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A. The state space of the rigs 
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C. User and System Constaraints 
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A. The experimental rigs as MDPs 
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01!�����!���!��'��!#���0�����"1��"!�����"1��#!#���0�����
��!�0�3�*�(1-� (1!��VX�Y�
.�@��������(1!�� (3*!��%� (���#�(���#�

=!%��!������%(!�� (1�(-�VX�O�
.�81�#� �(� �#��!�3�!�#3� (���!(!"(�
#�"1���'�#(��!.�

81!�"1���!��������"�(��#�'�3�=!��#!�����'��(�*�!�0�3#-�
�!*!������ �*��� (1!� #3#(!'� �(� �#� =!���� �#!�� ��-� (�� �=(���� ��
����!� �!*�!#!�(���� ���� (1�!!� "1���!#.� 81!� ���� "��� (1!��
��(�'�(�"���3� �!"��!� 01!(1!�� �(� #1����� ��(!��!�!� ��� (1!�
��!�(#� "��(���� "�''���#� ���� 1�0�'�"1� �(� #1����� ���!���
�(#!�%.�

H�.� 2+�7C�8B��� $��7�&,A�

81�#�#!"(������#"�##!#�(1!��**��"�(�����%�(1!�� $����"�#!�
�%�&,A�!)*!��'!�(#.�

A. Using the indicators 
I1��!� (1!� ����"�(��#� '�3� =!� �#!�� ��� '��(�*�!� 0�3#� (��

!�����(!� (1!� #3#(!'� ���� (1!� ��!�(F#� #(�(�#� ������� (1!�
�*!��(���� �%� (1!� ���-� ��� "�#!� �%� &,A� �� #�'*�!� =����3�
!�����(�����#�#�%%�"�!�(.�81!�*��*�#!��%�(1!���(!����!�"!����(1!�
�:2��#���� (1!�� $� �#� (�� ����!� (1!� �!���!�� ��(�'�(�"���3�
���� �!"��!� 01!(1!�� 1!�*���� (1!� �!���!�� �#� �!6���!�� ��� ��(.�
81�#�(1!�!�����(�����!#��(�;Z<�"���1��!����3�(1!�����!#�FyesF��%�
(1!� #(�(!� "1���!� 0�#� *��%�(�=�!� ��� #�'!� 0�3� ��� FnoF�
�(1!�0�#!.-� �!*!������ �*��� (1!� ���#� *�#�(���� ��� (1!� � $.�
B�0!�!��(��'��!�(1!��!"�#���-�(1!���#(�%!0�(���#�(���#�'�#(�
=!�'���(��!�������!"���!���""�������3.��

I1!�!�!�� �� "�''���� �#� !)!"�(!�-� (1!� ,�����(1'�
Evaluate(i) �#�����%���(1!�"���!�(�#(�(!�i.��%�(1!�"���!�(�#(�(!��#�
�� ����� #(�(!-� (1!�� ���� �����=�!#� ��!� �!#!(.� 81!�!� ��!� (1�!!�
�����=�!� (�� '���(��� (1!� d-� ��� ���� (1!� (�(��� ��'=!�� �%�
(���#�(���#.� 81!� ��'=!�� �%� (�'!� d� ��"�!�#!#� %��� ���� �����
#(�(!#-� ��'=!�� �%� (�'!� VX�K� 
� %��� ��3� ����� #(�(!� ���� (1!�
��'=!�� �%� (���#�(���#� ��!� �!"���!�� ���q-� r� ����p.� �%� ��3� �%�
(1!#!���!#���!���� (1�!#1����rc-�qc����pc� �!#*!"(��!�3�0�(1��(�
�!�"1�����������#(�(!-� (1!��(1!��#!�#��#�����!!���%��##�#(��"!�
���� Z� �!(���� F3!#F.� 81!� (1�!#1���� *"� �#� �!(!�'��!�� =3� (1!�
��#(��"!� (�� (1!� "��#!#(� ����� #(�(!� �(� (1!� =!�������� �%� (1!�
!)*!��'!�(� #!##���� ��� 01!�� �� ����� #(�(!� �#� �!�"1!�.� ,�
(��!���"!��%�[� (1�(�'�3=!����!��(��*"�������0�(1�(1!�����!#�
�%� �"� ���� 6"� ��!� #3#(!'� #!((���#� *�(� =3� (1!� #3#(!'�
��'���#(��(��� ��� (1!�'��!�� "1������� (1!� ��%%�"��(3� �!�!�� �%�
�!((������3�1!�*�%���(1!��!���!�.�

Algorithm Evaluate(i) with global counter variables p, q, r 

if i � G then              

 p � 0,           q � 0,        r � 0,        pc � .LM=�N�O�,P= �,= 

else  

       if Q  k � G, ��ik � 0 then   

  q � q + 1 

 if R  j � G, �dij < 0 then   

  r � r + 1 

 p � p + 1 

if    p > pc + �    or   q > qc    or   r > rc  then               � �  yes 

else       � � no 

B. MDP Inputs 
81!�!� ��!� %!0� �����=�!� "�'*��!�(#� (1�(� �!!�� (�� =!�

�!%��!������"6���!��%��'�(1!�'��!�#� (��=!��=�!� (��"�!�(!����
�#!�(1!�� $�*��*!��3.�81!#!���!G�

@��.��.�&!��(���#1�*�=!(0!!���!"�3�%�"(�������(1!��""���"3��%�(1!�*���"3.�
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1. Initial stateG� ,#� '!�(���!�� !����!�-� ��� (1!� � $� (1!�!�
!)�#(#� �� *�(1� =!(0!!�� !�!�3� *���� �%� #(�(!#.� 81�#� (1!�'��!��
"���"1��#!���� ���(���� #(�(!.�81!�!)*!��'!�(��� ����0���� �!�!�(�
=�"�� (�� (1!� ���(���� #(�(!� �(� (1!� #(��(� �%� !�"1� !)*!��'!�(���
#!##����=3�(���!�#����(1����1�����(1!���(!�'!���(!�#(�(!#.�

2. Whether all transitions can be treated as bi-directional?��
3. Whether state interpolation is allowed?� 81!� � $�
�!%��!#� �� =������3�01�"1� �#� �(� (1!� =!#(� *��(����3� ���0�� �#�
'��!�� �#���(�!)*!"(!�� (��"��!������*�##�=�!� %!�#�=�!�#(�(!��%�
(1!��������(1!�(�������.��(��#����(1!��3�*�##�=�!�%���(1!��:2�(��
(���#�(� (�������(!�'!���(!�#(�(!�(1�(���!#����(1!�*�(1�=!(0!!��
��3�(0�����0��#(�(!#.�B�0!�!�-�#�"1���(!�*���(����'�3���(�
=!�����0!���(����� �%� (1!����� �#���(�"�'*�!(!�3�%�!!�(���*!��(!�
���� '�3� =�!��� ��0�� �(� "!�(���� #(�(!#� (1�(� ��!� ��� =!(0!!��
���0�� #(�=�!� #(�(!#.� ,���0���� ��(!�*���(���� �##�'!#� =��
���!"(������(3��#�����0!�.�

C. Rig Operation 
81!� ���� �*!��(!#� =3� %��#(� �!"!������ (1!� ��"�'����

"�''���#� ���� (1!�� *��"!##���� �(.� I�(1� (1!� � $�
��"1�(!"(��!-� (1!� ���� �#� ��(!����!�(� !����1� (��'��!��!"�#���#�
��� �(#��0��01!(1!�� (1!� �!���!����!�(� �#� %����0������%!�#�=�!�
"1�����%�"��(����"�''���#.�81!������*!��(������!#�(1����1�
(1!�%����0����#(!*#G��

Step 1. ,(� (1!� =!�������� �%� !�"1� �!���!�E#� !)*!��'!�(�
#!##���-�(1!������!�!�(#�=�"��(��(1!����(����*�#�(��������(1!�
����!#��%�d-����������(����*"���!�"��"���(!�.�

@���!�!�3��!0�write���#(��"(���#-�(1!�#(!*#�������!��!*!�(!�.�
9(1!����#(��"(���#�;read�����wait<���!�!)!"�(!���''!���(!�3.�

Step 2. I1!����0��(!�"�''�����(P, V)��#��!"!��!�����#(�(!�
si� (1!� "���!#*������� !)*!"(!�� #(�(!� �#� "��"���(!�.� �(� �#�
"1!"�!�� 01!(1!�� !)!"�(���� (1�#� "�''���� 0���� �!��� (�� ��
#(�(!�;si+1<�#�"1�(1�(-�#�\�� �#�����������;#�-�#�\�<�!)�#(#����(1!�
� $.��%� �(� �#���(����������� ��(!�*���(���� �#�����0!��#�\�� �#�
"1!"�!���%��(�"���=!���(!�*���(!�.��

@�����#(�(!�;#�\�<�(��=!������(!�*���(!��#(�(!-�(1!�!�'�#(�!)�#(�
�(���!��(1!��#(�(!�#����Q+�]�CR�#�"1�(1�(-��
�� #�-�#��!)�#(#����� $������

�� (1!� %!�(��!� �!"(��� �.!.� (1!� ����!#� �%� ���� (1!� n� *��(#�
'�#(�=!�!)�"(�3� (1!�#�'!�!)"!*(����3���!�*��(� ;#�3�
nj<����#�-�#i+1, #������(1!�����!�%����K����#�\��#1�������!�
=!(0!!���K����#������#���.!.��

si[nj] < si+1[nj] < s2[nj]�
81�#�!�#��!#�(1�(�(1!���(!�*���(!��#(�(!��#��"(����3�(���!�#!��
=3� (1!� "1������� *��(-� =�(� ��(� �!"���!�.� 81�#� '�3� �""���
01!�� (1!�!� ��!� ��%%!�!�(� *���'!(!�#-� ���!� #*!!�� �%� (1!�
#!���#�;#!!�@��.�
<-��#!��01��!�(��������%��'�(1!���!��#!��
=3� (1!� �!���!�.� �%� �(� �#� ��(� ������ ���� ��(!�*���(���� �#� ��(�
����0!��(1!��#�\���#�undesired.�

Step 3. �%� (1!� �!0� #(�(!� �#� ��(� undesired �.!. valid �� 
interpolated-�(1!��(1!�"�''�����#�!)!"�(!�.�9(1!�0�#!�(1!�
"�''���� �#� �!K!"(!�.� ,%(!�� '��(�*�!� �!K!"(���#� �%� 0��(!�
"�''���#-�(1!�����"����!"��!�(1�(�(1!��#!���!!�#�#�**��(.��

Step 4. 81!��!#��(��(�#(�(!�;s’i+1<��%�(1!�"�''����!)!"�(����
�#�'�("1!��0�(1�(1!�!)*!"(!��#(�(!�;si+1<.��%�#�\��S�#F�\�-�(1!��
(1!������#����(1!�failed�#(�(!.����(1�#�#�(��(���-�(1!�����(��!#�(��
�!"��!��=�"��(��(1!�*�!����#�#(�(!�si�=3�(�3����(��0��(!�(1!�

����!� (�� (1!� *��(#� �#� ��� #�..� �%� (1!� ���� "����(� �!#(��!� (1!�
#(�(!#� �%� ���� *��(#� (�� (1!� !����!�� ����!#-� �(� �#� "��#��!�!��
=���!�������!6���!#�(1!�'��!�#���(!��!�(���.��

Step 5. 9�"!���#(�(!��#�#�""!##%���3�"1���!�-�(1!�����!#�%���
V�� ���� VX� ��!� "��"���(!�.� ��� (1!� &,A� #"!�����-� (1!�
*��=�=���(3��%�#�""!##��%�����"(����%��'���3����!��#(�(!��#�
�!�3� 1��1� ���� �!�!����3� !6���� %��� ���� (���#�(���#.� +�� (1!�
����!��%�V���#���(��#!%������"��(!)(��%�&,A.�B�0!�!�-�(1!�
�(1!�� (0�� ����"�(��#-� V�� ����VX� ��!� �!�3� �'*��(��(.� 81!�
����!� %��� Z� �#� (1!�� "��"���(!�� 0�(1� Evaluate()� %��� (1!�
�!#��(��(� #(�(!.� �%� Z� �#� ^3!#E-� (1!� �!���!�� �#� *�����!��0�(1�
1��(#� (�� (1!� �!)(� %!�#�=�!� #(�(!� (�0���#� (1!� �!��!#(� �����
#(�(!.�81!��!��!#(������#(�(! j��#�(1!���!�%���01�"1�(1!�*�(1�
�#�(1!�#1��(!#(����"���!#*�������*���"3�JK�%��'�(1!�"���!�(�
#(�(!�%��������"(��!������#(�(!#.�

Step 6. 9�"!��������#(�(!��#��"1�!�!�-��(��#�"��#��!�!�����!�
����%��'�(1!��!���!�E#�*!�#*!"(��!�(1!�!��#��!##!����"!�(��!�
(�� �!��**���"1� (1�(� #(�(!.� 81�#-� ��"!� �� (�#�� #(�(!� j� �#�
�!�"1!�-� �(#� "���!#*������� ����!#� %��� �d� ���� �� ��!� ��(�
"��#��!�!�� %��� "��"���(���� Z� ��� Evaluate() � �.!.� �!'��!��
%��'�C.��

Step 7. �%� (1!�"���!�(� #(�(!� s'� �#� ��(!�*���(!�� %��'�*�!����#�
#(�(!�s-� (1!������s’� (�� (1!�� $.�,(� (1�#�*���(� (1!�!� �#����
!��!�=!(0!!��s'�����s�01�"1�"�������#��=!�(1!�"�#!��%�s�0�#�
��(!�*���(!��=3�(1!���#(�"�''���.����!�(1!��"�#!�����!��!#�
;s, s'<�����;s', s<����� ��"��*���(!� (1!'�0�(1� (1!� fail� #(�(!#�
%##F� ���� %#F#� ��(�� (1!�� $�=3� %����0���� +(!*� ��	� �%�� $�
�!�!��(����,�����(1'�;�#����+!"(�����H��<��""�������3�=3�
�**�3���� (1!� #(!*#� ��� (1!� �!0� !��!#�#(�(!#.� 81!�� �!�
"��"���(!�(1!�*���"�!#.�

D. Example 
81!�!)�'*�!�"��#��!�!��(������#(��(!�(1!��#!��%�� $#��#�

(1!� *!�����'� !)*!��'!�(� '!�(���� !����!�.� 81�#� !)*!��'!�(�
1�#�(1�!!��"(��(����.!.�(1!�%!�(��!��!"(������!�"1�#(�(!�"��(���#�
(1�!!�����!#��%�(1!��"(��(���;n�O�
<.�81!�����!#��!(���!����!�
��(!�!�� ��'=!�#� ;�%� (1!� #!���#� ��(�(!#� (0�"!� %���� "��"�!-� (1!�
����!��#���
��!��!!#_��%��(���(�(!#�=�"�0���#�(1!��(1!�����!��#�
���
��!��!!#<.�81!�����0�#�(����!��0�(1���#!6�!�"!�"��(���#�
;N� O� ��<� (���#�(���#� (1�(� �!�!��(!�� �
� #(�(!#� ��� (1!� � $.�
81!�!���!��������#(�(!#��!%��!�����(1!�!)*!��'!�(���:�-�:�	-�
:�������:
�.�81!� �!���!�� #(��(#�0�(1� (1!� #(�(!�:
�01�"1� �#�
(1!����(����#(��(����*�#�(���.�81!��!���!��"���#!���"�''���#�
(��(1!����������!��!�(1!�!)*!��'!�(������3������'�*�#�(�����(�
(1!�!����%�(1!���#!##���.�81!�����(��!#��(#�#(�(!�=�"��(��:
�%���
(1!� �!)(� #!##���.� 81!� *��=�=���(3� �%� #�""!##� �%� !�"1�
"�''����(�� (1!����� �#�
.��.�81�#� �#���1��1�����!��#� (1!�!� �#�
��((�!�*��=�=���(3��%� �(� %����������� �(� �#����� �(� �#�!6���� %�������
(���#�(���#��#�����(1!��"(��(��#�1��!�(1!�#�'!��!���=���(3.�81!�
(�������� ����0!�� ����(���� �%� =����!"(������ !��!#� �#� ���� #(�(!�
(���#�(���#�;s1, s2<��!"���!��"���=!����!�����!�!�#!�;s2, s1<.�

E. Results 
@��.�	�#1�0#�(1!�%���������!#��%�!�"1�#(�(!��%(!��(1!�H�,�

�#� ���� "���!#*������� (�� (1!�������� #(�(!#.�@��� !�"1��%� (1!'�
(1!������#(�(!�1�#���(�(1!�1��1!#(�����!�%����0!��=3�(1!�#(�(!�
(1�(� �#� "��#!#(� (�� �(� !.�.�:�� �#� ��K�"!�(� (��:	-�:�-�:��� ����
:�
.� 81!� fail� #(�(!#� ��#�� �!(� 1��1� ����!#-� =�(� �#� (1!� %���!��
#(�(!#���!����3�"���!"(!����!�������#(�(!�;����(1!��!0����%���
(1!�(���#�(����%��'�(1!�������(��(1!�%����#(�(!��#�
<�%�������%����
#(�(!-� (1!� ��(������ !��!� �#� "1�#!�� ��� (1!� *���"3� ;J�<.� 81!�
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����!#� �%� ���� (1!� %���� #(�(!� "��#!�3� %����0� (1�(� �%� (1!���
"���!#*�������������#(�(!-�=�(���!���0�3#��!##!�.��

@��� �� #1�0#� (1!� ��#(��"!� %��'� ��3� #(�(!� (�� (1!� �!��!#(�
(�#�� #(�(!.� ,#� (1!� *��=�=���(�!#� �%� (���#�(���� #�""!##� ��!� ����
#�'!����� (1!� (���#�(������!�=�����!"(�����-� (1!�����!#� %���VX�
���� V`� ��0�3#� �!'���#� (1!� #�'!.� +�� (1�#� !)*!��'!�(-� (1!�
����!��%�VX�1�#����'!����������(1!�!�����(����;Z<��#�#��!�3�
�!*!��!�� ��� (1!� ����!� �%� d.� @��� !.�.��d� Y� 
� �%� (1!� =���� �#�
'��!���*�'��3�(�'!#�=!3����(1!��!�"1��%�(1!�1�����!�!���#�
��� #(�(!#� :	� (�� :
� ���� (�� :
.� 81!� ��#(��"!� 0���� �!!*�
��"�!�#����(������(1!������#(�(!#.��

7�(!�(1!�#����%�"��(���"�!�#!����(1!���#(��"!�%���(1!�#(�(!#�
%��'�:�
�(��:�
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