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PBG�Î,Q��Ò@A?�Ï¡Îy@�PB5 Î,ÑR@ ?�[�Ï¡?�@BGJ7Â?UQyP19D<"@A?Z5AÑL<\PB5 Î,Q
M�é�êNî�âyM%ç ÏL@AÎDPAÎRI
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åHGJ<V</CR?ZQRÎDP8?0PBKR?
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PB5ÎyÛ!PBKR?�Û­ÎD@B7
x := 0
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C
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P

P
Î,Û�ÏE9;@B9D7Â?
P8?�@85ZÞE9DQ�Cô9�5�?
P
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Î,Û

ÕD9;@8G�9;ãL<J?Z5�ÞRPBKR?�5�?
P"Î,Û�I�<JÎ�IBW�I
Î,Q�56P8@B9DGVQyPB5
Φ(C,P, V )

GV5�C�?�ÐLQ�?ZC�ã�à�PBKR?�ßy@B9D7)7)9;@M�
φ := φ1 |φ2| φ1 ∧ φ2, φ1 := x ≤ f(P, V ), φ2 := f(P, V ) ≤ x

åHKR?�@A?
x
GV5H9ÂI�<JÎ�IBW�Î,Û

C
ÞE9DQ�C

f(P, V )
GV5H9Â<JGVQR?U9;@"?
[RÏ�@A?Z585AGJÎ,Q�Î,Û

P
9DQ�C

V
Ø�XLÎy@�Pså%Î

5�?
PB5
L1
9DQ�C

L2
Þ
L1\L2

åHGV<J<¤CR?UQRÎDP8?lPBKR?�5�?
P
L1\L2 = {a | a ∈ L1 ∧ a 6∈ L2}

Ø
N 4POQ<R8SH58>A/<T0VUXWZY\[�]$^`_�.�a�b�cedgf�cIbGhPceh�f9i>jkceh�i>bKlGmnf
o�pKmnfqlGm�fsrKm�ftpKjurvf�pKbxw>y$z/{5|Qa~}iS�\r��g���Xf9m5l/��c

M = (S,L,C, P, V, V0, P red,Ass, s0,→) �Q� cI�ec��
� S

i��\r��*b�i9f�c��Mc�f(p��Z�Iftrvf�c��M�
� s0

i���f � c\i�b�i9f9i1rv�G�Iftrvf�c��� L
iS�\r��*b�i9f�c$rv� l � rP�ec�f(p��\rg�Mf1i9pKb���� L = Li ∪ Lo ∪ I

�
� C

i��\r��*bJi>f�c��Mc�f~p��\�M�
p��I���M�
� P

i��\r��*b�i9f�c��Mc�f(p��~l�rK��rKjkc�f�c����M�
� V

i��\r��*bJi>f�c��Mc�f~p�����rK��i9rP����c��M�
� V0

i��\r��*b�i9f�c��Mc�f(p���f � c\i�bJi>f9i1rv����rv��mJc��Q��pK����rK��i1rP����c��\p�� V �� Pred = Φ(C,P, V )∪ P̃ [P, V ]
� �Q� cI��c P̃ [P, V ]

i���r���c�f*p��Z��i>b/cerK��i>b/ce��m�rv�qi>f1i1c��ZpKb
V
rKbGh

P
�

� Ass = {x := 0 |x ∈ C} ∪ {v := f(P, V ) | v ∈ V } i���ru��c�f(p��Zm�l�hgrvf�c���pKb��M��p��I���rKbGhk��rK��i1rP����c��M�
� →⊆ S × L× Pred×Ass× S i��\rk��c�f~p���f9��rKb���i9f9i9pKb��M�
Ù�KR?%9D<�ÏEKL9;ã¡?
P

L
GV5¹ÏE9;@�PBG�P8GJÎ,QR?ZC�GVQyP8Î"PBKR@A?Z?·5A?
PB5��

Li
Ü»@A?Z5AÏ¤Ø

Lo
Ý¤GJ5¤PBK�?�GJQRÏEÑ�POÜ»@A?Z5�Ï¹ØZÎ,Ñ�PAò

ÏLÑ�P
Ý�9D<�ÏEKL9;ã¡?
PUÞU9DQ�C
I
GV5�PBKR?�9D<�ÏLKE9;ã¡?
P¹Î,Û�GVQyP8?�@8QE9;<,9DI1PBGJÎ,Q�5�Ø

t = (s, a, pred, ass, s′) ∈→@A?�Ï�@A?U5�?ZQ,P85"9DQ�?UCRßy?2Û�@AÎ,7 56P19�P8?
s
P8Î�5�PB9�P8?

s′
Î,Q�5�àR7�ã�Îy<

a
Ø
pred ⊆ Pred GJ5H9æ5�?�P�Î,ÛI
Î,Q�56P8@B9DGVQyPB5�ÞE9DQ�C

ass ⊆ Ass GJ5H9Â5�?
P"Î,Û�ÑRÏ�CL9�P8?Z5ZØ
y*dgrKj�l/��c��g� X/G�ßLØZü2GJ<V<JÑ�5�P8@B9�PA?U5"9DQ�?
[�9D7ÂÏE<�?2Î,Û�9DQ�ë·ÙO4Aí"î�Ø
� S = {s0, s1, s2, s3}

9DQ�C
s0
PBKR?�GJQLG\PBGV9D<¤5�P19�PA?,Ø

� L = {!a, ?b, !c, ?d} Þ C = {x, y} Þ P = {β, λ} Þ V = {v1} 9DQ�C V0 = {β} Ø� Ù�KR?�Õy9�@BGV9;ãL<J? v1
KL9D5%PBKR?�GJQLG\PBGV9D<�Õy9;<VÑR?

β
Ø

� Pred = {y ≥ λ, x ≤ 1, v1 ≤ 4} Þ Ass = {x := 0, y := 0, v1 := v1 + 1} Ø� Ù�KR?�P8@B9DQ�5AG�PBG�Î,Q t Û�@AÎ,7 s2
PAÎ
s3
GJ5M�
t = (s2, !c, {x ≤ 1}, {v1 := v1 + 1}, s3)

Ø



  cIjurK�����g� XLÎy@H9DQ�ë·ÙO4Aí�î
M = (S,L,C, P, V, V0, P red,Ass, s0,→)

�
� �ÖK�?ZQ

P = ∅ 9DQ�C V = ∅ Þ¤PBKR?ZQÒåO?)ÐLQLCÒPBKR? ÑL5AÑL9D<·CR?�ÐEQ�G\PBGJÎ,QïÎ,Û�9�PBGV7Â?ZCÁG­â�Î9DÑ�P8Î,7)9�P8Î,QïÜ»ÙO4Aí"î�Ý1ØR46Q�PBK�GJ5"IZ9D5�?,Þ
M
åHGV<J<�ã¡?�5AGV7ÂÏL<�à�Q�ÎDPA?UC

(S,L,C, s0,→)
Ø

� �ÖK�?ZQ
C = ∅ Þ P = ∅ 9DQ�C V = ∅ Þ�PBKR?UQ�å%?�ÐLQLC�PBKR?0ÑL5AÑL9D<¹C�?�ÐLQLG\PBG�Î,QôÎ,ÛT9DQôG­âUÎ9DÑ�P8Î,7)9�P8Î,QïÜú4Aí"î�Ý1ØR46Q�PBK�GJ5"IZ9D5�?,Þ

M
åHGV<J<�ã¡?�5AGV7ÂÏL<�à�QRÎDP8?ZC

M = (S,L, s0,→)
Ø

s0 ¡ � s3

¢ �
s1 s2¡ ^

y ≥ λ

v1 ≤ 4 x ≤ 1
x := 0

¢ x

y := 0
v1 := v1 + 1
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I
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PB5�Î,Û

9;I
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p��´r·�Mc�f�p��
n
lG��p���c����Mc���iS�xr´¸v�Xf9m5l/��c

(G, I, Tr)
� � i9f � G r��*bJi>f�c��McIf�p���µv��pP��rv��rg�Mf9i1pKb����

I =
{Ii}1≤i≤n

r��*b�i9f�c��Mc�fEp����Mc�f>���~rKbGh
Tr = (Str, Ltr, s0tr,→tr)

rKb«rKm�ftpKjurvf�pKbx��m�� �f � rvf¹f � ckcI�KcIbJf9��p�� Ltr rK�ec��Kce�MftpK��� −→v p��
n + 1

c���c�j�cIbJf>���¹rKbGh ∀−→v ∈ Ltr � −→v =<
ag, a1, ..., an > � i9f � ag ∈ G rKb/h ∀i ∈ [1, n]

�
ai ∈ Ii ∪ {idle}

�
î�Õ,?ZI1P8Îy@ −→v =< ag, a1, ..., an >

Î,Û
Ltr

CR?Z5AI�@8G�ã¡?U5�PBKR? 9DI1PBG�Î,Q
ai
P8KE9�PlPBK�?ÂÏ�@AÎRI
?Z585

i
Þ
i ∈ [1, n]

Þ¡KL9D5"P8Î�Ï¡?�@8Û�Îy@87-Ø¡Ù�KR?æ5�àRQLIBKR@AÎ,Q�G��U9�PBG�Î,QNÎyÛ/PBKR?Â9DI1PBGJÎyQL5
(ai)i∈[1,n]

ß,G\Õ,?Z5
ÏL<V9DI
?-P8ÎïPBKR?ôß,<�ÎyãE9D<H9DI1PBGJÎ,Q

ag
Ø,� KR?ZQÓ9ñÕ,?ZI1P8Îy@ −→v =< ag, idle, ..., ai, ..., idle >CR?�ÐLQ�?Z5�Î,Q�<�àôÎ,QR?�9DI1PBG�Î,Q¤ÞEPBKR?æÏ�@AÎRI
?Z585

i
?�[�?ZI�ÑRP8?Z5l<JÎyQ�?Z<\à

ai
Þ�9DQ�CñI1KL9DQRßy?Z5lG�P85l5�P19�PA?,Ø

X�Îy@�9æP8ÎyÏ¡Î,<�ÎyßDà
Top = (G, I, Tr)

Þ�åHK�?ZQ�P8K�?�Q�ÑL7�ã¡?�@"Î,Û/56P19�P8?Z5�Î,Û
Tr
GJ5"?Zä�ÑL9D<�P8Î

1P8K�?ZQ
Top
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Pså%Î�ÎD@T5�?
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?Z585�?Z5M��Ñ�QLGJIZ9D5�PUÞ�7æÑ�<�P8GVIZ9D56PUÞD9DQ�C�ãL@AÎ�9;CLIZ9D56PUØU4¢PTIZ9DQ0ã¡?%ÑL5�?ZC�Þ;GVQ0I
?Z@�ò
PB9DGVQ IZ9D5�?U5�Þ�9D5�92W�GVQ�C)Î,Û�I
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Ð�ß,ÑR@B9�PBG�Î,Q�ÎyÛ¤PBKR?lß,<JÎyãE9D<�56à�56P8?Z7�Ø�º"ÎDP8?�PBKE9UPUÞ�GJQ�Îy@8CR?�@OPAÎ�C�?Z5AI
@8GJã¡?2GJQ,PA?Z@�ò¢I
Î,7ÂÏ¡Î,Q�?ZQyP
I
Î,7�7æÑ�Q�GVIZ9�PBG�Î,Q�5ZÞ�9-ÏL@AÎRI
?Z5A5Â9D<�ßy?�ãL@B9ôIZ9DQ�ã¡?�7�Îy@A? ?
[RÏ�@A?Z585AG�Õy? PBKL9DQïPBK�?)P8ÎyÏ¡Î,<�ÎyßDà,Þ
KRÎUå%?
Õ,?�@ZÞ�PBK�GV5H<V9�PAP8?�@"Îyè¡?�@85H5AÑ�G�P19�ãE<�?07ÂÎRCR?Z<VGJQ�ß 7Â?ZI1KL9DQ�GV5A7�5H9DQ�CN9D<�ßyÎy@8G�PBK�7�5"ÑL589;ãL<J?
GJQ�Ï�@B9DI1PBGVIZ9D<�P8Î�Î,<V5�Ø
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CS
i��$r¾ ��f9m5l/��c

