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We investigated the potential role of retinal X and cortical simple cells in determining human 
psychophysical detection performance under contrast masking conditions. Since both X and simple 
cells exhibit a null phase, the phase of a background mask should affect the visibility of a test grating 
processed by such cells. Sinusoidal test gratings of either 1 or 7 c/deg were presented as a sustained 
or transient increment against a background mask of the same size and spatial frequency at either 
0 or 90 deg phase. For background contrasts from 0.5% up to 40%, psychophysical contrast sensitivity 
was phase-independent for all conditions. Therefore, either (1) contrast threshold is mediated by cells 
with non-linear spatial summation properties, such as Y or complex cells, or (2) the masking effect 
of the background occurs after a phase-insensitive combination or pooling of simple cell responses in 
the cortex. 
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INTRODUCTION 

Contrast self-masking may be defined as the elevation of 
the contrast detection threshold for a spatial stimulus by 
the presence of a suprathreshold masking stimulus of the 
same spatial form (in psychophysical tasks known as 
contrast discrimination, contrast increment detection, 
etc.). The degree of contrast self-masking may be used 
as an index of the nonlinearity of processing of 
suprathreshold stimuli. We raise the question of the site 
of such masking behavior: is it a property of the 
individual neural mechanisms or does it require inter- 
actions between mechanisms? The core assumption of 
the analysis is that, if masking were mediated by mech- 
anisms exhibiting linear spatial summation, then no 
masking should occur when the test and mask are at 90” 
in spatial phase, because the mask is then at the null 
response phase of the mechanisms most sensitive to the 
stimulus, as detailed in the following exposition. 

We assume a model of contrast detection in which the 
signal/noise ratio (SNR) of the internal response deter- 
mines the detectability of the contrast of the test stimu- 
lus. It is assumed that there are spatial channels 
producing such internal responses at all positions across 
the retina. To the extent that it excites in the same spatial 
channel as the test stimulus, the effect of a background 
or masking contrast is to vary the SNR of the test 
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stimulus through a nonlinear, static, contrast-dependent 
(SNR) function, which may be called the contrast trans- 
ducer function for that channel. Properties of this func- 
tion may be estimated psychophysically by measuring 
the masking effect of the background contrast on the 
detectability of the superimposed test stimulus. It is 
assumed that the responses Yi of the array of responding 
mechanisms are combined by 4th power probability 
summation (Wilson, McFarlane & Phillips, 1983) to 
form the combined response, R, controlling detection 
performance 

/ \ 114 
R = c(ri)’ .’ . . 

ti ) 

This type of rule, which has been commonly assumed 
in psychophysical analyses, is almost equivalent to a 
winner-take-all combination rule, in which the mechan- 
ism most sensitive to the stimulus dominates the com- 
bined response. As long as the most sensitive mechanism 
is the same both with and without the presence of the 
mask, masking effects on mechanisms in positions where 
they are less than maximally sensitive to the test grating 
will not significantly impact the combined response. 

We investigated the contrast masking function when 
test and mask gratings were presented at orthogonal 
phases, i.e., with a 90” phase shift between them. In this 
configuration, the test and mask are not only mathemat- 
ically orthogonal, they remain orthogonal after process- 
ing by any linear filter (or receptive field profile). Thus, 
the mask signal should be invisible to those mechanisms 
optimally tuned to the test signal, and vice versa. This 
matches the case described for the probability sum- 
mation rule, because it is only the mechanisms less than 
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optimally sensitive to the test stimulus that are subject 
to masking, and hence sensitivity should be dominated 
by the mechanisms most sensitive to the test waveform. 
This selective property generates strong predictions 
about the properties of mechanisms underlying contrast 
detection performance. For psychophysical thresholds 
that rely on mechanisms with linear spatial summation, 
no threshold elevation should be found when the test 
and mask are presented at orthogonal phases, since the 
mask will be in the null phase of the cells optimally 
sensitive to the test stimulus. By contrast, significant 
threshold elevation has been reported when the test and 
mask are presented in the same phase (Nachmias & 
Sansbury, 1974; Legge & Foley, 1980: Legge, 1981). 
Note that it is the least masked mechanisms that should 
determine threshold, since mechanisms that are subject 
to masking will have their sensitivities reduced to a lower 
level than the least masked ones (assuming equal sensi- 
tivity at all test phases in the absence of a mask) so that, 
according to the probability summation rule, overall 
sensitivity will be dominated by that of the least masked 
mechanisms. 

