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3lL H M K J K Ia_ M N O k L G$ToT J G$J k H M>Q NaQ RPH QXe H Y L Z7O m$Q R L1H I L K QXJ K7N ^ MXI M J Z7WoN M k Z
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RPH V LXOPL L K$Q R N M N ^ I R k m1T Q ^ Z J L ZaO ma\ ^ Q Q N K$WXR N RPH To_ M N _PN T L Z7H K$H M Y R J Q L Y Q ^ M L gY H k k L Z 	�� &�n1g e N MXT N k V J K I1Q R L G � \ ^ Q Q N Kigl� � � � 	 [ 	�� &�n Y N GaO J K L ToM L J K e N M Y L }G$L K Q1k L H M K J K IUWXJ Q RA_ k H K K J K IP[�\ ^ Q Q N KAY RPH M H Y Q L M J t L Tc_ k H K K J K IUH T$k L H M K J K IJ K	H$T J Ga^ k H Q L Z7WoN M k Z	Q RPH Q G$N Z L k T�Q R L1WoN M k ZcQ RPH Q Q R L$H I L K Q J K RPH O J Q T [;fXR LH I L K Q h T G$N Z L k>N eoQ R LaWoN M k Z	J T N O Q H J K L Z	O m $ k L H M K J K I7J K	J Q T1H Y Q ^PH k>WoN M k ZigH K Z7_ k H K K J K I;J T�H Y Y N G$_ k J T R L Z$O m $ k L H M K J K IaJ K$J Q TXG$N Z L kPN evQ R L WoN M k Zi[
wULoT R N ^ k ZaK N Q LoQ RPH Q>Q R LXk L H M K J K I _ M N O k L GBe H Y L ZaO m;N ^ M>I M J Z } WoN M k Z;M N OPN QY N ^ k Z	OPL1G$N Z J ! L ZcQ N$RPH V L1T L V L M H k>_ k H Y L T;J KcQ R L1I M J Z	Q RPH Q I J V L;_PN T J Q J V L;M L }WXH M Z T [ fXR J T _PN T T J O J k J Q m$_ M L T L K Q TaH KcJ K Q L M L T Q J K I7WXH m7Q N7I L K L M H k J t L1Q R L1Y k H T }T J Y H kvK N Q J N K7N e>HUp I N H k q1J K7n�FX_ k H K K J K IaT m T Q L G$T �AL V L KcJ KcQ R N T L;Q RPH Q�Z N$K Nk L H M K J K IP[�F K T Q L H Z	N e>M L _ M L T L K Q J K IUHaI N H kvH T;HaY N K Z J Q J N KcQ N$OPLaH Y R J L V L ZiglWoLM L _ M L T L K Q	H�p I N H kXT Q M ^ Y Q ^ M L q�H T$HUT L Q$N e M L WXH M Z T$Q NUOPLcI J V L KAe N M$H Y R J L V }J K I$V H M J N ^ TXY N K Z J Q J N K T [�fXR L KiglQ R L1I L K L M H k J t L Z�p I N H k qaOPL Y N G$L T�G7H S J G$J t J K IZ J T Y N ^ K Q L Zce ^ Q ^ M L;M L WXH M ZcJ K T Q L H ZcN evT J G$_ k maH Y R J L V J K IaT N G$L _PH M Q J Y ^ k H MXY N K }Z J Q J N Ki[cfXR J T1I L K L M H k J t H Q J N KUY H K]OPL7G7H Z LaQ NcL K Y N G$_PH T T1T N } Y H k k L Z]I N H k T;N e

