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1 Matching and Imitation

The identificaion of any form of social leaning, imitation, copying or mimicry presuppases a notion of corresponcdence between two
autonomous agents. Judging whether a behavior has been transmitted socialy requires the observer to identify a mapping between the
demonstrator and the imitator. If the demonstrator and imitator have similar bodes, e.g. are animals of the same spedes, of similar age,
and of the same gender, then to a human observer an obvious correspondence is to map the arresponding body parts: left arm of
demonstrator maps to left arm of imitator, right eye of demonstrator maps to right eye of imitator, tail of demonstrator maps to tail of
imitator. Thereis also an obvious correspondence of adions: raising the left arm by the model corresponds to raising the left arm by the
imitator, production of vocd signals by the model corresponds to the production of acoustically similar ones by the imitator, picking p a
fruit by the demonstrator corresponds to picking U a fruit of the same type by the imitator. Furthermore, there is a mrrespondence in
sensory experience: audible sounds, a touch, visible objeds and colors, and so on evidently seem to be deteded and experienced in
similar ways.

What to take & the mrrespondence seems relatively clea in this case. As humans, we ae good at imitating and at reacgnizing
such correspondences. It is also clea that most other animals, robads, and software programs may in fad generally fail to recognize ay
such correspondences. To judge aproduced behavior to be a ©py of an observed one, we require & least that it respeds ome such
correspondence. The faithfulness or predsion of the behavioral match can obviously vary, and no absolute cutoff or threshold exists
defining success as oppased to failure of behavioral matching. But one can study the degree of success using various metrics and
measures of correspondence (Nehaniv & Dautenhahn, 2001; also seebelow).

Moreover, it turns out that the “obvious’ correspondences between similar bodes mentioned above ae not the only ones
possble. Consider a human imitating another one that is fadng her: if the demonstrator raises her left arm, should the imitator raise her
own left arm? Or should she raise her right, to make a"mirror image" of the demonstrator's adions? If the demonstrator picks up a brush,
should an imitator pick up the same brush? Or just another brush of the same type? If the demonstrator opens a mntainer to get at
chocolate inside, should the imitator open a similar container in the same way — e.g. by unwrapping but not teaing the surrounding
paper?, or is it enough just to open the container somehow? The different possible aswers to these questions presuppose different
correspondences.

If a child watches ateacher solving subtradion problemsin arithmetic, and then solves for the first time similar but not identicd
problems on its own, social leaning hes occurred. But what type of correspondence is at work here? In China and Japan, the
ideographic charader for “to imitate” dso means “to lean” or “to study”. By going through the motions of an algorithm for solving
sample problems, students everywhere ae ale to lean how to solve similar ones, of course without necessarily gaining urderstanding of
why the procedures they have learned work.

Inthisarticle, for lad of a better term, we shall use the word “imitator” to refer to any autonomous agent performing a candidate
behavioral match. The use of this word here does not entail any particular mechanism of matching or any particular type of social
leaning. In what follows, we shall describe how different matching phenomena aise depending on the aiteria employed in generating
the behavior of the imitator. For example, goal emulation, stimulus enhancement, mimicry, and so on, will all be cat as lutions to
correspondence problems with different particular seledion criteria.

Disdmilar Bodies

A correspondence need not be aone-to-one mapping, but could also be aone-to-many, many-to-one, or many-to-many relation. If the
number of degrees of freedom (DOFs) in, for example, the joints of two agents’ arms are different, then there can be no simple one-to-one
correspondence between their adions. A roba might imitate ahuman nodding or waving successfully even without requiring that it has
the same number and type of jointsinits head and neck or arms and hands as the human whose behavior it emulates.

In fad, exact copying, even with similar embodment, is almost never passble: One never has exadly the same aents with exadly the
same kinds of bodes in exadly the same setting when the behavior of one agent is said to match that of another, as they must differ at
least in their situatedness in time and/or space not to mention numerous other details (Whiten & Ham, 1992 Nehaniv & Dautenhahn,
2001).

A useful correspondence ould also be apartial mapping. That is, it nead not be defined on all posdble states and adions of the
model: it may describe mrresponding states and adions in the imitator for only some of these. For example, a roba might be ale to
successfully imitate me waving my arms using a particular correspondence between the angles it observes between my shoulder and arm
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and at my elbow, but this does not mean that the crrespondence gives any information on how to relate my legs to its legs. Indeed, it
might not even have legs!

