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This study asked the question, "Will the motor pattern to a perceived two-dimensional (2-D) object
differ from that same object when it is perceived as three dimensional (3-D)?"Subjects were required
to reach and grasp an apple that could appear to be 2-Dor 3-D, Two experimental sessions were conducted. In Condition A, the apple was initially perceived to be 2-D, but, for 20% of trials, it suddenly
shifted to a 3-D apple at movement onset. In Condition B, the apple was initially perceived to be 3-D,
but, for 20% of trials, it suddenly shifted to a 2-D silhouette of the same apple. For control trials, subjects grasped the perceived 2-Dapple as if it were a disc (82O,il), and they grasped the 3-Dapple, as they
would a normal apple, with a whole-hand grasp (86%). For Condition A perturbed trials, there was a
rapid change from a 2-Dprecision grip to a 3-Dwhole-hand prehension, whereas the converse was true
for the opposite perturbation. Peak acceleration was anticipated for Condition A perturbed trials but
not for Condition B perturbed trials. These results indicate that the motor patterns we use in interacting with an object are strongly influenced by the way we perceive the object in real time, and that
object affordances, such as dimension, can override the influence exerted by existing representations.
Information extracted from visual input is thought to be
channeled differentially through identification/recognition
and action pathways. At a functional level, this means that
the "object descriptions that permit identification and
recognition may be computed independently of the sets
of descriptions that allow an observer to shape the hand
appropriately to pick up an object" (Goodale & Milner,
1992, p. 20). Evidence for such differential channeling has
been largely provided by brain-damaged subjects. Particularly illustrative cases are those optic ataxic patients who
are reported to be able to identify objects but are not able
to shape the hand appropriately for objects of differing
sizes (Jakobson, Archibald, Carey, & Goodale, 1991). One
explanation of this observation is that the activation of
neural structures underlying mental representations for
the object for the purposes ofrecognition does not equate
with access to those structures that underlie the planning
and activation of appropriate movement parameterization.
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Using terminology slightly different from the "what" and
"where" ofUngerleider and Mishkin (1982), Goodale and
Milner refer to "what" and "how" pathways. Despite knowing "what" the object is, optic ataxic patients cannot operationalize "how."
The disruption observed to the "how" channels appears
to reflect the inability to use neither on-line visual input
nor representational knowledge to guide movement. This
leads to the question of whether the dysfunction is purely
to a visuomotor channel that ordinarily bypasses representational knowledge systems-a visually guided channel-or whether the dysfunction is to neural processes
somewhere between this accessing and the action formulation stage-a vision and representational guided channel for action. In both cases, the function of recognition
would not be compromised.
However, evidence supporting a dissociation between
the visuoperceptual channels for identification and the
visuomotor channels for action comes from a patient (D.E)
with visual form agnosia, resulting primarily from damage to areas 18 and 19, who could not identify objects or
discriminate visual form (e.g., size, shape, orientation)
but could reach to grasp objects of different sizes, scaling
the grip appropriately to the object's dimensions (Goodale,
Milner, Jakobson, & Carey, 1991; Milner et al., 1991).
Here, the information "afforded" (Gibson, 1969) by the object was efficiently and appropriately used by an action
system.