.�0 % , / + , 0 , & + H K Z�I N H k T$N e 0 � # % � 0 , & + [�fXR LcL S H G$_ k L7_ M L T L K Q L ZsH OPN V LcJ K }Y k ^ Z L Z	H V N J Z J K I1O ^ G$_ J K I;J K Q NaQ R L1I M J Z } WoN M k Z$OPN ^ K ZPH M m [on I N H kiN evG7H J K Q L }KPH K Y L glN eoHa_PH M Q J Y ^ k H M�T Q H Q L giY N ^ k ZcOPL1L S _ M L T T L Z]J KcQ L M G$T�N eoHaM L WXH M Z	Q RPH QWXH TXL H M K L ZcWXR L K L V L M Q R L1H I L K QXWXH TXJ K$Q RPH Q�T Q H Q L1H K Z7_PL M e N M G$L Z7H KcH Y Q J N KQ RPH QXQ M H K T J Q J N K L Z7OPH Y j$Q N1Q RPH QXT Q H Q L;J K7N K L T Q L _i[
����� ��� ����' - !����"+�!	�	
�3 ����) - 
�!('
w�R L KUQ R L$K L S Q;_PH Q Q L M K]_ M L T L K Q H Q J N K]J K]H$T L K ^ L K Y LcN eo_PH Q Q L M K T1J T;Q R L$N K LY H ^ T L Z	O m7Q R LaH I L K Q h T�N WXK	H Y Q J N KcJ K7M L T _PN K T LaQ N$Q R L1k H T Q�_PH Q Q L M KiglWoL;RPH V LWXRPH Q;J T1Y H k k L Z]H K_# , � $ % , + k L H M K J K I7G$L Q R N Zi[7F K]w]H Q j J K T;H K Z�	 H m H Kih T Q L M }G$J K N k N I m g J K	N K } k J K L;k L H M K J K I7Q R LaL _ J T N Z L T1e N M G H$Y N K Q J K N ^ T;T L K ^ L K Y L [$n�TH k M L H Z m G$L K Q J N K L Zig Q R LoY N K V L M I L K Y LXQ R L N M L GBe N M $ k L H M K J K I�Z N L TvK N QiM L K ^ J M LN K } k J K L k L H M K J K IP�PJ K Z L L ZiglT _PL Y J H kv_ M L Y H ^ Q J N K T;Ga^ T QXOPL1Q H j L KcQ N$L K T ^ M LaQ RPH QN K } k J K Lak L H M K J K IcG$L L Q T1Q R L$Y N K Z J Q J N K T1N eXQ R L7Q R L N M L G	[cF e�N K } k J K Lak L H M K J K IZ J T Y N V L M T;T N G$L I N N Z	_PH Q R T Q N$M L WXH M Z T giQ R LaH I L K Q G7H m ! S H Q L1N KcQ R L T L$H K ZK L V L M;Z J T Y N V L M;Ha_PN k J Y m7Q RPH Q k L H Z T Q N7H$_PN T T J O k m7I M L H Q L M;k N K I } Q L M G�M L WXH M Zi[F K]M L J K e N M Y L G$L K Qak L H M K J K Ic_ R M H T L N k N I m gvQ R J Ta_ M N O k L G|J T1M L e L M M L Z�Q NUH T1Q R L_ M N O k L GsN e + 
 " $ # % / 0 / % # ,$` N eiH k M L H Z m1k L H M K L Z7OPL RPH V J N M bvV L M T ^ T + 
 " $ # * 0 / % # ,a` N e_PN T T J O k m$OPL Q Q L M�OPL RPH V J N M b [
