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	 � ��
� 	 � �. 	 � 	 �/ 	 � � � � � �" 	 � �� � � 
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� � 	 � �� ��� . 
� � � � 	 � � �	 � � � � 
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/ � 
	 � � 
� 	 � 0' � � � � 	 �� � � � 	 � � 
� � 
� 
� � � � � *	 � 
1� � � 	 � � � / � � � � 2� � � 	 C� �

� � � 	 �� . � � � � � � � 
� 	 � �/ � �@� � 
� � �, �� � � 	 �1�� � 	 �� � � � � � � � � � � � � � 	 ��. � � � � � � � 
� 	 � �/ � � � � � � � 1�� � 	 �

� � 
��	 �@� ��� �
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� �� �� �"1�

2�. � � �� ��
" 	 �
� �
� � � " �' � � 
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� ��� � �� � � � � � 
� � �
� 	 �
. � �� � � 
� �
� � � " � �
� �
� 	 �� � � 	 1�

' � �, � � � �) � � � 	 ���� � � �� 
� 	 � �
� � � �� � / �	 �� 	 �� �� � � �	 � � � � � � � 	 � 	 � 
�� � �� � � *	 � 
�� � � 	 � � 
� � �1�

2�. � � �� �� �� � ��
" 	 �
� �
� � � " �
� 	 � 	 �� 	 � � �	 �� � � �
� 	 
� �� � � � � � 
+�� � �� � � ���� � �� � " 
� � �
� � 
� � 
�� ��4� 	 � 

� � � �

� � � . 	 ��� � � � � � � � �� 	 � � 
� � E�) 	 � � � �� �� � � � 	 �� 
� � � � 	 � " 	 	 � � � � 
� � E� �� � � � �� �� � � / 	 
� � � . 
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� � � 
� � � 	 �� �
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� � �. 
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� � � � �� ��� �� �� � ��� � � � ��� � �

) � � 	 �� 	 � 	 �� � � 	 � 
�� � � 
� �� � 	 �� 
� 
� � �� � � 
� �� ��. � 
�	 �
	 � � � � �� � � �
� �/ 	 � � � 
� � �
� � � 	 � � 
� � �� �� � � � �	 &�

G8H1� � � ��� . 
� � � 
� 	 � = � ��� . � � � � 
� 	 � � �� 
� 	 � � � � 	 � � 
� � � � 
� � � 
� � � � " 
� � � �	 . 	 �� � � � 	 � � �� � � � � � 	 �

� � � 	 � 1�= � �� . � � 	 � � � � 	 �	 �� 
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� � � � � � � � � � 	 � � � 
� � 
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� � � � � � / 	 �


� � �� � 	 � 1�2
�
� �
� � � � 
� � 
��� � �
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�1�

2
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� � � � �
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� 	 � �
� 	 � � � � � 

� � � � �� 
� 	 � � 	 � 
� 	 � � �� � � � � �6� � 7�� � � � � 
� 	 �

� � � � �� � �� � 

� � �� ��
� 	 �/ � � � �� / � � 
�

� �� � 1�� � 
� �
� �� � � � 
/ �	 �/ 	 � � � � 	 �� ���� � � 

� �	 � �� � � � 	 �
� 	 �� � � 	 �

� 	 �� 

� 	 � � � � � �� � � � � 

� � � � / � � 
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� 	 � � � 1�2� � � 
� 	 � � . � � � � �� 
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� � � � �� 
� 	 � � 
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� � / � � � � � � � � / 	 �
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/ 	 � � � � � � � . � � �	 � � � 
� 	 � � 
� � � � �� � � 	 � � � � � � � 

� �	 � 
� � 
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� � � ��� 1� � � � � �� 
� 	 � � 
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� � / � � � � � � � � / 	 �
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� 	 � � 
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� � / � � � � � � 	 � � �� � � � 	 � 	 � � � � � � 
� � � 	 � � � 
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� � � 
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	 1� � � 	 �

� � � � � � �� 
� 	 � � 
� 
� � / � � � � � � � � 
� 	 � 

� � 
	 � � � � � 6
� 	 � � � � �
� � � � � � 
� � � / 	 
. 	 	 � � � � � � �� � � � � � 	 � 
� � � � �

� � � � �� � �� 	 �� � 

� 7�� � 	 �� � � � 
� � 
� ��. � 
� � �� � 	 �� 	 �
� 	 � �. � 	 � �
� 	 �� � � 	 �
� ��� � � 	 � 1�

� � � � ��� � � 	 ��
� 	 �� 
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� �/ � � � �
� �� � � � 
	 � �� � 
� � �
� 	 �
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�� � � �	 �� � � 	 � �� 
� � 	 �
� 	 ��� � 
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� � �
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� �� � �� � �� 
	 �
� 	 �� � � � � 	 �
� �� � � � �� � �� 	 �� � 

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


� 	 ��� � � 	 � �	 &	 �
	 � �� � �
� 	 �� 
� 
� �/ � � � �� � � 
� � �
� � 
�� � � � 	 1�

� �� �� � 7 � � � 
�
� � � � � �

� 
� � 	 �
� 	 �. � 	 	 �� �� � 	 �
� 	 �� 	 � � � �/ � �. � 
� � �
� 	 �� � . 	 � �� � �
� 	 �	 � � 
� 	 �
� �
� � � � �	 � � 	 � �
� �
� 	 �� � � � � � �


� �� � � 	 � �
� �� � � 	 �
� 	 �� � � ��� �. � � � � ��
� 	 � �� � 	 �
� 	 ��� � 
� � ��� �� � 	 �
� �/ 	 � 
� �� �� 
� � � � � 
� � �� ��
� 	 �� � � � 
� � �

	 � � 
� 	 1�� � 	 ��� � � 	 � �� � �	 � � � �. � 	 	 ��� � 	 �� � �� � �� 
	 � �� 	 � � � � 
	 �� 1�� 	 � 	 � � ��. 	 / � 

	 � �G8 �8>�8: �89H�. 	 � 	 �

� � 	 � �
� �� � 
� 	 � �
� 	 �	 4� � 

� � � �� � 	 � �/ 	 �� . 1�� � � 	 �� ��
� 	 � 	 �	 4� � 

� � � �� � � 	 �/ 	 	 � �� � 

� 
� 	 � ��� 
� � 	 �


� 	 � 
� � � � 
� � 
� � � � �� 
� � � � � � � � � � � 	 � 
� � � � � � 
� 	 � � � � � 
� � � 
� � �	 	 �� � �� � � / �	 �� � � 
� � 	 � 	 � � � � 
�� � 
� � / 	 �

� 	 � �
� 

� 1�

� �� �� ��  - � � � � � � �� � �
� �� � � �

� � 	 � � � � 	 �� 
� � 
� 
� � � � 	 � � 
� � � 
� � �� 
	 � � � � � 	 � � 
� � � 
� � � � � . � � 
� � 
� 	 � �� ��� . 
� � � � 
� � � � � 1� 2
� 
� � � � �

� � � � � &
� � 

� � � 
� � 
� 	 � � 	 � �3. � � �� � � � � � 	 � � 
� � � � � � 
	 � � � � � 	 � � 
� �� � � � ��/ � 
� 

� 
� � � �� � 	 � 	 � � � � � � 
� � / 	 �

� 	 � �
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� ��� � �
� 	 �� �� � 	 �1�� � 	 �� � � � �� � �
� 	 � � � � �/ � � � �
� � 1m ��� � � �
� 	 �� � � � �� ��
� 	 �. � 	 	 ��
� � 2m 1�" �
� �


� 	 �� � � 
� � �� � 	 �� 
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	 � 
��� � � �� �
� �
� 	 �� � � � 
� � �� � 	 ��
� 
	 � 
1�2� �
� 	 �� 
� � �� 

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

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

� � ��
�	 ��� � �
� 	 �� � �1�� � 	 �� � � 


� � � �� � �
� 	 �� � � �/ � � � �� � � �. � 	 	 ��� � 	 �� 	 � � 
	 � �

/ � � 1x �� � � � 2x �� 	 � � 	 � 

� 	 �� 1�

�
3�� � � � �� �� �- � � � � � � �� � �� , � �� ! �
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2� � � � � 	 � � 
� � � � �� � �� 
	 � 
� 	 � � � � � 	 � � 
� � 	 ��	 � 
��? 	 . 
� � M� � �� . � 
� � � � � �
	 � � 
� � 
� 	 � 
. � � � � � � 	 � �6� � � � � � � �

. � 	 	 �71�� 
� � 
���� � �
� 	 �� � � �/ � � � ��
� 	 �� � �� �
. � ��� � � 	 � �� � 

� � �� � 	 �� � 	 �
� �
� 	 �� � 
� �� � � � 	 � � 
� � �6� ���71�

� � 	 � � � � 
� � � �� � � 	 � � � � 1m � . 
��� � 	 � 	 � � � � � � / � 
� � 1x � � � � � 2x 1� � � 	 � �� � � 	 � 
� � � � � � � � 

� � � �� 
� � 
� 	 �

� 
� 
� � � 	 � 
� � � � � � � . � 
� � � 
� 	 � � � � 
� � � � � � � / 	 	 � � � 
� 	 
� � 	 � � � � � � � � � � 	 � � 	 � �� . � 
� � � 
� � 21 xx - 1� � � � �

	 &� � � �	 �� 
�� 21 xx = �� 
� 	 � � 
� 	 � 	 � 
� � � � � � � � 
� � � �� � � 	 1�� � � 	 � 	 � � � 	 �� 
� 	 � � � � 
� � � �� � � 	 � ( )21 xxkFs --= 1�

� � 
� � �
� 	 �� � � 	 �� � 
� � 
� �	 � ��
� 	 �� � � � 
� � ��� � � 	 � ( )21 xxcFd �� --= �. � 	 � 	 � x� �
� �
� 	 �� 	 �� � 

� �� � x 1�� � � �

	 &� � � �	 ��
� �� � �� � � �� � �� � 	 �� � � 
� � �� � . � � � � �� 
�
� 	 �� � � 	 �� 	 �� � 

� ��
� 	 � �
� 	 � 	 �
� �� � �� � � � 
� � ��� � � 	 1�

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

	 �
� 	 �	 4� � 

� � �� ��� � 

� � ��� � �
� 	 �� � � �/ � � � �� � ��� ��� . �+�

( ) ( )212111 xxkxxcFFxmF ds ----=+== ���� � 6� 41�87�

� � 	 � �� � � 	 � 
� � 
� 
� 	 � � � � � 	 � � 
� � � 	 &	 �
� � � � � � � 
� 	 � � � �� / � � � � 
� � � � �� � �� 
	 � � . 

� � 
� 
� � 	 4� � 

� � 1� � � 
� �

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

� � 
� 
� �� � �
� 	 �� � � �/ � � � 1�� � 	 �� 
� 
� �/ � � � �� � � � � 
� � �� � � 
	 � �
� �
� 	 � �� � 	 � �
� �� � �� � �� 
	 �
� 	 �� 	 � � �

� � �

	 ��	 � 
1�

� �� �� ��  8� � � ��� � �� � 
�
� �� � � �

- � � � 

� � 
� � ���� � � 	 �� � � �/ 	 	 � �� � � � � &
� � 
	 � �
� �
� 	 �� 
� � �� 

� � �/ � �. � 	 	 ��� � � � 	 ��/ � � " 	 �� � � � 	 ��� � ��
� � �

� 	 � 
� 
� � � 	 ��� � � �� � � � 1�

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

�
� �� � � 
�� � � � � � ��� � �� � � � �
� �/ 	 ��� � �3. � 	 	 �3� �
� 	 1�= � . 	 � 	 � ��
� 	 �

� 
� � �� 

� � �
� ���	 &
/ �	 �	 � � � � � �
� �� � � 	 �. 

� �� �� � � 
� / �	 �� � � / 	 � �� ��� � 
� 	 �. � 	 	 ��1�

� � � � �

� 	 �
� 	 �� � � � � � � �� � � � �
� � � � � � �
� 	 �� � � 	 ��� � � ��
� 	 �� � ��� . 
� � �� 
	 � � �� � � � �+�

Get the current angular velocity of one of the drive wheels 
� � 	 � � � � � �� � � � 	 �� � 

� � � �� 	 � � � � . � 	 	 �� 
� � � 
� � 	 � � � � � � � 
� 	 � � � 	 � 
� � � � �� � � � � � � 
� 
� � 
� � � � 
� 
� 
� �� � 
	 � 1�

B � 	 � � 
� 	 � � � � � 
� � � 
� 

� � � � � �6�� � � 
� � 
� � � 	 � . � 	 � � 
� 	 � � 
� � �� 

� � � � 
� � 
�7�� 
� 	 � � � � � �� � � � 	 �� � 

� � . 
���

� / � 
� � � �� �/ 	 �C	 �� 1�

Calculate the RPM (revolutions per minute) of the engine 
� � 	 �@#� �� ��
� 	 �	 � � 
� 	 �
� �� � �� � �� 
	 � �� � 
� � �
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� ��� � � � �� +�
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×××= diffgearw CCRPM � 6� 41�� 7�

. � 	 � 	 � ww �N�. � 	 	 ��� � � � �� � � � 	 �� � 

� �6�� � L�7�� gearC �N�� 	 � � �� � 

� �6� 	 � 	 � � � �� � �� � � � 	 � 
�� 	 � �7��� � � �

diffC �N�� 
��	 � 	 � 

� ��� � 

� 1�

Calculate the engine torque 
� � 	 �	 � � 
� 	 �
� �4� 	 �
� �� � �� � �� 
	 � �� � 
� � �
� 	 ��� ��� . 
� � ��� � � � �� +�

transdiffgearaccengine ECCTPT ××××= max � 6� 41�07�
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� 	 � 	 � � 
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� �� � � 

� �� � � � �
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� � 
� � �	 ��
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Calculate engine torque distribution 
� � 
� � 
� � � � � 	 �/ � � � 
� 
� 
� � �
� 	 � 	 � � 
� 	 � 
� �4� 	 �/ � � 
� 	 � � � � / 	 � � � �� � � 
� 	 �. � 	 	 ��1�� � 
� � � � � � � 	 � � 
� � 
�

	 � � 
� 	 � � � . 	 � � 
� � � 
� 
� 	 � � 	 4� � ��� �� . � 
� � � 
� � M
� � � � � ��� � 
� 	 � � � � 	 � 
� � � 	 � �� �
�	 1� = � . 	 � 	 � �� �� � � 
� 	 �

� � � � � � 	 � �� ��� �� 
� � �� 

� � �

�
� �� �� � 

� / �	 �� � � � � � 

� � 1�

Calculate the slip ratio for each drive wheel 
B � 	 � �� �� � � �
� �� � � 
� � ��
� 	 �� � � 3� �
� 	 �. � 	 	 �� �� � 	 �� 
� � �� �� � ��
� � 1�= � . 	 � 	 � ��
� 	 �� � 
� 	 �. � 	 	 �� �� �	 �

� � 
� � ��� � � � 
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� � � � �
� � 
�� � �� � 
	 � � 
� � � � 
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�1�� � 
� � 
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� � � � � 	 � �� � �� 
� 

� � � � � � � 	 �/ 	 
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� � 	 �� � � �


� 	 �� � � � �5�� � � �

�
� �
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� ��� 
� 

� � ��� � � 	 �
� � 
�� � � � 	 � �
� 	 �� � � ��� �. � � � �1�

� �
� �� � 

� �
� �
� � � 


� � � ��� �� 
� 	 � �/ � �
� 
� ��� � � � �� +�
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longww

v

vR -×
=

w
s � 6� 41� 7�

. � 	 � 	 � ww � N� . � 	 	 �� � � � � �� � � � 	 �� � 

� � 6�� � L�7�� wR � N� . � 	 	 �� � � � 
� � �� � � � � longv � N� �� � � 

� � 
� � ��

� 	 �� � 

� �� ��� � � �6� L�71�
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= � . 	 � 	 � �� . � 	 � � 
� 	 � �� � � 

� � 
� � �� � 	 �� � 

� � 
� � � 	 � � � � � � ��� 
� 	 � � 
� 
� � � 	 � � �
� � 
� � 
� � 
� / 
�

� � 
� � 
� 	 �
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� � �� 

� � �6� 
� 
� 
� � �/ � �� �� � � / 	 � �� 	 � � �� �� � 	 �
� �C	 �� 71�� � 	 � 	 �� � 	 ��
� 	 �� �
� �� � 

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

� �
� 
� ��� � � � �� +�

longww vR -×= ws � 6� 41�>7�

Calculate the traction force for each drive wheel 
� � 	 �
� � � 

� � ��� � � 	 �
� � 
� 	 � � � 
� 

� � ��� � � 	 �
� � 
�
� 	 �� � � � �� � � �� � 	 �� � � �
	 � �
� �
� 	 �. � 	 	 ��� � � �� � 	 1�2
�
� �


� 
� ��� 
� 

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

� � 1�

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

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

� � � � � � � 	 � � �� 
� � 
� . � 	 	 �1� � � 
� � 
� � � 

� � �

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

� � �� � �� 	 � � � 
/ 	 � ��� 
	 �1�

� � 	 �
� � � 

� � ��� � � 	 �
� �� � �� � �� 
	 � �� � 
� � �
� 
� ��� � � � �� +�

WFF longnormlong ×= , � 6� 41�: 7�

. � 	 � 	 � longF �N��� � � 

� � 
� � ���� � � 	 �6
�� � 

� � ��� � � 	 7�� longnormF , �N�� � � � � �
C	 � ��� � � 

� � 
� � ���� � � 	 ��� � �

� �� 
� 	 � �� �
� �� � 

� ��� � � �W �N�. 	 
� � 
�� � 	 � �
� 	 �
� � 	 1�

� � 	 � � � � � � �
C	 � � �� � � 

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

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

� 
� 
�� � �
� �
� � 
�� � � . � �
� ��
� � � 	 � 1�

Norm alized Slip Ratio Curve
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3�� � � � � �� �- 
�� �� � ��� �� � 
� � 
� ��� � �



8 �
 

Calculate the traction torque for each drive wheel 
� � 	 � 
� � � 

� � � 
� �4� 	 � 
� � � 
� � �� � 
� 	 � 
� � � 

� � � � � � � 	 � � � �

� �
	 � �/ � � 
� 	 �. � 	 	 �M� ��� � 
� � �� � � � � � � . � � / � �


� 	 ��� ��� . 
� � ��� � � � �� 1�

wlongtraction RFT ×-= � 6� 41�97�

. � 	 � 	 � longF �N�- � � � 

� � 
� � ���� �� 	 �6
�� � 

� � �� � � � 	 7�� � � � wR �N�. � 	 	 ��� � � 
� �1�

Calculate the total torque for each drive wheel 
� � 	 �
� 
� ��
� �4� 	 �
� �
� 	 �� � � �� ��
� 	 �	 � � 
� 	 �
� �4� 	 ��
� � � 

� � �
� �4� 	 ��� � � �/ � � " 	 �
� �4� 	 ��� � �� � � . � �
� �

�
� � � 	 �>�� � � �	 4� � 

� � �; 1�

traction force

traction torque

drive torque

rotation

 
3�� � � � �#�� �� � ! � � � � � �� �� 
��� �9� � �
� � �� �/ � � � 
 

tractionbrakeenginewheel TTTT ++= � 6� 41�; 7�

Calculate the angular acceleration and angular velocity for each wheel 
� � 	 �� � � � �� � �� � � 	 �	 � � 

� � �
� �� � �� � �� 
	 � �/ � �� 
� 
� 
� � �
� 	 �
� 
� ��
� �4� 	 ��� � �
� 	 �. � 	 	 ��/ � �
� 	 �
� 	 � 

� �� ��


� 	 � . � 	 	 �1� � � 	 � � � � � �� � � � 	 �� � 

� � 
� � 
� 
	 � � � 
	 � � 6� � 
� � � � � �	 � � 
� 
	 � � � 

� � 7� �� � � � 
� 	 � � � � � �� ��

� � � 	 �	 � � 

� � 1�

� �� �� ��  8� �� �� 
�
� �� � � �

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

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

� 	 �


� � � � � � �
� 	 �� � � 	 ��� � � 1�

Calculate the car sideslip angle 
� � 	 � � 
� 	 � �
� � � � � �	 � 
� � 
� 	 � � � � �	 � / 	 
. 	 	 � � 
� 	 � � � �M� � � � 
	 � 
� 

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

� � � 	 � 
� �1�2� �

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

� � � 
� �� � 	 �� 
� 	 � 

� � �/ � 
�� � � 
� � �
� �� � � 
� 	 � �� 
� 	 � 

� � ��
� 	 � 	 �. 
���

/ 	 �� �� 
� 	 � �
� �� � � �	 1�
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)(tan 1

long

lat

v
v-=b � 6� 41�A7�

. � 	 � 	 � latv �N��� 
	 � � ��� 	 �� � 

� �� ��� � � �6� L�7��� � � � longv �N��� � � 

� � 
� � ��� 	 �� � 

� �� ��� � � �6� L�71�

Calculate slip angle for each wheel 
� � 	 �� �
� �� � � �	 �
� �� � � � � � 	 � �� ��
� 	 �� 
� 	 � �
� �� � � �	 �� ��
� 	 �� � � ��
� 	 �� � 	 	 � �� ��
� 	 �� � � � �� � �� � 
� 

� � �� ��


� 	 �� � � �� � � � � � �
� 	 �� � �� &
� ��� � � �
� 	 �� 
	 	 � 
� � �� � � �	 �6� � �� �� � � �
� � / �	 �
� �
� 	 ��� � � 
�. � 	 	 ��71�� � 	 �� �
� �

� � � �	 � ��� � �	 � � � �� 	 
�� ��. � 	 	 �� �� � 	 �� � �� � �� 
	 � �� � 
� � �
� 	 � 	 ��� � � � �� 	 +�

)sgn()(tan 1
long

long

lat
front v

v
bv

×¶-
×+

= - w
a � 6� 41�8� 7�

)(tan 1

long

lat
rear v

cv
a

×-
= - w

� 6� 41�887�

. � 	 � 	 � latv � N� �� 
	 � � �� � 	 �� � 

� � � �� � � � � 6� L�7�� longv � N� �� � � 

� � 
� � �� � 	 �� � 

� � � �� � � � � 6� L�7�� w � N�

� � � � �� � �� 	 �� � 

� �� ��� � � �� � � � � � �
� 	 �� � �� &
� �� b �N�� 
� 
� � � 	 ��� � � �� 	 � 
� 	 �� � �� � � � 

� �
� �� � � � 
�� &
� �� c �

N�� 
� 
� � � 	 ��� � � �� 	 � 
� 	 �� ��� � � � 

� �
� �� 	 � � �� &
� ��� � � �¶ �N�� 
	 	 � 
� � �� � � �	 1�

Calculate lateral force for each wheel 
� � 	 � �� 
	 � � �� �� � � 	 � 
� � � � �� � �� 
	 � � � � 
� � � 
� 	 � � � � 	 � � � 
� � 
� �	 � � � � 
� 	 � �� � � 

� � 
� � �� �� � � 	 �� . 

