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Iterated learning 
Every generation learns the language 
spoken by the previous generation. 
Vertical transmission across generations
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FǣǥǗǚȨ ɞ Transmission pressures
for learnable languages, resulting
in systematic underspecification
(left). Introducing a pressure for ex-
pressivity results in compositional
structure (right).

Figure reproduced from Kirby, Cor-
nish, and Smith (ɘɚɚɝ) without
permission.

Results of Experiment 1. The results of our first experiment, involv-
ing 4 separate diffusion chains of 10 participants each, are shown in
Fig. 2. Each of these chains was initialized with a different random
language. There is a clear and statistically significant decrease in
transmission error between the initial and final generations (mean
decrease 0.748, SD ! 0.147; t (3) ! 8.656; P " 0.002). This decrease
confirms the first of our predictions: the language is adapting to
become increasingly transmissible from generation to generation.
Indeed, toward the end of some chains the language is transmitted
perfectly: these participants produced exactly the same strings for
every meaning as their predecessor, although they had not been
exposed to the strings associated with half of those meanings.

How is this adaptation possible? Is any structural evolution of the
language taking place as in the second of our 2 predictions? As
Table 1 shows, the number of distinct strings in each language
decreases rapidly. The initial random languages are completely
unambiguous: every meaning is expressed by a distinct signal. The
transmission process cumulatively introduces ambiguity as single
strings are re-used to express more and more meanings. In other
words, the languages gradually introduce underspecification of
meanings. Clearly, the reduction in the number of strings must
make a language easier for participants to learn, but the reduction
alone cannot account for the results we see. For example, the
reduction does not explain how, in some chains, participants are
able to produce the correct signal for every meaning, including
meanings drawn from the UNSEEN set.

The answer to this puzzle lies in the structure of the languages.
The initial random language is, by definition, unstructured: nothing
in the set of signals gives any systematic clue to the meanings being
conveyed. The only way to learn this language is by rote. Equally,
if a language is randomly underspecified, then rote learning is the
only way it can be acquired. For example, if the same signal is used
for a black spiraling triangle and a red bouncing square, then a
learner must see this signal used for both of these meanings to learn

it. Because we deliberately hold items back from the SEEN set, rote
learning for all meanings is impossible. For learners to be able to
generalize to unseen meanings successfully, there must be system-
atic underspecification.

We can observe exactly this kind of structure evolving by
examining a language as it develops in the experiment. For example,
by generation 4 in 1 of the diffusion chains, the string tuge is used
exclusively for all pictures with an object moving horizontally. The
distribution of the other strings in the language is more idiosyncratic
and unpredictable at this stage. By generation 6, poi is used to refer
to most spiraling pictures, but there are exceptions for triangles and
squares. Blue spiraling triangles or squares are referred to as tupin,
and red spiraling triangles or squares are tupim. In the following
generation, these exceptional cases are reduced to the blue spiraling
triangle and the red spiraling square. By generation 8 (shown in Fig.
3), and also for generations 9 and 10, the language has settled on
a simple system of regularities whereby everything that moves
horizontally is tuge, all spiraling objects are poi, and bouncing
objects are divided according to shape.

It is precisely because the language can be described by using this
simple set of generalizations that participants are able to label
correctly pictures that they have never previously seen. This gen-
eralization directly ensures the stable cultural transmission of the
language from generation to generation, even though each learner
of the language is exposed to incomplete training data.
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Fig. 2. Transmission error and a measure of structure by generation in 4 chains. a shows the increase in learnability (decrease in error) of languages over time. b shows
structure in the languages increasing. The dotted line in b gives the 95% confidence interval so that any result above this line demonstrates that there is a nonrandom
alignment of signals and meanings. In other words, structure in the set of signals reflects structure in the set of meanings. In 2 cases, this measure is not defined and
therefore is not plotted (see Methods). The language discussed in the paper is circled.

