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 Chapter 5

A psychophysical signature of a simple cell’s  receptive
field

ABSTRACT

Here we show that stimuli that have the same spatiotemporal structure as the receptive
fields of simple cells in primary visual cortex elicit a strong visual illusion. The envelope
of the pattern appears to move over considerable distances, whereas it remains at a fixed
position in reality. The illusion can be understood by assuming that simple cells code
elements in visual scenes that differ in spatiotemporal structure from the receptive fields
themselves, but correspond to independent components of the scenes. For natural
scenes these components resemble moving edges and bars. Excitation of a simple cell is
then interpreted by the visual system as signifying the presence of such a component.

INTRODUCTION

The spatiotemporal receptive fields of simple cells in primary visual cortex (DeAngelis et
al., 1993) resemble so-called moving Gabors with a fixed envelope (below such a pattern
will be called FMG = Fixed Moving Gabor). Figure 1a shows an example of an FMG: it
consists of a moving sinusoid running beneath a spatial Gaussian envelope, with its
contrast modulated by a temporal Gaussian envelope. For the receptive fields of simple
cells (DeAngelis et al., 1993) one finds a similar spatiotemporal sequence of excitatory
and inhibitory response bands. This produces the basic properties of these cells: they
are band-pass in spatial and temporal frequency, localized in space and time, and have
preferences for spatial orientation and for orientation in space-time (velocity, Adelson &
Bergen, 1985).

When a stimulus is given that matches the receptive field of a (visual) neuron, this
neuron will generally be strongly or even optimally excited. Thus stimulating a simple
cell with an FMG as the stimulus will vigorously excite the cell. Nevertheless, it is
generally assumed that the normal adequate stimuli for simple cells are not FMG-like
patterns, but rather elementary patterns like moving edges and bars (Hubel & Wiesel,
1968). FMGs are stimuli that are unlikely to occur with significant frequency in natural
scenes. Thus although FMGs are expected to excite simple cells strongly, such an
excitation is more likely to signify the presence of a moving edge or bar than to signify
the presence of an FMG. A recent computational analysis of spatiotemporal image
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sequences (van Hateren & Ruderman, 1998) suggests that FMG-like receptive fields are
well suited for decomposing such sequences into components that have statistical
properties (sparseness and independence) beneficial for further information processing.
Whereas the filters needed to extract the components look like FMGs, the components
themselves look more like moving edges and bars (van Hateren & Ruderman, 1998).

If the above hypothesis on how responses of the simple cells are interpreted by the
visual system is correct, presenting an FMG to the visual system may be expected to
make the visual system believe it is viewing a real moving object, rather than a fixed
envelope with movement within. Then this will lead to a visual illusion. Here we perform
experiments designed to test this hypothesis.

METHODS

Stimuli were produced by calculating short movies, loading these into the framestore
memory of a VSG2/3-interface card (Cambridge Research Systems), and playing them
back at a rate of 200 frames per second on a Joyce DM4 monitor (AE type fast
phosphor). The monitor was viewed monocularly via an optical system that produced,
via a half-mirror and accessory optics, a homogeneous optical surround of 13.5 degree
diameter. Average luminance of monitor and surround was set at 10 cd/m2. In control
experiments with direct viewing of the monitor, but without surround, we found at a
luminance of 100 cd/m2 identical results as for Fig. 2 below, both for monocular and
binocular viewing. The angular distance between neighbouring pixels on the monitor
was 0.42 arcminutes.

The FMGs and SMGs (= Shifting Moving Gabors, see Results) of the experiments of
Figs 1, 2, and 4 are described by an intensity profile I, as a function of horizontal visual
angle x, vertical visual angle y, and time t
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with I0 the average luminance, x0 , y0, and t0 constants determining the position of the
pattern in space and time, the envelope velocity ve = 0 for FMGs and ve = vs = ft /fs for
SMGs, with vs the velocity of the sinusoid, a a constant that gives the instantaneous
FWHM (Full Width at Half Maximum) of the Gaussian of 6.67 arcmin along the axis of
the movement of the sinusoid, b a constant that gives a FWHM of 8.34 arcmin in the
perpendicular direction (i.e., the aspect ratio is 1.25), and c a constant that gives a
temporal FWHM of 80 ms. The spatial frequency is fs = 9 cycles/deg (corresponding to
one cycle per FWHM), and the default temporal frequency is ft = 10 Hz. This
corresponds to vs = 1.11 deg/s.
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Figure 1. a. Cross-sections of an FMG (= Fixed Moving Gabor), consisting of a fixed Gaussian
envelope (broken lines) modulated with a temporal Gaussian (5 panels shown at consecutive
times), beneath which a sinusoid moves. Arrows indicate a corresponding peak. Spatial scale in
arcminutes. b. Cross-sections of an SMG (= Shifting Moving Gabor), similar to a, but now with
the Gaussian envelope moving along with the sinusoid. c. Fraction of presentations for which a
moving Gaussian was perceived faster than an FMG (filled circles) or faster than an SMG
(crosses), as a function of the velocity of the Gaussian. Average and s.e.m. of data from 4
subjects. See text for further explanation.

