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§3 a��v|$;V�+���O��B�F��℄I�2D 3�O��4�!7d���O36��p��/m�

.��/m3j$℄9q/m�$�/m_:m/m�9q/m_$�/m℄|��3?�℄�\���O3$Q`>�

.>9q/m_$�/m3j$IP��4,�:mjV�{>\)�_�5Wv�b'�2W37d����v3W�/m�
§3.1 �����u (LTL)��W�/m (Linear Temporal Logic)W�3℄�w<�P3Um&ol4Iv3W����W�/m�&z�>9q/m�~%/m&o>l7dUm3/mIP��* � 
�
*�O
§3.1.1 �������u (PLTL)�4��+z�>9q/mP3��W�/m�p9q��W�/m�r℄ PLTL �

.Q:$P8V9qn` AP � PLTL T[3n`1&�6DQ"�
φ ::= ⊥ | ⊤ | p | ¬φ | φ ∧ φ | φ ∨ φ | φ→ φ | φ↔ φ |O φ | 3 φ | 2 φ | φ U φ | φ R φ>P p | AP PJ(9q��* �

2(¬(p ∧ q))

3q

p→ 3q

2(p → 3q)

.

PLTL T[>��Um�%P�_�T S |Umn`�
π = π0π1π2 · · · |$P��Um�%��40 πk ��\
πk 
Z3Um�% πkπk+1 · · · �

.

S P3UmP��39q18V9qn AP P3 Kripke�U M = 〈S,∆, I, L〉 �:� PLTL T[36)K��
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M,πk |= p M p = ⊤, i p ∈ AP C p ∈ L(πk)

M,πk |= ¬ϕ M M,πk 6|= ϕ

M, πk |= ϕ ∨ ψ M M,πk |= ϕ i M,πk |= ψ

M, πk |= ϕ ∧ ψ M M,πk |= ϕ C M,πk |= ψ

M, πk |= ϕ→ ψ M M,πk |= ϕ � M,πk |= ψ

M, πk |= ϕ↔ ψ M M,πk |= ϕ→ ψ C M,πk |= ψ → ϕ

M, πk |= Oϕ M M,πk+1 |= ϕ

M, πk |= 2ψ M ∀i ≥ k,M, πi |= ψ

M, πk |= 3ϕ M ∃i ≥ k,M, πi |= ϕ

M, πk |= ϕUψ M ∃i ≥ k,M, πi |= ψ C ∀k ≤ j < i,M, πj |= ϕ

M, πk |= ϕRψ M ∀i ≥ k, M ∀k ≤ j < i,M, πj 6|= ϕ � M,πi |= ψ�* � &
�
*|���� A UE�L&�F�$:;V�L&�F�&Æ�
2(a = s1 → 3a = s2) i 2(p6 → 3p7) ��UE�20�&Æ�

2(a = s1 ∧ b 6= t1 ∧ b 6= t2 → (a = s2 R b 6= t2)) �
.T ϕ | PLTL T[� M | Kripke �U�

M |= ϕ/C�/�k2 M 3<� π = π0π1 · · · �2 M,π |= ϕ ����*ei�o�" NNF k�LY0/m!�J ∧,∨,¬ C/m!�J ¬ L"�>9qA63T[�| NNF E[�3P PLTL T[5u4$P PLTL 3 NNF E[�
.$P PLTL 3 NNF E[�-0&��<W�U?�

(2p) ≡ ¬(3¬p)

(pRq) ≡ ¬(¬pU¬q)

(Op) ≡ ¬(O¬p)�* � F8 (Op) ≡ ¬(O¬p)�* � F8 pRq ≡ (qU(q ∧ p)) ∨ 2q���*et��	w#$&P�<3jVIy��42&�5[�
2p ≡ (⊥Rp)

3p ≡ (⊤Up)+& {O,U} U� PLTL :mjV3$PzHn�C℄l�zHn�
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§3.1.2 PLTL m�e��& {O,U,2,3} | PLTL T[3:mjVn� PLTL3x��w�\&�N�H�$�H| PLTLT[�W3W�/mT��'$�H|9q/m3x��w�7N�H|W�x�X��f _l�m�

2¬p↔ ¬3p

2(p→ q) → (2p→ 2q)

2p→ p

2p→ Op

2p→ O2p

2(p→ Op) → (p→ 2p)

