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Abstract-Panum’s
binocular fusion limit has been shown to increase with the size of graded contrast
targets (Schor, Wood Br Ogawa, 1984). This suggests the hypothesis that the fusion limit may be controlled
by the rn~rn~
lu~nan~ gradients present in the stimuli. The luminance gradient is reciprocally related
to image contrast, so the hypothesis predicts that the fusion limits should also deorease with increasing
contrast. To investigate this luminance gradient hypothesis we designed stimuli in which the contrast and
phase of the spatial frequency components could be varied independently of the luminance gradients.
Disparity limits for fusion were unaffected by variations of as much as a log unit in contrast, hnninance
gradient or phase of the frequency components, disconfirming the luminance gradient hypothesis. Instead,
fusion limits for various compound frequency targets were well predicted by the smallest fusion range for
any spatial frequency component in the image that was above its contrast detection threshold.
Binocular fusion
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Spatial frequency

Phase

Luminance gradient

first derivative of luminance across space), and
the locations of luminance inflection points.
During binocular sensory fusion, dichoptic
Schor et al, (1984) eliminated target size as a
stimuli which have not been imaged precisely on factor limiting fusion by comparing fusion lim~~ponding
retinal points appear single over its obtained with unfdtered one~imensional
a finite range of disparities. The perceived diree- bright bar patterns to those obtained with bar
tion of binocularly fused targets is intermediate
patterns filtered to give a difference-of-Gaussian
between those perceived by either eye alone (DOG) luminance dist~bution with a half(allelotropia, Wheatstone, 1838), implying inte- amplitude bandwidth of & 1.75 octaves. The
gration of binocular visual directions (Panum,
fusion limit for unfiltered bars was found to
1858; Gno & Barbeito, 1982; Sheedy & Fry, remain constant at a small value as the width of
1979). The upper limit of the range of disparities
the bars was increased. The fusion limits for
over which binocular spatial integration occurs DOG targets, however, increased with target
is described as Panum’s fusional limit (PFL), or, width, in the vertical as well as the horizontal
more simply, “the fusion limit”. Beyond this meridian. Increasing the width of unfiltered bars
limit, targets appear diplopic,
does not change the frequencies or amplitudes
The fusion limit varies with several stimulus
of the highest-frequency components of these
parameters. These include spatial disparity
targets. On the other hand, increasing the width
gradient (Tyler, 1975; Burt & Julesz, 1980; of DOG targets will reduce the amplitude of
Schor & Tyler, 1981), temporal disparity gra- high-frequency components as well as reduce
dient (Schor & Tyler, 1981), stimulus duration
the spatial frequency of the most visible, high
(Woo, 1974) and spatial frequency (Schor et al., amplitude components. The larger fusion limits
1984). The present study examines whether the obtained with increased width of DOG targets
fusion limit is affected by spatial factors, as therefore suggest the hypothesis that fusion
distinct from spatial frequency, which define the limits may be scaled to the highest spatialedges of luminous targets.
frequency component that is visible within the
The range of features which potentially protarget.
vides useful isolation
for binocular matching
The ~ssibility nonetheless remains that feaof a dichoptic luminous target includes overall
tures other than high-amplitude, high-frequency
target size, contrast, luminance gradient (the components
determine the small, constant
INTRODUCTION
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fusion limits of unfiltered bright bars. Whereas component addition; and (4) the influence of
increased target width lowers the luminance
individual spatial frequency components in
gradient of a constant<ontrast
DOG target compound grating targets on vertical fusion
(100% contrast in Schor et al., 1984), the lumi- limits.
These
experiments
utilized
onenance gradient of an unfiltered bar remains high dimensional luminance distributions
whose
and constant regardless of bar width. Higher
luminance profiles and spatial frequency comluminance gradients more precisely localize an positions are shown in Fig. 1.
edge in space, and may serve as the basis for
Targets employed in the first set of experimore sensitive spatial judgements.
Mather
ments (Fig. 1A) were localized, filtered bar-like
(1987) accordingly found that displacement sen- patterns computed from first-order Cauchy
sitivity was proportional to the luminance gra- function (Klein & Levi, 1985). The asymdient of a blurred edge. Luminance gradients do metrical Cauchy function (top left panel of
not, however, influence discrimination of edges Fig. lA), representing sin-phase addition of
which differ in form and extent of blur (Watt & components, is given by
Morgan, 1983).
2X/a
The present study investigated whether the
y = + (1 + (X/a)2)2’
small fusion limits previously observed with
bright-bar and high-frequency bandpass targets
where Y = relative amplitude of luminance
can be attributed to a refined edge-localization
modulation around mean luminance at location
dependent on high luminance gradient, or X, and Q = the space constant of the function in
whether these small fusion limits depend on the degrees of visual angle. The symmetrical version
existence of visible high-frequency components
of the function (top right panel of Fig. 1A),
in the target, irrespective of luminance gradient.
representing cosine-phase addition of components, is described by
Luminance gradient was varied independently
of spatial frequency in three different ways: (i)
1 - (X/o)2
by manipulating the contrast of pure sinusoidal
y = * (1 + (X/a)2)”
targets; (ii) by controlling the relative phase of
multiple spatial frequency components in com- The maximum luminance gradient of the sinpound patterns; (iii) by comparing fusion limits phase target for a given d is greater than that of
for symmetric and asymmetric Cauchy profiles. the cosine-phase target by a ratio of 1.33 : 1.
Klein and Levi (1985) have shown that Cauchy These targets have identical Fourier spectra
(bottom panel, Fig. lA), characterized by a
functions are unique in that the symmetric/
asymmetric pair have identical frequency spec- bandwidth at half-amplitude of 5.25 octaves
and peak contrast at spatial frequency l/o.
tra (unlike Gaussian functions, for example).
Results suggest that the upper disparity limit First-order Cauchy functions allow the most
powerful test of a luminance gradient effect on
for binocular sensory fusion is affected neither
by contrast nor by luminance gradient, and that fusion limits available with Cauchy functions,
the fusion limit is determined principally by the because the difference between maximum lumihighest visible spatial frequency component of nance gradient for symmetrical and asymmetrical forms of the function decreases as the
the fusion target.
order of the function increases.
Sinusoidal gratings utilized in further experiments are shown in Fig. 2. Targets used in the
METHODS
final set of experiments (Fig. 1B) consisted of
Fusion targets
the following series of sinusoidal components
(numerator) at the indicated relative amplitudes
Four groups of experiments were conducted
to examine (1) the influence of luminance (denominator),
gradients on horizontal and vertical fusion
1F 3F 5F 7F 9F
1lF
limits of localized bandpass targets having
i+~+~+~+~+~.
the same spatial frequency composition but
This sequence of amplitudes gives a smooth
differing in the phase of component addition;
(2) the vertical fusion limits of pure sinusoidal change in luminance between peaks and troughs
targets differing in spatial frquency
and in the two forms of the target employed. At a
contrast; (3) the vertical fusion limits of periodic given set of frequencies, the maximum lumicompound targets differing in the phase of nance gradient of a target with its components
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Fig. 1. (A) Upper left and right panels respectively picture the luminance profiles for asymmetrical and
symmetrical first-order Cauchy-function targets. Bottom panel: FFT for first-order Cauchy-function
targets. Symmetrical and asymmetrical targets with the same space constant and peak-to-mean contrast
have identical Fourier spectra. (B) Upper left and right panels respectively picture luminance profiles
derived from sine-phase and cosine-phase addition of six odd-harmonic (lF-1 1F)sinusoids, with
amplitudes qua1 to the reciprocal of the squared frquency. Bottom panels display the six components
at their relative amplitudes, with relative phases corresponding to those of the respective upper-pane1
target. (C) Upper left and right panels respectively picture luminance profiles deriving from peaks-add
and peaks-subtract addition of IF and 5F sinusoids. Bottom panels picture the corresponding components
and phases. Peak-to-peak amplitudes of the two components represent the relative amplitudes employed,
both within these targets and relative to the amplitudes of components pictured in Fig. IB. gee text for
rationale behind composition of targets.

added together in sin-phase (top left panel of
Fig. 1B) was greater than that of the cosinephase target (top right panel of Fig. 1B) by a
ratio of 2.01 : 1.
Targets in the fourth set of experiments
(Fig. 1C) comprised the sum of 1F (0.4 cpd) and
5F (2 cpd) sinusoids, at contrasts determined by
the results of the first three sets of experiments.
These targets were presented in peaks-add (top
left panel of Fig. 1C) and peaks-subtract (top
right panel of Fig. 1C) phases of addition.
All targets were produced by digital-analog
(D/A) conversion of lookup tables stored in
EPROMS. Voltage analogs of these onedimensional functions controlled the Z-axis

luminance modulation of two Tektronix model
608 oscilloscopes, viewed haploscopically at a
distance of 57 cm. At this distance the vertical X
horizontal angular subtense of the display was
8 x 12 deg. Binocular fixation was maintained
in all experiments by a row of three fixation dots
spaced 1.5 deg apart across the center of both
sides of the haploscopic display and by nonius
lines positioned about the central fixation dot
perpendicular to the rows of dots. The rows of
dots were oriented either horizontally or vertically, depending on whether horizontal or vertical fusion was being investigated. Sensitivity to
vergence errors with this arrangement is approx.
1 min arc (Schor et al., 1984). Mean luminance

824

in all
targets
analog
Z-axis

CLIFTON SCHOR

experiments was 55 cd/m’. Contrast of
about mean luminance was controlled by
modulation of the amplitude of the
signal.

