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Abstract Recent work has shown that pictorial illu-
sions have a greater effect on perceptual judgements
than they do on the visual control of actions, such as
object-directed grasping. This dissociation between
vision for perception and vision for action is thought to
reflect the operation of two separate streams of visual
processing in the brain. Glover and Dixon claim, how-
ever, that perceptual illusions can influence the control
of grasping but that these effects are evident only at
early stages of the movement. By the time the action
nears its completion any effect of illusions disappears.
Glover and Dixon suggest that these results are consis-
tent with what they call a ‘planning and control’ model
of action, in which actions are planned using a context-
dependent visual representation but are monitored and
corrected online using a context-independent represen-
tation. We reanalysed data from an earlier experiment
on grasping in the Ebbinghaus illusion in which we
showed that maximum grip aperture was unaffected by
this size-contrast illusion. When we looked at these data
more closely, we found no evidence for an effect of the
illusion even at the earliest stages of the movement.
These findings support the suggestion that the initial
planning of a simple object-directed grasping movement
in thisillusory context is indeed refractory to the effects
of theillusion. Thisis not to suggest that more deliberate
and/or complex movements could not be influenced by
contextual information.
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Introduction

We have previously demonstrated that size-contrast illu-
sions, which by definition have clear effects on con-
scious perception, have only minimal effects on the scaling
of grasping movements directed at targets embedded in
those illusions (Aglioti et al. 1995; Haffenden and
Goodale 1998, 2000; Haffenden et a. 2001). For example,
when subjects reach out to pick up a target disc in the
middle of an Ebbinghaus illusion, their maximum grip
aperture in flight is largely unaffected by the illusion.
Manual estimates of the target’s size, however, show a
strong and robust effect, indicating that subjects perceive
the discs to be bigger or smaller than they really are.
Even the small effect on grasping that is sometimes seen
disappears when the gap between the target and the
small-circle annulus is altered. Thus, in a recent experi-
ment (Haffenden et al. 2001), we showed that there was
no difference in the effect of small- and large-circle
displays on grip aperture when the distance between the
targets and their surrounding annuli were made equiva-
lent by increasing the size of the gap between the target
and the small-circle annulus (Fig. 1A). Nevertheless, a
strong effect on the manual estimations of target size was
still evident, despite the increase in the distance between
the target and the surrounding annulus in the small-circle
display (Fig. 1A). These results suggest that the small
effect on grasping that is sometimes seen with traditional
Ebbinghaus displays is not due to the illusion but is due
instead to the tendency of the visuomotor system to treat
the 2D elements surrounding the target disc as potential
obstacles. In other words, the visuomotor system appears
unable to distinguish easily between real obstacles and
2D contours close to the target. As a consequence, sub-
jects make adjustments in the trajectory of the finger and
thumb to avoid these virtual ‘obstacles’ (see Haffenden
et a. 2001 for amore detailed discussion of this point).
Although we have argued that the control of grasping
isimpervious to the perceptua effects of the Ebbinghaus
size-contrast illusion (Aglioti et al. 1995; Haffenden et
al. 2001; Haffenden and Goodale 1998), the possibility
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Fig. 1 A Schematic representation of the stimulus displays used.
Note that the distances between the targets and the annuli are
equivalent for the traditional large- and adjusted small-circle
displays. Mean (+SE) grip aperture and perceptual estimation differ-
ence scores (see “Materials and methods”) are presented below the
schematic. [This is a subset of the data from the Haffenden et al.
study (2001).] Although a large effect was observed for perceptual
estimations of target size, only a very small effect was observed
for grasping (Haffenden et al. 2001). When data from the adjusted
small-circle display were compared with data from the traditional
large-circle display there was no significant effect of the illusion
on grasping. **indicates a significant difference at P<0.001, *indi-
cates a significant difference at P<0.01, n.s. non significant.
B Schematic representation of a grasping profile taken from asingle
trial by one subject in the current study. Typically, the hand opens
wider than the actual target size before closing in on the object to
complete the grasp (‘end’ of the movement in the figure). The
point of maximum aperture (‘max’ in the figure) occurs around
70% of the way through the movement. The analysis for the current
study divided the time taken to reach maximum aperture into four
time points at 25%, 50% and 75% of the time taken to reach maxi-
mum aperture, as well as the maximum aperture point itself

