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On the elementary mechanism underlying secondary
motion processing

JOHANNES M. ZANKER*
Max-Planck-Institut fiir biologische Kybernetik, Spemannstr. 38, D-72076 Tiibingen, Germany

SUMMARY

The movement of luminance-defined targets can be easily extracted by elementary motion detectors
(EMDs) of the correlation type which often are referred to as Reichardt-detectors. In contrast to such
‘primary motion’, in ‘secondary motion’ the moving target is defined by more complex features, like
changes in texture, flicker, or local contrast. Such stimulus attributes have to be extracted from the retinal
intensity distribution by some nonlinear preprocessing, before they are fed into motion detectors. An
intriguing case is the perception of the movement of the motion signal, as is present in theta motion, where
an object moves in a different direction than the texture on its surface. A two-layer model of hierarchically
organised EMDs has been postulated to account for such motion extraction. Other than for the first layer,
the computational nature of the mechanism underlying motion processing in the second layer so far is a
matter of speculation, and is therefore characterized here by means of computer simulations and
psychophysical experiments. Random dot kinematograms were generated in which sinusoidally
modulated vertical dot motion defined gratings, and coherence thresholds were measured for the direction
discrimination of a horizontally travelling modulation function. This was done for a variety of spatial
frequencies and speeds of the modulation sinusoid. Thresholds turn out to be lowest not for a particular
speed, but for a fixed temporal frequency of the modulation function (about 1 cycle per second), when
various combinations of fine and coarse, and fast and slow secondary gratings are tested. This result
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favours a correlation-type mechanism over a gradient-type scheme which should lead to a speed-optimum

independent of spatial frequency.

1. INTRODUCTION

Because the visual processing of motion has outstanding
relevance for biological and artificial systems, it has
been extensively investigated both theoretically and
experimentally. There are a number of model proposals
for detecting the displacement of a luminance dis-
tribution in two-dimensional images, accounting for
various aspects of animal behaviour and human
perception (Egelhaaf & Borst 1993). One particular
scheme, the so-called elementary motion detector of the
correlation type (EMD) which is often referred to as a
Reichardt-detector, was originally based on the analysis of
insect behaviour (Reichardt 1961), but later gained
considerable influence in the psychophysical literature
(Sekuler et al. 1990), and also has been applied in
computer vision (Anandan 1989; Hildreth & Koch
1987). This mechanism, which is based on auto-
correlation of the spatiotemporal intensity distribution,
can assume various forms. Besides the purely algorith-
mic formulation it can be interpreted in terms of
logical interactions as proposed independently by
Barlow & Levick (1965), or it can be implemented by
combining spatial and temporal filters in the so-called

* Present address: Department of Psychology, University College
London, Gower Street, London WCIE 6BT, U.K.

energy model (Adelson & Bergen 1985) which can be
formally equivalent to an appropriate version of the
Reichardt-detector (van Santen & Sperling 1985). A
block diagram of the basic model structure is sketched
in the inset left of figure la: the (possibly spatially
filtered) signals from two input elements interact in a
nonlinear way, for instance in form of a multiplication,
after one of the signals is temporally filtered with
respect to the other, for instance by sending the signal
through a lowpass filter; finally the multiplication
result of this subunit is subtracted from that of an
antisymmetrical unit using the same inputs, to increase
directional selectivity (for review, see Borst & Egelhaaf
1989). For image processing in artificial systems, on the
other hand, often another model is applied, the so-
called gradient scheme, which formally derives image
speed from the ratio of the spatial and temporal
derivative of the luminance distribution (Fennema &
Thompson 1975; Limb & Murphy 1975; Marr &
Ullman 1981). A block diagram of a simple realization
of this scheme in terms of discrete operations is sketched
in the inset left of figure 154: in the example the
spatiotemporal intensity distribution is spatially pro-
cessed by a Gabor filter, and the temporal derivative of
this signal is divided by the spatial derivative, which is
increased by a small constant €, in order to prevent
zero denominators (adapted after Buchner 1984;
Hildreth & Koch 1987).
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Figure 1. Motion detector model predictions for luminance-
defined gratings. The average output (of a single detector)
for one stimulus cycle is given in a grey-scale contour plot
(lines indicate steps of 109%, of maximum response; strong
responses are indicated by dark regions) for sinewave gratings
of variable speed (plotted horizontally, in pixels displacement
per simulation step) and grating wavelength (plotted
vertically, in pixels per stimulus cycles); the response
maximum for each wavelength is shown by a dot. (a) The
correlation model consists of 2 input elements (indicated in
the inset model sketch by semicircles; Gaussian shaped input
sensitivity functions with halfwidth of 2.4 pixels, separated by
4 pixels), 2 temporal filters (first-order lowpass indicated by
boxes labelled ‘7,’°, time constant 8 simulation steps), two
multiplication units (nonlinear interaction circles labelled
‘®’) and a subtraction stage (box ‘A’). Gratings with larger
pattern wavelength elicit maximum response at higher
speeds, leading to an oblique optimum response line
corresponding to a constant temporal frequency. (b) In the
gradient model the temporal derivative (box <87/8¢,
approximated by differences between successive simulation
steps) and spatial derivative (box ‘61/6¢°, approximated by
differences between neighbouring points) of the bandpass-
filtered (indicated by box ‘Gabor’, centre-diameter 8 pixels)
intensity distribution (indicated by box ‘I(x, {)’) are divided
(nonlinear interaction circles labelled ‘=), and a small
constant ¢ (0.01) is added to prevent zero values in the
denominator. This model by definition leads — within certain
limits - to the strongest responses at the highest image
velocities.

