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a b s t r a c t

Typically, perceptual stabilization mechanisms make us unaware of the retinal image motion produced
by the small, involuntary eye movements our eyes constantly make during fixation. The breakdown of
perceptual stability is demonstrated by the on-line jitter illusion, in which a circular static pattern appears
to jitter coherently when surrounded by a flickering annular pattern. Although both regions of the stim-
ulus are subject to retinal motion from eye movements, the visual system attributes this motion to the
central static region in the form of visual jitter, while the surrounding flickering region remains percep-
tually stable. We investigated factors influencing this allocation of motion and reference frame in the on-
line jitter illusion. The flickering of the surround was found to impair the detection of simultaneous
random-walk motion in this area, giving a detection reliability of around 80% for motion approximating
that from fixational eye movements. Changes to spatial texture and location of flicker (centre vs. sur-
rounding annulus) had little effect on the final percept. However, use of a nonconcentric stimulus
resulted in a marked reduction in apparent jitter in all subjects. Our results suggest for the on-line jitter
illusion, allocation of motion and reference frame is influenced by the general principle that, if one region
surrounds another, the surrounding region tends to be allocated as the frame of reference. When this fac-
tor is controlled for, spatial textures, location of flicker, and the masking of motion by flicker have a smal-
ler but measurable influence on the final percept.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Even when fixating, our eyes are in constant motion due to
small, involuntary eye movements. These eye movements are not
without functional significance, as visual images quickly fade from
view with retinal stabilization, suggesting their beneficial role in
preventing neural adaptation and maintaining vision (Riggs,
Ratliff, Cornsweet, & Cornsweet, 1953; Ditchburn & Fender,
1955). The three main types of small eye movements are tremor,
drift, and microsaccades (Carpenter, 1977). Tremors are tiny
(<1 arc min), rapid (�90 Hz) oscillations (Carpenter, 1977), thought
to play a minimal role in visual perception (Sharpe, 1972). Drifts
are slower motions of the eye, occurring simultaneously with tre-
mors and in-between microsaccades (Ratliff & Riggs, 1950), with a
relatively large positional random walk; their position time series
approximated by the ‘‘1/f” amplitude spectra in the frequency
domain (Eizenman et al., 1985). Microsaccades are fast jerk-like
movements (>10 arc min), but the rarest (3–4 times per second)
of fixational eye movements (Martinez-Conde, 2006). Despite this

instability, we perceive the world as being stable because the
visual system is able to compensate for the resulting retinal motion
arising from small eye movements. Precisely how this is achieved
remains unclear, however.

Reducing motion sensitivity to tiny oscillations would be the
simplest strategy for the visual system to achieve perceptual sta-
bility, which would be the case for tremor, given their amplitudes
are at the visual acuity limit and their frequency range exceeds
human flicker fusion frequencies (Sharpe, 1972; Spauschus,
Marsden, Halliday, Rosenberg, & Brown, 1999). However, suppres-
sion of all small motions is not ideal as we would have no percept
of a target’s motion until it exceeds some threshold (Arathorn,
Stevenson, Yang, Tiruveedhula, & Roorda, 2013). It may be the case,
that retinal image motion arising from microsaccades goes unno-
ticed due to saccadic suppression, with evidence to support a uni-
fied neural generator of saccades and microsaccades (Zuber, Stark,
& Cook, 1965; Sparks, 2002, Otero-Millan, Macknik, Serra, Leigh, &
Martinez-Conde, 2011). Drifts on the other hand, which are partly
derived from random neuronal firing of the oculomotor system
(Eizenman et al., 1985) cannot be cancelled the same way, and
some computation of image motion must occur to cancel them
and so achieve visual stability.

http://dx.doi.org/10.1016/j.visres.2017.06.003
0042-6989/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: aaj@unimelb.edu.au (A.J. Anderson).

Vision Research 137 (2017) 50–60

Contents lists available at ScienceDirect

Vision Research

journal homepage: www.elsevier .com/locate /v isres

http://crossmark.crossref.org/dialog/?doi=10.1016/j.visres.2017.06.003&domain=pdf
http://dx.doi.org/10.1016/j.visres.2017.06.003
mailto:aaj@unimelb.edu.au
http://dx.doi.org/10.1016/j.visres.2017.06.003
http://www.sciencedirect.com/science/journal/00426989
http://www.elsevier.com/locate/visres


While compensation of larger, voluntary eye movements may
be achieved by using biological signals such as efference copy or
proprioceptive feedback from the extraocular muscles
(Bridgeman & Stark, 1991), small eye movements that occur during
fixation are unlikely to be encoded by extraretinal signals within a
reasonable time (Murakami, 2003). Additionally, retinal slip result-
ing from small movements or vibrations of the eyes due to external
factors such as head movement will not have a proprioceptive
feedback or efference copy correlate (Murakami & Cavanagh,
2001). As such, a retinal-image based model of stabilization has
been proposed for small eye movements, where retinal image
motion signals are used to cancel retinal motion arising from small
eye movements (Murakami & Cavanagh, 1998; Wertheim, 2010).
This model proposes that the visual system cancels out common
motion (across the entire visual scene) arising from small eye
movements, whilst interpreting differential motion as evidence
for object motion (Murakami & Cavanagh, 1998).

