Selective advantages of syntactic language — a model study
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Abstract

We study a computational model of the evolution of
language in groups of agents to evaluate under which
circumstances syntax emerges. The fitness in the
model depends on the composition of the population.
We find that this fact significantly alters the evolu-
tionary dynamics. If scores are attributed to both
speaker and hearer, expressive syntax is hard to ob-
tain. If scores are attributed only to the hearer, syntax
develops, but agents loose the willingness to speak.
Implications and a possible solution of this paradox
are discussed.

Introduction

Among the many differences between human language
and other animal communication systems, syntax is
widely acknowledged to be particularly important.
Syntax allows us to combine a finite set of meaningful
units into an unbounded set of combinations. It allows
us to speak about events happening at other times and
places. It allows us to communicate about causal rela-
tions, to phrase questions or imperatives, and to share
in detail previous experiences. The emergence of syn-
tactic language is therefore considered to be one of the
major transitions in evolution (Szathméry & Maynard-
Smith, 1995).

In the traditional view, syntax reconciles the need
for high expressiveness with some of the natural
boundary conditions on communication such as mem-
ory limitations, errors in distinguishing sounds, or
bottlenecks in the transmission of language knowl-
edge. However, present-day language fulfills many
more functions than exchanging information, includ-
ing facilitating social relations, individual expression,
increase of status, esthetic experience and perhaps in-
ternalizing our knowledge of the world. It is unclear in
what way such functions are recent side-effects, or play
an important role in explaining the origins of language.

Discussions of such issues tend to be very unsatisfac-
tory, because they seem hardly restricted by empirical
or theoretical bounds. Computational modeling offers a

*Present address: Sony CSL, 6, Rue Amyot, 75005,
Paris, France; webpage: www-binf.bio.uu.nl/~jelle

Paulien Hogeweg
p.hogeweg@bio.uu.nl
Theoretical Biology, Utrecht University
Padualaan 8, 3584 CH Utrecht
The Netherlands

novel approach to these issues, because such models are
at least restricted by whether or not the combination of
assumptions implemented in the model yield the hy-
pothesized outcome: syntactic language. This paper
discusses a simple computational model of an evolving
group of communicating individuals and studies un-
der which selection pressures expressive, syntactic lan-
guage arises. Before describing the model architecture
and results, we will first briefly discuss the theoretical
background and some related work.

Evolution of language

Probably the most well-known speculation on the ori-
gins of human language is the paper of Pinker & Bloom
(1990). Pinker & Bloom argue that syntax must origi-
nate in a process of evolutionary optimization, because
“natural selection” is the only explanation for the ori-
gins of complex design in nature. The paper brings to-
gether a valuable collection of findings, but from a the-
oretical perspective it is problematic, because it lacks
precision and formalization. In its weakest interpreta-
tion the central claim is trivial (there is no doubt that
only members of the human species can acquire fluency
in a human language) and in its strongest interpreta-
tion (“evolution has led to genes that explicitly specify
a universal rule system for language”) the claim is un-
tenable. However, the lack of a more precise aspect
to Pinker & Bloom’s work, makes it hard to position
their ideas between these extremes.

Moreover, Pinker & Bloom’s paper is symptomatic
for the popular fallacy in linguistics that one can only
choose between two explanations: (i) language orig-
inates in a genetic evolution, or (ii) language arises
as the spontaneous result of general cognitive skills
and social structure. We believe that putting these
two explanations in opposition, excludes the most in-
teresting part of the story. Spontaneous pattern for-
mation (“self-structuring”) needs a mechanism to set
the right parameters, and evolution needs a plausible
substrate to operate on. Viewing self-structuring as a
substrate for evolution (Boerlijst & Hogeweg, 1991a)
offers a fresh perspective that allows one to study how
evolution, genetic information, learning, development,
embodiment and social structures all interact to shape



human language. Note that such an interactionist ac-
count differs fundamentally from a naive “some parts
of language are innate, some are learned” view.

