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3�' �+��M$G�!>OwO�O�OAO�OAO�OAO�O�O)O�OAO�OAO�OAO�O�OAO�O)O�OAO�O�OAO�OAO�OAO�O�O)O�OAO�OAO�OAO�O�OAO�O)O�O B _

B O � �S3�6�'F8�3�!�#C' 8:1H' 8:��6C�"#<K"#��H�D#�G
�+uC6�G"5.G M$G-8:'N,"WX6:OfZrM<Wy���"*$G�!"��'N;"|$GC6C#��-'>G:'+,-����G�'4��*$G:'>��G�!2��*$G-8�u�g
�-#�G�!C6@�"�-� !`bAM$'N�",-3�*CE ��3�' %r8:�-' � b)3��-��6C3�8-8>' 6�1.�+3�' %r,-3pMC'F�"94G�*<3�#$' 8:;A�"*$B+'F8�;&J-;.*$K@(4'F�)8�;�/43]MC'F�",-��*C' �+K>ON]c?

B O � a #$!��:' 8:1������.8�5�' ��K2�"�-��#�GU,-���+G
��*<GU#<K.%A(+3R6"' 8:3�!"#$' 8:1.%)' 8:��6C�"#<K"#��"%"Ofa #$!��:' 8:12�"�-�-8�5-' �+KH����G.g
#$3�5.3�E ��;C6C#�����6C�c�"�C'F�-�:' �S#�G�8:*C' #<1.*C' GT(�'F��#IGc,-���+Gs��*$Gv#<K.% 8:��#���6CG�,-1"%"O�a #$3�5.3�!"#��.EN�U(+*$�.,.,-1
���"*$G�!"��'N;"|$3�'X#$KC6�#C'F,-1

p-value
KvG-�-G:EF�c����G�#$3�5.3�EX��6C�v,-��#<*$G�3�5.��(+B+G-!T(�'F�c#�Gs8:��#$;������+Gw�C6$g

#�=f%���6��RJ-K"8�3HK�(+3�6�'F8�3�!�#C' 8:1t'F8���6���#$K�#��+lS1�K��"u.�$K"�+K�G�943�E 5-3�#��.'S�+3 �S#���#C' �D#C' 8:��/4��*$!CJ�G4OUo b)�+G
,�' 8:*<�"#<3�*<K�K�#C'F,-12#IG-!+l�#<���+GU��' G��.�C'F�-��' �D#I�7#�������G�#$3�5-���+,-��#��+O O�OAO�O�O)O�OAO�OAO�OAO�O�OAO�O)O�Oa]c?

B O ! b �.*$' /0,.��%
#�=X6c3��$�"(+��,.3R6C=X6T��K",-�C6C#$'F8-WX6vB>�"*$��8�#$K"*C' �D#C' 8�WX6:lf�.�-=f%
�-*$G-8:u��-#<3�'f�����c#$KC6c8�;�/43
,-�R/4G�M$GU�Sk+��5-�L#��H��*$G"J-5.1.,.�"#��>O�O�OAO�OAO�O�OAO�O)O�OAO�O�OAO�OAO�OAO�O�O)O�OAO�OAO�OAO�O�OAO�O)O�Oa]c@

B O A �S3�6�'F8�3�!�#C' 8:1H' 8:��6C�"#<K"#��L�-�-=f%A�-*$G-8:u��-#<3I'>������#$KH,-�R/0G-M$GU�.5-K"��'N���D#$3�*$G�!L(+3IE #IGC6�� �
Knn
��O+O)O�OAO�Oa]c@

~
�NO � bA'���5"(��-*C' /0,.G:':#IG-!
billnet
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b?�D#$�"B>G�%Q�"!�#$1"%X#$K"%rM$'N��#$*$' J-1"% 3IE 6��.'CKnMC'F3�*<3�uC6�K"��Kp#<3�B:6�'F8-WX6n�"�-G"#<3�5-3��+,-��#C' 8:1"%X,-;C/0K"�+K.%f�D#I�nij3�B�6�K�#$;n}@3�!"*<=X6"' g
8:;7`�E 8�#<!.� � ij}@` ��l��"�-G��+8�G-�-WX6C#��"%p�"943R6���%n�D#$KC6�3��:' #<!.B>1AB>*$1"�+K7#�G�!"%j�+3j3�9��.*<,-G�(���%p�-G�!��"�-�-' #IG-u�6@����G-8:*$E ��3�' %
#�=X6T��!"�D#$K",-;�#�=X6���3���*$��(+,-��#C' 8:�cB+*<��6�G �

real time
�L8:�-' lX8�!.*CE =f%�lf�.9�3�#$��*$G�!T�S#<K�6YJ�3�5"#CE =f��K�#�=X6T'FMC' G�#$1�#�=X6

#�G�!"%7Wf�D#$3�6������"*$G�!"�4'F;"|$G�!C6H8��"5.u"#<3�*$3�%�3���'FM$���+3I' %���3���*<G.J-5.1",-��#I�H��6���(:6CWf*C' �+K"%L�-*$G"#<u"�.=X6�#�G�!���*$��(+,-��#C' 8:G�u
8:���+,-G-!+O bA'�,-3�5-3�#IWf,-3R6�3�%j8:�-'"��*$G�#$3�' 6���,.3�6C3�%j#<3�B�6"' 8:��%n3��$3�#$;"|$GC6C#��-'-�+3nM$u"GH�����2#����+K.,.��6$#C' 8:��#$3�*$����*$G"J-5.1.,.�"#��
�D#IGUB:Wf*$G�#�=X6Hij}@`%$

� On��GC6�G��D#$*<=f,.�"#$' 8:;�MCE 8�#<!.�L#$u���G�!
perceptron

�>OnV&*$G�3��-3��<3�*I(��"��EN�2M$3�M$G�,.��6$=X6
&(')&(')& *,+.-/+10%2436587:9(2(;=<?>A@6BC<D2FEG9H2FI4JK+/E

perceptron
ij�Y,.G�6CG��S#<*<=f,-��#C' 8:;
MCE 8�#$!"�U3IE 6��.' #I���:' G��"�.5-;�,-GC6C#<��5.�
#<3�B:6CK"#IWX6 6�3�!.*<=X6�'F8-WX6YM$'F8-#$u�=X6���G�!
!"�-;.*$B>G�!C6 �D#�G�6
#�G�,-���)#�=X6)MC' 8�#$u�=X6@��*$���>=v#<*$G�9�G�M$��#$K"��K"% �

feed forward
��OSZr�-k-�.' #$EN�"%Q#�=X6)!"�-3�*IJ�G�5-'F8-WX6n��*$G��+M$G-8:'FWX6ML � l`�ON�#<K.%

��*IWr'N,.K.%@3���G"B+1"%n#�=X676�3�!"*<=X6"' 8�WX62MC' 8�#<u"=X6L8:�.'�#$K"%A3��:E /43��+K"%&#�G�!
Minsky

L !PNS�S#�G
perceptron

#�G�!
RosenblattL A�N�#IGL3R6�MC'F�"94��*$GC6A(�'F�A#I��,.G�6CG��S#<*<=f,-��#C' 8:;7MCE 8�#<!.����#$�C6�K"��3CO�ijGLJ-�.��' 8:�L3���' B>3�EN*<K.,.�@#$K"%j��G�5-3�,-'F8�1.%r#IG-!

Minsky1�#I�C62G�3�(>(+3R6�1"%)��3�*C' G-*C' �+,-��%&#IG-!
perceptron

�S#<KH5-u"�+K�,-�C6�G�(�*<�.,.,�' 8:;HM$'N�"B:=f*CE ��'F,.=X62��*$G.J.5.K.,.;"#�=X6:O
V&�.*-k+��5-G �-G�!��"!"#<�
3�E 6��.'���5-1C/03�'F�H#�G

perceptron
3��$��8:G�5-G-!�/43�E:6�� 3�E 6��.'>6���3�E 6��.'�B>*$1"�4'F,-GU�����U3�*<3�!C6�K�#C' 8:1"%

�>8:G-�:'F;"%@(�'F���"*<8:3�#�G�u.%&5-��(+G�!"%Q$
•
~n��G�#$3�5.3�E>#�GUM$G�,�' 8:��5-E /0G #�=X6H�-G"5.!"�S#<*<=f,-��#C' 8�WX62MC' 8�#<u"=X6�L B lO]+l _RNS��G�! 3�E 6��.'��+1.,.3�*<� K��-' B+,.1H#$�-��G�#$K"%
��*$3�!C6��"%)���+GU8��-':#$K"%)#$3�B�6�G�5-G�(�EF�.%&#�=X62#$3�B�6�K�#<WX6L6�3�!.*I=X6"' 8�WX6�M$'F8-#$u�=X6H�+3A3��:E �-3�M<G 3�9��.*<,-G�(+WX6�O

•
ZQE 6��.'+#�G�,-GC6��"MC' 8:��6�3�!.*<=X6�'F8��UM$EF8-#$!"G���G�!���B>3�'+�����-M$3�'N�<KH�+u"(>8�5-' �+K.%@��3&��3���3�*$�"��,.�R6�G �.*I8>' /0,.��J�K",-;�#�=X6:O
~&!�#$� �����2/43�=f*$K"#$' 8:1H;���G�z�KH����G�#$3�5.3IE./43�5.8-#C' 8:12'NM$'N��#$K�#��+O�ZQE 6C�-'+��6��",-3R6��-,-3R6�KLKH3��:' /4!.,-EF�76��2,.�-G�*$����G-!�6
6C��,-3�5.3�#<K�/4G�uC6LG:'+��' /0�C6���%@(+3R6"' 8:3�u"��3�' %@,�'F�.%@#$��#�G:'F�.%)'NM$'N��#$K�#��.%@��3);"5"5-G-!2#$u���G-!HMCE 8�#<!.�>O

•
~n��G-M$3�'F8.6�u.3�#��.'X�"#$'r#�G

perceptron
M$3R6c��B>3�' #IG.�:' 8:;T3�5.;"B�' �S#��>O?V&�"*-kf�"5.�v�"!�#$;����"*$G�!"�4'F;"|$3�' �-�.*<��,-G:'F�

�+!",.��3�*C'F9�G�*$;L,-3&;"5"5-�A6�3�!"*<=X6"' 8:;LMCE 8�#$!"�L����GC6L�"94G�*$;7#C' %)M$!"�+8�G"5-EF3�%j�-G�!2��B>3�'�8:�"#<;L#<K�6L3�8��-�-EFM$3�!"��1A#�G�!>l
�-*$;�(�,.�2�-G�!H8:;C6�3�'�3��$�.'F*$3�#C' 8:;7��G�5-u�#C'F,-KL#$KC62,-3�5-��#<K2#�G�!>O

