CHAPTER FOUR

A functional framework to grasp goal-directed
behavior: Stone knapping, a good paradigm of
human behavior

Blandine Bril!

Abstract

Based on an extensive review of 25 years of experiments on stone knapping and,
more specifically, on the percussive activity involved, we argue that a functional
framework warrants a better understanding of goal-directed action and stone
knapping in particular. Based on a clear differentiation between the technique
that refers to the physical mode of action on matter, and the method that refers to
how the technique is used and is characterized by the spatial and temporal
organization of different flaking actions, we show the necessity to develop a
detailed description of the flaking behavior. The emphasis put on cognition has
obscured the complexity of flaking action and, more specifically, percussive
action. Based on a bottom-up perspective rooted in an ecological-dynamic
framework that takes the task constraints—i.e., the conchoidal fracture mechan-
ics—as its starting point, we show that knapping skill is grounded in the finely
tuned capacity to produce the right kinetic energy required for the detachment of
the desired flake, which takes years to master. Further, we show that, due to the
great number of degrees of freedom of the human body, the movements per-
formed are unique to each person. These results emphasize the critical role of the
mastery of the technique and are fundamental to understanding the acquisition
process of knapping skills.

PART I. DEFINING THE PROBLEM

Acting in everyday life presupposes the capacity to perform goal-
directed actions—i.e., the faculty to produce conclusive behavioral
sequences that bring the actor nearer to the objective. A distinction is
consequently called for between the intentional aspect of the action—i.e.,
the goal to be achieved—and its operational aspect—i.e., the manner in
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which the goal is achieved. In this context, the following questions are
addressed: How to bridge the gap between the idea “I want to do a certain
thing” and the behavior that will allow such realization? What are the
prerequisites to succeed—i.e., what skill and “knowledge” must have
been acquired to ultimately attain the goal? What does “understanding”
behavior mean?

To illustrate these issues, let's start by imagining diferent people
engaged in everyday life activities:

“This morning the sky is clear and I decide to go for a walk, but first
I want to drink a glass of water. In the apartment next to mine,
Johanna plays the violin. Not far away in the dance school, Kim
learns the pivot-turn. In the town of Khambhat (India), Hussein is
knapping cylindrical cornelian beads, and a few kilometers further,
Prabin throws large pots. In East Africa about 1.7 Myr ago, our
ancestors knapped the first handaxes.”

Taken from among an almost infinite number of everyday life activ-
ities, what do these examples tell us about purposeful behavior (whether
they are performed daily or occasionally, and whether they look “quite
common” and “simple” or more elaborated and complex)?

When looking at a person performing any of these tasks, how do we
explain the processes that take place as the desire/intention to reach a
goal gives rise to the achievement of a sequence of adapted (in the case of
success) actions? The examples above, which may or not involve a tool,
imply a sequence of connected actions involving the body moving in
space and time. In this context, how do we explain the production of pur-
poseful behavior? To answer this question a clear description of the goal
is needed to decode and interpret the behavioral sequence the actor is
engaged in to be able to reach that goal. That is the purpose of this paper.

Focusing on complex real-life activities such as those described ear-
lier, and more specifically on stone knapping, this paper sets out to show
how a functional definition of the task to be achieved offers a comprehen-
sive understanding of behavior and, consequently, an in-depth compre-
hension of the learning process.

The challenge of task definition

When I decide to go for a walk, to take a glass of water, to play the violin,
to perform a pivot turn, or to knap a cornelian bead or a hand-axe, I will,
of course, achieve a sequence of organized body movements. But is that
my goal? Obviously not. In the case of walking, my goal is to go from
one place to another—i.e., moving my body ahead by means of a succes-
sion of steps that alternate single and double support phases. When I take
a glass of water, | want to move the glass to my mouth/lips so that I can
drink. Similarly, when playing the violin, Johanna’s purpose is to pro-
duce a fine melody through the vibration of the strings. The same applies
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to Kim when dancing a tour pivot: although the precisely coded move-
ment may be regarded as the focus of the dance, the aim/purpose is to
make the body turn along the vertical axis. Finally, the goal of the potter
is to convert a lump of clay into a specific shape, and in a similar way,
the knapper’s goal is to transform a piece of rock by taking off a succes-
sion of flakes. However, these are all just descriptions of behavior; they
do not explain how and why the actor succeeds in reaching the goal.

What is common to all these examples is that, whatever the task to be
achieved, what causes the fulfillment of the goal is the production of
forces. Each of these tasks involves the movement of different elements
in play, including the actor’s body. Thus, at the level of the task and, by
definition, the setting into motion of these different elements requires the
production of forces specific to the task to be performed. It is because the
walker produces feedforward forces that the body moves ahead. To suc-
ceed in bringing the glass toward their mouth, the drinker needs to apply
a friction force on the glass of water simultaneous to a tension force for
moving up the glass. To produce a sound, the violinist needs to cause the
strings to vibrate through the movements of the bow; this sequence of
movements is characterized by a cycle of stick and slip that involves both
static (sticking) and kinetic friction (sliding) forces as the bow and the
string come into contact with each other (Rasamimanana 2008). A pivot
turn is characterized by the production of an angular momentum, result-
ing in the production of a turning motion of the body around the vertical
axis (Laws 1979; Shim 2016). When considering wheel-thrown pottery,
the transformation of a lump of clay into a pot depends on the combined
actions of manual pressure and the kinetic energy of rotation (Gandon et
al. 2016). Finally, whether it is the Indian craftsman knapping a cornelian
bead or the prehistoric (or modern) knapper knapping a hand-axe, the
bead or the axe will take shape thanks to a succession of percussions
(elastic blows) that depend on the production of a given amount of
kinetic energy at contact (between the hammer and the stone) (Bril et al.
2010).

