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Abstract

This thesis addresses different manifestations and practical implementations of
movement variability in respect to their beneficial effects on movement coor-
dination and learning. The focal point of this topic, which has been a long-
standing, and still ongoing, issue of debate in academic research and among
practitioners, is formed by the comparison between the contextual interfer-
ence paradigm and the differential learning approach, representing two varia-
ble practice strategies found to improve motor learning performance under
certain conditions. The theoretical backgrounds and empirical findings of each
approach are thoroughly reviewed in the first part of this work. From contex-
tual interference research, it is advised to frequently switch between different
task variations during the acquisition phase in order to facilitate delayed reten-
tion and transfer. Established theoretical accounts are largely based on the
cognitive-psychological perspective with the focus on the additional infor-
mation-processing demands imposed by the changing context of practice. The
literature review in this respect outlines evidence from actual neuroscientific
findings and elaborates on major factors of influence, while arguing from the
viewpoint of movement variability that the spatial variance and temporal struc-
ture of the task variations have to be tuned to the individual’s inherent varia-
bility at the given task to advance learning. The differential training approach
is conceived as a practical application of the fundamental ideas in synergetic
and coordination dynamics, movement complexity analysis, stochastic reso-
nance, and (artificial) neural network research. These basic concepts, which
are introduced and discussed in the context of movement variability, led to a
sustainable paradigm shift in motor science by highlighting variability as an
essential functional entity of flexible and adaptive systems within different
theoretical frameworks. Drawing on synergetic principles of self-organization,
dynamical pattern theory identifies variability as a central feature for creating
instabilities via which the movement system spontaneously shifts into qualita-
tively different organizational states on different time scales. The stochastic
resonance framework elucidates the counterintuitive phenomenon of how ran-
dom noisy perturbations can enhance the quality of information signals from
positively impacting neuronal function to improving movement performance.
Simulations by artificial neural networks, whose power rests upon their built-in
generalization ability, provide valuable predictions for the selection of variable
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and representative training stimuli, as well as for the addition of noise, in or-
der to reasonably respond to unseen situations. These theoretical concepts,
and their resultant practical training approaches, arrive at the notion of an op-
timal magnitude and structure of movement variability that should be encour-
aged during practice. The second part of this work presents a parallel-group
study designed to contrast the effects of a high contextual interference and
schema-based practice regime with two variants of differential training on the
adoption of two indoor hockey skills in beginners. In relation to the contextual
interference strategy that involved random practice of a discrete humber of
incrementally complex exercises, differential learners were confronted with an
even larger amount of practice variability by increasing the differences be-
tween consecutive exercises that included erroneous movement executions
and were performed only once in either a systematic or a random arrange-
ment across multiple training sessions. Study results demonstrated positive
acquisition and learning effects on target shooting and slalom dribbling for all
three highly variable practice programs, with the improved criterion and trans-
fer performance persisting over the 6-month retention interval except for ran-
dom differential training. However, neither of the two differential training de-
signs resulted in better acquisition, retention or transfer outcomes than the
contextual interference approach. This supports the proposition that the
amount of optimal practice variability is limited if the acquisition period is con-
fined to several training sessions at the early stage of learning complex sport
skills.
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Part I

From Theoretical Background to Practical Implications



Introduction Theoretical Review: from Theory to Practice

1 Introduction

Effective technique training and the resulting questions about optimized motor
learning are of interest not only for competitive and recreational sports, but
also for therapy and a vast number of occupational categories. This interest
attracts particular attention in movement science; consequently, it is a great
challenge of such research to develop a practicable learning strategy to
achieve a certain skill at best.

At least since Schmidt’s schema theory and the resulting development of the
variability-of-practice hypothesis (postulated in 1975), variable practice has
become well accepted learning strategy, even for closed skills.

N. A. Bernstein already mentioned in 1947, that the uncontrollable dynamics
of the environment is in contrast to any possibility of a standardized motor
formula being imprinted in the brain. According to Bernstein, one should take
into account that forces producing a certain movement output are not prede-
fined only by the muscles’ innervation state and their length and velocity at a
given time. Apart from those active muscle forces, passive external and inter-
nal dynamics such as position-dependent gravitational forces and mechanically
reactive or motion-dependent forces (i.e. inertial, centrifugal and Coriolis forc-
es), as well as passive forces arising from muscle deformation and other soft
tissues are (inter)acting as well, resulting in an equivocal relationship between
the innervational impulses and the movement outcome. Expressed another
way, more than one motor signal can lead to the same movement trajectory
and vice versa: identical motor signals can cause different movements under
non-identical initial conditions and/or in the presence of variations in the ex-
ternal force field.

