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ABSTRACT 
Human language is constantly changing. Many of the changes are 
achieved via diffusion of linguistic variants in a population of interacting 
individuals. We design a simple computer model following the Pόlya-urn 
dynamics to evaluate possible effects of linguistic, individual learning, 
and socio-cultural factors on linguistic diffusion. Simulation results and 
statistical analyses collectively reveal that: variant prestige, rather than 
individual bias, is a fundamental selective pressure for diffusion; given 
variant prestige, speaker’s and hearer’s preferences for prestigious 
variants show different degrees of efficiency on diffusion; and structural 
features of social network, such as average degree and level of centrality, 
also modulate the degree of diffusion. This work offers an 
interdisciplinary approach to study linguistic diffusion and modify 
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Language is multi-modal: Human speech is accompanied by 
manual and facial co-speech gestures; co-speech gestures are even 
produced by blind persons talking to each other – highlighting the 
ancestral link between hand and language. Co-speech gestures are to be 
distinguished from the signs which form the elements of the signed 
languages (such as American Sign Language, ASL) employed by deaf 
communities – but the latter are fully expressive human languages. The 
key point is that the brain mechanisms that support language do not 
especially privilege auditory input and vocal output. Our key question is 
then: How did a capacity for multimodal language evolve? 

We define language-readiness as the capacity to acquire and use 
language and claim that having a “language-ready” brain does not imply 
“having language.” Biological Evolution provides the processes of 
genetic selection that gave modern humans a language-ready brain but we 
claim that it was Cultural Evolution, processes of non-biological, social 
selection, whereby our ancestors came to have a variety of languages as 
distinct from a protolanguage in the sense of a system of communication 
intermediate between ape-like vocal and gestural communication and 
human language. (This is distinct from the notion of protolanguage as the 
ancestral language for a language family posited in historical linguistics). 

We posit that early Homo sapiens , and at least their proximate ancestral 
hominids, has “early protolanguages,” and that cultural evolution in Homo
sapiens yielded a spectrum of increasing complexity, so that complex 
protolanguages became early languages perhaps 100,000 years ago (Arbib 
2008). In this process, symbols become words in the modern sense, while 
syntactic and semantic structures co-evolved to support an increasingly 
compositional semantics (with recursivity as an automatic corollary of the 
expression of meaning concerning hierarchical structures). Verb tenses or other 
circumlocutions arose to express the ability to recall past events or imagine 
future ones. And these emerging languages had to be learnable: a human 
language must contain a significant subset of symbolic structures learnable by 
most human children. 

Much of this remains conjectural. There is no single key to the 
evolution of language. Rather, there are many pieces of a jigsaw puzzle to 
be discovered and fitted together, and this requires insights from many 
subdisciplines, including: 
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 Despite the wide adoption of the simulation approach in language 
diffusion studies, many available models bear the shortcoming of 
addressing individual and social factors separately. For example, in many 
mathematical models, individual language choice is assumed having 
nothing to do with social connections; in many behavioral models, 
hearers mainly acquire and update linguistic knowledge, being not subject 
to socio-cultural factors. In addition, some previous studies exploring the 
correlations between social networks and individual learning factors (e.g., 
Dall’Asta et al. 2006) only examine simple networks, such as lattice, and 
others that do consider complex networks (e.g., Ke et al. 2008) lack a 
systematic analysis on structural features of adopted networks.  
 During diffusion, speakers or hearers, or both, can innovate or 
introduce identical or different preferences for variants. For example, 
from a functional perspective, speakers tend to use easily-produced 
variants (e.g., easily pronounced pronoun forms in Cantonese), and 
hearers may prefer easily-perceived or salient ones (Labov 1994; Shen 
1997). The effects of these behaviors are also subject to social constraints 
in the population. Therefore, to better address the mutual influence 
between individual learning (e.g., who introduces the preference for 
variants) and social networks (e.g., structural factors restricting 
communications among individuals) on diffusion, it is really necessary to 
combine speaker’s and hearer’s preferences with social constraints casted 
by networks where speakers and hearers are situated. 
 Noting these, we design a multi-agent model that simulates 
production, perception, and update of variants during communications. 
Combining simulation results and statistical analyses, we analyze whether 
and how certain linguistic (i.e., variant prestige), individual learning (i.e., 
individual prestige and speaker’s or hearer’s preference on variants), and 
socio-cultural factors (i.e., network structures) collectively affect 
diffusion. The rest of this paper is organized as follows: Section 2 
describes the diffusion model; Section 3 analyzes the simulation results; 
and finally, Section 4 concludes the paper and evaluates the simulation 
approach adopted in linguistic research. 
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available theories and simulations concerning individual learning or 
social factors. 
 
KEYWORDS 
Linguistic diffusion Computational modeling Pólya-urn dynamics 
Complex networks 
 
