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Looking at Op Art from a computational viewpoint
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Abstract—Arts history tells an exciting story about repeated attempts to represent features that are
crucial for the understandingof our environmentand which, at the same time, go beyond the inherently
two-dimensional nature of a � at painting surface: depth and motion. In the twentieth century, Op
artists such as Bridget Riley began to experiment with simple black and white patterns that do not
represent motion in an artistic way but actually create vivid dynamic illusions in static pictures.
The cause of motion illusions in such paintings is still a matter of debate. The role of involuntary
eye movements in this phenomenon is studied here with a computational approach. The possible
consequences of shifting the retinal image of synthetic wave gratings, dubbed as ‘riloids’, were
analysed by a two-dimensional array of motion detectors (2DMD model), which generates response
maps representing the spatial distribution of motion signals generated by such a stimulus. For a
two-frame sequence re� ecting a saccadic displacement, these motion signal maps contain extended
patches in which local directions change only little. These directions, however, do not usually
precisely correspond to the direction of pattern displacement that can be expected from the geometry
of the curved gratings as an instance of the so-called ‘aperture problem’. The patchy structure of
the simulated motion detector response to the displacement of riloids resembles the motion illusion,
which is not perceived as a coherent shift of the whole pattern but as a wobbling and jazzing of ill-
de� ned regions. Although other explanations are not excluded, this might support the view that the
puzzle of Op Art motion illusions could potentially have an almost trivial solution in terms of small
involuntary eye movement leading to image shifts that are picked up by well-known motion detectors
in the early visual system. This view can have further consequences for our understanding of how
the human visual system usually compensates for eye movements, in order to let us perceive a stable
world despite continuous image shifts generated by gaze instability.
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distributions.
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1. INTRODUCTION

Thomas Gainsborough’s famous dictum ‘Painting is a science and should be
pursued as an inquiry into the laws of nature’ (quoted in Zeki, 1999) makes
neuroscientists curious to learn from their artistic companions about brain function
and, at the same time, puts the artist in a rather challenging position. Throughout
the history of visual arts, we encounter in this pursuit of the laws of nature
repeated attempts to develop a pictorial language for representing features of a
four-dimensional world which defy capture on an essentially two-dimensional
painting surface: depth and motion. The twentieth century, which was marked by
the invention and development of kinematic media (cinema, television, internet),
witnessed various attempts to make motion sensations an integral part of visual
arts (such as kinetic arts) and Op artists like Bridget Riley began to experiment
with simple black and white patterns that can create vivid dynamic illusions in
static pictures (Riley, 1999). Simple designs, such as concentric areas � lled with
oblong checkerboard patterns of different orientations (Ouchi, 1977), attracted
much interest from psychophysicists (Hine et al., 1997; Khang and Essock, 1997;
Mather, 2000).

The physiological and perceptual mechanisms that might underlie the illusory
perception of motion in Op Art paintings are a matter of ongoing debate (see
Wade, 1982 for an introduction and many examples). Ever since the early
descriptions by Purkinje and von Helmholtz (1924) of dynamic deformations
observed in patterns composed of � ne lines, the importance of optical effects
related to eye movements and accommodation has been discussed repeatedly and
has been countered by various views that peculiarities of the neural representation
can lead to dynamic image distortions. A recent example of such a dispute is
the ‘Enigma’ painting by I. Leviant which elicits a variety of moiré pattern and
motion illusions (Leviant, 1996). ‘Enigma’ consists of a pattern of radiating black
and white lines, similar to the ray pattern used by MacKay (1957a), on which
concentric rings of uniform colour are superimposed. On the one hand, the sensation
of a moiré pattern itself has been attributed to fading afterimages of the original
image after saccadic eye movements (MacKay, 1957b; Gregory, 1993), whereas the
shimmering and deformations that can be seen in the radial line patterns have been
interpreted as rather trivial consequences of accommodation � uctuations (‘hunting
for accomodation’, Gregory, 1994), following an initial suggestion by Campbell
and Robson (1958). On the other hand, a rather different effect, a circular motion
within the uniformly coloured rings, has been attributed to a so far ill-de� ned
cortical mechanism that does not rely on image shifts. This suggestion was based
on evidence from functional brain imaging that suggests some speci� c activation
in motion-speci� c human brain regions related to the perceived illusion and the
observation that aphakic patients can perceive the illusion (Zeki et al., 1993; Zeki,
1994, 1995). However, this dispute seems to suffer from three unresolved issues.
(a) The arguments are often stated as alternatives that exclude each other rather than
suggesting a variety of causes that can lead to similar effects. What if, for instance,
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hunting for accommodation, small involuntary saccades, and an unknown cortical
mechanism can all generate motion illusions in Op Art paintings independently?
(b) Little is known about the actual characteristics of eye movements carried out by
an observer watching an Op Art painting under everyday viewing conditions. It is
easy to demonstrate that saccadic eye movements do enhance the sensation of vivid
pattern motion when looking at such patterns (Gregory, 1994), but how stable is the
gaze when an observer tries to � xate a speci� c point in the stimulus? (c) There are
only vague speculations about how ‘afterimages’ and effects of retinal displacement
or deformation could generate the described perceptual effects. Is it be possible to
propose a precisely de� ned mechanism in computational terms which would allow
us to formulate precise expectations about how the illusion should appear?

