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Technical cognition, working memory 
and creativity
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This essay explores the nature and neurological basis of creativity in technical 
production. After presenting a model of expert technical cognition based in 
cognitive anthropology and cognitive psychology, the authors propose that craft 
production has three inherent sources of novelty — procedural drift, seren-
dipitous error and fiddling. However, these are quite limited in their creative 
potential, which may help explain the virtual absence of innovation over the 
long millennia of the Palaeolithic. Innovation can be far more rapid and effective 
via invention, which requires folk theories of causation and adequate working 
memory capacity, all fairly recent evolutionary developments. The neurological 
basis of expert technical cognition lies in well-known cortical and sub-cortical 
structures, but recent research has established a provocative role for the cerebel-
lum in the formulation of novel arrangements.
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1. Introduction

The following essay is based on the premise that much technical creativity occurs 
during the process of technical activity itself, such that new arrangements or pos-
sibilities emerge from the interaction of artisan, tools and materials. What cogni-
tive abilities underpin such creative developments? In order to answer this ques-
tion, it is necessary to start with a model of technical cognition. Unfortunately, a 
single comprehensive model of technical cognition has yet to be developed. Many 
cognitive disciplines have an interest in tools and tool use and have developed a 
number of specialty-specific models (e.g., the ‘technical reasoning hypothesis’ of 
neuropsychology [Jarry et al. 2013; Osiurak et al. 2010]), but a unitary theory is 
not in the offing. Because of this, we will base our discussion on two models that, 
despite being developed independently using different methods and data sets, are 
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remarkably congruent. The first is an ethnographically based account of the cog-
nition used in blacksmithing (Keller and Keller 1996). The second is Ericsson’s 
model of expert cognition known as long-term working memory (Ericsson and 
Kintsch 1995; Ericsson and Delaney 1999).1 The two combine to provide a pow-
erful account of technical cognition, powerful enough to enable exploration of 
technical creativity.

2. How to think like a blacksmith

Technical activity is difficult to study in the laboratory. It is both literally and 
methodologically messy. Most tool use, especially the kinds that are important 
productively, produces waste and byproducts, as well as sweat and body odor. Tool 
use also consists of neuromuscular acts whose parameters are hard to identify 
and even harder to control. As a consequence, when experimental psychologists 
try to study such feral cognition, they must distill it to limited components that 
can be controlled, thereby losing much of the richness and nuance. Many of the 
more interesting things cognitive scientists have learned about technical cogni-
tion come from ethnographic accounts that capture the richness of the activity 
(Gladwin 1970; Gatewood 1985; Hutchins 1995). One such ethnographic account 
has proven very useful for archaeologists in particular because of its focus on in-
dividual actors using hand tools in the confines of a restricted space — the black-
smith in his or her shop.

Keller and Keller’s (1996) account of technical cognition was based on both 
participant observation and interviews of artist–blacksmiths. They drew their 
theoretical stance and terminology largely from phenomenology (Schutz [1970] 
in particular) and practice theory. What is remarkable in hindsight is how much 
their account resembles an account of embedded/extended cognition before the 
perspective exploded in popularity.2 The account focuses on the cognition of an 
individual — a blacksmith with a particular task to complete. How does the smith 
think? The Kellers zero in on two major components to the smith’s technical cog-
nition — his or her stock of knowledge and the smith’s procedural cognition (us-
ing their terms ‘umbrella plan’, ‘constellation of action’ and ‘recipe’).

1. Ericsson’s studies of expert performance have been controversial because of his emphasis on 
the power of controlled and extended practice to produce expert performers, with little-to-no 
power granted to genetically based talent. This stance is largely irrelevant to his model of cogni-
tive organization, however, which remains sound regardless of one’s view of talent.

2. The Kellers cite Hutchins (1995), which appeared as they were finishing their text.
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A stock of knowledge is the “sedimentation of previous experiencing acts 
together with their generalizations, formalizations, and idealizations” (Schutz 
1970: 146). Generalizations, formalizations and idealizations are the smith’s de-
clarative knowledge of blacksmithing. In cognitive psychology, declarative knowl-
edge is often labeled semantic knowledge, indicating that the information is stored 
in linguistic format, or at least can be expressed in words and sentences. It is the 
information that smiths use to talk to one another and explain their craft to eth-
nographers. According to the Kellers, much of this information exists in the form 
of “orienting principles”, significant conceptual structures that summarize and 
present basic understandings of the work — in essence, a folk theory of the craft 
(Keller and Keller 1996: 41). One such orienting principle is ‘think hot’. Artist–
blacksmiths work and create in iron/steel heated to a malleable high temperature, 
and the recognition and exploitation of the properties of heat and metal are es-
sential to successful production. To an extent, this knowledge can be described 
in words, the varying colors of heated iron being a prime example. It is this body 
of knowledge that smiths use when they talk about their work. But one could not 
learn to work iron from this semantic account; no one has ever learned to be a 
competent artisan by reading a book. A huge body of information exists in other 
forms, and it is this information that Schutz referred to when he wrote “sedimenta-
tion of previous experiencing acts…” (1970: 146).

