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CÅM%K>FA;-1L;kMH14;�K4FH57K!K4FA;ö1LÓ¦;kD=CXÔ[Dk5PK>CÅÒ@M�3ºÒ�?�;k8ÅCVMAàS57M[?�K>FA;-ÕH14;.Ò7ÜO5�K4;]12K«57ÓAÓA<>Ò@5@DGF�5+MH?
5�K>;k1LK¢57<GDGFACÅK4;kD
K4ÕA<>;�57<>;«MHÒ7K¥K2ç$Ò�14;=ÓH5+<>57K4;�12K>;=ÓH1kÚ

R�CVMH5+8Å8Vá+ßoå�á�ÓH<4;]1L;kM@K>CÅMHà.K4FA;�Û��.ê�íÇK4Ò�Ò+8cÝ¾Û�;k1LK��«;kMA;=<G5PK>CÅÒ@M ßoê�CÅ3öÕA8V57K4CVÒ+M�5+MH?Sí`3öô
ÕA8V57K4CVÒ+M[Þ
ßAç�;�14FAÒPç K4FH57K¥Ò@ÕA<¥Ü°<G573º;=ç�Ò+<>Q�CV1¥Õ[145+åA8Å;�CVM%ÓA<>5@D|K>CVDk578�K4Ò�Ò@8V1kÚAÛ��.ê�íùCÅ3ºÓA8V;
ô
3�;kMoK>1�5+M�Ò@M�ô9K4FA;=ô��Há�����ð-ßo57MH?º14ÕAÓAÓ¦Ò+<4K>1cK>FA;!ÓH5@1414CÅØ@;�57MH?º5+D
K4CVØ+;�K4;]12K>CÅMHà�Ý°ç�CÅK4FºK>;k1LK
ÓAÕA<>Ó[Òo1L;sÞ`Ò+ÜUÒ@MA;�Ò+<!14;=Ø@;=<G578�D
Ò+3ºÓ¦Ò+MA;kMoK>1¥ç�CÅK4FJ?A5PKG5º57MH?�K4;k3ºÓ[Ò@<>5+8 D
Ò+M[12K><>5+CÅMoK>1kÚ

Û¥FA;öÓ[57Ó¦;=<�CV1�Ò@<4ào57MAC��=;]?J5+1§Ü°Ò+8V8VÒPç!1=Ú ê�;]D|K4CVÒ+M ��CÅMoK4<>Ò�?�ÕHD=;k1§K4FA;SI¥êã3�Ò�?�;k8 Ú Û¥FH;
à+;=MH;=<>CVD�DGFH5+<>5@D|K>;=<�Ò7Ü¥K4FHCV1.3ºÒ�?�;k8$57M[?�CXKG1-1LÕHCXKG57åACV8ÅCÅK2áñÜ°Ò+<-ÓA<>Ò7K>Ò�D
Ò+8cK>;k1LK4CVMAàã5+<4;�?�CE12ô
D
ÕH1>1L;]?ÖCVM 1L;]D|K>CÅÒ@M"!AÚ�ê�;kD
K4CVÒ+M"#×à+CVØ+;k1�1LÒ@3�;ñ;=8V;=3º;=MoKG1�Ò+Ü.K4FA;ñCÅ3ºÓA8V;=3º;=MoKG5PK4CVÒ+M Ò7Ü
K4FA;JK>;k1LK�à+;kMA;=<G5PK>Ò+<�K4Ò�Ò@8§Û��.ê�í!Ú¥ê�;kD
K4CVÒ+M%$ó<>;=Ó¦Ò+<4K>1ºÒ@ÕA<S;
W�Ó¦;=<>CÅ3º;kM@KG578!<>;k14ÕA8ÅK>1�Ò@M
I¥ê�ë¼ð«ä@I�è ÓA<>Ò7K>Ò�D
Ò+89Ú�RUCVMH578V8Åá@ß ç�;�D
Ò@MHD
8VÕH?�;S5+MH?Ä?�<G5sç 14Ò+3º;SÓ¦;=<G1LÓ¦;kD
K4CVØ+;k1-CÅMì14;kD
ô
K4CVÒ+M'&AÚ



� � Í�Î������cÊ§Î��	��Ë�
¢Í¥Î¢Í��2Í�
��
Û¥FA;§å¦;=F[5sØoCVÒ+<$Ò7Ü�5öD
Ò+3º3öÕAMACED=5PK>CÅÒ@MSÓA<>Ò7K>Ò�D=Ò+8¦D=57M�å[;�?�;k1>D
<>CVå[;]?�å�á�3º;]57MH1$Ò7Ü Ü°Ò@<43�5+8
3�Ò�?�;k8V1�14ÕHDGFã5@1§D=Ò+3º3�ÕAMHCVDk5PK4CVMAà�1Lá�1LK4;=3�1ºÝ9I¥êHÞ|Ú�0vM¼K>FACV1«ÓH5+Ó[;k<kß

IR
ç�CÅ8V8O?�;=MAÒ+K4;öK4FA;

1L;=K!Ò7Ü�<>;k5+8V1kßA57M[?
IR+ ç�CV8Å8�?�;=MAÒ+K4;«K4FH;-1L;=K!Ò7Ü�Ó¦Ò@14CÅK4CVØ+;�<4;]578E1=Ú

����� �������������� "!#������$
% ��&('*)($+!� -, % &. -$0/1��!��� 2/0$3� ðÄD
8VÒ�DGQ¢CE1 5�ØP57<>CV5+åA8V;�K>FH5PKU578V8ÅÒPç!1¦K>Ò�<4;]D
Ò+<G?¢K4FA;�Ó[5+1>145+à+;
Ò7Ü�K4CV3º;+Úo0�K$D=5+M�å[;¢14;
K`K4Ò�5-D=;=<4K>5+CÅMºØP578VÕA;¢5+MH?ºCÅM[1LÓ¦;kD
K4;k?�5PK$5+Moáö3ºÒ+3º;=MoK�K>Ò�1L;k;!FAÒPç
3�ÕHDGFJK>CÅ3º;öFH5+1¢ÓH5+1>1L;]?�Ú¦0vMJK4FA;�ð!8VÕA<4ô�è§CÅ8V8U3�Ò�?�;k8 ���04�	9ß¦D
8VÒ�DGQ�1¢CÅM[D
<>;k5+14;�57K!K4FA;º1>573º;
<>57K4;+ßsK>FA;=á�57<>;$<G57MHà+;k?öÒPØ+;k<

IR+ ß+5+MH?-K>FA;�Ò+MH8Åá�5@1414CVà+MA3º;=MoKG1U5+8Å8VÒPç�;k?�5+<4;�D=8ÅÒ�DGQ-<>;k14;
KG1Ò7ÜUK4FA;.Ü°Ò@<43
x := 0

ÚHRAÒ@<!5�1L;=K
C
Ò+ÜcD=8ÅÒ�DGQ�1kßA5�1L;=K

P
Ò7ÜcÓH5+<>5+3�;=K4;k<>1kßA57MH?%5�14;
K

V
Ò+Ü

Øs5+<4CE57åH8Å;]1=ßoK4FH;-1L;=K!Ò7ÜUD=8ÅÒ�DGQ�D=Ò+MH1LK4<G57CVMoK>1
Φ(C, P, V )

CV1�?A;
ÔHMA;]?�åoáSK4FA;.à@<>5+3�3�5+<��
φ := φ1 |φ2| φ1 ∧ φ2, φ1 := x ≤ f(P, V ), φ2 := f(P, V ) ≤ x

ç�FA;=<>;
x
CV1�5�D=8ÅÒ�DGQSÒ+Ü

C
ß¦57MH?

f(P, V )
CV1�5º8VCVMA;k5+<�;
W�ÓA<>;k1>1LCVÒ+M�Ò7Ü

P
57M[?

V
ÚHRAÒ@<¥K2ç$Ò

1L;=K>1
L1

5+MH?
L2
ß
L1\L2

ç�CÅ8V8�?�;kMAÒ7K>;�K4FA;.14;
K
L1\L2 = {a | a ∈ L1 ∧ a 6∈ L2}

Ú
5 �768 -��/0��&. 9�;:=<?>A@0BDCFE���GIHKJML3NOJ1H.P3JMPAN�QSRTJUP�QSH�V2W#NYX�Z�W#NYV.W#N8[�W#N\Z�RT[�N\Z�H^]�_A`.a�b�Gdc
QfeA[hgjilk\N�W*V2mnJ

M = (S, L, C, P, V, V0, P red, Ass, s0,→) o-p JrqsJut
v S

Qfew[yx�HzQSN\J�e1JrN+Z={�e|N\[�N\J|e1}
v s0

Qfe~N p JAQSH�QSN�Q�[lm(e|N\[�N\J0}v L
Qfew[�x�HzQSN\Jw[lm V p [j�UJrNyZ�{w[j�1N�Q�ZlH�eU� L = Li ∪ Lo ∪ I

}
v C

Qfew[yx�H�QSNOJAe1JrN+Z={w�1mnZ*�M��e1}
v P

Qfew[yx�H�QSNOJ~e1JrN�Z={�Vz[�qs[lRuJ1N\JrqUe1}
v V

Qfew[yx�HzQSN\J�e1J1N+Z�{���[lq|Q�[j�1mnJ|e1}
v V0

Qfew[yx�HzQSN\J�e1JrN+Z={~N p JwQSHzQSN�Q�[�m-��[lm�WzJre�{rZlqA��[�q|Q�[j�1mnJreDZ={ V
}

v Pred = Φ(C, P, V )∪ P̃ [P, V ]
� o-p J1qsJ P̃ [P, V ]

Qfe�[De1JrN�Z�{�mYQSH.JU[�q?QSH.JU�1Wz[�m�QSN�Q�J|eAZ�H
V

[lH.P
P
}

v Ass = {x := 0 |x ∈ C} ∪ {v := f(P, V ) | v ∈ V }
QfeA[�e1JrNdZ={�W*VzPj[�N\Jre~ZlH��rm�Z0�U��e

[�H2PT��[�q|Q�[j�1mnJre1}
v →⊆ S × L × Pred × Ass × S

Qfew[ue1JrN+Z={~N�qs[lH�e|QSN�Q�ZlH�e1}
Û¥FA;$5+8ÅÓAF[57å¦;
K

L
CV1�ÓH57<4K4CÅK4CVÒ+MA;]?.CVM@K>Ò�K4FH<4;k;`1L;=K>1��

Li
Ý¾<4;]1LÓ Ú

Lo
Þ�CE1�K4FH;$CVMAÓAÕ�K¥Ý°<>;k14Ó Ú=Ò@Õ�KLô

ÓAÕ�KGÞ 578VÓAFH57å¦;
K]ßk5+MH?
I
CV1�K4FA;`5+8ÅÓHFH57å¦;
K�Ò+ÜoCVMoK4;k<4MH5+875+D
K4CVÒ+MH1kÚ

t = (s, a, pred, ass, s′) ∈→<4;kÓA<4;]1L;kMoK>1¥57M�;k?�à@;¢Ü°<>Ò+3 12KG5PK4;
s
K>ÒS12KG5PK>;

s′
Ò@M�14á�3�å¦Ò+8

a
Ú
pred ⊆ Pred

CV1�5º14;
K�Ò7Ü
D
Ò+M[12K><>5+CÅMoK>1kß�57MH?

ass ⊆ Ass
CV1�5º14;
K!Ò7ÜUÕAÓ�?A5PK>;k1kÚ

_�L�[�R�V.mnJugj} RUCÅà[Ú ��CÅ8V8VÕH12K><>57K4;]1�57M�;
WA573ºÓA8V;�Ò7ÜO57M�í`Û¥04ï!ð�Ú
v S = {s0, s1, s2, s3}

5+MH?
s0

K>FA;.CVMACXK>CV5+8�1LK>5PK>;+Ú
v L = {!a, ?b, !c, ?d}

ß
C = {x, y}

ß
P = {β, λ}

ß
V = {v1}

5+MH?
V0 = {β}

Ú
v Û¥FA;.ØP57<>CV5+åA8V;

v1
FH5@1�K4FA;.CVMACÅK4CE578 ØP5+8ÅÕA;

β
Ú

v Pred = {y ≥ λ, x ≤ 1, v1 ≤ 4}
ß
Ass = {x := 0, y := 0, v1 := v1 + 1}

Ú
v Û¥FA;�K4<G57M[1LCÅK4CVÒ+M

t
Ü°<>Ò+3

s2
K>Ò

s3
CE1��

t = (s2, !c, {x ≤ 1}, {v1 := v1 + 1}, s3)
Ú



� J1Ru[lqs�Kg3} RAÒ@<!57M�í`Û¥04ï¢ð
M = (S, L, C, P, V, V0, P red, Ass, s0,→)

�

v �ÖFA;=M
P = ∅

57M[?
V = ∅

ß�K>FA;=M�ç�;ºÔHMH?óK4FH;SÕH14ÕH578�?�;=ÔHMACÅK4CVÒ+MÄÒ+Ü¥5�K>CÅ3º;k?�C°äsÒ
57Õ�K>Ò+3�5PK>Ò+M�Ý¾Û¥04ï¢ð§Þ
Ú�0vM�K>FACE1!D=5@1L;@ß

M
ç�CV8Å8 å¦;-14CÅ3ºÓA8VáSMAÒ+K4;k?

(S, L, C, s0,→)
Ú

v �ÖFA;=M
C = ∅

ß
P = ∅

5+MH?
V = ∅

ßHK4FA;kMJç$;-ÔHMH?�K4FH;-ÕH14ÕH578U?�;
ÔHMHCXK>CÅÒ@MJÒ7Ü�57MJC°äsÒ
57Õ�K>Ò+3�5PK>Ò+M�Ý°04ï¢ð§Þ
ÚA0vM�K>FACE1!D=5@1L;@ß

M
ç�CV8Å8 å¦;-14CÅ3ºÓA8Vá�MAÒ+K4;]?

M = (S, L, s0,→)
Ú

s0

� �
s3

� �
s1 s2

� Z
y ≥ λ

v1 ≤ 4 x ≤ 1
x := 0

� {

y := 0
v1 := v1 + 1

����� �	�o� Ã��c_�ú ¿ �

���S� >d&�
�&.��&
�.����$D&
��'j&.� ���- "��'3!#/0��&� !� ", % &�� ���" -��'j!#/*�� ������($1/*�7��$
ð K4Ò+Ó¦Ò+8VÒ+à@áìÒ7Ü.D
Ò@3º3�ÕAMACED=57K4CVÒ+M

Top
Ò7Ü.5�1L;=KSÒ7Ü�ÓA<>Ò�D=;k1>1L;]1�CV1S5�14á�MHDGFA<>Ò+MAC��k57K4CVÒ+M

3�Ò�?�;k8�Ò7Ü K>FA;.?�CÅé¦;k<4;kM@K�ÓA<>Ò�D
;]1414;k1kÚ@0�K!?�;]14D=<4CVå¦;k1$K4FA;.?�á�MH5+3ºCVD«D
Ò@M�ÔHà+ÕH<>57K4CVÒ+MH1$Ò7Ü�ÓH<4Ò+ô
D
;k1>14;k1kß757MH?öK4FH;!Ó[Òo1414CVåA8Å;!14á�MHDGFA<>Ò+MAC��k57K4CVÒ+MH1UCVM�5�à+CVØ+;=M�D=Ò+M�ÔHà@ÕA<G5PK4CVÒ+M�ÚsÛ¥FH;¢?�;
Ô[MACXK>CÅÒ@M
Ò7Ü

Top
CE1«CÅMH14ÓACV<4;]?Jå�á � � �Aß���� 	�Ú¦0�K�?�;=ÔHMA;]1«5�14;
K�Ò7Ü`à@8ÅÒ@åH578c5+D
K4CVÒ+MH1kß¦5�14;
K�Ò7Ü$14;
KG1§Ò+Ü

5+D|K>CÅÒ@MH1kßH57MH?J5�Û�<G57MH1>?�ÕHD=;=<-Ý�K>FACE1�K4;k<43ºCVMAÒ+8VÒ+à@á�CE1�å¦Ò+<><4ÒPç�;k?�Ü°<4Ò@3 � ����	�Þ�3ºÒ�?�;=8V;k?%å�á
57M%57Õ�K>Ò+3�5PK>Ò+M Ú
5 �768 -��/0��&. � :=>d&�
�&.��&
���-E�� ` p J�NOZUV�ZlmnZ���� Z�{ �MZlRDR�W#HzQ��U[lN�Q�ZlH

Top
Z={ [ e1J1NFZ�{

n
V2qsZ*�MJreUe1J|e Qfe^[��lk\N�W*V.m�J

(G, I, T r)
� o QSN p G

[Tx�H�QSNOJ e1JrNuZ={��jmnZj�U[�m�[j�1N�Q�ZlH�eU�
I =

{Ii}1≤i≤n
[Ix�H�QSNOJAe1JrNyZ�{�e1JrN�eU�d[�H2P

Tr = (Str, Ltr, s0tr,→tr)
[lH [lW#NOZlRu[lNOZlH e|Wz� pN p [�NyN p JTJ1��J1HzN�e�Z�{ Ltr

[�qsJu��JU�rN\Z�qUe −→v Z={
n + 1

JrmnJ1RTJrH�N�eU�+[lH.P
∀−→v ∈ Ltr

� −→v =<

ag , a1, ..., an > o QSN p ag ∈ G
[lH.P

∀i ∈ [1, n]
�
ai ∈ Ii ∪ {idle}

}
ð Ø@;kD
K4Ò+< −→v =< ag, a1, ..., an >

Ò+Ü
Ltr

?�;]14D=<4CVå[;]1«K4FA;�5@D|K4CVÒ+M
ai

K>FH5PK�K>FA;ºÓA<4Ò�D=;k1>1
i
ß
i ∈ [1, n]

ß¦FH5+1!K4ÒSÓ¦;=<4Ü°Ò+<>3%Ú¦Û¥FH;ö14áoM[DGFA<4Ò@MAC��k5PK>CÅÒ@M�Ò+ÜOK4FA;�5+D
K4CVÒ+MH1
(ai)i∈[1,n]

à+CVØ+;]1
ÓA8V5@D
;�K4Ò�K>FA;Jà+8VÒ+å[578�5+D
K4CVÒ+M

ag
Ú �ÖFH;=MÖ5óØ+;kD
K4Ò@< −→v =< ag, idle, ..., ai, ..., idle >?�;
ÔHMH;k1§Ò+MA8Vá%Ò+MA;�5+D|K>CÅÒ@M ß[K4FA;�ÓA<>Ò�D=;k1>1

i
;
W�;]D
Õ�K>;k1§8ÅÒ@MA;=8Vá

ai
ß�57MH?ñDGFH57MAà@;k1¢CXKG1§1LK>57K4;+Ú

RAÒ+<§5�K4Ò+Ó¦Ò+8VÒ+à@á
Top = (G, I, T r)

ßHç�FA;kM�K>FA;-M�ÕA3öå[;k<!Ò7ÜO12KG5PK>;k1�Ò+Ü
Tr

CV1�;]æoÕH578�K>Ò
1K4FA;kM

Top
CE1�D=5+8Å8V;k?�5 e|NO[lN�Q�� K>Ò+Ó¦Ò+8VÒ+à+á@Úð�K>Ò+Ó¦Ò+8VÒ+à@á�Ò+é¦;k<>1§K>FA;ºÓ[Òo1414CÅåHCÅ8VCXK2áJÒ+Ü$3ºÒ�?�;=8VCVMAà�D=Ò+3º3�ÕHMACVDk5PK>CÅÒ@MH1«å[;=K2ç$;k;=MãÒ@MA;+ß

K2ç$Ò§Ò+<c1L;kØ+;=<G578@ÓA<>Ò�D=;k1>1L;]1 �kÕAMACED=5@12K]ß]3öÕA8ÅK4CED=5+1LKkßP5+MH?.åA<>Ò@5@?AD=5@12K]Ú=0�KOD=57Möå[;�ÕH14;k?�ßsCVMöD=;=<4ô
K>57CVM�Dk5+14;k1kß+5+1$5.Q�CÅMH?SÒ7Ü D
Ò@M@K><4Ò@8Å8V;=<`Ò+MS5+D
K4CVÒ+MH1$578V8ÅÒPç�;k?�å�á�ÓA<4Ò�D=;k1>1L;]1OCÅM�5.à+CVØ+;kMSD
Ò+MAô
ÔHà+ÕA<G5PK>CÅÒ@M�Ò+Ü K4FA;�à@8ÅÒ@åH578�14á�1LK4;k3%Ú��¢Ò7K>;§K>FH5PK]ß�CÅM�Ò+<G?�;k<`K>Òº?A;k1>D
<>CÅå¦;§CVMoK4;k<LôvD
Ò@3�Ó¦Ò+MH;=MoK
D
Ò+3º3öÕAMACED=5PK>CÅÒ@MH1kß�5JÓA<>Ò�D
;k1>1�5+8Åà@;=åA<G5%D=5+MÄå[;�3�Ò@<4;�;=W�ÓA<4;]1414CVØ+;ºK4F[57M�K4FH;SK4Ò@Ó[Ò@8ÅÒ@à+á@ß
FAÒPç$;kØ+;k<kßoK4FHCV1¢8V57KLK4;k<!Ò7é�;=<G1�14ÕACXKG57åA8V;-3ºÒ�?�;=8VCVMAà�3º;kDGFH5+MACV143�1�57MH?J5+8Åà@Ò+<>CXK>FA3�1¥ÕH1>57åA8V;
CÅM%ÓA<G5+D
K4CED=578¦K>ÒoÒ@8V1kÚ
5 �768 -��/0��&.  � : % &����!�" -��'j!#/*�� ��"���($0/0��� E���G �UZ�R�R�W#HzQ��U[�N�QSH#� e$��eUN\J1R

CS
QfeD[

% k\N�W*V.mnJ
(SP, SV, SV0, (Mi)1≤i≤n, T op) o-p JrqsJ*t



v SP
Qfew[Te1J1NdZ={~e p [�qsJUP�V�[lqs[�RTJrN\J1qUer}v SV
QfeD[TerJ1NdZ�{�e p [lqsJUPT��[�q|Q�[j�1mnJre1}v SV0
Qfew[ue1J1N+Z�{�N p JAQSH�QSN�Q�[lm���[�m�WzJre�{rZ�qA��[�q|Q�[3�rmnJre�Z�{ SV

}
v Top = (G, {Ii}1≤i≤n, T r)

Qfew[ NOZUV�ZlmnZ � �j}
v Mi = (Si, Li, Ci, Pi, Vi, V0i, P redi, Assi, s0i,→i)

Qfe�[lHD_A`.a�b�G eUWz� p N p [�N Ii ⊆
Li
�
∀i ∈ [1, n]

}

<!a,!a,?a>!a/v:=2

SV: v
SP: p

?a
v>1/!b/v1:=p

Shared resources

Entity 1 Entity 2
Topology

����� � � � bOeö¡.z7{+rG���
R�CVàHÚ��!CV8V8ÅÕH1LK4<G5PK>;k1U57Mö;
WA573ºÓA8V;$Ò+Ü[5.I¥ê�Úsí�MoK4CÅK4CV;k1c<>;=ÓA<>;k14;=MoK�ÓH<4Ò�D
;]1414;k1kÚsÛ¥FA;=á-5+<4;$3�Ò�?�ô
;=8V;k?öåoá�í`Û¥04ï!ð§1=Ú@Û¥FA;�K4Ò+Ó¦Ò+8VÒ+à@á.Ò7Ü�D
Ò+3º3öÕAMACED=5PK>CÅÒ@M�?A;k1>D
<>CÅå¦;k1�K4FH;!?�CXé�;=<>;=MoKOÓ¦Ò@1>1LCVåA8V;
1Lá�MHDGFA<>Ò+MHC �]5PK4CVÒ+M[1!å¦;
K2ç�;=;=MãK4FA;º;kM@K>CXK>CÅ;]1=Ú �ó;�5+1>1LÕH3�;]?JCVMãK>FA;�?�;
ÔHMHCXK>CÅÒ@MñÒ+Ü`;=MoK4CÅK4CV;k1
K4FH57K

∀i ∈ [1, n]
ß
Ii ⊆ Li

Ú7Û¥FHCV1c;kMH57åA8V;k1UK>FA;�?�;
Ô[MACXK>CÅÒ@MºÒ7Ü[Ó[57<4K4CE578oK4Ò@Ó[Ò@8ÅÒ@à+CV;k1UCÅM�ç�FACEDGF
Ò+MA8Vá.578V8ÅÒPç�;k?.14á�MHDGFA<>Ò+MAC��k57K4CVÒ+MH1 5+<4;$<4;kÓ[Ò@<LK>;k?�Ý¾CÅM�K4FA;�MA;
W�Kc1L;]D|K4CVÒ+M�ß]ç�;`ç�CV8V8@à@CÅØ@;$14Ò+3º;
;
WA573ºÓA8V;k1�Ò+Ü�1LÕHDGF�K>Ò+Ó¦Ò+8VÒ+à+CV;k1GÞ|Ú[Û¥FA;-D
Ò@3�3ºÒ@MJ<4;]1LÒ@ÕA<>D=;k1�<>;=ÓA<>;k14;=MoK�K4FH;�1LF[57<>;k?%?A5PKG5
Ò7Ü�K4FH;JI¥ê�Ú �ó;�ç�CV8V8�<>;k1LK4<>CED|K-K>FA;�14FH5+<4;]?ì?A5PKG5%K4ÒóØP57<>CV5+åA8V;k1�5+MH?ÄÓH5+<>5+3º;
K4;k<>1kÚ�Û¥FH;
ÓH57<G573º;
K>;=<G1SÝ°<>;k14Ó Ú�Øs5+<4CE57åH8Å;]1>Þ�Dk57MÄå¦;�<>;k5+?ùÝ¾<4;]1LÓ Ú�<4;]5+?Ä5+MH?�3ºÒ�?ACXÔH;]?HÞ.å�áñK4FA;JI¥ê
;=MoK4CÅK4CV;k1��sÚ�Û¥FA;º1L;k3º5+MoK4CED=1«Ò7Ü$5%I¥ê¼CE1�?�;
Ô[MA;k?ãåoá¼5+Mãí`Û¥04ï¢ð-Ú�Û�Ò�14CÅ3ºÓA8VCÅÜ°á+ß�ç�;öç�CV8Å8
5+1>1LÕA3º;¢K4FH57K�K>FA;«MH573º;k1�Ò+Ü�ÓH57<G573º;=K4;=<G1`5+MH?SØP5+<4CE57åA8V;k1$Ò7Ü�;=MoK4CÅK4CV;k1¥57<>;§?ACXé�;=<>;=MoKkß�5+MH?
?�CXé�;=<>;=MoK�Ü°<>Ò+3 K>FAÒ@14;�Ò7ÜUK4FA;öI¥ê�Ú
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S =
(SP, SV, SV0, (Mi)1≤i≤n, T op)

� o QSN p Mi = (Si, Li, Ci, Pi, Vi, V0i, P redi, Assi, s0i,

→i)
[lH.P

Top = (G, I, (Str , Ltr, s0tr,→tr))
�wQfe PjJ�x�H.JUP � � N p J _A`.a�b�G ζ(S) =

(S, L, C, P, V, V0, P red, Ass, s0,→)
e|Wz� p N p [�N�t

v S = {s = (str, s1, ..., sn) | str ∈ Str, ∀i ∈ [1, n], si ∈ Si}v s0 = (sotr, s01, ..., s0n)
}

v L = G
�
C = C1 ∪ ... ∪ Cn

�
P = SP ∪ P1 ∪ ... ∪ Pn

}
v V = V P ∪ V1 ∪ ... ∪ Vn

�
V0 = V P0 ∪ V01 ∪ ... ∪ V0n

}
v Pred = Pred1 ∪ ... ∪ Predn

�
Ass = Ass1 ∪ ... ∪ Assn

}
� e+�oZ=t2r|{S��Z
tLZk¡.r>w2r>t2u¥Zkm�{SpkZ=t2nXZ � �Xr>u¢�GZkm�Zk�o��rGZ=t!nqm�w2�@r�{+r>£�m@nqw2nqzkm�z � Z-wvtLZ=mouvnxw2nqz]m%z � Z=mrGmPw2nxw9¤P�



v →= {(str, s1, ..., sn)
a,pred,ass
−−−−−−−→ (s′tr, s

′
1, ..., s

′
n) | ∃−→v =<a, a1, ..., an>∈ Ltr, str

−→v
−→tr s′tr, ∀i ∈ [1, n], (((ai = idle)∧ (si = s′i)) ‖ ((ai 6= idle)∧ (si

ai,predi,assi

−−−−−−−−→i

s′i))), pred = pred1 ∧ ... ∧ predn, ass = ass1 ∧ ... ∧ assn}
}

Û¥FA;!578VÓAFH5+å[;=K
L
Ò+Ü

ζ(S)
CE1UK4FA;!14;
K

G
Ò7Ü�à+8VÒ+åH5+8�5+D|K>CÅÒ@MH1cÒ7Ü

Top
Ú7ðÖ1LK>57K4;�Ò7Ü

ζ(S)
D
Ò@M�ô

1LCE12KG1�Ò7Ü�5�1LK>5PK>;OÒ7Ü
Top

57MH?�1LK>57K4;k1 Ò7Ü
(Mi)i∈[1,n]

Ú]ðóK4<G57MH14CXK>CÅÒ@M
(str, s1, ..., sn)

a,pred,ass
−−−−−−−→

(s′tr, s
′
1, ..., s

′
n)
Ò7Ü

ζ(S)
CE1�D=Ò+MH?ACXK>CÅÒ@MA;k?�åoáºK>FA;«;
W�CV1LK4;kMHD
;«Ò7ÜU5-K><>5+MH1LCÅK4CVÒ+M�Ò7Ü

Top
Ü°<4Ò@3

str
K>Ò

s′tr
Ò@M%5�Ø@;kD|K>Ò+<¥FH5sØ�CVMAà�K>FA;.à+8VÒ+å[578 5+D
K4CVÒ+M

a
Ú

Û¥FoÕ[1=ß]K4FH;¥14;=3�5+M@K>CVDk1�Ò+Ü¦5.I¥ê�5+8Å8VÒPç!1�K4FA;¥Ó¦Ò@1>1LCVåACV8ÅCÅK2á.Ò7ÜAK>FA;�1Lá�MHDGFH<4Ò@MAC �]5PK>CÅÒ@M-ç�CXK>F
Ò7K4FH;=<§I¥ê�1kß�ç�FACEDGF�à@CÅØ@;k1¥5�FACV;=<G57<GDGFACVDk578�?�;
Ô[MACXK>CÅÒ@M�Ü°Ò+<§I¥ê�1kÚAð Ó[Òo1414CVåA8Å;�;=WoK>;=MH14CVÒ+M�Ò7Ü
K4FA;�I¥êñ3ºÒ�?�;=8`D=Ò+MH14CE12KG1�CÅMóK4FH;S?�;
ÔHMHCXK>CÅÒ@MóÒ+Ü�;=W�K4;=M[?�;k?ñK4Ò@Ó[Ò@8ÅÒ@à+CV;k1��¦K4FA;ºK><>5+MH14?AÕHD
;k<
3�Ò�?�;k8Å;]?óåoáñ57Móí`Û¥04ï!ðõÝ D
Ò+ÕH8V?ñå[;�Õ[1L;=Ü°ÕA8OÜ°Ò+<.3ºÒ�?�;k8ÅCVMAà%MA;
K2ç�Ò+<>QJ8E5PK4;kMHD
CV;k1GÞ|Ú��¢Ò7K>;
K4FH57Kkß7K>FA;¢14C �k;-Ý°M�ÕA3öå[;k<�Ò7Ü¦K4<G57MH14CÅK4CVÒ+MH1GÞUÒ7Ü¦K4FA;§1L;k3º5+MoK4CED=1�5+Õ�K4Ò@3º57K4Ò@MöCE1O8VCÅMA;]57<�CVMºK4FH;
1LC��=;ºÒ7Ü�;=MoK4CÅK4CV;k1.K4CV3�;]1�K4FH;º14C��=;ºÒ7Ü�K4FA;ºK>Ò+Ó¦Ò+8VÒ+à@á+Ú�0vMñÓH<>5@D|K4CED
;@ß�FAÒPç�;=Ø+;k<kß[K4FHCV1-14C��=;ºCV1
Ò+<G?�;=<G1!Ò+Ü�3º5+à+MACÅK4Õ[?�;�8V;k1>1=Ú�RAÒ@<¢;=W�5+3ºÓA8Å;@ßHK>FA;ö14C��=;�Ò+Ü`5�I¥ê�ß�14ÕHDGFJK>FH5PK«CXKG1!K>Ò+Ó¦Ò+8VÒ+à+á
CV1!5öK><4;k;+ß�CE1¥8ÅCVMA;k5+<�CÅM�K>FA;-1LC��=;�Ò+ÜUCÅK>1¥K>Ò+Ó¦Ò+8VÒ+à@á+Ú
��� � �;�7/��"&(,"&���&���� &
���F�� -�7����'��F�� -�7��!#/*��&. Ch� �.&z����/��"� $j�
Û¥FA;!3�5P÷2Ò@<4CÅK2á-Ò7Ü�K>;k1LK`à+;kMA;=<G5PK>CÅÒ@M�5+8Åà@Ò+<>CXK>FA3�1O57<>;�åH5+14;k?�Ò+MS5.?A;=Ó�K>F�ô Ô[<>1LK$14;k57<GDGF�Ò7Ü�5
K>57<>à+;=K!12KG5PK4;.Ò@<�K4<G57M[1LCÅK4CVÒ+M�CÅM%K>FA;�5@D=D
;]1414CVåACÅ8VCÅK2áSà+<G57ÓAF�Ú�0�K¢CV1�K4FA;kMJÓ[Òo1414CÅåH8Å;�K>ÒS?�;
ÔHMH;
à+;=MH;=<>CVD.à@;=MA;k<>57K4CVÒ+MJ578Và+Ò@<4CÅK4FH3º1�Ü°Ò+<¢ØP5+<4CVÒ+ÕH1!K4;]12K§K2áoÓ¦;k1kÚH0vM¼K4FACE1¢Ó[57<4Kkß¦ç$;�14FAÒPç FAÒPç
K4Ò�?�;
Ô[MA;-1LÕ[DGF�5+8Åà@Ò+<>CXK>FA3�1=Ú
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��`�c~Qfe�[D�UZlRDR�W#HzQ��U[�N�QSH#�
e ��e|N\JrR

S = (SP, SV, SV0, (Mi)1≤i≤n, T op)
�"e|Wz� p N p [�N�N p JrqsJ~Qfe~[lN�mnJU[�e|N�ZlH.JDJrH�N�QSN �

Mi
�
i ∈ [1, n]

��PjJ�x�H�QSH#�FZ�H2JDZlq�erJ1��Jrqs[lm(e|N\[�N\J|e�mn[j�UJ1mnJUPh� �
ACCEPT

}
êoK>57K4;k1�8E57å¦;=8V;k?�åoá

ACCEPT
?�;
Ô[MA;¢K>FA;«å[;kFH5sØ�CÅÒ@<>1�K4Ò�å[;§K4;]12K>;k?�ÚHï§ÕA<¥?�;
Ô[MACXK>CÅÒ@M�Ò+Ü

I¥ê�ò¢Û D
Ò@MH14CV?�;k<>1�Ò@MA8Váó1LK>57K4;k1-8V5+å[;k8Å;]?�åoá
ACCEPT

ß�åAÕ�K�CÅK�CE1-Ó¦Ò@1>1LCVåA8V;ºK4Òã?�;=ÔHMA;
K4<G57MH14CXK>CÅÒ@MH1O8E57å¦;=8V;k?�å�á

ACCEPT
ÚoÛ¥FACV1`8V5@12K�D=5+14;!CE1�MAÒ+K�K4<>;k57K4;]?ºCÅM�K>FACE1`ÓH5+Ó[;k<kß+åAÕ�K

K4FA;-5+ÓAÓA<>Ò@5+DGF�<4;k3�57CVMH1$K4FA;-1>573º;+ÚAî�;
K!ÕH1¥MHÒ7K4;.å�á
CSUT

ß�K4FA;-14;
K!Ò+Üc5+8Å8�I¥ê�ò§Û�1kÚ
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S ∈ CSUT
�?[ e|NO[lNOJ

s = (str, s1, ..., sn)
Z={

ζ(S)
[�H2P

ρ =
t0...tn

[ue1JU�rWzJ1H.�UJ�Z={�N�qs[�Hze|QSN�Q�ZlH�e~QSH
ζ(S)

{UqMZ�R N p JAQSH�QSN�Q�[lm(e|NO[lNOJ*t
v s

QfeA[�H [3�U�MJ\V.N�QSH#� e|NO[lNOJwZ={
ζ(S)

Q {?N p JrqMJwJMLjQfe|N�e i ∈ [1, n]
eUWz� p N p [lN si

QfeA[�e|NO[lNOJ
mn[j�UJ1mnJUPh� �

ACCEPT
}

v ρ
Qfew[lH [j�U�UJ\V.N�QSH#�~V�[lN p Z={ ζ(S)

��Q {
g3}

ρ
QfeA[lH JML�JM�1W#N\[j�1mnJdVz[�N p }

� }h` p JDN\[�q �7JrN�e|NO[lNOJ�Z={�N p Jwmn[�e|NdN�qM[�H�e|QSN�Q�Z�H tn
QfeA[lH�[j�U�UJ\V.N�QSH#�Ke|NO[lNOJDZ={

ζ(S)
}

ð 12KG5PK4;
s
Ò7ÜUK4FA;.í`Û¥04ï¢ð

ζ(S)
ßAK>FA;-14;=3�57MoK4CED=1�Ò+Ü

S
ß�CE1!5+M�5@D=D
;kÓ�K4CVMAà�1LK>5PK>;.Ò7Ü

ζ(S)
ß

CXÜ¢Ò@MA;�Ò+Ü�K4FA;�12KG5PK>;k1�K4FH57K�D
Ò@3ºÓ[Òo1L;�CXK]ß�CE1ö5ñ12KG5PK>;�8E57å¦;=8V;k?Äå�á
ACCEPT

Úcð Ó[5PK4F
ρ = t0...tn

Ò7Ü
ζ(S)

Ü°<4Ò@3 K4FA;�CVMACÅK4CE578�1LK>57K4;ºCV1.5+Mó5@D=D=;=Ó�K>CÅMAà�ÓH57K4FóÒ7Ü
ζ(S)

CÅÜ �sÞ¢K4FA;
12KG5PK4;

sn
Ò7Ü�K>FA;�8V5@12K«K4<G57MH14CÅK4CVÒ+M

tn = (sn−1, a, pred, ass, sn)
CE1�57Mã5@D=D=;=Ó�K>CÅMAà�12KG5PK>;

Ò7Ü
ζ(S)

5+MH? �@Þ
ρ
CV1�57M�;
W�;kD=Õ�K>5+åA8Å;öÝ�Ü°;k5@1LCVåA8V;]Þ`ÓH5PK>F ßoC Ú ;+ßoK4FH;§?�CÅé¦;k<4;kMoK¥D=Ò+MH1LK4<G57CVMoK>1OÒ@M

K4FA;§K4<G57MH14CÅK4CVÒ+MH1�57<>;¢578V8�1457K4CE12ÔH;]?�Ú�Û¥FA;§;=W�;kD
ÕAK>57åHCÅ8VCXK2áºÒ+Ü�5-ÓH57K4FSCE1$K4<>;k57K4;k?SCÅM � ���+ß � ��	�Ú



5 �768 -��/0��&. ����AG �3J1H.J1q|Q����7JrH2Jrqs[lN�Q�ZlH [�m �7Z�q|QSN p R ]�����Gdc-{rZlq
CSUT

Qfed[�H [lm �3Zlq|QSN p RN p [�N��MZlRyV2W#NOJreU�z{rZ�qw[lmSm S ∈ CSUT
��[�mSm"[3�U�MJ\V.N�QSH#�~Vz[�N p eDZ={ ζ(S)

}
ð!Mù578Và+Ò+<>CÅK4FA3

gga
CE1�5 ����ð-ßOCÅÜ

gga
57ÓHÓA8ÅCV;k?ÇK4Ò

ζ(S)
<4;=K4ÕA<>MH1º5�1L;=K

PATH(S)D
Ò+MoKG57CVMACÅMHà�578V8O5+DkD
;=ÓAK4CVMAà�ÓH57K4FH1«Ò+Ü
ζ(S)

Ú�íOWA573ºÓA8V;k1«Ò7Ü ����ð Dk57M¼å¦;öÜ°Ò+ÕAMH?ñCVM � � �+ß
��!Aß�� � 	9Ú �¢Ò7K4;`K4FH57K K4FH;��!CÅKLô�Ò+<4ô��+ÕA3ºÓ.578Và+Ò@<4CÅK4FH3 � ��! 	�?�Ò�;k1�MAÒ7K�?A;k578@ç�CXK>F.K4FH;�K4;k3ºÓ[Ò@<>5+8
5+14Ó[;]D|K�Ò7ÜO1Lá�1LK4;k3º1�5+MH?�D
Ò+M[1LCE?�;=<G1

ACCEPT
K4<G57MH14CÅK4CVÒ+MH1kÚ

R�CVMH5+8Å8Vá+ßc57MÇ5+8Åà@Ò+<>CXK>FA3
gga

?�Ò�;k1öMAÒ7Kº?�;=Ó¦;=MH?×Ò+M×5óI¥ê�ò§Û�ÚU0�K�D=5+Mìå¦;�5+ÓAÓA8VCÅ;]?
K4ÒÄ57M�áÄí`Û¥04ï¢ð 57MH?×CÅKºCE1º;
W�FH5+ÕH1LK4CVØ+;%CÅM×K4FH;¼1L;kMH1L;�K4F[5PK�578V8!5+DkD
;kÓ�K4CVMAàóÓH5PK>FH1�57<>;
<4;=K4ÕA<>MA;k?ãå�á

gga
Ú[0�KG1.D
Ò+3ºÓA8V;
W�CÅK2á¼?�;=Ó¦;=M[?A1�Ò+MñK4FA;�14C �k;öÒ+Ü`;=MoK>CXK>CÅ;]1.57MH?ãK4FA;�14C �k;öÒ+Ü

K4FA;�K>Ò+Ó¦Ò+8VÒ+à+á�ÕH1L;]?�Ú �ó;.FH5sØ+;.DGFAÒo1L;kM�K>FA;-12KG5PK>;-D
ÒPØ+;k<>5+à+;¢D=<4CÅK4;k<4CVÒ+M�Ü°Ò+<!?A;
ÔHMACVMAà
ggaåAÕ�K�K4FH;�K4<G57MH14CXK>CÅÒ@MóÝ¾Ò+<�Ò+K4FA;k<GÞ�D
ÒPØ@;=<G57à@;§D
<>CÅK4;=<>CVÒ+M�Dk57M%578E1LÒºå¦;-DGFAÒ@14;=M � � ��	�Ú

	 
���
���� ��Ê�� ÌHÑLÐ � Í�Îy�����GÍ�Ì������@Ë�Ñ4Êy

0vMÖK4FACE1%1L;]D|K>CÅÒ@MÖç$;ñÓA<4;]1L;kMoK�K4FH;ã;
W�ÓA<>;k1>14CÅØ�CÅK2ái5+MH?ùK4FH;ãà+;kMA;=<>CED¼DGFH57<G5+D
K4;k<SÒ7Ü�I¥ê�1
Ü°Ò+<!?�;]14D=<4CVåACVMAà�5+MH?�K4;k1LK4CVMAàºÓA<>Ò7K>Ò�D=Ò+8E1=Ú�ëJÒ�?�;k8ÅCVMAàº1LÓ¦;kD=CXÔ¦D=5PK>CÅÒ@MH1¥CE1¥ÓA<4;]1L;kMoK4;k?�CÅM'!HÚ �@Ú
Û�;]12K>CÅMAàºç�CÅK4FJ?�CÅé¦;k<4;kMoK�K2áoÓ¦;k1�5+MH?%57ÓAÓH<4Òo5+DGFA;]1`CE1�ÓA<>;k14;=MoK4;]?SCVM'!AÚ ��Ú

0vMJK4FA;ö<4;k3�57CVMH?�;=<§Ò7ÜOK>FACV1�14;kD
K4CVÒ+M ß[ç$;öç�CÅ8V8UD=Ò+MH14CE?�;=<¢K2ç$Ò�1LÓ¦;kD=CXÔ[Dk5PK>CÅÒ@MH1
SA

5+MH?
SB

ß�14FH5+<4CVMAà�K4FA;�1L;=K-Ò7Ü¥ÓH57<G573º;
K>;=<G1
SP

ß�57M[?ãK>FA;�14;
K-Ò+Ü�ØP57<>CE57åA8V;k1
SV

ß�1LÕ[DGFñK>FH5PK
SV0

CV1§5ºÔHMACÅK4;�1L;=K¢Ò7ÜOK>FA;�CVMACÅK4CE578�Øs5+8ÅÕH;k1�Ü°Ò@<¢ØP57<>CE57åA8V;k1�Ò+Ü
SV

Ú �ñ;�3�Ò�?�;k8
SA

Ý¾<4;]1LÓ Ú
SB

Þ«å�áJK>FA;�í`Û¥04ï¢ð
A = (SA, LA, CA, PA, VA, V0, P redA, AssA, s0,→A)

Ý°<>;k14Ó Ú
B =

(SB , LB , CB, PB , VB , V ′
0 , P redB, AssB, s′0,→B)

Þ
Ú
LAB

Ý¾<4;]1LÓ Ú
LBA

Þ-ç�CV8Å8¥?�;kMAÒ7K>;SK4FH;
1L;=KSÒ7Ü�;=Ø+;kMoK>1ºÒ7Ü

LA
Ý°<>;k14Ó

LB
Þ�ç�FACEDGFÖ1Lá�MHDGFA<>Ò+MHC �k;�ç�CÅK4FÖ57Mù;kØ+;=MoK�Ò7Ü

LB
Ý¾<4;]1LÓ Ú

LA
Þ|Ú¦RAÒ+<§;
WA573ºÓA8V;+ßHCXÜ

LA = {?a1, ?a2, !a3}
57MH?

LB = {!a2, ?a3, !a4}
K>FA;=M

LAB =
{?a2, !a3}

ß
LBA = {!a2, ?a3}

ßO57MH?
?a2

Ý¾<4;]1LÓ Ú
!a3

Þ�1Lá�MHDGFH<4Ò@MAC �k;k1�ç�CXK>F
!a2

Ý¾<4;]1LÓ Ú
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x<Sig/?CD/x:=0
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−/?busy/x:=0

−/?busy/−

(b)  Sender

x=lambda/!end/−

−/?CD/x:=0

Init

� � � �
	H� bOeog ¿�� b & uv��rG�>nq£o�|Z=w2nqzkmou
Û¥FA;$MH;
W�KcK>57åH8Å;�<4;kÓ[Ò@<LKG1 K>FA;¥;
W�Ó¦;=<>CÅ3º;=MoKG578o<4;]1LÕA8ÅK>1UÒ+Ü[57ÓAÓH8Åá�CVMAà«Û��.ê�íãK>Ò.I¥ê�ëãð«ä+I�è
ç�CXK>FJÒ+MA;�åAÕH1kßH14;=Ø@;=<G578 14;=MH?�;k<>1�5+MH?�K4FA;�Û¥N �

1
−/!begin/−
−−−−−−−→ 2

h=5/!CD/−
−−−−−−−−→ 3

ÚAÛ¥N
DGFA;kDGQ�1¢K4FH57K�5�1L;kMH?�;k<«14;=MH?H1«?H5PK>5ñÝ

!begin
Þ|ß�57M[?JK4FH;öåAÕ[1«?A;
K4;]D|KG1.5�D
Ò@8Å8VCE1LCVÒ+Mã57K«CVM�ô

12KG57MoK $ãÝ
!CD

Þ|Ú�ð K>;k1LK�Dk5+14;-à+;kMA;=<G5PK>;k?%å�áJÛ��.ê�íÙÜ°Ò@<!K>FACV1§K>;k1LK«57ÓHÓ[;]57<G1!å¦;=8V8ÅÒPç.Ú¦0vM
K4FACE1¢Dk5+14;+ßHê�;kMH?�;=< ��K4<G57MH143ºCXKG1!5PK �Hß[ê�;=M[?�;=< ��K><>5+MH1L3ºCÅK>1!57K ��57MH?�K>FA;�:�ÕH1!?�;=K4;]D|K>1
5�D=Ò+8V8ÅCE14CÅÒ@M�57K�$AÚ



h=0/!begin(1) h=0/!begin(2) h=5/!CD

Sig=Lambda=6

PASS

��
 � ��� � �

Û¥FA;�;
W�Ó[;k<4CV;=M[D
;«CV1¥<>ÕAM�Ò@M�5ö0 �¢Û¥í$î�N #�è¢í`î�îó0 �§ê�N�02B!ï � $ � � ��N�I§ßAç�CÅK4F'� $�&@ëJÒ
Ò7Ü«B¢ð¢ë�<4ÕHMAMACVMAàÄë¼57MH?A<>5+Q+;
���AÚ �AÚcí`5@DGF×CVMAÓAÕAKSÒ7Ü¢K>FA;%K>5+åA8V;�ç¥5+1�8E57ÕAM[DGFA;k? ��� � �
K4CV3�;]1=Úcî Ò�DGQñ<4;kÓA<4;]1L;kMoK>1�K>FA;�M�ÕA3öå[;k<�Ò7Ü�K>CÅ3º;]1-K>FH5PKö5JK4<G57MH14CXK>CÅÒ@MìD=5+Mì57ÓAÓ¦;k5+<�CVMì5
ÓH5PK>F ß¦ê�C��=;-Û¢IÖK4FH;�5sØ+;k<>5+à+;�1LC��=;.Ò+Üc5�K>;k1LK§D=5@1L;@ß��!å¼ê�;kMH?�;=<¢K4FA;.M�ÕA3öå[;k<¢Ò+Üc14;=MH?A;=<G1
D
Ò+M[1LCE?�;=<>;k?ã57MH?�I$N`ò Û¥CÅ3º;öK4FA;º5sØ+;k<>5+à+;-à@;=MA;k<>57K4CVÒ+M%K4CV3º;+Ú Û¥FA;�<>;k5+?A;=<�D=57MãMAÒ7K>CVD=;
K4FH57K-K4FA;�à+;=MH;=<G5PK4CVÒ+Móç�CÅK4FÇî�Ò�DGQñ;kæoÕH5+8OK4Ò ��KG57Q@;k1.3ºÒ+<>;�K4CV3º;+ÚU0vM�Ü¾5+D|K]ß�ç�CÅK4Fìî�Ò�DGQ
;kæoÕH578�K>Ò'�+ß

gga
3ºÒPØ+;]1�K4Òº8VÒ�DGQ@;k?�12KG5PK>;k1�57M[?SK>FoÕ[1!?�;kæoÕA;kÕA;k1�14;=Ø@;=<G578¦K4CV3º;k1kÚ

YHzP��� d � e+rGmo{@r>t ��bÇe7n��Gr b � f�u`�cnq¡.r ¸ uL¹� h � l+� � l �� �Gl � l+� �sÁP�� Á=l � l+� �+� �
103 h hkh l+� l��kj
103 �Gl ��� l+� Á �=�
103 Á=l � � l l+� �	� �

ð!8ÅK4FAÒ@ÕAà+FºK>FA;�I¥ê�ëãð«ä+I�è ÓA<>Ò7K4Ò�D=Ò+8ACE1�Ò+Ü�5-<4;]?�ÕHD
;]?�1LC��=;@ß7K>FA;!ÕH14;!Ò7Ü�14;=Ø@;=<G578A14;=MH?A;=<G1
CÅMHD=<4;]5+14;k1�CXKG1OD
Ò+3ºÓA8V;
W�CÅK2á+ÚsÛ¥FA;�Ò+å�KG57CVMA;k?�<4;]1LÕA8ÅK>1U57<>;`;kMHD
Ò@ÕA<G57à+CVMAà¢5+MH?-CV3ºÓA<>ÒPØ+;=3º;kM@KG1
57<>;�57K�FH57MH? Ú


 
ñÍ$Ê¢Ð��LÏ ��Ñ2Í`Ê
Û¥FA;�57CV3 Ò7Ü`K>FACE1�ÓH57Ó¦;=<�CE1«K4ÒJ1LFHÒPç K4FH57K.?ACXé�;=<>;=MoK�K2á�Ó[;]1�Ý¾D
Ò@M�Ü°Ò+<>3�57MHD=;+ß¦CÅMoK>;=<>Ò+Ó¦;=<4ô
57åACV8ÅCÅK2á+ßO;k3�å¦;k?A?A;k?�ß�D=Ò+3ºÓ[Ò@MA;=MoK|Þö5+MH?Ç5+ÓAÓA<>Ò@5@DGFA;k1�Ý°ÓH5@1414CVØ+;%57MH?×5+D|K>CÅØ@;]ÞöÒ7Ü§ÓA<4Ò+K4Ò+ô
D
Ò+8�K>;k1LK4CVMAàÄD=57M×å[;�K><4;]5PK4;]?ìCVM×5óÕAMACÅÔH;]?Ç3�57MHMA;=<]ÚOÛ�Ò�5+DGFACV;=Ø@;SK>FACV1�5+CÅ3%ßcç�;�FH5sØ@;
ÓA<4;]1L;kMoK4;k?i5ãK4;k1LK4CVMAà�Ü°<G573º;=ç�Ò+<>Q�åH5+14;k?×Ò+M×K4FH;�à@;=MA;k<4CED�3�Ò�?�;k8!Ò7Ü�D
Ò@3�3öÕAMACED=57K4CVMAà
1Lá�1LK4;=3�1ñÝ9I¥êAÞ�57MH?iK>FA;¼3º;
K>FAÒ�?�Ò+8VÒ+à@áÇÒ7Ü.à@;=MA;k<4CED%à+;kMA;=<G5PK>CÅÒ@Mù5+8Åà@Ò+<>CXK>FA3�1¼Ý�����ð«Þ|Ú
Û¥FA;%I¥ê�3ºÒ�?�;k8�?�;=ÔHMA;]1ö5ñ1L;=KöÒ7Ü¢D=Ò+3º3�ÕHMACVDk5PK>CÅMAàã;=MoK4CÅK4CV;k1�Ý¾D=Ò+3ºÓ[Ò@MA;=MoKG1>Þ-3�Ò�?�;k8Å;]?
åoáã;
W�K4;kMH?�;k?ãK4CV3º;k?óCVMAÓAÕ�K
äsÒ+ÕAK4ÓAÕ�K.K>CÅ3º;]?ó5+Õ�K4Ò@3�5PK>5óÝ°í$Û¥04ï!ð§1>Þ
ß 5�14;
K.Ò+Ü¥D=Ò+3º3ºÒ+M
<4;]1LÒ@ÕA<>D=;k1SÝ¾ØP57<>CV5+åA8Å;]1ö5+MH?ÄÓH5+<>5+3º;
K4;k<>1GÞ.14FH57<>;k?�å�áóK4FH;k14;�;kM@K>CXK>CÅ;]1=ßc57M[?ì5JK>Ò+Ó¦Ò+8VÒ+à+á
Ò7Ü�D
Ò@3�3öÕAMACED=57K4CVÒ+M¼14Ó[;]D
CÅÜ°áoCVMAà�K>FA;ö?ACXé�;=<>;=MoK§14á�MHDGFA<>Ò+MAC��k57K4CVÒ+MH1�5+8Å8VÒPç$;]?�CÅM¼5S14á�12K>;=3
D
Ò+MAÔHà+ÕA<G5PK>CÅÒ@M Ú �ñ;.14FAÒPç�;k?�K4FH57K�K>FA;�K4;]12K¢5@D|K>CÅØ�CÅK4CV;k1�D
Ò@MH14CV1LK$K>FA;=M%CVM%3�Ò�?�;k8ÅCVMAà�5SI¥ê
57MH?%57ÓHÓA8Åá�CVMAàS57MJ5+8Åà@Ò+<>CXK>FA3 ����ð-Ú¦Û�Ò�Ò@ÕA<!Q�MAÒPç�8V;k?�à@;+ß�K>FACV1¢CV1�K4FA;.Ô[<>1LK�Ü°<>5+3º;=ç�Ò+<>Q
K4FH57K�Dk57M×Ü°ÕA8V8Åá×FH57MH?A8Å;%ØP57<>CÅÒ@ÕH1�K4;k1LK�K2á�Ó[;]1�57MH?i57ÓHÓA<4Òo5+DGFA;]1=Ú�ï§ÕA<�Ü°<G573º;=ç�Ò+<>Q�ç�5@1
CÅ3ºÓA8V;=3º;=MoK>;k?JCVMñÛ��.ê�íÙK4Ò�Ò+8¥Ý¾Û�;k1LK �«;kMA;=<G5PK>CÅÒ@M ß¦ê�CV3�ÕH8V57K4CVÒ+Mã5+MH?Jí�3öÕA8V57K4CVÒ+M[Þ
Ú¦Û¥FH;
D
ÕA<><4;kMoKUØ@;=<G1LCVÒ+M.Ò+Ü¦Û��.ê�í�D=5+M�å¦;�Õ[1L;]?-å¦Ò7K4FöÜ°Ò+<UÓH5@1414CÅØ@;$5+MH?ö5@D|K>CÅØ@;�K4;]12K>CÅMHà«Ò+ÜHÒ+MH;$Ò@<
1L;kØ+;=<G578�D=Ò+3ºÓ[Ò@MA;=MoKG1¥åAÕ�K§14ÕAÓAÓ¦Ò+<4K>1¥Ò@MA8Åá�?�;
K>;=<>3�CVMACE12K>CVD�í$Û¥04ï!ð§1!57MH?�K>FA;-?�;
Ô[MACXK>CÅÒ@M
Ò7ÜO5�K>;k1LK!ÓAÕA<>Ó[Òo1L;@Ú

B�;=ào57<G?�CÅMHà¢Ü°Õ�K>ÕA<>;�ç$Ò@<4Q�ßsÒ+ÕA<OCVMoK4;kM@K>CÅÒ@MöCE1cK>Ò-12K>ÕH?�á.K>FA;�CÅ3ºÓH5@D|K�Ò+Ü�5�D
ÒPØ@;=<G57à@;$D
<>CÅô
K4;=<>CVÒ+M.Ò+M«K>FA;$?�;=ÔHMACÅK4CVÒ+M.Ò+Ü�����ð�ß]5+MH?«K4Ò�<>;k5+8ÅC��=;�5!<4;]578VCV1LK4CEDcÓ[;k<LÜ°Ò@<43�5+MHD
;O;kØs5+8ÅÕ[5PK4CVÒ+M[1



Ò7Ü�Û��.ê�í Ò@MÄD
Ò+3ºÓA8V;
W¼ÓH<4Ò+K4Ò�D
Ò@8V1kÚ�R�CVMH5+8Å8Vá+ß ÕHM@K>CÅ8OØ@;=<>á¼<>;kD
;kMoK48Vá+ß�<4;]1L;]57<GDGF¼FH5@?ñå¦;=;kM
D=57<><>CÅ;]?SÒ+ÕAK¥ç�CÅK4FJ5+8Å3ºÒ@1LK�MAÒºCÅMoK>;=<G5+D|K>CÅÒ@MH1�å[;=K2ç$;k;=M�K4FA;.14Ò7Ü�K2ç¥57<>;«5+MH?�ÓA<4Ò+K4Ò�D
Ò@8¦K4;k1LKLô
CÅMAàºD
Ò@3º3�ÕAMACÅK4CV;k1kÚAê�ÒHßoÒ+ÕH<`Ü°<G573º;=ç�Ò+<>Q�3�CVà+FoK¥åA<>CÅMAàöK4FH;¢K2ç�ÒöD=Ò+3º3�ÕAMHCXK>CÅ;]1`K>Ò+à@;
K4FH;=<]ß
1LCVMHD
;�Ò@å�÷2;kD
KLô�Ò+<>CÅ;kM@K>;k?�ÓA<4Ò@à+<G573º3ºCÅMHà�8E57MAà@ÕH57à@;k1¥57MH?�D
Ò@3ºÓ[Ò@MA;=MoKLô�åH5@1L;]?�57ÓHÓA<4Òo5+DGFA;]1
Ý¾D
Ò�?�;öK4;]12K>CÅMHàoÞ§57<>;�MAÒPç ç�CE?�;k8ÅáJÕH14;k?ãCÅMó1LÒ+Ü�K2ç�5+<4;ö?�;=Ø@;=8VÒ+ÓA3º;=MoK]ß�5+MH?%K>FA;k14;ö8V;k5@?JK>Ò
K4FA;.MA;k;k?�Ò7Üc12KG5PK>;
ô�åH5+14;k?�K4;]12K¥K4;]DGFAMACEæoÕA;k1kÚ
C�'*)( "&��T����, �.� �� 2/0$3� �ó;�ç�Ò+ÕA8E?�8VCÅQ@;�K4ÒãK4FH5+MAQóK4FA;�3�;k3�å¦;=<G1-Ò+Ü�K4FA;�1LÓ¦;kD=CXÔ[D�5+D
ô
K4CVÒ+M¼ð§ê ! ��D=57<><>CÅ;]?�Ò@Õ�K¢å�á�ð¢MH5�I�5sØP578V8ÅC�Ü°Ò@<!K>FA;=CV<�Ü°<>ÕACXK4Ü°ÕA8U<4;k3º5+<4Q�1kÚ �ñ;-ç�Ò+ÕH8V?�8VCÅQ@;
578E1LÒ�K>Ò.K4FH5+MAQöK4FA;§í �§ê�í`02B!:ù12K>ÕH?�;=MoKG1$è§CÅ3ºCÅK4<>C��.5+MH?A5+1>1>573�á@ß �@5+3º;=8¦ê�;=3º;=F ßoè§5sØ�CE?
è¢Ò@à+Ò+F%57M[?%I�5+<4CVMA;.:�;k?�Õ��«Ü°Ò@<¥K4FA;kCÅ<!Ó[57<4K4CED
CVÓH5PK>CÅÒ@MH1�CÅM�K4FH;.<4;]578VC �]5PK4CVÒ+M�Ò7ÜOÛ��.ê�í!Ú
� ���M��Ì���Ê¢Ð2���
�k���sZ=m¼�[t2r>w2¡-Z=mouG���[rGu�w ½ r>mor>tLZ
w2nXzkm%��nxw2�J_9mo�@}@w2uG��ú�}@w2�@}@w2u!Zkmo{�^`rG��r>w2nxw2nqpsr���}onqrGuv�Gr>mo�Gr]�
´�©
	4²���±�
2·��¥¨�©k­�¯L·���²�¶¢±k­�����©|©�� ¶ � � ¸ � ¹4Â¦�|l � a2�
Á=l ¸ � �	���s¹4�ÁP��Y[Zk}@tLZ-\�tLZ=m�{��kmSZkmo{�Ã�{�\�t2nXm �7uv¡-Z+� ¿ w2r>u�w¥»]r>mor>tLZ
w2nXzkm � tLZk¡.r4�czkt � � z=t!ÆP}onqrGuv�GrGmPw�t2r|Z=�qaw2nq¡.r¥u�¤+u�w2rG¡.uG����� ���U´�� �!�#" ��Y[nqm �]� ¿ }@u�wvt2nXZ.e+rG�+w2rG¡ � r4t`Á7�¢Á=l]l � �� �!e��se7rGz]���sg���$�nq¡º�ke���$!Z=mo»+���+�]^�¤+}[�=�o}@�X�x¤¢Z=}@w2z]¡-Z
w2r|{§nqmPw2r>t2zk��r>tLZ � nX�qnxw9¤!w2rGu�w uv}@nxw2r�{@r>t2nqpkZ=aw2nqz]m � z=t��Gz]¡.¡§}om@nX�GZ=w2nqz]m-�@t2z=w2zP�Gz]�quG� ¨�©kª%��¬7² ·&
('¢·4²���©�
*)=¶,+ zk�X}@¡.r �]� � � Zk»krGu � � h!a �kh	�7�
& r>�GrG¡ � r4t$Ákl]l � �� �¥^$Zk�L�orG��bcZ=tL{+rG�q�qa9ú��qnqpsr>t|�+bUzkm � zkt2¡-Zkm@�Gr`�¦rGu�w2nqmo»!z � ^`r|Z=�qa �cnq¡.r`e7¤+u�w2rG¡.u���nxw2�-�cnq¡.r|{ ¿ }@aw2zk¡-Z=wLZ.e7��rG�Gnx£��|Z
w2nqz]mouG��� ©�
Lª.±�� � ¶-�@·v¯>²�¶§©
	�¨�©kª%��¬7²�®E­7³ �H�
Á ¸ h]¹4Â � h=l=a � �P�]� Áklkl]l+�hP� & }@mo�|Z=mñbU�ÅZ
t �srºZ=m�{¼_9m@uv}o�¼Y[r>r]� ¿ }@w2zk¡-Z=w2nq�ö�¦rGu�w ½ rGm@r>tLZ=w2nqzkm � zkt.w2�or ¿ moZk�x¤+uvnqu�z � Z^`r|Zk�xa �cnq¡.r¢e7¤+u�w2rG¡ºÂ@bcZ=uvr«ePw2}�{7¤P�7_9m/. 
*�10*�2�,�43%��´o´ �[� �����7��7� ¿ ��Ã m@a¾d�zk}�Z]Z
tv¤P��^!� & uvuvzk}o�qn��A�U�5$��@rGmor|{+r ����Z=m�{ ¿ ��Ã �ÅÆPz=tvw2z � n��H�cnq¡.r|{öw2r>u�w¥�|Z=uvrGu�»krGm@ar>tLZ
w2nqz]m � Zkuvr|{ózkmóu�wLZ
w2r��4�oZ=tLZk�4w2r>t2n��|Z=w2nqz]m�w2r>�4�@monXÆP}or]� 0L­76�8=²:9;0*�,�,�<3%��´o´ �OgºZk{+t2nX{H�e7��ZknqmH�[� ���]j7�

�P����� =$nX»]Zkuv�@nXm@z@� ¿ �Pd¥Z��]Z
wLZ+�>$��s��Zkm@nq»]}o�L�on��+Z=m�{ ¿ �PbcZ|p]Z=�X�qn�� ½ rGmor4tLZ=w2nqmo»¢�¦rGu�wObcZkuvrGu � zktOZ�cnq¡.r|{«_ � ú ¿ }+w2z]¡-Z=w2zkm«¡.z7{+rG��� ���U´?�c¨A@2B�8!8 �P\�}�{oZ=��rGu�w|�!=$}om@»sZ=tv¤P�]e7rG�@w2rG¡ � r>tO� �	���7�j7� ¿ �?$�zk}o¡.uvn�� g�� ¿ �kZk�XZG¤P�¦^!� & uvuvzk}o�qn�� ¿ ��Ã�m+a¾d�z]}oZ]Z
tv¤P��Y�� ½ tLZkm@»]r>t|� ¿ m¼Zk�@�@t2zsZ=�4� � zktw2rGu�w2nqm@»«t2r|Zk�Hw2nq¡.r¥�@t2z=w2zP�Gz]�quG� ���U´?�c¨A@,B �oú$wvwLZ|�cZ+��bcZkm�Zk{oZ7�AÁklkl]l7��7� & nqm@z�gºZkm�{7t2nqz]�qn��He@Z=m�{+t2z.g�zktLZkuv�GZ+�HZkmo{ ¿ m@»]rG�qz�g�z=t �GrGmPw2n�� ½ rGm@r>tLZ=w2nqmo»-�[rGu�w�bcZ=uvrGu � zkt^`r|Zk�xa �cnq¡.r�e7¤+u�w2rG¡.u � t2zk¡ÙY[z]»knq�`e+��rG�Gnx£o�|Z=w2nqz]m@uG� � ¨CBD��
�±k­o¶4±s¯>²�®�©k­o¶`©k­�¨�©=ª(��¬7² ·&
�´oµ=¶E�² ·4ª§¶ �[� � ¸ � ¹4Â � �]h
a � �kj+��� �	�shP��Gl+�F�]ZkmÙe7�@t2nqmo»knXmPw2psr>�Å{A�$�@t2nxw2u + Z]Z=m�{7tLZk»]r4t|� � r|{7t2z�^¢� &1G ¿ t2»]rGm@nXz+���¦r>u�w2nXm@»ì�cnq¡.r|{ ¿ }@aw2zk¡-Z=wLZ+� ��9o·v©�
v·4²�®°¯2±��U¨�©kª%��¬7² ·&
¢´�¯>®¾·4­�¯L· ��Á]hkÁ ¸ �>a9Ák¹4Â ÁkÁ]h|a�Ákh��P��gºZ
t2�4��Ákl]l7�]��k�]��_L�7\Ur>tvtLZk{oZ7�@^!�+bcZ=u�wLZkmor4w|� � �+��y>�Xnx~A�+�@t2zk¡ w2�@r��orGZkuvn � nq�qnxw9¤ ¿ moZk�x¤+uvnquUw2z!^$r|Z=�xa9�cnq¡.r��¦rGu�w½ rGm@r>tLZ=w2nqzkm[� ´@²�¬��k®°±10L­H	G©�
Lª.±=²�®°¯2±JIH­o®LKk·&
L¶4±�� ®E¶2+ zk�q}o¡.r � ¸ Á]¹c�o�H� Á=l � a�Á � l-Á=l]l � ��|Á7��$��sY¦Z
t2uvrGm[�+g��7g�n �7}@�Gnqz]monquG�+Z=m�{.\$�Pd$nqrG�quvrGmomH�s^`r|Zk�xa°w2nq¡.r`u�¤+u�w2rG¡Öw2rGu�w2nqm@»¢zkm@a°w2�or4a-M@¤P� 0L­²:9o·16�Nk²:9�'!©�

�k®°¯PO«©Q
R)=¶
9@©&�%©k­TSU
�©2³�
v±kª§ª«®E­P³���9o·v©�
LµPVL'TOWS��5X ��Áklkl � �� � �¢g���$¥t2nq�4�@rGmºZ=m�{�eA�@�[t2nq��Z��+nquG�o\U�XZk� �Pa � z|~��Gzkm � z=t2¡-Zkm@�Gr¥w2rGu�w2nqmo» � zkt�t2r|Z=�qa°w2nq¡.r¥u�¤+u�w2rG¡.uG�
0L­�´ S20*'Y� �!�#"�¸ Áklkl � ¹4��e+�+t2nXm@»ka + r>t2�XZk»1=$rGnX{@rG� � r>t2»+���@�[�A�|l	�=a2�
Á��+�� � � ¿ � {@rGuv�XZ=¡ Ã m@a¾d$z]}�ZkZ=tv¤P�U^�Z=�4�@nÅ{@Z & uvuvz]}@�qn°Â ¿ ½ }onX{@r|{ìg�r4w2�oz7{ � z=t��¦r>u�w2nXm@»ã�cnX¡.rG{_ mo�o}+w`ú�}@w2�@}@w ¿ }@w2zk¡-Z=wLZ+�@�¦r>u�w4bUz]¡ Áklkl � ÂAÁ7�]�4a9Á]Á]h�|h7� ¿ �o¡.r|{�$��@z]}o¡.uvn��]�c�onqr>tvtv¤1�]y>t2zkm[��=�r>t2psy`gºZ
t2�4�oZkmo{H�]�¦rGu�wUbcZkuvrGu ½ rGm@r>tLZ=w2nqz]m � zkt�d�zkm@a{+r>w2r>t2¡.nqmonqu�w2nq��^$rGZk�xa �cnX¡.r�e7¤+u�w2rG¡.uG�@� ¿ �OÃ�e�Á=l]l � Â�� � �>a2� � �� �+��$��]Ã �qa ��Z��7nX�«Zkmo{«d§�QZUr>p7w2}@uv�orGm �sz@�=�oZk}o�xw � t2z]��Z=»sZ
w2nXzkm � ¤§Ã�ÆP}�Z=w2nqzkm-e+zk�Xp7nqmo»+� S[
v©|¯L·2·*���®E­P³ö©
	 � @23%��� ��gºZ]{7t2nX{H��e+��Z=nqm[�@Y[d¥bOe � Á � h7��e+rG�+w2rG¡ � r4t`Áklkl � �



� �7�¢e��!\Uz=t2z7{oZG¤P� ¿ � � r>wvt2r>m �sz+��^¢� ½ t2z��ÄZ=m�{ Z«� g�� ��}or>¡.rGmor>t|�¥�¦rGu�w ½ r>mor>tLZ
w2nXzkm � zktbcÃ�� eog bUzk¡ � nqm@nXm@»ºe7��rG�Gnx£��GZ=w2nqz]m�Zkmo{���Z=}o�xw¢bUz
psr>tLZ=»]r]� ���U´?�c¨A@2B/� � �H\Ur>t2�qnqm[� ½ r>tva¡-Z=m7¤P�@gºZ
t2�4��Ákl]l]Á7��Gj+��^!� ¿ �q}@t�Zkm�{ & � & nq�q��� ¿ w2�orGz=tv¤ºz � w2nq¡.r|{�Zk}@w2zk¡-Z=wLZ7� ��9o·v©�
2·4²�®�¯L±��c¨�©kª(��¬7² ·&
§´�¯>®¾·4­�¯4· ��|Á	�+Âq�Gj � a9Á � h7� � ��� � �� �+� ¿ m�{7t2y ¿ t2m@z]�X{§r4wcg��kd�nqpkZ=w|�sbUz]¡.��z=tvw2rG¡.rGmPw2u�{@rU�@t2zP�GrGuvuv}@uG� 0L­S¨�©��L�q© � ¬o· � � ¨C��������·4¶ª�±k²:9��4ª.±=²�® � ¬o·4¶1�s·F�	� 0L­ 	G©�
Lª.±k²�® � ¬�·�
 �@�oZk»krGu � h
a �]j7�¦� �]jsÁP�Á=l+�!�[z]¡ �ku�\UZ=tvt2z]uG�o^�Z � y|Z�\Uzk}o�qn � Z.Z=m�{�Ã�t2nq�¢gºZ]{+rG�XZknqmor]� � Z=tLZ=¡.r>w2r>t2n��Gr|{�g�z7{@rG�qu � zkt & nqu�awvt2n � }+w2r|{¢ø�Z|p]Z.ú � ø�r>�>w2uG�5� @23%��� ��gºZk{+t2nX{H��e+��Z=nqm[�@Y[d¥bOe � Á � hP�He+rG�+w2rG¡ � r4t`Áklkl � �ÁP�]�!\UZk�@w2nqu�w2r ¿ �X�GZk�X{@r]� ¿ moZºbcZ|pkZk�q�qn°� & z]m@»]�q}ozºbU�orGmH� & Z
pP¤P$��7}o}H�HZkmo{ & Z|p7nX{�Y[r>r]�¦d$r>wva�Uzkt � � t2zkw2zP�Gzk��eP¤@u�w2r>¡ � ZkuvuvnqpsrU�¦rGu�w2nqmo» � z=t���Zk}@�qw gºZkm�Z=»]rG¡.r>m7w|Â ¿ \cZ=���P�cZ=tL{�bU�@rG� �+nqm@»¿ �o�@t2z]Zk�L�[� SU
�©|¯L·L·*�k®V­7³�©
	 � @23%��� ��gºZ]{7t2nX{H��e+��Z=nqm[�oY[d�bOe � Á � h7��e+rG�+w2rG¡ � r4t`Áklkl � �ÁkÁ7��_ uv¡-Zknq�Ç\Ur>tvtLZk{oZ+�ó^$nq�L��Z
tL{ bcZku�wLZ=mor>w Z=m�{ � Z
wvt2nq��� ��yG�qnx~H�ó�¦rG�L�onqmoÆ7}@rGu {+r �¦rGu�w{ G _ mPw2r>t2z]��y>tLZ � nq�qnxw2y]���ozk}@t2m@nqw2}+t2r!bcZk�qn � rk�HÁklklsh7�Á � � ¿ m�Z`bcZ|p]Z=�q�Xn�� & Z|p7nX{�Y[rGr]�kbU�+t2nqu�w2nÅZ=m§^`nqm�{+r>t �7morG�L�Pw�Z=m�{!��Z=w2nq�oZ
�AZ��¾{+n°� =$nxwva z=tva��]}o¡.�HÂ ¿ mZ=�X»kzkt2nxw2�o¡ � zkt�rG¡ � r|{@{@r|{�w2rGu�w2nqmo»$��nqw2��Zk�o�@�qnX�GZ=w2nqz]m@u�w2z¥_ dóuvr>t2p7nq�GrGuG�>� @23%������SU´?���
� 8!8 �\Ur>n ø9nqmo»@�AbU�onqm�Z7��ú��>w2z � r>t!� �	���+�Á � �¢bU�XZ=}�{@r �sZ=tL{A�o�c�@nqr>tvtv¤ �]y>t2z]mH��YHyGm�Z��°���-��Z=mo»k}@¤�Zkmo{�bUy>u2Z=t + nq�oz+�+^$rG¡.z=w2r$w2rGu�w2nqm@»«�|Z=m� r!Z=u`��z|�Ur>t � }@��Zku��qzP�|Z=�[w2rGu�w2nqmo»+� � @23%����� Sc´C����� 8�8 �@\UrGn ø�nqmo»+�HbU�onqmoZ+��ú��>w2z � r>t!� �����7�Ákh7���Pwvw2�HÂ � � �O�O��� �>t2nq�xa°w2rG�4�@mozk�Xzk»k¤P� � t|�
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gga
Z=�o�o�qnqr|{-w2z.Z.bOe

S
��r>t � zkt2¡.u`Z�{+rG�@w2�+a¾£@t2u�wwvtLZ|psr4t2u2Zk�+z � ζ(S)

� & }@t2nqm@»�w2�orUwvtLZ|psr4t2u2Zk���
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�Gz]¡.�@}@w2rGu�w2�@rcu�¤+¡ � z]�qnq�UwvtLZ=�Gr�Zkmo{§�L�orG� �7u�w2�or
� r|Zkuvn � nX�qnxw9¤�z � w2�or�m@r>�ù£@t2r|{SwvtLZ=mouvnxw2nqz]m@uG�[ÀÄ�@rGm�Zkm%Z=�G�GrG�+w2nqmo»�u�wLZ
w2r�nqu�¡.r>w ¸ w2�@r � }@mo�>w2nqzkm
AcceptStates()

¹4�@Z � Zk� �PwvtLZk� �7nXm@»�nqmºw2�or!u�¤+mo�L�@t2zkmon��|Z=w2nqzkm���Z=w2��nXu$��r>t � z=t2¡.r|{öw2z-{+rG�GzktLZ
w2rw2�@nqu��XZ=wvw2r>t���nxw2�§psr>tL{@nq�>w2u ¸E� }@mo�>w2nqz]m writeTrace()
¹4� & }or�w2z`w2�@r�uv�oZk�Grc�qnq¡.nxw|�|�cr���nX�q�7�@t2r>uvrGmPwzkmo�x¤�w2�or

gga()
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SymbolicT race() � }omo�4w2nXzkmouG�� �o�G�! H�G��"¦�]�#"[� � �
States

Â@Z«m�$§�4a¾w2}@�o�qr
(str, s1, ..., sn)

�
Context

Â7t2rG�Gz=tL{@u�w2�or¥pkZk�q}or>uOz � pkZ=t2nXZ � �Xr>u$Z=m�{��XZ=u�w`t2r>uvr>w2u � zkt$�G�qzP� �+uG�
Transition

ÂoZ«m�$§�4a°wLZ � �qr¥z � ��z]nqmPw2r>t2uOz]möw2�or¥�G}+tvt2rGmPwOwvtLZkm@uvnqw2nqzkmouG�
Element

nqu`Z«u�wvt2}o�>w2}+t2r¥�Gzk¡.��z]uvr|{�z � Z States
�oZ

Context
Z=m�{ºZ

Transitions
�

Path
Â@Z«u�wLZk� ��z � Ã �qrG¡.rGmPw2uG�o_¾w�¡-ZkmoZk»]rG{ � ¤-w2�or¥zk��r>tLZ=w2nqz]m@u&% �@}ouv�('2�)%¾w2z]�*'¥Z=m�{�% ��zk�('2�+«�-, � �/.0" � �]� ���1� �]�

SynchronizationOnEvents()
Â@�L�ozPzkuvrGuOZ!u�¤+mo�L�@t2z]m@n��|Z=w2nqz]m-psr>�>w2zkt � t2z]¡ w2�or`�G}@tvt2r>m7w�u�wLZ=w2rZ=m�{.t2r>w2}@t2m@u�Z§u�wvt2}@�>w2}@t2rGucÃ��qrG¡.rGmPwO�>z]¡.��z]uvrG{�z � w2�or$mor>�ÄwvtLZ=mouvnxw2nqz]mou`Z=m�{-u�wLZ=w2rGuOt2r|Z=�4�@r|{H�

getSuccessors()
ÂPt2r>w2}@t2m@u$Z¢uv}o�G�>rGuvuvzkt$u�wLZ=w2r!z � w2�or¥�G}+tvt2rGmPw�u�wLZ=w2r]�

getInitStates
Â]t2r>w2}@t2m@ucw2�or�nqmonxw2nXZk�[u�wLZ=w2r�z � ζ(S)
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� " � �]� ���1�!��� ��243-5�k�768��� �9�ÁP� e7wLZ
w2rGuGÂ :ù»]r>w2_ monxw2nXZk�Åe7wLZ
w2rGu ¸ ¹4��Ã �qrG¡.rGmPw�Â :Öd$f¥Y[Y�� � Z=w2��Â :

∅ ;� � �<�� � Ã �qrG¡.rGmPw�Â :Öe7¤+mo�L�@t2zkmon��|Z
w2nXzkm�ú�moÃ�psr>m7w2u ¸ ePwLZ=w2rGuL¹ ;hP� _ �O¸ Ã �Xr>¡.rGmPw 6= d�f¥Y[Y�¹�w2�@rGm
�7� �@}ouv� ¸ Ã �qrG¡.rGmPw|� � Z=w2��¹ ;�P� eP¤@¡ � z]�qnq�|�[tLZ=�Gr ¸ � Z=w2��¹ ;j7� _ ��¸ � � r|Z=uvn � �qr ¸ � Z=w2��¹v¹Ow2�@rGm�7� ��z]� ¸ Ã��qrG¡.r>m7w|� � Z
w2��¹ ;�Gl+� e7wLZ=w2r>u¥Â :ù»kr>w4e+}@�G�GrGuvuvz=t2u ¸ Ã��qrG¡.rGmPw4¹ ;



�k�]� Ã��quvr�|Á7� ��z]� ¸ � Z
w2��¹ ; e7wLZ
w2rGu¥Â :Ö»kr>w4e+}@�G�GrGuvuvz=t2u ¸ w2z]� ¸ � Z=w2��¹v¹ ;� � � _ �9¸°¿ �>�GrG�@w4ePwLZ=w2rGu ¸ ePwLZ=w2rGuL¹v¹� � � �Ot2nqw2rG�[tLZk�Gr ¸ � Z=w2��¹ ;�|h7� � , ����� ¸ � Z
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	S� ��� � �
�U�
��� � � Y[r>w§}ou§Zkuvuv}@¡.r�w2��Z
w

M = (S, L, C, P, V, V0, P red,Ass, s0, T )
nqu�Z=mÃ��c_vú ¿ uv}o�L��w2��Z
w

C = {c1, ..., ck}
�
V = {v1, ..., vm}

�
V0 = {v01, ..., v0m}

Zkmo{
ρ = t1...tnnqu�Z-uv}@nxw2r§z � wvtLZ=mouvnxw2nqz]mou�z � M � t2zk¡ w2�or!nqmonxw2nXZk��u�wLZ
w2r]�H�c�or!u�¤+¡ � zk�qnX�!wvtLZk�>r§z � ρ
nqu

ρ
uv}o�L�w2�oZ=w

∀ ti = (si−1, a, pred, ass, si)
z � ρ

�¦Zkmo{
∀v ∈ V

�
v
nqu�t2rG�@�ÅZ=�Gr|{�nqm

pred
� ¤�nxw2u¢�XZ=u�wpkZk�q}@r � r � zkt2r ti ¸ uvrGr�� ÁkÁ��V¹4�  ���	�� ��� � ���U�
��� � 243 }ouvrGuUw �cz¢psrG�>w2z=t2uGÂ V 1
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tLZk¡.r>w2r>t2uL¹4�
V 2

nqu`Z§psr>�>w2zkt�z � m�Z
w2}@tLZk�Am7}o¡ � r>t2uG�
V 2[q]
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ρ = t1...tn

�+��nqw2�
ti = (si−1, a, predi, assi, si)
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�o��� � �o�G� �[�cz�p]rG�>w2zkt2uGÂ
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z � uvn��Gr m
Zkm�{

V 2
z � uvn��Gr k
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w2nqz]m � �� � �oz=t

i := 1
w2z

m
& z

V 1[i]← v0i ;hP� �oz=t
i := 1

w2z
k
& z

V 2[i]← 0 ;
��� f��A{@Z=w2nqmo» �
��7� �oz=t

i := 1
w2z

n
& z

�P�
predi ← updatePredicates(predi, V 1, V 2, i) ;j7�
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hi − hj = hi − hV 2[p] ¸ �qnXm@r � ¹4�
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V 1
Zkmo{

V 2
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w2r

predUpdated
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predUpdate← pred[hi − hV 2[1], ..., hi − hV 2[k], V 1[1], ..., V [m], P ] ;hP�������
�c�@r � }omo�4w2nXzkm � � � � �o� �"! ��� � �$# � }@�A{oZ
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Zkm�{

V 2
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j := 1
w2z

m
& zhP� _ � vj := f(v1, .., vm, P ) ∈ ass

w2�or>m
V 1[j] := f(V [1], .., V [m], P ) ;�7� �oz=t

j := 1
w2z

m
& z

�P� _ � cj := 0 ∈ ass
w2�orGm

V 2[j] := i ;j7�������


