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Abstract

We analyzed the relationship between u-shaped and monotonic-shaped masking functions
using both computer simulations of quantitative models and experimental data. Our anal-
ysis revealed that quantitative models of backward masking predict that u-shaped masking
functions should appear for weak masks and monotonic masking functions should appear for
strong masks. The models predict, moreover, that for a fixed target and experimental task, as
the mask changes it is possible to go from u-shaped to monotonic-shaped masking functions.
Significantly, the models predict that at each stimulus onset asynchrony between the tar-
get and mask the u-shaped function must have weaker masking than the monotonic-shaped
function. Contrary to the predictions of the models, we show an experimental situation that

generates masking functions that violate this prediction.
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Introduction

Backward masking refers to impaired performance on some judgment of a target stimulus
when it is followed by a mask. In visual backward masking, both the target and mask stimuli
are usually very brief (often less than 50 milliseconds). The target stimulus and the task are
always set so that if the target stimulus is presented by itself it is easy for observers to perform
whatever judgment about the target is required. However, presentation of a mask stimulus,
even a hundred milliseconds after the target has turned off, can make the observer’s task
exceedingly difficult. In some cases observers report not seeing the target at all. Backward
masking is a fundamental tool in cognitive psychology and vision research, where it is used
to limit the amount of information processing [see recent reviews by Breitmeyer & Ogmen
(2000) and Enns & Di Lollo (2000)]. Backward masking is also used to investigate aspects of
various types of mental diseases (e.g., Braff & Saccuzzo, 1981; Green, Nuechterlein & Mintz,
1994; Slaghuis & Bakker, 1995).

Often times the properties of the target and mask stimuli are held fixed, but the stimulus
onset asynchrony (SOA), the time between the target onset and the mask onset, is varied.
The resulting set of data is called a masking function. One particularly interesting charac-
teristic of backward masking is that the masking function is sometimes u-shaped. For short
SOAs the target is clearly seen, and the required task fairly easy to perform. For middle
duration SOAs (around 80 milliseconds, but it varies substantially), the target is harder to
see and the task difficult to perform. For long SOAs the task performance is again quite
good, perhaps because the target is partially processed before the mask appears. U-shaped
masking functions are not always observed, however. In some cases the strongest masking
occurs when the target and mask are presented at the same time (SOA=0), and masking ef-
fects grow weaker as the SOA between the target and mask increases. Under such situations
a monotonic-shaped masking function is found.

The differences between monotonic and u-shaped masking functions have generated much
discussion about theories and interpretations of masking. Kolers (1962) noted that mono-
tonic masking functions appeared for high energy masks and u-shaped masking functions

appeared for masks that were similar in energy to the target. Subsequent work found that
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this observation holds for a variety of mask types, including pattern masks that have contours
overlapping the target (e.g, Hellige, Walsh, Lawrence & Prasse, 1979; Spencer & Shuntich,
1970; Turvey, 1973), metacontrast masks that do not overlap the target (e.g., Schiller, 1965;
Weisstein, 1972), and masks consisting of a homogenous field or disk that covers the target
(e.g., Stewart & Purcell, 1974).

The difference between the shapes of masking functions have been suggested to indicate
two factors involved in masking. Monotonic-shaped masking functions are often interpreted
as evidence of integration effects, where the target and mask effectively become a single
stimulus with the properties of the target hidden by its joint appearance with the mask. U-
shaped masking functions are often interpreted as evidence of interruption effects, where the
processing of the target stimulus is halted by the appearance of the mask. In an extension
of these kinds of interpretations, Turvey (1973) and Michaels and Turvey (1979) used the
differences in the shape of masking functions to try to distinguish between peripheral and
central mechanisms in visual information processing.

Another theory of masking that also draws on the idea that different mechanisms are
involved in monotonic and u-shaped masking functions was proposed by Breitmeyer and
Ganz (1976) and elaborated by Breitmeyer (1984). They linked u-shaped masking functions
to transient inhibitory signals generated by the mask stimulus. The theory suggests that
monotonic-shaped masking functions appear when sustained signals generated by the mask
are also present and interfere with detection of target properties.