Table 1. Number of distinct words by generation in the
first experiment

Generation 0 1 2 3 4 5 6 7 8 9 10

! Chain 1 27 17 9 6 5 4 4 2 2 2 2
" Chain 2 27 17 15 8 7 6 6 6 5 5 4
‚ Chain 3 27 24 8 6 6 5 6 5 5 5 5
# Chain 4 27 23 9 10 9 11 7 5 5 4 4

Symbols correspond to those in Fig. 2.

tuge tuge tuge
tuge tuge tuge
tuge tuge tuge
tupim tupim tupim
miniku miniku miniku
tupin tupin tupin
poi poi poi
poi poi poi
poi poi poi

Fig. 3. An example evolved language in the first experiment. This language
exhibits systematic underspecification, enabling learners to reproduce the whole
language from a fragment.
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Our structure measure confirms that the languages evolve to
become more structured. As can be seen in Fig. 2b, significantly
nonrandom structure in the mapping from meanings to signals
emerges rapidly. Furthermore, the languages produced by the final
generation are significantly more structured than the initial lan-
guages (mean increase 5.578, SD ! 2.968, t (3) ! 3.7575, P " 0.02).

Languages in this experiment are evolving to be learnable, and
they are doing so by becoming structured. This development of
structure confirms our hypothesis regarding the cultural evolution
of language. However, we are interested in whether it would be
possible for a language to evolve that is learnable and structured but
also expressive, i.e., a language that would be able to label meanings
unambiguously. Such a language cannot rely on systematic under-
specification of meanings but instead must find some other means
of gaining structure.

Design of Experiment 2. Accordingly, in the second experiment we
made a single minor modification: we ‘‘filtered’’ the SEEN set
before each participant’s training. If any strings were assigned to
more than 1 meaning, all but 1 of those meanings (chosen at
random) was removed from the training data. This filtering effec-
tively removes the possibility of the language adapting to be
learnable by introducing underspecification: filtering ensures that
underspecification is an evolutionary dead-end. This process, al-
though artificial, is an analogue of a pressure to be expressive that
would come from communicative need in the case of real language
transmission.

Results of Experiment 2. As expected, under the modified regimen,
the overall number of words in participants’ output remains com-
paratively high throughout the experiment, as shown in Table 2. Fig.
4a shows how transmission error changes as the language evolves.
Once again, it is clear that the languages are becoming more
learnable over time (mean decrease 0.427, SD ! 0.106, t (3) !
8.0557, P " 0.002) although it is not possible to introduce the kind

of underspecification seen in Experiment 1. Furthermore, it is clear
from Fig. 4b that, as in Experiment 1, the languages are becoming
increasingly structured over time (mean increase, 6.805, SD !
5.390, t (3) ! 2.525, P " 0.05). Because filtering rules out the
generalizations that emerged in the previous experiment, a differ-
ent kind of structure that does not rely on underspecification must
be emerging.

If we examine the languages at particular stages in their cultural
evolution, we can see exactly what this structure is. For example,
Fig. 5 shows the language output by a participant at generation 9 in
1 of the diffusion chains. When one looks at this language, it
immediately becomes clear that there is structure within the signals.
We can analyze each signal as 3 morphemes expressing color, shape,
and movement, respectively, with 1 exceptional irregularity (renana
for a bouncing red circle). It turns out that this general structure
emerges by at least generation 6 and persists to the end of the
experiment, although the details change as some morphemes are
lost or are reanalyzed from generation to generation [see support-
ing information (SI) Tables S1–S8 for the complete set of
languages].

Discussion
What we have observed here under laboratory conditions is cu-
mulative cultural adaptation without intentional design. Just as

Table 2. Number of distinct words by generation in the
second experiment

Generation 0 1 2 3 4 5 6 7 8 9 10

! Chain 1 27 23 22 17 21 21 17 21 25 13 16
" Chain 2 27 26 13 10 10 16 16 12 12 13 12
‚ Chain 3 27 11 16 14 12 17 14 16 20 19 12
#Chain 4 27 19 19 17 19 17 22 23 21 27 23

Symbols correspond to those in Fig. 4.
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Fig. 4. Transmission error and structure by generation in the experiment in which ambiguous data were removed from the training set at each generation. a gives
error for the whole language; b gives structure. These results show that, despite the blocking of underspecification, structure still evolves that enables the languages
to become increasingly learnable. The language discussed in the paper is circled.

n-ere-ki l-ere-ki renana
n-ehe-ki l-aho-ki r-ene-ki
n-eke-ki l-ake-ki r-ahe-ki
n-ere-plo l-ane-plo r-e-plo
n-eho-plo l-aho-plo r-eho-plo
n-eki-plo l-aki-plo r-aho-plo
n-e-pilu l-ane-pilu r-e-pilu
n-eho-pilu l-aho-pilu r-eho-pilu
n-eki-pilu l-aki-pilu r-aho-pilu

Fig. 5. An example evolved language in the second experiment. The language
is structured: the string associated with a picture consists of substrings expressing
color, shape, and motion, respectively. The hyphens represent 1 way of analyzing
the substructure of these strings and are added purely for clarity; participants in
theexperimentalwaysproducedstringsofcharacterswithoutspacesoranyother
means of indicating substructure.

10684 ! www.pnas.org"cgi"doi"10.1073"pnas.0707835105 Kirby et al.

HJWF POF GBNPVT FYBNQMF
 ,JSCZ
 $PSOJTI
 BOE 4NJUI 	ƊƈƈƐ
 QSFTFOUFE IVNBO QBSUJDJ�
QBOUT
 PSHBOJTFE JO B USBOTNJTTJPO DIBJO
 XJUI BO BSUJĕDJBM MBOHVBHF MFBSOJOH UBTL� ćF
ĕSTU QBSUJDJQBOU MFBSOFE SBOEPNMZ HFOFSBUFE OBNFT GPS B TVCTFU PG B MBSHFS DPMMFDUJPO
PCKFDUT
 XIJDI EJČFSFE JO DPMPVS
 TIBQF BOE NPWFNFOU� *O B UFTUJOH QIBTF
 UIF TVCKFDU
XBT BTLFE UP SFQSPEVDF UIF OBNFT PG BMM UIF PCKFDUT
 JODMVEJOH VOTFFO POFT� " TVCTFU PG
UIF SFQSPEVDFE OBNFT XBT VTFE UP USBJO UIF OFYU TVCKFDU� ćBU TVCFDU BHBJO SFQSPEVDFE
OBNFT GPS BMM PCKFDUT
 XIJDI XFSF QSFTFOUFE UP BOPUIFS TVCKFDU
 BOE TP PO� 5SBOTNJUUJOH
POMZ B TVCTFU PG UIF NFBOJOH�TZNCPM QBJST HBWF SJTF UP B USBOTNJTTJPO CPUUMFOFDL� ćJT
MFE UP JODSFBTF JO MFBSOBCJMJUZ JO UIF GPSN PG B TZTUFNBUJD VOEFSTQFDJĕDBUJPO� ćF SFTVMU�
JOH MBOHVBHF GPS FYBNQMF POMZ EJTUJOHVJTIFT TIBQF
 CVU JHOPSFT DPMPVS BOE NPWFNFOU�
6OEFSTQFDJĕDBUJPO DPNFT BU UIF DPTU PG FYQSFTTJWJUZ
 CVU XIFO BEEJOH B QSFTTVSF GPS
FYQSFTTJWJUZ
 DPNQPTJUJPOBM MBOHVBHFT FNFSHFE 	TFF ĕHVSF Ɖ
� *OJUJBMMZ
 UIJT QSFTTVSF
XBT JNQPTFE CZ BSUJĕDJBMMZ SFNPWJOH IPNPOZNZ 	,JSCZ
 $PSOJTI
 BOE 4NJUI ƊƈƈƐ