The stimulus of Fig. 1 consisted of an FMG or SMG, with the phase ϕ in Eq. (1) chosen
to be zero; in control experiments no influence of the phase on the results was found.
The FMG or SMG was followed after 400 ms by a moving Gaussian (temporal FWHM 80
ms, spatial FWHM 7.5 arcmin) with velocities ranging from 0.2 to 1.8 times vs. This
stimulus pair was repeated twice, with 700 ms between presentations. Subsequently, the
subject had to push a button to indicate whether the first or the second stimulus of the
pair was faster. The entire procedure was repeated, each time with a randomly chosen
velocity of the Gaussian, every 5.5 s. Each velocity of the Gaussian was presented 30-40
times.
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Figure 2. Fraction of perceiving a reference stimulus, consisting of a row of FMGs that switch on
consecutively giving an apparent velocity va equal to the velocity of the FMG sinusoid vs, as
more smoothly than similar rows of FMGs with va different from vs. Average and s.e.m. of data
from 5 subjects. See text for further explanation.

The stimulus of Fig. 2 consisted of four FMGs at a horizontal spatial distance (in the
direction of movement) of 13.3 arcmin and a time between them of 200 ms, producing an
apparent motion of 1.11 deg/s. For each FMG, the phase ϕ (see Eq. 1) was chosen
randomly, fs = 9 cycles/deg, and ft was varied to obtain different velocities vs.

The stimulus of Fig. 3 consisted of 8 FMGs with random phase ϕ, rotated and arranged
as shown in the figure. The radius of the circle was 25 arcmin, and the parameters of the
FMGs were as described above. The stimulus consisted of first an outward movement of
the sinusoids of the FMGs (with the FMGs centered in a display episode of 200 ms),
immediately followed by inward FMGs (also centered in 200 ms) produced by showing
the stimulus in reverse. This pattern was then repeated. The resulting oscillation thus
had a frequency of 2.5 Hz. After two cycles of this oscillation, the pattern was swapped
for two cycles of a circle (consisting of a line with a Gaussian luminance profile with
FWHM 1.7 arcmin) with an outward and inward uniform velocity of 1.04 deg/s. In a
control experiment the velocity was 0.52 deg/s, which gave similar results. The inner and
outer limits of the circle diameter could be adjusted on-line by the subject, such that they
would match the inner and outer limits of the movement trajectory of the ring of FMGs.
The FMGs and circle were interchanged indefinitely until the subject indicated that a
satisfactory match had been obtained. At the center of the circles a small fixation point
was present.

The stimulus for Fig. 4 was similar to that of Fig. 1, but now the temporal FWHM of the
FMG was varied between 20 and 400 ms. After 400 ms, a moving Gaussian was shown
(with a fixed temporal FWHM of 160 ms). The velocity of this Gaussian could be
adjusted by the subject. FMG and Gaussian were interchanged until the subject
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indicated that the FMG and the Gaussian had identical perceived velocity. Velocity
judgment was facilitated by a small, fixed dot at 21 arcmin below the FMG and

Figure 3. The ring of 8 FMGs is switching between inward and outward movement of the
sinuoid. The stimulus produces a strong visual illusion of an expanding and contracting circle
travelling over a considerable distance. The circles show the perceived inner and outer limits of
this movement (average; width of the circles shows s.e.m., 7 subjects).

Gaussian. Interspersed there were trials with an FMG with zero velocity of the sinusoid.
The setpoint of the Gaussians for these trials is a measure of a possible velocity bias of
the subject, and this was used to correct the setpoints for moving FMGs. This bias was
small enough for all subjects (between 0.0 and 0.2 in terms of the ordinate of Fig. 4) to
not significantly affect the shape of Fig. 4.

RESULTS

The hypothesis to be tested in this article is whether an FMG is interpreted by the visual
system as a stimulus that is moving as a whole, thus including its envelope, rather than a
stimulus which has a moving part (the sinusoid) but remains essentially at the same
position because its envelope is fixed there. The first experiment is a simple attempt to
test this.

Subjects were asked to estimate the velocity of the envelope of an FMG, and decide
whether that was smaller or larger than the velocity of a moving Gaussian pattern shown
subsequently. The latter had the same size as the envelope of the FMG, and its velocity
was different from trial to trial. For comparison, the same experiment was also performed
with an SMG rather than an FMG. An SMG (= Shifting Moving Gabor) is similar to an
FMG, but with the envelope moving along with the sinusoid instead of remaining at a
fixed position. As a result, an SMG does not change in shape, and moves as a whole
(see Fig. 1b).

Although the results of Fig. 1c are suggestive, they are not conclusive. It may be that
the subjects, even when trying to match the perceived velocity of the envelope of the
FMG, in reality use the velocity of the constituent sinusoid, which is indeed moving at
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relative velocity 1. This is a problem with experiments on a single FMG: how can we be
sure that it is the apparent movement of the envelope that is perceived and used for the
task, and not the moving sinusoid? In order to clarify this point further, we designed two
more

Figure 4. Perceived velocity of the FMG envelope as a function of the temporal full width at half
maximum of the FMG. Average and s.e.m. of data from 6 subjects.

experiments. These experiments use composite patterns of FMGs that contain higher
order structure, and we seek to test whether this leads to percepts that are consistent
with apparent movement of the FMG envelope, but that are more difficult to reconcile
with just the perception of a moving sinusoid.

Figure 1c shows the fraction of presentations for which the Gaussian was perceived
faster than the FMG (filled circles) or faster than the SMG (crosses), as a function of the
velocity of the Gaussian relative to the velocity of the sinusoids of the FMG and SMG.
As can be seen, both curves cross the 0.5 level not far from a relative velocity of 1.
Whereas this can be expected for the SMG, where the envelope is really moving at that
velocity, this is not the case for the FMG. There the envelope is steady, yet the results
indicate that it is perceived to be moving just as much as the SMG envelope. Indeed, a
similar experiment where an FMG had to be compared with SMGs of different velocities
produced a similar curve as in Fig. 1c.

The first compound pattern consists of four FMGs in a row (in the direction of the
moving sinusoid) that are switched on and off one after the other. This leads to the
perception of apparent motion (e.g., Cavanagh & Mather, 1989), with a velocity
determined by the angular distance ∆A between neighbouring FMGs, and their time
difference ∆T. The resulting apparent velocity, va = ∆A/∆T, was kept fixed (∆A = 13.3
arcmin, ∆T = 200 ms, va = 1.11 deg/s). The sinusoids constituing the FMGs had the same
velocity, vs, for all four FMGs, but their spatial phases were chosen randomly for each
FMG. The subject was shown two consecutive panels, each with the entire display of
four FMGs, where one panel had vs /va = 1, and the other had vs /va chosen from a range
of values between 0.2 and 1.8. The subject had to choose which of the two panels
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(presented in random order) gave the percept of smoother, more uniform global motion.
The display gives indeed the percept of global motion, i.e., the entire FMG pattern
appears to be propagated along the row of FMGs. Figure 2b shows how the smoothness
of this global motion depends on vs /va. The closer vs /va is to unity, the more the motion
is perceived as smooth and uniform. This is consistent with the idea that for vs /va ≈ 1
the perceived local object velocity (the apparent velocity of each FMG, including its
envelope) is the same as the global apparent motion. If vs is very different from va , the
motion is generally perceived as jittery and non-uniform.

Figure 3 shows the second compound pattern to test FMG envelope movement with the
help of a more global percept. The pattern consists of a circle of 8 FMGs with random
spatial phases. The sinusoids of the FMGs move intermittently outward and inward.
Although the envelopes of the FMGs do not move, the display gives a particularly
vigorous percept of an expanding and contracting circle. The amplitude of this
oscillation was estimated by interchanging the pattern repeatedly with a pattern
consisting of a circle performing a real expansion and contraction. The inner and outer
limits of this movement could be adjusted by the subject, whilst fixating a small spot in
the center of both the ring of FMGs and the circle. The subject was asked to adjust the
limits such that the trajectory of the circle matched the trajectory of the ring of FMGs.
Because the FMGs are close to the resolution limit of the brain for these patterns, the
ring of FMGs was in fact also perceived as a thin circle, be it slightly irregular along its
circumference. The thin lines in Fig. 3 show the average inner and outer settings as
produced by 7 subjects, where the width of the circles denotes the s.e.m. of the settings.
Similar results were obtained with a reference pattern consisting of an expanding and
contracting ring of 8 Gaussians (same size as the FMG envelopes) rather than a circle.
As Fig. 3 shows, the FMGs are perceived to move, as a whole, over a considerable
distance.

Up till now, the parameters of the FMG were kept fixed. Spatial frequency (9 cycles/deg),
temporal frequency (10 Hz), spatial FWHM (6.67 arcmin in the direction of the wave
vector, and 1.25 times that in the perpendicular direction), and temporal FWHM (80 ms),
are all in the range of the parameters of cells measured at or close to the foveal visual
field in macaque primary cortex (DeValois et al., 1982a,b; Parker & Hawken, 1988). Most
of the parameters vary appreciably within the population of simple cells (DeValois et al.,
1982a,b; Parker & Hawken, 1988; see also van Hateren & van der Schaaf, 1998), and
consistently we find that the basic phenomena of Figs 1-3 can be observed over an
appreciable range of parameter settings. There is one parameter, however, which appears
to be quite critical, and that is the temporal FWHM, ∆t. We tested this by varying ∆t
from 20 ms to 400 ms, and having subjects match the perceived velocity of the FMG
envelope with a subsequently presented moving Gaussian (of fixed duration), of which
the velocity could be adjusted by the subject. Figure 4 shows the thus matched
velocities relative to the velocity of the sinusoid. For very short ∆t, the stimulus is
perceived as a short flash at a fixed position. For very long ∆t, the envelope is again
seen to be steady, even though containing the moving sinusoid. For intermediate ∆t,
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however, there is a strong percept of movement of the entire pattern, with a peak at
approximately 60-80 ms.



Psychophysical signature of a simple cell’s receptive field

101

DISCUSSION

We have shown here that stimuli resembling the receptive field of simple cells in primary
visual cortex produce a strong visual movement illusion. The envelope of these stimuli
appears to move at approximately the same velocity as the sinusoid of the patterns,
whereas in reality it does not move at all.

Previously, DeValois & DeValois (1991) used FMGs with a temporal FWHM ∆t ≈ 2 s as a
stimulus, and showed that these appear shifted relative to their actual position, in the
direction of the movement of the sinusoid. We could confirm this, in a sequential
position matching task, also for shorter ∆t. For ∆t between 40 ms and 400 ms we found
shifts of 1-2 arcmin, not very different from the 2 arcmin reported for foveal vision by
DeValois & DeValois (1991). Although it is possible that such shifts are a side effect of
the apparent movement of the FMG envelope reported above, an other explanation was
recently proposed by Berry et al. (1999). They show that a combination of
spatiotemporal band-pass filtering and contrast gain control, can explain, at least partly,
a range of similar shift-related phenomena in human visual perception. However, as the
total movement of the envelope perceived in our experiments is much larger than 1-2
arcmin (e.g., 10.8 ± 0.7 arcmin in Fig. 3), it appears unlikely that band-pass filtering and
contrast gain control can explain the phenomena we report here. The apparent positional
shift of the FMG may well have a retinal origin (Berry et al., 1999), whereas the apparent
velocity of the FMG we report here may have a cortical origin.

The temporal FWHM, ∆t, that is the most effective in eliciting a movement illusion (60-80
ms, see Fig. 4) appears to be closely matched to the typical ∆t found for simple cells.
DeAngelis et al. (1993) report this to be approximately 117 ms (FWHM corresponding to
a 1/e-halfwidth of 140 ms) in the cat. Such direct measurements in monkey are not known
to us, but using measurements of temporal tuning curves of cells in area V1 measured by
Geisler & Albrecht (1997), we estimate ∆t ≈ 70 ms for the macaque. This estimate was
obtained by fitting the amplitude spectrum of a biphasic impulse response (difference of

two shifted functions τ/5 tet − ) to the temporal frequency response as described in Table
1 of Geisler & Albrecht (1997), and subsequently determining the FWHM of the
envelope of the corresponding impulse response. Matching the FMG duration to the
typical duration of the receptive field (i.e., the typical length of the impulse response in
various parts of the spatiotemporal receptive field) maximizes the confusion of the FMG
with a really moving stimulus. If the FMG is shorter, it is more like a single short flash,
and it will not be very selective in stimulating a particular simple cell. If, on the other
hand, the FMG is longer than the receptive field duration, it will strongly excite the
targeted simple cell, but at the same time it would be easy to tell from the cell’s response
and the responses of surrounding simple cells that the stimulus is not a real moving
object. Only the FMG of intermediate, matched duration is strongly confusing, and,
according to Fig. 4, optimally so for ∆t = 60-80 ms.

The results above are consistent with a theoretical interpretation recently obtained by
performing an independent component analysis on natural image sequences (van
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Hateren & Ruderman, 1998). There it was shown that filters resembling FMGs can
transform moving images such that the sparseness (Olshausen & Field, 1996) and
independence (Bell & Sejnowski, 1997) of the resulting responses is increased; this is a
potential benefit for information processing (Barlow, 1989; Field, 1994). The components
of the image sequences that these FMGs code for, however, look more like moving
edges and bars, similar to SMGs (van Hateren & Ruderman, 1998). These components
(which together form the building blocks of the image sequences) move as a whole, with
sinusoid and envelope moving at the same velocity. Thus if cortical simple cells are
considered as analogons of the filters produced by the independent component
analysis, it follows that strong excitation of these filters (by a matched stimulus) is
interpreted by the visual system as signifying the presence of the corresponding
component, which is an object moving as a whole.
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