By modeling performance optimization, Hatze (1986) pointed out that it is im-
possible to determine, solely from motion observation, which actions and neu-
ral activity generated the observed motion, and emphasized that “exact repeti-
tions of motions are not possible”. In a couple of empirical studies, Schéllhorn
and colleagues took a holistic approach for non-linear analysis of different
complex movement patterns that convincingly indicated a low probability of
executing two identical movements. Even in top athletes, time series and arti-
ficial neural network analyses of relatively short movement phases affirmed
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the individuality of movement patterns over a period of up to 1 year, including
pole vault (Jaitner & Schéllhorn 1997); contact phase in long jump (Jaitner et
al. 2001); the final throwing phase of discus (Bauer & Schéllhorn 1997;
Schéllhorn 1998) and javelin (Schéllhorn & Bauer 1998); a double step in run-
ning (Schéllhorn 1999a); free throw in basketball (Schmidt et al. 2009); as
well as sprint (Simon & Schdéllhorn 1997) and gait patterns during ground con-
tact (Janssen et al. 2008; Janssen et al. 2011; Schéllhorn et al. 2002); finger
and whole-body kinematics in flute playing (Albrecht et al. 2014); and tactical
patterns in team sports (Jager & Schéllhorn 2012).

Regarding altered initial conditions or reactive forces, the task requirements
are permanently changing, even though the environment is kept constant.
Such changes occur to a greater extent in more complex movements than in
laboratory motor tasks because the relationship between central impulses and
the movement outcome is “further removed from unequivocality” (Bernstein
1967, p. 21) in an exponential progression by each new degree of freedom of
the kinematic chain. Against this background, it is not surprising that motor
program concepts, and from there constant practice, are predominantly estab-
lished in typical psychological test settings with simple motor tasks (cf. Wulf &
Shea 2002; Birklbauer 2006). It is further obvious that even in closed skills,
the number of executable solutions to a given motor task always far exceeds
the small number of learned examples (motor redundancy). Hence, it is the
objective and the challenge, not only in open skills, but also in more standard-
ized motor tasks, to necessarily develop a task-specific interpolation ability to
adequately and rapidly react to new situations in terms of changing external
and internal forces acting on the body. The development of such, of course,
neuronally based rules is a central element in Schmidt's schema theory, and
consequently, in the variability-of-practice hypothesis, as well as in a more re-
cent approach of so-called differential learning by Schéllhorn (1998, 2000),
although both concepts approach from different research fields and differ in
some key aspects, and hence lead to different consequences.

First of all, in contrast to the schema theory, in differential learning the nature
of the rules that have to be acquired for a successful adaptation to changing
constraints is not a priori determined, but emerges by itself only by interaction
of the subsystems in a self-organized manner (cf. Frank et al. 2008). Further-
more, the schema theory does not explain the variability-of-practice effect in
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tasks where the environment is kept constant. Neglecting persistently varying
position-dependent and motion-dependent forces restrains the application of
prior predefined invariants to a limited number of movements that are almost
exclusively generated by muscular forces. On the contrary, when moving in
complex and dynamic performance contexts, the variations of Schmidt’s pre-
defined invariants are unavoidable (cf. Schéllhorn et al. 2007c).

Schéllhorn’s differential learning and teaching is based on the system dynamic
approach; it intends to apply the principles of self-organization, introduced in
the 1960s by H. Haken (1983) and transferred to motor science in the 1980s
by J. A. S. Kelso (1995), into practice of motor learning and technique train-
ing. Quite similar to Bernstein, who concluded that practice is a particular type
of repetition without repetition by means of repetitively solving the same prob-
lem in different manner, the central postulation of differential learning con-
cerns the intention of “never repeating an exercise twice” (Trockel &
Schéllhorn 2003), which is not possible anyway, as was previously stated.
However, with an increase in execution variability, differential learning seeks
to more extensively scan the hypothetical solution space of a given task, en-
couraging the learner to gain appropriate neuronally coded rules that enable a
context-dependent optimized use of external and reactive forces, and there-
fore, reliable and successful solutions of complex skills. Consequently, the con-
struct of differential learning is mainly characterized by Schéllhorn et al.
(2009b) as randomly adding variable elements to target movements.

