
� � �������
	������� � ������������������� �
������������ �"!�# ��$�"!�# % �'&���(�)� !

!��$�+* � �-,.
/1032)46587 9;:<5=2">?2

@�ACBEDGFIHJA @6BGKLFIMONGP QSRGM
TVU Q UXW BGM?YGFIZ\[FIH U P A][F W RIQSF_^a`Vb)FIc U





� 0������ 4��
	��������>�� 5 587I>���� 0��������<> 5���� 5
�����! #"%$'&)(+*#, -/.#$'0�, 132

46587:9<;>=@?A5CBD=FECG6HIEJ?K7MLD=N5C;�OQPDRS5CB:P�5

TVUWTVXZY\[6]^EJ_M5C` acb<9:de5f_hgCRS5C;i9<;iP<gCRSP�9M`+P<`'L:dNa
=c5C;jRkB:lmL:d@RnBDlpo�9�q�5fd@Rr9sBtB:5�=�u�E8;wv�d^ U Q A FIM�x6yEF Q P Q

OzY{]mYQO�TVY{|~}�Y{|�U���4V[
�I���<�8�
� F%� M B U Mk��� Q AI� W BGHEF��#� Acy �s� �����

}�|I���sY�HIT���|I����}�[
� �e�N� � � D

��|I����}�]�Y\]�o6Y{|zOz[TVU Q UXW BGM?YGFIZ\[FIH U P A][F �s� �3�r���e�n�'� ���3�3� � �
Oz��}�Y{|¢¡VUWO\��|�[W RIQSF_^a`Vb)FIc Uf�D£r¤D¥��e�n�'� ���3�3� � �

¦F��]mo§Y{|¨��©ªH���}�U3YQOz[ �
¦F��]mo§Y{|¨��©«}s¬���YQOz[J �

OZ®V¦���}zOzU'Oz[

¯{°#, 0±$'.#²#"%$W1�,r*e1w$W"�³D´/µN.N0¶��*/³·.#¸6²#,r$�, µN���!� 2
.¹-@���!´/�e1i.c0h�º¸I"%³».#� ¼� @�/0 .c³½µ@�!´/0i1i.¾$n,r*/&º��� &¾"#¼
$n, 1w°�¸§¿:À�°¾, µ@°)´e0j.N0�³%,r$'.cµ¹1i.c³)&f$k��²»°¾, µN���8¸I"%³».#� 0
Á Â �N2N.N0w, ��*Ã*/.¹13À�"%$ÅÄN0�Æ\1i"Ã³».N0�µ@$�,r #.�1w°/.§µ@�!´/0i1i.¾$W0
��*/³Ç�@³»"f²e1i0A°¾, .#$k�#$kµ@°¾, µN���\µ@�!´/0i1i.#$�,r*/&^0i1w$k�e1i.N&¾2cÈ
¯DÀ�"§¸�"�³».#�c0 1w$Å´@µw1w´�$'.I� .e�#$3*¾,r*e&���� &¾"%$�, 1w°»¸I0c¿N1w°e.
É8ÊV��� &¾"%$�, 1w°�¸Ë��*/³I1w°/.�Ì\ÍfÎ���� &»"%$n, 1w°�¸§¿e�#$'.{��²c¼
²»� , .e³t,r*K1w°/.Ï²#$'"f²#"¾0j.c³Çµ@�!´/0i1i.¾$n,r*/&Ç��� &¾"%$�, 1w°»¸§È
¯{°e.�.¹Ð�²#.¾$n,r¸�.¾*c1 ���<$'.N0¹´�� 1i0\Ñn"%$M&¾.¾*e.�.wÐ%²#$'.N0 0w, "f*
³»�e1 �V�#$'.)$W.¾²#"%$S1i.e³�.¹-¾, ³¾.¾*/µ/,r*e&V1w°/.V$'.c�/0j"f*@�� »� .
²#.#$WÑn"f¸I��*@µ¹.�"#ÑJ1w°/.�,r*e1w$'"%³D´@µ¹.c³F��²�²#$'"»�@µ#°%È





Preface
x�yLP Q M FIKLR�M?A�y U Q �IF FIH � M P A A FIHÏ�c� K M R�� F�� A�Y)M R BGK � �e�N� � � D U QXDGR��IB�� FIHJA U A P R H	� RGMAcyEF QSF�� R HED K U M?A R
� U ^ U Q A FIM+x6yEF Q P Q U A Acy�F � FIK U M?A�� FIHEA R
��VR���KGBJA FIM"@�� P FIH�� F U A
� U ZS�IR�M?Y��3HLP N�FIM Q P A�� `Mx�yEF M FIKLRGM?A�y U Q��LF FIH � M P A A FIH�D)BGM P HJY_AeyEF�KLFIM P R]D�� M R�� Acy�F�� Q AR
� � F%��M\B U Mk��A R AeyEF��#� Aey R
� W BGHEF �Z� ����� `

� H AeyEF-M FIKLRGM?A � F�� R Z Z R � QSR�� F YGFIH�FIM U Z�� R H N�FIHJA P R HJQ � yLP �%y AeyEF M F U DGFIM Q@yER B�Z D
�IF�� U � P Z P U M � P Aey �LF�� R�M F K�M R�� F F D P HJY `�x6yEF M F�� FIM FIH�� F Q-P H AeyEF M FIKLRGM?A U M F�� U M�� F D
� P Aey U H�B��Ã�LFIM�� R�M M F Q KLR HED P HJY�A R AeyEF HGB��Ã�LFIM?Q-P H AeyEF Z P A FIM U ACBGM F Z P Q A Z P�� F� n�"!�# `
�VFIM?A U P H Kfy�M U QSF Q U M F U �f� M FCNGP U A F D `{x�yEF U �f� M FCNGP U A P R H U KGKLF U M?Q P H+K U M FIHJAcy�F Q P Q U � A FIMAcyEF$� BGZ Z KDyGM U QSF � � RGM�F&% U ��KGZ F�'S`O`O`)(3P FIM U M*�%yLP � U Z � YLY)Z R�� FIM U A P N�F+��Z BEQ A FIM P HJY-,�( � �). P Q`O`O` / ` � A A M PW�GBJA FXH U � F Q P H@�SZ P HEF DaP H Acy�F A F&%�A � P Z Z8�LF � M P A A FIH P H bMEJ` _ËGjEJBD= `103254
687:9�; U M FBJQSF D A R�� U M5� AeyEF P HJACM R�D)B�� A P R H R
� U H�F � A F��%yGHLP � U Z A FIM5� U HED AcyEF A FIM5�<� U Hª�LFF&%]KLF�� A F D_A R �LF F&%]KGZ U P HEF D Q@y�RGM?A U � A FIM\`

� � R BGZ D Z P8� F A R Aey U H��=�6� Q BGKLFIMON�P QSRGM W RIQSF ^a` b)FIc U � RGM\yLP Q Y)M F U A�yEFIZ K � Y)BGP D U H�� FU HED N U Z B U �GZ F�� R���� FIHEA Q P H AcyLP Q K�M R�� F�� A `

TVU Q UXW BGM?YGFIZ\[FIH U P A][F





Contents
� UnBD=#;>EJ_ZL:P%=/RrEJB �

�L`k� � U A U � P HLP HEY�` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` �
�L` � b=M F D P � A P N�F U HED DGF Q��IM P KJA P N�F � R�DGFIZ Q ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` �
�L` � ��Z BJQ A FIM P HJY ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` �

� H�`'L:dc=N5C;jRnBDl �
� `k� ��Z BJQ A FIM P HJY ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` 
� ` � b U M?A P A P R H U Z�D U A U �IZ BJQ A FIM P HJY ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` !
� ` � ^XR�DGFIZ �¹� U QSF D D U A U �IZ BJQ A FIM P HJY ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � �

� o�9�q�5fd/RS9sBÇB:5�=�u�E8;wv�d � �
� `k� � M U KfyLP � U Z � R�DGFIZ Q ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � 
� ` � � U � F Q P U H H�F A � R�M5� Q
` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ���
� ` � �IF U M HLP HJY � U � F Q P U H H�F A � R�M5� Q� M R��
D U A U ` ` ` ` ` ` ` ` ` ` ` ` ` ` �"!

	 }�;iEJ7ME8de5f_t9M`!lMEM; Rr=@gs? � �
� `k� x6yEF U Z YGRGM P Acy�� ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` �%
� ` � � HLP A P U Z��IZ BJQ A FIM?Q ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � !
� ` � �IF U M HLP HJY_R
� � U � F Q P U H HEF A � RGM5� Q ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � !
� ` � @ P�� P Z U M P A�� � F U Q BGM F ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � !
� `  @�A R KGKLP HJY �IM P A FIM P R H ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ��


� Y�M7858; Rn?A5CB:=N9M`J5��D9s`WL<9D=eRSEJB ���
 `k� � ��KGZ F � FIHJA U A P R H ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` �C�
 ` � � FIHEF F&%]K�M F Q Q P R H�D U A U ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � �
 ` � T F Q BGZ A Q U H�D_D P Q��IBJQ Q P R H���������� ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ���
 ` � T F Q BGZ A Q U H�D_D P Q��IBJQ Q P R H���������� ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � 

 `  @6B�� � U Mk� ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` ` � �

� H�EJB<P<`WL<d/RSEJB:d 	 �

� ©sL:=@LM;i5 u�E8;wv 	��





1Introduction
x�yLP Q K U KLFIM P HJACM R�D)B�� F Q U � R]DGFIZ �¹� U QSF D �IZ BEQ A FIM P HJY U Z YGRGM P Aey�� � � yLP �%yaBJQSF Q � U � F Q P U HHEF A � R�M5� Q U Q� R�DGFIZ Q ��U HED�DGR��IB�� FIHJA Q8P HJN�F Q A P Y U A P R H R H P A Q K�M R KLFIM?A P F QJ` � Q �IZ BJQ A FIM P HEYP Q_R HEF R
� AeyEF+AeyEF��%yGHGP � BEF Q-BJQSF D P H D U A U � P HLP HJY � AcyGP Q � RGM5� � U H �LF F QSF FIH U Q U
� R HJA P HGB U A P R H R
� U D U A U � P HLP HJY K M R�� F�� A�P8� K�Z F � FIHEA F D P H � R�R KLFIM U A P R H � P Aey3AeyEF A F&%�A P Z F
� R�� K U H@� � M F FIH ("R BJQSF D)BGM P HJY �I��� ��� R BGM?QSF  n� 
 # `

����� ���	�
�����������

� 4 254���7���7����-RGM����! #" 6�$�%&�'$�%�7 ; 9� )(*$�+-,�7��.%�4 2540/�4 ;&$�;XP Q U � U P M Z ��� R BGHJY M F QSF U M �%y U M F UAcy U AÃy U Q F � FIM?YGF D U Q U M FIKGZ �_A R AeyEF.1)R]R�D R
� D U A U � F U M F � U � F D � P Acy H�R � U D U ��QJ`
� A�A M P F Q A R � F F A_AcyEF �%y U Z Z FIHJYGF+A R D�FCN�FIZ R K � F AcyER�DLQ Acy U A � U H«yEFIZ K«yGB�� U Hp�LFe�P HJYLQXA R-D P Q�� R N�FIM BJQSF�� BGZ K U A A FIM HEQ P H Acy�F P M D U A U ` � U A U � P HGP HJY � U Hm�IF D�F*26HEF D U QAcyEF H�R H@� A M P NGP U Z�F&% A M U � A P R H R
� P8� K�Z P � P A � K�M FCNGP R BJQ Z � BGH�� H�R � H �VU H�D KLRIA FIHEA P U Z Z � BJQSF�� BGZP H�� RGM5� U A P R H � M R��
D U A U  n����# `
� U A U � P HLP HJYAy U Q P A Q U KGKGZ P � U A P R HJQ � P AcyGP H Q�� P FIH�� F U HED M F QSF U M �%y U Q � FIZ Z U Q P H AeyEFP HED)BEQ A Mk� U HED-P H ��BJQ P HEF Q Q U KGKGZ P � U A P R HEQJ` � A Q BLP A Q KLFIM � F�� A Z � � P AeyLP H U KGKGZ P � U A P R H U M F U Q

