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1. Introduction
The goal of this themed issue and the associated Royal Society and British Acad-
emy joint Discussion Meeting is to advance, and bridge between, two topics and
their respective research fields that have burgeoned in recent years, although to
date they have often done so quite separately. One field is concerned with collec-
tive action, collective intelligence and collective knowledge among groupings of
individuals; phenomena in which significantly more is achieved by the collective
than is possible for any one individual alone. Their manifestations and mechan-
isms have been studied across populations of the kinds of non-human animals
(henceforth ‘animals’), humans and machines that are the subject matter of this
issue. These have been flagged by a variety of expressions across animal and
human studies including, for example, ‘consensus decision-making’ [1], ‘the
wisdom of the hive’ [2], ‘quorum decision-making’ [3], ‘emergent sensing’ [4],
‘collective intelligence’ [5], ‘the wisdom of the crowd’ [6], ‘collective brain’ [7],
‘group cognition’ and ‘extended mind’ [8,9], ‘group-mindedness’ and ‘collective
intentionality’ [10]. In artificial intelligence research there is ‘swarm robotics’ and
‘collective robotics’ [11–17]. For Mulgan [18], ‘Big Mind’ includes both the latter
two domains, integrated in the collective intelligence generated through large-
scale human–machine interactions. Few attempts have been made to integrate
the contributions reflected in this diversity of terminologies. In this issue,
we address the emergence and evolution of these phenomena, appraising
commonalities and differences among them.

The second field of interest covers the emergence and evolution of the
collective entity we call culture—the creation, transmission and spread of tra-
ditions through social learning (learning from others), in humans, animals and
machines. Culture has long been presented as a unique defining feature of
humans [19,20]. It pervades virtually every aspect of what it is to be human
[21,22]. Yet, recent decades have revealed that culture, defined as above, plays a
significant role in the lives of numerous vertebrate taxa and perhaps of invert-
ebrates (notably insects) too [23–27]. The study of social learning in robots,
reviewed in this issue [28–30] also raises the prospect of cultural evolution in
the world of machines.

The research literatures focused, respectively, on collective knowledge and
culture (including each of the animal, human and machine research streams
within them) have been built largely as separate endeavours. In this issue, we
seek not only to extend them but also to examine emerging links between
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them. Exploring such connections, Biro et al. [31] pointed out a
largely overlooked aspect of collective animal behaviour: that
many of the collective outcomes that have been identified
may be contingent on the collective’s previous history and col-
lective memory. Collective knowledge may change over time
when the same groupmembers solve the same task repeatedly,
or across partial turnovers in groupmembership, amounting to
the emergence of a group culture. This may in turn extend to
cultural transmission of collective knowledge across gener-
ations. Any additional extensions in such collective cultural
knowledge may in turn evidence cumulative culture.

An example of such processes in actionwas provided by an
experiment with homing pigeons [32]. In this study, two
pigeons were first repeatedly tracked as they made homing
flights. Then, one of the pair was replaced by a naive bird
and the new combination again flew repeated flights, before
the most experienced was again replaced by a naive bird.
Later pairs of pigeons in these transitions were thus different
to those flying earlier in the sequence, yet homing flight
paths became increasingly efficient and direct over time. The
experiment accordingly demonstrated (i) the transmission,
across pairings, of information underlying good flight paths
generated up to that point; (ii) a capacity of consecutive pairs
not only to share this information, but in interaction, improve
it; and thence (iii) create cumulative cultural progress across
the whole sequence of repeated replacement pairings.

How might such processes play out in nature? Long-term
records of wild bighorn sheep suggest one answer [33]. In the
United States, groups of these animals were translocated,
sometimes as much as two centuries ago, to areas in which
the species had been extirpated. Here, in territory unknown
to them, they failed to exhibit the annual ‘green wave surfing’
in which these animals normally pursue a series of higher
and higher altitude springtime patches of graze. However,
this behaviour re-emerged in the translocated populations,
and the knowledge and skill underlying the ability to opti-
mize foraging movements in time and space was found to
grow progressively over decades and over generations. The
authors concluded ‘that ungulates accumulate knowledge
of local phenological patterns over time via the ‘ratcheting
effect’ wherein each generation augments culturally trans-
mitted information with information gained from their own
experience, a process known as cumulative cultural
evolution’ ([33, p. 1024], citing [34]).
2. Core research questions
Such emerging links between the topics of collective
behaviour, knowledge sharing, collective knowledge gener-
ation and culture, and a range of other relevant advances in
studies of animals, humans and machines lead us to pursue
a set of core questions as follows:

— how do collectives, whether of animals, humans, robots
or other machines achieve shared levels of knowledge/
information, beyond those accessible to constituent indi-
viduals acting alone?

— inwhatways andunderwhat conditions are these processes
extended temporally, such that collective contributions are
maintained and persist over significant time depths?

— to what extent and in what ways do these kinds of collec-
tives create new behaviours or artefacts when they
combine and integrate different contributions from differ-
ent individuals, and do these spread via social learning?
and

— in what ways may these phenomena recur across multiple
generations of cultural transmission, creating the poten-
tial for extended cumulative cultural transmission?

Of course, many more specific but related questions are
addressed in the articles assembled in this issue. We do not
provide extended summaries of these articles here. Prospec-
tive readers can consult the abstracts. Instead, we outline
the key background literature and briefly indicate how the
articles in the issue relate to and advance these.
3. Collective behaviour, knowledge and culture
among non-human animals

Much of the animal literature to date focuses either on collec-
tive phenomena per se, or on culture-related phenomena, and
accordingly we introduce these separately here.

(a) Collective behaviour and knowledge in animals
An extensive literature has accumulated, particularly this
century, analysing collective actions in animals. Contexts
studied include the collective movements of large aggregates
(bird flocks, fish schools, insect swarms and ungulate herds
[35–37]), collective construction (foraging trail networks,
social insect nests and even structures composed of the
bodies of the animals themselves, such as ant-bridges
[38–40]), the timing and coordination of collective activities
(the emergence of synchrony in firefly flashing and in predator
evasion [41,42]) and collective decision-making in the group’s
choice of when, where and what actions to implement [43].
Key principles identified emphasize that much of collective
animal behaviour is ‘self-organized’ [44], relying on relatively
simple local interactions of individuals with their neighbours
and with the environment, in the absence of any ‘global’ over-
seer or leader. Complex, robust and scalable group-level
phenomena emerge that are not necessarily predictable from
observing any single individual by itself.

