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Abstract

We report the results of a depth-matching experiment in which subjects were asked to adjust the height of an ellipse until it
matched the depth of a simulated cylinder defined by texture and motion cues. In one-third of the trials the shape of the cylinder
was primarily given by motion information, in another one-third of the trials it was given by texture information, and on the
remaining trials it was given by both sources of information. Two optimal cue combination models are described where optimality
is defined in terms of Bayesian statistics. The parameter values of the models are set based on subjects’ responses on trials when
either the motion cue or the texture cue was informative. These models provide predictions of subjects’ responses on trials when
both cues were informative. The results indicate that one of the optimal models provides a good fit to the subjects’ data, and the
second model provides an exceptional fit. Because the predictions of the optimal models closely match the experimental data, we
conclude that observers’ cue-combination strategies are indeed optimal, at least under the conditions studied here. © 1999 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The human visual system obtains information about
depth from a large number of cues. Cues to depth result
from object rotation, observer motion, binocular vision
in which the two eyes receive different patterns of light,
texture gradients in retinal images, and many other
factors (Cutting & Vishton, 1995). Recently, there has
been a significant increase in the number of studies
examining strategies observers use to combine informa-
tion provided by each of multiple cues in a visual
environment (e.g. Dosher, Sperling & Wurst, 1986;
Bruno & Cutting, 1988; Biilthoff & Mallot, 1988;
Rogers & Collett, 1989; Johnston, Cumming & Parker,
1993; Nawrot & Blake, 1993; Young, Landy & Mal-
oney, 1993; Landy, Maloney, Johnston & Young, 1995;
Tittle, Norman, Perotti & Phillips, 1997; Turner,
Braunstein & Andersen, 1997; Jacobs & Fine, 1999).

This article addresses the question of whether or not
observers’ cue combination rules for visual depth can
be characterized as optimal in a Bayesian statistical
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sense described below. This question is important for
several reasons. If observers’ judgments are optimal in a
particular context, then this suggests that their percep-
tual systems are operating in a principled manner
within that context, and that we can use our definition
of optimality in order to reasonably conjecture as to
what those principles are. For instance, an optimal
model based on Bayes’ rule may make assumptions
about the visual environment. If this model provides a
good fit to observers’ judgments, then it is reasonable
to hypothesize that observers may also be making those
same assumptions. Furthermore, if observers’ behaviors
result from a learning process, and those behaviors are
optimal, then this places a strong constraint on hy-
potheses regarding the underlying learning mechanisms.
Proposed learning mechanisms that result in optimal
behaviors are viable hypotheses, whereas mechanisms
that do not result in such behaviors are not.

Some researchers have conjectured that observers’
cue combination rules may indeed be optimal (e.g.
Landy et al., 1995), but there is relatively little available
empirical data that directly evaluates this hypothesis in
a quantitative manner. A notable exception is the re-
cent work of Knill (1998). He asked subjects to make
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judgments about planar surface orientations based on
multiple texture cues. By comparing subjects’ responses
to predictions of different optimal models (referred to
as ‘ideal observers’), he was able to estimate the weight
given to each cue by subjects, and also the strengths of
various assumptions that subjects made about texture
information.

Most investigations assess observers’ combination
rules in a way that does not address the issue of
whether or not these rules are optimal. Sometimes these
investigations make assumptions that preclude the pos-
sibility of evaluating optimality. For instance, Tittle et
al. (1997) had subjects make shape judgments about
stimuli containing binocular disparity, texture, and
shading cues. In order to study subjects’ cue combina-
tion rules, they assumed that subjects’ shape estimates
based on individual cues were veridical, and that these
veridical estimates were linearly combined. Although
these assumptions made it easy to estimate the linear
coefficients that subjects used when combining informa-
tion, they also made it impossible to assess whether or
not the subjects’ cue combination rules were optimal.
Other investigations have shown that observers’ combi-
nation rules are sensible, but not that they are necessar-
ily optimal. For example, Young et al. (1993) used a
perturbation technique in order to analyze depth per-
ceptions based on texture and motion cues. They found
that when either cue was corrupted by added noise,
subjects tended to rely more heavily on the uncontami-
nated cue. While this result suggests that observers
combination rules are sensible, the experiment does not
provide sufficient detail in order to assess whether or
not these rules are statistically optimal.