O¬p ↔ ¬Op

O(p → q) → (Op → Oq)

(pUq) ↔ (q ∨ (p ∧O(pUq))

(pUq) → 3q�� � 06)F8 2(p → Op) → (p → 2p) ����h8|X1(3x[����fj_l����u����K[ p ℄R�[�� p ℄T��K[ ⊢ p→ q C ⊢ p �� ⊢ q� MP X���f
_l�����p$K[ ⊢ p �� ⊢ 2p�FdX����* � F8 (p ∧ 2Op) → 2p�* � F8 (Op → Oq) → O(p → q)}�g�
PLTL T[3�0X�℄�=:3�>=:L=�|

PSPACE zH�
.L;�W�jV2_33 PLTLT[3Vnr| PLTL(F)�

PLTL(F) 3=:L=�| NP zH��* � �^4�d�, → a → g → , → a →· · ·

gr → O(red→ O(ye → Ogr))

2(gr → O(red→ O(ye → Ogr)))

(gr → Ored) ∨ (red→ Oye) ∨ (ye→ Ogr)

2((gr → Ored) ∨ (red→ Oye) ∨ (ye→ Ogr))

2((grUred) ∨ (redUye) ∨ (yeUgr))

2¬((gr ∧ red) ∨ (red ∧ ye) ∨ (ye ∧ gr))



/520�� � 0 PLTL Æ��^5�d3XE��^4%'�,ag�d�3PUm2CL2$P�^�!Z�^|gO�gOLt($PUm�a,O�&!�>APUmP���
§3.1.3  z�����u$���W�/m�p0$�/m�7dUm�O��℄�=:3��C�)>z	3$���W�/m3x��w�.>�+;�~B�;V�+SA3�O��&0>^`x�3���FP�

.Q:$P$�/m LB �LB P3$���W�/mT[3n`1&�6DQ"�
φ ::= p | ¬φ | φ ∧ φ | φ ∨ φ | φ→ φ | φ↔ φ |O φ | 3 φ | 2 φ | φ U φ | φ R φ>P p | LB 3J(T[�

.$���W�/mT[>��Um�%P�_�T S |Umn`� π = π0π1π2 · · · |$P��Um�%� S PUm3�Uo>>IP��3T[�:4$�/m LB �$���W�/mT[36)K��
M,πk |= p M p ℄ LB 3T[C M,πk |= p

M, πk |= ¬ϕ M M,πk 6|= ϕ

M, πk |= ϕ ∨ ψ M M,πk |= ϕ i M,πk |= ψ

M, πk |= ϕ ∧ ψ M M,πk |= ϕ C M,πk |= ψ

M, πk |= ϕ→ ψ M M,πk |= ϕ � M,πk |= ψ

M, πk |= ϕ↔ ψ M M,πk |= ϕ→ ψ C M,πk |= ψ → ϕ

M, πk |= Oϕ M M,πk+1 |= ϕ

M, πk |= 2ψ M ∃i ≥ k,M, πi |= ψ

M, πk |= 3ϕ M ∃i ≥ k,M, πi |= ϕ

M, πk |= ϕUψ M ∃i ≥ k,M, πi |= ψ C ∀k ≤ j < i,M, πj |= ϕ

M, πk |= ϕRψ M ∀i ≥ k, M ∀k ≤ j < i,M, πj 6|= ϕ � M,πi |= ψ��p$�40 ϕ⇒ ψ �\ 2(ϕ→ ψ)�Q:$P B = (F, P )_ B 3�_ I �R
$�W�/mT[36)��42&�x�X��
• $�d�

|= ϕ

2ϕ

ϕ⇒ ψ

ϕ⇒ ϕUψ

ϕ⇒ Oψ

ϕ⇒ ϕUψ

• R X��
ζ ⇒ ϕ

ϕ ∧ ¬ψ ⇒ Oϕ

ζ ⇒ ψRϕ
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• U X��

ϕ⇒ (ψ ∨ ζ)

ζ ⇒ (ζ0 ∧ w
e
x)

(ζ ∧ e = v) ⇒ ζ0U(ψ ∨ (ζ ∧ e < v))

