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AbstrAct

Modern cognition is more than language and symbolism. One important com-
ponent of  modern thinking is expertise, exemplified best in expert performances 
in the arts, craft production, sport, medicine, and games such as chess. Expertise 
is driven by a cognitive system known as long-term working memory, in which 
retrieval structures held in long-term memory are activated in working mem-
ory. Here they enable rapid access to large bodies of  procedural and declarative 
knowledge that have been acquired over years of  practice. Although expertise 
underpins many of  our most esteemed accomplishments, it is not reliant on 
either symbols or language. In the following essay we analyze one example of  
prehistoric expertise—Marjorie’s core from Maastricht-Belvedere. From Nathan 
Schlanger’s (1996) description of  the chaîne opératoire we have been able to iden-
tify many of  the elements of  the retrieval structure activated for knapping the 
core. In its overall organization this retrieval structure was no different from 
those deployed by modern artisans. With this analysis in hand we are then able 
to contrast this Levallois retrieval structure with one required for an earlier 
biface façonnage reduction, thereby tracing one link in the evolutionary sequence 
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leading ultimately to modern expertise.

IntroductIon

In this chapter we argue that Levallois reduction is an example of  expert per-
formance, indistinguishable in its basic organization from expert performance 
in the modern world. As such, it relies on a cognitive ability known as long-
term working memory, in which retrieval structures held in long-term memory, 
but activated in working memory, enable rapid access to larger bodies of  proce-
dural and declarative knowledge. We focus on Levallois for two reasons. First, 
through the work of  Van Peer (1992, 1995), Boëda (1994, 1995), Chazan (1997), 
Schlanger (1990, 1996), and others, the chaînes opératoires of  Levallois are now 
well-described and understood, providing comprehensive descriptions of  a com-
plex sequential activity amenable to cognitive interpretation. Second, the transi-
tion from the façonnage strategy of  biface production to the débitage strategies 
of  the Middle Paleolithic and Middle Stone Age has long been recognized as an 
important change in technological evolution (Gamble 1999). By characterizing 
Levallois reduction in terms of  long-term working memory, we are able to con-
trast it with the cognitive demands of  biface reduction, which required fewer 
procedural subroutines and, more importantly, less working memory capacity. 
Finally, although Levallois reduction per se does not require Theory of  Mind 
(ToM), we explore the possibility that learning Levallois reduction did.

ExpErt pErformAncE

The title of  our chapter invokes chess because chess is a familiar example of  
expert performance. It is also the most studied. Imagine for a moment a chess 
master giving a blind chess demonstration. He or she is able to play several 
games simultaneously while blindfolded, winning every one. How is this pos-
sible? Does he or she maintain a picture, a “mental template” if  you will, of  
every board, with the positions of  every piece? This would be an astounding feat, 
far beyond the human brain’s normal capacity to generate and hold a mental 
image. Somehow the chess master is able to rapidly encode, store, and retrieve 
complex bodies of  information. Expert performance is not limited to chess. It is 
the basis for the impressive improvisational abilities of  jazz and classical musi-
cians, athletic performance, acting ability, and even medical diagnosis, to men-
tion examples commonly encountered in psychological literature on expertise.

Cognitive psychologists have long been interested in expert performance 
and have identified its more salient cognitive features:
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1. The expert performs tasks quickly with few or no errors.

2. The expert can perform in-depth assessments of  task problems with little 
apparent effort.

3. Expertise is largely automatic, and once initiated, it requires little in the 
way of  active attention.

4. Expert performance is resistant to fading; the elements and sequences do 
not lose coherence over time.

5. The expert can be interrupted and return to the task with little or no loss 
of  information.

6. The expert is able to learn new material and patterns very rapidly, as when 
a chess master learns a new opening or a jazz musician hears a new riff.

7. Expertise is limited to a narrow domain of  behavior and does not transfer 
easily, even to related tasks (e.g., checkers or Go).

8. The expert takes years and thousands of  repetitions to acquire the ability.

The psychological literature cites ten years as being the typical time it takes to 
become an expert.

When studying expertise, psychologists focus on exceptional individuals 
because they present the clearest examples of  this kind of  thinking. But exper-
tise is something all of  us use in aspects of  our daily lives. Driving an automobile 
is an obvious example, keyboarding is another, and for many of  us, tool use is 
yet a further example. Charles and Janet Keller (Keller and Keller 1996) have 
developed a cognitive model for blacksmithing that is a beautiful description 
of  technical expert performance. Blacksmithing is a narrow domain of  action 
(e.g., the abilities do not transfer to refrigerator repair or lawn maintenance). An 
expert smith is reliable and can be distracted and return to task, and the routines 
and subroutines are largely automatic. Indeed, skilled tool use is one of  the best 
examples of  expert performance. It has not received as much attention from cog-
nitive psychologists because much of  it is nonverbal, making it hard to access. It 
is also not as amenable to laboratory study as the less messy activities of  chess 
masters and musicians.

