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�ȳȳɄʯȳƉƨȭƨȳʚʌυ pɄȭƨ˝Ʉɼȕ ࡽ Ƕʌ ƕʯƨ ʚɄƕŗ˦ ŗʚ ɱȭࣖυ࢙ࢉࣘࡹࡹ pɄȭƨ˝Ʉɼȕ ࢁ ˝Ƕțț ſƨ ɱɄʌʚƨƕ ʌɄɄȳࣖυ �ŗʌʚ ǫɄȭƨ˝Ʉɼȕ ſƨǑɄɼƨ ¡Ƕƕʚƨɼȭ ࣖࡹ



�ǖƨȳƕŗυ éƨƉŗɱ ɄǑ ƉɄȳ˙ƨ˥Ƕʚ ࣖ˦υ âɼƨƕǶƉʚǶɄȳ ɼʯțƨʌࣖυ ¡ǶȳǶȭǶ˲Ƕȳǖ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼࣗ ŗǖŗǶȳࣖ



éƨƉŗɱࣘ ƉɄȳ˙ƨ˥Ƕʚ˦



,Ʉȳ˙ƨ˥Ƕʚ˦ࣘ 6ƨ̇ȳǶʚǶɄȳυ � ǑʯȳƉʚǶɄȳ ҹ ̒ ɖ ɲ ɖ Ƕʌ ƉɄȳ˙ƨ˥ ǶǑ ǑɄɼ ƨ˙ƨɼ˦ ƉǫɄǶƉƨ ɄǑ Ҵ ҵ
ŗȳƕ ӆ ˨ <� �>ࣘ	� ˲ ӆ
ҹ	Ҵ
 � ӆҹ	ҵ
 ̲ ҹ		� ˲ ӆ
Ҵ � ӆҵ
υ ÿǫǶʌ ȭƨŗȳʌ ʚǫŗʚ ǑɄɼ ƨ˙ƨɼ˦ Ҵ ҵ Ƕȳ ʚǫƨ ƕɄȭŗǶȳ ɄǑ ҹ ࣗ ʚǫƨ țǶȳƨ
ʌƨǖȭƨȳʚ ſƨʚ˝ƨƨȳ	Ҵ ҹ	Ҵ

 ŗȳƕ 	ҵ ҹ	ҵ


ƕɄƨʌ ȳɄʚ ǖɄ ſƨțɄ˝ ʚǫƨ ɱțɄʚ ɄǑ ҹ ࣖ



óƨƉɄȳƕ ƕƨɼǶ˙ŗʚǶ˙ƨ ʚƨʌʚ ǑɄɼ ƉɄȳ˙ƨ˥Ƕʚ˦υ yǑ ҹ	ӊ
 Ƕʌ ŗ ǑʯȳƉʚǶɄȳ ɄǑ ŗ ʌǶȳǖțƨ ˙ŗɼǶŗſțƨ ŗȳƕ Ƕʌ ʚ˝ǶƉƨ
ƕǶ˽ƨɼƨȳʚǶŗſțƨࣗ ʚǫƨȳࣘυ ҹ	ӊ
 Ƕʌ ƉɄȳ˙ƨ˥ ǶǑ ŗȳƕ Ʉȳț˦ ǶǑ ҷ�ҹҷӊ� 	ӊ
 ̲ � ǑɄɼ ŗțț ӊࣖυ E˥ŗȭɱțƨࣘ ҹ	ӊ
 � ӊ� Ƕʌ ƉɄȳ˙ƨ˥ࣖ

,Ʉȳ˙ƨ˥ ¥ɄȳࣽƉɄȳ˙ƨ˥



6ǶʌƉʯʌʌǶɄȳ çʯƨʌʚǶɄȳ

óʯɱɱɄʌƨ ˝ƨ ǫŗ˙ƨ ŗ ǑʯȳƉʚǶɄȳ ҹ	ӊ
 � 	ӊ ˲ Ҵ
Ӏࣗ ˝ǫǶƉǫ ɄǑ ʚǫƨ
ǑɄțțɄ˝Ƕȳǖ ʌʚŗʚƨȭƨȳʚ Ƕʌ ƉɄɼɼƨƉʚࣞ
ŗࣱ Ǒ࣯˥ࣱ Ƕʌ ŗț˝ŗ˦ʌ ƉɄȳ˙ƨ˥
ſࣱ Ǒ࣯˥ࣱ Ƕʌ ƉɄȳ˙ƨ˥ ǶǑ ȳ Ƕʌ Ʉƕƕࣗ ȳɄȳࣽƉɄȳ˙ƨ˥ ǶǑ ȳ Ƕʌ ƨ˙ƨȳ
Ɖࣱ Ǒ࣯˥ࣱ Ƕʌ ƉɄȳ˙ƨ˥ ǶǑ ȳ Ƕʌ ƨ˙ƨȳࣗ ȳɄȳࣽƉɄȳ˙ƨ˥ ǶǑ ȳ Ƕʌ Ʉƕƕ
ƕࣱ Ǒ࣯˥ࣱ Ƕʌ ŗț˝ŗ˦ʌ ȳɄȳࣽƉɄȳ˙ƨ˥

fcxicxgnfhxkncx

aMHDncn Dlxgnziscx.siconvex



,Ʉȳ˙ƨ˥Ƕʚ˦ ŗȳƕ ǖɼŗƕǶƨȳʚ ƕƨʌƉƨȳʚυ ÿǫƨɄɼƨȭࣘ ǶǑ ҫ	ɏ
 Ƕʌ ƉɄȳ˙ƨ˥ ŗȳƕ ƕǶ˽ƨɼƨȳʚǶŗſțƨ ʚǫƨȳ
ǖɼŗƕǶƨȳʚ ƕƨʌƉƨȳʚ ƉɄȳ˙ƨɼǖƨʌ ʚɄ ŗ ǖțɄſŗț ȭǶȳǶȭʯȭ ɄǑ ҫ
ɤɮȹˉǮƐƣƐ ʚǫŗʚ ʚǫƨ ʌʚƨɱ ʌǶ˲ƨ Ƕʌ ʌȭŗțț ƨȳɄʯǖǫࣖυ yǑ ŗ ǑʯȳƉʚǶɄȳ Ƕʌ ƉɄȳ˙ƨ˥ ŗȳƕ ǫŗʌ ŗ țɄƉŗț ȭǶȳǶȭʯȭࣗ ʚǫŗʚ

țɄƉŗț ȭǶȳǶȭʯȭ ȭʯʌʚ ſƨ ŗ ǖțɄſŗț ȭǶȳǶȭʯȭࣖυ yȳ Ʉʚǫƨɼ ˝Ʉɼƕʌࣗ ǖɼŗƕǶƨȳʚ ƕƨʌƉƨȳʚ ˝Ʉȳऒʚ ǖƨʚ
ʌʚʯƉȕࣩʚƨɼȭǶȳŗʚƨ Ƕȳ țɄƉŗț ȭǶȳǶȭʯȭʌ ʚǫŗʚ ŗɼƨȳऒʚ ǖțɄſŗț
ȭǶȳǶȭʯȭʌࣖυ bɄɼ ȳɄȳƉɄȳ˙ƨ˥ ǑʯȳƉʚǶɄȳʌࣗ ǖɼŗƕǶƨȳʚ ƕƨʌƉƨȳʚ Ɖŗȳ ʌʚǶțț ſƨ

ʯʌƨǑʯțࣗ ſʯʚ Ƕʚऒʌ ȳɄʚ ǖʯŗɼŗȳʚƨƨƕ ʚɄ ƉɄȳ˙ƨɼǖƨ ʚɄ ŗ ǖțɄſŗț
ȭǶȳǶȭʯȭࣖ



,Ʉȳ˙ƨ˥Ƕʚ˦ ɄǑ ƨȭɱǶɼǶƉŗț ɼǶʌȕυ yǑ ҥ	ɏ Ӌ
 Ƕʌ ŗ ƉɄȳ˙ƨ˥ ǑʯȳƉʚǶɄȳ ࣯˝ǫƨȳ Ӌ Ƕʌ ̇˥ƨƕࣱ ʚǫƨȳҫ	ɏ
 � �Ӏ Ӏذһ�� ҥ	ɏ Ӌһ

Ƕʌ ƉɄȳ˙ƨ˥ࣖυ ¡Ʉɼƨ ǖƨȳƨɼŗțț ࣗ˦ ʌʯȭʌ ɄǑ ƉɄȳ˙ƨ˥ ǑʯȳƉʚǶɄȳʌ ŗɼƨ ƉɄȳ˙ƨ˥ࣖυ İǫŗʚ ƕɄƨʌ ʚǫǶʌ ȭƨŗȳࣞυ yǑ ŗ țɄʌʌ ǑʯȳƉʚǶɄȳ Ƕʌ ƉɄȳ˙ƨ˥ࣗ ʚǫƨȳ ʚǫƨ ƉɄɼɼƨʌɱɄȳƕǶȳǖ

ƨȭɱǶɼǶƉŗț ɼǶʌȕ ˝Ƕțț ŗțʌɄ ſƨ ƉɄȳ˙ƨ˥ࣖ



,Ʉȳ˙ƨ˥Ƕʚ˦ ɄǑ țɄʌʌ ǑʯȳƉʚǶɄȳʌυ yʌ ҥʌɸ	ɏ Ӌ
 � 	Ӌ ˲ ɏ
� ƉɄȳ˙ƨ˥ࣞ ĸƨʌ Ʉɼ ¥Ʉࣖυ yʌ ҥŗſʌ	ɏ Ӌ
 � ]Ӌ ˲ ɏ] ƉɄȳ˙ƨ˥ࣞ ĸƨʌ Ʉɼ ¥Ʉࣖυ yʌ ҥӇҶӅҷ	ɏ Ӌ
 ƉɄȳ˙ƨ˥ࣞ ĸƨʌ Ʉɼ ¥Ʉࣖ
tap



,Ʉȳ˙ƨ˥Ƕʚ˦ ɄǑ ҫӇҶӅҷυ � ǑʯȳƉʚǶɄȳ Ɖŗȳ ſƨ ƉɄȳ˙ƨ˥ Ƕȳ ŗ ɼƨǖǶɄȳࣖυ yǑ  Ƕʌ țŗɼǖƨࣗ ҫӇҶӅҷ	ɏ
 Ƕʌ ƉɄȳ˙ƨ˥ Ƕȳ ŗ ſǶǖ ɼƨǖǶɄȳ ŗɼɄʯȳƕ ƕŗʚŗࣖυ � țŗɼǖƨ  țƨƕ ʚɄ ŗ ˙ƨɼ˦ ʌȭɄɄʚǫࣗ ɱŗɼŗſɄțǶƉࣽțɄɄȕǶȳǖ
ƨȭɱǶɼǶƉŗț ɼǶʌȕ ǑʯȳƉʚǶɄȳ ˝Ƕʚǫ ŗ ʌǶȳǖțƨ țɄƉŗț ȭǶȳǶȭʯȭ
࣯˝ǫǶƉǫ ˝ŗʌ ŗ ǖțɄſŗț ȭǶȳǶȭʯȭࣱࣖυ yǑ  Ƕʌ ʌȭŗțțࣗ ҫӇҶӅҷ	ɏ
 Ƕʌ ƉɄȳ˙ƨ˥ Ƕȳ Ʉȳț˦ ʌȭŗțț ɼƨǖǶɄȳʌࣖυ � ʌȭŗțț  țƨƕ ʚɄ ŗ ˙ƨɼ˦ ſʯȭɱ˦ ƨȭɱǶɼǶƉŗț ɼǶʌȕ ǑʯȳƉʚǶɄȳ
˝Ƕʚǫ ȭŗȳ˦ țɄƉŗț ȭǶȳǶȭʯȭʌࣖ

这

⼀



6ǶʌƉʯʌʌǶɄȳ çʯƨʌʚǶɄȳ

éƨƉŗțț ʚǫƨ ƨȭɱǶɼǶƉŗț ɼǶʌȕ ǑɄɼ ŗſʌɄțʯʚƨ țɄʌʌࣗҫҴҵӅ	ɏ
 � �Ӏ Ӏذһ�� ]Ӌһ ˲ ɏ]
yʌҫҴҵӅ	ɏ
 ƉɄȳ˙ƨ˥ࣞ yʌ ǖɼŗƕǶƨȳʚ ƕƨʌƉƨȳʚ ǖʯŗɼŗȳʚƨƨƕ ʚɄ ̇ȳƕ
ŗ ǖțɄſŗț ȭǶȳǶȭʯȭࣗ ǖǶ˙ƨȳ ŗȳ ŗɱɱɼɄɱɼǶŗʚƨ ʌʚƨɱ ʌǶ˲ƨࣞ

ŗࣱ ĸEó ƉɄȳ˙ƨ˥ࣗ ĸEó ǖʯŗɼŗȳʚƨƨƕ
ſࣱ ĸEó ƉɄȳ˙ƨ˥ࣗ ¥¶ÿ ǖʯŗɼŗȳʚƨƨƕ
Ɖࣱ ¥¶ÿ ƉɄȳ˙ƨ˥ࣗ ĸEó ǖʯŗɼŗȳʚƨƨƕ
ƕࣱ ¥¶ÿ ƉɄȳ˙ƨ˥ࣗ ¥¶ÿ ǖʯŗɼŗȳʚƨƨƕ



âɼƨƕǶƉʚǶɄȳ ɼʯțƨʌ



pɄ˝ ƕɄ ˝ƨ ɱɼƨƕǶƉʚ ʌɄȭƨɄȳƨऒʌ ʌŗțŗɼ˦ࣞ
�ǒʚƨɼ ƉɄțțƨƉʚǶȳǖ ʌŗțŗɼ˦ ƕŗʚŗࣗ ˝ƨࣖࣖࣖ
ࣖࡹ ,ǫɄɄʌƨ ŗ țɄʌʌ ǑʯȳƉʚǶɄȳࣖ

ࣖࡽ bǶȳƕ ʚǫƨ ſƨʌʚ ɱɼƨƕǶƉʚǶɄȳ ſ˦ ȭǶȳǶȭǶ˲Ƕȳǖ ʚǫƨ ŗ˙ƨɼŗǖƨ țɄʌʌ
ŗƉɼɄʌʌ ʚǫƨ ƨȳʚǶɼƨ ƕŗʚŗ ʌƨʚ ࣯ƨȭɱǶɼǶƉŗț ɼǶʌȕࣱࣖυ óɄ Ǒŗɼࣗ ˝ƨऒ˙ƨ ſƨƨȳ ɱɼƨƕǶƉʚǶȳǖ Ǒʯʚʯɼƨ ʌŗțŗɼǶƨʌ ˝ǶʚǫɄʯʚ ʯʌǶȳǖ
ŗȳ˦ ǶȳǑɄɼȭŗʚǶɄȳ ŗſɄʯʚ ʚǫƨ ǶȳƕǶ˙Ƕƕʯŗț ࣯ƨࣖǖࣖ eâ�ࣗ ˦ƨŗɼʌ ɄǑ
ƨ˥ɱƨɼǶƨȳƉƨࣗ ȳʯȭſƨɼ ɄǑ �Ƕȳȕƨƕyȳ ƉɄȳȳƨƉʚǶɄȳʌࣱࣖυ ¥ƨ˝ ǑɄƉʯʌࣘ pɄ˝ ƕɄ ˝ƨ ǶȳƉɄɼɱɄɼŗʚƨ ʚǫǶʌ ǶȳǑɄɼȭŗʚǶɄȳ ǶȳʚɄ
Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳࣽȭŗȕǶȳǖ ɱɼɄƉƨʌʌࣞ



bƨŗʚʯɼƨʌ
� Ǒƨŗʚʯɼƨ Ƕʌ ŗȳ ŗʚʚɼǶſʯʚƨ ँ ŗ ɱǶƨƉƨ ɄǑ ǶȳǑɄɼȭŗʚǶɄȳࣖυ ¥ʯȭƨɼǶƉŗțࣘ ŗǖƨࣗ ǫƨǶǖǫʚࣗ ˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨυ ,ŗʚƨǖɄɼǶƉŗțࣘ ƉɄțțƨǖƨࣗ ƉǶʚ ࣗ˦ ƨƕʯƉŗʚǶɄȳ țƨ˙ƨțυ $ɄɄțƨŗȳࣘ ȕȳɄ˝ʌ â˦ʚǫɄȳࣞࣗ ǫŗƕ ǶȳʚƨɼȳʌǫǶɱࣞ

ÿǫǶȳȕ ɄǑ Ǒƨŗʚʯɼƨʌ ŗʌ ƉɄțʯȭȳʌ Ƕȳ ŗ 6ŗʚŗbɼŗȭƨ Ʉɼ ʚŗſțƨࣖ



ĬŗɼǶŗſțƨʌυ ÿǫƨ Ǒƨŗʚʯɼƨʌࣗ ӊࣗ ʚǫŗʚ ˝ƨ ſŗʌƨ Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳʌ Ʉȳ ŗɼƨ Ɖŗțțƨƕ
ɱɼƨƕǶƉʚɄɼ ˙ŗɼǶŗſțƨʌࣖυ ÿǫƨ ɸʯŗȳʚǶʚ ࣗ˦ Ӌࣗ ʚǫŗʚ ˝ƨऒɼƨ ʚɼ˦Ƕȳǖ ʚɄ ɱɼƨƕǶƉʚ ſŗʌƨƕ Ʉȳ
ʚǫƨʌƨ Ǒƨŗʚʯɼƨʌ Ƕʌ Ɖŗțțƨƕ ʚǫƨ ɼƨʌɱɄȳʌƨ ˙ŗɼǶŗſțƨࣖυ İƨऒțț ʌʚŗɼʚ ſ˦ ɱɼƨƕǶƉʚǶȳǖ ʌŗțŗɼ˦ ſŗʌƨƕ Ʉȳ ˦ƨŗɼʌ ɄǑ
ƨ˥ɱƨɼǶƨȳƉƨࣖ

s



âɼƨƕǶƉʚǶɄȳ ɼʯțƨʌυ İƨ ſƨțǶƨ˙ƨ ʚǫŗʚ ʌŗțŗɼ˦ Ƕʌ ŗ ǑʯȳƉʚǶɄȳ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨࣖυ yȳ Ʉʚǫƨɼ ˝Ʉɼƕʌࣗ ˝ƨ ʚǫǶȳȕ ʚǫŗʚ ʚǫƨɼƨ Ƕʌ ŗ ǑʯȳƉʚǶɄȳ ҡ ʌʯƉǫ
ʚǫŗʚࣘ

ʌŗțŗɼ˦ ̢ ҡ	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ
υ ҡ Ƕʌ Ɖŗțțƨƕ ŗ ǫ˦ɱɄʚǫƨʌǶʌ ǑʯȳƉʚǶɄȳ Ʉɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣖυ ¶ʯɼ ǖɄŗțࣘ ̇ȳƕ ŗ ǖɄɄƕ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣗ ҡࣖ



âɄʌʌǶſțƨ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨʌ

ҡ�	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ
 � ������ � �� ��� � 	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ
ҡ�	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ
 � ������ � ����	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ
ҡ�	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ
 � ������� ˲ ����� � 	˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ

υ ÿǫƨʌƨ ŗɼƨ ŗțț ˙ŗțǶƕ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨʌࣖυ óɄȭƨ ŗɼƨ ſƨʚʚƨɼ ʚǫŗȳ Ʉʚǫƨɼʌࣖ



,ɄȭɱŗɼǶȳǖ ɱɼƨƕǶƉʚǶɄȳʌυ pɄ˝ ƕɄ ˝ƨ ȕȳɄ˝ ˝ǫǶƉǫ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ Ƕʌ ſƨʌʚࣘ ҡ�ࣗ ҡ�ࣗ ҡ�ࣞυ İƨ ǖŗʚǫƨɼ ƕŗʚŗ ǑɼɄȭ Ӏ ɱƨɄɱțƨࣖ �ƨʚ ӊһ ſƨ ƨ˥ɱƨɼǶƨȳƉƨࣗ Ӌһ ſƨ
ʌŗțŗɼ˦ࣘ

࣯E˥ɱƨɼǶƨȳƉƨ�ࣗ óŗțŗɼ˦�ࣱ
࣯E˥ɱƨɼǶƨȳƉƨ�ࣗ óŗțŗɼ˦�ࣱ���
࣯E˥ɱƨɼǶƨȳƉƨӀࣗ óŗțŗɼ˦Ӏࣱ ɲ 	ӊ� Ӌ�
	ӊ� Ӌ�
���	ӊӀ ӋӀ
υ óƨƨ ˝ǫǶƉǫ ɼʯțƨ ˝Ʉɼȕʌ ſƨʚʚƨɼ Ʉȳ ƕŗʚŗࣖ



E˥ŗȭɱțƨ



çʯŗȳʚǶǑ˦Ƕȳǖ ʚǫƨ ɸʯŗțǶʚ˦ ɄǑ ŗ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ҡυ ¶ʯɼ ɱɼƨƕǶƉʚǶɄȳ ǑɄɼ ɱƨɼʌɄȳ һऒʌ ʌŗțŗɼ˦ Ƕʌ ҡ	ӊһ
ࣖυ �ʌ ſƨǑɄɼƨࣗ ˝ƨऒțț ʯʌƨ ŗ țɄʌʌ ǑʯȳƉʚǶɄȳ ʚɄ ɸʯŗȳʚǶǑ˦ ʚǫƨ ɸʯŗțǶʚ˦
ɄǑ Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳʌࣖυ �ſʌɄțʯʚƨ țɄʌʌࣘ Ӌһڰ ˲ ҡ	ӊһ
υࣖڰ óɸʯŗɼƨƕ țɄʌʌࣘ ٥Ӌһ ˲ ҡ	ӊһ
υࣖ�ٴ İƨऒțț ǑɄƉʯʌ Ʉȳ ʌɸʯŗɼƨƕ țɄʌʌࣗ ʌǶȳƉƨ Ƕʚऒʌ ƕǶ˽ƨɼƨȳʚǶŗſțƨࣖυ ĎʌǶȳǖ ʌɸʯŗɼƨƕ țɄʌʌࣗ ʚǫƨ ƨȭɱǶɼǶƉŗț ɼǶʌȕ ࣯ȭƨŗȳ ʌɸʯŗɼƨƕ
ƨɼɼɄɼࣱ ɄǑ ʚǫƨ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ҡ ǶʌࣘҫӅӃ	ҡ
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ ҡ	ӊһ
�ٴ



¡ƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼ

get

Á

I

VGDL



bǶȳƕǶȳǖ ʚǫƨ ſƨʌʚ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨυ eɄŗțࣘ Ʉʯʚ ɄǑ ŗțț ǑʯȳƉʚǶɄȳʌ ɖ ɲ ɖࣗ ̇ȳƕ ʚǫƨ ǑʯȳƉʚǶɄȳ ҡ˶ ˝Ƕʚǫ
ʚǫƨ ʌȭŗțțƨʌʚ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼࣖυ ÿǫŗʚ Ƕʌࣗ ҡ˶ ʌǫɄʯțƕ ſƨ ʚǫƨ ǑʯȳƉʚǶɄȳ ʚǫŗʚ ȭǶȳǶȭǶ˲ƨʌҫӅӃ	ҡ
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ ҡ	ӊһ
�ٴ



6ǶʌƉʯʌʌǶɄȳ çʯƨʌʚǶɄȳ

eǶ˙ƨȳ ʚǫƨ ƕŗʚŗ ſƨțɄ˝ࣗ Ƕʌ ʚǫƨɼƨ ŗ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ҡ ˝ǫǶƉǫ
ǫŗʌ ˲ƨɼɄ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼࣞ

ŗࣱ ĸƨʌ ſࣱ ¥Ʉ

wu



âɼɄſțƨȭυ İƨ Ɖŗȳ ȭŗȕƨ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼ ˙ƨɼ˦ ʌȭŗțțࣗ ƨ˙ƨȳ ˲ƨɼɄࣛυ $ʯʚ ʚǫƨ ǑʯȳƉʚǶɄȳ ˝Ƕțț ſƨ ˝ƨǶɼƕࣖυ ÿǫǶʌ Ƕʌ Ɖŗțțƨƕ Ʉ˙ƨɼ̇ʚʚǶȳǖࣖυ éƨȭƨȭſƨɼ Ʉʯɼ ɼƨŗț ǖɄŗțࣘ ȭŗȕƨ ǖɄɄƕ ɱɼƨƕǶƉʚǶɄȳʌ Ʉȳ ƕŗʚŗ
˝ƨ ǫŗ˙ƨȳऒʚ ʌƨƨȳࣖ

Out ofSample
毗



óɄțʯʚǶɄȳυ 6Ʉȳऒʚ ŗțțɄ˝ ҡ ʚɄ ſƨ ȍʯʌʚ ŗȳ˦ ǑʯȳƉʚǶɄȳࣖυ éƨɸʯǶɼƨ ʚǫŗʚ Ƕʚ ǫŗʌ ŗ ƉƨɼʚŗǶȳ ǑɄɼȭࣖυ E˥ŗȭɱțƨʌࣘυ �Ƕȳƨŗɼࣘ ҡ	ӊ
 � Ӊ� � Ӊ�ӊࣖυ çʯŗƕɼŗʚǶƉࣘ ҡ	ӊ
 � Ӊ� � Ӊ�ӊ � Ӊ�ӊ�ࣖυ E˥ɱɄȳƨȳʚǶŗțࣘ ҡ	ӊ
 � Ӊ�ҸӉ�ӊ ࣖυ ,Ʉȳʌʚŗȳʚࣘ ҡ	ӊ
 � Ӊ�ࣖ



bǶȳƕǶȳǖ ʚǫƨ ſƨʌʚ țǶȳƨŗɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨυ eɄŗțࣘ Ʉʯʚ ɄǑ ŗțț țǶȳƨŗɼ ǑʯȳƉʚǶɄȳʌ ɖ ɲ ɖࣗ ̇ȳƕ ʚǫƨ ǑʯȳƉʚǶɄȳҡ˶ ˝Ƕʚǫ ʚǫƨ ʌȭŗțțƨʌʚ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼࣖυ �Ƕȳƨŗɼ ǑʯȳƉʚǶɄȳʌ ŗɼƨ ɄǑ ʚǫƨ ǑɄɼȭ ҡ	ӊ
 � Ӊ� � Ӊ�ӊࣖυ ÿǫƨ˦ ŗɼƨ ƕƨ̇ȳƨƕ ſ˦ ŗ ʌțɄɱƨ ࣯Ӊ�ࣱ ŗȳƕ ǶȳʚƨɼƉƨɱʚ ࣯Ӊ�ࣱࣖυ ÿǫŗʚ Ƕʌࣗ ҡ˶ ʌǫɄʯțƕ ſƨ ʚǫƨ țǶȳƨŗɼ ǑʯȳƉʚǶɄȳ ʚǫŗʚ ȭǶȳǶȭǶ˲ƨʌҫӅӃ	ҡ
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ ҡ	ӊһ
�υٴ ÿǫǶʌ ɱɼɄſțƨȭ Ƕʌ Ɖŗțțƨƕ țǶȳƨŗɼ ɼƨǖɼƨʌʌǶɄȳࣖυ óǶȭɱțƨ țǶȳƨŗɼ ɼƨǖɼƨʌʌǶɄȳ ɼƨǑƨɼʌ ʚɄ țǶȳƨŗɼ ɼƨǖɼƨʌʌǶɄȳ
˝Ƕʚǫ ŗ ʌǶȳǖțƨ ɱɼƨƕǶƉʚɄɼ ˙ŗɼǶŗſțƨࣗ ӊࣖ



¡ǶȳǶȭǶ˲Ƕȳǖ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼ ǑɄɼ ʚǫƨ țǶȳƨŗɼ
ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ



¡ǶȳǶȭǶ˲Ƕȳǖ ʚǫƨ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼυ ÿǫƨ ¡óE Ƕʌ ŗ ǑʯȳƉʚǶɄȳ ҫʌɸ ɄǑ ŗ ǑʯȳƉʚǶɄȳ ҡࣖҫʌɸ	ҡ
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ ҡ	ӊһ
�υٴ $ʯʚ ʌǶȳƉƨ ҡ Ƕʌ țǶȳƨŗɼࣗ ˝ƨ ȕȳɄ˝ ҡ	ӊһ
 � Ӊ� � Ӊ�ӊһࣖҫʌɸ	Ӊ� Ӊ�
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ 	Ӊ� � Ӊ�ӊһ
�υٴ ¥Ʉ˝ ҫӅӃ Ƕʌ ŗ ǑʯȳƉʚǶɄȳ ɄǑ Ӊ� ŗȳƕ Ӊ�ࣖυ İƨ Ɖŗțț Ӊ� ŗȳƕ Ӊ� ɱŗɼŗȭƨʚƨɼʌࣖυ âŗɼŗȭƨʚƨɼʌ ƕƨ̇ȳƨ Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣖ

too



Ďɱƕŗʚƨƕ ǖɄŗțυ bǶȳƕ ʚǫƨ ʌțɄɱƨ Ӊ�˶ ŗȳƕ ǶȳʚƨɼƉƨɱʚ Ӊ�˶ ʚǫŗʚ ȭǶȳǶȭǶ˲ƨ ʚǫƨ ¡óEࣗҫʌɸ	Ӊ� Ӊ�
ࣘҫʌɸ	Ӊ� Ӊ�
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ 	Ӊ� � Ӊ�ӊһ
�υٴ óʚɼŗʚƨǖ˦ࣘ ȭʯțʚǶ˙ŗɼǶŗſțƨ ƉŗțƉʯțʯʌࣖ



éƨƉŗțțࣘ ʚǫƨ ǖɼŗƕǶƨȳʚυ yǑ ҹ	ӊ Ӌ
 Ƕʌ ŗ ǑʯȳƉʚǶɄȳ ɄǑ ʚ˝Ʉ ˙ŗɼǶŗſțƨʌࣗ ʚǫƨ ǖɼŗƕǶƨȳʚ ɄǑ ҹ ŗʚ
ʚǫƨ ɱɄǶȳʚ 	ӊ� Ӌ�
 Ƕʌ ŗ ˙ƨƉʚɄɼ ɄǑ ɱŗɼʚǶŗț ƕƨɼǶ˙ŗʚǶ˙ƨʌࣘ˧ҹ	ӊ� Ӌ�
 � ӊבҹב٭ 	ӊ� Ӌ�
Ӌבҹב 	ӊ� Ӌ�
υټ �ƨ˦ bŗƉʚ ࣘࡹࣥ ÿǫƨ ƕƨɼǶ˙ŗʚǶ˙ƨ Ƕʌ ʚɄ ʚǫƨ ʚŗȳǖƨȳʚ țǶȳƨ ŗʌ ʚǫƨ
ǖɼŗƕǶƨȳʚ Ƕʌ ʚɄ ʚǫƨ ʚŗȳǖƨȳʚ ɱțŗȳƨࣖυ �ƨ˦ bŗƉʚ ࣘࡽࣥ ÿǫƨ ǖɼŗƕǶƨȳʚ ɱɄǶȳʚʌ Ƕȳ ʚǫƨ ƕǶɼƨƉʚǶɄȳ ɄǑ ʚǫƨ
ſǶǖǖƨʌʚ ǶȳƉɼƨŗʌƨࣖυ �ƨ˦ bŗƉʚ ࣘࢁࣥ ÿǫƨ ǖɼŗƕǶƨȳʚ Ƕʌ ˲ƨɼɄ ŗʚ ƉɼǶʚǶƉŗț ɱɄǶȳʚʌࣖ

𤦂



¡ǶȳǶȭǶ˲Ƕȳǖ ȭʯțʚǶ˙ŗɼǶŗſțƨ ǑʯȳƉʚǶɄȳʌυ bɼɄȭ ƉŗțƉʯțʯʌࣗ ʚɄ ɄɱʚǶȭǶ˲ƨ ŗ ȭʯțʚǶ˙ŗɼǶŗſțƨ ƕǶ˽ƨɼƨȳʚǶŗſțƨ
ǑʯȳƉʚǶɄȳࣘ
ࣖࡹ ,ŗțƉʯțŗʚƨ ʚǫƨ ǖɼŗƕǶƨȳʚ ˙ƨƉʚɄɼࣗ Ʉɼ ˙ƨƉʚɄɼ ɄǑ ɱŗɼʚǶŗț
ƕƨɼǶ˙ŗʚǶ˙ƨʌࣖ

ࣖࡽ óƨʚ ʚǫƨ ǖɼŗƕǶƨȳʚ ƨɸʯŗț ʚɄ ʚɄ ࡱ ࣯ʚǫŗʚ Ƕʌࣗ ʚǫƨ ˲ƨɼɄ
˙ƨƉʚɄɼࣱࣖ

ࣖࢁ óɄț˙ƨ ʚǫƨ ɼƨʌʯțʚǶȳǖ ʌ˦ʌʚƨȭ ɄǑ ƨɸʯŗʚǶɄȳʌࣖ

装的

㱇㖄



E˥ŗȭɱțƨ

6ǶʌƉʯʌʌǶɄȳ çʯƨʌʚǶɄȳ

bǶȳƕ ʚǫƨ ɱɄǶȳʚ ŗʚ ˝ǫǶƉǫ ʚǫƨ ǑʯȳƉʚǶɄȳҹ	ӊ Ӌ
 � ӊ� � Ӌ� ˲ �ӊ ˲ �Ӌ
Ƕʌ ȭǶȳǶȭǶ˲ƨƕࣖ

装平
0 - 20 0

个
㘭

所
骑ltzy o

foz

tn 拉



óʯȭȭŗɼ˦



óʯȭȭŗɼ ࣗ˦ ȳƨ˥ʚ ʚǶȭƨυ İƨ ǶȳʚɼɄƕʯƉƨƕ ʚǫƨ țǶȳƨŗɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣗ ҡ	ӊ
 � Ӊ� � Ӊ�ӊࣖυ ÿɄ ƕƨʚƨɼȭǶȳƨ ʚǫƨ ſƨʌʚ țǶȳƨŗɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣗ ˝ƨऒțț ʯʌƨ ʚǫƨ
ʌɸʯŗɼƨƕ țɄʌʌ ŗȳƕ ƉǫɄɄʌƨ ʚǫƨ Ʉȳƨ ʚǫŗʚ ȭǶȳǶȭǶ˲ƨʌ ʚǫƨ
ƨȭɱǶɼǶƉŗț ɼǶʌȕࣗ Ʉɼ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼࣘҫӅӃ	Ӊ� Ӊ�
 � �Ӏ Ӏذһ�� ٥Ӌһ ˲ 	Ӊ� � Ӊ�ӊһ
�υٴ ¥ƨ˥ʚ ʚǶȭƨࣘ İƨऒțț ʯʌƨ ƉŗțƉʯțʯʌ ʚɄ ȭǶȳǶȭǶ˲ƨ ʚǫƨ ȭƨŗȳ
ʌɸʯŗɼƨƕ ƨɼɼɄɼ ŗȳƕ ̇ȳƕ ʚǫƨ ſƨʌʚ țǶȳƨŗɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣖυ óɱɄǶțƨɼ ŗțƨɼʚࣘ Ƕʚऒʌ ʚǫƨ ɼƨǖɼƨʌʌǶɄȳ țǶȳƨࣗ ŗʌ ˝ƨ ʌŗ˝ Ƕȳ

6ó, ࣖࡱࡹ