During the last decade evidence has accumulated
that humans are not only able to detect the motion of
contours which are directly defined by luminance, and
which thus is called primary motion, or Fourier motion
because the perceived direction is predicted from the
spatiotemporal Fourier transform. Human observers
can also perceive secondary motion, which is the move-
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ment of contours defined by other features like changes
in the local contrast, the texture, or flicker (Cavanagh
& Mather 1989). Such stimuli are interesting because
in the spatiotemporal average the Fourier components
of the stimuli do not correspond to the perceived
displacement. Some nonlinear preprocessing s
required for such patterns before the directional
information can be computed, for example by
Reichardt detectors. Accordingly, such motion stimuli,
to provide a distinction with luminance-defined
Fourier motion are referred to as non-Fourter motion
(Chubb & Sperling 1988). When the displacement of
motion-defined contours is considered, as will be
explained below, this term can be misleading and will
thus be avoided in the present context. In a particular
case of secondary motion, which has been termed
‘theta motion’ (Zanker 1990), the borders of a moving
object are defined by discontinuities of the primary
motion signal, having an independent direction: when,
for instance in a random dot kinematogram, an object
is moving to the right which only can be discriminated
from the background because the dots on its surface are
moving to the left, primary and secondary motion
information point in opposite directions; human
subjects can nevertheless clearly identify the direction
of the object’s motion. A two-layer model has been
proposed in order to account for the detection of theta
motion (Zanker 1993), in which a network of EMDs
feeds into a second layer of EMDs and thus extracts the
motion of the motion signal. By means of computer
simulations it was shown that this model structure is
not only sufficient to account qualitatively for the basic
phenomenon, but also predicts the psychophysical
results in a quantitative way.

In these simulations, a correlation-type EMD was
assumed to underlie motion computation in both
layers of the model, mainly to keep the model as simple
as possible. Is this decision supported by empirical
data? One line of evidence will be followed here,
namely the characteristic dependence of the EMD
output on the speed and spatial structure of the
stimulus predicted from the autocorrelation (Varju
1959; Gotz 1964 ; Buchner 1984), which is illustrated
in figure 1 by means of computer simulations (the
simulation methods will be fully explained below). As
might be expected for a reasonable motion detector,
the EMD response depends upon pattern velocity.
When sine grating stimuli are tested systematically in
the simulations, it becomes obvious that for a given
grating the output of the EMD rises to a maximum
with increasing speed, and is reduced when the speed
is further increased. When the wavelength A of the
grating (the reciprocal of its spatial frequency) is
varied in addition, the optimum speed is shifted from
low speeds at low A, i.e. fine gratings, to high speeds for
coarse gratings (see figure 1a). The oblique line
defined by the optimum response in the wavelength-
speed plot corresponds to a constant temporal fre-
quency of the stimulus, meaning that the EMD
responds best when a fixed number of grating cycles
passes the inputs in a given time interval. There is
abundant evidence that this feature is characteristic of
human perception of moving luminance defined
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Figure 2. Schematic sketch of the wavy motion stimulus in which a grating defined by vertical dot motion is travelling
horizontally. The basic pattern is made of randomly distributed black and white dots (shown in big panel in two space
dimensions), which are moving upwards or downwards (indicated by grey vertical arrows). When vertical dot speed
is modulated according to a sine function (shown at the bottom) the wavelength A of this motion-defined grating can
be varied. The vertical speed modulation function is displaced horizontally at variable grating speeds v (large grey
arrow). Although the dots are moving exclusively up or down, providing a (primary) motion energy only in vertical
direction, the horizontal (secondary) motion of the modulation function is clearly perceived by human observers.

gratings (e.g. Watanabe ¢t a/. 1968; Anderson & Burr
1985), and it is widely agreed that correlation type
models can account for the detection of primary
motion (for overview, see van Santen & Sperling 1985
Borst & Egelhaaf 1989; Sekuler et al. 1990). This
particular feature of the correlation type model holds
for other model variants, like the motion energy model
(Adelson & Bergen 1985), but it clearly differs from the
predictions of a gradient type model. The math-
ematical formulation of the gradient model yields an
unambiguous representation of true image velocity in a
purely formal sense, dividing the spatial by the
temporal gradient of a stimulus. Indeed, this charac-
teristic feature of the gradient scheme is produced even
by a rather crude implementation of the model, like
that depicted in figure 14, showing that the response
increases steadily with speed for almost all grating
wavelengths. According to this theoretical prediction,
illustrated by the computer simulation, the speed
optimum should be largely independent of the spatial
frequency of the stimulus grating. One might still
argue that introducing more realistic assumptions
about temporal properties of biological filters into the
model might change the output profile. But it has to be
remembered, on the one hand, that using a variety of
temporal input filters does not affect the basic results
for a wide range of conditions (Srinivasan 1990) and,
on the other hand, that the natural dynamical
limitations of the human visual system (Kelly 1972)
become relevant at much higher temporal frequencies,
well above 10-20 Hz, than those considered here
(around 1 Hz). If such amendments were to be
introduced into the gradient model framework, how-
ever, one would have to be aware that the original
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characteristic feature of the model, and thus the basis
of distinguishing separate model proposals, would be
compromised. Therefore in the context of the present
paper, the somewhat ‘idealized’ scheme of a gradient
detector was used as the alternative to a correlation
mechanism.