As a metaphor, sedimentation evokes an image of slow, inexorable accumula-
tion. These are the small, specific bits of knowledge that accrue through experi-
ence. Many are what psychologists would characterize as motor memories — pos-
tures, muscle tensions, angles of orientation, speed of movement. There are also 
perceptual components: color, brightness, sound, feel and even odor. The work-
space of the smith is redolent with subtle perceptual information that guides ac-
tions without the mediation of words. And, finally, there are cognitive components 
that are not physically instantiated, such as timing and allocentric perception (the 
latter is the ability to imagine non-egocentric points of view). Arguably, the major-
ity of the essential information that the smith deploys consists of this non-verbal, 
procedural cognition. Because it is non-verbal, it can only be learned by observa-
tion and practice, and such apprenticeship is a long process, with bits of knowing 
accumulating inexorably. Sedimentation is an apt metaphor.

There is a third component to the stock of knowledge that exists not as de-
clarative or procedural memory traces but as objects in the world — tools and 
materials. Tools carry information about potential use (in Gibsonian psychology, 
the term for this is ‘affordance’; Gibson 1986) and act as mnemonic triggers for 
specific past uses. Materials do as well; a specific form of iron stock will constrain 
and ‘afford’ a range of possibilities. In the case of the artist–blacksmith, the ar-
rangement of tools and materials in the shop becomes an active participant in how 
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the smith thinks (Keller and Keller 1996: 60). The organization of the shop liter-
ally extends the smith’s perception to what he or she can reach and engage, and 
therefore becomes a dynamic component of the stock of knowledge, despite its not 
residing in the head of the smith. This active role of tools and spatial organization 
is a boon to archeologists because it means that some actual components of cogni-
tion preserve in the archaeological record.

Because procedural knowledge and tools/materials are not semantic knowl-
edge, artisans are often notoriously inarticulate. They can certainly reflect on what 
they do but often grope for words to describe it (Gatewood 1985).3 Language is 
just not very good at communicating technical knowledge. There is a corollary 
to this: Technology does not tell us very much about language. One unfortunate 
consequence of this has been that the modern world, which relies so heavily on 
linguistic messages, tends not to understand or value technical knowledge. It can-
not be shared easily, and it cannot be broadcast over long distances. It is literally a 
hands-on, embodied kind of knowing, and one that has been essential to human 
evolutionary success.

3. Constellations of action

Smiths’ stock of knowledge is the information they bring to a task. How, then, does 
the smith deploy it? How does the smith achieve a goal? The Kellers (1996) intro-
duce another useful metaphor — the constellation of action. It is the key piece to 
the puzzle of technical cognition, and also to understanding technical creativity. 
According to the Kellers:

… features of a task orient a blacksmith to selectively access both the mental reser-
voir provided by his stock of knowledge and the pool of material resources pro-
vided by his tool inventory and store of metal (Keller and Keller 1996: 89, italics 
ours).

‘Selective access’ is arguably the key phrase from a cognitive perspective. A smith’s 
stock of knowledge is huge, and most of it is not pertinent to the task at hand. 
But some of what the smith knows consists of links between perceived goals and 
learned bodies of procedures. Cognitive psychology uses the term ‘cues’ to refer 
to these links. When presented with a task, the smith first formulates an umbrella 
plan, which is “a mental representation of the ultimate goal” (Keller and Keller 

