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Table 1-1: Overview of the sensors and actuators installed on each s-bot.
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2.4 Summary Theoretical Foundations
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3.1 Major Requirements Building a Simulator

,%� +���� 
� +,��%� ,+� *�+�%����%� ������ 
� %�
��� �+��'� �� �,+��� ����J /�%���%(�%�� ���'��

��A�%�+*�� 
��6��+ ��� ��(��,��� ,+� %�,� ��%���+� �/ ��� ��+��%� ,+� ,*��,��%� ,%� �(�����+��


� ��� +����� 8���� ,���+' +���� �� ��+��%� ,+� ,*��,��%� ���� +�� �+0��+*� ��� -�%/�%(,+*�

�/ ��(��,��%� ��'+�9*,+���� ��� ��� �/ ���,���� %�
�� ,+� �+��%�+(�+� (����� ,+� %�'�� 
���

��(��,��%� �,� , ��'� �(-,*� �+ ��� +�(
�% �/ !�P *�*��� %�;��%�� /�% %�++�+' ��������+ �+

��(��,���+�

��%�+' ��� ��/����(� �/ ��� �6,%(�
��� -%�7�*� , +�(
�% �/ ��(��,��%� �,�� 
��+ 
���� ,+� ,

;��*1 6�
 ��,%*� ���6� ��,� ����%,� '�+�%�* ,+� ,%*����*��%���-�*�9* (�
��� %�
�� ��(��,��%�

�&���� <�� 6� ,%'�� ��,� +�+� �/ ����� ,%� ���,� /�% ��% -�%-��� ,+� ���%�/�%� 6� ������- ,

*����( ��(��,��%� �+ ���� *�,-��% 6� -%���+� , *����( 
���� ��(��,��% /�% -�%/�%(�+' �,%����

+��%����������+ �&-�%�(�+�� �+ ��(��,��� ��
����

��� +���� ��,�	����
��

$���6 6� ���� ,+� ���*��� ��(� �/ ��� (,7�% %�;��%�(�+�� /�% , ��/�6,%� ��(��,��%�

����������
% � ��(��,��% �� +����� /�% ������+' +��%,� +��6�%1 *�+�%����%�� )�� ��(��,��%

������ ,���6 �� �� *�(-,%� ��A�%�+� +��%����������+ ��%,��'��� /�% ������+' , *�+�%����%�

6��*� ������ ��� �,�1 �/ (���+' , �6,%(�
�� /%�( ,+ �+���,� -������+ �� , �,%'�� 6����

,�����+' ������

��
����
�
 ��&������
��% �+ �%��% �� �&-�%�(�+� 6��� ��A�%�+� ��������+,%� ,--%�,*��� �+�

�/ ��� (��� �(-�%�,+� %�;��%�(�+�� �� ��,� ��� ��(��,��% �� ��%�,����� ��,� ��� �� ������


� -����
�� H,+� �,��I �� *�,+'� ��
�� /�,��%��� ,%�+, �,����� ��������+,%� ,�'�%���(�

*�+�%����% ��-��� ,+� �� �+� �/ /�% �+��,+*� �� �� +�*���,%� �� ��,��,�� ��6 ,+ �+������,�

������� �+ �+� ,%�+, -�%/�%(� �+ ,+����%� �� ������ 
� �,�� �� �� ��� (�,+�+' ��,�

�� ������ +�� �+����� %�*�(-��,���+� �% *�,+'�+' *�+9'�%,���+ 9���� ?�1�6���� �%��+'

�� ������ *�+�%����%� ���+' ��A�%�+� 9�+��� /�+*���+� ,+� 6��� ��A�%�+� +��%����������+

(������ ������ +�� %�;��%� %�*�(-��,���+ �����%� 4���+ ��,� , �,%'� ,(��+� �/ �%�,��

,+���%%�% �� +�*���,%�� �� �� �(-�%�,+� ��,� �������+� ,� �,%���� ��,'�� *,+ 
� ����,��K��

H��'� ��� ��� %�
��H�I (��� ,%��+� �+ ��� ��%��,� 6�%��I� ����� �+ ��+��%� ,+� ,*��,��%�

,+� -����
�� ����% /�,��%�� �/ , ��(��,��% ��-�+� �+ , %,+��( +�(
�% '�+�%,��%� ��

�� �(-�%�,+� ��,� ��� %,+��( '�+�%,��% *,+ 
� *�+�%����� �� ��,� , ��(��,���+ %�+ ��

����%(�+����*� )��� (�,+� ��,� �/ �6� �% (�%� ��(��,���+� ,%� ��,%��� 6��� ���+��*,�

�+���,� *�+�����+� H�+*����+' ���+��*,� %,+��( �����I� ���� ,�6,�� -%���*� ��� �&,*� �,(�

%��������

'�
(#�
����
�
 ��&������
��% ��+*� 6� ,%� +�� �+�� �+��%����� �+ , *�+�%����% ��,� -�%/�%(�

��� �,�1� 
�� �+��+� �� *�(-,%� ��A�%�+� +��%����������+ ��%,��'���� ��� -�%/�%(,+*� �/

��� ��(��,��% �� �(-�%�,+� 
�*,��� , �,%'� +�(
�% �/ ��������+� ,%� +�*���,%� �+ �%��%

�� ���6 ��,�����*,� ��'+�9*,+*� �/ ��% %������� ��� �� ��� -�%/�%(,+*� %�;��%�(�+�� H,+�

2'��� ��=�������� �����
��8�� �� ������ �$��������# ���� ��
� �$�������� ��
��� ���� ��� �
�� �����
� ��� ������
����� 
��
�� ��� ��� �+
���� ��� �
�� �������	

��



Building a Simulator 3.1 Major Requirements

'��� ��/�6,%� �+'�+��%�+' -%,*��*�� �+ '�+�%,�IJ �� �� �(-�%�,+� ��,� ��� ��(��,��% *,+


� *�(-���� ,+� %�+ �+ �,%���� -�,�/�%(� ,+� %�+ �+ *�����%� ,+� '%���� �� ,���6 /�%

�����K,���+ �/ �,%���� *�(-���+' %����%*��� )�� (,7�%��� �/ ����� ,%*����*��%�� %�+ ��(�

0,��% �/ P��O� ,+� 6� ���%�/�%� %�;��%� ��,� ��� ��(��,��% ,� ��,�� *�(-���� ,+� %�+� �+

, �5��O�� *�(-��,+� �-�%,��+' �����(��

)	*���� ��&������
��% 8� �� +�� ��� �+��%�+(�+�� H,%�+,�I 6��� %��'� ��%%,�+ �% �
��,*����

5�% %�;��%�(�+�� /�% , ��(��,��% �+ ��%(� �/ �+��%�+(�+� (������+' ,%� ���%�/�%� ��(����

�� -�,�+ �+��%�+(�+�� *�+�,�+�+' ������ 8� �� +�� +��� �� �,+��� ��
��"��
�� *�������+�

+�% ��
��"6,�� *�������+�� F�6���%� '���+ ��,� ��� ��
��� ,%� ,���(
��� �+ �6,%(�
��

/�%(,���+ ��� ��(��,��% �,� �� (���� ��� ��+,(�*� �/ ��*� , 
��� *�%%�*���� )�� ���-��

�/ ��� �%,*���+ ��+��%� 6��*� ,���6� ��
��� �� ����*� /�%*�� ,*��+' �+ ��� ��%%�� �+ ���

��%�K�+�,� -�,+�� �� ��-�+��+� �+ ��6 ��� ��+,(�*� ,%� *�(-����� )�� �%,*���+ ��+��%

-�,�� , *�+�%,� %��� �+ �+,
��+' ��
��� �� (��� *��%��+,���� �+ �6,%(�
�� /�%(,���+�

3,*� ��
�� *,+� /�% �+��,+*�� ,��'+ �����/ �� ��� (����+ �/ ��� %��� �/ ��� '%��- ���+' ���

%�,��+'� �/ ��� �%,*���+ ��+��% D)%�,++� �� ,��� .  

