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Abstract Previous research has demonstrated that movement time and kinematic properties of limb trajectories to the Wrst target of a two-target reversal movement diVer to that of single-target responses. In the present study we investigated whether two-target reversal movements are organized as a single unit of action or two separate components by perturbing the number of targets prior to and during movement execution. In one experiment, participants performed single-target movements and on one-third of the trials a second target was presented either at target presentation, movement onset or peak velocity. On those trials in which a second target was presented, participants were required to complete their movement to the Wrst target and then move to the second target. In a second experiment, the reverse was the case with participants performing two-target movements that changed to single-target movement on one-third of the trials. A two-target movement time advantage was observed only when the required response was speciWed prior to movement initiation. Also, participants failed to prevent movement towards the second target when the requirements of the task changed from a two-target to single-target response at movement onset or later. These results indicate that two-target reversal movements were organized as a single unit of action prior to response initiation.
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The preparation and control of reversal movements as a single unit of action The control of sequential aiming movements has interested researchers from a number of theoretical perspectives. Information processing theorists have investigated how response complexity inXuences motor programming and how these processes are distributed prior to response initiation and during movement execution (Henry and Rogers 1960; Klapp 1995, 2003; Khan et al. 2006, 2007; SmileyOyen and Worringham 1996; van Donkelaar and Franks 1991). Along these lines, researchers have been interested in how individual elements are organized and integrated to form more complex movement sequences (Adam et al. 2000; Vindras and Viviani 2005). Related to these issues, but often addressed separately in the motor control literature, is the relation between discrete and cyclical movements. From a dynamical system perspective, a discrete movement is viewed as a limiting case of cyclical motion (i.e., a half cycle) (Schoner 1990). Others have argued that discrete and cyclical movements are motor primitives and hence represent diVerent classes of actions that are controlled under distinct planning mechanisms (Buchanan et al. 2003, 2006; also see van Mourik and Beek 2004). Two-target aiming movements that involve a reversal in direction are interesting from the standpoint that they can be viewed as having properties of both discrete and cyclical actions. They have a well-deWned start and endpoint but have resemblances in kinematic properties and patterns of muscle activation with cyclical movements. To illustrate, single target movements have a bell shaped velocity proWle
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with velocity and acceleration being zero at the start and end of the movement. They are typically characterized by a triphasic pattern of muscle activity consisting of an initial agonist burst, antagonist activity that decelerates the limb and a second burst of agonist activity that dampens mechanical oscillations at the end of the movement. In twotarget reversal movements, there is no need for the second burst of agonist activity since the elastic properties of a lengthening antagonist muscle can be exploited to save energy in moving the limb in the reverse direction (i.e., reciprocal conversion between kinetic and potential energy) (Guiard 1993). This typically gives rise to kinematic proWles in which acceleration is non-zero at the reversal point (van Mourik and Beek 2004). Another feature of reversal movements is that the antagonist muscle forces used to decelerate the Wrst element also act as the agonist on the second component. Hence, a single antagonist burst of activity serves a dual purpose of decelerating the limb in one direction and accelerating the limb in the opposite direction. It has been proposed that the dual purpose of antagonist activity, in conjunction with the exploitation of elastic muscle properties, allows for optimal integration between movements to the two targets (Adam et al. 1993, 2000). While some investigators have used the term “chunking” to refer to the integration of two or more response elements (e.g., Adam et al. 1995, Klapp 1995), others have questioned whether more complex movements represent a concatenation of discrete elements (Buchanan et al. 2003). It may be that since two-target movements with a reversal in direction share properties with cyclical movements, they are speciWed not as two separate elements but as a single unit of action prior to response initiation. The goal of the present study was two-fold. First, we were interested in the degree to which reversal movements were prepared in advance of response initiation versus during movement execution. Our second aim was to test whether reversal movements are organized as a single unit of action rather than as two discrete components. Typically, movement times to the Wrst target are shorter for two-target reversal movements than for single-element responses (Adam et al. 1993; Khan et al. 2006). We used the two-target movement time advantage as well as kinematic measures as indicators of the degree to which movements are organized as one unit of action versus two separate components. The experiments involved a perturbation paradigm in which the requirements of the task unexpectedly changed from a one- to two-target response and vice versa on some trials. Our interest was in examining participants’ ability to change between task requirements and under which conditions the two-target advantage would emerge. In the Wrst experiment, participants were instructed to prepare movements to a single target. On some of the trials, a second target was presented either at the same time as the Wrst target,
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at movement onset or at peak velocity to the Wrst target. If two-target movements are prepared prior to movement initiation, it was expected that the two-target movement time advantage would be observed only when the second target was presented simultaneously with the Wrst. In the second experiment, participants were instructed to prepare two-targeted reversal movements. On some of the trials, the second target was either not presented at target presentation, or disappeared at movement onset or peak velocity to the Wrst target. In these cases, participants were required to move to the Wrst target but prevent going to the second target. Similar to “Experiment 1”, this procedure allowed us to investigate the distribution of planning in reversal movements while also going a step further towards understanding whether reversal movements are organized as a single action or two separate movements. We expected that if reversal movements are prepared as a single unit of action prior to response initiation rather than two discrete movements, the ability to inhibit movement to the second target would be diYcult once the movement is initiated.



