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Plan for today

• Finish off social cognition

• Cultural evolution of language

– Questions from the reading quiz
– Uniformitarianism
– Learning, use, and language change
– Cultural transmission and the evolution of symbols
– Cultural transmission and the evolution of structure



Finishing off social cognition



Other apes sometimes just don’t seem to 
understand how communication works



So why are we so good at it?

What selective pressures drove the evolution of mind reading 

and Mitteilungsbedürfnis (mind sharing) in humans? 

• We occupy a uniquely 

social niche?

• We occupy a uniquely 

technological niche?

• …

From 2.5 million years ago, early hominins were skilled stone
knappers, capable of producing more than 70 sharp flakes
from a single cobble core by striking it with a hammerstone

(termed the Oldowan technocomplex1–3; Fig. 1a, Supplementary
Note 1 and Supplementary Figure 4). Existing remains show
systematic flake detachment, maintenance of flaking angles and
repair of damaged cores4. This complexity, along with present-
day tool-making experiments5, implies that Oldowan technology
was learned and required considerable practice1,6. Furthermore,
the technology’s continual existence and wide geographic spread,
along with hints of regional traditions3,7, indicate that it was
socially transmitted, although the underlying psychological
mechanisms remain poorly understood8.

Whether Oldowan stone tool making has implications for the
evolution of human language and teaching (defined as active
information donation9) is debated10,11. Positions range from the
view that Oldowan tool making indicates a major development
in hominin cognition8, such as teaching or language12, to the
hypothesis that chimpanzee-like emulation or imitation
(reproducing the object manipulations or motor patterns of
others, respectively) is sufficient to transmit knapping
technology13. Accordingly, accounts of the evolution of
language range from a gradual emergence beginning 2 mya
(refs 14,15) to a relatively sudden appearance 50–100 kya
(ref. 16). However, a difficulty with positing complex
Oldowan communication is the apparent stasis in Oldowan
technology for more than 700,000 years until Acheulean tools
appear B1.7 mya (refs 17,18). The absence of clear cultural
change during this window seems inconsistent with the presence
of language, and remains an outstanding mystery more
generally19.

Across disciplines, researchers are increasingly turning to
gene-culture co-evolutionary accounts to explain the evolution
of human cognitive abilities, including teaching and

language10,13,20–31. Central to such hypotheses is the idea that
cultural traits can both shape and be shaped by genetic evolution,
and a number of examples of gene-culture co-evolution are
now known from human evolution26–30. Hominin stone tool
manufacture is a particularly interesting candidate case as the
appearance of such technology 2.5 mya—at the dawn of Homo—
and its continued deployment for millions of years, means it
could have played a protracted role in human evolution.
Furthermore, due to the challenging ecological niche that early
hominins occupied20,32 and the difficulty of acquiring tool-
making skills6, fitness benefits were likely associated with the
ability to make and deploy effective cutting tools32 as well as the
ability to rapidly transmit the skills33, and so a co-evolutionary
relationship between tool making and cognition, specifically
teaching and language, would seem plausible. Accordingly,
Oldowan stone tool production could have generated selection
for more complex forms of social transmission that enhanced the
fidelity of information transmission. This could have resulted in a
form of social transmission sufficient to transmit Acheulean
technology reliably, and which would then generate selection for
further increases in the complexity of social transmission, and so
on. If this hypothesis is correct, changes in hominin cognition,
including those underlying the appearance of Acheulean
technology, could have depended upon selection generated by a
reliance on Oldowan technology. In support of this hypothesis,
archaeological remains show that changes to hominin
morphology, including increased overall brain size, follow the
advent of Oldowan tool making3. Other recent work has linked
the cultural evolution of technologies to the capacity for high-
fidelity social transmission9,33–35. However, hitherto such studies
have either been theoretical or limited to somewhat artificial and
abstract tasks. Accordingly, whether hominin lithic technology
and social transmission genuinely represents a case of gene-
culture co-evolution is currently unclear.
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Figure 1 | Experimental design and structure. (a) A diagram of the stone knapping process. The hammerstone strikes the core with the goal of producing
a flake. The platform edge and angle are important to the success of knapping. (b–f) The five learning conditions. (g) The structure of the experiment.
For each condition, six chains were carried out (four short and two long); one of two trained experimenters started each chain (equally within each
condition).
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Cultural evolution of language



