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Abstract The interception of fast moving objects typically allows the object to be seen for only a short period of time. This limits the time available to prepare the movement. To deal with short preparation intervals, performers are likely to prepare a motor program in advance. Although motor preparation may begin before the target is seen, accuracy requires that certain program parameters are determined from observations of the target. In the experiments reported here we sought to determine the last moment at which information about the distance to move (amplitude) can be incorporated into a program. We employed an empirical protocol that allowed us to examine whether new amplitude information is incorporated discretely or continuously into the program during short intervals prior to movement onset (MO)—the preparation interval. Participants were trained to hit targets at two diVerent distances with movements of a speciWc duration (180 ms): targets were moving in “Experiment 1” and stationary in “Experiment 2”. This method permitted an estimate of MO time. Preparation intervals were manipulated by delivering a stimulus cue for movement amplitude at varying times prior to the estimated MO. Results demonstrated that amplitude information could be eVectively incorporated into the program provided the preparation interval was greater than about 200 ms. In addition, the results indicated that amplitude was speciWed predominantly in a discrete
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manner, though the number of responses directed towards a central default amplitude suggest that the distance between targets was near to a threshold for continuous speciWcation. Keywords Human · Interception · Motor control · Motor preparation · Movement



Introduction Interception of a moving object often involves preparing elements of performance—such as movement direction, speed and amplitude—in advance of starting to move. In ball sports, a receiving player’s preparation for an upcoming interception may involve the use of information obtained from an opponent’s behavior before the ball has started to move in their direction (e.g., Abernethy 1990a, b; Morya et al. 2003; Savelsbergh et al. 2002). Information obtained from previous attempts can also contribute to interceptive preparation: for example, in an experimental setting, people have been found to make use of the characteristics of moving targets experienced on previous trials (de Lussanet et al. 2001; 2002; Gray 2002a, b). Once the object is moving towards them, a person can obtain information from its motion about where and when to make the interception (Regan and Gray 2000; Tresilian 1999) and so further preparation occur during this period. Thus, preparation of interceptive actions can begin well in advance of starting to move and continue, in principle, right up until the moment descending commands are issued. In the studies reported here, we examine the preparation of interception during the 0.5 s or so immediately prior to starting to move during which information is available from the moving target only. This complements previous studies that have investigated advance preparation prior to the start of
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target motion based on cues from an opposing player in ball sports and/or on task history (e.g., Abernethy 1990a, b; Morya et al. 2003; Savelsbergh et al. 2002). Although 0.5 a second may seem a very short period of time, it is not uncommon for players of ball sports to have only about this amount of time to view a moving ball before actually making the interception (e.g., Watts and Bahill 1990). Since this is the only time during which information about the actual trajectory of the object can be obtained, it is likely to be crucial for making precise and accurate interceptions. Furthermore, since many interceptions of this sort involve very brief movements, often lasting less than 200 ms (Bootsma and Vanwieringen 1990; Marinovic et al. 2004; Schmidt and Lee 2005; Watts and Bahill 1990), the possibility for making eVective feedback-based corrections once the movement has begun is extremely limited. This makes it likely that such interceptions are largely determined by motor programs prepared in advance of starting to move (Schmidt and Lee 2005; Tyldesley and Whiting 1975). This is not to claim that all interceptive actions are controlled in this way. There are alternative models that do not involve motor programs but instead continuously transform sensory input into motor output (e.g., Dessing et al. 2002; Peper et al. 1994; Tresilian 1994), which may be more appropriate for longer duration interceptions. However, these models have little, if anything, to say about advance preparation and we do not consider them further here. In order for a program-governed movement to be accurate, the parameters of the program must be determined, at least in part, from observations of the actual trajectory of the moving target. Standard models of motor preparation in aimed movement tasks involve at least two processes (Rosenbaum 1980; Schmidt and Lee 2005): a response selection process in which the program for the chosen type of movement is activated and a parameter speciWcation process in which characteristics of the required movements (such as amplitude, duration and direction) are speciWed. We have recently proposed a version of this type of model for rapid interceptive actions (Tresilian 2005) in which the sequence of events are as illustrated in Fig. 1a. First, the performer selects a particular program corresponding to the type of interception they intend to make and can use advance information and prior expectations to set its parameters. The parameters can be altered or Wne-tuned as more information becomes available. Most important in this respect is information derived from (visual) observation of the moving target itself. This information can only be useful if obtained prior to the moment the program starts to generate commands, which occurs when a speciWc, criterion value of the target’s time to arrival at the chosen interception point (TTCcrit) is reached. The time interval between the moment when the target is Wrst seen and the
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time when TTCcrit is reached is called the Wnal stage of motor preparation in Fig. 1a. This stage is critical because it is the only period during which information about the actual motion of the target can be used to determine the movement: it is clearly of interest to investigate the processes involved. The experiments reported here examined the eVects of providing the information needed for correct program parameter speciWcation after the target was Wrst seen. An experimental technique well-suited to investigating the time-course of parameter speciWcation immediately prior to movement initiation is the timed response paradigm (Ghez et al. 1990; Schouten and Bekker 1967). In this paradigm, participants initiate a response at a particular moment in time and information about exactly what response they are required to make is made available to them by means of an indicational stimulus presented at any time prior to this moment. The time between presentation of the stimulus and the initiation of the response is called the stimulus–response (S–R) interval. This interval represents the time the person has available to prepare the response on the basis of the stimulus information and is the primary independent variable. Using this protocol it is possible to estimate the last moment at which information can be incorporated into the program and to determine the way in which this incorporation is achieved (Ghez et al. 1997, 1990). Ghez and colleagues have identiWed two modes of incorporation which they term the continuous mode and the discrete mode. The modes primarily diVer in what is predicted to occur across randomly presented target trials as the S–R interval increases. In the continuous mode, a parameter value change occurs as a continuous shift from an initially single value on trials with short preparation intervals to values that progressively conform with the appropriate target locations as the preparation interval increases. In the discrete mode, a program parameter is speciWed as having either one value or another. As the preparation interval increases so does the percentage of responses toward the correct target. The two experiments reported in this paper sought to investigate the speciWcation of movement amplitude during the Wnal stage of preparation in an interceptive task. The task was to hit a target that could either require a small amplitude movement (‘near’ target) or a larger amplitude movement (‘far’ target). We were interested in both the last moment at which incorporation of new amplitude information into the program could be made and the mode in which the change was accomplished and we followed the methods introduced by Ghez and colleagues to make these assessments. In the Wrst experiment, the task was an interceptive hitting task similar to that used in earlier studies (Tresilian and Lonergan 2002) and a modiWed version of the standard timed response protocol was employed. In the standard
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Fig. 1 Temporal sequence of events taking place during the interception of a moving object in the program model adapted from Tresilian (2005). a When the TTC of the moving target (TTCtgt) is equal to TTCcrit it takes some time to process the visual information (perceptual transmission time, PT) and trigger the MP and another time for the motor commands to reach the muscles (transmission time, TT). PT + TT is the visuomotor delay. The time between movement onset and the time when the target is hit determines movement time (MT).