(SP, SV, SV0, (Mi)1≤i≤n, T op) �Q� cI��c��



� SP
i��\rk��c�f~p��Z� � rK�eceh�l�rK��rKjkc�f�cI���M�� SV
iS�\rk�Mc�f(p���� � rK�ecehk��rK��i1rP����c��M�� SV0
i��\rk��c�f~p���f � c\i�b�i9f9i1rv�/��rv�qm�c��,��pK����rK��i1rP����c��\p�� SV �� Top = (G, {Ii}1≤i≤n, T r)

i��\r�ftp�l�pv�
p�µK¶P�
� Mi = (Si, Li, Ci, Pi, Vi, V0i, P redi, Assi, s0i,→i)

iS�¹rKb$y$z/{5|Qa���m�� � f � rvf 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
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P8KE9�P ∀i ∈ [1, n]
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Ii ⊆ Li

ØDÙ�K�GV5/?ZQL9;ãL<J?Z5/P8K�?OCR?ZÐLQ�G�PBG�Î,QæÎ,ÛLÏ¡9�@AP8G�9D<�P8ÎyÏ¡Î,<�Îyß,G�?U5/GVQ0åHK�GVIBK
ÎyQL<\àæ9D<J<JÎUå%?ZC05�àRQ�I1KR@AÎ,Q�G��U9�PBG�Î,Q�5/9;@A?�@A?ZÏ¡Îy@�P8?ZC Ü�GVQ2PBKR?%QR?
[�P/5A?ZI1PBG�Î,Q�ÞUå%?·åHGJ<V<,ß,G�Õy?O5�Î,7Â?
?
[�9D7ÂÏE<�?Z5"Î,Û/58Ñ�IBK�P8ÎyÏ¡Î,<JÎyßyGJ?Z51ÝBØEÙ�KR?0I�Îy7)7ÂÎ,Q�@A?U5�Î,ÑR@8I
?U5�@8?�Ï�@A?Z5A?ZQyPHP8K�?�58KL9;@A?ZCôCE9UP19
ÎyÛ�P8K�?-M�é�Ø"�Á?�åHGV<J<%@A?Z56P8@8GVI1PÂP8K�?�5AKL9;@A?UCÚCE9�PB9-P8ÎñÕD9;@8G�9;ãL<J?Z5�9DQLCÚÏE9;@B9D7Â?
P8?�@B5�Ø�Ù�K�?
ÏE9;@B9D7Â?
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9;585AÑL7Â?HPBKL9�P%PBKR?�QL9D7Â?U5�Î,Û¤ÏE9;@B9D7Â?
P8?�@85O9DQLC)Õy9;@8G�9;ãL<�?U5%Î,Û�?UQyPBG\PBGJ?Z5�9;@A?lCLG�è¡?Z@A?ZQyPUÞ�9DQLC
C�G�è¡?Z@A?ZQyP�Û�@AÎ,7 PBKRÎ,5A?�Î,Û¤PBKR?æM�é¡Ø
N 4POQ<R8SH58>A/<·Á½Ue¯C47:«=�<GH58>Bg?�_�.²z � c��McIjurKbGf9i9�I�xp��`rÂ��pKj�j�m7b�i1��rvf9i>b7µ²��¶5�If�cIj S =
(SP, SV, SV0, (Mi)1≤i≤n, T op)

� � i9f � Mi = (Si, Li, Ci, Pi, Vi, V0i, P redi, Assi, s0i,
→i)

rKbGh
Top = (G, I, (Str, Ltr, s0tr,→tr))

�\i���hPc9�*b/ceh°�I¶´f � c�y\z/{�|Ra ζ(S) =
(S,L,C, P, V, V0, P red,Ass, s0,→)

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

�
� L = G

�
C = C1 ∪ ... ∪ Cn

�
P = SP ∪ P1 ∪ ... ∪ Pn

�
� V = V P ∪ V1 ∪ ... ∪ Vn

�
V0 = V P0 ∪ V01 ∪ ... ∪ V0n

�
� Pred = Pred1 ∪ ... ∪ Predn

�
Ass = Ass1 ∪ ... ∪Assn

�
Ã ey�,^Zqsp1x ��^Uq6^U lp8t6pBq6rO^Um,x)oU^Zq6n�^ � �\p1rO�B^Um�^Z�,�Rp1^Zq�n\m t��yp�x,pB£�m,nut�nuw�m w � ^�t6q6^Um�rsn t�n\w�m w � ^Ump1m�t�n t=¥��



� →= {(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}
�

Ù�KR?H9;<JÏLKE9�ã�?
P
L
Î,Û
ζ(S)

GJ5/PBKR?"5�?
P
G
Î,ÛLß,<JÎDã¡9D<L9DI1PBG�Î,Q�5TÎ,Û

Top
Ø,îÓ56P19�P8?OÎ,Û

ζ(S)
I
Î,Q�ò

5AGJ5�PB5�Î,Û�9O5�P19UP8?TÎ,Û
Top

9DQ�C256P19�P8?Z5�Î,Û
(Mi)i∈[1,n]

Ø�îÁP8@B9DQ�58G\PBG�Î,Q
(str, s1, ..., sn)

a,pred,ass−−−−−−−→
(s′tr, s

′
1, ..., s

′
n)
Î,Û
ζ(S)

GV5OI
Î,QLC�G\PBGJÎ,QR?ZC�ã�à)PBKR?l?
[�GJ5�PA?UQ�I
?lÎ,Û!92P8@B9DQL5AG\PBGJÎ,Q Î,Û
Top

Û­@AÎ,7
str
P8Î
s′tr
ÎyQô90Õ,?ZI1P8Îy@"KL9�Õ�GJQ�ßÂPBKR?�ß,<JÎyãE9D<¹9DI1PBG�Î,Q

a
Ø

Ù�K�ÑL5�Þ�PBKR?O5�?U7)9DQyPBGVI�5�Î,ÛE9�M�é09D<J<JÎUåH5!PBKR?%Ï�Îy585AGJãLGJ<VG\PsàæÎyÛ�P8K�?O56à�Q�I1KR@AÎ,Q�G��U9�PBG�Î,Q�åHG�PBK
Î;PBK�?�@�M�é�5�ÞRåHK�GVIBK�ß,G\Õ,?Z5H9ÂK�G�?Z@B9;@8IBK�GVIZ9D<¤CR?�ÐEQ�G\PBGJÎ,Q-Û�Îy@�M�é�5ZØ�î Ï¡Î,5A58G�ãE<�?�?�[�P8?ZQ�58G�Î,Q�Î,Û
P8K�?�M�éÒ7ÂÎRCR?U<TI�Î,Q�5AGV56PB52GVQÒPBKR? CR?�ÐLQLG\PBGJÎyQïÎ,Û�?�[�P8?ZQ�C�?ZCÒP8ÎDÏ�Îy<JÎyß,G�?Z5M��PBKR?�PA@B9DQL5AC�ÑLI
?�@
7ÂÎRCR?Z<J?ZCÒã,àÁ9DQïë·ÙO4Aí"î Ü�I
Î,Ñ�<VCÒã¡?)ÑL5�?ZÛúÑ�<�Û�Îy@�7ÂÎRCR?U<JGVQRßôQR?
Pså%Îy@AWÒ<V9�P8?ZQLI�G�?U5BÝ1ØCºHÎDP8?
P8KE9�PZÞDPBKR?H5AG���?�Ü�Q�Ñ�7�ã�?�@�Î,ÛLP8@B9DQ�58G\PBGJÎyQL5BÝ�Î,ÛLPBKR?H5�?Z7 9DQyPBGJIZ5·9DÑ�P8Î,7)9�P8Î,QÂGV5·<JGVQR?U9;@·GVQÂP8K�?
5AG
�Z?�Î,Û·?UQyPBG\PBGJ?Z5lPBGV7Â?Z5�P8K�?)5AG���?�Î,Û·P8K�?ÂP8ÎyÏ¡Î,<�ÎyßDà,Ø¤46QÒÏ�@B9DI1PBGVI
?yÞ¹KRÎUå%?�Õy?�@ZÞ�PBK�GV5258G
�Z?)GJ5
ÎD@BCR?�@85�Î,ÛT7 9;ß,Q�G\PBÑ�C�?æ<�?U5A5�Ø�XLÎy@�?�[�9D7ÂÏE<�?yÞEPBK�?æ5AG���?æÎ,Û�9�M�é¡Þ�5AÑLIBKôP8KE9�P�G\PB5HP8ÎDÏ�Îy<JÎyßDà
GJ5H90P8@A?�?yÞLGV5�<VGJQR?�9�@HGVQ�PBKR?�5AG���?2ÎyÛ�G\PB5OP8ÎyÏ¡Î,<�ÎyßDà,Ø
-/.S» ÄÅ4vH5Æ"A�FRAG6>AJ©J±°AGªZÇÈ47<"4P3�8>B­ÇÈ47<"4P35=nH58>AG<�^È6>©GAJ3�8SH5ÆR:²?v.
Ù�KR?H7)9;õsÎy@8G\PsàÂÎ,ÛEP8?Z5�P·ßy?ZQR?�@B9�PBGJÎ,Q)9D<JßDÎy@8G�PBK�7�5�9;@A?�ã¡9D5�?ZC�Î,Q 9�C�?�ÏRPBK�ò=ÐL@856P�5A?U9;@8IBK�Î,Û�9
PB9;@Aßy?�PH5�PB9�P8?2Îy@�P8@B9DQ�5AG�PBG�Î,Q-GVQ�PBKR?æ9DI�I
?Z585AGJãLGJ<VG\Psà-ßy@B9;ÏLK�ØL4¢PHGV5�P8K�?ZQ�Ï¡Î,585AGJãL<�?2P8Î)C�?�ÐLQR?
ßD?UQR?�@8GVI�ßy?ZQR?Z@B9�P8GJÎ,Qñ9D<�ßyÎy@8G�P8KL7�5�Û�Îy@HÕD9;@8GJÎ,Ñ�5HPA?U56PHPsàRÏ¡?Z5�Ø¡46Q-PBK�GV5HÏE9;@�PUÞLå%?æ58KRÎUå�KRÎUå
PAÎ)C�?�ÐLQ�?258Ñ�IBKô9D<�ßyÎy@8G\PBKL7�5�Ø
N 4POQ<R8SH58>A/<�É�.\aÅ��pKj�j�mnb�i9��rvf9i>b7µ���¶5�If�cIjÊmnbGhPcI�¹f�c��If(w�Ë"Ì¥Í¹z�}�i���r���pKj�j�m7b�i1��rvf9i>b7µ
��¶��If�cIj

S = (SP, SV, SV0, (Mi)1≤i≤n, T op)
�Q��m�� � f � rvf*f � cI�ec�iS�\rvf*��cer��If¥pKb/c$cIbJf9i>f1¶

Mi
�
i ∈ [1, n]

