1140

0r7
cW

P-1

J. Opt. Soc. Am. A/Vol. 2, No. 7/July 1985

Teri Berger Lawton

Spatial-frequency spectrum of patterns changes the visibility
of spatial-phase differences
Teri Berger Lawton*
Department of Psychology, University of California, Santa Barbara, California 93106
Received November 16, 1984; accepted March 4, 1985

This study showed that spatial-frequency components over a 4-octave range affected the visibility of spatial-phase
differences. Contrast thresholds were measured for discrimination between two (+45- and -45-deg) spatial
phases of a sinusoidal test grating added to a background grating. The background could contain one or several
sinusoidal components, all in 0-deg phase. Phase differences between the test and the background were visible at
lower constrasts (1) when test and background frequencies were harmonically related than when they were not, (2)
when test and background frequencies were within 1 octave than when they were farther apart, (3) when the fundamental frequency of the background was low than when it was high, and (4) for some discriminations more than for

others, after practice. The visibility of phase differences was not affected by additional components in the background if the fundamental and difference frequencies of the background remained unchanged. Observers' reports
of their strategies gave information about the types of attentive processing that were used to discriminate phase
differences. Attentive processing facilitated phase discrimination for multifrequency gratings spanning a much
wider range of spatial frequencies than would be possible by using only local preattentive processing. These results
were consistent with the visibility of phase differences being processed by some combination of even- and odd-symmetric simple cells tuned to a wide range of different spatial frequencies.

1.

INTRODUCTION

Spatial-phase discrimination is a task that measures the
ability of an observer to localize shifts in the position of light
and dark bars of different width. For example, Fig. 1 shows
the pattern

composed of a phase-shifted

3-cycle/degree (c/

deg) test grating added to a 6 + 7-c/deg background. Leftand right-shifted gratings differ only in the spatial phase of
the test grating. These patterns (test grating + background)
have equal-contrast spatial-frequency components that are
identical except for the position of the test frequency relative
to the background. Apparently the only difference between
these two patterns is in the position of luminance differences

between light and dark bars of different width. For example,
note the narrow light bars that demarcate the interval over
which the pattern repeats in Fig. 1. The most notable difference between left-shifted and right-shifted stimuli is the
position of the narrow dark bar, that is, whether it is to the left
or to the right of the narrow light bar.
Both the spatial frequency and the contrast of a sinusoidal
or multifrequency background affected the detectability of
a sinusoidal test grating 3 and the discriminability between
phase-shifted test gratings.47 Therefore these stimulus
parameters were held constant between each pair of stimuli.
A phase-discrimination paradigm provides information about
an observer's ability to localize changes in luminance across

space when the only difference between the two patterns is
the position of the test spatial-frequency component relative
to the background. Multifrequency medium-contrast
backgrounds were used to examine how frequency components spanning several octaves affected the visibility of spatial-phase differences.6 In addition, multifrequency backgrounds correspond more closely to the real visual environment than do simple sinusoidal backgrounds. Patterns
having equal-contrast, equal-frequency components would
activate neurons tuned to the same spatial frequencies the
0740-3232/85/071140-13$02.00

same amount. The only difference would be the pattern of
activation based on the position of luminance differences.
This information is probably processed by some combination of even- and odd-symmetric simple cells in the striate
cortex.8 ' 9 Presenting a 4% medium-contrast

background is

within the center of the working range of simple cells in the
striate cortex.10 The smallest luminance differences are
needed to discriminate between two patterns if they are near
the center of a cell's working range, centered around the mean

luminance of a pattern.1"-' 4 Contrast thresholds for phase
discrimination will determine the optimum patterns for localizing the position of luminance differences induced by
different phase shifts. The frequency spectra of optimum and
nonoptimum patterns for phase discrimination provide information about the transfer characteristics of cortical discrimination between positional changes in luminance when
a wide range of different frequency components affects discrimination.
In the present study psychophysicalmethods were used to
measure the effects on the visibility of phase differences of
systematically varying the frequency components of the
stimuli between threshold measurements. The frequency
composition found to improve phase discrimination provides
information about the stimulus dimensions used by the visual

cortex to localize luminance differences based only on positional differences. Phase discrimination provides a good
paradigm for studying cortical discrimination between multifrequency gratings.
A test frequency that is harmonically related to the fundamental frequency15 of the background repeats an integral
number of times within the spatial interval over which the
background grating repeats. When the test and background
frequencies are harmonically related, then the fundamental
frequency of the test + background grating equals the fundamental frequency of the background. The spatial interval
over which the pattern repeats, that is, the spatial period of
©1985 Optical Society of America
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between the test and the background frequencies was greater
than 1 octave, yet the fundamental frequencies of the test and
the background gratings were within 1 octave, then phase
differences were not less visible for test and background
frequencies farther apart than one octave.6 Determining the
visibility of spatial-phase differences for a range of different
frequency test gratings added to multifrequency backgrounds
will determine whether (1) increasing the frequency difference
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between the test and the background or (2) increasing the
difference between the fundamental frequencies of the test
and the background reduces the visibility of phase differences.
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ferences were visible at low contrasts for a wider range of test
frequencies when a multifrequency background composed of

high spatial frequencies had a low fundamental frequency
than when it had a high fundamental frequency.6 Back-
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Phase differences were visible at lower contrasts when a
sinusoidal background repeated over a wide area than over a
narrow area, that is, when the fundamental frequency of the
background was low than when it was high.7 18 Phase dif-
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Fig. 1. Phase-shifted 3- and 3.5-c/deg test gratings added to a 6 +
7-c/deg background.

the pattern, is the spatial window to which the observers restrict their attention to identify the location of light and dark
bars of different width. The spatial window defined here
served as a frame of reference to discriminate spatial-phase
differences earlier.16 Phase differences were more visible

when test and background frequencies were harmonically
related, that is, when the 4% medium-contrast background
demarcated the spatial window used to discriminate spatial
phase differences, than when they were not harmonically re6
lated. 6 "1
When the test frequency was not a harmonic of the
fundamental frequency of the background (for example, ex-

amine the 3.5-c/deg test frequency in Figs. Id and le), then
a low-contrast test grating demarcated the spatial window,
because the fundamental frequency of the test + background
was much lower than the fundamental frequency of the
background.
The difference between the test and the background spatial-frequency components changed the visibility of spatialphase differences for sinusoidal test gratings displayed in the

7
presence of a sinusoidal background grating.5 "1
Phase dif-

ferences were less visible for test gratings separated in frequency by more than 1 octave from the frequency of the

background than for test gratings within 1 octave of the
background-frequency components.6 Earlier studies have
confounded the effects of the frequency difference between
the test and the background and the fundamental, difference,
and component frequencies of the background.
Suppose that a test grating is added to a background consisting of one spatial-frequency component. Then when the
difference between the test and the background component
frequencies is greater than 1 octave, the difference between
the test and the background fundamental frequencies is also
greater than 1 octave. Now suppose that the test grating is
added to a multifrequency background. If the difference

grounds composed of only high spatial frequencies repeat over
a wide area if they have a low fundamental frequency. Thus
backgrounds composed of high spatial frequencies can provide

a wide repetitive frame of reference for discriminating spatial-phase differences.

The visibility of phase differences for

test gratings added to multifrequency backgrounds that are
composed of high spatial frequencies needs to be examined
for a range of different fundamental frequencies to explore
this effect systematically.
Observers detected a test-frequency component at higher
contrasts when it was added to a multifrequency background
than when it was added to a single-frequency background.3
Increasing the number of spatial-frequency components increased the number of different-width light and dark bars that
uniquely identified the pattern. It is not clear from the study
of Henning et al.3 whether this reduction in detectability resulted from having additional components in the background
or from lowering the fundamental frequency of the background to equal the test frequency. Lowering the fundamental frequency of the background to equal the test frequency causes both the test and the background to have the
same periodicity. The background composed only of high
spatial frequencies may mask the detectability of a low-frequency test grating if the fundamental frequencies of both are

near each other. The present study measures the effects on
the visibility of phase differences of having additional background frequencies compared with lowering the fundamental
frequency of the background separately.
Practice involving the discrimination of 90-deg phase differences improved the visibility of phase differences for test
gratings added to a sinusoidal background grating.'9 ' 2 0 Fiorentini and Berardi1920 found that the effects of discrimination training with two component gratings, however, transferred to new patterns only when the spatial frequency of the
test grating was within 1 octave of the test frequencies between

which the observer had previously practiced discriminating
phase differences. Whether practice improves the visibility
of phase differences only for test and background frequencies

within 1 octave of each other in contrast to test and background frequencies farther apart needs to be examined for test

gratings added to multifrequency backgrounds.
The present study is a systematic investigation of the effects
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of different spatial-frequency combinations on an observer's
contrast sensitivity when discriminating spatial-phase differences. Five main questions are addressed: Does phase
discrimination occur at lower contrasts
(1) When test and background frequencies are harmonically related than when they are not,
(2) When test and background frequencies are within 1
octave than when they are farther apart,
(3) When the fundamental or difference frequency of the
background is low than when it is high,

(4) When additional sinusoidal components in the background cause the background fundamental and difference
frequencies to remain unchanged, and
(5) After practice involving the discrimination of spatial
phase differences for closely spaced test and background
frequencies but less affected by practice for widely spaced test

and background frequencies?
2.

METHODS

A.

Apparatus

The visual testing instrument (VTI) was described in detail
previously.9 A PDP 11-03 minicomputer system was used to
control and operate the VTI system. The stimuli were displayed on an HP 1332Acathode-ray tube display (P31 phosphor). The mean luminance was 60 cd/M2 . Stimuli subtended 6.25 deg horizontally and 5 deg vertically. The display

was surrounded by light green cardboard to provide a large
surround of approximately equal luminance.

the period of the fundamental frequency of the background
grating or the test grating, whichever was higher. Therefore
the test-frequency component was shifted to the left or to the
right 1/8 period of the fundamental frequency of the test
grating or the background grating, whichever was higher.
Measuring phase in terms of the higher fundamental frequency enabled contrast thresholds for phase discrimination
to be measured for all test frequencies.2 ' The absolute phase
of left-shifted and right-shifted stimuli was constant for both
intervals of a given trial but varied randomly from trial to
trial.
Four different backgrounds (Fig. 2) were used: (1) a 6c/deg grating, (2) a compound of 5 and 7 c/deg, (3) a compound
of 6 and 7 c/deg, and (4) a compound of 6.5 and 7.5 c/deg. One

to three sinusoidal components that did not change the fundamental or difference frequencies of the background were
added to the background, e.g., 5 + 7 + 9 c/deg (see Table 1).
Although the spatial-frequency components of the four
background gratings were not much different from one another, the backgrounds were quite different with respect to
their fundamental or difference frequency. The different
backgrounds had (1) a different fundamental frequency (6,
1, or 0.5 c/deg), (2) a different difference frequency (2, 1, or
-

c/deg), or (3) a different number of frequency components

(1-5).

The contrast of each background component was set to 14
times its detection threshold (based on contrast-detection
thresholds measured by Lawton 6 ) when viewed alone. As the
number of sine-wave components was increased, the contrasts

6.0 c/deg

B.

Stimuli

0.04 -

Testing was by a two-interval forced-choice paradigm. The
two intervals both contained the same frequency test grating
added to the same constant background. They differed only
with respect to the spatial phase between the test and the
background gratings. The difference between the spatial
phases was fixed at 90 deg (or 1/4-period shift) throughout this

study. The spatial-phase difference was obtained by shifting
the peak luminance of the test grating 1/8 period of the fun-

EFFECTIVE
CONTRAST

I

*
I

quency of the background, whichever was higher.

Therefore

the test-frequency component was shifted to the left or to the
right 1/8 period of the fundamental or difference frequency
of the background. This component was chosen since it appeared to characterize the background luminance modulation

most nearly completely by providing a frame of reference for
the discrimination of spatial phase differences. In the second

set of experiments, relative phase was measured in terms of

I

I

I-l
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function, were added together in 0-deg phase from a position

background in the center of the display.
Two sets of left-shifted and right-shifted stimuli are illustrated in Fig. 1. Notice that the intensity distributions at
corresponding spatial positions are noticeably different between left-shifted and right-shifted stimuli even though they
differ only in the spatial phase of the test gratings.
In the first set of experiments spatial phase was measured
in terms of the period of the fundamental or difference fre-

I I

.
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stimulus) or 1/8 period to the right (right-shifted stimulus).
The background components, each generated using a cosine
test component was measured from the peak luminance of the

I.
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Fig. 2. Frequency spectra for four backgrounds. (Note that the
fundamental and difference frequencies are not part of the
spectra.)
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Table 1. Spectra Used to Measure Effect of Background Grating, Test Frequency, and Number of Background
Frequencies
Fundamental

Background

Range of

Background

Background

Additional

Frequency
Background

Background

Difference

Gratings

Test Gratings

Frequencies

Frequency

Fundamental

Frequency

(c/deg)

(c/deg)

(c/deg)

(c/deg)

Period (deg)

(c/deg)

6
5+ 7
6+ 7
6.5 + 7.5

0.5-4.5
0.5-4.5
0.5-5.5
0.5-6.0

[(5 + 7) + 9] + 11
[(6 + 7) + 8] + 9+ 10
{[(6.5+ 7.5) + 8.51 + 9.51 + 10.5

6
1
1
0.5

0.16
1.0
1.0
2.0

2
1
1

-

of the N background components were reduced so that each
background-frequency component was set to (14/N) times its
threshold level. The contrast that was 14 times the detection
threshold of a 4-c/deg grating was 4%. A 4-c/deg test grating

was detected at lower contrasts than were other frequency
gratings.6 The effective contrast of the background was set
to 4%by first adjusting all N background-frequency components to 14/N times their individual detection thresholds and
then multiplying by an amount to compensate for the transfer

characteristics of the display that attenuate the higher-spatial-frequency components. The contrast of the background
was also measured to be 4% by a Pritchard photometer when
all the background components were in 0-deg phase.
Test gratings varied in spatial frequency over a 3.5-octave
range from 0.5 to 6.0 c/deg in 0.5-c/deg steps. All test gratings

consisted of lower spatial frequencies than the backgroundfrequency components in order to compare the effects of the
background fundamental and difference frequencies with the
effects of individual background components (see Fig. 2).

Test gratings were generally equal to or higher than the fundamental frequency of the multifrequency backgrounds yet

phase discrimination. The phase-discrimination paradigm
was described in detail previously.

9

Observers were asked to report orally the strategies used
to discriminate between the spatial phase of different frequency test gratings added to each background. These reports were used to learn more about the types of processing
used to discriminate spatial phase.
In the first set of experiments, the same pair of patterns was
never used in consecutive runs. In the second set of experiments, on the effects of practice, the same pair of patterns was
seen in three consecutive runs. Within one testing session all

test gratings were added to the same background. The presentation order for the spatial frequency of the test grating
was randomized. Throughout the study approximately 35
trials were needed to determine one threshold measurement.
Plotted thresholds were the average of three measurements.
D.

Observers

The first observer was experimentally naive, and the second
had practiced discriminating between phase-shifted gratings

always lower than the component frequencies of these backgrounds. In addition, the spatial frequency of the test grating
was generally lower than the 4-c/deg grating to which the

observer was maximally sensitive, whereas the spatial-frequency components of the background were always higher

I I

I

t

10.0

than 4 c/deg.

-

9.0

I

,

An observer identified the temporal interval in which the
phase of the test grating was shifted 1/8 period to the left of
the peak amplitude of the background components in a two-

interval forced-choice paradigm. Auditory feedback was
given on each trial. The tone-cued patterns were presented
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grating until its presence, when added to the background, was

noticeable. The observer practiced identifying the leftshifted stimulus until consistent discriminations could be
made between the left-shifted and right-shifted stimuli (approximately 3-10 trials). Then the data run began, with the
final contrast used in the practice run. In the initial segment

of the data run, the contrast of the test grating was decreased
one step (0.3% contrast) each time the observer correctly
identified the interval containing the left-shifted stimulus.
Followingthe first incorrect response, the contrast of the test
component (which was the same in both left-shifted and
right-shifted stimuli) was varied from trial to trial in a staircase procedure 2 2 to achieve a given criterion (79%) of correct
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Fig. 3. Contrast thresholds when discriminating phase for test
gratings that are added to a 6-c/deg background.
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for several months before this study. Both observers had

scanned a pattern area corresponding to the fundamental

20/20 vision.

period of the background.

q

For all three backgrounds (Figs. 3-5), phase discrimination
occurred at significantly lower contrasts (p < 0.01) (Ref. 24)
for test gratings that were harmonically related to the background than for test gratings that were not harmonically related. For harmonically related test frequencies more than
1 octave lower than the 6-c/deg background, thresholds in-

,cies.

creased as the test frequency decreased. When the back-

Backgrounds that were not harmonicallyrelated to the test
grating did not provide a repetitive frame of reference that
clearly demarcated the spatial window used by the observer
to discriminate phase differences (see Figs. Id and le). To
discriminate between test gratings not harmonically related
to the background, observers either scanned a spatial window

3.
4-D

Cd

M

The observer then memorized one

ordering of different-width light and dark bars across the
period of the background to identify the left-shifted stimulus.
For example, when discriminating phase differences for a
3-c/deg test grating added to a 6 + 7-c/deg background (see
Fig. 1), the observer memorized that the narrow dark bar is
to the left of the bright bar in the left-shifted pattern. The
observer also memorized that it shifted to the right of the
bright bar in the right-shifted pattern. The repetitive
background clearly demarcated the spatial window used to
discriminate phase differences for harmonic test frequen-

RESULTS

A. Effect of Harmonic Relation between Test and
Background

ground was 5 + 7 /deg (Fig. 4) or 6 + 7 c/deg (Fig. 5) both

harmonics and nonharmonics occurred over the entire range
of test frequencies examined. Contrast thresholds for phase
discrimination remained low for the entire range of harmonic
test gratings when added to a multifrequency background.
According to independent observer reports, different discrimination strategies were used for phase discrimination
between harmonic and nonharmonic test gratings. For test
gratings harmonically related to the background, observers
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frequencies.

B. Effect of Frequency Difference between Test and
Background
For harmonic test frequencies on a background of 6 c/deg (Fig.

3), phase discrimination occurred at significantly lower contrasts when test and background frequencies were closer than

1.5 octavesthan when they were farther apart. For harmonic
test gratings on a 5 + 7-c/deg background (Fig. 4) phase dis-

crimination again occurred at lower contrasts as the test frequency increased from 1 to 4 c/deg. However, for harmonic
test gratings on a 6 + 7-c/deg background there were no consistent effects of changing the test frequency (Fig. 5).

