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���!���"��5����"�������\
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������#����$%�$%&'��7(\
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�M���+,�	*�]+HI/M0/��7M�
	��/�0��]�%0=��Q���Z�g�/�j�fh������M/�<M��11��0��]kl��%�0\m��"fh5*��
�#I��]ghQ���6�
��/�#{?LM0/��7
����0\	����9������M��v/9�@7���/�
�������!���QR�=I���f
���I&�����Î7LM0/��7�(�	=\I&'a	�7�<M0/��7]/�
��=0I3\M���#���	>?(\�#���	��(\M��/����
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�+:����#���	>?(\��8(\
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�M�]���#$�0/���������KI!"L%&�0\m�������QR�5����QR/�'!X��(��M�=0�6
����mL�����QR�5����QR		
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�M�
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�1.1::;78̀a9����>�:;78ESm����� Y[!9"#$<A%b�>S&sÀa�>�'S(U�>R978K��DN)*+,-[!KXZN56<pqR>N56ODQDS./[78̀a0123�Ag5NE456bc[7%hx5O8q9S:;<[,-9C�AES=>?hj|[@AKB�DN56<C=>N56hS�9./[DE0123�Ag5NESxy9aFGATZN:yHF�>NI�J99S45bc�>N5[5OT@KL9MNnJS8q9SO;:;78à9PQR<DNSJmT<A)MR>N56UV��aF[1 - 3]AT>9S4WSXYZ[\]9̂gxy9UVES�9UV9"#$<A�>̂>SUV_̀abfeature mapc<d9>6ef<[PZghRn&sÀah[�>6OP9<Ii\ho67%AjkR>6<Slm_̀a9�97%Anod6UVhpY<Aqr�>Ss[6UVPZghR9t�hu��>6P<nUV78��h���>6O4�S��D�78Ev<g9XYZ[\]<DNXYZ[\]wx�RAyz�>S{|Ao{N|}t�>6ODQDS���>�78h!9T�A~��>N569Q+S!9T�[��n��,-A�̂�>N569QS�RAS!9T�[DE0123�ATZNP�D�e�h���>N56Q<5���ABDNES5ygQ9��Eo6hS45FI[�no6O�klnES:;78̀aA?k6789��0123�9bcK�<<DNS:;,-+S��,-S)*̀aA?5NS!9T�AXYZ[\]+XYZ[\]9ĝUV78��h��bC�c�>S~��>69QKva�<klS:;�a�<klS��F<kl[!S��9kl��K�5[hRcRQADN5yO
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��(��)*+�' �� �+�,�)+� �+� ,-
�1.2::;E.<e�%/(Sakata et al.[4]T@0i)�1nES4W�F29va�<[34S��F<[34S:;�a�<[34Ag5N�>̂>5ad6O

1.2.1 6789:;<=>?@4WS�klABAd6:;78̀aE.9fB<e�%/K�Cd6O�1.2E:;DEE.9�D�K�DN56Oretina(��)T@���>�:;78EEF9GHAT@Ss[6̀aE.ATZǸa�>6<pqR>N56OP9:;78̀aE.ESFIy%k6<S�9T�A>IJ�JAjQ�3=E.<K=>J�JAjQ�L=E.A%k6P<hnI6[5, 6]O�>̂>9E.AM4>6NOnES̀aKX�EFA��#hPR>S:;78AM4>6EF9GHAT@SQy&9̀aE.n78̀ahX=>6<pqRN56O3=E.EV1(mL:;J)QR>IJ�JAjQ�:;78E.no@SMT (V5:

8



�L:;J)KE�DSMST (V5A)SVIP[!KEN7J�jQ�S�A: Y78̀aABAd6̀aKX�E.[7]<SV3ASPOKENLIP+cIPSAjQ�S��9lm�hQ��	+S
L���ABAd678̀aKX�E.[8]9�gAF&�>6OP9E.Almd6NOnESYI9
j+��A��#K�d2gh��+S�� Y+��A�K�9d YABADNwYd62gh��hxyPR>6�[!QRS3=E.nE:;EF9lm+
L�UVS Y[!9̀ahX=>N56<pqR>N56Om
SL=E.EV1QRV2 (�L:;J)SV3 (
L:;J)SV4 (�L:;J)K�@K=>?9TEOJSTEJAjQ�:;78E.no@SP9E.Almd6NOnES�+��9�A��#K�d2gh��hxyPR>6OL=E.9znJSV4J4n9NOABDNES�A:;EF9��c6���%+S��[�[!A��<A�od�2gh��hxyPR>S��UVABd�̀aKXZN��<pqR>N��[9]O�ASTEOJ+TEJ�nEST �![�+�"#o{N�$̂g\]#TZN��<#�od�2gh��hPR%�&��T�#SL=E.$z$T 'L$NO#jQ�(!S�[�UV$̀anE[yS)*EFQR+ t,���$-&+S�h./#/Ad�̀a[!S'�n�![̀aKX�T�#[�&pqR%N��OP%R$*PQRSL=E.nES��h0no�$QK)*<#-&d�e�#/Ad�̀aKXZN��&pqR%N��[10]O[1Sb2�<[*PQRSretina (��)SLGN (3=4��)SV1 (mL)*J)S
V2 (�L)*J)#/,NJS�m$NO$zn�%̂%3=E.#56d�̀aKX�7%bretina: α/7SLGN:F/78SV1: 4BSV2:9�:c&SL=E.#56d�̀aKX�7%bretina: β/7SLGN:;/78SV1:Y�Y�Y�YW<SV2:/�:�=�:c#%Q%N��P&h>QZN��OP$T�#S)*?@#M4%�EF$GH#T SQy&$̀aE.n?@̀ahX>%�&pqR%�hSm
nSV4&MT$T�#SAE.#4�h�NOW$BCu�+SMTQRV2$/�:+=�:$7%bP%R$7%EV2$znJL=E.#56d�̀aKXZN��cw�h.D̀\u�[11]$T�#SL=-3

9



=E.WnJS?@$+ } h[�%N��P&h>QZN��O�R#SL=E.$TEJESPRH(��HI)ENTb��HI)SHPb��c�$��&S�>�J�$��h�)�%N��O
1.2.2	;
��


1.2.1n�c,�T�#S��QR��,���$��#/d�?@?@ESV1S
V2SV4STEOJSTEJSPRH�&�> S?@$̀ahX>%�hSU#S��$)-#g�NETEJnX>%N��&pqR%N��O4�SP$NOE)*#$�;,-1TU:;,-h�̂�%���nJo�&pqR%�OS�S�%4no4 i��%�P&$[QZ���HIhS,-$��+o�G$J�$�̂#�I<#/>ZN��&pqR%�T�#[ S��HI$��xy$e�+S�$NO&$/Jh#>Q#i��%N��O�$�~<[J$&,N)*,-#1k���HI$@Ah��R%T�OS�$klQRS��HI#EEF$)*#n,Nz�<Qg��<[@Aho�$nE[�Q&pqR%N��O�R$)*,-�K��d�$#mT#DMS��\(Delayed matching to sample

task)�UDNMS��\(Delayed non matching to sample task)h��R%�(�
1.3)OP%R$��\��R#��aREF&,No�w�\�R��K �,S!";WK��#5'S$�]EF&,N��aR��&S�R#J�mg&$��$!_RQK����# �d�&��J$no S�R�$�]EF �$%#DMS��\no%9��aR��&�{��h ��%�&#SDNMS��\no%9��aR��n[�
$��h ��%�&I#'DhK(y&@)h*R%�OP%R$+�K��SHorelR[12]���,-.M/K=>0$12+34#5 
DMS��\#j6[78hv{�9&.@:,;��<4�=Zola-Morgan>[13]�=��,-�?��@NO$12#5 DNMSRhR$�AhB8�%�9&h@:,;��<��#=9%>$78.5 ./#C�,�*P[14 - 16]#5 =��,-#D�,�12h=��,-&�$�E$NO.A12,���&(F�G�$)*78.(IH9d9&h@:�%;��<9$*P#5 =��,-hEF$