� � 
� 	 �

� 
��	 � 	 � � 	 � / 	 
� � � 
� � 
� �� 
	 � � �� �� � � 	 � 
� � � 	 � 
� 	 � � �� � � � � �
� � � � � �	 � � � � � �� � � 

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

�� � � �� �
� �� � 

� 1�� � 	 �� � � � 	 � ��� � �/ � 
� ��� � " �� 	 � � �� 
� 
�� � ��� � �
� 	 ��
� � � 	 �/ 	 �� . �� � � . �1�

Normalized Slip Angle Curve
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� �� ��  � � ��
� � � � � �

, �
	 � � � � �� � �� 

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

� � � 
� 	 � �� � � 	 � � � � � � 
� 	 � � � � �/ � � � � 
� � � � � 
� � �	 �

� � 

	 � �� ��� � � 
� � �
� 	 �. � 	 	 ���� � � 	 � �
� �
� 	 �� 
� 
� �/ � � � 1�� � 	 � 	 �� � 	 �
. � �� � � 


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


� 	 �� � � �/ � � � �� � �� �. � � �	 �5�� � � � 

� �� � � �� � � � 1�' � � � �
� ��
� 	 � � �� �� � � � � � 

� � � ��
� �
� 	 �� � 	 	 � ��� � � �

�
� �


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

� � �
� � 	 �
� 

	 �� �� � � �
� � � � 	 � �� ��
� 

�� � �
� 	 �� � &
� � � �

� � 	 	 � 1�

� � 
� �� 
� � � � � �� � � . � �. � 	 �	 �
� 	 �. � 	 	 ��� � � �� � � ��� � � 	 � �� � 
1�D� �� �� � 	 �. � 	 	 ��
� �� � � . � 1�� � 	 �� � � �	 � �

� � � � . ��� � �� � � � 

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

� � �� 
� � 
� � 
�� � . � 1�� � 	 �� � � �	 � �� � � � . �� � � �� � � � 	 � � 
� � �

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

� � �� 
� � 
� � 
�� � ��/ � 
�
� �
� 	 �. � 	 	 �M� �� � � � � 
� � 
	 �� � � 
	 � 1�

 
3�� � � � �� �� �- � ! ! � � , �� 
�� � � �
� � � � �  

� �� �  � � 

�� �� � �� � �� � ��� � �

� � ��
� 
� � �� 	 
	 � 

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

� � �. � 	 � �
� 	 �� � � �� 

� �� �� � �
� �� / *	 � 
1�2
�
� �

� �� � �� � 	 � �
� �� 	 
	 � � 
� 	 �
� 	 �� 	 
� � 
�� ��
� 	 �
	 � � � 
� �� � � 	 � �	 � � � �. � 	 	 �1�� � � � ��
� 	 � 	 �� � 	 �
. � �� 	 � � � � 
	 �


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

� � �� � 	 �� � 	 � +�

·  #	 �3. � 	 	 �� � � ��
� 
� � � � 	 
	 � 

� � 1� � � 
� � . � �" � � / � � 	 &
	 � � 
� � � � � � � � � �� � � � 
� 	 � � 	 � 
� 	 � � �� 
� 	 �

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

� � �
� �/ � � 	 � �� � �
� 	 �� � � � 	 � 
�� � 
	 � 
� 

� � �� ��
� 	 �

. � 	 	 �1�2� � � � � 	 � � 
� � � 	 � �� � � � 
� 
� � 
� � 	 � � �� � � ��
� 
� � � � 	 
	 � 

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

� � � 
� �

� � 	 � 1�

·  � � � � / � � � � � � ��
� 
� � � � 	 
	 � 

� � 1� � � � � 	 � � � � � � � �� � 	 � 	 � � �� � � ��
� 
� � � � � 
� 
� � � � 	 � � 	 �
� 	 � 1� � � 	 �

4� � � 


� � � �� 
� 	 � 	 � 
� � � 	 � 	 � � 	 � 
� � � � 
� 	 � � � � � 	 � � �� 
� 	 � � � �1� � � � � 	 &� � � �	 �� � � � 
� 	 � � � / � � � �

2� � � 	 C� ��
� 	 � 	 �� � 	 �8� �� � ��
� 
� � �� � 
� 
�1�� � 	 � 	 �� � 	 ��� � � 
	 � �� 
�
� 	 �� � � � 	 � � � � ��
� 	 �
� � �� � � �

/ � 

� � � � �� 
� 	 � � � � � / � � � �� � � � � � 
� 
� 	 � � � � � 	 �� � � �� 
� 	 � � � � �1� ! 	 � � � � 	 � 
� 	 � 	 � � 	 � � / 	 
. 	 	 � �


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

� � �
� �
� 	 �� � � � 	 �� ��
� 	 �



89�
 

� � �1�, ���� � �
� 	 � 	 �� � 
� 
� �� � 	 �
	 � 
	 � �
� �� 	 	 �
� �
� 	 � �� � � 	 �� � ��
� 	 � �. 

� �
� 	 �
� � � "1�2� �� � � 	 � �
� �

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

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

� � �
� �� � 	 � 1�

� � � � ��� � � �
� 	 �� � / � � � �2� � � 	 C� ��� � ��
� 
� � �� 	 
	 � 

� � �� � � 
�/ 	 �� 	 � �� � � 	 � �8: �

� 	 � �6 ��� � �
� 	 �. � 	 	 �� �

� � � � 8� � �� � � 
� 	 � � � � � / � � � 71� � 
� � 	 � 
� 	 � 	 � � � 	 � � � . � � � � � � � � : � � � � 
� 
� � � �	 � � 
� � 
� � � " 	 � � � � 
� 	 � 
� � � " �

� 	 � � ��

�. � � �� �/ 	 �� � � � � 
� 

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

� 
� 	 � ��� � � 
� � 1�� � 	 � 	 �� � 	 ��

/ 	 � � � 	 �
� 	 �� � ��
� 
� � �� 	 
	 � 

� � �� � � 

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

� 
� �� ��
&	 � �

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

� 	 
	 � 

� � �
	 � 
�1�

� �� � �� � &� , 5���� � � 
� ��� �� �� � � ��� � �

@� � 3
�
� � � �	 �
� 
	 � � 	 � 

� � �
� �� � 	 � �
� �� 
� � �
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� �
� �� � 	 � ��� � �
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� � �� � � 
	 � 1�, �� � � �
� �� � � . � ��� � � �
� 	 �� 	 � 
� 	 �� ��
� 	 �. � 	 	 ��� � . � . � � � � ��� � � �
� 
� �� � � �
� �
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	 � � � � � 
� � 
� 
� 	 � 
� 
� � � �	 � � 
� � 
� 	 � 
� � � " � � 	 � � �� / � � 	 � � � � � 
� 	 � � � � � 	 � � �� � " � � � � 	 � � � 
/ 	 � � 
� � 
� 	 �

� � 	 � 
� � � �� � � � � � � � � 1�� � 	 �/ � � 
� �
� 	 � �
� �
� ��
� � �. � 	 
� 	 � �
� 	 �� � � �
� 
	 � � 	 � 
� �
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� � � � �� 
� 	 � � � � � � � � � 
� 	 � � �� � 	 � � � � 
� 	 � 
� 
� � � �	 1�2�� 
� 	 � � � � � � � 
�
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	 � � 	 � 
��
� 	 � �
� 	 � 	 �� � � �/ 	 �� � �� � ��
� 
� � 1�

� 1 � 	 � 
�
� �� 	 	 �. � 	 
� 	 � �
� 	 �� � 
� 
�� ��
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	 � � 	 � 

� � ��
	 � �. 
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� 	 � � � ��
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� 
� � � � � 
� � 
� � � 
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� � � . 
��� / 	 � � � ��	 � � � � � 
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� � 
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� �
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� � � � � 
� � 7�
� �0' �� � � � 	 �6
� 	 �� � � 


� � �� ��
� 	 �� 	 � 
� 	 �� ��
� 	 �. � 	 	 �7�� � � �� �� 
� 	 � 

� � 1�� � 
� �
� �� 	 � 
� 	 � �

� � 
� 	 � � 

� � ��� �� � �

)( directiontpositionline ´+= � 6� 41�8� 7�
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� � �
� 	 �� 	 � 
� � �� � � � � �� � � � � � 
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� � �� �� � �� 	 ��� � �
��� � � �� � 
� 
�� �� � � �
� 	 ��
� 	 �� � � �/ 	 �� / 
� 
� 	 � 1�� � 	 �� � �� 	 �� ��
�
� � 
�� 	 	 � � �


� �/ 	 � � / 
� 
� 	 � � 
� � 
� 	 � � � 
� 
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� 	 � �
� 	 � 
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� � 
� 	 � � �� � 	 � � �� 
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� 
� � � �	 1�� � 
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� �� � � �/ 	 �� � �� � �� 
	 � �/ � �



8; �
 

positionnormal
dirnormal

t
×

×
= � 6� 41�807�
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� � �� � 
�� � � � � � 
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	 &1�

� � 	 � � � 
� 
� � �� 
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	 � � 	 � 

� � � / 	 
. 	 	 � � 
� 	 � � � � � � � � � 
� 	 � � �� � 	 � � �� 
� 	 � 
� 
� � � �	 � 
� � � � . � " � � . � 1� � � 
� �

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

� �
	 � � . 
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� � 
� 	 � 
� 
� � � �	 1� � � 
� � 
� � � � � 	 � � � 
� � � � � � � �� � � 

� � � �
� � 
�

� � � � � � 	 � � / � � ! � � � � 	 �� G8AH1� � � 
� � � �� � � 

� � � 
� � � �� 	 � � � � 	 � 

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


� 
� � � �	 ��. 

