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Abstract

The relationship between skill acquisition and the use of feedback is still not clear. Although open-loop control theories posit that the use of feedback declines with practice (i.e., Schmidt, 1975), the specificity of practice hypothesis suggests the opposite; that reliance upon an optimal source of feedback increases during skill acquisition (Proteau, 1992; Proteau, Marteniuk, Girouard, & Dugas, 1987). Indeed, there is a growing body of literature demonstrating that feedback utilization does not decrease with practice. However, studies investigating the specificity hypothesis have not always demonstrated that reliance upon a specific source of feedback increases with practice either (e.g., Tremblay & Proteau, 1998). The goal of the present study was to address this inconsistency by having participants practice a throwing task with or without vision at incremental levels of practice (10, 50, 100, or 200 acquisition trials). Following acquisition, all participants performed 10 trials in a no-vision transfer condition. The results of the present experiment demonstrated that given a sufficient number of acquisition trials, feedback reliance increased as a function of time engaged in practice. Interestingly, our results also indicate that increased reliance upon a specific source of feedback only occurs after the control strategy for a task is optimised.
The Amount of Practice Really Matters:

Specificity of practice may only be valid after sufficient practice
The precise role of feedback during skill acquisition is still unclear. On one hand, it makes sense that practice would enable the development of a precise internal representation of the task that would reduce the reliance on sensory feedback (i.e., open-loop theories). One open-loop theory (i.e., Motor Schema Theory: Schmidt, 1975) proposes that while feedback is important in the early stages of skill acquisition, the need for feedback is reduced with practice as performers acquire a schema for the skill. An alternative wording of this hypothesis is that performers gradually shift from a closed-loop (i.e., with feedback) to an open-loop mode of control with practice (i.e., without feedback). Work by Pew (1966) has been interpreted as support for a shift from a closed to open-loop mode of control with practice. In Pew’s paradigm participants attempted to keep a cursor on a cathode ray tube aligned with a moving target via discrete key presses. Pew found that over 15 one-hour sessions of practice (distributed over 15 weeks) the time interval between key presses decreased from 458 ms to 292 ms. This result prompted Pew to suggest that performers shifted from a closed to open-loop mode of control during the experiment. However, as noted by Proteau et al. (1998), a control condition in Pew’s experiment where participants rapidly alternated pressing the left and right keys without consideration for the alignment of the cursor with the target yielded a much shorter inter-response interval (125 ms). With this in mind, an alternate interpretation of Pew’s results suggests that while the amount of time required for an accurate response decreased with practice, the control process was not entirely open-loop in nature. Indeed, participants may still have been utilizing feedback to achieve movement accuracy and therefore a shift to an open-loop mode of control may not have occurred in Pew’s study (Abrams & Pratt, 1993; Carlton, 1992; Proteau, 1992).
An alternative account of the role of feedback during skill acquisition is provided by the specificity of practice hypothesis (Proteau, 1992). The specificity hypothesis states that during skill acquisition performers acquire a skill representation that is reliant upon a specific source of feedback. Furthermore, the specificity hypothesis predicts that reliance upon a specific source of feedback will increase with practice, a prediction in direct opposition to Schmidt’s schema theory. It is important to note that the specificity hypothesis does not rule out the possibility that there is some underlying central movement structure to a motor skill, however, it does emphasize that for accurate movement production to occur, performers will utilise an optimal source of feedback during movement execution.