662

PERCEIVED OBJECT DEPTH STRUCTURE

663

Distinct to the view that movement can be driven solely ture illusion" was created by special lighting capable of
by perceptual influences is the idea that motor responses making an object (in this case, an apple) appear two diare influenced by cognitive knowledge. According to mensional (2-D). For some trials, perceived depth strucKlatzky, McCloskey, Doherty, Pellegrino, and Smith ture was changed unexpectedly at movement onset, mak(1987), the motor system uses canonical descriptions ing it possible to assess whether or not the system
based on structural attributes of the object to derive an continued to adopt the same movement pattern despite
association between motoric and object representations. the visual perturbation.
Ifmovement is influenced by representational knowlIn their study, a bidirectional relationship was established
between categorical representations of hand configura- edge, computational strategies for a three-dimensional
tions and object categories in memory. An object is viewed (3-D) object would include a description of the object
with the "hand's eye," and structural/functional attrib- derived on line from its image and compiled on the basis
utes (e.g., size and "projection into depth") are mapped of a frame of reference intrinsic to the object and indepenonto aspects (e.g., "prehensibility") that differentiate dent of the position of the viewer relative to the object
hand configurations. With such a theoretical stance, it can (Marr, 1982). According to Klatzky et aI. (1987), percepbe supposed that there is less of a dissociation between tual achievement of this view-independent and 3-D repchannels subs erving action and those subserving recog- resentation would be necessary for appropriate preshaping
nition, the on-line motor response resulting from inter- of the hand, earlier viewer-specific 2-D representations
play of both perceptual and more cognitive sources of having failed to directly provide relevant parameters for
information.
the shaping response. The process of computing the transOne means of testing the degree of interplay between formation from 2-D views to a 3-D model would provide
visuomotor and mental representational systems in non- explicit motor information about "how" the hand should
brain-damaged subjects is to assess goal-directed move- approach the object. In contrast, Goodale and Milner
ment to an object using paradigms that dissociate percep- (1992) argue that the coding for action on an object intion of a structural attribute (size, projection into depth, cludes viewer-centered computations each time the acetc.) from its actual status/identity. A movement well tion is performed, which are largely independent of the
suited for this purpose is the simple act ofreaching to grasp coding used to build an object-centered picture for idenan object; several studies have demonstrated that the tification purposes.
If movement is influenced primarily by a visual input
kinematics of this action are sensitive to changes in object features such as size, position, and shape (Castiello, that bypasses representational systems and that is view
1996; Jeannerod, 1981; see Bennett & Castiello, 1994, for dependent, it is predicted that the action for a 3-D apple
review). An obvious example is the change of maximum should be different from that for a 3-D apple that is pergrip aperture that occurs with changes to object size. ceived as 2-D. In addition, it is predicted that visual perHowever, the reaching arm also shows changes to its ve- turbation will result in a change to the initially recruited
locity and deceleration patterns according to object size. movement pattern. In contrast, an interplay between viIn studies that have dissociated perception of object size sual pathways for action and visual pathways for reprefrom actual size (i.e., size illusion studies), there is no sentation would predict no, or little, difference in moveclear consensus as to the degree to which perception of ment patterning according to perceived depth structure
an object influences the motor action on that object. The or with perturbation. Access to the object-specific 3-D
movement parameter of "grip aperture," maximum dis- mental model of the apple would theoretically ensure
tance between the index finger and thumb during a reach- that the system "realizes" that the apple is still the same
ing to grasp action, does not appear to be "fooled" by 3-D apple it has always been.
size illusions, showing appropriate scaling for the actual,
EXPERIMENT 1
as opposed to the perceived, size of an object (Aglioti,
DeSouza, & Goodale, 1995; Brenner & Smeets, 1996).
Responses to perturbation ofthe reach-to-grasp moveIn contrast, however, the parameter of "grip force" has
been shown to change according to perceived size of an ment can be used to infer the mechanisms underlying the
object, indicating some input from systems that have planning and execution of goal-directed movements and
used the size information to infer object weight (Brenner the adaptability of the central nervous system (for review,
see Haggard, 1994). Such studies have assessed a sudden
& Smeets, 1996).
The structural attribute of dimension has received lit- shift ofobject position (Castiello, Paulignan, & Jeannerod,
tle investigation as a potential modulator of movement 1991; Gentilucci, Chieffi, Scarpa, & Castiello, 1992; Paulorganization. Yet it is clear that the degree to which an ignan, MacKenzie, Marteniuk, & Jeannerod, 1991) or obobject projects into depth will determine the "prehensi- ject size (Castiello, Bennett, & Paulignan, 1992; Castiello,
bility" (Klatzky et aI., 1987) of the object, the extent to Bennett, & Stelmach, 1993; Castiello & Jeannerod, 1991;
which the hand can close about it, and, thus, the type of Paulignan, Jeannerod, MacKenzie, & Marteniuk, 1991),
grasp that would be utilized. In the present study, two physical interruption to a component (Haggard & Wing,
main experiments were conducted to assess the effect of 1995), performance of a secondary movement (Haggard,
perceived, rather than actual, dimension (depth struc- 1991), or object dimension (Castiello, Bonfiglioli, & Benture) on the reach-to-grasp movement. A "depth struc- nett, 1996).
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These paradigms are used to observe how quickly the
system is able to modify initial motor patterning in order
to execute a different end response, and it is possible to
assess the effect ofperturbing one movement component
both on its organization and on that of another independent but functionally coupled component. For example,
the unexpected change of object size may not only disturb the organization of hand posturing (grasp component) but may oblige a response in the transport component (Castiello et aI., 1993).
The aim of Experiment 1 was to assess the adaptive
responses ofthe reach-to-grasp movement to a perturbation ofperceived rather than actual object depth structure
(Castiello et aI., 1996). The same 3-D object was initially
presented as appearing to be either 2-D or 3-D. Following a sudden change in illumination, the object presented
as appearing to be 2-D would appear as 3-D. For the opposite perturbation, the object initially presented as
being 3-D would suddenly appear to be 2-D.
For Experiment 1, the prediction was that if the pattern
of prehension utilized in order to grasp the object is dictated by affordances, the same object should evoke different patterns according to apparent perceived structure.
If this is the case, this would indicate that previous knowledge about the object or about previous grasp experiences
with the same object may be overridden by on-line visual
input. The strength of influence of this on-line information would be demonstrated by a switching from one to
another movement pattern with a perturbation to perceived depth structure.

