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Abstract

To clarify whether stereo-slant aftereffects are independent of stimulated retinal position, two experiments compared the

magnitude of aftereffects between the following two conditions: when the adaptation and test stimulus fell on (1) the same retinal

position, and (2) on different retinal positions separated by 0.5�–20�. In Experiment 1, disc- or ring-shaped surface consisting of

random-dots was presented at the central or peripheral visual fields. In Experiment 2, rectangular surface was presented at the upper

or lower visual fields. After two minutes inspection of a random-dot stereogram depicting a ±30� slanted surface, the observer

adjusted the slant of the test stimulus to appear fronto-parallel. The results of the experiments showed that significant aftereffects

were observed similarly in both conditions. Moreover, the separation nor the stimulus shape scarcely affected the magnitude of the

aftereffects. Based on these results we concluded that the depth processing mechanism which operates independently from the

stimulated retinal position is responsible for the depth aftereffects we found.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A few minutes inspection of a three-dimensional (3D)

stimulus alters the apparent depth of a subsequently pre-

sented stimulus. For example, after inspecting a surface

slanted in depth, objectively frontal surfaces appear

slanted in the opposite direction of the inspected sur-

face.1 Such alterations in apparent depth as a result of
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1 The term ‘‘slant’’ has been used often to represent an inclination on

a two-dimensional plane as well as an inclination in a three-

dimensional space. Here this term is used to represent an inclination

in depth after the examples of many other studies (e.g. Seyama,

Takeuchi, & Sato, 2000).
adaptation to 3D stimuli are called depth aftereffects
(for a recent review, see Howard & Rogers, 2002).

Previous studies have shown that depth aftereffects

occur only when an observer fixes their gaze so that

adaptation and test stimuli fall on the same retinal posi-

tion (Köhler & Emery, 1947; Mitchell & Baker, 1973).

For example, Mitchell and Baker (1973) examined the

effects of retinal separation between adaptation and test

stimuli (vertical bar) on the magnitude of depth afteref-
fects. They showed that aftereffects decreased with

increasing separation, almost disappearing when the

separation was over 10 arcmin (see Mitchell & Baker,

1973, Fig. 4). As the results suggest, depth aftereffects

are generally retinal position-dependent (Blakemore &

Julesz, 1971; Howard & Rogers, 2002; Köhler & Emery,

1947; Mitchell & Baker, 1973; Rose & Price, 1995).

In contrast, some studies have shown that depth
aftereffects occur even when the observer actively moves
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their gaze, and especially when the adaptation stimulus

was a slanted surface (slant aftereffects: Bergman &

Gibson, 1959; Ryan & Gillam, 1993; Wenderoth,

1970). For example, Bergman and Gibson (1959) com-

pared the magnitude of slant aftereffects with- and with-

out-fixation conditions. They showed that the
magnitude of slant aftereffects were almost equivalent

under the two conditions. The results suggest the possi-

bility that slant aftereffects are not always retinal posi-

tion-dependent.

Whether the slant aftereffects are independent of ret-

inal position remains unclear. Previous studies (e.g.,

Bergman & Gibson, 1959) have not provided definite

evidence that slant aftereffects are retinal position-inde-
pendent, because under the without-fixation adaptation

condition the position of retinal stimulation cannot be

identified. Therefore under such experimental condi-

tions, the adaptation and test stimuli are likely to fall

on the same retinal position, and in this case, slant after-

effects are position-dependent. To examine whether

slant aftereffects are retinal position-independent, we

have to observe the aftereffects under a condition that
fulfills the following criterion: the observers must keep

their gaze on a fixation point during the adaptation

and test period so that these stimuli definitely fall on dif-

ferent retinal positions.