3. This inarticulateness is analogous to the description of rock journalism offered by musician 
Frank Zappa in Rolling Stone, a magazine devoted to rock music and its culture: “[P]eople who 
can’t write interviewing people who can’t talk for people who can’t read” (Zappa 1978).
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1996: 90) and “an outline of a rough procedural sequence” for completing the task 
(Keller and Keller 1996: 127). The smith tries to anticipate problems that might 
arise and evaluates alternatives, rejecting some and selecting others. The umbrella 
plan consists of relatively discreet steps, and it is at the scale of the step that the 
most interesting kind of thinking takes place. A step is the smallest coherent unit 
of a procedure, and in it ideas, implements and material are ‘mutually constitutive’. 
The Kellers use the term ‘dialectic’ to characterize the interaction of components, 
but it is equally apt to characterize this process as true embodied and extend-
ed cognition (Malafouris 2013). A step takes form in the shop, and the available 
tools and materials directly engage how the smith sees and understands the task 
at hand. As the smith and the tools and materials engage, the nature of the im-
mediate problem changes, perceived through kinesthetic, aural or visual imagery, 
almost none of which consists of verbal information. “The resultant configuration 
of ideas, implements, and material we refer to as a constellation” (Keller and Keller 
1996: 90). All three components are equally critical. The constellation does not 
exist ‘in the head’ of the smith but comes into being via extension into the mate-
rial world (through affordances, if you will). And through this interaction, the 
task changes in dynamic ways. This give and take invariably changes the umbrella 
plan, including the form of the imagined product. Although the smith has envi-
sioned an end product for the step, there is no mental template in the sense of a 
predetermined form. “Progress from one step to another is predicated not simply 
on completion of preceding steps, but on the continued evaluation of ongoing 
activity and its material results in light of the increasingly detailed umbrella plans” 
(Keller and Keller 1996: 127). It is often the case that a step will be the same as one 
used in a previous task. When a step has been done several times for several jobs, 
its components become routine, which reduces variability and chances for failure. 
Routinization also frees up attention, which as we hope to show opens up pos-
sibilities for creativity.

4. Expert performance and Long-Term Working Memory

The Kellers’ (1996) account of the blacksmith was based on participant reflections 
and interviews, and their terminology derived from phenomenology and practice 
theory. ‘Stock of knowledge’, ‘umbrella plan’ and ‘constellation of action’ capture 
important features of feral cognition that are distinct enough to enable compari-
son. Indeed, their description of the thinking of accomplished artist–craftsmen 
has striking similarities to a well-studied domain in cognitive psychology — ex-
pert performance.
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Chess is the textbook example of expert cognition, and winning multiple 
games while blindfolded is the gold standard (Chase and Simon 1973). How is 
such an act possible? What kind of cognition powers it? Is it truly exceptional, or 
is it a kind of thinking that everyone can do in their own domain of experience? 
Chess is not, of course, the only domain of expert performance, something psy-
chologists have studied in a variety of contexts, including music, sport and medi-
cal diagnosis. Expert performance has a number of salient characteristics:

– Rapid problem assessment
– Almost error-free performance
– Rapid response to changing conditions
– Ability to be distracted and return to task without loss of information
– Restricted to a narrow domain
– Ten years and tens of thousands of repetitions to achieve mastery

What was initially puzzling about expert cognition was its combination of long-
term memory components and active problem-solving components. A number 
of psychologists have proposed models (Miller 1956; Chase and Simon 1973; 
Ericsson and Kintsch 1995; Gobet 1998; Ericsson and Delaney 1999), and compo-
nents of these models have come to be standard fare in introductory psychology 
courses (e.g., Miller’s chunking model). The model we find most amenable for our 
purposes is that of Ericsson and his colleagues, primarily because it is easily ap-
plied to craft production, but also because it incorporates working memory, open-
ing an avenue for creativity.

Ericsson’s model is that of long-term working memory. Its centerpiece is the 
concept of a ‘retrieval structure’, a set of linked cues held in long-term memory but 
activated in working memory. Long-term memory is the commonsense under-
standing of memory — information stored and capable of retrieval. Psychology 
distinguishes several varieties of long-term memory. Semantic memories are 
memories of verbal information, procedural memories are ‘how to’ memories that 
consist of learned motor and action sequences, episodic memories are memories 
for specific events and autobiographical memories are a subset of episodic memo-
ries that include ego (i.e., self-awareness). Active working memory is altogether 
different; in a sense, it is not memory at all. It is the amount of information an 
individual can hold and manipulate in active attention (Baddeley and Hitch 1974; 
Baddeley 2007; Unsworth et al. 2014).4 The temporal span of this memory is actu-
ally quite short — only a few seconds — and if some form of distraction occurs, 

4. More specifically, in Baddeley’s (2007) multicomponent working-memory model, we are de-
scribing his concept of the episodic buffer, a temporary memory-storage space for the central 
executive.
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the attention capacity is overtaxed and what had been in attention is lost. Yet this 
is the mental space in which active problem solving occurs, and psychological 
research has convincingly established that there is a correlation between working-
memory capacity and many measures of intelligence (e.g., Engle et al. 1999; Lee 
and Therriault 2013; Barbey et al. 2014; Privado et al. 2014; Unsworth et al. 2014). 
But expert performers appear able to bypass these limits, often in spectacular ways. 
Think of the blindfolded chess demonstration. How can the chessmaster hold so 
much information in attention in the face of distraction (i.e., other games)? The 
answer, shared by all models of expert cognition, is that “with expertise, part of 
[long-term memory] can be used as [working memory], thus expanding an indi-
vidual’s memory storage and processing capacities” (Guida et al. 2012: 222).

