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INTRODUCTION
Mechanisms for sustained control of position are fundamental
to human motor control in posture and in tracking tasks such
as steering and aiming. Traditionally such mechanisms are
explained using continuous controllers, including servo and
optimal control mechanisms.  Discrete, ballistic actions such
as throwing, reaching and saccadic eye movements are
generally regarded being something different. However, it is
difficult to know whether or not sustained control uses
continuous mechanisms or whether control, while looking
continuous, proceeds as a joined up sequence of serial,
ballistic actions.  In a sustained task, it is not easy to determine
precisely when discrete actions might begin and when they
might end. To break this impasse and investigate serial
ballistic control in a sustained task, we ask participants to
control the position of an unstable load using intermittent
gentle taps of a joystick. This task is explicitly serial, ballistic
because in between taps participants exert no control of the
load: the feedback loop is open, even though the participant
has continuous vision of load position [1]. This task may be
described as “observe continuously act intermittently” and is
an example of intermittent, open loop control [2]. If actions
are intermittent, then an important question is what triggers
the action?  One possibility is that actions are triggered
according to the state (position and velocity) of the load [3].
Another possibility is that actions are triggered according to an
internal temporal process [1]. Here, in additional to previous
evidence of a temporal process[1], we ask whether there is
evidence that gentle taps are state triggered.

METHODS
Using a setup described in detail elsewhere [1], eleven
participants manually controlled a virtual, 2nd order unstable
load with a time constant equivalent to the inverted pendulum
dynamics of an adult human stabilized by passive ankle
stiffness appropriate for quiet standing [4]. Load position was
observed using an oscilloscope. Control was achieved by
applying gentle taps to a contactless, uni-axial joystick, with
internal spring removed, but rubber dustcover retained so the
joystick returned to the neutral position after a tap. Joystick
position exerted a force on the load causing acceleration in
accordance with inverted pendulum dynamics. Participants
were asked to control position, i.e. maintain load position as
close to the centerline as possible for 190 seconds. An
unpredictable, periodic, multi-sine disturbance (0.1, 0.2, 0.3

… 10 Hz) was applied to the load which made control of
position more demanding.
The onset of taps was calculated from joystick movement as
previously described [1]. Here the instants of tapping were
analysed according to the state (position and velocity) of the
load and the inter-tap interval.
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Figure 1: Location of joystick taps according to load position
and velocity, for a representative participant.

RESULTS AND DISCUSSION
The eleven participants maintained precise control of load
position: on the oscilloscope the root mean square (rms)
deviation from the centre was 2.4 ± 1 mm, (median ±
interquartile range).

When shown according to their location in the load
phase plane, gentle taps occurred preferentially in the 1st and
3rd quadrants (Figure 1).  In these quadrants the load is falling
away from the centre whereas in the 2nd and 4th quadrants,
where there are fewer taps the load is moving towards the
centre.  When binned according to phase angle in the phase
plane, taps are most frequent close to the 4th/1st and 2nd/3rd

quadrant boundaries (0 and 180 degrees respectively, Fig 2A)
when the load position is close to zero.  However, the load
spends more time at these quadrant boundaries close to the
centre position (Fig 2B). Normalizing the number of tapping
cases by the time spent by the load at that phase angle (Fig
2C) shows that tapping is relatively most likely within the 1st

and 3rd quadrants when the load is falling away from its



central location. Group results showed statistically significant
differences in normalized tapping rates between the phase bins
(F(19,10)=6.3, p=5 x 10-11) with maximal normalized tapping
at bins centered on 14 and 185 degrees. Differences according
to radius bin are also shown for the representative subject (Fig
2) and are significant for the group results (F(8,10)=3.52,
p=0.01), though these differences are less significant than
those with phase angle.

When shown according to their inter-tap duration or
its reciprocal the instantaneous rate (Fig 3), taps showed a
clear modal rate at the bin centered on 2 taps per second for
the representative participant.  Group results showed
statistically significant differences between bins of different
tapping rate (F(18,10)=5.8, p=2 x 10-12) with a modal rate also
at the bin centered on 2 taps per second [see also 1].

In these experiments, serial ballistic actions did not
occur randomly either in time or in load state-space.  There
was evidence of a temporal process with a modal rate of two
taps per second and a corresponding inter tap interval of 500
ms.  There was evidence of event triggered actions depending
on load state.  In line with previous experiments we interpret
the modal rate as being the maximum, optimum rate at which
one can make serial, planned actions without interference
between actions and consequent loss of accuracy [1]. The
maximum optimal rate is hypothesised to be related to the
psychological refractory period [1]. State dependent
triggering of intermittent control actions, in which control is
switched off when the load is moving towards the stable point,
has already been proposed as a more robust and economical
method for controlling an inverted pendulum [3]. Our results
show that state triggered serial ballistic control is natural and
viable.
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Figure 2 Number of tapping cases (col 1), number of instants
of load position (sampled at 100 Hz) (col 2) and ratio col 1/col
2 (col 3), binned according to the phase angle in the phase
plane (top row) and radius (distance) from the phase plane
origin (bottom row), for the representative participant. Zero
degrees represents vertically upwards in the phase plane and
angle proceeds clockwise through the quadrants.
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Figure 3:  Number of tapping cases, binned according to the
rate of taps (reciprocal of the inter-tap duration), for
representative participant.

CONCLUSIONS
Continuous control of an unstable load is not necessary.
Serial, ballistic control is possible and allows economical
control minimizing unnecessary action. The event trigger can
include state location in addition to a temporal process [1].
Intermittent, open loop control provides a new paradigm for
investigating and interpreting sustained human motor control.
This paradigm unites state and clock triggered intermittent
action and is appropriate for interpreting human motor control
[1, 2].
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