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The distinctionbetween the premovement planningof an
action and its on-line control has a long history (e.g., Jean-
nerod, 1988; Keele & Posner, 1968; Woodworth, 1899).
Here, we demonstrate that the earlier portions of a grasp-
ing movement are more affected by the Ebbinghaus illu-
sion than are the latter portions. These results provide fur-
ther support for a planning/control model (Glover, 2001;
Glover & Dixon, 2001a, 2001b, 2001d) in which planning
is more susceptible to illusions than control. The results
do not support a perception/action model (e.g., Aglioti,
DeSouza, & Goodale, 1995; Bridgeman, 1999; Bridge-
man, Peery, & Anand, 1997;Goodale & Milner, 1992;Mil-
ner & Goodale, 1995), in which both planning and con-
trol are thought to be less susceptible to illusions than are
perceptions.

Woodworth (1899) was the first to demonstrate the dis-
tinctionbetween the premovement planningand the on-line
control of action.Woodworth found that when participants
were asked to draw lines of particular lengths, they re-
quired sufficient time to correct the actions on line. For ex-
ample, accuracy was worse at a drawing rate of 400 msec
per line than at slower rates. Furthermore, if the line-
drawing task was done without vision, participants’perfor-
mance at all speeds was just as poor as when the task was
done quickly with vision. Woodworth reasoned from this
that actions were composed of two stages: an “initial im-
pulse” stage that reflected the premovement planning of
the action and a subsequent “current control” stage that re-
flected the on-line correction of an action via feedback
mechanisms.

Since Woodworth’s (1899) seminal study,much research
has gone into characterizingthese two stages of action (e.g.,
Abrams & Pratt, 1993;Elliot,Binsted,& Heath, 1999;Flash
& Henis, 1991; Keele & Posner, 1968; Khan, Franks, &
Goodman, 1998; Meyer, Abrams, Kornblum, Wright, &
Smith, 1988;Pratt & Abrams, 1996), and some distinctions
between the two stages have been elucidated.For example,
planning appears to be a relatively slow and deliberate
process. The minimumtime required to initiatea movement
has been found to be around 250 msec (Stark, 1968). Con-
versely, on-line control appears to operate relatively
quickly. In contrast to the 400-msec lag between planning
and control stages hypothesized by Woodworth on the
basis of his original study, the benefits of visual and pro-
prioceptive feedback during on-line control have more re-
cently been found to occur in as little as 70–150 msec (e.g.,
Evarts & Vaughn, 1978; Lee & Tatton, 1975; Paulignan,
MacKenzie, Marteniuk,& Jeannerod,1991;Smeets, Erke-
lens, & van der Gon, 1990; Zelaznik, Hawkins, & Kissel-
burgh, 1983).

We have hypothesized that another difference between
planning and control may be how each is affected by
context-induced visual illusions. In the planning/control
model (Glover, 2001; Glover & Dixon, 2001a, 2001b,
2001d), context-induced illusions affect the planning
process, but not the on-linecontrolprocess. We use the term
context-inducedto refer to distortions that arise owing to the
visual context surrounding the target, as opposed to those
that result from other types of optical effects, such as some
perceptual constancy mechanisms (e.g., saccadic suppres-
sion;Goodale,Pelisson,& Prablanc, 1986;Prablanc& Mar-
tin, 1992), exposure aftereffects (e.g., the McCollough ef-
fect; McCollough,1965), or the wearing of light-refracting
devices (e.g., prism goggles; Redding & Wallace, 1994,
1997).
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A distinction between planning and control can be used to explain the effects of context-induced il-
lusions on actions. The present study tested the effects of the Ebbinghaus illusion on the planning and
control of the grip aperture in grasping a disk. In two experiments, the illusion had an effect on grip
aperture that decreased as the hand approached the target, whether or not visual feedback was avail-
able. These results are taken as evidence in favor of a planning/control model, in which planning is sus-
ceptible to context-induced illusions, whereas control is not. It is argued that many dissociations be-
tween perception and action may better be explained as dissociations between perception and on-line
control.
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The different effects of visual illusions on the planning
and control of actions are assumed to be due to the fact that
each stage of action uses its own visual representation.
The crucial difference between the two representations
pertains to the visual context surrounding the target. On the
one hand, the visual representation used in planning in-
corporates the visual context surrounding the target. Infor-
mation about the context is crucial in planningmovements
that avoid obstacles and/or depend on affordances involv-
ing the context. On the other hand, the visual representa-
tion used in control operates relatively independentlyof the
context. This allows it to operate quickly and with a high
level of accuracy by focusing its computational power
solely on the target itself. As a consequence of the differ-
ential role of the context in the two representations, plan-
ning is affected by context-induced illusions, whereas
control is largely immune to such effects.

This model provides a ready account of the reported pat-
tern of illusion effects on action. For example, parameters
of action that are the most affected by context-induced il-
lusionsare also those that likely reflect planningprocesses,
such as reaction time (Smeets & Brenner, 1995), move-
ment time (Gentilucci,Chieffi,Daprati, Saetti,& Toni, 1996;
Smeets & Brenner, 1995; van Donkelaar, 1999), posture
choice (Glover & Dixon, 2001a), and initial hand orienta-
tion (Glover & Dixon, 2001a, 2001b, 2001d). Conversely,
parameters of action that are less affected by illusions are
those that occur at or near the end of the movement and are
thus most likely to be influenced by on-line control
processes. These include pointing accuracy (Bridgeman,
Gemmer, Forsman, & Huemer, 2000; Bridgeman, Lewis,
Heit, & Nagle, 1979; Bridgeman et al., 1997), maximum
grip aperture (Aglioti et al., 1995; Brenner & Smeets,
1996; Daprati & Gentilucci, 1997; Haffenden & Goodale,
1998; S. R. Jackson & Shaw, 2000; Otto-de Haart, Carey,
& Milne, 1999; but see Franz, Gegenfurtner, Bülthoff, &
Fahle, 2000; Pavani, Boscagli, Benvenuti, Rabuffetti, &
Farne, 1999), and final hand orientation(Glover & Dixon,
2001a, 2001b, 2001d).

