
Flow-Sensitive Type Qualifier s
�

Jeffrey S. Foster Tachio Terauchi Alex Aiken

EECS Department
University of California, Berkeley

Berkeley, CA 94720-1776�������	��
������
�	�����������	������� ��!��"�$#&% ���"���"'	��()#*��+�,

ABSTRACT-/.10 2�.�3�.�4�57683�9�3�5�.�:<;>=�2?.�@�5A.�4 B�CD4 EF3�5�6G4�BH6G2�BI5*9	0J.K3L9	3L5A.�:83
M CN5�O8P�= MRQ 3L.�4�3�CN5�CDS�.R5�9�0�.RT	U$6GVNCNW�.�2�3�XZY[3�.�2�3\6]4�4�=�5�6G5�.R5�O�.�CN2�0�2�= QE�2�6G:83 M CN5�O^5�9�0J._T	UH6GVDCNW�.�2�3�`a6G4�BbCD4�;>.�2L.�4�c�.dc]O�.�cGe�3f5AOH6G515�O�.
6G4�4�=�5�6G5�CD="4�3K6G2�.ac�=�2�2�.�c�5�Xhg�4F=�U�2R3L9	3L5A.�:i=�4�VN915�O�.a5�9�0�.jT�U$6GVNC QW�.�2�386G2�.k:8=�B�.�VD.�B_P�= MlQ 3�.�4 3�CN5ACNS�.�VN9	mn5AO .aU�4�B .�2�VD9�CN4�E83�5�6G4�BH6G2�B
5�9�0�.�386G2�.oU�4�c]O$6G4�E�.�B$` M O�CNcGOp6GVNVD= M 3jU�3\5A=1=�q�5�6GCN4p6G4_.�r8c�CD.�4�5
c�=�4�3�5�2�6GCN4�5 Q q$6G3L.�BsCD4�;&.�2�.�4�c�.t6GVDE"=�2�CD5�O�:u5�O$6G5FCD4�5�.�E�2�6G5�.�3_P = MRQCD4�3L.�4�3�CN5�CDS".b6GVNC*6G3v6G4$6GVN9	3LCD3�`w.�x�.�c�57CD4 ;>.�2�.�4�c�.�`?6G4�ByCDB .�6G3F;>2�=�:
VDCN4�.�6G2[5�9�0�.a3�9�3�5�.�:83w5�=83LU�0�0J=�2�5w3�5�2�=�4 EKU�0JB$6G5�.�3�Xh-z.jB�.�:8=�4 Q3�5�2�6G5�.w5�O�.RU�3�.�;>U�VN4�.�3L3{=�;JP�= MRQ 3L.�4�3�CN5�CDS�.w5�9�0J.lT	UH6GVDCNW�.�2�3)q�9aW 4�B QCD4�E|6\4�U�:kqJ.�2l=�;$4 . M VN=	c]e�CD4�E1q�U�E�3RCD4F5�O�.~}ZCN4�U�@1e�.�2�4�.�V*X

Categoriesand Subject Descriptors�[XN��XD�w�����J���]�k� ���a�[�$���&�$���	�����$�	�*���H.�T�U�CD2�.�:8.�4�5�3�����0J.�c�CNW�c�6G5�CD=�4 3��
�[XN��X �����$�����]�k� ���I�[�$���&�$���������$�	�*�o��=�;>5 M 6G2�.����J2�="E�2�6G:��h.�2�CDW Qc�6G5ACN=�4$� �~XD��XN�[���j�����������I�z���$�f {� ���J¡�� ����¢����£}l6G4�E�U$6GE�.a¤$=�4 Q3�5�2�U�c�5�3l6G4�Bj¥�.�6G5AU 2�.�3���¥wXN��XD�\�� {�����&¦"¢R� �$§F¨©��� �$�&�$��¢l���ª�a����«
����� �z¢��*�{��0J.�c�CD;>9�CN4�Eo6]4�Bk�h.�2�CD;>9�CN4�E?6G4�B¬�$.�6G3L=�4�CN4�E86Gq�="U�5l�£2�= QE�2�6G:83���¥wXN��XN�[�  {������¦"¢\� �$§d¨�	� �$�&�$��¢R���$�a��������� �z¢��*�{��5�U�B QCD.�3\=�;R�£2�=�E�2�6G:®¤�=�4�3L5�2�U�c�5�3

GeneralTerms¯ VDE�=�2�CN5�O�:83�`�h.�3LCDE�4$`�H.�VDC*6Gq�CNVNCD5*9�`±°)@�0�.�2�CN:8.�4�5�6G5�CN=�4$`�}²6G4 E�U$6GE�.�3�`
³ O�.�=�2�9`��h.�2�CDW�c�6G5�CN=�4

Keywords³ 9	0J.�3�`£5*9	0J.kT�U$6GVNCDW .�2�3�`)6GVNC�6G376G4$6GVN9	3LCD3�`ª.�x�.�c�5jCN4�;>.�2�.�4�c�.�`£P�= MRQ3�.�4�3�CN5�CNS	CN5�9`	c�=�4 3�5�2�6GCN4	5�3�`2�.�3�5�2�CDc�5�`�VN=	c]e	CN4�EJ`}�CD4�U�@1e�.�2�4�.�V

� ³ O�CN3H2�.�3�.�6]2�cGO M 6G3�3�U 0�0�="2�5A.�BkCN4k0$6G2�5$q�9~´8��¥v¤R¤R� Q]µ �J¶�·�¸��"��`´ ¯ � ¯ ¤�=�4�5�2�6Gc�5j´\=JXa´ ¯o¹ � Q �����GºJ`£´8��¥»¤R¤l� Q º�ºJ¸�¶ µ � µ `l6G4�B� ¯ �w� ¯ ¤�="4	5�2�6Gc�5R´\=JXH¥w����¼��"¶ Q º�º Q ¤ Q �"¼ µ ��X

Permissionto make digital or hard copies of all or part of this work for
personal or classroomuseis granted without fee provided that copies are
not madeor distributedfor profit or commercial advantageandthatcopies
bear this notice andthefull citation on thefirst page.To copy otherwise,to
republish, to postonserversor to redistributeto lists, requiresprior specific
permission and/or a fee.
PLDI’02, June17-19,2002,Berlin, Germany.
Copyright 2002ACM 1-58113-463-0/02/0006...½ 5.00.

1. INTRODUCTION��5�6G4�BH6G2�B¾5�9�0�.z3L9	3L5A.�:83^6G2�.�¿hÀ"Á�Â�Ã&Ä�ÅGÆ�Ä ÅGÃ>Ç�Ã&È�Æ�`a:8.�6G4�CN4�E»6
S 6GVNU�.�É 3{5*9	0J.lCN3h5�O�.w3�6G:8.\.�S�.�2�9 M O�.�2�.�X�Ê\= M .±S".�2�`�:d6G4�9aCN:80�="2 Q5�6G4�5a0�2�=�E�2�6G:Ë0�2�=�0J.�2�5ACN.�3F6G2�.f¿)À"Á�Â�ÅLÆ�Ä�ÅGÃ>ÇÌÃ>È�Æ�X�¤$O�.�c]e	CN4�E_3LU�c]O
0�2�=�0J.�2�5�CD.�3)2�.�T�U�CN2�.�3w6G3�3L=	c�C*6G5�CD4�EoB CDxJ.�2�.�4�5H;�6Gc�5�3 M CN5AOd6)S 6GVNU�.a6G5
B�CNxJ.�2�.�4	5l0�2�="E�2�6G:Í0J=�CD4�5�3�X
³ O�CD3o0$6G0J.�2k3LO�= M 3?O�= M 5�=_.�@�5�.�4�Bz3L5�6G4�B$6G2�B�5�9�0�.13�9�3�5�.�:83

M CD5�OvU�3�.�2 Q 3�0J.�c�CNW�.�BpP�= MlQ 3�.�4�3LCD5�CNS�.IÇ�ÎLÏÆ|Ð�Ñ�Ò	Ó Ã ÔHÆ�Õ]ÅG` M O�CNcGO¾6G2�.
6G5�=�:8CDc~0 2�=�0�.�2�5�CN.�3l5�O$6G5²2�.�W�4�.[3�5�6G4�BH6G2�Bf5�9�0�.�3�XZg�41=�U�2²3L9	3L5A.�:
U�3L.�2�3o6G4�4 =�5�6G5A.a0�2�=�E�2�6G:83 M CN5�O75*9	0J.[T	U$6GVNCNW�.�2�3�`�6G4�B7CD4�;&.�2�.�4�c�.
c]O�.�cGe�3)5�O$6G5h5�O�.86G4�4�=�5�6G5�CN=�4�3j6G2�.wc�="2�2�.�c�5�X ³ O .wc�2�CN5�CDc�6GV£;>.�6G5�U�2�.
=�;R=�U�2¬6G0�0 2�=J6GcGOICD3o5�O$6G5aP�= MRQ 3L.�4�3�CN5�CDS�CN5�9|CD3k2�.�3�5�2�CNc�5�.�BI5�=F5�O�.
5�9�0J.�T�U$6GVNCDW�.�2�3H5AOH6G5ZB�.�c�=�2�6G5�.{5*9	0J.�3�mp5�O�.hU�4�B�.�2�VN9�CD4�Ew3�5�6G4�BH6G2�B
5�9�0J.�3j6G2�.[U�4�cGOH6G4�E�.�B�m M O�CNcGO/6GVNVD= M 3RU�3{5�=o=�q�5�6GCN4z6G41.�r?c�CN.�4�5
5�9�0J.jCD4 ;>.�2�.�4�c�.¬6GVNE�=�2�CN5�O�:dX ³ 9�0�.jT�U$6GVNCNW�.�2�3\c�6G0�5�U�2�.f6~4$6G5�U�2�6GV
c�V*6G3�3[=�;�P�= MRQ 3�.�4�3LCD5�CNS�.a0�2�="0�.�2�5�CN.�3�` M O�CNVD.k.�r?c�CN.�4�5wCD4 ;>.�2�.�4�c�.a=�;5�O�.j5*9	0J.~T�U$6GVDCNW�.�2�386GVNVD= M 3[U 3R5�=|6]0�0�VN9|6G4_CD:80�VN.�:8.�4�5�6]5ACN=�475�=
V*6G2�E�.ac�=�B�.jq$6G3L.�3 M CN5AO7;>. M U�3�.�2o6]4�4�=�5�6G5�CD=�4 3�X
¯ 386G4_.�@ª6G:80�VN.a=�;h5�9�0J.aT�U$6GVNCDW�.�2�3�`�c�=�4�3LCDB�.�2[5�O�.a5*9	0J.KÖ ��'	�

U�3L.�BF;>=�2\g���×y=�0J.�2�6G5�CD="4�3[=�47W�VN.�3�X)g*47:8=�3�5[3�9�3�5�.�:83oÖ ��'"� =�0 Q.�2�6G5�CN=�4�3Kc�6G4v=�4�VN9IqJ.fU 3�.�BvCD4pc�.�2�5�6GCN4 M 6�9	3��d61W�VN.7:kU�3L5oqJ.
=�0J.�4�.�B|;>=�2j2�.�6GB�CN4�E¬qJ.�;>=�2�.8CN5[CN3~2�.�6GB$`£CN5[:oU�3�5[q�.?=�0J.�4�.�B|;>=�2
M 2�CD5�CN4�E8qJ.�;>=�2�.jCN5RCD3 M 2�CN5�5�.�475�=J`Z6G4�Bf=�4�c�.jc�VN=�3�.�Bv6wW�VN.jc�6G4�4�=�5
qJ.¬6Gc�c�.�3�3L.�B$X²-z.ac�6G4d.�@�0�2�.�3�3\5�O�.�3L.a2�U�VN.�3 M CN5�OFP�= MRQ 3L.�4�3�CN5�CDS".5�9�0J.oT�U$6GVNCNW�.�2�3�Xa-/.?CN4�5A2L=	B�U�c�.8T�U$6GVNCDW .�2�3 ��Ø ��� ` ��"��+ `�Ù � ��
� `
��"��+ Ù ����
� `[6G4�B ��'"�	����+ X ³ O�.¬5�9�0J. ��Ø ��� Ö ��'"� B�.�3�c�2�CNqJ.�3d6
W�VN.F5�O$6G58O$6G38qJ.�.�4p=�0�.�4�.�BpCN46G4pU�4 e	4�= M 4�:8=�B�.�`h5�O�.75�9�0�.
��"��+ Ö ��'"�dÚ 2�.�3�0J.�c�5ACNS�.�VN9IÙ ����
� Ö ��'"�"Û CN3¬68W�VN.K5�O$6G5jCD3o=�0J.�4
;>=�2l2�.�6GB CD4�E Ú 2�.�3�0J.�c�5�CDS".�VD9 M 2�CN5�CD4�E Û `�5�O�.\5�9�0�. ��"��+ Ù ����
�� Ö ��'"�
CN3/6fW�VN.F=�0J.�4n;>=�21qJ=�5�On2�.�6GB�CN4�Et6]4�B M 2�CN5�CD4 EJ`j6G4�Bn5�O .¬5*9	0J.
��'"�	����+ Ö ��'"� CN3k6\c�VN=�3�.�BFW�VN.�X ³ O .�3�.jT�U$6GVNCDW�.�2L3lc�6G0�5�U�2�.~CN4�O�.�2 Q.�4�5�VD9�P�= MlQ 3�.�4�3LCD5�CNS�.F0�2�=�0J.�2�5�CD.�3�Xn¥�=�28.�@ª6G:80�VN.�`)5�O�. ��'"�	���ZÜ±Ý
;>U�4 c�5ACN=�4�5�6]e�.�3F6G4 ��Ø���� Ö ��'"� 6G3_6G4t6G2�E�U :?.�4�576]4�BIc]O$6G4�E�.�3
5�O�.~W�VN.�É 3\3L5�6G5�.j5�= ��'"�	����+ Ö ��'"� X
³ O�.�3�./W�S�.|T	U$6GVNCNW�.�2�3FO$6�S�.n6_4$6G5�U�2�6GV~3�U�q 5�9�0�CD4 E�2�.�V*6G5�CD=�4$�

��"��+ Ù ����
�8Þy��"��+8Þ¾��Ø ��� 6G4�B ���"��+ Ù ����
�8Þ Ù � ��
�?Þs��Ø ��� X
³ O�.jT�U$6GVDCNW�.�2 �"'"�	����+ CN3RCN4�c�=�:80$6G2�6Gq VD.k5�=?=�5AO .�2RT�U$6GVDCNW�.�2�3wq�. Qc�6GU�3L.a6HW VD.{:d6�9~4�=�5$q�.{qJ=�5�Okc�VD=�3L.�BF6G4�Bk=�0J.�4$X{ß{U$6GVNCDW�.�2�3�5�O$6G5
CN4	5�2�=�B�U�c�.83�U q�5�9�0�CN4�EI6G2�.KS�.�2�9_c�=�:8:?=�4H`{6G4�B/=�U�2j;&2�6G:8. M =�2�e3�U 0�0�=�2�5�3$3LU�q�5*9	0�CN4�EwB�CN2�.�c�5�VD9Z��CD476GB�B CD5�CN=�4k5�=K6�3�.�5$=�; T	UH6GVDCNW�.�2�3�`
U�3L.�2�3Rc�6G4FB�.�W�4�.16\0H6G2�5�C�6GVZ=�2�B�.�2w=�475�O�.~T�U$6GVNCDW�.�2�3�X
×{U�2$2�.�3�U�VN5�3�q�U CDVNBo=�4o2�.�c�.�4�5w6GB�S 6G4�c�.�3hCD4?P�= MlQ 3�.�4�3LCD5�CNS�.²5�9�0J.3�9�3�5�.�:83k�N¶�`Z·�`Z��¶G�²6G3 M .�VNV²6G3R=�U�2R= M 4¬0�2�.�S�CD=�U 3 M =�2�e1=�4¬P�= MRQCN4�3�.�4�3LCD5�CNS�.¬5�9�0�.KT�U$6GVNCNW�.�2�3_�D��¼�`w�G���*X ³ O�.f:_6GCN4vc�=�4�5A2LCDq�U�5�CN=�4

=�;R=�U�2 M =�2�edCN3F6?0�2�6Gc�5ACNc�6GV*`$P�= MRQ 3L.�4�3�CN5�CDS".15�9�0J.8CD4�;&.�2�.�4�c�./6GV QE�=�2�CN5�O�:d`ªCD4/c�=�4�5�2�6G3L5a5A=F5AO .85�9�0�.?c]O�.�cGe�CN4�E73�9�3�5�.�:83a=�;k�D¶�`{·�`
��¶G�*X
×{U�2²P�= MlQ 3�.�4�3LCD5�CNS�.~5�9�0J.\CN4�;>.�2�.�4 c�.16GVDE�=�2�CN5�O�:ÍCN3l:d6GB�.~0�2�6Gc Q



5ACNc�6GV{q�9F3L=�VDS�CN4�E_c�=�4�3L5�2�6GCD4�5�3kV�6Gà�CNVD9X ¯ 3jCD4y6G4�9_P�= MRQ 3L.�4�3�CN5�CDS�.6G4$6GVN9	3LCD3�`�.�@�0�VNCDc�CN5�VD9j;>=�2�:8CN4�EK6�:8=	B�.�V�=�; 5�O�.h3L5�=�2�.j6G5�.�S".±2L9[0�2�= QE�2�6G:�0J=�CD4�5aCN3a0�2�="O�CDq CD5�CNS�.�VD9|.�@�0�.�4 3�CNS�.8;>=�2oV�6G2�E�.fc�=	B�.fq$6G3�.�3�X
áZ9dE�.�4�.�2�6G5�CD4 Ev6kc�=�4�3�5�2�6GCN4�5j3�9�3�5�.�:âVDCN4�.�6G2aCN4|5�O�.83�CNà�.K=�;{5�O�.
5�9�0�. Q 6G4�4�="5�6G5�.�BK0�2�=�E�2�6G:â6G4�B13�=�VNS�CD4�Ek=�4�VN9o5�O�.\0�=�2�5�CN=�41=�;£5�O�.
c�=�4�3�5�2�6GCN4�5A3[4 .�.±B .�B75�=Kc]O�.�c]efT	U$6GVNCNW�.�2?6G4 4�=�5�6G5�CD=�4�3�` =�U�286GVNE�= Q2�CD5�O�:ãCN3o6Gq VD.j5�=K3�c�6GVN.a5�=8V*6G2�E�.a.�@Z6G:80�VN.�3�X
¥HCD4H6GVDVN9�`h=�U 2o3L9	3L5A.�:®CN3KB�.�3�CNE�4�.�Bp5�=/qJ.¬3L=�U�4�B$� M .�6GCD:ä5�=

0�2�=�S�.~5�O�.f6Gq�3L.�4�c�.j=�;$q U�E�3�`�4�=�5Rå>U 3�5R5�=?qJ.jO�.�U�2�CN3�5�CNc�6GVDVN9¬E�=	=�B
6G5oW�4 B�CD4�E_q�U�E�3�XF¥�=�2o.�@ª6G:80�VN.�` M .¬qJ.�VDCN.�S�.15�OH6G5k=�U�2?3�9�3�5�.�:
c�=�U�VDBdqJ.aCN4�5A.�E"2�6G5A.�BdCN4�5A=/æ"6�S 6[CN4n6[3L=�U�4�B_:_6G4 4�.�2�X{-z.aO$6�S�.
3�O�= M 4|3L=�U�4�B�4 .�3�3~;>=�2 ��	��
"� �"��
|Ú ��.�c�5�CD=�4|� Û `�6ae�.�974�. M c�=�4 Q3�5�2�U�c�5kCN4I=�U 2k3�9�3�5�.�: Ú 3�.�.¬5�.�cGO 4�CDc�6GV{2L.�0�=�2�57�N��¶G� Û X���CN4�c�.15�O�.
2�.�:_6]CD4�B�.�2o=�;²=�U 2a3�9�3�5�.�:çc�6G4zqJ.KS�CD. M .�By6G376o3�CN:80�VDCNW�c�6G5�CN=�4
=�;a�N��¶G��` M .KqJ.�VDCN.�S�.8CN5aCD3k3�5�2�6GCNE�O	5�;>="2 M 6G2�BI5�=70 2�=�S".83�=�U�4�B 4�.�3�3
;>=�2w=�U 2R;>U�VNVZ5�9�0�.~3L9	3L5A.�:èU�3LCD4 E85�O�.�CD2w5A.�c]O�4�CNT�U�.�3�X
g�4¾��.�c�5�CD=�4é¶ M .F2�.�0�=�2�58=�4p.�@�0�.�2�CN.�4�c�. M CN5�On5 M =^6]0�0�VNCDc�6 Q5ACN=�4�3�`~6G4$6GVN9	à�CN4�EzVN=	c]e�CD4�EzqJ.�O$6�S�CD=�2KCN4p5�O�.7}ZCN4�U�@Ie�.�2L4�.�Vk6G4�B

