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ABSTRACT

ARTICLE HISTORY

In keeping with the dominant view that skills are largely automatic, the standard view of memory systems distinguishes
between a representational declarative system associated
with cognitive processes and a performance-based procedural
system. The procedural system is thought to be largely responsible for the performance of well-learned skilled actions. Here
we argue that most skills do not fully automate, which entails
that the declarative system should make a substantial contribution to skilled performance. To support this view, we review
evidence showing that the declarative system does indeed
play a number of roles in skilled action.
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1. Introduction

The standard view of memory systems distinguishes between a declarative
system, associated with conscious memory for factual (including personal)
information, and a nonconscious procedural system, associated with habits
and skills. This distinction is in line with the prevailing view that skills are
largely automatic. A cluster of alternative approaches to skill, however, proposes
that it involves a substantial cognitive component (Christensen, Bicknell,
McIlwain, & Sutton, 2015; Christensen, Sutton, & McIlwain, 2016; Ericsson,
2006b; Fridland, 2014; Montero, 2010, 2013; Mylopoulos & Pacherie, 2017;
Papineau, 2013; Pavese, 2015; Shepherd, 2015; Stanley & Krakauer, 2013;
Sutton, 2007; Sutton, McIlwain, Christensen, & Geeves, 2011; Toner,
Montero, & Moran, 2015). There is thus some tension between these cognitively-involved approaches to skill and the standard view of memory systems,
and it would seem that the substantial body of evidence for the latter is
counterevidence to the former. Here, we present a linked set of arguments for
thinking that skills do not fully automate, and we review several strands of
memory-systems and motor-control research that support this view. This
evidence suggests that the standard view of memory systems should be revised,
and it raises a number of further empirical and theoretical questions.
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2. Skill and automaticity

Skills are functional abilities – capacities to achieve valuable outcomes in
suitable conditions. Fitts & Posner’s (1967) deﬁnition of skill restricts skill to
a certain type of ability, where its expression involves an organized sequence of
activity. They consider largely innate abilities such as breathing and coughing to
be skills, but skill is also sometimes deﬁned as being acquired through learning
(e.g. Stanley & Krakauer, 2013; Yarrow, Brown, & Krakauer, 2009). Whether
learning should be treated as a necessary feature in theoretical deﬁnitions of skill
is an issue we cannot address here, but it is reasonably clear that most human
skill involves substantial learning. Indeed, classical theories of skill such as that
of Fitts & Posner focus on characterizing the way it is learned. Another attribute
which has been proposed as necessary is that skills are expressed in intentional
action (Fridland, 2014; Stanley & Krakauer, 2013). We agree that skills are often
expressed in this way, but this is not a consensus view, given the prevalence of
the idea that skills are typically or optimally performed largely automatically
(see Montero (2016) for a recent review). A further concern with this criterion is
that it is not clear that perceptual abilities which are often considered to be skills,
such as music perception (e.g. Margulis, 2005), are always expressed through
intentional action.
Extant general theories of skill, such as Fitts and Posner (1967),
Anderson (1982), and Dreyfus and Dreyfus (1986), have primarily focused
on the human abilities that are acquired through learning. An expanded
perspective will be required to understand the evolution of skill, but, for
our current purposes, we will adopt the same scope. Human skill encompasses a diverse range of abilities that range from everyday walking, reading, and mental arithmetic to elite gymnastics, dance, music performance,
chess, and military command. Given this diversity, a natural question to
ask is whether there are important principles common to all such skills
that should be explained by a general skill theory. Several major distinctions between kinds of skills have been made, including between motor
and cognitive skills (e.g. Schmidt & Wrisberg, 2008) and between everyday
and elite skills (Ericsson, 2006b; Montero, 2016), and it is possible that the
diﬀerent kinds are suﬃciently dissimilar that there is no basis for overarching theory. There are reasons for thinking that this is not the case,
however. To begin with, the distinction between cognitive and motor skill
is not sharp; many skills incorporate both cognitive and motor elements
(Schmidt & Wrisberg, 2008). Moreover, Rosenbaum, Carlson, and Gilmore
(2001) argue that cognitive and motor skills are more similar than they are
diﬀerent: They share attributes such as generativity, abstract rules, and
patterns of learning. Indeed, the Fitts and Posner theory of skill learning
was developed for perceptual-motor skill and applied by Anderson (1982)
to cognitive skills.
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General skill theories have focused on a candidate-unifying principle:
the development of automaticity with practice. Skill learning undoubtedly
involves automation, and there is an obvious explanation for why this
should be so: Automation improves the eﬃciency of action production. As
noted, the dominant view is that skills are largely or entirely automatic,
but, despite the popularity of this view, there are good reasons for thinking
that this view is not correct. Skills need to be eﬃcient, but they also need to
be ﬂexible. The relative inﬂexibility of automatic processes provides
grounds for thinking that skills might not automate fully. We’ll ﬁrst
examine theories which claim that skills fully automate, and then we’ll
develop a contrary rationale for thinking that they do not, focusing on
ﬂexibility. This rationale can be developed in diﬀerent ways, yielding
diﬀerent positions, each of which has diﬀerent implications for understanding memory systems. We argue for a view which holds that, in the
exercise of most skills, cognition contributes to the execution of actions
and, additionally, performs higher-level strategic and situational decisionmaking. In this respect, we diﬀer from Ericsson (2006b), who claims that
everyday skills automate but that elite skills do not.
2.1. Theories which claim that skills are automatic