Method
Participants
Twenty students (10 women and 10 men, 23-27 years of age) volunteered to participate. All were right-handed (Edinburgh Inventory; Oldfield, 1971), reported normal or corrected-to-normal vision,
and were ignorant as to the experimental purpose. Each participant
attended two experimental sessions, each of approximately I h in
duration.
Apparatus and Materials
The expenment was conducted under dimly lit room conditions.
Details of the experimental set-up are shown in Figure I. The participant was seated at a table that had a working surface ofdimension
I X 1 m. Prior to each trial, the participant placed the right hand on
the table in the midsagittal plane, 15 em from the thorax. In this position, the shoulder was flexed (50_100), the elbow was flexed, the forearm was semipronated, and the wrist was in 100-150 of extension.
The index finger and thumb were held gently opposed, and the ulnar
border of the hand rested on a pressure-sensitive starting switch.
Reflective passive markers (0.25 em in diameter) were attached
to the following points of the reaching limb: (I) wrist, radial aspect
of the distal styloid process of the radius; (2) index finger, radial
side of the nail; (3) thumb, ulnar side of the nail; (4) middle finger,
radial side of the nail; (5) ring finger, radial side of the nail; (6) little finger, radial side of the nail. Movements were recorded with
the ELITE system (Ferrigno & Pedotti, 1985), which consisted of
two infrared cameras (sampling rate 100 Hz) inclined at an angle of
30 0 to the vertical and placed I m in front ofand 3 m above the table
and 2 m apart. The calibrated working space was a parallelepiped
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Figure 1. Experimental set-up. Note that spotlights were also
positioned above the apple. Please refer to text for details. (This
figure is not to scale.)

(length = 60 em, breadth = 30 cm, height = 60 em) from which the
spatial error measured from stationary and moving stimuli was
0.04 mID. Coordinates ofthe markers, which were reconstructed with
an accuracy of 1/3,000 over the field of view, were sent to a host computer (PC 486). The standard deviation (SD) of the reconstruction
error was 1/3,000 for the vertical (y) axis and 1.4/3,000 for the two
horizontal (x and z) axes.
Procedure
Experiment 1 comprised two conditions: Conditions A and B (described below).
Condition A (perturbation from 2-D to 3-D). In Condition A,
the target was an apple presented on a tray in the midsaggital plane,
30 em from the switch. For the control/perturbed block, the apple
appeared to be 2-D (80 trials). This was achieved through a darklight interplay with spotlights behind the apple. These lights did not
shine directly into the participant's eyes. For 20 randomly interspersed trials, a visuodimensional perturbation was introduced at the
onset ofthe transport component-that is, upon release ofthe switch.
With this spotlight shift, the apple became illuminated from above
so that it appeared as a 3-D object. Thus, the visual perturbation
was from 2-D to 3-D.
Condition B (Perturbation from 3-D to 2-D). In Condition B, the
target was an apple presented on a tray in the midsaggital plane, 30 em
from the switch. For the control/perturbed block, the apple appeared
to be 3-D (80 trials). For 20 randomly interspersed trials, a visuodi-
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mensional 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 behind so that it appeared as
a 2-D object. Thus, the visual perturbation was from 3-D to 2-D.
Sessions
Each participant attended two experimental sessions, one for each
condition. At the beginning of the first session, two blocks of 10 trials were also performed (blocked trials): (I) the 2-D silhouette apple
and (2) the 3-D apple. The order of the single block and the control/
perturbed blocks was counterbalanced across subjects.
For Condition A, the trial started with the presentation of the 2-D
apple silhouette. For Condition B, the trial started with the 3-D
apple in view. An auditory tone (880 Hz, with a duration of250 msec,
at a randomized time between 500 and 2,000 msec after the participant had positioned the hand on the switch) signaled the participant
to reach and grasp for the 2-D silhouette or the 3-D apple. To promote a "natural" movement, no instructions were given as to response
speed, movement velocity, or grasp type. The participant was instructed to "grasp the object in front of you when you hear the tone"
and was told that the way in which the object was illuminated might
change at any moment during the movement. Each participant performed five practice trials in the same manner as the subsequent experimental block. In this group of practice trials, one perturbed trial
was included. Subsequent analysis of these practice trials gave the
same results as found for the experimental trials. No formal assessment of the participants' subjective perceptions was undertaken.
Data Processing
The ELIGRASP processing package (BITISI, 1994) was used to
assess the data. This gave a 3-D reconstruction of the marker posinons. The data were then filtered using a FIR linear filter-transition band of I Hz (sharpening factor = 2; D'Amico & Ferrigno,
1990, 1992). The transport component was assessed by analyzing
the trajectory, velocity, and acceleration profiles of the wrist marker.
The manipulation component was assessed by analyzing the trajectory ofeach ofthe hand markers and the distance between the markers positioned on the index finger and thumb. The velocity of the
opening and closing action of the digits was also assessed. "Movement initiation time" (so called because no emphasis was placed on
a rapid response) was taken from release of the starting switch. The
end of the movement was taken as the time when the fingers closed
upon the fruit and there was no further change in the distance between the index finger and thumb. The period following this, whereby
the fruit was brought to the starting position, was not assessed. The
dependent variables were (I) initiation time; (2) movement duration; (3) for the transport component, the times to peak velocity,
peak acceleration, and peak deceleration of the wrist marker, and
the amplitudes of these peaks (amplitude peak velocity, amplitude
peak acceleration, and amplitude peak deceleration); (4) for the manipulation component, the times to peak grip aperture and to peak
grip velocity, the amplitude of the aperture and velocity peaks, and
the time to specification of the mdex finger for precision grip (specification time). This latter parameter refers to the time at which the
index finger deviates from the more ulnar digits as it prepares for
the precision grip (break detection algorithm; Castiello et al.,
1993).
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Results and Discussion
Blocked Trials
In this section, results for the blocked trials are reported. Qualitatively, the results were clear. The 2-D apple
was almost always grasped as if it were a disk (170 of
200 trials )-that is, with a large precision grip between
the index finger and thumb (Figures 2B and 2e). In contrast, the 3-D apple was almost always grasped with a
whole-hand prehension (180 of 200 trials; Figure 2A),
whereby all digits and some part of the palm contacted
its surface. For the large precision grip, specification
time occurred at an average of200 msec (SD = 35) after
switch release. (Note that two methods were used to
"score" the type of grasp used. During the experiment, a
researcher viewed the task performance and noted the
type of grasp as being precision grip, whole-hand prehension, fingertip, or unknown. Following data capture
and initial analysis, the trajectories of the digits were
viewed to describe the type of grasp that was employed.)
Interestingly, only grasp type changed according to
perceived object depth structure. Movement duration
and kinematics of both the transport and the manipulations component were remarkably similar in both the
temporal domain and the spatial domain when comparing
2-D with 3-D trials. With regard to the wrist marker, peak
acceleration, peak velocity, and peak deceleration of the
2-D reaching action occurred at similar times as peak acceleration, peak velocity, and peak deceleration ofthe action to the 3-D apple (see Table I). With regard to the
thumb and index finger markers, the time of maximum
grip aperture and the amplitude ofthis aperture were not
significantly different when comparing the two conditions.
Condition A
Results for Condition A are summarized in Table 2.
Control trials. Qualitatively, the results for control trials that were interspersed with perturbed trials were similar to those for blocked trials. Again, the majority oftrials
to the object that was perceived as 2-D were performed
with a large precision grip involving only the thumb and
index finger (n = 1,312; 82%) or also including the middle finger (n = 227; 14.2%). Of those involving only the
index finger and thumb, most (90%) were performed
with the ulnar fingers flexed out of the way (Figure 2B),
with specification for precision grip (i.e., the time at which
the index finger deviated away from the more ulnar digits) occurring at an average time of 198 msec (SD = 36)
after switch release. Only 61 cases (3.8%) ofall trials to the
perceived 2-D apple were performed using a whole-hand