To achieve abehavioral match, of whatever sort, a arrespondence must explicitly or implicity be present. In trying to imitate or
leaning socially by observing, an autonomous agent must somehow solve the correspondence problem:

Informal Statement of the Corre spondence Problem:
Given an observed behavior of the model, which from a given starting state leads the model through a sequence (or hierarchy) of
subgoals - in states, adion, and/or effeds, while possbly responding to sensory stimuli and external events, find and exeaute asegquence
of adions using one's own (possbly dissimilar) embodment, which from a mrresponding starting state, lead through corresponding
subgoals - in corresponding states, adions, and/or effeds, while possbly responding to corresponding events.

Thus such a mrrespondence can require relating aspeds of adions of the model to adions that one can carry out, or states of the
model in its environment to states of one's own body and environment, or baoth. It may also require relating sensory and external events of
the demonstrator to those experienced by the imitator. A simple correspondence recgnized between the hummingbirds and helicopters
isgiven in the example of figure 1 (Nehaniv & Dautenhahn, 2001).

When creaures with less $milar embodments, such as dolphins, parrots, orangutans, chimpanzees and bonobas, exhibit vocd
or motor or goal-oriented behaviors matching those of human demonstrators, the arrespondences between the bodes of the animals and
the humans beaome more @strad than those between similarly emboded model and imitator. Nevertheless these animals, at least when
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enculturated with humans, do dsplay behaviors matching those of the human models (Herman, 2002 Pepperberg, 2002; Ruson and
Galdikas, 1993 1995, Tomasello et al., 1993). This meansthat either they — or at least the human experimenters observing their behavior
— remgnize orrespondences between the bodes, sensory and effedor systems of these animals and the bodes, sensory and effector
systems of their human models. Such correspondence may indeed be dtributed to be present by the experimenters. While we may not
conclude that the animals in question are necessarily aware of the arrespondence, nevertheless, these animals at least are ableto ad in a
manner strongly suggesting that they have solved a partial correspondence problem between their own bodes and that of a human
demonstrator.

Referring to Louis Herman's results on dolphin imitation of humans (Herman, 2002, the ddlphins were tested for imitation of
human demonstrators using an unstated correspondence and showed that they are largely able to imitate the humans acwrding to it:
human waving foreams with bent elbow relate to wiggling pedoral fins; a human propelling her body partially out of water corresponds
to a leg out of the water by the dolphin; human and ddphin underwater somersaults correspond; human head and ddphin head
correspond, but human legs correspond to the dalphin’s tail when raising them out of the water or slapping them on its surface One
could speaulate that passbly the dolphin understands how its body-plan relates to that of ahuman. Referringto Irene Pepperberg's data
on Grey parrots, 2002., Alex and ather parrots siow aoousticd production of human-like speed sounds using very different vocd
apparatus. Both they and we have remgnized the @rrespondence between the sounds although these do not have identicd amusticd
formants and spedra. Moreover, these parrots use their speed to refer to and describe properties of objeds in a manner related to how we
as humans use similar sounds.
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Furthermore, by the use of more “exotic” correspondences, it is posshle to set up urusua tempora synchronizations, of
perceived behavior and adion. For example, Dautenhahn (1999 describes experimental couplings between hand movements of a human
and the behavior of a"dancing' mobil e roba moving on the ground.

2 Succesdul Corre spondence?

When does a candidate behavior adualy match an observed behavior? In stating the arrespondence problem, we required that a
sequence or hierarchy of corresponding subgoals be dtained. This notion of subgod in the statement of the mrrespondence problem
should not be taken to necessarily imply any intentionality on the part of the demonstrator or imitator. For biologicd and autonomous
agents, it is useful to accept anotion of “on behalf of” (S. Kaufmann, pers. comm.). Biologicd agents engage in behavior that is generally
somehow beneficial to them. E. coli follow a gradient likely to lead them to food, and growing plants may turn toward sunlight. These
behaviors are on behaf of the agent, helping it attain its goals. Having goals does not imply any intentional mental state. It isin this
sense that god isused here. A subgoal hereisthus either a state of affairs that would promote the “on behalf of” the autonomous agent or
which is observer-attributed as such. Goals do not arise independently of autonomous agents. (See &so the agent-based discussions of
meaningful information as information which is useful for an autonomous agent in achieving its goals (Nehaniv, 1999 Nehaniv et
al.,1999) ).