Although different from each other, these examples have one thing in
common: To succeed, the actor must produce forces that are precisely
suited to the task although the immediate circumstances may impact the
actual behavior of the actor. Of course, the actor will not express their
behavior in terms of production of forces, and it is indisputable that the
whole body sustains the production of these forces thanks to its overall
movements. In this context, what are the functional parameters the actor
has to regulate to produce and control these forces by means of body
movements? If we go back to the examples above, to walk from one
place to another, the walker must produce feedforward forces, which are
created owing to the continuous alternation and control in the increase
and decrease of the distance/span between the center of pressure and the
center of mass (Brenicre et al. 1987; Bril et al. 2015). In the case of the
violinist, the essential principles relating to the production of sound can
be summarized by the relationship between speed and pressure of the

WORDS, BONES, GENES, TOOLS: DFG CENTER FOR ADVANCED STUDIES

75



76

Bril

bow on the string (Rasamimanana 2008); below or beyond certain ratios
between these two variables, the string cannot be set in vibration. To
adjust the centrifugal forces the potter has to control the throwing speed
of the wheel through movements that will depend on the type of wheel
(electric wheel, fly-wheel, or kick-wheel) (Gandon et al. 2013). To initi-
ate a pivot turn, the dancer must exert a torque on the floor resulting in
the production of a turning motion of the body; the speed of the turn
depends in part on both the amount of friction with the ground, which is
controlled through the vertical impulse prior to the rotation, and the vari-
ation of inertia of the body that increases or reduces the angular momen-
tum (Dietrich 2016; Laws 1979; Shim 2016). Let us now consider the
percussive action required to produce a flake according to the conchoidal
fracture: The fracture develops only if the blow is energetic enough and
the amount of energy required is contingent upon the characteristics of
the desired flake (Bril et al. 2010, 2012; Nonaka et al. 2010).

The intention of this long introduction on real-life examples of pur-
poseful actions is to point out the difficulty in describing goal-directed
actions in order to understand what (motor) skills mean. We will address
later on through an in-depth analysis of stone knapping that regardless of
the activity, different body movements allow the achievement of the
same goal. Hence, following N. Bernstein (Bernstein 1967, 1996), we
consider that it is not the movement per se that is the focus of the actor,
but the assessment of how to satisfy the functional constraints of the task
(Newell 1986; Bril et al. 2015). This critical point will be expanded in the
second part of this paper.

What framework can we use to decode and explain goal-directed
behavior?

To explain the transformation of an intention into a concrete episode of
instrumental actions directed toward a goal, it is common among cogni-
tive scientists to attribute behavior to an intelligent “executive function
module” or executive control mechanisms (Doebel 2020; Pargeter et al.
2019; Wynn and Coolidge 2017). This theoretical framework ascribes the
emergence of a coherent and well-ordered succession of actions, postures
and movements to (1) some sort of mental representations, motor sche-
mas, motor programs, motor procedures (Coolidge and Wynn 2005;
Marchand 2010; Pacherie 2018; Pastra and Aloimonos 2012; Pelegrin
2005; Wynn and Coolidge 2004; among others), and to (2) action plans,
motor planning, and prospective planning (Pacherie 2018; Pelegrin 2005;
Putt et al. 2017; Stout and Chaminade 2012; Uomini and Meyer 2013).
This prescriptive approach stipulates that the observed behavior is the
result of internal models in which a principal role is attributed to a control
process that is implemented in the brain. Intention triggers are supposed
to activate the appropriate motor representation and planning depending
on the situation, guiding and controlling the execution of the sequences
of movements.
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For a few decades, the development of neurosciences has enforced
the belief that studying the brain will provide the keys for understanding
behavior. Hence, a large number of studies focus on brain activity, con-
sidering that a better understanding of how the brain works can better
explain behavior. Tool use behavior, for example, is associated with the
existence of specifically assigned regions in the brain’s left hemisphere
(Johnson-Frey 2004; Johnson-Frey et al. 2005; Orban and Caruana 2014;
Ramayya et al. 2010; Stout and Khreisheh 2015; van Elk et al. 2014;
among others). Within this neurocognitive framework, it is explicit that a
causal link prevails between brain and behavior, as in Johnson-Frey’s
unambiguous statement: “behaviors associated with complex tool use
arise from functionally specialized networks (in the brain) involving tem-
poral, parietal and frontal areas within the left cerebral hemisphere”
(2004: 71).

However, back in real-life, the puzzle stands: How to bridge the gap
between internal representations—i.e., brain activity—and overt beha-
vior, a ‘miracle’, to allude use Kunde’s terms (2001) although this
miracle is often taken for granted. But how can an “abstract representa-
tion”—regardless of its nature—be translated into the actual motor beha-
vior? Furthermore, how can the activation of a specialized network in the
brain give rise to a sequence of organized and efficient actions? What
could be the exact role and function of this network regarding the for-real
and tangible behaviors?

