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a Introduction and Gal

The research reported here attenpts to understand how | anguage nay have
originated from sensori-notor conpetences. Recently the observation o
mrror neurons [1] has lead to the suggestion that there is not only a
rich representation of notor action but also that this representation
Is used for multiple purposes: action execution, action planning,
action inmaging, and action recognition. @ particular inportance is the
observation that one agent can recogni se an action plan of another one
and that the san@ neurons are invol ved.

The relevance of this for the origins of |anguage has been pointed out
by Rzzolatti and Arbib [2]. Here we go a step further, arguing that
the neaning of a language utterance in general is a series of physical
or nental actions that the speaker wants the hearer to perform rather
than a declarative statenent to be stored whose only relevance are its
truth conditions. For exanple, when a speaker says "Gan you give ne the
black box on the table?', he wants the hearer to hand over an obj ect
(which neans to grasp it and nove it in the direction of the
speaker). To know which object is involved, the speaker wants the
hearer to direct his or her attention to a table in the shared context,
to identify the objects which can be conpared to the prototype of a
box, and then focus on the one box which has a black col our. These
nental actions are as situated and grounded as notor actions like

graspi ng.

From this action-oriented view of |anguage senmantics, |anguage
understandi ng anounts to the recognition of the plan intended by the
hearer and the utterance is seen as giving hints about which plan is
intended. The production of an utterance can also be seen as inval ving
the contruction of an action plan and thus parsing anounts to the
recognition of which production plans have been used by the speaker. S
the production of an utterance, both the conceptualisation of what to
say and the decision on how to say it, can be viewed as the planning o
aseries of actions, and the interpretation of an utterance can be seen



as the recognition of these action patterns and their subsequent
execut i on.

Taking this point of view has two inportant inplications: (1) It helps
to understand how | anguage mght have originated. |f the nechanisns
required for language are essentially the sane as those required for
notor planning, execution, and recognition, then it is less a nystery
how hono sapi ens coul d have started to evol ve |anguage. V& no | onger
need a scenari o based on genetic mutations (as in [5]) but can assune a
pre-adaptation scenario, in which existing brain structures and
processes becane used for |anguage communication. (2) It leads to a
greater overall econony of the hunman cognitive system because fewer
speci al - purpose conponents (like a dedicated |anguage organ) are
needed.

To denonstrate the theoretical viability of this thesis we have to
show that the sane representational framework is adequate for sensori -
notor behavior and both for the conceptualisation and interpretation
of utterances and for the verbal behavior itself (the production and
recognition of utterances). We al so have to show that the sam
| earning nechanisns are involved. This is obviously a very non-trivial
exercise given the conplexity invol ved.

b. Miterials and nethods

So far, we have been developing formal nodels and have conducted
conputer sinmulations and experinents wth physical robots to test them
The robots have a sensori-notor |ayer for executing autononous
behaviors, and a fully integrated cognitive layer for planning, nenory,
and communication. The robot bodies in our experinents range in
conpl exity from steerable caneras [3] to snall nobile robots, aninal-
| i ke robots (specifically the dog-shaped SONY AlBO, and hunanoi d
t Or Sos.

The robots play |anguage ganes, either anong thenselves or wth a hunan
pl ayer. Each language gane is a situated interaction between at |east
two agents about sonething in their shared environnent. It involves
per ception, conceptualisation, comrunication, interpretation, and
action.

