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©���¹ºµá¦ �E©�±²§�´�µá¥#«§¨´á¶�¥�¦¨´�®�°³¥)¦7¶�¥´"!1±²Í¼Ç�°·©�µÏ§�©�§¨±³¹ºµ�¦Â¥�!'±³¦¨§�©�µÏ§�¥)¦"Ç�¹º´�®1���á¹º±³¦¨±²®"´�µÅ¦�
�¦¨§��ÍÎ¥�Ç�¹º´�®"µá¹º§¨®�¥
®�¥����á¥®����á¥7©�Ç�®��)¦�� � ¥6����©�Ç�±²§¨®�¥�¦¨´�±(��©�µÏ§2Ç�®�«)¦�¥µÏ§�¥�°·©.¦¨Ç�«��± < �`©�§¨±³¹ºµ!¶�Ü ´�µÎµá¹º´'��¥`©�´Î¦�¥®0��±��)¥�¶�¥,ª�¥)¦¨§¨±³¹ºµ!¶�¥
ª�®�¹º´�Ç�¥�©�
Ï©�µÏ§"¶�¥�µá¹º´'��¥ °²°³¥)¦"Ç�®�¹ºÇ�®¨±³«§�«)¦7ª�®����)¥�©�´"!1µá¹º´'��¥`©�´"!C¶�«§�¥��§�¥´�®�¦7¥µÅ¥µ �Ï±²®�¹ºµ�µá¥ÍÎ¥µÏ§ÂÍÎ¹º¸�±²°³¥
Ç�®�«)¦�¥µÏ§�«)¦"¶á©�µá¦�°³¥;����©�Ç�±²§¨®�¥ �"�
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éÂ¹º´á¦�Ç�®�«)¦�¥µÏ§�¹ºµá¦,¶á©�µá¦��)¥1����©�Ç�±²§¨®�¥7°·©�¦�Ç�«��± < �`©�§¨±³¹ºµ � ¹º®¨ÍÎ¥°²°³¥Â¶�Ü ´�µ ¦�¥®0��±��)¥"¶�¥"ª�¥)¦¨§¨±³¹ºµ ¶�¥"ª�®�¹º´�Ç�¥
©�´�ª�ÍÎ¥µÏ§�«#¶�¥¯µá¹º´'��¥° °³¥)¦"Ç�®�¹ºÇ�®¨±³«§�«)¦�ª�®M���¥�©�´"!1¶�«§�¥��§�¥´�®�¦7¥µ�¥µ ��±²®�¹ºµ�µá¥ÍÎ¥µÏ§7ÍÎ¹º¸�±²°²¥)� � ©¬Ç�®�«)¦�¥µÏ§�© 4
§¨±³¹ºµ>�)¹ºÍ¼ÍÎ¥µ��)¥#Ç�©�®�´�µ�®�©�Ç�Ç�¥°�¦¨´�®�°³¥¯ÍÎ¹Ï¶'�°³¥#¶�¥�¦0
'¦¨§��ÍÎ¥.®�«Ç�©�®¨§¨±�� ���0��¦�¥��§¨±³¹ºµ 	�� � � Ä�Çá´�±³¦�°³¥)¦6��±³¦¨§�¹	4
®¨±³ÆÏ´á¥)¦�ª�°³¹º¸�©�´"! � ���0� ¦�¥��§¨±³¹ºµ 	���� ��¥§�°³¥)¦i¦����á«Í!©º¦i¶á¥�¶�«��&©�±²°²°·©�µ��)¥;� ��� ��¦�¥��§¨±³¹ºµ 	���
 � Äº¶�¥�¶�«��)¹ºµ�µá¥�!'±³¹ºµ� ���0�
¦�¥��§¨±³¹ºµ 	�� 	 ��¥§Â¶�¥�Ç�©�®¨§�± §�±²¹ºµáµá¥ÍÎ¥µÏ§ � ���0��¦�¥��§¨±³¹ºµ 	���� ����Ì2µá¦�´�±²§�¥�Ä�°³¥)¦7Ç�®�¹ºÇ�®¨±³«§�«)¦Â¶'´Åµá¹º´'��¥`©�´ ¦�¥®0��±��)¥
¶�¥¼ª�¥)¦¨§¨±³¹ºµF¶�¥¼ª�®�¹º´�Ç�¥!¦�¹ºµ�§¯Ç�®�«)¦�¥µÏ§�«)¥)¦#¶�©�µá¦�°·©1¦�¥��§¨±³¹ºµ 	����"��éÂ¹º´á¦;�)¹ºµ��°²´á¹ºµá¦��)¥ ����©�Ç�±²§¨®�¥!¶á©�µá¦#°·©
¦�¥��§¨±³¹ºµ 	���� �
� ��� 9;�¯��2��� ������¯��� �Q*��À��5i�¬�������
éÂ¹º´á¦�®�¥Ç�®�¥µá¹ºµá¦"°³¥¯ÍÎ¹Ï¶'�°³¥�Ç�®�¹ºÇ�¹�¦�«#¶á©�µá¦ ��� �8� � ¥#¦0
'¦¨§��ÍÎ¥.®�«Ç�©�®¨§¨±�¥)¦¨§�ÍÎ¹Ï¶�«°²±³¦�«�Ç�©�®�´�µCª�®�©�Ç'�á¥

¹º®¨±³¥µÏ§�«
G = (Π, Λ)

Ä�¹,
Λ ⊂ Π × Π

� � ¥Î¦0
'¦¨§��ÍÎ¥3�¹ºµ�¦¨±³¦¨§�¥¼¥µ<´�µ<¥µá¦�¥Í�¸�°³¥Î¶�¥
n
Ç�®�¹ �)¥)¦�¦¨´á¦

Π =

{p1, p2, . . . , pn}
¥§Â´�µ ¥µá¦�¥Í�¸�°³¥

Λ
¶�¥#°²±³¥µá¦.¥µÏ§¨®�¥�¥´"! ��¤���©ºÆÏ´á¥�Ç�©�±²®�¥�¶�¥#Ç�®�¹ �)¥)¦�¦¨´á¦.¥)¦¨§*�)¹ºµ�µá¥��§�«)¥

Ç�©�®�´�µÎ°²±³¥µU«)ÆÏ´�±²§�©�¸�°³¥�µá¹ºµ <�©�¸�°³¥�Ä ��Ü ¥)¦�§ 4 � 4�¶'±²®�¥��)¥�°²±³¥µ!Ç�¥´�§�Ç�¥®�¶'®�¥"¶�¥)¦�ÍÎ¥¦�¦�©�ª�¥)¦QÇ�©�®�±²µÏ§�¥®¨Í¼±²§¨§�¥µ��)¥�Ä
Í!©�±³¦�¦�±á´�µUÇ�®�¹ �)¥)¦�¦¨´á¦

p
«ÍÎ¥§�´�µ!ÍÎ¥)¦�¦ ©�ª�¥

m
´�µá¥�±²µ"<áµ�±²§�«Â¶�¥ � ¹º±³¦���¶�¥)¦¨§¨±²µ�©�§¨±³¹ºµ�¶'´!Ç�®�¹ �)¥)¦�¦¨´á¦#��¹º±³¦¨±²µ

q
©�°³¹º®�¦

q
®�¥ �)¹º±²§�´�°²§¨±²ÍÎ¥ÍÎ¥µÏ§

m
´�µá¥�±²µ"<áµ�±²§�«"¶�¥ � ¹º±³¦���ë7µ ���á¥Í¼±²µU«)ÆÏ´�±²§�©�¸�°³¥"¥)¦¨§Q´�µ ���á¥Í¼±²µU¶�¹ºµ�§Q§�¹º´á¦

°³¥)¦�°²±³¥µá¦"¦�¹ºµÏ§"«)Æ�´�±²§�©�¸�°³¥)¦��
�i¹º´�®¼Ç�°²´á¦¼¶�¥ �°·©�®¨§�«1¶á©�µá¦¬°·© Ç�®�«)¦�¥µÏ§�©�§¨±³¹ºµ�Ä2µá¹º´á¦3�)¹ºµá¦¨±³¶�«®�¹ºµá¦¼°EÜ ¥�!'±³¦¨§�¥µ��)¥1¶�Ü ´�µá¥ �á¹º®¨°³¹ºª�¥�ª�°³¹	4