Long-tErm WorkIng mEmory

Psychologists have developed several models to account for expert performance. 
We find the one proposed by Ericsson and colleagues to have the most poten-
tial as an evolutionary model (Ericsson and Delaney 1999; Ericsson and Kintsch 
1995; Ericsson, Patel, and Kintsch 2000). First, it is directly applicable to expert 
technological performance and maps nicely onto the Kellers’ account of  black-
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smithing. Second, it incorporates Baddeley’s model of  working memory, which 
is currently the most powerful cognitive model of  advanced planning abilities 
(Baddeley 1986, 2001; Baddeley and Logie 1999).

The concept of  working memory is an elaboration of  the older concept 
of  short-term memory. Basically, working memory (WM) is the mind’s abil-
ity to hold and process information in active attention. It is the basis for what 
are sometimes termed the mind’s executive functions; its ability to plan and 
strategize, organize complex sequential actions, inhibit prepotent (automatic) 
responses, and perform thought experiments (Barkley 2001; Coolidge and Wynn 
2001, 2005). This ability to hold information in attention is not a simple, single 
neural system but a set of  interlinked abilities. Baddeley’s current model consists 
of  two independent “slave” systems, the articulatory (phonological) processor 
and the visuospatial sketchpad (VSSP), an episodic buffer for holding outputs 
of  the slave system in attention, and a central executive that performs opera-
tions on the information in attention (Figure 5.1). Cognitive psychologists have 
established that the articulatory processor and the VSSP are independent; a task 
requiring the resources of  one (e.g., the reading span task) does not inhibit a 
task relying on the resources of  the other (maze memory). Information held in 

5.1. The major components of working memory and long-term memory.
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WM fades very rapidly, that is, it vanishes from attention unless it is repeated or 
rehearsed (think of  retrieving a telephone number from the book but getting 
distracted before you can punch it into the telephone). In fact, WM attention is 
only a few seconds in length. Both the articulatory processor and the VSSP have 
neural systems that allow information to be rehearsed and refreshed, but both 
are still vulnerable to distraction. A new WM task will inevitably erase the old 
information—except in domains of  expert performance (Baddeley 2007).

Long-term memory (LTM) is the ability to store information for hours, 
days, or years. In humans the hippocampus plays an active role in transferring 
memory traces to LTM, but the LTM traces themselves are stored diffusely 
in the neocortex, largely in the temporal lobes (Gazzaniga, Ivry, and Mangun 
2007). Cognitive psychologists distinguish between two kinds of  LTM, declara-
tive and procedural (Baddeley, Eysenck, and Anderson 2009). Declarative memo-
ries are verbal memories that can be expressed (by humans) in words. Procedural 
memories are largely sequential motor procedures, such as those required in 
performing sports, housework, or most aspects of  tool use. It is often difficult or 
impossible to verbalize procedural memories. Episodic memories are memories 
of  episodes in an individual’s past (Tulving 2002). They are generally placed with 
declarative memories because of  their implied image content, but it is almost 
certainly the case that episodes also carry procedural content. Information is 
not easily transferred to LTM unless it has been associated with an episode of  
high emotional valence (where were you when you heard about the 9/11 attacks?). 
Procedural memories, especially, require repetition in order to be consolidated into 
LTM. Complex motor tasks, such as hitting a baseball or playing a scale on a violin, 
require many, many repetitions and constant practice. But so do some declarative 
memories, the complex mid-game patterns of  chess being a good example.

