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b. Neural network mapped from a.a. Bayesian network
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promotor <− contact, conformation
contact <− minus_35, minus_10
minus_35 <− (P−36 T),  (P−35 T),  (P−34 G),  (P−33 A),  (P−32 C).
minus_35 <− (P−36 T),  (P−35 T),  (P−34 G),  (P−32 C),  (P−31 A).
minus_10 <− (P−14 T),  (P−13 A),  (P−12 T),  (P−11 A),  (P−10 A),  (P−9 T).
minus_10 <− (P−13 T),  (P−12 A),  (P−10 A),  (P−8 T).
minus_10 <− (P−12 T),  (P−11 A),  (P−7 T).
conformation <− (P−47 C),  (P−46 A),  P(−45 A),  (P−43 T),  (P−42 T),  (P−40 A)
                           (P−39 C), (P−22 G).
conformation <− (P−45 A),  (P−44 A), (P−41 A).
conformation <− (P−49 A),  (P−44 T),  (P−27 T),  (P−22 A),  (P−18 T),  (P−16 T),
                           (P−15 G),  (P−1 A).
conformation <− (P−45 A),  (P−41 A),  (P−28 T),  (P−27 T),  (P−23 T),  (P−21 A),
                           (P−17 T), (P−4 T).

.�*>H�B�'9-�!.� �(�(�Y&x'�(M1�(�49-$'*OP-�:�(MH�C�*>4�*<(MC�KP{�C�*>4�*s/5; ��(�18/�*<C8he6�-�(�'�=

.�*<HMB�'�- c ?A67(5N�?&/�%�(�'94�*>(�CT(5Du496�-ykP/$=�-�?Y*�/5C8C�-�4AN_(�'9RJ:o(�'�'9-�?A%�(MC�,.*<C7H�4�(�496�*�?P4�67-$(�'9=�Z �^;<;w496�-
;<(MH�*s:$/5;������$?e*<C�496�-i,.(M18/5*>C�4�67-$(�'9=2N_-$'�-�13/5%�%�-�,2(MC.49(W�����g���5�|�����nC7(+,.-�?P/5CU,E/�;<;�4�6�-�;>(�HM*�:$/�;u��!Y?
/5'9-d18/�%�%�-�,�(�C+4�(T�7���g���5�Y��!�C7(+,.-�?�Z Tu/�:�6 N K�)M/�;<B�-�,J*>C�%�B�4eDF-L/54�B7'�-d6U/�?^q�-$-$CW:�(MC.)�-�'�4�-L,3*>C.49( � ���.!
q�*>C�/5'9=�K�)M/5;<B7-�,�DF-�/549B�'�-�?oZ � he67*�?dC�-$4YN_(�'�RmNP/�?y4�'#/5C�?Y;�/�4�-�,X*<C+4�(T/lC�-$B�'#/5;PC�-$4YN_(�'�Rc/�?@,.-�?�:o'�*<q�-�,

��� ��8&#7���&�1( ),4������:),+18&�
5�(&��5&��#�� ��� ),8&# � � %&��(&�:�1#���� �:4�) (&5 (&�:�1#����7),(�5 (��25���# ) 47���&�1( ),4������:) +!8���5�>��3�,- � ����4�!

� N



-�/�'�;<*>-$'$ZIhe6�-@*<C�*>4�*�/�;xNe-�*<H�6+4�?�N_-$'�-I/5;>;e?Y-$4i4�(W'�/5CU,.(�1r)M/5;<B7-�?i:�;<(~?A-@4�( � � Z 4�(J1I*<1@*�:�4�6�-@*<C7*<4�*s/5;
;<(MH�*s:$/5;�4�6�-�(�'�=~ZV{�4@*�?yC�-�:�-L?�?�/�'�=X4�(T%�-$'�49B�'�qS496�-JN_-$*<HM6.4#?2/�'�(MB�C�, 4�67-J)M/5;>B�- �MZ Z 4�(tq�'9-�/5RX496�-
?A=+1�1�-�4�'�=iDF(�'Pq�-$494�-$'�:�(MC.)�-�'�H�-�C�:�-�Z

CONTACT

MINUS_35 MINUS_10 CONFORM

MINUS_10_1 MINUS_10_2 MINUS_10_3

Noisy−And

Noisy−And

Noisy−Or

Noisy−And

(P−12 A) (P−8 T)

PROMOTER

(P−10 A)(P−13 T)

.�*<H�B7'�- c ���(� � &x'9(�1�(M4�-$' OP-�:�(MH�C�*>4�*<(MC2KakP/$=�-�?A*s/5C0�^-�4AN_(�'9R

he6�-W,�/54#/t:�(MC�?A*s?A4�-L,c(�DA� Z[c %U/54�49-$'�CU?E� ![$l%}(~?A*>4�*<)�-3/5C�, ![$lC�-$H�/�4�*>)�-�-$v7/51�%�;>-�?j�#Z .�*>H�B�'9-b#
?A67(5N�?�496�-l;<-�/�'�C�*>C�Hm:�B�'�)�- ,.-$49-$'�1�*>C�-�,�DF'�(M1 496�*�?2-�v.%�-$'9*<1�-$C+4$Z he6�*�?�H�'#/5%�6Q*�?@/t%�;<(M4�(5D0496�-
/$)�-$'�/�H�-0/�:�:�B�'�/M:�=�(�Du4�6�-0C�-$4YNe(M'�R8/�4�:o;�/�?9?A*�DF=.*>C�H �(�(� ?A49'�*>C�H�?P(�)�-$' � !�,.*g��-$'9-$C+4P'�/5CU,.(�1 ?A%7;<*<4#?�Z
{�4@:�;<-L/5'�;>=T,.-$1�(MC�?A49'�/�4�-�?d496�/54@(�B�'y49-�:�6�C�*�b�B�-�*s?y?AB�:�:�-�?�?�DFB�;e*>CX*<1�%�'9(�).*>C�H84�6�-W/�:�:�B�'�/M:�=t(�D�496�-
C�-$4YN_(�'�R3?AB�q�?Y4�/�C.49*�/5;>;<=W��q+=8/5q�(MB�4 NCZ %�-$'�:o-$C.4#/5HM-�%�(M*<C+4�?j�#Z

he6�-TH�'�/�%�6 /5;s?A(S?Y6�(�N�?E496�-�%�-$'YDF(�'918/5C�:o-l(5DI?A(M1�-l(5D�4�6�-T*<CU,.B�:�49*<)�-l;<-L/5'�C7*<C�H /5;>H�(M'�*<496�18?
����� �8/�C�, �+���	�
��		
��z��/5C�,84�6�-�(�'�=@'�-�).*s?A*<(MC8/5;>H�(M'�*<496�18?�� �������
��	x` � ��� ����	��8/�C�,����������x�x(MC
4�67-l?�/�1�-84�/M?AR�Z�he6�-l496�-$(�'9=X'�-$)+*�?Y*<(�C ?A=7?A49-$18?y?A4#/5'94�-�, (MB�42NP*>4�6S496�-l?9/51�-8*<C7*<4�*s/5;P496�-$(�'9= /�?
�+��� �
� 	x� .�*<HMB�'�-P!��#`�NP67*�:�6y4�6�-$=�?AB�qU?A-�b�B�-$C+4�;>=�'9-$)+*�?A-L,d4�(���4u4�6�-�,7/54�/+Ze��B�'u4�-�:�6�C�*sb�B�-_%�-$'ADF(M'�18?
q�-$4�49-$'e496�/5C ������`��������
��	x`�/5CU, �+�����
��		

�wZx{�4#?eB�;<49*<18/�4�-P%�-$'ADF(M'�18/�C�:�-�*s?e:�(M1�%�/�'�/5q7;<-�49(yq}(M4�6
� ��� ����	��8/�C�, ��� ��� �u`./�;<496�(�B�HM6l*<4#?e;<-�/�'�C�*>C�H@:�B�'9)�-�*�?eC�(M4�/�?�?A49-$-$%wZ


 � � \ 4
LE�F
C>��
	 � 
�� �E� �GF pT-P6�/$)�-�/5;�?Y(i-$)M/5;<BU/54�-L, �&��� ����	2(MC2496�-P4�/M?ARd(�Dw;>-�/5'9C�*<C�H&4�(i'�-�:o(�H5K
C�*s?A-d496�-2� %�� ���������.� �����������^*>CT/�HM*<)�-$C �(�(� ?A-�b�B�-$C�:o-2� �^(�(�'#,.-$NP*>-$'�-$4&/5;�Z<`
�����8�5�#Zi\^B�18/�C��(�(�
?A-Lb�B�-�C�:�-�?�:�(�CU?A*�?Y4u(5D�4YNe(�'9-$H�*>(�C�?o�^������!�����'�-�H�*<(MC�?�-$CU:�(+,.*<C7H�*>C.DF(�'918/549*<(MCd4�6U/54u*�?�BU?A-�,�DF(M'x%�'�(M4�-$*>C
?A=+C+4�6�-�?Y*�?o`5*>C.49-$'�?Y%}-�'�?A-L,nNP*>4�6W���.��!����P'�-$HM*<(MC�? NP67*�:�6y/5'9-��9H�/5'9q�/5HM-
	.Z_he6�- A�B�C�:�49*<(�CU? q�-$4YNe-�-$Ci4�6�-�?Y-
'�-�H�*<(MC�?u/5'9-�:$/5;>;<-�,2� %������������.���o���������oZ_he6�-$'9-�/5'9-P4AN_(iR.*>C�,�?�(�D�?A%7;<*�:o- A�B�C�:o4�*<(MC�?�� { T�?Y*<4�-L?�NP6�*�:�6@/5'9-
/54_-$v+(�C
�t*>C.49'�(�C@q�(�B�CU,�/5'9*<-�?o`�/5C�,5Tu{x?Y*<49-�?�NP6�*s:j6I/5'9-i/54_-$v+(�C
�t*>C.49'�(�C@q�(�B�CU,�/5'9*<-�?oZuhe6�-�?A-�DF(�'�1
4�67-^4YNe(i(MB�4�%�B74P:$/�4�-$HM(�'�*>-�?�DF(�'_4�6�-&:�;�/M?�?Y*g��:$/�4�*>(�C@%�'�(Mq�;<-$1 Z�he67-$'�-&/5'9- c Z *<C7%�B�4xDF-�/549B�'�-L?�`�-�/�:�6@(5D
NP6�*s:j68'�-�%�'�-�?Y-$C+4�?e/yC+B�:�;<-�(�4�*s,.-i/�C�,8:$/5CW4�/5R�-i(MCE496�-i)M/5;<B7-�? �0`�Q�`�V (�'�h�Z�he67-y,.(M18/5*>C�4�6�-�(�'�=
�7%���47�<% ) �:� � ���
( 4 � ����(��'�����7��(�#7�1�:(&#'� % ),�'),+1+1�,- �98&+1�7� ���:),+18&��59(&���1# ��� ��4=(&��5&��# >�� �'-=�1+1+������7�
(&5 ��8&4=�7��� %�(&���28�� � �
) �����:�"����5 ),� �=�98&+1�7� ���:),+ 8���5�� � ) �78&4 ��#3�1(�� %&��� 8��78&4 �:>

�S!