¸�©�°³¥ �Ï±²®¨§¨´á¥°²°³¥
T
ÆÏ´�±�Ç�®�¥µá¶ ¦�¥)¦���©�°³¥´�®�¦Â¶á©�µá¦Â°EÜ ¥ µ�¦�¥Í�¸�°³¥�¶�¥)¦Â¥µÏ§¨±³¥®�¦Âµ�©�§¨´�®�¥°³¦`Ä�Í!©�±³¦.¥°²°³¥#µ�Ü ¥)¦¨§ÂÇ�©º¦

©����)¥)¦�¦¨±²¸�°³¥#©�´"!�Ç�®�¹ �)¥)¦�¦�´á¦��
� ¥)¦�Ç�®�¹ �)¥)¦�¦¨´�¦¬¥§�°³¥)¦�°²±³¥µá¦¼¦�¹ºµÏ§¬¦�´��	¥§�¦3�Å¶�¥)¦¬¶�«��E©�±²°²°·©�µ��)¥ � ®�©�µ����á¥)¦¼¥§�Ç�¥®¨Í!©�µá¥µÏ§�¥)¦�� � ¥)¦�Ç�®�¹	4
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�)¥)¦�¦¨´á¦¬¥§¬°³¥)¦�°²±³¥µá¦¼¶�«��&©�±²°²°·©�µÏ§�¦¬µá¥�¦�¹ºµÏ§�Ç�©º¦¼¦¨´��¨¥§�¦5�Å®�¥Ç�®¨±³¦�¥)�ië7µOÇ�®�¹ �)¥)¦�¦¨´á¦�Ç�¥´�§¼¦�¥ ¶�«��)¹ºµ�µá¥��§�¥®
��¹º°³¹ºµÏ§�©�±²®�¥ÍÎ¥µÏ§!¹º´J±²µ ��¹º°³¹ºµÏ§�©�±²®�¥ÍÎ¥µÏ§��Që7µJÇ�®�¹ �)¥)¦�¦¨´á¦

q
¥)¦�§¼©����)¥)¦�¦�±²¸�°³¥-�ÅÇ�©�®¨§¨±²®Î¶�Ü ´�µHÇ�®�¹ �)¥)¦�¦¨´á¦

p
�Zµá¹º§�«

p → q
��¦`Ü ±²°�¥�!'±³¦¨§�¥.´�µ���á¥Í¼±²µC«)ÆÏ´�±²§�©�¸�°³¥�¶�¥

p
��¥®�¦

q
��ê�Ü ±²°�µ�Ü ¥µ�¥�!'±³¦¨§�¥.Ç�©º¦`Ä�¹ºµC¶'±²§�ÆÏ´á¥

q
µ�Ü ¥)¦¨§

Ç�©º¦�©����)¥)¦�¦¨±²¸�°³¥;��Ç�©�®¨§¨±²®�¶�¥
p
�
p 9 q

����êÏ±
p
¥§

q
¦�¹ºµÏ§,Í�´�§¨´á¥°²°³¥ ÍÎ¥)µÏ§7©����)¥)¦�¦¨±²¸�°³¥)¦��Zµá¹º§�«

p ↔ q
��©�°³¹º®�¦

±²°³¦.¦�¹ºµÏ§+�)¹ºµá¦¨±³¶�«®�«)¦ �)¹ºÍ¼ÍÎ¥¼©�Ç�Ç�©�®¨§�¥µ�©�µÏ§��!°·©!Í �ÍÎ¥�Ç�©�®¨§¨±²§¨±³¹ºµ �yêÏ±²µá¹ºµ�Ä�±²°³¦.¦�¹ºµÏ§+�)¹ºµá¦¨±³¶�«®�«)¦ �)¹ºÍ¼ÍÎ¥
µ�Ü ©�Ç�Ç�©�®¨§�¥µ�©�µÏ§7Ç�©º¦1��°·©¬Í �ÍÎ¥¯Ç�©�®¨§¨±²§¨±³¹ºµ �

p = q
���

¤�¥¯¦0
�¦�§��ÍÎ¥Â¥)¦¨§�©�´�ª�ÍÎ¥µÏ§�«¯Ç�©�®,°³¥)¦�¶�«§�¥��§�¥´�®�¦"¶�¥.¶�«��&©�±²°²°·©�µ��)¥)¦
FD
Ä'¶�¥.¶�«��)¹ºµ�µá¥�!'±³¹ºµá¦

DD
¥§�¶�¥

Ç�©�®¨§¨±²§¨±³¹ºµá¦
PD
¶�«�<áµ�±³¦��± 4¢©�Ç�®��)¦��

� ��� � ���á��������-.
��2� ���������"
 

¤�¹ºÍ¼ÍÎ¥�¶á©�µá¦ ������Äy°EÜ ¥�!�«��´�§¨±³¹ºµJ¶�Ü ´�µOÇ�®�¹ºª�®�©�Í¼ÍÎ¥�®�«Ç�©�®¨§¨±�®�«)¦¨´�°²§�¥ ¥µ �)¥UÆÏ´á¥ ����©ºÆ�´á¥UÇ�®�¹ �)¥)¦�¦�´á¦
¥�!�«��´�§�¥�´�µ « ��«µá¥ÍÎ¥µÏ§ �ZÇ�¹º´'�º©�µ�§ �§¨®�¥�°EÜ « ��«µá¥ÍÎ¥µÏ§�µÏ´�°�µá¹º§�«

ε
� Ä ���á¹º±³¦�± �¯Ç�©�®¨§¨±²®�¶�Ü ´�µ ¥µá¦�¥Í�¸�°³¥

S
Ä �

����©ºÆÏ´á¥.§�¹ºÇC¶�Ü �á¹º®¨°³¹ºª�¥)�
S
�)¹ºµÏ§¨±³¥µÏ§Â©�´1ÍÎ¹º±²µá¦"¶�¥´"!1« ��«µá¥ÍÎ¥µÏ§�¦

send()
¥§

recv()
¥§�°·©�µá¹º§¨± < �`©�§¨±³¹ºµ

¶�¥¯°EÜ ±²µá¦¨§�©�°²°·©�§¨±³¹ºµÅ¶�Ü ´�µá¥¯µá¹º´'��¥°²°³¥ ��´á¥
vchg()

�
� Ü ��±³¦¨§�¹º®¨±³Æ�´á¥.ª�°³¹º¸�©�°�¶�Ü ´�µá¥.¥�!'«��´�§¨±³¹ºµ1¥)¦�§�´�µá¥��&¹ºµ��§¨±³¹ºµ1¶�¥

Π×T
��¥®�¦

S ∪ {ε}
��êÏ±�´�µ�Ç�®�¹ �)¥¦�¦¨´á¦

p
¥�!�«��´�§�¥�´�µÅ« ��«µá¥ÍÎ¥µÏ§

e
�¼°EÜ ±²µá¦¨§�©�µÏ§

t
Ä�µá¹º´�¦�µá¹º§�¹ºµ�¦

σ(p, t) = e
��êÏ±²µá¹ºµ�Ä

σ(p, t) = ε
Ä ��Ü ¥)¦¨§ 4 � 4�¶'±²®�¥

p
µ�Ü ¥�!�«��´�§�¥#©�´��´�µÅ« ��«µá¥ÍÎ¥µÏ§*��°EÜ ±²µá¦¨§�©�µ�§

t
�

� ��
 I¯����5Q*+�+�� �52()���������"�����

� ¥�¦�����« Í!©S¶�¥1¶�«��&©�±²°²°·©�µ��)¥
FP
¥)¦�§¬´�µá¥ �&¹ºµ��§¨±³¹ºµ6¶�¥

T
��¥®�¦

2Π ¹, FP (t)
¥)¦¨§¬°EÜ ¥µá¦�¥Í�¸�°³¥�¶�¥)¦

Ç�®�¹ �)¥)¦�¦¨´á¦¯¶�«��E©�±²°²°·©�µÏ§�¦�� ´á¦�Æ�´�Ü �!°EÜ ±²µá¦�§�©�µÏ§
t
�
crashed(FP ) =

⋃

t∈T FP (t)
®�¥Ç�®�«)¦�¥µÏ§�¥¬°EÜ ¥µá¦�¥Í�¸�°³¥Î¶�¥)¦

Ç�®�¹ �)¥)¦�¦¨´á¦.¶�«��E©�±²°²°·©�µÏ§�¦¯¶á©�µá¦
FP
¥§

correct(FP ) = Π\crashed(FP )
®�¥Ç�®�«)¦�¥µÏ§�¥�°EÜ ¥µá¦�¥Í�¸�°³¥¬¶�¥�Ç�®�¹	4

�)¥)¦�¦¨´á¦6�)¹º®¨®�¥��§�¦7¶á©�µá¦
FP
�

� ¥�¦����á«Í!©]¶�¥�¶�«��&©�±²°²°·©�µ��)¥
FL
¥)¦¨§¼´�µá¥ �&¹ºµ��§¨±³¹ºµ ¶�¥

T
��¥®�¦

2Λ ¹, FL(t)
¥)¦¨§Î°EÜ ¥ µ�¦�¥Í�¸�°³¥C¶�¥)¦

°²±³¥µá¦¯¶�«��&©�±²°²°·©�µÏ§�¦��	´á¦�Æ�´�Ü �!°EÜ ±²µá¦�§�©�µÏ§
t
�
crashed(FL) =

⋃

t∈T FL(t)
®�¥ Çá®�«)¦�¥µÏ§�¥¬°EÜ ¥ µ�¦�¥Í�¸�°³¥¼¶�¥)¦Â°²±³¥µá¦

¶�«��E©�±²°²°³©�µ�§�¦¼¶á©�µá¦
FL
¥§

correct(FL) = Π\crashed(FL)
®�¥Ç�®�«)¦�¥µÏ§�¥ °EÜ ¥µá¦�¥ Í�¸�°³¥�¶�¥ °²±³¥µá¦3�)¹º®¨®�¥��§�¦

¶á©�µá¦
FL
��êÏ±

p → q ∈ crashed(FL)
Ä�µá¹º´á¦¯¶'±³¦�¹ºµá¦¯Æ�´á¥�°³¥5���á¥Í¼±²µ<¥µÏ§¨®�¥

p
¥§

q
¥)¦¨§¯¶�«��&©�±²°²°·©�µÏ§�¶á©�µá¦

FL
��êÏ±

p → q /∈ crashed(FL)
Ä�µá¹º´á¦�¶'±³¦�¹ºµá¦�ÆÏ´á¥.°³¥ ����¥ Í¼±²µÅ¥µÏ§¨®�¥

p
¥§

q
¥)¦¨§�«)ÆÏ´�±²§�©�¸�°³¥�¶á©�µá¦

FL
�

� ¥"¦����á«Í!©#¶�¥7¶�«��&©�±²°²°·©�µ��)¥
F = (FP , FL)

�)¹ºÍ�¸�±²µá¥"°³¥7¦����á«Í!©#¶�¥"¶�«��E©�±²°²°·©�µ��)¥7¶�¥)¦�Ç�®�¹ �)¥)¦�¦¨´á¦�©���¥��
�)¥°²´�±�¶�¥)¦�°²±³¥µá¦�� � Ü ��±³¦¨§�¹º®¨±³Æ�´á¥

HFD
¶�Ü ´�µÅ¶�«§�¥��§�¥´�®7¶�¥�¶á«2�E©�±²°²°·©�µ��)¥)¦7¥)¦¨§�´�µá¥ � ¹ºµ��§¨±³¹ºµÅ¶�¥¯°EÜ ¥µá¦�¥Í�¸�°³¥
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Π × T
��¥®�¦�°EÜ ¥µá¦�¥Í�¸�°³¥

2Π ¹, HFD(p, t)
¥)¦¨§�°·©5�º©�°³¥´�®7¶'´C¶�«§�¥��§�¥´�®7¶�¥�¶�«��E©�±²°²°·©�µ��)¥)¦7¶'´�Ç�®�¹ �)¥)¦�¦¨´á¦

Ç$�S°EÜ ±²µá¦¨§�©�µÏ§
t
¶á©�µá¦

HFD
��êÏ±

q ∈ HFD(p, t)
©�°³¹º®�¦

p
¦¨´á¦¨Ç�¥��§�¥

q
�S°EÜ ±²µá¦¨§�©�µÏ§

t
¶á©�µá¦

HFD
�Që7µ

¶�«§�¥��§�¥´�®�¶�¥Â¶á«2�E©�±²°²°·©�µ��)¥)¦
FD
¥)¦¨§�´�µá¥1�&¹ºµ��§¨±³¹ºµ1Æ�´�±�©º¦�¦�¹ �±³¥+������©ºÆ�´á¥.¦����á«Í!©�¶�¥.¶�«��&©�±²°²°·©�µ��)¥

F
´�µ

¥µá¦�¥Í�¸�°³¥�¶�Ü ��±³¦¨§�¹º®¨±³ÆÏ´á¥)¦�¶�¥¯¶�«§�¥��§�¥´�®�¦7¶�¥¯¶�«��&©�±²°²°·©�µ��)¥)¦
FD(F )

�
FD(F )

¥)¦¨§�°EÜ ¥µá¦�¥Í�¸�°³¥�¶�¥.§�¹º´á¦�°³¥)¦
��±³¦¨§�¹º®¨±³ÆÏ´á¥)¦�Ç�¹º´'�º©�µÏ§7¥2!'±³¦¨§�¥®"¶'´�®�©�µÏ§�°³¥)¦�¥�!�«��´�§¨±³¹ºµá¦7©���¥��.°EÜ ¥µá¦�¥Í�¸�°³¥�¶á¥¦"¶�«��&©�±²°²°·©�µ��)¥)¦

F
�����8�

éÂ¹º´á¦C®�©�Ç�Ç�¥°³¹ºµá¦ ¥§Å¶á«2<�µ�±³¦�¦�¹ºµá¦Å¶�¥pÍ!©�µ�±��®�¥ �&¹º®¨ÍÎ¥°²°³¥p°³¥)¦CÇ�®�¹ºÇ�®¨±³«§�«)¦ ¶�¥)¦Å¶�«§�¥��§�¥´�®�¦S¶�¥p¶�«�4
�E©�±²°²°³©�µ �¥)¦

HB



'
HB
4M��
�(� ) �+����� % 
�Ç�¹º´�®�§�¹º´�§,Ç�®�¹ �)¥)¦�¦�´á¦ �)¹º®¨®�¥��§

p
Ä�°²¥)¦ �)¹ºÍ¼Ç�§�¥´�®�¦"¶�¥Â¸�©�§¨§�¥ÍÎ¥µÏ§�¦�¶�¥ � �.´�®�¶�¥

§�¹º´á¦�°³¥)¦�Ç�®�¹ �)¥)¦�¦¨´�¦�µ�Ü «§�©�µÏ§"Ç�©º¦�¶á©�µá¦�°·©�Ç�©�®¨§�± §�±²¹ºµÅ¶á¥
p
¦�¹ºµÏ§�¸�¹º®¨µá«)¦���,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 


∀F = (FP , FL), ∀H ∈ HB(F ), ∀p ∈ correct(FP ), ∀q ∈ Π \ partition(p), ∃K ∈ N, ∀t ∈ T :

H(p, t)[q] ≤ K
'

HB
4�� ��� �+� "M��
� 


' Ç�¹º´�® §�¹º´�§ Ç�®�¹ �)¥)¦�¦¨´á¦
p
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�®�¹º±³¦�¦�¥µÏ§"¶�¥+�&©��)¹ºµ�ÍÎ¹ºµá¹º§�¹ºµá¥)� ,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 

∀F, ∀H ∈ HB(F ), ∀p ∈ Π, ∀q ∈ Π, ∀t ∈ T : H(p, t)[q] ≤ H(p, t + 1)[q]

' Ç�¹º´�®�§�¹º´�§�Ç�®�¹ �)¥)¦�¦�´á¦ �)¹º®¨®�¥��§
p
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p
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∀F = (FP , FL), ∀H ∈ HB(F ), ∀q ∈ partition(p), ∀K ∈ N, ∀t ∈ T : H(p, t)[q] > K

� ��� I¯����5Q*+�+�� �52����������¯�����

� ¥ ¦����á«Í!© ¶�¥ ¶�«��)¹ºµ�µá¥�!'±³¹ºµ
D
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T
��¥ ®�¦

2Π Ä�¹, D(t)
¥)¦¨§�°EÜ ¥µá¦�¥Í�¸�°³¥1¶�¥)¦
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®�¥Ç�®�«)¦�¥µÏ§�¥¼°EÜ ¥µá¦�¥Í�¸�°³¥!¶�¥)¦¯Çá®�¹ �¥)¦�¦¨´á¦
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D
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connected(D) = Π\disconnected(D)
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p
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D
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p
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�:�)¹ºµ�µá¥��§�« �¯¶�«�<áµ�±Ï¶á©�µá¦ ������� � � � Ü ��±³¦�§�¹º®¨±³Æ�´á¥
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¶�¥�°EÜ ¥µá¦�¥Í�¸�°³¥
Π×T

