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JU\]PdR@y PSJU{deBfsG[i�N]zUe�Ø�rhÜ�tWX[{dT6G[\]PgN]zUI�}<x<G-NQzUPÇfHe í�e4y�NB`[N]zUe4fQe�e�ÎbÑ
J�e�\]PdI�e�RlN�f�vHe4\Qek�6e�JON�\]e�{ÇX�N]Pdc6e�{S_¹f�PSI�JU{de6}HxwzMX^N�PSf4`UG6RU{d_¹NhvHG[Ñ
oOPSI�e�RMfQPdG6RMX^{â`BNhvHG[Ñày�{SX6fQf°oMX�N]X�f�e�N]f%vne�\]e
LMfQe4o°`�G6RU{d_mG[RMes\QLMR-G^i
NQzMemX[{dT6G[\]PgN]zUI>G[R¹eBX[y�z³oUX^N]X	f�e�NnPÇfne ÎUX^I�PSRUe4o°`OX[RMoWG[RM{d_�G[RMe
fQe N�G[i�JMX[\]X[I�e NQe4\�fQe N�N]PdRMT6f�PÇf�e�ÎbJM{dG6\QeBo°}HîHX[y�z:NQ\�X^PSRUPSRUT¹oUX�N�X
PdNQe�I�vnX6f�\]X[RMoOG6IK{S_ÖT[e4RUe�\�X�N]e4o¦X�NW\]LUR¦NQPSIKe�X[RMo¦e ÎOJ�G6fQe4o
NQG0NQzMe	e4c[G[{ScbPdRMT³f�_Of�NQe4I:}-Ø�iuNQe�\keBX[y�z�e�ÎbJ�G6fQLU\]e[`@NQzUeKJ�e�\QiÄG[\QÑ
IWX^RMy�ekG^i�NQzUe"fQ_OfhN]e�I G6R³N]zUe-JU\]e�cbPSG[LMfQ{d_³T[e�RMe�\�X�NQeBoWN]e4f�N�f�e�N
vwX[fke�c�X[{dLMX^NQeBo°}³ràN	fQzUG6LU{SoèZ�e¹fhN]\QeBfQfQe4oèzUe4\QeKN]zMX�N"N]zUPÇf-J@e4\�Ñ
iÄG[\]IWX^RMy�e:X6fQfQe4f]fQIKe4RlNKPSR$RMGèvwX�_ÖPSRBlMLUe4RMy eBo N]zUe�Z@e4zMX�cbPdG6\
G^inNQzMe³f�_Of�NQe4I G[\"NQzUe�N]\]X[PdRUPSRUT)G6RËfQLUZMfQe4ñlLUe4RlN¨oUX�N�X�PgN]e�IWf�}
r|R:G[\�oOe�\HNQGWy�X[{Sy�LU{ÇX�NQe�NQzMekX^ÕWRUPgNh_¹NQzU\]e4fQzUG[{Ço Ù Ø
x�Ú�iÄG[\nNQzMe4fQe
fQPdI	LU{SX^NQeBo¨oUX^N]Xmf�e�N]f4`�ÊUiuNh_¨oUX^N]X�PdNQe4IWf�vHe4\QeH\]X[RMoOG[I�{S_kT[e�RMe�\QÑ
X�N]e4o°}HxwzUe4fQekÊUiuNh_0oMX�N]XKPdNQe4I�f�vHe4\Qe-fQLUZMfQe4ñlLUe4R6N]{d_0oOPSf]y�X[\]oUe4o
X�iuN]e�\�Z�e�PSRUTWLMfQe4o0iÄG[\wN]zUe"X�ÕWRUPdNh_WN]zU\QeBf�zMG[{Ço0y4X^{Çy LU{ÇX�N]PdG6R%}

� X��>i\Ö\×Bbµ_UÖ
çÌPgN]zÉX^Rb_Íy {ÇX[f]f�PdÊ@y4X�NQPSG[RÐX[{dT6G[\]PgN]zUI�`�NQzMe�\]eåX^\]e)NhvnG�JU\]PdÑ

