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Contrast discrimination function: spatial cuing
effects

Joshua A. Solomon
Institute of Ophthalmology, Bath Street, London, EC1V 9EL, UK

Nilli Lavie

Department of Psychology, University College London, Gower Street, London, WC1E 6BT, UK

Michael J. Morgan
Institute of Ophthalmology, Bath Street, London, EC1V 9EL, UK

Received October 30, 1996; revised manuscript received February 12, 1997; accepted February 13, 1997

The effects of spatial cuing were measured for discriminating between an increment and a decrement on a
target’'s pedestal contrast. Discrimination thresholds measured in the absence of a spatial cue were always
higher than corresponding thresholds measured in the presence of a spatial cue, except when pedestal contrast
was near zero. Uncued discrimination thresholds rose monotonically with pedestal contrast; cued discrimi-
nation thresholds formed a dipper function of pedestal contrast. A spatial-uncertainty model incorporating a
nonlinear transducer produced similar results. © 1997 Optical Society of America [S0740-3232(97)00609-1]

1. INTRODUCTION

A popular method for investigating the effect of attention
on visual sensitivity is to measure the effect of a spatial
cue (indicating the probable location of the target) on the
detectability of simple luminance increments’™ or
gratings.® Most of these studies indicate that spatial cu-
ing can influence detection,’™*8 yet the cuing effect on de-
tection is small compared with similarly obtained cuing
effects for line Iength,5 orientation, and form
discriminations.? In such experiments, a target at one
location is to be discriminated from distractors at other lo-
cations. A critical difference between detection and dis-
crimination experiments is that just-detectable (thresh-
old) stimuli are used in the former and easily detectable
(suprathreshold) stimuli are used in the latter. Below we
describe a contrast discrimination experiment in which
the contrast of the distractors was systematically varied.
This technique allows us to show that the effect of spatial
cuing changes as the detectability of the distractors
changes.

An important issue in the cuing literature is whether
cuing effects can be attributed solely to a reduction in
spatial uncertainty.>® That is, a spatial cue is expected
to improve performance because it enables observers to
ignore irrelevant information from uncued locations.
However, it is conceivable that a cuing effect could be so
large as to imply a perceptual capacity limitation. For
example, visual information may be less precise without a
cue than with a cue. Below we demonstrate that no such
capacity limitations are necessary to explain our results.
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2. METHODS

A. Observers and Apparatus

The first author served as an observer. The other two ob-
servers were naive. All had normal or corrected-to-
normal vision. Stimuli were displayed with gamma cor-
rection on a monochrome cathode-ray tube in a dark
room. Maximum and minimum display luminances were
54 and < 0.05 cd m~?, respectively. The stimuli on the
video were displayed with a surround of 27 cd m~2, and
the frame rate was 66.7 Hz. Display resolution was 30.3
pixels/cm. Observers viewed the screen from 43.1 cm, re-
sulting in an effective visual resolution of 22.8 pixels/deg.
The psycHoPHYSICAICINEMATICAY1? software used in these
experiments is available on the internet at http:/
vision.arc.nasa.gov/imathematica/psychophysica.html.

B. Stimuli

Targets and distractors were Gaussian blobs with a half-
height diameter of 0.56 deg. These blobs appeared in
four positions, each 3.5 deg above +3.5 deg to the right
of fixation. The spatial cue was a black line, 1 pixel wide,
extending from fixation to the nearest spot 2.2 deg from
the center of the target. In the uncued condition, all four
possible lines were displayed. A sample stimulus in the
uncued condition is shown in Fig. 1.

C. Procedure
When ready, the observer pushed a key to initiate the
trial sequence: The fixation spot (1 black pixel) was re-
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2. Bias

Just as the slope of the psychometric function provides a
measure of the observer’s sensitivity, the mean of the psy-
chometric function provides a measure of the observer's
bias. Bias is the target contrast at which “brighter” and
“darker” responses are equally likely (specifically, the
mean of the fitted psychometric function) minus the ped-
estal contrast. Biases are plotted in Fig. 3.

On the one hand, when the pedestal contrast is zero,
most observers respond without bias. On the other hand,
all the observers show biases for most other pedestal con-
trasts. However, there does not seem to be any system-
atic pattern of bias across all the observers. JAS's biases
are roughly monotonic with pedestal contrast, as are CP’s
cued biases. CP and SB'’s uncued biases are generally
negative, regardless of the sign of pedestal contrast.
SB’s cued biases seem to be almost random.

B. Experiment 2

Results of subsequent related experiments (not included
here) suggested that SB’s sensitivity was improving. To
confirm that the results that we report here are robust to
practice, we elected to rerun the experiment. Moreover,
we wanted to better investigate the apparently qualita-
tive difference between cued and uncued discrimination.
Thus, in experiment 2, we used pedestals of low contrast
magnitude.

Between experiments 1 and 2, JAS and SB had a con-
siderable amount of practice doing similar tasks. CP had
no practice between experiments 1 and 2. As in experi-
ment 1, CP completed two series; staircases begun in the
first series were resumed in the second. For JAS and SB,
who completed three series each, staircases were begun
anew each session.

1. Sensitivity
Discrimination thresholds are plotted in Fig. 4.

Practice has made SB’s overall sensitivity similar to
that of the other observers. He no longer shows a cuing
effect with zero-contrast pedestals. In fact, for all three
observers, cued and uncued thresholds are similar for
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Fig. 3. Biases for cued (solid curves) and uncued (dotted curves)
targets. Biases are plotted as functions of pedestal contrast.
Standard errors are shown for observer JAS. A nonzero bias for
nonzero pedestals is predicted by the model (lower right). This
is a consequence of fitting a cumulative Gaussian to its non-
Gaussian psychometric function.
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Fig. 4. Discrimination functions for cued (solid curves) and un-
cued (dotted curves) targets. Thresholds are plotted as func-
tions of pedestal contrast. Uncued discrimination thresholds
are always higher than corresponding cued discrimination
thresholds, except when pedestal contrast is between —1/64 and
+1/64. Cued discrimination functions dip, particularly at ped-
estal contrast of =1/32. Uncued discrimination functions do not
dip significantly. Standard errors are shown for observers JAS
and SB. A spatial-uncertainty model incorporating a nonlinear
transducer produces results (lower right) that are similar to
those of our human observers.
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Fig. 5. Biases for cued (solid curves) and uncued (dotted curves)
targets. Biases are plotted as functions of pedestal contrast.
Standard errors are shown for observers JAS and SB. A non-
zero bias for nonzero pedestal is predicted by the model (lower
right). This is a consequence of fitting a cumulative Gaussian to
its non-Gaussian psychometric function.

pedestal contrasts between —1/64 and +1/64. Cued
thresholds are lowest when the pedestal contrast is
—1/32. The results of experiment 2 confirm that dis-
crimination functions for cued and uncued targets are not
merely translations of one another. They really have dif-
ferent shapes: The cued one dips; the uncued one does
not.

2. Bias
Biases are plotted in Fig. 5.

As before, when pedestal contrast is zero, all the ob-
servers generally respond without bias. The only excep-
tion is CP’s uncued threshold. Also, as before, CP’s cued
biases are nearly monotonic with pedestal contrast.
JAS'’s and SB's biases are decidedly nonmonotonic with
threshold contrast. Both cued and uncued biases in-
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crease as pedestal contrast is raised to approximately
—0.015, then biases decrease as pedestal contrast is
raised to approximately +0.015 (passing through zero for
zero-contrast pedestals), and then they increase again.

4. MODEL

A. Nonlinear Transducer

An important aspect of our data is that thresholds are
similar for similar contrast magnitudes. That is, con-
trast discrimination functions are nearly symmetric
about the axis of zero-contrast pedestals (however, see
Subsection 5.B below). This result supports the notion
that discrimination is limited by noise arising after con-
trast transduction. This idea can be directly applied to
our cued discrimination data. Simply stated, we shall
assume that the observer makes a noisy comparison be-
tween the transduced target contrast and the transduced
pedestal contrast. More formally,

¥ = P[f(x + Ax) + 5 — f(x) > 0], 1)

where ¥ is the observed frequency of a “brighter” re-
sponse, x is the pedestal contrast, x + Ax is the target
contrast, f(x) is the transducer, and 7 is a random vari-
able. Traditionally, a nonlinear transducer is employed
to explain contrast discrimination results.*>'3 For the
simulation shown in Figs. 2 and 4, » ~ N(O, 1), and

a sgn(x)lx[?

flx) = TR 57 2

This nonlinearity is of the form favored by Foley.!* For
the simulation shown in Figs. 2-6, a = 13.0, b
= 0.0364, p = 2.89, and g = 2.49. This model predicts
a somewhat bumpy psychometric function (see Fig. 6).
Our data set is not sufficiently rich to directly confirm this
prediction.