Ericsson’s retrieval structure is in essence a large chunk of information, a 
chunk being “a collection of elements having strong associations with one another, 
but weak associations with elements within other chunks” (Guida et al. 2012: 236). 
The elements in retrieval structures, however, consist of cues linked to much larger 
bodies of information stored in long-term memory. Here a cue is a simple link that 
is learned by association. To use the chess example, the blindfolded player sim-
ply needs to remember that game number two began with King’s Indian Defense, 
and this cue taps into the specific positions of 32 pieces on 64 squares changing 
over a sequence of several moves, an amount of information otherwise impossible 
to hold in the attention capacity of working memory. The drawback to retrieval 
structures is that they take time and effort to learn. Building memory chunks relies 
on a simple (and evolutionarily old) learning process of establishing links by as-
sociation. Establishing and reinforcing those links requires repetition. Gobet and 
Simon (2000) estimated that the number of chunks required to achieve mastery 
level in chess is about 300,000. Most authorities cite ten years as the average time 
it takes to achieve mastery by an individual who practices diligently almost every 
day. And here we encounter another clear similarity between craft production and 
the more commonly studied forms of expert performance: Ten years is about the 
length of time it takes to advance from apprentice through journeyman to master.

Craft production is quite clearly a form of expert cognition, but in many re-
spects is far more impressive in terms of the variety of its retrieval structures and 
cues. Take the stock of knowledge. The smith’s stock of knowledge is the domain 
specific knowledge of an expert. It consists of retrieval structures learned through 
observation and repetition — that is, practice. But in the case of the smith, very 
little of this knowledge exists as semantic memories. Some of the cues have labels 
— bar stock, fullering, coke — but many do not: the feel of iron that has cooled too 
much to work, the color that is too hot, and so on. And most of the relevant infor-
mation is stored in procedural long-term memory in the form of postures, muscle 
tensions and motor sequences chained together through practice. If a chessmaster 
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learns 300,000 chunks of information related to discrete board positions on a 
64-square grid, imagine the number and variety of chunks an expert smith must 
have at his or her fingertips. Finally, and importantly, some of each retrieval struc-
ture consists of tools and materials and their locations in the shop. The location of 
a type of hammer itself cues a range of possibilities, directly engaging an appropri-
ate retrieval structure and thereby affecting the process and result.

A constellation of action, on the other hand, is a creation of working memory. 
A smith’s initial umbrella plan comes together in active attention as he or she 
stands or walks around in the shop. Tools and materials — part of the stock of 
knowledge — actively engage memories and then in turn act as cues for steps in 
the procedure, holding information for the smith but not taxing his or her work-
ing-memory capacity. In other words, the smith activates appropriate retrieval 
structures and uses tools, materials and positions as active mnemonic cues. But 
the process is fluid and dynamic. As the smith initiates the first step of a procedure, 
the cues may change because of local conditions of the material, or even muscle 
tensions, activating slightly different retrieval structures. If the step is especially 
critical or complex, it will require all of a smith’s working-memory capacity. It is 
the rapid switching to alternative, well-learned retrieval structures that provides 
expertise with its remarkable flexibility in the face of problems. The smith need 
not invent anything new. He or she simply accesses another well-learned proce-
dure; the result might be novel in the sense that the specific sequence of retrieval 
structures had never been strung together before, but the smith does not invent 
something whole cloth. When a step is familiar, using well-learned sequences and 
familiar tools and materials, then working memory is freed, leading occasionally 
to accident, and also allowing creativity.

5. Creativity

Here we follow Lee and Therriault’s (2013) definition of creativity as “the gen-
eration of novel approaches to complex problems to develop innovative ideas and 
solutions” (Lee and Therriault 2013: 306). With this ‘Ericsson–Keller’ model of 
technical cognition, one can begin to discuss the nature of technical creativity. The 
first step is to distinguish between innovation and invention. We consider innova-
tion to be any process that yields novel technical results that come to be shared by 
a community of artisans and continue across generations. Invention is a narrower 
process that is not entirely subsumed by innovation. When an artisan invents, he 
or she sets out to develop a novel solution and relies heavily on abstract concepts 
of folk physics that are components of semantic memory. Many inventions fail, 
but some become innovations (or as Thomas Edison famously quipped, “I have 
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not failed. I’ve just found 10,000 ways that won’t work” [Edison n.d.]). Innovations 
can also occur, and very often do occur, during the process of production. What 
cognitive abilities drive these differing processes of innovation?

