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Short abstract
We present a synthetic theory of skill, Mesh, which proposes that cognitive processes make 
important contributions to almost all skilled action. Cognitive control is focused on strategic aspects 
of performance, and plays a greater role as difficulty increases. Mesh accommodates experimental 
evidence for skill automaticity, including evidence that experts have reduced memory for 
performance, and that performance is impaired when it is attended. We argue, in support of the Mesh 
approach, that automatic control has limited ability to cope with variability, while cognitive processes 
provide powerful forms of flexibility and have fewer limitations than often thought.

Long abstract
Skilled action is a fundamental explanatory target for the cognitive sciences, but despite an 
abundance of data there is relatively little high level, integrative skill theory. Here we  present a 
synthetic theory, Mesh, which incorporates diverse skill phenomena in an integrated account that 
emphasizes action complexity and task difficulty. In contrast with dominant non-cognitive views of 
skill, Mesh proposes that cognitive processes make an important contribution to almost all skilled 
action, with cognitive control being focused on strategic aspects of performance and playing a 
greater role as difficulty increases. In support of this account we provide analyses of skill experience, 
experimental research on skill automaticity, and a body of prior theory. Mesh is shown to 
accommodate forms of skill experience suggestive of both automaticity and cognitive control, and 
experimental evidence for skill automaticity, including evidence that experts have reduced memory 
for performance of sensorimotor skills, and that performance is impaired when it is attended. We then 
develop a fundamental explanation for why skilled action control should have the attributes proposed 
by Mesh, based on analysis of a collection of influential skill theories. In essence, automatic control 
has limited ability to cope with variability, while cognitive processes provide powerful forms of 
flexibility and have fewer limitations than often thought. Finally, we suggest that Mesh provides 
grounds for substantially revising dual process views of cognitive architecture.
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Action; Automaticity; Cognitive Control; Skill; Strategic Control.

Introduction
Popular non-cognitive or automatic views of skilled action control claim that the performance of 
advanced skill involves little or no cognitive control. Such views fit well with a number of aspects of 
skill learning and performance that are salient in ordinary experience and have been experimentally 
documented in recent research. For instance, the common experience that attention to the details of 
skilled performance can be disruptive appears to be supported by studies showing that an external 
focus of attention is beneficial compared with an internal focus (Wulf et al. 2001; Wulf 2007). The 
experience of poor memory for performance of a well-learned skill, also common, has been given 



scientific support by experiments showing reduced episodic memories in experts compared with 
novices (Beilock & Carr 2001). Several influential theories of skill learning and performance have 
conceptually elaborated perspectives that, while diverse in many respects, share a non-cognitive 
view of skill, including Anderson (1982) and Dreyfus & Dreyfus (1986). Here we argue against such 
accounts, making a case that a more encompassing perspective can account for these bodies of 
evidence while yielding a more complex, cognitively involved picture. According to our account 
cognitive processes make an important contribution to almost all skilled action. But cognitive and 
automatic processes are tightly integrated, with cognitive control tending to be focused on strategic 
aspects of task performance, and more prominent in challenging conditions. Thus, a musician may 
focus on expression rather than technique, and employ more cognitive control when performing 
pieces with greater interpretive complexity. Likewise, a sportsperson may focus on the strategic and 
tactical demands of the situation, relying on their exquisitely-honed technical and motor abilities to 
handle the detailed implementation of action. While our account emphasizes the role of cognition it is  
not intellectualist in the sense attacked by Ryle – it doesn’t claim that performing a skilled action 
inherently involves contemplating a propositional rule that governs the action (Ryle 1949). Rather, we 
simply claim that cognition is an important part of most skill.1

Our approach is exploratory and synthetic. Skill we think involves a very complex collection of 
phenomena. It raises issues that are fundamental to cognition in general, including the core structure 
of cognitive architecture, the role and value of cognitive processing in action control, the merits of 
different forms of representation, and the strengths and limitations of automatic control processes. 
Skill learning involves many neural systems and kinds of learning processes. Skill also raises difficult 
issues concerning the ontology of action and the relation of the agent to the situation and larger skill 
domain. Given this, a key objective of this paper is to explore a range of phenomena, issues, and 
theories that are relevant to high level skill theory. We think this useful in two ways. Better awareness 
of the diversity of issues and evidence can improve theory evaluation because a theory that looks 
reasonable in light of a narrow body of data may be less tenable when evaluated against a wider 
range of evidence. It also assists theory construction because a well-characterized explanandum 
helps in the formulation of the explanans.

Our approach to synthesis uses Whewell’s account of ‘discoverer’s induction’ as a model (Whewell 
1860; Snyder 1997). According to Whewell scientists engage in a process of ‘colligation’ in which 
conceptualizations are developed that integrate otherwise disparate facts. Thus, the observed points 
of the Martian orbit were an unintegrated set of facts until Kepler showed that they could be fitted to 
an ellipse. Once a conceptualization is developed it is checked against the body of existing evidence 
to ensure that it does indeed provide a good fit. It can also be used to make predictions; for instance, 
the idea that the Martian orbit is an ellipse can be used to predict hitherto unobserved points of the 
orbit. Powerful theories provide unification or ‘consilience’ across multiple domains; thus, Newton’s 
law of gravitation was able to explain both the orbits of the planets and falling bodies on earth. This 



paper is focused, in Whewell’s terms, on the first stage of discoverer’s induction: the development of 
an integrative conceptualization. Despite an abundance of data, current accounts of skilled action in 
the cognitive sciences remain relatively immature and disunified, and there is an urgent need for 
greater conceptual integration. We use our theory to interpret existing research and make a number 
of predictions. This provides a framework for detailed empirical testing and extension of the theory to 
new domains, which will be carried out in future work.

This paper is in two parts. Part 1 presents an initial statement of the theory motivated by features of 
skill experience, examines experimental research on expertise and skill automaticity, and builds the 
foundations for an empirical program that investigates the core claims of Mesh. Part 2 focuses on 
underlying conceptual issues, developing an explanatory account of the attributes of skill control 
proposed in part 1 based on an analysis of a substantial body of prior theory. This account is then 
briefly contrasted with the dual process view of cognitive architecture.

Part 1: The core theory and key evidence

In part 1 we present an initial statement of the Mesh theory and show its ability to explain a range of 
critical evidence. There are some important forms of evidence that are suggestive of automaticity, but 
other kinds of evidence suggest cognitive involvement in skill control; our account is able to 
accommodate both. 

1.1 Cognitive and automatic control
Before discussing their respective roles in skill we need an initial characterization of cognitive and 
automatic control. We’ll begin with the classical accounts in cognitive psychology; we don’t endorse 
these accounts, and will develop more nuanced characterizations below, but they provide an 
important entry point to the phenomena. The term ‘cognitive control’ comes from cognitive 
psychology, and broadly refers to control associated with consciousness and intentionality. Posner & 
Snyder (1975) proposed that cognitive control is the product of a flexible, limited capacity system, 
which through conscious attention establishes a program or strategy for processing information. 
They operationally characterized automatic control as occurring without attention, without conscious 
awareness, and without producing interference with other ongoing mental activity (p. 56). Their 
central example is the Stroop task, which shows a vivid conflict between cognitive and automatic 
processes. In its canonical form the Stroop task requires subjects to report the physical color of a 
word rather than read the word, where – in the ‘incongruent condition’ – the word is the name of a 
different color (e.g. the word ‘blue’ might be printed in red ink). Subjects are slower to respond, and 
make more errors, in the incongruent condition, indicating that reading the word is interfering with 
reporting the physical color of it.



Shiffrin & Schneider (1977) presented a theory of controlled and automatic processes based on a 
conceptualization of memory as a large collection of nodes (p. 155). Most nodes are inactive at any 
given time, while those that are active constitute the ‘short-term store’. Shiffrin & Schneider 
characterize automatic processes as involving node sequences that nearly always become activated 
in response to a particular input configuration, the sequences being based on relatively stable 
associative connections between nodes (p. 155-6). Controlled processes, on the other hand, involve 
the manipulation of information flowing through the short-term store through the voluntary control of 
attention (p. 156). This links cognitive control with consciousness, but Shiffrin & Schneider also 
claimed that some control processes, which they called veiled, are not accessible to consciousness 
(p. 159).

Shiffrin & Schneider used a search paradigm to study controlled and automatic processes. In basic 
outline, the paradigm involved subjects determining whether items presented during a trial matched 
items from a memory set presented prior to the trial. In a consistent mapping (CM) condition memory 
set items are never distractors, meaning that no item presented as part of a memory set in one trial is  
presented in another trial as a non-memory set item. In the contrasting varied mapping (VM) condition 
an item that is part of the memory set in one trial may be presented as a non-target item in a 
subsequent trial. 

Subsequent research expanded the range of investigative techniques, and Schneider & Chein (2003) 
distill the findings from this approach into seven core phenomena: (1) Extended training with 
consistent mapping is required for the formation of automatic processing, while controlled processes 
can be established rapidly and in varied mapping conditions. (2) Automatic processing is fast and 
parallel, whereas controlled processing is slow and serial. (3) Automatic processing requires little 
effort and can operate in high workload situations, whereas controlled processing requires substantial 
effort and is sensitive to interference from other tasks. (4) Automatic processing is relatively robust to 
stressors such as fatigue and stress. (5) When a process becomes automatic it becomes difficult to 
control. Thus, once an automatic search set is acquired it interferes with conflicting searches and 
takes a long time to unlearn. (6) The degree of learning depends on the amount and type of controlled 
processing, with little learning taking place when there is purely automatic processing. (7) An 
automatic attention response (a type of automatic process that directs attention to a stimulus) 
depends on the priority assigned to the stimulus, but not the context.

This picture anticipates key features of the dual process view of cognitive architecture 
(Evans 2008), in particular phenomena (2), (3), and (5). We’ll be challenging the generality of these 
phenomena, but for the moment, if we take this picture of cognitive and automatic control at face 
value, it gives two reasons for thinking that cognitive control doesn’t play much role in skilled action. 
The first is lack of benefit: individuals with advanced skill have had long exposure to the tasks in their 
area of expertise, and so should have acquired a large stock of well-tuned responses. There should 



accordingly be little need for the functions associated with cognitive control, such as construction of 
novel processing configurations, decision, or inhibition. The right action can simply be evoked by the 
situation. The second reason is unsuitability: cognitive control is depicted as being serial, slow, and of 
limited capacity, which makes it a poor match for the complex, fast-paced situations typical of many 
skills. Our challenge will address both of these points. We’ll argue that learning ameliorates the 
limitations of cognitive control, providing it with enough speed and capacity to play a role in fast-
paced action. And there is a crucial role for it to play: the situations faced by experts have too much 
variability for them to be able to rely exclusively on automatic processes. But before proceeding 
further we need to clarify the options available. 

1.2 A sketch of the basic theoretical options
One possibility is that the control of skilled action is automatic, a view that we’ll call Automatic. 
According to Automatic, cognitive control reduces during skill learning and makes no positive 
contribution to performance with the attainment of advanced skill (figure 1a). Another possibility, 
which we’ll call Full Cognitive, is that there is no reduction, and skilled action is under full ‘step-by-
step’ cognitive control, even at advanced levels of ability (figure 1b). A third possibility is that 
automatic processes and cognitive control both contribute to skilled action. We’ll call this Hybrid. 
According to Hybrid, cognitive control reduces during skill learning as automatic control comes to 
play an increasing role, but cognitive control continues to make a substantial positive contribution at 
advanced levels of skill (figure 1c).
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1b Full Cognitive

1c Hybrid
Figure 1: Cognitive control and experience.

Notable positions that fall under the Automatic umbrella include Fitts and Posner (Fitts 1964; Fitts & 
Posner 1967), Dreyfus & Dreyfus (1986), and Beilock & Carr (2001). We’ll discuss these below, but 
first we’ll explore the some of the general structure of these options in order to get a clearer sense of 
the overall space of possibilities. Indeed, one crucial problem is that this space hasn’t been 
particularly well characterized. Many of the key positions in the literature either treat Full Cognitive as 
the only alternative to Automatic (Beilock & Carr 2001), or are simply unclear. Wulf (2007) and 
Schmidt & Wrisberg (2008) make some claims that appear to align them with Automatic, but also 
others that suggest they might align with Hybrid if their positions were more fully developed. Ericsson 
has strongly emphasized the role of cognition in skill – he claims that experts resist automation 
(Ericsson 2006b) – but he acknowledges that automation plays some role (Ericsson 2006a), so his 
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position is properly a version of Hybrid rather than Full Cognitive. Thus, Hybrid needs to be more 
clearly differentiated, both from Automatic and from Full Cognitive. 

One reason to examine Hybrid closely is that there can be little doubt that automation is an important 
part of skill learning. This means that Full Cognitive is not a credible position. If cognitive control does 
play an important role in skill then some version of Hybrid must be right. Equally, evidence for 
automation in skill learning is not necessarily evidence for Automatic – differentiating Hybrid from 
Automatic and comparing the two will be complex and subtle. The issue of hybrid control has been 
recognized: Shiffrin & Schneider (1977, p. 161) say “Particularly in complex processing situations, 
(such as reading), an ongoing mixture of controlled and automatic processing is utilized”, while 
Schneider & Chein (2003, p. 526) say that “human performance often results from an interplay 
between automatic and controlled processing”. But despite this there has been relatively little direct 
investigation of hybrid control, and the distinctive nature of Hybrid as a theoretical option is not well 
explored. This is an important oversight because if skill control does exhibit a hybrid organization 
then we could expect to find substantial mutual structuring and interdependence between the forms 
of control. Studying one to the exclusion of the other may be like trying to investigate tango by 
considering only one partner.

Our purpose in this paper is to articulate a broad-based version of Hybrid: an account that addresses 
a significant range of skill-related phenomena and develops some of the deeper conceptual structure 
that this kind of theory should have. Just as there are a number of quite different Automatic theories, 
there could also be a variety of Hybrid theories. In order to leave room for this we’ll restrict the label 
Hybrid to the general idea that cognitive and automatic processes both contribute to skilled action, 
and we’ll use another name for our specific elaboration of the idea: Mesh. Mesh adds to Hybrid the 
following claims:
• Controlled and automatic processes are closely integrated in skilled action.
• There is a broadly hierarchical division of control responsibilities, with cognitive control usually 

focused on strategic aspects of performance and automatic processes more concerned with 
implementation.

• Cognitive control plays a progressively greater role as performance difficulty increases.
• Cognitive control often involves the controlled processing of mental models in a non-linguistic 

format (in contrast with linguistically-mediated inference).

We will argue that the attributes of meshed control arise because of the respective strengths and 
weaknesses of automatic and cognitive control, and the way that skill learning tends to improve both 
forms of control in a complementary fashion. Meshed control is illustrated in the way that a highly 
skilled musician can focus on the expressive features of her performance while letting more 
mechanical details of technique flow automatically (see e.g. Chaffin & Logan 2006). Conversation is 
another example: a converser will rarely think about the movements of her mouth while talking, and 



may only occasionally consider word choice, but will usually be very aware of the content of 
conversation. Word choice and mouth movements tend to flow relatively automatically from cognitive 
processes operating at the level of content. And while thought and action processes are undoubtedly 
highly shaped by context, cognitive evaluation and conversational intentions also play a strong role in 
shaping the direction of conversation. Although conversation appears self-evidently linguistic, the 
thought processes involved in processing (both comprehending and generating) content may take a 
wide range of forms, including visuospatial imagery and simulative models of, e.g., psychological 
states. 

We’ll argue that the core virtue of meshed control as compared with automatic control is that it is 
more powerful in the following sense: relative to available control infrastructure and learning 
opportunity, meshed control can produce a greater range of skilled action. This can be characterized 
in terms of a skill space, as shown in figure 2.2 We’ll define the domain as including the complete set 
of possible contingencies for the kind of activity that constitutes the skill. The region of skill is the 
portion of the domain for which a particular individual is able to act skillfully. The region of direct 
experience is the set of contingencies an individual has directly encountered. Our contention will be 
that automatic control is highly constrained by direct experience, having relatively limited 
generalization capacity, whereas cognitive control has much more powerful generalization abilities. 
Meshed control can therefore attain a much larger region of skill than is possible with automatic 
control alone.

Figure 2: Regions of skill.

At this point we should note that in defending Mesh we will be denying that there is a relatively sharp 
divide between sensorimotor and cognitive skills. One straightforward, intuitive view is that there is a 
clear contrast, with the former automating while the latter do not, being dependent on working 
memory (see e.g. Beilock & Carr 2001 and DeCaro et al. 2011). But although it is possible to 
distinguish between skills with a strong motor component (like darts) and skills with a strong 
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intellectual component, where the specifics of motor action are relatively unimportant (such as 
chess), this is a continuum (see Schmidt & Wrisberg 2008, pp. 7-8). We will argue that even skills at 
the sensorimotor end of the continuum have an important cognitive component. There is indeed a 
great deal of diversity amongst skills, but with regard to the general aspects of control that we are 
discussing they have a lot in common.3

1.3 The varied nature of skill experience
In order to better articulate Mesh in comparison with Automatic we’ll now assess them both in 
relation to some common forms of skill experience. We want in particular to highlight the diversity of 
skill experience, and make a case that Mesh is more plausible when this diversity is taken into 
account. This analysis will help to clarify conceptually the nature of the two positions and their 
strengths and weaknesses, and it will bring into focus some of the intuitions that form the 
background for experiment and theory. The influential theories of Fitts & Posner (1967) and Dreyfus & 
Dreyfus (1986), for instance, give qualitative descriptions of skill learning which depict it as a 
progression from cognitive to automatic control.4 But they arguably neglect aspects of skill 
experience that suggest cognitive control in advanced skill. Experimental work on skill automaticity 
has employed performance conditions and performance measures that make sense if skill is believed 
to be automatic, but which do not probe alternative possibilities. By highlighting other forms of skill 
experience we prepare the ground for experimental investigation that investigates a wider range of 
conditions and uses more diverse measures.

1.3.1 Nine common forms of skill experience
Automatic fits well with some everyday features of personal experience. In particular: (i) attention to 
performance can be reduced once a skill has been acquired (for later reference we’ll label this 
reduced attention), (ii) a well-learned skill can often be performed in conjunction with other tasks with 
little detriment (multi-task tolerance), (iii) attention to the performance of a highly learned skill can be 
disruptive (disruptive attention), (iv) sense of cognitive effort can be low (reduced cognitive effort), and 
(v) memory for the performance of a highly learned skill can be reduced or absent (reduced memory). 