An alternative to the planning/control model is the
perception/action model (Aglioti et al., 1995; Goodale &
Milner, 1992; Haffenden & Goodale, 1998; Milner &
Goodale, 1995). This model is based on a dorsal-stream/
ventral-stream dichotomy in the visual processing path-
ways of the macaque brain (Mishkin, Ungerleider, &
Macko, 1983) and its putative homologue in the human
brain. According to the perception/action model, illusion
effects on action are often small or nonexistent because
actions typically use a visual representation that only
weakly encodes the context surrounding the target. This
context-independent action representation is thought to
allow the motor system to accurately compute the charac-
teristics of the target for both the planningand the control
of actions. Conversely, the perception module is thought
to include the visual context surrounding the target for the
purpose of helping to identify objects and attach meaning
to them. According to the perception/action model, actions

will be affected by illusions only when the perception and
action modules interact prior to movement initiation.
These interactions are said to be necessary when infor-
mation related to the target’s identity (such as its function,
weight, or texture) is required in order to carry out an
action.

The perception/action model makes many predictions
similar to those of the planning/control model and is thus
also supported by many of the same results (e.g., Aglioti
et al., 1995; Bridgeman et al., 1997; Daprati & Gentilucci,
1997; Haffenden & Goodale, 1998). However, other re-
sults are more consistent with the planning/control model
than with the perception/action model. For example, it has
been found that illusion effects on action are smaller when
visual feedback is available to participants, as compared
with when it is not available (Gentilucci et al., 1996;
Glover & Dixon, 2001c; Westwood, Heath, & Roy, 2000).
This supports the notion, inherent in the planning/control
model, that on-line control processes are responsible for
the small illusion effects on actions. Conversely, any reduc-
tion in illusion effects owing to the availability of visual
feedbackwouldseem to be inconsistentwith the perception/
action model, because both the planningand the control of
actions are held to be relatively immune to illusions.

Another line of evidence in favor of the planning/control
model comes from studies examining the dynamic illusion
effect (Glover & Dixon, 2001a, 2001b, 2001d). In these
studies, we measured the effect of an orientation illusion
on the orientation of the hand as participants reached out
to grasp a bar. We found that the effect of the illusion on
the orientationof the hand was large early in the reach but
decreased to near zero by the end of the reach, allowing
participants to grasp the bar without difficulty. According
to the planning/control model, the effect of the illusion on
hand orientation decreased because the illusion affected
the initial planning of the movement, but not its subse-
quent control. In contrast, a dynamic illusion effect would
not be predicted by a perception/action model. According
to this model, the illusion should have a small and consis-
tent effect throughout the reach, because bothplanningand
control make use of a context-independentaction represen-
tation.

Overview of the Present Study
As a further test of the planning/control and perception/

action models,we here measured the effects of the Ebbing-
haus size-contrast illusion on grasping. Participants
reached out and grasped a target disk lying flat in front of
them, using a pincer grasp employing the thumb and fore-
finger. During such an action, the grip aperture (i.e., the dis-
tance between the thumb and the forefinger) first increases
to a maximum somewhat larger than the actual size of the
target, then decreases as the hand closes around the target
(e.g., Jakobson& Goodale, 1991; Jeannerod, 1984;Marte-
niuk, MacKenzie, Jeannerod, Athenes, & Dugaas, 1987;
Wing, Turton, & Fraser, 1986). In order to study the effect
of a context-induced illusion on this action, the apparent
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size of the target disk was manipulatedby surrounding the
target with circles that were either larger or smaller than
the target (Figure 1). The resulting size-contrast illusion is
known as the Ebbinghaus (or Titchener) illusion (e.g.,
Coren & Girgus, 1978; Coren & Miller, 1974) and has
been extensively studied with regard to its effects on ac-
tion (Aglioti et al., 1995; Franz et al., 2000; Haffenden &
Goodale, 1998;Marotta,DeSouza,Haffenden,& Goodale,
1998; Pavani et al., 1999). The Ebbinghaus illusion owes
its effects to the relation between the target and the con-
textual figures. Specifically, when the contextual figures
are larger than the target, the target appears to be smaller
than it really is (Figure 1, top). Conversely, when the con-
textual figures are smaller than the target, the target ap-
pears larger than it really is (Figure 1, bottom).

Past studies have often found that the effect of the
Ebbinghaus illusion on grasping is dissociable from its ef-
fects on perceptual judgments(e.g., Aglioti et al., 1995;Haf-
fenden & Goodale, 1998; but see Franz et al., 2000;Marotta
et al., 1998; Pavani et al., 1999). For example, Aglioti et al.
found that the effect of the Ebbinghaus illusion on the
maximum grip aperture (i.e., the maximum distance be-
tween the thumb and the finger in grasping) was smaller
than its effect on perceptual judgments indexed through
the method of comparison. A follow-up study by Haf-
fenden and Goodale replicated this finding under visual
open-loop conditions, suggesting that the small effect on
maximum grip aperture did not depend on visual feed-
back. These results have been taken as evidence in favor

of a perception/action model (Aglioti et al., 1995; Haf-
fenden & Goodale, 1998; Milner & Goodale, 1995).

However, this pattern of results is also consistent with
the planning/control model. The principal dependentvari-
able in these studies, the maximum grip aperture, usually
does not occur until well into the second half of the
movement (Jakobson & Goodale, 1991; Jeannerod, 1984;
Marteniuk et al., 1987; Wing et al., 1986). Consequently,
there is ample time in which on-line control mechanisms
could operate (see Bock & Jungling,1999;Castiello,Ben-
nett, & Stelmach, 1993; Paulignan, Jeannerod, MacKen-
zie, & Marteniuk,1991). In our view, maximum grip aper-
ture may not only represent how an action is planned, but
also how it is controlled.

In the present research, we measured the effects of the
Ebbinghaus illusion on grasping at a range of points
throughout the reach, rather than at the point of the maxi-
mum grip aperture only. Using this approach,we were able
to distinguish the effects of the illusion on how the grasps
were planned (evident early in the movements) from its
effects on how the grasps were controlled (evident later in
the movements).