Methods Participants Twenty-two right-handed individuals with self-reported normal or corrected-to-normal vision volunteered to take part in the experiments (Experiment 1: two female and eight male; Experiment 2: four female and eight male) (mean age = 24.0, SD = 3.1). All participants gave their informed consent prior to taking part and the experiments were carried out according to the ethical guidelines laid down by the Ethics committee of the School of Sport, Health and Exercise Sciences, University of Wales, Bangor, for research involving human participants in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Apparatus The participants were seated with their right forearm positioned on a manipulandum that consisted of a padded horizontal lever (50 cm long) attached to a bearing-mounted vertical shaft (see Fig. 1). The right hand was placed face down on an adjustable platform such that the elbow was coaxial with the axis of rotation. This allowed the forearm to rotate freely in the horizontal plane. A pointer (8 cm long) was mounted on the distal end of the manipulandum. Angular displacement data were obtained from an optical encoder (Dynapar E20-2500-130), attached to the shaft of the manipulandum. The angular displacement data were sampled at 500 Hz, Wltered using a second-order low pass
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Fig. 1 Overview of the apparatus and task



Butterworth Wlter (cutoV frequency = 16 Hz) and diVerentiated in order to obtain angular velocity. Angular acceleration data were obtained from an accelerometer (Crossbow CXL10P1) positioned at the distal end of the manipulandum. Its signal was sampled at 500 Hz and Wltered using a second-order low pass Butterworth Wlter (cutoV frequency = 16 Hz). A semicircular panel was located at the distal end of the manipulandum (60 cm radius). Three green light emitting diodes (LED) were mounted horizontally on the panel. The rightmost LED corresponded to an elbow angle of approximately 100° and was designated as the start position. The Wrst target LED was located to the left of the start position and corresponded to 30° of elbow Xexion. The second target was located 15° to the left of the home position and hence required an elbow extension of 15° from the Wrst target. A translucent screen was placed over the LEDs so that they were not visible unless illuminated. Targets were triggered online at movement onset (see below) by identifying the point at which there were three consecutive increases of at least .04° of elbow Xexion (i.e., a delay of 6 ms). In order to trigger targets at peak velocity, the average velocity of the previous Wve points was calculated online. Peak velocity was determined when there was a decrease in average velocity for three consecutive data points (i.e., a delay of 10–12 ms) (also see Ketelaars et al. 1999). Procedures Experiment 1 At the beginning of each trial, the start LED was illuminated and participants were required to align the pointer with the LED. Once the pointer was steadily aligned, the
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experimenter initiated the trial sequence with the click of a mouse, which also served as a warning signal for the participant. The target LED(s) were illuminated following a variable foreperiod of 1,500–2,500 ms. There were four trial types, a single-element trial and three dual-element trials (i.e., simultaneous (SIM), movement onset (MO) and peak velocity (PKV)). In the singleelement trials, only the Wrst target was illuminated. Participants were required to move the pointer to the target as quickly and accurately as possible and come to a complete stop. In the SIM dual-element trials, the two target LEDs were illuminated simultaneously. Participants were required to move to the Wrst target and then reverse direction in a continuous manner and stop at the second target. For MO dual-element trials, the Wrst target LED was illuminated but the second target did not appear until movement onset was detected. Similarly, for PKV dual-element trials, the second target did not appear until peak velocity to the Wrst target was identiWed. In both MO and PKV dual-element trials, participants were required to move to the Wrst target and then move to the second target as quickly and accurately as possible. Participants were Wrst given 20 practice trials with the single element and SIM dual-element trials administered in an alternating fashion. This was followed by the test phase that consisted of 160 trials (100 single-element, 20 SIM dual-element, 20 MO dual-element and 20 PKV dual-element trials). These trials were presented in random fashion with the restriction that Wve single-element trials and one of each of the three dual-element trials were administered in every eight trials. Participants were instructed to prepare for single-element movements prior to stimulus presentation but to complete dual-element movements when a second target appeared. Experiment 2 The trial initiation and fore period procedures were identical to “Experiment 1” but the conditions were reversed. There were four trial types, one dual-element trial and three single-element trials (i.e., simultaneous (SIM), movement onset (MO) and peak velocity (PKV)). In the dual-element trials, two targets were illuminated at stimulus onset while only the Wrst target was illuminated in the SIM single-element trials. For MO single-element trials, the two targets were illuminated but the second target was turned oV when participants initiated their movement. Similarly, for PKV single-element trials, the second target was turned oV when participants reached peak velocity to the Wrst target. Similar to “Experiment 1”, participants Wrst performed 20 practice trials with the dual-element and SIM single-element trials administered in an alternating fashion. The test phase consisted of 160 trials (100 dual-element, 20 SIM
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single-element, 20 MO single-element and 20 PKV singleelement trials) presented in random fashion. Participants were instructed to prepare for dual- element movements prior to stimulus presentation but to prevent going to the second target if the second target did not appear or was turned oV during the course of the trial.
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being illuminated, the distance from the Wrst target to the end of the movement was also calculated (i.e., Distance [2]). This measure would be greater for movements that ended closer to the second target. All dependent measures were submitted to one-way repeated measures ANOVAs while post hoc comparisons were performed using Tukey HSD tests (alpha = 0.05).



Dependent measures and analyses In order to locate the beginning of movement to the Wrst target, peak angular velocity was obtained. The velocity proWle was then traversed backwards until the velocity fell below 2°/s. The end of the movement to the Wrst target was deWned as the Wrst point in time following peak velocity in which the velocity fell below 2°/s. If the movement consisted of two elements, the end of the response was determined by locating the Wrst point after peak velocity in the reversal direction that the absolute velocity fell below 2°/s. Our main dependent measures consisted of reaction time (RT), movement time to the Wrst target (MT1), movement time from the Wrst target to the second target (MT2), constant error at target 1 (CE1) and target 2 (CE2), variable error at target 1 (VE1) and target 2 (VE2). Our kinematic variables of interest included peak acceleration, peak velocity, peak deceleration and the time to each of these kinematic markers. Due to spring-like oscillations at the end of the Wrst element, it was diYcult to identify pause times between response elements because the velocity of the limb did not stay below 2°/s. Therefore, in order to assess whether movements between the two targets were performed in a continuous manner or involved a degree of hesitation, the proportion of trials that contained a discontinuity in the kinematic proWles (i.e., signiWcant deviations and zero line crossings in acceleration) was recorded (see Fig. 2) (van Donkelaar and Franks 1991). This measure was used as an indication of online control processes that may be involved in implementing the second element during movement execution. Since Experiment 2 involved trials in which the second target LED was turned oV after