The human package

Somehow, we ended up with
• The ability to learn complex grammars
– capacity for complex vocal imitation
– ability to learn complex sequencing constraints
– ability to learn compositional meaning-form mappings

• The ability and motivation to mindread and mindshare

This sets up the preconditions for the cultural transmission of learned, 
meaning-bearing communication
• Once that’s in place, exciting stuff happens



The cultural evolution of language

• Language is passed from person to person by learning
• People learn from language as it is used in communication
• Language evolves in response to its learning and use
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Uniformitarianism (in geology)



Uniformitarianism: the present 
is the key to the past

“from what has actually been, we have 
data for concluding with regard to that 
which is to happen thereafter.”

James Hutton (1726-1797)



James Hutton (1726-1797)

John Playfair 
(1748-1819)

On An Investigation of the Principles of 
Knowledge and of the Progress of Reason, 
from Sense to Science and 
Philosophy (2000+ pages)

“The great size of the book, and the 
obscurity which may justly be objected to 

many parts of it, have probably prevented it 
from being received as it deserves”



Charles Lyell (1797-1875)

“Never was there a doctrine more calculated to foster 
indolence, and to blunt the keen edge of curiosity, than 
this assumption of the discordance between the former 
and the existing causes of change... The student was 
taught to despond from the first. Geology, it was affirmed, 
could never arise to the rank of an exact science... [With 
catastrophism] we see the ancient spirit of speculation 
revived, and a desire manifestly shown to cut, rather than 
patiently untie, the Gordian Knot”

Lyell on catastrophism

Lyell, C. (1854). Principles of Geology: Being an 
Attempt to Explain the Former Changes of the Earth's 
Surface, by Reference to Causes Now in Operation



Uniformitarianism in evolutionary linguistics

The present is the key to the past
The more we can explain in terms of processes we can observe in the present
day, the happier we should be
• Learning and use explain language change visible in the present and the

recent historical record
• Can we explain (some of) language origins in terms of the same processes?
• Rather than catastrophism, e.g. language evolved in a single dramatic step 

due to some single magical event or macromutation
Importantly, uniformity of process, not of state: we don’t have to say languages 
have always looked as they do now! (see e.g. Heine & Kuteva, 2002)

Heine, B., & Kuteva, T. (2002). On the Evolution of Grammatical Forms. In. A. Wray (Ed.) 
The Transition to Language (pp. 376-397). Oxford: Oxford University Press.



Language change

Language change (as attested in the historical record / inferable 

from synchronic data) is a consequence of:

• Speakers trying to convey meaning efficiently 

• Hearers trying to infer speaker meaning

• Language learners (and everyone else) seeking regularities in 

the linguistic data they encounter

These processes are inherent to the transmission of language via 

learning and (ostensive-inferential) use



Ad-hoc extension to meet 
communicative needs

The beard is still 
waiting for his 

spaghetti

You are my fire 
The one desire 

Believe when I say 
I want it that way

corkscrew?axe

tick-tock!



“A reef of dead metaphors” (Deutscher, 2005)

“She was thrilled to discover that the 
assessment board had decided to make her 
rival redundant”
thrill: from thirl, “to pierce”
discover: remove the cover from
assessment: from assidere, “to sit by” (in 
judgment)
board: plank
decided: from de-caedere, “cut off”
rival: from rivalis, someone who shares the 
same river
redundant: from redundantem, “overflow”

Fig. 1. Chaining and the computational problem. (A) Hypothetical sense
chaining for English face. Senses and dates of appearance in parentheses are
from The Historical Thesaurus of English (12). (B) Illustration of the problem.
Senses of a word are represented by dots, with red indicating the earliest
recorded sense. Can the order of historical sense development be predicted,
and, if so, by what algorithms?

these senses should facilitate comprehension in listeners (13) and
language learners (14). Our proposal is consistent with existing
theories (e.g., ref. 15) that suggest that language change results
from demands for “a maximum of efficiency and a minimum of
effort” (ref. 15, p. 324).

Although chaining seems plausible as a mechanism of sense
extension, a principled specification is needed for why it might be
a preferred mechanism. Further, establishing its predictive value
requires testing whether it is better able to account for histori-
cal records of sense evolution—at the scale of the entire lexicon
(cf. ref. 16)—than alternative mechanisms (such as the prototype
and exemplar theories). The present study addresses these issues
through a computational framework that explores how the senses
of individual words in a lexicon have emerged over time. We
show that a model of nearest-neighbor chaining—a probabilistic
algorithm that approximates a minimal spanning tree over time
(a concept from graph theoretical work in computer science)—
predicts the order of emergence of English word senses better
than alternative mechanisms.