It has been common to assume that skill learning progresses through
a series of stages, where each stage is characterized by a particular type
of control. More speciﬁcally, classical skill theories in psychology
(Anderson, 1982; Fitts & Posner, 1967) have characterized these stages
using psychological conceptions of cognitive control and automaticity. Fitts
and Posner employed seminal versions of these concepts, and they were
subsequently elaborated in canonical form in the 1970s (Posner & Snyder,
1975; Shiﬀrin & Schneider, 1977). Cognitive control is associated with
conscious attention, which ﬂexibly conﬁgures processes of cognition and
action based on the goals of the individual. According to this deﬁnition,
inasmuch as conscious goals direct cognition and action, cognitive control
involves intentional control (however, more recent research has recognized
non-conscious inﬂuences on cognitive control (e.g., Hommel, 2007; van
Gaal, de Lange, & Cohen, 2012)). In contrast, automatic processes occur
without attention, employ stereotypic process structures, and can be
unconscious. Dreyfus and Dreyfus’s (1986) theory of skill draws on
a diﬀerent conceptual background, from philosophical phenomenology,
but it is similar in overall structure.
Fitts and Posner (1967) claimed that there are three stages in the course
of skill acquisition: an initial cognitive stage that allows the novice to
approximate the actions required for performing the task, an associative
stage in which errors are noticed and corrected, and an autonomous stage
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in which there is continuous, incremental improvement in task performance. The skill is autonomous in the ﬁnal stage in the sense that action
production shows reduced dependence on cognitive control and high
tolerance to interference from a second task. The theories of Anderson
(1982) and Dreyfus and Dreyfus (1986) have a similar overall structure but
give diﬀerent accounts of the learning process and the nature of automaticity. Anderson studies the formation of automated action sequences with
the aid of a process he calls proceduralization. Proceduralization involves
the formation of associative links between actions performed in succession,
as well as the elimination of variables in action production that require
declarative knowledge. He illustrates this by attesting to the development
of automated links between the successive digits of a familiar telephone
number. A procedure for dialing an unfamiliar number might involve
consulting an external record of the number to determine the ﬁrst digit,
dialing the ﬁrst digit, consulting the record to determine the second digit,
dialing the second digit, and so on. In the case of an often-used number,
however, associative chaining can construct links between successive digits,
bringing them to mind automatically. Dreyfus and Dreyfus focus on
a transition from cognitive problem-solving to intuitive responses based
on holistic pattern-recognition. They regard expert performance as
strongly non-cognitive, Hubert Dreyfus saying that “masters agree that
mastery is achieved only when the master ceases to base his actions on
reasons and instead is absorbed into a ﬁeld of attractive and repulsive
forces that directly draw him to cope” (Dreyfus, 2013, p. 33).
One key issue is the empirical basis for the descriptive characterization
of the transition that occurs during skill learning. Fitts and Posner base
their account on a body of experimental research, although evidence was
limited at that time. We describe concerns about more recent evidence in
Christensen et al. (2016) and below in Section 4.2.3. Anderson takes the
Fitts and Posner account as a starting point and seeks to provide
a theoretical characterization of the stages; he doesn’t provide additional
empirical support. Dreyfus and Dreyfus regard their account as
a characterization of the phenomenology of skill learning. They do not
base this characterization on empirical research; instead, they provide
a description which is intended to be grasped by the reader as correct.
A second key issue is the theoretical rationale for why the transition, as
it has been characterized, should occur. Fitts and Posner emphasize the
eﬃciency and robustness of automatic processes which allows some tasks
to be performed at the same time as other tasks, such as walking while
talking. The speed of automatic processes is also emphasized in subsequent
research, while cognitive control is characterized as slow, serial, and having
limited capacity (e.g. Shiﬀrin & Schneider, 1977). Anderson’s explanation
of automation focuses on the comparative speed, eﬃciency, and robustness
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of automatic processes. Dreyfus and Dreyfus do not appeal to psychological research on cognitive control and automaticity, but they do seem to
regard the relative-speed advantage of automatic responses as an important
factor driving skill learning. However, their explanation of the development of automaticity focuses on their claim that intuitive responses are
more context-sensitive. They characterize cognitive problem-solving as
operating through the application of rules that are formulated independently of the performance context and can only be crudely applied to it. In
contrast, through experience, the individual acquires intuitive sensitivity to
subtle features of the situations in which performance occurs.
Anderson’s theory has a number of limitations, particularly as it is
applied to skills that have a substantial motor component. One of these
features is that the account says nothing about the ﬁne-grained structure of
action execution. Complex actions are typically not mere sequences
assembled through the linking of components. They can involve ﬁnely
structured parameters such as posture, trajectory, force, and speed. Many
of these parameters are holistically structured in such a way that the action
is eﬃciently organized overall. Moreover, the ﬁne details of the execution
of a given action must be varied to accommodate varying circumstances.
For example, a skilled basketball player must be able to take a shot from
many diﬀerent locations on the court.
Flexibility is thus a critical issue for skill theory, and the accounts we’ve
described thus far say little about it. From the perspective of the behavior
of the agent, ﬂexibility is the ability to adjust to variable circumstances.
Behavioral ﬂexibility might be achieved by having a very large repertoire of
responses that are themselves individually inﬂexible, but ﬂexibility can also
be achieved by means of relatively generalized responses whose speciﬁc
structure can be ﬂexibly adjusted for changing conditions. Some researchers have proposed mechanisms for ﬂexibility in automated action processes, and here we can distinguish two kinds. The ﬁrst is ﬂexibility in the
parameters of execution of an action whose sequential structure is stereotypic. This is exhibited in the basketball shooting example. There are
several approaches which attempt to explain this kind of ﬂexibility, including schema theory (Schmidt, 1975), internal models theory (Wolpert &
Kawato, 1998), and the dynamical systems approach (Huys, Daﬀert-Shofer,
& Beek, 2004; Kelso, Holt, Rubin, & Kugler, 1981). In each case, ﬂexibility
is explained by means of generalized structures that map classes of inputs
into classes of responses. By using interpolation, in which intermediate
values are inferred, it is possible to generate functional responses to stimuli
whose speciﬁc parameter values haven’t been previously experienced. For
instance, by practicing shooting at varying locations, the basketballer can
acquire a schema that captures generalized relationships between changes
in distance and the motor parameters of shooting. When shooting from
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a distance that has not been practiced yet but is within the range of
practiced distances, this schema should generate appropriate motor parameters for the shot.
The second kind of ﬂexibility is the ﬂexible organization of action
sequences. For instance, when making a cup of tea, actions can be performed in varying orders or substituted for others while preserving the
overall goal. Thus, the tea might be obtained from the kitchen counter or
the cupboard, diﬀerent kinds of tea might be used, water could be added
before or after the tea, and so on. Norman and Shallice (1986) presented
a theory of complex routine actions that explains this kind of ﬂexibility in
terms of hierarchically organized schemas (see also Cooper & Shallice,
2000). A high-level schema inhibits rival schemas and activates supporting
lower-order schemas involved in performing an action. Competition
between lower-order schemas allows for action substitution. Botvinick
and Plaut (2002, 2004)) argued for an alternative, nonhierarchical account
based on recurrent neural networks, which can learn overlapping
sequences by using recurrent activity as a context signal. Nevertheless,
Botvinick subsequently abandoned the attempt to model sequential behavior nonhierarchically, instead switching to hierarchical reinforcement
learning (HRL) as a framework (Botvinick, 2008). In support of the use
of HRL, Botvinick (2008, p. 206) notes that HRL has found that abstract
representations can facilitate learning by partitioning and restricting the
search space.
This last point has considerable signiﬁcance for skill theory. Firstly, the
matter of learning tractability has been neglected in skill theory, but, as this
example shows, it can have profound implications. Our arguments below
take it as a fundamental issue. Secondly, the existence of hierarchically
structured representations has been ﬁercely contested by connectionism,1
dynamical systems theory, and related approaches; that they improve
learning tractability is a strong reason for thinking that hierarchical representations develop during skill acquisition.
2.2. Why skills might not automate fully

