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Abstract

The challenge-point framework as a model for thinking about motor learning was first proposed in 2004.
Although it has been well-cited, surprisingly this framework has not made its way into much of the
applied sport science literature. One of the reasons for this omission is that the original framework had
not been encapsulated into a paper accessible for sports practitioners. The framework had mostly a
theoretical focus, providing a mechanistic summary of motor learning research. Our aims in this paper
were to explain and elaborate on the challenge point framework to present an applied framework
guiding practice design. We connect the framework to other theories that involve predictive coding,
where information is attended when it disconfirms current predictions, providing a strong signal for
learning. We also consider how two new dimensions (learners’ motivation and practice specificity) need
to be considered when designing practice settings. By moving around the different dimensions of
functional difficulty, motivation, and specificity, coaches can optimize practice to achieve different
learning goals. Specifically, we present three general “types” of practice: practice to learn, to transfer to
competition, and to maintain current skills. Practical examples are given to illustrate how this framework

can inform coach practice.
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Introduction

In this paper, we outline the challenge-point framework as a model of motor learning (Guadagnoli &
Lee, 2004) and expand this framework to apply to sports coaching. The original framework outlines how

|”

the difficulty of a task (“nominal” difficulty), needs to be considered with respect to how challenging
that task is for the individual (“functional” difficulty). The framework was developed based mostly on
empirical knowledge garnered through research on practice organization and the contextual
interference effect as well as augmented feedback and issues of feedback guidance. In particular,
principles developed in the challenge framework were based on distinctions and dissociations noted
between immediate gains in practice (i.e., performance effects) and long-term learning, as assessed
through retention and transfer designs (for a relatively recent discussion of these distinctions see Kantak
& Winstein, 2012). According to the framework, increased difficulty during practice might be

detrimental for performance in the short-term, but is ultimately beneficial for learning in the long-term

(Guadagnoli & Lee, 2004).

The challenge-point framework nicely complements ideas inherent to deliberate practice theory
(Ericsson et al., 1993). This is a theory of long-term skill acquisition where accumulation of playing
experiences are eschewed in favour of specific types of practice experiences designed to improve
performance). The challenge-point framework is also highly compatible with ideas concerning desirable
difficulties for learning (e.g., Bjork, 2017; Bjork & Bjork, 2011) and cognitive load theory (e.g., Paas et al.,
2010), developed and researched mostly in educational domains to explain learning and memory
effects. In discussing this challenge framework, we also draw upon behavioural-neuroscience ideas
concerning predictive coding (e.g., Hutchinson & Barrett, 2019) and reward predictions (Caplin & Dean,
2008; Hikosaka et al., 2008). This helps us to situate the framework with other psychological theories, in
terms of the individual as a predictive system who learns when informational expectations are violated.

Our goals are therefore twofold; to champion the challenge-point framework as an empirically based



philosophy for coaching design and expand upon the original framework with respect to difficulty and

the various goals of coaching that impact practice.

In this review, we will start by providing a summary of the challenge point framework as it was
originally articulated (Guadagnoli & Lee, 2004). We then have three main points where we elaborate on
the original framework, seeking to improve its translation to coaching practice. First, with respect to
application, we must recognize that although difficulties or challenges in practice can be beneficial for
learning, such challenges can also have motivational “costs”. These costs are a product of introducing
more errors into practice and performance. There is a vast literature linking perceptions of competence
and the meeting of competence needs to motivation (e.g., Deci & Ryan, 1980, 2012; Elliot & Dweck,
2013; Ryan & Deci, 2000), particularly in sports (e.g., Rottensteiner et al., 2015). Reduced motivation has
negative effects on learning because learners may stop practicing sooner (Lee & Wishart, 2005) and
because reduced motivation might make learning less effective in and of itself (Abe et al., 2011; Wulf &

Lewthwaite, 2016).

A second point regarding the challenge point framework and coaching is that not all difficulties
are equally beneficial for learning (Bjork & Bjork, 2011, 2020; Hodges & Lohse, 2020). It is not difficulty
in and of itself which is good for learning but the psychological processes which are engendered by the
difficulty. These types of process difficulties have been termed “desirable” because they beneficially
enhance encoding of information and its retrieval (Bjork & Bjork, 2011). We suggest that a key factor in
determining which difficulties are desirable is practice specificity (Healy & Wohldmann, 2012); that is, do
the constraints of practice match those likely to be encountered in competition? For instance, task
speed is likely only to be a desirable difficulty if response time is constrained in competition (Hodges &
Lohse, 2020). A number of conditions of practice have been shown to impact on learning and transfer

based on the match between the two scenarios, such as training under conditions of anxiety (e.g.,



Lawrence et al., 2014), matching of visual conditions during practice and test (Proteau et al., 1992) and

maintaining of perception-action links integral to the task (e.g., Pinder et al., 2009).

Our third point regarding coaching implications of the challenge framework is that the dynamic
nature of the competitive environment makes the “optimal” difficulty for an individual (or team) a
moving target across practice sessions or across seasons (see also Lohse & Hodges, 2015 where practice
decisions are discussed with respect to different timescales of practice). The difficulty of a particular
practice scenario can change in the short-term, perhaps due to fatigue or arousal, as well as over the
long term as a result of learning. Moreover, goals of practice may change, such that at times it may be
beneficial to practice with high functional difficulty to optimize learning and improvement; at other
times it may be beneficial to practice with lower relative difficulty, reinforcing successes and promoting
competence. We elaborate on and provide evidence for each of these issues below but ultimately, we
suggest that coaches can manipulate functional difficulty, motivation, and specificity to optimize

different practice goals.

Broadly, we conceptualize these goals as three different “types” of practice: practicing to learn
(forsaking short-term performance with the goal of long-term learning), practicing to transfer
(maintaining high levels of difficulty and specificity to facilitate transfer of acquired skills to
competition), and practicing to maintain (reducing the difficulty to retain existing skills and growing
athlete’s perceptions of their own competence). Although retention and transfer are often used
interchangeably as “markers” of learning (e.g., Schmidt & Lee, 2019), here we distinguish the two as
they may differentially impact practice decisions. There are situations where learning can occur, but that
the output of that experience is limited to a narrow set of conditions with no or only partial transfer to
other, desirable situations, such as competition. For example, in perceptual-skills training, where
individuals are trained to respond to videos occluded in time in order to encourage anticipation, there is

evidence of learning (i.e., pre- to post-test improvements on the practised task), but limited evidence of



improvements under game-like conditions (e.g., Smeeton et al., 2005). It is likely that for continued
learning and transfer, practice conditions need to increase in their specificity to the game, with
experiences that scaffold on an initial relatively narrow set of practice/performance conditions.
Although transfer may always be the ultimate goal of practice, practice decisions may be more or less

skewed to this consideration.

In the final sections of the paper, we discuss some applied examples of how concepts related to

our extended challenge framework can be applied in coaching practice.

The Challenge Point Framework for Optimizing Learning

Motor learning research, based on the learner as both an active and passive processor of information,
resulted in the challenge point framework back in the early 2000s (Guadagnoli & Lee, 2004). In this
paper, the authors provided a conceptual framework for thinking about motor performance (what is
seen at the current time or at the end of a practice drill) as different from learning (what is observed at
later time points, after time has passed). The framework was based on empirical research from multiple
lines of study, in order to give some prescription for effective practice design. In addition to distinctions
between present performance and later learning (dissociating between the two with respect to practice
conditions), the framework was developed based on evidence showing that a more nuanced approach
to consideration of practice effects is necessary, one that is sensitive to individual differences. The
optimal challenge point is one that is individually suited to the learner to challenge their current level of
performance to maximize opportunities for learning. This challenge is conceived as opportunities for
acquiring novel information in the practice environment, whereby new information is viewed as the
catalyst for change and ultimately improvement and learning. The challenge framework was formulated
based on ideas related to effortful practice and evidence that cognitive effort related to planning,

memory, and processing of information is a prerequisite for learning to take place (Lee et al., 1994).



There are three basic principles related to the challenge point framework that can be used to
design practice. The first is that new information (or a degree of uncertainty), is needed in practice for
long term improvements in the current level of skill. In this way, learning is a problem-solving process
where information is used to adapt behaviour and learn over the long term. The second principle is that
an “optimal” level of difficulty or challenge is needed to get this information based on pre-existing
capabilities. It is not merely new information but useable information that is needed. A learner's
information processing capabilities limit the amount of potential information that is interpretable.
Related to this last point, is the third principle, that an appropriate level of challenge is dependent on
the athlete’s skill/experience and their information processing capacity relative to the demands of the
task.

Individual differences can make a task more or less difficult for each person, referred to as a
task’s functional difficulty (Guadagnoli & Lee, 2004). Although functional task difficulty was conceived as
the task’s actual difficulty in relation to the athlete, it could also be thought of as the task’s perceived
difficulty. Perceived difficulty can vary over attempts within the same athlete or between individuals of
similar levels of skill. Nominal task difficulty, however, is a more objective property of the task, which
remains the same regardless of the person (Guadagnoli & Lee, 2004). Because the same skill or role will
be more or less challenging for different individuals, this is why functional task difficulty (actual or
perceived) is such an important concept. For similar ideas about individual appropriate cognitive load
based on the task demands see Paas et al. (2003).

There are some striking examples of differences between learning conditions dependent on
whether the effects are measured during practice or in a retention or transfer test. A well-known
example is the contextual interference effect (for reviews see Magill & Hall, 1990; Lee, 2012; Wright &
Kim, 2020). In the extreme example of the contextual interference effect, two groups are compared that

practice different motor skills (usually three skills, such as different serves in tennis or different shot



types in basketball). These skills are practised in either a repeating blocked order, as is typical of many
practice drills, or in an interleaved random schedule, more typical of competitive-game like scenarios.
The common outcome is that of performance or practice advantages for the easier blocked practice
group, in terms of faster improvement on each of the repetitively practised skills. The interleaved group
typically takes longer to reach a similar level of attainment as the blocked group by the end of practice.
Stated another way, there are typically advantages for the blocked practice group in terms of rate of
acquisition and apparent ease of learning and sometimes also advantages in the level of performance
attained at the end of a practice bout. However, when performers are brought back for retention testing
days, weeks, or months later there is an interesting reversal in the results. The once successful blocked
group shows poorer retention than the random practice group. The difficulty of the practice
encountered by the random group has led to delayed improvements (also termed offline gains) when
this group is assessed at a later date. For a stylized example of this kind of cross-over effect in a motor
learning study, see Figure 1. Learning advantages for more randomly ordered practice conditions have
also been observed when individuals organize practice of similar actions, but at different distances. For
example, Buszard et al., (2017), had tennis players practice the same serve, but at different points on

the court in a random order, what they referred to as within-skill variability.
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Figure 1. Abstract figure showing the typical reversal effect from a contextual interference study.
Randomly scheduled practice is more difficult than blocked scheduled practice, so performance is worse
during practice. However, randomly scheduled practice leads to better long-term learning, so there is a
reversal in performance on the delayed post-tests (also called retention/transfer tests). Notably, the
learning benefit of randomly scheduled practice is seen across both blocked and random formats.
However, there is also often a specificity of practice effect such that each group does better in the
testing format that matches their practice condition.

