


interesting to study the performance impact of using (far) fewer processing elements.

The most mathematically straightforward way to estimate optic flow, is a gradient method: if I =
1(0) is the intensity of light impinging on the retina, we can estimate flow f as:
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(I will use # exclusively to denote retinal coordinates. )

This method is not necessarily the most attractive one though. Computationally, stability issues oc-
cur in areas with little contrast, and physically, the underlying assumption — the intensity reflecting
of an object staying constant — may not always be true.

An alternative class of flow estimators, which I shall use here, employs spatiotemporal filters that
are tuned to a particular spatial and temporal frequencies k and w. The outputs y; of a collection of
such filters can then be used to estimate flow using a population vector approach:

A
(In fact, as I will show below, while this approach may work for narrowly tuned filters, a slightly
more sophisticated combination of outputs is required for broadly tuned filters.)

In silicon, one could easily construct spatiotemporal Gabor-like kernels:
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which give beautiful spatiotemporal impulse responses (Figure 1).

However, implementing arbitrary spatiotemporal filters biologically is not easy. Luckily, it is pos-
sible to approximate these filters by cleverly combining simple spatial filters with temporal filters
[Adelson and Bergen, 1985]. They observe that combining a pair of spatial filters such as sine and
cosine patches with a pair of temporal filters of different time constant yields spatiotemporal filters
much like the ones depicted above in a biologically plausible way. I shall follow that approach,
though I wili use slightly different filters.

Spatial filters
To avoid phase dependency, it is preferable to use a quadrature pair of filters: two orthogonal spatial
kernels K1 and K whose impulse response quadratically adds to a Gaussian:

K+ K2 =G

The most straightforward choice for a quadrature pair of spatial filters would be a sine and a cosine
modulating a Gaussian:
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Figure 1: An array of gabor filters tuned for spatial and temporal frequency could be used to estimate
local optic flow. These mathematically perfect space-time responses cannot be obtained in biology
quite so easily though.

where ov = 2., 5 roughly defines how many positive and negative lobes the filter has.

However, these have the unwelcome property that X 2 tresponds to DC stimuli as well as to gratings,
because [ Kidz # 0. So, I decided to choose an alternative pair that does not suffer from this

problem.

Consider the family of filters:
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By varying $, it is possible to balance | Kﬂf e = 0, at least if o 2 2.5. Results are shown in
Figure 2.

As always, there is a price to be paid. In this case, the spatial frequency response curve of the
filter is slightly broadened. This broadening is likely to reduce the S/N ratio of estimators based on
these filters, but informal tests showed that the effect was negligible compared to the advantage of
DC-tolerance.

Tused o values of 1.5 to 6 photoreceptor distances.

Temporal filters

In keeping with my aim of biological plausibility, I explored the possibilities of filters that can be
built simply from passive dendrites. If a dendrite is modelled as a sequence of low-pass RC filters,
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Figure 2: Impulse responses of the spatial filters X, and
K_. Also plotted is the quadrature sum /K2 + K2,
showing that the envelope of the two filters is in-
deed a Gaussian. For reference, the unbalanced fil-
ters {sin, cos}{az/c) exp (—22/202) are also shown
{dashed curves).
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the output y of a dendritic delay line obeys the following differential equation if driven by input z:
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where 7 = RC and n is the number of elements. In the limit n —+ oo this reduces to a perfect delay
ling, but I'll stick to low 7. I wanted to have a pair of filters with impulse responses that produce
a smooth curve without any local extrema when added in quadrature. Denoting the n-th order low

pass filter with time constant 7 as KT{LT), I found that the following pair fits the requirements:
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where S and L refer to short and long. Figure 3 demonstrates that these filters produce a reasonably
smooth envelope when added in quadrature.

In the following, 7 values of 1.5 to 6 timesteps will be used, and a timestep will be taken to cor-
respond to | ms. (Although this means that the simulation cannot be run in real-time, it is still
preferable to larger timesteps which could easily lead to temporal aliasing when the fly moves
through the world at reasonable velocities.)

Spatiotemporal filters

Multiplying K. against K, ¢ yields the separable spatiotemporal filters shown in Figure 4. By
subtracting and adding pairs of these filters, a set of approximations to gabor patches is obtained
(Figure 5). These are the basic velocity detecting filters I shall use in the following experiments.

Pre-filtering: spatial antialiasing
When images projected onto a real eye contain very high spatial frequencies, the result is a blur,
because of refraction in the lens and eyeball. This is actually a very important feature, because if
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