Fig. 2 Position versus time and acceleration versus time proWles for single target trials (left) and dual-target trials in which there was a smooth transition between elements (middle) and in which there was a
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Results Experiment 1 Performance measures The means and standard deviations of all dependent measures are reported in Table 1. The analysis of reaction time did not reveal any signiWcant diVerence between conditions, F(3, 27) = 0.6, p > 0.05. However, movement time to the Wrst target (MT1) was shortest in the SIM condition while there was no diVerence between the Single, MO and PKV conditions, F(3, 27) = 12.5, p < 0.001 (see Fig. 3). Hence, shorter movement times to the Wrst target were observed only when participants were informed at stimulus presentation that a two-element response was required (i.e., two-target movement time advantage). When participants were informed at movement onset or later that a two-element response was required, movement times to the Wrst target were similar to the one-target condition. For trials in which a second target was presented, the interval from the end of the Wrst element to the end of the second element (i.e., MT2) was greatest in the PKV followed by MO and then SIM condition, F(2, 18) = 47.1, p < 0.001. The analysis of constant error at the Wrst target revealed that there was a small (i.e., 0.4°) but signiWcant tendency for participants to travel further on the Wrst element in the SIM condition compared to the other three conditions, F(3, 27) = 8.0, p < 0.01. There was no diVerence in constant error at the second target between conditions,



hesitation at the end of the Wrst element (right). In this case, a hesitation is characterized by a zero line crossing in acceleration



Exp Brain Res (2008) 187:33–40 Table 1 Means and standard deviations for dependent variables in the single element (Single), Simultaneous (SIM), Movement Onset (MO) and Peak Velocity (PKV) dual element trials for the Wrst [1] and second [2] movement
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Single



SIM



MO



PKV



Reaction time



226 (21)



226 (19)



225 (24)



223 (23)



Movement time [1]



322 (58)



Movement time [2] Constant error [1]



1 (0.4)



Constant error [2] Variable error [1]



1.3 (0.2)



Variable error [2]



Time data are in milliseconds and accuracy data are in mm



Movement Time 1 (msec)



317(59) 473 (63)



1.4 (0.6)



0.8 (0.5)



1 (0.5)



0.6 (0.6)



0.5 (0.4)



0.7 (0.3)



1.4 (0.3)



1.2 (0.3)



1.4 (0.2)



1.2 (0.4)



1.2 (0.04)



1.3 (0.05)



2,328 (994)



2,335 (925)



2,329 (1,034)



2,396 (1,038)



Peak velocity [1]



205 (46)



208 (44)



205 (47)



208 (47)



Peak deceleration [1]



¡1,976 (970)



¡2,175 (1,011)



¡2,021 (979)



¡2,043 (1,034)



Time to peak accelaration [1]



79.46 (13.92)



79.32 (13.88)



80.38 (14.03)



79.21 (14.57)



Time to peak velocity [1]



156 (30)



157 (30)



156 (30)



155 (30)



Time after peak velocity [1]



166 (34)



144 (31)



161 (34)



162 (37)



Time to peak decelaration [1]



228 (44)



250 (41)



241 (50)



241 (51)



Trials w/discontinuities [1] (%)



4 (4)



8 (8)



12 (13)



5 (8)



22 (16)



45 (26)



88 (9)



Trials w/discontinuities [2] (%)



340 330 320 310 300 290 280 270 260 250 SIM



317 (57) 364 (61)



Peak acceleration [1]



350



Single



301 (53) 316 (87)



MO



PKV



Fig. 3 Movement time to the Wrst target as a function of task condition in Experiment 1 (Single: only one target was presented; SIM: two targets were presented; MO: one target was presented and then a second target appeared at movement onset; PKV: one target was presented and then a second target appeared at peak velocity)



F(2, 18) = 1.4, p > 0.05. Also, there was no diVerence in variable error between conditions at both the Wrst and second targets, F(3, 27) = 2.4, p > 0.05, and F(2, 18) = 0.9, p > 0.05, respectively. Kinematic measures There was no signiWcant diVerence in peak acceleration and peak velocity between conditions, F(3, 27) = 0.9, p > 0.05, and F(3, 27) = 1.1, p > 0.05, respectively. However, the magnitude of peak deceleration was greater in the SIM compared to the Single and MO conditions, F(3, 27) = 5.3, p < 0.05. There was no diVerence between conditions in the time to peak acceleration and the time to peak velocity, F(3, 27) = 0.4, p > 0.05, and F(3, 27) = 0.5, p > 0.05, respectively. However, similar to the diVerences



in MT1 between conditions, the time from peak velocity to the end of the Wrst element was shorter in the SIM compared to Single, MO and PKV conditions, F(3, 27) = 19.3, p < 0.01. There was also a signiWcant diVerence between conditions in the time to peak deceleration, F(3, 27) = 4.7, p < 0.05. Note that although the time from peak velocity to the end of the Wrst element was shortest in the SIM condition, the occurrence of peak deceleration was later in the SIM compared to Single condition. This is typical of reversal movements where peak deceleration occurs closer to the reversal point than the end of the movement in single element responses. The proportion of trials in which there was a discontinuity in the acceleration proWle of the Wrst element was greatest in the MO condition although relatively low (i.e., 12%). On the reversal component of responses, the proportion of trials with discontinuities increased from 22% in the SIM condition to 45% in the MO condition and 88% in the PKV condition. As shown in Fig. 2, this increase in discontinuities likely represents the implementation of the second element at the end of the Wrst element thereby lengthening the time from the end of the Wrst element to the end of the response (i.e., MT2). Experiment 2 Performance measures The means and standard deviations of all dependent measures are reported in Table 2. The analysis of reaction time did not reveal any signiWcant diVerence between conditions, F(3, 33) = 1.2, p > 0.05. However, movement time to the Wrst target (MT1) was longest in the SIM condition
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Table 2 Means and standard deviations for dependent variables in the single element (Single), Simultaneous (Dual), Movement Onset (MO) and Peak Velocity (PKV) dual element trials for the Wrst [1] and second [2] movement



Time data are in milliseconds and accuracy data are in mm



Dual



SIM



MO



PKV



Reaction time



234 (43)



238 (41)



232 (46)



233 (47)



Movement time [1]



258 (46)



277 (51)



259 (47)



258 (46)



Movement time [2]



266 (76)



146 (24)



192 (51)



236 (64)



Constant error [1]



1.3 (0.5)



1.1 (0.7)



0.8 (0.6)



1.1 (0.7)



Variable error [1]



1.6 (0.3)



1.5 (0.3)



1.6 (0.4)



1.6 (0.4)



Distance [2]



16.1 (0.6)



2.2 (1.8)



9.2 (5)



14.6 (2.6)



Peak acceleration [1]



2,854 (751)



2,815 (752)



2,814 (692)



2,860 (740)



Peak velocity [1]



239 (38)



234 (38)



236 (36)



238 (37)



Peak deceleration [1]



¡3,106 (1,178)



¡2,623 (984)



¡3,065 (1,151)



¡3,114 (1,181)



Time to peak accelaration [1]



72 (11)



72 (11)



71 (10)



72 (10)



Time to peak velocity [1]



142 (19)



140 (19)



140 (17)



141 (19)



Time after peak velocity [1]



117 (32)



138 (38)



119 (37)



116 (32)



Time to peak decelaration [1]



219 (31)



205 (29)



214 (28)



218 (31)



Trials w/Discontinuities [1] (%)



3 (4)



4 (9)



2 (5)



3 (7)



Trials w/Discontinuities [2] (%)



14 (17)



6 (11)



6 (1)



16 (25)



while there was no diVerence between the Dual, MO and PKV conditions, F(3, 33) = 15.1, p < 0.001 (see Fig. 4). Hence, movement times to the Wrst target were greater when participants were informed at target presentation that a one-target response was required compared to when two targets were presented and the second target was turned oV after movement onset. The analysis of constant error at the Wrst target revealed that there was a small (i.e., 0.5°) but signiWcant tendency for participants to travel further on the Wrst element in the Dual condition compared to the MO condition, F(3, 27) = 3.8, p < 0.05. Variable error did not diVer between conditions, F(3, 33) = 1.6, p > 0.05. There was a signiWcant diVerence in the distance traveled towards the second target from the end of the Wrst element, F(3, 33) = 94.9, p < 0.01. As shown in Table 2, when the second target was turned oV



300



Movement Time 1 (msec)



290 280 270 260 250 240 230 220 210 200 Dual



SIM



MO



PKV



Fig. 4 Movement time to the Wrst target as a function of task condition in Experiment 2 (DUAL: two targets were presented; SIM: one target was presented; MO: two targets were presented but the second target was turned oV at movement onset; PKV: two targets were presented but the second was turned oV at peak velocity)
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at peak velocity (i.e., PKV), participants traveled a similar distance to the second target as when the second target remained on throughout the trial (i.e., Dual). Hence, participants were not able to inhibit their movement to the second target. When the second target was turned oV at movement onset, participants still traveled more than half the distance from the Wrst target to the second target. Corresponding to the diVerences in distance traveled after the Wrst element, the time interval from the end of the Wrst element to the end of the second element (i.e., MT2) was greatest in the Dual and PKV conditions followed by the MO and SIM conditions, F(2, 18) = 23.7, p < 0.001. Kinematic measures There was no signiWcant diVerence in peak acceleration and peak velocity between conditions, F(3, 33) = 1.3, p > 0.05, and F(3, 33) = 2.6, p > 0.05, respectively. However, the magnitude of peak deceleration was less in the SIM condition compared to the other three conditions, F(3, 33) = 11.7, p < 0.05. There was no diVerence in the time to peak acceleration and peak velocity between conditions, F(3, 33) = 1.9, p > 0.05, and F(3, 33) = 1.6, p > 0.05, respectively. However, corresponding to diVerences in MTs between conditions, the time from peak velocity to the end of the Wrst element was longer in the SIM compared to the Dual, MO and PKV conditions, F(3, 33) = 17.5, p < 0.01. While the time spent after peak velocity was greatest in the SIM condition, the time to peak deceleration was shortest in the SIM condition with no diVerences between the Dual, MO and PKV conditions. Hence, similar to “Experiment 1”, the kinematic characteristics of the movements depended on whether one or two targets were presented at stimulus onset. When two targets were pre-
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sented, the time after peak velocity was shorter but peak deceleration occurred later compared to when one target was presented. The occurrence of discontinuities in the acceleration traces was relatively low and there was no diVerence in the number of trials with discontinuities on either the Wrst or second elements, F(3, 33) = 0.8, p > 0.05, and F(3, 33) = 2.1, p > 0.05.



