/_\ Max Planck Institute

\AEe | for Evolutionary Anthropology
= Department of Linguistics

MAX-PLANCK-CESELLECHAFT

Exploring ILanguage Evolution
using Behavioral Computational Models

Tao GONG

Department of Linguistics
Max Planck Institute for Evolutionary Linguistics

email: tao_gong@eva.mpg.de
homepage: http://www.eva.mpg.de/lingua/staff/gong/home.php

Oct. 9, 2008

TasTaf MODHAHD ¥y

Aobpo NowanoeaTk
Hor a3 ot Welcome
= Lt‘ﬂt‘f flgd haya



Max Planck Institute
for Evolutionary Anthropology

| | "\‘-—-\_‘/I | Department of LinguistiCS
Outline o

Evolutionary linguistics and computational simulation

Abstracting linguistic knowledge

The review of a compositionality-Z  res i ire o i dividual behaviors
regularity coevolution model

Evaluating language evolution

Psychology
Thn mnl'l'i_nlior\inh rv 'l'llrg
1 11T 111UIll UID\JIPI II y I LUiI T NeurOSC|ence
of research in linguistics
Computer Science

My focus is how computational simulation, as an efficient methodology,
assists research on language evolution
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Evolutionary linguistics

= Language defines human intelligence.

= Evolutionary linguistics aims to identify when, where, and how a language
emerges, changes, and dies out (Ke & Holland 2006).

= The capacity of human language:
o Concerning language users: biological capacity of human language;
o Concerning language itself:
= ldiolect (individual linguistic knowledge and performance);
= Communal language (the intersection or union of idiolects);

= Three stages of Innmmnp evolution:

54 \.lvvl\./l
I

0 Language emergence: from “essentially no language” to “a simple language”;
= Language acquisition (ontogeny of language);
= Language origin (phylogeny of language);

o Language change: from “one thing” to “another thing”;

o Language death: from “something” to “nothing”;

Ke, J-Y. & Holland, J. H. 2006. Language origin from an emergentist perspective. Applied Linguistics, 27(4): 691-716.
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The emergence of linguistic universals

Linguistic universals: language structure and use that hold across most but
not necessarily all languages of the world (Christiansen & Kirby 2003).

o Examples: arbitrariness; word order bias; recursion;

Compositionality: the meanings of complex expressions are determined by
the meanings of their components (lexical items).
o English: /cats eat rats/;
a  Chinese: /’%*IEZ%ZE{:/;
o French: /un chat mange un rat/;
o Japanese: /f| Yo A3 & anN Bl
Cat (nominative) rat (accusative) eat (canonical)

Regularity at the syntactic level: many languages adopt conventionalized
structures (e.g., word order or morphology) to build up complex expressions.
o English: */cat rat eats/; /cat eats rat/ and /rat eats cat/;

Christiansen, M. H. & Kirby, S. 2003. Language evolution: Consensus and controversies. Trends in Cognitive Sciences, 7(7): 300-307.
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Contemporary theories on language emergence

Innatism (Chomskyan school; Anderson & Lightfoot 2002):

It ascribes language to a genetically instructed language module, and claims that every
aspect of the “core grammar” of every language is encoded in Univeral Grammar (UG).

Language acquisition is a process whereby learners conceive, assess, and reject
hypotheses about the properties of the language that is being learned.

Emergentism (MacWhinney 1999) & Connectionism (Elman et al. 1996):

Emergenetism focuses on language origin, connectionism concentrates on language
acquisition.

Both deny the existence of UG: the existence of linguistic universals does not necessarily
mean the prefiguration of UG in human brains;

“Language is regarded as a kind of ‘interface’ among a variety of more basic abilities. These
abilities underlie nonlinguistic processes as well.” (Wang 1982). Language could have
resulted from elaboration of domain-general abilities into linguistic activities.