b Sequence of events in the timed response protocol of “Experiment 1”. An indicational stimulus that indicated the required movement amplitude is presented after the targets become visible but prior to movement onset (estimated to be 180 ms prior to the target reaching the hitting location). The S–R interval is the time between presentation of the indicational stimulus and the actual movement onset. The S–E interval is the time between stimulus presentation and the expected movement onset



protocol the time of response initiation is determined by requiring participants start their movement in synchrony with the last of a series of tones (Ghez et al. 1990; Schouten and Bekker 1967). This is not suitable for interception tasks and so we adopted the protocol used in a previous study (Tresilian and Plooy 2006a) in which participants are trained to make interceptive movements of a speciWc movement time (in the experiment reported here this time was 180 ms) permitting the time of movement onset to be estimated as 180 ms prior to the target’s arrival at the hitting location. A stimulus indicating which movement amplitude would be required was provided at variable times prior to the estimated onset time. These times correspond to diVerent S–R intervals, but since the S–R interval is the time between the stimulus and the actual onset it is not necessarily exactly the same as the interval between the stimulus and the expected onset. To distinguish the two we will refer to the latter as the S–E interval, which was the primary independent variable in the experiments. The sequence of events in the experimental task is illustrated in Fig. 1b: it would be expected that program alterations could be made in response to the indicational stimulus only if it is presented within the Wnal stage of preparation (i.e., S–R inter-



val is greater than the visuomotor delay). However, it may be possible to make alterations even during the time (PT) during which TTC information is being processed and transmitted to the program circuits, since the program has not at this stage been triggered. In short, program modiWcation may be possible right up to the moment of triggering (Fig. 1a): the magnitude of the minimum S–E interval at which response modiWcations are possible can provide a means for assessing this possibility. Since the task and parameters are rather diVerent from those in the previous studies of Ghez and colleagues, a second experiment was run using the standard timed response protocol for comparison purposes. In this experiment, the task was similar to that used in the Wrst except that the target remained stationary (participants simply had to hit it).



Experiment 1 Participants Participants were 10 (9 men and 1 woman, age range 25–42; mean = 30 years) self-reported right-handed adults with
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normal or corrected to normal vision. All participated voluntarily in the experiment and gave their informed consent prior to commencement of the testing sessions. Task and apparatus The experimental task was to hit one of two possible targets located at diVerent distances from the initial position of the bat performing a movement of 180 ms of duration for both amplitudes. The apparatus used in the Wrst experiment is shown in Fig. 2. The 1-d.f. task employed by Tresilian and Lonergan (2002) was adapted to allow the investigation of the time course of amplitude speciWcation. Originally in the 1-d.f. hitting task only one target was mounted on a carriage, which was attached to a belt system driven by computer controlled motor torque. The participants were constrained to move the handle along a straight path above and perpendicular to the target track. For this experiment, two targets (near- and far-target) were mounted on a platform attached to the carriage. The two targets (near and far) were separated by a distance of 16 cm from each other. The near target was 10 cm away from the initial position of the bat and therefore the distance to be moved to reach the far target was 26 cm. As in previous experiments, the participants were constrained to move along a straight path, however, the target to be hit was speciWed during its approach to the interception point. The target to be hit was illuminated by an LED (the indicational stimulus); simultaneously the target not to be hit was tipped over by a small solenoid motor controlled by a computer. This pair of events indicated the amplitude of the movement. Fig. 2 Diagram of the 1-d.f. hitting task showing the set up used in “Experiment 1” and “Experiment 2”. Lateral view (a) and plan view (b). The target is attached to the target track belt and moves along a straight path. The intersection between the target track and the manipulandum track determines the position in which the target must be intercepted. The participants were constrained to move the manipulandum only along the Z axis
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The targets were made of clear plastic material with embedded LEDs which illuminated the speciWed target at varying times (see below). The targets were Xat and rectangular, 9 cm tall and 6.1 cm in length. The targets were seen for 2.2 s before their arrival at the strike zone in all trials, and they moved with a constant velocity of 1.5 m/s. Ambient light was dim, so that the targets were distinctive but it did not impair vision of the surrounding objects (handle, manipulandum, and others). The manipulandum consisted of an aluminium handle mounted on a linear slide which ran with minimal friction along the manipulandum track. Mounted below the linear slide there was a steel rod, 0.5 cm diameter, which served to physically strike the moving targets (Fig. 2). Infrared emitting diodes (IREDs) were Wxed to the carriage in which the targets were housed and to the handle of the manipulandum. The positions of these IREDs were sampled at 200 Hz during experimental trials using an Optotrak (Northern Digital Inc.) optoelectronic movement recording system and stored on computer disc. Procedures and design Prior to the experimental session, the participants were trained to hit the targets with a movement time of 180 ms. They were instructed to make one single movement. During training and experimental sessions the participants were provided with knowledge of results (KR) about their performance. The KR informed the participants about their MT. The participants performed 80 trials in the training session. Within this amount of practice participants were
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able to produce movements whose mean MT (§10%) matched those required by precued targets. In experimental trials targets were presented as pairs as shown in Fig. 2 so that both were initially visible to the participant. During a trial the indicational stimulus (illumination of an LED) speciWed the target that was to be hit. Indicational stimuli could be presented at various times prior to the expected moment of movement onset (i.e., 180 ms prior to the target reaching the hitting location), these are the S–E intervals. Eight diVerent S–E intervals were used: 50, 100, 150, 200, 250, 300, 350, and 400 ms. As in the protocol used by Ghez and colleagues, participants performed experimental trials under two diVerent conditions, predictable (P) and unpredictable (UP). In the P condition, participants were given a precue concerning which target should be hit. This cue was an illumination of the target’s LED without a simultaneous tip of the nontarget. It was presented at the beginning of the trail (immediately after the targets started to move) and lasted for 300 ms. In this condition, the indicational stimulus provided no additional information about the target to be hit. In the UP condition, no precue was presented and participants had to wait for the indicational stimulus in order to know which target to hit. P and UP trials were performed in blocks and the diVerent S–E intervals and movement amplitudes were presented pseudorandomly within the blocks. To avoid order eVects of task presentation, half of the participants began the experimental session with the P block, and half of them began with the UP block. The participants performed 16 trials for each of the 8 S–R intervals in each of the two experimental blocks (256 trials in total). Data reduction and dependent variables All data reduction was performed using custom Labview software (version 7.1, National Instruments). Any missing data of the IREDs was interpolated by cubic spline, as long as the number of missing samples did not exceed 10% of the sampling frequency (200 Hz). The position data time series were digitally Wltered by dual pass through a second order Butterworth Wlter with a cut-oV frequency of 20 Hz. The movement onset was calculated from the tangential speed time series using the two-stage algorithm suggested by Teasdale et al. (1993). The algorithm Wrst determines the sample (S1) at which the time series Wrst exceeds 10% of its maximum value. Then working back from S1 it Wnds the Wrst sample (S2) at which speed reaches 10% of the speed value at S1. Working forward from S2 the Wnal step of the algorithm locates the onset being the sample at which speed equals the average value plus standard deviation between S1 and S2. The time at which the target was hit as well as the temporal error were estimated from the position time series of the manipulandum IRED and the target IRED. The
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sample at which the Z-position (Fig. 2) of the manipulandum reached the Z-position occupied by the target determined the time of target strike when the target is actually hit. In order to compare the accuracy of movements in the two experimental conditions (P and UP) and to detect when the S–R interval was long enough to allow complete amplitude speciWcation of the movement, both peak velocity up to 10 cm from the initial position of the bat (V10) and the temporal error to hit the center of the target were examined. Peak velocity is believed to represent a pre-programmed portion of rapid aiming movements (Elliott et al. 2001). It is known from previous research that peak velocity increases with longer target distances (Gordon and Ghez 1987; Gordon et al. 1994; Welsh and Elliott 2004). In addition, the peak velocity of rapid interceptive actions is generally close to the moment of interception (Caljouw et al. 2004; Marinovic et al. 2004; Tresilian and Lonergan 2002) and therefore indicates which target the participants are trying to aim at. A higher value of peak velocity would indicate they were aiming at the far target, whereas a lower value of peak velocity would indicate they were aiming at the near target. We employed V10 rather than the actual value of peak velocity up to the moment of interception because in the UP block the participants could specify their responses either towards the near target (at 10 cm from the initial position of the bat) or somewhere after this point. If the participants aimed at the near target the movement should last approximately 180 ms. If they aimed at a point beyond the 10 cm mark their movements ought to be faster and therefore briefer than 180 ms when they reached this mark. As a result the time available to correct their responses at this distance was limited to a maximum of 180 ms which is below the minimum latency of 200 ms for feedback-based error corrections for amplitude information (Saunders and Knill 2005; see also Brenner et al. 1998, for online corrections in interceptive actions). Thus V10 represents an index of the preprogrammed velocity of the movement which is less likely to be inXuenced by online corrections (e.g., acceleration of the moving limb to reach the far target when Wrst aiming at the near target). The standard deviation of V10 is expected to inform us when the time available to prepare the correct amplitude was adequate. In the case the participants employed a strategy to aim at an intermediate position between the two targets when the S–R interval was short (
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expected that this variable would indicate the temporal conditions in which the time available to specify amplitude was insuYcient. For the calculation of the standard deviation of V10 and the VTE we computed the standard deviation of eight trials in each experimental condition. These measures were expressed in terms of the actual time the participants had to prepare their responses, that is, the S–R interval (see Fig. 1b). Both hits and misses were used in the calculation of these variables.
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freedom. A Tukey HSD post-hoc test, P < 0.05, was conducted to determine the locus of signiWcant diVerences involving more than two means. The rationale behind this analysis is that when the participants have enough time to prepare the response they would both specify the correct movement amplitude and initiate the action in time to hit the target accurately. Here we expected a two-way interaction between predictability and S–R interval. The post-hoc analysis would indicate at which S–R intervals the performance was signiWcantly deteriorated by the lack of time to prepare the response in the UP block.



Data analysis To investigate the strategies employed to specify amplitude (continuous or discrete) the distributions of V10 of individual responses were plotted for each S–R interval. Histograms were built with bins of 135 mm/s each. The total number of values within each bin was transformed as a percentage of the total number of samples and Wtted with a cosine weight function (Chambers et al. 1983). This weight function is half the cosine function with its peak at the center value. It decreases symmetrically to zero, after which a weight of zero is applied. Therefore, data points have a smaller and smaller impact on the Wtted lines as they are further and further from the center value. This graphical method of analysis allowed us to examine the relative concentration of data points along diVerent S–R intervals and this indicated which mode of amplitude speciWcation was adopted. To determine the last moment at which modiWcations to the motor program could be implemented, the accuracy of the responses performed by the participants in each experimental condition was compared. For this purpose average values of VTE and standard deviation of V10 were submitted to separate 2 (predictability: P, UP) £ 2 (target: near, far) £ 8 (S–R interval: 50, 100, 150, 200, 250, 300, 350, and 400 ms) repeated measures analysis of variance. Departures from sphericity were veriWed through the Mauchley’s test of sphericity and when necessary the Huynh–Feldt’s method was used to correct the degrees of Fig. 3 Mean movement time (§SD) in the P (a) and UP (b) blocks. N near target, F far target. The horizontal gray line represents the MT goal
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Results and discussion Figure 3 shows the MT results from “Experiment 1” across conditions in the P and UP blocks. As can be seen from Fig. 3a, in the P block the participants were consistent to produce an average MT which was close to 180 ms regardless of the S–R interval. Conversely, in the UP block MT tends to be more distant from its required duration in comparison with the P block, especially for short preparation intervals (·150 ms). The mode of speciWcation In the continuous mode it is expected that participants would prepare an intermediate-movement amplitude between the two targets, particularly at the shortest S–R interval. This intermediate amplitude bias should progressively diminish as the preparation interval increases. Since the movement does not stop at the speciWed distance, movement amplitude itself does not provide a suitable performance index. The maximum velocity does provide an index. Peak velocity occurs at, or at least very close, to the moment of target contact, so when peak velocity is reached, the manipulandum has moved approximately through the programmed movement distance. The value of peak velocity is determined by the programmed amplitude since MT was held constant across distances. Thus, the concentration
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of V10 (which is an index of the preprogrammed movement speed) data points in the UP block is expected to gather around an intermediate or central value of peak velocity at the shortest S–R interval. The concentration of data points should then become progressively more distinct as the S–R interval increases. This means that histograms of V10 values should show a unimodal distribution at the shortest S–R interval (50 ms), and a progressively more bimodal distribution at longer S–R intervals. In the discrete mode of speciWcation, participants specify movement amplitudes appropriate for one target or the other. In this mode, speciWcation should also improve gradually as the preparation interval becomes longer, but this improvement should be noticed in the number of responses towards the correct target increasing and not in the amplitude of the responses. Histograms of V10 ought to show a bimodal distribution regardless of the S–R interval. To determine whether the distribution had one or more peaks we considered a peak as such when the values of the Wtted line rose to a maximum and then dropped again rather smoothly. All peaks were visually obvious. In the P block, all participants reached similar values of V10 independently of the S–R interval as would be expected. As can be seen in Fig. 4a, in the P block the responses were clustered along two distinct values (represent by the two peaks in the histograms) and no mistakes were committed by the participants in terms of preparing a slow movement towards a far target or vice-versa. This pattern was evident for all participants in the experiment.



Fig. 4 Histograms of V10 for responses made by all participants to predictable (a) and unpredictable (b) at two S–R intervals (50 and 400 ms). Distributions were Wtted with a smooth line using a cosine weight function. The histograms show responses required to both targets (near and far). Vertical gray lines indicate the most likely value of peak velocity for near and far target in the P block
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Figure 5 shows the distribution of V10 for three representative participants in the P (A) and UP (B) blocks at the shortest S–R interval. As shown in Fig. 5b, in the UP block responses produced with about 50 ms of preparation are clustered in at least two distinct areas of each participant’s graph. At this preparation interval, however, the participants tended to prepare some of their responses towards the unspeciWed target as well as towards the mean range of targets, this result was consistent across all participants as shown in Figs. 4b (group data) and 5b (for three representative participants). The presence of responses speciWed towards the mean range of targets, more clearly seen in Fig. 5b for participant TO, could be either a switch between the two types of speciWcation (discrete and continuous) or the result of amendments attempted by the participants to strike the far target when originally aiming for the near target. As we will show in the next subsection, we found evidence that in comparison to the P block a larger percentage of responses in the UP block were modiWed during movement execution at S–R intervals ·100 ms. Thus, rather than occasionally aiming for a mean distance between targets (which could suggest continuous speciWcation), the presence of a middle peak towards the average range of targets can be explained in part by voluntary corrections to stochastically speciWed movements. Corrections to ongoing movements could explain why at the shortest S–R in Fig. 4b the most likely value of V10 for responses speciWed towards the near target slightly overshot that observed in the P block. On the other hand, when the participants chose to aim towards the far target, the value of V10 was very similar to that observed in the P block which indicates they did not have time to employ corrections up to that moment. This result, therefore, indicates that at the shortest preparation interval the participants did not aim systematically towards one single central default amplitude around the middle target range. Histograms of the distribution of V10 in the UP block of trials were bimodal for 8 out of 10 participants at the S–R interval of 50 ms (represented by participants MH and AB in Fig. 5b), whereas the other 2 participants showed more than two peaks (see participant TO in Fig. 5b). For the majority of the participants the strategy was to aim towards either the near target (participant AB in Fig. 5) or slightly ahead of the near target (participant MH in Fig. 5). At the shortest S–R interval, the group data in Fig. 4b shows that the number of responses towards a position close—t 1/3 of distance between the near and far targets—to the near target in the UP block was greater than towards the far target. The fact that the participants clustered a great proportion of their responses around either one of the two possible values of V10 (see Figs. 4b, 5b), and the observation that the histograms show at least two peaks (bimodal distribution) of this variable even at the shortest S–R interval indicates that the mode of amplitude speciWcation was predominantly discrete.
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Fig. 5 Histograms of V10 for responses made by three representative participants to predictable (a) and unpredictable (b) at the shortest S–R interval. Distributions were Wtted with a smooth line using a cosine weight function. The histograms show responses required to both targets (near and far). Vertical gray lines indicate the most likely value of peak velocity for near and far target in the P block



The time course of movement preparation Figure 6 shows the average VTE for P and UP blocks of trials at all S–R intervals: the mean VTE appears independent of S–R interval in the P block (Wlled squares), whereas in the UP block the VTE decreases consistently as the S–R interval increases (open circles). This pattern was conWrmed by a signiWcant two-way interaction between predictability and S–R interval (F(7,63) = 8.05; P < 0.001, p2 = 0.47). The post-hoc analysis of this interaction revealed that the VTE was signiWcantly higher in the UP conditions at S–R intervals of 50, 100, and 150 ms than at the same intervals in the P block of trials as shown in Fig. 6. These results suggest that at S–R intervals in the order of 150 ms or less the participants were not able to either prepare the appropriate response to hit the speciWed target or start their movements at the correct moment. Con-



Fig. 6 Mean variable temporal error to hit the center of the target at all S–R intervals for P and UP blocks of trials. The symbols mark the signiWcant contrasts between P and UP conditions (*P < 0.01; **P < 0.001)
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versely, when the participants had about 200 ms before movement onset to prepare their responses, the accuracy to hit the moving target was similar to that observed in the P block. Considering that the analysis of the mode of speciWcation showed that the participants speciWed amplitude discretely, the variability of V10 might be expected to show the following pattern. Since the participants were often aiming at the unspeciWed target when the preparation intervals were short, the standard deviation of V10 should remain greater than in the P block until the moment when the S–R intervals were long enough to consistently prepare the correct movement. This prediction, therefore, would be supported by an interaction between predictability and S–R interval as long as greater variability of V10 was observed in the UP block at short S–R intervals. Figure 7 shows the standard deviation of V10 in the P and UP blocks of trials for each S–R interval. As for VTE, the mean standard deviation of V10 seems independent of S–R interval in the P block (Wlled squares), whereas in the UP block the standard deviation of V10 declines steadily until the S–R interval of 200 ms (open circles). A repeated measures ANOVA conWrmed our expectation of interaction between predictability and S–R interval (F(7,63) = 8.30, P < 0.001, p2 = 0.50). Further analysis of this interaction revealed that variability in the UP conditions was greater than variability in the P conditions at S–R intervals of 50, 100, and 150 ms as shown in Fig. 7. These results show that the velocity of the movements produced by the participants was more consistent when the preparation interval was about 200 ms or greater. Since the participants were not instructed to avoid correctional movements, it is possible that such corrections were made. If so, the time required for preparation in hitting
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Fig. 7 Standard deviation of V10 for the diVerent experimental conditions in “Experiment 1”. The symbols mark the signiWcant contrasts between P and UP conditions (**P < 0.001)



actions may have been underestimated. An analysis of the speed proWle of the participants showed neither more than one peak nor evident inXection points in the speed proWle which could be considered as indicative of corrective movements as it is shown for a representative participant in Fig. 8. Also, we analysed the acceleration proWles of individual trials to verify the presence of sub-movements which could be considered as online corrections using the same method described in similar studies with interceptive tasks (Tresilian and Plooy 2006b). Minima in the acceleration proWle were used to deWne whether the movement had one or more components. A one-component movement (monophasic movement) was one with no minima in the acceleration proWle a two-component (biphasic) movement has one minimum and so on. A minimum in the acceleration proWle was accepted as such only if the diVerence between the
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lowest of the two peaks and the minimum point between them was greater than 2% of the maximum overall acceleration. Figure 9 shows that in average 98% of the movements in the P block of trials had one single component (monophasic movements). Similarly, the percentage of monophasic movements in the UP block of trials was 93% across all conditions. It is important to notice here that the small diVerence in percentage is due mainly to diVerences between P and UP blocks at S–R intervals 


Experiment 2 Overall, the results of the Wrst experiment are consistent with those of previous research (Favilla 1997, 2002; Ghez et al. 1997, 1990) indicating that the accuracy of responses in the UP block of trials is dependent upon the S–R interval. More speciWcally, the results showed that when the participants were uncertain about the upcoming target, a minimum preparation interval of about 200 ms was required for the participants to hit the targets with both accuracy and speed similar to those demonstrated in the P block. In addition, we found



Fig. 8 Example speed proWles from an individual participant (JO) at the S–R interval of 200 ms in the P (a) and UP (b) blocks of trials in “Experiment 1”. Dark dashed lines represent movements towards the far target and thin gray lines represent movements towards the near target
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Procedures and design The procedures and design were identical to those used in “Experiment 1”. Once again, prior to the experimental session the participants were trained to hit the targets with a movement time of 180 ms (§10%). However, since the targets were stationary, in the P block of trials the precue (illumination of the LED of the target to be hit for 300 ms) was presented 1 s before the Wrst of four successive 50-ms tones occurred. As in the original time response method, participants were required to make a single and uncorrected movement. Fig. 9 Percentage of monophasic movements across all conditions for the group. The symbols mark the signiWcant contrasts between P and UP conditions (9P < 0.05)



evidence that most participants speciWed amplitude by switching between two values discretely rather than shifting gradually from an intermediate value. The purpose of the second experiment was twofold. Firstly, we intended to compare the protocol used in “Experiment 1” with the original timed response method introduced by Ghez et al. (1990). Secondly, we examined whether similar temporal demands of the task would yield comparable results to those in “Experiment 1” regardless the fact that the targets were stationary in “Experiment 2”.



Data reduction and dependent variables Data reduction, dependent variables, and data analysis were identical to “Experiment 1” with one exception. Since the targets were stationary in “Experiment 2”, there was no temporal error to hit the targets and therefore only V10 and its standard deviation were analysed in this experiment.



Results and discussion



Eight participants (5 men and 3 women, age range 22–32; mean = 26 years) took part in this experiment. All participated voluntarily in the experiment and gave their informed consent prior to commencement of the testing sessions. They received a small Wnancial compensation for their participation (AU$20).



Figure 10 shows the MT results from “Experiment 2” across conditions in the P and UP blocks. As in “Experiment 1”, Fig. 10A shows that the participants were relatively consistent to produce an average MT which was close to 180 ms independently of the S–R interval in the P block. On the other hand, in the UP block MT tends to be more distant from its required duration. DiVerent from “Experiment 1”; however, MT at the shortest S–R interval for responses towards the near target are very close to the MT goal, whereas for the far target the error is greater than in the Wrst experiment. This result may be interpreted as evidence for a trend in “Experiment 2” to prepare a default response towards the near target that was closer to the value of V10 observed in the P block.



Task and apparatus



The mode of speciWcation



In this experiment the task required the participants to attend to two simultaneous task demands: (a) to initiate a response in synchrony with the last in a series of four successive 50-ms tones (ca. 50–60 dB, intertone interval 500 ms) presented through earphones, and (b) to hit stationary targets at two diVerent distances, presented visually at an unpredictable time prior to the last tone, performing movements of a speciWc duration. The same apparatus used in “Experiment 1” was also employed in “Experiment 2”. However, in “Experiment 2” the targets to be hit by the participants were in a Wxed position along the path of the manipulandum track (see Fig. 2).



As in “Experiment 1”, participants reached similar values of V10 independently of the S–R interval in the P block. Similarly to “Experiment 1”, it can be seen in Fig. 12b that at the shortest S–R intervals in the UP block the participants tended to prepare some of their responses towards either the unspeciWed target or the average range of targets. This result was the same for all participants except for participant MO (shown in Fig. 12) and OS (not shown) for whom the concentration of V10 data points in the UP block gathered around a central value of peak velocity at the shortest S–R interval. In “Experiment 2”, the participants did not overshoot the near target as much as the participants
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Fig. 10 Mean movement time (§SD) in the P (a) and UP (b) blocks. N near target, F far target. The horizontal gray line represents the MT goal



in the Wrst experiment, but they markedly undershot the far target at short S–R intervals as seem in Fig. 11b. For most of the participants, the distributions of V10 at the S–R interval of 50 ms were bimodal (four out of eight participants) as for participant LM (shown in Fig. 12), or had more than two peaks (two out of eight) as for participant FB (shown in Fig. 12). Nonetheless, two participants (MO and OS) showed a unimodal distribution which could be interpreted as a manifestation of the continuous mode of speciWcation (see participant MO in Fig. 12). For these two participants the responses at short preparation intervals always overshot the near target and undershot the far target. This result suggests that for these two individuals the responses were never speciWed stochastically towards one target or the other as for the majority of the participants in “Experiment 1” and “Experiment 2”. Despite the occurrence of what can be considered as evidence for the continuous mode of spec-



iWcation, our results indicate that the mode of amplitude speciWcation was discrete or at the discrete-continuous threshold point for most participants. The time course of movement preparation Since our analysis of the mode of speciWcation indicated that the mode of speciWcation was the same for both experiments, we expected that the analysis of standard deviation of V10 to also show similar results in terms of the time required to specify the responses. Figure 13 shows the standard deviation of V10 in the P and UP blocks at all S–R intervals. The repeated measures ANOVA of this variable showed, as expected, a signiWcant interaction between predictability and S–R interval (F(7,49) = 2.94, P < 0.05, p2 = 0.30). Further analysis of this interaction revealed that variability in the UP conditions was higher than variability in the P conditions at S–R intervals of 50, 100, 150, and 200 ms as shown in Fig. 13. These results were similar to those observed in “Experiment 1” for the analysis of V10 variability. It is important to note, however, that for this experiment the mean standard variation of V10 still decreased steadily until the S–R interval of 400 ms, whereas in “Experiment 1” there was no noticeable decline for this measure after 200 ms (see Fig. 7). This observation might be explained by the simultaneous demands of the task used in “Experiment 2” (see “Task and apparatus”) which might have made the task more diYcult to be accomplished than in “Experiment 1”.



General discussion



Fig. 11 Histograms of V10 for responses made by six participants (who showed at least two distinguishable peaks of V10 in the UP block) to predictable (a) and unpredictable (b) targets at two S–R intervals (50 and 400 ms). Distributions were Wtted with a smooth line using a cosine weight function. The histograms show responses required to both targets (near and far). Vertical gray lines indicate the most likely value of peak velocity for near and far target in the P block



The main objectives of the two experiments reported here were to determine the time course of amplitude speciWcation in a rapid interceptive task and identify its mode of speciWcation (continuous or discrete). In relation to the time course of amplitude speciWcation, the results were consistent with previous research (Favilla 1996, 1997, 2002; Ghez et al. 1997, 1990). When the targets were precued the
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Fig. 12 Histograms of V10 for responses made by three representative participants to predictable (a) and unpredictable (b) at the shortest S–R interval. Distributions were Wtted with a smooth line using a cosine weight function. The histograms show responses required to both targets (near and far). Vertical gray lines indicate the most likely value of peak velocity for near and far target in the P block



Fig. 13 Standard deviation of V10 for the diVerent experimental conditions in “Experiment 2”. The symbols mark the signiWcant contrasts between P and UP conditions (9P < 0.05; *P < 0.01)



responses showed smaller variability in both the temporal error to hit the target and the speed of the movements regardless of the S–R interval at which the indicational stimulus was presented. This result indicates that participants took advantage of precues to prepare their responses in advance, which explains why there is no decrement in accuracy at short S–R intervals (
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sooner than the participants in their experiment. According to Ghez et al. (1990), their participants achieved complete speciWcation of amplitude at S–R intervals greater than 200 ms. One possible explanation for the diVerence between the two experiments may be due to the fact that Ghez et al.’s participants were required to reach for three possible targets, whereas in our experiment there were only two targets. Alternatively, since we employed standard deviation of peak velocity and the variable temporal error as our main measures the diVerence between our results and those obtained by Ghez et al. (1990) could be attributed to corrective modiWcations to the ongoing movement. Nonetheless, responses made by the participants in “Experiment 1” (in which there was no instruction to suppress corrections to ongoing movements) showed no visually identiWable inXection points in the speed proWle or signiWcant number of biphasic movements which suggests that online corrections did not play important role in improving accuracy when hitting moving objects. The results of “Experiment 2”, in which the participants were requested to avoid corrections to ongoing movements, showed a minimum time of 250 ms to prepare the correct response. In addition, in “Experiment 2”, the fact that the standard deviation of V10 tends to decrease until the S–R interval of 400 ms suggests that an even longer preparation interval could be beneWcial for performance in the stationary hitting task. It is possible that this improvement in performance (“Experiment 2”), as the S–R interval increases, is related to the task demands in the original timed response paradigm. Whereas in “Experiment 1” the participants were only required to execute their movements with a desired MT, in “Experiment 2” they were required to attend to two simultaneous task demands (to initiate a response in synchrony with the last in a series of four successive tones and prepare hitting movements
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towards targets at two diVerent distances) and this could make the task in “Experiment 2” more diYcult to be accomplished even at intermediate S–R intervals (250– 350 ms). The results of “Experiment 1” showed that the preferred mode of speciWcation adopted by the participants was predominantly discrete. That is, the participants aimed more often towards one target or the other, rather than at a central distance between the two targets at the shortest S–R interval. The discrete mode of speciWcation was also evident in “Experiment 2”, though two participants showed a very characteristic continuous mode of speciWcation. For these participants, the distribution of peak velocities was unimodal at the shortest S–R interval (50 ms) which indicates the participants were consistently aiming at a central default distance between the targets, and as the S–R interval increased this central tendency bias became progressively more distinct. This, together with the observation that some participants had signiWcant numbers of responses between the two targets (as evidenced by more than two peaks of V10 in the histograms), indicates that the distance ratio (1:2.6) employed in our experiments is near to a threshold between the discrete and the continuous modes of speciWcation. Ghez et al.’s (1997) results showed that a continuous mode of speciWcation was evident most of the time for distance ratios of 1:3 and 1:6, which corresponded to distances from the starting position of 3.2 and 9.6 cm, and 3.2 and 19.2 cm, respectively. However, for distance ratios of 1:12 and 1:24, which corresponded to 3.2 and 38.4 cm, and 1.6 and 38.4 cm, respectively, the mode of speciWcation was mostly discrete. The mode of speciWcation therefore seems to be not only dependent on the distance ratio or the magnitude of separation between targets but also on the nature and requirements of the task. The Wnding that the participants tended to aim more frequently towards the near target at shortest S–R interval (50 ms) suggests that they prepared their responses not only based on their expectations about the next target but also on the assumption that it is strategically more eYcient to prepare for the near target because the time required to employ a correctional movement requiring acceleration is shorter than the time necessary to make a correctional movement involving deceleration (Carlton and Carlton 1987; Quinn and Sherwood 1983). That is, making a correctional movement to the far target (when Wrst aiming at the near) is more likely to succeed than making a correctional movement to the near target (when Wrst aiming at the far). This tendency to direct more responses towards the near target was evident in both experiments despite the fact that the participants were instructed not to make corrections to their movements in “Experiment 2” and therefore should not be expected to use strategies that would facilitate feedback mechanisms.
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In summary, the results of the two experiments reported here indicated that brief interceptive actions can be very precise even with preparation intervals as short as 200 ms before movement onset. The Wnding that an improvement in the accuracy of peak velocity was accompanied by higher temporal precision to hit the targets indicates that more time to prepare the oncoming movement can improve performance in the rapid interception of moving objects. This is consistent with the assumption of the program model (Tresilian 2005; Tresilian and Plooy 2006a) in the sense that the accuracy of the movement is dependent on the amount of time available to prepare the movement during the Wnal stage of motor preparation (see Fig. 1). The observation of responses towards the unspeciWed target at short S–R intervals (·100 ms) suggests that before any relevant information can be used to prepare the correct movement, the participants prepare their responses based on their expectations. If the responses could be either quickly (re)programmed within short S–R intervals and/or modiWed during execution, it would be expected that the participants would use these strategies to improve the accuracy to hit the moving targets (“Experiment 1”) and as a result no responses should be made towards the unspeciWed targets. Thus, we can conclude that not only the participants prepared their responses in advance of target information but also that feedback mechanisms were not employed eYciently to improve performance in the task. Acknowledgments This research was supported in part by a CAPES (Postgraduate Federal Agency/Brazilian Government) doctoral scholarship to Welber Marinovic and a grant from the Australian Research Council awarded to J. R. Tresilian and A. Plooy.
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