On the other hand, for nonharmonic test gratings, the only
consistent

effects occurred on a 6 + 7-c/deg background.

Here phase discrimination occurred at significantly lower
contrasts for test gratings having a frequency within 1 octave
of the background frequencies, such as 5.5 c/deg on a 6.0 +
7.0-c/deg background, compared with the situation when the

test and the background frequencies were farther apart, such
as a 1.5-c/deg test on a 6.0 + 7.0-c/deg background.

Test

gratings that were not harmonicallyrelated to the 5 + 7-c/deg
background were discriminated at significantly higher contrasts when the test and background frequencies were within
1 octave than when they were farther apart (Fig. 5). Following

practice (Fig. 9c, discussed in Subsection 3.E), however,
nonharmonic test gratings having a frequency within 1 octave

of the 5 + 7-c/deg background were discriminated at significantly lower contrasts than when test and background
frequencies were farther apart.
Figure 6 shows results for a background of 6.5 + 7.5 c/deg,

which has a 0.5-c/deg fundamental frequency. Test
frequencies within 1 octave of the background components
had systematically different phase-discrimination thresholds-lower

contrasts for some test gratings, such as 5.5 c/deg

on 6.5 + 7.5 c/deg, and higher contrasts for others, such as 6.0
c/deg on 6.5 + 7.5 c/deg. Note that these patterns have either

an integral test-background difference frequency (1.0c/deg)
or a nonintegral test-background difference frequency (0.5
c/deg). There was also an additional minimum threshold at
2.5 c/deg having an integral test-background difference frequency and almost 2 octaves from the background components.
Observers used different strategies to identify the leftshifted stimulus, depending on whether the test and background frequencies were within 1 octave or were farther apart.

For test and background frequencies within 1 octave of each
other
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C. Effect of Fundamental and Difference Frequency of
Background
Phase discrimination occurred at significantly lower contrasts

Pi
Ra
C
-4^

*M

for harmonic low-frequency test gratings when the fundamental frequency of the background was lowered from 6.0 to

2.0

I

5

1.0 c/deg (see Fig. 7, which replots some of the data in Figs. 3
and 5) by changing from a 6-c/deg to a 6 + 7-c/deg background. This can be seen more clearly by comparing the

\~~~~

contrast thresholds for a 1-c/deg test grating added to either

-1.0

a 6 + 7-c/deg background or a 6-c/deg background.
Thresholds were more than four times lower for a 1-c/deg test

0'90
0.7

grating added to a 6 + 7-c/deg background than when added
to a 6-c/deg background. 2 3

0.5

High-background frequencies having a low fundamental

0.4
0.3
0

frequency provided a wide repetitive frame of reference within
I
0.5

I
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Fig. 6. Contrast thresholds when discriminating phase for test
gratings that are added to a 6.5 + 7.5-c/deg background and other
backgrounds having the same difference and fundamental frequencies.

(1) If the contrast of the test grating was set to a high level
in the practice run, observers found it difficult to identify

which spatial phase differences were discriminated. If the
observer did not monitor the entire spatial period of the
background, then the contrast for phase discrimination was
at least double the contrast needed when the entire background period was attentively processed. For low-frequency
test gratings added to a background having a low fundamental

frequency, the spatial window used to discriminate phaseshifted luminance differences was clearly demarcated.
However, for low-frequency test gratings added to a background having a high fundamental frequency the spatial
window was demarcated by the low-contrast test grating.
Thus the spatial window that the observer scanned to discriminate phase was not clearly demarcated.
Previous studies found that phase discrimination occurred
at lower contrasts for a high-frequency test grating added to
a low-frequency backgrounds 7 than for a low-frequency test

correctly the left-shifted stimulus over many consecutive trials

9.0

as the contrast of the test grating was systematically lowered
in the initial segment of the data run,
(2)

'

-

|I

01

7.0-

The observers monitored the direction of a shift in the

position of a high-contrast high-frequency component (e.g.,
a narrow dark bar), and
(3) The observers could reduce the width of the spatial
window used to discriminate phase by one half if they concurrently doubled the number of different orderings of light
and dark bars used to identify the left-shifted stimulus.
When the test and background frequencies were farther
than 1 octave apart

I

8.0

6.0
5.0

4.0

3.0

0./
2.0

(1) Observers correctly identified the left-shifted stimulus
over many consecutive trials as the contrast of the test grating

was systematically lowered in the initial segment of the data
run. The contrast of the test frequency at the end of the
practice run did not affect the contrast threshold for phase
discrimination.
(2) The observers monitored the direction of a shift in the
position of a low-contrast low-frequency component, e.g., a

wide gray bar. It was more difficult to localize the spatial
position of the low-contrast wide bar accurately than it was
to localize the position of the higher-contrast narrow bar.
(3) The observers were able to identify the shift in the
position of only one feature, e.g., a wide gray bar. Thus reducing the width of the spatial window and concurrently increasing the number of different-width bars used to identify
the left-shifted stimulus was not possible for test and background frequencies farther than 1 octave apart.

8
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Fig. 7. Contrast thresholds when discriminating phase for test
gratings that are added to either 6- or 6 + 7-c/deg background.
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Fig. 8. Contrast thresholds when discriminating phase for test gratings that are added to multifrequency backgrounds.

grating added to a high-frequency background. This study
extends this finding by showing that phase discrimination
occurred at lower contrasts when a low- frequency test grating

was added to a background having a low fundamental frequency, even though the background was composed of high
spatial frequencies, than when added to a background having
a high fundamental frequency.
Further lowering of the fundamental background frequency
from 1.0 c/deg (6 + 7 or 5 + 7 c/deg) to 0.5 c/deg (6.5 + 7.5

c/deg) did not cause phase discrimination to occur at significantly lower contrasts. In addition, phase discrimination did
not occur at significantly different contrasts when only the
difference frequency of the background was changed (Figs.
5 and 6). One noticeable difference is that, before extended
practice, phase discrimination occurred at significantly lower

contrasts for nonharmonic test gratings within 1 octave of the
6 + 7-c/deg background than for the same test gratings-added

to the 5 + 7-c/deg background. Until better discrimination
strategies were learned (see Subsection 3.E) the visibility of
phase differences was reduced for nonharmonic test gratings
added to a background having a difference frequency double
the fundamental frequency of the background. These results
can be examined most easily in Fig. 8, where the average

contrast threshold for test frequencies displayed on multifrequency backgrounds is plotted for both observers.
D.

Effect of Additional Background Components

The statistical results, not so clear to the naked eye, show that
the visibility of phase differences was not significantly affected

by additional background components if the fundamental and
difference frequencies of the background remained unchanged
(Figs. 4-6).
E.

Effects of Practice

Since the absolute phase varied randomly from trial to trial,
observers saw different parts of the grating's spatial period
in the same position from trial to trial. Repeated presentations permitted observers to learn the order of several different width light and dark bars acrossdifferent regions of the
fundamental period to discriminate between left-shifted and
right-shifted stimuli.
When observers were discriminating phase for test gratings
added to the 5 + 7 + 9-c/deg background (Fig. 9c), practice
significantly lowered contrast thresholds for the entire 3octave range of test frequencies examined.

In particular, after

practice, phase discrimination occurred at significantlylower
contrasts for nonharmonic test frequencies within 1 octave
of the background frequencies. Thus, following practice,
phase discrimination occurred at lower contrasts for nonharmonic test frequencies within 1 octave of the background
frequencies, in contrast to those farther apart, for both multifrequency backgrounds. Lower thresholds resulted from
increased practice using better discrimination strategies, such

as memorizing several different orderings of different-width
light and dark bars to discriminate between left-shifted and
right-shifted stimuli and monitoring the direction of the shift
in the position of one feature, such as the position of a narrow
dark bar relative to a narrow light bar, between the two phases.
In addition, practice significantly lowered contrast thresholds
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Fig. 9. Contrast thresholds followingpractice, when discriminating phase for test gratings that are added to
multifrequency backgrounds.
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for low test frequencies harmonically related to the 5 + 7-c/deg
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to a 1-octave band of spatial frequencies, have the same axis

gratings within 1 octave of the 6.5 + 7.5-c/deg background
(Fig. 9a) occurred at higher contrasts when the difference

of symmetry29; they differ only in the polarity and type of
even- and odd-symmetric simple cells that are maximally
activated.
Observers reported that they discriminated phase on the
basis of a shift in the position of the maximum or minimum
luminance between left-shifted and right-shifted stimuli.
The model assuming that the overlapping receptive fields of

between the test and the background frequencies was not a

paired even-symmetric and odd-symmetric simple cells have

harmonic of the difference frequency of the background than
contrast thresholds equal those obtained when discriminating

the same axis of symmetry predicts that positional shifts in
luminance induced by phase differences would be sufficient
for discrimination.

phase differences for nonharmonic test gratings within 1 octave of either of the other two multifrequency backgrounds

of even-symmetric and odd-symmetric simple cells tuned to

(Fig. 9d).

a certain range of spatial frequencies, within the center of their

background and or low test frequencies not harmonically related to the 6 + 7-c/deg background. Thus, for these two
multifrequency backgrounds, practice effects were measured
over a 3-octave range of spatial frequencies.

Following practice, phase discrimination between test

when it was a harmonic of the difference frequency. These

4. DISCUSSION
A. Main Findings
It was found, as can be seen in Figs. 3-9, that the following
spectral characteristics significantly changed the visibility of

spatial phase differences:
(1) Whether the test and the background gratings were
harmonically related,
(2)

The increase of the frequency difference between test

and background sine-wave components, and
(3) The lowering of the fundamental frequency of the
background grating.
It was found that adding sine-wave components to the
background that did not change either the fundamental or the
difference frequency of the background did not affect the
visibility of phase differences.

Practice improved the visibility of phase differences primarily for test and background frequencies within 1 octave
of each other.

The effects of practice are consistent with those

found when discriminating phase differences for two-component gratings.1 9'2 0 However, the methods used in the
present study extended the effects of practice over a 3-octave
range instead of being restricted to the 1-octave range found

between two-component gratings.

The 4% medium-contrast background will stimulate groups

working range.10 If the contrast of the test gratings is high
enough, then juxtaposed test gratings having a 90-deg phase
difference and frequency Ftest will optimally activate paired
even- and odd-symmetric simple cells tuned to frequency
Ftet. 8 Thus different combinations of paired even-symmetric

and odd-symmetric simple cells tuned to the same spatial
frequencies are activated by the 90-deg phase difference to
be discriminated. Whether the sum, the difference, or the
ratio of the output between even' and odd-symmetric simple
cells is taken to code phase is not known. The observer presumably determines which interval contains a given phase by
comparing the pattern of neural activity with stored representations of each of the two phases.

A pair of even-symmetric and odd-symmetric simple cells
in the striate cortex and the pair having a mirror-image configuration make up a set of four different paired cells. Sets
of such pairs at an appropriate number of spatial positions and

spatial frequencies compose a complete basis set27 32 for analyzing the visual scene using the minimum number of components. Even-symmetric simple cells operate like rectified
cosine filters, whereas odd-symmetric simple cells operate like

rectified sine filters.8

27 29

This functional organization

(Gabor functions), which corresponds to a Gaussian function
times a cosine or a sine function, enables a signal to be localized optimally in space and in spatial frequency. 2 7 33 34

The most reliable means for determining the transfer
function of an optical system involves the use of sinusoidal

B. Interpretation of Results in Terms of Neural

input functions.3 4 Suprathreshold gratings composed of

Representation
Although these findings are of considerable interest in the

several sinusoidal components separated in frequency by more

let us consider these results in terms of physiological mechanisms capable of discriminating spatial phase differences. A

than 1 octave, in contrast to sinusoidal gratings, inhibited the
output of simple cells in the striate cortex of cats and monkeys35-37 and changed an observer's contrast sensitivity in
psychophysical studies.3 38-40 Differences in the contrast
thresholds for phase discrimination probably correspond to

model for phase discrimination based on comparing the outputs from groups of even-symmetric and odd-symmetric

differences in the ability to discriminate luminance differences
by groups of simple cells in the striate cortex tuned to the same

simple cells in the striate cortex was described briefly in
Section 1. This model is consistent with those models proposed in other studies8'9 '2 6-30 and may be applied to the

spatial-frequency components, varying only in the spatial
position that maximallyactivates them. Results from phase
discrimination between multifrequency gratings provide information about how systematic variations along different

framework of the psychology of grating discrimination, let us

speculate about their neurophysiological significance. So,

present results.
The visibility of phase differences does not improve for
spatial-phase differences greater than 90 deg.4' 9' 31 This indicates that a narrower phase tuning than the 180-degphase
difference predicted by a difference-of-Gaussians function
is operating in phase discrimination.

Paired even-symmetric

and odd-symmetric simple cells in the striate cortex would
predict this narrower phase tuning.8.9 These neurons, tuned

stimulus dimensions are discriminated by cortical processing
when a wide range of different frequency components affects

discrimination. The visibility of phase differences for complex stimuli permitted determination of the optimum frequency combinationsfor localizingthe position of luminance
differences induced by different phase shifts earlier 6 and in
the present study. These frequency combinations provide
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a better understanding of the transfer characteristics of cortical discrimination between positional changes in luminance
when a 4-octave range of spatial-frequency

components af-

fected the visibility of phase differences.
C. Harmonic Effect

For nonharmonic test and background gratings the observers
reported that they either scanned a pattern width twice the
period of the background or memorized twice as many different orderings of different-width light and dark bars across
the period of the background than for harmonically related
gratings. Observers' ability to modify their attentive processing by using spatial windows having different widths was

proposed to explain changes in the perceived width of a bar
following adaptation

to a sine-wave grating. 4 1 Observer

strategies in the present study showed the importance of attentively processing.several different aspects of the pattern
to improve the visibility of phase differences. Phase discrimination may have occurred at lower contrasts for harmonic test gratings because of the reduced memory load or the
need to process a smaller pattern area. The minimum pattern

of neural activity needed to discriminate the test phase for
harmonic test gratings corresponds to at most one cycleof the
background grating. The minimum pattern of neural activity

needed to discriminate the test phase for nonharmonic test
gratings will presumably be a correspondinglygreater spatial
extent of the generated neural activity, which needs to be
compared with the stored neural representation. Alternatively, the same process may involve an increased memory
load. Thus the output from paired simple cells would need
to be processed over a wider spatial area, or over several dif-

ferent spatial areas, than wouldbe required for harmonic test
gratings.
If the spatial window used to discriminate phase was demarcated by the low-contrast test grating instead of by the
medium-contrast background, then there was increased uncertainty about the boundaries of the spatial area that the
observer should scan to discriminate phase. Observers reported that as the amount of uncertainty in localizing the
position of luminance differences between different width bars
was increased, then spatial-phase differences were less visible.

Increasing the amount of uncertainty by increasing the
amount of background noise decreased the visibility of phase
differences for low-frequency test gratings. 4 2

Recent physiological studies of simple cells in the striate
cortex of both cats and monkeys found that the output response is inhibited by presenting widely separated test and
background frequencies that are harmonically related.35 37
This was found for simple cells tuned to high or low spatial

Teri Berger Lawton
ferences for harmonically related gratings. Such rectification

introduced harmonics that were not present in the stimulus
into the responses of cells in the striate cortex.3 5 The effects
of adding higher harmonics from cortical rectification would
not be found between gratings that are not harmonically related.
These results are consistent with phase discrimination being

processed by different combinations of paired even- and
odd-symmetric simple cellstuned to different bands of spatial
frequencies. Inhibition between neurons tuned to harmonically related frequencies would shift the center of the working

range of pairs of even-symmetric and odd-symmetric simple
cells so that phase discrimination occurs at lower contrasts.
In addition, the increased amount of attentive processing
needed for nonharmonic gratings, in contrast to harmonic
gratings, probably contributes to the reduced visibility of
phase differences for nonharmonic gratings.
D. Effect of the Frequency Difference between Test and
Background

The spatial-luminance modulation of the test and the background components will activate a unique ordering of evenand odd-symmetric simple cells across an area corresponding

to the period of the compound grating. Most simple cells in
the striate cortex responded to gratings around a 1-octave
band of spatial frequencies.

6

Phase discrimination usually

occurred at lower contrasts for test and background
frequencies within 1 octave of each other. Only for nonharmonic test and background frequencies within 1 octave of each

other did phase discrimination occur at contrasts comparable
with those for harmonic test frequencies farther than 1 octave

away. Only for test and background frequencies within 1
octave of each other did having the contrast of the test frequency set to a high level in the practice run affect the visibility of phase differences. In addition, only for test and
background frequencies within 1 octave were the observers
able to reduce the width of the spatial windowby memorizing
several different orderings of light and dark bars of different
width to discriminate spatial-phase differences. On the other
hand, phase differences were visible at low contrasts for harmonic test gratings 3 octaves lower than the multifrequency
backgrounds. Simple cells in the striate cortex are optimally
activated by spatial-frequency components spanning a 4octave range.44-46 These results are consistent with phase
differences being processed by combinations of even- and
odd-symmetric simple cells tuned to a wide range of different

spatial frequencies, each pair of cells having a bandwidth of
approximately

1 octave.

35

frequencies.
It is likely that inhibition between simple cells
tuned to harmonically related spatial frequencies is one of the

neurophysiological mechanisms that causes phase discrimination to occur at lower contrasts for harmonic test gratings.
Inhibition may cause the cell to operate on a steeper, more

sensitive portion of its contrast-response function.4 3 If the
output response of simple cells is inhibited by presenting
multifrequency gratings having frequency components that
are not harmonically related, then it is likelythat the amount
of inhibition will be reduced.

The cortical rectification of simple cells that results from
their lack of spontaneous discharge may be a second physio-

logical mechanism that increases the visibility of phase dif-

E.

