text.
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Appendix 2. Stimulus fotion With an Anplitude Difference Between

the Left and Right Eyes' Stimulis Cscillations.

Jt 46 possible to generate a stimulus which appears 4o
oscillate along a straight Line whose direction in ospace can e
predeiternined by varying ithe relative amplitude of ostimulus cocill-
ation scen by the left and right eyes ( wsing Apparatus Sand
Stimulus &) ( see also Appendix 4)e The tern "L/R ratio", which
refens io the relative amplitudes of oscildation of the deft and
right etimulws targets, 4o defined in Section 5:3.

Jt should le noted that, sdnce the cacillations of the
stimulie atan,q,e/u.weJLe_ sdnusoidal, the L/R ratio does not dietinguish
botween the relative peak o peak amplitudes of the otimulus
movements, and the relative maximum velocities of ithe stimulus

movenents.

Both the deft and right eyes viewed unvarying sdnewave
otimulus oscillations at 0.8lz.. This Llow oscillation frequency was
chosen 4ince other experiments ( Regan and Beverley, 1973A; Section
3:7:1) had shown that at higher cscillation frequencies thresholds
for sideways motion were confounded with thresholds for motion in
depth.

The wse of oinusoidal stimulation meant that for both left
and right eyes the leftwards and rightwards motions of the otimulive
targets were exactly balanced.

Fdg. 51 idustrates the motion of the dimages on the left and
rdght retinae of a binoculardy=fixated stimulus which cscillates
sdnueoddally in variows directions in three~dimencional space. The
arowed Lines immediately in front ol the eyes represent the
directions along which a real target oscillates.

In Fig. 51R, the target cscillates Lrom sdide to oide and doeo



not move 4n depth. Consequently, the retinal dimage positions
cscillate in phase with equal amplitudes ( L/R zatioc = (1:1)). In
B, the target oscillates along a line directed io the left of the
deft eye. The dleft retinal image now oscillates through a omaller
dx'/a/tan,ceatjwnzth.e)u‘_qh/t but both otill oscillate in phase ( L/R
ratio = (1:2)). .']nC,atlwzta/z.g,e/tooooLLa/teA a,Lanq.amwaoted
uwmuﬂwuptwaao;ﬁmﬂwu&tm'amww
stationary and all retinal image movement 4is confined to the right
eye ( L/R ratio = (0:1)).

Uhen the target's direction of motion 4is directed 4o any
point lLetween the eyes, the two retinal image positions oscillate in
antiphase ( L/R ratio is negative)s In D, ithe target's line of
mvma@awbwbwnmmieptwemmmmmd{mq
between the eyes. The two retinal image positions, therefore,
sscillate in antiphase and the left image moves through a osmaller
distance than the right ( L/R ratio = =(7:2)). Uhen the target's
Line of motion passes midway between the eyes (€), thzie,btand
right retinal images have exactly the same amplitudes of cocillation
( L/R ratio = =(1:1)). Fig. 51F, G, # and I show hawat!w.oeqwezwe‘D,

c, Bmdﬂ&pM&deLedezW'aUma;Manadwv

more to the right until at J it is once more entirely sideways.

An important point not brought out in Fig. 51 i that the
very darge change dn the L/R ratis going from C to G may refer to
ondy a very onall change 4in the direction of the target's motion.
For the experiments reported 4n Chapter 5, the viewing distance waos
L3cm. 40 that the change in L/R ratiocs from C 40 G represented a
change of andy 6° of visual angle. For longer viewing distances, ithe
same change in L/R ratio would reprecsent a correspondingly omaller
angular change. Thus, [/Rmto.&oavmaezww.ueindica/téon ol
the direction of target movement provided that the direction 4o
uu’ﬂu&na&wd-e.qﬁ.zéo 0f the line which cute midway between the eyes.

\q7
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Figuwe 52. Sideways displacenents of the stinulus patterns and

the resulting changes in disparity for different /R ratios ( chapter
5). Firot two rows, Sideways displacements of the otimuli seen Iy
the dleft and aight eyes. Lower wow. Reoulting disparity changes,

Left colunn. L/R ratio of +(1.5:1). Right codumn. L/R ratio of
~(1.5:1). | -
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The elfect ol changing the direction along which a target
moves in space ( as shown in Fig. 51) can be simulated by presenting
separate patterns to the left and 2ight eyes, and by moving these
pmmm4mu4maoMwaummmW
movements are zthe,pam..e. as those shown in Fig. 51. This was in fact
the method used for the experiments of Chapter 5. The significance
of the L/R ratio can be visualised, however, along the lines
dustrated in Fige51.

