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1 Background

Our previous research focused on the issues
of representation for situated embodied
agents using behavior-based control archi-
tectures. We worked on incorporating rep-
resentation and learning into such adap-
tive, behavior-based systems implemented
both in simulation and on physical robots.
In particular, we developed and demon-
strated on a physical robot a distributed
representation that allowed for continu-
ous exploration of the environment, learn-
ing of its structure, and using it to find
paths to various goal locations (Mataric
1991, Matari¢ 1992b). Besides providing a
novel approach to representing information
within a situated, behavior-based system,
the model was also shown to have potential
biological relevance (Matari¢ 1990).

Our more recent research has been in-
spired by ethology, and addresses the is-
sues in synthesizing and analyzing group
behaviors in a multi-agent system. Specif-
ically, we worked on generating complex,
adaptive, and goal-driven group behaviors
from simple local interactions between in-
dividuals in a society (Matarié 1992a). We
developed a methodology for deriving ba-
sic behaviors for a given domain and using

those to construct higher-level group he-
haviors (Matari¢ 1993). We applied the
methodology developed in this work to a
variety of domains of group interaction in-
cluding graphical agents, a collection of up
to twenty mobile robots, the stock market,
and animal and insect colonies.

We have recently extended the inter-
action paradigm described above to in-
clude learning to coordinate individualist
and social behaviors in a group context.
We have developed a strategy for acceler-
ated individual learning by taking advan-
tage of multiple goals and multiple reward
functions. We have also worked on princi-
pally building in knowledge into the reward
functions (Matari¢ 19945). Finally, we ap-
plied this reinforcement strategy to social
learning in a domain where multiple physi-
cal agents learn to optimize individual and
collective benefit (Matarié 1994q).

2 Imitation

While our previous research has focused on
learning when to perform a skill or a behav-
ior, i.e. on behavior selection, our current
research addresses the problem of how to
perform a skill.
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Figure 1: An information processing diagram of the motor imitation system.

Our latest work has turned to the area
of motor learning by imitation. The main
motivation for studying imitation is the
complexity of the task: it mandates a real-
time integration of vision, proprioception,
representation, and learning.

We propose a biologically—inspired and
hopetully biologically—feasible model of im-
itation which involves the following compo-
nents:

e a vision—based perceptual system,

a pseudo—symbolic representation of
the perceived information,

a system for translating the represen-
tation information into an egocentric
reference frame,

an implicit representation of motor
actions,

a system for communicating between
the two representations,

¢ a system for generating sequences of
actions.

The model represents the stream of in-
formation processing during the motor imi-
tation task. Figure 1 illustrates the model.
[t indicates the information transformation
modules (indicated with boxes), informa-
tion flow (indicated with directed arrows),
and specific processing regions (indicated
with ovals).

The first information transformation
(T1) computes a transfer function form the
input signal (in this case assumed to be vi-
sual) into an internal representation. At-
tention and context are used to modulate
the transformation. Since we are interested
in deferred imitation, we are including the
transition from short term memory into
some form of declarative declarative store

in T1.

The second information transformation
(T2) occurs when the agent imagines or
intends to perform an imitative act. The
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Abstract

This paper describes a re-
search project with the goal of
modeling the process of learning
new behaviors through imitation.
The main motivation for study-
ing imitation is the complexity
of the task: it mandates a real-
time integration of vision, pro-
prioception, representation, mo-
tor control, and learning. We
are working on a biologically—
plausible model of imitation, con-
strained by current data from
neuroscience, and alded by cur-
rent simulation, robotics, and
machine learning techniques.

1 Introduction

Learning through various forms of imita-
tion is ubiquitous in nature (McFarland

1985, McFarland 1987). Animals imprint,

mimic, and imitate adults of their own
kind instinctively, often without obtain-
ing direct rewards or successfully achiev-
ing the goal of the behavior (McFarland
1985, Gould 1982). The propensity for im-
itation appears to be innate since imitation

is a critical form of learning during devel-
opment and throughout life.

Imitation is defined as the ability to oh-
serve and repeat the behavior of another
animal or agent, and is one of the prin-
cipal modes of acquiring new patterns of
behavior. True imitation is distinct from
mimicry and social facilitation. Mimicry
is the ability to repeat some aspects of
the behavior of another agent, without the
imitator having any understanding of the
goal of the behavior or of the internal state
of the agent being imitated (Tomasello,
Kruger & Rather 1992). Social facilita-
tion refers to the process of selectively ex-
pressing a behavior which is already a part
of the animal’s species—specific repertoire
rather than learning a new behavior.

