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Models of Trajectory Formation and
Temporal Interaction of Reach and Grasp

Bruce Hoff
Hughes Research Laboratories
Malibu, California

ABSTRACT. Our goal was to create a principled account of a
body of behavioral kinematic data on reaching and grasping. We
show how to transform an optimality principle for overall hand
transport into a feedback control law and then incorporate look-
ahead modules in the controller to compensate for delays in sen-
sory feedback. This model describes the kinematics of hand trans-
port under a variety of circumstances. including target perturba-
tions. We then develop a model for the temporal coordination of
reach and grasp. We provide an optimization principle for hand
preshaping that trades off the costs of maintaining the hand in an
open position and the cost of accelerating the change in grip size.
This yields a control system for preshaping. We then show that a
model that uses only expected duration for coordination, rather
than kinematic or dynamic variables, can describe the kinematics
of interaction of hand transport and preshape under a variety of
circumstances, including perturbations of object position and ob-

ject size.
Key words: coordination, grasp, model, optimization, reach

1. Introduction

Our original interest in hand transport and preshaping
arose from the work of Jeannerod (1981; see also Jeannerod
& Biguer, 1982), who studied the shaping of the hand as it
moved from its initial position to pick up a ball. The hand
was preshaped so that when it had almost reached the ball,
it was of the right shape and orientation to enclose the ball
prior to gripping it firmly. By examining consecutive
frames of a movie, one could see that the movement was
divided into two parts, a fast initial movement and a slow
approach movement. This led to the coordinated control
program for the behavior shown in Figure 1a (Arbib, 1981).
In the top half of the figure, we see three perceptual sche-
mas—schemas whose job it is to find information about the
environment rather than to control movement. Solid lines
indicate the transfer of data from one schema to another,
and dashed lines indicate the transfer of activation. Suc-
cessful completion of the task of locating the object acti-
vates schemas for recognizing the size and orientation of
the object. The outputs of these perceptual schemas are
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available on separate channels for the control of the hand
movement. This in tum involves the concurrent activation
of two motor schemas, or control systems. One moves the
arm to transport the hand toward the object. the other pre-
shapes the hand. with the fingers’ separation and orienta-
tion guided by the output of the appropriate perceptual
schemas. Note that, in this model. once the hand is pre-
shaped, the schema involved in shaping the hand "goes to
sleep.” 1t is only the completion of the fast phase of hand
transfer that triggers the slow phase of hand trunsfer as well
as “wakes up" the final stage of the grasping schema.
which, under control of tactile feedback. will shape the
fingers.

Subsequent experimental findings have shown that the
model of Figure 1a was no longer tenable. Wing. Turton,
and Fraser (1986) found that peak grip aperture increased
with variability of reach. caused either by reaching more
quickly or reaching with the eyes closed. Recent experi-
ments from Jeannerod's laboratory, to be discussed further,
showed that during perturbation of either target location or
size, both arm reaching and preshaping of the fingers were
affected. Observations such as these showed that there is
more interaction between the two motor processes than pre-
viously thought. Further. whereas the modcl of Figure la
provides a preliminary explanation ‘of transport/preshape
interaction, it does not address the trajectory formation,
which, as we will see, reflects subtle cffects of the interac-
tion of the two motor processes, The task of the present
article is to provide an updated model that addresscs new
data on how hand trajectories vary in visually guided rcach-
ing tasks when the target is perturbed during the movement.
The two major changes to the model arc as follows: (a) The
transport schema cannot be divided into two separatc
phases, the first of which is ballistic, but must instead be
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FIGURE 1. (3) Coordinated control program for reach and grasp. (b) An overview of the new model of the motor schemas, and
their coordination through timing, that is presented in this article. (Redrawn from Figure 14, p. 1468 of ‘‘Perceptual Structures
and Distributed Motor Control,” by M. A. Arbib, 1981.) In V. B, Brooks (Ed.). Handbook of Physiology: Sec. 1. The nervous
system: Vol. 2. Motor Control (pp. 1449-1480). Copyright 1981 by The American Physiological Society. Reprinted by
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modeled as a single feedback system. The latencies within
that system make fast movements appear to be ballistic in
all but their final portions. (b) The one-way fiow of activa-
tion from the transport to the grasp schema must be re-
placed by a two-way interaction. We postulate that this in-
teraction is mediated solely by timing relations. A high-
level overview of the new motor schemas is presented in
Figure 1b. The details of their operation and interaction are
provided in the remainder of this article.

In Section 2, we consider only the transport of the hand;
in Section 3 we address the coordinated hand and finger
movements involved in grasping. To model hand transport,
we combined the minimum-jerk optimality principle for
overall hand transport with a feedback control law and then
incorporated look-ahead modules in the controller to com-
pensate for delays in sensory feedback to show how the
central nervous system (CNS) may form a desired kine-
matic reaching trajectory while using delayed feedback of
both hand and target position to ensure that the hand ap-
proaches its target despite mechanical noise or perturbation
of the target (Hoff & Arbib, 1991). The model reproduces
observed properties of reaching in response to target per-
turbation. and results of computer simulation of this model
are presented.

In Section 3, we extend the model of reaching to explain
both the kinematics of hand preshape for prehension and
the temporal interactions of reach and grasp. We provide an
optimization principle for hand preshaping that trades off
the costs of maintaining the hand in an open position and
the cost of accelerating the change in grip size. This yields
a control system for preshaping. We then present a model
that uses only expected duration for coordination of trans-
port and preshape. We show through computer simulation
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that the model can describe the kinematics of interaction of
hand transport and preshape under a variety of circum-
stances, including perturbations of object position and ob-
ject size.

2. Modeling Perturbation Response in Reaching

This section briefly reviews the model presented by Hoff
and Arbib (1991) as background for the novel model offered
in Section 3.

2.1 Background

Hogan (1984) proposed the minimum-jerk hypothesis to
describe the kinematics in pointing movements of monkeys
toward a visually located target. This is the hypothesis that
a trajectory of duration 7, will be such as to minimize the
integral [% (d'x/dr*)3ds of the square of the jerk. which is the
derivative of acceleration. By applying the calculus of var-
iations, he derived a position function of time given by
a fifth-order polynomial. uniquely specified by the initial
and final values of position. velocity, and acceleration. If
the target has zero velocity and acceleration at the start and
end of the movement, the velocity profile is symmetric and
bell-shaped. much like the Jow-accuracy pointing move-
ments performed by the subjects. Related studies (Atkeson
& Hollerbach, 1985; Flash, 1987; Flash & Hogan, 19835)
provided strong evidence that a single Kinematic pat-
tern for voluntary limb movements exists for a variety of
conditions,

Evidence that the characteristic movement profiles are
developed as the movement unfolds and subject 1o modifi-
cation by sensory input during the reaching movement
came from target perturbation experiments that showed
that reaching movements can be modified **on the fly.”” This
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implies a system that reevaluates its progress as movement
proceeds, based on incoming, albeit dclayed, sensory in-
formation. Pélisson, Preblanc, Goodale, and Jeannerod
(1986) perturbed the target of a pointing task at movement
onset. The initial target was 30, 40, or 50 cm from the
hand's starting position, and the perturbed target position
was 10% farther away. Vision of the subjects’ hand was
prevented, and they consistently undershot the target.
When the target was perturbed. however. the distance
moved increased an amount corresponding to the perwrba-
tion. Also, the subject did not stop before moving on to the
new target. Rather, a smooth transition was made (without
secondary accelerations) in midflight to a new trajectory

srminating farther away (Figure 3a). The subject was often
unaware that the target had moved. Because the corrections
were performed without vision of the arm, these results also
imply that we use kinesthetic information and/or an internal
mode! of the arm to update the motor error and the reaching
program in real time. Georgopoulos, Kalaska. and Massey
(1981) found a prompt transition {0 a new trajectory after
target perturbation when they observed monkeys trained to
make planar arm movements. The monkeys made reaching
movements to single targets and to targets that switched
either to a nearby location or to one on the opposite side of
the starting point. The time of target perturbation was var-
ied from 50 to 400 ms after the first target was presented.
They found a reaction time of 260 ms both for the initiation
of movement to the first target and for the modification of
the trajectory to reach a suddenly appearing new target.
Thus, as in the observations of Pélisson et al. (1986). pri-
mary movement completion was not necessary before
implementing a novel trajectory.

Paulignan, MacKenzie, Marteniuk, and Jeannerod
(1991) perturbed the location of a vertically oriented dowel
upon initiation of a reaching movement toward the dowel.
Recording the kinematics of reaching and grasping under
normal and perturbed conditions, they noted trajectory ad-
justment within 100 ms (on the average) after target loca-
tion perturbation, without compromise of accuracy (that is,
there were no trials in which the subject failed to grasp the
dowel). The movements, which when unperturbed lasted
about 500 ms, lasted about 100 ms longer when the target
was shifted at movement onset, indicating on-line incorpo-
ration of novel sensory information. Another interesting as-
pect of this study was of variability during movement. They
found that the standard deviation of position in the path
reached a maximum of about 25 mm during the movement,
whereas the standard deviation of the final position was
about 5 mm. This implies that, although motor variability
caused significant deviation in the path during the move-
ment, some feedback mechanism stabilized the trajectory
toward the end. The feedback aspect of trajectory genera-
tion was not taken into account in feedforward models such
as that of Schmidt, Zelaznik, and Frank (1977). Further, as
emphasized by Meyer, Abrams. Komblum, Wright, and
Smith (1988), models of trajectory formation that do not
have variability as an element, such as the iterative correc-
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tion mode! (Craik, 1947), arc nat realistic. In the modei that
we developed here, noise was added throughout the move-
ment. This resulted in the more realistic model in which
each point in the movement has its individual variability.
The overall cumulative movement variability is then com-
pensated by a feedback mechanism. to a degree determined
by the duration of the movement.

2.2 A New Model of Perturbation Response in Reach

We now turn to the model of hand transport offered by
Hoff and Arbib (1991).' We saw in our discussion of Figure
1a that the reach-to-grasp movement has been characterized
as a two-phase process. with a quick forward phase fol-
Jlowed by a slow feedback phase (Jeannerod. 1984: Wood-
worth. 1899). Here. in view of the above data on variability
and on target perturbation. we argue that for free space
pointing and reaching to grasp. a single feedback process
can be responsible both for the quick phase and for the slow.
accurate phase.® This uniform feedback process may be
kinesthetically based. as well as visually bascd. providing
shorter feedback latency. The output of our system for tra-
jectory generation is based both on internal dynamics and
on feedback from the outside. and includes 2 stochastic ele-
ment to model variability and demonstrate robustness.

The minimum-jerk criterion predicts. for any stationary
start and end points, a straight-line path for the hand. whose
displacement along the straight path is given by a quintic
polynomial in time (Flash & Hogan, 1985). The coefli-
cients of this polynomial-are determined by the boundary
conditions—the starting and ending position, velocity, and
acceleration of the hand. We thus view the sysiem state a5
g = (x, v, a)" (the ordered triple of position, velocity. and
acceleration: where T denotes the transpose). Flash and Ho-
gan (1985) derived the coeflicients of the quintic for the
hand’s position when the initial and final states are at rest.
and showed that the resulting trajectories accurately model
planar, point-to-point arm movements. The implication is
that trajectory planning and optimization maybe donc in
end-point space. with lower-level computations® producing
the appropriate muscle activations. The model devcloped
below is one of continuous control based on this minimum-
jerk principle. extending the set of results to includc target
perturbation response and motor variability. The movement
boundary conditions may be generalized 0 allow a non-
static initial state (x,, v,. )7, but a-static final state (x,. O,
0)T with target position X, (Flash & Hogan, 1985; Hofl" &
Arbib, 1991). In considering the hand's acceleration (sce-
ond derivative of position and hence a cubic polynomial),
these boundary conditions yielded the following expres-
sion:

aln = all = 97 + 187 = 10r']
+ v] =367 + Y611 — 607D
+ (q,—x)[607 — 1807 + 120717 (1)

wherc the movement begins at 1 = and ends at ¢ = 1,0 %0
that D = 1, — 1, is the duration and T = (1 — 1D is the
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normalized time variable. Then, to allow for perturbations
in the arm’s state or the target location, we considered a
feedback controller that inherently compensates for pertur-
bations during motion. The form of such a system is:

q' = Agq + Bx,, (2)
where g = (x, v, a)" is the system state vector, and the

matrix A and vector B embody the system dynamics. From
(1), Hoff and Arbib (1991) readily showed that A and B take

the form
0 1 0 0
0 0 1 |, B=|0 i (3)

—60/D* —36/D*—9/D 60/D?

A=

where again D is the time remaining int the movement,
D =, — 1. In this formulation, the controller need not
store an entire temporal rajectory. It need generate only D,
the time remaining, and monitor the current state g and tar-
get x,. This is an important difference from the feedforward
formulation; for here, if at any instant the state is perturbed
from g to another state § at time I, the system then proceeds
along the (new) optimal trajectory from § to the target state
(x,, 0, 0)7in time D = 1, — 7. Further, if the target moves
so that there is a new final state, (£, 0, 0)T, then the system
proceeds along the optimal trajectory to this new target.
The impact of this model on simulation of reaching to per-
turbed targets is shown below :

Because of the linear sysiem formulation of Equation 2,
the resulting kinematic trajectory g{r) scales with the input,
that is, the target distance x,—x,. Thus, the model dupli-
cates the findings of MacKenzie, Marteniuk, Dugas, Liske,
and Eickmeier (1987) that peak velocity (along with the rest
of the kinematic profile) scales with movement amplitude,

The implementation of this feedback trajectory-generator
mechanism is shown in Figure 2a. We assumed that the
trajectory for the hand is specified in terms of its accelera-
tion kinematics, shown as the input a to the box labeled
inverse dvnamics and plant. This label emphasizes that this
is a kinematics model, not accounting for the forces,
muscle activations. and limb dynamics involved in moving
the arm. We assumed that within this box the desired kine-
matic trajectory (expressed in terms of time varying accel-
eration) is translated into the appropriate driving forces to
move the arm. The output of this box is then the resulting
position (x) and velocity (v) of the hand. (Although the in-
verse dynamics subproblem is not addressed here, model-
ing efforts such as those of Kawato, Miyamoto, Setoyama,
& Suzuki, 1988, have studied it at length.) The box labeled
Jeedback unit performs the computation obtained by taking
the derivative of Equation ] with respect to + = 1D and
setting T to 0; namely,

f= =9aiD - 36viD* + 60(x,~x)D", 4)

after which f is integrated to yield the driving acceleration
signal.
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FIGURE 2. Using feedback to generate a tlime-varying tra-
jectory. (a) A mechanism for generating a state trajectory
by mapping the current state and target into a control signal.
(b) The computational module for a sliding window inte-
grator (SW1), integrating the input (1) over time for the past
(A) time interval. It is used in (c) (box labeled SW) as pan
of the state look-ahead module. (c) Extension of (a) to ac-
cept delayed feedback by calculating the estimates of the
present state, based on the efferent command 10 the plant
and delayed feedback. 1o compensate for noise.