�(hPc9�*b�i>b7µ�pKb�c$pK�Z�McI�KcI��rv�G�Iftrvf�c�����rP��c���cehÈ�I¶
ACCEPT

�
é,P19�PA?U5%<V9;ã¡?U<�?ZC�ã�à

ACCEPT
CR?�ÐLQ�?HPBKR?�ã�?ZKL9�Õ�G�Îy@85�P8Î0ã¡?�P8?Z56P8?ZC¤Ø�í�Ñ�@OCR?�ÐEQ�G\PBGJÎ,Q Î,Û

M�é�ð�Ù I
Î,QL5AGVCR?�@85�Î,Q�<�àÁ56P19�P8?Z50<V9;ã¡?Z<J?ZCÁã�à
ACCEPT

Þ!ãLÑ�PæG�PÂGJ5�Ï¡Î,5A58G�ãE<�?)P8ÎNCR?ZÐLQR?
PA@19;QL5AG�P8GJÎ,Q�5�<V9;ã¡?Z<J?ZC)ã�à

ACCEPT
Ø�Ù�K�GV5·<�9D56P%IZ9D5A?HGV5·Q�ÎDP·PA@8?U9�P8?ZC)GVQÂPBKLGJ5·ÏE9;Ï¡?�@ZÞ,ãEÑ�P

P8K�?�9;Ï�ÏL@AÎ�9;I1K�@A?U7)9DGJQL5%PBKR?25B9D7Â?yØLì¤?
PHÑ�5"QRÎDP8?�ã�à CSUT ÞRPBKR?�5�?
P"Î,Û/9;<V<!M�é�ð�Ù�5�Ø
N 4POQ<R8SH58>A/<®ÎC.\Ï"pK�Èr

S ∈ CSUT �Zrx�Iftrvf�c s = (str, s1, ..., sn)
p��
ζ(S)

rKbGh
ρ =

t0...tn
rk�Mc���mJcIbG��c$p���f9��rKb���i>f9i1pKb���i�b

ζ(S)
����pKjÐf � c�i>b�i9f9i9rv�/�Iftrvf�c��

� s
iS�\rKb�rg����c�l/f1i�b7µ���f�rvf�c�p��

ζ(S)
i ��f � cI�ec$cedKiS�If>� i ∈ [1, n]

��m�� � f � rvf si iS��r��Iftrvf�c��rP�ec���cehÈ�I¶
ACCEPT

�
� ρ

i��\rKb­rP�e��c�l/f9i>b7µ�l�rvf � p�� ζ(S)
�*i ��g�

ρ
iS�\rKb«cedPce��mnf�rP����cElnrgf � �Ñ ��z � c\ftrK�tµPc�f,�Iftrvf�c$p���f � c\��r��If¥f9��rKb���i>f1i9pKb tn i��\rKb²rg�e��c�l/f9i>b7µu��f�rvf�c$p�� ζ(S)

�
î 56P19�P8?

s
ÎyÛ¹PBKR?�ë�ÙO4Aí"î

ζ(S)
ÞRPBKR?�5�?Z7)9DQ,PBGJI�5�Î,Û

S
ÞLGJ5H9DQ-9DIZI
?�ÏRPBGVQRß)56P19�P8?�Î,Û

ζ(S)
Þ

GJÛ�Î,QR?�Î,Û%PBKR?�5�PB9�P8?Z5�PBKE9UP�I�Î,7ÂÏ¡Î,5�?�G�PUÞ/GJ5�9N56P19�P8?�<�9;ã¡?Z<�?UCÚã,à
ACCEPT

ØTî Ï¡9�P8K
ρ = t0...tn

ÎyÛ
ζ(S)

Û­@AÎ,7 PBKR?)GVQ�G\PBG�9D<T5�PB9�P8?)GJ5�9DQÁ9DI�I
?�Ï�P8GVQRß-ÏE9�PBKÒÎ,Û
ζ(S)

GVÛHü�Ý"PBKR?
56P19�P8?

sn
Î,Û/PBK�?Â<V9D5�P�P8@B9DQL5AG\PBGJÎ,Q

tn = (sn−1, a, pred, ass, sn)
GV5�9DQÒ9DIZI
?�ÏRPBGVQRß�56P19�P8?

ÎyÛ
ζ(S)

9;QLC � Ý
ρ
GV5O9DQ)?
[R?ZI�ÑRPB9;ãE<�?ÂÜ�Û�?U9D58G�ãL<J?�Ý�ÏE9�PBK�Þ�G»Ø ?yÞ�P8K�?�C�GJè¡?�@A?UQyP�I
Î,Q�56P8@B9DGVQyPB5·Î,Q

P8K�?HP8@B9DQ�5AG�PBG�Î,Q�5O9;@A?�9D<V<¡589�PBGV5�Ð�?ZC¤Ø�Ù�KR?l?
[�?ZIZÑ�P19;ãLGJ<VG\Psà Î,Û¹9�ÏE9�PBK�GJ5�PA@8?U9�P8?ZC�GJQñû � üyÞ �v� ÿ¢Ø



N 4POQ<R8SH58>A/<ÓÒ/.\a®µPcIb/cI��i9�*µPc�b�cI��rvf1i9pKbkrv� µgpK��i9f � j¼w�Ô�Ô*a~}"�IpK� CSUT i��~rKbkrv� µgpK��i9f � jf � rvf(��pKj�lGmnf�c������IpK�$rv��� S ∈ CSUT �(rg���srg����c�l/f9i�bnµZl�rvf � �\p�� ζ(S)
�

îHQù9D<JßDÎy@8G�PBK�7
gga

GJ5 9«����î�Þ�GVÛ
gga

9;Ï�ÏE<JGJ?ZCÔP8Î
ζ(S)

@A?
PBÑR@8Q�5 9Ò5A?
P
PATH(S)I
Î,QyP19DGJQLGJQRßô9D<J<T9DI�I�?�ÏRPBGJQ�ß�ÏE9�PBK�5lÎyÛ

ζ(S)
Ø�ëT[�9D7�ÏL<�?U5�Î,Û(�\�lî IZ9DQNã�?ÂÛ�Î,Ñ�QLCñGVQiû � üDÞ

� �RÞ �v� ÿ=Ø�º"ÎDP8?�P8KE9�P¤PBK�?¥Õ�G\PAò=Îy@�ò�Ö,Ñ�7ÂÏ09D<JßyÎy@8G\PBK�7 û � ��ÿ�CRÎ�?Z5¹Q�ÎDP�CR?U9D<DåHG�P8K�PBKR?�PA?U7ÂÏ¡Îy@B9D<
9;5AÏ¡?ZI1P"Î,Û�56à�56P8?Z7�5"9DQLC�I
Î,Q�58GJC�?�@85

ACCEPT
P8@B9DQ�58G\PBG�Î,QL5�Ø

X/GJQE9D<J<�à,Þ�9DQi9D<�ßyÎy@8G�P8KL7
gga

CRÎ�?Z5�QRÎDP�CR?ZÏ¡?ZQ�CÔÎyQ÷9ÒM�éRðHÙ�Ø/4¢P�IZ9DQÚã¡?ô9;Ï�ÏL<VG�?ZC
PAÎÚ9DQyà÷ë�ÙO4Aí"î 9DQ�CùG\P�GJ5�?�[RKL9DÑ�5�PBG\Õ,?ôGVQÔPBKR?ô5�?UQ�5�?�PBKL9�P�9D<J<"9DI�I�?�ÏRPBGJQ�ßÁÏE9�PBK�5 9;@A?
@A?
PBÑR@8QR?UCñã,à

gga
Ø�4¢PB5�I
Î,7�ÏL<�?�[RG\PsàÒCR?ZÏ¡?ZQ�CL5lÎ,QNPBKR?)5AG���?�ÎyÛ·?ZQyPBG�PBG�?Z5�9DQ�CñPBKR?�5AG���?�ÎyÛ

P8K�?lP8ÎyÏ¡Î,<JÎDßDà�Ñ�5A?ZC�Øn�Á?�KL9�Õ,?�IBK�Î,5�?ZQ�PBKR?�56P19�P8?2I
ÎUÕ,?�@B9;ßy?�I
@8G�PA?Z@8G�Î,Q-Û�Îy@HCR?�ÐLQLGJQRß
ggaãLÑ�P�PBKR?�P8@B9DQ�5AG�PBG�Î,QïÜ»Îy@�ÎDPBKR?�@1Ý%I
ÎUÕ,?�@B9;ßy?�I
@8G�PA?Z@8G�Î,Q-IZ9DQ-9D<V5�Î�ã¡?2I1KRÎ,5�?UQïû �v� ÿ¢Ø

× ØÂÙÛÚ�ÜÞÝ� !Æ� ¹ÈLÍ6Ì���É�Ê� "!�ß8É·È·à� "á,Ç�Í6Æ�)
46QùPBK�GV5�5�?ZI1PBGJÎ,Qùå%?ÒÏ�@A?Z5A?ZQyP�PBKR?Ò?
[RÏ�@A?Z585AG�ÕRG�PsàÖ9DQ�CùPBK�?ñßy?ZQR?Z@8GJIÒIBKE9�@19;I
P8?�@�Î,Û0M�éR5
Û�Îy@"CR?Z5AI�@8G�ãEGJQRß 9DQLC P8?Z5�PBGJQRß�Ï�@AÎDP8ÎRI
Î,<J5ZØ�êôÎRCR?Z<VGJQRß)5AÏ¡?ZI�GJÐLIZ9�PBGJÎyQL5�GJ5�Ï�@A?Z5A?ZQyP8?ZC�GVQ��RØVüyØ
Ù¹?U56PBGJQ�ßÂåHG\PBK�CLG�è¡?Z@A?ZQyP"Psà�Ï¡?Z5H9DQ�Cô9�ÏLÏ�@AÎ�9DIBK�?Z5�GV5OÏL@A?Z5�?UQyP8?ZC-GJQ`�RØ � Ø
46QôP8K�?0@A?Z7 9DGJQ�C�?�@�Î,Û/P8KLGJ5l5�?UI1PBG�Î,Q�ÞEå%?0åHGJ<V<�I
Î,Q�58GJCR?Z@HPså%Î�5AÏ¡?ZI�GJÐLIZ9�PBG�Î,QL5

SA
9DQLC

SB
Þ!5AKE9�@BGJQRß-PBKR? 5A?
P0Î,Û�ÏE9;@B9D7Â?�PA?Z@85

SP
Þ!9DQ�CïP8K�? 5�?�P�Î,Û·Õy9;@8G�9�ãE<�?Z5

SV
Þ!5AÑLIBKÒPBKL9�P

SV0
GJ5l9�ÐLQLG\P8?æ5�?�P�Î,Û!PBKR?æGVQ�G\PBG�9D<¤ÕD9D<VÑR?Z5�Û­Îy@"Õy9;@8G�9�ãE<�?Z5�ÎyÛ

SV
Ø��Á?æ7ÂÎRCR?Z<

SA
Üú@A?U5�Ï¤Ø

SB
Ý�ã�àNPBKR? ë�ÙO4Aí"î

A = (SA, LA, CA, PA, VA, V0, P redA, AssA, s0,→A)
Ü»@A?Z5AÏ¤Ø

B =

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

′
0,→B)