An exanpl e gane that we have used extensively is the guessing gane, in
whi ch the speaker draws the attention of the hearer to an object in the
shared reality by verbal neans [3]. In one large-scale experinent, a
grow ng popul ation of close to 3000 (virtual) agents was enpl oyed which



used the (real) robot bodies to engage in guessing ganes about scenes
consisting of geonetrical figures on a white board in front of them
Anot her exanpl e gane that we have used extensively is the "Were-Is-
It?" game, in which agents |ocate objects based on a spatial nap
acquired by exploring and renenbering the environment and verbal
suggestions of a path to follow

The first step in our research has been to operationalise a
representational framework of actions and action plans in the form o
schemata. Each schema has a nunber of slots, constraints on each slot,
and an action plan in the form of augnented finite state nachines. The
aut onat on schedul es and de-schedul es sensori-notor behaviors and noves
fromone state to another based on success or failure in behavior
execution. The constraints are naintained by propagating infornation as
fast as it becones available using data-flow conputation. A schena nay
itself be a specialisation of a nore abstract schema and nay call upon
other schemas. This representational franework was denonstrated to be
adequate for the actual high level control of grounded robotic
behavi ors. VW& have al so devel oped a | earning system capable to acquire
new notor schemata by the exploration of a search space of possible
concatentations of the primtive actions and by a chunking o
successful  pat hs.

Qur second step has been to use the sane franmework to plan the neaning
of natural |anguage utterances as needed for |anguage ganes. The
primtive actions in this case are operations over cognitive spaces,
such as filtering a set into a subset, shifting the focus of attention
from one object to another, or ordering the nenbers of a set into a
sequence and retrieving the first nenber. These conceptual schenata are
tightly coupled with the sensori-notor layer in the sense that the
information itens and facts used by them have all been deposited in
nenory by sensori-notor behaviors and are continuously upgraded by
them

The third step has been to use the sane franework for the execution and
the recognition of the utterances thenselves. The primtive actions o
verbal schenata center on the production (or recognition) of parts o
utterances in a specific order and on the realisation of suprasegnental
nodul ations such as prosody and stress patterns. The planning of verbal
behavior is itself a highly conplex process and known to be distinct
fromthe actual execution of the plan. VW are interested in natural
di al ogues which are highly situated in the specific interaction context
of speaker and hearer, wth nany false starts, hesitations, irrelevant
words, etc. This nakes verbal behavior much closer to sensori-notor



behavior than is usually assuned, particularly by linguistic theories
that exclusively lok a "clean" witten |anguage.

Fnally we have devel oped a two-way associative nenory that is napping
conceptual schenmata to verbal schenata. Wiile parsing an utterance the
hearer nust recogni se which verbal schemata we involved and nap them
to the conceptual schemata that could have been intended by the
speaker. Wile producing an utterance the speaker nust conceptualise
what he wants to say in terns of conceptual schemata and nap them onto
verbal schemata that constitute a plan for how to express the neaning.
We have been experinenting wth nenory-based |earning techniques to
gradual ly build up the repertoire of formneani ng nappi ngs [4].

c. Results

At this point we have been able to denonstrate the conplete
architecture on autononous robotic agents. For exanple, in the |arge-
scale experinent alluded to earlier [3], we have observed that a stable
comuni cati on system based on a vocabulary of a few thousand words
i ndeed energes and is naintained in the popul ation even if new neniers
continuously enter or |eave the system A self-organising semotic
dynam cs has been observed danpi ng synonyny and pol yseny due to a
positive feedback |oop between use and success [5].

These grammatical forns express the conceptual plans nmade by the
speaker and recognised by the hearer. Even though a vast anount o
work is still required to enrich the schena repertoires by the addition
of nore primtive actions and by integrating nmore conplex |earning
nechani sns, we can say that based on the results so far the original
thesis has gained in plausibility. The planning and plan execution
nechani sns required for sensori-notor behavior can formthe basis o
| anguage.

d. @ncl usi ons

The Action Theory of the origins of |language argues that there is a
very tight anal ogy between the ability to plan and recognise a notor
action and the ability to plan and recognise an utterance, both its
content (what to say) and its form (how to say it). Qur research is
developing in full detail this analogy by operationalising it on
physi cal robots. V¢ believe that such experinentation is conpl enentary
t o neurobiol ogi cal observation and a potentially rich source for
detailed nodels of hunan verbal behavior.
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