The problem that we must now address is that Figure 2a
uses instantaneous feedback, whereas, in reality. the current
target position and hand v and x are sensed with some la-
tency. Hofl and Arbib (1991) solved this by means of a
look-ahead unit, a sliding window integrator (SW1) whose
output is the integral of its input over the most recent time
period A, z = [i_, vdi.* This construction is shown in Fig-
ure 2b, where the box labeled A indicates a iemporal delay
and the positive feedback line indicates the integration. It
is used in Figure 2¢ (the boxes labeled SW) 10 estimate the
plant’s position and vclocity from delayed (eedback in the
presence of noise. If the noise is unbiased, this is the most
reasonable estimate of the current state.

The delayed feedback model is pictured in Figure 2c.
Position and velocity feedback are both delayed by an
amount A,. (Note that this delay represents the collective
delay for the scnsorimotor loop, both the time for extermal
events to affcct the internal program, i.e.. sensory delay,
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and the time for the internal program to influence move-
ment kinematics, i.e., motor delay.) To compensate for this
delay, we included a srare look-ahead module to estimate
the current plant state. Essentially. because it computes
only movement kinematics. it performs a double integral of
the control signal, a(r), to estimate the change in x(r) during
the delay period (and also the change in v{7], along the way)
and uses these values to extrapolate from the delayed state
values to an estimate of the present value. With no mechan-
ical noise or unexpected perturbations of the hand, the
look-ahead module gives a precise prediction. (Note also
that the perception of target position encounters delay. To
indicate that this delay need not be the same length as the
arm state delay, we labeled it 4,.) The present position es-
timate, generated by the look-ahead module, is subtracted
from this delayed target location to yield motor error. The
effect of this target location delay is significant in the per-
turbed target paradigm, where the kinematic responses to a
shifting target is delayed by an amount A,.

Having presented this feedback control model of reach
generation, which operates in the presence of noise and de-
layed information, in the next section we present the results
of simulations of this model to explain behavioral data on
response to target perturbation.

2.3 Simulation Results

We simulated the reach generator of Figure 2 both for
noisy and for perturbed target situations, modeling a one-
dimensional (1-D) movement trajectory. The controllable
parameters of the simulation were movement amplitude
(x,), movement duration (MT), noise amplitude (NA), the
displacement (8x,) and time of onset of target perturbation,
and the increase in movement time after target perturbation.
Noise in the system was simulated as a random value, uni-
formly distributed in an interval ( —R/2, +Ri2) superim-
posed on the movement velocity, where R = NA X V, the
controllable parameter NA (set to 0.10 times the current
velocity) in the simulations to be discussed. The simulation
output consisted of position, velocity, and acceleration pro-
files, which we collected for each simulated reach. To sim-
ulate target movement, we shifted the target in one step
from x, to x, + 5x,, and extended movement duration from
MT o MT + SMT, so that the value of D in Equation 4,
afier the shift, was increased by OMT.

Addressing the target perturbation experiment of Pélis-
son et al. (1986) discussed earlier, we simulated the effect
of perturbing target position at movement onset, assuming
a feedback delay of 100 ms and a movement amplitude that
increased from 40 cm to 44 cm. Allotted movement time
was initially 520 ms and increased to 540 ms after pertur-
bation, both time values within the range of measured
movement times for the corresponding distance. The result
is seen in Figures 3b and c. At the qualitative level, there
were the gencrally bell-shaped velocity profile and the
double-peaked acceleration profile in both the model and in
the data, Further, the transition to the new trajectory in Fig-
ure 3¢ was seamless, as seen in the actual data of Figure
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3a. Our model of continuous comparison between target
position and arm state correctly predicted the smooth tran-
sition. (This result was in contrast to the characteristic tran-
sitions during backward and sideways target perturbations,
seen in the data and reproduced by the model, below and in
Section 3.) Quantitatively, in both the data and modeling
results, peak velocity occurred halfway through the move-
ment (at 260 ms) in the unperturbed case. with a slight in-
crease in its time of occurrence in the perturbed case (at
270 ms in the data. 280 ms in the model). The magnitudes
of peak velocity and acceleration were affected very little
by perturbation, as seen both in the model and data. These
values were only slightly lower in the model than in the
data. Peak velocity was 220 cmys in the data. 144 cm/s in
the model. Peak acceleration was about 1.000 cm/s® in the
data, 850 cr/s® in the model. The important result to em-
phasize was the lack of interruption of the trajectory after
perturbation of the target location.

A trajectory transition was observable when the target of
reach was perturbed significantly in location und direction
from the hand’s starting position. as in the trajectory rever-
sal experiment of Georgopoulos et al. (1981). To see
whether our model duplicated their subject’s movement
profile, we used the distance and timing parametcrs from
their data to run the target perturbation simulation. We
simulated the movement, shown in Figure 4, of reaching to
a target 8§ cm away from the hand’s initial position, which
then switched to a point 8 cm behind the initial position. 50
ms before the onset of the initial movement. The trajectory
perturbation began 200 ms into the simulated movement
because of sensory delay. In the simulation, the chosen
movement time parameter directly affected peak velocity:
Longer movement time meant lower peak velocity. Using
an initial movement time of 260 ms (taken from their data
for the unperturbed case) and a modified movement time of
350 ms taken from the perturbed case (Figure 4a), we
found. as did they, a higher secondary velocity peak than
the first. The ratio of the second peak height (o the first in
their data was 1.62, and in our simulation (Figure 4b),
1.69. The timing of the occurrence of the peaks was also
the same: The first peak occurred 130 ms after movement
onset in the data, at 120 ms in the model. The second ve-
locity peak occurred at 340 ms in the data, 350 ms in the
model. The time of movement reversal was 210 ms in the
data, 230 ms in the model. Thus the Kinematics of target
reversal in the simulation were similar to those seen in the
behaving subject: The response to perturbation was delayed
only by the nominal reaction time: and to reverse the trajec-
tory, a significantly higher velocity curve was created,
whose kinematic landmarks (peak velocity and time of re-
versal) occurred at realistic times.

We have described a limb movement-gencration model
(hat admits target perturbations during movement. Its out-
put is in terms of hand kinematics, and so is compariblc
with data from experiments on human s and monkey's muo-
tor behavior. The model cxplicitly shows how & family of
movement trajectories might be gencrated by a controller
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that interacts with the controlled plant. Separate circuitry
for separate targets, perturbed targets, or different durations
is unnecessary. Rather, the single model produces trajecto-
ries parameterized by target location and duration. It is no-
table that duration is an input to this model, rather than an
emergent quantity,. Movement duration is dependent on,
among other parameters. distance moved and the timing,
distance, and direction of target perturbation. This depen-
dency is the subject of another model, presented in Hoff
(1992). which reproduces unperturbed and perturbed dura-
tions for three of the bodies of experimental data addressed
in this article.

Flash and Henis (1992) found that a particular body of
kinematic reaching data was reproduced better by a par-
tially overlapping superposition of two minimum-jerk tra-
jectories than by a sequence of two minimum-jerk trajec-
tories, such as the one modeled in this section. We
acknowledge their results, while maintaining the applica-
bility of the model presented here for reproducing the data
as shown in this section, for providing a plausible and ro-
bust trajectory-generation mechanism, and for providing a
basis for modeling both reach and prehension. as shown in
the following section.

3. Modeling the Cooperative Interaction of Reach
and Grasp in Prehension

The time has come to review recent experimental work
that refined the view of the interaction of arm and hand
movements presented in Figure 1a and to develop the new
model of this interaction hinted at in Figure 1b. Section 3.1
introduces the body of experimental data (o be addressed.
Section 3.2 discusses details of the experimental results of
the interaction of transport and preshape, along Wwith their
impact on the formation of the model. Section 3.3 presents
simulation results of the combined optimal control kine-
matic models of transport and preshape, with synchroniza-
tion based on the described timing principles. Appendices
A and B describe in detail the mathematical derivations be-
hind the results presented here.

3.1 Investigations of Hand Transport and Preshape
Interaction

Paulignan, MacKenzie, et al. (1991) had subjects reach
to grasp a dowel located in the horizontal plane, 35 cm from
the hand, in a direction 20° to the right of the mid-sagittal
plane. In certain trials, the location was unexpectedly
shifted, at movement onset, t0 a second target located either

10° (leftward) or 30° (rightward) from the mid-sagittal

plane. Perturbation of location had an effect not only on
transport of the hand (which corrected to reach the new
target), but also on the kinematics and timing of preshape:
Maximum aperture (the separation of the thumb and fore-
finger) was found to occur later in the movement, after the
hand temporarily closed to a smaller aperture.

Gentilucci, Chieffi, Scarpa, and Castiello (1992) per-
formed a location-perturbation prehension experiment, in
which subjects reached to grasp one of three 4-cm diameter
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spheres positioned on a table 15. 27.5, and 40 cm from the
hand’s starting position. During some of the trials, while
subjects reached to the nearest sphere, a switch was made
to one of the more distant ones. Kinematics of hand move-
ment and finger preshape were recorded to determine the
effect of target distance and perturbation on subject per-
formance.

Paulignan, Jeannerod. MacKenzie, and Marteniuk
(1991) had subjects reach and grasp dowels of diameters
1.5 cm and 6 cm, and perturbed the target size by switching
the dowels at movement onset, both from small to large and
Jarge to small. In the perturbation trials. as the hand took
additional time to reach the correct aperture. its transport
slowed to reach the object at an appropriately later time.

We now turn to the interpretation of these findings and
their integration into a cohesive computational model.

3.2 Modeling Transport and Preshape Interaction

Temporal Interaction of Transport and Preshape

In the position-perturbation trials of Paulignan, Mac-
Kenzie, et al. (1991), a kinematic response was seen within
100 ms.* in the form of an early peak in acceleration. Using
A, to represent the sensorimotor delay from location pertur-
bation to response in the hand transport process, we can sel
an upper bound of 4, = 100 ms. The movement time for
the unperturbed task averaged 510 ms and was lengthened
by location perturbation: On the average. perturbed-left
(PL) movements were lengthened by 80 ms whereas
perturbed-right (PR) movements were lengthened by 112
ms. In the unperturbed case, as the hand preshaped, the
maximum hand aperture was attained at 323 ms. After
target-location perturbation, there was an abbreviated ap-
erture peak (202 ms PL. 232 ms PR) followed by a ncw
maximum aperture (420 ms PL, 446 ms PR). This early
aperture peak puts an upper bound of about 200 ms on the
reaction time of preshape to location perturbation. Thus. if
we use A, to represent the increased delay for the preshape
motor process to respond to location perturbation beyond
the delay A, then we can state this upper bound as
A, + A, = 200 ms. Note also that movement duration
minus time to second peak aperture was consistent (170 ms
PL, 176 ms PR). In the unperturbed case, this difference
was 187 ms. Possibly the maximum aperture is synchro-
nized with the end of the reaching movement so that inter-
action with the object to be grasped can be controlled, with
coordination based on keeping consistent the enclose time
(ET), the difference between the time at which the move-
ment ends and the time at which the hand achicves maxi-
mum aperture.

When unperturbed, object size had little effect on reach-
ing kinematics or movement time. which was similar to the
control for the target-perturbation paradigm (Paulignan,
Jeannerod, et al., 1991). The difference betwcen end of
movement and maximum aperture was consistent with the
earlier experiments: 199 ms (S). 187 ms (L). Object size
did. of course, effect the magnitude of peak aperire, which
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was 9.2 cm (S), or 12.5 cm (L). In the small-to-large per-
turbation (S-L) case, movement time increased by 175 ms
on the average. The increase was all in the low-velocity
phase, because the earlier kinematic landmarks (maximum
velocity, maximum deceleration) did not change. In three
subjects, two peaks were observed in hand aperture. The
first peak occurred slightly earlier (294 ms) than in the un-
perturbed small target preshape (309 ms). (Note that this
implies that reaction time of preshape to size change is less
than or equal to 294 ms. We may introduce 4 as this time
delay and restate the upper bound as A; = 294 ms.) The
second peak had amplitude corresponding to the large tar-
get (12.2 cm), as expected, and occurred 475 ms after
movement onset. The transition between the two peaks can
be identified by the time when the rate of change of aperture
became zero, at 330 ms. In the other two subjects, there
was only an inflexion at the transition point; there were not
two distinct peaks. Because movement time increased to
684 ms in response to the small-to-large perturbation, ET
in (S-L) was 209 ms.

Large-to-small perturbation (L-S) caused an increase in
movement time of 85 ms. As in the S-L perturbation, the
transport kinematics before maximum deceleration were
unchanged. Thus the transport reaction time to the size per-
turbation was longer than the time to peak deceleration,
about 300 ms. We introduce A; + Ag as this time delay
and restate the lower bound, A; = A, = 300 ms. The ap-
erture trajectory typically showed only a single peak: The
enclosure phase was prolonged until the small dowel aper-
ture size was reached.

In the enclose-time studies of Gentilucci et al. (1992),
ET was, again, approximately 200 ms, corroborating the
results of Paulignan, MacKenzie. et al. (1991). Although
movement time, time 10 maximum aperture, and other ki-
nematic landmarks varied with distance and perturbation,
the enclose time was found to be consistent throughout. It
would seem the central nervous system (CNS) coordinates
transport and grasp to allow the hand 200 ms to close on
the target; the closure coincides with the movement’s end.

To formally check whether ET varies with perturbation,
we examined the data (provided by the Jeannerod labora-
tory, from the experiments reported in Paulignan, Mac-
Kenzie, et al., 1991) from 56 unperturbed trials, 48 per-
turbed left, and 56 perturbed right. The mean enclose time
was 180.9 ms. For the unperturbed trials, ET was 185.4
ms; for PL, it was 177.4 ms; and for PR, it was 179.3 ms.
Thus ET varied very litile due to perturbation, compared
with the changes in other temporal variables, such as move-
ment time. We performed an analysis of variance (ANOVA)
on the ET data to show that, at the 99% confidence level,
ET did not significantly vary between the three conditions.

It is now appropriate to introduce the constanr enclose-
time model embodied in Figure 5. Following the schematic
approach in the coordinated control program of Figure |,
we have motor activity generators (the transpori, preshape,
and enclose controllers) that take as input target position
values and planned movement durations. The transport tra-
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FIGURE 5. Feedback controllers for transport, pre-
shape, and enclose. Cooperative computation between
subprograms in determining movement time. Details

given in text.

jectory generator takes as input target location and duration
(the allocated time for the movement). The inputs for the
preshape trajeclory generator are maximum aperture (itself
a function of object size) and duration. Object Jocation and
size provide hypothesized duration estimation modules (the
boxes labeled transport time needed and preshape time
needed ) with information for independent judgments of the
time necessary for each process. Although the modules are
dependent on experimental parameters, the present model
simply used empirical data to approximate their output.
These estimates interact through the elements labeled MAX
so that the maximum of transport time needed and preshape
time needed plus enclose time needed (the input ET is the
desired enclose time for the grip, as discussed earlier) is fed
to the trajectory-generation schemas. The result is that the
two processes are each scaled to the longer duration. After
this time is determined, ET is subtracted from the duration
determined by the MAX comparators and the result is sent
1o the preshape controller. Thus, the hand preshape will al-
ways reach its target maximum aperture prior to the trans-
port position’s reaching its larget, and the amount of the
lead will be the time necded for closure.

It is important 10 emphasize that the constant enclose-
time model does not claim that hand enclose time is con-
stant across all object sizes and grip types; rather, it says
that enclose time is constant across perturbation situations
for a particular task. In Section 4, we will tum 10 the sub-
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ject of how object size, as an example of one of many rel-
evant factors, affects enclose time.