Computational Formulation of Theory
We formulate word sense extension as a computational problem,
illustrated in Fig. 1B. We ask how an individual word’s various
senses could have emerged over time by “attaching to” existing
senses of that word, and consider alternative extensional mech-
anisms that yield different “paths.” Because the space of possi-
ble extensional paths grows factorially with the number of senses
a word develops (see Model Cost and Likelihood), we focus on
the paths predicted by five probabilistic algorithms that have
each been motivated by prior work on semantic representation.
We show that the nearest-neighbor chaining algorithm tends to
yield the most “cost-effective” sense extension strategy. We now
present the algorithms and then define “cost.”

Algorithms of Word Sense Extension. Given the set of senses a
word has developed over history, all algorithms that we propose
infer which sense is likely to emerge at time t +1 (i.e., the next

time point in history where new senses appeared), based on exist-
ing senses of a word up to time t : S(t)= {s0, s1, ..., st}. Begin-
ning with the earliest sense of a word s0, each algorithm predicts
sequentially (from the candidate pool of yet-to-emerge senses)
which will be the upcoming sense, based on a unique exten-
sional mechanism that attaches novel senses to existing ones. As
a result, each algorithm specifies a probability distribution over
all of the possible historical orders in which a word’s senses could
have emerged (see Model Cost and Likelihood). At each time
point, an algorithm predicts the next emerging sense with a prob-
ability specified by Luce’s choice rule (17),

s⇤⇠ f (s⇤,S(t))P
s2S⇤(t) f (s

⇤,S(t))
. [1]

S⇤(t) represents the set of candidate senses given by the histori-
cal record that have not appeared up to time t , for a given word.
Each model has a different likelihood function f (s⇤,S(t)) that
specifies the mechanism that links the candidate emerging sense
to the existing senses. The likelihood functions specify compu-
tations based on semantic similarity between senses, which we
describe below. To make minimal assumptions, all of the mod-
els are parameter-free, and hence are on equal footing in model
complexity (i.e., 0). We describe and summarize the models in
Table 1, along with a null model.

Random Algorithm. This null model predicts the historical emer-
gence of a word’s senses to be random.

Exemplar Algorithm. This algorithm is motivated by Medin and
Schaffer (8) and Nosofsky (9), whereby the emerging, to be
lexicalized sense at t +1 is predicted with a probability based
on average semantic similarity with existing, already lexicalized
senses of a word up to time t .

Prototype Algorithm. This algorithm is motivated by Rosch (5)
and Geeraerts (7) and predicts the emerging sense at t +1
with a probability based on semantic similarity with the proto-
typical sense at time t . We define prototype at t as the sense
with the highest semantic similarity to all other existing senses
of the word: prototype(S(t)) maxsi2S

P
j 6=i sim(si , sj ). Thus,

this algorithm allows the most representative sense of a word to
change as a function of time, as a word accrues more senses.

Progenitor Algorithm. This algorithm is a “static” variant of the
prototype algorithm. It assumes a fixed prototype that is always
the earliest recorded or progenitor word sense. It predicts the
emerging sense at t +1 with a probability based on semantic sim-
ilarity with the progenitor sense, for each candidate sense.

Local Algorithm. This algorithm assumes that word senses emerge
in a local temporal chain, where the emerging sense at t +1 is
sampled with a probability based on semantic similarity to the
sense that appears just before it, namely at time t (i.e., st ). Thus,
senses that appear before t have no influence on the emerging
sense at t +1. This assumption posits that an emerging sense
will be minimally distant from the most recent sense of a word

Table 1. Specification of proposed sense extension algorithms

Model p(s*)

Exemplar _ f(s*, S(t))= Es2S(t)[sim(s*, s)]
Prototype _ f(s*, S(t))= sim(s*, prototype(S(t)))
Progenitor _ f(s*, S(t))= sim(s*, s0)
Local _ f(s*, S(t))= sim(s*, st)
Nearest-neighbor chaining _ f(s*, S(t))=maxs2S(t)sim(s*, s)

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1714730115 Ramiro et al.