DNA-PROMOTER Test Accuracy

RAPTURE

KBANN

BANNER

BACKPROP

EITHER

ID3

% Correct

#Train Exs45.00

50.00

55.00

60.00

65.00

70.00

75.00

80.00

85.00

90.00

95.00

0.00 20.00 40.00 60.00 80.00

.�*<HMB�'�-A#~� �(� �+&x'�(�1I(�4�-�' O�-�:o(�H�C7*<4�*>(�C�K &x'�-L,.*�:�49*<(MCR�&:$:�B�'#/�:�=

� c



?A%�-�:o*g��-�?�'9B�;<-�?�DF(�'i'�-L:�(�HMC�*�?Y*<C�HW4�6�-�?Y-8?A*>4�-�?^DF'9(�1 %�/�4�4�-�'�C�?d(�D�C.B�:o;<-$(M4�*�,+-�?�/5'9(�B�CU,c496�-$1lZI\^-$'9-�`
Ne-INe(�C j 4dHM(l*<C+4�(W4�6�-8,+-$4�/�*<;�?�(�D�496�-8,.(M18/5*>C�496�-$(�'9=�-�v�:�-�%�4i4�(l1�-$C+4�*>(�Cl496�/54y*>4�BU?A-�? - K�(5D�K/�
?A4Y=+;<-0'�B�;>-�?�`�NP6�-$'9-y*gD � - 	2(5Da4�6�- � � 	8/5C+4�-L:�-�,.-$C+4�?e(�D�/2'9B�;<-�/5'9-y4�'�B7-�`[4�67-$CJ496�-@:�(�CU?A-�b�B�-$C+4^*>C
:�(MC�?A*s,.-$'�-L, 49'�B�-�ZIhe6�-@*<C�*>4�*�/�;x;<(MH�*s:$/5;_,.(M18/5*>Cl4�6�-$(M'�=lNa/�?d:o(�C+)�-$'�49-�,J*<C+4�(W/8kP/$=�-�?A*s/5CTC�-$4YNe(M'�R
/5CU,2?YB�q�?A-Lb�B�-�C.49;<=d*>C.49(i/�C�-$B�'#/5;�C�-$4YN_(�'�R�/�?u,.-�?9:�'�*>q�-�,d*<C@4�6�-P%7'�-$)+*<(MB�?x?AB7q�?A-�:o4�*<(MCwZuhe6�-�Ne-$*>H�6+4�?
*<CX496�-8C�-$B�'#/5;PC�-$4YN_(�'�RmNe-$'9-�*<C�*>4�*s/5;<*s?A-�,T4�(l'�/�C�,.(M1 )M/�;<B�-�?y:o;<(�?Y-84�( ��Z Z 49(�1I*<1�*s:�4�67-J;<(MH�*s:$/5;
4�67-$(�'9=�Z

he6�-y,7/54�/I:�(�C�?Y*�?Y4�-�,8(5D � ��� Z %�/5494�-$'9C�?�`�(5DuNP67*�:�6JNe-i'#/5C�,.(M1�;<=3?A-$;>-�:�4�-L, � Z Z %�/5494�-$'9C�?^NP6�*s:j6
Ne-�'�-e496�-$C@,.*>).*s,.-�,�*<C+4�(&4�'�/�*<C�*>C�H&/5C�,y4�-�?Y4x?Y-$4�?oZX.�*>H�B�'9- ,�?A67(5N�?�4�6�-P;>-�/5'9C�*<C�H&:�B�'9)�-�?[DF(�'��+�����
��	
/5CU,�?A(M1�-P(5D�496�-^(M4�6�-�'�*>C�,.B�:o4�*<)�-P;>-�/5'9C�*<C7Hd/�;<HM(�'�*>4�6�13?�Zxhe67-^HM'�/5%768?A6�(�N�?u4�6�/�4e4�67-^%�-$'YDF(�'�13/5C�:�-
(5D �&��� ����	S*�?@:�(�1�%U/5'�/�q�;<-849(�496�/54@(5D���� ��� �V/�C�, �+���	�
��	�

�wZ �^;>4�6�(MB�H�6 � �
������	�� /5C�,
��� ��� � %�-$'YDF(�'91 q�-$494�-$'�4�6U/5C �+�����
��	J*<4&?A6�(MB�;�,8q�-dC�(M4�-�,84�6�/�4^496�-$=�1�(+,+*gDF=�496�-0?A4�'9B�:�49B�'�-0(5D
4�67-d,+(�18/�*<C�496�-$(�'9=W/�?eNe-�;<;�`+NP6�*�:�6 �+�����
��	 *s?eC�(�4P=�-$4P-Lb�B�*>%�%�-�,249(�,.(7Z

SPLICE-JUNCTION Test Accuracy

RAPTURE

KBANN

BACKPROP

BANNER

% Correct

Train Exs
30.00

35.00

40.00

45.00

50.00

55.00

60.00

65.00

70.00

75.00

80.00

85.00

90.00

95.00

0.00 200.00 400.00 600.00 800.00

.�*<H�B7'�-�,.� a�%7;<*�:o-
��B�C�:�49*<(MC3KP&x'�-L,.*�:�49*<(MC0��:$:�B7'�/�:o=

�e#



9��E����9 ��	 ��	���>Rkl�}���
a�(8D�/5'iNe-y6�/$)�-I?A6�(�NPC �+�����
��	�4�(Wq�-2-���-�:o4�*<)�-0(�Ct496�-@4AN_(8?A4#/5C�,7/5'�,t;>-�/5'9C�*<C�H8%�'9(�q�;>-$1lZA��;gK
4�67(�B�HM6y*<4�?[;>-�/5'9C�*<C7HP'�/549-e*s?w?A;<(�N_-$'$` �+�����
��	�-$)�-�C.49B�/5;>;<=P%�-$'ADF(M'�18?w:o(�1�%�/�'�/�q�;<=�NP*<496d(�496�-$'w*>C�,.B�:jK
4�*>)�-e;>-�/5'9C�*<C�H0?Y=�?Y4�-$18?oZwp�-PN_(�B�;s,�;>*<R�-e49(i'�B�CI?A*>1�*<;s/5'�-$v.%�-$'9*<1�-�C.4#?[4�(0:�(�1I%�/5'9-P4�6�-P%�-$'YDF(�'�13/5C�:�-
(5D�(�B�'i?Y=�?Y4�-$1�NP*<4�6W(�496�-$'&?A=7?A4�-�18?e4�6�/�4^;>-�/5'9ClkP/$=�-�?Y*�/5C8C�-�4AN_(�'9R�?eNP*>4�6J67*�,�,.-�CJ)M/5'9*�/5q7;<-�?o`�?AB�:�6
/�?�4�6�-0����� %�����	5� ;a!9�������$�<���g�o����� �0�����x��!#"��y� OPB�?9?A-$;>;w-$4�/�;�Z>`K�����[!��&/5%�%�'9(�/M:j6m/5C�,J496�- ��� ���^-�1�%.K
?A49-$'P-$4�/�;�Z<`]���C#[# � )�/5B�'9*<4���-$Cw`������ !���/�;<H�(M'�*>4�6�1lZu��B�'^-�v.%�-$'9*<1�-$C+4�?�NP*<4�68;>-�/5'9C�*<C�Hy%U/5'�/�1�-$49-$'�?�DF(M'
4�67-�H�-$C7-$'�/�;�:$/�?Y-l� - :e^�B�-L?A4�-�Cw`*�����[!���?AB7H�H�-L?A4y4�6U/54yC�(MC.K�HM'�/M,.*<-$C+4@4�-�:�6�C�*sb�B�-L?nBU?A*<C7Ht�����y�������Y�9�
�����}�9��� �����E��\^-$'94���-$4&/5;�Z<`������j����/5'9-d1�(M'�-i-���-�:�49*<)�-�496�/5CWq�/�:�R+%�'�(M%�/5H~/54�*>(�CwZ�p�-0/�;�?A(I%�'�(M%}(~?A-y49(
:�(M1�%�/5'9-�4�67-�C7(�C.K�H�'#/�,.*>-$C.4�4�'#/5*>C�*<C�Hy'9-$H�*>1�-�?uNP*<4�68q�/M:jR+%�'9(�%�/�H�/549*<(MCEDF(�'�4�67-�%7'�-�,.*s:�4�*>)�-�:�/�?A-~Z

��C�-y;<*>1�*<4#/54�*>(�C8NP*<496l4�6�-@:oB�'�'9-$C.4&/5%7%�'�(~/�:�6�*s?n496�/54&*<4i:$/�C�C�(M4�q�-yB�?Y-�,lNP*<4�6lC7-$4YNe(�'9R�?�4�6�/�4
6�/$)�-@B�C�,.*>'�-�:�49-�,l;<(�(�%U?�Zb��?i,.*s?�:�BU?�?A-L,�*<C?a�-�:�49*<(MC � Z���Z $+`�;>(�(�%�?d*>C�:�'�-L/�?A-@4�67-8:�(�1I%�;<-$v+*<4�=E(�D�*<C.K
DF-$'9-$C�:�-8?Y*<HMC�*g��:�/5C+4�;<=~Z - (M'�-$(�)�-$'�`�496�-W:�(�1�%7B�4�/�4�*<(MC�?�*>C.)�(M;<)�-�,l*<Cm4�6�-8*<C+DF-$'�-$CU:�-2%7'�(+:�-�,+B�'�-W/5'9-
1�(M'�-y:o(�1�%�;>-$v8/�C�,�;<-L?�?^;>(+:$/5;x496�/5CT4�67(�?A-yDF(�'i%�(�;>=.49'�-$-L?�Z a�*>C�:�-0(�B�'0/5%7%�'�(~/�:�6�'9-$;<*>-�?^(�CT4�67-y;<(5K
:$/�;<*<4Y=@(5Du496�-0:�(�1I%�B�4�/�4�*>(�C�?P/�C�,J*<C+)�(�;>)�-�?u:�(�1�%7B�4�*>C�Hy4�6�-iHM'�/�,+*<-$C+4P(5Du496�-iq�-$;<*>-�D�DFB7C�:�4�*>(�C�?o`�*<4P*s?
?A*>H�C�*���:$/�C.49;<=@6�/5'#,.-$'�4�(y-$v+4�-$CU,3496�*�?P/�%�%�'9(�/�:�6J49(26U/5C�,.;>-iC�-$4YNe(M'�R7?eNP*<4�68;>(�(�%�?oZ
�^(�C+K�HM'�/�,+*<-$C+4x4�-L:j6�C7*�b�B�-�?�`�6�(�Ne-�)�-$'$`�NP6�*�:�6d(MC�;<=0'�-�b�B�*>'�-u4�6�/�4u4�6�-Pq�-$;>*<-�D�?[DF(�'x-L/�:�6d)M/5'9*�/5q7;<-Pq�-