Although the automatic approach to skill has been dominant, cognitive
approaches have also been pursued. One of the most prominent is that of
Ericsson, who argues that the Fitts and Posner account of skill learning applies
only to everyday skills, not elite skills (Ericsson, 2006a). He suggests that, in
the third, autonomous stage of skill acquisition, individuals lose the ability to
make intentional modiﬁcations and adjustments in their execution of the skill.
As a result, performance reaches a plateau, with little further improvement.
This is acceptable for everyday skills, where the goal is simply to reach a level
of proﬁciency that is satisfactory, stable, and requires minimal eﬀort. Ericsson
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claims, however, that, in the case of elite forms of expertise, individuals
counteract automaticity by employing ‘deliberate practice’: focused, eﬀortful
practice which emphasizes tasks that cannot yet be performed reliably, and
which enhances critical aspects of the individual’s abilities. This serves to
construct and reﬁne increasingly complex cognitive mechanisms that allow
higher levels of control, self-monitoring, and performance evaluation. For
example, Ericsson claims that chess experts must be able to represent chess
positions in a way that allows evaluation, ﬂexible exploration of move
sequences, and planning. They improve their ability to do this by analyzing
the games of the best players.
The empirical basis for Ericsson’s account comes from research which
indicates that deliberate practice is a crucial factor in the attainment of elite
performance ability (e.g. Ericsson & Lehmann, 1996) and from ‘think
aloud’ research (Ericsson & Simon, 1993), which is designed to probe
cognitive processes involved in performance. Contrary to Dreyfus, this
research has found that experts are able to report employing rich cognitive
processes (Ericsson, 2006a). A concern with the method, however, is that
the researchers’ instructions to the experts to report cognitive processes
may have induced a diﬀerent mode of control than that which would be
employed in typical performance. The claim that elite skills are not automatic requires some qualiﬁcation because, at the very least, many elite
skills involve considerable automaticity. In the case of sporting skills like
golf, implementing intentional modiﬁcations to technique can be diﬃcult
and risky for this reason – they will tend to substantially reduce performance in the short term and can make the individual vulnerable to breakdowns under pressure (Carson & Collins, 2011). In addition, it is not clear
that the focused attention to aspects of technique that can be employed in
deliberate practice is also employed during non-practice performances
because experts sometimes diﬀerentiate between practice and performance
modes (see e.g. Chaﬃn & Logan, 2006). On the other hand, Ericsson’s
research does provide substantial grounds for questioning the view that
elite skills are largely automatic.
Christensen et al. (2016) challenged several of the forms of empirical
support for the automatic view. Notably, their argument applies to skills in
general, including everyday skills which Ericsson regards as automatic.
They argue that skill phenomenology is more complex than is often
acknowledged and that a more inclusive picture supports the view that
cognitive control plays an important role in skill. They also argue, however, that skill phenomenology requires systematic empirical investigation
and must be complemented with other empirical approaches. ‘Armchair’
phenomenology cannot bear the theoretical weight it is given by Dreyfus
and Dreyfus. Christensen et al. (2016) also argue that current empirical
evidence for the automaticity of skilled action is inconclusive. We will not
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revisit those arguments here, but we will take the overall conclusion as
context for the present discussion. If evidence from memory systems
research provides strong, consistent support for skill automaticity, it will
buttress the empirical research that we’ve challenged, but if memory
systems research is equivocal or provides some support for the idea that
skill is not fully automatic, it will reinforce our doubts and point to the
need for an alternative theoretical perspective.
From a theoretical standpoint, a problem with Ericsson’s account is that
the rationale for the persistence of cognitive control in advanced skill needs
further elaboration. Ericsson focuses on a loss of control that occurs with
automaticity, but we need an explanation for why experts should require
cognitive control of action in the ﬁrst place. Automaticity theorists assume
that a rich set of automatic responses is adequate for meeting the requirements of expertise. We develop a detailed account elsewhere that provides
such a rationale (Christensen, Sutton, & Bicknell, in preparation). Here we
present an abbreviated version.
This account has several components, the most fundamental of which
we call the domain size argument. This argument is based on the following
three points: (1) Automatic processes develop slowly; (2) they have limited
ﬂexibility; but (3) many skill domains will have extremely large numbers of
potential contingencies. Regarding the ﬁrst and second points, slow, incremental development and comparative inﬂexibility are characteristic attributes of automatic processes observed in experimental research (Schneider
& Chein, 2003). We illustrate this in Section 3.1 below. With respect to the
third point, even a system with relatively few elements can have a large
state space because those few elements can enter into many combinations.
The eﬀect of this is that the system will have many potential contingencies
or transitions between states. Moreover, for many types of systems, there
will be a tendency for the size of the state space to increase nonlinearly
with linear increases in the number of elements. The state space for
a system with a relatively modest number of elements can, consequently,
be extremely large. For instance, chess has 64 squares and 32 pieces, but
the number of possible chess positions has been estimated to be between
1040 and 1050 (Steinerberger, 2015).
The crux of the domain size argument, then, is this: Expertise characteristically requires a high degree of competence, or ability to produce
appropriate responses to the variety of problems presented by the domain.
If expertise is fully automatic, then the expert has an automated response
for all of the problems they must solve as part of the normal performance
requirements for being an expert in that domain. However, all but the
simplest skill domains will have very large contingency spaces, and even
modestly complex skills can have extremely large contingency spaces. The
eﬀect of this is that experts will tend to confront a wide variety of problems
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and will often confront problems they haven’t previously experienced, such
as new equipment, unfamiliar environmental conditions, a new competitor, altered form in a competitor, and, especially, novel combinations of
factors.2 However, since automated responses are acquired slowly – they
require repeated exposure to similar situations – and have limited ﬂexibility, automatic responding is unlikely to provide the kind of competence
that expertise requires.
The domain size argument is just a starting point for at least two
reasons: Firstly, as we’ve seen, automatic processes are capable of certain
kinds of ﬂexibility. Secondly, we don’t have direct information about the
kind of variability that experts cope with, and this can be expected to diﬀer
substantially with the type of expertise. Nevertheless, we believe that this
argument poses a signiﬁcant theoretical challenge to the view that skill is
largely automatic.
2.3. Why higher levels of control might not automate fully

