


60
80

100
120

140
160

80
100

120
140

40

60

80

100

120

140

160

20
40

60
80

100
120

80

100

120

40

60

80

100

120

140

160

180

-20
0 x1[mm]

x1[mm]

x2[mm]x2[mm]

x
3
[m

m
]

x
3
[m

m
]

Fig. 6. Left: end-effector trajectories of the robot putting the object into
the box. The thin line corresponds to the velocity model and the thick line
corresponds to the acceleration model. Right: online trajectory adaptation to a
target displacement using the velocity model. The circles indicate to location
of the box, as tracked by the stereo-vision system. The thick line shows the
produced trajectory and the thin line shows the original trajectory if the box
remained unmoved. Similar results were obtained with the acceleration model.
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Fig. 7. Left: the chess piece to be grasped. For a successful grasp, the robot
has to approach it as indicated by the arrows. Right: resulting trajectories for
the grasping task, starting from two different initial positions. The acceleration
model (thick lines) adapts the modulation to the initial position, while the
velocity model (thin lines) starts upward in both cases. The trajectory produced
by the velocity model and starting left of the target is not successful.

is able to produce different velocity profiles, depending onthe
starting position and is thus more versatile than the velocity
model.

V. D ISCUSSION

Our results show that the framework suggested in this
paper can enable a robot to learn constrained reaching
tasks from kinesthetic demonstrations, and generalize them
to different initial conditions. Using a dynamical system
approach allows to deal with perturbations occurring during
the task execution. This framework can be used with various
task models and has been tested for two of them, the velocity
model and the acceleration model. The results indicate thatthe
velocity model is too simplistic if the task requires different
velocity profiles when starting from different positions in
the workspace. The acceleration model, which models the
task as a dynamical system rather than as a trajectory,
is more sophisticated and can model more constrained
movements. However, it may fail to provide an adequate
trajectory when brought away from the demonstrations in
the phase space(x, ẋ). Other regressions techniques, such
as LWR, could also be used. But if there are inconsistencies
across demonstrations, simple averaging may fail to provide
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Fig. 8. The robustness to initial end-effector position forboth tasks. The
plots represent top views of the first (right) and second (left) experiment. The
filled markers (circles or squares) indicate all initial positions for which the
velocity model was successful. The circles (filled and non-filled) indicate all
initial positions for which the acceleration model was successful. The crosses
indicate initial end-effector position, for which both models failed. The dots
indicate the starting positions of the training set.

adequate solutions.
In its present form, the modulation factor between the
dynamical system and the task model (γ) is not learned.
Learning it from the demonstrations is likely to further
improve the performance of the system, especially for tasks
requiring a modulation at the end of the movement. It would
also be desirable to have a system that extracts the relevant
variables, and automatically selects the adequate model. A
first step in this direction has been taken in [24], where a
balance between different sets of variables is achieved.
Of course, the adequacy of this framework is restricted
to relatively simple tasks, such as those described in the
experiments. More complicated tasks, such as obstacle
avoidance in complex environments or stable grasping of
particular objects require a detailed model of the environment
and more elaborate planning techniques. The tasks considered
for this framework are those that cannot be accomplished
by simple point-to-point reaching, but still simple enough
to avoid the complete knowledge of the environment. But
this framework could be extended to learn more complicated
tasks. In a first step in this direction, [18] investigates how
Reinforcement Learning can deal with obstacle avoidance.
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Abstract

Imitation plays an important role in the development of human beings. During
childhood, it provides means to learn new motor skills. During adulthood, imita-
tion helps the acquisition of several skills without the time-consuming process of
trial-and-error learning. Several theories have been proposed to explain the process
of imitation, but the question remains opened. The present study investigates the
behavior of normal subjects during imitation of simple movements. Possible correla-
tion between quality of imitation and attention behavior will be studied to underline
a possible correlation.