EXPERIMENT 1

Experiment 1 tested the predictions of the planning/
control and perception/action models by comparing the ef-
fects of the Ebbinghaus illusion at several points during the
reach. If the planning/control model is correct, the effect
of the Ebbinghaus illusion on grip aperture should be
large early in the reach but decline as the hand approaches
the target. This would reflect the use of a context-dependent
visual representation in planning and the use of a context-
independentvisual representation in on-line control.Con-
versely, if the perception/action model is correct, the ef-
fect of the illusion on grip aperture should be small and
fairly stable throughout the course of the reach. This would
reflect the use of a context-independent action represen-
tation in both the planning and the control of action.

Method
Participants. Twelve University of Alberta undergraduates par-

ticipated in the experiment in return for course credit. All 12 partic-
ipants were right-handed and had normal or corrected-to-normal vi-
sion. All the participants were naive as to the exact purpose of the
study.

Apparatus. The participant sat on an adjustable chair at a 100 ´
60 cm table, behind a 20 ´ 80 cm two-way mirror positioned ap-
proximately 10 cm from the participant’s eyes. The top of the two-way
mirror was rotated 15º away from the participant in the frontal plane.
The participant’s vision above and around the table top was restricted
by the testing apparatus, but he or she was able to see the table top,
including his or her reaching hand and arm, throughout each trial.
Head and eye movements were not restricted.

A system of lights was used to either block or allow vision
through the two-way mirror. One light was positioned above the
table at a height of 52 cm, close to the participant’s end of the table.
This light remained lit throughout the experiment. Two floodlights
were set on the table to the left and right sides of the workspace, and
two more floodlights were positioned above the participant, to the

Figure 1. The Ebbinghaus illusion used in the present study.
The targets presented in the middle of each display are the same
size. On the top, the contextual circles are large, making the tar-
get appear slightly smaller than it really is. On the bottom, the
contextual circles are small, making the target appear slightly
larger than it really is.
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left and right. To allow vision through the two-way mirror, the lights
on the table were lit, and the lights above the participant were extin-
guished. To block vision through the mirror, the lighting arrange-
ment was reversed. When the table top was visible, its illumination
was 0.9 cd/m2 (measured from the participant’s side of the two-way
mirror). When the table top was not visible, the participant saw only
the reflection of the ceiling in the two-way mirror.

U.S. letter-sized (27.9 ´ 21.6 cm) pieces of paper with the Ebbing-
haus circles illusion printed on them were placed on the table in the
center of the participant’s field of view. The paper occupied 29.9º of
visual angle in the depth plane and 23.1º of visual angle in the hor-
izontal plane. The large-circles version of the illusion (Figure 1, top)
was made up of 6 evenly spaced circles (41-mm diameter, or 4.3º of
visual angle) surrounding the center of the paper. The edge of each
large circle was 25 mm (2.7º of visual angle) from the center of the
paper. The small-circles version of the illusion (Figure 1, bottom)
was made up of 12 evenly spaced circles (1.0-mm diameter, or 1.1º
of visual angle) surrounding the center of the paper. The edge of
each small circle was 20 mm (2.1º of visual angle) from the center
of the paper.

Small white plastic disks, ranging in 2-mm increments from
26 mm (2.8º of visual angle) to 34 mm (3.6º of visual angle), replaced
the target circles in the middle of the paper. Each disk was 3 mm thick.
The outside rims of the disks were painted black so that the disks
would resemble the contextual circles as closely as possible. The
center of the disks was approximately 43 cm from the participant’s
midsection. A 1 3 5 cm cylindrical starting bar was taped to the table,
using surgical adhesive tape, so that its length was parallel with the
participant’s frontal plane. The center of the starting bar was ap-
proximately 23 cm from the participant’s midsection and exactly
20 cm from the center of the disks.

The participant wore two infrared light-emitting diodes (ireds),
one taped to the mediodorsal surface of the thumb, roughly halfway
between the interphalangeal joint and the tip of the thumb, and the
other to the laterodorsal surface of the index finger, roughly halfway
between the proximal interphalangeal and the distal interphalangeal
joints. If one imagines a participant’s hand lying on a table with the
palm facing down, the ireds were worn on the skin near the base of
the nails of the thumb and forefinger, on the side to the right of the
nail on the thumb and to the left of the nail on the finger. The ireds
were attached with wires to a computer, and the loose wire was fas-
tened to the participant’s forearm with enough play that the partici-
pant could move his or her arm and hand freely. None of the partic-
ipants reported feeling any restriction or discomfort while wearing
the ireds.

The table top was monitored with an infrared video camera fixed
to a stable mount at a height of 70 cm above the table. The two ireds
were alternately illuminated at 60 Hz, and the position of the lit
diode was detected electronically every video frame and recorded
using an IScan tracking system. The IScan system output the posi-
tion of the lit diode to a computer at 60 Hz, with a nominal resolu-
tion of 1.2 mm horizontally and 2.2 mm in depth. In order to assess the
precision of the system for monitoring movements, we used a method
adapted from Haggard and Wing (1990). Two diodes were attached
to a plastic card 8 cm apart. The card was swept systematically across
different portions of the camera field of view at velocities compara-
ble with those during reaching (about 0.5 m/sec). The distance be-
tween the diodes was reconstructed from the system output, with a
standard deviation of 0.60 mm laterally and 1.04 mm in depth. There
were no measurable deviations from linearity in the workspace using
the IScan system.

Experimental procedure. The participants were required to
begin each trial by pinching the starting bar with the thumb and fore-
finger, keeping the other fingers curled underneath the hand. A trial
began when the computer, at the experimenter’s instigation, simul-
taneously extinguished the lights behind the screen and lit the lights

on the table, making the stimulus array visible through the two-way
mirror. The participants were required to reach out and pick up the
disk, using the thumb and the forefinger, and then set the disk down
on the half of the table top nearest themselves. Instructions to the
participants did not emphasize speed. Six randomly determined
practice trials were run before the test trials to allow the participants
to familiarize themselves with the task.

Two contextual circles conditions were used. In half the trials, the
context consisted of the large circles; in the other half, it consisted
of the small circles. For each context condition, five disk sizes were
used: 26, 28, 30, 32, and 34 mm. In each of two blocks, the partici-
pants received seven repetitions of each context and disk combina-
tion, for a total of 120 trials. The participants were allowed a brief
rest between blocks if they so desired.