E�

)��� �,& %�;��%�(�+� *�+*�%+�+' ��� ��+,(�*� %�-%���+�� , ��%�+' ��(��,���+ �+ ��%(� �/

��� ��-� �/ �&-�%�(�+�� /�% 6��*� ��� ��(��,��% *,+ 
� ����� F�6���%� ��(� �/ �����

��(��,���+� *,+ �,���� 
� ���%*�(�� 3&��+��+' ��� ��(��,��% 6��� *�������+� ������ 
�

��%,�'���/�%6,%� ,+� ��� %�,��+ 
���+� �� +�� 
��+' �+*����� ��%� �� ��,� *�������+� ,%�

+�� %����,+� /�% ��% ������ ��--�%� /�% %��'� ��%%,�+� �+ ��� ����% �,+�� �� +�� , -%��%���

,� ���� ��,'�� ��+*� (,+� %�
�� -�,�/�%(� �� +�� ��--�%� ��*� ,+� ��(���+' ��� ��(��,��%

�+ ���� 6,� �� ��1��� �� �,�� , ��'+�9*,+�� -������� �(-,*� �+ ��� -�%/�%(,+*��

)���� 6�,� �� +����� �� , 0�&�
��� ��'� -�%/�%(,+*� ��(��,��% *,-,
�� �/ %�++�+' ��������+� �+

P��O ,+� ?�+�& (,*��+��� )�� ��(��,��% -%������ /�,��%�� /�% ����,��K,���+ �/ ��� -�%/�%(,+*�

�/ ������� *�+�%����%� ,+� �� ������ ,���6 /�% �&-�%�(�+��+' 6��� �,%���� ����-� ,+� ��������+,%�

,�'�%���(��

����� &$��
��� �����

	��

)�� %���,%*� *�+��*��� �+ ��% �,
 %��,��� ��� ��
��� -�,�/�%( �,� �-�+ �A , +�(
�% �/ ��A�%�+�

��(��,��%�J ��(� ,%� 
���� �+ ��- �/ Q�%��&� , *�((�%*�,� %�'�� 
��� ��+,(�*� ��(��,��%� ,+�

, (�%� %�*�+� ��(��,��% �� 
,��� �+ 5-�+ ��+,(�*� 3+'�+� H5�3I ,+� /%��� �-�+����%*�

,���%+,����� )���� ��(��,��%� ,�( ,� '�+�%,���� ,+� *�%%�*�+��� �+ ��%(� �/ -����*,� ��+,(�*


��,���% ,+� %��-�+�� �/ ��%��,� �
7�*��� ����%,� ��%���+� �/ ����� ��(��,��%� �&���� '��+' /%�(

(�+�(,� ��(��,��%�� �+ 6��*� �,*� ��
�� �� (������� ,� , 
�& �+ 6������ �� (�%� *�(-��&

����-�� 6��%� ���%� (,7�% -,%� ,+� ��%��,��� ,�� 7��+�� �/ ���%� ��
�� ,%� (������� �+ ���,���

��� �� ����% '�+�%,����� ��� *�+9'�%,���+ ,+� ����- �,�1 �� %��,������ �������J , +�(
�% �/

-,%,(���%� /�% ���%� �
7�*� �+ ��� ��%��,� 6�%�� �,�� �� 
� �-�*�9��� ��*� ,� 6��'��� (,��%�,��

/%�*���+� -������+� ��*� ��% ��� �&����+' ��(��,��%� ���� �� *�%%�+��� ��+� 
� �,+�������+' (����-��

��6������ *�+9'�%,���+ 9��� HO:?I�

�� ��� ����% �+� �/ ��� �*,�� , *��-�� �/ ��(-��� �-�*�,��K�� ��(��,��%� �,�� 
��+ ������-��

6��%� �+� �% /�6 ��
��� (��� ,%��+� �+ , .� 6�%��� )���� ��(��,��%� �,+��� 0,� ��%%,�+ ,+�

��(� ���+ ��
��"��
�� *�������+��

��



3.1 Major Requirements Building a Simulator

)��%� �&��� , (�������� �/ /%���� ,�,��,
�� %�
�� ��(��,��%� ������-�� 
� �,%���� ,*,��(�*

�+��������+�� :,+� ,%� �-�*�9* �� *�%�,�+ %�
��� ,+� *�%�,�+ ��-�� �/ %�
���� ��*� ,� ���

G��-�%, %�
�� ,+� �+����%�,� %�
���� %��-�*������� � /�6 ��(��,��%� ,�( ,� 
��+' '�+�%,� /�%

(�
���� *��-�%,���� %�
���*�� 5+� �/ ��� (�%� 6����1+�6+ �� ��,��%"��,'�� 6��*� �� ,+ �-�+