In the different examples above, what would constitute an internal
model? A motor command or a motor program? What would be their
functions? How would they be “selected”? Would they be essential to the
performance of an action, and the guiding and control of its execution? A
few years ago, J. J. Summers and J. G. Anson (2009) published an in-
depth review about the notion of “motor program” and concluded that,
although the concept is controversial, no one really knows what it is, non-
etheless, everyone still uses it. In their detailed discussion, the authors
showed that there is no consensus on what a program is, what a motor
representation is, what they contain and how and where they were
created. Consequently, it is legitimate to ask whether this notion should
not be seen as merely metaphorical with no great explanatory power.

Indeed, the implicit assumptions behind the neuroscience model is
that a detailed description of how the brain works will bring an answer to
how behavior is generated. Correspondingly, this approach requires
breaking the brain into the smallest cause-effect components as a neces-
sary condition to understand a larger framework of the brain. Now, is it
possible to understand the behavior of a system from its lower-level
properties by only looking at lower-level properties? In a recent paper
Krakauer and colleagues (2017: 481) provide an extremely clear answer:
“Relaying solely on a collection of neural data, with behavior incorpo-
rated as an afterthought (and typically over-constrained) will not lead
meaningful answers”. If the goal of neuroscience is to explain behavior,
and not only to understand how the brain works, these authors consider
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that “the neural basis of behavior cannot be properly characterized with-
out first allowing for independent detailed study of the behavior itself”'
(Krakauer et al. 2017: 488). In other words, to understand the relation-
ship between behavior A (the brain) and behavior B (actual behavior of a
person or animal), it is absolutely necessary to study both with equal
details. But the literature shows that while the development of neuro-
science is skyrocketing, behavioral research still lacks in-depth develop-
ment (Krakauer et al. 2017).

The present paper is framed in light of these observations. Our aim is
to provide a theoretical framework for describing goal-directed behavior
in order to better understand what is meant by expertise and learning.
Indeed, too often action is equated with movement; movements being
considered as the building blocks of action. We consider here that it is
important not to confuse these two notions. Based on N. Bernstein
research on the physiology of movement (1967, 1996), we consider that
functional actions are primary, while control of movements and postures
are secondary. Movements are not the building blocks of action; instead,
the control of movements is one of the results of the development of
action, (Bernstein 1996; Reed and Bril 1996). Indeed, Bernstein states
the following: the control that guides the movement “cares only about
how the movement fits the external, alien space outside the body. It does
not care much about the biomechanical side of the movement, how joint
angles will change [...]. It knows one thing: there is enough degrees of
freedom in an arm to place the wrist into any point of accessible space
and by many paths. It is none of its business how joint angles actually
group to reach the goal” (1996: 138). The end of a movement is not the
movement per se, but the goal it allows to reach; movements exist to
serve the purpose of the task. The crux of motor skill is not to learn to
move the body, but to solve motor problems (Bernstein 1996: 146, 181).
The detailed analysis of stone knapping developed in the next part of this
paper will emphasize this theoretical point of view.

A functional perspective rooted in an Ecological-dynamics framework

Adaptive behavior entails continuous interaction between the organism
and the environment (Chiel and Beer 1997; Heft 2001; Jarvilehto 1998,
2006; Reed 1996). The ecological-dynamical framework—the fusion of
ecological psychology and the dynamical system theory approach to the
study of human behavior (Renshaw and Davids 2014)—emphasizes this
point. From this perspective, understanding behavior cannot be reduced
to either cognitive or biomechanical capacities of the organism alone.
Adaptive behavior is an expression of the functional coupling between
the organism (as a whole) and the environment. Such a perspective is

' Ttalics are mine.
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based on the idea that the optimal unit of observation is that of one sys-
tem: the organism/environment system (Gibson 1979; Mace 1977; Reed
1996; Smitsman 1997; St Amant and Horton 2008). The behavior under-
lying the fulfilment of a goal-directed action is then best viewed as emer-
gent from the state of all the elements involved, and depends on the
history of each of these elements over a mechanism of self-organization
(Higgins 1985; Jarvilehto 2006; Newell 1996; Reed 1988; Thelen and
Smith 1996).

Referring to the constraints theory of K. Newell (Bingham 1988;
Newell 1986, 1996), we consider that the system under study (organ-
ism/environment) is grounded in three sources of constraints which com-
bine to provide the boundary conditions for carrying out an action: the
organism, the task at hand, and the environment (Newell 1996). The
organism encompasses the physiological, biomechanical, neurological,
cognitive, and even affective aspects of the organism, whether it is an
animal or a human. The task characteristics refer to its functional proper-
ties—i.e., what the actor has to do to successfully attain the goal. This
point will be discussed more thoroughly in the second part of this paper
through the specific case of stone knapping behavior. The environment
comprises the universal constraints experienced by the organism (such as
gravity or temperature), and more local characteristics (such as the avail-
ability of tools). Regardless of the domain of behavior being studied,
action is regarded as an emergent property of the interaction between
these three sets of constraints depending on ongoing conditions. Ongoing
internal conditions refer to the actual state of the organism—i.e., tired-
ness or the need to continue the activity over a long period of time. Exter-
nal factors refer to cultural or institutional constraints (Bril 2018). This
being said, any study about action control cannot be grasped if these dif-
ferent kinds of constraints, and the dynamics of their interaction, are not
at the heart of the analysis (Warren 2006).