:�(M1�%�B�4#/5q�;>-�`5q7B�4u/5'9-PC�(�4�?A-$C�?Y*<49*<)�-u4�(i4�67-P/�:o4�B�/�;�:�(�1I%�B�4�/�4�*>(�Cw`�:�/5Cyq�-PB�?A-L,d-$)�-$CdNP*>4�60C�-$4YNe(M'�R7?
NP*<496X;<(�(�%U?�ZShe6�*s?d*�?@/5C /�,�,.*>4�*>(�C�/�;�/�,.)M/5C+4�/�H�-l(�D�B�?Y*<C�Hm?ABU:j6X4�-L:j6�C7*�b�B�-�?d/�C�,ON_-8%�'�(M%}(~?A-l49(
*<C+)�-�?Y4�*<H~/549-�4�6�*s?P/5%�%7'�(�/M:j6 /�?�/d%�/5'94^(�Du(�B7'P'�-�?Y-�/5'#:j6wZ

�3�E
 � � %\��� ���o��%�� � -�������# ���H#b% �	����� � ��� %\��� 
 �����
{�C�4�67-�%7'�-$)+*<(MB�?P?AB�qU?A-�:�49*<(MC�?�`+Ne-0,.*�?9:�B�?9?A-�,�/d49-�:�6�C�*�b�B�-PDF(�'�;<-�/�'�C�*>C�Hd496�-0:�(�CU,.*<49*<(�CU/5;[%7'�(�qU/5q�*>;<*gK
4�*>-�?�(MCW/�C�-$4YN_(�'�R@B�?Y*<C�Hy496�-�H�'#/�,.*>-$C+4P,.-�?9:�-$C+4eq�/M:jR+%�'9(�%�/�H�/549*<(MCJ/�;<HM(�'�*>4�6�1 Zx{�C2DF(�'912B7;�/549*<C�Hi496�-
/�:o4�*<)M/�4�*<(MC�?�/�C�, 496�-y;<-L/5'�C7*<C�H@'�B�;>-�?�`�Ne-@/�?9?AB�1I-�,E496�/54i/�;<;x496�-y-$)+*�,.-�C�:�-iNP/M?�/�4�4�67-@:$/5B�?9/5;x-�C�,
(5D�496�-�C�-�4AN_(�'9R[Z he6�*�?u;<-�/�'�C�*>C�Hi'�B�;>-^496.B�?u(�%�49*<1�*s?A-�?�4�6�-�C�-$4YNe(M'�RyDF(�'_%�'�-�,+*�:�49*<)�-e4#/�?YR�?oZu\^(�Ne-$)�-$'�`
18/�C.=@q�-$;<*>-�DxC7-$4YNe(�'9R�?�/5'9-dq�B7*<;<4eDF(M'�/�q�,.B�:�49*<)�-d'9-�/�?Y(�C�*>C�HI/5C�,l?Y(�1�-iB�?Y-y/@:�(�1@q�*<CU/54�*>(�C8(5D�%�'�-�K
,.*s:�4�*>)�-i/5C�,W/5q�,.B�:o4�*<)�-i'9-�/�?Y(�C�*>C�H�ZP{�C8(�'#,.-$'�;<-�/�'�C84�67-d%�/�'�/51I-$4�-$'#?�DF(M'^496�-�?A-0C�-$4YNe(M'�R7?�`�N_-�6U/L)�-
4�(@'�-�;�/5vI4�6�-�/�?�?YB�1�%�49*<(MCl/5q�(MB�4�4�67-d%�;s/�:�-$1I-$C.4u(�Du-$)+*�,.-$CU:�-�ZG�^;>4�6�(MB�H�6W4�6�-0q�/�?Y*�:�*s,.-�/d(�DeBU?A*<C7H
q�/M:jR+%�'�(M%�/5H~/549*<(�CI4�(i;<-�/�'�C@4�6�-&:�(MC�,.*<49*<(MC�/5;�%7'�(�qU/5q�*>;<*<49*<-�?�'�-$18/�*<C�?�4�6�-&?�/�1�-�`�496�-�/�:�49*<)M/549*<(MC�?u/5C�,
4�67-^;>-�/5'9C�*<C�H&'�B�;>-�?x/5'9-^1I(�'�-�:o(�1�%�;>*�:$/�4�-�,^DF(M'�496�-�H�-$C�-�'�/5;U:$/�?Y-^NP6�-�'�-PC�(0/�?9?AB�1I%�4�*>(�C�?u/5q�(MB�4e496�-
%�;s/�:�-$1I-$C.4u(�Dx-$)+*�,+-$C�:�-i/�'�-i18/M,.-�Z

��B�'�/5%�%7'�(�/M:j6z`�DF(�'P496�-�HM-$C�-$'#/5;w:�/�?A-~`�DF(�;>;<(�N�?e4�67-i?�/�1�-�?Y4�-$%U?P/�?�DF(�'_4�6�-&%�'�-�,+*�:�49*<)�-�:$/M?A-��x496�-
C�-$4YN_(�'�R8*s?���'�?Y4�18/�%�%�-�,E(MC.49(8/2C�-$B7'�/5; C�-$4YNe(M'�R�`}496�-dC�-�4AN_(�'9RE*s?^4�'#/5*>C�-�,EBU?A*<C7H�4�6�-yqU/�:�R.%�'9(�%.K
/5H~/549*<(�Cm/5;>H�(M'�*<496�1l`�/5C�,l4�67-y4�'�/�*<C�-L,JC�-$4YNe(M'�R8*�?^13/5%�%�-�,8q�/�:�RJ*>C.49(8/�kP/$=�-�?A*s/5CWC�-$4YNe(M'�R�Zihe6�-
%�'9(+:�-�,.B�'9-dDF(�'�13/5%�%�*>C�H@4�6�-@kP/$=�-�?Y*�/5CWC�-$4YNe(M'�R8(�C+4�(3/3C7-$B�'�/�;�C7-$4YNe(�'9RJ*s?�-$v7/�:o4�;<=8496�-@?�/�1�-0/�?
4�6U/54PDF(�'�4�6�-i%�'9-�,.*�:o4�*<)�-&:$/M?A-�Z_he6�-y,+*g��-$'�-�C�:�-�;>*<-�?e*>CE496�-0,.-$4#/5*<;s?e(5Du49'�/�*<C�*>C�H�`�NP6�*s:j68%�'9(+:�-$-�,7?P/�?
DF(�;>;<(�N�?��

��Z .�(�'0-�/�:�6T4�'�/�*<C�*>C�Hl:�/�?A-~`�%�;s/�:�-�496�-@-$).*s,.-$C�:o-y(�CX4�6�-@C�-$4YN_(�'�Rm/5CU,�%�'�(M%�/5H~/549-E496�-�q�-$;>*<-�D�?
B�?Y*<C�HI?A4#/5C�,7/5'�,WkP/$=�-�?A*s/5C�*>C.DF-$'�-�C�:�-i/�;<H�(M'�*>4�6�18?oZ

� Z���C�:�-�4�67-���CU/5;[q�-$;>*<-�Dz/M?�?A(+:o*�/549-�,2NP*>4�6@-�/�:�62)M/�'�*�/�q�;<-&*�?x-�?A4#/5q�;>*�?Y6�-�,[`�B�?Y-^496�-^;>-�/5'9C�*<C7H�'9B�;<-L?
49(2%�'9(�%�/�H�/�4�-d496�-i-$'�'9(�'#?�q�/M:jRyDF'�(M1 4�6�-i4�/�'�HM-$4P)M/5'�*s/5q�;>-�?e4�(@4�67-�'9-�?A4P(�Du4�67-�C7-$4YNe(�'9R[Z

�S,



$.Z+��?Y-J496�-8-$'�'9(�'8/M:$:�B�1@B�;�/�4�-�,T(�C -L/�:�6 )M/5'9*�/5q7;<-J49(�1I(+,.*gDF=t496�-l:o(�C�,.*>4�*>(�C�/�;^%�'9(�q�/�q�*<;>*<49*<-�?
/M?�?A(+:o*�/549-�,ENP*>4�684�67-�)M/�'�*�/�q�;<-~Z

kP/$=�-�?A*s/5CJC7-$4YNe(�'9R8/5;>H�(M'�*<496�18?�,.*�?Y4�*>C�H�B�*s?A6Wq}-�4AN_-$-$Cc�����������5�o�����E�
	$���.�o� ����/�C�,�%�!j�9����������	5�@�
	��
���.�o�����#Z .�*<H�B7'�- �l?Y6�(�N�?y/JC�(+,.- / NP*>4�6X/l?Y-$4d(�D�%�/�'�-$C+4�?��0`u/5C�,X/l?A-�4d(5Dn:�6�*<;s,.'�-$C�12Z he6�-
-$)+*�,.-�C�:�-d*>Cl4�6�-@C�-$4YN_(�'�R Xy:�/5CTq}-@%�/�'�4�*>4�*>(�C�-�,J*>C.49(W/E?Y-$4`X��� (5D�/5;<; 4�6�-y-$)+*�,+-$C�:�-�/54i4�6�-@6�-�/M,
(5D_496�-y;<*>C�R / � 12`w/�C�,l4�6�-�?A-$4gX��� (5D�/5;<;�4�67-y-$).*s,.-$C�:o-d/�4�4�67-y4�/5*>;�(�D_4�6�-y;>*<C�R / � �0Z0he6�-
,.-$HM'�-$-i(�Dxq�-$;>*<-�D /M?�?A(+:o*�/549-�,JNP*<49684�6�-i)M/5;>B�-�?e(5D )M/5'9*�/5q7;<-i/ *s?eH�*>)�-$C�q+=[�

4`7��_�ED[� N
	����ED[� � �ED[� � � � �
NP6�-$'9-

���aDz��N*C0��X
�� S D[�

� �ED[� N C0�ED S X �� �
/5CU,�	�*s?P/�C�(M'�18/�;<*s?A*<C7Hy:�(MC�?A4#/5C+4$Z

X

U U U

Y Y

1 2 3

1 2 3
Y

.�*<HMB�'�- �.�G�Y.�'�/�H�1�-�C.4_(5D_/A&�(M;<=+4�'9-$-

he6�-0,.*�/�H�C�(~?A49*�:�-�).*s,.-$C�:�-~`���`.DF(M'^C�(+,+-g/r:�(M1�-�?�DF'9(�1�496�-i)M/5'�*s/5q�;>-�?P/54�4�67-�67-�/�,8(5D 4�6�-i;<*>C�R
/ � 12Z�he6�-2%7'�-�,.*s:�4�*>)�-i-$).*s,.-$C�:o-�DF(�'i/m` � `z:�(�1�-L?aDF'9(�1 4�67-y4�/5*>;x(5Da4�6�-y;>*<C�R���� /mZA�^(�49-
4�6U/54$`w*>Ct/�%�(�;>=.49'�-$-�`z/3C7(+,.-�18/$=8'�-�:o-$*<)�-0,.*s/5H�C7(�?A49*�:y-$)+*�,.-$CU:�-�DF'9(�1 *<4#?�?A%�(MB�?A-8/�C�,l%�'�-�,+*�:�49*<)�-
-$)+*�,.-�C�:�-PDF'�(�1 *>4�?P?A*>q�;<*>C�H�?oZ

{�CJ4�67-y%�'�-�,+*�:�49*<)�-i:$/M?A-�`�NP6�-$CT/�;<;w496�-y-$)+*�,.-$CU:�-�*�?�(�Cl4�67-d'�(�(M4�C�(+,.-L?n(�Du4�67-yC�-$4YNe(M'�R�`�4�6�-��
DF(�'a/5;>;}C7(+,.-�?�*s?*��`�?Y*<C�:o-P4�6�-$'9-^*s?xC�(y,.*s/5HMC�(�?Y4�*�:�-$).*s,.-$C�:o-�Z�he6�*�?x'�-L,.B�:�-�?x496�-^q�-$;>*<-�Dz:�(M1�%�B�4#/549*<(�CU?