Figure 2. (A) Typical whole-hand prehension grasp of the 3-D apple. (B) Large
precision grip ofthe 2-D apple, ulnar fingers flexed. (C) Large precision grip ofthe
2-D apple, ulnar fingers extended.
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Table 1
Mean Values of Movement Durations and Kinematic Parameters
for the Blocked Trials of Experiments 1 and 2
Blocked Trials
Experiment I
Experiment 2
2-D
3-D
2-D
3-D

--- --- - M

Movement Duration (msec)
Transport Component
Time to peak acceleration (msec)
Time to peak velocity (msec)
Time to peak deceleration (msec)
Manipulation Component
Amplitude maximum grip aperture (mm)
Time to maximum grip aperture (msec)
Specification time (msec)

SD

M

SD

M

SD

---

M

SD

737 74 745 83 728 74 741 76
220 36 221 38 220 34 219 33
303 34 312 37 307 38 319 40
401 45 421 39 418 48 432 45
108 2 107 3 108 4 110 2
427 44 436 47 444 39 453 46
200 35
204 31

after switch release (and thus after perturbation). Maximum grip aperture for the perturbed trials showed no
significant difference from that for control trials-an
expected result, given that the diameter of the object remained constant.
The transport component showed an even earlier recognition ofthe perturbation. The time to peak wrist acceleration was approximately 60 msec earlier for perturbed
trials than for control trials [161 vs. 218 msec; F(l, 19) =
22.06,p < .0001; see Figure 4; Condition A]. Another significant difference between the perturbed and control trials was that movement duration was longer for the former [801 vs. 743 msec; F(I,19) = 27.05,p < .0001].

prehension. Almost all trials (92%) to the perceived 3-D
apple were performed as a whole-hand prehension.
Remarkably, a precision grip for the 2-D apple was utilized even for most (80%) of the control trials that were
performed immediately after the perturbed 3-D trials
where a whole-hand prehension had been utilized.
Kinematic results for the control trials mirrored those
obtained for the blocked trials. When comparing blocked
trials with 10 randomly chosen control trials with the apparently 2-D apple, no significant differences were found.
Perturbed trials. Analysis of the perturbed trials
showed that each participant began the movement with a
large precision grip but then rapidly changed the output
to a whole-hand prehension. Mirroring the results of the
control trials, specification for precision grip occurred
at a mean of 193 msec (SD = 30) after switch release, indicating initial programming for precision grip in response to the apparently 2-D apple (Figure 3A). An obvious halting of this output was revealed by a dip in the
grip opening velocity profile at a mean of298 msec (SD =
32). Changes in the trajectories of the ulnar digits (middle, ring, little) showed that whole-hand prehension was
then recruited (Figure 3C) at an average of 342 msec