Ý1Ø
LAB

Ü»@A?Z5AÏ¤Ø
LBA

Ý�åHGJ<V<%CR?ZQRÎDP8?�P8K�?
5�?
P Î,Û�?
Õ,?ZQ,PB5)Î,Û

LA
Ü»@A?U5�Ï

LB
Ý0åHK�GVIBKù5�àRQ�I1KR@AÎ,Q�G���?-åHG�PBKù9DQ÷?
Õ,?ZQyP�Î,Û

LB
Üú@A?U5�Ï¤Ø

LA
Ý1Ø¡X�Îy@H?�[�9D7ÂÏL<J?yÞ¡GVÛ

LA = {?a1, ?a2, !a3}
9DQ�C

LB = {!a2, ?a3, !a4}
P8K�?ZQ

LAB =
{?a2, !a3}

Þ
LBA = {!a2, ?a3}

Þ·9DQ�C
?a2

Ü»@A?Z5AÏ¤Ø
!a3
Ý05�àRQ�I1KR@AÎ,Q�G���?Z5ÂåHG\PBK

!a2
Üú@A?U5�Ï¤Ø

?a3
Ý1Ø,Ù!Î�58GJ7�ÏL<JGVÛVà,Þyå%?�åHGV<J<¡9D5A58Ñ�7Â?�PBKL9�P ∀a ∈ LAB ÞyPBKR?�@A?HGV5�92Ñ�Q�GVä�ÑR? b ∈ LBA 5AÑ�I1KP8KE9�P
a
5�àRQ�I1KR@AÎ,Q�G���?Z5OåHG�P8K

b
Ø

»�.10 @ ¯°=�?u=´¯�¨*4PBP8>ORBg=nH58>AG<®ÄÅACF"4n6

(a) Topology TopS

âGãRä
LAB

ä
LBA å

â
GA
ä
LA\LAB ä æ ç�è é å â

GB
ä æ ç�è é�ä

LB\LBA å
(b) Topology TopS’

â
τ
ä
LAB

ä
LBA å

â
GA
ä
LA\LAB ä æ ç�è é å â

GB
ä æ ç�è é�ä

LB\LBA å

£¥¤�¦ �MêL��ë nqìRpBqsp1m�tTt6wU�Rw��uw�¸�nup1r
]uíR?M4P3�î�=�íR6>4�4PîG47<GH�?K. é�Ñ�Ï�Ï¡Î,5�?HPBKL9�P

S
GV5·PBKR?l5�Ï¡?UI�G�ÐEIZ9�PBG�Î,Q�7)9DCR?lÑRÏ�Î,Û¤5�Ï¡?ZIZG�ÐRò

IZ9�PBG�Î,Q�5
SA
9DQ�C

SB
Ø�î M�éÂ7�Î�C�?Z<JGVQRß0ÎyÛ

S
GV5��

CS1 = (SP, SV, SV0, (A,B), T opS)
Þ

åHG\PBK
TopS

P8K�?ñ9DÑ�P8Î,7)9�P8Î,QiÎ,Û�X�GJßLØe�ùÜ=9,Ý1Ø
TopS

GV5�9Á5�PB9�PBGVI�P8ÎyÏ¡Î,<�ÎyßDà,Ø,ï·?ZI
PAÎy@
<

G,LAB , LBA >
C�?ZQRÎDP8?Z52PBKR?)Õ,?ZI1P8Îy@85

< gab, a, b >
5AÑLIBKïPBKL9�P

a ∈ LAB
56à�Q�IBK�@AÎDò

Q�G
�Z?Z5�åHG�PBK
b ∈ LBA

Þ�9DQLCÓP8K�?ZG�@ô56àRQLIBKR@8ÎyQLG
�U9�PBGJÎ,Q×ß,G\Õ,?Z5�ÏE<V9DI
?ÒPAÎù9DQ×ÎyãL5A?�@�Õy9;ãL<�?



9;I
PBG�Î,Q
gab
ØHî�Q ?
[L9D7ÂÏL<J?ÁÎ,Û

gab
IZ9DQ ã¡?

a
Üú@8?Z5�Ï¤Ø

b
Ý�GJÛ

a
Ü»@A?Z5�Ï¹Ø

b
Ý�GJ5ñ9DQ ?U7�GJ5�ò

5AG�Î,Q×ÜúP8K�?)ÕRGV5AGJãL<�?�9DI1PBGJÎ,QÁÎ,Û�9DQÁ?Z7)GJ585AGJÎyQÔ9;QLCÚ9-@A?ZI
?ZÏRPBG�Î,Q�GV5æ9DQÁ?U7�GV5A5AGJÎ,QEÝ1Ø¹46QÁP8K�?
589D7Â?�å"9�à,Þ

< GA, LA\LAB , idle >
CR?ZQRÎDP8?Z5HPBKR?0Õ,?ZI1P8Îy@85

< ga, a, idle >
5AÑLIBKôPBKL9�P

a ∈ LA\LAB
Ø/46Q

< ga, a, idle >
Þ�PBKR?-ë·ÙO4Aí"î

A
Ï¡?Z@8Û�Îy@87�5æPBKR?ô9DI1PBG�Î,Q

a
ßyG�ÕRGVQRß

ÏL<V9DI
?2P8Î�PBKR?2ÎyãE5�?�@�Õy9;ãL<J?09DI1PBGJÎ,Q
ga
ÞE9DQLC�PBKR?0ë�ÙO4Aí"î

B
@8?Z7)9DGJQL5"GJQ�PBKR?0589D7Â?�56P19�P8?

Ü
idle
ÝBØ¹Ù�KR? 5�?�P

GA
I�ÎD@8@A?Z5�Ï¡Î,QLC�5�Þ¹GJQïßy?ZQ�?�@B9D<»Þ�P8Î�PBKR? 5�?
P

LA\LAB
Ø¹X/GJQE9D<J<�à,Þ

TopS9;<V<�Î�åH5%PBKR?09;Ï�ÏL<VGJIU9UPBGJÎ,Q�Î,Û!?U9DIBK�Õ,?ZI1P8Îy@�Ü�GJÛ�G�PHGJ5�Ï¡Î,5A5AGJãL<J?�Ý%GVQ-9æß,<JÎyãE9D<¤56P19�P8?�Î,Û
S
Øð AG<�ñ�AJí"?M473�î�=�íR6>4´4PîG47<GH�?K. ºHÎUå�Þ�58ÑRÏ�Ï¡Î,5�?ÂPBKL9�P�PBKR?�5�àRQ�I1KR@AÎ,Q�G��U9�PBG�Î,QL5lÎ,Û
LAB?
Õy?UQyPB5/åHG\PBK

LBA
?�Õy?ZQ,PB5�9;@A?�Q�ÎyQRò=ÎyãL5�?Z@�Õy9�ãE<�?�Ü�9D5TG�P·GJ5/PBKR?�IZ9D5A?OÎ,Û�PBKR?OãL<�9DI8W�ò=ã¡ÎU[0P8?Z56P

9�@BIBK�G�P8?ZI1PBÑR@A?�Ý1Þ�PBK�?ZQÔ7�ÎRCR?Z<JGVQRß
S
GJQùM�éÚGJ5��

CS2 = (SP, SV, SV0, (A,B), T opS′)
Þ

åHG\PBK
TopS′

P8K�?N9DÑ�P8Î,7)9�P8Î,QÔÎ,ÛlX/G�ßLØ��iÜ»ã�ÝBØ�46Q
< τ, a, b >

Î,Û
< τ,LAB , LBA >

Þ
P8K�? 5�àRQ�I1KR@AÎ,Q�G��U9�PBG�Î,QÁÎ,Û

a
åHG�P8K

b
ßyG�Õ,?Z5�ÏL<V9DI�?�P8Îñ9DQÁGVQyP8?�@8QE9;<�9DI1PBGJÎ,Q

τ
ØQ��?ZQ�?�@B9D<J<�à,Þ

å%? IZ9DQ�CR?Z58I
@8GJã¡?�PBKR?�56à�Q�IBK�@AÎ,Q�G
��9UPBGJÎ,QïÎ,Q�GJQ,P8?�@8QL9D<�9DI1PBG�Î,QL52Î,Q�<�àÁÛ�Îy@æ9�ÏE9;@�P0Î,Û�P8K�?
56àRQLIBKR@AÎ,QLG
�U9�PBGJÎyQ�?
Õ,?ZQ,PB5"9D5"G\PHGV5%PBKR?�IZ9D5�?2Î,Û�90P8?Z5�PH9;@8I1K�G�PA?UI1PBÑR@A?yØ
Ù�K�ÑL5�Þ¹Û�@AÎ,7 9�PA?U56PBGJQ�ß-5�P19DQ�CRÏ¡Î,GVQyPUÞ�P8K�?�M�éñ7ÂÎRCR?Z<�GJ5�QRÎDP2Î,Q�<�àÁ9�Û­Îy@87)9D<T7ÂÎRCR?U<

9;<V<�Î�åHGJQRß�PBKR?�CR?Z58I
@8GJÏRPBG�Î,QñÎ,Û·GVQyP8?�@�ò¢I�Îy7�Ï¡Î,QR?ZQ,P2I
Î,7�7æÑ�Q�GVIZ9�PBG�Î,QL5�Þ�ãLÑ�P09D<J5�Îô9�7ÂÎRCR?U<
P8KE9�PHGJ5H9;ãL<�?�P8Î)GJQ�I�ÎD@8Ï¡Îy@B9�PA?�P8K�?lP8?Z56P�9;@8I1K�G�PA?UI1PBÑR@A?Z5ZØ
»�.�- @ ¯°=�?u=«Y(4P?IH�ÇÈ47<"4P35=nH58>AG<®ÄÅACF"4n6
Ù¤åOÎl7)9;õsÎy@T9�ÏLÏ�@AÎ�9DIBK�?Z5¹å%?Z@A?%ÑL5�?ZCæÛ�Îy@�ÏL@AÎDPAÎRI
Î,<,P8?Z56PBGVQRß�� a���f1i��Kc$zGc���f1i�b7µ 9DQ�Cuò r�����i>��czJc��If9i>b7µ ØD46Q�9DI
P8G�Õy?�P8?Z56PBGVQRßLÞ;PBKR?"CR?�@8G�ÕD9�PBGJÎ,Q�GJ5·7)9DCR?�Û­@AÎ,7�5AÏ¡?ZI�GJÐLIZ9�PBGJÎyQL5�ØyÙ�K�?"CR?�@8G�Õy9UòP8GJÎ,QÁIU9;Q�I
Î,Q�58GJC�?�@�Î,Q�<�à�9�ÏE9;@�P0Î,Û·PBKR?�5�Ï¡?ZIZG�ÐLIU9�P8GJÎ,QÒåHG�PBKÒPBKR?�9DGJ7 Î,ÛO<JGV7�G�PBGJQRßôP8K�?
56P19�P8?l5�Ï¡9DI
?�?�[�ÏL<JÎ,5AGJÎ,Q åHK�GVIBK�ÎRI�I�ÑR@B5%C�Ñ�@8GJQ�ß0PBKR?�56à�56P8?Z7 I
Î,7ÂÏ¡Î,58G\PBGJÎyQ�9DQ�C�9DQL9D<\à�5AGV5�Ø
Ù�K�GJ529;ÏLÏ�@AÎ�9DIBKÒGJ5lWRQRÎUåHQï9D5HPBKR?æP8?Z5�P�ÏLÑR@AÏ�Îy5A?0P8?ZI1K�Q�GVä�ÑR?,Ø�î�I
P8G�Õ,?æPA?U56PBGJQ�ß�IZ9DQÒCR?U9D<
åHG\PBKÒÎ,QR?)ÎD@�5A?
Õ,?�@B9D<TI�Î,7�70ÑLQ�GJIU9�P8GVQRß-?ZQyPBG�P8GJ?Z5 û�ü1ý¡ü�þUÿ¢Ø!í�QÒP8K�?�ÎDPBKR?�@�KL9DQ�C¤Þ¤ÏE9D5A58G\Õ,?
PA?U56PBGJQ�ß)I
Î,Q�58GJC�?�@85�?
[�?UI�Ñ�PBG�Î,Q�P8@B9DI
?U5OÎ,Û/9DQ�GV7ÂÏE<�?Z7�?ZQyP19�PBG�Î,Q¤Þ�åHKLGJI1K-IZ9DQ�I�Î,QyP19DGJQ�Õy9D<\ò
ÑR?Z5HÎ,Û!Õy9;@8GV9;ãL<J?Z5l9DQ�CNI�<JÎ�IBW�5ZÞ¡9DQLCôIBK�?ZI8WR5"PBKR?2Õy9D<VGJC�G�Psà-Î,Û�P8K�?Z5�?�P8@B9DI
?Z5�åHG�PBK-@A?Z5AÏ¡?ZI1P
PAÎÒPBKR?�5AÏ¡?ZI�GJÐLIZ9�PBGJÎyQ¤Ø/46QÚPBKR?�åOÎy@AW�5Â@A?Z<�9�P8GVQRßÒP8ÎÒÏE9D5A58G\Õ,?�PA?U56PBGJQ�ß÷û � ü
ÿ¢Þ�PBKR?ô9DÑ�PBKRÎy@85
I
Î,Q�5AGVCR?�@"Î,Q�<�à�Î,Q�?2Ñ�Q,PBGJ7Â?UC�5�Ï�?ZI�GJÐLIZ9�PBG�Î,Q�Ø
Ù!Îï5AGV7ÂÏE<JGVÛVà,Þ�<�?
P Ñ�5�IZ9D<J< pKb/cI���epKj�l�pKb/cIbJf�f�c��If9i�bnµ P8K�?�P8?Z5�P�Î,Û�Î,Q�?�5AÏ¡?ZI�GJÐLIZ9�PBG�Î,QÜ»I�Î,Q�Û�Îy@87)9DQLI
?-P8?Z56PBGVQRß�Ý�9DQ�C �McI��cI��rv�q�X��pKj�l�pKb/cIbJf\f�c��If9i>b7µ PBKR?ôPA?U56P Î,Û�5�?
Õ,?�@B9D<H5�Ï¡?ZI
òG�ÐLIU9UPBGJÎ,Q�5NÜ�GJQ,P8?�@AÎyÏ¡?�@B9;ãLGV<JG�Psà,Þ·?Z7�ã¡?UC�CR?ZC¤Þ·I
Î,7ÂÏ¡Î,Q�?ZQyP)P8?Z5�P8GVQRß�Ý1Ø�46QiP8K�?-@A?U56P Î,ÛHPBK�GJ5

