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�9�C_�/5�8���ZtR-r

7



jO4�� *R*�M8Y��%E*RI18� "$�JmK=�6O4�� G*�DI1� �tD�h�I�	�9GUN.84d P _�_9, NP�h*���6�r+8��rj8I�!���-�/5�8��*Y��M�M℄ Σ1 Æ8�f�FV℄_/tV℄�*v�8�/5��7 P=NP��[9�H=[�^_y��w8y��t3A�v��/5�8���-�RC8|A�I[9�I13t�),x���℄�w8�/5�8I���

8



3. `N 3e72XjdU�e��o�"*
Ftd/
• 3.1 
F.

• 3.2 b}1t
F.

• 3.3 �ot
F
• 3.4 5u
F.

• 3.5 b<t
F.

• 3.6 �q
F.

9



3.1 
Ft
• 3.1 
F.
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3.1 
Ft
D.Poole 
"��Computational Intelligence�)Æ�
• r 3e72XjdU L1 �e��ohq. 3e72XjdU L2 �e��o�&- L1 )�#�&6�b
F�e7Z L2 )�&6�
• �8�
Fth`Ne��o�&fh1�
• 1. q! 3e72XjdU!Gb�h~�℄
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3.2 b}1t
F�Z
Ftd/��+q!)��H�"�Ox�J
Ftd/h`Ne��o.

• 3.2 b}1t
F
• b}1t
F�&6 α, β �f8dU�L1�SEM1�MOD1Æ2�L2�SEM2�MOD2Æ�&6��q!dUb�kTÆ�r α 2 β 8b}1t
F��BZ�α≈satβ�&- α �dU�L1�SEM1�MOD1Æ)8b}1���U� β �dU�L2�SEM2�MOD2Æ)8b}1���?J��kT�b}1t�
• k*R{�
• 1. ( α≈satβ��[b� α≈β�
• 2. ( α≈satβ��[b� α ∧ γ≈β ∧ δ��) γ≈δ�
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3.3 �ot
F
• 3.3 �ot
F
• *�=[�^_y��ww8�/5���(9v�8�Q���}��M�RG�"m�w_�R:�n} {0�1�1/2} 8Q�"m�w�_9��%}(RG�"m8V℄��b}�RQ�"m8V℄�C�n8:�A7C� 0 i 1�E�� 1/2�3_H`�RQ�"m8V℄�5Pf&�RG�"m8V℄�%}G�"mG'*:�A7 1/2��p69v��Q��G�"m�w8�/5��Q�"m�w�D�"mÆ8�/5��P��z�B,v�RV℄ p ∧ ¬p�6G�"m�w�_�R%C℄��F'*0Æ�E6*�Q�"m�wGE*0Æ�9_�Rb*A8�t��F($T�9v8�Q��}G�"m�w_D�"m�w>w8�/5�_�a`8�%,6�}G�"m_D�"m8�/5�Y&N�*��9v8�Q�p�R"m�w8V℄w*���);
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3.3 �ot
F
• �ot:L 8�! 3e72XjdU�α 8 L ��!&6�r α 8�o��&-h~�4 α ZE��q�
• �ot
F: α�β �f8 3e72XjdU�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ�&6���L1�SEM1�MOD1Æ2�L2�SEM2�MOD2Æb�kTÆ�r α�β 8�ot
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3.4 5u
F
• 6�}=[�^_y��w�/5�Y�$T�9vC�?�R=[�^_y��w8V℄�$T��);�dPf�E'*��9�RV℄8VW�0m�/8V℄8$T��t�%,�8)+r+�Tu�E�a�8���Q�M(9v�(9v���?$T�9v�B,1���}8�RV℄

α _ β 8VW�0m�/8H"V℄ γ o α 80Æ
M _ β 80Æ N��* M�γ 4<�4 N�γ�

• (9v�α�β M�_=[�^_y��w�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ8V℄���L1�SEM1�MOD1Æ_�L2�SEM2�MOD2Æ5�vÆ�% α _ β _(9v8�s}�α≈entβ�M℄B, α 8(R0Æ
M∈SEM 1 .6�R β 80Æ N∈SEM 2��<B,H" var�αÆ∩ var�βÆR8�0�/8V℄ γ�M�γ4<�4 N�γ�J>!F�
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3.4 5u
F
• ?� 1�α�β M�_=[�^_y��w�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ8V℄���L1�SEM1�MOD1Æ_�L2�SEM2�MOD2Æ5�vÆ�O α≈entβ�7B,H" var�αÆ∩ var�βÆR8�0�/8V℄ γ�γ6 α 8H"0ÆR}:4<�4 γ 6 β 8H"0ÆR}:��;--�Æ
• ,?�8?Z"$p�O α≈entβ�7n)6 var�αÆ∩

var �βÆR8/$(_�v8�9�_}`{,9v�/.}(9v81%�
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3.4 5u
F
• ?� 2�α�β M�_=[�^_y��w�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ8V℄���L1�SEM1�MOD1Æ_�L2�SEM2�MOD2Æ5�vÆ�M℄ var�αÆ∩

var�βÆ= ∅�7 α≈entβ 4<�4 α≈satβ��;-�Æ
• P?�p�4 var�αÆ∩var�βÆ_ÆnY�$T�9v_(9v_��8�
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3.5 b<t
F
• (9vkF5X�$T�9vTu�E�TuWN;�}=[�^_y��w8�/5��%}n�$T�9v��8TuK5�3_�5�5TuWN;op�RV℄80Æ>w8Y���8)+{�RV℄80Æw_N.61H^fY����B�l+&N�b�9v8�}�Q�
• b�9v�α�β M�_=[�^_y��w�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ8V℄���L1�SEM1�MOD1Æ_�L2�SEM2�MOD2Æ5�vÆ�α�β �%W_b�9v8�s}�α≈visβ�M℄ α80Æ_ β 80Æ>w.6�RgS f�f%}b'S��<B,�Rb��n Ω�α _ Ω R8H"V℄�H" M∈SEM 1�H" N∈SEM 2 *�M�α 4<�4 f�MÆ�α�N�α4<�4 f−1�NÆ�α &��
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3.5 b<t
F
• ?��α�β M�_=[�^_y��w�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ8V℄���L1�SEM1�MOD1Æ_�L2�SEM2�MOD2Æ5�vÆ�O α≈visβ�7

α≈entβ��;-�Æ
• O�b�9v8?Z/$�a_V℄ α _V℄ β 8(n_�v8�E(9vC�?V℄ α _V℄ β6 var�αÆ∩var�βÆR8(n_�v8�%,(9v_b�9v8�Hq>��
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3.6 �q
F
• lR=[�^_y��w�/5��}UW8WN����8){�v8uyuN9v��QG������RV℄ F1 _ F2 80Æ>wM℄.61R^fY��2&9R^fY�5�5*�;rj�FY�5��8~℄�M℄�R^f6G�.68Yw4��5rj+~℄�2&9R^f�XB�Z"$�%,��8)p 0Æw^fY�_�_D	℄Ywrj8�9���+8~℄"T*�Z"$��9� MTo58?Æ_L8?Æx�k�o��rjO4�K+8=[�M Ptime�Pspace�NPtime�

NPspace�Pcomplete�NPcomplete�Phard�NPhard 9�Y4L�9��V�e�Æ
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3.6 �q
F
• �q
F�α�β �f8 3e72XjdU�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ�&6���L1�SEM1�MOD1Æ2�L2�SEM2�MOD2Æb�kTÆ�&6 α 2&6 β 8�q
F��BZ�α≈modβ�&-&6 α ��q2&6 β ��q!G~��!�n60GbAG� 1-1 �� f�f r!Z�q	-�[19]

• Æj��b<t
F)�B-8�n60GbAG�g�b<��=48!d=0��q
F8b<t
F��*N>�g���z.
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4. `N 3e72XjdUe��o���
• {Z 3e72XjdU�e��o�-�4
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F,��5u
F,���ot
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�8LMt"*,�!G�pd�S.�b5u
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F,�!G�pd��Vt�5u
F,����5u
F,�
���g��" 3e72XjdUVsk��
Ft,��
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Ft,�
• �ZDh��Æ�! X- 
F�X∈{φ�b}1t�5u��ot�b<t��q }�_�b�� 3e72XjdU!GÆ��!,�*d �X−equ�?℄v X
Fth�,���"*
Ft0 ��x&f,��
• 
Ft,�
• b}1t
F,�
• 5u
F,�
• �5u
F,�
• ��5u
F,�
• �ot
F,�
• �q
F,�
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Ft,�
• / L1=�L1�SEM 1�MOD1Æ�L2=�L2�SEM 2�MOD2Æ8q! 3e72XjdU�f:L1 →L2 8�!0A�r f 8} L1 � L2 � X- 
F,��&-�Æ#��&6 α∈L1 �� α 2 f�αÆ8 X- 
F��
• r|<dU L1 b� X- 
F,�� 3e72XjdU L2�&-~�} L1 � L2 � X- 
F,� f�BZ�L1�

X−equL2�&-� L1�
X−equL2 2

L2�
X−equL1 T0sn��r 3e72XjdU L12 3e72XjdU L2 e��o8 X- 
F��

• +���pÆ�)�&-�� f 8�!�n60G�:��n6dGÆbAG��	~r L1 b��n60G�:��n6dGÆX- 
F,�� L2�BZ�L1�
X−equ
ptime L2 �:� L1�

X−equ
pspace L2Æ�&`N>D��_℄)xh���n6��8�&6�p�ZmA�
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Ft,�
• 
Ft,��r 3e72XjdU L1 2 L2 8
F��BZ L1≍L2�&- L1�L2�g� L2�L1�
• k*R{�
• CNF≍PF

• PF�equ
pspaceCNF

• �q!Æj'TD���h`ydG��RIf
F�q! 3e72XjdU��D'dG��5b�8h
F���[8D�q! 3e72XjdU�j{+�w8
F���82C�
)�wh�2h��8�AG;�~y�o��k*���!#A�e��&6&-�AG;kh�(�je7xh� [h��JVsn4�H��dG��t8j{�
Æ2H�.t)bv`y�^P!��
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b}1t
F,�
• k*R{�
• �n60GbÆÆ^P��!^P8�n60GbÆÆ��&-~��!�n60G����G�ÆÆJ�
• Æj�&- 3e72XjdU L1 2 L2 �b}1t^P�?�q~�^PÆ\�kT��n60G��t�	~ L1 2 L2 b��n60Gb}1t
F�k6,��? L1�

sat−equ
ptime L2 � L2�

sat−equ
ptime L1�

28



5u
F,�
• �5u
Fj��&fR{�α 2 β 8q!&6�b�h0q!hT�dUÆ�&- var�αÆ∩var�βÆ=∅�∅e7d=����α≈entβ ��U� α≈satβ��Z��� var�αÆ∩var�βÆ6=∅ 0��&f�*dsn�f�
�!Æjhlee?5u
F,�2b}1t
F,�!G�*d�
• Æj�&- L1�

sat−equ
ptime L2�	~ L1�

ent−equ
ptime L2�
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�5u
F,�
• �5u
F,�� 3e72XjdU L1 2 L2 !G��!�n60G�:��n6dGÆ5u
F,�

f�L1→L2�f ^r4 L1 � L2 ��n60G�:��n6dGÆ�5u
F,��&-�Æ L1 )��!&6 α�α )�H���� f�αÆ)xh�BZ�L1�
proper−ent−equ
ptime L2��:� L1�

proper−ent−equ
pspace L2Æ�

• Æj�∃PF∗�proper−ent−equ
ptime PF

• Æj�PF�proper−ent−equ
ptime CNF

30



�5u
F,�
• Æj�PF�proper−ent−equ

ptime CNF

• ��k��ÆjZm�#x����}7�f 3e72XjdU&6!G�,��
• ;-�B,/t"m�w PF 8H"�RV℄ α�VrM�jI f�\6 f _- PF 5 CNF 8D	℄Yw:(9v\2^f��1Æ{ α G8→ _↔ B=�p( ¬�∧ _ ∨ �^�65V℄ α1��2Æ{ ¬ L�4�D/t�0>:��
B ¬¬�65V℄ α2��3ÆB α2\(Tseitin���p{�} α∨�β∧γÆ8SV℄$T�9v;Pf&�α∨yÆ∧�β∨¬yÆ∧�γ∨¬yÆ�?5V℄G�5(,KI}B�65V℄ α3�9G

y _�R&N8/t�0��4Æ� f�αÆ=α3�
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Tseitin ��_�R{/tV℄�)$T�;Pf} CNF V℄8KI�p f�αÆ∈CNF�%}jI f8(���C�D	℄Yw��<nC* 4��m� f_D	℄Ywrj8�m� PF�sat−equ
ptime CNF�)?� 4.3.1 =�M℄ L1�

sat−equ
ptime L2�2& L1�

ent−equ
ptime L2�m� PF�ent−equ

ptime CNF�+%} α G8m*/t�0�6 f�αÆG+���F f _:(9v\2�f _- PF 5 CNF 8D	℄Yw:(9v\2�p
PF�proper−ent−equ

ptime CNF�
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��5u
F,�
• ��5u
F,���!��n60G:��n6dGÆ�5u
F,� f�L1→L2 ^r4����&-8~��!�n60GbAG�0A

g�L1×SEM 1→L2×SEM 2 4� g�α�MÆ8
f�αÆ��!�q��) M 8 α ��!�q�α∈L1�
M∈SEM1��f
B� L1�

strg−proper−ent−equ
ptime L2 he7~�} L1 � L2 ��n60G��5u
F,��
B� L1�

strg−proper−ent−equ
pspace L2 he7~�} L1� L2 ��n6dG��5u
F,��

• PF�strg−proper−ent−equ
ptime CNF
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��5u
F,�
• �(^���ÆqWv;��n60G
ÆÆ�^P�iB4 P��(^����ÆqWv;��n60G
ÆÆ�^P�iB4 NP���ÆqWv;�Æ��m�m`℄i [18]�
• &- q 8 P ^P�� P )�I^P����n60G
,�� q �r q 8 P Y���T~�&- q 8
NP ^P�� NP )�I^P����n60G
,�� q �r q 8 NP Y���

• CNF �b}1t^P^rZ SAT ^P�g���tj{�k*{ZR{ SAT ^P8 NP Y���
• Æj�∃PF∗�strg−proper−ent−equ

ptime PF �/ NP=P�
• �+��Æjb�_x`N 3e72XjdUe��oY �8�!`o P=?NP ^P��!V���
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�ot
F,�
• �!|<dU�L�SEM�MODÆ�+���Ær6�&-}1�fRI: L ��Æ�1 ¬ f8�a��?( α∈L � ¬α∈L�� α 8hb}1���U� ¬α 8�o��
• g�H�� 3e72XjdU�8�+��Ær6��&(|<dU CNF [��+���Ær6�
•�L1�SEM1�MOD1Æ��L2�SEM2�MOD2Æ8q!�+��Ær6� 3e72XjdU����fq!Æjsn�
• Æj�(�L1�SEM 1�MOD1Æ�Sat−equ

ptime �L2�SEM 2�MOD2Æsn����L1�SEM 1�MOD1Æ�val−equ
ptime �L2�SEM 2�MOD2Æsn�

• Æj�(�L1�SEM 1�MOD1Æ�Sat−equ
pspace �L2�SEM 2�MOD2Æsn����L1�SEM 1�MOD1Æ�val−equ

pspace �L2�SEM 2�MOD2Æsn�
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�q
F,�
• �n60G�q
F,�2�n6dG�q
F,������19�)=|^�C2 Hans Ox��q!���Ox$�$De%�`NhT|<dU�e��o���q!��Zd/�I�`Nt�P|<dU2r7i�&6dU!G�e��o�I��{ZR-e����p&$�AG��tkmf��p\�kT��t�j{=b�\�hT�e��o�_Q-�T,I���19�)�j�k*%4�
• �n60G�q
F,��L1=�L1�SEM 1�MOD1Æ2 L2=�L2�SEM 2�MOD2Æ8q!|<dU�r
L1 2 L2 8�n60G�q
F��BZ L1�

Mod−equ
ptime L2�&-~��n60GbAG0A f:L1→L2 2�n60GbAG0A g:SEM 1→SEM 2���Æ L1 �#�&6 α 2�q M�M�α ��U� g�MÆ�f�αÆ�

• �n6dG�q
F,��L1=�L1�SEM 1�MOD1Æ2 L2=�L2�SEM 2�MOD2Æ8q!|<dU�r
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L1 2 L2 8�n60G�q
F��BZ L1�
Mod−equ
ptime L2�&-~��n60GbAG0A f:L1→L2 2�n6dGbAG0A g:SEM 1→SEM 2���Æ L1 �#�&6 α 2�qM�M�α ��U� g�MÆ�f�αÆ�

• k*R{�
• 1. DNF�mod−equ

ptime CNF

• 2. CNF≍mod−equ
ptime 3CNF

• 3. CNF�mod−equ
ptime PF

• 4. ∃CNF ∗≍mod−equ
ptime ∃3CNF ∗

• 5. PF�mod−equ
ptime ∃CNF ∗ 99�
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