
1 Introduction
There has recently been a change in our understanding of selective attention to perceptual
stimuli (Driver and Frackowiak 2001; Bradshaw and Rose 2002; Paradiso 2002). In place
of the previous model, of `preattentive' processing followed by a selective filtering
mechanism, influences of attention on èarly' vision have recently been revealed in several
ways. These include psychophysical demonstrations of changes in the basic analysis of
motion (eg Chaudhuri 1990; Shulman 1993; Culham and Cavanagh 1994; Lankheet
and Verstraten 1995; Rees et al 1997; von Gru« nau et al 1998; Ho 1998; Watanabe and
Shimojo 1998; Alais and Blake 1999; Georgiades and Harris 2000a, 2000b, 2002; Gray
2000; Nishida and Ashida 2000; Raymond 2000; Krauzlis and Adler 2001), orientation
(Spivey and Spirn 2000), texture segmentation (Yeshurun and Carrasco 2000), and
stimulus detection (Plainis et al 2001; Cameron et al 2002); see also most of the papers
in Spekreijse (2000). Effects of attention have also been shown neurophysiologically in
monkeys (eg Motter 1993; Vidyasagar 1998; Posner and Gilbert 1999; Mehta et al 2000a,
2000b; Vanduffel et al 2000). Perhaps the most relevant demonstrations reveal attentional
alterations as early as V1 itself in humans, by direct monitoring of V1 activity (eg Rees
et al 1997; Bu« chel et al 1998; Watanabe et al 1998a, 1998b; Posner and Gilbert 1999;
Smith et al 2000; Mart|̈nez et al 2001; Olson et al 2001).

Numerous theorists have suggested it is the feedback connections from higher centres
which mediate such effects (eg Deco and Schu« rmann 2000; Lamme and Roelfsema
2000; Lamme and Spekreijse 2000; Spivey and Spirn 2000; Suder and Wo« rgo« tter 2000;
Schroeder et al 2001). However, most sensory processes engage several structures at
multiple stages, and it remains to be demonstrated empirically whether all the processes
mediated by early structures can be affected by attention, and how selective those
attentional effects are.

Here, we investigate whether attention can affect the duration of the depth aftereffect
tested with random-dot stereograms (RDSs) (Blakemore and Julesz 1971; Rose and
Price 1995). The extraction of depth from RDSs is known to depend at least in part on
early cortex (Poggio 1995; Trotter et al 1996; Prince et al 2000; von der Heydt et al 2000).
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We use a well-established psychophysical technique which was developed on the motion
aftereffect (Chaudhuri 1990; Rees et al 1997; Georgiades and Harris 2000a, 2000b, 2002;
Nishida and Ashida 2000), and in which attention is capable of affecting even prebinoc-
ular channels (Nishida and Ashida 2000), to study both depth and motion aftereffects.

2 Method
Stimuli were generated on an Apple Macintosh computer and displayed on two Apple
monochrome monitors (67 Hz refresh rate) viewed through a mirror stereoscope. The
displays resembled those used by Blakemore and Julesz (1971), as shown schematically
in figure 1. All displays contained a 5.8 deg wide square background of 1.25 min of arc
pixels, each pixel having a random 50% chance of being bright or dark. The mean
luminance was 33 cd mÿ2 and the rest of the visual field was dark. For the baseline
conditions, two 2.1 deg wide square patches of random dots stood out by 7.5 min
disparity in front of the background. The patches were symmetrically placed (0.6 deg
nearest edge distance) above and below a 0.4 deg wide square window in the centre of the
display and in the same depth plane. The window was black and contained a white
fixation cross. The display was viewed through a mirror stereoscope at 97 cm distance.

For depth aftereffects the subject began by viewing the baseline display (figure 1a)
for 15 s. Adaptation then took place for 30 s with the lower patch 2.5 min of arc closer
than fixation and the upper patch 2.5 min of arc further away (see figure 1b). The
baseline stimulus then reappeared and the subject pressed a key when the depths of
the two patches again appeared to be equal and in the same plane as the fixation
stimulus. The latency of the key press was recorded by the computer and a new 15 s
baseline period began. Six cycles of adaptation, test, and recovery were given and
the six reaction times were averaged to give the duration of the depth aftereffect.
Alternate adaptation periods utilised upper-near and lower-near patches. During base-
line and adaptation, the stereograms were redrawn once per second to prevent retinal
afterimage formation.

For motion aftereffects the procedure was the same, except that the patches
remained in the plane of fixation throughout. During the adaptation phases the dots in
the upper patch drifted left or right at 5.5 deg sÿ1, while those in the lower patch
drifted in the opposite direction at the same velocity. These directions were reversed
for alternate adaptation periods. The subjects pressed a key during the test periods
when the relative apparent motion of the patches had ceased.

(a) (b)

X X

Figure 1. (a) Diagram of stimulus display in baseline condition (not to scale). (b) Stimulus display
with unequal depths of the upper and lower patches.
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During the adaptation phases, the fixation `X' was replaced by a stream of letters
and numbers in random order, either at 4 Hz or 8 Hz. In the control conditions,
subjects ignored these numbers. In the attentional conditions, they pressed a key every
time they saw a figure `8' or a figure `0'; these comprised on average 17% of the
characters presented (the distractors were A, H, I, M, T, U, V, W, X, and Y). These
conditions were presented in counterbalanced order.

Six subjects engaged in the experiment, three of them na|« ve as to its purpose.
Three did the motion aftereffect conditions first followed by the depth aftereffect,
and three did them in the reverse order.

