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Ť�&RUUHVSRQGLQJ�DXWKRUV��(PDLO���PHORZLW]#FDOWHFK�HGX ���0�%�(�����FORLV#FDOWHFK�HGX ���&�/��b
�
$EVWUDFW�� 0XOWLFHOOXODU GHYHORSPHQW GHSHQGV RQ WKH GLIIHUHQWLDWLRQ RI FHOOV LQWR VSHFLILF IDWHVb b b b b b b b b b b b
ZLWK SUHFLVH VSDWLDO RUJDQL]DWLRQ� /LQHDJH KLVWRU\ SOD\V D SLYRWDO UROH LQ FHOO IDWH GHFLVLRQV� EXWb b b b b b b b b b b b b b b
LV LQDFFHVVLEOH LQ PRVW FRQWH[WV� (QJLQHHULQJ FHOOV WR DFWLYHO\ UHFRUG OLQHDJH LQIRUPDWLRQ LQ Db b b b b b b b b b b b b b
IRUPDW UHDGDEOH �LQ VLWX ZRXOG SURYLGH D VSDWLDOO\ UHVROYHG YLHZ RI OLQHDJH LQ GLYHUVHb b b b b b b b b b b b b b
GHYHORSPHQWDO SURFHVVHV� +HUH� ZH LQWURGXFH D VHULQH LQWHJUDVH�EDVHG UHFRUGLQJ V\VWHP WKDWb b b b b b b b b b b
DOORZV LQ VLWX UHDGRXW� DQG GHPRQVWUDWH LWV DELOLW\ WR UHFRQVWUXFW OLQHDJH UHODWLRQVKLSV LQb b b b b b b b b b b b b
FXOWXUHG VWHP FHOOV DQG IOLHV� 7KH V\VWHP� WHUPHG LQW0(02,5� HPSOR\V DQ DUUD\ RI LQGHSHQGHQWb b b b b b b b b b b b b b
WKUHH�VWDWH JHQHWLF PHPRU\ HOHPHQWV WKDW FDQ UHFRPELQH VWRFKDVWLFDOO\ DQG LUUHYHUVLEO\�b b b b b b b b b b
DOORZLQJ XS WR ������ GLVWLQFW GLJLWDO VWDWHV� LQW0(02,5 DFFXUDWHO\ UHFRQVWUXFWHG OLQHDJH WUHHVb b b b b b b b b b b b
LQ VWHP FHOOV DQG HQDEOHG VLPXOWDQHRXV DQDO\VLV RI VLQJOH FHOO FORQDO KLVWRU\� VSDWLDO SRVLWLRQ�b b b b b b b b b b b b b b
DQG JHQH H[SUHVVLRQ LQ �'URVRSKLOD EUDLQ VHFWLRQV� 7KHVH UHVXOWV HVWDEOLVK D IRXQGDWLRQ IRUb b b b b b b b b b b b b
PLFURVFRS\�UHDGDEOH�FORQDO�DQDO\VLV�DQG�UHFRUGLQJ�LQ�GLYHUVH�V\VWHPV�bb
b
2QH VHQWHQFH VXPPDU\� �$ QHZ JHQHWLF HGLWLQJ V\VWHP WHUPHG LQW0(02,5 UHYHDOV WKH OLQHDJH� � � � � � � � � � � � �
KLVWRULHV�RI�LQGLYLGXDO�FHOOV�GLUHFWO\�ZLWKLQ�WKHLU�QDWLYH�WLVVXH�FRQWH[W��
b

b b
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0DLQ�7H[Wb
�
&HOO OLQHDJH SOD\V SLYRWDO UROHV LQ FHOO IDWH GHWHUPLQDWLRQ LQ GHYHORSPHQW� KRPHRVWDVLV� DQG� � � � � � � � � � � � �
GLVHDVH ���� �± �� ���� 7KH DELOLW\ WR YLVXDOL]H OLQHDJH UHODWLRQVKLSV GLUHFWO\ ZLWKLQ WKHLU QDWLYH WLVVXH� � � � � � � � � � � � �
FRQWH[W ZRXOG SURYLGH SRZHUIXO LQVLJKWV LQWR WKH UROHV RI LQWULQVLF DQG H[WULQVLF IDFWRUV LQ FHOO IDWH� � � � � � � � � � � � � � � �
VSHFLILFDWLRQ� 5HFHQWO\� DQ H[SORVLRQ RI HQJLQHHUHG OLQHDJH UHFRUGLQJ V\VWHPV KDYH SURPLVHG WR� � � � � � � � � � � �
UHYROXWLRQL]H OLQHDJH DQDO\VLV� ,QVSLUHG E\ WKH UHFRYHU\ RI OLQHDJH LQIRUPDWLRQ IURP QDWXUDOO\� � � � � � � � � � � �
RFFXUULQJ VRPDWLF PXWDWLRQV ���� �� �� �� �� �± ��� ���� WKHVH V\VWHPV DFWLYHO\ JHQHUDWH VWRFKDVWLF� KHULWDEOH� � � � � � � � � � � �
PXWDWLRQV DW GHILQHG JHQRPLF WDUJHW VLWHV� DQG WKHQ UHFRYHU WKRVH HGLWV LQ LQGLYLGXDO FHOOV WR� � � � � � � � � � � � � � �
UHFRQVWUXFW WKHLU OLQHDJH ���� �� ��� �� ��� �± ��� ���� &XUUHQWO\� PRVW RI WKHVH PHWKRGV UHTXLUH UHDGRXW E\� � � � � � � � � � � � � �
VHTXHQFLQJ� ZKLFK GLVUXSWV VSDWLDO RUJDQL]DWLRQ HQWLUHO\� $QRWKHU DSSURDFK� 0HPRU\ E\� � � � � � � � � �
(QJLQHHUHG 0XWDJHQHVLV ZLWK 2SWLFDO ,Q VLWX 5HDGRXW �0(02,5� XVHV �VLQJOH�PROHFXOH� � � � � � � � � b
IOXRUHVFHQFH �LQ VLWX K\EULGL]DWLRQ �VP),6+� WR DOORZ UHDGRXW E\ LPDJLQJ� +RZHYHU� �LW UHOLHV RQb b b b b b b b b b b � � �
JHQRPLFDOO\ GLVWULEXWHG GHOHWLRQ HGLWV WKDW GR QRW SHUPLW H[WHQGHG UHFRUGLQJ DQG JHUPOLQH� � � � � � � � � � � �
WUDQVPLVVLRQ ����� ���� 7KXV� D SRZHUIXO� EURDGO\ XVHIXO LPDJH�UHDGDEOH UHFRUGLQJ V\VWHP KDV EHHQ� � � � � � � � � � � �
ODFNLQJ���
b
7R DGGUHVV WKLV FKDOOHQJH� ZH GHYHORSHG D GLJLWDO� LPDJH�UHDGDEOH OLQHDJH UHFRUGLQJ V\VWHP� � � � � � � � � � � �
WHUPHG LQW0(02,5� 7KH V\VWHP LQWURGXFHV D QRYHO GHVLJQ EDVHG RQ D GHQVH PXOWL�VWDWH� � � � � � � � � � � � �
PHPRU\ DUUD\ WKDW FDQ EH HGLWHG E\ VHULQH LQWHJUDVHV DQG LQWHJUDWHG DW GHILQHG JHQRPLF VLWHV� � � � � � � � � � � � � � �
IRU JHUPOLQH KHULWDELOLW\� DOORZLQJ LWV XVH LQ GLYHUVH RUJDQLVPV DQG FRQWH[WV� 7KLV GHVLJQ� � � � � � � � � � � � �
JHQHUDWHV GLYHUVH� GLJLWDO� LUUHYHUVLEOH HGLWV VWDWHV WKDW FDQ EH VWDEO\ LQKHULWHG RYHU PDQ\ FHOO� � � � � � � � � � � � � �
F\FOHV DQG WKHQ UHDG RXW E\ VP),6+ DORQJVLGH HQGRJHQRXV WUDQVFULSWV ����� �± ��� ���� :H VKRZ WKDW� � � � � � � � � � � � � �
LQW0(02,5 DFFXUDWHO\ UHFRQVWUXFWV OLQHDJH LQIRUPDWLRQ LQ PRXVH HPEU\RQLF VWHP FHOOV� DQG� � � � � � � � � � �
OLQNV�OLQHDJH��FHOO�IDWH��DQG�VSDWLDO�VWUXFWXUH�LQ�WKH�DGXOW��'URVRSKLOD��EUDLQ��
b