From Ramiro, C., Srinivasan, M., Malt, B. C., & Yu, X. (2018). Algorithms in 
the historical emergence of word senses. Proceedings of the National 
Academy of Sciences, USA, 115, 2323-2328.

From p. 125 of Deutscher, G. (2005). The Unfolding of Language. 
New York, NY: Picador.



Grammaticalization

E.g.: development of future tense markers from verbs of motion

I am going to Toronto MOTION (+ INTENTION)

I am going to buy you a gift! MOTION + INTENTION

I am going to stay at home INTENTION (+ FUTURE)

I am going to stay at home tomorrow INTENTION + FUTURE

It is going to rain FUTURE
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From Heine, B., & Kuteva, T. (2002). On the Evolution of Grammatical Forms. In. A. Wray 
(Ed.) The Transition to Language (pp. 376-397). Oxford: Oxford University Press.



Cover of issue featuring Lieberman, E., Michel, J. B., Jackson, J., Tang, 
T., & Nowak, M. A. (2007). Quantifying the evolutionary dynamics of 

language. Nature, 449, 713-716.

Analogical extension & 
“system pressure”



Analogical extension & “system pressure”

Frequent words tend to be short (Zipf’s Law of Abbreviation)

From Kanwal, J., Smith, K., Culbertson, J., & Kirby, S. (2017). Zipf’s Law of Abbreviation and the Principle of Least 
Effort: Language users optimise a miniature lexicon for efficient communication. Cognition, 165, 45-52.



Fig. 1. The relationship between frequency of occurrence (y-axis) and number of characters (x-axis) for different language families in the UDHR. The
languages selected represent the mode of kendall’s ⌧ values across all the languages of the family. For illustration purposes, a LOESS smoother with 95%
confidence intervals is added (dashed black). The grey boxes above plots give names of language families and the ISO 639-3 codes for languages chosen to
represent them.

written in 986 languages of 80 language families. This result is
very unlikely to occur by chance. Its cross-linguistic strength
qualifies it as a candidate for a linguistic universal. However,
there are several further caveats that need to be addressed in
future research:

A. Absolute, statistical, and evolutionary universals

Linguistic research traditionally distinguishes between ab-
solute and statistical universals [4], [3]. Absolute universals
are supposed to hold across all human languages, be it extant
or extinct. Absolute universality in this sense might well turn
out to be impossible to prove empirically [24]. Statistical
universals, on the other hand, are merely strong tendencies
found in large-scale comparative data.

Furthermore, a growing body of research points to biolog-
ical and communicative constraints that universally shape the
evolution of languages. From this perspective, universals are
not only properties of currently attested languages (synchronic
universals), but rather universal processing constraints that
play out on the evolutionary time scale [6], [17], [18], [5],
[2], [7]. These could be called evolutionary universals.

Based on the results reported in this study it is reasonable
to assume that Zipf’s law of abbreviation surfaces in all, or
at least a very high percentage of attested languages. It is
thus a candidate for an absolute synchronic universal. The
diachronic, evolutionary pressures towards the shortening of
word forms still need to be uncovered.
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are supposed to hold across all human languages, be it extant
or extinct. Absolute universality in this sense might well turn
out to be impossible to prove empirically [24]. Statistical
universals, on the other hand, are merely strong tendencies
found in large-scale comparative data.

Furthermore, a growing body of research points to biolog-
ical and communicative constraints that universally shape the
evolution of languages. From this perspective, universals are
not only properties of currently attested languages (synchronic
universals), but rather universal processing constraints that
play out on the evolutionary time scale [6], [17], [18], [5],
[2], [7]. These could be called evolutionary universals.

Based on the results reported in this study it is reasonable
to assume that Zipf’s law of abbreviation surfaces in all, or
at least a very high percentage of attested languages. It is
thus a candidate for an absolute synchronic universal. The
diachronic, evolutionary pressures towards the shortening of
word forms still need to be uncovered.

From Bentz, C., & Ferrer-i-Cancho, R. (2016). Zipf’s law of abbreviation as a language universal. In Bentz, C., Jäger, G., & 
Yanovich, I. (Eds.) Proceedings of the Leiden Workshop on capturing phylogenetic algorithms for linguistics.