This study had two goals. First, to examine whether

slant aftereffects are independent of retinal position

under a controlled condition that fulfills the above-men-

tioned criterion (Experiment 1). Second, to examine
whether the shape of the stimulus surface is critical for

the position-dependency of the slant aftereffects (Exper-

iment 2). The magnitudes of the aftereffects were mea-

sured under the following two adaptation conditions:

the adaptation and test stimuli were presented (1) at

the same retinal position and thus overlapping (overlap

condition), and (2) at different retinal positions and thus

not overlapping (separate condition). In both conditions
the observers were required to maintain a fixed gaze dur-

ing the adaptation and test period.
2. Experiment 1

The purpose of this experiment was to examine

whether slant aftereffects are retinal position-indepen-
dent. The stimuli consisted of a disc- and ring-shaped

random-dot stereogram depicting a surface slanted

about a vertical axis. The inner-diameter of the ring

was always larger than the diameter of the disc and they

were presented successively in a concentric fashion;

therefore, when the adaptation stimulus was a ring

and the test stimulus was a disc (or vice versa) these

stimuli did not overlap (separate condition). If afteref-
fects occur in this condition, it suggests that the slant

aftereffects are retinal position-independent.
2.1. Methods

2.1.1. Observers

Four observers participated in this experiment. Ob-

server MS and ST were the authors, and observers SK

and YI were naı̈ve with respect to the purpose of the
study. They all had normal or corrected to normal visual

acuity and also normal stereo acuity confirmed by a

Randot stereotest.

2.1.2. Apparatus and stimuli

The adaptation and test stimuli were central disc-

shaped and surrounding ring-shaped surfaces (Fig. 1).

They formed the stereo-pair of a 1.2% random-dot pat-
tern depicting a flat surface slanted about a vertical axis.

The random-dot pattern was generated using a Cam-

bridge Research Systems VSG 2/5 graphics card in a

host Windows computer and rear projected onto a

100-in. screen by a cathode-ray-tube (CRT) projector

(Christie Digitral Systems, Marquee8500/3D). The dich-

optic half-images were selectively presented to each eye

of each observer through a liquid crystal shutter goggles
(Cambridge Research Systems, FE-1). The goggles were

fixed on a metal frame placed in front of the observation

seat and served as a headrest. The frame rate of the pro-

jector was 120 Hz thus the effective frame rate to each

eye was 60 Hz. There was no noticeable flicker at this

frame rate and no visible crosstalk between the two

half-images. The experimental room was carefully dark-

ened so that the observer saw nothing but the stimulus
throughout the experiment. The fixation point was

rear-projected onto the center of the screen by a laser

pointer. Viewing distance was 115 cm. At this viewing

distance, 1 pixel subtended 5.8 · 5.8 arcmin. An anti-ali-

asing technique was used to reduce the pixelation prob-

lem. Dot luminance measured through the goggle was

5.5 cd/m2; the effective luminance value was half of this

because the shutter was closed half the time during
observation.

2.1.3. Adaptation conditions

The overlap and separate conditions were compared

to quantify adaptation efficiency as a function of retinal

position. In the overlap condition, the disc was pre-

sented at the same retinal position during both the adap-

tation and test period. This condition was labeled the
CC (Center–Center) condition. The separate condition

consisted of two sub-conditions labeled the SC (Sur-

round–Center) and CS (Center–Surround) conditions.

In the SC condition, the ring and disc were presented

during the adaptation and test periods, respectively,

while in the CS condition, the disc and ring presentation

was reversed.

In the separate condition, there was a gap between
the adaptation and test stimuli. The size of the gap in

the separate condition was also manipulated. Three



Fig. 1. Example of the stimuli in Experiment 1. Stereo-pair (A) specifies a fronto-parallel surface whereas stereo-pair (B) specifies a surface slanted

about a vertical axis. After binocularly fusing stereo-pair (B) for 120 s (holding fixation on at the central fixation point), (A) appears slanted in a

direction opposite to (B).
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gap sizes were constructed by varying the diameter of

the disc stimuli to 26�, 21�, and 11�. The outer and inner

diameters of the ring were fixed at 36� and 31�. Conse-
quently, when the diameter of the disc was 26�, 21�,
and 11�, the gap size was 2.5�, 5�, and 10�, respectively.
To compare the magnitude of the aftereffects, the diam-
eter of the disc presented in the CC condition was also

varied between 26�, 21�, and 11�.

2.1.4. Procedure

To quantify the magnitude of the aftereffects, a null-

ing task was adopted. The observers� subjective frontal

surfaces were measured by the method of adjustment.

The adjusted slant values were compared before and
after adaptation.

In the pre-adaptation trial, the observer adjusted the

test stimulus without adaptation to establish a baseline

for each observer. The test stimulus, either the disc or
ring, was presented in the center of the screen and

the observer was asked to adjust the slant of the test

stimulus by pressing two buttons until it appeared in a

fronto-parallel plane while maintaining their gaze on

the fixation point. The initial slant was selected ran-

domly from a range of �15� to +15� (a positive value
indicates the right side away). The slant of the test

stimulus was varied by 1� by pressing the button once.

The mean of the nine settings for each stimulus pattern

(disc or ring) were used as the baseline for calculating

the magnitude of the aftereffects.

In the adaptation trial, the observer initially inspected

the adaptation stimulus for two minutes. The simulated

slant of the adaptation stimuli was set at either �30 or
+30�. During both the adaptation and test periods, the

observers were asked to keep their gaze on the fixation

point to assure that the stimulus was presented to the

proper restricted retinal position. The position of the
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dots on the stimulus surface changed randomly every

10 s to prevent dot afterimages. After the initial adapta-

tion period, alternative 5 s presentations of the test stim-

ulus and 10 s re-presentation of the adaptation stimulus

followed. This stimulus presentation method was

adopted to prevent the aftereffects from decreasing dur-
ing slant adjustment (Graham & Rogers, 1982). The ini-

tial slant of the test stimulus was selected randomly from

a range of �15� to +15�. The observers� task was to ad-

just the slant of the test stimulus so that it appeared

frontal during the test stimulus presentation. Alterna-

tion of the test and adaptation continued until the obser-

ver was satisfied, at which point another button was

pressed to finish the setting. Before initiating the next
different adaptation condition, a break of more than

5 min was taken to assure that the aftereffects of the pre-

vious adaptation had sufficiently disappeared. This was

confirmed by checking that observers� apparently-fron-
tal stimulus settings between the different adaptation

conditions were close to their pre-adaptation values. In

total, each observer carried out 108 slant adjustments

(3 [adaptation conditions: CS, SC, and CC] · 3 [disc
diameter (gap in the separate condition): 26�, 12�, and
11� (2.5�, 5�, and 10�)] · 2 [adaptation slant: �30 and

+30�] · 6 [repetition]).

2.2. Results and discussion

The magnitudes of the aftereffects were calculated by

subtracting the baseline from the frontal settings after
each adaptation. Fig. 2 shows the group mean of the

aftereffects averaged over four observers.
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Fig. 2. Group means in Experiment 1. The ordinate shows the

magnitude of the aftereffects (percent) against the slant of the

adaptation stimulus (±30�). The abscissa shows the adaptation

condition. White, light gray and dark gray represent the diameters of

the discs, or the sizes of the gaps between adaptation and test stimuli

under separate conditions (parenthetic figures). Error bars show ±1

standard errors.
Almost all the aftereffects significantly differed from

zero at the 95% confidence limit. Table 1 shows the indi-

vidual means averaged over the 12 trials, the 95% confi-

dence intervals calculated from the standard deviation

for each observer and each sub-condition, and also the

group mean averaged across the four observers and
the 95% confidence interval for the group mean. In the

group mean, significant aftereffects were observed in

the all sub-conditions except for the smallest disk size

of the CC condition (i.e. disk diameter = 11�). Under

this condition, the significant aftereffects were observed

for MS and SK, but the aftereffect for ST and YI were

non-significant. ST and YI claimed they could barely

perceive the slant of the smallest disc. Previous studies
have reported that some observers have low sensitivity

to the slant of a single surface defined by disparity gra-

dient (Sato & Howard, 2001). Probably, ST and YI were

this type of observer; therefore they might have found it

hard to perceive the slant of the smallest disk. Conse-

quently, data of ST and YI could have affected the over-

all group data.