5HVXOWVb
b
6HULQH�LQWHJUDVHV�HQDEOH�),6+�UHDGDEOH�WKUHH�VWDWH�PHPRU\�HOHPHQWVb
2QH PRGH RI OLQHDJH UHFRQVWUXFWLRQ LV FORQDO WUDFLQJ� ZKLFK LGHQWLILHV FHOOV GHVFHQGHG IURP Db b b b b b b b b b b b b b
FRPPRQ DQFHVWRU EDVHG RQ XQLTXH� KHULWDEOH ODEHOV �H�J� VHTXHQFH EDUFRGHV�� $ PRUHb b b b b b b b b b b b
FRPSOHWH OLQHDJH UHFRQVWUXFWLRQ IXUWKHU SURYLGHV WKH WUHH� RU SHGLJUHH� RI PXOWLSOH GLYLVLRQVb b b b b b b b b b b b
WKURXJK ZKLFK FHOOV DUH UHODWHG �)LJ� �$�� 7R DFFHVV ERWK UHJLPHV� D UHFRUGLQJ V\VWHP VKRXOGb b b b b b b b b b b b b b b
EH DEOH WR SURGXFH DQG SUHVHUYH DV PXFK PROHFXODU GLYHUVLW\ DV SRVVLEOH WR PD[LPL]H WKHb b b b b b b b b b b b b b b
QXPEHU RI GLVWLQJXLVKDEOH FORQHV� DQG DFFXPXODWH WKDW GLYHUVLW\ RYHU PXOWLSOH FHOO JHQHUDWLRQVb b b b b b b b b b b b
WR HQDEOH WUHH UHFRQVWUXFWLRQ� ,Q V\VWHPV EDVHG RQ WZR�VWDWH PHPRU\ HOHPHQWV �ELWV��b b b b b b b b b b b b
H[WHQGHG UHFRUGLQJ GXUDWLRQV HYHQWXDOO\ HGLW DOO PHPRU\ HOHPHQWV� SURGXFLQJ Db b b b b b b b b b
QRQ�LQIRUPDWLYH KRPRJHQHRXV HQG VWDWH� DQG HIIHFWLYHO\ HUDVLQJ UHFRUGHG LQIRUPDWLRQ� %\b b b b b b b b b b
FRQWUDVW� WKUHH�VWDWH PHPRU\ HOHPHQWV� RU WULWV� WKDW VWDUW LQ DQ LQLWLDO VWDWH DQG LUUHYHUVLEO\b b b b b b b b b b b b b b
VZLWFK WR RQH RI WZR SRWHQWLDO HQG VWDWHV� SURYLGH DGGLWLRQDO LQIRUPDWLRQ SHU HOHPHQW DQGb b b b b b b b b b b b b b
SUHVHUYH UHFRUGHG LQIRUPDWLRQ� $V D UHVXOW� WKH XVH RI WULWV GUDPDWLFDOO\ LPSURYHV WKH DFFXUDF\b b b b b b b b b b b b b b
RI PXOWL�JHQHUDWLRQ UHFRQVWUXFWLRQ DQG WKH PXOWLSOH[LELOLW\ RI FORQDO FODVVLILFDWLRQ LQ VLPXODWLRQV�b b b b b b b b b b b
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DQG DOORZV WKH V\VWHP WR IXQFWLRQ DFURVV D EURDGHU UDQJH RI HGLW UDWHV FRPSDUHG WR ELW�EDVHGb b b b b b b b b b b b b b b b
PHPRU\��)LJ���%�DQG�&������� ����bb
b
3KDJH VHULQH LQWHJUDVHV SURYLGH DQ LGHDO EDVLV IRU HQJLQHHULQJ WULWV� 7KH\ PHGLDWH LUUHYHUVLEOHb b b b b b b b b b b b b
UHFRPELQDWLRQ EHWZHHQ GLUHFWLRQDO �DWW3 DQG �DWW% �WDUJHW VLWHV� GHOHWLQJ RU LQYHUWLQJ WKHb b b b b b b b b b b b
LQWHUYHQLQJ VHTXHQFH GHSHQGLQJ RQ UHODWLYH VLWH RULHQWDWLRQ ����� �ş��� ���� 6HULQH LQWHJUDVHV VXFK DVb b b b b b b b b b b b
%[E� GR QRW UHO\ RQ HQGRJHQRXV UHSDLU PHFKDQLVPV WR JHQHUDWH HGLWV� DQG WKH\ IXQFWLRQb b b b b b b b b b b b b b
DFURVV VSHFLHV� LQFOXGLQJ LQ PDPPDOLDQ FHOOV ����� �ş��� ���� 7R FUHDWH D WULW� ZH IODQNHG D EDUFRGHb b b b b b b b b b b b b b b
VHTXHQFH E\ DQ LQYHUWHG SDLU RI �DWW3 �VLWHV RQ RQH HQG DQG DQ �DWW% �VLWH RQ WKH RWKHU VXFK WKDWb b b b b b b b b b b b b b b b b b b b
%[E��PHGLDWHG UHFRPELQDWLRQ SURGXFHV HLWKHU LUUHYHUVLEOH EDUFRGH GHOHWLRQ RU LQYHUVLRQ �)LJ�b b b b b b b b b b
�'�� $ VWURQJ 3RO ,, SURPRWHU GULYHV WUDQVFULSWLRQ RI WKH WULW� DOORZLQJ LQ VLWX UHDGRXW E\ VP),6+�b b b b b b b b b b b b b b b b b
%HIRUH HGLWLQJ� WKH SURPRWHU H[SUHVVHV WKH IRUZDUG EDUFRGH� ZKHUHDV DIWHU UHFRPELQDWLRQ� LWb b b b b b b b b b b b
H[SUHVVHV HLWKHU QR WUDQVFULSW �GHOHWLRQ� RU WKH UHYHUVH FRPSOHPHQW EDUFRGH �LQYHUVLRQ��b b b b b b b b b b b
HQDEOLQJ�GLJLWDO�GLVFULPLQDWLRQ�RI�WULW�VWDWHV�E\�VP),6+�bb
b
&RQFDWHQDWLQJ PXOWLSOH WULWV LQ D FRPSDFW DUUD\ DQG LQWHJUDWLQJ LW DW D VDIH KDUERU ORFXV ����� �ş��� ��b b b b b b b b b b b b b b b b
LQFUHDVHV WKH DPRXQW RI PHPRU\ ZKLOH IDFLOLWDWLQJ JHUPOLQH WUDQVPLVVLELOLW\ ����� ���� (GLW VWUDWHJLHVb b b b b b b b b b b b
WKDW UHO\ RQ GRXEOH�VWUDQGHG EUHDNV DQG HQGRJHQRXV '1$ UHSDLU PDFKLQHU\ DUH SURQH WRb b b b b b b b b b b b b
LQIRUPDWLRQ ORVV LQ DUUD\V WKURXJK LQWHU�XQLW GHOHWLRQV ����� �� ��� ���� %\ FRQWUDVW� LQWHJUDVHV DOORZb b b b b b b b b b b b b
UHFRPELQDWLRQDO LVRODWLRQ EHWZHHQ GLVWLQFW WULWV LQ WKH VDPH DUUD\� :LWKLQ HDFK �DWW �VLWH� D FHQWUDOb b b b b b b b b b b b b b b
GLQXFOHRWLGH FRQIHUV ERWK VSHFLILFLW\ DQG GLUHFWLRQDOLW\ RI UHFRPELQDWLRQ ����� �� ����� �)LJ� �$�� ,Qb b b b b b b b b b b b b
SULQFLSOH� �� GLVWLQFW GLQXFOHRWLGH YDULDQWV FDQ EH XVHG RUWKRJRQDOO\ �)LJ� 6��� HQDEOLQJ ��b b b b b b b b b b b b b
FRUUHVSRQGLQJ LQGHSHQGHQW PHPRU\ XQLWV LQ D VLQJOH DUUD\� IRU D WKHRUHWLFDO GLYHUVLW\ RI � ���b b b b b b b b b b b b b b

���������VWDWHV�bb
b
7R YDOLGDWH WKH WULW GHVLJQ LQ PRXVH HPEU\RQLF VWHP �P(6� FHOOV� ZH FRQVWUXFWHG D SURWRW\SHb b b b b b b b b b b b b b b
%[E� WULW WKDW H[SUHVVHG QR IOXRUHVFHQW SURWHLQ� &LWULQH� RU P&KHUU\ LQ WKH XQHGLWHG� LQYHUWHG�b b b b b b b b b b b b b b
DQG GHOHWHG VWDWHV� UHVSHFWLYHO\� DOORZLQJ UDSLG FKDUDFWHUL]DWLRQ E\ IORZ F\WRPHWU\ ����� �� �)LJ�b b b b b b b b b b b b
�%�� 5HFRPELQDWLRQ RFFXUUHG PXFK PRUH HIILFLHQWO\ EHWZHHQ PDWFKLQJ FRPSDUHG WRb b b b b b b b b b
PLVPDWFKLQJ GLQXFOHRWLGHV� LQGLFDWLQJ WKDW GLVWLQFW GLQXFOHRWLGHV RSHUDWH LQ D ODUJHO\ RUWKRJRQDOb b b b b b b b b b b
PDQQHU� DV LQWHQGHG �)LJ� �&�� :KHQ WKH �DWW% DQG LQYHUWHG �DWW3V DOO FRQWDLQHG WKH VDPHb b b b b b b b b b b b b b b
GLQXFOHRWLGH� VXFK DV *7� LQYHUVLRQ DQG GHOHWLRQ ERWK RFFXUUHG HIILFLHQWO\ �)LJ� �'�� )XUWKHU� �DWWb b b b b b b b b b b b b b
VLWHV PDGH IURP SDOLQGURPLF GLQXFOHRWLGHV VXFK DV $7� ZKLFK ODFN GLUHFWLRQDOLW\� HQDEOH Db b b b b b b b b b b b b
VLPSOLILHG GHVLJQ LQ ZKLFK D VLQJOH �DWW3�% SDLU PHGLDWHV ERWK LQYHUVLRQ DQG GHOHWLRQ �)LJ� �(�� $b b b b b b b b b b b b b b b b
FRQWURO FRQVWUXFW LQ ZKLFK RQH VLWH LV LQYHUWHG �$7Ŗ� SHUIRUPHG VLPLODUO\ WR WKH XQLQYHUWHGb b b b b b b b b b b b b b
FRXQWHUSDUW� SHUPLWWLQJ WKH XVH RI SDOLQGURPLF VLWHV LQ HLWKHU RULHQWDWLRQ �)LJ� �(�� 7KLV GHVLJQb b b b b b b b b b b b b b
FRXOG DOVR EH JHQHUDOL]HG WR RWKHU LQWHJUDVHV �)LJ� 6��� $OWKRXJK GHOHWLRQ FURVVWDON GLG RFFXU DWb b b b b b b b b b b b b b b
ORZ UDWHV �)LJ� �&�� FRQVLVWHQW ZLWK REVHUYDWLRQV XVLQJ SKL&�� LQWHJUDVH ����� ���� WKHVH UHVXOWVb b b b b b b b b b b b b
VKRZ WKDW GLQXFOHRWLGH YDULDQWV SHUPLW RUWKRJRQDO UHFRPELQDWLRQ� HQDEOLQJ FRQVWUXFWLRQ RIb b b b b b b b b b
FRPSDFW����XQLW�WULW�DUUD\V�bb
b
'HVLJQ�DQG�FKDUDFWHUL]DWLRQ�RI�WKH�LQW0(0��UHFRUGLQJ�FHOO�OLQHb
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%DVHG RQ WKHVH UHVXOWV� ZH HQJLQHHUHG D FHOO OLQH� LQW0(0�� FDSDEOH RI LQGXFLEOH DXWRQRPRXVb b b b b b b b b b b b b b
UHFRUGLQJ� :H FRQVWUXFWHG DQ DUUD\ RI �� WULWV DQG VLWH�VSHFLILFDOO\ LQWHJUDWHG LW DW WKH 526$��b b b b b b b b b b b b b b b
ORFXV LQ P(6 FHOOV �)LJ� �)�� :H DOVR VLWH�VSHFLILFDOO\ LQWHJUDWHG DQ LQGXFLEOH %[E� FDVVHWWH DWb b b b b b b b b b b b b b b
WKH 7,*5( VDIH�KDUERU ORFXV ����� ���� ,Q WKLV FRQVWUXFW� GR[\F\FOLQH FRQWUROV %[E� WUDQVFULSWLRQ DQGb b b b b b b b b b b b b
WULPHWKRSULP �703� VWDELOL]HV WKH SURWHLQ E\ LQKLELWLQJ D IXVHG HF'+)5 GHJURQ VHTXHQFH ����� ����b b b b b b b b b b b b b
7KHVH FRPSOHPHQWDU\� UHGXQGDQW FRQWURO V\VWHPV WRJHWKHU HQVXUH WLJKW UHJXODWLRQ RI LQWHJUDVHb b b b b b b b b b b
DFWLYLW\�bb
b
7R TXDQWLI\ HGLWLQJ UDWHV DQG RXWFRPHV� ZH FR�FXOWXUHG D ORZ GHQVLW\ RI LQW0(0� FHOOVb b b b b b b b b b b b b b
WRJHWKHU ZLWK DQ H[FHVV RI XQHQJLQHHUHG SDUHQWDO FHOOV WR VXSSRUW WKHLU JURZWK� :H LQGXFHGb b b b b b b b b b b b b b
UHFRUGLQJ IRU �� KRXUV E\ DGGLWLRQ RI GR[\F\FOLQH DQG 703� FRQWLQXHG JURZWK IRU �� DGGLWLRQDOb b b b b b b b b b b b b b b
KRXUV ZLWKRXW LQGXFHUV� DQG WKHQ IL[HG WKH FHOOV ZLWK IRUPDOGHK\GH �)LJ� �*�� :H XVHG ILYHb b b b b b b b b b b b b b b
VHTXHQWLDO URXQGV RI K\EULGL]DWLRQ FKDLQ UHDFWLRQ VP),6+ �+&5�),6+� ����� �� WR UHDG HDFK WULWŖVb b b b b b b b b b b b b
HGLW VWDWH� )XUWKHU� ZH VXEVHTXHQWO\ LPDJHG WKH VDPH FHOOV E\ LPPXQRIOXRUHVFHQFH ZLWKb b b b b b b b b b b b
DQWLERGLHV DJDLQVW PHPEUDQH SURWHLQV (�FDGKHULQ DQG Ǳ�FDWHQLQ WR IDFLOLWDWH VHJPHQWDWLRQ RIb b b b b b b b b b b
DGMDFHQW�FHOOV�LQ�LPDJHV�bb
b
7KH VWDWH RI WKH HQWLUH DUUD\ FDQ EH GHWHUPLQHG ZLWK ILYH URXQGV RI LPDJLQJ XVLQJ IRXUb b b b b b b b b b b b b b b b
IOXRURSKRUHV DQG WZHQW\ XQLTXH SUREHV� RQH IRU HDFK RULHQWDWLRQ RI HDFK WULW �)LJ� �+�� )RUb b b b b b b b b b b b b b b
H[DPSOH� LQ )LJXUH �+� WKH ILUVW LPDJLQJ URXQG UHYHDOHG D VLJQDO IRU WKH LQYHUWHG RULHQWDWLRQ RIb b b b b b b b b b b b b b b b
WULW � DQG QR VLJQDO IRU WKH LQYHUWHG RULHQWDWLRQV RI WULWV � DQG �� QRU IRU WKH XQHGLWHG RULHQWDWLRQb b b b b b b b b b b b b b b b b b b
RI WULW �� 7KH VHFRQG K\EULGL]DWLRQ SUREHG WKH RSSRVLWH VWDWHV RI WKH VDPH IRXU WULWV� UHYHDOLQJb b b b b b b b b b b b b b b b
LQYHUVLRQ RI WULW �� DQG GHOHWLRQ RI WULWV � DQG �� ,Q WKLV ZD\� ZH GHWHUPLQHG WKH IXOO DUUD\ HGLWLQJb b b b b b b b b b b b b b b b b b b b
RXWFRPHV LQ ����� DUUD\�H[SUHVVLQJ FHOOV� 0RVW WULWV ZHUH GHOHWHG DQG LQYHUWHG DW VLPLODU UDWHVb b b b b b b b b b b b b b
�)LJ� �,�� +RZHYHU� WULWV � DQG �� XQGHUZHQW GHOHWLRQV EXW UDUHO\ LQYHUWHG� '1$ VHTXHQFLQJb b b b b b b b b b b b b b
UHYHDOHG WKDW WULW �� ODFNHG �DWW3 VLWHV� EXW WULW � VHTXHQFH ZDV LQWDFW� 0RVW LPSRUWDQWO\� PXWXDOb b b b b b b b b b b b b b b b
LQIRUPDWLRQ DQDO\VLV VKRZHG WKDW WULWV ZLWKLQ WKH VDPH DUUD\ ZHUH HGLWHG LQGHSHQGHQWO\ �)LJ�b b b b b b b b b b b b b
�-�� 7DNHQ WRJHWKHU� WKHVH UHVXOWV GHPRQVWUDWH WKDW WULWV FDQ EH FRPELQHG LQWR D FRPSDFWb b b b b b b b b b b b b b
UHFRUGLQJ�DUUD\�RI�LQGHSHQGHQW�XQLWV�b
b
LQW0(02,5�UHFRQVWUXFWV�OLQHDJH�UHODWLRQVKLSVb
7R TXDQWLI\ LQW0(02,5ŖV OLQHDJH UHFRQVWUXFWLRQ DELOLW\� ZH REWDLQHG JURXQG�WUXWK OLQHDJHV IURPb b b b b b b b b b b
WLPH�ODSVH PRYLHV DQG FRPSDUHG WKHP ZLWK OLQHDJH UHODWLRQVKLSV UHFRQVWUXFWHG IURP DUUD\b b b b b b b b b b b
HGLWV LQ WKH VDPH FHOOV �)LJ� �$�� :H LQGXFHG %[E� H[SUHVVLRQ IRU ��K �)LJ� �*� WR DFKLHYH a�b b b b b b b b b b b b b b b b b b
JHQHUDWLRQV RI UHFRUGLQJ� IROORZHG E\ DQ DGGLWLRQDO a��� JHQHUDWLRQV RI FORQDO H[SDQVLRQb b b b b b b b b b b b
ZLWKRXW %[E� LQGXFWLRQ� UHVXOWLQJ LQ FRORQLHV RI ����Ƅ��� FHOOV �PHDQƄV�G��� :H WKHQ UHDG RXWb b b b b b b b b b b b b b
WKH VWDWH RI WKH DUUD\ XVLQJ VP),6+� FODVVLILHG WKH FHOOV LQWR FORQHV FRUUHVSRQGLQJ WR XQLTXHb b b b b b b b b b b b b b b
HGLW�SDWWHUQV��DQG�SHUIRUPHG�PXOWL�JHQHUDWLRQ�OLQHDJH�WUHH�UHFRQVWUXFWLRQ�bb
b
7R DVVHVV FORQDO LGHQWLILFDWLRQ DFFXUDF\� ZH TXDQWLILHG WKH QXPEHU RI GLVWLQFW HGLW VWDWHV WKDWb b b b b b b b b b b b b b
FRXOG EH GHWHFWHG LQ HDFK FRORQ\� DQG WKH ILGHOLW\ ZLWK ZKLFK WKH\ UHIOHFWHG JURXQG WUXWK FORQDOb b b b b b b b b b b b b b b b
UHODWLRQVKLSV �)LJ� 6� DQG 6XSSOHPHQWDU\ 7H[W�� :H IRFXVHG RQ WKH ��� RI LQW0(0� FHOOVb b b b b b b b b b b b b b
ZLWKLQ FRORQLHV WKDW VKRZHG WKH VWURQJHVW DUUD\ H[SUHVVLRQ �)LJ� �%� RUDQJH YV� JUHHQ FHOOV��b b b b b b b b b b b b b b
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DQG RPLWWHG FRORQLHV ZLWK IHZHU WKDQ � VWDWHV WKDW DUH WULYLDO WR UHFRQVWUXFW� 7KHVH FRORQLHVb b b b b b b b b b b b b b b
H[KLELWHG ���Ƅ��� �PHDQƄV�G� XQLTXH DUUD\ VWDWHV� $FURVV ����� FHOOV VSDQQLQJ ��� FRORQLHV�b b b b b b b b b b b b
��� XQLTXH DUUD\ HGLW SDWWHUQV DSSHDUHG LQ WZR RU PRUH FHOOV LQ WKH VDPH FRORQ\� ZLWK PRVW� � � � � � � � � � � � � � � � �
FORQHV ����� FRPSULVLQJ ��� FHOOV� 0RVW FORQHV ZHUH FODVVLILHG SHUIHFWO\ �PHGLDQ DFFXUDF\  � � � � � � � � � � � � �
������ DQG WKH DYHUDJH SHUFHQWDJH RI FRUUHFWO\ FODVVLILHG FHOOV SHU UHFRQVWUXFWHG FORQH ZDV� � � � � � � � � � � � �
���� IDU H[FHHGLQJ UHVXOWV IURP D QHJDWLYH FRQWURO DQDO\VLV LQ ZKLFK EDUFRGH�FHOO UHODWLRQVKLSV� � � � � � � � � � � � �
ZHUH VFUDPEOHG �)LJ� �'�� (UURUV �UHIOHFWHG IDOVH QHJDWLYH DPELJXLWLHV GXH WR VXEVHWV RI FHOOV� � � � � b b b b b b b b b
ZLWKLQ D FORQH XQGHUJRLQJ DGGLWLRQDO HGLWV� DQG IDOVH SRVLWLYH HYHQWV LQ ZKLFK GLVWDQWO\ UHODWHGb b b b b b b b b b b b b b
FHOOV FRQYHUJHQWO\ HGLWHG WR LGHQWLFDO SDWWHUQV �)LJ� �& DQG )LJ� 6��� 2Q DYHUDJH� WKHVH HUURUVb b b b b b b b b b b b b b b
RFFXUUHG LQ ���� RI FHOOV SHU FORQH� DQG PRUH WKDQ KDOI RI WKH FORQHV KDG DQ HUURU UDWH RI ��b � � � � � � � � � � � � � � � � � � �
�)LJ���'���7KXV��LQW0(02,5�SHUIRUPHG�DFFXUDWH�FORQDO�FODVVLILFDWLRQ�b
b
1H[W� ZH DVVHVVHG WKH DELOLW\ WR UHFRQVWUXFW OLQHDJH WUHHV �)LJ� �$� ŕOLQHDJH WUHHb b b b b b b b b b b b b
UHFRQVWUXFWLRQŖ�� :H XVHG D PD[LPXP OLNHOLKRRG DSSURDFK WKDW LQFRUSRUDWHV WKH HPSLULFDOO\b b b b b b b b b b b
GHWHUPLQHG UHFRUGLQJ SDUDPHWHUV �)LJ� �,�� DVVXPLQJ D FRQVWDQW HGLW UDWH SHU XQHGLWHG VLWH �)LJ�b b b b b b b b b b b b b b
6� DQG 6XSSOHPHQWDU\ 7H[W�� 8VLQJ WKLV IUDPHZRUN� ZH FRPSXWHG WKH SUREDELOLW\ RI REVHUYLQJb b b b b b b b b b b b b
HDFK DUUD\ VWDWH DIWHU �* JHQHUDWLRQV VWDUWLQJ IURP DQ XQHGLWHG DUUD\� WKH FRQGLWLRQDO SUREDELOLW\b b b b b b b b b b b b b b
RI REVHUYLQJ DQ\ WZR VSHFLILF DUUD\ VWDWHV DV D SDLU RI VLVWHU FHOOV �VHH 6XSSOHPHQWDU\ 7H[W��b b b b b b b b b b b b b b b b
DQG� EDVHG RQ WKHVH SUREDELOLWLHV� WKH UHODWLYH OLNHOLKRRG RI REVHUYLQJ D JLYHQ SDLU RI DUUD\b b b b b b b b b b b b b b b
VWDWHV IRU WZR VLVWHU FHOOV FRPSDUHG WR WZR XQUHODWHG FHOOV� 7KLV OLNHOLKRRG SURYLGHG D SDLUZLVHb b b b b b b b b b b b b b b
GLVWDQFH PHWULF� ZKLFK ZH WKHQ XVHG WR UHFRQVWUXFW D KLHUDUFKLFDO OLQHDJH WUHH �)LJ� �� ( WR *b b b b b b b b b b b b b b b b b
DQG 7DEOH 6�� VHH 6XSSOHPHQWDU\ 7H[W�� 5HFRQVWUXFWHG WUHHV IRU WKH FODVVLILHG FORQHV ZHUHb b b b b b b b b b b b b
RIWHQ LGHQWLFDO �)LJ� �( DQG )� RU DW OHDVW VWULNLQJO\ VLPLODU �)LJ� �*� WR FRUUHVSRQGLQJ JURXQGb b b b b b b b b b b b b b b b
WUXWK OLQHDJH WUHHV� ,Q VRPH FDVHV� UHFRQVWUXFWLRQ HUURUV FRXOG EH DWWULEXWHG WR PXOWL�WULWb b b b b b b b b b b b b
GHOHWLRQV�DW�WKH��Ŗ�HQG�RI�WKH�DUUD\��H�J��)LJ���*��FHOOV����DQG�����bb
b
7R TXDQWLI\ UHFRQVWUXFWLRQ ILGHOLW\� ZH HPSOR\HG WKH 5RELQVRQ�)RXOGV �5)� PHWULF� GHILQHG DVb b b b b b b b b b b b
WKH IUDFWLRQ RI OLQHDJH SDUWLWLRQV �FODGHV� WKDW DUH VKDUHG EHWZHHQ WKH UHFRQVWUXFWLRQ DQG WKHb b b b b b b b b b b b b b
JURXQG WUXWK ����� ���� :H GHILQHG D QRUPDOL]HG 5) VFRUH �6XSSOHPHQWDU\ 7H[W� WKDW UDQJHV IURP �b b b b b b b b b b b b b b b
�FRPSOHWH GLVDJUHHPHQW� WR � �SHUIHFW DJUHHPHQW�� 6WRFKDVWLF VLPXODWLRQV SURYLGHG DQ XSSHUb b b b b b b b b b b
ERXQG WR WKH SRVVLEOH DFFXUDF\ RI WKH V\VWHP XQGHU LGHDO FRQGLWLRQV� JLYHQ WKH PHPRU\b b b b b b b b b b b b b b
FDSDFLW\ RI D VLQJOH DUUD\� WKH HPSLULFDOO\ PHDVXUHG HGLWLQJ UDWHV� DQG WKH REVHUYHG VHW RIb b b b b b b b b b b b b b b
JURXQG WUXWK WUHHV �)LJ� �+� EODFN�� ,Q SDUDOOHO� ZH UHSHDWHG WKLV DQDO\VLV� UDQGRPL]LQJ WKHb b b b b b b b b b b b b b
FHOO�EDUFRGH UHODWLRQVKLSV LQ WKH JURXQG WUXWK OLQHDJH� WR FRPSXWH D ORZHU ERXQG RQb b b b b b b b b b b b b
UHFRQVWUXFWLRQ SHUIRUPDQFH �)LJ� �+� UHG�� $PRQJ WKH DFWXDO WUHH UHFRQVWUXFWLRQ VFRUHV �)LJ�b b b b b b b b b b b b
�+� EOXH�� ��� RI FRORQLHV UHFRQVWUXFWHG SHUIHFWO\ �5) VFRUH  ��� ZKLOH WKH RYHUDOO VFRUHb b b b b b b b b b b b b b b
GLVWULEXWLRQ ZDV VLJQLILFDQWO\ KLJKHU WKDQ WKH UDQGRP FRQWURO �S ��� ������ .ROPRJRURY�6PLUQRYb b b b b b b b b b b
WHVW�� )XUWKHU� FRORQLHV ZLWK JUHDWHU QRUPDOL]HG HQWURS\ LQ WKHLU HGLW SDWWHUQV UHFRQVWUXFWHG ZLWKb b b b b b b b b b b b b
KLJKHU DFFXUDF\ �)LJ� 6��� )RU LQVWDQFH� WUHHV ZLWK WKH ��� KLJKHVW QRUPDOL]HG HQWURS\ VKRZHGb b b b b b b b b b b b b b
SHUIRUPDQFH VLPLODU WR WKDW RI VLPXODWHG RSWLPDO UHFRUGLQJ� VWDWLVWLFDOO\ HTXLYDOHQW WR WKH XSSHUb b b b b b b b b b b b b
ERXQG �S!���� .�6 WHVW� �)LJ� �+� JUHHQ�� ,Q DSSOLFDWLRQV ZKHUH QR JURXQG WUXWK LV DYDLODEOH� WKHb b b b b b b b b b b b b b b b
HQWURS\ VFRUH WKXV DOORZV RQH WR HQULFK IRU VXEVHWV RI FHOOV OLNHO\ WR UHFRQVWUXFW ZLWK JUHDWHUb b b b b b b b b b b b b b b b
DFFXUDF\� 7RJHWKHU� WKHVH UHVXOWV LQGLFDWH WKDW OLQHDJH UHFRUGLQJ DQG UHFRQVWUXFWLRQ FDQb b b b b b b b b b b
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DSSURDFK WKHRUHWLFDO OLPLWV� 7KH XVH RI WZR RU PRUH DUUD\V VKRXOG WKHUHIRUH UHFRQVWUXFWb b b b b b b b b b b b b
FRORQLHV�ZLWK�JUHDWHU�GHSWK�DQG�DFFXUDF\��DV�VKRZQ�WKURXJK�VLPXODWLRQV��)LJ��6�������� ������ ����b
b
LQW0(02,5�UHFRQVWUXFWV�HDUO\�OLQHDJH�RI�ODUJH�P(6�FRORQLHV b
,Q PDQ\ GHYHORSPHQWDO FRQWH[WV� LW LV RI LQWHUHVW WR NQRZ KRZ GLVWLQFW FORQHV WKDW DFTXLUHGb b b b b b b b b b b b b b b
GLIIHUHQW IDWHV ZHUH UHODWHG WR HDFK RWKHU DW DQ HDUOLHU WLPH SRLQW ���� �� ��� ���� $V D SURRI RI SULQFLSOHb b b b b b b b b b b b b b b b b b b
IRU WKLV W\SH RI DQDO\VLV� ZH IROORZHG ��K RI HGLWLQJ ZLWK DQ DGGLWLRQDO ��K RI JURZWK ZLWKRXWb b b b b b b b b b b b b b b b b
HGLWLQJ �a� FHOO GLYLVLRQV�� :H WKHQ IL[HG FHOOV� DQDO\]HG DUUD\ VWDWHV� DQG FODVVLILHG FORQHV �)LJ�b b b b b b b b b b b b b b b
�$�� ,PDJLQJ UHYHDOHG ODUJH GRPDLQV RI GLVWLQFW� QRQ�UHGXQGDQW HGLWV LQ HDFK DUUD\ HOHPHQWb b b b b b b b b b b b b
�)LJ� �%�� &RPELQLQJ WKHVH LPDJHV SURYLGHG D VSDWLDO PDS RI FORQDO ERXQGDULHV �)LJ� �&��b b b b b b b b b b b b b b
&ORQDOLW\ EURDGO\ FRUUHODWHG ZLWK VSDWLDO SRVLWLRQ� DV H[SHFWHG IRU FRORQ\ JURZWK� +RZHYHU� DOOb b b b b b b b b b b b b
FORQHV ZHUH VSDWLDOO\ H[WHQGHG DQG QRQ�FRQWLJXRXV �)LJ� �&�� 7KXV� LQW0(02,5ŖV DELOLW\ WRb b b b b b b b b b b b
JHQHUDWH KLJK GLJLWDO GLYHUVLW\ HQDEOHV LW WR VLPXOWDQHRXVO\ ODEHO PDQ\ LQWHUPLQJOHG FORQHV�b b b b b b b b b b b b
)XUWKHU� WKH VSHFLILF HGLW SDWWHUQV DOVR DOORZ LQIHUHQFH RI FORQDO UHODWHGQHVV �)LJ� �'� ULJKW��b b b b b b b b b b b b b b
7RJHWKHU� WKHVH UHVXOWV VKRZ KRZ LQW0(02,5 FDQ EH XVHG DV D SRZHUIXO LPDJH�EDVHG FORQDOb b b b b b b b b b b b b b
PDSSLQJ�V\VWHP�bb
b
LQW0(02,5�UHYHDOV�VSDWLDO�RUJDQL]DWLRQ�RI�FORQHV�DQG�JHQH�H[SUHVVLRQ�VWDWHV�LQ��'�b
PHODQRJDVWHUb
7KH �'URVRSKLOD PHODQRJDVWHU �EUDLQ SURYLGHV DQ LGHDO PRGHO V\VWHP WR DSSO\ LPDJH�EDVHGb b b b b b b b b b b b
FORQDO PDSSLQJ �LQ YLYR �� �'URVRSKLOD SHUPLWV UDSLG JHQHWLF HQJLQHHULQJ DQG TXDQWLWDWLYH LPDJLQJ�b b b b b b b b b b b b
DQG� ZKLOH LWV EUDLQ GHYHORSPHQW KDV EHHQ H[WHQVLYHO\ FKDUDFWHUL]HG� IXQGDPHQWDO TXHVWLRQVb b b b b b b b b b b
DERXW WKH UROH RI OLQHDJH LQ IDWH GHWHUPLQDWLRQ UHPDLQ XQFOHDU ����� ���� 7KH �'URVRSKLOD �FHQWUDO �EUDLQb b b b b b b b b b b b b b b
LV NQRZQ WR GHYHORS IURP a��� HPEU\RQLF QHXUREODVW SURJHQLWRUV SHU KHPLVSKHUH ������ş��� ����b b b b b b b b b b b b
HDFK H[KLELWLQJ D XQLTXH OLQHDJH LGHQWLW\� DFTXLUHG ODUJHO\ WKURXJK VSDWLDO SDWWHUQLQJ� DQGb b b b b b b b b b b b
FRQWUROOHG E\ OLQHDJH VSHFLILF WUDQVFULSWLRQ IDFWRUV ����� ���� $ NH\ VWHS WRZDUGV XQGHUVWDQGLQJb b b b b b b b b b b b
FHQWUDO EUDLQ GHYHORSPHQW LV WKH FDSDFLW\ WR XQLTXHO\ ODEHO DQG LPDJH DOO GLVWLQFW FORQHV ZLWKLQb b b b b b b b b b b b b b b
D�VLQJOH�RUJDQLVP��DORQJ�ZLWK�WKHLU�FHOOXODU�JHQH�H[SUHVVLRQ�VWDWHV�bb
b
7R DFKLHYH VXFK PXOWL�FORQDO ODEHOLQJ LQ D VLQJOH LQGLYLGXDO� ZH FRQVWUXFWHG D IO\ OLQH WKDW DOORZVb b b b b b b b b b b b b b b b
FRQWUROODEOH HGLWLQJ DQG FHOO�W\SH�VSHFLILF UHDGRXW� :H FORQHG WKH LQW0(02,5 DUUD\b b b b b b b b b b
GRZQVWUHDP RI D 8$6 SURPRWHU DOVR H[SUHVVLQJ F\DQ IOXRUHVFHQW SURWHLQ �&)3� WR LGHQWLI\b b b b b b b b b b b b b
DUUD\�H[SUHVVLQJ FHOOV� DQG VLWH�VSHFLILFDOO\ LQWHJUDWHG WKLV FRQVWUXFW XVLQJ WKH SKL&�� V\VWHPb b b b b b b b b b b
���� ���� 7KH UHVXOWLQJ IO\ OLQH� ZKLFK ZH WHUP ŕ�'URVRSKLOD PHPRLSKLOD�Ŗ� SURYLGHV D UHVRXUFH IRUb b b b b b b b b b b b b b
JHQHUDO SXUSRVH OLQHDJH DQDO\VLV LQ IOLHV� :H IXUWKHU LQFRUSRUDWHG D %[E� LQWHJUDVH FRQWUROOHGb b b b b b b b b b b b b
E\ D WLJKWO\ UHJXODWHG KHDW VKRFN LQGXFLEOH SURPRWHU ����� �� WR UHFRUG LQ VSHFLILF WLPH ZLQGRZV�b b b b b b b b b b b b b b b
)LQDOO\� ZH FURVVHG WKHVH IOLHV WR DQ Q6\E�*DO� GULYHU WR UHVWULFW H[SUHVVLRQ RI WKH DUUD\ WRb b b b b b b b b b b b b b b b
QHXURQV��)LJ���$������� ����bb
b
7R FRQILUP LQW0(02,5 RSHUDWLRQ� ZH H[SRVHG IOLHV WR YDU\LQJ GXUDWLRQV RI KHDW VKRFN GXULQJb b b b b b b b b b b b b b
HDUO\ GHYHORSPHQW� FROOHFWHG DGXOWV� VHFWLRQHG WKHLU EUDLQV� DQG UHDG RXW WKH LQW0(02,5 DUUD\b b b b b b b b b b b b b
XVLQJ VHTXHQWLDO URXQGV RI VP),6+ ����� ���� 1HJOLJLEOH OHYHOV RI HGLWLQJ RFFXUUHG ZLWKRXW KHDWb b b b b b b b b b b b b
VKRFN� ZKLOH H[SRVXUH WR �� �R �& IRU ���K WR �K SURGXFHG GRVH�GHSHQGHQW LQFUHDVHV LQ HGLWLQJ�b b b b b b b b b b b b b b
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DV TXDQWLILHG E\ DQDO\VLV RI WZR XQLWV �)LJ� �%�� 7KHVH UHVXOWV GHPRQVWUDWH WKDW %[E� DFWLYLW\b b b b b b b b b b b b b b b
FDQ�EH�FRQWUROOHG�LQ�D�WLJKW��GRVH�GHSHQGHQW�PDQQHU�E\�KHDW�VKRFN�GXUDWLRQ��)LJ���%��bb
b
:H QH[W VRXJKW WR LQWHJUDWH DQDO\VLV RI OLQHDJH� FHOO VWDWH� DQG VSDWLDO RUJDQL]DWLRQ LQ D VLQJOHb b b b b b b b b b b b b b b b
EUDLQ� 7R LQGXFH HGLWLQJ LQ QHXUREODVWV GXULQJ HDUO\ HPEU\RQLF GHYHORSPHQW� ZH DSSOLHG D �b b b b b b b b b b b b b b
KRXU KHDW VKRFN VWDUWLQJ � KRXUV DIWHU HJJ OD\LQJ �)LJ� �&�� :H WKHQ DQDO\]HG EUDLQ VHFWLRQVb b b b b b b b b b b b b b b b
IURP DGXOWV E\ VP),6+� UHDGLQJ RXW QRW RQO\ WKH LQW0(02,5 DUUD\ EXW DOVR � HQGRJHQRXVb b b b b b b b b b b b b b b
JHQHV VHOHFWHG EDVHG RQ WKHLU DELOLW\ WR LGHQWLI\ GLYHUVH QHXURQDO FHOO W\SHV �)LJ� �' DQG )LJ�b b b b b b b b b b b b b b b b
6��� :LWKLQ D VLQJOH EUDLQ VHFWLRQ� ZH IRFXVHG RQ WKH �� FORQHV ZKLFK FRQWDLQHG DW OHDVW IRXUb b b b b b b b b b b b b b b b b
FHOOV DQG KDG DW OHDVW RQH LQYHUWHG XQLW �)LJ� 6� DQG 0DWHULDOV DQG 0HWKRGV�� 0RVW VXFK FORQHVb b b b b b b b b b b b b b b b b
FRQVLVWHG RI WLJKWO\ DSSRVHG FHOOV �H�J� )LJ� �( LQVHW� FORQHV � DQG ��� +RZHYHU� D PLQRULW\ ZHUHb b b b b b b b b b b b b b b b b
PRUH GLVSHUVHG� LQWHUPLQJOLQJ ZLWK RWKHU FORQHV ZLWKLQ WKH VHFWLRQ �H�J� )LJ� �( LQVHW� FORQH ��b b b b b b b b b b b b b b b
���� �ş��� �� �)LJ� �)�� 7KHVH UHVXOWV� ZKLFK DUH FRQVLVWHQW ZLWK SUHYLRXV REVHUYDWLRQV ����� �� ��� ����b b b b b b b b b b b b b
GHPRQVWUDWH WKH DELOLW\ WR VLPXOWDQHRXVO\ PDS WKH VSDWLDO DUUDQJHPHQWV RI PDQ\ FORQHV LQ WKHb b b b b b b b b b b b b b
VDPH�EUDLQ�VHFWLRQ�bb
b
:H QH[W VRXJKW WR YLVXDOL]H WKH VSDWLDO GLVWULEXWLRQ RI JHQH H[SUHVVLRQ VWDWHV� :H XVHG 80$3b b b b b b b b b b b b b b b
���� �� IROORZHG E\ GHQVLW\�EDVHG FOXVWHULQJ �'%6&$1� ����� �� WR UHGXFH GLPHQVLRQDOLW\ DQG LGHQWLI\b b b b b b b b b b b b
H[SUHVVLRQ VWDWHV �)LJ� �* DQG +�� &RPELQLQJ JHQH H[SUHVVLRQ ZLWK VSDWLDO ORFDWLRQ LGHQWLILHGb b b b b b b b b b b b b
NQRZQ FHOO W\SHV LQFOXGLQJ *$%$HUJLF QHXURQV� GRSDPLQHUJLF QHXURQV� DQG .HQ\RQ FHOOV �)LJ�b b b b b b b b b b b b
�*�� DQG DOORZHG XV WR SORW WKHLU VSDWLDO GLVWULEXWLRQ ZLWKLQ WKH EUDLQ VHFWLRQ �)LJXUH �,��b b b b b b b b b b b b b b b
&URVV�UHIHUHQFLQJ WKH VSDWLDO PDSV RI H[SUHVVLRQ VWDWHV DQG OLQHDJH DOVR DOORZHG VLPXOWDQHRXVb b b b b b b b b b b b
LQVSHFWLRQ RI DQ\ VSHFLILF UHJLRQ� FHOO VWDWH� DQG OLQHDJH RI LQWHUHVW� )RU H[DPSOH� LQW0(02,5b b b b b b b b b b b b b b
FDSWXUHG WZR RXW RI WKH IRXU NQRZQ OLQHDJHV RI .HQ\RQ FHOOV LQ WKLV H[SHULPHQW �)LJXUH �( DQGb b b b b b b b b b b b b b b b b
,� FOXVWHU 7 LQ WKH ULJKW KHPLVSKHUH� ����� ���� )XUWKHU� E\ ODEHOLQJ GLVWLQFW FORQHV LQ JHQH H[SUHVVLRQb b b b b b b b b b b b b b b b
VSDFH� ZH ZHUH DEOH WR YLVXDOL]H FRUUHODWLRQV EHWZHHQ FORQDO LGHQWLW\ DQG FHOO W\SH VLPLODULW\b b b b b b b b b b b b b b
�)LJ� �-�� 7KLV DQDO\VLV UHYHDOHG KRPRJHQHRXV FORQHV FRQWDLQLQJ D VLQJOH FHOO W\SH �)LJ� �-�b b b b b b b b b b b b b b
FORQHV � DQG ��� DV ZHOO DV KHWHURJHQHRXV FORQHV FRQWDLQLQJ PXOWLSOH FHOO W\SHV �)LJ� �-� FORQHb b b b b b b b b b b b b b b b
��� FRQVLVWHQW ZLWK SUHYLRXV REVHUYDWLRQV ����� ���� 2YHUDOO� FHOOV ZLWKLQ WKH VDPH FORQH WHQGHG WR EHb b b b b b b b b b b b b b b
PRUH�VLPLODU�WR�RQH�DQRWKHU�LQ�JHQH�H[SUHVVLRQ�WKDQ�FHOOV�LQ�GLIIHUHQW�FORQHV��)LJ���.��bb
b
,Q D KLJKO\ VWUXFWXUHG RUJDQ VXFK DV WKH EUDLQ� H[WULQVLF� VSDWLDOO\ RUJDQL]HG FXHV DQG LQWULQVLF�b b b b b b b b b b b b b b b
LQKHULWHG IDFWRUV FRXOG ERWK FRQWULEXWH WR FHOO IDWH GHWHUPLQDWLRQ� 7R GLVHQWDQJOH WKHLU UHODWLYHb b b b b b b b b b b b b
FRQWULEXWLRQV� ZH FRPSDUHG WKH VLPLODULW\ RI JHQH H[SUHVVLRQ VWDWHV EHWZHHQ FHOO SDLUV ZLWKLQb b b b b b b b b b b b b
WKH VDPH FORQH WR FHOO SDLUV LQ GLIIHUHQW FORQHV� DFURVV D UDQJH RI GLIIHUHQW VSDWLDO VHSDUDWLRQVb b b b b b b b b b b b b b b b
�)LJ� �0�� ,I H[WULQVLF FXHV GRPLQDWH� RQH ZRXOG H[SHFW FHOO VWDWH VLPLODULW\ WR VWURQJO\ FRUUHODWHb b b b b b b b b b b b b b b
ZLWK VSDWLDO SUR[LPLW\� LQGHSHQGHQW RI FORQDO LGHQWLW\� %\ FRQWUDVW� LI LQWULQVLF GHWHUPLQDQWVb b b b b b b b b b b b
GRPLQDWH� WKHQ JHQH H[SUHVVLRQ VLPLODULW\ VKRXOG FRUUHODWH ZLWK FORQDO LGHQWLW\� UHJDUGOHVV RIb b b b b b b b b b b b
VSDWLDO VHSDUDWLRQ �)LJ� �/�� +HUH� DPRQJ FHOO SDLUV GUDZQ IURP GLVWLQFW FORQHV� WUDQVFULSWLRQDOb b b b b b b b b b b b b
VLPLODULW\ VKRZHG OLWWOH GHSHQGHQFH RQ VSDWLDO GLVWDQFH �)LJ� �0� EOXH OLQHV�� +RZHYHU� FHOO SDLUVb b b b b b b b b b b b b b
ZLWKLQ WKH VDPH FORQH VKRZHG VWURQJ FHOO W\SH VLPLODULW\ DW FORVH GLVWDQFHV� ZLWK D JUDGXDOb b b b b b b b b b b b b b b
UHOD[DWLRQ RI WKLV VLPLODULW\ DW ODUJHU GLVWDQFHV �)LJ� �0� \HOORZ�UHG OLQHV�� 7KLV UHVXOW LV UREXVW WRb b b b b b b b b b b b b b b b
H[FOXVLRQ RI WKH ODUJH� KRPRJHQHRXV SRSXODWLRQ RI .HQ\RQ FHOOV �FOXVWHU 7� )LJ� 6�$�� ZKLFKb b b b b b b b b b b b b b
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FRXOG SRWHQWLDOO\ GRPLQDWH WKLV DQDO\VLV� DQG WR RWKHU FKRLFHV RI JHQH H[SUHVVLRQ GLVWDQFHb b b b b b b b b b b b b
PHWULF �)LJ� 6�%�� 7KXV� VSDWLDO SUR[LPLW\ DIIHFWV JHQH H[SUHVVLRQ VLPLODULW\ ZLWKLQ� EXW QRWb b b b b b b b b b b b b
EHWZHHQ WKHVH FORQHV� FRQVLVWHQW ZLWK D VWURQJ UROH IRU QHXUREODVW DQFHVWU\ LQ FHOO IDWHb b b b b b b b b b b b b b
GHWHUPLQDWLRQ�bb
b

'LVFXVVLRQb
b
+RZ WKH OLQHDJH KLVWRU\ RI D FHOO LPSDFWV LWV IXWXUH SRWHQWLDO LV D FHQWUDO SUREOHP LQb b b b b b b b b b b b b b b b
GHYHORSPHQW� EXW FKDOOHQJLQJ WR V\VWHPDWLFDOO\ DGGUHVV LQ PRVW V\VWHPV� &ORQDO LPDJLQJb b b b b b b b b b b
PHWKRGV VXFK DV 0$5&0 UHYROXWLRQL]HG GHYHORSPHQWDO DQDO\VLV EXW DUH OLPLWHG WR D IHZb b b b b b b b b b b b b
FORQHV SHU DQLPDO ����� ���� &RQYHUVHO\� VHTXHQFLQJ�EDVHG UHFRUGLQJ DSSURDFKHV VXFK DVb b b b b b b b b b
*(67$/7 FDQ SURYLGH KLJKHU WKURXJKSXW FORQDO DQG OLQHDJH UHFRQVWUXFWLRQ EXW GR QRW SUHVHUYHb b b b b b b b b b b b b
VSDWLDO LQIRUPDWLRQ ���� �� ��� �� ��� �� ����� ��� �� ��� �� ��� ���� $V VKRZQ KHUH� LQW0(02,5 DUUD\V DOORZb b b b b b b b b b b b b b b
KLJK�GHQVLW\ FHOO�DXWRQRPRXV HGLWLQJ ZLWK LPDJH�EDVHG UHDGRXW IRU OLQHDJH UHFRQVWUXFWLRQ� DUHb b b b b b b b b b
FRPSDWLEOH ZLWK VP),6+ JHQH H[SUHVVLRQ PHDVXUHPHQWV� DQG FDQ EH DSSOLHG LQ GLYHUVHb b b b b b b b b b b b
VSHFLHV DQG FRQWH[WV� 7KH JHQHWLFDOO\ FRPSDFW DUUD\ GHVLJQ IDFLOLWDWHV HQJLQHHULQJ RIb b b b b b b b b b b
LQW0(02,5 WUDQVJHQLF DQLPDOV� DV H[HPSOLILHG E\ �'� PHPRLSKLOD�� ZKLFK FDQ EH FURVVHG LQWRb b b b b b b b b b b b b
DQ\ *DO� DQG %[E� GULYHU OLQHV WR HQDEOH UHFRUGLQJ DQG UHDGRXW LQ VSHFLILF FHOO W\SHV DW GHVLUHGb b b b b b b b b b b b b b b b b
GHYHORSPHQWDO WLPHV� +HUH� ZH REVHUYHG WKDW VSDWLDO FRUUHODWLRQV RI FHOO VWDWH LQ WKH IO\ FHQWUDOb b b b b b b b b b b b b b b
EUDLQ DUH VWURQJO\ GHSHQGHQW RQ VKDUHG QHXUREODVW FORQDO DQFHVWU\� ,Q WKH IXWXUH� PRUHb b b b b b b b b b b b b
FRPSUHKHQVLYH DQDO\VLV FRPELQLQJ GHHSHU OLQHDJH WUHH UHFRQVWUXFWLRQV� EURDGHU WUDQVFULSWRPHb b b b b b b b b
SURILOLQJ ����� ���� DQG WKUHH�GLPHQVLRQDO LPDJLQJ VKRXOG HQDEOH D ILQHU JUDLQ YLHZ RI WKH UROHV WKDWb b b b b b b b b b b b b b b
LQWULQVLF DQG H[WULQVLF FXHV SOD\ LQ VSHFLI\LQJ WKH VSDWLDO DUUDQJHPHQW RI FHOO W\SHV� 0RUHb b b b b b b b b b b b b b
JHQHUDOO\� V\VWHPDWLF LQFRUSRUDWLRQ RI OLQHDJH LQIRUPDWLRQ LQ VSDWLDOO\ UHVROYHG FHOO DWODVHVb b b b b b b b b b b
VKRXOG DOORZ UHVHDUFKHUV WR H[SORUH LQWHUDFWLRQV ZLWKLQ DQG EHWZHHQ FORQDO OLQHDJHV� DQG WRb b b b b b b b b b b b b
XQGHUVWDQG GHYHORSPHQWDO YDULDWLRQ EHWZHHQ LQGLYLGXDO RUJDQLVPV� 7R DFKLHYH WKHVH JRDOV� WKHb b b b b b b b b b b
PHPRU\ FDSDFLW\ RI LQW0(02,5 FDQ EH H[SDQGHG E\ LQFRUSRUDWLQJ DGGLWLRQDO LQGHSHQGHQWO\b b b b b b b b b b b
UHDGDEOH DUUD\V� )XUWKHU� EHFDXVH WKH VDPH UHFRUGLQJ GHVLJQ FDQ ZRUN ZLWK DGGLWLRQDOb b b b b b b b b b b b
LQWHJUDVHV �)LJ� 6��� DQG UHFHQW ZRUN HOLPLQDWHV WKH QHHG IRU �LQ YLYR WUDQVFULSWLRQ IRU ),6+b b b b b b b b b b b b b b b
UHDGRXW ����� ���� LW VKRXOG EH SRVVLEOH WR EXLOG LQW0(02,5 V\VWHPV ZLWK PXOWLSOH UHFRUGLQJb b b b b b b b b b b b b
ŕFKDQQHOVŖ ZLWK GLIIHUHQW LQWHJUDVHV UHJXODWHG E\ VSHFLILF VLJQDOLQJ SDWKZD\ RU WUDQVFULSWLRQb b b b b b b b b b b
IDFWRU DFWLYLWLHV ����� ���� LQW0(02,5 WKXV SURYLGHV D IRXQGDWLRQ IRU XQGHUVWDQGLQJ KRZ HDFK FHOOŖVb b b b b b b b b b b b b
SUHVHQW�VWDWH�HPHUJHV�IURP�LWV�VSDWLDO�FRQWH[W�DQG�LQGLYLGXDO�KLVWRU\�b
b
b
b

b b
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5HIHUHQFHV�DQG�1RWHVb

��b &��%ODQSDLQ��%��'��6LPRQV��8QUDYHOOLQJ�VWHP�FHOO�G\QDPLFV�E\�OLQHDJH�WUDFLQJ���1DW��5HY��0RO�b
&HOO�%LRO������ ������ş�����������b

��b .��.UHW]VFKPDU��)��0��:DWW��/LQHDJH�WUDFLQJ���&HOO ������� �����ş����������b

��b 0��%��:RRGZRUWK��.��0��*LUVNLV��&��$��:DOVK��%XLOGLQJ�D�OLQHDJH�IURP�VLQJOH�FHOOV��JHQHWLFb
WHFKQLTXHV�IRU�FHOO�OLQHDJH�WUDFNLQJ���1DW��5HY��*HQHW������ ������ş�����������b

��b 6��+��6��:X��-��+��/HH��%��.��.RR��/LQHDJH�7UDFLQJ��&RPSXWDWLRQDO�5HFRQVWUXFWLRQ�*RHVb
%H\RQG�WKH�/LPLW�RI�,PDJLQJ���0RO��&HOOV������ ������ş�����������b

��b &��6��%DURQ��$��YDQ�2XGHQDDUGHQ��8QUDYHOOLQJ�FHOOXODU�UHODWLRQVKLSV�GXULQJ�GHYHORSPHQW�DQGb
UHJHQHUDWLRQ�XVLQJ�JHQHWLF�OLQHDJH�WUDFLQJ���1DW��5HY��0RO��&HOO�%LRO������ ������ş�����������b

��b '��)UXPNLQ��$��:DVVHUVWURP��6��.DSODQ��8��)HLJH��(��6KDSLUR��*HQRPLF�YDULDELOLW\�ZLWKLQ�DQb
RUJDQLVP�H[SRVHV�LWV�FHOO�OLQHDJH�WUHH���3/R6�&RPSXW��%LRO����� ���H����������b

��b 6��-��6DOLSDQWH��0��6��+RUZLW]��3K\ORJHQHWLF�IDWH�PDSSLQJ���3URF��1DWO��$FDG��6FL��8��6��$������� ��b
����ş������������b

��b 1��1DYLQ��-��.HQGDOO��-��7URJH��3��$QGUHZV��/��5RGJHUV��-��0F,QGRR��.��&RRN��$��6WHSDQVN\�b
'��/HY\��'��(VSRVLWR��/��0XWKXVZDP\��$��.UDVQLW]��:��5��0F&RPELH��-��+LFNV��0��:LJOHU�b
7XPRXU�HYROXWLRQ�LQIHUUHG�E\�VLQJOH�FHOO�VHTXHQFLQJ���1DWXUH������� �����ş����������b

��b 6��%HKMDWL��0��+XFK��5��YDQ�%R[WHO��:��.DUWKDXV��'��&��:HGJH��$��8��7DPXUL��,��0DUWLQFRUHQD�b
0��3HWOMDN��/��%��$OH[DQGURY��*��*XQGHP��3��6��7DUSH\��6��5RHULQN��-��%ORNNHU��0��0DGGLVRQ�b
/��0XGLH��%��5RELQVRQ��6��1LN�=DLQDO��3��&DPSEHOO��1��*ROGPDQ��0��YDQ�GH�:HWHULQJ��(�b
&XSSHQ��+��&OHYHUV��0��5��6WUDWWRQ��*HQRPH�VHTXHQFLQJ�RI�QRUPDO�FHOOV�UHYHDOVb
GHYHORSPHQWDO�OLQHDJHV�DQG�PXWDWLRQDO�SURFHVVHV���1DWXUH������� ������ş�����������b

���b 0��$��/RGDWR��0��%��:RRGZRUWK��6��/HH��*��'��(YURQ\��%��.��0HKWD��$��.DUJHU��6��/HH��7��:�b
&KLWWHQGHQ��$��0��'Ŗ*DPD��;��&DL��/��-��/XTXHWWH��(��/HH��3��-��3DUN��&��$��:DOVK��6RPDWLFb
PXWDWLRQ�LQ�VLQJOH�KXPDQ�QHXURQV�WUDFNV�GHYHORSPHQWDO�DQG�WUDQVFULSWLRQDO�KLVWRU\���6FLHQFH��b
��� �����ş����������b

���b 5��8��6KHWK��+��+��:DQJ��'1$�EDVHG�PHPRU\�GHYLFHV�IRU�UHFRUGLQJ�FHOOXODU�HYHQWV���1DW��5HY�b
*HQHW������ ������ş�����������b

���b /��6��/XGZLJ��&��$��/DUHDX��-��&��8OLUVFK��(��&KULVWLDQ��&��0XXV��/��+��/L��.��3HOND��:��*H��<�b
2UHQ��$��%UDFN��7��/DZ��&��5RGPDQ��-��+��&KHQ��*��0��%RODQG��1��+DFRKHQ��2�b
5R]HQEODWW�5RVHQ��0��-��$U\HH��-��'��%XHQURVWUR��$��5HJHY��9��*��6DQNDUDQ��/LQHDJH�7UDFLQJb
LQ�+XPDQV�(QDEOHG�E\�0LWRFKRQGULDO�0XWDWLRQV�DQG�6LQJOH�&HOO�*HQRPLFV���&HOO ������� ��b
����ş�����H����������b

���b +��=RQJ��-��6��(VSLQRVD��+��+��6X��0��'��0X]XPGDU��/��/XR��0RVDLF�DQDO\VLV�ZLWK�GRXEOHb
PDUNHUV�LQ�PLFH���&HOO ������� ������ş�����������b

���b -��/LYHW��7��$��:HLVVPDQ��+��.DQJ��5��:��'UDIW��-��/X��5��$��%HQQLV��-��5��6DQHV��-��:�b
/LFKWPDQ��7UDQVJHQLF�VWUDWHJLHV�IRU�FRPELQDWRULDO�H[SUHVVLRQ�RI�IOXRUHVFHQW�SURWHLQV�LQ�WKHb
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QHUYRXV�V\VWHP���1DWXUH������� �����ş����������b

���b +��+��<X��&��+��&KHQ��/��6KL��<��+XDQJ��7��/HH��7ZLQ�VSRW�0$5&0�WR�UHYHDO�WKHb
GHYHORSPHQWDO�RULJLQ�DQG�LGHQWLW\�RI�QHXURQV���1DW��1HXURVFL������ ������ş�����������b

���b 6��'��3HUOL��&��+��&XL��7��.��/X��&RQWLQXRXV�JHQHWLF�UHFRUGLQJ�ZLWK�VHOI�WDUJHWLQJ�&5,635�&DVb
LQ�KXPDQ�FHOOV���6FLHQFH������� ����������GRL����������VFLHQFH�DDJ���� ��b

���b $��0F.HQQD��*��0��)LQGOD\��-��$��*DJQRQ��0��6��+RUZLW]��$��)��6FKLHU��-��6KHQGXUH�b
:KROH�RUJDQLVP�OLQHDJH�WUDFLQJ�E\�FRPELQDWRULDO�DQG�FXPXODWLYH�JHQRPH�HGLWLQJ���6FLHQFH��b
��� ���DDI������������b

���b :��3HL��7��%��)H\HUDEHQG��-��5ąVVOHU��;��:DQJ��'��3RVWUDFK��.��%XVFK��,��5RGH��.��.ODSSURWK�b
1��'LHWOHLQ��&��4XHGHQDX��:��&KHQ��6��6DXHU��6��:ROI��7��+ąIHU��+��5��5RGHZDOG��3RO\OR[b
EDUFRGLQJ�UHYHDOV�KDHPDWRSRLHWLF�VWHP�FHOO�IDWHV�UHDOL]HG�LQ�YLYR���1DWXUH������� ������ş���b
�������b

���b 5��.DOKRU��.��.DOKRU��/��0HMLD��.��/HHSHU��$��*UDYHOLQH��3��0DOL��*��0��&KXUFK��'HYHORSPHQWDOb
EDUFRGLQJ�RI�ZKROH�PRXVH�YLD�KRPLQJ�&5,635���6FLHQFH������� ���������b
GRL����������VFLHQFH�DDW���� ��b

���b :��7DQJ��'��5��/LX��5HZULWDEOH�PXOWL�HYHQW�DQDORJ�UHFRUGLQJ�LQ�EDFWHULDO�DQG�PDPPDOLDQ�FHOOV�b
6FLHQFH������� ����������GRL����������VFLHQFH�DDS���� ��b

���b $��$OHPDQ\��0��)ORUHVFX��&��6��%DURQ��-��3HWHUVRQ�0DGXUR��$��YDQ�2XGHQDDUGHQ�b
:KROH�RUJDQLVP�FORQH�WUDFLQJ�XVLQJ�VLQJOH�FHOO�VHTXHQFLQJ���1DWXUH������� ������ş�����������b

���b 0��0��&KDQ��=��'��6PLWK��6��*URVVZHQGW��+��.UHW]PHU��7��0��1RUPDQ��%��$GDPVRQ��0��-RVW�b
-��-��4XLQQ��'��<DQJ��0��*��-RQHV��$��.KRGDYHUGLDQ��1��<RVHI��$��0HLVVQHU��-��6��:HLVVPDQ�b
0ROHFXODU�UHFRUGLQJ�RI�PDPPDOLDQ�HPEU\RJHQHVLV���1DWXUH������� �����ş����������b

���b .��/��)ULHGD��-��0��/LQWRQ��6��+RUPR]��-��&KRL��.��+��.��&KRZ��=��6��6LQJHU��0��:��%XGGH��0�b
%��(ORZLW]��/��&DL��6\QWKHWLF�UHFRUGLQJ�DQG�LQ�VLWX�UHDGRXW�RI�OLQHDJH�LQIRUPDWLRQ�LQ�VLQJOH�FHOOV�b
1DWXUH������� ������ş�����������b

���b (��/XEHFN��$��)��&RVNXQ��7��=KL\HQWD\HY��0��$KPDG��/��&DL��6LQJOH�FHOO�LQ�VLWX�51$�SURILOLQJ�E\b
VHTXHQWLDO�K\EULGL]DWLRQ���1DW��0HWKRGV������ ����������SS�����ş����b

���b &��+��/��(QJ��0��/DZVRQ��4��=KX��5��'ULHV��1��.RXOHQD��<��7DNHL��-��<XQ��&��&URQLQ��&��.DUS�b
*��&��<XDQ��/��&DL��7UDQVFULSWRPH�VFDOH�VXSHU�UHVROYHG�LPDJLQJ�LQ�WLVVXHV�E\�51$�VHT),6+�b
1DWXUH������� ������ş�����������b

���b $��5DM��3��YDQ�GHQ�%RJDDUG��6��$��5LINLQ��$��YDQ�2XGHQDDUGHQ��6��7\DJL��,PDJLQJ�LQGLYLGXDOb
P51$�PROHFXOHV�XVLQJ�PXOWLSOH�VLQJO\�ODEHOHG�SUREHV���1DW��0HWKRGV����� ������ş�����������b

���b ,��6DOYDGRU�0DUWìQH]��0��*ULOOR��0��$YHURI��0��-��7HOIRUG��,V�LW�SRVVLEOH�WR�UHFRQVWUXFW�DQb
DFFXUDWH�FHOO�OLQHDJH�XVLQJ�&5,635�UHFRUGHUV"��(OLIH����� ����������GRL����������H/LIH������ ��b

���b :��0��6WDUN��0��5��%RRFRFN��'��-��6KHUUDWW��&DWDO\VLV�E\�VLWH�VSHFLILF�UHFRPELQDVHV���7UHQGVb
*HQHW����� ������ş�����������b
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���b 0��&��$��6PLWK��5��7LOO��0��&��0��6PLWK��6ZLWFKLQJ�WKH�SRODULW\�RI�D�EDFWHULRSKDJH�LQWHJUDWLRQb
V\VWHP���0RO��0LFURELRO������ �������ş������������b
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Figures 

 
 
Fig. 1. Three-state memory elements (trits) enable in situ developmental lineage 
reconstruction. 
(A) An ideal recording system connects the spatial information, gene expression, and lineage 
history of single cells (schematic). Lineage information comprises multi-generation 
reconstruction of cell division trees (panel B) as well as multiplexed clone classification (panel 
C). (B and C) Simulations of editing and reconstruction for systems with 10 irreversible recording 
units. For lineage tree reconstruction in (B), trit recording units improve tree reconstructability 
compared to two-state bits across a wide range of edit rates, and retain information when edited 
to completion. Reconstructability is defined as the normalized Robinson-Foulds score obtained 
by comparing the reconstructed tree to ground truth simulated lineage. For clonal classification 
in (C), trits enable simultaneous tracing of a large number of clones in the same organism, 
potentially distinguishing up to two orders of magnitude more clones with >95% confidence than 
its bit counterpart (4030 and 70 clones, respectively). Clonal confidence is defined as the 
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probability that two randomly selected cells with identical edit patterns are from the same clone. 
(D) Serine integrases enable trit designs compatible with FISH readout. Transcribed barcodes 
are flanked by two attPs and one attB site. Recombination results in either an inverted or deleted 
barcode, which can be distinguished by fluorescent probes (colored lines and asterisks) directed 
against either strand. 
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Fig. 2. Trits can be independently edited within recording arrays.  
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(A) 10 trits (orange numbered rectangles) can be concatenated into a 10-unit array using 
attP/attB pairs with orthogonal central dinucleotides (red letters). (B) Fluorescent reporter assay 
enables rapid characterization of the recording units. The trit reporter construct (middle) 
produces no fluorescence until an integrase inverts it to express Citrine (top) or deletes it to 
express mCherry (bottom). In subsequent panels, cells transfected with reporter constructs were 
analyzed by flow cytometry, gating on a co-transfection marker (Materials and Methods). Data 
in subsequent panels are calculated from median values of triplicate experiments. (C) Bxb1 does 
not efficiently recombine attP and attB with mismatched dinucleotides. (D) All six non-
palindromic dinucleotides mediate inversion (left) and deletion (right) of attP/B pairs. (E) With 
palindromic dinucleotides, one pair of matching attP and attB is sufficient for inversion and 
deletion. Bxb1 is agnostic to the relative orientation of these att sites, as demonstrated by the 
comparable edit efficiencies between attP/BAT when the two sites are arranged in the same (AT) 
and opposite (AT’) orientations. (F) intMEM1 is a stable mES cell line with the 10-unit array 
integrated at the Rosa26 locus and an inducible Bxb1 integrated at the TIGRE locus. The 10-unit 
array is constitutively expressed, while Bxb1 can be activated by the combination of doxycycline 
for transcription, and trimethoprim (TMP) for protein stabilization. (G) Over 36 hours of growth 
with Bxb1 induction, cells progressively accumulate edits for multi-generational lineage 
reconstruction. Induction is then stopped, and array edits are inherited by daughter cells over an 
18 hour expansion period, enabling clonal classification. (H) Five rounds of hybridization read 
out all possible states of the recording array in situ. (I) The relative frequency with which each trit 
is observed in its unedited, deleted, or inverted state after 36 hours of Bxb1 induction. (J) The 
low mutual information between any given pair of units illustrates functional independence of 
each of the 10 units in the array. 
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Fig. 3. intMEMOIR reconstructs lineage relationships.  
(A) Quantitative analysis of the accuracy of clonal reconstruction and multi-generational lineage 
reconstruction. intMEM1 cells are tracked in time-lapse microscopy to establish ground truth 
lineage relationships (left panel). End-point FISH analysis recovers array edit states (second 
panel). Distinct edit patterns are used to classify cells into clones (‘clonal classification’, color 
groups), or further analyzed based on sister likelihood distance (Supplementary Text and 
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Materials and Methods) to reconstruct lineage trees (‘lineage tree reconstruction’, right). 
Comparison with ground truth allows quantification of reconstruction accuracy. (B) Cells from 
the same colony are segmented (highlighted in red and green) and their array RNA FISH dots 
identified (white dots). Downstream analyses are performed on cells with strong array expression 
(red cells). (C) Clonal classification errors arise either from clonal cells gaining additional edits 
(false negative) or convergent edits between distant relatives (false positive). (D) intMEMOIR 
demonstrates robust clonal classification accuracy, with few errors compared to scrambled 
control. (E-G) Lineage reconstruction examples, with ground truth lineage on the left, cell ID and 
their corresponding barcode states in the middle, and reconstructed lineage on the right. (E) and 
(F) are colonies with perfect tree reconstruction, while (G) shows reconstruction error in branches 
highlighted (red dots). (H) Cumulative distributions show that lineage reconstruction from 
intMEMOIR approaches the accuracy expected from simulations of a 10-unit trit array displaying 
experimentally observed edit rates (blue, solid and dashed lines, respectively). Higher observed 
entropy in the edit patterns can independently identify colonies with greater reconstruction 
accuracy (green).   
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Fig. 4. intMEMOIR enables clonal reconstruction of large colonies.  
(A) To demonstrate clonal classification and lineage reconstruction on a larger scale, we induced 
Bxb1 in an intMEM1 colony for 36 hours of lineage recording, followed by 70 hours of clonal 
expansion, fixation, and imaging. (B) Example of FISH readout of the intMEMOIR array in a 
colony. Signal for the unedited and inverted states of each unit are colored green and magenta, 
respectively. Clones with deleted units are outlined in gray. (C) Spatial distribution of the 10 
clones in the colony. Cells are classified into clones based on identical edits in their intMEMOIR 
arrays. (D) Reconstruction of the early lineage of the colony. Each clone is labeled with the 
number of cells it contains and its corresponding color in (C). Tree reflects reconstructed lineage 
relationships (see Materials and Methods).  
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Fig. 5. intMEMOIR connects single-cell spatial, molecular state, and lineage information 
in adult Drosophila brain.  
(A) A neuronal recording fly line was obtained by crossing D. memoiphila flies containing a site-
specifically integrated UAS-10-unit array with an nSyb-Gal4 strain. The offspring have pan-
neuronal expression of the recording array and are subsequently crossed with a tight heat shock 
inducible Bxb1 line to produce the final fly line. (Other Gal4 drivers could be used to analyze 
distinct tissues or cell types). (B) Editing activity, measured as the ratio of edited unit 5 over 
unedited unit 9, increases with heat shock duration in a dose-dependent manner (see Materials 
and Methods). (C) To achieve in situ analysis of cell state and clonal identity, editing was induced 
with a 1 hour heat shock at 4h after egg laying. This early induction aims to label neuroblasts 
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with unique array states that can be inherited by all neuron progeny in the adult brain. Flies were 
then grown to adulthood, and their brains dissected and cryosectioned. Sequential rounds of 
FISH were used to read out the intMEMOIR array and 8 endogenous genes: tyrosine hydroxylase 
(TH), choline acetyltransferase (ChAT), fruitless (Fru), short neuropeptide F precursor (sNPF), 
glutamic acid decarboxylase (Gad1), vesicular glutamate transporter (VGlut), serotonin 
transporter (SerT), and tyramine β-hydroxylase (Tbh). (D) Example images showing single cell 
resolution imaging of endogenous expression and array state in the same tissue sample (scale 
bar, 30 μm; see Fig. S7 for additional examples). (E) intMEMOIR clones mapped in space. 
Segmented cells are colored by the 29 analyzed clones (n=529; scale bar, 30 μm). Inset highlights 
examples of clones that are clustered (clones 1 and 2) and dispersed (clone 3) in space. Cells 
outside the 29 clones are gray. Clone colors are consistent with (J). (F) Cells within the same 
clone (black) are arranged closer in physical space than cells between clones (gray). Cumulative 
distributions show pairwise distance between the cells. (G) UMAP clustering of 5,332 cells based 
on the expression of the 8 endogenous genes. Four clusters are annotated by inspection based 
on expression patterns and in situ localization of the majority population. Cells among the 29 
analyzed clones are highlighted with saturated colors. Cluster colors are consistent between (G), 
(H), and (I). (H) Heatmap showing the relative expression, calculated as normalized Z-score, of 
the 8 genes in each cluster. (I) Gene expression clusters mapped in space. Segmented cells are 
colored by cluster. Cells among the 29 analyzed clones are highlighted with saturated colors 
(scale bar, 30 μm). The inset highlights the same cells in (E), demonstrating clones that display 
similar (clones 1 and 2) and mixed (clone 3) cell states. (J) The three represented clones mapped 
onto UMAP space, demonstrating examples of cells whose molecular states are correlated to 
their neuroblast lineage to varying degrees. (K) Cells within the same clone (black) are more 
similar in expression than cells in different clones (gray). Cumulative distributions show pairwise 
UMAP expression distances (Supplemental Text). (L) Hypothetical observations if either 
neuroblast lineage or spatial distribution alone dominates cell state determination in the fly brain. 
(M) Within the same clone, larger physical distances between cells correlate with greater gene 
expression differences (yellow to red colors). This correlation is not observed between cells of 
different clones (grey to blue colors). Cumulative distributions show pairwise UMAP expression 
distances.  
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