10



delay


16
sec

sample
 test


delay


16
sec

sample
 test


NON-


MATCH


MATCH


DMS task


D
NMS task


�1.3: DMS�DNMS��\)-#/�,;��$n����&���%�h=9$pq
.��d�*Ph���ygJ@:�%;��<�$v&g$�	h��,-.M/�==>?nP>%��
��
Bbrepetition

suppression effectcno�<�
��
B&�=�{EF$��0�$ �#n��2gh��$���m��$ �#n����5 J���%�&��J$no =)*)*#/��NO#1�;��==>?#$}P>%=��n�}>%��[17

- 20]<4�=��,-#�=9%&��#2����$EF �#5�;2gh��������%��
��
Bbrepetition enhancement effectc�o�9&J@:�%;1 [21]=�;,-#/>���&��$A
$�����,-&�ENO���\#o{;��;��J$&pq>%�<S�$����)*)*.��NO�EF�EFJ�#J�|�@A.B�,;��9&�>��;��<8 9=��,-&��,-$A12[22]+=��,-$�!12[23]#5�;)*EF$EF�EFJ��A#78�v{�9&�@:�%;��<
Sakai&Miyashita[24]�=DMS��\.��z$�R$��,-.M/K=>?,
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delay


test


cue


match


non-match


A
 B


C
 D


E
 F


24 patterns


(12 pairs)


�1.4: DPA��\(Sakai&Miyashita,1991)-.C�=��$,-?@�J��%�&I#=�%�!$5�#�h.�%=J��%�$�#��;�|���.� �UV<�2 GH$2gh��w�.@:,;��<�$��$v&��pair-coding neuron&d9%�J$�=n��$�
� ��%�&&=�
� ��%�&I��G�#���o����J$�	�<J�v&��pair-recall neuron&d9%�J$�=cue��$ �#�(&#!�o
W#=!";��#
�#��.'�=target��bcue��$n��c$ �#n���o#���&����<���.��J$�	�<�>#=Higuchi�Miyashita[25]#5�;=�,-�EF�EFJ�#/>�;��&��BC<��	�*>%;��<�R$A��$K=>?�$u�.+�,=�%̂%$��#	�K=>?���J�.�%��5�#,����=$��$�� ��A,-$+1.��=9$�!$�"#)*EF�EFJ�#A.�>
$&9%=�� ��,-.+1,$��$
�=TE��EF&'(.)�$$#*,=pair-coding
+�,>%�$�	�<9%>$-P�>=��,-�)*.-/J�$0�#1-2#/>�3$	�&4 >%�<5$��,-#*���$NO�>$��$��6607#	$�3$�TE8=TEO8&��$)*9:���>$3$�	�9&�>3=)*.-/J�$0�$;<=4>����=��,-&TE8$5?/A�6@�A�BC.��&4 >%�<,�,=D2#2�EF/G:#2�EF#5�;H$I$JK��$�L#MN
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,;��$�.C�������%�9�>�JK��I�5��	
��
���=��.-/���0����$5�����L.���;����:D��9������$<
1.2.3������������ !2�4>�"�#�$%&';<=(I)*���� �+,
-�+.
(I)��/����0�	
��
���123,45)D6�7����89��:;(<�=��>?@ABCDEFGHIJKLM�NO2($%&';<=��=�Hopfield;<=[26];PQR��>/�;<=�ST�U	VWXRY�<��ZU	VW;[�\]=�U	VW�̂_�à�=��bcde(̂_̀afgVWh�4iPj$>�X�/�7k(de($%&'i��lm�7k(nopq�rst�	
��
�uvwx)y6\�/�;z�iP�/�;-R�=��><R��/�)y6�7k��$;<=3�c{X|}<�=��[27 - 29];��~�3pair-recall	
��
�7k������i���@�\�7k(	
��
uv)y6\�/��i#(Xj$>/��*����R[30]�feedforward��f$%&';<=[27])���#�)�k/��7�8W�4����2(�g=���0���������)0�\�rs&'�&'�N1���#�)�c����� ¡iP�#� ¡)G�\�#� ¡G�&'�&'�N2��2{�&'�XR(�$%&';<=)Y¢��*�a£0¤��a�#�)¥L�\�/�;i#���i(c�pair-coding neuron�
pair-recall neuron�uv)¦�i#�/�)§�$>$���/�̈©i��5�G:#2(ª«;¬(c�2{�&'�;�0�nopq�I�­®�̂̄\��X6RX�(j=�(Xj$>°�"�NayaR[31, 32]�pair-recall	
��
�uv)7�±²�³���°�̈¤́()Dµ\�/�i¶·�̧C¹�<��)º$>»R��Sakai&Miyashita[24]�¼½¾¿*�a�À�{�=Á=)Âw�ÃÄ�$"���À��̈�TE8�

13



7�����(����°��­iTE8���\�368�	
��­®)�	
��
uv)�³�$>°�=¾¿M¤��&'2(uv)§�$	
��
�{�=PRI�Pair-recall index���k�P�̈�����Z	
��
�
�;I�����\]#target��\�
��I����~�=���X)PR�\����
TRT(Transition time)��k�PRI��;�����w�i��\��i�̈¤)���>°�̀��TE ����Z	
��
�!"PRI;������=�c/������(36 )�#;TE7�$PRI���;%�/�)&'�=��>/��¼(�DµEF)�����R[33]��&'�N1�N2�ZU	VW�)*)Dµ���/+�&'�N1�PRI,�TRT�wx;NayaR�TE �-���7c�.\�/�;�Xj�><R��	
��
uv)/0�y6\����Y1�2�3¥45��6(I��À;�c{X7�$���&'�N2;�����̂\̄��i�(�X��k8³;ºR�=��>9:;<=>?@AB=CDE?FGl�DHI�GJIK89��:)�L�H�Y13$%MN	OP(I�{�=�/��i���=#�QR)ST�=#�;���U&VJ�JW)X�Yli��/k��Z�[Y\�]̂�{Z=�QR_�i(c�°�\�]liVJ<�YU&;̀�7k($�iPY�X�{Z=$W6�=ZX(c=�(R(Z>�a�b¤�U&VJ�cd�ecfg�=���h��iKijk(U&VJ)lIK���\Y�����cdfg5�mÀ)n�=oY/��i#(Z>bl$%&'��pa$qri�(c�cd�fg��U&VJ�st�¶·�uviPY>�w�xcdy�Zj=$(�(z{�|};P���aK�~k��z�iPY;�//i�xcd;�(�
�¼��6*��\Y���Z)*;��Yy�Zk"�K(�©XR�!\Y>\(����!ciZkxcdy�����6)*t����)��YU&�/�iPY>/�7k�6*U&)2��=)*)��<�Yst��cd;��\|}��­w��o��cdVJ)�-��\Y0�"��(Y�Z�7k>�X�(;R�/��©XR���#����bl$%&'��cdVJt*���=��Z>w�U&O��"~Z=cd)~k�-�$Zc{X|}<�=ZY;�
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£1.5: ElmangVW�Y1bc���(pa��Xk�cv*�(Z�;��iPY>°��(������ZR�=#�cd2��\(��6*��	
�cd)O\��	
)d��̀\Y�Zk#
(Gn���fcd2��	�)�PY>/�#
)�ZY���PY6*��	
�)�(YST�cd��½=���)*��	
����~�Y/����K�z�(�iPY>q�
�cdfgK()*)�kNOK($%&'�iPYElmangVW�£1.5�
[34])q�������fw�cdO�;��YmÀ©)��Y>"�K��3�XR(Y���&'�iPY;��1���6*­���=cd­;PY>�2������	
���3��)*�iPY>��̈�t���Ycd­�uv��	
;�1�̈����Y������	
g(t− 1)°�$�(7��aK(�-�i��
g(t− 1)�7j=��YPY��	
)�(j=ZY�;��iPY>�3����	
a(t)�e �g(t)��!fg\YXR"�(Ya))*\Y�����2��uv��	
;�(j=Z(��
(R(Z>°/i"�3��/��#$%="6*­�cd­)a����1����	
xXRg))*\Yde(2��&'�{Z=��Y�\Y>&"/�&'�6*­�p (≥ 2)o����	
S1, . . . , Sp;6*<�"cd­��
q (≥ 2)o����	
C1, . . . , Cq;��Y$��%7k>Sµ�Cν�°�'�n1,�n2()���	
�\Y�"*+)�̀%�n1 +n2()���	
x = (Sµ, Cµ)
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���p×qo�PY/��(Y>/�R��%="°�'������R����	
T 1,1, . . . , T p,q)g�%=)*\Y&'�)Y�%7k�\Y�"Gn�7k(mÀ;�½Y(�0��pqo����	
\]=;��Y���R(Z;"PY6*
Sµ��\Y)*��	
;Cν�fg%=���"X{¼��cdCν���Y)*��	
;Sµ�7j=�(Y�iP�
"¼½��;���{)>�1�"�1����	
¼�;X(���%=%�k�Zk©iPY>q�
"
(S1, C1)�(S1, C2)��¬�c�$n1	��w;�.\Y%"(S1, C1)�(S2, C1)�
n2	Gl��w;u�Y>%�;j="��Sµ3Cν;̂_�Âw��=Z��%=$"x�t\Y�
5��Z>��"n1�n2��;��c
k�����;��iPY>�a�xXRg��¤��T<����\Ypa"6*��	
��
5;�Z�̀����Y��O;��"�K���	
;)*<�Y�k̀a�u���\Y���%c�Y>p,�q;��Y���%���	
��a�;��K���\YXR"̀�p�q !"K�#c"X{n1 ≃ n2i���
"lr��K�$��z��Zk����Y%���¶�
5�mÀ�	�%�2�"1�&����Y!"��mÀi'Y%q�
6*��	
 S1���"����uv��	
�T 1,1X(T 1,q�qo���Y%����"6*­X(���)�̀a�u�"S1�6*\Y�T 1,1, . . . , T 1,q�!"�%���	
̄T 1���\Y�k������*Y�º�Z%"�u�I���j+��Y�(
"̀,�I�-��ZY���°��.Z��.~c%¼(�"Sµ�6*%�����T µ,1, . . . , T µ,q�!"�%���	
̄T µ ��#�Y%��+ "q ����
��Z�̀!"��/� �����"̄T 1, . . . , T̄ p�̀�$���k���	
��Y%���"̀�Sµ 6*#�+$����Z01 2�3Y ¡���4 �Z�Zk��i'�"6*­X(���)�̀a ��,̀#z{��Y�Zk��i'Y%�\�
����)*�cd��	
Cν��j+��Y%X�Z "0c¼(��� cd­�{Z+$���{%\���"'Y�{�cdCν�&5�T µ,ν ��\Y�(
"cd­X(���)�̀a$��!"���j+#z{��j+%�k�i'Y%%� j+"p���q Âw�#c�Z��"�K�678���9:t;'Y%��(�m<=�>�"?+�!"@�m<�A�BC DE"FG��WH#��Z%q�I"6*J3cdJ�KL��M���NM����Y�%+$"�1�
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�NM����NM��KL��M�m<���Y_�;"��_�;��(��K�W���(�Z(Elman����p�"4��678��Y�	I
 �B�%E�B"�%�
t ���Y��� eZ)%��"�����)���!�Z�����
�����Y������ �!"+#"$�%&'()��#AE"�'�()�*(+�"%,-I1.&%�/012HASP[35]3�%,;'4 "56�47�895 :-4;"/<�=�7�89;%>?"@A�#B7�89�C�� ;D+EFD�"GBH/ >�E"AI"[36]%B�BJHASP3KL@%M<�NO�4#%;3PEIEJ�D�Q%M< RS4TU'I,;'4%VWJXYUZ[%\]̂_(?̀%aU#b�)c!"+#J�+de;XfWNO�4g>I#%;3I"%hi'W3JElman���3jk%lGm8�n�9;opIqrs:t;u4
[37]vDADJQ+3wGx%yzs{!:tI|�%}W�~I"DJ�
Wg����;�4Q;c��D�"4�e;#I"v���slG;u4��%678;3J�5%h�A����Im8�n�93��;�I"DJ������Wg4�
%��&���:t
c�-4;J��W��:tI%3�E���I#%WG��+4vlGm8�n�93 9¡2c!"�¢£'I¤¥¦h%012;#"-4A�JQ%Q;3Elman���%¤¥¦htF%G§c̈D�"4v�D�JQ%g>IG§3JElman���WG�©JoªI¤¥%«�¬­\]̂�c!"�®̄67012°±W²³�4#%;u4vQ>D�M<cNO�4̂�;D�J́µ�3¶·'9̧@Wg4aU¤¥\]�
[38]c¹ºD�"4(»1.6¼v9̧@;3J½¾%̧¿J�I�fEF%À@W.�4ÁF%À@c0W�4Q;;uBJ_;«�I�IJiÂÃ%½¾(i = 1, . . . , n)%ÁFxis

xi = gi · (f(ui) − x̄i) + x̄i (1.1);Ä-�+4;�J̧¿gi = 0;�4Q;;u4vQQ;Jui3½¾Å%EF(HÆÇM012%|�3ÈJÉÊ9 Ë2)Jf(u)3ÁFAÌJ̄xi3Q%½¾%KLÁF
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»1.6:¶·'9̧@�Wg4¤¥\]��2;uBJ9̧@�+�½¾3̄xicÁFDB�e4Q;WI4v°̂J9̧@�+I"½¾;3gi = 1;uBJ³�%½¾;oSExi = f(ui)cÁF�4v�D�J¤¥W�S��I4½¾�c9̧@�4J�%�̂c�+I̧¿���2
(g1, . . . , gn)s¤¥c«�J;">%s¶·'9̧@Wg4¤¥\];u4vQ%;�JoS½¾s�I4�Ì%¤¥;9̧@�+�#gEJ¤¥%Ìs:-+I	
�%g>WI4Q;c�¹;D�"4vB�BJ¤¥3̧¿���2�I�f9̧@%7�89Wg���
«��+4v��JQ%g>I\]c�-4;J678%KLsn��%�MA�n− k��(k39̧@�+4½¾Ì)%u4J��MW���+4v�D�J¤¥W.�D�J��MW�e4����� W���678sqr�4Q;WI4(����� %I"�K678W#�!;�4sJQQ;3��I")vQ+c!"�¤¥��'H/c�>;J\]�+�cue7�89s¤¥�;W�I4(�B%¤¥M;��3u4sJ��J�3°�;3I")�WJ¤¥c«�7�89;target;3X�H��+I"%;J��;̀=�1.�.�Wg4KL@%M<c !D"4%#u4v��J́µ�[38]3J$%&®̄ '(WQ%̂�c�!�4Q;Wg��J¤¥��'H/c�"012c¹ºDJ�%l)
c̈D�(»1.7¼vQ%012#3Jo°%cue*»N%S¼s+,-.;D�Ä-�+�#J '(%-.s¤¥Cn�
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»1.7:¤¥��'H/��%�_»;W�I4����S(Cn)W���+J�QW���+��	�
���W���-.�
�4v�%�J\]c[�(�̧���N��4)Q;Wg�J¤¥Wg���I4target(T )s/<�+4v��J1.�.�Wg4KL�%M�sRSI"�	Jcue�¤¥%Ì%�GsI�J½¾ÌW�,D�"��##��%H�s�
#�J¤¥��c�9
�82�4Q;Wg��jk%lGm8
n
9c���4Q;##�4*»1.8¼vVWJ¤¥s�
«��+4Q;Wg���I4¤¥W�4��sRS4�#J� ¦h�%��I!�#u4v"#�[39]3JQ%¶·'�̧�Wg4¤¥\]c�̀%.H�56%012[33]W�-4Q;Wg�JPACS(Pair-Association with Color Switch)$�[31];%&+4¤¥��'I56$�c'�D�"4;�%�2%�()*#+,�+4-.,�/%01'I238�9%4q56c7�84Q;s#�4Q;c̈D�"4vQ%Q;��J��%9:()*W;"�#Joª%¤¥��'I� ¦hs�<+�"4Q;s=�̈>�+�v
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»1.8:¤¥��'H/012%-.�
»%,��WJWatanabe[40]Wg4J �%lwc¤¥;84¶·'I4qc̈8�)��238�94q% ��Hoshi�[41]�White&Wise[42]Wg4J��%��Wg��¶·'I4qc̈8238�9% �I�J¶·'�̧��hsJ�)��c3S	;84J
�%ª�I�
W;"�#J��'W{<+�"4�t�#̈>�+�"4v
1.2.4��������QQ�#J��� ¦h%I�##J?��tWu�4��#%�� o�% �!WA84Rh�"N#�'I$����i'I$�c%+D���v°̂#Jg�&�%¦hW;'�(J� % �s�%g"W�<+�J�%g"W«��+�'4%�;'"M�3J��� ¦h�)%N*W;��(��I+;I4v&����t%,-3J?����t%,-W�=J��.h�'I/0�81s��;�+�'4v