���



4�( /E%�'9(�%�/�H�/�4�*<(MCX(5D�4�67- � )�/�;<B�-L?�ZW\^(�Ne-$)�-$'�`[*<CT4�67-2HM-$C�-$'#/5;P:�/�?A-~`�4�67- �7?d,+(l:�(M1�-y*<C+4�(W%�;�/$=
NP6�*>;<-i:$/�;�:�B7;�/549*<C�Hy496�-iq�-$;<*>-�D�?�ZGTx)�-$C�*>C84�6�-�?A%�-�:�*���:�:$/M?A-dNP67-$CW/5;<;w496�-i-$)+*�,.-$CU:�-�*<C8496�-iC�-$4YNe(M'�R
*�?u,.*s/5HMC�(�?Y4�*�:0��*�Z -�Zw(�C�496�-i������"$�u(5D�496�-�C�-$4YNe(M'�R���`�C�-$*>4�6�-$' 4�6�- � ?xC�(�'_4�6�- �7?e'�-�,.BU:�-P4�(0B�C�*<4Y=�/5C�,
4�67-$'�-�DF(M'�-i1@B�?A4uq�-y:�(MC�?A*s,.-$'9-�,�*<C�496�-0:�(�1�%7B�4�/�4�*<(MCwZ

he6�-��U'�?A4n?A4�-�%l:�(MC�?A*s?A4�?�(5D_12B7;<4�*>%�;<-�%�/M?�?A-L?^(5D �W/5CU, � %�'�(M%�/5H~/549*<(�CU?nq�-�DF(M'�-y496�-���CU/5;�q}-�;<*<-oD
(5Dn-�/�:�6tC�(+,.- :$/5C q�-J:o(�1�%�B74�-�,[ZX{�CX4�67-J?Y-�:�(MC�,X?A4�-�% (5D&4�67-J/�;<HM(�'�*>4�6�1 `�496�-8-$'�'9(�'�?d496�/54@H�-�4
%�'9(�%�/�H�/549-�,�6�/$)�-04AN_(W:�(�1�%�(MC�-$C+4�?��P496�-��Q�o!�!9��!#�o`�/5CU, 496�- � �o!o!���!��oZihe6�-�?Y-y-$'�'9(�'#?nHM-$4�?�%�'�(M%.K
/5H~/549-�, 496�'�(MB�H�67(�B�404�6�-yC�-�4AN_(�'9REDF(�;>;<(�NP*<C7H8/5CT/�;<H�(M'�*>4�6�1 ?A*<1I*<;�/�'^49(�4�6U/54iB�?A-L,J*<Cl%�'9(�%�/�H�/549*<C�H
4�67-�q�-$;<*>-�D�?�Zu�^CU:�-^496�-�-$'9'�(M'�%7'�(�%U/5H�/�4�*>(�Cl/�4�4#/5*<CU?Pb�B�*>-�?�:o-$C�:�-�`M4�6�-&:j6U/5C�HM-�?�49(y4�6�-�%�/5'#/51�-�4�-$'#?�*>C
4�67-�;>*<C�RI/5'9-0:�(�1�%7B�4�-�,@q�/�?Y-�,E(MCJ4�67-�-�'�'�(M'�/�:$:oB�12B7;�/549-�,y*<C8-�/�:�68C�(+,.-�Z

he6�- �S-$'9'�(M'�?�/�C�, 496�- � -$'�'9(�'#?�/5'9-T:�(�1�%7B�4�-�, /�?8,.-$'9*<)M/549*<)�-�?y(5D0496�-lq�-$;<*>-�Di%�'9(�%�/�H�/549*<(MC
DFB�C�:o4�*<(MC�?�ZWhe6�-�?Y-�H�'#/�,.*>-$C+4�?d/�C�,�496�-�;<-L/5'�C7*<C�H8'�B7;<-�?�DF(�'d1I(+,.*gDF=+*<C�H8496�-2N_-$*<HM6.4#?�q�/M?A-�,T(�Ct496�-
-$'9'�(�'#?P/5'9-d%�'9-�?A-$C+4�-L,2*<C � - :e^�B�-�?Y4�-$Cz`������[!���Z

9�� 
���� ��� 4G>.����<J> � �L	=L � B�	=L�	�	.� �E� �
- :�^^B7-�?A49-$C � �����[!��0/�;�?Y(J'�-�%}(M'�4#?�(�Cm-$v.%�-$'9*<1�-�C.4#?^:�(MC�,.B�:o4�-�,l4�(W-$)M/5;<BU/54�-@4�67*�?d/�%�%�'9(�/�:�6wZ�pT-
%�*s:jR�-�,W/8?A18/�;<;�C�-$4YNe(M'�REDF(M'i(�B�'i%�'9-$;<*>1�*<C�/�'�=�-�v.%�-$'9*<1�-$C+4�?P,+-�?A*>H�C�-�,l4�(8HM*<)�-yB�?i/8b�B7*�:�RE-�)�/�;<B.K
/549*<(MC�(�D�(�B�'0/5%7%�'�(~/�:�6wZ2pT-2BU?A-�,l4�6�-@C�-$4YN_(�'�R ?A6�(�NPCT*<C .�*<HMB�'�-��@/�?�(�B7'd4�-L?A4iq�-�,[Zyp�-@B�?Y-�,
{ �(TG� )m� a�'9*<C�*>)�/M?e/�C�,8ke'�-$-�?Y-�`M�����[$��#`[/y?Y=�?Y4�-$1]DF(�'P'9-�/�?Y(�C�*>C�HyNP*<4968kP/$=�-�?A*s/5C�C7-$4YNe(�'9R�?o`�4�(@?A*>12K
B�;s/54�-y496�-yC�-$4YN_(�'�R /5C�,lH�-�C�-$'�/�4�-@,�/�4�/+Z2he67*�?�,�/�4�/8NP/�?�496�-$ClH�*>)�-$CJ49(8(�B�'0?A=7?A49-$1l`�/5;>(�C�H8NP*<496
4�67-d?Y4�'9B�:�4�B7'�-i(5D 4�6�-iC�-�4AN_(�'9R[`�49(y;<-�/�'�C84�6�-i%�/�'�/�1�-$4�-�'�?�Z

{�Cl/5;>;x(5D_(MB�'�-$v+%�-$'�*>1�-$C+4�?�`+?YB�:$:�-�?9?^NP/M?^B�C�*�DF(�'91�;<=8,+-���C�-�,W/�?^1I-�/5C ?�b�B�/5'9-y-$'�'9(�'�;<-�?9?�496�/5C
� Z � � Zxhe6�-�q�/�:�R+%�'�(M%�/5H~/54�*>(�C�-�v.%�-$'9*<1�-$C+4�?[N_-$'�-_'�B�C@*<Cy496�-Pq�/�4�:�621�(+,+-�`�*�Z -�Zw4�6�-PN_-$*<HM6.4�:j6�/�C�H�-L?
Ne-�'�-i/M:$:�B�1@B�;�/�4�-�,I/5C�,8/5%7%�;<*>-�,8/54�4�6�-i-$C�,�(�Dx-�/M:j6849'�/5*>C�*<C7Hy-$%�(+:j6wZ

p�-8'#/5CS?Y-$)�-$'#/5;e49'�*s/5;�?d*>CXNP6�*�:�6XNe-84�'#/5*<C7-�,tC�-$4YNe(M'�R7?d4�6�/�4yNe-$'9-E*>C�*<49*�/�;<*�?Y-�,lNP*<4�6X'#/5C�,.(M1
Ne-�*<H�6+4�?oZ���B�'�qU/�:�R.%�'9(�%�/�H�/�4�*<(MCt/�;<HM(�'�*>4�6�1 ?AB�:�:�-$-�,.-L,E(�C7;<=J4YNP*s:�-i(�B�4i(5D c Z 4�'9*�/5;s?^NP*<496l/�;<*>1�*<4
*gD �[Z[Z Z -$%�(+:j6�?oZ�he6�-�'�-iNe-$'9-dC�(3?AB�:$:o-�?�?Y-�?�*>C � ,2'�B�CU?^4�(_! Z Z[Z -$%�(+:j6U?�`[C�(M'^*>Cb$2'9B�C�?^49(b� Z ` Z Z[Z
-$%�(+:�6�?�Z

p�-I/5;s?A(8'�/�Ct?Y(�1�-y-�v.%�-$'9*<1�-$C+4�?eNP67-$'�-@Ne-yB�?Y-�,t�����y�������Y�9�l�����}�9��� �����J��\�-$'�4 �y-$4i/5;�Z<`G�����j����`
*<CU?A4�-L/�,�(5D q�/�:�R+%�'�(M%�/5H~/54�*>(�Cw`�4�(y49'�/�*<C84�6�-iC�-�4AN_(�'9R[Z he6�*�?e49'�/5*>C�*<C7Hy'�-$HM*<1�-&,.(�-�?eC�(M4^'9-�b�B�*<'9-^496�-
H�'#/�,.*>-$C+4y(5Di496�-8-$'�'9(�'dDFB�C�:o4�*<(MCX*<CX(�'#,.-$'y4�(T1�(+,.*�DF=l4�6�-8N_-$*<HM6.4#?�ZX{�C�?A49-�/�,�`�*>4y18/5R�-�?�'#/5C�,.(M1
%�-$'�49B�'�qU/54�*>(�C�?e49(d496�-�Ne-�*<H�6+4�?u(5D�496�-�C�-$4YN_(�'�R@/�C�,�%�*�:�R7?�496�-�q�-�?Y4eC�-$4YN_(�'�R@*<C@-�/M:j6�*>4�-$'#/549*<(�CzZx{�C
-$v+%�-$'�*>1�-$C+4�?[:o(�C�,.BU:�4�-�,iNP*<496d4�67-P?�/�1�-_,�/54#/i?A-$4 /�?x/�q�(5)�-~`5496�-e49-�:j67C�*�b�B�-_:�(�C+)�-$'9H�-�,i?ABU:$:�-�?9?|DFB�;>;<=
*<C � c (MB�4^(�D � !�49'�*s/5;�?e(MCJC�-�4AN_(�'9R�?eNP*>4�68'�/�C�,.(�1I;<=@*<C�*>4�*�/�;<*s?A-�,yNe-$*>H�6+4�?oZ

