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v¢y elZ?SUTWn�X�[K�NP w [�\?V � P�egXCX�`�ZKP5mYn�mYVWPRX¨elm5`�mWP��
VY[�mYVW`?�Nn:V � P/Ph©ªPIdhVWmC[�\«Pak_[ w `KVYel[_Z¬[{Z¬V � P4�_Ph
ZKPaVWeud PRZ?dh[K�NelZK�®\E[_T!S�ZNVYe y [K�Nn4X�[ w PIdh` w PRm��)¯(ZKP
\EPIS�VW`�TWP�[U\«V � elm!PRZ?dh[K�NelZK��elm�V � S�VI|�`KZ w el°_P)VonNQN
eudRS w �_PRZ�PRVWeud¬S w �_[_TYelV � X1PhtKQGPRTWelXCPRZNVWm�|�Z�[_V�S wgw
�{PRZKPRm�\E[{`KZ?��egZCV � P��{PRZK[_VonNQGP«SUTWP�PhtKQKTWPamWmWPI�4elZ
V � P^Q � PRZK[{Von�QGP_��±²P�TYPRQG[_TWV�PhtKQGPRTWelXCPRZNVWm�r � eud �
m � [�r$V � SUV�V � P&PRk{[ w `KVWel[{Z³[U\!egXCX)`KZKP)mYn�mYVWPRX
�{PRZKPRmI|!mWelX)` w SUVWP�� y n�V � P²�{PRZKPRVYeud¬S w �{[_TWelV � X�|
dRSUZ�elZ?�N`GdhP«S � eg� � �NPR�{TWPRP�[�\5�{PRZKPRVYeudx[{TW�NS�ZKel´�Sµ
VYeg[{Z)PRk_PaZ�V � [_`K� � V � S�V�[{TW��SUZKel´�S�VYel[_Z)elm�ZK[{V^PhtN
Q w eudhelV w nCTWP�z{`KelTWPI� y n4V � P!¶GVWZKPRmYm�\E`KZGdhVWel[_Z·��±²P
� nNQ?[{V � PamWel´RP)S y [_`KV(V � P Z?S�VY`KTWP [�\�V � elmx[_TY��SUZKe¸
´�SUVWel[_Z&SUZ?�4elZNVWTW[K�N`GdhP�S)XCP�S�mY`KTWP!dRS wlw PI�&¹xSUX)
XCegZ��xbNPRQ?SUT�S�VYel[_Z)VW[�[ y mWPRTYk_P(egVYm�d � S�ZK�{Px�N`KTWelZK�
V � P!PRk{[ w `KVWel[{Z)[�\�V � P�elX�X)`�ZKP^mYnNmWVWPaX��

º »�¼ ¤�¥�½q¾x¿x§G¤KÀY½ ¼

¹q[�r¬daS�Z mWP w P�dhVYel[_Z QKTWPRmYmW`KTYPRm�[_QGPRT�SUVWelZK��[_Z w n([_Z!V � PqQ � Ph
ZK[{Von�QGP²�NTWelk_P/PRk_[ w `�VWel[_Z?SUTWn�d � S�Z��_PRm4elZ�V � P��{PRZK[_VonNQGP�Á
ÂoZ&dh[_ZNVYT�S�mYVxrqelV � VonNQKeudRS w �_PRZKPaVWeud!S w �{[_TWelV � XÃTWPaQKTWPRmYPRZNV�Sµ
VWel[{ZKm�|�egZ/r � eud � S wlw �_PRZ�PRm!dh[_ZNVWTYe y `KVWP VW[)V � P)dRS w dh` w SUVWel[_Z
[�\·¶?VWZ�PRmWmI|KV � P«�{PRZKPRVYeud�X�SUVWPRTYeÄS w elZ�Z?SUVW`KThS w [{TW��SUZKelmWXCm�elm
ZK[{VÅdf[_X�Q w PaVWP w n4PhtKQKTWPamWmWPI����b�[_X�P!SUmWQGP�dhVWm [�\qV � P��{PRZK[�
VonNQ?P4X4SIn&ZK[_V y P�TWPfÆ?P�dhVYP���elZ²V � P4Q � PRZK[{VonNQ?P&S�ZG�¬S�TYP
V � PRTWPh\�[_TWP � eu�K�NPRZÇ\ETW[{XÈmYP w P�dhVWel[{Z²QKTWPRmYmW`KTYP&VWPaX�QG[_T�SUTWe w n��
� � P(egXCX)`KZKP�mYnNmWVWPaXÉQKTY[�kNeÄ��PRmcS6�_[N[K�)mY` y_Ê P�dfV�\E[_T�X�[K�{
P w elZK�xS�ZG��PhtKQ?PaTWelX�PRZNVhS�VWel[{Zx\�TW[_X�V � egm�QG[_elZNV5[U\Kk�elPRr�Ë�V � P
�_PaZK[_VonNQGP�elmxZ�PRk_PRT!dh[{X�Q w PRVYP w n�PhtKQKTYPRmWmYP���elZ&V � P�Q � PRZK[�
VonNQ?P{| y `KVqV � P6X�S�Q�QKelZK�!\�TW[_XÌV � P!�{PRZK[{Von�QGP!VY[�V � P!Q � Ph
ZK[{Von�QGP�egm�mYegXCQ w P�PRZK[_`�� � V � SUV�elV�dRS�Z y PqPf©ªP�dfVWelk_P w n X�[K�{
P w P��CelZ&S�dh[{X�QK`�VWPRTqmYegX)` w SUVWel[_Z·�
� � P&elXCX)`KZKP)mWnNmYVWPRX � S�m4S�Z�[�k{PRT�S wgw dh[_XCQ w PhtKelVon²V � SUV
TWelk_S w m/V � SUV²[�\�V � PÍdfPRZNVWT�S w ZKPaTWk_[{`Km²mWnNmYVWPRX��1ÂoZÎV � elm
TWPamWP�SUT�d � r�P²[_Z w nÏdf[_ZKmYeÄ��PRT&V � P²PRk_[ w `�VWel[_Z�[�\®ÐUÑNÒoÓEÔhÕ�ÖU×
X�[ w P�dh` w PRmI|�r � eud � SUTWP4TWPRmYQ?[{ZKmWe yKw P4\�[_T)TWPIdh[_�{ZKel´RelZK�&\�[_To
PRel�_Z�dhP wlw m&S�Z?�ÍX�[ w P�df` w PRm�|xdaS wlw P��ØÐUÑNÒoÓlÙUÚaÑNÛR�Ã� � P&¶?TYmWV
mWVYPRQ¬elZ¬SUZ�VYel�_PRZ�TWP�df[_�_Z�egVYel[_Z²[KdRdh`KTYm�r � PRZ³SUZ¬S�ZNVWe y [���n
Q � nNmWeudRS wgw n y elZ?��m^VY[�S�Z�SUZNVWel�_PRZ4XC[ w P�dh` w P_��� � elm y elZ?�NelZK�

TWPIz_`�egTYPRm4V � SUV)V � P/Vor^[²XC[ w P�dh` w PRmI|qS�ZNVWe y [���n³S�ZG�³SUZNVWe¸
�_PaZ5| � SIk_P²dh[_XCQ w PRX�PRZNVhS�TWn²m � S�QGPRmI��ÜÝP�dRSU`KmWP:V � P�Vor�[
X�[ w P�dh` w PRmCX)`KmWV²ÞYX�S�Vhd �Kß elZ�[_Th�NPRT&VY[ y elZ?��|(elV�r�[_` w �
mWPaPRXÃV � S�V�PRk{PRTWn)S�ZNVYeg�{PRZ TWP�z{`KelTWPamxS«df[_TWTYPRmWQG[_ZG�NelZK�
SUZNVWe¸
y [���n�XC[ w P�dh` w P�elZ)[_T���PRT�VW[ y P��NPRVWPIdhVWP���� v ZC`KZ?�NPaVWP�dhVYP��
S�ZNVYeg�{PRZ³df[_` w �¢dRS�`�mWP&elZN\EPIdhVWel[_Z·|�e wlw Z�PRmWmI|�[_T���P�S�V � |�mY[¬S
¶?V�elZ?�NelkNeÄ��`?S w m � [_` w � � SIk_P�S�ZCegXCX)`KZKP�mWnNmWVYPRXàV � SUVcdRSUZ
TWPIdh[_�{ZKel´RP�S wlw QG[_mYmWe yKw P!S�ZNVWel�_PaZKm��
¹q[�r�PRk{PRT�|IV � PRTWPqS�TYP^S�Z!S w XC[_mWV w elX�elV w PRmYmKZN`KX y PaT�[�\KQ?[{mWmYeá
yKw P^SUZ�VYel�_PRZKmI|�S�Z?��S�Z6egZG�Nelk�eu�N`GS w�� SUm5[_Z w n w egXCelVWP����{PRZKPRVYeÄd
TWPamW[_`�T�dhPRm�VW[xS wlw [KdRSUVWP�VY[xV � P^elXCX�`KZ�P5mWnNmYVWPRX���ÜÝ[_V � X�eudhP
S�ZG� � `KX4S�ZKmI|K\�[_T�Pht?S�XCQ w P_| � SIk_P6\EPRr�PRT!V � S�Z¢��â{ã!�{PRZKPRm
elZ�V � PRelTxPRZNVYegTYP��_PRZK[{X�P_| y `KVqV � PaegTqelXCX�`KZ�PqmWnNmWVYPRX�mxdRSUZ
X�SU°_P�[{Z�V � Pq[_Th�NPRT�[U\���â�ähä,�Ne¸©�PRTWPaZ�V�S�ZNVWe y [���n!X�[ w PIdh` w PRm
å ÜÝPRTYPR°�S�Z?�¢s4e w mWVYPRelZÏ��æ{}_}�|�O«SUTWZKP wgw PaV�S w ��æ{}_ç{èR�:� � P
X�[{`KmWP�SUZ?��V � P � `KX4S�ZxelXCX)`KZKP�mWnNmYVWPRXCm y [_V � `KmYPcSjmWelX)
e w S�T��_PaZKPRVWeudÝX�P�d � SUZKelmWX�VW[(QKTW[K�N`?dfPqV � elm w SUTW�_PÝZ�`�X y PRT·[�\
�Ne¸©�PRTWPRZNVxSUZ�VYe y [K�Nn X�[ w PIdh` w PRm���� � Px�{PRZKPRVYeÄd(X4S�VWPaTWeuS w \E[{T
[_Z�P�S�ZNVWe y [K�Nn4X�[ w P�df` w P«elm(mWVW[{TWP��/elZ4¶?k{P!mWPRQGS�T�SUVWP)dh[_X�
QG[_ZKPRZNV w e y T�SUTWelPRm���é�TY[���`?dhelZK�x[{ZKPqS�ZNVWe y [���n«XC[ w P�dh` w P y Ph
�_elZKm�rqelV � V � PqT�SUZ?�N[{XÎmWP w PIdhVWel[_Z)[U\�S(�{PRZKPRVYeÄd(dh[_XCQ?[{ZKPRZNV
\ETY[_X�P�S{d � [�\�V � P w e y T�SUTWelPRmI�²� � PRTYP�S�TYP�X�SUZNn�QG[_mYmWe yKw P
dh[{X y elZ?S�VYeg[{ZKm�[�\^V � P
SIk_SUe w S yKw P«dh[{X�QG[_ZKPaZ�VYm�|GmW[CV � P elX)
X)`KZKPqmYnNmWVWPaX�dRSUZ4�_PRZKPaT�S�VYP!S w S�TY�_P(Z�`�X y PRT�[�\�S�ZNVWe y [K�{
elPRm�|UPRk_PRZ)V � [_`�� � V � P w e y T�SUTWelPRm�dh[{Z�VhS�elZ�S w elX�elVWP���SUX�[_`�Z�V
[�\5�{PRZKPRVYeudxelZN\�[_TWX4S�VYeg[{Z5� v mq�Nelm�dh`�mWmWPI� w SUVWPRTI|NV � elmqdh[_X y e¸
Z?SUVW[_TYeuS w X�P�d � SUZKelmWX�elm�XC[_mYV5Ph©�P�dhVYegk{Pxr � PaZ�V � Pqk_S�TYeÄSUZNVWm
å V � P!�Ne¸©ªPaTWPRZNVxdh[{X�QG[_ZKPRZNVYm�elZ�P�S{d �Cw e y T�S�TYnKè^SUTWP«��egmYmWelX�e¸
w S�TI��Â�\,S wlw k_SUTWeuS�ZNVWm�r�PRTWP!V � P�m�SUX�PxV � PRTYP!r^[{` w � y P w elVWV w P
S_��k_S�ZNV�SU�_PxVY[)elZ�VYPRT�d � SUZK�_PIS y e w elVon��
ÜÝP�dRS�`�mWP V � P)dh[_XCQ?[{ZKPRZNVWmxSUTWP!ThS�Z?��[_X w n)d � [_mYPRZ5|G[_Z w n4S
\EThS_dhVYeg[{Z&[�\qV � P
SIk_SUe w S yKw P«�{PRZKPRVYeud!X4S�VWPaTWeuS w egm�PhtKQKTYPRmWmYP��
S�VxSUZNn)[_ZKP�VWelXCP_��¹jPRZ?dhP6V � P�Q � PaZK[_VonNQGP![�\�V � P!elXCX�`KZ�P
mWnNmYVWPRX�ËÍV � P PhtKQKTWPRmYmWP��:S�ZNVWe y [K�Nn&X�[ w P�dh` w PRmêËë��[�PamxZK[{V
dh[{X�Q w PRVYP w n�TWPaQKTWPRmYPRZNV�V � P �_PRZK[{VonNQ?P_|Gr � eud � egm(V � P VW[{V�S w
dh[ wgw P�dfVWel[_ZC[�\��_PRZ�P«mYPR�_XCPRZNVWmqelZ&S wlw V � P w e y ThS�TWelPRmI�
±²P � SIk_Px�NPh¶GZKP��&SUZ�S y mYVWT�S{dhVqX�[K�NP w [U\5egXCX)`KZKP�mYnNmWVWPaX
w e y T�SUTWelPRm5S�ZG��`KmWPI��V � PÝ�_PRZKPaVWeud�S w �{[_TWelV � X�VW[(mWelX)` w S�VYP�V � P
PRk{[ w `KVWel[{Z³[U\!egZG�Nelk�eu�N`GS w m���ì�S_d � elZ?�NelkNeu�N`?S w TYPRQKTWPamWPRZNVWm
V � P��_PaZKPRVWeud�mWQGP�dhe¸¶ªdRSUVWel[_ZÇ\E[_T�V � P�S�ZNVYe y [K�Nn w e y ThS�TYegPam![�\
[_Z�PqegXCX)`KZKP�mYnNmWVWPaX��·ÂoZ)V � Pj¶?TWmYV^mYPRVq[�\�PhtKQ?PaTWelX�PRZNVYm^r�P
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í·el�_`KTYP��{î-Ü�elZ?��egZ���ï�TYP�dh[{�_ZKelVWel[{ZÈQKTY[�dfPRmWmð\E[{T y elZ?SUTWn
X�[ w P�dh` w PRm