The specificity of practice hypothesis stemmed from the original work of Proteau, Marteniuk, Girouard, & Dugas (1987) investigating the interaction of practice length and visual feedback availability on manual aiming accuracy. In their experiment, participants practiced reaching to a target in either a full-vision condition in which the target and movement effector were always visible or a target-only condition in which only the target was visible. Additionally, practice duration was also manipulated so that participants performed reaches in one of the visual conditions for either a brief (200 trials over 1 day) or extended (2000 trials over 5 days) amount of practice. Following acquisition, all participants were tested in the target-only condition. The results of the experiment demonstrated that participants in the full-vision practice groups were significantly less accurate than those in the target-only groups in the transfer condition. Furthermore, the results also indicated that participants who underwent 2000 full-vision trials during acquisition were significantly less accurate than participants who performed 200 full-vision trials during acquisition. These results implied that participants became reliant upon a specific source of feedback during skill acquisition. Interestingly, the results of this study also indicated that feedback reliance increased as a function of practice during skill acquisition given that the 2000 trial full-vision group was less accurate than the 200 trial full-vision group in the transfer condition.
Since Proteau et al.’s (1987) original study, the specificity of practice hypothesis has been supported by a variety of manual aiming paradigms (Proteau, 1995; Proteau & Cournoyer, 1990; Proteau & Isabelle, 2002; Proteau & Marteniuk, 1993) and gross motor tasks (Krigolson, Van Gyn, Tremblay, & Heath, in press; Proteau, Tremblay, and De Jaeger, 1998; Tremblay & Proteau, 1998). However, support for the specificity position has been limited as some studies have failed to produce results predicted by the specificity hypothesis (i.e., Bennett & Davids, 1995a, 1995b; Robertson, Collins, Elliott, & Starkes, 1994; Whiting, Savelsbergh, & Pijpers, 1995). Specifically, one of the criticisms raised by these studies is a failure to find a difference in the amount of error between groups who experienced differing amounts of acquisition trials in the transfer condition. 
For example, a study by Tremblay and Proteau (1998) failed to demonstrate an increase in the reliance upon a specific source of feedback during skill acquisition. Despite significant effects of feedback withdrawal between an enhanced full vision (i.e., aided with a laser beam) acquisition condition to a no-vision transfer on accuracy, participants demonstrated similar levels of error in a transfer condition regardless of the length of time spent engaged in skill acquisition. While the specificity literature seems supportive of the position that performers become reliant upon a specific source of feedback with practice, it remains unclear whether this reliance upon a specific source of feedback increases as a function of practice. In other words, although reliance upon feedback importance does not seem to decrease as a function of practice, it does not always increase either.
The goal of the present research was to clarify this issue; does reliance upon a specific source of feedback increase as a function of practice or does it follow a non-linear pattern? One of the drawbacks of previous studies investigating the specificity hypothesis is that in most cases, participants experienced either a brief or extended amount of practice during skill acquisition. Therefore, it is only possible to observe decreasing, stable, or increasing sensory information utilization as a function of practice when using only two amounts of practice1. In the present study we had participants practice a throwing task in either a full-vision or no-vision practice condition for 10, 50, 100, or 200 trials during skill acquisition. Following this, all participants performed 10 transfer trials in a no-vision condition. Typically the specificity of practice hypothesis is tested in this manner; two (or more) groups of participants practice a task, one group with a particular type of feedback and the other without. Following the practice phase of the experiment both groups of participants perform a "transfer" test in the no-feedback condition (i.e., Proteau et al., 1998). Importantly, this manipulation allows a comparison between participants who experience similar feedback availability between acquisition and transfer and participants who do not. When visual feedback is being examined, the experimental manipulation usually involves the removal of visual feedback as adding visual feedback in a transfer condition is thought to provide a means for enhanced online control that may negate an existing reliance upon kinesthetic feedback (cf. Proteau, Marteniuk, & Lévesque, 1992).
In line with the specificity of practice hypothesis, we predicted that no-vision participants would be more accurate (reduced absolute constant error) and more consistent (reduced variable error) than full-vision participants in the transfer condition. Given previous results which have demonstrated feedback reliance did not increase as a function of practice (i.e, Tremblay & Proteau, 1998), we predicted that an examination of multiple practice levels would reveal a non-linear relationship between practice length and visual condition. Specifically, we predicted that in general, for no-vision participants, errors in the transfer condition would decrease as a function of the number of trials experienced during the acquisition phase of the experiment. We also predicted that errors in the transfer condition for full-vision participants would follow a non-linear relationship. Nevertheless, we expected that the specificity hypothesis would be valid after an extended amount of practice and as such we predicted that after extended practice participants would acquire a sensory specific movement representation for the throwing task (i.e., participants who experienced 200 trials of full-vision practice would demonstrate greater absolute constant error and /or variable error scores in the transfer condition relative to participants with less practice in the full-vision practice condition).
Methods

Participants

Eighty individuals ranging in age from 18 to 26 years participated in this experiment, with all having normal or corrected-to-normal vision.  All participants provided informed consent in accordance with human subjects guidelines established by the University of Victoria.