MBUFS CZ JOUSPEVDJOH DPNNVOJDBUJPO JO B DIBJO PG EZBET 	,JSCZ
 5BNBSJ[
 FU BM� ƊƈƉƍ
�
*O FJUIFS DBTF
 UIF FYQFSJNFOUBM ĕOEJOHT BSF TVSQSJTJOHMZ DPOTJTUFOU XJUI FBSMZ JUFSBUFE
MFBSOJOHNPEFMT BOE BSF UIFSFGPSF TBJE UP iQSPWJEF FNQJSJDBM TVQQPSU GPS DPNQVUBUJPOBM
BOE NBUIFNBUJDBM NPEFMT PG JUFSBUFE MFBSOJOHw 	,JSCZ
 $PSOJTI
 BOE 4NJUI ƊƈƈƐ
�

ćF JEFB UIBU MBOHVBHF CBMBODFT DPNQFUJOH QSFTTVSFT GPS FYQSFTTJWJUZ BOE MFBSOBCJM�
JUZ DPOOFDUT JUFSBUFE MFBSOJOH UP UIF XPSL PG 5FSSZ 3FHJFS BOE DPMMFBHVFT� *O B TFSJFT
PG QBQFST
 UIFZ BSHVF UIBU MBOHVBHFT BSF PQUJNJTFE GPS FďDJFOU DPNNVOJDBUJPO
 JN�
QMZJOH B TJNJMBS CBMBODF CFUXFFO FYQSFTTJWJUZ BOE TJNQMJDJUZ� ćFZ GPVOE FWJEFODF GPS
UIJT JO DPMPVST UFSNT 	3FHJFS
 ,BZ
 BOE ,IFUBSQBM ƊƈƈƏ

 LJOTIJQ SFMBUJPOT 	,FNQ BOE
3FHJFS ƊƈƉƊ

 TQBUJBM SFMBUJPOT 	,IFUBSQBM FU BM� ƊƈƉƋ� 3FHJFS
 ,FNQ
 BOE,BZ ƊƈƉƍ

 BOE

JOEFFE
 OVNFSBM TZTUFNT 	9V BOE 3FHJFS ƊƈƉƌ
� *U XBT TPPO SFDPHOJTFE UIBU JUFSBUFE
MFBSOJOH NJHIU FYQMBJO UIF PCTFSWFE OFBS�PQUJNBMJUZ 	-FWJOTPO ƊƈƉƊ
� 9V
 (SJďUIT

BOE %PXNBO 	ƊƈƉƈ
 BOE $BSTUFOTFO FU BM� 	ƊƈƉƍ
 BDDPSEJOHMZ TFU VQ JUFSBUFE MFBSOJOH
FYQFSJNFOUT XIFSF IVNBO TVCKFDUT SFQSPEVDFE DPMPVS UFSNT
 DPODMVEJOH UIBU iDPMPVS�
OBNJOH VOJWFSTBMT NBZ DPNF GSPN UIF MFBSOJOH BOE QFSDFQUVBM CJBTFT PG IVNBO MFBSO�
FST
 CSPVHIU PVU UISPVHI UIF QSPDFTT PG DVMUVSBM USBOTNJTTJPOw 	9V
 (SJďUIT
 BOE %PX�
NBO ƊƈƉƈ
� *OUFSFTUJOHMZ
 QFSDFQUVBM CJBTFT JO UIF GPSN PG KVTU�OPUJDFBCMF EJČFSFODFT

XFSF BMTP TVďDJFOU UP SFQSPEVDF SFBMJTUJD DPMPVS�UFSN QBUUFSOT JO B TJNVMBUJPO VTJOH B
WBSJBOU PG UIF OBNJOH HBNF 	#BSPODIFMMJ FU BM� ƊƈƉƈ
�

)PXFWFS
 DPMPVS UFSNT NJHIU OPU QSPWJEF UIF NPTU DPOWJODJOH DBTF GPS UIF BSHV�
NFOU UIBU DPNQPTJUJPOBM TUSVDUVSF JO MBOHVBHF SFTVMUT GSPN QSFTTVSFT GPS MFBSOBCJMJUZ
BOE FYQSFTTJWJUZ 	F�H� ,JSCZ
 5BNBSJ[
 FU BM� ƊƈƉƍ
 � DPMPVS UFSNT IBWF
 UP UIF CFTU PG
NZ LOPXMFEHF
 UZQJDBMMZ OP DPNQPTJUJPOBM TUSVDUVSF� *O UIBU SFTQFDU OVNFSBM TZTUFN
BSFNVDINPSF QSPNJTJOH� 'FX
 JG BOZ
 TUSVDUVSFT TFFN UP CBMBODF FYQSFTTJWJUZ BOE TJN�

Ɗ

Compositional language 
Meaning of a signal 
determined  by meaning  
of parts

Cultural processes 
(transmission & 
communication) pressure 
for compositional 
languages



lamp! Naming game 
Population negotiates a shared 
convention via local interactions: 
1. Select random speaker & hearer 
2. The hearer utters a word. 
3. Both agents ‘align’ languages

mothership!
hat!



lamp!
VC=AW=@ <=A@=@

hat lamp

ship hat

lamp

VC=AW=@ <=A@=@

lamp lamp

VC=AW=@ <=A@=@

hat hat

ship

lamp

VC=AW=@ <=A@=@

hat hat

ship lamp

lamp

Success

Failure

Minimal NG 
Every agent can 
invent, add and 
remove words to 
its vocabulary



lamp!
VC=AW=@ <=A@=@

hat 0.4 lamp 0.1

ship 0.3 hat 0.2

lamp 0.2

VC=AW=@ <=A@=@

hat 0.3 lamp 0.3

ship 0.2 hat 0.1

lamp 0.4

Success

Lateral inhibition 
After success, decrease the 
scores of competing words



FǣǥǗǚȨ ɘ The dynamics of the mini-
mal naming game. An sharp transi-
tion leads to convergence and the
emergence of consensus.

ǟǞǥɚɞ Results shown for / = ���;
avg. of ɕɚɚ runs, ɞ std. shaded.

SFHVMBSJUJFT UIBU EP OPU HFOFSBMJTF� 'PS UIBU SFBTPO
 XF TUVEZ UIF BWFSBHF CFIBWJPVS PG
UIF HBNFT
 PCUBJOFE CZ BWFSBHJOH PWFS NBOZ TJNVMBUJPO SVOT�

ǜǤȨǞǝǟȨǞǝǠǝǥǓ ćF NJOJNBM OBNJOH HBNF HPFT UISPVHI UISFF EJTUJODU QIBTFT
 BT
JMMVTUSBUFE JO ĕHVSF Ɗ� *O UIF ĕSTU QIBTF
 NPTU JOUFSBDUJOH BHFOUT XJMM IBWF FNQUZ WP�
DBCVMBSJFT BOE UIVT JOWFOU OFX XPSET� ćJT SFTVMUT JO B TIBSQ JODSFBTF PG UIF OVNCFS
PG VOJRVF XPSET /VOJRVF JO UIF QPQVMBUJPO� *O UIF TFDPOE QIBTF
 OP OFX XPSET BSF JO�
WFOUFE
 CVU UIF JOWFOUFE XPSET TQSFBE UISPVHI UIF QPQVMBUJPO� "MJHONFOU JT TUJMM MPX
BOE XPSET XJMM SBSF SBSFMZ CF FMJNJOBUFE
 TP /UPUBM LFFQT HSPXJOH� *O UIF UIJSE QIBTF

BęFS UIF QFBL PG /UPUBM
 UIJT DIBOHFT� *OUFSBDUJPOT BSF JODSFBTJOHMZ MJLFMZ UP CF TVDDFTT�
GVM
 MFBEJOH UP B TIBSQ JODSFBTF JO DPNNVOJDBUJWF TVDDFTT BOE B ESPQ JO /UPUBM BT NPSF
BOE NPSF XPSET BSF FMJNJOBUFE� ćJT BMTP SFTVMUT JO UIF DIBSBDUFSJTUJD 4�TIBQFE DVSWF
PG QTVDDFTT� &WFOUVBMMZ UIF QPQVMBUJPO SFBDIFT DPIFSFODF JO UIF BCTPSCJOH TUBUF XIFSF BMM
BHFOUT TIBSF POF VOJRVF XPSE BOE SFBDI QFSGFDU DPNNVOJDBUJWF TVDDFTT 	/VOJRVF = �

/UPUBM = / BOE QTVDDFTT = �
�

ćF HBNF IBT UXP JNQPSUBOU QSPQFSUJFT
 UIBU POF NJHIU DBMM FČFDUJWFOFTT BOE Fď�
DJFODZ� ćF SFTVMUJOH DPNNVOJDBUJPO TZTUFN JT FČFDUJWF CFDBVTF BHFOUT MFBSO UP DPN�
NVOJDBUF TVDDFTTGVMMZ
 BOE FďDJFOU JO UIF TFOTF UIBU BHFOUT EP OPU NFNPSJTF NPSF
XPSET UIBO TUSJDUMZ OFDFTTBSZ 	POF
 JO UIJT DBTF
� " TJNQMF BSHVNFOU TIPXT UIBU UIF
NJOJNBM OBNJOH HBNF BMNPTU BMXBZT SFBDIFT BO FďDJFOU BOE FČFDUJWF TUBCMF TUBUF 	#BSPODIFMMJ

'FMJDJ
 FU BM� ƊƈƈƎ
� "U BOZ QPJOU JO UIF HBNF
 UIFSF JT B QPTJUJWF QSPCBCJMJUZ PG SFBDIJOH
DPIFSFODF JO �(/ − �) TUFQT� QJDL POF TQFBLFS BOE MFU IFS TQFBL UP BMM PUIFS / − �
BHFOUT UXJDF� ćF ĕSTU UJNF
 B IFBSFS NJHIU TUJMM IBWF UP BEPQU UIF XPSE
 CVU BęFS UIF
TFDPOE JOUFSBDUJPO POMZ POF XPSE XJMM SFNBJO JO IJT JOWFOUPSZ� *G Q JT UIF QSPCBCJMJUZ
PG UIJT 	VOMJLFMZ
 TFRVFODF PG JOUFSBDUJPOT
 UIF QSPCBCJMJUZ UIBU JU IBT OPU PDDVSSFE BG�
UFS L · �(/ − �) TUFQT JT MFTT UIBO (� − Q)L
 XIJDI EFDSFBTFT FYQPOFOUJBMMZ JO L� 8JUI
QSPCBCJMJUZ Ɖ
 UIF QPQVMBUJPO XJMM UIVT SFBDI DPIFSFODF BT L → ∞� ćF BSHVNFOU JT
TPNFXIBU VOTBUJTGBDUPSZ BT JU EPFT OPU SFWFBM BOZUIJOH BCPVU UIF EZOBNJDT� IPX GBTU
JT UIF DPOWFSHFODF
 GPS FYBNQMF 

ǙȱȳǠǣǞǥ ǚȨǠȳǘǣǝǞǙ ȳǞȰ ǞȨǘǕǝǚǡ ǙǘǚǗȱǘǗǚȨ 5P PCUBJO B CFUUFS JOTJHIU JO UIF EZOBN�
JDT
 POF DBO BEPQU B NFUIPEPMPHZ DPNNPOMZ VTFE JO TUBUJTUJDBM QIZTJDT BOE MPPL BU
TDBMJOH SFMBUJPOT� ćF RVFTUJPO JT UIFO IPX DFSUBJO RVBOUJUJFT
 MJLF DPOWFSHFODF UJNF

TDBMF XJUI UIF TJ[F PG UIF TZTUFN
 J�F� UIF OVNCFS PG BHFOUT� 5P UIBU FOE
 UXP DSJUJDBM
QPJOUT BSF JEFOUJĕFE� UIF UJNF UDPOW XIFSF UIF HBNF SFBDIFT DPIFSFODF BOE UIF UJNF

ƌ

Dynamics of the minimal NG 
Three stages lead to the 
convergence to a single word: 
1. Invention of words 
2. Spread through population 
3. Elimination of words 

Cultural process of social  
negotiation leads to shared  
emergence of a convention 

FǣǥǗǚȨ ɘ The dynamics of the mini-
mal naming game. An sharp transi-
tion leads to convergence and the
emergence of consensus.

