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1.4 Teaching iCub to draw ‘Shape’ – Building blocks, High level information flows 
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Figure1 shows the overall information flow in the proposed system, beginning with the demonstration to iCub (for example a 
‘C’). This is  followed by an analysis of the critical points in the shape using CT, that leads to the creation of an abstract 
visual program. The context independent AVP is then transformed into a concrete motor goal by applying relevant task 
specific contexts. CMG forms the input of the VTGS system that synthesizes different virtual trajectories by pseudo 
randomly exploring the space of virtual stiffness(K) and timing (TBG). The VT is now coupled to the relevant internal 
model (PMP) to derive the motor commands for action generation. Analysis of the self generated movement (i.e output of 
the forward model) using CT now extracts the Abstract motor program that is compared with the AVP, to self evaluate a 
score of performance. A reinforcement loop follows.�
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Figure 2. Right panels show four (of the 70 frames) captured through left camera during a demonstration. The yellow dot 
represents the identified position of the marker in each frame. Left panel shows the overall trajectory traced by the teacher as 
extracted in the preprocessing stage. Similar pre processing is also done for the visual input arriving from the right camera.�

Figure 3. First four shape critical points: Interior I, End point E, Bump B and Wiggle W. Meanings of Valence and Codimention is 
illustrated. If a critical point is enclosed by a circle of infinitesimally small radius, the number of lines that intersect it is the valence. 
As we can visualize, interior, bump and wiggle have valence of 2. End point has valence of 1. As we can also visualize, I,E and B  
survive small perturbations, however the wiggle is does not. As seen, if the perturbation �  is negative, wiggle breaks down into two 
simple critical points (Bump). For a positive perturbation the CP vanishes. Codimension near a shape CP is the number of parameters 
necessary to bring back the function from its perturbed version to original state. As we can make out, Codimension for I,E and B is 
zero and W has a codimension of one (i.e �  ).�
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Figure 4. 4a shows the remaining eight shape critical points derived by Chakravarthy et al using Catastrophe theory. 4b shows some 
perturbed versions of the CP’s. 4C shows how more complex CP’s can be created using simpler CP’s. For example, a ‘T’ is a 
combination of an end point ‘E’ and internal point ‘I’. �
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Figure 5. 11 example shapes and the results of their critical points analysis (i.e. the resulting AVP) are shown. ‘*’ denotes the starting 
point. Connectivity just indicates the temporal order of the identification of critical points.�
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Figure 6. 6a gives a pictorial description of the problem of transforming AVP into a concrete motor goal. Firstly, we have to transform 
the shape critical points computed in the image planes of the two cameras into corresponding points in the iCub’s egocentric space. 
Secondly, additional task specific constraints if any needs to be added to the goal description. For example, the body chain involved in 
action generation (like, creating the shape with the index finger and employing left arm-torso chain etc), geometric description of tool if 
any (like the paint brush), application of scale to the shape iCub is learning to draw (like, 0.5 times the size of the shape observed in the 
demonstration), joint and torque limits etc. 6b shows iCub performing babbling movements with both arms to generate training data 
required for 3D reconstruction. As it moves, the cameras track the green marker in the index fingers as shown in 6b. 6c and 6d show the 
same process but now with a 20Cm green stick held in both hands to achieve extended calibration in the tool space. 



�
�
�

��
�

�

-+-+-
-+-+-

-=-

-+-+-
-+-+-

-=-

)()()(
)()()(

)()()(
)()()(

333231

232221

333231

131211

ooo

ooo
o

ooo

ooo
o

zzryyrxxr
zzryyrxxr

dvv

zzryyrxxr
zzryyrxxr

duu

 

    (5) 


�������0�
������5#
�$5������#������
�����
��&����� ��������'���������2��6�$�
������������B�������������

����������&� ���
� �� �
��� ��0�� �2�=�� ������� ��� 99� ����� ������ $# 91#99&� ����� ���� ��� �'�������������

�
��������

�

�
�
�

�
�
�

�

+++

+++
=

+++

+++
=

1

1

11109

8765

11109

4321

zLyLxL

LzLyLxL
v

zLyLxL

LzLyLxL
u

        (6) 

7�
�� �2����
��=� ��� ��� ��� ������ ����� ��� ���� �������� �
������ �
��� ��
�� ������� ������$���&� �
�8���������

������ $'����&� ��� ��� ���� �'������������� ��������� ���� 9 9� ��0�
��� ����������� $# 91#99&� ������� ��� ����

���������
�������'�
��������������
�����
����������� ����������
����
����
���������������������!���

���
���� �� ��
����� 
�� �
�
�� ��������� ��� ����������� �
 � ��������� ���� ���������
�� �����'� ���� ��������

��������45����
��������
���

�#�������
������������"���������
�0������
�������!�� ���������������
���
�������������������
����������� �

����������� ��� ���� ����
�� ������� ���
���� �� ��������� �0���$�������� ����� ������
� ���� ��
�����'� �������&��


��� ������ ����� ��� �
� ��������� ����� ���� �!��� �� ���� 
� � �
���
�� �
����� � ����� �������� 
�� ������ ���0�
��� ���

�'����������� �
��� ���� !��������� �

���������$ +���, ���-�&����� ���� �
�����
������ ������� �

���������$ � ���

� �&�� 
���� ���
����� ���� �������
��� 
�� ���� �
��
����� �
 ��� �����	� �&� �
����� �
��� ����� ����
���� �
� �
���

���������
����
����������
�0������*��&���������
����� ���
�����
������%
�������������
���������
����*��&�

��������������
�����
���
�����
��������
������0����� ������������������������������
����
��
���������1

������
��*�;&�����0��������
�%��������������� �������1 ������
������� ���� �������������� ����
�������������

������� ������ �

��������� 
�� ���� ������� ���0���� "�� � 
� �
�� ����� �� ����� ������ ��������� 
�� "� ���� ���

���������������
�������� �������������������
���
���� �
�������
�������
��"���������5#
�
�������������

0���� 
�� ������
���
�� ���� ��� 0�
��� �
� ����� �������� ��� �������� ����
������� ����� ��� ����
��� 45�

���������� 
�� ������� �
����� 
������� ���� �
���'� ����� 
 �� ���� �
���
�� �
������ M���� ���� ��������� ���� ���


������������� � ������'�
������5#
���������������
����������������� ������
������#�����.2���������
�����

�'������������2����
���B�����<��

�
�
�
�

�

�

�
�
�
�

	




�
�
�
�
�
�

�

�

�
�
�
�
�
�

	




---

---

---

---

=

�
�
�
�
�
�

�

�

�
�
�
�
�
�

	




11

2

1
111111111

111111111

1

1

...

10000

00001

...........

10000

00001

....

L

L

L

zvyvxvzyx

zuyuxuzyx

zvyvxvzyx

zuyuxuzyx

v

u

v

u

NNNNNNNNN

NNNNNNNNN

N

N

���������������������

 

LAU ×= �



����������
���2����
��B���
��������������
������
�� ������������
�����������������
��2����
���$� ��� ������

�
�
�&�����J���������
�����������
���������
����
�� �������
�����������������8������
����������������

�������
������������
��������$J&���2��������������� �������=�$����������������99���0�
���&��0�������

��������� ��� ����� ��� ����
����� ��� �������� ���� 
��4>� � ������
��� 
�� ����
�� ��������� �
�������� �����

�!��� $���� �
���� 
�� =>� ��������� �
������ 4
� �
��� ����� ���&�� ��� �'������� ���� 
�� 4>� �������
��� �����

������
������ ����
����� ����� �� ����0� $
�� ?>� ���&� ���� � ��� �
��� ������ �
� �������� ���������
�� ��� ����

�'��������

���������7�
���2�B���������������
������ �'�������������������������������������2����
��<��

[ ] UAAAL TT ×=
- 1

� � � � � � � � � ��������� 


�����9���
������������������������
��������������� �
�������'�
��������������������������

Right 
Camera 

-0.08 0.45 0.01 160.5 0.008 0.448 -0.109 176.11 0.001 0.0028 0.001 

Left 
Camera 

0.03 0.6565 0.0980 184.88 0.023 0.434 0.058 123.15 0.001 0.0035 0.0005 

 

 ������������������������������������
�������'�#��
� ��
�������������������
��������
�����
������
������

45��

���������
��������������
����$�� �+��� �+��� �#��� �#�&����������������������:�����9>�$������
���
�������

����
���
����
�������
����&��

�
�
�

�

�

�
�
�

	




�
�
�
�
�

�

�

�
�
�
�
�

	




---

---

---

---

=

�
�
�
�
�

�

�

�
�
�
�
�

	