Task and Apparatus

This experiment was undertaken in a 20 m by 10 m testing room with 6 m high ceilings.  Participants were asked to throw a beanbag 3 m to a marked target location on the ground. A throwing task was chosen in the present experiment as it provided a novel opportunity to assess whether this type of task, which is typically considered as ballistic (i.e., an “open-loop” task) would be susceptible to the specificity of practice hypothesis. Indeed, there is evidence throwing relies on visual feedback (Lenoir, 2005) and it is well established that even very rapid aiming movements can be corrected within 150 – 200 ms (e.g., Desmurget & Grafton, 2000; Goodale, Pelisson, & Prablanc, 1986; Saunders & Knill, 2003; Yoshida, Cauraugh, & Chow, 2004)2. The target location consisted of a 1 m line perpendicular to the participants. A series of lines parallel to the target line were faintly marked at 5 cm intervals in both directions to allow assist with data collection (see Figure 1). For each experimental trial, the distance between the beanbag and the target line was recorded in the primary throwing axis (i.e., amplitude error). Absolute constant error was recorded as a preliminary analysis of the data revealed that there were patterns of target under-shooting and over-shooting on subsequent trials and between participants. As well, following data collection, variable error (VE) was also calculated for each participant for each condition (see below). Participants were instructed to use an underarm throwing technique with each trial starting from a checked position with the throwing arm at the side of the body. During no-vision (NV) trials participants wore a pair of blacked-out swimming goggles to occlude vision.

Procedure

Eighty participants completed 10, 50, 100, or 200 acquisition trials in either a full-vision (FV) or no-vision condition (NV) resulting in eight experimental groups (n = 10): FV10, FV50, FV100, FV200, NV10, NV50, NV100, and NV200. Participants assigned to FV groups practiced the throwing task under normal visual conditions.  Participants assigned to NV groups practiced the throwing task while wearing the blacked-out goggles; however participants had vision of the target before and after each trial.  In other words, NV participants viewed the target, lowered their goggles, made their throw, and then raised their goggles for each acquisition trial. As such, during acquisition NV participants had knowledge of their results after each trial. 

Immediately following the last acquisition trial participants in all groups performed a transfer test that consisted of 10 NV trials. The NV transfer trials differed slightly from the NV acquisition trials as vision of the target was only allowed before each transfer throw. Following each transfer trial, the experimenter recorded spatial accuracy and returned the beanbag to the participant to remove any performance feedback from the transfer condition.  Dependent variables used in this study included absolute constant error and variable error in the primary movement direction (i.e., the main axis of the throwing movement).

Results

To ensure that all of the practice groups started at a similar level of performance, within each visual condition we submitted the absolute constant error associated with the first acquisition block (i.e., the first 10 trials) to an ANOVA. These analyses did not indicate a difference in absolute constant error during the first block of acquisition for either FV (F(3,36) = 1.59, p > 0.05) or NV (F(3,36) = 1.58, p > 0.05) participants.

Acquisition Results

We conducted trend analyses to determine whether participants in the 10, 50, 100, and 200 acquisition trial conditions improved their accuracy (absolute constant error) or consistency (variable error) as a function of practice. The results of the trend analyses for absolute constant error indicated that none of the practice groups significantly improved their accuracy during the acquisition phase of the experiment (see Table 1). In terms of variable error we found that the FV50, NV50, FV100, NV100, FV200, NV200 groups improved their consistency as a function of practice. Variable error was not reduced with practice for the FV10 and NV10 groups (see Table 1 and Figure 2 for more detail). In other words, our results indicated that for participants with more than 10 acquisition trials of practice endpoint variability was significantly reduced with practice.
Transfer Results
Data collected in the transfer test for each dependent variable were subjected to a 2 Practice Condition (FV, NV) by 4 Practice Length (10, 50, 100, 200) between-subjects ANOVA. Post-hoc comparisons were made for significant main effects and interactions using Tukey’s HSD method. The analysis of absolute constant error in the transfer condition revealed a significant main effect for practice length, F(3,72) = 3.10, p < 0.05. However, a post-hoc analysis of this main effect using Tukey's HSD method failed to yield a significant difference for absolute constant error relating to practice length (see Figure 3, top panel).

Analysis of variable error yielded an interaction between practice condition and practice length, F(3,72) = 5.19, p < 0.01. Post-hoc analysis of this interaction revealed that for FV participants there was a decrease in variable error from the FV10 to the FV50 group (p < 0.05), however, variable error increased from the FV50 to the FV200 group (p < 0.05) in the transfer condition. For NV participants variable error in the transfer condition decreased as a function of practice (p < 0.05) (see Figure 3 bottom panel for more detail). Interestingly, while these data suggest a linear relationship between variable error and practice length for no-vision participants, the results demonstrate a non-linear relationship between variable error and practice length for full-vision participants. Specifically, this non-linear relationship comprised an initial decrease in variable error (from 10 to 50 acquisition trials) followed by an increase in variable error (from 50 to 200 trials) for FV participants.
Discussion

Previous studies investigating the specificity of practice hypothesis have not always been able to demonstrate that reliance upon a specific source of feedback increases with practice (i.e. Proteau et al., 1987; 1998). In the introduction we speculated that one explanation for the discrepancy in findings may be that participants had not been exposed to sufficient practice to develop a sensory specific movement representation during skill acquisition. Furthermore, we postulated that the relationship between feedback reliance and time spent in acquisition may be non-linear in nature. As such, the goal of the present study was to determine how the amount of time spent in practice modulates the formation of a sensory specific movement representation. 
During the acquisition phase of the present experiment, absolute constant error decrease in relation to the time spent in acquisition. However, variable error decreased as a function of practice in both visual conditions. This result is not surprising as many previous studies have demonstrated improvements in consistency as a function of practice (see Schmidt & Lee, 1999, p. 358-363). In this type of task one would think that performance improvements during the acquisition phase of the experiment would be revealed by improvements in consistency, a result which we did observe and suggests that participants learned the practiced task.
The accuracy data (absolute constant error) from the transfer condition in the present experiment did not yield results consistent with the specificity hypothesis. Indeed, no difference was seen at all between the practice groups, a non surprising result given the lack of improvement in absolute constant error during the acquisition phase of the experiment. However, the analysis of variable error in the transfer condition did reveal a pattern of results consistent with the specificity hypothesis. Specifically, we found that the withdrawal of visual feedback in the transfer condition resulted in an increase in variable error for participants who had extended practice with vision (i.e., the FV200 group), but not for those participants who had extended practice in a condition similar to that of the transfer condition (i.e., the NV200 group). As such, our results for the 200 trial practice groups support the specificity of practice hypothesis and are similar to previous findings demonstrating participants develop a sensory specific movement representation with practice (i.e., Proteau, 1992; Proteau et al., 1987; 1998). The variable error results for NV participants as a whole are in line with the specificity position whereas the results for FV participants reflect an initial decrease in visual feedback importance (i.e., FV50 and FV100 groups relative to the FV10 group), which is apparently followed by an increase in visual information utilization (i.e., FV200 participants). This pattern of results could explain why only some of the previous studies exploring the specificity of practice hypothesis found that reliance upon feedback increased as a function of practice. As such, using only two amounts of practice to assess sensory information utilization is unadvisable as significant effects may be concealed due to due to non-linear changes in the practice-feedback relationship.
A Dual Process Account of Skill Acquisition
Interestingly, in the present study we found that throwing performance consistency (variable error) in the transfer condition improved from 10 to 100 trials of practice independent of the type of feedback available during skill acquisition. Conversely, after 200 trials of practice our results indicated that participants had acquired a movement representation reliant upon a specific source of feedback. At first glance these results seem to be partially in opposition to the specificity of practice hypothesis; however, we believe they are understandable if one considers a dual process account of skill acquisition. Khan, Franks, and Goodman (1998) have proposed that during skill acquisition participants improve both their control strategy (i.e., the motor program) and the efficiency of feedback processing. In line with Khan et al’s hypothesis, several studies (Park & Shea, 2003; Wright & Shea, 2001; Wulf & Schmidt, 1989) have demonstrated that during the early stages of skill acquisition participants in different experimental conditions demonstrate similar movement patterns, however, as practice continues, the movement representations begin to acquire characteristics specific to the practice condition experienced.

We believe our results support a dual process model of skill acquisition (i.e., Khan et al., 1998). However, our results suggest improvements to the control strategy and feedback processing occur—at least partially—in a sequential order. First, during the initial phases of learning the control strategy (i.e., the motor program) for the task is stabilised. This idea is supported by the fact that performance variability in the transfer condition decreased in relation to time spent in acquisition (from 10 to 100 trials of practice) for and FV and NV participants. After these initial phases of learning (or perhaps at some point after amendments to the control strategy are underway), the efficiency of feedback processing is improved and the movement representation for the task becomes reliant upon a specific source of feedback. In other words, during the later phases of skill acquisition the specificity of practice hypothesis is valid and participants acquire a sensory specific movement representation. This second stages is supported by the fact that NV200 participants were significantly less variable than FV200 participants in the transfer condition. Further research is needed to investigate this dual process model of skill acquisition with regard to the timing of sequential adjustments to central control and feedback utilization optimization.
Another interpretation of our results is that the initial decrease in reliance on visual feedback (i.e., FV10 vs. FV50 & FV100) may reflect improved parameterization of the motor program based on all available sources of information. After 100 trials of practice, further parameterization improvements in performance reflect an increasingly selective use of the most accurate source of information (see Tremblay & Proteau, 1998, i.e., the FV200 group in the current experiment), leading to an increasing reliance on visual feedback and a corresponding increase in endpoint variability. Importantly, both of the hypotheses (i.e., the dual process model of skill acquisition and improved parameterization of the motor program) explain why some of the previous studies investigating the specificity hypothesis did not find differences in endpoint errors between experimental groups that experienced differing amounts of acquisition trials. In these instances, participants may still have been trying to improve their control strategy and were not yet at a point to improve their use of sensory feedback. Conversely, it may be that in previous studies (e.g., Tremblay & Proteau, 1998) there may not have been a sufficient number of acquisition trials separating the experimental groups for the movement representation to become attuned to a specific source of feedback. 
In conclusion, the results of the present study provide an explanation as to why previous research investigating the specificity hypothesis has failed to find differences in movement errors related to the time spent in acquisition. Furthermore, the results of the present study stress the importance of using more than two levels of practice in assessing sensory information utilization as a function of practice. Our results support the specificity of practice hypothesis but suggest that the specificity hypothesis is only valid after sufficient practice. Finally, our results allow us to suggest that improvement in feedback utilization only occurs after the control strategy for a movement is optimized. 
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Footnotes
1.
Further, the terms utilized to describe the amounts of practice may be misleading as how does one know how many trials compose a “brief” or “extended” amount of practice?

2.
Pilot data in the present experiment indicated a movement time between 750 and 1000 ms for the throwing task.
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Trend analysis indicating the F-statistics for absolute constant ertor (ACE) and variable error (VE) as &
function of practice block during skill acauisition

Practice Visual Condition
Length FullVision No-Vision
ACE VE ACE VE
10 1.12 026 025 453
50 085 6667 081 8057
100 081 623 094 540
200 1.09 6.46" 081 26517

Note: Asterices indicate signiicance,  indicates p < .05, = indicates p < 0.01, = indicates p < 0,001

All reported trends are lingar.





Figure Captions

1.
Diagram of the experimental setup. Note that the scoring lines were marked faintly on the floor so as to not be visible to participants.

2.
Acquisition variable error (cm) as a function of visual condition and practice block for 10 acquisition trial participants (top left), 50 acquisition trial participants (top middle), 100 acquisition trial participants (top right), and 200 acquisition trial participants (bottom).

3.
Transfer absolute constant error (cm) as a function of acquisition visual condition and practice length (top panel). Transfer variable error (cm) as a function of acquisition visual condition and practice length (bottom panel). Error bars represent the standard error of the mean.
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