5�?ZI1PBGJÎ,Q�Þ�å%?�I
Î,QL5AGJC�?�@%PBKL9�P
gga

GV5�9u���lî0Ø�Ù�K�GV5O5�?UI1PBG�Î,Q�58KRÎUåH5�PBKL9�POP8K�?�P8?Z56PH9DI1PBG\Õ�G\ò
P8GJ?Z5O9D7ÂÎ,Ñ�Q,P·P8ÎÂ9æM�é�7ÂÎRCR?U<JGVQRßLÞ�ã,à CR?ZÛ­?�@A@8GVQRß�PBKR?lC�GJè¡?�@A?ZQ,POIBKL9;@B9DI
PA?Z@8GJ5�P8GVI�5�Î,Û¤9�P8?Z56P
PAÎ)PBK�?2P8ÎyÏ¡Î,<�ÎyßDà-ÎyÛTI
Î,7�7æÑ�Q�GVIZ9�PBG�Î,Q¤Þ¡9DQ�C-PBKR?Â9�ÏLÏL<JGVIZ9�PBG�Î,QôÎ,Û�P8K�?æ9D<�ßyÎy@8G�PBK�7

gga
P8Î

ÕD9D<VGJCE9UP8?090P8@B9DI
?)Ü»Ï¡9;585AG�Õy?�P8?Z56PBGJQ�ß�Ý�Îy@OPAÎ�ßy?UQR?�@B9�P8?lP8@B9DI
?Z5�Ü�9DI1PBG�Õy?�P8?Z5�P8GVQRß�Ý1Ø
2�=�?M?�8�î/4�H54P?IH�89<s©s. é�Ñ�Ï�Ï¡Î,5�?�PBKL9�P

I
GJ5�9DQ�GV7ÂÏL<J?Z7�?ZQyP19�PBG�Î,Q�Î,Û¹PBKR?�5AÏ¡?ZI�GJÐLIZ9�PBG�Î,Q

SA
Þ

9;QLCÁPBKR? P8@B9DI
?�7�Î�C�?Z<�?UCÁã�àïPBKR?�ë·ÙO4Aí�î Î,Û�X�GJßLØ��iÜ�9,Ý�GJ5Â9-P8@B9DI
? Î,Û
I
Ø�Ù�K�GV5�P8@B9DI
?

@A?�Ï¡Îy@�PB5ÂPBKL9�P
I
KL9D5�?
[R?ZI�Ñ�P8?UC

a ∈ LA
Üúå%?-@A?ZIU9D<J<OPBKL9�P

A
GJ5�PBKR?ôë·ÙO4Aí�î Î,Û

SA
Ý

9UPÂ7�Î,7Â?ZQ,P��RÞ�Û�Î,<J<JÎUå%?ZC�ã�à
b ∈ LA

9�PÂ7ÂÎ,7Â?UQyPu�-58Ñ�IBKÁPBKL9�P0PBKR?�58KL9;@A?ZCïÕy9;@8G�9;ãL<�?
v ∈ SV GJ5H?Zä�ÑE9D<�P8Î��LØ�M%KR?UI8W�GVQRß P8K�?2Õy9D<JGVC�G\PsàôÎyÛ�PBK�GJ5"PA@19;I�?0I
Î,Q�58GJ56PB5HGVQô7ÂÎRCR?U<JGVQRß�9M�é

CS3 = (SP, SV, SV0, (A,PTrace), PTop)
Þ;åHG\PBK

PTrace
PBKR?Hë·ÙO4Aí�î×ÎyÛ�X/GJßLØ��

Ü�9,ÝO9DQ�C
PTop

PBKR?09DÑ�P8Î,7)9�P8Î,Q�Î,Û�X�GJßLØ��ôÜ»ã�ÝBØ
Ù�KR?OP8ÎyÏ¡Î,<JÎyß;à

Ptop
GV5TÏ¡9;@�PBGV9D<»Þ,G�Ø ?yÞ,G\P%CR?�ÐLQ�?Z5�ÎyQL<\àæPBKR?H56à�Q�IBKR@8ÎyQLG
�U9�PBGJÎ,Q�5�ÎyQ

PTrace



h=3/a/− h=5,v=4/b/−
ACCEPT

ó
ô�õJö7÷gø>ôeù é <a,a,a> <b,b,b>ó
úMõJön÷Kû�ü
£¥¤�¦ �Iý¡��þ ^Ursr6n o�pOt6p1r=t�n\m,¸,�

?
Õy?UQyPB5�Ø
< a, a, a >

Üú@8?Z5�Ï¤Ø
< b, b, b >

Ý�I
Î,Q�58GJC�?�@85"PBKL9�P
A
9DQ�C

PTrace
5�àRQLIBKR@AÎ,QLG
��?

ÎyQ
a
Ü»@A?Z5�Ï¹Ø

b
Ý1Þy9DQLC0PBKR?%ÕRGV5AGJãL<�?H9DI1PBG�Î,Q0åHGV<J<Rã¡?

a
Ü»@A?Z5AÏ¤Ø

b
Ý1Ø5�Á?�KL9�Õ,?�<�9;ã¡?Z<�?UC0PBKR?�56P19�P8?

@A?U9DIBKR?UC ã,à�PBKR?�9DI1PBG�Î,Q
b
GVQ
PTrace

ã,à
ACCEPT

GJQ Îy@8C�?�@·P8Îæ7)9;Wy?
CS3

9æM�é�ð�Ù
9;QLC�P8Î)ã¡?æ9;ãE<�?2P8Î�9;ÏLÏL<\à

gga
Ø�M�Î,QL5�?Zä�ÑR?ZQ,P8<�à,Þ

gga
9D<V<�ÎUåH5"PAÎ�CR?ZIZGJCR?æGJÛ

PTrace
GV5�9

ÕD9D<VGJCNP8@B9DI
?ÂÎ,Û
A
��GVÛ

gga
@A?
PBÑR@8Q�529DQN?Z7�ÏRPsàN5A?
P)Ü

PATH(CS3) = ∅ Ý�PBKR?ZQ PTraceGJ5OQ�Î;PH92Õy9D<JGVC P8@B9DI
?lÎ,Û
A
Üúå%?l@A?ZIU9;<V<EPBKE9UP

gga
GV5�9�ÏLÏL<VG�?ZC�P8Î0PBKR?�5�?Z7 9DQyPBGJIZ5%ÎyÛ

CS3
ÝBØ

  cIjurK��� Ñ � òX�l?ZQR?�@B9D<V<\à�Þ�P8K�?�I
Î,QL56P8@8Ñ�I1PBGJÎ,QñÎ,Û
PTop

CR?�Ï¡?ZQLC�5256P8@AÎ,QRß,<\àñÎ,Q
PTrace

Ø
4¢PO58KRÎ,Ñ�<VC�C�?�ÐLQR?lÎ,Q�<�à 5�àRQLIBKR@AÎ,Q�G��U9�PBG�Î,QL5�Î,Q

PTrace
?
Õ,?ZQ,P85�9DQ�C�GJQ PBKR?l589D7�?�ÎD@BCR?�@ZØ

ò¢Ù�KR?�P8@B9DI
?
PTrace

GV5ÂI
Î,Q�58GJC�?�@A?ZC÷9;5�9DQÚ?UQyPBG\PsàÚÎ,Û
CS3

åHG�P8K�Î,Ñ�P)9DQ,àÚC�GV56PBGVQ�I1PBG�Î,Q
I
Î,7ÂÏE9;@A?UCæP8Î�PBKR?"ÎDPBKR?�@·?ZQ,PBG\PBG�?U5�Ø�Ù�K�GJ5%9;<V<�Î�åH5TPAÎ�?ZQ�<�9;@Aßy?�P8K�?HÛ�Îy@87�Î,ÛEPBKR?HI�Î,Q�5AGVCR?�@A?UC
PA@19;I�?Z5%P8Î 9DQyà�P8@B9DI
?Z5"7ÂÎRCR?Z<J?ZC�ã�à-9;Q-ë·ÙO4Aí�î CR?ZÐLQ�GVQRß 5�Î,7Â?�9DI�I
?ZÏRPBGJQ�ß)56P19�P8?Z5�Ø
ò¢Ù�KR?�?
[�9D7�ÏL<�?�ÎyÛ�PBKR?�Ï¡9;585AG�Õy?�P8?Z56PBGVQRßÒÎ,ÛOPBKR?-5�Ï¡?ZIZG�ÐLIU9�P8GJÎ,Q