We performed two way repeated-measures analysis
of variance (ANOVA) on the magnitude of aftereffects

with the factor of the adaptation condition and the

diameter of the disk.2 The main effect of the adapta-

tion condition and the diameter of the disk was not

significant (F2,4 = 0.68, p = 0.56 and F2,4 = 1.16,

p = 0.40, respectively). The results of ANOVA revealed

that the difference between adaptation conditions did

not systematically affect the magnitude of aftereffects.
The magnitude of aftereffects did not significantly

differ among the three adaptation conditions (CC,

SC, and CS). Moreover, gap size scarcely affected the

magnitude of aftereffects. The individual data (Table

1) also show that there was no consistent tendency

such that the magnitude of aftereffects obtained from

the overlap condition was always larger than that ob-

tained from the separate conditions (or vice versa).
Also there was no consistent tendency such that the

smaller (or larger) disk sizes produced greater

aftereffects.

These results suggest that slant aftereffects are not

dependent on the stimulated retinal position at least

when the observers have adapted to the disparity-

defined slanted surface. Significant aftereffects were

observed even when the position of the adaptation and
test stimuli were separated by a gap of 2.5�–10�. These
results are incongruent with the previous research,
2 YI�s data were partly lacking in the condition in which the smallest

size of the disc was used as test stimulus (i.e. CS and SC), because YI

could not perceive the slant of the smallest disc at all. Therefore, the

data from the remaining three observers were used for the ANOVA.



Table 1

The individual data of Experiment 1

Observer Mean 95% confidence interval

CC SC CS CC SC CS

Diameter of the disc = 26� (Gap size = 2.5�)
M.S. 10.28 3.89 13.89 13.78 2.61* 3.64*

S.K. 26.67 29.44 25.28 9.20* 5.68* 5.25*

S.T. 48.33 19.72 7.78 6.72* 20.37 3.91*

Y.I. 0.00 21.67 20.83 14.42 9.42* 12.66*

Group mean 21.32 18.68 16.94 20.67* 10.50* 7.55*

Diameter of the disc = 21� (Gap size = 5�)
M.S. 10.28 3.06 13.89 13.17 3.98 4.89*

S.K. 26.67 23.06 16.94 5.43* 6.65* 8.05*

S.T. 31.39 40.83 15.56 14.13* 10.21* 8.05*

Y.I. 0.28 24.17 4.72 9.61 9.49* 18.35

Group mean 17.15 22.78 12.78 14.15* 15.15* 5.40*

Diameter of the disc = 11� (Gap size = 10�)

M.S. 16.11 11.39 6.94 4.18* 3.46* 3.48*

S.K. 14.72 28.89 13.06 13.65* 6.53* 5.60*

S.T. �1.39 65.00 3.89 20.24 18.76* 17.57

Y.I. – – 2.50 – – 17.42

Group mean 9.81 35.09 6.60 11.01 30.94* 4.59*

Note: CC, center–center condition; SC, surround–center condition; CS, center–surround condition.
* p < .05.
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which showed that depth aftereffects are retinal position-

dependent (Köhler & Emery, 1947; Mitchell & Baker,

1973).

At this point, whether or not the shapes of the stim-

ulus surface were critical for the present results was un-

known; that is, whether a stereoscopic surface

interpolation was responsible for the position-indepen-

dent slant aftereffects found in this experiment. Previous
studies have shown that the visual system often interpo-

lates the depth between two separated stereoscopic sur-

faces, constructing an implicit surface representation

(e.g. Wilcox & Duke, 2003). Therefore, under the SC

condition, the observers likely adapted to the slant of

an implicit surface subjectively interpolated inside the

ring during the adaptation period. Similarly, under the

CS condition, the observers likely used the implicit sur-
face inside the ring as the test stimulus for the slant

adjustments. Ryan and Gillam (1993) demonstrated that

such implicit surfaces effectively serve as adaptation and

test stimuli; although they did not control the fixation

point.
3. Experiment 2

In this experiment a horizontally elongated rectangu-

lar surface was presented in the upper or lower visual

field of the observers as shown in Fig. 3. In contrast with

the ring-shaped stimulus in Experiment 1, the interpo-

lated surface did not serve as the adaptation and test
stimuli with this stimulus shape and arrangement. Con-

sequently, if the position-independent slant aftereffects

can be solely attributed to the interpolated surface, no

aftereffects should occur under the separate condition

during Experiment 2.
3.1. Methods

3.1.1. Observers

Six observers participated in this experiment. Three

(MS, SN and ST) were the authors, and the others

(HA, HM and SO) were naı̈ve with respect to the pur-

pose of the experiment. They all had normal or cor-

rected to normal visual acuity and normal stereo

acuity confirmed by a Randot stereotest.
3.1.2. Apparatus and stimuli

The adaptation and test stimuli were horizontally

elongated rectangular random-dot surfaces (Fig. 3).

They were 1.2 % random-dot pattern depicting a flat

surface slanted about a vertical axis. They were

presented above or below the fixation point, which

was projected at the center of the screen by a laser poin-

ter. Instead of the goggles used in Experiment 1, a
different liquid crystal goggles (Stereographics, Crystal

Eyes2) were used to provide a larger visual field. A

chin-rest was used to restrict the observers� head move-

ments. All other conditions were the same as in

Experiment 1.



Fig. 3. Example of the stimuli in Experiment 2. Stereo-pair (A) specifies a fronto-parallel surface whereas stereo-pair (B) specifies a surface slanted

about a vertical axis. After binocularly fusing stereo-pair (B) for 120 s (holding fixation on at the central fixation point), (A) appears slanted in a

direction opposite to (B).
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3.1.3. Adaptation conditions

The magnitude of aftereffects between the overlap

and separate conditions were once again compared.

The slant of the adaptation stimuli and initial slant of
the test stimuli were the same as that described for

Experiment 1. In the overlap condition, both the adap-

tation and test stimuli were presented at the upper or

lower visual field of the observer. In the separate condi-

tion, the adaptation stimulus was presented at the upper

area of the visual field then the test stimulus was pre-

sented at the lower area of the visual field (or vice versa).

Therefore, in the separate condition, there was a gap be-
tween the adaptation and test stimuli.

In the separate condition, three gap sizes were set-up

by varying the height of the rectangles. When the height

of the rectangles was 17.75�, 13�, and 8� the gap size was

0.5�, 10�, and 20�, respectively. To compare the magni-

tude of the aftereffects, the height of the rectangle pre-

sented in the overlap condition was also varied

between 0.5�, 10�, and 20�. The width of the rectangles
was always 47�.
3.1.4. Procedure

The procedure was the same as that described for

Experiment 1 except for the stimulus configuration

and arrangement. The observers were again asked to
keep their gaze on the fixation point during the adapta-

tion and test period. In total, each observer carried out

144 slant adjustments (2 [adaptation condition: over-

lapped and separated] · 2 [adaptation stimulus position:

upper and lower] · 3 [rectangle height (gap in the sepa-

rate condition): 17.75�, 13� and 8� (0.5�, 10�, and

20�)] · 2 [adaptation slant: �30� and +30�] · 6

[repetition]).

3.2. Results and discussion

The magnitudes of the aftereffects were calculated in

the same way as described for Experiment 1. Fig. 4

shows the group mean of the aftereffects averaged over

the six observers. Table 2 shows the individual means

averaged over 24 trials, the 95% confidence intervals
for each observer and each sub-condition, and also the



Table 2

The individual data of Experiment 2

Observer Mean 95% confidence

interval

Overlap Separate Overlap Separate

Height of the rectangle = 17.75� (Gap size = 0.5�)
H.A. 11.94 11.11 8.56* 4.14*

H.M. 20.14 17.22 7.93* 7.36*

M.S. 22.50 11.11 5.78* 4.33*

S.N. 5.14 19.72 9.08 6.64*

S.O. 55.14 52.50 29.39* 21.17*

S.T. 52.08 33.19 12.55* 7.34*

Group mean 33.72 29.13 23.59* 17.67*

Height of the rectangle = 13� (Gap size = 10 �)
H.A. 7.64 10.83 3.00* 3.21*

H.M. 18.47 9.58 10.24* 5.40*

M.S. 25.00 14.86 8.65* 5.59*

S.N. 12.08 24.44 8.54* 7.66*

S.O. 48.19 45.14 15.59* 20.68*

S.T. 46.53 22.22 8.25* 11.99*

Group mean 32.95 26.67 17.12* 12.72*

Height of the rectangle = 8� (Gap size = 20�)
H.A. 10.14 6.81 4.22* 2.58*

H.M. 30.14 14.86 10.42* 8.83*

M.S. 34.72 15.14 8.28* 5.92*

S.N. 3.19 30.97 16.25 13.52*

S.O. 55.97 18.89 24.94* 16.27*

S.T. 28.19 16.25 6.84* 5.00*

Group mean 30.52 20.31 21.30* 7.13*

* p < .05.
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Fig. 4. Group means in Experiment 2. The ordinate shows the

magnitude of the aftereffects (percent) against the slant of the

adaptation stimulus (±30�). The abscissa shows the adaptation

condition. White, light gray and dark gray represent diameters of the

discs, or the sizes of the gaps between the adaptation and test stimuli

under separate conditions (parenthetic figures). Error bars show ±1

standard errors.
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group mean averaged across the six observers and the

95% confidence interval for the group mean. Almost

all the aftereffects were significantly different from zero

at the 95% confidence intervals. In the group mean, all

aftereffects were significantly different from zero. In

the individual data, almost all aftereffects were signifi-
cant with minor exceptions.

We performed two way repeated-measures ANOVA

on the magnitude of the aftereffects with the factors of

the adaptation condition and the height of the rectangle.

The main effects of the adaptation condition and the

height of the rectangle were not significant (F1,5 = 1.29,

p > .1 and F2,10 = 0.58, p > .1, respectively). The results

suggest that the difference between adaptation condi-
tions and gap size did not systematically affect the mag-

nitude of aftereffects.

However, greater consideration regarding individual

response patterns might be necessary for interpretation

of the results. As seen in Table 2, five of the six observers

showed larger aftereffects in the overlap than in the sep-

arate condition. Only observer SN showed the opposite

pattern of aftereffects.3 When SN is excluded from AN-
OVA, the effect of the adaptation condition is significant

(F1,4 = 13.05, p < .05), although the effect of the rectan-
3 We are not sure why observer SN showed very small aftereffects in

the overlap condition; however, a possible explanation relates to the

effects of aging. In our study, only SN was over 60 years old, whereas

the age of the other observers ranged from 22 to 36. It has been

reported that aging affects on dark adaptation (Jackson, Owsley &

McGwin, 1999). Although no study has suggested aging affects on

stereoscopic adaptation, it is possible that aging has some unknown

factors that could have caused the exceptional nature of SN�s data.
gle height remains not significant (F2,8 = 0.96, p > .1).