In this issue, we are additionally focused on contexts in
which information is linked collectively in ways that evoke
such terms as ‘collective memory’ [45], ‘collective decision
making’ and ‘collective minds’ [46]. The justification for
such references to concepts of cognition and knowledge,
even where the cognitive powers of individual animals or
robots may be relatively elementary, can be illustrated in an
analysis of chemical communication among ants [47]. Ants
mark trails with pheromones of both low and high volatility,
allowing collective route maps to be accumulated and refined
over time. This provides both long-term memories of poten-
tially useful foraging routes, and short-term memories
coding currently valuable routes to resources. The latter
‘working memory’ facilitates the ‘attention’ of the colony as
a whole, adaptively guiding the workforce’s learning and
exploitation as resource distributions change.

Collective decision-making has been extensively studied in
the context of negotiated route choices, in situations where
component individuals initially express different preferences
based on their personal knowledge to date. For example,
despite living in societies heavily structured by dominance
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relationships, at a fine spatio-temporal scale baboons are more
likely to follow routes suggested by multiple individuals than
to follow the most dominant [48]. When directions suggested
in the actions of initiators differ by only relatively small
angles, the group typically follows a compromise direction
between them, but if the angle is large, just one is chosen.
The latter choice tends to occur as a majority of the group
progressively express a preference for it. The pattern
of ‘compromise’ decisions being made when the angle of
disagreement is small, and a ‘winner takes all’ decision
emerging when it is large, has been found in a variety of ana-
logous contexts and species, including the choice of homing
paths in pigeons [49] and of travel directions in wild vulturine
guineafowl [50]. Similarly, the principle of the numerical
majority dictating the group consensus is a well-known effect
characterizing the selection of newnest sites by colonies of hon-
eybees and ants [51,52], and has also been shown in human
crowds instructed to follow a set of simple behavioural rules
simulating those underlying collective animal movement [53].

In these cases, individuals often vary in their knowledge
of a single factor, such as the location of a resource like fruit-
ing trees or nest-sites. However, knowledge concerning
different factors might be in play even in contexts like those
outlined above: for example, some baboons may try to initiate
movement towards a food resource they know of, while
others initiate alternative routes to avoid an area they know
has recently been frequented by a significant predator.
Some individuals may know about only one of these, yet
the group as a whole may be able to generate an adaptive
overall response that weights both factors. Indeed, the
specific weighting that different individuals’ inputs receive
may vary according to their current physiological needs,
motivational states, or the reliability of their information,
leading to more flexible integration of pooled preferences
[54]. For example, in plains zebras, lactating females—i.e.
those with the highest water and energy needs—are more
likely to influence the herd’s movements than non-lactating
ones [55].

Alternatively, collective responses can also be the cumu-
lative output of individual inputs rather than their
(weighted) average. The potential complexities of such addi-
tive effects are challenging to tease apart in nature, but have
been explored in controlled experimental contexts. For
example, Webster et al. [56] tested sticklebacks faced with a
two-step task in which the first step was navigating through
a structured environment to a food patch, and the second
step was accessing the food by swimming through a small
hole. Some shoals contained only entirely naive fish, whereas
others mixed naive fish with fish already experienced in the
navigation step only, or experienced in the food access step
only. In a fourth combination, the group included equal num-
bers of naive fish, and others trained in either navigation-only
or food access-only. Results clearly showed that these mix-
tures were superior to the others in the proportion of the
group successfully entering the feeder and the speed with
which they were able to do so, demonstrating what the
authors describe as adaptive ‘experience pooling’.

Although not tracked in that study, from what we know
of social learning in fishes [57], all the fish whose discovery
of this foraging innovation was enhanced by the experience
pooling would probably be more successful at the task sub-
sequently, implicating a form of social transmission. Such
effects illustrate one potential link between collective
knowledge, social learning and culture, when a perspective
with some time-depth is taken.Outstanding key questions con-
cern the role of the collective (its size, composition, stability and
life history) in generating new information not discoverable by
single individuals, the role of individual heterogeneity in
where and how much of this information is stored as the
group’s ‘collective memory’, the time-depth of the latter, and
context-dependent effects on the retrieval and execution of
appropriate behavioural solutions in collectively learnt tasks.
(b) Social learning and culture in animals
Culture was defined above as the creation and spread of
traditions through social learning (learning from others).
Traditions can in turn be defined as behaviours, artefacts or
other entities that are shared within a community and main-
tained over significant periods, including across generations.
Once thought unique to humans, over the last 70 years or so,
culture conceptualized in this way has been discovered
to play a significant part in the lives of an ever-expanding
range of animal taxa including a variety of mammals,
birds, reptiles and fishes [23–27]. Such evidence has emerged
in some cases through the accumulation of long-term field
studies, but also through the refinement of a diverse portfolio
of methodologies, from controlled experiments in both
laboratory and field, to statistical techniques to identify the
signature of cultural transmission in the ways that inno-
vations spread preferentially through social networks [58].
Here it is important to recognize the distinction between evi-
dence for social learning per se, and that required to identify
cultural transmission, through the demonstration of repeated
episodes of social learning as innovations diffuse within and/
or across groups and generations. Much of what animals
learn socially may have only transient significance, such as
the location of a short-lived resource, and never become the
basis for a tradition. The identification of social learning of
a preference for particular flowers by bumblebees [59], for
example, thus does not in itself establish culture. However,
laboratory-based experiments have gone on to demonstrate
cultural transmission along chains of learners, including in
the foraging behaviour of bumblebees [60] and mate-choice
copying of fruit flies [61]. What remains unclear is the reach
of culture in insects’ lives in the wild.

In vertebrates, the diversity of behavioural repertoires
found to be shaped by cultural transmission has progressively
expanded alongside its taxonomic diversity. Examples include
foraging techniques [62,63], tool use [64,65], vocal com-
munication [66,67], social customs [68,69], preferences for
particular prey [70] and other dietary items [71], migratory
pathways and destinations [72,73] andmate characteristics [61].