What is particularly interesting about these practice order effects is the sense of fluidity and
apparent feeling of learning which accompanies people who practice under repetitive, drill-like, blocked
practice conditions (e.g., Simon & Bjork, 2001). Fast gains in practice give the impression that learning is
taking place, even though faster acquisition is not necessarily good for long term learning (e.g., Farrow
et al., 2018; Wadden et al., 2019). When participants who study under blocked conditions are asked
how well they will do at a future time, they show optimism in their retention capability, compared to
people who study under random conditions. This sense of learning which accompanies rapid gains in
practice is despite data gathered from retention tests, which show the opposite pattern (e.g., Koriat &

Bjork, 2005; Simon & Bjork, 2001). Performance-learning dissociations between what appears to be the

case in practice and what is evidenced at a later practice or in competition are not isolated to challenges



in the order in which skills are practised nor to just the learning of motor skills. For example, attempting
an action before being shown what to do, spacing out practice of different skills to make them harder to
recall, and self-testing, are all methods which serve to bring what have been referred to as desirable
difficulties into practice. These methods are often at the cost of slower rates of improvement but to the
benefit of learning across multiple settings (Bjork & Bjork, 2011, 2020).

Differences between performance and learning were nicely illustrated in the challenge-point
paper by Guadagnoli and Lee (2004) in terms of two different relationships between these concepts and
challenge (see Figure 2A-C for a conceptual illustration). When challenge is low performance is good. Of
course, as challenge gradually increases, performance starts to drop off. Although this challenge-
performance relationship was conceptualized in a curvilinear function with slower decreases at first and
more rapid decreases at high challenge, the shape of the function is dependent on both the type of skill
and the type of challenge. In general, more challenge equals worse performance and less challenge
equals better performance. When learning is considered, however, a different relationship is
conceptualized. When there is little to no challenge, then there is little to no learning, which we refer to
as “comfortable” difficulty in the grey zone Figure 2A. This does not mean that there is no difficulty or
even low difficulty, just low difficulty relative to the athlete’s current skills. As relative challenge starts
to increase, this is where learning starts to happen, Figure 2B. Importantly, this relationship between
challenge and learning is not linear, but is considered to be an inverted U shape, whereby too much

challenge is also bad for learning, what we refer to as “punishing” difficulty in Figure 2C.
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Figure 2. A conceptual illustration of the challenge point framework (Guadagnoli & Lee, 2004), at three
different levels of functional difficulty and performance (A, B and C). As functional difficulty increases
(panels from A-C), performance (dashed line) decreases monotonically. This potential decrease in
performance is denoted by the grey dot in the three panels. In contrast, the relationship of functional
difficulty to amount of learning is denoted by the solid line displaying an inverted U shape. There is a
theoretical “optimal” point or zone of difficulty at which learning is maximized (panel B), but learning is
low when functional difficulty is too low (A) or too high (C). Note that the terms, “comfortable”,
“optimal”, and “punishing” (A-C, respectively) are our own terms for qualitatively describing different
levels of functional difficulty relative to learning.

What is desirable for learning is what is referred to as the optimal challenge point, but might be
better conceptualized as an optimal challenge “zone”. The term “zone” is more encompassing of a range
where difficulty and performance are optimal for learning. The zone where learning is (hypothetically)

IN

maximized is when performance has started to drop-off, termed “optimal” difficulty in Figure 2B.
Importantly, there is some decrease in performance, but not too much that the challenge overburdens
the learner. Conceptually at least, by adjusting the difficulty of practice, we can find the optimal place at
which learning will be greatest. It is in this new zone where learning can now take place because of the
availability of new, unexpected information. Before and after this place, challenge with respect to
learning is sub-optimal, not difficult enough so that no new learning is taking place, or too difficult and
overwhelming in terms of the demands on the athlete such that it is difficult for learning to take place.
Although the challenge point framework is one that is based on the individual learner, we think it could
also be considered at a team-level. Practice can be structured for the team, such that the team is
challenged and errors occur to create team learning opportunities (although of course ultimately the
learning occurs at an individual level). Moreover, the learning effects may be related to both the
physical acquisition of skills or the learning of perceptual-cognitive skills related to anticipation and
decision making (e.g., Broadbent et al., 2015).

The general goal of the challenge framework is helping people in motor skill acquisition to
appreciate the role of difficulty in learning. If athletes are to do more than maintain their current level of
skill, then there is a need to get them out of their comfort area, where they know what to expect and
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how to respond and where there is little-to-no new information to be gained from practice. For
beginners, the availability of new information is high at relatively low levels of challenge. Even a low
amount of difficulty for beginners will create uncertainty and lead to situations where new information
is available for learning (as illustrated in Figure 3 for the hypothetical novice). In order to help make this
new information useable, the coach often provides a valuable role in helping direct attention and
determine key information. This help may be through adapting of task-specific constraints, changing
rules or augmenting practice through verbal instruction or video (e.g., Hodges & Franks, Renshaw et al.,
2010, 2019).

As individuals increase in their skill, the amount of information available for learning starts to
shrink. For skilled individuals, a relatively high degree of difficulty is needed to bring new information
and uncertainty into the practice environment (as illustrated for the intermediate and skilled
hypothetical performer in Figure 3). For more skilled performers, situations need to be created which
stretch the players capacities, so that they gain new “information” to improve and learn (the green

triangle on the far right of Figure 3).
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Figure 3. lllustration of the hypothetical relationship between information availability, or what we refer
to as task uncertainty, and task difficulty, as a function of skill level. For novices, even low levels of
nominal task difficulty create rich learning situations where information and uncertainty are both high
under these relatively low difficulty conditions. For intermediates, less information or uncertainty is
available when difficulty is low, but as difficulty increases the amount of potential information from the
situation to learn should rapidly increase. For a more skilled individual, low and medium difficulty
practice conditions do not create situations of uncertainty where information is available for learning.
High levels of difficulty are needed to garner such situations, where there is novelty and a degree of
uncertainty.

The relationship of challenge to the concept of (novel) information is critical to the challenge-
point framework. It underlines how challenges should be considered with respect to the availability and
usability of information and how this will differ between individuals. Information should be considered
in its broadest terms and may be something intrinsic to the environment or the learner. For example, if
we think about the simple motor act of jumping, jumping a particular way results in a particular height
or kinesthetic feeling. These information sources can also be supplemented by the coach, such as video
feedback of the jump or instructions about aspects of the jump. As such, information can be naturally
occurring or augmented. Information can also be processed at various levels, with and without
awareness on the part of the learner (e.g., Janacsek & Nemeth, 2012; Taylor et al., 2014). When we act
there is thought to be a corollary of this action plan (termed efference copy), which enables ‘forward
model’ predictions about the action’s expected sensory consequences operating largely outside of
awareness (Kawato et al., 2003; Wolpert & Flanagan, 2009). Expectations (and forward models) improve
with practice and we become better at generating accurate predictions about how a movement will feel,
look or sound. Before this point, action plans and associated predictions are poor, with a high tolerance
for variability and low attunement to key sources of sensory information for accurate execution
(Shadmehr et al., 2010).

Under conditions of uncertainty, information is sought and attended because it is new or

unexpected and gives value to the performer. In the challenge-point framework, this uncertainty was

linked to both the action plan (i.e., what to do) as well as to the sensory consequences (i.e., what will
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happen/how will that feel). When there is uncertainty in what is being performed, information matters
and opportunities for learning are enhanced. There is a considerable amount of empirical research
linking learning to expectations and in particular the violation of expectations (e.g., Hajcak & Foti, 2008;
Hutchinson & Barrett, 2019; Miall & Wolpert, 1996). When our expectations are violated, particularly
expectations about how a movement will feel and look, the motor system detects such violations and
uses them as a signal for learning. When our expectations are met, our internal models of the world are
reinforced and no change is needed. Note that people do not need to be explicitly aware of this
constant prediction, but errors in prediction can lead to awareness, especially if these predictions are
more outcome/target focused rather than on incoming sensory information (e.g., Huberdeau et al.,
2015; Meijs et al., 2018; Pinto et al., 2015).

We can take the example of the jump one step further (so to speak) to illustrate the relation
between information and uncertainty. For a relatively novice long jumper, who is learning to relate their
technique to their outcome, there is considerable uncertainty in how they execute the jump and in what
they expect a successful jump to look and feel like. Because of the uncertainty at many levels and the
high potential for new information as expressed through variability in the execution and outcomes,
optimal conditions may be those that serve to reduce the uncertainty or challenge. This reduction can
be through focused instructions or simplified task conditions (perhaps a wider take-off zone), narrowing
attention to other aspects of the jump. Similarly, a coach’s feedback can help with what has been
termed the “credit assignment problem” (an important component of motor learning identified in
reinforcement learning models, Sutton & Barto, 2018). The coach can help a learner make sense of the
multiple information sources, attributing a particular outcome to a particular facet of the take-off
technique for example.

For a more experienced long jumper, uncertainty is lower in both the movement parameters

and the kinematics of the jump they produce. Thus, creating new information to promote learning may
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require introducing variability (e.g., varying approach distance), or elaborating on current information
about their landing footfall in relation to the take-off board (providing more detailed mechanical
feedback than intrinsic proprioception alone provides). We can consider this latter situation as one of
increasing challenge as the learner now needs to learn how to interpret and translate self-referenced
video feedback to the actual adaptations they make when jumping. Because such feedback about
footfall is not available in competition, the performer will need to learn how to interpret for themselves
whether they have taken off at a desired point (and what they need to do to achieve this goal). In this
way, reducing feedback from the coach, providing it sparingly or intermittently, serves to guide the
learner to new sensory information, where they are forced to attend to other naturally available
information to determine how to step and take-off for a successful jump. This principle of reducing
external feedback to facilitate learning is heavily grounded in years of empirical research related to the
guidance hypothesis (Salmoni et al., 1984; Liu & Wrisberg, 1997; Winstein & Schmidt, 1990). Instruction
or feedback is often needed at certain points in the learning process, but its presence can distract
attention from other sources of information and processing activities necessary for long term learning
and independent performance.