Anderson, S. R. & Lightfoot, D. W. 2002. The language organ: Linguistics as cognitive physiology. Cambridge; New York: Cambridge University Press.
Elman, J., Bates, E., Johnson, M. H., Karmiloff-Smith, A., Parisi, D., & Plunkett, K. 1996. Rethinking innateness: A connectionist perspective on
development. Cambridge, MA: MIT Press.
MacWhinney, B. ed. 1999. The emergence of language. Mahwah, NJ: Lawrence Erlbaum Associates.
Wang, W. S-Y. 1982. Explorations in language evolution. Osmania Papers in Linguistics, 8. Reprinted in: W. S-Y. Wang, ed., Explorations in language,
Taipei, Taiwan; Seattle, WA: Pyramid Press, 105-131.
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Computational simulation

Contemporary research methods in linguistics:
o Data collection and analysis: e.qg., field work and corpus linguistics;

o Experiments on human subjects in linguistic tasks: e.g., the artificial grammar
learning, locating the neural bases of linguistic behaviors;

o Computational simulation:
von Neumann’s self-reproducting automata (1966);

“operationalized” hypothesis or theory that is shown as computer programs
(Cangelosi & Parisi 2002)

One aim of computational simulation is to explore the alternative processes
of language emergence that could be different from what Innatism claims.

MNMainr hvinoac nf ~rnMnNniitatinna
viqjui Ly JCo Ui CUINpulau Ui

A
o Behavioral models: simulate a set of actual behaviors of an individual or a group of
individuals during language processing, and study their effect on language evolution.

o Mathematical models: abstract the performance of linguistic behaviors into
mathematical equations, and study language evolution based on statistical analyses.

Cangelosi, A. & Parisi, D. 2002. Computer simulation: A new scientific approach to the study of language evolution. In: A. Cangelosi, D. Parisi, eds.,
Simulating the evolution of language, London: Springer, 3—28.
von Neumann, J. 1966. The theory of self-reproducing automata (edited and completed by A. W. Burks). Chicago, IL: University of lllinois Press.
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Behavioral models

Simulate individuals’ language-related behaviors and/or the social-cultural environment
of language users

Explore the minimum prerequisites for the emergence of certain linguistic universals, or
evaluate the effect of various linguistic or nonlinguistic factors on language evolution.

Multi-agent system:

Agent (language |

Natural/cultural environment

Rule-based system: “cat”€&->/cat/; “run”€->/run/;

[cat/ << [run/

Study the emergent communal language triggered by individual linguistic behaviors in
linguistic communications
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The advantage of computational simulation

Complementary to empirical studies or theoretical analyses on language evolution.
o Test the internal coherence of linguistic theories

o Provide quantitative/qualitative analyses to evaluate verbally expressed linguistic theories
o Generalize the available theories that are built upon incomplete data or trigger new ones

Clearly studying the nature of language as a Complex Adaptive System (CAS, Steels
2000; Wang 2006):

o Language is a CAS: involve various components and interactions among them, and some
hierarchical structures;

o Through manipulating parameters and repeating in similar conditions, computational
simulation can systematically examine the collective effects of various components on
language evolution.

Reliability of computational simulation:

o Adopt plausible assumptions verified by empirical findings in linguistics as well as other
disciplines.

o Use objective mechanisms, and follow traceable procedures to obtain replicable results.

Steels, L. 2000. Language as a Complex Adaptive System, Proceedings of the 6th International Conference on Parallel Problem Solving from
Nature: 17-26.
Wang, W. S-Y. 2006. i# & RL- 7 B -5 4528 (Language is a CAS). Journal of Tsinghua University (Philosophy and Social Sciences), 21(6): 5-13.
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The general procedure to construct a behavioral model to
study language evolution

Set up the working hypotheses;

Set up the conceptual framework;

Define the artificial language;

Define the linguistic knowledge;

Define the acquisition mechanisms;

Define the communication scenarios;

Define the indices to evaluate the simulation results;
Analyze the simulation results;

Verify the working hypotheses;

| will illustrate this procedure using a compositionality-regularity
coevolution model
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The compositionality-regularity coevolution mode

1) Set up the working hypotheses

o Language origin is a process of coevolution of compositionality and
regularity: the acquisition and conventionalization of these universals
coevolve during the transition from a holistic signalling system to a
compositional language.

o The syntactic development follows a “bottom-up” scenario: the global
word order at the sentence level can be formed based on reiterating
local orders between lexical items.

o Some domain-general abilities, such as pattern extraction (Fillmore 1979;
Monchi et al. 2001) and sequential learning (Christiansen & Ellefson
2002), could be precursors for the linguistic abilities to handle
compositionality and regularity.

