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A kinematic study assessed the effects of the perceived
dimensions of an object upon the patterning of a
prehension movement involving that object. If an apple
was perceived as two-dimensional, subjects utilized a
large precision grip between the index finger and thumb.
If the apple was perceived as three-dimensional, whole
hand prehension involving all the digits was utilized. A
visual perturbation from perceived two-dimensional to
three-dimensional at movement onset resulted in a
transition from the 2D precision grip pattern to the 3D
whole hand prehension. These results suggest that visual
mechanisms for interpreting the dimensions of an object
directly influence motor selection pathways, and do not
necessarily access a three-dimensional central nervous
system representation of the object.
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Introduction

This study addresses the issue of how visual
interpretative mechanisms influence motor control.
It asks the question ‘If an object is perceived as two-
dimensional, will a motor act involving that object
differ from that involving the same object when it is
perceived as three-dimensional?’

Many theories about object recognition assume the
existence of a strong associative memory structure,
where visual input of an object is manipulated and
matched to relevant stored models.'? In object-
centred theories, the description of a viewed object
is derived on-line according to an intrinsic object-
centred reference frame which is independent of the
object’s position.” Biederman* proposed that such
viewer-centred invariance allows the definition of
volumetric object components (geons) from the
detection of the edge properties of an image. In
viewer-centred theories, view-specific image descrip-
tions of objects are matched to corresponding stored
representations of these object views.” In this system,
a network stores a certain number of different views
associated with the object, these views being
subdivided according to semantic and object cate-
gory.®’

Most object recognition theories presume the
existence of three-dimensional (3D) models, where,
presumably two-dimensional images of an object are
matched to the relevant 3D representations. The issue
of how two-dimensional (2D) and three-dimensional
(3D) features interact was recently addressed by
Ullman,® whose alignment method does not use
three-dimensional models. Rather, the spatial coordi-
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nates of an object’s contours are matched to those of
pre-stored two-dimensional views; the identification
process is built from a small collection of two-
dimensional images.

Experimentation related to visual interpretation,
including recognition, of an object has rarely been
linked to motor outputs involving that object.®
Conversely, movement studies, such as those related
to prehension, have focused upon intrinsic object
characteristics such as shape, size, function and
category,” ! rather than upon the perceived dimen-
sionality of the object to be operated upon. The
current study addressed the link between the visual
perception of an object’s dimensions and the
characteristics of the motor output which acts upon
that object. It aimed to determine whether there are
differences in the movement of reaching to grasp an
apple according to whether the apple is perceived as
two-dimensional or three-dimensional. If the move-
ment pattern is different for the two-dimensional
perception, is the motor output impermeable to a
perturbation which changes the perceived dimension-
ality of the object, or will the originally recruited
pattern be interrupted for the execution of a three-
dimensional output? If the latter interruption occurs,
is it possible to detect the point of computational
passage from a 2D to a 3D output through a kinematic
assessment?

Materials and Methods

Eight students (4 women and 4 men, aged 21-32
years) volunteered to participate. All were right-
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handed (Edinburgh Inventory'?), reported normal or
corrected-to-normal vision, and were ignorant as to
the experimental purpose. Each subject attended an
experimental session of approximately 1h duration.

The subject was seated in front of a table (1 x 2m)
in a dimly lit room. Prior to each trial, the ulnar
border of the right hand was positioned on a
pressure-sensitive switch 20cm in front of the
midline of the subject’s thorax. The shoulder was
flexed, the elbow flexed, the forearm semi-pronated,
the wrist was in 10-15° of extension, and the index
finger and thumb were held opposed. The target was
an apple, presented on a tray in the mid-saggital plane,
30cm from the switch. For the control/perturbed
block, the apple appeared to be two-dimensional (2D)
for 80 trials—this was achieved through a dark-light
interplay with spotlights behind the apple. (These
lights did not shine directly into the subject’s eyes).
For 20 randomly interspersed trials, a visuo-dimen-
sional perturbation was introduced at the onset of the
transport component; that is, upon release of the
switch. With this spotlight shift, the apple became
illuminated from above so that it appeared as a three-
dimensional object. Two other blocks of 10 trials
were also performed: 1) the silhouette apple; 2) the 3D
apple. The order of these single blocks in relation to
the perturbed/control block was counterbalanced.