Condition B
Results for Condition B are summarized in Table 2.
Control trials. For this opposite perturbation, a wholehand prehension for the 3-D apple was utilized for most
(320 of 400) ofthe control trials that were performed immediately after the perturbed 3-D to 2-D trials, where a
precision grip had been utilized. For the remaining control trials (l ,200), almost all (88%) were performed in the
same manner. However, for 224 (18%) of the control tri-

Table 2
Mean Values of Relevant Dependent Measures of Experiment 1
Condition A
Condition B
Control Trials
Perturbed Trials
Control Trials Perturbed Trials
2-D
2-D-73-D
3-D-72-D
3-D
Movement Duration (msec)
Transport Component
Time to peak acceleration (msec)
Time to peak velocity (msec)
Time to peak deceleration (msec)
Manipulation Component
Amplitude maximum grip aperture (mm)
Time to maximum grip aperture (msec)
Specification time (msec)

M

SD

M

SD

M

M

SD

743

80

801

85

736

89

787

85

218
298
445

38
43
56

161
257
439

28
38
43

225
312
456

38
36
51

228
316
448

35
35
54

109
465
198

3
54
36

110
454
193

2
48
30

108
469

2
53

108
471
214

3
50
32

SD

Note-2-D, apple perceived as two dimensional; 3-D, apple perceived as three dimensional; 2-D-73-D, visual perturbation
from a 2-D to a 3-D visual perception; 3-D-72-D, visual perturbation from a 3-D to a 2-D visual perception.
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perturbation, the parameter ofmovement duration showed
a significant difference between the perturbed and control trials, being of greater duration for the former [787
vs. 736 msec; F(l,19) = 9.03,p < .001].
Overall, the results for the two types of perturbation
indicate that the motor patterns we use in interacting
with an object are strongly influenced by the way we perceive the dimensions, or depth structure, of an object in
real time. Furthermore, it appears that the passage from
a 3-D to a 2-D representation for motor output is smoother
and easier than the passage from a 2-D to a 3-D representation. In the former case, minimal modifications to the
transport component are necessary in order to promote
the motor output change (Figure 4; Condition B). The passage from a 2-D to a 3-D representation and the corre7,000

Condition A

Figure 3. Sequence of hand postures during a perturbed trial
where, at movement onset to the apparently 2-D apple, the lighting changed so that the apple appeared to be 3-D. The apple is
shown as it appeared to the subject. (A) Starting position.
(B) Spotlighting changed so that the apple appeared to be 3-D.
The index finger and thumb show specification for precision grip
in response to the initial 2-D presentation. (C) Ulnar fingers show
recruitment for whole-hand prehension in response to the 3-D
presentation. (D) Hand posture toward completion of the movement. (E) Whole-hand prehension grasp of the apple.
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als, the participants reached for the 2-D apple and grasped
it by positioning the tips oftheir fingers all around its contour. However, this latter "fingertip" grasp was clearly
different from the whole-hand prehension used for the
3-D apple, where contact by all the digits and the palm
was evident. When comparing blocked trials with 10 randomly chosen control trials to the apparently 3-D apple,
no differences in movement kinematics were found.
Perturbed trials. Analysis of the perturbed trials
showed that the participant began with a whole-hand prehension but then rapidly changed the output to a precision
grip. In very few cases (2%), the perturbed trial ended
with a fingertip grasp. Changes in the trajectories of the
ulnar digits (middle, ring, little) showed that the digits
began to no longer travel toward grasp participation at
an average of 291 msec (SD = 37) after switch release
(and thus after perturbation). Unlike the opposite perturbation, the transport component did not show early
signs of recognition of the perturbation. The time to peak
wrist acceleration was similar for perturbed and control
trials [228 vs. 225 msec; F(l,19) = 1.04,p> .05; see Figure 4; Condition B]. However, and like the 2-D to 3-D
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Condition B
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o
800

Time (ms)
Figure 4. An example ofthe acceleration profiles for a control
2-D trial (solid line) and a perturbed trial (dotted line) of 1 subject for Condition A (2-D to 3-D perturbation) and Condition B
(3-D to 2-D perturbation). Note that the peak of acceleration for
the perturbed trials was earlier than that of the control trials only
for Condition A.
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sponding shift in motor output appear to be more demanding from a computational point of view. The reason for
suggesting this difference in ease of "dimensional" transition stems largely from the results for the transport component. With the more difficult transition from 2-D to 3-D,
the motor system compensates rapidly by anticipating
the time of peak acceleration (Figure 4; Condition A).
This is presumably to allow greater time for the final stages
of the action, as supported by the noticeable increase in
movement duration for these 2-D to 3-D perturbed trials.
In contrast, the transport component of the 3-D to 2-D
perturbation shows no obvious indication ofcompensation
except for an increase in the duration of movement (Figure 4; Condition B).

EXPERIMENT 2
Results of Experiment 1 point to the importance of online visual perception for the implementation of a motor
pattern. However, the experimental design of Experiment 1 did not include "catch trials," whereby in Condition A, for example, the perturbed trials did not correspond to a shift from a 2-D to a 3-D perceived view but
from a 2-D perceived view to a 2-D picture of an apple.
The reason for including catch trials is to tease out effects that are due to particular features ofthe experimental paradigm from those that could be attributed to the
perceived depth structure of the object. As an example,
it could be argued that the backlighting made the apple
appear to be less distinct or blurred about its edges, and
this visual characteristic, rather than perceived depth structure, determined the results. Other factors might include
expectancy effects, changes in illumination, or changes
in color (i.e., a black silhouette to a red apple).
In Condition A of Experiment 2, the catch trials consisted of a change in illumination from backlighting to
above lighting of a cardboard figure of an apple (i.e., 2D to 2-D perturbation), which was done in order to determine whether the results for the 2-D to 3-D perturbed
trials for the real apple in Experiment 1 could be attributed to a shift in illumination or to a shift in perceived
depth structure. If the former were true, the expectation
would be that the 2-D to 2-D trials would not differ from
the 2-D to 3-D trials. A similar result would be predicted
if the initial "blurriness" of the image determined the response to perturbation. In Condition B of Experiment 2,
illumination of the real apple was interrupted for a brief
moment to mimic the sudden "on-off" shift that was
characteristic of the perturbed trials in Experiment 1. If
it were this particular lighting characteristic of the paradigm that determined the results, the expectation again
would be that the 3-D to 3-D perturbation (i.e., the onoff condition) would show results similar to those of the
3-D to 2-D perturbation. Given the hypothesis that the
perceived on-line information ofan object's dimensional
features determines the characteristics of an action directed to that object, it was predicted that the results for the

catch perturbed trials would differ from the results for
the perturbed trials, where a shift in perceived depth structure was intended. The findings ofno differences between
Experiment 2 and Experiment 1 for the real perturbed as
opposed to the catch perturbed trials would add further
support to the contention that perceived depth structure
plays an important role for motor output formation.

METHOD
Participants
Twenty students (10 women and 10 men, 21-25 years ofage) participated in this experiment. None had participated in Experiment I,
but they had the same characteristics as the participants of the previous experiment.

Apparatus and Materials
Experiment 2 was conducted in a darkened room, such that, when
seated at the table, the participant could not see the table surface or
objects positioned on the table. Apart from this difference in the
ambient room lighting, the apparatus was the same as that utilized
in Experiment I, except that, for Condition A, an additional target
stimulus-a picture of a real apple mounted on a piece of appleshaped cardboard-eould be employed. This cardboard apple was
attached to an L-shaped support consisting of a horizontal bar and
a vertical bar. The support did not limit performance of either a
whole-hand prehension or a large precision grip.

Procedure
As in Experiment I, Experiment 2 compnsed two conditions, one
for each of two experimental sessions. For both of these sessions, the
participant was instructed to close the eyes following completion of
each trial. During each of these periods of eye closure,
the experimenter changed, or pretended to change, the stimulus. In
this way, the cardboard stimulus could be positioned without knowledge of the depth structure of the stimulus prior to the onset of each
trial. In this eye-closure period, factors such as the amount of noise
made by the experimenters in changing the stimulus and the time
taken between each trial were kept constant across different trial types.
Condition A (perturbation from 2-D to 3-D). The majority of
trials (n = 80) in Condition A were control trials to the perceived
2-D apple (i.e., the apple was illuminated from behind). For 10%
(n = 10) of the total number of trials, the real apple was replaced
with the cardboard 2-D apple during the period of eye closure. This
cardboard shape was illuminated from behind; because its diameter
and shape were the same as that of the real apple, its black silhouette image was the same as that ofthe real apple. Upon eye opening,
the trial commenced with the participant moving to grasp the stimulus; however,with release of the starting switch, the spotlight shifted
to illuminate the shape from above (perturbed 2-D to 2-D catch trials). For 10% of the trials, the perturbation was the same as for Condition A of Experiment I-that is, the real apple was initially illuminated from behind (perceived 2-D apple), with the shift of
illumination to the spotlight positioned above (3-D apple). These perturbed trials were randomly interspersed among the control trials.
Condition B (perturbation from 3-D to 2-D). For the 80 control trials in Condition B, the 3-D apple was presented (i.e., illuminated from above). Ten catch trials were presented by initially illuminating the real apple from above and then quickly turning this
same spotlight off (less than 50 msec) and on again at switch release
(perturbed 3-D to 3-D catch trials). For a further 10% of trials, the
perturbation was the same as for Condition B of Experiment I that is, a 3-D apple was presented initially, with a shift of illumination to the spotlight behind the real apple. Again, perturbed trials
were randomly interspersed among control trials.
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Table 3
Mean Values of Relevant Dependent Measures of Experiment 2
Condition A

