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âɼƨࣽțƨƉʚʯɼƨ ſɼŗǶȳ ʚƨŗʌƨɼ

yʌ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ țŗȳǖʯŗǖƨ ƕƨƉǶƕŗſțƨࣘ

ࢅࢁ� = {h�i|�(�) = {{ࢅࢁࡱ}

ࡹ



,óࣩE,Eࣽࣘࢅࢁ �ƨƉʚʯɼƨ ࢉࡽ ࣽ ó�ÿ

�ƨƉʚʯɼƨɼࣘ ¥ǶƉȕ˙ŗʌǫ �ŗȳǶ
,ǫŗʚ ȭɄƕƨɼŗʚɄɼࣘ óŗȭǶɼ �ǫŗȳ
�ɱɼǶț ࣗࡽࡽ ࡹࡽࡱࡽ

ĎȳǶ˙ƨɼʌǶʚ˦ ɄǑ yțțǶȳɄǶʌ ŗʚ Ďɼſŗȳŗࣽ,ǫŗȭɱŗǶǖȳ
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âɼƨࣽțƨƉʚʯɼƨ ſɼŗǶȳ ʚƨŗʌƨɼ

yʌ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ țŗȳǖʯŗǖƨ ƕƨƉǶƕŗſțƨࣘ

ࢅࢁ� = {h�i|�(�) = {{ࢅࢁࡱ}

ࡽ

ORACzy accept if Wayne

rejectotherwise

act
LM I M halts on blank input

Wade happens
if LCMS 03

Opaczzt
rejects that

Hardt 4374
if Lewis 023743

accepts andhe
TMHA.LT 0374,037

c

reject



ÿǫƨ óŗʚǶʌ̇ŗſǶțǶʚ˦ âɼɄſțƨȭ ࣯ó�ÿࣱ

3SAT NSAT LSAT



âɼɄɱɄʌǶʚǶɄȳŗț bɄɼȭʯțŗʌ

6ƨ̇ȳǶʚǶɄȳ
,ɄȳʌǶƕƨɼ ŗ ʌƨʚ ɄǑ ſɄɄțƨŗȳ ˙ŗɼǶŗſțƨʌ ,ࡹ˕ ,ࡽ˕ . . . ˕ȩࣖ

 � ȑǮʋƣɮŗȑ Ƕʌ ƨǶʚǫƨɼ ŗ ſɄɄțƨŗȳ ˙ŗɼǶŗſțƨ ˕Ǯ Ʉɼ Ƕʚʌ ȳƨǖŗʚǶɄȳ ¬˕Ǯࣖ
 � ƅȑŗʠɾƣ Ƕʌ ŗ ƕǶʌȍʯȳƉʚǶɄȳ ɄǑ țǶʚƨɼŗțʌࣖ
bɄɼ ƨ˥ŗȭɱțƨࣗ ࡹ˕ _ ࡽ˕ _ ࢅ˕¬ Ƕʌ ŗ Ɖțŗʯʌƨࣖ

 � ǋȹɮȣʠȑŗ Ǯȩ ƅȹȩȃʠȩƅʋǮˉƣ ȩȹɮȣŗȑ ǋȹɮȣ ࣯,¥bࣱ Ƕʌ
ɱɼɄɱɄʌǶʚǶɄȳŗț ǑɄɼȭʯțŗ ˝ǫǶƉǫ Ƕʌ ŗ ƉɄȳȍʯȳƉʚǶɄȳ ɄǑ Ɖțŗʯʌƨʌ

 ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ (ࢁ˕¬ ^ ࢉ˕ Ƕʌ ŗ ,¥b ǑɄɼȭʯțŗࣖ

 � ǑɄɼȭʯțŗ ' Ƕʌ ŗ bࣘ¥,ࢁ
� ,¥b ǑɄɼȭʯțŗ ʌʯƉǫ ʚǫŗʚ ƨ˙ƨɼ˦ Ɖțŗʯʌƨ ǫŗʌ ƨ˥ŗƉʚț˦ ࢁ țǶʚƨɼŗțʌࣖ

 ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ ࢁ˕¬ _ (ࡹ˕ Ƕʌ ŗ b¥,ࢁ ǑɄɼȭʯțŗࣗ ſʯʚ
ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ (ࢁ˕¬ ^ ࢉ˕ Ƕʌ ȳɄʚࣖ

ࢁ
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âɼɄɱɄʌǶʚǶɄȳŗț bɄɼȭʯțŗʌ

6ƨ̇ȳǶʚǶɄȳ
,ɄȳʌǶƕƨɼ ŗ ʌƨʚ ɄǑ ſɄɄțƨŗȳ ˙ŗɼǶŗſțƨʌ ,ࡹ˕ ,ࡽ˕ . . . ˕ȩࣖ

 � ȑǮʋƣɮŗȑ Ƕʌ ƨǶʚǫƨɼ ŗ ſɄɄțƨŗȳ ˙ŗɼǶŗſțƨ ˕Ǯ Ʉɼ Ƕʚʌ ȳƨǖŗʚǶɄȳ ¬˕Ǯࣖ
 � ƅȑŗʠɾƣ Ƕʌ ŗ ƕǶʌȍʯȳƉʚǶɄȳ ɄǑ țǶʚƨɼŗțʌࣖ
bɄɼ ƨ˥ŗȭɱțƨࣗ ࡹ˕ _ ࡽ˕ _ ࢅ˕¬ Ƕʌ ŗ Ɖțŗʯʌƨࣖ

 � ǋȹɮȣʠȑŗ Ǯȩ ƅȹȩȃʠȩƅʋǮˉƣ ȩȹɮȣŗȑ ǋȹɮȣ ࣯,¥bࣱ Ƕʌ
ɱɼɄɱɄʌǶʚǶɄȳŗț ǑɄɼȭʯțŗ ˝ǫǶƉǫ Ƕʌ ŗ ƉɄȳȍʯȳƉʚǶɄȳ ɄǑ Ɖțŗʯʌƨʌ

 ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ (ࢁ˕¬ ^ ࢉ˕ Ƕʌ ŗ ,¥b ǑɄɼȭʯțŗࣖ

 � ǑɄɼȭʯțŗ ' Ƕʌ ŗ bࣘ¥,ࢁ
� ,¥b ǑɄɼȭʯțŗ ʌʯƉǫ ʚǫŗʚ ƨ˙ƨɼ˦ Ɖțŗʯʌƨ ǫŗʌ ƨ˥ŗƉʚț˦ ࢁ țǶʚƨɼŗțʌࣖ

 ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ ࢁ˕¬ _ (ࡹ˕ Ƕʌ ŗ b¥,ࢁ ǑɄɼȭʯțŗࣗ ſʯʚ
ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ (ࢁ˕¬ ^ ࢉ˕ Ƕʌ ȳɄʚࣖ

ࢁ



,¥b Ƕʌ ʯȳǶ˙ƨɼʌŗț

E˙ƨɼ˦ ſɄɄțƨŗȳ ǑɄɼȭʯțŗ ǋ : ,ࡱ} ȩ{ࡹ ! ,ࡱ} {ࡹ Ɖŗȳ ſƨ ˝ɼǶʚʚƨȳ ŗʌ ŗ
,¥b ǑɄɼȭʯțŗࣖ

ࡹ˕ ࡽ˕ ࢁ˕ ࢅ˕ ࢉ˕ ࢍ˕ ǋ ,ࡹ˕) ,ࡽ˕ . . . , (ࢍ˕ ࡹ˕ _ ࢁ˕ࡽ˕ _ ࢅ˕ _ ࢉ˕ _ ࢍ˕
ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ǋ ,ࡱ) . . . , ,ࡱ (ࡱ ࡹ
ࡱ ࡱ ࡱ ࡱ ࡱ ࡹ ǋ ,ࡱ) . . . , ,ࡱ (ࡹ ࡹ
ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ

ࡹ ࡱ ࡹ ࡱ ࡱ ࡹ ? ࡹ
ࡹ ࡱ ࡹ ࡱ ࡹ ࡱ ࡱ ࡱ
ࡹ ࡱ ࡹ ࡱ ࡹ ࡹ ? ࡹ
ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ ࣖࣖࣖ

ࡹ ࡹ ࡹ ࡹ ࡹ ࡹ ǋ ,ࡹ) . . . , (ࡹ ࡹ

bɄɼ ƨ˙ƨɼ˦ ɼɄ˝ ʚǫŗʚ ǋ Ƕʌ ˲ƨɼɄ ƉɄȭɱʯʚƨ ƉɄɼɼƨʌɱɄȳƕǶȳǖ ,¥b Ɖțŗʯʌƨࣖ

ÿŗȕƨ ʚǫƨ ŗȳƕ ࣯
V
ࣱ ɄǑ ŗțț ʚǫƨ ,¥b Ɖțŗʯʌƨʌ ƉɄȭɱʯʚƨƕ

éƨʌʯțʚǶȳǖ ,¥b ǑɄɼȭʯțŗ ƨɸʯǶ˙ŗțƨȳʚ ʚɄ ǋ ࣖ

ࢅ

v



óŗʚǶʌ̇ŗſǶțǶʚ˦

âɼɄſțƨȭࣘ ó�ÿ

yȳʌʚŗȳƉƨࣘ � ,¥b ǑɄɼȭʯțŗ 'ࣖ
çʯƨʌʚǶɄȳࣘ yʌ ʚǫƨɼƨ ŗ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ ʚɄ ʚǫƨ ˙ŗɼǶࣽ
ŗſțƨ ɄǑ ' ʌʯƉǫ ʚǫŗʚ ' ƨ˙ŗțʯŗʚƨʌ ʚɄ ʚɼʯƨࣞ