While the variability-of-practice hypothesis corresponds to the comparison be-
tween variable and constant practice and offers no provision of how the order-
of-practice trials should be conducted, the context interference effect refers to
the effectiveness of different variable practice schedules. It originates in ob-
servations that practicing different exercises or tasks in a randomized order,
compared to a blocked practice schedule, impedes acquisition, but favors re-
tention and transfer performance. Different amounts of interference emerging
from performing variations within the context of practice are seen as a contin-
uum between two extremes: high contextual interference, wherein the se-
quence of exercises would be randomly assessed, and low contextual interfer-
ence resulting from the practice of each task variation within its own block, or
unit, of time (cf. Magill 2007). Various forms of serial practice (e.g. a serial
order of task or block variations) organize variable practice between both ex-
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tremes. Whereas the contextual interference effect is related to the order of
exercises, their selection and other parameters act as moderator variables.
The effect of different contextual interference on learning and memory roots
in experimental cognitive psychology. It was first described by Battig (1966,
1972) in verbal learning, and brought forward to motor learning by Shea and
Morgan (1979) in a serial reaction and movement time task.

In terms of differential learning, contextual interference is considered as a
noise generating practice schedule in which randomized order, defined as high
contextual interference, induces a higher level of noise than blocked order
does. Whereas traditional models view noise as inherent changes of a given
target movement, in differential learning noise also includes the instructed
movement variations, traditionally referred to as variability (Schéllhorn et al.
2006a). In two case studies, Gebkenjans et al. (2007) and Janssen et al.
(2010) demonstrated that executions of first and second tennis services in a
serial order led to higher variance of each technique than a blocked arrange-
ment; therefore, they cover a greater area of potential solutions. In a bifurca-
tion model of differential learning on a dynamic system perspective by Frank
et al. (2008), or in an evolving landscape approach including simulated an-
nealing processes by Schéllhorn et al. (2009b), the amount of noise must ex-
ceed a particular threshold to enable further learning progress. Therein, train-
ing noise represents the variety of between-exercise difference.

The amount of contextual interference, as well as noisiness, not only depends
on exercise schedule, but also depends strongly on the types of exercise. In
most studies on the contextual interference effect, exercises are selected with
regard to Schmidt’s schema theory intending to develop and to automatize a
generalized motor program, or to differentiate between different programs. A
contrasting juxtaposition of task variations between different motor programs
(program variable practice) and variations within the same motor program
(parameter variable practice) has been a key issue in past research since
Magill and Hall (1990) proposed this hypothesis in relation to task difficulty.

Against the contextual interference approach, where exercises are picked due
to program parameters, differential learning does not focus only on the varia-
tion of movement parameters or movement invariants; nor do exercises be-
long to a particular movement class. From a system dynamics’ point-of-view,
predefined movement classes or schemata do not exist. In contrast, in differ-
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ential learning, subjects experience as many different invariant and variable
parameters as possible, which leads to the knowledge of a larger pool of po-
tential solutions. Therefore, Schmidt’s variable practice is only a small subset
of differential training, which, as defined by Schéllhorn (2000) and Schéllhorn
et al. (2007c), involves all forms of variable and constant learning approaches.
Schéllhorn et al. (2009b) consider traditional learning approaches, including
constant practice and methodical rows of exercises, as well as different sched-
ules of variable practice as different levels of stochastic perturbations, where-
by the highest level is achieved with the differential learning strategy.

As mentioned above, the contextual interference approach concerns the or-
ganization of a certain selection of exercises, but is essentially influenced by
the character of the exercises themselves. The contextual interference hy-
pothesis does not imply a predefined number of variations; rather, it compares
different practice schedules that contain the same exercises and the same to-
tal number of executions per variation. Previous studies used a limited number
of three to four variations. If their number is increased and the character of
variations is not taken into consideration, contextual interference approach
advances toward differential learning.

In contrast to the observed contextual interference effect where randomized
practice showed worse performance in the acquisition phase, the differential
learning approach postulates not only superior retention and transfer, but also
acquisition performance. This may occur if the learning environment is noisy
enough to extensively scan the hypothetical solution space of the task (cf.
Schéllhorn et al. 2006a; Frank et al. 2008; Schéllhorn et al. 2009b). As indi-
cated by Gebkenjans et al. (2007) in tennis and Beckmann et al. (2010) in
hockey, contextual interference or noise must be optimized, not maximized,
for maximal learning success; that is, an inverted U-shaped relationship be-
tween the amount of noise and learning performance. Contextual interference
supports that notion by showing worse results when interference exceeds a
certain level, depending on the task to be learned and the performance level
(see Chap. 2.1). This raises the question of whether and how to structure the
training progress.
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2 The Contextual Interference Effect

After the early findings of Battig (1972) and Shea and Morgan (1979), a con-
siderable number of studies on the contextual interference effect were con-
ducted in different conditions leading to several extensive reviews and meta-
analyses. However, at issue results caused by a multitude of moderator varia-
bles pose more questions than answers.