When test and mask stimuli have the same spatial 
properties, contrast self-masking obeys a power law 
(Bradley & Ohzawa, 1986; Kulikowski, 1976; Ku- 
likowski & Gorea, 1978; Legge, 1978; Legge & Kersten, 
1983; Legge & Foley, 1980; Legge, 1981; Nachmias & 
Sansbury, 1974), the power being determined by the 
slope of the contrast threshold of a test pattern as a 
function of the contrast, (C,), of the background (mask- 
ing) grating when plotted using log-log coordinates. Test 
contrast thresholds are controlled by a hyperbolic 
function relating internal response (R) to masking con- 
trast (C,) 

R=C4,+C0 
kCPm+4 =f (C,) (2) 

where C, is the constant for dark light or the noise to 
signal ratio, k is a constant and p and q are fixed 
exponents. 

The threshold increment in internal response at d’ = 1 

is then given by the difference between the responses to 
test and null stimuli 

(R+AR)-R=l. 

Combining equations (2) and (3) yields 

(3) 

AC =S-’ [l -f (C,)] - C, (4) 

where C,,, = f - ' (R) is the non-analytic inverse relation 
by which R =f (C,,,). 

These hyperbolic relations may be used to predict the 
point of divergence from the linear (flat) portion of the 
contrast masking function. The behavior of the rising 
portion is captured by setting the exponent, p + q, of the 
contrast transducer in the numerator to be between 2 
and 3, and the exponent q in the denominator (which 
normalizes contrast) to be around 2 (Legge & Foley, 
1980; Albrecht 8 Hamilton, 1982). A flat (unmasked) 
portion of the contrast transducer is found for stimulus 
conditions that optimize movement discrimination, such 

as low spatial frequencies, brief presentations, and low 
contrasts, as will be shown in this study. 

Physiological substrate 

There is substantial evidence that there are two 
major pathways for conveying visual information: 
magnocellular and parvocellular pathways (Hubel & 
Livingstone, 1990; Kaplan & Shapley, 1982, 1986; 
Livingstone & Hubel, 1984; Merigan & Maunsell, 1990; 
Merigan, Katz & Maunsell, 1991; Schiller, Logothetis & 
Charles, 1990; Tootell, Hamilton & Switkes, 1988: 
Ungerleider & Mishkin, 1982). There is a reported 
association between the spatial summation properties 
of neurons and the pathway they inhabit. Most cells 
in the parvo pathway are found to have linear spatial 
summation across the receptive fields, whereas most 
cells in the magno pathway show nonlinear spatial 
summation properties such that they are relatively 
insensitive to the phase of a stimulus grating. If masking 
is a property of single cells, the quadrature test paradigm 
therefore should single out the responses of the 
linearly summating parvo cells; those maximally stimu- 
lated by the test grating will be those that remain 
unmasked by the quadrature mask. Other linear parvo 
cells, and the nonlinear magno cells, should be subject to 
any masking behavior that is present in the single cell 
responses. This analysis leads to the strong prediction 
that, if contrast masking behavior is a property of single 
cells, there should be no masking measurable psycho- 
physically for parvocellular stimulation conditions, Con- 
versely, if contrast masking is observed under 
parvocellular stimulation conditions, it follows that the 
masking must not be a property of single cells. Testing 
these predictions would therefore rule out a number of 
theories of the contrast masking phenomenon as applied 
to individual cells, notably the contrast transducer model 
of Wilson (1980) the contrast gain control model of 
Shapley and Enroth-Cugell (1984) and the increasing 
noise-variance model of Tolhurst, Movshon and Dean 
(1983). 