How to deal with a sequence of purposeful actions in goal-directed beha-
vior? The different levels of goal-directed action

When engaged in a task, we have seen the necessity to differentiate the
goal—i.e., what to do—from the means—i.e., how to do it. To account
for the behavioral course of actions, it is usual to breakdown the temporal
sequence into smaller segments or units (Buchsbaum et al. 2015; Endress
and Wood 2011). To address the dynamics of the activity, three concepts
initially developed in anthropology and archaeology appear suitable to
fully describe and analyze the course of actions: the chaine opératoire,
the technique, and the method.

The chaine opératoire originated in Leroi-Gourhan’s work on
“material culture” (Leroi-Gourhan 1964). It provides a framework for a
systematic description of the processes involved in a technical activity. It
has been applied to a broad spectrum of craft past and present contexts. It
aims at describing the succession of phases involved in a technical pro-
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cess, mentioning actors and material, as well as the environmental and
the social context in which the process takes place (Cresswell 2010;
Lemonnier 1986).

The technique refers to the physical modalities according to which
the action is performed. In the case of lithic production, the technique
refers to the production of a conchoidal fracture that is initiated at a point,
which depends on the momentum delivered at the time of contact (Bril et
al. 2009, 2012; Dibble and Pelcin 1995; Pelegrin 2005). This applies irre-
spective of the knapping technique considered. Hence, the technigue cor-
responds to the minimal unit of functional action on the environment and
refers to the physical mode of action. It cannot be split into smaller func-
tional segments.

Finally, to reach the goal, a sequence of interrelated actions must be
carried out, involving one or more techniques; this sequence of actions to
produce the desired outcome is regarded as the method (Inizan et al.
1999). In other words, the method refers to how the technique(s) is/are
operated to reach the goal. /n fine, the course of actions when reaching a
goal can be described as the actualization of one or several techniques
depending on the method considered. As such, techniques and methods,
when operationalized, generate a potentially very large range of effective
behaviors. This point will be developed in more detail in the second part.

This perspective, which emphasizes the nature of action while focus-
ing on the goal, assumes the technique to be the crux of any goal-directed
action; the method, conveying its place in the whole process toward
reaching the goal. In other words, the method acts as a guide and is
regarded as the knowledge necessary to go through the different needed
subgoals.

Based on the case of stone knapping, the second part of this paper
presents a full instance of how to implement and practice this approach,
and debates its relevance for understanding expert behavior and, ulti-
mately, learning.

PART Il. FROM “GOAL” TO "ACTIONS” TO “MOVEMENTS": THE CASE
OF STONE KNAPPING

To illustrate the framework proposed here in order to better understand
goal-directed behavior, the following sections present a general view of
the results of two series of experiments completed over a period of more
than 25 years. A first series of field experiments were initiated almost
three decades ago in India and focused on knapping skills and learning in
different groups of craftsmen. The whole knapping process was recorded
and analyzed. At the time they were conducted, these experiments were
considered groundbreaking, as instrumented hammers as well as sensors
to record the movement of the hammer and the knappers’ upper limbs
were used. The results suggested that knapping skills are grounded in a
full mastery of the technique that takes years to acquire (Biryukova and
Bril 2008; Bril et al. 2005, 2012; Roux et al. 1995). These results
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launched a second set of experiments focusing more extensively on the
percussive action itself: the technique.

Although the two knapping techniques under study (indirect percus-
sion by counter blow with soft hammer and direct percussion with hard
hammer) are very different, we considered well founded the comparison
between the two to understand knapping behavior. Indeed, regardless of
the fechnique, what must be controlled are the parameters of the conchoi-
dal fracture, which are, in both cases, the same.

Cornelian bead knapping by Indian craftsmen

One of the few places? in the world where stone knapping is still prac-
ticed is in Khambhat, India, within the bead industry® (Roux 2000; Bril
et al. 2005); the technique used to make beads of different shapes being
an indirect percussion by counterblow (Pelegrin 1994, 2005; see Fig. 1).

The original aim of the work was to understand why it takes 10 years
to become a good knapper. More precisely, our ambition was to ten-
tatively disentangle the different dimensions of expertise—i.e., the
underlying abilities, the controlled factors, and the skills and knowledge.
With this aim in mind, we set up “field experimentations” that consisted
of (1) working with craftsmen in a situation as close as possible to their
everyday activity, and (2) using recording devices as similar as possible
to those in a laboratory setting. Field experiments provide the opportu-
nity to work on real life behaviors with maximum control. They allow for
analysis of parameters usually studied in laboratory experimental situ-
ations.*

Craftsmen of different levels of expertise participated in the experi-
ments. With bead knapping being a two-step process, the experiments
focused on each of these stages—i.e., from the raw material to the rough-
out and from the roughout to the preform. The objective of the initial
experiments was to work on the knowledge of the method in relation to
the features of the end product—i.e., roughout or preform—as well as the
characteristics of the stroke (the percussion)—i.e., the mastering of the
technique. With regard to the first stage of knapping a bead—i.e., from
cobble to roughout— craftsmen of different levels of expertise had to
produce two types of roughouts from selected pebbles. The entire man-
ufacturing process of each bead was videorecorded (Roux and David
2005). A detailed analysis of the course of actions, namely, the succes-

2 For modern humans practicing stone knapping, see: Stout D. 2002. Skill and
cognition in stone tool production: an ethnographic case study from Irian Jaya.
Current Anthropology 45(3): 693-722.