Contextual interference effect meta-analyses were conducted by Wiemeyer
(1998) with 112 effect sizes out of 63 studies; by Brady (2004) with 139 effect
sizes out of 61 studies; by Mazzardo (2004) with 115 effect sizes out of 51
studies; and by Lin (2006) with 336 estimates of effect sizes out of 122 stud-
ies. All studies included in those analyses were published from 1979 to 2005,
but they differed considerably across meta-analyses. The fewest identical
studies were found between Wiemeyer and Mazzardo with 36%, whereas the
Mazzardo had 64% in common with Brady representing the highest concord-
ance (cf. Fig. 1). Only 18% of the studies were analyzed in all four meta-
analyses. The results of those analyses should be compared with caution de-
spite the fact that the same effect size was used calculating Cohen’s d correct-
ed for bias and sample size by Hedges and Olkin (1985). Mazzardo set effect
sizes being not significant as zero yielding in a possible underestimation of the
contextual interference effect. Brady put scores for retention and transfer tests
in a single analysis, and thus violated the independence assumption of stand-
ard meta-analysis.

The overall contextual interference effect is supported and warranted by sig-
nificant overall mean effect sizes over acquisition, retention and transfer. In
accordance with the contextual interference hypothesis, the blocked group
outperformed the random group in acquisition with small to medium effects
stated by Mazzardo (-.31) and Lin (-.42), whereas Wiemeyer found a large
mean effect (—.84). For retention and transfer, the mean treatment effect was
similar and of small to moderate size in Brady’s (.40/.31), Mazzardo’s (.31/.23)
and Lin's (.31/.28) analyses, but once again larger in Wiemeyer's study
(.56/.43), which may be explained by the least study concordance with the
other three meta-analyses.
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Wiemeyer (1998) N Lin (2006) Mazzardo (2004) N Lin (2006) Brady (2004) N Lin (2006)

Fig. 1: Intersections of the analyzed literature in the contextual-interference meta-
analyses by Brady (2004), Lin (2006), Mazzardo (2004) and Wiemeyer (1998)

Tests for homogeneity done by Wiemeyer, Brady and Lin to assess whether all
the effect sizes were similar revealed that the overall effects were inhomoge-
neous in acquisition, retention and transfer, indicating that some other factors
(i.e. moderator variables) influence the contextual interference effect. To es-
timate the publication bias, Wiemeyer and Brady calculated the fail-safe N in
order to answer the so-called file drawer problem that represents the number
of unpublished studies with null effect that would be necessary to reduce the
cumulated effect size to a non-significant level. Brady found a fail-safe N of
204 for the overall effect including retention and transfer, so it is unlikely that
there are that many studies sitting in file drawers. This is in accordance with
Wiemeyer’s results in acquisition and retention; however, for transfer, the va-
lidity of the effect sizes is not supported. Additionally, Brady calculated the
overall mean power of the studies reviewed based on an estimated effect size
of .40. An overall beta error of .57 indicates a lack of adequate sample size,
especially in those studies where the effect size is small.
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2.1 Potential moderating variables

Due to the inhomogeneous results of contextual interference studies, multiple
moderator variables were theoretically debated and their influence was calcu-
lated if the number of studies was sufficient. Such variables are ecological and
internal validity; amount of practice and contextual interference; type of skill,
test and task; skill level; age; gender; knowledge of result; personality; and
theoretical explanations.

The only moderator variable that was analyzed in all four cited meta-analyses
belongs to the nature of research or ecological validity. Whereas in acquisition,
significant larger contextual interference effects were consistently revealed in
laboratory oriented research than applied, the meta-analytic studies disagreed
in retention. Wiemeyer and Brady found again bigger advantages for random
practice for settings lacking real-world features (2.4 to 3 times as many mean
effects), while Mazzardo and Lin demonstrated similar magnitude of effect siz-
es. A possible explanation for this disagreement could be provided by the dif-
ferent inclusion of applied studies. Contrary to Mazzardo and Lin, in Wiemey-
er’s and Brady’s analyses applied studies contained only real sport settings and
tasks. As typical sport skills are more often of complex nature with a higher
degree of freedom, random practice more likely leads to a mental overload
through movement variability.

Furthermore, Brady established an interaction of age and nature of research;
that is, young learners showed relatively small effect sizes in applied sport set-
tings; however, when the comparison is limited to adults, the effect size dif-
ferences between laboratory and applied studies are of less magnitude. Be-
sides Brady’s revealed age difference in contextual interference effect, Lin
could confirm larger effects for adults even though in acquisition, but neither
in retention nor in transfer. The observation that the movement variability in-
duced through random practice schedule overwhelms the learner’s capability
as seen in age could be further expanded to novices and female. As Lin point-
ed out, male or experienced had two to three times larger effects sizes in re-
tention being moderate to large.