A correlation mechanism was used previously for
both the first and the second layer (Zanker 1993),
although this assumption was not based on exper-
imental evidence as far as the second layer is concerned.
Knowing that a correlation mechanism can be clearly
identified by the prediction of a temporal frequency
optimum, this assumption will be tested here. On the
one hand it will be shown, by means of computer
simulations of a two-layer network, that the predictions
formulated for the first layer stimulated with
luminance-defined patterns will hold accordingly for
the second layer responding to motion-defined targets.
On the other hand the task is to provide experimental
evidence that human motion perception in fact shows
a temporal frequency optimum for secondary motion
stimuli. For these two purposes a new variant of the
theta-motion stimulus will be used, which may be
called ‘wavy motion’ because the subjects observing
the computer-generated kinematograms report the
sensation of waves sweeping across the screen. This
stimulus exploits the fact that object motion can be
detected in random dot kinematograms not only when
the dots on the object surface are moving in the same
direction as the object (Fourier motion), or in the
opposite direction (as is the case in the original version
of theta motion), but also when they are moving in an
direction orthogonal to the object displacement
(Zanker & Hiipgens 1994). The direction of vertical
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dot motion in a random dot kinematogram can thus be
modulated with a sine function which itself is moving
horizontally (see figure 2). The essential feature of this
wavy motion stimulus is the fact, that the dots are
exclusively moving in the vertical direction, and that
therefore the primary motion signal is required as the
input to a second layer of motion detectors to extract
the secondary movement of the motion modulation
function.

This wavy motion stimulus makes it possible to vary
systematically the spatiotemporal parameters of sec-
ondary motion by changing the wavelength and
horizontal speed of the modulation function while
keeping the primary motion parameters, namely dot
size and vertical speed amplitude constant. For this
type of stimulus, computer simulations and psycho-
physical experiments can answer the question of
whether a speed or a temporal frequency optimum is
found when speed and spatial frequency are varied in
such a second order motion stimulus. Part of the results
have been published as a conference abstract (Zanker
1994).

2. SIMULATIONS

Computer simulations (IBM workstation Risc 6000,
programs in C) were used to check whether the
predictions derived from the response of a single EMD
to continuously moving luminance gratings will hold
for the more complicated situation of a two-layer
model where a motion signal originating from a
network of EMDs is fed into a second network of
motion detectors. This is a non-trivial question because
the output of the first-layer EMDs will exactly reflect
the profile of the vertical dot displacement only for
quasi-linear partitions of the detectors’ speed-response
characteristic, and random dot kinematograms — being
composed of a limited set of discrete displacements —
are a highly transient and noisy stimulus. The
simulations closely matched the stimuli used in the
psychophysical experiments. The basic units of time
and space in the simulations were the time step
between successive frames of the stimulus sequence,
and the size of each picture element in the stimulus
arrays.

Each stimulus sequence consisted of 8 frames, each of
which was a two-dimensional array (256 x 256 pixels)
of grey values, $(7,7 ). They were generated from a large
random dot pattern, an array of dots (each dot being
2 x 2 pixels square) which were randomly set to the
relative intensity value of 0.1 or 0.9, thus leading to an
average intensity of 0.5 relative units, and to 809,
contrast. Individual stimulus dots were shifted in the
vertical direction following a sinusoid modulation
function with an amplitude of v (maximum vertical
displacement in pixels per {rame). Thus the vertical
displacement Ay of each column ¢ of the random dot
pattern was calculated for a given frame n according to
a sinewave travelling horizontally with a speed of 4
pixels per frame:

Ay, (i) = vsin((i—nk) 27/ A),

with the sine period A and the horizontal stepsize %
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being treated as stimulus variables. For each frame %,
each column i was cut from the large random dot
pattern at a position

n—tk
(X Ype) = (io+i>]‘o+ z Ayn<l))
n=0

starting at a random zero position (i,7,). Since the
vertical positions y, which assumed non-integer values
were rounded to the next integer j, at a displacement
step size of 0.5 the dots move by | pixel every second
frame, for instance.

To illustrate the basic steps of the simulation, the
input and output of the two layers of EMDs is shown
in figure 3 as two-dimensional representations of the
upper half of the stimulus (in this particular case the
basic dot size was set to 4 x 4 pixels, A = 128 pixels,
h = 8 pixels, and v = 4 pixels/frame) for two steps of
the sequence, namely frame 3 and frame 7. In figure
3a, the stimulus is depicted with only 109, of the black
dots being plotted in such a way that the two preceding
frames are shown as medium grey and faint grey pixels
below the current frame, leading to vertical streaks
(dot paths fading with age) in the regions where the
dots are moving. For more clarity, one such region of
upwards dot motion is framed by a thin line which
shows how the modulation function is displaced (by 32
pixels) to the right between frame 3 and 7.

The 8 frames of such a stimulus sequence were fed
into a two-dimensional array of 256 x 256 elementary
motion detectors of the correlation type (EMDs as
characterized in the introduction). To preprocess the
signals in a bandpass fashion, DOG filters (Marr &
Hildreth 1980; Hawken & Parker 1987) were assumed
for the input lines, thus eliminating DC components
and high-frequency noise from the input intensity
distribution. In the digital simulations two rotational
symmetric Gaussians of opposite sign (i.e. one ex-
citatory and one inhibitory) were approximated by
weighted sums across 32 x 32 array elements of the
input pattern. Thus a spatially filtered image £ (i,;)
was calculated for each of the stimulus frames S(i,7)
according to the formula

z=16 y=16

2 X St+aj+y)

r=—16 y=—16
X Gex CXp( _% (X2+]/2>/0'gx) _Gi
exp(—g (x*+y%)/0},)]