Data analysis. Data were analyzed by passing the position data
from the two ireds through a custom filter. The onset of each reach
was set at the time when the movement velocity of the thumb ex-
ceeded 0.10 m/sec. The offset of the reach was set at the time when
the thumb ceased to move in a forward direction. The thumb was
used for determining velocity, because most of the change in grip
aperture during a pincer grasp is due to flexion or extension of the
finger; as a consequence, the thumb provides a relatively stable
index of the overall position of the hand during the reach (Haggard
& Wing, 1997; Wing & Fraser, 1983; Wing et al., 1986). Grip aper-
ture was computed for each sampled position from reach onset to
offset. For each measurement of grip aperture, the position of the
ired that was not lit during that frame was interpolated between the
position measurements for the preceding and the following frames.
Measurements were omitted when they implied a movement veloc-
ity greater than 1.0 m/sec or when the positions were outside the nor-
mal range of movement. Positions for these omitted observations
were estimated by interpolation. Trials were excluded if either the re-
action time or the movement time was less than 250 msec or greater
than 1,500 msec or if the starting position was outside a normal
range. Apart from 1 participant who was excluded owing to poor
recording, 96.6% of the trials from 11 participants were included in
the final analysis.

On completion of the filtering process, the data for each trial were
time normalized. This involved estimating the position and grip
aperture by interpolation for 21 equally spaced points in time rang-
ing from the onset of the movement to its offset. Each time slice thus
represented 5% of the duration of the movement. The normalized
trials for each background and disk condition were averaged for each
participant.

The magnitude of the illusion effect on grip aperture was ex-
pressed relative to the effect of the (veridical) disk size. First, for
each time slice, the ratio of disk size to grip aperture was computed,
averaging over participants and context condition. This size–aperture
ratio represents the extent to which the grip varied with disk size at
each time slice. Generally, the ratio starts out small at the beginning
of the reach and increases as the hand approaches the target disk.
Second, the raw effect of the illusion was computed for each subject
and time slice by subtracting the grip aperture measured with the
small-circles context from that with the large-circles context. Finally,
the scaled illusion effect for each participant and time slice was cal-
culated by dividing the raw illusion effect by the size–aperture ratio
for that time slice. The scaled illusion effect represents the magni-
tude of the illusion effect relative to the extent to which grip aper-
ture is tuned to the size of the disk. In other words, the scaled effect
provides a measure of how much of a difference in actual disk size
is represented by the raw illusion effect. The scaled effect of the il-
lusion on grip aperture was used in the subsequent analysis.

Two issues were assessed statistically. First, was there an overall
effect of the context-induced illusion on grip aperture—that is, was
the average scaled illusion effect greater than zero? Second, did the
scaled illusion effect change over time? These questions were ad-
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dressed by fitting a series of nested linear models to the data for the
scaled illusion effect. In the first model, it was assumed that the
mean illusion effect was zero at all points in time—that is,

mt = 0.

In the second model, it was assumed that there was a constant effect
of the illusion—that is,

mt = a.

In the third model, an effect of time was added:

mt = a + bt,

where

The relative fits of these three models were evaluated by computing
maximum-likelihood ratios. The likelihood ratio indicates the like-
lihood of the data given the best fit of one model divided by the like-
lihood of the data given the best fit of the other. The likelihood ratio
provides an index of the strength of the evidence for one model rel-
ative to the other (Goodman & Royall, 1988). The likelihood of the
data for a linear model with normally distributed error is closely re-
lated to the residual variance not predicted by the model and can be
computed as follows (Dixon & O’Reilly, 1999):

where SSE1 and SSE2 reflect the fit of the two models and n is the
number of independent observations. Because the scaled illusion ef-
fect is essentially a difference score, we assumed that the observed
effects for each subject at each point in time were independent. We
adopt the heuristic that a likelihood ratio of 10 or greater indicates
relatively clear evidence for one model over the other. Under many cir-
cumstances, the likelihood ratio thus obtained is closely related to

the p value found by testing the hypothesis of no effect (Dixon,
1998), and, if one were to do null hypothesis significance testing,
the null hypothesis would generally be rejected if the likelihood ratio
were 10 or greater.

Results
Figure 2 shows the effect of disk size on grip aperture

over time for the 11 participants who produced usable
data. It can be seen in Figure 2 that the grip aperture grad-
ually became more dependent on the disk size as the
movements progressed. The maximum grip aperture oc-
curred at around 65% of the movement, comparable with
what has been typicallyfound (Jakobson& Goodale, 1991;
Jeannerod, 1984; Marteniuk et al., 1987; Wing & Fraser,
1983).

The scaled difference in grip aperture between the two
contextualcircles conditionsis shown in Figure 3. The data
were analyzed by comparing the scaled effect of the con-
text at t = 0.4, 0.6, 0.8, and 1.0 (i.e., at the completion of
40%,60%, 80%, and 100% of the reach). The scaled effect
for the times prior to t = 0.4 were excludedbecause the ratio
relating grip aperture to disk size was very small early in
the reach and, as a consequence, the scaled illusion effect
tended to be excessivelyvariable at those times. Only four
points were used in the analysis to reduce the potential for
dependence between observations at successive points in
time. It can be seen in Figure 3 that there was a consistent
decline in the effect of the illusion from t = 0.4 onwards,
and this was also supportedby the statistical analysis. The
likelihood ratio comparing a model that included a con-
stant effect of the illusion with a null model that included
only an effect of participantswas l > 1,000. In otherwords,
the data were more than 1,000 times as likely on the as-
sumption that an effect of the illusion was present than on
the assumption that there was no effect of the illusion.The
likelihood ratio comparing a full model that included an
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Figure 3. The scaled illusion effect on grip aperture in Exper-
iment 1. The effect is shown for the four points in normalized
time used in the data analysis. Error bars represent standard er-
rors of the mean.

Figure 2. The effect of each of the five disk sizes on grip aper-
ture in Experiment 1. Grip aperture is represented on the y-axis,
normalized time on the x-axis.
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effect of the illusion and an effect of time (consistent with
the planning/control model) with a model that included an
effect of the illusion but no effect of time (consistent with
the perception/action model) was l = 14.1. In other words,
the data were more than 14 times as likely on the assump-
tion that an effect of time was present than on the as-
sumption that there was no effect of time.