Brady detected in a comparison between different amounts of contextual in-
terference that high amounts were more effective than mixed, but not when
sport skills were taught. Mean effect sizes differed also across different types
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of tests and different amounts of practice. Against precision tasks, Wiemeyer
calculated about two times larger effects for tasks with focus on movement
speed in retention and three times larger effects in transfer. Although Maz-
zardo and Lin classified the amount of practice equally, their results diverged
favoring, on the one hand, medium amount studies with 51 to 90 trials; and
on the other hand, studies with larger amounts.

Neither during acquisition nor retention or transfer did the presence or ab-
sence of augmented feedback significantly influence effect sizes, as Mazzardo
unveiled; however, different types of knowledge of result were not distin-
guished. The analysis of the internal validity demonstrated higher effect sizes
in studies where participants, tasks and the methodological procedures were
more tightly controlled, which could have been expected.

2.1.1 Task (dis)similarity

Based on the extended review of different types of tasks, Magill and Hall
(1990) recognized that the contextual interference effect is not a global effect
and may be manipulated by the type of task variations to be practiced. Their
“between- vs. within-motor program hypothesis” is related to the diverse simi-
larity or dissimilarity of task variations and the thereof derived task difficulty,
which generates different amounts of contextual interference. When the varia-
tions to be practiced in random order are quite different (i.e. requiring differ-
ent generalized motor programs) a higher level of contextual interference is
created leading to enhanced retention and transfer performances. However, if
the task variations are similar involving parameter modifications, which are
within the same motor program, the contextual interference effect due to re-
duced task difficulty will not be found. Based on the assumption that varying
between different motor programs requires the reconstruction of the program
inclusive parameter adjustments each time, learners engage in more effortful
processing than when the task variations are similar.

Wiemeyer and Mazzardo confirmed in their meta-analytic studies for both pa-
rameter variable and program variable practice contextual interference effects.
While parameter alterations during practice yielded in small results, varying
between different movement patterns produced more than two times larger
effects in retention and transfer, although negative effect sizes did not differ in
acquisition phase. In an early laboratory experiment, Wood and Ging (1991)
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directly compared different levels of similarity of the task variations to be
learned. Results of the retention and novel transfer tests supported contextual
interference effects for low, but not high, similarity tasks. In place of defining
task similarity as a function of the spatial characteristics (i.e. size versus
shape) of the movement patterns, Boutin and Blandin (2010a) more recently
compared parameter variable practice of more or less similar absolute move-
ment times in a three-segment timing task. While no blocked-random differ-
ence was found for the similar parameter condition, varying more dissimilar
target times produced higher intertrial variabilities during acquisition with the
highest by random practice, and again, a typical contextual interference effect.
In both studies, however, task variations were restricted to simple skills with
few degrees of freedom, or even to the same motor program which thus may
induce lower movement variability by itself.

In contextual interference literature, parameter learning is sometimes equated
with parameter variable practice and program learning with program variable
practice, respectively. In order to avoid confusion, this should be separated.
Whereas the parameter or program variable practice refers to the properties
of the variation, program or parameter learning refers to what is learned
through practice, that is, the construction of particular motor programs or the
improvement of parameter modification within motor programs.

Magill and Hall’s view concerning the superiority of program variable practice
predicts that both program learning and parameter learning would be en-
hanced in contrast to parameter variable practice. When programs are recon-
structed, parameters added to them have to be modified as well. Opposing
this prediction, contextual interference effects were mostly detected in param-
eter learning, but not in program learning, regardless of whether skill varia-
tions are controlled by the same or different programs (cf. Mazzardo 2004).
However, those studies, which drew the comparison between both kinds of
learning practicing within or between motor programs, used serial practice
schedules as high contextual interference and very simple laboratory tasks.

2.1.2 Task complexity

Besides the subjects’ skill levels and ages, the difficulty or amount of interfer-
ence created during practice depends on the complexity of a given task. This
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probably caused, as Hebert et al. (1996) stated, different results between la-
boratory and applied research settings.

The topic was taken up by Wulf and Shea (2002) in their extended review
about the different properties of simple and complex skill learning. As opposed
to laboratory experiments of the contextual interference effect that involve
typically multi-segment tasks, simple aiming and anticipation-timing tasks or
movement patterning and tracking tasks, complex skills feature several de-
grees of freedom, cannot be mastered in a single session and tend to be eco-
logically valid as categorized by Wulf and Shea (2002). According to their
view, practicing more complex movement patterns calls for higher attention,
motor control and memory demands, which make those tasks themselves
more difficult, especially when learners are relatively inexperienced. More de-
manding practice schedules like random practice may, therefore, overload
learners’ capacities and thus diminish the advantages of high contextual inter-
ference schedules.

Albaret and Thon (1998) corroborated the hypothesis that the complexity of
the task to be learned modulates the contextual interference effect. Compar-
ing random and blocked practice in different levels of complexity of a laborato-
ry drawing task, retention and transfer tests revealed a clear advantageous
effect for random practice, but only in the simplest condition. When the task
complexity was increased, the random practice benefits were reduced and in
the most complex condition almost reversed. Similar results were reported
more recently by Boutin and Blandin (2010b) for a timing task whose target
times had to be performed either in one single or three different movement
directions with the latter being more complex due to its higher degrees of
freedom. While practicing the simple task variants yielded a typical contextual
interference effect, no blocked-random difference was found for the more
complex movement pattern regardless of the amount of practice. Furthermore,
advantages of random relative to blocked practice are all the more lost, when
the complexity and difficulty of the task is increased by producing both a goal
movement outcome and a specific relative force or timing pattern (Wulf &
Shea 2002).

From a cognitive-psychological perspective, Wulf and Shea (2002) interpreted
those findings to the effect that with an excessive degree of complexity in
movement task and practice schedule, the development of memory represen-
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tations or motor programs would be degraded. This is because, on the one
hand, short-term memory may be overloaded, limiting motor processing or
elaboration or on the other hand, make a full reconstruction from trial to trial
difficult. In the “challenge-point” framework postulated by Guadagnoli and Lee
(2004) from an information-theoretical point of view, task complexity relates
to the constant, nominal task difficulty while the functional difficulty of a given
task additionally depends on the skill level of the performer and the conditions
under which the task is being practiced. For optimal learning, practice condi-
tions, such as the trial order, need to be adjusted to one’s information-
processing capabilities, which in turn is a function of the skill level, and the
nominal task difficulty such that an optimal amount of interpretable infor-
mation is available (i.e. the optimal challenge point). For instance, a complex
task or a random trial order will increase the functional task difficulty, and
thus, will provide for more information generated in the performance of the
task because more uncertainty can be reduced. Still, beyond an individual’s
optimal challenge point, further increase of potential information would be in-
creasingly noninterpretable as it overflows the information-processing capacity
of the learner resulting in less learning benefit. As such, random practice of a
complex task may offer an appropriate functional difficulty for an expert per-
former, whereas it would presumably overshoot the amount of information
efficiently processed by a beginning performer. Practicing a simple task in a
constant or blocked manner without changing environmental conditions, on
the other hand, might be functionally too easy for novices and even more so
for advanced performers; again, precluding the individual from his/her opti-
mum challenge point for learning. But this time because, rather than too
much, too little potential information is available as there is high certainty
about the potential success of performance. From a dynamical system point of
view (see Chap. 3.1), the combination of inherent variability and introduced
variability — the first caused among others by the task complexity and the sec-
ond by the practice schedule — might exceed an optimal level of movement
variability or noise. Such an excessive amount of noise would then rather im-
pede than enhance the development of the task-specific interpolation ability
necessary to successfully adapt to changing constraints.
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2.1.3 Interaction of task similarity and task complexity

Introduced variability is not only determined by the practice schedule (i.e.
constant, blocked, serial or random practice), but also by the similarity or dis-
similarity of the task variations. Given a complex task setting, variations to be
practiced with small similarity and in random order would predict a tremen-
dous amount of movement variability. That might exceed the optimal level of
noise; therefore, it impedes learning, whereas the same amount of introduced
variability in laboratory tasks might be optimal noise, and thus, enhance learn-
ing.

According to already mentioned Magill-and-Hall-hypothesis (1990), in labora-
tory-based research high contextual interference is more effective than low
when tasks using different motor responses are performed. Contrarily, in re-
search using complex sport skills the contextual interference effect could be
demonstrated, in particular, when variations were within the same motor pro-
gram; hence, it is relatively similar. This fact is supported by a meta-analysis
by Gelber (2005) including 27 applied studies published between 1986 and
2004, where it was differentiated between the type of exercises (i.e. within
the same or between different generalized motor programs).