Thus, differences in masking function shapes have played an important role in the inter-
pretation and use of masking. Although many researchers believe that the different shaped
masking functions indicate different mechanisms, we show below that several quantitative
models of masking account for both types of masking functions with a single mechanism. As
a result, it is unclear whether years of research on backward masking were investigating one
mechanism or multiple mechanisms. In the following section we analyze quantitative models
of masking and show that they can produce both u-shaped and monotonic-shaped masking
functions. We show that in these models the shape of the masking function is related to the
strength of masking, so that monotonic-shaped masking functions are produced for strong

masks and u-shaped masking functions are produced for weaker masks. We then report on
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an experiment that shows that the hypothesized relationship between strength of masking

and the shape of the masking function does not always hold.

Model analysis

We investigated three quantitatively defined models that account for the u-shaped backward
masking function. These include models by Weisstein (1968, 1972), Bridgeman (1971, 1978),
and Anbar and Anbar (1982). Each of these models has previously been used to account
for many other aspects of masking (e.g., Francis & Hermens, 2002). We did not include
the model of Francis (1997), because it only accounts for u-shaped masking functions under
metacontrast conditions (when the target and mask spatial contours do not overlap). In
the experiment below we consider effects from other types of masks that cannot currently
be addressed by the Francis (1997) model. Simulation results of the models are shown in
Figures 1 and 2. The simulations are based on the original descriptions of the models (Anbar
& Anbar, 1982; Bridgeman, 1978; Weisstein, 1972). Details of the models and parameters
can also be found in Francis (2000).

Figure la shows masking functions generated by the model of Anbar & Anbar (1982).
This model is fairly limited in how it represents the mask stimulus. In particular, the mask is
represented only as a single variable that corresponds to the strength of the mask-produced
inhibition. Figure la plots masking functions for curves that vary the intensity of the mask
signal with the target stimulus held fixed. Both u-shaped and monotonic-shaped masking
functions can be generated by the model. An analysis of the simulation data shows that
u-shaped masking functions appear when the ratio of the mask and target intensities is 1.09
or less. When the mask-to-target intensity ratio is 1.15 or greater, the masking function
is monotonic. The u-shaped and monotonic-shaped masking functions converge for long
SOAs. Before the curves converge, the monotonic-shaped masking functions show stronger
masking than any u-shaped masking function at any fixed SOA. Thus, the Anbar and Anbar
(1982) model predicts a tight relationship between the shape of the masking function and the
overall strength of the mask. Monotonic-shaped masking functions are produced by masks

that have strong masking effects and u-shaped masking functions are produced by masks
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that have weaker masking effects.
— Figure 1 -

Figure 1b shows masking functions generated by the model of Weisstein (1972). This
model can represent both the duration and intensity of the mask. Each curve in Figure 1b
is a masking function generated for a different combination of mask duration and mask
intensity. The target intensity (32 units) and duration (20 ms) was fixed for all simulations.
The mask intensity was 0.5, 1.0, 2.0, or 4.0 times the target intensity and the mask duration
was 0.5 to 4.0 times the target duration in steps of 0.5. All combinations of mask intensity
and duration were simulated, which made for a total of 32 simulations.

An analysis of the simulation data revealed that monotonic-shaped masking functions
were produced for nine of the simulations. (Many of the plotted lines overlap each other in
Figure 1b. Additionally, two u-shaped masking functions were not plotted in Figure 1b so
that the monotonic-shaped functions could be more clearly seen. The properties of these
u-shaped functions did not deviate from the general conclusions drawn below.) Monotonic-
shaped masking functions were produced only for simulations where the mask intensity ratio
was 1.0 or higher. The mask duration ratio was also usually greater than 2.5. In general,
monotonic masking functions appeared for larger mask durations and intensities; other masks
produced u-shaped masking functions.

