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Weighted averaging is said to be optimal when the weights assigned to the cues minimize the variance of
the final estimate. Since the variance of this optimal percept only depends on the variances of the indi-
vidual cues, irrespective of their values, judgments about a cue conflict stimulus should have the same

variance as ones about a cue consistent stimulus. We tested this counter-intuitive prediction with a slant
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matching experiment using monocular and binocular slant cues. We found that the slant was indeed
matched with about the same variance when the cues indicated slants that differed by 15° as when they
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1. Introduction

When several sources of information (cues) about a certain as-
pect of a scene are present, the human visual system makes sepa-
rate estimates of that aspect, based on the individual cues, and
harmonizes the different estimates through weighted averaging
(Landy, Maloney, Johnston, & Young, 1995; Young, Landy, & Malo-
ney, 1993). This harmonizing takes care of the slight differences
between the estimates that arise from processing noise. If a mon-
ocular cue and a binocular cue both provide information about
the slant of a surface, estimating its value to be m and b respec-
tively, and are assigned weights w and (1 — w) respectively, then
according to the weighted averaging model the perceived slant
(S) can be represented by:

S=wm+ (1-w)b (1)

If the errors in m and b are independent, as they are likely to be
for slant specified by perspective and binocular disparity, the var-
iance of S can be given by:

a7 =wa, + (1 -w)’a; (2)

where @2, is the variance in the monocular cue and ¢? is the vari-
ance in the binocular cue. Weighted averaging is considered to be
optimal when the variance of S(¢? in Eq. (2)) is minimal. To find
the minimal variance of S one determines the value of w for which
the derivative of Eq. (2) with respect to w is zero. This gives a value
for w expressed as a function of the individual cue variances:

* Corresponding author.
E-mail address: C.Muller@fbw.vu.nl (C.M.P. Muller).

0042-6989/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2008.10.006

2

__ 0p
) 2
02, + 02

(3)

By substituting w from (3) into (2) we find the lowest possible
variance of S expressed in terms of the individual cue variances
(see Ernst & Bulthoff, 2004; Hillis, Watt, Landy, & Banks, 2004).
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The counter-intuitive aspect of Eq. (4) is that 02 ;. is inde-
pendent of the slant estimates m and b, so that the precision of
the combined percept will be the same for percepts based on con-
sistent cues (m = b) as for percepts based on conflicting cues (m#b)
Of course, Eq. (2) and its consequences are only valid if the variabil-
ity is all in the individual cues. If the variability mainly arises after
the cues are combined, the precision of that later stage may (or
may not) be influenced by the visible consequences of the conflict
(Muller, Brenner, & Smeets, 2007). However, it has previously been
shown that the variability under similar conditions mainly de-
pends on the variability in the single cues (Knill & Saunders,
2003; Muller et al., 2007). Similarly, if there is any variability in
the weights (Brenner, Granzier, & Smeets, 2007), we can expect a
larger variability in the cue conflict conditions. The reason for this
is that the variability in the perceived slant as a consequence of
variability in the weights is proportional to the difference between
the slant judged from the separate cues. If the judged slant is the
same for both cues then variability in the weights makes no differ-
ence. Intuitively, one would therefore expect the precision to be
higher if there is a close agreement between the cues.

In order to use Eq. (4) we need to have estimates of the reliabil-
ity of the individual cues (6% & a2). It is difficult to find conditions
that are equivalent for isolated cues and combined cues, because


http://www.elsevier.com/locate/visres
mailto:C.Muller@fbw.vu.nl
http://www.sciencedirect.com/science/journal/00426989

C.M.P. Muller et al./Vision Research 49 (2009) 134-139 135

removing one cue usually requires manipulations that could also
influence the precision of the other cue (Muller et al., 2007). We
therefore use a method that does not depend on finding such con-
ditions. In order to compare equivalent cue conflict and cue consis-
tent stimuli, we chose stimuli in which both the monocular and the
binocular cue indicated a slant of either 50° or 65° (top tilted back-
wards). There are four possible combinations of these angles, two
of which consist of a consistent cue pair: (50,50), (65,65), and
two of which consist of a conflicting cue pair: (50,65) and
(65,50). We can rewrite Eq. (4) as:
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So for the four above-mentioned combinations of slants, and
assuming optimal cue combination, we can write:
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The variances in the left terms of the equations are variances
that we will measure. The variances in the right terms are those
of the two underlying cues. The sum of the right parts of the two
equations for the cue consistent stimuli ((6a) and (6b)) is equal
to the sum of the right parts of the two equations for the cue con-
flict stimuli ((6c) and (6d)). Therefore, the sum of the left parts
must also be equal:

1 1 1 1
+

(7)
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This can be rewritten in the form of Eq. (4), which is easier to
understand in terms of variances.
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This is the formalization of the counter-intuitive prediction that
we will test. We will refer to the left hand term of Eq. (8) as the
combined variance of the conflict trials and to the right hand term
of Eq. (8) as the combined variance of the consistent trials. Intui-
tively, one would expect the combined variance for matching con-
flict stimuli to be larger than that for matching consistent stimuli,
as formalized in Eq. (9).
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The aim of the present study is to test whether the intuitive pre-
diction (Eq. (9)) is valid, in which case we can reject the counter-
intuitive prediction (Eq. (8)). To do so, we had observers match
the slant of a probe surface to the slant of a reference surface,
and analyzed the variance in the slant settings.

2. Methods
2.1. Setup

Our setup consisted of an Apple G5 computer that generated the
images and processed the responses, a 57 cm (diagonal) Sony Trin-
itron monitor (resolution 1096 x 686 pixels), and Crystal Eyes ste-
reo shutter spectacles. The images were generated at a refresh rate

of 160 Hz (80 Hz per eye), using only the red gun because the spec-
tacles work best for red images. Observers sat 1 m from the screen,
so that the screen was approximately 27° x 17°.

2.2. Stimuli

There were two 8 cm diameter slanted virtual surfaces, that
were only visible because four asynchronously refreshing limited
lifetime (100 ms) discs were projected onto them. The slant of
one of the surfaces (reference) was determined by the computer.
The slant of the other surface (probe) could be manipulated by
the observer by moving the mouse. The simulated discs had a
diameter of 1.2 cm. The centers of the surfaces were separated
from each other by 12 cm. Fig. 1 shows a stereogram of a single
frame of the stimulus in a situation where the reference and the
probe look identical. The surfaces’ slants were specified by monoc-
ular cues (the elliptical shape of the discs and their distribution
over the surfaces) and by binocular disparity.

The short lifetime of the discs prevented observers from follow-
ing changes in individual discs’ positions or shapes while they
manipulated the probe surface’s slant, which may have otherwise
provided additional information about slant. In order to indepen-
dently control the slant that was indicated by each of the two cues,
we determined the position and shape of the images as seen from a
point between the eyes (for the monocular slant) and rendered
images that would give the same shape from that viewpoint but
with disparities that are in accordance with the binocular slant
(Hillis et al., 2004). Our conflict stimuli had quite a large slant con-
flict (15°), but not so large that observers would switch between
two percepts (van Ee, van Dam, & Erkelens, 2002). For the probe
surface, the two cues were always consistent. For the reference
surface, the cues could either be consistent or in conflict.

2.3. Task

On each trial observers were presented with the two slanted
surfaces at the same time, and were asked to match the slant of
the (cue consistent) probe surface on the right to the slant of the
reference surface on the left. They modified the probe surface’s
slant by moving the computer mouse. They indicated that they
were satisfied with their setting by clicking the computer mouse,
which also started the next trial. On each trial we recorded the
slant that observers set as well as the time they took to make that
setting.

2.4. Observers and conditions

Twelve observers (two authors; 10 naive) took part in a single
experimental session. All observers had normal stereo acuity. The
study was approved by the ethics committee of the Faculty of Hu-
man Movement Sciences.

We presented six different reference surface conditions (see
Fig. 2), the four conditions described in Section 1 (50,50; 65,65;
50,65; 65,50) and two intermediate cue consistent conditions
(55,55; 60,60). The purpose of the latter two will be explained in
Section 2.5.

In each session the six different conditions were repeated 40
times, in random order, giving a total of 240 trials. The session
was preceded by five practice trials that were not recorded.

2.5. Analysis

We analyzed the variance in the set slants in each of the six con-
ditions for each observer. In order to remove trials in which
observers pressed the button accidentally, we defined an outlier
as a setting that exceeded the observers average slant for that
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Fig. 1. Stereogram of one stimulus frame. The two images on the right are the left eye images of the reference and probe surfaces. The images on the left are the right eye
images of the reference and probe surfaces. In the actual stimulus, only four discs were visible at a given time on each surface. The extra three discs on each surface, shown in
varying luminance, illustrate the fact that due to the discs’ limited life, the subjective percept was of there being about seven discs at a given time. The dotted lines indicate
the boundaries within which the discs appeared; the solid lines help cross fusing this image, none of the lines were present in the actual display.
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Fig. 2. Graphical representation of the reference slants in the six conditions. Solid
lines indicate the monocular slant and dashed lines indicate the binocular slant.

condition by more than 3 standard deviations (as calculated with-
out that setting). This resulted in us excluding 3% of the data from
further analysis. The measured variances in the cue conflict and
cue consistent conditions cannot be compared directly, because
the reliability of each cue depends on its slant, and these depen-
dencies differ for the two cues (Banks, Hooge, & Backus, 2001;
Knill, 1998). We therefore evaluate the relationship shown in
Eq. (8).