� �
� 	 �� � � � � �� �� � 
� 

� � �
� . � � � � �
� 	 �
� � 
� 	 �� ��
� 	 �
� 
� � � �	 1�2��� ���
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� �
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� � � 


� 	 �� � ��3� � � � 	 �� ��� ���
� � 	 	 �� �� � 	 � ��
� 	 � �
� 	 �� � 
� 
�� � � 
��
	 �
� � 
� 	 �
� 	 �
� 
� � � �	 1�

� � 
� � � �� � � 

� � � � � 	 � � / � �� � 	 � 
� 
� � � � � � � 
� � 
	 �1� , � � � � � 
� 
� � 
� � 
� 	 � � �� � 	 � O8O� O0� � � � � / 	 �

� 	 � � 	 � 	 � 
	 � �/ � �
� 	 �/ � � � � 	 � 
� 
� �� � � � � 
� � 
	 �6� ��O71�� � 	 �� � � � � 	 
	 � �� �� � � 
� � �� �� � . �� � � � �O� �� 	 
� �

. 	 
� � 
	 � � 
� 
� � 
� 	 � � 	 � � �
� � � � � 
� 	 � � � � � � 	 
	 � �O� � � � 
� � �� � � � . � � � � � �O0� � 	 
� � . 	 
� � 
	 � � 
� 
� � 
� 	 �

� 	 � � �
1�- � � 
�� ��83� 3O�� � � 
� � �� �� � . �� � � � �O8�� 	 
� �. 	 
� � 
	 � �
� 
� �
� 	 �� 	 � � �
1�

� � 	 �� �� � � 

� � �� � �� � �� 
	 � �� �� � � �O1�2��� ��O�PN�� �� � � �� �%�O�QN�8��
� 	 � �
� 	 �� � 
� 
��
	 � �
� � 
� 	 �
� 	 �
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� � � �	 ��� � � �� �� � �
� �
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	 � � 	 � 

� � �� � � �/ 	 	 � ��� � � � 1�

B � 	 �	 � � � � � 
/ �	 �� � ��� 
� 	 � � � �� � �� 

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

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

� � � �� � �
� 	 ���� 1�

� �� � �� � $� �� �5���� � � 
� ��� �� �� � � ��� � �

#� 
� 
3
�
� � � �	 �
� 
	 � � 	 � 

� � ��� � �� � 	 � ��� � �� � ��
� 
� � �� � 
� 
� �� � �
� 	 �� � � �/ � � � ��. � �" � �
� �� �� 	 � � �� 
� 
�� ��

. � � �
� �� � � 3
�
� � � �	 �
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	 � � 	 � 

� � ��� 	 � � � 
/ 	 � �
� �
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� � �� / � � 	 1�= � . 	 � 	 � ��
� � 
	 � � �� ��
	 � 

� � �
� �

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

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

, �
	 � � � � � � ��
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� � � � � � � / 	 	 � � � 	 
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	 � � �� � � � � � � 
� 
� � � � 
� 	 � � � � � / � � � �� 
� 	 � � 	 � � � � � 	 � 
� � 
� 
� � � � ��
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� � �

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

� / *	 � 
�
� � 
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� 	 �� � � �� � � �� � ��
� 	 � �. 

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

� �� ��


� 	 � � � 
� 
� � � � 
� 	 � � � � � 
� � 
� � � ��
� 	 � 1� � � � � � 
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	 � ��� � �
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For  al l  col l i s i on poi nt s on car  body 
 I f  poi nt  has col l i ded wi t h t r ack ( poi nt - t r i angl e i nt er sect i on)  
  Cal cul at e col l i s i on f or ce i n t r i angl e nor mal  di r ect i on 
  Cal cul at e f r i c t i on f or ce i n pl ane of  t r i angl e 
  Add col l i s i on and f r i ct i on f or ces 
  Add t ot al  f or ce t o r i gi d body at  poi nt  of  col l i s i on 
 End I f  
End For  
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� �" 	 	 � �
� 	 �
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	 � �� � 	 �� � �� 
� � �	 �� � �� � � � 
/ �	 ��� � �� �� � 	 � � ��� � �� �" 	 � / � � � � �
� � � 
�
� �� � 	 � 1�� � 	 �

� � � � 	 � 
� � � � 
� � �
	 � � � � 	 � � 
� � � � � � 
� 
� � � � � � 	 � � 
� � 	 � 
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� � �� � � 	 � � 
	 � � 
� � � � � 
� � �� � � � � � � / � � � � 
� � �� �� � �


� � 
� � � 	 ��� � � � . �" 	 � � �� � �
� 	 �" 	 � / � � � � �
� �� � � 
� � ��
� 	 �� � �M� �� � � 	 �	 � � 

� � �� � � �
� � � 
� � 1�, �
	 � �

�. � � �

� 	 � 
� 	 � �
� �� � �� �� � 	 �
� 	 �" 	 � / � � � � �� � � �� �� � 	 � �
� � � 
��

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

� 	 
� � � �� ��� � � 	 � � 
� � �
� 	 �" 	 � / � � � � �� � 
� 1�

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

� � � . � � � 	 � � � � � �� � 	 
� 
	 � 
� � � 
� 
� � � � 
� � 5� 
� � � $ ��

" 	 � / � � � � � 
� � � 
� 
� � � � � � �	 � � 
� � � � � � � � � � 	 
� � �� 	 � 	 � 
� � 
� � 
� � � 	 � �
� 	 � � . � 	 � � 
� 	 � � � 	 � � � � 	 � � 	 � � � � � �

� 	 �	 � � 	 � � � � " 	 � �� . � 	 � 	 � � � 
� � � %%� 
� 	 � � � � � � � � � � � ��� � �� � � � 	 � � � � 	 � � 
� � 
� 
� � 
� � 
	 � � 
� � 
� � � " 	 � � � � � �

/ 	 	 � � � � 	 � � 	 � � � � � � 	 �	 � � 	 � 1� B � 
�	 � 
� 	 � � 	 
� � � � 
� � � %%� � �� � 	 


� � � " 	 � / � � � � � � � 
� � 
� � � � ��
� 
	 � 
�� �
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�. � � ��� � � � �
� �� � �	 � � �� �� � � 
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� � �� ��
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� � 
�
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� � � �
� �� � 
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� �. � � � ��� � 
�	 � � � � � ��� � �� �� 
� � 3� 	 � �� � � � � � 	 �� � � 
� � �� � � 	 ��. � 	 � 	 �

�
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�
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� � � 
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� �� � � � 
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� � �" 	 � / � � � � �� � 
� ��� � � �� �� � � � � � �
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	 � �� � 	 � � � � � � � � / � 
� � � 	 � � 
� � � � � �� 
� 	 � � � � 	 �� ' 
� 	 � 
2� � � 
� � � � � / 	 	 � � � � 	 � 1�, � � 

� � � � � 	 � � � � � 	 � 
� ��

' 
� 	 � 
2� � � 
� 
� � 
� 	 � � � � � � � 	 � 
� � �� ' 
� 	 � 
( � 
� � 
� � 	 � �� � . 

� � 
� � � 
� � 	 � 
� 	 �1� ' 
�	 � 
2� � � 
� 
� � � � � 	 � � �

� � . 	 � � � �� , #2� � � � � � ��� . � � � � � 	 � � � 
� � " 	 � / � � � � � �� � 
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/ /  C# code 
Font Descr i pt i on t Desc = new Font Descr i pt i on( ) ;  
t Desc. FaceName = “ Ar i al ” ;  
i f  ( bBol d)  t Desc. Wei ght  = Font Wei ght . Bol d;  
t Desc. Hei ght  = 12;  
t Desc. Qual i t y  = Font Qual i t y . Cl ear TypeNat ur al ;  
Font  pFont  = new Font ( pDevi ce,  t Desc) ;  
 
/ /  C++ code 
Font Descr i pt i on t Desc;  
Zer oMemor y( &t Desc,  s i zeof ( t NewDesc) ) ;  
s t r cpy( t Desc. FaceName,  “ Ar i al ” ) ;  
i f  ( bBol d)  t Desc. Wei ght  = FW_BOLD;  
t NewDesc. Hei ght  = 12;  
t NewDesc. Qual i t y  = 6;  
I D3DXFont  pFont ;  
D3DXCr eat eFont I ndi r ect ( pDevi ce,  &t Desc,  &pFont ) ;  
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/ /  C# code 
t r y  {  
 / /  t est  t he cooper at i ve l evel  t o see i f  i t ' s  okay t o r ender  
 m_pDevi ce. Test Cooper at i veLevel ( ) ;  
}  
cat ch ( Devi ceLost Except i on)  {  
 / /  i f  t he devi ce was l ost ,  do not  r ender  unt i l  we get  i t  back 
 r et ur n;  
}  
cat ch ( Devi ceNot Reset Except i on)  {  
 / /  r eset  t he devi ce 
 m_pDevi ce. Reset ( m_pDevi ce. Pr esent at i onPar amet er s) ;  
}  

/ /  C++ code 
/ /  t est  t he cooper at i ve l evel  t o see i f  i t ' s okay t o r ender  
i f  ( FAI LED( hr  = m_pDevi ce- >Test Cooper at i veLevel ( ) ) )  {  
 / /  i f  t he devi ce was l ost ,  do not  r ender  unt i l  we get  i t  back 
 i f  ( hr  == D3DERR_DEVI CELOST)  
  r et ur n;  
 
 / /  check i f  t he devi ce needs t o be r eset  
 i f  ( hr  == D3DERR_DEVI CENOTRESET)  {  
  i f  ( FAI LED( m_pDevi ce- >Reset ( &m_t Pr esent Par ams) ) )  
   r et ur n;  
 }  
}  
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/ /  C# code 
Mat r i x  t Mat r i x = Mat r i x. I dent i t y;  
t Mat r i x  = Mat r i x . Rot at i onY( Mat h. PI ) ;  
Vect or 3 t Wheel Posi t i on = pWheel . At t ach;  
t Mat r i x . Mul t i pl y( Mat r i x. Tr ansl at i on( t Wheel Posi t i on) ) ;  

/ /  C++ code 
Mat r i x  t Mat r i x;  
D3DXMat r i x I dent i t y( &t Mat r i x) ;  
D3DXMat r i xRot at i onY( &t Mat r i x ,  PI ) ;  
Vect or 3 t Wheel Posi t i on = pWheel - >At t ach;  
D3DXMat r i xMul t i pl y( &t Mat r i x ,  &t Mat r i x ,  

 D3DXMat r i xTr ansl at i on( &g_t TempMat r i x ,  t Wheel Posi t i on. x,  
 t Wheel Posi t i on. y,  t Wheel Posi t i on. z) ) ;  

 

 � � &� � 
� , � �

2� �� � � 	 � �
� �� � � � 
� 	 �� �� � � � 
�� 	 � � �
� � 
�� �� � � �/ � � " �. � 	 � �
� 	 �� �� � 	 � ��
� � 
��� � � � �
� 	 �� � � 	 ��� �� 	 � �� � �

�	 � 
� � 	 �. � � �
� � �	 � 	 � 
	 � 1�� � 
� �� ��� . � �� � � 	 � �
� �/ 	 ��	 � � � � 	 � �
� �� �/ 
� � � � ��� � � � 
��� � � �
� 	 � �� �� � 	 � �

/ � � " �/ � �
� 	 �� 
� � �� 
� �1�, ���
� 	 �� � 
� � � 	 � 	 � � � � � �
� �� 	 � � 	 � 
	 �	 � � � � �� � � 	 �
� �� 	 � � �� 	 � ��
� � �� � 
� � �
� 	 �

� � � 


� � �� � � �� � 
	 � 
� 

� � �� ��	 � � � �� ��
� 	 �. � 	 	 �� �� � � �
� 	 �� � � �/ � � � 1�

 �#� 	 � � 
� �

� 
� � � � � � 
�O
� � � ��� 
� � 
� �1? 	 
�� � � 0�. � � �� � 	 � �� � � 
� � �
� 	 �
� � �	 � 	 � 
� 

� � �� ��/ � 
� �� 	 � � 
� � �1�2
�. � � �

� 	 � � � � � 	 �� �� / 	 � � � � 	 � 

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

. � � �/ 	 
� � �� � � 	 �
� �� $ �� � �� %%1�� � 	 �� 	 / � � � 
� � �� 	 � 
� � 	 � �
� �O
� � � ��� 
� � 
� �� � 	 �� 	 � � �� � . 	 � �� ���� � � �

. 	 � 	 �
� " 	 � �� � � � � 
� � 	 �� ��� � � � �

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

� � 1�



0� �

� � � � �� ��#�� �$�� � �� ! �� � � � � ! � �� �� � �� � � �	 � � ��� � �

� � 
� � � 	 � 

� � � � 	 � � � 
/ 	 � � 
� 	 �/ 	 � � � � � �" 
� � �� � � � 
	 � 

� � � 
� � 
� 
� � " � � �� � 	 �� �
	 � � 
� 	 � 
. � � � 	 � � 
� � � � � ��


� 	 �� � � 	 �� � � �/ 	 	 � �� � � � �	 
	 � 1�� � 	 �� 
� �� ��
� 
� �� � � *	 � 
�. � � �
� �� � � � � � 	 �
� 	 �� 	 � �� � � � � � 	 �� ��
� 	 �


. � � � � � � � � � � 
� � � �� � � � � � 	 � � 6� %%� � � � � � $7E� 
� 	 � 	 �� � 	 � 

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

/ 	 � � � � � �" 
� � �. � � �� � � � � � 
	 1�

2� �� � � 	 � �
� �� 	 � 
�� �
� � 
�
� 	 �� � � 	 �. � � �� ��� � �� 
� 
	 � 
�4� � �

� ��� � �
� 	 �/ 	 � � � � � �" � �
� �/ 	 �� 	 � � 
� � � � ���


	 � 

� � � . � � � � �� � � � � � � � � 
	 � 1� � � 	 � � � � 	 � . � � � � 
� 	 � � 
� � � � � � � � � � � �� 
	 � 
	 � � �� . � � � 	 � � � 
� 
� � � � � � 	 �

� 	 � � � � 	 � � 
� � 
� 	 � � 	 � 

� � � � �� 
	 � 

� � 1� � � 	 � 4� 	 � 

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

, � � 	 � � 
&�01��

#�� � 3$- �� � � � � ! � � � �� � �

, �� 	 
� � � �
� � 
� 
� �� �
	 � �� � 	 � �
� �
	 � 
�
� 	 � � 	 � �� � � � � � 	 � � ��� 	 . �� � � � � 
� � �� � � � � �
� �
� �� � � � � � 	 �
� 	 �

� #� � 6��� � 	 � � � 	 � � � 	 � � � � �5� 
� 	 � � � � / 	 � � � � � 

� 	 � � 
� � 
� 
� 	 � � � � 	 	 � � 
� � � � � � 
	 � � � 	 � � � 	 � � � � 7� � �� � �

� � � 	 � / 	 
. 	 	 � � � �� 	 � � � � � � � � � � � � 
� 	 � � 	 . � � � � � � / 	 
� � � 
	 � 
	 � 1� � � 
� � 
	 � � � 
4� 	 � . � � � � � � �
	 � � 
� � 
� 
� �

� � � *	 � 
�� . � 	 � 	 � 
� 	 � � #� � . 	 � 	 � � � � � � � 	 � � / 	 
. 	 	 � � 
� 	 � � %%� � � � � � $ � � 	 � � 
� � � � � 
� � 	 � 	 � � ��

� 	 � � �� 

� � � �� � � �� � �
. � �� 
��	 � 	 � 
�� � � � � 
	 � �1�2� �� � � 	 � �
� �� 	 � �� � � �
� 
� �
	 � 
��� � � 	 �. � � �. � 


	 � �
� � 
�

� 	 � � � � 	 � �
� 	 �� � � / 	 � �� ���� � � 	 � �� 	 � � 	 � 	 � �� 	 � �� 	 � � � � ��� � �� �� � � � 

� � �� ��: � �� 	 � � � � �1�� � 	 �� � 	 � � � 	 �

� �� 
� 	 � 	 �: � � � 	 � � � � � �. � � �� � �� � �� 
	 � 1�� � 	 � 
	 � 
�. � � � 
� 	 � � � 	 � 	 � 
	 � � � � � � � � 
� 
� �� � ��>�

� 	 �1�� 
� � ��� ��


� 	 � � � 	 � � � 	 � � �� 
� 	 � 	 �>� 
	 � 
� � . � � � � � �� � �� 
	 � �� � � � � 

� 
� � 
� 
� � � � 	 � � ��� � � 	 � � � 	 � 
� � 
� 
� � � � � . � � / 	 �� . 1�

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

� �
� 	 �� � ���� 	 � � �
� �� � � 
�� / �	 �� � �
� 	 �� ' �


� � 
�� � � � � 
� 	 � �, � � 	 � � 
&� 1�

� . � �� 
��	 � 	 � 
�
	 � 
� �. 	 � 	 �� 	 � �� � � 	 � +�

·  � 
� � 
�� 
� 	 � � 	 � �� � � . � � � 

� 	 � 1� � � 	 � � 	 � �� � � 
� � � � � 	 � � � 
� � 
� 
� � � �� � 	 � � . � 	 � � 
� 	 � � � � 	 � 
� � �
� � 
�

�� � � 	 � 1� � � 	 � � 	 � � � �
�	 � 
� � �� � 	 � � � ��� � 	 � 	 � � � � � � � � � 


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

� � 	 �� � �� � �� 
	 � �� � � 
� � �� 	 � �� � 1�= � . 	 � 	 � ��� � � 	 � � �� � � 


� � � �� � 	 �� � � � 	 � �� � � � � 
� � ��� �/ � �
� 	 �

� � � 	 �� � � � � 

� 
� � � � � � 
/ �	 � 
� � 
� � � � 	 � � � � 
� 	 � 
� � � " � . 
��� / 	 � � 
� 
/ �	 1� � � � � 
� 
� � � 	 � � � � �� 

� 
� �

� � � � 
/ �	 �
� � 
�
� 	 �� 	 � �� � � ��� � �� 
�� ��� . 	 � �� #� �
� � � �
� 	 �� � � 	 �

� 	 ��1�



00�
 

·  � 	 � � � � �� 
� 	 � � � 
� � � � � 	 � . � � � 
	 � 
	 � 1� � � 
� � 
� � �� � 	 � � � ��� � � � 
� � � �� 
� 	 � 
� � � 
�� � � � � 
� � � � � � �

� � � � � 
� � �	 � � 
� 	 1�

2� �� � � 	 � �
� �
	 � 
�. � 	 
� 	 � �
� 	 �� � � 	 	 � �� 	 � � �� 

� � �� � � 	 �� � �
� � � � 
�� � �

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

� 
�
. � �� 
��	 � 	 � 
�� 	 � � �� 

� � � �� � �
� 	 ��� � 
� � �5�8 � � &8>� � �� � � �8� �  &9: ; 1�

� � 	 ��� ��� . 
� � �
� / �	 �� � � . � �� � . �� ���
� 	 � 	 �
	 � 
� �

	 �
� � 	 
� 	 �1�

Desktop PC Laptop 

In-Game Replay In-Game Replay 

1024x768 1400x1050 1024x768 1400x1050 1024x768 

C# C++ C# C++ C# C++ C# C++ C# C++ C# C++ 

	 � � 
� �� �� �	 � � �� � ��� ! �� � / �� � � �� � � � �� ��� � �� � �� � 
��� � �� �� � �
� �! � � �

� � 	 �� � 	 � 
�
� � 

� � � �� ��
� 	 �
	 � 
�� � � � � 
	 � � �� � 	 �� 	 
� 
�	 � �
� �
� 
� �
� / �	 1�

 Desktop PC Laptop 

Processor AMD Athlon 2000+ Intel Pentium P4 3.0GHz 

Memory 512Mb 266MHz DDR RAM 1Gb 400MHz DDR RAM 

Graphics Card ATI Radeon 9600Pro ATI Mobility Radeon M10 

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

� � 	 ��� ��� . 
� � �� � � � 
� �� � � . �
� 	 �� 	 � � �
� �� � 
� 	 � 	 � ��� � � �
� 	 �� #� �
	 � 
1�

Desktop PC

0 10 20 30 40 50 60 70 80 90

1024x768

1024x768

R
ep

la
y

In
-G

am
e

frames per second

C++

C#

Laptop

0 20 40 60 80 100 120

1024x768

1024x768

1400x1050

1400x1050

R
ep

la
y

In
-G

am
e

R
ep

la
y

In
-G

am
e

frames per second

C++

C#

�
3�� � � � �� � �� �&� � � 
�� �
� � ! �3$- �� � � � � ! � � � �� � �� �� � �� ��� � �� �! �
� � �� � � � 
�� �
� � �� ? �� � � �� @@�� � ��� � �
� � �� � �

�



0 �
 

#�� � � � � � �$� � 
�
�� � �

, �
� � � � � �
� 	 �� #� �� � � � � � 
� � � � �� 	 � � � 
/ 	 � �
� �
� 	 �� �	 � 
� � � �� 	 � 

� � �� � �� � � � 
� 	 �� �� 
� � 3�	 � 	 ��� 
	 . �

� �� 
� 	 � � � 	 	 � � � �� 
� 	 � 
. � � � 	 � � 
� � � � � �� 
� 	 � � � � 	 �� 
� 	 � � � � � � � 
� � 
� 	 � � � � � � � 	 
� 
�1� � � � � 
� � 
� � � 	 ��

� �
� � � � � � 

� � � � � / 	 � � 	 	 � � �� � � � 
� 	 � � � � � � � � � � � 
� 	 � � � 	 � 
� � � � � � � 	 � 
� � 
� 
� 	 � � � 	 	 � � � �� 
� 	 � 
. � �

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

� � � ��

�
� �� � 
�
� � 	 � 
� 
	 �� �� � � � 
/ �	 �
� �� 	 
	 � � 
� 	 �
� 	 �� � � � 	 1�

� � � �
� 
� �� 	 � � � � ��� � � 
� 	 � �� 	 
� � � �� ��/ 	 � � � � � �" 
� � �. � � �� � 	 � �5�� � � 	 �� � � �
�
� � 1�, �� � � 	 �� � � �
�	 � �
� �

� �� 
	 � 	 �� ��� � �
. � � 	 �
� � 
�� � � � �� �� � � � 
� 	 �
� 	 �� � � 	 �/ 	 
� � �
	 � 
	 � 1�2
�� 	 � � � � � �
� 	 ��	 � � 
� �� � �

� 	 �� � 	 � 
�

/ � �
� 	 �� � � � 	 � � � � �
� � 
� 	 �	 � � � �� 	 
� � � �� � � ��
� �� 	 4� 
� 	 � ��
� 	 �

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

�
� 	 � � � � � � � 	 1� � � 
� � 
� � � � 
	 � � � � 	 � � . � 	 � � � � 

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

� � 

� 
� � 

� � �. � � �� �/ 	 �/ 	 � 	 �
� 
� �1�� � � �
� 
� �� � � *	 � 
��� � � 	 �� � � �
�
� � �� � � �/ 	 	 � �� � 	 � �
� �� � � � � � 	 �
� 	 �

�	 � � 
� � � �� 

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

� � � � � � � � � 	 � � � � � 
� 	 � 
. � � � 
��	 � 	 � 
� � 	 � � 
� � �1� 2
� . � � �

� � � � 
/ �	 �
� �� 	 
	 � � 
� 	 �� � . �� � � � �� ��
� 	 �� � � � 	 � � � � �

� 	 �. � � �� � 	 � 
�. 