At each SOA, any monotonic-shaped masking function is almost always, below any u-
shaped masking function. This is consistent with the observation that monotonic-shaped
masking functions occur for masks with longer durations or larger intensities. There are a
few exceptions where the u-shaped and monotonic-shaped curves start to converge at around
SOA=100. Here one can see that the furthest-left monotonic-shaped masking function does
intersect and rise above a few u-shaped masking functions. However, the cross-over is small
and the curves do not deviate much as they converge at longer SOAs.

Thus, both the Anbar and Anbar (1982) model and the Weisstein (1972) model make a
similar prediction regarding the shape of the masking function and the strength of mask-
ing. Both models predict that monotonic-shaped masking functions are produced by masks

that generate strong masking effects and that u-shaped masking functions are produced by
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masks that generate weaker masking effects. Moreover, they predict that for each SOA, any
monotonic-shaped masking function should have corresponding stronger masking than any
u-shaped masking function (although Weisstein’s model does allow for very slight deviations
from this prediction).

Figure 2 shows masking functions generated by the model of Bridgeman (1978). Fig-
ure 2a shows masking functions similar to those generated in Figure 1, with different curves
corresponding to different mask durations and intensities. The mask was a pair of inputs on
opposite sides of the target stimulus, which corresponds to a metacontrast masking situation.
The jitter in the curves corresponds to the use of statistical noise that is introduced into
the model computations and oscillatory effects that the model generates. The jitter is small

relative to the overall shape of the masking function.
— Figure 2 —

The ratio of the mask to target intensity varied from 0.1 to 24.3 in six multiples of three.
The ratio of mask to target duration varied from 0.5 to 2.5 in steps of 0.5. Thus, there were
a total of 30 simulations. Thirteen of the masking functions were monotonic-shaped while
the other 17 were u-shaped. As with the simulations of the other models, the monotonic-
shaped masking functions were produced by masks of high intensity and/or long duration.
For example, all of the masks with intensity ratios of 0.3 or less produced u-shaped masking
functions. The pattern of results in Figure 2a is similar to that produced by the Anbar
and Anbar (1982) and Weisstein (1972) models, with monotonic-shaped masking functions
having stronger masking than u-shaped masking functions for any given SOA.

Unlike the Anbar and Anbar model and the Weisstein model, Bridgeman’s model has a
1-D representation of visual space. This representation capability allows the model to distin-
guish between masks of different spatial properties. To explore this property, we generated
masks of various shapes and compared the resulting masking functions.

The first set of simulations used masks made of 1-pixel wide elements that formed a
grating. The spacing between foreground elements was varied from 1 to 14 pixels. Following
Bridgeman (1978), the simulation consisted of 30 cells arranged in a circle, so the number

of elements in the mask decreased as the spacing between bars increased. The masking
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functions produced by these masks are shown in Figure 2b. Although variation in mask
spacing did not produce as much variability in masking functions as variation in intensity
and duration, the same trends exist. The monotonic-shaped masking functions show stronger
masking at every SOA than the u-shaped masking functions.

Further exploration of shape effects were investigated by generating 20 random mask
patterns and their corresponding masking functions. The masking functions are shown in
Figure 2c. The results are similar to variations in intensity, duration, and spacing. Both
u-shaped and monotonic-shaped masking functions were produced. The two curves that pro-
duce monotonic-shaped masking functions correspond to stronger masking than the curves
that produce u-shaped masking functions. This strength relationship holds for essentially
every SOA.

Finally, Figure 2d combines the masking functions across all the mask types. The solid
lines correspond to the masking functions in Figure 2a where the mask was a metacontrast
mask of varying intensity and duration. The heavier dashed line corresponds to the masking
functions in Figure 2b where the mask was a grating with various spaces between bar ele-
ments. The dotted line corresponds to the masking functions in Figure 2¢, where the masks
were different random patterns. Although there are a few exceptions, the general trend in
Figure 2d is for the monotonic-shaped masking functions to correspond to stronger masking
at every SOA compared to any u-shaped masking function. When an exception does occur,
it is at small SOAs where many curves are crowded together. Some of the cross-overs are
probably due to the internal jitter produced by noise in the model.