In many ways, the challenge point framework could be considered a meta-theoretical
framework of motor learning, which encompasses theoretical explanations for a broad range of practice
effects; ranging from contextual interference, to physical and feedback guidance effects as described, to
distributed practice and self-directed learning benefits (Donovan & Radosevich, 1999; Sanli et al., 2013
respectively). It also aligns with a more global theory of skill acquisition applied to expert performance,
that of deliberate practice (Ericsson et al., 1993). In the deliberate practice framework, the acquisition of
high-performance skill is thought to be a result of many hours of highly effortful and attention
demanding practice, designed with the primary purpose of improving performance beyond the current

level (i.e., learning). This type of practice is not necessarily inherently enjoyable, though it is frequently
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judged as satisfying and rewarding (Coughlan et al., 2014; Hodges et al., 2004; Ward et al., 2007).
Although deliberate practice theory is mostly agnostic to the specific types of methods which best bring
about high performance, beyond specifying the need for (coach-designed) feedback, it is based on the
empirical study of skill acquisition and principles of practice which are inherently mentally effortful (for
recent reviews see Ericsson & Pohl, 2016; Ericsson, 2020).

In applying the challenge framework to coaching, we have taken the liberty of extending this
framework and notions of challenge to additional goals of transfer and maintenance, where challenge
can be conceived of more broadly than that related to cognitive effort. We are not suggesting that
transfer is not an inherent goal of practice to learn, but it may not be the primary goal, or it may be
sacrificed when difficulties associated with meeting competition demands exceed current capabilities.
With respect to the goal of transfer, demands and challenges are primarily designed to match those
encountered in competition. This matching may or may not result in similar types of practice to those
based on the goal of learning. Moreover, because learning is not always the goal of practice, we also
consider the challenge framework with respect to the need to reinforce current skills and maintain
current performance. Although these three goals of learning, transfer and maintenance are rarely
independent and should be thought of in terms of priorities, rather than either/or decisions, the
different goals are likely to have different implications for structuring practice. Hence, being cognizant of
the primary goal when designing practice matters for design.

Informational Benefits versus Motivational Costs

By increasing the functional difficulty of practice, we expect to see a decrease in performance
(Figure 2A-C). This decrease may come in the form of reductions in accuracy, slower and more variable
movements, or both (e.g., Schmuelof et al., 2012). These potential errors are definitely a valuable
learning signal (Sanli & Lee, 2014; Albert & Shadmehr, 2016), as the information gleaned from

unsuccessful attempts can be used to adjust and refine future movements. However, we also need to
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consider the potential motivational costs of errors for both the learner as a person with psychological
and safety needs and for learning as a physiological process.

Referring back to Figure 2 where we discuss three types of practice difficulty, some parallels to
motivation can be made. Clearly punishing difficulty is likely to bring about frustration, confusion and be
demotivating for an individual. Both comfortable difficulty and optimal challenge can be motivating or
not motivating, but likely for different reasons. In the former case, comfortable difficulty can help to
meet the needs for competence, but it also has the potential to be boring, especially if no new learning
is taking place and individuals are under-challenged (e.g., Acee et al.,2010; Krannich et al., 2019). In the
latter case, optimal difficulty can bring about unexpected rewards or close misses, serving to engage the
learner (e.g., Clark et al., 2009; Lazzaro, 2005). However, failing or making errors has motivational costs
in terms of persistence (e.g., McAuley et al., 1991), especially as the optimal zone for learning
approaches punishing difficulty. We speculate that small challenges for small periods of time can keep
motivation high, balancing the benefits of errors for learning against their costs in motivation.

Performance errors can have both psychological and physiological costs (e.g., Hajcak & Foti,
2008). In a group setting (like team sports), this aversion can be compounded by the social
consequences of making errors in front of peers, which can create tremendous psychological pressure
(e.g., Sagar et al., 2007). As noted earlier, feelings of competence are important for keeping athletes
engaged in the short and long-term. In many sports, there is also real danger of pain or injury from
making errors (e.g., skiing, skating, gymnastics), so athletes may shy away from errors to avoid risking
both psychological and bodily harms (e.g., Chase et al., 2005; O’Neil, 2008). Awareness of these
potential trade-offs when introducing challenges and their associated performance dips is important.
We discuss some examples of how to balance informational benefits with motivational costs below. One
step that is likely to be important for this balance is in creating a culture where athletes feel comfortable

exposing their weaknesses, performing under novel conditions where successes are not guaranteed, and
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engaging in practice conditions which are challenging (see “Practice-to-Learn” below and also Yan et al.,
2020 who discuss growth mindsets as important precursors to engaging in difficult practice).
Additionally, physical safety of the athletes is always paramount, so coaches need to take extra steps to
ensure that precautions are taken when increasing difficulty can increase risk of injury.

For learning as a process, there is also growing evidence to suggest that reduced motivation can
have a direct negative impact on learning (e.g., Wulf & Lewthwaite, 2016; Ma et al, 2017). Thus, when
practice difficulties increase, it is important to take protective steps to ensure motivation by promoting
competence, autonomy, and social relatedness (Deci & Ryan, 2012). For instance, when practice is more
difficult and errors more common, coaches can promote competence by providing feedback specifically
after relatively good attempts rather than poor attempts (e.g., Chiviacowsky & Wulf, 2009). Coaches can
also focus on self-comparisons (i.e., how is an athlete improving relative to themselves a month/ year/
season ago, perhaps through video feedback) and try to minimize social-comparative feedback to
teammates (e.g., Avila et al., 2012). Coaches can also promote autonomy by allowing and encouraging
athletes to have some control over their practice environment. This may be letting athletes choose
when/ how to increase difficulty (Leiker et al., 2016; Leiker et al., 2019) or receive feedback (Abbas &
North, 2017; Carter & Ste-Marie, 2017; Ste-Marie et al., 2020). It is also important to develop the right
mindset for engagement in practice, such that failures do not lead to athletes giving up (Dweck, 2008;
Yan et al., 2020). When individuals believe that improvements come about through hard work and not
innate talent (i.e., growth mindsets), individuals persist under challenging conditions for longer (e.g.,
O’Rourke et al., 2014) .

Much of the recent thinking about motivational impacts on motor learning are influenced by
research into the effects of rewards on learning and physiological processes that take place between
practice sessions (Robertson, 2019). The term “consolidation” refers to the long-term process of

strengthening memories created in practice into longer more durable forms which can be recalled at a
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later date (e.g., McGaugh, 2000). Consolidation is more than just instantiating information, but actually
transforming information through the continued learning which takes place once practice has stopped
(e.g., Robertson, 2019) and it is particularly sensitive to long periods of rest involving sleep (e.g.,
Diekelmann & Born, 2010; Walker et al., 2003). Rewarding activities through feedback, praise and
physical incentives helps to promote the consolidation of motor skills, which is thought to be mediated
by increases in dopamine during the practice session (e.g., Abe et al., 2011; Galea et al., 2015; Schultz,
2017). Because dopamine is implicated in memory consolidation, designing learning situations which
create opportunities for success/reward, particularly unexpected success, should be an important
consideration. Unexpected successes appear to be especially rewarding and are strongly linked to
behaviour change (Lohse et al., 2020; Tobler et al., 2006). However, it is unclear how “unexpected”
successes need to be. There is no simple percentage of how often individual learners need to succeed
(or fail) to maximize learning benefits and/or sustain motivation. Interestingly, some research suggests
that video game players can fail at their nominal objectives much more often than they succeed while
sustaining motivation (McGonigal, 2011).

We know that the nature of the error also impacts motivation, with near misses or falling just
short of success motivating players to stay engaged (Lazarro, 2005), which seems to marry well with
ideas of optimal challenge falling just outside an individual’s “comfort zone”. In video game
environments, designers do a great job of progressively increasing challenges because the same action
or outcome no longer produces the same level of reward (Lohse et al., 2013). This progressive increase
in challenge has been related to increased learning and brain plasticity (e.g., Christiansen et al, 2020)
and resilience across time, stressors and general attentional demands (e.g., Poolton et al., 2005).
Progressive increases in difficulty as a way to bring about skill acquisition in beginners is nothing new to
sport practitioners, but as should be apparent, this progressive increase is also important for sustained

learning in more experienced athletes.
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In summary, difficulty presents informational benefits but it can also have motivational costs.
Therefore, steps are needed to promote motivation when athletes are performing in the optimal
challenge zone. Some challenge is likely motivating, especially if challenge is progressively increased
(also termed “scaffolding”, e.g., Rosenshine & Meister, 1992) and intermittent (e.g., Wang & Chen,
2010). The exact balance of these costs/benefits is likely individual, based on cognitive load,
motivational disposition and prior experience (e.g, Kanfer, 1990; Paas et al., 2010), as well as potentially
the relationship that coaches have with specific athletes. Below, we make broad recommendations for
how to balance these trade-offs when the primary goal is practice to learn versus practice to maintain.

Before presenting these practical recommendations, we also need to consider another broad
principle of practice related to specificity. Difficulties that reflect the demands of competition, in terms
of cognitive-perceptual processes (e.g., Lee, 1988), as well as physical (e.g., Morgan et al., 2014) and
psychological demands (e.g., Lawrence et al., 2014, Pijpers et al., 2006), will better promote transfer to
competition. These difficulties might not always be compatible with task challenges designed to bring
about learning, illustrating the need to consider the various goals of practice when creating difficulties.

Practice Specificity

Transfer across situations, particularly from practice to the game or competition environment, is
a fundamental aspect of coaching practice and a critical aspect of effective test performance. For a long
time, cognitive psychologists (e.g., Roediger, 1990; Schacter & Graf, 1989; Schacter, 1992) and motor
learning theorists (e.g., Lee, 1988; Lee et al., 1994) have espoused the importance of matching practice
conditions to those of the test in order to best achieve high performance in the test environment. Even
those conditions which seem superfluous to the material being acquired make a difference to retrieval
processes. For example, if you want people to be able to perform a task under water (even if this is just
learning numbers or letters, not action dependent on water interactions), then practising performing

underwater leads to better transfer (Godden & Baddeley, 1975; for more recent ideas on this context
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specificity in cognitive tasks see Karpicke, Lehman & Aue, 2014, Lehman & Malmberg, 2013 and for

motor learning; Krakauer et al., 2006).