Cultural transmission spans not only this diversity of func-
tions but may also pervade successive phases of animals’ life
history. In specieswith parental care,much appears to be trans-
mitted during this initial phase of dependence, but in group-
living animals ‘horizontal’ transmission between peers and
‘oblique’ transmission from non-parental adults can be impor-
tant at later ages, including a renewed role for learning from
others as adults disperse to new groups and ranges unfamiliar
to them [71,74]. A recent book-length review of the accumulat-
ing evidence for cetaceans concluded that culture so permeates
whales’ lives that ‘culture is a major part of what the whales
are’ [23, p. 17]. In similar vein, Schuppli & van Schaik [75]
argue that prior approaches to identifying the scope of ape



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

377:20200306

4

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

07
 N

ov
em

be
r 

20
22

 

cultures that rested on comparing different communities have
much underestimated the role of culture in these animals’
lives, neglecting local ecological adaptations and cultural uni-
versals. By instead logging all the contexts in which juveniles
closely peered at adult behaviour patterns, a measure the
authors earlier validated as indexing social learning, studies
of two orangutan populations indicated as many as 125 and
190 culturally transmitted behaviours, respectively. The
authors concluded ‘that immatures learn virtually all of their
skills socially’ [75, p. 5].

Culture may pervade many animals’ lives, but does it
evolve, as human culture so manifestly does? The answer
depends in part on what counts as evolution. If, as can be the
case in evolutionary biology, we are talking of only cultural
change, then there is growing evidence for the occurrence of
cultural evolution among animals, as long-term studies
accumulate [25,27]. Changes in birdsong logged over periods
that have now extended over several decades have provided
the greatest number of peer-reviewed publications that index
‘cultural evolution’ in their titles [25]. Long-term changes
were also identified in the spread of a ‘lob-tail’ technique of
predation in humpback whales over 26 years [63], but some
changes can be much faster, as when a new form of sponge-
making to aid drinking emerged and spread in chimpanzees
over only approximately a single week [76].

Human scientific lives are short compared to many of the
potential evolutionary changes (whether based on genetic or
cultural inheritance) that interest us. Archaeology has begun
to change this somewhat for animals, as it has for human
cultural change. Archaeological excavations focused on the
types of stones used to crack nuts by modern-day bearded
capuchins pointed to four different evolutionary phases
spanning 3000 years, marked by changes in size, wear,
percussive battering and anvil types [77].

Amore demanding concept of cultural evolution requires it
to be cumulative, such that ‘some measure of performance’ is
progressively enhanced [78, p. 2]. In our introduction, we
already noted two quite different examples of this, an exper-
imental study of pigeon homing [32] and an analysis of long-
term records of green wave surfing skill in bighorn sheep
[33]. Both of these concern enhancements in movement effi-
ciency, but other examples have begun to extend the diversity
of species and behavioural arenas in which such cumulative
cultural change has been identified. One such study showed
cumulative cultural evolution (CCE) in the capacity of baboons
to recognize and transmit visual patterns, in an analogue of
similar changes in the cultural evolution of artificial languages
in human experiments [79,80]. Another study tracked changes
in the songs of humpback whales over 12 years, during which
periods of rising complexity alternated with falls occurring
when radically new songs (cultural revolutions) emerged
[81]. All such cases are suggestive of collective contributions
of different animals’ innovations to cumulative cultural
change, across significant time-depths. That of the humpback
whales is pursued in greater depth in this issue [82].
4. Collective knowledge and cumulative culture
in humans

Studying the wisdom of collectives is often traced back to
Galton [83], who showed that the sometimes widely differing
estimates of the weight of an ox at a county fair, when
averaged, came surprisingly to within 1% of the true
weight. Since that time, studies of a variety of related collec-
tive cognitive phenomena have generated large and growing
literatures in fields as varied as economics, psychology, soci-
ology, law, political science and anthropology [84]. However,
‘culture’ was not even indexed in the latter ‘Handbook of
collective intelligence’.

Similarly, collective knowledge/intelligence was not in
the index of the most recent wide-ranging compilation of
research findings from the field of human cultural evolution
[85]. The study of cultural evolution can be traced at least
as far back as works by Schleicher [86] concerning language
evolution, well known to Darwin [87]. With time, evolution-
ary analyses were extended to fields such as weaponry and
other technologies [88]. The modern field of cultural evol-
ution is generally traced to foundational systematic analyses
by Cavalli-Sforza & Feldman [89] and Boyd & Richerson
[90], its maturation marked in 2017 by the first international
conference of a ‘Cultural Evolution Society’. A growing
number of studies have, however, begun to integrate the
topic of collective knowledge with that of culture [91].
Here, we introduce examples that offer foundations for
articles in this issue that carry this work forwards.

(a) Inferences about collective information and culture
in past and present foraging societies

Two very different empirical sources, both represented in this
issue, focus particularly on reconstructing our evolutionary
past. There is an important complementarity between the
two given the strengths and weaknesses of each. One is
the archaeological record, including fossils, genomic material
and particularly artefacts dating from the stone age to the
present day [92]. The artefacts provide us with a progress-
ively more detailed record of the evolution of human
material culture, but limited inferences can be drawn about
social matters such as collective action and knowledge. By
contrast, rich data on the latter come from the study of pre-
sent-day peoples dependent on the hunting and gathering
(HG) ways of life that the archaeological material tells us
characterized millennia of our species’ recent history [93].
However, the cultures of these communities tend to be very
stable, revealing little of evolutionary change, whereas
change permeates the archaeological record of the last few
million years. The two perspectives thus enrich and inform
each other in multiple ways.

Studies of Hadza HG in Africa and Ache HG in South
America suggest that the collective cultural knowledge of
these peoples is structured in significant ways by forms of
social interaction that differ much from those of great apes
[94]. These include intermittent and friendly interactions
between bands. Estimates from quantitative studies of these
peoples suggest that across their lifetimes, Hadza and Ache
men are likely to be able to observe as many as 300 men
engaged in tool making across different bands. This contrasts
strikingly with the lives of male chimpanzees, whose inter-
community relationships are extremely intolerant and typically
marked by lethal raiding. Hill et al. [94] suggested that the scale
of information exchange observed in HG societies is likely to
have been a key factor in facilitating cultural transmission
and particularly the scope for CCE to take place.