The pathways along which spatial and temporal data are
passed have intrinsic delays, shown in Figure 5, some val-
ues of which we have already discussed. Further, 4, and 4,
are the lumped sensorimotor feedback delays for transport
and preshape, respectively. as introduced in Section 2.2 for
the model of reach control. The enclose controller is, in the
model. identical to the preshape controller. but with differ-
ent inputs: Its duration is ET. and its target value is the
object size. rather than the larger maximum aperture. Thus,
it has the function of closing the hand to the object size at
the end of the movement time. The planned movement du-
ration for each controller is presented in the form of the
time remaining for the movement, and as such it constantly
decreases. once the movement begins, until reaching zero.

The box labeled maximum aperture performs a mapping
from object size to the maximum aperture of the grip. From
the two object sizes in Paulignan, Jeannerod, et al. (1991),
we generate the linear mapping.

Max Ap = .75*Dowel Diameter + 4.55 cm,

which is consistent with the findings of Marteniuk, Leavitt,
MacKenzie. and Athenes (1990), who had subjects reach
to grasp disks of various sizes (5.5 to 12.5 cm in diameter)
and derived the relationship Max Ap = .11*Disk
Size + 4.89 cm.

Trajectory Generation for Transport and Prehension

In formulating the movement controllers for transport
and prehension, we retained the controller described in Sec-
tion 2.2 for transport. The extension of the controller from
a one-dimensional plant to multiple dimensions was
straightforward (Flash & Hogan, 1985). The significant ad-
dition was a change in the final end-point constraint to al-
low control of the hand orientation as the target is ap-
proached (see Appendix A). For the preshape formation
controller, we searched for the simplest cost function that
captures the characteristics of the movement kinematics. As
with any continuous system, some smoothness criterion is
needed to prevent discontinuous jumps in the resulting tra-
jectory. Next, the partial reclosing of the hand during pro-
longed movement caused by location perturbation implies
that there is some cost to having the hand open more than a
certain amount. The relative importance of these two crite-
ria is not known a priori, so a weighting parameter was
introduced, yielding the following criterion for preshape:

J= Jﬂ‘{x(:y + wldx(rydeT)d, (5)
a

where x(1) is the hand’s aperture, and w is the relative
weighting of the two components and is tuned empirically.
This cost criterion is used both for preshape and enclose,
under the assumption that the same neural control system
drives the fingers in each case. The difference is the inputs
to the controller for enclose: The target hand aperture is the
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object size, whereas the allocated time is simply the enclose
time.

To find the trajectories associated with the above optim-
ization criterion. it is necessary to know the onset of move-
ment (1 = 0), along with the duration (r = ). Boundary
conditions on the system state (e.g., the initial and final
values for the aperture of the hand. the location of the tar-
get, and the hand’s approach direction) must also be
known. In addition. any weighting parameters must be de-
termined. In this case. the only parameter is w' in the pre-
shape criterion. We will discuss how this was empirically
determined. Given these parameters, we employed the
maximum principle (Takahashi, Rabins. & Auslander.
1970) to derive an optimal trajectory of the system’s state
based on the optimization criterion and the system’s dynam-
ics. The details of this derivation are given in Appendix B.

3.3 Simulation of the Transport/Prehension Model

We created a computer simulation of the elements shown
in Figure 5 10 test the model against experi mental data. The
inputs to the simulation were object location and size, op-
tionally modified during the simulation to reflect perturba-
tions. The graphic output of the simulation shows the ki-
nematics of reach and preshape during the task. Position
and velocity of the hand are shown for the x and y compo-
nents. In addition. the resultant magnitudes of position and
velocity were plotted, for comparison with actual data. An
x — y plot of the hand’s path with one point for each sim-
ulation time step gives a useful visualization of the com-
bined transport data. The time course of the hand's aperture
during preshape was plotted as well as its derivative.

Simulating Perturbed Location and Size

We begin by reproducing the results of Paulignan,
MacKenzie, et al. (1991) and then show how the simulation
can be used to reproduce other bodies of data. Following
the review in Section 3.2, we set the transport time needed
in the simulation to 510 ms. and the preshape time needed
to 310 ms. (We did this because the model says that the
movement time—510 ms—is the maximum of the trans-
port time needed and the sum of the preshape time nceded
and the enclose time. The outcome will be the same if either
the former or the latter time-needed value is lowered.) We
assigned 4, the value of 100 ms based on the timing of
location-perturbation reaction. A, is the preshape response
latency to location perturbation (200 ms) minus 3, thus it
was set to 100 ms. The target approach orientation param-
eter ¢ (see Appendix A), was set to 90°. the direction di-
rectly away from the subject. The coordinates of the target
wrist position were set to (2 cm, 24 cm). Figure 6 shows
the kinematics of transport and prehension for unperturbed
movement to the center target to grasp the small target, Fig-
ures 6a. c. and e show actual duta, whereas b, d. and I show
simulation results. Figure 6a shows the path of the wrist
during unperturbed reach and grasp of a central dowel. Fig-
ure 6b shows the simulation of an unperturbed wrist path
when reaching toward the center target. (The lelt and right
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of M. Jeannerod, INSERM, Lyon, France.)
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movement. (e) Distance between thumb and forefinger (aperture), and the derivative of this
distance (aperture speed). (f) Simulation of aperture formation, (Experimental data courtesy

target locations are also shown.) Figure 6¢ shows displace-
ment and wrist speed in the unperturbed task. Figure 6f
shows the simulation of wrist movement. Figure 6e shows
distance between thumb and forefinger (aperture), and the
derivative of this distance (aperture speed). Figure 6f shows
the simulation of aperture formation. Because the
minimum-jerk cost functional was used, the simulated hand
path and velocity profile of Figures 6b and 6d captured the
roughly straight wrist movement and single-peak velocity
profile, seen in the data. The aperture formation model was
able to capture the amplitude and timing of peak aperture,
as well as the enclose time, seen in the data, Figure 6e.
Simulation parameters included the initial aperture (which
reflects the offset of IRED markers from the fingers) of 4
cm, and the two object diameters, 6.2 cm and 1.6 cm. The
mode] predicted a slightly faster opening phase (Figure 6f)
than was evident in the data, whereas the closing phase ve-
locity was accurately reproduced. To model higher-order
derivatives in the trajectory, we would need to introduce
models more detailed than that described by Equation 5.
Our poal here was 1o capture the timing and amplitude of
the aperture itself, under normal and perturbed conditions,
using the simplest possible model. We now tum our atten-
tion 1o the perturbed conditions.
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For target-location perturbation, right or left, transpont
time needed in the model was increased by 100 ms, again
following the data in Section 3.2. The coordinates of the
targetl wrist locations were set to (—6 cm, 27 cm) and (8
cm, 21 cm) for the left and right targets, respectively. Fig-
ure 7 shows the data and simulation results for the
perturbed-left case. When target location was perturbed,
transport had a corrective trajectory. following a velocity
peak at about 200 ms, and prolonged deceleration phase.
Note that the target approach direction was maintained de-
spile target location perturbation (due to the terminal ori-
entation constraint on the modeled hand path). The simu-
lated aperture trajectory shown in Figure 7f exhibits the
temporary reclosing seen in the recorded trajectory during
location perturbation (Figure 7¢). The local minimum in the
aperture was 25 mm less than the final peak aperture in both
the data and simulation. The double sequence of accelera-
tion followed by deceleration seen in the aperture velocity
profile of Figure 7e was also reproduced by the simulation.