In order to obtain the variances that are used in Eq. (8) we have
to consider that in our experiment the measured variance of the set
slants is the sum of both the variance in perceiving the reference
surface slant and the variance in perceiving the probe surface slant.
As Egs. (8) and (9) only deal with the variance in perceiving the ref-
erence slant, we had to separate these two variances. We did so by
first estimating the contribution of perceiving the cue consistent
probe surface. We then subtracted this estimate from the total var-
iance to obtain an estimate of the variance in perceiving the refer-
ence surface. Fig. 3 illustrates the steps that we followed to do so
(as described below).

In the cases in which both the reference surface and the probe
surface were cue consistent stimuli, we assume that the variance
in perceived slant is equal for both the reference surface and the
probe surface. So, for the cue consistent conditions, halving the
measured variances (filled circles in Fig. 3) gives us the variance

10
8 =
_ ™ ®
o
T 6}
T
3 o ®
e
8 4
— (o]
g S
5
e g
(o]
0 A 1 A o 1
45 50 55 60 65 70

Set slant (deg)

Fig. 3. Illustration of how we estimated the variances in perceiving the slants of the
six reference surfaces (open symbols) from the variances in the settings (filled
symbols). Data for one observer. For trials with consistent cues, each reference
variance (open circle) is simply half the measured variance (corresponding filled
circle). For trials with conflicting cues (diamonds) we interpolated values at the set
slant from a linear fit to the open circles (stars). We subtracted these values from
the variances measured in the cue conflict trials (filled diamonds) to obtain
estimates of the variance in perceiving the reference surface slant (open diamonds).
The gray and black diamonds represent the conflict conditions in which the
binocular and monocular cue indicate a 50° slant, respectively. Their positions show
that this observer gave most weight to the binocular cue.

we are interested in; the variance in perceiving the reference sur-
face slant (open circles in Fig. 3).

For the trials with cue conflicts the variances cannot be as-
sumed to be the same for both surfaces. We therefore first esti-
mated the contribution of perceiving the (cue consistent) probe
surface slant, and then subtracted that from the total to be left with
only the contribution of the reference slant. The two additional cue
consistent stimuli mentioned earlier, with cue consistent reference
slants of 55° and 60°, were included to help us do this. We assume
that the relationship between the variance and the slant is linear
within the slant range of our experiment; between 50° and 65°.
This allows us to fit a line to the four (halved) variances (open cir-
cles in Fig. 3) and used this to interpolate the variance in perceiving
the probe surface slant for the set slants in the cue conflict trials
(stars in Fig. 3). These variances were subtracted from the mea-
sured cue conflict variances (filled diamonds in Fig. 3) to obtain
our estimate of the variance in perceiving the reference surface
slant on conflict trials (open diamonds in Fig. 3). Note that if the
matching itself introduces variability, such variability is attributed
equally to the two surfaces in the cue consistent condition. Any
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increase in such variability when the reference surface contains a
cue conflict will be attributed to perceiving the reference surface
by our calculation.

Following these steps we obtained an estimate of the variance
in perceiving the reference surface slant for each condition and ob-
server. The estimated variances were used to calculate the com-
bined variances as shown in Eq. (8). We report the average
values that we found for the two terms of Eq. (8), and use a paired
t-test to evaluate whether there is a consistent difference between
the terms across observers.

Observers might trade response precision for response speed.
We therefore also determined the median time that each observer
took to match the reference slant for cue consistent and cue con-
flict trials. We used a paired t-test to compare the median response
times for the two kinds of trials across observers.

Finally, to ascertain that we could expect to see a change in the
combined variance if observers stopped combining the cues when
they were in conflict, we calculated what the combined variance of
each observer would have been if they had used only the most reli-
able cue, rather than a combination. This step relies on the
assumption that observers were combining optimally when the
cues were not in conflict.

3. Results

The average variance per observer was about 10 deg?, which is
within the range found in other studies (e.g. Hillis et al., 2004; Mul-
ler et al., 2007). One observer's data was excluded because her vari-
ances were about three times as high as the values for the other 11
observers. The histograms in Fig. 4 show the distributions of the
settings in the two cue conflict conditions for the remaining 11
observers. Each distribution has a single peak between the values
indicated by the two conflicting cues, which is consistent with
observers relying on a weighted average on each trial. Since our
reasoning is based on the variances in the settings all being due
to random variability, we examined the distribution of the values
in more detail.

We used an Anderson-Darling test (Anderson & Darling, 1952)
to examine whether any of the distributions clearly deviated from
a normal distribution when expressed in the units in which the
averaging could occur (Eq. (2); we assume averaging in slant),
and found that 5 of the 66 distributions (involving 3 of the 11
observers) deviated significantly from a normal distribution (at a
5% level). On the basis of chance, we would only expect three dis-
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Fig. 4. Distribution of slant settings in the two cue conflict conditions for 11
observers (1° bins).
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Fig. 5. Combined variances in the cue consistent (white bars) and cue conflict (dark
gray bars) conditions, as well as the predicted combined variances (light gray,
dashed bars) in the cue conflict conditions if observers had only used their best cue.
Averages across the 10 observers, with the between observer standard errors.

tributions that deviate from normality if the underlying distribu-
tions are normal (given the 5% level of the test). The difference is
no cause for concern, but since one observers’ data failed the test
of normality for three of his six conditions, that observer’s data
was also removed. We report data for the remaining 10 observers
in the rest of this paper.

Fig. 5 shows the averaged combined variances in the cue consis-
tent and cue conflict conditions for the 10 observers. The combined
variances are the values we obtain for the right and left terms of
Eq. (8). A paired t-test showed no significant difference between
these two values (p = 0.95). Therefore, we cannot reject the coun-
ter-intuitive prediction formulated in Eq. (8), that the bars are
equal in height. We determined the weight that observers assigned
to each cue in the cue conflict conditions and used these to deter-
mine expected percentage increases in variability if only the best
cue had been used. The observers’ combined variance for the two
cue consistent conditions was then multiplied by this percentage
to obtain the expected combined variance if observers switched
to using only the best cue when the cues are in conflict. The pre-
dicted combined variance for the best-cue-scenario is clearly
larger.

Observers all took longer to respond on cue conflict trials than
on cue consistent trials, which indicates that they were influenced
by the conflict. This difference is in line with the intuition that
matching the surfaces in cue conflict trials is more difficult than
doing so in cue consistent trials. A paired t-test showed that the
average time to respond was significantly higher in the cue conflict
conditions (Fig. 6; p <0.001).

4. Discussion

The intuitive prediction that the variances in matching cue con-
flict trials would be systematically higher (Eq. (9)) is not supported
by our data. The data in Fig. 5 clearly shows that there is no sys-
tematic difference between the variances for the two kinds of tri-
als. We therefore cannot reject the counter-intuitive prediction
that the variances in perceiving the reference surface slant in cue
conflict trials and cue consistent trials are equal (Eq. (8)). It is clear
that if observers had switched to only using their best cue, the
combined variance would have been higher in the cue conflict con-
ditions. A similar increase in combined variance as predicted for
switching to the best cue only would be found for a standard devi-
ation of 6% in the cue weights.
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Fig. 6. Median response times, averaged across observers, for the cue consistent
conditions (white bar) and the cue conflict conditions (gray bar) with the between
observers standard errors.

Observers consistently took longer to match cue conflict trials.
This justifies our choice of reference slants for the stimuli, because
it means that observers must have noticed the conflict in some
way. However, this difference in response time could be a con-
founding factor.

Observers probably took longer to answer because the two sur-
faces never looked exactly the same in the cue conflict trials (Mul-
ler et al., 2007) so that they were satisfied less quickly. Taking more
time could, however, in itself help observers to make more precise
settings. If this is the case, then the failure to find the intuitive rela-
tionship between the cues (Eq. (9)) may just be the result of
observers making their decision when they reach a certain level
of precision.

5. Control experiment

We conducted a control experiment in which observers could
not vary the time they took to make their decisions, so they could
not take longer to make their settings to compensate for a lower
instantaneous precision.

The control experiment was essentially the same as the main
experiment, but the time that observers could look at the surfaces
for making the slant judgments was limited. This way observers
could not decrease their variance for the conflict trials by taking
more time.

5.1. Methods

We used the same setup and stimuli as in the main experiment.
The reported data is for the same 10 observers for whom we re-
ported the data in the main experiment (Fig. 5). The stimuli in this
control experiment were also identical to those in the main exper-
iment, but we used a two-alternative forced choice paradigm. On
each trial observers were presented with two slanted surfaces,
shown side by side for 1.5s. Observers were asked to judge
whether the slant of the probe surface was larger or smaller than
that of the reference surface. Pilot sessions with two observers
and various stimulus durations showed that 1.5 s was short en-
ough to lead to more variable settings in all conditions. This was
important because finding more variable responses in both condi-
tions is an indication that viewing time limits performance in both
conditions, and thus that the full presentation time is used. The

slant of the probe surface was varied according to a staircase pro-
cedure. The same six reference surfaces that we used in the main
experiment were used as the reference for six staircases that were
all interleaved during one session. The initial slant of the probe sur-
face was 57.5° for all staircases. If an observer judged the probe
surface to be more slanted than the reference surface, the probe
surface was 2° less slanted on the next trial for that condition. If
it was judged to be less slanted, it was 2° more slanted on the next
trial for that condition.

5.2. Analysis

We determined the proportion of “more slanted” responses for
every combination of slants of the reference surface. We fit a
cumulative Gaussian distribution to these values for each condi-
tion (weighted by the square root of the corresponding number
of presentations) to estimate the variance in the settings. From
these variances we again calculated the combined variances of
Eqgs. (8) and (9) using the procedure outlined in Fig. 3.

5.3. Results

The results of the control experiment are shown in Fig. 7. The
combined variances are larger than in the main experiment in both
conditions, confirming that the precision was influenced by limit-
ing the time. As in the main experiment (Fig. 5), the combined vari-
ances for the cue consistent conditions (white bar) and for the cue
conflict conditions (gray bar) are not significantly different
(p =0.96). This supports the counter-intuitive prediction made by
optimal cue combination as formulated in Eq. (8). Again, the pre-
dicted value for using the best cue only is clearly larger.

5.4. Discussion

The results of the control experiment suggest that the fact that
observers took longer to make their settings on cue conflict trials
than on cue consistent trials in the main experiment did not influ-
ence the precision of their settings. Observers probably did not
take more time in the cue conflict trials than in the cue consistent
trials to compensate for being less certain about the slant, but more
likely postponed their decision because the match looked less
satisfactory.
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Fig. 7. Results for the control experiment. The bars show the combined variances
(averaged across 10 observers) in the cue consistent conditions (white bars) and cue
conflict conditions (gray bars), as well as the predicted values for using the best cue
only (light gray bars). with the between observer standard errors.
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6. General discussion

In this study, observers were asked to match the slants of two vir-
tual surfaces. In the trials with conflicting cues the cue consistent
probe surface could never look completely identical to the reference
surface, whereas in the cue consistent trials it could (Hogervorst &
Brenner, 2004; Muller et al., 2007). Therefore, having to match two
surfaces makes the prediction based on optimal cue combination
(that the variances for conflict trials and consistent trials will be
equal), even more counter-intuitive than it is for judgments of a sin-
gle surface. Nevertheless, observers were just as precise in matching
the slants of the cue conflict stimuli as they were in matching the
slants of the cue consistent stimuli. Moreover, observers were more
precise than they would have been if they had switched to using only
the mostreliable cue in the cue conflict conditions, although this was
not statistically significant (paired t-tests).

Several studies have shown that cues are combined optimally
when the stimuli do not contain noticeable conflicts (Hillis et al.,
2004; van Beers, Sittig, & Denier van der Gon, 1999). In our study,
observers seem to have registered the conflicts, because they took
longer to match reference surfaces for which the cues were in con-
flict than ones for which they were not (Fig. 6). If we assume that
the cues in our study were combined optimally when not in con-
flict, our results imply that these cues are also combined optimally
when they are noticeably in conflict.

Deviations from optimality have been found when the cues do
not clearly belong to the same object because the cues are not spa-
tially congruent (Gepshtein, Burge, Ernst, & Banks, 2005). Cue com-
bination can therefore be regarded as robust in the sense that the
visual system does not combine cues at all cost (see Knill, 2007).
Therefore, one might expect cues to no longer be combined opti-
mally as soon as a conflict is registered. Our results show that this
is not the case. At some point, the conflict will become too large for
optimal cue combination (van Ee et al., 2002). The conflicts used in
our study were quite large (15°, which is about 10 times as large as
the SD in the settings), and yet they apparently fall within the range
for which cues are combined in a statistically optimal manner.
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