1.2.1#2+�g"WJ(3g�EF�+���453J6"�"q�I�78��;W��W¦h�+4Q;s<���'4v�+#3J,-&J�9Wq'�'4!
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������������������������ ������������������������������������������������������ �� �� �� 
!!!!""""####

$%$%$%$%�� �� �� �� &&&&''''(((()))) ''''*+*+*+*+))))
,-./01,-./01,-./01,-./0122223456345634563456787878789:1;<09:1;<09:1;<09:1;<0

=>=>=>=>?@?@?@?@

»1.9:01 �hi7%A»�B��!�C'!45DJ�7g"WJEFB7�9Wq'�'GB��C'!mHIJK
FD�L$8GQFs#�G7#uM"�vQQ#DJQ"D��Ì78�7��� c�7g"W �D�EFB7mHIJK
FD�L$8G7�F'"M�WB'�JQN�#7,-c%+8GvQ7g"IOF+,��� ¦h7,-WDJRh�"N#�PI$�de#I�JL$.h�PI$�(��Q�N�'GvL$.h�W;'�D0�7� c¦h8GRSI��cTI3UVF%W#'G[43, 44]vX(Y�Ze[N�N�'G��T\V7EF]WTreisman�701 �hiŝ_�NG*»1.9)v01 �hiDu��Wl̀ahi#u�bc'�Y�di�N�'Gv°̂#be"f�diWg'bhiWÀjs�k�N�'����b%APa��c��bla�u'�'a��su�bm½anopcql7Drf'��(uGsbsµ�Db01 �hi
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7%���:7�"��if�'Gv+,�����;'��aG01D�N�N01��0*feature map¼F%&NG	
PaTI3UV#��P�
���NGve7��#Db��7�/���F��b��P���a���a�NG��01��0#D�aG !"7�aG#�$%�N&'G���D'(�
)*
7�"�+,b�-.��0(map of locations)!/0� 712�34�-.��0"0Db567G01�]'&89��e�5G:D;�N&'G�b�701789��e�5G:D;�N&'a'�����/�NGFb<7-.�5G01���P�=>�Nb�aG?@TIAUV7BC�DE�NG�e7��Db�7FGH!�IFk6NG���7Y�FDYJ8GeF(KJLGeF(0,G�K'MN?@O7DEDPQ�aG���7Y�F�KJLGFb45no�RS���0,aJaG�<7ITb?@7DE7��DU�P�aG� E�NIVWDXHIJKYZ[*V�\]�Nb̂_F7̀E�3aNbLb�cG�dse61994[45]�FfgheiF,bj]j]iTIAUVFf&kaNG?@�]l&05G�bTreisman6[1]D?@m>no�glbRS����3aNGTIAUVFf&bNi�4a?@�pqLGi:�rs&lG�?@m>noFDbIJ�Wituvwix:6?yizU{�Yvw�=B��G�4ano05Fb|k}IJ�Wi~lCix:6bBlCdzU{�Yvwh��]H��G�4�bzU{�YvwDb5GEF]i?@dei�ED�)���&y��N&lG���6Dbeim>no0zU{�Yvw���0=B�NGeF�(����YF��b��i?@�E��0�b(����YL�?@i���<�����]i��A��d?@����: Feature mapsh�f&������34���I�ei�,b(����YL����f&�b�Ji ¡¢�£¤:6b�¥¦§¥̈��¥©�¦§¥ª3,¥«¬ ­®N�W̄��&°F±²��<���?@��A���³&+J�́µ6�I[46 - 52].

1.2.10¶·�I�4�±̧¹º�»¼®½¾:6¶± ¡Ui�����"¿i�4®��A��:6ÀÁ��&l��l4́µ¦�ÂÃ���¶ii±?@�E��0�±?@���d�h�±̧¹º�»¼®Ä��ïQ®ÅÆÇÈ�Éy��&
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°6�±�³��� ¡VW���°l&���������¼®?@	
$³&l��́µ6�&l���I<i�i½¾:6±(
���YL����?@�
��
ÀÁL���¼®?@05��l4��i?@�E��iÉy0��̈0,®l%������I�²��±��©�[53]±«¬ ­����,[54]±«¬ ­�¦§[55]±�,������¦§[56, 57]±�i�4�2��"i(
���YL������&z�{
Yvw
y�L��4®m>dDEm>noh�°l&¶±z�{
Yvw�(
���YL�%�05��?@�E��0²i%�
�̈L�IT��±<���i(
���YL�?@R�iDE³I��i?@�
�
g�L����5�I�²��Å³±Triesman6[3]�±?@�
��ix0±DE³&l®l?@�
�:6-.�
��Å³& !�+J�4®�À
Éy³&l��±"#¼®$%&'(��l&�̈6:�®�&l®l��I±?@�E��0�± ¡vwi�-.	��l&�M:i?@i�����®F±�)i���3a���Éy³&l��±-.��l&�±M:i?@�R*�������l4W̄[58 - 61]�±-.VW�M:i?@���®�?+®¶i05��l4W̄�5�[62, 63]�
Treisman6[1]�±?@m>no0�±z�{
Yvwi-.�PQ�Ä¡0,®J&¶<i?@�5�,-i.b0,�i�Å³±DEm>no0�z�{
Yvwi-.�Ä¡0,®l�,��<i?@¶.b0,®:�I²�
W̄³±²iD/:6±?@i�E01�®�&�2T&-.VW�3g����45³&l��

Treisman6[64]�±?@iDE�ÅL�6�i§H¦�78�®��±9:³&l�X;�<=Yi?@�>�&DE���%�dDE?>%�h
W̄³&l��²i%��@G,±?@�E��0�?@�
�"��-.VW�®J±5�AB�6��§H6����2T&±<iABi?@R�iDE
34IT�-.VWd-.�
�h�C̀������&l��³:³®�6±²i45��Å�L�Ä�¶�J�6�( [65 - 67]�)±-.�
�i�4®�À�pqL�:N4:��l&�±�D��,F�³IQE�F6�&l®l��6�±?@R�
�EL�G��±DEHo(binding problem)��}��IHo�º2�²��Ä6�&l�[68, 69]�²iJ��l&�±º�»¼®Ä�
@�±
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?@R�i�E�&A�����iR����&3a���l4É�dR���É�
[70]h¶����&l��±É�i������HJ¶�J	
��&lI�j¦±?@�E��0�6�
§H�²���F±-.�
�
�³&?@R�i�E�3a�����&l��±<i̧¹º�»¼®$%&'(��l&�̈6:���&l®l�
1.3�
�������i�¼�±�"i�4®��i¶�0±º�»¼½¾± ¡¢�»¼½¾±���¼½¾®N��i½¾��
gl±��̂_�±��̂_±.Ä���°l&Ni�4� ¡vw�X;�<=Y��Ed�Eh��±$%���i:
 ̈L�²�05�����i!2"�#iÀÁ� i�4�®�&l��

2"0���̂_i�Á$%&'(
 ̈L�"0�,®��:F�®�±$�¼�Ê_i̧¹$%&'(��l%±º&»¼®Ä�
@����¼®�'�
À(L�)²i"0�±�*Å�Eno
£3³%l�+�i#,-.0/01�I&A���2��ÇL�MiyashitaiÄ�
3F45±²i$�¼®�E2�
�̈L�67�'�d�Y8=z��'�±Y9�:�'�hi;µ�HoJ��l%́0L�)1<�±=>?�ÇL�º&»¼Ä�
¶��±$�¼�E
�ÁL�̧¹@A�'�
À(³±�'�B£Gi#,-.&A���2�
C�JDEFG�²�
���HIA9�HJ���F;L)
3"F�± ¡��̂_�ÇL� ¡¢&»¼®Ä�
@�± ¡vwiÃ���?@B±��̂_ixFNi�C��E1�%KE1�%l�i:±���¼®́0
@�É�
�%�)²i"F��* ¡��̂_�ÇL�L¶MN®Ä�i���FO�Luck&VogeliÄ�
3F45±��̂_iPQ�±̂_FG�?@i�F�®JX;�<=Yi�
Ry³±X;�<=YS��T®���i?@B�E1�IUVF��̂_�W
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Ã1���lC±²��FÂÃ1�%GI���É�i�����l%<i���
=�L�)1<�±��¼���&��lC���¼®��
@�±X;�<=YiÃ�?@VWB±2��*��E³IUVFWÃ³%l��lCÉ�d2��É�h
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“pair-recall”1QR=,STB�UVWXYZ[[24](\E]̂0,-_̀�Naya�[32]�\,PAFGaIb$cd23>\eTE/$pair-recallUVWXYZ[$bfgh�i0,jk��lm'$no1pEqr+st"#u9�vw�4567xcd23;�TE/yz�=,{1�|}~(��0,�$J��̀
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@2.1:lm'$�X��@
2.4.1��	
��
���� !��N1�̄����C+

i1�����C−
i;̈�,�U��x����!+�̀��J�,(@2.2)-�����C+

i s̄�$�U��$��67(�M,1��s�Æ;̈$µ�67zi(�Ms�U��$��xi(��0,-_̀sC−
i C̄+

i(feedforward� E��0,!Kx�,"@#$$%̄���$¶·̧¹�!(&0'-()J&01s
yi = f





n
∑

j=1

w−
ijxj − θ



 (2.1)

τ
dui

dt
= −ui +

n
∑

j=1

w+

ijxj − w∗yi + zi (2.2)

xi = f(ui) (2.3)1�,-..Jui C̄+
i$*+,-.syi C̄−

i$��sw+
ij1w−

ij«̄=/=j0À$�U��;̈C+
i>\eC−

iy$¶·̧¹12sw∗ C̄−
i;̈C+

iy$���¶·̧¹$34sθ5̄6(70-_̀s8��$��i(f(u)s̄0;̈1$6(1
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@2.2: !��$)�,¶�l��i(
f(u) =

1

1 + e−cu
(2.4)J�,-̀L+c�̄$�(J�,-

C+
ix�Æ;̈�M,67zis̄�)J��̈=,-

zi =
m

∑

k=1

aiksk + λri (2.5)..Jssk�̄�� WYs = (s1, ..., sm)$9�saik«̄$12sri�̄��N2J89<=,4567sλ«̄$µ� �J�,-.$���$45̄s4567ri(����)$\| 12(!�0,.1 \��I"=,-
τ ′dw+

ij

dt
= −w+

ij + α1rixj (2.6)

τ ′dw−
ij

dt
= −w−

ij − β1rixj + β2xixj + γ (2.7)

τ ′daik

dt
= −aik + α1risk (2.8)..Jα1, β1sβ24̄5#(sγ�̄U��f$qª$%��(70�$�(sτ ′¯
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b�((70(τ ′ ≫ τ)-.= \?s�����'x = (x1, . . . , xn)$��x4567b1��0,\| $,-
2.4.2�������456789��N2$)�(@2.3 &0-.$��̄s���N1$�U��$«=/= ��0,n	$����Co

i1s.=(��0,!K$�,¡($recency��Cr
i \��)9<=�>?s��� WYs(
E�$� WY g�+s
�����4567b = (r1, ..., rn)�������J������KsCo

i ̄%�����������x�����x8¢�̀�sb9̄��qÆ���x1 ��6��?s«=��̄��0�� WY�$��\?� B ̄si0À���Co
i�̄�� WYs�sN1;̈�!"W�#��

xj�¶·̧¹12pik>\eqij�$%��MsN1�i0À��U�� ri�����"@#�$%̄����¶·̧¹���&�'�_̀srecency��Cr
is̄&���Co

i;̈�µ� \������q�JCo
i ����'(�z�xs���K��� < �¢�ÁÂ�x)_�(56x°x�)�� \��*�x+¢sCr

i�Z[�xqbB ,-����°�)J&��s
τ
dvi

dt
= −vi +

m
∑

k=1

piksk +
n

∑

j=1

qijxj

− ρ
∑

j 6=i

rj + σri − ηei, (2.9)

ri = f(vi), (2.10)

ei = (ζ − hi)ri, (2.11)

τ ′′dhi

dt
= −hi + ιri, (2.12)�$����Jvi C̄o

i�*+,-.J�?sρ�σ«̄=/=%��>\e����� �sη r̄ecency��;̈������� ��7��_̀sei>\ehi C̄r
i���>\eÁÂ��7%sτ ′′*̄��b�(sζ>\eι�̄��(J���_̀s¶·̧¹12pik.̄/�Y0¦$6���xs12�3�) 4��56<=��

τ ′dpik

dt
= −pik + α2risk (2.13)

33



r
1
 r
i
 r
n
x
1
 x
i
 x
n


s
n
s
i
s
1


C
1


r


C
i


n
C

r


C
1


C
i

r


n
C

o
 o
 o


@2.3:12'(+������L̀%sα2�̄�12�(J���������[Å�~���̀� s�Æ;̈10À���� WYs1xµ�<=̀�%\|�N2�̄=�g�%̀� WYb1���%sN1�̄=�12'(�%�12�I|����K*� \?sb1����|�1 ��6����� i%�sCr
i�Z[�x,-%sCo

i�̄�%��E$�����Ks��� WYs2�µ���M��sN2���� WYb2 b̄1�������i����� $��*��3�̄�� 	
��xs%R̈Ē�����Js�= ���µ�<=�� WYs3, s4, . . . &%�N2x����� WY
b3, b4, . . .�sb1��
��ix+¢��»%s���ī«=���K$��J̄$���%���is�$"�recency3�x�K����s����� WY &��12'(x��%�%_�s��������x����$E$��%_|;̈J���«�J2w$������xs
N1>\eN2y�µ�¶·̧¹aik>\epik�12J����=�)(8)>\e(13) 4��!����� \?s� WYsµ�µ� \��N2�8��x�M�'(xs&���12'(bµ ������ygh�����3�xrecency3� ��

34



�� ��
��

�����	

��


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

+2.4:�[,
��12£¤U¥¦-.�̀�s12�/01�̀e b1�b2, b3, . . .���ix�� )_�(+2.4)�%2%$ẍs3¿��bµf �ix+¢�2̈����s�.4�[,
�xu�-.̀�� ̄$̈$�����i�2$0�Æ�̄recency3�s�$"�sµ+1�sµ�� µ�%̀�� \���4�0s��*54µ����bµ�bµ+1��ix�K6	7%�%_|2̈4���q�sN1��U���sµ &��8�xµ�sbµ���̀12 \��bmu�¡ª��i���\| $�xs���īrecency3� ¾¿§9%$���_0s
sµ���\|$*54µ�%��sxµḡh:©s3¿��xµf��ī)�__4���¬lm; <��N14̄$6N2 recency���ºµ%̀=>�q�̄s
N1 ¾¿recency3��ºµ%̀LM4̄sN;�a?�\| sµ��Y0¦ µ�%̀�Ks8��)��i�â���x@A$�� ���
2.5 BCDEFBGHIJ�U��(n = 1000��������s¶KVLW¶MYa?�N�̀�_©sµ�� WY�%����10%x14�0x04��\|$1000�O�� WY
(m = 1000)�100	�Y0¦ Å�%s�.�1� WY�̀010τ�Pfs* lm; µ�%s����Q412�N�̀���£W ̄��\| R�%̀�
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+2.5:µ�� WY &��8�U���8�
τ ′ = 50000τsτ ′′ = 60τsθ = 3.0sw∗ = 10s
λ = 0.15sα1 = 50sα2 = 1.0sβ1 = 25s
β2 = 50sγ = 0.05sζ = 0.9sι = 0.8sc = 10.12�14�/01%̀b� <M�N1�8�U���8��7%̀�x+2.54�����+ ̄s�Y0¦ ��L20	��U�� ���s100	�12� WY��� &��8�x&-.�����U��� �$�Z[S�x²̈.�xs�6�2�� WY�«�����̈.̀� WY �� 68�������)��U���s���x�6\0�6�� WY &%���68����U��x��$�s	;�IT4
�-.�
��������6���������
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Proximity of patterns along sequence
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Learning times
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�����������BCDJ���NCG����	=�@>?��J !_B"G���D���S	�CQ@��DG#?H0F)S��SFG	CG���	��G��0�:S3���_BG�J !_BN��	!�@3*>?+,OQRE�B*O"G���03)��3��E�G	C�0�:S� !"#G>?QRG/0$12034@3 !Ĵ&BCD�1IE�BN7�G+,D�S	��%�3&'(E���G�)J$*	����G��HJ89_BCD�+�E�BN
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3.1������G� �E�	��G��E	� �� !"�G#$�-%&J	'A()D):�)H*D0+,0-C���	$�G��E6�7�G�-.�+3?��	/0��BDI&1�S)BNC2���-%&G-CJ !_BCDD�S	
Treisman1G�-3?CD[1 - 3].	�3GDC44O5#��S)BN�-3?CD0��;	6)HG�-�6G�� !"�078J9[BCD0�:S:;*D06G�23�-.<B�J=_>�-?@ABCD�EF�	_*SG�-.3?���GHEI#��BN���	CGJK��LM@NJK�E<G	O&;�-?@AOPCQ@NQ�=�CRST	UV@C�-G%&.6G�2N��/0$12C�WS	6X�2NGHEI#��YX�	 !_YZ[�E�N\NO&;	]̂�_N6E	� %&J̀a@C�bcdCI#_Y+�X<YGe.�;�;�'Y.	ZX�bcdCI#��S\Y�� !"�X%&�UV@C�	6X�2N=�EI#��S\YXE<42�N

Luck&Vogel[83]�f(X�2Ngh*ij+,J?\	2klX)HJO$:mX� �bcdX%&=�Cn�S	opq\r�JsWS\YNtuCvwC����Y� x"JyzA�x"	ghJ��5E����Y� x"J{|�x"	}�~�X� x"J(L_Y������J��{2[��Z[C�Y���{2�+�C�����X)H(O�')X���(O��	�	�)�#$��3.1X�2C	K�|A���C�$X��{��1NYyzA�x".
100ms����Y�Z�1X��{����$X)H	�(S)	'(C)	()�9(M)Cn �	}�~����#W�\Y�
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 ��	���	� �����3.1: Luck & Vogel(1997)X̀�sX��������;C�����}�~�X��{�.)H*[C}�~��X�2N���#W�\���  �F!Z[."u1�Y�#\�900msXgha#���${|�x".����Y����C�	{|�x"%���&���{�[	'�()C��*&�yzA+x",X��{�[�ij �	��X-..<W���2��/0 �112�ZX̀2X�&�3�s[ 4�N5	6�sX2750%X�s%{|�x8[	yzA+x8.9NY�:1�f;X<2C\!$=X>?C5@YZXABXC0D[x8Xy�EF��{��G���H=1IbcdXI#JK[I#�L�MN4�
1.OPN���Q\4rR��{��	SzT�CUV&4'F�	�	W	�	X	Y	ZH�#W4	[\0.65◦ × 0.65◦XC���Q\�OPN'C] �XIbcdJK�̂W4�ZX_̀	�� !"�.1a3bXa�cdefg!"�%	}Xh4a12bX��X[i�jk.lmnC;.W4�ZX_̀.[oIbcdJK�pq �\�rsIbcdXtu�v@�\N\w���4uCrscd1x2<2N�s1sW4.	_̀Cy8Nz�N=W4�
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*1C	cdJKX��.Ibcd}X1XX��C<Y1X%<�	x8�v@YZ[GIbcdC�z�f��YZ[C<Y1X%N\Z[���4uCyzA+x8X��a��500msC 4.	_̀Cy8Nz�N=W4�F4	��{�[ �'��[�(��[�#$����Q\	'�-.*�Y�s[	i�-.*�Y�s%ij 4.y8Nz�N=W4�
2.��X��X
$m�*W4��{��Q\4rR��{��[\0.03◦ × 1.15◦X����Q\	OPN��X$�#4��rR 4:m[
$m�*W4���#4��rR 4:m%X_̀�ij 4[Z�	
$m�*W4���#4�4:m	o N@&VN1N\��X��
 YC1==�1T	�iN�\�N=W4(�3.2: 5�X�R��Q\4��_

)̀�ZXZ[=1	C0D�	b,X���m̂ 4�C%�N!	��{�X�C�� �\YZ[.�=W4�Z&1X_̀�	����N![14b��X[o�� !"��IbcdCI#�YZ[.%iY.	6�� !"�.'[�GX<2N2$X)��17	��X���cd�Y��.<Y:m[	Ò)�Xcd%<\(O V'��N�'̀F4��-):m%cdJKGC0DCz.�1&N\Z[����ZXZ[=1:1�	IbcdXJK�	cd%iY��X�%�N!�� !"�X��l��Y[ 	�� !"�*[C9NY)�X��.�m*&4GH%IbcdCI#*&Y[�  4� = N.1	:1XrR�	2)�X�� !"�F% =!W�51T	ZX_̀"@=1�	�� !"�X#$2$X)�.�m*&�\Y[\2Z[F% =\ N\�6)�.�m*&�\YZ[���4uC�	<�#!X)��1$�� !"��Q\Y��.<Y���N[o)�X�Cn ��\�\�N$%.<Y.[46 - 52]	�N![15$�<Y[*&Y=1	[oIbcdC5\�6)�&.j��$N1V20bf�X���I#%iY�T%<Y�}Z%	FT	Luck&VogelXrR�3)�C'  	ZX(C$\�MN4�
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�3.2: Luck & Vogel(1997)X��_̀

