A Computational Agent Model
for Hebbian Learning of Social Interaction

View metadata, citation and similar papers at core.ac.uk brought to you by ,i CORE

provided by DSpace at VU

VU University Amsterdam, Agent Systems Research Group
De Boelelaan 1081, 1081 HV, Amsterdam, The Netherlands
treur@cs.vu.nl
http://www.cs.vu.nl/~treur

Abstract. In social interaction between two persons usually a person displays
understanding of the other person. This may involve both nonverbal and verbal
elements, such as bodily expressing a similar emotion and verbally expressing
beliefs about the other person. Such social interaction relates to an underlying
neural mechanism based on a mirror neuron system, as known within Social
Neuroscience. This mechanism may show different variations over time. This
paper addresses this adaptation over time. It presents a computational model
capable of learning social responses, based on insights from Social Neuroscience.
The presented model may provide a basis for virtual agents in the context of
simulation-based training of psychotherapists, gaming, or virtual stories.
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1 Introduction

Showing mutual empathic understanding is often considered a form of glue between
persons within a social context. Recent developments within Social Neuroscience
have revealed that a mechanism based on mirror neurons plays an important role in
generating and displaying such understanding, both in nonverbal form (e.g., smiling
in response to an observed smile) and in verbal form (e.g., attributing an emotion to
the other person); cf. [11, 19]. Such empathic responses vary much over persons. For
example, when for a person these responses are low or nonexistent, often the person is
considered as ‘having some autistic traits’. Within one person such differences in
responding may occur as well over time, in the sense of learning or unlearning to
respond. This is the focus of this paper.

It is often claimed that the mirroring mechanism is not (fully) present at birth, but has
to be shaped by experiences during lifetime; for example, [3, 11, 14]. For persons (in
particular children) with low or no social responses, it is worth while to offer them
training sessions in imitation so that the mirror neuron system and the displayed social
responses may improve. This indeed turns out to work, at least for the short term, as has
been reported in, for example [7, 13]. Thus evidence is obtained that the mirror neuron
system has a certain extent of plasticity due to some learning mechanism. In [14] it is
argued that Hebbian learning (cf. [8, 10]) is a good candidate for such a learning
mechanism.
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In this paper a Hebbian learning mechanism is adopted to obtain an adaptive agent
model showing plasticity of the agent’s mirror neuron system. The model realises
learning (and unlearning) of social behaviour (in particular, empathic social
responses), depending on a combination of innate personal characteristics and the
person’s experiences over time obtained in social context. A person’s experiences
during lifetime may concern self-generated experiences (the person’s responses to
other persons encountered) or other-generated experiences (other persons’ responses
to the person). By varying the combination of innate characteristics and the social
context offering experiences, different patterns of learning and unlearning of socially
responding to other persons are displayed.

In Section 2 the adaptive agent model for Hebbian learning of social behaviour is
presented. In Section 3 some simulation results are discussed, for different
characteristics and social contexts. In Section 4 a mathematical analysis of the
learning behaviour is made. Section 5 concludes the paper.

2 The Adaptive Agent Model Based on Hebbian Learning

The basic (non-adaptive) agent model (adopted from [20]) makes use of a number of
internal states for the agent self, as indicated by the nodes in Fig. 1. A first group of
states consists of the sensory representations of relevant external aspects: a sensory
representation of a body state (labeled by) b, of a stimulus s, and of another agent B,
denoted by sr, srs, srs, respectively. Related sensor states are ssp, ss5, ssg which in turn
depend on external world states wsp ws, wsg Moreover, pby and pcpp denote
preparation states for bodily expression of 4 and communication of / to agent 5.
Following [5], the preparation for bodily expression b is considered to occur as an
emotional response on a sensed stimulus s. Feeling this emotion is based on the
sensory representation srp of b. These b’s will be used as labels for specific emotions.
Communication of 5 to B means communication that the agent se/f believes that B
feels b; for example: “You feel #’, where b is replaced by a word commonly used for
the type of emotion labeled in the model by .