A consideration of all of the data in Figure 2 indicates that in Bridgeman’s (1978) model
monotonic-shaped masking functions appear for masks that generate strong masking effects
and u-shaped masking functions appear for masks that generate weaker masking effects. For
any given SOA, a monotonic-shaped masking function has stronger masking than a u-shaped
masking function. This relationship holds regardless of what mask properties (intensity,
duration, shape) are varied between the two masking functions.

The relationship between masking function shape and masking strength is thus a pre-
diction of all of the models. It should be noted that there are currently no experimental

data that go against this prediction. As Kolers (1962) and many subsequent studies noted,



Testing models of backward masking 9

monotonic-shaped masking functions are usually seen with masks that generate strong mask-
ing effects, and u-shaped masking functions are usually seen with masks that generate weaker
masking effects . For those studies that systematically varied mask intensity or duration (e.g.,
Breitmeyer, 1978; Spencer & Shuntich, 1970; Weisstein, 1972;), the u-shaped curves always
show weaker masking than monotonic-shaped curves. A possibility suggested by the models
is that the relative strength of masking generated by a given mask entirely determines the
shape of the masking function.

Significantly, the model of Bridgeman (1978) suggests that the relationship between mask
strength and masking function shape holds regardless of the type of mask, as Figure 2d
indicates. The models of Anbar and Anbar (1982) and Weisstein (1972) do not distinguish
between masks with different spatial properties. This has long been recognized as a limitation
of these models (e.g., Weisstein, 1972). Perhaps, for the Anbar and Anbar (1982) model one
could propose that different shaped masks simply give rise to different mask signal strengths.
Likewise, for the Weisstein (1972) model one could propose that different shaped masks give
rise to different mask signal strengths and durations. If this minimal modification to the
models were true, this would indicate that backward masking may be explained by relatively
few model properties.

After an extensive literature search we have failed to find any experimental studies that
fixed the target and task properties while comparing masking functions produced by different
types of masks. For example, although a pattern mask may produce a monotonic-shaped
masking function and a metacontrast mask may produce a u-shaped masking function, no one
has ever checked to see if the pattern mask generally produced stronger masking effects than
the metacontrast mask. If monotonic-shaped masking functions always appear only with
stronger masking effects and u-shaped masking functions always appear only with weaker
masking effects, then this would be strong support for the properties of these models. On
the other hand, if the shape of the masking function is independent of the overall strength
of masking effects, this would indicate that all of the models have missed an important
component of the systems that are involved in masking.

To recapitulate, the models predict that any u-shaped masking function must show

weaker masking than any monotonic-shaped masking function, regardless of what types
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of masks are used in the different conditions. The one restriction is that the variation in
mask types must be the only difference across the two conditions. The target and task must
be unchanged for the comparison to be valid. The existing literature on masking, though

vast, has not explored variation in mask type with a fixed target and task.

Psychophysical experiment

We investigated backward masking of a fixed target and task with two types of masks. One
type was a metacontrast like mask with four small lines around, but not overlapping, the
target (see also Enns & Di Lollo, 2000). Metacontrast masks are known to produce u-shaped
masking functions (Breitmeyer, 1984), provided the intensity and duration of the mask is
not dramatically larger than the target. The other mask type is called a shine-through mask,
which consisted of a grating comprising 25 aligned verniers. Herzog, Koch and Fahle (2001)
noted that for short SOAs this type of mask can obliterate the visibility of the target. Based
on the experimental work in earlier studies, we expected the particular shine-through mask

we used to produce a monotonic-shaped masking function.

General Materials and Methods
Stimuli

Stimuli were displayed on an analog monitor (HP 1332 A) controlled by a Power Macintosh
computer via fast 16 bit D/A converters (1 MHz pixel rate). Refresh time of the monitor
was five milliseconds and at stimulus offset the phosphor of the monitor decayed to 4% of its
maximum intensity in less than a millisecond. Subjects observed the stimuli from a distance
of two meters in a room illuminated dimly by a background light (0.5 Ix). Luminance of
the stimuli was around 80 cd/m?. Before stimulus presentation proper a fixation dot in the
middle of the screen and four markers at the corners of the monitor appeared.

In all experiments a vernier served as a target element and was displayed for 10 ms in
the middle of the screen. The top and bottom bars of the vernier were shifted symmetrically
around the middle point in a direction that changed randomly across trials. Each of the

two vernier segments was 600 arcseconds long and about 30 arcseconds wide. The top and
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bottom segments were separated by a small vertical gap of 60 arcseconds. The vernier was
followed by either the metacontrast or the shine-through mask which lasted for 300ms (see
Figure 3).

— Figure 3 —

The metacontrast mask consisted of four flanking bars which appeared at the upper,
lower, left, and right ends of the vernier. Each flanking bar had a length of 400 arcseconds and
a width of about 30 arcseconds. The position of the four masking elements was determined
individually, aiming to satisfy two requirements. First, performance for an SOA of 10 ms
should only be weakly affected by the metacontrast mask. Second, for SOAs in the range of
40-70 ms, strong masking should occur. Mask elements were separated from the center by
a distance in the range of 200 to 600 arcseconds in the horizontal direction and about 630
arcseconds in the vertical direction, i.e. about the length of a vernier segment. Once the
appropriate element separation was found for an observer, it was fixed for the entirety of the
experiment.

The shine-through mask consisted of a grating with 25 elements. Except for offset, the
spatial parameters of the mask grating elements and the target vernier were the same. The
horizontal spacing between grating elements was 200 arcseconds. The middle element of the

grating and the vernier both appeared in the center of the screen.

Procedure

The observer’s task was to report whether the bottom segment of the vernier was shifted to
the left or right, relative to the top segment. After each trial, the observer received feedback
to indicate if the response was correct or incorrect. Masking was measured by finding a 75%
correct threshold spatial offset of the vernier via an adaptive staircase procedure (PEST;
Taylor & Creelman, 1967).

Eight or nine SOAs were run for each observer for each mask type. The adaptive pro-
cedure was used to find the threshold for one SOA and mask type at a time. The order
of SOAs was randomized within each observer to reduce possible hysteresis or order effects.

For three observers, the threshold was measured twice for each SOA. After every condition
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had been tested once, the order of conditions was reversed for the second measurements in
order to at least partly compensate for possible learning effects. The threshold was measured
only one time for observer GF. The metacontrast and shine-through masks were presented
in alternating threshold measures.

All observers had normal or corrected to normal acuity as determined by the Freibuger
acuity test (Bach, 1995). The first author and three naive observers (from the University of

Bremen) participated.

Results

Figure 4 plots masking functions for the metacontrast and shine-through masks. A separate
graph is shown for each observer. Each graph plots the threshold of the vernier offset against
SOA. Larger thresholds indicate stronger masking. For observer MH the vernier was invisible
for the shine-through mask with an SOA of 10 ms and no threshold could be found. Since
this indicates very strong masking, it did not seem prudent to discard this case from the
results. As a compromise, a large threshold value of 150 was assigned to this condition. This
is just a bit larger than the actual threshold values for observers that could make vernier

discriminations in this condition. None of our conclusions depend on this compromise.
— Figure 4 —

As expected, for each observer, the metacontrast mask produced an inverted u-shaped
masking function. The plot is an inverted-u instead of a u-shape because the y-axis plots the
threshold separation of the vernier, and larger thresholds indicate stronger masking effects.