Fifty-seven mean effect sizes weighted by sample size were calculated for ac-
quisition, retention and transfer. Taking both types of tasks together, a similar,
but slightly lower mean effect size of .14 was discovered in retention than
Brady (2004) found for field-based research. Mean effects in acquisition (.02),
as well as transfer (.10) were below .20 — representing small and trivial differ-
ences as defined by Cohen (1988), where results in acquisition were quite
similar to Wiemeyer (1998), Mazzardo (2004) and Lin (2006). However, by
differentiating between task types and taking only complex sport settings into
account as a higher inherent variability is assumed, the contextual interference
effects were apparent only in parameter variable practice (see Fig. 2). In com-
parison to the ten studies varying between different skills, the 13 parameter
altering studies showed notably higher contextual interference effects for ac-
quisition (—.17), retention (.38) and transfer (.19), whereas program variable
practice fails to achieve mean effects for acquisition (-.03), for retention (.04)
or for transfer (.01).

The assumption that varying different motor responses combined with high
task complexity leads to a noise overload (i.e. exceeding the optimal level of
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movement variability) is brought forward by a self-performed research review.
Twenty-six applied studies related to complex sport skills, published between
1984 and 2007, were analyzed in the style of a traditional voting method.
Fourteen of those 26 studies involved similar variations within one skill (Pigott
& Shapiro 1984; Goode & Magill 1986; Porretta 1988; Boyce & Del Rey 1990;
Wrisberg 1991; Wrisberg & Liu 1991; Hall et al. 1994; Smith & Davies 1995;
Goodwin & Meeuwsen 1996; Farrow & Maschette 1997; Landin & Hebert
1997; Granda & Montilla 2003; Hwang 2003; Jackson 2006); whereas 11 stud-
ies included program variable practice (French et al. 1990; Bortoli et al. 1992;
Hebert et al. 1996; Nair & Bunker 2000, 2002a, 2002b; Koufou et al. 2003;
Ata 2005; Ata et al. 2005; Jones & French 2007; Zetou et al. 2007). An early
study by Wulf (1988) contained both variations within and between general-
ized motor programs.
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Fig. 2: Mean effect sizes for contextual interference effect in acquisition, retention and
transfer of the 27 applied studies in the meta-analysis by Gelber (2005) separated
in the overall effects as well as parameter and program variable practice effects

Nine out of the 12 studies related to dissimilar task variations found no signifi-
cant advantages for random practice schedules either in retention or in trans-
fer. Only the study by Ata et al. (2005) revealed a trend toward high contex-
tual interference, in which two of the three skills to be learned showed signifi-
cance in short-term retention; however, only one skill for long-term and none
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of the three for transfer differed to lower contextual interference schedules.
Two studies by Nair and Bunker (2000, 2002b) backed the idea of an optimal
variability level, because schedules between blocked and random demonstrat-
ed significantly better contextual interference effects. Conversely, none of the
12 studies varying between motor programs verified significantly better results
for variable practice in a blocked manner. Demonstrating no significant effect
is not tantamount to there being no difference between the practice sched-
ules; it could also be caused by too low test power or a too high beta error,
respectively. This argument is invalidated by the low effect sizes throughout,
indicating that in more complex tasks varying between quite different motor
responses blocked practice was found to be as beneficial as random.

In contrast to studies involving various skills, most parameter variable studies
contradict the Magill-and-Hall-hypothesis. Thirteen out of the 15 reviewed
studies show at least partial, if not clear superiority, for high contextual inter-
ference. Moderate variability schedules outperformed blocked or random prac-
tice in two studies by Landin and Hebert (1997) and Pigott and Shapiro
(1984), indicating again an inverted U-shaped contextual interference effect.
Greater effect sizes for high amounts of contextual interference than mixed
amounts could only be detected in lab-oriented research according to Brady’s
meta-analysis (2004).

Contrary to the negative contextual interference effect for acquisition perfor-
mance in laboratory tasks, in applied complex settings 5 of the 26 studies
showed even in the acquisition phase at least partially better results for high
than for low contextual interference, as postulated in the differential learning
approach. This was regardless of task variation type since three studies varied
within the same motor program (Pigott & Shapiro 1984; Farrow & Maschette
1997; Smith & Davies 1995), whereas two were related to between program
variations (Nair & Bunker 2000, 2002b).

Taking account of both inherent variability and introduced variability

The different contextual interference results between parameter and program
variable practice in isolated laboratory and complex sport settings indicate the
necessity for an optimal amount of movement variability, which is composed
of the task inherent variability and the variability introduced through the exer-
cises and their schedules.
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If the level of noise or movement variability induced by the differential practice
strategy in fact exceeds both that of parameter and program variable practice,
as predefined by Schéllhorn et al. (2009b), such a level exceeds the optimal
amount of noise even more. That is the case if inherent variability is not con-
sidered as well, because movement variability is furthermore affected by the
subject’s age, skill level and other moderator variables. Young and unskilled
subjects innately or by definition have a high level of movement variability.
Alike complex sport-related and open tasks are more variable than laboratory
ones caused by the high number of degrees of freedom and the less predicta-
ble environmental conditions. In combination with a high amount of intro-
duced variability by varying between different motor responses and in random
order, the movement variability supposedly exceeds the optimal noise level
and leads to an inferior learning performance (see Fig. 3).