•
���-G�*$3�EI6��&B+*<K.��'F,-G-�-G:' K�/43�EI8:�.'$��3f,.K&(+*$�",-,-'F8�;&M$'N�"B:=f*CE ��'F,-�n��*$G.J.5.1.,.�"#��>l<,.3f8��"#<;"5"5-K�5.KQ(+*$�",-,�' 8:G.��G:E K"�+K
#�=X623�' �+��M<=X62#IG-!+O
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•
Zr9Sk4���+GC6�#�G

perceptron
M$3R6HB+*<K.��'F,-G-�-G:'F3IE+#$K ��' (+,-G�3�'FM$1>l�M<3�6H���"*$G�!"�4'F;"|$3�'+#�GU94�.' 6C��,-3R6�GU#$K"%H^F,-!�= �:EF�"%"k

�-G�!����"*$G�!"�4'F;"|$G�!C6�;�5.5.�)6�3�!"*<=X6"' 8:;LMCE 8�#$!"�+O�ZQE 6C�-'>M$K�5-�"M$1�#�G EFMC' GH3�!"�-E �>/4K"#�G2��3n��5-��#��L5.;C/0G�%n#��.�$' 6CG�,-KCg
,.�R6��H��*<�"#<!"�-�H3�' �+��M$G�!>O

•
Zr�-k0�-' #$EF�.%A#<K.%L�"�-3�,.�-5.G-8:1"%A#�G�!U�"�-�
#$KU��' (+,-G�3�'FM$1�#IG

perceptron
M$uC6���#I�.'�6���5-3�' #�G�!"*<(+1"��3�'4�+37�"8:��#$��*Ig

(+�"�S#��>l:,-K�8���6�GC6"' 8:G-�-G:' K",-�R6��>l-M$3�M$G-,-�R6��>O

~n8:��,-�L��,"=f%)8:�.':(�'F�2#�G
perceptron

M<3�6L��B>G�!C6L!"�-3�*I6"' 8:KC/03�E���5-3�%&G:':/43�=f*$K�#C' 8:��%&8��-':��*$��8�#$'F8���%nM$!"�>8:G"5-EF3�%"O
V@' G���!�(>8:3�8:*C'F,-�R6��
$

•
ijG

perceptron
���"*$G�!"��'N;"|$3�' 8:�"5.u�#$3�*$G�!"%HB>*$�C6�G�!"% 3�8:,-;C/0K"�+K.%�l ��#���6
B>*$K"�4'F,.G-��G:' G�u�6$#I�.'D3�!"*C' �D#C' 8:��%H�-��g

*<;.,.3�#<*$G:' �.�-=f%���*$G:' G�*<,-1"% �
momentum

�L8:�.' ,.3�#��CJ-5.K�#IG-uY*$!C/0,.G�u�3�8:,-;C/0K"�+K.% �
learning rate

��O�ZQE 6��-'
�-3�*C' #<#<�x6�����G-u.,.3��"#$'j#�G?/43�Wf*$K",-�x��u�(>8�5�' ��K"%����"u.3�'r6��?' �+B>u.3�'p,-3�#$KC6�3��:' J-G"5.1v#<��#�G:' =X6�3�!"*C' �D#C' 8�WX6
,.3R/0��MI=X6H8:�.'+�-�.*<�.,.��#<*<=X62�S#<K�62MC'F�"MC' 8:�"�4EF�2#<K.%)3�8�,-;C/0K"��K"%�O

•
ijG

perceptron
�-�.*.k0��5-G���G�!���B>3�'�/03�Wf*$K",-�U��u�(>8�5-' ��K"%��D#$KC6 ��3�*CE �-#�=f�+K ��G�! #�G
�-*$�.J.5-K",-� 3�E 6��.'4(�*<�.,�g

,-' 8:;cM$'N�"B:=f*CE ��'F,-G4lrM$3R6T���"*$��B>3I'X8:�C6��R6��T8:*C' #<1.*C' Gv#$3�*$,.�"#$' ��,.G�uT�S#<K�6��-3�*$EF�.#�=f��KT��G�!�#�Gs��*$�.J.5.K.,.�TM<3�6
3�E 6��.'�3��:' 5.u.��'F,-G4Or~&!"#<1�K ��5.5.3�'Fz4K�����G�#$3�5.3IE>�+K.,.��6C#$' 8:1H#$*<G.B>G-�-��M<KH(�'N��#�GC6��+B>3�MC'F�.�+,-�U�"�-G"#<3�5-3��+,-��#C' 8�WX6
��5"(�G-*CE /0,"=X623�8-���.ENM<3�!"�+K.%n��G�5-!"�D#$*<=f,.�"#$'F8-WX6LMC' 8�#$u�=X6H�-G�!L6C�HJ��"�4EF|$GC6C#��.'+�D#�G

perceptron
L ?+lO@PNhO

•
ijG)/43�Wf*$K",-�&��u�(>8�5�' ��K"%r#�G�!

perceptron
�C6��"94��*$3�#��-'$�D#�G�6n8:�C6��C6��@(�'F�n#$KC6

on line
3R6�K.,.��*<=f��Kn#�=X6nJ��"*<WX6

#�G�!>OQV@�"*-k��"5.GU�-G�! G:'
on line

�"5"(+��*C' /4,-G:'+��!C6�3�B+EN|<G�!�62#$KC6H6C3�!"*$G.J�' G�5-G�(�' 8:1L�-�.*<;.M$G-��KH#�=X626�3�!.*<=X6�'F8-WX6
M$'F8-#$u�=X67G:'

off line
�
batch

�r3�8:M<����3�' %j#�=X6L��5.(+G�*CE /4,.=X6���B>G�!C6��+!C6�1�/�=f%n�-5.K.*$���D#$3�*$G2,-�C/0K",-��#C' 8:�2!"�-�.J��Cg
/4*$G4O2~&!"#<�t8:;�6C3I' �:' Gt3�u"8:G�5.K�#<K�6
B>*$K"�4'F,.G-��G:E K"�+KUM<G-8>'F,-�"��,.�R6C=X6
��6���5.!"#$'F8-WX6�,-�C/0K",-��#C' 8�WX6U3�*<(+��5-3�E =X6
�-G�!2�-*$G���*$B>GC6C#��-'+�"�-��#IGC6HB>Wf*<GU#<K.%@J-3�5.#$' �D#IG.��G:E K"��K"%�O

&(')&('�� � 34+�� J�� ��� 3�! 9/0?B=9	@�� @.+K7#" -/5 -
bA'4!���;"*$B>G�!"��3�%),.�R/0G�M<G:'���*<G�3���3��$3�*<(+�.��EF�.%@M$3�M$G�,.��6$=X6 ����G�#$!�(�B>;C6�G�!C6�6�� �C6C#C'F,-3�#�= �:E ��G�!C67#C' %�G"5.G��R6��H�"!"�$��6C�.g
,-3R6�3�%@��6�;�(>8:3�%&#<K.%@3��:' �D#$K",-GC6"' 8:1"%n8�G:' 6��"#<K"#��"%"O b 5-��(+G�%@3�E 6��.'+��#C'>,-3n#$KC6L�"u.�$K"�+KL#<K.%@!"�-G"5.G"(�' �D#C' 8:1"%jM$uC6��",-K"%
#�=X6U��u�(+B>*$G�6$=X6Y!���G�5.G"(�' �D#<WX6�3IE 6��.'DM$!�6C�"#<��6�6C�Y��B>G�!.,.3���*$���:J-�.�+K
�+3L�"5.GY8:�.' ,-3�(+�"5.u"#<3�*$� ��*$G.J.5.1.,.�"#�����G-!
,-��B>*C'��-*$��#C' 6�G�%A1�#���62����*$G-�+�-��5.�"�S#��L�"�-� !"�-G"5.G"(�' �D#C' 8:1"%&�"�-��z43�=f%�O
`H!"�S#<!.B:Wf% ��,"=f% 3R6CW K��"u.�$K"�+K
#$K"% !���G�5-G�(�' �S#$' 8:1.%2' �+B>u.G�%H3IE 6��.'�(+*$�",-,-'F8�1+l�Kt�+!�6�M<!.�"�S#$' 8:1t��8:*$K"�$Kt��G-!

��*<G-8:u��-#$3�'+�"�-�U#<K�6��.u"�$K"��KH#�G�!��.5-1C/4G�!.%@#�=X6�MC'F�.�D#$;"�+3�=X6�3R6���%A��*<G.J-5.1",-��#IG-%)3�E 6��-'03�8-/43�#C' 8:1>O]~&!�#$�U��K",-�.E 6�3�'
3��:E �+K"%&��#C'>KLM$!�6C�"#<�"#<K"#��73��:' �>8:�-�-K.�+K.%j�+3&�.!�#�G�u�#IG-!L#<u"�-G�!�#I�7��*<G.J-5.1",-��#I��3�E 6��.':�.M$uC6���#$K>OXaq��*$G�3��-3��<3�*I(��"��EN�
#�=X6AM<3�M<G�,-�R6C=X6)��B+3�'-�+�C6)�D#$�"B>GL#<KA,-3�E =f�+KA#$K"%pMC'F;.�D#��.�+K"%Q#�G�!AB:Wf*$G�!A#�G�!@��*$G.J.5.1.,.�"#�G�%r,-3r#$��#�G:' G�#$*$�.��G�Wf�S#<3
6���,.K�6H,-3�' WX6�3�#��-'>��,"=f%�K�!"�-;.*<B+G-!.�+�2�.5-K"*$G�9�G�*CEF�+O
����B+*$'��-*$���+94��#I�@M$3R6@3IE B+3r�+!"5"5-K"9+/43�E"K)'FM$���@#$K"%pB>*$K"�4'F,.G-��G:'F1"��3�=f%f#�=X6&6C3�!"*<=X6"' 8�WX6)MC' 8�#<u"=X6n(�'F�A,�'F�&#$��#�G:'F�
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9�G�*$;@MC'F�"#<!"�.WX6�3�#I�.'$(�'N�&#$K&5-u"��Kn#�G�!@(+*$�",-,-' 8:G�u@�-*$G.J.5-1",-��#�G�%�ODijG���6@�"�CEF|$3�'C6��&5-u"�+3I'$8:�C6�3�E %Q,-!"*C'F;.M$3�%f#$3Rg
#<*$��(+=X6�'F8�;A��*$G.J.5.1.,.�"#��n(4'F��,"��G�*$���+3�'"6���5-u"�+3I'�#�G2(+*$�",-,�' 8:�L�+!.|$K�#$3�E #��.'"�D#�G28:3�9�;"5.�-' GA#�=X6)��3�'F*$�",-��#C' 8�WX6
����G�#$3�5.3���,.;"#�=X6 � 8:3�9�O A �]�-��G-!H8:�.'>(�E 6�3�#��-'+3�8-#$3R6�1"%A��u�(>8:*C' �+K28��-'+��6�;�5.!.�+KH��5.=X6L#�=X6H,-3R/0�-M<=X6:O

•
a�5-u"��K2��G�!H�-*$G�#$3�E 6�3�#I�.':(4'F�H#�G #$3�#<*$�"(>=X6"' 8:��!���G-�-*$�.J.5-K",-�L3�E 6��-'>8>' k>�.!�#$1L��*<= #<�"#<!"�-K+O