ϕ⇒ ζ0Uψ>P ⊑∈ P |C7~%J^� w ∈ QFFB |$7~%T[ (r>�#| x) C W = ({σ(x) | I(w)(σ) =

true}, I0(⊑)) |"jn`� e ∈ TB |
� z�����ue~%&P$���W�/m3:mjV<℄℄0>T[P�S�$���4�&;� O jV0>
P�D ��4�!�N M,πk |= p 3:)�T p ℄ LB 38VT[���
M,πk |= p(Oi1x1, ..., O

inxn) M O �> p P3>l}M"�C M,πk |= p(πk+i1 (x1), ..., πk+in
(xn))

M,πk |= p(Of(Oi1x1, ..., O
inxn)) M M,πk |= p(f(Oi1+1x1, ..., O

in+1xn))

§3.2 x�Æ�u CTLqje/m (Computation Tree Logic) ℄$QHGW�/m�
.�w3�;3<��&Æ�℄$Pe3�U�p$PUm�;2APb�Um�$P�w1$�iA�eY��qje/m�&7dqje3HGD�_Um3AbW���* � 
�
*�O
.�4��+$Qw-3qje/m�p CTL � CTL P7dHGD�_7dUm3AbW�3jV��"��p$P7dHGD�3jVb6
�2$P7dUm3AbW�3jV�
.qje/m�&z�>9q/m�~%/m&o>l7dUm3/mIP�>D���4L�+9q/mIP3qje/m�
.Q:$P8V9qn` AP � CTL T[3n`1&�6DQ"�
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φ ::= ⊤ | ⊥ | p | ¬φ | φ ∧ φ | φ ∨ φ |

EX φ | EF φ | EG φ | E(φ U φ) | E(φ R φ) |

AX φ | AF φ | AG φ |A(φ U φ) | A(φ R φ)>P p | AP PJ(9q�|v-?x�/m �J
→ _ ↔ 22"�>P63T[:)P�.�4�&R
>u�36)W1Y0�

.

CTLT[>$PeU�Ui Kripke�UP�_�T M =

〈S,∆, I, L〉 ℄8V9qn AP P3 Kripke�U�CTL T[36)K��
M, s |= p M p = ⊤, i p ∈ AP C p ∈ L(s)

M, s |= ¬ϕ M M, s 6|= ϕ

M, s |= ϕ ∨ ψ M M, s |= ϕ i M, s |= ψ

M, s |= ϕ ∧ ψ M M, s |= ϕ C M, s |= ψ

M, s |= Aϕ M�4k2 M P& s |?83)� π � M,π |= ϕ

M, s |= Eϕ M)> M P& s |?83)� π � M,π |= ϕ

M, π |= Xϕ M M,π1 |= ϕ

M, π |= Gψ M ∀i ≥ 0,M, πi |= ψ

M, π |= Fϕ M ∃i ≥ 0,M, πi |= ϕ

M, π |= ϕUψ M ∃i ≥ 0,M, πi |= ψ C ∀0 ≤ j < i,M, πj |= ϕ

M, π |= ϕRψ M ∀i ≥ k, M ∀0 ≤ j < i,M, πj 6|= ϕ � M,πi |= ψ�* � &
�
*|���� A UE�L&�F�$:;V�L&�F�&Æ�
AG(a = s1 → AFa = s2) ��UE�20�&Æ�

AG(a = s1 ∧ b 6= t1 ∧ b 6= t2 → A(a = s2 R b 6= t2)) �
.T ϕ | CTL T[� M | Kripke �U�

M |= ϕ/C�/�k2 s ∈ I � M, s |= ϕ ����*ei�o�" NNF k�/m!�J ¬L"�>9qA63T[�| NNFE[�3P CTL T[5u4$P CTL 3 NNF E[�$P
CTL 3 NNF E[�-0&��<W�U?�

AXp ≡ ¬EX¬p

AGp ≡ ¬EF¬p

AFp ≡ ¬EG¬p

A(pRq) ≡ ¬E(¬pU¬q)

A(pUq) ≡ ¬E(¬pR¬q)
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EGp ≡ E(⊥Rp)

E(pRq) ≡ E(qU(p ∧ q)) ∨EGq+& {EX,EG,EU} U� CTL :mjV3$PzHn�C℄l�zHn��� � n. A(pUr) ∨ A(qUr) _ A((p ∨ q)Ur) 3W�o0XD�T[3�U3oE�
§3.2.1 CTL m�e��& {EX,EU,EG,EF,AX,AU,AG,AF, } | CTL T[3:mjVn� CTL 3x��w�\&�N�H�$�H| CTL [�W3W�/mT��'$�H|9q/m3x��w�7N�H|W�x�X��f _l�m�

EFp↔ E(⊤Up)

AGp↔ ¬EF¬p

AFp↔ A(⊤Up)

EGp↔ ¬AF¬p

EX(p ∨ q) ↔ EXp ∨ EXq

AXp↔ ¬EX¬p

E(pUq) ↔ (q ∨ (p ∧ EXE(pUq))

A(pUq) ↔ (q ∨ (p ∧AXA(pUq))

EX⊤∧AX⊤

AG(r → (¬q ∧ EXr)) → (r → ¬A(pUq))

AG(r → (¬q ∧ EXr)) → (r → ¬AFq)

AG(r → (¬q ∧ (p→ AXr))) → (r → ¬E(pUq))

AG(r → (¬q ∧AXr)) → (r → ¬EFq)

AG(p → q) → (EXp→ Exq)fj_l����u����K[ p ℄R�[�� p ℄T��K[ ⊢ p→ q C ⊢ p �� ⊢ q� MP X���f
_l�����p$K[ ⊢ p �� ⊢ AGp�FdX���}�g�
CTL T[3�0X�℄�=:3�>=:L=�|

EXPTIME zH�
§3.2.2 CTL m�")�wq14 CTL T[>UmP�_�Q:$P Kripke �U M = 〈S,∆, I〉 �Q:3$PT[ ϕ � S 3Vn {s ∈

S |M, s |= ϕ} r| [[ϕ]M ] �T A ⊆ S �:)
ex(A) = {s ∈ S | ∃s′ ∈ S, (s, s′) ∈ ∆ ∧ s′ ∈ A}
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[[p]M ] = {s | p ∈ L(s)}

[[¬p]M ] = S \ [[p]M ]

[[p ∨ q]M ] = [[p]M ] ∪ [[q]M ]

[[p ∧ q]M ] = [[p]M ] ∩ [[q]M ]

[[EXp]M ] = ex([[p]M ])�4 EG _ EU ��42&�5[�
EGp ≡ p ∧EXEGp

E(pUq) ≡ q ∨ (p ∧ EXE(pUq))p
[[EGp]M ] = [[p]M ] ∩ ex([[EGp]M ])

[[E(pUq)]M ] = [[q]M ] ∪ ([[p]M ] ∩ ex([[E(pUq)]M ])|GÆ?x��4J�{ p, q Æ� S 3Vn�:mjV_/m �JÆ�℄ 2S P3℄g�
.D � EGp _ E(pUq) 	H�℄ τ1(Z) = p ∧ EX(Z) _

τ2(Z) = q ∨ (p ∧ EX(Z)) 3�;8�
.C EGp ℄ τ1 3Z,�;8�p EGp = νZ(p∧EXZ) �

E(pUq) ℄ τ2 3Z��;8�p E(pUq) = µZ(q ∨ (p ∧

EXZ)) �&� � ...

.�i6�>l:mjV"�&0�;8�\�
AFp = µZ(p ∨AXZ)

AGp = νZ(p ∧AXZ)

EFp = µZ(p ∨EXZ)

EGp = νZ(p ∧ EXZ)

A(pUq) = µZ(q ∨ (p ∧AXZ))

A(pRq) = νZ(q ∧ (p ∨AXZ))

E(pUq) = µZ(q ∨ (p ∧ EXZ))

E(pRq) = νZ(q ∧ (p ∨ EXZ))�* � F8 AFp = µZ(p ∨AXZ)

.T ϕ | CTL T[� M | Kripke �U� M |= ϕ /C�/ I ⊆ [[ϕ]M ] ��* � wdW;a�k:���� 0wdW;a�k:�qj [[A(q0Uq2)]]�[[EG(q0∨

q2)]] �n.M:�℄I0XD�T[�
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§3.2.3 CTLm�#Kripke{n'e��"yb B

..
uchi+hs14 CTL T[>UmP�_�Q:$P Kripke�U

M _$PUm s ��4�&R
 s i>b�Um3D��=? s ℄I0X$PT[�
CTL m�# Kripke {n'e���4:)NQx�X�

⊤

A
, ∨

A1 · · · An

A
, ∧

A1 · · · An

AH��\��!App�2"�. A �2 n PApP3$PApp�2"�. A �2 n PApP3k2Ap��2"�. A � �4�+ CTL T[3 NNF E[�
⊤

s ⊢M p
p ∈ L(s)