3 Bead knapping is a male-only activity. Young women and children work on
small leftover pieces from knappers to make small irregular ones by splitting
them up.

4 The results of these experiments are shown in the following papers: Biryukova
and Bril 2008; Biryukova et al. 2015; Bril et al. 2005, 2010; Nonaka and Bril
2012, 2014; Roux 2000; Roux et al. 1995.
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Fig. 1.

lllustration of the relationship
between technique and
method in the making of an
ellipsoidal shaped cornelian
bead (Khambhat, India)
(adapted with permission from
figures 4.1, 4.2 and 4.3 of Bril et
al. 2005).
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The TECHNIQUE refers to the
physical mode of action:

In Khambhat the flaking technique is
an “Indirect percussion by counter
blow” with a soft hammer and entails
a striking action

Ellipsoid bead

{-»w - ™=

Roughout

Preform

1. Calibration of the crest

final shaping of the crest by
transverse removal

The METHOD refers to:
2. End preparation

preparation of micro-platforms
or axial removing

e How the TECHNIQUE is used
to produce a product of a

specific shape 3. Crest fluting

e The spatial and temporal
organisation of different
flaking actions

4. Axial removing

5. Reduction of the
residual crest
very short transversal flakes

6. End finishing

short axial removals

sion of actions carried out with regard to the goal to be reached, was per-
formed>. A second set of experiments dealt with the relationship between
the mastery of the fechnique and that of the method, allowing a simulta-
neous analysis of the course of actions (the method), the percussive
movements (the fechnique), and the resulting product (the bead). Crafts-
men were asked to knap different preforms from roughouts of different
shapes and different raw materials (cornelian and glass), with different
hammers. The knapping sequences were also videorecorded: the hammer

5 To this end the sequences of actions were described and coded owing to com-
puter software used in ergonomics for behavioral time series analysis (for more
details, see Roux and David 2005, Bril et al. 2000, 2005).
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head movement was recorded with an accelerometer, while the arm
movement was recorded with electromagnetic devices (Biryukova and
Bril 2008, 2016; Bril et al. 2000, 2005; Roux et al. 1995).

In both sets of experiments, the analysis of the course of actions very
seldom disclosed any errors in the sequencing of the subgoals, regardless
of the level of expertise of the craftsmen, which means that they all
“knew” the methods. On the other hand, a look at the pieces immediately
revealed their difference in skills (Bril et al. 2005; Roux and David 2005;
Roux et al. 1995). All the craftsmen could produce a coherent “plan of
actions”—i.e., they had a good awareness of the method (Roux and
David 2005; Roux et al. 1995). Variance emerged at the level of the
removing of flakes—i.e., at the level of the technique. For almost all the
craftsmen, the methods appeared as guidelines for acting. However,
depending on the skill level, flaking mistakes, although rare among
experts, were dealt with differently. After a failed removal, an expert
would produce a rejuvenation operation, whereas a less expert craftsman
would keep repeating the same flaw; the former would, thus, positively
modify the situation, contrary to the latter.

In other words, the results obtained showed that the methods corre-
spond to memorized master plans, which constitute a guide toward the
goal. While pre-existing the action, the knowledge of the method is in no
way sufficient for the craftsman to act effectively. It is possible to know
the method and be unable to implement it if the percussive action (fech-
nique) is not well mastered.

The other important result of these experiments concerns the percus-
sive action itself and consequently the concomitant hammer and body
movements. The results showed that, irrespective of the level of expert-
ise, important differences in postural preferences and movement profiles
could be observed both on intraindividual and interindividual bases
(Biryukova and Bril 2008; Biryukova et al. 2005; Bril et al. 2005; Roux
et al. 1995). These results are of particular significance in explaining
expertise and, subsequently, learning. To address this issue in more
detail, new sets of experiments focusing on the percussive action (the
technique) were completed with experimental archaeologists of different
levels of expertise. In this new set of experiments, the technique under
study was direct percussion with a hard hammer.

The technigue: the key to expertise

As we have seen, a percussive task involves delivering a blow or a series
of blows over an object with another object, typically held in the hand.
This definition may be applied to any percussive activities. However, as
already mentioned, this is only a description of the behavior that gives no
explanation of why it is efficient. When working on goal-directed
actions, the aim is to better understand the relationship of the three
dimensions: What is the purpose of the action? What must be done? How
must it be done? (Bernstein 1996: 234). Consequently, it can be notewor-
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The WHAT refers to the
functional properties of the
task that have to be satisfied
through the actor behavior

FUNCTIONAL DEMAND OF THE TASK

e Kinetic energy at contact (%4mv2)

- Velocity at point of contact
- Mass of hammer

e Position of the point of impact

e Hammer head position and orientation
at contact (direction of the stroke relative to the

striking surface)

e Exterior angle

Fig. 2.

lllustration of the reciprocal
relation between the WHAT
and the HOW: (1) Hammer
movement that generates the
fracture (WHAT), that is, how
the functional demand of the
task is satisfied, (2) Kinematics
of the arm, which engender the
hammer strike movement
(HOW) (adapted with permis-
sion from a slide shown by

E. Biryukova, at the EHESS,

in October 2011).
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The HOW refers to the actual
motor activity that regulates
the movement of the hammer
to produce the righ velocity at
contact

BODY MOVEMENT
e Arm joint angles

e Bimanual coordination

thy to differentiate the WHAT of the action from the HOW (see Fig. 2).
The WHAT relates to the functional properties of the task that have to be
satisfied through the actor’s behavior; more precisely, it refers to the rela-
tionship between the hammer and the stone. The HOW refers to the
actual motor activity of the knapper that regulates the movement of the
hammer to produce the right velocity at contact; in other words, the
HOW looks at the body and arm kinematics in terms of posture, joint
angles variations, and bimanual coordination.