Parallel conclusions have been derived from archaeologi-
cally based analyses identifying correlations between
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reconstructed demographic changes and major transitions in
material culture in late Pleistocene times [95]. Population
densities and migration patterns inferred from genomic data
were shown to attain levels predicted to promote marked
acceleration in cumulative cultural change at two significant
spatio-temporal junctures. The more recent, at approximately
45 ka in Europe andwestern Asia, represents the Upper Palaeo-
lithic transition marked by an extensive cluster of cultural
advances including fine stone tools and sophisticated weap-
onry like spear throwers, together with realistic art and body
decoration materials. The earlier juncture, around approxi-
mately 100 ka, corresponds to what are thought to be the first
archeological signatures of such cultural advances in Africa.

Of course these scenarios concern a much larger-scale
inferred linkage between the promotion of collective knowledge
through major demographic shifts and cultural advances, than
the recent studies ofHGpopulations. They also rely on a signifi-
cant number of assumptions and inferential leaps, given the
fragmentary nature of archaeological evidence bases. Studies
of contemporary HG life, therefore, provide invaluable and
complementary concrete observations of the collective and
cultural phenomena of interest.

For example, a study of the forms of usage of 33 plant
species by 219 BaYaka HG individuals in Congo revealed a
hierarchical structure in their collective knowledge [96].
Knowledge of medicinal usages are principally shared at
the level of the family—between spouses and both biological
and affinal kin, whereas collective knowledge concerning
social norms such as ritual usage, and foraging requirements,
occurs at the level of the camp. The authors proposed that
multi-family camps provide a framework facilitating the
exchange of social and functional information and ultimately
potentials for cumulative cultural change.

Wireless sensing technology, in which small ‘mote’
devices worn by individuals provide objective information
on social networks across large populations, have now been
used to delineate such multiple-level HG social structures
in detail [97]. For the 53 adults in seven Agta camps in forests
in the Philippines, 59% of all the possible close dyadic inter-
actions were recorded as occurring within a band in a single
month, plus an additional 28% of the possible dyadic inter-
actions between camps. For 37 adults in three coastal
camps, the equivalent figures were 85% and 56%.

A number of studies converge to suggest that such
hierarchical structuring may facilitate CCE because of the mix
of fragmented collective knowledge arising across camps,
coupled with intermittent exchange between them. Gorillas
have been recorded to use nine of the medicinal plants used
by the BaYaka studied by Salali et al. [96], and chimpanzees
six, whereas the BaYaka use 32 [96]; but significantly, the
study found that no one individual knew all of them. Labora-
tory experiments and computational modelling studies have
suggested what may be the significance of this [98,99]. These
latter studies found that where a population is segmented
into groups (as occurs in the HG camps in the studies
above), CCE is facilitated when ties across the whole social net-
work are partial, rather than fully connected (where every
individual can socially learn a new innovation from any
other). This is because partial connectivity encourages diversity
in solutions to problems faced, which can be combined to
achieve advances in ways that do not occur in a more comple-
tely connected network. Modelling of alternative networks
suggests that an intermediate level of partial connections can
be optimal, with too many direct learning connections inhibit-
ing solution diversity, and too few failing to generate
combinatorial advances [99].

In natural groups, such as those of HGs, such processes
may occur over such long timeframes that they are difficult
to address in scientific lifetimes. Accordingly, Migliano et al.
[100] instead ran a version of the laboratory experiment of
Derex et al. [98], simulating the results of inserting the real
life demographies they delineated as described above. Results
showed that the multi-level structuring of this HG society,
including families within camps and multi-camp clusterings,
did indeed generate high levels of CCE, in comparison to
more fully connected networks of the same size.

Genomic analyses identifying relatedness of individuals
in shared burials dating to 35 ka have concluded these
match those among contemporary HGs described above
[101], suggesting that the associated patterns of collective
knowledge and potentials for cumulative culture have an
ancient evolutionary history. There is further evidence that
hominins were transporting cultural materials including
ochre from iron-rich rocks and materials for manufacturing
stone tools over distances of up to 50 km as long as 300 ka
[102]. There are surely rich prospects for further cross fertili-
zation and integration of related findings from network
science, archaeology, paleodemography and cultural
evolution [103].

(b) Laboratory experiments tease apart causal linkages
between collective cognition and culture

Laboratory experiments offer much greater power to identify
and dissect causal pathways. A weakness can be their eco-
logical validity, but each methodology has its strengths and
weaknesses. Experiments involving ‘micro-societies’ in the
laboratory complement the real-world approaches outlined
above and create further potential for cross fertilization, one
example of which we have already noted.

Caldwell & Millen [104] pioneered such experiments,
creating transmission chains in which individuals were suc-
cessively added to and lost from micro-societies of four
individuals repeatedly faced with a task such as building spa-
ghetti and plasticene towers ever higher. These demonstrated
cumulative cultural progress on such tasks, amounting to
an expression of collective intelligence spread across the
successive cultural ‘generations’ of the experiment.

Building on this work, Muthukrishna et al. [105]
contrasted the effects of transmission chains in which in
each generation, one naive individual could learn from just
one other, versus chains where in each generation five naive
individuals could observe and learn from five others. Using
more complex tasks than the spaghetti tower building, argu-
ably reflecting those occurring in our species past, such as
complex knot tying, this study showed markedly greater
cumulative success in the condition with multiple models
available; indeed after 10 cultural generations, all individuals
in the last phase of the five-model condition exhibited more
skill than the most skilled in the one-model condition.
Kempe & Mesoudi [106] obtained similar results with a
different task, contrasting a one-individual condition with
a three-individual condition.

Further analysis in the Muthukrishna et al. study showed
that in the multiple-models condition, individuals were influ-
enced most by the most skilled person they could observe,
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but they also relied to some extent on the best four of the five
available. The authors speculated that ‘by drawing ideas,
techniques and insights from different models, learners
can end up with novel re-combinations that none of their
cultural parents possesses. This, in a sense, creates inno-
vations without ‘invention’, ‘creativity’ or trial and error
learning’ ([105, p. 5]; see also [107]). In other variants of
these micro-society experiments, researchers have further
explored the decision-making involved as well as the role
of group size, finding that outcomes are influenced through
complex interplays with reasoning abilities [108], pay-offs
of self’s versus others’ solutions, conformity and similarities
between self’s and others approaches [109].