SA
GV5æÎ,Q�?
ò¢I
Î,7ÂÏ¡Î,Q�?ZQyP

PA?U56PBGJQ�ßLÞ/ãLÑ�PÂPBK�?-9;Ï�ÏL@AÎ�9;I1KÔ@A?Z7)9DGVQ�50PBKR?-589D7�?�GJQÚPBKR?-IZ9D5A?�Î,ÛH5�?
Õ,?�@B9D<�ò¢I
Î,7ÂÏ¡Î,Q�?ZQyP
PA?U56PBGJQ�ßLØZ46Q2P8KLGJ5�5�?
PAPBGJQ�ßLÞ�PBKR?%C�G
ÿ)IZÑ�<\Psà�GV5¤P8ÎH@A?�Îy@8C�?�@¹Õy9�@BG�Î,Ñ�5¹P8@B9DI
?Z5!Û­@AÎ,7ÖPBK�?�C�GJè¡?�@A?ZQ,P
I
Î,7ÂÏ¡Î,QR?UQyPB5%P8Î I
Î,Q�56P8@8ÑLI1P"Î,Q�<�à�Î,QR?�P8@B9DI
?yØ��Á?�P8KLGJQRW�P8KE9�P�PBKR?�56P19D7ÂÏô7Â?ZI1KL9DQ�GJ587�5ZÞ
9;QLC-?Z5AÏ¡?ZI�G�9D<J<�à�PBKR?05�P19;7�Ï-ÏL@AÎRI
?Z5A5HÏ�@A?Z5A?ZQyP8?ZCNGJQÚû � �Dÿ¢ÞEI�Î,Ñ�<JCôã¡?0ÑL5�?ZC¤ØEÙ�KLGJ5�5AÑRã�õ6?ZI1P
ßDÎ�?Z5�ã¡?
à,Î,Q�C�P8K�?2Û�@B9D7�?
å%Îy@AW Î,Û¹PBK�GJ5�ÏE9;Ï¡?�@�9DQ�C�Q�?�?ZC�5"7�ÎD@8?�GVQyÕ,?Z5�P8GJß�9�P8GJÎ,Q�Ø
^uBKH�8�îG4�H�47?IH589<"©C. X�Îy@�9)M�é�ð�Ù

S
ÞRPBKR?2ÏE9�PBK�5

PATH(ζ(S))
ßy?ZQ�?�@B9�P8?ZC�ã,à

gga
IZ9DQ

ã¡?0Ñ�5�?ZC�P8Î�CR?�@8G�Õy?2P8?Z5�P�IZ9D5�?U5OPBKL9�PlI
ÎUÕy?Z@ZÞEÛ�Îy@H?
[L9D7ÂÏL<J?yÞ¡9D<V<
S
5�PB9�P8?Z5ZØEÙ�K�GJ5�9D7�ÎyÑLQyPB5

PAÎ-CR?�ÐEQR?)9D<J<
S
56P19�P8?Z5�9D5lã¡?ZGVQRßô9DI�I
?�ÏRPBGVQRß-56P19�P8?Z5ÂÜ

gga
I�Î,Ñ�<JCñã¡?)9DQï9DCL9;ÏRP19�PBG�Î,QñÎyÛ

P8K�?�Ù�ÙHâ;ð"4Aí2â��ÁÏÚ7Â?
PBKRÎRC�50Û�Îy@æÑ�Q,P8GV7Â?ZCÚ56àR5�P8?Z7�51ÝBØ!Ù�K�Ñ�5�Þ¹å%?�I
Î,Q�58GJC�?�@æKR?�@A? Î,QL<\à
P8K�?lP8?Z5�P"ÏLÑR@AÏ¡Î,5A?lP8?ZIBK�QLGJä�ÑR?yØ
N 4POQ<R8SH58>A/<��C.\a�f�c��IfvlGmn��l�p���c�wIz ò }�iS�(rvb�y\z/{�|Ra

(S,L,C, P, V, V0, P red,Ass, s0,
→) � rK��i�bnµ\f � p��Mc�f>��p��E��f�rvf�c�� ACCEPT rKb/h

REJECT
� � rK��rg�Mf�cI��i���i>b7µ\f � c���c � rK���i9pK����f�pÈ��c\f�c��If�cehP�

î Ù�S GJ509�Ï�@AÎyÏ¡?�@�PsàñP8KE9�P2Î,QR?ÂåOÎ,Ñ�<JCÁ<JGJWD?�P8Î-I1KR?ZIBWñÎyQÁGJ7ÂÏE<�?Z7�?ZQyP19�PBG�Î,QÒã�?ZKL9�Õ�G�Îy@ZØ
TP1

ÎyÛ�X/GJßLØ��ôÜ=9,Ý"GJ<V<JÑL56P8@B9�P8?Z5�9DQô?�[�9D7ÂÏE<�?æÎyÛ·9�Ù�SÖÛ�Îy@HPBK�?æ5�Ï�?ZI�GJÐLIZ9�PBG�Î,Q
SA
Ø
TP1PA?U56PB5OPBKL9�Pl9DQ-GV7ÂÏL<J?Z7Â?UQyP19�PBG�Î,Q

I
Î,Û
SA
IZ9DQ-?
[�?UI�Ñ�P8?

a
Û�Î,<J<JÎUå%?ZC-ã�à

b
9�P�9DQôGJQ�5�P19;Q,P

ã¡?
Pså%?�?UQ
[2, Sig]

9DI�I
Îy@8C�GVQRß"P8Î"P8K�?�IZ<�ÎRI8W
h
Ü
Sig ∈ SP GJ5/9"5AKE9�@8?ZC2ÏE9;@B9D7Â?�PA?Z@¹Î,Û SA ÝBØÙ�KR?2<�9;ã¡?Z<������LCR?ZQRÎDP8?Z5OP8K�?�9D<JÏLKL9;ã¡?
P