The cited studies on separation of pathways imply that 
magnocellular pathways mediate contrast sensitivity for 
high temporal frequencies and low spatial frequencies, 
whereas parvocellular pathways mediate contrast sensi- 
tivity for low temporal frequencies and high spatial 
frequencies. There is a large region of overlap between 
these two mechanisms for a wide range of intermediate 
temporal and spatial frequencies, especially at intermedi- 
ate contrasts (Merigan & Maunsell, 1990; Merigan et al., 
1991; Schiller et al., 1990). The significance of the 
presence of separate mechanisms with different spatio- 
temporal properties is that differences in the spatiotem- 
poral properties of test and mask stimuli in the masking 
paradigm could result in separate pathways mediating 
the responses to the test and mask stimuli. In particular, 
detection of a brief test stimulus could be mediated by 
transient responses from the magnocellular pathway 
while the masking effect of a sustained background 
stimulus was mediated by sustained responses in the 
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parvocellular pathway, even when both stimuli were 
of the same spatial frequency and spatial extent 
(Wesemann & Norcia, 1992). 

To avoid this problem of separate mediation by the 
two pathways, the test stimulus for the main experiment 
was presented in a sustained fashion with a slow onset 
and offset, so that both test and mask should have been 
mediated by the parvo system. We verified that the 
temporal envelope of the test stimulus was effectively 
sustained by measuring the spatial tuning function, which 
showed the low frequency reduction in sensitivity charac- 
teristic of sustained conditions (Robson, 1966). 

Use of stimulus conditions for both test and mask that 
should maximally activate parvo cells (high spatial fre- 
quency and sustained presentation) should restrict stimu- 
lation to the linear spatial summation cells and should 
therefore result in no masking until the background 
contrast reached a high level. Even if the magno mech- 
anisms were of equal sensitivity in the absence of a mask, 
as soon as they were masked (the contrast of the 
background exceeds the saturation level of the magno 
cells), the contribution of their signal to threshold de- 
tectability would be minimized and the unmasked parvo 
cells would dominate detection performance according to 
equation (1). 

The converse logic must be used with care, however. 
The presence of masking in the psychophysical contrast 
function does not necessarily imply a magno-cell sub- 
strate, because there are several possible sources of 
masking [e.g., contrast gain control, amplitude depen- 
dent noise, or nonlinear response combination from 
ensembles of cells (Shapley & Enroth-Cugell, 1984; 
Tolhurst et al., 1983; Bowne, 1990)]. However, absence 
of masking in a situation where the test and mask stimuli 
should be processed by the same mechanism would 
provide good evidence of the nonlinearity of the under- 
lying cell responses, particularly when the slope of the 
psychometric function indicates that a nonlinear combi- 
nation rule such as equation (1) is in operation. 

In summary, the defining property of retinal Xcells and 
cortical simple cells is that they exhibit a null phase at 
which grating stimuli produce little or no response, 
obeying the principles of linear summation (Enroth- 
Cugell & Robson, 1966; Hubel & Wiesel, 1962; Pollen & 
Ronner, 198 1). Our study was designed to examine 
whether such retinal X and cortical simple cells could 
mediate contrast detection directly (i.e., without input 
from neighboring cells). It follows from the null phase 
property that in such “linear summation” cells a masking 
stimulus at the null phase should have no effect on 
detection of a stimulus at the optimum phase (quadra- 
ture, or 90 deg from the null phase). When the test and 
mask stimuli are in phase, however, previous data show 
that the masking stimulus reduces sensitivity according 
to the power law of the contrast masking function. Thus, 
if the psychophysical masking function were determined 
by either retinal X or cortical simple cells, the degree of 
masking should be markedly reduced when the back- 
ground phase was in quadrature to the test phase. 