[ y mWPRTYk_P�� V � PqPh©�P�dhVWmÝ[�\�Q?S�TYVWeuS w �_PaZKP^Pft�Q�TWPRmYmWel[_Z�SUZ?�!QGS�To
VWeuS w ¶?VYZKPRmWmÝPRk_S w `?SUVWel[_Z�[_Z6V � PqSIk_PRThS��{P�¶?VYZKPRmYm�[U\?V � P^QG[_QN
` w S�VYel[_Z5�)í�[_T�dfegZ���V � P��{PRZKPRVYeud)S w �_[{TWelV � X$VY[&[_QGPRThS�VWP)[{Z
V � P y S�mYegm6[�\xV � egm6egZGdh[_XCQ w PRVWP elZN\E[_TYX�SUVWel[_Z&dRSU`KmWPRm mW[{X�P
TWPI�N`?dhVYeg[{Z¢egZ:QKTW[{�_TYPRmWmI| y `KV�Z�[_V)S�m X)`?d � S�m)r�P�X�el� � V
PhtKQGP�dhV��Ý� � P�mWP�df[_Z?�4mYPRVq[�\�PhtKQ?PaTWelX�PRZNVYmqm � [�rqmqV � S�V�V � P
PRZNVWTYelPRmxelZ�V � P w e y T�S�TYelPRm y PIdh[_XCPxQKTY[_�_TYPRmWmYelk_P w n�XC[_TYP«�Nelmo
mWelXCe w SUT«`�Z?�NPRTCPRk_[ w `�VWel[_Z5|�Pak_PRZ�V � [_`�� � ��egmYmWelX�e w S�TYelVon&elm
ZK[{V)PhtKQ w eÄdfegV w n�TYP�z{`KelTWP�� y n²V � PC¶?VWZKPamWm)\�`KZ?dhVYeg[{Z5�:� � elm
[_TY��SUZKel´�S�VYeg[{Z¢[�\!V � P w e y T�SUTWelPRm�elm4S�ZÃÞYPRX�PRTY�_PRZNVCPh©ªPIdhV ß
V � S�V^dRSUZ y PxelZNVWPRTYQKTWPaVWP��4S�m�S y S w SUZ?dhP��)S wgw [KdRSUVWel[_Z [�\5S�ZN
VWe y [K�NelPRmqVW[)V � P�V�S�mY°�[U\,S�ZNVYeg�{PRZ4TWP�df[_�_Z�egVYel[_Z5��bNPIdhVWel[_Z�mxñ
S�ZG�����NPRmhdhTWe y PxV � PcSUTWVYeá¶�dheuS w elX�X)`KZKP�mYn�mYVWPRX¨XC[���P w SUZ?�
y TYegPfÆ?n!mW`�X�X�SUTWel´RP�V � P^PhtKQGPRTWelXCPRZNVWm�V � SUV�VWPRmYVWP���V � P�Q?PaTo
\E[{TWX�SUZ?dhP�[�\�V � P!X�[K�NP w [�k_PRT(k_S�TWnNelZK�)ThS�VWPamx[�\qS�ZNVWe y [���n
PhtKQKTYPRmWmYeg[{ZòSUZ?�&SUZ�VYel�_PRZ4PhtKQG[_mW`�TWP_�(ÂoZ�bNP�dfVWel[_ZKm(��SUZ?�4�
r�PxV�SU°_P!S d w [_mWPaT w [N[{°
SUV^V � P�Ph©ªPIdhVWm([�\�Pak_[ w `KVYel[_Z)[_ZCV � P
�_PaZK[_VonNQGP_��bNP�dhVYel[_Z)�!XC[_VWelk_SUVWPRm�SxXCP�S�mY`KTWPq[U\ w e y ThS�TWn6[_To
��SUZKel´�S�VYel[_Z&dRS wlw P��&¹(S�XCX�eáZ��!mWPRQGS�T�SUVWel[_Z·|ªSUZ?�&bNPIdhVWel[_Z��
PhtKQGPRTWelX�PaZ�VhS wlw n�dh[{X�Q?SUTWPRm�V � egmÝX�P�SUmW`KTYPqrqegV � V � Pj¶?VWZ�PRmWm
[�\�V � P6egXCX�`�ZKPqmWnNmWVYPRX��
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ÂoZ [_`�T�mYelX�Q w e¸¶?P��úXC[K�NP w [�\1V � PûelXCX�`KZ�P-mWnNmo
VWPaX y egV¨mYVWTWelZK�{m�SUTWP$`KmYP��1VY[8TWPRQKTYPRmWPaZ�V y [_V � V � P
�_PaZK[_VonNQGPhË w e y ThS�TYegPam¬[�\&�{PRZKP�mWPR�{X�PRZNVWmêËÏS�Z?�ðV � PÏS�ZN
VWe y [K�NnÎXC[ w P�dh` w PRm�[�\&V � P�Q � PaZK[_VonNQGP_�ûíK[{TòS y elZ?SUTWn
X�[ w P�dh` w P_|NV � P!Q?SUVWVWPaTWZ&[U\,V � P y elVYmqTWPRQKTYPRmWPaZ�VYm!V � P!m � SUQ?P
[�\)V � P�XC[ w P�dh` w P_|�S�ZG��V � Pòdf[_X�QGS�TWelmY[_Z�[U\
Vor�[ y elZ?SUTWn
X�[ w P�dh` w PRm�rqe wgw �NPRVYPRTWXCelZKP¢V � PRelT¬S y e w elVon�VY[ y elZ?����ÂoZ
[_`�T y elVxmYVWTYegZ���`KZKelk{PRTWmYP_|GX�[ w P�df` w S�T y elZ?�NelZK�)V�SU°_PRm�Q w S{dhP
r � PRZ&SUZ®SUZNVWe y [K�Nn y egV�mWVYTWelZK��SUZ?��SUZ�S�ZNVYeg�{PRZ y elV^mYVWTYegZ��
ÞWX4S�Vhd ��ß P�S_d � [{V � PaT�|KelZ4V � P«mYPRZKmYP�V � S�VqV � PRn � SIk_P�dh[_X�
Q w PRXCPRZNV�S�TYnxm � S�QGPRm å eü� P_�l| y elZ?SUTWnxQGS�VWVYPRTWZ�m�èR�Ý� � elm5TYPhÆ?P�dhVYm
V � P w [KdW°{WS�Z?��ü°{PRn4¶?V [�\xS_dhVY`?S w X�[ w P�dh` w PRm���`KTWelZK� y elZ?�{
elZK�?��� � elm5TWPaQKTWPRmYPRZNV�SUVWel[_Z)elm w [N[_mYP w n y SUmWP��6[_Z S y elV5mYVWTYegZ��
`KZKelk{PRTWmYP�elZNVWTY[���`?dhP�� y n®íGS�TYX�PRTqPaVÅS w å ��æ_}{ç_èa�xí·eg�{`KTWPC�
m � [�rqm�S y elZ?SUTWn!S�ZNVWel�{PRZ�X�[ w P�df` w P�S�ZG�!S y elZ?S�TYn!S�ZNVWe y [���n
X�[ w P�dh` w P_�
� � P y elZ?�NelZK�¬Sµý�ZKelVon y PRVor^PaPRZÏVor�[¬XC[ w P�dh` w Pam)egm4dh[_X�
QK`KVYP�� y n(¶?ZG�NelZK�xV � P^ZN`KX y PRT�[U\ y elVorqelmWP^dh[{X�Q w PRXCPRZNV�SUTWn
X�SUV�d � PRmI�5� � P y elVWm�V � S�V�X4S�Vhd � dRSUZ y P(`KmWP���VW[!dh[{X�QK`KVYP
S:ÞWX4S�V�d � m�df[_TWP ß elZòSCk_S�TYelPRVon4[�\qrcSInNm�| y `�V�\E[_T(V � P)Pft�
QGPRTWelX�PaZ�VYm^TYPRQG[_TWVYP�� � PRTYP«V � P�X�SUV�d � m�dh[{TWP�elm�mWelXCQ w n!V � P
mW`�XÃ[�\5V � PxZN`KX y PRT�[U\5X�S�Vhd � elZK� y elVWm���� � PxX�SUV�d � m�df[_TWP
y PRVor^PaPRZ4V � P(Vor^[!XC[ w P�dh` w Pam�elZ�í·el�_`KTYP!�_|U\E[_TÝPht?S�X�Q w P{|�elm
ñ_~��
� � P y elV�mWVYTWelZK��TWPaQKTWPRmYPRZNVWelZK�)V � Pq�_PRZ�[_VonNQ?P�[�\5S�Z elZ?�NelkNeu�{