-

-

-

-

z

y

x

LvLLvLLvL

LuLLuLLuL

LvLLvLLvL

LuLLuLLuL

Lv

Lu

Lv

Lu

CCCCCCCCC

CCCCCCCCC

CCCCCCCCC

CCCCCCCCC

CC

CC

CC

CC

)()()(

)()()(

)()()(

)()()(

2
11

22
7

2
10

22
6

2
9

22
5

2
11

22
3

2
10

22
2

2
9

22
1

1
11

11
7

1
10

11
6

1
9

11
5

1
11

11
3

1
10

11
2

1
9

11
1

2
8

2

2
4

2

1
8

1

1
4

1

� � � �

XAY ×=  

[ ]TzyxX ,,= � � � � � � � � � � ��������������

3������

  [ ] YAAAX TT ×=
- 1

� ����������������������������������������

������# �9 �����# �?� �����������������
�������'���
���������
����������� ��������������������������� �7��������

�������������
��������
�������������
���
������
���� ��������
���������������������������������
����
��


���������1������
�����
������0���������������
���� �
�����2�����������������
����������
�������������

���������� ����� �
� ���� ���� ������ �

��������� ���� ��� ��� �� ���� 
�� =>� ����� �������
��� ����������� ����

���������
�� �����'� ��� �
������ �2����
�� <� ���� �
����� ���� ��� ��� ���
������ �
������� 
�%���� �����

�'������������������
������������������� 
�������'� ��������������
���!����

����
��� ����
������� 
�� ���� ��
�
���� 45� ���
��������
�� ������� ��� ������
������ ������ ������

�

���������
�����������
��������������������������� �
��
�����
�������!�����
���������������

���������

���� ������� ��
�
������ ��� �� ������� 
�� �'���������� ��0 �� ����������� ��������� �� ��������� 
�������� ������

��������� �
�����
����� ������ �
���� �
� �� ���������� �
 ����
�� ��� ���� ��������� M����� �'���������� ��0��

����0�������������������������0����
��������������� ������
�%�������������
������7������B���
����
���




�� ���� �������� 
�� ���� �'���������� �������� ����
������ � 
�� ����� ��������M���
����� ��� ����� ��� ������ �����

������� �
� ������
��� ���� ������ ��������� �
����� �
������ � ��� ���� ������ ������� 
�� ���� ��
� �������� ���
�

�
�����
�������
�������������!�������
��������������� 7
�������'����������������=�����������������
�
��

�
����
���!�������
��������
���������
�����
������% ���
��������������
�������������
����������!)��  

 

�
�
�
�

�

����������������
���8T����������������������$
����� ��&�����
�����@����������������������������������
��� �

�8��� ������
�� ���0� ��������� �
���������� $��� ���&� ��� � ���
� ��� ������ �
� ���� �
�
�� �
��� ��� ����� �
����� 
���

�
��� ������ ���
����� ��� ����������� ���� ����
�� ����� � �� ��������� 
���� ��� ��� ���
������ �
��
����� 
��

�
�
�� �
��� ��� 
��� ������� ��������� ��� ��� ����� ���� �� � ���� ��'�� �����
��� ������� �
�
�� ����
��� ����

������������ ��� �� ���� ����� ����� ���� ������������ 
�� ��� � �
��� ����� ���� ������
�� ���
����� ��� ������

��������
��� M����� ������
���� ���
�����
�� �
� ��� ����� ����� ��� ���� �
�
�� �
��� ���� ���� ��
�������

����������� 
�� ���� �

��$��0�� ���� ������ �����&��%
��� �
�2��� �������� ���������
�� 
�� ������ �
� ���� ������ ���

����������� ��
��� 
������� ��� ����� ��� ����� �
���� 
��� �
��� ����� ������ ���� ����� ������
����� ����

������������������
��������
����
��������
�
���
���� 
���!����7
�����
��
��!,-��������������������������

����
����������
����
�������

*2#��������"�
�����5�7��'�
��
���$�����
��
�����
�� $�
��8��
��"��

���-�����������
����
��
����������������������������� �����
�����%���
������������������������������
����

������ 3
�� ���� �!��� ������ �
� ����������� �� �
�����
�� � ���%���
��� �������� �
� ���� ���
��������� ������

������ �� ��������� ���� 
�� ��������� �
����� ��� ���� !,-�L �3
�� ��� ���� �
�
�� �0���� ��2������ ��� ��������� �
���

������������������������������������
��
������
����
��� �' �
�����������L�!����!����'�������
���

��������������������
���������������������������
�� ����������
����'��
�����������
���
�
���'����������� ��

Figure 7. Results of two tasks to test 3D reconstruction and robot camera integration are shown. In the stacking task, the goal is to place the 
small green cylinder on top of the big red cylinder seen by left and right cameras. Salient point (white dot) is computed by calculating the 
centroid of the red blob (i.e the cylinder). This point is reconstructed in iCubs egocentric space and is the target for the iCub motion planning 
system. The second task is to reach the otherwise unreachable red cylinder (placed outside normal workspace) with a long stick. As we can 
see, the system is accurate to the level that these non trivial visuo-motor tasks can be completed successfully by iCub.These tasks also are a 
means to test global interactions between modules like visual recognition, 3D reconstruction, motion planning and real movement execution. 
Further, debugging lower level communication protocols during this preliminary but critical level of sensory-motor integration through some 
of these experiments is also necessary to ensure safe interaction while attempting more complicated tasks like 'drawing  as in the later stages. 
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attractive field. If there are n CP’s in the CMG, the spatiotemporal evolution of virtual trajectory (x,y,z,t) is 

equivalent to integrating  non-linear differential equation that takes the following form: 
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)t(g  implements the terminal attractor dynamics () and is defined as follows: 