•
a ��3�'F*$�",-��#C' 8:1�������M<3I'F�$K>l��+3j(+*$�.,.,�' 8:;78:�.'��.B+':MC'F�.B:=f*CE �4'F,-�7��*<G.J-5.1",-��#I�>l�#�G�!2��#C':B>*$K"�4'F,.G-��G:' WX6$#I�"%n�R6���6
�+B>3�#C' 8:;A����G�#$3�5.3��+,-��#C' 8:�)�"5"(+��*C' /4,-GA#$3�#<*$�"(>=X6"' 8:G-u)��*$G�(+*$�",-,-��#C' ��,.G�u � �"5"(+��*C' /4,-G�%]MC' �-5.1.%Q��6��"|$1�#$K"��K"% �
(�'F�A#$KC6)3�u"*$3��+KA#$K"%]J���5"#C' �D#$K"%pMC'F3�u�/4!C6���K"%p3�E 6��.'-M$!C6��"#<��6&6��73�8����.'FM$3�u.�+3�'�8���6�3�E %],-GC6�G��D#$*<=f,.�"#$'F8�;LM$EF8-#$!"�
#<u"�-G�!

perceptron
�-G"5.u2����G-M$G"#$' 8:�"#<3�*$�H���4k>��#C'4,.3);�5.5.3�%@#<3�B�6"' 8:��%�O

•
a M$!C6���#$��#$K�#I� #�G�!���5.(+��*C' /4,-G-!H6��
,.K�6 �.!"�$;C6�3�'4#IGC6��"*C' /4,-�Y#�=X6 5.;�/4G�%�#��.�$' 6CG�,-K",-�R6C=X6 �-*$G�#$u��-=X6�3�E 6��.'
�-*$��(�,.�"#$' 8:;���G�5-u�#C'F,-K>OS�)*$K"��'N,.G-��G�'FWX6$#I�"%n�.!�#$17#$KC62'FMC'F�"#<K"#��7�+��6LM$G-,�' 8:��5-E /0G23IE 6��.'>M$!�6C�"#<��6A6C�H�D#$K"*CEF�$3�'
8���6�3�E %j#�G�G:' 8:G-M$��,-K",-�L3R6���%&MC' �D#$*<=f,.�"#$' 8:G�uLMC' 8�#$u"G�!>O Zf�:E �+K"%"l:,.3@3�5.;.B+' �D#$3�%n,-3�#���#$*$G-�-��%&3�E 6��.':M$!�6C�"#<��6LG
��5"(��-*C' /0,.G�%r6C��,-3�#��.�+B>K.,.�"#$' �S#<3�E"��#$��'.Wf�D#$3Q6C��3�6$#IG.�:EF|$3�'�#��A�-*$�"(+,.�"#$'F8�;@#�G-�:' 8:;@3�5-;"B+' �S#��&#$K"%p(�*<�.,.,�' 8:1"%
M$'N�"B:=f*C' ��'F,-��#$K�#I�"%)�D#$KC6L��3�*CE �-#�=f�+KH#�=X6�,.KH(+*$�",-,�' 8:;HMC'F�.B:=f*CE ��'F,.=X62��*$G"J-5.K.,.;"#�=X6:O
~&!�#$1�K�'FMC'F�"#<K"#���3�E 6��.'�#$���+Gv�+K",-�C6C#C' 8:1>l �-��*<���"�-�c��*<G�!.%�#��"B>u"#<K"#��"%H8:�.' �"�-��M$G��+K"%"lS��G�!�,-'F�T;�5"5-KY��' G
J�' G�5-G�(�' 8:1�MC'F�"#<u"�.=f��K�/0�v1"#��C6sE �+=f%Y8��"#���5.5.K"5.��#$3�*$K>O?P]!"(>8:3�8:*C'F,.��6C��/4�s,.�-G�*$G�u"�+3U6��v�-3�'f8:�C6�3�E %
�"#$'
���������	��

�����������������������������! #"��$�%�'&( #�� ��)�%���$�����*��+,�.-����* *�/+$�*�0 �+��!��1(2��3-4�65%�������879 *�:��
�+;&(�%+*�$������
��)�<��
=�
�$����5�>="
 ����	
=�!+(�?����2
+�@��4
=��7���-�AB�!�*�C���;+*�ED F� 87G+�H� #�3I���
=+,�$�#14�6H.O

ij�A�+!.,"��3�*$;"��,.�"#��&8:�-'�G:'.�-*$G�#$3�' 6���,-3R6�3�%]#<3�B:6�'F8���%]��B>G�!C6@1.M<KAM$K",-G���'F3�!C/43IE
L � !:l � A>l � B l � ]PNhl.3�6$Wv���"*$�",-�R6�G�!C6
�C6�G:' 8�#$;2�"8���,-�H#�����8:��5-G-!�/4�2|<K"#<1.,.�"#��
$

•
~n���-M$3�'N�<KH��#C'4K�M$'N�"MC' 8:�"�4EF�2��u�(>8�5�' ��K"%)��B>3�'+��G�5.!"=X6�!",�' 8:17��G�5.!"�.5-G-8��"#<K"#��>O

•
Zr9��.*$,.G"(+1H#�=X62���"*$����;C6C=�(>6$Wf��3�=X6�8��-'�'NM$' G"#<1"#�=X62�+3@��G�5.!.�D#$*<=f,.�"#$' 8:;HMCE 8�#<!.�>O

o b)�+G�6&�"94G-*$;@#IWf*$�)#$KC6n��*<G�3���3��$3�*<(+�.��EF�@M<3�M<G�,-�R6C=X6@K@�-*<= #$��#$!���K&B>*$1"��Kn6�3�!.*<=X6�'F8-WX6)M$'F8-#$u�=X6n(4'F�@3��<�"(>= (+1
�+K.,.��6C#$' 8�WX6L8:�"#<3�!�/4u�6C��3�=X62,.�-G�*$3�E>6��H��B>3�'+#$' %A3��$1"%A3�94�"*$,-G�(+��%Q$

•
bA'X�-*$G-8:u��-#�G�!"��3�%�8:��#$3�!C/0uC6��+3�' %�3IE 6��.' ��K",-�C6C#$'F8���%U�"B�' ,.��6�Gs(�'F��6�3�!.*<=X6�'F8�G�u.%U��5.5.;�8:�-'X(�'F�c�D#��"#$' �D#C' g
8�G�u.%n#��.�$' 6CG�,-K�#$��%�l-��*<;"(+,-�7��G-!2�+K.,.�-E 6�3�'>�"#$':!"�-;.*$B>3�'�8:;���G:' G-%jJ-�C/0u�#$3�*$G�%j5.�"(+G�%n��G-!23�(>(+!.;�#��-'-#<K�678:��5.1
�����-M$G��+K2#$K"%A,.3�/4��M$G-!+O

•
ijG7�-5.1C/0G�%Q#�=X6A��K",-�C6C#$'F8-WX6AMC'F�"�S#<;.�+3�=X6)�-G�!A��*<G-8:u��-#�G�!C6&3IE 6��.'-�+!�6C1�/�=f%j��G�5-u@,�' 8:*$��#$3�*$G2�"�-�7�.!�#$�7#�G�!
�"*$B+' 8:G�uY�-*$G.J.5-1",-��#�G�%�lDB>=f*$E % ��,.=f%H6C��!"�-;.*$B>3�'S8��-'S,-3�E =f��K��D#$K�(+3R6"' 8:3�!"#$'F8�1t' 8:�C6��"#<K"#��>O�ijGT(+3�(+G�6C��%
�"!�#$� �C6�G:E (+3�'>#�GC6�M<*$��,-G�(�'F� $

� OpZr94�"*$,-G�(+��%�(�*<1"(+G�*<=X6Y!�5-G-�-G:'F1.�+3�=X6 �
fast knn

�)#�G�!Y��5.(+��*$' /0,.G�!
#�G�!Y8�G�6C#$' 6��"#<3�*$G�!Y(+3�E #�G�6C�+OHijG
J-�.��' 8:����*$�"J-5.K.,.�7�.!�#<WX67#�=X62,-3R/4��M<=X6H��(>8:3�' #��.'��S#�G (+3�(�GC6���%@�"#$'�K2�"�-��M$G��+12#�G�!"%@,.3�'FWX6C3�#��.'+3��$�.' g
*$3�#C' 8:;H��3)�-G"5.!"MC'F;.�D#��"#�����*$G"J-5.1.,.�"#��>O

�:OpZr94�"*$,-G�(+��%�G-�-#$'F8�G-��G:E K"�+K.%�O
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ij���+!.,"��3�*$;"��,.�"#��Y8:�.'XG:'��-*$G�#$3�' 6���,-3R6�3�% #$3�B�6"' 8:��% ��B>G�!�6t1.M<K�M$K.,.G���'N3�!C/03�E6L � _-l � ?:l � @:l��cb:l�� � l��`�ONhlX3�6$W

���"*$�",-�R6�G�!C6L�C6�G:' 8�#$;2�"8���,-�H#�����8:��5-G-!�/4�2|<K"#<1.,.�"#��
$
•
��3�#��"#<*$G-�-1&#�G�!&�"5"(+G�*CE /4,-G�!

knn
Wf�S#<3Q6��)3�E 6��.'"M<!�6���#$�C6n6��)M$E 6C3I'"�R6��),.��#<*$G�#$K"%]�+K.,.��6$#C' 8:��#$K�#I�"%r��6C#$E�(�'F�

#<K�6��-5.K.*$G-94G�*CEF��8�5.;.�+K.%�OA��3L�.!�#$�C6 #�GC6�#$*$�-�-GtK
�-*$G�#$3�' 6���,-3R6�KU,-�R/4G�M$G�%23�E 6C�-' M$!C6���#$�C6 6��Y����3�,.�.5-��8:3�E
3R6C#<3�5.Wf%A������#<K�B>*$1"��K�#�=X6L6�3�!.*<=X6�'F8-WX6�MC' 8�#<u"=X6�O

•
V&G�5-u"%U5.��(�G-%U(�E 6�3�#��-' #$3�5.3�!�#��-EF��(�'F�c#$KC6T�C6�;"5.!"��K��+3Y�C6�3��$;.*I#$K�#IG-!.%�;"�$G�6C3�% �

ICA
�H�C6C#CEf�+3UJ-�.��' 8:G�u"%�

PCA
��O a��-*<W #$KU94��*$3�#��.'S,.;"5-' �D#I� =f%H(+3R6"E 8:3�!"��K #$K"%HM<3�u�#$3�*$K"%�OAZQE 6C�-'S,-;�5.5.G�6H/0��,-�U3R6���%2;"5"5-G-!UM$'NM<��g

8-#IG-*C' 8:G�uHKHMC'F3�*<3�uC6�K"��KL#$K"%)���"*$����;C6C=?'FMC'F�"#<K"#��"%"O
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ijG2�-*$�.J.5-K",-�A�-G�!)/4�2,.�.%n�����"��B>G�5-1"��3�'"�>o$�.!�#$1C6A#<K�6A3�6C�"#<K"#���3�E 6��-'�K73�u"*$3���K7,�'F�"%j�"�-G�M$3�8�#<1.%
(feasible)