Psychophysical methods

A method of adjustment was used for measurement of horizontal and vertical fusion limits
with Cauchy functions, while a criterion-free
forced-choice method was employed in measuring vertical fusion limits with sinusoids. A
criterion-free method was not feasible for measuring horizontal fusion limits, as stereoscopic
depth is available as a cue to changes in horizontal disparity well within the disparity range for
fusion. With a criterion-free method, one cannot know which of the two cues, depth or
fusion, governs judgments.
For measures of fusion limits with Cauchy
functions, observers adjusted a potentiometer
whose output voltage was summed positively
with the X-axis signal of one oscilloscope and
negatively with the other. Adjustment thus resulted in opposite lateral travel of targets displayed on the two oscilloscopes for horizontal
fusion, and opposite vertical travel for vertical
fusion, and a change in their disparity with
respect to the fixation plane. Disparities were
calibrated for voltage analogs of target position,
measured with a digital voltmeter. Ten fusion
limit determinations were made for each target,
five in the crossed and five in the uncrossed
direction. Data are expressed in terms of the
averaged crossed and uncrossed disparity at the
fusion limit. In each trial, disparity was increased until diplopia was experienced, and then
it was reduced through intermediate stages of
binocular rivalry, luster, and decreasing apparent target width until single vision was experienced, with no further phenomenal change in
appearance with decreasing disparity. Sensory
hysteresis for loss of single vision with increasing disparity and its recapture with decreasing disparity did not exceed 10% of
the fusional disparity limit.
Most experiments investigated spatial stimulus parameters that influence the vertical fusion
limit. Because vertical disparities do not result
in stereoscopic depth, it was feasible to use a
more reliable criterion-free procedure based on
a two-alternative forced-choice staircase. The
physical setup for determining vertical fusion
limits is shown in Fig. 2. Observers viewed a
5 deg circular bipartite field which was divided
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by a vertical 10 min arc wide strip of opaque
tape. Both halves of the field contained the
horizontally-oriented
one-dimensional pattern.
The right half of the field always subtended zero
vertical disparity while the left half of the field
subtended either zero disparity, or was shifted
upward in front of the left eye and downward
in front of the right eye using an analog procedure to produce a vertical disparity.
Each staircase began with presentation of
a detectable vertical diplopic disparity in the
left half of the field in one interval of the trial
and a zero disparity in the other interval. In
each target presentation, stimulus contrast was
ramped up over a 750 msec period from zero to
maximum contrast, remained constant for
750msec, and ramped down to zero contrast
over another 750 msec interval. Subjects pressed
buttons to indicate the interval in which the
hemi-fields appeared different, and were given
auditory feedback for incorrect choices. The
staircase procedure converged upon a threshold
criterion of 0.794 after five staircase reversals by
a “three-correct, one incorrect” sequencing of
disparity magnitude changes (Levitt, 197 1).
Because the forced-choice
technique is
criterion-free, perceptual cues used to discriminate between the two intervals of a trial are
indeterminate. Control experiments (Heckmann
& Schor, 1989a), however, have ruled out monocular vernier alignment cues and binocular
contrast summation cues. The fact that upper
disparity limits for fusion are much larger than
monocular thresholds for vernier offset acuity is
easily discernable: after setting a fusion limit by
forced choice, if the subject closes one eye, a
vernier offset is clearly visible. Together with the
lack of phenomenal differences between disparate and nondisparate target-halves during
binocular viewing at the fusion limit, the
monocularly-visible offset implies that there is
an averaging of visual direction (allelotropia).
Accordingly, it is unlikely that the monocularly
visible offset was used for judging binocular
fusion during binocular stimulus conditions.
Observers

The three authors served as observers in some
or all phases of the experiments. All were experienced psychophysical observers, with mild myopia and no anomalies of binocular fusion or
stereopsis as defined by standard clinical tests.
Subjects wore their corrections and viewed the
targets with natural pupils.

Fig. 2. Physical setup for obtaining vertical fusion limits. The two displays were viewed haploscopically.
The right half of the bipartite
field remained
at a constant
zero disparity.
Vertical disparity
was
manipulated
in the left half of the display by moving the targets viewed by the left and right eyes in
opposite vertical directions.
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EXPERIMENT

1

loor

(A)
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Horizontal and vertical fusion limits with local
band-pass targets
The influence of overall target luminance
gradient upon the horizontal and vertical fusion
limits was investigated by comparing the disparity ranges for binocular sensory fusion obtained with the first-order Cauchy functions
presented in their asymmetrical (sin-phase) and
symmetrical (cosine-phase) versions (Fig. 1A).
Six targets were employed whose spatial frequency at the peak of the power spectrum
increased in one octave steps from 0.3 to
9.6cpd. Peak-to-mean contrast of targets was
set at 30%. The asymmetrical (sin-phase) target
was also presented at 23% contrast, at which its
maximum luminance gradient equaled that of
the symmetrical (cosine-phase) target at 30%
contrast.
RESULTS
Horizontal fusion limits
Fusion limits, expressed as binocular fusional
disparity limits in arc minutes, are plotted for
the two subjects in Fig. 3 against the average
widths (2/u) of symmetric and asymmetric
Cauchy-function
targets. Fusion limits decreased with decreasing width down to about
0.2 deg. Only a modest decrease in fusion limit
occurred within the remaining two-octave range
of test targets. Within the range in which fusion
limits changed, the functions describing these
changes are similar to that which describes the
visual angular subtense of a 90-deg phase-shift
in terms of peak spatial frequency of the Cauchy
functions, indicated by the thin diagonal lines in
Figs 3A and 3B. These findings are consistent
with the behavior of horizontal fusion limits
tested with DOG targets (Schor et al., 1984).
If fusion limits were proportional to maximum luminance gradient rather than spatial
frequency composition, then fusion limits for
asymmetrical targets should be lower than for
equal-contrast symmetrical targets, and fusion
limits should be lower for the asymmetrical
targets at 30% contrast than at 23% contrast.
Neither of these predicted relationships were
obtained, and curves describing fusion limits for
all three conditions
are virtually
superimposable.
Vertical fusion limits are compared to horizontal fusion limits in Fig. 4 for two subjects
(CS and CWT) tested with the same 30%
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Fig. 3. Horizontal fusion limits for two observers for
first-order Cauchy functions of varying average spatial
frequency, obtained by an adjustment method. Fusion limits
decreased with increasing spatial frequency, but were virtually identical for symmetrical (solid lines) and asymmetrical
(d&s and dashes) targets at 30% peak-to-mean contrast,
and asymmetrical targets at 23% contrast (dashed lines).
The straight, hashed diagonals represent the disparity corresponding to a 90 deg interocular phase shift of targets at the
indicated spatial frequency. Error bars represent 1 SEM
average over all datum points.

symmetrical first order Cauchy function with
average spatial frequencies ranging in octave
steps from 0.5-16cpd. Asymmetric Cauchy
functions were not compared since they yielded
the same fusion limits as the symmetrical case in
the previous experiment. The horizontal fusion
limits replicate earlier measures shown in Fig. 3.
Like horizontal fusion limits, the vertical fusion
limits decrease with increasing spatial frequency. However the rate of change or slope of
the function is more gradual for vertical than
for horizontal fusion limits. Horizontal limits
are larger than vertical limits over the entire
range of test spatial frequencies. Thus Panum’s
area retains an elliptical shape when measured
with the Cauchy function over the entire range
of test frequencies.
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Fig. 4. Horizontal (top) and vertical (bottom) fusion limits
for two observers for first-order Cauchy functions of varying average spatial frequency, obtained by an adjustment
method. Vertical fusion limits decreased more gradually
than horizontal fusion limits as spatial frequency increase.
Horizontal fusion limits were greater than vertical limits
over the full range of test frequencies. The straight line
describes
90 deg interocular phase shift of targets at the
indicated spatial frequency. Standard deviations were less
than the size of the datum points.

The similar results obtained with 23 and 30%
sinephase Cauchy functions (Fig. 3) suggests
that Panum’s fusional range varies little with
target contrast. The influence of contrast was
examined more closely by measuring the fusion
limit with Cauchy functions with a moderate
(2 cpd) and high (16 cpd) average spatial frequencies as a function of contrast ranging from
5 to 80% in octave steps. Figure 5 (top) illustrates the larger horizontal fusion range found
with 2 than 16 cpd Cauchy functions and that
fusion limits for both widths are invariant with
target contrast. Figure 5 (bottom) compares
vertical and horizontal fusion limits measured
with the moderate (2 cpd) Cauchy target.
Clearly the horizontal fusion range is twice that
of the vertical fusion range, and neither fusion
limit varies with contrast ranging from 5 to
80%.
The actual luminance distributions at the
fusion limit with Cauchy targets of 0.5 and
16 cpd are shown superimposed for the two eyes
in Fig. 6 to illustrate the wide variety of results.
Note that the results shown in Figs 3-5 suggest
that the fusion is independent of target contrast,
luminance gradient or spatial phase of frequency components of the Cauchy function. A

10

20

Contrast

40

60

i%j

Fig. 5. Horizontal fusion limits for Cauchy functions with
a moderate (2 cpd) and high (16 cpd) average spatial frequency are plotted in the upper figure as a function of target
contrast ranging from 5 to 80% in octave steps (0 = CW,
0 = CMS). As shown in Figs 3 and 4, the fusion limits were
greater with the 2 than 16 cpd Cauchy target but do not vary
with contrast. The lower figure compares the horizontal
function with vertical fusion limits measured at a 2cpd
average spatial frequency. As shown in Fig. 4, the fusion
limits were greater for horizontal than vertical disparities.
AI1 data demonstrate the invariance of Panum’s fusional
limit over a wide range of contrast (5~30%).

positive effect of differences in phase or contrast
would have been satisfying, given the small
magnitude of luminance gradient manpulation
(1.33 : l), and the criterion-dependent
method
used to obtain data. Negative results should not,
however, be taken as definite disconfirmation
that luminance gradient controls fusion, without a more powerful manipulation of luminance
gradient. For example, while a 2: 1 change in
maximum luminance gradient produced by
l-octave shifts in average spatial frequency
might be powerful enough to yield smaller
fusion limits with increasing spatial frequency,
the 1.33 : 1 difference in luminance gradient
afforded by the present manipulation may be
too small to overcome experimental error.
Fusion targets which permitted a more powerful
manipulation of luminance gradient were therefore employed in subsequent experiments.
EXPERIMENT

2

Vertical fusion limits with sinusoidal grating
targets
Only vertical disparity was manipulated in
this and the following experiments. Stereoscopic
depth was therefore eliminated as a disparity
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Fig. 6. Depiction of the monocular contrast profiles superposed at their binocular fusion limits for 4 cases of the
Cauchy functions of Fig. 4. Note that the relative fusion
range is markedly affected by both Cauchy function width
and orientation of the disparity. (A) Fusion ranges for horizontal (upper) and vertical (lower) disparities in O.Sc/deg
Cauchy function on a &2 deg scale. (B) Fusion ranges for
horizontal (upper) and vertical (lower) disparities in
16c/deg Cauchy function on a much reduced scale of
*4 min.

cue, permitting the use of a highly-sensitive
criterion-free method for determining the fusion
limit. In addition, fusion limits are generally
smaller for vertical than for horizontal disparities (Tyler, 1975; Schor & Tyler, 1981). In
pilot experiments with sinusoidal grating targets
and the very sensitive forced-choice method,
fusion limits never approached the 90 deg binocular phase-shift in target spatial period that may
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be regarded as the minimum bound for the
upper limit to fusion (Schor et al., 1984). These
relatively small vertical fusion limits permitted
the use of periodic narrow-band targets rather
than broader-band aperiodic targets for measuring PFA, since the small limits presented a
low likelihood of false fusion to adjacent target
periods of the sinewave.
Sinusoidal grating targets were chosen, since
proportional changes in spatial frequency and
contrast of sinusoids result in identical changes
in luminance gradient. If luminance gradient
controls fusion, for example, then halving the
contrast of a sinusoidal target should increase
the fusion limit by the same amount as halving
its spatial frequency. Manipulation of the contrast and spatial frequency of sinusoidal targets
therefore provides a test of the luminance gradient hypothesis which is both simpler and
potentially more powerful than the test afforded
by the small luminance gradient differences between symmetrical and asymmetrical forms of
bandpass targets.
Sinusoidal gratings of 0.4,0.8, 1.6 and 3.2 cpd
were used to examine the influence of contrast
on the vertical fusion limit. These spatial frequencies were chosen to give good coverage of
the frequency range over which it is typical for
fusion limits to decrease to minimum values
with increasing spatial frequency of bandpass
targets (Schor et al., 1984). Since only two cycles
of the lowest spatial frequency (0.4 cpd) were
visible within a 5 deg aperture, the spatial
frequency setting was doubled and the distance
to the display halved, so that four cycles of this
frequency were viewed in a IO-deg diameter
field. The fusion limit of each target was first
determined at 60% contrast by taking the average of four forced-choice staircase sessions.
Target contrast was then halved and fusion was
retested, repeating this sequence until contrast
was too low for reliable determination of fusion
limits. Contrast was then doubled and another
series of four forced-choice sessions was run.
RE!WLlS

Fusion limits are plotted against spatial frequency of sinusoidal targets in Fig. 7. Two
points are plotted for each spatial frequency,
respectively representing fusion limits determined at 60% target contrast and the lowest
contrast at which a fusion limit could be r&ably
obtained.
For subject CS, these low contrast
values were 30, 7.5, 3.8 and 3.8% respectively
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Fig. 7. Vertical fusion limits for two observers with sinusoidal grating targets of 0.4-3.2 cpd and varying contrast
obtained with a criterion-free method. Solid lines represent
fusion limits at 60% contrast. Dashed lines represent fusion
limits for the lowest contrasts at which fusion limits could
be reliably obtained. These contrasts are noted in the figure
for each dashed-line datum-point. While fusion limits
decreased with increasing spatial frequency, there is no
apparent effect of target contrast over a wide range of
suprathreshold contrasts. The straight, hashed diagonals
represent the disparity corresponding to a 90 deg interocular
phase-shift at a given spatial frequency of target. Error bars
represent I SEM.

for spatial frequencies of 0.4, 0.8, 1.6 and
3.2cpd. Lowest contrast values for fusion by
subject TH were 30, 15, 3.8 and 3.8%, respectively, at the same spatial frequencies. Vertical fusion limits decreased with increasing
spatial frequency in much the same manner as
found for horizontal limits measured with
Cauchy functions. The slopes of the functions
relating horizontal fusion limits of bandpass
Cauchy targets and vertical fusion limits of
sinusoidal targets to spatial frequency are also
similar. The major difference between the two
sets of curves is the much smaller absolute size
of the vertical fusion limits. A method of adjustment obtained virtually the same vertical fusion
limits as did the criterion-free method employed

in this experiment (Heckmann & Schor, 1989a).
The comparatively small sizes of the present
fusion limits therefore presumably owe both to
the orientation of the disparity and to the use of
extended rather than localized fusion targets.
rather than to the measurement method employed.
The lowest contrast at which fusion limits
could be reliably obtained decreased from 30%
at 0.4cpd to 3.8% at 3.2 cpd. This eightfold
decrease in contrast corresponds approximately
to an increase in contrast sensitivity across these
frequencies under conditions of photopic illumination (e.g. Davidson, 1968). This fact is
consistent with the authors’ impression that
targets could be fused so long as they remained
both visible and discernable as gratings during
their presentation.
Of relevance to a luminance gradient hypothesis for fusion is the almost complete absence of
a contrast effect over a wide range of suprathreshold target contrasts. For all but one of the
pairs of datum points for different contrasts at
the same spatial frequency plotted in Fig. 7,
there is no appreciable difference in fusion limit.
The low-contrast member of these pairs is,
however, half the contrast of the high-contrast
member at low spatial frequencies, and as much
as 16 times lower in contrast at high spatial
frequencies. Thus, although equal ratios of
change in spatial frequency and contrast produce equal changes in target luminance gradient, vertical fusion limits were found to vary
only with spatial frequency and not with contrast. Accordingly, the present results strongly
disconfirm a role of increased luminance gradient in producing smaller fusion limits as the
spatial frequency of fixed-contrast targets increases.
EXPERIMENT

3

Vertical fusion limits with compound periodic
targets
Although the previous experiment strongly
disconfirmed the influence of luminance gradients for single-frequency targets on the limits
of fusion, there remained the possibility that this
feature could be employed to limit fusion for
compound targets consisting of broad bands of
spatial frequencies. In addition, results obtained
for horizontal fusion limits, measured with symmetrical and asymmetrical Cauchy functions,
suggested that fusion was not affected by the
relative phases of sinusoidal components in

Binocularfusion limits
complex patterns. However, horizontal fusion
limits were measured in the first experiment by
a method of adjustment, which may not have
revealed small differences in fusion limits obtained with targets having different luminance
gradients and relative phase. In the presence
forced-choice
experiment,
a criterion-free
method was used to compare vertical fusion
limits with two compound targets of identical
spatial frequency composition but with components added in either sin-phase (slopes-add
mode) or in cosine-phase (peaks-add mode).
The sin and cosine phase targets were used to
determine if sensitivity to overall luminance
gradient or relative phase of a multi-component
target may provide information utilized in fusion in addition to, or perhaps overriding information that is supplied by individual components of the target. The alternative hypothesis
is that the luminance gradient would have no
influence on vertical fusion limits obtained with
compound gratings. In this case the scaling of
fusion limits with spatial frequency might simply occur through selection of the highest spatial
frequency visible in the target.
Targets were compound grating consisting of
the six components described in Fig. lB, added
in either sin or cosine-phase. As noted above,
the maximum luminance gradient of the sinphase target is 2.01 x that of the cosine-phase
target at equivalent contrast modulation, giving
a stronger test of the luminance gradient hypothesis than afforded by the bandpass targets
of the first experiment. At the contrast modulation employed to equate the amplitude of
components in the sin and cosine-phase targets,
contrast of the IF, 3F and 5F components of
the compound targets were, respectively, 39.5,
4.4 and 1.6%. The luminance gradient hypothesis was also tested by setting the contrast of a 1F
pure sinusoid to 30%, so that its maximum
luminance gradient equalled that of the cosinephase compound target. The 1F frequency of
the compound targets and of the pure sinusoid
was 0.4 cpd.
Results with single sinusoids in Expt 2 indicated that the 3F spatial frequency (1.2 cpd) was
the only frequency present at sufficiently high
contrast in the compound target to affect fusion
on an individual-component
basis. This frequency was isolated as a pure sinusoid, at 7.5%
contrast, for comparison with the fusion limit of
the compound target, in order to test whether
the highest spatial frequency presumed to be
visible in the compound targets controls the
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fusion limit. The 7.5%, 1.2cpd data had been
collected while conducting Expt 2, and was the
closest contrast available for comparison to the
4.4%, 3F component of the compound target.
This difference in contrast was not, however,
regarded important, owing to the lack of a
contrast effect on fusion limits for suprathreshold contrasts, as determined in Expt 2.
RESULTS
The bar graphs in Fig. 8 compare vertical
fusion limits obtained with the cosine phase
and sin-phase compound targets, the 0.4 cpd
sinusoidal target set to 30%, and the 3F
(1.2 cpd) pure sinusoid set to 7.5% contrast. If
overall target luminance gradient determines the
disparity limits for fusion, then the cosine-phase
and 1F pure sinusoids, which have equivalent
maximum luminance gradients, should have

Gas

phase

1r
I

phase

IF

3F

Target

Fig. 8. Vertical fusion limits for cosine-phase and sin-phase
targets having a fundamental frequency of 0.4cpd, for a
sinusoidal target of 0.4cpd at 30% contrast (lF), and for
another sinusoidal target of 1.2 cpd at 7.5% contrast (3F).
The peak-to-mean contrasts of the sin-phase and cosinephase targets were selected so that the amplitudes of their
individual components were equal, and se that the maximum luminance gradient of the cosine-phase target was
equal to that of the 1F pure sinusoid and to half that of the
sin-phase target. Fusion limits for the compound targets are
virtually equal, while fusion limits for the IF pure sinusoid
tend to be larger than for the compound targets. The
isolated 3F target gives the lowest fusion limits. Error bars
represent *l SEM.
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equal fusion limits. Yet, in both subjects, the
fusion limit for the cosine-phase target was
smaller than that for the IF sinusoid. The
luminance gradient hypothesis also predicts a
smaller fusion limit for the sin-phase target than
for either the cosine-phase or sinusoidal target.
Yet the fusion limits with the sin-phase and
cosine-phase targets are approximately equal
for both subjects. In addition, this result is not
predicted by a limitation of fusion by the relative phase of target components nor by the
greater (1.30: 1) overall peak-to-trough contrast
of the cosine-phase target, compared to the
sin-phase target. Lower fusion limits for the
compound targets than the 1F sinusoid, and
equal fusion limits for the compound targets of
sin and cosine-phase are, however, consistent
with the utilization of the highest visible spatial
frequency component for fusion. The following
experiment provided a more powerful test of the
“highest visible frequency” hypothesis in which
the separation of 1F and a higher frequency
component was increased.

Specifically, a compound target was constructed
which had a 1F component of 0.4 cpd at 30%
contrast and a 5F component of 2.0 cpd at 3.8%
contrast. The peaks-add and peaks-subtract versions of this target are pictured, respectively, in
the top left and top right panels of Fig. 1C. Note
the “ripply” appearance of the targets, which
was avoided in the earlier compound targets.
Fusion limits obtained in Expt 2 for pure sinusoids with frequencies spanning those of the
1F and 5F targets established that their contrasts were within the suprathreshold range in
which fusion limits do not respond to
differences in contrast, and that the fusion limit
of the 5F component would clearly be smaller
than that of the 1F component (see Fig. 7). The
highest visible frequency hypothesis predicted
that the fusion limits of the IF + 5F compound
targets, in either phase of addition, would be
smaller than those of the 1F target alone, and
equal to fusion limits for the 5F target alone.

RESULTS
EXPERIMENT 4

Vertical fusion limits with IF and 51; compound
gratings
With the luminance gradient hypothesis
disconfirmed, a more powerful test of the highest visible frequency hypothesis became possible, in which a component in a compound
grating greater than 3F might be present at a
suprathreshold contrast rather than at a contrast dictated by the earlier goal of obtaining
smooth peak-to-trough
changes in contrast.

As predicted, fusion limits obtained with the
compound
(1F (30%) + 5F (3.8)) target are
much smaller than those obtained with the
1F (30%) target, and equivalent to those obtained with the 5F(3.8%) target. There is no
difference in fusion limits attributable to the
phase of component addition.

This study of fusion limits for horizontal and
vertical disnarities is in full agreement with

.sTlMULUS

VISUAL
DIRECTION
CODE

Fig. 9. Conceptualization of the responses to increasing disparity by arrays of three cell classesmonovalent left (ML), monovalent right (MR) and binocular corresponding (RC). At zero disparity all
classes respond at the same visual direction; naar the fusion limit the thme classes indicate different visual
directions, and the sum of the dimctions be&s to form a bimodal distribution, which represents the
earliest sign of a fbsion break; for larger disparities, only the monovalent cells continue to respond,
providing the basis for diplopic preception perception of two separate image.