The encoding specificity principle is a fundamental learning principle which has stood the test of
time, helping to explain why learning is enhanced when the cognitive processes during study (i.e.,
encoding) are similar to those which are required during the actual competition or test phase (i.e.,
retrieval; Thomson & Tulving, 1970; Tulving & Thomson, 1973). Designing practice to maximize transfer
is heavily embedded within a cognitive processing account of learning. Memory for pictures, words and
actions, is underscored by the need to ensure overlapping processes between conditions of practice and
assessment (e.g., Anderson, Wright & Immink, 1998; Gupta & Cohen, 2002). However, specificity of
practice is not limited to cognitive processes and has been demonstrated for sensorimotor processes as
well (Proteau, 1992). One of the most striking examples of this effect was the finding that an extended
period of practise without vision had negative consequences in a retention period when vision was
subsequently available (Proteau & Marteniuk, 1993). Individuals had not learned to use an information
source which would be highly beneficial for response accuracy (for similar effects in basketball free-
throw shooting see Moradi et al., 2014). This reversal highlights the strength of the specificity effect: by
all accounts having vision should be beneficial, but if visual information was not available during

training, then the presence of visual information during testing can actually degrade performance.

With respect to coaching, an important principle of practice is simulating the demands of
competition in order to facilitate transfer. For example, much has been written about and applied in
practice with respect to physical matching of competition stressors within a practice session (e.g.,
Morgan et al., 2014). Specificity of practice to the competition environment has also been referred to in
other literature as “representative design” (e.g., Davids et al., 2013; Pinder et al., 2011). The emphasis in

representative design is in maintaining the key perceptual and motor couplings which are present in the
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game in practice (for example, batting against balls thrown from a live pitcher, as opposed to a ball
machine where body cues are absent; e.g., Renshaw et al., 2007).

In addition to transfer of processes which are likely to be encountered in practice and
competition (e.g., thinking under pressure, making decisions based on multiple sources of information
and choice), transfer is maximized through practice conditions with psychological fidelity (e.g., Lawrence
et al., 2014). So, it is the cognitive, sensory, and emotional thoughts, demands, and feelings of
impending competition which are desired in practice, or at least in aspects of practice, for transfer to be
maximal. When fidelity is high there is a strong match between these processes during practice (or parts
of practice) and the game. Although the environmental context matters, things like playing surface,
temperature etc., it appears that the processes promoted in practice matter more than the
environmental context for facilitation of transfer (Schmidt & Lee, 2019). This means that practising
passing skills with challenges that impact on accuracy, such as smaller balls, without time pressures
which will be encountered in the game, will likely aid learning and improvement of these skills, but not
necessarily aid or best promote transfer to the game environment.

In the example of passing, in open sports such as hockey, soccer or basketball, another
consideration for transfer is the decision process itself. In tournament play for example, there are high
decision demands, where a performer is often required to make fast decisions, under situations where
there are a number of potential choices. People are often playing in different positions, there are
new/different players, new patterns of play, different opponents and higher anxiety, than in regular
games. The demands on working memory associated with such situations have been noted by sports’
researchers (e.g., Furley & Memmert, 2013; Furley & Wood, 2016). Working memory is the process
which requires of the performer to hold/remember and manipulate information to arrive at a decision
(Baddeley & Hitch, 1974, 2007 for a review). Therefore, the conditions of practice which mimic the

demands on an athlete during competition (practice-to-transfer) need to be considered alongside goals
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of learning. Goals of competition transfer both complement and supplement learning goals, facilitating
the transfer of already acquired skills. This prioritizing of goals might be particularly important for new
learners, where the capacities (and hence optimal challenge) associated with making an accurate pass
would be exceeded if the passing was immediately practiced under time or opponent-pressured
situations. In these final sections we discuss in more detail the practice implications of these ideas and
explicitly relate practice difficulty to practice specificity and the various goals of practice.

Practice Goals and Choosing Difficulty
We consider there to be three separable, though not mutually exclusive goals of practice design in
coaching. In considering these goals we draw on the main ideas related to the challenge point
framework with respect to practice designed to improve performance over the long-term; what we refer
to as “practice-to-learn”. This is the most important goal and probably should underpin the majority of
practice-based decisions in designing practice and instructing athletes. We expand on these initial ideas
from the challenge point framework and also consider two other practice principles which intersect with
this framework and potentially change how practice difficulties are considered. We also consider

Ill

practice goals related to maintaining current skills, which we call “practice-to-maintain”, where the
emphasis is more on developing automaticity in skills and keeping athletes motivated through high
competency expectations and relative successes. As well, the goal of “practice-to-transfer” is
considered, where the emphasis is on creating challenges which simulate game demands required in
competition. Although this last transfer goal is most highly related to issues of practice specificity, for all
goals, practice specificity must be considered in the design of optimal task challenges. In Figure 4 we

have illustrated these various goals of practice with respect to competition specificity and functional

task difficulty.
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Practice to Transfer
High difficulty & high specificity

High T to competition (e.g., time
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Figure 4. A conceptual model showing different types of practice when the relative difficulty of practice
is considered as a function of the specificity of practice. At low levels of specificity, there is little transfer
to competition (red dots, black outline). At higher levels of specificity, transfer is expected and coaches
can manipulate difficulty dynamically. Practice-to-learn (green, non-outlined dot, “L”) takes the
individual into the optimal zone for learning and transfer (“T”), where relative difficulty is moderate to
high and specificity to the game environment is moderate to high. This zone where specificity is
moderate to high, but relative task difficulty is low is also likely to have benefits for maintaining and
reinforcing skills (green, non-outlined dot “M”).

All three practice types, regardless of the goal, should have at least a moderate degree of
specificity to the upcoming game context. Without this specificity of practice to the game or competition
environment, then the learner will be left with poorly conceived drills or acquisition of skills with low
relevance to performance demands (as illustrated by the red dots in Figure 4). Of course, the goal of
transfer will be highest in specificity of practice to competition. When practising to transfer skills it is
likely that the functional difficulty of the practised skills will also be high, although this is not necessarily
the case (hence the arrow representing the potential for varying functional difficulty associated with the

practice goal of transfer). For example, batting against a live pitcher versus a ball machine will have
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higher specificity to the game. However, the functional difficulty may be lower against a live pitcher if
the ball machine can pitch faster balls, if there is less rest between pitches and because the absence of a
real pitcher may make it more difficult to anticipate pitch type.

In Figure 4 we have illustrated the practice-to-learn goal in the centre of the diagram, illustrating
functional difficulties just beyond moderate (within the optimal challenge zone). There is the potential
for both functional difficulty and specificity to competition to be higher within the zone of optimal
challenge, at least to a point where the difficulty does not become “punishing”. For example, a height
barrier can be included in batting practice to change the ball flight and technique of a batter (e.g., Gray,
2018). By gradually removing the barrier over time, changing the conditions where batting takes place
(e.g., different pitchers or pitch types), both goals of learning and transfer to the game environment
could be achieved through new information and practice specificity. There may be situations where
learning goals are designed to reveal new information, with only minimum consideration of practice
specificity for transfer. For example, requiring a player to play in a position not usually experienced, such
as a batter practising pitching (or observing actions from a new perspective), introduces new
information for learning. The goal is not to have the player take on this new role or position, that is
making it specific to the game environment and reflective of competition, but to change behaviour
through new information (for similar suggestions about aiding perceptual skills through physical practice
of opponent actions see Makris & Urgesi, 2013; Mulligan & Hodges, 2019; Pizzera & Raab, 2012; Tomeo
et al., 2013). Although there is an expectation of transfer to the game, coaches should worry less about
making the practice conditions identical to competition when practice-to-learn is the goal.

Below this illustration of the learning goal in Figure 4 is a third green dot, illustrating practice-to-
maintain. Functional difficulty is expected to be relatively low here (within the comfortable zone), with
moderate (to high) specificity to competition. For example, individuals may be engaged in relatively

repetitive practice of a well-executed serve in tennis. To increase specificity to the game, these serves
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could be interspersed with some cross-net play and return of serves. Free-throw shooting in basketball
is a skill that is highly specific to the game, but it may be practised under conditions which are more or
less game-like, where there are fans or distractions or the athlete is fatigued. We elaborate on these
practical examples for the three goals below.
1. Practice-to-learn: Designing challenging practice to elicit improvement

The basic idea about practice-to-learn, is that the athlete or coach needs to be comfortable
sacrificing performance or parts of performance in practice in order to maximize learning and improve.
For a more competent athlete, performance will shift from a place of stability, good performance, and
comfort, to a messier place so that learning can take place. This is achieved through increased challenge
and the creation of opportunities for new information. Because there are fewer opportunities to learn
and gain new information at higher levels of skill, creativity is needed from coaches (and players) to
engineer situations that create the opportunity for learning/ growth. If the goal of practice is to have
learning, then the task of the coach or athlete is to create situations that are moderate-to-high in
functional task difficulty. This just means that the difficulty is determined in relation to the individual
and based on their constraints at that time. Putting someone into a position they do not normally play
adds a level of functional task difficulty that is not there for a player who is used to playing that position.

There are of course many ways that challenge can be brought into practice, depending on the
sport, the athlete and skills which are being taught or refined. Conditions that serve to increase the
cognitive demands on the performer have been shown to lead to better retention/ learning (e.g.,
Fromer et al., 2016; Lee et al., 1994). The most frequently applied method to achieve this demand aim is
to manipulate variability in practice conditions. This can be both variability in the schedule of skills
practised, with frequent switching between skills (Wright & Kim, 2019) or variability in the conditions of
practice, such as the same skill practised at different distances, or under different pressure or opposition

constraints (e.g., Hall & Magill, 1995; Buszard et al., 2017; see also Jones et al., 2020 who showed that

26



variability and random order of practice conditions discriminated elite cricket batsmen from their near
elite counterparts during mid-teen development). The aim of increasing challenge through variability is
to bring meaningful variation into practice such that the learner is actively involved in determining how
and when to act, constantly thinking about what they are doing (Kim et al., 2021; Wright & Kim, 2019).
By practicing in ways where the practice environment is different from typical, athletes’ (motor
system) expectations are violated, so that new information is sought or necessary. When expectations
are not met, this suggests that some internal updating of the skill is required. These differences between
actual and anticipated consequences are powerful drivers for learning (Sutton & Barto, 1998; Fromer et
al., 2016). Uncertain conditions not only serve to keep the performer actively engaged in the learning
process, but also provide practice opportunities for events that mimic some of those encountered
during competition (where vision may be blurred or obstructed, or playing surfaces are damaged or
uneven causing balls or pucks to travel in uncertain ways). This novelty can be achieved through changes
to ball size, field size or surface, change in positions, attentional focus or potentially through variations
in the perspective shown on video (as exemplified by work on error augmentation; e.g., Abdollahi et al.,

2014, Patton et al., 2013 and equipment modification; e.g., Brocken et al., 2020).

