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This paper preserts a multi-differential neuromorphic approach to maion deedion. The madd is based evidence for a differential
operators interpretation of the propertiesof the @rtical maion pathway. Wediscusshow this stiategy, which providesa robust neasire
of spea for a range of typesof image motion using a single conputational mechanism formsa usdul frameverk in which to deelop
future narromoiphic maion sysems.We also discuss bdah our approachesto developing computational motion madels and congraints
in thedesgn strategy for transferi ng motion malds to other domans of eary visual processig.

1. Nature as a Design Template for Neuromorphic
Visual Systems

Nature, through the processof ewlution, has developed
efficient and robug sratges for the processng of
environmenal visual informaion. These agorithms have
been optimised over aeonsto maximise survival in the red
world. Ore of the most fundamental visual sensory abilities
that living biological systemsrequire is the capacity to detect
the motion of objectsin the surrounding environment. These
movenens can be indicative of predator or prey, and alow
the organism to chart its own movement through the world.
It is not therefore surprising that there has been substantial
effort devoted to developing motion-detecting chips based
on bhiologica models. Many of the current neuromorphic
approaches to developing motion sensitive chips make use
of models for insect visua systens. Specificaly the
correlation based approach of the Reichardt model has been
used as atemplate in motion chip design > and incorporated
into autonomous robots.®

The fly has obvious advantages as a model i.e.
smell size, tractable neura sysem and proven
environmertal functionality. We should however not limit
our endeavors to emulate only fly vision, there are other
interesting biologica visual systens to copy. The fly
correlation model does have a number of fundamental
drawbacks. The basic correlation method is unable to
function independent of the contrast of the moving object, a
high output signad may be due to a high object contrast
rather than a good spatio-temporal correlation. A single
correlator is velocity tuned; it gives a peak response for a
particular velocity that is fixed by the structural spatio-
tempora parameters used. It is not therefore able to recover
the actua velocity of an object moving at arbitrary speed.
While these problems may not preclude the use of this
model in certain specific gpplications, it lacks a genera
environmertal robustness. By examining the cortical visua
processing of higher animals, and man himself, we may be
able to uncover matherretical principles that are more robust

and could greatly enhance the sensor abilities of autonomous
robots.

To discover these principles we can undertake
psychophysical and neurophysiological studies of primates
and formulate explicit mathematical models of the cortical
motion pathway. This computational model provides a
framewak that permits the biologst to attribute
mahemaicd fundiondlity to neuo-anaomical structures
and provides the psyctologist with an understarding of the
processes underpinning a swbject’'s psydophysical
performarce. The robotics researcher gains an algorithm for
the perceptua process, which can then be implemented in
suitable hardwere. Production of a matheretical model will
aso dlow the generation of predictions that can then
subsequently be tested experimentally. Feedback may be
exploited to modify the model to better gpproximate the
experimental neurophysiological and psychophysical data.
With luck, this incremental modelling approach will
converge on a redligtic and biologically plausible solution,
which a neuromorphic engineer may then subsequently
exploit.

2. Design Principles in Space-tme Models for Motion
Perception

The space-tine image is a device commonly used to
representthe motion of a visual simulus, and is an
importantaid to visualising the current competing models
for motion perception.In this representadbn velocity
becoms an orientaton of the iso-brightness corntoursin
the domain spamed by spaceand time. Ps/choptysical
studies shav that,for human observersperceivedvelocity
and the ability to discriminate small changes in velocity
are largely unaffected by randamising the spatial and
temporal frequencies of observedsinusoidal gratings so
long as the physical speed remained corstant* This
finding has beentaken to imply that at some level within
the motion processig scheme thereis an explicit codefor



velocity. The modelwe will preset in this papershows
how this encodig may be achéved.

In line with a vag body of experimertal data, all
models of motion arglysis in the manmmalian visud sygem
take as their starting point the existerce of low-levd spatio-
tenporal filters. However models can, and do, differ on the
proposed strategy used by the visual sysem to both form
these spatio-tenyporal filters, ard the rules by which these
filters are comhined to compue mation. There are currently
two main low-level approaches to the modelling of motion
processing, Fourier Energy and Gradient methods,
summarised in Figure 1.

