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Abstract. This paper proposes a model of the cognitive mechanisms underlying the transition

to behavioral and cognitive modernity in the Upper Paolelithic using Reflexively Autocatalytic

and Food set generated (RAF) networks. Autocatalytic networks have been used to model life’s

origins. More recently, they have been applied to the emergence of cognitive structure capable

of undergoing cultural evolution. Mental representations 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 modeled as chains of these in-

teractions. Building on an earlier autocatalytic model of the cognitive transition underlying the

transition from Oldowan to Acheulian tool technology, we posit that a genetic mutation allowed

thought to be spontaneously tailored to the situation by modulating the degree of (1) diver-

gence (versus convergence), (2) abstractness (versus concreteness), and (3) context-specificity.

This culminated in persistent, unified cognitive autocatalytic networks that bridged previously

compartmentalized knowledge and experience. We explain the model using the example of

the oldest-known uncontested example of figurative art: the carving of the Löwenmensch, or

lion-man. The model suggests an explanation for the lag between anatomically modern Homo

sapiens and behavioral/cognitive modernity.

Keywords: autocatalytic network, behavioral modernity, cognitive modernity, cultural evolu-

tion, Hohlenstein-Stadel Löwenmensch figurine, semantic network, Upper Paleolithic
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COGNITIVE MODERNITY AUTOCATOCATALYTIC NETWORKS 3

1. Introduction

How did we become distinctively human? What enabled us to develop imagination, ingenuity,

and complex belief systems? These questions are central to understanding who we are, how

we got here, and where we are headed. Behavioral and cognitive modernity are thought to

have come about in the Upper Paleolithic, between 100,000 and 30,000 years ago, as evidenced

by the sudden proliferation in cultural artifacts of both utilitarian and aesthetic value.1 Some

attribute this transition to an enhanced ability to process social information [94, 98]. Cognitive

explanations have been proposed; for example, it has been attributed to the onset of conceptual

fluidity [74], dual modes of information processing [28, 79], or enhanced working memory [19].

We propose that each of these proposals holds merit and that they are not mutually exclusive

but, in turn, reflect the onset a new kind of semantic network structure, which is modeled here.

Although evidence of human culture dates back millions of years, behavioral-cognitive moder-

nity is associated with the transition to cultural change that is not just adaptive (new innova-

tions 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, culture became an evolutionary

process [9, 14, 17, 25, 34, 49, 71, 84]. By culture, we mean extrasomatic adaptations, including

behavior and artifacts, that are socially rather than genetically transmitted. Although cultural

transmission—in which one individual acquires elements of culture from another—is observed

in many species, cultural evolution is much rarer (and perhaps, unique to our species).2

1Some researchers push behavioral modernity back further [102], and the concept itself has been called into
question [22]. This paper does not delve into these discussions so as to focus squarely on the task of modeling
the cognitive changes underlying this cultural transition.
2The term ‘cultural evolution’ is occasionally used in a less restricted sense to refer to the generation and
transmission of novelty without the requirement of cumulative, adaptive, open-ended change (e.g., [99]).
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Networks allow for a comprehensive understanding of the dynamics of complex entities and

their relationships [45]. Network-based approaches to characterizing the kind of cognitive struc-

ture that could sustain cultural evolution enable us to address the question of how minds carry

out the contextual, combinatorial, and hierarchically structured thought processes needed to

generate cumulative, adaptive, and open-ended cultural novelty [30, 39]. Here, 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 graphs consisting of nodes

randomly connected by edges [26]. 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 transi-

tions 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’ [61, 60]. In the application of graph the-

ory 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 catalyzed its own formation. However, reactions generate new molecules that

catalyze new reactions, and as the variety of molecules increases, the variety of reactions in-

creases faster. As the ratio of reactions to molecules increases, the probability increases that the

system will undergo a phase transition. When, for each molecule 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 closure [61]. The molecules

thereby become a self-sustaining, self-replicating structure (i.e., a living protocell [53]). Thus,

the theory of autocatalytic networks has provided a promising avenue for modeling the OOL

and thereby understanding how biological evolution began [100]. The approach transitions is

consistent claims for the centrality of transitions across the life sciences [87].
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COGNITIVE MODERNITY AUTOCATOCATALYTIC NETWORKS 5

Autocatalytic networks have been developed mathematically and generalized for cross-disciplinary

application in other settings in the theory of Reflexively Autocatalytic Food set generated

(RAF) networks [54, 89]. The term reflexively is used in its mathematical sense, meaning that

every element is related to the whole. The term food set refers to the reactants that are initially

present, as opposed to those that are the products of catalytic reactions. RAFs have been used

extensively to model the origins of biological evolution [54, 89, 95, 100]. Thus, one strength

of the approach is that by adapting a formalism that has been used successfully to model one

evolutionary process to model another, we pave the way for a broad conceptual framework

that can shed light on both [30, 4]. 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 [30, 31, 34, 37, 41].3 In application to culture, the products and reactants

are not catalytic molecules but culturally transmittable mental representations 4 (MRs) of ex-

periences, ideas, and chunks of knowledge, as well as more complex mental structures such as

schemas and scripts (Tables 1 and 2).