)1()t( x-
x=g
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Figure 8. 8a Network implementing the virtual trajectory synthesis. CP1 and CP2 are two target shape critical points in space through which 
the trajectory has to be synthesized. Xini is the starting point. K is a virtual stiffness that determines the shape of the attractive force field F to 
the targets.TBG is the time base generator for control of the timing of the relaxation. 8b visualizes Xini as being connected to all the shape 
CP’s in the CMG by means of virtual springs and hence being attracted by the force fields generated by them. These fields are in turn 
modulated by timing signal coming from the TBG. By stimulating the dynamics of VTGS with different sets of K and TBG, we get different 
shapes through the same CP’s. 
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Figure 9. Three different trajectories synthesized by iCub, through the same CP’s (CP1 and CP2) and starting from same initial condition (Xini), 
for 3 different sets of values for K and TBG are shown. Top panels show the synthesized trajectories. These shapes were drawn on a drawing 
board placed 32cms away from iCub along the Y-axis (see figure 6). Hence only X-Z plane (in cms) is shown. Since at all times YCP=Y=32cm, 
Y component of the force field is always zero independent of the value of Kyy (Kyy=1), so only values of Kxx and Kzz are indicated. Bottom panel 
shows the timing signals � 1(t) and � 2(t), controlling the timing of relaxation to the two CP’s. Horizontal axis represents iterations in time and 
vertical axis represents the scalar value of the TBG signal at different time instances. Bell shaped speed profiles are also shown. with A range of 
virtual trajectories can be synthesized by simulating the dynamics of equation 11 with different values of virtual stiffness K and timing of the 
TBG’s. Inversely, the goal of learning is to derive the ‘correct’ set of values for K and TBG such that the resulting virtual trajectory has the 
same shape as the teachers demonstration. 
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Figure 11.  PMP based Forward/Inverse model for upper body coordination (Left arm-waist-right arm chain) of iCub. Network is 
gorounded at the waist. So, the goal induced force fields donot propogate beyond the waist. Since in this case drawing is done with 
iCub’s left arm, the right arm network is shown decativated (Goalright arm = X right arm, so dx=df=0). As seen, the PMP network operates 
in multiple motor paces (end effector, joint space, waist space), each motor space consisting of a generalised force (df) and 
displacement node (dx). The scalar work (dx.df) is the structural invarient across the different motor spaces. There are only two kinds 
of links between the nodes. The vertical links connecting displacement and force nodesdescribe the elastic causality of the coordinated 
system and are charecterized by stiffness(K) and admittance matrices(Aj and AT). Horizontal links connceting different motor spaces, 
represent the geometric causality and are charecterized by the Jacobian matrices (J).� The computational mechanism basically involves 
a process of passive simulation of movement as if it was imposed by an external agent (goal induced force field), in such a way to 
distribute the desired motion to the global kinematic structure by recruiting joints, actuators, and tools while pulling the dynamical 
system to the equilibrium state. )(tG is a time varying gain that implements the terminal attractor dynamics.  
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Figure 12. These graphs were obtained when iCub was given a goal to draw a shape (as seen in figure 2) on a drawing board placed     
-320mm in fornt of it (along the Y axis, for coordinate system see figure 6a) using a paint brush (12cm in length). Panels A-C show the 
evolution of iCub’s end effector trajectory along X,Y and Z axes as a function of time. Note that the motion of the end effector along Y-
axis is almost negligible (about 5 mm). Hence, the additional constraint of making a planar trajectory while moving in a 3D space is 
sucessfully satisfied (i.e the paint brush is always in contact with the drawing board, slight inaccuracies in few mm range are resisted by 
the compliance of the brush itself). Since motion along Y-Axis is negligible, panel D shows the resulting trajectory in the X-Z plane. The 
synthesized virtual trajectory (i.e the goal) that triggered the PMP relexation is also shown. As seen in panel D, the end effector basically 
tracks the evolving virtual trajectory synthesized by the VTGS (analogous to the water flowing in an aqueduct). In other words, the virtual 
trajecory acts an an attractor to the internal body model that is dynamically coupled to it based on the task specification.An indirect 
consequence of this relaxation process is that a trajectory of motor commands is being synthesized concurrently at the intrinsic space as 
shown in panel F (analogous to the puppet metaphor). Each point in this trajectory is 10 dimensional : 7 DoF for the left arm (J3-J9) and 3 
DoF waist (J0-J2). The CAD diagram of panel E clarifies the intrinsic degrees of freedom. The time base generator functions are also 
shown in panel F along with the temporal evolution of each intrinsic DoF. As seen in panel F, finally a complete motor command set i.e a 
matrix of 3000 rows (iterations in time) each having 10 colums (values of the 10 joint angles at each time instance) is derived.  
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Figure 13. Shows comparison of the goal shape (CMG) with five different attempts to create it (AMP1-5). AMP1 and CMG have same 
number of CP’s and located in the same places. However, the type of CP is different i.e there is a cusp at the place where a bump is 
present in the goal. Since in AMP2  and AMP3 the CP’s (B and E respectively) were prematurely created their score is lesser that the best 
solution AMP4 that more closely matches the CMG. Premature creation of a CP or premature termination of a shape can result due to 
wrong timing signals generated by the TBG. Still, AMP2 and AMP3 score greater than AMP1 because they nevertheless share the same 
essence of CMG. AMP5 is a pathologial case where there is a mismatch in the number of CP’s in the goal shape and the created shape. 
Neither of the two Bumps in AMP5 fall in the region of influence of the bump CP in CMG. So there are 3 mismatehed CP’s. The greater 
the mismatch in the number, type and proximity of CP’s between the percieved  and self generated shapes, the lesser is the score. In this 
case AMP4 is the best solution with score of 1. It is followed by AMP2 and AMP3 that come close to the goal shape at least in terms of its 
essence. AMP1 and AMP5 come last since they share very less similarity with the goal shape. 
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1) How long should exploration be conducted and will the system converge to a solution? 

2) What is the time taken (in a computational sense) to run an explorative learning for one shape? 

3) Can we arrive at a well defined range of values inside which if exploration is conducted, it would be 

possible to synthesize at least a large assortment (if not all) shapes ? 

4)  Are there any general underlying principles as to why a specific set of ‘virtual stiffness and timing’ 

results in a specific shape ? Understanding this significantly reduces the effort in exploration because 

iCub can then use this knowledge to anticipate the parameters that should correspond to the synthesis 