For all but one observer, the shine-through mask produced monotonic-shaped masking
functions. The strongest masking occurred for the smallest SOA, and as the mask followed
the target by longer delays the vernier discrimination task became easier. The one exception
was for observer GF, whose masking function was not technically monotonic. For every
observer, the u-shaped and monotonic-shaped masking functions intersected. Figure 5 com-
bines the data in Figure 4 across all observers. The error bars indicate variability in the
thresholds across observers. For the combined data, the u-shaped curve and the monotonic

curve intersected at an SOA of approximately 30 milliseconds.
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— Figure 5 —

Discussion

The experimental data contradict the prediction of the models. The models predict that for a
fixed target, task, and any SOA, a mask that produces a u-shaped masking function should
produce weaker masking effects than a mask that produces a monotonic-shaped masking
function. The data do not support this prediction. At short SOAs, the experimentally found
monotonic-shaped masking function has stronger masking than the u-shaped masking func-
tion. At SOAs between 30 and 100 ms the experimentally found u-shaped masking function
exhibits stronger masking than the monotonic-shaped masking function. This indicates that
contrary to the properties of the models, the shape of the masking function is not exclusively

related to the overall strength of masking.

Conclusions

Quantitative models of backward masking predict that u-shaped masking functions will have
weaker masking than monotonic-shaped masking functions. Lots of experimental data in a
variety of contexts have found this prediction to be valid (e.g., Kolers, 1962). However, the
experimental data in this paper demonstrate that there is at least one situation where this
prediction is not correct.

Our data also offers problems for the transient-sustained model proposed by Breitmeyer
and Ganz (1976) and elaborated by Breitmeyer (1984). This model proposes two ways that
the mask interacts with the target. In this model u-shaped masking functions appear due
to transient inhibition from the mask interacting with sustained responses generated by the
target. Monotonic-shaped masking functions appear when sustained inhibition from the
mask also interact with sustained responses generated by the target. Thus, in their theory
monotonic-shaped masking functions would always be associated with stronger masking than
u-shaped masking functions because the monotonic shape would appear when both transient

and sustained inhibitory effects were present. The experiment reported in this paper shows
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that this prediction is not valid in at least one situation.

One way to promote model development, either to extend the current models or to
create new models, is to look for additional situations where u-shaped masking functions
show stronger masking than monotonic-shaped masking functions. If such cases are rare
and only seem to appear for a few particular combinations of masks, then the models may
only need to be elaborated to explain the nature of the particular effects of those masks.
On the other hand, if u-shaped masking functions are often found to show stronger masking
than monotonic-shaped masking functions, then the models are more seriously flawed. The

models will then either need substantial elaboration or they should be rejected outright.
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Figure Captions

Figure 1. Simulation results for the Anbar and Anbar (1982) and Weisstein (1972) models.
The different curves are for masks with different intensities and/or durations. At each SOA
the u-shaped masking functions are above the monotonic-shaped masking functions. (a)
Anbar and Anbar’s (1982) model. (b) Weisstein’s (1972) model.

Figure 2. Simulation results for Bridgeman’s (1978) model. At each SOA the u-shaped
masking functions are generally above the monotonic-shaped masking functions. (a) The
different curves are for metacontrast masks with different mask intensities and/or dura-
tions. (b) Different curves correspond to masks with different spacings between foreground
elements. (c) Different curves correspond to masks with different random distributions of
intensities. (d) This plot combines the data from (a)-(c).

Figure 3. Schematizations of trials in the psychophysical experiment. The target stimulus
was a vernier target that was presented for 10 milliseconds. The mask followed the target
by a variable SOA and was presented for 300 milliseconds. (a) The metacontrast mask
consisted of four bars that spatially flanked the vernier target but did not overlap it. (b)
The shine-through mask consisted of a grating comprised of 25 aligned verniers.

Figure 4. Masking functions for a metacontrast and shine-through mask, for four different
observers. The dashed horizontal line indicates the threshold for an unmasked vernier. The
thresholds for the shine-through mask generally decrease as SOA increases, which indicates
that the strongest masking occurs for small SOAs. For the metacontrast mask, the expected
inverted u-shaped threshold curve occurs, which indicates that masking is strongest for
intermediate SOAs. The two masking curves intersect, which is in violation of the models.
Figure 5. Averaged data across all observers. The error bars show the standard error across

observers.
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