We examined this hypothesis by presenting brief 

contrast increments at 0 and 90 deg phase to a steady 
background grating of either 1 or 7 c/deg, for a wide 
range of background contrasts. Phase-selective contrast 
increment detection could thus be compared for con- 
ditions that should maximally stimulate the parvocellular 
system (high spatial frequency, sustained mask and test 
presented gradually), vs conditions in which the test 
grating should maximally stimulate the magnocellular 
system (low spatial frequency, brief test grating presented 
abruptly). The hypothesis predicts that the increment 
sensitivity should show much less masking for quadrature 
than in-phase masks under parvo conditions, but similar 
degrees of masking for magno conditions. A further 
prediction is that there should be less masking for both 
phases under magno conditions because the mask was 
sustained and should have had little effect on the response 
of the magno system to the transient test patterns. 

METHODS 

Contrast discrimination was measured using a two- 
alternative temporal forced-choice staircase detection 
task with a masking background. On each trial the 
observer was shown a stationary vertical background 
sinusoidal grating. The absolute phase of the grating was 
varied randomly from one trial to the next so that the 
position of the grating could not be used as a cue for 
detection. The test grating was only presented in one of 
the two intervals. The test grating was added either in 
phase or in quadrature with the background masking 
grating presented in both intervals (see Figs 1 and 2). 
Initially, the test grating was presented far above 
threshold contrast, by having the observer press a key 
many times until the test grating was easily visible against 
the background grating. In the forced-choice series, the 
observer then indicated by pressing a key whether the test 
grating was presented in the first or the second interval 
on each trial. The contrast of the test grating was reduced 
by decrements of 20% until it was seen in the wrong 
interval. Following the first incorrect response, a double 
staircase procedure using six run inversions (Wetherill & 
Levitt, 1965) was used to determine the contrast 
threshold needed to see the test grating. The observer had 
to identify correctly the interval containing the test 
grating three times in a row before the contrast was 
reduced one step. Contrast masking thresholds were 
taken as the contrast needed to identify the interval 
containing the test grating 79% of the time. The mean 
threshold was the average of the last three run inversions. 
This forced-choice procedure enables the most sensitive, 
repeatable measurements to be obtained (Lawton, 1984). 
Data were averaged over four runs for Observer 1 and 
two runs for Observer 2. When the standard deviations 
are smaller than the symbols used to plot the data, they 
do not appear in Figs 3-6. 

Two different temporal waveforms were used (Fig. 2). 
Either the test grating was presented abruptly for 50 msec 
in the middle of a 150 msec background, or the test 
grating was presented gradually for 250 msec, using a 
half-cosine waveform, in the middle of a 750 msec 
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FIGURE 1. Schematic of receptive fields of optimally stimulated “linear summation” cells when test sinusoidal grating is 
in-phase (0 deg) and 90 deg out-of-phase (quadrature phase) with a masking background grating. 
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FIGURE 2. Temporal waveform of the stimuli used in the experiments. A masking trial consisted of two intervals, either of 
150 msec duration with a 50 msec test stimulus presented with an abrupt onset and offset (a), or of 750 maec duration with 
a 250 msec test stimulus presented with a gradual onset and offset (b). Each pair of intervals was always separated by 500 msec. 
The background grating was present in both intervals. The test grating was present in only one of the two intervals. Experiments 
were conducted at a spatial frequency of both test and background at 1 and at 7c/deg. The test grating was added either 

spatially in phase or 90deg out of phase with the background on any trial. 
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FIGURE 3. Contrast detection thresholds for 5 octave range of test 
spatial frequencies using gradual presentation. Note progressive el- 
evation of thresholds at low spatial frequencies, as expected under 

sustained presentation conditions. 

background. These two different temporal waveforms 
were intended maximally to activate either the magnocel- 
lular system (with the abrupt 50 msec test presentation) 
or the parvocellular system (with the gradual 250 msec 
test presentation). Both a low 1 c/deg spatial frequency 
test and background grating, and a high 7 c/deg test and 
background grating were used. The stationary back- 
ground contrast was varied from 0.5 to 40% contrast in 
half octave intervals, the order of different background 
contrasts being determined randomly. 

Vertical sinusoidal gratings were presented on a high 
resolution HP 1332A display having a P31 phosphor. 
The gratings were viewed at a distance of 114 cm 
through a circular aperture that subtended 6.8 deg visual 
angle, embedded within a 10 deg equiluminant surround. 
The control logic used to present these gratings was 
implemented on a Digital Equipment Corporation PDP 

1 l-23 computer with a high speed analog interface so 
that the contrast of test gratings could be displayed using 
12 bits of resolution and be varied at real time frame- 
rates on different backgrounds. The display was lin- 
earized using a gamma correction function determined 
by detailed calibration. A Spectra Pritchard 1980-A 
photometer was used to calibrate the luminance and 
contrast of the display. Photometric calibration ensured 
that all grating contrasts were kept within a range for 
which the display’s luminance contrast was linearly 
related to Z-axis voltage. Thresholds as low as 0.1% 
contrast and as high as 85% contrast were within this 
linear range. This experimental apparatus has been 
described in detail previously (Lawton, 1984). The mean 
luminance of the display was maintained at 30 cd/m2 
throughout the study. 

The two observers used in this study both had prac- 
ticed detecting sinusoi‘dal gratings for many years. 

RESULTS 

The design philosophy of including a condition with 
sustained presentation for both test and mask differs 
from that of most previous investigators, and is intended 
to ensure that threshold would be determined predomi- 
nantly by the sustained response component. That sus- 
tained behavior was actually achieved in our study can 
be seen by the spatial frequency tuning of the contrast 
threshold for the test stimulus alone (Fig. 3). Without 
the mask, the contrast threshold for the gradual test 
stimulus shows the classic bandpass form for sustained 
presentations, peaking at 2 c/deg and increasing with a 
double-log slope of - 1 for low spatial frequencies. Since 
the presence of a transient component in the stimulus 
eliminates the low spatial frequency decline (e.g., Rob- 
son, 1966), any transient components must therefore 
have been negligible in this presentation. 

Figures 4 and 5 show the test thresholds obtained for 
the gradual temporal presentation depicted in Fig. 2, at 
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Grating Spatial Frequency 
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FIGURE 4. Contrast thresholds for test grating (in-phase and 90 deg out-of-phase with background) as a function of contrast 
of the background grating when test grating was presented gradually for 250 msec with both 1 and 7 c/deg gratings for 

Observer 1. 
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FIGURE 5. Contrast thresholds for test grating (in-phase and 90 deg out-of-phase with background) as a function of contrast 
of the background grating when test grating was presented gradually for 250msec with both I and 7 c/deg gratings for 

Observer 2. 

spatial frequencies of 1 (squares) and 7 (circles) c/deg, 
for both observers. Figure 6 shows corresponding data 
for the abrupt temporal presentation at the same spatial 
frequencies. Solid symbols represent thresholds for in- 
phase background grating, open symbols for quadrature 
background gratings. 

The result of the spatial phase experiments was that, 
for both the gradual 250 msec presentation (Figs 4 and 
5) and the abrupt 50 msec presentation (Fig. 6), and for 
both 1 c/deg and 7 c/deg test and background gratings, 
there were no significant differences between the contrast 
thresholds for in-phase or quadrature presentations of 
the test gratings at any background contrast. (Statistical 
significance was evaluated for each pair of points on the 
basis of the geometric average SD across contrasts 

within each condition. At P c 0.01, only one pair of 
differences exceeded this criterion, at 15% contrast for 
Observer 1 for abrupt presentation at 1 c/deg. With a 
total of 78 comparisons, one sign&cant response is 
within the distribution to be expected by chance alone.) 