��¥®�¦�°EÜ ¥µá¦�¥Í�¸á°²¥
2Π Ä�¹, HDD(p, t)

¥)¦�§�°·©���©�°³¥´�®2¶'´¼¶�«§�¥��§�¥´�®Q¶�¥�¶á« �)¹ºµ�µ�¥2!'±³¹ºµá¦
¶'´ÅÇ�®�¹ �)¥)¦�¦¨´á¦

p
�¼°EÜ ±²µá¦¨§�©�µÏ§

t
¶á©�µá¦

HD
��êÏ±

q ∈ HDD(p, t)
©�°³¹º®�¦

p
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q
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DD(D)
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¥)¦¨§Â°EÜ ¥µá¦�¥Í�¸�°³¥¼¶�¥
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µá¥�!'±³¹ºµá¦ 

' ��
�(� ) �+��� �*% � % � ����
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�$�&% 
�±²°�¥�!�±³¦¨§�¥Â´�µ1±²µá¦¨§�©�µÏ§"©�Ç�®��)¦�°³¥)Æ�´á¥°�§�¹º´�§�Ç�®�¹ �)¥)¦�¦¨´á¦6�)¹º®¨®�¥��§
ÆÏ´�±y¦�¥�¶�«��)¹ºµ�µá¥��§�¥�¥)¦�§6�Ï´C¶�«��)¹ºµ�µá¥��§�«�Ç�©�®"§�¹º´á¦�°³¥)¦�Ç�®�¹ �)¥)¦�¦¨´á¦��)¹º®¨®�¥��§�¦*�)¹ºµ�µá¥��§�«)¦��&,á¹º®¨ÍÎ¥°²°³¥�4
ÍÎ¥µÏ§	

∀D, ∀HD ∈ DD(D), ∀t ∈ T , ∀p ∈ disconnected(D), ∀q ∈ connected(D),

∀t′ ≥ t : p ∈ HD(q, t′)
' � ��� �+� "M��
� � % � � ��
���1%	���
�� 
 
�+�&% 
á©�´��´�µ�Ç�®�¹ �)¥)¦�¦¨´á¦

p
µ�Ü ¥)¦¨§ ��´�¶�«��)¹ºµ�µá¥��§�«�Ç�©�®�´�µ1Ç�®�¹ �)¥)¦�¦�´á¦

�)¹º®¨®�¥��§1�)¹ºµ�µá¥��§�«�©��º©�µÏ§"ÆÏ´á¥
p
µá¥�¦�¹º±²§�¶�«��)¹ºµ�µá¥��§�«)�&,�¹º®¨ÍÎ¥°²°³¥ ÍÎ¥µ�§ 


∀D, ∀HD ∈ DD(D), ∀t ∈ T , ∀p, q ∈ Π − D(t) : p /∈ HD(q, t)
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� ©FÇ�©�®¨§¨±²§¨±³¹ºµ4¶'´ Ç�®�¹ �)¥)¦�¦¨´á¦
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D
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partition(p)
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partition(p)

¥)¦¨§U«ª�©�°.©�´u¦�± µáª�°²¥§�¹ºµ
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� � Ü ��±³¦¨§�¹º®¨±³Æ�´�¥
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Π× T
��¥®�¦,°EÜ ¥µá¦�¥Í�¸�°³¥

2Π Ä�¹,
HPD(p, t)
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p
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q ∈ HPD(p, t)
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+
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 ±²°�¥�!'±³¦¨§�¥�´�µ¬±²µá¦¨§�©�µÏ§Q©�Ç�®��)¦2°³¥)Æ�´á¥°�§�¹º´�§iÇ�®�¹ �)¥)¦�¦¨´á¦:�)¹º®¨®�¥��§Q¶á©�µ�¦
´�µá¥UÇ�©�®¨§¨±²§¨±³¹ºµH¥)¦¨§ ��´O¶�«��E©�±²°²°·©�µÏ§`Ä�¶�«��)¹ºµ�µá¥��§�«1¹º´OÇ�©�®¨§¨±²§¨±³¹ºµ�µá« Ç�©�®�§�¹º´á¦�°³¥)¦�Ç�®�¹ �)¥)¦�¦¨´á¦¬¶�Ü ´�µá¥
©�´�§¨®�¥¯Ç�©�®¨§�± §�±²¹ºµ � ,á¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 

∀F = (FP , FL), ∀HFD ∈ FD(F ), ∀HDD, ∀HPD, ∀p, q ∈ correct(FP ), q /∈ partition(p),

∃t ∈ T , ∀t′ ≥ t : q ∈ HFD(p, t′) ∨ q ∈ HDD(p, t′) ∨ q ∈ HPD(p, t′)
' � ��� �+� "M��
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µ�Ü ¥)¦¨§6��´1Ç�©�®¨§¨±²§¨±³¹ºµ�µá«�©���©�µÏ§�ÆÏ´�Ü ±²°�µ�¥¯¦�¹º±²§�Ç�©�®¨§¨±²§¨±³¹ºµ�µá«)� ,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 

∀F = (FP , FL), ∀HFD ∈ FD(F ), ∀HDD, ∀HPD,

∃t ∈ T , ∀t′ ≥ t, ∀p, q ∈ correct(FP ), q ∈ partition(p) : q /∈ HPD(p, t′)
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§�«)¥)¦#¶á©�µá¦�É7Ë.È � Ä�É7Ë.È �1¥§#É7Ë.È �"� ��¹º´�®#°³¥)¦#¶�¥´"!]Ç�®�¥Í¼±��®�¥)¦�Ç�®�¹ºÇ�®¨±³«§�«)¦�¦¨´�®�°·©1Ç�®�«��±³¦¨±³¹ºµF¥§#°·©
�)¹ºÍ¼Ç�°³«§¨´á¶�¥¬¶�¥)¦1��´á¥)¦`Ä�µá¹º´á¦7®�¥Í¼Ç�°·©��)¹ºµá¦.°·© ��´á¥�¶á©�µá¦7°³¥#§¨®�©���©�±²°i¥�!�±³¦¨§�©�µÏ§ÂÇ�©�®7°·© ��´á¥�¶'´Åª�®�¹º´�Ç�¥¬¥§
© �¨¹º´�§�¹ºµá¦�¶�¥�µá¹º´'��¥°²°³¥)¦i¦�¹º´á¦�Ç�®�¹ºÇ�®¨±³«§�«)¦iÇ�¹º´�®�°³¥)¦i©�´�§¨®�¥)¦ ��´á¥)¦�� Ì2µ¬¹º´�§¨®�¥�Ä ´�µá¥�µá¹º´'��¥°²°³¥�¦�¹º´á¦ 4EÇ�®�¹ºÇ�®¨±³«§�«
Ç�¹º´�®�°EÜ ±²µÏ§�«ª�®¨±²§�«#¶�¥)¦6�Ï´á¥)¦�¥)¦�§"© �	¹º´�§�«)¥#¶á©�µá¦�É7Ë.È �"�
½ ��¾ � � Ô äÏå�ØZÝ%ØZÓ�Ñ â�ÛÏÝ �yÚyÛÏÝ

� �7ê�Ü ±²°�¥�!'±³¦¨§�¥Î´�µp±²µá¦�§�©�µÏ§�©�Ç�®��)¦�°³¥)Æ�´á¥°�´�µpÇ�®�¹ �)¥)¦�¦�´á¦ �)¹º®¨®�¥��§
q
¶�¥ �Ï±³¥µÏ§¬©����)¥)¦�¦¨±²¸�°³¥ �1Ç�©�®¨§¨±²®�¶'´

Ç�®�¹ �)¥)¦�¦¨´á¦1�)¹º®¨®�¥��§
p
Ä�©�°³¹º®�¦7´�°²§¨±²ÍÎ¥ ÍÎ¥µ�§

q
¥)¦�§"±²µ��°²´á¦7¶á©�µá¦7°·©3��´á¥#¶'´Åª�®�¹º´�Ç�¥�¶�¥

p
� ,�¹º®¨ÍÎ¥°²°³¥�4

ÍÎ¥µÏ§	

∃t0 ∈ T , ∀t ≥ t0 : p, q ∈ correct(FP ) ∧ p → q ⇒ (∃t1 ∈ T , ∀t ≥ t1 : q ∈ VC(p, t))

