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ilarly to paired subjects in the first 
experiment. On each of three consecu- 
tive days, these subjects received 40 
CS-US conditioning trials with the 
chamber temperature set at 15?C, 
10?C, and 5?C on days 1, 2, and 3, 
respectively. To assess the possible con- 
tribution of accidental peck-heat pair- 
ings, six other subjects were given 
omission training (O) in which the 
heat lamp was activated provided that 
subjects did not peck the key light 
stimulus; one or more pecks to the key 
light caused omission of the 4-second 
heat lamp presentation at the termina- 
tion of the 8-second trial stimulus. 

Within 70 trials, all 12 chicks began 
pecking the key light. Cumulative re- 
sponse records of four subjects in the 
paired condition and four subjects in 
the omission condition are shown in 
Fig. 2 (12). Omission subjects all 
acquired the key pecking response and 
persisted despite response-dependent 
nonreinforcement, although they re- 
sponded with a generally lower rate 
than did paired subjects. Over the 
course of the 90 trials beginning with 
the first CR, the four omission subjects 
in Fig. 2 responded on 25 to 55 per- 
cent of the trials. Under similar experi- 
mental conditions, even higher response 
frequencies have been observed in ad- 
ditional subjects (data not included in 
this report). As in the first experiment, 
the change in topography from pecking 
to snuggling was observed in both 
paired and omission subjects. 

The present data support the follow- 
ing conclusions: (i) Approach and 
contact of conditioned stimuli is under 
the control of Pavlovian reinforcement 
contingencies. Only paired (but not 
random) presentations of the key light 
and the heat lamp were effective in 
producing and sustaining key respond- 
ing (experiment 1). Furthermore, key 
responding emerged and persisted even 
when contacts of the key actually pre- 
vented the heat lamp from being acti- 
vated (experiment 2). (ii) Instru- 
mental approach and contact of US's 
are unnecessary for the emergence of 
CS approach and contact. The chicks 
approached and contacted the lighted 
key even though no instrumental be- 
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proached and pecked or snuggled with 
the lighted key even though the heat 
stimulus evoked none of these behav- 
iors. (iv) The topography of the con- 
ditioned response is not immutable and 
may undergo transformation during 
the course of conditioning. The peck- 
ing of paired and omission chicks 
tended to evolve into snuggling on 
successive days of training. 

The form of the conditioned behav- 
iors observed in these experiments 
raises an important issue concerning 
CR determination in Pavlovian condi- 
tioning. Here the chicks engaged in 
energetic approach, pecking, and snug- 
gling activities toward the key light 
CS even though the heat lamp US 
elicited generally unenergetic and un- 
directed postures and movements. If 
the topography of the conditioned re- 
sponse were primarily determined by 
the reinforcing stimulus and if the CS 
were merely a substitute or surrogate 
for the US (1-3), then the CS should 
have evoked the latter behaviors rather 
than the former ones. That this did not 
occur points to conditioned stimuli as 
potentially important determinants of 
conditioned response form and direc- 
tion in conditioning studies (13). 
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to this explanation, the human visual 
system contains motion detectors that 
respond preferentially to a retinal 
image that is moving in a specific 
direction. The "preferred" direction 
differs for different motion detectors. 
The particular detectors that are excited 
by a moving stimulus provide a phys- 
iological representation of the direction 
of movement. The balance between the 
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Disparity Detectors in Human Depth Perception: 
Evidence for Directional Selectivity 

Abstract. Viewing a target moving in depth depresses visual sensitivity to depth 
when test and adapting stimuli simulate motion along closed paths with the same 
directions of rotation. However, for opposite directions of rotation, sensitivity is 
either unaffected or increased. This points to two classes of disparity detectors. 
Either eye's input to a single class of disparity detector consists of the physiological 
responses to a single direction of horizontal movement. 
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Fig. 1. (Top) Position of retinal image as a function of time 
for left eye stimulus target (dotted line) and right eye stimulus 
target (solid line). The position of each target was varied si- 
nusoidally. The phase difference between the two sinusoidal os- 
cillations was then changed. (Bottom) The apparent movements 
in depth of the binocularly fused target for each phase setting. 
The plots are of retinal disparity as a function of retinal image 
position. 

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 illusion of 
movement. Motion-sensitive neurons of 
a type that could be responsible for this 
effect have been found in rabbits (2). 

We report a new aftereffect of seen 
motion. The aftereffect cannot be 
observed monocularly. It provides a 
clue to the way in which the signals 
from the left and right eyes are com- 
bined so as to produce the sensation 
of depth. 

When suitable static two-dimensional 

patterns are viewed by the left and 

right eyes, the binocularly fused image 
appears to be extended in the third 

dimension, as in the familiar stereo- 

scope. If suitable moving two-dimen- 
sional patterns are viewed by the left 
and right eyes, then the binocularly 
fused image appears to move in the 
third dimension. In our experiments, 
both left and right eyes viewed separate 
patterns of small, irregularly spaced 
black dots (3, 4). Each pattern sub- 
tended an angle of 5?. The central 2? 
of each pattern could be oscillated from 
side to side while the outer parts of 
the pattern remained stationary. The 

patterns viewed by the left and right 
eyes were identical except that the 
central areas (that is, the targets) could 
be oscillated independently. The targets 
did not leave a blank space when they 
moved. 

Both targets oscillated from side to 
side at a rate of 0.8 hertz. We had found 
that this frequency was sufficiently low 
to avoid confounding the threshold for 
movement in depth with the threshold 
for sideways movement (5). Both tar- 

gets moved in simple harmonic motion 
with peak-to-peak amplitudes set at 
ratios of either 1:1, 1.5:1 or 2:1. Figure 
1 shows a ratio of 1:1. In our experi- 
ments we varied the phase relation (that 
is, the relative timing) of the sideways 
oscillations presented to the left and 

right eyes. Figure 1, top, illustrates how 
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the retinal image positions for the left 

eye target (dotted line) and right eye 
target (solid line) varied as a function 
of time. 

Figure 1, bottom, gives an impression 
of how the apparent motion of the 
binocularly fused target changed when 
we altered relative phase. When the 
phase difference was 0?, the central 
target appeared to oscillate from side 
to side and did not move in depth at all. 
When the phase difference was in- 
creased to 450, the target pursued an 
elliptical orbit in depth. The sense of 
rotation around the orbit meant that 
the target was moving from left to right 
when it appeared nearest to the eye 
(largest crossed disparity) and from 
right to left when it appeared furthest 
from the eye (largest uncrossed dis- 
parity). As we progressively increased 
the phase difference, the orbit grew 
more elongated in depth until, at a 
phase angle of 1 80?, the target ap- 
peared to oscillate along a straight line 
directed at a point midway between the 
eyes. Further increases in phase angle 
caused the orbit first to open out and 
then flatten until, for a phase of 360?, 
the situation was the same as for e?. 
These illusions are just what would be 
expected from the known facts of 
binocular disparity. Figure 1 also illus- 
trates the central point that the sense 
of rotation of the orbit was opposite 
for phase angles less than 180? than 
for phase angles greater than 180?. 

In experiment 1 we set the phase to 
some fixed value and adjusted a control 
knob that varied the amplitudes of the 

target oscillations until movements in 

depth could just be seen (6). An adjust- 
ment of the single control knob 

produced the same fractional change in 
the oscillation amplitudes of the left 
and right targets. The peak-to-peak 
amplitude through which retinal dis- 

parity oscillated was then calculated 
and plotted as the depth threshold 
as a function of phase (solid lines, Fig. 
2). These plots are baseline measures 
for the unadapted situation (7). 

We found that sensitivity to depth 
oscillations was markedly reduced by 
steadily viewing the target for a period 
as short as 20 seconds. In order to 
minimize effects due to adaptation, we 
made threshold settings during 10-sec- 
ond viewings of the stimulus (8). 

In experiment 2 we first adapted to 
a stimulus phase angle less than 180? 
(1740 in Fig. 2A) by steadily viewing 
for 10 minutes a suprathreshold 
stimulus that had a peak-to-peak dis- 
parity excursion of 9.6'. At first the 
target appeared to execute large move- 
ments in depth, pursuing an anticlock- 
wise orbit (if viewed from above). After 
10 minutes of viewing, depth percep- 
tion had collapsed so that the target 
appeared to oscillate from side to side. 
We then repeated our measurements of 

depth threshold over a range of test 

phases between 0? and 360? (dotted 
line, Fig. 2A). Each setting was made 
within 10 seconds of viewing time and 
was followed by 30 seconds of adapta- 
tion to a stimulus phase of 174?. 

A clear elevation of threshold was 

produced for test phases less than 180?. 
In contrast, threshold was not elevated 
for test phases greater than 180?. In- 
deed, for one subject out of the three 
studied, a decrease in threshold was 

produced when the test phase was 

just greater than 180? (Fig. 2A). 
In experiment 3 we first adapted to 

a stimulus phase angle greater than 
180? (186? in Fig. 2B). Otherwise ex- 

periments 3 and 2 were similar. When 
the adapting phase was greater than 
1800, depth threshold was clearly 
elevated for test phases greater than 
180? but was not elevated for those 
less than 180?. Again, the same subject 
as before showed a reduction in 
threshold for phases just less than 180? 

(Fig. 2B). Identical test stimuli were 
used to obtain the quite different plots 
of Fig. 2A and Fig. 2B. 

