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Description from Technical Annex 
 
Technical report on kinematic patterns and coordinate frames underlying eye-hand coordination in trajectory 

modification and imitation (T.4.6, M18)  
 
Abstract 
 
In this task we have studied eye-hand coordination in two tasks. The first task is motor imitation. The 

work in this task involved recording and analysis of eye movements during the observation of a 

moving visual stimulus (a dot) moving in a way that complies  with biological motion planning 

principles  and the analysis of arm movements  recorded during the subsequent reproduction of these 

movements. The second part of this work involved a task where naïve subjects observe the 

movements of proficient subjects and are instructed to imitate these movements. We then developed 

computational algorithms aimed at decomposing  the movements of proficient subjects and the 

imitators into elementary motion strokes based on the 2/3rd power law and comparing the durations 

ÁÎÄ ÎÕÍÂÅÒ ÏÆ ÓÔÒÏËÅÓ ÉÎ ÔÈÅ ÉÍÉÔÁÔÏÒÓ ÖÅÒÓÕÓ ÔÈÅ ÐÒÏÆÉÃÉÅÎÔ ÓÕÂÊÅÃÔÓȭ ÔÒÁÊÅÃÔÏÒÉÅÓȢ  4ÈÅ ÔÈÉÒÄ ÐÁÒÔ ÏÆ 

the work describes a pilot study of gaze and hand motion during grasping. 
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EPFL-Weizmann collaboration. 

 

The EPFL (Group of A. Billard) and the Weizmann Institute (group of T. Flash) have started a collaboration 

on the topic of eye-hand coordination. This collaboration entails both the exchange of hardware and of 

ideas to conduct studies on eye-hand coordination.  

 

Hardware exchange: EPFL provided the Weizmann team with a copy of the wearable eye-tracker, the 

Wearcam to enable tracking of gaze during natural motion.  The eye tracker was used in the initial design 



and testing of the experiments although a different eye-tracking system was used in the more recent 

portions of the work conducted by the Weizmann group on motor imitation. 

 

Exchange of ideas: A pilot study of gaze and hand motion during grasping was conducted at EPFL this year. 

This work was not sponsored by AMARSI, but by the EPFL-IST partnerships and by the first-MM project 

(where EPFL is a partner). However, the design of the study and part of the analysis of the data benefitted 

greatly from conversations between the two PI-s (T. Flash and A. Billard)  at Weizmann and EPFL. Note that 

this work also benefitted from input from Prof. Jose Santos-Victor at IST, who is not a partner in Amarsi. 

Because this work sets the ground for the EPFL-Weizmann collaboration on modeling the observed 

behavior and implementing on the iCub robot, that will be conducted in the months to come, we briefly 

summarize the main results of this study next.  

 

1. Eye Hand Coordination during Motor Imitation 

Introduction 

Imitation serves as important means for skill acquisition in humans and plays an important role in social 

interactions.  It is no surprise, then, that imitation has been the subject of a great number of studies that 

have addressed it from different perspectives ranging from primatology to motor control to social cognition 

(see Rumiati and Tessari, 2007 for a review). From a motor control perspective, we can say that imitation, 

like similar other motor capabilities, should obey the same motor rules that characterize movements in 

general, such as the 2/3 power law (Lacquaniti et al., 1983) or the isochrony principle (Viviani and Flash, 

1995ύΣ ŀƴŘ CƛǘǘǎΩ ƭŀǿΦ {ǳŎƘ ƭŀǿǎ ƘŀǾŜ ōŜen used as tools for identifying discrete elementary motion units, or 

ΨǇǊƛƳƛǘƛǾŜǎΩ όŀōƻǳǘ ǘƘŜ ǊƻƭŜ ƻŦ ǇǊƛƳƛǘƛǾŜǎ ƛƴ ƳƻǘƻǊ ŎƻƴǘǊƻƭΣ ǎŜŜ CƭŀǎƘ ŀƴŘ IƻŎƘƴŜǊΣ нллрύΣ ǘƘŀǘ Ƴŀȅ ŎƻƳǇǊƛǎŜ 

all human motor acts. If such primitives exist, they should also be implemented in imitation, and possibly 

play a significant role both in motion perception and planning and movement execution. 

Indeed, imitation paradigms allow researchers to analyse both the perceptual and the motor stages. By 

focusing on perception, we can find out what the visual system is attending to, and this may help us in 

identifying points in space and time of particular relevance for the gestures to be imitated; in the second 

step involving the generation of the imitated movements, we can then analyse the observed performance. 

In the work described here our aim is to investigate whether gazing behaviour and motor output 

generation converge by showing that movements are composed of segments or primitives. 

Imitation, however, is influenced by the characteristics of the imitated gesture. There are studies showing 

that imitation is modulated by whether the movement is or not biological. Kinematics of gestures too 



seems to play an important role both during passive viewing (Casile et al., 2010, Dayan et al., 2007) and 

during imitation. For instance, Kilner et al. (2007) have argued recently that kinematics is important for the 

imitation of biological movements. Moreover, Noy et al. (2009) showed that kinematics by itself can elicit a 

behavioural response from non-biological stimuli which is similar to the response elicited by biological 

stimuli. 

In this study, we used eye tracking during imitation tasks in order to identify, the features of the biological-

like movements which are salient during perception, and then to analyse the motor performance in order 

to verify whether such features play some role during the motor act (experiments 1-2). Such features could 

be, for instance, the start and end-points of movement segments compliant with the 2/3 power law, or via-

points for the minimum jerk model. Such points could also be goal-points at which the movements can 

achieve minimum variance among repetitions, which may suggest that position is coded and controlled 

more accurately at these points. 

In experiments 1 and 2, we also analysed if repeating the experimental tasks more than once would affect 

either the characteristics of the hand movements or of the eye fixation patterns (or both): recent studies 

(Maryott et al., 2011) have shown a quick improvement in the first two trials of a repeated imitation task, 

followed by a ceiling effect, and a similar trend was found in earlier works by members of the Weizmann 

lab (Noy, Ph.D. Thesis, 2009). 