Movement Duration (msec)
Transport Component
Time to peak a~celeration (msec)
Time to peak velocity (msec)
Time to peak deceleration (msec)
Manipulation Component
Amplitude maximum grip aperture (mm)
Time to maximum grip aperture (msec)
Specification time (msec)

Condition B

Control Trials

Perturbed Trials

Control Trials

2-D

2-D~3-D

3-D

Perturbed Trials
3-D~2-D

M

SD

M

SD

M

SD

M

SD

698

78

756

80

701

76

774

81

244
356
476

30
44
51

189
299
467

25
32
48

237
345
478

31
34
54

241
346
481

37
41
53

109
498
20 I

3
53
23

109
503
200

3
51
21

108
500

2
48

110
500
210

3
50
25

Note--2-D, apple perceived as two dimensional; 3-D, apple perceived as three dimensional; 2-D~3-D, visual perturbation
from a 2-D to a 3-D visual perception; 3-D~2-D, visual perturbation from a 3-D to a 2-D visual perception.

In all other respects, the procedure was the same as that utilized
for Experiment I.

Results and Discussion
Values are presented in Table 3. Results for the catch
trials confirmed the importance of the on-line interpretation of an object dimension for motor output. For the
perturbations from the silhouette to the 2-D picture ofan
apple (i.e., the 2-D to 2-D catch perturbation), the subjects did not change the initially executed precision type
grasp to a whole-hand prehension. The kinematic para-

meterization for these catch trials mirrored that of the
control trials. As an example, for the transport component peak acceleration, peak deceleration and peak velocity occurred at similar times when comparing the
catch trials with the control trials (see Figure 4). For the
manipulation component, time to maximum grip aperture and specification time were also similar (see Figure 5). These results indicated that a simple shift ofillumination could not account for the results observed for
the perturbed trials of Experiment I. In addition, given that
the cardboard shape and the real apple had the same silTIME TO PEAK ACCELERATION

TIME TO PEAK VELOCITY
500

500
400

400
300

298

287

300

200

200

100

100

225

20

20'catch'

0

0
20

20'catch"

TIME TO MAXIMUM GRIP APERTURE

TIME TO PEAK DECELERATION
500

220

468

457

500

400

400

300

300

200

200

100

100

481

487

20

20'calch'

0-'---

20

20'calch'

Figure 5. Comparison between kinematic values obtained for the 2-D control and 2-D catch trials of Experiment 2. Comparison analyses showed no significant differences between these two types of trial for the parameters illustrated in this diagram.
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houette at trial onset, loss of information about the precise shape of the 3-D as a result of illumination from behind probably cannot explain the results of Experiment 1.
For the catch perturbation from the real 3-D apple to
the real 3-D apple, the initially recruited whole-hand prehension showed no signs of disruption. This indicated that
a change in illumination (from on to off to on) also could
not account for the results of Experiment 1.
In all other respects, the results mirrored those of Experiment 1. For Condition A (2-D to 3-D), the time to peak
acceleration was earlier for real perturbed trials than for
control trials [189 vs. 244 msec, F(1,19) = 1O.32,p <
.001], whereas for Condition B trials (3-D to 2-D), peak
acceleration occurred at the same time for control and
perturbed trials (237 and 241 msec, respectively). For
Conditions A and B, movement duration was longer for
real perturbed trials than for control trials [Condition A,
756 vs. 698 msec, F(1,19) = 33.05,p < .0001; Condition B, 774 vs. 701 msec, F(1,19) = 27.32,p < .0001].
For the manipulation component, specification time occurred at 201 and 200 msec for control and perturbed trials, respectively. Given that the times to peak acceleration in both perturbed and control trials appeared to be
longer in Experiment 2 than in Experiment 1, and that
the inverse pattern was apparent for movement duration,
comparison analyses were conducted. No differences
were found. This suggested that the differences in ambient room lighting did not lead to differences in results.

GENERAL DISCUSSION
This study assessed the effects of the perceived depth
structure of an object on the patterning of a prehension
movement involving that object. For Experiment 1, nothing about the physical characteristics of the object, an
apple, changed. The only experimental manipulation
was the way in which the dimensions of the apple were
assumed to have been perceived: 2-D or 3-D. Ifan apple
was perceived as being 2-D, the participants usually utilized a large precision grip between the index finger and
thumb. If the apple was perceived as being 3-D, wholehand prehension involving all the digits and palmar contact was utilized. On their own, these results suggest that
visual mechanisms for interpreting an object's dimensions directly influence motor selection pathways, without, necessarily, access to a 3-D central nervous system
representation of the object.
The strength of the effects of this on-line visual interpretation was confirmed with the perturbation results.
For the 2-D to 3-D perturbed trials, the participant initially perceived the apple as 2-D. Upon initiating the reach
to the apple, it suddenly "became" 3-D. The initially recruited 2-D pattern ofa 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 component and the transport component of the
action, and it is consistent with other perturbation study

results (Castiello et aI., 1991; Paulignan, Jeannerod, et aI.,
1991; Paulignan, MacKenzie, et aI., 1991). For example,
and as previously found with paradigms where object position was perturbed, in the perturbation from 2-D to 3-D,
the transport component showed an earlier arm peak acceleration for perturbed trials than for control trials, indicating recognition of the change in position in order to
facilitate changes in the manipulation component. The
changes in the manipulation component are consistent
with an arrest of the precision grip with the subsequent
recruitment of the 3-D whole-hand prehension pattern.
Intuitively, this change seems unnecessary, given that the
apple is still the same apple. However, it demonstrates the
potent effect ofthe interpretation ofan object's dimensions
in commandeering a defined motor output.
For the 3-D to 2-D perturbed trials, the apple suddenly
"became" 2-D as the participant initiated the reaching
action. The results indicated that the initially recruited
3-D motor pattern changed to a large precision grip or to
a fingertip grasp. However, in the case of this perturbation, modification was only to the manipulation component rather than to the transport component. This lack of
transport modification with depth structure perturbation
from 3-D to 2-D suggests that the movement organization for the 3-D object had sufficient flexibility for use
as a 2-D motor pattern. This was not the case for the opposite perturbation. In a change from 2-D to 3-D presentation, the initially activated transport component parameterization was not sufficient for use in a 3-D pattern.
This recognition and the subsequent changes to the transport component appears to occur at a very early stage of
the visuomotor translation. Unlike the findings in size
perturbations where peak deceleration-a relatively late
parameter of the transport component-is anticipated
(Castiello et aI., 1993; see also Paulignan, MacKenzie,
et aI., 1991), a 2-D to 3-D depth structure perturbation
results in changes to peak acceleration-a very early temporal parameter of the transport component. This early
transport response is reminiscent of the results found
with perturbation of object location where peak acceleration is anticipated when the spatial location of a target
to reach is manipulated (Castiello et aI., 1991; Paulignan, Jeannerod, et aI., 1991; Paulignan, MacKenzie, et aI.,
1991). With both the "depth structure" perturbation and
the "location" perturbation, the earliest response was in
the transport component, suggesting an important spatial element in the visuomotor processing of dimension.
Do these results demonstrate that a stored model of
the object has been utilized somewhere in the process between visual interpretation ofits dimensions and the motor
output? After all, an apple is a familiar object-one that
is often grasped, and one that could be presumed to have
a central nervous system representation. From the results
of the present study, it can be assumed that even if we
recognize that the silhouette is an apple, and even if we
have previously grasped that exact same apple when it
was perceived as 3-D, we do not appear to scan automat-
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icallya canonical mental dictionary of object models that,
presumably, would suggest to utilize a whole-hand prehension. Alternatively, it may be that we scan this model,
but that its influence is overridden by the powerful effects
of on-line visual interpretation of the perceived depth
structure.
Because the motor outputs can differ according to perceived depth structure, the results from the present 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, irrespective of whether it was
perceived as 2-D or 3-D. Similarly, the results do not support the idea that presentation ofa normally perceived 3-D
object in a novel 2-D form elicits a matching process with
the already stored views of the 3-D object. Adopting
Marr's (1982) model, it would appear that, under certain
conditions, a visual stage related to the composition of
2-D to 2Y2-D attributes accesses motor outputs using
channels that bypass, or pass through but ignore, a stage
related to the composition of 3-D attributes. The very
low incidence of trials where a whole-hand prehension is
utilized for the 2-D apple could, however, indicate a default level of interchannel cross talk or indicate that a
3-D representation is not entirely ignored. The presence
of "hybrid" grasps-for example, those that are somewhere between a large precision grip and a whole-hand
prehension-further suggests a certain level of motor
outputlrepresentational cross talk.
It is concluded that motor computational processes
can be strongly influenced by what is perceived about the
object and that this perception can override the influence
exerted by existing representations (what we know about
the object) and by existing visuomotor neural coding
(what we have previously enacted upon and experienced
about the object). Hypothetically, this points to the existence of an object properties system where only attributes that are relevant for movement organization (e.g.,
size, shape, dimension, etc.) are considered for motor
output computation. Using the terminology of Goodale
and Milner (1992), this could be operationalized through
"how" visuomotor channels. Jeannerod (1994) proposed
that these channels subserve "functionality" and "affordance" (Gibson,1969), and they complement, at least
theoretically, the "what" ventral object recognition channel passing through temporal cortex and the "where" dorsal object-localization channel passing through the parietal cortex (Ungerleider & Mishkin, 1982). The results
of this study contribute to an understanding of the operationalization ofthe "how" channel. For example, given
that the rapid response to the depth structure perturbation
is very similar to that observed when object position is
varied, object dimension could be specified at the same
level as location and orientation. By passing through these
channels, the object may obtain a parallel level of spatial
mapping for object recognition such as a "geometric mapping." In other words, it is suggested that the results of
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this study provide further evidence for a distinction between the "what" and "how" pathways (see Goodale &
Milner, 1992). The "how" pathway for processing dimension has early access to spatial pathways, and to presemantic components/neural mechanisms that bypass elements
of the "what" channel.
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