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6ó, ࣗ�ࡱࢅ bŗțț ࡹࡽࡱࡽ  Ď, óŗȳ 6ǶƨǖɄ
óʯɼŗȍ éŗȭɱʯɼƨࣗ ˝Ƕʚǫ ǫƨțɱ ǑɼɄȭ ȭŗȳ˦ Ʉʚǫƨɼʌ



�ȳȳɄʯȳƉƨȭƨȳʚʌυ eɼɄʯɱ˝Ʉɼȕ ࢅ ƕʯƨ ÿǫʯɼʌƕŗ˦ ŗʚ ɱȭࣖυ࢙ࢉࣘࡹࡹ pɄȭƨ˝Ʉɼȕ ࢅ ƕʯƨ ÿʯƨʌƕŗ˦ࣱ࣯ࣛ ŗʚ ɱȭࣖυ࢙ࢉࣘࡹࡹ éƨȭƨȭſƨɼࣗ ƨ˙ƨɼ˦Ʉȳƨ ǫŗʌ ࢉ ʌțǶɱ ƕŗ˦ʌࣖυ óʯɼ˙ƨ˦ ࢅ ˝Ƕțț ƉɄȭƨ Ʉʯʚ ʚǫǶʌ ˝ƨƨȕƨȳƕࣗ ŗȳƕ Ƕʌ ŗțʌɄ ƕʯƨ
ÿʯƨʌƕŗ˦ ŗʚ ɱȭࣖυ࢙ࢉࣘࡹࡹ ÿǫƨ Ʉ˾Ɖƨ ǫɄʯɼʌ ʌƉǫƨƕʯțƨ ǫŗʌ Ɖǫŗȳǖƨƕࣛ �ɄɄȕ ŗʚ ʚǫƨ
Ɖŗțƨȳƕŗɼࣖ



�ǖƨȳƕŗυ bƨŗʚʯɼƨ ƨȳǖǶȳƨƨɼǶȳǖࣖυ ÿŗ˥ɄȳɄȭ˦ ɄǑ ȭŗƉǫǶȳƨ țƨŗɼȳǶȳǖࣖυ ,țʯʌʚƨɼǶȳǖࣖ



bƨŗʚʯɼƨ ƨȳǖǶȳƨƨɼǶȳǖ



ÿǫƨ ǖƨȳƨɼŗț ɱɼɄſțƨȭυ İƨ ǫŗ˙ƨ Ӏ ƕŗʚŗ ɱɄǶȳʚʌ ࣯Ʉɼ ʚɼŗǶȳǶȳǖ ƨ˥ŗȭɱțƨʌࣱࣘ٥ ɀӊ� Ӌٴ�  Ȫ  ٥ ɀӊӀ ӋӀٴ ˝ǫƨɼƨ ƨŗƉǫ ɀӊһ Ƕʌ ŗ Ǒƨŗʚʯɼƨ ˙ƨƉʚɄɼ ɄǑ ҷ
Ǒƨŗʚʯɼƨʌࣘ ɀӊһ � 
�	ӊڑһӊ	�
һȪӊ	ҷ
һ ڠ

υ İƨ ˝ŗȳʚ ʚɄ ̇ȳƕ ŗ ǖɄɄƕ țǶȳƨŗɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣘҡ	 ɀӊ
 � Ӊ� � Ӊ�ӊ	�
 � Ӊ�ӊ	�
 � Ȫ � Ӊҷӊ	ҷ
� ɀӉ ͥ �ʯǖ	 ɀӊ
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ÿǫƨ ǖƨȳƨɼŗț ʌɄțʯʚǶɄȳυ Ďʌƨ ƕƨʌǶǖȳ ȭŗʚɼǶ˥

ұ � �ڐ ӊ	�
� ӊ	�
� Ȫ ӊ	ҷ
�� ӊ	�
� ӊ	�
� Ȫ ӊ	ҷ
���� ��� ��� ���� ӊ	�
Ӏ ӊ	�
Ӏ Ȫ ӊ	ҷ
Ӏ ڟ � 	�ʯǖڍ ɀӊ�
ҭ
�ʯǖ	 ɀӊ�
ҭ���
�ʯǖ	 ɀӊӀ
ҭڜ

ŗȳƕ Ʉſʌƨɼ˙ŗʚǶɄȳ ˙ƨƉʚɄɼ ʚɄ ʌɄț˙ƨ ʚǫƨ ȳɄɼȭŗț ƨɸʯŗʚǶɄȳʌұҭұ ɀӉ˶ � ұҭ ɀӋ
ʚɄ ̇ȳƕ ʚǫƨ ɄɱʚǶȭŗț ɱŗɼŗȭƨʚƨɼ ˙ƨƉʚɄɼ ɀӉ˶ࣖυ bƨŗʚʯɼƨ ƨȳǖǶȳƨƨɼǶȳǖࣘ ƉɼƨŗʚǶȳǖ ȳƨ˝ Ǒƨŗʚʯɼƨʌ Ʉʯʚ ɄǑ ƨ˥ǶʌʚǶȳǖ
Ǒƨŗʚʯɼƨʌ Ƕȳ Ʉɼƕƨɼ ʚɄ ſƨʚʚƨɼ ̇ʚ ʚǫƨ ƕŗʚŗࣖ
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E˥ŗȭɱțƨ

υ İǫŗʚ ǶǑ ˝ƨ ˝ŗȳʚ ʚɄ ʯʌƨ ŗ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ɄǑ ʚǫƨ ǑɄɼȭҡ	ӊ
 � Ӊ� �ӊ� � Ӊ� bBM ӊ � Ӊ�Ҹӊࣞ
e× '
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¥ɄȳࣽțǶȳƨŗɼ ǑʯȳƉʚǶɄȳʌ ɄǑ ȭʯțʚǶɱțƨ Ǒƨŗʚʯɼƨʌυ éƨƉŗțț Ʉʯɼ ƨ˥ŗȭɱțƨ ǑɼɄȭ țŗʌʚ țƨƉʚʯɼƨ ɄǑ ɱɼƨƕǶƉʚǶȳǖ ʌŗțƨʌ
ǑɼɄȭ ʌɸʯŗɼƨ ǑɄɄʚŗǖƨ ŗȳƕ ȳʯȭſƨɼ ɄǑ ƉɄȭɱƨʚǶʚɄɼʌࣖ İǫŗʚ ǶǑ
˝ƨ ˝ŗȳʚ ŗ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ɄǑ ʚǫƨ ǑɄɼȭҡ	ʌɸǒʚ ƉɄȭɱ
 � Ӊ� � Ӊ�ʌɸǒʚ � Ӊ�ʌɸǒʚ�� Ӊ�ƉɄȭɱ � Ӊ�ʌɸǒʚ ͥ ƉɄȭɱ� Ӊ� � Ӊ�Ӆ � Ӊ�Ӆ� � Ӊ�Ҷ � Ӊ�ӅҶυ ¡ŗȕƨ ƕƨʌǶǖȳ ȭŗʚɼǶ˥ࣘ

ұ � ΊΌ
� Ӆ� Ӆ�� Ҷ� Ӆ�Ҷ�� Ӆ� Ӆ�� Ҷ� Ӆ�Ҷ���� ��� ��� ���� ӅӀ Ӆ�Ӏ ҶӀ ӅӀҶӀ

ΎΎΏ
İǫƨɼƨ Ӆһ ŗȳƕ Ҷһ ŗɼƨ
ʌɸʯŗɼƨ ǑɄɄʚŗǖƨ ŗȳƕ
ȳʯȭſƨɼ ɄǑ ƉɄȭɱƨʚǶʚɄɼʌ
ǑɄɼ ʌʚɄɼƨ һࣗ ɼƨʌɱƨƉʚǶ˙ƨț ࣖ˦"¥1
ñ=✗ñ



bǶȳƕǶȳǖ ʚǫƨ ɄɱʚǶȭŗț ɱŗɼŗȭƨʚƨɼ ˙ƨƉʚɄɼࣗ ɀӉ˶υ �ʌ țɄȳǖ ŗʌ ʚǫƨ ǑɄɼȭ ɄǑ ʚǫƨ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ɱƨɼȭǶʚʌ ʯʌ ʚɄ
˝ɼǶʚƨ ɀɏ � ұ ɀӉ ǑɄɼ ʌɄȭƨ ұ ŗȳƕ ɀӉࣗ ʚǫƨ ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼ Ƕʌҫʌɸ	 ɀӉ
 � �ӀȠ ɀӋ ˲ ұ ɀӉȠ�υ éƨǖŗɼƕțƨʌʌ ɄǑ ʚǫƨ ˙ŗțʯƨʌ ɄǑ ұ ŗȳƕ ɀӉࣗҷҫʌɸҷ ɀӉ � �Д ˲ �ұҭ ɀӋ � �ұҭұ ɀӉ � �Д ұҭұ ɀӉ˶ � ұҭ ɀӋ�υ ÿǫƨ ȳɄɼȭŗț ƨɸʯŗʚǶɄȳʌ ʌʚǶțț ǫɄțƕ ʚɼʯƨࣛ
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�Ƕȳƨŗɼ Ƕȳ ʚǫƨ ɱŗɼŗȭƨʚƨɼʌυ İƨ Ɖŗȳ ̇ʚ ɼʯțƨʌ țǶȕƨࣘӉ� � Ӊ�ӊ � Ӊ�ӊ� Ӊ�Ҹ˲ӊ	�
� � Ӊ� +Qb	ӊ	�
 � ׇ
 � Ӊ� HQ;�ӊ	�
ӊ	�
υ ÿǫǶʌ ǶȳƉțʯƕƨʌ ŗɼſǶʚɼŗɼ˦ ɱɄț˦ȳɄȭǶŗțʌࣖυ İƨ Ɖŗȳऒʚ ̇ʚ ɼʯțƨʌ țǶȕƨࣘӉ� � ҸӉ�ӊ Ӊ� � ʌǶȳ	Ӊ�ӊ	�
 � Ӊ�ӊ	�

υ İƨ Ɖŗȳ ǫŗ˙ƨ ŗȳ˦ ȳʯȭſƨɼ ɄǑ ɱŗɼŗȭƨʚƨɼʌࣗ ŗʌ țɄȳǖ ŗʌ Ʉʯɼ
ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ Ƕʌ țǶȳƨŗɼ Ƕȳ ʚǫƨ ɱŗɼŗȭƨʚƨɼʌࣖ
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6ƨʚƨɼȭǶȳǶȳǖ ǑʯȳƉʚǶɄȳ ǑɄɼȭυ pɄ˝ ƕɄ ˝ƨ ȕȳɄ˝ ˝ǫŗʚ ǑɄɼȭ Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ʌǫɄʯțƕ
ʚŗȕƨࣞυ óɄȭƨʚǶȭƨʌࣗ ˝ƨ ȕȳɄ˝ ǑɼɄȭ ʋǣƣȹɮ˖ࣗ ʯʌǶȳǖ ȕȳɄ˝țƨƕǖƨ ŗſɄʯʚ
˝ǫŗʚ ʚǫƨ ˙ŗɼǶŗſțƨʌ ɼƨɱɼƨʌƨȳʚ ŗȳƕ ǫɄ˝ ʚǫƨ˦ ʌǫɄʯțƕ ſƨ
ɼƨțŗʚƨƕࣖυ ¶ʚǫƨɼ ʚǶȭƨʌࣗ ˝ƨ ȭŗȕƨ ŗ ǖʯƨʌʌ ſŗʌƨƕ Ʉȳ ʚǫƨ ƕŗʚŗࣖυ eƨȳƨɼŗțț ࣗ˦ ʌʚŗɼʚ ˝Ƕʚǫ ʌǶȭɱțƨɼ ǑʯȳƉʚǶɄȳʌ ̇ɼʌʚࣖυ éƨȭƨȭſƨɼࣗ ʚǫƨ ǖɄŗț Ƕʌ ʚɄ ̇ȳƕ ŗ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ʚǫŗʚ

˝Ƕțț ǖƨȳƨɼŗțǶ˲ƨ ˝ƨțț ʚɄ ʯȳʌƨƨȳ ƕŗʚŗࣖυ óƨƨ pɄȭƨ˝Ʉɼȕ ࣗࢅ çʯƨʌʚǶɄȳ 6ࡽ ŗȳƕ Eࣖࡽ

m



6ǶʌƉʯʌʌǶɄȳ çʯƨʌʚǶɄȳ

óʯɱɱɄʌƨ ˦Ʉʯ ƉɄțțƨƉʚ ƕŗʚŗ Ʉȳ ʚǫƨ ǫƨǶǖǫʚࣗ Ʉɼ ɱɄʌǶʚǶɄȳࣗ ɄǑ ŗ
ǑɼƨƨǑŗțțǶȳǖ ɄſȍƨƉʚ ŗʚ ˙ŗɼǶɄʯʌ ʚǶȭƨʌ ӆһࣖ İǫǶƉǫ ǑɄɼȭ ʌǫɄʯțƕ
˦Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ ʚŗȕƨ ʚɄ ſƨʌʚ ̇ʚ ʚǫƨ ƕŗʚŗࣞ

�ࣱ ƉɄȳʌʚŗȳʚࣗ ҡ	ӆ
 � Ӊ�
$ࣱ țǶȳƨŗɼࣗ ҡ	ӆ
 � Ӊ� � Ӊ�ӆ
,ࣱ ɸʯŗƕɼŗʚǶƉࣗ ҡ	ӆ
 � Ӊ� � Ӊ�ӆ � Ӊ�ӆ�
6ࣱ ȳɄ ˝ŗ˦ ʚɄ ȕȳɄ˝ ˝ǶʚǫɄʯʚ ɱțɄʚʚǶȳǖ ʚǫƨ ƕŗʚŗ

ÿɄ ŗȳʌ˝ƨɼࣗ ǖɄ ʚɄ OGPVK�EQO ŗȳƕ ƨȳʚƨɼ ࢉࢍࡽ ࣖࡹࢍ

Act) = 9.81

←

vctl-9.at/-Co#t)--9zIt2+Cot+C,





E˥ŗȭɱțƨࣘ �ȭƕŗǫțऒʌ �ŗ˝υ �ȭƕŗǫțऒʌ �ŗ˝ ɼƨțŗʚƨʌ ʚǫƨ ɼʯȳʚǶȭƨ ɄǑ ŗ ɱɼɄǖɼŗȭ Ʉȳ ӂ
ɱɼɄƉƨʌʌɄɼʌ ʚɄ ʚǫƨ ʚǶȭƨ ʚɄ ƕɄ ʚǫƨ ʌƨɸʯƨȳʚǶŗț ŗȳƕ
ȳɄȳʌƨɸʯƨȳʚǶŗț ɱŗɼʚʌ Ʉȳ Ʉȳƨ ɱɼɄƉƨʌʌɄɼࣖҡ	ӂ
 � ӆó � ӆ¥óӂυ ,ɄțțƨƉʚ ƕŗʚŗ ſ˦ ʚǶȭǶȳǖ ŗ ɱɼɄǖɼŗȭ ˝Ƕʚǫ ˙ŗɼ˦Ƕȳǖ ȳʯȭſƨɼʌ ɄǑ
ɱɼɄƉƨʌʌɄɼʌࣘ

âɼɄƉƨʌʌɄɼʌ ÿǶȭƨ ࣯pɄʯɼʌࣱ
ࡹ 
ࡽ ࢅ
ࢅ ࢁ

☐☐
Htx)=wo+w,

Xi Yi



E˥ŗȭɱțƨࣘ ̇ʚʚǶȳǖ ҡ	ӊ
 � Ӊ� � Ӊ� ͥ �ӊ

ӊһ Ӌһ
ࡹ 
ࡽ ࢅ
ࢅ ࢁ

✗ =p. :][
,
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E˥ŗȭɱțƨࣘ �ȭƕŗǫțऒʌ �ŗ˝υ İƨ ǑɄʯȳƕࣘ ӆó � �ࣗ ӆ¥ó � ��� ̢ ����υ ÿǫƨɼƨǑɄɼƨ Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ Ƕʌࣘҡ	ӂ
 � ӆó � ӆ¥óӂ� � � ����ӂ0



ÿɼŗȳʌǑɄɼȭŗʚǶɄȳʌ



pɄ˝ ƕɄ ˝ƨ ̇ʚ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨʌ ʚǫŗʚ ŗɼƨȳऒʚ țǶȳƨŗɼ
Ƕȳ ʚǫƨ ɱŗɼŗȭƨʚƨɼʌࣞ

υ óʯɱɱɄʌƨ ˝ƨ ˝ŗȳʚ ʚɄ ̇ʚ ʚǫƨ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨҡ	ӊ
 � Ӊ�ҸӉ�ӊ
ÿǫǶʌ Ƕʌ ȳɄʚ țǶȳƨŗɼ Ƕȳ ʚƨɼȭʌ ɄǑ Ӊ� ŗȳƕ Ӊ�ࣗ ʌɄ Ʉʯɼ ɼƨʌʯțʚʌ ǑɄɼ
țǶȳƨŗɼ ɼƨǖɼƨʌʌǶɄȳ ƕɄȳऒʚ ŗɱɱț ࣖ˦υ âɄʌʌǶſțƨ óɄțʯʚǶɄȳࣘ ÿɼ˦ ʚɄ ŗɱɱț˦ ŗ ʚɼŗȳʌǑɄɼȭŗʚǶɄȳࣖ

xñ



ÿɼŗȳʌǑɄɼȭŗʚǶɄȳʌ

υ çʯƨʌʚǶɄȳࣘ ,ŗȳ ˝ƨ ɼƨࣽ˝ɼǶʚƨ ҡ	ӊ
 � Ӊ�ҸӉ�ӊ ŗʌ ŗ ɱɼƨƕǶƉʚǶɄȳ
ɼʯțƨ ʚǫŗʚ Ƕʌ țǶȳƨŗɼ Ƕȳ ʚǫƨ ɱŗɼŗȭƨʚƨɼʌࣞ

log(ab)
= log(a) +Hint : log !
log (b)

H (x) = w.eu
,
✗

log Htx) = log (woe
"×)

= log Wo t log ew
'
✗

= log Wo t w, ✗ log e

log H (X) = log wot w, ✗
- y

-

b ,
Ttx) = b. + b, ✗



ÿɼŗȳʌǑɄɼȭŗʚǶɄȳʌυ óɄțʯʚǶɄȳࣘ ,ɼƨŗʚƨ ŗ ȳƨ˝ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨࣗ ҭ	ӊ
ࣗ ˝Ƕʚǫ
ɱŗɼŗȭƨʚƨɼʌ ҵ� ŗȳƕ ҵ�ࣗ ˝ǫƨɼƨ ҭ	ӊ
 � ҵ� � ҵ�ӊࣖυ ÿǫǶʌ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ Ƕʌ ɼƨțŗʚƨƕ ʚɄ ҡ	ӊ
 ſ˦ ʚǫƨ

ɼƨțŗʚǶɄȳʌǫǶɱ ҭ	ӊ
 � HQ;ҡ	ӊ
ࣖυ ɀҵ Ƕʌ ɼƨțŗʚƨƕ ʚɄ ɀӉ ſ˦ ҵ� � HQ;Ӊ� ŗȳƕ ҵ� � Ӊ�ࣖυ ¶ʯɼ ȳƨ˝ Ʉſʌƨɼ˙ŗʚǶɄȳ ˙ƨƉʚɄɼࣗ ɀӌࣗ Ƕʌ ;HQڍ Ӌ�
HQ; Ӌ����
HQ; ӋӀࣖڜυ ҭ	ӊ
 � ҵ� � ҵ�ӊ Ƕʌ țǶȳƨŗɼ Ƕȳ Ƕʚʌ ɱŗɼŗȭƨʚƨɼʌࣗ ҵ� ŗȳƕ ҵ�ࣖυ Ďʌƨ ʚǫƨ ʌɄțʯʚǶɄȳ ʚɄ ʚǫƨ ȳɄɼȭŗț ƨɸʯŗʚǶɄȳʌ ʚɄ ̇ȳƕ ɀҵ˶ࣗ ŗȳƕ

ʚǫƨ ɼƨțŗʚǶɄȳʌǫǶɱ ſƨʚ˝ƨƨȳ ɀҵ ŗȳƕ ɀӉ ʚɄ ̇ȳƕ ɀӉ˶ࣖ

log HH) = dog Wo + W, ✗
¥ To I

✗ = ¥;] X'✗E- ✗E
-



bɄțțɄ˝ ŗțɄȳǖ ˝Ƕʚǫ ʚǫƨ ƕƨȭɄ ſ˦ ƉțǶƉȕǶȳǖ ʚǫƨ ƉɄƕƨ țǶȳȕ Ʉȳ ʚǫƨ
ƉɄʯɼʌƨ ˝ƨſʌǶʚƨ ȳƨ˥ʚ ʚɄ �ƨƉʚʯɼƨ ࣖࡱࡹ

Htx) = wot ew
"

+ wzsincwsx)

Rfid = d- §
,

(yi - (wore"
"
+wzsirlw,✗



¥ɄȳࣽțǶȳƨŗɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨʌ Ƕȳ ǖƨȳƨɼŗț

υ óɄȭƨʚǶȭƨʌࣗ Ƕʚऒʌ ȍʯʌʚ ȳɄʚ ɱɄʌʌǶſțƨ ʚɄ ʚɼŗȳʌǑɄɼȭ ŗ ɱɼƨƕǶƉʚǶɄȳ
ɼʯțƨ ʚɄ ſƨ țǶȳƨŗɼ Ƕȳ ʚƨɼȭʌ ɄǑ ʌɄȭƨ ɱŗɼŗȭƨʚƨɼʌࣖυ yȳ ʚǫɄʌƨ Ɖŗʌƨʌࣗ ˦Ʉʯऒƕ ǫŗ˙ƨ ʚɄ ɼƨʌɄɼʚ ʚɄ Ʉʚǫƨɼ ȭƨʚǫɄƕʌ ɄǑ
̇ȳƕǶȳǖ ʚǫƨ ɄɱʚǶȭŗț ɱŗɼŗȭƨʚƨɼʌࣖυ bɄɼ ƨ˥ŗȭɱțƨࣗ ˝Ƕʚǫ ҡ	ӊ
 � Ӊ�ҸӉ�ӊ ࣗ ˝ƨ ƉɄʯțƕ ʯʌƨ

ǖɼŗƕǶƨȳʚ ƕƨʌƉƨȳʚ Ʉɼ ŗ ʌǶȭǶțŗɼ ȭƨʚǫɄƕ ʚɄ ȭǶȳǶȭǶ˲ƨ
ȭƨŗȳ ʌɸʯŗɼƨƕ ƨɼɼɄɼࣗ ҫ	Ӊ� Ӊ�
 � �Ӏ ˱Ӏһ�� ٥Ӌһ ˲ Ӊ�ҸӉ�ӊһ ࣗ�ٴ
ŗȳƕ ̇ȳƕ Ӊ�˶ Ӊ�˶ ʚǫŗʚ ˝ŗ ࣖ˦υ âɼƨƕǶƉʚǶɄȳ ɼʯțƨʌ ʚǫŗʚ ŗɼƨ țǶȳƨŗɼ Ƕȳ ʚǫƨ ɱŗɼŗȭƨʚƨɼʌ ŗɼƨ

ȭʯƉǫ ƨŗʌǶƨɼ ʚɄ ˝Ʉɼȕ ˝Ƕʚǫࣖ



ÿŗ˥ɄȳɄȭ˦ ɄǑ ȭŗƉǫǶȳƨ țƨŗɼȳǶȳǖ



İǫŗʚ Ƕʌ ȭŗƉǫǶȳƨ țƨŗɼȳǶȳǖࣞ

υ ¶ȳƨ ƕƨ̇ȳǶʚǶɄȳࣘ ¡ŗƉǫǶȳƨ țƨŗɼȳǶȳǖ Ƕʌ ŗſɄʯʚ ǖƨʚʚǶȳǖ ŗ
ƉɄȭɱʯʚƨɼ ʚɄ ̇ȳƕ ɱŗʚʚƨɼȳʌ Ƕȳ ƕŗʚŗࣖυ pŗ˙ƨ ˝ƨ ſƨƨȳ ƕɄǶȳǖ ȭŗƉǫǶȳƨ țƨŗɼȳǶȳǖ Ƕȳ ʚǫǶʌ Ɖțŗʌʌࣞ ĸƨʌࣖυ eǶ˙ƨȳ ŗ ƕŗʚŗʌƨʚ ƉɄȳʚŗǶȳǶȳǖ ʌŗțŗɼǶƨʌࣗ ɱɼƨƕǶƉʚ ˝ǫŗʚ ȭ˦

Ǒʯʚʯɼƨ ʌŗțŗɼ˦ Ƕʌ ǖɄǶȳǖ ʚɄ ſƨࣖυ eǶ˙ƨȳ ŗ ƕŗʚŗʌƨʚ ƉɄȳʚŗǶȳǶȳǖ ˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨࣗ eâ�ʌࣗ
ŗȳƕ ʌŗțŗɼǶƨʌࣗ ɱɼƨƕǶƉʚ ˝ǫŗʚ ȭ˦ Ǒʯʚʯɼƨ ʌŗțŗɼ˦ Ƕʌ ǖɄǶȳǖ ʚɄ
ſƨ ǖǶ˙ƨȳ ȭ˦ ˦ƨŗɼʌ ɄǑ ƨ˥ɱƨɼǶƨȳƉƨ ŗȳƕ eâ�ࣖ



ࡹ
ʚŗȕƨȳࡹ ǑɼɄȭ �Ʉʌƨɱǫ eɄȳ˲ŗțƨ˲  Ď, $ƨɼȕƨțƨ˦

o
→

so far : we
have

the "right answers
"

in our dataset

e.g . y= right answers





,țʯʌʚƨɼǶȳǖ



çʯƨʌʚǶɄȳࣘ ǫɄ˝ ȭǶǖǫʚ ˝ƨ एƉțʯʌʚƨɼऐ ʚǫƨʌƨ ɱɄǶȳʚʌ
ǶȳʚɄ ǖɼɄʯɱʌࣞ

°o°
Ñ

, ,
XI . . >In c- 112

'



âɼɄſțƨȭ ʌʚŗʚƨȭƨȳʚࣘ ƉțʯʌʚƨɼǶȳǖ
eɄŗțࣘ eǶ˙ƨȳ ŗ țǶʌʚ ɄǑ Ӏ ƕŗʚŗ ɱɄǶȳʚʌࣗ ʌʚɄɼƨƕ ŗʌ ˙ƨƉʚɄɼʌ Ƕȳ ɖҷ ࣗɀӊ� ɀӊ� ��� ɀӊӀࣗ ŗȳƕ ŗ ɱɄʌǶʚǶ˙ƨ Ƕȳʚƨǖƨɼ ҽࣗ ɱțŗƉƨ ʚǫƨ ƕŗʚŗ ɱɄǶȳʚʌ ǶȳʚɄҽ ǖɼɄʯɱʌ ɄǑ ȳƨŗɼſ˦ ɱɄǶȳʚʌࣖυ ÿǫƨʌƨ ǖɼɄʯɱʌ ŗɼƨ Ɖŗțțƨƕ एƉțʯʌʚƨɼʌऐࣖυ ÿǫǶȳȕ ŗſɄʯʚ ǖɼɄʯɱʌ ŗʌ ƉɄțɄɼʌࣖυ Ƕࣖƨࣖࣗ ʚǫƨ ǖɄŗț ɄǑ ƉțʯʌʚƨɼǶȳǖ Ƕʌ ʚɄ ŗʌʌǶǖȳ ƨŗƉǫ ɱɄǶȳʚ ŗ

ƉɄțɄɼࣗ ʌʯƉǫ ʚǫŗʚ ɱɄǶȳʚʌ ɄǑ ʚǫƨ ʌŗȭƨ ƉɄțɄɼ ŗɼƨ ƉțɄʌƨ ʚɄ
Ʉȳƨ ŗȳɄʚǫƨɼࣖυ ¥Ʉʚƨࣗ ʯȳțǶȕƨ ˝Ƕʚǫ ɼƨǖɼƨʌʌǶɄȳࣗ ʚǫƨɼƨ Ƕʌ ȳɄ एɼǶǖǫʚ ŗȳʌ˝ƨɼऐ

ʚǫŗʚ ˝ƨ ŗɼƨ ʚɼ˦Ƕȳǖ ʚɄ ɱɼƨƕǶƉʚ ः ʚǫƨɼƨ Ƕʌ ȳɄ Ӌࣛυ ,țʯʌʚƨɼǶȳǖ Ƕʌ ŗȳ ʯȳʌʯɱƨɼ˙Ƕʌƨƕ ȭƨʚǫɄƕࣖ



pɄ˝ ƕɄ ˝ƨ ƕƨ̇ȳƨ ŗ ǖɼɄʯɱࣞ

υ ¶ȳƨ ʌɄțʯʚǶɄȳࣘ ɱǶƉȕ ҽ Ɖțʯʌʚƨɼ Ɖƨȳʚƨɼʌࣗ Ƕࣖƨࣖ ƉƨȳʚɼɄǶƕʌࣘ׃� �׃ ��� ҽυ׃ ÿǫƨʌƨ ҽ ƉƨȳʚɼɄǶƕʌ ƕƨ̇ȳƨ ʚǫƨ ҽ ǖɼɄʯɱʌࣖυ EŗƉǫ ƕŗʚŗ ɱɄǶȳʚ एſƨțɄȳǖʌऐ ʚɄ ʚǫƨ ǖɼɄʯɱ ƉɄɼɼƨʌɱɄȳƕǶȳǖ ʚɄ
ʚǫƨ ȳƨŗɼƨʌʚ ƉƨȳʚɼɄǶƕࣖυ ÿǫǶʌ ɼƨƕʯƉƨʌ Ʉʯɼ ɱɼɄſțƨȭ ǑɼɄȭ ſƨǶȳǖ ए̇ȳƕ ʚǫƨ ſƨʌʚ ǖɼɄʯɱ
ǑɄɼ ƨŗƉǫ ƕŗʚŗ ɱɄǶȳʚऐ ʚɄ ſƨǶȳǖ ए̇ȳƕ ʚǫƨ ſƨʌʚ țɄƉŗʚǶɄȳʌ ǑɄɼ
ʚǫƨ ƉƨȳʚɼɄǶƕʌऐࣖ

"
mu

" →
- - -

c. (Rd



0×0
°



pɄ˝ ƕɄ ˝ƨ ɱǶƉȕ ʚǫƨ ƉƨȳʚɼɄǶƕʌࣞυ �ƨʚऒʌ ƉɄȭƨ ʯɱ ˝Ƕʚǫ ŗȳ ƉɄʌʚ ǑʯȳƉʚǶɄȳࣗ Ҝࣗ ˝ǫǶƉǫ ƕƨʌƉɼǶſƨʌ
ǫɄ˝ ǖɄɄƕ ŗ ʌƨʚ ɄǑ ƉƨȳʚɼɄǶƕʌ Ƕʌࣖυ ,Ʉʌʚ ǑʯȳƉʚǶɄȳʌ ŗɼƨ ŗ ǖƨȳƨɼŗțǶ˲ŗʚǶɄȳ ɄǑ ƨȭɱǶɼǶƉŗț ɼǶʌȕ

ǑʯȳƉʚǶɄȳʌࣖυ ¶ȳƨ ɱɄʌʌǶſțƨ ƉɄʌʚ ǑʯȳƉʚǶɄȳࣘҜ	׃� �׃ ��� 
ҽ׃ � ʚɄʚŗț ʌɸʯŗɼƨƕ ƕǶʌʚŗȳƉƨ ɄǑ ƨŗƉǫ
ƕŗʚŗ ɱɄǶȳʚ ɀӊһʚɄ Ƕʚʌ
ƉțɄʌƨʌʚ ƉƨȳʚɼɄǶƕ Ҽυ׃ ÿǫǶʌ Ҝ ǫŗʌ ŗ ʌɱƨƉǶŗț ȳŗȭƨࣗ ǶȳƨɼʚǶŗࣖυ �Ʉ˝ƨɼ ˙ŗțʯƨʌ ɄǑ Ҝ țƨŗƕ ʚɄ एſƨʚʚƨɼऐ ƉțʯʌʚƨɼǶȳǖʌࣖυ eɄŗțࣘ bǶȳƕ ʚǫƨ ƉƨȳʚɼɄǶƕʌ �׃ �׃ ��� ҽ׃ ʚǫŗʚ ȭǶȳǶȭǶ˲ƨ Ҝࣖ

absolute?

T cosine ?



6ǶʌƉʯʌʌǶɄȳ çʯƨʌʚǶɄȳ

óʯɱɱɄʌƨ ˝ƨ ǫŗ˙ƨ Ӏ ƕŗʚŗ ɱɄǶȳʚʌࣗ ɀӊ� ɀӊ� ��� ɀӊӀࣗ ƨŗƉǫ ɄǑ
˝ǫǶƉǫ ŗɼƨ Ƕȳ ɖҷ ࣖ
óʯɱɱɄʌƨ ˝ƨ ˝ŗȳʚ ʚɄ Ɖțʯʌʚƨɼ Ʉʯɼ ƕŗʚŗʌƨʚ ǶȳʚɄ ҽ Ɖțʯʌʚƨɼʌࣖ
pɄ˝ ȭŗȳ˦ ˝ŗ˦ʌ Ɖŗȳ y ŗʌʌǶǖȳ ɱɄǶȳʚʌ ʚɄ Ɖțʯʌʚƨɼʌࣞ
�ࣱ ҷ ͥ ҽ
$ࣱ ҷҽ
,ࣱ Ӏҽ
6ࣱ ҽӀ
Eࣱ Ӏ ͥ ҽ ͥ ҷ
ÿɄ ŗȳʌ˝ƨɼࣗ ǖɄ ʚɄ OGPVK�EQO ŗȳƕ ƨȳʚƨɼ ࢉࢍࡽ ࣖࡹࢍ

ii.÷ .
. . . ÷:*¥



pɄ˝ ƕɄ ˝ƨ ȭǶȳǶȭǶ˲ƨ ǶȳƨɼʚǶŗࣞ

υ âɼɄſțƨȭࣘ ʚǫƨɼƨ ŗɼƨ ƨ˥ɱɄȳƨȳʚǶŗțț˦ ȭŗȳ˦ ɱɄʌʌǶſțƨ
ƉțʯʌʚƨɼǶȳǖʌࣖ yʚ ˝Ʉʯțƕ ʚŗȕƨ ʚɄɄ țɄȳǖ ʚɄ ʚɼ˦ ʚǫƨȭ ŗțțࣖυ �ȳɄʚǫƨɼ âɼɄſțƨȭࣘ ˝ƨ Ɖŗȳऒʚ ʯʌƨ ƉŗțƉʯțʯʌ Ʉɼ ŗțǖƨſɼŗ ʚɄ
ȭǶȳǶȭǶ˲ƨ Ҝࣗ ʌǶȳƉƨ ʚɄ ƉŗțƉʯțŗʚƨ Ҝ ˝ƨ ȳƨƨƕ ʚɄ ȕȳɄ˝ ˝ǫǶƉǫ
ɱɄǶȳʚʌ ŗɼƨ Ƕȳ ˝ǫǶƉǫ Ɖțʯʌʚƨɼʌࣖυ İƨ ȳƨƨƕ ŗȳɄʚǫƨɼ ʌɄțʯʚǶɄȳࣖ

y
k
"

"NP Hard
"



ȕࣽ¡ƨŗȳʌ ,țʯʌʚƨɼǶȳǖࣗ Ƕࣖƨࣖ �țɄ˦ƕऒʌ �țǖɄɼǶʚǫȭ

pƨɼƨऒʌ ŗȳ ŗțǖɄɼǶʚǫȭ ʚǫŗʚ ŗʚʚƨȭɱʌ ʚɄ ȭǶȳǶȭǶ˲ƨ ǶȳƨɼʚǶŗࣘ
ࣖࡹ âǶƉȕ ŗ ˙ŗțʯƨ ɄǑ ҽ ŗȳƕ ɼŗȳƕɄȭț˦ ǶȳǶʚǶŗțǶ˲ƨ ҽ ƉƨȳʚɼɄǶƕʌࣖ
ࣖࡽ �ƨƨɱ ʚǫƨ ƉƨȳʚɼɄǶƕʌ ̇˥ƨƕࣗ ŗȳƕ ʯɱƕŗʚƨ ʚǫƨ ǖɼɄʯɱʌࣖυ �ʌʌǶǖȳ ƨŗƉǫ ɱɄǶȳʚ ʚɄ ʚǫƨ ȳƨŗɼƨʌʚ ƉƨȳʚɼɄǶƕࣖ

ࣖࢁ �ƨƨɱ ʚǫƨ ǖɼɄʯɱʌ ̇˥ƨƕࣗ ŗȳƕ ʯɱƕŗʚƨ ʚǫƨ ƉƨȳʚɼɄǶƕʌࣖυ ¡Ʉ˙ƨ ƨŗƉǫ ƉƨȳʚɼɄǶƕ ʚɄ ʚǫƨ Ɖƨȳʚƨɼ ɄǑ Ƕʚʌ ǖɼɄʯɱࣖ

ࣖࢅ éƨɱƨŗʚ ʌʚƨɱʌ ࡽ ŗȳƕ ࢁ ʯȳʚǶț ʚǫƨ ƉƨȳʚɼɄǶƕʌ ʌʚɄɱ ƉǫŗȳǖǶȳǖࣖ

E



E˥ŗȭɱțƨ

óƨƨ ʚǫƨ ǑɄțțɄ˝Ƕȳǖ ʌǶʚƨ ǑɄɼ ŗȳ ǶȳʚƨɼŗƉʚǶ˙ƨ ˙ǶʌʯŗțǶ˲ŗʚǶɄȳ ɄǑ
ȕࣽ¡ƨŗȳʌ ,țʯʌʚƨɼǶȳǖࣘ JVVRU���VKP[WTN�EQO�ՖՒCMOGCPU



óʯȭȭŗɼ ࣗ˦ ȳƨ˥ʚ ʚǶȭƨ



óʯȭȭŗɼ˦υ ÿǫƨ ɱɼɄƉƨʌʌ ɄǑ ƉɼƨŗʚǶȳǖ ȳƨ˝ Ǒƨŗʚʯɼƨʌ Ƕʌ Ɖŗțțƨƕ Ǒƨŗʚʯɼƨ
ƨȳǖǶȳƨƨɼǶȳǖࣖυ �ʌ țɄȳǖ ŗʌ Ʉʯɼ ɱɼƨƕǶƉʚǶɄȳ ɼʯțƨ Ƕʌ țǶȳƨŗɼ Ƕȳ ʚƨɼȭʌ ɄǑ Ƕʚʌ
ɱŗɼŗȭƨʚƨɼʌ Ӊ�Ӊ� ��� Ӊҷ ࣗ ˝ƨ Ɖŗȳ ʯʌƨ ʚǫƨ ʌɄțʯʚǶɄȳ ʚɄ ʚǫƨ
ȳɄɼȭŗț ƨɸʯŗʚǶɄȳʌ ʚɄ ̇ȳƕ ɀӉ˶ࣖυ óɄȭƨʚǶȭƨʌ Ƕʚऒʌ ɱɄʌʌǶſțƨ ʚɄ ʚɼŗȳʌǑɄɼȭ ŗ ɱɼƨƕǶƉʚǶɄȳ

ɼʯțƨ ǶȳʚɄ Ʉȳƨ ʚǫŗʚ Ƕʌ țǶȳƨŗɼ Ƕȳ Ƕʚʌ ɱŗɼŗȭƨʚƨɼʌࣖυ �Ƕȳƨŗɼ ɼƨǖɼƨʌʌǶɄȳ Ƕʌ ŗ ǑɄɼȭ ɄǑ ʌʯɱƨɼ˙Ƕʌƨƕ ȭŗƉǫǶȳƨ
țƨŗɼȳǶȳǖࣗ ˝ǫǶțƨ ƉțʯʌʚƨɼǶȳǖ Ƕʌ ŗ ǑɄɼȭ ɄǑ ʯȳʌʯɱƨɼ˙Ƕʌƨƕ
țƨŗɼȳǶȳǖࣖυ ,țʯʌʚƨɼǶȳǖ ŗǶȭʌ ʚɄ ɱțŗƉƨ ƕŗʚŗ ɱɄǶȳʚʌ ǶȳʚɄ एǖɼɄʯɱʌऐ ɄǑ
ɱɄǶȳʚʌ ʚǫŗʚ ŗɼƨ ƉțɄʌƨ ʚɄ Ʉȳƨ ŗȳɄʚǫƨɼࣖ ȕࣽȭƨŗȳʌ ƉțʯʌʚƨɼǶȳǖ
Ƕʌ Ʉȳƨ ȭƨʚǫɄƕ ǑɄɼ ̇ȳƕǶȳǖ Ɖțʯʌʚƨɼʌࣖ



¥ƨ˥ʚ ʚǶȭƨ

υ pɄ˝ ƕɄƨʌ ȕࣽȭƨŗȳʌ ƉțʯʌʚƨɼǶȳǖ ŗʚʚƨȭɱʚ ʚɄ ȭǶȳǶȭǶ˲ƨ ǶȳƨɼʚǶŗࣞυ pɄ˝ ƕɄ ˝ƨ ƉǫɄɄʌƨ ǖɄɄƕ ǶȳǶʚǶŗț ƉƨȳʚɼɄǶƕʌࣞυ pɄ˝ ƕɄ ˝ƨ ƉǫɄɄʌƨ ʚǫƨ ˙ŗțʯƨ ɄǑ ҽࣗ ʚǫƨ ȳʯȭſƨɼ ɄǑ Ɖțʯʌʚƨɼʌࣞ