These studies began by testing and finding evidence
favouring theories that greater group size facilitates cultural
evolution. Further work, however, has provided evidence
that this is an over-simplification, because the strongest
effects occur in population networks composed of sub-
groups in separate neighbourhoods, while being partially or
intermittently connected [98,99,108–110]. As noted in the sec-
tion above, these findings concur well with those arising from
recent studies among real-world HG social networks
[93,94,96,97,100].

Laboratory transmission chain experiments have become
important in evolutionary linguistics [111] where they are
used alongside computational models [112] to explore how
cognitive biases in learning and communication shape
linguistic structure. The techniques extend the artificial
language learning method [113] from psycholinguistics to
examine what happens when, instead of learning a miniature
language provided by the experimenter, participants instead
learn from the output of a previous participant in the exper-
iment—a process called iterated learning [114]. More recently,
iterated learning has been extended to include interaction
between participants who use the emerging language to
solve communication games [80].

This work suggests that many of the universal design
features of language are the product of populations optimizing
a trade-off between two pressures on language: a pressure to
be simplified to facilitate learning; and a pressure to be infor-
mative, and therefore useful for communication [80,115].
Cultural evolution is the adaptive process that delivers this
optimization. With this realization, evolutionary linguists
have started to examine differences in language structure
between different types of populations—a topic that had
been taboo for many years owing to assumptions of uniformi-
tarianism [116]. For example, Lupyan & Dale [117] present
evidence that languages spoken by a larger number of
speakers are structurally simpler than ones spoken by smaller
populations. This suggests a new research programme for
evolutionary linguistics in which iterated learning and
communication experiments are run in populations with
different numbers of individuals to see which types of popu-
lation, both in terms of size, but also social network structure
more generally, lead to simpler or more complex language
structures [118,119].
(c) Developmental studies
For many of the studies outlined above, ‘emergence’ of the
phenomena of interest is framed in evolutionary and phylo-
genetic terms, but emergence also occurs in the course of
development. Synthesizing the findings of two decades of
intensive research on the socio-cognitive development of chil-
dren, in many cases directly contrasted with that of
chimpanzees and other apes, Tomasello [10] discerns two
major milestones, the second of which he labels ‘collective
intentionality’, occurring around 3 years of age. This is
built on the foundations provided by the earlier milestone,
‘joint intentionality’, typically emerging around nine
months of age. This is characterized by episodes in which
coordination is achieved between infants and others in jointly
attending to and cognitively engaging with external entities,
such as pointing to target objects and beginning to mark
them in other ways, such as through vocalizations and
holding up items of interest.

The later phase of collective intentionality is additionally
characterized by child and interactant communicating, in the
most explicit instances verbally, in ways that indicate the
child appreciates the two may hold different mental perspec-
tives. Thus, there is ‘joint attention to mental content’ in this
micro-collective. The child is here described as conceptualizing
a group-minded ‘we’, associated with the beginnings of an
appreciation of the collective phenomena of social norms and
conventions. Conformity to majorities is increasingly revealed
to be widespread in animal communities [120], but pre-school
children begin to make explicit their recognition of these inher-
ently collective phenomena; having observed demonstrations
of some behavioural routine or rule, they will, for example,
chide even a puppet seen to transgress it [121].

These and other experimental ‘laboratory’ studies are
complemented by recent systematic and quantitative analyses
of the nature and distribution of forms of social learning in
children in the important hunter–gatherer populations
referred to above (e.g. [120–126]). The latter study [126] docu-
mented that in BaYaka communities in the Congo, from
infancy to early childhood, children learn mainly by directly
observing and copying others’ activities in categories such as
foraging, tool use and cooking. Teaching by adults plays a
more specific role in transmitting other less concrete forms
of knowledge such as the social norms referred to above.
From early childhood, social learning is reported to occur
mainly in playgroups that are composed of mixed aged
children, so overall, collective knowledge and cultural trans-
mission can be conceived of as a cascade of information from
adults to older children and thence to progressively younger
ones. Lew-Levy et al. [125] confirmed this ‘cascade’ pattern in
BaYaka children but not in Hadza children, so variations in
cultural transmission networks merit further investigation
among hunter–gatherer societies.

The latter study also reported that teaching was more
prevalent between children than from adult to child, and
the small multi-age playgroups of hunter–gatherers merit
investigation as micro-society collectives in their own right.
Experimental studies of small groups of children faced with
opportunities for small-scale cumulative cultural changes
have documented that they may function as collectives, dis-
playing spontaneous teaching and cooperation [127] and
achieving more cumulative progress than children acting on
their own accord [128].
5. Social learning in swarm robotics
The term ‘social learning’ has been in use in robotics for
about 30 years. Most often, it has referred to a very particular
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case of interaction between a robot and a human interlocutor,
where the explicit programming of the robot’s behaviours is
replaced by learning through imitation or demonstration, or
by exploring the environment while being partially guided
by a human teacher [129,130]. However, when we instead
consider transferring knowledge and/or skills between
robots over the course of a lifetime, we turn to the field of
multi-agent learning, and more specifically to what has
been called ‘distributed online reinforcement learning’ for
collective and swarm robotics [16]. This is a field of machine
learning characterized by the presence of a large number of
robots (dozens to thousands) whose computational and com-
munication capacities are relatively limited in range and
speed (peer-to-peer communication is slow with respect to
the swarm size). This means that any information will diffuse
only from one robot to its immediate neighbours, with
possible delays owing to hardware and/or environmental
contingencies. As a result, it is not possible to centralize the
information required to perform learning and decision
making for the whole population if the environment changes
over time. It is also assumed that each robot embeds a
decision making process, as well as an onboard evaluation
function that estimates the quality of the produced behaviour
with respect to a user-defined task. From the multi-agent
learning perspective, this means that individual learning
occurs in a competitive framework, where behavioural strat-
egies (rather than the robots themselves) compete to invade
the robot population.