���%*� -%�7�*��� 6��� *�+�%�
���%� /%�( -%����'���� �+��������+� ��*� ,� ��,+/�%� P+���%���� ,+�

P+���%���� �/ ������%+ !,��/�%+�,� ��,��%"��,'� ,*��,��� *�+����� �/ �6� ��-,%,�� 
�� �+��%�

�-�%,
�� -%�7�*���

��,��% �� , %�
�� ����*� �+��%/,*��

)����� ��
�
��� � ����
�# 
������	� �
 � ���
��� 
� �
�
� ��� ����
� ���������

)������� 	�
���1������ �
��� ���
�� �
�
� 	
���
� ��
����� �
 �� ��
���� 
�

��� ��
�����
�� �������� ��� �
 ��� 
� ��� 	
������ �
�� � ����
�# 	
��

��	�

� �
 ��� �
�
�� )����� ����
��� ����
��� 	
�	������ 	�
��� 	
���	�

��

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

��� 	
���
�� )����� ����
��� � �
�� ���
��� 
� �
�
�� �
�
�� ��� �		���
�
���

playerstage.sourceforge.net

8���� ��,'� �� , (�����%�
�� ��(��,��%�

.���� �
������� � �
�����

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

�
����

��� �
������� ���
�
������ 2��

�� ����
� �
���� ��� ��
�
����


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

� 	����� �
�� 	
�
�

��
� ����	�

� ��� 
�
������ .���� ���
	�� ������� � �������� )����� 
��

�����	� �
 ��� 
� �
 	������ ��� ��3�
��� �
 �
�� ������� �
�����

� ���

��������� .������ 	
���
����� ���
���� 
� .���� ���� ���� ���
�������� �


�
�# 
� ���� �
�
���

playerstage.sourceforge.net

�%�( ��� ��*���+� ,
���� ��,��%"��,'� ���( �� (��� (��� ��� %�;��%�(�+�� /�% ��� ��(��,��%�

��6���% ��,'� ���� +�� -%����� ��� ��+,(�*� ��,� 6� %�;��%� ,+� ��� ��(��,���+ ��'�* �/ ,+

��
�� ,+� ��� ��+��%� ,+� ,*��,��%�� 6���� +��� �� 
� �(-��(�+��� �+ ���� ��(��,��%� )����

�� 6���� �,1� , ��'+�9*,+� ,(��+� �/ 6�%1 �� ,�� ����� /�,��%�� �� ��,��%"��,'� ,+� ���%�

6���� 
� ,+ ���%��,� ,���*�,��� 6��� ��+��+' ��+��%� %�,��+'� ,+� *�+�%�� ,*���+ ��%��'� ���

+��6�%1 -%���*�� ��,*1� :�%����%� ���+ ����'� ��,'� *,+ ��(��,�� (����-�� %�
���� �,*� %�
��

�,� �� *�++�*� �� ��,'� ��-,%,����� (,1�+' ��� ��(��,���+ ����- *��� ;���� ��'� H%�(�(
�%

��,� ��+*� 6� 6,+� �� %�+ ��������+� 6� �,�� �� ����- , +�6 ��(��,���+ ,� ��,�� �+*� /�% �,*�

�+������,� ��,� 6� 6,+� �� ��,��,��I�

����� ("� )�
 ��	
"�� �����

	�*

8� �,�� *����+ �� ������- ,+ �+��%��� +�6 ��(��,��% /�% (����-�� %�,��+�� ��� �6� (,7�% �+��


��+' ����
����	� ,+� 4� 
�
�
��� 8��+ ��� 6�%1 ���*%�
�� �+ ���� ������ 
�',+ , +�(
�%

�/ ��(��,��%� 6��%� ������� 8�� /�% �+��,+*�� ��,��,��� �+� �/ ��� (�%� (,��%� ��(��,��%�

*,���� (5.. 6��*� ���� ��� Q�%��& ��+,(�*� �+'�+�� F�6���%� 6��� ��� ,�,��,
�� �,%�6,%�

��



Building a Simulator 3.1 Major Requirements

%����%*��� ,+ ,��%,'� ��,��,���+ *�+�����+' �/ �  �+������,�� -�% '�+�%,���+� �,*� ��,��,���

/�% 
  *�+�%�� *�*��� H
 ��*�+��I� /�% �  '�+�%,���+�� �,1�� ,+ ,��%,'� �/ � ��. ���%�� ��6

�+ �%��% �� �%,6 ,+� '�+�%,� *�+*�����+� �+ ��� /�,��
����� �/ , '���+ ��������+,%� ����-� �� ��

+�*���,%� �� %�+ (����-�� ��������+� 6��� ��A�%�+� �+���,� %,+��( ������ ��++�+' ,� ��,�� � 

,+� �/��+ . �% (�%� ��������+� �� *�((�+ -%,*��*� �+ ��� ����%,��%�� 6��*� (�,+� ��,� , '���+

��������+,%� ��%,��'� �,1�� (,+� �,�� �� ��,��,��� �/ �+�� /�6 ��%,��'��� +��� �� 
� ��,��,����

���� �� +�� , (,7�% -%�
��(� F�6���%� , ��'+�9*,+� ,(��+� �/ �%�,��,+���%%�% �� �/��+ +�*���,%�

�+ �%��% �� ��,-� ��������+ �� ��,� ��� �������+� /��+� ,%� �,���/,*��%� ,+� ���� ��� ��,��,���+

��(� (,1�� ��� 6���� -%�*��� ��������

����%+,������� ��� �-�*�,��K�� .� ��
�� ��(��,��%� -�%/�%( �%��%� �/ (,'+����� /,���% ��,+ ,+� �/

��� ��(��,��%� 
���� �+ ��+,(�*� ��(��,��%�� 
�� ���� ,%� �-�*�,��K�� /�% -,%��*��,% -�%-���� ,+�

���%�/�%� ���� �,*1 (,+� �/ ��� /�,��%�� ,+� ��� 0�&�
����� ��,� 6� %�;��%�� 5+� �/ ��� ��(-��%

��(��,��%� *���� 
� ,�,-��� �� ��% +����� 
�� ��� ,�,-�,���+ 6���� ��1��� �,1� ,� ��+' �% ��+'�%

��,+ ������-�+' , ��(��,��% /%�( �*%,�*�� :�%����%� +�+� �/ ��� ��(-�� ��(��,��%� (��� ��%

%�;��%�(�+�� /�% ��+,(�*� %��,��� �� (���(�+� �+ �6,%(�
�� /�%(,���+ ,+� �� *�(-��,���+

�/ �%,*���+ ��+��% %�,��+'��

�+ , 9%�� ,���(-� �� ������- ��% �6+ ��(��,��% 6� �%��� �� *�(
�+� ��� 0�&�
����� ,+� *�%%�*�

��+,(�*� �/ (�%� *�(-��& ��(��,��%� 
,��� �+ -����*� �+'�+�� 6��� ��� -�%/�%(,+*� �/ ���

��(-��% .� ��(��,��%�� 8� �%��� �,%���� �*��(�� /�% �-��(�K�+' ��� ��� �/ , ��+,(�*� �+'�+�


� �&-�����+' ��� /,*� ��,� 6� �+�� +��� 0,� ��%%,�+ 6��� ����� ,+� ��,� ��
��� ,%� ,�6,��

,���(
��� �+ �6,%(�
�� /�%(,���+� �/ 6� (,1� ����� ,���(-���+� �,*� �+������,� ��
�� +����

+�� �� 
� %�-%���+��� �+ ��� �6+� ��-,%,�� *�������+ �-,*�� 
�� �+���,� , 6���� �6,%(�
�� *,+


� %�-%���+��� ,� , ��+'�� *�(-��+� �
7�*� �+ ��� �6+ *�������+ �-,*�� 6��*� '%�,��� %���*��

��� *�(-��,���+,� *�(-��&��� /�% ��� ��+,(�*� �+'�+�� ��(��,%��� �+�� 6�%1�+' 6��� 0,� ��%%,�+