 
1. EVOLUTIONARY LINGUISTICS AND COMPUTATIONAL MODELING 
 Language is arguably the very cognitive capacity that defines 
humans (Beckner et al. 2009). As a socio-cultural phenomenon (Hruschka 
et al. 2009), language undergoes constant changes, many of which proceed 
via diffusion of phonetic, lexical, or syntactic variants, such as the Great 
Vowel Shift in English in the 14-16th century (Wolfe 1972), sound change 
in Wu dialect of Chinese (Shen 1997), or lexical borrowing (Cheng 1987). 
At the population level, linguistic diffusion (henceforth “diffusion”) can be 
defined as a shift in proportions of linguistic variants used by a population 
over time (Nakamura et al. 2007). Studying the manners in which 
diffusion takes place can yield important insights on questions concerning 
the cognitive capacities for language and linguistic or socio-cultural 
constraints on language evolution (Pinker and Bloom 1990; Croft 2000; 
Labov 2001; Hauser et al. 2002; Tomasello 2008).  
 Many diffusion theories assume an innovator-learner framework 
to discuss who innovates or introduces preference for certain types of 
variants, who learns variants during linguistic interactions (Mufwene 
2008), and what factors influence individuals’ choices among variants 
(Nettle 1999; Labov 2001). Many empirical studies in sociolinguistics 
(Fisiak 1995; Croft 2000; Labov 2001) have revealed that linguistic, 
individual-learning, and socio-cultural factors all affect diffusion. 
Nonetheless, there remain some questions, including:  
 

(1) What is the selective pressure for diffusion (factor(s) leading to 
successful spread of variants in a population), variant prestige 
or individual bias?  

(2) Does the speaker’s or hearer’s preference for certain types of 
variants show different effects on diffusion?  
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(3) How do structural features of large-scale social networks affect 
diffusion?  
 

 The available approaches in linguistics, such as questionnaires or 
documentations, cannot explicitly address these questions, due to 
inevitable limitations, including: 
 

(1) Variant prestige and individual bias are often intertwined 
(Henrich and Gil-White 2001) and hard to clarify based solely on 
questionnaires, e.g., prestigious or influential individuals in a 
population may also prefer variants having high variant prestige.  

(2) Linguistic questionnaires, generally speaking, can only gather 
empirical data from a small-scale society or cover a limited 
time scale.  

(3) Although linguists have obtained much detailed empirical data 
covering the recent history and documented a large number of 
the world’s languages, without additional approaches, it 
remains difficult to explicitly observe correlations hidden in the 
data, be fully aware of selective pressures caused by relevant 
factors, or reasonably reconstruct diffusion trajectories of 
particular variants. 
 

 These limitations can be partially overcome by approaches 
developed in disciplines other than linguistics, such as mathematical and 
behavioral simulations. In the past few decades, simulation studies have 
joined the endeavor to tackle problems concerning variant diffusion and 
other linguistic phenomena. Mathematical models that quantify contact 
patterns and social prestige have efficiently predicted the dynamics and 
outcome of language competition (e.g., Abrams and Strogatz 2003; 
Minett and Wang 2008; Zhang and Gong 2013). Meanwhile, behavioral 
models that simulate individual linguistic behaviors have reasonably 
traced the conventionalization of form-meaning mappings (e.g., Steels 
1995) and linguistic regularities (e.g., Gong 2011) via local interactions, 
and revealed the correlation between the degree of diffusion and 
individual memory load, population size, or social connections (e.g., 
Dall’Asta et al. 2006; Ke et al. 2008).  
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structures that serve them – to the cooperative computation (competition 
and cooperation of diverse patterns of activity) of “schemas” or neural 
networks that underlie them. 

We pursue a neuroinformatics and neural modeling strategy: 

 Develop a database on macaque and ape brain regions which 
are possible homologues of human brain areas relevant to 
language, and add data on the connectivity of these areas in 
each species (Arbib & Bota 2006);  

 Develop further models, rooted in detailed macaque 
neurophysiology and neuroanatomy, of the mirror neuron 
system and other brain regions involved in sequential behavior 
in the macaque;  

 Extend these to models of the ape or human circuitry to see 
what needs to change to support observed behaviors. 

We may study data on communication, both in macaques (last 
common ancestor, LCA-m, 25 million years ago) and on chimpanzees 
(LCA-c, 5-7 million years ago), to gain data that might give relevant 
insights (Arbib et al 2008). 

Monkey alarm calls: The leopard alarm call for vervet monkeys 
(Seyfarth et al 1980) might be paraphrased as “There is a leopard nearby. 
Danger! Danger! Run up a tree to escape,” but the monkey has no access 
to equivalents of any of these words. Moreover, the motor pattern for the 
alarm call is innate. Such data support the view that the LCA-m ancestral 
communication system combines a limited set of species-specific calls as 
well as a limited set of oro-facial gestures expressive of emotion and 
related social indicators – with both sets being innate. 

Apes gesture as well as vocalize and at least some gestures in apes 
appear to be specific to one group rather than another, though there is 
debate concerning the latter claim (Halina et al 2013, Hobaiter & Byrne 
2011). Anyway, we posit that the LCA-c ancestral communication system 
may offer a gestural opening for language evolution: a limited set of 
species-specific calls still combine with a limited set of manual and oro-
facial gestures, but we are now sure the latter are products of social 
innovation. We stress, however, that in apes (and presumably in LCA-c) 
combinatorial properties for openness of communication are still absent. 
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用模拟仿真研究语言扩散 
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摘要 

人类语言不断变化。很多变化是通过在一组交流个体中扩散不同形式

的语言变体完成的。我们设计了一个基于 Pόlya-urn 动态的简单计算机

模型研究语言、个体学习和社会‐文化因素对语言扩散可能起的作用。

模拟结果和统计分析表明：（1）对变体的偏好，而不是对使用者的偏

好，是决定扩散的基本选择要素；在存在变体偏好情况下，（2）说者

和听者对变体的偏好具有不同程度的扩散效率；（3）网络结构因素，

如平均度和集中度，可调节扩散程度。此工作为研究语言扩散提供了

一个跨学科手段，并改进了已有的关于个体和社会因素对语言扩散影

响的理论和模拟研究。 
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