Space Space

| ! !
Gradient Space-time
Ratio T/S Orientation

Figure 1. Gradient and Fourier energy models. In the gradient model the
tempora derivative, shown as T in the above figure, is divided by the
spatial derivative, S, to recover the speed. In the Fourier energy
approach abank of gpace-time oriented filters measure the orientation of
the space-time structure.
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In the Fourier Energy approach®® the low level filters, often
modelled as Gabor functions (a Gaussian multiplying an
spacetime oriented sinusoid), are combined to produce
space-time oriented receptive fields, as shown in the right
hand diagram in Figure 1.

" The responses from many different filters, each tuned to a
specific gpatio-temporal frequency, are then pooled and used
to recover speed. The model in effect takes a measure of the
orientation of the local Fourier power spectrum with each
spatio-tempord filter. This model, though currently popular,
suffers from the same drawbacks of sensitivity to contrast
and filter velocity tuning as the Reichardt correlator from
which it evolved. In addition where the stimulus power
spectrum does not consist of components oriented about the
frequency space origin, for example non-rigid motions or
texture defined (second-order) motion, the basic Fourier
energy model does not operate reliably, see (Ref.7).

In the Gradient approach the ratio of a temporal
derivative filter T and the spatia derivative filter S is taken
to recover gpeed, seeleft hand diagram, Figure 1. The filters
are modelled as fuzzy derivatives (a Gaussian multiplied by
a Hermite polynomial), see (Ref.8). This ratio technique is
insensitive to the contrast of the stimulus and gives a direct
measure of stimulus speed.

We may distinguish between the biological validity
of these two potential frameworks by examining how the
measured cell profiles match the mathenetical classification

of the low-leve filtersin the two models. When undertaking
such a venture it is aso important to examine both the
biological plausibility of the mathenetical operations used
and the steps in data fitting through which any erroneous
classification may occur. In the next section we present
evidence for a derivatives based interpretation of the cortical
motion pathway.

3. Modelling the Temporal and Spatial filters: Biological
evidence for fuzzy derivatives

Three separate tempora channels that, in parallel, shape the
time course of the visual signa have been identified
psychophysically in humars using a masking paradigm.’
The process of temporal differentiation can model accurately
the relationships between the three experimentally measured
temporal frequency sendtivity functions. Johnston and
Clifford™ show that the frequency domain descriptions of a
causal, biologically plausible, Gaussian function of log time,
and its first and second derivatives give an excellent fit to
the psychophysical data. The log Gaussian has only two
parameters to specify its shape.

In the spatial domain the form of the cell receptive
fieldsin early visual cortex may be accurately modelled with
blurred derivative of Gaussian functions.* As the order of
differentiation increases, these derivative of Gaussian
functions become tuned to higher spatial frequencies giving
rise to the range of independent spatial channels found
experimentally. Young aso preserts eviderce that the
distribution of zero-crossings of spatial receptive field
shapes in monkey ard cat are described better by Gausian
derivatives than by Gabor functions™ This physiological
and psychophysical data would seem to provide evidence
that the visual system implements a filtering process using
fuzzy derivatives, evidence that supports the gradient based
scheme. The fuzzy derivative model has only one parameter
to fit, the variance of the underlying Gaussian. Gabor
functions require two fitting parameters, the spread of the
Gaussian and the spatia frequency of the underlying
sinusoid and therefore may have a greater opportunity to fit
the experimenta data. All orders of the derivative receptive
fields can be formed by the hierarchical superposition of
spatially offset circularity symmeric Gaussian receptive
fields, smilar to those recorded in the LGN (Ref.11)