Whether or not behavior is judged as matching seems to be very much a subjedive issue. Different observers of a andidate
matching behavior may attribute avast range of differing mechanisms and goals to the imitator and/or the demonstrator. The imitator
itself might use yet another mechanism and urknown criteria in responding to stimuli and perceptions of its own surrounding world
(Umwelt) in order to generate the behavior. This does not mean that it is hopelessto endeavor to formalize what is meant by such terms as
imitation, mimicry, etc., but it does paint to the cantral role of the observer (who might coincide with the demonstrator, the leaner, or be
a third party) in dedding whether or not an exhibited behavior matches that of a model. (See 4so the discusson of the role of the
observer in (Dautenhahn & Nehaniv, 2002.)

Clealy different observers may have different answers to the question of whether or not a crresponding behavior has occurred:
Suppose for example that a cetain fictional spedes of bird learnsto produce an utra-sonic signal by repeaed exposure to the sound of a
dog whistle. A naive human ohserver would hea no sound when observing this bird producethis cdl and could not say to what extent the
cdl was smilar or not to the sound the whistle produces. But an observer equipped with listening equipment to transpose the sounds to
the human-audible range would be &le to give some evaluation of how well the bird’s cal matched that of the whistle.

3 Corre spondencesin Actions, States, and Goals

In imitation, emulation, mimicry, stimulus enhancement and other behavioral areas of learning and matching, we take acount of
mapping (and more generally relations) in

STATE of the system (body), objeds and environment

ACTION (and sequences of adions) which transform the state, including internally generate adions, and external ones (sensory stimuli
and ather events)

GOAL S —the monfiguration of state (and/or posshbly adion sequences) that mee an external or internal criterion

The apeds have dso been identified by Call and Carpenter, 2002 as three major sources of information in social leaning, which
reseachers may use to categorize different types of matching behavior and social leaning. (They aso use the term "result" as an
alternative to "state", but we do not in order to avoid the suggestion of agoal implicit in the word "result".)

Our formalization of correspondencestakes all of the @ove into acmunt. Degreeof successof attempted matching behavior can
be formalized by metrics on states and adions with resped to attainment of sequences of subgoals as we explain in the next sedion.
Different types of error measures, variously emphasizing state, adions, or goals, and granularity, in this formali zation describe diff erent
types of ohservational behavior matching.

4 Formalization of Corre spondences

In this £dion we give asimple mathematical framework to describe the notion of correspondence between two autonomous agentsin a
rigorous way. We have tried to dothis in manner that will be useful for an interdisciplinary reader. No spedalized mathematicd training
is required to benefit from this discussion, which provides a broadly applicable framework useful in understanding various lutions of
the mrrespondence problem.

States and Events

For two autonomous agents, animals, robds, or software systems, identify the set of each one's possble states and adions. Denote the
states (of the body and environment) of the first agent as X and that states of the second as Y. Denote the set of elementary adions of the
first agent by = and those of the seaond agent by A. The set of al finite sequence of adions of the first agent is denoted ~* and the set of
all finite sequences of adion of the second is denoted A*. Effeds on the environment will be refleded in state. One may also speak of
particular properties of adion/events or of sequences of adion/events. From the description of an agent by a set of states and set of
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states & events (X ,Z) (Y : A)

states & sequences

of events (X ,Z[) < > (Y ,Atb

finding a “good” correspondence

adion/events (X, %), we derive an extended description with the same states and all finite sequences of events (X, =*).” Using sequences
of events rather than such individual ones allows for the fad that a single adion, for example, of the demonstrator might correspond in
the imitator to several adions, or vice vesa. This stuation isillustrated in figure 2.

Although we shall not go into thisin article, the identificaion (collapsing) of sequences of adions that always have the same effeds
allows one to pass from the description of states and elementary adion/events (X, %) to an algebraic invariant of the agent cdled its
transformation semigroup (X,S). This will not be described further here, but we wish only to note that correspondences can be
constructed at this level. For detail s, see (Nehaniv & Dautenhahn, 2001). Mathematica techniques for solving the problem of making a
correspondence many-to-one (rather than many-to-many) are given by Nehaniv (1996).

Corre spondences as Relational M apping
Formally, a correspondence (or relationa mapping) between the two autonomous agentsisarelation of states @ 0 X x Y and arelation
of sequences of adions WO 2* x A*, satisfying:

For all xOX and yaY, if (x,y)d® and (s;t) OW then (x s,y t) O ®.

Let us consider what this meansin plainer language. A state relation @ consists of those pairs of states of the two agents which are said to
correspond. Similarly, an adion relation W consists of those pairs of sequences of elementary adions which are said to correspond. In
words, the dbove condition says: "If state x of the first system corresponds to state y of the second system, and adion sequence s in the
first isrelated to adion sequencet in the second, then the wrresponding resulting states must correspond"”. More briefly: "When starting
with corresponding states, corresponding adions leal to corresponding states.”

An attempted correspondence might be aone-to-one function, or many-to-many relation as discussed above. It need not be fully defined.
Of course there will in general exist many correspondences between two autonomous agents. Whether or not a particular candidate
relation is a good solution to the arrespondence problem depends on the evaluation of how appropriate the crrespondenceisfrom the
viewpoint of some observer. This might be an external observer, or a demonstrator or an imitator.

o Mathematically, this can be described as deriving, in a canonicd manner, afreetransformation semigroup adion from an automaton.



Using the ancepts and notation gven above, a simple formali zation of the crrespondence problem is given by the foll owing:

Formal Statement of the Corre spondence Problem:

Given an observed behavior of the model, parse this behavior into adion sequencest, ..., t, starting in state y, with states ys, ..., yx the
states which successively result from carrying out the t; in order. Find a correspondence, @ on states and W on adion sequences, relating
one's own adions and states to those of the observed model, and from a crresponding state x, execute @rresponding behaviors g, ..., S
such that the resulting behavior is as $milar as possible, where the degree of disdmilarity is measured by summing an error measure
d((yit).(x.S)) overi.

In faa, the “actions’ in this formulation are adually “adion/events’, but we have tried to make the statement as concise & possible
and so have included the events within the notion of adion: Experiencing an event such as a particular sensory perception istaken to be a
particular kind of adion.

Behavior matching acording to a crrespondenceis shematicdly illustrated in figure 3. (Also in the figure, s, and to are “nul

Given a correspondence

(X, 2*) 0 (Y, &%)

attempted matched behavior is given by:

S S 3 S«

Imitator /—_\A/—\A/ % m
(X z*) XO Xl 2 o0 000 k

Model 1:O tl tz t3 tk

(W T NN L

(xi,yi) U P states and action/event-sequences
related according to correspondence

(s,t) OW

adions’, included for mathematicad conveniencein computing dssmilarity asthe aror sum with index i going from 0 to k.) Notethat a
correspondencethat works for generating one behavioral match may or may not work well for matching other observed behaviors. But a
good, detail ed correspondence, such as the dolphins' evident identification of adions of its body parts with those of human trainers
mentioned above, provides reusable knowledge that applies acossmany situations to yield successful imitative behaviors.

We amphasize here that our formalizaion is a method o description helpful in modeling an imitator matching an observed
behavior. We ae cetainly not claiming that animals are using such a framework to guide their own matching behavior, but only that the
framework provides a useful description of behavioral matching that is independent of the particular mecdhanisms acually employed. A
designer of an autonomous agent that is trying to imitate another agent could have this agent use this framework for seleding among
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possble arrespondences. An observer, for example, a scientist studying behavioral matching in animals, can usefully employ this
framework to describe the particular correspondence in any matching observed, in particular, whether aspeds of state, adions, or goals
are most descriptive (or predictive) of observed imitative behavior and which type of dissmilarity measure best describes (or predicts)
the aspeds that are matched. In addition, by casting results on matching behavior in this framework, different reseach on imitation and
matching behavior can be mmpared.

Metricsand M easures of Successin Behavior M atching

Metrics and error measures, can cgpture the notion of (1) the difference of performed adions from desired adions, (2) can measure the
difference of attained states from desired states, or (3) can measure the difference of sequences of bath. Such measures can take be
discrete or continuous values. This is the role of the dissimilarity measure d in the formal statement of the crrespondence problem
above.

Evaluation of a andidate for behavioral matching depends in the formalizaion very much on the aror measure d. Different
kinds of measures result in different types of matching and would lead to types of leaning of behaviors that ethologists and psychologists
would classfy as different types of socia leaning or copying. For example, if the eror measure d in the @ove formulation of the
correspondence problem ignores the state ammponent, then only adions are sali ent to the successof attempted matching behavior.

Granuarity refers to the fineness of the imitation, e.g. in the number of states, adions, or subgoals matched. If the measure d
ignores the adion component, then only the sequence of states attained is slient. The number k in the formal statement of the
correspondence problem gives the granularity of the d@tempted behavioral match. If k=1, then only the overall end-result is slient for
determining successful correspondence The measure of dissmilarity can require that certain states or adions are atained or closely
matched; thus it can be used to evaluate whether a sequence of subgoals has been attained or not, and to what degree Matching the
"right" subgoals can be forced for example by making the measure take value zeo when they are adieved but a high error value
otherwise.

Types of Behavior Matching
Leaning a correspondence means learning a pieceof such a relational mapping. Metrics and measures on state, adions, and goals can
guide this leaning. The type of social leaning (or any of the related phenomena involving matching) depends on the metrics used and
which asped or aspeds of a behavior they measure. More details are in (Nehaniv & Dautenhahn, 20017). For areview of mechanisms of
socia leaning and simpler phenomena see(Call & Carpenter, 2002 Noble & Todd, 2002, Zentall, 2001). Various areas of matching and
leaning can be dasdfied acoordingto different aspeds of the relational mapping in a particular attempted correspondence

Construction of correspondencein adions and their sequencing using an adion relation W required by the metric charaderizes
"mimicry”, or "copying’ (without goal- or state-matching).

Construction of correspondencesin adions W and states ® at high ganularity matching attributed goals of demonstrator
charaderizes forms of "imitation" such as “action-leve imitation" (Byrne & Russon, 1998 or "string pasing"' (Byrne 1999 (with metric
refleding subgoal salience).

Construction of correspondencein states required by the metric restricting the state relation @ charaderizes “emulation” (Tomasell o,
1990 seediscusson by Call & Carpenter, 2002).

Construction of correspondence using state relation ® via metrics requiring matching of an attributed goal charaderizes “god
emulation” (Whiten & Ham, 1992 (with low granularity) or “stimulus enharcement” (Spence, 1937) (with low granularity and only state
matching).

Construction of a crrespondencein the adion relation ® with effed information in the states and metric reflecting subgoal salience
charaderizes leaning “tod affordances’ or “action affordances’ (Tomasello & Call, 1997).

The aove types of correspondence in which matchingis required for hierarchicdly structured tasks, subtasks, involving behavioral
loops and conditionals charaderizes various forms of "program-levd imitation", “hierarchical procedure imitation’, "procedural
matching" or "programming by example" (Byrne & Russon 1998 Whiten, 2002 Cypher, 1993 Lieberman, 2002 Furse, 2001),

Understanding and matching higher level structures charaderize various other forms of observational leaning and matching
involving "theory of mind" or "mind-reading" (Premadk & Woodruff, 1978 Byrne & Whiten, 1988 Povindlli & Preuss 1995 Whiten &
Byrne, 1997 V. Gadlese & A. Goldman, 1998, “empathy” (O'Connell, 1995 Dautenhahn, 1997 2000), or a “body-plan
corresponaence’ (Nehaniv & Dautenhahn, 2002).

The reader may like to compare asimilar clasdficaion of behavioral matching and types of socia leaning dgven by Call and
Carpenter, 2002 As they have emphasized, in studying such behavior in animals, it is a good ideato try to identify which types of
information the subjed animal is using. Competing predictive models could be cnstructed using the éove formali zations and different
error measures refleding various types of observational behavior matching. To help identify the mechanism being used by the animal,
these competing models could then be evaluated by comparing their predictions with experimentally observed behavioral matching.

Conversely, in building artifads and employing appropriate measures of dissimilarity on different aspeds of state, adions,
goals, and granularity of desired matching behavior, one can implement various forms of behavioral matching and social learning. For
example, in agent-based computer simulations, Aris Alissandrakis and the authors have studied the results of applying different metrics
and dfferent granulariti es to generate diff erent corresponding behaviors in the imitation of sequences of moves by differently emboded
agents. These gyents are emboded as chesspieces, whose movement constraints provide awell-known example of disamilar "bodies’ in
asimple, discrete shared world, namely, a chess-board. A chess-world knight or bishop for example may imitate azig-zag of threemoves
by a demonstrator queen, but ead such agent is aibjed to the constraints on how it is allowed to move (its embod ment) and so can only
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roughly approximate the queen's predse behavior. Nevertheless, the knight and hishop a other pieces can successfully imitate the
behavior to varying degrees with resped particular granularities (e.g. end result or trgjecory matching) and various metrics. Varying the
granularity and metrics for assessing attempts at imitation in this experimental setting illustrates the profound influence of these factors
on the qualitative feaures of the resulting imitative behavior (Alissandrakis et al., 2000. Similarly, differently emboded animals,
robds, or other autonmomous agents whose behavior matches those of others can be modeled as using correspondences between their
own states and adions and those of a demonstrator, using various granularities and measures of dissimil arity.

5 Perception-Action Corre spondences

Another particular application of the relational mapping formalism isto perception-adion correspondence A perceved state rresponds
to one's own state under the state component (®) of a relational mapping, perceptual stimuli from an adion correspond under an adion
component (W) to one’s own adion. The new perceived state — that is, the percaved state following the perceved adion — should
correspond to one's own rew state dter one's adion. Thisis similar to inter-agent correspondence but applies it to the case that the first
system is given by one's perceptions of one's own state axd of one's own adions — for example by sensory kinaesthetic and
proprioreceptive feadbadk (or also via external feedbadk, e.g. viamirrors or from others responding by imitating one's behavior) — while
the second system is given by one’s own state and adions. Solving the @rrespondence problem in this case means leaning to control
one's own body in the sense of relating one’s ensors and effedors to the perceptual feedbadk they produce Such a crrespondenceis
schematized in figure 4.

Asciative Sequence Learning Theory. For example, in the Associative Sequence Leaning Theory (ASL) of C. M. Heyes and E. D.
Ray (2000, see &so (Heyes, 2002, associations between sensory data and motor representations of behavior (“verticd" links) can be
viewed as parts of a crrespondence in the formal sense described above. Leaning these sensory-motor associations corresponds to
building up a solution to the mrrespondence problem between perceived stimuli (generated by either one's own action or another's action)
and one's own motor adions. Complementing this, representation of patterns of behavior is encoded during the leaning of temporal
sequencing of adions or of higher level behavioral programs which make use of perception-adion correspondence Currently ASL does
not addressthe dfed of adions on objeds or the eavironment, but we beli eve that it can be fruitfully extended to incorporate these.

Perception-Action
Correspondence

[perceived actionl

[perceived statel w \ \ ‘ [new perceived state 1

° |l o ||

[own actions]

[own statel [own new statel

The Mirror System. An example of a candidate natural mechanism at the neurologicd level for solving the arrespondence problem is
the mirror system present the brains of at least some primate species, in which certain reurons fire both when performing a particular
motor adion such as grasping a pieceof food and when sedng another performing such an act. Some of these neurons appea to encode
the particular aff ordances of movements in relation to oljeds in the animal's environment (Gallese et al., 1996 Gallese & Goldman,
1998 Hari et al., 1998 Rizzolatti et al., 1998; Rizzolatti & Arbib, 1998 Arbib, 2002). As sich, the mirror system could mediate a
relational mapping between the adion of an agent on its environment and those of others it observes. This has aso inspired the use of a
similar mechanism in robas (Demiris, 1999 Demiris & Hayes, 2002).

M echanisms, Representations and the Structure of Socially Learned I nfor mation
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The structure of imitated behavior can often reved something of the way in which observed behavior is represented in the imitator. This
redization is apparent in the animal imitation literature in such distinctions as adion- vs. program-level imitation (Byrne & Russon,
199®8), sequential vs. hierarchicd structuring of observationally acquired behavior (Whiten, 2002, and statistica string parsing without
intentionality (Byrne, 1999.

The methods for extrading socially observed information are by no means unique and the spedrum of representations for
organizing observationally aaquired information into procedural representations is broad. Some representational formats, techniques, and
paradigms used in sciences of the atificial include finite state automata (e.g. Hopcroft & Ullman, 1979, epsilon machines (Crutchfield
199), generalized Hebbian temporal leaning (Billard, 2002, behaviora cloning and rule extradion (Sammut et al., 1992, 2002),
programming by example (Cypher 1993 Lieberman, 2002, case-based reasoning (e.g. Kolodner, 1993), and stories (Nehaniv, 1997
Goocdenough, 2002.

6 Discusdon

Whatever form of behaviora matching one mnsiders, regardless of the mechanisms behind it, at its heat must lie a notion of
correspondence between autonomous agents. Together with such correspondences between the possble states and sequences of
adion/events of the respedive agents, measures of dissimilarity in matching behavior are enough to classify these phenomena into
different classes used by ethologists and psychologists. Various forms of imitation and related phenomena such as emulation, mimicry,
blind copying, and social leaning correspond to different aspeds of constructing a relational mapping between possbly disgmilar bodes
(or autonomous agents), in particular to whether adions, states, or goals, or some combination of these ae required to correspond in the
course of the behavior. If an animal leans to match the behavior of another, the type of correspondence problem being solved may be
indicaed in which aspeds the matching adually occurs. This can be used to distinguish one form of matching from another, e.g. mimicry
from goal emulation, etc. Metrics encoding goals relate to intentionality, tod affordances, reinforcement, and the judgement of whether
situations are equivalent or not. The structuring of behavior in sequences of adions, hierarchies, or behavioral programs is relevant for
studying how solutions of the corrrespondence problem are utilized by an animal. The representation of procedural knowledge & a
program, string of adions, hierarchicdly organized coll ecion of subgoals, etc., can be used in artificial systemsto make use of attempted
correspondences and perception-adion relations in applicaions guch as programming by example, behavioral cloning, and roba and
agent social leaning.

All these aspeds — adion and state crrespondences, metrics encoding goals, and the structuring of behavior — need to be
considered in studying observational learning and imitation. One should ask, what type of novelty occurs in ead of these aspeds? (See
also the discussion of novelty in (Dautenhahn & Nehaniv, 2002.) In which of these apeds is there a onsistent correspondence? In
regard to animal's, psychologists and ethologists are interested in urcovering the structure of observational leaning, while, in the redm of
artifads, engineaing such structure and tinkering with its various aspeds affords the passhility to introduce biologicaly-inspired social
leaning mechanismsinto artificial systems.

Solutions to the arrespondence problem are aresult of successful attempts at imitating (trying to imitate (Dautenhahn, 1994)) or
at mimicry or leaning socialy. In contrast, in buil ding artifads, or sometimes even in educaion (rote or pattern leaning), it can be useful
to harness learning by imitation: Here the arrespondence problem is lved at the outset, imitation has been engineaed in, but by
imitating ateader, aleaner agent comes to experience situations where learning of other skill stakes place See(Hayes & Demiris, 1994
Demiris & Hayes, 1996 Billard & Dautenhahn, 1997, 1998, 1999; Bill ard, 2002) for examples of such leaning that is fadlitated by
imitation. See(Nehaniv & Dautenhahn, 2007) for further discusdon of the distinction between trying to imitate and leaning by imitation.

We have endeavored to provide a framework with solid mathematicd foundations in which one an address matching
phenomena in both netural and artificial systems. The dgebraic framework presented for the mrrespondence problem was initiated by
Nehaniv and Dautenhahn (1998. We hope this will be useful in reveding hidden assumptions and observer-dependent aspeds of criteria
for judging whether or not social leaning, imitation, or matching has taken place Moreover, the notions of relationa mapping and
metrics provide one with a todkit for studying what type of correspondence is being constructed, whether one is observing it in
controll ed experiments with humans and animals, or in other settings involving the matching of behaviors. For workers buil ding artificial
systems that can lean by observing, this framework provides alanguage and mathematicd toadls for analyzing the aspeds of any artificial
system that should lean by observing another agent, whether human, animal, robatic or of other type. By studying which components of
a relational mapping need to be engineaed — what aspeds of a @rrespondence ae to be built in and what aspeds are to leaned —a
designer may approach the various aspeds of a social leaning artifad in a systematic manner. Introducing this common framework for
correspondence to the study of imitation in animals and artifads also gives us a way to compare, evaluate, and relate research on
imitation and behavior-matching in widely disparate studies ranging from animal studies involving various different spedes to research
studies on robads and software ayents that seek to engineea and harness such social leaning phenomena into artifacts.
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