It is easy to find instances of each of these phenomena. Experienced drivers who drive cars with a 
manual gear shift typically don’t pay attention to the specific movements involved in changing gear, in 
contrast with beginner drivers – a simple example of reduced attention. And unlike a novice, an 
experienced driver can easily have a conversation with a passenger while driving, showing multi-task 
tolerance. Moreover, if the experienced driver does pay attention to the details of the movements 
involved in shifting gear this can be disruptive. Dretske (1998) describes a compelling example of 
disruptive attention, observing that it is difficult to speak when paying attention to what your tongue 
is doing whilst speaking. A novice driver experiences a strong degree of cognitive effort during the 
performance of many operations, such as reversing out of a driveway, whereas sense of cognitive 
effort can be low for an experienced driver during the same kinds of maneuvers. A commonly 



mentioned example of reduced memory is the case of driving a very familiar route, e.g. driving home 
from work, and having little memory of the drive afterwards. Another example of reduced memory is 
being unable to remember afterwards whether you locked the front door as you left your house.

However there are also aspects of common experience that are clearly suggestive of a role for 
cognitive control, and in particular of Mesh as we’ve defined it above, including (vi) enhanced 
attention to strategic features of a task – the situations, goals, and methods involved in performing 
the task (strategic focus). In the case of driving, not having to pay attention to the mechanics of 
changing gear allows an experienced driver to devote greater attention to the larger situation, such as  
proximity to other cars and upcoming tasks like changing lanes. Strategic focus is linked to another 
common skill experience: (vii) when not enough attention is given to the task at hand the individual 
can sometimes perform the wrong action, for instance turning as if to drive to work when the goal is 
to go shopping (an action slip).5 And (viii), although awareness can be relatively low when driving a 
familiar route it can also be very high in demanding conditions, such as driving at night on a busy 
highway (increased attention in response to challenge). Increased attention can be accompanied by 
increased sense of cognitive effort (ix), as possibilities are evaluated and decisions made (increased 
cognitive effort in response to challenge).

1.3.2 Competing explanations
When expressed in an unqualified way descriptions of these various forms of skill experience are 
contradictory: attention and cognitive effort are reduced in skilled action, but also sometimes 
increased; attention to performance is bad, disrupting automatic processes, but insufficient attention 
to performance is also bad, resulting in action slips. Some scheme of contextual qualifications is 
needed to reconcile these contradictions, and we can extract from Automatic and Mesh different 
candidate schemes, summarized in Table 1. 



Table 1: Skill phenomena: Automatic versus Mesh

Skill experienceSkill experience Automatic interpretationAutomatic interpretation Mesh interpretationMesh interpretationSkill experienceSkill experience

scope mechanism scope mechanism

 (i) Reduced 
attention

Advanced skill, 
normal conditions.

Automation 
reduces cognitive 
demand.

Implementation, 
easy conditions.

Attention focus 
shifted from 
automated 
aspects, low 
cognitive demand 
in easy conditions.

 (ii) Multi-task 
tolerance

Advanced skill, 
normal conditions.

Reduced cognitive 
demand frees 
cognitive capacity 
for other tasks.

Implementation, 
easy conditions.

Automation of 
component skills, 
low cognitive 
demand in easy 
conditions.

 (iii) Disruptive 
attention

Advanced skill, 
normal conditions.

Attention interferes 
with automated 
processes.

Implementation. Misdirected 
attention to 
automated 
aspects of skill 
control.

 (iv) Reduced 
cognitive effort

Advanced skill, 
normal conditions.

Automation 
reduces cognitive 
demand.

Easy conditions. Streamlined 
cognition, low 
cognitive demand 
in easy conditions.

 (v) Reduced memory Advanced skill, 
normal conditions.

Reduced attention 
results in reduced 
memory.

Implementation, 
easy conditions.

Low cognitive 
demand in easy 
conditions, shifted 
attention focus.

 (vi) Strategic focus Pre-expert skill, 
unusual 
conditions.

Cognitive demand 
in unfamiliar 
conditions. 

Primary skill 
control, 
challenging 
conditions.

Shifted attention 
focus, cognitive 
demand increases 
with task difficulty.

 (vii) Action slips Pre-expert skill, 
unusual 
conditions.

Insufficient 
learning.

Especially familiar 
conditions with 
low arousal.

Inadequate 
situation 
awareness.

 (viii) Increased 
attention in 
response to 
challenge

Pre-expert skill, 
unusual 
conditions.

Cognitive demand 
in unfamiliar 
conditions.

Challenging and 
unusual 
conditions.

Cognitive demand 
increases with 
task difficulty.

 (ix) Increased 
cognitive effort in 
response to 
challenge

Pre-expert skill, 
unusual 
conditions.

Cognitive demand 
in unfamiliar 
conditions.

Challenging and 
unusual 
conditions.

Cognitive demand 
increases with 
task difficulty.



The defining claim of Automatic is that there is a global reduction of cognitive control in the course of 
skill learning as automation occurs, with no positive contribution to performance in advanced skill 
(figure 1a). Reduced attention, reduced cognitive effort, multi-task tolerance, disruptive attention and 
reduced memory are all phenomena that can be readily expected from this. Reduced attention and 
cognitive effort can be expected because attention and cognitive effort are associated with cognitive 
control, which has been supplanted by automation. Multi-task tolerance can be expected because 
automatic processes can operate in parallel (Schneider & Chein’s phenomenon 2), and because 
cognitive resources are free if a second task is demanding. Disruptive attention can be expected 
because attention to automated processes is likely to generate control input that will disturb their 
normal operation. Reduced memory can be expected because attention is thought to be required for 
memory formation (Craik et al. 1996; related to Schneider & Chein’s phenomenon 6: attention is 
required for learning).

Strategic focus, action slips, increased attention in response to challenge, and increased cognitive 
effort in response to challenge are all suggestive of cognitive control, so Automatic must locate them 
outside the range of normal conditions of competent performance. Automatic only sees a positive 
role for cognitive control in the stages of learning prior to advanced ability (figure 1a), and in unusual 
conditions, where responses haven’t fully automated (figure 3a). Reduced memory suggests that 
attention to performance isn’t required, so strategic focus should have no benefit in normal 
conditions. Indeed, since attention to performance is supposed to be disruptive, attention to the 
strategic features of performance should disrupt those aspects of control, at least in normal 
conditions. Action slips are difficult to accommodate within the range of normal skill competency for 
much the same reason: in normal conditions attention isn’t required, so low attention should have no 
negative consequences. Likewise, increases in attention and cognitive effort in response to challenge 
should only be beneficial if the challenge lies outside the range of normal performance conditions. 
Again, attention is supposed to be disruptive in normal conditions (experience iii), so increased 
attention in challenging-but-normal conditions should have the unfortunate effect of degrading ability 
just as demand on ability increases. The same is true for cognitive effort.



3a Automatic

3b Mesh

3c Memory and cognitive control
Figure 3: Cognitive control: familiarity and difficulty.
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In contrast, Mesh provides an integrated explanation for strategic focus, action slips, and increased 
attention and cognitive effort in response to challenge. According to Mesh cognitive control 
participates in skilled action and tends to be focused on strategic aspects of task control. Bryan & 
Harter (1899) characterized skill learning as a process of mastering increasingly complex abilities: a 
telegraph operator learning his trade first ‘hustles for the letters’, is then ‘after words’, then learns to 
take in phrases and sentences, and in the final stage of expertise can devote all his attention to the 
content of the message (p. 352). This suggests a hierarchical organization to skilled action, with 
component skills contributing to higher order abilities. Figure 4 illustrates this hierarchical structure 
for driving. We’ll distinguish between primary skills, which are relatively integrated action units, and 
component skills, which are integrated activities that contribute to the performance of primary skills. 
‘Driving’ is a complex primary skill that involves a suite of coupled component skills (including 
navigating, steering, accelerating and braking, and changing gear). 

In figure 4 the organization of the control of driving is depicted as involving three levels. Higher 
strategic control involves overall control of the primary skill in relation to its goals.6 In the case of 
driving this includes navigation to the destination. Situation control involves the control of action in 
relation to the immediate situation. In the case of driving this involves proximal control of the car in 
relation to features of the situation, including maneuvers like accelerating to traffic speed, maintaining 
lane position, maintaining a safe distance to other cars, changing lanes, and so on. Implementation 
control involves performing actions that achieve situation control, which in the case of driving 
includes steering, accelerating, braking, changing gears, and so on.  

Figure 4: Control hierarchy: driving.

According to Mesh automation tends to be strongest for implementation control, whereas situation 
control and higher strategic control do not tend to fully automate (though learning will greatly improve 
the organization of control).7 The reason for this is that implementation control involves relatively 
stable relations (e.g., brake to slow down), while the relation of action to context is usually complex 
and variable (e.g., brake now to avoid the pedestrian on the crossing). Recall that consistent mapping 
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is required for the automation of a response (Schneider & Chein’s phenomenon 1). In some cases 
some of the higher order features of action can have a high degree of constancy. For instance, 
navigation can become automated when a particular kind of journey almost always involves the same 
route, as in the case of driving to work in the morning. But in general higher order features of action 
will tend to show substantial variability. 

In this account the role of cognitive control in skilled action is to manage the variable features of 
action, tracking the overall task and the structure of the situation, and adjusting action appropriately. 
Given this, action slips are readily explained as the result of weak higher order control, resulting in 
misalignment of goals, situation and action. Increased attention in response to challenge can be 
explained because in challenging conditions higher order aspects of action control tend to be 
especially complex and variable (consider the routing and traffic problems of a London cabby). 
Greater attention will be needed to track the many significant features of the task. Increased cognitive 
effort can also be explained because in challenging conditions maintaining awareness will often 
require integrative interpretation, and because action planning will be more complex.

Mesh recognizes a mixture of increased and reduced attention so it can also accommodate the five 
kinds of skill experience we associated with Automatic. Enhanced strategic focus is compatible with 
reduced attention if the reduction of attention is to details of implementation. Thus, a driver can 
simultaneously have heightened awareness of nearby cars during a passing maneuver and low 
awareness of changing gears. Enhanced attention and cognitive effort in response to challenge is 
also compatible with reduced attention and cognitive effort when the conditions are unchallenging. 
When the strategic features of the task are simple and stable then relatively little information is 
needed for effective control, and there will be little need for interpretation or planning. Reduced 
cognitive effort is also in part the result of cognitive streamlining, according to Mesh. As well as 
automating implementation, skill learning produces cognitive structures that are well-organized for 
the demands of the task, reducing the cognitive effort needed for effective higher order action 
control.8

Multi-task tolerance can be explained if the conditions are such that relatively little higher order 
control is needed. Driving on a good road with moderate traffic and clear visibility is undemanding for 
an experienced driver; she does need to keep track of the relation of the car to the road and other 
cars, and turn at the appropriate places to reach the destination, but this is simple enough that she 
has spare cognitive capacity for other activities, such as conversation. Component skills must show 
some multi-task tolerance because they are characteristically performed in conjunction with other 
component skills, and indeed, linkage between component skills can reduce cognitive demand. For 
instance, linkage between clutch control and shifting the gear lever reduces the need directly to 
attend to either. Disruptive attention can be explained as the misdirection of attention to the details of 
implementation when its proper focus is on higher order aspects of performance.



Reduced memory is consistent with Mesh if the reduction is for details of implementation, or if 
conditions are easy. Some additional qualification is required here, however, because Mesh claims 
that there is always some cognitive control of action, even in easy conditions (figure 3b), yet 
memories for very routine actions can sometimes seem virtually nonexistent. To account for this 
Mesh proposes that memory encoding is affected by more than just attention (figure 3c). In particular, 
it proposes that memory encoding is affected by the relevance of information for future control. 
Information that is likely to be important for future control is preferentially encoded, while information 
that is not likely to be important in the future is less likely to be encoded, even if this information is 
operative in immediate control (cf. Anderson & Schooler 2000; Michaelian 2011). Broadly speaking, it 
is more likely that there is something to be learned in challenging conditions as compared with easy 
conditions, and so situational information in challenging conditions is more likely to be relevant to 
future control. But we also think that experts have more fine-grained mechanisms for preferential 
memory encoding, based on memory structures organized for retrieval demands (Ericsson & Kintsch 
1995; see section 2.4.2 below). If the task demands are such that present information is needed in 
the future then it is more likely to be encoded, even in easy conditions, while information not relevant 
to future control may not be encoded, even in challenging conditions.

The combined effect of these mechanisms is that experts will tend to encode large amounts of 
information when the information is relevant to future control, but relatively little information when 
information about the current situation is unlikely to be important for future control. Novices are being 
confronted with new tasks and will tend to have rich memories, but they have less basis for 
predicting relevance in general, or relevance to future control. Their memories should therefore 
incorporate much more incidental information than an expert’s memories. Overall capacity to 
remember detail will be less than for an expert because situational information is much more 
meaningful for the expert. Thus, Mesh gives quite different predictions to Automatic with respect to 
memory for performance.

The specificity of the scheme of qualifications given by Mesh is important. In general, Mesh would 
not expect reduced memory in challenging conditions (though this is modulated by future relevance), 
so cases of reduced memory in challenging conditions would be problematic. However the typical 
examples of reduced memory – like driving a familiar route – are cases where conditions are easy. 
And conversely, cases that illustrate enhanced attention to challenge – like driving at night on an icy 
road – are the kind of situations that often produce vivid memories. Multi-task tolerance in 
challenging conditions would not be consistent with Mesh, but again, the typical cases that illustrate 
multi-task tolerance involve easy conditions. Thus, it’s not hard for a driver to hold a conversation 
when conditions are easy, but things are different in difficult conditions. Intuitively, conversation 
would be more likely to impair driving ability when driving at night in icy conditions on a winding 



country road. And experimental evidence confirms that a secondary task can have a substantial 
detrimental effect on driving ability (Blanco et al. 2006).

Figure 3b represents the Mesh view of increasing cognitive demand as it contrasts with Automatic 
(figure 3a). The most basic difference to note is that the x axis in 3b shows difficulty rather than 
familiarity. Automatic effectively assumes that difficulty reduces to familiarity: tasks that are difficult 
for the novice (and hence cognitively demanding) become easy (and hence cognitively undemanding) 
with sufficient learning. Cognitive demand arises for the expert only in conditions that are unusual – 
conditions that haven’t been experienced often enough for effective automatic responses to have 
been acquired. Mesh, on the other, hand treats difficulty and familiarity as distinct. While it’s certainly 
true that tasks generally become easier with learning, experts don’t perform the same tasks as 
novices – they move on to tasks that are far more complex and challenging. And some tasks can 
have sufficient inherent complexity that no amount of learning makes them easy, or easy enough to 
be fully automated. Accordingly, Mesh regards difficulty as the key parameter governing the degree 
of cognitive involvement in action control, rather than familiarity. 

There is a temptation from an Automatic perspective to define cognitively involved performance as 
pre-expert (figures 1a and 3a), and it might be accordingly be claimed that putative experts who find 
their performances challenging (e.g., concert pianists) are for some reason stuck in a pre-expert 
mode. Given even more training they might attain true expertise. This is problematic, however. If 
individuals who have had a great deal of training and show an advanced level of ability find their 
performances challenging we should reconsider our theoretical account of expertise, rather than 
stipulatively define their performance as sub-expert. Perhaps individuals with arbitrarily high capacity 
and training opportunity would eventually attain automaticity (though see part 2), but Automatic is not 
a very interesting position if it describes what skill would be like for gods. 

In one respect experts are often dealing with the unfamiliar, since their tasks are complex and 
frequently present situations whose fine grained structure hasn’t been previously experienced. But 
we should nevertheless distinguish between ‘normal variability’ and unusual performance conditions, 
where the latter is understood to mean that the general task parameters are different to the typical 
conditions of performance. A cab driver dealing with the vagaries of traffic in the city is experiencing 
normal variability, while a car driver attempting to drive a truck for the first time is experiencing 
unusual conditions.

Figure 3b associates with increasing difficulty three conceptualizations of performance: smooth 
control involves relatively effortless action in easy conditions, adaptive control involves greater 
attention and cognitive effort, while effortful problem solving involves relatively high degrees of 
attention and cognitive effort, and temporally extended cognitive processing to determine 
appropriate action.9 In our view there is a high degree of continuity: smooth control shades into 



adaptive control, which shades into effortful problem solving. In terms of these conceptualizations 
Automatic makes two key mistakes: it assumes that smooth control is normal, and it assumes that it 
involves no cognitive control (compare figure 3a with 3b, where ‘normal’ in 3a corresponds to smooth 
control in 3b). Intuitively, conscious control is relatively strongly associated with effortful problem 
solving, and we think that the intuitive basis of Automatic involves a mistaken interpretation of the 
phenomenology of smooth control as indicating that control is non-cognitive.

According to Mesh normal performance conditions for most skills will encompass all three modes of 
performance. Conditions are noticeably challenging at the high end of adaptive control, and many 
highly skilled individuals will not infrequently need to engage in effortful problem solving. As noted, 
familiarity doesn’t map into difficulty straightforwardly, but performance conditions that are both 
complex and unusual will be especially difficult. Figure 5 shows more directly the difference in 
expectations between Automatic and Mesh with respect to the frequency of the modes of 
performance that a highly skilled individual experiences. Some kinds of expertise are more 
challenging than others, and the skew of the distribution will differ accordingly. Nevertheless, we think 
it’s unlikely that many skills have a distribution that is as skewed as Automatic assumes (noting again 
that even if the distribution were this skewed, smooth control doesn’t mean no cognitive control).

Figure 5: The distribution of performance conditions.

We’re treating ‘normal’ here as a simple matter of frequency, and we think this is a good first 
approximation: normal performance conditions are the conditions the individual usually experiences. 
But it’s worth noting that in many cases experts are expected to perform well in conditions that they 
experience relatively infrequently. Statistically speaking, performing in the Olympics is not normal for 
an Olympic athlete, but it would be odd to describe Olympic performance conditions as unusual for 
an Olympic athlete; they are at any rate not unusual in the way that driving a truck is unusual for a car 
driver. Similarly, engine failure is not a frequent occurrence for an airline pilot, but coping with an 
engine failure is expected of airline pilots and part of their normal training (de Crespigny 2012). In 
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order to clarify this we’ll distinguish between a frequency-based conception of ‘normal conditions’ 
and a normative conception of the conditions in which a particular kind of expert is expected to 
perform well, which we’ll call the conditions of expected skill. In section 1.2 we conceptualized the 
skill domain in terms of a space (figure 2), and in these terms the conditions of expected skill will 
correspond to a region of expected skill. What counts as ‘normal’, broadly understood, will be a 
complex mix of frequency of actual performance conditions, training, and expectations. 

Summarizing, Mesh provides a more integrated explanation for the nine kinds of skill experience 
described above than does Automatic. Automatic provides a concise explanation for the first five 
kinds of experience, but the last four pose difficulties. They are suggestive of cognitive control so 
Automatic must locate them outside the range of normal performance conditions (figure 3a). This 
takes no account of difficulty, however, and leads to rather implausible expectations about the kind of 
performance conditions that are normal (figure 5). Mesh is superficially more complicated, offering a 
more complicated set of qualifications (table 1), and making stronger claims about the nature of 
skilled action (it involves higher order control of assemblages of component skills – figure 4) and skill 
domains (they often involve difficulty that can’t be fully eliminated with learning). But these claims are 
well-founded, and they yield a more integrated explanation for the nine kinds of skill experience, and 
a more integrated picture of skilled performance (figures 3b and 5). 

1.4 Applying Mesh to the interpretation of key empirical research
The preceding section has elaborated the conceptual contrast between Mesh and Automatic, and 
we’ll now use this analysis as a basis for examining some important empirical research concerning 
automaticity and cognitive control in skill. This will help to show not only that Mesh is consistent with 
existing empirical research, but also that the conceptual framework is an informative perspective for 
interpreting this research. This is also a preliminary step towards developing an empirical program for 
investigating and extending Mesh. 

In considering the outlines of such a program we can identify two general avenues for investigation: 
broad phenomenological validation and more specific testing of key predictions. Phenomenological 
validation would systematically investigate the forms of skill experience described above in enough 
detail to differentiate between the Automatic and Mesh interpretations. It is in particular important for 
Mesh that the characteristics of the last four kinds of skill experience in table 1 are confirmed. 
Phenomenological investigation should also assess the frequency of smooth control, adaptive control 
and effortful problem solving in the ‘real world’ performance of experts across a range of skills, 
evaluating the contrasting expectations depicted in figure 5. With regard to more specific testing, 
amongst the various predictions that can be gleaned from Mesh two stand out as fundamental:
• Cognitive control is always engaged to some degree in skilled action, and engagement 

increases progressively with task difficulty. 
• Performance is superior when attention is directed to higher order task features.



But in developing an empirical program for Mesh it’s important to recognize the conceptual 
difficulties involved in testing any theory that is as abstract as Mesh and has a wide scope. Moving 
from the abstract theory to a specific empirical claim in a specific context inevitably involves a 
complex chain of inferences laden with difficult conceptual issues. In the comparison above, for 
instance, Mesh and Automatic differ over how to characterize normal conditions (compare figures 3a, 
3b, and 5), differ in emphasizing difficulty as opposed to familiarity (compare figures 3a and 3b), and 
differ in assumptions about action ontology, with Automatic making no explicit assumptions and 
Mesh assuming a relatively complex action ontology (figure 4). All these differences are 
interconnected: a broader view of normal conditions increases the salience of difficulty and complex 
action.

The difficulties involved in testing abstract theories can lead empirically oriented researchers to 
eschew abstract theory, but this is a mistake. Interpreting evidence depends on a conceptual 
background, whether or not the background is articulated. How far can a particular set of findings be 
generalized? It can depend on how ‘normal conditions’ are understood, and on how the phenomenon 
studied relates to skill as it occurs in its ‘real-world’ context. The choice is not between rigorous 
hypothesis testing and nebulous theory, it is between hypothesis testing against a nebulous 
conceptual background as compared with hypothesis testing against a systematically articulated 
conceptual background.

Unfortunately, though, much theory is too empirically detached to provide useful conceptual 
framework for experimental research. Philosophy of skill can sometimes seem to be a matter of 
swapping anecdotes about Chuck Knoblauch, or, at another point in the theoretical space, abstract 
analysis of the concept of know-how (see e.g. Stanley 2011; Bengson & Moffett 2012). Qualitative 
and abstract theory is vital, but it needs to be empirically grounded. The solution is bridging theory: 
theory that provides systematic links between an abstract theory and a particular empirical context. 
Using Mesh to interpret existing empirical research is a starting point for developing such theory, and 
will help to reveal the issues that a program of original empirical research should address.

We begin by addressing empirical research on expertise and sporting skill. Naturalistic Decision 
Making research has examined the kinds of expertise described by Dreyfus & Dreyfus (1986), and its 
results cast light on the nature of normal performance conditions. Research in sports psychology has 
addressed automaticity and attention in complex motor skills; these results must be accommodated, 
and the experiments provide a context for devising tests for the predictions of Mesh described 
above.



1.4.1 Dreyfus and NDM research on the difficulty of normal conditions
Dreyfus’s account of skill is a particular kind of Automatic theory: according to Dreyfus & Dreyfus 
(1986), “When things are proceeding normally, experts don’t solve problems and don’t make 
decisions; they do what normally works” (pp. 30-1, italics in original). With respect to the forms of skill 
phenomena summarized in Table 1 Dreyfus emphasizes experience iv – reduced cognitive effort. 
Dreyfus (1997) places this theory in the context of expertise research conducted within the 
Naturalistic Decision Making (NDM) framework (Zsambok & Klein 1997). Like Dreyfus, NDM research 
has defined itself in contrast with traditional formal decision-theoretic approaches to decision-
making, and NDM researchers share with Dreyfus the view that experts don’t typically make 
decisions by generating and analyzing an extended list of options, as traditional decision theory 
recommends (Klein 1993; 1997). However, NDM research has arrived at a somewhat different picture 
of expert performance than Dreyfus has, indicating that experts often engage in quite extensive 
cognitive processes. For instance, in the context of battle command Serfaty et al. (1997) propose a 
three-stage hourglass model of decision-making in which an initial plan is formed on the basis of 
recognition of the nature of the situation, the plan is then developed by exploring its structure, and it 
is then applied to the situation (pp. 235-8).

To explain the inconsistency between his account of expertise and the findings of NDM research 
Dreyfus appeals to Heidegger’s (1927/1962) tripartite distinction between ready-to-hand 
performance, in which the individual engages in intuitive smooth coping with ‘ready-to-hand’ 
equipment, unready-to-hand performance, in which conditions are unusual and the individual must 
act deliberately, and present-at-hand performance, where the situation is highly unfamiliar and 
requires rational deliberation. Dreyfus claims that these are three kinds of skilled response to a 
situation “each with its own phenomenology and its own appropriate mode”, and that his theory 
applies to ready-to-hand smooth coping, whereas NDM research has been examining unready-to-
hand performance (1997, p. 27). His explanation for why the experts studied by NDM research are 
exhibiting unready-to-hand performance instead of ready-to-hand performance is that NDM 
researchers have been investigating “how decision-making works in complex, uncertain, unstable 
situations such as emergencies, where experts do not have enough experience to have an 
immediate, intuitive response” (1997, p. 28). He suggests that this complements the work that he and 
Stuart Dreyfus have done on transparent intuitive coping. 

Several aspects of this attempted reconciliation are problematic. It is a mischaracterization to say 
that NDM researchers are studying the performance of experts in unusual conditions, which is what is 
implied by classifying the performance as ‘unready-to-hand’. Dreyfus explains unready-to-hand 
performance by saying that “when a piece of equipment is missing or when the situation is otherwise 
abnormal we have to stop and think” (p. 27). But while the experimental conditions that NDM 
researchers have used are in many cases designed to be challenging, they are also intended to 
emulate real performance conditions. In Serfaty et al.’s study of battle commanders, for instance, 



they say that “we designed an experiment that posed realistic, nontrivial problems, simulated the 
procedure and materials used in real-world tactical situations, and involved a significant number of 
military officers” (1997, p. 238). The conditions of performance being studied by NDM researchers are 
uncertain, as Dreyfus recognizes, but they are not unusual. 

Rather than complementing Dreyfus’s theory, NDM research looks like counterevidence. Dreyfus & 
Dreyfus (1986) described their theory as applying to expertise in domains with unstructured 
problems:

As we examine in detail how a novice, if he possesses innate ability and has the opportunity to 
acquire sufficient experience, gradually becomes an expert, we shall focus upon the most 
common kind of problem area, sometimes called “unstructured.” Such areas contain a 
potentially unlimited number of possibly relevant facts and features, and the ways those 
elements interrelate and determine other events is unclear. Management, nursing, economic 
forecasting, teaching, and all social interactions fall into that very large class (p. 20, emphasis 
added).

The theory is thus specifically intended to apply to expertise in problem situations that are complex 
and uncertain (economic forecasting!), and Dreyfus & Dreyfus see this as including many kinds of 
expertise. Examples discussed in their book include driving, aviation, nursing, medical diagnosis, air 
traffic control, chess, and marketing. NDM research defines its scope very similarly: as expert 
decision making in situations where the problems are ill-structured, dynamic and uncertain (Zsambok 
1997, p. 5), and the fields it has investigated have a great deal of overlap with the fields discussed by 
Dreyfus & Dreyfus (1986), including health care, aviation, military command, and business (see the 
various chapters in Zsambok & Klein 1997). 

Dreyfus & Dreyfus (1986) say that experts will deliberate “when time permits and much is at stake” (p. 
40). However this must be relatively exceptional if it’s true that experts “don’t make decisions” in 
normal conditions. Dreyfus & Dreyfus also say that, “Few if any situations…are seen as being of 
exactly the kind for which prior experience intuitively dictates what move or decision must be made”, 
requiring the expert to evaluate possible actions and/or deliberatively adjust an action to the features 
of the current situation (p. 37). This is a very interesting claim, not least because it anticipates in 
certain respects the hourglass model of Serfaty et al. (1997). But it raises for Dreyfus a problem of 
consistency: if ‘few if any’ situations are close enough to past experience to be able to rely purely on 
intuition then experts will almost always be using deliberative control. It is impossible to reconcile this  
with the claim quoted above that experts don’t solve problems or make decisions when things are 
proceeding normally. 

Thus, even if some of the claims that Dreyfus has made are broadly consistent with NDM research, 
they are not consistent with the main claims of his own theory. If Dreyfus is to fully embrace the 
findings of NDM research he must make major changes to his theory. 



Ready-to-hand, unready-to-hand and present-at-hand forms of performance are characterized in 
terms of a spectrum of familiarity (figure 6), with ready-to-hand performance occurring in normal 
conditions (if we take seriously the claim that experts don’t make decisions when things are normal). 
This accords with Automatic as depicted in figure 3a. That ready-to-hand performance should be 
normal makes sense if the differences between these modes of performance are based on familiarity: 
increasing familiarity should drive a transition from present-at-hand to ready-to-hand performance. It 
appears that the experts studied by NDM research get stuck partway along the progression, but 
why? An expert should be very familiar with the problems she deals with as a matter of course as 
part of her expertise. The obvious answer is that the problems are hard, but difficulty isn’t taken into 
account by this conceptualization of performance. Difficult is not the same as unfamiliar.

Figure 6: Dreyfus’s account of skill control.

In the previous section we characterized a spectrum of forms of performance using the concepts 
‘smooth control’, ‘adaptive control’, and ‘effortful problem solving’ (figure 3b). This is inspired by 
Dreyfus’s Heideggerian conceptualization, but there are important differences. Understanding the 
spectrum in terms of difficulty rather than familiarity is one: whereas Dreyfus describes situations that 
induce unready-to-hand performance as abnormal, we don’t think that a situation has to be abnormal 
for an expert to be using adaptive control – just mildly difficult. Nor does the situation have to be 
abnormal for effortful problem solving. Unready-to-hand performance would in our terms be a 
relatively strong form of effortful problem solving. We also prefer ‘smooth control’ to ‘smooth coping’ 
because ‘coping’ is too passive a concept. Experts don’t simply cope with their environment, they 
are actively engaged with it. And we think that these forms of performance are highly continuous, 
whereas in describing them as different modes Dreyfus treats his categories as fairly distinct.

Familiarity

C
on

tri
bu

tio
n 

of
 c

og
ni

tiv
e 

co
nt

ro
l t

o 
pe

rfo
rm

an
ce

LowHigh

Present-at-handReady-to-hand Unready-to-hand

Normal Unusual

Dreyfus and Dreyfus 
(1986):
- driving
- nursing
- medical diagnosis
- aviation
- air traffic control
- chess
- marketing

NDM research, as 
acknowledged by 
Dreyfus (1997):
- health care
- aviation
- military command
- business

Learning



For these reasons figure 6 and figure 3b are not directly comparable, though we’ve designed them to 
make the comparison as close as possible. As a rough approximation NDM research suggests that 
for the kinds of expertise investigated the distribution of forms of performance is more like the Mesh 
curve than the Automatic curve in figure 5, skewed in these cases towards effortful problem solving, 
which is to be expected for challenging forms of expertise. We agree wholeheartedly with the claim 
that very few situations are so exactly like past experience that a prior solution can be applied 
without some evaluation or modification. But taking this claim seriously results in a very different 
theory to that proposed by Dreyfus. 

1.4.2 Beilock on automaticity and reduced memory
Beilock has conducted research on the nature of the control of sporting skills and the mechanisms 
responsible for choking (e.g. Beilock & Carr 2001; Beilock et al. 2002; Beilock 2011; DeCaro et al. 
2011). Her view is that sporting skills are proceduralized (automated), and that choking occurs 
because worry leads to attention to performance, which “can prompt you to exert conscious control 
over what you are doing. This added control can backfire, disrupting well-learned sports and even 
musical performances that operate best outside the prefrontal cortex” (Beilock 2011, p. 188). Thus, 
on this view choking is based on disruptive attention (experience iii in table 1). In order to show that 
sporting skills are proceduralized, Beilock & Carr (2001) conducted experiments comparing novices 
and experts on a golf putting task in the laboratory. Beilock & Carr found that episodic memory for 
putts was reduced in experts compared with the novices, a phenomenon they termed expertise-
induced amnesia, and they concluded from this that putting is proceduralized in experts. They are 
thus using an Automatic interpretation of reduced memory (experience v in table 1).

In the experiments subjects first performed a series of 20 putts from a fixed location on a carpeted 
floor, attempting to place the ball as close as possible to a cross marked on the floor 1.5m from the 
putting location. After completing the putts the subjects were given a questionnaire asking them to 
describe the steps involved in a typical putt. This was intended to assess the subject’s generic 
knowledge of putting. Subjects then performed a second series of 30 putts, and were again given a 
questionnaire asking for a description of the steps involved in a typical putt. In the final phase of the 
experiment a further 20 putts were performed, and subjects were then given a questionnaire asking 
them to describe the last putt they had taken. This was intended to gauge episodic memory for the 
putt (in contrast with generic knowledge of putting). The results were that, as expected, novices gave 
shorter generic descriptions than experts (experts have greater knowledge for the domain), whereas 
novices gave longer episodic descriptions than experts.  

In section 1.3.2 we argued that reduced memory can be consistent with both Automatic and Mesh, 
but that the two theories view the scope of the phenomenon differently. According to Automatic 
reduced memory occurs in normal (but not unusual) conditions. In contrast, as a first approximation 
Mesh expects reduced memory in easy conditions, but not challenging-but-normal conditions or 



unusual conditions (figures 3b and 3c). This, however, is influenced by the specific memory demands 
of the task. In Beilock & Carr’s experiments the conditions for the experts were very easy: the 
subjects performed 70 identical putts indoors on carpet. The task had no informational dependencies 
over time, so current information had low relevance for future control once a reasonable standard of 
performance was obtained. Thus, although the results are consistent with Automatic, they are also 
consistent with Mesh. Putting it another way, Beilock & Carr haven’t shown expertise-induced 
amnesia for expert putting in general, they’ve shown it in easy conditions where information for 
control has no future relevance. 

Beilock et al. (2002) conducted a study in which experts did have stronger memories than novices. 
They compared novices and experts using a “funny putter”: a putter with an S-shape and unusual 
weighting. Experts using the funny putter had rich episodic memories for putts performed, suggestive 
of high attention and cognitive involvement. This performance situation is clearly unusual, and 
Automatic predicts cognitive control (figure 3a). But with respect to cognitive demand it may be 
closer to the challenging conditions an expert golfer must cope with during competition than is 
performing 70 identical putts on carpet (figure 3b).

Thus, like Dreyfus, Beilock uses a simple distinction between normal and unusual conditions that 
doesn’t recognize the possibility that there might be significant cognitive control in challenging-but-
normal conditions. The key question for Beilock & Carr is whether expertise-induced amnesia will be 
found in challenging-but normal conditions. Mesh predicts that expert golfers should show enhanced 
memory for performance in challenging conditions, though this will have selective characteristics. 
There may be reduced memory for some implementation details, but there should be enhanced 
memory for important aspects of higher order control, such as information involved in adjusting the 
putt for the specific features of the situation (situation control in figure 4). 

Beilock (2011) suggests that to avoid choking “The best advice…is to try to play “outside your head” 
or at least outside your prefrontal cortex” (p 199). Again, Mesh gives somewhat different 
expectations. On Beilock’s account distraction should reduce choking by preventing attention to 
automatic processes. She says, “Having a golfer count backward by threes, for example, or even 
having a golfer sing a song to himself uses up working memory that might otherwise fuel overthinking 
and a flubbed performance” (2011, p. 77). In contrast, on the basis of Mesh we expect that achieving 
an effective strategic focus will be more beneficial than distraction. Distraction may be helpful in 
some circumstances, but it will also reduce the quality of the individual’s situation awareness and 
higher order control processes. Methods that improve focus should be especially valuable in 
challenging conditions, where situation awareness and higher order control is most critical. 

In sum, the problems of Automatic described in section 1.3 apply to Beilock’s work on expertise-
induced amnesia. Like Dreyfus, she fails to properly recognize the significance of difficulty, and she 



also fails to consider the possibility that some forms of attention to performance are disruptive and 
others are not. We turn now to empirical work that addresses this more directly.

1.4.3 Wulf on disruptive attention
Wulf (2007) presents a wide range of evidence showing that an internal focus of attention is 
detrimental to performance (experience iii in table 1). In an early set of experiments first reported in 
Wulf et al. (2001) subjects were required to balance on a stabilometer apparatus, with one group 
being told to concentrate on keeping both feet level and the other instructed to keep two markers 
positioned near the feet level. This attentional focus was covert – both groups looked straight ahead 
– ensuring that there was no difference in visual information between the two groups. Two practice 
sessions were held on consecutive days, and subjects were given a retention test on the third day. 
The external focus group performed significantly better in the retention test. Other studies showed 
superiority of external over internal focus for golf, basketball, dart throwing, field goal kicking in 
American football, soccer, tennis, and jumping (Wulf 2007, pp. 42-61). Wulf presents a constrained 
action hypothesis to explain these results, which says that an internal focus disrupts more efficient 
automatic processes, while an external focus promotes automatic control (Wulf 2007, p. 113).

But the constrained action hypothesis fails to explain some of the evidence. If the benefit of an 
external focus lies in drawing attention away from automatic processes then distraction should be 
just as effective as an instruction to focus on movement effect, in keeping with Beilock’s view, but 
Wulf & McNevin (2003) found that this was not the case. In these experiments subjects who were 
instructed to focus on movement effect performed better on the stabilometer task than subjects 
given a demanding secondary task. In explaining the constrained action hypothesis Wulf says that 
“focusing attention on the movement effect promotes a more automatic type of control” (p. 113), but 
she doesn’t explain why a focus on effect might be more effective than distraction in promoting 
automatic control. 

Viewed from the perspective of Mesh, the negative effects of disruptive attention can involve at least 
two problems: (i) disrupted automaticity, and (ii) disrupted focus – the misdirection of attention away 
from its proper focus on strategic task features. Taking both into account can help to explain the 
superiority of effect focus over distraction, because, as we will now argue, awareness of movement 
effect is likely to form part of appropriate focus. So instruction to focus on movement effect may help 
prevent disrupted automaticity, but it may also provide the benefits of an appropriate focus of 
attention. In contrast, distraction can reduce the disruption to automaticity caused by an 
inappropriate self-focus, but it will also disrupt appropriate focus.

There are three reasons why awareness of movement effect is likely to form part of appropriate focus. 
Firstly, the movement effect is the physical goal of the action, and a cognitive focus on the goal 
should provide good information for configuring the lower order control processes that implement the 



action.10 Secondly, movement effect is a key item of information for ongoing higher order control, 
since the outcome of the movement will affect what happens next. At the same time as performing 
the action the individual needs to prepare for the consequences. Thirdly, focusing on movement 
outcome provides information that will be useful for learning. If the action is unsuccessful the 
individual may be able to identify the nature of the error and compensate in a later attempt. And even 
if the action is successful there may be important information to be learned about the way it 
succeeded in the context. 

But just as action outcome is often important for higher order situation control, so too in many cases 
is information about body state. In some cases the movement goal is a particular body state, so the 
three reasons listed above can apply. And in addition, information about body state can be important 
for determining what actions are possible. Consequently, we think that certain forms of self-
awareness will play a positive role in many kinds of skilled action. A yoga practitioner needs to shape 
her body to the demands of a pose, a dancer needs to control the expressive characteristics of her 
movement in relation to the context, a basketball player must control intricate movement through 
space in the face of moving, responsive opponents, a long-distance runner must adjust her pace to 
her current physiological capacity, and so on. We shouldn’t conclude that all forms of self-awareness 
are disruptive because some are.11 

1.4.4 Leavitt on multi-task tolerance and Schmidt and Wrisberg on strategic focus
Leavitt (1979) used multi-task tolerance to show automaticity of puck control in ice hockey players 
(experience ii in table 1). Leavitt compared the performances of novice and expert ice hockey players 
in a task where they skated through a slalom course while stickhandling a puck. In one condition the 
subjects were required to perform a secondary task (identifying objects), and Leavitt found that the 
speed and stick handling performance of the experts was not affected by the secondary task, 
whereas the performance of the novices was impaired. This could be taken as evidence for the 
automaticity of expert ice hockey performance, but we think this would be a mistake. The slalom 
course was relatively easy – a straight out and back course with six to seven obstacles – and 
certainly easy compared with game conditions. The Mesh prediction is that expert performance 
would be impaired by a secondary task on a slalom course that the players found challenging, and 
would also be impaired by a secondary task in game conditions. 

The comparison between a simple slalom course and game conditions raises the issue of how we 
characterize skilled action. The actions of a player during a game are much more complex than the 
actions performed while stickhandling a puck through a simple slalom course: they include moving 
into position, avoiding defenders, deceiving defenders, passing, shooting, and so on. In the terms of 
figure 4 basic stickhandling is a form of implementation control, and the slalom course posed very 
light demands on situation control. Tasks with more realistic complexity will tend to require more 
complex situation control and hence place greater demands on cognitive control, making them more 



susceptible to dual-task interference. It is no surprise that lower order component skills become 
relatively automated – this is essential for individuals to be capable of the complex actions 
characteristic of advanced skill. But this does not mean that those complex actions are automated.

In relation to some positions our point here may be just a clarification. In their textbook Motor 
Learning and Performance, Schmidt & Wrisberg describe three stages of skill learning (based in part 
on Fitts & Posner 1967, discussed below). In the first stage, which Schmidt & Wrisberg call the 
verbal-cognitive stage, the individual engages in a great deal of verbal-cognitive reasoning in trying to 
perform the task. In the second motor stage the finer details of motor performance are refined. In the 
third autonomous stage the individual is able 

to produce their actions almost automatically with little or no attention… As a result, they 
don't have to think about every component of the skill when they are performing. …This 
capability frees the best performers to engage in higher-order cognitive activities, such as 
split-second shifts in strategy during a basketball game or spontaneous adjustments in the form 
or style of a movement in dance or in figure skating. (Schmidt & Wrisberg 2008, p. 202, emphasis 
added). 

Schmidt & Wrisberg clearly recognize here that higher order cognitive processes make a contribution 
to action in complex performance conditions, at least in some cases. But if our point is a clarification 
we think it’s an important one. In complex performance conditions, when higher cognitive processes 
are making a substantial contribution, it is simply wrong to say that the individual’s actions are being 
produced “almost automatically with little or no attention”. There may be relatively little attention to 
basic components of the action, but the production of the action itself, which encompasses higher 
strategic features (e.g. a pass to a player in an open position), may be far from automatic. For these 
actions – primary actions in challenging conditions – we would expect high attention (with 
appropriately directed attention being beneficial), significant cognitive effort, and low-multitask 
tolerance. There might be strong memory encoding. It is also misleading to describe the component 
skills of such actions as ‘autonomous’. Such processes may not be the direct object of cognitive 
control, but nor are they occurring independently of cognitive control in the way that word reading in 
the Stroop task occurs independently of task intentions. Rather, component processes are being 
organized by cognitive control.

The practical implications are significant. If you think that performance is automatic then performing 
well requires keeping ‘the mind’ ‘out of the way’. If you think that performance is cognitively 
controlled in the manner characterized by Mesh then performing well requires keeping ‘the mind’ ‘on 
the job’: engaged and properly focused. 



1.5 Taking stock: understanding complex skills in challenging conditions
Mesh places greater emphasis on difficulty and complex action than does Automatic, and the 
preceding analysis shows the value of incorporating these aspects of skill into the picture more fully. 
It can hardly have escaped anyone’s notice that some tasks are difficult, or that skilled action can be 
complex. But giving proper theoretical weight to these features of skill requires including them in a 
complex array of features of skill, and developing integrative theory that addresses multiple features 
of skill is not straightforward. The automated aspects of skill are, somewhat ironically, very salient, 
and it is easy to emphasize them at the expense of other aspects of skill. The four positions we’ve 
examined do just this: they argue for skill automaticity based on select kinds of skill phenomena 
(experiences i-v in Table 1) without properly considering the kinds of qualifications required or the 
broader range of phenomena that is relevant. In short, they overgeneralize.

Dreyfus & Dreyfus (1986) clearly expected that expertise in complex skill domains would be 
substantially automated, even though they noticed in passing the basic reason why it isn’t. Beilock & 
Carr (2001) assume that they can generalize from golf putting performance in very easy conditions to 
putting in general – putting in ‘normal conditions’. Beilock et al. (2002) examine putting performance 
in unusual conditions, but Beilock doesn’t compare putting in easy, difficult and unusual conditions, 
which from our perspective would give a better overall picture of the nature of the control of putting. 
Wulf plausibly suggests that an internal focus of attention can disrupt automated processes, but she 
doesn’t explain why an effect focus is superior to distraction. Leavitt (1979) shows multitask tolerance 
in easy but not realistic conditions. Schmidt and Wrisberg recognize that higher cognition contributes 
to performance in complex situations, but nevertheless characterize advanced skill as autonomous, 
and say that the individual in this stage of skill learning can produce action with little or no attention. 
Implementation skills can be produced with little attention, and primary skills in easy conditions, but 
not complex primary skills in challenging conditions. In a curious way this picture of skill learning 
loses sight of the most important attribute of advanced skill. 

In contrast, Mesh provides a more nuanced picture (figure 3b) which accommodates evidence for 
automaticity while highlighting the need to understand action complexity, demanding performance 
conditions, and the role of cognitive control. Mesh more specifically suggests three core issues that 
deserve systematic empirical investigation: (i) the range of performance conditions that experts 
experience, (ii) possible changes in the nature of control across this performance range, and (iii) 
complex patterns of attention in changing conditions.

With respect to the range of performance conditions experienced by experts, NDM experimental 
research, designed to be realistic, provides suggestive evidence for the Mesh curve in figure 5, but it 
would clearly be valuable to examine performance conditions more directly. At the start of section 1.4 
we noted that the phenomenological picture summarized in table 1 needs to be validated, and this 
requires cognitive ethnographic research – the investigation of skill experiences in varied real world 



conditions across a range of skills. The skill experiences of interest for Mesh include sense of 
challenge, sense of cognitive effort, selective focus of attention, action slips, and poor or good 
memory for performance. Evidence for a range of ordinary and elite skills and performance 
circumstances would provide a much more detailed empirical basis for evaluating the contrasting 
theoretical claims depicted in figure 5.

With respect to changes in the nature of control across the performance range, while cognitive 
ethnographic evidence can provide some guidance, experimental investigation can give a more 
detailed picture. Leavitt (1979) and Beilock & Carr (2001) compared novices and experts on tasks at a 
fixed level of difficulty. One way to probe whether cognitive control in experts varies with difficulty is 
to titrate the effect of changes in difficulty on measures of cognitive control, such as dual-task 
interference. Doing this for conditions that range from easy to highly challenging, and for a variety of 
kinds of skill, would provide a detailed test for the contrasting claims of figures 3a and 3b. Comparing 
increases in normal difficulty with changes that make a task progressively more unusual would help 
to further disambiguate difficulty and familiarity, and might help identify differing patterns of control in 
challenging-but-normal conditions as compared with unusual conditions.

With respect to complex patterns of attention, the Mesh concept of strategic focus is broadly similar 
to some existing claims, such as those of Schmidt and Wrisberg described above. Wulf also 
recognizes that awareness of higher order task features may play a role in skill, saying that, “As 
individuals gain experience with a certain skill, and the movement becomes more and more 
automated, the action is assumed to be monitored at progressively higher levels” (2007, p. 147). As 
discussed above, though, we think that awareness can include information about body state and 
movement, so a shift to awareness at ‘higher levels’ isn’t necessarily a shift away from all lower order 
detail. Rather, expert awareness should have shifted to focus on the critical information for 
performance; expert awareness will be selective, highly shaped to task demands, and may often 
‘roam’ or ‘float’ as it flexibly and anticipatively seeks out important information. Investigating this will 
be challenging because detailed patterns of attention will be task specific, may vary between 
individuals, and may be disrupted by attentional instructions that induce ‘unnatural’ attention 
patterns. Careful phenomenological investigation is required, together with experiments that are 
sensitive to the ‘natural’ attention patterns of experts.

Part 2: Analysis of prior theory and explanatory support for Mesh

We’ve just argued that Mesh provides a better and more integrated explanation than Automatic for 
the kinds of skill experience described in table 1, and for the experimental evidence outlined in 
section 1.4. Part 2 develops the conceptual structure of Mesh further by seeking to explain why skill 
control has the features proposed by the base version of Mesh we presented in section 1.2. We 



proceed by examining a body of prior skill theory, and the analysis has both a critical aspect, showing 
why simpler proposals are inadequate, and a constructive aspect, extracting key ideas from these 
other theories and incorporating them into Mesh.

The skill theories are organized in four groups of increasing complexity: a group we call simple control 
which see skilled actions as relatively narrowly focused and governed by single integrated control 
structures, a group termed articulated control which, in order to explain flexibility, propose that skilled 
actions are governed by multiple functionally differentiated control structures, a group termed 
hierarchical control which explain flexibility by appeal to hierarchical control of action components, 
and finally two theories under the label higher cognition which characterize higher cognitive 
processes of awareness and memory that are claimed to be involved in skilled action. 

In essence, we argue that the Mesh architecture offers the greatest power, in the sense that it is able 
to produce a large variety of skillful action based on limited infrastructure and learning experience 
(see figure 2). But we incorporate into Mesh key attributes from other theories, including 
proceduralization, dynamical constraints, non-analytic pattern recognition, schematization, efficient 
memory organization, situation awareness, and action planning.

As noted in the introduction, our account touches on many issues concerning the nature and role of 
higher cognition more generally. In this regard we need to forestall a potential misunderstanding: our 
account of skill control postulates both hierarchy and systematically structured representation. 
Although these are typically associated with the classical view of cognitive architecture, our account 
should not be viewed as a form of classicism. Independent empirical evidence for these cognitive 
attributes can be found in contemporary cognitive neuroscience, which indicates that the brain has a 
hierarchical macro-architecture (Fuster 2008), and that the hippocampal system mediates relationally 
structured representations involved in declarative memory (Eichenbaum 2000). 

This is not the place to explore these issues in detail, but in our view this evidence does not support 
classicism per se; in other respects the picture from cognitive neuroscience differs profoundly from 
the classical view. Whereas the classical view sees complete functional abstraction at the input and 
output interfaces, and a fully abstract symbol system in between (Newell & Simon 1976), cognitive 
neuroscience suggests that cognitive architecture is at all levels of cognitive processing shaped by 
the physical structure of the sensory and motor systems. For example, the physical organization of 
the body’s sensory receptors and muscle system is preserved in low order processing by 
somatotopic mappings, with abstraction in higher order areas achieved by progressive integration 
(e.g., Reid 2003). The organization of even the most integrative brain areas is an extension of this 
fundamental pattern (Fuster 2008). Cognitive processing also appears to involve dynamical control; 
see e.g. Harris & Thiele (2011) on some of the dynamical aspects of selective attention. Thus, 
although some abstraction is achieved, it appears unlikely that higher cognition is based on a fully 



abstracted formal symbol system. Rather, it exhibits a complex mix of attributes, including analogue, 
dynamical, regulatory, and symbolic features.12

We should also note that we see this account as entirely compatible with distributed, extended 
cognitive processes that encompass complex interactions with the environment and multiple 
individuals (Sutton 2010).  Extended cognition is not the focus here, but our proposal that there is 
some significant internal cognitive complexity does not imply that there is no external cognitive 
structure.

The immediate concern of this paper is with skill control, however. None of the skill theories we 
examine deny that humans are capable of flexible, generalized representational cognition – it is 
assumed even by Dreyfus that this is required for the flexible problem solving manifested in novices. 
The issue is whether such cognition plays a role in advanced skill.

2.1 Simple control
The following theories propose that the control of a skilled action is based on a single integrated 
control structure that operates without higher influence.

2.1.1 Anderson: proceduralization
In section 1.4.4 above we very briefly described a three stage description of skill learning by Schmidt 
& Wrisberg that is partly based on an account by Fitts & Posner (Fitts 1964, Fitts & Posner 1967). 
Anderson (1982) presents a theory of skill learning which is a mechanistic elaboration of Fitts & 
Posner’s account. In Anderson’s theory the three stages are called declarative, knowledge 
compilation, and procedural,13 and they involve a transition from cognitive to automatic control. 
According to Anderson the declarative stage involves the use of cognitive interpretation processes 
that apply domain-general problem-solving methods to declarative task knowledge (initially acquired 
through instruction) in order to produce task-appropriate actions. However, he says, cognitive control 
is slow and easily overwhelmed by task complexity, as per the limitations of cognitive control 
described in section 1.1 above.

During the knowledge compilation stage working memory burden is reduced and speed improved 
through the stabilization and streamlining of the task-appropriate actions. A process of composition 
forms links between actions that tend to follow each other, reducing the need for cognitive control by 
allowing a sequence to run off automatically. A process of proceduralization reduces the need for 
declarative knowledge by eliminating variables in task procedures.14

Anderson illustrates proceduralization with the case of dialing a telephone number (p. 383). 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. The generality of the procedure hinges on the fact that it involves 
variables (‘first digit’, ‘second digit’, etc.), which are assigned values on each occasion that a number 
is dialed. In the case of an often-used number, however, the specific digit sequence can be 
remembered, and accordingly a number-specific procedure can be developed that doesn’t employ 
variables, such as ‘dial 8462 21905’. This bypasses the cumbersome steps involved in assigning 
values, with a considerable speed-up benefit. Anderson claims that in some cases declarative 
memory for the number is lost.15 He doesn’t use the term ‘motor program’ (a pre-structured set of 
motor commands that generate a set of motor actions), but these could be viewed as cases where 
the skill has been transformed into a motor program.

The elimination of variables is the major feature of Anderson’s third proceduralization stage, but other 
kinds of refinement also take place: ‘generalization’ broadens the range of applicability of a 
procedure, ‘discrimination’ narrows it, and ‘strengthening’ reinforces better procedures and weakens 
poorer ones. The effect of these processes is to consolidate a transfer from cognitive to automatic 
control, as depicted in figure 7.

Figure 7: Anderson’s account of proceduralization.

2.1.2 Dreyfus & Dreyfus: expert intuition
The account of skill learning by Dreyfus & Dreyfus (1986) is similar in broad outline to Anderson’s 
theory, though with a more elaborate series of stages and other significant differences.16 Whereas 
Anderson focuses on the formation of complex action structures, Dreyfus & Dreyfus (1986) focus on 
the formation of intuition (figure 8). Their initial Novice stage is said to involve the learning of ‘context 
free’ facts and features relevant to the skill, where ‘context free’ means the facts and features are 
defined without reference to the wider context in which the skill is being performed. The novice also 
learns rules for producing actions based on facts and features, and these are also ‘context free’ in the 
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sense that the rules are applied without reference to the larger situation. For example a beginner 
driver is told to change gears at a particular speed and maintain a particular distance to the car in 
front. 

In the second Advanced Beginner stage the individual is developing an understanding of the task 
based on experience, now recognizing ‘meaningful’ or ‘situational elements’ which are understood 
experientially rather than through definitions, and identified based on perceived similarity with prior 
examples. In the third stage, which they label Competence, the individual is able to recognize an 
overwhelming number of situational elements and starts to use hierarchical decision procedures such 
as goal-setting and planning. In their fourth Proficiency stage the individual is gaining ‘intuition’ or 
‘know-how’, which they claim is based on ‘holistic similarity recognition’, described as the intuitive 
ability to use patterns without decomposing them into component features. Proficient practitioners 
still decide what to do based on analysis, but in the final Expertise stage the individual is responding 
entirely by intuition. This is the reasoning behind the claim we discussed above, that experts don’t 
solve problems or make decisions in normal conditions.

Figure 8: Dreyfus & Dreyfus on the formation of intuition.

2.1.3 Dynamical perspectives: coordinative structures
Dynamical approaches have provided another important non-cognitive perspective on skill, 
conceptualizing skill as an emergent result of the interactive coupling of the biomechanical system 
with the environment (Kelso et al. 1981; Newell 1986; Summers 2004; Huys et al. 2004; Araujo & 
Davids 2011). Bernstein (1967) highlighted the fact that the human motor system has many degrees 
of freedom that must be constrained in order to achieve appropriate action, and this has given rise to 
a view of skill acquisition as the acquisition of coordinative structures – sets of task-specific 
constraints that reduce the number of degrees of freedom and produce task-specific coordination. In 
one conception of skill learning within this framework initial attempts to perform a task involve the 
parametric modification of intrinsic dynamics, which are the preexisting coordination tendencies of 
the individual, by behavioral information, which is an influence from perception, memory, attention or 
intention (or some combination) that results in a task-appropriate pattern of behavior. If the pattern is 
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unstable the intrinsic dynamics are modified in the direction of the to-be-learned pattern (Huys et al. 
2004).