� yEFIM F AcyEFIM F P Q U y�BJYGF U � R B�HJA R
� � U � A R�M?Q F U �%y U�3 F�� A P HJY AeyEF U KGKGZ P � U A P R H U M F U `:x�yEF
�LP R Z RIY%� U HED � F D P � U Z M F QSF U M �%y QSR�� P F A P F Q � yLP �%y_D�F U Z � P Aey U yGBEYGF U � R BGHJA R
�<D U A UQ B��%y U Q �	4�� �SK M R02VZ F Q � D)P QSF U QSF Q � Q���� KJA R�� Q � ��Z R�R]D%� A��]KIF Q U HEDXD)M BJYLQ � y U N�FÃ�LF FIH BJQ��P HJY D U A U � P HGP HJY � P Aey8Q B���� F Q QJ` � U A U � P HLP HEYVy U Q U Z QSR��LF FIH D)M U YLY P HEY U A A FIHJA P R H � M R��AcyEF � R�� � R H���BJQ P HEF Q Q U M F U Q Q B��%y U Q Q B�KIFIM�� U M5� F A Q U HED � RC�LP Z F KDyER HEF K M R NGP DGFIM?QJ`
x�yEF � R Z Z R � P HJY P Q U H R
� A FIH-M F�� FIM M F D F&% U ��KGZ FaR
� U Q B���� F Q Q � BGZ U KGKGZ P � U A P R H R
� D U A U
� P HGP HJY KIFIM3� R�M5� F D �c� U H � � FIM P � U H Q BGKLFIM5� U M�� F A �%y U P H]` � A P Z Z BJQ ACM U A F Q�yER � Acy�F�K M R��
� F Q Q R
��F&% U � P HLP HEY M U � D U A UD� D)M U � P HJY � U A BGM F$� R H��IZ BJQ P R HJQ U HED U Q U � R HJQSF � B�FIH�� F �DGFIKGZ R#�GP HEY AeyEF M F Q B�Z A<P H AcyEF��GBJQ P H�F Q Q � U H�M F Q B�Z A P H U H�P8��K�M R N F D_BGH�DGFIM?Q A U HED)P HJY R
� U
�GBJQ P H�F Q QJ`�^XRGM F R N�FIM � Acy�F M F Q BGZ A P HJY �IHER � Z F DLYGF P H��IM F U QSF D K M R02 A � RGM)AeyEF Q BGKLFIM5� U M5� F AC`

5�687�9;:=<*>'?@:



: � � 5�� 9���� �
	�� �89 6�����&9�������� ��	�� ��9�� <��&9�� �

' � RGMVF&% U � KGZ F � R HEF ^_P D � F Q A"Y)M R�� FIMn� �%y U P H BEQSF D Acy�F8D U A U � P HLP HJY$� U K U �e�P A���R
��� M U �IZ F QSR
� A � U M FXA R U H U Z ��� F Z R�� U ZJ�GB@�GP HJY-K U A A FIM HJQJ`Jx�yEFe�_D P Q�� R N#�FIM F D Acy U A � yEFIH=� FIHF�LR BJY8yEA"D P U KLFIM?Q R H�x6yGBGM?QSD U ��Q U HEDX@ U ACBGM D U �EQ � Acy�Fe�U Z QSR�A FIH�DGF D�A RA�GB#���IF FIM `O`O`<x6yEF�M F A U P Z FIM � R H��IZ BEDGF D Acy U A AeyEFe� KGBGM*�%y U QSF DAeyEF��LF FIM=A R^y U N F�P A U N U P Z U �GZ F � R�M=AeyEF�B�K � R�� P HJY � F F � FIHED `Zx�yEF Y)M R�� FIMk�
�%y U P H � R BGZ D-BJQSFXAeyLP Q�HEF � Z � D P Q�� R N FIM F D P H�� RGM�� U A P R H P HXN U M P R BEQ � U �EQ A RP H��IM F U QSF M FCN�FIHGBEFL` � RGM F&% U ��KGZ F � AeyEFe� � R BGZ D+� R N�F<AeyEF��IF FIM D)P Q KGZ U � �IZ RIQSFIMA R Acy�F D P U KLFIM D P Q K�Z U � ` /  �% #

�����  "!$#&% ('�� *)&# ���+%,%-#�./'0! �1;� �)0# �324%5#76*.

� Q B���� F Q Q � BGZJD U A U � P HLP HJYXK�M R�� F Q Q U KGK�Z P F D R H U D U A U � U QSF FIHEDGQ P H � H�R � Z F DLYGF � � yLP �%yP Q � U Z Z F D U �  )% $�6 U HED P Q U yGP Y8y Z FCN�FIZ � Y)Z RC� U Z�D�F Q��IM P KJA P R H R
� U D U A U QSF A ` � ��� R�M D P HJYA RXAcyEF P M 26H U ZGYGR U Z � D U A U � P HLP HJY�A F��%y�HLP � B�F Q � U H��LF � R HJQ P D�FIM F D A R �LF98 + $�%�7:9�2�7-(*$ R�M
%!$�; 9�+�7 8 2�7-(*$J`

� K M F D P � A P N F-� R�DGFIZ"BJQSF Q F&%�P Q A P HJY D U A U A R K M F D P � A QSR�� F M F Q KLR HJQSF R
� P HJA FIM F Q AC`
� RGM=P HJQ A U H�� F ��U �IM F D P A � U M D�� R���K U H@� � U � � U HJA A R FIHJY U YGF P H U K M F D P � A P N�F � R�DGFIZLP HR�M DGFIM A R P DGFIHJA P �3� Acy�F A M U HJQ U � A P R HJQ8Aey U A U M F AcyER BEY8yJA � RIQ A Z P8� FIZ � A RK�LF � M U BED)B�Z FIHJA `
x6yGBJQ � K�M F D)P � A P N�F�� R�DGFIZ Q U M F Z F U M HEF D �c� K�M R�� F Q Q P HJY U H F&%�P Q A P HEY+QSF A R
� D U A U U H�DQ@yER B�Z D��LF U �GZ F A R K M F D P � A<QSR�� F$� P M �IB�� Q A U H�� F Q M F Y U M D P HJY�� F A BGHJQSF FIH�D U A U `

� Q R KGKLRIQSF D A R AeyEF K�M F D)P � A P N�F � R�DGFIZ �VU DGF Q��IM P KJA P N�F � R�DGFIZ6P Q H�RIA BJQSF DaA R K M Fe�D P � A RGM �IZ U Q Q P �3��� F A BGHJQSF FIH�D U A U ` � A<ACM P F Q A R_Y P N�F U Q@yERGM A8Q B���� U M P � F D U HEDÏyGB�� U HBGH�DGFIM?Q A U HED U �GZ F DGF Q��IM P KJA P R H R
� U H_F&%]P Q A P HJY D U A U QSF A ` � F Q��IM P KJA P N�F�� R]DGFIZ Q U M F � FIZ ZQ BLP A F D A R U H U Z ��� F �%y U M U � A FIM P Q A P � Q R
�1� FIM?A U P H KLR KGBGZ U A P R HJQ � FL` Y `�P H=� F D P � U ZEQ�� P FIH�� F R�MP H)��BJQ P HEF Q Q U H U Z ��� P HJY�N U M P R BJQ � U � A R�M?Q � R H�� FIM HLP HEY U Y)M R BGK R
�3KLF R KGZ F � R BGZ D � U � F P AKLRIQ Q PS��Z F A R DGF A F�� A U �GHERGM�� U Z P A P F Q � Q B��%y U Q KIF R K�Z F � yER Q B 3 FIM�� M R�� U � FIM?A U P H8D P QSF U QSFR�M Q Bf�GKLR KGB�Z U A P R HJQ M F � BLP M P HEY-� RGM F Q KIF�� P 2��+� U M5� F A P HJY `
����: ;<6
=�. �>#+!)��;�

� HEF � U � A R+YGFIHEFIM U A F U DGF Q��IM P KJA P N�F-� R]D�FIZ P Q��N� BEQSF_R
�=9�6@?";"2 $�+57��&� ` ��Z BJQ A FIM P HJY-P QAeyEF QSF U M �%y�� R�M AcyEF D�F Q��IM P KJA P R H R
��Y)M R BGK#� Q A M B�� A BGM F BGHEDGFIM Z �GP HEY�QSR�� F Y P N�FIH�D U A U ` � HQSR�� F � U QSF Q Acy�F DGF Q��IM P KEA P R H�P Q U K U M?A P A P R H R
�"Acy�F D U A Uf� AcyEF RIAeyEFIM A P8� F Q P Q U � R�DGFIZR
��Acy�F YGFIHEFIM U A P N�F � F��%y U HLP Q�� BGHED�FIM Z �GP HJY AeyEF D U A U `
� P Q�� R N�FIM P HJYXY)M R BGKJQ P H AcyEF D U A U � U � F Q QSFIHJQSF R HGZ ��P � Q B��%y Y)M R BGKJQ8F&%�P Q AC`Cx6yEFIM Fe�

� RGM F � �IZ BJQ A FIM P HEY P Q � U QSF D R H AcyEF U Q Q B���KJA P R H Aey U A�AeyEF D U A U P Q�YGFIHEFIM U A F D �N� U HBGH�DGFIM Z ��P HJY�� R�DGFIZ � yLP �%y-P Q M F Q KLR HJQ PW�GZ F�� R�M Q B��%y Y)M R BGKJQJ` � %�P Q A P HJY �IZ BJQ A FIM P HJY U K@�K M R U �%yEF Q � U HÏ�IF_D P NGP DGF D P HJA R A � R � U P H � U A F YGRGM P F Q��A8 4@+ 257 257� #� 4 6 U KGK�M R U �%yEF QXAey U AU A A F � KEA A R 26HED�AeyEF Y)M R BGKJQ-R
� P HJQ A U H�� F Q+YGFIHEFIM U A F D �N��AeyEF Q U � F � R�DGFIZ U H�D
8)+  #/ 4�/�7:687 ;"2�7:9CB
�  )%!$�6ED�/ 4�;&$�% U KGK M R U �%yEF QXAcy U A U A A F ��KJA A R-Z F U M H_YGFIHEFIM U A P N�F � R�DGFIZ Q
� M R�� AeyEF D U A Uf� � P Acy�F U �%y � RGM M F Q KLR HED)P HJY A R�R HEF�K U M?A P �IBGZ U M �IZ BJQ A FIM\`

� H YGFIHEFIM U Z � A � R � U P H K�M RC�GZ F � Q U M F FIH�� R BGHEA FIM F D � yLP Z F-�IZ BJQ A FIM P HJY ` � P M?Q A � AeyEFHGB��Ã�LFIM R
� BGHED�FIM Z �GP HJY-�IZ BJQ A FIM?Q�y U Q A R^�LF�� R BGH�D U HED QSF�� R HED � Acy�F �IZ BJQ A FIM Q HEF F D U
506 7�9 � < > ?�:



��� 6���	 9�� :���� �	�� <������
	�� <�

DGF Q��IM P KEA P R H�`	�-F U P8� A R_K M R KLRIQSF U �IZ BEQ A FIM P HJY U Z YGR�M P Aey�� Aey U A F � KGZ R@� F Q<AeyEF � R�DGFIZ �
� U QSF D U K�K�M R U �%y U HED � U H � R KLF � P Aey AeyEF+� FIHEA P R HEF D K M RC�GZ F � QJ`