During practice designed to bring about long-term improvements to performance, a de-
emphasis on outcome attainment may be needed, with the focus instead on behaviours that are
desirable if not necessarily successful (e.g., Hodges & Franks, 2004). Because errors will be expected,
coaches should consider ways to manage expectations, de-emphasize immediate performance, and
reinforce behaviours in the desired learning zone. Because of the potential for errors and poor(er)
performance to be considered negatively, a culture can be cultivated so that players know the
difference between practice situations for learning and those for performance/maintenance. In the
former case, where learning is the goal, certain aspects of performance might suffer in the knowledge

that there is no negative recourse. Sustained improvement over time means that the player and coach
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are comfortable with worse than expected performance in practice, or parts of practice. As game-day or
competition approaches, it is conceivable that there will be less emphasis on learning (and permissible
errors) as we elaborate below. Learning-based practices can be merged with practice sessions or parts
of a practice session, where errors are not allowed and where mistakes have “agreed upon”
consequences, better matching game demands and goals of transfer (e.g., Bell et al., 2013). What is key
for athletes to appreciate is the distinction between performance and learning, to know what this
distinction means with respect to the goals of a practice session (or parts of a session), and to
understand when and why mistakes are okay when learning/improvement is the goal. Having these
discussions with athletes and creating a culture of learning helps to balance the informational benefits
against the motivational costs of increased errors during practice.
2. Practice-to-transfer: Simulating competition demands

The second goal of practice we define with respect to task challenges is to maximize transfer to
competition. Here, challenge is matched to expected game demands. Practice should have aspects that
mimic difficulties/challenges expected during competition (at both the individual and team-level where
appropriate). Considerations for optimal challenge are to find the point at which transfer to the game
will be greatest. The focus should be on creating meaningful difficulties which match behaviours and
processes required in competition. There are many ways that these “game-day” challenges can be
conceptualized, but the most common aspects relate to mimicking psychological and physiological
states; such as increased self-evaluation, competition, attention demands and fatigue. Other
external/environmental factors could be considered for this type of practice too, such as crowd noise
which may make it hard to communicate or weather, playing surface or visibility.

There are likely to be many responses which are made without much thought and weighing of
options, as a result of a level of automaticity from playing a particular way regularly (e.g., Raab &

Laborde, 2011; Shiffrin & Schneider, 1977). Although there can be some benefits from this automaticity
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in action responses, there are also potentially some costs. Often players need to be adaptable to
different types of opposition, different team-mates, and different playing conditions (e.g., Furley &
Memmert, 2012; yet see Furley & Memmert 2015). Therefore, thinking about ways to encourage
decision making in practice, where players are faced with options during drills and are potentially
rewarded for the most unexpected or creative decisions, could prove useful and best simulate the
demands of game play.

One of the ways high cognitive and attentional demands of time-constrained team invasion
sports might be simulated in practice, is through a practice designed to challenge players working
memory (i.e., memory processes which are current and active and require some translation of
information; Baddeley 2007; Memmert & Roca, 2019). Assigning players different coloured pinnies and
requiring that every other pass is made to a green shirt or never to the same person as before, could
achieve this aim of mimicking attentional demands of the game. Players need to know and remember
what the current pass was, what the next pass will be, who received the last pass and select who will get
the next pass, placing demands on working memory. The idea with stressing working memory is that the
players always have something to hold in memory and use before making their decision.

There are potentially many other methods and tools which could help achieve the goal of
creating scenarios in practice that match to game /competition demands. One potential method is to
include consequential practice sessions or part of sessions, whereby errors and undesirable plays have
negative consequential outcomes, like in a real game. This idea is based off work from Hardy and
colleagues and related to ideas of developing mental toughness (see Beattie et al., 2020). Such an
intervention was used in elite youth cricketers in the UK to make practice conditions more similar
psychologically to those encountered during competitive play (Bell et al., 2013). The players and coaches
created consequences for bad decisions, such as staying later after practice or performing shuttle runs.

In “punishment” or consequential training, these outcomes were enacted and designed to simulate the
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game pressures that would be faced by athletes in sports where mistakes can cost the game. Other
methods for creating situations that match game demands might be to have practice conditions at the
end of practice which require good decisions, such that players are practising good decision making
when fatigued.

3. Practice-to-maintain: Maximizing rewards and successes through attainable goals

When dealing with accomplished athletes or in preparing for an upcoming competition, there
may be a number of reasons for a “reinforcement” type practice, where accomplished skills and
techniques are honed and practiced. In such sessions, the focus is on maintaining difficulties at an
individual appropriate level that serves to reinforce current “good” performance. Maintenance practice
and reinforcement of desirable behaviours are critical for player engagement, motivation and of course
performance. In such practice situations, practice is designed to encourage strong, desired behaviors. As
with the other goal considerations, this goal might serve to guide design of part of a practice session,
rather than the whole session. Athletes could progress within a practice session from conditions with
potentially high challenges or functional difficulties (where the goal has been to learn new skills,
improve upon old skills or to practice under conditions which simulate high levels of competition), to
practice that has fewer challenges or specifically designed uncertainties, where the focus is instead upon
opportunities to excel in the athlete’s comfort zone. This does not mean that practice is made easy or
loses it specificity, but that practice is designed so that an athlete, groups of athletes or a whole team
are afforded opportunities to succeed and demonstrate their strong(er) skills. This may be necessary for

certain players, if dealing with a team sport, rather than practically possible for all players.

The relationship between difficulty and performance is illustrated in Figure 2. For maintenance
practice, the point where performance is optimal is before the point (in terms of functional difficulty)
where learning is optimal. There is typically no new information to be gained by the performer (or at
least this is not the goal of practice), rather expectations and actuality are well matched. The athlete can
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focus on managing and maintaining their strengths. As shown in Figure 4, however, we also need to
consider the level of specificity in addition to functional difficulty. When training to maintain, the skills
and actions demanded of the athlete in practice should be increasingly specific to those skills required in

the competitive environment (assuming individual capacity allows).

There are three main subcomponent goals of maintenance practice; to reinforce key skills and
strengths; to motivate and instill encouragement; and to develop a degree of automaticity of certain
skills. Reinforcing key skills is a valuable part of practice related to experimental work on the concept of
“overlearning” and hyperstabilization of memories (e.g., Rohrer et al., 2005; Shabata et al., 2017).
Similarly, doing maintenance practice to increase automaticity is desirable because it allows
performance to be achieved with low attentional demands (e.g., Beilock et al., 2002; Gray, 2004; Leavitt,
1979). Resources can then be allocated to dynamic and unpredictable environmental cues, which
demand attentional resources (e.g., monitoring the play, opponents, the softness of the snow etc; all
aspects important for transfer). In order to help maintain and reinforce such behaviours, the coach and
athlete would be working on creating scenarios where there is more opportunity to practice
fundamental, developed skills. This maintenance and reinforcement could be also encouraged through
feedback and video, where successful plays/ attempts/ routines are shown.

There are myriad ways that coaches could approach practice to maintain skills that have already
been acquired. Blocked practice conditions can help to reinforce competence and repeated success
where actions that perhaps are rare in a game setting are honed and reinforced. Success in practice can
also be achieved by keeping the strongest line of attackers together so that they are scoring and building
off each other in something like basketball or hockey. Athletes may even be allowed to lead the practice
and demonstrate strengths to others. Ultimately, because the goal of practicing to maintain is to exploit
existing skills (not make errors while exploring new skills), the focus is on keeping athletes’ motivation

high and elicit a high level of performance on that day. Athletes are provided opportunities to excel in
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the “comfortable” zone, where they should be expecting high success/low errors and low variability/
strong play(s). Here the functional difficulty is well matched to the athlete or team’s current
competencies.

Summary and Conclusions

Here we have presented the challenge-point framework, originally proposed by Gauadgnoli and
Lee (2004), as a viable framework for coaches to use in their consideration and design of practice
sessions. We recognize that this framework has the potential to resonate with practitioners who are in
charge of organizing practice sessions across the short and long term and across various individuals and
skill sets. We think the unifying concept of challenge in bringing about improvement to current levels of
performance is a critical concept which despite its robust empirical support has not been widely
recognized in sport related literature. In the fields of clinical rehabilitation for example, the challenge
point framework has received considerably more attention (e.g., Onla-or, & Winstein, 2008; Pesce et al.,
2013). Moreover, in education, a related framework for learning of cognitive skills, that of desirable
difficulties, is a widely recognized and highly cited method for optimizing learning (e.g., Bye, 2015; Bjork
& Linn, 1999).

Our aim in this paper has been to both present and expand upon the main tenets of the
challenge-point framework and in particular, to give some practical recommendations for considering
how the notion of task challenges or difficulties can be applied to practice design and instruction. In
addition to taking an informational perspective, we also consider motivational needs and literature

which might impact engagement as well as learning directly.

Although we are expanding on a theoretically grounded framework of motor learning, in this
paper we have taken liberties in expanding the concept of challenge, beyond its initial meaning. We do
keep the important idea of challenge as new information in relation to learning, but we consider other

types of challenges. These challenges are not necessarily related to cognitive effort, but are nevertheless
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important considerations for effective coaching practice. We should also acknowledge that our biases
are as academics interested in motor skill acquisition broadly and the ability to apply principles
generated from rigorous behavioural and neuroscientific research to an applied setting. Although we are
both sports’ enthusiasts and have been engaged in various sport roles, we would not define ourselves as
coaches, nor have we been trained through coaching pedagogies. Therefore, we apologize if this paper
sounds in anyway preachy or directive. It is meant as a way of assisting coaches to organize their
thinking about practice and why or how particular aspects of practice may or may not work. This is a

work in progress which we hope will spur research and discussion.

33



References

Abbas, Z. A., & North, J. S. (2018). Good-vs. poor-trial feedback in motor learning: The role of self-
efficacy and intrinsic motivation across levels of task difficulty. Learning and instruction, 55, 105-
112.