Although the acquisition of a coordinative structure is primarily a matter of restriction, dynamical 
theorists have also addressed the issue of flexibility. One mechanism for flexibility that has been 
canvassed involves partitioning the dynamical space into subspaces that exhibit goal-equivalent 
variability (GEV) and non-goal-equivalent variability (NGEV) (Tseng et al. 2003, discussed in Huys et 
al. 2004). Parameters can be allowed to vary freely so long as the system remains within the GEV 
region of its dynamical space, thus affording the system flexibility in how the goal is achieved. 
Another proposal is that learning takes place at the level of high order coordination parameters; 
sufficiently high, for instance, that a movement pattern can be transferred between effectors, such as  
from the arms to the legs (Kelso & Zanone 2002).

2.1.4 Discussion: the limits of simple control
We’ll now examine some of the strengths and weaknesses of these theories of skill, arguing that, 
although they each identify important features of skill control and learning, no account of this type 
can plausibly explain the richness and flexibility of complex skills. 

The broad logic of Anderson’s account is reasonably clear: cognitive processes construct action 
assemblies approximately suitable for the task, and associative processes stabilize and refine these 
action assemblies. There is a more-or-less inevitable sequential structure to this, in the sense that 
associative processes cannot stabilize and refine an action assembly unless it has already been 
formed, and coarse-grained associative processes such as composition will tend to precede more 
fine-grained processes like discrimination. The rationale for the decline of cognitive control also 
appears straightforward: Anderson associates with cognitive control the limitations we described in 
section 1.1: slow speed and limited capacity. He doesn’t explicitly articulate the lack-of-benefit 
argument, but it seems clear from his account that cognitive processes aren’t needed to organize 
action once direct perception-action and action-action associations are formed. 

Dreyfus & Dreyfus’s account has a similar basic structure, except that they emphasize the formation 
of intuitive judgment rather than action assemblies. Interestingly, they describe an extended process 
of improvement in cognitive control, whereas, for Anderson, cognitive learning is confined to the first 
stage. But Dreyfus & Dreyfus nevertheless see cognitive control as unsuitable for advanced skill, like 
Anderson. Their account is also interesting for highlighting a progression of increasing sensitivity to 
the larger structure of the context, from local context free rules in the novice to the intuitive holistic 
grasp of situations by the expert. This has no counterpart in Anderson. 

In comparison with Anderson’s account the dynamical approach uses a much more generalized 
conception of action control: transformation of dynamical state as compared with production of 



action sequences. Accordingly, the conception of the structure that is acquired through learning is 
also more generalized: a structure that constrains the system’s dynamics, as compared with 
associations between the elements of the action sequence. Coordinative structures can also 
incorporate richer influence from the environment than Andersonian procedures, which rely on direct 
internal links between actions.

The dynamical approach is the most general conceptual framework for understanding motor control 
and learning, but this doesn’t mean that it is uniquely correct or informative. Indeed, the abstraction 
of the dynamical approach means that it requires supplementary accounts of the specific 
mechanisms responsible for motor control and learning.17 Andersonian proceduralization is plausibly 
one of the processes that contributes to the formation of coordinative structures, and Dreyfus & 
Dreyfus’s account can likewise be treated as providing a complementary account of processes 
involved in acquiring the perceptual ability to recognize the appropriate context for action. Thus, we 
think the insights of all three approaches can be incorporated into a larger picture. 

These three approaches to skill learning and control also suffer from characteristic limitations 
stemming from the fact that they each depict skilled action control as involving the cuing of a 
prepared response (the defining feature of simple control as we are using the term). A perceptual 
discrimination that identifies the situation is associated with a response which, because it is 
endogenously organized and well-matched to the situation, can unfold without higher cognitive 
influence. It is less obvious that the dynamical approach relies on prepared responses because it 
recognizes continuous interaction, but insofar as coordinative structures are stable integrated 
structures – as opposed to ad hoc constructions – they must be formed in advance and be cued by 
an appropriate signal. 

To characterize the limitations of simple control we’ll return to the conceptualization of the skill 
domain as a space of contingencies that we briefly described in section 1.2. Because simple control 
relies on prepared responses, for there to be a skilled response to a particular contingency the 
individual must have experienced that type of contingency often enough to have formed the control 
structure that produces the response. This means that the region of skill that can be achieved is 
highly constrained by direct exposure.

This constraint might not seem empirically problematic given the long apprenticeship required for 
many kinds of expertise. Indeed, it might be thought to help explain the length of such 
apprenticeships. According to the ‘10-year’ rule it takes about 10 years of preparation to reach an 
elite level of ability in most domains (Ericsson & Lehman 1996). From this it might be supposed that 
experts get vast exposure to their domain. Dreyfus & Dreyfus (1986) claim that the expert acquires an 
“immense library” of distinguishable situations, and in support of this say that “[a] chess master, it 
has been estimated, can recognize roughly 50,000 types of positions” (p. 32). But while an expert’s 



direct exposure to her domain will generally be enormous when viewed from the perspective of a 
layperson, it may nevertheless be a small proportion of the total domain, which can be astronomical 
in size, and much less than the region of expected expertise.

Dreyfus & Dreyfus (1986) don’t provide a citation for the estimate of the ability of chess masters to 
recognize positions, but it is possible that they are referring to Simon & Chase (1973), who calculated 
that chess masters were likely to be able to remember approximately 50,000 chess patterns. If so, 
however, Dreyfus & Dreyfus have misdescribed the claim because a chess pattern as defined by 
Simon & Chase is not the same as a chess position. According to Simon & Chase an expert 
perceives a chess position as being composed of multiple patterns or ‘chunks’, and more specifically 
they assume that about seven chunks are required to identify a given position. Accordingly, with a 
‘vocabulary’ of 50,000 chunks they calculate that a chess master should be able to identify 
approximately 8 × 1032 positions (1973, p. 402). This, they estimate, should be sufficient to cover the 
range of games a chess master might be required to play. In our terms, their claim is that the 
recognition capacity afforded should be sufficiently large that the region of skill corresponds to the 
region of expected skill.

There are a number of points to note. Although Dreyfus & Dreyfus imply that a memory for 50,000 
positions is an “immense library”, it is too small to be a plausible measure of the ability of chess 
experts to identify and respond to chess positions skillfully. Moreover, it is not likely that a chess 
expert could acquire a sufficiently large recognition capacity from direct experience; not even the 
most dedicated and long-lived chess expert will be able to directly experience 8 × 1032 chess 
positions. Whatever the actual number is, it is probably well beyond the possible experience of a 
human chess player. With such a large space of possibilities elite chess players in competitive 
conditions will very often be dealing with situations that differ significantly from past experience. 
Some chess positions may recur, but opponents will be trying to be unpredictable. As we saw in 
section 1.4.1 above, NDM findings indicate that the fields of expertise studied by NDM research are 
too complex for experts to able to rely solely on intuition. These considerations suggest that the 
same is true of chess.

Relying on recognition and prepared responses is not feasible in the face of extremely large 
contingency spaces; powerful forms of flexibility are required. Simple control theories do have means 
for explaining some action flexibility, as we saw in relation to the dynamical approach. An action of a 
particular type can cover a class of situations, accommodating minor variations within the class, and 
flexible actions can accommodate a broad range of variations, increasing the total region of skill. But 
there are limits to the flexibility that can be successfully achieved using a simple control architecture. 
As situation classes are broadened, encompassing more variability, it is more difficult for a single 
integrated control structure automatically and reliably to achieve the goal or goals. To be flexible the 
control structure must allow a significant range of variation in state, but to be reliable it must close off 



all variation that leads to non-goal outcomes. Thus, reliability will be increasingly difficult to achieve 
as the range of variation that is allowed increases. 

So the region of skill that can be achieved with simple control is strongly limited by direct experience. 
The important question is whether it will encompass the region of expected skill for a given domain. 
In the case of chess the answer seems to be clearly not, and there are reasons to think this will be so 
for many skills. Domain sizes will be large even for very modest skills, and will be extremely large for 
skills that involve significant complexity, like chess, flying an aircraft, etc. The region of expected skill 
is not in many cases the complete domain: some contingencies may be very rare, some may be such 
that no effective response is possible, or so difficult that they are avoided. Expectations may not be 
particularly high: ordinary drivers don’t need to satisfy the advanced driving standards of race drivers 
to be considered competent, and many professionals – lawyers, doctors, teachers, accountants, etc. 
– perhaps fall well short of the highest standards in their field. On the other hand, expectations can 
be very high at the elite echelons of these fields, and in some areas, such as music, literature, sport, 
and science, there is a strong emphasis on elite performance, and on novelty. There are many 
pressures that can contribute to high standards of performance, including competition, high external 
rewards, strong individual motivation,18 and high cost of failure (as with airline pilots). 

An effect of these pressures will be to require of experts that they be capable of skillful control in a 
wide range of contingencies, making regions of expected skill characteristically much larger than 
regions of direct experience. Indeed, some of these pressures, such as competition and motivation 
for excellence, specifically act to draw individuals into performance conditions outside their prior 
experience.19 When the region of expected skill is substantially larger than the region of direct 
experience then simple control will be insufficient for expertise.

We can express the core points more abstractly by making use of Shiffrin & Schneider’s (1977) 
distinction between consistent mapping (CM) and varied mapping (VM) problems, described in 
section 1.1 above. Shiffrin & Schneider found that CM tasks automate while VM tasks don’t. But the 
expansive picture of skill learning given by Anderson and Dreyfus & Dreyfus involves deep 
transformation in the way tasks are performed, and it more particularly involves converting complex 
VM problems into more narrowly focused CM problems. This is particularly explicit in Anderson, and 
is illustrated in his telephone dialing example; a method that copes with variability is replaced by a 
method that is specific to one particular, frequently dialed number. The simple control theories tacitly 
assume that this partitioning strategy is sufficient for attaining advanced skill competence. The 
problem we’ve just described, though, is that domain sizes can be far too large for this to be 
achievable. 



2.2 Articulated control
Simple control theories propose that the control of skilled action is maximally streamlined: a given 
type of action is governed by an integrated, highly tuned control structure that is triggered by a cue. 
All higher order control has been collapsed out during skill acquisition. If such actions generalize, 
they do so because the control structures tolerate variation in performance conditions. The next 
group of theories propose that multiple control structures are involved in action production, with 
interactions between these structures producing action that is both varied and tailored to the 
situation.

2.2.1 Schmidt: schemas and flexibility
Schmidt (1975) proposed a theory of skill that focused on the problem of understanding action 
flexibility. To account for flexibility in action production he appealed to the notion of a schema 
originally developed by Head (1926) and Bartlett (1932), referring to Bartlett’s famous quote (which 
we reproduce here at slightly greater length):

Suppose I am making a stroke in a quick game, such as tennis or cricket ... When I make the 
stroke I do not, as a matter of fact, produce something absolutely new, and I never merely repeat 
something old. The stroke is literally manufactured out of the living visual and postural ‘schemata’ 
of the movement and their interrelations.

Schmidt suggested that flexibility in the production of an action is achieved through the interaction of 
multiple schematic control structures, including: (i) a generalized motor program (GMP), which 
produces a particular type of action and must be adapted or ‘parameterized’ for a particular context, 
(ii) a recall schema which captures relations between past response specifications and the outcomes 
they produced, and which is used to generate response specifications that adapt the GMP for the 
current conditions and goal, (iii) a recognition schema which generates expected sensory 
consequences of the action, and (iv) an error labeling schema which serves to assign to the sensory 
outcome of the action labels that describe the relation to the goal (this is distinct from actual 
knowledge of the result). Thus, in producing an action the initial conditions and the goal are used to 
select a GMP, a recall schema is used to specify or ‘parameterize’ the GMP for the circumstances, 
and a recognition schema generates the expected sensory consequences. 

In support of his theory Schmidt pointed to several kinds of evidence that suggest an ability to apply 
in new circumstances an existing action type: he cites Merton’s (1972) claim that a person’s signature 
can be written at novel sizes, such as ten times larger on a blackboard, he describes experiments 
suggesting that relative timing is preserved when complex sequential actions are speeded up or 
slowed down, and he points out that experts are readily able to produce novel actions of a practiced 
type, such as a basketball player able to shoot accurately from various positions on the court.20



2.2.2 Wolpert: internal models
Wolpert (Wolpert et al. 1995; Wolpert and Kawato 1998) proposed a theory of motor control based on 
coupled forward and inverse models that has some interesting similarities and differences to 
Schmidt’s account. In Wolpert’s account a forward model predicts the motor output based on the 
current state plus a motor command. This is similar to Schmidt’s recognition schema, although 
Wolpert et al. (1995) describe a role for forward models in preemptive action control that is not 
considered by Schmidt. Schmidt’s theory is designed to cover actions that are too fast to be guided 
by perceptual feedback, but the role of the recognition schema is only to evaluate the success of the 
action. In contrast, Wolpert claims that a forward model could be used to preemptively adjust action 
based on the predicted outcome. An inverse model operates in the opposite direction to a forward 
model, specifying the motor command needed to achieve particular sensory consequences. This is 
similar to Schmidt’s recall schema operating in conjunction with the GMP. 

Another important difference between the theories is that in Wolpert’s account coupled forward and 
inverse models serve as ‘motor primitives’, where multiple inverse models can be used 
simultaneously in the production of an action. In contrast, Schmidt’s account only recognizes one 
GMP per action (Schmidt 2003, p. 371). Allowing multiple models to interact cooperatively provides a 
strong form of generativity, yielding a large behavioral repertoire from a relatively small number of 
motor models (Wolpert and Kawato 1998, p. 1318). In principle this greatly extends the generality 
achieved compared with Schmidt’s account. The contribution of a given inverse model to an action is 
determined by a further model called a responsibility predictor, which uses sensory information and 
information about cognitive plans to estimate the contribution of the inverse model to an action, and 
selectively engage it (Wolpert and Kawato 1998, p. 1323). For example, they say, a responsibility 
predictor  associated with an inverse model appropriate for picking up heavy objects could learn to 
use metallic appearance – as a sign of heaviness – to selectively engage the model.

2.2.3 Discussion: the benefits of articulation for control and learning
Like the dynamical approaches to flexibility described above, these theories propose that the main 
pattern of a skilled action is produced by a generalized structure: the GMP or inverse model. This 
contrasts in particular with Anderson’s emphasis on the elimination of variables in proceduralization. 
Unlike the dynamical theories, however, Schmidt and Wolpert see the generalized control structure as 
operating with a suite of auxiliary control structures that provide various kinds of additional guidance: 
context specification (performed by the recall schema in Schmidt’s account and the responsibility 
predictor in Wolpert’s account), and error detection and correction (performed by the recognition and 
error labeling schemas in Schmidt’s account, and the forward model in Wolpert’s account). 

We’ll assume that, other things being equal, an individual overt action pattern produced in familiar 
conditions could be generated just as effectively, and perhaps more so, by a single integrated 
coordinative structure as by an ensemble of control structures like those envisioned by Schmidt or 



Wolpert. The question then is whether the more articulated approach has any advantages that justify 
the additional complexity. There are several that we can identify. One is that the presence of multiple 
specialized structures provides scope for specialized information processing structures that can 
produce specific kinds of information. For instance, as described above, a forward model can 
generate a prediction signal, which can be combined with other information to produce a prediction 
of error. An architecture lacking articulated functional structure has access to the same ambient 
information but not this kind of internally generated information. Such information can improve 
control in less familiar conditions because it can be used to drive the system towards the goal state. 
This will provide better generalization than simple control because intrinsic dynamics do not need to 
be perfect. 

By helping to identify success and error, specialized information processing will also facilitate 
learning. And because the control structure is articulated, modifications can be made to specific sub-
structures. Learning will consequently be more rapid and precise, meaning that an articulated 
architecture can make more efficient use of its learning experience. 

One of the most important reasons why articulated control offers superior generalization is because it 
is capable of generativity. Each control structure is tuned to a different regularity, and can be 
employed in varying mixes across situations as their composition varies. In Schmidt’s account 
generativity is limited by the fact that each type of action is governed by a single GMP, but Wolpert & 
Kawato allow for multiple inverse models to contribute to a given action, and this dramatically 
increases the range of action that can be produced. In contrast, as discussed in section 2.1.4 above, 
simple control lacks generativity. In the case of the dynamical approach, generativity is present in the 
underlying dynamics of the motor system, which involves the interaction of components to produce a 
large range of behavior. But according to the dynamical conception of learning described above a 
given action type is governed by an individual coordinative structure, and if so coordinative structures  
are not generative.21

So although simple control is simpler it is not necessarily more efficient than articulated control, 
which is capable of more effective learning and generalization. Articulated control is more powerful in 
the sense that it can produce a greater quantity of skillful output from a given amount of learning 
experience and infrastructure. Even so, the theories of Schmidt and Wolpert nevertheless still see 
control as relatively stereotypic. A GMP-plus-recall-schema or inverse model responds to a 
regimented set of information that is mapped into motor output in a standardized way. And while the 
ability to combine models in Wolpert & Kawato’s account in principle opens up great flexibility, there 
is in this account no integrative control that coordinates the overall activity of the motor control units; 
whether a given motor unit contributes to an action is based on its associated responsibility predictor, 
which has a perspective specific to that motor module.



This is a significant limitation because sometimes flexible integration of information can be required. 
Consider, for instance, Wolpert & Kawato’s suggestion that a responsibility predictor could use 
metallic appearance to cue an inverse model suitable for picking up heavy objects. This might be 
possible in some contexts, but the predictive estimation of object weight will often need to take into 
account multiple kinds of information, and must be done flexibly to take into account the 
particularities of the situation. Knowing that the closed box is heavy, for instance, can depend on 
remembering whether you packed it with books or bed linen. A recall schema or inverse model can’t 
track this kind of idiosyncratic situational information.

Formulating the point more abstractly, we argued above that simple control theories assume that a 
partitioning strategy – in which VM problems are converted into CM problems – is sufficient for 
advanced skill, but this strategy runs into the problem of very large domain sizes. Articulated control 
helps with this problem because it provides mechanisms that assist learning and generalization. But 
if the non-hierarchical forms of articulated control just described are assumed to provide full 
competence then they must also rely on partitioning of a certain kind. In this case the partitioning 
involves breaking the overall control problem up into the narrow regularities addressed by the 
individual control structures. The problem we just described is that this will struggle to be effective 
when control depends on complex, variable integration of information.