Computational modeling

Recent work that studied such interactions in compu-
tational models has produced a wealth of new hypothe-
ses and insights (Hurford, 1989; Hashimoto & Tkegami,
1996; Batali, 1997; Steels, 1997; De Boer, 1999; Kirby,
2000; Nowak & Krakauer, 1999; Hurford, 2000). Such
models are relatively precise implementations of the
underlying set of assumptions, and allow one to evalu-
ate the internal coherence of such a set. Moreover, they
are productive, in the sense that they often show unex-
pected behaviors that help to generate new hypothe-
ses and concepts. And although they are necessarily
simplified representations, the fact that their behav-
ior can be experimentally evaluated makes it possible
to study more complex phenomena than with analyt-
ical methods alone. Computational models therefore
pre-eminently can make tractable systems with many
variables and interactions.

On the issue of the origins of syntax, a number of
intriguing mechanisms have been identified using com-
putational modeling techniques. Although very di-
verse, they all emphasize the fact that syntax greatly
increases the number of possible forms in a language.
For instance, Batali (1997), Kirby (2000) and Hurford
(2000) studied how cultural evolution can account for
the emergence of syntax. Although they use several
different formalisms, the common idea in this work
is that the internal knowledge of language (the infi-
nite “I-language”) is transmitted culturally (via a fi-
nite “E-language”) from one agent to another. This
“transmission bottleneck” works as a filter, in which
syntactic elements of language typically out-compete
non-syntactic elements, because the former are inher-
ently used more often.

Nowak & Krakauer (1999) studied a game-theoretic
model of language evolution and identify a different
mechanism that can account for the emergence of
syntax. Using the matrix representations of Hurford
(1989), they infer a “linguistic error limit”. Given that
an individual makes mistakes in distinguishing sounds
with a probability that depends on the similarity be-
tween those sounds, Nowak & Krakauer calculate a
limit on the number of messages an individual can
convey. They show mathematically that word forma-
tion and syntax can help overcome such a limit. More-
over, they show that both non-syntactic and syntactic
strategies are evolutionary stable strategies (i-e. cannot
be invaded by other strategies). However, every mixed
strategy can be invaded by every mixed strategy that
uses more syntactic sentences. Thus, the evolutionary
process should lead towards grammar.

Hashimoto & Tkegami (1996) showed that syntax can
emerge in an evolving group of communicating agents.

The agents in their model have an internal rewriting
grammar, that generates a formal language using lex-
ical or syntactic strategies. Because there is no limit
on the number of rules, both strategies could in prin-
cipal generate all possible strings in the finite domain
that was used. However, at the start of the simula-
tions agents are initialized with just one rule in their
grammar. Because mutations add rules one at a time,
and expressiveness grows much faster with grammar
size using a syntactic strategy, syntactic agents out-
compete non-syntactic ones.

An important aspect of Hashimoto & Ikegami’s
model is that fitness is not a fixed measure, but de-
pends on the kind of grammars that are present in the
population. This leads to some counterintuitive re-
sults. For instance, they find that the most expressive
agents are not necessarily the most successful and that
a score for not being recognized accelerates the evolu-
tion of syntax. These observations are the starting
point for the model study reported in this paper.

The model

The model reported in this paper is a variant of the
model of Hashimoto & Tkegami (1996). Of the many
aspects that might be relevant, we study only one par-
ticular type of interaction: between evolutionary dy-
namics and group structure. We therefore ignore all
aspects of grammar, except for the fundamental prop-
erties of compositionality and recursion. We ignore se-
mantics, by just attributing scores for successful pars-
ing. And we ignore learning, by assuming that agents
end up with the same internal grammar, except from
some changes that result from mutations in the innate
component of language.

In this simplified model we will show that evolution
shapes the linguistic environment of agents, but, con-
versely, that the group structure also shapes the evo-
lutionary process. This interaction guides evolution in
unexpected directions, and, depending on the imple-
mented function of language, can both facilitate and
hinder the development of syntax.

The model consists of a population of agents with an
internal rewriting grammar, which they inherit with
some mutations from their parent. The grammars are
context free grammars, with nonterminal and terminal
symbols from the small alphabets V,,; = {5, A, B} and
Vie = {0,1} respectively. As an extra restriction, we
don’t allow the “S” at the right-hand sides of rules.
At the start of most simulations, agents are initialized
with a grammar with just one rule: randomly S — 0 or
S + 1. Agents have the ability to derive (“speak”) and
parse (“understand”) strings of 0’s and 1’s of maximum
length 6, using the rules from the grammar. Within
these constraints the maximum expressiveness is 126.
We define compositionality as using the non-terminals
A and B, and recursion as using rules that were used
before in the same branch of the rewriting tree.



Agents interact in a set-up of “language games”.
In every game all agents can speak one string and
try to recognize the strings produced by other agents.
Every generation a number of games is played and
scores are attributed for successful communication. In
most simulations, we use an explicit “innovation pres-
sure”. This pressure is implemented by discounting
scores with the number of times a string is already
heard before, and corresponds to a semantic need for
a rich repertoire of forms. We designed several scor-
ing schemes that reflect hypotheses on the function of
language. The most important schemes are labeled
“communication” and “perception”:

communication corresponds to a selection pressure
to optimize the total of exchanged information, such
that both the speaker and the hearer benefit from
successful communication. This pressure is imple-
mented by a score for recognition and for being rec-
ognized.;

perception corresponds to a selection pressure to op-
timize the total of information received, in order to
make use of the knowledge of others (as if one indi-
rectly shares someone else’s perception). This pres-
sure is implemented as a score for recognition;

We replace all agents every generation with offspring
of the present population. The number of offspring of
an agent depends on the total score it has received rel-
ative to other agents. Random mutations are applied
to the offspring with fixed probabilities for modifica-
tion of existing rules (“replace”), duplication of a ran-
dom rule (“add”) or deletion of a rule (“delete”). We
also implemented a mutation “shift”, that swaps a rule
with the previous rule in the grammar and occurs with
a probability per rule. These mutations correspond to
conventions in evolutionary programming and allow for
optimizing some of the relevant features of grammars,
but otherwise they are more or less arbitrary.

The group effect

Fitness in this model is not a static function of an
agent’s grammar (“genotype”), but it depends on the
grammars of other agents too. The general observation
in experiments with the model with many different pa-
rameter settings is that this fact strongly influences the
evolutionary dynamics (Hashimoto & Ikegami, 1996).
The success of an agent’s individual language is deter-
mined by how well it matches the language of the whole
group, rather than by how much information it can en-
code (“expressiveness”). We call this phenomenon the
“group effect”.

Figure 1(a) shows an example simulation, with a
“communication” scoring scheme and “innovation”,
that shows clearly some of the mechanisms that play a
role. From the initial level of expressiveness of 1, the
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Figure 1: An example run with very clear epochal evolu-
tion. Shown are the running averages and individual agents
at every tenth generation. Note that most individual points
are hidden under the grey line. (a) During an epoch, ex-
pressiveness stays at a fixed level. In fact, in the first stage
(E=31) the dominant language stays exactly the same for
thousands of generations. Individual agents with higher ex-
pressiveness occur, but are not able to survive in the group.
(b) Grammars do vary, however, which is possible because
of the neutrality in the grammar—language mapping (see
text). In the phase space, one can clearly see that gram-
mar size fluctuates during an epoch. All jumps to higher
levels take place when grammars are relatively large. Such
grammars are clearly larger than necessary and have a neu-
tral tails. Parameters: default “communication” run with
innovation pressure (see section “selective advantages”)

population evolves within several hundreds of genera-
tion to a level of 31. At this point, evolution has de-
veloped via selection and random mutations grammars
that are redundant and not very structured, and com-
bine several strategies in the rewriting process from
the start symbols “S” to a distinct sequence of termi-
nal characters.



For a very long time, from around generation 860
until 5510, the population remains fixed at a level of
expressiveness of 31. Analysis of the language reveals
that the set of strings of the majority of agents remains
unchanged for this whole period. However, frequently
agents appear that have a much higher level of expres-
siveness. This illustrates that (i) the mapping from
grammar to language is very non-linear, because a sin-
gle mutation can make a dramatic change in the size
of the language, and (ii) there is a very strong group
effect, because agents that have a much higher expres-
siveness (and thus are “objectively” much better), can
nevertheless not persist in the population. The reason
is that the languages of these agents differ too much
from the language of the group. The agents therefore
obtain fewer scores for being recognized and possibly
even for recognizing.

Another striking observation in this simulation is
that, although the languages remain unchanged for
several thousands of generations, the grammars un-
dergo a constant reorganization. This illustrates that
the mapping from language to grammar is not only
non-linear, but also very redundant.

