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This paper proposes a model of the cognitive mechanisms underlying the
transition to behavioural and cognitive modernity in the Upper Palaeolithic
using autocatalytic networks. These networks have been used to model
life’s origins. More recently, they have been applied to the emergence of
cognitivestructure capable of undergoing cultural evolution. Mental represen-
tations of knowledge and experiences play the role of catalytic molecules, the
interactions among them (e.g. the forging of new associations or affordances)
play the role of reactions, and thought processes are modelled as chains of
these interactions. We posit that one or more genetic mutations may have
allowed thought to be spontaneously tailored to the situation by modulating
the degree of (i) divergence (versus convergence), (ii) abstractness (versus con-
creteness), and (iii) context specificity. This culminated in persistent, unified
autocatalytic semantic networks that bridged previously compartmentalized
knowledge and experience. We explain the model using one of the
oldest-known uncontested examples of figurative art: the carving of the
Hohlenstein—-Stadel Léwenmensch, or lion man. The approach keeps track
of where in a cultural lineage each innovation appears, and models cumulat-
ive change step by step. It paves the way for a broad scientific framework for
the origins of both biological and cultural evolutionary processes.
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How did we become distinctively human? What enabled us to develop imagin-
ation, ingenuity and complex belief systems? These questions are central to
understanding who we are, how we got here and where we are headed. Behav-
ioural and cognitive modernity are thought to have come about between
100 000 and 30 000 years ago, as evidenced by the proliferation in cultural arte-
facts of both utilitarian and aesthetic value. (Although some researchers argue
that the onset of behavioural modernity was less pronounced than once
thought [1-3], and the concept of behavioural modernity itself has been
called into question [4], this paper does not delve into these discussions so as
to focus squarely on the task of modelling the cognitive changes underlying
this cultural transition.) Some attribute this transition to an enhanced ability
to process social information [5,6]. Cognitive explanations have been proposed;
for example, it has been attributed to the onset of conceptual fluidity [7], dual
modes of information processing [8,9] or enhanced working memory [10]. We
suggest that each of these proposals holds merit and that they are not mutually
exclusive, but reflect the onset of a new kind of semantic network structure,
which is modelled here.

Although evidence of human culture dates back millions of years, behav-
ioural—cognitive modernity is associated with the transition to cultural
change that is not just adaptive (new innovations that yield some benefit for
their bearers tend to predominate) but also cumulative (later innovations
build on earlier ones) and open-ended (the space of possible innovations is
not finite, since each innovation can give rise to spin-offs). In other words,

© 2020 The Author(s) Published by the Royal Society. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2020.0545&domain=pdf&date_stamp=2020-10-28
mailto:liane.gabora@ubc.ca
http://orcid.org/
http://orcid.org/0000-0002-0382-7711

Downloaded from https://royal societypublishing.org/ on 08 April 2021

culture became anevolutionaryprocess [11-18]. By culture, we
mean extrasomatic adaptations, including behaviour and
artefacts, that are socially rather than genetically transmitted.
Although cultural transmissior—in which one individual
acquires elements of culture from another—is observed in
many species, cultural evolutionis much rarer, and perhaps
unique to our species?

Critical to cultural evolution is the capacity to combine
ideas, adapt existing solutions to new situations and reframe
information in one's own terms.2 This paper uses network
theory to address how this capacity arose. Networks allow
for a comprehensive understanding of the dynamics of com-
plex entities and their relationships [21]. Network-based
approaches to characterizing the kind of cognitive structure
that could sustain cultural evolution enable us to address
the question of how minds carry out the contextual, combina-
torial and hierarchically structured thought processes needed
to generate cumulative, adaptive and open-ended cultural
novelty [22,23]. Here, to capture the self-organizing, self-
maintaining and indeed self-replicating nature of human
cognition, rather than a generic semantic or neural network,
we use an autocatalytic network. Autocatalytic network
theory grew out of studies of the statistical properties of
random graphsconsisting of nodes randomly connected by
edges [24]. As the ratio of edges to nodes increases, the size
of the largest cluster increases and the probability of a
phase transition resulting in a single giant connected cluster
also increases. The recognition that connected graphs exhibit
phase transitions led to their application to efforts to develop
a formal model of the origin of life (OOL); namely, of how
abiogenic catalytic molecules crossed the threshold to the
kind of collectively self-sustaining, self-replicating structure
we call ‘alive’ [25,26]. In the application of graph theory to
the OOL, the nodes represent catalytic molecules and the
edges represent reactions. It is exceedingly improbable that
any catalytic molecule present in the primordial soup of
Earth’s early atmosphere catalysed its own formation. How-
ever, reactions generate new molecules that catalyse new
reactions, and as the variety of molecules increases, the var-
iety of reactions increases faster. As the ratio of reactions to
molecules increases, the probability increases that the
system will undergo a phase transition. When, for each mol-
ecule in a set, there is a catalytic pathway to its formation, the
set is said to be collectively autocatalytic and the process
by which this state is achieved has been referred to as
autocatalytic closurd26]. The molecules thereby become a
self-sustaining, self-replicating structure (i.e. a living protocell
[27]). Thus, the theory of autocatalytic networks has provided
a promising avenue for modelling the OOL and thereby
understanding how biological evolution began [28]. The
approach is consistent with claims for the centrality of
transitions across the life sciences [29].

Autocatalytic networks have been developed mathemat-
ically and generalized for cross-disciplinary application in
other settings in the theory of reflexively autocatalytic food
set generated (RAF) networks [30,31]. The termreflexivelyis
used in its mathematical sense, meaning that every element
is related to the whole. The term food setefers to the reactants
that are initially present, as opposed to those that are the pro-
ducts of catalytic reactions. RAFs have been used extensively
to model the origins of biological evolution [28,30-32]. Thus,
one strength of the approach is that by adapting a formalism
that has been used successfully to model one evolutionary

Table JApplication of graph theoretic concepts to the orifjggpf lif
and origin of culture (OOC).

node catalytic molecule mental
representation (MR)
edge reaction pathway association
cluster molecules MRs connected via
connected via associations
reactions

connected autocatalytic closuresonceptual closure [2Z}
graph [25,26]

process to model another, we pave the way for a broad con-
ceptual framework that can shed light on both [22,33]. This
is in keeping with the suggestion that autocatalytic networks
may hold the key to understanding the origins of any
evolutionary process, including the origin of culture
[15,22,3436]3 In application to culture, the products and
reactants are not catalytic molecules but culturally transmitta-
ble mental representatiofiSMRs) of experiences, ideas and
chunks of knowledge, as well as more complex mental
structures such as schemas and scripts (tables 1 and 2).

Another strength of the approach is that because it dis-
tinguishes reactants that are external in origin—in our case,
MRs that were acquired through social learning or individual
learning of existinginformation —from those that are the pro-
ducts of internal reactions—in our case, MRs that come about
through the creative generation of newinformation —MRs are
tagged with their source. This enables us to model how net-
works emerge and to trace cumulative change in cultural
lineages step by step.

In previous work, we used the RAF framework to model
what is arguably the earliest significant transition in the archae-
ological record: the transition from Oldowan to Acheulean tool
technology approximately 1.76 Ma [36,39]. We posited that this
was precipitated by the onset of the capacity for representational
redescriptio{RR), in which the contents of working memory are
recursively restructured by drawing upon similar or related
ideas, or through concept combination. This enabled the for-
ging of associations between MRs, and the emergence of
hierarchically structured concepts, making it possible to shift
between levels of abstraction as needed to carry out tasks com-
posed of multiple subgoals. This culminated in what is referred
to as a transient RAF, a critical step towards what has been
referred to as conceptual closui@4], characterized by the emer-
gence of persistent ‘autocatalytic’ cognitive structure. The
application of RAFs presented in this paper builds on that
work to model a pivotal cultural transition in human history
that has been referred to as the origins of art, science and reli-
gion [40]. We propose that behavioural and cognitive
modernity was brought about by the emergence of an autoca-
talytc semantic network. We first summarize the
archaeological evidence for a transition to behavioural moder-
nity in the Upper Palaeolithic. We then present our RAF
model of the underlying cognitive transition that brought it
about. Finally, we compare and contrast our proposal with
existing literature.
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Table 2Abbreviations used throughout this paper.

OOL origin of life

oocC origin of culture

MR mental representation

RR representational redescription

RAF flexively autocatalytic and food set generated
(F-generated)

CCP cognitive catalytic process

We begin with a brief summary of the evidence for a tran-
sition to behavioural and cognitive modernity in the Upper
Palaeolithic.> Although one can argue that the earliest stone
tools marked the onset of a‘proto’ form of cultural evolution,
following the initial appearance of the Acheulean hand axe,
the archaeological record exhibits considerable stasi$,
and—with the exception of a more sophisticated knapping
(Levallois) technique 200000400000 years age-little in
the way of creative embellishment or improvement [43].

This changed in the Aurignacian period of the Upper
Palaeolithic, at which point there is evidence of recognizably
human ways of living and thinking. The earliest evidence of
behavioural and cognitive modernity comes from Africa less
than 100 000 years ago, in sub-Himalayan Asia and Australa-
sia more than 50 000 years ago [44] and in Continental Europe
until approximately 30 000 years ago [45]. This evidence con-
sists of a proliferation of different complex, task-specific
tools including effective cutting blades [2,46]. It also marks
the appearance of representational art [4749], artefacts indi-
cating personal symbolic ornamentation [50], complex living
spaces [51], sophisticated ways of obtaining food, including
aquatic resources [52], and burial sites indicating ritual [53]
and possibly religion [54]. The Upper Palaeolithic is also
widely believed to have marked the onset of modern syntacti-
cally rich language [55] (though some argue that language
arose more gradually; see [56]). In short, this period witnessed
an unprecedented dramatic increase in the variety, utility and
aesthetic value of cultural outputs.

A celebrated example of Upper Palaeolithic art to which
we will devote considerable attention is the Lowenmensch
or ‘lion man’ figurine from the Hohlenstein —Stadel cave in
Germany (figure 1). This figurine, carbon dated to the Inter-
pleniglacial period between 35000 and 40000 years ago, is
one of the oldest-known zoomorphic (animal-shaped) sculp-
tures in the world, and one of the oldest-known examples of
figurative art. It measures 31.1 cm, and was carved out of
mammoth ivory using a flint stone knife.

The model of the transition to cognitive and behavioural
modernity in the Upper Palaeolithic developed here grew
out of the hypothesis that it was due to the onset of contextual
focus:the capacity to, in a spontaneous and ongoing manner,

Figure 1Sketch of the Lowenméioscmafigurine from the Hoh-

lensteiStadel cave in Germany. According to the UlIm Museum,
dating puts it at an age of8b@Myears. The hand indicates its re
tive size. (Obtained with permission from the artist, Cameron Si

shift between convergent and divergent modes of thought,
thereby tailoring one’s mode of thought to one’s situation
[23,57,58]. Focused attention is conducive to convergent
thoughtbecause the activation of neural cell assemblies is con-
strained enough to zero in on the most defining properties. In
this compact form, the contents of thought are more readily
amenable to deliberate executive-level operations. In conver-
gent thought, one can access onlyclose associatesthe current
thought: items that are highly related to it with respect to the
most conventional, default context. For example, FIG and
PLUM are close associates because they are both fruits, and
they are most commonly thought about with respect to
their membership in the category FRUIT.

By contrast, defocused attention is conducive todivergent
thought because it causes diffuse activation of neural cell
assemblies in memory, such that obscure (but potentially rel-
evant) properties come into play [34,58-60]. This is useful for
creative tasks, and when one is in need of a new approach or
innovative solution. Divergent thought may include more
details of the current subject of thought, or incorporate
related items; one is simply taking in more of the situation
and its associations. In divergent thought, one can access
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remote associategords or concepts that are not related to
each other with respect to their most conventional, default
context. Highly divergent thought may result in cross-

domain thinking, in which ideas from different domains are

combined, or a solution to a problem in one domain is
borrowed from another domain.

Although divergent thought is useful for escaping local
minima, it confers the risk of getting perpetually side-tracked,
whereby irrelevant thoughts readily intrude, interfering with
survival tasks. Unless the capacity for divergent thought is
accompanied by the ability to reign it in, it would be counter-
productive. Therefore, it seems likely that in the pre-modern
mind, before the advent of the capacity to shift along the
spectrum from convergent to divergent, all mental contents
were processed convergently, such that each successive
thought was a close associate of its predecessor, and remote
associates were not accessed.

Contextual focus came about through the onset of the
capacity to adjust the focus of attention to current constraints
and affordances, making it more focused or diffuse, as
needed, thereby stretching or shrinking conceptual space,
and tailoring working memory to task demands (or lack
thereof, as in mind wandering). Contextual focus made it
possible to shift between (i) convergent thought to modify
the content of working memory on the basis of close associ-
ates when that was sufficient and (ii) divergent thought to
usher in remote associates when'stuck in a rut’. The theory
that contextual focus can have a transformative impact on
cultural evolution was tested using an agent-based model
[23]. Incorporating the ability to shift between convergent
and divergent processing modes into neural network-based
agents in the agent-based model resulted in an increase in
the mean fitness of cultural outputs.

The model that follows builds on the hypothesis that be-
havioural modernity was due to the onset of contextual focus,
but goes further in positing that thought acquired the
capacity to shift along a multimodal spectrum through
spontaneous tuning of the following three variables.

The first variable is the capacity to shift between divergent
and convergent thought, as discussed above.

The second variable isdegree of abstractiol has been shown
that there is what is called a basic levebf abstraction (e.g.
BIRD, as opposed to ANIMAL or SPARROW) that mirrors
the correlational structure of properties in the object’s real-
world perception and use [61]. Categories form, and are
first learned and perceived, at this basic level, before they
are further discriminated at the subordinate level (e.g. SPAR-
ROW), and abstracted at the superordinate level (e.g.
ANIMAL). 7 Since basic-level categories contain the degree
of abstraction most useful for carrying out daily activities
[61], it seems reasonable that they precede other levels of
abstraction not just developmentally but evolutionarily. We
posit that the arrival of behavioural/cognitive modernity
involved onset of the capacity to shift along the hierarchy
from abstract to concrete, thereby identifying relatedness at
different hierarchical levels, and incorporating these distinc-
tions into one’'s mental model of the world. Abstraction
provides another means of connecting MRs, but instead of

forging a remote association between them, it makes explicit

that they are both instances of some more general MR (e.g.
LION and MAMMOTH are both instances of ANIMAL).
Thus, the second variable involves the capacity to shift
from basic-level categories to other levels of abstraction.

To generate ideas and solutions that are not just new but also
task-relevant may require thought that is not just divergent
but also context-specific [59]. Thus, the third variable is
context specificitythe degree to which thought is biased by
a specific motivating contextual factor such as a goal or
desire [62]. Divergent thought need not alwaysbe context-
specific (e.g. during mind-wandering or writing free verse).
However, context-specific divergent thought allows one to
access information that is related to the current contents of
working memory in ways that may be unconventional yet
precisely relevant to the current situation [63]. For example,
thinking of lions in the context of wishing for an inspirational
reminder of a lion’s power might prompt one to modify one 's
concept of a lion to incorporate the possibility of carving a
lion. This unusual context makes this remote yet feasible
relationship ‘pop out’.

The spectrum of thought is multimodal, where by a ‘mode’
we refer to a particular combination of these three variables
(e.g. divergent, abstract and context-specific). In short, we
posit that, by using this multimodal spectrum to modify
how one thought gives way to the next, cognitive processes
could be carried out more effectively. Moreover, the fruits
of one mode of thought could become ingredients for another
mode, thereby facilitating the forging of a richly integrated
network of understandings about the world and one ’s place
in it, sometimes referred to as aworldview [34,35]. This, we
posit, set the stage for behavioural modernity.®

Note that although we may be ‘wired for culture ' [64],
and the cognitive changes underlying this cultural transition
may have (directly or indirectly; see [42]) involved one or
more genetic mutations [10,41,57,65], we are not proposing
that control over these variables came online instantaneously,
nor that control over each of them arose simultaneously. The
challenge may have been not so much topossesthe capacity
to change these variables as tocoordinatethem so as to
continuously tune one’s mode of thought in response to
changing task demands and effectively navigate semantic
space. The evolutionary and developmental tinkering
required to achieve this could explain the lag between anato-
mically modern Homo sapien200 000 to 100000 years ago
and behavioural modernity 100 000 to 30 000 years ago.

The mathematical model we will describe and analyse in this
paper is based on the notion of RAFs. Our use of RAFs as an
underlying model is based on three considerations: (i) the
model has a high degree of generality, which has allowed
its application to explain transition events in a variety of
fields (as mentioned above), (ii) it has a well-developed math-
ematical theory, and (iii) in earlier work [36,39] RAFs have
provided a way to investigate cognitive processes (and
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transitions in them in early cultural evolution), which we

develop further here in a more complete mathematical
model.® Thus, in order to explain our approach we first
summarize the key concepts of RAF theory.

A catalytic reaction syste(CRS) is atupleQ = (X, R, C, F)
consisting of a setX of molecule types, a setR of reactions, a
catalysis set C indicating which molecule types catalyse
which reactions, and a subset F of X called the food set.
A Reflexively Autocatalytic and F-generateet—i.e. a RAF—is
a non-empty subset R’ C R of reactions that satisfies the
following two properties:

(i) Reflexively autocatalyticeach reactionr € R’ is cata-
lysed by at least one molecule type that is either
produced by R’ or is present in the food set F; and

(i) F-generatedall reactants in R’ can be generated from
the food set F via a series of reactions only from R’
itself.

A set of reactions that forms a RAF is simultaneously self-sus-
taining (by the F-generated condition) and (collectively)
autocatalytic (by the RA condition; as each of its reactions
is catalysed by a molecule associated with the RAF). A CRS
need not have a RAF, but when it does there is a unique maxi-
mal one. Moreover, a CRS, may contain many RAFs, and it is
this feature that allows RAFs to evolve, as demonstrated
(both in theory and in simulation studies) through selective
proliferation and drift acting on possible subRAFs of the
maxRAF [30,32].

In the OOL context, a RAF emerges in systems of
polymers (molecules consisting of repeated units called
monomers) when the complexity of these polymers (as
measured by their maximum length) reaches a certain
threshold [26,66]. The phase transition from no RAF to a
RAF incorporating most or all of the molecules depends on
(i) the probability of any one polymer catalysing a given reac-
tion that forms another polymer and (ii) the maximum length
(number of monomers) of polymers in the system. This tran-
sition has been formalized and analysed (mathematically and
via simulations), and applied to real biochemical systems
[30,66-69], ecology [70] and cognition [36,39]. RAF theory
has proven useful for identifying how phase transitions
might occur, and at what parameter values.

We now introduce the mathematical framework and
terminology that will be used to model the transition to cog-
nitive modernity. All MRs in a given individual i are denoted
Xi, and a particular MR x=x; in X; is denoted by writing x €
X;. As in an OOL RAF, we have afood setfor individual i, this
is denoted F;. In the OOC context, F; encompasses MRs for
individual i that are either innate or result from direct experi-
ence in the world, including natural, artificial and social
stimuli. F includes everything in the long-term memory of
individual i that was not the direct result of individual i enga-
ging in RR. This includes information obtained through social
learning from someone elseho may have obtained it by way
of RR. For example, if individual i learns from individual |
how to edge a blank flake through percussive action, this is
an instance of social learning, and the concept EDGING is
therefore a member of F,.

F, also includes existing information obtained by i

through individual learning (which, as stated earlier, involves

learning from the environment by non-social means), so long
as this information retains the form in which it was originally

perceived (and does not undergo redescription or restructur-
ing through abstract thought). The crucial distinction

between food set and non-food set items is not whether
another person was involved, nor whether the MR was orig-
inally obtained through abstract thought (by someone but
whether the abstract thought process originated in the mind
of the individual i in question. Thus, F; has two components:

— S denotes the set of MRs arising through direct stimulus
experience that have been encoded in individual i's
memory. It includes MRs obtained through social learn-
ing from the communication of an MR x; by another
individual j, denoted S;[x;], and MRs obtained through
individual learning, denoted S;[l], as well as the contents
of memory arising through direct perception that does
not involve learning, denoted S;i[p].

— |; denotes any innate knowledgevith which individual i
is born.

A particular catalytic event (i.e. a single instance of RR) in a
stream of abstract thought in individual i is referred to as a
reaction,and denoted r € R;. A stream of abstract thought,
involving the generation of representations that go beyond
what has been directly observed, is modelled as a sequence
of catalytic events. Following [36], we refer to this as a cogni-
tive catalytic proces@CCP). The set of reactions that can be
catalysed by a given MR x in individual i is denoted C;[X].
The entire set of MRs eitherundergoingor resulting from ris
denoted A or B, respectively, and a member of the set
of MRs undergoing or resulting from reaction r is denoted
aceA or beB.

The term food set deriveddenoted —F;, refers to mental
contents that are not part of F; (i.e. -F; consists of all the pro-
ducts be B of all reactions r € R;). In particular, - F includes
the products of any reactions derived from F and encoded in
individual i's memory. Its contents come about through
mental operations by the individual in questioron the food
set; in other words, food set derived items are the direct pro-
duct of RR. Thus, -F includes everything in long-term
memory that was the result of one’s own CCPs. -+ may
include an MR in which social learning played a role, so
long as the most recent modification to this MR was a
catalytic event (i.e. it involved RR).*°

The set ofall possible reactions in individual i is denoted
‘Ri. The mental contents of the mind, including all MRs and
all RR events, is denoted X; @ R;. This includes F; and —-F,.
Recall that the set of all MRs in individual i, including both
the food set and elements derived from that food set, is
denoted X;.

R; and C; are not prescribed in advance; becauseC;
includes remindings and associations on the basis of one or
more shared property, different CCPs can occur through
interactions among MRs. Nevertheless, it makes perfect
mathematical sense to talk aboutR; and C; as sets. Table 3
summarizes the terminology and correspondences between
the OOL and the OOC.

Our model includes elements of cognition that have no
obvious parallel in the OOL. We denote the subject of atten-
tion at time t aS\fvt. It may be an external stimulus, or an MR
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Table 3rerminology and correspondences between the origin of life (OOL) and the origin of culture (OOC).

X all molecule types in pirotocell
Xe X a moleculeXin

K food set for protocell

reRj a particular reaction in

GIX reactions catalysadiby
xnecC xcatalyses

aeA member of set of reactants in
beB member of set of products of
-k non-food sei fae. aBofR;)

retrieved from memory. Any other contents of X; ® R; that
are accessible to working memory, such as close associates
of \7vt, or recently attended MRs, are denotedW;, with W, con-
stituting a very small subset of X; ® R;. The focus here is on
how non-food set derived MRs (i.e. a non-empty =F) emerge
and connect, giving rise to a semantic network that is
reflexively autocatalytic and food set generated.

We now use the RAF formalism to model the transition to
behavioural/cognitive modernity in the Upper Palaeolithic.
To address how the mind as a whole acquired autocatalytic
structure, the model is, by necessity, abstract. It does not dis-
tinguish between semantic memory (memory of words,
concepts, propositions and world knowledge) and episodic
memory (personal experiences); indeed, we are sympathetic
to the view that these are not as distinct as once thought
[71]. Nor does it address how MRs are obtained (i.e. whether
through Hebbian learning versus probabilistic inference).
Although MRs are represented simply as points in an
N-dimensional space (whereN is the number of distinguish-
able differences, i.e. ways in which MRs could differ), our
model is consistent with models that use convolution [72],
random indexing [73] or other methods of representing MRs.

We assume that associations form between MRs but do
not address whether they are due to similarity or co-
occurrence, or whether they are learned through Bayesian
inference [74] or other means. We view associations as prob-
abilistic; when we say that an association was forged between
two MRs we mean a spike in the probability of one MR evok-
ing another, which we refer to as the ‘catalysis of one MR by
the other. We view context as anything external (e.g. an object
or person) or internal (e.g. other MRs) that influences the
instantiation of an MR in working memory. Although our
approach is influenced by how context is modelled in quan-
tum approaches to concepts [75,76], it is not committed to
any formal approach to modelling context.

MRs are composed of one or moreconceptsmental con-
structs such as CAT or FREEDOM that enable us to
interpret new situations in terms of similar previous ones.
The rationale for treating MRs as catalysts comes from the lit-
erature on concept combination, which provides extensive
evidence that, when concepts act as contexts for each other,
their meanings change in ways that are often non-trivial

all mental representations (MRs) in indivicual
an MR K

innate or directly experienced MRs by

a particular representational redesciiption {RR)
RR evefustalyséyxini

X'catalysesdescription by

member of set of MRs undergoing

member of set of MRs resuiting from

MRs resultingRop(he. aBofR;)

and defy classical logic [75-78]. The extent to which the
meaning of one MR is modified by another is referred to
here as itsreactivity. A given MR’s reactivity varies depending
on the other MRs present in working memory. ** Although
we do not explicity model the dimensionality of semantic
space itself (i.e. the features or properties of MRs), we do so
indirectly, by representing hierarchical structure in terms of
reactivity, as explained below. Our model hinges on the fact
that interactions between two or more MRs in working
memory alter (however slightly) the network of association
strengths [80,81]. Conceptual closure is achieved and a cogni-
tive RAF network emerges when, for each MR, there is an
associative pathway to its formation; in other words, any
given concept can be explained using other concepts, and
new ideas can be re-framed in terms of existing ones.

We now show how the RAF framework is used to model
the emergence of a persistent and integrated cognitive RAF,
through onset of the capacity to spontaneously control the
‘spectrum of thought’ variables introduced in 83, and sum-
marized in table 4. In this table, the variables yp, ya and v,
quantify the three variables: divergence (D), abstractness
(A) and context specificity (C), respectively.

We model the capacity to shift between convergent and
divergent thought by introducing a metric geometry. We let
d denote the semantic distancebetween an item m in
memory M, and an item in working memory w. In conver-
gent thought, the semantic distance d between successive
contents of working memory remains small, and only close
associates catalyse RR reactions and participate in CCPs. By
contrast, by spontaneously engaging in divergent thought
when stymied, or as a form of mental exploration or mind-
wandering, the modern mind gained access to remote associ-
ates (i.e. items for which the semantic distanced to the
content of working memory was large). These remote associ-
ates catalysed RR reactions, and participated in CCPs. Thus,
divergent thought could (in our terminology) bring about
reactions among previously unconnected MRs, including
MRs from different knowledge domains. The variable yp
determines how ‘remote’ an associate can be in order to cat-
alyse an update (i.e. how ‘far afield’ one looks for ingredients
for one’s stream of thought). Thus, yp provides a threshold on
d that increases as one shifts from convergent to divergent
thought.

The more abstract a concept, the more associations it can
have with other MRs. Therefore, we represent hierarchical
semantic structure from concrete instances to increasingly
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Table Z£xamples of the three variables of the spectrum of thought.

divergence HONLE POWER 7D

abstractness HLIAGNIMAELE ANIMATE YA
BEING

context LION (context: desire to possess

spefigity liors powes} LION FIGURINE

abstract concepts in terms of reactivity. Consequently, the
more abstract (as opposed to concrete)x in individual i is,
the larger the value of Ci[x]. Thus, abstract concepts facilitate
the navigation of semantic space through CCPs. For example,
during the transition from thinking about a particular sharp
axe to thinking about the abstract quality of sharpness,
abstractness increases, and therefore so does the reactivity,
potentially leading the CCP to something quite different
from a sharp axe, such as a'claw’.

As mentioned earlier, the capacity for divergent thought
could be made even more useful by broadening the sphere
of associates in a context-specific manner, such that oris cur-
rent needs bias the retrieval of information from memory.
This facilitates the forging of new connections between MRs
that would be irrelevant in most contexts but are relevant
in the current one. We make the notion of context specificity
more precise by introducing a context-dependent association

structure. As above, we let d denote the semantic distance

between an item m in memory M, and an item in working
memory w. A small value of d(m, \7\/) means that, in the cur-
rent context, m is closely related to W whereas a large value
of d(m, vcil) means that, with respect to the current context,
they are distantly related.

Let C; denote a context at timet (which is determined by
the goals and needs of the individual at time t). We can rep-
resent the context-dependent associations explicitly by
writing m~¢, m' if m and m" are related with respect to
context C;.

For m to catalyse a cognitive updating reaction

o m o
W—W,
m should satisfy at least one of the following two properties,

where yp is as described above, andy is the extent to which
context can facilitate the catalysis of a particular RR reaction:

(i) d(m, W) < yp, or
(i) m~c wand d(m, W) < vp(1+ o).

In other words, for m to catalyse an RR reaction involving W,
either the default semantic distance tom must be sufficiently
small that divergent thought makes it accessible or it is pulled
within reach because context specificity warps semantic space
in such a way as to make this particular association salient. In
addition, a particular context C; at time t may mean that a
stimulus s that is relevant to the current contents of working
memory catalyses an RR reactonw—>w that would not
occur otherwise. For example, seeing an animal puncture a
food source with its claw could be a source of ideas for
how to make a sharper tool.

We now make the transition from pre-modern to modern
mind more concrete using the example of the Ldwenmensch
or ‘lion man’ figurine from the Hohlenstein —Stadel cave, dis-
cussed in 82. Although we cannot know exactly how the
Hohlenstein—Stadel figurine was created, by reverse-engineer-
ing the process it is possible to infer what conceptual structure
would, at a minimum, have had to be in place [82-84]. We
carry this out using available evidence, such as our knowledge
that the lion was the largest and most dangerous predator in
the ecosystem of the Interpleniglacial [85,86], and likely a
source of fear and awe owing to its power and aggression
[87]. Since the word ‘representation’ is often used to refer to
an internal, mental construct of something in the world, to
avoid confusion, we use the term iconicto refer to an object
that represents something else in a way that is not merely
symbolic but captures its physical attributes.

We now consider the sequence of steps culminating in the
creation of the lion man, summarized in table 5 and depicted
in figures 2 and 3. Note that the steps culminating in the
Hohlenstein—Stadel figurine were preceded by, and dependent
upon, the development of lithic reduction (i.e. knapping and
carving) technigues. (These are not discussed here, since they
are the subject of another paper [39].) Note that the role of cat-
alysts tends to be played by MRs that represent needs or
guestions, since like catalysts these speed up conceptual
change that would otherwise occur very slowly, yet their
participation in this process does not fundamentally change
them (that is, the degree to which the need is satisfied may
change, but the MR of the need does not).

(i) Form abstract concept, CARVE (from any suitable
material). This consisted of abstracting the general
concept of lithic reduction with stone as the source
material to lithic reduction using any suitable
material (e.g. mammoth ivory). There is evidence
that the capacity to abstract a general concept from
particular instances dates back to at least 1.76 Ma
(well before the Upper Palaeolithic) [88].

(i) Social learning of first step. Creative contributions to
culture begin with a preparation stage involving
thorough assimilation of relevant background knowl-
edge [89]. Thus, the first step that took place in the
Upper Palaeolithic involved the social learning of exist-
ing knapping and carving techniques, including the
abstract concept CARVE (from any suitable material).

(i) Abstraction of CARVE TOOL to CARVE (some-
thing). The next step was to extricate the concept
CARVE TOOL from its conventional function of gen-
erating something utilitarian such as a hand axe. This
resulted in the abstract concept CARVE, which could
now be applied in domains other than technology,
such as art. This would have likely involved diver-
gent, abstract thought. The existence of objects in
bone, ochre and ostrich eggshell with geometric
engravings from southern Africa dates this to at
least 77000 years ago [90], with earlier dates for
ivory engraving in China [91].

(iv) Social learning of the abstract concept CARVE
(something). The carver of the Hohlenstein-Stadel
figurine acquired the abstract concept CARVE
(something) through social learning.?
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(@) (c)

source of mental

representation (MR) symbol step

individual learning or social learning
Step 1 (pre-modern):

abstraction of CARVE TOOL
FROM STONE ({C) — CARVE
TOOL (from something) (Cy)

representational reactant

redescription (RR)

Step 2 (pre-modern, modern):
social transmission of lithic
reduction techniques and C.

Step 3 (modern):
abstraction of C. — CARVE
(something) (C)

product

(b)

Step 4 (modern):
social transmission of CARVE
(something)

mode of thought symbol

combination Step 5 (modern):
carve (something)—
carve iconic likeness (CI)

N/A

cross-domain combination

(not context-specific) Step 6 (modern):

combine LION (L) + MAN (M)
— Lowenmensch (LM)

cross-domain, context-specific
combination

abstraction Step 7 (modern):
assimilate features of

Land M

SUPERFICIAL
KNOWLEDGE

Step 8 (modern):
adapt CI to deep assimilation
of L and M features (CI-LM)

individual
learning

social
learning

representational
redescription (RR)

symbol

CARVE TOOL FROM
STONE

CARVE
TOOL
C;

‘need softer material.’

STONE OR IVORY TOOL CT

CARVE TOOL CARVE C

‘want to create non-utilitarian

object
CARVING OF TOOL CARVING C

CARVE FIGURINE CIl

LION, MAN LOWENMENSCH

LM

‘attentive observation'

DEEP M

KNOWLEDGE L

CARVING OF ICON,
DEEP KNOWLEDGE

LOWENMENSCH
CARVING

CI-LM

Figure 28 Sources of mental representations involved in the creatiGtanidhigHohisretelithe symbols used tddkmmdethem. (
thought and symbols used to degi@tdp=ninyolved in the creation of the figurine. Top two rows show the steps that occurrec
Palaeolithic; subsequent rows depict steps that took place during the Upper Palaeolithic.

Table 5The sequence of steps culminating in the creation-8talel HHékle natéinsche.

o Ol A WDN B

~

carve from steroarve (from something)
transmission of lithic reduction techniques
carve functionabta@akve (something)
transmission of CARVE (something)
carve (somethincgrve iconic likeness
combine human form and #ien head
internalize 'iqgower

assimilate features of lion and man

carve Lowenmensch

(v) Apply CARVE (something) to the domain of figures
(animal and human), yielding CARVE FIGURINE.
We may never know exactly what motivated the first
artisan who took the step of carving an iconic likeness,
a figurine. It may have been the product of idle mind
wandering. An alternative and perhaps more likely
explanation is that it was shaped by a goal or desire,
such as to (1) know the depicted subject more deeply,
or (2) gain a sense of control or mastery over it, or (3)
preserve a memory of it, or (4) have constant access
to a feeling associated with it, such as the feeling of
power associated with a lion. Whatever the motive, it
involves taking the concept CARVE and applying it
to a new domain, that of ANIMATE BEINGS.

(vi) Combine LION HEAD with HUMAN BODY. We
also do not know what motivated this step. Like the

(vii)

RR abstract
social learning convergent
RR divergent, abstract
social learning convergent
RR divergent, concrete

RR divergent, cross-domain,
context-sfieci
individual learning

individual learning + RR

divergent
divergent

previous step, it is possible that it was the product of
idle mind wandering. It could be that, by endowing a
human body like ours with the head of a lion, the arti-
san hoped that those who held it would internalize the
lion’s power as their own. An alternative possibility is
that it held some religious significance. Again, for the
purpose of this model it is not essential to know
which of these is correct, for, whatever the underlying
motive, this cross-domain combination would have
required RR using divergent, context-specific thought.
Assimilate features. To carve an iconic figurine, knowl-
edge of lithic reduction techniques is not sufficient; the
artisan would have had to deeply absorb the physical
characteristics of lions and humans through individual
learning. We characterize this process as divergent
because it involves assimilating the details and,
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origin of new
mental representation

individual
learning

social
learning

abstract thought
concrete thought

cross-domain
divergent,
context-specific
thought

combination
involving both
divergent and
convergent
thought

individual i

Figure 35teps culminating in the creation of theStéolakfigteine. Meanings of symbols are defined in figure 2 (see text fcr dete

potentially, any feelings they evoke. The artisan would
then have used RR to creatively adapt this technical
knowledge to the new task of rendering afigure in ivory.

(viii) Carve figurine. The actual carving of the figurine would
have required RR in divergent mode to creatively adapt
known carving techniques to the new task of rendering
the detailed characteristics of the lion and human forms.
Engagementin a tactile process meant that thought was
concrete, ensuring that the features of the figurine were
recognizably human or lion-like.

The entire mental trajectory through the spectrum of thought
culminating in the creation of the Hohlenstein —Stadel figurine
is depicted in figure 4.

In the pre-modern mind, information is thought to have been
compartmentalized into domain-specific modules, and RR
only operated within particular domains of human inquiry
(e.g. ‘tools’) [7]. Pre-modern cognition was largely (though
not entirely) restricted to basic-level categories—an inter-
mediate level of abstraction—without the context-specific
RR needed for cross-domain thinking. This was modelled
by restricting RAFs to closed subsets of MRs that only reacted
with other members of the same subset, resulting in a RAF
structure that was transient and fragmented [36,39].

We now describe a simple mathematical model of the for-
mation and persistence of cognitive RAFs culminating in
behavioural/cognitive modernity and the cultural transition
of the Upper Palaeolithic. Let W = W(t) be a continuous
measure of the scope (or content) of working memory of an
individual at time t (where the continuous variable t varies
over the lifetime of that individual). Cognitive processes
make use of items obtained through individual learning,

pre-modern

individual j
modern

social learning or RR, with items persisting in working

memory for a short (but variable) time. As in [36], we

model this as a non-deterministic process. Let

W = W(t) = E[W(t)] denote the expected (i.e. mean) value

of W(t). A direct implementation of the dynamical model in

[36] then leads to the following nonlinear first-order equation:
dw

gr = AW+ AEFOV)] + S (6.1)

where S=8(t) >0 is a measure of information that is exter-
nally derived, either through individual learning or through
social learning at time t, the value 1/u is the mean time
that items remain in working memory, 2 describes the rate
of RR reactions andf is a certain (unspecified) function that
satisfies only the minimal requirements that f(0) =0, f'(0) >0
and f is concave (this last assumption recognizes that)V(t)
is bounded). Simple default choices for f would be f(x)=
min{x, K} or f(x) =x(1—x/ K), though we do not explicitly
assume either of these here.