We’ll describe problems as showing control-relevant complexity when (i) there are interdependencies 
between task features, (ii) the success of particular actions is sensitive to the specific state of these 
interdependencies on particular occasions, and (iii) in the situations in which these sensitive actions 
are produced, there is no stored rule that can produce the appropriate action from a context cue. In 
these circumstances, action success improves when control explicitly takes the specific state into 
account and adjusts action appropriately. All complex tasks have interdependencies, and action 
success will tend to be sensitive to these interdependencies; particular actions must often be 
performed in a certain order, for instance. When it works, partitioning collapses out this control-
relevant complexity. There is no need to track global structure of the situation because the 
appropriate control is provided by control structures governed by cues that detect the appropriate 
context for that control structure.

As we’ve seen, this can be difficult or impossible to achieve when the task has a large number of 
contingencies. But some kinds of tasks will be especially resistant to partitioning. We’ll describe 
problems as showing strong control-relevant complexity when (i) there are strong interdependencies 
between task features, (ii) the success of particular actions is strongly sensitive to the specific state 
of these interdependencies on particular occasions, and (iii) in the situations in which these sensitive 
actions are produced, it is hard to acquire a stored rule that can produce the appropriate action from 
a context cue. 



We can extend the box example above to illustrate interdependency amongst task features: you are 
moving house, you pack some boxes with heavy items and some with light items, and this part of the 
packing process affects how particular boxes should subsequently be picked up. Action success 
isn’t strongly sensitive to these interdependencies, however, because you can ignore the history of a 
box just by testing whether it’s heavy before picking it up. If you pack and move boxes often enough 
for it to be worthwhile you can also avoid both individual testing and tracking history in memory if you 
label heavy and light boxes when they are packed. The control-relevant complexity of the problem is 
then greatly reduced.

But tasks with strong control-relevant complexity resist this kind of simplification. The Raven 
Progressive Matrices (RPM) test provides a clear though somewhat artificial example. An RPM 
problem (Raven 1962; Carpenter et al. 1990) involves a 3×3 matrix of complex shapes with the 
bottom right item missing. The correct shape to complete the matrix must be selected from 8 
possible shapes shown below the matrix. Some of the incorrect shapes form partial matches, 
extending a pattern that can be found in the task matrix, while the correct shape provides the best 
overall fit. Consequently, to select the correct answer multiple features of individual shapes and the 
matrix as a whole must be examined. There is strong interdependence of task features here because 
the features of the shapes are related to each other by various patterns, and the action (selecting the 
matching shape) is strongly sensitive to these interdependencies – they determine the correct match. 
And there is high variability: each problem that the individual must solve when completing an RPM 
test presents new patterns.
 
For a more ‘natural’ example consider some of the tactical factors that a mountain bike rider must 
take into account during a race when overtaking an opponent or when being caught. The options 
available to the rider may include attacking at different points on the course, such as in a technical 
section (requiring advanced bike handling skills), when there’s a climb, or at a critical corner before 
the finish line. Factors that need to be taken into account include the duration of the race so far, the 
time and distance left to the finish, how the rider is performing with respect to fatigue, power, and 
skills, the rider’s strengths and weaknesses in general and on the day, and the competitor’s strengths 
and weaknesses on the day. Riders learn to understand and respond appropriately to these 
situations, but they can’t anticipate how all of the key factors will combine in a given race so they 
must maintain awareness of them and adjust their tactics appropriately.22

In conditions where there is control-relevant complexity, non-hierarchical control will tend to produce 
the wrong action because there is no way to integrate all of the information relevant to determining an 
appropriate response. Non-hierarchical control will, in effect, tend to ‘jump to conclusions’ – reacting 
to apparent opportunities that are not really opportunities. A rider not thinking enough about the 
situation might react to an immediate chance to attack, but then be unable to sustain the pace 
required to stay in front to the finish. Non-hierarchical control will also tend to produce incoherent 



action in conditions with control-relevant complexity, as individual control structures respond to local 
features of the situation but do not combine to produce a coordinated effect. For instance, an 
unfocused cricket batsman might straighten his body defensively to let a fast bouncing ball pass, and 
simultaneously throw his bat out to strike it.

In sum, articulated control has powerful benefits for learning and generalization compared with 
simple control, but the non-hierarchical theories of Schmidt and Wolpert have no mechanism for 
flexible, global integration of information, and will struggle to provide adequate control for tasks that 
have control-relevant complexity.23 Learning can reduce control-relevant complexity, but it will not 
necessarily eliminate it, particularly for tasks with strong control-relevant complexity.

2.3 Hierarchical control
This group of theories address the problem of flexible, global integration, proposing that skilled action 
is governed by a hierarchically organized architecture. 

2.3.1 Lashley: integrative hierarchy
Lashley (1951) presented a rich body of evidence and argument in support of the view that 
perception and action control involve complex integrative processes with a multilevel hierarchical 
organization and a flexible action production process. His immediate critical target was the 
associative chain view of serial action, which claims that complex actions are produced by a chain of 
reflexes. Lashley points out that the same motor elements are used in saying “right” and “tire”, with 
the order reversed (p. 115), illustrating the fact that many complex actions are produced that share 
action elements. The problem for the associative chain theory is that a given action element should 
always activate the succeeding element that it is most strongly associated with. We’ll call this the 
dominance problem because the strongest association dominates weaker associations. Consider two 
overlapping action sequences, A → B → C and A → B → D. If the B → C association is stronger than 
the B → D association then the system will tend to produce the A → B → C sequence exclusively. 
Action slips show that action sequences can be derailed by alternative sequences with strong 
associations, but humans nevertheless manage to produce many overlapping action sequences with 
relatively little interference. Anderson’s account is an associative chain theory, as is Schneider & 
Chein’s (2003) account of automaticity, described in section 1.1 above, and the dominance problem 
is accordingly a challenge for them.

One solution to the dominance problem is to use hierarchical control, as depicted in figure 9. The two 
sequences don’t interfere in this arrangement because the sequential information is partitioned in 
separate higher order controllers. But there is also a non-hierarchical solution that involves using 
context information to disambiguate the sequences. Thus, the system can distinguish B in a C 
context from B in a D context and make the appropriate transitions (A → BC → C versus A → BD → 
D).24 Botvinick and Plaut (2002; 2004; 2006) pursued a non-hierarchical context-based approach 



using serial recurrent network (SRN) models. An SRN employs no explicit representation of the 
structure of the task, it simply learns to make the right transitions in the right context. The dynamical 
approach to motor control can also use context differentiation to produce overlapping sequences.

Figure 9: A hierarchical solution to the dominance problem.

One key problem with the context solution, though, is that context alone doesn’t appear to provide 
the right kind of information for explaining apt flexible expression. Consider making a pot of green tea 
as opposed to making a pot of black tea: they involve overlapping action sequences, and both can 
occur in essentially the same context (e.g., in the kitchen in the late afternoon). The crucial difference 
is not context but the intention to make green or black tea. Context can sometimes provide enough 
information to differentiate overlapping sequences, but often the relevant information for the control 
of action is higher cognitive state,25 including the intentions of the individual and the reasons on 
which the intentions are based.26 

Lashley gives two linguistic examples that illustrate rich dependence of action structure on higher 
cognitive state. The first is the sentence “The mill-wright on my right thinks it right that some 
conventional rite should symbolize the right of every man to write as he pleases” (p. 116). When the 
sentence is spoken, one sound (rīt) corresponds to six distinct words. This illustrates the point that 
sounds in spoken language are distinct from words, and that sound structure is a vehicle for 
expressing the word structure. A second example further highlights the complexities of resolving 
word structure in language perception: “Rapid righting with his uninjured hand saved from loss the 
contents of the capsized canoe” (p. 120). When this sentence is spoken the word that the 
homophone ˈrītiNG corresponds to must be inferred from context. The immediate context (“with his 
uninjured hand”) suggests that the word is ‘writing’, and it isn’t until the last two words of the 
sentence (“capsized canoe”) that it becomes clear that the word is ‘righting’-(restoring to an upright 
position). These sentences are contrived and their oddness makes comprehension relatively 
challenging. But homophones and homographs, such as affect, arm, bail, ball, bank, bar, bark, etc., 
are common, and contextual interpretation is often effortless, as in cases like “Jimmy robbed the 
bank”.

Lashley’s sentences show a word structure → sound structure organizational hierarchy: the 
manifested sound structure of a spoken sentence is a superficial expression of a deeper word 
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structure. But Lashley thinks the hierarchy is still deeper, with word structure being an expression of 
meaning, giving us at least three levels: meaning → word structure → sound structure. To show that 
meaning is distinct from word structure he gives the example of a polyglot who can readily express 
the same idea in different languages (p. 118). More mundanely, we can point to the ability of 
monoglots to choose alternative forms of expression for an idea (e.g., ‘she rushed off’, ‘she left in a 
hurry’, ‘she departed hastily’, ‘she exited posthaste’).27 This means that the form of hierarchical 
control depicted in figure 9 does not fit Lashley’s picture because the structure of the motor output is 
fully prefigured by the higher order controller that generates it. Lashley rather thinks that action 
production is a multistep process in which an abstract initiator (a “determining tendency, set or idea”) 
activates intermediate structure-generating mechanisms (for instance, lexical and grammatical 
mechanisms) that interact to produce the organization of the motor output (figure 10). 

Figure 10: Lashley’s multistep picture of action production.

As evidence for intermediate structure-generating mechanisms Lashley points to various kinds of 
errors in the translation from idea to output. Typing errors in which order is mis-assigned to letters, 
such as t-h-s-e-s instead of these, or l-o-k-k instead of look, indicate that the translation process in 
this case involves parametrically distinct determination of letter identity and sequence order of 
pressing. Anticipative errors, in which structure that comes later in a sequence ‘contaminates’ earlier 
structure, such as Spoonerisms or typing ‘wrapid writing’, similarly indicate that the determination of 
the final action structure involves the interaction of multiple mechanisms, with some parametric 
distinction between word identity, word position, letter identity, and phonemic identity. 

From the perspective of the listener Lashley’s two sentences show strong control-relevant 
complexity: the ambiguity of the sounds means that the larger structure of the sentences must be 
taken into account in order to determine what the words are. Lashley’s hierarchy also provides part of 
the explanation for how control-relevant complexity can be managed. Firstly, although Lashley 
doesn’t explain how global integration occurs, the abstract “determinative tendency” provides a 
vehicle through which it can be expressed. Secondly, the contribution of multiple lower order 
structure-generating mechanisms to action production provides generativity (not present in the kind 
of hierarchy shown in figure 9). In combination these attributes help explain coherent, flexible action 
expression.
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2.3.2 Rosenbaum: action planning
Rosenbaum et al. (2007) present a theory of action planning that is based on Lashley’s account, 
focusing on movements like reaching and grasping. In their view action plans for movement are 
posture-based, specifying the target posture but leaving many of the details of the movement to 
lower order processes (p. 542). They present a range of evidence for this account of action planning, 
including some experiments showing a phenomenon that they call end-state comfort. In one set of 
experiments subjects had to turn a handle 180º so that a pointer at one end rotated from a downward 
to an upward orientation. When reaching to grasp the handle the subjects adopted a thumb down 
posture, which is uncomfortable but allowed them to achieve a comfortable thumb up posture at the 
end of the movement. By structuring their reaching in this way the subjects optimized the control 
achieved through a series of postures (p. 545). In another set of experiments subjects had to reach 
out and grasp a toilet plunger and move it to another position, with the destinations differing in 
height. The height on the handle at which the subjects grasped the plunger corresponded to the most 
comfortable grasp height for the destination, with subjects taking a low grasp when the destination 
was high and a high grasp when the destination was low. 

2.3.3 Discussion: action gist, non-stereotypic flexibility, and mesh
In our discussions of simple and articulated control we argued that generativity greatly enhances 
diversity of output. Lashley in effect argues from evidence of generativity (flexible expression of 
complex actions) to an articulated hierarchical view of action control. We’ll call the abstract action 
specification the action gist, rather than the ‘determining tendency’ or ‘action plan’, to clearly capture 
the idea that it specifies core features but not necessarily the details of the action performed. Lashley 
shows how an abstract specification can be implemented in multiple ways with the polyglot example, 
while Rosenbaum et al. show how an action gist can be constructed ‘on the fly’. This is the key to 
understanding non-stereotypic flexibility: in the reaching experiments the subjects respond 
coherently to the situation as a whole in ways that reflect idiosyncrasies of the situation.

Rosenbaum et al.’s theory proposes that action plans for movement are posture-based, but skilled 
action more broadly is likely to involve gists that incorporate more wide-ranging and complex 
information. Music performance, for instance, will involve gists that incorporate musical information. 
One kind of guitar practice technique involves rapidly composing melodies ‘in the head’ and then 
playing them in various keys and positions. This is in effect an exercise in rapidly constructing a gist: 
it involves swiftly constructing a novel abstract action specification (the melody) and translating it to a 
specific implementation (e.g., in E at the twelfth fret). Musical improvisation with an ensemble can 
involve a more sophisticated version of the same ability, with the musician responding to the other 
players and the unfolding performance, and perhaps stretching it and taking it in new directions. 
Lawrence Kart’s description of performances on the Miles Davis album Filles de Kilimanjaro provides 
a sense for the complex interplay and anticipation that jazz improvisation can involve:



Listen, for example, to the interplay between Davis and Williams, and then between Shorter and 
Williams, on “Petits Machins” and the two takes of “Tout De Suite.” At first, in terms of volume and 
polyrhythmic detail, Williams seems more aggressive alongside Shorter, but the byplay between 
them is just that - a brilliant, heady, almost puppyish joust in which both participants are always 
there but their identities are never really at stake. Not so, though, opposite Davis, where Williams 
often seems to be reading Miles’ mind, even finishing the trumpeter’s phrases before he gets a 
chance to play them. It is the drummer who shapes most of “Petits,” and on the alternative take of 
“Tout,” with its sibylline trumpet solo, the empathy between William and Davis is so complete, 
their taste for counterpunching foxiness so much of a piece, that a DNA test seems to be called 
for.28

This is an extremely advanced form of non-stereotypic flexibility: the performers are responding to a 
complex unfolding situation in ways that are rapid, intimate, complex, and novel. The ability to 
perform at this level is rare – the second Miles Davis quintet remains an outstanding landmark in the 
history of jazz – but intimate communicative improvisation is characteristic of jazz more generally. To 
understand how this is possible we need to know how jazz musicians are able to rapidly interpret the 
musical context and form a gist that builds on and advances the performance in musically interesting 
ways. Musical knowledge makes an important contribution because it provides a conceptual 
structure for interpreting the context and identifying musical possibilities. At a very elementary level, 
for instance, knowledge of harmonic theory can help the performer relate the melody of a solo to the 
chords of the accompaniment. Paul Grabowski, an Australian jazz pianist and composer, has said 
that “Improvisation is acquired musical knowledge. You can’t create something from nothing.”29

2.3.4 Implications for the conception of cognitive control and automaticity
This hierarchical picture of skilled action control requires us to rethink the nature of cognitive control 
and automaticity. We used the standard definitions of cognitive and automatic control to inform our 
initial conceptualization of Mesh in section 1.2, but we must now recognize that the contrast itself is 
problematic. Recall that Schneider & Chein’s list of seven core attributes of controlled and automatic 
processes includes claims that automatic processes require little attention (item 3), and are difficult to 
control (item 5). Fitts & Posner called the final stage of skill learning autonomous to capture the idea 
that action production has become independent of cognitive control, and a relatively strong form of 
independence is exemplified in the Stroop task, where word reading occurs despite the fact that it is 
both irrelevant to the task the subject is supposed to perform and interferes with it. But in section 
1.4.4 we said that it is misleading to describe lower order, relatively automatic aspects of action 
production as autonomous. And from Kart’s description it is clear that Miles Davis and Tony Williams 
were exercising extremely high attention and exquisite control. Automatic processes surely 
contributed to their performances, but they were functioning in support of cognitive control, rather 
than independently. 



There is some sense in which automatic processes have reduced dependence on cognitive control, 
but in the hierarchical picture this will not manifest as full independence – automatic processes are 
usually not autonomous. To the contrary, in highly skilled action we should expect that automatic 
processes will be very sensitive to cognitive control. In order to better conceptualize how a process 
can have both high sensitivity to and reduced dependency on cognitive control we’ll distinguish 
between four different kinds of influence that cognitive control can have. 

Firstly, in the case of target control the process, or some feature of it, is the direct target of cognitive 
control. It’s important to recognize that almost all actions are complex and draw on pre-structuring in 
the sense described by Bartlett – schemas that help to organize the action. This includes schematic 
structures of the kind described by Schmidt and Wolpert. These schemas aren’t generated by 
cognitive control in the proximal control of action, and in this respect most actions have a substantial 
automatic component. It will be very rarely the case that an action is constructed entirely de novo by 
cognitive control. This means that most actions we think of as ‘controlled’ are really only under target 
control for some features, such as goal, one or more parameters of execution, like timing, force, a 
variation in the sequence, and so on. One aspect of this is that an action can be under target control 
even when it hasn’t been explicitly selected and initiated by cognitive control. For instance, a cricket 
batsman might reflexively move to block a ball that unexpectedly bounces up at his body, but then 
exert control to turn the movement into a directed shot. In cases of extended action processes there 
are sometimes no clear boundaries between actions. Expert mountain bike riders descending a slope 
employ a fluid schema that incorporates many sub-actions, including ‘jumping and pumping’ the bike 
to avoid obstacles and maintain speed. This achieves a fast, flowing, smooth riding style throughout 
the duration of the descent, and allows the rider to save energy for later sections of the trail. Control 
here operates to shape the parameters of a complex integrated process, and is not simply concerned 
with the selection and initiation of discrete actions. Novice riders, who aren’t as good at controlling 
the bike this way, have a slower, bumpier, and more disjointed descent.30 

Secondly, explicit context setting involves a process that is explicitly recognized as part of the overall 
set of actions to be performed, but need not be the direct target of cognitive control. Cognitive 
control is, however, shaping the context in which the process occurs, and will consequently influence 
the selection and parameterization of the action. Moreover, because the process is recognized as 
part of the action set there are higher order expectations concerning its role. Accordingly, it can be 
monitored and subject to direct control if necessary. Changing gear while driving is an example of a 
process that can be subject to explicit context setting. 

Thirdly, implicit context setting involves a process that may not be a recognized component of the 
action set, but nevertheless assists task performance and is engaged by the context established by 
cognitive control. Tacit learning can produce processes that operate this way; for instance there is 



evidence indicating that sequence learning includes explicit and implicit forms of sequence control 
that operate in parallel (Willingham & Goedert-Eschman 1999; Ghilardi et al. 2009). 