Graph Theory Origin of Life (OOL) Origin of Culture (OOC)

node catalytic molecule mental representation (MR)

edge reaction pathway association

cluster molecules connected via reactions MRs connected via associations

connected graph autocatalytic closure [60, 61] conceptual closure5 [30]

Table 1. Application of graph theoretic concepts to the origin of life (OOL)
and origin of culture (OOC).

3For related approaches, see [4, 16, 77].
4Although we use the term ‘mental representation’, our model is consistent with the view (common amongst
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.
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Abbreviation Meaning

OOL Origin of Life

OOC Origin of Culture

MR Mental Representation

RR Representational Redescription

RAF Reflexively Autocatalytic and Food set generated (F-generated)

CCP Cognitive Catalytic Process

Table 2. Abbreviations used throughout this paper.

Another strength of the approach is that because it distinguishes reactants that are external

in origin—in our case, MRs that were acquired through social learning or individual learning of

existing information—from those that are the products of internal reactions—in our case, MRs

that come about through the creative generation of new information—MRs are tagged with

their source. This enables us to model how networks 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 sig-

nificant transition in the archaeological record: the transition from Oldowan to Acheulean tool

technology approximately 1.76 million years ago (mya) [41, 42]. We posited that this was pre-

cipitated by onset of the capacity for representational redescription (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 forging 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 composed of multiple subgoals. This culminated in

what is referred to as a transient RAF, a critical step toward what has been referred to as

conceptual closure [31] and the emergence of a persistent cognitive RAF.
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The application of RAFs presented in this paper builds on that work to model what is

perhaps the most spectacular cultural transition in human history: the cultural transition of

the Upper Paleolithic, which has been referred to as the “origins of art, religion, and science”

[72]. We propose that behavioral and cognitive modernity was brought about by the emergence

of a semantic network that was autocatalytic. We first summarize the archaeological evidence

for a transition to behavioral modernity in the Upper Paleolithic. 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.

2. Archaeological evidence for behavioral and cognitive modernity

We begin with a brief summary of the evidence for a transition to behavioral and cognitive

modernity in the Upper Paleolithic.6 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

Acheulian hand axe, the archaeological record exhibits over a million years of cultural stasis,

and—with the exception of a more sophisticated knapping (Levallois) technique 200,000-400,000

years ago—little in the way of creative embellishment or improvement [92].

This changed dramatically in the Aurignacian period of the Upper Paleolithic, at which

point there is evidence of recognizably human ways of living and thinking. The earliest evi-

dence of behavioral and cognitive modernity comes from Africa less than 100,000 years ago,

in Sub-Himalayan Asia and Australasia more than 50,000 years ago [76], and in Continental

Europe until approximately 30,000 years ago [70]. This evidence consists of a proliferation of

different complex, task-specific tools including effective cutting blades [3, 66]. It also marks

the appearance of representational art [5, 78, 82], artifacts indicating personal symbolic or-

namentation [24], complex living spaces [81], sophisticated ways of obtaining food, including

aquatic resources [27], burial sites indicating ritual [55] and possibly religion [85]. The Upper

6A more detailed discussion can be found elsewhere [39, 40].
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8 LIANE GABORA AND MIKE STEEL

Paleolithic is also widely believed to have marked the onset of modern syntactically rich lan-

guage [11] (though some argue that language arose more gradually; c.f. [64]). In short, this

period witnessed an unprecedented dramatic increase in the variety, utility, and aesthetic value

of cultural artifacts.

A celebrated example of Upper Paleolithic art to which we will devote considerable attention

is the Löwenmensch or ‘lion-man’ figurine from the Hohlenstein-Stadel cave in Germany (Fig-

ure 1). This figurine, carbon-dated to the Interpleniglacial period between 35,000 and 40,000

years ago, is one of the oldest-known zoomorphic (animal-shaped) sculpture 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.

3. An underlying cognitive transition

The model of the transition to cognitive and behavioral modernity in the Upper Paleolithic

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, shift between convergent and divergent

modes of thought, thereby tailoring ones’ mode of thought to one’s situation [32, 33, 39].

Focused attention is conducive to convergent thought because the activation of cell assemblies

is constrained 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

convergent thought, one can access only close associates of the 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.

In contrast, defocused attention is conducive to divergent thought because it causes diffuse

activation of cell assemblies in memory, such that obscure (but potentially relevant) properties

come into play [31, 33, 35, 36]. This is useful for creative tasks, and when one is in need of a
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On	Fri,	Mar	8,	2019	at	12:11	AM	Gabora,	Liane	<liane.gabora@ubc.ca>	wrote:

Hi	Cameron,
	
I’m	wriOng	another	paper	with	Mike	Steel	and	we’d	like	to	come	up	with	a	few	good,	clear	examples	of	cross-
domain	thinking	from	around	the	Middle	or	Upper	Paleolithic,	the	period	you	and	I	have	been	proposing	was
the	period	of	a	cogniOve	change.	It	would	be	parOcularly	great	if	there	is	a	photo	available	of	the	item.	So	for
example,	an	engraving	of	an	arOsOc	design	(domain	of	art)	on	a	tool	(domain	of	tools),	or	burial	site,	or	a
modificaOon	of	a	tool	generally	used	for	one	purpose	in	a	way	that	makes	it	useful	for	a	completely	different
purpose.	I’ve	been	perusing	google	scholar	but	haven’t	come	across	examples	that	are	definitely	from	this
period.	Do	you	know	of	any?
	
Thanks!
Liane

	
--
--
Cameron	M.	Smith,	PhD
Department	of	Anthropology	/	Wapato	Valley	Archaeology	Project
Portland	State	University
Portland,	OR	97210	USA
My	''Atlas	of	Human	Prehistory''	(Cognella	2018)	is	now	available	at	hYps://Otles.cognella.com/an-atlas-of-human-

FW: examples  

2 of 3 11/03/19, 5:11 AM

Figure 1. Sketch of the Löwenmensch or ‘lion-man’ figurine from the
Hohlenstein-Stadel cave in Germany. According to the Ulm Museum, 14C dates
put it at an age of 35,000 to 40,000 years. (Obtained with permission from the
artist, Cameron Smith).

new approach or innovative solution. Divergent thought may include both 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 remote associates: words or

concepts that 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.
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10 LIANE GABORA AND MIKE STEEL

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 counterproductive. 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 use convergent

thought to modify the content of working memory on the basis of close associates when that

proves sufficient, and 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 [39]. 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 behavioral 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 if thought through spontaneous tuning of the following three

variables.

3.1. Divergence. The first variable is the capacity to spontaneously shift between divergent

and convergent thought, as discussed above.

3.2. Level of abstraction. The second variable is degree of abstraction. It has been shown

that that there is what is called a basic level of abstraction (e.g., BIRD, as opposed to ANIMAL
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or SWALLOW) that mirrors the correlational structure of properties in the object’s real-world

perception and use [86]. Categories form, and are first learned and perceived, at this basic

level, before they are further discriminated at the subordinate level (e.g., SWALLOW), 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 [86], it seems reasonable that

they precede other levels of abstraction not just developmentally but evolutionarily. We posit

that the arrival of behavioral/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 distinctions 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 entails a facility shift

from basic-level categories to other levels of abstraction.

3.3. Context-specificity. 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 [35]. Thus,

the third variable is context-specificity: the degree to which thought is biased by a specific

motivating contextual factor such as a goal or desire [7]. Divergent thought need not always be

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 [69]. 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 lion to incorporate the

7Note that abstract processing is not the same as convergent processing. An item at a particular level of
abstraction, such as LION, would, in convergent thought, be held in working memory in a compact 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 occurs in a mode of thought
that is abstract yet divergent.
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possibility of carving a lion. This unusual context makes this remote yet feasible relationship

‘pop out’.

3.4. Multimodality. The spectrum of thought is multimodal, where by a ‘mode’ we refer to

a particular combination of the 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 a worldview. This, we posit, set the stage for behavioral modernity.8

Note that although it seems likely that we are ‘wired for culture’ [65], and the cognitive

changes underlying this cultural transition were brought on by one or more genetic mutations

[32, 40, 19, 20], we are not proposing that control over these variables came online instanta-

neously, nor that control over each of them arose simultaneously. The challenge may have been

not so much to possess the capacity to change these variables as to coordinate them 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 anatomically modern Homo sapiens 200,000 to 100,000 years ago,

and behavioral modernity 100,000 to 30,000 ago.

4. Autocatalytic networks

We now summarize the key concepts of RAF theory. A catalytic reaction system (CRS) is a

tuple Q = (X,R, C, F ) consisting of a set X of molecule types, a set R of reactions, a catalysis

set C indicating which molecule types catalyze which reactions, and a subset F of X called the

8Note that, in this view, language enhanced not just the ability to communicate and collaborate (thereby accel-
erating the pace of cultural innovation), but also the ability to think ideas through for oneself and manipulate
them in a manner that was controlled, deliberate, and multimodal.
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food set. A Reflexively Autocatalytic and F-generated set—i.e., a RAF—is a non-empty subset

R′ ⊆ R of reactions that satisfies the following two properties:

(1) Reflexively autocatalytic: each reaction r ∈ R′ is catalyzed by at least one molecule type

that is either produced by R′ or is present in the food set F ; and

(2) F-generated: all 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-sustaining (by the F -generated

condition) and (collectively) autocatalytic (by the RA condition; as each of its reactions is

catalyzed by a molecule associated with the RAF). A CRS need not have a RAF, but when it

does there is a unique maximal one. Moreover, a CRS, may contain many possible 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

[54, 95].

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 [61, 75]. The phase transition from no RAF to a RAF

incorporating most or all of the molecules depends on (1) the probability of any one polymer

catalyzing the reaction by which a given other polymer was formed, and (2) the maximum

length (number of monomers) of polymers in the system. This transition has been formalized

and analyzed (mathematically and via simulations), and applied to real biochemical systems

[50, 51, 52, 54, 75], ecology [18], and cognition [41, 42]. RAF theory has proven useful for

identifying how phase transitions might occur, and at what parameter values.

4.1. Terminology. We now introduce the mathematical framework and terminology that will

be used to model the transition to cognitive modernity. All mental representations (MRs) in

a given individual i are denoted Xi, and a particular MR x = xi in Xi is denoted by writing
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x ∈ Xi. As in an OOL RAF, we have a food set; for individual i, this is denoted Fi. In the

origin of culture (OOC) context, Fi encompasses MRs for individual i that are either innate, or

that result from direct experience in the world, including natural, artificial, and social stimuli.

Fi includes everything in the long-term memory of individual i that was not the direct result of

individual i engaging in RR. This includes information obtained through social learning from

someone else who may have obtained it by way of RR. For example, if individual i learns from

individual j 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 Fi.

Fi also includes existing information obtained by i through individual learning (which, as

stated earlier, involves learning from the environment by nonsocial means), so long as this

information retains the form in which it was originally perceived (and does not undergo re-

description or restructuring 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

originally obtained through abstract thought (by someone), but whether the abstract thought

process originated in the mind of the individual i in question. Thus, Fi has two components:

• Si 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 learning

from the communication of an MR xj by another individual j, denoted Si[xj], and

MRs obtained through individual learning, denoted Si[l], as well as contents of memory

arising through direct perception that does not involve learning, denoted Si[p].

• Ii denotes any innate knowledge with 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 ∈ Ri. A stream of abstract thought,

involving the generation of representations that go beyond what has been directly observed, is

modeled as a sequence of catalytic events. Following [41], we refer to this as a cognitive catalytic
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process (CCP). The set of reactions that can be catalyzed by a given MR x in individual i is

denoted Ci[x]. The entire set of MRs either undergoing or resulting from r is denoted A or B,

respectively, and a member of the set of MRs undergoing or resulting from reaction r is denoted

a ∈ A or b ∈ B.

The term food set derived, denoted ¬Fi, refers to mental contents that are not part of Fi (i.e.

¬Fi consists of all the products b ∈ B of all reactions r ∈ Ri). In particular, ¬Fi includes the

products of any reactions derived from Fi and encoded in individual i’s memory. Its contents

come about through mental operations by the individual in question on the food set; in other

words, food set derived items are the direct product of RR. Thus, ¬Fi includes everything in

long-term memory that was the result of one’s own CCPs. ¬Fi may include a 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).9

The set of all possible reactions in individual i is denoted Ri. The mental contents of the

mind, including all MRs and all RR events, is denoted Xi ⊕ Ri. This includes Fi and ¬Fi.

Recall that the set of all MRs in individual i, including both the food set and elements derived

from that food set, is denoted Xi.

Ri and Ci are not prescribed in advance; because Ci includes remindings and associations

on the basis of one or more shared property, different CCPs can occur through interactions

amongst MRs. Nevertheless, it makes perfect mathematical sense to talk about Ri and Ci

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 attention at time t as ẘt. It may be an external stimulus, or a MR

retrieved from memory. Any other contents of Xi⊕Ri that are accessible to working memory,

9This distinction between food set and food set-derived may not be so black and white but for simplicity we
avoid that subtlety for now.
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Term Origin of Life (OOL) Origin of Culture (OOC)

Xi all molecule types in protocell i all mental representations (MRs) in individual i

x ∈ Xi a molecule in Xi a MR in Xi

Fi food set for protocell i innate or directly experienced MRs by i

r ∈ Ri a particular reaction in i a particular representational redescription (RR) in i

Ci[x] reactions catalyzed by x in i RR events ‘catalyzed’ by x in i

(x, r) ∈ C x catalyzes r x ‘catalyzes’ redescription of r

a ∈ A member of set of reactants in r member of set of MRs undergoing r

b ∈ B member of set of products of r member of set of MRs resulting from r

¬Fi non food set for i (i.e., all B of Ri) MRs resulting from Ri (i.e., all B of Ri)

Table 3. Terminology and correspondences between the Origin of Life (OOL)
and the Origin of Culture (OOC).

such as close associates of ẘt, or recently attended MRs, are denoted Wt, with Wt constituting

a very small subset of Xi ⊕ Ri. 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 self-organizing

and autocatalytic.

5. RAF model of the cognitive transition

We now use the RAF formalism to model the transition to behavioral/cognitive modernity

in the Upper Paleolithic. To address how the mind as a whole acquired autocatalytic structure,

the model is, by necessity, abstract. It does not distinguish between semantic memory (memory

of words, concepts, propositions, and world knowledge) and episodic memory (personal experi-

ences); indeed, we are sympathetic to the view that these are not as distinct as once thought

[63]. 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
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space (where N is the number of distinguishable differences, i.e., ways in which MRs could

differ), our model is consistent with models that use convolution [57], random indexing [58], 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 [43] or

other means. We view associations as probabilistic; when we say that an association was forged

between two MRs we mean a spike in the probability of one MR evoking 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 a MR in

working memory. Although our approach is influenced by how context is modeled in quantum

approaches to concepts [2, 1], it is not committed to any formal approach to modeling context.

MRs are composed of one or more concepts: mental constructs 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 literature 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 and defy classical logic [1, 2, 47, 80]. The extent to which one

MR modifies the meaning of another is referred to here as its reactivity. A given MR’s reactivity

varies depending on the other MRs present in working memory.10 Although we do not explicitly

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 [15, 67]. Conceptual closure is

10For 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 context FUNNY (as in ‘worn to be funny’), it was rated high as an exemplar
of HAT [96]. Thus, the degree to which PYLON qualified as an instance of a HAT changed depending on the
context. The context 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.
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achieved and a cognitive 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 Section Three, and summarized in Table 4. In this table,

the variables γD, γA, and γC quantify the three variables: divergence (D), abstractness (A) and

context-specificity (C), respectively.

Variable Example Symbol

divergence LION → KILL → POWER γD

abstractness LION → ANIMAL → ANIMATE BEING γA

context-specificity LION (context: desire to possess lion’s power) → LION FIGURINE γC

Table 4. Examples of the three variables of the spectrum of thought.

We model the capacity to shift between convergent and divergent thought by introducing a

metric geometry. We let d denote the semantic distance between an item m in memory Mt

and an item in working memory ẘ. In convergent thought, the semantic distance d between

successive contents of working memory remains small, and only close associates catalyze RR

reactions and participate in CCPs. In 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 associates (i.e., items for which the semantic distance d to the content of

working memory was large). These remote associates catalyzed RR reactions, and participated

in CCPs. Thus, divergent thought could (in our terminology) bring about reactions amongst

previously unconnected MRs, including MRs from different knowledge domains. The variable

γD determines how ‘remote’ an associate can be in order to catalyze an update (i.e., how ‘far
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afield’ one looks for ingredients in one’s stream of thought). Thus, γD 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 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 increase,

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 one’s current 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 relevant in the current one. We

make the notion of context-specificity more precise by introducing a context-dependent associ-

ation structure. As above, we let d denote the semantic distance between an item m in memory

Mt and an item in working memory ẘ. A small value of d(m, ẘ) means that in the current

context, m is closely related to ẘ whereas a large value of d(m, ẘ) means that with respect to

the current context, they are distantly related.

Let Ct denote a context at time t (which is determined by the goals and needs of the individual

at time t). We can represent the context-dependent associations explicitly by writing m ∼Ct m
′

if m and m′ are related with respect to context Ct.

For m to catalyze a cognitive updating reaction

ẘ
m−→ ẘ′,
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m should satisfy at least one of the following properties (where γD is as described above, and

γC is the extent to which context can facilitate the catalysis of a particular RR reaction):

(i) d(m, ẘ) ≤ γD, or

(ii) m ∼Ct ẘ and d(m, ẘ) ≤ γD(1 + γC).

In other words, for m to catalyse a RR reaction involving ẘ, either the default semantic distance

to m 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 Ct at time t may mean that a stimulus st

that is relevant to the current contents of working memory, catalyzes a RR reaction ẘ
s−→ ẘ′

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 tool sharper.

5.1. Example: The Hohlenstein-Stadel figurine. We now make the transition from pre-

modern to modern mind more concrete using the example of the Löwenmensch or ‘lion-man’

figurine from the Hohlenstein-Stadel cave, discussed in Section 2. Although we cannot know

exactly how the Hohlenstein-Stadel figurine was created, by reverse-engineering the process

it is possible to infer what conceptual structure would, at a minimum, have had to be in

place [38, 93, 97]. 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

[83, 62], and likely a source of fear and awe due to its power and aggression [46]. 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 iconic to 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, sum-

marized 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
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reduction (i.e., knapping and carving) techniques. (These are not discussed here, since it is the

subject of another paper [42].)

Step Description Origin Mode

1. Carve from stone → carve (from something) RR abstract

2. Transmission of lithic reduction techniques social learning convergent

3. Carve functional tool → carve (something) RR divergent, abstract

4. Transmission of CARVE (something) social learning convergent

5. Carve (something) → carve iconic likeness RR divergent, concrete

6. Combine human form and lion head → RR divergent, cross-domain,

internalize lion’s power context-specific

7. Assimilate features of lion and man individual learning divergent

8. Carve Löwenmensch individual learning + RR divergent

Table 5. The sequence of steps culminating in the creation of the Hohlenstein-
Stadel Löwenmensch figurine.

(1) 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 mya (well before the Paleolithic) [90].

(2) Social learning of first step. Creative contributions to culture begin with a prepa-

ration stage involving thorough assimilation of relevant background knowledge [101].

Thus, the first step that took place in the Upper Paleolithic involved the social learning

of existing knapping and carving techniques, including the abstract concept CARVE

(from any suitable material).
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Figure 2. Top left: Sources of mental representations involved in the creation
of the Hohlenstein-Stadel figurine, and the symbols used to depict them. Bottom
left: Modes of thought and symbols used to depict them. Right: Steps involved
in the creation of the figurine. Top two rows show the steps that occurred prior
to the Upper Paleolithic; subsequent rows depict steps that took place during the
Upper Paleolithic.

(3) Abstraction of CARVE TOOL to CARVE (something). The next step was

to extricate the concept CARVE TOOL from its conventional function of generating

something utilitarian such as a hand axe. This resulted in a the abstract concept

CARVE, which could now be applied in domains other than technology, such as art.

This would have likely involved divergent, abstract thought. The existence of objects in

bone, ochre, and ostrich eggshell with geometric engravings from southern Africa, dates

this to at least 77,000 years ago [48].
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Figure 3. Steps culminating in creation of Hohlenstein-Stadel figurine. Mean-
ings of symbols are defined in Figure 2 (see text for details).

(4) Social learning of the abstract concept CARVE (something). The carver of the

Hohlenstein-Stadel figurine acquired the abstract concept CARVE (something) through

social learning.11

(5) 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

11We cannot know for certain that it was not invented independently (particularly given the distance between
Hohlenstein-Stadel and southern Africa).
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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.

(6) Combine LION HEAD with HUMAN BODY. We also do not know what mo-

tivated this step. Like the 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 artisan 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.

(7) Assimilate features. To carve an iconic figurine, knowledge of lithic reduction tech-

niques is not sufficient; the artisan would have had to deeply absorb the physical charac-

teristics of lions and humans through individual learning. We characterize this process

as divergent because it involves assimilating the details and, potentially, any feelings

they evoke. The artisan would then have used RR to creatively adapt this technical

knowledge to the new task of rendering a figure in ivory.