Since we did not expect that all participants would reproduce the shapes in the very same way, we 

ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ άƳƻǘƻǊ ǘŜƳǇƭŀǘŜǎέΣ ƛΦŜΦ ƻŦ ǎǇŜŎƛŦƛŎ ǿŀȅǎ ƛƴ ǿƘƛŎƘ ǘƘŜ ǎǳōƧŜŎǘ ǿƻǳƭŘ ǊŜǇǊƻŘǳŎŜ 

the stimulus movements, and studied whether in our task (during which the subject had no feedback of 

their performance)  the observed behaviour can be better accounted for by reflecting learning, namely , the 

subjects learned to reproduce gestures which are more similar to the stimuli presented) or by a 

consolidation of internally represented stable  motor templates, to be used in movement generation in 

later trials. 

These first two experiments left, however, an open issue unresolved: whether the eye fixation patterns are 

ΨƎǳƛŘŜŘΩ ōȅ ǘƘŜ ƎŜƻƳŜǘǊƛŎŀƭ ƻǊ ōȅ ǘƘŜ ƪƛƴŜƳŀǘƛŎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎs of the stimuli, since the two are strongly 

coupled in biological motion planning. Moreover, motor performance seems to be affected by kinematic 

changes. To address this question, using a set-up similar to the one used in Experiments 1-2,  in the future 

we plan to conduct an additional study in which participants will attempt to imitate movements that either 

comply or violate biological kinematics. 

 

Experiment 1 and 2 



To date, only few studies investigating the coupling between eye movements and action, and especially eye 

tracking movements during copying and  imitation tasks have been conducted (L. Noy, 2009, Maryott et al., 

2011, Coen-Cagli, 2009) 

An experiment was designed in which we wished to relate gazing behaviour observed during action 

observation of several repetitions of the motor actions and the movements carried out by the subjects 

during motor imitation. Convergent results from these two different approaches may possibly shed light on 

the kinematic and geometric features relevant to both visual perception of the stimuli and their motor 

reproduction.  

 

Experiment 1. Methods and materials  

Participants. 15 participants, all right handed, with normal or corrected-to-normal vision took part in this 

experiment.  

Procedure. Participants kept their chin on a chin-rest and their head as still as possible, while looking at a 

нмέ /w¢ ό9ƛȊƻ CƭŜȄ{Ŏŀƴύ ƳƻƴƛǘƻǊ ǇƭŀŎŜŘ ƛƴ ŦǊƻƴǘ ƻŦ ǘƘŜƳΣ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ƻŦ мΦм ƳŜǘŜǊǎΦ Lƴ ŜŀŎƘ ǘǊƛŀƭΣ 

participants were presented with a video showing the movement of a dot moving along a curve and then 

were asked to reproduce this movement with a stylus on a graphic tablet (Figure 1.1).  

During the drawing phase, participants were not allowed to move their head nor look at the tablet. During 

the whole experiment, eye tracking data were recorded with the eye-tracker EyeLink II (SR Research), while 

Fig. 1.1 - Experiment setup 



ǘƘŜ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ŀǊƳ ƳƻǾŜƳŜƴǘǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǳǎƛƴƎ ŀ ²ŀŎƻƳ Lƴǘǳƻǎ ŘƛƎƛǘƛȊƛƴƎ ǘŀōƭŜǘΦ  

 

The video shown (see attached video link) lasted 3.5 seconds, was displayed at 60 Hz depicting a dark blue 

(RGB coordinates: 0 0 80) dot (0.5 viewing degrees at viewing distance) moving along the path of a 

displayed curve. There were three possible paths: Limaçon of Pascal, three-petal rose and an egg curve, and 

the dot could trace these paths in a clockwise or counter-clockwise direction. The starting point was fixed 

for each curve (fig. 1.2), and  in order to mimic a biological movement (Lacquaniti et al, 1983),   the dot was 

moving along the curve according to the 2/3 power law. In 40% of the trials, an additional drift correction 

step was applied, aimed at removing artefacts caused by the shift in head position and/or the headband. 

Videos were shown at a randomized order, and after each video the screen reversed to having a uniformly 

grey background (RGB: 

200, 200, 200) and the 

subjects had to draw on 

the tablet what they have 

just seen. 

Prior to the experiment, 

the eye-tracker was 

calibrated and the subjects were familiarised with the task using a different set of stimuli (6 training trials). 

 

Experiment  2. Methods and materials 

Participants. 13 participants, all right handed with normal or corrected-to-normal vision took part in the 

experiment. 

Procedure. The procedure of this experiment was the same as in Experiment 1, with the exception of  a 

difference in the number of trials (18: 9 clockwise,  and 9 counter clockwise) and of the  duration of the 

stimuli to be imitated (longer: 4.5 seconds of motion vs. 3.5). 

Results: Eye Tracking 

To identify the features of the biological-like movements which are salient during perception, we analysed 

the fixation pattern during the presentation of the stimuli.  Since the moving dot subtended only 0.5 visual 

ŘŜƎǊŜŜǎ ŀƴŘ ǘƘŜ ŎǳǊǾŜΩǎ ǘǊŀŎŜ ƻƴ ǘƘŜ ǎŎǊŜŜƴ ǿŀǎ ǊŀǘƘŜǊ ǘƘƛƴΣ ƛǘ ǿŀǎ ǘƻ ōŜ ŜȄǇŜŎǘŜŘ ǘƘŀǘ ŦƛȄŀǘƛƻƴǎ ǿƻǳƭŘ ōŜ 

  

 

 

 
 

Fig. 1.2 - starting points (red stars) for each movement 



scattered around the curve and the moving dot, rather than being always exactly cantered on them (see 

Coen-Cagli et al., 2009 and Mataric and Pomplum, 1998, for analogous phenomena).  

Thus, as a preliminary operation, we divided the screen into square cells (80 x 80 pixels), and, in each trial, 

assigned all fixations to the cell they fell upon. 

We were then able to identify two different gazing patterns in the first group of subject (experiment 1); 

such finding was replicated again in the second group (experiment 2). The first pattern, that we will call 

behaviour A, or active, has a high percentage of fixations along the path of the curve, while the second 

pattern, that we will call behaviour R, or resting, is characterized by the long percentage of time spent 

gazing at the middle of the shape. 