�"��è�°¯¥�!�±³¦¨§�¥ ´�µ ±²µá¦¨§ ©�µÏ§�©�Ç�®��)¦�°³¥)ÆÏ´á¥°�©�´��´�µ>Ç�®�¹ �)¥)¦�¦¨´á¦-�)¹º®¨®�¥ �§�µ�Ü ©�Ç�Ç�©�®�©��³§�¶á©�µá¦1°³¥)¦ ��´á¥S¶�¥)¦
¶�«��&©�±²°²°·©�µ��)¥)¦`Äá¶�¥)¦�¶�«��)¹ºµ�µá¥�!'±³¹ºµá¦"¹º´�¶�¥)¦�Ç�©�®¨§¨±²§¨±³¹ºµá¦7©���©�µÏ§�Æ�´�Ü ±²°�µá¥¯¦�¹º±²§�¶�«��E©�±²°²°·©�µÏ§`Äá¶�«��)¹ºµ�µá¥��§�«
¹º´1Ç�©�®¨§¨±²§¨±³¹ºµ�µá«)�&,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 

∃t0 ∈ T , ∀t ≥ t0, ∀p, q ∈ correct(FP ) : q ∈ partition(p) ⇒

(∃t1 ∈ T , ∀t ≥ t1 : q /∈ VF (p, t) ∧ q /∈ VD(p, t) ∧ q /∈ VP (p, t))

½ ��¾ � �#Ó�Õ �iàZä�×%Ú�â�ÛCâ�Û�Ý �yÚ�Û�Ý
� �7ê�Ü ±²°�¥�!�±³¦�§�¥¬´�µ<±²µá¦¨§�©�µÏ§�©�Ç�®��)¦�°³¥)Æ�´á¥°�§�¹º´�§�Ç�®�¹ �)¥)¦�¦¨´á¦#¶�Ü ´�µá¥ÎÇ�©�®¨§¨±²§¨±³¹ºµ

Θ
¶�¥ ��±³¥µÏ§�±²µ�©����)¥)¦�¦�±²¸�°³¥

�CÇ�©�®¨§¨±²®Î¶�¥)¦¼©�´�§¨®�¥)¦¬Ç�®�¹ �)¥)¦�¦�´á¦¬¶�¥
Π
Äi©�°³¹º®�¦¬´�°²§¨±²ÍÎ¥ÍÎ¥µÏ§¼°·©.��´á¥ ¶'´Jª�®�¹º´�Ç�¥

VC
¶�¥ §�¹º´á¦¬°³¥)¦

Ç�®�¹ �)¥)¦�¦¨´á¦��)¹º®¨®�¥��§�¦6�á¹º®�¦"¶�¥
Θ
µá¥;�)¹ºµÏ§¨±³¥µÏ§Â©�´��´�µ�Ç�®�¹ �)¥)¦�¦�´á¦�¶�¥

Θ
��,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 


∃t0 ∈ T , ∀t ≥ t0, ∀q ∈ Θ, ∀p /∈ Θ : p 9 q ⇒

(∃t1 ∈ T , ∀t ≥ t1, ∀r ∈ correct(FP ) − Θ : VC(r, t) ∩ Θ = ∅)

�"��è�°�¥�!'±³¦¨§�¥S´�µ4±²µá¦¨§�©�µÏ§Å©�Ç�®��¦�°³¥)ÆÏ´á¥°�§�¹º´�§�Ç�®�¹ �)¥)¦�¦¨´á¦>�)¹º®¨®�¥��§Å¶á©�µá¦�´�µá¥]Ç�©�®¨§¨±²§¨±³¹ºµ0¥)¦¨§1±²µ��°²´á¦
¶á©�µá¦�°·©���´á¥¯¶�¥)¦�¶�«��&©�±²°²°·©�µ��)¥)¦`Ä�¶�¥)¦�¶�«��)¹ºµ�µá¥�!�±³¹ºµá¦7¹º´�¶�¥)¦�Ç�©�®¨§¨±²§¨±³¹ºµá¦"¶�¥)¦�Ç�®�¹ �)¥)¦�¦¨´á¦�¶�¥)¦"©�´�§¨®�¥)¦
Ç�©�®¨§¨±²§¨±³¹ºµá¦�� ,á¹º®�ÍÎ¥ °²°³¥ÍÎ¥µ�§ 

∃t0 ∈ T , ∀t ≥ t0, ∀p, q ∈ correct(FP ), q /∈ partition(p) ⇒
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(∃t1 ∈ T , ∀t ≥ t1 : q ∈ VF (p, t) ∨ q ∈ VD(p, t) ∨ q ∈ VP (p, t))

� ¥)¦7¶�¥´"!�Ç�®�¹ºÇ�®¨±³«§�«)¦.¦¨´�®"°·©ÎÇ�®�«��±³¦¨±³¹ºµ ¥§7°·© �)¹ºÍ¼Ç�°³«§¨´á¶�¥¬¶�¥)¦���´á¥)¦7¦�¹ºµÏ§"±²Í¼Ç�¹º®¨§�©�µÏ§�¥)¦ÂÇ�¹º´�®Â§�¹º´á¦
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v
±²µá¦¨§�©�°²°³¥µÏ§Â©�´á¦�¦¨±

v
¹º´

p
±²µá¦�§�©�°²°³¥¯´�°²§¨±²ÍÎ¥ÍÎ¥µÏ§"´�µC¦¨´����)¥)¦�¦�¥´�®�±²Í¼ÍÎ«)¶'±·©�§7¶�¥

v
��,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 


p ∈ correct(FP ) ∧ vchg(v) ∈ σ(p, T ) ∧ q ∈ v ⇒ (vchg(v) ∈ σ(q, T )) ∨ (∃w : v ≺p w)

�"�7êÏ±�¶�¥´"!ÎÇ�®�¹ �)¥)¦�¦¨´�¦
p
¥§

q
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v
Ä�Ç�´�±³¦�Ç!±²µá¦¨§ ©�° °³¥7´�µ ¦¨´����)¥)¦�¦�¥ ´á®

±²Í¼ÍÎ«)¶'±·©�§Â¶�¥
v
©�°³¹º®�¦"´�°²§¨±²ÍÎ¥ÍÎ¥µÏ§Â¦�¹º±²§

q
±²µá¦¨§�©�°²°³¥�©�´á¦�¦�±�´�µC¦�´����)¥¦�¦�¥´�®"±²Í¼ÍÎ«¶�±³©�§.¶�¥

v
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q¥)¦¨§�¶�«��E©�±²°²°·©�µÏ§���,�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 

vchg(v) ∈ σ(p, T ) ∧ vchg(v) ∈ σ(q, T ) ∧ v ≺p w1 ∧ q ∈ correct(FP ) ⇒ ∃w2 : v ≺q w2
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σ(p, t0) = vchg(w) ∧ v ≺p w ∧ q ∈ v ∩ w ⇒ vchg(v) ∈ σ(q, [0, t0[)½ � ¾ � ¿ Ô�â�Ô ÛFâ�Û�Ý��yÚyÛÏÝ � Ü ¹º®�¶'®�¥U¶á©�µá¦�°³¥)ÆÏ´á¥°�°²¥)¦#Ç�®�¹ �)¥)¦�¦¨´á¦�±²µá¦�§�©�°²°³¥µÏ§�¦¨´����)¥)¦�¦¨±(��¥ÍÎ¥µÏ§�¶�¥)¦
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p
¶�¹º±²§,±²µ��°²´�®�¥ �)¥ÂÇ�®�¹ �)¥)¦�¦¨´á¦�¶á©�µá¦,°·©���´á¥.¶'´ ª�®�¹º´�Ç�¥)�

,�¹º®¨ÍÎ¥° °³¥ÍÎ¥µ�§ 

vchg(V ) ∈ σ(p, T ) ⇒ p ∈ VC

�"� � Ü ±²µÏ§�¥®�¦�¥��§¨±³¹ºµH¶�¥)¦���´á¥)¦#¶'´Fª�®�¹º´�Ç�¥�Ä�¶�¥)¦�¶�«��&©�±²°²°·©�µ��)¥)¦`Ä�¶�¥)¦�¶�«��)¹ºµ�µá¥��§¨±³¹ºµ�¦¬¥§�¶�¥)¦#Ç�©�®¨§¨±²§¨±³¹ºµá¦
¥)¦¨§�°EÜ ¥µá¦�¥Í�¸�°³¥;��±³¶�¥)�',�¹º®¨ÍÎ¥°²°³¥ÍÎ¥µÏ§ 