The states indicated by ps.s»are considered control or super mirror states (cf. [11],
pp- 200-203, [12], [16]) for context ¢, stimulus s and body state b; they provide
control for the agent’s execution of (prepared) actions, such as expressing body states
or communications, or regulation of the gaze. Here the context ¢ can be an agent 5B,
which can be another agent (self-other distinction), or the agent self, or ¢ can be sens
which denotes enhanced sensory processing sensitivity: a trait which occurs in part of
the population, and may affect social behaviour (e.g., [1, 4]). One reason why some
children do not obtain a sufficient amount of experiences to shape their mirror neuron
system, is that they tend not to look at other persons due to enhanced sensory
processing sensitivity for face expressions, in particular in the region of the eyes; e.g.,
[4, 15]. When observing the face or eyes of another person generates arousal which is
experienced as too strong, as a form of emotion regulation the person’s own gaze
often is taken away from the face or eyes observed; cf. [9]. Such an avoiding
behavioural pattern based on emotion regulation may stand in the way of the
development of the mirror neuron system. In summary, three types of super mirroring
states may (nonexclusively) occur to exert control as follows:
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e if a super mirror state for agent B occurs (self-other distinction), a prepared
communication will be performed and directed to B

e if it occurs for self, the agent will execute the related prepared actions

e if it occurs for sens, the agent will regulate some aspects of functioning to
compensate for enhanced sensitivity: to suppress preparation and expression of
related bodily responses, and to adapt the gaze to avoid the stimulus s.

Expressing body state b is indicated by effector state ebs, communication of 5 to B by
ecp,p, and regulated gaze to avoid stimulus s by eg.. These effector states result in a
modified body state indicated by ws, and an adapted gaze avoiding s indicated by wgs.

In case the stimulus s is another agent 5's body expression for b (denoted by sp5,
for example, a smiling face), then mirroring of this body state means that the agent
prepares for the same body expression 4; e.g., [11, 16, 19]. If this prepared body state
is actually expressed, so that agent B can notice it, then this contributes an empathic
nonverbal response, whereas communication of b to B is considered an empathic
verbal response. The bodily expression of an observed feeling b together with a
communication of b to B occurring at the same time is considered a full empathic
response of selfto B. These two elements for empathic response are in line with the
criteria for empathy explicated in [6], p. 435 (assuming true, faithful bodily and
verbal expression): (1) presence of an affective state in a person, (2) isomorphism of
the person’s own and the other person’s affective state, (3) elicitation of the person’s
affective state upon observation or imagination of the other person’s affective state,
(4) knowledge of the person that the other person’s affective state is the source of the
person’s own affective state.

gaze adaptation loop

WEs

body loop

Fig. 1. Overview of the adaptive agent model

The arrows connecting the nodes in Fig. 1 indicate the dynamical relationships
between the states. Most of these connections have been given strength 1, but six of
them (indicated by dotted arrows) have a dynamical strength, adapted over time
according to Hebbian learning. Note that the graph of the model shown in Fig. 1
shows three loops: the body loop to adapt the body, the as-if body loop to adapt the
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internal body representation and integrate felt emotions in preparations for responses,
and the gaze adaptation loop. The effect of these loops is that for any new external
situation encountered, a (numerical) approximation process takes place until the
internal states reach an equilibrium (assuming that the external situation does not
change too fast). However, as will be seen in Section 3, it is also possible that a
(static) external situation leads to periodic oscillations (limit cycle behaviour).

The connection strengths are indicated by @; with the node labels i and j (the
names of the nodes as indicated in Fig. 1) as subscripts. A distinction is made between
expression states and the actual states for body and gaze. The first type of states are
the agent’s effector states (e.g., the muscle states), whereas the body and gaze states
result from these. The sensory representation of a body state b is not only affected by
a corresponding sensor state (via the body loop), but also by the preparation for this
body state (via the as-if body loop). Preparation for a verbal empathic communication
depends on feeling a similar emotion, and adequate self-other distinction.

Super mirroring for an agent A (self or B) generates a state indicating on which
agent (self-other distinction) the focus is, and whether or not to act. Super mirroring
for enhanced sensory processing sensitivity, generates a state indicating in how far the
stimulus induces a sensory body representation level experienced as inadequately
high. To cover regulation to compensate for enhanced sensory processing sensitivity
(e.g., [1]), the super mirroring state for this is the basis for three possible regulations:
of the prepared and expressed body state, and of the gaze.