Analogical extension & “system pressure”

Frequent words tend to be short (Zipf’s Law of Abbreviation)

But system-level pressures favor regularity

From Haspelmath, M. (2014). On system pressure competing with economic motivation. In MacWhinney, B., 
Malchukov,  A., & Moravcsik, E. (Eds) Competing Motivations in Grammar and Usage (pp. 197-208). Oxford: Oxford 

University Press.
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Language change

Language change (as attested in the historical record / inferable 

from synchronic data) is a consequence of:

• Speakers trying to convey meaning efficiently 

• Hearers trying to infer speaker meaning

• Language learners (and everyone else) seeking regularities in 

the linguistic data they encounter

These processes are inherent to the transmission of language via 

learning and (ostensive-inferential) use



Example: the evolution of signals



Ritualization

Krebs, J., & Dawkins, R. (1984). Animal signals: mind-reading and manipulation. In Krebs, J., & Davies, 
N. (Eds.) Behavioural Ecology: an evolutionary approach, 2nd edition (pp. 380-402). Sinauer.  



Ritualization: conflicting interest 

Prepare to attack

Obvious preparation of 
attack reduces need to 
actually attack

Make preparatory actions 
more obvious/convincing

Predict attack, evade

Over-sensitivity to fake 
signals means I am too easy 
to scare off

Only respond to genuine 
preparatory actions

Territorial animal Intruder

à Escalation of signal, resistance to being manipulated

fight for something of value



Ritualization: common interest 

Prepare to attack

Conflict averted! Obvious 
preparation of attack 
reduces need to actually 
attack

Make preparatory actions 
only

Predict attack, evade

Conflict averted! Sensitivity 
to preparation for attack 
reduces likelihood of being 
attacked 

Be alert for signals of 
preparation

Territorial animal Intruder

both want to avoid conflict

à Subtle signals, ‘mind-reading’



Phylogenetic ritualization 

• All of this can take place over evolutionary time

– Individuals who make slightly more obvious movements in preparation for 
attack get in fewer fights and have more offspring

– Individuals who are sensitive to such preparations (but not too sensitive) get in 
fewer fights and have more offspring

• Evolution by natural selection does the prediction and tweaks the innate 
signalling behaviour



Ontogenetic ritualization

Ritualization can also happen within the interaction history of two sufficiently 
smart organisms

• e.g. ‘nursing poke’ between infant and mother chimp: Infant drags arm away 
from breast; mother comes to anticipate desire to feed when arm touched; touch 
of arm comes to signal desire to feed

Halina, M., Rossano, F., & Tomasello, M. (2013). The ontogenetic 
ritualization of bonobo gestures. Animal Cognition, 16, 653-666.



Do ritualized signals spread in chimp 
populations?

Tomasello et al., 1985-1994, longitudinal study of gestural communication at Yerkes 
Regional Primate Centre Field Station

• Majority of gestures are: 

– used only by one individual 

– one-way gestures

• Little overlap between mother and offspring repertoires

• No more overlap within groups than between groups

Ritualized signals are a consequence of an idiosyncratic  history of pairwise repeated 
interaction



Will an artificially-introduced symbol 
spread?
• Train a dominant female on a new begging gesture
– Arm raise + head touch on fence
– Multiple hours of reinforcement training

• Release trained female into population

• Observe
– Does she produce the trained signal?
– Do other chimps copy it?

Tomasello, M., Call, J., Warren, J. A., Frost, G. T., Carpenter, M., & Nagell, K. M. (1997). The ontogeny of chimpanzee 
gestural signals: A comparison across groups and generations. Evolution of Communication, 1, 223-259.



Will an artificially-introduced symbol 
spread?
• Lots of opportunities for other chimps to observe
– Multiple observations of focal female performing novel gesture

– Multiple observers per gesture

• No imitation
– Novel gesture never produced by anyone other than the focal female
– Including focal female’s offspring

Tomasello, M., Call, J., Warren, J. A., Frost, G. T., Carpenter, M., & Nagell, K. M. (1997). The ontogeny of chimpanzee 
gestural signals: A comparison across groups and generations. Evolution of Communication, 1, 223-259.



Ritualization in the lab in humans
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Abstract

To study the development of graphical conventions we

had members of a simulated community play a series of

graphical interaction games with partners drawn from the

same pool (Experiment 1).  Once the community was

established, a conventional referring scheme emerged

that facilitated high levels of semantic coordination, with

reduced communicative effort.  Next, a forced choice

reaction time study (Experiment 2) demonstrated that

graphical conventions developed in communities offer a

distinct processing advantage when compared with those

developed by isolated pairs (i.e. participants who always

interact with the same partner).  This is interpreted as

evidence that the graphical conventions that evolve

within a closed community constitute higher order

cognitions, the whole being greater than the sum of its

parts.

Background

Vygotsky (1981) claims that higher order cognition is a

product of social interaction, that novel structures

emerge as a consequence of interpersonal, as opposed

to intrapersonal, communication. Hutchins (1995)

shares this view, arguing that higher order cognition is a

cultural product, a consequence of interaction (human-

environment and human-human) that is distributed

across time and space.  According to Hutchins, higher

order cognitions emerge from “an adaptive process that

accumulates partial solutions to frequently encountered

problems” (p.354).  Lewis (1969, 1975) defines

conventions in a comparable way, as arising from

situations where a community faces the recurrent

problem of coordination.

If we agree that conventions are cultural

products, should we accept that they represent higher

order cognitions?  Using Chinese characters as an

example (Figure 1), we argue that conventions are

culturally evolved higher order cognitions.

Over several thousand years the original

Chinese character that represents mountain (left) has

evolved into its current, less complex, form (right).  We

argue that this change is not arbitrary; it is a result of

global coordination that took place over time and space,

culminating in a refined, conventional form that

promotes rapid communication with reduced effort.

This is an example of an evolutionary process where the

whole is greater than the sum of its parts.

Figure 1.  The changing form of the Chinese character

that represents mountain (Vacarri & Vacarri, 1961;

cited in Arbib, in press)

Having partners collaborate on a graphical referential

communication task, Fay, Garrod, Lee and Oberlander

(2003) studied the influence of interaction upon

representational form.  The task required participants to

represent a concept such that their partner could

identify it.  Figure 2 illustrates the changing

representation of Clint Eastwood over 6 games, where

partners’ drawing and identifying roles changed from

game to game.

Figure 2.  Partners’ changing representation of Clint

Eastwood over 6 games

What is initially a designed, iconic representation of

Clint Eastwood develops, through a process of
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Garrod, S. et al. (2007). Foundations of Representation: Where Might Graphical 
Symbol Systems Come From?  Cognitive Science, 31, 961-987



Ontogenetic ritualization and the origin of symbols

Ontogenetic ritualization: Non-obvious relationship between the signal 
and its ‘meaning’ (intended outcome)

Symbol: arbitrary relationship between signal and meaning
• If you were involved in establishing the ritual, you know the link, so 

these aren’t really symbols.
• But a naïve observer wouldn’t…
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Transmission and symbol formation
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Caldwell, C. A., & Smith, K. (2012). Cultural evolution and the perpetuation of arbitrary communicative 
conventions in experimental microsocieties. PLoS ONE, 7, e43807.



Those playing the role of drawer during the test phase were
instructed to produce their drawings just as they would have if this
round had been run in the same way as the previous rounds, i.e.
requiring only one correct guess, and attempting to minimise trial
durations. Accordingly, all participants involved in this round were
informed that the penalty for incorrect responses would not apply
to this round (to encourage drawers not to adjust their behaviour
to take account of the necessity of a response by a naı̈ve matcher).
However, they were also informed that trials would be timed as
before (to maintain the emphasis on speed and efficiency), and that
any matcher who believed they were ready to make a response on
any trial during this round should therefore say ‘‘stop’’, just as in
previous rounds, in order to terminate that trial.
The order of presentation of the nine drawings used in the test

phase was randomised. The six drawings taken from another chain
each represented the six different target words. The three drawings
to be completed by participant 7 from any chain alternated
between sets of three of the six target items (either: pink, purple
and blue; or grey, green and brown).

Results

Example Drawings
Figure 2 displays examples of two complete sequences of

drawings of one particular target item (purple) produced by two of
the microsocieties in our experiment. These particular examples
illustrate relatively well the predicted effects of decreasing
graphical complexity and iconicity, and they are considered in
more detail in the Discussion.

Rounds 1–6 (Transmission Phase)
The 16 complete chains together resulted in a total of 576 target

trials (6 targets in each of 6 rounds for every chain). Of these, 516
(90%) were answered correctly.