Mean reaction time across participants was 613 msec
(range, 389–929 msec). Mean movement time across par-
ticipants was 570 msec (range, 442–904 msec). There was
no indication that the illusion or the size of the disks had
effects on either reaction times or movement times.

Discussion
The fact that the effect of the Ebbinghausillusionon grip

aperture decreased as the hand approached the target in
Experiment 1 is consistent with the planning/control model.
In this model, it is held that actions are planned using a
context-dependentrepresentation that is susceptible to il-
lusions but are controlled using a context-independent
representation that is immune to visual illusions. The data
from Experiment 1 are less consistent with a perception/
action model, in which it is held that actions are both
planned and controlled using a context-independent rep-
resentation that is immune to illusions and separate from
that used in perception. The dynamic illusion effect might
be explained within the perception/action model by as-
suming that the two modules interact in the course of the
action, with the perception module making a substantial
contribution to the planning of the movement. However,
since there would appear to be no a priori necessity for an
interaction of this sort, such an assumption would tend to
undermine the distinction between perception and action
that motivates this approach.

EXPERIMENT 2

Although Experiment 1 revealed a dynamic effect of the
Ebbinghaus illusion on grasping, showing that the effects
of this illusion on action could be corrected in flight, the
results do not indicate which sources of information were
crucial to the correction process. Information from any or
allof visual feedback,proprioception,or efferencecopymay
have contributed.The aim of Experiment 2 was thus to dis-
sociate the contributions of visual and nonvisual sources
of information in the correction process by including a no-
vision condition in which participants reached without vi-
sion of their hand or the target. A vision conditionlike that
used in Experiment 1 was also included for comparison.

It is commonly understood that visual feedback aids in
the accuracy of reaching movements (Elliot et al., 1999;
Jeannerod,1988;Keele & Posner, 1968;Woodworth,1899).
However, on-line adjustments have also been found to
occur in the absence of visual feedback (e.g., Goodale et al.,
1986;Khan et al., 1998; Prablanc & Martin, 1992), demon-
strating that nonvisual sources of information also play an
important role during on-line control. For example, the

loss of proprioception through pathology has detrimental
effects on motor performance, suggesting that proprio-
ception is important for the control of action (Gentilucci,
Toni, Chieffi, & Pavesi, 1994; G. M. Jackson et al., 2000;
Jeannerod, Michel,& Prablanc, 1984; Lee & Tatton, 1975;
Sainburg, Poizner, & Ghez, 1993). A role for efference
copy may also be present, on the basis of studies that show
that localization of an actively moved limb (i.e., one the
participant moved himself or herself) is superior to local-
ization of a passively moved limb (i.e., a limb moved by
the experimenter; Eklund, 1972; Paillard & Brouchon,
1968). Thus, there is evidence that both visual and nonvi-
sual sources of information contribute to on-line control.

On the basis of this, we predict that in the planning/
control model, illusion effects should decrease over time
whether or not visual feedback is available, although the
reduction in the illusion effect over time may be less sub-
stantial in a no-visioncondition than in a vision condition.
In contrast, theperception/actionmodel includesthe premise
that actions are planned and controlled using a common
visual representation that is less susceptible to illusions
than are perceptions. This would seem to imply that re-
moving vision should not affect the illusion effect on
grasping. Furthermore, as was discussed in connection
with Experiment 1, according to a proponent of the
perception/action model, the effect of the illusion should
not change over the course of the reach, whether or not vi-
sion is available.

Experiment 2 also included a test of the perceptual ef-
fects of the Ebbinghaus illusion. It is possible that the ef-
fect of the illusion in our setup may have been different
from that in previous studies because the stimulus display
was viewed from a seated position (rather than standing)
and was thus slightly foreshortened. A perceptual task
would thus provide measurements that could be directly
compared with the effect observed in grasping.

Method
Participants. Sixteen University of Alberta undergraduates par-

ticipated in the experiment in return for course credit. All 16 partic-
ipants were right-handed and had normal or corrected-to-normal vi-
sion. All the participants were naive as to the exact purpose of the
study.

Apparatus. The apparatus was identical to that used in Experi-
ment 1.

Reaching task procedure. The participants performed two
blocks of reaching trials and one block of perception trials. The
reaching trials were divided into one vision and one no-vision block.
The order of blocks was counterbalanced across participants, with
the perception block coming directly before the reaching blocks in
half of the participants and directly after the reaching blocks in the
other half of the participants. The procedure for reaching trials in
the vision block was identical to that used in Experiment 1.

The no-vision trials differed from the vision trials in the follow-
ing respects: In the no-vision trials, the participants were first given
a preview of the display. After 2 sec, the participants’ view of the
table top (including their hands) was blocked, and a tone signaled the
participants to reach. Other than the 2-sec preview, the tone, and the
lack of vision during the reach, the task was identical in all respects
to that in the vision trials. The participants were given 6 randomly de-
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termined practice trials prior to beginning the vision task and 10 ran-
domly determined practice trials prior to beginning the no-vision
task.

The context and disk conditions used in the reaching task were
identical to those used in Experiment 1, except that only six repetitions
of each condition were used in each of the vision and no-vision
blocks. This resulted in 60 trials in each of the two reaching blocks,
for 120 trials in total. The participants were allowed a brief rest be-
tween the two blocks of reaching trials.

Perception task procedure. The setup for the perception task
was identical to that for the reaching tasks, but here the participant
was required to match the size of the disks, using the thumb and
forefinger. Trials began with the experimenter’s setting up the dis-
play with the participant’s vision blocked. Once the display was set
up, the lights were switched, and the participant had to lift his or her
hand up off the starting bar and indicate the size of the disk, using
the thumb and forefinger. He or she was instructed not to move the
hand toward the disk (which could have allowed him or her to inter-
pose the hand in the line of sight of the disk). A trial continued for
5 sec, at which time a tone sounded. The participant was then required
to return the hand to the starting position and await the next trial.

In half the perception trials, the context consisted of the large cir-
cles; in the other half, it consisted of the small circles. For each con-
text condition, three disk sizes were used: 26, 30, and 34 mm. The
participants received two repetitions of each context and disk com-
bination, for a total of 2 repetitions 3 3 disks 3 2 contexts = 12 tri-
als. The order of presentation was random.

Data analysis. Data from the reaching trials were analyzed in a
fashion identical to that in Experiment 1. A total of 94.5 % of the
reaching trials from 15 of the participants were included in the final
analysis. One participant was excluded owing to recording failure.

Data from the perception trials were analyzed by dividing the
recordings into 11 measurements spaced at 100-msec intervals over
the final 1,000 msec of each trial. Distance measures from these
11 measurements were averaged, and the mean distance was com-
puted for each trial for each participant. Distances across the two

repetitions were averaged. Poor recording resulted in the exclusion
of 5.6% of the trials. However, at least one trial for each condition
for each participant was available, and no participants had to be ex-
cluded for this reason. The scaled effect of the illusion on perceptual
estimates was calculated by dividing the raw illusion effect on man-
ual estimates by the ratio of the effect of disk size on manual esti-
mates.

Results
Figure 4 shows the effect of disk size on grip aperture

over time for both the vision (left) and the no-vision (right)
conditions.A cleardependenceof grip aperture on disk size
was present from the beginning of the movement in both
conditions. It is clear from Figure 4 that the grip aperture
was generally larger and reached its peak slightly earlier
in the no-vision condition than in the vision condition.
This replicates findings reported in other studies of grasp-
ing without vision (Jakobson & Goodale, 1991; Jean-
nerod, 1984).

The scaled illusion effect for the two vision conditions
and the four analyzed time slices is shown in Figure 5. The
illusion effect in the two vision conditions tended to de-
crease as the hand approached the target, and this decrease
was more evident in the no-visionconditionthan in the vi-
sion condition.When a model that included a constant ef-
fect of the illusion was compared with a null model, the
likelihoodratio was large (l > 500). That is, the data were
more than 500 times as likely on the basis of the assump-
tion that the illusion had an effect on grip aperture than on
the assumption that the illusion had no effect. When an ef-
fect of time was added into this model, the likelihoodratio
comparing it with the model that included only the effect

Figure 4. The effect of each of the five disk sizes on grip aperture in the vision (left) and no-
vision (right) conditions of Experiment 2. Grip aperture is represented on the y-axis, normalized
time on the x-axis.
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of the illusion was also large (l = 17.0), suggesting that
the illusion effect decreased as the hand approached the
target.

Although the pattern of means shown in Figure 5 sug-
gests an interaction in which the illusion effect early in the
reach is larger without vision, the evidence for such an in-
teraction was not compelling. When a full model that
added in the effects of vision conditionand the interaction
of time with vision was compared with a model that in-
cluded only the effects of the illusion and time, the likeli-
hood ratio was l = 7.0. To further examine this possibility,
we compared the largest illusion effects in the two vision
conditionsat t = 0.4. Here, the illusioneffect was 0.64 mm
in the vision condition and 1.83 mm in the no-vision con-
dition. In this case, the 95% confidence interval for the
difference was -1.54 to 3.32 mm and included 0. In sum,
whereas there was relatively clear evidence for a constant
effect of the illusion and time in Experiment 2, there was
no strong evidenceeither for an effect of either vision con-
dition or for an interaction between time and vision.

The effect of the illusion and its interaction with time
were also evident in the no-vision conditionwhen consid-
ered by itself. For the no-vision data, when a null model
was compared with a model that included a constant effect
of the illusion, the likelihood ratio was large (l = 32.8);
when the constant model was compared with a model that
included an effect of time, the likelihood ratio was l =
19.3. This constitutes clear evidence that the effect of the
illusion was greater than zero, on average, and diminished
as the hand approached the disk. A similar analysis of the
data in the vision condition by itself revealed evidence for
a constant effect of the illusion (l = 26.9) but no clear ev-
idence that the effect varied over time (l = 1.2). However,
this conditionwas essentiallya replicationof Experiment1,
and the pattern of means is generally consistent with the

results found previously. Consequently, we attribute the
lack of clear evidence for an effect of time to the variabil-
ity of the data.

Mean reaction time across participants was 534 msec
(range, 341–759 msec) in the vision condition and 461
msec (range, 287–686 msec) in the no-vision condition.
Mean movement time across participants was 731 msec
(range, 564–1,041 msec) in the vision condition and 923
msec (range, 674–1,154 msec) in the no-vision condition.
Reaction times were shorter in the no-vision condition than
in the vision condition, presumably because the partici-
pants in the no-vision condition were better able to antic-
ipate the onset of each trial. Movement times were some-

Figure 5. The scaled effect of the illusion on grip aperture in the vision (left)
and no-vision (right) conditions of Experiment 2. The effect in each condition
is shown for the four points in normalized time used in the data analysis. Error
bars represent standard errors of the mean.

Figure 6. The effects of background condition and disk size in
the perceptual matching task of Experiment 2. Estimates made
with the small-circles background are represented by the small
circles; estimates made with the large-circles background are
represented by the large circles.
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what longer in the no-vision condition than in the vision
condition, a common finding in studies comparing reach-
ing with and without vision (Connolly & Goodale, 1999;
Jeannerod,1984).There was no indicationthat background
or disk size affected reaction times or movement times.

Figure 6 shows the results of the perception task in Ex-
periment 2. It is evident from Figure 6 that the participants
gave larger estimates for the disks surrounded by small
circles than for the disks surroundedby large circles. To as-
sess the effects of the illusionon the estimates,we compared
nested linear models. Comparing a model that includedan
effect of disk with a null model gave a large likelihood
ratio (l > 1,000). Comparing an additive model that in-
cluded effects of both disk and illusion with the model that
included the effect of disk only also gave a large likeli-
hood ratio (l > 1,000). However, comparing the full model
that included the effects of disk and illusion and their in-
teraction with the additive model yielded a small likeli-
hood ratio (l = 1.52). Thus, there were large effects of
both disk and illusion on the perceptual estimates, but
there was little indication of an interaction between these
two variables.