Social learning in swarm robotics (SLSR) addresses a
classical problem in this field, that of the difficulty of predict-
ing the macroscopic behaviour observable a posteriori at the
swarm scale on the basis of the microscopic behaviours
produced by the robots (which are generally programmed
by hand) [131]. Depending on the algorithm that is
implemented, the social learning process will follow a
dynamic that may be driven, for example, by the selective
affinities between robots, or by the behaviour of the robots
depending on the task at hand. The interest in SLSR started
at the turn of the millennium, and was originally referred
to as ‘embodied evolutionary robotics’ [132,133]. Indeed,
seminal works initially came as an extension of the methods
used in evolutionary robotics [134–136], which proposes to
use the so-called selection and variation operators used in
evolutionary algorithms to automatically design the behav-
ioural strategies of a single robot in order to address a user-
defined task. More recently, the term ‘social learning’ has
tended to spread, as it more accurately captures the nature
of the problem addressed, which concerns the diffusion of
skills or knowledge learned in a population of robots,
rather than the nature of the algorithm used (i.e. evolutionary
algorithms are but one possible option to implement social
learning). Since the beginning, research on SLSR has been
conducted both in simulation and, most notably, on real
robots: although the learning dynamics can be quite complex,
the fundamental algorithmic principles are relatively easy to
implement on robots with limited hardware, which is typical
of swarm robotics.

The classical process is as follows. The behaviour of each
robot depends on a decision-making module, for example an
artificial neural network, which defines the robot’s behav-
ioural strategy. The control parameters of this module
determine how the robot acts (using its actuators) depending
on the present situation (which is partially captured using on-
board sensors). The problem is then to discover the relevant
values for these parameters so that the robot performs as
well as possible on a predefined task (for example, the fora-
ging success during the last hour, which can be measured
by the robot). In its simplest formulation, social learning is
accomplished through two complementary actions carried
out in parallel by each robot of the swarm: (i) by sharing
with its neighbours part or all of its control parameters
along with an estimation of the quality of its behaviour
with respect to the task to be accomplished, and (ii) by updat-
ing its own control parameters with parameter values
received from its neighbours that are best rated. Learning is
thus accomplished in a distributed fashion by the diffusion of
the ‘best’ control parameters through the population. Diffusion
is subject to limited perturbations, which can modify (in a lim-
ited way) the transmitted information, and possibly allows
exploration of new parameter values that may lead to ‘better’
(more adaptive) behaviours. We thus find two major Darwi-
nian principles here: selection pressure favours the diffusion
of the best values of control parameters, and randomvariations
of limited amplitude allow the exploration of new behavioural
strategies, which sometimes turn out to be better with respect
to the user-defined task to be addressed.

The quantity and nature of the information exchanged
between robots has an influence on the quality of their behav-
iour, as well as on the speed of diffusion of these behaviours
in the swarm. In particular, the diffusion of a small amount
of information allows exploitation of the possible recombina-
tions between different behavioural strategies already present
in the population [137], and presents an advantage with
respect to the user-defined objective when compared to a
simple imitation by copying [14,15]. Moreover, the way in
which the information received by a robot is used has an
influence not only on the improvement of performance
[138,139], but also on the structure of the population itself,
for example by allowing the specialization of subsets of the
swarm to accomplish certain specific tasks [140,141]. Indeed,
artificially limiting the pressure of task-oriented selection of
the information shared by the encountered partners facilitates
behavioural diversity among the robots, i.e. for any two
given robots facing similar conditions, each may display a
specific and possibly unique behaviour. Finally, an enforced
preference towards original behaviours allows the encourage-
ment of innovation and exploration, which in a complex
environment is essential to discover efficient behaviours
[142]. Even if the preference for original behaviours can be
detrimental in the short term, it may favour the diffusion of
innovative behaviour, which may emerge as a better choice
with respect to the optimization problem initially posed.

Social learning algorithms, and more generally any learn-
ing algorithms distributed over a population of individuals
whose learning both acts and depends on the social net-
works, are subject to two possibly antagonistic selective
pressures. A given behaviour will diffuse in the population
only (i) if it performs well with respect to the user-defined
evaluation function, and (ii) if it is able to create opportunities
for diffusion by meeting with other robots, which may also
require learning basic survival skills not necessarily needed
to fulfil the task given by the user [143–146]. The diffusion
of behavioural strategies can be studied without any refer-
ence to the pursuit of a predefined goal; that is, in the
absence of any user-defined objective function to be opti-
mized. In that case, natural selection (as opposed to
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artificial goal-directed selection) drives learning towards
strategies that are able to maintain the integrity of their
robotic vehicle (e.g. energy autonomy, avoidance of break-
downs and accidents, etc.) while promoting opportunities
to meet with other robots. As this process of natural selection
occurs in a population of finite and fixed size, social learning
algorithms follow a similar pattern to that of social learning
in a population of living individuals, where behavioural
strategies will change with each encounter solely based on
interactions with one another and with the environment. In
the absence of a measurable goal, SLSR can take into account,
or even exploit, environmental contingencies to survive
[147,148], sometimes and perhaps surprisingly taking advan-
tage of the environment [149] or learning to forage in a
cooperative manner, potentially increasing the chance of
survival at both individual and population levels [150].
6. The scope of the current journal issue
We shall not offer a precis here for each contribution to
this journal issue—readers can consult abstracts for that.
Rather, we aim to indicate how the contributions relate to
our overarching themes of collective knowledge, culture
and cultural evolution, as indicated in the reviews above, as
well as varied links between them.

The first two contributions to the current issue have
independently addressed the fundamental topic of how we
should most productively conceptualize CCE. Both accept
the ‘core criteria’ for CCE proposed by Mesoudi & Thornton
[78] (figure 1) then dissect the resultant concept further, but
in different ways. Derex [151] offers the broadest analysis,
proposing a distinction between a Type I CCE and Type II
CCE, on the basis of how these adaptively exploit the natural
phenomena with which they are engaged. Type I optimizes
exploitation of only a given set of phenomena, as in the
case of the progressive efficiency of homing flights of pigeons
cited above [32], and other cases of CCE in animals and
humans (and presumably robot analogues too). Type II is dis-
tinguished by recruiting additional and different natural
phenomena, as in such examples as the bow and arrow
superseding thrown spears in human history.