Fige 52 gives a further dustration of the difference
between a L/R ratio of +(1.5:1) and a L/R ratio of =(1.5:7)e The
upper row shows 14 cycles of the stimulus wavelorm representing the
sdde to sdde movement seen Iy the left eye. The oscillation anplitude
i8 1.5. The middle row shows 1+ cycles of a contemporaneows stimulivs
waveforn representing the odide 4o sdide movement seen by the right
eye. The cscillation amplitude 4o 1. The lower 2ow shows the result-
ing change in disparity. In the deft colunn, the left and right eyes'
stinulus cacillations are in phase ( i.e. the L[/R ratic is positive).
In the right colunn, the left and right eyes' ostimulus cocillations
are in antiphase ( dee. the [/R ratio is megative). Note that the
peak to peak disparity change 4o greater when the two eyes'! atimuliLs
oocillations are in antiphase. llote aloso that the phase of the
disparity oscillation is the same as the left eye's side to side
oscillation in Loth cases Li.e. the phase of the cLMpa/u.,tq, ooclllation
4o the same as the side to eide oscillation in whichever eye ithe
greater peak to peak oscillation amplitude occurrs.

Uhen the two targets were vdiewed in binocular fusion, the
oubjective appearance was that of a sdingle target moving 4in opace.
The fused target appeared o sinuscidally cscillate along a single
direction dn epace. Thie direction varied 4n the manner descrlbed in
Fige 51 ao the L/R ratio was varied,

The osubjective appearance of the movements of the fused target



during an adaptation expe/w:wvt was as follows. As the subject gazed
at the adapting target, at firet the target's cscillations 4in depth
appeared large. However, as adaptation progressed, the cscillations
in depth grew progressively onaller, until, after several minutes

( the time varied from oubject to oubject and from day to day), no
movement in depth was vielble at all. It should le noted, however,
that the ostimulis otill appeared 4o move from odde o sdde, and that
even after 30 minutes adaptation no noticalile change in this side to
- side movement cccurred. Thus, the angle letween the direction of the
target's apparant movement in space and the direction to the paint

midway between the eyes, appeared to increase as adaptation progredsed.

Although several minutes adaptation were necessary io
completely abolioh the perception of movement in depth, a marked loss
ol sensitivity took place within the Lirsi few seconds of adaptation.
Uhen adaptation was complete and teeting at different L/R ratiocs
legan, it was evident that a much greater otimulus oscillation
anplitude was necessany 4o see depth for asome L/R ratios than fox

othens ( this was apparant from the odideways motion of the otimulis).

It was much more difficult to see oscillations in depth for etimulus
oscillations directed to the same side of the head as the adapting
ostinulus oscillation. This was twe for all adapting L/R ratics
except =(1:7.05).

200
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Figure 53. Schematic diagran ddustrating the illusiony notion in
depth of a binccawlardy~fixated target where there is a consiant
phase difference letween the deft and right eyes stimudus oscillat-
4ons. X 4o the deplh axis and Y the sideways movement axis. The
nunbers give the phase difference ( degrees) letween the
oscillations seen by the two eyes,
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Anpendix 3. Stimulus Motion With a Phase Dillerence Between the

Lelt and Right Eyes' Stimulus Gscillations.

Jt 4o possibde to g,ene/wte a stimulus which appears to move
din depth by vauping the aelative phase difference lbetween the stimulis
oscillations seen by the left and right eyes ( see also Appendix 4)
( woing Apparatus 3 and Stimulws k).

Both left and right eyes vdewed unvarying sdinewave ostimuliLs
oscillations at 0.8Hze. This low oscillation frequency was chosen
since other e.xpwunem% ( Regan and Beverley, 1973A; Section 3:7:1)
had shown that at higher cscillation frequencies threoholdds for
sdideways motion were confounded with thresholds for motion in depth.
The wse of sinusaidal motion meant that the leftwards and rightwards
motions of the stimulus iargets were exactly balanced in elther eye.

Fige 53 is a schematic diagran illustrating the apparant
motion in space of a binocularly-fixated targel where there 46 a
wmtmpjmediﬂmmbWemﬂw&,{,tmuglvtw'om
oscillations. Uhen the phase difference was OO(WWWW'
stimuli oscillating in phase), the fused target appeared to cscillate
&zomaide.to-oidaanddidnatmoue&zdep/tha,ta,u. When the phase
difference wvas 45° the fused target pursued an elliptical orbit in
depth. The major axis of the ellipse was from side to sdide and the
minor axis was to and fro in depth. The senve of rotation around the
orlit meant that the target was moving from left to rlght when it
appeared nearest to the eye ( largest crossed dieparity) and from
right to left when it appeared furthest from the eye ( largeosit
uncrossed disparity). As «tlwp!umé. diflerence was progressively
dncreased, the orlit of the fused target grew more elongated in depth.
When the phase difference was 90° the fused target pureued a circular
orbit in depth. When the phase difference was 135° the fused target
pursued an elliptical orbit dn depth. The major axis of the ellipse
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Fiouwwe Sh. Sideways displacements of the otimulus patterns and
the resulting changes dn dieparity and sdideways movement for
various phase diflerences letween the deft and 2ight eyes stimulins
oscidlations ( dzap/taz 5)e Firot two rows. Sideways displacenents

ol the otinuli seen by the left and right eyes. Third row.

Resulting disparity changes. 'r"ouzutli row. Resulting odidewaips
maueﬂmuv. The codunns show the eflfects of vatious phase differences
between the two epes stinulus oocillations.
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was to and fro dn depth and the minor axis was from sdide to odde.
Uhen the Me diflerence was 180° the fused target appeared io
goacillate along a straight line directed at a point midway between
the eyes. Further increases in phase angle caused the orbit of the
fused target Lirst to open out to an ellipse with its major axis
extended in depth ( 225°), then #o a circular orbit in depth ( 270°),
then to an ellipse with its minor axis extended in depth ( 315°),
until, for a phase of 360°, the situation was the same as for 0°. '

These ddusions we):,a Just what would have leen expected fLrom
the known facts of binocuwlar disparnity. Fig. 53 also illustrates the
central point that the sense of rotation of the fused target around
the orbit was opposite for phase angles less than 180° than for phase
angles greater than 180°. Thus the orlbit of the fused target was
ddentical for phase angles of 135° and 225° but the target moved
anticlockwise for a phase angle of 135° and clockwise for a phase
angle of 225°,

Fige. 54 shows the sddeways displacements of the stimulis
patterns and the resulting changes in disparity and oddeways
movement for various phase differences letween the left and right
eyes! stinulus oocillations. The upper row shows 14 cycles of the
stimulins wavelorm representing the side to sdde movement seen by the
dleft eye. The second row shows 14 cycles of a contemporaneous
stimuline wavelorn representing the side to sdide movenent seen Iy the
night eye. The third now shows ithe resulting changes in dioparity.
The bottom row shows the resulting sdideways movements of the fused
target.

a@wmtwm,mwmmwum
oscillations are in phase ( phase difference = 0°). There was no
change dn disparity when ithe phase difference was 0% The fused

target,therefore, moved purely {from side to «dide. In the second
codunn, the right eye's otimulus leads the left eye's otimulus
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( phase difference = 90°). There was a change .in disparity and alsc
a change 4in sideways movement. The fused target, therelore, noved
both from sdide to sdde and in depth. In the third codunn, the
otinulus oscillations are in antiphase ( phase dilference = 180°).
There was no change 4n aideways movement when the phase difference
was 180°. The fused target, therefore, moved purely in depth. In the
fourth column, the left eye's otimulus leads the right eye's otimulus
( phase difference = 270°). This was the same as for a phase
ditperence of 90° except that the movements in the lelft and right
eyes were interchanged. The fused target moved both from side to side
and in depth. In the Lifth codumn, the left and right eyes' stimulis
oscillations are again in phase ( phase difference = 360° = 0°)
which is the same as 4in codumn one. llote that the situatlon for phase
diflerences Lless than 180° was the same as for phase differences
greater than 180° but with the left and right eyes' stimuwlus
novements interchanged.

?o&aomexprLtAMwaAbathapfmeWmmm
‘W'Wmmbwm@%ﬂwwptmdugmtw'omw
oscillations. lnder these conditions, the major and ninor axes of
the elliptical movements in depth ( Fig. 53) were no longer in the X
( o and £ro dn depth) and Y ( side to odide) directions but were
inclined away from these directions by an amount depending on the
L/R ratio. It should be noted also, that the direction of movement
Lor a phase ditference of 0° was no longer orthogonal to the direction
ol movement for a phase diflerence of 180°. For example, consider a
L/R ratio of 2:1. For a phase difference of 0°y the fused target
muzduonqawwd,ueotedglu/.»tu at/w,ﬂ%xh of the right eye. For a
phase difference of 180°, the fused target moved along a Line
directed just to the left of the right eye ( sece Fig. 51). For phase
wummmwmwm 180°, the fused target moved in an
anticlockwise ellipse, while for phase differences in the range 180°
o 360°, the fused target moved in a clockwise ellipse. The central
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point, that the direction of motion of the fused target around its
elliptical orbit was anticlockwise for phase ‘da',,&,&u,en.cu dess than
180°, and clockwise for phase differences greater than 180°,
renained twe whatever the L/R ratic.

The suwbjective appearance of zthe.‘ movements of the fused
target during a phase adaptation experiment was similar to that
neported in Appendix 2 for a L/R ratio adaptation experiment.
Adaptation caused the target's movements in depth io decrease, whilet
the target's sddeways movements were unalfected. After adaptation
was complete, testing with different phase differences showed an
asymmetric adaptation effect. Jt was evident that a much greater
stimulus cscillation amplitude was necessary to see depth for some
phase dilferences than for others ( thie was apparant Lrom the
sddeways motion of.ihe etimulus). It was much more difficult to sce
movements in depth for movements in the same direction ( cloclwise
or anticloclwise) as the adapting otimulus. This was true for all
adapting phase differences and for all L/R ratics that were used.

The eflect was quite small however for a L/R ratio of (1:1).
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Figure 55. See texts
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Appendix 4. Stimulws mougn With a Frequency Difference Between

The Left and Right Eyes! Stimulie Gocillatlions - Sinewave.

It 4o posedible to measure depth movement threshodds which
are uncontaminated by the eflects of sideways movements of the |
retinal images, by making the timecourse of sdideways moiion and
motion in depth different. One way 4in which this can le done 4is 4o
present a stimulus in which the frequencies of ocscillation in the
deft and right eyes differ ( see Section 4:1).

The {requency of edideways oscillation of the otimulus target
 scen by the left eye was FHz., and by the night eye was (F+IF)Hzas
The movement of the fused otimulus can be understood by considering
the frequency of sddeways oscillation of the two targets to le the
same, but with a continuousdy changing phase difference () of 360°
per 1/0F seconds.

First, consider the case @4[9 = OHz. ( that is ¢ is
conetant). Let the equation of motion of the left eye's retinal
inage of the target le | |

X, = Adn(2mit) - (1)
maﬁmmmwmmml :
Xy = Agsin(2vpt + ) - (2)

.'Jﬁ tewns of the depth direction (U) and the sideways direction (X)
shown An Fige 55, these equations lecome, for the left eye

X = Again(@)sin(2rLe)

U= RLcaa(O)oM(.’Zth)
and for the right eye

X = Akam(opm(:zv,u +P)

Y = Apcos(®)ain(2vwLt +1’)
The equations of motion of a edingle, binocularly-fused target which
generates the retinal dnage mouements given by equations (1) and (2)

above, are
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SIDEWAYS  MOVEMENT

Disparity = X, - Xy =0 Disparity = -X.-(-X3)= 0

MOVEMENT IN DEPTH

Disparity = x,.-(-x;)= 2X Disparity = -x, -Xg = -2X

Figure 56. The upper half illustrates how a target which oscillates
.{/wm sdde=to=sdide gA,Ue/J retinal images whose positions cscillate
fron sdide-to=sdide in phase, while the lower half ‘llusirates how a
target which oscillates purely in depth gives retinal images whose
positions oscillate fron oide-to-side in antiphase. ¥ - fovea.

X.C’ Xz - distances {from fovea 2o retinal k‘mage.'.o/,‘ target on left
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X = A( ain(2wpt) + sin(2nft +P)) - (3)
Y = B( sin(2wpt) - sin(2nft +$P)) - (4)
for A, = Apg A and B being constante. '

Foa @ = 0°, that is for retinal images cscillating in phase,
equations (3) and (4) 2educe o
X = 2Asin(2wLt)
y = 0. 4
These are the equations of motion of a target ( vdewed in binocular
fusion) which oscillates, in a ostraight line, from side to side —
( Fige 56 upper). Thus, a target will appear to cecillate from <ide to
side il the left and right eyes' retinal dmages oscillate in phase.
For ¢ = 180°, that ie for retinal images oscillating in
antiphase, equations (3) and (4) 2educe to
X=0
Y = 2Bein(2vpt).
These are the equations of motion of a target ( viewed in ULinocular
Lusion) which oscillates, in a otraight Line, o and fro in depth
( Fig. 56 lower). Thus, a target will appear to cscillate to and
{ro in depth if the left and right eyes' retinal images oscillate
in antiphase.
For all other values of P equations (3) and (4) become
X = A(2sin(2vLt + P/2)cos(-%/2))
§ = B(2cos (2Lt + P/2)ain(-¥/2))
Therefore, putting Z = 2nft +P/2
X = Coin(2) | - (5)
Y = Dcos(2) - (6)
'whvcaCandﬂmc.aMatamtA'..‘

Equations (5) and (6) are the equations of motion of a
target ( viewed in binocular fusion) which moves in an ellipse.
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Figure 57. The upper part ddustrates the sideways displacenents
of the atimulus patterwnvs ( targets) Q3 and Q4 X, X, = positions
of target images on left ond right retinae respectively. Albsciscae
ate tine. The left eye's target oscillates at Fiz., the /u.qh/t eye's
at (F+AF)H3.. The lower part illustrates the ildlusdory motion 4in
depth of the linocwlarly-fused target for various phase differences
between the oscillatory displacencnts of the left and right eyes!
targets. The plots are of retinal disparity ( ordinates) versus
etinal image position ( abucissae).
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Fiqure 58. A and B show how the left and 2ight eye's stimulirs

targets noved with time. The motion ds odnusoidal. X,y X, -
position of the retinal images in the left and 2ight eyes. t -
time. The ocscillation frequency for the lefi ejpe's stimulus was
FH3e, and for the aicht eye's stimulus was (}"+.A'r")f£§.. C, Dand £
show three ways in which aetinal disparity (X, - Xo) can change
as a function of time. In C AF< F/3; in D 3F D AF > 7/3; in €
A7 > 37,

+:‘l\ _ S F. [)' o 3F>aF> WF

AF>3F

U2
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Now, consider the case for OF # OHz. ( that is P varies
continuously). For dow MF ( 3MF less than 7) the appearance of the
target is shown in Fige 57. At any dnetant in time the etimulus will
appear to move as 4if there was a consiant phase diflerence Uletween
the two eyes' stimuli ( see Appendix 3). Thue when. the instantaneous |
phase diflference is 0°athz.,l;twadta/zqe,twui.appaa)ctomoue.4ha
otraight Line fron olde to side. lihen b Lo 45° the fused target will
appear o move in an anticlockwise ellipse with its major axis
sdideways. When P Lo 90° the fused target will appear to move in an
anticlockwise circle. When P 48 135° the fused target will appear io
move in an anticlockwise ellipse with its major axis 4in depth. Uhen
P Lo 180° the target will appear o move 4in a straight dine to and
fro in depth. For P greater than 180° the target's motion becomes
clockuioe and is elliptical in depth ( for 225°), circular ( for
270°), elliptical sideways ( £or 315°) and in a straight Line fron
side to side ( for 360°).

This whole eequence 44 continuously repeated and takes 1/MF
seconds for 1 cycle. For clarity the target's path has 40 far Leen
descriled as elliptical, circular or Linear, but of course sdince ite
trajectory was changing continuously, one orbit c.on«u.rwdt\« merged
into the next.

Fige 58C ohows the form of the retinal dlsparity function
with time. The Wn appears as an amplitude-modulated sinewave;
the carrier frequency being FHz. and the frequency of the amplitude
nodulation lbeing OFitz. The apm of the motion of the fuced
target was thus that of a otimulus moving io and fro 4in depth and
at the same time moving from odide to odide, as descrlled above. The
sdde 2o adde oscillations of the fused target occurred at a frequency
of FH3ee The o and fr0 socillations in depth of the fused target
waxed and waned at a frequency of DFHz. ( Fig. 58C). Since the
frequency of the waxing and waning of the oscillations 4in depth ( at
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AFHz.) was uncorrelated with the frequency of the side io side
oscillations of the fused target ( at FHz.), and was also uncorrelated
with the frequencies of side to side oscillations of the retinal
images in the left and right eyes ( FHz. and (F+AF)Hz.), depth
threoholdd measurements could be made independently of the oideways
movemenits of the ostimuli. Consdderalle sideways movements of the
stimulie couidin,ﬂaotbeoemhe,bthueqz.

ALL the above applies to the situation when 3BF was lecs than F.

