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�"�M�H�P�S�J�U�I�N �����) 2�3�%�'�� � �����������"

���� V % { v1, v1, . . . , vn } �����K�P�J�O �Õ�$�1� �!�*�&�1�8�B
���� T Q % { tq1, tq1, . . . , tqm } �����$�/�6�1�9�Õ� �1� �1�/�(�7�#� �B
���� �����5�2�	v�
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���� vjoin % min vi∈V { Greedy(vi , T Q(vi )) }
���� �+�T�U�S�V�D�U.addJoin(vjoin , T Q(vjoin ))
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���� TQ.remove(T Q(vjoin ))

������ �J�G�+�T�U�S�V�D�U.executionT ype() = �.�3 �U�I�F�O
������ executeMapReduce(�+�T�U�S�V�D�U)
������ �F�M�T�F �J�GJstruct.executionT ype() = �$�F�O�U�U�I�F�O
������ executeCentralized(�+�T�U�S�V�D�U)
������ �F�O�E �J�G
������ �F�O�E �X�I�J�M�F
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�"�M�H�P�S�J�U�I�N ����Greedy(v, T Q)
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���� �������6�/�:�%�-�2�Õ�$ �1�-�5�2�0�$ �$�/�6�1�9�Õ� �1� �1�/�(�7�#� �B �)� �( �$�+�#�(�7�Õ�$�0� � �.�-�1�$�*�8�0�Õ� �1� 
���� (Q, I ) % splitPatterns (TQ)
���� �J�GI &= empty �U�I�F�O
���� �����4�P�S�U���N�F�S�H�F �K�P�J�O
���� cost % �4�.�+�D�P�T�U(Q, I )
���� �F�M�T�F
���� �����.�F�S�H�F �K�P�J�O
���� cost % �.�+�D�P�T�U(Q)

������ �F�O�E �J�G
������ �������.�-�*�-�"�(�0�Õ�<�B �.�B�Q�3�F�E�V�D�F ���<�0�-�1�2�B
������ �.�3�D�P�T�U% cost/ �N�J�O(patitions, mappers ) + �.�3�P�W�F�S�I�F�B�E
������ �J�Gcost < �.�3�D�P�T�U�U�I�F�O
������ �+�T�U�S�V�D�U.addExecutionT ype(Cent)
������ �S�F�U�V�S�Ocost
������ �F�M�T�F
������ �+�T�U�S�V�D�U.addExecutionT ype(�.�3 )
������ �S�F�U�V�S�O�.�3�D�P�T�U
������ �F�O�E �J�G
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�0�1�&�+ �$�+�<�1�&�1� ������������ ���#�? �$�(�0�7�"�-�2�Õ�$ �1�&�+ �8�+�+�-�(� �1�&�B �M�B�C�F�M�M�F�E �"�$�(�1�-�+�(�7�B �$�+�<�B �2�.�-�"�/�7�3�-�2Nlabel =

Nlabel(S1, X )� � � �� -Nlabel �$�:�+� �( �8�+� �0�=�+�-�*�- � �.�< �%�$�2�"�7�/�(� (l, S2)�
 �<�.�-�2 �1�-l �$�:�+� �( �Õ�(� �$�1�(�)�8�1� 

� �)�Õ�9�B �.�-�2 � �+�1�(�0�1�-�(�4�$�: �0�$ �Õ�(� �Õ�$�1� �!�*�&�1�9 �0�2�+�8�+�6�0�&�B �)� �( �1�-S2 �$�:�+� �( �1�- �0�=�+�-�*�- �1�6�+ �)�<�Õ�!�6�+

�.�-�2 �#�$�+ �.�$�/�(�8�4�-�+�1� �( �0�1�-X �)� �( �$�:�+� �( �.�/�-�0�!�7�0�(�Õ�-�( � �.�< �1�-S1 �Õ�$ �Õ�(� � �)�Õ�9 �$�1�(�)�8�1� �Bl �� ���.�:�0�&�B

�'�8�*�-�2�Õ�$ �+� �$�.�(�!�7�*�-�2�Õ�$ �1�&�+ � �.� �/�:�'�Õ�&�0�& �1�6�+ �N�V�M�U�J���X�B�Z �0�2�+�$�+�?�0�$�6�+ �.�-�2 �.�$�/�(�8�4�-�2�+�<�*� �1� 

�$�/�6�1�9�Õ� �1� �1�/�(�7�#� �B �.�-�2 �Õ�-�(�/�7�%�-�+�1� �( �Õ�(� �0�2�"�)�$�)�/�(�Õ�8�+�& �Õ�$�1� �!�*�&�1�9�� ���(� �+� �1�- �.�$�1�=�4�-�2�Õ�$�
 �1�-