Imitation allows for learning both how
and when to perform a behavior. Vicari-
ous punishment and vicarious reward are
both effective, although less so then their
direct counterparts. In contrast to learning

when a behavior is appropriate, this work
focuses on learning how to perform a be-
havior, using a conspecific as a model. Im-
itation is a phylogenetically old method of
adapting behavior, and a faster and more
efficient form of acquiring new behaviors
than its tradifional classical conditioning




Furthermore, motor imitation involves
the use of both allocentric and egocentric
coordinates, as the observed behavior is in
the former, but the imitation must result
in a correct orientation in the latter. The
model we are interested in pursuing focuses
on imitation of postural and limb behav-
iors. In general, imitation of meaningless
movements is more difficult than that of
meaningful (and thus familiar) ones.

3.1 Related Data

With the exception of hand movement
copying, no neuropsychological data spe-
cific to imitation are available. However,
useful information can be found in develop-
mental psychological literature, where im-
itation has explicitly been studied.

Behavioral psychology experiments
provide additional evidence for dissociated
memory systems. For example, curare-
conditioning experiments in which ani-
mals are skeletally immobilized have been
used to show that even in those condi-
tions animals can acquire, integrate, and
subsequently utilize new behavior patterns
(Bandura 1971).

That a motor representation is not nec-
essary for remembering an observed behav-
ior is intuitive. Such deferred imitation
was experimentally confirmed even in the
case of infants who were able to repeat
behaviors observed a week before with-
out having been given a chance to repeat
it immediately after observation (Meltzoff
1988).  Furthermore, Abravanel (1991)
describes experimental data supporting a
postulate that immediate repetition of a
motor task does not improve retention.
However, the test was applied to simple
action sequences with external feedback
(such as snapping two toy pieces together),
which did not require intricate calibration
to succeed. From this data we can pos-

tulate that simple sequences of motor ac-
tions, which do not perceptively improve
after a single physical trial, do not benefit
from a procedural representation as they
can be easily described declaratively. In
contrast, complex motor behaviors that are
difficult to semantically/symbolically rep-
resent benefit from physical trials and the
resulting procedural learning. This intu-
itive result can be tested with a variety of
psychophysical experiments, some of which
are described in the next section.

At least one cause for improved perfor-
mance with older age is not directly related
to higher development of long—term mem-
ory systems but is correlated with the de-
velopment of motor /action schemas (Abra-
vanel & Gingold 1985). An older individ-
ual is more likely to have had previous ex-
perience with similar motor actions and
which it can apply to the new situation.
Intuitively, the more experienced the per-
son, the less of the motor behavior is truly

b nEW,”

4 The Model

Our model contains the following subsys-
tems:

s a vision—based perceptual system,

¢ a pseudo—symbolic representation of
the perceived information,

e asystem for translating the represen-
tation information into an egocentric
reference frame,

e an implicit representation of motor
actions,

e a system for communicating between
the two representations,

¢ a system for generating sequences of
actions.
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Figure 1: An information processing diagram of the imitation system.

The model represents the stream of in-
formation processing during the motor im-
itation task. Furthermore, it postulates
specific regions involved in the processing.
Figure 1 illustrates the model. It indi-
cates the information transformation mod-
ules (indicated with boxes), information
flow (indicated with directed arrows), and
specific processing regions (indicated with
ovals).

The first information transformation
(T1) computes a transfer function form the
input signal (in this case assumed to be vi-
sual) into an internal representation. At-
tention and context are used to modulate
the transformation. Since we are interested
in deferred imitation, we are including the
transition from STM into some form of
declarative LTM in T1.

The second information transformation
(T2) occurs when the agent imagines or
intends to perform an imitative act. The

first step involves a translation of the be-
havior encoding in terms of allocentric co-

ordinates into a body-centered plan of
motions, or at least into the first body
centered step in the sequence.

The third information transformation
(T3) occurs when the agent begins to exe-
cute motor imitation. The body-centered
representation of movements is translated
into and mapped onto a collection of exist-
ing motor schemas. The schemas are then
translated into explicit motor commands
sent to the muscles.

5 Experimental Envi-

ronments

The proposed model will be tested in two
types of experimental environments. A
particular version of the model will be im-
plemented in a physical simulation for test-
ing the components and their interactions.
Furthermore, a number of psychophysical
experiments will be performed to obtain
additional constraints on the model.