Previous studies of contrast self-masking (Bradley & 
Ohzawa, 1986; Legge & Kersten, 1983; Legge & Foley, 
1980; Nachmias & Sansbury, 1974) generally have found 
a dipper function before the threshold elevation occurs 
in the masking portion of the curve, showing a facilita- 
tory effect of the background on contrast detection. This 
dipper effect, and all other features of the self-masking 
function, have been found to scale with sensitivity to the 
mask contrast (Bradley & Ohzawa, 1986). Thus, points 
such as the masking contrast for maximum facilitation 

1 ABRUPT TEST 
Test mnd Bachgmund 
Gmttng spfttrl Fmquancy 

- 1Wdw~ w... , ydckg m- 

- 7cydbgB 
---Q-- 7cycMDgQudnhrrrPhM3 

3 .l : ’ ’ ““.‘I - ’ .‘.‘..’ . ’ . . . ..‘I - * ‘..,--I 
.Ol .l 1 10 100 

BACKQROUWD COWWrtW, went 

FIGURE 6. Contrast thresholds for test grating in-phase (solid symbols) and 9Odeg out-of-phase (open symbols) with the 
background grating as a function of the background contrast when test grating presented abruptly for SOmsec with both 1 

and 7 c/deg gratings for Observer I. 
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TABLE 1. Masking onset contrasts from Figs 4-6. Each value is the 
contrast at which thresholds with the masking background first 
exceeded the unmasked threshold for that condition. The geometric 
means of these onset contrasts across phase (G. mean) were then 
compared to provide the mean ratio of onset contrasts for the 1 c/deg 
condition compared with the 7c/deg condition (l/7 masking ratio). 
The final row shows the ratio of unmasked threshold values (l/7 
threshold ratio) for evaluation of the hypothesis that these should 

predict the onset contrast ratio 

Gradual 

G. mean 
l/7 masking ratio 
l/7 threshold ratio 

Abrupt 

G. mean 
l/7 masking ratio 
l/7 threshold ratio 

Observer 1 Observer 2 

1 c/deg 7 c/deg 1 c/deg 7 c/deg 

In 5.0 0.8 10 1.2 
Quad 3.8 0.8 15 0.8 

4.4 0.8 12.3 1.0 
5.5 12.3 
0.75 0.88 

3.8 0.8 
Qf:d 5.0 0.8 

4.4 0.8 
5.5 
0.33 

and the first contrast at which masking first occurs 
should maintain a fixed ratio to the unmasked contrast 
threshold. 

The present data do not support this principle. The 
contrast at which the measured thresholds first exceed 
the unmasked threshold (viz., the leftmost point on each 
data set) is given for each condition in Table 1. These 
values are summarized below each data set by the ratio 
of contrasts at which masking first occurred for the 
1 c/deg vs the 7 c/deg condition. These ratios are then 
compared with the ratio predicted by the unmasked 
contrast thresholds according to the fixed-ratio principle 
of Bradley and Ohzawa (1986). Table 1 shows that the 
masking commenced at a value from 5.5 to 12.3 times 
higher contrast for the 1 c/deg conditions than for the 
7 c/deg conditions. The Bradley and Ohzawa (1986) 
prediction for these ratios fell between 0.33 and 0.88, a 
discrepancy of the order of a log unit. 

Another difference between past studies and the cur- 
rent one is that near-threshold facilitation was not 
obtained in all conditions. Significant facilitation was 
seen for the 1 c/deg condition with abrupt presentation 
for Observer 1 and with gradual presentation for Ob- 
server 2. In each case, the facilitation peaked at about 
1% masking contrast, close to the predicted values of the 
unmasked thresholds of (0.6 and 0.7%, respectively). 
However, no significant facilitation was seen at 7 c/deg 
in any condition, nor at 1 c/deg condition with gradual 
presentation for Observer 1. We conclude that facili- 
tation is not a reliable phenomenon under the conditions 
of our study. 

DISCUSSION 

There are two distinct reasons to expect that quadra- 
ture test stimuli should have lower thresholds than 
in-phase ones. The first is the null phase hypothesis that 
the mask will fall in the null phase of linear cells 
optimally tuned for detection of the test. Such cells 
should then be unaffected by the presence of the mask, 

and should be able to mediate mmrasked psychophysical 
detectability at all mask contrasts. As discussed in the 
Introduction, this case is expected to be revealed psycho- 
physically for the gradual stimulus designed to optimize 
detection by parvo cells. However, there was no signifi- 
cant difference in contrast thresholds for the two test 
phases in any of the conditions measured, even under the 
parvo-selective conditions of gradual presentation and 
high spatial frequency (Figs 4 and 5). It follows that one 
of the assumptions of this hypothesis is incorrect, pre- 
sumably the assumption that detectability is mediated 
directly by the output of linear cells, since the other 
assumptions were supported by empirical or analytic 
justifications. 