4. Accounting for Hierarchical Organisation and Non-
linear Propertiesfor Cortical Cells

To remain trueto the philosophy of the neuromarphic field
we mug be able, thorough our computational algorithm, to
account for recogrised structures in the biological sysem
we wish to copy. In addition to the low-levd filters there
are a numter of well-edablished cell typesin the visud
cortex. Thes cells are oftenreferred to assimde, compex



and hyper-compex or erd stopped, based on their
responses to moving graings? To smply have this
catalogue of cdl typesis not, howewr to have a model of
visual perception, in the sameway asa zoo is not a model
for naturd sdledion. It is necesay to have a theoretical
framewak which can specify how these cell properties
come about and understand how the cells comhne to give
rise to the perceived visud experierce. We hawe
demonstrated that the multiple measwves model we present
in this paper allows a unifying theory by which the
properties of the known hierarchy of cortical cells may be
described.’**® Additionally if we consder the nondinear
properties of complex cell s spatio-temyoral receptive fields
which researches measue using two-bar interadion
techniques™* we find that our moddl gives the required
spacetime  orierted  interaction  field measured
physologically .®

5. The Multiple Measures Model; Conditioning the
basic gradientmodel

Asillugtrated in Figure 1 the simplest model that allows the
recovery of speed from the spacetime image structure is to

form the
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(2). Thisisthe basic gradient ratio model and recovers the
speed independent of the stimulus contrast. Tanner & Mead
have implemented a version of this mechanismin a motion
chip, (see Ref. 16, Chapter 14). There is however a
sgnificant problem associated with this formulation; where
the spatial derivative of the space-time images becomes zero
the denominator vanishes. Divison by zero is
mathenetically undefined, thus the simple gradient ratio
model cannot recover the speed at all pointsin the stimulus
This computation is mathematically ill-conditioned.
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spatialy pool values of
the spatid derivative in a local neighbourhood to form the
denominator.!” However it is known that the visual system
measures at least three orders of spatia derivative™ and
takes three orders of temporal differentiation.’® In principle

therefore it would be possible to form low level filters to
caculate the speed using different orders of differentia
operators, asgivenin Egn. (2).

Through correctly balancing the ratio so that the
numerator aways carries one order of tempora
differentiation more than the denominator, and the
denominator carries one order of spatial differentiation more
than the numerator, the cortex can have access to numerous
measures of speed. These multiple measues of speed are
dill individually mathematcally ill conditioned, with the
denominator able to take on zero valuesét turning points on
the spacetime image. We may now, however, form two
vectors X and T as shown in Egn. (3), which contain the
results of applying the fuzzy derivative operatorsto theimage.
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each podition within the vectors the term in X contains one
more spatial derivative than in T, and in the T vector each
term has one more order of tempora differentiation than the
corresponding termin X.

To recover the best gpproximation to the speed from
each of the measures we gpply a least squares formulation to
the vectors X and T, recovering a single value v'. The scalar
product on the denominator of Eqgn. (4), X.X, is now a sum
of squares and therefore is always non-zero where there is
spatial structure to measure. At maxima, minima and points
of inflection in the space-time image the three orders of
differentistion ensure that a least one term on the
denominator is non -zero.”? Substituting the local Taylor
series expansion for the point on the space-time image™? may
further enhance this model. The model canalso be exterded
to recover a robust meagure of motion in two-dimensonal
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(Ref.13) for

details ard a disausson of this mocel’s redstarce to image
noise. Our approach is based on the gereral design strategy
that to resolve mathemaica ill-corditioning the human
visua sygem takesmultiple measures of the stimulus rather
than to introduce arbitrary image deperdart parameérs
such as threstolds. Such a multiple measues strategy both
increases robugness, and when trarsferred to hardwaere,
removes the requiremen to tune or retune model



parameters during operation, so allowing truly autonomous
operation.

5. Comparison with other Motion Analysis Methods and
Applicationto Natural Image Sequences

Barron, Fleet and Beauchenin have undertaken a
systematic anaysis of the perfomance of a number of
popular motion models’® We have also assessedthe
performance of the two dimensonal version of our
multiple-measures modef® usng Barron’s performarce
meric and teg maion sequerce.