he6.BU?�`�(�B�'�%�'�-�;<*<1I*<C�/�'�=e-�v.%�-$'9*<1�-$C+4�?�*>C�,.*�:�/54�- 4�6�/�4$`M/5;<496�(�B7H�6d496�-uq�/�:�R+%�'�(M%�/5H~/54�*>(�Cy49-�:j67C�*�b�B�-
,.(�-�?i*<1�%7'�(�)�-y4�6�-@4�'#/5*>C�*<C�HW%�-$'ADF(M'�18/�C�:�-y(5D�496�-�C�-�4AN_(�'9RX��*<CU,.*�:$/�4�-�,lq+=JD�/5;<;>*<C�H81�-L/5Cm?�b�B�/5'9-�,
-$'9'�(�'#?j�#`�*>4_,.(�-�?�C7(�4P:o(�C+)�-$'�HM-�b�B�*s:jR+;<=~Zwhe6�*�?u?YB�H�HM-�?A4#?�4�6U/54eN_-�?Y6�(�B7;�,y'�B�C�1I(�'�-P'9*<HM(�'�(MB�?�-�v.%�-$'9*gK
1�-$C+4�?wNP*<496@,.*g��-$'9-$C+4x;<-�/�'�C�*>C�H�'#/54�-L?�49(0?A4�BU,.=d496�-^'#/549-P(5D�:o(�C+)�-$'�HM-$C�:�-�ZwpT-PNP*<;>;�/5;s?A(0/5C�/�;<=7?A-P496�-
:$/�B�?A-�?�4�6�/�4�;>-�/�,d49(�%�(�(�'a:�(�C+)�-$'�HM-$C�:�-~ZKa�B�:�6@/5C@/�C�/5;>=�?Y*�?�18/$=0?AB7H�H�-L?A4_?A(M1�-e*>1�%�'�(�)�-$1@-$C�4#?[4�6�/�4
:$/�Clq}-y13/�,.-04�(84�6�-04�'#/5*<C7*<C�H8/�;<HM(�'�*>4�6�1 Z�.�*<C�/�;<;>=�`�Ne-yNP*>;<; /5;�?Y(8*<C+)�-�?A49*<H�/�4�-i4�67-dD�/�?A49-$'�49'�/5*>C�*<C7H
/5;>H�(M'�*<496�18?_?AB�:�6W/�?P4�6�- ����� ��� �����Y� ��!9�������o�.�u��\�-$'�4 ��-$4�/5;�Z<`]�����8�5��/�%�%�'9(�/�:�6wZ

�[Z



9�� 
�� 
 ��	 ��	���>Rkl�}���
��B�'d-�v.%�-$'9*<1�-$C+4�?o`}*>C�,.*s:$/549*<C�H84�67-8?AB�:�:�-�?�?i(5D&?Y*<1@B�;�/�4�-�,W/5C�C�-L/5;<*>C�HJ49-�:�6�C�*�b�B�-�?�*<Ct;>-�/5'9C�*<C�H8496�-
%�/�'�/51I-$4�-$'�`�*�?�-L?A%�-�:�*s/5;<;>=y*<C+4�-$'9-�?A49*<C�H0?Y*<C�:�-�4�67*�?e4�'#/5*>C�*<C�H0'�-$HM*<1�-�,+(�-�?eC�(�4P'9-�b�B�*<'9-^HM'�/�,+*<-$C+4�?_/5C�,
6�-$CU:�-0,.(�-�?PC�(�4�,.-�%}-�C�,E(MCJ4�67-d:o(�1�%�B74�/549*<(MC�?e*<C+)�(�;>)�-�,�*>C84�6�-i%�'9(�%�/�H�/549*<(MCl(5D�/�:�49*<)M/549*<(�CU?�(�)�-$'
4�67-2C�-�4AN_(�'9R[Zyhe67*�?�NP*<;>;x-$C�/�q�;<-yB�?�49(Jq�B�*>;�,l/�%�/�'�/51I-$4�-$'&'�-$)+*�?Y*<(�CT?YB�q�?Y=�?Y4�-$1 496�/54iNe(M'�R7?�B�C�*gK
DF(�'91�;<=0NP*<4962496�-�,+*g��-$'�-�C.4xR+*<CU,�?x(5D�'�-L/�?A(MC�*<C7Hd1�-�:�6�/�C�*�?Y18?�`�/�q[,+B�:�4�*>)�-�/�C�,�,.-L,.B�:�49*<)�-�Z�he6�*s?�NP*>;<;
/5;s?A(0-$C�/5q7;<-�(�B�'a?A=7?A4�-�1]4�(i6�/5CU,.;<-�C7-$4YNe(�'9R�?xNP*>4�6@;<(�(�%U?�ZP�^B7'�'9-�?AB7;<4�?u/�'�-�`+6�(�Ne-$)�-$'�`�%�'9-$;<*>1�*<C�/�'�=
/5CU,�Ne-@NP*<;>;�6U/L)�-y49(J%�-$'YDF(�'�1r1�(M'�-y'�*>H�(M'�(�BU?d-$v.%�-$'9*<1�-�C.4#?e4�(l?Y6�(�N]4�6�/�4y?Y*<1@B�;�/�4�-�,l/�C�C�-�/�;<*<C7H
,.(�-�?P*<CU,.-$-�,2=+*<-�;�,2HM(�(+, '9-�?AB�;>4�?oZ

� 3Y
�!/=+. 
#=�!0� �����5�,�������

pS6�-$CT4�67-2'9-$).*s?A*>(�CT(5D�:o(�C�,.*>4�*>(�C�/�;�%7'�(�qU/5q�*>;<*<49*<-�?�(�CX/8C�-$4YNe(M'�RED�/�*<;s?n49(J*>1�%�'�(�)�-i*<4#?�%�'�-�,+*�:�49*<)�-
/�:�:�B�'�/M:�=�`�4�6�-@C�-$4YNe(M'�Rl*s?n%U/�?�?Y-�,t(�Ct49(J496�-�?Y4�'9B�:�4�B7'�-@'�-$)+*�?Y*<(�Cm/5;>H�(M'�*<496�1lZI{|CT(�'#,.-$'04�(J'9-$)+*�?A-
4�67-8?A49'�B�:�49B�'�-8(�Di/JC�-�4AN_(�'9R[`�Ne-84�/�R�-8/lb�BU/5;<*>4�/�4�*<)�-@)+*<-$N](�D�4�6�-8C�-$4YN_(�'�R�Z a�4�/�'�49*<C�HlNP*>4�6t496�-
4�/�'�HM-$4i)�/�'�*s/5q�;>-�?�4�6�/�4y/5'9-21I*�?�:o;�/�?9?A*���-�,[`�Ne-@B�?A-Ib�B�/5;>*<4�/�4�*>)�-y/5CU/5;<=7?A-L?n49(J6+=.%�(M4�6�-�?Y*�?Y-2'9-$).*s?A*>(�C�?
4�(8496�-yC�-$4YNe(M'�R�Z�pT-yB�?Y-2496�-y*�,.-L/�?�(5D �P�+�����<��������	5�0;a!��������$�<���<���9�d�#���x��!�"$��� ^ &G����`[%7'�-�?Y-$C.49-�,E*>C
pT-$;<;>18/5CX� ����� Z �i*>Ct(�B�'�/5C�/�;<=7?A-�?oZJpT-���'#?A4�,.-�?�:o'�*<q�-R^ &G��?0/5C�,�496�-$CtHM*<)�-I/5Ct(MB�4�;>*<C�-@(5D&(�B7'
?A49'�B�:o4�B�'9-�'9-$)+*�?A*>(�C8/�;<HM(�'�*>4�6�1 Z

���
� � � �"���E�o� �o�E-�� � %\#��3���3����� � � ��� �"!$#�%�&��
�P�+�����<��������	5��;a!��������$�<���<�����d�#���x��!�"$�a��pT-$;<;>18/5Cw`C����� Z �u/�'�-&/5C@/�q�?A49'�/�:o4�*<(MC2(�DwHM'�/5%76�*�:$/�;�'�-�%�'�-�?Y-$C+4�/LK
4�*>(�C�?[(�D�%7'�(�qU/5q�*>;<*<4Y=&,.*�?Y4�'9*<q�B�49*<(MC�?w?AB�:�60/�?wkP/$=�-�?Y*�/5C&C�-$4YNe(M'�R7?�Z�he6�-$=�'�-$%7'�-�?Y-$C.4�4�6�-_,.-�%}-�C�,.-$C�:o*<-�?
q�-$4YNe-$-�CE)M/�'�*�/�q�;<-L?�*>CE49-$'�13?e(5D_b�B�/5;>*<4#/54�*>)�-�'�-�;�/549*<(MC�?A6�*>%�?P'�/5496�-$'�4�6�/�CJC+B�1�-$'9*�:$/�;<;>=�Z ^�B�/�;<*<4#/549*<)�-
'�-�;�/549*<(MC�?A6�*>%�?�?A%�-�:�*�DF=8:�(�CU?A4�'#/5*>C.4#?e(�Cl4�67-.A�(M*<C+4P%�'�(Mq�/5q7*<;<*>4Y=8,.*�?Y4�'9*<q�B�49*<(MCJ(�)�-$'e496�-d)M/�'�*�/�q�;<-L?P/5C�,
/5'9-�(5D�4YN_(d4Y=.%�-�?o� n$�+�����<��������	��0���������o�������a/5CU,kn��.�����<��������	5�������}�j!(�������oZG��;<4�67(�B�HM6�p�-�;<;<13/5C8� ����� Z �
,.-�?9:�'�*>q�-�?e6�(�NV496�-�?Y-db�B�/�;<*<4#/549*<)�-�'9-$;�/�4�*<(MC�?A67*<%�?P:�(MB�;�,�q�-iB�?A-L,3DF(�'P*>C.DF-$'9-$C�:�-�`�*>CE(MB�'�'�-�?Y-�/5'#:j6�N_-
/5'9-^1I(�'�-P*>C.49-$'�-L?A4�-L,d*<Cy4�67-�b�B�/5;>*<4#/54�*>)�-P'�-$;s/549*<(�CU?A6�*>%�?x4�6�-$13?A-$;>)�-�?['�/�4�6�-$'u496�/5C�496�-�*<C.DF-$'9-$C�:�-_%�'�(�K
:�-�,+B�'�-�?oZx{�C�496�*�?_?A-�:�49*<(MCw`�Ne-�'9-�?A49'�*�:o4�(MB�'�?Y-$;<)�-L?�49(@/d,.*s?�:�BU?�?A*>(�C�(�Dx496�-&b�B�/�;<*>4�/549*<)�-�'�-$;s/549*<(�CU?A6�*>%�?�Z
.�*<HMB�'�-L? � Z /5C�, � �t?A67(5N 4�6�-Tb�B�/�;<*<4#/549*<)�-l/�q�?A49'�/M:�4�*>(�C�?8(5Dy496�- �����g���5�Y��!@/5C�,S4�67-S�����g�����

�����yH�/549-�?�'9-�?A%�-�:o4�*<)�-�;<=�Z0he6�-I?A*<HMC�?�(�Ct496�-@/5'9'�(�N�?�q�-$4YN_-$-$Cl4�67-2)M/5'9*�/�q�;<-�?�*>C�,.*�:�/54�-@b�B�/�;<*<4#/549*<)�-
*<CWp�B�-$C�:o-�?e/�C�,E496�-0?A*<HMC�?P*<C84�6�-iq�(�v.-L?e*<C�,.*s:$/549-0b�B�/�;<*>4�/549*<)�-&?A=+C�-$'9H�*<-L?�Z

�P�+�����<��������	5�m�������U�o� �����8?Y%}-L:�*gDF=X4�67-T,.*<'9-�:�4�*>(�C (5D04�6�-l'9-$;�/�4�*>(�C�?Y6�*<%Sq�-$4YNe-�-$C 4YNe(m)�/�'�*s/5q�;>-�?�Z
he6�-y%�(�?9?A*>q�;<-0*<C?p�B7-$C�:�-�?Pq�-$4YNe-$-�CJ)M/5'9*�/5q7;<-�?�/5'9-	�d` �d` Z `�
MZ(� %�(�?A*>4�*>)�-d*<CWp�B�-$C�:o-2���i�Pq�-$4YNe-$-$C
/E)M/�'�*�/�q�;<- 6�/�C�,�*<4#?i:j6�*>;�,k4 *>1�%�;<*>-�?P4�6�/�4d6�*>H�6�-$'i)M/5;>B�-�?i(5Di4 /�'�-�1I(�'�-y;>*<R�-$;>=�`�H�*<)�-�C�6�*>H�6�-�'
)M/5;>B�-�?P(5D�6 �F4�6�*s?^/M?�?AB71�-�?P4�6�/�4�4�6�-0)M/5;<B7-�?^/M?�?Y(+:�*�/�4�-�,lNP*<496l/2)M/5'9*�/�q�;<-�/5'�-0(�'#,.-$'�-L,}��Z&he6.B�?o`}*>C
4�67-^q�*>C�/5'9=@:$/�?Y-�`�)M/5'�*s/5q�;>-�kO*s?�1�(�'9-P;<*>R�-$;<=i4�(iq�-�4�'�B7-�`�H�*<)�-�Cy6�*<HM6�-$'u;<*>R�-$;<*>6�(�(+,�?�(�D�6Sq}-�*<C�Hi4�'9B�-�Z
� C�-$H~/549*<)�-e*>C?p�B�-�C�:�-P*�? ?A*<1I*<;�/�'�;>=�,.-o��C�-�,[Z�� Z *<C?p�B7-$C�:�-a?A*<HMC�*g�U-�?u/^;�/M:jR0(5Dzb�BU/5;<*>4�/�4�*<)�-_*<C?pUB�-$C�:�-
q�-$4YNe-$-�C�4YNe(y)M/5'9*�/5q7;<-�?�/5C�,�496�-

0?A*<HMC�*g�U-�?P/5CWB�C�R+C�(�NPCE*>C?p�B�-�C�:�-�Z

�P�+�����<��������	5�J���M�}�o! �������@,.-L?�:�'9*<q�-84�6�-W*<C+4�-$'#/�:�49*<(�CU?2/�1�(�C�HT*<CWp�B�-$C�:o-�?�Z .�(M'2-$v7/51I%�;<-�`x*�D�4YN_(
)M/5'9*�/5q7;<-�?`6 /5CU, 4 *<CWp�B�-$C�:o-J/J)M/�'�*�/�q�;<- /m`e4�6�-�C b�B�/�;<*<4#/549*<)�-I?A=+C�-$'�HM*<-�?dN_(�B�;s,X,.-�?�:o'�*<q�-86�(�N
4�67-�*>C?p�B�-�C�:�-i(5D 6 (MC /r/L��-�:o4�?P4�6�-0*<C?p�B7-$C�:�-�(�D 4 (�C /mZe{�C+4�B�*>4�*>)�-$;<=�`M4AN_(y*<C?pUB�-$C�:�-L?e*<C+4�-$'#/�:�4
��� �j�����}�j!(���g�o���������<���^NP67-$C�*<CU:�'�-�/M?A*>C�Hd496�-^;>*<R�-$;>*<6�(�(+,y(5D�(MC�-�%�/�'�-$C+4e6U/�?�;>-�?�?u-���-�:�4uNP6�-$CI4�6�-�(M4�6�-�'

� �



q1 q2

X

A B

X

A B

a)  A Noisy−or Gate b) Corresponding Qualitative Abstraction

+ +

noisy−or noisy−or

−

.�*>H�B�'9- � Z � ^^BU/5;<*>4�/�4�*<)�-��^qU?A4�'#/�:�49*<(MC (5D�/ �^(�*s?A=�K���'0V&/54�-~��he67-lq}(�vXNP*<496 496�-EK�*<C�,.*s:$/549-�?@/
?AB7q�?A=+C�-$'9H�*�?Y4�*s:n'9-$;�/�4�*>(�C�?Y6�*<%

q1 q2

X

A B

X

A B

a)  A Noisy−or Gate b) Corresponding Qualitative Abstraction

+ +

noisy−and noisy−and 

+

.�*>H�B�'9-0�[���"^^BU/5;<*>4�/�4�*<)�- �^q�?Y4�'�/M:�4�*>(�CT(5D�/g��(�*�?Y=�K/�^C�, V&/549-��ihe6�-@q}(�vlNP*>4�6T4�6�- � *>C�,.*s:$/549-�?i/
?A=+C�-$'9H�*s?A4�*s:^'�-�;�/549*<(MC�?A6�*>%

�[�



/5;>'�-�/M,.=d6U/�?e/�6�*>H�6y;>*<R�-$;>*<6�(�(+,[Z�he6�-������g�����Y��! H~/54�-�*�?u/�C2-$v7/51I%�;<-uNP6�-$'9-P*<C?pUB�-$C�:�-L?�*<C+4�-$'#/�:�4 ?AB7q.K
?A=+C�-$'9H�*s?A4�*s:$/5;>;<=�Zihe6+B�?o` *>CJ��H�B7'�-�� Z qz`�4�67-y6�*<HM6�-$'�496�-2;>*<R�-$;>*<6�(�(+,8(5D�k�`[4�6�-y;>-�?�?Y-$'�496�-y*<C?pUB�-$C�:�-
(5Db6 (�C)/mZ�he6�-d*>C?p�B�-$CU:�-�?e*<C+)�(�;>)�-�,2*>Cl/W�����g���5�Y���7��H~/549-�`}(MCl4�6�-0(�496�-$'�6�/5C�,�`[*<C+4�-$'#/�:�4����M�}�o!��
���g�o���������<����Z@{|Cl496�*�?&:$/�?Y-�`['�/�*�?Y*<C�H84�67-y;<*<R�-�;<*<67(�(+,E(5Da(�C�-y%U/5'�-�C.4i6�/M?n1I(�'�-0-���-�:�4�NP6�-$CT4�6�-y(M4�6�-�'
%�/�'�-$C+4�?^6U/L)�-�/26�*>H�6l;<*>R�-$;<*>6�(�(+,�4�6�-�18?A-$;>)�-�?�Zahe6.B�?o`[*<C8��H�B7'�-0�[�oqw`[*>C�:�'�-L/�?A*>C�H�496�-d;>*<R�-$;>*<6�(�(+,8(5D
6�6�/�?P4�67-�-o�[-L:�4P(5D *<C�:o'�-�/M?A*<C7Hy4�6�-i*<CWp�B�-$C�:o-�(5D 4 (�C /mZ

���E
 + ��� ���^��� #���� ��� � �W% � �5��� %\� � ��-�������# ��(!���.#�%\�E�	� �
�GkP/L=�-L?A*�/�C�C7-$4YNe(�'9Rl*�?�4Y=.%7*�:$/�;<;<=Wq�B�*>;<4�DF(�'0*<C.DF-$'9'�*>C�H�4�67-�)M/5;<B7-�?�(5D&:�-$'94�/�*<CT)�/�'�*s/5q�;>-�?2�9����! �.�������
H�*>)�-$CJ496�-y)M/5;>B�-y(5Da:�-$'94�/�*<CJ(M4�6�-�'�)M/5'�*s/5q�;>-�?d�o�
	$���.�o�����9��Zyhe6�-@,+-�?A*>'�-�,J*>C.DF-$'�-�C�:�-0:�(�B7;�,J-$*>4�6�-$'�q�-
*<C8496�-i%�'�-�,+*�:�49*<)�-�(�'P*<C8496�-0,.*�/�H�C�(~?A4�*s:d,.*>'�-�:o4�*<(MCw`.(M'P-$)�-$C8/@:�(M12q�*>C�/549*<(MC�(5D 4�6�-i4YNe(7Z

��B�'^%7'�(�%�(~?A-�,J'9-$).*s?A*>(�CW/5;>H�(�'9*<496�1l`.qU/�?A-L,E(�CW-$v+*�?A49*<C�Hy496�-$(M'�=�K�'9-$).*s?A*>(�C84�-�:�6�C�*sb�B7-�?^�Y�^B7'�?A49(�C
/5CU, - (�(�C�-$=~` ����� N�� ��%�*>4��l/�C�, a�6�/$)+;<*>R[`(����� $���`�18/5R�-L?dB�?A-l(�Dd496�*�?gp�(�N (�D0'�-�/M?A(�C7*<C�H7Z he6�-
,�/�4�/�*�?�/M?�?YB�1�-�,84�(�q�-@/8?A-$4&(5D_-$v7/51�%�;>-�?P:�(MC�?A*s?A4�*>C�H�(�De(Mq�?A-�'�)M/549*<(�CU?n(�DP496�-d-$)+*�,+-$C�:�-�/5C�,J496�-
4�/�'�HM-$4�)M/5'9*�/5q7;<-�?oZ�.�(�'&-�/�:�6l-$v7/51�%�;>-�`�4�67-d'�-�).*s?A*<(MCT/5;>H�(�'9*<496�1 ��'#?A4�%7'�(�%U/5H�/�4�-�?i4�6�-0-$)+*�,.-$CU:�-d49(
4�67-24#/5'�HM-$4i)M/5'�*s/5q�;>-�?�B�?A*>C�H84�6�-I?A4#/5C�,7/5'�,T*<C.DF-$'9-$C�:�-@/�;<HM(�'�*>4�6�13?^B�?A-L, NP*>4�6mkP/L=�-L?A*�/�ClC�-$4YNe(M'�R7?�Z
pS6�-$C7-$)�-$'w4�67-Pb�B�/5;>*<4�/�4�*>)�-�;>*<R�-$;>*<6�(�(+,�(�D�/^4�/�'�HM-$4x)M/5'9*�/5q7;<-P,+(�-�?�C�(M4x18/54#:j6&4�6�-a,�/54#/.`�*<4�*�?w18/5'9R�-�,
/�?P/�C�-$'9'�(�'�Z ��?A*>C�Hyb�B�/�;<*<4#/549*<)�-�/5CU/5;<=7?A*s?�`+4�6�*s?�-$'9'�(�'_*�?u%�'�(M%�/5H~/54�-L,E4�(04�6�-&'�-�?Y4e(5D�496�-�C�-�4AN_(�'9R249(
%�'9(+,.B�:�-�/y?A-$4P(�D_:$/5CU,.*�,�/�4�-i'�-�).*s?A*<(MC�?�496�/54�Ne(MB�;�,8:�(M'�'9-�:�4P4�67-�-�'�'�(MC�-$(MB�?e4�/�'�H�-�4$Z*a�(�1�-&(5D 4�6�-�?Y-
'�-�).*s?A*<(MC�?x/�'�-�4�6�-$C@*<1I%�;<-$1@-$C�49-�,i/5C�,y4�6�-�C�-$4YN_(�'�R0*�?x'�-�4�'�/�*<C�-L,d4�(i'�-$)+*�?Y-P4�6�-�%�/�'�/51I-$4�-$'#?�Z�he6�-�?Y-
?A49-$%�?�/5'9-�'9-$%�-�/549-�,�B�C+4�*<;�DFB�'�496�-$'P'9-$).*s?A*>(�C�D�/5*>;�?e4�(y*>1�%�'9(5)�-�4�67-�%�-$'YDF(�'918/5C�:o-�(5Du496�-iC�-$4YNe(M'�R�(MC
4�67-d,7/54�/+Z