5.1 Innovation in expert technical cognition

Expert performances are not inherently creative. Instead, they rely on a huge body 
of well-learned solutions. Experts certainly demonstrate flexibility, to the degree 
that they may even appear to generate novel solutions. However, there is nothing 
new about well-learned routines themselves. This is the reason that truly novel 
tactics in competitive situations can be so successful — the opponent has no solu-
tions at hand. But innovation does occur in expert systems, and in ways that can 
yield directional change. There are three primary avenues for innovation in expert 
performance: procedural drift, serendipitous error and fiddling (aimless practice).

Procedural drift is minor deviation from an over-learned routine. As experts 
practice to attain first proficiency and then expertise, their execution settles into 
idiosyncratic patterns. In tool use, this would include an individual’s peculiari-
ties of grip, angle of delivery and so on. Humans are very good at copying motor 
procedures, but we are not perfect. The characteristics of our bodies and nervous 
systems deliver a facsimile of a model, and the facsimile has marks of individual-
ity. These are entirely procedural, and there is no conscious awareness, let alone 
intent. In a very real sense, our neuromuscular system channels our procedural 
knowledge. We term this procedural drift because it is mostly a non-direction-
al process in which expert performances fluctuate around a modal expression. 
This modal expression can change over time. A good modern example of this is 
what musician’s refer to as ‘performance practice’. Written music presents only 
the basic structure of a composition. The manner in which it is actually played is 
passed from teacher to student. And performance practice drifts over time. The 
way violinist Pablo de Sarasate played Sigeunerweisen in the nineteenth century 
was almost certainly different from the way Anne-Sophie Mutter plays it today. 
This is one reason old recordings often sound odd; it is the same familiar piece, 
but the details of expert performance have drifted (a process now much mitigated 
by recording technology). Procedural drift has the potential to yield innovation if 
somehow the perturbations continued in a constant direction, but because they 
are not even noticeable to the actors, it would have to result from some constant 
change in the contributing components — body shape, for example. Thus, proce-
dural drift, while ubiquitous, does not itself produce much innovation.

Serendipitous error is more powerful. Any hand-skill technical system has the 
potential to produce inadvertent gross errors in outcome. Expert cognition has 
evolved, we aver, to reduce such errors to the degree possible. After all, the results 
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are almost always failure. But occasionally, a mistake produces a novel, useful re-
sult. For it to become an innovation, three things have to happen: It must be no-
ticed, it must be repeatable and others must come to copy it. ‘Noticing’ and ‘copy-
ing’ are not components of expert cognition per se. Noticing requires available 
working-memory capacity, and copying includes components of social cognition, 
perhaps even Theory of Mind (see Wellman [2014] for greater detail on the lat-
ter). Serendipitous errors have the potential to produce significant innovation in 
a short period of time. However, given the vast millennia of the Paleolithic during 
which there were almost no technical innovations, we cannot help but think that 
the working-memory and social components of this form of innovation were not 
in operation.

‘Fiddling’ is not a very scientific, or even academic, term, but it fits the situa-
tion nicely. In motor procedures — and tool use especially — actors like to fiddle, 
that is, manipulate tools in a kind of goal-less practice. This is a pleasurable activ-
ity, which suggests that fiddling evolved as an important component of human 
tool use; it is even possible that fiddling evolved as a mechanism for the generation 
of novelty. Most of expert technical knowledge consists of motor procedures that, 
in a sense, have a mind of their own, and fiddling can be seen as this neurocogni-
tive network initiating practice. It is as if motor systems ‘want’ to be exercised. 
Fiddling is also forgiving: Because there is no target, there is no failure. As a source 
of novelty, fiddling would be subject to many of the same caveats as serendipitous 
error: noticing, repeating and copying. Fiddling differs from serendipitous error, 
however, in how likely it is to produce something novel. Being open ended rather 
than targeted, it is more likely to generate modified procedures. However, these 
will still be constrained by the ergonomics of the activity. Indeed, it seems likely 
that novelties produced by goal-less practice would be ergonomically friendly, 
thus canalizing change in directions amenable to the procedural system, a kind of 
embodied innovation.

