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Abstract

Stereo plaid stimuli were created to investigate whether depth perception is determined by an intersection of constraints (IOC) or

vector average (VA) operation on the Fourier components, or by the second-order (non-Fourier) feature in a pattern. We first cre-

ated stereo plaid stimuli where IOC predicted vertical disparity, VA predicted positive diagonal disparity and the second-order fea-

ture predicted negative diagonal disparity. In a depth discrimination task, observers indicated whether they perceived the pattern as

�near� or �far� relative to a zero-disparity aperture. Observers� perception was consistent with the disparity predicted by VA, indicat-
ing its dominance over IOC and the second-order feature in this condition. Additional stimuli in which VA predicted vertical dis-

parity were created to investigate whether VA would dominate perception when it was a less reliable cue. In this case, observers�
performance was consistent with disparity predicted by IOC or the second-order feature, not VA. Finally, in order to determine

whether the second-order feature contributes to depth perception, stimuli were created where IOC and VA predicted positive hor-

izontal disparity while the second-order feature predicted negative horizontal disparity. When the component gratings were oriented

near horizontal (±83� from vertical), depth perception corresponded to that predicted by the second-order feature. However, as the
components moved away from horizontal (±75� and ±65� from vertical), depth perception was increasingly likely to be predicted by
an IOC or VA operation. These experiments suggest that the visual system does not rely exclusively on a single method for com-

puting pattern disparity. Instead, it favours the most reliable method for a given condition.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

There is considerable research in the motion literature

investigating how the visual system combines two (or

more) one-dimensional (1D) motion vectors to form a

two-dimensional (2D) pattern vector. However, there
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has been little investigation of the same question in the

case of depth from disparity. This paper seeks to redress

this balance and investigates whether the visual system

implements intersection of constraints (Adelson &

Movshon, 1982; Albright, 1984; Fennema & Thompson,

1979; Movshon, Adelson, Gizzi, & Newsome, 1986) or
vector average (Ferrera & Wilson, 1987; Wilson, Ferr-

era, & Yo, 1992; Wilson & Kim, 1994a, 1994b) opera-

tion on the Fourier components of stereo plaid

stimuli. Furthermore, the extent to which the second-

order (or non-Fourier) feature contributes to perception

will also be investigated as there is extensive research

indicating that it plays a significant role in depth and

motion perception (Derrington, Badcock, & Holroyd,
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1992; Derrington & Ukkonen, 1999; Edwards, Pope, &

Schor, 2000; Langley, Fleet, & Hibbard, 1999; McColl,

Ziegler, & Hess, 2000; Wilcox & Hess, 1996; Wilcox &

Hess, 1997).

The intersection of constraints (IOC) and vector aver-

age (VA) models are based upon a two-stage process.
Each model suggests that the visual system decomposes

a 2D pattern into its 1D Fourier components. The dis-

parity or motion vector corresponding to each 1D com-

ponent is computed (stage 1) and then combined

according to some rule, IOC or VA (stage 2), to deter-

mine the 2D pattern disparity or motion. Any contribu-

tion of non-Fourier components into the VA

computation is thought to be achieved by an additional
parallel pathway (Wilson et al., 1992; Wilson & Kim,

1994a). In its present form the IOC does not take into

consideration any non-Fourier input to the computation.

Therefore, for simplicity, in the body of this paper we

also consider a vector average of only the Fourier compo-

nents and address the implications of including the sec-

ond-order feature in VA computation in Section 7.

Stereo plaids have an advantage over moving plaids
for determining which method (IOC, VA or second-

order feature) the visual system employs. It has been

shown that in depth discrimination tasks observers are

considerably less sensitive to vertical disparities com-

pared with horizontal disparities (Farell & Ahuja,

1996; Matthews, Meng, Xu, & Qian, 2003; Westheimer,

1984). This anisotropy can be exploited to distinguish

between the different methods. In contrast, motion
along the vertical and horizontal axes is perceived about

equally well. The first experiment in this paper con-

firmed the disparity anisotropy with our experimental

setup. We then conducted a series of experiments with

similar stimuli to investigate the role of IOC, 2 VA or

the second-order feature in depth perception. Our find-

ings suggest that the visual system does not rely exclu-

sively on a single method for combining 1D disparity
signals; instead, it favours the most reliable cue for a gi-

ven condition. Preliminary data have been reported in

abstract form (Delicato & Qian, 2003).
2. General method

2.1. Apparatus

Stimuli were generated using an 8-bit ATI Rage 128

graphics card controlled by a G4 Apple Macintosh com-

puter and presented on a 2100 Viewsonic P225f monitor
2 It should be noted that the disparity or motion vector of the high

contrast intersections of plaid stimuli (blobs) is indistinguishable from

IOC. Therefore, any results about IOC are equally applicable to the

blobs.
with a resolution of 1024 · 768 and a refresh rate

of 120Hz. The mean luminance of the display was

49cd/m2. A mirror stereoscope was used to present the

left and right images to the left and right eyes respec-

tively. Observers sat 75cm from the display using a chin-

rest to stabilize head position and observations were
made in a room lit only by the monitor.
2.2. Stimulus generation

Stimuli were generated in Matlab 5.2.1 using Video-

Toolbox and Psychophysics Toolbox (Brainard, 1997;

Pelli, 1997), and were saved beforehand. They were

loaded in memory prior to the beginning of the experi-
ment. The two half images of a stereogram were sepa-

rated by 0.4�, and were presented on the central

portion of the monitor. Each half image was 4.5� · 9�.
A look-up-table was used to correct for the luminance

non-linearity of the display.
2.3. Procedure

The method of constant stimuli was used in each

experiment. The disparity range of the stimuli was cho-

sen through trial and error in pilot studies to produce

sufficiently complete psychometric curves for each ob-

server in each condition. Experiments 1–3 used a sin-

gle-interval forced-choice design. Prior to the start of

each trial, observers fixated on a central fixation point

and initiated the trial by pressing any button on the
mouse. The fixation point was visible until the onset of

the stimulus, where upon it disappeared. As soon

as the stimulus finished, the fixation mark reappeared

until the onset of the next stimulus. Observers� task
was to indicate whether the pattern presented within

the circular aperture appeared �near� (left mouse button)
or �far� (right mouse button) with respect to a zero-dis-
parity aperture surrounded by a zero-disparity plaid
background (see each experiment for more details).

Each stimulus was given an initial random phase to pre-

vent observers from learning any monocular cue. All

stimuli were pseudo-randomly presented such that no

stimulus could be presented for the nth time until all

stimuli had been presented n � 1 times. Stimuli were
presented for 200ms to minimise eye movement.

Observers were given no feedback on their performance.
Experiment 4 used a temporal two-interval forced-

choice design in which the patterns in the first and sec-

ond intervals contained pattern disparities with opposite

sign. Observers indicated whether the �far� pattern ap-
peared in the first (left mouse button) or second (right

mouse button) temporal interval. All other aspects are

as described above.

Sigmoidal psychometric curves were fitted with a
logistic function of the form
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f ðxÞ ¼ c þ ð1� c � kÞ 1

1þ exp½�ðx� aÞ=b� ;

using the psignifit package (http://bootstrap-
software.org/psignifit/), which implements the maxi-

mum-likelihood method described by Wichmann & Hill

(2001). The particular fitting function is not important

in this study; the different rules for determining pattern

disparity can be differentiated according to whether the

slopes of the curves are positive, negative, or nearly

flat.

2.4. Observers

Three observers participated in the study, one of

whom was completely naive to the aims. All observers

had normal or corrected to normal vision and could cor-

rectly respond to the RandotTM stereo test at 20 s of arc

(viewing distance of 40cm).
3 Since the effect of a fixed low-pass filter depends on the actual

frequencies of the features, an adaptive low-pass filter may have to be

assumed to always preserve the lowest-frequency feature.
2.5. Second-order features

It is thought that second-order features are generated

in the visual system by a non-linear operation on the

Fourier components of stimuli. Here we consider the ef-

fect of the lowest-order non-linearity, squaring, on a

plaid (Derrington, 1987; Scott-Samuel & Georgeson,

1999; Wilson et al., 1992).
A plaid is the sum of two differently oriented sinusoi-

dal gratings, and its luminance profile can be expressed

as:

Iðx; yÞ ¼ I1½1þ c1 cosð~x1 	~xþ /1Þ�
þ I2½1þ c2 cosð~x2 	~xþ /2Þ�:

Here ~xn (n = 1,2) are the angular spatial frequency vec-

tors for the two gratings, and are defined as
~xn ¼ 2pðun; vnÞ with un and vn being the horizontal and

vertical spatial frequencies of the gratings, respectively.

Each ~xn so defined is perpendicular to the orientation

of the corresponding grating.~x ¼ ðx; yÞ is the positional
vector, and In, cn, and /n are the mean luminances, con-

trasts, and phases of the gratings, respectively.
Squaring the above expression produces the follow-

ing four second-order terms in addition to the original

grating components c1 cosð~x1 	~xþ /1Þ and c2 cos
ð~x2 	~xþ /2Þ:

c21 cosð2~x1 	~xþ 2/1Þ; ð1Þ

c22 cosð2~x2 	~xþ 2/2Þ; ð2Þ

c1c2 cos½ð~x1 þ ~x2Þ 	~xþ ð/1 þ /2Þ�; ð3Þ

c1c2 cos½ð~x1 � ~x2Þ 	~xþ ð/1 � /2Þ�; ð4Þ
For convenience we define:

~xþ ¼ ~x1 þ ~x2;

~x� ¼ ~x1 � ~x2:

Therefore, the second-order features have frequency

vectors that are double the original gratings (2~x1 and

2~x2; expressions (1) and (2) respectively), or are the

sum (~xþ; expression (3)) or difference (~x�; expression

(4)) of the original gratings. For the parameters used

in this study, the feature with the lowest frequency is

the most salient perceptually (see Fig. 1). Therefore, if
the visual system were to compute pattern disparity

based upon a second-order feature, the lowest spatial

frequency feature is the most likely candidate. It is pro-

posed that the higher frequency second-order terms are

removed by low-pass filtering in the brain (Wilson et al.,

1992). 3 Further discussion on the second-order features

in this paper will focus on the lowest frequency feature.

Since ~x1 and ~x2 always have the same magnitude x
in our experiments (i.e., the two gratings always have

the same spatial-frequency magnitude), the four sec-

ond-order features have frequency magnitudes of 2x,
2x, xþ ¼ 2x cosðh=2Þ, and x� ¼ 2x sinðh=2Þ, respec-
tively, where h is the angle between ~x1 and ~x2 and is

equal to the difference in orientation between the two

gratings. If h is less than 90�, the lowest frequency sec-
ond-order feature corresponds to the difference feature;
however, if h is greater than 90� it corresponds to the
sum feature. In addition, the sum and the difference fea-

tures have orthogonal orientations (i.e., ~xþ and ~x� are

perpendicular to each other) when ~x1 and ~x2 have the

same magnitude.

There is an inherent ambiguity in the definition of

the direction of the ~xn (n = 1 or 2). For a given grating

orientation, ~xn could point in either one of the two
opposite directions, orthogonal to the orientation.

Therefore, with two gratings in a plaid, there are four

possible combinations, as shown in Fig. 2. The angle

(h) between ~x1 and ~x2 in the top two choices differs

from that in the bottom two choices by 90�. Therefore,
if the lowest frequency second-order feature corre-

sponds to the difference feature under the top two

choices, it will correspond to the sum feature under
the bottom two choices. In addition, for a given grat-

ing, changing the direction of ~xn will change the sign

of /n. The results, however, will not be affected by

the choice as long as a single definition is used consist-

ently. For convenience, we always choose h to be less
than 90� so that the difference feature is always the low-
est frequency feature.

http://bootstrap-software.org/psignifit/
http://bootstrap-software.org/psignifit/


Fig. 1. When two differently oriented 1D sinusoidal gratings (panels a and b) are summed they form a 2D plaid (panel c). The gratings shown are

oriented at ±17.5� from vertical, respectively. The lowest frequency second-order feature of the plaid is also periodic but oriented horizontally, and
only a part of it is marked by a dashed horizontal rectangle in panel c.

Fig. 2. Ambiguity in choosing the angular frequency vector ~xn. The

two grating orientations are represented by the long solid and dashed

lines, respectively. For each of the two grating orientations, the

corresponding spatial frequency vector (the thin solid or dashed

arrows) can take either one of the two opposite directions perpendic-

ular to the orientation, resulting in a total of four possible choices

shown here. The frequency vector for the lowest frequency second-

order feature (bold solid arrow) in each case is also shown. In the top

two cases where the angle, h, between the two component frequency-
vectors is smaller than 90�, the difference second-order feature is the
lowest frequency feature. In the bottom two cases, h is larger than 90�,
and the sum feature is the lowest frequency feature. The results in the

paper do not depend on the choice of ~xn, and for convenience we will

always let the angle be less than 90� so that the difference feature is the
lowest frequency second-order feature. One should not confuse the

frequency vectors with the disparity vectors which are not ambiguous.
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2.6. Plaid disparity according to VA, IOC, or

second-order feature

The equations we used for calculating the pattern dis-

parity of the plaid based on VA, IOC, or the lowest fre-

quency second-order feature are listed here. 4

2.6.1. VA

The VA expression is straightforward:
4 For all mathematical derivations, angles are measured counter-

clockwise from the horizontal axis. However, we often describe angles

from vertical for ease of discussion in the rest of the paper.
~DVA ¼ ð~D1 þ ~D2Þ=2; ð5Þ
where ~D1 and ~D2, are the disparity vectors of the two
component gratings. These vectors are perpendicular

to the corresponding grating orientations by virtue of

the aperture problem, and are therefore parallel to ~x1

and ~x2, respectively.

2.6.2. IOC

By considering the projections of the IOC vector onto

the two constraint lines, one can readily obtain two

equations whose solution gives the horizontal and verti-

cal components of IOC disparity as:

DIOC;x ¼
D1 sin h2 � D2 sin h1

sinðh2 � h1Þ
;

DIOC;y ¼
D1 cos h2 � D2 cos h1

sinðh1 � h2Þ
;

where Dn is the magnitude and hn the direction (counter-
clockwise from horizontal axis) of the disparity of the

Fourier components. Equivalently, the total magnitude
and direction of the IOC disparity are:

DIOC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2IOC;x þ D2IOC;y

q
; ð6Þ

hIOC ¼ tan�1 DIOC;y
DIOC;x

: ð7Þ

In the case where the disparity of one grating compo-

nent in the plaid is 0 and the other is D, the IOC direc-

tion is parallel to the orientation of the zero-disparity

grating and the expression for the IOC magnitude re-

duces to:

DIOC ¼ D= sin h;

where h is the angle between the two grating

orientations.

2.6.3. Second-order feature

The expressions for the second-order feature dispari-

ties are derived in Appendix A. For the special case
where the two grating components have the same
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Fig. 3. The disparity vectors in Experiment 1. In the example shown here, the plaid was composed of two gratings oriented at ±17.5� from vertical,
and the disparity vectors of the Fourier components (thin arrows) were in the directions of ±73.5� from vertical (left panel). This resulted in vertical
disparities of IOC, VA and the lowest frequency second-order feature as indicated by the bold arrows in the right three panels, respectively. The

second-order feature was oriented horizontally as shown in Fig. 1. Patterns with horizontal disparities were generated by rotating everything in this

figure by 90�.
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frequency magnitude, the disparity magnitude and

direction of the difference second-order feature are:

D�
2nd ¼ ðD1 � D2Þ=½2 sinðh=2Þ�; ð8Þ

a� ¼ ða1 � a2Þ=2; ð9Þ
with a1 and a2 being the directions of ~x1 and ~x2 respec-

tively. Here Dn(n = 1 or 2) is positive if it is in the same

direction of ~xn and negative if it is in the opposite

direction.

Since we will choose to let h be less than 90� (Fig. 2),
the difference feature is also the lowest frequency
feature.
6 A plaid (pattern) background was selected because informal

observations suggested that the plaid background aided observers�
3. Experiment 1

Previous research has shown that in depth discrimi-

nation tasks, observers are usually much less sensitive

to vertical than to horizontal disparity (Farell & Ahuja,
1996; Matthews et al., 2003; Westheimer, 1984). There

are, however, special cases where depth perception from

vertical and horizontal disparity is equally strong

(Backus, Banks, van Ee, Crowell, & Crowell, 1999). 5

Therefore, Experiment 1 seeks to confirm the disparity

anisotropy under our experimental condition. Stimulus

parameters in this and subsequent experiments were

chosen to generate coherent stimuli. Observers never re-
ported perceiving more than one depth signal in any

stimulus; they always perceived a coherent plaid pattern.

Observers were presented with two stimulus condi-

tions. In one condition the plaid stimuli contained only

vertical disparity (Fig. 3). The stimuli were composed of

two sinusoidal gratings oriented at ±17.5� from vertical
on a plaid background composed of gratings oriented at
5 Note that Backus et al. (1999) measured the effect of varying the

vertical size ratio on estimates of slant; the vertical size ratio generates

a gradient of vertical disparity whereas this paper uses constant vertical

disparities.
±17.5� from horizontal. In the other condition the plaid
stimuli contained only horizontal disparity, and the

stimuli were identical to the vertical disparity condition

except that all components were rotated by 90�. All
stimuli contained component gratings with a contrast
of 0.5, a spatial frequency of 1.5c/�, and were presented
within a 3� circular aperture on a 4.5� · 9� plaid back-
ground for 200ms. 6 Disparity was symmetrically intro-

duced to the two gratings such that the plaid disparity

was in a vertical or horizontal direction. Under such

conditions, the disparity predictions of the IOC, VA

and the lowest frequency second-order feature all have

the same direction (see Fig. 3). The disparity ranges were
different for each individual observer. In the following,

when we refer to the disparity of a plaid stimulus with-

out qualification, we mean the pattern, instead of the

component, disparity.

3.1. Results

Fig. 4 shows the performance of three observers dis-
criminating whether the stereo plaid stimuli appeared

�near� or �far� with respect to the zero-disparity aperture.
The percentage of times observers perceived the pattern

as �near� is plotted as a function of the disparity of the
Fourier components. For stimuli with a large negative

or positive horizontal disparity, observers perceived

the patterns as �near� or �far� on 
100% of trials, respec-
tively. All observers showed some bias when reporting
their perception of zero-disparity stimuli; these patterns

were more likely to be perceived as �near�. 7 For stimuli
ability to perform the depth discrimination compared with a uniform

mean luminance background.
7 A possible explanation is that observers might consider the plaid

within the circular aperture to be �figure� and the rectangular plaid
background to be �ground�, and thus more likely respond to the zero-
disparity stimuli as �near.�



Fig. 4. The results from Experiment 1 for three observers. The percentage of trials in which observers perceived the pattern as �near� is plotted as a
function of the disparity of each Fourier component in the stimulus. The data for the horizontal plaid disparity are represented by filled dots and

fitted with solid curves. Those for the vertical plaid disparity are represented by open dots and fitted with dashed curves. There are 40 observations

per point for each observer. Note that observer XM required larger stimulus disparity than the other observers to perform the task.
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that contained only a vertical disparity, depth discrimi-

nation was more difficult as the curves are flat for two

observers (XM and HT). Although there was some

depth discrimination for observer LSD, performance

was markedly reduced in this condition compared with
the horizontal disparity condition. Note that as the stim-

uli did not have vertical magnification, observers never

reported perceiving the stimuli as being rotated about

a vertical axis.

The above result confirms that depth discrimination

is considerably poorer with vertical disparity than with

horizontal disparity under our experimental condition.

Indeed, since the small, multi-orientation plaids used
here do not satisfy the optimal conditions for depth per-

ception from vertical disparity (Matthews et al., 2003),

the depth assignment of the vertical-disparity stimuli ap-

pears arbitrary. This is desirable for our purpose as the

large difference between vertical and horizontal dispari-

ties will facilitate the differentiation of IOC, VA, and the
second-order feature for computing plaid disparity; if a

particular rule predicts a vertical disparity but the psy-

chometric curve is normal, we know immediately that

the rule is not used.

It should be noted that the depth discrimination task
used in this experiment differs from the disparity-detec-

tion task in which observers have to distinguish a zero-

disparity plaid from non-zero ones regardless of their

perceived depths. It has been shown that observers have

no difficulty with detection of vertical disparity (Farell,

2003).
4. Experiment 2

To test whether the visual system uses IOC, VA, or

the second-order feature, stimuli were devised such that

each of these methods predicted different disparity direc-

tions. Stereo plaid stimuli containing two sinusoidal
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Fig. 5. The disparity vectors in Experiment 2. The plaids were composed of a zero-disparity grating oriented at 0� and a grating with variable
disparity oriented at 45� or �45� (from vertical). The example here shows the case of 45� orientation of the variable-disparity component whose
disparity vector was �45� from vertical (left panel). The predicted disparities according to IOC, VA, and the second-order feature are shown as bold
arrows in the right three panels, respectively. The format of presentation is identical to that of Fig. 3.

L.S. Delicato, N. Qian / Vision Research 45 (2005) 75–89 81
components were created where one vertically oriented

grating (0�) had zero disparity while the disparity of
the other, diagonally oriented grating (±45� from verti-

cal; Fig. 5) varied. As a control, we also created single

grating stimuli oriented at ±45�; this condition illus-
trates the performance expected if VA was employed.

In each condition (plaid or grating) the data from both

diagonal cases (+ and �45�) were pooled together. All
other stimulus details were as Experiment 1.

Under these conditions, the plaid disparity according

to IOC was always vertical, while the disparities accord-

ing to VA and the second-order feature have horizontal

components with opposite signs. Fig. 5 shows an exam-
ple where IOC predicts upward vertical disparity, VA

predicts disparity on the left side of vertical, and the sec-

ond-order feature predicts disparity on the right side of

vertical (see equations in Section 2.6). Each of these

methods has a different prediction:

1. If the visual system implements IOC only, then depth

discrimination would be expected to be extremely dif-
ficult (see Experiment 1). In this case the psychomet-

ric function would have a relatively flat slope.

2. If the visual system implements VA, then depth per-

ception of the plaid would be consistent with that

of the corresponding grating control. In this case

the psychometric function would have a negative

slope (the same as the grating condition).

3. As the horizontal-disparity sign of the second-order
feature is opposite to that predicted by VA, if the vis-

ual system uses this feature to discriminate depth,

perception would be the opposite of that predicted

by VA. In this case the psychometric function would

have a positive slope.

4.1. Results

In Fig. 6, the percentage of times observers perceived

a stimulus as �near� with respect to the zero-disparity
aperture is plotted as a function of the disparity of the

Fourier component. Observers perceived the grating
control as �near� when it had a large negative disparity
and �far� when it had a large positive disparity (open
symbols), as expected. When observers were presented

with the plaid pattern (filled symbols), the psychometric

function has the same sign as that of the grating condi-
tion. Therefore, the results are consistent with the visual

system using VA. As previously, observers were biased

towards perceiving zero-disparity stimuli as �near�. 7

This experiment demonstrates that under these stim-

ulus conditions, the visual system does not rely on IOC

or the second-order feature to extract depth from

disparity.

However, it is possible that VA was used only as a
consequence of the difficulty in recovering depth with

IOC because IOC predicted vertical disparity. This issue

is addressed in the next experiment.
5. Experiment 3

Stimuli were created where VA predicted only vertical
disparity while IOC and the second-order feature pre-

dicted disparity with both a vertical and horizontal com-

ponent (see Fig. 7). The stimuli were identical to those in

Experiment 2 except that they have been rotated by 45�
clockwise or counterclockwise to make VA along verti-

cal axis. All other aspects of the experiment were the

same as Experiment 2.

In this experiment IOC and the second-order feature
predicted disparity with a horizontal and vertical com-

ponent that had the same sign. Therefore, if a good psy-

chometric function is obtained we do not know whether

this results from an implementation of the IOC or the

second-order feature. However, if VA were used by

the visual system to perform the depth discrimination,

as indicated by Experiment 2, then observers� perform-
ance would be poor (see Experiment 1).

5.1. Results

Fig. 8 shows the percentage of times observers

perceived a stimulus as �near� with respect to the



Fig. 6. The results from Experiment 2 for three observers. The percentage of trials in which observers perceived the pattern as �near� is plotted as a
function of the disparity of the Fourier component. There are two stimulus conditions, plaid and grating (see text). The data for the plaid condition

are represented by filled dots and fitted with solid curves, while those for the grating condition were represented by open dots and fitted with dashed

curves. There are 40 observations per point for observers LSD and HT, and 48 observations per point for observer XM. Note that observer XM

required larger stimulus disparity than the other observers to perform the task.
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Fig. 7. The disparity vectors in Experiment 3. The vectors are as Fig. 5 (Experiment 2) except that here everything has been rotated by 45� such that
the VA disparity is vertical.
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zero-disparity aperture as a function of the disparity of

the Fourier component. At large negative disparity,

observers perceived the pattern as �far�, and at large pos-
itive disparity observers perceived the pattern as �near�.
As with the previous experiments, there was a tendency

for observers to perceive zero-disparity stimuli as �near�. 7

The results obtained are consistent with the visual

system using IOC or the second-order feature to ex-



Fig. 8. The results from Experiment 3 for three observers. The percentage of trials in which observers perceived the pattern as �near� is plotted as a
function of the disparity of the Fourier component. There are 40 observations per point for observers LSD and HT and 50 observations per point for

observer XM.
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tract depth from disparity, and are not consistent

with the disparity predicted by VA. This, in combina-

tion with the previous experiment, suggests the

following:

1. The visual system has more than one method availa-

ble to recover depth from disparity and it does not

rely on one method exclusively.
2. Depth perception is determined by the most sensitive

mechanism (the one that predicts a horizontal dispar-

ity component).

Thus far it is not clear what role, if any, the sec-

ond-order feature plays in depth perception. There-

fore, in Experiment 4 stimuli were devised whereby a

computation based upon the Fourier components
(IOC or VA) or the second-order feature each pre-

dicted horizontal disparity but with opposite sign. This

experiment may create more evenly matched alterna-

tives to the visual system as each method predicts hor-

izontal disparity.
6. Experiment 4

Derrington et al. (1992) showed that both Fourier

and non-Fourier components play a role in the per-

ceived direction of motion of plaids (see also Derrington

& Ukkonen, 1999). In a periodic stimulus, such as a

grating or plaid, the perceived direction of a shift de-

pends on the size of the shift. If the shift size is less than
half of the period of the pattern, the perceived direction

of motion agrees with the direction of the shift. How-

ever, if the shift is greater than half of the stimulus per-

iod and less than one period, the perceived direction of

motion is opposite to the direction of the shift. Derring-

ton et al., showed that when the Fourier components in

a plaid, comprised of two sinusoidal gratings with equal

spatial frequency, were shifted 3/8 of their period (or 3 p/4
phase shift), the lowest spatial frequency second-order

feature shifted 3/4 of its period, or equivalently 1/4 in

the opposite direction (see Appendix A for a detailed

mathematical analysis). Under this stimulus condition,

a pattern is produced whereby IOC or VA of the Fourier
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Fig. 9. The horizontal disparities in Experiment 4 predicted by IOC,

VA and the second-order feature are plotted as a function of the phase

disparity of the Fourier components in the pattern. The results for

component grating orientations of ±83�, ±75�, and ±65� from vertical
are shown as solid, dashed, and dotted curves, respectively. Note that

(i) due to the sign reversal, the magnitude of the disparity of IOC is

considerably greater than that of the second-order feature over the

domain of 90�–270�, and both disparities are greater than that of VA,
(ii) the magnitude of IOC and the second-order feature increases as the

orientation of the Fourier components become further away from

vertical, while the disparity of VA decreases as the orientation of the

Fourier components become further away from vertical, and (iii) the

disparity of the second-order feature cycles twice within a single cycle

of the Fourier components, while the IOC and VA cycle once.
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components predicts rightwards motion, say, while the

second-order feature predicts leftwards motion. The

authors found that when both component orientations

were less than about 70� from vertical, IOC or VA of

the Fourier components predicted the perceived direc-

tion of motion of the plaid; otherwise, the perceived
direction of motion of the plaid was consistent with that

predicted by the second-order feature. 8

Such plaid patterns can be used to determine whether

the visual system uses Fourier components or the sec-

ond-order feature to recover depth from disparity in

conditions where each method predicts horizontal dis-

parity but with opposite sign. Therefore, whether the

observer perceives a stimulus as �near� or �far� at varying
shifts in the phase disparity of the Fourier components

will show whether the visual system uses the Fourier

components (either IOC or VA) or the second-order fea-

ture (non-Fourier component).

Three sets of plaid stimuli were created by superim-

posing two sinusoidal gratings with orientations of

±83�, ±75�, and ±65� (from vertical), respectively. The

spatial frequency of each grating component was 3.1c/�.
The phase shifts of the two grating components were

identical in magnitude but opposite in sign, and varied

between 0� and 360� in steps of 22.5�. The disparity cor-
responding to IOC, VA and the second-order feature

varied with the orientation of the Fourier components

as well as phase shift. All other stimulus details are as

Experiment 1. All orientations of the component grat-

ings were more than 45� away from vertical to ensure
that the disparity of the lowest frequency second-order

feature is horizontal.

Fig. 9 shows the disparity predicted by IOC, VA and

the second-order feature plotted as a function of the

phase disparity of the Fourier components. It takes into

account the fact that the phase disparity of the second-

order feature is twice as large as that of each grating

component (see Appendix A), and that when the dispar-
ity of any periodic pattern is greater than half cycle, the

perceived disparity is in the opposite direction to the ac-

tual shift (to be referred to as reversal hereafter). From

this we can make the following predictions:

1. If the visual system uses the Fourier components to

recover depth (IOC or VA), depth discrimination

performance plotted as a function of the phase dis-
parity of the Fourier components in the plaid is

expected to contain only one peak. This peak will

lie between phase disparities of 0� and 180� and the
trough between phase disparities of 180� and 360�
(see Fig. 9).
8 It should be noted that the periodicity of the intersection blobs

follows that of the Fourier components instead of the second-order

feature.
2. If the visual system uses the second-order feature to

recover depth then it is expected that there will be

two peaks in observers� psychometric curves. One
peak will lie between phase disparities of 0� and 90�
(trough between 90� and 180�) and the other between
phase disparities 180� and 270� (trough between 270�
and 360�, see Fig. 9).

Note that under the stimulus conditions of this exper-

iment, were it not for the disparity reversal, the IOC and

the second-order feature would have predicted exactly



L.S. Delicato, N. Qian / Vision Research 45 (2005) 75–89 85
the same disparity values (see proof in Appendix A).

Also note that the disparity predicted by IOC and the

second-order feature decreases, while the disparity pre-

dicted by VA increases, as the orientation of the compo-

nents moves away from horizontal.

6.1. Results

In a temporal two-interval forced-choice depth dis-

crimination task observers indicated whether the �far�
stimulus appeared in the first or second interval. Fig.

10 shows the percentage of times observers perceived

the plaid as �far� (relative to its opposite disparity refer-
ence in the same trial) plotted as a function of the phase
disparity of the Fourier components. Since all three

observers showed a similar trend, each curve in Fig. 10

shows the mean data (±1s.e.m). When the components

were oriented at ±83� (from vertical) there are two clear
peaks in the function. This indicates that the second-

order feature dominated observers� perception. As the
orientation of the components moved closer to vertical
Fig. 10. The results from Experiment 4. The percentage of trials in which o

reference in the same trial) is plotted as a function of the phase disparity of t

from three observers plus and minus 1s.e.m. The plaid was comprised of com

vertical as indicated in the upper right corner. Filled symbols represent pha

disparity with opposite sign. Each observer made 40 observations per point
(b75� from vertical) the peaks in the function became

less prominent, indicating that depth perception became

increasingly dependent upon the Fourier components

and less dependent upon the second-order feature. Fur-

thermore, when the components were oriented at ±65�
(from vertical) the psychometric function contained only
one peak indicating that depth perception was domi-

nated by an operation on the Fourier components

(IOC or VA).

The results show that when the VA or IOC of the

Fourier components and the second-order feature both

predict horizontal disparity, there are other contributing

factors that determine the method used to recover depth

(e.g., the orientation of the Fourier components). Simi-
lar orientation dependency was found by Derrington

et al. (1992) in motion perception. The orientation depend-

ency could be interpreted in terms of cue reliability. Spe-

cifically, when the orientation of the component gratings

is close to horizontal, the horizontal disparity they carry

may become less reliable (Chen & Qian, 2004; Farell,

2003), and the visual system may thus �choose� to use
bservers perceived the plaid as �far� (relative to its opposite-disparity
he Fourier components (degrees). The graphs represent the mean data

ponents oriented at ±83� (circle), ±75� (square), or ±65� (triangle) from
ses where the Fourier components and second-order features predict

under each condition.



86 L.S. Delicato, N. Qian / Vision Research 45 (2005) 75–89
the horizontal disparity carried by the vertically oriented

second-order feature.
7. Discussion

By exploiting the difference in depth discrimination

between vertical and horizontal disparities (Experi-

ment 1), stereo plaid stimuli were created for determin-

ing the contribution of IOC, VA and the second-order

feature to compute the pattern disparity. Experiments 2

and 3 showed that the visual system rejected whatever

method predicted vertical disparity, in favour of one

which predicted disparity with a horizontal component.
When stimulus conditions were such that the Fourier

components and the second-order feature each predicted

horizontal disparity, but with opposite sign, the method

employed by the visual system was dependent upon the

orientation of the Fourier components (Experiment 4).

These experiments demonstrate that the visual system

does not rely exclusively on a single method for

computing pattern disparity for depth perception, but
instead favours the most reliable cue under a

given condition (Landy, Maloney, Johnston, & Young,

1995).

It is important to note that in all of the experiments

presented in this paper, observers never reported per-

ceiving the plaid pattern as incoherent (i.e., one of the

gratings in the plaid pattern was perceived as lying on

a different depth plane than the other). The patterns
were always perceived as a coherent plaid on one depth

plane. Indeed if it were the case that the plaids in Exper-

iment 3 were perceived incoherently, observers� depth
perception would have been poor as the only grating

component with a disparity in that stimulus predicted

vertical disparity.

Some discussion is required to address the issue of

whether or not the second-order feature in a pattern
should be included in a vector average computation as

is the case with the model proposed by Wilson et al.

(1992). In our study the vector average computation

was computed based on the Fourier components alone.

This is not an issue in Experiment 1 as IOC, VA, and the

second-order feature all predicted the same disparity

direction and the purpose there was to establish the dif-

ference between vertical and horizontal disparities. In
Experiment 4, the second-order disparity was much lar-

ger than VA disparity (Fig. 9). Therefore, if the second-

order feature is included in the averaging, VA will be

dominated by the second-order feature with two peaks

in Fig. 9. The conclusion will remain essentially the same

that the visual system uses the second-order feature

when the component orientations are close to horizontal

and IOC otherwise. The issue becomes important in
Experiment 3 where IOC and VA with the second-order

feature included make indistinguishable predictions.
However, Experiment 2 suggests that the second-order

feature really should not be included in VA, at least

for the patterns used in this paper. The reason is that

VA with the second-order feature and VA without the

second-order feature will predict opposite horizontal-

disparity signs, and the results in Fig. 6 are only consist-
ent with the latter.

We argued that in Experiment 4, the reason why the

Fourier components predict depth perception at orienta-

tions closer to vertical (±65� from vertical) and not at

those further away from vertical (±83� from vertical)

is that the horizontal disparity of the Fourier compo-

nents becomes less reliable as their orientations are clo-

ser to horizontal (Chen & Qian, 2004; Farell, 2003). An
alternative explanation suggested by Fig. 9 is that when

the components are oriented at ±83� (from vertical),

IOC disparity may be too large and VA disparity too

small, while the second-order disparity may be closest

to optimal magnitude. This is also consistent with the

notion that the visual system uses the most reliable dis-

parity cue for a given condition. Further investigation is

needed for determining which interpretation is more
appropriate.

Our experiments only show clear evidence for the use

of VA and second-order feature but not IOC. Specifi-

cally, Experiment 2 found evidence for VA; Experiment

3 found evidence for either IOC or second-order feature

but could not distinguish between them; Experiment 4

found evidence for IOC or VA (but again could not dis-

tinguish them) at some grating orientations, and second-
order feature at other orientations. To establish the role

of IOC, a plaid in which the IOC vector is considerably

away from the VA and second-order vectors, instead of

between them or parallel to one of them, would be

needed. We have not been able to create such a plaid.

On the other hand, current data cannot rule out IOC

either, and further studies would be needed to clarify

the issue.
Farell (1998) created two plaid conditions in which

the gratings in the plaids had the same horizontal-dis-

parity sign, but the grating intersections (blobs/IOC)

had the opposite horizontal-disparity sign. He found

that the plaids were perceived to have opposite depth,

as predicted by the blobs. However, the perception

may also be driven by the lowest spatial frequency sec-

ond-order feature, the feature investigated in this paper,
as this feature had the same horizontal-disparity sign as

the blobs. Using an adaptation paradigm Farell argues

against this idea. He found that adaptation only influ-

enced perception when the adapting stimulus was paral-

lel to the grating components, not when it was parallel

to the blobs or the second-order feature. Farell argues

that the visual system computes 2D pattern disparity

by a two-stage process in which the disparity of each
Fourier component is computed and combined to deter-

mine the disparity of the blobs. He concluded that the
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second-order feature does not play a role in computing

2D pattern disparity.

However, this conclusion may need to be revised in

light of the work of Langley et al. (1999) who suggest

that the site of adaptation is prior to the non-linearity

required to process the second-order stimuli. It is possi-
ble that in Farell�s study, the null effect of adaptation,
when the adapting stimulus was matched to the sec-

ond-order feature, occurred as a consequence of the site

of adaptation being prior to the non-linearity. There-

fore, Farell�s result may also be consistent with the
hypothesis that the visual system used the disparity of

the second-order feature to perceive depth.

Weiss, Simoncelli, & Adelson (2002) have developed
a Bayesian model to predict the perceived velocity of

translating patterns by considering measurement noises

and a prior preference to slow motion. They show that

a considerable amount of psychophysical data, that

was previously accounted for by either IOC, VA or fea-

ture-tracking, can be explained by their model (Bowns,

1996; Burke & Wenderoth, 1993; Stone, Watson, &

Mulligan, 1990; Thompson, 1982; Yo & Wilson, 1992).
In particular, the model can explain that at high contrast

the perceived direction of a plaid is consistent with IOC

while at low contrast the perceive direction is predicted

by VA.

However, one should be cautious when considering a

VA explanation of perceived motion at low contrast.

Research has shown that at low contrast, plaid patterns

tend not to be perceived to move as a single coherent
pattern; rather, the components of the pattern are per-

ceived to move incoherently over one another (Delicato

& Derrington, 2001). Therefore, if observers were re-

quired to indicate the direction of motion of a pattern

that was actually incoherent due to the low contrast,

the average of their responses over many trials would

be indistinguishable from the direction of motion pre-

dicted by VA.
While Weiss et al., did not consider any psychophys-

ical data pertaining to depth perception from disparity,

there is a possibility that motion and disparity may be

processed by a common mechanism (Qian & Andersen,

1997; Qian, Andersen, & Adelson, 1994). It would there-

fore be interesting to examine whether a similar model,

incorporating the disparity predicted by the second-

order feature, could account for the depth perception
data presented here.
9 An implicit assumption in the above derivation is that the non-

linearity for generating the second-order features occurs prior to

binocular combination (Wilcox & Hess, 1996).
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Appendix A. Derivation of the second-order feature

disparities

The left and right eyes� luminance patterns can each
be represented as a sum of two gratings:

Ilðx; yÞ ¼ I1½1þ c1 cosð~x1 	~xþ /1lÞ�
þ I2½1þ c2 cosð~x2 	~xþ /2lÞ�;

Irðx; yÞ ¼ I1½1þ c1 cosð~x1 	~xþ /1rÞ�
þ I2½1þ c2 cosð~x2 	~xþ /2rÞ�;

where /ne (n = 1,2; e = l, r) is the phase of the nth grating

in eye e. The two gratings thus have phase disparities of

D/1 = /1l�/1r and D/2 = /2l�/2r, respectively.
The disparities of all second-order features can be

calculated as follows. First, according to expressions

(1)–(4) in Section 2.5, the disparity vectors for the four

second-order features are parallel to the directions of
~x1; ~x2; ~xþ and ~x�, respectively. Second, to determine

their amplitudes, we need to compare the expressions

for the left and right eyes corresponding to each sec-

ond-order term. 9 It is easy to see from expressions

(1)–(4) that the phase disparities of the four second-

order features are:

ðD/Þ12nd ¼ 2D/1;

ðD/Þ22nd ¼ 2D/2;

ðD/Þþ2nd ¼ D/1 þ D/2;

ðD/Þ�2nd ¼ D/1 � D/2;

respectively.

For any periodic pattern, when the phase disparity

D/ is larger than p and less than 2p, it is effectively a
phase disparity of opposite sign given by D/ � 2p. For
the special case of D/2 = � D/1 in Experiment 4, when
the component gratings� phase disparities vary from 0

to 2p, the phase disparity of the difference feature (as
well as the two frequency doubled features) will vary

from 0 to 4p. Therefore, as the gratings� phase disparity
increases in magnitude from 0 to 2p, there will be one
sign inversion for the grating disparity and for the VA

and IOC operations on the grating disparity, but two

sign inversions for the disparity of the difference sec-

ond-order feature (Fig. 9). Consequently, there will be

circumstances where VA and IOC of the grating compo-
nents predict a disparity of one sign, while the second-

order feature predicts a disparity of the opposite sign.

For example, if D/1 = � D/2 = 3p/4, generating a posi-
tive horizontal disparity according to VA or IOC, then
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(D/Þ�2nd ¼ 3p=2 which is effectively � p/2, a negative
horizontal disparity for the second-order feature.

For any periodic pattern with angular spatial fre-

quency x, its phase disparity D/ is related to the ordi-
nary disparity D (expressed in visual angle) according

to D/ = xD. Therefore, according to expressions (1)–
(4) in the text, the ordinary disparities of the four sec-

ond-order features are:

D12nd ¼ ð2/1l � 2/1rÞ= j 2~x1 j¼ D/1=x1 ¼ D1;

D22nd ¼ ð2/2l � 2/2rÞ= j 2~x2 j¼ D/2=x2 ¼ D2;

Dþ
2nd ¼ ½ð/1l � /1rÞ þ ð/2l � /2rÞ�= j ~xþ j

¼ ðD/1 þ D/2Þ= j ~xþ j

¼ ðx1D1 þ x2D2Þ= j ~x1 þ ~x2 j;

D�
2nd ¼ ½ð/1l � /1rÞ � ð/2l � /2rÞ�= j ~x� j

¼ ðD/1 þ D/2Þ= j ~x� j

¼ ðx1D1 � x2D2Þ= j ~x1 � ~x2 j;

respectively.

If x1 = x2 = x, as is the case for all the experiments
reported here, the above results can be reduced to:

D12nd ¼ D1;

D22nd ¼ D2;

Dþ
2nd ¼ ðD1 þ D2Þ=½2 cosðh=2Þ�;

D�
2nd ¼ ðD1 � D2Þ=½2 sinðh=2Þ�

where h is the angle between ~x1 and ~x2.

One can further decompose these disparities into

their horizontal and vertical components. Assume that

the directions of ~x1 and ~x2 are a1 and a2, counterclock-
wise from the horizontal axis, then, the direction of ~xþ
will be a+ = (a1 + a2)/2, and direction of ~x� will be
a� = (a1 � a2)/2. The horizontal and vertical compo-
nents of Dn

2nd are simply Dn
2nd cos an and Dn

2nd sin an for

n = 1,2, + and �. Note that an(n = 1 or 2) differs from
the corresponding grating orientation hn(n = 1 or 2) by
90�.
For the special case of x1 = x2 = x, there is a simple

relation between the IOC disparity and the disparities of

the sum and difference second-order features: The pro-
jections of the IOC disparity along the ~xþ and ~x� direc-

tions are exactly equal to Dþ
2nd and D�

2nd. In other words,

if the disparity vectors for the sum and difference fea-

tures are added vectorially, the result is equal to the

IOC vector. To demonstrate, note that the projections

of ~DIOC in the directions of ~x1 and ~x2 are simply D1
and D2 respectively (cf Fig. 3):

ð~x1=xÞ~DIOC ¼ D1;

ð~x2=xÞ~DIOC ¼ D2
Add and subtract the two equations, we have:

ð~xþ=xÞ~DIOC ¼ D1 þ D2;

ð~x�=xÞ~DIOC ¼ D1 � D2

where ~xþ and ~x� are the directions of the sum and dif-

ference second-order disparities, and are perpendicular

to each other when x1 = x2 = x. Therefore, the projec-
tions of ~DIOC along the these two orthogonal directions
are:

Dþ
IOC ¼ ðD1 þ D2Þ=½2 cosðh=2Þ�;

D�
IOC ¼ ðD1 � D2Þ=½2 sinðh=2Þ�

which equal to Dþ
2nd and D�

2nd respectively. This com-

pletes the proof.

Since Dþ
2nd ¼ 0 in Experiment 4, this result explains

why D�
2nd would be equal to DIOC in Fig. 9 were it not

for the different number of sign reversals for the two
cases. Dþ

2nd is also equal to 0 in Experiment 1, and since

the disparities in Experiment 1 are too small to trigger

sign reversal, D�
2nd does equal to DIOC (Fig. 3).
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