                One individual genome equals four libraries:          

    Library 1         Library 2         Library 3         Library 4   

A1A2A3A4A5A6A7A8  B1B2B3B4B5B6B7B8  C1C2C3C4C5C6C7C8  D1D2D3D4D5D6D7D8

    A3            B1                        C5                    D7  

                              A3 B1 C5 D7    = four, 16-bit segments

                                A3B1C5D7     = one 64-bit string
                           Expressed Antibody  

í·el�_`KTYPxñKî5é�TY[KdhPRmWmq[U\�df[_ZKmYVWTW`GdhVWelZK�Nï�PhtKQKTYPRmWmYegZ���S�ZNVWe y [���n
\ETY[_XÃ�{PRZKPRVYeÄd w e y ThS�TYn

`?S w elmq�Nelk�eu�NPI� egZNVY[�\E[_`�T�P�z{`?S w omWel´RP w e y ThS�TYegPam�[�\�S�ZNVWe y [���n
mWPa�_X�PaZ�VYm�SUm�m � [�rqZÏS�VCV � P�VW[{Q�[�\�í·el�_`KTYPòñ���±�elV � elZ
P�S{d �:w e y T�S�TYn²V � PaTWP&S�TYP�PRel� � V P w PRX�PaZ�VYm�|�TYPRQKTWPamWPRZNVWPI�ÏSUm
y elVxmYVWTYegZ��_m![U\ w PRZK�_V � mWe¸tKVWPaPRZ5|·mW[4P�S_d � elZ?�NelkNeÄ��`?S w�� SUm!S
VW[{V�S w [�\?����ñ y elVWmI�5� � egm·mWVYTW`?dhVY`KTWPqelm�S�mWelX�Q w e¸¶?P��jX�[K�NP w [�\
V � P � `KX4S�Z�elXCX)`KZKPxmYnNmWVWPaXÈr � eud �&� SUmxmWPak_PRZ w e y T�SUTWelPRmI|
P�S{d � rqelV � S)�Ne¸©�PRTWPaZ�V(ZN`KX y PaT^[U\��_PaZKP!mWPa�_X�PaZ�VYm å ��P��NPRT
��æ{}_ñ{èR�
� � PCQKTW[KdhPRmYm)[�\xPhtKQKTYPRmWmYelZK�òSUZ¬S�ZNVWe y [K�Nn�elm�S w mW[&m � [�rqZ
elZ�í5el�{`KTWP&ñK��¯(ZKP/mWPR�{X�PRZNV)elm�d � [_mYPRZ�T�SUZ?�N[{X w n&\�TW[_X
P�S{d �¢w e y T�SUTWn¬SUZ?�²V � P4\E[{`KT�mYP w P�dhVYP��¢P w PRXCPRZNVWm�S�TYP&dh[_ZN
dRSUVWPRZ?SUVWP���elZ�VY[�S(mWelZK� w P y egVÝmWVWTYelZK�!V � S�V�elm�mYeátKVon{�\E[_`KT y elVYm
elZ w PRZK�{V � �·±²P^dRS wgw V � elm y elV5mYVWTYegZ��ÅSUZ�S�ZNVYe y [K�Nn�X�[ w PIdh` w P_|
[_Z�Px[�\�mWPRk{PRT�S w V � SUV^rqe wlwGy P�`KmYP��)VY[
dh[{X�QK`�VWPxV � P(¶?VWZ�PRmWm
[�\xV � P�elZ?��egkNeu�N`?S w ��� � PCmWPRV [�\«SUZNVWe y [K�NelPRm6V � SUV
dRSUZ y P
dh[{ZKmWVYTW`?dhVYP��Í\ETW[{X�V � P w e y ThS�TYegPam)egm�daS wlw P��²V � P&þKÕIÒWÚRÑNÒoÓEÐUÿ
Ð�Ñ�ÒüÓEÔhÕIÖ�×���ÚêþKÚ��hÒWÕ�Ó���Úa�xpq[{VxPRk{PRTWn²S�ZNVWe y [K�Nn)\ETY[_X$V � P�QG[�
VWPaZ�VYeuS w TWPRQGPRTWVY[_elTWP�elm�QKTYPRmWPaZ�VqelZ�SUZ�elZ?�NelkNeu�N`?S w SUV^S��_elk{PRZ
VWelXCP_�q� � P mWPRV�[U\cS�ZNVWe y [K�NelPRmxV � S�V�S�TWP PhtKQKTYPRmWmYP���elZ&V � P
Q � PaZK[_VonNQGP!elmxdRS wlw P��)V � P�Ú���þ���ÚfÛhÛaÚhÖCÐ�ÑNÒoÓEÔhÕ�ÖU×���Úêþ�Ú��hÒWÕ�Ó	�hÚR�
� � PÝ¶?VWZ�PRmWm�[U\ªS�Z6egZG�Nelk�eu�N`GS w elm��NPRVWPaTWX�elZKPI� y n!elVWm5[�k{PRT�S wlw
S y e w elVonqVW[(TWP�df[_�_Z�eg´aP^S�ZNVWel�{PRZ!X�[ w P�dh` w PRmI�ªí·elVWZ�PRmWm�elm5PRk_S w `N
S�VYP�� y n!PhtKQG[_mWelZK�!SUZ�elZ?�NelkNeu�N`?S w VY[!SxmYPRV�[U\�SUZ�VYel�_PRZKm�SUZ?�
VWPamWVWelZK� � [�r¢r�P wlw elV�TWP�dh[{�_ZKel´RPamqP�S_d � SUZNVWel�_PRZ)elZCV � SUV^mYPRV��
� � P�PhtKQKTWPamWmWPI��S�ZNVYe y [K�NelPRm�SUTWP�TWPRmYQ?[{ZKmWe yKw P�\E[{T5V � P^TYP�dh[{��
ZKelVWel[{Z¬V�SUmW°��¢ì�S_d � S�ZNVWel�{PRZ¬TYP�dhPRelk_Pam�S�Z�Ð�ÑNÒoÓlÙ_ÚRÑÍÛ�
hÕ���Úa|
r � eud � elm V � P4X�SµtKegX `KX$[U\ÅS wlw V � P4X4S�V�d � mhdh[_TYPRm�dh[_X�
QK`KVYP�� y PRVor�PRPRZ V � SUV�S�ZNVYeg�{PRZ!S�Z?�(V � P�PhtKQKTYPRmWmYP��)S�ZNVWe y [K�{
elPRm���� � P«S�ZNVYeg�{PRZ)m�df[_TWP�z{`?S�ZNVWe¸¶?Pam � [�r¢r�P wlw V � PxelXCX�`KZ�P
mWnNmYVWPRX8TWPIdh[_�{ZKel´RP���V � S�V�Q?S�TYVWeudh` w SUT«S�ZNVYeg�{PRZ5�6� � P�[�k{PRTo
S wlw ¶?VYZKPRmYm«[U\�V � P!elZ?�NelkNeu�N`?S w elmq\E[{`KZ?� y n4dh[_X y egZ�egZ��!V � P
k_S�TYel[_`KmqS�ZNVWel�{PRZ4m�dh[{TWPRmI��� � P!mYelX�Q w PRmYV^XCPRV � [K�
\E[_Tqdh[_X�
QK`KVYelZK��V � P ¶?VWZ�PRmWmI|5`KmYP�� � PRTWP{|5elm�VW[4SIk_PRThS��_P V � P�mhdh[_TYPRm
\E[{T�V � P&�Ne¸©ªPRTYPRZNV�SUZ�VYel�_PRZKmI� v Z�S w VWPRTYZ?S�VYelk_P�XCPRV � [��Çelm
VW[ `KmYPxV � P«XCelZKelX�`KX�S�ZNVYeg�{PRZ�mhdh[_TYP(\E[_T�V � Pq¶GVWZKPRmYm�|�rqegV �
V � P�T�SUVWel[_Z?S w P�V � S�V·V � PqS�ZNVYeg�{PRZ�n_[{`ÅSUTWP w P�S�mYV5P�z{`KelQKQGP���VY[
TWPIdh[_�{ZKel´RP�egmqV � P�[_ZKP(V � SUV y PamWVxd � S�ThS_dhVYPRTWel´RPam«V � P(¶?VWZ�PRmWm
[�\�n_[{`KTqelX�X)`KZKP�mWnNmYVWPRX��

� ø ¤K½q§�x¦�£{¤KÀW§�� ÷5¼(÷������ ¥ ÷ £N£NÀW½ ¼ ¦ ¼ ¾
ø ¤K½q§�x¦�£{¤KÀW§��)Àê¤ ¼x÷ £N£ ��� ¦�õW¿(¦·¤�ÀY½ ¼

ÂoZ4V � P6PhtKQ?PRTYelX�PRZNVWm��NPRmhdhTWe y P��&elZ4V � egmqmYP�dhVYeg[{Z5|G[_`KTxSUTWVYeá
¶ªdheuS w elX�X)`KZKP�mYn�mYVWPRX egm6PRk_[ w k{P��/`KmWelZK�&V � P)�_PaZKPRVWeudCS w 
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Antigen Per Generation
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Antibodies Expressed Per Generation
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í5el�{`KTWP!�Kî�b�VW[Kd � S�mYVWeud!ì�k_S w `GS�VWel[{Z�S�Z?�4bNVY[�d � SUmWVYeÄd�ì·tKQKTYPRmWmYel[_Z5�

�_[{TWelV � X å ¹q[ wgw SUZ?�4��æ{~_�K|���[ w � y PRTY���Iæ_}{æK|_í�[_TYTWPRmYV!��æ_æ{�_èa�
í·elVWZKPRmYmxelmxdh[{X�QK`KVYP���S{dRdh[{T��NelZK�)VY[�S�Z�elZ?��egkNeu�N`?S w�� m�S y e w 
elVon4VW[�TYP�dh[{�_ZKel´RP�SUZ�VYel�_PRZ&mYVWTYegZ��_m��6ÂoZ�V � P egZ�egVYeuS w PhtKQGPRTWe¸
X�PaZ�VYmxV � P ¶?VWZ�PRmWm![U\^elZ?�NelkNeu�N`?S w mqrqS�m�PRk_S w `GS�VWPI�&[{Z&V � P
y SUmWelm5[U\�elZ?df[_X�Q w PaVWP�elZN\E[_TYX�SUVWel[_Z5|RSUm5elm5V � P^dRSUmWP�rqelV � TYP�S w
elX�X)`KZ�P«mYnNmWVWPaX�m��Cí5elTYmWV�|·P�S{d � elZ?�NelkNeÄ��`?S w rcSUm!PhtKQ?[{mWP��
VW[6[_Z w n)S�mW` y mWPRVq[U\5V � P(PhtKegmYVWelZK�)S�ZNVWel�{PRZKm�|{X�[K�NP w elZK�(V � P
\üS{dhV�V � S�V TWPIS w elZ?�NelkNeu�N`?S w m�SUTWPCZK[_V PhtKQ?[{mWP��:VY[òS wgw �Nelmo
P�SUmWPRm��N`KTWelZK�)V � PRelT w e¸\EPRVYelX�PRmI� � TWPaQKTWPRmYPRZNVWm!V � P!ZN`KX y PRT
[�\�SUZNVWel�_PRZ�m�VW[ r � eud � S�Z)elZ?�NelkNeu�N`?S w egmÝPhtKQ?[{mWP�����bNP�dh[{Z?��|
P�S{d � elZ?�NelkNeu�N`?S w rqS�mq[{Z w n
S wgw [�r�P��)VY[�Pft�Q�TWPRmYmÅSÅ\EThS_dhVYeg[{Z
[�\�elVWm�QG[_VWPaZ�VYeuS w SUZ�VYe y [K�Nn!TYPRQGPRTWVY[_elTWP_�Ý� � elm�m�S�XCQ w elZK�q[_QN
PRThS�VWel[{Z�rqS�m�X�[{VWelk_S�VYP�� y n�V � P(\üS_dhVqV � S�VxSUV^XC[_mYV«�Iâ"!([�\
V � P«�IâNähä�QG[_mYmWe yKw PqS�ZNVWe y [���egPam,SUTWP�QKTWPamWPRZNV�elZ V � P y [K�NnN|_SUm
PhtKQKTYPRmWmYP���X�[ w PIdh` w PRm�|GS�V�S�ZNn��{egk{PRZ4VWelX�P{�$# TYPRQKTWPamWPRZNVWm
V � P«ZN`KX y PRTq[U\,S�ZNVYe y [K�NelPRmqPhtKQKTYPRmWmYP�� y n4S�Z�elZ?��egkNeu�N`?S w �
� � P(PhtKQ?PRTYelX�PRZNVWm�TWPaQ?[{TWVWPI� � PRTWP�r�PRTWP�dh[_Z?��`?dhVWPI��rqelV � S
X�[K�Ne¸¶?PI�xk{PRTWmYel[_Z![U\�V � P��_PRZKPaVWeud^S w �_[_TYelV � X�QGS_dY°_S��{P%��PRZN
PRmYegm �_� ñ�`Gdhm���| å ��TWPf\EPRZKmYVWPRVYVWP4��æ_}U��èa��é5[{QK` w S�VYel[_Z)mWel´RP6rcSUm
�_â{âK�)� � P)X)`KV�SUVWel[_Z&ThS�VYP)rcSUm�â�& â_â{ñ4S�Z?�/V � P4dhTW[{mWmY[�k_PRT
T�SUVWP�rqS�mqâ�& çK��bNel�_X4Sqm�daS w elZK��rqS�m�`KmYP������ � PxQG[_QK` w SUVWel[_Z
rqS�m)elZKelVWeuS w el´RP��ÇrqelV � S wlwqy elVWm)mWPaV�VW[²´aPRTW[G|qT�SUV � PRTCV � SUZ
T�SUZ?�N[{X w n!elZKelVWeuS w el´RelZK�(V � P(Q?[{QK` w S�VYeg[{Z5�·� � elm�TWPhÆGP�dhVWm(V � P
y el[ w [{�_eudRS w�� nNQG[_V � PRmWelmxV � S�V(V � P)S�ZNVYe y [K�Nn w e y ThS�TWelPRm([_TYeg�U
elZ?S�VYP��:V � TY[_`K� � S�QKTW[KdhPRmYm�[U\Å�{PRZKP&�N`KQ w eudRSUVWel[_Z·|�r � eud �
dRSU`KmWP���V � P w e y ThS�TYn&P w PRX�PaZ�VYmxVY[ y P mWelX�e w S�Tq`KZNVYe w X)`KVhSI
VWel[{Z³dRSU`KmWP��ë�Nelk_PRTYmWe¸¶ªdRSUVWel[_Z5�¢� � P�S�ZNVWel�{PRZ¬k_SUTWnNelZK��Pft�
QGPRTWelX�PaZ�VYmxPhtKVYPRZ?�NP��®\E[{T!��â_â{â �_PRZ�PRT�SUVWel[_ZKmI|�S�Z?�CV � P�S�ZN
VWe y [K�Nn�PhtKQGPRTWelXCPRZNVWmqPhtKVWPaZ?�NP��C\�[_Txñ_â{â_â6�_PRZ�PRT�SUVWel[_ZKmI�

��PRZ�PRVWeud�S w �{[_TYegV � X�PhtKQGPRTWelXCPRZNVWm�r�PRTWP�Q?PaTo\E[{TWX�PI�q\�[_T�k_S�Tê
el[_`Km)S�ZNVYeg�{PRZ¬Pft�QG[_mY`KTWP4ThS�VWPam�S�Z?�:S�ZNVWe y [���n²PhtKQKTWPRmYmWel[_Z
T�SUVWPRm å eo� P{�5k_SUTWnNelZK�'�ÈSUZ?��#&èa��í5el�{`KTWP��_S�m � [�rqmqV � Pj¶?Vo
ZKPRmYm�VWThS Ê P�dfVW[_TYelPRm�[�\?�{PRZKPRVYeÄd�S w �{[_TWelV � XÏPft�QGPRTYegXCPRZNVWm·rqegV �
S�ZNVYeg�{PRZ PhtKQ?[{mW`KTYP_|�( |�k_S�TYn�elZK� y PaVor^PRPaZ��qS�Z?�C��ñ{}K|Ir � e w P
V � P!ZN`KX y PaTq[�\�PhtKQKTWPamWmWPI�²S�ZNVWe y [���egPam�|?p6|KrqS�m � P w �/dh[_ZN
mWVhS�ZNV�S�V�}�� å v Z�VYel�_PRZ y elV)mWVYTWelZK�{m)r^PRTYP��NThSIrqZ¬\�TW[_X S
QKTYP��NPh¶?Z�P��&mYPRV«daS wlw P��CV � P&ÞhS�ZNVWel�{PRZ�`KZ�egk{PRTWmYP_� ß èfä®í·el�_`KTYP
� y m � [�rqm!V � P ¶GVWZKPRmYm�VYT�S Ê P�dhVW[{TWelPRm [�\^�{PRZKPRVYeud�S w �{[_TWelV � X
PhtKQGPRTWelX�PaZ�VYmqrqelV � S�ZNVWe y [K�Nn)PhtKQKTWPamWmWel[{Z5|�p!|Kk_SUTWnNelZK� y Ph
Vor�PRPRZ¨��S�ZG��ñ_�{çK|qr � e w P4V � P�ZN`KX y PRT�[U\
S�ZNVWel�{PRZKm�Pft�
QG[_mWPI��|)( |GrcSUm � P w �&dh[_Z�mWV�SUZNVÅSUV!}K��Ü�[{V � S�ZNVWel�_PaZKm«SUZ?�
S�ZNVYe y [K�NelPRmqr�PRTWP m�SUX�Q w P���rqegV � TWPRQ w S{dhPRX�PaZ�VI��� � P!Q w [_Vê
VWPI�¬TYPRmW` w VYm�SUTWP�V � P4X�P�SUZ¬k_S w `�PRm!\�TW[_X �_â4TY`KZKm�[U\xV � P
�_PaZKPRVWeud!S w �_[_TYelV � X��
í·el�_`KTYPc�{d^dh[{X�Q?SUTWPRm�V � P^QG[_Q�` w S�VWel[{Z�SIk_PRThS��{PRm�S�V�V � P�PRZ?�
[�\5V � Px�{PRZKPRVYeud«S w �_[_TYelV � XðPhtKQ?PRTYelX�PRZNVWm�rqelV � k_SUTWel[_`KmÝk_S w 
`KPRm®\E[_T4S�ZNVWel�_PaZ�PhtKQ?[{mW`KTYP_|�SUZ?��í·el�_`KTYPò�{��X4S�°{PRm)V � P
m�SUX�P�df[_X�QGS�TWelmY[_Z¢\E[{T4k_S w `KPRm4[�\�S�ZNVYe y [K�Nn¢PhtKQKTWPamWmWel[{Z5�
� � PRmYP)PhtKQ?PaTWelX�PRZNVYm��NPRXC[_ZKmYVWT�SUVWP��/V � S�V�V � P)�{PRZKPRVYeud)S w 
�_[{TWelV � X�rcSUm�dRS�QGS yKw P4[�\!elX�QKTY[�kNegZ���V � PC¶?VWZ�PRmWm4[�\�V � P
QG[_QK` w SUVWel[_Z5|IPRk{PRZ r � PRZ)�_elk{PRZ!mWQGS�TWmYPxS�Z?�6elZ?dh[{X�Q w PRVYP�elZN
\E[{TWX�SUVWel[_Z4S y [_`KV(V � P QGPRTo\E[{TWX4S�Z?dhP6[�\�elZ?�NelkNeÄ��`?S w m��j� � P*,+.-0/21�3�4�5768-"9�:�;"3<5768=>3<?�@%:�;"3<4�-A:7689B3>-DC0-A68EF3>1�5�3�GH4�IF325J:�;"31�3>/>?B9F-A68:768?F-�:K4�5�I<GL?B1�3NM�6PO</2C�Q8:>RS4�-0M�4>Q85�?J68-0/21�3�4�5�3>5N:�;"3N1�C"-�T:768GL3<?�@U:�;03<5768G�C�QV4�:768?F-�W�X�3LM"3>:�3>1�GJ68-"3>MY3>GLZA681768/�4�QPQ8[]\	M^4�:K4-"?F:L5�;"?�_`-^aJ:�;^4�:<4�-Y4�-A:7689F32-bC"-�68EB3>1�5�3�_c68:�;bdBe�4�-A:7689F3>-Yf�68:5�:�1768-"9F5�_g4�5N-"3�4�17Q8[h4�5NMA6PO</>CAQ8:L:�?i1�3>/2?F9F-A68=>3j4�5kQV4�1�9B3>1L?B-03>5>R[F32:`GH4�M"3N:�;03�3>lAZ�3>1768Gm3>-A:�5k:�1K4�/>:K4�fAQ83FW