Fillmore, L. W. 1979. Individual differences in second language acquisition. In: C. J. Fillmore, D. Kempler, and W. S-Y. Wang, eds., Individual
differences in language ability and language behavior, New York: Academic Press, 203-228.
Monchi, O., Petrides, P., Petre, V., Worsley, K., & Dagher, A. 2001. Wisconsin card sorting revisited: Distinct neural circuits participating in
different stages of the task identified by event-related functional magnetic resonance imaging. Journal of Neuroscience, 21(19): 7733—-7741.
Christiansen, M. H. & Ellefson, M. R. 2002. Linguistic adaptation without linguistic constraints: The role of sequential learning in language evolution.
In: A. Wray, ed., The transition to language, Oxford, UK: Oxford University Press, 335-358.
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2) Set up the conceptual framework

= Two types of integrated meanings:
o Typel: “Pr,<Ag>": e.g., “hop<deer>”;
o Type2: “Pr,<Ag, Pat>": e.g., “chase<fox, wolf>”;

Detection of recurrent
patterns

LEXICON:
“wolf”, “chase”, “fight”,
“lump” ...

SEMANTICS:
“fight<wolf, fox>", “jump<wolf>" ...

CATEGORIES:
A: “wolf” ... B: “fox” ...
C: “chase”, “fight” ... D: “jump”.

Categorization

Max Planck Institute
for Evolutionary Anthropology
Department of Linguistics

MAX-PLANCK-CESELLSCHAFT

Manipulation of local
orders

LOCAL SYNTAX:
A>C B>C A<<D

“<<”; before; “>>": after

Emergent Global order:
A>>C, B>>C = “fight fox wolf”, “fight wolf fox”
A<<D = “wolf jump” ...

“Bottom-up” syntactic
development

Local syntax: binary sequential relation (before or after) between 2 lexical items;
Global word order (e.g., SVO, SOV) results from local syntax; S: subject; V: verb; O, object;
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= Language is defined as a set of M(eaning)-U(tterance) mappings:

e.g., “fight<wolf, fox>" <-> /a b c/;
The meaning part: an integrated meaning or some semantic item(s);
The utterance part: syllable(s) chosen from a syllable space;

The mapping is bidirectional: in production, to express “fight<wolf, fox>", the speaker may
use /a b c/; in comprehension, when hearing /a b ¢/, the listener may interpret it as
“fight<wolf, fox>";

4) Define the linguistic knowledge

= Linguistic rules: M-U mapping or local
syntax + strength;

a

J

Lexical rules

Holistic rules: Compositional rules:
Lexical rules: how to map semantic (a) "chase<wolf, bear="&-=2/a b/ (0.5) (d) "wolf"&—=/f/ (0.6)
components to utterance syllables; (b) *hop<desr"&-3/c/ (0.4) (8) “run<#>"€>/c/ (0.7)
Syntactic rules: local orders (c) "hop<deer>"&€->/d ef (0.6) (1) "chase<#, bear>"&=/e t ~ g/ (.7)

(BEFORE “<<*, AFTER “>>",
SURROUND “¥” and BETWEEN Syntactic rules

“A") to regulate syllables of two (1) {"chase<#, bear"€=>/e f* g/ (0.7)} ¥ {"fox"&->/a/ (0.5)} (0.7)
lexical rules. (2) {'wolF &>/l (0.6)} A ["chase<#, bear"& /e f * g/ (0.7)} (0.5)
A rule strength denotes the (3) Category 1 (S) << Category 2 (V) (0.8)
probability (within [0.0 1.0]) of (4) Category 3 (O) >> Category 2 (V) (0.4)

successfully applying its M-U

mapping or local order; “#" is unspecified semantic item; “*” is unspecified utterance syllable(s);
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4) Define the linguistic knowledge (cont.)

= Syntactic categories:

o A group of lexical rules that express semantic items with the same semantic role, toegther
with some syntactic rules to regulate the orders between these lexical rules and those from
other categories;

o Syntactic role (S, O or V), a list of lexical rules and a list of syntactic rules;

o [Association weight]: the membership value for a lexical rule to be associated into a category;

Syntactic categories

Category 1 (S): List of lexical rules: Category 2 (V): List of lexical rules:
{"fox"€—=/a/ (0.5)} [0.5] frun=g="<—=2/df (0.4)} [0.5]
[“wolf"€->/b ¢ (0.7)} [0.5] {“fight<# #="€>/el (0.7)} [0.5]