� 
� �' 
� 	 � 
( �� 	 
� � � � �� � � �

� � . �� � � � �. � � �� � 	 � 
�. 

� 
� �
� 	 �� � � 	 �� � � 	 1�

, � � � � 	 � � � � �
�	 � � � 	 
� � � � � � � �
� 
� � �� � ��� 
� 	 � � 	 
� � � � � 
� � 
� � � � 	 � / 	 	 � � � � ��	 � � � � � 
� � � � � � � � � � �

	 &	 � � 

� � �� � �� � � � . 

� � 
� 	 � 

� 	 � � � 	 � 
� 
� � 
� 	 � 
� 	 � � 	 
� � � � � � � � 
� 	 � � � � / 	 � � � �� 

� 	 � � 
� � 
� 
� 	 �

� 	 
� � � �� � � �/ 	 	 � �� � ��	 � 1�D/ � 
� � � �� ��
� 	 �

� 
� � �
� �� �
	 � 	 � �/ � �
� 	 �� � � 	 �� � � �
�	 � �

� 	 �� ��/ � 
�� 
� � 	 �
� 	 �

� � � 	 �� � � � 
�	 � �
� �� � 	 � ��� � �/ � 
� �� 	 � � 
� � � ��
� 	 � �� � � � �� �/ � 
� �/ 	 �� �
	 � 	 � �/ � �
� 	 �� � � 	 �� � � � � 
1�

, � � � 	 � � � 
/ 	 � � 
� � � 	 � 

� � � � 1>��
� 	 � � � � 	 � � � � � 
�	 � � � � � � 	 � � � � � � 
� 
� � � � � *	 � 
�. � � � ' 	 � #� �
� 	 � �#� � �
�	 ��

� � � � � � 

� �� � 


� � 1�� 
� � 	 �
� 	 �� � � 	 �	 &	 � � 

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


� 	 � � 	 � � �
� � � �� � � � 
� 
� 
	 � 	 � 
� � � 	 � � � � . � � / 	 �� . 1� � � 	 � 

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

� � 	 � � � 	 �� � � � � 
�� ��

� 	 �� � 	 � 
�
� �	 � � � �� 	 
� � � 1�

 C# (� s) C++ (� s) 

1024x768 120.1 120.1 Torq.Graphics.ShadowVolume.AddEdge 

This method is used to construct the 
silhouette used in shadow volume extrusion 1400x1050 120.6 121.6 

1024x768 168.8 212.1 Microsoft.Direct3D.Device.Present 

This method presents the contents of the 
buffer to the graphics card 1400x1050 879.0 864.8 

	 � � 
� � �� �1 � �� � � ���! �� � � �
� � ��/ � �� � � � 
� ��� � � �� �� ; �  ( � %" �� � � ��  ; ; ( � ; #; �

�



0>�
 

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

� � � � � � 	 � � 	 
� 
�	 � � / � 	 � " � � . � � � �� � 	 
� � � � � � ���1�= � . 	 � 	 � ��

� 
� � 
	 � � � �� 
� 	 � � 	 � � �
� � � � � � � � 	 � � / � � 
� 	 � � � � 	 � � � � �
�	 � � 
� � 
� � 
	 � 
� � 
� 
� 	 � 
. � � � 	 
� � � � � � / � � 	 � � � 	 �


� � 
� � 

� 	 � � �� � 
� 	 � � � 	 
� � � �1� � � 	 � � � � � � � / 	 �� . � � � � . � � � � � 
� � � �� � 	 � � 	 � 	 � 
� 

� � � � �� 
� 	 � � � 
� � 
� �

� � / �	 � 1�

Method Timings

0 200 400 600 800 1000

1400x1050

1024x768

1400x1050

1024x768

P
re

se
nt

A
dd

E
dg

e

Microseconds

C++

C#

 
3�� � � � ��  �� �) � � � � �� 
��� � �� � �� ��� �	 � � 
� � �

� � 	 ��
� � 
�� 	 
� � � �� � � . � �
� �� � / �	 � ��AddEdge��
� �
� 	 �� �� . 	 � 
�� #� 3/ � � 	 � �� 	 
� � � �
� �
� 	 �� � � 	 1�

� #� 3/ � � 	 � ��
� �
� 
� �� � � 
	 &
��� 	 � � � �
� � 
�

�� � � � �	 � 

� 	 �� �� � �
� 	 �� #� �. 

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

� � � � � 
� � � � � � � 1� , � � � � � � / 	 � � 	 	 � � �� � � � 
� 	 � � � � � � � � / � � 	 �� 
� 	 � 

� 	 � 

� 
� " 	 � � 
� � 	 &	 � � 
	 � � � � 
	 � � � 	 � � �

�


�	 �
� �� 
�� 	 � 	 � 
�� 	 � � �� 

� � �1�

� � 	 �� 	 � � � � �� 	 
� � � �
� �� � / �	 � ��Pr esent ��
� �
� 	 �� �� . 	 � 
�� � �
� 	 �� � � 3� #� 3	 &� �� � 
� 	 �� 	 
� � � �1�

� � 	 � 	 � � 	 
� � � � � 	 &	 � � 
	 � � � � 
� 	 � � #� �� / � 
� � � � � 	 � 
� 	 � � � 	 � � 

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

�� � � � 
� 	 � � � � � � 
� � � � � � � 1� , � � � � � � / 	 � � 	 	 � �� 
� 	 � � � 	 	 � � � �� 
� 
� � � 	 
� � � � 
� � � 	 � � 
�� � � 	 � � �� 

� � 3

� 	 � 	 � � 	 � 
1�

2
� � � � � / 	 � � � � � �� � 	 � � � � � � � 
� 	 � 	 � � 	 � � �
� � 6� � � / 
� 	 � � . 

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


� � 
� � 

� 	 � � �� � 
� 	 � � � #� 3/ � � 	 � �� � � � � � � 3� #� 3	 &� �� � 
� 	 � � 	 
� � � � 7�
� � 
� 
� 	 � � � 	 	 � � � �� � � � 3� #� 3

	 &� �� � 
� 	 � � 	 
� � � � � � � � 
	 � �. 

� � � 
��	 � 	 � 
� � 	 � � �� 

� � � � � � � � � � � � 	 � 
� � � � 
� 	 � � � 	 	 � � � �� � #� 3/ � � 	 � �



0: �
 

� 	 
� � � �1�� � 	 �� � � 	 �� � � �
�	 � �� � 
� �� � � . 	 � �
� � 
�� � �
� 	 �� 	 � � �� 

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

� � �

� 	 ��� � �

� #� 3/ � � 	 � �� 	 
� � � � �/ 	 � � � 	 � �� �� � � ���� 	 � � 	 � 
� � 	 �6� �� � � � �>< 7�� ��
� 	 �
� 
� ��� � � � � � � �

� 	 1�

) 
� 	 � �
� � 
�� $ �� � � �� %%�� �	 �/ � 
� �� � ��
� � �
� 	 �� � � 	 �� � � 	 � �� 
� � �' 
� 	 � 
( �� 	 
� � � � ��

�� � ��� . � �
� � 
�


� 	 �� � 	 	 � �� ��
� 	 � 	 �� 	 
� � � � �. � � �� �/ 	 �
� 	 �� � � 	 1�� � 	 �� 
��	 � 	 � � 	 � �
� �� � 	 	 � �/ 	 
. 	 	 � �� $ �� � � �� %%�

� � � � � � 
� � 
� 	 � � #� 3/ � � 	 � � � 	 
� � � � �� � � � � � 
� � 	 � 
� 	 � 	 &	 � � 

� � � 

� 	 � �� � � 
� 	 � 	 � / 	 � � � 	 � � � � � � � ���

� 	 � � 	 � 
� � 	 �� ��
� 
� ��

� 	 �� 
�� 
� � 	 � �� 	 � � �� 

� � � ��
� 	 �� 
��	 � 	 � � 	 �/ 	 
. 	 	 � �
� 	 �
. � �� 	 � � 
� � � �
	 � � � �
� �

C	 �� ��� � �
� �	 � 
� 	 � 
��� � � �� 
� � � 	 �801��

� � 	 � 	 �� � 	 �� . � 	 � 	 � 	 � � 
� 	 � � � � � � � � � � � 	 � � � � 
� 	 � � � *� � 

� � � �� 

� � 	 &	 � � 

� � � 

� 	 � 
� � 
� 	 � � � � 3� #� 3

	 &� �� � 
� 	 � � 	 
� � � � �� 

� � � � � / 	 � � 	 	 � � 
� � 
� � $ � � � � � � %%� . 
��� � � � 	 � � 	 � � � � 
� 
�� �� � 	 � � � � � � � � 	 1� , � �

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

� � � �
� � � 	 � � 	 ��

�
� �� � � 	 ��
" 	 �� �
� � 
�
� 
� �. 
���/ 	 �
� 	 �� � � 	 1�

#��  	 � � ��� � �

, � 4� 	 � 

� � � � 
� 	 � 6� 	 	 � , � � 	 � � 
&� 07� . � � � � 
� 	 � � 
� � 	 
� � 
� 	 &
	 � � � �� 
	 � 
	 � � � 
� � � � � 	 � � 
� � � � 4� 
� 	 �

�	 	 � / � � " � � / � � 
� 
� 	 � � � � 	 1� � � 
� � . � � � � 	 � 	 � � � � � � 
� � � 	 � 
� � � 
� � 
� 
� 	 � � � � 	 � . � � � � �� � � / �	 �� � � � �


� 	 � 	 �� � 	 �
� � 
�
� 	 �/ 	 � � � � � �" � �. 	 � 	 � � 	 � � 
� � �� �1�� � 	 � �� ��� . 
� � �� � � � 
� �� � � . �� �� � � � � � � �� ��
� 	 �

�	 	 � / � � " �� 	 � 	 
� 	 � ��� � �4� 	 � 

� � � �8�� � � �� �� � �
� 	 �4� 	 � 

� � � � 
� 	 1�

How would you rate the following areas of the game?

1 2 3 4 5

GUI

Graphics

Physics

Sound

C
at

eg
o

ry

Very good                                                                                           Very poor

Compared with other driving games, would you say the following 
areas are similar?

1 2 3 4 5

GUI

Graphics

Physics

Sound

C
at

eg
o

ry

Definitely                                                                                             Not at all

�
3�� � � � �� #�� �- � ! ! � �, �� 
�9� � � ��� � � � �� � �
� � � � � � � �

B � 	 � �� � " 	 � �. � 	 
� 	 � �
� 	 � �. � � �� �. � � 
�
� �� �� � �
� 	 �� � � 	 �� � � 
� �64� 	 � 

� � �0�� � �
� 	 �4� 	 � 

� � � � 
� 	 7��


� 	 �� � 	 � � � 	 �� � � . 	 � ��� � � �
� 	 �	 
� � 
�
	 � 
	 � � �. � � �� 1>1�, �� � � � 	 � � ��8�� 	 � � 	 � 	 � 
	 � �I � 	 �
� 

	 �� J�� � � �� �

� � � � 	 �� � �>��	 � � 	 � 	 � 
	 � �I � � 
�� 
�� ��J��� � � �� � �� 1>��	 � � 	 � 	 � 
	 � �� �� � � 


� 	 �� � � � 	 1�



09�

� � � � �� ��%�� �� � � � 
� � �� � �

%�� � - � ! ! � � , �

� � 	 �� � � � � � 	 �� ��
� 
� �� � � *	 � 
�. � � �
� �� � 	 � 
	 �� �0' �� � � �� � � 
� � �� � � 	 �
� �/ � 
� �� $ �� � � �� %%��� � � � �
� � 
�


� 	 �� 	 � �� � � � � � 	 �� � �
� 	 �
. � �� 	 � � 
� � � �� � � �� �/ 	 � � � � � � � 	 � 1��� 	 � 	 � � �� ' 
� 	 � 
( �, #2� �. 	 � 	 �� � 	 � �
� �


� � �	 � 	 � 
�
� 	 �� � � � � 
� � ��� � � � � � ��� � � �
� � � 
1�

2� �� � � 	 � �
� �� � 	 � 
	 �� �� � � �� � � 
� � �� � � 	 ��� �� � � � 
� � �	 � � 
� 	 �. � � �. � 


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

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

� � � � ��
� 
� � � � 	 � � � � � 	 1� � � 
� � � � � � 
� � � 	 � � 
� 	 �

. � � � / � � 	 � � � � � � � 
� 	 � � 

� � �� � � 
� � 
� �	 � � � � � � � � � � / 	 	 � � � � � . � � 
� � 
	 � 

� � � 
� � / 	 � � � / 	 �
	 � � / �	 �

� 
� � �� 

� � 1�

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


� � �	 � 	 � 
	 � � 
� � 
� 	 � �� � � � � � � � � � � 	 � � 
� 	 �� � � � � � � � � �� � 	 �� � � � � 
� � � � 
� � � � � � �1� , �� � � � . 

� � 
� 	 � 	 �

� � � � � � ��� � � 
� �
� � � " � �� � 	 �� �� � 	 � �
� � 
�� � � � �� 	 � 	 � � 
� � �� � �. � 	 � 	 �
� 	 �� �� � 	 � �
� �. 

� 
� �
� 	 �� � � 	 1�

, �
	 � � 
� 	 � � � � 	 � � � � � / 	 	 � � �
� 
� � 	 � �� 

� . � � � 
	 � 
	 � � � � � � / 	 � � � � � �" 	 � 1� � � 	 � 
	 � 

� � � . � � � � � � 	 � 
� �

	 � � � � 	 � 
� � 
� 
� 	 � � � � 	 � . � � � � �� � � ��
� 
	 � 
� 4� � �

� � �� � � 
� 	 � / 	 � � � � � �" � � 
� � / 	 � � 	 � � 
� � �� �1� � � 	 �

/ 	 � � � � � �" � � . 	 � 	 � 
� 	 � � �

� � 
	 � � 
� � � � � 
� 	 � � � � *	 � 
�� � � � � 
� 	 � � � � � � � � 	 � � � � � 	 � � 	 � � � 
� 
	 � 	 � 

� � �

� 	 � � �
�1�

, � � � � � 
� � �
� �
� 	 �/ 	 � � � � � �" � ��
� 	 �� %%�� 	 �� 
� � �� ��
� 	 �� � � 	 �� 	 � � � � � 	 � �� � �
� �0� < ��� � 
	 � �
� � � �


� 	 � � $ �� 	 � � 
� � � � 
� � � � 	 � 
� � � � 	 � � �� 

� � �68� �  &9: ; 71�= � . 	 � 	 � �� � � � 
� 	 � � 	 � � �� 

� � �. � � � 
� � � 	 � � 	 � �

68 � � &8� >� 7�� 
� 
� � � 
��	 � 	 � � 	 � � �� � 	 � �� � � � � � 	 � �	 � � 	 � 	 � � 
� � 
� 	 � 	 &
	 � 
� 
� � 
� 
� � � � 	 � 
	 � 
�� 
� 	 � � $ �

� 	 � � 
� � �. � � �	 � 	 � �� �
� � 
�� ��� � 
	 � �
� � � �
� 	 �� %%�� 	 �� 
� � 1�

� � 
� �
� �� � �
� 
	 � 	 � 

� � �� 	 � � �
�/ 	 � � � � 	 �� � � 	 	 � �� 	 � � �� 

� � � �
� �� � � 	 � �� � 	 �� � � � � � ��� ��/ � 
�� � � 

� � � � � �� ��


� � � 	 � � 
� � �� 
� � � " � � 
� � 
� 	 � � � � / 
� 	 � � 	 ��	 � 
� � �� 	 � 	 �� � � � 	 � � � . 	 � �� �� � � � � � 
� � � � � � � � � � � � � / 	 

	 ��

4� � �

� � � � � 

� � � � G� 0H1� B 

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

� 	 �� 
� 	 � 	 �� � 	 �� 

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

� 	 � � �� 

� � � � . 
��� / 	 � � 
� � � � � 
� 
� . � 	 � 	 � 
� 	 � � 
��	 � 	 � � 	 � 
� � � 	 � �� � � � � � 	 � / 	 
. 	 	 � � � � � 	 � � . � 


	 � � 
� �

� %%�� � � �� $ �
� �� 	 � �
� 
/ �	 1�, 
�
� 
� �

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


	 � �
� �� $ �� � � �� � � � � 	 � �' 
� 	 � 
( �

. 
���/ 	 � � � 	 �� �� 	 � � �� 	 � ��� � � � 
/ 
�

� 1�



0; �
 

%��  � �� � � ��� � � �
� ��3� �� � � �7 � � � �

, �
� � � � � �
� 	 �� � � *	 � 
�� � � �/ 	 �� � � � 
� 	 � 	 � �� �� � � � 	 � � �� 
� � 	 �

�� 	 
�
� 	 �� � 
� �� / *	 � 

� 	 �� ��� � � � � � 
� � �


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


	 � �
� �� $ �� � � �� %%��
� 	 � 	 �
� ��� � 
� 	 � �. � �" �
� � 
�� � � �� �/ 	 �

� � � � 
	 � �� � 
1�� � � �	 &� � � �	 ��� 
� � 	 �
� 	 �1? 	 
�� �� 
�� � � �� ��� . � �� � � 	 �
� �/ 	 �. � 


	 � �
� �� � � � ��� � � � � � 	 � ��

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

�
	 � � � � � � � � 	 � � � � � � � � 	 � / � 

�	 � 	 � " � 
� � � $ � � � � �� � / 	 � . � 


	 � � 
� � � � � � � 	 � �

� %%1�� � 
� �� � � �� � � 	 �
� 	 �� 	 � � �
�� ��/ � 
� � 
� � �
� 	 �� 	 � �� � � � � � 	 �� ��� $ �� �� � 	 � �
� �
� � 
�� ��� � 

� 	 �� %%�

5��� � 
� 	 � �/ 	 � � � � � �" � �. � � �� �/ 	 �� 	 � 	 � � � � � �
� �� 	 � 
�� �
� 
�1�

D
� 	 � �. � �" �� � � �� �
� � � �� 	 �
	 � 

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

. 

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

� � � �� ��� � � � 	 � � � � � ��� 	 � � � � �� � � �� � � � � 
� � �� � �� �1�� � 
� �� � � �� �� ��� . �

� �� � � 	 �� � � � �	 
	 �� 
� 
� � 	 �
� �/ 	 �/ � 
�
�� � �� ��. � 	 � �� � � �. � � �� $ �� � � �� %%�� 	 ��� � � � � � 	 �� 
��	 � �1�



0A�

&� 
� �� � � � � �

G8H� �1�� � � � � ��
 	 � ��� �
 ��� � � �� ��� � ����� � ��	 ��� ��� � � 	 �� ��� � �  ��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . 1� � � 	 � � �" 	 
. � 
� � 1� � � L� 	 . �L

	 � 1� � � S� 
� N� ; ; 91�

G� H� ' 1��� � 	 � ��I 2� 
	 � � 
	 . �. 

� �#	 
	 � �� � � � 	 ��� � � � � � � 
	 �O
� 	 �#�	 � 
� 	 � 
�� ��� 
� � � � � �
M� �= � � 	 �
� � 
	 � 
� 
� � 	 � 
�' 
� 
� 
� � �J�
 	 � ��� � ��2� � � 	 �8; ��� � � ��� � �  1�

G0H� ' 1�� 1�#�� 

���� ��� � � ��� ��� ���� ��  �!" # � ��� 
� � � � � �
�#�	 � � ��� � � 81�

G H� � 1�� 
��	 � ��! 1�! 	 � 
� � � � � ��� 	 � 	 ��� �� �����$ ��D� 
1�� � � 0��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL� � � � 1� 
� � � � � �
1� � � L
� 	 � � � . L� � 
� � � 	 � 09L� �� � � � � 
� 
1� 
� �1��

G>H� O	 �

� � �� � �
. � � 	 ��2� � 1��%� 	 � ���� �!" # � ��� � �� �� � � 0��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . 1� 	 � 

� � � � �
. � � 	 1� � � LK� � " 	 � 1� 
� 1�

G: H� 2� � � �� � �
. � � 	 ��� &�	 � � ��' ��!" # � �� �	 � �� � �� (�) �	 � *� � ��) �	 ��� �� �+��� � � 0��O
	 . 	 � � �� � � �
� � �  �� � �� 

� +LL. . . 1� � � � � 
	 �1� �� L� � �
. � � 	 L� � � 	 � � � 	 L� � � 0L�8�� � T81� 
� 1�

G9H� @1�� � � �) � � ���) 	 ������ � �  ��O
	 . 	 � � �� � � �� � �  �� � �� 

� +LL. . . 1�� � 	 �1� �L1�

G; H� � 1�� � � 
U��� , ) � � ��� � �  ��O
	 . 	 � � �� � � �� � �  �� � �� 

� +LL
� �� �1� � � � � 	 �� � � 	 1� 	 
L1�

GAH� @1�� � � �) � � ���- 	 ��.� 	 /��� 	 � ���� � �� � �	 ��� � � �� � � 0��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . 1�� � 	 �1� �L�	 �	 � 	 � � 	 L� � � 	 *" � 1� 
� 1�

G8� H�� 1�= 	 � " 	 � ��I #� � � 
� � ��#� �
�8+�� � 	 �� 
� � ��� � � � 

	 �J�
 	 � ��� �
 ��� � ���� 	 � 	 0�� ���D� 
1�L�? � � 1�
8AA: 1�

G88H�� 
� � � � � �
�� � � � � � � 

� � ��� �����$ �1!2�� � 3�� � � 	 ���4� � � � ���� 2256�� 77 ��� � � 0��O
	 . 	 � � �� � � �
� � �  �� � �� 

� +LL� � � � 1� 
� � � � � �
1� � � L�
/ � � � � L� 	 �� � �
1� � � S� ��NL�
/ � � � � L	 � 3
� �L� 
� 	 � 
&AT� L� 
�	 � 
&L� 
�	 � 
&A� � � 1� � � 1�

G8� H�@1�' � � �� � ��8 ����� ���' ��
 	 � ��9� � � ��� � � 1�� � � � ��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . 1� � � �1� �� L� 
� 	 � 
&L� �

� �	 �L. �


� � T
� 	 T� � � 	 T�� � � 1� 
� 1�

G80H�' 1�F �� � 	 � / � � ���52�� �	 � ���� ���� ��� � � �
 �!�: 2�� �	 � ���� ���� ��� � � ��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . 1� � � 
	 �	 1� � L� � � � � �L0� � � : � L0� � � : � T� 1� 
� �1�

G8 H�� 1�� � � � � ��� 	 ��- ' *����� � ��
 	 � ����? � � 1�� � � 0��O
	 . 	 � � �� � � �� � �  �� � ��
� 

� +LL� � � 	 1� �� � 	 
1� �LV� � � � 
� � � �L
� 
� � �1� 
� �1�

G8>H�F1�� � � � � � ��� 	 ��- ' *������O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL: : 1A; 18A� 108LV� � � " 	 � � L� � � � � � � 
� �L� � � � � � � 
� �1� 
� 1�



 � �
 

G8: H�) 1�B � � � 
� � 
� � ��� *���� �� � � ���� ��; 	 ������B 	 / 3� � / �
� � 	 � �� � � � � 	 �� � 
	 � ��� � �� �  ; 8�� � � 
	 � �
' � � � � 
� � ��' 	 � 
1�� ��� 	 � � � � 
� � ��� � � 
� 	 	 � 
� � ��D� 
� �� 
� 
	 �� � 
� 	 � � 

� ��O
	 . 	 � � �� � � �� � �  �
� � �� 

� +LL�� �� � 
1	 � � 1� � 
� 3� 
� 
	 1	 � � LV� � . � � � 
� L� 	  ; 8L� 	 � � T� � �1� 
� �1�

G89H�#1�) � � � 	 ��- �� .���� ��O
	 . 	 � �8�D� 
1�� � � 0�� � �� 

� +LL. � � 	 1� �� � � � 

� � 1� � � L� �� *	 � 
� L1�

G8; H�' 1�� / 	 � �� ��5� �
 	 � ��# � ��� ��� ����� ��� � � � � � �F � � � � � � ��� � � 81�

G8AH�' 1�! � � � � 	 ���
 �	 � ' ����
 �� ������ � � � � � �F � � � � � � ��8AA� 1�

G� � H�) 1�) �
/ / ��F1�= � �
� � � � ��� 	 ���#<��	 ���� � ��  �= ��� �� ��� �� ��� � �- �	 � ��� �� � ��' ��8 � ��� >= ��� >
- �� .����� � �� 	 ���<��� � � 0��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . � 1� � � 	 � � � � 
1� � � L� � 	 � �L� � � 
/ / L� �� � 	 < � � 	 &
�� � 

� � 1� � �1�

G� 8H�B 1�� 1�� � � 	 ���� ' 	 � ��$ � ��� ��� � � ���� � �	 � � �� � �� ��	 ���� ��' �� �����$ 1��B � �� . � � 	 �#� / �
� � 
� � ��� � � 01�

G� � H�- 1�= � 	 � � 	 ���� � � ��� ����� ��� �	 � �� �	 ���� �	 � � �� 77 �� � � ���� � �- � �� ������� � � 1�� � �  ��O
	 . 	 � � �� � � �
� � �  �� � �� 

� +LL. . . 1�� � � 

� � 3� � 
� 
	 �1� �� L�� � � 
� �1� 
� �1�

G� 0H�; �� � ����� �	 ���������� � �  ��O
	 . 	 � � �� � � �� � �  �� � �
� 

� +LL. . . 1. 0� � � � � ��1� � � L/ �� . � 	 � �L/ � � . � 	 � �T� 
� 
�1� � � 1�



 8�

� � � � � � �( �� �� �) � � ���� � � � �� �

� � 	 � ) � � 

� � � � � 
� � � � � 
� 	 � �� ��� . 
� � � 
. � � � � � 	 � � � � � . �� �
� � 
�� �� 
� 	 � � � � *	 � 
	 � � . � �" � � � � 	 � � �	 �� � � � �

� 	 � � � � �� ��
� 	 �� � 
� � ��. � �" �� � � 	 � � �	 1�, �
� � � � � �
� 	 � 	 �� � � 	 � � �	 � �� � 	 ��� 
� �� �� 
� 
�� � ��
� 	 �� � 
� � ��. � �" �

� � � 	 � � �	 � � 	 	 � 	 � � 
� � / 	 � � � *� � 
	 � � 
� � �
� � 
� � �� � 	 � 
� 
� � � 	 4� 
� 	 � 	 � 
� � 
� � 
� � � � � � 	 � � � � � 
� 	 � � � � *	 � 
�

� � � � � 	 � � 	 � 1�� � 	 � 	 �� � � � � 	 � �. 	 � 	 �
� �� � �. 

� �� � 	 � 
�
� ��	 � 
� � 	 � �
� � 
�. 	 � 	 ��� � � � �
� �/ 	 �
� � � � � 

� � ��

� � � � � 	 � �� � � � � � �	 &� �� � � . � � 
� . � � � � 	 � 	 � � � � � � �� � � 
� 	 � � � � 	 1� � � � � 
� � 
� � � 	 �� � �
� � � � � � 

� � � � � / 	 	 � �

� �� � � 	 � � 
� � � � 	 � � � �@F � 
� 
	 � � � 
� � � 
� � 
� � � 	 � � 	 � � � � � � � � � � � � � 
� � � � � � 	 � 
� � �� 
� 
	 � � � 

� � �� 
� 
� � . � � �

� � 
� 
� � �	 � 	 � 
	 � � / 	 � � � � 	 � 
� 	 � � � �	 � � 
� 
	 � � � 
� � � . � � � �� � � � � 
� � / 	 � � � �� 
� 
	 � 
�� � � � � � � � 
	 1� � � 
� �

� ��� . 	 � �� � � 	 �

� 	 �
� �/ 	 �� � 	 � 
�
� � �	 � 	 � 

� � �� � � 	 �� 
� 
/ �	 ��	 � 
� � 	 �1�



 � �
 

�
3�� � � � �� %�� �� � ���� 
�) � � ���� � � � ��



 0�
 

�

3�� � � � �� � �� �3�� � 
�) � � ���� � � � ��

�



  �

� � � � � � �( �� �� �� � *� 
� � ! � � ��+ �� �� � , �- � �� � � � � � �� �

� �
� ; �� �4 � �� � � � �� ; ; � � � " �� �4 � �� � � � �� ; ; � �

� �
 �� �2 � *� ! � � � �� ; ; � � � " �� �2 � *� ! � � � �� ; ; � �

� �
� #�� �2 � *� ! � � � �� ; ; � � ' �� �� � � � ! � � � �� ; ; � �



 >�
 

� �
� � � �3� � � � � � , �� ; ;  � � � �� �3� � � � � � , �� ; ;  �

�
3�� � 
�*� � � �� � �



 : �

� � � � � � �( �� �� �. � � � ��� � � � ��� �

$
� � � � �� �� � 
� �, � � � �� � � / � � � �� 
� � � 
, ��

81� = � . �. � � �� �� � � �� � 
	 �
� 	 ��� ��� . 
� � �� � 	 � � �� ��
� 	 �� � � 	 S�

� � � � � � � � � O	 �� �� � � � � � � � � � � � O	 �� �� � � � �

� � 1� ) � 2� � � � � � 8� � � � � � � 0� � �  � � � >�

� / 1� ) �� � � 
� � � � � � � 8� � � � � � � 0� � �  � � � >�

� � 1� #� � � 
� � �� � � � � 8� � � � � � � 0� � �  � � � >�

� � 1� � � � � � � � � � � � 8� � � � � � � 0� � �  � � � >�

� 1� � � � � � � 	 � �. 

� �� 
� 	 � �� � 
� 
� � �� � � 	 � ��. � � �� �� � � �� � � �
� 	 ��� ��� . 
� � �� � 	 � � �� � 	 �� 
� 
�� �S�

� � � � � � � � � ' 	 �
� 

	 �� � � � � � � � � ? � 
�� 
�� ���

� � 1� ) � 2� � � � � � 8� � � � � � � 0� � �  � � � >��

� / 1� ) �� � � 
� � � � � � � 8� � � � � � � 0� � �  � � � >�

� � 1� #� � � 
� � �� � � � � 8� � � � � � � 0� � �  � � � >�

� � 1� � � � � � � � � � � � 8� � � � � � � 0� � �  � � � >�

01� B � � �� �� � � �� �� � �
� 
� �� � � 	 �� � � 
� S�

� � � � � � � � � ' 	 �
� 

	 �� � � � � � � � � ? � 
�� 
�� ���

� � � � � � � � � 8� � � � � � � 0� � �  � � � >�

 1� #�	 � � 	 �/ � 
	 ��� �	 &� �� 
� �� � � ��� � � . 	 � �
� �
� 	 �� � 	 � 
� � � �4� 	 � 

� � 1�

� TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT�

� TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT�

� TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT�

� TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT�

� TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT�



 9�
 

� � � � � � �( � �� �$�� � �� ! �� � � � �

� � 	 � � ' 3@D� �� 

� � � 	 � � 
� � 
� 
� � � � � 	 � � � � 
� 
� � � 
� 	 � � � � � �	 
	 � � � � � � 	 � � � � 	 � �� � � 
� 
� � � � � *	 � 
1�� � 
� �


� � �� � 	 � � 
� 	 � � � � � � 	 � � � � 	 � �� � � / � 
� � 
� 	 � � $ � � � � � � %%�� 	 �� 
� � �1�2
� � �� � � 
� � �� � 	 � � 
� 	 � 	 &	 � � 
� / �	 �

�
�	 � ��� � �/ � 
� �� 	 � � 
� � � ��� � �. 	 ���� � �� ���
� 	 �� � 
� �� 	 � 	 � � � � � �
� �� � � �
� 	 �� � � 	 �6
�� � " �� � � �� � � �� 	 � � 	 � ��


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

� � � �
�	 �71�#�	 � � 	 � � 	 	 � 
� 	 � � 	 � � � 	 1
&
� �
�	 � 
� � 
� 	 � � � � 
� � �� 
� 	 � � ' � �� � �

� � � 	 �
� �� � � � 

� � 1�


