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Abstract

The first reaching movements of human in-
fants lack limb coordination leading to ataxic-
like hand trajectories. Kinematically, these
early trajectories are characterized by multi-
ple peaks in the hand velocity profile which
gradually decrease in frequency during devel-
opment. In this paper we explore the hy-
pothesis that the jerky hand trajectories seen
in early infancy can be the result of impre-
cise internal motor models. Results from our
simulation suggest that imprecise estimations
of multi-joint inter-segmental torques (e.g.,
Coriolis forces) by the controller may induce
multi-peak hand velocity profiles. When the
system was allowed to use delayed peripheral
feedback (300 ms after reaching onset), the
resulting kinematics began to resemble those
seen in early infancy. This suggests that the
output of an imprecise internal model of limb
dynamics coupled with delayed feedback may
be sufficient to explain early human hand tra-
jectories. Our data provide an alternative to
previous hypotheses theorising jerky trajecto-
ries as the result of concatenated mini ballistic
movements.

1. Introduction

The first goal-directed movements of young infants
at the age of 4-5 months lack coordination which
gives them an ataxic appearance. The lack of proxi-
mal joint coordination leads to multiple movement
units of the hand during early attempts to reach
for objects (von Hofsten, 1979, Konczak et al., 1995,
Berthier, 1999). That is, the hand is not moved in

a smooth, stereotypic fashion, but its trajectory is
jerky showing numerous changes in direction. Pre-
vious research on motor control in early infancy
tried to explain this phenomenon on the basis of a
faulty planning mechanism or as a compensatory mo-
tor strategy trying to overcome the lack of control
(von Hofsten, 1992, Berthier, 1999). In this view,
the observed segmented trajectories are a series of
concatenated mini ballistic trajectories. At the end
of each movement segment, the control system uses
either afferent information to update the initial plan
and to correct the chosen joint paths (online feed-
back control) or based on the experience from previ-
ous failures it tries not to perform a single large-
amplitude reach, but executes a series of planned
submovements. FEach submovement is viewed as a
perfect trajectory following the minimum-jerk prin-
ciple (Berthier, 1999).

While such view could explain the appearance of
multiple hand velocity profiles seen in infant reach-
ing, it relies on a set of assumptions. First, the in-
fant’s motor system is seen as not being ready to deal
with the peripheral biomechanics, but it is capable
of using peripheral feedback very fast and effectively.
Second, it assumes that higher cognitive structures
“know” about this control predicament and induce
the motor system to adapt a compensatory strategy
by which a sequence of small amplitude movements
are performed in order to approach a desired objects.

We here present an alternative view that may ex-
plain the phenomenon of dyscoordination in early in-
fancy without recurrence to a cognitive mechanism.
First, the assumption is made voluntary sensorimo-
tor control is based on movement planning. Sec-
ond, there is a neural agency involved in controlling
limb mechanics. One way to control limb mechan-



ics is that the neural controller has acquired an in-
ternal model of the peripheral mechanics which im-
plies that it operates like an inverse model of the
body. There is increasing empirical evidence that
is consistent with the view that human motor sys-
tems uses inverse models for the multi-joint limb con-
trol (Gandolfo et al., 1996, Wolpert et al., 1998) and
that these models become more precise during devel-
opment (Jansen-Osmann et al., 1997). The question
arises of how the infant’s brain acquires an inverse
model? In theory, it could be genetically determined
and be operational at birth. This is unlikely know-
ing that early reaches show clear signs of dyscoor-
dination, which implies that infant internal motor
models at best contain imprecise estimations of the
real limb parameters at birth or that the associated
planning agencies are not fully functional in early in-
fancy or both. An alternative view is that internal
models are not pre-wired in the brain but are ac-
quired through a process of parallel exploration and
calibration (Metta et al., 1999). Assuming that the
infant brain has acquired some form of an inverse
motor model before the onset of goal-directed be-
haviour (e.g. through ”motor babbling”), the ques-
tion arises whether motor performance is susceptible
to imprecise estimations of specific limb mechanical
parameters. For example, giving the rapid growth
during the first postnatal months, could it be that
an over- or underestimation of inertia or mass im-
pacts on hand trajectory formation? The purpose
of this paper is to investigate the hypothesis that
early human reaching trajectories are the result of
imprecise estimations of limb dynamics. We com-
pared the simulated reaching kinematics generated
by an artificial neural controller consisting of an in-
correct inverse model of the human limb dynamics to
the kinematics of human infants observed at the on-
set of goal-directed reaching (Konczak et al., 1995,
Konczak and Dichgans, 1997).  An incorrect con-
troller implies that only imprecise estimations of limb
mechanical parameters are available to the control
system. To test the effects of an incorrect inverse
model on trajectory formation, we developed a 4 de-
grees of freedom arm simulation that received adult-
like kinematics as movement plan. Assuming a con-
troller with a correct internal model of the arm dy-
namics, we show that the generated movement tra-
jectories are identical to the planned ones. We then
manipulated limb parameters such as inertia, inter-
action torques or gravity and compared the resulting
kinematics with the planned trajectories.

2. Method

This section describes the basic setup of the simula-
tion. The differential equation used to describe the

arm dynamics is the following (Murray et al., 1994):
M(q)i+ C(g,d)q + G(q) =T, (1)

where ¢ € R* is the vector of generalised coordinates
(i.e., angular displacements) describing the arm pos-
ture (two degrees of freedom at the shoulder and two
degrees of freedom at the elbow), 7 € R* is the asso-
ciated vector of generalised forces (i.e., joint torques)
describing the muscle activation and M, C' and G are
the inertia, Coriolis and gravitational component of
the dynamical forces acting on the arm. The segment
masses and inertia values could be based based on
the arm anthropometrics of adult or infant segments
were estimated following the approach proposed in
(Schneider and Zernicke, 1992).

Given the applied control strategy 7(t,q,q), t €
[0,T] and the system initial condition [¢(0),¢(0)] =
[q0, do] (typically go = 0), the resulting reaching
movements have been simulated by integrating (1)
with MATLAB SIMULINK®.  Within the current
framework, given a desired movement to be per-
formed gq4(t), t € [0,T) the applied control strategy
is composed of a feedforward component 74 (relying
on an approximation M , C , G of the system dynam-
ics) and a feedback component! 7

T(t,q,4) = 75 (t) + 7p0(t, 4, 4) (2)

where:
715 (t) = M(qa)da + C(qa, da)da + G(qa), (3)
be(Qv q, t) = Kp(q - qd) + Kv(q - Qd) (4)

The desired 3D hand trajectory (i.e., the movement
plan) was extracted from a single adult goal-directed
reaching movement captured at 100 Hz and interpo-
lated with splines?. The use of an adult reaching
profile as input for the simulation was based on the
notion that it best reflected a biologically plausible

movement plan.

3. Results

We systematically evaluated the effect of an impre-
cise controller for a wide range of incorrect dynami-
cal parameters to obtain a sense of how sensitive the
system was to imprecise estimations of inertial, grav-
itational and intersegmental torques). The resulting
artificial trajectories were then compared with the
reaching trajecories of one human infants at differ-
ent developmental stages (see Figure 1).

1In order to simplify the analysis we will not consider
generic feedback gain matrices K, € R*** and K, € R**4.
We will define instead K, = kpl and K = kI where [ is the
4 x 4 identity matrix. The effects of feedback have been eval-
uated by varying the scalar gains k, and k, in the intervals
kp € [0,1000] and k., € [0,100].

2The use of spline interpolation allows to obtain a con-
tinuous time function with sufficient smoothness properties
for performing the double derivative operation in order to get
da(-) and §a(-) from gq(-).
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Figure 1: Exemplar 3D resultant hand velocity profiles of reaching movements at different stages of infant development

(Konczak et al., 1995); the right graph shows the typical bell shaped velocity profile of an adult, which was used as

movement plan.
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Figure 2: Exemplar  hand
tories  at  different stages  of  development
(Konczak and Dichgans, 1997). Remarkably, the

non smooth profiles displayed by early infants are

reaching

trajec-

gradually replaced by straight trajectories characterized
by roughly constant curvature.
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Figure 3: Joint angle trajectories corresponding to a typ-
ical reaching movement (data captured from an adult).
Solid lines, ¢, correspond to captured data. Dashed lines,
qa, correspond to the trajectories performed when the
feedforward controller perfectly inverts the dynamics of
the artificial arm (M = M, C = C, G = G). Clearly,
resulting trajectories corresponded to the desired one
(¢ = qa)-
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Figure 4: Effects of incorrect controllers estimates in the
inertial and gravitational components (M #+ M, G #+G
but C = C) on the hand velocity profiles when applying
a pure feedforward control (7 = 77¢). Shown are four es-
timates of gravitational torque (dG = —25%, dG = 25%,
dG = 50% and correct estimate dG = 0%). It is evident
that inaccurate gravitational and inertial component do
not produce evident double peak velocity profiles.