Fundamental Frequency Effect

When the fundamental frequency of the background was
substantially higher than the test frequency, as it is in the case
of the 6-c/degbackground (Fig. 7), then phase discrimination
occurred at higher contrasts than it did for the other backgrounds. Perceptually the 6-c/deg background condition was

one in which the region to be scanned for shifts in the position
of low-frequency test gratings was not clearly demarcated by

the background grating. In this situation, observers reported
that the area scanned corresponded to one cycle of the lowcontrast test grating. There was probably uncertainty about
the optimal area of the neural array to be sampled and con-
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sequent errors in sampling. This uncertainty would shift the
transducer function of neural units used to identify the leftshifted stimulus to a less sensitive working range and thus

raise the contrast at which phase is discriminated.
A unique group of paired simple cells is activated across a

region corresponding to the fundamental frequency of the
background. This corresponds to the period over which the
background repeats. It is likely that the fundamental frequency of the background determines the neural window over
which outputs from paired simple cells are attentively pro-

cessed to discriminate spatial-phase differences. Perhaps
backgrounds having a low fundamental frequency enable the
output from simple cells tuned to spatial frequencies spanning
several octaves to be pooled together to discriminate spa-

tial-phase differences, through (1) inhibitory interactions
among these neurons, (2) increasing the width of the spatial
window,and (3) attentive processing. Backgrounds having
a low fundamental frequency enable outputs from a larger
number of paired simple cells to be compared in the analysis

of phase differences than for backgrounds having a high
fundamental frequency. This pattern of activation would
account for the importance of the background having a low
fundamental frequency.
F. Practice Effect

Phase differences were visible at lowercontrasts for test and
background frequencies within 1 octave when the same leftshifted and right-shifted stimuli were presented in three
consecutive runs. This procedure enabled observers to
memorize several different orderings of light and dark bars
of different widths to discriminate between 90-deg phase
differences. When the observers memorized several orderings
of light and dark bars, they were no longer required to monitor
the entire spatial peridd of the grating. It is likely that phase
discrimination occurred at lower contrasts following practice

by reducing the spatial uncertainty about the optimal region
of the neural array to sample, thus reducing consequent errors

in sampling. This would shift the transducer function of
neural units used to identify the left-shifted stimulus to a more
sensitive working range, and thus phase discrimination would
occur at lower contrasts. This practice effect also argues for

an attentive process.
5.

CONCLUSIONS

This investigation showed that spatial-frequency components
over a 4-octave range affected the visibility of spatial-phase

differences. When the periodicity of the test and the background gratings did not differ by more than 1 octave, then
phase differences were more visible for certain spatial-fre-

quency combinations than for test and background components separated in frequency by more than 1 octave. Phase
differences were visible at low contrasts over a 3-octave range

of test frequencies when the multifrequency background
clearly demarcated the spatial window by being harmonically

related to the test frequency and having a low fundamental
frequency.

Contrast thresholds and observer strategies were

consistent with the visibility of phase differences being processed by some combination of even- and odd-symmetric
simple cells in the striate cortex tuned to a wide range of dif-

ferent spatial frequencies. Attentive processing by scrutinizing different-width spatial windows, monitoring the direc-'
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tion of shifts in the position of small luminance differences,
and memorizing several different orderings of light and dark
bars facilitated phase discrimination for multifrequency
gratings spanning a much wider range of spatial frequencies
than would be possible by using only local preattentive
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processing.
ACKNOWLEDGMENTS
This investigation was supported by General Research Corporation. The writing of this manuscript and accompanying
graphics were supported by the Jet Propulsion Laboratory,
California Institute of Technology,under a contract with the
National Aeronautics and Space Administration, and by the
National Academy of Sciences. I wish to express many thanks

to John Foley, Norma Graham, Bela Julesz, Derek Fender,
Charles Stromeyer, Melanie Mayer, Henk Spekreijse, Christopher Tyler, Ken Nakayama, Clifton Schor, Dennis Levi,
Stanley Klein, and the reviewersfor their insightful feedback
to improve the communication of ideas presented in this
manuscript. I thank Lily Lao for her help in the preparation
of the figures. I thank John Foley for the use of his laboratory

and Walter Gogelfor the use of his PDP computer to conduct
this investigation. I especially thank my husband, Russell,
for many hours of experimental consultations and much encouragement throughout this study.
* Present address, M.S. 114-B13, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove
Drive, Pasadena, California 91109.

References
1. G. E. Legge and J. M. Foley, "Contrast masking in human vision,"
J. Opt. Soc. Am. 70, 1458-1471 (1980).
2. C. F. Stromeyer and B. Julesz, "Spatial-frequency masking in

vision: critical bands and spread of masking," J. Opt. Soc.Am.

62, 1221-1232 (1972).
3. G. B. Henning, B. G. Hertz, and D. W. Broadbent, "Some ex-

periments bearing on the hypothesis that the visual system
analyses spatial patterns in independent bands of spatial fre-

quency," Vision Res. 15, 887-897 (1975).
4. D. C. Burr, "Sensitivity to spatial phase," Vision Res. 20, 391-396
(1980).
5. M. C. Lawden, "An investigation of the ability of the human visual
system to encode spatial phase relationships," Vision Res. 23,
1451-1463 (1983).
6. T. B. Lawton, "Contrast discrimination threshold of spatial phase
information in complex sinusoidal gratings," Invest. Ophthalmol.
Vis. Sci. Suppl. 20, 124 (1981).

7. J. Nachmias and A. Weber, "Discrimination of simple and complex gratings," Vision Res. 15, 217-223 (1975).

8. D. A. Pollen and S. F. Ronner, "Spatial computation performed
by simple and complex cells in the visual cortex of the cat," Vision
Res. 22, 101-118 (1982).

9. T. B. Lawton, "The effect of phase structures on spatial phase
discrimination," Vision Res. 24, 137-148 (1984).
10. D. G. Albrecht and D. B. Hamilton, "Striate cortex of monkey and

cat: contrast response function," J. Neurophysiol. 48, 217-237

(1982).
11. D. G. Albrecht, S. B. Farrar, and D. B. Hamilton, "Spatial contrast
adaptation characteristics of neurones recorded in the cat's visual
cortex," J. Physiol. 347, 713-739 (1984).
12. A. L. Byzov and L. P. Kusnezova, "On the mechanisms of visual
adaptation," Vision Res. Suppl. 3, 51-63 (1972).
13. K. J. W. Craik, "The effect of adaptation on differential brightness discrimination," J. Physiol. 92, 406-421 (1938).

14. F. S. Werblin, "Control of retinal sensitivity. II. Lateral interactions at the outer plexifotm layer," J. Gen. Physiol. 63, 62-87
(1974).

1152

0

0

J. Opt. Soc. Am. A/Vol. 2, No. 7/July 1985

Teri Berger Lawton

15. A grating's fundamental frequency is the greatest common divisor of the grating's component frequencies.
16. T. B. Lawton, "Structural pattern components aiding phase
discrimination," Invest. Ophthalmol. Vis. Sci. Suppl. 22, 254
(1982).
17. S. A. Klein and C. W. Tyler, "Phase discrimination using single

o4-

WJ

and compound gratings," Invest. Ophthalmol. Vis. Sci. Suppl.

31. M. C. Lawden, R. F. Hess, and F. W. Campbell, "The discrimi-

nability of spatial phase relationships in amblyopia," VisionRes.

22, 1005-1016 (1982).
32. D. Gabor, "Theory of communication,"
429-457 (1946).

33. J. J. Kulikowski and P. 0. Bishop,"Fourier analysis and spatial
representation
(1983).

20, 124 (1981).

18. J. J. Holt and J. Ross, "Phase perception in the high spatial frequency range," Vision Res. 20, 933-935 (1980).

19. A. Fiorentini and N. Berardi, "Perceptual learning specific for
orientation and spatial frequency," Nature 287, 43-44 (1980).

glewood Cliffs, N.J., 1979), p. 271.
35. D. G. Albrecht and R. L. De Valois, "Striate cortex responses to

periodic patterns with and without the fundamental harmonics,"

36.

21. In the first set of experiments, phase discrimination could not be

37.

22. G. B. Wetherill and H. Levitt, "Sequential estimation of points

in the visual cortex," Experimentia 37, 160-163

34. K. R. Castleman, Digital Image Processing (Prentice-Hall, En-

20. A. Fiorentini and N. Berardi, "Learning in grating waveform
discrimination: specificity for orientation and spatial frequency,"
Vision Res. 21, 1149-1158 (1981).
measured for 4-c/deg test gratings. Shifting a 4-c/deg test grating
1/4 of a 1-c/deg fundamental is equal to shifting the 4-c/deg
grating an entire cycle of its own period.

J. Inst. Electr. Eng. 93,

38.

J. Physiol. 319, 497-514 (1981).
L. Maffei and A. Fiorentini, "The unresponsive regions of visual
cortical receptive fields," Vision Res. 16, 1131-1139 (1976).
K. K. De Valois, and R. B. H. Tootell, "Spatial frequency inhibition in cat striate cortex cells," J. Physiol. 336, 359-376
(1983).
K. K. De Valois, "Spatial frequency adaptation can enhance
contrast sensitivity," Vision Res. 17, 1057-1065 (1977).
K. K. De Valois, "Interactions among spatial frequency channels,"

on a psychometric function," Brit. J. Math. Stat. Psych. 18, 1-10
(1965).
23. Tests of significance were computed from a repeated-measures,
fixed-effects ANOVA provided by BMDP. 2 4

39.

24. BMDP Biomedical Computer Programs, P Series (U. California

frequency channels," Vision Res. 18, 951-958 (1978).
41. J. Z. Levinson and F. S. Fromme, "Peception of size of one object
among many," Science 206, 1425-1426 (1979).

Press, University of California, Los Angeles, Calif., 1979), pp.
51-111, 540-580.

25. Since the contrast of each background component was reduced
as the number of background components was increased, the
loweringof contrast thresholds for test gratings added to a 6 +
7-c/deg background was not related to differences in the effective

contrast between the two backgrounds.
26. D. J. Fields and J. Nachmias, "Phase reversal discrimination,"
Vision Res. 24, 333-340 (1984).
27. S. Marcelja, "Mathematical description of the response of simple
cortical cells," J. Opt. Soc. Am. 70, 1297-1300 (1980).

28. K. Nakayama and G. H. Silverman, "Detection and discrimination of sinusoidal grating displacements," J. Opt. Soc. Am. A 2,
267-274 (1985).

29. D. A. Pollen and S. F. Ronner, "Phase relationships between
adjacent simple cells in the visual cortex," Science 212, 1409-1411
(1981).

30. C. F. Stromeyer and S. Klein, "Spatial frequency channels in
human vision as asymmetric (edge) mechanisms,"
14, 1409-1420 (1974).

Vision Res.

in Frontiers in Visual Science, S. J. Cool and E. L. Smith, eds.
(Springer-Verlag,

New York, 1978), pp. 544-546.

40. D. J. Tolhurst and L. P. Barfield, "Interactions between spatial

42. D. Kersten, "Phase uncertainty in visual detection," Invest.
Ophthalmol. Vis. Sci. Suppl. 22, 206 (1982).

43. These inhibitory interactions may account for the finding that
phase discrimination occurs at the lowest contrasts for harmonic
test gratings within 1 octave of the 6.5 + 7.5-c/deg background
only when the difference frequency between the test and the
background is a harmonic of the difference frequency of the
background (e.g., 5.5 c/deg on 6.5 + 7.5 c/deg).
44. R. De Valois, D. G. Albrecht, and L. S. Thorell, "Spatial frequency
selectivity of cells in macaque visual cortex," Vision Res. 22,
545-559 (1981).
45. L. Maffei and A. Fiorentini, "Spatial frequency rows in the striate
visual cortex," Vision Res. 17, 257-264 (1977).

46. D. J. Tolhurst and I. D. Thompson, "On the variety of spatial
frequency selectivities shown by neurones in area 17 of the cat,"
Proc. R. Soc. London Ser. B, 213, 183-199 (1981).
47. B. Julesz, "Textons, the elements of texture perception, and their
interactions," Nature 290, 91-97 (1981).

Teri Berger Lawton
Teri Berger Lawton received the B.S.
degrees in mathematics and in psychology from the University of Michigan, Ann
Arbor, in 1974 and the Ph.D. degree

i0R .

_

from the University of California, Santa
Barbara, in 1983. She has taught at the
University of California, Santa Barbara,
in the Department

of Psychology, devel-

oped visual testing and training instruments and interactive computer simulations of human information processing
and performance at General Research
Company, and developed mathematical
models of human performance as a researcher in the Department of
Mathematical Psychology at the University of Michigan. She is now
a National Academy of Sciences Resident Research Associate at Jet

Propulsion Laboratory, California Institute of Technology, in the
Bioinformation Sciences Group. Current research interests are the
development of visual testing and training instruments to measure
an observer's ability to discriminate between complex patterns and
the development of mathematical models of visual processes that take

into account different frames of reference and their application to
image coding, analysis, and display.