(8) Carve figurine. The actual carving of the figurine would have required RR in diver-

gent mode to creatively adapt known carving techniques to the new task of rendering

the detailed characteristics of the lion and human forms. Engagement in a tactile pro-

cess meant that thought was concrete, ensuring that the features of the figurine were

recognizably human or lion-like.
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The entire mental trajectory through the spectrum of thought culminating in the creation of

the Hohlenstein-Stadel figurine is depicted in Figure 4.

abstract

concrete

pre-modern

divergentconvergent

context specific

modern mind

KEY
Individual Learning
Social Learning
Representational Redescription

mind

1
2

3

4

5

6
7

8

Figure 4. Trajectory through the spectrum of thought culminating in the
Hohlenstein-Stadel figurine. Convergent-to-divergent is on the x-axis, abstract-
to-concrete is on the y-axis, and degree of context-specificity is on the z-axis. Dif-
ferent combinations of these three variables comprise different ‘modes’ of thought
(i.e., ways of navigating memory and processing information). Although the pre-
modern mind could, to some degree, form abstractions, its thought trajectories
used only a tiny portion of this space, as indicated by the small sphere. It was
therefore restricted to a single mode of thought. The modern mind could engage
in all combinations of these three variables, thereby engaging in many modes
of thought, as indicated by the large sphere. The numbered arrows correspond
to the eight steps listed in Table 5; thus, they depict how the mode of thought
shifted over course of the figurine-making process.

6. The transition to cognitive modernity

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.,
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‘tools’) [74]. Pre-modern cognition was largely (though not entirely) restricted to basic level

categories—an intermediate level of abstraction—without the context-specific RR needed for

cross-domain thinking. This was modeled by restricting RAFs to closed subsets of MRs that

only reacted with other members of the same subset, resulting in RAF structure that was

transient and fragmented [41, 42].

We now describe a simple mathematical model of the formation and persistence of cognitive

RAFs culminating in behavioral/cognitive modernity and the cultural transition of the Upper

Paleolithic. Let W = W(t) be a continuous measure of the scope of working memory of an

individual at time t (t varies continuously over the lifetime of that individual). Cognitive

processes make use of items obtained through individual learning, social learning, or RR, with

items persisting in working memory for a short (but variable) time. As in [41], we model this

as a non-deterministic process. If we let W = W (t) = E[W(t)] denote the expected (i.e., mean)

value of W (t) and assume a limit on the rate at whichW(t) can grow, this leads to the following

nonlinear first-order equation:

(1)
dW

dt
= −µW + λE[f(W)] + S.

Here S = S(t) ≥ 0 is a measure of information that is externally derived, either through

individual learning or social learning at time t, the value 1/µ is the mean time that items remain

in working memory, and λ describes the rate of RR reactions; and the function f is a concave

increasing continuous function that satisfies f(0) = 0, and is asymptotically bounded (i.e.

limx→∞ f(x) = K for some value K). Simple default choices for f would be f(x) = min{x,K}

or f(x) = x(1− x/C), though we do not explicitly assume either of these here.

Crucially, the parameter λ 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 that we propose distinguish pre-modern from modern cognition.
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More precisely, if M = M(t) denotes a continuous measure of the scope of total memory at

time t and M = M(t) = E[M(t)] is the expected (mean) value of M(t), then λ is dependent

on M (i.e. λ = λ(M)). Thus, Equation (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:

(2)
d(M −W )

dt
= νW,

where ν ∈ (0, 1) parameterises the extent to which items in working memory become encoded

in long-term memory (which may also depend on time, as ν may vary during the lifetime of

the individual). The coupled (non-linear) system of Equations (1) and (2) leads to certain

predictions. In particular, when λ 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 λ passes this threshold, CCPs can form and persist

indefinitely, even when the term S (in Eqn. (1)) drops to zero. The justification of these two

claims and further mathematical details are provided in the Appendix.

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

γD, γA and γC , provide distinct and complementary mechanisms for λ to change. If the resulting

new MRs are encoded in long-term memory, the positive dependence of λ on M) provides more

routes for catalysis of CCPs. This increases M −W from Eqn. (2), which, in turn, influences

the dynamics of W by Eqn. (1).

The modern mind could carry out logical operations during convergent thought, and make

new connections using divergent thought. Divergent thought could be biased toward a specific

need by making thought more contextual. 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
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the capacity to work out how elements of their 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 synthesize different domains of understanding into an integrated

internal model of the world, using not only basic level concepts [86] 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 maintain 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 amongst its parts. New experiences

are interpreted, understood, and encoded in memory, in terms of existing cognitive structure

already in place; thus, the structure of the memory becomes increasingly web-like.

7. Comparison with other theories

This model builds on the theory that the burst of creativity in the Paleolithic was due to

the onset of contextual focus: the capacity to shift between divergent and convergent modes of

thought [32]. That theory is superficially similar to the proposal that the distinguishing feature

of human cognition is our capacity for dual processing [28, 79].12 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.

12Dual 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 automatic 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 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 divergent thought and dual processing theories see [88].
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Our model is also consistent with Mithen’s [73] theory that the transition was due to the

connecting of domain-specific information processing modules, thereby enabling metaphorical

thinking and cognitive fluidity: the capacity to combine ideas from different domains, fuse

different knowledge processing techniques, or adapt a solution to one problem to a different

problem. It is also consistent with Coolidge and Wynn’s [19] theory that it was due to expanded

working memory.13 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 paper, like [19], as well as [20] we are sympathetic with the view that genetic

mutation was involved (see [40]).