Expert performance has features that seem to violate the usual constraints 
of  working memory. The blindfolded chess master can hold game #1 in atten-
tion, shift to game #2, and then back to game #1 without losing information. 
Any image of  game #1 should have been lost from WM, but there were not 
enough repetitions, or time, to transfer them in the normal way to LTM. This 
has long been the puzzle of  expert performance. Ericsson has proposed a solu-
tion that incorporates elements of  both WM and LTM, along with a cognitive 
shortcut he terms a “retrieval structure.” A cue is a memory trace that is linked 
by association to a much larger set of  memory traces. In our chess example, 
“Sicilian defense” would be a cue linked to larger body of  information that 
includes the exact positions of  thirty-two pieces on the sixty-four squares of  a 
chessboard. Our blindfolded master need only recall, initially, that game #1 is 
Sicilian defense. A “retrieval structure” is a comprehensive set of  cues that the 
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expert learns and files away into LTM. When faced with the blindfolded dem-
onstration, or any chess game, the master accesses the retrieval structure and 
deploys its cues as necessary. A cue, then, is a memory trace activated in work-
ing memory that provides a direct access to a much larger, more comprehensive 
set of  information held in LTM. Cues and the retrieval structure also allow the 
expert to transfer new information rapidly into LTM, because the framework 
and cue associations are already in place. Of  course, a retrieval structure is not 
easily acquired. A master-level retrieval structure in chess requires years and 
countless games to acquire. Once acquired, they enable quick, flexible responses 
to a huge array of  specific problems. But the retrieval structure is not transfer-
able. A chess master is no better at the game of  Go than any other beginner 
because he or she has not formed the necessary retrieval structure. An expert 
retrieval structure underpins the impressive performances of  musicians, medical 
diagnosticians, dancers, and orators. But one also underpins activities we con-
sider mundane because everyone can do them—driving an automobile, sautéing 
onions, dribbling a basketball. LTWM is a style of  thinking we all do in our own 
domains of  expertise.

Tool use is a procedural skill that relies on retrieval structures. Much like a 
chess master approaching a game, an artisan approaches a task by activating an 
elaborate retrieval structure that has been learned and consolidated over years 
of  practice. Some of  the cues in this structure consist of  simple declarative infor-
mation—names of  objects, materials, and tools, for example. But the majority 
of  the retrieval structure consists of  visual and aural images, and even muscle 
and postural cues. Technical retrieval structures consist largely of  visual pat-
terns, tactile and aural images, and procedural memories. A technical task con-
stantly changes in its parameters; indeed, a feature of  any task requiring exper-
tise is the dynamic nature of  the goal itself. In chess the opponent moves, in jazz 
improvisation other musicians play, in blacksmithing the very chemical nature 
of  the material changes. The expert retrieval structure contains a huge range of  
alternative procedures that can respond to rapidly changing conditions. They are 
not held in attention but can be activated instantaneously when an appropriate 
cue appears in the task. Technical tasks such as blacksmithing invoke a dynamic 
interplay between short-term, intermediate steps in a task and the set of  cues 
activated in attention. The Kellers use the term “constellation” for this activated 
body of  knowledge, but a constellation is clearly an activated retrieval structure 
by another name. When a portion of  a retrieval structure is activated in the 
same way on numerous occasions, it requires less and less active attention. The 
Kellers term such automatic constellations “recipes.” They can be activated and 
deployed with minimal demands on attention or executive function—very simi-
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lar to the execution of  an opening by a chess master. Although recipes are largely 
rote routines, retrieval structures are not invariant. In fact, they enable the arti-
san to respond quickly and flexibly to a large range of  potential circumstances.

Even though the vast majority of  the declarative and procedural informa-
tion of  a retrieval structure is held in LTM, it is activated in WM, and thus work-
ing-memory capacity is relevant to expert performance. Novices in any field of  
endeavor have difficulty because initially all of  the information must be held in 
attention. They have not yet transferred procedural sequences to LTM and have 
little or no framework for rapidly transferring new information to LTM. They 
have not consolidated a retrieval structure. Over time they establish one and add 
to it through experience and practice. As their retrieval structure becomes more 
powerful, flexible, and automatic, it places fewer demands on working memory. 
The freed-up capacity in WM is then available for other tasks, including a deeper 
analysis of  the task at hand, or even daydreaming. The artisan can activate other 
jobs from memory or unrelated tasks, and one potential result of  this is con-
scious experimentation and innovation (Shah and Miyake 2005).

LEvALLoIs

It is unremarkable to assert that Levallois reduction is an expert performance. A 
skilled stone knapper producing a series of  Levallois flakes meets all of  the crite-
ria of  expertise. He or she can perform the task quickly, make almost no errors 
(other than those caused by flaws in the material), and perform a complex in-
depth assessment of  the task with little apparent effort. Moreover, mastery takes 
years to acquire and is developed only within the relatively narrow domain of  
stone knapping. It does not even transfer to other technical domains. Assuming 
that prehistoric knappers followed the same procedures as those identified by 
Boëda, Van Peer, Schlanger, and Chazan—and there is no reason to doubt these 
reconstructions—then Levallois is perhaps the best example of  expert perfor-
mance in all of  lithic reduction (Boëda 1994, 1995; Chazan 1997; Schlanger 1990; 
Sellet 1995; Van Peer 1992, 1995).

It is slightly more controversial to assert that the cognitive organization of  
the procedure is indistinguishable from the cognitive organization of  modern 
technical activities, but we think this is defensible. The concepts developed by 
the Kellers to describe blacksmithing are directly applicable to Levallois reduc-
tion, as is the model of  long-term working memory. Nathan Schlanger’s excel-
lent description of  the reduction of  Majorie’s core provides a convincing exam-
ple (Schlanger 1996).

Whether we consider Levallois to be a “concept” or a “strategy,” all author-
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ities agree that knappers using Levallois approach the task with an overarch-
ing plan/goal that guides the reduction of  the core. The Kellers use the term 
“umbrella plan” for the overarching plan/goal that a smith brings to a task, and 
this is an apt term for the knapper as well. The Levallois umbrella plan consists 
of  the immediate conditions of  the task—the size and condition of  the core, the 
ultimate task for which the products will be used, the time available, other knap-
pers in company or within hearing—along with all of  the declarative knowledge 
(connaissance) and skill (savoir faire) acquired from previous tasks. The umbrella 
plan consists of  all of  the considerations brought to bear on a specific reduction 
task. From these the knapper can generate specific sequences of  action, which 
the Kellers term “constellations.”

Levallois reduction consists of  sequences of  routines or constellations, each 
of  which has discrete subroutines. For each Levallois sequence the knapper must 
prepare a production surface, which is the shallow convex surface from which a 
single flake or multiple flakes will be removed. The knapper must attend closely 
to the distal convexity—opposite the future striking platform—and the lateral 
convexities because these guide flake propagation. Schlanger suggests that the 
choice of  distal convexity determined much of  what followed, a conclusion 
echoed by Sellet: “The decision concerning the direction of  the main Levallois 
removal was done very early, maybe before preparation of  the Levallois surface, 
for some cores in an early stage of  preparation show a clear emphasis on the 
preparation of  the proximal end” (Sellet 1995). The knapper must also prepare 
the platform surface, which is more convex but retains the mass of  the core (and 
constrains subsequent subroutines). The platform surface includes the striking 
platform itself, which must be prepared to create an optimal angle and curve for 
the subsequent Levallois removal. After all of  this preparation, the knapper uses 
percussion to remove a single flake (in preferential Levallois) or multiple flakes 
(in recurrent Levallois) (Figure 5.2).

This single routine is made up of  at least three distinct subroutines—pro-
duction-surface preparation, platform-surface preparation, and platform prepa-
ration. These need not be sequential in time, but they are hierarchical, in the 
sense that the production-surface preparation takes precedence over the others. 
There is considerable feedback between the subroutines, and the entire process 
is dynamic and interactive.

After final flake removal the knapper could start anew and prepare a new 
production surface, platform surface, and platform. This would constitute a sepa-
rate sequence or routine. From his analysis of  Marjorie’s core Schlanger became 
convinced that the knapper’s first step in the new sequence was selection of  the 
distal convexity of  the production surface (Figure 5.3). This choice channeled all 
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of  the subsequent subroutines of  the sequence. Of  course, for each succeeding 
Levallois routine, the core becomes progressively smaller, presenting a different 
set of  problems. All of  the authorities on Levallois agree that the knapper adjusts 
the subroutines so that the final flakes are as large as possible. Schlanger presents 
a telling graph of  flake sizes from Marjorie’s core. Even as the core reduced in 
size, the resulting Levallois flakes remained large. This could only occur through 
significant adjustments in the subroutines (Figure 5.4).

Schlanger’s analysis of  Marjorie’s core revealed six discrete phases of  
Levallois reduction (the earliest phase is not clearly represented) (Figure 5.5). 

5.2. The asymmetrical surfaces of a Levallois core (A); striking surface and idealized Levallois 
flake (B); the locations of lateral and distal convexities (C) (after Boëda 1994).
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5.3. Series (A–D) demonstrates how the distal convexity 
governs location of the striking platform (after Schlanger 
1996).

Each of  these routines or constella-
tions breaks down into a number of  
discrete steps. But what is more inter-
esting from our cognitive perspective 
is that it is possible to identify probable 
specific cues in the retrieval structure 
itself. Reduction phase IV provides a 
good example.