6��� ����� �-�+� /�% ��(� �-��(�K,���+ -����
������� ,� , �6,%(�
�� �+�� +��� �� %��,�� �+ �6�

��(�+���+� H�+���� �� �� /,���+' �+�� , ����� 
�� �+ ���� *,�� 6� *,+ ���- ��� ��(��,���+� �� 6�

7��� +��� �� ����%(�+� 6��+ , %�
�� 6���� /,�� �+�� , ���� ,+� +�� �� ��(��,�� ��� ,*��,� /,��I�

)�� %������+' ��(��,��% ���6�� -%�(���+' -�%/�%(,+*� %������ 6��+ ��(��,��+' /�6 HR�I %�
����

,
��� . �� � ��(�� /,���% ��,+ :���� F�6���%� ��� �*,�,
����� �/ ��� ,--%�,*� -%���� -��%� )��

%�,��+ /�% ��� �*,�,
����� ������ �� ��,� �,*� *�++�*���+� ��%��'� *�������+� ,+�"�% 7��+��� 
��6��+


����� H�% �
7�*��I %�-%���+�� , *�+��%,�+�� ,+� /�% m *�+��%,�+�� ��� �&,*� ,�'�%���( ���� 
�

5�3 %�;��%�� O(m2) �-,*� ,+� O(m3) ��(� /�% �,*� *�*��� 3��+ 6��+ ��� +�(
�% �/ 7��+�� ��

(�+�(�K�� 
� �����+' ,+ �+��%� �6,%(�
�� 
� %�-%���+��� 
� , ��+'�� 
��� 6��� (����-�� 6������

��� -�%/�%(,+*� ,+� �*,�,
����� 6,� ����� 6,� +�� �,���/,*��%�� 8� �%��� �,%���� ,--%�&�(,���+

�*��(�� 
���� �+�� 5�3� ��6���%� ��(��,���+� 
�*,(� �+��,
��� 3��+ , *�(
�+,���+ �/ ���

�&,*� (����� ,+� �,%���� ,--%�&�(,���+ �*��(�� -%���� �+��**���/���

)��%�/�%�� , ��*����+ 6,� (,�� �� �(-��(�+� , .� ��(��,��%� )6����� 6��� , *����( %�'�� 
���

�+'�+�� �-�*�,��K�� �� �,+��� �+�� ��� ��+,(�*� /�% , �6,%(�
�� �+ 0,� ��%%,�+ 6��� ������ 4���+

��,�� ���+ �+ ��(� �/ ��� (�%� *�(-��& ��(��,��%�� *�++�*���+ 
��6��+ ��
��� ,%� ,���(��

3*$
��
��� �
� �
�� ���������� �) ������ *1H *����� �<""��<""C �� �� 
� �!  �
� .������ �	< IB8 �� ��
��
�� ������� ��� ����
������ �� ��� �
�	 J����
��� 
�� �
�� �� ��� 
��������� ��
� �� �
$� �+�����$� 
�����
�� ��� ���� �� ��� ���������� �����# ��
� ��# �! �3G�	

��



3.2 Design Building a Simulator

�� 
� %�'��� ��� �+��%� �6,%(�
�� *,+ 
� �%�,��� ,� , ��+'�� 
��� �+ 6��*� �,*� ��
�� �&�%��

, /�%*�� )��� %���*�� ��� *�(-��,���+,� %����%*�� +�*���,%� /�% *�+��*��+' ��(��,���+� ,+�

��������+� ��'+�9*,+���� ,+� �(-%���� �*,�,
����� 
�*,��� ��� ��(� *�(-��&��� 
�*�(�� O(n)�
6��%� n �� ��� +�(
�% �/ ��
���� �+ ��� +�&� ��*���+ 6� -%���+� ��� ����'+ ,+� ��(� �/ ���

/�,��%�� �/ ��% ��(��,��%�

��� -��	)

�+ ���� ��*���+ 6� -%���+� ��� (,7�% ���,� 
���+� ��� ��(��,��% ,+� ��� �(-��(�+�,���+ �/

��������+,%� ,�'�%���(�� )��� ��*���+� ��'����% 6��� ��� ���%*� *���� ������ -%����� , %�,��%

0��+� �+ !SS 6��� ,+ ���%���6 ��@*��+� �� (,1� *�,+'�� ,+� ,������+� �� ��� ���%*� *����

)�� ����'+ ,� 
��+ ������� �+�� ��%�� ��*���+�� +,(��� �+� �+ ��� ��(��,��%� �+� �+ ��� ����'+