In order to resolve some of the issues related to the importance of retinal
displacements, a combined experimental and computational approach is required.
Firstly, by measuring the eye movements that are carried out by observers looking
at Op Art paintings, one will be able to ‘look through the eyes of the observer’
at the painting and knowing exactly what kind of sensory information the brain is
dealing with. The results from an initial study of such eye movements are presented
elsewhere (Zanker et al., 2003). At this point it is only important to note that gaze
stability is rather limited even under � xation conditions and that small involuntary
saccades in apparently random directions are abundant. Secondly, this fundamental
observation can be used as a basis from which to deduce precise expectations about
the kind of input information available to the cortex when an observer is looking at
such a painting. This analysis of the sensory information available to higher cortical
processing is in the focus of the work presented here, which uses a biologically
motivated motion detector network to describe the motion information contained in
discrete displacements of simple black and white patterns, such as would result from
small saccades during observation of such stimuli. Bridget Riley’s painting ‘Fall’
(1963, Tate Gallery London) was chosen as stimulus pattern because (a) the pattern
is composed exclusively from � ne lines without any other structural elements —
this reduces the variety of early visual mechanisms that need to be considered
with regard to the neural encoding of these patterns; (b) it allows for a simple
mathematical description (see Section 2.1, and Fig. 2) which provides easy access
for parametric variations of the critical stimulus features; and (c) it does not elicit
multiple perceptual effects, but a unitary and strong illusion that may afford a clearer
description than the rather diffuse ‘shimmering’ or ‘jazzing’ observed in MacKay’s
ray patterns for instance. When watching Riley’s ‘Fall’, after some short period of
time, the line gratings become animated in a peculiar fashion, in which a number
of hazily outlined, and dynamically changing, horizontal pattern sections seem
to move in a rather coherent direction which between different horizontal bands
however can vary considerably.

An initial idea about the input information to higher cortical processing can be
derived from a geometrical consideration of the effect a single small displacement of
the Riley pattern has on the retinal image. Assuming a limited temporal integration
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Figure 1. Additive (left side) and subtractive (right side) interference (moiré) patterns generated by
superimposing a phase-modulated grating (riloid) with a slightly displaced copy of the same pattern
(diagonal displacement, the two frames are shown in the centre). For details, see text.

time (i.e. visual persistence) in the response of the retinal neurones, one can expect
the two retinal images (i.e. two frames of such a displacement sequence, shown
in Fig. 1 for a diagonal displacement by a quarter of the grating cycle in both
horizontal and vertical direction) to be superimposed in the retinal representation
of the stimulus, leading to an additive moiré pattern similar to that discussed by
Gregory (1994) and Spillmann (1993). These interference patterns (left side of
Fig. 1) illustrate the characteristic regions of image blur in the temporally averaged
(or low-passed) intensity distribution hitting the retina, and thus correspond nicely
to some of the described static effects on the pattern appearance but do not take
into account temporal intensity changes that will be crucial for any sensation of
motion. In order to look at this aspect of the two-frame sequence, it may be
helpful to subtract the intensity values of the two images, thus marking the regions
of increase/decrease in luminance by bright/dark pixels. The resulting difference
moiré pattern (right side of Fig. 1) is complementary to its additive counterpart,
showing highest contrast (maximum intensity increase or decrease) in regions where
the additive moiré pattern was blurred and vice versa. Although the difference
interference patterns illustrate the areas of dynamic change, they do not indicate
the nature of this change and, in particular, fall short of providing an informative
picture of the distribution of motion signals. Conspicuous areas of high contrast, i.e.
neighbouring bright and dark stripes, for instance, indicate a strong change of local
intensity in opposite directions. Due to the periodic nature of the stimulus, these
may correspond to identical motion signals but they do not tell us the direction
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of such motion signals and they could equally be related to incoherent motion
signals or to � icker. Therefore a more thorough analysis of the motion signal
distributions will be provided in the following which is based on a biologically
motivated model (Zanker et al., 1997). This ‘2DMD model’ consists of a two-
dimensional array of motion detectors which provides response maps that represent
the spatial distribution of motion signals generated by a stimulus, such as a two-
frame sequence re� ecting a saccadic displacement.