Discussion A central issue that underlies how complex actions are organized and controlled is the notion of a basic unit of action. Two-target reversal movements are interesting in that there is a functional link between antagonistic muscle forces and mechanical energy can be saved by exploiting the elastic properties of the muscles (Guiard 1993). The purpose of the present study was to examine whether twotarget reversal movements should be viewed as separate discrete movements to both targets or as a single unit of action that is organized prior to response initiation. Based on movement time and kinematic evidence, researchers have proposed that reversal movements represent a reorganization of individual elements into a highly integrated “chunk” (Adam et al. 1995). Others have gone a step further by proposing that movements that involve a cyclic component should be viewed as a separate unit of action from discrete movements (Buchanan et al. 2003, 2006). Consistent with previous research, the results of both experiments revealed that when participants were informed at target presentation whether a one- or two-target response would be required, movement times to the Wrst target were faster for the dual- compared to single-element response (i.e., two-target advantage) (Adam et al. 1993; Khan et al. 2006). Furthermore, movement times to the Wrst target were determined by the information available at stimulus presentation. In Experiment 1, if a second target was presented at movement onset or later, movement times to the Wrst target were similar to the single-element response. In Experiment 2, when the requirements of the task changed from a twoto one-target response after movement was initiated, movement times to the Wrst target were still faster compared to when a single-target response was signaled at stimulus onset. Analysis of limb trajectory kinematics revealed that diVerences between one- and two-target reversal movements emerged relatively late in the execution of the Wrst element (i.e., at peak deceleration). It is interesting to note that despite these late diVerences between single- and twotarget responses, the kinematic characteristics of the movements to the Wrst target were to a large extent determined by the information presented at stimulus onset. Changing the requirements of the task as early as movement onset from a
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single- to dual-element response and vice versa had no inXuence on the kinematic properties of the Wrst element. Furthermore, the results indicated that it was diYcult for participants to switch task demands once the movement was initiated. In Experiment 1, there was a smooth transition between elements on the majority of trials when two targets were presented simultaneously. However, there was a signiWcant increase in the number of discontinuities between the Wrst and second elements when a second target was presented once movement was initiated. It therefore, appears that when a two-target response was signaled at stimulus onset, movement between targets was organized as one continuous action. When a second target was presented after movement onset, the response was produced as two separate units with a low degree of integration between response elements. In Experiment 2, participants were capable of preventing movement to the second target when one target was presented at stimulus onset (i.e., SIM condition). However, when two targets were presented and the second target disappeared after movement was initiated, a signiWcant movement to the second target was observed. Participants traveled just over half the distance from the Wrst to second target when the second target was turned oV at movement onset while the full distance was covered when the second target was turned oV at peak velocity. Although movement to the second target was partially inhibited when the requirements of the task changed at movement onset, the production of the Wrst element was relatively unaVected and basically resembled that of a complete two-target reversal movement. Previous research has shown that adjustments in limb trajectories to a target position perturbation occur as quickly as 100 ms after the change in target position (Paulignan et al. 1990). Also, evidence from research employing the go-stop paradigm has shown that initial rise rates of EMG activity for aiming responses can be interrupted when the interval between the go and stop signal was less than 100 ms and that estimates of stopping latencies are approximately 140 ms (McGarry et al. 2003; McGarry and Franks 1997). In the present experiments, movement times to the Wrst target were greater than 250 ms. On this basis, one might have expected that enough time was available to implement and integrate response elements during movement execution when a single-target response was initially required but a second target was presented at movement onset. Similarly, suYcient time should have been available for participants to inhibit the reversal component of the movement when two targets were initially presented but the second target was turned oV at movement onset. This inability to add and integrate additional elements as well as inhibit the reversal component provides support for the hypothesis that reversal responses are organized as a single unit of action rather than as separate movements to the two targets.
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Although the evidence presented suggests that movements to both targets were speciWed as a single unit of action prior to movement onset, the experimental conditions may have been more conducive to response organization as a single unit of action rather than two separate movements. For example, the responses involved relatively low degree of friction movements about a single joint that did not involve physical contact with the targets. Since movements took place in a single plane of motion, there was a tight coupling between antagonist muscle forces on the Wrst element and agonist activity on the second element. The degree of integration between antagonist muscle forces would be less in three-dimensional tapping movements that involve contact with targets. In these cases, the transfer of potential energy to kinetic energy and vice versa is disrupted and hence the two-target advantage does not emerge (Adam et al. 2000). Also, the targets used in the present experiments were essentially point targets. Although there was no diVerence in variable error at the Wrst target between conditions, the control processes underlying reversal movements have been shown to be inXuenced by the size of the target. For example, the two-target advantage emerges when target sizes are relatively large but not when small targets are used (Adam et al. 1993). Also, when the accuracy demands are high, pause times between target movements are greater thereby disrupting the transition between antagonist and agonist muscle forces and the transfer of mechanical energy (Adam and Paas 1996; Adam et al. 1995; Rand and Stelmach 2000). In such cases, movements to targets are organized as independent discrete responses rather than as a single unit of action (Rand and Stelmach 2000; Buchanan et al 2006). Acknowledgments The authors wish to thank Shaun McKiernan for the invaluable technical assistance he provided in this study. This study was supported in part by a grant from the Natural Sciences and Engineering Research Council of Canada awarded to Luc Tremblay.
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