3 Results
In the control conditions, durations were within the range normally reported in the
literature for these types of task. The durations were similar for the two aftereffects
(t � 0:76). Although we could not calculate exact d 0 values for character detection in
the secondary tasks, there were highly significant ( p 5 0:001) correlations between the
numbers of button presses and appearances of the target figures `8' and `0', showing
that attention was directed consistently towards the character stream during these
phases. These correlations were lower with the 8 Hz character stream (r34 � 0:54 and
0.72 for depth and motion respectively) than with the 4 Hz stream (r34 � 0:74 and 0.96),
verifying that the faster condition was more difficult.

The pattern of aftereffect durations across conditions was consistent across stimulus
domains (motion and depth), with aftereffect durations declining as the attentional task
was introduced and as presentation rate was made faster. The results are shown in
figure 2. Dark columns represent the no-response condition, light-grey represent the
medium rate of response (4 Hz) and the white columns represent the difficult task (8 Hz).
For both motion and depth aftereffects there was a progressive decline in aftereffect
duration with attentional distraction from the adapting stimuli. A two-way analysis of
variance with repeated measures reveals no significant difference between motion
and depth durations (F � 0:03), but a highly significant effect of attentional condition
(F2 10 � 12:69, p � 0:002). Although the effect of attention was greater for depth
(the aftereffect declined to 57% of baseline with the 8 Hz task, compared to 72% for
motion), the interaction term is not significant (F2 10 � 1:84, p � 0:209).
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Figure 2. Motion (left) and depth (right) aftereffect durations, averaged across subjects. Dark
columns show the control condition (no responses required), light-grey the medium distractor task
(4 Hz character presentation), and white the faster task (8 Hz). Bars show standard errors.
* � p 5 0:05, ** � p 5 0:02, *** � p 5 0:002, t-tests relative to the control condition.
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4 Discussion
Our results show that attentional distraction modifies the visual mechanisms of depth
perception. Moreover the magnitude of the effect was found to be quantitatively
comparable to the effect on motion perception. The results thus extend to the depth
domain Chaudhuri's (1990) finding of attentional modulation of motion perception
and therefore add to the evidence refuting the inviolability of preattentive processing.
Instead, they are in accord with the predictions of dynamic-feedback models of vision
and attention.

Thus, the results support recent theories that `early' channels are subject to feedback
modulation from higher centres, not just for pattern recognition (Rose and Price 1995;
Ullman 1995; Lee et al 1998; Pollen 1999; Rao and Ballard 1999; Friston and Price
2001) but as part of the mechanisms of selective attention (Deco and Schu« rmann 2000;
Lamme and Roelfsema 2000; Lamme and Spekreijse 2000; Spivey and Spirn 2000; Suder
and Wo« rgo« tter 2000; Schroeder et al 2001). Although psychophysical studies do not by
themselves establish unequivocally the anatomical location at which the modulation
occurs, recent fMRI evidence shows that top ^ down attention can enhance activity in
the same areas that are activated by a complex image (Kastner et al 1999, page 757)
and several studies have also demonstrated attentional effects on V1 neurophysiologically
(Rees et al 1997; Bu« chel et al 1998; Watanabe et al 1998a, 1998b; Posner and Gilbert
1999; Smith et al 2000; Mart|̈nez et al 2001; Olson et al 2001). Our results are at one with
another psychophysical demonstration that monocular channels are accessible to atten-
tion, by using stationary test patterns to assess the motion aftereffect in a Chaudhuri
task (Nishida and Ashida 2000). Our data do not establish whether the change in the
depth aftereffect also involves changes in monocular channels or in the mechanisms
of stereopsis per se. Whichever is the case, both psychophysical studies imply the
c̀ognitive penetrability' of very early loci in the visual system.

The experimental method used here was to measure the strengths of the motion
and depth aftereffects by determining their durations. This method is one of a range of
possible techniques found in the literature, and was adopted here principally to allow
us to keep the design of the experiments (stimuli and methods) clearly and directly
related to the earlier studies of Blakemore and Julesz (1971) and of Chaudhuri (1990).
A possible criticism of the use of duration measures is that the secondary attentional
task might induce a criterion shift in judging the end of the aftereffect. Such a view
was rejected for the motion aftereffect by Georgiades and Harris (2000b), who found
that the secondary task induced changes in the apparent velocity of motion aftereffects,
and in their rate of decay, as well as changes in their duration. The high correlation
between the initial velocity and duration measures permitted Georgiades and Harris
(2000a, 2002) to continue using the duration measure only. Criterion shifts also cannot
explain the effects of attentional manipulations on motion aftereffects assessed by
nulling (Lankheet and Verstraten 1995) or by judging the direction of the aftereffect
(Shulman 1993; von Gru« nau et al 1998; Alais and Blake 1999) in a test stimulus pre-
sented for a limited time. Although these studies were all conducted in the motion
domain we reasoned that similar principles should apply also in the depth domain.
In our experiments, we sought to make the criteria as sharp and reproducible as
possible, which we did by using a display with two target squares embedded in a static
background, wherein opposite aftereffects were expressed in the two target squares
simultaneously, and the subject had to judge when their relative motion or depth had
reached zero.

In conclusion, the results reported here provide direct psychophysical evidence
that attention can modify the visual mechanisms of depth perception. This extends
Chaudhuri's (1990) findings in the motion domain, and adds to the evidence against
the autonomy of preattentive processing.
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