3.2 Luck&Vogel #$%#3&'(#)*+,-./013234�56��789i1	26� =74:;9i9'<=	I>?@5JKA	?@%iB��5�%A:!+,-./05��l� 	+,-./0C9=9:B6�5��1�D*&4EF%I>?@=G7*&B9; B5=�MNB4H	4;5<I=	Luck&Vogel 5JR�3 6�='  	JR�KL4�M3.4 5<I=	N�OPQR�=��5+,-./01STP+U89 ���*&B. V&W5+,-./0A	�856�	XFC)		iFO)	YZ�[FMH=\ �	]&̂&���7L�;B_V59i	�R�A	N�OPQR�=��*&4]&̂&5̀Ra�16�C9=]&̂&�5<I:���7L�;4=�o �5!V91"HW&B_:5	STP+U8��b�A500ms =c� 41	V&A	YZ�[56��d 44H	+,-./05YZ�efgB4H5b�1
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X
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 ������ ���
�������� 
 �� ��������  !"#M3.4:' JR5$�K5�&�%%&L44H%&B_#;'(cb�)A*$	N*OPQR+5STP+U89',-.=̀Ra/1aO0U890'12*&B_V59i	�R�=A	aO0U8%12*&4̀Ra/9	STP+U85̀Ra/9)340'	565-.1&L4=7I=)890'1WI_V5$25:&)$;K904_aO0U8A

50%5<D%STP+U8=W-.gB<I=0	-.gB;K5=%A	1 856�	>856�	?856�5-.1]&̂&@<D%AVB<I=04_B5>?=8;'ACD5�;96E',>?%KL4_[F0.7 4+%CG:Xo)y0	JR5Hn)fW:;18a24 I5�JK5�)
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������� !�" # $"%�&'������ !�" # $"%�&
M3.5: Luck&Vogel 5()J*+,-*.90'J*)KL/_]5+,	+,-./05011,2&L'3	645012 85W3 8=67B9	(c895C:=;<B565=>)?0E@AgB5ABW5=C0E:L/(M3.5)_90%5?DE)FG=H'IB9	CD52 64+,-./0)J;/K;+,2A6 +,-./0LM)?@gBV912N';B5=O0	3 64+,-./0)J;/V5J*2A	4 +,-./0LM05?@2N';:;. V5V95W	P64QR5ST4=AUV1WB_

3.3 XYZ[\]̂2&'_̀Va=O0'	bcAdefg:hi=FjN	P64QR5kI:	P'564l81mD0/no5pqr=s2 85645I1mDta/no1u0vwgBx9;IQR)y'/(M3.6)_Va)2 64mDnoQR(4z	2 64QR9{|)9}~_V5QR5defg��90'	bc1	defg:hi=Fj;'1�0';B��g��>�f[38] 1��WaB_
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�3.6:�����;<�56l8no�QR��g��>�f��	&�l8)no�� !"#�$%	&F�O���M'()3��*I+q,-	3$.)�/0nota/l1�234=>���5$3�2	678c�/0nota/l119�m+�:�;345/defgV<'=>��?�-2N�[84](1.2.3'@A�?�)B��g��>2�	.M�C)�l1D5m+2NE5�5$4F-Gr	H)IJ�l1'm+D4K�)�no'����	CLM�l1-m+ta/no'F�9Ng�O$D5E5B?�?��PQRSm+�;543Try)�2�E55�h7Ua�BtU�	V9�PQW�;543LMIJ�X4�YE�RS'm+D/no-ZN[\�E�?�-]̂;_�;54̀�GarE5�5$b32X4QR����D4��Ua�B
3.4 XYcdefghi_̀̂jklm�2X4QR'@n��/o�pIz�k$E3)�X4'()qrstuv'J5/PQw�̀*'Ox/B�3.7�	̀*�1yO�z{'RBD/3�2G�Ba|	yO}~�+��:�
3)�������5UE���P���-600ms�9��ta�1000ms���89�:�1�����I-��v���D4600ms��ta�B��:�2D��-
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�3.7: *̀�.yO�'an�ta�B�a(a����������3.8���k$E)3*r�+(�,�1.)��-�.�/�0��D4J�1z�2z(�a(a3d�123�43�83�45)�6745'*I+q,/3�2G�B89���P����������yO:��27*r���;5UYE�3)-<�=���>a�B-*.����v���13?@�Ata/��P�����������v��'ABD�)X4-=>D/5C$5'�2D��J�)X4'����D�'uEFu��?��kx4GD��BHD�-*.�D7�Ix/�N��uEFu'J7�K5-HUa/�2���LM'NO��/o��̀*�lPa/�:P�

QRSTU QRSTU QRSTU
VWXYZ

[STURSTU \]̂_Q̀abSTU
c3.8: defghijk
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n3.1: -*.�GD/���������	
��� � 
 � 
��� �
 �
�
��� �� �� �� � � � � �� � �� � � � �� �� �
 � � �� � �� � �� �� � � � �� �� �� � �
� � � � � �� � � ���� � � � � �� �� � ���
 � � � � � � �� ����������� �
� � � � � �� � � ��
(S: +, C: 0, M: 6745)�F !�2�=>D/X4'uEFu'�Wr��F !�2�=>DE5x/X4'uEFut,�k$�D/(C%U��F !�'"�O$#��$%&'()*�+,<��D-)BP.0.7IJ(/̂E0Q'0D�̀%�12'3UE5184245�67;108'$%&�D4�)V�)9600yO�̀%'Ox-B600yO�$%�:;��X<-=>E5?+(?@0)�5|A#1)�X<�B-:;��?+(?@S, C, M�)50yO)�2)�X<-C3�:;��?+(?@CM, MS, SC�)50yO)�3)�X<�D:;��?+(?@SCM)-�A(A150yO|)EaA�B??(�?@S, C, M��A(A+�0�6745�B-:;��?@�CF�?@CM, MS,