Experiments 1 through 3 were re- 

peated for three different ratios of Al, 
to A, (where Al, was the peak-to-peak 
amplitude of oscillation of the left eye 
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stimulus and A t was that of the right 
eye stimulus). The effects of adaptation 
shown in Fig. 2 held for ratios of 
1.0: 1, 1.5: 1, and 2.0: 1, though they 
were most marked for a ratio of 1.5 : 1. 

The other subjects, one of whom was 
naive as to our hypothesis, confirmed 
the asymmetric threshold elevations 
of Fig. 2. We used adapting phases of 
90? and 270? and an Ar,: AR of 2.0: 1. 
The asymmetry was also confirmed 
with a black bar target of 2? by 9' at 
an amplitude ratio of 1.5:1. 

Adaptation determined at a site pe- 
ripheral to binocular convergence can- 
not explain the selective changes that 
we have found in the ability to see 
depth. At all times the left eye viewed 
a sinusoidally oscillating target, so that 
there was always an exact balance be- 
tween movements in different directions. 
The same was true for the right eye. 
Phase, which alone distinguishes test 
and adapting stimuli, is meaningless if 
only one eye is used. Therefore, adapta- 
tion of monocular, directionally specific 
motion detectors cannot account for 
our observations in the way that it can 
account for classical aftereffects of seen 
motion such as the waterfall effect (1, 2). 

However, our findings can be ex- 
plained in terms of adaptation at, or cen- 
tral to, the site of binocular convergence. 
Suppose that for every point on the left 
retina there is a group of motion detec- 
tors that are most sensitive to stimuli 
moving from left to right (positive 
velocity for left eye, that is, vL + 
ve), and a second group of motion 
detectors that are most sensitive to 
stimuli moving from right to left (nega- 
tive velocity for left eye, that is, vl - 
ve). Suppose also that for every point 
on the right retina there are similarly 
two groups of motion detectors. This 
means that for each value of retinal 
disparity there could be four classes of 
disparity detectors. These classes would 
be A (excited vl, + ve and v^l + ve); B 
(excited v, - ve and v, - ve); C (ex- 
cited v,, + ve and vl -ve); and D 
(excited v,j - ve and vlt + ve). The four 
classes would therefore exist only if the 
directionally sensitive outputs from both 
eyes are kept separate up to the level 
at which retinal disparity is computed. 

Now consider the stimulus situation 
shown in Fig. 1 for phases less than 
180?. When crossed disparity is great- 
est (that is, when the target appears to 
be nearest the eye), both left and right 
targets are moving from left to right 
so that class A disparity detectors are 
excited. We suggest that prolonged 
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viewing will produce appreciable 
adaptation of class A disparity detec- 
tors but little adaptation of class B 
disparity detectors. This would explain 
our finding that depth thresholds were 
elevated for test phases of less than 
180? but not for test phases of more 
than 180?. 

A similar argument suggests that pro- 
longed viewing of a stimulus with phase 
greater than 180? would produce ap- 
preciable adaptation of class B dis- 
parity detectors but little adaptation of 
class A disparity detectors. This could 
account for our finding that the asym- 
metry of the threshold elevation curve 
reverses when the adapting phase 
crosses 180? (Fig. 2, A and B) (9). 

The small, localized reduction in 
depth threshold that we observed for 
one subject (Fig. 2) could be explained 
in terms of antagonism or mutual in- 
hibition between class A and class B 
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Fig. 2. Depth threshold (reciprocal of 
sensitivity) as function of phase differ- 
ence between the target oscillations pre- 
sented to the left and right eyes. The 
solid lines are control baselines measured 
with no adaptation. The dotted line in 
(A) shows thresholds measured after 
adaptation at a phase of 174? (arrow). 
The dotted line in (B) shows thresholds 
measured after adaptation at a phase of 
186? (arrow). The left eye stimulus was 
a pattern of random black dots that sub- 
tended 5? and had mean luminance of 
110 cd/mi'. The dots subtended 2' and 
occupied about 10 percent of the total 
area. A 2? circular target area at the 
center of the stimulus was oscillated from 
side to side at a rate of 0.8 hertz; Ar,: Al 
was 1.5 :1. Each point is the mean of 
four settings. 

disparity detectors. Such a "sharpening- 
up" process might also account for 
our subjects' sensitivity to small changes 
in phase angle around 180?. 

In terms of biological usefulness, the 
ability to make acute discriminations 
between the inputs to class A and class 
B disparity detectors would give the 
ability to judge precisely whether an 
object approaching from a distance 
will pass just to the right or just to 
the left side of the head. 

Our explanation for the findings of 
Fig. 2 has been qualitative, and en- 
tirely in terms of two of four possible 
classes of disparity detectors. A more 
quantitative explanation might involve 
an additional neuronal organization 
based on the relative amplitudes of 
oscillation of the targets in the left 
and right eyes (AT,: All) (10). 

D. REGAN 
K. I. BEVERLEY 
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University of Keele, 
Keele, Staffordshire ST5 5BG, England 
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