Gruber et al. [152], focused on animal cases of CCE, argue
that the core concept here is one of progressive enhancements
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in ‘efficiency’ of the system at stake. This appears to broadly
map to Derex’s Type I CCE, with both mapping to the
‘improvement in performance’ criterion of [78] (figure 1).
However, readers must judge for themselves how close this
mapping across [78,151,152] may be. The main thrust of
Gruber et al. is to further distinguish efficiency in the currency
of the performing organism’s fitness, from efficiency in the
currency of the cultural entity’s fitness. The latter translates
to the success of the entity (a cultural behaviour, or artefact)
in transmission to others, an example of which would be a
whale or bird song that outcompeted rivals in being faith-
fully adopted across populations and generations.

The subsequent five papers report empirical findings
from studies of birds and mammals. Whiten et al. [153]
describe several ways in which their recent research findings
reveal links between collective knowledge and cultural trans-
mission in chimpanzees. These include a sequence of events
in one of three control groups of a transmission experiment,
in which different individuals mastered different aspects of
a novel form of tool use, then combined them to gain juice
that was otherwise unobtainable. Other parts of the exper-
iment demonstrated that this collective innovation, which
built cumulatively on prior behaviour, then spread to others.

Wild et al. [154] likewise report experiments examining a
cumulative progression that rested on combining behavioural
elements, in this case in wild-living great tits. In a first phase,
one of two foraging techniques introduced by trained model
birds spread to become local traditions. A second pair of
alternative techniques were later introduced in a similar
way. The crucial question was then whether birds would
learn to combine the two techniques when experimenters
arranged that this gained better rewards, or was even essen-
tial to gain rewards, thus potentially exhibiting a form of
CCE. The combination was indeed acquired and spread:
however, detailed analysis suggested that birds learned the
components socially, but combined them via individual
learning, rather than socially learning the combined behav-
iour as a whole. This may appear to contrast with the
chimpanzee experiment described above in which a complex
form of tool use was achieved through combinations of
inventions by different individuals, and once it appeared,
was acquired by others as a whole. However, the experimen-
tal contexts were so different that this is best regarded as a
possibility to explore through further systematic testing. In
the meantime, the tit study yielded a host of instructive find-
ings on linkages between collective actions and cultural
transmission in avian communities.

Both the chimpanzee and tit progressions appear to fit
Type I CCE [151] instantiated in foraging benefits to the prac-
titioners [152]. One might question if the behavioural
combination in the chimpanzee case also exploits additional
physical phenomena (in this case, opening a valve), thus
entering the domain of Type II CCE.

Two other studies, one avian, one mammalian, focus on
the very different context of non-human vocal communi-
cation. Garland et al. [82] analyse striking cyclical changes
in the songs of male humpback whales, evaluating these
against the core criteria for CCE listed in figure 1. The
‘improvement’ implicating CCE in this case is instantiated
by rises in objectively measured song complexity over several
years, punctuated in turn by intermittent falls in complexity
at times when radically new songs emerge. However,
whether either of these changes benefits fitness (figure 1),
for example by being more attractive to females, remains to
be confirmed. Intriguing possibilities are that more complex
songs become more transmissible, up to a point (figure 1,
bottom), after which the revolutionary new songs become
so, but for different reasons such as those connected with
their relative simplicity, novelty or both.

In studies of CCE in the realm of bird song, Williams &
Lachlan [155] suggest that both these aspects—benefits to prac-
titioners, and benefits to the behaviour patterns in the form of
transmissibility (figure 1)—may be in play in varying contexts.
Detailed comparative analyses across different songbird
studies reveal how evolutionary changes in song structures
emerge through collective occurrences across populations in
innovations, copying errors, cultural drift, learning biases
and/or the selective advantages of some variants.

Beyond these case studies in animal communication, Kirby
& Tamariz [156] demonstrate that cultural evolution can also
explain the origins of one of the fundamental design features
of human language, duality of patterning. Using simulations
they show why some young emerging sign languages exhibit
this feature to a greater or lesser extent, arguing that learning
from other learners as opposed to adults radically increases
the rate of evolution. They describe the system evolving to be
simpler, particularly in environments with much horizontal
transmission between children. It is important to note, how-
ever, that the simplicity that they are referring to here is the
grammatical structure of the system as a whole (i.e. how
much reuse there is of sub-elements in signals, and therefore
how efficient the system is) which does not equate to simplicity
in the signals themselves.

As we outlined earlier, work in robotics and machine
intelligence has increasingly addressed both collective knowl-
edge and social learning, yet there has been minimal cross-
talk between this literature and that covering either animal
of human research on these topics. In this issue, we have
aimed to encourage such cross-dissemination via three
articles [28–30] that review recent research embracing both
learning and evolutionary processes that facilitate increas-
ingly effective robotic action outcomes. Bredeche &
Fontbonne [28] note that even in the case of social learning,
evolving greater ‘efficiency’ (figure 1) of such outcomes is
typically assessed only from the perspective of the individ-
ual. They show instead how social learning within swarms
of robots can operate to enhance collective knowledge, with
benefits at the group (swarm) level (which in turn may pro-
vide a net benefit to the individual robots that constitute it).
CCE may arise from individuals’ innovations, which can be
recombined with existing behaviour, to improve performance
at the level of the collective.

Conventions, inherently both collective and cultural
phenomena, are a familiar example of suchmutually beneficial
behaviours in humans. Formaux et al. [157] review circumstan-
tial evidence that conventions may also arise in a variety of
non-human primates. The authors then go on to provide the
first experimental evidence tracing the development of primate
conventions that provide mutual benefits to the participants.
The conventions that evolve in this research match three key,
defining criteria of conventions: arbitrariness, efficiency and
stability. Crucially, conventions stabilized even in the absence
of visual access to a partner’s behaviour, i.e. strictly as a conse-
quence of shared reinforcement. This condition—where the
solution could not have emergedwithout mutual input—high-
lights how the processes producing non-human conventions
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provide a particularly clear example of the role of the collective
in generating, rather than simply providing a repository for,
cultural innovation.

