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ing the target size or the effector size led to a smaller effect than the effect produced by increasing target speed to produce the same change in time window. This. 
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Abstract The duration of movements made to intercept moving targets decreases and movement speed increases when interception requires greater temporal precision. Changes in target size and target speed can have the same effect on required temporal precision, but the response to these changes differs: changes in target speed elicit larger changes in response speed. A possible explanation is that people attempt to strike the target in a central zone that does not vary much with variation in physical target size: the “effective size” of the target is relatively constant over changes in physical size. Three experiments are reported that test this idea. Participants performed two tasks: (1) strike a moving target with a bat moved perpendicular to the path of the target; (2) press on a force transducer when the target was in a location where it could be struck by the bat. Target speed was varied and target size held constant in experiment 1. Target speed and size were co-varied in experiment 2, keeping the required temporal precision constant. Target size was varied and target speed held constant in experiment 3 to give the same temporal precision as experiment 1. Duration of hitting movements decreased and maximum movement speed increased with increases in target speed and/or temporal precision requirements in all experiments. The effects were largest in experiment 1 and smallest in experiment 3. Analysis of a measure of effective target size (standard deviation of strike locations on the target) failed to support the hypothesis that performance differences could be explained in terms of effective size rather than actual physical size. In the pressing task, participants produced greater peak forces and shorter force pulses when the temporal precision required was greater, showing that the response to increasing temporal precision generalizes to different responses. It is concluded that target size and target speed have independent effects on performance. J.R. Tresilian ()) · J. Oliver · T.J. Carroll School of Human Movement Studies, The University of Queensland, St Lucia 4072, Australia e-mail: [email protected] Fax: +61-7-3365-6877
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Introduction Interception of a moving target object is achieved if the intercepting effector and the target object arrive at the same spatial location at the same moment in time: the task constrains movement of the intercepting effector both spatially and temporally. Of particular interest are the constraints that interception tasks place on the accuracy and precision with which the intercepting effector must be positioned in space and time. It has been estimated that in professional level baseball, a batter who hits a home run off a fast ball positions the bat to within about €2–3 ms and to within about €2 cm (Regan 1992). This probably represents the limit of human performance; other interception tasks are less demanding (Tresilian 1999). In order to study how spatio-temporal accuracy and precision constraints affect the performance of interceptive aiming tasks an experimental task is needed that allows these constraints to be manipulated. In a recent study we employed such a task in which participants were constrained to move along a single spatial dimension to hit a moving target. We define the time window to be the time period given by (L+W)/V, where L is the length of the target, W the width of the intercepting effector and V is the target’s speed as shown in Fig. 1 (Tresilian 1999; Tresilian and Lonergan 2002; see also McLeod et al. 1985). This is the period of time for which the target can be contacted by the intercepting effector. The shorter the time window, the more precisely the intercepting effector must be ’positioned’ in time. In an earlier study (Tresilian and Lonergan 2002) we found that experimental participants moved faster when the time window was narrower. Qualitatively, this result was independent of how the time window was changed. Since the time window is equal to (L+W)/V, the same change can be achieved by a change in the size of the target (L), the size of the effector (W) or the speed of the
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Fig. 1 Diagram of experimental task and apparatus (plan view, not to scale). The temporal precision requirements can be defined in terms of the time window=(L+W)/V, where L is the length of the target, W is the width of the bat and V is the speed of the target. A view of the target from the side is also shown. The bat moves along the path defined by the dashed lines. In the experiments reported in



the text the shaft at the right-hand end of the drive belt support was connected to a torque motor which drove the belt around two pulleys located in the housings at the end of the aluminium belt support. The Optotrak camera system was mounted about 1 m above the plane of the target motion. The schematic feet (not to scale) indicate the approximate standing position of the participants



target (V). Quantitatively, however, the effect on movement speed was greatest if the time window was shortened by increasing the speed of the target. Decreasing the target size or the effector size led to a smaller effect than the effect produced by increasing target speed to produce the same change in time window. This difference in effect size was particularly evident when movement time (MT) was used as the dependent measure. When the target or bat size was changed, we found a negligible effect on MT that did not reach statistical significance. In contrast, when the target speed was changed, the MT changed much more and the effect was statistically reliable. The effect of target speed on the velocity of interceptive movements has been reported several times (e.g. Bairstow 1987; Van Donkelaar et al. 1992; Brenner and Smeets 1996; Port et al. 1997), but as Mason and Carnahan (1999) pointed out, most previous studies confounded target speed with the time for which the target was visible prior to interception (the viewing time). Movements might have been executed faster not because the target moved faster but because participants had less time available to make the movement (the viewing time was shorter) when the target moved faster. Mason and Carnahan presented evidence in support of this interpretation showing that when viewing time was held constant at a value of 1 s, MT did not vary with target speed. In our experiment with constant but larger viewing times



(Tresilian and Lonergan 2002) we found systematic decreases in MT with increases in target speed in every participant. We interpreted our results as supporting the hypothesis that people move faster when the time window is smaller because the timing of faster movements can be more precisely controlled than that of slower movements. This interpretation was based on previous work using the temporally constrained aiming experimental protocol in which participants are required to move to a target in a prescribed MT (for review see Schmidt and Lee 1999). A interpretation similar to ours has been proposed by Schmidt (see Schmidt and Lee 1999) and Brouwer et al. (2000). Our hypothesis proposes that the duration of interceptive movements of the type being studied is predetermined and based in part upon the size of the time window; distance to be moved is another important determinant of movement duration. Predetermination of movement duration does not necessarily imply that the duration cannot be corrected during performance if the person detects that the timing is wrong, nor does it imply that the movement is not driven by sensory information (e.g. Lee et al. 1983; Peper et al. 1994; Tresilian 1994). The hypothesis is simply that whatever generative process drives the movement, it is pre-organized so as to complete the movement in a specific length of time that depends upon the time window.
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Of course, in order for a person to use the time window to predetermine movement duration they must estimate it. This requires perceptual estimates of target size (L), effector size (W) and target speed which can then be combined as (L+W)/V to yield a time window estimate. According to this idea, target size and speed contribute to the predetermination of movement duration through their effects on the time window. If this is so then it is necessary to explain why there are differential effects of changing size and speed on observed MT when the change in the time window is the same (Tresilian and Lonergan 2002). An explanation can be provided by supposing that the physical time window manipulated in the experiment is different from the estimate of the time window that is used by the performer to determine performance parameters. For example, Tresilian and Lonergan (2002) suggested that people tend to aim to hit a target well within its boundaries such that they are aiming at region of the target that may be significantly smaller than the actual target. Following Schmidt et al. (1979) the size of the target region that people aim to hit may be referred to as the effective target size. It is the effective target size that people use to estimate the time window. The small effect of changing target size could be due to these changes having a small effect on the effective target size and hence on the person’s estimate of the time window. Empirical evaluation of this hypothesis requires a measure of the effective target size. Schmidt et al. (1979) argued that the variability of movement end-point locations could serve as a measure of the effective size of a stationary target at which a person was aiming. In a similar way, the variability of the locations of the centre of the bat at the time the target was struck in an interception task (e.g. Fig. 1) could serve as a measure of the effective target size. Actually, this variability is most likely a measure of L+W rather than L alone, since the target can be struck by either edge of the bat. We will denote L+W as S, the effective size of S as Se and a measure of Se (i.e. variability of strike locations) as e. In this notation, our hypothesis predicts that the experimentally observed change in e (De) that results from a change in S (DS) should always be smaller than DS, that is, De 
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