Figure 2 Recoveredoptical flow field for traffic seqience.The
needle diagram illugtrated shows the direction and speed of the motion
at each point in the field. The length of the needle represents speed. A
representativémagefrom thetraffic seqience used ishowninsetat
top right.

To give a comparableperformance measire we follow
Barron and calculate the angular error in space-tine
orientation betveen unit vectorsin the direction of the

correctimage velocity vector V. andthe modelestimated
velocity vector v, .

The angdar error term ) . =arccosy, [V,) was

calculatedat eachimage position. Table 1 summarisesthe

resuls for a synthetic image sequace usedby Barron, a

translathg sinusoidalchedkerboard(sine2).We alsoshaw

resuls for the Horn and Schunck and Lucasand Kanade
methods fron (Ref.18).

It can be seentha, for this particular test
moation segience, oumodelperfoms betterthan the other
two gradient methods, giving rise to lower average
angular errors.We havealso applied the multi-diff erential
model to natural image sequences. The recovered velocity
field for a traffic scene is shown in Figure 2. The model
clearly picks up the movement of the two dark cars moving

rapidly past in the foreground, and the white car turning into
the sde dreet. This sequence suffers from real detector
noise, yet the model can recover the motion and produce
sharp motion boundaries without recourse to additional
constraints, smoothing or iteration.

Table 1. Corpaiisons of mabn algorithms Average angular error ah
standarddevidions (S.D.)shown for eacimethal.

Method Av. Ang. Error S. D.
Lucas an&anade 2.47 0.16
Horn andSchunck 0.97 2.62
Multi -Differentid 0.40 0.43

6. A Design Principle for Neurmorphic Vision:
Ockham’s Razor and Second-order Motin

When designing neuromarphic sen®r sysems, for use in
say auonomousrobots, it is sensible to pursue an approach
of minimum compgexity. Invoking Ockham's razor "It is
vain to do with more what can be done with fewer' (Ref.19)
designers will terd to incorporate only the minimum set of
featuresfor the required functionality. There is no reason to
assumethat the process of biologica ewlution does not
adhere to this philosophy, being driven by the same
optimisation criteria asthe engnear. When confronted with
visua pheromera that cannot be accounted for by an
established model, there is a tendercy for reseaches to
postulate an additional visua chanrel to account
specificdly for this new data. We prefer to adhere to
Ockham's razor ard seek to explain the greatest range of
psychophysical ard neurophysiological results with a single
model.

Currently the gereral view held is tha the visud
sygem operates usng Fourier enegy mechanisms (Figure
1) to recover the orienttion of the Fourier power spectrum.
This has been chdlenged by psychgphysicd invedigatons
of second-order or texture based motion.”

A second-order motion stimulus, for anexampge stimulus
see Figure 3, is condructed so tha the Fourier components
of the mation are not oriented through the frequercy space
origin. Exampes of seond-order mations are the
movemer of a contrag modulation over a field of rardom
noise, or the movemen of a contrag enwelope over a
moving sinuid. Subjects observe the mation of second-
order signals, though such mations are invisible to Fourier
energy models, and herce to all neuwromaphic sysems
based on this approach. It has been proposed that an
additiond, parallel nondinear motion pathway exsts
specificdly for the recovery of second-order motion.” A
rectifying front-end filter is added to the badc Fourier
energy chanrel to demauate the sgnd back to the
frequercy space origin and so alow the movemen to be
detected.



The full version of the model presented in Section 5 is
able to extract the speed from a number of second-order
mations  We were able to predict correctly the perceived
speed in the low contrast areas of a second-order contrast
modulated sine grating® see Figure 3, providing
psychophystcal validation for our model.

Space
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Figure 3. The space-time image for a second-order motion: a contrast
modulated sine grating. The contrast of the carrier grating is modulated
by the second sine grating. In the stimulus shown the sinusoidal
contrast envelope, the gray areas, moves to the left over time with the
underlying sinusoidal carrier moving to the right. Both gratings are
moving at the same speed but in opposite directions.