A set of experiments (Nonaka et al 2010; Rein et al. 2013, 2014; Parry
et al. 2014) was designed to better understand the relationship between
the WHAT and the HOW. In other words, the aim of these experiments
was to understand the relationship between the three dimensions of a
goal-directed action at the level of the technique: (1) the purpose (to take
off a flake characterized by specific shape and dimensions), (2) the
WHAT (to produce the right kinetic energy at contact) and (3) the HOW
(to perform a multijointed arm movement that will move the head of the
hammer in such a manner that it will produce the right amount of kinetic
energy at contact).

Being an expert means fine-tuning of the functional parameters
Based on the assumption that the expert is the one who is able to adap-
tively succeed regardless of the constraints on the knapping task (Bril et

al. 2000, 2005; Roux and David 2005; Roux et al. 1995), different experi-
ments explored the knappers’ flake production and movements per-
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formed in both free and constrained situations. Across experiments, in
which task constraints varied (mass of the hammer and size of the flake
to be removed), the results showed that, while all participants modified
their behavior, the success rate was systematically higher for experts,
with novices being hardly able to produce flakes of significantly different
sizes when instructed to (Bril et al. 2010). When the size of the flakes to
be produced was not imposed, experts produced flakes systematically
larger than those produced by participants with less experience (Bril et al.
2010; Nonaka et al. 2010). When using hammers of different masses,
only experts were able to hold constant kinetic energy for a given flake
size, a condition that enforces the adjustment of the velocity vector to the
demand of the task (Biryukova and Bril 2008; Bril et al. 2010).
Moreover, experts used consistently smaller kinetic energy, regardless of
the conditions (producing large or small flakes, using light or heavy
hammers). Since the kinetic energy produced by novices and intermedi-
ate knappers was systematically greater than that which was needed (up
to four times or even more for novices), this suggests that only experts
were aware of the existence of a threshold mechanism underlying con-
choidal fracturing (Bril et al. 2010). These results clearly suggest that the
degree of attunement of kinetic energy to the task demand can be seen as
a direct indicator of the knappers’ skill level.

These results confirm that when knappers were queried about the
flake they intended to produce®, only high-level experts were able to pro-
duce a flake close to what they predicted in terms of dimensions, length,
width, and position of the point of percussion. In addition—and this is
critical—only experts generated a value of kinetic energy correlated with
the dimensions of the predicted flake (Nonaka et al. 2010).

These results indicate that one reason why the outcome of the flaking
process does not always meet the desired goal is due to the inability to
produce a succession of flaking that meets the requirements of the pre-
dicted shape.

From action to movement

We have seen that in knapping, the velocity of the hammer has to be con-
trolled to produce the required kinetic energy in relation to the mass of
the hammer. As the functional parameters are imposed by the knapping
task, once the hammer mass has been chosen, its velocity becomes the
ultimate functional parameter to be controlled. However, it may be regu-
lated through various strategies since, for a biological system, the effi-
ciency of a blow can be defined in terms of potential and kinetic energy.
The actor may rely on a large potential energy that corresponds to a wide

¢ Knappers were first instructed to draw on the core with a marker the outline of
the flake they intended to detach, and then to detach the flake as predicted
through direct percussion with a hammerstone.
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range of the vertical component of the trajectory of the hammer. On the
other hand, to reach the same velocity, a small amplitude of the trajectory
will require additional muscular energy. Indeed, due to the great number
of degrees of freedom of the human body, there is an infinite number of
ways to produce a given value of kinetic energy. Hence a greater flexibil-
ity can be achieved by concurrently changing the trajectory of the
hammer, the amplitude of the movement and the muscular force. This
explains why large variations in movement are observed both within and
between individuals.

The observed variability of strategy in body movements is sustained
by the multiple degrees of freedom of the body at the level of joints and
muscles (Bernstein 1996; Biryukova and Bril 2002; Latash 2012).
Indeed, important differences are observed in postural preference and
movement profiles both on intraindividual and interindividual bases
(Biryukova and Bril 2008; Biryukova et al. 2015; Parry et al. 2014; Rein
et al. 2014). For example, when examining a strike (a percussive move-
ment), the initial and final arm positions, as well as the range of motion of
joint angles of the wrist and the elbow, vary from one individual to
another, again, irrespective of the level of expertise. These results support
the hypothesis of individual motor solution to a common motor problem
(Rein et al. 2014); each individual builds up favored personal motor pat-
terns depending on the individual experience and anatomical configura-
tion.