��K LaWXH m7Q N7e N M Y L1L S _ k N M H Q J N KcJ T Q N7_PL M e N M G N Y Y H T J N KPH k>M H K Z N G H Y Q J N K T` J K T Q L H Z�N e Q RPH Q$T J K I k L	H Y Q J N KA_ M L T Y M J OPL Z O mAQ R LcY ^ M M L K Q $ V H k ^ L T b [ { N ML S H G$_ k L g J K7Q R L;I M J Z } WoN M k Z$_ M N O k L G	g N K L;Y N ^ k Z7J G7H I J K LXT L k L Y Q J K I7H KcH Y Q J N KM H K Z N G$k m7H Y Y N M Z J K IcQ NcH7_ M N OPH O J k J Q m7Z J T Q M J O ^ Q J N KcN V L M;Q R L$H Y Q J N K T$` Cv� D � E �H K Z�F�b []fXR J TaZ J T Q M J O ^ Q J N KigvJ K]Q ^ M KigoY N ^ k Z]Z L _PL K Z�N K]Q R L $ V H k ^ L T []{ N ML S H G$_ k L giWoL$G$J I R Q ! M T Q ! K Z]Q RPH Q1H Y Q J N K]_ M L T Y M J OPL ZAO mUQ R L $ V H k ^ L T1H K Z
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Q R L K]Y R N N T L7Q RPH QaH Y Q J N KUWXJ Q RU_ M N OPH O J k J Q mA� � = giY R N N T L7Q R L$Q WoNcN M Q R N I N KPH kH Y Q J N K T1WXJ Q R]_ M N OPH O J k J Q mb? � � �cL H Y RigoH K Z]Y R N N T LcQ R L7N _ _PN T J Q L7H Y Q J N K]WXJ Q R_ M N OPH O J k J Q m	� � � [;fXR J T _PN k J Y m7G$J I R QXOPLaG$N Z J ! L Z7O m�p T J Ga^ k H Q L ZcH K K L H k J K I qWXR J Y R7WoN ^ k Z$I M H Z ^PH k k m1J K Y M L H T L;Q R L _ M N OPH O J k J Q m1N evQ R L;H Y Q J N K$_ M L T Y M J OPL Z	O mQ R L $ V H k ^ L T G$N M LaH K ZUG$N M L1H T;Q J G$L;I N L T1N Ki[afXR J T;T Q M H Q L I m	WoN ^ k Z	e H V N ML S _ k N M H Q J N K7H QXQ R L OPL I J K K J K IaN eik L H M K J K IaH K Z7L S _ k N J Q H Q J N Kak H Q L M [
��Q R L M G$L Q R N Z T gPH k T NPg RPH V L;OPL L K	_ M N _PN T L Zce N MXZ L H k J K IaWXJ Q R7L S _ k N M H Q J N KigJ K Y k ^ Z J K I;G7H j J K I ^ K V J T J Q L Z$T Q H Q L TXJ K Q M J K T J Y H k k m;M L WXH M Z J K IaH K Z$^ T J K IaH K]p J K }Q L M V H koL T Q J G7H Q L g q7WXR J Y RUJ T;M L k H Q L Z]Q NcQ R La^ K Y L M Q H J K Q mUJ KUQ R LaL T Q J G7H Q LaN eXHT Q H Q L h T�V H k ^ L � � H L k O k J K IPgP� � � ? 	 [
����� ��� ����/,!(/,* +�% - � - !�����.�/,* # !(4(&�) '
{ N Mik H M I Lv_ M N O k L G$TlJ QiWoN ^ k Z OPLoJ G$_ M H Y Q J Y H k Q N�G7H J K Q H J K�HXQ H O k L>k J j LvQ RPH Qi^ T L ZJ KaN ^ M>I M J Z } WoN M k Z1L S H G$_ k L [��oH M J N ^ T>M L T L H M Y R L M T�RPH V LXT ^ I I L T Q L Z7G$L Y RPH K J T G$Te N M1Y N G$_ ^ Q J K I $ V H k ^ L T gvI J V L K]_PH Q Q L M KAJ K _ ^ Q TaH K Z�H Y Q J N K T [ ��K L7G$L Q R N ZQ RPH Q T ^ I I L T Q T;J Q T L k eoJ T Q N$^ T L$H$K L ^ M H k>K L Q WoN M jl[1{ N M L S H G$_ k L gPY N K T J Z L M Q R LT J G$_ k LXk J K L H MXG7H Y R J K LXT R N WXK7J Kc{iJ IP[o� � [ �P[