2. METHODS

2.1. Stimulus patterns: Riloids

For the computational analysis, stimulus patterns were generated to � ll a 512 £ 512
pixels array with grey levels varying in arbitrary units between 0.0 (black) and 1.0
(white). In order to study the effects of different pattern layouts, a simple algorithm
was used to generate arti� cial patterns which, when appropriate parameters are
chosen, strongly resemble Riley’s ‘Fall’ (a reproduction of this painting can be
found in Gregory, 1998) and are therefore dubbed ‘riloids’. The fundamental grating
is generated by sinusoidal modulation of intensity I , with the grating period, ¸,
along the horizontal axis, x, according to the formula

I .x; y/ D 0:5.1 C sin[2¼.x ¡ Á.y/=¸/]/: (1)

The phase of the sinewave function, Á, is modulated sinusoidally along the vertical
axis, y, as described by the function

Á.y/ D A sin[2¼.y=¹.y//]; (2)

with a phase modulation amplitude, A, and a phase modulation period, ¹, decreas-
ing linearly between a maximum at the top and a minimum at the bottom of the
pattern according to the formula

¹.y/ D ¹top C y.¹top ¡ ¹bottom/=.ytop ¡ ybottom/: (3)

As illustrated in Fig. 2, the crucial parameters that in� uence the appearance of
the riolod patterns are the fundamental grating period ¸ and the phase modulation
period ¹. By setting ¸ to 5 pixels and the phase modulation amplitude A to 32
pixels and varying ¹ between 400 and 130 pixels, a pattern is generated that closely
approaches the appearance of the original Riley painting (centre of Fig. 2). Fixing
the phase modulation at a period ¹ of 180 pixels leads to a much more regular
pattern (left side of Fig. 2), which still elicits the motion illusion, but may appear less
vivid. Keeping the variation of the phase modulation period unchanged and setting
the grating period ¸ to 32 pixels, a much coarser version of the closely matching
riloid is generated (right side of Fig. 2), which requires a larger viewing distance
to elicit the motion illusion. The standard riloid used for most of the simulations
presented here was de� ned by ¸ D 32 pixels, A D 16 pixels, ¹top D 256 pixels
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Figure 2. Parametric variations of riloid patterns (512 £ 512 pixels) generated using equations (1)
to (3) and varying the grating period ¸, the phase modulation amplitude A, and the phase modulation
period, ¹. The centre panel shows a con� guration resembling the original painting: ¸ D 5 pixels,
A D 32 pixels, ¹ varies between 400 and 130 pixels; left and right panels (half of the pattern
shown) show simple variants generated by changing ¹ and ¸, respectively (parameters given below
the patterns).

and ¹bottom D 64 pixels. Compared to the original painting, these parameters
lead to a somewhat enlarged pattern, which makes it possible to compute local
motion responses for a range of modulation periods at suf� ciently high resolutions
while keeping the computational costs low. It should be kept in mind that arbitrary
spatial scaling factors can be used in the digital simulations, and that the meaningful
value is relative size with respect to the grating period, which determines the
spatial frequency channel in the human visual system that is optimally tuned to the
particular pattern. When watching Bridget Riley’s ‘Fall’ from a viewing distance
of 2 m, the absolute grating period would be about 0:37± , corresponding to a best
tuned channel of approx. 3 cycles per degree.

2.2. Computational model

A simpli� ed version of the dimensional motion detector model that has been used
previously (Zanker et al., 1997) was applied in the present study to determine
the response to two-frame sequences of riloid pattern displacements. The basic
building blocks of this 2DMD model are elementary motion detectors (EMDs) of
the correlation type that have been shown in many psychophysical, behavioural and
physiological studies to be a most likely candidate for biologically implemented
motion detectors (for review, see Reichardt, 1987; Borst and Egelhaaf, 1989).
This elementary motion detector is used here as a representative of a variety of



Computational analysis of Op Art 81

luminance-based motion detectors (Adelson and Bergen, 1985; van Santen and
Sperling, 1985), while other models (Torre and Poggio, 1978; Srinivasan, 1990)
could be used without affecting the main conclusions we draw from our results. For
instance, detecting local image displacements by means of a gradient-type algorithm
(Johnston et al., 1999) is not expected to change the pattern of motion signals that
are determined by the distribution of local orientation and grating period. The
2DMD model consists of a two-dimensional network of pairs of such local EMDs
which detect horizontal and vertical motion components (schematically sketched as
inset in Fig. 3). It has been extensively used to simulate a variety of psychophysical
phenomena (Zanker et al., 1997; Patzwahl and Zanker, 2000; Zanker, 2001).

In a simple implementation, each EMD receives input from two points of the
spatially � ltered stimulus patterns. The signals interact in a nonlinear way after
some temporal � ltering to provide a directionally selective signal. Differences of
Gaussians (DOGs) were used as bandpass � lters in the input lines with excitatory
centre and inhibitory surround balanced as to exclude any DC components from
the input (Marr and Hildreth, 1980; Srinivasan and Dvorak, 1980). The sampling
distance between the two inputs, which is the fundamental spatial model parameter,
was � xed to 8 pixels. This value was chosen in order to use a motion detector
that is optimally tuned to the grating period of the riloid (i.e. to deliver the
strongest responses to pattern displacements). For a grating of 0.3–0:4± such as that
observed in Riley’s ‘Fall’ under ‘natural’ viewing conditions (see above), this would
correspond to a motion channel tuned to a spatial frequency of 3 cycles per degree.
To prevent aliasing, the diameter of the receptive � eld (as measured between zero-
crossings from excitatory to inhibitory regions) was set to about twice the value
of the sampling distance. The signal from one input line was multiplied with the
temporally � ltered signal from the other line, and two antisymmetric units of this
kind were subtracted from each other with equal weights leading to a fully opponent
EMD. This kind of detector is known to be highly directionally selective (Borst and
Egelhaaf, 1989). The time constant of the � rst-order lowpass � lter, which is the
fundamental temporal parameter of the EMD, was � xed to an arbitrary value of 2
simulation time steps for an input sequence in which each of the two stimulus frames
lasts for 8 simulation time steps. The model output was averaged over the � rst 2
time steps after image displacement (change from stimulus frame 1 to frame 2),
during which the EMD response reached its maximum. Response patterns at a later
stage are in essential attenuated versions of those presented here. The 2DMD model
provides two arrays of 512£512 EMDs, containing the horizontal and vertical local
response components, respectively. These response components can be displayed
as two-dimensional motion signal maps (see Section 3.1, Fig. 3), or can be averaged
horizontally across the arrays to generate vertical motion signal pro� les as will be
presented in Section 3.2 of this paper. For this purpose, a border of 32 pixels on all
four sides of the stimulus/response patterns was ignored in order to avoid boundary
effects from spatial � lters extending beyond the stimulus pattern, leaving output
maps for the central 448 £ 448 pixels of the stimulus pattern.
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3. RESULTS AND DISCUSSION

3.1. The general structure of motion signal maps

Based on the geometry of the two-frame pattern displacement, one would expect
horizontal streaks of activity in the motion detector network response as suggested
by the difference moiré patterns shown in Fig. 1. A typical motion signal map (the
two-dimensional distribution of motion detector outputs) generated by the 2DMD
model, in this case for the standard riloid (¸ D 32 pixels, A D 16 pixels, ¹

varying between 256 and 64 pixels) displaced diagonally by 8 pixels rightwards and
downwards, is shown in the centre of Fig. 3. The signal maps are shown in a 2D-
colour-code, illustrated as inset in Fig. 3, in which different hues indicate different
directions of the 2DMD output (right-green, up-yellow, left-red, down-blue) and
saturation indicates the strength of the motion signal at a given point in the map.

The motion signal maps shown in Fig. 3 show two striking effects: an abundance
of many different colours, suggesting the emergence of various motion directions,

Figure 3. Motion signal maps generated by the 2DMD model (schematically sketched in top left
inset) for shifting riloids in the diagonal direction. The central 448 £ 448 elements of the motion
detector output array are shown in 2D-colour-code, representing direction and strength of the local
motion signal by hue and saturation as indicated in top right inset. The horizontal bands of various
colours show that the stimulus leads to motion responses in a variety of directions which are grouped
in regions perpendicular to the basic line orientation. The three panels show the response maps for
three different displacement step sizes (4, 8, and 12 pixels in x- and y-direction, from left to right,
only half of the response pattern is shown on the left and right). This � gure is also published in colour
on http://www.ingenta.com

http://www.ingenta.com
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and a strati� cation in horizontal bands of identical colour. Both effects are not very
surprising if one considers the local stimulus con� guration. (a) Horizontal bands
may be expected from the simple fact that the stimulus pattern is strictly periodic
along the horizontal axis so that horizontally neighbouring motion detectors are
exposed to identical input patterns as long as they have the same phase relationship
relative to the fundamental grating cycle. Variations in this phase of the local
motion detector relative to the grating cycle can lead to small periodic variations
of the motion signals which create the wiggly borders between different 2DMD
output regions visible in Fig. 3. (b) The phase modulation of the sinewave grating
de� ning the riloids leads to overall vertical black and white lines that oscillate
horizontally (see Fig. 2), and thus change their local orientation according to the
phase modulation function (see equations (2) and (3)). With a restricted � eld of
view, a local motion detector serving as element of the 2DMD model is exposed
to a piece of the overall pattern for which the dominating orientation can vary
greatly. In consequence, the local motion detector is dealing with the so-called
‘aperture problem’ (Wallach, 1935; Marr and Ullman, 1981; Adelson and Movshon,
1982; Nakayama and Silverman, 1988). Because the predominant motion detector
response for 1D luminance modulations (i.e. gratings) will always be perpendicular
to the contour orientation (Reichardt and Schlögl, 1988; Castet and Zanker, 1999), it
has to be expected that the direction of local motion signals varies together with the
orientation of the pattern lines. This idealised picture is somewhat complicated by
fact that, for non-horizontal displacements, the input from the two stimulus frames
can be different in local orientation and local spatial frequency and that for large
pattern displacements, grating phase shifts larger than half a pattern cycle can appear
which result in inverted motion signals (see Section 3.2).