of a specific virtual trajectory, hence driving the synthesis of a specific shape. 
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Figure 18. Panel A shows a set of virtual trajectories synthesized between Xini and XT when the virtual stiffness matrix elements (Kxx and 
Kzz) are pseudorandomly titillated between 1to 10 respectively (in increments of 2). As seen, a gamut of virtual trajectories of varying 
curvature can be synthesized. Also note that when the X and Z components of virtual stiffness (hence the resulting force field 
components) are similar, straighter trajectores are synthesized. As they begin to diverge, more curved trajectories are obtained. As shown 
in panel B, this behaviour is independent of the initial/final conditions and also the scale. Panle C schematically describes the learning 
loop involving pseudorandom exploration in the space of virtual stiffness and timing , coupled with self evaluations of the resulting 
performance (in mental space) . 
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Figure 19. Different end effector trajectories of iCub predicted by the forward model in response to the motor commands 
synthesized while learning to draw bumps and cusps are shown. For reasons of space, only an eclectic set of shapes generated 
during the learning phase are shown. The graphs are arrnaged in a way such that an intuitive understanding can be gained of why 
specific parameters drive creation of specific shapes. All shapes have 3 CP’s (indicated with a star according to their description in 
the CMG). Hence there are two sets of virtual stiffness matrices and two TBG’s (Note: These parameters belong to the VTGS). 
Shapes drawn by iCub with same set of the virtual stiffness are arranged in a column. The vaules of the corresponding virtual 
stiffness’ are indicated at the bottom of each colum. Shapes in the first two rows (i.e panels 1-6) share the same timing and 
similarly shapes in the second two rows (panels 7-12) share the same timing. The timing graph is shown along the sides.  
     We can observe that all the shapes at least share the essence of being either cusps or bumps, of course varying in quality. In the 
first column, where the Kxx=Kzz, we see straighter trajectories. For example, the shape in panel 10 resembles the English alphabet 
‘V’.  Even though some shapes in panels 1-6 resemble cusps or bumps, we see that they are rather stunted. Some suffer from 
overshoots too. This effect is can be attributed to the result of improper timing, since the shapes in panels 7-12 (despite having 
similar stiffness’) do not show these pathologies when created with a different timing signal. Stunted shapes can also be seen if the 
values of stiffness’ are low. We many intuitively imagine that the puppeteer is not pulling the puppet with enough force (in the 
case of suboptimal virtual stiffness’) or not pulling long enough (in the case of suboptimal timing).  
   Shapes in panels 8,9,11and 12 are all created using the same timing signal. Further, the Bump in shape 8 and cusp in shape 11 
are created using the same values of the virtual stiffness. Even though the values of the stiffness matrices were arrived at by 
random exploration (in range of 1-10), it is possible to observe some underlying order. During the first phase of trajectory 
synthesis  (when the goal of moving from Xini to CP1 is more dominant) the x-component of the virtual stiffness is 10 times the y-
component. Hence as we observe in both panel 8 and 11, there is an exaggerated initial evolution of the trajectory more along the 
horizontal direction as compared to the vertical direction. As the time varying gain � 1 increases, the temporal force to reach CP1 
also increases. At the same time CP2 is also beginning to exert attractive pull with the triggering of � 2. So in the later stages we see 
a smooth culmination of the trajectory at CP1. During the second phase when force field generated by CP2 is more dominant, we 
see that scenario in terms of the virtual stiffness is reversed (i.e KZZ=10KXX). So there is an initial exaggerated evolution of the 
trajectory along the vertical direction, and in the later stages along the horizontal direction before finally terminating at CP2 .Based 
on the spatial arrangement of the CP’s, it is easy to visualize that in the global presence of such time varying goal induced force 
fields, we should get a bump in panel 8 and cusp in panel 9. The reader can easily visualize why with the virtual stiffness’ 
configuration in column 3, iCub manages to create a Bump in panel 9 and cusp in panel 12. 
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Figure 21. A collection of snapshots of  iCub during its very first creative endeavors. The drawing board was placed 
approximately 32cms along the Y axis. On the drawing board, a 3cm thick layer of sponge (black color) was attached. 
Drawings were created by iCub on a white sheets of paper pinned to this layer. We created a special paint brush (12cms in 
length), thick and soft enough to be grasped by iCub’s fingers. Note that the layer of sponge and the bristles of the paint brush 
add natural ‘compliance’ to the overall system and ensures safe and soft interaction during contact.  

Figure 20. Scanned images of the first drawings created by iCub. Panels A-C show series of explorative attempts to draw a ‘C’ 
and ‘U’.  Panels D-F show shapes created in sequence while learning to trace a ‘U’. Panels I,J,K are shapes resulting from 
stiffness configuration in columns 1,3 and 2 of figure 19 respectively. Panels L and M show an example of a bad and good ‘C’. 
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Figure 22. Left Panel shows the goal shape ‘S’. The AVP of the shape consists of 6 CP’s (2 end points ‘E’ and 4 bumps ‘B’). 
Center and right panels shows the sequence of 9 shapes traced by iCub during learning iterations consisting of small random 
titillations around the range virtual stiffness values learnt previously for drawing bump CP ‘B’. As seen, right from the beginning 
a degree of ‘S’ness is present in all the drawn trajectories. In just the third trial we almost reach an accceptable prototype of ‘S’. 
Larger deviations form the previously learnt parameters detoriates the global shape (trials 4-6). The ninth trial results in a ‘S’ of 
score  0.94 and the loop terminates. 



��7������� ?;� ���� ?6� �������� ��
� �
��� �'������� 
�� ��� ������� 
�� �
��
����� ������� 9&� ����������� ��

��������0�����
��-������$���������&�����?&��!������� ��������
��������������!������@
��������'�������
��

��������� ���
0�� �
��
����� �������� � 
��� �
�����$���� -�� ���� �0����&� ��� �� �
��
����
�� 
�� ������� ������

����
�����������������
����������������������������
� ��������
��
�����������������2����������2������
��

��������

������
0���������
�)�����1)����
���
����� �
���$���
�������������������),)&���

�

�

�

�

�

�

�

�

�

�

�

�


��� ������� ������� ���� �()�� ���� �
����
�� ���� �������� �� ������� ��������� ������� ���� ������ �
����
�� $����

������
�� ���%���
��&� ���� ��
��� ��� ������� ��@�!� ���� 5 � 
�� ������� ?;� �������������
��� ������� ����� ��� ���

�'������
���
�������
�������������
����������� ������� �� 
�� �����������
�� �������
��� ������
�������������

����� �������
� ��� �
� ����� ���� �������� �
����
�� �
� ��� ��� ���� ��'�� ����������� ��� ��� �
���� �
����� ����� ����

�
����
�� ��
�� ������ ���� �������� 
�� ���� ��'�� �������� � ������� ��� ��������� ���� �������� 
�� ���� ��������

����������
�� 
�� ���� ��������� �������� 7
�� �'������� �!� � ��� �� ������ ����� ������� ���������� $�
������ ����

�����
��� ���������&� ���� �A�� ��� �� ������ ����� ������� �� ���������� 
��� �������� �
����
�� �
� ������ ���� ��'��

��������� ����� 
�� 
��� ����� ������� ����
������ ��� ������ �� ���� 
�� ���� 
����� ����� ��
��� 
��������

�������������������������������8������
������������ ������
��������'��������
�������������������
���
�
 ���

��� ����� �
� ������� �� �
����� ����� 
������� ���� ���� ��� ����� �
����
��$'����� � ��� ���� �������� �
���&� �
���

�������
��������������'�������������
��������������� �������������������������
������
��
�����������
���

�����������

Figure 23. Left panels show the evolution of iCub’s end effector trajectory along X,Y and Z axes as a function of time while drawing 
the shape ‘S’. The trajectories of motor commands synthesized at the intrinsic space which drive the action generation are shown in 
the right panel. Motor commands consist of 10 trajectories (J0-J9), corresponding to temporal evolution of the 7 DoF of the iCub’s left 
arm (J3-J9) and 3 DoF of the waist (J0-J2). Hence, the complete  motor command set buffered to the actuators is a matrix of 7500 
rows (iterations in time) each having 10 colums (values of the 10 joint angles at each time instance). The time base generator 
functions (� ) are also shown. 
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Figure 24.  Panels A-D show the traget shape (resembling a side view of Gandhi), its AVP, the set of shapes generated during learning 
tials and the final soultion. Before perfoming the experiments using iCub we also conducted a seris of simulations of synthesis of 
composite shapes usign a 3DoF planr arm (in Matlab) and on the iCub simulator. Panel F shows the synthesis of the character string 
‘iCub’ using a 3DoF palnar arm. In this case, the motion of the 3DoF in the intrinsic space durign the syntesis of ‘iCub’ can also be 
clearly seen.  Panle G shows a snapshot of iCub writing iCub in the simulator environment. In the simulator, iCub creates shapes with 
its index finger and the trajectory traced is marked using static boxes (green color). The front view and the left camera view of the 
final solution is seen. Note also that the inherent modularity in the shape synthesis architecture allows effortless portability to other 
body chains (like 3 DoF arm, iCub simulator or any other robot). In other words, the learnt virtual trajectory can serve as an attractor 
for any body chain and the PMP relaxation hand guarentees the synthesis of motor commands to transform the virtual trajectory to 
real trajectoy created by the concerned body chain. 
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Figure 25. iCubArt (Version 1.1): An assorted collection of the first few compsite shapes drawn by iCub.  
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