�/ ��� ��������+,%� ,�'�%���(� *�(-�+�+�� ,+� �+� �+ ��� ���%,�� -%�+*�-��� ,+� ��� 9+�����

-��*� �/ ��/�6,%� � ,+ �@*��+� �&-�%�(�+�,� -�,�/�%( /�% +��%����������+ �/ *��-�%,����� (�
���

%�
�� *�+�%����%��

)�� *��� �� 6%����+ �+ �
7�*���%��+��� !SS �+ F�+',%�,+ +��,���+� �� *�(-���� ,+� %�+� �+

�5��O�� *�(-,��
�� �-�%,��+' �����(� ��*� ,� ?�+�&� ,+� 6��� %��,������ /�6 *�,+'� �� ������


� *�(-��,
�� ,+� %�++,
�� �+ ����% �-�%,��+' �����(� ��*� ,� :�*%���/� 8�+��6�� ,�����'�

���� ��� �� 
� ������� ����*�+/ ,+� ,���(,1� /%�( ��� 4�P ��������� ,%� ���� /�% ��-�+��+*�

*��*1�+' ,+� 
���� (,+,'�(�+�� g++ ��%���+ ��� /%�( ��� 4�P !�(-���% !����*���+ �� ���

*�(-���% ��,� �,� 
��+ ���� ��%�+' ������-(�+��

����� �"� �����

	�+ ��	���

)�� '�,� �/ ��� ��(��,��% �� �� ��(��,�� , ��%��,� 6�%�� ,+� ��� �+��%,*���+ 
��6��+ , +�(
�%

�/ ��
��� ,+� ��,��* �
7�*�� �+ ,+ ,%�+,� !�+�%�� -%�'%,(� %�++�+' �+ -����*,� %�
��� �/��+

�-�%,�� �+ ���*%��� *�*���� �+ �,*� *�*�� ��+��%� �+-��� ,%� %�,�� ��� *�+�%����% ��*���� ��6

�� ,*� ,+� ���� ��� ,*��,��%� ,**�%��+'��� ?�1� (,+� ����% ��(��,��%�� )6���� /����6� ����

���*%��� ��+���,*���-�,�� -,���%+ ,� ,+ ,--%�&�(,���+ �/ *�+��+���� ��(�� )�� ��(��,���+

*�*�� �� ���6+ �+ ��'�%� ���J 9%�� ��� ��%��,� 6�%�� �� ��� �-� ���+ , *�*�� �� �+��%�� 6��%� 9%��

��� ��+��%� %�,��+'� ,%� *�(-���� ,+� /�� �� ��� %�
�� *�+�%����%� 6��*� �+ ��%+ ����%(�+�

��� ,*���+� �/ ��� %�
���� )�� ��,�� ,+� ��(� �/ ��� ��%��,� 6�%�� �� ���+ �-�,��� 
� (���+'

�
7�*�� ,**�%��+' �� ��� /�%*�� *�%%�+��� ,*��+' �+ ���(�� ��+,���� ��� ��,�� �/ ��� ��%��,� 6�%��

*,+ 
� ����,��K�� �/ ��� ���% �� %�++�+' ��� ��(��,��% �+ �+��%,*���� (���� )�-�*,��� ��
��� %�+

, *�+�%�� *�*�� ���%� 0.1 ��*�+��� ���� -�% ��/,��� �+� ��(��,���+ *�*�� *�%%��-�+�� �� 0.1
��*�+�� �/ ��%��,� ��(� 
�� ��� *�+�%�� /%�;��+*� *,+ 
� ,�7������ 3,*� �-�,�� �/ ��� ��%��,�

6�%�� �� %�/�%%�� �� ,� , �
�����

� �����

#��������

�+��%+,��� ��� ��(��,��% *�+����� 
� , +�(
�% �/ �
7�*�� �/ *�,���� %�-%���+��+' �+������ ��*�

,� ��� ��,��* -,%�� �/ ��� ��%��,� 6�%�� H��� ,%�+,I� ��
���� ��+��%�� ,+� ,*��,��%�� ��� *�,����

4�� �� 
����� ��
� ������ 
�� �����
�� ������� �� 
�� ������	 '��� �� 
��� 
� 
��������� �
 � �� �����
��
 ��
���� ������� ��2� .HJ 
� K����+	

��



Building a Simulator 3.2 Design

Set up the virtual world

Draw frame

Sense and act

Update world state
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virtual void AddChild(CSimObject* pc_child);

virtual void SimulationStep(unsigned int n_step_number,

double f_time,

double f_step_interval);
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virtual void Keypressed(int n_keycode);
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Table 3-1: Performance benchmark for TwoDee, NS running in exact mode, and
NS running in approximation mode. The numbers shown correspond
to the time each of the simulators requires to simulate 100 seconds for
a given number of connected s-bots moving randomly. NS running in
approximation mode and TwoDee show a time complexity close-to-linear
in the number of connected s-bots simulated, while NS running in exact
mode appears to have a cubic time complexity. TwoDee is orders of
magnitude faster than NS even when running in approximation mode.
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Figure 4-4: The figure shows a 3D rendering of the s-bot seen from below (a) and
from above (b).
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Figure 4-5: Examples of behaviors evolved using the fitness function, flight. (a)
shows a successful strategy, where the target area is reached, while
(b) shows an example of the result similar to the majority of the evolved
controllers. A few evolutions resulted in successful strategies, while it
was common for evolution to get struck in local optima with a resulting
behavior similar the one shown in (b).
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Figure 4-6: A controller evolved in the virtual arena shown in (a) can success-
fully steer a swarm-bot from the starting arena to the light source in
(a). When the same controller is tested in a different arena (b) it fails
and steers the swarm-bot over the side of the arena. Hence, the con-
troller evolved for arena (a) appears to be highly specialized for (a) even
though the initial conditions such as random positioning and orientation
have been used throughout the evolution of the controller.
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Figure 4-7: Four arenas used to evolve general controllers. When a controller is
evaluated, it receives a fitness that reflects its performance in all of
the arenas. Thus, in order to obtain a high fitness, a controller must
implement a general strategy, which works in the most or all arenas.
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Figure 4-8: Example of how a controller behaves in four arenas using a simple,
but general and successful, hole-following strategy. During evolution of
the controller, each individual was tested in each of the arenas twice
and the average of the fitness scores for all the arenas makes up the
individual’s final fitness.
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Figure 4-11: Examples of the three different strategies found by evolution:fail, re-
verse, and turn.
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Figure 4-12: One box-plot for each of the four network structures, where each box-
plot contains three populations, one for each set of evolutionary run
with a given mutation rate.
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Table 4-1: The number of turn and reverse strategies found for the evolutionary
setups out of 20 evolutions. Notice, that for the perceptron controller, not
a single evolution found the turn strategy. This could be an indication that
a perceptron cannot encode such a strategy efficiently or, alternatively,
that the strategy is (very) hard to find in the fitness landscape for the
perceptron.
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Figure 4-18: The arenas used for incremental evolution based on environmental
complexity. A population is first trained in (1) until an acceptable per-
formance is achieved, then in (2) and so on. After an acceptable
performance has been achieved in (4), the arenas (a) and (b) shown
in Figure 4-7 on page 64 are used. The final incremental step con-
sists of all the arenas shown in Figure 4-7 are used in different trials
in order to obtain controllers based on general strategies (see Sec-
tion 4.3.3 on page 62).
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Figure 4-19: Two plots of fitness scores for the same evolutionary setup (multilayer
network with two hidden nodes, a standard GA with a 10% mutation
rate), but with different initial random seeds. The plots show that the
evolutionary runs can progress rather differently in terms of the point
at which a region of the solution space containing successful strate-
gies is reached. The evolutionary run shown on the left-hand side
reached such a region around generation 140, while the run on the
right-hand side only managed to do so around generation 550.
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Figure 4-24: A photo of the arena used for the experiments on real s-bots is shown
in (a). The corresponding simulated arena is shown in (b).
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Evolving Controllers 4.6 Test on Physical Robots
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4.6 Test on Physical Robots Evolving Controllers

Figure 4-25: �� ����
�� �� � ���� ��� �� ���� ������� � �	�	��� �	�����	�� ��� 	� �
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Evolving Controllers 4.7 Discussion
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