If skilled action is not fully automated, then a question arises as to whether
some aspects of skill might be more or less automated than others.
A relatively common idea is that the automation that occurs during skill
learning frees up attention for higher-level aspects of control (e.g., Bryan &
Harter, 1899; Schmidt & Wrisberg, 2008; Vallacher & Wegner, 1987). To
interpret this idea, we need a characterization of control hierarchy. As
a starting point, we will distinguish three levels of control.3 Strategic
control involves the governance of an extended course of action so that it
achieves one or more goals. In the case of everyday driving, strategic
control might involve navigating to the destination, for example,
a restaurant. Situation control involves determining what actions need to
be performed in the immediate situation in order to achieve the overarching goal. In the case of driving, for instance, this might involve
changing lanes in order to turn left at a traﬃc light. In some cases,
situation control can involve revisions to strategic control. For example,
if traﬃc proves to be heavy, or a key road has been blocked by an accident,
a decision might be made to go to a diﬀerent, more accessible restaurant.
Implementation control involves governance of the execution of the actions
speciﬁed by situation control. In the case of changing lanes, implementation control will involve steering and speed adjustments.
This three-level hierarchy should be understood as an idealization. The
speciﬁc number of levels of control can vary with the activity, and it may
not always be possible to clearly diﬀerentiate levels. During a race,
a mountain biker might exert strategic control not only with respect to
the race itself but also with respect to goals for the season and more
general personal goals (Bicknell, 2010). During a performance,
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a musician might ﬂexibly exert control in relation to multiple levels of
structure in the music, such as sections, passages, and phrases (Chaﬃn &
Logan, 2006).
With this hierarchical model as a framework, we can use the domain
size argument as the basis for a more speciﬁc argument that higher levels
of control are less likely to automate strongly than lower levels
(Christensen et al., 2016). In essence, higher levels of control operate
over longer timescales and involve more numerous and varied entities
and relations. When combinatorial explosion is taken into account, the
eﬀect of this will be the generation of many complex, idiosyncratic conﬁgurations at these higher levels. To achieve their goals, agents will tend to
need to perform actions that respond speciﬁcally to these conﬁgurations,
and the pressure for speciﬁcity will increase as the precision requirements
of the skill increase. We’ll call this the higher-level complexity argument.
To illustrate the complexity of strategic choices, consider the following example from mountain-bike racing. If one rider crashes in front
of another, the person still riding must quickly adapt to and navigate
the altered path in front of them, or they will likely crash as well. The
quickest way forward may be to ride right over the crashed rider’s
body, allowing strategic focus to remain on completing the course as
quickly as possible. However, unless the competitor still riding has the
skill level necessary to safely jump over the fallen rider, it’s more likely
that they’ll ﬁnd another way around, so as not to injure that rider or
themselves. Depending on speciﬁc situational features, they may be
able to ride around the fallen rider on the side of the track (an area
not previously practiced), or they may have to stop, get oﬀ their bike,
and step over their competitor before remounting. The three options
rely on diﬀerent skillsets and on rapid assessment of the situation in
relation to goals for the race, for the season (e.g., What if that injured
rider is a teammate? Would injuring them further aﬀect future race
tactics or team contracts?), and as a human being. To take another
example from cricket, over the ﬁnal hour of a tight run chase in an
elite cricket match, the balance of situational requirements, and thus
the range of permissible and preferred action choices, changes constantly, ball by ball. Batters, bowlers, and ﬁelders alike are constantly
updating not only higher-level strategic control decisions, but also the
ﬁner-grained needs of the changing situation and the array of appropriate means for implementing their team’s plan for each ball. For
example, the riskier shot one played while behind the run rate is
precisely the option to avoid a few balls later, when one is ahead of
the rate again.
The higher-level complexity argument says nothing about implementation
control per se, but it can be supplemented with two further arguments to
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form a position which holds that implementation control is typically automatic, at least in skills with a strong motor component. The ﬁrst of these
arguments we can call the speed argument. Papineau (2013) gives a version of
this argument proposing that cognitive control doesn’t govern action execution because the latter occurs too quickly. He gives cricket batting as an
example: At the elite level, the time from the release of the ball by the bowler
to its striking the bat is between 0.8 and 0.4 seconds. On Papineau’s account,
cognitive control determines a strategy, such as ‘bat aggressively,’ which is
then implemented by a basic action system. At the implementation level, such
strategies consist of bundles of conditional dispositions that the individual has
previously learned through intensive practice.
The second argument draws on ideas proposed by Butterﬁll and
Sinigaglia (2014), which we’ll call the format argument.4 This argument
proposes that the motor and cognitive systems are subject to very diﬀerent
functional requirements, which makes it likely that they employ diﬀerent
representational formats. The cognitive system is able to represent an
unlimited variety of factual information and perform a wide range of
inferences. It is commonly thought to employ a propositional format. In
contrast, the motor system represents a comparatively narrow range of
movement-related spatiotemporal information and performs movementrelated transformations. Accordingly, the representations that it uses are
likely to be based on a distinct, specialized motor format. The substantial
diﬀerences between the two kinds of processes suggests that they operate
largely autonomously and, hence, that action execution, governed by the
motor system, is largely automatic.
2.4. Why action execution might not automate fully

Our own view (Christensen et al., 2015, 2016, in preparation) is that at the
level of general implementation, control does not automate strongly. This is
because, for many skills, substantial complexity does occur at this level, even
if there is greater complexity at higher levels of control. We include here
cognitive, motor, everyday, and elite skills. In all these cases, complexity at
the level of action implementation manifests through variability across
diﬀerent occasions of performance. To ensure that action execution will
achieve the agent’s goals, cognitive control must adjust execution in relation
to the relevant features of the situation and the goals. We can call this the
action execution complexity argument.
To take a cognitive skill, for example, the arithmetical skill of addition
often relies on methods in which there is an explicit calculation of intermediate values. The reason for this is that memorization of particular
addition problems is feasible only for a fairly small number of problems.
Situations as common as mentally calculating change while paying at the
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supermarket often require calculations that go beyond the ‘times tables’
learned in school. In this respect, Anderson’s telephone number example is
misleading; full automation, in which a ﬂexible method is replaced by
a fully speciﬁc procedure, is possible only in a limited number of cases.
To give some examples of skills with a strong motor component, in the
case of walking, we are aware of and adjust to the nature of the surface and
the shoes we are wearing, if any, and we can adjust our pace to reach our
destination on time. In the case of an elite skill like mountain biking,
braking is a basic operation inﬂuenced by many causal factors. These
include surface topography, (rough, smooth, steep, ﬂat, etc.), type of surface (e.g., hard dirt, sand, rock, tree roots, etc.), equipment (such as tire
type, tire pressure, quality, and condition of the brakes), and braking
technique (such as driving weight down through the tires to get better
grip). In addition, the manner in which braking is executed is highly
interdependent with higher levels of control. For example, the way that
a rider brakes as she approaches an obstacle might be inﬂuenced by her
race strategy, the particular circumstances of the approach, her physical
state (Is she tired, fresh, or is she riding with an injured shoulder or
braking ﬁnger?), her equipment, and the way she plans to tackle the next
obstacle. Similarly, a musician might make nuanced adjustments to aspects
of motor execution, such as accentuating the vibrato performed on a note,
in order to achieve expressive goals.
The interdependence between control of motor execution and higherlevel control can be especially apparent in tool use, in which manipulation
of the tool must be almost continuously guided by the individual’s conceptual understanding of the task. Consider, for instance, an artist carving
a ﬁgure from wood. The artist will make ﬁne adjustments in her control of
the movements of the knife in response to the changing shape of the wood
and her conception of the ﬁgure she is creating. Likewise, the subtle grip
dynamics of the cricket batter’s manipulation of the bat will be constantly
adapted to the changing conditions and situation: For example, the batter
might bring what is called ‘soft hands’ to the interceptive action of hitting
the ball when she is under more severe, challenging conditions demanding
that she reduce the risk of hitting the ball in the air to a ﬁelder.5
We develop detailed analyses elsewhere that address the speed and
format arguments for the automaticity of motor execution (Christensen
et al., in preparation). Brieﬂy, a compelling speed argument must show
that the minimum latency for cognitive control to exert inﬂuence is too
slow to eﬀectively inﬂuence action execution. Recall Papineau’s observation that, in elite cricket, the time from ball release to bat is between 0.4
and 0.8 seconds. While this seems fast, there is evidence that cognitive
control can intervene at these timescales. One operational measure of the
latency for cognitive inﬂuence is the voluntary reaction time response, or
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the minimum time that it takes to produce a (non-automated) response to
a presented stimulus. This has been estimated at 120–180 ms (Schmidt &
Wrisberg, 2008). This is fast enough to contribute to action execution even
against fast bowling, which might include adjustments to the wrists, grip,
or the angle of interception of the ball with the bat. Note that no plausible
theory would hold that cognitive control speciﬁes the full structure of the
action. Rather, the question is whether it can provide inputs during
execution that result in beneﬁcial adjustments. Moreover, many kinds of
skill involve timescales for action execution that are considerably longer,
including wood carving, dance, mountain biking, and music performance.
In the case of music performance, highly skilled pianists can play at a rate
of up to 20 notes per second (Brown, Zatorre, & Penhune, 2015; Lashley,
1951); however, not all performance is this rapid, and even in fast paced
performance some features of the performance have longer timescales. The
execution of a crescendo, for instance, might unfold over a second or
more.
There are also reasons to question the format argument. Firstly, propositional representation may not be the only format employed by cognitive
control. Mental imagery is a prima facie example of a non-propositional
representational format (Kosslyn, Ganis, & Thompson, 2001). Importantly,
mental imagery can participate in cognitively controlled processes, as, for
example, when you imagine a yellow Volkswagen Beetle rotating to the left
around its vertical axis. Mental models, which are imagistic but are not
images (Johnson-Laird, 1983), are another candidate representational format employed by cognitive control. Secondly, mental models in particular
appear well-suited to the requirements of action control. Mental models
represent entities and relations, including causal, spatiotemporal relations.
Since these relations are critical to successful action execution, mental
models should be able to provide an eﬃcient representational basis for
action control.
3. Memory systems and skill

The various accounts of skill that we’ve examined each have diﬀerent
implications for our understanding of the nature of memory systems and
their contributions to skill. Conversely, evidence from memory systems
research is an important constraint on skill theory. An overview of memory systems and their relations has emerged that we will refer to as the
standard view. According to this view, there are distinct memory systems
associated with cognition and skill, with control shifting from the former
to the latter during skill learning. This picture is broadly in line with both
theories that skill is fully automatic and hybrid theories which hold that
action execution is automatic while higher levels of control are not. The
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view that action execution is not fully automatic appears to be contrary to
our own view; however, there is a signiﬁcant body of recent research which
conﬂicts with the standard view and supports our account. This research
indicates that the memory system associated with cognition plays a role in
motor control.
3.1. The standard view of memory systems