The present article reports the results of a depth-
matching experiment in which subjects were asked to
adjust the height of an ellipse until it matched the depth
of a simulated cylinder defined by texture and motion
cues. In one-third of the trials the shape of the cylinder
was primarily given by motion information, in another
one-third of the trials it was given by texture informa-
tion, and in the remaining trials it was given by both
sources of information. Two optimal cue combination
models are described where optimality is defined in
terms of Bayesian statistics. The parameter values of
the models are set based on subjects’ responses on trials
when either the motion cue or the texture cue was
informative. These models provide predictions of sub-
jects’ responses on trials when both cues were informa-
tive. The results indicate that one of the optimal models
provides a good fit to the subjects’ data, and the second
model provides an exceptional fit. The results are sur-
prising because the models are strongly constrained
(they are linear), and because the first model has no free
parameters whereas the second model has only one free
parameter. Because the predictions of the optimal mod-
els closely match the experimental data, we conclude

that observers’ cue combination strategies are indeed
optimal, at least under the conditions studied here.
Section 2 describes the two optimal models. Section 3
describes the experiment. In Section 4, the statistical
metrics of bias and variance are used to analyze the
experimental results. The bias of a subject’s response
indicates whether the subject tended to overestimate or
underestimate the depth of a cylinder. The variance of
a subject’s response measures the amount of variability
in the response. The subjects’ data are also compared to
the predictions of the optimal cue combination models.

2. Optimal cue combination models

We define the optimal estimate of visual depth given
motion and texture cues as the depth, denoted d, that
maximizes the probability P(djm, t) where m and ¢
denote the motion and texture cues. Using Bayes’ rule,
this probability may be re-written as

P(d|m, 1) o< P(m, t|d)P(d) (1)

Assuming that the motion and texture cues are condi-
tionally independent given the depth, we arrive at the
equation

P(d|m, t) oc P(m|d)P(t|d)P(d) 2)
where, using Bayes’ rule,
_ P(d|m)P(m)
POnld) =—=p = 3)
P(d|t)P
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The first optimal cue combination model that we con-
sider assumes that the prior probability distributions of
the depth, P(d), of the motion cue, P(m), and of the
texture cue, P(¢), are uniform (meaning that all possible
depths, all possible motion cues, and all possible texture
cues are equally likely). Consequently, we refer to this
model as Optimal Model-Uniform, henceforth referred
to as model OM-U. In this case,

P(d|m, 1) oc P(d|m)P(d]1) 5)

Note that the probability of depth d factors into the
product of two terms: the first term is the probability of
d given just the motion cue, and the second is the
probability of d given just the texture cue. We assume
that the probability distributions P(dfm) and P(dJt) are
Normal distributions. Let d¥ denote the optimal esti-
mate of depth given just the motion cue [this is the
depth that maximizes P(dJm)], and let d¥ denote the
optimal estimate of depth given just the texture cue
[d¥ = argmax, P(dfr)]. If d¥~d}¥, then Yuille and
Biilthoff (1996) showed that the optimal estimate of
depth based on both cues, denoted d*, is given by
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d* = wodE + wd¥ (6)
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and o2, and o7 are the variances of the distributions
P(dm) and P(d[t) respectively. This solution has sev-
eral appealing properties. First, the optimal estimate of
depth based on both motion and texture cues is a linear
combination of the optimal estimates based on the
individual cues. Second, the linear coefficients, the
weights w,, and w,, are non-negative and sum to one.
Third, the weight on a cue, such as the motion weight
Wwm, 18 large when that cue is relatively reliable (the
variance ¢2, is smaller than the variance o2






