Binocuhr fusion limits

previous results (Schor et al., 1984) that the
fusion limits decrease as the size of stimulus
elements decreases, and does so for both gratings and Cauchy bars. Thus the effects of
spatial frequency apply equally to both periodic
and localized types of stimulus. Although for
broad Cauchy bars the horizontal fusion range
appears to be limited to the range in which the
two monocular images overlap (90 deg phase),
the narrow bars remain fused for as much as 5
times the width of the center region (see Fig. 6).
Vertical disparities also exhibit a large fusion
range for narrow Cauchy bars, but the fusion
range is only extended a small amount as the
bar width is increased. These relationships are
depicted directly in terms of the retinal stimulus
distributions in Fig. 6, which makes it clear
that Panum’s range is not controlled by any
constant feature of the binocular luminance
profiles.
The current results clearly demonstrate, however, that the variation with spatial frequency
is not caused by the accompanying variations
of the maximum luminance gradient in the
stimulus, since several means of varying the
luminance gradient directly have no effect on
Panum’s limit. Prior studies also support this
observation:
Mitchell (1966) varied suprathreshold target luminance over a 3-log unit
range at photopic levels and found very little
change in the horizontal fusion range measured
with broad band stimuli (a vertical bar) on a
background of 0.4ml. In contrast, French
(1922-23) and Matsuda (1930) found that the
fusion limit increased fourfold as luminance was
reduced below photopic levels. However, these
studies used broad-band spatial stimuli whose
visibility was altered with luminance. The resolution of high spatial frequency components
would become reduced when passing from photepic to scotopic luminance levels. The limitation
of visibility to low spatial frequencies at low
luminance levels would account for the reported
increase in PFL.
The current study also demonstrated that the
vertical fusion limit could be predicted from the
highest visible spatial frequency present in the
fusion stimulus, even when the contrast of that
component was much lower than the contrast of
a lower frequency component present in the
target. The increase in Panum’s limit with decreasing spatial frequency does not owe to
changes in the fusion limit in the parafovea
where coarse features are imaged, because
Panum’s fusional area remains constant over
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the central ten degrees of the visual field (Schor,
Wesson & Robertson, 1986).
The spatial frequency scaling of the fusion
limit suggests that fusion is a very peripheral
process which utilizes absolute disparities that
are computed from targets that have been
filtered by independent band-pass spatial channels rather than from disparities computed from
the overall luminance distribution. It is likely
that the same neural process that support fusion
are utilized in the early stages of stereoscopic
depth discrimination. For example, both Foley
(1975) and Westheimer (1979) proposed that
relative disparities which stimulate stereopsis
are computed from differences in sensed absolute disparities subtended by two or more targets lying in different depth planes. Stimulus
factors that influence fusion should therefore
also influence the computation of differences
between absolute disparities in stereopsis. Indeed, spatial frequency scaling has been demonstrated for both the fusion limit and stereoscopic depth threshold (Schor & Wood, 1983;
Schor et al., 1984; Heckmann & Schor, 1989b).
A physiological model of binocular fusion

It may therefore seem inconsistent that contrast affects stereo-threshold
(Legge & Gu,
1989; Lit, 1968; Simons, 1984; Wood, 1983;
Goodwin & Roman, 1985; Halpern 8z Blake,
1988; Heckmann 8z Schor, 1989b), but not
Panum’s fusional limit. This discrepancy is
resolved, however, by a model of binocular
fusion based on consideration of the underlying
physiology (Tyler, 1983). The model involves
binocular neurons with excitatory responses to
both eyes, and monocular neurons with excitatory responses to one eye only (without
consideration of whether there may be inhibitory binocular interactions;
Poggio &
Fischer, 1977). For a stimulus with zero
disparity relative to the horopter, all three types
of neuron (BC = binocular
corresponding;
ML = excitatory response to left eye only; and
MR = right excitory only), will signal the stimulus to be in the same visual direction. As the
disparity is increased, the stimulation will
eventually exceed the range of the binocular
neurons, and their signal will become weaker.
Only the monocular neurons remain stimulated,
and they signal a visual direction corresponding
to the position in each eye. Since these are
different, the result is necessarily diplopia. Thus
the fusion range is modeled as the disparity
range of stimulation of the binocular neurons,
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beyond which the balance of stimulation shifts
to the monocular cells, inducing diplopia. The
fusion range should therefore be independent of
the stimulus contrast, since the effect of changes
in contrast on the response of the binocular cells
should be matched by equal effects on the
monocular cell responses. The transition disparity from one to the other cell class should
therefore remain constant as contrast varies. As
long as their relative sensitivities are unaffected
by contrast, then the fusion limit, or disparity at
which the response of monocular cells exceeds
that of binocular cells will also be unaffected by
contrast.
One consequence of this model is that, in the
simplest form, it might be expected to predict
the occurrence of “triplopia”, since three separate visual directions are computed by the BC,
MR and ML cell classes. To our knowledge, this
has never been reported. This failure could
easily be explained by inhibitory connections
between the neural classes. For example, if the
binocular neurons inhibited the monocular
ones, the diplopia between the MR and ML
positions might be masked until the BC output
was weak enough to disappear. Such inhibition
was suggested in the context of depth motion by
Tyler (1971, 1975). Nevertheless, contrast
should again have equal effects on all classes,
and therefore have no effect on the fusion limit.
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