Crucially, the parameter 1 also depends on total memory
(a richer memory of knowledge and experiences allows more
opportunity to catalyse RR reactions) and it is influenced by
the three variables described above {p, 7a, yc) that we pro-
pose distinguish pre-modern from modern cognition. More
precisely, if M = M(t) denotes a continuous measure of the
scope of total memory at time t, and M = M(t) = E[LM(t)] is
the expected (mean) value of M(t), then 1 is dependent on
M (i.e. A=A(M)). Thus, equation (6.1) is coupled to the
growth in M, and a simple model for the dynamics of
expected total memory M is the first-order linear differential
equation

dM -w)
dt
where ve (0, 1) parameterizes the extent to which items in

working memory become encoded in long-term memory
(which may also depend on time, as v may vary during the

W, (6.2)
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abstract

convergent

pre-modern

modern mind

context-specific

concrete

divergent

K

individual learning

social learning
representational redescription

Figure 4rajectory through the spectrum of thought culminatingStathet fitpitiepsi€onvergent-to-diverganidsabstraet-to-concrete
is on theaxis and the degree of context specificitysisiffehent combinations of these three variablésodégiribe it @et way:

of navigating memory and processing information). Although the pre-modern mind could, to some degree, fosedatisya::ons,
tiny portion of this space, as indicated by the small sphere. It was, therefore, restricted to a single mode of thoudht. Trie m
combinations of these three variables, thereby engaging in many modes of thought, as indicated by the large sphere. The
the eight steps listed in table 5; thus, they depict how the mode of thought shifted over the course of the figurine-making pr

lifetime of the individual). The coupled (nonlinear) system of
equations (6.1) and (6.2) leads to certain predictions. In par-
ticular, when A lies below a critical threshold (dependent on
the other parameters), CCPs do not form or persist, and
thoughts are driven externally (individual learning or social
learning). However, once A passes this threshold, CCPs can
form and persist indefinitely, even when the term S (in
equation (6.1)) drops to zero. The justification of these two
claims and further mathematical details are provided in
appendix A.

The ability to shift between convergent and divergent
thought, to consider the same item at multiple levels of
abstraction and to allow context to bias retrieval from
memory by adjusting yp, ya and yc provide distinct and
complementary mechanisms for A to change. If the resulting
new MRs are encoded in long-term memory, the positive
dependence ofA on M provides more routes for catalysis of
CCPs. This increasesM —W from equation (6.2), which, in
turn, influences the dynamics of W by equation (6.1).

The modern mind could carry out logical operations
during convergent thought, and make new connections
using divergent thought. Divergent thought could be
biased towards a specific need by making thought more con-
textual. The modern mind could also shift up and down the
hierarchy from concrete to abstract. By tuning the mode of
thought along the three variables of the above multimodal
spectrum to match the situation one is in, the modern mind
acquired the capacity to work out how elements of the
world were interrelated, and where each element fitted
with respect to the whole (i.e. the integrated internal model
of the world, or worldview). The modern mind could now syn-
thesize different domains of understanding into a coherent
web of understandings, using not only basic-level concepts
[61] but also higher or lower levels of abstraction, from
fine-grained details to the ‘big picture’, as appropriate.

The worldview of the modern mind is a ‘metabolism’ in the
sense that it has in place entropy-defying processes that main-
tain its organization. Like the protocell that constituted the
earliest structure that could be said to be alive, the structure
of the autocatalytic cognitive network as a whole is now
maintained through the interactions among its parts. New
experiences are interpreted, understood and encoded in
memory, in terms of existing cognitive structure already in
place.

This model builds on the theory that the burst of creativity in
the Palaeolithic was due to the onset of contextual focus: the
capacity to shift between divergent and convergent modes
of thought [57]. That theory is superficially similar to the pro-
posal that the distinguishing feature of human cognition is our
capacity for dual processing [8,9] 2 Our model builds on both
the contextual focus and dual processing theories by positing
that a single-variable spectrum of thought is insufficient to
achieve an integrated internal model of the world.

Our model is consistent with Mithen 's [93] theory that the
transition was due to the connecting of domain-specific infor-
mation-processing modules, thereby enabling metaphorical
thinking and cognitive fluidity: the capacity to combine
ideas from different domains, fuse different knowledge pro-
cessing techniques or adapt a solution to one problem to a
different problem. It is also consistent with Coolidge &
Wynn's [10] theory that it was due to expanded working
memory.** Conceptual fluidity and expanded working
memory are underwritten by divergent thought but, as
explained above, the capacity to engage in divergent thought
without the capacity to control how divergent one’s thinking
is would be perilous. Although it is not the focus of this
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paper, like [10], as well as [65] we are sympathetic with the
view that genetic mutation was involved (see [41]).

Our proposal is consistent with the view that complex
languages, symbolic representation and myth lay at the
heart of this transition [94-96]. However, we put the emer-
gence of a persistent (i.e. stable) and integrated RAF
network as central, with language both facilitating and
being facilitated by this structure. Given evidence of recursive
reasoning well before behavioural modernity, our framework
is inconsistent with the hypothesis that the onset of recursive
thought enabled mental time travel and cognitive modernity
[97,98]; nevertheless, the ability to shift through a multimodal
spectrum of thought would have brought on the capacity to
make vastly better use of it. The proposal that behavioural
modernity can be attributed to the onset of the capacity to
model the contents of other minds, sometimes referred to
as the ‘theory of mind’ [5], is somewhat underwritten by
recursive RR, since the mechanism that allows for recursion
is required for modelling the contents of other minds
(though in this case the emphasis is on the social impact of
recursion, rather than the capacity for recursion itself). Our
proposal is also consistent with explanations for behavioural
modernity that emphasize social-ecological factors [6,99], but
places these explanations in a broader framework by
suggesting a mechanism that aided not just social skills but
other skills (e.g. technological) as well.

Formal models exist of many aspects of human cognition,
such as learning, memory, planning and concept combi-
nation. However, there is little in the way of formal models
of how they came to function together as an integrated
whole, and how the unique cognitive abilities of Homo sapiens
came about. RAF networks provide a means of addressing
these questions. Building on earlier models of the cognitive
transition underlying the earliest origins of human culture
and the invention of the Acheulean hand axe, resulting in a
transient autocatalytic structure, in this paper, we developed
a model of the transition to a persistent, integrated RAF net-
work. We proposed that rapid cultural change in the Middle-
Upper Palaeolithic required the ability to not just recursively
redescribe the contents of thought but also tailor the ‘reactiv-
ity’ of thought to the current situation. This was
accomplished through continuous, spontaneous tuning of
three variables that concern not the content of thought per
se,but how it is processed. The first involves shifting between
convergent and divergent processing. The second involves
shifting between concrete and abstract representations. The
third involves biasing divergent processing according to a
pressing need or context. Together, these enabledHomo
sapiensto reflect on the contents of thought from different
perspectives and at different levels of abstraction. This culmi-
nated in the crossing of a threshold to conceptual closure and
the achievement of self-organizing autocatalytic semantic
networks that spanned different knowledge domains, and
routinely integrated new information by reframing it in
terms of current understandings.

The model is highly simplified, and we do not know that
the precise details of the cognitive events modelled here took
place (though the model does not hinge on these details). We
hope that future research will incorporate inhibition (in

conjunction with the existing catalysis), as well as a more

sophisticated representation of the interactions among MRs
[75,76] and a dynamic representation of context [79,100].
A platform for the computational modelling of RAFs
exists  (https:/github.com/husonlab/catlynet), and we
hope to apply it to cognitive RAFs. There remains much
work to be done on how cognitive RAFs replicate and
evolve (see [33] for informal suggestions in this regard) and
on the developmental question of how persistent, integrated
RAF networks emerge in the mind of a child.

We also hope that future research will build on the direc-
tion taken here by comparing the cognitive RAF model
with other standard semantic network models [101-105].
Although these standard semantic networks suffice for
modelling semantic structure in individuals, we believe that
the RAF approach will turn out to be superior because
it distinguishes semantic structure arising through social or
individual learning (modelled as food set items) from seman-
tic structure derived fronthis pre-existing material (modelled
as non-food set items generated through abstract thought
processes that play the role of catalysed reactions). This
makes it feasible to model how cognitive structure emerges,
and to trace lineages of cumulative cultural change step by
step. It also frames this project within the overarching scien-
tific enterprise of understanding how evolutionary processes
(be they biological or cultural) begin, and unfold over time.

This article has no additional data.
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1The term ‘cultural evolution ' is occasionally used in a less restricted
sense to refer to the generation and transmission of novelty without
the requirement for cumulative, adaptive, open-ended change (e.g.
[19]).

2Although some attribute cultural evolution uniquely to an increase
in the numberof ideas and cognitive skills (or ‘cognitive gadgets')
[20], not their interactivity.

3For related approaches, see [33,37,38].

“4Although we use the term ‘mental representation’, our model is con-
sistent with the view (common among ecological psychologists and
in the situated cognition and quantum cognition communities) that
what we call mental representations do not ‘represent, but instead
act as contextually elicited bridges between mind and world.

5A more detailed discussion can be found elsewhere [23,41].

Note, however, that we cannot know the extent to which lack of evi-
dence of cultural embellishment in the early record is due to
taphonomic biases—i.e. biases in what gets preserved over time
(such as lack of preservation of softer materials) [42].

"Note that abstract processing is not the same as convergent proces-
sing. An item at a particular level of abstraction, such as LION,
would, in convergent thought, be held in working memory in a com-
pact manner stripped of details, whereas, during divergent thought,
it would be rich in the characteristics of, and feelings evoked by, lions.
One might speculate that richly detailed visions of religious deities
occur in a mode of thought that is abstract yet divergent.

8Note that, in this view, language enhanced not just the ability to
communicate and collaborate (thereby accelerating the pace of
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cultural innovation) but also the ability to think ideas through for
oneself and manipulate them in a manner that was controlled, delib-
erate and multimodal.

®The question of whether the underlying reality being modelled is
precisely described by a RAF is more subtle, and beyond the scope
of this paper.

1%Thjs distinction between food set and food set derived may not be
so black and white as portrayed here but for simplicity we avoid that
subtlety for now.

ror example, in a study of the influence of context and mode of
thought on the perceived meanings of concepts (as measured by
property applicabilities and exemplar typicalities), the concept
PYLON was rated low as an exemplar of HAT; however, in the con-
text FUNNY (as in ‘worn to be funny’), it was rated high as an
exemplar of HAT [79]. Thus, the degree to which PYLON qualified
as an instance of a HAT changed depending on the context. The con-
text FUNNY had an even greater effect on the rating of MEDICINE
HAT (as in the name of the Canadian town) as an instance of HAT.
We say that the reactivity was high here because the context exerted
a dramatic influence on the perceived meaning of the concept HAT.
12We cannot know for certain that it was not invented independently
(particularly given the distance between Hohlenstein—Stadel and
southern Africa).

Dual processing posits that humans engage in not just a primitive
implicit type 1 mode for free association and fast ‘gut responses,
but also an explicit type 2 mode for deliberate analysis. However,
although dual processing makes the split between older, more auto-
matic processes and newer, more deliberate processes, contextual
focus theory posits that pre-modern thought was intermediate
between two extremes (each valuable in different ways): a divergent
mode based on relationships of correlation, and a convergent mode
based on relationships of causation. Earlier hominids memories
were coarser-grained, so there were fewer routes for meaningful
associations, and less processing of previous experiences. Rather
than convergent or divergent processing of previously assimilated
material, there was a greater tendency to focus on the here and
now, so items in memory tended to remain in the same form as
when they were originally assimilated. For a comparison of the diver-
gent thought and dual processing theories, see [92].

1%Working memory is just the part of memory that is, at any moment,
working.

In the following arguments, we treat A as a constant over the
short time frame considered in the dynamics of CCPs, since
the dependence ofA on M applies over considerably longer
time scales. Moreover, in treating A as a constant and setting
S=0, equation (6.1) is technically not an ordinary differential

equation (i.e. it is not of the form @(W, dW/ dt) = §(t)), since

E[fOV)] is not, in general, a function of W. For example, for

f(x) =x(1 - x/ K), equation (6.1) becomes

W (s ) ) s

where V(W) is the variance of W at time t. Note also that the
dynamics of W(t) is not determined by the behaviour of W(t);
the latter just represents the expected (average) value of the
former.

Turning to the first prediction of this model, observe that

E[fOV)] < fEPV]) = f(W) < F'(0)- W. (A1)

The first inequality in (A 1) is by Jensen’s inequality for the
concave function f (e.g. [106]). The second inequality also
uses the concavity of f together with the conditions f(0)=0
and f’(0)>0. Thus if A <u/ f'(0), we have
daw
— < —cW
T cW+S
for ¢=(u—Af’(0)) > 0. Consequently, onceS declines to zero,
so too does W, and, by the Markov inequality (e.g. [106]),
we have (for any € >0)
E[W(t Wit
povy = 9 < VO _WO o
ast increases, which establishes the first prediction.
Now suppose that A>u/ f'(0). Selectn>0 sufficiently
small so that 8: = (u + 1)/ 2 <f’(0). By the concavity of f, it fol-
lows that, for some y >0, we have

f(x) > Bx, for all x € [0, y], (A2)

since the line y=px and the function y=f(x) both pass
through the origin; however, the latter function has a strictly
greater slope at the origin.

Now suppose that W(t;) = w, where w € (0, ). Consider-
ing the process moving forward from time t;, with the initial
condition W(t;) = w we then have att=t;

dw

H:*MWJr)\f(W)ﬂLSZ —pW + ABW = mw > 0,

where the first inequality is from (A 2) together with  S(t;) > 0.
In summary, when A passes above the thresholdu/ f’(0) and
W(t) is small but non-zero the expected value of W(t)
begins to increase, owing to CCPs in working memory (and
even with S=0).
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