From round 3 onwards all three matchers had varying levels of
experience in the test group. In rounds 3 to 6 the most experienced
member of any group was, overwhelmingly, the most likely to
make a guess, with the least experienced member the least likely.
Of the 384 target trials on these rounds, 357 (93%) were answered
correctly, with 225 (63%) of these correct responses given by the
most experienced matcher in the group, 114 (32%) by the next
most experienced matcher, and 18 (5%) by the naı̈ve matcher. A
chi-square test showed that this was significantly different from
a uniform distribution: x2=4180.35, df=2, p,.001. Table 2
shows the percentage of responses which were made by each of the
three matchers over rounds. This remained relatively constant
between rounds 3 and 6.
With regard to the predictions stated in the introduction, it was

expected that trial durations would reduce over rounds. For each
chain, the average duration of correct target trials was calculated
for rounds 1 to 6. These trial durations exhibited significant
skewness and kurtosis and were therefore analysed using non-
parametric statistics. A Friedman test showed that there were
differences between rounds: x2=46.34, N=16, p,.001 (Fig. 3).
Pairwise Wilcoxon tests showed that trial durations were
significantly higher in round 1 compared with round 2
(Z=3.103, p= .002), and also round 2 compared with round 3
(Z=2.068, p= .039). Further comparisons between successive
rounds were non-significant: rounds 3 & 4 (Z=0.534, p= .594);
rounds 4 & 5 (Z=1.914, p= .056); and rounds 5 & 6 (Z=0.625,
p= .532).

Test Phase
It was predicted that experienced matchers would have an

advantage over naı̈ve matchers when guessing the meaning of
drawings from their own microsociety, and that experienced
matchers would also have higher accuracy when guessing the
meaning of drawings from their own microsociety, compared with
those from a different microsociety.

Figure 2. Example drawings of one of the target concepts (purple) from two microsocieties. Panels A and B each display the drawings of
one chain of participants. Participant 5 joined the test group in round 2 and participant 6 joined the test group in round 3 so neither witnessed the
signs produced in the initial rounds (see Table 1). Each drawing was completed on a sheet of A4 paper and they are displayed to scale here.
doi:10.1371/journal.pone.0043807.g002

Cultural Evolution of Symbols in Microsocieties
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(potentially) truly arbitrary signals

Transmission in laboratory ‘societies’
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conventions in experimental microsocieties. PLoS ONE, 7, e43807.



Ritualization and symbols: a summary

Ritualization in animal communication
• Phylogenetic
• Ontogenetic
Great apes have what it takes to ritualize, but not to learn and 
transmit arbitrary symbols
• Why? 
Experimental studies in humans:
• Interaction in dyads: Ritualization of iconic signals
• Cultural transmission: Arbitrary symbols



Example: the evolution of structure



S → NP VP VP’(NP’)
NP → Npr N’pr
Npr → Fido fido’
Npr → Tiddles tiddles’
VP → V NP V’(NP’)
V → chased λx [λy [(chase’(x,y)]] 

Reminder: Language’s communicative power comes 
from its structure

Compositionality: the meaning of an expression is a function of 

the meaning of its parts and the way in which they are combined

Fido chased Tiddles

S
chase’(fido’,tiddles’)

NP
tiddles’

Npr
fido’

NP
fido’

VP
λx[chase’(x,tiddles’)]

V
chase’



Iterated Learning
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Participant 2Participant 1

Language 10

miniku

tupin

poi

miniku

tupin

poi
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mihe
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poi
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Language 1
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Initial Language Language 2
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Language 3

tuge

poi

tupim

miniku

tupim

tupim

poi

tupim …

…
Participant 3

Participant 10

Fig. 4. Example of the iterated artificial-language-learning method and illustrative results, from Kirby et al. (2008), Experiment 1, Chain 4. Participants were asked to learn labels 
for colored moving shapes (three shapes, three colors, and three motions, only some of which are shown here). In this experiment, the recall task was noncommunicative, and the 
language rapidly lost the ability to encode distinctions: In the initial language, each picture was associated with a unique label, whereas by Generation 10, the language no longer 
encoded distinctions of shape or color among looping objects (anything looping was labeled “poi”), and within bouncing objects, the shape distinction was still encoded but color was 
not (bouncing circles were labeled “miniku,” and bouncing triangles were labeled “tupin,” regardless of color). Other chains in this experiment ended up with even simpler languages, 
with as few as two labels.