Key words: imitation, goal-direct imitation, specular imitation, anatomic
imitation, VITE model, Lagrange optimization, gesture modeling

1 Introduction

Humans were thought to learn to imitate over the first years of life. But work
from Meltzoff [Meltzoff and Moore, 1977, 2002] has shown that even new-
borns can imitate body and facial movements at birth. Questions that arise
from the study of imitation are related to its underlying mechanisms. Melt-
zoff and Moore [Meltzoff and Moore, 1997] propose the Active Intermodal
Mapping (AIM) to explain facial imitation in infants. AIM hypothesizes that
the perception and production of actions can be represented within a com-
mon framework. This common framework, or “supramodal” representation,
permits newborns to perform a matching process between their own move-
ments and the ones they see. An infant’s own movements then provide some
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proprioceptive information that can be compared to the visual target action.
Furthermore, AIM supposes a goal-directed matching process. Indeed, infants
will attempt novel means to reach similar actions, e.g. to obtain the same
effect as a tongue protruding to the side, infants will use a straight protruding
tongue associated with head rotated to the side.

To explain imitation, the direct matching approach has also been proposed.
This mechanism supposes that the observed action is directly linked to our
motor representation of the same action. The direct matching hypothesis is
closely related to the discovery of mirror neurons. The mirror system provides
a natural link between action understanding and imitation. Mirror neurons
were first discovered in monkeys’ brain. In area F5 of the monkey premotor
cortex [Rizzolatti et al., 1996, Rizzolati et al., 2002] neurons were found that
discharge both when the monkey performs an action and when he observes
a similar action made by conspecies or by the experimenter. These neurons
discharge during particular goal-directed hand movements such as grasping,
holding or manipulating some food or object.Evidence suggests that area F5
in monkeys’ brain correspond to an observation/execution matching system.

The direct matching hypothesis for imitation in humans supposes the exis-
tence of a mechanism similar to mirror neurons in monkeys. It supposes the
existence of a mechanism directly matching the observed action onto an in-
ternal motor representation of that action. The direct matching hypothesis
predicts that the areas where matching occurs must contain neurons that dis-
charge during action execution both when observing and executing the action.
Using functional magnetic resonance imaging, the authors in [Iacoboni et al.,
1999] showed an activation of the left frontal operculum (area 44) and the
right anterior parietal cortex (PE/PC). These findings indicate that these ar-
eas of the human brain have an imitation mechanism similar to mirror neurons
found in monkeys, as postulated by the direct matching hypothesis. The au-
thors proposed that the inferior frontal area describes the precise details of
the movement. In contrast, the parietal lobe area codes the precise kinesthetic
aspects of the movement.

Recent findings in the field of imitation do not fit with previously presented
theories of imitation. The work by Bekkering and colleagues [Bekkering et al.,
2000, Wohlschläger et al., 2003] show that children’s behavior when imitat-
ing does not always follow a direct visual-to-motor mapping between per-
ceived and imitated movements. The new theory they propose, called the goal-
directed (GOADI) theory of imitation, hypothesizes that imitation is guided
by cognitively specified goals. When observing and executing an action, imi-
tators do not imitate the observed movement as a whole, which would be the
expected outcome with previous theories of imitation, but instead decompose
the action into separate aspects. These aspects are following a predefined hi-
erarchy. At the top of the pyramid can be found the goal of the action. All
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the other aspects of the movement are seen as sub-goals, thus of less imitative
importance. In the presence of a target or object (transitive actions), experi-
ments show that movements seem to be imitated correctly with respect to the
goal, but the movement itself is frequently ignored. When dealing with intran-
sitive action, i.e. when there is no target/object at the core of the movement,
the movement itself tends to become the main goal of the action. In that case,
the particular kinematics of the movement are precisely reproduced.

In real life, children show a strong tendency to imitate actions as if looking in
a mirror (specular mode) rather than with the anatomically congruent hand
(anatomic mode). Furthermore, most studies on imitation have used mirror
imitation and very few experiments have been conducted to test whether a
difference exists between mirror and non-mirror imitation.Previous study [Ia-
coboni et al., 1999] shows patterns activity in the frontal opercular and poste-
rior parietal regions for both observed and executed actions. Koski et al. [Koski
et al., 2003] show that the activity in the frontal opercular and posterior
parietal regions varies as a function of the type of imitation, specular versus
anatomic mode, being performed. Their results show different neuron activity
in frontoparietal regions during different forms of imitative behavior. It en-
hances the importance of mirror neurons for imitating in the specular mode.
Franz et al. [Franz et al., 2007] provide further results on comparison of spec-
ular and anatomic modes for imitation. They hypothesize that in imitative
tasks involving both hands, both specular mode and anatomic mode are in
competition, and the shift from one type of imitation to the other depends on
the task, situation, and stimuli as well as the instructions given to the imitator.
They also showed that when using mirror imitation, the goal of the action (the
final target) is at the top of the hierarchy of movement aspects. These find-
ings provide more grounding for the GOADI theory of imitation [Bekkering
et al., 2000], but they also show that this tendency is inverted when dealing
with anatomic imitation. In this condition, the use of the anatomically correct
hand tends to take the first place in the hierarchy of imitation goals.Overall,
their findings suggest that specular and anatomic imitation are two distinct
processes and in consequence the two modes may obey different principles.

2 Materials and Methods

2.1 Subjects

Nine healthy subjects (4 females, 5 males, mean age 25 ± 4) volunteered to
perform a one-handed task consisting of point-to-point motions. All subjects
were right-handed (Edinburgh Handedness test [Oldfield, 1971]). They were
all naive regarding the purpose of the experiment. They reported no history
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of neurological or musculo-skeletal deficits. All had normal or corrected to
normal vision.

2.2 Procedure

Subjects were comfortably sitting on a chair in front of a table. They were
asked to maintain a steady trunk position all along the recording session. Each
hand movement started in the same rest position, with the right forearm lying
on the table, and it being perpendicular to the trunk. Subject’s left arm was
placed under the table and they were asked not to use it during experiments.
They were facing the demonstrator who had both arm placed on the table.
Figure 1 presents the set-up with the experimenter, on the right, showing a
movement to the subject, on the left.

Fig. 1. Experimenter (on the right) showing a movement to reproduce to the subject
(on the left).

Subjects were shown by the experimenter a series of movement to reproduce.
There were two conditions. In the first condition, movements were directed
towards an object placed 30 cm away from the subject, in the sagittal plane
(Figure 2). Both the subject and experimenter had a similar object placed
in front of them at the same time. In the second condition, subjects had
to reach in front of them and land their hand palm-down on the table. No
location on the table was specified in this second condition. We refer to these
two conditions respectively as transitive (Trans) and intransitive (Intrans)
movements in the rest of the paper.

For each condition, the subjects were shown two variants of the movements.
In the first variant (so-called “Elb”), the experimenter was exaggeratedly el-
evating the elbow throughout the motion. In the second variant (so-called
“Norm”), the experimenter was performing the motion in way as natural as
possible. Movements performed by the experimenter were thus of four types:
intransitive with normal kinematics (Intrans Norm), intransitive with an
exaggerated elevation of the elbow (Intrans Elb), transitive with normal
kinematics (Trans Norm) and transitive with an exaggerated elevation of
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Fig. 2. Left: Set-up seen from the right side with the subject in the rest position.
Right: upper view of the set-up with the position of the target when performing
transitive motions

the elbow (Trans Elb). For transitive actions, two objects were placed on
the table, one for the subject, the other one for the experimenter. The objects
were similar for both the subject and experimenter.

Intrans Norm Intrans Elb Trans Norm Trans Elb

Fig. 3. Snapshots of the four gesture types. From left to right: Intransitive action
with normal kinematics and with an exaggerated elevation of the elbow. Transitive
movement with normal kinematics and with an exaggerated elevation of the elbow.
One can see that for the “Elb” variant the elbow position is always higher than for
movements performed with normal kinematics for both the “Intrans” and “Trans”
conditions.

Subjects were shown a series of 128 movements (Table 1). They were explicitly
told to reproduce the movement as soon as possible once the experimenter
has shown them the movement. If the subject had questions about how to
reproduce the movements, they were just told to do it the way they thought
would be the most suitable to reproduce the movement.

Subjects Movements per session Recording sessions per subject

9 128 1
Table 1
Statistics of the database.

The experiment was decomposed in three distinct phases. In the first phase,
the experimenter showed the movements only with the right hand. In the sec-
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Fig. 4. Left: subject wearing markers on the right arm (markers are surrounded by
red squares). Right: shoulder-centered frame of reference.

ond phase, both right and left hand were used. As the subjects was asked
to perform movements only with the right hand, some confusion occured at
that point during experiment. When the experimenter first showed movements
with the left hand, subjects wanted also to switch hand to reproduce the move-
ment. As they were told to use only the right hand, they asked for additional
information about what to do. They were told to reproduce the movement
with their right hand and they were reminded to always use their right hand
in the remaining of the experiment. In the third and last phase, the experi-
menter again used only the right hand to perform the motions. These phases
are conceptually distinct in the design of the experiment but had no incidence
on the course of the experiment. In each phase, the experimenter was showing
the four motion types. The detailed scenario of the experiment is presented in
Appendix A. Subject’s gaze data were also recorded during the experiment.

2.3 Data acquisition

The trajectories in space of the shoulder, elbow and wrist were recorded by
using kinematics recording system formed by three ProReflex MCU1000 cam-
eras (QUALISYS AB, Sweden) detecting the 3D position of infrared reflecting
markers (n=4 for the subject and n=6 for the experimenter) positioned on the
left and right shoulders, right elbow and right wrist for the subject and exper-
imenter, as well as left elbow and left wrist for the experimenter. The position
of the markers was recorded at a frequency of 200 Hz during the execution of
the movements. Figure 4 presents one subject wearing the markers as well as
the shoulder-centered frame of reference used in the following of the paper to
calculate wrist and elbow trajectories.

Eye movements of the subject were recorded using a Tobii X50 eye tracker.
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2.4 Data analysis

All analyzes were performed using the Qualisys Track Manager (QUALISYS
AB, Sweden) and ClearView 2.5.1, plus custom software written in Matlab
(Mathworks, Natick, MA). Analysis was done solely on the reaching phase
of each movement (from the rest position to the target location in the case
of transitive gestures, and from the rest position to the hand placement on
the table in from of the subject for intransitive movements). Data were first
segmented manually to remove any irrelevant movement prior to the onset of
the reaching movement. We used only unfiltered raw values.
In order to analyze the gaze data, we decomposed the scene area into 4 main
zones: Face, Right Arm, Left Arm and Center Region. The Center Region
goes from the target position on the table to the hand not moving during the
movement. Figure 5 presents the four areas.

Fig. 5. Areas defined for the focus of attention of the subject while the experimenter
is demonstrating a movement.

Fixation analysis was performed with a fixation radius of 30 pixels and a
minimum fixation duration of 100 ms.

3 Results

3.1 Evolution of the elbow raise across phases

The quality of imitation can be assessed at two different levels. Firstly, the re-
production of the goal of the movement, i.e. reaching for an object (Trans) ver-
sus place the palm-down on the table (Intrans) is taken into account. Secondly,
we can study the reproduction of the kinematic features of the movements.
All subjects reproduced perfectly the change in condition of the movements
(Intrans versus Trans). We can thus say that all subjects reproduced very well
this characteristics of the motions during all three phases of the experiment.
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None of them performed an intransitive motion when a transitive one was
demonstrated and vice-versa. The presence or absence of the object was an
obvious characteristic of the motion and thus it was very difficult to mistake
one motion condition for the other.
The reproduction of the kinematic features of the movements in the first phase
of the experiment shows two main categories of subjects. The first category
includes Subjects 1 and 2 who already reproduce the two motion variants. The
remaining subjects belong the the second category. These subjects poorly re-
produce the exaggerated raise of the elbow in the Elb variant. Figure 6 presents
the mean raise of the elbow for the Norm and Elb variants of the movements
of the subject and experimenter for the Phase 1 of the experiment. On the
left graph, the difference between Norm and Elb movements is well defined
as the mean values of the elbow raise for the subject and experimenter are
comparable. Conversely in the graph on the right, mean value for the Norm
and Elb movements reproduced by the subjects are equal, thus not showing
any difference between the two motion variants.

Fig. 6. Mean value for the raise of the elbow for Norm and Elb movements for
both the subject and experimenter during Phase 1. On the left: subject reproducing
the different motion types accurately. On the right: subject poorly reproducing the
kinematic features of the movements

These results thus show that subjects have not equal imitation capabilities.
Results in Phase 1 demonstrate that the fine reproduction of motion is inher-
ently different from one subject to the other one.

We hypothesize that an unusual event can modify the reproduction capacities
of the subjects. In Phase 2 of the experiment, we thus introduced an unusual
event. In this phase, the experimenter switches between hands to show the
movements to the subject. Subjects 1 and 2, who were already reproducing
the exaggerated elevation of the elbow in Phase 1, are still showing strong
imitation skills. For all the other subjects, an improvement is visible in Phase
2. Figure 7 shows the evolution of the mean raise of the elbow across the
two phases for two different subjects. The graph on the left shows a subject
performing well on both Phases 1 and 2 of the experiment. The other graph
demonstrates a dramatic improvement in the reproduction of the reproduction
of the Elb variant of the movements.
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Fig. 7. Mean value for the raise of the elbow for Norm and Elb movements for
both the subject and experimenter during Phases 1 and 2. On the left: subject
reproducing the different motion types accurately across the two phases . On the
right: subject poorly reproducing the kinematic features of the movements during
Phase 1 but showing some improvement in Phase 2.

This improvement in the reproduction of the kinematic features of the move-
ments lasts until the end of the experiment (Figure 8), except for Subject 8
for whom the improvement is visible only during Phase 2.

Fig. 8. Left: comparison of the mean raise of the elbow for the Norm and ELb
movements for the subject (in light gray) and the experimenter (in dark gray). The
evolution of the raise of the elbow is shown separately for each phase of the experi-
ment. Right: Each dot corresponds to a single motion performed by the subject. The
blue area corresponds to the range of Norm movements shown by the experimenter.
The green ares corresponds to the Elb movements. The boundaries correspond to
the mean value of the raise of the elbow plus or minus two standard deviations.

The Pearson coefficient 1 between the raise of the elbow of the experimenter
and subject (Table 2) shows that a strong correlation exists between move-
ments performed by the experimenter and movements reproduced by Subjects
1 and 2 (ρ >= 0.9).

1 The Pearson coefficient is the sum of the products of the normalized values of the
two measures divided by the degree of freedom. The Pearson coefficient ranges from
+1 to -1. If ρ = 0, then there is no linear relationship between the two variables.
On the contrary, if |ρ| = 1, then there is a perfect linear relationship between the
two variables.
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Correlation ρ

Subject Total Phase 1 Phase 2 Phase 3

Sub.1 0.96 0.93 0.94 0.95

Sub.2 0.90 0.92 0.85 0.93

Sub.3 0.80 0.73 0.80 0.85

Sub.4 0.44 0.10 0.46 0.78

Sub.5 0.82 0.76 0.83 0.86

Sub.6 0.81 0.64 0.81 0.94

Sub.7 0.54 0.33 0.64 0.62

Sub.8 0.56 0.60 0.58 0.51

Sub.9 0.81 0.77 0.85 0.84
Table 2
Pearson coefficient between the raise of the elbow of the experimenter and subject.

Furthermore, the evolution of the Pearson coefficient along the three phases
of the experiment shows an increase of its value in Phase 2 for most of the
subjects.

If we now compare the reproduction of movements in Phases 1 and 3 of the ex-
periment, results show that an improvement of the reproduction of kinematic
features by the subject. These results

These results show that an unusual event is able to modify the imitation state
of the subject. In our case, the goal of this unusual event was to attract the
attention of the subject on the hand of the experimenter. Results showed that
this has also improved its capacities to reproduce accurately the kinematic
features of the movements described in this paper.

3.2 Focus of attention

Figure 9 presents the percentage of fixation time subjects spend on the area
of the arms of the experimenter.

From Phase 1 to Phase 2 of the experiment, the fixation time spent on the
arm regions (Right Arm and Left Arm) increases for every subject. This shows
that the unusual event introduced in Phase 2 has an effect on the attention
focus, attracting the subjects gaze on the arms of the experimenter. We have
shown in the previous Section that the unusual event introduced in Phase
2 had a positive effect on the reproduction of the kinematic features of the
movements. This improvement may be due to this switch in the attention
pattern that occurs during Phase 2.
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Fig. 9. Evolution of the percentage of fixation time spent on the arms of the exper-
imenter for each subject and each phase of the experiment.

The behavior of Subject 2 is an outlier as the fixation time spent on the
Right Arm and Left Arm area is close to zero. Most of the fixation points are
localized in the Center Region (Figure 10).

Fig. 10. Blue dots correspond to the focus points during an intransitive movement
with normal kinematics (Intrans Norm) for Subject 2.

A thiner analysis of the fixation points in the Center Region shows that most
of the fixation points are localized on the arm/wrist.

4 Discussion

• Unusual event implies a change in the behavior of the subject as the repro-
duction of kinematic features improves in Phase 2 of the experiment.
• Unusual event also implies a modification of the gaze of the subject as the

time spent fixating the arms of the experimenter increases.
• The displacement of the focus of attention is linked to the quality of the

reproduction of the kinematic features of the demonstrated motions.
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A Scenario of the Recordings

The recordings can be decomposed into three parts. In the first and last part,
the demonstrator is using only her right hand to perform the movements
whereas in the middle part, both right and left hands are used to perform
the actions. The first part consists of 32 gestures, the second of 64 gestures
and the last part of 32 gestures again. We use the following notation: R for
right hand, L for left hand, TR for transitive action and INT for intransitive, n
means with normal kinematics and e are gestures performed with an abnormal
elevation of the elbow.

Phase 1: R TR e - R INT n - R TR e - R INT n - R TR n - R INT n - R
TR e - R INT e - R INT e - R INT n - R TR e - R TR n - R TR e - R INT e
- R TR n - R TR n - R INT e - R INT n - R INT n - R TR n - R INT e - R
TR n - R INT n - R INT e - R TR e - R TR n - R INT e - R TR e - R INT
n - R TR n - R INT e - R TR e.

Phase 2: R INT n - L INT n - L TR e - L TR e - R INT e - R INT n - R TR
e - R INT n - L TR n - L INT e - L TR n - R TR e - R TR e - R INT e - R
INT n - L INT n - L INT e - R INT e - R TR n - L TR n - L INT e - L INT
n - R INT e - L TR n - L INT e - R TR n - L TR e - R INT e - L INT e - R
INT e - R TR e - L TR n - R TR n - L TR e - R TR n - L TR n - R INT e -
L TR e - R TR n - L TR n - L INT e - R INT n - L TR e - R TR n - R TR
n - L INT e - R INT n - L TR n - L INT n - L TR e - L INT n - L TR e - R
TR e - R TR n - L INT n - R INT n - R TR e - R INT n - R TR e - L INT e
- L INT n - R TR e - R INT e - L INT n.

Phase 3: R TR n - R TR e - R INT n - R TR e - R INT e - R TR e - R INT
n - R INT e - R INT n - R TR e - R INT n - R TR n - R TR n - R INT n -
R TR n - R INT e - R TR e - R INT n - R TR e - R INT e - R TR n - R TR
e - R TR e - R TR n - R INT e - R INT e - R INT n - R TR n - R TR n - R
INT n - R INT e - R INT e.
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