Nlabel(S1, X ) � �.� �(�1�$�:�1� �( �+� �.�$�/�(�8�4�$�( �Õ�<�+�- �%�$�2�"�7�/�(� (l, S2)� 
 � 8� 1� 0� ( � ?� 0� 1� $ � 1� -S1 $ S2 �+� �.�$�/�(�8�4�$�(

�<�*�-�2�B�1�-�2�B �)�<�Õ�!�-�2�B �.�-�2 �.�$�/�(�8�4�-�2�+ �Õ�(� � �)�Õ�9 �$�1�(�)�8�1� �Bl �� ���(� �)�7�'�$ �%�$�2�"�7�/�( �1�&�B �M�B�C�F�M�M�F�E �"�$�(�1�-�+�(�7�B

�1�-�2S1 � �.� �/�(�'�Õ�-�=�Õ�$ �<�*�$�B �1�(�B �.�(�'� �+�8�B�D�N�Q���M�D���M�J�T�U�T�.�-�2 �.�$�/�(�8�4�-�2�+ �1�-S1 �6�B �.�/�?�1�- �0�=�+�-�*�- �)� �(

�$�.�(�!�7�*�-�2�Õ�$ �1�& �#�(�7�1� �,�& �1�6�+ �0�2�+�<�*�6�+ �1�6�+�D�N�Q���M�D���M�J�T�U�.�-�2 �.� �/�-�2�0�(�7�0�1�&�)�$ �0�1�&�+ �$�+�<�1�&�1� ����������

�4�/�&�0�(�Õ�-�.�-�(�?�+�1� �B �1�& �0�2�+�7�/�1�&�0�&�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U��

�� �0�2�+�7�/�1�&�0�&�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�	list, S, X, l �
 �0�.�7�$�( � �+� �#�/�-�Õ�(�)�7 �1�- �0�=�+�-�*�-S �0�$ �#�2�-

�0�=�+�-�*� �� �1�-S1 �.�-�2 �.�$�/�(�8�4�$�( �1�- �Õ�(�)�/�<�1�$�/�- �)�<�Õ�!�- �1�-�2S �0�=�Õ�3�6�+� �Õ�$ �1�-1 �)� �( �1�-S2 = S \ S1��

���- S1 �$�(�0�7�"�$�1� �( �0�1�&�+�D�N�Q���M�D���M�J�T�U�)� �( �& �#�(� �#�(�)� �0�:� � �.� �/�:�'�Õ�&�0�&�B �0�2�+�$�4�:�%�$�( �Õ�8�4�/�( �1�-S2 �+� �Õ�&�+

�8�4�$�( �7�*�*�-�2�B �)�<�Õ�!�-�2�B�� �ÿ�2�1�9 �& �#�(� �#�(�)� �0�:� �$�,� �0�3� �*�:�%�$�( �<�1�( �&�D�N�Q���M�D���M�J�T�U�T�(�)� �+�-�.�-�(�$�: �1�&�+ �(�#�(�<�1�&�1� 

����



�"�M�H�P�S�J�U�I�N ����enumerateCmpLcList (list, S, X, l )

�J�GS = * �U�I�F�O
extendCmpLcList (list, 1, X, l )��
�S�F�U�V�S�O��

�F�O�E
m = �N�J�O

≺
{ v + S} ��

�G�P�SS1 - S \ m �E�P
S1 = S1 $ m��S2 = S \ S1��list.push (S1)��
enumerateCmpLcList (list, S 2, X, l )��
list.pop() ��

�F�O�E

�#�(�7�1� �,�&�B �.�-�2 �.� �/�-�2�0�(�7�0�1�&�)�$ �0�1�&�+ �$�+�<�1�&�1� ������������ ���8�*�-�B�
 �&�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�Õ�8�'�-�#�-�B �)� ��

�*�$�: �1�&�+ �0�2�+�7�/�1�&�0�&�F�Y�U�F�O�E�$�N�Q�-�D�-�J�T�U�"�(� �+� �$�.�$�)�1�$�:�+�$�( � �+� �#�/�-�Õ�(�)�7 �<�*� �1� �2�.�-�0�=�+�-�*� �Õ�(� �B

�D�N�Q���M�D���M�J�T�U��

�"�M�H�P�S�J�U�I�N ����extendCmpLcList (list, i, X, l )

�J�Gi < list.size () # 1 �U�I�F�O
extendCmpLcList (list, i + 1 , X, l )��

�F�M�T�F
emitCmpLcList (list, l )��

�F�O�E
S = list.get (i )��
�G�P�SN - N (S, X ) : N &= * �E�P

S1 = S $ N ��list.put (i, S1)��
extendCmpLcList (list, i, X $ N (S, X ), l )��

�F�O�E
list.put (i, S )��

�� �0�2�+�7�/�1�&�0�&�F�Y�U�F�O�E�$�N�Q�-�D�-�J�T�U�	list, i, X, l �
 � �.� �/�(�'�Õ�$�: �<�*�$�B �1�(�B �.�(�'� �+�8�B �$�.�$�)�1�7�0�$�(�B �1�-�2 �J��

�-�0�1�-�= �2�.�-�"�/�7�3�-�2 �Õ�(� �B�D�N�Q���M�D���M�J�T�U�� �
 �.�/�?�1�-�B �2�.�-�"�/�7�3�-�B �8�4�$�( �$�.�$�)�1� �'�$�: � �+� �#�/�-�Õ�(�)�7 � �.�< �1�&�+

�0�2�+�7�/�1�&�0�&�F�O�V�N�F�S�B�U�F�$�T�H�3�F�D�)� �( �7�/� �& �#�(� �#�(�)� �0�:� �$�.�8�)�1� �0�&�B �,�$�)�(�+�7�$�( � �.�< �1�- �#�$�=�1�$�/�- �0�1�-�(��

�4�$�:�- �1�&�B �*�:�0�1� �Bi = 1 , . . . , list.size () # 1�� �� �0�2�+�7�/�1�&�0�&�F�N�J�U�$�N�Q�-�D�-�J�T�U�	list, l �
�$�:�+� �( �1�- �1�$�*�(�)�<

�0�1�7�#�(�- �1�-�2 � �*�"�-�/�:�'�Õ�-�2 �#�2�+� �Õ�(�)�-�= �.�/�-�"�/� �Õ�Õ� �1�(�0�Õ�-�= �Õ� �B �)� �( �$�:�+� �( �2�.�$�=�'�2�+�& �"�(� �1�-�+ �2�.�-�*�-�"�(��

�0�Õ�< �1�-�2 �)�<�0�1�-�2�B �$�)�1�8�*�$�0�&�B �1�&�B �N�V�M�U�J���X�B�Z �0�2�+�8�+�6�0�&�B �.�-�2 �.�$�/�(�"�/�7�3�$�1� �( � �.�< �1�-(list, l )�
 �4�/�&��

�0�(�Õ�-�.�-�(�?�+�1� �B �1�- �Õ�-�+�1�8�*�- �)�<�0�1�-�2�B �$�)�1�8�*�$�0�&�B �0�2�+�$�+�?�0�$�6�+�
 �)� �( �"�(� �1�&�+ � �+� �+�8�6�0�& �1�&�B � �+�1�:�0�1�-�(��

�4�&�B �$�"�"�/� �3�9�B �1�-�2 �.�:�+� �)� �#�2�+� �Õ�(�)�-�= �.�/�-�"�/� �Õ�Õ� �1�(�0�Õ�-�= �"�(� �1�-�+ �"�/�7�3�- �1�-�2 � �.�-�1�$�*�8�0�Õ� �1�-�B��

���1�- �.� �/�7�#�$�(�"�Õ�7 �Õ� �B�
 �&�F�N�J�U�$�T�H�	�\���^�
 �0�2�+�7�/�1�&�0�& �'� �)� �*�8�0�$�( �1�&�+�F�O�V�N�F�S�B�U�F�$�N�Q�-�D�-�J�T�U�Õ�(� 

�3�-�/�7 �"�(� �)�7�'�$ �M�B�C�F�M�M�F�E �"�$�(�1�-�+�(�7 �1�-�2 �\���^ �	�<st�
�\���
�����^�>�
�� ���$ � �2�1�9 �1�&�+ �.�$�/�:�.�1�6�0�&�
 �-�( �*�:�0�1�$�B �#�$�+ �Õ�.�-��

�/�-�=�+ �+� �$�.�$�)�1� �'�-�=�+ �.�$�/� �(�1�8�/�6 �*�<�"�6 �1�6�+ �.�$�/�(�-�/�(�0�Õ�?�+ �#�(�7�1� �,�&�B �)� �( �8�1�0�( �&�F�N�J�U�$�N�Q�-�D�-�J�T�U�'� 
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 �\���
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 �& �M�B�C�F�M�M�F�E �"�$�(�1�-�+�(�7
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�"�M�H�P�S�J�U�I�N ������cacheResult

�G�V�O�D�U�J�P�OcacheResult(V, E, aux, size)
����V, E : �)�<�Õ�!�-�( �)� �( � �W�F�S�U�J�D�F�T �B�O�E �F�E�H�F�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �H�S�B�Q�I
����aux : �$�.�(�.�/�<�0�'�$�1�$�B �.�*�&�/�-�3�-�/�:�$�B �$�/�6�1�9�Õ� �1�-�B �	�m�M�U�F�S�T�
 �Q�S�P�K�F�D�U�J�P�O�T�
 �F�U�D�

����size : �1�- �Õ�8�"�$�'�-�B �1�-�2 � �.�-�1�$�*�8�0�Õ� �1�-�B �0�$ � �/�(�'�Õ�< �$�"�"�/� �3�?�+
(skeletonLabel, starLabel) % canonicalLabel(V, E)��
resultT ree % ResultCache.get(skeletonLabel)��
aux.addStarLabel(starLabel )��
treeInsert (resultT ree.root, aux, size )��

�G�V�O�D�U�J�P�OtreeInsert (node, aux, size)
�J�Gaux.isEmpty () �U�I�F�O

createLeaf (size)��
�F�M�T�F

aInfo % aux.getNext () ��
�J�G((edge, child) = node.getEdge(aInfo )) = null ) �U�I�F�O

������ � �)�Õ�9 �#�$�+ �2�.�7�/�4�$�(�
 �#�&�Õ�(�-�2�/�"�-�=�Õ�$ �Õ�(� �+�8� 
(edge, child) = newEdge(aInfo )��
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treeInsert (child, aux, size )��
�J�GaInfo.isIndexed () �U�I�F�O
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maxSel % maxSelectivity (edge)��
results = child.minResults " maxSel��

�F�M�T�F
results = child.minResults ��

�F�O�E
�J�Gresults < node.minResults �U�I�F�O

�J�Gresults 4 1 �U�I�F�O
results % 1��

�F�O�E
node.minResults = results ��
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�"�M�H�P�S�J�U�I�N ������CheckCache

�G�V�O�D�U�J�P�OcheckCache(V, E, aux, k)
����V, E : �)�<�Õ�!�-�( �)� �( � �)�Õ�8�B �1�-�2 � �3�&�/�&�Õ�8�+�-�2 �$�/�6�1�9�Õ� �1�-�B
����aux : �$�.�(�.�/�<�0�'�$�1�$�B �.�*�&�/�-�3�-�/�:�$�B �	�m�M�U�F�S�T�
 �Q�S�P�K�F�D�U�J�P�O�T�
 �F�U�D�

����k : � �+� �%�9�1�&�0�& �"�(� �1� �U�P�Q���L � �.�-�1�$�*�8�0�Õ� �1� 
(skeletonLabel, starLabel) % canonicalLabel(V, E)��
resultT ree % ResultCache.get(skeletonLabel)��
aux.addStarLabel(starLabel )��
�S�F�U�V�S�OsearchT ree(resultT ree, aux, k )��

�G�V�O�D�U�J�P�OsearchT ree(resultT ree, aux, k )
results % {} ��
����openNodes: �Q�S�J�P�S�J�U�Z �R�V�F�V�F �X�J�U�I �Q�B�J�S�T �	�O�P�E�F�
 �D�P�T�U�

openNodes% { (resultT ree.root, 1)} ��
�X�I�J�M�FopenNodes&= {} �E�P
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n % openNodes.removeHead() ��
�J�G(results.size = k)�B�O�E(n.cost 3 results.maxCost ) �U�I�F�O

�������4�-�2�Õ�$ �!�/�$�( �L � �.�-�1�$�*�8�0�Õ� �1� �)� �( �<�*�-�( �-�( � �+�-�(�4�1�-�: �)�<�Õ�!�-�( �8�4�-�2�+ �Õ�$�"� �*�=�1�$�/�- �)�<�0�1�-�B
�S�F�U�V�S�Oresults ��

�F�O�E
processNode(n, openNodes, results, aux, k)��

�F�O�E
�S�F�U�V�S�Oresults ��

�G�V�O�D�U�J�P�OprocessNode(n, openNodes, results, aux, k)
�G�P�S(edge, child) + n.children () �E�P

�J�Gs = selectivity (edge, aux) > 0 �U�I�F�O
child.selectivity % s " n.selectivity ��
child.cost % child.minResults " child.selectivity ��
�J�Gchild.isLeaf () �U�I�F�O

�����#�(� �1�&�/�-�=�Õ�$ �1� �L �)� �*�=�1�$�/� � �.�-�1�$�*�8�0�Õ� �1� 
�J�Gresults.size < k �U�I�F�O

results.add(child )��
�F�M�T�F�J�Gresults.maxCost > child.cost �U�I�F�O

results.removeMaxAndAdd (child )��
�F�O�E

�F�M�T�F
openNodes.add({ child, child.cost } )��

�F�O�E
�F�O�E

�F�O�E
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�'�-�#�-�B�E�E�#�F�O�F�m�U�	�ÿ�*�"�<�/�(�'�Õ�-�B�����
�
 �"�(� �1�- � �:�1�&�Õ� �)�/�2�3�9�B �Õ�+�9�Õ�&�B �	Qr �
 �1�-�2 �.�/�-�&�"�-�=�Õ�$�+�-�2 �)�$�3� ��

�*� �:�-�2 �Õ�$ �<�3�$�*�-�BB = 3sec�� ���7�'�$ �3�=�*�*�- �1�-�2 �#�8�+�1�/�-�2 � �+�1�(�.�/�-�0�6�.�$�=�$�( �8�+� �Õ�-�1�:�!�- �$�/�6�1�9�Õ� �1�-�B
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�"�M�H�P�S�J�U�I�N ������executeQuery

�G�V�O�D�U�J�P�OexecuteQuery(query)
(q, aux) % abstractQuery(query)��
�����R�� �B�C�T�U�S�B�D�U �R�V�F�S�Z�
 �B�V�Y�� �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P
cacheRequests% {} ��
plan % DPccp(q, aux, cacheRequests)��
results % execute(plan); �����3�%�' �F�O�H�J�O�F
�����I�B�O�E�M�F�E �P���J�O�F �C�Z �U�I�F �$�B�D�I�F�$�P�O�U�S�P�M�M�F�S �U�I�S�F�B�E
CacheController.cacheResults(results )��
CacheController.addRequestBenef its (cacheRequests, qID)��
CacheController.addResultBenef it (q, plan)��

�G�V�O�D�U�J�P�OcacheResults(results )
�����D�B�D�I�F �D�P�N�Q�V�U�F�E �S�F�T�V�M�U�T
�G�P�Sresult + results �E�P

�����H�F�U �U�I�F �S�F�T�Q�F�D�U�J�W�F �C�F�O�F�m�U �G�S�P�N �U�I�F �D�B�D�I�F �S�F�R�V�F�T�U�T
request % CacheRequests.get(result )��
result.benef it % request.benef it��
result.queryIDs % request.queryIDs��
cache(result, result.benef it )��

�F�O�E
�G�V�O�D�U�J�P�OaddRequestBenef its(cacheRequests, qID)

�G�P�S(req, benef it) + cacheRequests�E�P
addBenef it (req.skeletonLabel, req.starLabel, req.aux, benef it, qID)��

�F�O�E
�G�V�O�D�U�J�P�OaddResultBenef it (q, plan)

�����V�Q�E�B�U�F �U�I�F �C�F�O�F�m�U �P�G �V�U�J�M�J�[�F�E �D�B�D�I�F�E �S�F�T�V�M�U�T
�G�P�Sresult + plan.usedCachedResults�E�P

newP lan % DPccpWithoutResult (q, result)��
result.benef it + = ( newP lan.cost # plan.cost)��

�F�O�E

�.�-�2 �Õ�.�-�/�$�: �$�+�#�$�4�-�Õ�8�+�6�B �+� �4�/�&�0�(�Õ�-�.�-�(�&�'�$�: �"�(� �1�&�+ � �:�1�&�0�& �1�&�B �)�/�2�3�9�B �Õ�+�9�Õ�&�B�� ���(� �+� � �.�-��

�#�?�0�-�2�Õ�$ �-�3�8�*�& �0�$ �<�*� �1� �$�+�#�$�4�-�Õ�8�+�6�B �4�/�9�0�(�Õ� � �.�-�1�$�*�8�0�Õ� �1� �
 �"�(� �<�*� �1� �3�:�*�1�/� �1�-�2 �$�/�6�1�9��

�Õ� �1�-�B �#�&�Õ�(�-�2�/�"�-�=�Õ�$ �1�-�2�*�7�4�(�0�1�-�+ �1�&�+ � �)�Õ�9�i���
 �*�O�E�F�Y�w�)� �( �1�&�+ � �)�Õ�9 �.�-�2 �.�$�/�(�8�4�$�( �1�- � �+�1�:�0�1�-�(�4�-

�3�:�*�1�/�-�� ���.�(�.�*�8�-�+�
 �$�7�+ �& �$�"�"�/� �3�9 �1�-�2 �.�:�+� �)� �$�B�D�I�F �3�F�R�V�F�T�U�T �.�$�/�(�8�4�$�( �9�#�& �-�3�8�*�& �"�(� � �.�-�1�$��

�*�8�0�Õ� �1� �Õ�$ �3�:�*�1�/� �.�-�2 �Õ�.�-�/�-�=�+ �+� �4�/�&�0�(�Õ�-�.�-�(�&�'�-�=�+ �"�(� �1�- �1�/�8�4�-�+ � �:�1�&�Õ� �1� � �)�-�*�-�2�'�-�=�Õ�$��

���(� �.� �/�7�#�$�(�"�Õ� �
 � �+ �8�+� �.�/�-�&�"�-�=�Õ�$�+�- �$�/�?�1�&�Õ� �$�:�4�$ �8�+� �3�:�*�1�/�-?univ = �A�AH " �w�'� � �.�-�#�:�#� �Õ�$