Reflective markers (0.25cm diameter) were at-
tached to the reaching limb on the radial aspect of
the distal styloid process of the wrist; on the radial
side of the nails of the index, middle, ring and little
fingers; and on the ulnar side of the thumb nail.
Movements were recorded with the Elite system,
consisting of two infra-red cameras (sampling rate 100
Hz) inclined at an angle of 30° to the vertical and
placed 3m in front of the table and 3 m apart. The
spatial error measured from stationary and moving
stimuli was 0.04 mm. Coordinates of the markers
were reconstructed with an accuracy of 1/3000 over
the field of view and sent to a host computer (PC
386). The SD of the reconstruction error was 1/3000
for the vertical (Y) axis and 1.4/3000 for the two
horizontal (X and Z) axes.

An auditory tone (880Hz; duration 250 ms,
occurring at a randomized time of between 500 and
2000 ms after the subject had positioned the hand on
the switch) signalled the subject to reach, grasp the
apple and bring it to the starting switch. To promote a
‘natural’ movement, no instructions were given as to
response speed, movement velocity or grasp type.
Each subject performed five practice trials in the same
manner as the subsequent experimental block. Later
analysis of these practice trials gave the same results as
those obtained in the experimental trials.

ELIGRASP software (B/T/S, 1994) was used to
give a 3D reconstruction of the marker positions, and
to filter the data (FIR linear filter; transition
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band=1Hz, sharpening factor=2).'"*"> The trans-
port component was assessed by analysing the
trajectory, velocity and acceleration profiles of the
wrist marker. The manipulation component was
assessed by analysing the trajectory of each of the
hand markers, the distance between each of these
markers, and the opening and closing velocity of the
digits. Movement completion was taken as the time
when the digits closed upon the fruit, and there was
no further change in the distance between the index
finger and thumb. The period where the fruit was
brought to the starting switch, was not assessed.
Transport component dependent variables were
movement duration, the times to peak velocity, peak
acceleration, and peak deceleration of the wrist
marker, and the amplitudes of these peaks. Manipula-
tion component dependent variables were the times to
peak grip aperture (between index finger and thumb)
and to peak grip velocity, the amplitudes of peak grip
aperture and of the velocity peak, the time at which
the index finger deviated from the more ulnar digits
for specification of a large precision grip (Break
Detection Algorithm,” specification time), and the
time at which the more ulnar digits rejoined the path
of the index finger for specification of the whole hand
prehension (recruitment time).

Results

The mean for each dependent measure was
determined for each type of trial, and data were
analysed using an analysis of variance (ANOVA)
whereby the within-group factor was type of trial
(perturbed/control). Relevant mean results are shown
in Table 1. A further ANOVA with type of trial
(control/blocked) as the within-group factor was
performed so that the results of non-perturbed trials
interspersed with perturbed trials could be compared
with those of non-perturbed trials which were
performed in blocks. For all trials, regression
analyses were used to determine correlations be-
tween temporal events of the manipulation and
transport components. The Fisher Z-transformation
of data was used for homogeneity of variance and to
counteract any non-normal distributions.

Qualitatively, the results were clear. The 2D apple
was almost always grasped as if it were a disc; that is,
with a large precision grip between the index finger
and thumb (Fig. 1B,C). In contrast, the 3D apple was
always grasped with a whole hand prehension,
whereby all digits and the palm contacted its surface
(Fig. 1A).

The 2D precision grip was typically performed
with the ulnar fingers flexed out of the way (Fig. 1B),
and the index finger deviating away from these digits
(specification time’) at an average time of 189 ms after
switch release for the control trials. During the
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Table 1. Mean values of relevant dependent measures. Standard deviations are shown in parentheses

Blocked trials Control trials Perturbed
—_— trials
2D 3D 2D 2D—-3D
Movement duration (ms) 716 (84) 722 (81} 725 (79) 793 (82)
Transport component
Time to peak acceleration (ms) 213 (31) 216 (28) 210 (28) 156 (18)
Manipulation component
Specification time (ms) 192 (25) - 189 (25) 192 (25)
Termination of specification (ms) - - - 280 (38)
Recruitment time (ms) - - - 330 (22)

2D = apple perceived as two-dimensional. 3D = apple perceived as three-dimensional. 20—3D = visual perturbation from a 2D to a 3D visual

perception.