A breakdown of this normally functioning stabilization mecha-
nism can be demonstrated by two compelling illusions – the ‘‘jitter
aftereffect illusion” (Murakami & Cavanagh, 1998), and the ‘‘on-
line jitter illusion” (Murakami, 2003). Respectively, these illusions
use either adaptation to dynamic random noise in the surround, or
simultaneous presentation of flicker in the surround, to create dif-
ferential motion signals between the centre and surround regions.
The stimulus in both illusions typically consists of a concentric disk
and annulus, both filled with a random-dot texture. In the jitter
after-effect illusion, the observer passively views the adapting
stimulus with steady fixation, which consists of a static centre
and dynamic noise in the annulus. After adaptation, both regions
physically become static, and illusory jitter is perceived within
the centre region while the annulus region appears stationary. In
the on-line jitter illusion (see Section 2.1 for details), the presence
of synchronous flicker in the annulus elicits illusory motion of the
centre region, which occurs immediately and lasts as long as the
annulus region continues to flicker. The resulting percept in both
illusions is a jittery percept of the centre, relative to a stable sur-
round region. The jittery percept of the centre is thought to be a
direct manifestation of the underlying small eye movements
becoming visible due to the failure of perceptual stabilization
mechanisms given these differential motion signals.

Many aspects of the jitter aftereffect illusion – such as its storage
properties, selectivity for direction and spatial frequency, inter-
hemifield and inter-ocular transfer, stimulus size specificity, and
stimulus configuration on the subjective percept – have been
extensively investigated by the original authors (Murakami &
Cavanagh, 1998, 2001). However, the focus of investigations into
the on-line jitter illusion have predominantly been on studying
the correlations between illusory jitter and fixational eye move-
ments, fixation stability, and motion sensitivity (Murakami, 2003,
2004a, 2004b; Murakami et al., 2006; Murakami, 2010).

Murakami’s simulations of motion-energy detection describe
how a flickering surround confuses early motion-energy detectors
to yield a motion energy difference between the two regions
(Murakami, 2003). The simulation implemented a motion
energy-response model (Adelson & Bergen, 1985), where the reti-
nal image is filtered by biphasic temporal impulse response and
spatial impulse response functions. The filtered outputs are then
squared and summed to yield motion-energy responses, to see
the changes of motion-energy unit outputs associated with flicker
(Murakami, 2003). Simulations reveal that motion energy units
yield oscillatory responses in the presence of flicker, such that
motion is reported in the correct direction for more than half the
period, but occasionally report incorrectly in the opposite direction
– around 50 ms after the onset of each grey interval (off-duty per-
iod of flicker). These are occasions where centre and surround are
reported oppositely despite eye movements being common in both

regions, as the retinal motion in the flickering surround is erro-
neously reported in the opposite direction to that of the static cen-
tre (see Discussion for further details). The results are in agreement
with previous studies demonstrating the effect of blank interstim-
ulus intervals (ISI) on the behaviour of motion-energy processing
(Shioiri & Cavanagh, 1990; Takeuchi & De Valois, 1997).

While motion-energy differences between the two regions
result in the incorrect encoding of motion arising from eye move-
ments, it is unclear how this leads to retinal image motions being
visible only in the centre and not the surround in the on-line jitter
illusion (Murakami, 2003). The differential motion signal between
centre and surround induced by the flickering surround is ambigu-
ous, and could equally be interpreted as arising from motion in the
centre alone, from motion in the surround alone, or from equal but
opposite motion in both regions. There are several hypotheses that
may explain why motion is seen only in the centre region in the
on-line jitter illusion. Firstly, salient flicker in the surround region
could mask motion that may be attributed to the surround
(Murakami, 2003). Secondly, the centre/surround stimulus config-
uration may guide the perceptual allocation of motion and refer-
ence frame to the centre and surround regions respectively.
Wallach’s experiments demonstrate that when one object sur-
rounds another, regardless of which of the two objects are moved,
the resulting percept is of the surrounded object in motion while
the surrounding object remains at rest (Wallach, 1959). Finally, dif-
ferences in spatial texture of the centre and surround regions (the
presence and absence of high spatial frequency components) may
influence the allocation of motion and reference frame. The influ-
ence of spatial frequency components and contrast in the alloca-
tion of reference and illusory motion has been demonstrated by
Kitaoka and the out-of-focus illusion (Kitaoka, 2001), where
motion is allocated to the low spatial frequency populated centre,
while the surround of high spatial frequency texture remains
stable (Greene et al., 2016). A variant of this illusion in which the
spatial frequency components are reversed results in the percept
of motion and reference also being reversed, such that the sur-
round is seen to jitter (Kitaoka, 2003). Although the generation of
the on-line jitter illusion is not predicated upon the presence or
absence of high spatial frequencies in the textures populating the
two regions, it is unclear the extent to which this may influence
the allocation of motion and reference in the final percept. There-
fore, we included the manipulation of these spatial textures in our
explorations of the on-line jitter illusion.

We aimed to explore the above hypotheses by combining psy-
chophysical and phenomenological studies. The first part of the
paper (Sections 3.1–3.3) were exploratory in nature, where we
sought to examine how specific changes to the stimulus such as
spatial configuration, spatial textures, and location and presence
of flicker interact to influence the final percept of the on-line jitter
illusion. The latter part of the paper (Sections 3.4–3.5) involved
investigation of flicker contrast modulations on illusion generation,
flicker detection, and motion detection in the presence of flicker.

First we re-assigned spatial texture and flicker to different
regions of the concentric circle stimulus to observe whether any
changes resulted in the allocation of motion and reference frame.
If either or both factors were critical in generating the final percept,
we expected to observe an inversion of the illusion, i.e. the sur-
round region jittering relative to a stable centre. Second, we rear-
ranged stimulus regions such that the two regions were
equivalent in area, eccentricity, and were non-overlapping. We
wanted to examine whether the illusion would persist with the
change in spatial configuration, as well as observe the influence
of spatial texture and flicker location in the absence of centre/sur-
round spatial relations between the two regions. Third, the flicker
contrast amplitudes required for illusion generation and detection
of flicker were established. This fed into the final experiment in
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