X
. . .

. . .

Σ

Σ

Σ

trainable weights

Σ

Wi

R dot product units

Q(ai, X) = X . Wi

Q(a1, X)

Q(a2, X)

Q(aR, X)

{iJ I ^ M La� � [ �Pxin &�L QXQ RPH Q	�oN G$_ ^ Q L T $ �oH k ^ L T
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\ ^ Y R$H�K L ^ M H kPK L Q>Y N ^ k ZaOPLX^ T L ZaO m1H K$H I L K QvQ RPH Q>RPH T!6�H Y Q J N K TvQ N;T L k L Y Qe M N G	[XfXR L $ V H k ^ L Ta` H T Hae ^ K Y Q J N K	N e>Q R L1J K _ ^ Q�_PH Q Q L M K	z|H K ZcQ R LaH Y Q J N K� � b H M LaY N G$_ ^ Q L ZUH T;Z N Q _ M N Z ^ Y Q T1N eoWoL J I R Q V L Y Q N M T$` N K Lae N M L H Y R]H Y Q J N KPbH K Z7Q R L;J K _ ^ QXV L Y Q N M [owUL J I R QXH Z � ^ T Q G$L K Q TXH M L;G7H Z L H Y Y N M Z J K IaQ N$H1f 	1` � b_ M N Y L Z ^ M L�Q N;O M J K I Q R L $ V H k ^ Loe N MvQ R L�H Y Q J N K1k H T Q>T L k L Y Q L Z$Y k N T L M>Q N;Q R LXT ^ GN e>Q R L1J G$G$L Z J H Q L�M L WXH M ZA` J eoH K m b�H K Z	Q R L7` Z J T Y N ^ K Q L ZPb�G7H S J G1^ G $ V H k ^ Le N MXQ R L K L S QXJ K _ ^ QX_PH Q Q L M Ki[
F e;Q R LcN _ Q J Ga^ G $ V H k ^ L Tae N M$Q R Lc_ M N O k L G ` WXRPH Q L V L M7Q R L mAG$J I R Q1OPL bH M L G$N M LXY N G$_ k L S1Q RPH K$Q R N T L Q RPH QXY H K$OPL Y N G$_ ^ Q L Z$O m$H;k J K L H MoG7H Y R J K L g Hk H m L M L Z;K L ^ M H k K L Q WoN M j G$J I R Q OPLo^ T L Zi[v\ J I G$N J Z�^ K J Q TlJ K;Q R L ! KPH k k H m L MiWoN ^ k ZY N G$_ ^ Q L $ V H k ^ L ToJ K7Q R L;M H K I LL�1Q Nc� [>fXR L f 	1` � boG$L Q R N Z7e N Mo^ _PZPH Q J K I $V H k ^ L ToWoN ^ k ZaQ R L K7RPH V LXQ N1OPL Y N GaO J K L ZaWXJ Q R$H;Ga^ k Q J } k H m L MiWoL J I R Q } Y RPH K I J K IM ^ k L g T ^ Y RcH TXOPH Y j _ M N _PH I H Q J N Ki[
&�L Q WoN M j T N evQ R J T T N M Q H M LaH O k L Q N7H I I M L I H Q L1Z J dPL M L K Q J K _ ^ QXV L Y Q N M T;J K Q NM L I J N K T>e N M>WXR J Y R1Q R L�T H G$LXH Y Q J N K1T R N ^ k ZaOPL�_PL M e N M G$L Zi[ifXR J Tvj J K ZaN elH I I M L }I H Q J N K$J T H K7L S H G$_ k L�N evWXRPH Q�RPH TXOPL L K	Y H k k L Z � / * � & / � * 0 $�& * + � % / 0 � � % 1 , .�+ , / [

�oN GaO J K J K I f 	1` �PbXH K Z7OPH Y j _ M N _PH I H Q J N KaJ T�H1G$L Q R N Z$e N MoZ L H k J K I1WXJ Q R7OPN Q RQ R L Q L G$_PN M H kiH K Z7Q R L T Q M ^ Y Q ^ M H kvY M L Z J Q H T T J I K G$L K Qo_ M N O k L G$T [
F K Q L M L T Q J K I1L S H G$_ k L TvN ePZ L k H m L Z } M L J K e N M Y L G$L K QvQ M H J K J K I N ePT J Ga^ k H Q L Z1H K ZH Y Q ^PH klM N OPN Q ToM L K ^ J M J K I1T Q M ^ Y Q ^ M H kiY M L Z J Q�H T T J I K G$L K Q>RPH V LXOPL L KcM L _PN M Q L Z7O m� 3lJ KigP� � � = g �cH RPH Z L V H K � �oN K K L k k gl� � � = 	 [
����� ��� ���2+�* ) - +�% % � ���(' /,* .�+��(% /	��) +,) /,'
\ Nae H M g WoL RPH V L J Z L K Q J ! L Z7Q R L;J K _ ^ QXV L Y Q N M g z	g WXJ Q R7Q R L;H Y Q ^PH kiT Q H Q L;N eiQ R LL K V J M N K G$L K Q [	w�R L KAQ R L7J K _ ^ Q1V L Y Q N MaM L T ^ k Q T$e M N G|H KAH I L K Q h Ta_PL M Y L _ Q ^PH kH _ _PH M H Q ^ Tc` H TaWoL7H T T ^ G$L$J QaZ N L T b goQ R L M LcJ T1K N	M L H T N K�Q N	T ^ _ _PN T LcQ RPH Q1J Q^ K J K ^ L k m7J Z L K Q J ! L T Q R LaL K V J M N K G$L K Q H klT Q H Q L [ 
 L Y H ^ T LaN e>J K L V J Q H O k L;_PL M Y L _ }Q ^PH kok J G$J Q H Q J N K T glT L V L M H k�Z J dPL M L K QaL K V J M N K G$L K Q H k>T Q H Q L TaG$J I R Q I J V LaM J T L7Q NQ R LaT H G$L1J K _ ^ Q V L Y Q N M [afXR J T _ R L K N G$L K N K	RPH T;OPL L KUM L e L M M L ZAQ NcH T�" + * & + " �

/ � 0 $ 0 $ % 0 � % , 1 [7w�J Q R	_PL M Y L _ Q ^PH k H k J H T J K IPgPWoL$Y H KUK Nck N K I L M;I ^PH M H K Q L L$Q RPH Q$ k L H M K J K I1WXJ k kPM L T ^ k QXJ K$L V L K7^ T L e ^ kvH Y Q J N K$_PN k J Y J L T g k L QXH k N K L�N _ Q J G7H k N K L T [\ L V L M H k>M L T L H M Y R L M T$RPH V LaH Q Q L G$_ Q L Z	Q N7Z L H k>WXJ Q R	Q R J T _ M N O k L G ^ T J K IcH$V H }M J L Q mcN eoG$L Q R N Z T�J K Y k ^ Z J K I7H Q Q L G$_ Q J K I$Q N7G$N Z L k�p R J Z Z L K q7T Q H Q L T;O mc^ T J K IJ K Q L M KPH koG$L G$N M m � 3lJ KigP� � � ? 	 [7fXRPH Q1J T giJ eXT N G$LaH T _PL Y QaN eXQ R L$L K V J M N K G$L K QY H K K N QoOPL T L K T L ZcY ^ M M L K Q k m g _PL M RPH _ TXJ QoWXH ToT L K T L ZcN K Y L;H K Z$Y H K$OPL M L G$L G$}OPL M L Z]O mcQ R L$H I L K Q [1w�R L KUT ^ Y RUJ T Q R LaY H T L gvWoL1K N7k N K I L M RPH V L$H��cH M j N V_ M N O k L G	�iQ RPH Q;J T gvQ R L$K L S Q;z�V L Y Q N M gvI J V L K]H K m	H Y Q J N KigvG7H m7Z L _PL K Z]N K]HT L K ^ L K Y L1N ei_ M L V J N ^ T�N K L TXM H Q R L M�Q RPH K � ^ T QXQ R L;J G$GaL Z J H Q L k m;_ M L Y L Z J K I$N K L [F Q�G$J I R QoOPL1_PN T T J O k L1Q N$M L J K T Q H Q LaH��cH M j N V$e M H G$L WoN M j	` N V L M�Q R L1z	h T b�J evz
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J K Y k ^ Z L T>K N QvN K k m Y ^ M M L K QoT L K T N M m1_ M L Y L _ Q TXO ^ QvJ K e N M G7H Q J N K e M N G Q R L�H I L K Q h TG$L G$N M m [
����� ��� ����� +�% - !�� ��* 
 �(% /,35'
\ L V L M H klZ J � Y ^ k Q J L ToRPH V L�T N1e H M>_ M N R J O J Q L Z$WXJ Z L H _ _ k J Y H Q J N KaN elM L J K e N M Y L G$L K Qk L H M K J K IaQ N$k H M I L;_ M N O k L G$T [;` fXR L;f 	�} I H G$G$N Ka_ M N I M H G	g G$L K Q J N K L Z7J K7Q R Lk H T QXY RPH _ Q L M glJ TX_ M N OPH O k m$^ K J K ^ L;J K7Q L M G$TXN evT ^ Y Y L T T;N K	H1R J I R } Z J G$L K T J N KPH k_ M N O k L G	[ b$wUL;RPH V L1H k M L H Z m7Q N ^ Y R L Z	N KcT N G$L Z J � Y ^ k Q J L T �PQ R L T L$H K ZcN Q R L M TH M L T ^ G$G7H M J t L ZaOPL k N W�WXJ Q R$M L e L M L K Y L T;Q N$H Q Q L G$_ Q ToQ NaN V L M Y N G$L�Q R L G	[
� [
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