3.2. Variations of pattern displacement

What is the effect of changing the direction and amplitude of pattern displacement
on the resulting motion signal maps? The left and right parts of Fig. 3 show the
2DMD response for smaller (4 pixels shift in horizontal and vertical direction) and
larger (12 pixels shift in horizontal and vertical direction) pattern displacement than
the standard con� guration depicted in the middle panel (8 pixels shift in horizontal
and vertical direction). Whereas the left panel of Fig. 3 has more blue-green regions
(corresponding to the diagonal displacement) than the standard con� guration, the
larger displacement step leads to a increase to the red-orange-yellow hues (i.e.
the opposite diagonal directions) as shown in the right panel of Fig. 3. This
phenomenon can be easily understood as a consequence of matching two regions
of the stimulus pattern for which the phase angle between the two positions of the
fundamental gratings is larger than half a grating cycle, thus leading to an apparent
inversion of motion direction. Whereas it is obvious that the likelihood of such
inversions happening increases with growing displacement step size, it should also
be noted that the critical step size for the motion signal’s zero-crossing is not simply
half the fundamental grating period. Because the critical stimulus variable for this
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effect is half the grating period orthogonal to its orientation (i.e. line thickness),
the critical step size depends on the local pattern orientation, which strongly affects
the line thickness (see Fig. 2). The inversion effect is much more prominent for
purely horizontal displacements, for which the response depends mainly on the
horizontally periodic structure of the fundamental grating and is not confounded
by matching different vertical regions with different phase modulation.

In an attempt to quantify the structure of the motion signal maps, by exploiting the
emergent horizontal bands in these maps, vertical motion pro� les were calculated
by averaging the response values across the rows of the data arrays. For further data
reduction, the mean results for 112 sets of four rows were calculated and plotted as
a function of vertical position in the stimulus/response pattern. In Fig. 4, the result
of this operation is shown for horizontal (a, b) and vertical (c, d) displacement
of the standard riloid with the horizontal motion component plotted in the left
column (a, c) and the vertical motion component plotted in the right column (b, d).
These pro� les are shown for different step sizes of the displacement between the
two stimulus frames (indicated by different symbols in Fig. 4). Diagonal pattern
displacements lead to somewhat intermediate results (data not shown).

Not surprisingly, due to the strictly periodic nature of the riloids along the
horizontal axis, the clearest picture is given by the horizontal components of motion
detector responses to horizontal displacements (Fig. 4a). Taking the pro� le for a
displacement of 8 pixels (i.e. a quarter of the grating cycle) as an example (dark
triangles in Fig. 4a), in the top region (� rst 300 rows) there is a comparatively
strong positive response (corresponding to rightwards displacement) with only
small � uctuations which are related to the phase modulation, i.e. local orientation,
of the grating. For the lower part of the stimulus (rows 300 and beyond) the response
is still positive on average but it starts � uctuating considerably and is reduced for
the regions at the bottom of the riloids — re� ecting the ever � ner modulation of the
grating’s phase. The data for other displacements can be regarded as scaled versions
of the very same response pro� le: at each vertical location the purely horizontal
displacements simply shift the phase of a sinusoidal input function (the amplitude
of which depends on vertical location), and because the displacement step size only
affects the size of the phase shift and thus increases or decreases the output by the
same factor at any pattern position. In particular, (a) phase shifts by any multiple
of ¼ (i.e. 0, 16, 32, 48, : : : pixels) lead to zero response because the pattern is
identical for both frames or counter-phasing; (b) phase shifts between 0 and ¼ (e.g.
4, 8, 12 pixels) lead to positive responses, whereas phase shifts between ¼ and
2¼ (e.g. 20, 24, 28 pixels) lead to negative responses because in the latter case
the closer matching function (i.e. stronger EMD output) results from a equivalent
leftward phase shift (¡12, ¡8, ¡4 pixels); (c) the same response pattern is elicited
by a phase shift Á and Á C 2¼n, e.g. 4 and 36 pixels for the standard riloid because
an additional phase shift by a full pattern cycle generates an identical input. A single
response pro� le scaled by an amplitude factor depending on displacement step size
is also found for the vertical response components (Fig. 4b). The fundamental
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Figure 4. Motion signal pro� les (horizontal averages of motion signal maps plotted as a function
of vertical position in pattern) for shifting riloids in horizontal (a, b) and vertical (c, d) direction by
various amounts (different symbols, as indicated in inset). The horizontal (a, c) and vertical (b, d)
motion signal components are shown separately to illustrate how much of the response is related to
the actual direction of displacement and how much is induced by the structure of the pattern.

response pro� le in this case is characterised by multiple sign inversions, re� ecting
the changes of local orientation of the lines that add an upward or downward
component to the motion vector perpendicular to the lines. It should be noted that
the maximum of the vertical components for the standard con� guration is in the
same range as that of the horizontal components, meaning that motion directions
extend up to §45±. Similar to the horizontal motion components, in the lower
regions of the stimulus the vertical response pro� les become very irregular and
reduced in overall amplitude. In summary, all possible response patterns for purely
horizontal pattern displacements are self-similar and only differ by an amplitude
factor, including the possibility of sign inversion.