� H AeyLP Q K U KLFIM � � F K�M F QSFIHJA U � R�DGFIZ �¹� U QSF D yLP FIM U M*�%yLP � U Z �IZ BJQ A FIM P HJY U Z YGR�M P Aey��Acy U A BJQSF Q_D P M F�� A F D Y)M U KfyLP � U Z � R�DGFIZ Q-, � U � F Q P U H HEF A � RGM5� Q&. A R D�F Q��IM PS�LF �IZ BJQ A FIM QJ`
x�yEF � F AeyER�D U KGK�Z P F Q U H U YLY)Z R�� FIM U A P N�F �IZ BJQ A FIM P HEY_K M R�� F D BGM F A R�D P Q�� R N�FIM AeyEF � RIQ AK�M RC� U �GZ FaQSF A R
� �IZ BEQ A FIM?Q U HED F � KGZ R@� F Q U K U M?A P A P R HLP HJY � F Acy�R]D A R YGF A AeyEF P HLP A P U ZK U M?A P A P R HJQJ`8x6yEF P HEA M R�D)B�� F D U Z YGRGM P Acy�� M F Q BGZ A Q P H U DGFIHEDGRIY)M U � � yEFIM F F U �%y �IZ BEQ A FIMP Q M FIK M F QSFIHJA F D��c� U � U � F Q P U H HEF A � R�M5� � AeyGBJQ FIH U �GZ F Q BJQ8A RXF&%�KGZ R�P A AeyEF U DIN U HJA U YGF QR
� � U � F Q P U H_HEF A � RGM��CQJ`
x�y�F�M FIKIR�M?A8P Q<R�M?Y U HGP � F D U Q � R Z Z R � QJ` � H �\y U KJA FIM �<� � F Y P N�F AeyEFXHEF�� F Q Q U Mk��� U � �e�Y)M R BGHED P H��IZ BJQ A FIM P HJY ` � H R N�FIM?NGP F � R
�"Y)M U KfyLP � U Z � R�DGFIZ Q U HED K U M?A P �IBGZ U M\Z � � U � F Q P U HHEF A � R�M5� Q U Q � FIZ Z U Q�Z F U M HLP HJY Acy�F � � M R�� D U A U P Q Y P N FIH P H	�{y U KJA FIM�� ` � H-�\y U KJA FIM

� � F DGF*2VHEF AeyEF � R]DGFIZ �¹� U QSF D yGP FIM U M �%yGP � U Z �IZ BJQ A FIM P HJY U Z YGRGM P Acy�� BJQ P HJY � U � F Q P U HHEF A � R�M5� QJ` �{y U KEA FIM  D P Q��IBJQ QSF Q AcyEF F&%]KLFIM P�� FIHJA U Z M F Q BGZ A Q � R�M8M F U Z � � RGM Z D D U A U `
� F
� R H��IZ BED�F P H �{y U KJA FIM � `Jx�y�F_KLRIQ Q PS��Z F D P M F�� A P R HJQ� RGM � BJACBGM F � R�M5� U M F_K M F QSFIHJA F D P H
�\y U KJA FIM�! `

5�687�9��	<*>'?@:





2Clustering
� Q DGF Q��IM PW�IF D P H @ F�� A P R HÇ�L` ���IZ BJQ A FIM P HJY P Q R HEFaR
� Acy�F KLRIQ Q PS�GZ F � U �EQ A R+YGFIHEFIM U A FU D�F Q��IM P KJA P N F-� R�DGFIZ ` � HaAeyLP Q=�%y U KJA FIM � F � P Z Z6D P Q��IBEQ Q��IZ BJQ A FIM P HJY U H�D P A Q D P 3 FIM FIHJAU KGK M R U �%yEF QJ` � ��� F U HJQ U Z YGR�M P Aey�� U HED yLP FIM U M �%yLP � U Z �IZ BJQ A FIM P HJY A F��%y�HLP � B�F Q � P Z Z��LFF&% U � P HEF D U Q"AcyEFe� � P Z Z%�LF P H N�R Z N�F DXP H AeyEF �IZ BJQ A FIM P HJY U Z YGR�M P Aey�� K M R KLRIQSF DXP H �\y U KJA FIM
� `
� ��� ; 6�=�. �>#+!)��;�

� Q � Fty U N�F U Z M F U D%� � FIHJA P R HEF D � �IZ BJQ A FIM P HEY P Q�AeyEF QSF U M �%y�� R�M AeyEF DGF Q��IM P KJA P R H R
�Y)M R BGK@� Q ACM B�� ACBGM F BGH�DGFIM Z ��P HJY QSR�� F Y P N�FIHXD U A U � yEFIM F AeyEF DGF Q��IM P KJA P R H=� U HA�LF F P AeyEFIMU K U M?A P A P R H�R
�3AeyEF D U A U R�M U � R]DGFIZ)R
�3AeyEFXYGFIHEFIM U A P N�F � F��%y U HLP Q��'BGHEDGFIM Z �GP HEYaAeyEFD U A U ` � A<P Q �IZ F U M Aey U A P A�R HGZ �+� U � F Q3QSFIHEQSF8A R P DGFIHEA P �Å� Y)M R BGKJQ P �VQSR�� F8Y)M R B�KJQ<F&%]P Q A QJ`
x�yEFIM F�� RGM F � �IZ BJQ A FIM P HJY P Q�� U QSF D R H8Acy�F U Q Q B���KJA P R H Acy U A AeyEF D U A U P Q"YGFIHEFIM U A F D��N� U HBGHEDGFIM Z �GP HEY � R�DGFIZ � yLP �%y_P Q M F Q KLR HJQ PW�GZ F � RGM Q B��%y Y)M R BGKEQJ` @6KLF�� P 2 � U Z Z � � Acy�F�KGBGM KLRIQSFR
��IZ BJQ A FIM P HJY-P Q A R Y U P H�� RGM F P H�� RGM5� U A P R H U �LR BJA AeyLP Q � R�DGFIZ ` � P Y)BGM F � `k�_DGFIKLP � A QU � F��%y U HLP Q�� � yLP �%y-P Q�R
� A FIH-BJQSF D-A R F&%�KGZ U P H AeyEF+B�HEDGFIM Z �GP HJY�� R]DGFIZ ` � A�� R HEQ P Q A QR
� U ;&$�6�$�9�2  + � U H�B��Ã�LFIM=R
�8Kfy#�EQ P � U Z K M R�� F Q QSF Q U H�D_AeyEF D U A U QSF A `8x�y�F U Q Q B�� KJA P R HP Q Aey U A F U �%y P HJQ A U H�� F P H�Acy�F�D U A U QSF A P Q YGFIHEFIM U A F DÇ�N� AcyLP Q � F��%y U HLP Q��X` � RGM F U �%yP HJQ A U H�� F AeyEF QSFIZ F�� A R�M QSFIZ F�� A QXR H�F U H�D R HGZ � R HEF R
� AcyEF-KDy@�EQ P � U Z3K M R�� F Q QSF QJ`{x�yEFKfy@�EQ P � U Z=K�M R�� F Q Q AeyEFIH_YGFIHEFIM U A F Q F U �%y U A ACM PW�GBJA F N U Z BEF R
� AcyEF P HJQ A U H�� F � � U QSF D+R HU H B�H��IHER � H K M RC� U �LP Z P A�� D P Q A M PS�GBJA P R H]` � H AeyEF�FIHED � U Z Z Acy�F_P HJQ A U H�� F Q YGFIH�FIM U A F Dt�c�R HEF Kfy@�EQ P � U Z�K�M R�� F Q Q U M F U Q Q B�� F D A R)�IFIZ R HJY A R AeyEF<Q U � F �IZ BJQ A FIM\`�x�yEF�IZ BJQ A FIM Q U HEDAcyEF�Kfy@��Q P � U Z)K�M R�� F Q QSF Q M F � U P HXBGH��IHER � H�R�MzyLP DGD�FIH � P ` FL` P A P Q BGH��IHER � HA�c� � yLP �%y R
�AcyEF KDy@�EQ P � U Z K M R�� F Q QSF Q U H�D�yER � U Q KLF�� P 2 �XP HJQ A U H�� F � U Q YGFIHEFIM U A F D `^XRGM F-Q KLF�� P 2�� U Z Z � � �IZ BEQ A FIM U H U Z �EQ P Q P H AcyLP Q-M FIKLRGM?A+P QÇ� U QSF D�R H AeyEF � R Z Z R � P HJYU Q Q B���KJA P R HJQ��
�L` ��Z BJQ A FIM P HEY P Q U KGK�Z P F D-A R U D U A U QSF A � � R HJA U P HLP HJY�� P HJQ A U H�� F Q������	�	�
��� `
�)U �%y P HJQ A U H�� F��� P Q U N F�� A R�M R
���XN U Z BEF Q��������	�	�
����� � yEFIM F<F U �%y<N U Z BEF��LFIZ R HJYLQA R�R HEF R
��AcyEF N U M P U �GZ F Q������	�	�
��� R
��Acy�F D U A U QSF AC`

5�687�9 ?	<*>'?@:



� � : � � � � 	 9����  7

1

k

2

  d      . . .   d             1

11  1n

n1

1

N

  d      . . .   d             1

    A  . . .  A

NnN1

.. . . . . . . . 

?

Selector

Physical Process

Physical Process

Physical Process

..

.
..
.

..

.

� P Y)BGM F � `k���»x6yEF BGH�DGFIM Z ��P HJY U Q Q B���KJA P R H�� � U �%y P HJQ A U H�� F8P H<AeyEF3D U A U QSF A=P Q YGFIHEFIM U A F D
�c� U Kfy#�EQ P � U Z8K�M R�� F Q Q � QSFIZ F�� A F Dh�N� U QSFIZ F�� A R�M � yLP �%y�M F � U P HJQ BGH��IHER � H � RGM BJQJ`b¢y@�EQ P � U Z K M R�� F Q QSF Q U Q � FIZ Z U Q8AeyEF P M HGB��Ã�LFIM U M F U Z QSR BGH��IHER � H�`

� ` � U �%y P HJQ A U H�� F ��� � � P Q U � F �Ã�LFIM R
� R HEF U HEDaR HGZ � R HEF R
��Acy�F�BGHEDGFIM\Z �GP HJY
yLP DGD�FIH	�IZ BJQ A FIM?Q�������� �	�	�	�	�
�����`\x�y�F � F �V�LFIM?Q@yLP K P Q M FIK M F QSFIHJA F D �N� AeyEFZ U �IFIZ�� � U Q Q P Y)HEF DaA R F U �%y ��� `Jx�yLP Q�Z U �LFIZ6P Q�BGH��IHER � H�� RGM BJQ ,wyLP DGD�FIH �IZ BJQ A FIM
� F �Ã�LFIM?Q@yGP K
.C`

� ` �1P Q8YGFIHEFIM U A F DÏ�c� U HaBGHEDGFIM Z �GP HEY�� R�DGFIZ�� R HJQ P Q A P HJY R
� � KDy@�EQ P � U Z6K�M R�� F Q QSF Q
� yLP �%y � A RIYGF Acy�FIM � P Acy Acy�F QSFIZ F�� A RGM U M F M FIK�M F QSFIHJA F D �c� U � R�P HJA K�M RC� U �GP Z P A��D P Q ACM PS��BJA P R H�`

� H-YGFIHEFIM U Z � � yEFIH �IZ BEQ A FIM P HJY � R H�F FIH�� R BGHJA FIM?Q A � R � U P H K M RC�GZ F � QJ` � P M?Q A�AeyEFHGB��Ã�LFIM R
� BGHEDGFIM Z �GP HEY �IZ BJQ A FIM Q , � .�y U Q<A RA�IF � R B�HED U H�D�QSF�� R H�D � AeyEF �IZ BJQ A FIM?Q H�F F DU DGF Q��IM P KEA P R H�`¾x6yEF DGF Q��IM P KEA P R H<R
� AeyEF �IZ BEQ A FIM?Q � RGM)AeyEF � R]D�FIZ � � BJQ Az�LF<R KJA P�� U Z � P AeyM F Q KLF�� A A R QSR�� F-� F U Q B�M F � FIHJA � BGH�� A P R H � yLP �%y U Q Q P Y)HJQ U Q�� R�M F A R F U �%y KLRIQ Q PW�GZ FDGF Q��IM P KJA P R H�`�x�yGP Q � F U Q BGM F � FIHJA P Q�� U QSF D R H U H P HJA BGP A P N�F BGHEDGFIM?Q A U HED P HEY R
� AcyEF A FIM5�
� �LF P HEYXQ P�� P Z U M � � yLP �%y P Q M F�� FIM\M F DXA R U Q<AeyEF 9�6@?";"2 $�+57��&�-9�+57�2 $�+57� #�]` � � AeyLP Q �IM P A FIM P R HXP QACM U HJQ Z U A F D P HJA R U � U AcyEF � U A P � U Z
� R�M5� B�Z U � yGP �%y�� F U Q BGM F Q AeyEF)yER�� RIYGFIH�F P A�� � P AcyLP HF U �%y �IZ BJQ A FIM � AcyEF �IZ BJQ A FIM P HJY-K M RC�GZ F � P QXZ F�� A U Q U QSF U M �%y � R�M AeyEF�DGF Q��IM P KJA P R H Aey U A
�GP FIZ DLQ AeyEF � RIQ AFyER�� RIYGFIH�F R BJQ=�IZ BJQ A FIM?QJ` x�yEFIM FXF&%�P Q A8A � R-�IZ U Q Q P � U Z DGF Q��IM P KJA P R HJQ R
�AeyEF �IZ BJQ A FIM Q � 8�4@+ 257 257� #� 4
6 U HED 8)+  #/ 4�/�7:687 ;"2�7:9 � U Z QSR � U Z Z F D �  )%!$�6ED�/ 4�;&$�%�`8b U M?A P A P R H U ZD U A U �IZ BJQ A FIM P HEY�� R N�FIM?Q U Z Z AeyEF U KGK M R U �%y�F Q � yGP �%y DGF Q��IM PW�IF AcyEF D U A U QSF A��N� QSFIK U M U Aj�P HJY P A P HJA R � H�R H@�\F � KJA�� � F&%:y U BJQ A P N�F U HED � BJACB U Z Z ��F&%
�IZ BJQ P N�F Q Bf�JQSF A Q R
�8P HEQ A U H�� F Q
� yGP �%y U M F�Q P8� P Z U M A R_F U �%y�RIAcy�FIM U ��� RGM D)P HJY A R AeyEF��IZ BJQ A FIM P HJY �IM P A FIM P R H�`sx�yEF K�M RC�@�U �LP Z P Q A P � DGF Q��IM P KJA P R HJQ�yER � FCN�FIM � D�F Q��IM PS�LF AeyEF��IZ BJQ A FIM Q��c�	� R�DGFIZ P HJY�Acy�F�� F��%y U HLP Q��Aey U A YGFIHEFIM U A F D AeyEF D U A U ` � � A FIM P DGFIHJA P �3�GP HEY U HGB��Ã�LFIM3R
��IZ BJQ A FIM?QXP A�M F�� R N�FIM?Q AeyEFD P 3 FIM FIHJA K M RC� U �LP Z P A�� D P Q ACM PS��BJA P R HJQ U Q Q P Y)H�F D�A R�F U �%y R
��Acy�F Kfy@�EQ P � U Z K M R�� F Q QSF Q U H�DAeyEF QSFIZ F�� A RGM Q= � !�# `

506 7�9��;< > ?�:



��� 6���	 9�� � � � � � � 	 9����  7

� ���  ��! �  � *2 �;�-64%��;�
� '06�=+.'�>#7! ��;�

� BEF<A R Acy�F Z U � �<R
� U K M P R�M P��IHER � Z F DLYGF8R
� AeyEF � F��%y U HLP Q���Aey U A)� U BJQSF D Acy�F P HJQ A U H�� F QY)M R BGKLF DaP H � � K U M?A P A P R H U ZGD U A U �IZ BJQ A FIM P HJY P HJN�R Z N�F Q U N�FIMk� Q P8��KGZ F DGF*2VHLP A P R H R
� AeyEFDGF Q��IM P KEA P R H R
�=AeyEF �IZ BJQ A FIM?Q Acy U A<F&%�P Q A P H U D U A U QSF A � `6b U M A P A P R H U ZGD U A U �IZ BJQ A FIM P HEYDGF Q��IM PS�LF QaF U �%y �IZ BJQ A FIM R
� � �c� � F U HJQ R
� AeyEF+QSF A R
�_P HJQ A U H�� F QJ`Ix6yLP Q � U � AeyEFK U M?A P A P R H U Z U KGK M R U �%y_M F D B�� F Q8D U A U �IZ BJQ A FIM P HJYXA R � R���KGZ F A P HJY FCN�FIMk��P HJQ A U H�� F R
� AeyEFRGM P Y P H U ZJBGHGZ U �LFIZ Z F D D U A U � U QSF � � P Acy AeyEF8Z U �LFIZ R
� AeyEF �IZ BEQ A FIM � y�RIQSF8Kfy@�EQ P � U Z K M R�� F Q QYGFIHEFIM U A F D_AcyEFXP HJQ A U H�� FL`@ R�� F M F QSF U M �%y�FIM?Q P HJA M R]D)B�� F U Q BD�ID)P NGP Q P R H�R
� AeyEF � F AeyER�DLQ P H K U M A P A P R H U Z)D U A U
�IZ BJQ A FIM P HEY P HJA R�Y)M R BGKJQ R
� 8�4@+ 2�7�2�7� #��7��&� U H�D � 7�$�+ 4@+59 � 789 4
6 � F AeyER]DGQJ`
x�y�F8K U M?A P A P R HLP HJY$� F AeyER�DLQ U A A F � KJA6A R D P M F�� A Z � DGF�� R�� KLRIQSF AeyEF D U A U P HJA R D P Q � R�P HJA

�IZ BJQ A FIM?Q�� 2VM?Q A��IM F U A F Q U H P HLP A P U Z"K U M?A P A P R H R
� � Y)M R BGKJQ � AeyEFIH-P A�BJQSF Q U H-P A FIM U A P N FM FIZ R�� U A P R H<A F��%yGHLP � BEF<Acy U A U A A F � KEA Q A R P8� K M R N�F<AeyEF K U M?A P A P R HLP HJYÃ�c�=� R NGP HJY RC� � F�� A Q
� M R�� R HEF Y)M R BGK�A R U HERIAeyEFIM\`

� H U yGP FIM U M �%yGP � U Z
�IZ BJQ A FIM P HJY AeyEF D U A U U M F H�RIA8K U M?A P A P R HEF D P HJA R U K U M?A P �IBGZ U M=H�B����
�IFIM)R
� �IZ BJQ A FIM?Q U A U Q P HJY)Z F3Q A FIK�` � HJQ A F U D AeyEF �IZ BJQ A FIM P HEY � R HJQ P Q A Q"R
� HEF Q A F D K U M?A P A P R HJQ
� yLP �%y�� U ��M\BGH� M R�� U Q P HJY)Z F �IZ BJQ A FIM � R HEA U P HLP HJY U Z ZLP HED P N�P D)B U Z Q � A R �<�IZ BJQ A FIM Q"F U �%y
� R HJA U P HGP HJY U Q P HJY)Z FXP HED)P NGP D)B U Z `
��������� �	��
��������������������������
���� ��!#"
� BGM AcyEFIM � F � P Z Z6K M F QSFIHJA � ��� F U HJQ U Z YGRGM P Acy�� � yGP �%yaP Q AcyEF � RIQ A KLR KGBGZ U M U KGK M R U �%yP H D U A U K U M A P A P R HLP HJY U Z YGR�M P Aey�� Q  n� � # `
�:ac?A5f9sB:d�9s`!lME8;jRr=@gM?
� H � ��� F U HJQ F U �%y+�IZ BJQ A FIM � � P Q M FIK�M F QSFIHEA F DË�N� U 9�6@?";"2 $�+ 9�$���2 +  7�% � $ � � � yLP �%y P Q8AeyEF% �\D P8� FIHJQ P R H U Z)� F U H N�F�� A RGM R
�8N U Z BEF Q $ ���	�	�	�	� $ ��� F U �%y	� RGM\M F Q KLR HED P HEY A R R HEFaR
�AcyEF U A ACM PS��BJA F Q �����	�	�
� �6`Zx�yEF+�IZ BEQ A FIM P HJY �IM P A FIM P R H � yLP �%y Acy�F � ��� F U HEQ U Z YGR�M P Aey��P QF� U QSF D R H_P Q U D P Q A U H�� F � F U Q B�M FL` � � R���� R H �%yER�P � F$� RGM � R HJA P HGBER BJQ D U A U P Q8AeyEF
� B��IZ P D�F U H8D P Q A U H�� F � BGH�� A P R H�` �8Acy�FIM�D P Q A U H�� F � F U Q BGM F � FIHJA � B�H�� A P R HJQ � U �F�LF � RGM FU KGK M R K M P U A F�� R�M D P 3 FIM FIHJA�D U A U A���KLF QJ` � H QSR�� F	� U QSF Q AeyEF D P Q A U H�� F � F U Q BGM F � FIHJA
� BGH�� A P R H P Q � U Z Z F D�Q P8� P Z U M P A���� F U Q B�M F � FIHJA � BGH�� A P R H M F�� FIM P HJY A R AeyEF � U � A Acy U A � yEFIHAcyEF D)P Q A U H�� F �LF A � F FIH U QSF A R
� P HJQ A U H�� F Q P Q Z R � AeyEFe� U M F Q U P D A R �IF Q P�� P Z U M\`
x�y�F Q P8� P Z U M P A���� F U Q B�M F � FIHJA U Z Z R � Q AcyEF U Q Q P Y)H�� FIHEA�R
� U H�P HJQ A U H�� F A R U �IZ BEQ A FIM

� P Aey Q P�� P Z U M6P HJQ A U H�� F QJ`fx�yLP Q P Q DGF A FIM5� P HEF DA�N� 26H�D P HJYXAeyEF HEF U M F Q A �IZ BJQ A FIM � FIHJA M R�P D `
x�yEF$� FIHJACM R�P D�� U H��LF DGF*26H�F D U Q��

$ � �'& $ ���	�	�	�	� $ ���)( � *
� ��+,.-0/21 � , � `k��.

� yEFIM F � � P Q�AeyEF-HGB��Ã�LFIM R
��P HJQ A U H�� F QaP H �IZ BJQ A FIM43 � ���6587 �3U HED ��P Q U N�F�� A RGMAcy U A M FIK�M F QSFIHEA Q U H�P HJQ A U H�� F R
� �IZ BEQ A FIM � � `8x�yEF � RGM5��BGZ U � U Z �IBGZ U A F Q<AeyEF$� FIHJACM R�P D �c�Q B���� P HJY AeyEFaP HJQ A U H�� F Q+, N�F�� A R�M?Q&. R
�<AcyEF �IZ BJQ A FIM?Q U HED D P N�P D P HJY-P AV�N�aAcyEF H�B��Ã�LFIM
5�687�949	<*>'?@:



� � � 5�6�� 	�� 	�� <�*6����&6�	 60��� � � 	 9��*�  7

R
��Acy�FXP HJQ A U H�� F Q P H AeyEF$�IZ BEQ A FIM\`
x�yEF KEQSFIBEDGR���� R�DGF$� RGM � ��� F U HEQ U Z YGRGM P Acy�� � R Z Z R � Q��
� � 9 6�� 7�< �*� 	 � � ���������
	���
����������	������ ��� �������� ��	�!�
"#���$�&%��('
���)�&�*�+� ",�-��./�&%��0'�1 2�3�4���*�
�
�E�� ��	 �65-%��7��2��8�,���9��.:'�1 2�3�4���*�-�;	���"=<>����3�4	+��'&�&�?��.@	A"�	)�!	���	��!�CBEDGF
H
I
I
I&H�D�J�K&�
L ��	�� ��	 ��M>�4�N�-��.@�;'�1 2�O�!���*�(BEP F H
I)I
I!P
Q�K&�
R	9 	 � <�� �

S�T�U�T+V�WYX,Z�[+\+]
^_U�`badc)[�S�W�Z�[_V�T+SbZ+Sec)[�c�W�c�Z�UfV�Ug_S�W�T�XhV�T�[+W�X+]�c�\�S�i
X,T�j�T,Z�W
k ]�XYT�l�T�X,`dc)[�S�W�Z�[_V�Thc)[YW�m+Tb\�Z�W�Zn�Z+S�TYZ�[�\>j+X�T+S�T�X,l�c)[�oYW�m�Tfc)[�S�W�Z�[_V�T+Se]�X,\�T�Xep�]

q T/r4Z+S,S�c�o�[6stW�m�TYc)[_S�W�Z[_V�TeW+]uW�m�Tt[�T�Z�X�T+S�WdV�Ug_S�W�T�XYW+]ec�W/i
vw W�m�Tfc
[_S�W�Z�[�V�ThV)m�Z�[�o�T+SYc�W�S>V�Ug_SW�T�X@x=X�T�V�Z�U�V)g�U�Z�W�TYW�m�T
V�T�[+W�X+]�c�\�Se] w W�m�Ttj�X�T�l�c�])g_SbZ�[+\hV
g+X,X�T�[�WhV�Ug_SW�T�X@i

g�[+W�c�Uu[�]Yc)[_S�W,Z�[_V�ThV�Z[yV)m�Z�[�o�Tfc�W�SbV�Ug_S�W,T�Xh]�XhS�]&^_TfS�W+])jyV�X�c�W,T�X�c�][zc�S{^_T�W�|

4�;>9%uVb:9<PCv�dÃECG��:ac?A5D9MB:dÃ9M`!lME8;jRr=@gM?
� F Q KLP A F6�LF P HJY � P D�FIZ � BJQSF D � AeyEF � ��� F U HEQ U Z YGR�M P Aey�� P Q3H�RIA F&% F � KEA1� M R�� D M U � � U � � QJ`
x6yEF � RIQ A P8��KLRGM?A U HEA D)M U � � U � � Q � � yLP �%y U M F�F&%�A FIHEQ P N�FIZ �_M FIKLRGM?A F D P H AeyEF�Z P A FIM U ACBGM FU M F Z P Q A F D �LFIZ R � �

} � Q�� U H@���IZ BJQ A FIM P HJY U Z YGR�M P Aey�� Q � AeyEF � ��� F U HEQ U Z YGRGM P Acy�� U Q Q B�� F Q Aey U A AeyEFHGB��Ã�LFIM<R
� �IZ BJQ A FIM Q � P H AeyEF D U A U � U QSF P Q+� H�R � HÇ�LF�� R�M F%y U HED � yLP �%y � P Q�HERIAHEF�� F Q Q U M P Z � ACM BEFXP H_M F U Z � � R�M Z D U K�KGZ P � U A P R HJQJ`
} � Q U H�P A FIM U A P N�F A F��%yGHLP � BEF � AeyEF � ��� F U HJQ U Z YGR�M P Aey�� P Q F Q KLF�� P U Z Z � QSFIHJQ P A P N�F A RP HLP A P U ZLQ A U M?A P HJY�� R HED)P A P R HJQ�� P HGP A P U Z��IZ BJQ A FIM?Q U H�D_RGM DGFIM=R
�<P HJQ A U H�� F Q$ � � #  � � # `
} x�yEF � ��� F U HJQ U Z YGR�M P Aey�� � R H N FIM?YGF Q A���KLP � U Z Z � A R U Z R�� U Z � P HLP8� U `�x�yEF M\BGHGHLP HJYR
� AcyEF U Z YGRGM P Acy��;D�F*26HEF Q U DGF A FIM5� P HLP Q A P � � U KGKGP HJY � M R�� AeyEF�P HLP A P U Z�QSR Z BJA P R HA R AeyEF 2VH U Z]R HEF� S� � # `

��� ����� ~ ����
 ��

� �����)������������
 ��� ��!#"
x6yEFIM F U M F A � R�� P HEDGQ<R
��yGP FIM U M �%yGP � U Z��IZ BJQ A FIM P HEY A F��%yGHLP � BEF Q���AeyEF U YLY)Z R�� FIM U A P N�F U H�DAeyEF D P NGP Q P N�FL`�x�y�Fe� � R HEQ A M B�� A Acy�F P M)yLP FIM U M*�%y@��P H AeyEF-R KIRIQ P A F D P M F�� A P R H � KLRIQ Q PS��Z �
�GP FIZ D P HJY � BLP A F D P 3 FIM FIHJA M F Q BGZ A QJ`�� �#� 6� #��$�+ 4�257 (*$ � F Acy�R]DLQ � R Z Z R � �LRIA A R����SB�K�Q ACM U A �F Y%� U HED Q A U M?A{y U NGP HEY U Z ZCRC� � F�� A Q U K U M A � Acy U A"P Q P H3AeyEF6�IF Y P HGHLP HJY � F6y U N�F � �IZ BJQ A FIM?QJ`
x6yEFIH P H_F U �%y Q A FIK_A � R �IZ BJQ A FIM U M F-� FIM YGF D � BGHJA P Z R HGZ � R H�F P Q Z F�� A ` � H_AeyEF�RIAeyEFIM
y U HED � %�7-( 7 ; 7-(&$ � F Acy�R]DLQ � R Z Z R � A R K@�\DGR � H U KGK M R U �%y � y�FIH P H AcyEF �LF Y P HGHLP HEY U Z ZGRC�@�
� F�� A Q U M F P H R HEF �IZ BJQ A FIM U HED F U �%y+� R Z Z R � P HEY_Q A FIK U �IZ BJQ A FIM3P Q Q KGZ P A BGK � BGHJA P Z AeyEFIM FU M F � R
�VAcyEF �X`�( P FIM U M �%yLP � U Z
�IZ BJQ A FIM P HEYLQ � U �V�LF M FIK M F QSFIHJA F D��N� U A � R��\D P�� FIHJQ P R H U ZD P U Y)M U � �IHER � H U Q�%!$��!% +  *�'+ 4�� � yGP �%y P Z Z BJQ ACM U A F Q AeyEF � BEQ P R HJQ<RGM D P N�P Q P R HEQ � U DGF U AF U �%y Q B���� F Q Q P N F_Q A U YGFaR
� U H U Z �EQ P QJ` � H F&% U � KGZ F R
� Q B��%y U D P U Y)M U � � RGM8D U A U QSF A
� P Acy � ��� P HJQ A U H�� F Q P Q Y P N�FIH P H � P Y)BGM F � ` � `

506 7�9A�;< > ?�:



��� 6���	 9�� � � � � � � 	 9����  7

agglomerative

divisive

0 step 1 step         2 step         3 step          4 step

4 step         3 step         2 step         1 step          0 step

a, b

a

d

b

c

e

d, e

c, d, e

a, b, c, d, e

� P Y)BGM F � ` � �1(3P FIM U M*�%yLP � U Z��IZ BJQ A FIM P HJY�R
��AcyEF QSF A � � ����� � � � ��� 
� �)AeyEF A � R A���KLF Q R
��yLP FIM U M �%yLP � U Z �IZ BJQ A FIM P HEY Q��%yEF � F � AcyEF U YLY)Z R�� FIM U A P N�F� F Acy�R]DLQU M F�� U M$� RGM F � P DGFIZ � BJQSF D ` � P NGP Q P N�F U Z YGR�M P Aey�� Q�y U N�FÇ�LF FIH ��B��%y Z F Q Q BJQSF D Acy U HU YLY)Z R�� FIM U A P N�F Q D BEF A R � P H K M P H�� P KGZ F � AeyEF P M � B��%y��GP YLYGFIM1� R�� KGBEA U A P R H U Z � R���KGZ F&%]P A��U HED M F � BLP M F � FIHJA Q � R�M�� R�� KGBEA FIM�M F QSR B�M � F QJ` � R�M�F&% U � KGZ F � AcyEF 2VM?Q A Q A FIK R
��AeyEFU YLY)Z R�� FIM U A P N�F U Z YGR�M P Aey�� P Q A R �%yEF�� � � yLP �%y�K U P M6R
�=RC� � F�� A Q<Q@yER BGZ D �LF � FIM?YGF D U HED

� U � F Q U A RIA U Z�R
� �
� & ��� * (

�
, � ` � .

FCN U Z B U A P R HJQJ` ("R � FCN�FIM � AeyEF.26M Q A Q A FIK_R
� D P N�P Q P N F U Z YGR�M P Aey�� y U Q A R Z R]R�� � R�M U Z ZKIRIQ Q PW�GZ F Q KGZ P A A P HJYLQ P HJA R A � R U HED�� U � F Q U A RIA U Z]R
� �

� ��� � � * , � ` ��.
FCN U Z B U A P R HJQJ` ��� N�P R BJQ Z �XP A P Q P8� KLRIQ Q PW�GZ F8A R � U � F P A � P Aey D U A U � U QSF Q R
� M FIZ U A P N�FIZ �Z U M?YGF�Q P � FL` � F�� U BJQSF R
� AeyLP Q M F U QSR H D)P NGP Q P N�F U Z YGRGM P Aey�� Q{y U N�F M F�� F P N�F D Z F Q QVQ A B�D P F Q U HEDP HJA FIM F Q A � M R�� AcyEF�M F QSF U M �%y�FIM?Q  � �
# ` � M R�� HER � R H � F � R��IBJQ R HGZ � R H U YLY)Z R�� FIM U A P N�FU Z YGRGM P Acy�� QJ`
� H U YLY)Z R�� FIM U A P N�FFyGP FIM U M �%yGP � U Z �IZ BJQ A FIM P HJY K�M R�� F D)B�M F K M R�D)B�� F Q U QSFIM P F Q3R
� K U M?A P �A P R HJQ R
� AeyEF D U A UD�
	 � � 	 ��� �	�	� � � � 	 � `:x6yEF;2VM?Q A ��	 � � � R HJQ P Q A Q<R
� � Q P HJY)Z Fe��� F �V�IFIM

�IZ BJQ A FIM?Q � yLP Z F AeyEF_Z U Q A �	 � � � R HJQ P Q A Q R
� U Q P HJY)Z F Y)M R BGK+� R HJA U P HGP HJY U Z Z���P H�D P NGP D)B@�U Z QJ` � A=F U �%y K U M A P �IBGZ U M Q A U YGF AeyEF � F AcyER�DLQ � BJQSF P HED P NGP D B U Z Q RGM Y)M R B�KJQ R
� P HED P N�P D)B U Z Q
� yLP �%y U M F$�IZ RIQSF Q A , RGM � RIQ A3Q P�� P Z U M .C`
x�y�Ft� U Q P � R KLFIM U A P R H+R
��yLP FIM U M �%yLP � U Z U YLY)Z R�� FIM U A P N�F-�IZ BJQ A FIM P HJY ,�( � � . K�M R�� Fe�D)BGM F Q P Q R BEA Z P HEF D��
�L` @�A U M?AK�N� U Q Q P Y)HGP HJY F U �%y P HJQ A U H�� F+A R P A Q_R � H �IZ BJQ A FIM � � R���KGBJA F D)P Q A U H�� F Q

, Q P8� P Z U M P A P F Q&.��LF A � F FIH�AeyEF � RGM5� F D��IZ BEQ A FIM?QJ`
5�687�9��	<*>'?@:



� � � 5�6�� 	�� 	�� <�*6����&6�	 60��� � � 	 9��*�  7

� ` � P HED AeyEF��IZ RIQSF Q A , � RIQ A Q P�� P Z U M . K U P M R
�=�IZ BEQ A FIM?Q U HED � FIM?YGF AcyEF � P HEA R UQ P HJY)Z F$�IZ BJQ A FIM U H�D_DGF��IM F � FIHJA<AcyEF HGB��Ã�LFIM R
� �IZ BEQ A FIM?Q��c� R HEFL`
� ` �VR���KGBJA F D P Q A U H�� F Q$, Q P8� P Z U M P A P F Q&.��LF A � F FIH�AeyEF�HEF � �IZ BJQ A FIM U HED_F U �%y R
�"AeyEFR Z D��IZ BJQ A FIM QJ`
� ` T FIKLF U A Q A FIKJQ �XU HEDA� BGHEA P Z U Z Z�P HJQ A U H�� F Q U M F$�IZ BJQ A FIM F D P HJA R U Q P HJY)Z F �IZ BJQ A FIM\`
� P 3 FIM FIH�� F QV�IF A � F FIH � F AcyER�DLQ U M P QSF��LF�� U BJQSFXR
�3AeyEFXD P 3 FIM FIHJA � U �EQ R
� DGF*2VHLP HJYD P Q A U H�� F , RGM Q P8� P Z U M P A�� .��LF A � F FIH U H P H�D P NGP D)B U Z U HED U Y)M R BGK � R HJA U P HGP HJY QSFCN�FIM U ZP HED P N�P D)B U Z Q � R�M �LF A � F FIHXA � R�Y)M R BGKJQ R
� P HED P N�P D)B U Z QJ`

O+RnBDlZ` 5^`SRkB v¾9DlM5 P<`'L:dc=N5C;jRnBDl
� HEF R
� AcyEF Q P8��KGZ F Q A U YLY)Z R�� FIM U A P N F�yLP FIM U M �%yLP � U Z"�IZ BJQ A FIM P HJY=� F Acy�R]D�P Q ; 7��&� 6�$ 687��!��4 �'$U Z QSR R
� A FIH �IHER � H U Q AeyEF �!$ 4@+ $�;"2 �!$�7 � � /  ?�+ A F��%yGHLP � BEF  � # `Qx6yEF�DGF*2VHLP HEY-� F U ACBGM FR
� AeyEF�� F Acy�R]D P Q Aey U A D P Q A U H�� F��LF A � F FIH Y)M R B�KJQ P Q DGF*2VHEF D U Q Acy U A R
� AeyEF��IZ RIQSF Q AK U P MVR
��P HED)P NGP D)B U Z Q � � yEFIM F R H�Z ��K U P M?Q � R HEQ P Q A P HJY R
� R HEF P H�D P NGP D)B U Z�� M R�� F U �%y Y)M R B�KU M F$� R HEQ P DGFIM F D `Mx�yLP Q � F U Q B�M F R
�3P HJA FIMn� Y)M R BGK D P Q A U H�� FXP Q P Z Z BJQ A M U A F D P H � P Y)BGM F � ` � `
x6yEF Q P HEY)Z FXZ P H�� U YGF+� F AeyER]D P Q�IZ RIQSFIZ � M FIZ U A F D A R � FIM?A U P H U Q KIF�� A Q R
��Y)M U KDy AeyEF RGMk� `

Cluster B

Cluster A

d
AB

� P Y)BGM F � ` � � @ P HJY)Z F Z P H�� U YGF D P Q A U H�� F

HIEJ?K7M` 5�=N5^`SRnBsv¾9:lM5 P<`'L:dc=N5C;jRnBDl
x6yEF$9� #�78 6�$�2 $ 6:7��!��4 �'$ RGM�� ?�+ 2 � $�;"2 � $�7 � � /  ?�+ �IZ BJQ A FIM P HJY � F AeyER�D P Q AeyEF R K�KIRIQ P A F8R
�Q P HJY)Z F�Z P H�� U YGF P HXAcyEF�QSFIHJQSF Acy U A D P Q A U H�� F��LF A � F FIH�Y)M R BGKJQ P Q H�R � DGF*2VHEF D U Q Aey U AR
� AeyEF � RIQ A D)P Q A U HJA_K U P M8R
� P HED)P NGP D)B U Z Q � R HEF � M R��'F U �%y Y)M R BGK]`\x6yEF � F U Q BGM F+P QP Z Z BEQ A M U A F D_P H � P Y)BGM F � ` � `
�§;>EJLs7fa�9 �D5C;i9:lM5KP<`'L:dN=c5C;jRkB:l
("FIM F8AeyEF D P Q A U H�� FF�LF A � F FIH A � R��IZ BJQ A FIM?Q P Q DGF*2VHEF D U Q AeyEF U N�FIM U YGF R
�VAeyEF D P Q A U H�� F Q
�LF A � F FIH U Z Z�K U P M?Q�R
� P HED P NGP D B U Z Q Aey U A U M F�� U DGF+B�K R
� R HEF+P HED P NGP D B U Z � M R��'F U �%yY)M R B�K�`

5�687�9;:��;< > ?�:



��� 6���	 9�� � � � � � � 	 9����  7

Cluster B

Cluster A

d
AB

� P Y)B�M F � ` � � � R�� KGZ F A F Z P H�� U YGF D P Q A U H�� F
H�58BD=@;iEsRS_ÏP<`'L:dc=N5C;jRnBDl
��P Aey AcyLP Q � F Acy�R]D � Y)M R BGKJQ R H�� F � RGM5� F D U M F M FIK M F QSFIHJA F D��c��AeyEF P M � F U H N U Z BEF Q � RGMF U �%y N U M P U �GZ F � Aey U A P Q � AeyEF P M � $ 40� (*$�9�2  + � U H�D P HJA FIMn� Y)M R BGK D P Q A U H�� F P Q H�R � DGF*2VHEF DP H A FIM5� Q R
� D P Q A U H�� F �IF A � F FIHXA � R_Q B��%y�� F U H N F�� A R�M?QJ`

� D P Q U DLN U HEA U YGF R
�8AeyLP Q � F Acy�R]D P Q Aey U A P �<AeyEF�Q P � F Q R
�8AcyEF A � R Y)M R BGKJQ A Rt�LF
� BJQSF D U M F N�FIMk� D P 3 FIM FIHJA AcyEFIH�Acy�F$� FIHJA M R�P D R
��Acy�F HEF � Y)M R B�K � P Z ZM�LF N�FIMk� �IZ RIQSF A RAcy U A R
�8AcyEF+Z U M?YGFIM Y)M R BGK U HED � P Z Z=M F � U P H � P AeyLP H_Aey U A Y)M R B�K�`¢x6yEF��%y U M U � A FIM P Q A P �K�M R KLFIM?A P F Q8R
��Acy�F Q�� U Z Z FIMVY)M R B�K AeyEFIH U M F NGP M?ACB U Z Z � Z RIQ A `

]^5f_ RS9sB�P<`WL<dN=N58; RnBDl
x�yEF � F AcyER�D U Q Q B�� F Q Aey U A AeyEF Y)M R BGKJQ3A R �LF � BEQSF D U M F8R
� F � B U ZEQ P � FL`�x6yEF U KGK U M FIHJAKIRIQ P A P R H3R
�)Acy�F HEF � Y)M R BGK � P Z ZCAcyEFIH U Z � U �EQI�LF6�IF A � F FIH Acy�F A � R Y)M R B�KJQ A RF�LF � BJQSF D `^�R�M F R N�FIM=P � AeyEF � FIHJACM R�P DLQ3R
� AeyEF Y)M R B�KJQ A R��LF� BJQSF D U M F�M FIK�M F QSFIHJA F D �c� � � U HED � � �AcyEFIH�AeyEFXD P Q A U H�� F R
�3Acy�F � FIHEA M R�P D R
�3AeyEFXAcyLP M DaY)M R BGK ��� � M R�� AeyEFXY)M R BGK+� RGM�� F D
�N�XAcyEF � BJQ P R H R
� � � U H�D � � Z P F Q U Z R HJY�Acy�F+� F D P U H R
��AeyEF A M P U HJY)Z F DGF*2VHEF DË�N� � � � � �U HED ���)`

� 9<;i_��Sd�gCRS5C;i9<;iP<gCRSP�9M` P<`'L:dc=N5C;jRnBDl�?A5�=@g:EJ_
� U M D  r� � # K�M R KLRIQSF D U �IZ BJQ A FIM P HJY K�M R�� F D)B�M F_QSF F � P HJY A R-� R�M5� AeyEF+K U M?A P A P R HJQ 	 � �
	 ��� � �	�	�	��� 	 � P H U � U HGHEFIM Aey U A � P HLP�� P � F QVAeyEF Z RIQ Q U Q QSR�� P U A F D � P Aey F U �%y Y)M R BGKGP HJY �U HED A R � B U HJA P �Å� Aey U A Z RIQ Q P H U � RGM5� Acy U A P Q M F U D P Z � P HJA FIM\K�M F A U �GZ FL` � A8F U �%yXQ A FIK_P HAcyEF U H U Z ��Q P Q � AeyEF B�HLP R H R
� FCN�FIMk� KLRIQ Q PS�GZ F K U P M R
� �IZ BJQ A FIM Q�P Q=� R HJQ P DGFIM F D U HED+AeyEFA � R=�IZ BJQ A FIM?Q � yERIQSF � BJQ P R H M F Q BGZ A Q<P H AcyEF=� P HGP8� B�� P H��IM F U QSF P H P H�� RGM�� U A P R H Z RIQ Q U M F
� R��Ã�LP HEF D `

� H�� RGM5� U A P R HXZ RIQ Q P Q3DGF*2VHEF D �c� � U M D P H A FIM5� Q R
� U H FIM M RGM6Q B��6�\R
�Å� Q � B U M F Q �IM P A Fe�M P R H ��� @)@V`Mx6yEF M U A P R H U Z F �LF%yLP H�D � U M D�� Q K M R KLRIQ U Z�� U H �LFXP Z Z BJQ ACM U A F D�� RIQ A<Q P8��KGZ �
�N� � R HEQ P DGFIM P HJYaBGHLP N U M P U A F D U A U `Cx�y�F�Z RIQ Q<R
�3P H�� RGM5� U A P R H y U NGP HJY BGHLP N U M P U A F D U A U P QY P N�FIH��c�

5�687�9;:&:=<*> ?@:



� � � R	< �&9�� � � 6�� 9��7�&6�	 60��� � � 	 9��*�  7

����� �
�

+ ��� � +
�
	 -0/21

& $ � � $ ��(�� � , � ` � .

� yEFIM F � P Q�AeyEF HGB��V�LFIM R
�1�IZ BJQ A FIM?Q � � �"P Q �IZ BJQ A FIM 3 � $ � DGFIHERIA F Q U � F U H R
�1�IZ BJQ A FIM3 `
}I;iEJ7M5C;>=eRS5fd�9sB:_ 7:;iEJbM` 5C?Ad^ECG 9:l8lZ` EJ?A5C;i9D=/R �:5pgCRS5C;i9<;iP<gCRSP�9M`�P<`'L:dc=N5C;jRnBDlh=N5fP<gfa
BCR�ZL<5fd
� yLP FIM U M �%yLP � U Z � F AeyER�D�Q B 3 FIM?Q � M R��
AcyEF D�F�� F�� A<Acy U A P A � U H HEFCN�FIM3M FIK U P M � y U A � U QDGR H�F P H�K M FCNGP R BJQ Q A FIKJQJ`�� H�� F U H U YLY)Z R�� FIM U A P N�F U Z YGR�M P Aey�� y U Q � R�P HEF DXA � R�RC� � F�� A Q �AeyEFe��� U HGHERIA �LF QSFIK U M U A F D U H@��� RGM FL`zx6yLP QaM P Y P D P A�� R
�VyGP FIM U M �%yGP � U Z U YLY)Z R�� FIM U A P N�F
� F AcyER�DLQ P Q��IRIAey_AeyEF-� Fe�aA R-P A Q Q B���� F Q Q U Q�P A�Z F U DLQ A R Q�� U Z Z � R�� KGBJA U A P R H_A P8� F QU HED P A Q � U P H D P Q U DIN U HJA U YGFÇ��AeyEF P H U �LP Z P A�� A R � R�M M F�� A FIM\M R HEF R BJQ+D�F�� P Q P R HEQJ`�� HAeyEFXRIAcyEFIM�y U HED � yLP FIM U M �%yLP � U Z)A F��%yGHLP � BEF Q DGR+H�RIA M F U Z Z �+� R�� KLF A F � P Acy K U M?A P A P R HGP HJY
� F AcyER�DLQF�LF�� U BJQSF AeyEFe�XDGR H�RIA K�BGM?Q BEF AeyEF Q U � F YGR U Z � U Q8Acy�Fe��ACMk� A R�DGF Q��IM PS�LF AeyEFD U A U P H U A RIA U Z Z � D P 3 FIM FIHJA � U �- n� � # `
� � KLP M P � U Z�Q ACBED P F Q KLR�P HJA3A R � U M D�� Q$� F AcyER�D � Y)M R BGK U N�FIM U YGF U HED�� R���KGZ F A F Z P H��e�U YGF U Q8AeyEF � RIQ A BJQSF�� BGZ)P H�K M U � A P � F � U Z Acy�R BJY8y AeyEF M F Q BGZ A Q U M F HERIA �IZ F U M R BEA � U HED P A

� U Q � R BGHED_Acy U A HER Q P HJY)Z F�� F Acy�R]D � R BGZ DK�LF$�IZ U P8� F D�Q B�KIFIM P RGM � RGM U Z Z�A���KLF Q R
��D U A U
 � # `

� A P Q<R
� A FIH AcyEF$� U QSF � � yEFIH yLP FIM U M �%yLP � U Z��IZ BJQ A FIM P HJY A F��%yGHLP � BEF Q U M F�BEQSF D P H K M U �e�A P � F � Aey U A AcyEF P H N�F Q A P Y U A RGM P Q�HERIA P HEA FIM F Q A F D-P H_AeyEF � R���KGZ F A FKyLP FIM U M �%y@�Ç�GBJA R HGZ �P H R H�F RGM8A � R K U M?A P A P R HJQ RC�JA U P H�F D � M R���P AC` � HtyLP FIM U M �%yLP � U Z �IZ BEQ A FIM P HJY � K U M?A P A P R HJQU M F U �%yLP FCN�F D �c� � �IBJA A P HJY���AcyEF DGFIHED M RIY)M U � RGMVQSFIZ F�� A P HJYXR HEF R
� AcyEF QSR Z BEA P R HJQ8P H AeyEFHEF Q A F D QSF � BEFIH�� FXR
� �IZ BJQ A FIM P HEYLQ Aey U A � R�� K M P QSF�Acy�FAyLP FIM U M �%y@� ` � HGB��Ã�LFIM R
� U KGKGZ P �
� U A P R HJQ�y U N F �IF FIH Q BEYLYGF Q A F D � RGMVAcyGP Q KGBGM KLRIQSFV�GBJA P A8M F � U P HEQ U D)P � �IBGZ A K M RC�GZ F ��`
� ��: � 24%5#+6�������. #0% %��	�
� '06
=�.'�>#7! ��;�

� F Q KLP A F AeyEF K U M?A P A P R H U Z U K�K�M R U �%y A R-D U A U �IZ BJQ A FIM P HJY P Q���M R U D)Z ��� R HJQ P DGFIM F D U Q UBJQSF�� BGZ6A R�R Z=P H�� U H#� 2)FIZ DLQ � P A�P Q � FIZ Z �IHER � H Acy U AXP A QSR�� F A P8� F Q Q B 3 FIM Q$� M R�� AeyEFZ U � � R
� AeyEF RGM F A P � U Z:� U Q P QJ`fx�y�BJQ � R]DGFIZ �¹� U QSF D U KGK�M R U �%y A R D U A U �IZ BJQ A FIM P HEY Y U P HJQ U HU DIN U HJA U YGF�R N�FIM3K U M A P A P R H U Z U KGK M R U �%y�D)BEF A RaP A Q Q A U A P Q A P � U Z Z � � FIZ Z]F Q A U ��Z P Q@y�F D M R�RIA
 n��# `

� H�� R]D�FIZ �¹� U QSF D-D U A U �IZ BJQ A FIM P HJY � AcyEFaRC� � F�� A P N�F P Q A R Z F U M H YGFIHEFIM U A P N�F�� R�DGFIZ Q
� M R�� Acy�F D U A U � P Aey F U �%y � R�DGFIZ � R�� KLR HEFIHJA � RGM M F Q KLR HED)P HJYXA RXR HEF�K U M?A P �IBGZ U M �IZ BJQ��A FIM\` ^�R�DGFIZ �¹� U QSF D D U A U �IZ BEQ A FIM P HJY D�R]F Q<HERIA KLFIM � RGM5� U � R�� KGZ F A P R H<R
� AeyEF BGHGZ U �LFIZ Z F DD U A U � U QSF � U Q FCN�FIMk�	� U QSF � U �Ç�IF QSF FIH U Q��LFIZ R HJY P HJY A R F U �%yaR
�8AcyEF � �IZ BJQ A FIM?Q
� P Acy � FIM?A U P H_K�M RC� U �LP Z P A�� � D BEF A R AcyEF K M RC� U �LP Z P Q A P �XH U ACBGM F R
��Acy�F P M DGF Q��IM P KJA P R H�`

� yEFIH� U � P HJY D U A U �IZ BJQ A FIM P HEY � M R���AeyEF � R�DGFIZ �¹� U QSF D KLFIM?Q KLF�� A P N�F � Acy�F8D U A U �IZ BJQ��A FIM P HEY �IM P A FIM P R H8P Q BEQ B U Z Z � U � F U Q BGM F R
� �IZ RIQSFIH�F Q Q �LF A � F FIH8AeyEF ACM BEF � R�P HJA�K�M RC� U �GP Z P A��
5�687�9;: � < > ?�:



��� 6���	 9�� � � � � � � 	 9����  7

D P Q ACM PS��BJA P R HJQ8Aey U A M FIK�M F QSFIHEA Acy�F � F��%y U HGP Q�� Acy U A K M R�D)B�� F D AeyEF D U A U U H�D AcyEF QSF AR
��� R�P HJA�K M RC� U �LP Z P A�� D P Q ACM PW�GBJA P R HJQ��LF P HEY FCN U Z B U A F D U QXDGF Q��IM P KJA P R HaR
� AeyLP Q � F��%y U �HLP Q��X` � Q AcyEF�ACM BEF � R�P HJA K M RC� U �LP Z P A��_D P Q A M PS�GBJA P R HEQ U M FaHERIA U N U P Z U �GZ F � AeyEF �IZ RIQSFIHEF Q QP Q P H�D P M F�� ACZ � � F U Q BGM F D � P Aey�AeyEF�y�FIZ K R
� � `sx6y U A P Q � AeyEF D U A U �IZ BJQ A FIM P HJY �IM P A FIM P R HBJQ B U Z Z � M F D B�� F Q A R U Q QSF Q P HJYÏyER � Z P�� FIZ � P A P Q Acy U A � � U Q YGFIHEFIM U A F Dt�c�_Acy�F�QSF A R
�
� R�P HJA K M RC� U �LP Z P A��+D P Q A M PS�GBJA P R HEQA�LF P HJY FCN U Z B U A F D U Q D�F Q��IM P KJA P R H R
� AcyEF BGH�DGFIM Z ��P HJY
�IZ BJQ A FIM?Q R
� �  ��
 # `
x�y�F-� RIQ A$�IZ U Q Q P � U Z QSR Z BJA P R H A R � R�DGFIZ �¹� U QSF D D U A U �IZ BEQ A FIM P HJY-P Q�� U QSF D R H AeyEFAcyEF R�Mk�aR
� � ��7�2 $ ��7 ��2�?�+ $.�  )% $�6 ;  
 # ` � F Q KLP A FXAcy�F QSR Z P D Q A U A P Q A P � U ZZ� U � � Y)M R BGHED R
�

26HLP A F � P %�ACBGM F � R�DGFIZ Q P H YGFIHEFIM U Z U HED$� R�M K�M RC� U �LP Z P Q A P � D U A U �IZ BEQ A FIM P HJY�P H K U M?A P �IB�Z U M �AcyEF�yLP Y8y@�\D)P8� FIHEQ P R H U Z � U HGP KGBGZ U A P R HEQ U H�D�� R���KGBJA U A P R HEQ Acy U A8AeyEFe� BJQ B U Z Z � P H N R Z N�F
� U � FXAcyEF � P8��K�M U � A P � U ZVP H�QSR�� F+� U QSF Q U HED BGH U A ACM U � A P N�FaP H�QSR�� FXRIAeyEFIM?QJ` � HEF�R
�AcyEFXK U M U D P Y � Q8Aey U A � U H�yEFIZ K_BJQ8A RaK M FCN�FIHJA AeyEFXM F�� FIM M F D�D)M U � � U � � Q U HED FIH�� R]D�F U
� R�P HJA K M RC� U �LP Z P A�� D P Q ACM PW�GBJA P R HXP Q AeyEF � U � F Q P U H_HEF A � RGM5�_K U M U D P Y �  n�"!�# `

� A P Q R
� A FIH AeyEF � U QSF Aey U A � R]D�FIZ �¹� U QSF D �IZ BEQ A FIM P HJY U Z YGRGM P Acy�� QXP H�� R�M KLRGM U A F K U Mk�A P A P R H U Z �IZ BJQ A FIM P HJY � F AeyER�DLQJ` � Q � F�� FIHJA P R H�F D�P H��{y U KEA FIM�� AeyEF � R�DGFIZ �¹� U QSF D
�IZ BJQ A FIM P HEY U Z YGR�M P Aey�� � F�K�M R KIRIQSF � P Z ZLF ��KGZ R#� ( � � U KGK M R U �%y=� RGM 2VHED P HJY�Acy�F+� RIQ AK�M RC� U �GZ FXQSF A R
� �IZ BEQ A FIM?QJ` � H N�R Z N�F � FIHJA R
� ( � � P H	� R�DGFIZ �¹� U QSF D D U A U �IZ BJQ A FIM P HEY P QHERIA U HER N FIZ�P DGF U ` ^�R�DGFIZ �¹� U QSF D ( � � U Z YGR�M P Aey�� y U Q��LF FIH F&%]KGZ R�M F D��N� � U H@2 FIZ D U HEDT6U � A FIMk�+ � # U HED � M U Z Fe�+ n�#�
#"BJQ P HJY � U BJQ Q P U H � R�DGFIZ�� R���KLR HEFIHJA Q � �N��� U P Aey@� U H U Aey U HU HED � R��  S� 
 # BEQ P HJY � BGZ A P HER�� P U Z � R�DGFIZ Q$� R�M�IZ BJQ A FIM P HEY DGR��IB�� FIHEA QJ` TVU � R HLP F AU Z `1 r�C� #3K M F QSFIHJA U � U � F Q P U H � F AcyER�D+� RGM �IZ BJQ A FIM P HEY D%��H U � P ��K�M R�� F Q QSF Q � y�FIM F AeyEFe�U KGK�Z � U ( � � A R+D P Q�� R N�FIM AeyEF�� RIQ A K�M RC� U ��Z FaQSF A R
� �IZ BJQ A FIM?Q�� U KJACBGM P HEY D P 3 FIM FIHJAD%��H U � P � QJ`
x�y�F � R�M?Acy�� R�� P HEY��%y U KEA FIM3P HJACM R�D)B�� F Q � U � F Q P U H_HEF A � RGM5� QJ`

5�687�9;: �	<*> ?@:





3Bayesian
networks

� A P Q P8� KLR�M?A U HJA A Rmy U N�F �IHER � Z F DGYGF D P Q�� R N�FIM P HJY A F��%y�HLP � B�F QXAey U A U Z Z R � 1 F&%�PW�LP Z P A��P H Acy�F � U � �IHER � Z F DLYGF�� U H��LF FIH�� R�DGF D � M FIK M F QSFIHJA F D U H�D D P Q�� R N FIM F D `Vb M RC� U �GP Z P Q A P �Y)M U KDyLP � U Z�� R]D�FIZ Q R 3 FIM3Q B��%y U A F��%yGHLP � BEF U Q AeyEFe� U M F U � M U � F � RGM�� � R�M Q ACM B�� ACBGMk�P HJY � M FIK M F QSFIHJA P HEY U HED DGF�� R���KIRIQ P HJY U K�M RC�GZ F � BJQ P HJY AeyEF H�RIA P R H+R
� � R H�D P A P R H U ZP HEDGFIKLFIHED�FIH�� FL`
� FXQ A U M?A AeyLP Q �%y U KJA FIM��c� U Q@y�RGM?A P HJACM R�D)B�� A P R HXA R Y)M U KfyLP � U Z � R]DGFIZ QJ` � U A FIM R H

� F R H�Z ��D P Q��IBJQ Q D P M F�� A F D Y)M U KDyLP � U Z � R]DGFIZ Q � P ` FL` � U � F Q P U H_HEF A � RGM5� QJ`
: ��� � !0�51��� ' �56 �32 %-#+6(.

� +  #/�40/�786:7 ;"25789 �'+54�8 � 7:9 4 6 �� %!$�6 ; U M F Y)M U KfyJQ P H � yLP �%y HER�DGF Q M FIK M F QSFIHJA M U HEDGR�� N U M P �U �GZ F Q ��U HED-AeyEF , Z U � � R
�&. U M � Q M FIK�M F QSFIHEA � R HED P A P R H U Z�P HEDGFIKLFIHED�FIH�� F U Q Q B�� KJA P R HJQJ`
(=FIH�� F AcyEFe� K�M R NGP DGF U � R�� K U � A M FIK�M F QSFIHJA U A P R H_R
�)� R�P HJA�K�M RC� U �GP Z P A��aD P Q A M PS�GBJA P R HEQJ`
� M U KDyLP � U Z�� R�DGFIZ Q U M F Q Bf�LD P NGP D�F D_P HJA R ?��!%�7�+ $�9�2 $�% U HED %�7�+ $�9�2 $�% U ��� RGM D)P HJY A R AeyEF P MDGF*26HGP A P R H_R
� P HED�FIKIFIH�DGFIH�� FL` � H BGHED P M F�� A F D Y)M U KfyLP � U Z � R�DGFIZ Q � U Z QSR-� U Z Z F D ^ U M�� R NM U H�DGR�� 2 FIZ DLQ"R�MV^ U M5� R N HEF A � R�M5� Q � � R HED P A P R H U Z�P HED�FIKIFIH�DGFIH�� F P Q�� U QSF D R H K M F QSFIH�� FRGM U �JQSFIH�� F R
� U M � QJ`�x�y�F HERIA P R H R
� P HEDGFIKLFIHEDGFIH�� F � RGM D)P M F�� A F D Y)M U KfyLP � U Z � R�DGFIZ Q �U Z QSR�� U Z Z F D � U � F Q P U H HEF A � RGM5� Q R�Mz�IFIZ P F�� HEF A � RGM5� Q � P Q � RGM F � R�� KGZ P � U A F D U Q P A A U � F QP HJA R U ��� R BGHEA8AcyEF D)P M F�� A P R H U Z P A�� R
� U M*� QJ`

� Z AeyER BJY8y D P M F�� A F D+Y)M U KfyLP � U Z � R]D�FIZ Q�y U N�F U � R�M F�� R�� KGZ P � U A F D HERIA P R H R
� P H@�DGFIKLFIHEDGFIH�� F Aey U H BGHED P M F�� A F D � R�DGFIZ Q � AeyEFe�ªy U N�F QSFCN�FIM U Z U DIN U HJA U YGF QJ`zx�y�F � RIQ AP8� KLR�M?A U HJA8R HEF_P Q Acy U A R HEF � U H M F Y U M D U H U M ��� M R�� �;A R�� U Q P HED)P � U A P HJY_Aey U A��
� U BJQSF Q�� `%x�yGP Q � U HV�LF BJQSF D U Q U Y)BGP DGF A R$� R HJQ ACM B�� A AeyEF8Y)M U Kfy Q A M\B�� A B�M F � yEFIH AeyEFQ A M B�� A BGM F P Q Z F U M HEF D^�N� DGR�� U P H�F&%]KLFIM?A QJ` � H U DGD)P A P R H � D P M F�� A F D-� R�DGFIZ Q� U H FIH�� R�DGFDGF A FIM�� P HGP Q A P � M FIZ U A P R HJQ@yLP KEQ U HED U M F F U Q P FIM A R Z F U M H�, 2 A A R D U A U .  � �
# `

� M U KfyLP � U Z�� R]D�FIZ Q U M F KIR K�BGZ U MQ�LF�� U BJQSF8R
� Y)M U KfyJQ Aey U A K�M R NGP DGF U Q A M\B�� A B�M U Z N�P F �
5�687�9;: ?	<*> ?@:



� � � �)6�� 9���� 6��*9 	��'< �����

R
� U K M RC� U �LP Z P A�� D P Q ACM PS��BJA P R H � P AeyER BJA�YGF A A P HJY�Z RIQ A_P H+AeyEF � U AeyEF � U A P � U Z=DGF A U P Z Q �AeyGBJQ�� U � F Y)M U KfyLP � U Z � R�DGFIZ Q F U Q P Z �+BGHED�FIM?Q A R�R�Dª�c�ÏyGB�� U HÏ�LF P HJYLQJ` � HERIAeyEFIM HGP � FK M R KLFIM?A�� Aey U A D P Q A P HJY)BGP Q@yEF Q Y)M U KDyLP � U Z� R�DGFIZ Q�� M R�� RIAeyEFIM U K�K�M R U �%yEF Q , Q B��%y U QM F Y)M F Q Q P R H � DGF�� P Q P R H ACM F F Q � M\BGZ F Q&. P Q Aey U A Acy�Fe� U M F P HEDGFIKLFIHEDGFIHJAXR
� AeyEF �%yER�P � F R
�AeyEF A U M?YGF A N U M P U �GZ F � QSR AeyEFe�-� U HÇ�LF BJQSF D U Q U K�M RC��Z F ��P H�DGFIKLFIHEDGFIHJA��IHER � Z F DGYGFM FIK M F QSFIHJA U A P R H�`
: ��� � �	� #&.  ��� �+# ��
 29!� .

��� 4 ,#$�; 7 4�� � $�2 "  + ��, � 4 . � RGM U M U HEDGR��
N U M P U �GZ F�� �'&�� �	�	� � � ��� � ( � R HJQ P Q A Q8R
� �
} � %�7�+ $�9�2 $�%4 9�,�9�6:789 �'+ 4�8 � , �)� � .�� R N�FIM�� FIH�� R�D P HEY Acy�F � R HED P A P R H U Z�, P H
. DGFIKLFIHED�FIH�� P F Q
�IF A � F FIHXAcyEF M U H�DGR�� N U M P U �GZ F Q R
��� , P ` FL` � � R�DGFIZGQ ACM B�� ACBGM F�.C`

} � QSF A8R
� K U M U � F A FIM Q���� � RGM AeyEF�Z R�� U Z K M RC� U �LP Z P A�� D P Q ACM PW�GBJA P R HJQ P8��KLRIQSF D��c�AcyEF�� R�DGFIZGQ ACM B�� ACBGM F , P ` FL` � � R]DGFIZ K U M U � F A FIM?Q&.C`
x�yEF QSF � U HEA P � Q R
� U � 4 P Q8Aey U A AeyEF � R�P HEA K M RC� U �LP Z P A�� D P Q ACM PS��BJA P R H R
��� � U H��LF

� U � A RGM F D_P HJA R Acy�F K M R�D)B�� A3R
� � R HED P A P R H U Z�K M RC� U �LP Z P A�� D P Q A M PS�GBJA P R HEQ R
� F U �%y N U M P U ��Z F
� �6Y P N�FIH AcyEF<QSF A"R
� P A Q3K U M FIHJA Q�� � ` � � 4 M FIK M F QSFIHJA Q U � R�P HJA K�M RC� U �GP Z P A�� D P Q A M PW�GBJA P R H
� RGM�� U Q � R Z Z R � Q��

��& $�� ��� � � ( � �
!
��� �

��& $ � � $#" 1 � � � � � ( � , � `k��.

x�yLP Q � U � A R�M P � U A P R H � RGM5� U Z P � F Q AcyEF Y)M U KDyLP � U Z P HJACBLP A P R H�Aey U A$� � DGFIKLFIHEDGQ R H P A QK U M FIHJA Q�� Y P N FIH_P A Q K U M FIHJA Q � � � P Q � R HED P A P R H U Z Z � P HEDGFIKLFIHED�FIHJA R
� U Z Z RIAcyEFIM=N U M P U ��Z F Q
� yGP �%y U M F HERIA DGF Q�� FIH�D U HEA Q R
�%� � `¢x�yEF�QSF A R
� K U M U � F A FIM?Q YGR N FIM HLP HEY+AeyEF�� R HED P �A P R H U ZGD P Q A M PW�GBJA P R H � yLP �%y�M FIZ U A F Q&� " 1 A R'� �3P Q D�FIHERIA F D��N�(� � � � yLP Z F Acy�F QSF A R
� U Z ZK U M U � F A FIM?Q P H AeyEF � 4 P Q8DGFIHERIA F D)� � � &*� � �	� � � � � � (C`

�VR HEQ P DGFIM AcyEF F&% U � KGZ F P H � P Y)B�M FË� `k�L` (=FIM F � HER�DGF Q M FIK M F QSFIHJA+M U H�DGR��¶�LP H U Mn�N U M P U �GZ F QJ` � F � U H QSF F Aey U A�AeyEF FCN FIHJA ' Y)M U Q Q P Q � F A / &*+ �-,/.10 �0(�y U Q3A � R KLRIQ Q PW�GZ F
� U BJQSF Q��6F P AeyEFIM=AeyEF � U A FIM"Q K M P H��IZ FIM P Q R H & � �2,3.10 �0( R�M P A P Q M U P HLP HJY &54 �2,/.10 � (C`
x6yEF8Q ACM FIHJYLAey R
�6AeyLP Q8M FIZ U A P R HJQ@yLP K P Q�Q@yER � H P H Acy�F$� R�DGFIZGK U M U � F A FIM?QJ` � R�M6F&% U � K�Z F �
� F QSF F Aey U A 	 &*+ �6,/.10 � � � ��,/.10 � ��4 ��7 � �98 �0( � 7 �;:-, QSF�� R HED FIHEA Mk� R
�"QSF�� R H�DM R � . � U H�DÇyEFIH�� F � 	 &*+ �<7 � �98 � � � �2,3.=0 � ��4 �<7 � �98 �0(�� * � 7 �;: � 7 � * � Q P H�� FF U �%y M R � � BJQ A Q B���A R R HEFL`L@ P H�� F<AeyEF H�R]DGF � y U Q<HERXK U M FIHJA Q � AcyEF K M P R�M K�M RC� U �GP Z P A��
� RGM �LF P HJY��IZ R BED��_P Q Q KLF�� P 2)F D , P H AeyLP Q� U QSF � � `  .C`
x�yEF Q P8��KGZ F Q A � R HED P A P R H U Z P HED�FIKIFIH�DGFIH�� FaM FIZ U A P R HJQ@yLP K�FIH�� R�DGF D P H U � 4 � U H �LFQ A U A F D U Q � R Z Z R � Q�� U H�R]DGF�P Q P H�DGFIKLFIHEDGFIHJA<R
� P A Q U H�� F Q A R�M?Q<Y P N�FIHXP A Q K U M FIHJA Q � � y�FIM FAeyEF U H�� F Q A RGM�>]K U M FIHJA M FIZ U A P R HJQ@yLP K P Q � P Acy M F Q KLF�� A A R QSR�� F 2�% F D A R KLR Z RIY P � U Z R�M DGFIM P HJYR
��Acy�F HER]D�F QJ`

5�687�9;:
�;< > ?�:



��� 6���	 9�� � ��� 6�� 9���� 6��*9 	��
< �����

Sprinkler

Cloudy

T        0.1          0.9

F        0.5          0.5

P(C=T)  P(C=F)

C    P(S=T)  P(S=F) 

0.5          0.5

C    P(R=T)  P(R=F) 

T        0.8          0.2

F        0.2          0.8

S  R   P(W=T)  P(W=F)

T  F       0.9            0.1

F  T       0.9            0.1 

F  F       0.0            1.0

T  T      0.99          0.01
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Stopping
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{BN  , BN }
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 1 k

algorithm

Nested partitions, where
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Bayesian networksData set
D={d ,...,d  }1

Partitioning
algorithm
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C={c ,...,c  }k1

Structure learning
+

Parameter learning 
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