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The sources of variability in the time course of reaching movements Ken-ichi Morishige a,*, Rieko Osu b, Hiroyuki Miyamoto a, Mitsuo Kawato b a
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Abstract. Movement variability plays a vital role in motor control. Although previous studies have examined the size and direction of the variability at end points, little research has examined how the variability changes during the time of move. The time course of the variability on point-to-point movements seems to be composed of two different properties: one increases monotonically and the other has an increasing–decreasing property. The first one can be explained by neural noise at the control level, such as the signal-dependent noise (SDN). However, how do we explain the latter one? Our numerical experiment hypothesized the time-jitter noise at trajectory planning level, which represents local advance or delay time of the reference trajectory for reaching movements. The simulation result could well reproduce the feature of the behavioral results. D 2006 Published by Elsevier B.V. Keywords: Variability; Signal-dependent noise; Time-jitter noise; Reaching movement



1. Introduction Humans can generate smooth and precise movements although inevitable neural noises cause motor variability. This variability has been ignored as an unessential element, but it was found out by Harris and Wolpert [1] that the movement variability plays a key role in human motor control. Some researchers have tried to identify the source of movement variability to elucidate the motor control mechanism [2–4]. Although these studies have examined the size and * Corresponding author. Tel.: +81 93 695 6126; fax: +81 93 695 6126. E-mail address: [email protected] (K. Morishige). 0531-5131/ D 2006 Published by Elsevier B.V. doi:10.1016/j.ics.2006.01.038
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direction of the variability at end points, little research has examined how the variability changes during motion. This article discusses the time course of positional variance on a simple point-to-point movement. 2. Time course of positional variance 2.1. The behavioral experiment In order to examine how the variability changes during the time of movement, we first conducted a behavioral experiment. Nine subjects performed point-to-point movements in the forward direction on the horizontal plane. The data were resampled between the start and end time, and the variance of each resampled time was computed. The time course of positional variance was monotonically increased as a whole ([0–55%], [0–80%], [0– 100%]: p b 0.01), though the variance was significantly increased around normalized time 55% ([0–55%]: p b 0.01) and decreased near the end of movement ([55–100%]: p b 0.05). Time course of positional variance seems to be composed of two different properties: one increased monotonically and the other has an increasing–decreasing property (Fig. 1). 2.2. Numerical experiments We then carried out numerical experiments with neural noises to examine whether the time course of observed variance can be reproduced. As a main source of movement



Fig. 1. Observed positional variance and the result of paired ANOVA. Positional variance of each subject was computed for a set of trajectories as follow: first, the data were resampled between the start and end time so that the duration was evenly divided into 100 pieces to remove the effect of movement duration [6]. Secondly, the resampled position was ensemble averaged to compute the mean position for each hundred time-steps. The variance was defined as the sum of the x and y variances. Gray lines show the time course of positional variance for each subject. The markers of diamond show the positional variance at normalized time 0%, 55%, 80% and 100% starting from the left, respectively. There was a significant difference among the four groups of positional variance ( p b 0.0001).
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variability, Harris and Wolpert assumed that neural commands have signal-dependent noise (SDN) whose standard deviation increases linearly with the absolute value of the neural control signal [1]. If it is sufficient to assume only the SDN, the simulation with it can express the two features of the observed variance. Unfortunately, the simulation result indicated that it is not enough to concern only the SDN. The result could explain the monotonically increasing property, but could not explain the increasing–decreasing one. Since positional errors caused by this noise on motor commands are summed during the entire movement, the time course of positional variance of all tasks has a monotonically increasing property (Fig. 2A and D). How do you explain the increasing–decreasing property? We hypothesized the timejitter noise at planning level to express it (Fig. 3). When time-jitter noise was added to the simulated desired trajectory, the time course of positional variance was similar between simulated and observed trajectories (Fig. 2B and E).



Fig. 2. The effect of time-jitter noise on simulated positional variance. The simulation was done according to the following procedure. First, a desired trajectory was calculated using the minimum jerk model [5] so that the targets and movement duration would be the same as those in the behavioral experiment. Then the shoulder and elbow torque were computed by the inverse kinematics and dynamics equations of the two-link planer arm model. Then the time series of shoulder and elbow motor commands was computed [1]. SDN was added to the motor command. The motor command contaminated by the SDN was then converted to joint torque and transformed to the series of hand position by the forward dynamics and kinematics equations. A and D show the data when the time-jitter noise was not concerned. B and E show the data when time-jitter noise was added on simulated desired trajectory. C and F show the data when time-jitter noise was added on simulated motor commands. Each time course of variance was computed from the thousand simulated trajectories. Time-jitter noise was simulated using the values of trigonometric function (Fig. 3).
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Fig. 3. The diagram of the local time-jitter in our simulation. The time-jitter was calculated as follows: first, the quarter sector which spread k/2 was randomly selected near the standard angle which range was from k/4 to 3k/4 (the purple lines in A). Secondly, the selected angle range was equally divided in sampling numbers (326 pieces) and calculated x values, respectively. Finally, these x values were used for definition of time scale (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



In contrast, when the time-jitter noise was added on the motor commands, the variance was monotonically increased and not similar to the observed trajectories (Fig. 2C and F). Since the noise on the motor commands plays through the dynamics, its effect results in global expansion and contraction of movement duration, instead of local advance and delay. Therefore, the observed increasing–decreasing change in positional variance cannot be explained by the time-jitter noise on motor commands. 3. Discussion This article examined the time course of positional variance in reaching movements through the behavioral and numerical experiments. Identifications of source of movement variability, not only endpoint variability but also time course of the variability, have a potential to reveal the brain mechanism of human motor control. References [1] C.M Harris, D.M. Wolpert, Signal-dependent noise determines motor planning, Nature 394 (1998) 780 – 784. [2] J. Gordon, M.F. Ghilardi, Ghez, Accuracy of planar reaching movements: I. Independence of direction and extent variability, Experimental Brain Research 99 (1994) 97 – 111. [3] R.J. Van Beers, P. Haggard, D.M. Wolpert, The role of execution noise in movement variability, Journal of Neurophysiology 91 (2004) 1050 – 1063. [4] J. Messier, J.F. Kalaska, Comparison of variability of initial kinematics and endpoints of reaching movements, Experimental Brain Research 125 (1999) 139 – 152. [5] T. Flash, N. Hogan, The co-ordination of arm movements: an experimentally confirmed mathematical model, Journal of Neuroscience 5 (1985) 1688 – 1703. [6] F.E. Pollick, G. Ishimura, The three-dimensional curvature of straightahead movements, Journal of Motor Behavior 28 (1996) 271 – 279.
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