Note that since our trials are blocked by pedestal con-
trast, the observer need not compare a transduced target
contrast with transduced pedestal contrasts from the
same trial. We may assume that the observer has seen
enough distractors to accurately formulate the expected
transduction of pedestal contrast and compares each tar-
get with this expectation.

B. Spatial Uncertainty
In the uncued condition the ideal strategy is to compare
the noisily transduced contrasts of all four potential tar-
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Fig. 6. Theoretical psychometric function for cued discrimina-
tion with pedestal contrast equal to 0. The nonlinear transduc-
tion model predicts that the psychometric function will have
three inflection points when the pedestal contrast is near zero.
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gets with the expected transduction of the pedestal con-
trast. Note that this comparison could be done for all po-
tential targets individually, or the contrasts of all four
targets could be pooled (somehow) prior to transduction.
We shall ignore the latter possibility and make the con-
ventional assumption that each potential target's trans-
duced contrast is perturbed independently by the same
noise that limits cued discriminations. This is an impor-
tant assumption. It means that the cue effects perfor-
mance solely by indicating to the observer which three lo-
cations can be ignored. To complete the model, we
propose that the observer’s response is determined by a
Minkowski sum of the noisy comparisons. Specifically,

¥ = Psgn[ f(x + Ax) + 71 = f(0)][f(x + Ax) + 7

N
— flx)|® + 22 sgn( ;)| 7| > 01, €)

where N is the number of potential target locations (four
in our uncued condition). If 8 = 1 then responses will
depend on the sign of the (linear) sum of all N discrepan-
cies. For large B, responses will depend on only the larg-
est discrepancies. By allowing g to vary, a range of in-
termediate combination strategies can be produced. For
the simulation shown in Fig. 2, »;, ~ N(0,1)Vi and B
= 2.

A nonlinear transducer model will produce dipper-
shaped discrimination functions only when the variance
of the noise is small compared with the range of the ac-
celerating portion of the nonlinearity. Because of spatial
uncertainty, the total variance of the noise increases as
the number of potential target locations increases. In
the model, the criterion for dipper production is met when
the number of potential target locations is one (i.e., the
cued condition). It is not met when the number of poten-
tial target locations is four.

C. Capacity Limitations

It is possible that human observers cannot make four
comparisons as easily as they can make one. For ex-
ample, suppose that comparison is a serial process. It is
possible that only one or two may be carried out before all
the potential targets (or the memories thereof) disappear.
Alternatively, it is possible that four comparisons can be
made in parallel, but not with the same precision afforded
a single comparison. A capacity limitation such as this
could be modeled by an increase in the variance of the
7;’s in Eq. (3). Yet the spatial-uncertainty model alone
provides a satisfactory description of our results without
a capacity-limiting modification. In this respect our re-
sults are in accordance with those of Palmer and col-
leagues, who found that a spatial-uncertainty model
alone could account for cuing effects in a variety of dis-
crimination tasks,”® including contrast discrimination
(one pedestal contrast was tested).?

5. DISCUSSION

A. Other Increment/Decrement—Discrimination Studies
Most contemporary contrast discrimination studies em-
ploy a two-interval forced-choice procedure. Such stud-
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ies often produce threshold curves that dip when the ped-
estal is near its detection threshold.*>'4722  Although we
did not explicitly measure detection thresholds, our cued
discrimination functions dip at contrasts of +1/32. Ob-
servers’ reports suggest that these contrasts are in fact
quite close to detection threshold.

We know of only two studies apart from our own in
which observers were required to determine whether a
briefly flashed target was brighter or darker than the
adapting luminance. Both are discussed below. We
know of no studies apart from our own in which observers
were required to determine whether a target was brighter
or darker than a pedestal different from the adapting lu-
minance (i.e., a non-zero-contrast pedestal).

Krauskopf?*?*  reports  increment/decrement—dis-
crimination thresholds and proposes the following mod-
el: A linear filter with a biphasic temporal impulse re-
sponse is applied to the target. If the filter's output ex-
ceeds some positive threshold value, the observer
responds “brighter.” If the filter's output exceeds some
negative threshold value, the observer responds “darker.”
Noise perturbs the filter's output so that sometimes the
wrong threshold is exceeded. Thus, when a low-contrast
flash exceeds the wrong threshold, it will be detected but
incorrectly identified. This model is appealing because it
explains why detection thresholds can be lower than dis-
crimination thresholds, but this model is not sufficiently
specified to make absolute quantitative predictions.
Specifically, it is not clear what happens when both
thresholds are exceeded, as is certainly the case even for
zero-contrast pedestals.

While Bonnel et al. do not report thresholds,® they do
establish that observers can detect low-contrast flashes at
two locations concurrently, with no loss of accuracy com-
pared with detection of low-contrast flashes at a single lo-
cation. However, when observers are required to judge
and to give the response “brighter” or “darker” at two lo-
cations concurrently, accuracy suffers as compared with
that for a single increment/decrement discrimination.
This result, although not a cuing effect (single and con-
current discriminations were run in different blocks),
does indicate that uncertainty reduction cannot explain
all attentional influence on visual sensitivity.

B. Model Behavior

We have assigned values to the parameters of our model
that provide a reasonable fit to all our results. Like the
human observers, the model produces cued discrimina-
tion functions that dip and uncued discrimination func-
tions that do not. Unlike the human observers, the
model produces discrimination functions that are exactly
symmetric about the axis of zero-contrast pedestals.
While most of the asymmetry of the humans’ data ap-
pears to be unsystematic, all three observers showed
maximum sensitivity with dark pedestals (contrast,
—1/32).

Our human observers’ uncued thresholds were greater
than their corresponding cued thresholds, except with
near-zero pedestals. In these situations, when the dis-
tractors were invisible, cuing effects were variable. JAS
never showed a cuing effect with zero-contrast pedestals.
CP and SB did in experiment 1, but not in experiment 2.
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This is reminiscent of documented cuing effects for detec-
tion. Often such cuing effects were found,'~*® but some-
times they were not.®

The model’s uncued thresholds are greater than its cor-
responding cued thresholds for all the pedestals. The dif-
ference between the model’s cued and uncued thresholds
for zero-contrast pedestals varies inversely with the pa-
rameter 8. By setting 8 = 2, we produce a moderate cu-
ing effect for near-zero pedestals (uncued threshold is
37% higher than the corresponding cued threshold).

Outside the dipper region, the shape of the contrast dis-
crimination function is largely determined by the differ-
ence between p and q. We set this difference to be 0.4
(as suggested by the results from Foley’s observer KMF4)
and selected a value for p that provided our data with a
reasonable fit. Our value of 2.89 is comparable with the
value of 2.72 that describes the data obtained from Fo-
ley's KMF. Results from Foley’s other observer were fit-
ted with p = 2.55 and ¢ = 2.18.

Let x represent pedestal contrast. In experiment 1,
when |x| = 1/16, our relatively inexperienced observers
produced biases that are large in comparison with those
produced by the model. In experiment 2, when ||
< 1/16, our highly practiced observers (SB and JAS) pro-
duced biases that were very similar to those produced by
the model. The model's bumpy bias plot in Fig. 5 results
from fitting non-Gaussian psychometric functions, like
the one shown in Fig. 6, with cumulative Gaussians to de-
termine sensitivity and bias. The bias plots of the data
from SB and JAS are similarly bumpy.

6. CONCLUSION

Our paradigm extends previous research on the cuing ef-
fects for the detection of simple luminance increments™
by systematically varying the pedestal contrast in a con-
trast discrimination task. We found that cuing effects
vary nonmonotonically with the detectability of potential
targets. In particular, they seem to be maximal when po-
tential targets are near the threshold of visibility. This
is the dipper region of the contrast discrimination func-
tion for cued targets. As the contrast discrimination
function for uncued targets has no dipper region, cuing ef-
fects are greatest here. Finally, we have demonstrated
that a spatial-uncertainty model incorporating a nonlin-
ear transducer can provide a satisfactory description of
our results.
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