
1DWXUH�RYHU�1XUWXUH��)XQFWLRQDO�QHXURQDO�FLUFXLWV�HPHUJH�LQ�WKH�DEVHQFH�RI�GHYHORSPHQWDO

DFWLYLW\

'iQLHO�/��%DUDEiVL����
� � *UHJRU�)��3��6FKXKNQHFKW��
� )ORULDQ�(QJHUW�

� %LRSK\VLFV�3URJUDP��+DUYDUG�8QLYHUVLW\��&DPEULGJH� 0$��86$
� 'HSDUWPHQW�RI�0ROHFXODU�DQG�&HOOXODU�%LRORJ\�DQG &HQWHU�IRU�%UDLQ�6FLHQFH��+DUYDUG

8QLYHUVLW\��&DPEULGJH��0DVVDFKXVHWWV��86$

 7KHVH�DXWKRUV�FRQWULEXWHG�HTXDOO\

&RUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG�WR��GDQLHOEDUDEDVL#JPDLO�FRP

$EVWUDFW
'XULQJ�GHYHORSPHQW��WKH�FRPSOH[�QHXURQDO�FLUFXLWU\�RI�WKH�EUDLQ�DULVHV�IURP�OLPLWHG

LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�JHQRPH��$IWHU�WKH�JHQHWLF�FRGH�LQVWUXFWV�WKH�ELUWK�RI�QHXURQV��WKH

HPHUJHQFH�RI�EUDLQ�UHJLRQV��DQG�WKH�IRUPDWLRQ�RI�D[RQ�WUDFWV��LW�LV�EHOLHYHG�WKDW�QHXURQDO�DFWLYLW\

SOD\V�D�FULWLFDO�UROH�LQ�VKDSLQJ�FLUFXLWV�IRU�EHKDYLRU��&XUUHQW�$,�WHFKQRORJLHV�DUH�PRGHOHG�DIWHU

WKH�VDPH�SULQFLSOH��FRQQHFWLRQV�LQ�DQ�LQLWLDO�ZHLJKW�PDWUL[�DUH�SUXQHG�DQG�VWUHQJWKHQHG�E\

DFWLYLW\�GHSHQGHQW�VLJQDOV�XQWLO�WKH�QHWZRUN�FDQ�VXIILFLHQWO\�JHQHUDOL]H�D�VHW�RI�LQSXWV�LQWR

RXWSXWV��+HUH��ZH�FKDOOHQJH�WKHVH�OHDUQLQJ�GRPLQDWHG�DVVXPSWLRQV�E\�TXDQWLI\LQJ�WKH

FRQWULEXWLRQ�RI�QHXURQDO�DFWLYLW\�WR�WKH�GHYHORSPHQW�RI�YLVXDOO\�JXLGHG�VZLPPLQJ�EHKDYLRU�LQ

ODUYDO�]HEUDILVK��,QWULJXLQJO\��GDUN�UHDULQJ�]HEUDILVK�UHYHDOHG�WKDW�YLVXDO�H[SHULHQFH�KDV�QR�HIIHFW

RQ�WKH�HPHUJHQFH�RI�WKH�RSWRPRWRU�UHVSRQVH��205���:H�WKHQ�UDLVHG�DQLPDOV�XQGHU�FRQGLWLRQV

ZKHUH�QHXURQDO�DFWLYLW\�ZDV�SKDUPDFRORJLFDOO\�VLOHQFHG�IURP�RUJDQRJHQHVLV�RQZDUG�XVLQJ�WKH

VRGLXP�FKDQQHO�EORFNHU�WULFDLQH��6WULNLQJO\��DIWHU�ZDVKRXW�RI�WKH�DQHVWKHWLF��DQLPDOV�SHUIRUPHG

VZLP�ERXWV�DQG�UHVSRQGHG�WR�YLVXDO�VWLPXOL�ZLWK�����DFFXUDF\�LQ�WKH�205�SDUDGLJP��$IWHU

VKRUWHU�SHULRGV�RI�VLOHQFHG�DFWLYLW\�205�SHUIRUPDQFH�VWD\HG�DERYH�����DFFXUDF\��FDOOLQJ�LQWR

TXHVWLRQ�WKH�LPSRUWDQFH�DQG�LPSDFW�RI�FODVVLFDO�FULWLFDO�SHULRGV�IRU�YLVXDO�GHYHORSPHQW��'HWDLOHG

TXDQWLILFDWLRQ�RI�WKH�HPHUJHQFH�RI�IXQFWLRQDO�FLUFXLW�SURSHUWLHV�E\�EUDLQ�ZLGH�LPDJLQJ

H[SHULPHQWV�FRQILUPHG�WKDW�QHXURQDO�FLUFXLWV�FDPH�µRQOLQH¶�IXOO\�WXQHG�DQG�ZLWKRXW�WKH

UHTXLUHPHQW�IRU�DFWLYLW\�GHSHQGHQW�SODVWLFLW\��7KXV��ZH�ILQG�WKDW�FRPSOH[�VHQVRU\�JXLGHG

EHKDYLRUV�FDQ�EH�ZLUHG�XS�E\�DFWLYLW\�LQGHSHQGHQW�GHYHORSPHQWDO�PHFKDQLVPV�
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,QWURGXFWLRQ

8QGHUVWDQGLQJ KRZ IXQFWLRQDO QHXURQDO FLUFXLWV DUH HVWDEOLVKHG GXULQJ GHYHORSPHQW LV D

IXQGDPHQWDO FKDOOHQJH LQ QHXURVFLHQFH� 2QH SURPLQHQW OLQH RI WKLQNLQJ LV WKDW QHWZRUN VWUXFWXUH

LV LQLWLDOO\ RQO\ UXGLPHQWDULO\ GHILQHG E\ JHQHWLF PHFKDQLVPV� DQG WKDW IXQFWLRQDO ZLULQJ LV

HVWDEOLVKHG WKURXJK DFWLYLW\�GHSHQGHQW SURFHVVHV �.DW] DQG 6KDW] ����� *RRGPDQ DQG 6KDW]

����� +�EHQHU DQG %RQKRHIIHU ������ ,QGHHG� UHVHDUFK LQ DUWLILFLDO LQWHOOLJHQFH DQG

FRPSXWDWLRQDO QHXURVFLHQFH KDYH KLJKOLJKWHG KRZ ZHDNO\ VWUXFWXUHG PRGHOV FDQ OHDUQ WR

SHUIRUP FRPSOH[ WDVNV� HYHQ RXWSHUIRUPLQJ KXPDQV DW &KHVV DQG *R �6LOYHU HW DO� ����� ������

6XFK PRGHOV DUH WKRXJKW WR DEVWUDFW WKH ELRORJLFDO SKHQRPHQRQ RI H[SHULHQFH�GHSHQGHQW

UHZLULQJ RI QHXURQDO FLUFXLWV� ZKLFK LV DVVXPHG WR EH FULWLFDO IRU WKH PDWXUDWLRQ RI WKH IXQFWLRQDO

EUDLQ �YDQ�*HUYHQ�DQG�%RKWH�������+DVVRQ��1DVWDVH� DQG�*ROGVWHLQ�������5LFKDUGV�HW�DO��������

7KH VLJQLILFDQW UROH RI VHQVRU\�GULYHQ QHXURQDO DFWLYLW\ LQ EUDLQ GHYHORSPHQW ZDV PDGH

DSSDUHQW E\ WKH GLVFRYHU\ RI FULWLFDO SHULRGV IRU RFXODU GRPLQDQFH IRUPDWLRQ LQ FDWV DQG SULPDWHV

�+XEHO DQG :LHVHO ����� ����� +XEHO� :LHVHO� DQG 6WU\NHU ������ 7KHVH VHPLQDO H[SHULPHQWV�

DQG PDQ\ WKDW IROORZHG� GHSULYHG DQLPDOV RI VHQVRU\ LQSXWV HDUO\ LQ GHYHORSPHQW DQG WKHQ

VKRZHG PDMRU VWUXFWXUDO DQG IXQFWLRQDO DEQRUPDOLWLHV LQ WKH EUDLQ �6HQJSLHO� 6WDZLQVNL� DQG

%RQKRHIIHU ����� .LQG HW DO� ������ ,Q WXUQ� WKHRUHWLFDO DQG FRPSXWDWLRQDO QHXURVFLHQFH ZRUN

EHJDQ WR LQWHUQDOL]H WKH LGHD WKDW VWLPXOXV�GULYHQ QHXURQDO DFWLYLW\ LV VXIILFLHQW� DQG DW WLPHV

QHFHVVDU\� IRU WXQLQJ WKH EUDLQ �'D\DQ DQG $EERWW ������ +RZHYHU� LW LV VWLOO XQFOHDU ZKHWKHU

µQRUPDO¶ VHQVRU\ H[SHULHQFH GXULQJ GHYHORSPHQW LV LQGHHG QHFHVVDU\ IRU WKH HPHUJHQFH RI

FRPSOH[�EHKDYLRUV�

0RUH UHFHQWO\� WKH GLVFRYHU\ RI FRUUHODWHG VSRQWDQHRXV QHXURQDO DFWLYLW\ LQ HDUO\ EUDLQ

GHYHORSPHQW KDV LOOXPLQDWHG WKH SRWHQWLDO IRU DFWLYLW\ WR WXQH QHXURQDO FLUFXLWV SULRU WR WKH DUULYDO
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RI VHQVRU\ LQSXW �%DMDU HW DO� ����� *H HW DO� ������ ,QGHHG� ZDYH�OLNH DFWLYLW\ SDWWHUQV LQ WKH

UHWLQD KDYH EHHQ VKRZQ WR FRQWULEXWH WR WKH UHILQHPHQW RI YLVXDO FLUFXLWU\� DQG FDQ HYHQ HQFRGH

UHOHYDQW VWDWLVWLFDO SURSHUWLHV RI QDWXUDO VWLPXOL �*H HW DO� ����� :DUODQG� +XEHUPDQ� DQG &KDOXSD

����� .KRQD� &KDQGUD� DQG )LHWH ����� )HOOHU HW DO� ������ +RZHYHU� SHUWXUEDWLRQV RI VXFK

GHYHORSPHQWDO DFWLYLW\� LQFOXGLQJ VHQVRU\ GHSULYDWLRQ VWXGLHV� DUH XVXDOO\ UHVWULFWHG WR VPDOO

EUDLQ UHJLRQV DQG WDUJHW RQO\ D VLQJOH VHQVRU\ PRGDOLW\� ZKLOH QHLJKERULQJ LQSXW VWUHDPV UHPDLQ

LQWDFW� 7KLV JHQHUDWHV FRPSHWLWLRQ EHWZHHQ WKH SHUWXUEHG PRGDOLW\ DQG LWV XQSHUWXUEHG QHLJKERUV�

PDNLQJ LW LPSRVVLEOH WR GLVWLQJXLVK ZKHWKHU D ORVV�RI�IXQFWLRQ ZDV FDXVHG E\ WKH ODFN RI

QHXURQDO�DFWLYLW\�LWVHOI��RU�E\�FRPSHWLWLYH�WDNHRYHU�IURP�RWKHU�PRGDOLWLHV�

,Q VXPPDU\� WHVWLQJ ZKHWKHU DQ\� RU DOO� RI WKHVH DFWLYLW\�GHSHQGHQW FRPSRQHQWV RI

GHYHORSPHQW DUH WUXO\ QHFHVVDU\ IRU WKH PDWXUDWLRQ RI IXQFWLRQDO QHXURQDO FLUFXLWV UHTXLUHV WKH

DELOLW\ WR UHYHUVLEO\ EORFN DOO QHXURQDO DFWLYLW\ WKURXJKRXW WKH SHULRG RI EUDLQ IRUPDWLRQ� DQ

LQWHUYHQWLRQ SUHYLRXVO\ OHWKDO DW ELUWK �9HUKDJH HW DO� ����� 6DQGR HW DO� ������ +HUH� ZH KDYH

RYHUFRPH WKLV FKDOOHQJH E\ SKDUPDFRORJLFDOO\ EORFNLQJ DOO QHXURQDO DFWLYLW\ SDWWHUQV GXULQJ WKH

IRXU GD\V LQ ZKLFK WKH FHQWUDO QHUYRXV V\VWHP RI WKH ODUYDO ]HEUDILVK LV IRUPHG� :H IRXQG WKDW�

DIWHU ZDVKRXW RI WKH UHYHUVLEOH DJHQW� ]HEUDILVK FRXOG QRW RQO\ SHUIRUP FRPSOH[ YLVXRPRWRU

EHKDYLRUV� EXW WKH\ DOVR H[KLELWHG IXOO\ IXQFWLRQDO DQG DSSURSULDWHO\ WXQHG QHXURQDO FHOO W\SHV

ZKRVH�UHVSRQVH�SURSHUWLHV�ZHUH�QR�GLIIHUHQW�IURP�WKRVH�IRXQG�LQ�XQSHUWXUEHG�DQLPDOV�
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5HVXOWV

7KH HDUO\ PDWXUDWLRQ RI IXQFWLRQDO FLUFXLWV LQ ODUYDO ]HEUDILVK SURYLGHV D XQLTXH

RSSRUWXQLW\ WR VWXG\ WKH FRQWULEXWLRQV RI DFWLYLW\�GHSHQGHQW DQG �LQGHSHQGHQW FRPSRQHQWV RI

QHXURQDO GHYHORSPHQW IRU YHUWHEUDWH EHKDYLRU� )RU LQVWDQFH� ZKHQ H[SRVHG WR ZKROH�ILHOG

PRWLRQ� VL[ GD\ ROG ]HEUDILVK FDQ WXUQ DQG VZLP WR PDWFK WKH GLUHFWLRQ DQG VSHHG RI WKH YLVXDO

VWLPXOXV� WKHUHE\ DOORZLQJ WKH DQLPDO WR VWD\ VWDWLRQDU\ LQ D PRYLQJ VWUHDP �5RHVHU DQG %DLHU

����� 1HXKDXVV HW DO� ����� 0DDVZLQNHO DQG /L ������ 7KLV FRPSOH[ VHQVRULPRWRU EHKDYLRU�

NQRZQ DV WKH RSWRPRWRU UHVSRQVH �205�� LV JRYHUQHG E\ PXOWLSOH QHXURQDO SRSXODWLRQV ZLWK

GLVWLQFW UHVSRQVH SURSHUWLHV DQG WLPH FRQVWDQWV WKDW DUH DFWLYDWHG DFURVV YDULRXV EUDLQ UHJLRQV

�)HWFKR DQG 2¶0DOOH\ ����� $KUHQV HW DO� ������ 1RWDEO\� WKHLU LQWHUSOD\ HQFRGHV FRPSOH[

FRPSXWDWLRQV� UDQJLQJ IURP PRWLRQ GLVFULPLQDWLRQ �1DXPDQQ HW DO� ����� 2UJHU HW DO� ������ WR

HYLGHQFH LQWHJUDWLRQ �6HWK� 3UHVFRWW� DQG %U\VRQ ����� +DUSD]� $VSLUDV� HW DO� ����� %DKO DQG

(QJHUW ����� 'UDJRPLU� âWLK� DQG 3RUWXJXHV ������ DQG VZLP�GHFLVLRQ PDNLQJ �+DUSD]� 1JX\HQ�

HW DO� ����� %DUNHU DQG %DLHU ������ 7KXV� WKH 205 SUHVHQWV D ULFK SDUDGLJP IRU VWXG\LQJ WKH

FRQWULEXWLRQV RI VHQVRU\ H[SHULHQFH� QHXURQDO DFWLYLW\� DQG DFWLYLW\�LQGHSHQGHQW PHFKDQLVPV LQ

WKH�PDWXUDWLRQ�RI�D�FRPSOH[�QHXURQDO�FLUFXLW�

,Q RUGHU WR TXDQWLI\ WKH ODUYDO ]HEUDILVK¶V 205� ZH XWLOL]HG D FXVWRP�GHVLJQHG

EHKDYLRUDO ULJ �%DKO DQG (QJHUW ����� �)LJXUH �D�� LQ ZKLFK DQLPDOV FDQ EH H[SRVHG WR JUDWLQJV

WKDW PRYH RUWKRJRQDOO\ WR WKHLU ERG\ D[LV �LQ HLWKHU OHIWZDUG RU ULJKWZDUG GLUHFWLRQ� XQGHU

FORVHG�ORRS FRQGLWLRQV �1DXPDQQ HW DO� ����� 2UJHU HW DO� ������ :KHQ VKRZQ QR VWLPXOXV� ILVK

PDLQO\ VZDP IRUZDUG �]HUR GHJUHH WXUQV�� EXW DOVR PDGH VPDOO�DQJOH WXUQV WR WKH OHIW RU ULJKW� DV

VHHQ LQ WKH ³VKRXOGHUV´ DURXQG WKH GDVKHG OLQH DW ]HUR GHJUHHV �)LJXUH �E�� +RZHYHU� ZKHQ

SUHVHQWHG RUWKRJRQDOO\ PRYLQJ JUDWLQJV� DQLPDOV GLVSOD\HG D VWURQJ WHQGHQF\ WR HQKDQFH WKH
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SUREDELOLW\ RI WXUQLQJ LQ WKH VWLPXOXV GLUHFWLRQ� ZKLFK FDQ EH REVHUYHG DV D ³EXPS´ WR WKH OHIW RI

]HUR �GDVKHG YHUWLFDO OLQH� IRU OHIWZDUG PRYLQJ VWLPXOL� DQG WR WKH ULJKW RI ]HUR IRU ULJKWZDUG

PRYLQJ VWLPXOL �)LJXUH �F�� 7KLV DV\PPHWU\ LQ WXUQ VWDWLVWLFV GLVDSSHDUHG IRU IRUZDUG�PRYLQJ

VWLPXOL� :H FDQ VXPPDUL]H WKHVH SDWWHUQV RI UHVSRQVH WR GLUHFWHG ZKROH�ILHOG PRWLRQ E\ SORWWLQJ

WKH DYHUDJH FXPXODWLYH WXUQ DQJOH IRU DOO ILVK XQGHU WKH GLIIHUHQW VWLPXOXV FRQGLWLRQV �)LJXUH �G��

ZKLFK KLJKOLJKWV WKH SHUVLVWHQW WXUQ SUHIHUHQFHV RYHU WKH FRXUVH RI DQ H[SHULPHQW� ,Q DGGLWLRQ WR

WXUQ SUREDELOLWLHV� ZH FDQ DOVR TXDQWLI\ WKH SURSRUWLRQ RI ³FRUUHFW´ WXUQV RYHU DOO VZLP ERXWV�

ZKLFK SURYLGHV D VHQVLWLYH VXPPDU\ PHWULF IRU EHKDYLRUDO SHUIRUPDQFH WKDW LV XVHG WKURXJKRXW

WKH PDQXVFULSW �)LJXUH �H�� /DVWO\� ZH H[DPLQHG WKH RYHUDOO VZLP DFWLYLW\ RI ]HEUDILVK ODUYDH

XQGHU DOO VWLPXOXV FRQGLWLRQV� DQG IRXQG WKDW WKHLU ERXW UDWH LQFUHDVHG IURP ��� +] LQ WKH DEVHQFH

RI VWLPXODWLRQ �)LJXUH �E LQVHW� WR � +] ZKHQ ZKROH�ILHOG PRWLRQ RI DQ\ GLUHFWLRQ ZDV SUHVHQWHG

�)LJXUH��F�LQVHW��

,Q RUGHU WR TXDQWLI\ WKH FRQWULEXWLRQ RI HDUO\ VHQVRU\ H[SHULHQFH IRU 205� ZH UDLVHG

]HEUDILVK LQ FRPSOHWH GDUNQHVV� WKHUHE\ HOLPLQDWLQJ YLVXDO H[SHULHQFH DOWRJHWKHU �$YLWDQ HW DO�

������ *HQHUDOO\� ODUYDO ]HEUDILVK VWDUW VZLPPLQJ LPPHGLDWHO\ DIWHU WKH\ KDWFK DW ��� GD\V SRVW

IHUWLOL]DWLRQ �GSI�� DOORZLQJ WKHP VHYHUDO GD\V RI YLVXDO DQG PRWRU H[SHULHQFH SULRU WR RXU

TXDQWLILFDWLRQ RI 205 DW � GSI� 7KXV� RXU GDUN�UHDUHG DQLPDOV VZDP DQG EHKDYHG IRU VHYHUDO

GD\V LQ WKH DEVHQFH RI DQ\ YLVXDO LQSXW� :KHQ ZH DSSOLHG RXU EHKDYLRUDO TXDQWLILFDWLRQ SURWRFRO

WR GDUN�UHDUHG ODUYDH� ZH IRXQG QR GHWHFWDEOH GLIIHUHQFH LQ DQ\ RI RXU PHWULFV �³GDUN�´ EODFN YV

³FRQWURO�´ EOXH�� H[FHSW IRU D VPDOO GHFUHDVH LQ WKH IUDFWLRQ RI FRUUHFW WXUQV LQ GDUN�UHDUHG

DQLPDOV �)LJXUH �E�H�� :H DGGLWLRQDOO\ FRQVLGHUHG ZKHWKHU LUUHJXODU YLVXDO H[SHULHQFH GXULQJ

GHYHORSPHQW PLJKW KDYH D GHOHWHULRXV HIIHFW RQ EHKDYLRU� IRU ZKLFK ZH UDLVHG ILVK XQGHU D

FRQVWDQW � +] VWUREH OLJKW GXULQJ GD\WLPH �5RGJHU HW DO� ����� %ULFNOH\ HW DO� ������ <HW� VLPLODU
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WR WKH GDUN�UHDUHG LQGLYLGXDOV� VWUREH�UHDUHG ILVK VKRZHG QR FKDQJH LQ DQ\ RI RXU EHKDYLRUDO

PHWULFV �\HOORZ� )LJXUH �E�H�� ZLWK WKH H[FHSWLRQ RI D VOLJKWO\ VPDOOHU IUDFWLRQ RI FRUUHFW WXUQV LQ

WKH SHUWXUEHG DQLPDOV� 7KHVH UHVXOWV VXJJHVW WKDW QDWXUDO YLVXDO H[SHULHQFH ZDV QRW QHFHVVDU\ IRU

WKH HPHUJHQFH RI WKH 205� SURPSWLQJ WKH VWXG\ RI HDUOLHU PHFKDQLVPV IRU WKH PDWXUDWLRQ RI WKLV

FRPSOH[�EHKDYLRU�

(YHQ LQ WKH DEVHQFH RI DQ\ VHQVRU\ VWLPXOL� VSRQWDQHRXV DFWLYLW\ SDWWHUQV� VXFK DV UHWLQDO

ZDYHV� DUH WKRXJKW WR SURYLGH LQIRUPDWLYH VLJQDOV IRU WKH VHOI�RUJDQL]DWLRQ RI QHXURQDO FLUFXLWV

GXULQJ GHYHORSPHQW �%DMDU HW DO� ����� 0DUWLQL HW DO� ����� *XLOODPyQ�9LYDQFRV HW DO� ������ ,Q

WKH ]HEUDILVK YLVXDO V\VWHP� VXFK VSRQWDQHRXV DFWLYLW\ LQ UHWLQDO JDQJOLRQ FHOOV �5*&V� EHJLQV DW

������� GSI �=KDQJ HW DO� ����� ������ ULJKW EHIRUH 5*&V IRUP IXQFWLRQDO SURMHFWLRQV WR WKH RSWLF

WHFWXP �E\ � GSI� �%XUULOO DQG (DVWHU ����� 6WXHUPHU ������ LOOXVWUDWLQJ D ZHOO�FKDUDFWHUL]HG

V\QDSWLF SDWKZD\ IRU YLVXDOO\�JXLGHG GHFLVLRQV WKDW FRXOG EH VXEMHFW WR DFWLYLW\�GHSHQGHQW

PDWXUDWLRQ SURFHVVHV� 7R WHVW WR ZKDW H[WHQW VSRQWDQHRXV QHXURQDO DFWLYLW\� DFURVV DQ\ DQG DOO

FLUFXLW HOHPHQWV� LV QHFHVVDU\ IRU WKH PDWXUDWLRQ RI IXQFWLRQDO QHXURQDO FLUFXLWV LQ ODUYDO

]HEUDILVK� ZH GHYHORSHG D SURWRFRO WR UDLVH ]HEUDILVK XQGHU FRPSOHWH DQHVWKHVLD� $PRQJVW D

VHULHV RI SRWHQWLDO FDQGLGDWHV WKDW DUH XVHG DV DQHVWKHWLFV LQ ILVK DQG DPSKLELD� ZH VHWWOHG RQ

WULFDLQH� D VRGLXP�FKDQQHO EORFNHU NQRZQ WR UHYHUVLEO\ VLOHQFH QHXURQDO DFWLRQ SRWHQWLDO ILULQJ

�3RSRYLF�HW�DO��������6WDQOH\�HW�DO��������5DPORFKDQVLQJK�HW�DO��������/H\GHQ�HW�DO��������

:H ILUVW PHDVXUHG WKH DFXWH HIIHFW RI WULFDLQH RQ VSRQWDQHRXV DQG YLVXDOO\�HYRNHG

VZLPPLQJ EHKDYLRU� DQG REVHUYHG WKDW DOO DQLPDOV VWRSSHG PRYLQJ ZLWKLQ �� VHFRQGV RI WULFDLQH

LPPHUVLRQ� DW ZKLFK SRLQW ILVK JHQHUDOO\ ORVW SRVWXUDO FRQWURO DQG VHWWOHG RQ WKH ERWWRP RI WKH

GLVK �6XSSOHPHQWDO 0RYLH ��� )XUWKHU� ZH IRXQG WKDW ILVK UHVXPHG WKHLU VZLPPLQJ EHKDYLRU
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ZLWKLQ PLQXWHV RI DQHVWKHVLD ZDVKRXW� DOWKRXJK ZLWK GLVWLQFWO\ UHGXFHG YLJRU �6XSSOHPHQWDO

0RYLH����

,Q RUGHU WR FRQILUP WULFDLQH¶V IXQFWLRQ DV D JOREDO DQG UHYHUVLEOH EORFNHU RI QHXURQDO

DFWLYLW\� ZH SHUIRUPHG IXQFWLRQDO FDOFLXP LPDJLQJ H[SHULPHQWV WR TXDQWLI\ EUDLQ�ZLGH

UHVSRQVLYHQHVV XQGHU DQHVWKHVLD �)LJXUH �D�� :H EHJDQ E\ LPDJLQJ QRUPDOO\�UHDUHG ]HEUDILVK ���

EHIRUH DQHVWKHVLD� ��� GXULQJ D RQH�KRXU WULFDLQH WUHDWPHQW� DQG ��� DIWHU ZDVKRXW RI WKH GUXJ

�)LJXUH �D�G�� ,Q WKLV ZD\� ZH FRXOG REVHUYH WKH GHJUHH WR ZKLFK QHXURQDO DFWLYLW\ LV VLOHQFHG

XQGHU WULFDLQH DSSOLFDWLRQ DQG TXDQWLI\ WKH WLPHVFDOH DQG PDJQLWXGH RI UHFRYHU\ DIWHU DQHVWKHWLF

ZDVKRXW�

:H ILUVW PHDVXUHG WKH HIIHFW RI WULFDLQH RQ YLVXDOO\�HYRNHG DFWLYLW\ DFURVV VHYHUDO EUDLQ

DUHDV NQRZQ WR EH LQYROYHG LQ SURFHVVLQJ YLVXDO LQIRUPDWLRQ� LQFOXGLQJ WKH WHFWXP� SUHWHFWXP

DQG DQWHULRU KLQGEUDLQ �)LJXUH �F�� :H IRXQG WKDW DQHVWKHWLF DSSOLFDWLRQ GUDPDWLFDOO\ UHGXFHG

QHXURQDO DFWLYLW\ IURP EDVHOLQH ZLWKLQ PLQXWHV �)LJXUH �G� DQG WKDW DFWLYLW\ UHFRYHUHG RYHU D

SHULRG RI ��� KRXUV DIWHU ZDVKRXW LQ DOO WHVWHG DQLPDOV �6XSSOHPHQWDO )LJXUH ��� UHVXOWV WKDW DUH LQ

JHQHUDO DJUHHPHQW ZLWK WKH REVHUYDWLRQ WKDW H[WHQGHG UHFRYHU\ WLPHV ZHUH QHFHVVDU\ WR UHVWRUH

ILVK�WR�IXOO�EHKDYLRUDO�YLJRU�DIWHU�VLPLODU�WUHDWPHQW��)LJXUH��E��

:H QH[W H[WHQGHG RXU DQDO\VLV WR WKH UHVSRQVH SURSHUWLHV RI LQGLYLGXDO XQLWV� ZKHUH ZH

IRFXVHG RQ QHXURQDO UHVSRQVH W\SHV WKDW DUH FULWLFDO IRU WKH 205� *OREDOO\� ZH REVHUYHG GLVWLQFW

OHIW�VHOHFWLYH DQG ULJKW�VHOHFWLYH QHXURQDO SRSXODWLRQV �)LJXUH �H�� ZKLFK EHFDPH XQUHVSRQVLYH

XQGHU WULFDLQH DSSOLFDWLRQ DQG JUDGXDOO\ UHWXUQHG WR EDVHOLQH UHVSRQVLYHQHVV OHYHOV LQ WKH KRXUV

DIWHU DQHVWKHVLD ZDVKRXW� 7R TXDQWLI\ WKH H[WHQW RI DQHVWKHVLD DQG UHFRYHU\� ZH LGHQWLILHG

LQGLYLGXDO ULJKWZDUG�VHOHFWLYH� OHIWZDUG�VHOHFWLYH DQG PRWLRQ�VHOHFWLYH FHOOV WKDW ZH ZHUH DEOH WR

UHFRUG IURP IRU WKH HQWLUH GXUDWLRQ RI WKH H[SHULPHQW �)LJXUH �I�K� DQG REVHUYHG KRZ WKHLU
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UHVSRQVH SURSHUWLHV FKDQJHG GXULQJ DQHVWKHVLD DQG ZDVKRXW� :H IRXQG WKDW� VLPLODU WR JOREDO

DFWLYLW\ SDWWHUQV� VSHFLILF UHVSRQVH SURSHUWLHV GLVDSSHDUHG ZLWK WKH RQVHW RI DQHVWKHVLD DQG

UHWXUQHG WR EDVHOLQH JUDGXDOO\ DIWHU UHPRYDO RI WKH EORFN �)LJXUHV �I�K�� )LJXUH �L KLJKOLJKWV WKLV

SKHQRPHQRQ E\ VKRZLQJ WKH GLUHFWLRQ�VHOHFWLYLW\ RI PDQ\ XQLWV RYHU LQGLYLGXDO WULDOV WKURXJKRXW

WKH ILYH KRXUV RI WKH H[SHULPHQW� +HUH� LW DJDLQ EHFRPHV DSSDUHQW WKDW DQHVWKHWLF DSSOLFDWLRQ

GUDPDWLFDOO\ UHGXFHG QHXURQDO DFWLYLW\ IURP EDVHOLQH DOUHDG\ E\ WKH ILUVW YLVXDO�VWLPXODWLRQ WULDO�

DQG�WKDW�DFWLYLW\�JUDGXDOO\�UHFRYHUHG�RYHU�WKH�IROORZLQJ�KRXUV�RI�ZDVKRXW�

+DYLQJ YDOLGDWHG WKH HIILFDF\ RI WULFDLQH DV D UHOLDEOH DQG UHYHUVLEOH DQHVWKHWLF IRU WKH

ODUYDO ]HEUDILVK EUDLQ� ZH XWLOL]HG WKH GUXJ WR EORFN DOO QHXURQDO DFWLYLW\ IURP �� KRXUV SRVW

IHUWLOL]DWLRQ XQWLO EHKDYLRUDO WHVWLQJ DW � GSI� 7KLV IRXU�GD\ SHULRG RI QHXURQDO LQDFWLYDWLRQ

LQFOXGHV DOO FULWLFDO SKDVHV RI FLUFXLW PDWXUDWLRQ DQG VWDUWV ZHOO EHIRUH WKH HPHUJHQFH RI

VSRQWDQHRXV QHXURQDO DFWLYLW\ LQ ODUYDO ]HEUDILVK DW ��� GSI �=KDQJ HW DO� ����� ����� %XUULOO DQG

(DVWHU ����� 6WXHUPHU ������ :KLOH PDQ\ ILVK UDLVHG LQ DQHVWKHVLD GLVSOD\HG QRUPDO

GHYHORSPHQW� ZH IRXQG WKDW VRPH KDG DQDWRPLFDO GHILFLWV� LQFOXGLQJ XQLQIODWHG VZLP EODGGHUV

DQG KXQFKHG EDFNV �)LJXUH �D�� ,QIRUPHG E\ WKH PXOWL�KRXU UHFRYHU\ RI QHXURQDO DFWLYLW\ ZH

REVHUYHG DIWHU WKH UHODWLYHO\ EULHI RQH�KRXU WULFDLQH H[SRVXUH GHVFULEHG DERYH �)LJXUH ��

6XSSOHPHQWDO )LJXUH ��� ZH SHUIRUPHG EHKDYLRUDO WHVWLQJ LPPHGLDWHO\ DIWHU DQHVWKHWLF ZDVKRXW�

DV ZHOO DV WZR� VL[ DQG �� KRXUV DIWHU UHOHDVH IURP DQHVWKHVLD� :H IRXQG WKDW HYHQ LPPHGLDWHO\

DIWHU WULFDLQH UHPRYDO� DOO DQHVWKHVLD�UHDUHG ILVK FRXOG VZLP� DV LQGLFDWHG E\ D QRQ�]HUR ERXW UDWH

XQGHU DOO VWLPXOXV FRQGLWLRQV �)LJXUH �E� DQG WKH\ FRXOG VHH� DV HYLGHQFHG E\ DQ LQFUHDVH LQ ERXW

UDWH ZKHQ SUHVHQWHG ZLWK IRUZDUG�PRYLQJ JUDWLQJV �)LJXUH �E�� )XUWKHU� WULFDLQH�UHDUHG ILVK ZHUH

FDSDEOH RI FRPSXWLQJ WKH GLUHFWLRQ RI ZKROH�ILHOG PRWLRQ LPPHGLDWHO\ DIWHU ZDVKRXW� DV WKHLU

WXUQLQJ SUREDELOLW\ ZDV ELDVHG WRZDUGV WKH µFRUUHFW¶ VWLPXOXV GLUHFWLRQ �)LJXUH �F� ��� KRXU�
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PHGLDQ RI ��� DFFXUDF\ RI WXUQV�� 2YHU WKH VXEVHTXHQW SHULRGV� SHUIRUPDQFH FRQVLVWHQWO\

LQFUHDVHG� UHDFKLQJ ��� PHGLDQ DFFXUDF\ E\ � KRXUV RI ZDVKRXW� ��� PHGLDQ DFFXUDF\ E\ �

KRXUV� DQG ��� E\ �� KRXUV� FRPSDUDEOH WR WKH ��� REVHUYHG LQ QRUPDOO\�UHDUHG LQGLYLGXDOV

�)LJXUH��F��

:H QH[W WHVWHG WKH HIIHFWV RI VKRUWHU WULFDLQH�WUHDWPHQW SHULRGV RQ EHKDYLRUDO

SHUIRUPDQFH� 7R WKDW HQG� ZH DQHVWKHWL]HG ILVK IRU VHYHUDO SRVVLEOH RQH�� WZR�� RU WKUHH�GD\

SHULRGV GXULQJ WKH ILUVW VL[ GD\V RI WKHLU GHYHORSPHQW �)LJXUH �G�� 0RVW WUHDWPHQW FRKRUWV ZHUH

DOORZHG WR UHFRYHU IRU DW OHDVW RQH GD\ RU PRUH IURP WKH DQHVWKHWLF EHIRUH EHKDYLRUDO WHVWLQJ

�)LJXUH �G� JUD\�� ZLWK WKH H[FHSWLRQ RI IRXU JURXSV� IRU ZKLFK ILVK ZHUH OHIW LQ WKH DQHVWKHWLF XS

XQWLO WKH WLPH RI EHKDYLRUDO WHVWLQJ DQG UHFRYHU\ ZDV OLPLWHG WR WZR KRXUV �)LJXUH �G� SLQN��

:KLOH ILVK XQGHUJRLQJ IRXU�GD\ WULFDLQH WUHDWPHQW UHTXLUHG VL[ KRXUV RI UHFRYHU\ WR UHDFK IXOO

EHKDYLRUDO SHUIRUPDQFH� ZH IRXQG WKDW VKRUWHU SHULRGV RI DQHVWKHVLD KDG RQO\ PDUJLQDO HIIHFWV RQ

205 SHUIRUPDQFH� QR VLQJOH�GD\� WZR�GD\ RU WKUHH�GD\ WUHDWPHQW OHG WR D GURS EHORZ ���

DFFXUDF\��HYHQ�ZKHQ�PHDVXUHG�DIWHU�D�UHFRYHU\�SHULRG�RI�RQO\���KRXUV��)LJXUH��G��

2QH H[SODQDWLRQ IRU WKH VLJQLILFDQWO\ H[WHQGHG UHFRYHU\ WLPH DIWHU IRXU GD\V RI DQHVWKHVLD

FRXOG EH D FRPSURPLVHG JHQHUDO SK\VLRORJ\ FDXVHG E\ WKH H[WHQGHG WULFDLQH H[SRVXUH LWVHOI�

7KHVH ILVK ZHUH QRW RQO\ GHSULYHG RI EUDLQ DFWLYLW\ WKURXJKRXW GHYHORSPHQW� WKH\ DOVR QHYHU

VZDP RU XWLOL]HG WKHLU PXVFOHV XQWLO ZDVKRXW� ZKLFK LQ LWVHOI KDV EHHQ VKRZQ WR FDXVH GHFUHDVHG

FHOO SUROLIHUDWLRQ LQ WKH ODUYDO ]HEUDILVK IRUHEUDLQ �+DOO DQG 7URSHSH ������ ,QGHHG� ZH QRWLFHG

GLVWLQFW DQDWRPLFDO GLIIHUHQFHV LQ WKH EUDLQV RI WULFDLQH�UHDUHG DQLPDOV �)LJXUH �D�E� ZKHQ

FRPSDUHG ZLWK QRUPDOO\�UHDUHG DQLPDOV �)LJXUH �F�� ZKLFK LQFOXGHG DQ RYHUDOO VPDOOHU

EUDLQ�FURVV VHFWLRQ� ODUJHU YHQWULFOHV� OHVV GHQVHO\ SDFNHG FHOO ERGLHV DQG QHXURQV ZLWK EULJKW

IOXRUHVFHQFH VLJQDOV WKDW FRXOG LQGLFDWH RQJRLQJ DSRSWRVLV� ,Q DGGLWLRQ� FKURQLF WULFDLQH H[SRVXUH
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KDG DGYHUVH HIIHFWV RQ ]HEUDILVK ERG\ GHYHORSPHQW� LQFOXGLQJ VZLP EODGGHU GHIHFWV� UHGXFHG

ERG\�VL]H��DQG�JHQHUDOO\�DEQRUPDO�PRUSKRORJ\��)LJXUH��D��

$Q DOWHUQDWLYH H[SODQDWLRQ IRU WKH H[WHQGHG UHFRYHU\ WLPH DIWHU RXU IRXU�GD\ DQHVWKHWLF

SURWRFRO LV WKDW IXQFWLRQDO QHXURQDO FLUFXLW GHYHORSPHQW UHTXLUHV VHYHUDO KRXUV RI FRPSHQVDWLRQ

E\ DFWLYLW\�GHSHQGHQW WXQLQJ� 7KDW LV� ILVK UHDUHG XQGHU DQHVWKHVLD PLJKW QRW KDYH DQ LQQDWH

DELOLW\ WR SHUIRUP 205� EXW UDWKHU UHTXLUH D EORFN�IUHH SHULRG LQ RUGHU WR UHZLUH WKH FLUFXLW DIWHU

WULFDLQH ZDVKRXW� 7R GLVWLQJXLVK EHWZHHQ WKHVH WZR DOWHUQDWLYHV� ZH QH[W VHW RXW WR SHUIRUP

EUDLQ�ZLGH LPDJLQJ H[SHULPHQWV LQ DQLPDOV WKDW HPHUJH IRU WKH ILUVW WLPH LQ WKHLU OLYHV IURP

WULFDLQH�DQHVWKHVLD��)LJXUH��D��

$V EHIRUH �VHH )LJXUH ��� ZH PHDVXUHG YLVXDOO\�HYRNHG DFWLYLW\ DFURVV EUDLQ DUHDV NQRZQ

WR EH LQYROYHG LQ SURFHVVLQJ YLVXDO LQIRUPDWLRQ �)LJXUH �E�� ��� GXULQJ FRQWLQXHG WULFDLQH

WUHDWPHQW DQG ��� DIWHU ZDVKRXW RI WKH GUXJ �)LJXUH �D�G�� 5HDVVXULQJO\� GXULQJ WKH ILUVW KRXU RI

UHFRUGLQJ �ZKLOH DQLPDOV UHPDLQHG DQHVWKHWL]HG� QR UHVSRQVLYHQHVV WR YLVXDO VWLPXODWLRQ FRXOG

EH VHHQ �)LJXUH �G� OHIWPRVW SDQHO� DQG RYHUDOO IOXRUHVFHQFH ZDV HVVHQWLDOO\ DEVHQW �)LJXUH �H�

OHIWPRVW SDQHO�� WKXV FRQILUPLQJ D FRPSOHWH EORFN RI DFWLYLW\ E\ WULFDLQH DQHVWKHVLD

�6XSSOHPHQWDO 0RYLH ��� 1H[W� ZH LGHQWLILHG LQGLYLGXDO QHXURQDO UHVSRQVH W\SHV� VXFK DV PRWLRQ�

DQG GLUHFWLRQ�VHOHFWLYH QHXURQV� ZKRVH UROH LV ZHOO�FKDUDFWHUL]HG LQ WKH 205 FLUFXLW �1DXPDQQ

HW DO� ����� �)LJXUH ��� 6XFK FHOO W\SHV PLJKW ILUVW EHFRPH DFWLYH LQ DQ XQVSHFLILF IDVKLRQ DQG

RQO\ DFTXLUH WKHLU WXQLQJ SURSHUWLHV JUDGXDOO\� LQGLFDWLQJ D QHHG IRU DFWLYLW\�GHSHQGHQW

PHFKDQLVPV WKURXJKRXW GHYHORSPHQW� $OWHUQDWLYHO\� FHOO W\SHV PLJKW DSSHDU LPPHGLDWHO\ DIWHU

ZDVKRXW LQ D IXOO\�WXQHG IDVKLRQ� ZKLFK ZRXOG VXJJHVW WKDW WKH QHWZRUN GHYHORSHG LQWR D

IXQFWLRQDOO\�WXQHG VWDWH LQ WKH DEVHQFH RI DQ\ QHXURQDO DFWLYLW\ DQG MXVW QHHGV WR EH UHOLHYHG IURP

DQHVWKHVLD�
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5HPDUNDEO\� ZH IRXQG WKDW WKH UHVSRQVLYHQHVV DQG GLUHFWLRQ�VHOHFWLYLW\ WXQLQJ RI WKH

YLVXDO FLUFXLWU\ HPHUJHG IURP DQHVWKHVLD DW HTXLYDOHQW UDWHV LQ DQLPDOV WKDW ZHUH DQHVWKHWL]HG IRU

RQO\ DQ KRXU �)LJXUH �G�H�L� RU IRU WKH HQWLUH GXUDWLRQ RI GHYHORSPHQW �)LJXUH �G�H�L�� 0RUHRYHU�

ZH IRXQG WKDW WKH GLIIHUHQW GLUHFWLRQ�VHOHFWLYLW\ SUHIHUHQFHV RI LQGLYLGXDO QHXURQV� IURP ZKLFK

ZH ZHUH DEOH WR UHFRUG IRU WKH HQWLUH GXUDWLRQ RI WKH H[SHULPHQW� DOVR HPHUJHG DW WKH VDPH UDWH

DQG LQ WKH VDPH JUDGXDO QDWXUH ZKHQ FRPSDUHG WR ILVK WKDW ZHUH DQHVWKHWL]HG IRU RQO\ RQH KRXU

�)LJXUH �H�J YV )LJXUH �H�J�� 7KXV� ZH FRQFOXGH WKDW WKH HPHUJHQFH RI IXQFWLRQDOO\�WXQHG

FLUFXLWV LQ WULFDLQH�UHDUHG ILVK GRHV QRW GHSHQG RQ QHXURQDO DFWLYLW\�EDVHG UHZLULQJ GXULQJ

ZDVKRXW� 5DWKHU� ZH VXJJHVW WKDW IXQFWLRQDO UHVSRQVH W\SHV DUH HVWDEOLVKHG E\

DFWLYLW\�LQGHSHQGHQW PHFKDQLVPV DQG WKDW WKH ZDVKRXW SHULRG VHUYHV VROHO\ WR UHPRYH WKH

GDPSLQJ�HIIHFWV�RI�DQHVWKHVLD�

,Q VXPPDU\� RXU UHVXOWV VXJJHVW WKDW WKH HPHUJHQFH RI WKH QHXURQDO FLUFXLWU\ IRU VHHLQJ�

VZLPPLQJ� DQG VHQVRU\�PRWRU LQWHJUDWLRQ LV UHPDUNDEO\ LQGHSHQGHQW RI GHYHORSPHQWDO QHXURQDO

DFWLYLW\� ,QVWHDG� ZH SURSRVH WKDW PDQ\ RI WKH FRPSXWDWLRQDO EXLOGLQJ EORFNV RI WKH XQGHUO\LQJ

IXQFWLRQDO FLUFXLWU\� LQFOXGLQJ UHVSRQVLYHQHVV WR YLVXDO VWLPXOL� GLUHFWLRQ�VHOHFWLYLW\� PRWRU

FRPPDQG QHXURQV DQG FHQWUDO SDWWHUQ JHQHUDWRUV LQ WKH VSLQDO FRUG GHYHORS LQ DQ

DFWLYLW\�LQGHSHQGHQW PDQQHU XQGHU WKH H[FOXVLYH FRQWURO RI JHQHWLF DQG WUDQVFULSWLRQDO

DOJRULWKPV WKDW DUH UHDG RXW IURP WKH JHQRPH RI WKH DQLPDO �.RYiFV� %DUDEiVL� DQG %DUDEiVL

������%DUDEiVL�DQG�%DUDEiVL�������
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'LVFXVVLRQ

+HUH� ZH KDYH GHYHORSHG D UHYHUVLEOH OLIHWLPH EORFN RI VHQVRU\ VWLPXOL DQG QHXURQDO

DFWLYLW\ LQ D YHUWHEUDWH WKDW� ZKHQ UHPRYHG� UHYHDOV D IXQFWLRQDO DQG DSSURSULDWHO\�WXQHG EUDLQ� ,Q

WKLV ZD\� ZH ZHUH DEOH WR VHSDUDWH ³QDWXUH´ DQG ³QXUWXUH´ IRU WKH ILUVW VL[ GD\V RI DQ DQLPDO¶V OLIH�

WKHUHE\ SURYLGLQJ D WRRONLW IRU VWXG\LQJ WKH H[WHQW RI ³LQQDWH´ QHXURQDO ZLULQJ LQ D YHUWHEUDWH

PRGHO V\VWHP� 8VLQJ WKLV DSSURDFK� ZH GHPRQVWUDWH WKH UHPDUNDEOH H[WHQW WR ZKLFK

DFWLYLW\�LQGHSHQGHQW�GHYHORSPHQWDO�PHFKDQLVPV�SUHFLVHO\�SDWWHUQ�QHXURQDO�FLUFXLWV�

:H EHOLHYH WKDW RXU UHVXOWV FRQWH[WXDOL]H� UDWKHU WKDQ RYHUWXUQ� D ORQJ OLWHUDWXUH RI

GHYHORSPHQWDO SHUWXUEDWLRQV� LQFOXGLQJ H\H VXWXUHV� VHQVRU\ GHSULYDWLRQV� DQG JHQHWLF VLOHQFLQJ

RI DFWLYLW\ WKDW KDYH VXJJHVWHG D FUXFLDO FRQWULEXWLRQ RI QHXURQDO DFWLYLW\ IRU SURSHU EUDLQ

GHYHORSPHQW� :H QRWH WKDW WKHVH H[SHULPHQWV JHQHUDOO\ UHOLHG RQ UHJLRQDO �DQG QRW JOREDO�

SODVWLFLW\ SHUWXUEDWLRQV DQG� FULWLFDOO\� WKH\ LQWURGXFHG D FRPSHWLWLYH LPEDODQFH EHWZHHQ GLIIHUHQW

PRGDOLWLHV RU PL[HG LQSXW FKDQQHOV� $PRQJVW WKH PRVW SURPLQHQW H[DPSOHV DUH WKH PRQRFXODU

RFFOXVLRQ H[SHULPHQWV E\ +XEHO DQG :LHVHO� ZKHUH D FOHDU FRPSHWLWLYH DGYDQWDJH ZDV

LQWURGXFHG WR WKH H\H WKDW ZDV DOORZHG WR UHPDLQ RSHQ �+XEHO DQG :LHVHO ����� :LHVHO DQG

+XEHO ������ ,QWHUHVWLQJO\� LQ OHVV SRSXODU ZRUN� +XEHO DQG :LHVHO VXWXUHG ERWK H\HV VKXW SULRU

WR H\H�RSHQLQJ� DQG QHYHUWKHOHVV IRXQG WKH YLVXDO FRUWH[ LQ D UHPDUNDEO\ XQSHUWXUEHG VWDWH

�:LHVHO DQG +XEHO ������ D UHVXOW UHFHQWO\ UHSURGXFHG LQ PRQNH\V �$UFDUR� 6FKDGH� DQG

/LYLQJVWRQH ������ (YHQ WKH UHPDLQLQJ DEHUUDWLRQV RI YLVXDO FRUWH[ QHXURQV FDQ EH H[SODLQHG E\

WKH IDFW WKDW SHUWXUEHG YLVXDO LQSXWV DUH RXWFRPSHWHG E\ RWKHU� QRQ�YLVXDO PRGDOLWLHV� VXFK DV

PRWRU�UHODWHG RU DXGLWRU\ VLJQDOV� ZKLFK KDYH EHHQ GHPRQVWUDWHG WR FRQWULEXWH WR SULPDU\ YLVXDO

FRUWH[ SURFHVVLQJ �.HOOHU� %RQKRHIIHU� DQG +�EHQHU ����� *DUQHU DQG .HOOHU ������ $QRWKHU

LPSUHVVLYH H[DPSOH RI FRPSHWLWLYH WDNHRYHU RI XQGHUXVHG FRUWLFDO UHJLRQV LV WKH ILQGLQJ WKDW
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YLVXDO SDWKZD\V FDQ VXFFHVVIXOO\ LQQHUYDWH DXGLWRU\ FRUWH[ LQ IHUUHWV ZKHQ WKH DIIHUHQW WKDODPLF

UHOD\ QXFOHL DUH VXUJLFDOO\ UHPRYHG �YRQ 0HOFKQHU� 3DOODV� DQG 6XU ����� 6KDUPD� $QJHOXFFL�

DQG 6XU ������ 7KLV SKHQRPHQRQ LV QRW UHVWULFWHG WR WKH VHQVRU\ FRUWH[� LQ WKH PRXVH ROIDFWRU\

EXOE� LW KDV EHHQ VKRZQ WKDW EORFNLQJ DQ LQGLYLGXDO ROIDFWRU\ FKDQQHO OHDGV WR VLJQLILFDQW

UHDUUDQJHPHQW RI V\QDSWLF FRQQHFWLYLW\� ZKLOH EORFNDJH RI DOO UHFHSWRUV OHDYHV WKH FLUFXLWU\

ODUJHO\�XQFKDQJHG �<X�HW�DO��������

$QRWKHU H[SHULPHQWDO SHUWXUEDWLRQ WKDW ZDV IRXQG WR LQWHUIHUH ZLWK FLUFXLW UHILQHPHQW LV

WKH ORFDO DSSOLFDWLRQ RI V\QDSWLF WUDQVPLVVLRQ EORFNHUV WR LQWHUUXSW DIIHUHQW QHXURQDO LQSXWV� )RU

H[DPSOH� LW ZDV IRXQG WKDW 1�PHWK\O�'�DVSDUWDWH �10'$� UHFHSWRU DQWDJRQLVWV� ZKHQ ORFDOO\

DSSOLHG WR WKH RSWLF WHFWXP RI IURJV �&OLQH DQG &RQVWDQWLQH�3DWRQ ����� DQG UDWV �6LPRQ HW DO�

����� SUHYHQWHG SUXQLQJ RI LQFRPLQJ D[RQDO DUERUL]DWLRQV IURP 5*&V� 6LPLODUO\� ORFDO FXUDUH

DSSOLFDWLRQ WR WKH QHXURPXVFXODU MXQFWLRQ LQ PLFH LV NQRZQ WR SUHYHQW WKH VHJUHJDWLRQ RI PRWRU

QHXURQ D[RQV RQWR LQGLYLGXDO P\RILEHUV �6DQHV DQG /LFKWPDQ ����� 7DSLD HW DO� ������

&ODVVLFDOO\� WKHVH UHVXOWV VXSSRUW WKH QRWLRQ WKDW DFWLYLW\�GHSHQGHQW SURFHVVHV DUH QHFHVVDU\ IRU

WKH UHILQHPHQW RI FLUFXLW VWUXFWXUH� <HW� WKHVH SHUWXUEDWLRQV FDWHJRULFDOO\ EORFN WUDQV�V\QDSWLF�

KRPHRVWDWLF VLJQDOLQJ FDVFDGHV� ZKLFK DUH DOVR NQRZQ WR SOD\ D FULWLFDO UROH LQ WKH VLJQDOLQJ

EHWZHHQ SUH� DQG SRVWV\QDSWLF HOHPHQWV LQ HDUO\ GHYHORSPHQW� LQFOXGLQJ WDUJHW UHFRJQLWLRQ DQG

IXQFWLRQDO VWDELOL]DWLRQ� 7KXV� WKHVH UHVXOWV FDQ QRW GLVWLQJXLVK ZKHWKHU VSLNH WLPLQJ�GHSHQGHQW

SODVWLFLW\ RU V\QDSWLF VLJQDOLQJ RI DQ\ VRUW LV UHVSRQVLEOH IRU WKH REVHUYHG UHILQHPHQW RI FLUFXLW

VWUXFWXUH�

7KHUHIRUH� RXU K\SRWKHVLV LV WKDW WKH GHIDXOW LQQHUYDWLRQ RI EUDLQ UHJLRQV LV JRYHUQHG

H[FOXVLYHO\ E\ JHQHWLF SURJUDPV DQG GRHV QRW GHSHQG RQ FRPSHWLWLYH LQWHUDFWLRQV� 7KLV SUHGLFWV

WKDW LI FRPSHWLWLRQ LV UHPRYHG E\ D FDWHJRULFDO EORFN RI DOO QHXURQDO VSLNLQJ DFWLYLW\� DV ZDV GRQH
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LQ RXU H[SHULPHQWV� WKH µQDWXUDO�¶ KDUG�ZLUHG EUDLQ VWUXFWXUH VKRXOG HPHUJH� LQ VSLWH RI WKLV UDWKHU

GUDVWLF SHUWXUEDWLRQ� ,QGHHG� LQ YHU\ HDUO\ WDGSROH H[SHULPHQWV LW ZDV UHYHDOHG WKDW QRUPDO

EHKDYLRUDO SDWWHUQV FDQ EH REVHUYHG LQ FORUHWRQH�UHDUHG DQLPDOV� D WUHDWPHQW WKDW ZDV DVVXPHG WR

EORFN DOO QHXURQDO DFWLYLW\ �+DYHUNDPS DQG 2SSHQKHLP ����� +DUULVRQ ������ /DWHU VWXGLHV LQ

GHYHORSLQJ PRXVH HPEU\RV KDYH \LHOGHG VLPLODU UHVXOWV E\ VKRZLQJ WKDW JHQHWLFDOO\ EORFNLQJ

V\QDSWLF UHOHDVH LQ DOO QHXURQV OHG WR DQ DQDWRPLFDOO\ XQFKDQJHG PDFUR�� PLFUR� DQG

QDQR�VWUXFWXUH WKURXJKRXW WKH EUDLQ �9HUKDJH HW DO� ������ 0RUHRYHU� LQ QHZERUQ NLWWHQV� WKH

ELQRFXODU IHDWXUHV RI WKH YLVXDO FRUWH[ ZHUH VKRZQ WR HPHUJH HYHQ LI H\H�VSHFLILF� PRQRFXODU

YLVXDO VWLPXOL ZHUH H[SOLFLWO\ GHFRUUHODWHG IURP HDFK RWKHU �*|GHFNH DQG %RQKRHIIHU ������

VXJJHVWLQJ WKDW WKH HPHUJHQFH RI IXQFWLRQDO VWUXFWXUH LQ WKH FDW YLVXDO V\VWHP LV JRYHUQHG ODUJHO\

E\ JHQHWLF SURJUDPV� LQ D VLPLODU IDVKLRQ WR ZKDW ZH REVHUYHG LQ WKH YLVXDO SDWKZD\V RI WKH

ODUYDO ]HEUDILVK� $V VXFK� WKH DSSOLFDWLRQ RI JOREDO DQG UHYHUVLEOH DQHVWKHWLFV DOORZV WR KLJKOLJKW

DQG�H[WUDFW�WKH�SURPLQHQW�FRQWULEXWLRQ�RI�QDWXUH�RYHU�QXUWXUH�LQ�HDUO\�EHKDYLRUV�

)URP DQ HYROXWLRQDU\ SHUVSHFWLYH� D UREXVW KDUGFRGLQJ RI HVVHQWLDO� EDVLF EHKDYLRUV LV

H[SHFWHG WR EH SUHVHQW LQ DOO DQLPDOV� 7KLV FDQ EH VHHQ LQ WXUWOHV KHDGLQJ RXW WR VHD DIWHU KDWFKLQJ

�&DUU� 2JUHQ� DQG $PHULFDQ 0XVHXP RI 1DWXUDO +LVWRU\ ������ QHZERUQ ]HEUDV JDOORSLQJ

DORQJVLGH WKHLU KHUG� DQG IUHVKO\�KDWFKHG LJXDQDV HVFDSLQJ IURP VQDNHV �*UHHQH HW DO� ������ $V

VXFK� ZH SURSRVH WKDW D ODUJH IUDFWLRQ RI DGDSWLYH PRWRU VHTXHQFHV DQG VHQVRULPRWRU UHIOH[HV

PD\ EH D UHVXOW RI KDUG�ZLUHG DQG LQQDWH FLUFXLWU\� %\ FRQWUDVW� HQYLURQPHQWDO FKDQJHV WKDW

FDQQRW EH DQWLFLSDWHG RQ HYROXWLRQDU\ WLPHVFDOHV UHTXLUH H[SOLFLW OHDUQLQJ DQG DGDSWDWLRQ WR

GHYHORS QRYHO EHKDYLRUDO PRGXOHV �=DGRU ������ 1HYHUWKHOHVV� JLYHQ WKDW FRPSOH[ EHKDYLRUV FDQ

FHUWDLQO\ HPHUJH IURP DFWLYLW\�LQGHSHQGHQW GHYHORSPHQWDO SURFHVVHV� RSHQ TXHVWLRQV UHPDLQ DV

WR ��� ZKLFK EHKDYLRUV DQG FLUFXLWV GR UHTXLUH QHXURQDO DFWLYLW\ IRU PDWXUDWLRQ DQG ��� ZK\
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DFWLYLW\ LV XWLOL]HG IRU UHILQHPHQW RI QHXURQDO FLUFXLWV� ZKHQ GHYHORSPHQWDO SURFHVVHV FRXOG EH

VXIILFLHQW� )XUWKHU XQGHUVWDQGLQJ DQG LQFRUSRUDWLQJ WKHVH QHXURGHYHORSPHQWDO SURFHVVHV PD\

SURYH LQVWUXFWLYH WR ERWK FRPSXWDWLRQDO QHXURVFLHQFH DQG PDFKLQH OHDUQLQJ FRPPXQLWLHV LQ WKH

IXWXUH �%DUDEiVL��%H\QRQ��DQG�.DWRQD�������.RXODNRY HW�DO��������%DUDEiVL�DQG�&]pJHO�������

$FNQRZOHGJHPHQWV

:H WKDQN $QGUHZ %ROWRQ IRU KHOSLQJ FRQFHLYH WKH VWXG\ DQG IRU DVVLVWDQFH LQ SLORW H[SHULPHQWV�

7KLV ZRUN ZDV VXSSRUWHG E\ 1,+ 1,*06 7�� *0������ *UDQW WR '� %DUDEDVL� E\ 6ZLVV

1DWLRQDO 6FLHQFH )RXQGDWLRQ 3RVWGRF 0RELOLW\ )HOORZVKLSV 3�(=3�B������ DQG

3���3%B������ WR *� 6FKXKNQHFKW� DQG E\ 1,+ *UDQW 8��16������� 1,+ *UDQW

�5��16��������16)�*UDQW�,,6����������DQG�6LPRQV�)RXQGDWLRQ�6&*%��������WR�)��(QJHUW�

$XWKRU�&RQWULEXWLRQV

'/% DQG )( FRQFHLYHG WKH SURMHFW� '/% GHYHORSHG WKH DQHVWKHWLF SURWRFRO� SHUIRUPHG

EHKDYLRUDO H[SHULPHQWV� DQG DQDO\]HG UHVXOWDQW GDWD� *)36 SHUIRUPHG WZR�SKRWRQ LPDJLQJ

H[SHULPHQWV� '/% DQG *)36 DQDO\]HG LPDJLQJ GDWD� $OO DXWKRUV FRQWULEXWHG WR SUHSDULQJ ILJXUHV

DQG�ZULWLQJ�WKH�PDQXVFULSW�

'DWD�DQG�&RGH�$YDLODELOLW\

7KH FRGH XVHG WR JHQHUDWH ILJXUHV LV DYDLODEOH DW KWWSV���JLWKXE�FRP�EGDQXELXV�,QQDWH)LVK� 7KH

UHSRVLWRU\ LQFOXGHV D OLQN WR GRZQORDG SURFHVVHG GDWD XVHG IRU WKH ILJXUHV� UDZ LPDJLQJ GDWD

DYDLODEOH�DW�UHDVRQDEOH�UHTXHVW�IURP�WKH�FRUUHVSRQGLQJ�DXWKRU�
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&RPSHWLQJ�,QWHUHVWV

7KH�DXWKRUV�GHFODUH�QR�FRPSHWLQJ�LQWHUHVWV�

5HIHUHQFHV

$KUHQV��0��%���-��0��/L��0��%��2UJHU��'��1��5REVRQ��$��)��6FKLHU��)��(QJHUW��DQG�5��3RUWXJXHV�
������³%UDLQ�:LGH�1HXURQDO�'\QDPLFV�GXULQJ�0RWRU�$GDSWDWLRQ�LQ�=HEUDILVK�´ 1DWXUH ���
������������(OHFWURQLF�������±���

$UFDUR��0LFKDHO��3HWHU�6FKDGH��DQG�0DUJDUHW�/LYLQJVWRQH��������³3UHVHUYHG�&RUWLFDO
2UJDQL]DWLRQ�LQ�WKH�$EVHQFH�RI�(DUO\�9LVXDO�,QSXW�´ -RXUQDO�RI�9LVLRQ ������������

$YLWDQ��/LODFK��=DF�3XMLF��-DQ�0|OWHU��0DWWKHZ�9DQ�'H�3ROO��%LDR�6XQ��+DRWLDQ�7HQJ��5XPHOR
$PRU��(WKDQ�.��6FRWW��DQG�*HRIIUH\�-��*RRGKLOO��������³6SRQWDQHRXV�$FWLYLW\�LQ�WKH
=HEUDILVK�7HFWXP�5HRUJDQL]HV�RYHU�'HYHORSPHQW�DQG�,V�,QIOXHQFHG�E\�9LVXDO�([SHULHQFH�´
&XUUHQW�%LRORJ\��&% �������������±���H��

%DKO��$UPLQ��DQG�)ORULDQ�(QJHUW��������³1HXUDO�&LUFXLWV�IRU�(YLGHQFH�$FFXPXODWLRQ�DQG
'HFLVLRQ�0DNLQJ�LQ�/DUYDO�=HEUDILVK�´ 1DWXUH�1HXURVFLHQFH ����������±����

%DMDU��%U\FH�7���1JX\HQ�7��3KL��-HVVH�,VDDFPDQ�%HFN��-XQ�5HLFKO��+DUSUHHW�5DQGKDZD��DQG
2UNXQ�$NLQ��������³$�'LVFUHWH�1HXURQDO�3RSXODWLRQ�&RRUGLQDWHV�%UDLQ�:LGH
'HYHORSPHQWDO�$FWLYLW\�´ 1DWXUH ���������������±���

%DUDEiVL��'iQLHO�/���DQG�$OEHUW�/iV]Oy�%DUDEiVL��������³$�*HQHWLF�0RGHO�RI�WKH�&RQQHFWRPH�´
1HXURQ ������������±���H��

%DUDEiVL��'iQLHO�/���7DOLHVLQ�%H\QRQ��DQG�ÈGiP�.DWRQD��������³&RPSOH[�&RPSXWDWLRQ�IURP
'HYHORSPHQWDO�3ULRUV�´ ELR5[LY��ELR5[LY��KWWSV���GRL�RUJ���������������������������

%DUDEiVL��'iQLHO�/���DQG�'iQLHO�&]pJHO��������³&RQVWUXFWLQJ�*UDSKV�IURP�*HQHWLF�(QFRGLQJV�´
6FLHQWLILF�5HSRUWV ��������������

%DUNHU��$��-���DQG�+��%DLHU��������³6HQVRULPRWRU�'HFLVLRQ�0DNLQJ�LQ�WKH�=HEUDILVK�7HFWXP�´
&XUUHQW�%LRORJ\ ���������������(OHFWURQLF��������±���

%ULFNOH\��6��*���(��$��'DZHV��0��-��.HDWLQJ��DQG�6��*UDQW��������³6\QFKURQL]LQJ�5HWLQDO�$FWLYLW\
LQ�%RWK�(\HV�'LVUXSWV�%LQRFXODU�0DS�'HYHORSPHQW�LQ�WKH�2SWLF�7HFWXP�´ 7KH�-RXUQDO�RI
1HXURVFLHQFH��7KH�2IILFLDO�-RXUQDO�RI�WKH�6RFLHW\�IRU�1HXURVFLHQFH ������������±�����

%XUULOO��-��'���DQG�6��6��(DVWHU�-U��������³'HYHORSPHQW�RI�WKH�5HWLQRIXJDO�3URMHFWLRQV�LQ�WKH
(PEU\RQLF�DQG�/DUYDO�=HEUDILVK��%UDFK\GDQLR�5HULR��´ 7KH�-RXUQDO�RI�&RPSDUDWLYH
1HXURORJ\ ������������±����

&DUU��$UFKLH��/DUU\�2JUHQ��DQG�$PHULFDQ�0XVHXP�RI�1DWXUDO�+LVWRU\������� 7KH�(FRORJ\�DQG
0LJUDWLRQV�2G�6HD�7XUWOHV�����7KH�*UHHQ�7XUWOH�LQ�WKH�&DULEEHDQ�6HD�

&OLQH��+��7���DQG�0��&RQVWDQWLQH�3DWRQ��������³10'$�5HFHSWRU�$QWDJRQLVWV�'LVUXSW�WKH
5HWLQRWHFWDO�7RSRJUDSKLF�0DS�´ 1HXURQ ����������±���

'D\DQ��3HWHU��DQG�/DXUHQFH�)��$EERWW������� 7KHRUHWLFDO 1HXURVFLHQFH��&RPSXWDWLRQDO�DQG
0DWKHPDWLFDO�0RGHOLQJ�RI�1HXUDO�6\VWHPV��0,7�3UHVV�

'UDJRPLU��(OHQD�,���9LOLP�âWLK��DQG�5XEHQ�3RUWXJXHV��������³(YLGHQFH�$FFXPXODWLRQ�GXULQJ�D
6HQVRULPRWRU�'HFLVLRQ�7DVN�5HYHDOHG�E\�:KROH�%UDLQ�,PDJLQJ�´ 1DWXUH�1HXURVFLHQFH ��
�������±���

)HOOHU��0��%���'��3��:HOOLV��'��6WHOOZDJHQ��)��6��:HUEOLQ��DQG�&��-��6KDW]��������³5HTXLUHPHQW�IRU
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&KROLQHUJLF�6\QDSWLF�7UDQVPLVVLRQ�LQ�WKH�3URSDJDWLRQ�RI�6SRQWDQHRXV�5HWLQDO�:DYHV�´
6FLHQFH ����������������±���

)HWFKR��-��5���DQG�'��0��2¶0DOOH\��������³,PDJLQJ�1HXURQDO�1HWZRUNV�LQ�%HKDYLQJ�$QLPDOV�´
&XUUHQW�2SLQLRQ�LQ�1HXURELRORJ\ ���'HFHPEHU������±���

*DUQHU��$OHHQD�5���DQG�*HRUJ�%��.HOOHU��������³$�&RUWLFDO�&LUFXLW�IRU�$XGLR�9LVXDO�3UHGLFWLRQV�´
1DWXUH�1HXURVFLHQFH ����������±����

*HUYHQ��0DUFHO�YDQ��DQG�6DQGHU�%RKWH������� $UWLILFLDO 1HXUDO�1HWZRUNV�DV�0RGHOV�RI�1HXUDO
,QIRUPDWLRQ�3URFHVVLQJ��)URQWLHUV�0HGLD�6$�

*H��;LQ[LQ��.DWK\�=KDQJ��$OH[DQGUD�*ULEL]LV��$OL�6��+DPRGL��$XGH�0DUWLQH]�6DELQR��DQG
0LFKDHO�&��&UDLU��������³5HWLQDO�:DYHV�3ULPH�9LVXDO�0RWLRQ�'HWHFWLRQ�E\�6LPXODWLQJ
)XWXUH�2SWLF�)ORZ�´ 6FLHQFH ������������KWWSV���GRL�RUJ���������VFLHQFH�DEG�����

*LRYDQQXFFL��$QGUHD��-RKDQQHV�)ULHGULFK��3DW�*XQQ��-pUpPLH�.DOIRQ��%UDQGRQ�/��%URZQ��6XH
$QQ�.RD\��-LDQQLV�7D[LGLV��HW�DO��������³&D,P$Q�DQ�2SHQ�6RXUFH�7RRO�IRU�6FDODEOH
&DOFLXP�,PDJLQJ�'DWD�$QDO\VLV�´ H/LIH ���-DQXDU\�� KWWSV���GRL�RUJ���������H/LIH�������

*|GHFNH��,���DQG�7��%RQKRHIIHU��������³'HYHORSPHQW�RI�,GHQWLFDO�2ULHQWDWLRQ�0DSV�IRU�7ZR�(\HV
ZLWKRXW�&RPPRQ�9LVXDO�([SHULHQFH�´ 1DWXUH ����������� ���±���

*RRGPDQ��&RUH\�6���DQG�&DUOD�-��6KDW]��������³'HYHORSPHQWDO�0HFKDQLVPV�7KDW�*HQHUDWH
3UHFLVH�3DWWHUQV�RI�1HXURQDO�&RQQHFWLYLW\�´ &HOO �� �-DQXDU\�����±���

*UHHQH��+DUU\�:���*RUGRQ�0��%XUJKDUGW��%HYHUO\�$��'XJDQ��DQG�$��6WDQOH\�5DQG�������
³3UHGDWLRQ�DQG�WKH�'HIHQVLYH�%HKDYLRU�RI�*UHHQ�,JXDQDV��5HSWLOLD��/DFHUWLOLD��,JXDQLGDH��´
-RXUQDO�RI�+HUSHWRORJ\ ������������

*XLOODPyQ�9LYDQFRV��7HUHVD��0DU�$QtEDO�0DUWtQH]��/RUHQ]R�3XFKH�$URFD��-XDQ�$QWRQLR
0RUHQR�%UDYR��0LJXHO�9DOGHROPLOORV��)UDQFLVFR�-��0DUWLQL��DQG�*XLOOHUPLQD
/ySH]�%HQGLWR��������³,QSXW�'HSHQGHQW�6HJUHJDWLRQ�RI�9LVXDO�DQG�6RPDWRVHQVRU\�&LUFXLWV
LQ�WKH�0RXVH�6XSHULRU�&ROOLFXOXV�´ 6FLHQFH ����������� ���±���

+DOO��=DFKDU\�-RQDV��DQG�9LQFHQW�7URSHSH��������³0RYHPHQW�0DLQWDLQV�)RUHEUDLQ�1HXURJHQHVLV
YLD�3HULSKHUDO�1HXUDO�)HHGEDFN�LQ�/DUYDO�=HEUDILVK�´�0DUFK�
KWWSV���GRL�RUJ���������H/LIH�������

+DUSD]��5R\��$ULHO�&��$VSLUDV��6\GQH\�&KDPEXOH��6LHUUD�7VHQJ��0DULH�$EqOH�%LQG��)ORULDQ
(QJHUW��0DUN�&��)LVKPDQ��DQG�$UPLQ�%DKO��������³&ROOHFWLYH�%HKDYLRU�(PHUJHV�IURP
*HQHWLFDOO\�&RQWUROOHG�6LPSOH�%HKDYLRUDO�0RWLIV�LQ�=HEUDILVK�´ 6FLHQFH�$GYDQFHV �������
HDEL�����

+DUSD]��5R\��0LQK�1JX\HW�1JX\HQ��$UPLQ�%DKO��DQG�)ORULDQ�(QJHUW��������³3UHFLVH�9LVXRPRWRU
7UDQVIRUPDWLRQV�8QGHUO\LQJ�&ROOHFWLYH�%HKDYLRU�LQ�/DUYDO�=HEUDILVK�´ 1DWXUH
&RPPXQLFDWLRQV �������������

+DUULVRQ��5RVV�*UDQYLOOH��������³$Q�([SHULPHQWDO�6WXG\�RI�WKH�5HODWLRQ�RI�WKH�1HUYRXV�6\VWHP
WR�WKH�'HYHORSLQJ�0XVFXODWXUH�LQ�WKH�(PEU\R�RI�WKH�)URJ�´ 7KH�$PHULFDQ�-RXUQDO�RI
$QDWRP\ ����������±����

+DVVRQ��8UL��6DPXHO�$��1DVWDVH��DQG�$ULHO�*ROGVWHLQ��������³'LUHFW�)LW�WR�1DWXUH��$Q
(YROXWLRQDU\�3HUVSHFWLYH�RQ�%LRORJLFDO�DQG�$UWLILFLDO�1HXUDO�1HWZRUNV�´ 1HXURQ ��������
���±���

+DYHUNDPS��/��-���DQG�5��:��2SSHQKHLP��������³%HKDYLRUDO�'HYHORSPHQW�LQ�WKH�$EVHQFH�RI
1HXUDO�$FWLYLW\��(IIHFWV�RI�&KURQLF�,PPRELOL]DWLRQ�RQ�$PSKLELDQ�(PEU\RV�´ 7KH�-RXUQDO
RI�1HXURVFLHQFH��7KH�2IILFLDO�-RXUQDO�RI�WKH�6RFLHW\�IRU�1HXURVFLHQFH �����������±���

+XEHO��'��+���DQG�7��1��:LHVHO��������³5HFHSWLYH�)LHOGV��%LQRFXODU�,QWHUDFWLRQ�DQG�)XQFWLRQDO
$UFKLWHFWXUH�LQ�WKH�&DW¶V�9LVXDO�&RUWH[�´ 7KH�-RXUQDO RI�3K\VLRORJ\�

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 24, 2022. ; https://doi.org/10.1101/2022.10.24.513526doi: bioRxiv preprint 

http://paperpile.com/b/ksOO3M/kTQj
http://paperpile.com/b/ksOO3M/kTQj
http://paperpile.com/b/ksOO3M/KFTh
http://paperpile.com/b/ksOO3M/KFTh
http://paperpile.com/b/ksOO3M/oyoD
http://paperpile.com/b/ksOO3M/oyoD
http://paperpile.com/b/ksOO3M/m2FC
http://paperpile.com/b/ksOO3M/m2FC
http://paperpile.com/b/ksOO3M/o0Fv
http://paperpile.com/b/ksOO3M/o0Fv
http://paperpile.com/b/ksOO3M/o0Fv
http://dx.doi.org/10.1126/science.abd0830
http://paperpile.com/b/ksOO3M/o0Fv
http://paperpile.com/b/ksOO3M/SqDe
http://paperpile.com/b/ksOO3M/SqDe
http://paperpile.com/b/ksOO3M/SqDe
http://dx.doi.org/10.7554/eLife.38173
http://paperpile.com/b/ksOO3M/SqDe
http://paperpile.com/b/ksOO3M/8AWl
http://paperpile.com/b/ksOO3M/8AWl
http://paperpile.com/b/ksOO3M/auro
http://paperpile.com/b/ksOO3M/auro
http://paperpile.com/b/ksOO3M/KCJa
http://paperpile.com/b/ksOO3M/KCJa
http://paperpile.com/b/ksOO3M/KCJa
http://paperpile.com/b/ksOO3M/UC3S
http://paperpile.com/b/ksOO3M/UC3S
http://paperpile.com/b/ksOO3M/UC3S
http://paperpile.com/b/ksOO3M/UC3S
http://paperpile.com/b/ksOO3M/Sz8p
http://paperpile.com/b/ksOO3M/Sz8p
http://paperpile.com/b/ksOO3M/Sz8p
http://dx.doi.org/10.7554/eLife.31045
http://paperpile.com/b/ksOO3M/Sz8p
http://paperpile.com/b/ksOO3M/Vczo
http://paperpile.com/b/ksOO3M/Vczo
http://paperpile.com/b/ksOO3M/Vczo
http://paperpile.com/b/ksOO3M/Vczo
http://paperpile.com/b/ksOO3M/A7H3
http://paperpile.com/b/ksOO3M/A7H3
http://paperpile.com/b/ksOO3M/A7H3
http://paperpile.com/b/ksOO3M/SQ0h
http://paperpile.com/b/ksOO3M/SQ0h
http://paperpile.com/b/ksOO3M/SQ0h
http://paperpile.com/b/ksOO3M/9AzP
http://paperpile.com/b/ksOO3M/9AzP
http://paperpile.com/b/ksOO3M/9AzP
http://paperpile.com/b/ksOO3M/xgjx
http://paperpile.com/b/ksOO3M/xgjx
http://paperpile.com/b/ksOO3M/xgjx
http://paperpile.com/b/ksOO3M/3ENP
http://paperpile.com/b/ksOO3M/3ENP
https://doi.org/10.1101/2022.10.24.513526
http://creativecommons.org/licenses/by-nc/4.0/


KWWSV���GRL�RUJ���������MSK\VLRO������VS�������
²²²��������³7KH�3HULRG�RI�6XVFHSWLELOLW\�WR�WKH�3K\VLRORJLFDO�(IIHFWV�RI�8QLODWHUDO�(\H

&ORVXUH�LQ�.LWWHQV�´ 7KH�-RXUQDO�RI�3K\VLRORJ\ ��� ��������±���
+XEHO��'��+���7��1��:LHVHO��DQG�0��3��6WU\NHU��������³2ULHQWDWLRQ�&ROXPQV�LQ�0DFDTXH�0RQNH\

9LVXDO�&RUWH[�'HPRQVWUDWHG�E\�WKH���'HR[\JOXFRVH�$XWRUDGLRJUDSKLF�7HFKQLTXH�´ 1DWXUH
���������������±���

+�EHQHU��0DUN��DQG�7RELDV�%RQKRHIIHU��������³1HXURQDO�3ODVWLFLW\��%H\RQG�WKH�&ULWLFDO�3HULRG�´
&HOO ������������±���

.DW]��/��&���DQG�&��-��6KDW]��������³6\QDSWLF�$FWLYLW\�DQG�WKH�&RQVWUXFWLRQ�RI�&RUWLFDO�&LUFXLWV�´
6FLHQFH ����������������±���

.HOOHU��*HRUJ�%���7RELDV�%RQKRHIIHU��DQG�0DUN�+�EHQHU��������³6HQVRULPRWRU�0LVPDWFK�6LJQDOV
LQ�3ULPDU\�9LVXDO�&RUWH[�RI�WKH�%HKDYLQJ�0RXVH�´ 1HXURQ �����������±���

.KRQD��0LNDLO��6DUWKDN�&KDQGUD��DQG�,OD�5��)LHWH��������³)URP�6PRRWK�&RUWLFDO�*UDGLHQWV�WR
'LVFUHWH�0RGXOHV��$�%LRORJLFDOO\�3ODXVLEOH�0HFKDQLVP�IRU�WKH�6HOI�2UJDQL]DWLRQ�RI
0RGXODULW\�LQ�*ULG�&HOOV�´ ELR5[LY��KWWSV���GRL�RUJ���������������������������

.LQG��3��&���'��(��0LWFKHOO��%��$KPHG��&��%ODNHPRUH��7��%RQKRHIIHU��DQG�)��6HQJSLHO�������
³&RUUHODWHG�%LQRFXODU�$FWLYLW\�*XLGHV�5HFRYHU\�IURP�0RQRFXODU�'HSULYDWLRQ�´ 1DWXUH ���
�0DUFK������±���

.RXODNRY��$OH[HL��6HUJH\�6KXYDHY��'LY\DQVKD�/DFKL��DQG�$QWKRQ\�=DGRU��������³(QFRGLQJ
,QQDWH�$ELOLW\�WKURXJK�D�*HQRPLF�%RWWOHQHFN�´ ELR5[LY� ELR5[LY�
KWWSV���GRL�RUJ���������������������������

.RYiFV��,VWYiQ�$���'iQLHO�/��%DUDEiVL��DQG�$OEHUW�/iV]Oy�%DUDEiVL��������³8QFRYHULQJ�WKH
*HQHWLF�%OXHSULQW�RI�WKH�1HUYRXV�6\VWHP�´ 3URFHHGLQJV RI�WKH�1DWLRQDO�$FDGHP\�RI
6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD ��������� �����±���

/H\GHQ��&ODLUH��7LPR�%U�JJHPDQQ��)ORUHQW\QD�'HELQVNL��&ODUD�$��6LPDFHN��)ORULDQ�$��'HKPHOW�
DQG�$ULVWLGHV�%��$UUHQEHUJ��������³(IILFDF\�RI�7ULFDLQH��06������DQG�+\SRWKHUPLD�DV
$QHVWKHWLF�$JHQWV�IRU�%ORFNLQJ�6HQVRULPRWRU�5HVSRQVHV�LQ�/DUYDO�=HEUDILVK�´ )URQWLHUV�LQ
9HWHULQDU\�6FLHQFH ���KWWSV���GRL�RUJ���������IYHWV�������������

0DDVZLQNHO��+���DQG�/��/L��������³6SDWLR�7HPSRUDO�)UHTXHQF\�&KDUDFWHULVWLFV�RI�WKH�2SWRPRWRU
5HVSRQVH�LQ�=HEUDILVK�´ 9LVLRQ�5HVHDUFK ������������� �3ULQW������±���

0DUWLQL��)UDQFLVFR�-���7HUHVD�*XLOODPyQ�9LYDQFRV��9HUyQLFD�0RUHQR�-XDQ��0LJXHO
9DOGHROPLOORV��DQG�*XLOOHUPLQD�/ySH]�%HQGLWR��������³6SRQWDQHRXV�$FWLYLW\�LQ�'HYHORSLQJ
7KDODPLF�DQG�&RUWLFDO�6HQVRU\�1HWZRUNV�´ 1HXURQ�
KWWSV���GRL�RUJ���������M�QHXURQ�������������

0HOFKQHU��/DXULH�YRQ��6DUDK�/��3DOODV��DQG�0ULJDQND�6XU��������³9LVXDO�%HKDYLRXU�0HGLDWHG�E\
5HWLQDO�3URMHFWLRQV�'LUHFWHG�WR�WKH�$XGLWRU\�3DWKZD\�´ 1DWXUH ���������������±���

1DXPDQQ��(��$���-��(��)LW]JHUDOG��7��:��'XQQ��-��5LKHO��+��6RPSROLQVN\��DQG�)��(QJHUW�������
³)URP�:KROH�%UDLQ�'DWD�WR�)XQFWLRQDO�&LUFXLW�0RGHOV��7KH�=HEUDILVK�2SWRPRWRU
5HVSRQVH�´ &HOO ����������������(OHFWURQLF�������±���

1HXKDXVV��6��&���2��%LHKOPDLHU��0��:��6HHOLJHU��7��'DV��.��.RKOHU��:��$��+DUULV��DQG�+��%DLHU�
������³*HQHWLF�'LVRUGHUV�RI�9LVLRQ�5HYHDOHG�E\�D�%HKDYLRUDO�6FUHHQ�RI�����(VVHQWLDO�/RFL
LQ�=HEUDILVK�´ -RXUQDO�RI�1HXURVFLHQFH �������������±���

2UJHU��0��%���$��5��.DPSII��.��(��6HYHUL��-��+��%ROOPDQQ��DQG�)��(QJHUW��������³&RQWURO�RI
9LVXDOO\�*XLGHG�%HKDYLRU�E\�'LVWLQFW�3RSXODWLRQV�RI�6SLQDO�3URMHFWLRQ�1HXURQV�´ 1DWXUH
1HXURVFLHQFH ���������������3ULQW�������±���

3QHYPDWLNDNLV��(IW\FKLRV�$���DQG�$QGUHD�*LRYDQQXFFL��������³1R50&RUUH��$Q�2QOLQH
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$OJRULWKP�IRU�3LHFHZLVH�5LJLG�0RWLRQ�&RUUHFWLRQ�RI�&DOFLXP�,PDJLQJ�'DWD�´ -RXUQDO�RI
1HXURVFLHQFH�0HWKRGV �����1RYHPEHU�����±���

3RSRYLF��1��7RSLF��1��7RSLF�3RSRYLF��,��6WUXQMDN�3HURYLF��5��&R]�5DNRYDF��-��%DULVLF��0��-DGDQ�
$��3HUVLQ�%HUDNRYLF��DQG�5��6DXHUERUQ�.OREXFDU��������³7ULFDLQH�0HWKDQH�6XOIRQDWH
�06������$SSOLFDWLRQ�LQ�)LVK�$QDHVWKHVLD�´ -RXUQDO RI�$SSOLHG�,FKWK\RORJ\�
KWWSV���GRL�RUJ���������M����������������������[�

5DPORFKDQVLQJK��&DUODQD��)UDQFLVFR�%UDQRQHU��%RULV�3��&KDJQDXG��DQG�+DQV�6WUDND�������
³(IILFDF\�RI�7ULFDLQH�0HWKDQHVXOIRQDWH��06������DV�DQ�$QHVWKHWLF�$JHQW�IRU�%ORFNLQJ
6HQVRU\�0RWRU�5HVSRQVHV�LQ�;HQRSXV�/DHYLV�7DGSROHV�´ 3OR6�2QH �������H�������

5LFKDUGV��%ODNH�$���7LPRWK\�3��/LOOLFUDS��3KLOLSSH�%HDXGRLQ��<RVKXD�%HQJLR��5DIDO�%RJDF]�
$PHOLD�&KULVWHQVHQ��&ODXGLD�&ORSDWK��HW�DO��������³$�'HHS�/HDUQLQJ�)UDPHZRUN�IRU
1HXURVFLHQFH�´ 1DWXUH�1HXURVFLHQFH �������������±���

5RGJHU��-���&��(��.LQJ��6��/XNHKXUVW��3��%��&KHQ��6��$��'XQORS��/��'��%HD]OH\��DQG�0��5��=LPDQ�
������³&KDQJLQJ�3D[��([SUHVVLRQ�&RUUHODWHV�ZLWK�$[RQ�2XWJURZWK�DQG�5HVWRUDWLRQ�RI
7RSRJUDSK\�GXULQJ�2SWLF�1HUYH�5HJHQHUDWLRQ�´ 1HXURVFLHQFH �������������±���

5RHVHU��7���DQG�+��%DLHU��������³9LVXRPRWRU�%HKDYLRUV�LQ�/DUYDO�=HEUDILVK�DIWHU�*)3�*XLGHG
/DVHU�$EODWLRQ�RI�WKH�2SWLF�7HFWXP�´ -RXUQDO�RI�1HXURVFLHQFH ����0D\�������±���

5RKOILQJ��7RUVWHQ��DQG�&DOYLQ�5��0DXUHU�-U��������³1RQULJLG�,PDJH�5HJLVWUDWLRQ�LQ
6KDUHG�0HPRU\�0XOWLSURFHVVRU�(QYLURQPHQWV�ZLWK�$SSOLFDWLRQ�WR�%UDLQV��%UHDVWV��DQG
%HHV�´ ,(((�7UDQVDFWLRQV�RQ�,QIRUPDWLRQ�7HFKQRORJ\ LQ�%LRPHGLFLQH��$�3XEOLFDWLRQ�RI�WKH
,(((�(QJLQHHULQJ�LQ�0HGLFLQH�DQG�%LRORJ\�6RFLHW\ � �������±���

6DQGR��5LFKDUG��(ULF�%XVKRQJ��<RQJFKXDQ�=KX��0LQ�+XDQJ��&DPLOOH�&RQVLGLQH��6HEDVWLHQ�3KDQ�
6X\HRQ�-X��0DUFR�8\WLHSR��0DUN�(OOLVPDQ��DQG�$QWRQ�0D[LPRY��������³$VVHPEO\�RI
([FLWDWRU\�6\QDSVHV�LQ�WKH�$EVHQFH�RI�*OXWDPDWHUJLF�1HXURWUDQVPLVVLRQ�´ 1HXURQ �������
���±���H��

6DQHV��-��5���DQG�-��:��/LFKWPDQ��������³'HYHORSPHQW�RI�WKH�9HUWHEUDWH�1HXURPXVFXODU
-XQFWLRQ�´ $QQXDO�5HYLHZ�RI�1HXURVFLHQFH �������±����

6HQJSLHO��)���3��6WDZLQVNL��DQG�7��%RQKRHIIHU��������³,QIOXHQFH�RI�([SHULHQFH�RQ�2ULHQWDWLRQ
0DSV�LQ�&DW�9LVXDO�&RUWH[�´ 1DW�1HXURVFL� ����������±���

6HWK��$QLO�.���7RQ\�-��3UHVFRWW��DQG�-RDQQD�-��%U\VRQ������� 0RGHOOLQJ�1DWXUDO�$FWLRQ�6HOHFWLRQ�
&DPEULGJH�8QLYHUVLW\�3UHVV�

6KDUPD��-LWHQGUD��$OHVVDQGUD�$QJHOXFFL��DQG�0ULJDQND�6XU��������³,QGXFWLRQ�RI�9LVXDO
2ULHQWDWLRQ�0RGXOHV�LQ�$XGLWRU\�&RUWH[�´ 1DWXUH ��� �����������±���

6LOYHU��'DYLG��7KRPDV�+XEHUW��-XOLDQ�6FKULWWZLHVHU��,RDQQLV�$QWRQRJORX��0DWWKHZ�/DL��$UWKXU
*XH]��0DUF�/DQFWRW��HW�DO��������³0DVWHULQJ�&KHVV�DQG�6KRJL�E\�6HOI�3OD\�ZLWK�D�*HQHUDO
5HLQIRUFHPHQW�/HDUQLQJ�$OJRULWKP�´�KWWSV���GRL�RUJ����������$5;,9������������

²²²��������³$�*HQHUDO�5HLQIRUFHPHQW�/HDUQLQJ�$OJRULWKP�7KDW�0DVWHUV�&KHVV��6KRJL��DQG
*R�WKURXJK�6HOI�3OD\�´ 6FLHQFH ����������������±���

6LPRQ��'��.���*��7��3UXVN\��'��'��2¶/HDU\��DQG�0��&RQVWDQWLQH�3DWRQ�������
³1�0HWK\O�'�$VSDUWDWH�5HFHSWRU�$QWDJRQLVWV�'LVUXSW�WKH�)RUPDWLRQ�RI�D�0DPPDOLDQ
1HXUDO�0DS�´ 3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI 6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI
$PHULFD ��������������±���

6WDQOH\��&DWKHULQH�(���5HEHFFD�$GDPV��-HUHP\�1DGROVNL��(OORUD�$PULW��0DWWKHZ�%DUUHWW�
&DWKHULQH�%RKQHWW��.HOVH\�&DPSEHOO��HW�DO��������³7KH�(IIHFWV�RI�7ULFDLQH�0HV\ODWH�RQ
$UWKURSRGV��&UD\ILVK��&UDE�DQG�'URVRSKLOD�´ ,QYHUWHEUDWH 1HXURVFLHQFH�
KWWSV���GRL�RUJ���������V������������������
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6WXHUPHU��&��$��������³5HWLQRWRSLF�2UJDQL]DWLRQ�RI�WKH�'HYHORSLQJ�5HWLQRWHFWDO�3URMHFWLRQ�LQ�WKH
=HEUDILVK�(PEU\R�´ 7KH�-RXUQDO�RI�1HXURVFLHQFH��7KH 2IILFLDO�-RXUQDO�RI�WKH�6RFLHW\�IRU
1HXURVFLHQFH ������������±���

7DSLD��-XDQ�&���-RKQ�'��:\OLH��1DUD\DQDQ�.DVWKXUL��.HQQHWK�-��+D\ZRUWK��5LFKDUG�6FKDOHN�
'DQLHO�5��%HUJHU��&ULVWLQD�*XDWLPRVLP��+��6HEDVWLDQ�6HXQJ��DQG�-HII�:��/LFKWPDQ�������
³3HUYDVLYH�6\QDSWLF�%UDQFK�5HPRYDO�LQ�WKH�0DPPDOLDQ�1HXURPXVFXODU�6\VWHP�DW�%LUWK�´
1HXURQ �����������±���

9HUKDJH��0���$��6��0DLD��-��-��3ORPS��$��%��%UXVVDDUG��-��+��+HHURPD��+��9HUPHHU��5��)��7RRQHQ�
HW�DO��������³6\QDSWLF�$VVHPEO\�RI�WKH�%UDLQ�LQ�WKH�$EVHQFH�RI�1HXURWUDQVPLWWHU�6HFUHWLRQ�´
6FLHQFH ���������������±���

:DUODQG��'DYLG�.���$QGUHZ�'��+XEHUPDQ��DQG�/HR�0��&KDOXSD��������³'\QDPLFV�RI
6SRQWDQHRXV�$FWLYLW\�LQ�WKH�)HWDO�0DFDTXH�5HWLQD�GXULQJ�'HYHORSPHQW�RI�5HWLQRJHQLFXODWH
3DWKZD\V�´ 7KH�-RXUQDO�RI�1HXURVFLHQFH��7KH�2IILFLDO -RXUQDO�RI�WKH�6RFLHW\�IRU
1HXURVFLHQFH �������������±���

:LHVHO��7��1���DQG�'��+��+XEHO��������³6,1*/(�&(//�5(63216(6�,1�675,$7(�&257(;
2)�.,77(16�'(35,9('�2)�9,6,21�,1�21(�(<(�´ -RXUQDO RI�1HXURSK\VLRORJ\ ��
�1RYHPEHU�������±���

²²²��������³&RPSDULVRQ�RI�WKH�(IIHFWV�RI�8QLODWHUDO�DQG�%LODWHUDO�(\H�&ORVXUH�RQ�&RUWLFDO
8QLW�5HVSRQVHV�LQ�.LWWHQV�´ -RXUQDO�RI�1HXURSK\VLRORJ\ ������������±���

<X��&��5���-��3RZHU��*��%DUQHD��6��2¶'RQQHOO��+��(��%URZQ��-��2VERUQH��5��$[HO��DQG�-��$�
*RJRV��������³6SRQWDQHRXV�1HXUDO�$FWLYLW\�,V�5HTXLUHG�IRU�WKH�(VWDEOLVKPHQW�DQG
0DLQWHQDQFH�RI�WKH�2OIDFWRU\�6HQVRU\�0DS�´ 1HXURQ ����0D\������±���

=DGRU��$QWKRQ\�0��������³$�&ULWLTXH�RI�3XUH�/HDUQLQJ�DQG�:KDW�$UWLILFLDO�1HXUDO�1HWZRUNV
&DQ�/HDUQ�IURP�$QLPDO�%UDLQV�´ 1DWXUH�&RPPXQLFDWLRQV �������������

=KDQJ��5RQJ�:HL��;LDR�4XDQ�/L��.RLFKL�.DZDNDPL��DQG�-LX�/LQ�'X��������³6WHUHRW\SHG
,QLWLDWLRQ�RI�5HWLQDO�:DYHV�E\�%LSRODU�&HOOV�YLD�3UHV\QDSWLF�10'$�$XWRUHFHSWRUV�´ 1DWXUH
&RPPXQLFDWLRQV ���KWWSV���GRL�RUJ���������QFRPPV������

=KDQJ��5RQJ�:HL��+RQJ�3LQJ�:HL��<L�0HQJ�;LD��DQG�-LX�/LQ�'X��������³'HYHORSPHQW�RI�/LJKW
5HVSRQVH�DQG�*$%$HUJLF�([FLWDWLRQ�WR�,QKLELWLRQ�6ZLWFK�LQ�=HEUDILVK�5HWLQDO�*DQJOLRQ
&HOOV�´ 7KH�-RXUQDO�RI�3K\VLRORJ\ �����3W����������±���

0HWKRGV

=HEUDILVK

)RU�DOO�EHKDYLRUDO�H[SHULPHQWV��ZH�XVHG���GSI�ZLOG�W\SH��:,.��]HEUDILVK��)HUWLOL]HG�HJJV�ZHUH

FROOHFWHG�LQ�HPEU\R�ZDWHU��0HWK\OHQH�%OXH���(��VROXWLRQ����P0�1D&O�������P0�.&O�������P0

&D&O��������P0�0J62����DQG�WUDQVIHUUHG�WR�ILOWHUHG�ILVK�IDFLOLW\�ZDWHU�DIWHU����K��8QGHU

VWDQGDUG�UHDULQJ�FRQGLWLRQV��]HEUDILVK�ZHUH�PDLQWDLQHG�RQ�D����K�OLJKW�����K�GDUN�F\FOH�DW������&�

'DUN�UHDUHG�HPEU\RV�ZHUH�SODFHG�LQ�D�OLJKW�SURRI�ER[�DIWHU�FROOHFWLRQ��HQVXULQJ�D����K�GDUN
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F\FOH��$IWHU�FROOHFWLRQ��VWUREH�UHDUHG�HPEU\RV�ZHUH�SODFHG�LQ�D�ER[�WKDW�FRQWDLQHG�D���+]�VWUREH

OLJKW��ZKLFK�ZDV�DFWLYH�GXULQJ�WKH����K�OLJKW�SHULRG��PDWFKHG�WR�WKH�VWDQGDUG�UHDULQJ�FRQGLWLRQ¶V

OLJKW�RQ�DQG�RII�WLPHV��DQG�RII�GXULQJ�WKH����K�GDUN�F\FOH�

$OO�LPDJLQJ�H[SHULPHQWV�LQ�WKLV�VWXG\�ZHUH�SHUIRUPHG�RQ�WKH�WUDQVJHQLF�]HEUDILVK�OLQH

HODYO��*&D03�V OLQH �%DKO�DQG�(QJHUW��������:H�UDLVHG JURXSV�RI���±���ODUYDH�LQ�VWDQGDUG

3HWUL�GLVKHV�����PP�GLDPHWHU��FRQWDLQLQJ�ILOWHUHG�ILVK�ZDWHU�RQ�D����K�OLJKW�����K�GDUN�F\FOH�DW

��ௗ�&��,PDJLQJ�ZDV�DW��ௗGSI��DW�ZKLFK�DJH�VH[�FDQQRW�EH�GHWHUPLQHG��3ULRU�WR�LPDJLQJ��ZH

VFUHHQHG�ODUYDH�IRU�VWURQJ�*&D03�V�IOXRUHVFHQFH�DQG�WKH�DEVHQFH�RI�DQ\�SLJPHQWDWLRQ��$OO

H[SHULPHQWV�ZHUH�DSSURYHG�E\�WKH�+DUYDUG�8QLYHUVLW\�VWDQGLQJ�FRPPLWWHH�RQ�WKH�XVH�RI�DQLPDOV

LQ�UHVHDUFK�DQG�WUDLQLQJ�

%HKDYLRU�H[SHULPHQWV�LQ�IUHHO\�VZLPPLQJ�ODUYDO�]HEUDILVK

:H�SHUIRUPHG�IUHH�VZLPPLQJ�EHKDYLRUDO�TXDQWLILFDWLRQ�ZLWK�WKH�H[SHULPHQWDO�VHWXS�SUHYLRXVO\

GHVFULEHG�LQ �%DKO�DQG�(QJHUW��������%ULHIO\��LQGLYLGXDO ODUYDH�ZHUH�SODFHG�LQ�D�FORVHG�ORRS

YLUWXDO�UHDOLW\�HQYLURQPHQW�DQG�SUHVHQWHG�ZLWK�D�PRYLQJ�EDU�VWLPXOXV�SURMHFWHG�IURP�EHORZ

���ௗ+]��$$;$�3����3LFR�3URMHFWRU���,Q�µQR�VWLPXOXV¶�FRQGLWLRQV��RQO\�D�JUD\�EDFNJURXQG�ZDV

VKRZQ��:H�XVHG�UHDO�WLPH�EHKDYLRUDO�WUDFNLQJ�DW�����+]�WR�GHWHUPLQH�WKH�ORFDWLRQ�DQG�ERG\

RULHQWDWLRQ�RI�DQLPDOV�DQG�XSGDWHG�WKH�YLVXDO�VWLPXOL�DFFRUGLQJO\�

(DFK�EHKDYLRU�WULDO�EHJDQ�ZLWK�D��V�SHULRG�LQ�ZKLFK�JUDWLQJV��VSDWLDO�SHULRG�RI���FP�DQG�RULHQWHG

DORQJ�WKH�DQLPDO¶V�DQWHULRU�SRVWHULRU�D[LV��ZHUH�VWDWLF�DQG�ORFNHG�WR�ILVK�RULHQWDWLRQ��7KHVH

RULHQWDWLRQ�ORFNHG�JUDWLQJV�EHJDQ�PRYLQJ�DW�D�YHORFLW\�RI���FP�V�IRU���V��IROORZHG�E\�DQRWKHU���V

VWDWLF�SHULRG�EHIRUH�WKH�QH[W�WULDO�ZDV�LQLWLDWHG� (DFK�DQLPDO�ZDV�SUHVHQWHG�ZLWK����VHWV�RI�µQR
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VWLPXOXV¶�RU�IRUZDUG���EDFNZDUG��OHIWZDUG���RU�ULJKWZDUG�PRYLQJ�JUDWLQJV��7KH�RUGHU�RI�VWLPXOL

SUHVHQWHG�ZLWKLQ�HDFK�VHW�ZDV�UDQGRPL]HG�

7ULFDLQH�DQHVWKHVLD

)RU�DOO�H[SHULPHQWV��ZH�XVHG�D�FRQFHQWUDWLRQ�RI�����J�PO�WULFDLQH�LQ�ILOWHUHG�ILVK�ZDWHU��06����

6LJPD�$OGULFK���:H�FDPH�WR�WKLV�FRQFHQWUDWLRQ�WKURXJK�H[WHQVLYH�WHVWLQJ�RI�D�ZLGH�UDQJH�RI

FRQFHQWUDWLRQV��:H�RSWLPL]HG�IRU�D�VROXWLRQ�WKDW�NHSW�ILVK�IXOO\�DQHVWKHWL]HG�IRU�WKH�PD[LPXP

WUHDWPHQW�GXUDWLRQ�RI���GD\V��ZKLOH�PLQLPL]LQJ�SK\VLRORJLFDO�HIIHFWV�DQG�PRUWDOLW\��7KH�WULFDLQH

EDWK�ZDV�H[FKDQJHG�HYHU\����K�EHFDXVH�ZH�IRXQG�WKDW�WULFDLQH�VWDUWHG�WR�ORVH�LWV�SRWHQF\�DIWHU

DURXQG����K��SUHVXPDEO\�EHFDXVH�LW�ZDV�PHWDEROL]HG�E\�WKH�DQLPDOV�NHSW�LQ�WKH�GLVK

�6XSSOHPHQWDO�)LJXUH�����:H�DVVHVVHG�ZKHWKHU�ODUYDH�ZHUH�LQGHHG�IXOO\�DQHVWKHWL]HG�WKURXJK

VKDNLQJ�WKH�SODWH�DQG�WDSSLQJ�ILVK��DV�ZHOO�DV�D�ORQJ�WHUP�TXDQWLILFDWLRQ�RI�PRYHPHQW�UHVSRQVH�

RU�ODFN�WKHUHRI��XQGHU�D�OLJKW�RQ�DQG�OLJKW��RII�VWLPXOXV��6XSSOHPHQWDO�)LJXUH�����:H�GLVFDUGHG

DOO�ILVK�LQ�D�SHWUL�GLVK�LI�ZH�IRXQG�DQ\�DQLPDO�WKDW�UHVSRQGHG�WR�YLVXDO�RU�SK\VLFDO�VWLPXOXV�

=HEUDILVK�HPEU\RV�ZHUH�SODFHG�LQ�SHWUL�GLVKHV����FP�GLDPHWHU��ILOOHG�ZLWK�WULFDLQH�VROXWLRQ�DQG

NHSW�LQ�WKH�GDUN�XQWLO�H[SHULPHQWDO�WHVWLQJ��EHFDXVH�WULFDLQH�IRUPV�WR[LF�E\SURGXFWV�XQGHU

H[WHQGHG�H[SRVXUH�WR�OLJKW��6LQFH�WKH�RQVHW�RI�VSRQWDQHRXV�QHXURQDO�DFWLYLW\�LQ�ODUYDO�]HEUDILVK

KDSSHQV�SULRU�WR�KDWFKLQJ��ZH�XVHG�D�SURQDVH�VROXWLRQ�����PJ�PO�LQ�ILVK�ZDWHU�IRU���PLQ�

6LJPD�$OGULFK��WR�GLVVROYH�WKH�FKRULRQ�SULRU�WR����KRXUV�SRVW�IHUWLOL]DWLRQ��KSI���7KLV�DOORZHG�XV

WR�DQHVWKHWL]H�DQLPDOV�DW����KSI�DQG�WR�KDYH�DQLPDOV�GHYHORS�IXOO\�LQ�WKH�DEVHQFH�RI�WKHLU�DELOLW\

WR�KDWFK�WKHPVHOYHV�7KH�VDPH�SURQDVH�WUHDWPHQW�ZDV�DOVR�SHUIRUPHG�IRU�DOO�µWULDLQH�FRQWURO¶�ILVK

XVHG�LQ�WKH�VWXG\�
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7ZR�SKRWRQ�FDOFLXP�LPDJLQJ

)RU LQ�YLYR LPDJLQJ�H[SHULPHQWV��ZH�SUHVFUHHQHG�ODUYDH DV�GHVFULEHG�DERYH��/DUYDH�ZHUH�WKHQ

IXOO\�HPEHGGHG�LQ�OXNHZDUP�DJDURVH��ZKLFK�ZDV�DOORZHG�WR�VROLGLI\�IRU�RQH�KRXU��:H�IRXQG�WKDW

LQFRUSRUDWLQJ�WKLV�UHVWLQJ�SHULRG�DOPRVW�FRPSOHWHO\�UHGXFHG�GULIW�RI�WKH�LPDJLQJ�SODQH�GXULQJ

UHFRUGLQJ�VHVVLRQV��&ULWLFDOO\��WKLV�DOORZHG�XV�WR�UHFRUG�IURP�WKH�VDPH�LGHQWLILHG�XQLWV�IRU

H[WHQGHG�SHULRGV�RI�WLPH�

)LVK�WKDW�ZHUH�UDLVHG�XQGHU�WULFDLQH�DQHVWKHVLD�ZHUH�HPEHGGHG�LQ�DQ�DJDURVH�VROXWLRQ�FRQWDLQLQJ

����J�PO�WULFDLQH�WR�HQVXUH�WKDW�WKH�HPEHGGLQJ�SURFHVV�ZRXOG�QRW�UHOLHYH�WKH�DQHVWKHWLF�EORFN�

:H�XVHG�D�FXVWRP�EXLOW�WZR�SKRWRQ�PLFURVFRSH�FRQWDLQLQJ�D�IHPWRVHFRQG�SXOVHG�0DL7DL

7L�6DSSKLUH�ODVHU��6SHFWUD�3K\VLFV��WXQHG�WR����ௗQP�IRU�*&D03�V�LPDJLQJ��D�VHW�RI

[�\�JDOYDQRPHWHUV��&DPEULGJH�7HFKQRORJ\���D���î�REMHFWLYH��;/803/)/1��2O\PSXV���DQG�D

SKRWRPXOWLSOLHU�WKDW�ZDV�DPSOLILHG�E\�D�65����FXUUHQW�SUHDPSOLILHU��6WDQIRUG�5HVHDUFK���7KH

VHWXS�ZDV�RSHUDWHG�E\�D�FXVWRP�ZULWWHQ�3\WKRQ�����EDVHG�VRIWZDUH�SDFNDJH��:H�WXQHG�WKH�ODVHU

SRZHU�DW�WKH�VSHFLPHQ�WR�a���P:�DQG�DFTXLUHG�LPDJHV�DW�IUDPH�UDWHV�RI���+]�

:H�LPDJHG�HDFK�SODQH�DW�D�VSDWLDO�UHVROXWLRQ�RI�a�����P�SL[HO������[�����SL[HOV��IRU�RQH�KRXU�

GXULQJ�ZKLFK�DQLPDOV�ZHUH�SUHVHQWHG�ZLWK�D�ERWWRP�SURMHFWHG�YLVXDO�VWLPXODWLRQ�SDUDGLJP��(DFK

YLVXDO�VWLPXODWLRQ�WULDO�ODVWHG�IRU����VHFRQGV�DQG�FRQVLVWHG�RI�D����VHFRQG�SHULRG�GXULQJ�ZKLFK�D

VWDWLRQDU\�JUDWLQJ�ZDV�SUHVHQWHG��D����VHFRQG�SHULRG�GXULQJ�ZKLFK�WKH�JUDWLQJ�WKHQ�PRYHG�DW

FRQVWDQW�YHORFLW\�HLWKHU�WR�WKH�OHIW�RU�WKH�ULJKW�RI�WKH�DQLPDO��LQ�D�UDQGRPL]HG�IDVKLRQ���DQG�ILQDOO\

D����VHFRQG�SHULRG�GXULQJ�ZKLFK�WKH�JUDWLQJ�ZDV�VWDWLRQDU\�DJDLQ�
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:H�GHVLJQHG�D�FXVWRP�EXLOW�JUDYLW\�SXPS�V\VWHP�WR�H[FKDQJH�WKH�OLTXLGV�VXUURXQGLQJ�WKH

HPEHGGHG�DQLPDO�LQ�WKH���SKRWRQ�PLFURVFRSH��&ULWLFDOO\��WKLV�HQDEOHG�XV�WR�UHSODFH�WKH�ILVK�ZDWHU

VXUURXQGLQJ�WKH�DQLPDO�ZLWK�WULFDLQH�VROXWLRQ��DQG�YLFH�YHUVD��ZLWKRXW�RSHQLQJ�WKH�VHWXS�RU

PRYLQJ�WKH�REMHFWLYH��WKXV�DOORZLQJ�XV�WR�LPDJH�WKH�VDPH�XQLWV�IRU�VHYHUDO�KRXUV�XQGHU�GLIIHUHQW

DQHVWKHWLF�FRQGLWLRQV��)LJXUHV�������

3UHSURFHVVLQJ�RI�WZR�SKRWRQ�LPDJLQJ�GDWD

:H�SURFHVVHG�RXU�LPDJLQJ�GDWD�ZLWK�WKH�RSHQ�VRXUFH�WRROER[�&D,P$Q �*LRYDQQXFFL�HW�DO�������

DQG�WKH�&RPSXWDWLRQDO�0RUSKRPHWU\�7RRONLW �5RKOILQJ DQG�0DXUHU��������DV�GHVFULEHG�EHIRUH

�%DKO�DQG�(QJHUW��������%ULHIO\��ZH�LPSOHPHQWHG�D WKUHH�VWHS�SURFHVVLQJ�SLSHOLQH��LQ�ZKLFK�ZH

ILUVW�SHUIRUPHG�SLHFHZLVH�ULJLG�PRWLRQ�FRUUHFWLRQ�XVLQJ�&D,P$Q��1R50&RUUH��XVLQJ�VWDQGDUG

SDUDPHWHUV� �5RKOILQJ�DQG�0DXUHU�������3QHYPDWLNDNLV DQG�*LRYDQQXFFL�������

)RU�WKH�VLQJOH�XQLW�DQDO\VHV�VKRZQ�LQ�)LJ����I�K�DQG�)LJ����I�K��ZH�DSSOLHG�&D,P$Q¶V

VHJPHQWDWLRQ�DOJRULWKP��&10)��XVLQJ�VWDQGDUG�SDUDPHWHUV�DGMXVWHG�IRU�IUDPH�UDWH�DQG�FHOO�VL]H��

:H�XVHG�D�UHODWLYH�PHDVXUH�IRU�FDOFLXP�G\QDPLFV�E\�VXEWUDFWLQJ�WKH�EDVHOLQH�FDOFLXP�OHYHO��&��

WDNHQ�LQ�WKH���ௗV�SHULRG�SULRU�WR�YLVXDO�PRWLRQ�RQVHW��IURP�WKH�FDOFLXP�DFWLYLW\�GXULQJ�WKH�HQWLUH

WULDO��&���:H�XVHG�WKLV�&�í�&� PHWULF�LQVWHDG�RI�FRPSXWLQJ ǻ&�&���EHFDXVH�&� ZDV�RIWHQ�]HUR�

,PSRUWDQWO\��IRU�DOO�VLQJOH�XQLWV�DQDO\]HG�LQ�WKLV�SDSHU��ZH�FRQILUPHG�YLVXDOO\�WKDW�ZH�LQGHHG

UHFRUGHG�IURP�WKH�VDPH�LQGLYLGXDO�QHXURQV�GXULQJ�WKH�HQWLUH�GXUDWLRQ�RI�WKH�H[SHULPHQW��L�H���D

WRWDO�RI���KRXUV��DQG�H[FOXGHG�XQLWV�WKDW�PRYHG�LQ�RU�RXW�RI�WKH�LPDJLQJ�SODQH�GXULQJ�WKH

H[SHULPHQWV�
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)RU�WKH�PXOWL�XQLW�DQDO\VHV�VKRZQ�LQ�)LJ����G�	�L�DQG�)LJ����G�	�L��ZH�KDQG�VHJPHQWHG�VPDOO

UHJLRQV�FRQWDLQLQJ�PXOWLSOH�QHXURQV�LQ�PRWLRQ�FRUUHFWHG�LPDJH�VWDFNV��7KHVH�ZHUH�VHOHFWHG�VXFK

WKDW�WKH\�FRQWDLQHG�FOXVWHUV�RI���������QHXURQV�WKDW�GLVSOD\HG�WKH�VDPH�IXQFWLRQDO�UHVSRQVHV

GXULQJ�YLVXDO�VWLPXODWLRQ��7KXV��WKHVH�XQLWV�FRUUHVSRQG�WR�VPDOO��VLPLODUO\�WXQHG�FLUFXLW�PRWLYHV

DFURVV�WKH�WHFWXP��SUH�WHFWXP��DQG�KLQGEUDLQ�

7KH�UHVSRQVLYHQHVV�LQGH[�ZDV�FDOFXODWHG�E\�FRPSXWLQJ�WKH�DYHUDJH�&�&� YDOXH�IRU�HDFK�WULDO�DQG

E\�QRUPDOL]LQJ�WKHVH�YDOXHV�DFURVV�DOO�WULDOV�IRU�HDFK�XQLW�LQGLYLGXDOO\��,PSRUWDQWO\��E\

QRUPDOL]LQJ�HDFK�XQLW�WR�LWV�RZQ�PD[LPXP�&�&� YDOXH LQ�WKLV�PDQQHU��DV�RSSRVHG�WR�D�µJOREDO¶

QRUPDOL]DWLRQ���ZH�VRXJKW�WR�KLJKOLJKW�VXEWOH�UHVSRQVLYHQHVV�OHYHOV��SDUWLFXODUO\�GXULQJ�WULFDLQH

SHULRGV��DV�DQ�DGGLWLRQDO�FRQILUPDWLRQ�WKDW�EUDLQ�DFWLYLW\�ZDV�LQGHHG�VLOHQFHG�E\�DQHVWKHVLD��8QLWV

WKDW�VKRZHG�D�QHW�LQFUHDVH�LQ�UHVSRQVLYHQHVV�WR�WKH�YLVXDO�VWLPXODWLRQ�ZHUH�QRUPDOL]HG�WR���

ZKLOH�XQLWV�ZLWK�D�QHW�GHFUHDVH�LQ�UHVSRQVLYHQHVV�GXULQJ�YLVXDO�VWLPXODWLRQ�ZHUH�QRUPDOL]HG�WR

����7KLV�DOORZHG�XV�WR�GLVVHFW�KRZ�WULFDLQH�DQHVWKHVLD�LQIOXHQFHG�H[FLWDWRU\�DQG�LQKLELWRU\�FLUFXLW

SURSHUWLHV��UHVSHFWLYHO\�

7R�FRPSXWH�WKH�GLUHFWLRQ�VHOHFWLYLW\�LQGH[��ZH�PDWFKHG�VXEVHTXHQW�SDLUV�RI�WULDOV�LQ�ZKLFK

JUDWLQJV�ZHUH�ILUVW�PRYLQJ�OHIWZDUGV��IROORZHG�E\�ULJKWZDUGV��:H�WKHQ�FDOFXODWHG�WKH�GLIIHUHQFH

LQ�IOXRUHVFHQFH�UHVSRQVHV�WR�WKHVH�WZR�VWLPXOL��ZKLFK��DIWHU�QRUPDOL]DWLRQ��JDYH�XV�D�PHWULF�WKDW

UDQJHG�IURP�����L�H���ULJKWZDUG�VHOHFWLYH��WR�����L�H���OHIWZDUG�VHOHFWLYH���*LYHQ�WKDW�ZH�QRUPDOL]H

HDFK�FHOO¶V�DFWLYLW\��ZH�HQFRXQWHU�D�KLJKHU�OHYHO�RI�QRLVH�LQ�WKH�WULFDLQH�SHULRG��DV�ORZ�QHXUDO

DFWLYLW\�EHFRPHV�LQGLVWLQJXLVKDEOH�IURP�D�ODFN�RI�GLUHFWLRQ�VHOHFWLYLW\�
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)LJXUH����9LVXDO�H[SHULHQFH�LV�QRW�QHFHVVDU\�IRU�WKH�PDWXUDWLRQ�RI�205

�D� ([SHULPHQWDO�VHWXS� IUHHO\�VZLPPLQJ�ILVK�DUH�PRQLWRUHG ZLWK�D�FDPHUD�ZKLOH
PRYLQJ�JUDWLQJV�DUH�SUHVHQWHG��+HDGLQJ��Ʃǌ��DQG�SRVLWLRQ��Ʃ[��Ʃ\��DUH�H[WUDFWHG�WR�ORFN
YLVXDO�PRWLRQ�GLUHFWLRQ�WR�WKH�ERG\�D[LV��0RGLILHG�ZLWK�SHUPLVVLRQ�IURP�1DXPDQQ�HW��DO�
�������

�E� 7XUQ�VWDWLVWLFV�RI�ILVK�LQ�DEVHQFH�RI�YLVXDO�VWLPXOXV� /LQHV�LQGLFDWH�PHGLDQ
SUREDELOLW\�RI�VZLP�ERXW�DQJOHV�IRU�ILVK�UHDUHG�XQGHU�D�QRUPDO�������KRXU�OLJKW�GDUN
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F\FOH��EOXH���LQ�WRWDO�GDUNQHVV��EODFN���DQG�IRU����KRXUV�LQ�D���+]�VWUREH�DQG����KRXUV�LQ
GDUNQHVV�IRU�WKH�HQWLUHW\�RI�GHYHORSPHQW��\HOORZ���6KDGLQJ�LQGLFDWHV�TXDUWLOHV�RI�WKH
SUREDELOLW\�RI�SHUIRUPLQJ�D�JLYHQ�VZLP�ERXW�DQJOH��,QVHW��DYHUDJH�ERXW�IUHTXHQF\�RI
LQGLYLGXDO�ILVK�XQGHU�WKH�VDPH�H[SHULPHQWDO�FRQGLWLRQV�

�F� 7XUQ�VWDWLVWLFV�DQG�ERXW�IUHTXHQFLHV�RI�ILVK�ZKHQ VKRZQ�OHIWZDUG�PRYLQJ��OHIW��
IRUZDUG�PRYLQJ��FHQWHU���DQG�ULJKWZDUG�PRYLQJ�JUDWLQJV��ULJKW���1RWDWLRQ�DV�GHVFULEHG
LQ��E��

�G� &XPXODWLYH�RULHQWDWLRQ�FKDQJH�RYHU�WLPH�IRU�FRQWURO� GDUN�UHDUHG�DQG�VWUREH�UHDUHG
ILVK��/LQHV�DQG�VKDGLQJ�LQGLFDWH�PHGLDQ�UHVSRQVHV�DQG�TXDUWLOHV�IRU�ULJKWZDUG�PRYLQJ
�WRS���IRUZDUG�PRYLQJ��PLGGOH���DQG�OHIWZDUG�PRYLQJ�VWLPXOL��ERWWRP��

�H� 3URSRUWLRQ�RI�FRUUHFW�WXUQV�PDGH�E\�FRQWURO�ILVK� GDUN�UHDUHG�ILVK��DQG�VWUREH�UHDUHG
ILVK��&LUFOHV�FRUUHVSRQG�WR�SHUIRUPDQFH�RI�LQGLYLGXDO�DQLPDOV�RYHU�DOO�WULDOV��KRUL]RQWDO
EDU��PHGLDQ�RI�FRUUHFW�WXUQV�DFURVV�DOO�ILVK��

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 24, 2022. ; https://doi.org/10.1101/2022.10.24.513526doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.24.513526
http://creativecommons.org/licenses/by-nc/4.0/


)LJXUH����7ULFDLQH�DQHVWKHVLD�VLOHQFHV�QHXURQDO�DFWLYLW\�UHYHUVLEO\�

�D� ([SHULPHQWDO�SDUDGLJP��ILVK�DUH�UDLVHG�XQGHU�VWDQGDUG FRQGLWLRQV��DW���GSI��ZH
HPEHGGHG�DQG�LPDJHG�FDOFLXP�DFWLYLW\�IRU���K��LPDJHG�XQGHU�WULFDLQH�IRU���K��DQG�ILQDOO\
LPDJHG�DV�QHXUDO�DFWLYLW\�UHWXUQHG�GXULQJ�WULFDLQH�ZDVKRXW�

�E� (IIHFW�RI�WULFDLQH�DQHVWKHVLD�RQ�WKH�QXPEHU�RI ERXWV�GXULQJ�205��6ROLG�OLQH��DZDNH
ILVK�UDLVHG�XQGHU�FRQWURO�FRQGLWLRQV��GDVKHG�OLQH��ILVK�UDLVHG�XQGHU�FRQWURO�FRQGLWLRQV
DQG�DQHVWKHWL]HG�IRU���K��VKDGHG�UHJLRQ���/LQHV��PHDQ�ERXW�UDWH��JUD\�EDQGV��VWDQGDUG
GHYLDWLRQ�

�F� $YHUDJHG�FDOFLXP�VLJQDO�SULRU�WR�WULFDLQH�DGPLQLVWUDWLRQ LQFOXGLQJ�UHJLRQV�LQYROYHG
LQ�WKH�YLVXR�PRWRU�SURFHVVLQJ�KLHUDUFK\��LQGLFDWHG���7KH�RYHUODLG�ER[�LQGLFDWHV�WKH
UHJLRQ�DQDO\]HG�LQ�G�L��DUURZKHDGV�LQGLFDWH�FHOOV�VKRZQ�LQ�I�K�

�G��7RS� VFKHPDWLF�VKRZLQJ�WLPH�FRXUVH�RI�FDOFLXP LPDJLQJ��HDFK�EORFN�FRQWDLQV���K�RI
UHFRUGLQJ��5HPDLQGHU�RI�WKH�ILJXUH�LV�DOLJQHG�WR�LPDJLQJ�EORFNV�
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%RWWRP� UHVSRQVLYHQHVV�LQGH[�RI�XQLWV�LQ�WHFWXP��SUHWHFWXP��DQG�KLQGEUDLQ��VHH
0HWKRGV����ILVK���8QLWV�DERYH�WKH�GDVKHG�OLQH�RQ�DYHUDJH�LQFUHDVH�DFWLYLW\�LQ�UHVSRQVH�WR
VWLPXOL��XQLWV�EHORZ�RQ�DYHUDJH�GHFUHDVH�DFWLYLW\�GXULQJ�VWLPXOXV�SUHVHQWDWLRQ��1RWH
VWURQJ�UHVSRQVLYHQHVV�OHYHOV�GXULQJ�EDVHOLQH�UHWXUQ�E\�WKH�HQG�RI�WKH�ZDVKRXW�SHULRG�

�H� /HIWZDUG��SLQN��DQG�ULJKWZDUG��\HOORZ��GLUHFWLRQ�VHOHFWLYLW\ LQGH[��VHH�0HWKRGV��RI
UHJLRQ�KLJKOLJKWHG�LQ�F��1RWH�WKDW�VWURQJ�OHIW�DQG�ULJKW�GLUHFWLRQ�VHOHFWLYLW\�GXULQJ
EDVHOLQH�GLVDSSHDUV�GXULQJ�DQHVWKHVLD�DQG�VORZO\�UHFRYHUV�GXULQJ�ZDVKRXW��,QVHWV�VKRZ
D�ULJKWZDUG�VHOHFWLYH�H[DPSOH�QHXURQ��\HOORZ�RXWOLQH��WKDW�ZDV�LPDJHG�DFURVV�WKH�HQWLUH
H[SHULPHQW��FRUUHVSRQGV�WR�WUDFHV�LQ�I���HDFK�LPDJH�QRUPDOL]HG�VHSDUDWHO\�

�I�K� $YHUDJHG���PLQXWH�WULDOV�VKRZLQJ VWLPXOXV�HYRNHG DFWLYLW\�RI�D�ULJKW�VHOHFWLYH��I��
OHIW�VHOHFWLYH��J���DQG�PRWLRQ�VHOHFWLYH��K��FHOO�GXULQJ�EDVHOLQH��WULFDLQH��DQG�ZDVKRXW
SHULRGV��1RWH�WKDW�YLVXDO�UHVSRQVLYHQHVV�GLVDSSHDUV��GXULQJ�WULFDLQH�DQG�WKDW�WKH�VDPH
GLUHFWLRQ�VHOHFWLYH�WXQLQJ�UH�HPHUJHV�GXULQJ�ZDVKRXW�

�L� 'LUHFWLRQ�VHOHFWLYLW\�LQGH[�RI�XQLWV�LQ�WKH�WHFWXP� SUHWHFWXP��DQG�KLQGEUDLQ��VHH
0HWKRGV����ILVK����8QLWV�DERYH�WKH�WRS�GDVKHG�OLQH�DUH�GLVWLQFWO\�OHIW�VHOHFWLYH��ZKLOH
XQLWV�EHORZ�WKH�ERWWRP�GDVKHG�OLQH�DUH�GLVWLQFWO\�ULJKW�VHOHFWLYH��1RWH�WKDW�WKH
GLUHFWLRQ�VHOHFWLYLW\�GXULQJ�EDVHOLQH�UHWXUQV�E\�WKH�HQG�RI�WKH�ZDVKRXW��2XU�DOJRULWKP�WR
FRPSXWH�GLUHFWLRQ�VHOHFWLYLW\�KDV�D�XQLW�ZLVH�QRUPDOL]DWLRQ�WKDW�LV�VHQVLWLYH�WR�YHU\�ORZ
DFWLYLW\�OHYHOV��VHH�0HWKRGV���WKXV�UHVXOWLQJ�LQ�QRLVLHU�VLJQDO�GXULQJ�WULFDLQH�

8QLWV�LQ�G��H��L�FRQVLVW�RI�����QHXURQV�ZLWK�VDPH�UHVSRQVH�SURSHUWLHV�GXULQJ�YLVXDO
VWLPXODWLRQ��WKXV�UHSUHVHQWLQJ�VPDOO�FRPSXWDWLRQDO�FLUFXLW�EORFNV�
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)LJXUH����)LVK�UDLVHG�XQGHU�FRPSOHWH�DQHVWKHVLD�FDQ�VHH��VZLP��DQG

LQWHJUDWH�YLVXDO�VWLPXOL�

�D��7RS� ZLWKLQ���PLQXWH�RI�DFXWH�WULFDLQH�DSSOLFDWLRQ� ]HEUDILVK�ORVH�WKHLU�DELOLW\�WR
VZLP��6XSSOHPHQWDU\�0RYLH����DQG�WR�PDLQWDLQ�SRVWXUDO�FRQWURO��UROOLQJ�RQWR�WKHLU
VLGHV��DUURZ��LQIODWHG�VZLP�EODGGHU�
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%RWWRP� DGYHUVH�PRUSKRORJLFDO�HIIHFWV�RI�UDLVLQJ�ILVK�LQ�DQHVWKHVLD�DQLPDOV�FDQQRW
LQIODWH�VZLP�EODGGHUV��DUURZ���DV�WKH\�GR�QRW�VZLP�WR�WKH�VXUIDFH�WR�JXOS�DLU�
2FFDVLRQDOO\��ZH�REVHUYHG�KXQFKHG�EDFNV�DQG�DEQRUPDO�DEGRPLQDO�PRUSKRORJ\
�DUURZKHDGV��

�E� %RXW�IUHTXHQF\�RI�FRQWURO�ILVK��Q� �����DQG�ILVK UDLVHG�LQ�DQHVWKHVLD�IURP�����GSI�
QR�YLVXDO�VWLPXODWLRQ��OLJKW�EOXH��ZKLWH��DQG�GXULQJ�205��GDUN�EOXH��JUD\��DIWHU�YDU\LQJ
DPRXQWV�RI�UHFRYHU\�WLPH�SRVW�DQHVWKHWLF�ZDVKRXW��1RWH�WKDW�XQGHU�DOO�FRQGLWLRQV�
H[FHSW�GXULQJ�WULFDLQH��ILVK�LQFUHDVH�WKHLU�ERXW�IUHTXHQF\�ZKHQ�VKRZQ�IRUZDUG�PRYLQJ
JUDWLQJV�FRPSDUHG�WR�QR�VWLPXOL�

�F� 3URSRUWLRQ�RI�FRUUHFW�WXUQV�GXULQJ�205�PDGH�E\ FRQWURO�ILVK��EOXH��OHIW��RU�ILVK
UDLVHG�XQGHU�DQHVWKHVLD�IURP�����GSI��*URXSV�ZHUH�WHVWHG�DIWHU�D�YDU\LQJ�QXPEHU�RI
KRXUV�RI�UHFRYHU\�DIWHU�ZDVKRXW��JUD\��ULJKW���&LUFOHV��LQGLYLGXDO�ILVK¶V�SHUIRUPDQFH�RYHU
DOO�WULDOV��KRUL]RQWDO�EDUV�PHGLDQ�RI�FRUUHFW�WXUQV�RI�DOO�ILVK�ZLWKLQ�D�FRQGLWLRQ�

�G� 3URSRUWLRQ�RI�FRUUHFW�WXUQV�GXULQJ�205�PDGH�E\ ILVK�UDLVHG�XQGHU�DQHVWKHVLD�IRU
YDU\LQJ�QXPEHUV�RI�GD\V�GXULQJ�GHYHORSPHQW��&LUFOHV��LQGLYLGXDO�ILVK¶V�SHUIRUPDQFH
RYHU�DOO�WULDOV��KRUL]RQWDO�EDUV��PHGLDQ�SHUIRUPDQFH�RYHU�DOO�Q�GD\�WUHDWPHQWV��RSHQ
FLUFOHV��PHGLDQ�YDOXHV�IRU�HDFK�SRVVLEOH�FRQGLWLRQ��H�J���µ��GD\¶�LQFOXGHV�ILVK�SODFHG�LQ
WULFDLQH�IRU����KRXUV�VWDUWLQJ�RQ�HLWKHU�GD\V����������RU���RI�GHYHORSPHQW��µ��GD\¶�LQFOXGHV
ILVK�SODFHG�LQ�WULFDLQH�IRU�DQ\����KRXU�SHULRG�VWDUWLQJ�RQ�HLWKHU�GD\V������RU���RI
GHYHORSPHQW��DQG�KHQFH�FRQWDLQ���DQG���RSHQ�FLUFOHV��UHVSHFWLYHO\���$OO�ILVK�WKDW�ZHUH
WDNHQ�RXW�RI�DQHVWKHVLD�RQ�WKH�GD\�RI�WHVWLQJ�UHFHLYHG���KRXUV�RI�ZDVKRXW��SLQN�FLUFOHV��
WKHUHIRUH�WKH�µ��GD\V¶�JURXS�LQ��G��FRUUHVSRQGV�WR�µ����KRXUV¶�JURXS�LQ��F���DOO�RWKHU�ILVK
UHFRYHUHG�IRU�!���K�EHIRUH�WHVWLQJ�
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)LJXUH����7ULFDLQH�UHDUHG�ILVK�GLVSOD\�IXOO\�WXQHG�QHXURQDO�UHVSRQVHV�DIWHU

DQHVWKHWLF�ZDVKRXW�

�D� ([SHULPHQWDO�SDUDGLJP��ILVK�DUH�UDLVHG�XQGHU�DQHVWKHVLD IURP�����GSI�RQZDUGV��DW��
GSI��ZH�HPEHGGHG�DQG�LPDJHG�FDOFLXP�DFWLYLW\�XQGHU�WULFDLQH�IRU���K��WKHQ�LPDJHG�DV
QHXUDO�DFWLYLW\�UHWXUQHG�GXULQJ�WULFDLQH�ZDVKRXW�

�E� $YHUDJHG�FDOFLXP�VLJQDO�LQ�D�WULFDLQH�UHDUHG�ILVK IROORZLQJ�DQHVWKHWLF�ZDVKRXW��7KH
RYHUODLG�ER[�VKRZV�WKH�UHJLRQ�DQDO\]HG�LQ��H���DUURZKHDGV�LQGLFDWH�FHOOV�VKRZQ�LQ�I�K�
1RWHZRUWK\�PRUSKRORJLFDO�DEHUUDWLRQV�LQ�WULFDLQH�UHDUHG�ILVK�LQFOXGHG�RYHUDOO�VPDOOHU
EUDLQ�FURVV�VHFWLRQ��H[WHQGHG�YHQWULFOHV��VPDOOHU�QHXURSLO�UHJLRQV��VSDUVHU�FHOO
SRSXODWLRQV��DQG�H[FHSWLRQDOO\�EULJKW�QHXURQV�WKDW�FRXOG�LQGLFDWH�RQJRLQJ�DSRSWRVLV�

�F� $YHUDJHG�FDOFLXP�VLJQDO�LQ�DQ�DZDNH��QRUPDOO\�UHDUHG ILVK��VLPLODU�LPDJLQJ�SODQH�DV
LQ�E�IRU�DQDWRPLFDO�FRPSDULVRQ�
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�G��7RS� VFKHPDWLF�VKRZLQJ�WLPH�FRXUVH�RI�FDOFLXP LPDJLQJ��HDFK�EORFN�FRQWDLQV���K�RI
UHFRUGLQJ��5HPDLQGHU�RI�WKH�ILJXUH�LV�DOLJQHG�WR�LPDJLQJ�EORFNV�
%RWWRP� UHVSRQVLYHQHVV�LQGH[�RI�XQLWV�LQ�WHFWXP��SUHWHFWXP� DQG�KLQGEUDLQ��VHH
0HWKRGV����ILVK���8QLWV�DERYH�WKH�GDVKHG�OLQH�RQ�DYHUDJH�LQFUHDVH�DFWLYLW\�LQ�UHVSRQVH�WR
VWLPXOL��XQLWV�EHORZ�RQ�DYHUDJH�GHFUHDVH�DFWLYLW\�GXULQJ�VWLPXOXV�SUHVHQWDWLRQ��1RWH
VWURQJ�UHVSRQVLYHQHVV�OHYHOV�HPHUJH�E\�WKH�HQG�RI�WKH�ZDVKRXW�SHULRG��FRPSDUDEOH�WR
QRUPDOO\�UHDUHG�DQLPDOV��)LJXUH����

�H� /HIWZDUG��SLQN��DQG�ULJKWZDUG��\HOORZ��GLUHFWLRQ�VHOHFWLYLW\ LQGH[��VHH�0HWKRGV��RI
UHJLRQ�KLJKOLJKWHG�LQ�F��1RWH�WKDW�VWURQJ�OHIW�DQG�ULJKW�GLUHFWLRQ�VHOHFWLYLW\�DUH�DEVHQW
GXULQJ�DQHVWKHVLD�DQG�VORZO\�DSSHDU�GXULQJ�ZDVKRXW�

�I�K� $YHUDJHG���PLQXWH�WULDOV�VKRZLQJ VWLPXOXV�HYRNHG DFWLYLW\�RI�D�ULJKW�VHOHFWLYH��I��
OHIW�VHOHFWLYH��J���DQG�PRWLRQ�VHOHFWLYH��K��FHOO�GXULQJ�WULFDLQH�DQG�ZDVKRXW�SHULRGV��1RWH
WKDW�YLVXDO�UHVSRQVLYHQHVV�LV�DEVHQW�GXULQJ�WULFDLQH�DQG�WKDW�GLUHFWLRQ�VHOHFWLYH�WXQLQJ
HPHUJHV�GXULQJ�ZDVKRXW�

�L� 'LUHFWLRQ�VHOHFWLYLW\�LQGH[�RI�XQLWV�LQ�WKH�WHFWXP� SUHWHFWXP��DQG�KLQGEUDLQ��VHH
0HWKRGV����ILVK���8QLWV�DERYH�WKH�WRS�GDVKHG�OLQH�DUH�GLVWLQFWO\�OHIW�VHOHFWLYH��ZKLOH�XQLWV
EHORZ�WKH�ERWWRP�GDVKHG�OLQH�DUH�GLVWLQFWO\�ULJKW�VHOHFWLYH��1RWH�WKDW
GLUHFWLRQ�VHOHFWLYLW\�DSSHDUV�E\�WKH�HQG�RI�WKH�ZDVKRXW��FRPSDUDEOH�WR�QRUPDOO\�UHDUHG
DQLPDOV��)LJXUH�����2XU�DOJRULWKP�WR�FRPSXWH�GLUHFWLRQ�VHOHFWLYLW\�KDV�D�XQLW�ZLVH
QRUPDOL]DWLRQ�WKDW�LV�VHQVLWLYH�WR�YHU\�ORZ�DFWLYLW\�OHYHOV��VHH�0HWKRGV���WKXV�UHVXOWLQJ�LQ
QRLVLHU�VLJQDO�GXULQJ�WULFDLQH�

8QLWV�LQ�G��H��L�FRQVLVW�RI�����QHXURQV�ZLWK�VDPH�UHVSRQVH�SURSHUWLHV�GXULQJ�YLVXDO
VWLPXODWLRQ��WKXV�UHSUHVHQWLQJ�VPDOO�FRPSXWDWLRQDO�FLUFXLW�EORFNV�
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