Figure 7 summarizes the results of the two experiments.
Shown are the effects of the illusion on grasping in the
early (t = 0.4) and late (t = 1.0) portions of the reach. Also
shown is the illusion effect on perceptually based match-
ing. It can be seen in this figure that the effect of the illu-
sion tends to be smaller in the grasping task (even rela-
tively early in the reaches) than in the perceptual judgment
task. Although this result suggests that illusions have
smaller effects on actions than on perceptions, other stud-

ies have shown that it is more common for the early com-
ponent of the action to be more affected by an optical il-
lusion than are perceptually based judgments (Glover &
Dixon, 2001a, 2001d, 2002a). In a related study, printed
words were found to have large effects on planningbut no
effects on either control or perceptions (Glover & Dixon,
2002b).

Discussion
Experiment 2 replicated the dynamic illusion effect

found in Experiment 1. The data in the no-vision condition
showed that continuous visual information was not re-
quired for the on-linecorrectionof illusioneffects on grasp-
ing. These data support the planning/control model, in
which actions are planned using a context-dependent vi-
sual representation but are corrected on line, using a
context-independentrepresentation. In contrast, these data
do not support a perception/action model in which actions
are both plannedand executedusing a context-independent
action representation. According to this model, the illu-
sion should have had a consistently small effect on grip
aperture throughout the reach.

The finding that the dynamic illusion effect occurred in
the no-vision condition supports the notion that nonvisual
mechanisms, such as proprioception and efference copy,
can be used to adjust reaching movementson line (Goodale
et al., 1986; Khan et al., 1998; Prablanc & Martin, 1992).
The results of Experiment 2 also indicate that continuous
visual information does not play an essential role in the
correction of the effects of the Ebbinghaus illusion on ac-
tion. However, this does not discount the role of any visual

Figure 7. Summary of results of Experiments 1 and 2. Shown are
scaled illusion effects for t = 0.4 and t = 1 for the grasping task in Ex-
periment 1 and the two conditions of Experiment 2. Also shown is the
scaled illusion effect for the perceptual judgment task of Experiment 2.
Error bars represent the standard error of the mean.
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information in on-line control: The control system may
use stored visual information regarding the target even
when there is no feedback loop.

In previous reports, the magnitude of the Ebbinghaus il-
lusion on perception has been between 2.25 and 2.50 mm
(Aglioti et al., 1995; Franz et al., 2000; Haffenden &
Goodale, 1998;Pavani et al., 1999), whereas in the present
research, the effect was somewhat smaller (2.05 mm). The
smaller perceptual effect may have been due to the partic-
ipants’ slightly foreshortened view of the display. How-
ever, despite the smaller perceptual effect, the illusion still
had clear effects in both the reaching and the perception
tasks. Furthermore, the perceptual effect of the illusion
was generally larger than the effect on grip aperture in the
last 60% of the reach. As we mentioned earlier in regard
to Figure 7, the illusioneffect on grip aperture at t = 0.4 was
nearly as large as its effect on perception, but by the end
of the reach the effect on grip aperture had become sub-
stantially smaller than the effect on perception.

GENERAL DISCUSSION

In the present study, we demonstrated a dynamic effect
of the Ebbinghaus illusion on grasping, in both full-vision
and no-visionconditions.This result replicates and extends
a similar dynamic effect obtained with an orientation illu-
sion in reaching (Glover & Dixon, 2001a, 2001b, 2001d).
In previous studies, the Ebbinghaus illusion was found to
have a smaller effect on the maximum grip aperture than
on perceptual judgments of target size (Aglioti et al.,
1995; Franz et al., 2000;Haffenden & Goodale, 1998; Pa-
vani et al., 1999). However, when we measured the effect
of the illusion on grip aperture throughout the course of
the reach here, we found that the effect of the illusion was
large early in the reach and decreased as the hand ap-
proached the target. Thus, the relatively small effect of the
illusion on maximum grip aperture may be due to the fact
that the maximum grip aperture occurs at a relatively late
point in the movement. Together, the results of Experi-
ments 1 and 2 suggest that, although the planning of the
grasp is affected by the illusion, the on-line control of the
grasp is not. This is consistent with the planning/control
model, but not with a perception/action model.

The dynamic illusion effect found in the no-vision con-
dition was expected on the basis of past studies that have
demonstrated the contributions of proprioception and/or
efference copy to on-linecontrol.Althoughvisual feedback
may seem to be the most intuitivecandidate for the correc-
tion of illusion effects on line, the present study suggests
that its role under the present circumstances may be rela-
tively minor. However, in other studies using the Müller-
Lyer illusion, the role of continuousvision of the effectors
and targets has been more evident (Gentilucci et al., 1996;
Glover & Dixon, 2001c; Westwood et al., 2000), and a
complete understandingof the relative importanceof con-
tinuous vision in the on-line correction of illusion effects
on action requires further research.

Another possible explanation for the dynamic illusion
effect observed here and elsewhere is that proprioceptive
information becomes more relevant during movement
than prior to movement. On this account, illusion effects
are corrected on line because proprioception operates as
the hand is in flight to correct any error in the planning of
the movement. Although this suggestion is intuitively
plausible,we note that the present study cannot be used to
compare such a notion with the planning/control model.

Other Studies of the Ebbinghaus Illusion and
Grasping

Several authors have argued that the apparentdifference
between the effects of the Ebbinghaus illusion on action
and on perceptiondepends on the manner in which the ac-
tion and the perception tasks are conducted.For example,
in the perception task used by Aglioti et al. (1995), par-
ticipants compared the apparent sizes of two disks pre-
sented with different contextualsurrounds, whereas in the
grasping task, participants reached out to grasp only one
of the disks. Franz et al. (2000) and Pavani et al. (1999) ar-
gued that the effect of the illusion may have been reduced
in the grasping task because participants were required to
attend only to one disk at a time. In support of this inter-
pretation, these authors found little evidence for a differ-
ence between grasping and perceptual judgments when
both tasks involved only a single target and its surround-
ing context.Franz et al. concluded that perception and ac-
tion use a common visual representation and that both are
equally affected by the Ebbinghaus illusion, whereas Pa-
vani et al. concluded that their results reflected an inter-
action between perception and action.