1. The knapper examined the core 
after the final Levallois flake 
removal of  the previous phase 
(III) and identified a configura-
tion of  the core surface to act as 
the distal convexity. This step was 
very clearly guided by a visual cue 
that consisted of  a combination of  
surface profile and ridges left by 
previous action. This was almost 
certainly not a bit of  declara-
tive knowledge. Rather, it was 
probably a visuospatial model, 
held in LTM and activated in the 
visuospatial sketchpad of  working 
memory (Figure 5.6).

2. The knapper prepared the lateral 
convexities. In phase IV 
this step involved a 
single trimming 
flake removed 
from one side 
(#17), and 
three from 
the opposite 
side (#14, #15, 
and #16). These modi-
fications produced an 
appropriate production 
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surface. Note that no modification of  the distal convexity occurred. Its 
identification was the first step in the phase. At least two cues are evident in 
this step, one guiding the lateral convexities specifically and a higher-level 
cue guiding the production surface as a whole.

3. The knapper prepared the striking platform, trimming an appropriate angle 
and an appropriate curvature onto the platform surface opposite the distal 
convexity. Platform angle and curvature are cues, and indeed platform 
configuration was itself  probably a higher-level cue incorporating several 
specific cues. Again these cues were probably accessed in the VSSP of  WM.

4. The knapper struck off  a Levallois flake (Figure 5.6, #18). The platform 
configuration produced in step 3 acted as a cue to guide this motor 
procedure.

5. The knapper examined the core and saw that Levallois flake #18 had not 
exhausted the propagation potential of  this series. The cues were probably 
the same as the higher-level cues in steps 3 and 4 that assessed production 
and platform configurations.

6. The knapper struck off  a small non-Levallois flake to flatten the convexity 
left behind by the removal of  #18. This procedure could have been guided 

5.4. Four charts that situate the Levallois flakes of Marjorie’s core in relation to other flakes 
of the core. Of particular note is that the later Levallois flakes are not smaller than the early 
ones, suggesting that the knapper continually adjusted his or her technique to maximize 
surface area of large Levallois flakes. This does not require any “visualization” of the final 
product (after Schlanger 1996).
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5.5. From top to bottom, the six reconstructed phases of Marjorie’s core’s reduction (after 
Schlanger 1996).
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by the higher-level production surface cue or perhaps a separate cue called 
up just in these situations.

7. The knapper re-prepared the platform, guided by the same cues as 
deployed in step 3.

8. The knapper struck off  Levallois flake #20.

9. The knapper examined the core again and searched for a new distal 
convexity.

Schlanger also identified an interesting pattern that played out in the succes-
sive phases. For each succeeding phase, the distal convexity and axis to the new 
striking platform were oriented at right angles to the axis of  the previous phase. 
This may have been the knapper’s usual procedure, perhaps based on a shared 
norm in this knapping community, or it might have simply been fortuitous.

From our cognitive perspective, phase IV appears to have been guided by at 
least seven different cues, some of  which were components of  others:

1. Distal convexity

2. Production surface

2a. Lateral convexities

2b. Location of  striking platform

3. Striking platform

3a. Location of  distal convexity

3b. Angle

3c. Shape

3d. Ideal point of  percussion

5.6. Phase IV of the reduction sequence, with distal convexity (x), lateral convexities (y), and 
striking platform (z) labeled (after Schlanger 1996).

05nowell.indd   95 2/19/2010   2:17:41 PM



96

T h o m a s  W y n n  a n d  F r e d e r i c k  L .  c o o L i d g e

In Schlanger’s terminology these constitute an “integrated ensemble”; in 
the Kellers’ terminology they would be part of  a constellation. But from the per-
spective of  expert performance this was clearly a retrieval structure that guided 
the action by facilitating rapid access to more complex encodings held in LTM. 
These encodings included models of  visuospatial configurations learned during 
knapping apprenticeship and motor procedures for accomplishing each step in 
each phase. Note that no “mental template” was required. Instead, specific visual 
cues on the core facilitated access to models and procedures held in LTM. This 
is recognition, not imagery.

Certain features of  the retrieval structure that enabled Marjorie’s core are 
significant for a study of  cognitive evolution. Even though the reconstruction 
has identified relatively few of  the total cues that must have been involved, it 
is still possible to identify features of  the organization of  the retrieval structure 
itself. First, it was hierarchical, in the sense that some cues were components 
of, and elicited by, higher-level cues. The “production surface” elicited “distal 
convexity,” “lateral convexity,” “position of  platform,” and so forth, and each 
of  these elicited more specific cues made of  angles, surfaces, ridges, and so on. 
Second, cues clearly changed according to their role in the procedure. What was 
a lateral convexity in one phase became a potential distal convexity in the next. 
Such flexibility is one of  the characteristics of  expert performance. Finally, and 
perhaps most significantly, the phases of  reduction in Marjorie’s core were not 
independent of  one another. The knapper apparently conceived of  a sequence 
of  phases in order to maximize productivity of  the core and, while completing 
one phase, was looking ahead to the next. This latter ability requires not just the 
retrieval structure of  LTWM, it also requires the active attention of  working 
memory to keep the near goal and ultimate goal in mind at once.

How Levallois Reduction Is Similar to Chess

The hominin who knapped Marjorie’s core used a form of  cognition that 
today is still the basis for expert performances of  all kinds. It included an in-
depth analysis of  the task at hand, was flexible, responded dynamically to chang-
ing conditions, and consisted of  a large number of  specific procedures and reci-
pes. It fits easily into models of  expert craft cognition and, in its organizational 
features, resembles other expert domains, including chess. As in modern chess, 
the knapper of  Marjorie’s core relied on specific cues in the task to access appro-
priate long-term procedural memories learned over years of  practice. Working 
memory did play a role in monitoring the condition of  the core and assessing 
the impact of  current action on future steps, but the procedure itself  was almost 

05nowell.indd   96 2/19/2010   2:17:41 PM



97

How Levallois Reduction Is Similar to, and Not Similar to, Playing Chess

entirely a matter of  long-term working memory.

How Levallois Reduction Is Unlike Chess

From a cognitive perspective, Levallois reduction also differed significantly 
from chess. Even though one could argue, metaphorically, that the knapper had 
a dialogue of  sorts with the core, a chess player has a very real opponent (even 
when it is a computer). To be successful, a chess player must predict an oppo-
nent’s possible responses, and this requires a theory of  mind (ToM), the under-
standing that another individual has mental states. In principle, we suppose, one 
could play chess by assuming that the opponent was an automaton with perfect 
automatic responses for all situations, but we doubt that anyone actually plays 
chess this way. An opponent with ToM is a far bigger challenge than a nodule 
of  flint. But what about learning? Would it have been possible to learn Levallois 
reduction without a theory of  mind?

The topic of  learning occasionally arises in discussions of  cognitive evolu-
tion, but almost always in the context of  language. One of  us (TW) has long 
argued that one learns tool use and tool making almost entirely through obser-
vation, repetition, and failure, and because of  this, stone tools have few neces-
sary implications for language (see, e.g., Wynn 1991). Others, such as Ambrose 
( 2001), argue that this is too extreme a view and that language must have been 
involved in learning complex technologies such as hafting and Levallois. How 
does our cognitive account of  Levallois bear on this disagreement? First, we con-
fess to taking a conservative stance. We maintain that it is only possible to assess 
the minimum abilities required for a task and thus always risk underestimating 
abilities (Wynn 2002). Could the knapper of  Marjorie’s core have learned the 
significance and role of, say, the distal convexity without recourse to language? 
Would observation and practice have been sufficient? We believe that the answer 
is yes. If  a teacher drew a novice’s attention repeatedly to the distal convexity (by 
pointing, for example), this would have been enough. However, we believe that 
Levallois would have been very difficult to learn without some sort of  guided 
attention; it probably required active instruction, and active instruction relies on 
joint attention and theory of  mind. It does not require language.

The significance of  our conclusion lies in its implication for cognitive evolu-
tion. Expert cognition has been in place for a long time. When a chess master 
plays a match or a blacksmith creates a fleur-de-lis, he or she relies primarily on a 
cognitive ability that evolved long before the advent of  modern humans. It may 
seem counterintuitive to refer to one of  our most valued abilities as archaic, but 
a moment’s reflection should reassure even the more skeptical. Expertise takes 
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years to acquire; it is not the result of  flashes of  insight but the result of  dogged 
repetition and determination. Yes, the expert can access and use an appropriate 
solution almost instantly, but only because he or she has done the work neces-
sary to encode more and more elaborate procedures into long-term memory. 
The flexibility results from long practice, not imagination.

Situating stone knapping in the cognitive domain of  expertise, and LTWM, 
provides us with a cognitive framework for further comparison. The evolution-
ary shift from emphasis on façonnage to débitage is a long recognized watershed 
in technological evolution. How does it play out within the cognitive framework 
we have just established?

bIfAcE rEductIon

In Clive Gamble’s brilliant 1999 book, The Paleolithic Societies of  Europe, he empha-
sized the distinction between façonnage and débitage and suggested that the tran-
sition from the former to the latter marked a significant development. He is cer-
tainly not alone in holding this idea, as it reflects a generally held opinion among 
Paleolithic specialists. However, it has never been explicated in actual cognitive 
terms. The concepts of  expertise, LTWM, and working memory should be pow-
erful enough to enable us to detail just what, if  anything, had evolved.

Unfortunately, there is no “Marjorie’s core” of  biface reduction. No one (to 
our knowledge) has written such a comprehensive description of  a biface chaîne 
opératoire. This hampers comparison but does not cripple it. One practical prob-
lem, of  course, is that few Acheulian sites have the resolution of  Maastricht-
Belvedere, and fewer have yielded debitage collections that can be refitted into 
coherent sequences of  biface reduction. One of  the few exceptions is Boxgrove, 
where several sets of  debitage have yielded refits. One group in particular, from 
unit 4B, is especially informative(Roberts and Parfitt 1999).

The 4b scatter at Boxgrove represents the actions of  a single knapper reduc-
ing a flint core into biface and, at the same time, producing useable flakes. The 
scatter includes 1,715 pieces larger than five millimeters in size, “thousands” 
between one and five millimeters, and a great deal of  flint “dust.” This scatter 
was very concentrated, covering only one quarter of  a square meter. Roberts 
and colleagues were able to refit 132 of  the flakes into twenty-eight groups. Most 
refit groups contained only a few flakes, but two were much larger, including 
twenty-one and twenty-four flakes, respectively. The first of  these refit groups 
resulted from the knapper thinning a “break surface” on the core into a bifacial 
edge. The second resulted from a unifacial reduction of  the same break surface, 
and although no connecting removals exist, it was probably part of  the same 
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sequence as the group of  twenty-one. The flakes themselves are mostly very 
small, with only 7 percent over five millimeters in diameter, and only twelve over 
forty millimeters. They have a variety of  dorsal scar patterns and a variety of  
butts, including plain, facetted, and crushed. All were flaked by a soft hammer.

Austin and colleagues (1999) have interpreted the 4b scatter as the debitage 
produced by a single knapper in a single sitting (literally!). He or she carried in a 
roughed-out core (none of  the nodule reduction flakes are present) and reduced 
it into a handaxe. Both thinning and finishing flakes are present in the debitage. 
The knapper also was on the lookout for useable flakes. He or she selected the 
few larger thinning flakes and set them to the side (again, literally). After finish-
ing the task the knapper carried away the resulting biface and a few of  the larger 
flakes.

Unlike Marjorie’s core, we have only a few flashes of  the chaîne opératoire—
enough to go on but not enough for comfort. The two larger refit groups yield 
a picture of  two, perhaps only one, sequences of  action. We cannot conclude 
that these were conceptually discrete constellations because the groupings 
result from the fortunes of  refitting rather than the internally coherent steps of  
Marjorie’s core reduction. Nevertheless, the groupings are not entirely mute. 
They do appear to have been linked to a local goal in the reduction procedure, 
the reduction of  the “break surface.” The knapping actions—platform prepara-
tion (e.g., crushing), striking thinning flakes, and striking finishing flakes—were 
directed to solve the knapping problem of  the break surface (produced, Austin 
and colleagues [1999] believe, by end shock, a common problem at Boxgrove). 
These actions constitute a specific solution to one problem that emerged during 
the knapping of  the biface, which was part of  an overarching goal of  biface and 
flake production.

How does this episode differ from Marjorie’s core? First, the Boxgrove knap-
per had two goals operating in parallel—a handaxe and useable flakes (more on 
this later). Second, there was a hierarchy in the reduction task. Fixing the break 
surface was a set of  knapping actions tied to a local goal, which was subsumed 
under the more inclusive goal of  handaxe and flake production. But even though 
hierarchical in this sense, the whole enterprise was just not as tightly organized as 
Marjorie’s core. The steps, to the degree that there were steps, were determined 
by local problems as they developed. The procedure was flexible in responding 
to problems but appears not to have been integrated into a set sequence of  sub-
routines, as Marjorie’s core most certainly was. Moreover, the Boxgrove knap-
per did a lot of  knapping—thousands of  blows apparently—in order to acquire 
a handaxe and a few flakes. This suggests a lot of  ad hoc knapping in order to 
get to a recognizable result. The Marjorie’s core knapper, on the other hand, 
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was more deliberate, placing almost every blow to achieve maximum effect in 
completing the subroutine.