To exclude low level saliency-based explanations for our result, we calculated saliency maps for our stimuli 

using a bottom-up algorithm, both for the actual stimuli displayed (video sequences) and for static images 

(the plot of the curve, without the dot moving). 

To compute the saliency map for the static images we used an implementation (from J. Harel) for Matlab of 

both the Itti et al. (1998) algorithm and the newer Graph-Based Visual Saliency maps (J. Harel, C. Koch, and 

P. Perona, 2006); while for video images we used only the GBVS algorithm. 

Significantly, the algorithm computed for the video failed to predict the behavior of the subjects, as it 

suggests continuous smooth pursuit. The saliency maps computed for the static images, however, were 

able to better capture the behavior of the subjects. It should be noted, though, that the subjects exhibited 

two different fixation behaviors during the trials ς saliency maps alone could not fully account for the full 

range of gazing behaviors we have described and, as all high saliency regions of the map lay along the path 

of the dot, could not account qualitatively for the observed behavior. 

Behaviour A 

In this phase of the experiments, the gazing behaviour could be described as a sequence of saccades and 

fixations, following the path of the presented stimuli. 

In this behaviour, subjects centred most of their fixations (mean =80.2% of total fixation time, sd 7.72) on 

visual bins (defined as above) crossed by the curve path, near high-curvature regions of the curve. High 

curvature regions were defined as the squares containing local extrema in curvature (see figure 1.3). 



 

 

 

 

 

 

 

 

 

 

 

Most of the time (mean = 91.5%, sd = 4.53% for experiment 1;  mean = 88.74%, sd = 3.45%) those fixations 

were lagging behind the point , starting after a catch-up saccade. There were however, a few cases in which 

the saccade actually ended with a fixation point occurring ahead in time of the movement of the moving 

dot. This latter case might be seen as evidence for true anticipatory eye movements. However, the 

frequency of such events did not increase in later trials as would have been expected as an effect of 

learning of the motion of the point, leaving open the question of the real nature of such anticipatory 

movements. 

There are three possible explanations as to why high curvature points are fixated more often during 

stimulus presentation: 

¶ The higher curvature points have a higher visual saliency 

¶ Subjects can only fixate on high curvature points, as they are the portions  of the curve where the 

point slows the most as predicted by 2/3 power law. 

¶ Subjects fixate high curvature points as they are most relevant for motor planning, having the role 

of endpoints of motor segments (primitives) or via-points as in the minimum jerk model. 
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Fig. 1.3- Time spent fixating along the path (all trials, subject MN) 



While we cannot completely rule out the first and second hypotheses with the experiments carried out so 

far (see future directions), there are two arguments supporting the idea of top-down processes underlying 

this fixation pattern. 

1)  Saliency maps for static images captured our fixation pattern better than saliency paths for 

moving stimuli. However, neither Itti-Koch nor GBVS could successfully predict the fixation 

locations observed for all the stimuli. 

2) Saliency maps computed with software algorithms (graph-based visual saliency maps) for 

the videos predicted a smooth pursuit behaviour along the entire duration of the trial. Instead, in 

our data smooth pursuit movements were very rare, even during the parts of the curve where the 

(slower) speed of the point would make them more probable.  

3) As anticipated, the fixation pattern changes during the experiment (see next section), 

reflecting some changes that cannot be explained by bottom-up processes (as the videos remain 

identical during all the experiments). 

 

Behaviour R 

This gazing behaviour is characterized by the fact that the subjects were generally not following the point 

or fixating along the curve during the visual presentation of the stimuli: Rather, they were directing their 

gaze towards the centre of the shape, defined as the 3x3 square formed by the grid squares around the 

center (see above), for more than half the duration of the trial (mean= 53.26%, sd = 9.21%), occasionally 

saccading towards a portion of the curve, fixating and then returning back to the center. 

This behaviour was established by the third or fourth trial for each subject and movement, meaning that it 

was on average used during two thirds of all trials executed by the participants (see Figure 1.4).  

We assigned each gazing behaviour to either group A or group R, based on the location of fixation points on 

the screen: excluding trials where the subject gazed towards the borders or the corners of the screen (if not 

outside of the screen) or randomly fixated the screen itself, without a preference for either the moving dot,  

 

ǘƘŜ ōƻǊŘŜǊ ƻǊ ǘƘŜ ŎŜƴǘŜǊ ƻŦ ǘƘŜ ǎƘŀǇŜǎ όϤмл҈ ƻŦ ǘƻǘŀƭ ǘǊƛŀƭǎύΣ ŀ ƎƛǾŜƴ ǘǊƛŀƭ ǿŀǎ ƭŀōŜƭƭŜŘ ŀǎ ΨwΩ ƛŦ ǘƘŜ ǎǳōƧŜŎǘ 

spent the (relative) majority of his time gazing toward the center of ǘƘŜ ŦƛƎǳǊŜΤ Ψ!Ω ƛŦ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ 

time was spent fixating the dot or along the path of the curve itself.  



Based on this criterion, the behaviour A was present in the first 2-3 repetitions for a given movement (i.e., a 

given shape and direction), while behaviour R was present during the subsequent trials.  We interpret this 

behaviour as being due to the habituation to the visual stimuli and to the learning of the motor task: at the 

end of the session, we asked subjects who were enrolled in experiment 2 whether they were aware of the 

change in their gazing behaviour, and, if they responded positively we have asked them to try and explain 

the shift in their behaviour.  Recall, however, that they were instructed ǘƻ ΨǿŀǘŎƘ ǘƘŜ ǾƛŘŜƻΩ ŀƴŘ ƴƻǘ ǘƻ 

follow the moving dot, nor were they given any other specific instruction. 

The vast majority of subjects (11/13) were aware of the change in their gazing behaviour; of those eleven, 

10 explicitly said that it was because they already learned the stimuli and the motor task.  

 

                       Fig. 1.4 Time spent fixating towards the center (all trials, subject MN) 

 

It does not seem that a general fall in the attention level due to fatigue can explain just by itself the shift to 

the gazing behaviour R in our case, for two reasons: 

¶ Gazing behaviour is already established by the 12th trial, that is after (on average) two 

repetitions of each different stimulus.  

¶ Previous studies have shown that imitative/copying performance greatly improves after 

just one or two trials, as did an experiment conducted in the Weizmann lab (unpublished). 

Instead, we believe that gazing behaviour A is maintained during the learning phase of the experiment, 

shifting to behaviour R when the movement is well known. Therefore, it seems that learning can modulate 
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the gazing behaviour: even if in our experiment the stimuli are presented at a random order, the subjects 

quickly learned to recognize the shapes, and could identify the movement from the first frames of the 

video (the only uncertainty source is due to the lack of knowledge in what direction the dot will move). 

 

Results: drawing data 

The analysis conducted so far focuses on two questions: whether position variability is lower in the vicinity 

of high curvature points, since those were the points most frequently fixated on during the stimulus 

presentation, and on describing any learning effect that might be found in the movement drawing data. 

The data were smoothed (3rd order low pass Butterworth filter, with a cut-off of 7 Hz), and start and end 

points of each movement trajectory were detected using a velocity threshold criterion (1/6 of the mean 

speed of the movement during that trial).  Data were then resampled to constant Euclidean speed, to avoid 

artefacts caused by oversampling of high-curvature areas. 

Learning 

We used Procrustes analysis to determine the distance between any given trial and the stimulus 

movement, or between pairs of trials.  

Procrustes analysis computes the set of Euclidean transformations (in our case, scaling, translation and 

rotation) that minimizes the distance d between two curves. 

For each subject, we computed the Procrustes distance between a given movement (stimulus) and the 

reproduced hand (drawing) 

movement, to assess the level of 

faithfulness of the reproduced 

movement to the original one. 

Furthermore, we repeated the 

analysis for all pairs of trials for a 

given shape and movement 

direction (clockwise or counter-

clockwise), in order to determine 

which stimuli were significantly 

different from the others. 

Thus, for each subject and gesture 
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Fig. 1.5    - Distance between original stimuli and arm movements, subject 
LS, all movements collapsed together 



we obtained both a measure of faithfulness to the shape of the original stimulus and a dissimilarity matrix, 

showing a measure of the difference between pairs of repetitions of the same movement.  

No statistically significant evidence for a learning effect was found: even if individual subjects showed a 

trend, we found no effect of the number of repetitions on accuracy of the arm movements.  

 

This is most likely due (see figure 1.5 as an example) to the high variability of the first trials. Since the later 

trials (4-9, in the example) looked similar, we ran a clustering algorithm to separate the first trials from the 

later ones.  Setting the maximum number of clusters to 2, we found that  in ~90% of the cases the 

algorithm separates a first cluster, composed of the first 2-3 repetitions, from a second one, composed of 

all the other repetitions. Figure 1.6 shows the size of the first cluster for the second group of participants 

(exp. 2), excluding the cases on which later trials were included in the same group as the first one. 

Thus, we can say that the subjects are developing their own way of imitating the movement they just saw 

ƻƴ ǘƘŜ ǎŎǊŜŜƴΦ ¢Ƙƛǎ ΨƭŜŀǊƴƛƴƎΩ ǇǊƻŎŜǎǎ ǘŀƪŜǎ ǇƭŀŎŜ ŘǳǊƛƴƎ ǘƘŜ ŦƛǊǎǘ ŦŜǿ ǘǊƛŀƭǎ όм-3) ς afterwards, the subjects 

use the template they have just learnt, without further updating or correcting it. 

 

 

 

 

 

 

 

 

 

 

Relationship between curvature and variability 

To investigate the relationship between curvature and variability, for each symbol and movement direction, 

we ran a simple test of the relation between the curvature, k, of each reproduced movement and its 

1 2 3
0

5

10

15

20

25

30

35

40

45

50

Size of cluster 1 (number of learning trials)

N
u

m
b

e
r 

o
f 
o

cc
u

rr
e
n

ce
s

Fig. 1.6 ς Length (in trials) of learning phase ς 12 subjects x 6 stimuli (n=72) 



distance d ŦǊƻƳ ǘƘŜ ΨŀǾŜǊŀƎŜΩ ǘǊƛŀƭ ŦƻǊ ŜŀŎƘ ǎǳōƧŜct, the idea being that if a given trial is very far from the 

average trial on a given point, variability there will be higher. 

We found that in ~60% of cases, curvature has a significant negative correlation with distance from the 

mean, meaning that variability in position is lower when curvature is high (see Figure 1.7). Thus, high 

curvature segments of the curve appear to be repeated relatively unchanged across trials, while other parts 

of the curve exhibit more variability.  

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions and future directions 

 

The main finding of this study is the identification of the relationship between learning and gazing 

behaviour; Once the stimulus is well learned, subjects pay less attention to the stimulus. This happens 

between the second and third repetitions of each possible stimulus, and is generally reflected by an 

equivalent trend in the drawing performance ς even if subjects are not drawing the shapes that exactly 

ǊŜǇǊƻŘǳŎŜ ǘƘŜ ǎƘƻǿƴ ǎǘƛƳǳƭƛΣ ǘƘŜȅ ŘŜǾŜƭƻǇ ŀ άǘŜƳǇƭŀǘŜέ ƛƴ ŘǊŀǿƛƴƎΣ ǘƘŀǘ ǊŜƳŀƛƴǎ ǎǘŀōƭŜ  ŘǳǊƛƴƎ ǘƘŜ ŜƴǘƛǊŜ 

sequence of trials, notwithstanding occasional mistakes or aborted trials. 

Taken together, these two phenomena suggest that subjective learning causes a shift in the gazing 

behaviour, either directly or because of a reduction in overt attention to the stimulus. 

There are still open questions: in particular, we could not completely determine whether the fixation 

patterns  during gazing behaviour  which were centred on local curvature maxima  reflect only low-level 
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factors or whether the slowing  down of the movement reflect higher, task-related reasons. These 

possibilities may indicate that the observed behaviour is due to visual processing mechanisms, motion 

planning mechanisms or the two combined. 

To answer these questions, a future experiment will be conducted aimed at investigating the gazing 

behaviour when the visual stimuli are not moving according to 2/3 power law, but rather with constant 

9ǳŎƭƛŘƛŀƴ ǎǇŜŜŘ ŀƭƻƴƎ ŀƭƭ ǘƘŜ ŎǳǊǾŜ ŀƴŘ ǿƛǘƘ ŀ ΨǊŜǾŜǊǎŜΩ ǇƻǿŜǊ ƭŀǿΣ ǎǳŎƘ ǘƘŀǘ ǘƘe point accelerates in high 

curvature portions of the curve. This was not done in this experiment because we focused on the imitation 

of a biologically plausible movement, since tracking a point moving along a curve without complying with 

the 2/3rd power law is a difficult task for most subjects. 

  



 

2. Segmentation of Imitation data using curvature-speed power laws 

Introduction 

In this section we will present a study of a kinematic segmentation of wrist trajectories which were 

recorded from naïve subjects imitating movements and from highly proficient actors. The kinematic 

segmentation was based on the well-studied power law dependency between speed and curvature in 

human produced trajectories. A generalized form of the power law predicts that, segment-wise, the speed 

profile of the movement, ὠȟ is inversely related to the curvature of the generated path, ‖ȟ according to the 

following formula:   

(1) ὠ ‌‖ȟ  

where ‍ is a constant that depends on the shape of the path, which is close to    for elliptic (Lacquaniti 

et al. 1983) and parabolic (Polyakov 2009, Handzel and Flash 1999) sections, and ‌ is a constant velocity 

gain factor.  

Especially in cognitive neuroscience it is often stated that natural movements are composed of elementary 

units which reoccur in forming complex motor output.  The nature of these elementary units and the 

mechanisms incorporated to compose the final movements are elusive. At least from a cognitive 

neuroscience perspective, it is presumed that the proficiency of the subjects with the motor task would be 

correlated with the degree of consistency of such elementary units across repetitions.  As subjects become 

more proficient with producing the motor task, the underlying elementary units are expected to become 

more consistent across repetitions.  

To directly examine this hypothesis, we generated two sets of movement populations, differing in the 

proficiency of the motor performance, one of which was recorded from naïve imitators and the second 

from highly proficient actors. We segmented those trajectories based on an algorithm that was previously 

developed in order to decompose sign language trajectories (Meirovitch and Flash in preparation). The two 

sets of trajectories were compared by quantifying the complexity of segmentation for each of the motor 

tasks across repetitions. In doing so we suggest that the complexity of power law segmentation may be 

used as an indicator for motor proficiency. The underlying motor control consideration is that the 

sequential properties of motion planning are realized by the organization of the power law segments which 

compose the movements.   



Our results indicate the existence of a sharp dissociation between the two sets of trajectories based on 

ǘƘŜƛǊ ǘŜƳǇƻǊŀƭ ŀƴŘ ǎǇŀǘƛŀƭ ŎƻƴǎƛǎǘŜƴŎȅΦ  aƻǾŜƳŜƴǘǎ ǘƘŀǘ ǿŜǊŜ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ ƛƳƛǘŀǘƻǊǎΩ ƎǊƻǳǇ ŦƻƭƭƻǿƛƴƎ 

the movements of the actors tended to show unpredictable segmentation patterns that differed from one 

repetition to the other in the locations of the breakpoints and in the average durations of the segments, 

while the movements produced by the proficient group showed segmentation patterns that were more 

ordered in space and time. Using Procrustes analysis followed by spatial clustering we demonstrate that the 

segments of the proficient trajectories reoccur across repetitions in a way that enables the building of 

robust mapping between the proficient trajectories and their decomposition into smaller geometric path 

segments that might play the role of geometric building blocks. This decomposition fails to subserve such a 

Ǌƻōǳǎǘ ƳŀǇǇƛƴƎ ŦƻǊ ǘƘŜ ƛƳƛǘŀǘƻǊǎΩ ǘǊŀƧŜŎǘƻǊƛŜǎΦ  

Data Acquisition  

We recorded hand-drawing movements in two imitation conditions, a real-time motor imitation of subject-

model movements (Online), and an imitation following an observation of the model movements (Post). 

Furthermore, we separately recorded the movements of two proficient models (actors). The positions of 

the end-effector were recorded using a motion capture device (Polhemus, 240Hz).   

 Stimuli 

Symbols were drawn from the Hebrew alphabet: Tsadik, Pe, Ain, Zain, Lamed, Bet, Gimel, and Dalet. Each 

symbol was repeatedly presented in the experimental protocols of each of the conditions for several times 

ranging between seven and eleven repetitions performed in a sequential order. The symbols were chosen 

so that they could be continuously drawn without any pauses during the drawing of an individual symbol. 

 Subjects 

We recorded four subjects, two (non-proficient) Italian imitators (V, CCD) who were unfamiliar with the 

stimuli consisting of the Hebrew alphabet, and two (proficient) Israeli actors (J,H) who acquired and 

practiced Hebrew handwriting since childhood. Each of the imitators was recorded during the two 

experimental conditions (Post, Online) and the two actors were separately recorded in the model condition 

(Proficient). The movements of one of the actors (J) were used in the imitation tasks performed by the non-

proficient subjects while watching and imitating the proficient subject. 

 Condition 1 ς Imitation-Online 

Subjects were required to imitate in real time while watching the gestures performed by the actor. Subjects 

were to trace the movement in free space, and trajectories of their end-effector (finger) were recorded. 



The order of symbol presentation was fixed across repetitions. The cycle of eight symbols was repeated at 

least seven times for each subject (maximum for eleven times). Both the actor and the imitator, who sat 

opposite each other, used their dominant-hand (right). Thus, the finger movements of the imitator were 

mirror images of the movements of the actor. On the sounding of a computer-generated auditory cue (a 

beep alarm) the actor placed his hand at the respective initial location, and when cued, executed the motor 

task. Arriving at the end location, the actor waited for another auditory cue (a double beep, after five 

seconds following the first beep alarm). For all the stimuli, the subjects were requested to follow the wrist 

movement of their model. 

Condition 2 ς Imitation-Post 

The recording procedure was similar to the Online Condition with the following modification. The symbol to 

be imitated was each time presented by the actor prior to the imitation task (Post), instead of 

simultaneously with it (Online). 

Condition 3 ς Proficient Actor 

CƻǊ ǘƘŜ ǇǊƻŦƛŎƛŜƴǘ ŎƻƴŘƛǘƛƻƴΣ ǿŜ ǎŜǇŀǊŀǘŜƭȅ ǊŜŎƻǊŘŜŘ ǘƘƻǎŜ ŀŎǘƻǊΩǎ ƳƻǾŜƳŜƴǘǎ όWύ ǘƘŀǘ ǿŜǊŜ ǳǎŜŘ ƛƴ ǘƘŜ 

imitation conditions 1 and 2 (Online, Post). 

Computational Procedure 

The paradigm and methods were mostly adopted from our previous work on Israeli Sign Language wrist-

trajectories (Meirovitch Master Thesis, 2007 and Meirovitch and Flash in preparation 2011) and thus are 

briefly described.  

In short, segmentation of the recorded movements was carried out based on measuring the compliance of 

sub-segments with the beta power law as in Equation 1. Then, to select the power law segments for each 

repetition, an optimization algorithm was implemented based on a cost function involving the minimization 

of the number of segments and their mutual overlapping, while maximizing the time spanned by the power 

law segments (Figure 2.2). The optimization procedure was carried out using dynamic programming. In 

doing so, every repetition was mapped into a list of power law segments. In previous implementations, the 

power law segments of each repetition were manually labeled (Meirovitch, 2007) so as to identify the 

matching segments across the repetitions of a movement. In order to fully automate this procedure, in this 

study a geometric clustering procedure was implemented as described below. For each symbol, 

independently, the algorithm labeled repeated segments by comparing their shape similarity based on the 

use of Procrustes analysis (Figure 2.1) and using a hierarchical clustering method. The parameters of the 

power laws governing the movements were not taken into account in the clustering method, which was 



based only on the positions of the segments along the paths of the movements. Following these 

procedures, our dataset included a set of labeled segments, according to the resulting clusters, for each of 

the repetitions of each symbol. The labels were then stored for further analysis. 

 

  Procrustes Alignment of Bet, proficient actor (H)  

 

Figure 2.1 

The repetitions of the letter 
ά.Ŝǘέ ǇŜǊŦƻǊƳŜŘ ōȅ ŀŎǘƻǊ I 
were aligned using Procrustes 
analysis. One repetition was 
arbitrarily chosen, with 
respect to which the rest of 
the other repetitions were 
rotated, translated and scaled 
so as to minimize the 
Euclidean distance. 



 

 

 

 

 

 

 

tƻǿŜǊ ƭŀǿ ǎŜƎƳŜƴǘŀǘƛƻƴǎ ƻŦ ά[ŀƳŜŘέΣ ǇǊƻŦƛŎƛŜƴǘ ŀŎǘƻǊ όIύ 

   

   

   

Figure 2.2 

¢ƘŜ ǊŜǇŜǘƛǘƛƻƴǎ ƻŦ ά[ŀƳŜŘέ ōȅ ŀ ǇǊƻŦƛŎƛŜƴǘ ŀŎǘƻǊ όIύ ǿŜǊŜ segmented based on the coefficient of 
determination (R2) of the compliance with the beta power law, resulting with a set of power law competing 
segments. Using dynamic programming, an optimization criterion was implemented to select the power law 
segments of each repetition so as to minimize the number of segments and their mutual overlapping, while 
maximizing the time spanned by power law segments. The trajectories (light blue) and the segments (thick 
blue and green) of each of the repetitions were plottedΦ .ŀǎŜŘ ƻƴ ǘƘŜ ƎŜƻƳŜǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ά[ŀƳŜŘέ 
shape two types of segments can be observed (marked in green and blue), which makes a simple and well-
ordered segmentation. 



Results 

Compliance with the power law 

All movements were highly compatible with the beta power law (Figure 2.3). For all subjects and in most 

symbols, above 0.6 of the production time was covered by power law segments. There was no clear trend 

suggesting a contrast between the two groups and in general it can be said that the covering values (~0.78 

± 0.15) were compatible with previous findings (Meirovitch, 2007) and similar among the imitators and 

proficient subjects. 

  

Number of segments 

Following power law segmentation, we inspected the number of segments for each of the symbols across 

repetitions. We examined whether the mean value of the number of segments was different for the two 

imitation conditions (Post, Online) and the model condition (Proficient). One-way ANOVA tests were run for 

each of the imitators against each of the actors (2x2).  

In Table 2.1, we compared the imitation online condition (subject V) with the proficient actor condition and 

for control purposes also in between actors (J and H). The number of segments was statistically 

distinguishable for about half of the symbols while the rest were statistically indistinguishable (p > 0.1). In 

any event, low p-values were obtained for the same symbols in the two tested pairs (V-J, V-H) as 

emphasized in Table 2.1. 

 

 

Figure 2.3  

The percentage of the total production-time covered by 
power law segments is presented for the two proficient 
actors (J, H) and the two imitators (CCD, V). The upper panel 
shows percentage mean values calculated over the proficient 
(J, H) and the online imitation (CCD, V) repetitions, for each of 
the eight symbols. The lower panel shows standard 
deviations. Although the proficient model (J) showed the 
highest cover and one of the imitators the lowest cover, the 
two other actor and imitator subjects showed similar cover 
percentages. 



 

Letter  

p-value 

Prof-Online (H1 vs. 
V1) 

Prof-Online (J1 vs. 
V1) 

Prof-Prof (H1 vs. J1) 

Tsadik .006 .079 .173 

Pe .325 .146 .783 

Ain .493 .211 .599 

Zain .0003  < 0.0001 .595 

Lamed .002 < 0.0001 .022 

Bet .618 .618 1 

Gimel .224 .792 .324 

Dalet  .058 .011 .449 

   

 

 

 

 

The durations of segments  

Unexpectedly, the durations of the power law segments were briefer for the trajectories of the proficient 

actors than for the trajectories of the online imitation, as demonstrated in Figure 4. This bias repeated for 

all symbols (Figure 2.4, right panels). Relative durations were calculated to assess whether the briefer 

segment durations resulted from briefer total movement durations (see Table 2.2 and Figure 2.5). In all 

cases, the movement total durations were longer for the imitators. Correspondingly, segment durations 

were longer for the imitators as well. Conversely, relative segment durations were briefer for the imitators 

in both conditions, Online and Post (Figure 2.5). In agreement with these findings, in most cases, the 

average number of segments was larger or similar for the imitator in both conditions (V, Online and Post) 

than for the proficient actor (J, model), as shown by Table 2.2.        

 

 

 

 

 

Table 2.1 

 The number of segments was compared between the proficient and the imitation-
online conditions (two proficient actors, H and J and one imitator, V) and for control 
purposes also between the proficient actors (H and J). The results are discussed in the 
text. 



The durations of power law segments   

  

 

 

 

 

 

Motion Clustering 

Lƴ CƛƎǳǊŜ нΦсΣ ǘƘŜ ǇƻǿŜǊ ƭŀǿ ǎŜƎƳŜƴǘŀǘƛƻƴǎ ƻŦ ά½ŀƛƴέΣ ά5ŀƭŜǘέ ŀƴŘ ά.Ŝǘέ όǊƻǿǎύ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀŎǊƻǎǎ 

repetitions for the trajectories of two proficient actors (first and second columns) and an imitator (third 

column) under the online condition (giving rise to nine sub-classes).  The trajectories from each of these 

groups were aligned using Procrustes analysis: All repetitions (dashed lines in blue and green) were aligned 

with one arbitrarily chosen trajectory (solid lines in black).  

For visual purposes, the segments of each repetition were marked over the representative trajectory by 

plotting straight red lines between the start and end boundaries of the respective segment. This allows us 

to show the segmentation of repeated trajectories while visually emphasizing the organization of the 

segments breakpoints over the representative shapes of the symbols. The numbers of clusters are also 

shown for each category in the titles of each shape which shows that the actors, across repetitions, used 

fewer types of segments for each symbol.      

Figure 2.4 

 The average durations (seconds) of the power law segments are presented for the two proficient trajectories (J, 
H) and the online imitation trajectories (CCD, V), for each symbol. The averages were arranged by subjects (left 
panel) and by symbols (right panel). The lower panels show the standard deviations. Both the left and right panels 
demonstrate, unexpectedly, that the durations were longer for the imitators (CCD, V) than for the proficient 
actors (J, H).      



Sign 

Subject J1. PROF Subject V1. Online Subject V2. Post 

Tot. 
Dur. 
[ms] 

Seg. 
Dur. 
[ms] 

Rel. 
Seg 
Dur. 

# of 
segments 

Tot. 
Dur. 
[ms] 

Seg. 
Dur. 
[ms] 

Rel. 
Seg 
Dur. 

# of 
segments 

Tot. Dur. 
[ms] 

Seg. 
Dur. 
[ms] 

Rel. 
Seg 
Dur. 

# of 
segments 

Tsadik 1752 845 0.48 1.57 2504 804 0.32 2.36 2075 1124 0.54 1.63 

Pe 1626 1160 0.71 1.14 1913 942 0.49 1.5 1910 751 0.39 2.38 

Ain 1308 684 0.52 1.33 1692 802 0.47 1.1 1567 664 0.42 1.38 

Zain 1552 921 0.59 1.5 2463 650 0.26 2.91 2251 813 0.36 1.88 

Lamed 1172 1087 0.93 1 2061 632 0.31 2.45 1890 669 0.35 1.63 

Bet 1446 673 0.47 1.89 1873 702 0.37 1.73 1911 701 0.37 1.88 

Gimel 1606 715 0.45 1.75 2295 716 0.31 1.82 2095 591 0.28 1.75 

Dalet 1568 932 0.59 1.27 2173 827 0.38 2.18 1936 712 0.37 2.5 

 

 

 

 

 

The process displayed by Figure 2.6 was reiterated for all subjects, shapes and conditions. In general not 

only the trajectories of the proficient actors were decomposed into fewer segments (see the previous 

section) but also for the proficient subjects the segmentation resulted in fewer types of segments (clusters) 

across repetitions, which was captured by the smaller number of clusters for the proficient subjects than 

for the imitators group. The clustering of the movement segments for Proficient subject J, who was the 

model in the imitation conditions, resulted in a fewer clusters than for the imitators in the online condition, 

for all symbols. The proficient actor H, who was not a model for the imitation condition, also showed fewer 

clusters than the imitators, for all symbols except for ǘƘŜ ƭŜǘǘŜǊ άtŜέΦ  

Our finding that motor proficiency is reflected by the power law organization is demonstrated by Figure 2.7 

where the number of clusters indicated the proficiency of the performer with the motor task. Clearly, the 

movements produced by the proficient actor (J) are the most consistent in terms of shape-variations across 

repetitions, positions along the path of breakpoints-variations and number of clusters employed (three), 

whereas the least consistent movements were produced by the online imitation condition (Subject V), 

employing six clusters. The post-production imitation (Subject V) displayed variations in between the 

Online and the Post Conditions, employing five clusters.     

Table 2.2 

The average total duration, segment duration, relative segment duration and number of segments (four columns) is displayed for 
the proficient (J, model) and the two imitation (V, Online and Post) conditions. In general, the productions total durations were 
longer for the imitators. Correspondingly, segment duration was longer for the imitators as well. Conversely, relative segment 
durations were briefer for the imitators in both conditions, Online and Post. In most cases, the average number of segments was 
larger or similar for the imitator in both conditions (V, Online and Post) than for the proficient actor (J, model).         



In most cases there was a difference in the number of clusters between the two imitation conditions, 

online and post, which was usually smaller for the post imitation than for the online imitation 

ÃÏÎÄÉÔÉÏÎÓ ɉÓÅÅ &ÉÇÕÒÅ ψɊȢ !ÇÁÉÎȟ ÁÎ ÅØÃÅÐÔÉÏÎ ×ÁÓ ÆÏÕÎÄ ÆÏÒ ÔÈÅ ÓÙÍÂÏÌ Ȱ0Åȱ ÆÏÒ ×ÈÉÃÈ ÂÏÔÈ ÉÍÉÔÁÔÉÏÎ 

conditions resulted in the same number of clusters for subject V, and in a fewer number of clusters in 

the online imitation condition than in the post imitation condition for subject CCD. 
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Figure 2.5 

The power law segments relative durations were extracted from Table 2, the upper panel comparing in 
between the Proficient (blue) and the Online (yellow) Conditions and the lower panel in between the 
Proficient and the Post (green) Conditions, the numbers 1 to 8 in the horizontal axes reŦŜǊǊƛƴƎ ǘƻ ά¢ǎŀŘƛƪέΣ 
άtŜέΣ ά!ƛƴέΣ ά½ŀƛƴέΣ ά[ŀƳŜŘέΣ ά.ŜǘέΣ άDƛƳŜƭέ ŀƴŘ ά5ŀƭŜǘέΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ Lƴ ŀƭƭ ŎŀǎŜǎ ōŜǎƛŘŜ ƻƴŜ όά¢ǎŀŘƛƪέΣ 
Proficient versus Post), the segments relative durations were longer in the proficient movements than in the 
imitated movements, for both conditions. 
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Figure 2.6 

¢ƘŜ ǇƻǿŜǊ ƭŀǿ ǎŜƎƳŜƴǘŀǘƛƻƴǎ ƻŦ ά½ŀƛƴέΣ ά5ŀƭŜǘέ ŀƴŘ ά.Ŝǘέ όǊƻǿǎύ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀŎǊƻǎǎ ǊŜǇŜǘƛǘƛƻƴǎ ŦƻǊ ǘƘŜ 
trajectories of two proficient actors (first and second columns) and an imitator (third column) for the online 
condition (making nine subclasses). The trajectories from each of these subclasses were aligned using Procrustes 
analysis: All repetitions (dashed lines) were aligned with one arbitrarily chosen representative trajectory (solid lines 
in black). For visual purposes, the segments of each repetition were marked over the representative trajectory by 
straight red lines with end-points that correspond to the boundaries of the respective segment over the shape. This 
allows showing the segmentations of repeated trajectories while visually emphasizing the organization of the 
segments breakpoints over the representative shapes of the symbols. The numbers of clusters are also shown for 
each subclass in the titles which show that the actors, across repetitions, used fewer types of segments for each 
symbol.           



 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Clustering in the Three Conditions. 
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Figure 2.7 

 ¢ƘŜ ǇƻǿŜǊ ƭŀǿ ǎŜƎƳŜƴǘŀǘƛƻƴǎ ƻŦ άDƛƳŜƭέ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀŎǊƻǎǎ ǊŜǇŜǘƛǘƛƻƴǎ ŦƻǊ ǘƘŜ ǘǊŀƧŜŎǘƻǊƛŜǎ ƻŦ ŀ ƳƻŘŜƭ όŦƛǊǎǘ ŎƻƭǳƳƴΣ 
Proficient Actor J), and an imitator (second and third columns, for the Online and Post Conditions of subject V, 
respectively), making three subclasses. The trajectories from each of these subclasses were aligned using Procrustes 
analysis: All repetitions (dashed lines) were aligned with one arbitrarily chosen representative trajectory (solid lines in 
black). For visual purposes, the segmentation of each repetition was marked over the representative trajectory by straight 
red lines with end-points that correspond to the boundaries of the respective segment over the shape. This allows showing 
the segmentations of repeated trajectories while visually emphasizing the organization of the segments breakpoints over 
the representative shapes of the symbols. The numbers of clusters are also shown for each subclass in the title. Clearly, the 
movements produced by the proficient actor (J) are the most consistent in terms of shape variations across repetitions, 
positions of breakpoints variations and number of clusters (three), whereas the least consistent movements were 
produced by the online imitation (Subject V) with six clusters. The post-production imitation (Subject V) showed variations 
in between the Online and Post Conditions with five clusters.     



In most cases there was a difference in the number of clusters between the two imitation conditions, 

online and post, which was usually smaller for the post imitation than for the online imitation conditions 

(see Figure 2.8). Again, an exception was found ŦƻǊ ǘƘŜ ǎȅƳōƻƭ άtŜέ ŦƻǊ ǿƘƛŎƘ ōƻǘƘ ƛƳƛǘŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ 

resulted in the same number of clusters for subject V, and in a fewer number of clusters in the online 

imitation condition than in the post imitation condition for subject CCD. 

 

 

 

 

 

 

 

 

 

 

Discussion 

The presented results demonstrate that our power law modeling approach can be employed to 

quantitatively compare between trajectories that are produced by proficient actors versus naïve imitators. 

Interestingly, the compliance with the power law, as indicated by the percentage of production-time 

covered by power law segments, was similar regardless of the proficiency  in movement execution (actor 

versus imitator) and regardless of the imitation setup (simulantenous-online or post-production imitation). 

Our results indicate that the kinematic regularity as appearing in the form of the beta power law is 

fundamental to human motor production and, at least in adults, trajectories produced in an imitation task 

also obey the power law.  

However, we found that the durations of the segments are modulated by the proficiency of the performers 

with the motor task (proficient subjects versus imitators). Interestingly, the trajectories of the naïve 

imitators, during online imitation, employed longer segments than those of the proficient actors. It is 

Motion Clustering Indexes  

 

Figure 2.8 

The number of clusters is presented for each of the 
conditions, proficient actors (H1, J1 in upper panel), 
online imitators (C1, V1 both panels) and post-
production imitators (C2, V2 lower panel). The 
clustering of the movement segments for Proficient 
subject J, who was the model in the imitation 
conditions, resulted in a fewer clusters than for the 
imitators in the online condition, for all symbols. The 
proficient actor H, who was not a model for the 
imitation condition, also showed fewer or the same 
number of clusters than the imitators, for all symbols 
ŜȄŎŜǇǘ ŦƻǊ ǘƘŜ ƭŜǘǘŜǊ άtŜέΦ Lƴ Ƴƻǎǘ ŎŀǎŜǎ ǘƘŜ ƴǳƳōŜǊ 
of clusters in the two imitation conditions, online and 
post, was smaller for the post imitation than for the 
online imitation conditions (lower panel: turquoise 
versus yellow and orange versus brown). 

 