The whole picture is more complicated for vertical displacements (Figs 4c
and 4d) because the standard riloid is not repetitive along the vertical axis. In
consequence, the response pro� les are less regular even for the riloid regions with
larger phase modulation periods, and only vaguely resemble each other when the
displacement step size is varied. Nevertheless, the vertical signal components reveal
a small overall negative response in the upper pattern regions (corresponding to the
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downward displacement, see Fig. 4d) whereas the horizontal response components
are centred around zero (see Fig. 4c).

For a further simpli� ed description of the response patterns, the direction and
strength of the average motion signal was calculated to quantify any possible overall
tendency and the average of the motion vector length (i.e. not taking into account
the direction of the local signal) to quantify the overall motion energy detected by
the 2DMD model. This was done separately for the upper and the lower half of the
stimulus to show the in� uence of pattern structure. The results of these calculations
are shown in Fig. 5 as a function of displacement step size for horizontal, vertical
and diagonal shifts of the riloids.

Looking at the average direction of the motion detector response (Fig. 5c)
con� rms the � rst impression from the example pro� les shown in Fig. 4 that the
actual direction of pattern displacement is captured by the model only under
very restricted conditions. Horizontal displacements (squares in Fig. 5c: 0±)
generate responses close to 0± for small displacements, then invert to 180± and
for even larger displacements (no direction can be determined for multiples of

Figure 5. Strength (a) and direction (c) of average motion vector and average length of motion vectors
(b) for the upper (black symbols) and lower (grey symbols) half of the riloid pattern. The riloids were
displaced by various amounts (abscissa) and in three different directions (horizontal: squares; vertical:
triangles; diagonal: diamonds).
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16 pixel displacements due to zero response). Vertical displacements (triangles in
Fig. 5c: ¡90±) show responses in the neighbourhood for small and intermediate
displacement step sizes (and preferentially in the upper half of the riloid), but then
start to assume values unrelated to the actual direction of pattern shift. The average
response direction for diagonal displacements (diamonds in Fig. 5c: ¡45±) shows
no clear relation to the veridical direction and varies considerably and apparently
erratically with displacement step size. In conclusion, the motion signals on average
contain little or no reliable information about the veridical displacement of the
pattern.

Comparing the size of the coherent motion signal (strength of average response,
Fig. 5a) with the overall motion energy contained in the response (average length
of motion vectors, Fig. 5b) reveals another interesting aspect of riloids. Only for
the horizontal displacement (square symbols in Figs 5a and 5b) can one see a close
correspondence between these two values. For both values the coherent (rightward)
motion signal accounts for much of the overall motion energy and they also share
the periodic modulation with displacement step size that was discussed above as a
consequence of shifting the relative phase of two sinusoidal input functions. For
both diagonal (diamonds) and vertical (triangles) pattern displacements, there is a
large amount of motion energy in the 2DMD response — perhaps a little more in
the upper than in the lower half of the pattern, for all displacement step sizes tested
so far (see Fig. 5b). On the other hand, for these non-horizontal shifts, motion
energy is converted to a sizeable coherent motion signal (see Fig. 5a) that can be
used to retrieve the original image displacement, only for rather small displacement
step sizes. Again the situation is slightly more favourable but not fundamentally
different for the upper half than for the lower half of the pattern. To summarise,
there is an interesting signal-to-noise effect when it comes to analysing the overall
pattern displacement: although there are strong and non-random pattern of signals
in the motion signal maps derived from simple riloid pattern displacements, only
a small fraction of these signals contributes to coherent motion information that
re� ects the displacement in the stimulus, with the exception of purely horizontal
pattern shifts that generate rather coherent maps.

3.3. Variations of pattern layout

So far, all considerations have been restricted to a single arbitrary combination
of pattern layout and elementary motion detector. It is well known that the
human visual system contains an extensive set of detectors with different spatial
and temporal frequency tuning (van de Grind et al., 1986), and it may be asked
whether different spatiotemporal channels could generate different, perhaps more
informative, response patterns for the same stimulus. Conversely, one can study the
dependence of the response of a given motion detector on the spatial layout of the
stimulus. This approach was followed here by changing the fundamental grating
period ¸ and then determining the response patterns for displacement steps of a
quarter grating cycle that leads to an optimum response (e.g. 8 pixels displacement
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step for a riloid with ¸ D 32 pixels, cf. Fig. 5a). The results of this set of simulations
is shown in Fig. 6 for grating periods between 4 and 64 pixels (i.e. between 1=2
and 8 times the sampling distance of the elementary motion detector of the 2DMD
model), for horizontal and vertical displacements.