List of syntactic rules: List of syntactic
Category 1 (S) =< Category 2 (V) (0]
Category 3 (O) == Category 1 (S) (0.4)

Category 3 (Q): List of lexical rules:

“fox"&>/al (0.5)}[0.7]

{"sheep™€->/h/ (0.6)} [0.6]

List of syntactic rules:

Category 3 (O) >> Category 1 (S) (0.4) “fight<wolf, fox>"> /bcealor/bcael
SVOorSOV

les:
Category 1 (3] << Category 2 (V) {0.8)

Numbers inside () are rule strengths; numbers inside [| are association weights;
TasTaR MODHAHD ¥Y
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5) Define the acquisition mechanisms

= Random creation of linguistic instances (holistic expressions): without it, language could
never get off the ground.

= “Learning from experience”:
o Acquisition of lexical rules: detection of recurrent patterns;
o Acquisition of local orders and syntactic categories:

Lexical rules with the same semantic role (Ag, Pat or Pr,,,) and similarly used (local
order) in M-U mappings can be associated into categories;

M-U mappings (previous Newly acquired categories

Newly acquired lexical rules . : o=
yad experience) in an individual’s buffer

List of lexical rules
(a) “fox” €= /d/  (0.5) [0.5]
(c) “wolf* €= Ja c/ (0.5) [0.5]

List of syntactic rules

(2) “run<fox>" €<= /d m/

(b) “run<#>" €-> /m/ (0.5)
(3) “run<wolf>" €= fa c m/ Catl << @éeb)SY0.§).5)
(©) “wolf” € Jac/ (0.5)

(1) “hop<fox>" €«-> /d h/
(a) “fox” €«—-> /d/ (0.5)

) T AobBare)

(4) “chase<wolf, deer>” €-> facfh/ || Listof lexical rules
(d) “chase<##>" &> /bl (0.5) (5) “chase<fox, sheeps” € /d b e/ (b) “run<#>" €-> /m/ (0.5) [0.5]
(d) “chase<#, #>" € [b/ (0.5) [0.5]
List of syntactic rules
Numbers within () are rule strengths; numbers within [| are association weights; Catl << @ae2¢B{0.50.5)
TasTaR MODHAHD ¥Y
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5) Define the acquisition mechanisms (cont.)

= Category merge:
o Two categories having the same syntactic roles share some lexical member(s);

o The linguistic instances in the buffer indicate that some of lexical members in these two
categories are similarly used (with the same local order) with respect to another lexical rule;

o The merged category comprises all lexical and syntactic members of the original categories;
M-U mappings in the buffer Acquired lexical rule
(1) “fight<fox, wolf>" €«-> /d a c b/

“fight<# , #>" <> /b/ (0.5)
(2) “fight<deer, gazelle>” <> /k b n/

Available categories Merged category
Category 1 (S): List of lexical rules: Category 1 (3): List of lexical rules;
{(a) “fox"&=>/d/ (0.6)} [0.5] {(a) "fox"€=>/d/ (0.6)} [0.5]
{(b) "wolf&<—2/a ¢f (0.6)} [0.7] {(b) “wolf"<—=/a of (0.6)} [0.7]
List of syntactic rules: {{c) "deer” &= /ki {0.7)} [0.8]
{I) Category 1 (S) =< Category 3 (0) (0.6) List of syntactic rules:

{I) Category 1 (S) =< Category 3 (O) (0.6)
{Il) Category 1 (3) >> Category 4 (V) (0.7)
{lIIy Category 1 (S) == Lexical rule (d) (0.5)

Category 2 (S). List of lexical rules:

{{b) "wolf'€&-»/a ¢/ (0.6)} [0.5]
{{c) "deer" &3k (0.7)} [0.8]
List of syntactic rufes:

Numbers within () are rule strengths; numbers within [] are
(Il) Category 2 (5) >> Category 4 (V) (0.7) association weights;

What we simulated here are mechanisms reported in empirial studies (e.qg., the “Verb-Island” hypothesis,
Tomasello, 2003)!
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6) Define the communication scenario

= Nonlinguistic information (environmental cues) may assist primitive language communications.