Finally, task-inappropriate processes can be inhibited by cognitive control, as in the case of word 
report in the Stroop task. Inhibition can occur at a low level of control by means of established 
inhibitory links between a process that is potentiated or active and conflicting processes, or it might 
occur at a high level as the result of detected or anticipated conflict.

It may be that there are very few processes that are genuinely autonomous. Whereas word reading in 
the Stroop task is often taken as exemplifying the power of automaticity, Hommel (2007) argues that 
these kinds of cases are better viewed as examples of effective cognitive control in the face of 
disturbance. That cognitive control should be subject to disturbance is hardly surprising; responding 
to disturbance is one of its main functions. Further, one effect of skill learning will be to increase the 
sensitivity of lower order action production processes to cognitive control, or in other words to 
reduce automaticity on the classical definition. Ericsson (2006b) claims that to achieve elite expertise 
it is necessary to resist automatization by means of deliberate practice, and we can understand this 
in part as the cultivation of sensitivity in action production to cognitive control. Even so, however, 
action production in experts surely does exhibit a great deal of automaticity. This can be understood 
coherently if we conceive of automaticity as involving reduced dependence on target control, rather 
than as a general reduction of the influence of cognitive control.

In sum, the action gist allows coherent response to control-relevant complexity: it is potentially able 
to synthesize wide-ranging information, and, in conjunction with lower order mechanisms, generate 
nuanced action. Some advanced forms of action control, such as jazz improvisation, rely on the very 
rapid construction of complex gists. In highly skilled action we can expect that lower order action 
production processes will be highly sensitive to the action gist established by cognitive control – in 
other words, the architecture as a whole is meshed.

2.4 Higher cognition
We’ve been arguing that integrative processes are required for problems that show control-relevant 
complexity, and we now examine two theories that characterize some of the higher cognitive 
processes that perform this integration.

2.4.1 Endsley: situation awareness
Endsley (1995; 2006) presents a theory of situation awareness in skilled action that focuses on the 
role of cognitive processes in task perception and understanding. In essence, situation awareness is 
an up-to-date understanding of the world as it is relevant to the task and goals of the individual. 
Endsley characterizes situation awareness in terms of three levels: (1) the perception of relevant 
information, (2) understanding the meaning and significance of what has been perceived, and (3) 



projecting future states of the system (figure 11). She claims that it is actively constructed over time 
and depends on skills for obtaining critical information. For example, pilots learn to scan their 
instruments and communicate with air traffic control so as to keep their situation awareness updated. 
Mental models of key systems (e.g., for a pilot, of the aircraft and its systems) help integrate various 
sources of information into a meaningful global understanding, and help to project future states. 

Figure 11: Endsley’s model of situation awareness.

In support of this picture Endsley cites a range of evidence that includes military pilots and driving. 
Experienced military pilots “think ahead of the aircraft” and spend a great deal of time developing 
projections for what will happen and what might happen. Compared with less experienced pilots they 
also engage in extensive mission briefing and planning. In the case of driving, Endsley points to 
research indicating that expert drivers react faster to hazards and detect more hazards than less 
experienced drivers. She argues that this is not simply the result of superior pattern recognition: it 
was found that experienced drivers focus further ahead on the road, use their mirrors more often, 
fixate on broader areas, adjust scanning patterns to the road type, and have better search models for 
detecting hazards. Furthermore, hazard awareness is susceptible to interference from a second task. 

Lashley shows that flexible integration can be required for control, but he doesn’t provide any 
account of how it occurs. Endsley’s theory addresses this issue, albeit only broadly, and we can 
extend our picture by noting that the formation of the action gist will depend on integrated situation 
awareness. 

2.4.2 Ericsson and Kintsch: long-term working memory
According to Ericsson & Kintsch’s (1995) theory of long-term working memory (LTWM), the 
acquisition of skill in many cases includes improvement in the ability to store and retrieve skill-related 
information in long-term memory. The theory appeals to Tulving & Thomson’s (1973) encoding 
specificity principle, which says that information is encoded in long-term memory (LTM) in a way that 
captures relations to the context in which it is encountered, and this context provides retrieval cues 
that facilitate recall of the information. Ericsson & Kintsch argue that experts develop retrieval 
structures which enhance this process. Because retrieval structures are meaningfully organized they 
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provide a structured context during memory encoding, and rapid access to the information at 
retrieval. Because LTM can be accessed in a fast, controlled, and contextually sensitive way, it can 
play a role in task performance, hence contributing to and expanding ‘working’ memory.

Sohn & Doane (2004) conducted a study of pilots that illustrates the role of LTWM in situation 
awareness. Subjects, consisting of novice and expert groups, were asked to judge on the basis of 
successive cockpit snapshots, which were said to be across a 5 second interval, whether the aircraft 
would reach a goal state in the next 5 seconds (i.e., 5 seconds after the second cockpit snapshot). 
Performing this task requires the construction of a representational model of the aircraft in flight 
based on the changes in the instrument settings. Such a predictive model allows preemptive 
adjustment of action, like the kind of forward models described by Wolpert, but unlike Wolpert’s 
forward models this kind of model is not action-specific. The model of the aircraft in flight can predict 
the consequences of actions, such as increasing power, but the ability to make predictions is flexible, 
and a given prediction might have consequences for a variety of actions. 

Unsurprisingly, experts performed better than novices on the task. Sohn & Doane argue that their 
performance was based on LTWM. Sohn & Doane found that the performance of novices on the 
situation awareness task corresponded to their performance on a general working memory capacity 
task, whereas the performance of experts on the situation awareness task corresponded with their 
performance on a task measuring LTWM. The LTWM task required the subjects to remember cockpit 
situations, where some were possible and some were not. LTWM capacity was measured as superior 
ability to remember information from possible as compared with impossible situations. Sohn & 
Doane’s interpretation was that experts draw on this knowledge to rapidly and easily construct a 
situation model, whereas novices, deficient in this knowledge, must work harder using general 
working memory capacity in order to model the situation.

In the LTWM experiments Sohn & Doane presented the cockpit information to the subjects in two 
formats: visually, using pictures of cockpits, or verbally in the form of a list describing the cockpit 
situation. It was the visual form of the experiment that correlated with success on the situation 
awareness task, which Sohn & Doane interpret as indicating that the expert’s situation models are 
spatially organized and use the spatial configuration of the instruments, as opposed to being 
constructed in a verbal format. 

Thus, while Endsley’s theory provides the beginnings of an account of how flexible integration 
occurs, LTWM theory addresses the question of how this integration can be fast and complex. 
Accordingly, we should reject item 2 in Schneider & Chein’s list of core features of controlled and 
automatic processing, which claims that controlled processing is slow. Controlled processing in the 
novice will tend to be slow, but the highly organized memory structure of experts allows much more 
rapid controlled processing.



2.4.3 Discussion: a heterogeneous representational system
Endsley’s theory provides a basic account of integration processes involved in skilled perception. 
One question we need to examine is why such integration should take the cognitive form described 
in her account of situation awareness, in comparison with the non-cognitive form of integration 
described by Dreyfus & Dreyfus – non-analytic pattern recognition. We presented empirical evidence 
against the Dreyfusian account of expertise in section 1.4.2, and a conceptual argument against 
simple control in section 2.4.1, but it will help to look more specifically at representation since there is  
recent experimental research that links the Dreyfusian kind of perception to skill control.

Categorization research draws a contrast between information-integration categorization, which 
involves integration of information at a ‘predecisional’ stage of processing that is opaque to 
conscious awareness, and rule-based categorization, which involves the explicit, conscious 
application of rules (Ashby & O’Brien 2005). To a first approximation this distinction corresponds to 
the contrast between intuitive expert perception and cognitively mediated judgment that Dreyfus & 
Dreyfus make, and DeCaro et al. (2011) conducted experiments that they interpret as showing that 
skilled action is based on information-integration categorization. However there are some aspects of 
this contrast that are problematic. Firstly, the ‘information-integration’ label is in our view somewhat 
misleading because all classification involves information integration. The contrast between 
‘information-integration’ classification and other kinds is not between information integration and 
something else, it is between different kinds of information integration. Secondly, the role of 
conscious processes in classification may not always be well-characterized as the application of 
rules. For instance, it can involve an imaginative exploration to find a good fit where no strict rule for 
category membership exists or is known – e.g., would Jen be a good member of the team? Thirdly, it 
may be common for classification to involve both predecisional integration and conscious processes. 
When a car enthusiast sees an unfamiliar sports car drive by he might consciously use features of the 
shape of the car to decide which company it’s from, but he’s unlikely to use conscious processes to 
decide that it’s a car. 

DeCaro et al. (2011) found that performance on an information-integration categorization task and a 
sensorimotor task responded similarly to pressure: both were unaffected by pressure designed to 
induce distraction, but impaired by pressure designed to induce self-monitoring. In contrast, rule-
based categorization showed the opposite pattern: it was unaffected by pressure designed to induce 
self-monitoring, but impaired by pressure designed to induce distraction. This appears to support the 
claim that expert perception is non-cognitive, but it is important to note that the tasks used by 
DeCaro et al. (2011) are highly simplified in comparison with ‘real-world’ skills. The sensorimotor task 
they used was the serial reaction time task (SRTT): subjects learned to press four keys on a computer 
keyboard in response to changing probes on the screen, and the probes often repeated a regular 
sequence, though the participants were not told this. DeCaro et al. compare the SRTT to learning a 



simple sequence on a piano keyboard (p. 399). But the SRTT lacks the interpretive complexity and 
situational sensitivity of musical performance on the piano, and it is this complexity that is likely to tax 
working memory. 

While it’s very plausible that information-integration categorization plays an important role in skill, it 
isn’t likely that experts rely on it exclusively. Ashby & O’Brien say that “we would expect several 
memory systems to contribute in most real-life category-learning situations, especially when the 
categories are complex and extended experience is required to achieve expertise” (2005, p. 87). We 
agree, and we think the significance of this should not be underestimated. We’ll call ‘information-
integration’ categorization representationally non-articulated, meaning that the representations by 
which categories are differentiated have no explicit structure that is available to wider cognitive 
processes. This contrasts with articulated representation, which does have explicit structure available 
to wider cognitive processes. This availability can include conscious accessibility, but we don’t 
assume that all forms of cognitive availability involve conscious access.

Non-articulated representation can provide rapid discrimination based on a complex set of conditions 
without taxing working memory. But because the contributing information structure is cognitively 
opaque non-articulated representations are inflexible. The integration process that generates the 
representation cannot take into account an open-ended range of information, and the structure of the 
contributing information cannot be interrogated or used to generate other representations. Thus, in a 
standard information-integration classification paradigm such as a prototype distortion task, the 
subject may learn to distinguish dot patterns created from an exemplar from purely random dot 
patterns without being able to explicitly describe the exemplar pattern that defines the category 
(Ashby & O’Brien 2005).

In contrast, because the information structure of articulated representations is at least partly explicit 
they can participate in flexible, generative integration processes. Thus, an individual with articulated 
representations of ‘macadamia nut’ and ‘hammer’ can make a connection prospectively: macadamia 
nuts have hard shells, and a hammer can be used to break hard objects. To take another example, a 
test pilot might notice a shuddering that he associates with approaching a stall, but also observe that 
his current airspeed is significantly higher than his previous experiences with approaching a stall. 
Since the pilot knows that the aircraft is expected to have a high stall speed that is in the region of his  
current airspeed he can judge that the shuddering is indeed likely to be an approaching stall rather 
than some other anomaly. This example illustrates the point that articulated representations allow 
flexible, structured integration over time (first the pilot notices the shuddering, then he remembers the 
expected stall speed), also shown in Lashley’s canoe-righting sentence. Articulated representations 
are thus particularly valuable when perceptual information is ambiguous or incomplete, which is one 
of the main issues addressed by Endsley’s theory.



Representational articulation can be partial – indeed, it is probably almost always partial – and can 
increase with learning. For instance, novice guitarists often find it difficult to tune by ear because they 
are bad at pitch discrimination. It is not just that the accuracy of the discrimination of individual 
pitches is poor – the articulation of the perception of pitch relations is also poor. The individual may 
be able to hear dissonance between two strings, for instance, but be unable to tell which is higher 
and which lower, or by how much. But this ability improves: an experienced guitarist can readily tell 
when the successive string is sharp or flat, and judge how much its tuning should be adjusted. 

Thus, skill learning is likely to produce a great deal of non-articulated representation because it 
simplifies and speeds judgment, and may capture patterns the individual can’t consciously recognize. 
But it will also yield a great deal of articulated representation that is often consciously accessible, and 
will result in the increased articulation of some representations, because this has powerful benefits for 
flexibility. In the case of tuning a guitar, for instance, the ability to detect when a successive tone is 
sharp or flat is useful for tuning different strings to different pitches, and the ability to detect the 
degree of dissonance allows the individual to estimate how much the string tension needs to be 
modified across a range of variation. And the ability to discriminate pitch and pitch relations is useful 
for a variety of other kinds of music ability, including string bending and slide guitar technique, 
improvising with accompaniment, and so on.

If non-articulated and articulated forms of representation are used in close conjunction their 
respective advantages can be combined in action control. In cricket, for example, the batsman relies 
on high-speed pattern-recognition processes, which operate mainly outside of conscious awareness, 
for information about the ball’s speed and trajectory (Sutton 2007; Sarpeshkar & Mann 2011). But to 
determine what action should be performed this fast unconscious information processing must be 
integrated with an enduring situation model that provides information about the state of the match, 
the team’s requirements, and the location of the fielders. Dramatically different responses can be 
required in different contexts for a given type of ball: a fast swinging ball, which an elite batter might 
normally let pass because of its risk, will sometimes have to be met with an attacking shot.

Although cognitive processes involving articulated representations may in certain respects be slower 
than those involved in non-articulated representation, learning will nevertheless act to improve the 
speed and capacity of representationally articulated processes. LTWM theory provides part of the 
explanation for how this occurs, namely by means of the efficient organization of memory for 
encoding and retrieval. But this will be only one part of a wider suite of representational changes that 
contribute to expert cognition. 

More fundamentally, representational learning will yield representations that are apt for the domain. 
This is obvious, but there are some subtle aspects of the acquisition of domain-specific 
representations that will help to promote rich awareness, rapid decision, and effective action control. 



Schyns et al. (1998) present evidence that individuals learn to discriminate perceptual features that 
are important for the problems they have to solve. Improved pitch discrimination in musicians is an 
example of this. The shaping of perceptual representations to the demands of problem solving will 
make it easier to perceive problem structure. The acquisition of more abstract representations will 
also have this effect. Music notation, for instance, incorporates a variety of forms of abstract 
representation, such as scales, that capture complex musical structures and relations. Thus, a novice 
guitarist will learn that a G → C → D chord sequence is an instance of the I, IV, V progression, and 
will learn how to play this progression in a variety of keys.

Music notation is an externally-provided representational system, but individuals are also likely to 
construct their own abstract representations through experience with the problems of the domain. An 
illuminating study by Schwartz & Black (1996) examined this process. The subjects were presented 
with depictions of gears in sequences of varying lengths and asked to predict the direction of rotation 
of the last gear in a chain given that the first is rotating in a particular direction. In most cases the 
subjects initially solved the problems by simulating the rotations of the gears, but this strategy 
becomes impractical for long gear chains. Many subjects engaged in a process of codification and 
abstraction to arrive at more efficient methods. For instance, one kind of abstraction involves 
replacing the simulation of the rotation of successive gears with the application of the labels 
‘clockwise’ or ‘counterclockwise’. Some subjects discovered an even more abstract ‘parity’ rule, 
which specifies that for a gear chain with an even number of gears the last gear will rotate in the 
opposite direction to the first gear, and conversely for an odd-numbered gear chain.

In general, representational learning should have the effect of constructing models that capture key 
features and relations, including causal relations, as they are experienced by the individual. These 
models will incorporate a variety of forms of representation of varying degrees of abstraction. Sohn & 
Doane’s research indicates that pilots have models that can simulate relations between control 
settings and flight parameters, and that these representations are organized in relation to the visual 
structure of the cockpit. The representational models of pilots will also incorporate a great deal of 
abstract information that is abstract in the way that a labeled schematic diagram is abstract, 
including information about aspects of flight, various tasks, and functional attributes of the aircraft’s 
systems. 

Some of this information will be linguistically encoded, but much will not, both because the models 
will capture relations as they occur in performance, and because iconic representation can have 
higher information density than linguistic representation. The role of the representations is to guide 
performance rather than serve as the basis for linguistic description. Consequently, articulated 
representation may not be easy to verbally articulate. Linguistic expression can be one of the 
performance demands of a skill – pilots, for instance, must communicate during flight and produce 
reports – but linguistic expression is usually only part of the skill. And even in cases where linguistic 



expression is one main requirement, as with disciplines such as writing, law, and philosophy, the 
richness and efficiency of non-linguistic models is likely to mean that much knowledge structure is 
non-linguistic. A novelist, for instance, might imagine a situation using imagery and simulation, then 
use these representations as a basis for constructing a written description of the situation.

As well as being generally organized for the demands of performance, representations will more 
specifically be organized to provide targeting and evaluation information for lower order control 
processes. In section 2.3.3 we argued that learning will tend to make automatic processes sensitive 
to cognitive control: the other side of this is that higher cognitive processes will be shaped to the 
requirements of lower order control. Schmidt’s theory, as discussed in section 2.2.1 above, illustrates 
one way this can occur – it incorporates an error labeling schema which assigns to the sensory 
outcomes of actions labels that describe the relation to the goal. Thus, a snooker player might 
verbally label poor shots as ‘too soft’, ‘too hard’, ‘too fine’, ‘not enough backspin’, and so on. This 
error information helps guide subsequent shots that are similar, and over time it will also help in the 
construction of a more generalized system of representations, which we’ll call the conceptual 
targeting system, that allows the snooker player to ‘see’ the key parametric requirements of a wide 
range of shots, and which guides the motor ‘set up’ when taking a shot. 

Although Schmidt’s error-labeling schema contributes to, and might be considered part of, the 
conceptual targeting system, we think that the conceptual targeting system operates at a higher level 
of control than Schmidt’s theory aims to describe. Schmidt’s schemas are putatively directly 
responsible for motor production, whereas the conceptual targeting system forms part of the set of 
cognitive representations involved in situation awareness and the formation of the gist, which then 
guides lower order action production mechanisms (figure 12). 

Figure 12: Three stages of action control.