6G4$6GVN9	à�CN4�E�¤n3L5�2�.�6G:êVNCDq 2�6G2�9FU�3�6GE�.8CN4p6G0 0�VDCNc�6G5�CD="4/c�=	B�.�X1×)U 2
3�9�3�5�.�:ë;>=�U 4�Bd6²4�U�:kqJ.�2h=�;ª4�. M VN=	c]e�CD4�Ekq�U�E�3�`�CN4�c�VNU�B�CN4�Ej3L=�:?.
5AOH6G5j.�@	5�.�4�B^6Gc�2�=�3L3a:oU�VD5�CN0�VN.8;>U�4�c�5�CN=�4�3j=�2j.�S".�4$`£CD4/=�4 .8c�6G3�.�`
6Gc�2�=�3�3\:kU�VN5�CD0 VD.jW VD.�3�X

1.1 SystemAr chitecture×)U�2�P�= MRQ 3L.�4�3�CN5�CDS�.{T�U$6GVNCDW .�2�CN4�;>.�2�.�4 c±.a6]VDE�=�2�CN5�O�:O$6G3$3L.�S�.�2�6GV
CD4�5�.�2�VD=�cGe�CN4�E_c�=�:80J=�4�.�4�5�3�Xf-z.KW�2�3�5aE�CNS�.|6]4I=�S�.�2�S�CD. M =�;R5�O�.
:_6�å>="2w0�CN.�c�.�3?6]4�B¬O�= M 5AO .�9KW�5l5�=�E�.�5�O�.�2�X
-/._.�@�0J.�c±5f0�2�=�E�2�6G:8:8.�2�375A=vCN4	5�.�2�6Gc�5 M CN5AOy=�U�2f5�9�0�._3L9	3 Q5A.�:d`£qJ=�5�O M O�.�4^6GB B�CD4 EfT�U$6GVNCNW�.�216G4�4�=�5�6G5�CD="4�3f6G4�B M O�.�4|2�. QS	CN. M CN4�Ev5AO .F2�.�3�U�VN5�31=�;jCD4�;&.�2�.�4�c�.�X ³ O�U�3�` M .F3�.�.�e©6¬3�9�3�5�.�:

5AOH6G5k3�U�0 0�=�2�5�3?.�r8c�CN.�4	5oCD4�;&.�2�.�4�c�.z6G4 BICN3?3�5�2�6GCNE�O	5�;>="2 M 6G2�Bp;>=�2
6?0�2�=�E�2�6G:?:8.�2?5�=FU�4�B .�2�3�5�6G4�By6G4 BzU�3L.�Xz×)U�2a5�9�0�.KCN4�;>.�2�.�4 c�.
3�9�3�5�.�:çCD4�5�.�E�2�6G5�.�3F6GVDC*6G3F6G4$6GVN9	3LCD3�`Z.�xJ.�c�5aCD4�;&.�2�.�4�c�.�`²6G4�B/CNB�.�6G3
;>2�=�:ÍVNCD4�.�6]2R5�9�0�.~3L9	3L5�.�:?3�X

ì -z.aU 3�.¬6~P�= MlQ CN4�3�.�4�3LCD5�CNS�.¬6GVNC*6G316G4$6GVN9	3LCD3[5�=1c�=�4�3�5�2�U�c�5?6
:8=	B�.�V=�;�5�O�.{3�5�=�2�.�X ³ O�.j6GVNC�6G3\6G4$6GVN9	3LCD3�CD4�;>.�2L3w6G47Ò"í�ÅGÇÌÕ*Ò"î�Ç
Ó�À�îLÒ"ÇÌÃ>À"Ä7;&=�2l5AO .~2�.�3�U�VN5l=�;$.�6Gc]O¬0�2�=�E�2�6G:ã.�@�0�2�.�3L3�CN=�4$��.�@ Q0�2�.�3L3�CN=�4�3a5�O$6G5~.�S 6GVNU$6G5�.85�=75AO .o3�6G:8.|6Gq�3�5�2�6Gc�5jVN=	c�6G5�CN=�4
:d6A9fqJ.16GVNC�6G3L.�B$X

ì -z.jU�3L.a.�xJ.�c�5wCN4�;>.�2�.�4�c�.7�D�Gº��H5A=1c�6GVDc�U V�6G5�.o5�O�.a3�.�5\=�;w6Gq Q3�5�2�6Gc�5oVD=�c�6G5ACN=�4�3_6G4I.�@	0 2�.�3�3�CN=�4vï8:8CNE�O�5aU�3�.fB�U�2�CN4�E_ïÉ 3
.�S 6GVNU$6G5�CD=�4$X ³ O�.�3�.f.�x�.�c�5�376G2�.KU�3L.±BICD4t6G4$6GVN9	à�CN4�EF;&U�4�c Q5�CD="4/c�6GVDVN3F6G4�B ��	��
"���"��
zÚ 3�.�.KqJ.�VD= M Û Xo°hxJ.�c�5jCN4�;>.�2�.�4�c�.CN3RB�=�4 .j3�CN:kU�VN5�6G4�.�=�U�3LVD9 M CD5�O�6]VDC*6G386G4$6GVN9	3LCD3�X

ì -z.[:8=	B�.�Vª5�O�.w3L5�6G5�.16G5j6w0 2�=�E�2�6G:ð0J=�CN4�5j6G3o6G4z6Gq�3�5�2�6Gc�5
ÅGÇ�À"Õ*Æ�` M O�CNcGOICD3_68:d6G0�0�CN4�E_;>2�=":ñ6Gq�3�5�2�6Gc�5?VD=�c�6G5�CD=�4 385�=
5�9�0J.�3�Xª-z.hc�6G4aU�3�.{5�O�.~6Gq�3L5A2�6Gc�5�VD=�c�6G5�CD=�4 3�;>2�=":¾5�O�.)P�= MlQCN4�3�.�4�3LCD5�CNS�.t6GVNC�6G3b6G4$6GVN9�3�CN3dqJ.�c�6GU�3�. M .t6]VDVN= M =�4 VD9y5AO .
5�9�0J.²T	U$6]VDCNW�.�2�3�` 6G4 Bo4�=�5�5�O�.²U�4 B�.�2�VD9�CN4�E[3�5�6G4�BH6G2�Bo5�9�0J.�3�`
5�=ncGO$6]4�E�.zB�U�2�CN4�Ep.�@	.�c�U�5�CN=�4$Xð-z./2L.�0�2�.�3�.�4�5I6Gq 3�5�2�6Gc�5
3�5�=�2�.�31U�3�CN4�Eb61c�=�4�3�5�2�6GCN4�5K;>=�2�:d6GVDCN3�:dX¾��5�=�2�.7c�=�4�3�5�2�U�c Q5�=�2�3|:?=�B�.�V76GVDVN=	c�6G5�CN=�4�3�`kU 0�B$6G5�.�3�`86G4�B¾;>U 4�c�5�CD=�4©c	6]VDVN3�`
6G4�B�3�5�=�2�.¬c�=�4�3�5�2�6GCN4�5�3_òRó Þ òlôj:8=	B�.�Va68q�2�6G4�c]O�;>2�=�:
5�O�.[0�2�=�E�2�6G:õ0J=�CD4�5²2�.�0�2�.�3�.�4�5�.�Bfq�9?3�5�=�2�.1ò ó 5�=o5�O�.\0�2�= QE�2�6G:Í0J=�CN4	5l2�.�0 2�.�3�.�4�5�.�B¬q�9K3L5A=�2�.7ò²ô�X

ì -z.~c�=�:80�U�5�.K6wVDCN4�.�6G2�CN5�9z�N��¶G�Z;>=�2R.�6Gc]OI6Gq�3L5�2�6Gc�5²VN=�c�6G5ACN=�4
6G5a.�6Gc]Oz0�2�=�E"2�6G:�0�="CD4�5�X?g�4 ;>=�2�:d6GVDVN9�`l6G4y6Gq�3L5�2�6Gc�5aVD=�c�6 Q5�CD="4oCD3\Ó Ã>Ä ÆGÒ"Õ{CN; 5�O�.²5�9�0J.)3L9	3L5�.�:¾c�6G4o0 2�=�S".)5�O$6G5HCN5$c±="2�2�. Q3�0J=�4�B�3�5�=K6h3�CN4�E�VN.lc�=�4�c�2�.�5�.²VD=�c�6G5�CD=�48CD4?.�S�.�2�9~.�@�.�c�U�5�CN=�4$�
=�5�O�.�2 M CD3L.�`CD5lCN3l4�=�4 Q VNCD4 .�6G2�X$-z.[0�.�2�;>=�2L:<ÅLÇÌÕ*À"Ä ö8Ñ�Ï÷"Ò"ÇÌÆ�Å

� ���l="4pVD=�c�6G5ACN=�4�315�O$6G5F6G2�.7VNCD4 .�6G2_6]4�B¾Á�ÆLÒ"ødÑ�Ï÷"Ò"ÇÌÆ�Åf=�4
VN=	c�6]5ACN=�4�3F5�O$6G5I6G2�.|4 =�4 Q VDCN4�.�6G2�X ¯ 3�5�2�=�4 EvU�0JB$6G5�._c�6G4
c]O$6G4�E".d5�O�._T�U$6GVNCDW�.�2¬=�4é6FVD=�c�6G5�CD=�4HÉ 3F5*9	0J.p6G2�q CD5�2�6G2�CNVD9X
-z.�6GevU�0�BH6G5�.±31c�6G4�4�=�5Kc]O$6G4�E�._T�U$6GVNCNW�.�2�3�X»¤�=�:80�U�5�CN4�E
VNCN4�.�6G2�CN5ACN.�3[CD3\CN:80�=�2�5�6G4�5wqJ.�c�6GU�3�.k:8=�3�5wCN4�5�.�2�.�3�5�CD4 EKP�= MlQ3L.�4�3�CN5�CDS".j0�2�=�0J.�2�5�CD.�3w2�.�T	U CD2�.j3L5�2�=�4�E8U�0JB$6G5�.�3�X

ì ³ O .|3L9	3L5A.�:ñB�.�3�c�2�CNqJ.�By3L=v;�6]27OH6G3�6F3L.�2�CD=�U 3F0�2�6Gc�5�CDc�6GV
M .�6Ge	4�.�3L3�� ³ 9	0J.aCN4�;>.�2�.�4�c�.o:d6�9¬;�6GCDV�q�.�c�6GU 3�.F6~VN=	c�6G5�CN=�4
=�4 M O�CDc]Os683L5A2�="4�EdU 0�B$6G5�.fCD3o4�.�.�B�.�B�:d6�9/q�.fCD4�;>.�2L2�.�B
5�=dq�.¬4�=�4 Q VNCD4�.�6]2�XF-z./6GB�B 2�.�3�3o5�O�CD3 M CD5�O¾684�. M 6G4�4�= Q5�6G5�CN=�4 ��	��
	���"��
 X ³ O�._.�@�0�2�.�3�3LCD=�4 ��	��
"���"��
�ùkú ï ��� ï�û
CN4�5�2�=	B�U c�.±3~6l4�. M 4$6]:?. ù qJ=�U�4�B85�=a5�O�.wS 6GVDU�.w=�;ZïX ³ O�.
4H6G:?. ù CD3[E�CNS�.�4n6j;>2�.�3�O^6Gq�3L5�2�6Gc�5\VN=	c�6G5�CN=�4$`h6G4�Bn6G:?="4�E
6GVNVª6]VDC*6G3�.�3�=�; ï�`�=�4�VN9 ù 6G4�BaS�6]VDU�.�3�B�.�2�CNS�.�Bj;>2�=�: ù :d6�9[qJ.
U 3�.�B M CN5�O�CD4|ï û X ³ O�U�3w5�O .aVN=	c�6G5�CD="4|=�; ù :d6�9¬q�.kVDCN4�.�6G2�`
6G4 BFO�.�4 c�.a:d6A97q�.a3L5�2�=�4�E�VN97U�0JB$6G5�.�B$`.�S�.�4_CD;h5�O�.kVD=�c�6 Q5�CN=�4j=�; ïhCD3�4 =�4 Q VDCN4�.�6G2�X£-/.hU�3�.).�xJ.�c�5A3�5�=R.�4�;>=�2�c�.)5AO .�c�=�2 Q2�.�c�5�4�.�3L3[=�; ��	��
"���"��
 .�@�0�2�.�3�3LCD=�4 3�mp3�=�U 4�B�4�.�3L3[2�.�T	U�CN2�.�3
5�O$6]5w5�O�.jVN=	c�6G5�CN=�4|=�;hïoB�=	.�3\4�=�586G0�0�.�6]2\CN4F5�O�.k.�xJ.�c±5\=�;
ï�ûÌX

ì -/.RU�3�.w.±xJ.�c�5�3{5�=jCN4�c�2�.�6G3L.w5�O�.l0 2�.�c�CD3�CN=�41=�;ª5�O�.k6G4$6GVN9�3�CN3�X
g*;²6G4f.�@	0 2�.�3�3�CN=�47ï[B�=	.�3R4�=�5{2L.�;>.�2�.�4�c�.~VD=�c�6G5�CD=�4FüJ` M O�CNc]O
M .~c�6G4fB�.�5�.�2�:?CN4�.[q�9?.�@Z6G:8CD4�CN4�E?5�O�.[.�xJ.�c�5{=�;Hï�`	5�O�.�41CD5
B =	.�3²4�=�5a6Gc�c�.�3�3R5�O�.[S�6]VDU�.\3�5�=�2�.�Bz6G5lüJ`£6G4�Bf5�O�.86G4$6GVN9	3LCD3
=�;�ü?c�6G473�CD:80�VN9fP�= M ;>2�=�:ã5�O�.~3�5�=�2�.j0 2�.�c�.�B�CD4 E8ï~5�=K5AO .
=�4 .hCN:8:?.�B C�6G5�.�VN916G;>5�.�2$ï M CD5�O =�U�5Z0$6G3L3�CN4�E\5�O�2�=�U�E�OaïXªg�;�ïCN3a6G4/6G0�0�VNCNc�6G5�CD=�4¬=";{6l;>U�4 c�5ACN=�4fc�6GVNVD.�BfCN41:d6G4	98B�CDxJ.�2�.�4�5
c�=�4�5�.�@�5�3�` 5�O�.�4_5�O�CN3\CNB�.�6j:d6Ge�.�3jïk;&U�VDVN970J=�VD9�:8=�2�0�O�CNc?CD4
6GVNV�5�O�.~VN=	c�6G5�CN=�4�3\5�O$6G5wïjB�=	.�3w4�=�5R2�.�;>.�2�.�4 c�.�X

2. RELATED WORK-/.8B CD3Lc�U�3�3k5�O�2�.�.85�O�2�.�6GB�3k=�;²2�.�V*6G5�.�B M =�2�eZ�[5*9	0J.83�9�3�5�.�:83�`B$6G5�6GP�= M 6G4$6GVN9	3LCD3�`$6G4�B¬5�=�=�VD3\;>=�2wW�4�B�CN4�E?q�U�E"3RCN473�=�;&5 M 6G2�.�X

TypeSystems.
×{U�2~5�9�0J.o3L9	3L5�.�:êCN3jCN4�3�0�CN2�.�B|q�9F2�.�E�CN=�4b6G4 B

6GVNC�6G3\5*9	0J.[cGO�.�c]e	CN4�Eo3L9	3L5A.�:83wB�.�3�CNE�4�.�B¬;>="2RVD= MRQ VN.�S�.�Vª0�2�=�E�2�6G:83�N¶�`w�"¶�`w� µ ��X ³ M =z2�.�c�.�4�5kV*6G4�E�U$6GE�.F0�2L=�0�=�3�6GVD3�`h�[6GU�VD5F�D·G�o6G4�B
¤$9	c�VN=�4�.o�N��·G�*`�6GB$6G0 5�3�CD:8CNV�6]2hCNB�.�6G3);>=�2hc]O�.�c]e	CN4�E[O�CNE�O Q VD.�S".�V0 2�= QE�2�6G:83�X[á�=�5�OF=�;H5AO .�3�.aV*6G4�E�U$6]E�.�3?6G2�.kq$6G3�.�BF=�4_5�9�0�.~c]O�.�c]e	CN4�E
6G4�B/2L.�T	U�CN2�.K0�2�=�E"2�6G:?:8.�2�3o5�=�6G4�4�="5�6G5�.K5�O�.�CN2a0 2�=�E�2�6G:83 M CD5�O5�9�0J.�3�X�g*4Kc�="4	5�2�6G3L5�` M .~0�2�="0�=�3L.86w3LCD:80�VN.�2k6G4�B1VN.�3�3w.�@	0�2�.�3L3�CNS�.
:8=�4�=�:8=�2�0�O�CNc[5�9�0�.w3�9�3�5�.�:ë5�O$6]5)CN3{B�.�3�CNE�4�.�B1;>=�2².�r8c�CD.�4�5)5*9	0J.
CN4�;>.�2�.�4�c�.�X?×{U�2[3�9�3�5�.�:iCN4�c�=�2�0J=�2�6G5�.�3~.�xJ.�c�5\CN4�;>.�2�.�4�c�._�D�]ºJ`����G�
5�=KEJ6GCN4n6[:8.�6G3LU�2�.k=�;h0J=�VD9�:8=�2�0�O�CN3�:dXa�$.�c�.�4�5 M =�2�e¬="4F�[6GU�VN5
�N���G��CD4 c�VDU�B�.�3?6\c�=�4 3�5�2�U�c�5 ���	��,�� 5AOH6G5RCD3w3�CN:8CDV*6G2w5�= �����
"���"��
 X
³ O�.f5*9	0J.K3L5�6G5�.¬3�9�3�5�.�:<=";R´\g*}ë�D��·G�RCD3?=�4 .f=�;w5�O�.1.�6]2�VDCN.�3�5

5�=zCN4�c�=�2�0�=�2�6G5A.dP�= MRQ 3�.�4�3LCD5�CNS�.F5�9�0J.¬c]O�.�c]e	CN4�EJXvý\Up.�5|6GV?�D���G�
U�3L.86RP�= MRQ 3L.�4�3�CN5�CDS".86G4H6GVD9�3�CN3l5�=ocGO .�cGe?5*9�0�.\3�6G;>.�5*98=�;Z:d6Gc]O�CD4 .
c�=	B .�X ³ 9	0J.K3�9�3�5�.�:83oB�.�S�.�VN=�0�.�BI;>=�27æ	6AS 6?q	9�5�.8c�=	B�.z�D�"��`l��¼G�
6GVN3�=pCD4�c�="2�0�=�2�6G5�.|P�= MRQ 3�.�4�3LCD5�CNS	CN5�9n5�=Ic]O�.�c]ep;>=�2fCN4�CN5�C�6GVNCDà�6G5�CN=�4
qJ.�;>=�2�.wU 3�.o6G4 B85�=¬6GVDVN= M 2�.�U�3�.w=�;ª5�O�.l3�6G:8.\VD=�c�6GVJS 6G2�C*6Gq�VN. M CD5�OB�CNxJ.�2�.�4	5l5*9	0J.�3�X
g�EJ6G2�6]3�O�C{6G4�B¬þj=�q$6�9J6G3�O Ch�N��¸G�Z0�2�=�0�="3�.16wE�.�4�.�2�6GVª;>2�6G:8. M =�2�e;>=�212L.�3�=�U�2�c�._U 3�6GE�.p6G4$6]VD9�3�CN3�` M O�CNcGOé6G3�3�=�c�C�6G5�.�3I6¬5�2�6Gc�. M CD5�O.�6Gc]Ok=�qªå>.�c�5�3L0�.�c�CN;>9�CD4 EwS 6GVNCNBf6Gc�c�.�3L3�.�3H5�=\5�O�.)=�qªå>.�c�5l6]4�BacGO�.�c]e	3

5�O$6G575AO .d0�2�=�E�2�6G:ñ3�6G5�CN3�W�.�3F5�O�./5�2�6Gc�./3�0J.±c�CNW�c�6G5�CN=�4�3�X ³ O�.�9
0�2�=�S�CDB�.d6G4ICD4 ;>.�2�.�4�c�.|6GVNE�=�2�CN5AO :_`R6GVN5AO =�U�E�OzCN5aCN3aU�4�c�VN.�6G2aO = M.�r8c�CD.�4�5KCN58CN3KCN4n0�2�6Gc�5�CNc�.F3�CN4�c�.FCD5KCN4�S�=�e�.�3d6G3z6f3�U q Q 3�5�.�0©6G4
U�4�3L0�.�c�CNW�.�BI6GVNE�=�2�CN5�O�:Í5�=8c]O�.�cGe15�O$6G5k6\5�2�6Gc�.k3�.�5RCN3RS 6GVNCDB$X
¥HV*6G4$6GEJ6G4^6G4 B_¥�2�.�U�4 Bp�N���G��U�3�._6j5�9�0�.ocGO .�cGe�CD4 E13L9	3L5A.�:ê5�=

S�.�2�CN;>9Fæ"6�S 6lVD=�cGe�CD4 EaqJ.�O$6�S	CN=�2�X$g�4dæ	6AS 6lVN=	c]e	3j6G2�.86Gc�T�U�CD2�.�B|6G4�B



2�.�VD.�6G3L.�B^6Gc�c�=�2�B�CN4�E15�=/6~VN.�@�CDc�6GV$B CD3Lc�CD0�VNCN4�.�X ³ =K:8=�B�.�V$VN=	c]e	CN4�E
CD4n5�O�.7}�CD4�U�@�e�.�2�4�.�V Ú 6G3KCN4©��.�c�5�CD=�4¶ Û M .F:oU�3�5d6GVNVD= M 4�=�4 QVD.�@�CDc�6GVNVN9¬3�c�=�0J.�B7VN=	c]ez6Gc�T	U�CN2�.�3?6G4�B¬2�.�VN.�6G3�.�3�X
³ O�.o3�U�q 3�.�5w=�;h=�U�2\3�9�3�5�.�:ic�=�4 3�CN3�5�CD4 E1=�;~6GVNC*6G316G4$6GVN9	3LCD3K6G4�B

.�x�.�c�51CN4�;>.�2�.�4 c±.|c�6G4^qJ._3�.�.�4»6G3/6F:8=�4�=�:8=�2�0�O�CNc_S 6G2�C*6G4�51=�;
2�.�E�CD=�4©CD4�;&.�2�.�4�c�.y�D��¸G�*X ³ O�.zCD:80�2�=�S�.�:8.�4�5�375A=p2�.�E�CN=�4¾CN4�;>.�2 Q.�4�c�.j2�.�0J=�2�5�.�BFCN4��N�G�l6G2�.f6~:kU�c]O¬:8=�2�.a.�@�0�.�4 3�CNS�.16G4�B70 2�.�c�CD3L.
:?.�5�O�=�B7;>="2Rc�=�:80�U�5�CD4 E8VDCN4�.�6G2�CN5�CD.�3�X

DataflowAnalysis.
¯ VD5�O�=�U�E"O_=�U 2[5*9�0�. Q q$6G3�.�Bp6G0�0 2�=J6GcGO|CN3

2�.�V�6G5�.�Ba5�=lB$6]5�6GP = M 6]4$6GVD9�3�CN3l�N�G��`�CN5ªB�CNx�.�2�3Z;>2�=�:¾c�V�6G3L3�CNc�6GV�BH6G5�6GP�= M6G4$6GVN9	3LCD3lCN4f3�.�S".�2�6GV M 6�9�3�XH¥HCD2�3L5�` M .[E�.�4�.�2�6G5�.[c�=�4�3L5�2�6GCD4�5�3l=�S�.�23�5�=�2�.�3\6]4�Bk5�9�0�.�3�5�=[:8=�B�.�V�5�O�.{0�2�=�E"2�6G:_X ³ O�U�3�5AO .�2�.)CN3H4 =wB CD3 Q5ACN4�c�5�CN=�4IqJ.�5 M .�.�4�;>=�2 M 6]2�B©6G4�Bzq$6]cGe M 6G2�Bs6G4$6GVN9	3LCD3��hCN4�;>="2�:_6 Q5ACN=�4a:d6A9\P = M CN4~qJ=�5�OjB�CD2�.�c�5�CN=�4�3�B�U�2�CN4�ERc�=�4�3�5�2�6GCN4�5ª2�.�3�=�VNU�5�CN=�4$`
B�.�0�.�4 B�CD4 E7=�4z5�O�.83�0J.�c�CNW�.�BzT�U$6GVNCDW .�2j0$6G2�5�C�6GV{=�2�B .�2�X_��.�c�=�4 B$`
M .a.�@�0�VNCDc�CN5�VD9fO$6G4�B VD.j0J=�CN4�5A.�2�3�`O�.�6G0 Q 6GVNVD=�c�6G5�.�B_BH6G5�6"`ª6GVNC*6G3�CN4�EJ`
6G4�B13�5�2�=�4�EJ� M .�6]e8U�0JB$6G5�.�3�X ³ O�CN2�B$`"5AO .�2�.RCN3²4�=kB�CD3L5�CD4�c�5�CN=�41q�. Q5 M .�.�4nCN4�5�.�2�0�2�=	c�.�B U�2�6GV86G4�BpCD4�5�2�6G0�2�=�c�.�B�U�2�6GV86G4$6]VD9�3�CN31CN4n=�U�2
3�9�3�5�.�:dX
³ O�.d3�5�2�=�4�EJ� M .�6GenU 0�B$6]5A.dB�CD3L5�CD4�c�5�CN=�4 M 6G3¬W�2�3L51B�.�3�c�2�CNqJ.�B

q	9/¤$O$6G3�.j.�5k6GV²� ����Xw��.�S�.�2�6]Vª5�.�c]O�4�CNT	U .�3²5AOH6G5k6GVDVN= M 3�5�2�=�4�E8U�0 QB$6G5�.�3HO$6�S�.²qJ.�.�4k0�2�=�0J=�3�.�Bo;>=�2hB$6G5�6GP�= MlQ q$6G3L.�BF6G4$6GVN9	3LCD3h=�; 0�2�= QE�2�6G:83 M CD5�OI0�=�CN4�5�.�2�3�`{6G:8=�4�Ed5AO .�:ÿ�N��`²¸�`{���]��X/æ"6GEJ6]4�4$6G5�O$6G4
.�5a6]V{�N� µ �Z0�2�.�3�.�4�5k6w3�9�3�5�.�:è;>=�2l:oU�3�5 Q 6GVNC�6G3?6G4$6GVN9	3LCD3w=�;$O�CNE�O�.�2 Q=�2�B�.�2aV*6G4�E�U$6GE�.�3�X ³ O .KVDCN4�.�6G2�CN5�9/c�=�:80�U 5�6G5�CN=�4zCN4z=�U 2a3�9�3�5�.�:
c�=�2�2�.�3�0J=�4�B�3?5�=_5�O�.�CN2a3LCD4�E�VN.�4�.�3L38c�=�:80�U�5�6G5�CD=�4H`l6G4�BI5�O�.�9|U�3�.
6k3�CN:?CNV*6G2a5�.�cGO 4�CDT�U�.?5�=¬EJ6GCD4I0�=�VN9�:?="2�0�O�CN3�: q	9_P�= M CN4�E73�=":?.
q�CD4 B�CD4 E�3o6G2�=�U 4�B¬;>U�4 c�5ACN=�47c�6GVNVN3�X
¯ 4�=�5�O�.�2$2�.�c�.�4�5$3L9	3L5�.�:¾;>=�2hcGO�.�c]e�CD4�E\5*9	0J.�3�5�6G5�.²0�2�=�0J.�2�5�CD.�3�CD3

°[� �/�N¼G�*X�}�CDe".l=�U�2H0�2�=�0J=�3�6GV*`�°~���fCN4�c�=�2�0J=�2�6G5�.�3[6{c�=�4�3�.�2�S 6G5�CNS�.
6GVDC*6G3K6G4$6GVN9	3LCD3�X ³ O�.�2�.¬6G2�.f6GVN3�=K3LCDE�4 CDW�c�6G4�5RB�CNxJ.�2�.�4�c�.�3��H°~���|CD3
:?=�2L.\B CD2�.�c�5�VN9oq$6G3�.�B1=�41B$6G5�6GP�= M 6G4$6GVN9�3�CN3a6G4�BKCD4�c�=�2�0J=�2�6G5�.�3a6
0$6G5�O Q 3�.�4�3LCD5�CNS�.�3L9	:oq�=�VNCDc).�@�.�c�U�5�CD=�4jc�=�:80�=�4 .�4	5�Xª°~���oO$6G3�qJ.�.�4U�3�.�B/5�=Fc]O�.�c]eF5�O�.8c�=�2�2�.�c�5�4�.�3L3k=�;k¤^3L5�2�.�6G:çVDCNq�2�6G2�9|U�3�6GE�.KCN4
� �"� X

Bug-Finding Tools.
³ O�. ¯ � ³ã³ =�=�VDe�CD510 2�=�S�CNB�.�3|6f;>2�6]:?. Q

M =�2�eb;>="270J=�3�CN4�EnU�3L.�2 Q 3L0�.�c�CNW�.�BtT	U .�2�CD.�3F="4ë6Gq 3�5�2�6Gc�5F3�9�4	5�6G@
5A2�.�.�3|6G4�4�=�5�6G5�.�B M CN5�Op5�9�0J.fCN4�;>=�2�:d6G5�CN=�4$X ³ O�. ¯ � ³õ³ =	=�VNe�CD5
O$6G3RqJ.�.�473LU�c�c�.�3�3L;>U�VDVN9¬U�3L.�B¬5�=8U�4�c�=�S�.�2l:d6G4�91q�U�E�3k�N�Gº��*X
�?.�5�6 Q VD.�S".�VZc�=":?0 CDV*6G5�CD=�4n� µ ��CD386~3�9�3�5�.�:Í;>=�2\W�4�B�CN4�E8q�U E�3RCN4