If no clear-cut difference of movement kinematics explains the recog-
nized level of expertise, what characterizes skilled movement in stone
knapping? What element in the knapper’s movement makes the differ-
ence? An analysis of the relationship between the hammer movement and
the kinematic chain of the arm makes it possible to study the arm move-
ment strategy (dynamics of the joints movements) in relation to the
movement of the hammer (functional parameters) (see Scholz and
Shoner 1999)7. 1t is then possible to differentiate in the distinctive joint
movements those that detrimentally affect the movement of the hammer
(task performance)—i.e., the components that alter the performance, the
“bad” variations—from the joint movements that have no influence on
the hammer movement—i.e., those that do not affect the functional tra-
jectory of the hammer, the “good” variations. In other words, this kind of
computation studies the kinematic chain (of the arm) in terms of the con-
tribution of the joints that produce, or not, a deviation of stroke execution
from functionality. This method has been applied to both knapping tech-
niques (indirect percussion by counterblow and direct percussion) and
shows that for both cases, regardless of the skill level, the fluctuation of
the arm joint configuration that leaves the performance constant—i.e.,
that does not affect the position of the hammer—is greater than the fluc-

7 Uncontrolled manifold (UCM) analysis (see Scholz and Schoner 1999).
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tuations that affect the position of the hammer. Furthermore, for both
techniques, expert knappers display significantly smaller variability
(good and bad) than less skilled knappers (Biryukova et al. 2015; Rein et
al. 2013).

Thus, while movement kinematics of the arm appears to be specific to
each individual knapper, optimizing the trajectory of the hammer appears
to be an important performance variable in stone knapping skill.

Stone knapping, a bimanual activity

If percussive movement per se is a unimanual movement, the bimanual
nature of flaking is part of its complexity. Indeed, the control of the per-
cussive hand is unmistakably rooted in that of a bimanual system—i.e.,
each hand is engaged in qualitatively differentiated roles—while cooper-
ating with each other to achieve an overall goal (Nonaka and Bril 2012).
Addressing this question is important as the non-striking hand’s role—
the supporting hand—is not only used to stabilize the core, but also to
provide the appropriate relative orientation of the core so that the striking
location and angle of strike can be reached. An analysis of bimanual
activity has been performed for the technique of percussion by counter
blow in the production of carnelian beads, based on recurrent methods of
analysis®, with craftsmen of different levels making beads out of two dif-
ferent raw materials (carnelian and glass) (Nonaka and Bril 2012).
Evidence was found that the movements of the two hands were func-
tionally linked, reflecting the roles assumed by each hand. However, the
dynamics of bimanual movement exhibited more stable and determinis-
tic coupling with high level experts, although, at the same time, their
hammering arm movements showed greater variability in amplitude and
frequency (Biryukova and Bril 2008; Nonaka and Bril 2012). This appar-
ent inconsistency suggests that the observed deterministic structure of the
bimanual dynamics does not stem from the stereotypy of the hammering
arm movement. Furthermore, the bimanual coordination is embedded in
the context of the task function. In other words, more so for high level
experts, the dynamics of bimanual coordination reflect the functional
demands of the task—i.e., type of subgoal (see Fig. 1)—with the
dynamics of bimanual coordination being more stable and less noisy for
more demanding tasks (Nonaka and Bril 2012). In short, it can be
hypothesized that, although the two arms have quite different functions,
with increasing levels of skill they become more and more functionally
linked, thus, reducing the number of parameters to be controlled
(Biryukova and Bril 2008, Jéancke 2006).

8 A cross recurrence quantification analysis (Shockley 2012) was performed on the

time series data of the two hand movements for two different subgoals, neces-
sary for the fabrication of a bead of ellipsoidal shape.
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Fig. 3.

From action to movement in
the case of stone knapping.
With the exception of the exte-
rior platform angle, all the
parameters, in some way or
another, have to be controlled
in any percussive task. Only
movement parameters are
recorded and allow for compu-
tation of regulatory and control
parameters (adapted from Bril
2018; Bril et al. 2012).
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A functional model

A summary of the functional approach to the knapping technique
reviewed in the present paper is presented in Figure 3. This model is
grounded in the mechanical constraints of the conchoidal fracture. These
constraints are imposed on knapping behavior and prompt the knapper’s
behavior. In other words, the conchoidal fracture mechanics dictate the
behavior of the knapper, whether a human or a robot! Knapping skill or
flaking skill—more restrictively here as the technique is considered—
may be defined as the capacity to respond as satisfactorily as possible to
the goal the actor is engaged in, regardless of the conditions—i.e., pro-
ducing a flake with the desired characteristics in terms of size, thickness,
raw material and environmental conditions—so as to fully participate in
the sequence of flaking defined by the overall goal of the knapper.

The knapping behavior is presented under the three levels discussed
earlier: (1) the functional or control parameters, (2) the parameters of
strategy, and (3) the movement parameters. While the functional or con-
trol parameters (the WHAT) are imposed by the task (the kind of flake to
be produced), the parameters of strategy of action and strategy of move-
ment (the HOW) vary importantly among knappers. From a methodolog-
ical point of view, it is important here to remember that only the motion
of material objects can be directly recorded. Hence, the different param-
eters defining the knapper’s motor behavior will be computed from the
recording of a few specific parts of the body and the tool (the hammer)
based on a model of the body. The chosen model of the body will depend
on the intended focus of the analysis; although being a biomechanical
issue, this has to be carefully considered (Biryukova et al. 2000; Hogan
1985).

While the present discussion is restricted to the motor behavior, it has
to be completed by an analysis of the different sensory means (visual,
proprioceptive, kinesthetic, tactile, and even vestibular), which are nec-
essary to inform the actor about the state of the whole system. Through-

Driven by task-mechanical constraints

Do ot depend on the actor Under the control of the actor Physical —
world environment
Functional Functional Regulatory Movement Experiments
constraints control arameters arameters
parameters P | P Recordings of ook
¢ markers’ \ Physical
Kinetic energy “ P - Potential energy ¢ Kinematics * aNEmen environment
Angle of blow X Velocity at impact Trajectory
Point of percussion Muscular effort Eyes Training
(exernal angle) mouvement Experience
|\ g A J
WHAT? How?