In sum, even though expert technical cognition is not inherently innovative, 
there are avenues by which innovation can occur. Procedural drift, serendipitous 
error and fiddling have the potential to yield new forms and processes, but at best 
these would play out as small, incremental changes. For even this to occur, how-
ever, it is necessary that novelty be noticed, and this could only happen with freed 
up working-memory capacity.

Invention requires something more. The intentional design of new tool or 
procedure requires some kind of ‘folk physics’, a set of understandings about how 
the world works. Such an understanding is almost certainly declarative/semantic 
knowledge, and also abstract in the sense of dealing in general rules (whether 
accurate or not). The folk physics requirement, arguably, is why innovation was 
so slow for most of human technical evolution. Without it, there is no invention, 
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and without invention, innovation would occur only via the limited innovative 
resources of expert technical cognition.

The earliest innovation that almost certainly resulted from invention was the 
projectile haft. It could not have resulted from procedural drift or a serendipitous 
error, or even fiddling. Someone designed it, and had some appreciation of the 
forces at play. The earliest convincing hafts are about 200,000 years old, but some 
archaeologists now argue for an earlier date of 500,000 years based on the indirect 
evidence projectile point fracture patterns (Wilkins et al. 2012).

5.2 Working memory and innovation

As we have seen, the key to expert performance, including craft production, is the 
ability to access huge amounts of domain-relevant information held in long-term 
memory. What effect, if any, do variations in working-memory capacity have on 
expert performance? This specific question was tackled by Hambrick, Kane and 
Engle (2005), and their findings were enlightening, if not surprising. Their proto-
col evaluated expert knowledge in sport, baseball in particular. They found that the 
largest amount of variance in performance could be attributed to domain knowl-
edge (Kellers’ [1996] stock of knowledge), just as Ericsson’s model would predict. 
But working-memory capacity amplified the effect. Individuals with equivalent 
domain knowledge but higher working-memory capacity performed better. If we 
translate this finding into our model of technical cognition, individual artisans 
with equivalent stocks of knowledge — tools and materials, procedures and verbal 
information — but with higher-working memory capacity will be more adept than 
those with lesser working-memory capacity. Their umbrella plans will be richer, 
and their constellations of action able to actuate more procedural and verbal infor-
mation in the process of step completion. But it is the freed-up working-memory 
capacity, especially during the completion of novel tasks, that is important for cre-
ativity.

The cognitive psychological literature generally agrees that working-memory 
capacity plays an important role in creativity:

Individuals with high working-memory capacity are more likely to be successful 
at overcoming interference caused by automatic, unoriginal responses, and also 
be more successful at using strategies to generate novel approaches and responses 
on creative thinking tasks (Lee and Therriault 2013: 310).

Of course, expert performance relies precisely on ‘automatic, unoriginal respons-
es’. Not only that, but as experts become more adept, more of the task relevant 
information is passed to long-term memory (Guida et al. 2012). Given this cogni-
tive situation, how could increased working-memory capacity have any role in 
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technical creativity? The answer lies in freed-up working-memory capacity. As 
experts become more adept, more of the task relevant knowledge is relegated to 
long-term memory, freeing up working-memory capacity for other duties. As we 
discussed earlier, freed-up working-memory capacity allows an expert to notice 
novelty, an essential component to the modest forms of innovation inherent to 
expert performance.

Freed-up working-memory capacity is a mixed blessing for the artisan. It is 
one of the primary causes of accident. When the mind ‘wanders’, it wanders in 
active working memory, and especially during over-learned motor procedures, ac-
tive attention easily switches to internal thoughts (daydreams) or external stimuli 
(the red Lamborghini driving by), and the result is a misstep. But it is also an im-
portant agent of innovation. With greater working-memory capacity, the artisan is 
able to notice interesting and useful combinations while focusing on the comple-
tion of a procedural step, see novel combinations of tools and materials or look 
farther ahead in the procedural sequence to see novel consequences. With greater 
working-memory capacity, there is simply more attention available for new pos-
sibilities and arrangements. However, because stocks of knowledge and constella-
tions of action are mutually constituted through tools and materials, this kind of 
innovation is constrained and canalized by available tools and materials and the 
procedural links enabled by them. Because tools and materials act as active cues 
in retrieval structures that hold information outside of working-memory capacity, 
they can act as scaffolds in innovative thought.

In sum, freed-up working-memory capacity is necessary for creative thinking. 
But it is not enough. Novelty itself needs to come from somewhere.

6. Neurological and cognitive foundations of creativity and innovation

Heretofore, our discussion of technical innovation and creativity, while replete 
with cognitive concepts and their linkages, has been relatively devoid of neurologi-
cal foundations. One more recent surprise neurological bedfellow of creativity has 
been the cerebellum, a structure located at the base of the brain, underneath the 
cerebral hemispheres. The cerebellum has long been associated with the acquisi-
tion, maintenance and the control and execution of fine motor movements. While 
the entire brain is thought to consist of approximately 100 billion neurons, approx-
imately 80% of these neurons are densely packed into the cerebellum, which sits 
separately, posteriorly and inferiorly, to the occipital lobes. Its dendritic branch-
ing (interconnections with adjacent neurons) is the most complex and ornate in 
the entire cerebral system. Because of these attributes, neuropsychologists have 
long reasoned that fine motor movements must require an inordinate number of 
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neurons to serve that purpose. However, in the last decade, sophisticated neuro-
logical, neurophysiological and neuropsychological investigations have confirmed 
a far greater role for the cerebellum than had ever been imagined. Empirical stud-
ies have confirmed that the anterior portion of the cerebellum is indeed dedi-
cated to control of fine motor movements, something that is true for all primates. 
However, the superior posterior lateral portion of the cerebellum appears to have 
been expanded in Homo sapiens; thought to be “phylogenetically younger”, it has 
been labeled the neocerebellum (Schlerf et al. 2010: 3330) and appears to be exa-
pted for the control of higher-order cognitive functions (e.g., Coolidge 2014).

First, we will present a brief overview of the cerebellum’s connections with the 
rest of the brain. The cerebellum is connected to all regions of the cortex through 
the pons. White-matter tracts in the pons (cerebellar peduncles) conduct signals 
reciprocally from all regions of the cortex to the cerebellum, but the cerebellum 
has major connections with the primary motor cortex (responsible for move-
ment), prefrontal cortex (largely responsible for executive functions) and the su-
perior portions of the parietal lobes. The superior posterior parietal cortex has 
traditionally been associated with visuospatial and attentional processing (e.g., 
Critchley 1953; Sack 2009), which would obviously be critical to technical cogni-
tive processes as we have described them. Recently, this area of the parietal lobes 
has also been shown to be critical for the manipulation and rearrangement of in-
formation in working memory (Koenigs et al. 2009).

The connection of the cerebellum to the parietal lobes may also be particularly 
important as the medial portion of the parietal lobes, the precuneus, has been 
linked to a sense of self (Lou et al. 2004), which appears to retrieve personal (au-
tobiographical) memories and may create an ‘autonoetic’ sense of consciousness 
(the recognition that time-sense is relative, e.g., Tulving 2002). Further, this medial 
superior parietal lobe activity is part of the default mode network of the conscious 
brain, along with the medial prefrontal cortex and the angular gyrus. The precu-
neus has also been implicated (in conjunction with prefrontal cortices, the hippo-
campus and other structures) in prospective memory, a flexible ability to simulate 
future options, where past memories may be synthesized into a novel solution 
for novel problems. The latter has been called ‘constructive episodic simulation’ 
(Addis et al. 2007). Importantly, Balsters, Whelan, Robertson and Ramnani (2013) 
have also established that the cerebellum processes information from these corti-
cal regions, no matter how abstract. In addition, they have shown through fMRI 
studies that specific lobules in the cerebellum processes first-order rules for mo-
tor and cognitive activities, as well as creating second-order rules, which govern 
first-order rules. This may be the first evidence in the literature that the cerebellum 
may be involved in highly abstract, higher-order cognitive activities, independent 
of its motor control functions. De Smet, Paquier, Verhoeven and Mariën (2013) 
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have also clearly demonstrated the role of the cerebellum in a variety of linguistic 
functions and affective tasks, including semantics, grammatical functions, apha-
sia, metalinguistic skills, working memory, visuospatial abilities, verbal fluency, 
reading, writing and the rate, force and rhythm of actions.

Vandervert, Schimpf and Liu (2007) attributed these higher cognitive activities 
of the cerebellum particularly to creative endeavors. Their hypothesis is consistent 
with the finding by Balsters et al. (2013) that the cerebellum processes higher-or-
der abstract rules, wherein the cerebellum reciprocally interacts with the processes 
of working memory in a repetitive fashion. They hypothesized that this continu-
ous, repetitive interaction between the cerebellum and the neural substrates of 
working memory not only results in novel problem solving (fluid intelligence), 
but also more efficient control of the operations of working memory, which in 
turn results in creative solutions, innovative problem solving and novel ideals. The 
latter, they propose, may be experienced by the individual as ‘intuition’ or ‘insight’.