Therefore, the results could indicate that the magnitude

of the aftereffects in the separate condition was signifi-

cantly smaller than that in the overlap condition.
Note that the results do not indicate that the stereo-

scopic slant aftereffects are completely dependent on ret-

inal position, because significant aftereffects were

observed even in the separate condition. Rather, the re-

sults suggest that at least two types of aftereffects might

be involved in stereoscopic slant aftereffects: retinal po-

sition-dependent aftereffects and retinal position-inde-

pendent aftereffects. Probably, the aftereffects in the
overlap condition were the sum of the position-depen-

dent and position-independent aftereffects, whereas the

aftereffects in the separate condition were position-inde-

pendent aftereffects only. Consequently, the magnitude

of aftereffects in the overlap condition was larger than

that in the separate condition. We discuss the

mechanism mediating these two types of aftereffects in

Section 4.
It was possible that observers involuntarily moved

their gaze toward the adaptation stimuli during the

adaptation period. To investigate whether or not the

aftereffects observed in the separate condition were

the results of an accidental overlapping of adaptation

and test stimuli by involuntary eye movements, we
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measured the magnitude of the aftereffects while

monitoring eye movements of an observer (ST) during

the adaptation and test periods. The experimental

procedure was the same as the separate condition with

the 20� gap in Experiment 2. We monitored the obser-

ver�s eye position using the electro-oculogram (EOG)
technique. The results revealed that the aftereffects ob-

served in the separate condition were not the by-product

of the involuntary eye movements. The eye movements

recorded confirmed that observers successfully main-

tained their gaze on the fixation point. Nevertheless,

after two minutes adaptation, an observer�s settings of

the frontal plane significantly deviated in a direction

opposite of the adaptation surface (p < .05), meaning
that there were significant aftereffects.

In sum, these results suggest that the position-inde-

pendent slant aftereffects cannot be solely explained by

the stereoscopically interpolated surface. With the stim-

ulus shape and arrangement of Experiment 2, it is unli-

kely that the interpolated surface served as either the

adaptation or test stimuli. Nevertheless, significant

aftereffects were obtained from the separate condition
in which the presented retinal position of the adaptation

and test stimuli were separated by a gap. Moreover, our

results did not show the effects of the gap size on the

magnitude of the aftereffects.
4. General discussion

The present findings suggest that depth aftereffects

cannot be solely explained by the conventional models.

Conventionally, depth aftereffects have been explained

by the fatigue of disparity-selective neurons as a result

of continuous stimulation (Berends & Erkelens, 2001;

Howard & Rogers, 2002; Long & Over, 1973; Mitchell

& Baker, 1973). Disparity-selective neurons are found

in the lower level of visual information processing such
as area V1, in which the receptive field size is consider-

ably small (Desimone & Duncan, 1995). Therefore,

although disparity-selective neurons might be responsi-

ble for the position-dependent depth aftereffects (Long

& Over, 1973; Mitchell & Baker, 1973), their receptive

field is too small to mediate the position-independent

slant aftereffects observed here. In our study, the maxi-

mum separation between adaptation and test stimuli
was 20�, considerably larger than the size of the lower

level receptive fields (according to Boussaoud, Desi-

mone, and Ungerleider (1991) the receptive field of area

V4 is smaller than 5� at 10� eccentricity).Thus, the pres-
ent findings suggest that the depth processing mecha-

nism that operates independently from the stimulated

retinal position is responsible for the depth aftereffects.

We discuss below three explanations, all of which can
potentially explain position-independent depth afteref-

fects. These explanations are based on assumptions that
(1) surface extrapolation, (2) neurons with large recep-

tive fields, and (3) disparity re-calibration, respectively

operate.