Abdollahi, F., Case Lazarro, E. D., Listenberger, M., Kenyon, R. V., Kovic, M., Bogey, R. A,, ... & Patton, J. L.
(2014). Error augmentation enhancing arm recovery in individuals with chronic stroke: a
randomized crossover design. Neurorehabilitation and Neural Repair, 28(2), 120-128.

Abe, M., Schambra, H., Wassermann, E. M., Luckenbaugh, D., Schweighofer, N., & Cohen, L. G. (2011).
Reward improves long-term retention of a motor memory through induction of offline memory
gains. Current Biology, 21(7), 557-562.

Acee, W., Kim, H., Kim, H.J., Kim, J.1., Chu, H.N.R., Kim, M...., Boredom Research Group (2010). Academic
boredom in under- and over-challenging situations. Contemporary Educational Psychology, 35,
17-27.

Albert, S. T., & Shadmehr, R. (2016). The neural feedback response to error as a teaching signal for the
motor learning system. Journal of Neuroscience, 36(17), 4832-4845.

Anderson, T., Wright, D. L., & Immink, M. A. (1998). Contextual dependencies during perceptual-motor
skill performance: Influence of task difficulty. Memory, 6(2), 207-221.

Avila, L. T., Chiviacowsky, S., Wulf, G., & Lewthwaite, R. (2012). Positive social-comparative feedback
enhances motor learning in children. Psychology of Sport and Exercise, 13(6), 849-853.

Baddeley, A. D., & Hitch, G. J. (2007). Working memory: Past, present... and future. In N. Osaka & R.
Logie (Eds). The Cognitive Neuroscience of Working Memory (pp. 1-20). Oxford: Oxford
University Press

Baddeley, A.D., & Hitch, G. (1974). Working memory. In G.H. Bower (Ed.), The Psychology of Learning
and Motivation: Advances in Research and Theory (Vol. 8, pp. 47-89). New York: Academic
Press.

Beattie, S., Hardy, L., Cooke, A., & Gucciardi, D. (2019). Mental toughness training. In N.J. Hodges & A.M.
Williams (Eds). Skill Acquisition in Sport: Research, Theory & Practice (pp255-270). London,
Routledge.

Beilock, S. L., Carr, T. H., MacMahon, C., & Starkes, J. L. (2002). When paying attention becomes
counterproductive: impact of divided versus skill-focused attention on novice and experienced
performance of sensorimotor skills. Journal of Experimental Psychology: Applied, 8(1), 6-16.

Bell, J. J., Hardy, L., & Beattie, S. (2013). Enhancing mental toughness and performance under pressure
in elite young cricketers: A 2-year longitudinal intervention. Sport, Exercise, and Performance
Psychology, 2(4), 281-297.

Bjork, R. A. (2017). Creating desirable difficulties to enhance learning. Carmarthen: Crown House
Publishing.

34



Bjork, E. L., & Bjork, R. A. (2011). Making things hard on yourself, but in a good way: Creating desirable
difficulties to enhance learning. In M.A. Gernsbacher, R.W. Pew, L.M. Hough, J.R. Pomerantz
(Eds). Psychology and the Real World: Essays illustrating Fundamental Contributions to Society
(pp. 59-68). New York: Worth.

Bjork, R. A., & Bjork, E. L. (2020). Desirable difficulties in theory and practice. Journal of Applied Research
in Memory and Cognition, 9(4), 475-479.

Bjork, R. A., & Linn, M. C. (1999). Introducing Desirable Difficulties for Educational Applications in
Science (IDDEAS). Environment, 1-28.

Broadbent, D. P., Causer, J., Ford, P. R., & Williams, A. M. (2015). Contextual interference effect on
perceptual—cognitive skills training. Medicine & Science in Sports & Exercise, 47(6), 1243-1250.

Brocken, J. E. A,, van der Kamp, J., Lenoir, M., & Savelsbergh, G. J. P. (2020). Equipment modification can
enhance skill learning in young field hockey players. International Journal of Sports Science &
Coaching, 15(3), 382-389.

Buszard, T., Reid, M., Krause, L., Kovalchik, S., & Farrow, D. (2017). Quantifying contextual interference
and its effect on skill transfer in skilled youth tennis players. Frontiers in Psychology, 8, 1931.

Bye, J. (2015). Desirable difficulties in the classroom. Psychology Today.

Caplin A, Dean M. (2008). Dopamine, reward prediction error, and economics. Quarterly Journal of
Economics, 123, 663-701.

Carter, M. J., & Ste-Marie, D. M. (2017). Not all choices are created equal: Task-relevant choices enhance
motor learning compared to task-irrelevant choices. Psychonomic Bulletin & Review, 24(6),
1879-1888.

Chase, M. A., T. M. Magyar & B.M. Drake (2005). Fear of injury in gymnastics: Self-efficacy and
psychological strategies to keep on tumbling. Journal of Sports Sciences 23(5), 465-475.

Christiansen, L., Larsen, M. N., Madsen, M. J., Grey, M. J., Nielsen, J. B., & Lundbye-Jensen, J. (2020).
Long-term motor skill training with individually adjusted progressive difficulty enhances learning
and promotes corticospinal plasticity. Scientific RepoRtS, 10(1), 1-15.

Chiviacowsky, S., Wulf, G., Wally, R., & Borges, T. (2009). Knowledge of results after good trials enhances
learning in older adults. Research Quarterly for Exercise and Sport, 80(3), 663-668.

Clark L, Lawrence AJ, Astley-Jones F, Gray N. (2009). Gambling near-misses enhance motivation to
gamble and recruit win-related brain circuitry. Neuron, 61, 481-490.

Coughlan, E. K., Williams, A. M., McRobert, A. P., & Ford, P. R. (2014). How experts practice: A novel test
of deliberate practice theory. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 40(2), 449—458. https://doi.org/10.1037/a0034302

35



Davids, K., Araujo, D., Vilar, L., Renshaw, ., & Pinder, R. (2013). An ecological dynamics approach to skill
acquisition: Implications for development of talent in sport. Talent Development and Excellence,
5(1), pp. 21-34.

Deci, E. L., & Ryan, R. M. (2012). Self-determination theory. In P. A. M. Van Lange, A. W. Kruglanski, & E.
T. Higgins (Eds.), Handbook of Theories of Social Psychology (p. 416-436). Sage Publications Ltd.
https://doi.org/10.4135/9781446249215.n21

Deci, E. L., & Ryan, R. M. (1980). Self-determination theory: When mind mediates behavior. The Journal
of Mind and Behavior, 1, 33-43.

Diekelman, S., & Born, J. (2010). The memory function of sleep. Nature Neuroscience, 11, 114-126.

Donovan, J.J., Radosevich, D.J. (1999). A meta-analytic review of the distribution of practice effect.
Journal of Applied Psychology, 84, 795-805. https://doi.org/10.1037/0021-9010.84.5.795

Dweck, C. S. (2008). Mindset: The New Psychology of Success. NY: Random House Digital, Inc.

Elliot, A. J., & Dweck, C. S. (Eds.). (2013). Handbook of Competence and Motivation. NY: Guilford
Publications.

Ericsson, K. A., Krampe, R. T., & Tesch-Rémer, C. (1993). The role of deliberate practice in the acquisition
of expert performance. Psychological Review, 100(3), 363-406.

Ericsson, K. A. (2020). Towards a science of the acquisition of expert performance in sports: Clarifying
the differences between deliberate practice and other types of practice. Journal of Sports
Sciences, 38(2), 159-176.

Ericsson, K. A., & Pool, R. (2016). Peak: Secrets from the New Science of Expertise. New York: Houghton,
Mifflin, Harcourt.

Farrow D, Reid M, Buszard T, Kovalchik S. 2018. “Learn slow, forget slow”: Charting the development of
sport expertise: challenges and opportunities. International Reviews of Sport and Exercise
Psychology, 11, 238-257.

Fromer, R., Stlirmer, B., & Sommer, W. (2016). The better, the bigger: the effect of graded positive
performance feedback on the reward positivity. Biological Psychology, 114, 61-68.

Fromer, R., Stiirmer, B., & Sommer, W. (2016). (Don't) Mind the effort: Effects of contextual interference
on ERP indicators of motor preparation. Psychophysiology, 53, 1577-1586.

Furley, P., & Memmert, D. (2012). Working Memory Capacity as controlled attention in tactical decision
making. Journal of Sport and Exercise Psychology, 34, 322—-344.

Furley, P., & Memmert, D. (2013). “Whom should | pass to?” The more options the more attentional
guidance from working memory. PLoS ONE 8(5). €62278.d0i:10.1371/journal.pone.0062278

Furley, P., & Memmert, D. (2015). Creativity and working memory capacity in sports: Working memory
capacity is not a limiting factor in creative decision making amongst skilled performers. Frontiers
in Psychology, 6. 115. doi:10.3389/fpsyg.2015.00115

36



Furley, P., & Wood, G. (2016). Working memory, attentional control, and expertise in sports: A review of
current literature and directions for future research. Journal of Applied Research in Memory and
Cognition, 5(4), 415-425.

Galea, J. M., Mallia, E., Rothwell, J., & Diedrichsen, J. (2015). The dissociable effects of punishment and
reward on motor learning. Nature Neuroscience, 18(4), 597-602.

Godden, D. R., & Baddeley, A. D. (1975). Context-dependent memory in two natural environments: On
land and underwater. British Journal of Psychology, 66(3), 325-331.

Gray, R. (2004). Attending to the execution of a complex sensorimotor skill: Expertise differences,
choking, and slumps. Journal of Experimental Psychology: Applied, 10(1), 42-54.

Gray, R. (2018). Comparing cueing and constraints interventions for increasing launch angle in baseball
batting. Sport, Exercise, and Performance Psychology, 7(3), 318-332.

Guadagnoli, M. A., & Lee, T. D. (2004). Challenge point: a framework for conceptualizing the effects of
various practice conditions in motor learning. Journal of Motor Behavior, 36(2), 212-224.

Gupta, P., & Cohen, N. J. (2002). Theoretical and computational analysis of skill learning, repetition
priming, and procedural memory. Psychological Review, 109(2), 401-448.

Hajcak, G., & Foti, D. (2008). Errors are aversive: Defensive motivation and the error-related negativity.
Psychological Science, 19(2), 103-108.

Hall, K. G., & Magill, R. A. (1995). Variability of practice and contextual interference in motor skill
learning. Journal of Motor Behavior, 27(4), 299-309.

Hikosaka, O., Bromberg-Martin, E., Hong, S., Matsumoto, M. (2008). New insights on the subcortical
representation of reward. Current Opinions in Neurobiology, 18, 203-208.