For the odituation where 3FOAF>§F, the situation was somewhat
different. In this case AFRF and the form of the retinal disparity
function with time dis shown in Fig. 58D. The carrier frequency is
approximately the oame as that of the modulating frequency. In
consequence the zetinal dwpauth. function ie complicated. The
subjective appearance of the fused target reflected this complication.
The fused target appeared to move inregularly ( but continuouwsly)
both Lrom sdde to side and 40 and fro 4in depth. The depth dimpression
was very poor, and was only visilble over a limited range of ostimulie
cscillation amplitudes; too great a ostimulus cscillation amplitude
and fusion wae lost, too small an cscillation amplitude and the
movements were lLelow threshodd. The impression of depth was often
conpletely absent though considerable sideways movement of the
ostimulus could be seen din either eye.

For the situation where AF > 3F, the situation was different
again. Jn this case the forn ol the retinal dloparity function with
time Lo shown in Fig. 58€. The carrier frequency and the modulating
Prequency have changed places - the carrder frequency 4s now OF and
the modulating frequency 4is F. The fused target appeared to cscillate
sinusoidally in depth at FHz. along a straight dine directed towards
the night eye. The left eye's stimulus appeared to cscillate from
ddide 1o sdide at Flz.. The 2ight eye's otimulus appeared otationary
but blurvred. Increasing the stinulus cscillation anplitude until
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sdideways movement became viedilde in the right eye caused the sensat-
ion of dap/th‘ 2o break down. A possdilble explanation for this effect
is'given in Section 4:3:2.

Jt should be noted that the ( somewhat arbitrary) changeover
points letween the three types of retinal disparity function ( 38F <
F and 3FLNF) shown in Fig. 58 do _not correlate with the three
regions of the poychophysical depth threshold function reported in
Section 4:3:1 ( see Section 4:3:2).

Jt should be emphasised that, although the sulject saw an
dusion of the fused target moving din depth, at no time did any
part of the actual stimulus pattern move din depth. The illuwsion of
ﬁoue:nem‘.inde.pth.ww: generated entinely by changing the retinal
disparity of part of the stimulus by means of side to osdde movements.

It should also e emphasised that, at all times, both.lelt
and right eyes viewed unvarying sinueoddal ogscillations of
the otimulie patterns.
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Fiqure 59. A shows the squarewave displacenents of the positions

(XLan.dXR) of the left and 2ight eyes’ retinal images. The left
eye's target cscillated at FHz. and the right eye's at (F+0F)Iz.,.,
B ohows zthe.waginwf»mwtmal.d,upazulw(x‘c-xk) changed as a
function of tine. Note that only three values of retinal dioparity
were possille and that the longesi time spent in any one of these
three states ( maximun dwell Mﬁe) was 1/(F+8) seconds.
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Appendix 5. Stimuwlus Motion With a Frequency Difference Between

The Left and Right Euyes! Stimulus Cocillations - Squarewave.

Fige 59 shows the sideways displacenents ( X, and Xp) of the
otimulus patterns oeen by the left and right eyes and the resulting
changes 4n disparity (X, = Xp) that cccurred when using squarewave
stimulation for the experiments of Section 4:2.

Tuww’omuoaomdmmamuamwta
Lrequency of Fitz.e ( Fig. 59 upper). The rnight eye's target cscillated
Lron side to eide at a Lrequency of (F+IF)Hz. ( 774- 59 middle). Fig.
59 ( dower) ohows the reculting changes in dicparity when the targets
were displaced 4in this waye. ﬂtcanbeomtha/tonl.y,m values of
retinal dieparity were possible, and that retinal disparity altered
ivrequlanly betweenthese three values. The longest time spent in any
one of these three states ( maximum dwell time) was 1/(F+0\F)
seconds. Thus as F or OF was increased the maximum dwell time decreased.

The subjective aW of the fused target was as follows,
The mq,e/t appeared to jump, ivegulardy, to and fro in depth lbetween
any one of three positions, remaining at each position {for a variable
amount ol time. lote that as the Lrequenciecs F and OF were increased
there was no marked discontinuily as there was with a sdngle
Prequency of etimulation ( Appendix 1 squarewave stimulation). No
douwbding ( or tripling) of the target occurred and at a sufficiently
high trequency ( about 7Hz.) all apparant movement in depth ceased,
although side 1o side movements couwld stidl be seen in lLoth eyes.

It should be noted that the stimuli viewed by both the left
and right eyes moved in a regularly periodic manner ( 4quarewave
oscillations) 40 that the irreqular changes of disparity had no
counterpart in the monocular AMn ol elther eye.
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