Expertise was certainly in play at Boxgrove, but it is not quite as impres-
sive as that necessary for Marjorie’s core. From the perspective of  LTWM, the 
retrieval structure deployed for the handaxe is just not as complex as that under-
pinning Marjorie’s core. Fewer specific cues were necessary and, perhaps more 
important, they were not organized into as many routines and subroutines. 
Cognitively, this simply means that the Boxgrove retrieval structure had fewer 
elements, took up less LTM, and took less time to learn than that of  Marjorie’s 
core. Our intent here is not to disparage biface façonnage or to imply that all 
biface façonnage was uniformly simple in a cognitive sense. Clearly, there were 
numerous technical developments over the temporal course of  Acheulian façon-
nage—introduction of  soft hammers, edge-preparation techniques that enabled 
invasive thinning flakes, and tranchet sharpening, to name just a few—all of  
which enabled flexibility and greater control over the final products. Many of  
these façonnage techniques came to play important roles in Levallois, which, as 
White and Ashton ( 2003) have noted, incorporates both façonnage and débitage 
elements. But we contend that even the finest biface façonnage falls short of  the 
organizational complexity exhibited by Marjorie’s core.

What about planning and working memory? It is here that our analysis 
yields a bit of  a surprise. The knapper of  Marjorie’s core used a retrieval struc-
ture that enabled planning actions further into the future than that of  biface 
reduction. This may have required a larger attention capacity than biface reduc-
tion, but it also possible that the retrieval structure itself  was powerful enough 
that close attention was not often necessary. The surprising bit comes from the 
Boxgrove knapper. Biface reduction did not consume all of  his or her working-
memory capacity. There was enough attention available to monitor the process 
for useable flakes. The knapper had to hold in mind two separate goals, and this 
is a true working-memory task. But wait. Might not the knapper simply have 
sorted through the debitage heap after completing the task? This is possible, but 
recall that the flakes were set to the side, suggesting that they were identified and 
moved as they were produced.

We are left with a slightly unexpected result. Yes, the Levallois retrieval 
structure was (and is) more complex than that of  biface reduction and required 
more resources of  long-term procedural memory. Moreover, deploying this 
retrieval structure required more working memory than simple biface reduc-
tion. So Gamble’s suspicions were on target. However, the biface knapper at 
Boxgrove was able to make a handaxe and look out for useable flakes at the same 
time. We have no evidence for a parallel procedure with Marjorie’s core.
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concLusIon

Our analysis of  Marjorie’s core and comparison to Boxgrove biface façonnage sup-
ports two conclusions. First, the cognitive style that psychologists term “exper-
tise” is easily able to encompass modern craft production such as blacksmithing, 
and also prehistoric craft production, including stone knapping. As a cognitive 
strategy, expertise is based on the ability to rapidly access well-learned patterns, 
knowledge, and procedures that have been stored in long-term memory over the 
course of  years’ practice. This style of  thinking is largely nonverbal. In modern 
craft production, verbal declarative knowledge is a component of  retrieval struc-
tures, but it is not central to, or perhaps even necessary for, expert performance. 
Verbal instruction may streamline learning, but it is not necessary for deploying 
the retrieval structures themselves. Here is a style of  thinking that is responsible 
for many of  our most impressive modern accomplishments, but it is not depen-
dent on language.

Second, the power of  expert retrieval structures has evolved over the course 
of  hominin evolution. The knapper of  Marjorie’s core deployed a retrieval struc-
ture that was more complex, with greater inherent flexibility, than that demon-
strated by the Boxgrove knapper. If  this contrast is typical, then something had 
evolved in the 300,000 years separating the two events. It could have been some-
thing as simple as long-term-memory capacity (for retaining a larger number of  
alternative routines) or could have related to speed of  access, or even working-
memory capacity (amount of  information held in attention and processed). But 
the style of  thinking had not itself  changed. Indeed it is with us still and remains 
an important element of  modern cognition.

Could the cognitive model of  expertise and retrieval structures in particu-
lar provide the basis for a more general approach to evaluating and comparing 
Paleolithic technical performances? In principle the answer is clearly yes; but 
there are serious practical roadblocks. There is, for example, no uniform, gener-
ally agreed-upon technique for describing and/or quantifying chaînes opératoires. 
Without such a standard vehicle, every attempt at comparison must begin with 
a redescription of  each example. Recently, Miriam Haidle (2009) developed a 
standard vehicle she terms a “cognigram” and has used it to compare the tool 
use of  nonhumans and early hominins. It is a promising start, but it will only be 
effective if  other archaeologists are willing to use it. Until then, cognitive com-
parisons will be limited to a few cases at a time. But even such limited compari-
sons could begin to contrast the retrieval structures deployed in stone knapping 
at a variety of  points in hominin evolution.
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