âɼɄſțƨȭࣘ ó�ÿࢁ

yȳʌʚŗȳƉƨࣘ � b¥,ࢁ ǑɄɼȭʯțŗ 'ࣖ
çʯƨʌʚǶɄȳࣘ yʌ ʚǫƨɼƨ ŗ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ ʚɄ ʚǫƨ ˙ŗɼǶࣽ
ŗſțƨ ɄǑ ' ʌʯƉǫ ʚǫŗʚ ' ƨ˙ŗțʯŗʚƨʌ ʚɄ ʚɼʯƨࣞ

ࢉ
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óŗʚǶʌ̇ŗſǶțǶʚ˦

ó�ÿ
eǶ˙ƨȳ ŗ ,¥b ǑɄɼȭʯțŗ 'ࣗ Ƕʌ ʚǫƨɼƨ ŗ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ ʚɄ ˙ŗɼǶŗſțƨʌ
ʌʯƉǫ ʚǫŗʚ ' ƨ˙ŗțʯŗʚƨʌ ʚɄ ʚɼʯƨࣞ

E˥ŗȭɱțƨ
 ࡹ˕) _ ࡽ˕ _ (ࢅ˕¬ ^ ࡽ˕) _ (ࢁ˕¬ ^ ࢉ˕ Ƕʌ ʌŗʚǶʌ̇ŗſțƨࣙ ʚŗȕƨ
,ࡹ˕ ,ࡽ˕ . . . ࢉ˕ ʚɄ ſƨ ŗțț ʚɼʯƨ

 ࡹ˕) _ (ࡽ˕¬ ^ ࡹ˕¬) _ (ࡽ˕ ^ ࡹ˕¬) _ (ࡽ˕¬ ^ ࡹ˕) _ (ࡽ˕ Ƕʌ ȳɄʚ
ʌŗʚǶʌ̇ŗſțƨࣖ

ó�ÿࢁ
eǶ˙ƨȳ ŗ b¥,ࢁ ǑɄɼȭʯțŗ 'ࣗ Ƕʌ ʚǫƨɼƨ ŗ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ ʚɄ
˙ŗɼǶŗſțƨʌ ʌʯƉǫ ʚǫŗʚ ' ƨ˙ŗțʯŗʚƨʌ ʚɄ ʚɼʯƨࣞ

࣯¡Ʉɼƨ Ʉȳ ó�ÿࡽ Ƕȳ ŗ ſǶʚࣱࣖࣖࣖ
ࢍ



yȭɱɄɼʚŗȳƉƨ ɄǑ ó�ÿ ŗȳƕ ó�ÿࢁ

 ó�ÿ ŗȳƕ ó�ÿࢁ ŗɼƨ ſŗʌǶƉ ƉɄȳʌʚɼŗǶȳʚ ʌŗʚǶʌǑŗƉʚǶɄȳ ɱɼɄſțƨȭʌࣖ
 ¡ŗȳ˦ ƕǶ˽ƨɼƨȳʚ ɱɼɄſțƨȭʌ Ɖŗȳ ɼƨƕʯƉƨƕ ʚɄ ʚǫƨȭ ſƨƉŗʯʌƨ ɄǑ
ʚǫƨ ʌǶȭɱțƨ ˦ƨʚ ɱɄ˝ƨɼǑʯț ƨ˥ɱɼƨʌʌǶ˙ƨț˦ ɄǑ țɄǖǶƉŗț ƉɄȳʌʚɼŗǶȳʚʌࣖ

 �ɼǶʌƨ ȳŗʚʯɼŗțț˦ Ƕȳ ȭŗȳ˦ ŗɱɱțǶƉŗʚǶɄȳʌ Ƕȳ˙Ʉț˙Ƕȳǖ ǫŗɼƕ˝ŗɼƨ
ŗȳƕ ʌɄǑʚ˝ŗɼƨ ˙ƨɼǶ̇ƉŗʚǶɄȳ ŗȳƕ ƉɄɼɼƨƉʚȳƨʌʌࣖ

 �ʌ ˝ƨ ˝Ƕțț ʌƨƨࣗ Ƕʚ Ƕʌ ŗ Ǒʯȳƕŗȭƨȳʚŗț ɱɼɄſțƨȭ Ƕȳ ʚǫƨɄɼ˦ ɄǑ
¥â,Ʉȭɱțƨʚƨȳƨʌʌࣖ





ˢ = ˕

eǶ˙ƨȳ ʚ˝Ʉ ſǶʚʌ ˕, ˢ ˝ǫǶƉǫ ɄǑ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ ó�ÿ ǑɄɼȭʯțŗʌ Ƕʌ
ƨɸʯǶ˙ŗțƨȳʚ ʚɄ ʚǫƨ ǑɄɼȭʯțŗ ˢ = ˕ࣘ

࣯�ࣱ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ
࣯$ࣱ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ
࣯,ࣱ (ˢ _ ˕) ^ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ
࣯6ࣱ ˢ � ˕ࣖ
࣯Eࣱ (ˢ _ ˕) ^ (ˢ _ ˕) ^ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ





˲ = ˥ࣘ óɄțʯʚǶɄȳ

eǶ˙ƨȳ ʚ˝Ʉ ſǶʚʌ ˕, ˢ ˝ǫǶƉǫ ɄǑ ʚǫƨ
ǑɄțțɄ˝Ƕȳǖ ó�ÿ ǑɄɼȭʯțŗʌ Ƕʌ ƨɸʯǶ˙ࣽ
ŗțƨȳʚ ʚɄ ʚǫƨ ǑɄɼȭʯțŗ ˢ = ˕ࣘ
࣯�ࣱ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ
࣯$ࣱ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ
࣯,ࣱ (ˢ _ ˕) ^ (ˢ _ ˕) ^ (ˢ _ ˕)ࣖ
࣯6ࣱ ˢ � ˕ࣖ
࣯Eࣱ (ˢ _ ˕) ^ (ˢ _ ˕) ^ (ˢ _ ˕) ^

(ˢ _ ˕)ࣖ

˕ ˖ ˢ = ˕
ࡴ ࡴ ࡴ
ࡴ ࡻ ࡻ
ࡻ ࡴ ࡻ
ࡻ ࡻ ࡴ

࢙

Vz NCE VE



ˢ = ˕ ^ ˖

eǶ˙ƨȳ ʚǫɼƨƨ ſǶʚʌ ˕, ˖, ˢ ˝ǫǶƉǫ ɄǑ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ ó�ÿ ǑɄɼȭʯțŗʌ Ƕʌ
ƨɸʯǶ˙ŗțƨȳʚ ʚɄ ʚǫƨ ǑɄɼȭʯțŗ ˢ = ˕ ^ ˖ࣘ

࣯�ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯$ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯,ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯6ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯Eࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^

(ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ

ࡱࡹ



˲ = ˥ ^ ˦

eǶ˙ƨȳ ʚǫɼƨƨ ſǶʚʌ ˕, ˖, ˢ ˝ǫǶƉǫ ɄǑ
ʚǫƨ ǑɄțțɄ˝Ƕȳǖ ó�ÿ ǑɄɼȭʯțŗʌ Ƕʌ
ƨɸʯǶ˙ŗțƨȳʚ ʚɄ ʚǫƨ ǑɄɼȭʯțŗ ˢ =

˕ ^ ˖ࣘ
࣯�ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯$ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^

(ˢ _ ˕ _ ˖)ࣖ
࣯,ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^

(ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯6ࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^

(ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ
࣯Eࣱ (ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^

(ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^
(ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖) ^
(ˢ _ ˕ _ ˖) ^ (ˢ _ ˕ _ ˖)ࣖ

˕ ˖ ˢ ˢ = ˕ ^ ˖
ࡴ ࡴ ࡴ ࡻ
ࡴ ࡴ ࡻ ࡴ
ࡴ ࡻ ࡴ ࡻ
ࡴ ࡻ ࡻ ࡴ
ࡻ ࡴ ࡴ ࡻ
ࡻ ࡴ ࡻ ࡴ
ࡻ ࡻ ࡴ ࡴ
ࡻ ࡻ ࡻ ࡻ

ࡹࡹ

Cx Vy VE N x



éƨƕʯƉǶȳǖ ó�ÿ ʚɄ ó�ÿࢁ



ç�ò × ç�òࢁ

pɄ˝ ó�ÿ Ƕʌ ƕǶ˽ƨɼƨȳʚ ǑɼɄȭ ó�ÿࣞࢁ
yȳ ó�ÿ Ɖțŗʯʌƨʌ ȭǶǖǫʚ ǫŗ˙ƨ ŗɼſǶʚɼŗɼ˦ țƨȳǖʚǫࣘ ,ࡹ ,ࡽ ,ࢁ . . . ˙ŗɼǶŗſțƨʌࣘ

⇣
˕ _ ˖ _ ˢ _ ˍ _ ʠ

⌘
^
⇣
¬˕ _ ¬˖ _ ¬ˢ _ ˍ _ ʠ

⌘
^
⇣
¬˕

⌘

yȳ ó�ÿࢁ ƨ˙ƨɼ˦ Ɖțŗʯʌƨ ȭʯʌʚ ǫŗ˙ƨ ƣ˕ŗƅʋȑ˖ ࢁ ƕǶ˽ƨɼƨȳʚ țǶʚƨɼŗțʌࣖ

ÿɄ ɼƨƕʯƉƨ ǑɼɄȭ ŗȳ ǶȳʌʚŗȳƉƨ ɄǑ ó�ÿ ʚɄ ŗȳ ǶȳʌʚŗȳƉƨ ɄǑ ó�ÿࣗࢁ ˝ƨ
ȭʯʌʚ ȭŗȕƨ ŗțț Ɖțŗʯʌƨʌ ʚɄ ǫŗ˙ƨ ƨ˥ŗƉʚț˦ ࢁ ˙ŗɼǶŗſțƨʌࣖࣖࣖ
$ŗʌǶƉ Ƕƕƨŗ
 âŗƕ ʌǫɄɼʚ Ɖțŗʯʌƨʌ ʌɄ ʚǫƨ˦ ǫŗ˙ƨ ࢁ țǶʚƨɼŗțʌࣖ
 $ɼƨŗȕ țɄȳǖ Ɖțŗʯʌƨʌ ǶȳʚɄ ʌǫɄɼʚƨɼ Ɖțŗʯʌƨʌࣖ
 éƨɱƨŗʚ ʚǫƨ ŗſɄ˙ƨ ʚǶțț ˝ƨ ǫŗ˙ƨ ŗ bࣖ¥,ࢁ

âɼɄɄǑ ɄǑ ʚǫǶʌ Ƕȳ âɼɄǑࣖ pŗɼࣽâƨțƨƕऒʌ ŗʌ˦ȳƉ țƨƉʚʯɼƨʌࣛ

ࡽࡹ



ç�ò × ç�òࢁ

pɄ˝ ó�ÿ Ƕʌ ƕǶ˽ƨɼƨȳʚ ǑɼɄȭ ó�ÿࣞࢁ
yȳ ó�ÿ Ɖțŗʯʌƨʌ ȭǶǖǫʚ ǫŗ˙ƨ ŗɼſǶʚɼŗɼ˦ țƨȳǖʚǫࣘ ,ࡹ ,ࡽ ,ࢁ . . . ˙ŗɼǶŗſțƨʌࣘ

⇣
˕ _ ˖ _ ˢ _ ˍ _ ʠ

⌘
^
⇣
¬˕ _ ¬˖ _ ¬ˢ _ ˍ _ ʠ

⌘
^
⇣
¬˕

⌘

yȳ ó�ÿࢁ ƨ˙ƨɼ˦ Ɖțŗʯʌƨ ȭʯʌʚ ǫŗ˙ƨ ƣ˕ŗƅʋȑ˖ ࢁ ƕǶ˽ƨɼƨȳʚ țǶʚƨɼŗțʌࣖ

ÿɄ ɼƨƕʯƉƨ ǑɼɄȭ ŗȳ ǶȳʌʚŗȳƉƨ ɄǑ ó�ÿ ʚɄ ŗȳ ǶȳʌʚŗȳƉƨ ɄǑ ó�ÿࣗࢁ ˝ƨ
ȭʯʌʚ ȭŗȕƨ ŗțț Ɖțŗʯʌƨʌ ʚɄ ǫŗ˙ƨ ƨ˥ŗƉʚț˦ ࢁ ˙ŗɼǶŗſțƨʌࣖࣖࣖ
$ŗʌǶƉ Ƕƕƨŗ
 âŗƕ ʌǫɄɼʚ Ɖțŗʯʌƨʌ ʌɄ ʚǫƨ˦ ǫŗ˙ƨ ࢁ țǶʚƨɼŗțʌࣖ
 $ɼƨŗȕ țɄȳǖ Ɖțŗʯʌƨʌ ǶȳʚɄ ʌǫɄɼʚƨɼ Ɖțŗʯʌƨʌࣖ
 éƨɱƨŗʚ ʚǫƨ ŗſɄ˙ƨ ʚǶțț ˝ƨ ǫŗ˙ƨ ŗ bࣖ¥,ࢁ

âɼɄɄǑ ɄǑ ʚǫǶʌ Ƕȳ âɼɄǑࣖ pŗɼࣽâƨțƨƕऒʌ ŗʌ˦ȳƉ țƨƉʚʯɼƨʌࣛ ࡽࡹ



¶˙ƨɼ˙Ƕƨ˝ ɄǑ ,Ʉȭɱțƨ˥Ƕʚ˦ ,țŗʌʌƨʌ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

Undecidable

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

Undecidable

EXP

ࢁࡹ

EXPTIME Problems

that can besolved

in 06Pa



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

Undecidable

EXP

PSPACE

ࢁࡹ

All problems that

can Be solved using

a poly amount
of

space



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

Undecidable

EXP

PSPACE

P

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

NP

co-NP

Undecidable

EXP

PSPACE

P

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

NP

co-NP

Undecidable

EXP

PSPACE

P

NP �Hard

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

NP

co-NP

Undecidable

EXP

PSPACE

P

NP �Hard

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

NP

co-NP

Undecidable

EXP

PSPACE

P

NP �Hard

ࢁࡹ



yȳ ʚǫƨ ſƨǖǶȳȳǶȳǖࣖࣖࣖ

NP

co-NP

Undecidable

EXP

PSPACE

P

NP �Hard

NPC

ࢁࡹ



¥ɄȳࣽƕƨʚƨɼȭǶȳǶʌʚǶƉ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ ࣽ
¥â



â ŗȳƕ ¥â ŗȳƕ ÿʯɼǶȳǖ ¡ŗƉǫǶȳƨʌ

 âࣘ ʌƨʚ ɄǑ ƕƨƉǶʌǶɄȳ ɱɼɄſțƨȭʌ ʚǫŗʚ ǫŗ˙ƨ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ
ŗțǖɄɼǶʚǫȭʌࣖ

 ¥âࣘ ʌƨʚ ɄǑ ƕƨƉǶʌǶɄȳ ɱɼɄſțƨȭʌ ʚǫŗʚ ǫŗ˙ƨ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ
ȩȹȩࣽƐƣʋƣɮȣǮȩǮɾʋǮƅ ŗțǖɄɼǶʚǫȭʌࣖ

 ¡ŗȳ˦ ȳŗʚʯɼŗț ɱɼɄſțƨȭʌ ˝ƨ ˝Ʉʯțƕ țǶȕƨ ʚɄ ʌɄț˙ƨ ŗɼƨ Ƕȳ �×ࣖ
 E˙ƨɼ˦ ɱɼɄſțƨȭ Ƕȳ �× ǫŗʌ ŗȳ ƨ˥ɱɄȳƨȳʚǶŗț ʚǶȭƨ ŗțǖɄɼǶʚǫȭ
 × ✓ �×
 óɄȭƨ ɱɼɄſțƨȭʌ Ƕȳ �× ŗɼƨ Ƕȳ × ࣯ƨ˥ŗȭɱțƨࣗ ʌǫɄɼʚƨʌʚ ɱŗʚǫ
ɱɼɄſțƨȭࣱ

$Ƕǖ çʯƨʌʚǶɄȳࣘ 6Ʉƨʌ ƨ˙ƨɼ˦ ɱɼɄſțƨȭ Ƕȳ �× ǫŗ˙ƨ ŗȳ ƨ˾ƉǶƨȳʚ
ŗțǖɄɼǶʚǫȭࣞ óŗȭƨ ŗʌ ŗʌȕǶȳǖ ˝ǫƨʚǫƨɼ × = �×ࣖ

ࢅࡹ



âɼɄſțƨȭʌ ˝Ƕʚǫ ȳɄ ȕȳɄ˝ȳ ƕƨʚƨɼȭǶȳǶʌʚǶƉ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ ŗțǖɄࣽ
ɼǶʚǫȭʌ

âɼɄſțƨȭʌ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ
 Ĭƨɼʚƨ˥ ,Ʉ˙ƨɼ
 óƨʚ ,Ʉ˙ƨɼ
 ó�ÿ

ÿǫƨɼƨ ŗɼƨ ɄǑ ƉɄʯɼʌƨ ʯȳƕƨƉǶƕŗſțƨ ɱɼɄſțƨȭʌ ࣯ȳɄ ŗțǖɄɼǶʚǫȭ ŗʚ
ŗțțࣱࣛ ſʯʚ ȭŗȳ˦ ɱɼɄſțƨȭʌ ʚǫŗʚ ˝ƨ ˝ŗȳʚ ʚɄ ʌɄț˙ƨ ŗɼƨ ɄǑ ʌǶȭǶțŗɼ
̈ŗ˙Ʉɼ ʚɄ ʚǫƨ ŗſɄ˙ƨࣖ

çʯƨʌʚǶɄȳࣘ İǫŗʚ Ƕʌ ƉɄȭȭɄȳ ʚɄ ŗſɄ˙ƨ ɱɼɄſțƨȭʌࣞ

ÿǫƨ˦ Ɖŗȳ ŗțț ſƨ ʌɄț˙ƨƕ ˙Ƕŗ ŗ ȳɄȳࣽƕƨʚƨɼȭǶȳǶʌʚǶƉ ƉɄȭɱʯʚƨɼ Ƕȳ
ɱɄț˦ȳɄȭǶŗț ʚǶȭƨࣛ

ࢉࡹ



âɼɄſțƨȭʌ ˝Ƕʚǫ ȳɄ ȕȳɄ˝ȳ ƕƨʚƨɼȭǶȳǶʌʚǶƉ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ ŗțǖɄࣽ
ɼǶʚǫȭʌ

âɼɄſțƨȭʌ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ
 Ĭƨɼʚƨ˥ ,Ʉ˙ƨɼ
 óƨʚ ,Ʉ˙ƨɼ
 ó�ÿ

ÿǫƨɼƨ ŗɼƨ ɄǑ ƉɄʯɼʌƨ ʯȳƕƨƉǶƕŗſțƨ ɱɼɄſțƨȭʌ ࣯ȳɄ ŗțǖɄɼǶʚǫȭ ŗʚ
ŗțțࣱࣛ ſʯʚ ȭŗȳ˦ ɱɼɄſțƨȭʌ ʚǫŗʚ ˝ƨ ˝ŗȳʚ ʚɄ ʌɄț˙ƨ ŗɼƨ ɄǑ ʌǶȭǶțŗɼ
̈ŗ˙Ʉɼ ʚɄ ʚǫƨ ŗſɄ˙ƨࣖ

çʯƨʌʚǶɄȳࣘ İǫŗʚ Ƕʌ ƉɄȭȭɄȳ ʚɄ ŗſɄ˙ƨ ɱɼɄſțƨȭʌࣞ

ÿǫƨ˦ Ɖŗȳ ŗțț ſƨ ʌɄț˙ƨƕ ˙Ƕŗ ŗ ȳɄȳࣽƕƨʚƨɼȭǶȳǶʌʚǶƉ ƉɄȭɱʯʚƨɼ Ƕȳ
ɱɄț˦ȳɄȭǶŗț ʚǶȭƨࣛ ࢉࡹ



¥ɄȳࣽƕƨʚƨɼȭǶȳǶʌȭ Ƕȳ ƉɄȭɱʯʚǶȳǖ

¥ɄȳࣽƕƨʚƨɼȭǶȳǶʌȭ Ƕʌ ŗ ʌɱƨƉǶŗț
ɱɼɄɱƨɼʚ˦ ɄǑ ŗțǖɄɼǶʚǫȭʌࣖ

�ȳ ŗțǖɄɼǶʚǫȭ ʚǫŗʚ Ƕʌ Ɖŗɱŗſțƨ ɄǑ
ʚŗȕǶȳǖ ȭʯțʚǶɱțƨ ʌʚŗʚƨʌ
ƉɄȳƉʯɼɼƨȳʚț ࣖ˦ İǫƨȳƨ˙ƨɼ Ƕʚ
ɼƨŗƉǫƨʌ ŗ ƉǫɄǶƉƨࣗ Ƕʚ ʚŗȕƨʌ ſɄʚǫ
ɱŗʚǫʌࣖ

yǑ ʚǫƨɼƨ Ƕʌ ŗ ɱŗʚǫ ǑɄɼ ʚǫƨ ʌʚɼǶȳǖ
ʚɄ ſƨ ŗƉƉƨɱʚƨƕ ſ˦ ʚǫƨ ȭŗƉǫǶȳƨࣗ
ʚǫƨȳ ʚǫƨ ʌʚɼǶȳǖ Ƕʌ ɱŗɼʚ ɄǑ ʚǫƨ
țŗȳǖʯŗǖƨࣖ

ࢍࡹ



âɼɄſțƨȭʌ ˝Ƕʚǫ ȳɄ ȕȳɄ˝ȳ ƕƨʚƨɼȭǶȳǶʌʚǶƉ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ ŗțǖɄࣽ
ɼǶʚǫȭʌ

âɼɄſțƨȭʌ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ  Ĭƨɼʚƨ˥ ,Ʉ˙ƨɼ ࣽ ,ŗȳ ſʯǶțƕ ŗțǖɄɼǶʚǫȭ ʚɄ
ƉǫƨƉȕ ŗțț ɱɄʌʌǶſțƨ ƉɄțțƨƉʚǶɄȳ ɄǑ ˙ƨɼʚǶƉƨʌ

 óƨʚ ,Ʉ˙ƨɼ ࣽ ,ŗȳ ƉǫƨƉȕ ŗțț ɱɄʌʌǶſțƨ ƉɄțțƨƉʚǶɄȳ ɄǑ ʌƨʚʌ
 ó�ÿ ࣽ,ŗȳ ſʯǶțƕ ŗ ȳɄȳࣽƕƨʚƨɼȭǶȳǶʌʚǶƉ ŗțǖɄɼǶʚǫȭ ʚǫŗʚ ƉǫƨƉȕʌ
ƨ˙ƨɼ˦ ɱɄʌʌǶſțƨ ſɄɄțƨŗȳ ŗʌʌǶǖȳȭƨȳʚࣖ

$ʯʚ ˝ƨ ƕɄȳऒʚ ǫŗ˙ƨ ŗƉƉƨʌʌ ʚɄ ŗ ȳɄȳࣽƕƨʚƨɼȭǶȳǶʌʚǶƉ ƉɄȭɱʯʚƨɼࣖ óɄ
ǫɄ˝ Ɖŗȳ ŗ ƕƨʚƨɼȭǶȳǶʌʚǶƉ ƉɄȭɱʯʚƨɼ ˙ƨɼǶǑ˦ ʚǫŗʚ ŗ ŗțǖɄɼǶʚǫȭ Ƕʌ Ƕȳ
¥âࣞ

ࡹ

g.yg.gg qye.ae
og www.em.mg
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E˾ƉǶƨȳʚ ,ǫƨƉȕŗſǶțǶʚ˦

�ſɄ˙ƨ ɱɼɄſțƨȭʌ ʌǫŗɼƨ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ Ǒƨŗʚʯɼƨࣘ

,ǫƨƉȕŗſǶțǶʚ˦
^ȹɮ ŗȩ˖ ĪBç Ǯȩɾʋŗȩƅƣ tĩ ȹǋ ĩ ʋǣƣɮƣ Ǯɾ ŗ ɤɮȹȹǋࣤƅƣɮʋǮ̃ƅŗʋƣࣤɾȹȑʠʋǮȹȩ
ʋǣŗʋ Ǯɾ ȹǋ ȑƣȩǐʋǣ ɤȹȑ˖࣯|tĩ|ࣰ ɾʠƅǣ ʋǣŗʋ ǐǮˉƣȩ ŗ ɤɮȹȹǋ ȹȩƣ ƅŗȩ
ƣ˺ƅǮƣȩʋȑ˖ ƅǣƣƅȋ ʋǣŗʋ tĩ Ǯɾ ǮȩƐƣƣƐ ŗ ĪBç Ǯȩɾʋŗȩƅƣࣖ

E˥ŗȭɱțƨʌࣘ

 ó�ÿ ǑɄɼȭʯțŗ 'ࣘ ɱɼɄɄǑ Ƕʌ ŗ ʌŗʚǶʌǑ˦Ƕȳǖ ŗʌʌǶǖȳȭƨȳʚࣖ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ Ƕȳ ǖɼŗɱǫ a ŗȳƕ ȋࣘ ŗ ʌʯſʌƨʚ ç ɄǑ ˙ƨɼʚǶƉƨʌࣖ
 pɄȭƨ˝Ʉɼȕ

ࡹ



E˾ƉǶƨȳʚ ,ǫƨƉȕŗſǶțǶʚ˦

�ſɄ˙ƨ ɱɼɄſțƨȭʌ ʌǫŗɼƨ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ Ǒƨŗʚʯɼƨࣘ

,ǫƨƉȕŗſǶțǶʚ˦
^ȹɮ ŗȩ˖ ĪBç Ǯȩɾʋŗȩƅƣ tĩ ȹǋ ĩ ʋǣƣɮƣ Ǯɾ ŗ ɤɮȹȹǋࣤƅƣɮʋǮ̃ƅŗʋƣࣤɾȹȑʠʋǮȹȩ
ʋǣŗʋ Ǯɾ ȹǋ ȑƣȩǐʋǣ ɤȹȑ˖࣯|tĩ|ࣰ ɾʠƅǣ ʋǣŗʋ ǐǮˉƣȩ ŗ ɤɮȹȹǋ ȹȩƣ ƅŗȩ
ƣ˺ƅǮƣȩʋȑ˖ ƅǣƣƅȋ ʋǣŗʋ tĩ Ǯɾ ǮȩƐƣƣƐ ŗ ĪBç Ǯȩɾʋŗȩƅƣࣖ

E˥ŗȭɱțƨʌࣘ

 ó�ÿ ǑɄɼȭʯțŗ 'ࣘ ɱɼɄɄǑ Ƕʌ ŗ ʌŗʚǶʌǑ˦Ƕȳǖ ŗʌʌǶǖȳȭƨȳʚࣖ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ Ƕȳ ǖɼŗɱǫ a ŗȳƕ ȋࣘ ŗ ʌʯſʌƨʚ ç ɄǑ ˙ƨɼʚǶƉƨʌࣖ
 pɄȭƨ˝Ʉɼȕ

ࡹ



,ƨɼʚǶ̇ƨɼʌ

6ƨ̇ȳǶʚǶɄȳ
�ȳ ŗțǖɄɼǶʚǫȭ *(·, ·) Ƕʌ ŗ ƅƣɮʋǮ̃ƣɮ ǑɄɼ ɱɼɄſțƨȭ ĩ ǶǑ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ
ʚ˝Ʉ ƉɄȳƕǶʚǶɄȳʌ ǫɄțƕࣘ

 bɄɼ ƨ˙ƨɼ˦ ɾ 2 ĩ ʚǫƨɼƨ Ƕʌ ʌɄȭƨ ʌʚɼǶȳǖ ʋ ʌʯƉǫ ʚǫŗʚ
*(ɾ, ʋ) = ऐ˦ƨʌऐ

 yǑ ɾ 62 ĩࣗ *(ɾ, ʋ) = ऐȳɄऐ ǑɄɼ ƨ˙ƨɼ˦ ʋࣖ

ÿǫƨ ʌʚɼǶȳǖ ɾ Ƕʌ ʚǫƨ ɱɼɄſțƨȭ ǶȳʌʚŗȳƉƨࣖ ࣯E˥ŗȭɱțƨࣘ ɱŗɼʚǶƉʯțŗɼ
ǖɼŗɱǫ Ƕȳ Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ɱɼɄſțƨȭࣱ ÿǫƨ ʌʚɼǶȳǖ ʋ Ƕʌ Ɖŗțțƨƕ ŗ
ƉƨɼʚǶ̇Ɖŗʚƨ Ʉɼ ɱɼɄɄǑ ǑɄɼ ɾࣖ

࢙ࡹ



E˾ƉǶƨȳʚ ࣯ɱɄț˦ȳɄȭǶŗț ʚǶȭƨࣱ ,ƨɼʚǶ̇ƨɼʌ

6ƨ̇ȳǶʚǶɄȳ ࣯E˾ƉǶƨȳʚ ,ƨɼʚǶ̇ƨɼࣖ ࣱ
� ƉƨɼʚǶ̇ƨɼ * Ƕʌ ŗȳ ƣ˺ƅǮƣȩʋ ƅƣɮʋǮ̃ƣɮ ǑɄɼ ɱɼɄſțƨȭ ĩ ǶǑ ʚǫƨɼƨ Ƕʌ ŗ
ɱɄț˦ȳɄȭǶŗț ɤ(·) ʌʯƉǫ ʚǫŗʚ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ ƉɄȳƕǶʚǶɄȳʌ ǫɄțƕࣘ

 bɄɼ ƨ˙ƨɼ˦ ɾ 2 ĩ ʚǫƨɼƨ Ƕʌ ʌɄȭƨ ʌʚɼǶȳǖ ʋ ʌʯƉǫ ʚǫŗʚ
*(ɾ, ʋ) = ऐ˦ƨʌऐ ŗȳƕ |ʋ|  ɤ(|ɾ|)ࣖ

 yǑ ɾ 62 ĩࣗ *(ɾ, ʋ) = ऐȳɄऐ ǑɄɼ ƨ˙ƨɼ˦ ʋࣖ
 *(·, ·) ɼʯȳʌ Ƕȳ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨࣖ

ࡱࡽ



E˥ŗȭɱțƨࣘ yȳƕƨɱƨȳƕƨȳʚ óƨʚ

 âɼɄſțƨȭࣘ 6Ʉƨʌ a = (Ğ, B) ǫŗ˙ƨ ŗȳ Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ɄǑ ʌǶ˲ƨ
� ȋࣞ

 ,ƨɼʚǶ̇Ɖŗʚƨࣘ óƨʚ ç ✓ Ğ ࣖ
 ,ƨɼʚǶ̇ƨɼࣘ ,ǫƨƉȕ |ç| � ȋ ŗȳƕ ȳɄ ɱŗǶɼ ɄǑ ˙ƨɼʚǶƉƨʌ Ƕȳ ç Ƕʌ
ƉɄȳȳƨƉʚƨƕ ſ˦ ŗȳ ƨƕǖƨࣖ

ࡹࡽ



E˥ŗȭɱțƨࣘ ó�ÿ

 âɼɄſțƨȭࣘ 6Ʉƨʌ ǑɄɼȭʯțŗ ' ǫŗ˙ƨ ŗ ʌŗʚǶʌǑ˦Ƕȳǖ ʚɼʯʚǫ
ŗʌʌǶǖȳȭƨȳʚࣞ

 ,ƨɼʚǶ̇Ɖŗʚƨࣘ �ʌʌǶǖȳȭƨȳʚ ŗ ɄǑ ࡹ/ࡱ ˙ŗțʯƨʌ ʚɄ ƨŗƉǫ ˙ŗɼǶŗſțƨࣖ
 ,ƨɼʚǶ̇ƨɼࣘ ,ǫƨƉȕ ƨŗƉǫ Ɖțŗʯʌƨ ʯȳƕƨɼ ŗ ŗȳƕ ʌŗ˦ ए˦ƨʌऐ ǶǑ ŗțț
Ɖțŗʯʌƨʌ ŗɼƨ ʚɼʯƨࣖ

ࡽࡽ



İǫ˦ Ƕʌ Ƕʚ Ɖŗțțƨƕ ¥ɄȳƕƨʚƨɼȭǶȳǶʌʚǶƉ âɄț˦ȳɄȭǶŗț ÿǶȭƨ

� ƉƨɼʚǶ̇ƨɼ Ƕʌ ŗȳ ŗțǖɄɼǶʚǫȭ *(t, ƅ) ˝Ƕʚǫ ʚ˝Ʉ Ƕȳɱʯʚʌࣘ

 tࣘ ǶȳʌʚŗȳƉƨࣖ
 ƅࣘ ɱɼɄɄǑࣩƉƨɼʚǶ̇Ɖŗʚƨ ʚǫŗʚ ʚǫƨ ǶȳʌʚŗȳƉƨ Ƕʌ Ƕȳƕƨƨƕ ŗ ĸEó
ǶȳʌʚŗȳƉƨ ɄǑ ʚǫƨ ǖǶ˙ƨȳ ɱɼɄſțƨȭࣖ

¶ȳƨ Ɖŗȳ ʚǫǶȳȕ ŗſɄʯʚ * ŗʌ ŗȳ ŗțǖɄɼǶʚǫȭ ǑɄɼ ʚǫƨ ɄɼǶǖǶȳŗț
ɱɼɄſțƨȭࣗ ǶǑࣘ

 eǶ˙ƨȳ tࣗ ʚǫƨ ŗțǖɄɼǶʚǫȭ ǖʯƨʌʌƨʌ ࣯ȳɄȳࣽƕƨʚƨɼȭǶȳǶʌʚǶƉŗțț ࣗ˦ ŗȳƕ
˝ǫɄ ȕȳɄ˝ʌ ǫɄ˝ࣱ ŗ ƉƨɼʚǶ̇Ɖŗʚƨ ƅࣖ

 ÿǫƨ ŗțǖɄɼǶʚǫȭ ȳɄ˝ ˙ƨɼǶ̇ƨʌ ʚǫƨ ƉƨɼʚǶ̇Ɖŗʚƨ ƅ ǑɄɼ ʚǫƨ
ǶȳʌʚŗȳƉƨ tࣖ

¥â Ɖŗȳ ſƨ ƨɸʯǶ˙ŗțƨȳʚț˦ ƕƨʌƉɼǶſƨƕ ʯʌǶȳǖ ÿʯɼǶȳǖ ȭŗƉǫǶȳƨʌࣖ
ࢁࡽ



,ɄɄȕࣽ�ƨ˙Ƕȳ ÿǫƨɄɼƨȭ



एpŗɼƕƨʌʚऐ âɼɄſțƨȭʌ

çʯƨʌʚǶɄȳ
İǫŗʚ Ƕʌ ʚǫƨ ǫŗɼƕƨʌʚ ɱɼɄſțƨȭ Ƕȳ ¥âࣞ pɄ˝ ƕɄ ˝ƨ ƕƨ̇ȳƨ Ƕʚࣞ

ÿɄ˝ŗɼƕʌ ŗ ƕƨ̇ȳǶʚǶɄȳ
 pŗɼƕƨʌʚ ɱɼɄſțƨȭ ȭʯʌʚ ſƨ Ƕȳ ¥âࣖ
 pŗɼƕƨʌʚ ɱɼɄſțƨȭ ȭʯʌʚ ſƨ ŗʚ țƨŗʌʚ ŗʌ एƕǶ˾Ɖʯțʚऐ ŗʌ ƨ˙ƨɼ˦
Ʉʚǫƨɼ ɱɼɄſțƨȭ Ƕȳ ¥âࣖ

ࢅࡽ



¥âࣽ,Ʉȭɱțƨʚƨ âɼɄſțƨȭʌ

6ƨ̇ȳǶʚǶɄȳ
� ɱɼɄſțƨȭ ĩ Ƕʌ ʌŗǶƕ ʚɄ ſƨ ¥âࣽ,Ʉȭɱțƨʚƨ ǶǑ

 ĩ 2 �×ࣗ ŗȳƕ
 ࣯pŗɼƕȳƨʌʌࣱ bɄɼ ŗȳ˦ Ī 2 �×ࣗ Ī × ĩࣖ

ࢉࡽ



óɄț˙Ƕȳǖ ¥âࣽ,Ʉȭɱțƨʚƨ âɼɄſțƨȭʌ

�ƨȭȭŗ
çʠɤɤȹɾƣ ĩ Ǯɾ �×ࣽ*ȹȣɤȑƣʋƣࣖ òǣƣȩ ĩ ƅŗȩ Żƣ ɾȹȑˉƣƐ Ǯȩ ɤȹȑ˖ȩȹȣǮŗȑ
ʋǮȣƣ Ǯǋ ŗȩƐ ȹȩȑ˖ Ǯǋ × = �×ࣖ

âɼɄɄǑࣖ
) óʯɱɱɄʌƨ ĩ Ɖŗȳ ſƨ ʌɄț˙ƨƕ Ƕȳ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ

 �ƨʚ Ī 2 �×ࣖ İƨ ȕȳɄ˝ Ī × ĩࣖ
 İƨ ʌǫɄ˝ƨƕ ʚǫŗʚ ǶǑ Ī × ĩ ŗȳƕ ĩ Ɖŗȳ ſƨ ʌɄț˙ƨƕ Ƕȳ
ɱɄț˦ȳɄȭǶŗț ʚǶȭƨࣗ ʚǫƨȳ Ī Ɖŗȳ ſƨ ʌɄț˙ƨƕ Ƕȳ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨࣖ

 ÿǫʯʌࣗ ƨ˙ƨɼ˦ ɱɼɄſțƨȭ Ī 2 �× Ƕʌ ʌʯƉǫ ʚǫŗʚ Ī 2 ×ࣙ �× ✓ ×ࣖ
 óǶȳƉƨ × ✓ �×ࣗ ˝ƨ ǫŗ˙ƨ × = �×ࣖ

( óǶȳƉƨ × = �×ࣗ ŗȳƕ ĩ 2 �×ࣗ ˝ƨ ǫŗ˙ƨ ŗ ɱɄț˦ȳɄȭǶŗț ʚǶȭƨ
ŗțǖɄɼǶʚǫȭ ǑɄɼ ĩࣖ

ࢍࡽ



¥âࣽpŗɼƕ âɼɄſțƨȭʌ

6ƨ̇ȳǶʚǶɄȳ
� ɱɼɄſțƨȭ Ī Ƕʌ ʌŗǶƕ ʚɄ ſƨ ¥âࣽpŗɼƕ ǶǑ

 ࣯pŗɼƕȳƨʌʌࣱ bɄɼ ŗȳ˦ ĩ 2 �×ࣗ ˝ƨ ǫŗ˙ƨ ʚǫŗʚ ĩ × Ī ࣖ

�ȳ ¥âࣽpŗɼƕ ɱɼɄſțƨȭ ȳƨƨƕ ȳɄʚ ſƨ Ƕȳ ¥âࣛ

E˥ŗȭɱțƨࣘ pŗțʚǶȳǖ ɱɼɄſțƨȭ Ƕʌ ¥âࣽpŗɼƕ ࣯˝ǫ˦ࣱࣞ ſʯʚ ȳɄʚ
¥âࣽ,Ʉȭɱțƨʚƨࣖ

ࡽ



,ɄȳʌƨɸʯƨȳƉƨʌ ɄǑ ɱɼɄ˙Ƕȳǖ ¥âࣽ,Ʉȭɱțƨʚƨȳƨʌʌ

yǑ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ

 óǶȳƉƨ ˝ƨ ſƨțǶƨ˙ƨ × 6= �×ࣗ
 ŗȳƕ ʌɄț˙Ƕȳǖ ĩ ǶȭɱțǶƨʌ × = �×ࣖ

ĩ Ƕʌ ʯȳțǶȕƨț˦ ʚɄ ſƨ ƨ˾ƉǶƨȳʚț˦ ʌɄț˙ŗſțƨࣖ

�ʚ ʚǫƨ ˙ƨɼ˦ țƨŗʌʚࣗ ȭŗȳ˦ ʌȭŗɼʚ ɱƨɄɱțƨ ſƨǑɄɼƨ ˦Ʉʯ ǫŗ˙ƨ ǑŗǶțƨƕ ʚɄ
̇ȳƕ ŗȳ ƨ˾ƉǶƨȳʚ ŗțǖɄɼǶʚǫȭ ǑɄɼ ĩࣖ

࣯ÿǫǶʌ Ƕʌ ɱɼɄɄǑ ſ˦ ȭɄſ ɄɱǶȳǶɄȳ ः ʚŗȕƨ ˝Ƕʚǫ ŗ ǖɼŗǶȳ ɄǑ ʌŗțʚࣱࣖ

ࡽ



,ɄȳʌƨɸʯƨȳƉƨʌ ɄǑ ɱɼɄ˙Ƕȳǖ ¥âࣽ,Ʉȭɱțƨʚƨȳƨʌʌ

yǑ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ

 óǶȳƉƨ ˝ƨ ſƨțǶƨ˙ƨ × 6= �×ࣗ
 ŗȳƕ ʌɄț˙Ƕȳǖ ĩ ǶȭɱțǶƨʌ × = �×ࣖ

ĩ Ƕʌ ʯȳțǶȕƨț˦ ʚɄ ſƨ ƨ˾ƉǶƨȳʚț˦ ʌɄț˙ŗſțƨࣖ

�ʚ ʚǫƨ ˙ƨɼ˦ țƨŗʌʚࣗ ȭŗȳ˦ ʌȭŗɼʚ ɱƨɄɱțƨ ſƨǑɄɼƨ ˦Ʉʯ ǫŗ˙ƨ ǑŗǶțƨƕ ʚɄ
̇ȳƕ ŗȳ ƨ˾ƉǶƨȳʚ ŗțǖɄɼǶʚǫȭ ǑɄɼ ĩࣖ

࣯ÿǫǶʌ Ƕʌ ɱɼɄɄǑ ſ˦ ȭɄſ ɄɱǶȳǶɄȳ ः ʚŗȕƨ ˝Ƕʚǫ ŗ ǖɼŗǶȳ ɄǑ ʌŗțʚࣱࣖ

ࡽ



¥âࣽ,Ʉȭɱțƨʚƨ âɼɄſțƨȭʌ

çʯƨʌʚǶɄȳ
�ɼƨ ʚǫƨɼƨ ŗȳ˦ ɱɼɄſțƨȭʌ ʚǫŗʚ ŗɼƨ ¥âࣽ,Ʉȭɱțƨʚƨࣞ

�ȳʌ˝ƨɼ
ĸƨʌࣛ ¡ŗȳ ࣗ˦ ȭŗȳ˦ ɱɼɄſțƨȭʌ ŗɼƨ ¥âࣽ,Ʉȭɱțƨʚƨࣖ

࢙ࡽ



,ɄɄȕࣽ�ƨ˙Ƕȳ ÿǫƨɄɼƨȭ

ÿǫƨɄɼƨȭ ࣯,ɄɄȕࣽ�ƨ˙Ƕȳࣱ
ç�ò Ǯɾ �×ࣽ*ȹȣɤȑƣʋƣࣖ

¥ƨƨƕ ʚɄ ʌǫɄ˝

 ó�ÿ Ƕʌ Ƕȳ ¥âࣖ
 ƣˉƣɮ˖ ¥â ɱɼɄſțƨȭ ĩ ɼƨƕʯƉƨʌ ʚɄ ó�ÿࣖ

óʚƨ˙ƨ ,ɄɄȕ ˝Ʉȳ ʚǫƨ ÿʯɼǶȳǖ ŗ˝ŗɼƕ ǑɄɼ ǫǶʌ ʚǫƨɄɼƨȭࣖ

ࡱࢁ



,ɄɄȕࣽ�ƨ˙Ƕȳ ÿǫƨɄɼƨȭ

ÿǫƨɄɼƨȭ ࣯,ɄɄȕࣽ�ƨ˙Ƕȳࣱ
ç�ò Ǯɾ �×ࣽ*ȹȣɤȑƣʋƣࣖ

¥ƨƨƕ ʚɄ ʌǫɄ˝

 ó�ÿ Ƕʌ Ƕȳ ¥âࣖ
 ƣˉƣɮ˖ ¥â ɱɼɄſțƨȭ ĩ ɼƨƕʯƉƨʌ ʚɄ ó�ÿࣖ

óʚƨ˙ƨ ,ɄɄȕ ˝Ʉȳ ʚǫƨ ÿʯɼǶȳǖ ŗ˝ŗɼƕ ǑɄɼ ǫǶʌ ʚǫƨɄɼƨȭࣖ

ࡱࢁ

SAT Ep X



âɼɄ˙Ƕȳǖ ʚǫŗʚ ŗ ɱɼɄſțƨȭ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ

ÿɄ ɱɼɄ˙ƨ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨࣗ ʌǫɄ˝

 óǫɄ˝ ʚǫŗʚ ĩ Ƕʌ Ƕȳ ¥âࣖ
 eǶ˙ƨ ŗ ɱɄț˦ȳɄȭǶŗțࣽʚǶȭƨ ɼƨƕʯƉʚǶɄȳ ǋɮȹȣ ŗ ȕȳɄ˝ȳ
¥âࣽ,Ʉȭɱțƨʚƨ ɱɼɄſțƨȭ ʌʯƉǫ ŗʌ ó�ÿ ʋȹ ĩ

ó�ÿ × ĩ ǶȭɱțǶƨʌ ʚǫŗʚ ƨ˙ƨɼ˦ ¥â ɱɼɄſțƨȭ Ī × ĩࣖ İǫ˦ࣞ
ÿɼŗȳʌǶʚǶ˙Ƕʚ˦ ɄǑ ɼƨƕʯƉʚǶɄȳʌࣘ

Ī × ç�ò ŗȳƕ ç�ò × ĩ ŗȳƕ ǫƨȳƉƨ Ī × ĩࣖ

ࡹࢁ



âɼɄ˙Ƕȳǖ ʚǫŗʚ ŗ ɱɼɄſțƨȭ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ

ÿɄ ɱɼɄ˙ƨ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨࣗ ʌǫɄ˝

 óǫɄ˝ ʚǫŗʚ ĩ Ƕʌ Ƕȳ ¥âࣖ
 eǶ˙ƨ ŗ ɱɄț˦ȳɄȭǶŗțࣽʚǶȭƨ ɼƨƕʯƉʚǶɄȳ ǋɮȹȣ ŗ ȕȳɄ˝ȳ
¥âࣽ,Ʉȭɱțƨʚƨ ɱɼɄſțƨȭ ʌʯƉǫ ŗʌ ó�ÿ ʋȹ ĩ

ó�ÿ × ĩ ǶȭɱțǶƨʌ ʚǫŗʚ ƨ˙ƨɼ˦ ¥â ɱɼɄſțƨȭ Ī × ĩࣖ İǫ˦ࣞ

ÿɼŗȳʌǶʚǶ˙Ƕʚ˦ ɄǑ ɼƨƕʯƉʚǶɄȳʌࣘ

Ī × ç�ò ŗȳƕ ç�ò × ĩ ŗȳƕ ǫƨȳƉƨ Ī × ĩࣖ

ࡹࢁ



âɼɄ˙Ƕȳǖ ʚǫŗʚ ŗ ɱɼɄſțƨȭ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ

ÿɄ ɱɼɄ˙ƨ ĩ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨࣗ ʌǫɄ˝

 óǫɄ˝ ʚǫŗʚ ĩ Ƕʌ Ƕȳ ¥âࣖ
 eǶ˙ƨ ŗ ɱɄț˦ȳɄȭǶŗțࣽʚǶȭƨ ɼƨƕʯƉʚǶɄȳ ǋɮȹȣ ŗ ȕȳɄ˝ȳ
¥âࣽ,Ʉȭɱțƨʚƨ ɱɼɄſțƨȭ ʌʯƉǫ ŗʌ ó�ÿ ʋȹ ĩ

ó�ÿ × ĩ ǶȭɱțǶƨʌ ʚǫŗʚ ƨ˙ƨɼ˦ ¥â ɱɼɄſțƨȭ Ī × ĩࣖ İǫ˦ࣞ
ÿɼŗȳʌǶʚǶ˙Ƕʚ˦ ɄǑ ɼƨƕʯƉʚǶɄȳʌࣘ

Ī × ç�ò ŗȳƕ ç�ò × ĩ ŗȳƕ ǫƨȳƉƨ Ī × ĩࣖ

ࡹࢁ



ó�ÿࣽࢁ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ

 ó�ÿࣽࢁ Ƕʌ Ƕȳ �×
 ó�ÿ × ó�ÿࣽࢁ ŗʌ ˝ƨ ʌŗ˝

ࡽࢁ



¥âࣽ,Ʉȭɱțƨʚƨȳƨʌʌ ˙Ƕŗ éƨƕʯƉʚǶɄȳʌ

 ó�ÿ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ ƕʯƨ ʚɄ ,ɄɄȕࣽ�ƨ˙Ƕȳ ʚǫƨɄɼƨȭ
 ó�ÿ × ó�ÿࣽࢁ
 ó�ÿࣽࢁ × yȳƕƨɱƨȳƕƨȳʚ óƨʚ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ × Ĭƨɼʚƨ˥ ,Ʉ˙ƨɼ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ × ,țǶɸʯƨ
 ó�ÿࣽࢁ × ɄțɄɼ,ࣽࢁ
 ó�ÿࣽࢁ × pŗȭǶțʚɄȳǶŗȳ ,˦Ɖțƨ

pʯȳƕɼƨƕʌ ŗȳƕ ʚǫɄʯʌŗȳƕʌ ɄǑ ƕǶ˽ƨɼƨȳʚ ɱɼɄſțƨȭʌ ǑɼɄȭ ȭŗȳ˦
ŗɼƨŗʌ ɄǑ ʌƉǶƨȳƉƨ ŗȳƕ ƨȳǖǶȳƨƨɼǶȳǖ ǫŗ˙ƨ ſƨƨȳ ʌǫɄ˝ȳ ʚɄ ſƨ
¥âࣽ,Ʉȭɱțƨʚƨࣖ

� ʌʯɼɱɼǶʌǶȳǖț˦ Ǒɼƨɸʯƨȳʚ ɱǫƨȳɄȭƨȳɄȳࣛ

ࢁࢁ



¥âࣽ,Ʉȭɱțƨʚƨȳƨʌʌ ˙Ƕŗ éƨƕʯƉʚǶɄȳʌ

 ó�ÿ Ƕʌ ¥âࣽ,Ʉȭɱțƨʚƨ ƕʯƨ ʚɄ ,ɄɄȕࣽ�ƨ˙Ƕȳ ʚǫƨɄɼƨȭ
 ó�ÿ × ó�ÿࣽࢁ
 ó�ÿࣽࢁ × yȳƕƨɱƨȳƕƨȳʚ óƨʚ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ × Ĭƨɼʚƨ˥ ,Ʉ˙ƨɼ
 yȳƕƨɱƨȳƕƨȳʚ óƨʚ × ,țǶɸʯƨ
 ó�ÿࣽࢁ × ɄțɄɼ,ࣽࢁ
 ó�ÿࣽࢁ × pŗȭǶțʚɄȳǶŗȳ ,˦Ɖțƨ

pʯȳƕɼƨƕʌ ŗȳƕ ʚǫɄʯʌŗȳƕʌ ɄǑ ƕǶ˽ƨɼƨȳʚ ɱɼɄſțƨȭʌ ǑɼɄȭ ȭŗȳ˦
ŗɼƨŗʌ ɄǑ ʌƉǶƨȳƉƨ ŗȳƕ ƨȳǖǶȳƨƨɼǶȳǖ ǫŗ˙ƨ ſƨƨȳ ʌǫɄ˝ȳ ʚɄ ſƨ
¥âࣽ,Ʉȭɱțƨʚƨࣖ

� ʌʯɼɱɼǶʌǶȳǖț˦ Ǒɼƨɸʯƨȳʚ ɱǫƨȳɄȭƨȳɄȳࣛ

ࢁࢁ



éƨƕʯƉǶȳǖ ó�ÿࣽࢁ ʚɄ yȳƕƨɱƨȳƕƨȳʚ óƨʚ



yȳƕƨɱƨȳƕƨȳʚ óƨʚ

âɼɄſțƨȭࣘ yȳƕƨɱƨȳƕƨȳʚ óƨʚ

yȳʌʚŗȳƉƨࣘ � ǖɼŗɱǫ eࣗ Ƕȳʚƨǖƨɼ ȋࣖ
çʯƨʌʚǶɄȳࣘ yʌ ʚǫƨɼƨ ŗȳ Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ Ƕȳ e ɄǑ ʌǶ˲ƨ
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ࢅࢁ
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yȳʌʚŗȳƉƨࣘ � ǖɼŗɱǫ eࣗ Ƕȳʚƨǖƨɼ ȋࣖ
çʯƨʌʚǶɄȳࣘ yʌ ʚǫƨɼƨ ŗȳ Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ Ƕȳ e ɄǑ ʌǶ˲ƨ
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yȳƕƨɱƨȳƕƨȳʚ óƨʚ
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ȋࣞ

ࢅࢁ
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yȳʚƨɼɱɼƨʚǶȳǖ ó�ÿࢁ

ÿǫƨɼƨ ŗɼƨ ʚ˝Ʉ ˝ŗ˦ʌ ʚɄ ʚǫǶȳȕ ŗſɄʯʚ ó�ÿࢁ

 bǶȳƕ ŗ ˝ŗ˦ ʚɄ ŗʌʌǶǖȳ ࡹࣩࡱ ࣯Ǒŗțʌƨࣩʚɼʯƨࣱ ʚɄ ʚǫƨ ˙ŗɼǶŗſțƨʌ ʌʯƉǫ
ʚǫŗʚ ʚǫƨ ǑɄɼȭʯțŗ ƨ˙ŗțʯŗʚƨʌ ʚɄ ʚɼʯƨࣗ ʚǫŗʚ Ƕʌ ƨŗƉǫ Ɖțŗʯʌƨ
ƨ˙ŗțʯŗʚƨʌ ʚɄ ʚɼʯƨࣖ

 âǶƉȕ ŗ țǶʚƨɼŗț ǑɼɄȭ ƨŗƉǫ Ɖțŗʯʌƨ ŗȳƕ ̇ȳƕ ŗ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ
ʚɄ ȭŗȕƨ ŗțț ɄǑ ʚǫƨȭ ʚɼʯƨࣖ ĸɄʯ ˝Ƕțț ǑŗǶț ǶǑ ʚ˝Ʉ ɄǑ ʚǫƨ țǶʚƨɼŗțʌ
˦Ʉʯ ɱǶƉȕ ŗɼƨ Ƕȳ ƉɄȳ̈ǶƉʚࣗ Ƕࣖƨࣖࣗ ˦Ʉʯ ɱǶƉȕ ˕Ǯ ŗȳƕ ¬˕Ǯ

İƨ ˝Ƕțț ʚŗȕƨ ʚǫƨ ʌƨƉɄȳƕ ˙Ƕƨ˝ ɄǑ ó�ÿࢁ ʚɄ ƉɄȳʌʚɼʯƉʚ ʚǫƨ
ɼƨƕʯƉʚǶɄȳࣖ

ࢉࢁ

3SAT Ep Independent set
accept

E



ÿǫƨ éƨƕʯƉʚǶɄȳ

 a' ˝Ƕțț ǫŗ˙ƨ Ʉȳƨ ˙ƨɼʚƨ˥ ǑɄɼ ƨŗƉǫ țǶʚƨɼŗț Ƕȳ ŗ Ɖțŗʯʌƨ
 ࣽࡽ ,ɄȳȳƨƉʚ ʚǫƨ ࢁ țǶʚƨɼŗțʌ Ƕȳ ŗ Ɖțŗʯʌƨ ʚɄ ǑɄɼȭ ŗ ʚɼǶŗȳǖțƨࣙ ʚǫƨ
Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ˝Ƕțț ɱǶƉȕ ŗʚ ȭɄʌʚ Ʉȳƨ ˙ƨɼʚƨ˥ ǑɼɄȭ ƨŗƉǫ
Ɖțŗʯʌƨࣗ ˝ǫǶƉǫ ˝Ƕțț ƉɄɼɼƨʌɱɄȳƕ ʚɄ ʚǫƨ țǶʚƨɼŗț ʚɄ ſƨ ʌƨʚ ʚɄ ʚɼʯƨ

 ࣽࢅ ,ɄȳȳƨƉʚ ࡽ ˙ƨɼʚǶƉƨʌ ǶǑ ʚǫƨ˦ țŗſƨț ƉɄȭɱțƨȭƨȳʚŗɼ˦ țǶʚƨɼŗțʌࣙ
ʚǫǶʌ ƨȳʌʯɼƨʌ ʚǫŗʚ ʚǫƨ țǶʚƨɼŗțʌ ƉɄɼɼƨʌɱɄȳƕǶȳǖ ʚɄ ʚǫƨ
Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ƕɄ ȳɄʚ ǫŗ˙ƨ ŗ ƉɄȳ̈ǶƉʚ

 ࣽࢉ ÿŗȕƨ ȋ ʚɄ ſƨ ʚǫƨ ȳʯȭſƨɼ ɄǑ Ɖțŗʯʌƨʌ

¬x1 ¬x2 ¬x1

x1 x3x3x2 x2 x4

bǶǖʯɼƨ ࣘࡹ eɼŗɱǫ ǑɄɼ ' = ࡹ˕¬) _ ࡽ˕ _ ^(ࢁ˕ ࡹ˕) ࡽ˕¬_ _ ^(ࢁ˕ ࡹ˕¬) _ ࡽ˕ _ (ࢅ˕ ࢍࢁ



ÿǫƨ éƨƕʯƉʚǶɄȳ
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Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ˝Ƕțț ɱǶƉȕ ŗʚ ȭɄʌʚ Ʉȳƨ ˙ƨɼʚƨ˥ ǑɼɄȭ ƨŗƉǫ
Ɖțŗʯʌƨࣗ ˝ǫǶƉǫ ˝Ƕțț ƉɄɼɼƨʌɱɄȳƕ ʚɄ ʚǫƨ țǶʚƨɼŗț ʚɄ ſƨ ʌƨʚ ʚɄ ʚɼʯƨ

 ࣽࢅ ,ɄȳȳƨƉʚ ࡽ ˙ƨɼʚǶƉƨʌ ǶǑ ʚǫƨ˦ țŗſƨț ƉɄȭɱțƨȭƨȳʚŗɼ˦ țǶʚƨɼŗțʌࣙ
ʚǫǶʌ ƨȳʌʯɼƨʌ ʚǫŗʚ ʚǫƨ țǶʚƨɼŗțʌ ƉɄɼɼƨʌɱɄȳƕǶȳǖ ʚɄ ʚǫƨ
Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ƕɄ ȳɄʚ ǫŗ˙ƨ ŗ ƉɄȳ̈ǶƉʚ
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ÿǫƨ éƨƕʯƉʚǶɄȳ
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ÿǫƨ éƨƕʯƉʚǶɄȳ

 a' ˝Ƕțț ǫŗ˙ƨ Ʉȳƨ ˙ƨɼʚƨ˥ ǑɄɼ ƨŗƉǫ țǶʚƨɼŗț Ƕȳ ŗ Ɖțŗʯʌƨ
 ࣽࡽ ,ɄȳȳƨƉʚ ʚǫƨ ࢁ țǶʚƨɼŗțʌ Ƕȳ ŗ Ɖțŗʯʌƨ ʚɄ ǑɄɼȭ ŗ ʚɼǶŗȳǖțƨࣙ ʚǫƨ
Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ˝Ƕțț ɱǶƉȕ ŗʚ ȭɄʌʚ Ʉȳƨ ˙ƨɼʚƨ˥ ǑɼɄȭ ƨŗƉǫ
Ɖțŗʯʌƨࣗ ˝ǫǶƉǫ ˝Ƕțț ƉɄɼɼƨʌɱɄȳƕ ʚɄ ʚǫƨ țǶʚƨɼŗț ʚɄ ſƨ ʌƨʚ ʚɄ ʚɼʯƨ

 ࣽࢅ ,ɄȳȳƨƉʚ ࡽ ˙ƨɼʚǶƉƨʌ ǶǑ ʚǫƨ˦ țŗſƨț ƉɄȭɱțƨȭƨȳʚŗɼ˦ țǶʚƨɼŗțʌࣙ
ʚǫǶʌ ƨȳʌʯɼƨʌ ʚǫŗʚ ʚǫƨ țǶʚƨɼŗțʌ ƉɄɼɼƨʌɱɄȳƕǶȳǖ ʚɄ ʚǫƨ
Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ƕɄ ȳɄʚ ǫŗ˙ƨ ŗ ƉɄȳ̈ǶƉʚ
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,ɄɼɼƨƉʚȳƨʌʌ

�ƨȭȭŗ
' Ǯɾ ɾŗʋǮɾ̃ŗŻȑƣ Ǯ˹ a' ǣŗɾ ŗȩ ǮȩƐƣɤƣȩƐƣȩʋ ɾƣʋ ȹǋ ɾǮˢƣ ȋ ࣯=
ȩʠȣŻƣɮ ȹǋ ƅȑŗʠɾƣɾ Ǯȩ 'ࣰࣖ

âɼɄɄǑࣖ
) �ƨʚ ŗ ſƨ ʚǫƨ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ ʌŗʚǶʌǑ˦Ƕȳǖ '

 ࣽࡽ âǶƉȕ Ʉȳƨ ɄǑ ʚǫƨ ˙ƨɼʚǶƉƨʌࣗ ƉɄɼɼƨʌɱɄȳƕǶȳǖ ʚɄ ʚɼʯƨ țǶʚƨɼŗțʌ
ʯȳƕƨɼ ŗࣗ ǑɼɄȭ ƨŗƉǫ ʚɼǶŗȳǖțƨࣖ ÿǫǶʌ Ƕʌ ŗȳ Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ɄǑ
ʚǫƨ ŗɱɱɼɄɱɼǶŗʚƨ ʌǶ˲ƨࣖ İǫ˦ࣞ

ࢁ



,ɄɼɼƨƉʚȳƨʌʌ ࣯ƉɄȳʚƕࣱ

�ƨȭȭŗ
' Ǯɾ ɾŗʋǮɾ̃ŗŻȑƣ Ǯ˹ a' ǣŗɾ ŗȩ ǮȩƐƣɤƣȩƐƣȩʋ ɾƣʋ ȹǋ ɾǮˢƣ ȋ ࣯=
ȩʠȣŻƣɮ ȹǋ ƅȑŗʠɾƣɾ Ǯȩ 'ࣰࣖ

âɼɄɄǑࣖ
( �ƨʚ ç ſƨ ŗȳ Ƕȳƕƨɱƨȳƕƨȳʚ ʌƨʚ ɄǑ ʌǶ˲ƨ ȋ

 çȭʯʌʚ ƉɄȳʚŗǶȳ ƣ˕ŗƅʋȑ˖ Ʉȳƨ ˙ƨɼʚƨ˥ ǑɼɄȭ ƨŗƉǫ Ɖțŗʯʌƨ ʚɼǶŗȳǖțƨ
 ç ƉŗȳȳɄʚ ƉɄȳʚŗǶȳ ˙ƨɼʚǶƉƨʌ țŗſƨțƨƕ ſ˦ ƉɄȳ̈ǶƉʚǶȳǖ țǶʚƨɼŗțʌ
 ÿǫʯʌࣗ Ƕʚ Ƕʌ ɱɄʌʌǶſțƨ ʚɄ ɄſʚŗǶȳ ŗ ʚɼʯʚǫ ŗʌʌǶǖȳȭƨȳʚ ʚǫŗʚ ȭŗȕƨʌ
Ƕȳ ʚǫƨ țǶʚƨɼŗțʌ Ƕȳ ç ʚɼʯƨࣙ ʌʯƉǫ ŗȳ ŗʌʌǶǖȳȭƨȳʚ ʌŗʚǶʌ̇ƨʌ Ʉȳƨ
țǶʚƨɼŗț Ƕȳ ƨ˙ƨɼ˦ Ɖțŗʯʌƨ

ࢁ