The two standard deviations o, and o, which
determine the receptive field size of the input elements,
were kept constant at 1 and 2 pixels, leading to a
halfwidth of the excitatory centre of the filter of about
2 pixels. Excitation and inhibition were balanced by
setting the Gaussian scaling factors G, and G, to
1/2m02, and 1 /2702, respectively, thus leading to zero
filter output for a homogenous input. ,

Pairs of inputs at the array positions (7,,7,) and (i,
Ju) experience a local signal with the time course F, (f)
and Fy(t), which is derived from the spatially filtered
input sequence with an enhanced temporal resolution,
by setting 8 samples per frame to the input value of the
given image. The lowpassed version L, (¢) of the signal

F(ig) =

n
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Figure 3. Diagram of the simulation steps of the two-layer
model of motion processing. (a) 2D sketch of the wavy
motion stimulus at two instances of time (frame 3 and frame
7); the position of 109, of the stimulus dots are plotted in
black, the positions of the same dots in frame 2 (6) in middle
grey, and in frame 1 (5) in light grey; vertical streaks
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(and Lg(f) correspondingly) was calculated as

difference quotien
Ly(t) = Ly(t=1) 4+ [F(t=1) =L, (t=1)]/7.

The time constant 7 of the first-order lowpass filter was
set to 8.0 units of the enhanced temporal resolution.
The time course of the local EMD output after the
subtraction stage is given by

R(t) = F\(8) Ly(t) = F(8) Ly (1)

assuming a perfect balance between the two mirror-
symmetrical subunits. Because the exact time course of
the response is not relevant in the present context, the
final EMD output was calculated as the temporal
average of 8 the consecutive samples which are the
result of the temporal resolution enhancement of 8
samples for each input frame. The particular position
of this output signal within the array R(7,j) was the
centre (again, rounded to the next integer) between
the two inputs. The multiplication was done for
vertically and for horizontally oriented pairs of inputs
which were separated by the sampling base of the
detector, Ag, of 2 pixels. A border of 16 pixels of the
256 x 256 array elements was excluded from the
calculations following the spatial filtering, to prevent
the input filters from covering areas outside of the
stimulus arrays. In the middle panels of figure 3 the
output of the vertical and horizontal EMD arrays is
shown in pseudo-colour code for the two steps of image
motion which are displayed on the left side as stimuli.
The horizontal motion signal (figure 3¢) exhibits a
rather irregular pattern of locally positive (green) or
negative (red) responses. On the other hand, a clear
red-green stripe pattern of predominantly positive or
negative response emerges in the vertical motion signal
(figure 35); this is shifted to the right in the succession
of the two image parts displayed in the figure.

The 8 output images of the vertical EMD arrays
were then used as input frames for the second array of
horizontally oriented EMDs (see model sketch in figure
3). For the purposes of this demonstration, this second
layer was only fed by the output of vertical first-layer
EMDs carrying a strong motion signal, because no
specific assumptions about the interaction of horizontal
and vertical motion information should be made in a
first simulation. The processing of the array of EMDs
in the second layer basically consisted of the same set of
calculations as that in the first layer, with a few notable

indicate regions of vertical dot motion, the thin line frames
a half-cycle (upwards moving dots) of the sine function of
motion modulation, which is shifted by 32 pixels between
frame 3 and 7. (b) and (¢) 2D representation of motion
detector output in pseudo-colour code (red, light grey, and
green areas corresponding to regions of negative, zero, and
positive response, respectively) for arrays of vertically () and
horizontally (¢) oriented EMDs (indicated by sketches in
boxes, conventions as in figure 1); clear stripes of motion
responses can be seen for the vertical EMDs. (d) 2D
representation of the output of the second layer of EMDs (see
two-layer model sketch in box) in pseudo-colour code; the
dominating green regions of positive response reflect the
detection of the motion signal displacement in the wavy
motion stimulus by such a model.
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Figure 4. Spatiotemporal averages of the response (ord-
inates) of the two-layer model (as sketched in figure 3) to
gratings of vertical dot motion displaced horizontally with
various speeds (a) with two grating periods (32 pixels per
cycle indicated by dots, 128 pixels per cycle indicated by
squares). Coarse patterns elicit optimum response at higher
speeds than fine patterns. When the same simulation results
are plotted as function of temporal frequency () the peaks
appear coherent.

changes in details introduced to achieve a reliable
signal in this operation. (1) The output of a set of
12 x 12 EMDs of the first layer, centred around a given
array element of the second layer was averaged, thus
reducing the spatial resolution effectively by a factor of
about 6 similar to a spatial lowpass filter, instead of
using DOG preprocessing. (ii) The sampling base A¢
was increased to 12 pixels, corresponding to the
increased input filter size. (iii) The time constant 7 was
scaled up correspondingly by a factor of 4, to adjust the
sensitivity of the second EMD layer to a similar
temporal frequency range as the first layer. In the right
part of figure 3, the two-dimensional distribution of the
second-layer output is again shown in pseudo-colour
code for two time steps, for the upper half of the EMD
array. The dominating green regions, in these panels
indicate that the second-layer response on average is
positive, corresponding to the motion signal travelling
from left to right. It generally tends to be stronger and
smoother for the later time step (cf. frame 3 output
with frame 7 output). Thus, the simulation shows that
the two-layer network of EMDs extracts the direction
of motion of the wavy motion stimulus.

Phil. Trans. R. Soc. Lond. B (1996)
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In a systematic set of simulations, it was investigated,
how the output of the two-layer model depends on the
wavelength and the speed of the wavy motion stimulus.
For this purpose, the output of the second layer of
motion detectors was averaged temporally for all 8
frames and spatially across the complete EMD array.
This average response was calculated for stimuli with
two modulation wavelengths A (32 and 128 pixels per
cycle) and modulation function speeds £ ranging
between 0.5 and 32 pixels per frame. The dot size was
2x2 pixels, and the amplitude of the sinusoid
modulation function v was 2 pixels per frame. All
model parameters were the same as listed in the
previous paragraphs. The results of these simulations
are shown in figure 4, plotted for immediate com-
parison as function of speed (a) and temporal frequency
(b). It is immediately clear that the coarse grating of
vertical motion (indicated by squares in the plot) leads
to a response optimum at higher horizontal speeds of
the modulation function than the fine motion grating
(dots). When the same data are plotted versus temporal
frequency, the two curves are largely covariant, and in
particular have their peak at the same temporal
frequency. Thus, despite the considerable irregularities
of local motion detector responses related to the
stochastic nature of random dot kinematograms, a
two-layer network of EMDs exhibits a clear temporal
frequency optimum instead of a speed optimum, when
motion-defined gratings of different spatial frequency
are used as inputs to such a model.

3. PSYCHOPHYSICAL EXPERIMENTS

Subjects were seated in a quiet, moderately dark
room and were asked to watch a computer monitor
(Atari SM 124, driven by Mega ST4) binocularily at
a viewing distance of 50 cm. No fixation target was
provided. Sets of Random Dot Kinematograms
(RDKSs) were generated in advance of each experiment
and stored in the computer memory, from which later
the sequences of 24 images were recalled at a frequency
of 50 frames per second (i.e. 20 ms interframe interval,
leading to a presentation duration of 480 ms). The
average luminance was about 48 cd/m® and the
contrast about 989%,. The 6 volunteer subjects (3
female, 3 male; aged between 22 and 37 years) who
were recruited from the institute members and an
undergraduate course, had normal or corrected to
normal vision. One of them was the author, the others
were mildly experienced psychophysical observers, and
all naive to the purposes of the experiment.

Each frame of a given stimulus consisted of an array
of 512 x 128 screen pixels which at the viewing distance
of 50 cm subtended 18.1° visual angle in horizontal,
and 4.7° in vertical direction. Each screen pixel was set
to the bright or dark luminance value at random,
leading to a 50:50 random dot pattern. A vertical dot
speed was assigned to each vertical strip of this pattern
according to a sine function, as described in the
simulation section, which varied between 2 dots per
frame upwards and 2 dots per frame downwards
(corresponding to +3.7° s7'). The initial phase of this
modulation function, i.e. the position of maximum
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upwards and downwards motion at stimulus onset, was the direction of pattern motion correctly in 799, of the
randomised between the stimulus conditions. The  presentations, which is defined as coherence threshold
speed modulation function was shifted horizontally, of direction discrimination. The percentage of noise is
either to the left, or to the right, leading to the used directly in the figures as a measure of the
impression that a smooth wave is sweeping across the  sensitivity of the observers to a given motion stimulus.
screen. The subjects had to detect the horizontal In a first set of experiments, the wavelength A of the
direction of this ‘wavy motion’, which turned out to be ~ motion modulation function was varied between the
a stable percept despite the fact that the only coherent  extreme values of 1024 and 16 pixels (33° and 0.59°),
dot motion, and the corresponding Fourier motion corresponding to spatial frequencies between 0.03 and
energy admitted to the visual system, was in vertical 1.7 cyc/® (0.5 and 32 cycles displayed on the screen).
direction. In the experiments the same two variables Such gratings were displaced by 1 or 5 pixels between
@ were varied as in the simulations (cf. figure 2), namely  successive frames, corresponding to speeds £ = 1.8 or
the wavelength A of the modulation function, ranging ~ 9.1°s™'. The observers were first allowed one or two
— between half a cycle on the screen and 32 cycles on the  practice staircases with a highly visible stimulus
< screen (1024 and 16 pixels per cycle, corresponding to parameter combination, to get acquainted with the
> 'S 0.03 cyc/° to 1.7 cyc/®), and the speed /& of the  task. Then for each subject one threshold was measured
O = modulation function, ranging between one pixel per  for each of 12 stimulus conditions which were arranged
Dﬁ E ten frames and 20 pixels per frame (0.18° to 36°s7'). in random order. The average sensitivity for all subjects
O Before and after the motion stimulus, for an interval of  (n = 6), together with the standard error of the mean,
: o 480 ms dynamic noise (a sequence of totally uncor- is displayed in figure 5, because there were no obvious
related random dot patterns) was presented. The  systematic differences between the individual data. At
= w strength of a given stimulus was varied without  least in the speed range tested here, the spatial
changing the basic spatial or temporal parameters, or resolution for motion-defined gratings is far below that
the luminance contrast, by manipulating the signal-to-  of luminance-defined gratings; whereas standard

noise-ratio of the motion signal, i.e. the number of  spatial resolution of black and white gratings easily
coherently moving dots of the RDK, thus specifically ~ goes up to of 30-50 cyc/® (Kelly 1985), in the present
changing the spatiotemporal correlation which is case sensitivity clearly drops for gratings above 1 cyc/°

PHILOSOPHICAL
TRANSACTIONS
OF

decisive for motion processing. Noise was superimposed (with a minimum period of 16 pixels this is still well
on the previously calculated stimulus sequences by  above the pixel resolution). This reduced spatial
exchanging a certain percentage of screen pixels within ~ resolution resembles the capability of human observers
each frame in a random fashion, which introduces to detect and discriminate motion direction of other
signal components into the sequence which are totally  kinds of non-Fourier motion like contrast-modulated
uncorrelated in time and space (methods described in random dot patterns (Smith et al. 1994). In the model
detail in Zanker 1993). simulation, this feature is reflected by the spatial
A set of stimulus sequences were prepared before  integration at the input stage of the second EMD layer
each experiment in which the superimposed noise was ~ which is needed to smooth the irregularities of the
varied between 0%, and 1009, in steps of 10%,. Linear ~ primary motion signal in a kind of low-pass filtering
increments of noise percentage were used in order to  before it is used for secondary motion extraction.
provide approximately equal differences in subjective When the spatial tuning curves measured at the two

signal strength (see Zanker 19954). Subjects had to  speeds are compared, it is clear that they are shifted
decide in a 2AFC situation between grating motion to along the spatial {requency axis (see figure 5a). For
the left or to the right. Coherence thresholds for slow motion-defined gratings, the human visual system

direction discrimination were measured in a staircase  is sensitive to a range of higher spatial frequencies as
Dy procedure using sets with variable stimulus strength compared to fast gratings where lower spatial frequen-
@ defined by the signal-to-noise ratio. A simple up-down cies are covered by the secondary motion extracting
procedure was used in which three correct decisions  system. To show that the peak sensitivity is not found
were needed to increase the amount of superimposed at the same spatial frequency, the 12 individual data
noise, whereas it was decreased after each false decision sets each were interpolated by natural cubic splines

(Rose et al. 1970; Levitt 1971). The subjects climb up (Stoer & Bulirsch 1980) for each subject on a
the staircase from the starting level of 0%, noise (i.e. the  logarithmic frequency scale. A curve passing through
pure motion signal) from which they needed six correct the mean data points of each of the data sets in figures
decisions in a row to proceed, in order to make sure 5 and 6 is presented to aid illustration. These curves are
that this was seen reliably and is not overcome by  natural splines which have the conservative property
chance. When they reach higher noise levels and make that while being smooth they must pass through the
mistakes, in this procedure they will make sequences of ~ data points. A spline is useful in the absence of any
downwards and upwards steps several times, oscillating parametric model for the frequency tuning. For the
around a cquilibrium level. The staircase was exited ~ purpose of comparing the data sets, splines were
after 4 tops (reversals in the staircase direction from computed for the data sets of each subject. The
going up to going down), and the equilibrium level was averages of peak spatial f[requencies (0.119 and
calculated as the average percentage of noise presented 0.377 cyc/°) derived from these 12 functions differ by
for all decisions between the second and the fourth top a factor of 3.2 which is less than a factor of 5 expected
(inclusively). This value estimates the amount of noise from a correlation detector for a speed ratio of 5, but it
dots just tolerated by the subjects while they still detect s highly significant different from a factor of 1 (i.e. the
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Figure 5. Coherence thresholds in a direction discrimination
task (sensitivity given in 9, noise) to wavy motion stimuli
with variable grating spatial frequencies at two grating
speeds £ (9.1°s7 indicated by dots, 1.8°s™ by squares).
Averages of six observers, with spline approximations plotted
as thin lines, and SEMs as error bars. When plotted as
function of spatial frequency (a), highest sensitivity is
observed for fast gratings at a lower value (peak average at
0.12 cyc/°, indicated by dashed line) than for slow gratings
(at 0.38 cyc/°). The curves have peaks close to each other
(peak averages at 1.08 and 0.69 cyc s, respectively) when
plotted as function of temporal frequency (b).

zero-hypothesis that spatial frequency peaks are the
same can be rejected ; two-tailed students ¢-test on peak
logarithms, ¢, ; _;, = 6.26, p < 0.025) expected from a
gradient scheme. However, when the two sensitivity
curves are plotted as function of temporal {requency
(figure 55), i.e. the number cycles of vertical motion
passing by a given position per second, they both have
their maximum at similar abscissa values of temporal
frequency (1.079 and 0.689 cyc/s™!, not significantly
different, ¢4, ;o =2.42, p>0.025). The vertical
dashed lines in figures 5 and 6 represent the mean
peaks of the individual data sets. As expected these do
not exactly line up with the peak of the representative
spline on the mean data points shown in these figures,
but the fact that the two methods of determining the
peak provide similar answers indicates that the spline
procedure was reasonable.

In a second set of experiments, the wavelength A of
the motion modulation function was set to two fixed
values (64 pixels and 256 pixels). At the viewing
distance of 50 cm thus the grating had a spatial
frequency of 0.43 cyc/® and 0.11 cyc/°, in the optimum
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Figure 6. Coherence thresholds in a direction discrimination
task to wavy motion stimuli with variable grating speed /£ at
two spatial frequencies (0.4 cyc/° indicated by dots, 0.1 cyc/°
by squares). Conventions as in figure 5. When plotted as
function of speed (a), sensitivity is optimum for fine gratings
at a lower value (peak average at 1.37°s™') than for coarse
gratings (peak average at 10.72°s™'). Both curves have
maxima at a more similar value (peak averages at 0.58 and
1.14 cycs™, respectively) when plotted as function of
temporal frequency (b).

range of the prior experiment. These gratings were
displaced at step sizes between 0.1 and 20 pixels per
frame, leading to speeds & between 0.18 and 36° s, For
each of 6 subjects (the same observers as in the first sct
of experiments) one threshold was measured for cach of
12 stimulus conditions, again arranged in random
order. Because all observers behaved qualitatively the
same, in figure 6 again the average results of all
subjects is shown, together with the standard error of
the mean, and the natural cubic spline interpolations
to the averaged data. The sensitivity to discriminate
the direction of a travelling motion signal clearly
depends on the speed of the modulation function;
motion-defined gratings are difficult to be seen at very
high and low speeds, and direction discrimination
reaches an optimum performance at intermediate
speeds. This speed optimum assumes different values
when the spatial frequency of the modulation function
is altered; coarse gratings peak at higher speeds
(10.72°s™") than fine gratings (1.37°s™'). When the
average of peak velocities was determined from spline
interpolation, one subject was excluded from the
statistical analysis, because the interpolation procedure
did not indicate a peak within the range of stimulus
speeds. Therefore a slight mismatch between the peaks
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averages indicated by dashed lines and the peaks of the
splines can be observed in figure 6. The difference in
optimum speed is highly significant for the two spatial
frequencies (¢, , _4 = 7.64, p < 0.025), and the factor of
7.8 is even larger than that that expected for temporal
frequency tuning from a spatial frequency factor of 4.
When the sensitivity is plotted as function of the
temporal frequency of the travelling modulation
function, however, the maxima of the two tuning
functions for secondary motion sensitivity get close,
and the difference between peak frequencies is not
significant (¢, _3 = 2.47, p > 0.025).

4. DISCUSSION

In both sets of experiments, the data do not perfectly
meet the expectations from either model in a quan-
titative sense, probably due to large interindividual
variability in the difficult psychophysical task. But the
deviations from the values predicted by temporal
frequency tuning show no trend in a particular
direction, and the statistical test does not allow one to
reject this hypothesis in either experiment, whereas the
alternative hypothesis, of velocity tuning, can be
rejected with high significance in both experiments.
Thus the critical experimental variable determining
performance for direction discrimination of motion-
defined gratings is temporal frequency. The optimum
temporal frequency, about 1 cycle per second, is close
to the values observed for motion of luminance-defined
sine-wave gratings (see Anderson & Burr 1985; Borst
& Egelhaaf 1989). In combination with the simulation
results and the general predictions for luminance-
defined gratings, the temporal frequency tuning found
here indicates that a correlation type mechanism
should be favoured over a gradient scheme as being the
basis for the extraction of secondary motion from a
spatiotemporal distribution of primary motion signals,
because the latter — at least in its original formulation
— would predict a speed optimum largely independent
of the spatial structure of the function modulating the
motion signal. This suggests that the same elementary
process operates on the first and the second stage of the
two-layer model which was proposed to account for the
extraction of primary and secondary motion (Zanker
1993). What are the limitations for this conclusion?

Only two alternative motion detection mechanisms
were compared here, and other possible schemes were
not considered so far. For instance, a feature tracking
mechanism was proposed for motion detection which
identifies discrete features in the images, and matches
the positions of these features in successive presentations
of a kinematogram (Ullman 1979; Georgeson & Harris
1990). In the context of motion processing beyond
luminance-defined Fourier motion, the nonlinear pre-
processing postulated to underlie secondary motion
extraction can be regarded as some kind of feature
extraction preceding the operations to detect the
displacement of such features. Indeed, a feature
tracking mechanism was at least implicitly suggested to
account for various kinds of complex object displace-
ments (Cavanagh et al. 1989; Lu & Sperling 1995) and
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to explain the perceived displacement in beat patterns
under certain conditions (Hammett e al. 1993). Such a
high-level mechanism in particular would be useful to
detect the position and displacement of discrete objects.
But on the other hand, an operator requiring explicit
object definition would be inferior to more automatic
processing when stimuli are not discrete objects, but
periodic or random patterns. In this case matching the
features can become computationally extremely expen-
sive. Data provided in the present paper match the
specific predictions of the correlation-type model, but
would not be expected from an feature tracking
mechanism because there is no reason why the ideal
token matching, or an implementation of this mech-
anism, should change its speed characteristic with the
spatial structure of the motion stimulus.

As far as the specificity of the correlation model
predictions are concerned, it has to be asked how
explicit the speed dependence and pattern indepen-
dence of the gradient model would be, when possible
amendments of the actual implementation are taken
into account. In an extension of the original proposition
(Limb & Murphy 1975; Fennema & Thompson 1975),
a small constant was added to the denominator in the
demonstration simulation shown in the introduction,
in order to prevent the division by zero (Wang et al.
1989). Still, such a ‘realistic’ gradient model produces
the characteristic (and desired) proportionality of the
model output with image speed. Elaborated gradient
schemes get around the zero division problems by
combining sets of units with different spatial and
temporal parameters, and/or using quadrature pairs of
Gabor filters in the input lines, which are integrated
before the division (Johnston et al. 1992; Johnston &
Clifford 1995). It is not clear, whether this and other
elaborations (Srinivasan 1990; Uras et al. 1988)
respond to variations of speed and spatial frequency as
to be expected from the original formulation. Under
certain conditions gradient schemes are known to
behave very similarly to correlation models, and even
to can become formally equivalent (Wang et al. 1989).
Because in this case the underlying mechanism no
longer offers alternative solutions, in the present
context the term ‘gradient scheme’ refers to the
original model design, attempting to represent velocity
independent of the spatial stimulus structure.

Will the conclusion drawn here for one specific type
of secondary motion stimulus hold for other types of
motion? Besides moving flicker-defined gratings, simi-
lar to drift-balanced (Chubb & Sperling 1988) or u-
motion (Lelkens & Koenderink 1984), other motion-
defined gratings have to be tested. Modulating vertical
speed around various average speeds and with various
amplitudes, for instance, gives access to the effects of
changing mean intensity and contrast of the primary
motion signal. Modulations of vertical motion without
zero crossings, for instance when dots are only moving
upwards but with variable speed, will avoid a minor
problem in the present experiments. In the wavy
motion stimulus applied here, the local temporal
frequency is not the same everywhere in the grating, in
particular there are thin strips at the zero-crossings of
the modulation function in which the dots remain
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Figure 7. Cascade structure of multiple interactions (arrows) between modules to extract local contrast (first row of
boxes), motion (second row), and flicker (third row), which are involved in the visual tasks listed on the right side,
respectively. In these space-time boxes the nonlinear interaction between two neighbouring regions in space, space
and time, or time is indicated by the pairs of circles which are oriented horizontally, oblique, or vertically; the
different circle size indicates the different spatiotemporal receptive field size of the input elements, corresponding to
variations in the resolution of the respective modules. A motion detector of given size (e.g. the one indicated by the
light grey box) can receive direct input from linear spatial filters of appropriate size (symbolized above the boxes as
concentric circles), or after some spatial or temporal integration (ovals labelled by ‘ [*), from higher resolution modules
extracting contrast, motion or flicker. These connections account for the detection of Fourier (‘@’), beat pattern
(“beat’), theta (‘6’), or drift-balanced (‘p’) motion, respectively (for details, see text).

static. These strips, in principle, could be used to feed
motion detectors with a flicker signal instcad of a
motion signal, and thus would not require two layers of
motion processing (cf. Lelkens & Koenderink 1984;
Chubb & Sperling 1988). However, the strips of static
dots are very difficult to detect in the actual stimuli,
and rapidly disappear when noise is superimposed, and
subjects consistently reported that they spontancously
tried to concentrate on the peaks and troughs of the
vertical motion waves, and not on the borders between
the regions of upward and downward motion. When
the vertical speed is kept constant, and the signal-to-
noise-ratio of vertical motion is modulated by a
travelling sine function, it can be furthermore tested
whether all directions of primary motion can be
utilized for extracting secondary motion (similar to the
experiments of Zanker & Hiipgens (1994) for secondary
object motion), and how the effective speed ranges in
the first and sccond processing layer are matched to
each other. The present study left all these questions
open and rather concentrated on one stimulus example
to demonstrate the quantitative match between cor-
relation model prediction and experimental results.
Since highly artificial stimuli like theta motion are
rather unlikely to be experienced outside the lab-
oratory, one may wonder about the biological signifi-
cance of extracting the movement of the motion signal.
Complex mechanisms of motion processing may be
useful when conventional stimulus attributes, like bright-
ness or colour, do not provide sufficient contrast to
detect objects, for instance in a noisy environment
(Braddick 1993). Motion is the decisive visual cue to

Phil. Trans. R. Soc. Lond. B (1996)

break texture camouflage in solving the so-called
‘figure-ground problem’ (Reichardt & Poggio 1979),
and tracking of an animal in the shaking and glittering
foliage of a tree in the wind is a typical example for
spatiotemporal changes of the motion signal distri-
bution conveying the relevant information. The two-
layer network of EMDs from a formal point of view
extends the model proposed for figure-ground de-
tection, in that it not only detects a motion-defined
target, but at the samec time extracts its movement
(Zanker 1994).

To prevent further complication of the picture, the
schematic network in figure 7 is reduced to a skeleton
of all the different modules and all the possible
interactions the visual system is composed of. Under-
standing the various links between the modules as fixed
connections is another simplification. Adaptation,
attentional mechanisms, or experience may be re-
sponsible for variations in particular connectivity
strengths, thus matching the image analysis to the
actual stimulus conditions. Changes wia top-down
processing would explain the results of perceptual
learning experiments, in which the sensitivity for a
specific motion discrimination task improves with
practise (Ball & Sekuler 1982; Zanker 1995¢). Such
plasticity would finally lead to a highly versatile image
processing system which can adapt to the momentary
task utilizing whatever information source would be
available. The crucial point supported by the present
findings is that various kinds of input information may
be used by the same elementary motion detector. The
processing scheme put forward here in some respects
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resembles an earlier proposal by Wilson et al. (1992)
who suggest an identical mechanism underlying pri-
mary and secondary motion processing, which operates
on different inputs and at different spatial scales. After
their view received experimental support from primate
electrophysiology (Zhou & Baker 1993), it will be
interesting to learn how our present and future
knowledge on the perception of various kinds of
secondary motion may be accommodated in a pro-
cessing scheme like that sketched above.
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igure 3. Diagram of the simulation steps of the two-layer
1wdel of motion processing. (a) 2D sketch of the wavy
1otion stimulus at two stances of time (frame 3 and frame
); the position of 109, of the stimulus dots are plotted in

lack, the positions of the same dots in frame 2 (6) in middle
rey, and in frame 1 (5) in light grey; vertical streaks
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1dicate regions of vertical dot motion, the thin line frames
half-cycle (upwards moving dots) of the sine function of
1otion modulation, which is shifted by 32 pixels between
-ame 3 and 7. (b) and (¢) 2D representation of motion
etector output in pseudo-colour code (red, light grey, and
'I“EEI] areas corresponding to regions of I]tlf'gali‘f't‘., Z€10, and
_ ositive response, respectively) for arrays of vertically (6) and
> Zorizontally (¢) oriented EMDs (indicated by sketches in
ﬁglimcs, conventions as in figure 1); clear stripes of motion
sesponses can be seen for the vertical EMDs. (d) 2D
epresentation of the output of the second layer of EMDs (see
.wo-layer model sketch in box) in pseudo-colour code; the
ominating green regions of positive response reflect the
etection of the motion signal displacement in the wavy
10tion stimulus by such a model.
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