= Cues are unreliable, which may or may not contain the speaker’s intended meaning (the probability
with which the speaker’s intended meaning is contained in one of the cues available to the listener

is controlled by Reliability of Cue);

Speaker’s Production

Selecting an integrated meaning
—>
-rl ________
.- . . . |
2 Rule competition in production part I :Enwronmentah
05 | cues '
=3 |Bui|ding Utterance based on the winning rules || t - ——4—-—-—-— !
g x
3 O
L o : X
i Listener's Comprehension
Q
CiD_ i Obtaining utterance and cues I
Y
Rule competition in comprehension part
Adjusting Speaker’s and Listener’s activated linguistic knowledge
J g op g g
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6) Define the communication scenario (cont.)

= Some major features of this communication scenario

o A process of “indirect meaning transference” (Smith 2003);

Independent linguistic knowledge;

No telepathic connection between individuals’ minds: no direct check between the
speaker’s intended meaning and the listener’'s comprehended one;

Confidence feedback based on the combined strength of the listener’s winning rules;
Both linguistic and nonlinguistic information take part in comprehension.

o The emergence of the preference for using linguistic information in comprehension, i.e., the
emergence of displacement (Hockett 1960): reliable linguistic knowledge allows individuals to
describe events not occurring in the immediate environment of the conversation.

A

Linguistic information

aoueloy

EEEEEEEEEEEEEEEE NSNS NN NSNS EEEEEEEEEEEN Cues (nonlinguistic information)

=» Time

Smith, A. D. M. 2003. Intelligent meaning creation in a clumpy world helps communication. Artificial Life, 9(2): 559-574.
Hockett, C. F. 1960. The origin of speech. Scientific American, 203: 88-96.
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7) Define the indices to evaluate the simulation results

For compositionality:
Z No. integrated meanings that agent i can express

o Rule expressivity (RE): RE =-

No. agents x No. integrated meanings

Z No. understandable integrated meanings between agentsiand j
o Understanding rate (UR): UR=-4

No. pairs of i, jx No. integrated meanings

For regularity:
o Global word orders’ understandability (URgopq), SVO, SOV, OSV, VSO, VOS, OVS):

Z No. Type2 meanings understandable using Global order i between agents jand k

jk

URGIoOrder(i) = : : : -
No. pairsof j, k x No.integrated meanings

o Local order’s understandability (UR| oa, SV, VS, VO, OV, SO, OS):

z No. Type2meaningsunderstandable using Local order i betweenagents jand k
j.k

URLocOrder(i) = . . - .
No.pairsof j, k x No.integrated meanings

Simulation setup
No. agents = 10, No. communications = 6000 (600 rounds). No. utterance exchange = 20.
Semantic space: 4 “Ag”, 4 “Pr,", 4 “Pr,”, 4 “Pat” (=“Ag”); 16 “Pr,;<Ag>" and 48 “Pr,<Ag, Pat>";
Initial holistic signaling system: limited holistic rules (8) are shared;
Reliability of cue = 0.6; Buffer size = 40;
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8) Analyze the simulation results

UR and RE (TotalMean = 64) Global orders (Pred<Ag> Mean = 16) Global orders (Pred<Ag,Pat> Mean = 48)

1. C sV 1.
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— o () - o
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comp A
0- 1 = 1 1 L] . . 1 Il 1 1 0'
0 100 200 300 400 500 600 0 0 100 200 300 400 500 600 0 100 200 300 400 500 600

Rounds of Communications Rounds of Communications Rounds of Communications

(@) (d) ()

Emergence of compositionality:

o RE = Holistic signals - compositional expressions;

o UR =» The emergence of a common compositional language (the S-shape sharp transition).
Emergence of regularity: some global word orders become prevalent;

o Prevalent order: the global / local orders that are frequently used in comprehensions;

o e.g., SV for “Pr;<Ag>" meanings; SVO for “Pr,<Ag, Pat>" meanings;

Coevolution of compositionality and regularity: the emergence of common lexical items and
that of prevalent global orders are almost synchronized; they coevolve during the transition
from a holistic signaling system to a compositional language.
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8) Analyze the simulation results (cont.)

Local order’s understandability

SV/VS LocOrd (Pred<Ag,Pat> Mean = 48)

Global order’s understandability

1.0
0.9
0.8
0.7
0.6-
0.5
0.4
0.3
0.2
0.1

Perc. of Pred<Ag,Pat> Meanings

— SV LocOrd
----- VS LocOrd

TR

e

et

L
b

100 200 300 400 500
Rounds of Communications

600

Perc. of Pred<Ag,Pat> Meanings

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.