remains that illusions could influence the grasp at earlier
stages of the movement, well before maximum grip
aperture is achieved. This suggestion was recently put
forward by Glover and Dixon (2001), who proposed that
the initial movement plan is based on context-dependent
information and is therefore susceptible to the influence
of illusory contexts. But once the hand has begun to
move, its trajectory is then adjusted or controlled online
by making use of context-independent information. They
termed this a ‘planning and control model’ of prehen-
sion. In developing these ideas, they used a version of
the tilt illusion, in which subjects grasped rods placed
against background gratings oriented at different angles
with respect to the rod (i.e. which creates a perceptual
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illusion such that the rod appears to be tilted in a direc-
tion opposite to that of the grating). In their experiment,
the earliest stages of the grasping movements directed at
the rods were indeed influenced by the illusory context,
but no such influence was observed later in the movement
(Glover and Dixon 2001).

To examine whether or not the kinematics of grasping
are influenced by the Ebbinghaus illusion at the earliest
stages of the movement, we compared grip aperture to
targets embedded in the small- and large-circle displays
at four different time points during the course of the
movement (25%, 50%, and 75% of the total time to
reach maximum aperture, and maximum grip aperture
itself, which typically occurs well before the hand
contacts the target; Fig. 1B).

Materials and methods

The apparatus and procedure for this study have been described in
detail elsewhere (Haffenden et a. 2001). In short, 18 right-handed
subjects (9 males and 9 females) with normal or corrected-to-
normal vision completed both the manual estimation and grasping
versions of the Ebbinghaus task. All subjects gave informed con-
sent prior to testing and the experimental protocol was approved
by the institutional ethics committee. For the grasping task,
subjects were asked to grasp the disc embedded in the display
(Fig. 1A), with maximum grip aperture (i.e. the distance between
forefinger and thumb) as the dependent measure. For perceptual
estimations, subjects were asked to open their forefinger and
thumb to a distance they felt was equivalent to the size of the
target disc along the sagittal axis. For the present study we are
concerned only with the grasping condition. For this task, subjects
completed 60 grasping trials, with the four target disc sizes (28,
30, 31, 32 mm diameter) and three annulus arrays (traditional
small-circle, adjusted small-circle and traditional large-circle;
Fig. 1A) being randomized (see Haffenden et al. 2001 for the
precise dimensions of the annuli used). This led to five trials per
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Fig. 2 A Mean grip aperture over the four time points for the tra-
ditional small-circle display (open triangles) and traditional large-
circle display (open circles). B Mean grip aperture over the four
time points for the adjusted small-circle display (filled sguares)
and traditional large-circle display (open circles). Beside each fig-
ure to the left are the predicted (open bars) and observed (filled
bars) resultant difference scores between grasps to the small- and
large-circle displays at 25% of the way through the movement. On
the right of each figure are the resultant difference scores at the
point of maximum aperture. The standard error for the difference
scores of the observed data ranged from 0.32 to 0.48 mm and was
not systematically influenced by the display type. Predicted scores
are based on Glover and Dixon's (2001) planning and control
model, which predicts a large effect of the illusion (i.e. a signifi-
cant positive difference score) early in the movement and no effect
(i.e. a difference score approaching zero) later in the movement.
The predicted effect for the early time point is based on the effect
of the illusion observed for perceptua estimations of size
(Fig. 1A; note that this is a conservative estimate adjusted for the
differences in slope observed for scaling estimations vs scaling
grip aperture; see Haffenden et al. 2001 for details). For the maxi-
mum aperture time point, we assumed a non-significant difference
as a predicted score (i.e. a difference score that approached zero —
for illustration purposes we have depicted a positive score that ap-
proaches zero; however, there is no a priori reason for choosing
this). *indicates a significant difference at P<0.01

condition. Finger and thumb position (as well as wrist position)
were recorded using a three-camera Optotrak (Northern Digital)
system that monitors infrared light-emitting diodes in real time
and three-dimensional space. Subjects wore PLATO liquid crystal
goggles (Translucent Technologies) that changed from clear to

opague upon movement onset, thereby creating an open-loop con-
dition in which the subject’s view of their hand and the target were
occluded after movement onset. Subjects were instructed to initiate
their movements as soon as they saw the target and speed was not
emphasized. Instead subjects were asked to make natural grasping
movements to the near and far axes of the target discs.