The average response (Fig. 6a) representing the coherent motion signal compo-
nents in the upper half of the pattern can best be described by a comparatively nar-
row tuning function that drops off gently on both sides of the maximum at ¸ D 28
pixels for both horizontal and vertical shifts. For the lower half of the pattern, the
tuning functions are shifted rightwards with larger periods still leading to substan-
tial responses — this effect, as well as the asymmetry of the tuning curves, can be
well understood by considering the decrease of the effective grating period (i.e. the
dimension of a grating cycle perpendicular to its orientation; see Fig. 2) with de-
viations from vertical orientations, which extends the sensitivity of the elementary

Figure 6. Strength of average motion vector (a), and average length of motion vectors (b) for the
upper (black symbols) and lower (grey symbols) half of the riloid pattern. The fundamental grating
period ¸ of the riloids was varied (abscissa), and the patterns were displaced by a quarter period in
horizontal (squares) or vertical direction (triangles).
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motion detector to larger grating periods. The tuning curves of the average mo-
tion vector lengths (Fig. 6b), representing the overall motion energy contained in
the stimulus, strongly resemble the coherent tuning functions in their shape but are
generally ampli� ed by approximately 20%. This difference in amplitude is expected
from the variation of local grating orientation that generates motion components or-
thogonal to the average direction. Such ‘incoherent’ motion components are lost in
the overall average but are preserved in the pooled motion energy (this effect has
been discussed in Section 3.2). The important aspect to note here is that this reduc-
tion in the coherent signal is rather constant over all values of ¸ and therefore does
not depend on how well the motion detector is adjusted to the fundamental grating
period. In summary, the narrow and similar tuning functions for the coherent motion
components and the overall motion energy demonstrate that despite the complexity
of the riloid structure, there is little activation in motion channels that are not tuned
to the fundamental grating period and that there is no speci� c gain of coherent mo-
tion components in other channels. Conversely, there are no hidden components
in other spatiotemporal frequency bands and thus the dominant response to a riloid
will come from the population of motion detectors that are tuned to the fundamental
pattern grating.

4. CONCLUSIONS

The present work is an attempt to understand the kind and the accuracy of informa-
tion that is available to the brain when ‘riloids’, which are mathematically simpli-
� ed variations of Bridget Riley’s painting ‘Fall’, are subjected to displacement steps
such as happen during the small involuntary saccades that observers of Riley paint-
ings exhibit under ‘normal’ viewing conditions (Zanker et al., 2003). A biologically
motivated model of motion detector networks (2DMD model, Zanker et al., 1997)
was used to determine the motion signal distribution that results from such a stim-
ulus, which can be regarded as the basic information that is encoded in the early
stages of the nervous system to be used as input for higher cortical processing.

The motion signal maps provided by the 2DMD model show a characteristic
pattern with horizontal bands of coherent motion, the direction of which can vary
considerably with the location of a patch and the size of the displacement step.
For almost any displacement direction and size, the overall picture is characterised
by large amounts of motion energy in a limited spatiotemporal frequency range
which, however, does not lead to any substantial coherent average motion signal
that re� ects the actual image displacement. In other words, the computational model
predicts that the appearance of a riloid through an eye with imperfect stabilisation
will be characterised by dynamically changing horizontal bands that exhibit strong
coherent motion in various, unpredictable directions.

It is striking how closely this description of the simulation results corresponds
to the illusion that is experienced when observing the Riley painting, where the
waves of the wiggling lines are animated into dynamic patches of motion in
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various directions. Even when patches of motion in different directions cannot be
segmented, several directions can be detected simultaneously, a phenomenon known
as motion transparency (van Doorn and Koenderink, 1982; Zanker, 2001). Thus the
combined experimental and computational approach followed in the present study
can provide a rather simple explanation of this most impressive phenomenon. This
explanation is similar to some accounts of the motion illusions elicited by radial
gratings (MacKay, 1957a) and related patterns in that it relates to retinal image
displacements (Campbell and Robson, 1958; Gregory, 1994; Leviant, 1996) but it
goes beyond these suggestions in that it demonstrates by means of simulations that
such displacements would be suf� cient to elicit the illusion. The persistence of the
illusion under experimental conditions that intend to minimize or to eliminate image
shifts (MacKay, 1958; Zeki, 1994) can be considered as an empirical issue because
the actual quality of image stabilisation is not always easy to verify and even tiny
displacements can elicit the characteristic response patterns. Furthermore, it needs
to be kept in mind that a variety of conditions leading to the same effect do not
necessarily exclude each other, so the persistence of the illusion after abolition of
eye movements does not contradict the proposition that they are responsible when
they are present. The major advantage of the suggestion put forward here, even if it
is not the only possible one, is that it is fully satisfactory and that at the same time
it requires only modest and plausible assumptions, namely, the presence of small
involuntary eye movements and a network of low-level motion detectors.