VO/QV LocOrd (Pred<Ag,Pat> Mean = 48)

— VO LocOrd
----- OV LocOrd

0 100 200 300 400
Rounds of Communications

500

600

Perc. of Pred<Ag,Pat> Meanings

Perc. of Pred<Ag,Pat> Meanings

MAX-PLANCK-CESELLECHAFT
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Global orders (Pred<Ag,Pat> Mean = 48)

— SVO
- SOV
—-— 08V
0 100 200 300 400 500 6v00
Rounds of Communications
e
SO/OS LocOrd (PretAg,PaD Mean = 48)
1.9T— s0 Locord
0.9 |===--- OS LocOrd
0.8 : :
0.7
0.6
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The “bottom-up” syntactic development: the prevalent global word order reflects the

local sequential information specified by the prevalent local orders;
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9) Verify the working hypotheses

The working hypotheses:

o Language origin is a process of coevolution of compositionality and regularity.

= The close connections among linguistic components during language evolution.

The syntactic development follows a “bottom-up” approach.

= Reconsideration of the innateness of syntax as in Innatism: whether syntax is determined
once for all, or it can be gradually developed following a constructivisit manner.

Some domain-general abilities, such as pattern extraction and sequential learning,

can be precursors for the linguistic abilities to handle compositionality and

regularity.

= The close connections between linguistic and other cognitive abilities;

= Reconsideration of the domain-specificity of linguistic competences;

O

2. 2 <« "
(]

= Extensions of the current model on other topics in evolutionry linguistics:
a  The effect of different linguistic components on language evolution (Minett et al. 2006);

a  The role of cultural transmission (Gong et al. 2007) and social factors on language evolution
(Gong et al. 2008);

Minett, J. W., Gong, T., & Wang, W. S-Y. (2006). A language emergence model predicts word order bias. In: A. Cangelosi, A. D. M. Smith, & K.
Smith, eds., The Evolution of Language: Proceedings of the 6th International Conference (Evolang6), Singapore: World Scientific, 206—213.
Gong, T., Minett, J. W., & Wang, W. S-Y. (2007). A Simulative Study of the Roles of Cultural Transmission in Language Evolution. Proceedings of
IEEE Congress on Evolutionary Computation 2007 , Singapore, pp. 843—-850.
Gong, T., Minett, J. W., & Wang, W. S-Y. (2008). Exploring social structure effect on language evolution based on a computational model. Connection
Science, 20(2-3): 135-153.
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Other behavioral models in evolutionary linguistics

Iterated Learning Model (ILM) (Kirby 1998): study the emergence of compositionality
through vertical transmissions across generations;

Fluid Construction Grammar (Steels 2004): study the emergence of simple
constructions through iterated communications among individuals;

Language games (Vogt 2005): study the emergence of compositionality in a group of
situated agents;

The shortcomings of computational simulation
Simplification;
Specification;

The difficulties of computational simulation
The complexity and variety of linguistic features and behaviors;
Insufficient language data to reconstruct prehistory;
Inefficient techniques on artificial intelligence and complex systems;
Authenticity of artificial simulations;

Kirby, S. 1998. Language evolution without natural selection: From vocabulary to syntax in a population of learners. Technical Report, Language
Evolution and Computation Research Unit, University of Edinburgh.

Steels, L. 2004. Constructivist development of grounded construction grammar. In: D. Scott, W. Daelemans, and M. Walker, eds., Proceedings
of 45th annual meeting of the association for computational linguistics (ACL), 9-16.

Vogt, P. 2005. The emergence of compositional structures in perceptually grounded language games. Atrtificial Intelligence, 167(1-2): 206—-242.
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The multi-disciplinary nature of research in

= Provide language data;
= Inspire and verify linguistic theories;

= Present empirical bases for simulated
behaviors and test simulation results;

for Evolutionary Anthropology
Department of Linguistics

. M.I.\.J'|_.p|:h.|:F.wl—:[.l.m:*[.'ll—"l' .

Inguistics

= Verify the available theories and
empirical findings;

= Inspire further empirical studies and new
theories;

Empirical study in

linguistics

Linguistic research

historical and comparative

Simulation study in
computational linguistics

Psycholo

Zoology '
Anthropology ‘l
w Statistical physics
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Danke schon!
only humans have laﬂguage

Domam-genera\ abilites are shared among many iy
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