⊤

s ⊢M ¬p
p ∈ AP \ L(s)

∧
s ⊢M p s ⊢M q

s ⊢M p ∧ q
∨
s ⊢M p s ⊢M q

s ⊢M p ∨ q

∧
s1 ⊢M p · · · sn ⊢M p

s ⊢M AXp
(s1, ..., sn) = {s′ | (s, s′) ∈ ∆}

∨
s1 ⊢M p · · · sn ⊢M p

s ⊢M EXp
(s1, ..., sn) = {s′ | (s, s′) ∈ ∆}

∨
s ⊢M q s ⊢M p ∧AXA(pUq)

s ⊢M A(pUq)
∨
s ⊢M q s ⊢M p ∧EXE(pUq)

s ⊢M E(pUq)

∧
s ⊢M q s ⊢M p ∨AXA(pRq)

s ⊢M A(pRq)
∧
s ⊢M q s ⊢M p ∨EXE(pRq)

s ⊢M E(pRq)

yb B
..
uchi +hs:) sf(ϕ) |T[3n`K�� a ∈ sf(ϕ) /C�/

a > ϕ P"�i a = AXA(bRc) C A(bRc) > ϕ P"�i
a = EXE(bRc) C E(bRc) > ϕ P"��Q: Kripke �U M〈S,∆, I〉 _T[ ϕ �U?}*
B

..
uchi W;k B(M,ϕ) = 〈Σ, S′,∆′, I ′, F 〉 K��
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Σ = {a}

S′ = {s ⊢M ψ | s ∈ S, ψ ∈ sf(ϕ)}

∆′(t, a) = {{t1, ..., tn}} �- ∧- X�
∆′(t, a) = {{t1}, ..., {tn}} �- ∨- X�
∆′(t, a) = {{}} M t = ⊤

∆′(t, a) = {{t}} M t ℄#�8C t 6= ⊤

I ′ = {s ⊢M ϕ | s ∈ I}

F = {s ⊢M E(pRq) | s ∈ S,E(pRq) ∈ sf(ϕ)} ∪ {s ⊢M A(pRq) | s ∈ S,A(pRq) ∈ sf(ϕ)}� B(M,ϕ)�&Æ�℄M |= ϕ3F8�U�B(M,ϕ)|�/C�/ M |= ¬ϕ ��4J(Q: Kripke �U 〈S,∆, I〉 _ NNF E[3
CTL T[ ϕ ��4;VU?$P�-3}* B

..
uchi W;k 〈Σ, S′,∆′, I ′, F 〉 C |S′| ≤ |S| · |sf(ϕ)| �

§3.3 x�Æ�u CTL*14 CTL P7dHGD�_7dUm3AbW�3jV��"��>$:�=P�N$ CTL 3�+;���4�&{>�
Y0�DP/mr℄ CTL* �Q:$P8V9qn` AP �CTL*T[3n`1&�6DQ"�
φ ::= p |¬φ |φ∧φ |φ∨φ |X φ |F φ |Gφ |φU φ |φRφ |Aφ |Eφ>P p | AP PJ(9q��4�&{ CTL* P3T[H|UmT[_)�T[�M p ∈ AP � � p ℄UmT[M ϕ _ ψ ℄UmT[� � ¬ϕ,ϕ ∨ ψ, ϕ ∧ ψ ℄UmT[M ϕ ℄)�T[� � Eϕ _ Aϕ ℄UmT[M ϕ ℄)�T[� � ϕ ℄)�T[M ϕ _ ψ ℄)�T[� � ¬ϕ,ϕ ∨ ψ, ϕ ∧ ψ,Xϕ, Fϕ,Gϕ, ϕUψ, ϕRψ ℄)�T[

CTL* T[>$PeU�Ui Kripke �UP�_�T S |Umn`�T M = 〈S,R, I, L〉 ℄8V9qn APP3 Kripke �U� CTL* T[36)K��
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M, s |= p M p ∈ AP C p ∈ L(s)