IWX^\]_)ñ6LMe4f�NQPSG[RMf�v�zUPÇy�z�I¨LMf�NkZ@e�X[oUoU\QeBfQfQe4o°} ü Pd\�f�N4`°y�X[R�NQzMe
X^{ST[G6\QPdNQzMI oUe�c[e4{dG6J�X�\]e�JM\QeBf�e4R6N�X�N]PdG6RÖG^i�N]zUe:y�{SX6fQfQe4f	PSR NQzMe
oUX^N]Xèf�e�NKiÄ\]G[I e�ÎOJ@Glf�LU\]e0NQGèNQ\�X^PSRUPSRUTåPdNQe4IWf$# tbeBy G[R@o°`�y�X[R

NQzMe"X^{ST[G[\]PdNQzUI�`bLMfQPdRUTKN]zUPSf�\Qe4JU\QeBf�e4RlN]X�N]PdG6R%`bT[e4RUe�\�X^{SPdú4e�PSR:G[\QÑ
oOe4\"NQGåX[y�y�LU\�X�NQe4{d_èy {ÇX[f]f�PdiÄ_èJU\Qe4cbPdG6LMf�{S_ÓLMRMf�e4e�R oUX^N]X)PdNQe4IWf$#
x<G�X[oUoU\QeBfQf%NQzUPÇf%Ê@\]f�N�y�G[RMy�e�\]R%`4PSR ü PST[LU\]e4f<ë�X^RMo�%nvHeHJU\]e4fQe�RlN
XkcbPSfQLMX[{dPSú4X^NQPSG[R�G^i�NQzMe�e�c6G[{Sc[e4o	I�e�I�G[\]_	y�e�{S{SfHX�iuN]e�\se�ÎbJ�G6fQLU\]e
NQG�N]zUe0á6~4h0NQ\�X^PSRUPSRUT)X^RlNQPST[e4RMf-X^{SG[RUT�v�PdNQzËN]zUG6fQe³á[~!h³N]\]X[PdRUÑ
PSRUT"PdNQe�IWf4}
xwzUe�{SPdRUeBfsPSR�NQzUeBf�e�ÊMT[LU\]e4fs\Qe4JU\QeBf�e4RlN
NQzUe�G[\]PdT6PdRMX[{
y {ÇX[f]fHZ@G6LURMoUX[\QPSe4f4}�Ø�fwy�X^R0Z@ekfQe�e�R³PdR0NQzUeBf�e�NhvHG¨ÊMT[LM\QeBf�`lNQzMe
I�e�I�G[\]_0y�e�{S{Sf�e�c[G6{dc6e4o0Zb_¹NQzMe"Ø�rhÜ�t�X[{dT6G[\]PgN]zUI zMX�c6e-oOe�c6e�{dÑ
G[J�e4oËX�y \]e4oUPdZU{Se�\Qe4JU\]e4fQe�RlN]X^NQPSG[RÓG[i�N]zUe¹y {ÇX[f]f�eBfkPdRèN]zUe¹oUX�N�X
fQe N4})FH{dGlf�e�e�ÎOX[I�PdRMX^NQPSG[RèG^iwNQzMe4fQe�ÊMT[LU\]e4fk\]e�c6e4X[{Sf�NQz@X�N"N]zUPSf
\]e�JU\]e4fQe�RlN]X^NQPSG[R)PÇf�RMG^Nkv�zUG[{S{d_�J�e�\QiÄe4y N4}-xwzUPÇf�PÇfmJMX^\QNQPÇy LU{ÇX^\]{S_
NQ\]LUe¹PSR�X[\QeBX[f"y�{dGlf�eWN]G)NQzMe0y {ÇX[f]f"Z�G[LMRMoUX^\]PSe4f4`�X6f"vnG[LU{ÇoËZ�e