�$�.�:�0�&�B �-�3�8�*�& �0�1�- �2�.�-�#�8�+�#�/�- �1�-�2�� ���0�-�+ � �3�-�/�7 �1�(�B � �)�Õ�8�B �1�6�+ �$�1�(�)�$�1�?�+ � �0�1�8�/� �
 � �+ �1�- �2�.�7�/�4�-�+

�#�8�+�1�/�- �.�$�/�(�8�4�$�( �(�0�-�Õ�-�/�3�(�)�7 �2�.�-�#�8�+�1�/� � �0�1�8�/� �1� � �)�-�*�-�2�'�-�=�Õ�$ �.�/�-�)�$�(�Õ�8�+�-�2 �+� � �.�-�#�<�0�-�2�Õ�$

�1� � �+�1�:�0�1�-�(�4� �-�3�8�*�& �0�1� �3�=�*�*� �1�-�2�B�� �
�( �1�(�Õ�8�B �$�+�1�<�B �1�6�+ �)�<�Õ�!�6�+ �1�-�2 �#�8�+�1�/�-�2 � �+�1�(�.�/�-�0�6�.�$�=��

�-�2�+ �1�(�B �$�)�1�(�Õ�9�0�$�(�B �$�)�*�$�)�1�(�)�<�1�&�1� �B �"�(� �1�- � �+�1�:�0�1�-�(�4�- �Õ�-�1�:�!�- �$�/�6�1�9�Õ� �1�-�B�� ���(� �+� �#�&�Õ�(�-�2�/�"�9��

�0�-�2�Õ�$ � �2�1�8�B �1�(�B �$�)�1�(�Õ�9�0�$�(�B �4�/�$�(� �%�<�Õ� �0�1�$ �Õ�<�+�- �1�-�+ �$�)�1�(�Õ�&�1�9 �$�.�(�*�$�)�1�(�)�<�1�&�1� �B �)� �( �1�-�+ �0�2�+�-�*�(�)�<

� �/�(�'�Õ�< �1�6�+ �$�"�"�/� �3�?�+ �1�-�2 � �3�&�/�&�Õ�8�+�-�2 � �.�-�1�$�*�8�0�Õ� �1�-�B�� ���/�&�0�(�Õ�-�.�-�(�9�0�$�1�$ �.�7�*�( �1�&�+ �(�#�(�<�1�&�1� 

�1�&�B � �+�$�,� �/�1�&�0�:� �B �"�(� �1�&�+ �$�)�1�:�Õ�&�0�& �1�&�B �$�.�(�*�$�)�1�(�)�<�1�&�1� �B �.�-�*�*� �.�*�?�+ �3�:�*�1�/�6�+ �0�$ �#�(� �3�-�/�$�1�(�)�8�B
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�"�M�H�P�S�J�U�I�N ������addBenef it

�G�V�O�D�U�J�P�OaddBenef it (skeletonLabel, starLabel, aux, benef it, qID )
����skeletonLabel, starLabel : �U�I�F �D�B�O�P�O�J�D�B�M �M�B�C�F�M�T �P�G �U�I�F �B�C�T�U�S�B�D�U �R�V�F�S�Z �H�S�B�Q�I
����aux : �B�V�Y�J�M�J�B�S�Z �R�V�F�S�Z �J�O�G�P�	�m�M�U�F�S�T�
 �Q�S�P�K�F�D�U�J�P�O�T�
 �F�U�D�

����benef it : �U�I�F �F�T�U�J�N�B�U�F�E �C�F�O�F�m�U �G�P�S �U�I�F �R�V�F�S�Z
����qID : �U�I�F �R�V�F�S�Z �*�%
aux.addStarLabel(starLabel )��
benef itT ree % CacheRequests.get(skeletonLabel)��
treeAddBenef it (benef itT ree.root, aux, benef it, 1, qID )��

�G�V�O�D�U�J�P�OtreeAddBenef it (node, aux, benef it, s, qID )
����s : �Q�B�S�F�O�U �O�P�E�F �T�F�M�F�D�U�J�W�J�U�Z
�J�Gaux.isEmpty () �U�I�F�O

addChild(benef it, s, qID )��
�F�M�T�F

aInfo % aux.next () ��
�J�GaInfo.isStarLabel () �U�I�F�O

newEdgeIfNotExists (aInfo.getLabel ()) ��
�F�M�T�F

addChild(benef it, s, qID )��
newEdgeIfNotExists (�A�A" , Index �w)��
newEdgeIfNotExists (aInfo )��

�F�O�E
�G�P�S(edge, child) + node.children() �E�P

�����D�I�F�D�L �V�T�B�C�J�M�J�U�Z�
 �T�F�M�F�D�U�J�W�J�U�Z �P�G �F�Y�J�T�U�J�O�H �F�E�H�F�T
selectivity % s " selectivity (edge, aInfo)��
�����Q�S�V�O�F �T�V�C�U�S�F�F�T �X�J�U�Ibenef it 4 0
�J�G(benef it # selectivity " R/ thr ) > 0 �U�I�F�O

treeAddBenef it (child, aux, benef it, selectivity )��
�F�O�E

�F�O�E
�F�O�E

�Õ�$�1� �!�*�&�1�8�B�� �Î�B �$�) �1�-�=�1�-�2�
 �.�/�8�.�$�( � �.�*�7 �+� �Õ�$�1� �3�8�/�-�2�Õ�$ �1�&�+ �$�)�1�:�Õ�&�0�& �$�.�(�*�$�)�1�(�)�<�1�&�1� �B � �.�<

�1�-�2�B �"�-�+�(�)�-�=�B �)�<�Õ�!�-�2�B �.�/�-�B �1�-�+ �)�<�Õ�!�- �.� �(�#�: �.�-�*�*� �.�*� �0�(�7�%�-�+�1�7�B �1�& �Õ�$ �1�&�+ �$�.�(�*�$�)�1�(�)�<�1�&�1� 

�1�6�+ � �+�1�:�0�1�-�(�4�6�+ � �)�Õ�?�+�� ���- �<�3�$�*�-�B �"�(� �)�7�'�$ �4�/�&�0�(�Õ�-�.�-�(�9�0�(�Õ�- � �.�-�1�8�*�$�0�Õ� �
 �)�<�Õ�!�-�B �3�=�*�*�-�


�$�:�+� �(��
b = B # s áR/ thr �	�������


�<�.�-�2 �1�-B �$�:�+� �( �1�- �0�2�+�-�*�(�)�< �<�3�$�*�-�B �1�-�2 � �(�1�9�Õ� �1�-�B�
s �$�:�+� �( �& �$�.�(�*�$�)�1�(�)�<�1�&�1� �1�-�2 � �.�-�1�$�*�8�0�Õ� ��

�1�-�B�
R �$�:�+� �( �- � �/�(�'�Õ�<�B �1�6�+ �$�"�"�/� �3�?�+ �1�-�2 � �3�&�/�&�Õ�8�+�-�2 �$�/�6�1�9�Õ� �1�-�B�
 �)� �(thr �1� �4�=�1�&�1� � �+�7�"�+�6��

�0�&�B �$�"�"�/� �3�?�+ �	�.���4�� �������L �$�"�"�/� �3�8�B���T�F�D �
�� ���- �#�$�=�1�$�/�- �Õ�8�/�-�B �1�&�B �$�,�:�0�6�0�&�B � �+�1�(�.�/�-�0�6�.�$�=�$�( �1�-

�)�<�0�1�-�B � �+�7�"�+�6�0�&�B �1�-�2 � �.�-�1�$�*�8�0�Õ� �1�-�B�� ���1�- ���4�9�Õ� ���������
 �1�- �<�3�$�*�-�B �"�(� �8�+� � �.�-�1�8�*�$�0�Õ� �Õ�$ �$�.�(��

�*�$�)�1�(�)�<�1�&�1� s3 �$�:�+� �(b3 = 3sec# s3 " 1m/100k 5 3sec�� �
�.�-�/�-�=�Õ�$ �$�.�:�0�&�B �+� � �"�+�-�9�0�-�2�Õ�$ �1� 

�-�3�8�*�& �.�-�2 �$�:�+� �( �Õ�(�)�/�<�1�$�/� � �.�< ���� ���(� �.� �/�7�#�$�(�"�Õ� �
 �1�- �Õ�& �$�2�/�$�1�&�/�(� �0�Õ�8�+�- � �3�&�/�&�Õ�8�+�- � �.�-�1�8��

�*�$�0�Õ� �
 �2�5�&�*�<�1�$�/�- �3�=�*�*�-�
 �8�4�$�( �$�.�(�*�$�)�1�(�)�<�1�&�1� �� �)� �( �<�3�$�*�-�Bb = 3sec# 1" 1m/100k = # 7sec��
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�"�M�H�P�S�J�U�I�N ������CacheControllerPeriodicP rocess

���� �N�F�U�I�P�E�T �U�I�B�U �S�V�O �J�O �D�P�O�m�H�V�S�B�C�M�F �U�J�N�F �P�S �R�V�F�S�Z �J�O�U�F�S�W�B�M�T��
�G�V�O�D�U�J�P�OupdateBenef its ()

����OrderedResults : �C�F�O�F�m�U �P�S�E�F�S�F�E �M�J�T�U �P�G �D�B�D�I�F�E �S�F�T�V�M�U�T
�G�P�Sresult + ResultCache �E�P

�����E�F�D�S�F�B�T�F �C�F�O�F�m�U �X�J�U�I �U�J�N�F �V�T�J�O�H �E�F�D�B�Z �Q�B�S�B�N�B�U�F�S0 < a < 1
result.benef it = result.benef it " a��
OrderedResults.insert (result )��

�F�O�E
����OrderedRequests: �C�F�O�F�m�U �P�S�E�F�S�F�E �M�J�T�U �X�J�U�I �N�B�Y �T�J�[�F
�G�P�Srequest + CacheRequests�E�P

�����E�F�D�S�F�B�T�F �C�F�O�F�m�U �X�J�U�I �U�J�N�F
request.benef it = request.benef it " a��
OrderedRequests.insert(request)��

�F�O�E
�����S�F�N�P�W�F �D�B�D�I�F �S�F�R�V�F�T�U�T �U�I�B�U �B�S�F �O�P�U �J�O �0�S�E�F�S�F�E�3�F�R�V�F�T�U�T
removeF romCacheRequests(OrderedRequests)��
�G�P�Srequest + OrderedRequests�E�P

�����F�T�U�J�N�B�U�F �D�P�T�U �G�P�S �C�F�T�U �S�F�R�V�F�T�U�T �V�T�J�O�HDPccp
request.benef it = request.benef it/ estimateCost() ��

�F�O�E
�G�V�O�D�U�J�P�Oprof itableQueryGeneration ()

�����J�U�F�S�B�U�F �J�O �E�F�D�S�F�B�T�J�O�H �P�S�E�F�S �P�G �C�F�O�F�m�U���D�P�T�U
�G�P�Sreq + OrderedRequests�E�P

�����Q�S�P�B�D�U�J�W�F�M�Z �D�I�F�D�L �D�B�D�I�F �S�F�Q�M�B�D�F�N�F�O�U
evict % evictions(estimateSize(req), req.benef it)��
�J�Gevict.satisf ied �U�I�F�O

result % executeQuery(req)��
�S�F�U�V�S�O��

�F�O�E
�F�O�E

���1� �+ �1� �-�3�8�*�& �<�*�6�+ �1�6�+ �Õ�-�1�:�!�6�+ �2�.�-�*�-�"�(�0�1�-�=�+�
 �- �$�*�$�"�)�1�9�B �)�/�2�3�9�B �Õ�+�9�Õ�&�B � �'�/�-�:�%�$�( �1�(�B �.�/�-��

�>�.�7�/�4�-�2�0�$�B �Õ�$ �1�(�B �+�8�$�B �1�(�Õ�8�B �-�3�8�*�-�2�B �)� �( � �.�-�'�&�)�$�=�$�( �1�- � �.�-�1�8�*�$�0�Õ� �0�1�- �#�8�+�1�/�- �1�-�2 �.�:�+� �)� 

�$�B�D�I�F �3�F�R�V�F�T�U�T�� �
 �$�*�$�"�)�1�9�B�
 �1�/�8�4�-�+�1� �B �1�-�+ � �*�"�<�/�(�'�Õ�- �0�4�$�#�(� �0�Õ�-�= �.�*�7�+�-�2 �$�)�1�8�*�$�0�9�B �Õ� �B�


�2�.�-�*�-�"�:�%�$�( �1�- �)�<�0�1�-�B �$�)�1�8�*�$�0�&�B �1�6�+ �.�(�- �)�$�/�#�-�3�<�/�6�+ �Õ�-�1�:�!�6�+ �$�/�6�1�&�Õ�7�1�6�+ �)� �( �#�(� �1�&�/�$�: �Õ�(� 

�#�(� �1�$�1� �"�Õ�8�+�& �*�:�0�1� �%�$�2�"�?�+ �	�S�F�R�V�F�T�U�
 �C�F�O�F�m�U���D�P�T�U�
 �	�ÿ�*�"�<�/�(�'�Õ�-�B�����
 �.�-�2 �4�/�&�0�(�Õ�-�.�-�(�$�:�1� �( � �.�<

�1�& �Õ�8�'�-�#�-�Q�S�P�m�U�B�C�M�F�2�V�F�S�Z�(�F�O�F�S�B�U�J�P�O�"�(� �+� �.�/�-�)� �*�8�0�$�( �1�&�+ �$�)�1�8�*�$�0�& �)� �( �.�/�-�0�6�/�(�+�9 � �.�-�'�9��

�)�$�2�0�& �1�6�+ �.�(�-�)�$�/�#�-�3�<�/�6�+�$�/�6�1�&�Õ�7�1�6�+��

������



�"�M�H�P�S�J�U�I�N ������cachingPolicy

�G�V�O�D�U�J�P�Ocache(result, benef it )
evict % evictions(result.size, benef it )) ��
�J�Gevict.satisf ied �U�I�F�O

removeCachedResults(evict)��
cacheResult(result.V, result.E, result.aux, result.size )��
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