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Abstract Learned associations between object properties,
such as weight and size, allow for quick and accurate
manipulations of objects that we encounter repeatedly. This
integration of learned sensory information reduces the
overall computational load of our visuomotor system when
interacting with familiar objects. In the laboratory, even
novel associations can be quickly established after only
brief training. HaVenden and Goodale in J Cogn Neurosci
12:950–964 (2000) found that learned associations between
color and size aVected grip scaling for manual estimations
of size and visually guided grasping. But, how speciWc are
these learned associations? In the current study, lighter-
shaded “untrained” target objects were added to HaVenden
and Goodale’s color-size association paradigm to deter-
mine if the learned associations made by the perception and
action systems are equally tolerant to within-category color
changes. During perceptual estimations, training was gen-
eralized within color categories––manual estimations of
size were inXuenced by both the trained and lighter-shaded
untrained colors. In contrast, grasping was not inXuenced
by the untrained colored blocks. These results demonstrate
how the perception and action systems diVer in their incor-
poration of learned perceptual information. In contrast to
the object speciWc associations needed for grasping, our
perceptual system is more categorical and uses generalized
perceptual grouping strategies when relying on learned
color information.
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Introduction

We move about and interact with objects in our enviro
ment so eVortlessly that the complexities of these intera
tions are rarely noticed. When picking up our favori
coVee mug or pen, it is a simple matter to look where w
remember leaving it, reach out, and accurately pick it u
But is it really that simple? When we reach out to pick 
familiar objects, the posture of our hand and Wngers reXect
the orientation, shape, size, and function of the object,
well as what we plan to do with it. Our visuomotor syste
utilizes well established associations between object pr
erties and movement kinematics for anticipatory control
movement. This anticipatory control allows for quick an
accurate manipulations of familiar objects without requ
ing a complete dependence on “moment-to-moment” s
sory feedback control about object properties (Gordon et
1993).

Two distinct, but interconnected, cortical visual stream
have evolved to process the information needed for vis
perception and visually guided action (Goodale and Miln
1992; Milner and Goodale 1995). The ventral stream,
which projects from the primary visual cortex (V1) to th
temporal lobe (Ungerleider and Mishkin 1982), provides us
with visual perception of objects and events in the world
well as codes this information for storage and for use
cognitive processes like imagining, planning, and recog
tion (Goodale 1998; Milner 1998; Milner and Goodale
1995). In contrast, the dorsal stream, which projects fro
V1 to the posterior parietal lobe (Ungerleider and Mishkin
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1982), deals with moment to moment information about the
location of objects and is primarily involved in the visual
control of skilled movements directed at those objects
(Goodale 1998; Goodale and Milner 1992; Milner and
Goodale 1995).

Past research has shown how visual information can
diVerentially aVect the ventral (perceptual) and dorsal
(action) visual systems. For example, dissociations between
perception and action have been demonstrated behaviour-
ally in healthy individuals through the use of visual illu-
sions. These studies have shown that while perceptual
judgments of location (Bridgeman et al. 1997) and size
(Aglioti et al. 1995; Grave et al. 2005; HaVenden and
Goodale 1998) are susceptible to perceptual illusions,
actions such as saccades (Bridgeman et al. 1997; Wong and
Mack 1981) and reaching and grasping kinematics are not
(Kroliczak et al. 2005; Milner and Goodale 2006). This
research supports the theory that the representations that
guide our actions are diVerent from those that guide our
perceptions of the world, although alternative explanations
for these dissociations have been oVered by other research-
ers (Carey 2001; Franz et al. 2000, 2003; Pavani et al.
1999).

Despite a clear division of labour between the perception
and action systems, visual information from both streams
work together in our everyday interactions with the world.
Properties such as texture, temperature, compliance, and
weight may not be fully known when viewing novel
objects, but can be learned through direct experience with
those objects, thus inXuencing various kinematic responses
such as movement time and grip force prior to contact (Bre-
ener and Smeets 1996; Dubrowski et al. 2004; Gordon et al.
1991, 1993). Indeed, diVerent motor responses are elicited
depending on the sensory information associated with that
action. Incorporating learned perceptual information about
object properties allows for the initial parameters for hand
posture and grip scaling to be quickly selected, thus reduc-
ing the need for precise metrical calculations about the goal
object, while at the same time increasing the overall
eYciency of the visuomotor system (Gordon et al. 1993;
HaVenden and Goodale 2000).

Research has shown that learned associations can occur
relatively quickly, even with uncommon or experimentally
derived associations. For example, associations between
color and texture (Fikes et al. 1994), weight (Dubrowski
et al. 2004), or size (HaVenden and Goodale 2000) have
been shown to inXuence movement time, grip force and
maximum grip aperture (MGA; maximum diVerence
between index Wnger and thumb), respectively during
object manipulation. In addition to inXuencing movement
kinematics, HaVenden and Goodale (2000) also demon-
strated that learned associations between color and size
inXuence perceptual processes as well. Using color-size

associations, HaVenden and Goodale (2000) repeatedly pre-
sented participants with large yellow and small red blocks.
Participants quickly developed learned associations
between block color and block size. At a later stage when
two medium sized blocks were presented, one of which was
matching in color to the large yellow blocks and one match-
ing in color to the small red blocks, they found that grip
scaling and size estimations were scaled to the color-size
association rather than the actual size of that object. That is,
after undergoing color-size training, subjects produced
smaller grip apertures and perceptual estimations for the
yellow medium block than the red medium block, despite
these two blocks not diVering in size. HaVenden and
Goodale (2000) term this eVect a “relative size contrast
illusion”. Presumably, because yellow had been associated
to the larger sized category, the medium yellow block (which
was the smallest object in that color category) was perceived
as smaller when compared to the medium sized red block
(which was the largest object in that color category).

In everyday life, the associations built up by our visuo-
motor system occur naturally through interactions with
objects that we encounter on a regular basis, such as our
toothbrush or favorite coVee mug. Our unconscious reli-
ance on learned associations not only allows for quick and
accurate manipulations of objects, but also biases our per-
ceptual responses to those objects as well. These built up
associations reduce the need to consistently and habitually
calculate the precise properties of every object that we
encounter when interacting with them. However, a funda-
mental question concerning this sensorimotor process
remains unanswered: How speciWc is the integration of
learned associations during perceptual and visuomotor
tasks?

Adapting a color-size paradigm from HaVenden and
Goodale (2000), we established an association between
block size and block color. In a later phase we introduced
both color matched “trained” probe blocks and lighter-
shades of the trained target colors (untrained colored probe
blocks) that were equal in size. Based on previous research
(HaVenden and Goodale 2000), it was expected that after
training diVerences between the trained colored probe
blocks (dark red and dark blue) would emerge in both the
estimation and grasping conditions. SpeciWcally, the probe
block matched in color to the “large” category (dark red)
would elicit smaller estimations of size and smaller MGA’s
while grasping when compared to the probe block matched
in color to the “small” category (dark blue) which would
elicit larger size estimations and grip apertures. For the
untrained lighter colors, if the perception and visuomotor
systems show good speciWcity for training on the darker
colors, then diVerences in manual estimations and grip
aperture while grasping were not expected to emerge. How-
ever, if these two systems generalize learned information to
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similar colors, then training on the darker colors could
carry over to the lighter shades and manual estimations of
size and grip aperture while grasping would show the same
color-size association eVects as the trained colors.

Methods

Participants

After obtaining informed consent, participants were
assigned to either a perceptual “estimation” condition
(N = 24, 19 females, Wve males; mean age = 21) or a visuo-
motor “grasping” condition (N = 23, 18 females, Wve
males; mean age = 22). All participants were screened for
color blindness (Dvorine pseudo-isochromatic plates;
Dvorine 1953), were shown to be strongly right-handed
as determined by a modiWed version of the Edinburg
handedness inventory (OldWeld 1971), and had normal
or corrected-to-normal vision. This research was approved
by the Human Research Ethics Board at the University of
Manitoba.

Materials and procedure

In the estimation condition, participants were instructed to
manually estimate the size of the testing stimuli (square
wooden blocks modeled after HaVenden and Goodale
2000) by opening their thumb and index Wnger to match the
width of the block while their hand stayed in position on the
table. In the grasping condition, participants were
instructed to reach out and pick up the target blocks using
their index Wnger and thumb. All participants were
instructed to pick up these objects as quickly, but as natu-
rally, as possible.

Manual estimations and reaching and grasping move-
ments and were recorded with an OPTOTRAK Certus 3-D
motion tracking system (Manufactured by Northern Digital,
Waterloo, Ontario). Movements were recorded via infrared
light emitting diodes (IREDs; 200 Hz sampling rate) that
were secured on the subject’s index Wnger (positioned on
the left side of the cuticle), thumb (positioned on the right
side of the cuticle), and wrist (positioned on the radial por-
tion of the wrist) with small pieces of medical tape. All par-
ticipants were seated at a black table; their starting position
was indicated by a white start button which was positioned
10 cm from the edge of the table. Participants in the estima-
tion condition kept their hand stationary on the start button
with their index Wnger and thumb together and their eyes
closed. Participants in the grasping condition started each
trial with their index Wnger and thumb resting on a start but-
ton and their eyes closed. The experimenter signaled the
beginning of each trial with verbal instructions for the par-

ticipant to open their eyes. At this point they had to either
make a size estimation of the block, which was placed with
its far edge 40 cm from the start button, or reach out and
pick up the block. To reduce the noise in the estimation
data, participants Wrst viewed the object and then made a
verbal signal to the experimenter when their estimation was
complete. At that time a 1.0 s recording was taken of their
Wnger position. In the grasping task, a 2.5 s recording was
taken from when the experimenter instructed participants to
open their eyes. This time frame allowed for the task to be
completed and the reach to grasp parameters to be col-
lected. Although viewing times were not controlled in the
estimation condition, time to complete the whole experi-
ment did not diVer in either the estimation or grasping con-
ditions (approximately 45 min). After the required task was
complete, participants in the grasping condition returned to
the starting position with their index Wnger and thumb on
the start button with their eyes closed, while participants in
the estimation condition simply closed their index Wnger
and thumb and closed their eyes until the verbal command
to start the next trial was given. Each participant underwent
three diVerent sets of trials, pre-training, training, and post-
training, for a total of 172 trials. The testing stimuli con-
sisted of three diVerent groups of blocks, distractors, probe,
and key blocks. These blocks were painted one of Wve col-
ors (reported in C.I.E xyY color coordinates; color readings
obtained with a Cambridge Research Systems OP-200E
Photometer): dark red (x = 0.5688, y = 0.3692, Y = 31.1),
dark blue (x = 0.3215, y = 0.3546, Y = 37.1), light red
(x = 0.5749, y = 0.3634, Y = 43.6), light blue (x = 0.3526,
y = 0.3836, Y = 64.6), and yellow (x = 0.5135, y = 0.4476,
Y = 121). All blocks were 15 mm in height.

Pre-training: The Wrst set of 45 trials established a base-
line measure for grip aperture across colors. Five medium
sized probe blocks were randomly presented Wve times
each alternated between presentations of ten diVerent dis-
tractor blocks. The probe blocks, which were 45 mm in
width, were colored dark red, dark blue, light red, light
blue, and yellow. The distractor blocks consisted of Wve
blocks that were 50 mm in width and Wve blocks that were
40 mm in width. Each of these distactor groups had a dark
red, a dark blue, a light red, a light blue, and a yellow col-
ored block. The purpose of these trials was to ensure that
size estimations and grasping of the probe blocks were not
inXuenced by the color of the blocks before training began.
It was expected that after color-size training, diVerences in
grip aperture and size estimations for the 45 mm probe
blocks would emerge.

Training: The next set of trials established the color-size
relationship. Six key blocks were randomly presented Wve
times each, for a total of 30 trials. These blocks consisted of
three large dark red key blocks (65, 70, and 75 mm in
width) and three small dark blue key blocks (15, 20, and
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