Memory systems research is founded on the discovery that patient HM
exhibited intact forms of memory despite a profound inability to form new
conscious memories after a surgery that removed his medial temporal
lobes (Squire, 2009). Together with subsequent neuropsychological, behavioral, and animal research, this ﬁnding provided an empirical basis for
distinguishing between declarative memory, which involves conscious
recollection of facts (including memory for events), and nondeclarative
memory, which is nonconscious and expressed in behavior.
Declarative memory is typically divided into two sub-forms of memory:
episodic memory, which is deﬁned as memory of speciﬁc personal events,
and semantic memory, which involves memory of facts. Two notable features
associated with declarative memory are that it can be ﬂexibly expressed, or,
in other words, accessed in a variety of ways, and it can be employed in
inferences. The neural system supporting declarative memory involves at
least the hippocampus and parahippocampal regions, the neocortical association areas (Eichenbaum, 2000), and, perhaps, more widely distributed
neural systems as well (Rubin, 2016). According to Eichenbaum’s relational
processing model, the hippocampus plays a role in the ﬂexible linking of
elements within and across episodes, with semantic memory developing
through the abstraction of common events and locations across experiences.
This, for example, can support the formation of cognitive maps which allow
ﬂexible navigation (Eichenbaum, Stewart, & Morris, 1990).
An important point to note is that representations in declarative memory become conscious by being processed in working memory, a temporary
workspace associated with conscious awareness (Dehaene & Naccache,
2001). Cognitive processing in working memory is “active” in the sense
that it is ﬂexible and goal-directed. In other words, these are the processes
of cognitive control. There is thus a close link between cognitive control
and declarative memory: Declarative representations provide the explicit
representational content of cognitive control processes, while cognitive
control processes are the means for the conscious expression of declarative
representations.
Nondeclarative memory includes several main kinds, their taxonomic
details varying between researchers. Squire (2004) distinguishes procedural
memory, priming and perceptual learning, simple classical conditioning,
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and non-associative learning. Procedural memory has the greatest relevance for our concerns, and it subdivides into two kinds: The ﬁrst is
characterized as being responsible for the acquisition of ‘habits and skills,’
understood in terms of learning action sequences and reﬁning motor
patterns, and it is dependent on the neostriatum. The second is involved
in ‘sensorimotor adaptation,’ which involves learning the parameters for
controlling a type of motor action in a particular context. Examples
include learning how to use a heavy hammer, learning how to drive in
snowy conditions, and adapting to the riding characteristics of a new bike.
Striking ﬁndings that are fundamental to memory systems research
show that the systems can exhibit a substantial degree of independence.
That is, a given system can continue to function, guiding behavior, even
when one or more of the other systems are impaired. Thus, Milner (1962)
found that HM could acquire a visuomotor skill despite being unable to
remember the practice sessions. He was asked to trace the outline of a ﬁvepointed star while only being able to see his hand and the star reﬂected in
a mirror, improving across ten trials and retaining the skill when subsequently retested (Squire, 2009).
In another landmark study, Packard and McGaugh (1996) showed
a dissociation between declarative and procedural memory systems in
rats. The rats were placed in a cross maze at a constant start position
(the southern arm), and they were trained to go to a particular arm (the
western arm), baited with food. In probe trials, rats were placed in the
northern arm, and the critical question was whether they would return to
the same location (termed a ‘place’ strategy) or perform the same behavior,
namely turn left (a ‘response’ strategy), which would now take them to the
wrong arm. After moderate training, the rats exhibited the place strategy,
whereas, after extended training, the rats employed a response strategy.
Selective deactivations of neural areas showed that this change in behavior
was based on a change in the neural systems governing behavior. Early in
training, the place strategy was eliminated in rats whose hippocampus was
deactivated, while the response strategy could be eliminated in late training
if the caudate nucleus was deactivated.
The two visual systems theory of Milner and Goodale (1995); Milner &
Goodale (2008)) has been related to the distinction between the declarative
and procedural memory systems. A patient with visual agnosia, DF, played
a seminal role in the development of this theory. DF was unable to visually
identify objects, but he could pick them up normally. Milner and Goodale
interpret this dissociation, along with a wide range of additional evidence,
in terms of contrasting functions of the two major cortical streams of
visual processing. The ventral stream processes information for conscious
visual perception using a scene-based frame of reference to represent
object identities and their spatial relations. Milner and Goodale (2008)
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claim that this stream is involved in the selection of actions to be performed but not in the control of their execution. This function is performed by the dorsal stream, which processes information concerning the
size, shape, and orientation of an object in egocentric coordinates in a way
that speciﬁes the detailed movement parameters needed for online action
control.
In sum, the standard view emphasizes the independence of the memory
systems, with this independence manifesting in several ways: The systems
exhibit functional autonomy in the sense that one system can show preserved functioning while another is impaired; they exhibit exclusive control
in the sense that one or the other can be responsible for governing
a process, such as navigating to a destination; and they exhibit competitive
relations in the sense that they appear to compete for control in certain
circumstances. The standard view also employs a set of contrasts to deﬁne
the attributes of the systems. An explicit-implicit contrast diﬀerentiates the
memory systems with respect to conscious awareness. A representationalperformance contrast diﬀerentiates the systems in terms of their capacity
for, on the one hand, forming conceptual and propositional representations versus, on the other hand, generating behavior. A ﬂexible-inﬂexible
contrast characterizes the declarative system as ﬂexible and the procedural
system as inﬂexible. Finally, a fast-slow contrast diﬀerentiates the systems
with respect to learning rate.
3.2. Relating the standard view of memory systems to skill theory

On the face of it, the standard view of memory systems seems to support
the automatic view of skill. The declarative and procedural systems are
associated with cognitive and automatic control, respectively, and memory
systems research has shown that a transfer of control of behavior from the
declarative to the procedural system can occur with extended learning.
Ennen (2003) and Dreyfus (2014) both argue that memory systems
research is in line with the Dreyfusian theory of skill learning.
Nevertheless, the standard view is also compatible with the idea that
action execution automates but that higher levels of control do not.
Memory systems research hasn’t demonstrated full automation for the
type of actions that can be expected to involve higher levels of control,
such as mountain bike racing and performing a piano concerto. Moreover,
as exempliﬁed in the Packard and McGaugh (1996) study, the research
reinforces the points on which the domain size argument is based, in
particular, the point that automated responses develop slowly and are
relatively inﬂexible. This lends weight to the theoretical argument that
skills do not fully automate. It is also worth noting that the relational
processing account of hippocampal function is congenial to the mental
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models account of cognitive representation, since both claim that the
representation of relations is central to cognitive representation. This
weakens the format argument and thus gives some indirect support to
the idea that semantic memory could play a role in action execution.
However, the main thrust of the research does appear to favor the view
that action execution automates. If action execution does not fully automate, as we’ve argued, then skilled action execution should involve cooperative interactions between the declarative and procedural memory
systems. Instead, the research seems to show that the procedural system
comes to fully govern execution.
On the other hand, there are several strands of research which indicate
that the standard picture is oversimpliﬁed and that there are indeed
cooperative interactions between the procedural and declarative systems
during action execution of the kind that we predict.
4. Evidence that declarative representations contribute to the control
of skilled action

If skills are not fully automatic, then declarative memory, employed in
cognitive control processes, should make some contribution to performance. If the higher-level complexity argument is right, then it should
play a role in higher levels of skill control. If the execution complexity
argument is right, then it should contribute to action execution, including
the execution of skills with a strong motor component.
4.1. Evidence that declarative memory contributes to higher levels of skill
control

Research on expertise using Ericsson and Kintsch’s (1995) theory of longterm working memory (LTWM) as a framework has provided support for
the view that declarative memory is employed in tracking the structure of
situations and for strategic and situational decision-making. LTWM theory
proposes that the eﬀective capacity of working memory is expanded by
increases in the information content of the representations held in active
working memory and also through rapid encoding to long-term memory
and retrieval from long-term memory. Thereby, speed is increased as well
as capacity. This is made possible because incoming information is integrated into a larger representational structure which provides a meaningful
context, and it is encoded in terms of its relation to this structure.
Subsequently, the structure provides a means to access the information
when necessary.
Sohn and Doane (2004) found that situation awareness in expert pilots,
measured as the ability to predict future ﬂight status based on two
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successive snapshots of cockpit information, was based on LTWM skill.
Chaﬃn and Logan (2006) report a study of a professional pianist who used
the formal structure of a piece of music, together with performance cues,
as a structure for maintaining awareness of her performance while she
played the piece. During public performances, when the music was welllearned, the pianist focused primarily on expressive performance cues,
such as “light but mysterious,” to control her playing. McPherson and
Vickers (2004) did not draw on LTWM theory, but they did ﬁnd that elite
volleyball players tracked opponents’ abilities and their own performance
and formulated performance strategies on this basis (see also Sutton &
McIlwain, 2015).
4.2. Evidence that declarative memory contributes to skilled action
execution

Several lines of research support the proposal that declarative memory
plays a role in action execution. Speciﬁcally, there is evidence that some
motor learning processes involve declarative memory, that declarative
memory lesions can produce motor deﬁcits, and that interference can
occur between declarative and motor processes during action execution.
4.2.1. Evidence for motor learning that involves declarative memory

Keele, Ivry, Mayr, Hazeltine, and Heuer (2003) distinguished between two
systems involved in sequence learning, which they associated with the
ventral and dorsal streams. They characterized the system associated with
the dorsal stream as modular, being capable of forming associations only
within modalities or stimulus ‘dimensions,’ employing representations that
are not sensitive to the conceptual categories employed by the individual in
her understanding of the task, and being inaccessible to awareness. They
characterized the system associated with the ventral system as nonmodular, able to form associations across modalities, employing representations
that reﬂect the conceptualization of the task by the individual, and being
accessible to awareness in some but not all cases.6
One of the striking features of this model is that, while the nonmodular
system has attributes usually associated with declarative memory and, on
this basis, is understood by Keele et al. to form part of the declarative
memory system, the nonmodular system is also involved in the production
of behavior. For this reason, Keele at al. say that the term ‘procedural’
doesn’t distinguish between the memory systems: Both systems can be
involved in representing a series of events from which action ﬂows.
The key behavioral evidence cited in support of this account centers on
diﬀerences in sequence learning in single- and dual-task conditions. In
single-task sequence learning, participants are informed, in some
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conditions, of the presence of the sequence and, in other conditions, they
are not. In an uninformed condition, some participants become aware of
the sequence. In probe trials, stimulus order is randomized and the
increase in response time serves as a measure of sequence-learning.
Curran and Keele (1993) found that participants aware of the sequence
show the strongest learning. In comparison, when learning under dual-task
conditions, there was no diﬀerence in performance between aware and
unaware participants and learning, for all participants, was less than it was
for unaware participants in single-task conditions. Keele et al. interpreted
this pattern of results as revealing that the modular system operates alone
in dual-task conditions, with the second task preventing the non-modular
system from contributing to learning. The stronger performance of unaware participants in single-task conditions was taken as evidence that the
non-modular system can contribute to performance even when the subject
lacks awareness of the sequence.
Jimènez and Mèndez (1999, 2001) found evidence that learning in the
non-modular system is based on the conceptualization of the task.
Participants were required to keep track of the number of times two shapes
appeared, regardless of the sequential order of the shapes. In probe trials,
the order of the two shapes was swapped. If learning occurred independently of task instructions, then it should have been sensitive to sequential
order and, hence, been disrupted by the swap. The results, however,
showed that learning was unaﬀected by the swap, suggesting that the
formation of associations was based on the task set.
A crucial question is whether the non-modular system continues to
contribute to the performance of real-world skills, which are learned
over much longer periods of time than sequence-learning experiments
are conducted. Keele et al. argued that it does, claiming that real-world
skills exhibit a degree of ﬂexibility which points to abstract levels of
control. They cited several lines of evidence, including experiments
which showed learning-transfer in musicians from a practiced piece to
a conceptually similar piece with diﬀerent physical requirements (Palmer
& Meyer, 2000).
Clark and Ivry (2010) extended the Keele et al. model in several ways.
They emphasized diﬀerent rates of learning in the two systems, with the
modular system learning slowly and the non-modular system capable of
rapid learning. They reviewed evidence that the formation of higher-order
chunks can reduce ambiguity in lower-order sequences and that learning
ambiguous sequences is strongly impaired under dual-task conditions.
They also discussed evidence from sensorimotor adaptation research
which shows that implicit sensorimotor adaptation processes are not
directly sensitive to the participant’s conceptualization of the task.
A study by Keisler and Shadmehr (2010) provides further support for
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Keele et al.’s contention that the non-modular system is linked to declarative memory. They found that a declarative task performed after motor
training disrupted the formation of memory by the fast system but not by
the slow system, indicating that the fast system shares cognitive resources
with the declarative system.
4.2.2. Impairments to action control with loss of semantic action knowledge