Figure 1(b) shows a graph of the same simulation in
a “phase space” that shows the average grammar size
versus the average expressiveness at each generation.
As one can clearly see, once a certain level of expres-
siveness is reached, the evolutionary process “wanders
around” for a long time, without significant changes
in the expressiveness (“neutrality”). Only when the
grammars are relatively large, and thus have many
unused, redundant rules, a chance event causes the
population to jump to a new level of expressiveness.
This chance event is that two agents mutate to the
same richer language, and thus can obtain in their
mutual communication enough scores to compensate
for differing from the group. This mechanism relates
to the idea of “neutral networks” — networks of con-
nected points in genotype space that correspond to
the same phenotype — that forms a good explanation
for the occurrence of “epochs” or “punctuated equilib-
ria” in evolving systems with a fixed fitness function
(Van Nimwegen et al., 1999).

Selective advantages

While the “group effect” occurs under all parameter
settings of the model, its role can be quite different
for each of the scoring schemes and the initial gram-
mars we considered. We observe compositional and
recursive grammars only in about half of the parame-
ter combinations we considered. Even if scores are ex-
plicitly discounted with the number of times a string is
already used before (“innovation pressure”), expressive
syntax does not necessarily emerge.

This fact is surprising, because the intuitive expecta-
tion is that expressiveness is selectively advantageous.
Indeed, with (i) an explicit innovation pressure, the
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Figure 2: Communication with innovation pressure for

three different types of initial grammars. With a suffi-
ciently large initial lexical grammar, expressive syntax can
not develop.

average score per agent has it optimum at maximal
expressiveness. However, implicitly expressiveness in-
fluences the scores in other ways as well: (ii) expressive
speakers are more likely not to be understood, and (iii)
expressive listeners are more likely to understand.

This leads to an interesting interplay between each of
these roles of expressiveness and the group effect. Un-
der communication settings (ii) not being recognized
is disadvantageous, while (iii) recognition is advanta-
geous and in both scoring dimensions similarity to the
group’s language is important. Under perception set-
tings (ii) not being recognized and (iii) recognition
are beneficial, while similarity to the group’s language
is important for recognition, but dissimilarity is bet-
ter for not being recognized (and thus hindering one’s
competitors). Moreover, the strength of the group ef-
fect depends on the size of the group’s language and
the variation within the group. In various experiments
we obtained the following results:

communication does not lead to highly expressive
grammars with the default initial grammar and with-
out the innovation pressure. If the initial grammar is
an expressive, recursive grammar, the high level of ex-
pressiveness can be maintained. In contrast, with a
medium size lexical grammar, grammars remain lexi-
cal and expressiveness remains limited.

With an innovation pressure and the default initial-
ization expressive syntax eventually does develop. In
this type of runs we observe a stepwise development,
with typically long intervals at the same level of expres-
siveness. Expressive syntactic grammars are reached
only after very many generations. With an expressive,
recursive initial grammar, the high level of expressive-
ness can be maintained. With a medium size lexical
grammar expressiveness remains limited and no syntax
develops (see figure 2).

With “communication” as the function of language,
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Figure 3: A typical example of a simulation with “percep-
tion” settings, the default initial grammar and an innova-
tion pressure. Shown are the average expressiveness over
time, and the percentage of failures in derivation. After
around 3000 generations this percentage approaches 100,
indicating that very little communication is maintained.

syntax can thus be maintained if present, but is hard to
obtain. If the initial grammar is of sufficient size and of
a lexical type, syntax never develops. These results are
particularly interesting, as they resemble the situation
that is traditionally thought to precede the emergence
of grammar: large, lexical protolanguages, with com-
munication benefits for both speaker and hearer.

perception shows rapid growth in expressiveness in
most cases considered. With the default initialization
and no innovation pressure, expressive syntax develops
within a few hundred generations. With the lexical ini-
tialization it takes much longer, but the development
of syntax was usually observed.

With an innovation pressure and default initial
grammars the growth is generally slower than with-
out such an innovation pressure. Infrequently, we even
observe runs that remain lexical throughout the simu-
lation. When initialized with an lexical grammar, the
runs with innovation pressure show such behavior.

“Perception” thus yields expressive syntax in most
cases considered (see figure 3). The benefits of not
being understood seem to be a strong incentive to de-
velop more expressive language. Interestingly, an inno-
vation pressure makes the development of syntax less
likely. Apparently, the fact that the hearer benefits
from richer input hinders this development.