For targe! size perturbation, transport time needed was
increased by 175 ms for S-L and 100 ms for L-S, following
the empirical data.” The values of A, and w were sel exper-
imentally, observing simulated preshape profiles for each
combination. Values of A, from very low, 100 ms, to the
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upper bound. 294 ms, were entered into the model. w
serves as a time constant in the preshape function, control-
ling the sharpness of the response of the preshape profile to
shifting target aperture. The simulation parameter Pwt was
equal to \/2w', and for values below .10 gave realistic
preshape trajectories. Values from .05 to .10 were tried in
combination with the values of A; above in normal and per-
wrbed simulations, observing peak aperture velocity, tim-
ing of perturbation response. and general similarity in
shape to experimental curves. The values that gave the best
fit were A, = 250 ms and Pwr = .09. To give the empiri-
cal value of 300 ms to the timing of transport’s response
10 change in object size, we assigned to A, the remaining
50 ms.

Figure 8 shows the data and simulation results for the
case in which the target size was unexpectedly increased,
whereas Figure 9 shows the case where the target size was
unexpectedly decreased. As expected, the preshape process
made an on-line correction to a larger aperture, seen in Fig-
ure 8d as well as in Figure 8c. The model yielded a quan-
titatively correct reconstruction of aperture formation: As
in the data, the simulated aperture leveled off at about 90
mm. 300 ms after movement began, then proceeded to the
larger aperture, 120 mm, reaching it at 475 ms. The aper-
wre derivative had two peaks, corresponding to each open-
ing phase in the aperwre development, but the magnitudes
ia the simulation did not correspond with the magnitudes in

Trajectory Formation and Interaction of Reach/Grasp

the data. Again. the simple modcl chosen here captured the
essential features of aperture formation. To capture features
of higher-order derivatives in the trajectory, a more detailed
model is needed. The effect of size perturbation on trans-
port was qualitatively reproduced: The later part of trans-
port (the deceleration phase) appears prolonged in Figure
8b as in 8a, slowing to synchronize with the preshape pro-
cess. In Figure 9a and b. the cffect on transport was a stm-
ilar slowing. In Figure 9c and d. the enclosing hand. after
peaking at 320 ms at or near the unperturbed peak aperture
of 120 mm, switched smoothly to a smaller peak aperture
and continued into the enclose phase. In Figure 8a and b
and 9a and b, the timing of peak velocity was not affecied
by size perturbation, because the peak occurred prior to the
delayed effect of size perturbation on transport. Paulignan.
Jeannerod, et al. (1991) found that in the unperturbed case
maximum hand velocity occurred around 185 ms for both
unperturbed reach to the small and large objects, and for
both size perturbation cases (Figures 8a. 9a). The simula-
tions reflected this consistency in time to peak velocity
(Figures 8b, 9b).

Simulating Jeannerod (1981)

Jeannerod (1981) recorded kinematics of transport, pres-
hape, and grasp to targets of varying sizes, and during tar-
get size perturbation. Subjects reached to grasp  target ob-
ject placed on a tabletop, then put the object in a small box.
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In one experiment, the object was a sphere that could be
suddenly modified in apparent size, between 4 and 7 ¢m in
diameter. The size change was produced at movement ini-
tiation. Perturbation of object size affected the formation of
grip by the fingers but not the transport of the hand. The
timing and magnitude of various kinematic landmarks were
unaffected by perturbation. Movement time was typically
800 ms in both normal trials and perturbed trials.

We wished to test whether our model of transport/pre-
shape interdependence could also address these findings. In
S-L size perturbation simulation discussed previously, the
movement-time-needed parameter was changed from 510

186

ms (o 800 ms, reflecting the slower movement encountered
in Jeannerod's study. The object sizes were modified in cor-
respondence with the values given for the experiment, Re-
sults are shown in Figure 10 for simulated reaches to un-
perturbed (Figure 10a and b) and perturbed (Figure 10c and
d) targets. (Graphs of transport and preshape trajectories
from the original experiment were unavailable. We show
the simulated trajectories not for direct comparison, but to
illustrate the response of each process in the model to the
perturbation.) Note that despite the size perturbation, addi-
tional time was not needed, because the adjusted preshape
fit within the limits of the transport movement time. Spe-
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cifically, in the MAX comparator shown in Figure 5, the
duration sent to the transport controller was 800 ms both
before and after object size perturbation. Before perturba-
tion, the movement time needed (800 ms) was compared
with the preshape time needed plus the enclose time (310
ms + 200 ms = 510 ms). and the maximum was 800 ms.
After perturbation, the preshape time needed increased by
175 ms; so the sum of preshape and enclose time became
685 ms. This still was dominated by the slower movement
time, however; so the maximum remained 800 ms, and
transport was unaffected by the perturbation. The model
predicts that only for movement durations under about 685
ms will size perturbation affect overall movement time.

Predictions of the Model

Toward testing the predictive ability of the model de-
scribed, we simulated a novel variation on the prchension
task studied in the above experiments. In particular, we
wondered what the effect would be of asking a subject to
grasp an object very near 10 her hand, under a tight time
constraint. Thus the transport process would, if uncon-
strained by the prehension process, operate very quickly.
To simulate this, we set, in the simulation, the transport-

. time-needed parameter to 200 ms and the movement dis-
tance to 2 cm. The results are shown in Figure 11. Because
the time needed by the transport process was much less than
that needed by the preshape and enclose processes, the
movement time was dictated by the latter. Thus transport
was extended in time to match the hand’s movement, re-
sulting in the low-velocity profile seen in Figure l11a. The
model used in this article predicts that in general, for short
reaching movements, there is a lower bound on the move-
ment time when there is an associated grasping task. Fur-
ther, as noted in the discussion on the simulation of the
experiments of 'Paulignan, MacKenzie, et al. (1991), al-
though we assumed the preshape time needed was 310 ms,
this was acrually an upper bound on its value. In may be
that the transport time needed is dominant, overriding a
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shorter enclose time. By performing the task described
here, an experimenter would reveal the true preshape-time-
needed value, because it presumably would be the limiting
time factor in the overall movement.

The maximum comparison (MAX) element of this model
predicts that duration extensions caused by location and
size perturbations do not sum: rather, the maximum is
taken. Figure 12 shows results of simulating a movement
with simultaneous perturbation of both target location and
size. At the onset of movement. the target was both shifted
to the right and enlarged. using the target locations from
Paulignan, MacKenzie. et al. (1991) and sizes from Paulig-
nan. Jeannerod. et al. (1991). Because the increased move-
ment times for leftward pcrturbalion (100 ms) and for in-
creased object size (175 ms) overlapped instead of
summing, the total movement time increase was 175 ms,
the larger of the two changes.

4. Discussion

We have expanded an existing schema model of the in-
teraction between reach and grasp to give an account at the
kinematic level, appropriate for comparing against the out-
put of behavioral experiments. We have built upon the
minimum-jerk trajectory-formation model to posit a control
model that refiects the consequences of sensory input and
motor correction during movement. Thus the formulation
incorporates the features and kinematic realism of the orig-
inal minimum-jerk model. while expanding the paradigm
to model movements during target perturbation.

The two dimensional (2-D) minimum-jerk model was
further modified to address a constraint on the terminal path
direction, which is present in reaching-to-grasp move:
ments, but not necessarily present in nonmanipulative arm
movements such as reaching to point. The result is inti-
tively acceptable: Task constraints applicable to the trajec-
tory's end (e.g.. the approach direction of an object 10 be
grasped) affect kinematics during the reach. Thus the reach
is planned with respect to the overall goal of the movement.
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FIGURE 11. Results of simulating a shor, quick move-
ment. (a) Wrist movement. (b) Hand aperture forma-
tion. Because aperture formation is the limiting factor in
the movement, transport slows to match it temporally,
resulting in a low peak wrist velocity.

as seen when reaching occurs under varying accuracy con-
straints (e.g., Milner & Ijaz, 1990). In a similar vein, the
constant enclose-time model for the timing of reach and
grasp implies that the nervous system starts from the con-
straints of object interaction (i.e., the hand’s enclose time)
and then plans the preceding segments of the motor task
(transport and preshape) in accordance with these con-
straints.

Lastly, the model of the interaction of reach and grasp
embodies what is seen in perturbation studies: that there is
not a strict hierarchy of the two processes. Rather, as exter-
nal factors change the activity of either process, one may,
in tum, influence the activity of the other.

Comments on the Maximum Duration Model

Regarding the temporal interaction model of Section 3,
there are other examples of motor control processes where
temporal coordination is produced by slowing or delaying
a process that otherwise would be quicker. In oculomotor
control, it is known that although there are separate brain
stem centers for generating vertical and horizontal saccade
components, an oblique saccade is characterized by a
roughly straight movement of the pupil. If both components
proceeded at maximum speed and the saccade direction was
other than 45° the shorter component would finish first,
causing an abrupt discontinuity in the movement direction.
Instead, it has been observed that the shorter component is
sufficiently slowed in its progression’ that the two compo-
nents terminate together (Fuchs, Kaneko, & Scudder,
1985). Rogal and Fischer (1986) found that for combined
eye and arm movement, saccade and reach were prepared
in parallel, but if the saccade preparation time exceeded that
of reach, then reach execution was delayed. This resulted
in higher correlation between reach and saccade onset times
when saccade preparation was made to be very time con-
suming. Thus, in this example. it was the preparation times
of two processes that were synchronized in their duration.
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Observations on Enclose Time

Earlier, we discussed the lack of an effect of perturbation
on enclose time (ET). This motivated consistency of ET as
a model of motor task coordination, Although ET for the
hand during grasp is hypothesized to be invariant under per-
turbation, ET certainly is not invariant across all grasping
tasks. In Marteniuk et al. (1990), different sized disks were
grasped by human subjects. The disks varied in diameter
(DIA) from 1 ¢cm to 10 em. It was found that as disk size
decreased, movement time (MT) increased (as predicted by
the speed/accuracy trade-off), but also the time to peak ap-
erture (TPA) decreased. The relalionship between 7PA and
DIA in their data is summarized by the Jeast squares fit
linear relationship,

TPA = 491 ms + DIA 6,10 ms/cm.
Similarly, MT is related to DJA by

MT = 681 ms — DIA 5.94 ms/cm.

Because ET = MT — TFA, the relationship between ET
and DIA is given by

ET = 190 ms — DIA 12.04 ms/cm.

Thus enclose time increases as disk size decreases. There
are two interpretations of this. First, the hand physically
needs more time to close to a smaller size. Second, there
may be a speed/accuracy trade-off for grasping as well as
for reaching. This relationship between DJA and ET pre-
dicts ET = 172 ms for a disk of diameter 1.5 cm. This is
in the ballpark of the ET seen in Paulignan. MacKenzie, et
al. (1991). For a disk of size 6 cm, however, the predicted
ET is 118 ms; whereas in Paulignan, Jeannerod, et al.
(1991), the average enclose time for the 6-cm diameter
dowel was 187 ms. There may be other factors (disk height,
experimental set-up) that contributed to the discrepancy be-
tween ET in the two experiments. Further investigation is
needed 1o isolate the responsible factors.

New Experiments

The poal of the modeling work in this article was to stim-
ulate further experimentation. With the simulation of imag-
ined cxperiments in Section 3.3 we hope to inspire novel
variations on the behavioral experiments already per-
formed, both 10 test and refine the model presented here.
Specifically, the iestable hypotheses are (2) that there is a
Jower bound on movement time, dictated by the prehension
process, which limits the speed of transport, and (b) that
simultancous perturbation of size and location of a reaching
target will not slow the action by the sum of the individual
delays, but by the maximum of the two. Further, the appli-
cation of the model to the data of Jeannerod (1981) suggests
that there is 3 maximum movement time for which object
size perturbation will slow the movement, that maximum
being 685 ms.

In the transport and prehension model, the outputs of the
iwo maps labeled fransport time needed and preshape time
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is 175 ms. the larger of the two changes.

FIGURE 12. Results of simulating a movement
size (a) Wrist movement path. (b) Wrist displac
tion. Because the increases in movement lime for leftward perturbation (100 ms) and for
increased object size (175 ms) overlap instead of summing. the total movement time increase
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needed were set empirically, based on the data. In reality,
they are dependent on target location and size; as well as
time, magnitude, and direction of perturbation. The exper-
imental data only sparsely sampled the parameter space. To
clearly elucidate the dependency of the time-needed maps’
outputs on the various experimental inputs, further experi-
ments are needed in which a greater variety of these param-
eters are utilized.

APPENDIX A
The Use of Optimal Control
to Derive Transport Trajectories
Let the system being controlled be described by

x' = f (x, u). i=1ltwn,

where x is the system's state variable vector and u = (u,, . . ..
u_) is the control vector. Far the one-dimensional minimum-jerk
model, the dynamic system to be controlled is

x' = Xy

x, = x,

'

Xy = u,

where x, represents position, x, represents velocity. x, represents
acceleration, and the input u is the jerk (derivative of accelera-
tion). Hogan (1984) and Flash and Hogan (1985) have shown that,
for the minimum-jerk optimization criterion,

Yy
J = J widt, (A1)
]

the optimum position trajectory, x,(1), is a quintic function of time.
Therefore. its second derivative, the acceleration x,(1), is a cubic
function of time. The coeflicicnts of these polynomials are deter-
mined from the boundary conditions: the system’s initial and final
states. The initial state is given as a 3-tuple of position, velocity,
and acceleration: (r,”, x.", x")7. The final state is (x,". 0, 00,
where the zeros indicate a static state. Applying these boundary
conditions to the system yields, for the acceleration,
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ol = x 1 =97+ 187 = 107"]
+ x0 =367 +967 - 607D

+ (.t.‘—x.")[tio-r— 1807 + 1207 /D3, tA.2)
s0 that

where the movement begins at ¢ = 1 and ends al 1 = 1.
D =1, - 1, is the duration and 7 = (1 — YD is a normalized
time variable. Equation A.2 is the same as Equation 1. which is
used to design the controller for trajectory generation in the one-
dimensional reach model.

Flash and Hogan (1985) showed that for a two-dimensional
(2-D) system. the dimensions of movement are decoupled and the
trajectory in each dimension is a quintic polynomial, as in the
1-D case. To implement the control of the 2-D system according
to the specified optimization criterion. it is necessary only to have
two uncoupled controllers for cach dimension, cach identical to
that for the 1-D case. derived earlier.

In the 2-D system, we may control the orientation ol the hand
at the trajectory’s end, as well as ity position. In the 1-1) sysiem,
we had three boundary conditions at the, final time. one for cach
component of the final state. We specified that the final swate be
static {(have zero velocity and acceleration) and be located at the
target {+/.0,0)7. The extension to two dimensions provides for six
final-time conditions. Let x,. x,, and x, represent. respectively, the
position. velocity. and acceleration in the first dimension. and ..
x,, and x, represent, resp=ctively, the position. velocity, and ac-
celeration in the second dimension. In choosing the final-time con-
ditions. because we wish the target position to he reached., we

specify

xf) =& Xl = &l (A3
where the target is located at (x,'. x,"). Because the bnal position
is 10 be static, we specify that the velocity of cach componcnt be
LLer0.

) = 0, (A4

xlt) = 0.
We also want the target 1o he approached from a specilic angle,
Figure Ta shows a wrist trajuctory that approachus Irom the diree-
tion of the subject. Intuitively, this is necessary heciune the hiand
must approach with the finger uperture fucing the target. The most
comfortable posture for onc’s hand in this experimental paracipm
is with the fingers facing away. thus target approach is typically
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from the subject’s side of the target. We capture this phenomenon
by specifying the following fifth boundary condition:
- i
tim 225 (AS)
- :!x..(f} - X,

where ¢ is the slope of the trajectory (in the horizontal plane)
during approach. Now because (A.3) holds, this is the ratio of
vanishingly small quantities and cannot be evaluated in its given
form. Instead, we apply I'Hopital’s rule and differentiate the nu-
merator and denominator, obtaining

(xl{l) - x,') ;

. x(n - xf \
¢ = lim Lt o fim ———
‘- y“‘“} - X, 1=y (.'I"(l) = x.l)

¢-,imfﬂﬂ;‘?_ ﬁme(Q

] ?X;(l) -0 i - 91,(1)'

Now, from (A.4), this too is a ratio of vanishingly small quantities;
thus we differentiate once more.

o = fim 2L o jim 20

1=y I;(‘) ‘- yx‘(')'

- 5 A
¢ YT (A.6)

Thus the fifth constraint is equivalent to our fixing the ratio of the
terminal acceleration values. The sixth constraint is the magnitude
of one of the terminal acceleration values (with Equation A.6 de-
termining the magnitude of the other). This magnitude is a free
parameter of the simulation chosen 1o best fit the experimental
data. (In our simulations, we found that the best fit to the data was
generated with xf = —5 m/s?.) We can write these two con-
straints as

X)) = xf,

) = éx,.

Making the appropriate exiension to Equation A.2 for non-zero
final acceleration, and applying these boundary conditions, we
have

N = x2[1 — 9 + 187 — 107Y]
+ &x 31 = 1297 + 101Y]
+ x| =361 + 9677 — 607*)/D
+ (x, — x)[601 — 18012 + 1201°)/D2,

x () = x°(1 - 97 + 1872 = 1077)
+ x,[31 = 12174 107%)
+ x[ = 361+ 967 = 601D
+ (1= 2,607 — 18077 + 1207°)/D?,

which then are used, as was (A.2) in Section 2.2, to con-
struct the 2-D transport controller.
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APPENDIX B

The Use of Optima) Control to Derive Preshape Trajectories

Trajectory optimization may be achieved by using the maxi-
mum principle, which, as described by Takahashi et al. (1970),

applies to a system represented by

x' = flx, . ox, 6, i=ltwn,
where x,, ... , x, are the sysiem’s state variables and v =
(4,, . . ., u)) is the control vector. The optimization criterion is
J = x,(t), where

x,(f) = _L}v(x- wu)dt,

and x = (1, x,, . . . , X,). Further, the cosiate vecior ¢ = (,,

. + ) is defined by ¢’ = —affax™, and §, = -, arbitrar-
ily. A Hamilionian is defined H({, x, ) = 7fix, u). Then a nec-
essary condition for the optimality of « is that it maximizes H(y,
x, u). For the case of continuous action without saturation (of «),
we consider the us that satisfy aH(, x, «)/du, = 0 (for all i). For
the preshape model, the sysiem’s state is described by the separa-
tion of the thumb and index finger during the pinch grip. As dis-
cussed in Section 3.2, the optimization criterion is based on a
weighted sum of the aperture (x,) and its acceleration (x). Thus
we have

x(n = f (x;} + wudlds;
A .

and the dynamics of the system are described by

x' =x, (x is position),
x' =u (x,is velocity).

From the above definition of ¢', we find

¥, =2,
g, = =,

Applying the definition of H(\. x, u). we have,
Hu) = — (x> + wiud) + ¥,x; + du,

which we maximize by differentiating with respect 1o « and equat-
ing to zero,

0= =2wu + ¥,
from which
2wu =,

This extremum is a maximum, because the second derivative of H
is negative, specifically, 8°H/6u* = —2w. We can collect the
relevant equations:

x5'=x, (A.7a)
x'=u= 12w, (A.Tb)
W= -y, (A.7c)
¥'= 2, (A.7d)

Through substitution, this can be written as the following single,
fourth-order differential cquation in terms of the driving signal
u(r):
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™™™ +u=0 (™ = w).

the solution of which is,

I
u(r) = ;lt'( - a,sinr + a,cos r)
+ ¢-'(a,sinr — a,cos nl. (A.8)

where r = (1/V/37) 1, and a, 10 @, are parameters determined by
boundary conditions. To determine these, we write the following
four boundary equations:

x(0)= x° (initial finger aperture), (A.92)
x(0)= 0 (initial finger aperture velocity), (A.9b)
x,(D)= x! (final finger aperture), (A.9¢)
x(D)= 0 (final finger aperure velocity). (A.9d)

where D = , = 1,. Integrating (A.8) twice (following Equations
A.7a, b), we have

x(t)= ela, cos r + a,sinr)

+ e~fla,cos r + a,sinr).  (A.102)

x(N= ﬁe’{(m‘ ~ a)sinr + (a, + a;)cos r]
+ e (@, —agsinr + (—a, + a)cos r]}. (A.10b)

Combining Equations A.9 and A.10,

x°=a, + a, (A.113)
Xt = '\/'IE_T(‘h +a, = a, + a), (A.11b)
x/= aa,] + Ba; + Y8, + Ba,, (A.11¢)
1
0= V..-i-;[a(a, + a) + B(a, — a)
+ yla, = a) + 8(=a, = a)), (A.lld)

where, as a shorthand, we use @ = eP'cos D', B = €%'sin D',
vy = e®cos D', b = e~%'sin D', and D' = (1/\/27)D. The pa-
rameters a,~a, then come as the solution to the matrix equation,

x a B ¥ 5 a,
0 - a—-p a+f -y=8 y-3 |la,
% " 0 | 0 a| (A.12)
Vartx® 1 1 -1 1 a,

Following the controller derivation in Section 2.2, we wish to find
the initial value of the driving signal (after which the initial value
will be taken as the current time). Thus we tum to Equation A.8,
setting t = 0,

u(0) = (V%) (a, — a,).

Inserting the values for a, and a,. which come from Eguation
Al12,
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-1
det 7

+ Vimx(e® — )

u(0) = [x2(e® + ¢-¥ — 2c052D")

+ x,'asin D'(e=™ — €”)]. (A.13)

where det = ¢ + e~ — 2 — 4sin*D’. Thus, as in Equation
A.2 for transport, we have a mapping from the current {initial)
state of the system and the remaining movement duration (D) into
the driving function to be emitied by a controller. Equation A.13
describes the operation of the preshape feedback controller of Fig-
ure 5.

ACKNOWLEDGMENT

Preparation of this article was supported in pan by a grant from
the Human Frontier Science Program. We express our warm
thanks to Marc Jeannerod and Claude Prablanc for their hospital-
ity, and for their discussion of the results, which stimulated the
present modeling.

NOTES

1. This article also reviews various other models of centrally
pro, reaching. such as the vector integration (o end point
(VITE) mode) (Bullock & Grossberg, 1988) and an iterative cor-
rection mode! (Craik, 1947; Jeannerod, 1988; Meyer. Keith, &
Wright, 1982), and reviews differing concepts of motor program
(Arbib, 1981; Schmidt, 1982).

2. Note, however, the difference between motor control in free

e and when interacting with the environment: In grasping and
mug placing (Arbib, Iberall. & Lyons, 1985), there is a distinct
contact phase, in which the subject atiends 1o tactile/force feed-
back. Here we restricted ourselves to the free space paradigm. .

3. To emphasize the simplicity of the computation performed.
they offered a simple artificial neural network construct, Which
can be adapted for this purpose.

4. All time values given are relative 10 movement onsct, which
was coincident with target perturbation, The time valucs were in-
tersubject averages.
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