The second reason to expect quadrature test stimuli to 
show lower thresholds is that they contain an apparent 
motion cue that is absent in the in-phase case. As the test 
grating emerges, the bars of the background grating 
should appear to move towards the phase of the test in 
the quadrature case, potentially providing a cue to 
enhance detection. Since motion processing is commonly 
associated with the magno system (Van Essen & Maun- 
sell, 1983; Livingstone & Hubel, 1984), the maximal 
enhancement should be expected under the magno-selec- 
tive conditions of abrupt presentation and low spatial 
frequency. Contrary to these expectations, we observed 
that no motion was perceived in the stimulus as it 
approached threshold conditions although strong appar- 
ent movement was evident for suprathreshold presenta- 
tions in these conditions. Near threshold, the quadrature 
presentations were perceived as a contrast change event, 
just as for the in-phase condition. Correspondingly, the 
data show no enhancement of sensitivity for the quadra- 
ture case under magno-selective conditions. 

We are led to conclude that the psychophysical con- 
trast self-masking function is not determined directly by 
the output of individual retinal X or cortical simple cells. 
In more detail, this disproved assumption is that, for the 
perceptual processes leading to the detection event that 
controls the observer’s performance, the most sensitive 
contribution should derive from the signals present in 
the linear summation cells constituting 90% of the 
neurons in the visual pathway. This hypothesis implies 
that the aggregate SNR in those linear summation cells 
under masking conditions should be higher than in any 
other population of cells in the visual pathway. How- 
ever, the data show that there is no significant separation 
between the thresholds for the two masking phases (as 
would be predicted by the existence of a null phase in the 
response of linear summation cells). The failure of this 
phase-selective prediction implies that, for a wide range 
of spatial, temporal and contrast conditions, the self- 
masking effects do not occur in the linear summation 
cells in the visual pathway. 

There are three obvious alternative hypotheses entail- 
ing local pooling of some kind, but each operates by a 
different mechanism: 

(1) The contrast threshold is mediated by cells with 
non-linear spatial summation properties, such that they 
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are insensitive to the phase of the mask (e.g., complex 
cells). 

(2) The self-masking effect is pooled over a local 
region of cells of various positions and types, such that 
masking is produced by intercellular interactions beyond 
the level of the linear summation cells to change the SNR 
of the signals controlling performance. Clearly, simple 
gain adjustments would have no effect on detectability 
unless followed by a source of noise that was significant 
in relation to the noise before the gain stage. 

(3) The self-masking effect of the background occurs 
after a phase-insensitive combination of quadrature 
pairs of cortical simple cells into a vector representing 
the local contrast with no null phase (Pollen & Ronner, 
1981). This hypothesis is a more selective version of the 
pooling hypothesis, and one that provides a functional 
basis for the spatial analysis of visual images. 

A lack of phase-specific effects of contrast self-mask- 
ing has been reported in other paradigms. Jones and 
Tulunay-Keesey (1980) found that adaptation was not 
phase-specific for transient masks with spatial frequen- 
cies higher than 1 c/deg. However, when using a transi- 
ent mask, i.e., a 1 Hz counterphase masking grating, and 

spatial frequencies below 1 c/deg. Stromeyer, Klein, 
Dawson and Spillman (1982) have reported phase- 
specific adaptation. The only condition known to show 
any phase-specific effects is therefore at very low spatial 
frequencies, which may be out of the range of individual 
linear receptive fields. Such phase specificity is therefore 
more likely attributable to interactions within arrays of 
receptive fields responding to local luminance, and to be 
out of the domain of null phase properties of individual 
cells that we wished to investigate. 

