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Human visual speed perception is qualitatively consistent with a Bayesian observer that optimally combines noisy measurements

with a prior preference for lower speeds. Quantitative validation of this model, however, is difficult because the precise noise

characteristics and prior expectations are unknown. Here, we present an augmented observer model that accounts for the

variability of subjective responses in a speed discrimination task. This allowed us to infer the shape of the prior probability as well

as the internal noise characteristics directly from psychophysical data. For all subjects, we found that the fitted model provides an

accurate description of the data across a wide range of stimulus parameters. The inferred prior distribution shows significantly

heavier tails than a Gaussian, and the amplitude of the internal noise is approximately proportional to stimulus speed and

depends inversely on stimulus contrast. The framework is general and should prove applicable to other experiments and

perceptual modalities.

Human perception of visual motion is biased. In many situations, the
perceived speed and direction of a moving visual stimulus depends
significantly on attributes other than its physical motion. For example,
a variety of psychophysical experiments have shown that perceived
retinal speed is affected by contrast, with low-contrast stimuli generally
appearing to move slower than those of high contrast1,2. Although this
behavior seems at first glance to be a shortcoming, it can be seen as
optimal for an observer who lives in a world in which slower motions
are more likely to occur than faster ones and whose judgments are
based on noisy measurements3,4. This optimal observer model is a
probabilistic instantiation of Helmholtz’s description of perception as a
‘best guess’ as to what is in the world, given the observer’s current
sensory input and prior experience5.

In the modern framework of statistical estimation, the optimal
observer may be precisely formulated in terms of two probability
distributions. First, the variability of a set of measurements, ~m,
is specified as a conditional probability distribution, pð~mjvÞ, where
v is the stimulus speed. The variability is due to a combination of
external sources (for example, photon noise) as well as internal sources
(for example, neural response variability). When considered as a
function of v for a particular measurement, this conditional density
is known as a likelihood function. The second component is a
prior probability distribution, p(v), which specifies the probability
of encountering stimuli moving at any particular speed. According
to Bayes’ rule, the product of these two components (when appro-
priately normalized) gives the posterior distribution, pðvj~mÞ, and
an optimal observer should select a value of v that is best according
to this distribution. Common choices are the mean or the mode.
Contrast-induced biases in the perceived speed of moving patterns

arise intrinsically in this model, assuming a prior that favors low
speeds: lower contrast stimuli lead to noisier measurements,
producing broader likelihood functions, which lead to lower speed
estimates (Fig. 1).

Despite the intuitive appeal of Bayesian models for perception, they
are difficult to validate experimentally because one does not usually
know the prior distribution or the likelihood function. In some cases, a
prior can be deduced from theoretical considerations or measured
from the natural environment in which an observer lives6,7. Some
authors have developed models for the spatiotemporal structure of
natural image sequences7,8. If one assumes a retinal coordinate system,
it is difficult to deduce a distribution for human retinal image velocities
because of the relative effects of body, head and eye movements. Even if
such measurements were possible, conditions in the environment
change over many timescales, and the observer may thus use a prior
that is adapted or even switched abruptly according to sensory context9.
Finally, a Bayesian perceptual system operates under constraints that
may prevent it from representing the true prior. Consequently, the
prior distribution used in most Bayesian models to date was chosen for
simplicity and/or computational convenience3,4.

An analogous set of issues arise in determining the likelihood
function, which defines the stochastic relationship between the mea-
surements and the quantity that is to be estimated. For speed percep-
tion, this relationship can be derived by assuming that image brightness
is conserved10,11 and that measurements are corrupted by additive
noise3,12–14. Bayesian models built on this foundation have been shown
to be roughly consistent with human perception3,4,15,16. However, the
noise characteristics in these models are again chosen for computa-
tional convenience, and are unlikely to provide an accurate description
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