Inter-individual and cultural variations
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out his work, Bernstein (1967, 1996) continuously refers to the impor-
tance of sensory information, necessary to insure the control of motor
action—this issue falls beyond the present discussion and needs further
development. However, this functional model offers an efficient way to
describe goal-directed behavior by differentiating behavioral organiza-
tional levels.

CONCLUSION: THE NEED TO DIFFERENTIATE TECHNIQUE FROM
METHOD FOR UNDERSTANDING STONE KNAPPING SKILLS

Reviewing a series of experimentations on stone knapping behavior
developed over 25 years, this paper reveals how a well-designed descrip-
tion of behavior, based on the functionality of action, supports a better
understanding of skilled goal-directed behavior. We argue here that dis-
tinguishing the functional constraints exclusive to the task and the multi-
ple potential ways to behaviorally satisfy these constraints allows for a
better understanding of knapping skills and learning. In other words,
once the goal is specified, these functional constraints are given and must
be fulfilled, as long as different ways to solve the task exist.

Indeed, in the knapping literature, a lack of “well developed models
of technical cognition” (Wynn and Coolidge 2017) or technical thinking
(Malafouris 2021) is often mentioned and unfolds in questionings such
as: “How do the knapper’s intention, perception and action relate?” or
“Where does the ‘thinking’ stop and the ‘flaking’ begin?” (Malafouris,
2021: 107-108). Assuming that these issues are relevant, I suggest that
these questions cannot be answered without a functional description of
the task. It is often assumed that “technical thinking” is based on various
cognitive components often referred to as haptic perception, spatial cog-
nition, long term or working memory, semantic knowledge, etc. (Wynn
and Coolidge 2017). Nevertheless, these are not specific to stone knap-
ping.

Most of the time, studies about stone knapping skills are based on the
distinction between the cognitive and the sensori-motor dimensions—the
emphasis being on the cognitive component (Pargeter et al. 2020). This is
especially noticeable when considering the long-accepted distinction
between “abstract knowledge” (connaissance) and practical know-how
(savoir-faire), introduced long ago by J. Pelegrin (1991, 2005)—with the
sensori-motor component receiving much less interest, being often con-
sidered a “biomechanical question”, a quite basic action involving little
cognition. However, quite recently, Pargeter et al. (2020) restated the
importance of understanding motor coordination and control over knap-
ping.

Indeed, the missing part of most studies could well be the absence of
in-depth descriptions of what knapping is and, more specifically, what
flaking stands for. Whereas the mechanical principles of the conchoidal
fracture have been well defined (Dibble 1997; Dibble et al. 1995; Li et al.
2022; Pelegrin 2005), the knapping activity in terms of “behavior” has
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not been considered in depth. In particular, the manner in which the
knapper handles the mechanical properties of the conchoidal fracture
needs to be addressed in greater depth (Li et al. 2022).

In this review, I hope to have substantiated the benefit to clearly dif-
ferentiate the method from the technique. The technique, referring to the
physical modalities of the production of a flake, appears as the minimal
unit of action. While it is usually accepted that “Oldowan-level flaking
proficiency can be achieved by modern knappers within just a few hours
of practice” (Pargeter et al. 2020: 4), the results discussed in this review
show that a task such as flaking, usually presented as simple and unelabo-
rated, is of substantial complexity. A fine mastery of flaking requires
years of practice, which turns out to be the prerequisite for successful
implementation of the method.

Our approach to goal-directed action may be qualified as “bottom up”
as opposed to the long lasting “top-down” mainstream view, which
attributes the brain as the major controller of action (Biryukova and
Sirotkina 2020). It is assumed that the mechanical requirements neces-
sary to produce a conchoidal fracture impose on the actor the production
of the adequate quantity of energy (kinetic energy at contact) that yields a
well-defined flake. On the basis of these assumptions, it is assumed that
what has to be learned is not a movement but the capacity to finely tune
this kinetic energy, that is, to rightly choose the weight of the hammer
and produce the right velocity vector at the point of impact of the hammer
on the stone.

Due to the huge number of degrees of freedom of the human organ-
ism (Bernstein 1967, 1996; Latash 2012), understanding behavior is no
easy task. Indeed, many ways are possible to reach a goal. The present
review has shown that this is the case at the behavioral level, the move-
ment being specific to each knapper. Furthermore, as Krakauer and col-
leagues stress in their paper titled “Neuroscience needs behavior” (2017),
this is the case as well when considering the neural level where multiple
possible patterns of activity may engender a single natural behavior. Con-
versely, a single pattern of brain activity can map with multiple natural
behaviors. In a similar way, resulting movements can be achieved by dif-
ferent muscle coordination patterns (Bernstein 1967).

As underlined by Krakauer and colleagues in their plea to enlarge in-
depth studies of behavior, “the neural basis of behavior cannot be prop-
erly characterized without first allowing for independent detailed study
of the behavior itself” (2017: 488). I hope that the studies on stone knap-
ping reviewed here provide a good illustration of the critical importance
of developing conceptual frameworks based on “bottom-up” models
(Biryukova and Sirotkina 2020) for understanding complex real-life
behavior.
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