Hodges, N. J., & Franks, I. M. (2002). Modelling coaching practice: the role of instruction and
demonstration. Journal of Sports Sciences, 20, 793-811.

Hodges, N. J., & Franks, I. M. (2004). Instructions, demonstrations and the learning process: Creating and
constraining movement options. In N.J. Hodges & A.M. Williams (Eds). Skill Acquisition in Sport:
Research, Theory & Practice (3™ Ed) (pp. 169-198). London: Routledge.

Hodges, N. J., Kerr, T., Starkes, J. L., Weir, P. L., & Nananidou, A. (2004). Predicting performance times
from deliberate practice hours for triathletes and swimmers: What, when, and where is practice
important? Journal of Experimental Psychology: Applied, 10(4), 219-237.

Hodges, N., & Lohse, K. R. (2020). Difficulty is a real challenge: A perspective on the role of cognitive
effort in motor skill learning. Journal of Applied Research on Learning & Memory, 9, 455-460.

Huberdeau, D. M., Krakauer, J. W., & Haith, A. M. (2015). Dual-process decomposition in human
sensorimotor adaptation. Current Opinion in Neurobiology, 33, 71-77.

Hunicke R. (2005). The case for dynamic difficulty adjustment in games. Proceedings of the 2005 ACM
SIGCHI International Conference on Advances in Computer Entertainment Technology. New York,
NY: ACM; 429-433

37



Hutchinson, J. B., & Barrett, L. F. (2019). The power of predictions: An emerging paradigm for
psychological research. Current directions in Psychological Science, 28(3), 280-291.

Jones, B., Hardy, L., Lawrence, G., Kuncheva, L., Brandon, R., Bobat, M., & Thorpe, G. (2020). It Ain’t
What You Do—1It’s the Way That You Do It: Is Optimizing Challenge Key in the Development of
Super-Elite Batsmen?. Journal of Expertise, 3, 144-168.

Kanfer, R. (1990). Motivation and individual differences in learning: An integration of developmental,
differential and cognitive perspectives. Learning and Individual Differences, 2, 221-239.

Kantak, S. S., & Winstein, C. J. (2012). Learning—performance distinction and memory processes for
motor skills: A focused review and perspective. Behavioural Brain Research, 228, 219-231.

Karpicke, J. D., Lehman, M., & Aue, W. R. (2014). Retrieval-based learning: An episodic context account.
In Psychology of Learning and Motivation (Vol. 61, pp. 237-284). Academic Press.

Kawato, M., Kuroda, T., Imamizu, H., Nakano, E., Miyauchi, S., & Yoshioka, T. (2003). Internal forward
models in the cerebellum: fMRI study on grip force and load force coupling. Progress in Brain
Research, 142, 171-188.

Kim, T., Wright, D. L., & Feng, W. (2021). Commentary: Variability of Practice, Information Processing,
and Decision Making—How Much Do We Know?. Frontiers in Psychology, 12.

Koriat, A., & Bjork, R. A. (2005). Illusions of competence in monitoring one's knowledge during study.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 31(2), 187.

Krakauer, J. W., Mazzoni, P., Ghazizadeh, A., Ravindran, R., & Shadmebhr, R. (2006). Generalization of
motor learning depends on the history of prior action. PLoS Biology, 4(10).

Krannich, M., Goetz, T., Lipnevich, A. A,, Bieg, M., Roos, A. L., Becker, E. S., & Morger, V. (2019). Being
over-or underchallenged in class: Effects on students' career aspirations via academic self-
concept and boredom. Learning and Individual Differences, 69, 206-218.

Lawrence, G. P., Cassell, V. E., Beattie, S., Woodman, T., Khan, M. A., Hardy, L., & Gottwald, V. M. (2014).
Practice with anxiety improves performance, but only when anxious: evidence for the specificity
of practice hypothesis. Psychological Research, 78(5), 634-650.

Lazzaro N. (2005). Why we play games: four keys to more emotion without story. Design. 18, 1-8

Leavitt, JL (1979) 'Cognitive demands of skating and stickhandling in ice hockey', Canadian Journal of
Applied Sport Sciences, 4:46-55

Lee, T. D. (1988). Transfer-appropriate processing: A framework for conceptualizing practice effects in
motor learning. In Advances in Psychology (Vol. 50, pp. 201-215). North-Holland.

Lee, T. D., Swinnen, S. P., & Serrien, D. J. (1994). Cognitive effort and motor learning. Quest, 46(3), 328-
344,

Lee, T. D., & Wishart, L. R. (2005). Motor learning conundrums (and possible solutions). Quest, 57(1), 67-
78.

38



Lehman, M., & Malmberg, K. J. (2013). A buffer model of memory encoding and temporal correlations in
retrieval. Psychological Review, 120(1), 155.

Leiker, A. M., Bruzi, A. T., Miller, M. W., Nelson, M., Wegman, R., & Lohse, K. R. (2016). The effects of
autonomous difficulty selection on engagement, motivation, and learning in a motion-controlled
video game task. Human Movement Science, 49, 326-335.

Leiker, A. M., Pathania, A., Miller, M. W., & Lohse, K. R. (2019). Exploring the neurophysiological effects
of self-controlled practice in motor skill learning. Journal of Motor Learning and Development,
7(1), 13-34.

Liu, J., & Wrisberg, C. A. (1997). The effect of knowledge of results delay and the subjective estimation of
movement form on the acquisition and retention of a motor skill. Research Quarterly for
Exercise and Sport, 68(2), 145-151.

Lohse, K. R., & Hodges, N. J. (2015). Providing information for teaching skills in sport. In M. Hughes and
I.M. Franks (Eds.) Essentials of Performance Analysis in Sport, 29-43.

Lohse, K. R., Miller, M. W., Daou, M., Valerius, W., & Jones, M. (2020). Dissociating the contributions of
reward-prediction errors to trial-level adaptation and long-term learning. Biological Psychology,
149, 107775.

Lohse, K., Shirzad, N., Verster, A., Hodges, N., & Van der Loos, H. M. (2013). Video games and
rehabilitation: using design principles to enhance engagement in physical therapy. Journal of
Neurologic Physical Therapy, 37(4), 166-175.

Ma, Q., Pei, G., & Meng, L. (2017). Inverted u-shaped curvilinear relationship between challenge and
one's intrinsic motivation: Evidence from event-related potentials. Frontiers in Neuroscience, 11,
131.

Magill, R. A., & Hall, K. G. (1990). A review of the contextual interference effect in motor skill acquisition.
Human Movement Science, 9(3-5), 241-289.

Makris, S., & Urgesi, C. (2013). P 148. Anticipatory motor simulation of deceptive actions in soccer
players. Clinical Neurophysiology, 124(10), e134.

McAuley, E., Wraith, S., & Duncan, T. E. (1991). Self-Efficacy, Perceptions of Success, and Intrinsic
Motivation for Exercise 1. Journal of Applied Social Psychology, 21(2), 139-155.

McGaugh, J. L. (2000). Memory--a century of consolidation. Science, 287(5451), 248-251.

McGonigal, J. (2011). Reality is broken: Why games make us better and how they can change the world.
Penguin.

Meijs, E. L., Slagter, H. A., de Lange, F. P., & van Gaal, S. (2018). Dynamic interactions between top—
down expectations and conscious awareness. Journal of Neuroscience, 38(9), 2318-2327.

Memmert, D., & Roca, A. (2019). Tactical creativity and decision making in sport. In A.M. Williams & R.
Jackson (Eds). Anticipation and Decision Making in Sport, 201-214. London: Routledge.

39



Miall, R. C., & Wolpert, D. M. (1996). Forward models for physiological motor control. Neural Networks,
9(8), 1265-1279.

Moradi, J., Movahedi, A., & Salehi, H. (2014). Specificity of learning a sport skill to the visual condition of
acquisition. Journal of Motor Behavior, 46(1), 17-23.

Morgans, R., Orme, P., Anderson, L., & Drust, B. (2014). Principles and practices of training for soccer.
Journal of Sport and Health Science, 3(4), 251-257.

Mullligan, D, & Hodges, N.J. (2019). Motor simulation in action prediction; Sport specific considerations.
In A.M. Williams and R.C Jackson (Eds). Anticipation and Decision Making in Sport (pp. 161-180).
London: Routledge.

O’Neill, D. F. (2008). Injury contagion in alpine ski racing: The effect of injury on teammates’
performance. Journal of Clinical Sport Psychology, 2(3), 278-292.

O'Rourke, E., Haimovitz, K., Ballweber, C., Dweck, C., & Popovi¢, Z. (2014). Brain points: A growth
mindset incentive structure boosts persistence in an educational game. Proceedings of the
SIGCHI conference on human factors in computing systems (pp. 3339-3348).

Onla-or, S., & Winstein, C. J. (2008). Determining the optimal challenge point for motor skill learning in
adults with moderately severe Parkinson's disease. Neurorehabilitation and Neural Repair,
22(4), 385-395.

Paas, F., Tuovinen, J. E., Tabbers, H., & Van Gerven, P. W. (2003). Cognitive load measurement as a
means to advance cognitive load theory. Educational Psychologist, 38(1), 63-71.

Paas, F., Van Gog, T., & Sweller, J. (2010). Cognitive load theory: New conceptualizations, specifications,
and integrated research perspectives. Educational Psychology Review, 22, 115-121.

Patton, J. L., Wei, Y. J,, Bajaj, P., & Scheidt, R. A. (2013). Visuomotor Learning Enhanced by Augmenting
Instantaneous Trajectory Error Feedback during Reaching. PLoS ONE, 8(1).

Pesce, C., Crova, C., Marchetti, R., Struzzolino, I., Masci, |., Vannozzi, G., & Forte, R. (2013). Searching for
cognitively optimal challenge point in physical activity for children with typical and atypical
motor development. Mental Health and Physical Activity, 6(3), 172-180.

Pinder, R. A., Davids, K., Renshaw, |., & Araujo, D. (2011). Representative learning design and
functionality of research and practice in sport. Journal of Sport and Exercise Psychology, 33(1),
146-155.

Pinder, R. A., Renshaw, |., & Davids, K. (2009). Information—movement coupling in developing cricketers
under changing ecological practice constraints. Human Movement Science, 28, 468-479.

Pijpers, J.R., Oudejans, R.R., Bakker, F.C.... (2006). The role of anxiety in perceiving and realizing
affordances. Ecological Psychology, 18, 131-161.

