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NEWS AND VIEWS



Measuring the brain’s assumptions Matteo Carandini A Bayesian model of visual motion perception describes how the brain combines assumption with evidence. A new study in this issue tests and expands the model, building connections between perception, the environment and neural responses.



Ever wondered why people drive so fast in fog? They might think they are driving slowly. This is because the perception of visual motion is affected by contrast: stimuli of lower contrast generally appear to move
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more slowly than stimuli of higher contrast1,2. When fog reduces contrast, drivers may think they are maintaining a constant speed when, in fact, they are accelerating3. It might seem puzzling that our otherwise smart visual system would make such a dangerous mistake, but think about the constraints at hand. Visual scenes contain a variety of contrasts, including regions of low or even zero contrast4. At high contrast, neural circuits devoted to visual motion may have little problem reporting the actual stimulus



speed. At low contrast, however, these circuits give smaller responses, which are less distinguishable from spontaneous activity; assigning a speed to their output becomes progressively harder and eventually impossible. One solution is for the visual system to make a conservative a priori assumption that things are usually not moving, and then to allow this assumption to be overruled by evidence that things are indeed moving. At low contrast, such evidence is weak, leaving observers to rely mostly on their assumption
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NEWS AND VIEWS and to estimate that speed is slower than it actually is. An elegant study 5 from Stocker and Simoncelli in this issue provides important evidence in favor of this view by effectively measuring the visual system’s assumption that speed at low contrast is zero and by validating a simple Bayesian model for how the brain overrules an assumption based on incoming evidence. This Bayesian model has shown particular promise in describing the perception of visual motion, suggesting a simple unifying explanation for apparently disparate perceptual phenomena6,7. Bayes’s simple and well-known equation describes an optimal way to combine a fixed assumption with fresh evidence. A Bayesian observer concerned with speed perception would postulate a prior distribution for stimulus speed based on experience and use the evidence at hand to measure the likelihood of any given stimulus speed (Fig. 1a). The observer would then multiply these two probability distributions to obtain a posterior distribution (Fig. 1b). The prior peaks at zero speed (the conservative assumption), and the likelihood peaks around the actual stimulus speed (if the visual system is doing its job); the Bayesian observer takes as perceived speed an intermediate speed, the speed at the peak of the posterior (Fig. 1c). The Bayesian model makes quantitative predictions for the apparent slower motion of low-contrast stimuli. Stimulus contrast determines the strength of the signal and therefore determines the width and height of the likelihood (Fig. 1d). With decreasing contrast, the likelihood becomes more shallow and broad, and the posterior becomes more similar to the prior (Fig. 1e). As a result, perceived speed tends to zero (Fig. 1f). This model makes testable predictions for how an observer should rank the speeds of stimuli having different contrast. In their new study, Stocker and Simoncelli were able to test the Bayesian model much more thoroughly than previous studies8 because they realized that the model predicts not only how perceived speed should depend on contrast, but also the degree of uncertainty in the observer’s judgment. They considered the contribution to this uncertainty of ‘measurement noise’ arising from physical or neural sources. Physical noise could result from variations in eye position and (at low light intensity) from the variability of photon counts. Neural noise could arise from variability at the various stages of visual processing9, particularly because of ongoing activity in visual cortex10. Measurement noise affects the speed at which the likelihood
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Figure 1 The Bayesian model of speed perception, and its predictions. (a–c) The Bayesian model of speed perception; (d–f) how the model predicts that perceived speed depends on contrast; (g–i) how the model predicts a distribution of estimated speeds across trials.



peaks, making it vary across trials (Fig. 1g). Consequently, in each trial, the posterior is in a somewhat different position (Fig. 1h). The resultant variability in estimated speed across trials defines a probability distribution, whose width reflects the noisiness in the posterior’s peak speed (Fig. 1i). Once we know this distribution, we can predict the psychometric function11 for the probability that an observer will judge a test stimulus to go faster than a reference stimulus. The test speed at which the psychometric function crosses 50% is perceived to be equivalent to the reference speed. The slope of the function is a measure of uncertainty in the observer’s judgments11. To test these predictions, the authors collected a large set of speed comparisons. The comparisons involved two stimuli, a reference stimulus of a certain speed and contrast, and a test stimulus of variable speed and contrast1,2,8. They fitted the psychometric functions predicted by the model to the data collected at each combination of reference and test, and used these fits to test the model and to estimate the model’s parameters. The success of the fits provides strong support for the Bayesian model. The authors’ approach also accounts for aspects of the data that would not have been explained by previous Bayesian models6,8. In particular, the new model predicts that the contrast dependence of speed is strong when comparing the test with a reference pattern that moves slowly (for instance, 1 deg per s), but weak when the reference pattern moves fast (10 deg per s). The data presented clearly support this pre-
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diction. Moreover, the results of the model fits revealed some new properties of the prior, which had been thought to be well described by a Gaussian function (as in Fig. 1a). Instead, the authors discovered that the prior has substantially heavier tails (it assigns a higher probability to higher speeds) than had been assumed. The results of this study also suggest new challenges. Given that the model is so successful in the domain of speed perception, one wonders whether the newly developed methods can be applied to more general questions of motion perception. For example, the Bayesian model also predicts phenomena that involve the direction of two-dimensional motion6,7. Can these predictions be made quantitative, and do the data support these predictions? In particular, how could the model be extended to integrate motion signals across space, such as between regions of high and low contrast? Would the assumption that speed does not change abruptly from one location to the next7 be sufficient to account for perceptual responses? Finally, what is the shape of the cost function used by the observers? The new study5 assumed that it is equally costly to misperceive something as moving too slowly as it is to misperceive it as moving too fast. Some mistakes (driving in fog comes to mind) may in fact be more costly than others. At this point, readers might be asking where in the brain, and how, the Bayesian computation could be performed. These are key questions for which at present we
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NEWS AND VIEWS have few answers. We may perhaps agree on how neurons respond to certain stimulus attributes, but we do not really know how the degree of confidence in a given attribute is represented in the brain12. To study Bayesian speed estimation in the primate brain, the first place to look should most likely be visual area MT. Recordings and stimulation indicate that MT is intimately involved in speed discrimination tasks13. One should not expect, however, that the contrast dependence of speed perception should be evident in the responses of individual MT neurons. Instead, just as in the retina and in primary visual cortex, decreasing contrast decreases an MT neuron’s preferred speed14, opposite to the perceptual effect (B. Krekelberg, R.J.A. van Wezel & T.D. Albright. J. Vis. 5, 927a, 2005). It is possible that the contrast dependence of speed perception could result from a simple computation on the population responses, such as a weighted average, where each neuron’s contribution is weighted by its preferred speed, with a bias term favoring responses to zero
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speed15. However, relating these properties of neural responses to concepts of Bayesian estimation remains very much an open question for future research12. For now, Stocker and Simoncelli present tantalizing support for the Bayesian model of motion perception, adding to a growing view that the brain uses Bayesian-like operations to organize actions and form percepts12. The key aspect of Bayesian integration that seems to be shared across these actions and percepts is the multiplication of prior knowledge with incoming fresh evidence, a multiplication that also takes into account the uncertainty in the new evidence. By developing a bridge between the Bayesian model and classical concepts of signal detection that are at the heart of psychophysics11, this study brings the field forward, allowing future experiments to constrain and test Bayesian theories using hard psychophysical data. Using Bayesian theory to build connections between (i) perceived speed and its uncertainty, (ii) a prior based on ecological constraints and (iii) a likelihood that reflects



cortical noise and contrast sensitivity, the authors bring us a step closer to connecting perception, the environment and neural responses. 1. Thompson, P. Vision Res. 22, 377–380 (1982). 2. Stone, L.S. & Thompson, P. Vision Res. 32, 1535– 1549 (1992). 3. Snowden, R., Stimpson, N. & Ruddle, R. Nature 392, 450 (1998). 4. Frazor, R.A. & Geisler, W.S. Vision Res. 46, 1585– 1598 (2006). 5. Stocker, A. & Simoncelli, E.P. Nature Neuroscience 9, 578–585 (2006). 6. Weiss, Y., Simoncelli, E.P. & Adelson, E. Nat. Neurosci. 5, 598–604 (2002). 7. Weiss Y. & Adelson, E.H. AI Memo #1624, MIT (1998). 8. Hürlimann, F., Kiper, D. & Carandini, M. Vision Res. 42, 2253–2257 (2002). 9. Kara, P., Reinagel, P. & Reid, R.C. Neuron 27, 635– 646 (2000). 10. Carandini, M. PLoS Biol. 2, e264 (2004). 11. Green, D.M. & Swets, J.A. Signal Detection Theory and Psychophysics (Wiley, New York, 1966). 12. Knill, D.C. & Pouget, A. Trends Neurosci. 27, 712– 719 (2004). 13. Liu, J. & Newsome, W.T. J. Neurosci. 25, 711–722 (2005). 14. Pack, C.C., Hunter, J.N. & Born, R.T. J. Neurophysiol. 93, 1809–1815 (2005). 15. Priebe, N.J. & Lisberger, S.G. J. Neurosci. 24, 1907– 1916 (2004).
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