ZKPhtKV!mYVWPRQ²rqS�m�VY[�Pft�Q w [{TWP r � S�V6rcSUm � S�QKQGPRZKelZK�4rqelV � elZ
V � P«dh[{X�QG[_ZKPRZNVYm^[U\5V � P(�_PRZKP w e y T�S�TYelPRmcSUZ?� VW[)�NPRVYPRTWXCelZKP
V � P«elZNVWPaTWZ?S w mWVYTW`?dfVW`KTYP�[U\,S mW`GdRdhPRmê\E` w elX�X)`KZKP�mWnNmYVWPRX��

n o ½ �^÷ ¥K¦cp ÷ ½cq�  ¼ ¤KÀKp ÷·¼$øN� ¦�§ ÷
ÂoZ!V � elm5mWPIdhVWel[_Z r�P�V�SU°_P^S(d w [_mWPaT w [N[_°�S�V·V � P�ZGS�VW`�TWP�[�\KV � P
S�ZNVYeg�{PRZ4TWP�df[_�_Z�egVYel[_Z&VhS�mW°&SUZ?�4�Nelm�dh`KmYm�V � P VonNQ?P![U\�mW[ w `N
VWel[{ZKm�V � Pq�{PRZKPRVYeÄd(S w �_[{TWelV � XÏelm�¶?ZG�NelZK�?�5¯(ZKP(Q?PaTWmWQGP�dhVYelk_P
[_Z V � PxS�ZNVWel�_PaZ!TWP�df[_�_Z�egVYel[_Z V�S�mY°!elm�VW[!dh[_Z�mWeu�NPRT�V � PqmWPaV�[�\
S wlw Q?[{mWmWe yKw P)S�ZNVWel�{PRZKm«SUm!S)mWQGS_dhP [�\^QG[_elZNVWmI|Gr � PRTWP�SUZNVWe¸
�_PaZ�XC[ w P�dh` w PRm(rqelV � mWelX�e w S�T�m � SUQ?P)[KdRdf`KQNn�ZKPaeg� �Ny [{TWelZK�
QG[_elZNVWm!elZ²V � P)mWQ?S{dhP_�&±²P�daS wlw V � egm&Ð�Ñ�ÒüÓlÙ_ÚaÑ²Ûoþ�Ð0
hÚR�&ÜÝPh
dRSU`KmWP²S�ZNVWel�{PRZ¢X�[ w P�df` w PRm)elZ³V � P y elZ?SUTWn:X�[K�NP w SUTWP�çU�
y elVWm(elZ w PRZK�_V � |GV � P VW[{V�S w ZN`KX y PRTq[U\^`KZKeuz{`KP�SUZ�VYel�_PRZKm(elm
ñ"r,sNtÎ�0& }gu!�IâNäKv�|Ir � eud � elm�V � P�mWel´RPq[U\?V � egm�SUZ�VYel�_PRZ!mYQ?S_dfP_�
v �_elk_PaZ
SUZ�VYe y [K�Nn!XC[ w P�dh` w PÝTWP�dh[{�_ZKel´RPam^mY[_X�PÝmWPRV�[U\�SUZNVWe¸
�_PaZKm³SUZ?�ðV � PRTYPh\E[{TWP�dh[�k_PRTYm¬mY[_X�P¢QG[_TYVWel[_Z¨[�\&S�ZNVWel�{PRZ
mWQGS_dhP_��� � P�SUX�[{`KZNV«[U\«dh[�k_PaT�S��{P)QKTW[�kNeu�NP�� y n�[{ZKP�S�ZN
VWe y [K�Nn�elm���PRVWPRTYX�elZKP�� y n�V � P�S{dRdhPRQ�V�S y�w PCX�SUV�d � elZK��PaTo
TW[{T��·Â�\?ZK[(PRTWTY[_T�elm�S wlw [�r�P����N`KTWelZK�(X�SUV�d � elZK�xS�Z S�ZNVWe y [���n
dRSUZ²[_Z w n4TWP�df[_�_Z�eg´aP�V � P�S�ZNVWel�_PaZ�V � S�V�elm!elVWm�Pht?S_dfV�dh[_X�
Q w PRXCPRZNV���Â�\�| � [�r^Pak_PRTI|_V � PxelX�X `KZKP�mYn�mYVWPRX¨elm^S wgw [�r�P���VY[
X�SU°_P�S [_ZKPh y elVqPRTYTW[_T!�N`�TWelZK�)X�SUV�d � elZK� V � PaZ&P�S_d � SUZNVWe¸
y [���nÅdaS�Z)dh[�k_PRT�ç{�xS�ZNVYeg�{PRZKmIî�V � P�[_Z�P^S�ZNVWel�{PRZ!elV5X4S�V�d � Pam
Pht?S_dfV w n�S�ZG�!V � Pxç���S�ZNVWel�_PaZKm�dhTWP�SUVWP�� y n�d � S�ZK�{elZK�x[{ZKPq[�\
elVWmxçU� y elVYm���� � P�Ú�����Õ��m�hÐ_ÖUÓ	w{Û2x]yN|Nelm^V � P!ZN`KX y PRT^[U\ y elVYm
V � S�V�X�SIn y P�elZ)PRTYTW[_Tq�N`KTYelZK��X4S�Vhd � egZ��?��� � P(ZN`KX y PaT�[�\
S�ZNVYeg�{PRZKmqdh[�k_PaTWP�� y n)[_ZKP!SUZ�VYe y [K�Nn rqelV � elZ�S6�_elk_PRZCPRTWTY[_T
T�S{�Nel`Kmqelm�î z�{A|"} yA~0� } t �� � ��� ����i�
r � PRTYP w P�z{`?S w m)ç��?|�V � P w PRZ��_V � [�\�V � P y elV�mYVWTWelZK�{m�� v Z
PRTYTW[_T�ThS_�Nel`Km([�\�Vor^[ y egVYm�|�\E[{TqPht?S�X�Q w P{|KS wlw [�rqmq[_ZKP�SUZNVWe¸
y [���n)VW[)dh[�k_PRT��)�²çU�U�²ñ{âK�Içmtëñ_â_}��xS�ZNVYeg�{PRZKmI|Nr � e w PxSUZ
PRTYTW[_T�ThS_�Nel`Km·[�\?ñ_� y elVWm w PRVYm5[{ZKP^S�ZNVYe y [K�Nn!dh[�k_PaT�æ�& ��ux�IâNäK!
S�ZNVYeg�{PRZKmI|Kr � eud � egm(TW[{`K� �Kw n�� QGPRT�dfPRZNV![�\�S�ZNVWel�_PaZ�mYQ?S_dfP_�
í·el�_`KTYP«�NS m � [�rqm�S mWVon w el´RP��CelX�S��{Px[U\,S�ZNVYeg�{PRZ4mWQ?S{dhP y Ph
elZK�²dh[�k_PRTYP�� y n¬S�ZNVYe y [K�Nn²X�[ w P�dh` w PRmI�¬� � P&dhTY[_mYmWPRm&�NPh
ZK[{VWP)V � P w [KdRS�VYeg[{Z�[U\«S�ZNVWel�{PRZ²X�[ w PIdh` w PRm!S�Z?��V � P yKw S_dY°
�N[{VWm�SUTWP�SUZNVWe y [K�Nn/X�[ w P�df` w PRm��C� � P�dhelT�d w Pam
SUTW[_`�Z?��V � P
S�ZNVYe y [K�NelPRm�m � [�rðV � P)dh[�k{PRT�SU�_P P�S_d � [_Z�P�QKTY[�kNeÄ��PRm(\E[_T�S
�_elk{PRZ¬PRTYTW[{T�T�S{�Nel`Km��:Â�\«V � P4PRTWTY[_TCT�S_��eg`�m)r^PRTYP4TWP��N`GdhP��
V � PRZ&P�S{d � SUZ�VYe y [K�Nn)r�[_` w ��QKTW[�kNeu�NP w PRmWm�dh[�k_PRThS��{P_�
í·el�_`KTYP��xdRS�Z y P�`�mWP���VY[«�Nelmhdh`KmWm�mY[_X�P·elX�QG[_TWVhS�ZNV�S�mWQGP�dhVYm
[�\ V � P²elX�X)`�ZKP�mYn�mYVWPRX w e y T�SUTWelPRmI|«S w V � [_`�� ��y [_V � TYP�S w
S�ZNVYeg�{PRZ�mWQ?S{dhP�SUZ?�&[{`KT�X�[K�NP w�� SIk{P�SCX)`?d �&� el� � PaT��Ne¸
X�PaZKmWel[_ZGS w elVon!V � SUZ4V � P�Vor�[�W�NelX�PRZKmYel[_Z?S w QKeudhVW`�TWP!m � [�rqm��
í·elTWmWVI|�ZK[_VYP�V � S�V)Pak_PRTYn³S�ZNVYe y [K�Nn¬elm)S�mYmW[KdheuS�VYP��¢rqelV � S
`KZKeuz{`KP w [�daS�VWel[{Z&elZ�S�ZNVWel�{PRZ�mYQ?S_dfPhË�V � P w [KdRS�VYel[_Z&[U\^V � P
S�ZNVYeg�{PRZÎV � S�V � S�m¬S�ZðPht?S_dhV w nØdh[{X�Q w PRXCPRZNV�S�TYnÏm � S�QGP_�
bNP�df[_Z?��|�V � P��NelmYV�S�ZGdhP y PRVor�PRPRZëVor^[�X�[ w PIdh` w PRm!elZ³SUZNVWe¸
�_PaZ�mYQ?S_dhP)elm�P�z{`?S w VY[4V � P�¹(S�X�XCeáZK�)�NelmWVhS�Z?dfP y PRVor�PRPRZ
V � P«Vor�[ y elV�mWVYTWelZK�_mI��Ü�PIdRS�`KmYP!V � P«�NelmWVhS�Z?dfP y PRVor�PRPRZ4Vor�[
mWelXCe w SUT�S�ZNVWe y [���n�X�[ w PIdh` w PRm4elm�mYX�S wgw |qmY`?d � X�[ w PIdh` w PRm
r�[_` w �/TWP�dh[{�_ZKel´RP4X4S�ZNn4[�\xV � P)m�S�XCP�S�ZNVWel�{PRZKm��&b�egXCe w SUT

(a) (b)

í·el�_`KTYP«�Gî�]�[�k_PRThS��{P«[U\,SUZ�VYel�_PRZCmWQ?S{dhP y n�SUZ�VYe y [K�NelPRmI�� � m�TWPaQKTWPRmYPRZNVcS(QKTY[ Ê P�dfVWel[_Z)[U\ªS�ZNVWel�{PRZKm�elZ
SUZ�VYel�_PRZ!mYQ?S_dfP_�
]�elT�d w PRm·TWPRQ�TWPRmYPRZNV�V � PÝQ?[{TWVWel[{Z![�\?S�ZNVYeg�{PRZ�mWQ?S{dhP�TWP�dh[{�_el´RP��
y n�V � P�dh[{TWTWPamWQG[_Z?�NelZK�²S�ZNVYe y [K�NelPRm å yKw S_dY°��N[{VWm�èa�4ÂoZ å S{è
V � P
SUZ�VYe y [K�NelPRm�S�TWPÅ\üS�T�S�Q?SUTWV å �NelmWmYegXCe w SUT�è�S�Z?�®V � PRelT�S�To
P�SUm«[U\cdh[�k{PRT�SU�_P)�N[�ZK[{V�[�k_PRT w SUQ5�(� � elm w P�S{�Nm�VW[C��S�Q�mxelZ
V � P
dh[�k{PRT�SU�_P_�(ÂoZ å y èqV � P�S�ZNVYe y [K�NelPRm«SUTWP)d w [_mYPRT�VW[)P�S{d �
[_V � PRTI|NP w egXCelZ?S�VYegZ��qV � PqelZNVWPRTYk_PRZ�egZ����NS�QKmI| y `KV w P�S_�NelZK��VY[
TWPI�N`KZ?�KSUZNV«dh[�k{PRT�SU�_P_�

X�[ w P�dh` w PRm!r�[_` w ��V � PRTYPh\E[_TYP � SIk{P�[�k_PaT w S�QKQ�egZ���dh[�k_PaT�S��{P
elZòSUZNVWel�_PRZ²mYQ?S_dfP_��¯(k{PRT w S�Q�QKelZK�&dh[�k_PRThS��{P�elm�TWP��N`�Z?�KS�ZNV
S�ZG� Q?[{VWPRZNVWeuS wgw n!TYP��N`?dfPRm«SUZ�VYe y [K�NelPRm � dRS�QGS_dhelVon \E[{T�TYP�dh[{��
ZKel´RelZK�4S�ZNVWel�_PaZ5�«ÜÝP�dRSU`KmWP)V � P egXCX�`�ZKPxmYn�mYVWPRX [_Z w n � SUm
S w elX�elVWPI�&ZN`KX y PRT![U\«S�ZNVWe y [���egPam�|·egV elm��NPRmYelT�S y�w PCVW[&TYPh
�N`?dfP&TWP���`KZ?�KSUZ�V�df[�k_PRThS��_P y n¬SUTWThS�ZK�{egZ��òSUZ�VYe y [K�NelPRm�SUm
\üSUT�\ETY[_X¨P�S{d � [_V � PRTxS�m�QG[_mWmYe yKw P_�5� � egm�QKTY[�k�eu�NPamcS6Q?[{mWmYeá
yKw PxrqSIn)[�\5elZ?��egTYP�dhV w nCX�P�SUmW`KTYelZK��dh[�k{PRT�SU�_P_|KSUmc�Nelmhdh`KmWmYP��
elZ�bNPIdhVWel[_Z��K�
í·el�_`KTYP��NS�mY`K�_�{PRmWVYm!V � S�V!e¸\^V � P�¹xSUX�X�elZK�)�NelmWVhS�Z?dfP y Ph
Vor�PRPRZÏS wgw S�ZNVWe y [K�NelPRm)elm��_TYP�S�VYPRT�V � S�Zë[_T�PIz_`GS w VY[²V � P
PRTYTW[_T)ThS_�Nel`KmI|�V � PRZ¢��SUQKm�[U\Ådh[�k{PRT�SU�_PCX�el� � V�PhtKelmWV��¢¯(Z
V � P«[{V � PaT � S�Z?��|Kí5el�{`KTWP�� y m � [�rqm�V � S�Vqe¸\�V � P!¹xS�XCX�e¸ZK�
�NelmWVhS�Z?dfP y PRVor�PRPRZ¬S�ZNVYe y [K�NelPRmxelm w PamWm�V � SUZ&VorqeudhP V � P!PaTo
TW[{TqT�S{�Nel`Km å V � P�ThS_�Nel`Km�[�\�V � P!dhelT�d w PamqegZCV � P(¶?�{`KTWPIè�V � PRZ
V � PRelTxdh[�k_PRThS��{P!rqe wgw [�k_PaT w S�Q5��xSUZ?�N[{X w n^�{PRZKPRThS�VYP��)ç��U y elV5SUZ�VYe y [K�NelPRm � SIk_P^SUZ�SIk_PaT�S��{P
¹xSUX�XCegZ����NelmWVhS�Z?dfP�[U\Å�{ñ y elVYm�� å ��elk_PaZ¬[_Z�P�S�ZNVYe y [K�NnN|
S�ZNn4[_V � PRT(T�S�ZG�N[_X w n�d � [{mWPRZ²S�ZNVYe y [K�Nn4rqe wgw�� SIk_P�SC�_â"�
d � S�ZGdhPx[U\ � SIkNelZK�(V � P(m�S�XCP^k_S w `KP�\�[_T�S�ZNn!Q?SUTWVYeÄdf` w S�T y elVI|
mW[�V � P^Vor�[ y elV�mWVWTYelZK�_m�rqe wlw �Ne¸©�PRT�[_Z SIk_PRThS��_P�elZ � S w \?V � PRelT
y elVWmI� è v mYPRV�[�\KT�SUZ?�N[_X w nq�_PRZKPaT�S�VYP�� S�ZNVWe y [���egPam5rqe wlw VWPRZ?�
VW[ y P�S�Z�SIk_PaT�S��{Pq[�\5�_ñ y egVYm�\ETY[_XÎ[{ZKP«SUZK[_V � PRTI�5±²P � SIk{P
\E[{`KZ?� PRXCQKelTWeudRS wlw n!V � S�V�ThS�Z?��[_X w n!�{PRZKPRThS�VYP��4S�ZNVWe y [���egPam
QKTY[�k�eu�NPxS(�{[�[K� dh[�k_PaT�S��{Pq[�\5S�ZNVWel�{PRZ)mWQ?S{dhP å m � [�rqZ)elZ�ç_èa�

� � ¦ öÃö À ¼ p øc÷�� ¦�¥K¦·¤KÀW½ ¼ ¦ ¼ ¾�� ¥K¿ ÷�)Ào¤ ¼x÷ £�£
bNP�dfVWel[_Z¨��PhtKQ w S�elZKP���V � SUV²mWelX�e w S�T&S�ZNVYe y [K�NelPRm � SIk_P¢S
mWX4S wlw ¹(S�XCX�elZK�q�NelmWV�SUZ?dhP y PRVor�PRPRZ�V � PRX¨S�Z?� V � elm,df[_TWTYPh
mWQG[_ZG�Nm�VW[xS�Z6[�k_PRT w SUQKQKelZK�xdh[�k{PRT�SU�_P�[U\?S�ZNVWel�_PaZ!mWQ?S{dhP_� v m
V � PÅSUZNVWe y [K�NelPRm y P�dh[_XCPqelZ?dhTWPIS�mWelZK� w n�d w [_mWP�VY[_�_PaV � PRTI|NV � P
TWPI�N`KZ?�KSUZNV�dh[�k{PRT�SU�_P&elZ?dhTYP�S�mYPRm�SUZ?�:V � PRelTC[�k_PRThS wlw dh[_X�
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í5el�{`KTWP!�Kî�¹(S�XCX�elZK�«b�PRQ?S�ThS�VYeg[{ZC\E[_Tq�_â)ì·tKQGPRTWelXCPRZNVWm

y elZKP��:dh[�k_PaT�S��{P4egm TWPI�N`?dhP����³]�[{X�Q?SUTWP�í·el�_`KTYP���S®rqegV �
í·el�_`KTYP«� y VW[ mWPRP!V � elmqPh©�P�dhV��
v m!SUZ�VYe y [K�NelPRm y P�dh[_XCP!elZ?dhTYP�S�mYegZ�� w n4\E`KTYV � PaTÅSUQ?S�TYV�V � SUV
V � P!TWP���`KZ?�KSUZ�V!dh[�k{PRT�SU�_P!elmqTYP��N`?dhPI���x±²P6X�el� � V�QKTYP��NeudhV
V � S�V�V � P&X4SItKelX�`KX�dh[�k{PRT�SU�_P&[U\�S�ZNVWel�_PaZ³mYQ?S_dfP�r�[_` w �
y P
S{d � egPak_P��4r � PRZ�V � P�SUZ�VYe y [K�NelPRm(r^PRTYP�X4SItKelX�S wlw n)�Nelmo
V�SUZNV��&� � P�S�XC[_`KZNV([�\x[�k_PaT w S�QKQ�egZ���dh[�k_PaT�S��{P�r�[_` w � y P
X�elZKelX)el´RP����?� � egmÝmW`K�{�_PRmYVWmxS�Z)elZ?��egTYP�dhV�XCPRV � [��6\�[_T�X�P�Sµ
mW`�TWelZK�4V � P)Pfý�dhelPRZ?dhn�[�\xS�ZNVWel�{PRZòdf[�k_PRThS��_P�SUZ?��S���egTYP�dhV
X�PaV � [K�)[U\�XCP�S�mY`KTWelZK�!�{PRZKPRVYeudx[{TW�NS�ZKel´�SUVWel[_Z5�·� � P!¹xSUX)
X�elZK���NelmWV�SUZ?dhP y PRVor^PaPRZÏQGS�elTWm [�\!S�ZNVWe y [���egPam�|qSIk_PRThS��{P��
[�k_PaT�S wlw Q?S�elTWm4[U\6SUZNVWe y [K�NelPRmCelZ�V � P�TWPaQ?PRTYVW[{egTYP_|�X�el� � V
� SIk{PxS � el� � dh[_TYTWP w S�VYel[_Z)rqelV � V � P(¶?VWZKPamWmq[�\5V � PxelXCX�`KZ�P
mWnNmYVWPRX��!±²P)dRS wlw V � elm�X�PIS�mW`�TWP [�\^�{PRZKPRVYeÄd [{TW�NS�ZKel´�SUVWel[_Z�ÅÐ��'� ÓuÑNÙ Û�ÚoþKÐA�hÐIÒoÓEÕ�Ñ��
¹xSUX�XCegZ���mYPRQ?SUT�S�VYel[_Z�dh[_XCQ?S�TYPRm�S wlw Q?SUelTWm�[U\�S�ZNVWe y [���n
y elV mWVWTYelZK�_mI|�TWPIz_`�egTYelZK��#���df[_X�QGS�TWelmY[_ZKmI|�r � eud � dRS�Z y P
dh[{X�QK`KVhS�VYeg[{Z?S wlw nxPft�QGPRZKmYelk_Pq\�[_T�V � PqmWel´RP([�\�V � P�S�ZNVWe y [���n
TWPaQ?PRTYVW[{egTYP_|)#�të��â{æ_çK|K¹j[�r^Pak_PRTI|?V � P!�{PRZKP w e y T�SUTWelPRmxdRSUZ
y P®df[_ZKmYeÄ��PRTWP��:elZ?�NPaQ?PRZG�NPRZNV w n¬elZ:V � elm)dh[_XCQK`KV�SUVWel[_Z·|5mY[#D�Cdh[_XCQ?S�TYegmY[_ZKm�[{Z w n�ZKPaP�� y P�X4S_�NP [�k_PRT6V � P�#�tà}
P w PRXCPRZNVWm�elZ)P�S{d �Cw e y T�S�TYn�|UVWelX�PRm·\E[{`KT w e y T�SUTWelPRmI��bN[�¹xSUX)
X�elZK�/mWPRQ?SUT�SUVWel[_Z¢elm
df[_X�Q�`KVWP�� y n�¶?Z?��egZ��²V � P&SIk_PaT�S��{P
¹xSUX�XCegZ��«�NelmWVhS�Z?dfP y PRVor�PRPRZ²S wlw Q?S�elTWmq[U\��{PRZKP�mWPR�{X�PRZNVYm
elZ�PIS_d � [�\qV � P�\E[_`�T w e y ThS�TWelPRm!SUZ?��mW`KXCX�elZK� V � PCTWPRmY` w V��
å ÂoZ¢[{`KT�XC[K�NP w V � PRTYP&S�TWP&}/P w PRX�PaZ�VYm)elZ¬S w e y T�SUTWn¬SUZ?�
P�S{d �4w e y T�SUTWn P w PRX�PaZ�VYm^elm���ç y elVWm�elZ w PRZK�{V � �g�jP�dRS wlw |{V � SUV
V � P
SIk{PRT�SU�_P)¹xS�XCX�elZK����egmYV�SUZ?dhP y PRVor^PaPRZ²P w PRX�PaZ�VYm�|�\E[{T
T�SUZ?�N[{X w e y T�S�TYelPRm�|Ýegm)�_â0� [�\«V � P y elV�mYVWTYegZ�� w PaZK�_V � |�[{T
} y elVYm���í�[_TÅ\E[_`KT w e y ThS�TYegPam�|·V � PRZ·|�V � P�SIk_PaT�S��{P��NelmWVhS�Z?dhP
r�[_` w � y P��{ñ y elVYm�� è
� � P � nNQ?[{V � PamWelm!elm�V � SUV!V � P ¶GVWZKPRmYm�[U\jSUZ�elXCX)`KZKP�mWnNmo
VWPaX dh[{TWTYP w S�VWPam�rqelV � ¹xS�XCX�elZK�CmWPRQ?SUT�SUVWel[_Z¢[�\�elVWm �_PRZKP
mWPa�_X�PaZ�V w e y T�SUTWelPRmI��� � elm«rqS�m�VYPRmWVYP�� y n&TW`KZ�ZKelZK���{â�Pft�
QGPRTWelX�PaZ�VYm w el°_P)V � [_mYP&�NPRm�dfTWe y PI�¢elZ³bNP�dfVWel[_Z��/rqegV � V � P
S_���NelVWel[_Z?S w dh[_XCQK`KV�SUVWel[_Zë[�\�V � P¬¹xS�XCX�elZK�²mYPRQ?S�ThS�VYeg[{Z
S�ZG��V � P)VYTW`KP ¶?VYZKPRmYm)[�\qP�S_d � elZ?�NelkNeu�N`?S w � å ��TW`KP�¶?VWZ�PRmWm
elm!S&dh[_XCQ w PRVWP6PRk_S w `?SUVWel[_Z�[�\^V � P��{PRZK[{Von�QGP�S�ZG��dh[{ZKmWeu�{
PRTYm
S wgw S�ZNVWe y [���egPam�S�m r^P wgw S�m�S wgw S�ZNVWel�_PaZKm�� è�í�[_T!S wlw �{â

PhtKQGPRTWelX�PaZ�VYm�P�S_d � Q � PaZK[_VonNQGP�dh[_ZKmYelmWVWPI��[�\�#�t¨}�ThS�ZN
�N[{X w n�PhtKQKTYPRmWmYP��¢S�ZNVWe y [K�NelPRm�|�r � eÄd � rcSUm!V � PRZ²PhtKQ?[{mWP��
VW[D��tÌ}�ThS�Z?��[_X w n4d � [_mWPaZ¬S�ZNVWel�_PaZKm��)í·el�_`KTYP
�Cm � [�rqm
V � P�TYPRmW` w VYm«[U\^V � egm(PhtKQ?PaTWelX�PRZNVI�x� � P6�_T�SUQ � m � [�rqm�V � SUV
V � P¬¹xS�XCX�elZK��mWPRQGS�T�SUVWel[_Z��{T�S{�N`?S wlw n¢elX�QKTY[�k_PRm4S�m4V � P
�_PaZKPRVWeudCS w �_[{TWelV � X QKTW[{�_TYPRmWmYPRm�|qS�m)�N[NPRm V � P�¶?VWZ�PRmWm)VYT�SI
Ê P�dfVW[_TYn4[�\�V � P6k_S�TWel[{`KmqPhtKQ?PaTWelX�PRZNVYmxm � [�rqZ&elZ®í·el�_`�TWP����
± � SUV5elm�V � P�TWP w SUVWel[_Z�m � elQ y PRVor�PRPRZ�¹(S�XCX�eáZ��^mYPRQ?S�ThS�VYeg[{Z
S�ZG��V � P�VWTY`KP�¶?VYZKPRmWm([�\�V � P«elXCX)`KZKP�mWnNmWVYPRX�Á
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í·el�_`KTYP�çKîC��TW`KP&í·elVWZKPamWm)k_PaTWmW`�m�¹xSUX�XCeáZK�&bNPRQGS�T�SUVWel[_Z·�
v k{PRT�SU�_P²VYT�S Ê PIdhVW[{TWn�\E[{T®�{â¢�_PaZKPRVWeud²S w �{[_TYegV � X1PhtKQGPRTWe¸
X�PaZ�VYm��¨]�[_XCQ?S�TYP&rqelV � V � P�TYPR�_el[{ZÏ[U\ÅThS�Z?��[_X w n:�_PRZN
PRThS�VWPI�4elZ?�NelkNeÄ��`?S w m��
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í·el�_`KTYP
~�î«ì·tKQ?SUZ?�NP��/kNelPRrÎ[U\^V � P)S�VYVWThS_dhVY[_T�\E[{TxV � P)�_Ph
ZKPRVYeud«S w �_[_TYelV � XÃPft�QGPRTYegXCPRZNVWmI�

v dh[_XCQ?S�TYelmW[_Zë[�\
¹(S�X�XCelZK�&mWPaQ?S�ThS�VWel[{ZÏrqelV � SIk_PaT�S��{P
VWTY`KP4¶?VYZKPRmYm�elm)m � [�rqZ�elZ�í5el�{`KTWP&çK�ë� � P�dh`�TWk_P�m � [�rqm
V � P�SIk_PRThS��{P«VYT�S Ê P�dhVW[{TWn&[U\^�_â6�_PRZKPaVWeud�S w �_[_TYelV � X¨PhtKQGPRTWe¸
X�PaZ�VYm^V � TW[{`K� � V � elm�¶?VYZKPRmYm�ï�mYPRQ?SUT�S�VYel[_Z&mYQ?S_dhP{� å � � P«Pft�
QGPRTWelX�PaZ�VYm!r�PRTWP)mhS�X�Q w PI�&PRk{PRTWn²ñ_âC�{PRZKPRThS�VWel[{ZKm�|�m � [�rqZ
S�m yKw S_dY°�QG[_elZNVWm!S w [{ZK�4V � P4dh`KTYk_P_� è v m X�PRZNVWel[{ZKP��4QKTYPh
kNel[_`Km w nCV � P6PhtKQ?PRTYelX�PRZNVWm y Pa�_elZ&rqelV � V � P!elZ?�NelkNeu�N`?S w m�elZ
V � P^QG[_QK` w SUVWel[_Z6egZ�egVYeuS w el´RP��(VW[!S wlw ´RPRTW[{m���� � elm�X�PIS�ZKm·V � SUV
S wlw S�ZNVWe y [���egPam«S�TYP�elZKelVYeÄS wlw n ´RPRTY[?|�mY[4V � P)¹xSUX�X�e¸ZK�!mYPRQN
S�ThS�VYeg[{Z y PR�_elZKm4S�V)´RPaTW[³SUZ?�:V � P4elZKelVWeuS w ¶?VYZKPRmYm�elm)[{Z w n
¶K\EVonCQ?PaT�dhPRZNVI�xÜ�[{V � V � P�¶?VYZKPRmYmxX�PIS�mW`�TWP!S�Z?�/¹xS�XCX�e¸ZK�



0 8 16 24 32
0.5

0.6

0.7

0.8

0.9

1

All Zero
Initialization

Random
Initialization

Average Hamming Separation

F
ra

ct
io

n
 o

f 
M

ax
im

u
m

 F
it

n
es

s

í·el�_`KTYPò}�î²��T�S Ê PIdhVW[{TWelPRmC\E[_TC�_PRZ�PRVWeud�S w �_[{TWelV � X PhtKQGPRTWe¸
X�PaZ�VYm�rqelV � elZ?�NelkNeÄ��`?S w mGegZ�egVYeuS w el´RP��qVY[xS wlw ´RPRTY[_m�dh[{X�Q?SUTWP��
rqelV � T�SUZ?�N[{X w n!elZKelVWeuS w el´RP���Q?[{QK` w S�VYel[_ZKmI�

mWPaQ?S�ThS�VWel[{Z³elXCQKTW[�k{P��&mYVWP�S{�Ne w n¬�N`KTWelZK�²V � P4PhtKQ?PaTWelX�PRZNVI|
PRZ?��egZ��«rqelV � S(VWTY`KP�¶?VYZKPRmWmqS�TY[_`KZG��â�� ~U�«SUZ?�)S�¹xS�XCX�e¸ZK�
mWPaQ?S�ThS�VWel[{Z�Z�P�S�Txñ{~K� �K�
í·el�_`KTYP
~Cm � [�rqm�S�Z�PRZ w S�TY�_P��/kNelPRrÎ[U\cV � P)TWPR�{el[_Z�r � PRTWP
V � P��{PRZKPRVYeÄd²S w �_[_TYelV � X�Pft�QGPRTYegXCPRZNVWm4VWPaTWX�elZ?SUVWP_�ÃìÝS_d �
Q?SUV � elZ:V � P4�_ThS�Q � elm
S4VYT�S Ê P�dhVW[{TWn:\E[ wgw [�r�P�� y n²[{ZKP4[�\
V � P��_â�PhtKQGPRTWelXCPRZNVWm��ë� � elm)�_ThS�Q � m � [�rqm�V � S�V)V � P&�_Ph
ZKPRVYeud&S w �_[{TWelV � X#TYPRQGP�S�VYP�� w nÏdh[{Z�k{PRTW�{PRm�VY[¬S�Q?S�TYVWeudh` w SUT
TWPa�_el[_Z¢[�\�V � PC¶?VYZKPRmYm�ï�mYPRQ?SUT�S�VYel[_Z�mWQ?S{dhP_��ÂoZ�S wgw �_â�Pft�
QGPRTWelX�PaZ�VYm�V � Px�_PaZKPRVWeud(S w �_[{TWelV � X�TYP�S_d � PamqV � elm�TYPR�_el[_Z y n
�_PaZKPRT�SUVWel[_Z4�_â{â!S�Z?� Z�PRk_PRT w P�SIk{PRm�|{PRk{PRZ&SI\EVYPRT^�{PRZKPRThS�VYeg[{Z
ñ_â{â_â å í·el�_`KTYP���S w mW[�m � [�rqm!V � S�V�V � P)PhtKQ?PRTYelX�PRZNVWm � SIk{P
dh[{Z�k{PRTW�{P��Kèa�
� � P4TWP w SUVWel[_Z�m � elQ y PaVor^PRPaZ�VWTY`KP4¶?VYZKPRmWm4S�Z?�:V � P�¹xSUX)
X�elZK�6mWPRQ?SUT�SUVWel[_Z4X�PIS�mW`�TWP�elm^k{PRTWn4ZKP�SUT w n w elZKP�SUT���bN[)[_`�T
� nNQ?[{V � PRmYelm�S�QKQGP�SUTWP��ÇVW[ y P�df[_TWTYP�dhVIî)V � P�SUZNVWe y [K�NelPRm w e¸
y ThS�TWelPRm·PRk_[ w k_P�VW[�rqS�Th�Nm�S��{[�[K��dh[�k{PRT�SU�_P�[U\�SUZNVWel�_PRZ�mYQ?S_dhP
S�ZG�!V � Px�NPR�{TWPRP([�\?V � elm^dh[�k_PaT�S��{PxdRS�Z y Pxz_`GS�ZNVWe¸¶?P��6`KmYegZ��
V � PÅ¹(S�XCX�elZK��mWPRQGS�T�SUVWel[_Z4XCP�S�mY`KTWP_�
¹q[�r�PRk{PRT�|{V � PaTWPqrqS�m�S(QKTW[ yKw PRXÎTYP�dh[_ZGdhe w elZK��V � PRmWP(TWPRmY` w VWm
rqelV � r � S�V5r�P�°�Z�PRr¬S y [_`KV�ThS�Z?�N[{X w nq�_PaZKPRT�SUVWP��6elZ?�NelkNeu�{
`?S w mI�5±²Pq°NZKPar¢\ETW[{X¨P�S�T w elPRT�TWPamW` w VWmqV � S�VÝV � P��_PaZKPRVWeud(S w 
�_[{TWelV � X�rcSUm�¶?Z?��egZ��xmW[ w `KVWel[_Z�m�rqelV � ¶?VWZ�PRmWm�k_S w `KPRm�S y [�k{P
V � [_mWP6[�\�T�SUZ?�N[_X w n��{PRZKPRThS�VWPI�&elZ?�NelkNeu�N`?S w mI��ÜÝ`KV(r^P�S w mW[
°NZKPRr�V � SUVqV � P�PhtKQGP�dhVYP���¹(S�XCX�elZK�xmYPRQ?SUT�S�VYel[_ZC\E[_T�mW`Gd �
T�SUZ?�N[{X w n&�_PaZKPRT�SUVWP��ÍegZG�Nelk�eu�N`GS w m!elm
�{ñ y egVYm�|Ýr � e w PCV � P
¹xSUX�XCegZ��)mWPRQ?SUT�SUVWel[_Z²[U\xPRk_[ w k{P��²elZ?��egkNeu�N`?S w mxrqS�m)dh[_ZN
k_PaTW�_elZK�)VY[�S k_S w `�P!ZKP�SUT«ñ_~�� �K�^í�[_T�dh[_XCQ?S�TYelmW[_ZCr^P6�_PRZN
PRThS�VWPI�²T�SUZ?�N[{XÈ�_PaZK[_XCPRm�\E[{Tx¶Gk_P � `KZ?�NTYP��²elZ?��egkNeu�N`?S w m�|
S�ZG�)dh[_XCQK`KVWPI� V � PRelT�VWTY`KP(¶?VWZKPamWmWPamxS�Z?�C¹xS�XCX�e¸ZK�xmYPRQ?SI
T�SUVWel[_Z4k_S w `�PRm���� � P6TWPRmY` w VWm«SUTWP!m � [�rqZ4elZ�í·el�_`KTYP�çK|KSUmxS
d w [_`G��[U\�Q?[{egZNVYmqegZ4V � P w [�r^PaTqTWel� � Vxdh[{TWZKPRTI|G\üSUT�\ETW[{XÃV � P
VWThS Ê P�dfVW[_TYelPRm^[U\ªV � Px�{PRZKPRVYeudqS w �_[{TWelV � X�Pft�QGPRTYegXCPRZNVWmI��� � P
SIk_PaT�S��{P�¶?VYZKPRmWm6[�\�V � P T�SUZ?�N[{X w n)�_PRZ�PRT�SUVWP���elZ?�NelkNeu�N`?S w m
elmxS y [_`KVxâ�� ç_~�[U\�V � P!X�Sµt�elX `KXÎVYTW`KP(¶?VYZKPRmYm��
vxw V � [_`K� � ¹xSUX�X�e¸ZK�²mWPaQ?S�ThS�VWel[{ZÎS�Z?��VYTW`KPÇ¶?VWZKPamWm¬S�TYP

� el� ��w nÃdh[{TWTYP w S�VWPI�Ì\E[_T¢V � P�egZG�Nelk�eu�N`GS w m²\ETY[_XûV � P��_Ph
ZKPRVYeudxS w �{[_TWelV � XÎPhtKQGPRTWelXCPRZNVWm�|{V � PxTWP w SUVWel[_Z�m � elQ)elm^Z�[_V^SUm
mWVYTW[{ZK�xrqelV � TWPRmYQ?P�dfV�VW[(T�S�ZG�N[_X w nq�{PRZKPRThS�VYP��!elZ?��egkNeu�N`?S w m��
v ���NelVWel[_Z?S w PhtKQ?PaTWelX�PRZNVYm�m � [�rÉV � S�V)�{PRZKPRVYeÄd�S w �{[_TWelV � X
TW`�ZKm^mYV�SUTWVWelZK��rqelV � ThS�Z?��[_X w n��_PaZKPRT�SUVWP���elZ?�NelkNeÄ��`?S w m�\�[ w 
w [�rÎV � P4VWT�S Ê P�dhVY[_TWn²m � [�rqZ²elZ¬í·eg�{`KTWP4}K�4� � elm mW`K�{�_PRmYVWm
V � S�V)V � P�[{QKVWelX4S w mW[ w `KVYel[_Z¬VY[�V � P�SUZ�VYel�_PRZ:TWP�dh[{�_ZKelVYeg[{Z
V�SUmW°�elm�ZK[_V·mWelX�Q w nxS�X4SItKelX�e¸´�S�VYeg[{Zq[�\KV � P^¹xSUX�X�elZK��mYPRQN
S�ThS�VYeg[{Z�XCP�S�mY`KTWP{|�S�m![{TWel�_elZ?S wgw n � nNQG[_V � PRmWel´RPI���Y�(S�V � PRT�|
S�Z�[_Q�VWelX�S w mW[ w `KVYel[_Z�TYP�z{`KelTWPRm�S y S w S�Z?dhP y PRVor^PaPRZ�V � P
dh[{ZNÆ?eudhVWelZK�²elmYmW`KPRmC[�\!dh[�k_PRThS��{P&TWP���`KZ?�KSUZ?dhn�S�Z?�¢dh[�k{PRTo
S��{P���S�Q�m�|K�Nelm�df`KmWmYP��&PIS�T w elPRTI�

� o ½ ¼ §�õY¿x£NÀW½ ¼ £
� � PxSUTWVWe¸¶ªdfeÄS w elX�X `KZKP�mWnNmYVWPRXÃXC[K�NP w `KmWPamcS y elZ?SUTWn!TYPRQN
TWPamWPRZNV�SUVWel[_ZC\E[{T y [_V � X�[ w P�df` w S�T�elZ�VYPRT�S{dhVWel[{Z®SUZ?�)V � P��_Ph
ZKPRVYeud�PRZ?dh[K�NelZK��[�\GegZG�Nelk�eu�N`GS w m��G� � PqelZNVWPRThS_dhVYel[_Z y PRVor�PRPRZ
S�ZNVYeg�{PRZ�SUZ?�4S�ZNVWe y [K�Nn)X�[ w PIdh` w PRm�egZCV � elm�TWPRQ�TWPRmYPRZNV�S�VYel[_Z
elmqmW`Ný�dfegPaZ�V w n�dh[{X�Q w Pht�VY[�Pht � e y elVqelZNVWPRTYPRmWVYelZK� y P � SIkNel[_TI|
rqelV � [{`KV y PRelZK�:mW[³df[_X�Q w Pft³S�m�VY[ y Pòdf[_X�Q�`KV�SUVWel[_Z?S wlw n
elZNVWT�S{dhV�S yKw P_�&� � P w e y T�SUTWn�X�P�d � SUZKelmWX$\�[_T!mYVW[_TYelZK�òSUZNVWe¸
y [���n�dh[_XCQ?[{ZKPRZNVWm�elm^S(mWelXCQ w eá¶GP��(k_PRTYmWel[_Z)[U\ªV � PqTWP�S w elX)
X)`KZKPqmYnNmWVWPaX�SUZ?�)Pht � e y elVYmcS6ZK[_Z�üVYTWelkNeÄS w X4S�QKQ�egZ��x\�TW[_X
�_PaZK[_VonNQGP�VY[�Q � PRZK[{Von�QGP_� � � elm y elZ?S�TYn&X�[K�NP w S wlw [�rqmx`�m
VW[�mWVY`?�Nn¢dh[_Z?dfPRQKVWm w eg°{P�V � P&dh[�k_PRThS��{P�[�\!S�ZNVWel�{PRZ¬mYQ?S_dhP
S�ZG�²�_PaZKPRVWeud�[_TW�NS�ZKel´�SUVWel[_Z²rqelV � S&X4S�Z?SU�_P�S yKw P
SUX�[_`�Z�V
[�\�dh[_XCQ w PhtKelVon��
� � P �_PRZ�PRVWeud)S w �{[_TWelV � XÉPft�QGPRTYegXCPRZNVWm�rqelV � V � P)S�TYVWe¸¶ªdheuS w
elX�X)`KZ�P«mYnNmWVWPaX�m � [�r¨V � S�V V � P)�{PRZKPRVYeud�S w �{[_TWelV � X#dRSUZ
[_Q�VWelX�el´RP�dh[_XCQ w Pht��_PRZ�PRVWeud�elZN\E[{TWX4S�VWel[{Z5��ÂoZ4\üS{dhVqV � P!�_Ph
ZKPRVYeudxS w �{[_TWelV � X � SUm y PRPRZ&S yKw PqVW[![{TW��SUZKel´RPxV � P«df[_X�Q w Pft
mWVYTW`?dfVW`KTYP�[U\,V � P!S�ZNVWe y [K�Nn w e y T�SUTWelPRmxS{dhVWelZK� [_Z4V � P y S�mYelm
[�\�elZ?dh[{X�Q w PRVYP�¶?VYZKPRmYm^elZN\E[{TWX4S�VWel[{Z5�G±²P � SIk{PxS w mW[�m � [�rqZ
V � S�V5mYP w P�dhVYeg[{Z!QKTYPRmWmY`KTWPq[{Q?PRThS�VYegZ��q[_Z!V � P�Q � PaZK[_VonNQGPcSUm5S
r � [ w P�dRS�Z4VYT�S�Z�m w S�VYPxVW[)mYP w P�dhVYeg[{Z4QKTWPRmYmW`KTYP�S_dfVWelZK� [_Z4elZN
�NelkNeu�N`?S w �_PRZ�PRm�|�Pak_PRZ)V � [_`K� � ZK[{V�S wlw �_PRZKPam^S�TYP^PhtKQKTYPRmWmYP��
elZ�V � P!Q � PaZK[_VonNQGP_�
ÜÝnòdh[{ZKmWeu�NPaTWelZK�&V � P�SUZ�VYel�_PRZ�TWP�df[_�_Z�egVYel[_Z²V�SUmW°�elZ�VYPRTWXCm
[�\xSCmWQ?SUVWeuS w dh[�k_PRThS��{P)QKTW[ yKw PRX8r^P)r�PRTWP�S yKw P)VW[&�NPRkNelmWP
S4XCP�S�mY`KTWP)[U\c[{TW��SUZKel´�S�VYel[_Z/\E[_T!V � P�elXCX�`KZ�P!mWnNmWVYPRX w e¸
y ThS�TWelPRmI��� � P�¹(S�X�XCelZK��mYPRQ?S�ThS�VYeg[{Z²X�P�SUmW`KTYP�QKTY[�kNeÄ��P��
S4mYegXCQ w P!QKTYP w egXCelZ?S�TYn�VY[N[ w \E[{T�[ y mYPRTWkNelZK�&V � P�Ph©�P�dhVYm)[�\
PRk{[ w `KVWel[{Z![_Z V � P��_PaZK[_VonNQGP^[U\ªV � P^elXCX)`KZKP5mYnNmWVWPaX��·� � elm
X�PIS�mW`�TWP�rcSUm�m � [�rqZ VW[ � SIk_PqS � eg� � df[_TWTYP w S�VYeg[{Z�rqelV � V � P
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