ǟǞǥɚɞ Results shown for / = ���;
avg. of ɕɚɚ runs, ɞ std. shaded.
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BHFOUT TIBSF POF VOJRVF XPSE BOE SFBDI QFSGFDU DPNNVOJDBUJWF TVDDFTT 	/VOJRVF = �

/UPUBM = / BOE QTVDDFTT = �
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ćF HBNF IBT UXP JNQPSUBOU QSPQFSUJFT
 UIBU POF NJHIU DBMM FČFDUJWFOFTT BOE Fď�
DJFODZ� ćF SFTVMUJOH DPNNVOJDBUJPO TZTUFN JT FČFDUJWF CFDBVTF BHFOUT MFBSO UP DPN�
NVOJDBUF TVDDFTTGVMMZ
 BOE FďDJFOU JO UIF TFOTF UIBU BHFOUT EP OPU NFNPSJTF NPSF
XPSET UIBO TUSJDUMZ OFDFTTBSZ 	POF
 JO UIJT DBTF
� " TJNQMF BSHVNFOU TIPXT UIBU UIF
NJOJNBM OBNJOH HBNF BMNPTU BMXBZT SFBDIFT BO FďDJFOU BOE FČFDUJWF TUBCMF TUBUF 	#BSPODIFMMJ

'FMJDJ
 FU BM� ƊƈƈƎ
� "U BOZ QPJOU JO UIF HBNF
 UIFSF JT B QPTJUJWF QSPCBCJMJUZ PG SFBDIJOH
DPIFSFODF JO �(/ − �) TUFQT� QJDL POF TQFBLFS BOE MFU IFS TQFBL UP BMM PUIFS / − �
BHFOUT UXJDF� ćF ĕSTU UJNF
 B IFBSFS NJHIU TUJMM IBWF UP BEPQU UIF XPSE
 CVU BęFS UIF
TFDPOE JOUFSBDUJPO POMZ POF XPSE XJMM SFNBJO JO IJT JOWFOUPSZ� *G Q JT UIF QSPCBCJMJUZ
PG UIJT 	VOMJLFMZ
 TFRVFODF PG JOUFSBDUJPOT
 UIF QSPCBCJMJUZ UIBU JU IBT OPU PDDVSSFE BG�
UFS L · �(/ − �) TUFQT JT MFTT UIBO (� − Q)L
 XIJDI EFDSFBTFT FYQPOFOUJBMMZ JO L� 8JUI
QSPCBCJMJUZ Ɖ
 UIF QPQVMBUJPO XJMM UIVT SFBDI DPIFSFODF BT L → ∞� ćF BSHVNFOU JT
TPNFXIBU VOTBUJTGBDUPSZ BT JU EPFT OPU SFWFBM BOZUIJOH BCPVU UIF EZOBNJDT� IPX GBTU
JT UIF DPOWFSHFODF
 GPS FYBNQMF 

ǙȱȳǠǣǞǥ ǚȨǠȳǘǣǝǞǙ ȳǞȰ ǞȨǘǕǝǚǡ ǙǘǚǗȱǘǗǚȨ 5P PCUBJO B CFUUFS JOTJHIU JO UIF EZOBN�
JDT
 POF DBO BEPQU B NFUIPEPMPHZ DPNNPOMZ VTFE JO TUBUJTUJDBM QIZTJDT BOE MPPL BU
TDBMJOH SFMBUJPOT� ćF RVFTUJPO JT UIFO IPX DFSUBJO RVBOUJUJFT
 MJLF DPOWFSHFODF UJNF

TDBMF XJUI UIF TJ[F PG UIF TZTUFN
 J�F� UIF OVNCFS PG BHFOUT� 5P UIBU FOE
 UXP DSJUJDBM
QPJOUT BSF JEFOUJĕFE� UIF UJNF UDPOW XIFSF UIF HBNF SFBDIFT DPIFSFODF BOE UIF UJNF

ƌ
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2. Population model1. Shared (Bayesian) formalism

NSTS

USVW

NSTS

USVW

NSTS

USVW

NSTS

biases of  
the learners

probability of  
adopting a language

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

production algorithm learning algorithm

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ



probability of language  
after previous interaction

NSTS

USVW

NSTS

USVW

NSTS

USVW

NSTS

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

production algorithm learning algorithm

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ
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<D@`aD?;AB 
homogeneous mixing

b=@;`>AB 
transmission chain

ǘǚȳǞǙǟǣǙǙǣǝǞ ȱǤȳǣǞ
Iterated learning

ǤǝǟǝǥȨǞȨǝǗǙ ǟǣǔǣǞǥ
Naming Game

ǚȳǞȰǝǟ ǕȳǠǡ
Bayesian Naming Game

Ɖ

ǘǚȳǞǙǟǣǙǙǣǝǞ ȱǤȳǣǞ
Iterated learning

ǤǝǟǝǥȨǞȨǝǗǙ ǟǣǔǣǞǥ
Naming Game

ǚȳǞȰǝǟ ǕȳǠǡ
Bayesian Naming Game

Ɖ

ǘǚȳǞǙǟǣǙǙǣǝǞ ȱǤȳǣǞ
Iterated learning

ǤǝǟǝǥȨǞȨǝǗǙ ǟǣǔǣǞǥ
Naming Game

ǚȳǞȰǝǟ ǕȳǠǡ
Bayesian Naming Game

Ɖ

ED;< 
random walk

∞1

B`c= =dC=>;A?>e ɣ 
The age at which a 

speaker dies

ɣ

2. Population model1. Shared (Bayesian) formalism



NSTS

USVW

NSTS

USVW

NSTS

USVW

NSTS

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

production algorithm learning algorithm

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

0
0,1
0,2
0,3
0,4
0,5

hat mothership lamp

A language is a  
distribution over words  
(or e.g. linguistic features)

The Bayesian Naming Game



The Bayesian Naming Game

• Lineage specificity 
• Reflection of the bias  

(rather than convergence to the prior) 
• Language stability



The Bayesian Naming Game



The Bayesian Naming Game

On average, the Bayesian  
Naming Game reproduces  
the innate biases.

Reminiscent of “wide but constrained  
variation” (e.g. colour terms)
Regier et al. (2015). NOP 10.1002/9781118346136.ch11

http://doi.org/10.1002/9781118346136.ch11


Different strategies

But why this? Shouldn’t we expect this?

Y� Ѣ� Y� Ѣ� Y�
QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ) QǠȳ(Ѣ | Y) Qǜȳ(Y | Ѣ)

Ѣ� Ѣ� Q(Ѣ)
∑

Y QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Y� Y� Y� Q(Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)
∑

Ѣ Qǜȳ(Y | Ѣ) · QǠȳ(Ѣ | Y)

Ѣ�, Y� Ѣ�, Y� Q(Ѣ, Y)
QǠȳ(Ѣ | Y) · Qǜȳ(Y | Ѣ)

Q(MBOH | EBUB) ∝ Q(EBUB | MBOH) · Q(MBOH)

Ɖ

production algorithm

0
0,1
0,2
0,3
0,4
0,5

hat mothership lamp

Strategies 
One can vary the ‘production 
strategy’ and ‘language strategy’ 
sample or maximise
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archeology

unifying and evaluating 
agent-based models of cultural 

language evolution

Iterated learning and the 
naming game closely related: 

language evolution through 
frequency tracking and innate 
biases. 

Realistic?

Lineage-specific languages 
reflecting innate biases in the 
Bayesian naming game.

Take home messages



The (Little) Tower of Babel by Pieter Bruegel the Elder (c. 1563) oil on panel; 60 cm × 74.5 cm; Museum Boijmans Van Beuningen, Rotterdam