Previous studies of contrast self-masking (Bradley & 
Ohzawa, 1986; Legge & Kersten, 1983; Legge 8z Foley, 
1980; Nachmias & Sansbury, 1974) generally have found 
a facilitatory effect of the background on contrast 
increment detection near the detection threshold for the 
mask. Near-threshold facilitation, however, was not a 
reliable phenomenon under the conditions of our study. 
One difference in past studies that might account for this 
discrepancy is that they used a simultaneous self- 
masking paradigm where the test and mask were pre- 
sented with the same time course, which maximizes 
stimulus uncertainty. Instead, our paradigm was de- 
signed to minimize uncertainty by using a mask that was 
continuously present during the trial. Georgeson and 
Georgeson (1987) also found that facilitation occurred 
only where stimulus uncertainty was maximized by using 
a simultaneous self-masking paradigm. 

The flat linear portion of the curves in Figs 4-6, where 
increasing the background contrast did not degrade 
contrast detection, implies an absence of masking effect. 
This flat portion of the function indicates the range over 
which the contrast threshold is immune to adaptive 
effects of the mean contrast level. By examining the data 
in Table 1, it can be seen that the flat portion of the curve 
occurs over a much wider range of masking contrasts (by 
0.8-l .2 log units) for low spatial frequencies (1 c/deg), 

than for high spatial frequencies (7 c/deg). This differ- 
ence was obtained for both gradual and abrupt presen- 
tations. A similar reduction in the operating range of 
masking behavior at lower spatial frequencies was 
reported by Tyler, Chan and Liu (1992). 

Bradley and Ohzawa (1986) reported that contrast 
self-masking for a range of spatial frequencies was keyed 
to the detectability of the masking stimulus alone, and 
hypothesized that threshold elevation above the value 
for the test stimulus began just at the threshold for 
detecting the masking stimulus. Their hypothesis would 
predict that the onset of masking should occur at a 
constant ratio to the unmasked threshold under all 
spatiotemporal conditions. The present data do not 
support this hypothesis because the ratio of onset of 
masking to unmasked threshold varied by a log unit or 
more between the test spatial frequencies of I and 
7 c/deg (see Table 1). 

The data also fail to support any of the predictions of 
the magno/parvo hypotheses. There were no significant 
differences between the contrasts of the onset of masking 
for the 1 c/deg test stimulus, either in absolute contrast 
or in relation to the unmasked threshold (Table 1). 
There was thus no evidence that the abrupt test and 
sustained mask were routed to separate pathways (Wese- 
mann & Norcia, 1992). Equally, the data failed to 
support the prediction from physiological studies that 
parvo conditions should show a wider range of linearity 
than magno conditions. To the contrary, under both 
gradual and abrupt presentations, the high spatial fre- 
quency stimuli (putative parvo conditions) showed 
masking onset at a much lower contrast than did low 
spatial frequency stimuli (putative magno conditions). 
This makes it difficult to attribute the masking to a 
complex cell inhibitory mechanism, found predomi- 
nantly in magnocellular pathways tuned to lower spatial 
frequencies, since that mechanism would predict that 
masking should be stronger at low than at high spatial 
frequencies (Derrington & Lennie, 1984; Merigan & 
Eskin, 1986). Our data therefore suggest that masking is 
not localized in individual cell types but is a more 
global property of the interactive network of cortical 
neurons. 

CONCLUSION 

This study of the contrast threshold function for a 
broad array of background contrasts and temporal and 
spatial frequencies reveals characteristics of the mechan- 
isms used to discriminate contrast. The masking mech- 
anism operates over a wider range of masking contrasts 
for high spatial frequencies than for low spatial frequen- 
cies with both sustained and transient test stimuli. 

The phase data show that the psychophysical effects of 
contrast self-masking are not determined directly by the 
response of individual retinal X cells or cortical simple 
cells, since those cells should show no masking for the 
quadrature-phase test stimulus. Several alternative 
masking mechanisms may be considered, all of which 
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involve pooling of some kind between different cortical 
cells. 
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