SC��A(A0�6745�6745�+�+�0-:;��?@(G�BEG�̀%�HI�;(OJA�PQ���$%&�114cml4�KLMA-NO�PP�QTOTOKU CV821X�RSTUVWX30-107 kHz�̀%3�=YZ640[
480\Fv�E]PF ̂P_v100 HzJ̀���MA�Q?�ab(��NO�PP�J2 cm��+-PQ1◦�Nc��B̀a-�GU#3odè%'8�XV�$%&'f54O5�X<�gx4/hi->U)#E5g$��89Qj0̀�kZ�l11cd/m2����kZ�16.5cd/m2�KmD-B
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�3.9::;��X<X:��/=i
3.5� ?@:���$%&-:;D-�1!D-X<'"#D-D�'�3.4���B)O-8LM�?@'�)$�$%&�Gh(:;D-�%3-X<�*+,)'&D�X'�Gh�(+'&�.)*+J�,-.D-//-)?@�G.�/hi'&�B?�&#U�5>)#�012534-5B6A7a|�83.99:;:7X<;X:<=/hi'>?FvD-@<](G7(A<_,_9BCDE)B?;@<]#UJ#7gF=�2G;X<H:;:7?I;/hiHJDK5BR=1G;X<;BH:;:7?I<;E9LM(GN�:O4;$%&=G54�l&;/hiHP&QJGx-Ba-�83.109:O4;yO=G54�5>G;X<H:;D-<GhD-#QRSD-@<](G7B̀:;yO;Ai9:O425%(G7=D##JU|�TU2=2G:;D-<5FGhHV5?<HJ#7BMU=�&3.1=G54Wh;X�QY7<�Z7[G;\<;BH:;]-?I
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83.10::;:7\<X:<;Ghi=��A !;\<;F";[4HC3=:;]-<Gh:7(IH##NV$(=%&';34%�Wh';74%)(<HJ#7)[*�2G;\<H:;]-+I=9�
2G;\<;F"[*;B:;<h,7Wh(=%&';11%�Wh';33% )-.(#>�/.<9/#72\<Qh,7+I03\<<D:;]-<:7WhDC1ZZ2-)(;(<#3�456=91G;\<]#:;]7$#$;=�DF[G8;\<DC9=:;]-<%:7;W<H=;;W=>O7?/2=@:0:$�<$F(<H(97)(;AB9�=7;CD;?EQFI]-G(HI]7$7<$FJNK(=\<LM)(ML:7(<9NO=P]$)(A=)]7�2\<QGQFI]-3CD;&3HRSMA7$7(2\<LM)<:7#3T�>U2VW=ML(97)X,T�2\<H:;]-9;/hiH1\<;B:;]-<9gNK$;9�1\<(X,TS);:;Q/]>YZ:7=92G;&3(SC<MS);[*Q/]>RS]7$#.AT#3#$;=)]�2\<H:;]-+I=9��;2\<;\-.RS]7$AT/h]̂-#3(Z7<ML(97)
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83.11: 2\<LM=� >JNKgN!"2=�83.11;gF##̂_$K%&'JNKQ(,gF)).*;3G;+#&'9��A,ACM, MS, SC;FI]-&3=)-]7GN�RS]7$7./<01'8G;23=g27)4MA7./<Q>U]7516&789QZ:):]�2?E;[*H/#7<92H�[*;B/#7<91HZ4MA7<:7([*[;]7$7<990))3G;Z4+#&'9��A,A;\<=)-]�)4+#&';<=>u=� 9�Mi

f(u) =
1

(1 + e−cu)
(3.1)?1QZ4�:#J"�;\<H:;]@<$FA-Q3:)HIHB=?ZNCGD'h = 1;<9�(;JNK9E;+IDC:/hi(cH69$FEK$)Q3:)M7�(;JNK=G$7�G+#&';HI9Z7[m;Mip?HJA7<:7)(;<9��;+#&';Z49I?@?0<#7<C9=�Z4+#&';D'hH1-.(HIH2GHJA7<2)JH7<Lm:7)(;<9�X,Tc = 2,

p = 0.1<G$7JNK;A-XKQSL:7<�&3.2;gF=#7)Wh;@:*QEM7�FN5ON_P<[;:7(<HJC7)
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&3.2: 2\<LMJNK;Z4XK���������	
�� � � 
 �

� �� ��
	
�� �� �� �� �� � � � �� � �� � � � �� �� �� � � �� � �� � �� �
 � � � �� �� �� � ��
 � � � � �� � � ��
� � � � � � �� � ���� � � � � � � �� �����������
��
 � � � � �� �� �� ��

(S:G, C:�, M:��* )(;J!KH"=#.7?E$%YZ;J!K<]7E;1&'(?Z7C9)C3#$H�*#+<,2\-LM=� +#3T�.+/0#J!K?5OABQ1-2=ML?37-4?#+�152=,FN63?37(<975?Z7)(;(<9�2\-LM;'(-Q8+39:7,;<:,;F)
3.6<=>?@A?B�CDEF5OG�H�IJHIH#4K?E./LFMNOLLMGP7�CDEF5OH;QLML'(-GYR]@)SQ�CDIJHIHTUKV,WX#YYLZ[\?ZKLuck&VogelLYY[83]G]Q̂_�IJHILV5B�HI?3K?EL̀?B#+abcde'L̀Gf1]�abcde'.[H/#K\-L?EgFMhi@jk?IJHIHRShiK[$l�(iS?mShi73@n\-LML'(-H\$7Yo]@)]C]�
Luck&VogelL5OB�2\-Labcde'S?]Cp27$#$@M�(LAB-4C3B�abcde'LS\2\L\-gFMhi7$K[$l([S?]C$,#$([C3�n\-gFMhi7$K([G3U@MHB�;Qq+L\-G,
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\abcde'G�$K��gZ2@)�(?�3\-Labcde'G�$7��LCDEF5OG&$�YR]@[(��3�-GS\abcde'B2�-GS\abcde';Q*#$̀�CRSUK([g?3#C2@)(L([C3�n�-LML'(-H�	g@:@)(iH
����B
�2��%F�[$l�L�2#��G�H�abcde'LS\?E./g�2�-Q\FM�@jk?RS�7$K[$lLM�2�-LM�GP7@)(LLMGYRUK@MH����K��?23�@3\L�-GS\abcde'GIJHIHRSh��01'��?23�@abcde'LS\3\L�-�i,ig����K��[�:?�2@CElCG��h�K;l#CDEF5OG&2@[(��$%�@�-L̀H-:7 �!0$%LYZ!g/#K[$lO"g#3i@)(LO"Bn�-LM?BM$?3#$g�2�-LM?BM$UK([g?3K)(L([C3�IJHI?B2�-L./gFMhi@NOGRS�7$K[$l2�-LML'(-g39hi@)%*?�2�-LMH� +[�X,TS�G��C����M���* �T(0e17&)L4\L�-GS\abcde'H
�7B�6CD�SC, SM, ST, CM, CT,

MT�LNOg?3�5\L�-GS\abcde'HT�7B�10CDLNOgZ'K[(,3iKg�()�(l�@NOg*+UKCElCG,CMK5OG&l��g�K[(,3iK)S@��-L̀g(L;lH-,7$2@+ML([G(,K[�X,T̂L4�-Labcde'GHIUKLHn7LNOG�$K[�=.gq$@M�4\L�-GS\abcde'LX?BG�-3�Q\/+UK��Q�,U07LNOg��?B#$[(,3iK)�(?��-L̀g-,@+MHB�n7L\1M)�LNOgI3iQH��Ll"L$+\CLNO-4gI3iKL?B#$C[23UK([gZ'K)h3H�(L[3�-L\1M)�H;27�AML8hH,4g@:KL?B#$C[(,3iK)S@��-L̀G-0U5OG&l[3H�1.2.4?,5i@;lH�6G4�-<[�7plLg'(?�KLCH\$7,7M7YoUK([g��[#K?��l)
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()L@A?B�(L;l#�-L̀G-0�@[3L./NOLI3i*GYR�7$+[[,H��'LCDEF5O?�3i7$K�.̀L?EGS\abcde'L�YHTUKq+L���$O"H\$7,�2�-LMC3M$G�,K([gZ'#$CYo��?LMLW�-G,CM7�3@�)h3H	
�3B	(L2�-LMg	IJHI-4?�+	.̀�-L?EGFM�7pl��L�KCD./
Fn�H#�7�QP\[(,7�K)��?B	.̀�-L?EGS\abcde'L�Y
FH#�7	2�-LMg�QP\CElCG8LCDEF5OG&l([H;QYRUK)
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4.1��>����B	IJ��H��hiKLB2�-G�M��NO��K[�l�[G��� 
�!B	�L2�-"#gCD�YL$%n�H#�&�QP\['(&�K \SQ	.̀L�-G�\abcde)G�YUK*H	+Labcde)L�\n&L�-L,-G%&Hn&�M��NOG.��	+iG�YUKL�B�+	2�-/\L,-g�M��NOG012H�M�&�Y�&�K[�l"#GP&� �L"#�B	2(3	45H�+6�78.9abcde)G�YUK*HB	+LSS45H�+:6�:78.9L;lHn&L�-L,-G%&H�M��NOG.�UKL�B�+	45H�+:6�9	46�:78.9	478.:5H�+9L;lH;\/\L�-L,-g�M��NOG.̀.��	�iG<�H
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