If the fast-learning, non-modular motor system does contribute to action
execution in well-learned skills, then it could be expected that selective
lesions to this system might occur which impair action execution. Evidence
for this comes from research on apraxia. Apraxia is characterized as
a disorder of skilled action in which the impairment is not the result of
a language, sensory, or movement dysfunction (Goldenberg, 2013; Rothi,
Ochipa, & Heilman, 1991). Two forms of apraxia are of most relevance
here. Ideational apraxia is deﬁned as a loss of knowledge of the manner in
which objects are used. It is often diagnosed on the basis of ‘errors of
content,’ such as sequencing errors, omissions, and object substitutions,
occurring when objects and tools are used (Buxbaum, 2001). Thus, Ochipa,
Rothi, and Heilman (1989) reported a patient who would often employ
inappropriate tools for the actions he performed, for example, brushing his
teeth with a comb. In contrast, individuals with ideomotor apraxia show
problems in the spatiotemporal structure of skilled movements which do
not stem from any basic problem of movement control (Buxbaum, 2001).
Several diﬀerent kinds of semantic knowledge have been proposed to be
involved in apraxia. Buxbaum (2001) distinguished between knowledge of
object function (e.g., a hammer is for driving nails) and knowledge of
manner of object manipulation (e.g., a hammer is used with a vertical
oscillating gesture). She proposed that the latter is impaired in ideomotor
apraxia. According to her account, a central praxis system operates at the
interface between the ventral and dorsal systems and is the locus of
knowledge of object manipulation. This system employs gesture engrams
which represent the posture and movement features of gestures that are
invariant and distinctive. Thus, a gesture engram for hammering would
include the characteristic clenched hand and elbow oscillation movements
of hammering. Goldenberg (2013) argues that object manipulation is based
on a mechanical problem solving system that represents objects and tools,
and the body itself, in terms of functionally signiﬁcant parts and properties. Appropriate manipulation to achieve a goal is determined by constructing a causal chain based on combinations of parts and properties.
4.2.3. Interference between semantic and motor processes in action execution

If the semantic memory system contributes to action execution through
ﬂexible processes of cognitive control, then interference should occur
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sometimes, when participants perform a second task which uses working
memory capacity.
Some research appears to show that skilled actions, like stick-handling
a hockey puck and baseball batting, are not sensitive to such interference
(e.g., Gray, 2004; Leavitt, 1979). However, Christensen et al. (2016)
argued that this research did not examine performance in conditions
that are suﬃciently challenging for the experts involved. Moreover,
recent research indicates that interference does occur in everyday reaching and object manipulation activities. Weigelt, Rosenbaum, Huelshorst,
and Schack (2009) found that when participants were asked to memorize
letters in cups that were in a column of drawers, the motor demands of
opening the drawers and taking out the cups reduced memory for the
letters. A number of subsequent studies have obtained similar results,
showing that the eﬀect is robust (Logan & Fischman, 2011, 2015; Spiegel,
Koester, & Schack, 2013). This evidence is striking – recall that Fitts and
Posner appealed to the ability to walk and talk at the same time as an
illustration of the nature and beneﬁts of automaticity. These studies
indicate that everyday ‘motor’ actions and cognitive activities are not as
independent as they may seem.
5. Conclusions

The evidence that we have reviewed supports the arguments that we
presented suggesting that skills do not fully automate. One implication of
this evidence is that the standard view of memory systems should be
revised. As Keele and colleagues observe, ‘procedural’ is a misleading
name for the memory system to which it has been given. The memory
system is not well characterized as responsible for the acquisition of ‘habits
and skills.’ Another implication is that the issues raised in our arguments
warrant further investigation. We need a better understanding of the
nature of the variability present in various kinds of skills, which requires
experts to be ﬂexible, along with a clearer understanding of the nature of
the mechanisms that support ﬂexibility in higher levels of skill control and
execution. The evidence discussed here provides both motivation for
investigating these issues and a starting point for the investigation.
To conclude, we draw together several threads that we think will form
an important part of the tapestry woven from research on memory systems, cognition, and skilled action. Dreyfus and Dreyfus emphasize the
strong context-sensitivity of expert action, but it is just this contextsensitivity which presents diﬃculties for automatic approaches. Dreyfus
and Dreyfus believe that cognitive control is poorly suited to coping with
complex situational nuances because they think it consists in the application of context-independent rules. We are suggesting that cognitive control
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is one of the primary means by which people achieve context-sensitivity in
skilled action in expert and everyday forms, from racing bikes to walking
down a weather-aﬀected street, so we need to show how it avoids that
problem. For the reasons described above, mental models are plausibly one
of the key formats employed in declarative memory, and they are wellsuited to representing the structure of situations. The relevant point here is
that, because they can eﬃciently represent relations between multiple
features of a situation, mental models can support the eﬃcient construction of situation-speciﬁc responses. These responses are often adaptations
of generalized response types, which could be strategies or more concrete
action types. However, many of their parameters can be tailored in precise
ways to multiple features of the situation, and action elements can be
combined to allow the construction of novel actions. Visuospatial mental
models, in particular, have an apt format for controlling actions in
a complex environment, which, for example, might involve multiple
objects and interactions. Moreover, integration across multiple levels of
control can allow for control of execution that is exquisitely sensitive to
strategy and to the immediate situation. Thus, a cricket batter might adjust
to an unexpected bounce and glide the ball through a gap in the ﬁeld
which is open because a ﬁelder is out of position, playing a riskier shot
because it is late in the game and runs are needed.

Notes
1. At least in its most common form. Hybrid positions that combine representationalism and connectionism have been developed, and, indeed, Sutton (2015) adopted
this kind of view.
2. For an extended case study from mountain biking which examined such scenarios in
relation to aﬀordance selection and anticipatory control, see Christensen and
Bicknell (201816).
3. This follows Pacherie (2008) and Christensen et al. (2016).
4. We are not concerned here with capturing the speciﬁc details of Butterﬁll and
Sinigaglia’s position, which focuses on the diﬃculty of understanding the interface
between the two formats.
5. It is also worth noting that, over longer timescales, motor processes that are strongly
automated can be brought under cognitive control with training. Both movement
practitioners and rehabilitation specialists such as physiotherapists work with
patients to intervene in and re-pattern both signature patterns of bodily tension
and deeply automated motor processes, such as those involved in twisting the torso
or swinging at the hip (Behnke, 1997; McIlwain & Sutton, 2014).
6. Keele and colleagues named these ‘unidimensional’ and ‘multidimensional’ systems,
but we use the labels ‘modular’ and ‘nonmodular’ because modularity may be the
more widely understood concept.
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