M, s |= ¬ϕ M M, s 6|= ϕ

M, s |= ϕ ∨ ψ M M, s |= ϕ i M, s |= ψ

M, s |= ϕ ∧ ψ M M, s |= ϕ C M, s |= ψ

M, s |= Aϕ M�4k2 M P& s |?83)� π � M,π |= ϕ

M, s |= Eϕ M)> M P& s |?83)� π � M,π |= ϕ

M, π |= p M p ∈ AP C M,π0 |= p

M, π |= Aϕ M M,π0 |= Aϕ

M,π |= Eϕ M M,π0 |= Eϕ

M,π |= ¬ϕ M M,π 6|= ϕ

M, π |= ϕ ∨ ψ M M,π |= ϕ i M,π |= ψ

M, π |= ϕ ∧ ψ M M,π |= ϕ C M,π |= ψ

M, π |= Xϕ M M,π1 |= ϕ

M, π |= Gψ M ∃i ≥ 0,M, πi |= ψ

M, π |= Fϕ M ∃i ≥ 0,M, πi |= ϕ

M, π |= ϕUψ M ∃i ≥ 0,M, πi |= ψ C ∀0 ≤ j < i,M, πj |= ϕ

M, π |= ϕRψ M ∀i ≥ k, M ∀0 ≤ j < i,M, πj 6|= ϕ � M,πi |= ψT ϕ | CTL* UmT[� M | Kripke �U�
M |= ϕ/C�/�k2 s ∈ I � M, s |= ϕ ��* � E(GFp) �v4 EGEFp ��� � n. A((pUr) ∨ (qUr)) 5 A(pUr) ∨ A(qUr) _

A((p∨ q)Ur) 3W�o0X A((pUr) ∨ (qUr)) 3�U3oE�
.

PLTL_ CTL℄ CTL*3Vn�T PLTL�CTL_ CTL*<> Kripke �UP�_�$P PLTL T[ ϕ 5u4$P
CTL* T[ Aϕ �D PLTL T[	�&Æ�℄UmT[�

.>D 3�_���4�&�~ PLTL � CTL _ CTL*3UmT[�

.

PLTL _ CTL 
�*
C CTL* ,4 PLTL _ CTL 3�n�
CTL T[ AGEFp �;0 PLTL �\�
PLTL T[ F (p ∧Xp) �;0 CTL �\�
CTL* T[ E(GFp) �;0 CTL �\��;0 PLTL �\�
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§3.4 µ- ��1W4 CTL 3n.�4H1 CTL T[�&0:mjV AX ,EX ,9q�#_�;8�\�> CTL T[3DQ�\P�9q�#�&"�> AX,EX, µ, ν Ib�{DP:fG9��4�&20$P�+;�SB3/m��| µ- �j�

.Q:$P8V9qn` AP �$P�#n` V �$Qw-3 µ- �j3T[3n`�1&�6DQ"�
φ ::= p |X | ¬φ | φ ∧ φ | φ ∨ φ | 〈.〉φ | [.]φ | µX.φ | νX.φ>P p| AP PJ(9q�X |�#�µX.φ_ νX.φ3 φ P�b^3 X 
�><gP ¬ J^3℄0E{I��
!h-�
e µ- ���Adw- µ- �j\� �As;℄37d��4�&20$Q;V7d;℄3W�W�3W�/m�

.Q:$P8V9qn` AP �$P�#n` V �_$P;℄n` A � µ- �jT[3n`1&�6DQ"�
φ ::= p |X | ¬φ | φ ∧ φ | φ ∨ φ | 〈a〉φ | [a]φ | µX.φ | νX.φ>P p | AP PJ(9q� X |�#� a |;℄��C µX.φ _ νX.φ 3 φ P�b^3 X 
�><gP ¬J^3℄0E{I��
µ-�jT[> LTSP�_�T M = 〈Σ, S,∆, I, L〉|8V9qn AP P3 LTS � e : V → 2S |�#0 S Vn3KK� µ- �jT[36)K��
[[p]M ]e = {s | p ∈ L(s)}

[[X ]M ]e = e(X)