FIG. 1. Top five rows. Sequence of hand postures during a perturbed
trials where, at movement onset to the apparently two-dimensional
apple, the lighting changed so that the apple appears to be three-
dimensional. The apple is shown as it appeared to the subject. (1)
Starting position. (2) Spotlighting changes so that apple appears as a
three-dimensional object. The index finger and thumb show
specification for precision grip in response to the initial two-
dimensional presentation. (3) Ulnar fingers show recruitment for
whole hand prehension in response to the three-dimensional
presentation. (4) Hand position towards completion of the move-
ment. {5) Whole hand prehension grasp of the apple. Bottom row. (A}
Typical whole hand prehension grasp of the three-dimensional apple.
(B) Typical large precision grip of the two-dimensional apple; ulnar
fingers flexed. (C) Less typical large precision grip of the two-
dimensional apple; ulnar fingers extended.

perturbed/control blocks, 89.53% of the 640 control
trials (8 subjects x 80 trials) were performed in this
way. For 35 cases (5.47%) the middle finger was also
involved. For 22 cases (3.44%) a whole hand
prehension was utilized, and for 10 cases the ulnar
digits were held extended rather than flexed (but the
object was grasped with a precision grip; Fig. 1C).
Results for the blocked trials mirrored those obtained
for the control/perturbed trials. Regardless of the
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FIG. 2. An example of the acceleration prafiles for the Control 2D trials
{solid line) and the perturbed (2D ‘becoming’ 3D) trials (dotted line) of
one subject. Note that the peak of acceleration for the perturbed trials
is earlier than that of the control trials.

block presentation order, the apparently 2D apple was
usually grasped with a large index finger/thumb
opposition with ulnar fingers flexed (70/80 trials;
87.5%}), and the 3D apple was grasped with a whole
hand prehension (80/80).

Remarkably, a precision grip for the 2D apple was
utilized even for most of the control trials performed
immediately after the perturbed 3D trials where a
whole hand prehension had been utilized. Of the 160
cases, 152 (95%) showed the typical precision grip
pattern.

Analysis of the perturbed trials showed that the
subject began a large precision grip but then rapidly
changed the output to a whole hand prehension.
Mirroring the results of the control trials, specifica-
tion for precision grip occurred at a mean of 192 ms
after switch release, indicating initial programming for
precision grip in response to the apparently 2D apple.
An obvious halting of this output was revealed by a
dip in the grip opening velocity profile at a2 mean of
280 ms. Changes in the trajectories of the ulnar digits
(middle, ring, little) showed that whole hand prehen-
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sion was then recruited (Fig. 1) at an average of
330(+10ms) after switch release (and thus after
perturbation). The transport component showed an
even earlier recognition of the perturbation (Fig. 2).
The time to peak wrist acceleration was earlier for
perturbed (156 ms) than for control trials (210 ms;
F(1,7)=28.04, p <0.0001). For six subjects, this peak
time was strongly correlated to the time of recruit-
ment for whole hand prehension (r;=0.78-0.91). A
further significant difference between the perturbed
and control trials was that movement duration was
longer for the former (F(1,7)=17.05, p <0.001). When
comparing blocked trials with 10 randomly chosen
control trials to the apparently 2D apple, no
differences were found.

Discussion

In this study, an apple was presented in front of a
subject, who was instructed to reach for and grasp this
everyday target. During the experiment, nothing
about the physical characteristics of the apple
changed. The only manipulation was to the way in
which the dimensions of the apple were perceived -
two-dimensional or three-dimensional. One remark-
able finding was that the subject grasped the perceived
2D apple using a large opposition grasp between the
index finger and thumb. In contrast, the 3D apple was
grasped with a whole hand prehension, involving
more digits.

Previous research has demonstrated that humans
normally use a precision type grasp for smaller, more
delicate objects, and whole hand prehension for larger
objects.”!® Thus the use of a precision grip for an
apple may appear inappropriate if related to an apple
per se. However, it is not inappropriate if the apple is
considered as a disc. For example, Marteniuk et al'’
assessed the transport and manipulation components
of prehension when subjects were instructed to reach
and grasp for discs of 1-10cm diameter. The type of
prehension utilized was consistently a precision grip
which showed an increase in index finger/thumb
aperture with disc size. The results of the current
study indicate that the apple was perceived as two-
dimensional (or as a disc), and that this online visual
interpretation of the target’s dimensions clearly
influenced the motor output to that object. The
motor output to an object which is perceived as two-
dimensional (or 21 D’) is clearly different from the
motor output to an object which is perceived as three-
dimensional.

The strength of the effects of this on-line visual
interpretation was confirmed with the perturbation
results. For perturbed trials, the subject initially
percetved the apple as two-dimensional. Upon
initiating the reach to the apple, it suddenly
‘became’ three-dimensional. Surprisingly, the initi-

828 Vol 7 No 3 29 February 1996

ally recruited 2D pattern of a large precision grip was
curbed and a whole hand prehension was used to
grasp the apple. This rapid modification was evident
in both the manipulation and transport components
of the action, and is consistent with other perturba-
tion study results. For example, and as previously
found,'®'” the transport component showed an earlier
acceleration peak for perturbed than for control trials,
indicating recognition of the dimension change and
early changes to facilitate those necessary in the
manipulation component. The changes in the manip-
ulation component are consistent with an arrest of the
precision grip and with the recruitment of the 3D
whole hand prehension pattern. Intuitively, this
change seems unnecessary, given that the apple is
still the same apple. However, it demonstrates the
potent effect of the interpretation of an object’s
dimensions in commandeering a defined motor
output.

Do these results demonstrate that a stored model of
the object has been utilized somewhere in the process
between visual interpretation of its dimensions and
the motor output? After all, an apple is a familiar
object, one which is often grasped, and one which
could be presumed to have a central nervous system
representation. The answer is of course difficult, but it
can be assumed that even if the silhouette is
recognized as an apple, and even if exactly the same
apple has been previously grasped when it was
perceived as three-dimensional, we do not appear to
scan a canonical mental dictionary of object models
that, presumably, would suggest the use of whole
hand prehension. Alternatively, it maybe that we scan
this model, but that its influence is over-ridden by the
powerful effects of on-line visual interpretation of
perceived dimension.

It could be suggested that the associative memory
system is divided into more specialized stores where
two-dimensional object shape systems are separated
from their equivalent three-dimensional representa-
tions. This would be consistent with Marr’s computa-
tional approach to vision,>?® which is divided into
three stages: (1) the primal sketch —transformation of
the image into a primitive but rich description of the
way its intensities change over the visual field; (2) the
24 dimensional sketch - the giving of explicit informa-
tion about an image so that it can be brought to a state
consistent with a three-dimensional representation;
(3) a three-dimensional representation which assumes
that a single stored model of an object is accessed no
matter what view of the object is presented.

Because the motor outputs differ according to
perceived dimension, the results from the current
study support the idea of stages, or different channels,
of visual interpretation. A single-level representation
of an object is not supported because this would
predict identical outputs to the same object irrespec-
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tive of whether it was perceived as two- or three-
dimensional. Similarly, the results do not support the
idea that presentation of a normally perceived 3D
object in a novel 2D form elicits a matching process
with stored views of the 3D object. Adopting Marr’s
model,>® it would appear that under certain
conditions a visual stage related to the composition
of 2-21D attributes accesses motor outputs using
channels which bypass, or pass through but ignore, a
stage related to the composition of 3D attributes. The
very low incidence of trials in which whole hand
prehension was used for the 2D apple could, however,
indicate a default level of inter-channel cross-talk, or
that a 3D representation is not entirely ignored.

Ullman’s theory,® that combinations of two-
dimensional views contribute to recognition, is
perhaps best approximated by these results. In
particular, support is given to the hypothesis that
the direct use of an associative memory for two-
dimensional motor output patterns does not require
an obligatory match with a three-dimensional model.
A point requiring further investigation is whether the
transition from a two-dimensional to a three-dimen-
sional motor output occurs through a matching of
small sets of stored patterns.®

Conclusion

This study presents two notable findings. First, the
planning of a motor output involving an object is
related to the on-line visual interpretation of the
object’s dimensions, and can be independent of the
object’s semantic meaning. Thus, though an object,
presented from different views and in different
dimensions, may share a common structure for
name, category and so on, the choice of the motor
output relies on a hypothetical motor associative

memory structure’! that takes into account the actual
characteristics of the viewed object. Second, kinematic
corrective mechanisms show that there is a transition
from a 2D to a 3D output. This could reflect a simple
shift from one independent dimension-motor channel
to another. Alternatively, it may reflect an adaptive
compensatory process whereby small sets of specia-
lized 2D stores are combined to form a 3D
representation® which then influences the motor
outcome.
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