e ÎOJ�e4y NQe4o%}���RUe�PdNQe4I,G^i%PSR6N]e�\]e4f�NHPSR ü PST[LU\]e&%-PSf�NQzMX^NnRMG[RUe�G^i
NQzMe�y {ÇX[f]f�Þ�I�e4IKG6\Q_Ky e4{d{Çf�X[\Qe�G6LON]fQPÇoOe�G^i�N]zUe�G[\]PST[PSRMX^{My�{SX6fQf�Þ
Z�G[LURMoMX^\]PdeBf�`�v�zUe4\QeBX[f°N]zUe�\]eHX[\QenX�zMX[RMobiÄLU{bG^i�y {ÇX[f]f;h�I�e4IKG6\Q_
y e4{d{Çf�NQzMX^Nmz@X�c[e¨ZM{deBoÓG�c6e�\�PSRlNQG�y {ÇX[f]f¨Þ	NQe4\Q\]PdNQG[\]_[}|��RUeKJ�G6f�Ñ
fQPdZU{SeKe ÎOJU{ÇX^RMX^NQPSG[R�iÄG6\mNQzUPÇfkPSf�N]zMX�N"y {ÇX[f]f�h³PÇfk{deBfQfkoOPÇf�NQPSRMy�N]{d_
oOe�ÊMRUe4o�PSR)f�J@X[y ekN]zMX^R)y�{SX6fQfkÞ6`Uv�zUPÇy�z:JM\QG�cbPÇoOe4f�fQG[I�e"X^I	ZUPdÑ
T[LMPgNh_-PSR"N]zUeny�z@X^\�X[y�N]e�\]PSf�NQPÇy�fYG^i@Xmy {ÇX[f]f¢h�oUX^N]X�PgN]e�I�}�Ø�RUG^N]zUe�\
PdNQe�I�G[i
RUG^N]e¨PSR�NQzMe4fQeKáKÊMT6LU\]e4f�PÇf�NQzMX^N�NQzMe�\]e	X^\]e-i�X[\�iÄe4vHe4\
NQz@X^R³á[~!hkI�e�I�G[\]_Ky�e�{S{SfsNQzMX^N�e�c6G[{Sc[eBo¨iÄ\]G[IêNQzMemá[~!hmNQ\�X^PSRUPSRUT
oUX^N]XåPgN]e�IWf�}ÍxwzbLMf4`HØ�rhÜ�t$X[{SfQGÓe�ÎOzUPdZMPgN�f¹XåoUe�T[\]e�e:G^ikoUX�N�X
\]e4oOLMy NQPSG[R%}ËçÌzMX^NKPÇf�X^{Çf�GåPdRlN]\QPST[LUPSRUTèX^Z�G[LONKNQzUeBf�e0NhvnG�ÊMT[Ñ
LU\]e4f
PÇfsRMG^N'�hLMf�NsNQz@X�NsN]zUe�\]e�X^\]ewi�X^\siÄe�vne�\sI�e�I�G6\Q_Ky e�{S{Çf�NQzMX[R
NQ\�X^PSRUPSRUT"PdNQe4I�f4`bZULONwX^{Çf�G-N]zMX�NnPgNnPSf�i�X^PS\]{d_Ke4X6f�_	NQGKoOPSf]y e4\QRY`6PSR
JU{ÇX[y�e4f4`[v�zUPÇy�z¹I�e�I�G[\]_	y�e�{S{SfHX^\]e�\Qe4JU\]e4fQe�RlNQPSRUT-v�zUPÇy�zWT[\]G[LUJ@f
G^i�NQ\�X^PSRUPSRUTKPgN]e�IWf�}