0�2�=�E�2�6G:83�X ³ O�.?0�2�="E�2�6G:8:?.�2j3L0�.�c�CNW�.�316aP�= MlQ 3L.�4�3�CN5�CDS�.o0�2�=�0 Q.�2�5�9F6G3~6G4KW�4�CN5A.R3�5�6G5�.?6GU 5A=":_6G5�=�4$X ¯ 0�2�="E�2�6G:»CD3j6]4$6GVD9�à�.�BKq	9
5A2�6�S�.�2�3LCD4 E_c�=�4�5�2�=�V)0$6G5�O�3¬6]4�Bz5�2�CNE�E�.�2�CD4 E_3�5�6G5�.f5A2�6]4�3�CN5�CD=�4�3o=�;
5AO .¬6GU�5�=�:d6G5�6a=�4F0H6G2�5�CDc�U�V*6G216Gc�5�CD=�4 3[CD4d0�2�=�E�2�6G:ê3�5�6G5�.�:8.�4�5A3�X
³ O�.{3�9�3�5�.�: M 6G2�4�3�=�;�0J=�5�.�4	5�C*6GV	.�2�2�="2�3 M O�.�4¬6G4¬6GU�5�=�:d6G5�=�4a.�4 Q5A.�2�3j6G4K.�2�2�=�2{3�5�6G5�.�X�g*4_� µ ��6G4KCD4�5�2�6G0�2�=�c�.�B�U�2�6GV�6G4H6GVD9�3�CN3²=�;£VD=�cGe
U�3�6GE�.{CN4~5�O�.h}ZCN4�U�@\e�.�2�4�.�V�U 4�c�=�S".�2�.�B~:d6G4�9\VN=	c�6GV	VN=�cGe�CD4 ERq�U E�3�X
×)U�2\5�9�0J. Q q$6]3�.�B_3�9	3L5�.�:Í;>=�U�4�BnÃ&Ä�ÇÌÆ�Õ�0�2�=	c�.�B�U 2�6GVHVN=	c]e	CN4�Efq�U�E�3
5AOH6G5�.�@	5�.�4�B .�BF6Gc�2�=�3�3{:oU�VD5�CN0�VN.R;>U�4 c�5ACN=�4�3h=�2h.�S".�4$`�CD48=�4�.Rc�6G3L.�`
6Gc�2�=�3�3l:oU�VN5ACN0�VN.[W�VD.�3 Ú ��.�c�5�CN=�4z¶ Û X ó ´[. M .�2 M =�2�e?=�41:8.�5�6 Q VN.�S�.�Vc�=�:?0 CDV*6G5�CD=�4_�D�Gº��CN4�c�VDU�B .�3$3�=�:8.{CD4�5�.�2�0�2�=�c�.�B�U�2�6GV�B$6G5�6GP�= M `�q�U�5CD5$CD3�U 4�c�VD.�6G2$O�= M 5�O�.�CN2$CD4�5�.�2�0�2�=�c�.�B�U�2�6GV"BH6G5�6]P�= M 6G4$6GVN9	3LCD3�O$6G4 QB�VD.�3?6GVNC�6G3LCD4�E£X
}²¤$}ZCN4�5/�D���]�wCN3/67B$6G5�6GP�= MlQ q$6G3L.�B^5�=	=�V\;>="21cGO .±c]e�CD4�EI0�2�=�0 Q.�2�5ACN.�38=�;\0�2�="E�2�6G:83�X ³ =|U�3�.¬}l¤�}�CD4�5�`H5AO .f0�2L=�E�2�6G:8:?.�2d6GB�B 3

.�@	5�2�616G4�4�=�5�6G5�CD="4�3[5�=K5�O�.�CN2w0�2�=�E�2�6G:_X²}²¤$}�CD4�5w0J.�2�;>=�2�:83[P�= MlQ3�.�4�3�CN5�CNS�.fCN4�5�2�6G0�2�=	c�.�B U�2�6GVk6G4H6GVD9�3�CN3�`�U�3LCD4�E|5�O�.10 2�=�E�2�6G:8:8.±2�É 3
ó ³ O�.lq U�E�3 M .�2�.R;>=�U�4 B?CN4_6)4�. M .�2hS�.�2�3LCD=�48=�;J5�O�.R}ZCN4�U�@je".�2�4�.�V5AOH6G4?.�@Z6G:8CD4�.�B8q�9f� µ ��`�3�=¬6)B�CN2�.�c�5�c�=�:?0H6G2�CD3L=�41CD3h4�=�5�0J=�3�3�CNq�VN.�`5AO =�U�E�Of5�O�.�3�.[q�U E�3²c�6G4�4�=�5lqJ.\;&=�U�4�Bfq�9?0�U 2�.�VD9?CN4�5�2�6G0�2�=	c�.�B U Q2�6GVl6G4$6GVN9	3LCD3�X

6G4�4�="5�6G5�CN=�4�386G5l;>U�4�c�5�CN=�47c�6GVNVD3�X
°~��¤l�"æ"6�S�6\�N�G���	CN3l6H5A=�=�V	;&=�2ZW 4�B�CN4�El.�2�2�=�2�3HCD4fæ"6�S 6$0�2L=�E�2�6G:83�X

°~��¤l�"æ"6�S�6²U�3�.�3h3�=�0 O�CD3L5�CDc�6G5�.�B?5�O�.�="2�.�: Q 0�2�=�S�CD4�E[5�.�c]O�4�=�VN=�E�9k5�=S�.�2�CN;>9~0 2�=�E�2�6G:0�2�=�0J.�2�5�CD.�3�`6G4 BjCN5$CD4�c�VNU�B�.�3R6)2�CDc]OkV�6G4 E�U$6GE�.²;>=�2
0�2�=�E�2�6]:Ë6G4�4�=�5�6G5�CN=�4�3�X

3. TYPE SYSTEM-/.RB�.�3�c�2�CNq�.w=�U�2�5*9	0J.l3L9	3L5A.�:éU 3�CD4 Ef6²c�6GVDV Q q	9 Q S 6GVDU�.²V*6G:oq�B$6c�6GVNc�U�VDU 3a.�@�5�.�4�B�.�B M CD5�O/0J=�CD4�5�.�2�376G4�B|5�9�0J.8T	U$6GVNCNW�.�2f6G4�4�=�5�6 Q5�CD="4�3�X ³ O�.a3�=�U�2�c�.jV*6G4�E�UH6GE�.aCN3
ï �D��� ù����	��
�ù� ï � ï óªï ô � ���� ï ��� ï � ï ó�� ú ïô

� �	�"�����	
Ú ï���� Û � ��� �	����Ú ï���� Û
Ê\.�2�. ù CN3?6\S 6G2�C�6Gq VD.�` � CD3?6G47CN4�5�.�E�.�2�` 
�ù�� ïjCN3o6\;&U�4�c�5�CD=�4 M CN5�O6G2�E�U�:8.�4�5 ù 6G4 BzqJ=	B�9|ï`ª5AO .K.�@�0�2�.�3�3�CN=�4�ï ó ï ô CN3a5�O�./6G0�0�VNC Qc�6G5�CD="4I=�;w;>U�4 c±5�CN=�4Iï�ó\5A=n6G2�E�U�:8.�4�5oï�ô±`Z5�O�.K.�@�0�2�.�3�3LCD=�4 ���� ï
6GVNVD=�c�6G5�.�3K:8.�:8=�2�9y6G4�B�CD4 CD5�C*6GVDCNà�.�3KCN5k5�=/ï�`$5�O�.1.�@�0�2�.�3�3LCD=�4 � ï
B�.�2�.�;>.�2�.�4 c�.�3K0�="CD4�5�.�21ï`w6]4�Bp5�O�.7.�@	0�2�.�3L3�CN=�4nï ó�� ú ï�ôf6G3L3�CNE�4�3
5�O�.~S 6GVNU�.j=�;Hï�ô)5�=85�O�.~VN=	c�6G5�CD="4dï óH0�=�CN4�5�3R5�=JX
-/.)CN4	5�2�=�B�U�c�.)T	UH6GVDCNW�.�2�3�CN4	5�=\5�O�.)3�=�U�2�c�.{V*6G4�E�U$6GE".)q�9K6GB B�CD4 E

5 M =�4�. M ;>=�2�:83��N��¼G�*X ³ O�.d.�@�0�2�.�3L3�CD="4 �	�"�����	
Ú ï���� Û 6G3L3�.�2�5�3
5�O$6G5ZïÉ 3Z5A=�0 Q VN.�S�.�V�T�U$6GVNCDW�.�2ZCN3��j`�6G4�B~5�O�.�.�@	0�2L.±3L3�CN=�4 ��� �	����Ú ï���� Û
5�9�0J.~cGO�.�c]e�3l=�4�VN9fCD;�ï�É 3w5A="0 Q VN.�S�.�VZT�U$6GVNCDW�.�2lCN3?6G5R:?="3�5��jX×{U�285�9�0�.FCN4�;>.�2�.�4 c�.p6GVDE�="2�CD5�O�: CN3KB CDS�CDB .�BnCD4�5�=z5 M =I3�5�.�0�3�X
¥HCN2�3�5 M .l0J.�2�;>=�2�:Í6G4oCN4�CN5�C�6GV�P�= MlQ CN4�3�.�4�3LCD5�CNS�.a6GVNC�6G3~6G4$6]VD9�3�CN3\6G4 B.�xJ.�c�5fCN4�;>.�2�.�4�c�.�Xõ��.�c�=�4�B M .dE�.�4 .�2�6G5�.n6G4�Bb3�=�VNS�.d3L5�=�2�.n6G4�B
T�U$6GVNCDW�.�2wc±="4�3�5�2�6GCN4	5�3?6G4�BFc±=":?0 U�5�.~VDCN4�.�6G2�CN5�CD.�3�X

3.1 Alias Analysisand Effect Infer ence-/.{0�2L.�3�.�4�5Z5�O�.{P�= MlQ CN4�3�.�4�3LCD5�CNS�.a6GVNC�6G3[6G4$6GVN9	3LCD3\6G4�Bk.�xJ.�c�5�CN4 Q;>.�2�.�4�c�.¬6G3k6w5�2�6G4�3LV�6G5�CN=�473�9�3�5�.�:è2�. M 2�CD5�CN4�E?3�=�U 2�c�.j.�@	0 2�.�3�3�CN=�4�35�=7.�@�0�2�.�3�3�CN=�4�3aB�.�c�=�2�6G5�.�B M CN5�O/VN=	c�6G5�CN=�4�3�`ª5*9	0J.�3�`h6G4�B|.�xJ.�c�5�3�X
³ O�.j5�6G2�E�.�5RV*6G4�E�U$6GE�.kCD3

ï �N��� ù����	��
��"ù ��� � ï � ï�óªï�ô � ������ ï ��� ï � ï ó � ú ïô
� �	�"�����"
�Ú ï���� Û � ��� �	����Ú ï���� Û

� �N��� ! � Ã>Ä Ç � Õ*Æ#" Ú ü Û � ��$&% � �Aû
' �N��� ( � � ü � � ' ó�) ' ô � ' ó* ' ô

³ O�.a5�6G2�E�.�5[V�6G4�E"U$6GE�.k.�@�5�.�4�B�3\5�O�.j3L=�U�2�c�.oV�6G4�E�UH6GE�.?3�9�4	5�6G@fCN4
5 M = M 6�9	3�Xb°)S�.�2�9¾6GVNVD=�c�6G5�CD=�4t3�CN5�. ����+� ï_CN3I6G4�4�=�5�6G5�.�B M CD5�O5�O�.¬6]q�3�5�2�6Gc�5\VN=	c�6]5ACN=�4/üK5�O$6G5wCN3K6GVDVN=	c�6G5�.�B$`h6G4�B_.�6GcGO_;>U�4 c�5ACN=�4

 � ù �,� � ïkCN3K6G4�4�=�5�6G5�.�B M CD5�Odq�=�5�O_5�O�.a5*9	0J.-�²=�;)CN5�3\0H6G2�6G:8.�5A.�2
6G4�B|5�O�.o.�xJ.�c�5.'t=�;{c�6GVNVDCN4�EF5�O�.o;>U�4�c�5�CN=�4$Xj°hxJ.�c�5�316G2�.8U�4 CD=�4�3
6G4�B�CD4�5�.�2�3�.�c�5�CN=�4�38=�;?Æ#/²ÆLî�ÇkÈ�Ò"Õ]Ã>Ò"í�Ó�Æ�Å0([` M O�CDc]O�2�.�0�2�.�3�.�4�5F6G4
U�4�e�4�= M 4z3�.�5k=�;R.�xJ.�c�5A3k5�O$6G5a.�xJ.�c�5aCD4 ;>.�2�.�4�c�.13L=�VDS".�3k;&=�2�`l6G4�B
Æ#/²ÆLî�ÇRîGÀ"Ä ÅLÇÌÒ"Ä Ç�Åoü£` M O�CDc]O|3�5�6G4�B 3[;>=�2~.�CD5�O�.�2K6j2�.�6GB$` M 2�CN5A.�`J=�26GVNVD=�c�6G5�CD=�4/=";)VD=�c�6G5ACN=�4zü£XR¥�=�2\3LCD:80�VNCDc�CN5�9_CD4d5�O�CN3[0$6G0J.�2 M .?B�=4�=�5~B�CN3�5�CD4 E�U�CN3�O M O CDc]O|=�;{5�O�.?5�O�2�.�.?0�=�3L3�CNq�VD.8.�xJ.�c�5�3jüf3L5�6G4 B�3
;>=�2�`�6GVN5�O�=�U�E�O M .jB�=K3�=8CN47=�U�2lCN:80�VN.�:?.�4�5�6G5�CN=�4$X
¥�=�2�.�3�OH6GB�= M CN4�EIP�= MRQ 3L.�4�3�CN5�CDS�.n6G4$6GVN9	3LCD3�`{0J=�CD4�5�.�2K5�9�0J.�3d6G2�.

M 2�CD5�5�.�4^Õ*Æ#" Ú ü Û `$6G4�B M .?:d6GCN4	5�6GCN4n6a3�.�0$6G2�6G5�.?E�VN=�q$6GV[6Gq�3�5�2�6Gc�5
3�5�=�2�.Kò21$:d6G0�0 CD4�EaVN=	c�6G5�CD="4�3Rüj5�=a5*9	0J.�3��Jò21 Ú ü Û �43oCN;ªVD=�c�6G5�CD=�4
üKc�=�4�5�6GCN4�3wB$6G5�6[=�;�5�9�0J.53�XHg�;$5*9	0J.jCN4�;>.�2�.�4�c�.k2�.�T	U�CN2�.�3\ü6�IüûÌ`
M .�6GVN3�=I2�.�T�U�CN2�.Iò 1 Ú ü Û ��ò 1 Ú ü û Û Xz¥�U 4�c�5�CD=�4p5*9	0J.�37��$&% � � û
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EHG=>0IJ>LKME�D�>NFPORQ

Ú �[6G2 Û

E�G=S6ITS6KVU�W<X,OYQ
Ú g*4	5 Û

E�G=Z=I[Z û K]\MOR^ _ 1 D�`�Fbac\ `.d�ePfMgPh
E�Gjilk�mnZoIpilk�m � Z û Krqtsvu�D�`�FPOP^xw�yz`�{ Ú �H.�; Û

E�G=Z=IJZ û K|\MOt^ \�a	qtsvu�D�`�F `.d�ePf}g#h
E�G�~ ZoI�~ Z û K]_ 1 D�`�FPOt^�w�yz`�{ Ú �h.�2�.�; Û

EHG=Z ó IJZ û ó K]\ ó OR^ ó E�G Z ô IJZ û ô K|\ ô Ot^ ô
\ ó a�qtsvuND�`�F _ 1 D�`�Fbac\ ô `.d�ePf}g#h
EHG=Z ó��R� Z ô IJZ û ó �Y� Z û ô K|\ ô OY^ ó w�^ ô w-y�`�{ Ú ¯ 3L3�CNE�4 Û

E�� >7��[���NG=Z.IJZ û K]\MOR^ ^��x� ���Y��d�ePf}g#h
EcG=�<>&� Z=IJ�&��>�K ��� Z û K|�������-\}ORQ

Ú }²6]: Û

EHG�Z ó ITZ û ó K]\ ó OR^ ó EcG=Z ô I[Z û ô K|\ ô Ot^ ô
\ ó a6\ ô �n� �-� ��� � d�ePf}g#h
EHG=Z ó Z ô I[Z û ó Z û ô K � OY^ ó w�^ ô w�� Ú ¯ 0�0 Û

EHG=Z=I[Z û K]\}Ot^
EcG��l���]k�i���D�Zr�Y�jFbI�������k]i���D�Z û �R�-F�K]\}Ot^ Ú ¯ 3�3L.�2�5 Û

EHG ZoIJZ û K]\MOt^
EcG7�}�Vk��} �D�Zr�R�-FbI¡�}�Vk��} �D�Z û �Y�jFbK|\MOt^ Ú ¤�O .�cGe Û

E�G=Z=ITZ û K�\}OR^
E�G=Z=I[Z û K]\}Ot^�¢-DP£ B|¤]¥}D�E�Fnw�£ B|¤]¥�D�\}FPF Ú �h= M 4 Û
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³ O�.a3�.�5R=�;$VN=	c�6G5�CN=�4�3K6G0�0J.�6G2�CN4�E8CN4�6\5*9�0�.�`ªÓ À�î�Å Ú � Û `"CN3
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Ó�À�î�Å Ú Õ*Æ#" Ú ü Û�Û � � ü � ) Ó À�î�Å Ú ò 1 Ú ü Û�Û
Ó�À�î�Å Ú � ó $&% � � ô Û � Ó�À�î�Å Ú � ó Û ) Ó�À�î�Å Ú � ô Û ) '
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-/.~q�2�CN.�P�91B�CN3�c�U�3�3\5�O�.~2�U�VN.�3wCD4F¥HCDE�U 2�.f���
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S 6G2�C*6Gq�VD.?CN3K6G4�¹ Q S 6GVNU�.�`�4�="586G4�º Q S 6GVNU�.�`$6G4�Bn6Gc�c�.�3L3�CD4 EI6
S 6G2�C*6Gq�VD.aO$6G3R4 =8.�xJ.�c�5�X

ì Ú �H.�; Û 6GVDVN=	c�6G5�.�3j6²;>2�.�3�Od6Gq�3�5�2�6Gc�5hVN=	c�6G5�CN=�4Kü£XZ-z.a6GB�B?5�O�.
.�xJ.�c�5 � ü � =�;h5�O�.f6GVNVD=�c�6G5�CD=�4z5A=15�O�.j.�xJ.�c�5?6G4�B_2�.�c�=�2�B_CD4
ò 1 5�O�.~5�9�0�.~5�= M O�CNc]O¬5�O�.jVN=	c�6G5�CD="4_ü80�=�CN4�5�3�X

ì Ú �).�2�.�; Û .�S 6GVDUH6G5�.�3Rï` M O�CNcGOf9�CD.�VNB�3o6wS 6GVDU�.~=�;$5�9�0�..�±X ¯ 3
CN3R3�5�6G4 B$6G2�B¬CN475*9	0J.[CD4�;&.�2�.�4�c�.�`5�=?c�=�:?0 U�5�.~5AO .~VD=�c�6G5�CD=�4
ï\0J=�CN4�5A3{5�= M .[c�2�.�6G5�.?6R;>2�.�3LOKVN=�c�6G5ACN=�47ü76G4 B8.�T�U$6G5�.\5AO .
5�9�0J.0� M CN5�Oz5�O�.85*9	0J.dÕ*Æ#" Ú ü Û X8-/.8VN=	=�e|U�0/5�O�.85*9�0�.8=�;
VN=	c�6G5�CN=�4_üKCD4vò 1 6G4�BI6GB�BFü85�=?5�O�.j.�xJ.�c�5l3�.�5�X

ì Ú ¯ 3L3�CNE�4 Û M 2�CN5A.�3_68VD=�c�6G5�CD=�4HX_´[=�5�.15�O$6G5k5�O�.f5�9�0�.f=�;\ï�ô
6G4�B/5�O .?5*9�0�.?5�O$6G5aï£óR0J=�CD4�5�3j5�=�6G2�.K.�T�U$6G5�.�B$X_áZ.�c�6GU�3�.
5�9�0J.�3wc�=�4�5�6GCN4FVN=	c�6G5�CN=�4�3�`�5�O�CN3w;&=�2�c�.�3~0�="5A.�4�5�C*6GVDVN9I6GVNC�6G3L.�B
VN=	c�6G5�CN=�4�3[5�=8q�.~:8=�B�.�VN.�B7q�9K=�4 .f6Gq�3�5�2�6Gc�5RVN=	c�6G5�CN=�4$X

ì Ú }l6G: Û B�.�W 4�.�3F68;>U 4�c�5�CD=�4$Xd-z./6G4�4 =�5�6]5A.¬5�O�.¬;>U�4�c�5�CN=�4
M CD5�O75�O�.~.�xJ.�c�5 (n=�;$5�O�.a;>U�4�c�5�CD="4¬q�=�B�9/6G4�B75�O�.~5*9	0J.5!
=�;�5�O�.{0$6]2�6G:?.�5�.�2�X$¥�U�4�c�5�CD="4k5�9�0�.�3R6GV M 6�9	3hO$6�S�.a6G4o.�xJ.�c�5

m]»+¼x½j¾:a¿ k]� >0a�i�k�mnÀ
Á�a�i�k�mVDv���+�]k]i+�rD�Â��RÃ�ÄlFPF
Å-aHilk�mlDv�l���]k�i���DvÆl�YÃ�Ç}FPFÈ ¼ÊÉ�Ë�Ì

ePÍ ÎPf ÎPÏ5>�Ð gÑMf}ÒÓÒ
Ë�É

> �Y��Ô O
¾ �R��Õ O
Á �R� ������k]i��rDvÖl�RÃ�×MFPOÈ m=DPØ}ØMØ}F
½jÅ�O
�}�lkl�} <Dl~ Án�YÃ+×|F

D�Ù�F�Ú|Ï�ÛrePÑMf�ÜrePÏ+Ý�ePÙ�Þ

m]»�¼<ß �]à�á ½j¾-K�qtstu�D�`�â�F�a¿ k]��>0a�i�k�m �]ã À
Á�a�ilk�m �Mä Dv���+�]k]i+�rD�Â��RÃ�ÄlFPF
Åja�i�k�m �]à Dv�l���]k�i���DvÆl�YÃ�ÇMFPFÈ ¼
> �R��Ô O
¾ �Y�nÕ O
Á �Y� ���+�]k�i��VDvÖV�YÃ�×|FPOÈ m DPØMØMØ�F
½jÅ�O
�M�lk��M �Dl~ Án�RÃ�×]F

D�å�FNæNÙ�ePÝ�fMÎ�ÜrePÏ�Ý+ePÙ�Þ
_ 1 D�` ² F�ax_ 1 D�`�ç�Fba6_ 1 D�` â Fba	U�W�X
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S 6G2�C*6Gq�VN.�(y=�4F5�O�.76G2�2�= M ` M O�CNcGO_:d6Ge�.�3[.�xJ.�c�5wCN4�;>.�2�.�4�c�.
.�6G3LCD.�2�Xz´\=�5�CDc�.75�O$6G5kc�2�.�6G5�CN4�Eb61;>U�4�c�5�CN=�4vO$6G3?4�=/.�xJ.�c�5
Ú 5�O�.w0�=�5�.�4�5�C�6GVh6GVDVN=	c�6G5�CN=�4f=�;{6²c�VN=�3�U 2�.wB�=�.�3{4�=�5hc�=�U 4	5~6G3
6G4F.�xJ.�c�5�`�qJ.�c�6GU�3�.¬6\c�VD=�3LU�2�.jc�6G4�4 =�5Rq�.aU�0�BH6G5A.�B Û X

ì Ú ¯ 0�0 Û 6G0�0�VNCN.�3¬6o;>U 4�c�5�CD=�4z5A=p6G4b6G2�E�U�:8.�4�5�X ³ O�.K.�xJ.�c�5
=�;²6]0�0�VN9	CN4�Eoï ó�5�=oï�ôHCN4�c�VNU�B�.�3{5�O�.\.�x�.�c�52(�=�;Zc�6GVNVDCN4�E?5�O�.
;&U�4�c�5�CD=�4Kï�óª2�.�0�2�.�3L.�4	5�3�XZ´\=�5�CDc�.R5AOH6G5hï ó]É 3[6G2�E�U�:8.�4�5�5�9�0J.
CN3{c�=�4�3L5A2�6GCN4�.�B15�=jqJ.R.�T�U$6GV�5�=a5�O�.R5*9	0J.l=�;�ï ô X ¯ 3hqJ.�;>=�2�.�`
5�O�CN3w;>=�2�c�.�3\0�=�3L3�CNq�VD9 Q 6GVDC*6G3�.�B_VN=	c�6G5�CN=�4�3[5�=?O$6�S�.j5�O�.~3�6G:8.
6Gq 3�5�2�6Gc�5RVN=	c�6G5�CN=�4$X

ì Ú ¯ 3�3L.�2�5 Û 6]4�B Ú ¤$O�.�cGe Û 6G2�.|5A2�6]4�3�V*6G5�.�BbU�4 cGO$6G4 E�.�B^CN4	5�=
5�O�.¬5�6G2�E�.�58V�6G4 E�U$6GE�.�Xsß)U$6]VDCNW�.�2�3d6G2�.7P�= MlQ 3L.±4 3�CN5ACNS�.�`�3�=
M .)B =w4 =�5Z:8=	B .�V�5�O�.�:¾B�U�2�CN4�Ew5AO CD3$W�2L3�5�`�P = MRQ CN4�3L.�4�3�CN5�CDS�.3L5�.�0¬=�;H5�O�.16]VDE�=�2�CN5�O�:dX

ì Ú �h= M 4 Û O�CDB .�3w.�xJ.�c�5�3\=�4F0�U 2�.�VD9fVN=	c�6GV�3�5�6G5�.�X)g�;�.�S 6GVDU$6]5 QCN4�E~ï{0�2�=	B U�c�.�3w6G4k.�xJ.�c�5$=�4o3�=�:8.²VN=	c�6G5�CN=�48üw4�.�CN5�O�.�2$CD4�8
4 =�2�CN40�±`�5�O�.�4Kü~c�6]4�4�=�5hqJ.k6Gc�c�.�3�3L.�BKCN4?3LU�q�3L.�T	U�.�4�5�c�=�: Q0 U�5�6G5�CD=�4$X ³ O�U�3 M .Rc�6G4oc�=�4�3�.�2LS�6G5�CNS�.�VN9f6G0 0�2�=�@	CN:d6G5A.²5�O�.
3L.�5a=�;l.�xJ.�c�5�3o5�O$6G5a:d6A9|qJ.KS�CD3LCDq�VN./6G37Ó À�î�Å Ú 8 Û ) Ó À�î�Å Ú � Û X
á�9nCD4�5�.�2�3�.�c�5�CN4�En5�O�.d.�xJ.�c�5�3c' M CD5�Ot5�O�.d3L.�5¬=�;k.�xJ.�c�5A3
5�O$6]5{:d6�98qJ.\S�CN3�CNq�VD.�` M .~CN4�c�2�.�6G3L.~5AO .\0 2�.�c�CD3LCD=�4¬=�;H.�xJ.�c�5
CN4�;>.�2�.�4 c�.�` M O�CNc]OoCD485�U�2�4kCD4 c�2�.�6G3�.�3)5�O�.l0�2�.�c�CN3�CN=�4?=�;£P�= MlQ3L.�4�3�CN5�CDS".a5�9�0J.~T	U$6]VDCNW�.�2wCN4�;>.�2�.�4 c±.�X ¯ VD5�O�=�U E�O Ú �h= M 4 Û CD34 =�5K6a3L9	4�5�6Gc�5�CDc?2�U�VN.�`�CN5~=�4�VN9F4�.�.�B�3j5A=¬qJ._6G0�0�VNCD.�B|=�4 c�.
0J.�2l;>U�4 c�5ACN=�47qJ=�B�9|�N��¶G�*X
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.�4�c�=�B�.�BICN4�=�U�2kV*6G4�E�U$6]E�. Ú .�X EJXD`Hq�9^6G3�3�U :?CN4�E^6?0�2�CN:8CD5�CNS�.�ë
c�=�:kq CD4$6G5�=�2?=�;\5�O�.z6G0�0�2�=�0�2�C*6G5�.f5*9�0�. Û X_g�4z5�O�CN3?.�@ª6G:80�VN.¬5�O�.
c�=�4�3L5�6G4�5~T�U$6GVDCNW�.�2�3.ì Ä `Nì Ç `h6G4�B�ì × 6G2L.oCN4|5�O�.oB�CD3Lc�2�.�5�.o0$6]2�5AC*6GV
=�2�B�.�2 Ú 5�O�.¬T	U$6]VDCNW�.�2�3|6G2�.7CN4�c�=�:80$6G2�6Gq�VN. Û Xtæ±U�3�58qJ.�;>=�2�.îí|2�. Q5�U�2�4�3�` M . M CN3�On5�=/cGO .�cGe�5AOH6G5�ïIO$6G385�O�.7T�U$6GVNCDW�.�20ì × X ³ O�CD3
c]O�.�cGe|3�U c�c�.�.�B�3o=�4�VD9/CN; M .1c�6G4�:8=	B�.�V{5�O�.1U�0�BH6G5�.15�=Hïn6]376
3�5�2�=�4 E8U�0JB$6G5�.�X
g�4/¥�CDE�U�2L./��` M ./6G3�3�CNE�4 ù `bïª`{6G4�B�ðFB�CN3�5�CN4�c�5aVD=�c�6G5�CD="4�38ü ² `

ü ç `Z6G4�B_ü â `�2�.�3�0J.�c�5ACNS�.�VN9�XwáZ.�c�6GU�3L.xí8CD3\c�6GVNVD.�B M CN5�Ov6G2�E�U :?.�4�5
ð|6G4�BF=�U�2w3L9	3L5A.�:ãCN3\4�=�5w0J=�VN9	:8=�2�0�O�CNcaCN47VN=�c	6]5ACN=�4�3�` =�U�286GVDC*6G3
6G4$6GVN9�3�CN3l2�.�T�U�CD2�.�3R5�O$6G5)5�O�.[5*9	0J.�3{=�;êð76G4�B6ñt:d6G5Ac]O$`ª6G4�B15�O	U 3
ñyCN3lE�CNS�.�415�O�.[5�9�0�.8Õ*Æ#" Ú ü â Û X�¥�CD4$6GVNVN9�`	4�=�5�CDc�.[5�O$6G5²3�CN4�c�. ù 6G4�B
ï�6G2�.80�U�2�.�VN97VN=	c�6GV)5�=¬5AO .kqJ=	B�9_=�;jí�`JU�3LCD4�E¬5�O�.?2�U�VN. Ú �h= M 4 Û=�U�216G4$6GVN9�3�CN3jO�CNB�.�316GVNV�.�xJ.�c�5�3~=�4/ü ² 6G4�B/ü ç X ³ O�.?.�xJ.�c�5[=�;5íCN3 � ü â � q�.�c�6GU�3L.Aí M 2�CD5�.�3l5�=kCD5�3R0$6G2�6G:8.�5�.�22ñ?` M O�CNcGO1O$6]3²5�9�0�.
Õ*Æ#" Ú ü â Û X Ú �?=�2�.k0�2�.�c�CN3�.�VN9�`�í?OH6G3R.�xJ.�c�5 ( M O�.�2�. � ü â �jò ([X Û
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