Data analysis

To determine the effect the illusion had on maximum grip aperture
(and on perceptua estimations of size) difference scores were
calculated by subtracting the responses made to the large-circle
displays from the responses made to the small-circle displays. A
positive difference score indicates that grip aperture to targets
surrounded by the small-circle annuli were larger than grip aperture
to targets surrounded by the large-circle annulus array, indicating
that the subject perceived the disc presented in the small-circle
display to be larger than discs of the same size presented in the
large-circle display. To analyse this effect over time, we first
calculated the time taken to reach maximum grip aperture for each
subject on each trial. This figure was then divided into four time
points at 25%, 50% and 75% of the time taken to reach maximum
grip aperture, as well as the point of maximum aperture itself
(note: time to reach maximum aperture was chosen rather than full
movement time, as grip aperture tends to decrease after maximum
aperture until point of contact with the target is made, at which
time there will be no difference across conditions given physical
contact with the target object has been made). The grip aperture at
each of these time points was then entered into the analysis. For
each subject, data were then collapsed across disc size, which had
been shown previously not to interact with task (i.e., estimation vs
grasping) or annulus array (Haffenden et al. 2001). Two separate
ANOVAs were then conducted, one comparing grip aperture
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across time for the traditional annulus arrays and the second com-
paring grip aperture across time for the adjusted small-circle and
traditional large-circle displays (Fig. 1A). Both ANOVAS had two
factors: annulus array (small vs large) and time (25%, 50%, 75%,
and 100% of time to reach maximum aperture). Main effects and
interactions were compared with paired samples t-tests with
Bonferroni corrections for the number of comparisons made. Differ-
ence scores were calculated for the purpose of display by subtracting
grip aperture to the large-circle annulus from grip aperture to the
two small-circle annulus displays separately (Figs. 1, 2).

Results

For grasps made to targets embedded in the traditional
small- and large-circle displays, repeated measures analysis
of variance (ANOVA) revealed a significant interaction
(F(13=3.66, P<0.05) between illusory context (small-
circle annulus vs large-circle annulus) and time (at 25%,
50%, 75%, and 100% of the total time to reach maxi-
mum aperture). Post hoc analysis showed that this inter-
action was entirely due to the significant difference in
maximum grip aperture (t,,=3.17, P<0.01), which we
had already seen in our earfier study (Haffenden et al.
2001; Fig. 2A). In other words, athough maximum grip
aperture was slightly larger when subjects were grasping
targets in the small-circle annulus array as compared to
when they were grasping the same targets in the large-
circle annulus array, this difference was not evident at
the three earlier time points (25% of max. aperture,
t17)=—0.65, P=0.53; 50% of max. aperture, t17)=1.3,
IS:O.Zl; 75% of max. aperture, t,7,=1.3, P=0.2; léig. 2).
No significant effects or interactions were found
when the same analysis was applied to data from the
traditional large-circle and adjusted small-circle annuli
(Fig. 2B). That is, there were no significant differences
in grip aperture between the two displays at any of the
time points tested, including maximum grip aperture
(with a Bonferroni corrected alpha value of 0.0125; 25%
of max. aperture, t,,=-1.5 P=0.14; 50% of max.
aperture, t,,=—2.3, P=0.04; 75% of max. aperture,
t17=—0.83, P=0.4; max. aperture, t;,=1.26, P=0.22;
ig. 2B). Importantly, as was the case for the two tradi-
tional displays, there was no evidence of an early con-
textual effect of theillusion on grasping.

Discussion

Our reanalysis of how grip aperture evolves during the
course of a grasping movement showed no evidence for
an effect of the Ebbinghaus size-contrast illusion at early
stages of the movement. According to Glover and Dixon’'s
planning and control model, one would expect to see
evidence of larger grip apertures to targets in the small-
circle display than in the large-circle display at the
beginning of the movement, and this difference would
become smaller as the movement unfolded. As our data
show, this was clearly not the case for either the compari-
son between the two traditional displays or for the com-
parison between the adjusted small-circle display and the

traditional large-circle display (Fig. 2). In fact, given that
the perceptual effect of the illusion was greater for the
traditional rather than the adjusted displays, one might
have expected that if the illusion had any effect on the
initial planning of the movement, it would be most evi-
dent here. But as Fig. 2 shows, there was not even a hint
of an early effect in either comparison.

Given that we chose to explore fixed time points in
the course of the movement based on the time taken to
reach maximum aperture, one possibility for the absence
of any difference in grip aperture at these time points
could be that the different illusory contexts influenced
how long subjects took to reach maximum aperture in
some systematic way. For example, subjects may have
taken longer to reach maximum aperture under the small
annulus array than the large annulus array, making any
comparison of fixed time points based on time to reach
maximum aperture invalid. To address this issue we
analysed the time to reach maximum aperture across the
different displays (e.g. traditional small and large annulus
displays, as well as the adjusted small annulus array).
We found no significant differences in the time taken to
reach maximum aperture, suggesting the different dis-
plays used in the current study did not influence the time
taken to reach maximum aperture. Furthermore, if one
suspects that subjects were taking longer to reach maxi-
mum aperture under some conditions than others, then
the concern for Glover and Dixon’s planning and control
model would be that our method of analysis might mask
any effects very early on in the movement (i.e. before the
point where 25% of the time taken to reach maximum
aperture had elapsed). Closer examination of Glover and
Dixon's findings, however, shows that in their study the
effects of the dlant illusion on grasping were significant
well beyond 25% of the overall movement duration
(Glover and Dixon 2001 — see their Fig. 7). Therefore,
our method of analysis would presumably have uncovered
any early effects had they been there. Moreover,
although we did not examine explicitly the differences at
earlier timepoints in the movement (i.e. prior to 25% of
the time taken to reach maximum aperture), there is no
indication at al that any differences were present
(Fig. 2).

As we have already emphasized, the small difference
in maximum grip aperture seen for the traditiona
Ebbinghaus displays (i.e. in which the gap between targets
and the large- and small-circle annuli are not equivalent;
Fig. 1A) was not due to the size-contrast illusion.
Instead, we suggest that this effect is due to an attempt
by the visuomotor system to avoid ‘obstacles surrounding
the target.® Support for this conjecture comes from our
observation that there is no difference in maximum grip
aperture when the gaps between the target and the
surrounding elements for small- and large-circle annuli

1 Thereis evidence that the visuomotor system will treat 2D objects
as obstacles during the performance of a grasping or aiming
movement (see Haffenden and Goodale 2000 for a review of this
literature)



are made equivalent (Haffenden et a. 2001). Importantly,
for data obtained using the adjusted small-circle annulus,
there was also no evidence of an early effect of the
illusion on grasping. Therefore, the current reanalysis of
grasping data in the Ebbinghaus illusion provides strong
evidence that the initial programming of the grasp was
based on the real dimensions of the target, not its
perceived size.

Glover and Dixon asked subjects to grasp rods placed
against gratings oriented at different angles with respect
to therod (i.e. the tilt illusion). This display resultsin an
orientation-contrast illusion, such that the rod appears to
be tilted more than it really is (in a direction opposite to
the orientation direction of the grating). When subjects
reached out to grasp the rod in this display, the illusion
exerted a large effect on hand posture at the early stages
of the movement. By the time the hand was about to
make contact with rod, however, al effects of theillusion
had disappeared. It was this result that led Glover and
Dixon to formulate their planning and control model, in
which they suggested that the initial programming of
movements makes use of visual representations that take
into account the surrounding context, while online mech-
anisms which make use of context-independent visual
representations correct for any contextual effects later on
in the movement. Why then did we not see any effect of
illusory context on grip aperture at early stages of the
movement in our experiment? We would suggest that the
crucia difference between the two studies lies in the
nature of the elements inducing the illusion. In the case
of thetilt illusion, the inducing elements of theillusion —
the contrast between the edges of the rod and the back-
ground grating — are likely to depend on local inhibitory
interactions between groups of neurons tuned to different
orientations, probably occurring at the level of primary
visual cortex (Hubel and Wiesel 1968; Sengpiel et al.
1997). The early locus of the source of the illusion
means that the processing of orientation in both ventral
and dorsal extrastriate visual areas will be affected. In
contrast, the inducing elements of the Ebbinghaus size-
contrast illusion are thought to depend on object process-
ing that occurs in ventral extrastriate areas well beyond
primary visual cortex (see Milner and Goodale 1995 for
review). Thus, local processing of the target by dorsal
stream mechanisms is unaffected by thisillusion.

Given that the two illusions depend on mechanisms at
very different levels of the visual system, it is perhaps
not surprising that different patterns of visuomotor con-
trol are observed. Indeed, a recent study by Dyde and
Milner (2002) directly compared the effects of alow-level
illusion (the tilt illusion) with those of a higher-level
‘pictorial’ illusion (the ‘rod and frame' illusion) on both
perceptual judgements and visually guided actions. They
found that the tilt illusion had an equivalent effect on
perception and action, whereas the rod and frame illu-
sion affected only perception. This result fits nicely with
the argument we are making here that the level at which
the inducing elements of an illusion are processed
will determine the extent to which visuomotor control
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escapes the effects of the illusion. Thus, the manifestation
of theillusion in the early stages of the movement in the
Glover and Dixon study need not imply that the initial
programming of skilled actions is influenced by contextual
information surrounding the target object. Instead, we
would argue that the earlier in the visua system the illu-
sion ‘emerges’, the greater the likelihood that theillusion
will exert some influence on the control of actions (as
well asinfluencing perceptual judgements).

In the original study by Aglioti and colleagues (1995)
using the Ebbinghaus illusion, the relative insensitivity
of grip scaling to the illusion was taken as evidence that
the visual control of actions depends on visual pathways
that are quite separate from those mediating our percep-
tion of the world. Since that paper was published, a large
number of studies have pursued this finding and have
explored in detail the effects of different illusions on per-
ception and action (Brenner and Smeets 1996; Bridgeman
et a. 2000; Dyde and Milner 2002; Franz et al. 2000;
Gentilucci et a. 1996; Glover and Dixon 2001; Goodale
and Milner 1992; Haffenden et al. 2001; Haffenden and
Goodale 1998; Jackson and Shaw 2000; Marotta et al.
1998; Mon-Williams and Bull 2000; Pavani et al. 1999;
van Donkelaar 1999). The story that is emerging is not a
simple one — but one that is nevertheless quite consistent
with the original two-visual systems proposal. Although
some investigators have shown no difference between
the effects of their illusory stimulus on action and
perception, this by itself does not constitute evidence
against the two-visual systems model. There are many
reasons why actions can be influenced (or at |east appear
to be influenced) by perceptua illusions. As we have
already seen, for example, the surrounding elements in
the Ebbinghaus display can be treated as ‘obstacles’ and
thus influence grip aperture (Haffenden et al. 2001; see
also Mon-Williams et al. 2001 and Howard and Tipper
1997). Some illusions, like the tilt illusion, may demon-
strate an influence on action by virtue of the fact that the
illusion arises in primary visual cortex, thereby exerting
an influence on both the ventral and dorsal streams
(Dyde and Milner 2002). Timing is aso critical. If there
is a delay between viewing the target and initiating the
action, then illusions that do not affect actions in real
time may now do so, presumably because the subject is
utilizing a remembered (and thus perceptual) representa-
tion of the target (Bridgeman et a. 1979; Goodale et al.
1994; Hu and Goodale 2000). The action parameter that
one measures is also important. Grip aperture, which is
largely determined by information that is available on
the retina, is much less likely to be influenced by context
than initial grip force, which will be based on expecta-
tion or prior experience with the target object (Brenner
and Smeets 1996; Jackson and Shaw 2000). In addition,
some actions, like pointing, may be more likely to be
influenced by illusions than others, such as grasping.
When pointing to the ‘centre’ of aline in the context of
the Muller-Lyer or Judd illusions, for example, one is
indicating where one perceives the centre to be. In
contrast, when grasping a rod in the context of the same
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illusions, one is simply trying to pick up the rod. Not
surprisingly, pointing shows greater influence from these
illusions than grasping (Gentilucci et al. 1996; Mon-
Williams and Bull 2000; van Donkelaar 1999). Finally, it
should be noted that some visual displays can induce
adjustments in target-directed movements with only small
(or non-existent) changes in perception (Goodale et al.
1986; Yamagishi et al. 2001).

In conclusion, the present study shows no evidence for
an effect of the contextual information in the Ebbinghaus
size-contrast illusion on grip aperture, even at early
stages of the movement. This finding adds to the growing
body of evidence that the visual control of skilled
actions, such as grasping, depends on visua processing
that is quite separate from that leading to our perceptual
representations of the world. We would suggest, however,
that the performance of an action in an illusory context
will be influenced by many different factors, not all of
which are perceptual, and for this reason the demonstra-
tion that visual context can influence action does not
necessarily contradict the two-visual systems hypothesis.
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