0

2

4

6

8

10

0 2 4 6 8 10 12 14

class 0 training data
class 1 training data

class 0 memory cells
class 1 memory cells

·'¸:¹�º�(HºDÄ ÀÂø/È\Áf¾
��ÀÂù:ù:û;Ç�É�ý&)BÁMÇ�¸:ÉH¸:É�¹)ËsÉ�Æf¸:¹\ÀÂÉ�ûsË;ÊeÆfÀÂÁ;Ò*�*+#Ë¢É�Æ¡¸:¹\ÀÂÉ�û
,�- ¸:É�ÀyÇ�Á¡ù ¾�÷�ÀÂ¿�Ç�ÁMÇ/.Hù:À10¢Ç¯ÆMÇ/÷�ÀÂÆ32

Ø�RUG[NQzUe4\HPdNQe4IÒG[iYPSR6N]e�\]e4f�N�PSR¹NQzMe4fQe�NhvnG"ÊMT6LU\QeBfsPÇfsN]zUe�G6LON�Ñ
{SPde4\�I�e�I�G[\]_Éy�e�{S{Sf4} çÌzMPd{Se�X^R PSRUPdNQPÇX^{Kf�LUJMJ@Glf�PdNQPSG[RïI�PdT6zlN
Z�e�NQzMX^NWNQzUeBf�e)G6LONQ{SPde4\]fWoUe�c[e4{dG6J@eBo�PSRÍ\QeBX[y NQPSG[R N]GËNQ\�X^PSRUPSRUT
PdNQe�IWfmi�X[Pd\]{d_�y�{dGlf�eKN]G³N]zUe¹y {ÇX[f]fmZ@G6LURMoUX[\Q_){SPdRMe4f4`%e ÎUX^I�PSRUPSRUT
NQzMe4fQe³NhvnG�ÊMT6LU\]e4f"\]e�c6e4X[{Sf"NQzMX^N�fQG[I�e³G[i�NQzMe0G6LONQ{SPde4\	I�e4I	Ñ
G[\]_¹y e4{d{ÇfwX^\]e�RMG�y�{dGlf�e4\�N]GKNQzUemNQ\�X^PSRUPSRUTKPgN]e�IWfnNQzMX[R0I�e4IKG6\Q_
y e4{d{Çfkv�PdNQzUPSRËNQzUeWy�{SX6fQfkZ�G[LUR@oUX^\]PdeBf�}D��RUe�J�G6f]f�PSZU{Se�e ÎOJU{ÇX^RMX^Ñ
NQPSG[RËiÄG6\-NQzMPSf	PSf-NQzUe:f�G6IKe4v�zMX�N"R@X54 6Sc[e�I�e N]zUGOoèiÄG[\¨I�e4IKG6\Q_
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·'¸:¹�º�7�ºDÄ ÀÂø/È\Áf¾
��ÀÂù:ù:û;Ç�É�ý&)BÁMÇ�¸:ÉH¸:É�¹)ËsÉ�Æf¸:¹\ÀÂÉ�ûsË;ÊeÆfÀÂÁ;Ò*�*+#Ë¢É�Æ¡¸:¹\ÀÂÉ�û
y e4{d{Y\Qe4JU{SX6y e4IKe4RlNnPSR:NQzUe"Ø�rhÜ�t:X^{ST[G[\]PdNQzUI�}
Ü�e4y4X^{S{°iÄ\]G[I fQe4y Ñ