Conceptual targeting systems will often incorporate a rich set of high order representations – i.e., 
representations that incorporate complex relational information, especially comparative and 
evaluative information. For instance, when an individual learns to navigate a city the representations 
initially acquired are fairly crude, including the major districts and locations, and some of the main 
features of the various forms of public transport. The emphasis is on being able to get from A to B at 
all. But with greater experience the individual learns alternative ways to get between a variety of 
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locations, and starts to acquire information about their merits, such as fast/slow, crowded, noisy, 
cheap/expensive, operates early/late, flexible, frustrating, unreliable, scenic, pungent, alarming, etc. 
The person is then able to efficiently and flexibly plan trips to suit the conditions. In deciding how to 
get to the airport by 8:30 am, for instance, the options might include driving, train, bus, and taxi. If 
traffic is likely to be heavy on the way to the airport at this time of the morning the train might be the 
best option. On the other hand, if the task is to get to the airport by 5 am, and the subway doesn’t 
start running until 6, and long-term parking is expensive, and one’s partner refuses to get up, and the 
buses are infrequent, then going by taxi is the best choice.

Earlier we noted that an interesting feature of Dreyfus & Dreyfus’s account is that they describe a 
progression of increasingly holistic perception in the course of skill acquisition. This may be partly 
explained by the acquisition of a rich stock of high order knowledge, as opposed to a transition to 
exclusive reliance on non-articulated pattern recognition. One way that high order knowledge will 
assist performance is by playing a role in generating what we can call meta-performance information: 
information about the state of performance, including relation of current state to the goal or goals, 
confidence that the goals can be achieved, awareness of information that is required, awareness of 
what should be done to acquire missing information, and so on. Meta-performance awareness will 
make a major contribution to flexibility, allowing the individual to redirect attention, adjust priorities, 
manage multiple tasks, alter strategy, and so on. 

But in the case of skills with a strong sensorimotor component the conceptual targeting system must 
provide fine-grained information for lower order motor control, so it may also incorporate 
proprioceptive, kinesthetic, and other kinds of body awareness. In section 1.4.3 we suggested that 
some forms of body awareness are likely to be beneficial for skill control, notwithstanding ample 
experimental demonstration that self-focus often interferes with performance (see also McIlwain & 
Sutton 2013). The conceptualization of forms of cognitive influence in 2.3.3 helps explain how both 
can be true, and in particular the point that target control can focus on some features of action but 
not others. Thus, a snooker player might focus on playing a firm shot with a certain amount of 
backspin, without attending to the details of the arm movements involved in producing the shot, 
while a pianist might focus on aspects of expression without attending the details of fingering. 

The overall action control process, then, will involve the three stages depicted in figure 12. In the case 
of a snooker player the formation of situation awareness involves surveying the configuration of balls 
on the table. The conceptual targeting system allows the player to ‘see’ the potential shots that could 
be made, together with their risks. As the player selects a particular shot the conceptual targeting 
system allows the player to see some of the key parametric features required – angle, strength, spin, 
etc. This then contributes to the formation of the gist, which may be refined as the player looks more 
closely at the table and takes up her stance. In getting set for the shot the player can ‘feel’ when her 
motor system has the right configuration, and as the shot is produced suitably parameterized lower 



order motor processes govern most of the details of implementation. The attention of the player will 
be focused on the gist, which also provides the basis for evaluating the outcome. 

In the case of highly time-pressured skills the stages may be temporally compressed, and in the case 
of skills that are both time-pressured and continuous, such as jazz improvisation, awareness, gist 
formation and action production will occur concurrently. Rapid, simple perception action loops may 
partly bypass higher cognition. Nevertheless, we think the flow of information depicted in figure 12 
will make a contribution to action production in almost all cases.

In sum, skill control is likely to incorporate a diverse variety of representations: non-articulated and 
articulated, perceptual and higher order, linguistic and non-linguistic. These representations will be 
tuned to the task structure of the domain, to action control, and to each other, functioning as a 
heterogeneous system. Acting in concert, they make possible rapid encoding and retrieval, rich 
awareness, rapid decision, and, by means of the conceptual targeting system, rapid formation of an 
appropriate action gist. 

2.5 Putting it all together
The preceding discussion provides the material for an explanation of why skill control has the 
attributes proposed by Mesh in part 1.

Controlled and automatic processes both participate in skilled action.
The benefits of automation in skill learning are fairly clear: the integration and simplification of action 
control can make action production more efficient and better able to operate in conjunction with 
other processes. Automation is probably more complex than is suggested by the associative 
conceptualizations of Anderson and Schneider & Chein, however. A variety of mechanisms are likely 
to play a role, including the formation of dynamical coordinative structures, procedures, schemas, 
forward and inverse models, and non-articulated pattern recognition. Automatic control is also likely 
to include hierarchical structuring to overcome the dominance problem and provide flexibility with 
coherence.

The key phenomenon characterized in part 1 and explained in part 2 is the persistence of cognitive 
control in advanced skill, as depicted in figure 1c. The explanation we’ve been developing is that skill 
learning faces pressure for flexibility as well as efficiency, and cognitive control provides powerful 
forms of flexibility. More specifically, the sheer number of contingencies in skill domains of any 
complexity means that experts will frequently encounter variation for which they lack a fully prepared 
response. In addition, some domains will show strong control-relevant complexity, which is especially 
resistant to automation. Problems with significant control-relevant complexity require flexible, global 
integration of information in order for the individual to act in an appropriate, focused way – control 
mechanisms that lack this ability will tend to ‘jump to conclusions’, responding to superficial action 



opportunities, and will be prone to acting incoherently, with multiple mechanisms producing 
conflicting responses. Cognitive control helps resolve these problems, with representationally 
articulated situation awareness providing a mechanism for flexible, global integration, and the action 
gist providing a vehicle for translating this integration into coherent action. 

These potential advantages would be vitiated, however, if slow speed and limited capacity made 
cognitive control unsuited to the control of action in fast, complex situations. Fortunately, these 
limitations are overcome by cognitive learning processes that yield an array of well-tuned, highly 
organized representations that make it possible to rapidly process large amounts of information. 
Moreover, although cognitive control processes will in general be locally slower than reactive motor 
processes, they can make the system as a whole faster by improving anticipation and action 
preparation.

Controlled and automatic processes are very closely integrated, with a broadly hierarchical 
division of control responsibilities.
The form of hierarchical control depicted in figures 10 and 12 allows the respective virtues of 
cognitive and automatic control to be combined in action control. The flexible, integrative capacities 
of cognitive control can focus on strategic aspects of action control, which will in general tend to 
show relatively high levels of complexity and variability compared with implementation control. Higher 
order representations are particularly important for generating comparative, evaluative, and meta-
performance information, and for allowing the individual to rapidly construct an action gist 
appropriate for the circumstances. Conversely, a large stock of well-tuned lower order control 
mechanisms means that the gist doesn’t need to include many of the details of action structure. Skill 
learning should improve both the ability of cognitive control to provide targeting and evaluation 
information for lower order control, and the sensitivity of lower order motor control to the gist, thus 
increasing control mesh. 

Cognitive control often involves the controlled processing of mental models in a substantially 
non-linguistic format.
Cognitive learning processes during skill acquisition will tune representations to the causal 
organization of the domain as it is experienced in the course of performance. Accordingly, 
representations will tend to take the form of models that capture features and relations of the domain, 
and can be manipulated by controlled processes to yield predictions, as when a pilot predicts the 
future state of the aircraft in response to a control input. While some of the representations of the 
expert will be linguistically codified, as with the parity rule, a great deal of the representational 
structure will be non-linguistic because this provides high information density and can provide 
information organized efficiently for performance demands. In some cases linguistic expression is 
itself a performance requirement, but even here it’s likely that a great deal of the expert’s knowledge 
will be non-linguistically structured.



It has long been noted (e.g. by Fitts & Posner 1967) that ‘verbal mediation’ of performance declines 
with skill acquisition, and this has been taken as a sign of the declining role of cognitive control. But it 
is in our view a mistake to link cognitive control to linguistically-based reasoning, and the decline of 
‘verbal mediation’ may rather be a sign of the transformation of cognitive control as rich non-
linguistic representational structure is acquired.

Cognitive control plays a progressively greater role as difficulty increases.
The theory developed in part 2 also helps to explain why the control system will respond to variation 
in difficulty in the way depicted in figure 3b. 

Smooth control: In easy conditions the control system has a very high degree of competency. In a 
certain sense the individual ‘just knows’ what to do, but this doesn’t necessarily mean that the 
individual is simply recognizing a previously experienced situation and applying to it an action fully 
formed by prior learning. Even easy conditions will generally require some interpretation and the 
formation of a situationally specified action gist. But the elements for interpreting the situation and 
acting come together easily. 

Adaptive control: As difficulty increases greater effort is required for effective control. Increased 
attention to situational interpretation may be required because the situations are complex, variations 
are less predictable, and information may be ambiguous, noisy, or incomplete. Increased attention to 
action gist may be required because action is sensitive to multiple, variable features of the situation, 
and the gist must accordingly be complex and specified for the situation in more detail. The individual 
should not need to attend to many of the details of action production, but may need firm attention to 
the nature of the gist and its implementation to ensure proper selection and parameterization of 
action production processes.

Effortful problem solving: Adaptive control shades into effortful problem solving as greater difficulty 
demands multistep cognitive processes for one or more of the steps of figure 12. Interpretation of the 
situation may require extended exploratory manipulation of predictive models, multiple inferences, 
and perhaps seeking of more information. Formation of the action gist may require an extended 
process in which possible action configurations are evaluated. As performance conditions shift from 
challenging-but-normal through to unusual the parameters of control become relatively unfamiliar, 
requiring abnormal patterns of attention and relatively uncommon forms situational interpretation and 
action control. Extended, linguistically-mediated deliberation is more likely, though it may still be 
exceptional. As the actions become relatively unfamiliar the individual needs to attend to more of the 
details of action production. 



2.6 Comparison with the dual process view
As we’ve pointed out, Mesh differs in important ways from standard conceptions of cognitive and 
automatic control. These conceptions are codified in the dual process view of cognitive architecture, 
and some of the distinctive features of Mesh can be clarified by contrasting it with the approaches 
that are aligned with the dual process view.

Mesh differs from the dual process view of cognitive architecture in two key ways. Firstly, it differs in 
the way it characterizes cognitive control: dual process theories depict cognitive control as effortful, 
slow, and of low capacity (Evans 2008). According to Mesh, on the other hand, although cognitive 
control has these characteristics in relatively unfamiliar situations, in contexts of high skill cognitive 
control can be relatively effortless, fast, and high capacity. Secondly, dual process theories tend to 
see behavior as governed either by automatic control or by cognitive control, whereas Mesh claims 
that most behavior is the cooperative result of both kinds of control. Thus, Dickinson (1985) contrasts 
goal-directed behavior with habits, and presents evidence that the structure of the instrumental 
contingencies governs whether a behavior becomes habitual or remains goal-directed as a result of 
learning. Yin & Knowlton (2006) provided a neural interpretation of this picture, suggesting that habit 
learning involves a transfer of control from a goal-directed ‘action-outcome’ system to a habitual 
‘stimulus-response’ system. Daw et al. (2005) suggested that the control of behavior is governed by 
competition between a ‘model free’ or ‘cache-based’ system that directly assigns a value to 
particular actions in particular contexts, and a ‘model-based’ system that determines the value of 
action in a particular context by modeling the relationships present in the situation.

Although some very simple behaviors may approximate the pure habit model (i.e., strict stimulus-
response control), according to Mesh most action involves a cooperative rather than competitive 
relationship between cognitive and automatic control. The inhibition of task-inappropriate processes 
is an important function of cognitive control, but the kind of strong conflict present in the Stroop task 
will be exceptional for situations of high skill because of high degrees of context differentiation, and 
the tuning of perception and action within a context. The cooperative architecture is more powerful 
than a competitive architecture because it allows for a more finely calibrated response: instead of a 
simple competition between cache-based and model-based control, for instance, the architecture 
can produce a simple response in easy conditions, and increasingly complex, nuanced responses as 
difficulty increases.

Conclusion: when less is less and more is more
Our approach here has been synthetic, and in some respects the journey is as important as the 
destination. That is, we’ve been exploring phenomena and issues related to skill that we think need to 
be on the table for high level skill theories. Alternative theories are clearly possible, but we think that 
any adequate high level theory of skill should address at least this range of issues. And we’d like to 
reiterate the importance of high level theory. Although it can be eminently sensible to focus on select 



aspects of a complex phenomenon, when this is not balanced by a systematic overview of the 
phenomenon there is a danger of creating a distorted picture that overemphasizes some aspects at 
the expense of others. It makes sense to study automaticity in skilled action, but it is a mistake to 
think that skills are largely automatic.

We conclude with some comments on the wider implications of this account for understanding 
human cognition and agency. The classical view of human agency focuses on conscious rational 
deliberation, yet, clearly, most of our actions are not preceded by bouts of syllogistic reasoning. Many 
authors have argued on these grounds that the classical picture is seriously mistaken, fixating on a 
kind of control that turns out to be a relatively rare feature of human behavior, with much what we do 
being instead governed by fast automatic processes (e.g. Dreyfus & Dreyfus 1986; Clark 1998; Haidt 
2001; Camerer et al. 2005). As Clark puts it, “[t]he Rational Deliberator turns out to be a well-
camouflaged Adaptive Responder” (1998, p. 33). 

The classical picture is indeed mistaken on our view, but in a somewhat different way. The pervasive 
role of cognitive control in skilled action means that we often guide our actions with sophisticated 
forms of cognitive anticipation, evaluation, and judgment, even in fast, complex situations. Humans 
are thus far more than mere adaptive responders. Whilst it is true that the classical picture neglects 
the role of automatic processes in human action, it has another important flaw that these critical 
responses perpetuate, namely a conception of rational control that is far too limited. There are forms 
of rational control that are quite unlike deliberation, and some of these make a major contribution to 
fast situated action. Our account thus yields a more optimistic view of human agency than that 
furnished by some of the more critical responses to the classical account – indeed, one that supports  
the normative concern with reflection prevalent in philosophical theories of agency – but which 
recognizes a wider range of forms of rational control than the classical account.

Endnotes

1 For the purposes of the current project, we are neutral with respect to the more recent debate as to whether 
skills are a form of propositional knowledge in some sense (Stanley & Williamson 2001; Noë 2005; Stanley 2011).

2 Like a number of the conceptualizations we will use, this conceptualization of skill space regions is a simple 
initial approximation intended as a device for unpacking some key issues. Many complexities will arise on close 
analysis; a few are examined in later sections.

3 Compare Rosenbaum et al. 2000, who describe a wide range of evidence that sensorimotor and cognitive skills 
are more similar than they are different.

4 The continuing influence of Fitts & Posner’s account can be seen in Wulf 2007 and Schmidt & Wrisberg 2008, 
who use it in their initial characterizations of skill, while the influence of Dreyfus and Dreyfus’s account can be 
seen in Ennen 2003 and Wheeler 2005, 2008.

5 See Norman (1981) for a discussion of action slips.



6 To clarify, we should note that the term ‘higher strategic control’ is here specified in relation to the organization of 
the skilled activity in relation to the overall goal, and does not imply cognitive control. As discussed, there are 
cases where strategic aspects of performance can be automatic.

7 Here we follow Jonides at al. (1985), who argued that component processes are more likely to be automatic 
than whole behaviors.

8 This is discussed in section 2.4 below.

9 These concepts are adapted from Dreyfus (1997), which we discuss in the next section.

10 See the discussion part 2 on the role of cognitive control in ‘parameterizing’ automatic processes.

11 Our view here is similar to Montero (2010), who also argues that self-awareness is often beneficial.

12 Our view is in certain respects similar to that of Barsalou (1999), inasmuch as we think that the representations 
of higher cognition lack the strong arbitrariness assumed by the classical view, partly because they draw strongly 
on the organization of the lower order perceptual and motor systems. We don’t endorse all aspects of Barsalou’s 
account, but it provides an example of a non-classical architecture with structured, productive representation.

13 Fitts and Posner called the stages cognitive, associative, and autonomous.

14 In what follows we’ll use the term ‘proceduralization’ broadly to include both action linking and the elimination of  
variables.

15 Being able to tap out your bankcard PIN at an automatic teller, but not recall it explicitly out of context, is a 
similar example.

16 Indeed, Dreyfus & Dreyfus employ a radically different conceptual framework (from phenomenological 
philosophy), compared to Anderson (cognitive psychology). We will for the most part confine our attention to the 
main stage structure of their theory, avoiding the complexities, with the exception of some of their views on 
representational cognition which become relevant below and are discussed there. Despite the differences 
between the Dreyfus view and Anderson, on the core issues discussed here they deliver the same results. For 
more on Dreyfus see Sutton et al. 2011.

17 Huys et al. (2004) acknowledge that there are specialized structures involved in motor control. They note that 
Bernstein, one of the main influences on this school, thought that movements are assembled at multiple levels in 
a motor hierarchy, and they go on to say that, “Today, no one would probably deny the importance of functional 
cooperation among nested subsystems, but nevertheless the issue has remained largely neglected in the study of 
skilled motor behavior” (p. 352).

18 Consider James Joyce or Ornette Coleman, who developed highly advanced, idiosyncratic artistic approaches, 
and who were clearly not primarily motivated by commercial success or popular acclaim.

19 The cases of Joyce and Coleman suggest an important qualification to the way we understand the space, 
though, since neither of them were versatile in the sense that they produced material in a wide range of styles of 
writing or music (though Joyce emulates or caricatures many writing styles in his own distinctive way). Rather 
than showing ability to deal effectively with a space of contingencies common to all authors or all jazz musicians, 
it is more that Joyce and Coleman opened up their own rich artistic subspaces.

20 Presumably, in Schmidt’s example, the basketball player has not practiced from all the positions that he can 
shoot from, or practiced them all equally.

21 This assumption could be relaxed by allowing that multiple coordinative structures contribute to the production 
of a given action type.

22 This characterization of decision making during mountain bike racing is due to Kath Bicknell, personal 
communication. Bicknell conducts research on embodied cognition in mountain bike racing (Bicknell 2010a, 
2010b) and is also a pro-amateur mountain bike racer.

23 Wolpert, however, subsequently adopted a hierarchical approach (Haruno et al. 2003).



24 Anderson and Dreyfus & Dreyfus assume very fine context differentiation, so it might seem that this is the 
solution to the dominance problem that they would adopt. But in both theories perceptual discrimination is 
characterized as cuing whole action sequences; i.e., D: A → B → D, rather than A → BD → D. The dominance 
problem will then apply unless there is at least the hierarchy depicted in figure 10. 

25 Higher cognitive state is itself a kind of context from the perspective of lower order motor control, but we are 
here using ‘context’ to contrast with hierarchical control.

26 See Cooper & Shallice (2006a,b) for more detailed criticisms of the context-based approach of Botvinick and 
Plaut.

27 In presenting his hierarchical theory of skill MacKay (1982) makes a similar point with a music example, arguing 
that a musician who is skilled at both the flute and violin should be able to transfer fluently a melody learned on 
the flute to the violin (or vice versa).

28 From the liner notes to the 2002 reissue by Sony Music.

29 Interview with Margaret Throsby, ABC Classic FM, 13 March 2012.

30 K. Bicknell, personal communication.
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