LA
Î,Û
A
Øn��?�9D5A58Ñ�7Â?2KR?Z@A?lPBKL9�P

a, b, c ∈ LA
Ø

|~b/cI����pKj�l�pKb/cIbJf¥f�c��If9i>b7µP�é�ÑRÏ�Ï�Îy5A?"PBKL9�P
TP1

GJ5O92Ù�SÔÛ�Îy@%5�Ï¡?UI�G�ÐEIZ9�P8GJÎ,Q
SA
Ø�îÖ7�Î�C�?Z<JGVQRß0ÎyÛ�PBK�GJ5·PA?U56P%GVQ�M�é�GV5��

CS4 = (SP, SV, SV0, (A, TP1), TPop1)
ÞRåHG\PBK

TPop1
PBKR?2P8ÎyÏ¡Î,<�ÎyßDà�Î,Û/X/G�ßLØ���Ü»ã¡Ý1Ø

Ù�KR?·Õ,?ZI1P8Îy@85
< LA\{a, b}, LA\{a, b}, idle >

CR?UQRÎDP8?%Û�@A?Z?�?
Õ,Î,<JÑRP8GJÎ,Q�5�Î,Û�5AÏ¡?ZI�GJÐLIZ9�PBGJÎ,Q
A
Î,Qæ?�Õy?ZQ,PB5TÎ;PBK�?�@/PBKL9DQ

a
9DQLC

b
Ø
CS4
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\  sße ¹Èn �ÆHÌG "á
|Z�=]�^Um-�¡qsp8t� l^�m,r8���¡p1r=t º p
mypBq6^�t�nuw;m���n t���a¢my��zDt�r8�¹ø�zyts��zDt�rH^Um,x-`�pB�Rp8t�n t�nuo�p_^�z�nup1rs�8p1m��8pU�±�§.`�¯Ca!®'b6´=c�¦¹§ZªR¬�´&d�¯­³H®Zª�egf�§1§'h ³ |iW µ } ¶�¿E|Bk } b�|1¾Zk µ |�UVUVT;¶��¾D�O]¡^Uzyq6^�_�q6^Um,x�jUm�^�m,x�À!x)_�q6n�mkRyrs �^y� ¼ t6p1r=t%¸Up1mypBq6^Zt6n\w�m � q6^� �pB�/wUq*R � wUq%ÃDz,nup1r6�8p1mUt�qsp
^U� bt�n\ lp"r=¥,r=t6p1 �r8�mlkn fmo�±�pkqrq�s ��]En�mkSU� ¼ z,r=t6q6n\^�eDpB�yt6p1  � pBq·¾,|�¾Zk�k ~ �} �"eR��e;pBw��­�Zg-�'t�n\ æ�;e��'t�^Um,¸,�V]y�U`T¥yzL�Z��z��\�u¥H^Uzytsw; l^Ztsp
xHn�m�tspBqsw���p1q6^ � n��\nut�¥�t6p1r=t¹rsz�n t6pTxypBq6nuoZ^Zbt�nuw;m � wUq/�8w� � Hz�m,n\�B^�t�n\w�m��,qswZt6wy�Aw;�\r8� ¦¹§Z¨ud�©y¯�´�bwv"´A¯Ca!§'b
x1³zy w���z, lp ~;} � þ ^Z¸Up1r{W } h�b|WZh'U,�ë p
�Ap
  � pBq·¾ZkUk } �~ �O`·^U���,p1��c/^Zq6xyp1��� b¢ø%�\nuo�pBqB�yc!w�m � wUq6 �^Um,�8p·�¡p1r=t�n\m,¸�w � `�p1^U�ub»��n\ lp%e;¥yr¢tsp1 �r���nut6�2�Tn� lp1x ¼ zybt6w� �^�t�^2eD�Rp1�8n\£��B^�t�n\w�m,r8��l §Vb�¨�®Vh n ³&d,´6¬8¯�³H§.`2¦¤§Z¨}d�©D¯ú«VªD° �E|
¾ µ h�¶6¿ } hZkZb } Wy|Z� ¾UkUkUky�hD� ë z�m,�B^UmÒc/��^Zq*RUpÂ^Um�xôa=m�rszy�ñ]EpBpU� ¼ zytsw; l^Zt6n��æ�¡p1r=t º p1mypBq6^�t�nuw;m � wUq�t��yp ¼ m,^�� ¥,rsn�r�w � ^`�p1^U�ub»��n� �p�e�¥,r=t6p1 æ¿Rc�^�r¢p�e�t�z,xD¥��,a=m�~ b*e��*ozo|o��}fE±�± �E|(UVU�WD�Ty� ¼ �RÀ!mDb�d·w�z�^U^Zq¢¥��R`�� ë rsrsw�z,��n��R�/��t��yp1myp1x,p(RR��^Um,x ¼ �RÀ!�\Ã;wUq¢t6w � n��R��n\ lp1xÂt6p1r=tO�8^�r¢p1r·¸Up1mybpBq6^Zt6n\w�m � ^Ur¢p1xñw;mÒr=t�^�t6p ���,^Zq6^���t6pBq6n�S1^�t�nuw�mñtsp
���,m,n�ÃDzypU� �6ª��V�Z¯����.o|ozo1�QfL±�± ��g)^Ux,q6n\xL�eD��^Un�m��E|(UVUUjy�
W;�O�O����n\¸�^Ur6�,n\m,w,� ¼ �Dd�^'RZ^�t�^y��tl�;��^�m,nu¸;z,����n��;^�m,x ¼ �,c�^1oZ^��\��n�� º p1mypBq6^Zt6n�my¸H�¡p1r=t�c/^Ur¢p1r � wUq�^��n\ lp1xla P ø ¼ zDt6w� �^�t6w�m� �wyxyp
��� f�o!±�f�¦��z���r� ��_Tz,x,^Z�Rp1r¢tB�r�%z,my¸�^Uq¢¥��;e;p1�yt6p1  � pBq�|(UVUrUy�jy� ¼ ��t�w�z, �rsn­��g-� ¼ RZ^U��^B¥���`�� ë rsr¢w;z,��n�� ¼ ��À¹myb»d·w;z,^U^Zq¢¥���]¤� º q6^Umy¸Up1qB� ¼ mô^Z���,qsw�^U�A� � wUqt6p1r=t�n�my¸�qsp1^U�Rt�n\ lp��,qswZt6wy�8w��\rB� f�o!±�f�¦��|� ��ø·t¢t�^1�T^y�Rc/^Um,^�x,^y��¾ZkUkUky�Uy� ë n�myw�g)^�m,xyq6n\w���n���eD^�m,xyqsw2g)wUq6^Ur6�8^,��^Um,x ¼ my¸Up1�\w2g)wUq*SBp1m�t6n­� º p
mypBq6^�t�n\m,¸2�¡p1r=t�c�^Ursp1r � wUq`�p1^U�ub»��n� �p·e�¥,r=t6p1 �r � qsw� ù]LwU¸;n\�TeD�Rp1�Bnu£��B^�t�n\w�m,r8�rn ¦���f2bs®Zª,³B®�¬8¯ú«­§Zª,³�§Zª)¦¹§Z¨ud�©y¯�´�b/±�²�³
c¯=´A¨H³ �E| } µ ~ ¶6¿ } T�h
b } UUj,�L|(UVU;hD�|Bky�=]U^�mÓe;�,q6n�my¸�n�m�t¢o;p1�\x��%��q6n t�r y ^U^�m,xyq6^Z¸�pBqB� þ p1xyqsw�`�� ë@� ¼ qs¸Up
m,nuw��%�¡p1r=t�n\m,¸���n\ lp1x ¼ zybt6w� �^�t�^y� f[�,´s§'b6´8¯­«ú¬6®'h!¦¹§Z¨ud�©D¯=´�bO±�¬8«ú´8ªR¬�´ �R¾UhU¾ µ |Ab=¾�¶�¿ ¾U¾�h
b�¾�hrW;�,g ^Zq6����¾Zk�k,|Z�|U|Z�%a��y_�pBqsq6^Ux�^y�D`��,c/^Ur¢t6^�myp8t1� þ �D��v1�\nu{R�y�,qsw� ×t��yp%��p1^Ursn � n��\nut�¥ ¼ m�^U� ¥,r6n\r¹t6w�`�p1^U� b���n\ lp%�¡p1r=tº p
mypBq6^�t�nuw;m�� ±�¯ú©2eZ«ú®��6ª�`8§'bA¨�®Z¯ú«­¬�®��¡ª�«��Z´�b�³B®'hu«J³|y w;�\z, lp } µ ¾�¶��,�E� ¾Zk } b�¾ } k�¾ZkUk ~ �|1¾D�Qtl�;]¡^Zq6r¢p1mL�;g��Dg)n3Ryz��8n\w�m,n�r8�;^�m,x2_��;d�n\p1�\rsp1m,m��;`�p1^U�ubút6n� lp·r¢¥yr¢tsp1 Ót6p1r=t�n\m,¸"w�mDbút��yp8b��y¥�� �6ª¯��,´@�V�Z¯���v�§'b*eZ«­¬g��§'b
x1³
�y§�d�§Zª��,bs§�°'bs®Z¨�¨�«VªD°�f[�,´s§'bA²���v ���=f�¡ ��¾Zk�k } �| } �Og-��t%q6n����,p1mæ^Um,x)e����¡q6nu��^'Ryn\rB�,_T�\^U�
R�b � w1{æ�8w�m � wUq6 �^Um,�8p%t6p1r=t�n\m,¸ � w�qTqsp1^U�ubút6n� lp�r=¥,r=t6p1 �r8�
��ª�±2�|�.v¢pkqrq�s)µ ¾ZkUk ~ ¶6�Re;��q6n\m,¸Zb y pBq6��^Z¸£�·p1n�xyp1� � pBqs¸,�,�,�L�E|BkrU�b6|
¾'Ty�| ~ � ¼ � xyp
rs�\^� áÀ¹myb»d·w;z,^U^Zq¢¥��T`·^U���,n�x,^ ë rsrsw�z,��n�¿ ¼ º z,n�xyp1x�g�p8t��ywyx � w�qæ�¡p1r¢t6n�my¸ñ�Tn� lp1xa=m,��zDt%ø%zDt6��zyt ¼ zDt6w� �^�t�^y���¡p1r¢tAc�w�  ¾Zk�k } ¿�¾y|U|Ab=¾U¾�h|1hD� ¼ �� �p
x@t��,w�z, �rsn­�U�T��nupBqsq¢¥£]ZvBqsw�mL�V�·pBq¢o�v�g ^Zq6���,^�m,x��U�¡p1r=t/c/^Ur¢p1r º p1mypBq6^Zt6n\w�m � wUq¹d·w�mybx,p8tspBq6 �n�m,n�r=t�n\��`�p1^U� b���n\ lpHe;¥yr¢tsp
 lrB��� ¼ ��À�eæ¾UkUk } ¿E| } |Ab�| ~ T|(Ty�Qtl��À¹�ub»��^'Ryn\��^Um,xld"�'¤!p8oDt6z�rs�yp1m2RUw,�U��^�z,� t þ qswU��^U¸�^�t�nuw�m � ¥lÀ¹ÃDz,^Zt6n\w�m2eDw�� o,n�my¸,� ��bs§1¬�´�´*e'c«�ª;°0§.` l �|�}f�o ��g ^Uxyq6n�x��ReD��^Un�m���]EdOc�e } ¾ } hD��eDpB�yt6p1  � pBq·¾Zk�k ~ �



|iW;�"e��H_�wUqswyx�^B¥�� ¼ � þ p8t6qsp1m2RUw,�"`�� º qswVSï^Um�x�¤�� g���^�z,p1 lp1mypBqB�"�¡p1r=t º p1mypBq6^�t�nuw;m � wUqc/À¹�!eDgác�w�  � n�m,n�my¸�eD�Rp1�Bnu£��B^�t�n\w�m�^Um,x���^Uz�� t�c!w
o�pBq6^U¸UpU� f�o�±�f�¦��|��q7p �E_�pBq6��n\m�� º pBq¢b �^Um�¥���g)^Uq6����¾ZkUk�¾y�|Bjy�O`�� ¼ ��zyq%^Um�x ë � ë n��\�­� ¼ t��ypBw�q¢¥Âw � t6n� lp1x)^UzDt6w� �^�t�^y� f[�,´s§'b6´8¯­«ú¬6®'h/¦¹§Z¨ud�©D¯=´�b"±�¬8«»´AªR¬�´ �|1¾VTy¿�|1j } b=¾ } hD�L|�UVU ~ �|(Uy� ¼ m�xyqsv ¼ q6myw���xHp8t!g��Ud%n oU^�t1�;c!w; ��RwUq¢t6p1 lp1m�t�r�xypT�,qswy�8p1rsrsz�r8� ��ª ¦¤§Vh�h\§i¥8©�´ nul ¦�o=f§¦�¨¡´�³¨�®Z¯��2©A¨�®Z¯ú«�¥B©�´�³ªe;´=h*« ��ª(`B§'bA¨�®Z¯­«C¥8©�´V¬ �,��^Z¸�p1r } h
b�T�jy�E|(UUj�¾D�¾Zky�O�¡w� £jUr�_/^Zqsqsw�rB�,`·^ � v1^l_�w;z,�\n � ^�^Um,xæÀ¹q6n\��g)^Ux,p1�\^�n\mypU� þ ^Zq6^� �p8t6pBq6n�SBp1xæg�wyxyp1��r � w�q ë n�r=bt6q6n � zDt6p1x�ö¢^BoU^�ø � ö=p1�At�r8��l �|�}fmo ��g)^�xyq6n\xL�Re;��^�n\mL�,]¡dOc�e } ¾ } hD�Re;pB�,tsp
  � pBq·¾ZkUk ~ �¾y|Z�O_/^U�yt�n\r=t6p ¼ �\�B^U��xypU� ¼ m,^ c�^1oZ^��\��n�� ë w�m,¸���zyw c��,p1m�� ë ^1o;¥�t��Dz,z��¡^Um,x ë ^1o,n\x�]EpBpU�Ed·pBt¢b�/wUq*R þ qswZt6wy�8w��ye�¥,r=t6p1  þ ^Ursrsnuo�p/�¡p1r=t�n\my¸ � w�q���^Uz,�ut�g)^�m,^Z¸Up1 lp1m�t1¿ ¼ _/^U�
R��T^Uq6x�c/�yp1�
RDn�my¸¼ ���,qsw�^U�A��� �,bs§1¬A´6´*eZ«�ªD°æ§.` l �|�}f�o ��g)^Ux,q6n\x���e;��^Un�m���]¡dOcTe } ¾ } hD�Re;pB�yt6p1  � pBq�¾ZkUk ~ �¾U¾D�%a=r6 l^�n\�Ô_�pBqsq6^�x,^y�ï`�n�����^Zq6x c�^Ur¢t6^�myp8t�^Um,x þ ^�t6q6n\��R ��v1�\nu{��Ò�¡p
���,n�m,ÃDzyp1r x,p �¡p1r=tx � a=m�t6pBqswU�RvBq6^ � n��\nut6vU���,w�z,q6m,n t�zyqsp�c�^��\n � pU��¾ZkUk;hD�¾ } � ¼ m�^%c�^1oU^U�\��n�� ë ^Bo,n�x"]LpBpU�Uc��,q6n\r=t�n�^Um"`·n\m�xypBq*Rymyp1����t�^�m,x"��^�t�n��,^}­R^'®»x�n��i�%n tsbúw�q¢b&]�z, l�L¿ ¼ m^U�\¸UwUq6nut��,  � w�q¤p1  � p1x,xyp
x"t6p1r=t�n\m,¸%�·nut��l^Z�,���\n��B^�t6n\w�m,r�t6wOa=dÁr¢pBq¢o,n\�8p1r8�5l �z�}f�o°¯2�!±�fu±u« �r� �_�p1n ö¢n�my¸,�Rc/�,n�m,^y�Rø%�Atsw � pBq"|(UVUrUy�¾ ~ �"c/�\^Uz�xyp=]�^Zq6x��,���,nupBqsq¢¥ ]UvBqsw�m��,]Ev1m,^'®»��R���^�my¸�zD¥0^Um�xÂc!v1r6^Zq y n\�yw��y`�p1 lwZt6p�t6p1r¢t6n�my¸��B^Um� p�^�rT��w
�/pBq � z���^�r��uwy�B^U�Rt6p1r=t�n�my¸,��l �|�}f�o�¯2�!±�fu±u« �r� ��_�p1n ö¢n\m,¸,�Rc/�,n�m,^y�Rø%��t6w � pBq"|(UVUrUy�¾UhD�O��tsts�E¿ PVP �T����� �8q6n\�ub­t6p1����myw��\wU¸Z¥�� � qB�
^È<R<s4�²
³0´ �1��� ¤�µ � ¤�¶m· � ���ypO¸Up
mypBq6^�t�nuw;mæ^U�u¸�wUq6n t��, 

gga
^Z�,����nup
x�t6w�^�cTe

S
�RpBq � w�q6 �rT^lx,pB�yt��Db»£,q6r=ttsq6^1o�pBq6r6^U�Dw � ζ(S)

� ë zyq6n�my¸%t6�,p�t6q6^1o�pBq6rs^U�­�
gga

�8w; ���zDt6p1r¡t��yp�r=¥,  � w���n\��t6q6^U�8pT^�m,x����,p1��Ryr�t��yp
� p1^Ursn � n��\nut�¥ w � t6�,p�m,p8�Ó£�qsp1x)t6q6^Um,r6n t�nuw;m,r8��½Ú�yp1m�^Um�^��8�8pB�,t6n�my¸�r=t�^�t6p�n�r� �p8t µ t��yp � z,m���t�n\w�m
AcceptStates()

¶��R^ � ^U��R;t6q6^U��Ryn\m,¸�n\mÂt6�,pHr=¥,m,���,qsw�m,n�SB^Zt6n\w�mÂ��^Zt6�)n\r·�RpBq � wUq6 lp1xæt6w�xyp1�8wUq6^Ztspt6��n\r���^�tstspBq¡��n t���o�pBq6x,n��At�r µ�� z�m,�At6n\w�m writeTrace() ¶�� ë zyp!tsw·t��yp/r¢��^��Ap/��n\ �nutB�
�/p¹��n\�����,qsp
r¢p1m�tw�m,�u¥�t6�,p
gga()

^Um,x
SymbolicTrace() � z,m,�At�nuw;m,r8�³ �,�1��¸��
�'¹¡�Z�7¹¡� ´ �

States
¿�^�m�º�|Abút�zy���\p

(str, s1, ..., sn)
�

Context
¿�qsp1�Aw�q6x,r/t��ypOoZ^U��zyp1rTw � oU^Zq6n\^ � �up1r�^Um�xæ��^Ur=t·qsp1r¢p8t�r � wUq·�B�uwy��Ryr8�

Transition
¿�^�m�º�|Ab­t�^ � �up�w � �Rw;n\m�t6pBq6rTw�m�t��yp"�Bzyqsqsp1m�tTt6q6^Um�rsn t�n\w�m,r8�

Element
n\r�^�r=t6q6z,�At�zyqsp"�8w� l�Rw�r¢p
x0w � ^ States ��^ Context ^�m,xÂ^ Transitions �

Path
¿�^�r¢t6^U�
R�w � À!�up
 �p1m�t�r8�,a»t� �^Um,^U¸Up1x � ¥�t��yp�wU�RpBq6^�t�nuw;m,r|»���z,rs��¼���»�tsw��5¼�^Um,x½»=��w��5¼��¾��'¿ ´ ��ÀÁ¹ · �Z� ¤�¶m· �U�

SynchronizationOnEvents()
¿,���,w;w;r¢p1r�^Hr=¥,m,���,qsw�m,n�S1^�t6n\w�m�o�p1�At6wUq � qsw� Ót��yp%�Bzyqsqsp1m�tTr=t�^�tsp^Um,x0qsp8t6z,q6m,rT^�r¢tsq6z��At6z,qsp1rTÀ¹�\p1 lp1m�t��Aw; ��Rw;r¢p1x�w � t��yp�myp8��t6q6^Um,r6n t�nuw�m�rT^Um,xær=t�^�tsp
r/qsp1^U���yp
x��

getSuccessors()
¿�qsp8t�zyq6m,r�^�rsz��8�8p1r6r¢wUq·r=t�^�t6p�w � t6�,p��Bzyqsqsp1m�t�r=t�^�tsp��

getInitStates
¿�qsp8t�zyq6m,r/t��yp"n\m,nut�n\^U�Er=t�^�t6p�w � ζ(S)

�£ ¹ · �Z� ¤�¶m·­¦7¦ ��Â
ÃiÄ|Z�ÆÅ ´ ¦�¤�·¾D� e�t�^�t6p1r8¿3Çi¸Up8t6a=m,nut�n\^U�Ve�t�^�t6p1r µ ¶���À!�up1 lp1m�t�¿3Ç÷d�f�]¡]¹� þ ^�t���¿ Ç ∅ È} � ³ ¶~ � À!�\p1 �p
mUt"¿ Ç×e�¥,m,���yqsw;m,n3S1^Zt6n\w�m�ø%m,À¤o�p1m�t�r µ e�t�^�t6p1r�¶ ÈhD� a �Tµ À!�up
 �p1m�t 6= d�f�]¡]�¶!t��yp1mTy� ��z,rs� µ À!�\p1 �p
mUt1� þ ^�t���¶ ÈW;� e;¥,  � w��\n��B�¡q6^U�8p µ þ ^�t6�R¶ Èjy� a �¢µ ¡ � p1^Ur6n
� �\p µ þ ^�t���¶s¶!t6�,p1mUy� �Rw�� µ À¹�\p1 lp1m�tB� þ ^�t���¶ È|Bky� e�t�^�t6p1rO¿ Ç÷¸Up8t8eDz��8�8p1r6r¢wUq6r µ À!�up1 lp1m�t8¶ È



|U|Z� À¹��r¢p|1¾D� �RwU� µ þ ^�t6�R¶ È e�t�^�t6p1rO¿ Çi¸�p8tAeyz,�B�8p1rsr¢w�q6r µ tswU� µ þ ^�t���¶s¶ È| } � a �¢µ­¼ �B�8pB�yt8e�t�^�t6p1r µ e�t�^�t6p1rA¶¢¶| ~ � �·q6n t6p1�¡q6^U�8p µ þ ^�t���¶ È|1hD� É ¿ ¤�Ê ´ µ þ ^�t6� 6= ∅ ¶ È|(Ty�ÆËQ·�Ì
¸mÍ°Î)� ¶mÊ�¤ �§Ï/�
��� ´ � ]Ep8tlz,r�^Ursrsz� �p�t6��^�t

M = (S,L,C, P, V, V0, P red,Ass, s0, T )
n�rH^�mÀ¹�Tasø ¼ rsz,����t6��^�t C = {c1, ..., ck}

�
V = {v1, ..., vm}

�
V0 = {v01, ..., v0m}

^Um�x
ρ = t1...tnn\r%^�rsz�n t6pHw � tsq6^�m,rsnut6n\w�m,r�w � M � qsw;  t6�,p�n\m�n t�n�^U�¡r¢t6^ZtspU�����yp�r¢¥y  � w;�\n���tsq6^��Ap�w � ρ n\r ρ r6z,���t6��^�t ∀ ti = (si−1, a, pred, ass, si)

w � ρ ��^Um,x ∀v ∈ V � v n�r�qspB����^U�8p1x�n\m pred � ¥�n t�rH�\^Ur¢toZ^U��zyp � p � wUqsp ti µ r¢pBp�Ð ¾U¾iÑ­¶6� ¸mÍ°Î � ¶mÊ�¤ �rÏ/�
��� ´ Â
Ã z,rsp1r¹t��/w"o�p
��t6wUq6rB¿ V 1
�8w�m�t�^Un�m,r¹t��yp%�Bzyqsqsp1m�toZ^U��zyp1r/w � oU^Zq6n�^ � �\p1r µ  �^B¥æxypB�Rp1m,x0w�m þ ��^Zq6^� �p8t6pBq6rA¶6� V 2

n�rT^Ho�p1�At6wUqTw � m�^�t6z,q6^U��mDz,  � pBq6rB�
V 2[q]

r=t6wy��Ryr/t��yp"n\m�xyp8{0w � t6q6^Um,rsnut�nuw�m0���ypBqspOt6�,p��B�\wy��R xq ∈ C �T^�rT��^Ur=t·qsp1r¢pBtsp1xL�£ ¹ · �Z� ¤�¶m· ¸mÍ°Î � ¶mÊS¤ �rÏ��
��� ´ Â�ÃiÄ|Z�ÆÒ(·�µ ¹L�'Ó ¶ ¹L� µ ¹L�rÄ
ρ = t1...tn

�y��n t��
ti = (si−1, a, predi, assi, si)

�¾D� Ï ´ Î µ�¶ �
����Í ³ �y�
� �E�/wlo�p1�Atsw�q6r8¿
V 1
w � rsn�S8p m ^�m,x V 2

w � rsn�SBp k �} �ÆÅ ´ ¦�¤�·
PVÔ a=m�n t�n\^��\n�SB^Zt6n\w�m ÔVP~ � �,wUq

i := 1
t6w
m
ë w

V 1[i]← v0i ÈhD� �,wUq
i := 1

t6w
k
ë w

V 2[i]← 0 È
PVÔ f·��x�^�t6n�my¸ ÔrPTy� �,wUq

i := 1
t6w
n
ë w

W;�
predi ← updatePredicates(predi, V 1, V 2, i) Èjy�
updateContext(assi, V 1, V 2, i) ÈUy�ÆËQ·�Ì�T�,p � z,m���t�n\w�m£Õ µzÌ �y� ´5Ö � ´ Ì�¤ �U�y� ´ � qspB���\^��Ap
r�t��ypToZ^Uq6n\^ � �up1r��·nut��Ht��yp
nuq!�8z,qsqsp1m�t¤oZ^��\zyp
r � qsw� 

V 1
�,�,w�qT�B�uwy��Ryr8�,n � cp n�rT�\^Ur¢tTqsp1r¢p8t6p1xæn\m�t��yp tj ^Um�x i n\r�t��yp�n\m,x,p8{�w � t6�,pO�Bzyqsqsp1m�t�r=t6pB�0t6�,p1m

ck
n�rTqspB���\^��Ap
x � ¥

hi − hj = hi − hV 2[p] µ �\n�myp ~ ¶��£ ¹ · �Z� ¤�¶m·×Õ µzÌ �,� ´kÖ � ´ Ì�¤ �U�,� ´ ��Â�Ã7Ä|Z�ÆÒ(·�µ ¹L�rÄ ¼ �,qsp
x,n\�B^�t6p pred ��^UmÂn\m�xyp8{ i ��^Um,x0t��/wlo�p1�At6wUq6r V 1
^Um,x

V 2
�¾D� ¾�¹L� µ ¹L�rÄ ¼ �,qsp1x�n\�B^�t6p predUpdated �} �ÆÅ ´ ¦�¤�·~ �

predUpdate← pred[hi − hV 2[1], ..., hi − hV 2[k], V 1[1], ..., V [m], P ] ÈhD�ÆËQ·�Ì
�T�,p � z�m,�At�nuw�m�Õ_µ � Ì �,� ´�Ø ¶m· � ´5Ù � zy��x,^�t6p1r�|
¶�t��yp%�Bzyqsqsp1m�t!oU^U��zyp1r!w � oU^Zq6n�^ � �\p1r�n\m V 1 � qsw� t6�,p%m,p8�Ú^Ursrsn\¸�m� �p1m�t�r µ ��n\m,p1r ~ ^Um,xæh�¶��y^Um,xæ¾�¶¤t6�,p%�B�\wD�
R�qsp
r¢p8t�r V 2

� ¥�^�rsrsn\¸�m,n�my¸Ht6�,p%n�m,xypB{w � t��yp"�Bzyqsqsp1m�t�r=t6pB� µ ��n\m,p1r{Tlp8t}WU¶��£ ¹ · �Z� ¤�¶m·×Õ µzÌ �,� ´�Ø ¶m· � ´5Ù �5Â
ÃiÄ|Z�ÆÒ(·�µ ¹L�rÄ ¼ mæ^Ur6rsnu¸;m, lp1m�t ass ��^Um,xÂ^UmÂn\m�xyp8{ i �¾D�ÆÒ(·�µ ¹L�'Ó�¾�¹L� µ ¹L��Ä �E�/wlo�p1�At6wUq6r
V 1
^Um,x

V 2
�} �ÆÅ ´ ¦�¤�·~ � �,wUq

j := 1
tsw
m
ë whD� a � vj := f(v1, .., vm, P ) ∈ ass t��yp1m V 1[j] := f(V [1], .., V [m], P ) ÈTy� �,wUq

j := 1
tsw
m
ë w

W;� a � cj := 0 ∈ ass t��yp1m V 2[j] := i Èjy�ÆËQ·�Ì