Although the results of Franz et al. (2000) and Pavani
et al. (1999) suggest a need for cautionwhen comparing the
results of perception and action tasks, their specific con-
cerns would not seem to apply to the manner in which the
perception and the action tasks were matched in the Haf-
fenden and Goodale (1998) study. In that study, the effect
of the illusion on perception was clearly larger than its ef-
fect on the maximum grip aperture, even though the two
tasks were appropriatelymatched by the criterion of Franz
et al. and Pavani et al. Similarly, in Experiment 2 of the pres-
ent study, the effect of the illusion on grip aperture was
generally less than its effects on perceptions, even though
the two tasks were appropriately matched.

Another factor that may have affected the results in the
grasping tasks of the present study was the presence of the
annulus (ring of circles) around the target. Haffenden and
Goodale (1998) observed that the presence of the annulus
may have the effect of presenting “obstacles” to the grasp-
inghand.Generally, the maximumgrip aperturewas smaller
in their study when the hand reached into the center of
such an annulus than when no annulus was present. In the
present study, it is difficult to imagine how the presence of
the annulus would have interacted with the decreasing ef-
fect of the illusion on grasping. We would suggest that,
being a contextual element, the annulus likely has its ef-
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fects mainly on the planningof the grasp. Indeed, if the an-
nulus were the sole cause of the dynamic illusion effect in
this case, it would seem strange that the effects of other il-
lusions also decrease over time (Glover & Dixon, 2001a,
2001b, 2001c, 2001d).

Extensions of the Planning/Control Model
In the present study, we have explained the effects of

the Ebbinghaus illusion on action in terms of a dichotomy
between the planning and the on-line control of action.
This was also the case for the results of our studies using
an orientation illusion (Glover & Dixon, 2001a, 2001b,
2001d) and a size-contrast illusion (Glover & Dixon,
2001d). Furthermore, a similar pattern of on-line correc-
tion was observed for the effects of printed words on grasp-
ing (Glover & Dixon, 2002b). In all four paradigms, a
context-inducedoptical illusion (or word) had a larger ef-
fect on action in the earlier portion of the movement than
in the latter portion. Thus, it would appear that the visual
information used during planning is more heavily influ-
enced by cognitive and perceptual variables than is on-line
control. Indeed, inasmuch as effects of the illusionson con-
trol are demonstrablydifferent from theireffects on planning
and perceptions, the present results represent evidence for
a dissociation not just between planning and control, but
also between perceptionand control.Next, we will describe
how many other apparent dissociations between percep-
tion and action may be better explained as dissociations
between perception and control.

One class of dissociation between perception and con-
trol is related to the observation that the motor system can
accommodate changes in the target that occur outside of
conscious awareness. For example, a perturbation in a tar-
get’s position during a saccade often goes unnoticed, a
phenomenon related to saccadic suppression. However,
pointingmovements directed at the target can compensate
accurately for the change in position (Bridgeman et al.,
1979; Goodale et al., 1986; Prablanc & Martin, 1992).
Although these studies have been held as evidence for a
dissociation between perception and action (Bridgeman
et al., 1979; Goodale & Milner, 1992; Milner & Goodale,
1995), the adjustments to the new location of the target
were being made in flight and, thus, presumably reflected
the operation of the on-line control system.

Other results also support a distinction between per-
ception and on-line control. For example, Castiello and
Jeannerod (1991) reported that when a target’s locationwas
moved coincident with the onset of a reach, participants
made adjustments in their trajectories well before they
were able to verbally respond to the change (on the order
of 150 msec for motor adjustments vs. 300 msec for verbal
response). In fact, participants reported having the sensa-
tion that they had adjusted the trajectories of their reaches
before they had become aware of the change in the posi-
tion of the target. Similarly, a subtle change in the size of
an approaching target that goes unnoticed by participants
can be quicklyand accurately accommodatedby the motor

system (Savelsbergh,Whiting,& Bootsma, 1991). Because
these motor adjustments occur during the movements
themselves, they would seem to imply a specific dissoci-
ation between perception and on-line control, rather than
a more general dissociation between perception and ac-
tion. In contrast to this evidence for different visual infor-
mation’s being used for perception and control, support
for the notion that the planning of movements is dissocia-
ble from perception is much less evident.

However, it is necessary to point out that the planning/
control model may not account as well for eye movements
as it does for other typesof movements. For example, Wong
and Mack (1981) observed that participantswere able to ac-
curately perform saccadic eye movements to a target de-
spite illusory motion induced by a shift in a frame sur-
rounding the target (Roelef’s effect). Crucially, the saccades
made by the participants in this study did not originallygo
in the direction of the perceived motion, as would be pre-
dicted by the planning/control model. Rather, the saccades
moved accurately to the target location.

We suggest that this result may occur because eye and
limb movements operate under very different constraints.
On the one hand, saccades involve the two-dimensional
rotation of the eyes in the orbit and have no need to take
into account any obstacles or environmental affordances.
On the other hand, a body movement (of which reaching
and grasping is but one example) generally involves a
three-dimensional trajectory through physical space and
must account for obstacles and affordances. Thus, the con-
text of the target may be much less important for the plan-
ning of saccades than it is for the planning of body move-
ments, and as a consequence,context-inducedillusionsmay
have little effect on saccadic planning.Consistentwith this
distinction between eye and body movements, there is ev-
idence that the neural structures underlying the two types
of movements are differently localized (Anderson et al.,
1994; Deiber, Ibanez, Sadato, & Hallett, 1996) and rely
on separate efferent pathways (Kolb & Whishaw, 1995).

Conclusions
The present study revealed a dynamic effect of the

Ebbinghaus illusion on grasping. This effect occurred
whether or not vision was availableduring the reach. These
results support the planning/control model of action; in this
model, planninguses a context-dependentvisual represen-
tation, whereas control uses a context-independent repre-
sentation.As such, context-inducedoptical illusionsshould
affect the planningof an action, but not its subsequent con-
trol. In contrast, the results of the present study do not sup-
port a perception/action model, in which actions are both
planned and controlled using a visual representation that
is context independent.

The planning/control model provides a compelling ex-
planationof the effects of context-inducedillusionson ac-
tions. It can also accommodate many of the findings that
have typically been interpreted as dissociations between
perception and action. In sum, we believe that the plan-
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ning/control model provides a valuable framework for in-
terpreting a range of phenomena related to the organiza-
tion and function of the motor system.
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