At first we verified that if the approximated dy-
namics (M, C, G) perfectly match the system dy-
namics (M, C, G) then the system follows the
planned trajectory, i.e. ¢ = g4 (see Figure 3).

As a second step, we manipulated the feedforward
component of the controller in order to visualize the
effect of a mismatch between approximated and real
dynamics. As shown in Figure 1 the development of
reaching in humans is associated with a decrease in a
the number of peaks of the hand velocity. One main
result of the simulation was that similar multi-peak
velocity profiles were generated when the controller
values overestimated the Coriolis forces. This is evi-
dent in Figure 4 and 5 where we visualized the effects
of a pure feedforward controller on the resulting hand
velocity profiles. In particular, Figure 4 shows the ef-
fects of unmatched inertial and gravitational terms.
The horizontal axes refer to time in seconds and per-
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Figure 5: Four examples (dC = —25%, dC = 25%,
dC = 50% and correct estimate dC' = 0%) of Corio-
lis forces miscalculation in a pure feedforward controller
as a function of changing estimates of inertial torques.
Remarkably, relevant overestimates of the Coriolis com-
ponent produce double peak velocity profiles which were
not present in case of inaccurate gravitational and iner-
tial components.

cent error dM in the inertia matrix approximation:

~ dM
M(q)=(1+—)M(q).
(@) = (1+ 355 M (9)
Vertical axis (in gray scale) represents the hand tan-
gential velocity and the four different plots refer to
different values of the percent error dG in the Coriolis
component:

Gla.d) = 1+ 2 (.q).

+ 100
Similarly, Figure 5 shows the effects of unmatched
inertial and Coriolis components with analogous def-
inition for the percent error dC in the Coriolis com-
ponent. From these pictures it is evident the hand
velocity profiles remained single-peaked for incorrect
estimation of the inertial and gravity components of
the dynamics. In case of relevant errors in the Corio-
lis approximation (bottom right corner of Figure 5),
multi-peak velocity profiles are generated by apply-
ing the pure feedforward component of the controller.

As a third step, we tested the effects of feedback
on trajectory formation. Feedback became available
after 300 ms, which approximately corresponds to
delay of visual feedback in humans. It was observed
that the combined effect of feedback and approxi-
mation errors in the Coriolis part of the feedback
controller might result in additional velocity peaks
(see Figure 6).

4. Discussion

Infants show ataxic hand trajectories with multiple
movement reversals when attempting their first goal-
directed reaches at around the postnatal age of 4-5
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Figure 6: The effect of delayed feedback on hand trajec-
tory formation. Shown are velocity profiles when the con-
troller approximated dynamics did not match the Coriolis
arm dynamics. (C overestimates C of a 40%). After 300
ms position feedback became available. The various pro-
files show the effect of different feedback gains: the darker
the line the smaller the overall feedback gain k = kp, + k,

is (see footnote 1 at page 2 for the definitions of k, and

ko).

months. This observed lack of multi-joint coordina-
tion is not monocausal, but likely the result of com-
plex interactions within the neuromuscular system.
Cognitive accounts of motor development explained
the lack of coordination among limb segments not
primarily as a failure of a controller, but as a part
of strategy of higher motor centers to overcome the
deficiencies in low-level control (Berthier 1996). The
results our study indicate that a neural controller
with imprecise estimations of the true limb dynam-
ics may generate ataxic endpoint trajectories that
are comparable to those observed in human infants
around the onset of goal-directed reaching. FEspe-
cially controller overestimation of the actual Corio-
lis forces will induce multiple velocity profiles. The
use of peripheral feedback will ensure that the hand
eventually reaches the target, when the feedback gain
is relatively high. It needs to be clear that these re-
sults were based on the providing a ”perfect” plan
to the controller. Thus, one can criticize that the
results of the current simulation are limited, because
this assumes that movement planning agencies in in-
fants develop earlier than the the controller. There
is no firm evidence in place to fully support this as-
sumption. However, we here wanted to make the
point that an imprecise controller alone can result
in ataxic hand trajectories. Thus, the coordination
deficit seen in early hand trajectory formation can be
viewed as a the result of an imprecise controller with
no need to assume the involvement of higher cogni-
tive functions. The kinematic effects of an incorrect
or noisy plan in conjunction with an incorrect inverse
model of the plant likely enhances dyscoordination.



A systematic investigation of the effect of imprecise
planning on hand trajectory formation will be a next
step in our series of simulations.
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