A first way in which regulation takes place, is by a suppressing effect on
preparation of the body state (note that the connection strength wpsgepgspppp from
node psee,s5p to node pbyis taken negative). Such an effect can achieve, for example,
that even when the agent feels the same as the other agent, an expressionless face is
prepared. In this way a mechanism for response-focused regulation (suppression of
the agent’s own response) to compensate for an undesired level of emotion is
modelled; cf. [9]. Expressing a prepared body state depends on a super mirroring state
for self and a super mirroring state for enhanced sensitivity with a suppressing effect
(note that @pseeps s pebp 1S taken negative). This is a second way in which a mechanism
for response-focused regulation is modelled to compensate for an undesired level of
arousal. A third type of regulation to compensate for enhanced sensory processing
sensitivity, a form of antecedent-focused regulation (attentional deployment) as
described in [9], is modelled by directing the own gaze away from the stimulus. Note
that node eg, for avoiding gaze for stimulus s has activation level / for total avoidance
of the stimulus s, and O for no avoidance (it indicates the extent of avoidance of s). To
generate a sensor state for stimulus s, the gaze avoidance state for s is taken into
account: it has a suppressing effect on sensing s (note that wwgss, is taken negative).

The model has been specified in dynamical system format (e.g., [18]) as follows.
Here for a node label &, by ax(t) the activation level (between 0 and /) of the node
labeled by k at time ¢ is denoted, by input(k) the set of node labels is denoted that
provides input (i.e., have an incoming arrow to node k in Fig. 1), and th(W) is a
threshold function.

dag(t)

a rIthEjeinput (k) @jk aj(©) — ar() ] (1)
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The parameter y is an update speed factor, which might differ per connection, but has
been given a uniform value 0.8 in Section 3. The following logistic threshold function
th(W) with o > 0 a steepness and 7 = 0 a threshold value has been used in the
simulations (except for the sensor states):

1 1 )/ (-

1+eo(W=9 = 14e0f 1+ e"f)

thaw) = ( or th(w)= 2)

1+ e~ o(W -1

The former threshold function can be approximated by the simpler latter expression
for higher values of ot (e.g., 6 higher than 20/t). For the sensor states for b and B the
identity function has been used for tA(W), and for the sensor state of s the update
equation has been taken more specifically to incorporate the effect of gaze on the
sensor state (note that the connection strength ay,g.ss, from the world gaze state to
the sensor state is taken negative):

M;;ts(t) = ¥lowsgssg awss (DA + owgssg awgg (D) — ass(t) ] 3)
Hebbian Learning

The model as described above was adopted from [20]; as such it has no adaptive
mechanisms built in. However, as put forward, for example, in [3, 11, 14] learning
plays an important role in shaping the mirror neuron system. From a Hebbian
perspective [10], strengthening of a connection over time may take place when both
nodes are often active simultaneously (‘neurons that fire together wire together’). The
principle goes back to Hebb [10], but has recently gained enhanced interest by more
extensive empirical support (e.g., [2]), and more advanced mathematical
formulations (e.g., [8]). In the adaptive agent model the connections that play a role
in the mirror neuron system (i.e., the dotted arrows in Fig. 1) are adapted based on a
Hebbian learning mechanism. More specifically, such a connection strength @ is
adapted using the following Hebbian learning rule, taking into account a maximal
connection strength 1, a learning rate 1, and an extinction rate ¢ (usually small):

d t

4O — 3 1n a®a®(1 - oy(®) - Con(®)] = yIn aOa® - (n a®aO+ O ay®)] ()

dt

A similar Hebbian learning rule can be found in [8], p. 406. By the factor 1 - wy(?) the
learning rule keeps the level of wj(z) bounded by 7 (which could be replaced by any
other positive number); Hebbian learning without such a bound usually provides
instability. When the extinction rate is relatively low, the upward changes during
learning are proportional to both az(#) and az(z) and maximal learning takes place
when both are 7. Whenever one of them is 0 (or close to 0) extinction takes over, and
o slowly decreases (unlearning). This learning principle has been applied
(simultaneously) to all six connections indicated by dotted arrows in Fig. 1. In
principle, the adaptation speed factor y the learning rate 7 and extinction rate ¢, could
be taken differently for the different dynamical relationships. In the example
simulations discussed in Section 3 uniform values have been used: y= 0.8 n = 0.2
and ¢'= 0.004.
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3 Example Simulations of Learning Processes

A number of simulation experiments have been conducted for different types of
scenarios, using numerical software. For the examples discussed here the values for
the threshold and steepness parameters are as shown in Table 1. Note that first the
value 3 for sensitivity super mirroring threshold was chosen so high that no enhanced
sensitivity occurs. The speed factor y was set to 0.8, the learning rate 77 = 0.2 and
extinction rate { = 0.004. The step size At was set to 1. All nonadapted connection
strengths have been given value 7, except those for suppressing connections

Wpssens,s,bpbbs Ppssens,s,bebb and WDwgssss

which have been given the value -7. The scenario was chosen in such a way that after
every 100 time units another agent is encountered for a time duration of 25 units with
a body expression that serves as stimulus. Initial values for activation levels of the
internal states were taken 0. A first pattern, displayed in Fig. 2, is that in normal
circumstances, assuming initial strengths of the learned connections of 0.3, the model
is indeed able to learn the empathic responses as expected. Here (and also in Fig. 3)
time is on the horizontal axis and activation levels at the vertical axis.

— pbp
— ebp
0.4 — €CR b
— ST}
0 100 200 300 400 500 600 700
— Osrg pby,
= Osry, PCgb
0.4 — Wsry, pby, = Opbpsry,
- wS’BPSB,S,b = wsrspsﬁ:'s’b

0 100 200 300 400 500 600 700

Fig. 2. Example scenario of the Hebbian learning process

The upper graph shows levels for body representation, body preparation, expressed
body states and communication. The lower graph shows the learning patterns for the
connections (the dotted arrows in Fig. 1). Note that the two connections

wsry,pby, (for emotion integration) and  wppysy, (as-if body loop)

have the same values, as they connect the same nodes srp and pbp, and have been
given the same initial values. Moreover, also the connections

wsrBPSBsb and a)srspsB‘s/b
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have the same values, as in the considered scenario the input nodes for srzand srs
have been given the same values, and also the initial values for the connections. This
can easily be varied. In Fig. 2 it is shown that when regular social encounters take
place, the connections involved in responding empathically are strengthened to values
that approximate 7. Notice that due to the relatively low initial values of the
connections chosen, for some of them first extinction dominates, but later on this
downward trend is changing into an upward trend. Accordingly the empathic
responses become much stronger, which is in line with the literature; e.g., [7], [13].

Table 1. Settings for threshold and steepness parameters

T o

representing body state | sry, 1 3

super mirroring B| psg.s» 0.7 30

super mirroring sensitivity | pseens.ss 3 30
mirroring/preparing body state | ppy 1 3
preparing communication | pe, 5 0.8 3
expressing body state | epy 12 30
expressing communication | ecy, g 0.8 30
expressing gaze avoidance state | eg; 0.6 30

How long the learned patterns will last will depend on the social context. When
after learning the agent is isolated from any social contact, the learned social
behaviours may vanish due to extinction. However, if a certain extent of social
contact is offered from time to time, the learned behaviour is maintained well. This
illustrates the importance of the social context. When zero or very low initial levels
for the connections are given, this natural learning process does not work. However,
as other simulations show, in such a case (simulated) imitation training sessions
(starting with the therapist imitating the person) still have a positive effect, which is
also lasting when an appropriate social context is available. This is confirmed by
reports that imitation training sessions are successful; e.g., [7], [13].

In addition to variations in social environment, circumstances may differ in other
respects as well. From many persons with some form of autistic spectrum disorder it
is known that they show enhanced sensory processing sensitivity; e.g., [1], [4]; this
was also incorporated in the model. Due to this, their regulation mechanisms to avoid
a too high level of arousal may interfere with the social behaviour and the learning
processes. Indeed, in simulation scenarios for this case it is shown that the adaptive
agent model shows an unlearning process: connection levels become lower instead of
higher. This pattern is shown in Fig. 3. Here the same settings are used as in Table 1,
except the sensitivity super mirroring threshold which was taken 7 in this case, and
the initial values for the connection weights, which were taken 0.7.1t is shown that the
connections

wsry pby, (for mirroring) and  wsry, p, and wpsysr,, (for emotion integration)

are decreasing, so that the responses become lower over time.
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Fig. 3. Learning under enhanced sensory processing sensitivity

This is due to the downregulation which, for example, leads to a gaze that after a
short time is taken away from the stimulus, and returns after the arousal has
decreased, after which the same pattern is repeated; this is shown in the upper graph
(the two or three peaks per encounter). Note that the values related to super mirroring
of and communication to another agent stay high: the downregulation as modelled
does not have a direct effect on these processes. When downregulation is also applied
to communication, also these connections will extinguish. When for such a case
imitation training sessions are offered in a simulation, still the connection levels may
be strengthened. However, these effects may not last in the natural context: as soon as
these sessions finish, the natural processes may start to undo the learned effects. To
maintain the learned effects for this case such training sessions may have to be
repeated regularly.

4 Formal Analysis

The behaviour of the agent’s adaptation process can also be investigated by formal
analysis, based on the specification for the connection strength @ = @; from node i to
node j.

dao(t)
dt

+y(Mai®ai(t)+ &) o) = maia(t) &)

This is a first-order linear differential equation with time-dependent coefficients: a;
and a; are functions of ¢ which are considered unknown external input in the equation
for @. An analysis can be made for when equilibria occur:
do(t) __ o naiaj
Fr 0 Maag+)o=naag < o= paiaj + ¢ 6)
One case here is that @ = 0 and one of a;and ajis 0. When a; and a;are nonzero, (6)
can be rewritten as (since aa< 1):
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w=1/0+ {/Mmaa) < 1/(1 + ¢/n) (N

This shows that when no extinction takes place ({'= 0), an equilibrium for w of 7 is
possible, but if extinction is nonzero, only an equilibrium < 7 is possible. For
example, when 7 = 0.2and {'= 0.004 as in Section 3, then an equilibrium value will
be < 0.98, as also shown in the example simulations.

Further analysis can be made by obtaining an explicit analytic solution of the
differential equation in terms of the functions ar and a. This can be done as follows.
Take

W = |, aj(waj(w) du (8)

the accumulation of ai(¥)a;(t) over time from ¢ to ¢ then

aw(t)

— = aa) (€))

dt

Given this, the differential equation (5) for @ can be solved by using an integrating
factor as follows:

de(MW®)+(t=t0)) g(t)
dat

= ma®ay) e’ MO+ (10)

from which it can be obtained:

at) = o(to) e~ AW ©O+{t-to)) 4 mjtto ai(w)aj(u) e~ W ®O-Ww)H+d(t-w) 4, (a1

For the special case of constant aaj= ¢, from (11) explicit expressions can be obtained,
using W(t) = c(t-to) and W(t)-W(u) = c(t-u):

ftto ai(waj(u) e—Kﬂ(W(t)—W(u))’rﬂt—u))du — ftto Ce—}'(ﬂc+é')(t—u))du

gy - e el 12

Although in a simulation usually a:a; will not be constant, these expressions are still
useful in a comparative manner. When aia; = ¢ on some time interval, then by
monotonicity the above expressions (11) for @ with aaj= ¢ provide a lower bound for
. From these expressions it can be found that

ne/(ne+d) — axt) = [ne/(ne+l) — a0)] e 71+t (13)

which shows the convergence rate to an equilibrium for constant aia/= ¢, provides an
upper bound for the deviation from the equilibrium. This has half-value time

QYA nc+8) = 0.71%ne+E) (14)

When aa; > c on some time interval, then by the monotonicity mentioned earlier, the
upward trend will be at least as fast as described by this expression. For example, for
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the settings in Section 3 with ¢ = 0.2 this provides half-value time 20. This bound
indeed is shown in simulations (e.g., in Figs 2 and 3) in time periods with aa; around
or above 0.2

For scenarios in which encounters with other agents alternate with periods when
nobody is there, as in Figs 2 and 3, a fluctuating learning curve is displayed. A
question is how the balance between the different types of episodes should be in order
to keep the learned effects at a certain level. Given the indications (14) above a rough
estimation can be made of how long a time duration td; of increase should last to
compensate a time duration td: of decrease:

e~ Anertal _ g=rstdz tdz/tdr = (nc+ /¢ = 1+nc/S (15)

For example, when 7 = 0.2 and ¢ = 0.004, as in Section 3, for ¢ = 0.2 this provides:
tdz/ td; = 11. This means that for this case under normal circumstances around 9% of
the time an encounter with another agent should take place leading to aa > 0.2 to
maintain the empathic responses. This indeed corresponds to what was found by
simulation experiments varying the intensity of encounters.

5 Discussion

To function well in social interaction it is needed that a person displays a form of
empathic understanding, both by nonverbal and verbal expression. Within Social
Neuroscience it has been found how such empathic social responses relate to an
underlying neural mechanism based on a mirror neuron system. It is often suggested
that innate factors may play a role, but also that a mirror neuron system can only
function after a learning process has taken place (e.g., [3], [11], [14]): the strength of
a mirror neuron system may change over time within one person. In this paper an
adaptive agent model was presented addressing this aspect of adaptation over time,
based on knowledge from Social Neuroscience.

The notion of empathic understanding taken as a point of departure is in line with
what is formulated in [6]. The learning mechanism used is based on Hebbian learning,
as also suggested by [14]. It is shown how under normal conditions by learning the
empathic responses become better over time, provided that a certain amount of social
encounters occur. The model also shows how imitation training (e.g., [7], [13]) can
strengthen the empathic responses. Moreover, it shows that when enhanced sensory
processing sensitivity [1] occurs (e.g., as an innate factor), the natural learning
process is obstructed by avoidance behaviour to downregulate the dysproportional
arousal [9].

In [17] a computational model for a mirror neuron system for grasp actions is
presented; learning is also incorporated, but in a biologically implausible manner, as
also remarked in [14]. In contrast, the presented model is based on a biologically
plausible Hebbian learning model, as also suggested by [14]. The presented agent
model provides a basis for the implementation of virtual agents, for example, for
simulation-based training of psychotherapists, or of human-like virtual characters.



A Computational Agent Model for Hebbian Learning of Social Interaction 19

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Baker, A.E.Z., Lane, A.E., Angley, M.T., Young, R.L.: The Relationship Between Sensory
Processing Patterns and Behavioural Responsiveness in Autistic Disorder: A Pilot Study. J.
Autism Dev. Disord. 38, 867-875 (2008)
Bi, G., Poo, M.: Synaptic modification by correlated activity: Hebb’s postulate revisited.
Annu. Rev. Neurosci. 24, 139-166 (2001)

. Catmur, C., Walsh, V., Heyes, C.: Sensorimotor learning configures the human mirror

system. Curr. Biol. 17, 1527-1531 (2007)

Corden, B., Chilvers, R., Skuse, D.: Avoidance of emotionally arousing stimuli predicts
social-perceptual impairment in Asperger syndrome. Neuropsychologia 46, 137-147
(2008)

Damasio, A.: The Feeling of What Happens. Body and Emotion in the Making of
Consciousness. Harcourt Brace, New York (1999)

DeVignemont, F., Singer, T.: The empathic brain: how, when and why? Trends in
Cognitive Science 10, 437-443 (2006)

Field, T., Sanders, C., Nadel, J.: Children with autism display more social behaviors after
repeated imitation sessions. Autism 5, 317-323 (2001)

Gerstner, W., Kistler, W.M.: Mathematical formulations of Hebbian learning. Biol.
Cybern. 87, 404415 (2002)

Gross, J.J.: Antecedent- and response-focused emotion regulation: divergent consequences
for experience, expression, and physiology. J. of Pers. and Social Psychology 74, 224-237
(1998)

Hebb, D.: The Organisation of Behavior. Wiley (1949)

Tacoboni, M.: Mirroring People: the New Science of How We Connect with Others. Farrar,
Straus & Giroux (2008)

Iacoboni, M.: Mesial frontal cortex and super mirror neurons. Beh. Brain Sci. 31, 30-30
(2008)

Ingersoll, B., Lewis, E., Kroman, E.: Teaching the Imitation and Spontaneous Use of
Descriptive Gestures in Young Children with Autism Using a Naturalistic Behavioral
Intervention. J. Autism Dev. Disord. 37, 14461456 (2007)

Keysers, C., Perrett, D.I.: Demystifying social cognition: a Hebbian perspective. Trends
Cogn. Sci. 8, 501-507 (2004)

Kirchner, J.C., Hatri, A., Heekeren, H.R., Dziobek, I.: Autistic Symptomatology, Face
Processing Abilities, and Eye Fixation Patterns. Journal of Autism and Developmental
Disorders (2010), doi:10.1007/s10803-010-1032-9

Mukamel, R., Ekstrom, A.D., Kaplan, J., Iacoboni, M., Fried, I.: Single-Neuron Responses
in Humans during Execution and Observation of Actions. Current Biology 20, 750-756
(2010)

Oztop, E., Arbib, M.A.: Schema design and implementation of the grasp-related mirror
neuron system. Biol. Cybern. 87, 116-140 (2002)

Port, R., van Gelder, T.J.: Mind as Motion: Explorations in the Dynamics of Cognition.
MIT Press (1995)

Rizzolatti, G., Sinigaglia, C.: Mirrors in the Brain: How Our Minds Share Actions and
Emotions. Oxford University Press (2008)

Treur, J.: A Cognitive Agent Model Displaying and Regulating Different Social Response
Patterns. In: Walsh, T. (ed.) Proceedings of the Twenty-Second International Joint
Conference on Artificial Intelligence, IJICAI 2011, pp. 1735-1742 (2011)



	A Computational Agent Model for Hebbian Learning of Social Interaction
	Introduction
	The Adaptive Agent Model Based on Hebbian Learning
	Example Simulations of Learning Processes
	Formal Analysis
	Discussion
	References