A perhaps more puzzling question is why corresponding effects of small invol-
untary eye movements are not perceived with other patterns, starting from straight
gratings or checkerboards, through displays containing simple objects, and extend-
ing to complex natural scenes. To illustrate this point, motion signal maps were
generated for the diagonal displacement of two control patterns, which are shown
in Fig. 7. Firstly, an artistic modi� cation of checkerboards was generated by in-
troducing smooth variations of check sizes similar to patterns designed by Victor
Vasarely and accordingly dubbed ‘vasareloids’ (left side of Fig. 7). Secondly, a
radial grating was generated which has the same structure as the ‘ray pattern’ stud-
ied by MacKay (1957a, b), consisting of 128 sectors of alternating black and white
colour (right side of Fig. 7). Both motion signal maps are dominated by green-
blue colours which correspond to the actual displacement of the pattern to the right
and downwards. In consequence, from these distributions of motion signals, the
direction of image shift that led to the signal map could be recovered, for instance,
to compensate for the image displacement elicited by small involuntary saccades.
Comparison with the corresponding signal maps for riloids shown in Fig. 3 demon-
strates that such a mechanism would not be successful in that case because there are
no systematic signal components that dominate the motion direction distributions.
It should also be noted that, for the radial gratings, inconsistent motion signals are
found in the central regions, which nicely re� ect the ‘shimmering effect’ perceived
when looking at these patterns.
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Figure 7. Motion signal maps (bottom row, a sampling distance of 4 pixels was used for the
local motion detector to capture � ne pattern details; same 2D-colour-code as in Fig. 3) generated
by the 2DMD model for shifting two control patterns (shown in top row) in a diagonal direction
(displacement rescaled to 4 pixels in x- and y-direction, compare with responses for the riloid pattern
shown in Fig. 3). Left side: ‘Vasareloids’ — checkerboard patterns in which check size varies
smoothly between different image regions (e.g. ‘Vega’, Vasarely 1957, Simonyi Collection). Right
side: radial grating, or ‘ray pattern’, as studied by MacKay (1957a, b). Both motion signal maps
contain strongly biased distributions of motion directions that allow us to recover the direction of
image shift that led to the signals. This � gure is also published in colour on http://www.ingenta.com

It is a common experience that has attracted considerable scienti� c interest that we
usually perceive a perfectly stable world, although every eye movement does lead to
retinal image shifts that should be perceived as movement of the environment. The
classical answer to this puzzle is based on the assumption that extra-retinal signals,
such as the motor commands themselves, could be used to compensate for the image
shifts elicited by eye movements (von Helmholtz, 1924; von Holst and Mittelstaedt,
1950). Alternatively, the information contained in the image displacement itself

http://www.ingenta.com
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could be used for compensation (MacKay, 1973). Furthermore, there have been
various suggestions that motion perception is actively suppressed during saccades in
the human visual system (Burr et al., 1994) or that displacements are invisible due to
the dynamic limitations of motion perceptions (Castet and Masson, 2000) and there
is evidence that the retinotopic space is re-mapped with respect to external space
when saccades are performed (Ross et al., 1997; Lappe et al., 2000). Basically,
each of these compensation mechanisms should always work for a wide variety of
stimulus patterns — so why are they not successful for riloids?

To answer this question, it is crucial to remember that riloids, although they
generate a considerable amount of motion energy in a narrow frequency band, do not
allow the reliable estimation of the direction of displacement nor the combination
of motion information across different spatiotemporal � lters. In consequence, the
visual system has no means of correcting for the image displacement by estimating
retinal image shifts. When a pattern appears at a different position before and
after the saccade, even if motion detection is suppressed during the saccade, it
would still serve as an ef� cient stimulus for the motion detector network, due to
the pattern displacement as such, just as assumed in the present computational
analysis. So the only source of information to compensate for image displacement
of this stimulus class would be extra-retinal, such as the proprioceptive or motor-
control signals that are related to the eye movements themselves. It is questionable
whether the precision of this information source would be suf� cient to signal small
eye movements with the necessary accuracy. For the original Riley painting,
assuming a typical gallery viewing distance of 2 m, the fundamental period
of the grating amounts to approximately 0.37±. The simulations presented here
demonstrate that displacements even smaller than a grating period can lead to
substantial dif� culties in extracting the veridical direction of displacement (see
Fig. 5), so any compensation mechanism would need to encode eye position with
a precision going beyond small fractions of a degree. The view that the only
available, extra-retinal, information is not suf� cient to correct image displacement is
supported by the simple fact that we perceive ‘illusory’ motion when looking at the
Riley painting. Conversely, the fact that no such motion is perceived for the control
patterns, for which the simulations reveal consistent motion directions, would mean
that under more favourable stimulus conditions it is indeed the retinal image shift
itself that is used to make the outside world appear stable.

Because the study of illusions elicited by Op Art paintings prompts unexpected
questions and suggestions such as those raised in the last paragraphs, it leads us far
beyond the initial simple explanation of the illusion in terms of small involuntary
eye movement generating image shifts that are picked up by well-known motion
detectors in the early visual system. Thus Op Art can prove to be much more
for scientists than just an interesting sensation, however pleasant, provocative or
puzzling it may be, because it can help us to understand fundamental mechanisms
of visual processing in highly evolved nervous systems.
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