Our proposal is consistent with the view that complex languages, symbolic representation,

and myth lay at the heart of this transition [12, 13, 23]. However, we put the emergence 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 behav-

ioral modernity, our framework is inconsistent with the hypothesis that the onset of recursive

thought enabled mental time travel and cognitive modernity [21, 91]; 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 behavioral modernity arose due to onset of the

capacity to model the contents of other minds, sometimes referred to as the ‘Theory of Mind’

[94], is somewhat underwritten by recursive RR, since the mechanism that allows for recursion

is required for modeling 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 behavioral modernity that emphasize social-ecological factors

[29, 98], 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.

13Working memory is just the part of memory that is, at any moment, working.
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8. Discussion and conclusions

Formal models exist of many aspects of human cognition, such as learning, memory, planning,

and concept combination. 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 network. We

proposed that rapid cultural change in the Middle-Upper Paleolithic required the ability to, not

just recursively redescribe the contents of thought, but also tailor the ‘reactivity’ 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 enabled Homo sapiens to reflect on

the contents of thought from different perspectives and at different levels of abstraction. This

culminated 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 the precise details of the cognitive events

modelled here took place (though the model does not hinge on these details). We hope that

future versions will incorporate inhibition (in conjunction with the existing catalysis), as well

as a more sophisticated representation of the interactions amongst MRs [1, 2] and a dynamic

representation of context [56, 96]. There remains much work to be done on how cognitive RAFs
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replicate and evolve (see [4] 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 hope that future research will build on this direction by comparing the cultural RAF

approach developed here with other standard semantic network approaches [8, 6, 10, 59, 68].

Although these standard semantic networks suffice for modeling semantic structure in individ-

uals, we believe that the RAF approach will turn out to be superior because it distinguishes

semantic structure arising through social or individual learning (modeled as food set items)

from semantic structure derived from this pre-existing material (modeled as non-food set items

generated through abstract thought processes that play the role of catalyzed reactions). This

makes it feasible to model how cognitive structure emerges, and to trace lineages of cumula-

tive cultural change step by step. It also frames this project within the overarching scientific

enterprise of understanding how evolutionary processes (be they biological or cultural) begin,

and unfold over time.
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9. Appendix: Mathematical details and justification of predictions based on

Equations (1) and (2).

We begin with some preliminary remarks. In the following arguments, we treat λ as a

constant over the short time-frame considered in the dynamics of CCPs, since the dependence

of λ on M applies over considerably longer time-scales. Moreover, in treating λ as a constant

and setting S = 0, Eqn (1) is not of the form Φ(W, dW/dt) = S(t), since E[f(W)] is not, in

general, a function of W . For example, for f(x) = x(1− x/K), Eqn (1) becomes:

dW

dt
= −µW + λ

(
W

(
1− W

K

)
− V(W)

K

)
+ 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.

Returning to the first prediction of this model, observe that:

(3) E[f(W)] ≤ f(E[W ]) = f(W ) ≤ f ′(0) ·W.

The first inequality in (3) is by Jensen’s inequality for the concave function f (see e.g. [44]).

The second inequality also uses the concavity of f together with the condition f(0) = 0. Thus

if λ < µ/f ′(0), we have:

dW

dt
≤ −cW + S

for c = (µ − λf ′(0)) > 0. Consequently, once S declines to zero, so too does W , and by the

Markov inequality (see e.g. [44]), we have:

P(W(t) > ε) ≤ E[W(t)]

ε
=
W (t)

ε
→ 0

as t increases, which establishes the first prediction.
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Now suppose that λ > µ/f ′(0). Let β = µ(1 + η)/λ < f ′(0) for a sufficiently small η > 0.

By the concavity of f , it follows that, for some γ ≥ 0, we have:

(4) f(x) ≥ βx, for all x ∈ [0, γ],

since the line y = βx 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(t1) = w, where w ∈ (0, γ). Considering the process moving forward

from time t1, with the initial condition W(t1) = w (and thus W (t1) = w) at t = t1, we then

have:

dW

dt
= −µw + λf(w) + S ≥ −µw + λβw = ηw > 0,

where the first inequality is from (4) together with S(t1) ≥ 0. In summary, when λ passes above

the threshold µ/f ′(0) andW(t) is small but non-zero (and even with S = 0), the expected value

of W(t) begins to increase, due to CCPs in working memory.
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