Koziol, Budding and Chidekel (2010) proposed a similar, dual-tiered model of 
cognition, which simultaneously allows both stimulus-based processing and high-
er-order cognitive processing. Further, their model includes not only the neural 
substrates of working memory and the cerebellum, but also the basal ganglia. In 
brief, they proposed that one critical function of the cerebellum was “to refine the 
information it receives from the cortex and to send a refined, modified, or ‘correct-
ed’ neural signal … back to the circuit’s point of origin” (Koziol et al. 2010: 511). 
They viewed the basal ganglia as a switch that decides the timing of actions, while 
the cerebellum controls the refinement of those actions in a repetitively adaptive 
manner. Their model of cerebellar function was in part based on Ito’s (1993) earlier 
proposal that the brain, the movements it directs and thinking are highly equiva-
lent. They proposed that the control and manipulation of thoughts “is no different 
from the control and manipulation of body parts in problem-solving; so, once a 
movement or thought is ‘coded’ within the neural circuitry of the brain, the brain 
manipulates the input in an identical way” (Koziol et al. 2010: 512). This copy of a 
plan or coded neural intention was thought to be refined by the cerebellum such 
that, through repeated exposure or practice, the speed and efficiency of those pro-
cesses would allow slower cerebral cortices to be released from their original tasks 
and diverted to other tasks, like solving novel problems. In this manner, “[a]s the 
movements are repeatedly executed and as anticipatory predicted ‘feedback’ is re-
ceived from each instance, the cerebellum has more information and becomes in-
creasingly accurate in its predictive capacities” (Koziol et al. 2010: 512). They also 
proposed that as automaticity develops, highly skilled movements or thoughts can 
be executed without the involvement of motor programming cortices and rela-
tively independent of working memory’s operations.



 Technical cognition, working memory and creativity 59

A cognitive example of this automaticity may be reading. Watching a five-
year-old granddaughter (FLC’s) laboriously sound out the phonemes of words, 
one realizes that repeated exposure and repetition will very quickly result in an 
accomplished reader. However, with beginning readers (of any age), there is an 
extensive, highly conscious and willful cortical demand placed upon the various 
processes involved in working memory (e.g., phonological storage, visuospatial 
processing, etc.); yet, with repetition and exposure, reading becomes a highly au-
tomatic, unconscious process. Although reading may be more of an example of 
the acquisition of semantic memory rather than procedural memory, the parallel 
is nonetheless relevant: With repetition and exposure, a skill becomes a highly 
automatic process, and the novel has been made routine and familiar.

The Kellers’ and Ericsson’s models of technical expertise, as Koziol et al. (2010) 
have described them, are cortico-centric. What has been proposed (Imamizu et al. 
2003; Ito 2005; Koziol et al. 2010) is that cerebellar involvement may explain how 
repetitive practice ultimately results in not only expertise but also highly adap-
tive functioning, which frees the mind of conscious control, thus providing the 
cognitive groundwork for creativity. In the Imamizu et al., Ito and Koziol models, 
the cerebellum creates pairs of models, forward and inverse. The former creates a 
conscious mental template from working-memory operations. The latter creates 
an unconscious model of that conscious mental template, creating the necessary 
condition for automatic control of that behavior, whether motoric or cognitive. 
The conscious model is replaced by the unconscious model, the latter of which 
occupied working-memory capacity (attentional space). “At the same time as we 
might consciously remain aware of our original plans and strategies, the forward 
model is manipulating thoughts and ideas within the cerebellum, which is operat-
ing outside our conscious awareness” (Koziol et al. 2010: 520). These unconscious 
models are then thought to be projected again along these cerebro-cerebellar con-
nections, and what may be subsequently experienced subjectively is an intuitive 
solution or a creative idea.

7. Summary

In the present essay, we have hypothesized that technical creativity may arise in 
the process of the technical activity itself, and that new arrangements, possibili-
ties, solutions, creative ideas and innovations may emerge from the interaction of 
artisans, their tools and their materials. We have also proposed that the processes 
involved in technical motoric activities and those of non-motoric cognitive ac-
tions may be treated identically by cerebro-cerebellar circuitries and subcortical 
neural substrates like the basal ganglia. We have also highlighted various models 
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of cerebellar activity by Ito (1993, 2005), Imamizu et al. (2003) and Koziol et al. 
(2010) that may account for the thoughts and ideas affectively experienced as in-
sight or intuition. Finally, we emphasized the role of working-memory operations 
and long-term working memory within the activities and operations of cortical 
and subcortical neural substrates that may all underpin creativity and innovation.
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