The first explanation is based on the assumption that

the slant signal assigned in one visual field was extrapo-

lated into the other visual field in which no slant signal
had been assigned. Although we showed that the posi-

tion-independent slant aftereffects cannot be solely ex-

plained by the interpolation of the slant signal between

two separated surfaces (e.g. inside of the ring-shaped

surface), it is not clear whether the slant signal was

extrapolated outside the stimulus surface. For example

when the adaptation surface was presented in the upper

visual field, the slant signal of the surface might be
extrapolated into the lower visual field; and then observ-

ers adapted to the extrapolated slant surface. As a con-

sequence, the aftereffects occurred at the lower visual

field at which the adaptation surface had not presented

during the adaptation period.

The second explanation is based on the assumption

that the fatigue of neurons with a large receptive field

is responsible for depth aftereffects. Recent neuro-phys-
iological studies have found that neurons selectively

tune to slanted stimuli in the middle temporal area

(Nguyenkim & DeAngelis, 2003), the caudal part of

the lateral bank of the intraparietal sulcus (Tsutui, Sak-

ata, Naganuma, & Taira, 2002), and the inferior tempo-

ral cortex (Janssen, Vogels, & Orban, 2000). These areas

are much higher than the areas responsible for disparity

processing. In general, receptive field size increases as
the level of the visual processing becomes higher (Desi-

mone & Duncan, 1995). It is likely that in our study neu-

rons with large receptive fields mediated adaptation

because the stimuli we used were slanted surfaces. Also,

previous studies have suggested that depth adaptation

occurs at a relatively higher stage, at which depth infor-

mation provided by each depth cue is integrated and

3-D shape representation is achieved (Balch, Milewski,
& Yonas, 1977; Bradshaw & Rogers, 1996; Domini,

Adams, & Banks, 2001; Duke & Wilcox, 2003; Poom

& Börjesson, 1999). Position-independent depth afteref-

fects might occur at this level.

The third explanation is based on the assumption

that ‘‘cue conflict’’ in a stimulus is responsible for posi-

tion-independent depth aftereffects. When depths sig-

naled by disparity and a monocular cue are in conflict,
the apparent depth is predicted as the weighted mean

of the depth assigned by each depth cue (Landy,

Malony, Johnston, & Young, 1995). It is known that

the visual system recalibrates the relationship between

disparity and apparent depth when there is a conflict

(disparity recalibration: Adams, Banks, & van Ee,

2001). Some studies have suggested that depth afteref-

fects are the result of disparity recalibration (Adams
et al., 2001; Epstein & Morgan-Paap, 1974). The dispar-

ity recalibration is probably conducted independently of
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the retinal position, because in a natural scene the rela-

tionships between disparity and apparent depth are con-

stant over the whole visual field. With the stimuli used in

this study, there was a conflict between binocular dispar-

ity and monocular cue; that is, disparity signaled a slant

of ±30� whereas texture signaled a 0� slant (fronto-par-
allel plane). Thus, adaptation to stimuli in our study

might have involved the disparity recalibration process;

therefore, the aftereffects occurred independently of ret-

inal position. On the other hand, there was no conflict

between binocular disparity and monocular cue in the

stimuli used in the previous studies that demonstrated

position-dependent depth aftereffects. In the stimuli

used in those studies, both disparity and monocular cues
signaled a frontal-parallel plane or the stimuli had quite

weak monocular cue (Köhler & Emery, 1947; Mitchell &

Baker, 1973). Therefore, adaptation to the stimuli in

those studies might not have involved the disparity

recalibration process. In the case here, aftereffects might

have been mainly mediated by disparity selective neu-

rons in area V1; consequently, the aftereffects were

dependent on retinal position.
In summary, we demonstrated that the occurrence of

depth aftereffects was not always restricted to the retinal

position stimulated during adaptation. This finding sug-

gests that a higher mechanism in which the operation is

independent from the stimulated retinal position might

be responsible for retinal position-independent slant

aftereffects, although further examination will be needed

to precisely clarify the mechanism. Our findings, to-
gether with other recent studies (Domini et al., 2001;

Duke & Wilcox, 2003), provide evidence that higher

level adaptation is involved in depth aftereffects.
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