∀t ∈ T : VC(p, t) ∩ VF (p, t) ∩ VD(p, t) ∩ VP (p, t) = ∅
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�0� � �#Ó�Ñ�å�à ÚyÝ ØÞÓ�Ñ � �

� ��� 	 �"������
��������
éÂ¹º´á¦�©���¹ºµá¦#Ç�®�«)¦�¥µÏ§�«U¶á©�µá¦��)¥ ����©�Ç�±²§¨®�¥U°·©�¦¨Ç�«��± < �`©�§¨±³¹ºµJ¶�Ü ´�µFµá¹º´'��¥`©�´O¦�¥®0��±��)¥!¶�¥Îª�¥)¦�§¨±³¹ºµO¶�¥

ª�®�¹º´�Ç�¥)��éÂ¹º´á¦"Ç�®�¹ºÇ�¹�¦�¹ºµá¦Â°³¥#µá¹º´'��¥`©�´"!.�)¹ºµ��)¥Ç�§.¶�¥ �1�Ï´á¥�©�´�ª�ÍÎ¥µÏ§�«)¥ �1ÆÏ´�±�¦�¥��)¹ºÍ¼Ç�¹�¦�¥�¶�¥�Æ�´�©�§¨®�¥
¥µá¦�¥Í�¸�°³¥)¦Â¶�¥�Ç�®�¹ �)¥)¦�¦¨´á¦ 
á°·©3��´á¥�¶'´Cª�®�¹º´�Ç�¥�Ä�°·©3�Ï´á¥#¶�¥)¦7¶�«��&©�±²°²°·©�µ��)¥)¦`Ä�°³©3��´á¥#¶�¥)¦7¶�«��)¹ºµ�µá¥�!�±³¹ºµá¦.¥§
°·©;�Ï´á¥7¶�¥)¦�Ç�©�®¨§¨±²§¨±³¹ºµá¦�� � ©�¦¨Ç�«��± < �`©�§¨±³¹ºµ�¶�¥1�)¥"¦�¥®0�Ï±��)¥7¥)¦¨§�¸�©º¦�«)¥7¦¨´�®��)¥°²°²¥Â¶�¥ � ª�®�¹º´�Ç ������¥µ�© �¨¹º´�§�©�µÏ§
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°·© ��´á¥)��¤�¥°·©1¥)¦¨§�µá«��)¥)¦�¦ ©�±²®�¥ �`©�®�°³¥ �)¹Ï¹º®�¶'±²µ�©�§�¥´�®�Ç�¥´�§�©�´á¦�¦¨± � §�®�¥Î¶�«��E©�±²° °·©�µ�§�¹º´p¶�«��)¹ºµ�µá¥��§�« ©��º©�µ�§
¶�Ü ©���¹º±²®�§¨®�©�µá¦¨Í¼±³¦�§�¹º´á¦�°³¥)¦�ÍÎ¥)¦�¦�©�ª�¥)¦��
ë7µá¥¬©�´�§¨®�¥�ÍÎ¹Ï¶'± < �`©�§¨±³¹ºµ<Ç�©�®Â®�©�Ç�Ç�¹º®¨§��!°EÜ ¹º®¨±²ª�±²µ�©�°Q¥)¦¨§Â°EÜ ©�Ç�Ç�©�®¨±²§¨±³¹ºµ<¶�¥)¦Â§¨®�¹º±³¦¯¥µá¦�¥Í�¸�°³¥)¦¯¶�¥�¶�«�4

�E©�±²°²°³©�µ �¥)¦%Ä�¶�¥�¶�«��)¹ºµ�µá¥�!'±³¹ºµá¦ ¥§!¶�¥�Ç�©�®¨§¨±²§¨±³¹ºµá¦�� � ©]Ç�®�¹ �)«)¶'´�®�¥
SendEstimate

¥)¦¨§ÎÍÎ¹Ï¶'± <�«)¥CÇ�¹º´�®
©º¦�¦¨´�®�¥®7°·© �)¹ºµ ��¥®¨ª�¥µ��)¥�¶�¥)¦7¥µá¦�¥Í�¸�°³¥)¦Â¶�¥#¶�«��E©�±²°²°·©�µ��)¥)¦`Ä�¶�¥�¶�«��)¹ºµ�µá¥�!�±³¹ºµá¦.¥§7¶�¥#Ç�©�®¨§¨±²§¨±³¹ºµá¦Â¥µCÇá° ´�¦
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EstimateExchangePhase

2 � 45� H 0 C F 450 EstimateExchangePhase()� installed← false�
InitializeEstimatePhase() �7�! �" #<"
%�&�"�89%5#<" �  �

� 450 � 0Y	��
� =E	��
�GF��K�����

event� H 	1�0
event

�1I
�
,

msuspect(fp, dp, pp) : �7JKA ��L PDG2.- P ← fp ∪ dp ∪ pp2�2 I!��4 	��@�
r ∈ (Π \ P ) \ reachable C �2<�

symset[r]← reachable2.� msend(〈SYMMETRY, version, reachable〉, (Π \ P ) \ reachable)2 �
msend(〈ESTIMATE, agreed, estimate〉, (Π \ P ) \ reachable)2<�
reachable← Π \ P2.� ��I estimate.comp ∩ P 6= ∅ ��>302�2 �

SendEstimate(estimate.comp ∩ P, fp, dp, pp)2.�
2., mrecv(〈SYMMETRY, V, P 〉, q) : �7O � A.A<)�O�# %�8<X LGL )+#<A.X?Q�A � P�&�) L�9- ��I

(agreed[p] = V [p]
��4

agreed[q] ≤ V [q])
	�� C (q ∈ estimate.comp)

��>30��
� 2

SendEstimate � estimate.comp ∩ P � estimate.comp ∩ P � ∅ � ∅ ��+�
�9�

mrecv(〈SYNCHRONIZE, Vp, Vq , P 〉, q) : ��8<X( �O9:�A �  �"�ZN%5#$" �  [A.)�\(B2)N8.#^]@A ��L q� � version[q]← Vq�+� ��I (agreed[q] < Vq) 	�� C (q ∈ estimate.reachable) ��>30���9�
SendEstimate � estimate.comp ∩ P � estimate.comp ∩ P � ∅ � ∅ �� �

�9�
mrecv(〈ESTIMATE, V, E〉, q) : ��� 8.#$" L %5#<" �  ?]�A ��L q�9, ��I

(q ∈ estimate.comp)
��>30��

�+- ��I (p /∈ E.comp) 	�� C (agreed[p] = V [p] ��4 agreed[q] ≤ V [q]) ��>302��A2
SendEstimate(estimate.comp ∩ P.comp � P.fail � P.disc � P.part)��� 02�@N02��I

(p ∈ E.reachable)
	�� C (∀r ∈ estimate.comp ∩ E.comp : agreed[r] =

V [r]) ��>30���+�
SendEstimate(estimate.comp \ P.comp � P.fail � P.disc � P.part)� �

��� mrecv(〈PROPOSE, S〉, q) : ��O � � A.R�"� K%5# � A�� 8�* � A ��+�
ctbl[q]← S� � �7O9:�)�O�� %�`�A<)�) L )� Y#^O �  �R�" #<" �  �+� ��I

(q ∈ estimate.comp)
	�� C CheckAgreement(ctbl)

��>30��
�+,

InstallV iew(UniqueID(), ctbl)� - installed← true� 2
� �

mrecv(〈VIEW, w, C〉, q) : �7A.)�O�)N" 'T)SA<)�\YB�)�8<#^# � "� �8<#$%�&�& %D �)+* '2"�)+*� � ��I (C[p].cview.id = cview.id) 	�� C (q ∈ estimate.comp) ��>302��+�
InstallV iew(w, C)� � �78<)�# #<)NA L "� K%5#<)SO �  �R�" #<" �  � � installed← true���

� � F��K���@�
installed
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®¨±²§0��ÍÎ¥#¶�¥.ª�¥)¦¨§¨±³¹ºµC¶�¥¯ª�®�¹º´�Ç�¥ 


'
InitializeEstimatePhase()

¥)¦¨§�´�§¨±²°²±³¦�«)¥ÂÇ�¹º´�®�¥µ ��¹ 
�¥®�´�µá¥.¥)¦¨§¨±²Í!©�§¨±³¹ºµ�±²µ�±²§¨±·©�°³¥�©�´�¶�«¸�´�§�¶�¥
°·©¬Ç�®�¹ �)«)¶'´�®�¥

EstimateExchangePhase
/

'
CheckAgreementPhase(C)

¥)¦¨§�´�§¨±²°²±³¦�«)¥SÇ�¹º´�®1§�¥)¦¨§�¥®1°·© �)¹ºµá¶'±²§¨±³¹ºµ ¶�Ü ©����)¹º®�¶ ��è¢°1�E©�´�§1ÆÏ´á¥
§�¹º´á¦¯°³¥)¦.ÍÎ¥Í�¸�®�¥)¦�©�±³¥µÏ§¯°·© Í �ÍÎ¥¼¥)¦�§¨±²Í!©�§¨±³¹ºµ<¥§�¦�¹º±²§�¶á©�µá¦¯°·©UÍ �ÍÎ¥¼Ç'��©º¦�¥¼¶�¥�°EÜ ©�°²ª�¹º®¨±²§0��ÍÎ¥
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� ��Ü ¥)¦¨§ 4 � 4�¶'±²®�¥�±²°³¦"¹ºµÏ§�°·©�Í �ÍÎ¥ ��©�°³¥´�®"¶�¥
agreed

� /
'

InstallV iew(w, C)
¥)¦�§�´�§¨±²°²±³¦�«)¥¯Ç�¹º´�®�±²µá¦¨§�©�°²°³¥®"´�µá¥¯µá¹º´'��¥°²°³¥;�Ï´á¥�/

'
SendEstimate(P, Pf , Pd, Pp)

¥)¦�§.´�§¨±²°²±³¦�«)¥¬Ç�¹º´�®�ÍÎ¥§¨§¨®�¥ � �¨¹º´�®.°EÜ ¥)¦¨§¨±²Í!©�§¨±³¹ºµ �yÌ2µá¦¨´�±²§�¥�Ä �)¥§¨§�¥
¥)¦¨§¨±²Í!©�§¨±³¹ºµ ¥)¦¨§!¥µ ��¹ 
�«)¥C©�´"! ©�´�§¨®�¥)¦!Ç�®�¹ �)¥¦�¦¨´á¦!¶á©�µá¦!°EÜ ¥)¦¨§¨±²Í!©�§¨±³¹ºµ ¶�¥1°·© �Ï´�¥�¶�¥1ª�®�¹º´�Ç�¥Å¥§
Ç�®�¹ºÇ�¹�¦�«)¥�©�´�)¹Ï¹º®�¶'±²µ�©�§�¥´á®��

� ¥)¦Â§¨®�¹º±³¦ÂÇ�®�¥Í¼±��®�¥)¦.Ç�®�¹ �)«)¶'´�®�¥)¦.´�§¨±²°²±³¦�¥�°³¥�Í �ÍÎ¥�Ç�®¨±²µ��±²Ç�¥¬ÆÏ´á¥#°EÜ ¹º®¨±²ª�±²µ�©�° ��éÂ¹º´á¦Â¶�¥ ��¹ºµá¦Â¦�¥´�°³¥ ÍÎ¥µ�§
®�¥Í¼Ç�°·©��)¥®�°·©���´á¥7¹º®�± ª�±²µ�©�°³¥.Ç�©�®,°³© �Ï´á¥.©�´�ª�ÍÎ¥µÏ§�«)¥)�'�¯©�µá¦�°·©�¶�¥®¨µ�±��®�¥.Ç�®�¹ �)«)¶'´�®�¥�Ä'µá¹º´á¦�´�§¨±²°²±³¦�¹ºµá¦,°³¥)¦
®��ª�°³¥)¦�Ê ��' Ê 	�Ç�¹º´�®,ÍÎ¥§¨§¨®�¥;�6�	¹º´�®,°³¥)¦,¥µá¦�¥Í�¸�°³¥)¦�¶á©�µá¦,°EÜ ¥)¦¨§¨±²Í!©�§¨±³¹ºµ�¥§�©º¦�¦¨´�®�¥®�°·©��)¹ºµ ��¥®¨ª�¥µ��)¥)� � ¥)¦
¶�¥´"!�Ç�®�¥Í¼±��®�¥)¦"®��ª�°³¥)¦"Ê ��' Ê ��¹ºµÏ§"«§�«�¶�«��®¨±²§�¥)¦"¶á©�µá¦�°·©¼¶�¥)¦��®¨±²Ç�§¨±³¹ºµÅ¶�¥.°EÜ ©�°²ª�¹º®¨±²§0��ÍÎ¥ �"�

� ¥)¦�¶�¥´"!!¶�¥®¨µ�±��®�¥)¦�®��ª�°³¥¦�Ê 
 ' Ê 	#¦�¹ºµÏ§#�)¹ºµá¦¨§¨®¨´�±²§�¥)¦�¥µU¦�¥�¸�©º¦�©�µÏ§�¦�´�®Q°³¥�Ç�®¨±²µ��±²Ç�¥7¶�¥)¦�¶�«§�¥��§�¥´�®�¦
¶�¥�¶�«��)¹ºµ�µá¥�!�±³¹ºµá¦Î¥§¼¶�¥ Ç�©�®¨§¨±²§¨±³¹ºµá¦>� ���0��¦�¥��§¨±³¹ºµá¦ �"� 	]¥§ �"��� ����êÏ±�°³¥)¦¬ÍÎ¥)¦�¦�©�ª�¥)¦¼¶�¥�¶�«��)¹ºµ�µá¥�!�±³¹ºµ ¥§
¶�¥�®�«��)¹ºµ�µá¥�!�±³¹ºµ ��¥µ�©�µÏ§.¶�Ü ´�µ Ç�®�¹ �)¥)¦�¦¨´á¦.¦�¹ºµÏ§7Ç�¥®�¶'´á¦`Ä�±²°i¦�¥®�©�±³¦*�)¹ºµá¦�±³¶�«®�«�Ç�©�®Â°³¥)¦.©�´�§¨®�¥)¦ÂÇ�®�¹ �)¥)¦�¦�´á¦
�)¹ºÍ¼ÍÎ¥ �§¨®�¥C¶�«��E©�±²°²°·©�µÏ§�� � ¥)¦Î®��ª�°³¥)¦U¦¨´�±(��©�µÏ§�¥)¦!¦�¹ºµÏ§!Ç�®�¹ºÇ�¹�¦�«)¥)¦!Ç�¹º´�®!§¨®�©�±²§�¥® �)¥�Ç�®�¹º¸�°��ÍÎ¥ ©���¥���°·©
ª�¥)¦¨§¨±³¹ºµC¶�¥¯ª�®�¹º´�Ç�¥)�

' Ã � ��êÏ±"´�µ Ç�®�¹ �)¥)¦�¦¨´á¦
p
��¹º±²§!´�µ Ç�®�¹ �)¥)¦�¦¨´á¦

q
�]°³© � ¹º±³¦U¶á©�µá¦U¦�¹ºµu¥µá¦�¥Í�¸�°³¥Å¶�¥)¦!Ç�®�¹ �)¥)¦�¦�´á¦

¶�«��E©�±²°²°·©�µÏ§�¦¯¥§.¶á©�µá¦.¦�¹ºµS¥µá¦�¥Í�¸�°³¥¬¶�¥)¦ÂÇ�®�¹ �)¥)¦�¦¨´á¦¯¶�«��)¹ºµ�µá¥��§�«)¦#©�°³¹º®�¦
p
¥µ�°�� ��¥

q
¶�¥5�)¥°²´�±2¶�¥)¦

Ç�®�¹ �)¥)¦�¦¨´á¦"¶�«��E©�±²°²°·©�µ��)¥)¦0/
' Ã � ��êÏ±"´�µ Ç�®�¹ �)¥)¦�¦¨´á¦

p
��¹º±²§!´�µ Ç�®�¹ �)¥)¦�¦¨´á¦

q
�]°³© � ¹º±³¦U¶á©�µá¦U¦�¹ºµu¥µá¦�¥Í�¸�°³¥Å¶�¥)¦!Ç�®�¹ �)¥)¦�¦�´á¦

¶�«��E©�±²°²°·©�µÏ§�¦.¥§.¶á©�µá¦.¦�¹ºµS¥µá¦�¥Í�¸�°³¥¬¶�¥)¦7Çá®�¹ �¥)¦�¦¨´á¦ÂÇ�©�®¨§¨±²§¨±³¹ºµ�µá«)¦�©�°³¹º®�¦
p
¥µ�°�����¥

q
¶�¥��)¥°²´�±2¶�¥)¦

Ç�®�¹ �)¥)¦�¦¨´á¦"¶�«��E©�±²°²°·©�µ��)¥)¦��
Ê7¥ ��¥µá¹ºµá¦��¯°·©#¦¨±²§¨´�©�§¨±³¹ºµUÇ�®�«)¦�¥µÏ§�«¥Â¶á©�µá¦�°·©�¦�¥��§¨±³¹ºµ �"� �"��� �`©�´á¦�¥7¶'´UÇ�®�¹º¸�°��ÍÎ¥Â¶�¥�°EÜ ±²µ��)¹��á«®�¥µ��)¥