Paradox

Another striking feature of perception runs is the high
number of failures that occur in derivation (see fig-
ure 3). Apparently, agents develop grammars that are
able to parse a high number of strings, but nevertheless
frequently fail in derivation. This is possible because of
the asymmetry in parsing (complete bottom-up search
of the derivation tree) and derivation (random top-

down walk). This possibility was not implemented
intentionally. Nevertheless, the evolutionary process
discovered it and “actively” exploits it.

This observation points at a important assumption
in the model: agents are forced to participate in the
language game. A classic altruism problem thus arises:
if speaking behavior is beneficial only for an individ-
ual’s competitors, why would it be retained in evolu-
tion? We extended the model with a parameter for
probability to speak. Under perception settings this
parameter indeed quickly evolves to zero.

Interestingly, these results constitute a paradox: un-
der those circumstances that syntactic expressiveness
develops, willingness to speak disappears. Under the
circumstances where willingness to speak is retained,
syntactic language does not develop. We studied a pos-
sible solution for this paradox in a model where agents
are localized on a 2D grid and interact only with their
immediate neighbors. Such spatial models are known
to naturally yield altruism, because spatial patterns
make multilevel evolution possible and kin selection
more likely (Boerlijst & Hogeweg, 1991b).

The willingness to speak can be retained in the spa-
tial model with perception settings. The parameter
that determines the probability of an agent to speak
at its turn in the language game, is initialized at 0.1.
As one can see in the example of figure 4, the aver-
age value rapidly evolves to a high value close to the
maximum. Spatial patterns are responsible for this
selection pressure towards altruistic behavior. If one
destroys the spatial patterns, also the willingness to
speak disappears.
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Figure 4: Perception in space. Shown is the average frac-
tion of the maximum of expressiveness (maximum is 126)
and willingness to speak (maximum is 1). Parameters are:
initial population size = 2000, number of games per genera-
tion = 1, maximum string length = 6, minimum number of
understanders = 0, madd = 0.1, mrep = 0.01, mdel = 0.01,
maximum number of parsing steps = 500, maximum num-
ber of derivation steps = 60, self-interaction not allowed,
discount factor 1.0, scores proportional to string length



Discussion

Some of the striking differences in the results of dif-
ferent scoring schemes can be better understood by
looking at a very simple game-theoretic model, where
there are just two agents and two levels of expressive-
ness. If we work out the language games that take
place in such a set-up, we find that both the low/low
and the high/high situations are equilibria in the com-
munication case, but in the case of perception only the
high /high situation is an equilibrium. These results
qualitatively corresponds to the results we obtained in
the simulations.

The essential observation here is that, although ho-
mogeneous high expressiveness is the “best” solution,
unilateral high expressiveness under communication
setting is in fact disadvantageous. It seems a promis-
ing approach to extend this game-theoretic analysis to
a more general case, with more levels of expressive-
ness and more interacting agents. However, many as-
pects of the model behavior depend on the non-linear
mapping between grammar and language and can not
easily be captured in such an analysis.

Conclusions

Traditionally the origins of language are thought to be
explained as either the spontaneous result of human
cognitive abilities and social interactions, or the result
of an evolution of our innate language capacity. This
model study shows an example system where both so-
cial interaction and evolutionary updating play a role.
Not because one part of language can be explained by
“nurture” and another part by “nature”, but because
they fundamentally interact: social interactions shape
the evolutionary process and vice versa.

Also, traditionally language and the evolution of lan-
guage are studied in terms of how much information
about the outside world can be transmitted. Our re-
sults suggest that this might not always be the most
interesting way of looking at language, because lan-
guage can have its own dynamics within a group that
is quite independent from how well it represents the
outside world.

Moreover, this model study shows results that devi-
ate from the traditional picture that lexical protolan-
guages became larger and larger until syntax became
necessary. If communication if beneficial for both
speaker and hearer and the population uses an ex-
tensive lexical language, syntax does not develop. If
the traditional picture holds, the question arises which
mechanisms are responsible for the differences.

Finally, spatial patterns have not played much of
a role in speculations about the origins of language.
Results from this study suggest that such spatial pat-
terns can be relevant. The fact that present-day lan-
guage shows obvious spatial patterns indicates that
a global approximation perhaps excludes important

mechanisms.

Many open questions remain. For instance, un-
der perception settings there is an indirect benefit of
speaking that leads to high values of the willingness to
speak. Why then, does this indirect benefit not result
in the same disadvantage of unilateral high expressive-
ness that we observe under communication settings?
Such intriguing issues are left for future work.
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