Nonetheless, the solutions to coordination problems that
emerge in [157] do not require advanced forms of social
learning or cognition; in contrast, O’Madagain & Tomasello
[158] review core forms of socio-cognitive sophistication
that emerge in the course of human ontogeny and whose
evolution facilitates a series of layers of mutually beneficial
inter-individual coordination. These progressively extend to
such phenomena as collaborative innovation and helping,
and ‘epistemic pedagogy’, in which new technologies are
transmitted as a result of being supported by a good explicit
rationale, rather than owing to factors like frequency of use or
past success. Whenever a new environmental challenge is
experienced, it is argued that this human sharing of reasons
for actions and beliefs can support powerful new adaptive
responses, facilitating sophisticated cumulative culture.

Theory of mind, or ‘everyday mindreading’ of others’
mental states is integral to these human achievements and
through childhood develops from elementary to sophisticated.
In their experiments with groups of robots, Winfield &
Blackmore [29] ambitiously incorporate an elementary form
of this kind of capacity, in the sense that the robots involved
incorporate a ‘consequence engine’ that predicts (imagines)
the outcomes of potential future actions with respect to self,
but can also transmit it to other robots with the same internal
machinery, which can thence represent (mindread) the first
robot’s predictions. These authors progress to experiments
with these ‘story-telling’ robots via simpler experiments in
which robots perceive and imitatively copy the two-dimen-
sional movements of other robots in their environment.
Through copying errors and other, contextual noise, this can
lead to cultural evolution in the sense that different traditions
of action configurations arise. Phenomena such as here labelled
‘theory of mind’ or ‘tradition’may seem far from their complex
counterparts in animals or humans, but there is arguably no
better test of our understanding of these than to discover
what must be implemented in an artificial agent in order to
manifest even elementary forms.

Several articles in the issue further elucidate the forms of
social and collective phenomena that shape cumulative cul-
ture. Schimmelpfennig et al. [159] review studies addressing
how ‘cultural evolvability’ can be either enhanced or inhib-
ited by variations in the three principal influences: social
structure (e.g. connectedness), transmission fidelity and cul-
tural trait diversity. They focus on, and model, the effects
of core components in what they describe as the ‘paradox
of diversity’ in collectives, wherein trait diversity can poten-
tially constitute the most powerful enabler of evolvability,
yet simultaneously creates barriers such as coordination chal-
lenges, so that the results in cumulative culture reflect a
dynamic interplay across this array of variables.

Mommenejad [160] provides complementary perspectives
on how different ‘social network topologies’ shape collective
memory and social transmission, drawing together insights
from behavioural and cognitive experiments, neuroimaging of
people’s representations of social networks, and the emergence
of collective phenomena in multi-agent machine-learning net-
works, the latter linking with the robotics articles in the issue.

Based on ethnographic, archaeological and genetic evi-
dence, Migliano & Vinicius [93] propose that the evolutionary
transition from an ape-like to a hunter–gatherer foraging
niche engendered a unique social network structure facilitating
CCE. They define this concept as a ‘social ratcheting’ that gen-
erates irreversible task specialization and division of labour
uniquely found in humans, as the main adaptive consequence
of human multilevel sociality. They argue that by splitting the
burden of cultural knowledge across individuals in this way,
social ratcheting has become a key component of human collec-
tive intelligence. Such conclusions from these real-world
investigations converge encouragingly with reports from
various laboratory and modelling studies in this issue
[98,99,105,106,108,159,160].

There are further such links with research on culturally
evolving learning among robots. Hart & Le Goff [30]
report that evolving both the body and brain of robots can
be enhanced by combining artificial evolution with either
individual learning or a particular implementation of cultural
learning. In that latter case, past experiences from previous
robots are accumulated and stored in a repository. This
accumulated culture can then be used to augment the evol-
utionary processes used to discover new robots, specifically
by accelerating the learning mechanisms that are needed to
fine-tune the controllers of new body plans. This may facili-
tate evolvability on more macroscopic scales, echoing
such effects in the hunter–gatherer [93] and laboratory
experimental contexts [99].

In turn, Romano et al. [161] use the advances in under-
standing derived from studies of contemporary humans
outlined above as a lens with which to interpret the ancient
past of our species. In this they focus on the past approxi-
mately 60 ka, a period over which the archaeological record
has become rich, tracing the evolution of human technologies.
What such analyses lack, to an extent inevitably, is comparably
rich data on core phenomena reviewed in this theme issue,
such as multi-scale social networks and forms of collective
cognition. Romano et al. accordingly address our evolutionary
cultural past through an integration of a diverse range ofmeth-
odologies ranging from large scale inferences about
population structures derived from the archaeological record
to quantitative studies of hunter–gatherers (as in this issue:
[93]), in concert with simulations and modelling.
7. Concluding remarks
In this issue we have assembled contributions that together
provide rich analyses of collective knowledge and culture
(particularly CCE), topics that have hitherto often been
served by quite separate literatures. All articles address cul-
ture in some form, some focusing on cumulative culture in
particular depth [151,152,156], others examining numerous
different linkages between collective knowledge and culture
[28–30,82,93,153–155,158–160]. We have sought to include
articles that are strongly empirically anchored, and that
span the diversity that exists in expression of these phenom-
ena, from the simplest manifestations in animals and
machines to the uniquely complex in humans.

It could be said that all culture embodies collective knowl-
edge insofar as the mentality underlying some specific
traditional behaviour is distributed across the population of
interest. Recognizing this, but going far beyond it, articles
in this issue address the significance of cases where collective
knowledge exists only at the level of the collective, and not in
any one individual. The partial or variant knowledge of
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different individuals that this implies may be distributed
across a population in space, and/or over time, with sub-
sequent combinations thence leading to innovations that
can drive CCE [82,93,153–155,159,160]. Studies are progress-
ively revealing that how these effects play out may be
shaped by numerous interacting factors including the form
of social structures and networks [93,159,160], relationships
between individuals such as in degree of tolerance [153] or
coordination [157], adaptive biases in model selection
such as conformity [153,163], and the socio-cognitive capa-
bilities of participant individuals, such as theory of mind
[29,158] and inventiveness. The findings of the studies in
this issue, alongside recent complementary explorations
[91,162,164], provide a deepening understanding of the
diverse manifestations of culture and its evolution in both
natural and human-engineered contexts.
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