Training 

Recall

nihepi

gepini

wigeta

gepine

wige

Kirby, S., Cornish, H., & Smith, K. (2008). Cumulative cultural evolution in the laboratory: An experimental 
approach to the origins of structure in human language. PNAS, 105, 10681-10686.



An initial holistic language from chain 4
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Seen vs unseen
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Generation 1 language from chain 4
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Final language from chain 1 (!)
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The languages become degenerate

nepa! ?



Learnability and degeneracy

Learners prefer simpler languages

The only pressure in Kirby, Cornish & Smith (2008) Experiment 1 
is learnability
• The languages don’t need to be expressive
• They get very simple

Can we add in a pressure for expressivity?



Kirby, Tamariz, Cornish & Smith (2015): Adding communication, 

removing learning
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Fig. 5. Example of the combined learning-and-communication paradigm and illustrative results, from Kirby et al. (2015), Chain Aa. In this experiment, participants were asked to 
learn labels for patterned shapes (three shapes and four fill patterns, only some of which are shown here). The language did not degenerate as in the learning-and-recall experiment 
illustrated in Figure 4, but rather gradually developed a simple compositional structure: In the chain shown here, by Generation 6, each label consisted of two meaning-bearing mor-
phemes: a prefix specifying shape (“ege-” for the kidney-bean shape, “mega-” for the rounded star, and “gamene-” for the spiky leaf) and a suffix specifying fill pattern (“-wawu” for 
black, “-wawa” for checked, and “-wuwu” for spotted); the meaning of each word depended on the meaning of its component parts in a compositional fashion (although there were 
exceptions: The label for a black star was simply “mega,” rather than “megawawu”).Kirby, S., Tamariz, M., Cornish, H., & Smith, K. (2015). Compression and Communication in the 

Cultural Evolution of Linguistic Structure. Cognition, 141, 87-102. 



Kirby, Tamariz, Cornish & Smith (2015): Adding communication, 

removing learning, removing learning

Language 6

mega

gamenewawu

egewawa

megawawa

gamenewawa

egewawu

Initial Language

…

… egewuwu

megawuwu

gamenewuwu

Language 3

mega

lameme

egewawa

megawuwu

gamawawu

egewawu

egewuwu

megawuwu

gamawuwu

Language 2

megi

lameme

gemuwawu

megiwuwu

wagawuwa

egewuwu

gemuwagu

megiwuwa

megawuwa

Language 1

megi

lameme

gemuwugi

gemulawu

nomenage

megiwuwu

Pair 1

lanege

nomume

megawuwa

megi

lameme

mugimemu

giwulami

nomenoge

megemume

wugi

wumume

gemulawu

Pair 2 Pair 3 Pair 6

Kirby, S., Tamariz, M., Cornish, H., & Smith, K. (2015). Compression and Communication in the 
Cultural Evolution of Linguistic Structure. Cognition, 141, 87-102. 



megemume megi lameme

mugimemu giwulami nomenoge

wugi wumume gemulawu

lamege wulamugi megiwuwa

An initial language



A final language from a chain

egewawu mega gamenewawu

egewawa megawawa gamenewawa

egewuwu megawuwu gamenewuwu

ege wulagi gamane



A final holistic language from a dyad

manunumoko moko konu

wekihumanunu mokowekihu lawa

makihu mahiku wekihulawa

manunumonu nomu wekihu



Learnability + expressivity = structure



Structure as a trade-off between compressibility and 
expressivity that plays out over cultural transmission

HOLISTICSTRUCTUREDDEGENERATE

Pressure from learning/transmission

Pressure from communication

COMPRESSIBLE

EXPRESSIVE

Similar results for duality of patterning: e.g. Verhoef, T., Kirby, S., & de Boer, B. (2014). Emergence of combinatorial 
structure and economy through iterated learning with continuous acoustic signals. Journal of Phonetics, 43, 57-68.



Cultural evolution of language: a summary

A uniformitarian approach
• How far can we get in appealing only to the same processes we see 

shaping language in the present?
Processes of language change
• (analogy-based) learning and (ostensive-inferential) use are 

important mechanisms
Processes of language evolution
• Same class of processes can explain origins of symbols and structure
• At least in populations capable of the right kind of learning and use 



Next up

• Tutorial (Wednesday groups only)

– Biological and cultural evolution in the evolution of language
• Next and final lecture

– Monday 27th March (week 10)
– Topic as agreed!