We are adso able to explain a number of
apparent mation illusions,’ the perception of which has, in
the pad, been atributed to separate mation mechanisms
These abilities arise not through a spedfic dedgn stage, but
as rather as an emagent property of the nondinear
processes in the model, the primary am of which is to
extrad arobug meaure of visud mation.

7. Towards a General Mathematical Framework for
Visual Processing: The Plenoptic Function

If we have deweloped a successul approach for mation
analysis, can we apply the samedesign strategy to other
visual tasks? The input from the environmer to the visual
sydem can be representd as a multi-dimensona function
of space, time, wavelengh ard viewpoint.”* This plerpptic
function contains all the information necessary to congruct
the basc meaues of the visud process by computing
measuemerts of oriertation in this muilti-dimengonal
space. What then is the mechanism by which the visual
sydem recovers this orienttion for a given sub doman of
this space? It is common for reseachers to mode the
differert mectansmsby direct andogy. So, for exanple,
Fourier energy models for motion perception congruct
gpace-time orierted receptive fields in dired aralogy to the
gpatial oriertation columnsfirst reported in cortex by Hubel
and Wiessl. % This aralogical approachto model building is
underpinned by the assunption that the mahemaical
formdism of the pleroptic function alows the
computationd principles for measuing oriertation in the
space-space doman to be simdy trangorted to spacetime
to measue velocity, the oriertation of structure in space-
time. Such a notion hasfrequently underpinned theoretica

thinking for developing models in other perceptual domais
for exampe stereo disparity.?

To test the vdidity of this trarsfer hypothesis, a
psychophysical invegigaion comparing the pattern of
resuts for a contrast modulated grating in spacetime and
space-spae was undertaken In the spatia tak observers
were asked to math the perceived spatial orienttion of the
low contrast regons of the modulated grating to that of a
simple sine grating. In the motion aralogue observers were
asked to match the speed of the low contrast regons of the
modulation to that of a moving sinegrating.

The pattern of resdts can be summaiised as
follows, Figure 4. In the spatia doman orientation was
perceived veridically whencarrier and envelope orienttion
were paralel or orthogonal. The largest error in perceived
orientation, which could be as much as 10°, was produced
when the carrier was vertical.* In the space-time domain
the samestimulus gave a veridical speed mach only when
carrier ard envelope were parall €, asthe carier oriertaion
(speed of thecarrier grating) moved towardsthe orthogond
condition observers perceived a slowing down of the low
contrag regons When carier ard ervelope were exactly
orthogonal observers perceived the low contrag regons to
be stationary. ™

Veridical

2D Space
Space-time

Parallel Orthogonal
Carriermodulation argle

Figure 4. An illustration of the two distinct forms of dependency of

percelved orientation of the low contrast regons of the modulation

envelope as a function of carrier orientation for 2D space and space-

time, see (Ref. 24).

Perciewed orientation

The eviderce from this psyclophysicd
comparison revesls that the biological sysem uses separate,
distinct strateges for ercoding oriertation in two-
dimengonal space ard spacetime, so invaidating the
smple transfer of models hypotheds. In formulaing valid
models for the diff erert visual moddlitiesit is necessry to
cugomise the mechanism usng domain specific properties

8. Conclusions

In this paperwe have presentedhe principleswe feel are
important when developing a biologically plausible
mathematical framework for the detectionof motion. We
have argued that neuwromarphic vision sysems using the
multiple diff erertial meaue technique have the potertial to



mimic the performarce of the human viswal pathway ard
deal with arange of typesof mation. Additiondly, we have
indicated the potenia advartages in congructing robust
front-erd processors for auonomous sysems using this
design strategy and denondrated the model’ s performarce
with read motion sequerces Findly, we disaus®d the
potential to transfer this multi-measire computational
strategy from the mation doman to othe adlied visual
domains, ard indicated the ussfulness of psyctophysical
experimens to ascertain the validity ard limits on swch
transfers.
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