5-u"��K"%
(�'F� ��6C�U�+u"�S#<K.,.��(�*<�.,.,�' 8�WX6��C6"' �>Wf��3�=X6:Op~n6 8��-'4K 5.u.�+K �D#IG
��u"�D#$K",-��#�=X6�(+*$�",-,-'F8-WX6�3��C' �>Wf��3�=X6�8�G��S#$EF|$3�'
!���G�5-G�(�' �S#$' 8:;����+GY8:�.' K
�C6C#C' �S#<*$G�941�3R6���%7�:E 6���8:� �

O(n3)
��l0(�'N��#�Gt�+u.�D#$K",-��#�=X6 (+*$�.,.,�' 8�WX6U�C6"' �>Wf��3�=X6�M<3�6

��B>3I'>��*$G�#���/43�E+��5"(��-*C' /0,.G�%A����G�M<3�M<3I' (�,.�R6��L�-G"5.!�=X6�!.,-' 8:G�uLB+*<��6�G-!+O
ijG���*$�"J-5.K.,.�@�"!�#$��3�E 6��-'���;"*$�@�-G"5.u)�+K",-�C6C#C' 8:�A#<����G7�D#$KC6)#��"�C' 6���,.K.�+K

(classification)
8:�.'�#<K�6@�C6��"(:6CWf*$' ��K

��*<G"#<u"�.=X6
(pattern recognition)

����G@8:�-'C�D#$KnJ�3�5"#C' �D#�G-��G:E K"�+Kp��!C6��"*<#$1"�+3�=X6�l�MC'F�"#$'C8�;�/43f��6"' ����#$K�#��n�-�.*$' �S#<;�6C3I'
�R6���M$3��+,-����G�!2��*$����3�'�6���' 8:�C6�G-��G�' K�/43�E:�-*$G�#IG-uH�C6��.|<K"#<K�/43�E+KHJ-��5.#$' �S#<KL5.u"��K�,.�������D#�G
B:Wf*$G�#�=X6�����G-M$3�8�#<WX6
5.u.�+3�=X6),.3]8:;���G:'F�@;"5"5-K@,-�R/4G�M$G4O PQ#$KC6@�-3�*CE �-#�=f��K@��G�!AG�'.M$3��+,-G:E-3�E 6��.'.,.K)(+*$�.,.,�' 8:G:E�#$��#$3p,"��G�*<G�u.,.3Q,.3p�"u.�$K"�+K
#$K"% MC'F;"�S#��"��K"%26��t(+*$�",-,-'F8�G-��G:'F1"��G-!.,.32#�GT�-*$�.J.5-K",-�>O�~&!"#<�T�-�.*$;�(+3�'���,"=f%UB:Wf*$G-!.% ,.3 �S#<*$3RJ-5.��%H8:��#I�C6�G�,.��%
��G-!t��3 �+!C6�M$!"�.�+,-��,-3�#<K�6
8:��#$;"*$�Y#<K.%H�-G"5.!"MC'F�.�D#C' 8:��#$K�#��.% �

curse of dimensionality
�)����(�'FM$3�u.3�'D��3�B>�",-K�5-1

������M$G-��K���5.(+��*C' /4,-G-!.%��-G�!tJ��"�4EF|$GC6C#��.' ��3��D#��"#$' �S#$' 8:;�1�6�3�!"*<=X6"' 8:;�,-GC6C#<��5.�
(perceptron)

OTZQ'FMC' 8:�"#<3�*$�+l #I�
6�3�!"*<=X6"' 8:;sMCE 8�#<!.�v!"�-G�94��*$G�!C6c3��:' �-5.��G�6T�������R6��v�.5-1C/0G-%t3�!.*C' �S#$'F8-WX6c�-�.*<�.,.��#<*<=X6c��G�!s�C6vKv#C'F,-1s#�G�!"%YM<3�6
3��:' 5.3�(+3�E:8:�"#<;"5"5.K"5.�+l.G�!"�4'F�"�S#$' 8:;H������(+G�*$3�u.3�'�#$KC62��u�(>8�5-' ��K2��3@5-G�(�'F8�� B+*<��6�G�O
a �-*$�"#��"��1H,-�"%@J��"��EN|<3�#��.'+�Dk+�R6���62��5.(+��*$' /0,.G���G�!
$
•
o ZQB>3�'X������M$3�'F�$K��+u"(>8�5-' �+K.% �+3���3��-3�*<�.�+,-�R6��YJ-1.,.�"#��>O�P]3 ��3�*CE �.#�=f�+Kt��G-!t#IGT��*$�"J-5.K.,.��3�E 6C�-'�(+*$�",-,-' 8:;
M$'N�"B:=f*CE ��'F,-G4l #<�"#<3HG��"5"(+��*C' /4,-G�%7J�*$E �+8�3I'D,�'F�
�"�-G�M$3�8�#$1U5-u"�+K+O�P]3H�C6C#CE /43�#$KU��3�*CE �-#�=f�+K+lDG���5.(+��*C' /4,-G-%
#<3�*$,-��#CEF|$3�'>��3A,-'F����!C6�1C/4=f%H^ 8:��5-1>k:,-KH�"�-G�M$3�8�#$1L5-u"�+K+l:�"B+'���,"=f%��"�-�.*<�-E #<K"#���8:�.'+#<K�628:��5-u�#$3�*$KLM$!C6��"#<1+O

•
`23�62��B>3�'+8:�C/0��5.G�!H3�!"*C' �D#C' 8:��%@�-�.*$�",-��#<*$G�!"%"O

•
PQ#<K�6s��G�*$3�EF�w#$K"%�,-;C/0K"��K"%TGy�"5"(+��*C' /4,-G�%�M$3R6�8:��#��.�D#$*<��9�3�']#IG-!.%�1"M$K ' 8:�C6�G-�-G:' K",-�R6�G�!"%tM$3��+,-G�u"%�l@,.3
����G�#$��5.3���,.�@6��L,-KC6A���"*$G�!"��'N;"|$GC6C#��-'�#��"5.��6$#$3�u.�+3�' %]8:�.'.6��7,-3�' WX6�3�'�#�GH�+!�6�G�5-'F8��2B>*$�C6�G�3�8��-�-EFM$3�!"��K"%"OS�T'F�
;�5"5-K@MC'F�"#<u"�.=f��K)#<K.%Q���"*$�"�-;�6$=c�-*$�"#��"��K"%p,.3p,-�C/0K"��'N��8:G�u"%]�-*$G�!"%"l"3�E 6��-'"�"#$'.#�G2�+u"�S#<K.,.�AM$3R6��$3�B�6�;"3�'.���+�
��B>3�'�1"M$KH,.;�/43�'��>=f�S#<;+O

•
ZQE 6��.'<��G�5-uQ(�*<1"(+G�*$G-%"OSV&�.*IoR�"5.Gn��G�!j!���;"*$B>G�!C6p' ��B>!"*$��% 3�6CM$3�EN�<3I' %X(4'F�p�-G"5.!"=X6C!.,-'F8�1p��u�(>8�5-' ��K]M$3R6j!���;"*$B>3I'
��8:��,.�H�"!.�D#$K"*$12�"�-��M$3�'F�$K+O

•
ZQE 6��.' �.!�#�G-8�5-'N,.�"8�G�u.,.3R6�G�%�O�~n6C#$E /03�#���,-3�#$KT��!C6�1C/0K���*<�"8�#$' 8:1t#�=X6T!"�-�.*$B>�C6C#�=X6t6�3�!"*<=X6"' 8�WX6TMC' 8�#<u"=X6
6C�T�����.' #�G�uC6Y8���6�GC6"' 8:G-�-G:' K",-�R6�3�%�3�' �+��M$G�!"%�(�'N��6�������G�9�u"(+G�!C6t�-*$G.J.5-1",-��#��t�"�-G-8:G-�-1.%H�"�-�c#$KT��' (+,-G�3�' g
M<1 �

overshooting, saturation
��l4GU��*$G�#$3�' 6���,.3�6CG�%7�"5"(+��*C' /4,-G�%A,"��G�*<3IE�6C�UB>*$K"��'N,.G-��G�'N1"�+3I'D^F��8:�"#<��*<(+�.�D#��

�D#�G:' B>3�EF�+k �
raw data
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P
MC'F��6�u"�+,-��#I�

(pat-
tern)

�
Xp p = 1, . . . , P

� ��G�!L��6C1"8:G-!�6A��3nM$u"GH8�5.;.�+3�' %�l-���D#�=
C1, C2

O ijGH�-*$�.J.5-K",-����*<���-3�'.6��L5.!C/03�E-(+3R6"' 8:;
�D#C' %

N
MC'F�.�D#$;"��3�' %�O

� ��5-G-!.,.3�l-M$K�5-�"M$1>l:�R6��2J-*$G�u",-3)�R6��H��uC6�G�5-G ,.3�#��CJ-5.K�#<WX6
w, w0

l>#$��#�G:' =X6LWf�S#<3

wτXp + w0 > 0 ∀p ∈ C1

� �:O � �
wτXp + w0 < 0 ∀p ∈ C2

� �:O ���
bA'+�-�.*<�"�-;�6C=x3��C' �>Wf�+3I' %)(+*$;.9�G�6$#I�.'��+3@��' G���!",.�-�"(+12,-G�*$9�1 ��67/43�=f*$1.�+G�!",-3@�"#$'

•
ijG M$'N;C6�!"��,.�

Xp

�-3�*C'F��B>3�':,�'F�H3���'F�.5-��GC67MC'F;"�S#��"��K7��G�!2KH�+!�6$#$3�#��"(+,-�R6�K7#$K"%)�-,.=f%)3�E 6��.'>�-;�6$#I� � (�'F�H��5.�
#��2��K",-3�EF�

(threshold)
O

•
[���#-k0��6���5.G"(�EF�+l�#�GTM$'N;C6�!"��,.�

W
����G�#$3�5.3IE #I�.'4�����t#�G

w
8:�.' ��3�*C'F��B+3�'0#�G�6
��*<G

w0
���C6U#$3�5-3�!�#��-EF����!C6"' g

�D#<Wf�+�>O

•
~j6C#$' �S#�G:' B+G-u.,.32,-'N��M<!.�"MC' 8:1Y#$'N,.1

Tp

� b�1 � �A�+3�8:;�/43�MC'F;C6�!"��,.�
Xp

OYa ,-3�#���J.5-K�#$1
Tp

���.EF*I6�3�'S#$'N,.1 �
��#���6L#�G���K",-3�E G

p
�C6�1�8:3�'+�D#$KC628�5-;"�+K

C1
8:�.' bH��62�C6�1"8�3I'+�S#<K�6L8�5.;"��K

C2
O

•
b)*$EN|<G�!.,.3&#�G�MC'F;C6�!.�+,-�

dp = (2Tp − 1)Xp

o Zf#$��'�#�G��.*<B�' 8:��,.�.%)�-*$�.J.5-K",-�7#<Wf*<��(4E 6�3�#��.'