In contrast, skilled adult subjects in closed laboratory tasks, varying between
very similar motor responses in a low contextual interference schedule, may
fall below the necessary amount of noise for best learning performance. Such
a point-of-view is further supported by the consistent findings that in field-
based research, adults gain more contextual interference effect than younger
or less experienced learners (see Brady 2004, 2008). That is because for chil-
dren or novices, random practice may result in too excessive response variabil-
ity, as Wulf and Schmidt (1994) suggested earlier. Applied complex tasks, re-
gardless of practicing program or parameter variations, seem to be sufficient
contextual interference for young learners without the need for random prac-
tice. Therefore, blocked practice schedules should be preferred in early stages
of skill learning and/or young subjects, as postulated by Hebert et al. (1996)
and Wulf and Shea (2002).

An alternative not to exceed the optimal amount of variability in a random
condition could be practicing variations, which differ less widely, especially
within one skill. Conversely to applied contextual interference research, studies
supporting the variability-of-practice hypothesis found that variable practice is
more effective for children than for adults (cf. Schmidt & Lee 2011). What is
commonly interpreted as a result of some lack of movement experiences in
children could also be a consequence of a too low movement noise for adults,
because most of those laboratory studies were conducted in a blocked practice
sequence.
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Fig. 3: Hypothesized optimal curve of motor learning as a function of movement varia-
bility (top); dependence of movement variability on different intervention-induced
and inherent variability factors (bottom)

As Brady (2004, 2008) already urged, besides the moderating variables de-
tected so far, upcoming meta-analytic studies should consider the number of
skills and their magnitude of differences being taught. The emerged noise may
not be easily considered as the sum of the magnitude of differences and their
amount because highly diverging movements probably no longer interact with
each other; therefore, they lead to reduced movement variability. Future me-
ta-analyses might investigate moderating variables according to their inherent
or introduced variability, and their interaction in order to find the right bound-
ary or mediating conditions for the optimum of noise, if it indeed exists.

2.2 A couple of attempted explanations

A variety of theoretical explanations have been provided to elucidate the con-
textual interference effect including the impact of moderator variables being
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detected. Most of them are based on the cognitive-psychological perspective
of motor learning, and although they appear as rivaling theories, they are not
mutually exclusive (cf. Lee & Simon 2004). Brady brought the different theo-
ries in his extensive 1998 review to a common denominator, which may be the
enhanced cognitive activity, or the more effortful processing engendered by
high interference schedules, and the deficient or decreased processing load as
a consequence of low interference practice.

The predominant theoretical accounts involve the elaboration, reconstruction,
pro- and retroactive interference, feedback usefulness, appropriate transfer,
self-efficacy and motivational hypothesis.

Based on the theoretical explanation of the contextual interference effect in
cognitive learning by William Battig (1966, 1972), and primarily supported by
research concerning explicit memory tests, the elaboration-and-distinctiveness
hypothesis by Shea and Morgan (1979) proposes that random practice in op-
position to blocked practice necessitates comparative and contrastive analyses
of the variations to be performed. Through higher variability within practice
schedule, different task variations remain together in working memory and
thereby enable an enhanced comparison and increased distinctiveness be-
tween tasks. Due to alterations between different encoding strategies, the
demand on memory processing leads to worse acquisition, but improved re-
tention performance and enables the learners to adapt more accurately to
novel situations during transfer test being able to identify the relevant task
features.

The action-plan or forgetting-and-reconstruction hypothesis provided by Lee
and Magill (1983, 1985) is linked to the forgetting-helps-remembering paradox
early revealed on the spacing effect by Cuddy and Jacoby (1982). Because
random practice promotes forgetting of the previous trial, for the subsequent
trial the action plan traditionally referred to motor program or parameter mod-
ification needs to be reconstructed. As the previously executed movement is
no longer available in working memory, random practice engages more active-
ly in problem-solving activity, weakening acquisition, but strengthening reten-
tion and transfer performance. The distinction between the elaboration and
reconstruction views deals with working memory. While the first approach
proposes the concurrent presence of more than one movement pattern in
working memory facilitating comparison and contrast, the latter view empha-
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