Pinto Y, Gaal V, de Lange FP, Lamme VAF, Seth AK (2015) Expectations accelerate entry of visual stimuli
into awareness. Journal of Vision, 15, 13.

40



Pizzera, A., & Raab, M. (2012). Does motor or visual experience enhance the detection of deceptive
movements in football?. International Journal of Sports Science & Coaching, 7, 269-283.

Poolton, J. M., Masters, R. S. W., & Maxwell, J. P. (2005). The relationship between initial errorless
learning conditions and subsequent performance. Human Movement Science, 24(3), 362-378.

Proteau, L. (1992). On the specificity of learning and the role of visual information for movement
control. Advances in Psychology, 85, 67-103.

Proteau, L., & Marteniuk, R. G. (1993). Static visual information and the learning and control of a manual
aiming movement. Human Movement Science, 12(5), 515-536.

Proteau, L., Marteniuk, R. G., & Lévesque, L. (1992). A sensorimotor basis for motor learning: Evidence
indicating specificity of practice. The Quarterly Journal of Experimental Psychology, 44, 557-575.

Raab, M., & Laborde, S. (2011). When to blink and when to think: preference for intuitive decisions
results in faster and better tactical choices. Research Quarterly for Exercise and Sport, 82(1), 89-
98.

Renshaw, I., Oldham, A. R. H., Davids, K., & Golds, T. (2007). Changing ecological constraints of practice
alters coordination of dynamic interceptive actions. European Journal of Sport Science, 7, 157-
167

Robertson, E. M. (2019). Skill memory: mind the ever-decreasing gap for offline processing. Current
Biology, 29(8), R287-R289.

Roediger, H. L. (1990). Implicit memory: Retention without remembering. American Psychologist, 45(9),
1043-1056.

Rohrer, D., Taylor, K., Pashler, H., Wixted, J. T., & Cepeda, N. J. (2005). The effect of overlearning on
long-term retention. Applied Cognitive Psychology, 19(3), 361-374.

Rosenshine, B. & Meister, C. (1992). The use of scaffolds for teaching higher-level cognitive strategies.
Educational Leadership, 49, 26-33

Rottensteiner, C., Tolvanen, A., Laakso, L., & Konttinen, N. (2015). Youth athletes’ motivation, perceived
competence, and persistence in organized team sports. Journal of Sport Behavior, 38(4), 1-18.

Ryan, R. M., & Deci, E. L. (2000). Intrinsic and extrinsic motivations: Classic definitions and new
directions. Contemporary Educational Psychology, 25(1), 54-67.

Sagar, S. S., Lavallee, D., & Spray, C. M. (2007). Why young elite athletes fear failure: Consequences of
failure. Journal of Sports Sciences, 25(11), 1171-1184.

Sanli, E. A., & Lee, T. D. (2014). What roles do errors serve in motor skill learning? An examination of two
theoretical predictions. Journal of Motor Behavior, 46(5), 329-337.

Sanli, E. A., Patterson, J. T., Bray, S. R., & Lee, T. D. (2013). Understanding self-controlled motor learning
protocols through the self-determination theory. Frontiers in Psychology, 3, 611.

41



Salmoni, A. W., Schmidt, R. A., & Walter, C. B. (1984). Knowledge of results and motor learning: a review
and critical reappraisal. Psychological Bulletin, 95(3), 355.

Schacter, D. L. (1992). Understanding implicit memory: A cognitive neuroscience approach. American
Psychologist, 47, 559-569

Schacter, D. L., & Graf, P. (1989). Modality specificity of implicit memory for new associations. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 15, 3-12.

Schultz, W. (2017). Reward prediction error. Current Biology, 27(10), R369-R371.

Shibata, K., Sasaki, Y., Bang, J. W., Walsh, E. G., Machizawa, M. G., Tamaki, M., ... & Watanabe, T. (2017).
Overlearning hyperstabilizes a skill by rapidly making neurochemical processing inhibitory-
dominant. Nature Neuroscience, 20(3), 470-475.

Shadmebhr, R., Smith, M. A., & Krakauer, J. W. (2010). Error correction, sensory prediction, and
adaptation in motor control. Annual Review of Neuroscience, 33, 89-108.

Shiffrin, R. M., & Schneider, W. (1977). Controlled and automatic human information processing: Il.
Perceptual learning, automatic attending and a general theory. Psychological Review, 84(2), 127.

Shmuelof, L., Krakauer, J. W., & Mazzoni, P. (2012). How is a motor skill learned? Change and invariance
at the levels of task success and trajectory control. Journal of Neurophysiology, 108(2), 578-594.

Simon, D. A, & Bjork, R. A. (2001). Metacognition in motor learning. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 27(4), 907.

Smeeton, N. J., Williams, A. M., Hodges, N. J., & Ward, P. (2005). The relative effectiveness of various
instructional approaches in developing anticipation skill. Journal of Experimental Psychology:
Applied, 11, 98-110.

Ste-Marie, D. M., Carter, M. J., & Yantha, Z. D. (2019). Self-controlled learning: Current findings,
theoretical perspectives, and future directions. In N.J. Hodges and A.M. Williams (Eds.) Skill
Acquisition in Sport (3™), 119-140.

Sutton, R. S., & Barto, A. G. (1998). Introduction to reinforcement learning (Vol. 135). Cambridge: MIT
press.

Taylor, J. A., Krakauer, J. W., & Ivry, R. B. (2014). Explicit and implicit contributions to learning in a
sensorimotor adaptation task. Journal of Neuroscience, 34, 3023-3032.

Thomson, D. M., & Tulving, E. (1970). Associative encoding and retrieval: Weak and strong cues. Journal
of Experimental Psychology, 86(2), 255.

Tobler, P. N., O’'Doherty, J. P., Dolan, R. J., & Schultz, W. (2006). Human neural learning depends on
reward prediction errors in the blocking paradigm. Journal of Neurophysiology, 95(1), 301-310.

Tomeo, E., Cesari, P., Aglioti, S. M., & Urgesi, C. (2013). Fooling the kickers but not the goalkeepers:
behavioral and neurophysiological correlates of fake action detection in soccer. Cerebral Cortex,
23, 2765-2778.

42



Tulving, E., & Thomson, D. M. (1973). Encoding specificity and retrieval processes in episodic memory.
Psychological Review, 80(5), 352.

Walker, M. P., Brakefield, T., Hobson, J. A., & Stickgold, R. (2003). Dissociable stages of human memory
consolidation and reconsolidation. Nature, 425(6958), 616-620.

Ward, P., Hodges, N. J., Starkes, J. L., & Williams, M. A. (2007). The road to excellence: Deliberate
practice and the development of expertise. High Ability Studies, 18(2), 119-153.

Wadden, K. P., Hodges, N. J., De Asis, K. L., Neva, J. L., & Boyd, L. A. (2019). Individualized challenge point
practice as a method to aid motor sequence learning. Journal of Motor Behavior, 51(5), 467-485.

Wang, L. C., & Chen, M. P. (2010). The effects of game strategy and preference-matching on flow
experience and programming performance in game-based learning. Innovations in Education
and Teaching International, 47, 39-52.

Winstein, C. J., & Schmidt, R. A. (1990). Reduced frequency of knowledge of results enhances motor skill
learning. Journal of Experimental Psychology: Learning, Memory, and Cognition, 16(4), 677.

Wolpert, D. M., & Flanagan, J. R. (2009). Forward models. In Bayne, T., Cleeremans, A., & Wilken, P.
(Eds). The Oxford Companion to Consciousness, 295-296. Oxford, OUP.

Wright, D. L., & Kim, T. (2020). Contextual interference: New findings, insights, and implications for skill
acquisition. In N.J. Hodges & A.M. Williams (Eds). Skill Acquisition in Sport: Research, Theory &
Practice (pp. 99-118). London, Routledge.

Wulf, G., & Lewthwaite, R. (2016). Optimizing performance through intrinsic motivation and attention
for learning: The OPTIMAL theory of motor learning. Psychonomic Bulletin & Review, 23(5),
1382-1414.

Yan, V. X., Guadagnoli, M. A., & Haycocks, N. (2019). Appropriate failure to create effective learning:
Optimizing challenge. In N.J. Hodges & A.M. Williams (Eds). Skill Acquisition in Sport: Research,
Theory & Practice (pp. 313-329). London: Routledge.

43



Figure captions

Figure 1. Abstract figure showing the typical reversal effect from a contextual interference study.
Randomly scheduled practice is more difficult than blocked scheduled practice, so performance is worse
during practice. However, randomly scheduled practice leads to better long-term learning, so there is a
reversal in performance on the delayed post-tests (also called retention/transfer tests). Notably, the
learning benefit of randomly scheduled practice is seen across both blocked and random formats.
However, there is also often a specificity of practice effect such that each group does better in the

testing format that matches their practice condition.

Figure 2. A conceptual illustration of the challenge point framework (Guadagnoli & Lee, 2004), at three
different levels of difficulty and performance (a, b and c). As functional difficulty increases (panels from

a-c), performance decreases monotonically as denoted by the grey dot, but the relationship to learning

I u Ill

is nonlinear. There is a theoretical “optimal” point or zone of difficulty at which learning is maximized.

n u

Note that the terms, “comfortable”, “optima

I"

, and “punishing” (a-c, respectively) are our own terms for

qualitatively describing levels of difficulty.

Figure 3: Illustration of the hypothetical relationship between information availability, or what we refer
to as task uncertainty, and task difficulty, as a function of skill level. For novices, even low levels of
nominal task difficulty create rich learning situations where information and uncertainty are both high
under these relatively low difficulty conditions. For intermediates, less information or uncertainty is
available when difficulty is low, but as difficulty increases the amount of potential information from the
situation to learn should rapidly increase. For a more skilled individual, low and medium difficulty
practice conditions do not create situations of uncertainty where information is available for learning.
High levels of difficulty are needed to garner such situations, where there is novelty and a degree of

uncertainty.

44



Figure 4: A conceptual model showing different types of practice when the relative difficulty of practice
is considered as a function of the specificity of practice. At low levels of specificity, there is little transfer
to competition (red dots, black outline). At higher levels of specificity, transfer is expected and coaches
can manipulate difficulty dynamically. Practice-to-learn (green, non-outlined dot, “L”) takes the
individual into the optimal zone for learning and transfer (“T”), where relative difficulty is moderate to
high and specificity to the game environment is moderate to high. This zone where specificity is
moderate to high, but relative task difficulty is low is also likely to have benefits for maintaining and

reinforcing skills (green, non-outlined dot “M”).
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