{�CX,.-�?Y*<H�C7*<C�HW4�6�-8,+-$4�/�*<;�?i(5D&4�6�-3/5;<HM(�'9*<4�6718?�`�Ne-I/5'�-W:�(MC�:�-$'9C�-�,lNP*<496t4�6�-@DF(�;<;>(�NP*<C�HW*�?�?YB�-�?o�
� *��o�8?A67(�B�;s,l/2C�-$4YNe(M'�R8q�-y1�(+,.*���-�,[` � *7��� *I:�(M1�%�(�C�-$C+4�?P(5D_496�-dC�-�4AN_(�'9RJ?Y6�(�B7;�,lq}-y1I(+,.*g��-L,[`
� *7���PR+*<C�,�?d(�Di1�(+,.*���:$/�4�*<(MC�?y?A67(�B�;s,Oq�-W/54�49-$1�%�49-�,[`x6�(�N�49(�%7*�:�R�496�- �����o�P'�-$)+*�?Y*<(�CtDF'9(�1 496�-
:$/�C�,.*�,7/54�-0?Y-$4P(5Du'9-$)+*�?A*>(�C�?o`�/�C�,ENP6�-�CE49(E�o��� %@'�-$)+*�?Y*<C�Hy496�-iC�-$4YNe(M'�R�Z
.�'�(�1r(�B7'd%�-$'�?Y%�-�:�4�*>)�-�`w/JC�-�4AN_(�'9RT?A6�(MB�;�,�q�-@'�-$)+*�?Y-�,lNP6�-$Ct*>4nD�/�*<;s?n49(J%�'9-�,.*s:�4i4�6�-@4�/�'�H�-�4�?

/�:�:�B�'�/�4�-$;>=�Zi{�CJ496�-yq�*<CU/5'�= :$/�?Y-�`[*�DP/@4�/5'9H�-$4&)�/�'�*s/5q�;>-y*�?^*>C.DF-$'�'9-�,E49(�q�- %7�5���<����	5�0��*�Z -�Z�*<4�*�?^1I(�'�-
;<*>R�-$;<=04�(yq�-�49'�B�-i4�6U/5C�D�/5;s?A-��#`.q�B�4_*�?_?A%�-�:�*���-�,�/M?�q�-$*>C�H8�}� �~������	5�_*<C�496�-0,�/54#/.`�496�-$C�496�-�-$v7/51�%7;<-
*�?�,.-��UC�-�,E49(2q�-�/ � ��� ���+%��5���<����	5��Z � � ��� �����}� ��������	5��*�?�?A*<1I*<;�/�'�;>=@,.-���C�-L,[Z(a�4�/�'�4�*>C�HI/54i/y)M/5'�*s/5q�;>-
:�;s/�?�?Y*g��-L, /�?I/ D�/5;s?A-J%�(~?A*<49*<)�-W(�'8/JD�/5;s?A-lC�-$H~/549*<)�-�`u(�B�'3/5;<HM(�'9*<4�671 NP*>;<;�%�'�(M%�/5H~/549-�q�;s/51�-3/5C�,
'�-�).*s?A*<(MC�?Pq�/�?Y-�,J(�CT'�B�;>-�?�,.-$'�*>)�-�,2DF'�(M1 4�67-yb�B�/5;>*<4�/�4�*>)�-�'9-$;�/�4�*>(�C�?Y6�*<%�?�q}-�4AN_-$-$C84�67-y)�/�'�*s/5q�;>-�?�*>C
4�67-�C7-$4YNe(�'9R[Zuhe67*�?e%�'9(�%�/�H�/549*<(MCl4�-$'91�*<C�/�4�-�?u/�4^49-$'�1�*>C�/5;�/�C�,E-$)+*�,+-$C�:�-�C�(+,.-�?oZ

he6�-i6�*<HM6.K�;<-$)�-$;z/5;>H�(�'9*<496�1 DF(�'�'�-�).*s?A*<C7Hd4�67-d?Y4�'9B�:�4�B7'�-i(5Du496�-iC�-$4YNe(M'�R@*�?P/M?aDF(M;<;<(�N�?o�

� hw'�/�*<C84�6�-i*>C�*<49*�/5;�C�-$4YNe(M'�R�49(y'�-$)+*�?Y-i4�6�-i%�/�'�/51I-$4�-$'#?�Z

� OP-$%�-�/54PB7C.49*<;w,+-�?A*>'�-�,�4�'#/5*>C�*<C�Hy%�-$'YDF(�'918/5C�:o-

� .�(M'^-�/M:j6I1�*�?9:�;�/M?�?A*���-�,249'�/�*<C�*>C�Hy-$v7/51�%�;>-
��Z &x'�(M%�/5H~/54�-Q?Y4�'9B�:�4�B7'�/5;0'�-$)+*�?Y*<(MC�?l?A4#/5'�49*<C�HQ/�4l4�6�-m4�/5'9H�-$4T)M/5'9*�/5q7;<-�?T��B�?Y*<C�HS496�-
6�-$B7'�*�?Y4�*s:$?P,.*�?9:�B�?9?A-�,�q�-$;<(�N��#Z

� Z .�(�'P-�/M:j6I(5D�4�67-d?Y4�'9B�:�4�B7'�/5;�'�-$)+*�?Y*<(MC�?�6+=.%�(M4�6�-�?Y* �$-L,[`+/�,�,�4�67-�-$v7/51�%�;>-P4�(y496�-i?A-�4
(5D�-$v�/�1�%�;>-�?u:�(�)�-$'�-�,@q.=�496�-i'�-$)+*�?Y*<(MCwZ

� $



� .�*<C�,X/l?A13/5;<;a?A-$4y(�D�'9-$)+*�?A*>(�C�?d496�/54@:o(5)�-�'�?d/�;<;P496�-81�*�?9:�;�/M?�?A*���-�,l-$v7/51�%�;>-�?�B�?A*>C�Hm/
HM'�-$-L,.=8?A-�4�:�(�)�-$'�*>C�Hy/�;<H�(M'�*>4�6�1lZ

� hw'�/�*<CW4�6�-i'�-�).*s?A-�,2C7-$4YNe(�'9R249(2'9-$)+*�?A-&4�6�-i%�/�'�/51I-$4�-$'#?�Z

��B�'8/5;>H�(M'�*<496�1 BU?A-�?267-$B�'�*s?A49*�:$?dDF(�'�%7'�(�%�(~?A*<C7H '�-�).*s?A*<(MC�?�Z he6�-�?Y-l6�-$B�'9*�?A49*�:$?@?AB7H�H�-L?A4W/t?A-�4
(5Dn)�/�'�*s/5q�;>-�?�496�/54I:$/�COq�-W6�-$;�,t'9-�?A%�(�CU?A*<q7;<-EDF(M'�:�/5B�?Y*<C�Hm/5C -$'�'9(�C�-$(MB�?y%�'�-�,+*�:�49*<(�CzZ he6�-�=X/5;s?A(
?AB7H�H�-L?A4yNP/$=7?�(�D�'9-$).*s?A*>C�H84�6�-�C7-$4YNe(�'9Rt/�'�(MB�C�,t4�6�-L?A-�)M/5'9*�/�q�;<-�?i*<Ct(M'�,.-�'d4�(T:o(�'�'9-�:�404�6�-@-$'�'9(�'�Z
he6�-�?Y-e6�-�B�'�*s?A4�*s:$?�`�4�67-$'�-�DF(M'�-�`�'�-L?A4�'9*�:�4w496�-P?Y-�/5'#:j6�?A%�/M:�-Pq+=^DF(+:�B�?Y*<C�H�496�-e'9-$)+*�?A*>(�C0(�C@/�?AB�q�?Y-$4x(�Dw/�;<;
4�67-P)�/�'�*s/5q�;>-�?�*<C04�6�-PC7-$4YNe(�'9R[Z��O)M/5'9*�/�q�;<-P496�/54x*s?x/�D�/�;�?A-P%�(~?A*<49*<)�-a:$/5C@q�-�:�(�'9'�-�:�49-�,�q+=i*<C�:o'�-�/M?A*<C7H
4�67-e%�'9(�%�(�'94�*<(MCy(5D�C�-$H~/549*<)�-u-$)+*�,.-$CU:�-u%�'�-�?Y-$C+4�-�,�4�(&*<4$`�-$*>4�6�-$'wq+=i*<C�:o'�-�/M?A*<C7HP4�6�-_C�-$H�/�4�*>)�-e-$)+*�,.-�C�:�-
(�'&q.= ,.-�:�'9-�/�?Y*<C�H@4�6�-y%�(~?A*<49*<)�-0-$).*s,.-$C�:o-�Z�he6�-@b�BU/5;<*>4�/�4�*<)�-i'9-$;�/�4�*<(MC�?A67*<%�?^q�-$4YN_-$-$CJ496�-d)M/�'�*�/�q�;<-L?
%�'9(5)+*�,+-�/�NP/$=y(�D�%�'�(M%}(~?A*>C�Hy'�-$)+*�?Y*<(MC�?x4�6�/�4�N_(�B�;s,2;<-L/�,y4�(0?AB�:�6I:�(�'9'�-�:�49*<(MC�?�Zuhe6+B�?x4�6�-PDF(�;>;<(�NP*<C7H
'�-�).*s?A*<(MC�?P:�(MB�;�,�q�-i%�'�(M%}(~?A-�,J49(@:�(�'9'�-�:o4�/ � ��� ���0��� ��������	��y�����g�����Y��!�C�(+,+-�Z

��Z(Qu;s/�?�?Y*gDF=�/^C�-$H~/54�*>)�-e%�/�'�-$C+4 /�? � ��� �����}� �~������	5� /5CU,d'�-�:�B7'�?A*>)�-$;<=n/5%�%�;>=d496�-e'9-$).*s?A*>(�Cy/�;<HM(�'�*>4�6�1
49(2496�-i%�/5'9-$C.4�Z

� Z(Qu;s/�?�?Y*gDF= /cC7-$H�/�4�*<)�- :j67*<;�,XNP*<496Q,.*�/�H�C�(~?A4�*s: -�).*s,.-$C�:�-W/M? � ��� ���T�}� ��������	5�8/�C�, '�-�:oB�'�?Y*<)�-$;>=
/�%�%�;<=I4�6�-i'�-�).*s?A*<(MCW/5;<HM(�'9*<4�671�4�(y496�-0:j6�*>;�,[Z

$.Z ��,7,E/y%�(�?Y*<4�*>)�-�C�(+,.-04�(@4�6�-i%�/�'�-$C+4�?A-�4P(5D 4�6�-iC�(+,.-~Z
N Z - /�R�-i/�%�(~?A*<49*<)�-�C7(+,.-�`�NP*<4�6W,.*s/5HMC�(�?Y4�*�:i-$)+*�,.-$CU:�-�`+/dC�-$N :j67*<;�,@(5Du496�-iC�(+,.-�Z

�^Cl/M,�,.-�,l:o(�1�%�;>-$v+*<4Y=y*<CW,.-$'9*<)+*<C�H@4�67-�?A-06�-$B�'9*�?A49*�:$?e*s?�496�/54&)�/�'�*s/5q�;>-�?�NP*>4�6 /2:�(M1�1�(MC8:j67*<;�,
:$/�CV*>C.49-$'�/M:�4�NP6�-$CQ4�67-T:j6�*>;�, 6�/M?8,.*�/�H�C�(~?A4�*s: -�).*s,.-$C�:�-~Z �^-$%�-$C�,+*<C�HX(�CQ4�67-O���M�}�o!(�~�E(5D�4�6�*s?
*<C+4�-�'�/�:o4�*<(MCw`w/M,�,.*<49*<(MC�/5;x'9-$)+*�?A*>(�C�?&:$/5CTq�-26+=.%�(M4�6�-�?Y* �$-L,[ZA.�(�'�-�v�/�1�%�;<-~`}496�-dDF(�;>;<(�NP*<C�H8'9-$).*s?A*>(�C�?
:$/�CEq�-�/5%�%�;>*<-�,�49(@:�(�'9'�-�:�4�/ � ��� ���0�}� ��������	5�P)M/5'�*s/5q�;>-iNP*<4�6W/W�����g���5�|��!e:j67*<;�,�`

��Z �^-�;<-$49-e4�67-e;<*>C�R�DF'�(M1]/^%�(�?Y*<49*<)�-P?Y%�(�B�?Y-^49(�4�6�-�:o(�1�1�(MCi:�6�*<;s,[`5%7'�(�).*s,.-�,i4�6�-�:�(M1�1�(MCi:j67*<;�,
6�/M?�%�(~?A*<49*<)�-i,+*�/5HMC�(�?Y4�*s:�-$)+*�,.-�C�:�-�Z

� Z(Qu;s/�?�?Y*gDF=i/P%�(�?Y*<4�*>)�-u?A%�(MB�?A-�/M?�/�D�/�;�?A-u%�(�?Y*<49*<)�-_/5C�,i'�-�:oB�'�?Y*<)�-$;>=P/5%7%�;<=i4�67-�'9-$)+*�?A*>(�Ci/�;<HM(�'�*>4�6�1
49(2496�-0?A%�(�B�?Y-�Z

he6�-�?Y-J'�B7;<-�?y?Y-$-$1 *>C.49B�*<49*<)�-�HM*<)�-$C /l;<(�HM*�:$/�;P*<C+4�-$'9%�'�-�4�/549*<(MCO(�Di4�67-X�����g�����Y��!�H�/�4�- /5C�, (MC�-
1�*>H�6+4ib�B7-�?A49*<(�Cm4�6�-�'9(�;>-�(5D�496�-R^ &G� 4�6�-�(�'�=T*<Cm(�B�'@/�C�/5;>=�?Y*�?�Z he6�-8/�,+)�/�C.4#/5HM-E(�D�qU/�?A*>C�Hl(�B7'
'�B7;<-�?�(MC2496�- ^ &G� *�,+-�/^*�?�4�6�/�4e?Y*<1�*>;�/�'w'�B�;>-�?x:$/�Cyq}-&,.-$'9*<)�-�,^DF(M'�(M4�6�-�'xR.*>C�,�?�(�D�?Y%}-L:�*�/�;<*�?Y-�,�C7(+,.-�?
/�?P;<(MC�HI/�?e4�67-db�B�/�;<*<4#/549*<)�-�'9-$;�/�4�*<(MC�?P/�?9?A(+:�*s/549-�,ENP*>4�68*<4�/�'�-iR.C7(5NPCzZ

pS6�-$C�-�)�-$'0/J'�-$)+*�?Y*<(�CT4�6U/54y/M,�,�?y/J%�/�'�-$C+4��F(�'�/l:j6�*>;�,}��49(l/JC�(+,.-8*s?n*>1�%�;>-$1�-oC.49-�,[`�/JC�-$N
*<C+4�-�'�1�-�,+*�/549-dC�(+,+-E*s?i:�'�-�/�4�-�,Tq}-�4AN_-$-$CT4�6�-IC�(+,.-8/�C�,t4�6�-�C7-$N]%�/5'9-$C+42��:j67*<;�,���Z�.U(M'd-$v7/51I%�;<-�`
;<-�4PB�?P?AB�%7%}(~?A-y496�/54�`.DF(�'�4�6�-iC�-$4YN_(�'�R3?A6�(�NPCJ*>C�.�*<HMB�'�-"� � /.`�*<4P*s?P,.-$4�-�'�1�*>C�-�,y4�6�/�4^496�-i'�-$)+*�?Y*<(�C
4�6U/54e496�-i:�(�)�-$'#?x4�6�-�1�(�?Y4uC.B�1@q�-$'x(�Dx1�*s?�:�;s/�?9?A*g�U-�,�-$v7/51I%�;<-�?_� � ��� ���n�}� ��������	5�����u*�?u4�6�/�4e(�D /�,�,.*>C�H
/J;<*>C�RTq}-�4AN_-$-$Ct496�-�)M/5'9*�/�q�;<-�?97 /5C�, �yZ .�*>H�B�'9-b� � q ?Y6�(�N�?�496�-�C�-�4AN_(�'9R�'9-�?AB�;>4�*>C�HJDF'�(M1 496�-
*<1I%�;<-$1@-$C+4�/�4�*�(�C8(5Da4�6�*s?^'�-�).*s?A*<(MCwZ��^(�49*�:�-y496�/540/2C�-�N �����g�����Y������)M/�'�*�/�q�;<- � �y6�/�?�q�-$-$Cm/�,�,+-�,
/�?&/5CJ*>C.49-$'�1I-�,.*�/�4�-�C7(+,.-dq�-$4YNe-�-$CJ)M/5'9*�/�q�;<-�?37 /5C�, ��ZP{�4^*s?�%�(�?9?A*>q�;<-04�6�/�4�4�6�*s?�'9-$)+*�?A*>(�Cw`�NP67*<;<-
/�:�:�(�B�C+4�*>C�H2DF(M'i/2;�/�'�HM-yC.B�1@q�-$'P(5D � ��� �����}� ��������	5���o`�:�(�B7;�,JH�*>)�-d'9*�?A-04�( � ��� ���+%7�5���<����	5�9�oZi{|Cl(M4�6�-�'

�eN



Ne(M'�,�?o`x/M,�,.*<C7Hl/�;<*>C�RJq�-$4YNe-�-$C 7 /�C�, ��:�(MB�;�,T:$/�B�?A-@4�6�-@C�-$4YN_(�'�RW4�(W(5)�-�'AK�H�-$C�-�'�/5;>*�?Y-�Zyhe6�-�?Y-
� ��� ��� %7�5���<����	5���PN_(�B�;s,Eq�-y,.-�4�-�:�49-�,�,.B7'�*<C7H2496�-iC�-$v+4^*>4�-$'#/54�*>(�C8(5D�4�6�-i4�'#/5*>C�*<C�H@%�'9(+:�-�?�?oZ a�B�%7%}(~?A-
4�6U/54$`�*>C�4�67-�C�-$v+4e*>4�-$'#/54�*>(�C@(5D 4�6�-n?A4�'9B�:�49B�'�-�'9-$)+*�?A*>(�C8/�;<HM(�'�*>4�6�1 `�*>4e*s?e,.-$49-$'�1I*<C�-�,d496�/54P496�-�q�-�?Y4
NP/$=y49(�'9-$)+*�?A-P496�-�4�6�-$(M'�=�`M*<C@(�'�,+-$'u4�(0:�(�'9'�-�:o4�496�-�?Y- � ��� ��� %��5���<����	5���o`�*s?�49(0/�,�,�/�;>*<C�R0q}-�4AN_-$-$Cy496�-
C�(+,.-L? �b�y/�C�, hIZ(.�*<H�B7'�-"� � :y?A6�(�N�?^496�-dC�-�4AN_(�'9R�'�-�?YB�;<49*<C�HyDF'�(M1 *<1�%�;>-$1@-$C�4�*>C�Hi4�6�*s?�'9-$).*s?A*>(�CwZ
�^(+,.- h 6�/�?dq�-$-�Ct;<*>C�R�-�,J4�( �b��)+*�/W/EC�-$Ni`a�����g���5�|��!nC�(+,+- � � Zb�P4i4�6�-I-$C�,�(�D�4�'�/�*<C�*>C�H�`u/�;<;
q�'#/5C�:�6�-�?i(5D&4�6�-@C�-$4YNe(M'�RT4�6�/�4dDF(�'91 /W?A*<C7H�;<-3:j6�/�*<Cm:$/5CXq�-8:�(M;<;s/5%�?Y-�,�*<C+4�( /J?Y*<C�HM;<-�;>*<C�R�ZR.�(M'
*<CU?A4�/�C�:�-�`�*gDPDFB�'94�6�-�'�*>4�-$'#/549*<(�CU?�(5D�'9-$)+*�?A*>(�CX,+(JC�(M4y1�(+,.*gDF=W4�6�-I%}(M'�49*<(�CX(�D�4�6�-�C7-$4YNe(�'9RT?A6�(�NPC
*<CW4�6�-���HMB�'�-~`}496�-$CJ496�-0?A*>C�H�;>-y:�6�/5*>CJ:o(�C�C�-L:�4�*>C�Hy)M/5'�*s/5q�;>-�?��b��` � � /5C�,)h :$/�CJq�-y:�(M;<;s/5%�?Y-�,E49(
'�-L?AB�;>4P*<C84�6�-iC�-�4AN_(�'9R�?Y6�(�NPCJ*<C�.�*>H�B�'9-"� � ,�Z

A B C D

E F

G

noiy−or noisy−or

noisy−and

A B C D

E F

G

H1

noisy−or noisy−or

noisy−and

noisy−and

A B C

E F

G

H1

noisy−or noisy−or

noisy−and

noisy−and

D
H2

noisy−or

A B C D

E F

G

H1

noisy−or noisy−or

noisy−and

noisy−and

a) Initial Network b) Network after 1st iteration.

c) Network after 2nd iteration d) Final network
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