[[¬φ]M ]e = S \ [[φ]M ]e

[[φ1 ∧ φ2]M ]e = [[φ1]M ]e ∩ [[φ2]M ]e

[[φ1 ∨ φ2]M ]e = [[φ1]M ]e ∪ [[φ2]M ]e

[[〈a〉φ]M ]e = {s | ∃s′.s
a
→s′ ∧ s′ ∈ [[φ]M ]e}

[[[a]φ]M ]e = {s | ∀s′.s
a
→s′ ⇒ s′ ∈ [[φ]M ]e}

[[µX.φ]M ]e = ∩{S′ ⊆ S | [[φ]M ]e[X/S′] ⊆ S′}

[[νX.φ]M ]e = ∪{S′ ⊆ S | S′ ⊆ [[φ]M ]e[X/S′]}

.k2�#<℄b^�#3T[�|�T[��T[36)�b e 3.	�T M | LTS � ϕ |�T[� ϕ > M P36)�Æ| [[ϕ]M ] �
M |= ϕ/C�/

I ⊆ [[ϕ]M ] �



/520�* � W;a�k�� � &W;a�k|��qj µX.(q1 ∨ 〈2〉X) �n.�w℄I0XDPT[����*ei�o�" NNF k�/m!�J ¬L"�>9qA63T[�| NNFE[�3P µ- �jT[5u4$P µ- �j3 NNF E[�$P µ- �j3 NNF E[�-0&��<W�U?�
[a]φ ≡ ¬〈a〉¬φ

µX.φ ≡ ¬νX.¬φ[X/¬X ]

µ- ��m�# Kripke {n'e��5 CTL T[�i�Q:$P Kripke �U M _$PUm s��4�&R
 si>b�Um3D��=? s℄I0X$P� NNF E[�3 µ- �jT[�
⊤

s ⊢M p
p ∈ L(s)

⊤

s ⊢M ¬p
p ∈ AP \ L(s)

∧
s ⊢M p s ⊢M q

s ⊢M p ∧ q
∨
s ⊢M p s ⊢M q

s ⊢M p ∨ q

∨
s1 ⊢M p · · · sn ⊢M p

s ⊢M 〈a〉p
{s1, ..., sn} = {s′ | (s, a, s′) ∈ ∆}

∧
s1 ⊢M p · · · sn ⊢M p

s ⊢M [a]p
{s1, ..., sn} = {s′ | (s, a, s′) ∈ ∆}

s ⊢M ϕ[µX.ϕ/X ]

s ⊢M µX.ϕ

s ⊢M ϕ[νX.ϕ/X ]

s ⊢M νX.ϕ

CTL m�d µ- ��m�e(r14 CTL T[��S0;℄37d��&t: CTLk7d�wP�L0v$P;℄�r℄ a �D ��&0&�X�{ CTL T[Tf0 µ- �jT[�
T (p) = p

T (¬ϕ) = ¬T (ϕ)

T (ϕ ∧ ψ) = T (ϕ) ∧ T (ψ)

T (EXϕ) = 〈a〉T (ϕ)

T (E(ϕUψ) = µY.(T (ψ) ∨ (T (ϕ) ∧ 〈a〉Y ))

T (EGϕ) = νY.(T (ϕ) ∧ 〈a〉Y )
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§3.5 �� µ- �� (νTL)

µ- �j'�>���UP:)�>���UP� [.]_ 〈.〉 	Y�|w-3�$W�jV�%Ir℄ O �Q:$P8V9qn` AP �$P�#n` V � νTL T[3n`1&�6DQ"�
φ ::= p |X | ¬φ | φ ∧ φ | φ ∨ φ |Oφ | µX.φ | νX.φ>P p | AP PJ(9q� X |�#��C µX.φ_ νX.φ 3 φ P�b^3 X 
�><gP ¬ J^3℄0E{I��
νTL T[�> AP P3 KS P�_�T R ℄ KS P&J(Um|?83k2<�3n`�T M | AP P3

KS � e : V → 2R |�#0 R Vn3KK� νTL T[36)K��
[[p]M ]e = {π | p ∈ L(π0)}

[[X ]M ]e = e(X)

[[¬φ]M ]e = R \ [[φ]M ]e

[[φ1 ∧ φ2]M ]e = [[φ1]M ]e ∩ [[φ2]M ]e

[[φ1 ∨ φ2]M ]e = [[φ1]M ]e ∪ [[φ2]M ]e

[[Oφ]M ]e = {π | π1 ∈ [[φ]M ]e}

[[µX.φ]M ]e = ∩{R′ ⊆ R | [[φ]M ]e[X/R′] ⊆ R′}

[[νX.φ]M ]e = ∪{R′ ⊆ R | R′ ⊆ [[φ]M ]e[X/R′]}T M | KS � ϕ |�T[� ϕ > M P36)�Æ| [[ϕ]M ] � M,π |= ϕ /C�/ π ∈ [[ϕ]M ] �r M 3<�n`| [[M ]] �
M |= ϕ/C�/

[[M ]] ⊆ [[ϕ]M ] �M{ νTL T[J�>���UP�_�� νTL T[2&�6)� T M = (π, L) |$���U�>P π =

π0π1 · · · |Um�%� L : {π0, π1, ...} → 2AP |Umn09q5n3/R�T e : V → 2N |�#0 N Vn3KK� νTL T[36)K��
[[p]M ]e = {i ∈ N | p ∈ L(πi)}

[[X ]M ]e = e(X)

[[¬φ]M ]e = N \ [[φ]M ]e

[[φ1 ∧ φ2]M ]e = [[φ1]M ]e ∩ [[φ2]M ]e

[[φ1 ∨ φ2]M ]e = [[φ1]M ]e ∪ [[φ2]M ]e

[[Oφ]M ]e = {i ∈ N | i+ 1 ∈ [[φ]M ]e}

[[µX.φ]M ]e = ∩{S′ ⊆ N | [[φ]M ]e[X/S′] ⊆ S′}

[[νX.φ]M ]e = ∪{S′ ⊆ N | S′ ⊆ [[φ]M ]e[X/S′]}

M |= ϕ /C�/ 0 ∈ [[ϕ]M ] �
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LTL m�d νTL m�e(r

LTL T[�&Æ�℄ νTL 3$PV���&0&�X�{ LTL T[Tf0 νTL T[�
T (p) = p

T (¬ϕ) = ¬T (ϕ)

T (ϕ ∧ ψ) = T (ϕ) ∧ T (ψ)

T (Oϕ) = OT (ϕ)

T (ϕUψ) = µY.(T (ψ) ∨ (T (ϕ) ∧OY ))

§3.6 yb���u (ATL)}*W�/m℄$Q;V7d;℄Sr`℄z�J�3/m�Q:$P8V9qn` AP �$P;℄Sr3n` Σ � ATL T[3n`1&�6DQ"�
φ ::= p | ¬φ | φ ∨ φ | 〈〈A〉〉Oφ | 〈〈A〉〉2φ | 〈〈A〉〉φUφ>P p | AP PJ(9q� A ⊆ Σ | Σ 3Vn�
ATL T[> ATS P�_�T M = 〈Σ, S,∆, I, L〉 |

AP P3 ATS�Q: a ∈ Σ�$P a3�- fa ℄ S+ → 2S3$P℄g�0X�k2 λ ∈ S∗ _k2 s ∈ S �
f(λ · s) ∈ ∆(s, a)Q: A ⊆ Σ � FA = {fa | a ∈ A} �>Um s -0�- FA 3�[ out(s, FA) 0Xsy�

s0s1s2 · · · ∈ out(s, FA)/A�/ s = s0 C�k2 i, si+1 ∈ ∩a∈Afa(s0s1 · · · si) �
.

ATL T[36)K��
M, s |= p M p ∈ AP C p ∈ L(s)

M, s |= ¬ϕ M M, s 6|= ϕ

M, s |= ϕ ∨ ψ M M, s |= ϕ i M, s |= ψ

M, s |= 〈〈A〉〉Oϕ M)> FA C�k2 λ ∈ out(s, FA) � M,λ[1] |= ϕ

M, s |= 〈〈A〉〉2ϕ M)> FA C�k2 λ ∈ out(s, FA) ��k2 i ≥ 0 � M,λ[i] |= ϕ

M, s |= 〈〈A〉〉ϕUψ M)> FA C�k2 λ ∈ out(s, FA) �)> i ≥ 0 � λ[i] |= ψ C�k2 0 ≤ j < i � M,λ[j] |= ϕ#$&Pj
jVy�e�&:)>ljV�K�
3ϕ = trueUϕ

[[A]]Oϕ = ¬〈〈A〉〉O¬ϕ

[[A]]2ϕ = ¬〈〈A〉〉3¬ϕ
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〈〈〉〉2(og ∧ ¬gr → 〈〈ctr〉〉2og)

〈〈〉〉2(og → 〈〈ctr, train〉〉3ig)
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