NQPSG[R�rQr�N]zMX�N�I�e�I�G6\Q_¹y�e�{S{%\Qe4JU{ÇX[y e4I�e�RlN�G[RU{S_¹GOy�y�LU\]fwv�zMe�R�X
y�X[RMoOPÇoUX�N]e¹I�e�I�G[\]_Ëy e�{S{�PÇfKy {SG6fQe�\-N]G)NQzUe:X^RlNQPST[e4RËNQzMX[RÖNQzMe
e4f�N]X[ZU{SPSfQzUe4o I�X^N]y�z I�e4IKG6\Q_Ëy e4{d{wX^R@oÖv�zUe�R�NQzUe:y�X[RMoOPÇoUX�N]e
I�e�I�G[\]_"y e4{d{OPÇf�v�PdNQzUPSRWX�LMfQe�\soUe ÊMRUeBo	oUPSf�N]X[RMy ewG^i@NQzUewIWX�N�y�z
I�e�I�G[\]_¨y�e�{S{D}�çÌzUPS{de�N]zUPÇf
I�e4y�zMX[RUPSfQIÔPÇf�e ÎbNQ\]e�I�e4{d_	LMf�e�iÄLU{UPSR
\]e�I�G�cbPdRUT:\]e4oOLUR@oUX^RlN"I�e�I�G[\]_Óy�e�{S{SfkiÄ\]G[I NQzUe¹fQe N"G[inI�e4I	Ñ
G[\]_�y e�{S{Çf�`lPgN�oOGbe4f�RUG^NnRUe4y�e4f]fQX[\QPS{S_	e4RMf�LM\Qe�N]zMX�NwG[RM{d_	NQzUemZ�e4f�N
y {ÇX[f]fQPgiÄ_bPSRUTkIKe4I�G[\]_	y e4{d{ÇfsX[\Qe�\]e N�X^PSRUe4o°} ü G6\
NQzMe�G[LON]{dPSe�\�y�e�{S{Sf
PSR ü PdT6LU\]e4f�ë�X[RMo�%�PgN�PÇf<J�G6f]fQPdZU{SeHNQzMX^N<N]zUeHG6LONQ{SPSe�\
y e4{d{Çf�oOe�c6e�{dÑ
G[J�e4oåÊM\�f�N-X[RMoÓNQzMX^N4`�v�zUPd{Se¹fQLUZMfQe4ñlLUe�RlN]{d_�e4c[G6{dc6e4o�I�e4IKG6\Q_
y e4{d{Çf�vHe4\QeHI�G[\]eHf�NQPSI¨LU{ÇX�N]e4o"Zb_kN]\]X[PdRUPSRUTkX^RlNQPST[e4RMfYNQzMX[R"NQzMe4fQe
G[LUNQ{SPde4\�y�e�{S{Sf4`�RUG6RUeHG[iUNQzMe4fQeH{ÇX�N]e�\�e�c6G[{Sc[e4o"IKe4I�G[\]_ky�e�{S{Sf�vne�\]e
y {SG6fQe�e4RUG[LUT6zKNQG-N]zUe�G6LONQ{SPde4\Hy�e�{S{SfsNQG"vwX^\]\]X[RlN�N]zUe�\]e�I�G�c�X^{MG^i
NQzMe-G[LON]{dPSe�\�y�e�{S{Sf4}
8 G�v NQzMX^NÓvne zMX�c[e�JU\QG�cbPÇoOe4oïXÐoUe�I�G[RMf�NQ\�X�N]PdG6RïG^iWNQzMe

Ø�rhÜ�tkX^{ST[G[\]PdNQzUI�m f°X^ZUPS{dPdNh_�N]G�oOe4c[e�{SG[JkXw\]e�JU\]e4fQe�RlN]X^NQPSG[RmG^ibNQzMe
y {ÇX[f]fQe4f�JU\]e4fQe�RlN
PdRKNQzMe4fQewNhvHG-fQPdI�JU{Se�oUX�N�XmfQe N�f�`6vHewRUe�ÎbN
NQLU\]R
NQG	NQzMekñlLUeBfhN]PdG6R³G[i<y {ÇX[f]f�PdÊ@y4X�NQPSG[R³G^iYJU\]e�cbPSG[LMfQ{S_KLMRMf�e4e�R�oUX�N�X
PdNQe�IWf<LMfQPdRUT�NQzUPÇf�\Qe4JU\]e4fQe�RlN]X^NQPSG[R%} ü G[\<NQzUeBf�eHe ÎOJ@e4\QPSI�e�RlN]fYNQzMe
ñlLMX^{SPdNh_mG[iMy {ÇX[f]f�PdÊ@y4X�NQPSG[RkPÇfYG6RU{S_kX6fQfQe4f]fQe4omNQzM\QG6LUT[z-G�c6e�\�X^{S{[X[y Ñ
y LM\]X6y _[}WÜ�eBy�X[{d{�iÄ\]G[I�rQr�} îãN]zMX�N¨y�{SX6fQfQPdÊ@y�X^NQPSG[RÓPÇf-J�e�\QiÄG[\]I�e4o
PSR$X2¤bÑâRUeBX^\]e4f�N¨RUe4PdT6zlZ�G[\KX^JUJM\QGlX[y�zÖv�PdNQz N]zUe0y�{SX6fQfQPdÊ@y�X^NQPSG[R
G^i�X^RËPdNQe4I Z�e�PSRUT)ZMX6f�eBoåG6RèNQzUeWIWX��hG6\QPdNh_�c6G^NQe¹X[I�G[RUT:NQzMe¤ÓRUe4X[\QeBfhNkI�e�I�G[\]_�y e4{d{ÇfmNQG:NQzMeWPgN]e�I�} ü G[\kN]zUeWy LU\]\Qe4RlNke�ÎbÑ
J�e�\]PdI�e�RlN�f�¤Ëc�X^{SLUeBf"G^i-Þ:X^RMoÖä)vne�\]e¹y�zUGlf�e4R%}�ØnN¨N]zUe³e4RMo
G^i�N]zUe"PSR6N]\QGOoOL@y�NQPSG[R�G[isá6~4h�X^RlN]PdT6e�RMf4`ONQzMe¨f�_Of�NQe4I PÇf�X^ZM{dekN]G
X[y4y LU\�X�N]e�{S_Öy {ÇX[f]f�PdiÄ_:9^æ�; X[RMo<9�=>; Ù æ?%	@^~!h�X^R@o æ�9�@^~!hlÚ�iÄG6\¤ ��Þ³X^RMo ¤ � äU`�\]e4fQJ@eBy�N]Pdc6e�{S_[`�G^iwNQzUe³{dPSRUe4X[\Q{S_Ëf�e4JMX^\�X^ZU{Se
NQeBfhNmf�e�NmX^R@o)oOe�I�G[R@fhN]\]X^NQe4f�X�NQ\�X^PSRUPSRUT¹f�e�N�X[y4y LU\�X[y�_³\�X�N]e-G^i
9>%�;êX^RMoA9	=>;êG6RWNQzMe�N]\]X[PdRMPdRUTKf�e�NHiÄG6\nNQzUeBf�ekfQX[I�e�¤Wc�X[{dLUeBf�}
Ø�R@o-NQzMenfQ_OfhN]e�IïPSf�X[ZU{de�NQGkX[y4y LU\�X�N]e�{S_my�{SX6fQfQPgiÄ_B=6ë>;ÏX^RMoC9^æ�;
Ù ælä>@[~4h�X^R@okæ�%	@[~4hbÚMiÄG[\¢¤�� ÞHX^R@oY¤z�ÏäU`�\]e4fQJ@eBy�N]Pdc6e�{S_[`BG^iONQzMe
RUG6ROÑâ{SPSRUe4X[\Q{S_0fQe�JMX[\]X[ZU{SekNQe4f�N�fQe NkX^RMo)oOe4I�G[RMf�NQ\�X�N]e4f�X�N]\]X[PdRUÑ
PSRUTÓfQe NKX6y�y�LU\]X6y _å\]X^NQe¹G[i
9>%	; X^R@o:9^æ�;�iÄG[\¨NQzUeBf�e:fQX[I�e�¤
c�X^{SLUe4f4} 8 G[NnfQLU\QJM\QPÇf�PSRUT6{d_6`^NQzMe�X[y4y LU\�X[y�_¨G6R�NQzUemRUG[RUÑâ{SPdRMe4X^\]{S_

fQe�JMX[\]X[ZU{de"oMX�N]XWfQe N�PSf�{deBfQf�NQzMX[R�NQzUe¨y�{SX6fQfQPdÊ@y�X^NQPSG[R)X[y4y LU\�X[y�_
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