θ(W τdp) = 1 p = 1, . . . , P
� �>O ! �

�-�-G�!
θ
3�E 6��.'�K�(:6C=f�D#$1 �+!�6C;.*<#<K.�+KLJ-1",-��#IG-%"O

PQ#�G�6sB:Wf*$G #�=X6vJ-�.*IWX6s#�=X6
N + 1

M$'N�"�D#$;"��3�=X6s#�G?MC'F;�6�!"�+,-�
W

�C6C#$'F�-*$G��>= ��3�u"3I'Q��6C�x�+K",-3�E G4O [�;C/43
MC'F;C6�!.�+,-��3�' �+��M$G�!

Xp

�"�-G"#<3�5.3�E �R6���!"�-3�*$3��:E ��3�M$G���G�!�MC'F��*$B>3�#��-'X������#$KC6��"*$B>1�#�=X6T�"�$�C6C=X6�8:�.'XB:=f*CEF|$3�' #�G
B:Wf*$Gv#�=X6tJ-�.*IWX6���3&��!���G"B>Wf*<G�!.%�O�ij�T!"�-3�*<3���E ��3�M$�Y�-G�!���6C#$' �D#IG�' B>G�u�6Y�D#I��MC'F�C6�u"��,.�"#��

dp

� 8:�.'X�S#��
Xp

�
/4*$!.,.,-��#CEF|$G�!C67#�G B:Wf*$G���3n��G�5.5.���-5.;A8:!.*I#$;

(convex)
��G�5.u"#�G-�-�7#�=X62G-�-G:E =X67#I�L8:G:' 6�;2��*C'F�23�E 6��.'>#<,-1",-��#��L#�=X6

!���3�*$3��:' ����M<=X6�O ��'F�U8�;�/43
W
�-G�!YMCEFM$3�#��.' l 8�;�/432!���3�*$3���EF�-3�M$G
#��"�C' 6�G�,-3�E #��.' ���C6�^F�>=f�S#<�4k �

BR
l
Bit Right

�)�C6
K ��G��+��#$K�#I�

Op = θ(W τXp)
3�E 6��.' E �+K ,-3A#$KC6�#$'F,-1��S#<�.B>G

Tp

(�'F��#�GY�+!"(>8:3�8:*$'N,.�R6�G
M$'N;C6�!"��,.�
p
l+8:�.'�^ 5.;�/4G�%�k�

BW
l
Bit Wrong

�]�C6L#IG
Op

3IE 6��.'�M$'N�"94G-*$3�#C' 8:���"�-��#�G
Tp

O
�T'F�TB>*$1"��'N,.KT�-�.*<�"#<1.*$K"�+K�3IE 6��.'X��#C'X#�GsMC'F;�6C!.�+,-�

dp = (2Tp − 1)Xp

M$3�E B�6�3�' �-;�6C#�G�#$3��-*$G�%�#$KC6��-5.3�!.*$;
#�G�!x!"�-3�*<3���' ����M$G�!w��G-!?�C6C#C' �S#�G:' B>3�Ep�D#$K�^ �+=f�D#$1>kj#��.�C' 6��-,-K"��K�#�G�!?M$'N�C6�u"��,.�"#�G�%

Xp

O ij�?MC'F��6�u"�+,-��#I����G-!
#��.�$' 6CG�,-G�uC6C#��.'+�+��6

BR
B+�"*$��8�#$K"*CEF|$GC6C#��-'>3��:E �+K"%@8:�.'+����� #<K�67/43�#$' 8:1H#C'F,.1H#$K"%)��G-����#$K�#��.%

Zp = W τdp

O
��'N� 6��U(4E 6�3�' 8:��#I�C6�G�K�#$1�KU��*$G�K�(+G�u",-3R6�K�M$1�5.=f�+KY�"%7/43�=f*$1"��G�!",-3L��#C' #IGt(�' 6���,.3R6�G

W τXp > 0
O2Pro+�"!"#<1

#$KC6��-3�*CE �-#�=f��K2#IG
Tp

��*$���-3I'>6��U' ��G-u"#��.'+,.3
1
�.9�G�u�/03�=f*$1"���",-3@#IG

Xp

�+�C6
BR
O]o Zr#<�4' l

2Tp − 1 = 1 > 0
8:�.'

Zp > 0
OUPQ#$KC6
��6C#$E /03�#<K
��3�*CE �.#�=f�+K>lD��6Y' �+B>u.3�'D�"#$'

W τXp < 0
lS#�G

Tp

��*<���-3�' 6��Y3IE 6��.' ' ��G�u�#��-' ,.3
0
O ~&5"5.;

#$��#$3
2Tp − 1 = −1 < 0

8:�.'�;"*$�H#�G
Zp

3�E 6��.'+�-;"5-':/43�#C' 8:�4O
��3r�-�.*<��,-G:'F�&��!�5"5-G�(�' �S#$' 8:1j,.�-G�*$G�u",-3 6��)M<3IEF�$G-!.,.3Q��#C'��S#<K�6&�-3�*$EF�.#�=f��Kn��G�!&�R6��)M$'N;C6�!"��,.�)��B>3�'�#��"�C' 6�G�,-KC/43IE

�+��6
BW

�����t#�G
W
lSB>�.*<�"8�#<K.*$EN|<3�#��.'0�"�-�t#$KC6
�.*I6CK"#$'F8�1U#$'N,.1Y#�G�!Y3��>= #$3�*C' 8:G�uU(�' 6CG�,-�R6�G�!

Zp

OH~&�-���.!�#$�t#�G
�+K.,.3IE Gv8:�.'f���-3I' #I�t/4�c�C6��"943�*$��,.�.�D#$3��D#��vMC'F�C6�u.�+,-��#���3I' ����M<G�!c�+�C6

dp

��6C#$EX(4'F��#��v�"*$B+'F8�;
Xp

�"94G-uc�-�.=f%
3�EFM$�.,.3jMC'F�"#<K.*<G�u.,.3p��5-KA#<K�6A�"�-�-' #�G�u",-3R6�K@�-5.K.*$G-94G�*CEF�A#�G�!��"*$B+' 8:G�u���*$G"J-5.1.,.�"#�G�%]�S#<K�6���' GL��!",.�-�"(+1�,-G-*$9417#$K"%�:O !>O
aqMC'F;.�D#��.�+K�#IG-!7�-*$G.J.5-1",-��#�G�%p�"!.�<;�6�3�#��.'.8:��#$;7�R6��AJ��C/0,.��3�5-3�!C/03�*CEF�"%j�"5"5.;�3��-3�'NM<1���B>G�!",-3jB>*$K"��'N,.G-��G�'N1"�+3I'

G�,.G"(+3R6�3�E %��+!�6$#$3�#��"(+,-�R6�3�%�,"��G�*<G�u.,.326��t#�GT�+8:3�9+#$��,.�.�D#$3��+�C6Y�-*$�.J.5-K",-�
N
MC'F�.�D#$;"��3�=X6:l 3�'NM$'F8�;t�S#�GC6�M$!��h8:�
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P]B>1.,.�N�:O � $ ijG73�' 8:GC6"'F|$��,-3R6�GA�-*$�.J.5-K",-�&3�E 6��-'C#�G
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M$!��h8:� B:Wf*$G4O
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•
a ��!C6�;"*<#$K"��K28:���D#IG-!.%)#�G�!

perceptron
K�G-�-G:EF��G�*CEF|$3�#��-'

E =

P
∑

p=1

(Tp − Op)W
τXp = −

∑

p=BW

W τdp

� �:O A �

�.��G�!H#�G�M$3�u�#$3�*$GU;�/4*$G:' �+,-�2#$*$��B>3�'���;C6C=y�D#���MC'F�C6�u.�+,-��#��H��G-!�3�E 6C�-'>#I�"�C' 6�G�,.K.,.�R6����+��6
BW

�"�-� #IG
W
O

P]u",-9+=X6���,-32#$KC6t�C6�;�5-!"��K
��G�!t��(�' 6�3��D#�Gc8:3�94;�5.�-' G �:O � O � lSK���!C6�;"*<#$K"�+KY8:���D#�G�!.% 3�E 6��.'D/43�#C' 8:1>O
ZQE 6��.'
3���E ��K"%f(�*<�.,.,�' 8:1)�C6�;&��3�*C' G"B>1 �

piecewise linear
���D#IGC6

RN+1 8:�-'���B>3I'��D#I�C/43�*<1)���"*$;�(+= (+G ∆W
�+3Q8:;C/43

�-G"5.u�#IG.��G2�-G�!�MCE 6�3�#��.'������ #�G�6L#$u���G

−∆W =

P
∑

p=1

(Tp − Op)Xp = −
∑

p=BW

dp

� �:O B �

~j623��:' B>3�'F*$1.�+G�!",-3]6��2�"8�G"5.G�!C/01"��G-!.,.3j�.!�#$1C6�#$KC678:��#$3�uC/0!C6��+K+l-,�k>�"!"#<1�67#<K�6L�+!�6C;.*<#<K.�+K28����S#�G�!"% �
gra-

dient descent
� ��B>G�!.,.3jG�!"�4'F�"�S#$'F8�;A#$KC6

offline (batch)
��G�'F8:'F5-EF�)#�G�!7�"5"(+��*C' /4,-G�!A#�G�!

Rosenblatt
(�'F��#�G

perceptron
O

•
a�#$3�#$*$��(>=X6"' 8:1��+!�6C;.*<#<K.�+KH8:�-�S#�G�!"%

ESE =
P
∑

p=1

(θ(W τdp) − 1)2
� �:O ] �

K G.��G:EF� ,-3�#<*$;.3�'4#�GC6 �"*C' /0,.�U#�=X6 5.;C/0G�%A#��"�C' 6�G�,.K.,.��6$=X6 MC'F�C6�!.�+,-;�#�=X6
BW

������#�G
#$*<��B>GC6
W
8��-'��-*$G.g
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�/')&('	� � 9/3491@�� B ! 7 9 2 9
and
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5.G�(4' 8:G-u
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P]B>1.,.� �:O � $AZrM<W�#�G���*$�.J.5.K.,.�Y�����"*<#CEF|$3�#��-' ����� � b`b
��K",-3�EF�+O ZQE 6��.'��+�.9+Wf% �:' G�M$u"�>8:G"5.G���6U8:�.'�K
8:�"#��C6�G�,.1
#�=X6��+K",-3�E =X6H�D#�G
3���EF�-3�M$G 3�E 6C�-'+G�,-G�(+3�6C1.%�O

•
ij�
��K",-3�EF�

dp

��B>G�!C6�(�E 6C3I'S3�!�/43�EN3�%78:�.'S����G�#$3�5.G�u�6��-5.��GC6U,�'F�
MC'F;"#��"�$K
(arrangement)

l B:=f*CEF|$GC6C#��.%H#�GC6
B:Wf*$GH��3p8:!"*<#<��%

(convex)
��G�5.!"(>=X6"' 8:��%j!���3�*<��3�*C' G.B>��%

(polytopes)
O o b@5.�A#��7(:6C=f�D#$;7/03�=f*$1",-��#��A(�'N��#$' %

M$'N��#$;"�$3�' %@' �+B+u"G�!C6%L �^! N O
•
�����+�c�+3U8�;�/43U�-G"5.u�#IG.��GTGw�.*C' /4,-�-%U#�=X6

BW
3�E 6��.' �S#��C/03�*$��%�lf8:�.' #�Gs�-G"5.u"#�G-�-GcB>�"*$��8�#$K"*CEF|$3�#��-'X���.o

�"!�#$�C6:OXZQE 6��-'>��*$G-94�C6���%��"#$'+#��H(+3�' #�G�6"' 8:;L��G�5-u�#�G-���7MC'F�"94��*$G�!C6L8:��#$;��R6��
BW

O

•
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∆W
#�G�!

perceptron
�-�.*$�",-�R6�3�'>�S#��C/03�*$��O

•
a |<K"#�G�u",-3R6�KY5.u"��KtM<3�6Y3�E 6��-'�,-GC6��.M$'F8�1+O�~n��G�M<3�8-#$1t5.u.�+Kt3�E 6��-'SG-��G�' G�M$1���G�#$3

W
�C6�1�8:3�'S�D#�GT�-G"5.u�#IG.��G

�-G�!���B>3I'�,-K"M$3R6"' 8:�v�"*C' /4,-� � b �
BW

lX(+3�(+G�6C��% ��G�!�3�E 6��.' �"�-G"5.u�#�=f%25-G�(�'F8��c�"94G�u�#�GT�.*$B+' 8:�T��*$�.J.5.K.,.�
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��B+3�'S��6C�t3�5-;"B+' �S#�G4l 5.��(+=���,"=f%�#�=X6Y,-3�(+;�5.=X6
B>*$�C6C=X6��+u"(>8�5-' �+K.%2�S#<KtMC'F3R/�6C1YJ:' J.5�' G�(+*$�"90EF� ��G�5.5.;
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�Q�-G�!2�-*$G��>��;C/0K"�+��676��H5.u"��G�!C62G:'
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a ,-�R/4G�M$G�%

Simplex
��*$G�#$;C/4K"8:37#�G � @^A _ ������#�G�6

Dantzig
8��-'DM$K",-G���'F3�u�#$K�8:3�#�G � @ B � L ! � lM! �ONhO�a

Simplex����G�#$3�5-3�E-(+3R6"' 8:� 3�*<(+�"5.3�E G2(+*$�",-,-' 8:G�u2�-*$G�(�*<�.,.,-��#C' �+,-G�u�8:�.':B>*$K.��'F,-G-�-G:'F3�E #��-'�3�!"*$u"#���#��L�+3n��G�5.5.G�u"%&M$'N�"94G-*$3�#C' g
8:G�u"%j8�5.;.M$G-!.%�O ijG2#$,-1",-��#<K.%

Simplex
�-G�!7��6C�.9���*<3�#��.'�MC'F3R/�6CWf%&�D#$KC6AJ:' J.5�' G"(+*$�"90EF�)=f%)\];.�+K�ef3�E 6C�-'�#�G2#<,-1",-�

#$K"%
Simplex

�-G�!�,.�-G�*$3�E>6C�H5-u"�+3I':#�GU�-*$�.J.5-K",-�7#$K"%)(+*$�",-,-'F8�1.%AM$'N�"B:=f*C' ��'F,-��#$K�#I�"%)�.�-=f%)#�G���B+G-!.,.3&/4���+3�' O
��'N�@#$KC6

Simplex
M$3R6)3�E B>3p�"�-G�M$3�' B:#$3�EC��G�5-!�=X6�!",�' 8:1&��u�(>8�5-' ��K>l�8:�.'"(�'F�A��G�5.5.;@B>*$�C6"'F��K�3��:' �D#$K",-GC6"' 8:1&8:G:' 6��.g

#$K�#��2��5"�:'F|$3j��#C':,�'F�2�"�-��M$3�'F�$KA/0�L,.�-G�*$G�u"��3p6��7J�*<3�/43�E l�,�'F�78:�.'>K
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��M$3�' B�6�3n��#C'>B>*$3�'N�"|$��#���6
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3����C6���5-1"z43�' %n(�'N�2#I�2��3�*C' �+����#$3�*$�2��*$G.J.5.1.,.�"#��>O ij3�5-'F8�;+l:G�'
Klee

8��-'
Minty

L !c!PNS3���' 6���K"���C6L=f%���6C#$' ���"*$;.M<3I' (�,.�
�R6��C6n8:G�,-,.�R6�GA8:uCJ�G��D#�G�6&G-�-G:E GAK

Simplex
�C6��"(>8:;"�D#$K�8:3X6��)3��:' �+8:3�9>/03�E��"5.3�%r#$' %Q��' /0�C6���%r5.u"��3�' %�O o Zf#$��'.����G�M$3�E g

B:#$K�8:3p��#C'�K
Simplex

3�E 6C�-'-#<3�5-' 8:;A,-'N�7,.��/4G�M$G-%&3�8-/43�#C' 8:1"%]��G�5.!"�.5-G-8��"#<K"#��"%"ODijG7(�'N��#CE-�-3�#$!"B+�.E 6�3�'"�-G"5.!"=X6C!.,-'F8�1
�+!.,"��3�*C'F94G�*<;��S#�GU��!C6C#<*C' �-#C' 8:� �-G���G-�S#<�U#�=X6��-*$G.J.5-K",-;�#�=X6L3�E 6C�-'>8:;"#$'+�-G�!H���"*$�",-�R6�3�'�,.!.�D#$1"*C' G 8:�.'+8�*$!.,.,-�R6�G
�D#IG�8:���+,-G #<K.%)�-G"5.!"MC'F;.�D#��"#<K.%j(+3�=f,-3�#$*CEF�"%"O
ijG7,-3�(+;"5.G�,-3�' GC6���8�#<K.,.�&#<K.%

Simplex
3IE 6��.'.��#C'"M$3R6@3�8-#$3�5-3�EC#$KA\];.�+K)e��S#$' %

N
M$'N�"�D#$;"��3�' %Q�"5"5-;&�D#C' %

P +N
O

ijG�(+3�(+GC6���%��"!�#$�t3�E 6��.'S8:;��-=f%2!"�-G.J��C/4,�' �+,-�R6�Gt�D#$KC6
MC'F3R/�6�1�J:' J.5�' G"(+*$�"90EF��MC'F�"#$'�K
Simplex

��B>3�MC'F;.�D#$K�8:378:�.'
3��:' 6�G�1C/4K"8:3p(�'F�2�-*$G.J.5-1",-��#����-��G-!7#�G

P
3�E 6��-':�+!"(>8:*$E �4'F,.G�,-3n#�G

N
8:�.':�.B+'�(�'F�L�-*$G.J.5-1",-��#���,-3�(+;"5.K.%n8�5-EF,-��8:�.%

,-3@��G�5.5.G�u"%@M$3��+,-G�u"%A�-�-G�!
P >> N

O

�/'��/'	�
Bobrowski

<M91;
Niemiro

ijG � @`?^ALG:'
Bobrowski

8��-'
Niemiro

L !cA NDM$K",-G-�4EF3�!.�+�C67,�'F�L3�*I(��"��EN�L#�G�!.%&�+B+3�#$'F8�;2,.3&#<K�62' 8:�C6���#$K�#I�73R6���%n��*<G.g
#$3�' 6���,.3R6�G�!��"5"(+��*C' /4,-G�!L6�����6���(:6C=f*CEF|$3�'4#$KC6��-3�*CE �-#�=f��K�#<K.%7,.K�(+*$�",-,-' 8:1.%7MC'F�"B:=f*C' ��'N,.�"#<K"#��"%"Ojb ��5.(+��*C' /4,-G-%
#�G�!

Bobrowski
�C6�1�8:3�' �S#<K�6T3�!"*$u"#<3�*$KT8��"#<K"(+G�*CEF��#�=X6c�"5"(+G�*CE /4,.=X6�3R6�3�*<(>WX6cM$3���,"WX6 �

active sets
�21c�S#<K�6

8:��#$K�(+G�*CEF�2#�=X6H3���' #$*<3��.#<WX62MC'F3�!�/4uC6���3�=X6 �
feasible direction

��O
a�(+3R6"' 8:1�'FM$����#IG-!��"5"(+��*C' /4,-G�!H3IE 6��.' l+�-�-=f%)/4��M$G�u",-3)8:�.'��D#$K�MC' 8:1H,-�"%A��3�*CE �-#�=f�+K+l+K B>*$K"�4'F,-G.��G:E K"��K2#IG-!

8:�C6��C6�� #IG-!
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(�'N� #<K
,.3IE =f�+K #IG-!U�"*C' /4,-G�u #�=X6 5.;�/4G�%�#��.�$' 6CG�,-K",-�R6C=X6�M$'N�C6�!"��,.;"#�=X6:O@b
Bobrowski������M$3�'F�$3]��#C' l��.�-=f%p8:�.'-K

Simplex
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Bobrowski��,"=f%
�C6C#CE /43�#��t�"�-�v3�,-;"%��"�-G�943�u�(+3I' 6���5-u"�+3I'X�R6���M$u"�>8:G"5.G�#$3�#$*$��(>=X6"' 8:�c�-*$�.J.5-K",-�Y,-3 ����G�#$��5-3��+,-�Y6���,.K�6
,.�-G�*$3�E46��Y��8:G�5-G-!�/41.�+3�'�#$K�J���5"#C' �D#$K�3��:' #$*$3��-#<1�MC'F3�uC/4!�6��+K>O7~n6C#$E /03�#��UG��"5"(+��*C' /4,-G�%�#�G�!

Bobrowski
8:' 6C3IE #I�.'

��;C6C=?�S#$' %A8:G�*<!.9���%@#�=X62��G�5.!"#<�-�-=X6L��8:G�5-G�!C/�WX6C#��.%n#C' %)�"8:,.��%)#�G�!.%�O
o e{�>=f%@�"!�#$17KL�-3�*C' (+*$�"941�6��7/4!",�EF|$3�':��6$#IGC6��7#$KC6

Simplex
OfV@*$;�(+,-��#C':�C67�"(:6�G-1.�+G�!",-3p#C' %@MC'F�"94G�*<��%n��G-!L��B>3�'
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Bobrowski
3�E 6��.'�' �+G�M$uC6��",-K2,-3@#<K�6

Simplex
�D#$K�9�;.�+K��:l

,-3@#$KC6H�R6$6CG:'F���"#$'+�-�.*$;�(+3�'>#<K�6�EFMC'F���"8�G"5.G�!C/ EF�7��K",-3�E =X62��*$G�%@#$KC6H#<3�5-' 8:125.u"��K>O
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Bobrowski
ODZQE 6��.'"9���6�3�*$�7��#C'

#�G�6
Bobrowski

M$3R6 #�G�6��"�-�.�+B>G"5.G�u"��3)KU9�;.�+K&��#IG-!U��5"(�G-*CE /0,.G�!>l�M<K"5.�.M<1UK�J-3�5.#$' �S#�G-�-G:E K"��K2,�'F�.%�(+*$�",-,-'F8�1.%
�+!�6�;"*<#<K.�+K.%Y3�6$#$��%t3���' #$*$3��.#$1"%
��3�*C' G.B>1"%"O ijG���*<�.J-5.K",-�c�-G�!v�-*$G��>���C/0G�u"�+3�6��s5.u"��3�'QG

Bobrowski
1"#��C6vK

3�u.*<3��+Kv3R6��-%t��K",-3�E G-!T�-G�!T6��v��6�1�8:3�' �S#<K�6c3��:' #$*$3��-#<1T�-3�*C' G"B+1>lrM$K�5-�"M$1�6��w' 8:�C6�G-��G�'N3�E ��5-3�%�#C' %t�����"*$�.E #$K�#$3�%
(+*$�",-,�' 8:��%A�C6"' �>Wf�+3I' % � 9�;.�+K � ��O
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Bobrowski

,.�-G�*$3�E"6��7'FM<=X/43�E
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penalty functions
�&�-��G-! KU#$'N,"=f*CEF�
G-*CEF|$3�#I�.'

(�'F�28:;C/03&5-;C/4G�%@#��"�C' 6�G�,-K",-�R6�G M$'N;C6�!"��,.�+O�o Zf#$��'+����#<!.B>3j6�����B>3I'>�R6��C6H��5"(��-*C' /0,.G�,-3&8:���D#�G�%
O(N4 + P )

l>�"�-G.g
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N
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~@!�#$��3�E 6��-'S�R6��Y��G�5.uU(:6C=f�D#$�T��*$�.J.5.K.,.�
MC'F�"B:=f*C' �+,-G�u
��6���8�5"Wf,-3R6C=X6
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Simplex, Bobrowski vs. FLF (Klee-Minty Phase II)
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ûkûk)
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Rjkûk = µûj
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û
3�E 6��.'��R6�� 'FMC' G�MC'F;�6C!.�+,-�L#IG-!H�:E 6���8:�

R
O

�@*$K.��'F,-G-�-G:' WX6C#��.% #<KT�+B>����K B O _:l �C6C#$'F8���/0' �D#<WX6C#��"%U�D#$KT�+B+���+K B O B 8:�.' 5-�","J-;C6�G�6$#I�"% !�����z�K�#�GC6�M$3��+,-�4l
�+!�6�;�(+3�#I�.'0��#C'0��*$���-3I'
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���,6' A ��OJ"$� < ��OJ%+*��+*+� ���[� �����V����"#�����S� ���I����� A ��40, �8�#%Q40,1�C� ����"#��4�&����+, 
��

��"#��T A /�&�� O(X ��*+L�46
�/������#%B4J) *�';� ��,.� A �t
���,8��, �>';��, ����
��#,1
�%B�8� �
embedded systems

O�: w �$�J,.���
billnet�+*+�#,P&�';� 57��)1y#' ,�L�*+'2� �]��"#��T A %�&���� �<;-,-,-,=,]K#,P�+*����0&�L��25F*]'�, �0��K$���Q� 5F* � ,M' , ����K$5F* < ';* W ���I' "�40���8�#%�"+, �M� 5F*

*+' ��"$5F*�, 
 W *CK+, 
��$��5F*I:2-6'�,�-6"#/��0,1&�������,1%���' ,6� �
billnet


���,��0'Y'2��'2H#'2"$4����0)1�IK#��"$��O0��"+, 
 W *I'�, 
��+*+5F* O
>?�����3�@�A�3�CB�D � 5E!$� ��8 � 87� #%
 � w ) *���,\���+*�%�DJ/��B��"#��
��+, 
�%>�8�#/+*='2"#'2��*�/��+, 
�%t
���, *����$/�� �>�25F*>*�'2��"�5F*�, 
 W *=K+, ?


��#��5F* < :@*����Q'2"#'2��*+/��$%��Y*��N�������.�$/�"+)1y#' ,0� � A ';40��&�'@*���� ���N&�'Q�8� ���#, �8�+, 
�:2�Y� A /�"#��OJ��"+)1' � O^x ���#�B�0/�&���) *�' ,
���+,.���

billnet
��"$:2��' ,.*��>:2-6'�,m�$/�*>, 
���*+���$/�� �t';���+*�';
�
6) *�/���/��I�$/��N';
�����,1K#'2���+, 
�%��IK+,1��K+, 
����J)1���������uL A�A �

��"#-�, 
��!��/�&�' ) �!�8� �>- W "#�t�25F*�T���" W * < 
���,E��, DE�+*�������� �N&�'ML A�A /NK+,1��&�:2"+, ��/F�
partition � � ���G�0�+*�� A ���BK$';?

K$��&�:@*+5F* OFR �
billnet

K+,1�+DE:;�#' ,���"$
�';�$: �V'2��
�� A )1'2�j40,P�Q�$/(��� A�A ��4�%Q-6"#%��J,1&�5F*M�.� ���+, �8�+, 
 W *]&�';4�'@D W *M����5\�
4�'@*�, 
�'2���+, 
�%u,1
���*����#/�� � < &�:2�����>��"#���t������, ������&�';*#5F*9'2����*+� A %�_0';5F* < &�:2�0���>��"#���t������, � ����&�'@*����9-6"#��*+���

 A � O

G/��8�H���� ���I���$��JK�7��
ML 
 � �EL � � 87�ED � �
logging

� P 'SK+,1��O0��"#';�+, 
�:2�V��'2"+, ��� W �0' , �[������, �#' ) � ��,������I� �
billnet
���,F
���� ��4�"#��OJ%9K+,1��O0��"#';�+, 
�%���
�L�DJ'�O0��"#Lv� A /�"#��O0��"+)1��� O R �

billnet
K+,1��DJ:;�#' ,\:;*+�u��"$��4�"#��&�&����#,Py$��&�'@*��

��� A ��
���*+� A , 
��>�����������8�#/�&��>�����u';��, �#"#:;��' ,m�8� � -6"#%��8�#/=
�L+DE'GO0��"#L>*��vK+,1� A :2H#' ,m�#,7� A /�"#��O0��"+)1�>��"#:;��'�,
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� �
billnet

*+�t
���� ��4�"#L�_0' ,8
���,3������*��t�$/�*�&�';� �+T�, T�L���' ,�� �0'I��"#-6' ) �=%>��'�L A�A �t��"#��4�"#��&�&�� � O�� ���#L!�$/�*
K#,PL�"$
�' ,1�=�#/��!';
�����,1K#'2����';5\��' ) *���,nK$��*����#�v� -6"#%��8�#/��B*��v
�"#���$L�' ,7��"#-6'�) �~�0-6';�+, 
�Lu&�'B�#/+*9' H$: A ,1H#/=� 5F*
T���" W * < �����v&�:2�����u�$';�#"#��465F*�, 
����v��OJL A &�������� < �25F*v'2��OJ� A &�:@*��u� ��H+, *���&�/�&�:@*+5F*uK+,1�+*����0&�L��25F* < 
���,\�$/�*
�$"#:2-6�������I'2�657�#'2"+, 
�%��+*�������"#L��.� ���0/M� ����K+, 
��$����� O

�������9�7�A�3#@�4� 
 � ����
K#@�469DM��� � � �
Scriptability

� x "#-6' )1� K#:2�0&�/��v�0' , �0-6��"#L`��' "#, T�L A�A ��*#��� ����5\�v� �
Bourne Shell

����"#:2-6���+*u:;*+�~��� A �uK#��*+��&�,1
�� �$"#����� -6"#%���/��t� ���
billnet < ��L+*+5 ��'!��� A�A ��� A L=�0�+*�� A �

K$' K$��&�:@*+5F* < &�'MK+,1��OJ��"#';�#,1
������Q� A 40��"+, DE&������ O�: x A�A ����, �!'2H#' ,1K+, 
�'2��&�:@*�����';*+L�"+,1�G' ) *���,E';��) �0/��QK#�+*����#L O �],
K$��*����#���#/��#'2�]�����#:2�]K#'@*IDJ�N%����+*C��"#��4�&����+, 
����#/����C��*C� �

billnet
%�� �+*I
����$LCT�L���/�:@*�����"#��4�"#��&�&���4�"#��OE, ?


�������'2"+, T�L A�A �+*+� ��� OjR �
scripts

K#'@*G�+*���&�:@*����+*I'�) �0��K$��%G� A�A / A ';��)1K#"#����/I�����G���+*G-6"#%��.�$/N
���,�4J, �J�����#�
� � A ��40�v&�����"#���+*t*��v��-6'2K+,1���8� ����* W �.�$'G*��u';
��#' A ����*#����,3�$/9*���-����9%9L A�A '2� W "#'2�!-�5\"+) �B*��u��������-6��?
A ���+*���*#DJ" W ������� O!w ��) �0/���� �

billnet
&�����"#' ).*��>-6"#/��J,1&�������, /+DE' ).�0�+*!
���&�&�L��#,m&�,1���N��5 A %�*#5\�0/�� < ��O0���������, ��K#%������$'Z
���*+L A ,6� ���C&�����"#' )6*��N�+*���
����#'2��DJ�+*#DE' )��8�#/�����*+%�DJ/�:2H#��K#�F�

standard output � O
� ��� ��� �
2 6987� 24B�� � 87�	� 8�H
� L �����
����� R �B��/�&��+*+�+, 
����#'2"#�N��, DJ�+*���� ��� �I-6��"$��
��$/�"#, �.�#, 
���� ���

billnet
'�) ?

*+��,J���+,0'�) *���,J��-6' K#,P����&�:@*��!��"�DJ"$57�#L �
modular � 
���,J&�']� �B
�L+DJ']L�" DE"$5\&���*��N' ) *+��,E��" DE��4 W *�, �B�0'Q��-6: ��/

&�'�� �~����� A ��,1��� O R � 40';4��+*����>���+,n
�L�DJ'!� A 4���"#, DE&����!
�"#���#L�' ,\�#, �t������"#��) �#/��#'2�B�.�n�����$��*uK#��&�:2�>K#'2K#��?
&�:@*+5F*��0'(H#'2-�5\"+, �8�#�=�����!� �����CL A�A �����M��"#-6' ) �>';��, �#"#:;��' ,E�8� ��*B��"$��4�"#��&�&����#, �.�$%�*��!����46
�'@*+�$"$5FDJ'�).�.�$/
�+*�L����$��H#/N'@*����I� A 4���"+) DJ&���� OSx ���#�!�0�+*�%+DJ5\�C�0/�&���) *�' ,.,1K+,1��) �#'2"#'2�Q
���,WH#'2-65\"#, �.�$:2�MT�' A �#, �.� ������,1%���' , �Y40,1�

�L�DJ'S� A 40��"+, DE&�� < K$/ A ��K$%C��, �I4�"#%�4���"$�G
���,���, ��
���DJ��"$����/�40��) �(
 W K+, 
�� O �],�� A 4���"#, DE&���,�&�����"#���+*(' ��
�� A �
*+�t��"#���8�#'@DJ���+*>%!*��=��OJ��,P"$';DJ���+*!
����$Lt�#/>K+,1L�"$
�' ,1�t�#/��N&�';� ��4 A W �$�+, �0/�� O : w �#�0,7&�����"#' )3
��+*�' ) �I*��>:2-6' ,
'2H#' ,1K+, 
�'2��&�:@*��(&�, 
�"#���#'2"#��';
��$' A :2�0,P&��I��"#-6' )P�C��*I�G- W "#���Q' ) *���,�&�,1����/�&���*#�+, 
�%I����"#L�&�';�$"#��� O

��� '��/')& � +K7#� B � 3.E � 7:BC0 � 5 -
R �

billnet
�������8�#/�"+)1y#' ,m�#/+*>K$��*����#���#/�� �>��� A�A ��� A W *B� ��&�:25F*9"$��DJ&�) ��';5F* �

billnet sections � OvU 'G�����$��*>� �+*
�#"$�����>';��, �#��40-6L+*�';� ��,E/���&���K#������) /���/N��� A�A W *G����464�'@* W *�'@*#*���, � A ��40, 
�LN����"#��&�:;�#"$5F*G
�L��25 �����!� �9)PK#, �!�#&�%�&��
� ������"#-6' ) ���I"$��DJ&�) ��';5F* OfV ��"#��
�L��25 ����"$��DJ:;������&�'[��' "#, A /����+, 
�LQ� ����/�&���*#�+, 
����#'2"#�I�$&�%�&������(� ���

billnet
O

Main
P �.�����$�>���+*�����&�:2�t';��, A :24��+*+� ��,8��,.T����J, 
�:2�I"$��DJ&�) ��' , � A ' , � ����"�4J)1���C� ���

billnet
O
� �+DE��"+)1y#';����,8K#/ A ��K#%

�+*t� �
billnet

DJ�=��"#��-65\"$%���' ,F�0'N';
�����)1K#'2���0/!� ���>K#,1
��#�����>%=�0'
On Line

A '�, ������"$40)1� < � �=� A %�DJ�����25F*
';����*�� A %�_0'25F*0�

epochs � �����I'2��, �#"$:2��';����,�*��I
�L+*�' , < �G� A 4���"+, DJ&����Y�����(DJ�N-6"#/��J,1&�������, /+DE' )�
 A � O

Stop
w K W K#/ A W *+��*+� ��,n��,n����"#L�&�';�#"$��,\�����v"$��DJ&�)1y#���+* < � ��*9�#"$����� &�'B� ��*v������) �~� �

billnet
�8� ��&����$L�' ,7�#/+*

';
�����)1K#'2���0/ O>R �
billnet

&�����"$'�)3*+�u�8� ��&����$%���' ,m' ) �#'N';��' ,1K#%=:2&��+DE'�� �~K#)1
��#��� < ' ) �#'I'2��' ,PK$%=��:2"#����'N:@*��
����4�
�'2
�"+,1&�:@*���-6"#�+*�, 
��GK+,1L��8�#/�&�� < ' ) �$'S';��'�,1K#%(K+,1:;
���_0'[�$/�*(';
�����)1K#'2���0/(�N-6"#%��8�#/�� < '�) �#'V';��' ,1K#%C'2H#�+*+� A %+?
DJ/�
�'Y�N
��+DE��"+, ��&�:@*����]��"+, DJ&����S� 5F*C';���+*�� A %�_J';5F* O

Data
w K W �`-6"#%��8�#/��>&�����"#' )n*�� K$/ A W �0' ,l� � ��"$-�' ) �

BDF
� �����v��' "#, 4�"#L�O0' ,n� � ��"#��T A /�&��v'2��, T A ';����&�';*+/��

';
�&�L�DJ/��0/�� < 
���D W �Y
���,�� ��K#,PL�OJ��"#��OE) A �#"#�C��"#��';��' H$' "�40���8� W *(�����I�0�+*�%+DJ5\�]������, � ���+*+� ��, O

Generalization
R �I�#&�%�&��M�����#�(��'2"+,1:2-�' ,�� A '2�Z�+, �S������"#��) �#/��#'2�j����"#��&�:;�$"#����� < 40,P�Q� �+*M����� A ��4J, �0&��(�$/��Z4�'@*�, ?


�' ���+, 
�%��Z, 
��+*����#/������j� ���QK+, 
��$����� < &�'Z�8� ���#, �.�#, 
�%]��H+, ����, �.�#)1� O$: w �#�0,�'2K W &�����"#' )�*��Q
��+DE��"+, �8�#' )��C�$"#�������
�����NDE��-65\"#) �0' ,W� �

billnet
���>���+*�� A �tK#'2K#��&�:@*+5F* < ��'C����*+� A �G'2
�����)PK$' ����/�� < ��H+, � A ��4�/���/��]
���,WK#��
6,1&�%�� <
���D W �Y
���,�� �N� A %�DJ���[� 5F*IK+,1��OJ��"#';�#,1
 W *�';���+*�';
�
6, *�%���'25F*M������������, �#' ) � ��, O

Output
�],+: H$��K#��,#� ���Z*�'2��"$5F*�,1
����VK+, 
��#�����[&�����"#���+*^*��V����"#��
�� A ���+DE���+*+� ��, ��'n
�L�DJ'\'2����*+L A /�_0/ < %S�8� �]�#: A ���

�$/���';
�����)1K#'2����/�� OyP '�
�L+DE'G��'2"+) ��� 5\��/v&�����"$����*=*��v��*���K#"#��&�� A ��4�/�DJ���+* �
redirect � &�'�� �u
����$L A�A / A �

OJ) A �$"#�C�8� �(
����$L A�A / A �]��"#��4�"#L�&�&���� � W �8�#'Z*��C: -6����&�'Z4�"#��OE, 
�%(����' ,1
���*�, �0/ < �������(�����#%(' ) *���,�';��, DJ��&�/��#% O
�
billnet Data Format
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Channels
� ����&�:2���[�����$���Z�����C��"#-6' ) ���M"#�+DE&�) �0';5F*M��' "#, A ��&�T�L�*�' ,�� �+*M��) *���
��M��*+��
����#'2�+DE�+*���';5F*]� ���

billnet
O

rI,P��OJ��"#';�+, 
�LV&�:2"#/V� ���
billnet

�8�#: A *����+*^�$/�*[:2H#��K$�Y� ���S��'\K+,1��O0��"#';�+, 
�LZ
��+*�L A ,1�Z� ���V�0���8�#%�&��������n'2H#��K#���
� ���

billnet < :;�#�0, W �8�#'Y*��N' ) *���,J'2��
�� A �N4J,1��� �+*�-6"#%��.�$/I*��N����)1"�*�' ,0&���*��B�#/+*I� A /�"#��O0��"+)1�I������';��, DJ��&�' )
-�5\"+) �(*��G
�������
 A ��y$'2� ��,J�����t� A /N�$/�*G� A /�"#��O0��"+)1�N�����B&�����"#' )J*��!:2-6' , O : w *���
��+*�L A ,E� ���

billnet
&�����"#' )

*+�v' ) *���,n��"$-�' ) � %u��"#��4�"#��&�&�� < %v4�';*�,1
����$' "$�v&�,1�~������,1��K#%������$'G��5 A %�*#5\�0/v�����v�������.�$/�"+)1y#';� ��,\�����~� �
A ' , � ����"$40,1
����0���8�#/�&����8� �B������) ��� �

billnet
';
��$' A ' ) � ��, O

��� '��/'�� � � ! �K3(; �#7:+K;
R �

billnet
� A ������,1' )#:@*��]&�'24�L A �Q�������0�+*�� A �Y�25F*SK+,1�+DE:2�0,P&�5F*]� A 40��"+) DE&�5F*V40,P�Y'2
�����)PK$' ����/[K#,1
��#��5F*Y'2&���"#����DE,P���

K+,1L�K#����/�� O V , �G�0��46
�';
�"+,1&�:@*�����,�����"#��
�L�� 5 � A 4���"#, DE&���,�' ) *���,0K+,1�+DE:2�0,1&���, $
• perceptron

• back propagation

• ALECO

– aleco 0

– aleco 2

• Rprop (Resilient propagation)

• knn

– Exhaustive search

– Fast knn (Nene-Nayar)

• conjugate gradient

– Polak-Ribiere

– Fletcher-Reeves

• quickprop

• Delta Bar Delta

– Delta Bar Delta

– Extended Delta Bar Delta

– SuperSAB

• BFGS

• adaptive

• dogleg

• Levenberg-Marquardt

• kmeans

• Kohonen Self Organizing Maps (SOM)

• FLF3
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�� ��� �<� � ��	�����	 � � ���

• simplex

P � ��K#)1
��#���!'2&���"#����DW,1���IK+,1L�K#����/��(���
billnet

�������8�#/�"+)1y#' ,W
�L�����,1'2�(&�';���+T A /��#:2�Q������' ) *+��,W
���, *�:2�I40,1��� �����
��'2"+, �0�����$'2"#�����Y� A 4���"+) DJ&������ $
NodesPerHiddenLayer

w ��'�,1K#%u��� K#)1
��#���v�����vK#/�&�, ����"$4�' )n� �
billnet

' ) *���,n� A %�"$5\�!�0�+*�K#'2K#'2&�:@*�� �
fully

connected � ��"$
�' )l� ��"#, DE&����!�25F*v
���&�T�5F*~��'!
�L+DJ'!';��) ��'2K#�~40,1�u*��~
���DJ��"+, �8�#' )n/~��"$-0, �#';
�� ��*�,1
�%u� ���
';
�����,1K#'2����&�'@*�����K+, 
��$����� OBR �

billnet
K#'@*>������4���"#'2��'�,W
��+*�:@*��!��' "#, ��"+, ��&��=��-6'2�#, 
�L>&�'I� �+*>��"+, DJ&��>�25F*

';��,1��:2K$5F* < � A�A L�/B��"#��
��#,1
�%�K#' ) -�*�' ,8���#,3K+) 
��$����&�'M��L+*+5 �����>K#���t
�"#��&�&�:@*���'2��) ��'2K#�B'2
�����,PK$' ���+*+� ��,EK#�+?
�6
�� A � O

LearningRate
X ��, � �0/�&��+*+�#,1
�%9����"#L�&�';�$"#���!� A 5F*=� 5F*u� A 4���"#) DE&�5F*=�����9�#' A ' , W *����+*9��'

prop < 
���,\' ) *���,
�����0,1���8�+, 
�LM����"#L�4�574���%C����"#� A�A ��4�:2�[� ���

gradient descent
O

Momentum �
"$/��0,1&�������,1'�) ����,;4J,1�Z�#/+*j'2��, �#L�-6��*+�0/j�$/��7';
�����)1K#'2���0/��F��'F��'2"+, ��-6:2�m�����Z/^����"$L�46574����7' ) *���,�&�, 
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