¥µÏ§¨®�¥2°³¥)¦y¶'± ��«®�¥µÏ§�¦�Ç�®�¹ �)¥)¦�¦¨´á¦%Ä°³¥)¦y¶�«§�¥��§�¥´�®�¦�¶�¥2Ç�©�®¨§¨±²§¨±³¹ºµá¦
PDG

µ�¥2¶�¹ºµ�µá¥µÏ§yÇ�©º¦y¥µ#¦�¹º®¨§¨±³¥2°³¥)¦�Í �ÍÎ¥
¥µá¦�¥Í�¸�°³¥)¦"¶�¥�¦¨´á¦�Ç�¥ �§�� � ¥¯ÍÎ¥)¦�¦ ©�ª�¥

msuspect
�)¹ºµÏ§¨±³¥µÏ§"Ç�©�®"¥�!'¥Í¼Ç�°³¥¯°³¥)¦"¥µá¦�¥Í�¸�°³¥)¦"¦¨´�±(��©�µÏ§�¦ 


' Ç�¹º´�®
p


fp = ∅, dp = {r} , pp = {s}

/

' Ç�¹º´�®
q


fq = {s} , dq = ∅, pq = ∅

�
ÌQµÅ©�Ç�Ç�°²±³Æ�´�©�µÏ§"°³¥)¦�®��ª�°³¥)¦"Ê ��' Ê �'Ä'µá¹º´á¦"¹º¸�§�¥µá¹ºµá¦7©�°³¹º®�¦	

' Ç�¹º´�®

p


fp = {s} , dp = {r} , pp = {s}

/

' Ç�¹º´�®
q


fq = {s} , dq = {r} , pq = {s}

�
ÌQµÅ©�Ç�Ç�°²±³Æ�´�©�µÏ§"°³¥)¦�®��ª�°³¥)¦"Ê 
 ' Ê 	áÄ'µá¹º´á¦"¹º¸�§�¥µá¹ºµá¦7©�°³¹º®�¦	

' Ç�¹º´�®

p


fp = ∅, dp = {r} , pp = {s}

/
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' Ç�¹º´�®
q


fq = ∅, dq = {r} , pq = {s}

�
éÂ¹º´á¦���¹ 
�¹ºµá¦�ÆÏ´á¥"ª�®����)¥+���)¥)¦�®��ª�°³¥)¦`Ä�µá¹º´á¦,¹º¸�§�¥µá¹ºµá¦�´�µ �)¹ºµá¦�¥µá¦�´á¦�¥µÏ§¨®�¥7°³¥)¦�ÍÎ¥Í�¸á®�¥)¦,¶�¥7¶'± ��«�4

®�¥µÏ§�¦Â¥µá¦�¥Í�¸�°³¥)¦.¶�¥#Ç�®�¹ �)¥)¦�¦�´á¦Â¥µS©º¦�¦¨´�®�©�µÏ§7°·© �)¹ºµ ��¥®¨ª�¥µ��)¥�¶�¥ �)¥)¦Â¥µá¦�¥Í�¸á°²¥)¦ ��¤�¥°·©U¥)¦¨§7µá«��)¥)¦�¦�©�±²®�¥
Ç�¹º´�®"¦�©�§¨±³¦0�&©�±²®�¥.°·©¬Ç�®�¹ºÇ�®¨±³«§�«#É7Ë.È ��¦¨´�®�°EÜ ± µ�§�«ª�®¨±²§�«#¶�¥)¦ ��´á¥)¦��

½ à ��Ó�ÔºØÞ×	�ÕpÛ �S� �2®�¹ �)«)¶'´�®�¥)¦Â¥§��&¹ºµ��§¨±³¹ºµá¦"¦¨´�Ç�Ç�°³«ÍÎ¥µÏ§�©�±²®�¥)¦
2 � 45� H 0 C F 450 InitializeEstimatePhase()�

SendEstimate(∅, ∅, ∅, ∅)�
� � 45� H 0 C F 450 SendEstimate(P, Pf , Pd, Pp)�

estimate.comp← estimate.comp \ P� estimate.fail← estimate.fail ∪ Pf�
estimate.disc← estimate.disc ∪ Pd�
estimate.part← estimate.part ∪ Pp, ��I ∃r ∈ estimate.fail : r ∈ estimate.disc ��>302�2.-

estimate.fail← estimate.fail \ {r}2�2 ��I ∃r ∈ estimate.fail : r ∈ estimate.fail
��>30��

2<� estimate.fail← estimate.fail \ {r}2.�
msend(〈ESTIMATE, agreed, estimate〉, reachable \ {p})2 �
msend(〈PROPOSE, (cview, agreed, estimate)〉, Min(estimate.comp)) �78<)N 2R % Q�A � Q � 89%�&3# �
#$:2)SO � � A.R�"� K%5# � A2<�

2.� I.F�� H ���
�3�
CheckAgreement(C)2 � 450T��F 4�� (∀q ∈ C[p].estimate : C[p].estimate = C[q].estimate) 	�� C (∀q, r ∈ C[p].estimate :

C[p].agreed[r] = C[q].agreed[r])2.�
2., � 45� H 0 C F 450 InstallV iew(w, C)�9-

msend(〈VIEW, w, C〉, C[p].estimate.comp \ {p})� 2 ��I ∃q, r ∈ C[p].estimate.comp : q ∈ C[r].cview.comp ∧ C[q].cview.id 6= C[r].cview.id) ��>30���+�
view ← ((w, view.id), {r|r ∈ C[p].estimate ∧ C[r].cview.id = cview.id})�9� 02�@N0

� � view ← ((w,⊥), C[p].estimate)�+� /10��30(45	��60
vchg(view)�9�

cview ← (w, C[p].estimate)� � stable← (view.comp = reachable) 	�� C (∀q, r ∈ C[p].estimate : C[p].agreed[r] = agreed[r])
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� ¥)¦�§������á¥)¦1��®�«`©�°²±³¦�¥®"¦�¹ºµÏ§�°³¥)¦"¦¨´�±(�º©�µ�§�¥)¦ 


' ã � ��è¢µá¦�«®�¥®�´�µá¥ �)¹º´�����¥¯±²µÏ§�¥®¨ÍÎ«)¶'±·©�®�¥�¥µÏ§¨®�¥�È]ê � ¥§�í.È � 

' è¢µÏ§�¥®��)¥Ç�§�¥®�°³¥)¦�ÍÎ¥)¦�¦�©�ª�¥)¦

msuspect
¶�¥�ÈSê � /

' ¤�®�«)¥®2´�µá¥,¦¨±²Í�´�°·©�§¨±³¹ºµÎ¶�¥
PDG

¥§i§¨®�©�µá¦¨ÍÎ¥§¨§¨®�¥,°³¥)¦iµá¹º´'��¥`©�´"!�ÍÎ¥)¦�¦�©�ª�¥)¦
msuspect

�7íÂÈ � /
' ã � ��È ¹Ï¶'± <�¥®�°EÜ ±²Í¼Ç�°·©�µÏ§�©�§¨±³¹�µÅ¶�¥¯°EÜ ©�°²ª�¹º®¨±²§0��ÍÎ¥�¶�¥.ª�¥)¦�§¨±³¹ºµC¶�¥.ª�®�¹º´�Ç�¥�í.È � �
è¢°9
<©1Ç�°²´á¦¨±³¥´�®�¦�Ç�©ºÆÏ´á¥§�©�ª�¥)¦�¶á©�µá¦#°³¥ �)¹Ï¶�¥U¦�¹º´�®��)¥!¶�¥ � ª�®�¹º´�ÇFÍ!©�±³¦#µá¹º´á¦#µ�¹º´á¦#±²µÏ§�«®�¥)¦�¦�¹ºµá¦¬©�´
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