
'\QDPLF�FKURPDWLQ�RUJDQL]DWLRQ�DQG�UHJXODWRU\
LQWHUDFWLRQV�LQ�KXPDQ�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ
$XWKRUV
.ULV�*�$ODYDWWDP��������������.DWLH�$�0LW]HOIHOW �� ��������*LDQFDUOR�%RQRUD���3DXO�$�)LHOGV�������� ;LXODQ
<DQJ���������+DQ�6KHQJ�&KLX������/LO�3DERQ�������� ���$OHVVDQGUR�%HUWHUR������������1DWKDQ�-�3DOSDQW�� �����
:LOOLDP�6�1REOH����������&KDUOHV�(�0XUU\����������� ���������

$XWKRU�$IILOLDWLRQV
�'HSDUWPHQW�RI�/DERUDWRU\�0HGLFLQH�	�3DWKRORJ\��8QLYHUVLW\ RI�:DVKLQJWRQ��6HDWWOH�������1(
3DFLILF�6WUHHW��6HDWWOH��:$��������86$�
�&HQWHU�IRU�&DUGLRYDVFXODU�%LRORJ\��8QLYHUVLW\�RI :DVKLQJWRQ������5HSXEOLFDQ�6WUHHW��%URWPDQ
%XLOGLQJ��6HDWWOH��:$��������86$�
�,QVWLWXWH�IRU�6WHP�&HOO�DQG�5HJHQHUDWLYH�0HGLFLQH� 8QLYHUVLW\�RI�:DVKLQJWRQ������5HSXEOLFDQ
6WUHHW��6HDWWOH�������:$��86$�
�'HSDUWPHQW�RI�*HQRPH�6FLHQFHV��8QLYHUVLW\�RI�:DVKLQJWRQ� :LOOLDP�+��)RHJH�+DOO���������WK
$YH�1(��6HDWWOH�������:$��86$�
�,QVWLWXWH�IRU�0ROHFXODU�%LRVFLHQFH��7KH�8QLYHUVLW\ RI�4XHHQVODQG��%ULVEDQH��4/'������
$XVWUDOLD�
�&HQWUH�IRU�&DUGLDF�DQG�9DVFXODU�%LRORJ\��7KH�8QLYHUVLW\ RI�4XHHQVODQG��%ULVEDQH��4/'������
$XVWUDOLD�
�6DQD�%LRWHFKQRORJ\��6HDWWOH��:$��������86$
�&XUUHQW�DIILOLDWLRQ��0ROHFXODU�%LRWHFKQRORJ\�&HQWHU� 'HSDUWPHQW�RI�0ROHFXODU�%LRWHFKQRORJ\�DQG
+HDOWK�6FLHQFHV��8QLYHUVLW\�RI�7RULQR��9LD�1L]]D������������,WDO\�
�6FKRRO�RI�%LRPHGLFDO�6FLHQFHV��7KH�8QLYHUVLW\�RI 4XHHQVODQG��%ULVEDQH��4/'�������$XVWUDOLD�
��3DXO�*��$OOHQ�6FKRRO�RI�&RPSXWHU�6FLHQFH�DQG�(QJLQHHULQJ� 8QLYHUVLW\�RI�:DVKLQJWRQ��6HDWWOH�
:DVKLQJWRQ��������86$�
��'HSDUWPHQW�RI�0HGLFLQH�&DUGLRORJ\��8QLYHUVLW\�RI :DVKLQJWRQ�������1(�3DFLILF�6WUHHW�
8QLYHUVLW\�RI�:DVKLQJWRQ��6HDWWOH�������:$��86$�
��'HSDUWPHQW�RI�%LRHQJLQHHULQJ��8QLYHUVLW\�RI�:DVKLQJWRQ� 8QLYHUVLW\�RI�:DVKLQJWRQ�������1(
3DFLILF�6WUHHW��6HDWWOH��:$��������86$�

(TXDO�FRQWULEXWLRQ�DXWKRUV
�&RUUHVSRQGLQJ�DXWKRUV� ZQREOH#XZ�HGX� PXUU\#XZ�HGX
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$EVWUDFW

%DFNJURXQG� 9DVFXODU�HQGRWKHOLDO�FHOOV�DUH�D�PHVRGHUP�GHULYHG OLQHDJH�ZLWK�PDQ\�HVVHQWLDO

IXQFWLRQV��LQFOXGLQJ�DQJLRJHQHVLV�DQG�FRDJXODWLRQ��+RZHYHU��WKH�JHQH�UHJXODWRU\�PHFKDQLVPV

WKDW�XQGHUSLQ�HQGRWKHOLDO�VSHFLDOL]DWLRQ�DUH�ODUJHO\�XQNQRZQ��DV�DUH�WKH�UROHV�RI��'�FKURPDWLQ

RUJDQL]DWLRQ�LQ�UHJXODWLQJ�HQGRWKHOLDO�FHOO�WUDQVFULSWLRQ�

0HWKRGV� 7R�LQYHVWLJDWH�WKH�UHODWLRQVKLSV�EHWZHHQ �'�FKURPDWLQ�RUJDQL]DWLRQ�DQG�JHQH

H[SUHVVLRQ�LQ�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��ZH�LQGXFHG�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�IURP

KXPDQ�SOXULSRWHQW�VWHP�FHOOV�DQG�SHUIRUPHG�+L�&�DQG�51$�VHT�DVVD\V�DW�VSHFLILF�WLPHSRLQWV�LQ

GLIIHUHQWLDWLRQ�

5HVXOWV� 2XU�DQDO\VHV�UHYHDO�WKDW�ORQJ�UDQJH�LQWUDFKURPRVRPDO FRQWDFWV�LQFUHDVH�RYHU�WKH

FRXUVH�RI�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��DV�GR�JHQRPLF�FRPSDUWPHQW�WUDQVLWLRQV�EHWZHHQ�DFWLYH

DQG�LQDFWLYH�VWDWHV���7KHVH�FRPSDUWPHQWDO�VWDWHV�DUH�WLJKWO\�DVVRFLDWHG�ZLWK�HQGRWKHOLDO

WUDQVFULSWLRQ��'\QDPLF�WRSRORJLFDOO\�DVVRFLDWLQJ�GRPDLQ��7$'��ERXQGDULHV�VWUHQJWKHQ�DQG

FRQYHUJH�RQ�DQ�HQGRWKHOLDO�FHOO�VWDWH��DQG�QDVFHQW�7$'�ERXQGDULHV�DUH�OLQNHG�WR�WKH�H[SUHVVLRQ

RI�JHQHV�WKDW�VXSSRUW�HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ��5HODWHGO\��FKURPDWLQ�SDLUZLVH�SRLQW

LQWHUDFWLRQV��'1$�ORRSV��LQFUHDVH�LQ�IUHTXHQF\�GXULQJ�GLIIHUHQWLDWLRQ�DQG�DUH�OLQNHG�WR�WKH

H[SUHVVLRQ�RI�JHQHV�ZLWK�HVVHQWLDO�UROHV�LQ�YDVFXODU�ELRORJ\��LQFOXGLQJ 0(&20� 7)3,��DQG .'5�

7R�LGHQWLI\�IRUPV�RI�UHJXODWLRQ�VSHFLILF�WR�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��ZH�FRPSDUHG�WKH

IXQFWLRQDO�FKURPDWLQ�G\QDPLFV�RI�HQGRWKHOLDO�FHOOV�ZLWK�WKRVH�RI�GHYHORSLQJ�FDUGLRP\RF\WHV�

&DUGLRP\RF\WHV�H[KLELW�JUHDWHU�ORQJ�UDQJH FLV LQWHUDFWLRQV WKDQ�HQGRWKHOLDO�FHOOV��ZKHUHDV

HQGRWKHOLDO�FHOOV�KDYH�LQFUHDVHG�ORFDO�LQWUD�7$'�LQWHUDFWLRQV�DQG�PXFK�PRUH�DEXQGDQW�SDLUZLVH

SRLQW�LQWHUDFWLRQV�

�
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&RQFOXVLRQV� *HQRPH�WRSRORJ\�FKDQJHV�G\QDPLFDOO\�GXULQJ�HQGRWKHOLDO�GLIIHUHQWLDWLRQ�

LQFOXGLQJ�DFTXLVLWLRQ�RI�ORQJ�UDQJH FLV LQWHUDFWLRQV DQG�QHZ�7$'�ERXQGDULHV��LQWHUFRQYHUVLRQ�RI

KHWHUR��DQG�HXFKURPDWLQ��DQG�IRUPDWLRQ�RI�'1$�ORRSV��7KHVH�FKURPDWLQ�G\QDPLFV�JXLGH

WUDQVFULSWLRQ�LQ�WKH�GHYHORSPHQW�RI�HQGRWKHOLDO�FHOOV�DQG�SURPRWH�WKH�GLYHUJHQFH�RI�HQGRWKHOLDO

FHOOV�IURP�UHODWHG�FHOO�W\SHV�VXFK�DV�FDUGLRP\RF\WHV�

,QWURGXFWLRQ

(QGRWKHOLDO�FHOOV��D�PHVRGHUP�GHULYHG�FHOO�SRSXODWLRQ��OLQH�WKH�HQWLUHW\�RI�WKH�FLUFXODWRU\�V\VWHP�

7KHLU�IXQFWLRQV�DUH�FRPSOH[�DQG�FULWLFDO��LQFOXGLQJ�DQJLRJHQHVLV��EORRG�FORWWLQJ��EDUULHU�IXQFWLRQ�

YDVRPRWRU�IXQFWLRQ��DQG�IOXLG�QXWULHQW�ILOWUDWLRQ��(QGRWKHOLDO�FHOO�G\VIXQFWLRQ�LV�D�SURPLQHQW

IHDWXUH�RI�PDQ\�SDWKRORJLFDO�FRQGLWLRQV��LQFOXGLQJ�QHDUO\�DOO�FDUGLRYDVFXODU�GLVHDVHV���&RPSOH[

WUDQVFULSWLRQDO�FKDQJHV�PHGLDWH�ERWK�HQGRWKHOLDO�FHOO�GHYHORSPHQW�DQG�G\VIXQFWLRQ�����,W�UHPDLQV

ODUJHO\�XQNQRZQ�ZKDW�EULQJV�DERXW�VXFK�FKDQJHV�LQ�JHQH�H[SUHVVLRQ²D�NQRZOHGJH�JDS�WKDW

PXVW�EH�ILOOHG�LQ�RUGHU�WR��IRU�H[DPSOH��GHYHORS�PHDQV�RI�UHJHQHUDWLQJ�GDPDJHG�HQGRWKHOLXP�RU

PRGXODWLQJ�HQGRWKHOLDO�IXQFWLRQ�

7KH�UROH�RI��'�FKURPDWLQ�RUJDQL]DWLRQ�LQ�JHQH�H[SUHVVLRQ�LV�DQ�DFWLYH�DUHD�RI�VWXG\��

+RZHYHU��WR�GDWH��IHZ�UHSRUWV�KDYH�H[DPLQHG�WKH�JHQRPH�RUJDQL]DWLRQ�RI�HQGRWKHOLDO�FHOOV�±��

DQG�WKHUH�DUH�PDQ\�JDSV�LQ�RXU�FXUUHQW�XQGHUVWDQGLQJ��:H�GHYHORSHG�D�QRYHO�VWHSZLVH�SURWRFRO

WR�LQGXFH�HQGRWKHOLDO�GLIIHUHQWLDWLRQ�IURP�KXPDQ�SOXULSRWHQW�VWHP�FHOOV�DQG��WDNLQJ�DGYDQWDJH�RI

LQ�VLWX '1DVH�+L�&���ZH�LQYHVWLJDWHG�JOREDO�FKURPDWLQ RUJDQL]DWLRQ�DW�VSHFLILF�WLPH�SRLQWV�LQ

HQGRWKHOLDO�FHOO�GHYHORSPHQW��,Q�SHUIRUPLQJ�51$�VHT��ZH�FRUUHODWHG�DQG�FRQWH[WXDOL]HG�+L�&

GDWD�ZLWK�HQGRWKHOLDO�FHOO�JHQH�H[SUHVVLRQ��2XU�UHVXOWV�VKRZ�WKDW�G\QDPLF�FKDQJHV�LQ�FKURPDWLQ

RUJDQL]DWLRQ��LQFOXGLQJ�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ�DQG�WRSRORJLFDOO\�DVVRFLDWLQJ�GRPDLQV�

DUH�DVVRFLDWHG�ZLWK�FRUUHVSRQGLQJ�FKDQJHV�LQ�WUDQVFULSWLRQ��2XU�LQYHVWLJDWLRQ�RI�SDLUZLVH�SRLQW

LQWHUDFWLRQV��ZKLFK�DULVH�IURP�FKURPDWLQ�ORRSLQJ�PHFKDQLVPV��UHYHDOV�WKDW�SRLQW�LQWHUDFWLRQ

DQFKRUV�DUH�DVVRFLDWHG�ZLWK�WKH�H[SUHVVLRQ�RI�HVVHQWLDO�JHQHV�LQ�DFWLYH��³$´�W\SH��FKURPDWLQ

�
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FRPSDUWPHQWV��$OWRJHWKHU��WKLV�VWXG\�SURYLGHV�D�FRPSUHKHQVLYH�ORRN�DW�G\QDPLF��'�FKURPDWLQ

RUJDQL]DWLRQ�GXULQJ�KXPDQ�HQGRWKHOLDO�FHOO�GHYHORSPHQW�DQG�XQFRYHUV�LPSRUWDQW�UHODWLRQVKLSV

EHWZHHQ��'�FKURPDWLQ�RUJDQL]DWLRQ�DQG�WUDQVFULSWLRQ�

0HWKRGV

&HOO�FXOWXUH

+XPDQ�SOXULSRWHQW�VWHP�FHOOV��K36&V��IURP�WKH�58(6��OLQH��58(6H����$��:L&HOO��ZHUH

PDLQWDLQHG�RQ�UHFRPELQDQW�KXPDQ�/DPLQLQ�����PDWUL[��UK/DPLQLQ�����%LRODPLQD��LQ�(VVHQWLDO��

�(���PHGLD��7KHUPR)LVKHU��DW�D�GHQVLW\�RI�����ȝJ�FP�� &HOOV�ZHUH�SDVVDJHG�ZLWK�9HUVHQH

�7KHUPR)LVKHU��DQG�VHHGHG�RYHUQLJKW�ZLWK����ȝ0�<��������52&.�LQKLELWRU��7RFULV���.DU\RW\SLQJ

ZDV�SHUIRUPHG�E\�'LDJQRVWLF�&\WRJHQHWLFV�,QFRUSRUDWHG��6HDWWOH��:$��DQG�FHOOV�ZHUH�IRXQG�WR

FRQWDLQ�QR�FORQDO�DEQRUPDOLWLHV��6XSSOHPHQWDO�)LJXUH��$���3ULRU�WR�GLUHFWHG�HQGRWKHOLDO�FHOO

GLIIHUHQWLDWLRQ��GD\�±����K36&V�ZHUH�UH�VHHGHG�ZLWK�����î���� FHOOV�SHU�ZHOO�RI�D����ZHOO�SODWH

FRDWHG�ZLWK����J�FP� UK/DPLQLQ�����WKHQ��WKH�FHOOV ZHUH�LPPHUVHG�LQ�(��VXSSOHPHQWHG�ZLWK���

ȝ0�<��������7KH�IROORZLQJ�GD\��GD\�����GLIIHUHQWLDWLRQ�ZDV�LQGXFHG�ZLWK��ௗȝ0�&+,5�������D

*6.��LQKLELWRU��&D\PDQ��LQ�530,��7KHUPR)LVKHU��VXSSOHPHQWHG�ZLWK�����ȝJ�P/�%6$��6LJPD�

$�����ௗDQG�����ȝJ�P/�DVFRUELF�DFLG��6LJPD��$�������6HYHQW\�WZR�KRXUV�ODWHU��GD\�����WKH

PHGLD�ZDV�VZLWFKHG�WR�6WHPSUR����,QYLWURJHQ��FRQWDLQLQJ����ௗQJ�P/�9(*)��3HSURWHFK����

QJ�P/�E)*)��5	'�����ௗQJ�P/�%03���3UHSURWHFK����ௗîௗ��±� 0�PRQRWKLRJO\FHURO��6LJPD�����

ȝJ�P/�DVFRUELF�DFLG��6LJPD����ௗP0�/�JOXWDPLQH��,QYLWURJHQ���DQG�SHQLFLOOLQ�VWUHSWRP\FLQ

�,QYLWURJHQ���)RUW\�HLJKW�KRXUV�ODWHU��GD\�����FHOOV�ZHUH�SDVVDJHG�ZLWK�������7U\SVLQ

�7KHUPR)LVKHU��DQG�UH�VHHGHG�RQWR������JHODWLQ�FRDWHG����FP�GLVKHV�ZLWK�����î���� FHOOV�SHU

GLVK�LQ�(QGRWKHOLDO�&HOO�*URZWK�0HGLXP��(*0��/RQ]D��FRQWDLQLQJ����QJ�P/�9(*)�����QJ�P/

E)*)��DQG���ȝ0�&+,5�������&HOOV�ZHUH�PDLQWDLQHG�RQ�WKHVH�GLVKHV�LQ�(*0�DQG

DERYH�GHVFULEHG�IDFWRUV�XQWLO�GD\�����)LJXUH��$��

�
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)ORZ�F\WRPHWU\

7R�HYDOXDWH�WKH�SXULW\�RI�GLIIHUHQWLDWLQJ�FHOOV��FHOO�DOLTXRWV�ZHUH�FROOHFWHG�DW�GD\V���DQG����RI

GLIIHUHQWLDWLRQ��)LJXUH��$���7KH�FHOOV�ZHUH�ZDVKHG�LQ�'XOEHFFR
V�SKRVSKDWH�EXIIHUHG�VDOLQH

�'3%6��ZLWK����IHWDO�ERYLQH�VHUXP��)%6��DQG�UHVXVSHQGHG�LQ�D�VROXWLRQ�RI�'XOEHFFR¶V�0RGLILHG

(DJOH¶V�0HGLXP��'0(0��&RUQLQJ��FRQWDLQLQJ�PRXVH�DQWL�KXPDQ�&'���3HU&3��%'�%LRVFLHQFHV

�������������DQG�PRXVH�DQWL�KXPDQ�&'���),7&��%'�%LRVFLHQFHV��������������DQWLERGLHV��RU�D

VROXWLRQ�RI�'0(0�DQG�DQWLERG\�DSSURSULDWH�LVRW\SH�FRQWUROV��$OO�VWDLQLQJ�ZDV�SHUIRUPHG�RQ�OLYH

FHOOV��6WDLQLQJ�ZDV�SHUIRUPHG�RQ�LFH�IRU����PLQXWHV�LQ�GDUNQHVV��7KH�VWDLQHG�FHOOV�ZHUH�ZDVKHG

LQ�'3%6�DQG�IL[HG�ZLWK����SDUDIRUPDOGHK\GH��$II\PHWUL[��SULRU�WR�IORZ�F\WRPHWU\�DQDO\VHV��)ORZ

F\WRPHWU\�ZDV�SHUIRUPHG�XVLQJ�D�)$&6�&DQWR�,,�FHOO�DQDO\VLV�LQVWUXPHQW��%'�%LRVFLHQFHV���IORZ

F\WRPHWU\�GDWD�ZHUH�DQDO\]HG�XVLQJ�)ORZ-R�6RIWZDUH��)ORZ-R��//&���*DWHV�ZHUH�VHW�VXFK�WKDW

LVRW\SH�FRQWUROV�FRQWDLQHG����SRVLWLYH�FHOOV��6XSSOHPHQWDO�)LJXUH��%���&��

+L�&��6DPSOH�SUHSDUDWLRQ��ZHWZRUN��OLEUDU\�JHQHUDWLRQ��DQG�VHTXHQFLQJ

,Q�VLWX '1DVH�+L�&�>������@�ZDV�SHUIRUPHG�RQ��±��î ��� FHOOV�IURP�WZR�LQGHSHQGHQW

GLIIHUHQWLDWLRQV�DW�WKH�IROORZLQJ�WLPH�SRLQWV��GD\����D�SOXULSRWHQW�FHOO�W\SH��K36&���GD\����D

PHVRGHUPDO�FHOO�W\SH��0(6���GD\����DQ�HQGRWKHOLDO�SURJHQLWRU�FHOO�W\SH��(3���DQG�GD\�����DQ

HQGRWKHOLDO�FHOO�W\SH��(&��)LJXUH��$���7R�SUHSDUH�VDPSOHV�IRU�+L�&�ZHWZRUN��SODWHG�FHOOV�ZHUH

ZDVKHG�WKUHH�WLPHV�ZLWK�'3%6�DQG�WKHQ�IL[HG�ZLWK�D�PL[WXUH�RI�IUHVK�530,�FRQWDLQLQJ���

IRUPDOGHK\GH��GLOXWHG�IURP�D�����IRUPDOGHK\GH�VROXWLRQ���IL[DWLRQ�WRRN�SODFH�IRU����PLQXWHV�DW

URRP�WHPSHUDWXUH�ZLWK�RUELWDO�URWDWLRQ��)RUPDOGHK\GH�ZDV�TXHQFKHG�ZLWK�������ௗ0�JO\FLQH�IRU

�ௗPLQXWHV�DW�URRP�WHPSHUDWXUH�DQG�WKHQ����PLQXWHV�DW����&��$IWHUZDUGV��FHOOV�ZHUH�WUHDWHG�ZLWK

������WU\SVLQ�IRU��ௗPLQXWHV�DW�����&��ZDVKHG�ZLWK�530,�FRQWDLQLQJ�����)%6��DQG�VXEVHTXHQWO\

VFUDSHG�RII�WKHLU�SODWHV��&HOOV�ZHUH�ZDVKHG�RQFH�ZLWK�'3%6��IODVK�IUR]HQ�LQ�OLTXLG�QLWURJHQ��DQG

VWRUHG�DW�í��ௗ�&�XQWLO�WKH�WLPH�RI�+L�&�ZHWZRUN�

�
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7R�SHUIRUP LQ�VLWX '1DVH�+L�&��IUR]HQ�VDPSOHV�ZHUH�WKDZHG�DQG�O\VHG�LQ����ௗȝ/�O\VLV

EXIIHU�FRPSULVHG�RI����P0�7ULV�+&O��S+����������P0�1D&O�������,JHSDO�&$�������î�SURWHDVH

LQKLELWRU��DQG�GRXEOH�GLVWLOOHG�ZDWHU��GG+�2���7KHQ� QXFOHL�ZHUH�UHVXVSHQGHG�LQ����ௗȝ/�'1DVH

EXIIHU�ZLWK������6'6�DQG�0Q&O���DQG�LQFXEDWHG�DW��� �&�IRU���ௗPLQXWHV�ZLWK�SHULRGLF�YRUWH[LQJ�

$IWHUZDUGV��QXFOHL�ZHUH�VXEMHFWHG�WR�DQ�DGGLWLRQDO����ௗȝ/�'1DVH�EXIIHU�FRQWDLQLQJ����7ULWRQ

;�����DQG�51DVH�$��DQG�LQFXEDWHG�IRU�DQRWKHU����PLQXWHV��6L[�XQLWV�RI�'1DVH��7KHUPR)LVKHU�

(1������ZHUH�DGGHG�DQG�LQFXEDWHG�IRU���PLQXWHV�DW�URRP�WHPSHUDWXUH��7KH�UHDFWLRQ�ZDV

VWRSSHG�ZLWK����ௗȝ/�RI�����0�('7$�DQG����ȝ/�RI�����6'6��1XFOHL�ZHUH�FROOHFWHG�DQG

UHVXVSHQGHG�LQ�����ȝ/�ZDWHU�DQG�FRPELQHG�ZLWK�����ȝ/�$03XUH�;3�EHDGV��%HFNPDQ��

'1$�HQG�UHSDLU�ZLWK�7��'1$�3RO\PHUDVH��7KHUPR)LVKHU��(3������DQG�.OHQRZ��7KHUPR)LVKHU�

(3������ZDV�SHUIRUPHG LQ�VLWX��DV�ZDV�VXEVHTXHQW�G$�WDLOLQJ ZLWK�.OHQRZ�H[R���7KHUPR)LVKHU�

(3�������7KHQ��ELRWLQ\ODWHG�ROLJRQXFOHRWLGHV��DGDSWHUV��ZHUH�OLJDWHG�WR�'1$�DW�����&�RYHUQLJKW�

7R�UHPRYH�XQERXQG�DGDSWHUV��QXFOHL�ZHUH�ZDVKHG�RQFH�ZLWK�$03XUH�EXIIHU������3(*�LQ����ௗ0

1D&O���WKHQ�WZLFH�ZLWK�����HWKDQRO��7R�FDUU\�RXW�DGDSWHU�SKRVSKRU\ODWLRQ�DQG�OLJDWLRQ��31.

WUHDWPHQW�ZDV�SHUIRUPHG�IRU���KRXUV�DW�URRP�WHPSHUDWXUH��7R�GH�FURVVOLQN�WKH�'1$��VDPSOHV

ZHUH�WUHDWHG�ZLWK�3URWHLQDVH�.�RYHUQLJKW�DW�����&��7KH�QH[W�GD\��'1$�SUHFLSLWDWLRQ�ZDV

SHUIRUPHG�ZLWK�������PJ�P/�JO\FRJHQ������YROXPH��ௗ0�1D2$F��S+�������DQG������YROXPH

LVRSURSDQRO�IRU��ௗKRXUV�DW�í����&��7R�SXULI\�WKH�'1$��LW�ZDV�UHVXVSHQGHG�LQ�����ȝ/�ZDWHU�DQG

FRPELQHG�ZLWK�����ȝ/�RI�$03XUH�EHDGV��7KH�SXOO�GRZQ�RI�ELRWLQ�DGDSWHU�FRQWDLQLQJ�'1$�ZDV

SHUIRUPHG�XVLQJ�0\2QH�&��%HDGV��7KHUPR)LVKHU���������IRU����PLQXWHV�DW�URRP�WHPSHUDWXUH

ZLWK�URWDWLRQ��$IWHUZDUGV��VDPSOHV�ZHUH�ZDVKHG�IRXU�WLPHV�ZLWK�ELQG�DQG�ZDVK�EXIIHU���ௗP0

7ULV�+&O�S+���������ௗP0�('7$���ௗ0�1D&O��DQG�������7ZHHQ�����IROORZHG�E\�WZR�HOXWLRQ�EXIIHU

ZDVKHV��2Q�EHDG�'1$�XQGHUZHQW�HQG�UHSDLU�XVLQJ�WKH�UHDJHQWV�LQ�D�)DVW�'1$�(QG�5HSDLU�.LW

�7KHUPR)LVKHU��.�������DQG�WKLV�ZDV�IROORZHG�E\�G$�WDLOLQJ�XVLQJ�.OHQRZ�([R���7KHUPR)LVKHU�

(3�������EHWZHHQ�HDFK�UHDFWLRQ��WKH�'1$�ZDV�ZDVKHG�IRXU�WLPHV�ZLWK�ELQG�DQG�ZDVK�EXIIHU

DQG�WZLFH�ZLWK�7ULV�('7$�EXIIHU�
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6HTXHQFLQJ�<�DGDSWHUV�ZHUH�OLJDWHG�DW�URRP�WHPSHUDWXUH�IRU����PLQXWHV��7R�DPSOLI\�WKH

+L�&�OLEUDULHV��WKH�'1$�XQGHUZHQW����3&5�F\FOHV�XVLQJ�.DSD�+L)L�5HDG\6WDUW�0DVWHU�0L[

�5RFKH��..������ZLWK�EDUFRGH�FRQWDLQLQJ�SULPHUV��/LEUDULHV�ZHUH�SXULILHG�ZLWK����î�YROXPHV�RI

$PSXUH�;3�EHDGV�DQG�TXDQWLILHG�ZLWK�D�4XELW�SULRU�WR�VHTXHQFLQJ��7KH�OLEUDULHV�ZHUH

SDLUHG�HQG�VHTXHQFHG�XVLQJ�D�1H[W6HT������,OOXPLQD��LQ�D�KLJK�RXWSXW�UXQ�ZLWK�����F\FOHV����

F\FOHV�IRU�HDFK�HQG�

51$�VHT��6DPSOH�SUHSDUDWLRQ��ZHWZRUN��OLEUDU\�JHQHUDWLRQ��DQG�VHTXHQFLQJ

&HOO�VDPSOHV�IURP�WZR�LQGHSHQGHQW�GLIIHUHQWLDWLRQV�ZHUH�FROOHFWHG�LQ�%XIIHU�5/7��4,$*(1��DW

WKH�WKH�WLPH�SRLQWV�GHVFULEHG�DERYH��)LJXUH��$���6DPSOHV�ZHUH�VWRUHG�DW�±����&�SULRU�WR�51$

SXULILFDWLRQ��ZKLFK�ZDV�SHUIRUPHG�ZLWK�DQ�51HDV\�0LQL�.LW��4,$*(1��ZLWK�RQ�FROXPQ�'1DVH

GLJHVWLRQ��51$�VHT�OLEUDULHV�ZHUH�SUHSDUHG�IURP�WRWDO�51$�������QXFOHRWLGHV�LQ�OHQJWK��XVLQJ

WKH�7UX6HT�6WUDQGHG�7RWDO�51$�5LER�=HUR�+�0�5�NLW��,OOXPLQD��56������������/LEUDULHV�ZHUH

SDLUHG�HQG�VHTXHQFHG�RQ�D�1H[W6HT������,OOXPLQD��LQ�D�KLJK�RXWSXW�UXQ�ZLWK�����F\FOHV����

F\FOHV�IRU�HDFK�HQG��7KH�51$�VHT�GDWDVHWV�H[KLELW�KLJK�SHUFHQWDJHV�RI�XQLTXH��SDLUHG

DOLJQPHQWV��6XSSOHPHQWDO�7DEOH����

+L�&��'DWD�VRXUFLQJ��DOLJQPHQW��SURFHVVLQJ��DQG�TXDOLW\�FRQWURO

,Q�VLWX '1DVH�+L�&�GDWDVHWV�IRU�FDUGLRP\RF\WH�VDPSOHV GLIIHUHQWLDWHG�IURP�58(6��K36&V�ZHUH

REWDLQHG�IURP�SXEOLVKHG�ZRUN��*(2�*6(����������$V ZLWK�WKH�HQGRWKHOLDO�FHOO�GDWD�JHQHUDWHG

IRU�WKLV�VWXG\��WKH�FDUGLRP\RF\WH�GDWD�DUH�FRPSULVHG�RI�VDPSOHV�IURP�WZR�LQGHSHQGHQW

GLIIHUHQWLDWLRQV�DW�WKH�WKH�IROORZLQJ�WLPH�SRLQWV��GD\����K36&��GD\����0(6��GD\����D

FDUGLRP\RF\WH�SURJHQLWRU�FHOO�W\SH��&3���DQG�GD\�����D�FDUGLRP\RF\WH�FHOO�W\SH��&0��

5HDGV�ZHUH�DOLJQHG�WR�D +RPR�VDSLHQV UHIHUHQFH�JHQRPH �(QVHPEO�����ZLWK

%:$�0(0 ��������U���������� XVLQJ�GHIDXOW�SDUDPHWHUV� (DFK�UHDG�SDLU�HQG�ZDV�DOLJQHG

LQGLYLGXDOO\��7KH�+L�&�GDWDVHWV�H[KLELW�KLJK�SHUFHQWDJHV�RI�XQLTXH��SDLUHG�DOLJQPHQWV

�
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�6XSSOHPHQWDO�7DEOH��������3ULPDU\�DOLJQPHQWV�ZHUH�H[WUDFWHG�DQG�VRUWHG�ZLWK�6DPWRROV

�YHUVLRQ���������7KHQ��WKH�DOLJQPHQWV�ZHUH�SURFHVVHG ZLWK�+L&�3UR��YHUVLRQ�����������ILOWHULQJ�IRU

0$34�VFRUHV�����DQG�H[FOXGLQJ�UHDG�SDLUV�WKDW�PDSSHG�ZLWKLQ���NE�RI�HDFK�RWKHU��3&5

GXSOLFDWHV��GHILQHG�DV�VHTXHQFH�PDWFKHV�ZLWK�WKH�H[DFW�VDPH�VWDUWV�DQG�HQGV��ZHUH�H[FOXGHG�

+L&�3UR �''��'$���$-. ILOHV�DQG�XQEDODQFHG�PDWULFHV ZHUH�JHQHUDWHG�DW�WKH�IROORZLQJ

UHVROXWLRQV�����������DQG�����NE��7R�DVVHVV�FRQWDFW�PDWUL[�VLPLODULW\��+L&5HS�ZDV�XVHG

�6XSSOHPHQWDO�7DEOH�������+L&5HS�VWUDWXP�DGMXVWHG FRUUHODWLRQ�FRHIILFLHQWV��6&&V��ZHUH

FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�SDUDPHWHUV� - .*'�� ;66666_�0�-���;666666_�#���7��$OO�RWKHU

SDUDPHWHUV�ZHUH�VHW�WR�GHIDXOW�YDOXHV�

7R�IDFLOLWDWH�JHQRPLF�ELQQLQJ�DW�UHVROXWLRQV�ILQHU�WKDQ����NE��ELRORJLFDO�UHSOLFDWHV�ZHUH

PHUJHG�ZLWK�+L&�3UR��WKHUHE\�LQFUHDVLQJ�WKH�VHTXHQFLQJ�GHSWK�IRU�HDFK�VDPSOH��7KH�PHUJHG

+L�&�GDWDVHWV�DUH�FRPSULVHG�RI�������PLOOLRQ�XQLTXH��YDOLG�UHDG�SDLUV�IRU�K36&�IURP�HQGRWKHOLDO

FHOO�GLIIHUHQWLDWLRQ��������PLOOLRQ�XQLTXH��YDOLG�UHDG�SDLUV�IRU�0(6�IURP�HQGRWKHOLDO�FHOO

GLIIHUHQWLDWLRQ��������PLOOLRQ�XQLTXH��YDOLG�UHDG�SDLUV�IRU�(3��������PLOOLRQ�XQLTXH��YDOLG�UHDG

SDLUV�IRU�(&��������PLOOLRQ�XQLTXH��YDOLG�UHDG�SDLUV�IRU�K36&�IURP�FDUGLRP\RF\WH�GLIIHUHQWLDWLRQ�

������PLOOLRQ�XQLTXH��YDOLG�UHDG�SDLUV�IRU�0(6�IURP�FDUGLRP\RF\WH�GLIIHUHQWLDWLRQ��������PLOOLRQ

XQLTXH��YDOLG�UHDG�SDLUV�IRU�&3��DQG�������PLOOLRQ�XQLTXH��YDOLG�UHDG�SDLUV�IRU�&0��+L&�3UR

�''��'$���$-. ILOHV�DQG�XQEDODQFHG�WH[W�PDWULFHV�ZHUH JHQHUDWHG�IRU�SRROHG�UHSOLFDWHV�DW�WKH

IROORZLQJ�UHVROXWLRQV�������������������DQG�����NE�

8VLQJ�FRROHU�� DQG�+L&([SORUHU��±�� #$��*)1 -/�*-(�/� +L&�3UR�PDWULFHV�ZHUH�FRQYHUWHG

WR�WKH�FRROHU�IRUPDW��`�**'���5HDG�SDLUV�QRW�DOLJQHG WR�DXWRVRPHV�RU�FKURPRVRPH�;�ZHUH

H[FOXGHG�IURP `�**' ILOHV�ZLWK�+L&([SORUHU #$���%0./��/-$3� &RROHU�IRUPDWWHG�PDWULFHV�ZHUH

EDODQFHG�XVLQJ�6LQNKRUQ�EDODQFLQJ�� VXFK�WKDW�WKH VXP�RI�HYHU\�URZ�DQG�FROXPQ�LV�HTXDO��WR�GR

VR��WKH�FRROHU ��'�)� FRPPDQG�ZDV�FDOOHG�ZLWK�GHIDXOW SDUDPHWHUV�

�
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+L�&��*HQHUDWLRQ�DQG�YLVXDOL]DWLRQ�RI�+L�&�KHDWPDSV

7R�JHQHUDWH�DQG�YLVXDOL]H�FKURPDWLQ�FRQWDFW�KHDWPDSV��+L&([SORUHU #$��'*/��/-$3 ZDV�XVHG

ZLWK�FRQWDFW�PDWULFHV��7R�DLG�YLVXDOL]DWLRQ��PDWUL[�YDOXHV�ZHUH�ORJ�WUDQVIRUPHG��7R�JHQHUDWH�DQG

YLVXDOL]H�GLIIHUHQWLDO�LQWHUDFWLRQV�EHWZHHQ�VDPSOHV��ORJ��UDWLR�PDWULFHV�ZHUH�JHQHUDWHG�ZLWK

+L&([SORUHU #$��*(+�- ��/-$� . XVLQJ `�**' ILOHV�IURP WZR�GDWDVHWV��WKH�ORJ��UDWLR�PDWULFHV

ZHUH�SORWWHG�ZLWK #$��'*/��/-$3��7R�JHQHUDWH�DQG�YLVXDOL]H 3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW

KHDWPDSV��FRQWDFW�PDWULFHV�ZHUH�LQSXW�LQWR�+L&([SORUHU #$���� IRU�FRQYHUVLRQ�WR

GLVWDQFH�QRUPDOL]HG�PDWULFHV�� �L�H���PDWULFHV�WDNHQ IURP�GLYLGLQJ�REVHUYHG�LQWHUDFWLRQV�E\

H[SHFWHG�LQWHUDFWLRQV��DQG�WKHQ�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�PDWULFHV� #$��'*/��/-$3 ZDV

XVHG�WR�YLVXDOL]H�WKH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�PDWULFHV�

+L�&� &LV FRQWDFW�GHFD\�FXUYH�DQDO\VHV

&LV FRQWDFW�GHFD\�FXUYHV�ZHUH�JHQHUDWHG�E\�DJJUHJDWLQJ QRUPDOL]HG�FRXQWV�DV�D�IXQFWLRQ�RI

GLVWDQFH�DW�����NE�LQWHUYDOV�XVLQJ�+L&([SORUHU #$��'*/�$./�.�*0)/.� $GMXVWHG�S�YDOXHV�ZHUH

REWDLQHG�IURP�W�WHVWV�EHWZHHQ�K36&�DQG�(&�

+L�&��*HQRPLF�FRPSDUWPHQW�DQDO\VHV

7R�FDOFXODWH�SULQFLSDO�FRPSRQHQW��3&��VFRUHV�IRU�JHQRPLF�FRPSDUWPHQW�DVVLJQPHQW��FRQWDFW

PDWULFHV�ZHUH�GLVWDQFH�QRUPDOL]HG��WUDQVIRUPHG�LQWR�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�PDWULFHV�

DQG�HLJHQ�GHFRPSRVHG�XVLQJ�+20(5�������+L&�3UR 1�'$���$-. ILOHV�ZHUH�XVHG�DV�LQSXWV�

(LJHQYHFWRUV�ZHUH�JHQHUDWHG�IRU�FRQWDFW�PDWULFHV�DW������DQG�����NE�UHVROXWLRQV��(LJHQYHFWRUV

ZHUH�DVVHVVHG��DQG�WKH�ILUVW�3&��3&���ZDV�IRXQG�WR�UHSUHVHQW�WKH�JHQRPLF�FRPSDUWPHQW�SURILOH

�GDWD�QRW�VKRZQ���VXEVHTXHQW�SULQFLSDO�FRPSRQHQWV�UHSUHVHQWHG�SURILOHV�GLVWLQFW�IURP�JHQRPLF

FRPSDUWPHQWV��GDWD�QRW�VKRZQ���3HU�FRQYHQWLRQ����3&� RULHQWDWLRQ�DQG�ELQZLVH

JHQRPLF�FRPSDUWPHQW�DVVLJQPHQWV�ZHUH�EDVHG�RQ�ELRORJLFDO�IHDWXUHV��ELQV�ZLWK�KLJKHU�JHQH

GHQVLWLHV�DQG�LQFUHDVHG�HQULFKPHQW�IRU�WUDQVFULSWLRQ�ZHUH�DVVLJQHG�WR�WKH�³$´�FRPSDUWPHQW

�
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W\SH��DOO�RWKHU�ELQV�ZHUH�DVVLJQHG�WR�WKH�³%´�FRPSDUWPHQW�W\SH��8VLQJ�RULHQWHG�3&��VFRUHV�

VDPSOH�VLPLODULW\�ZDV�HYDOXDWHG�YLD�6SHDUPDQ�FRUUHODWLRQ�FRHIILFLHQW�DQG�0'6�DQDO\VHV

�6XSSOHPHQWDO�)LJXUH��%��&��

*HQRPLF�FRPSDUWPHQW�WUDQVLWLRQV�ZHUH�GHILQHG�XVLQJ�WKH�IROORZLQJ�FULWHULD���L��IRU�D�JLYHQ

ELQ��3&��VFRUHV�DUH�DYDLODEOH�IRU�HDFK�VDPSOH��L�H���QR�VDPSOH�LV�UHSUHVHQWHG�E\�1$����LL��IRU�D

JLYHQ�ELQ��DW�OHDVW�RQH�VDPSOH�KDV�D�PHDQ�3&��VFRUH�JUHDWHU�WKDQ���DQG�DW�OHDVW�RQH�VDPSOH

KDV�D�PHDQ�3&��VFRUH�OHVV�WKDQ����$±%±$±%�DQG�%±$±%±$�WUDQVLWLRQV�UHSUHVHQWHG�OHVV�WKDQ

���RI�JHQRPLF�FRPSDUWPHQW�VZLWFK�UHJLRQV�DQG�ZHUH�FRPELQHG��UHVSHFWLYHO\��ZLWK�$±%��DQG

%±$�WUDQVLWLRQLQJ�UHJLRQV�IRU�GRZQVWUHDP�DQDO\VHV��LQFOXGLQJ�HQULFKPHQW�FDOFXODWLRQV�IRU

GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV��'(*V��ZLWK�UHVSHFW�WR�VWDEOH�DQG�G\QDPLF�JHQRPLF

FRPSDUWPHQWV�

6DGGOH�SORWV�ZHUH�JHQHUDWHG�E\�DVVLJQLQJ�HDFK�ELQ�WR�LWV�FRUUHVSRQGLQJ�SHUFHQWLOH�YDOXH

DQG�GLYLGLQJ�WKH�JHQRPH�LQWR�GHFLOHV��(DFK�LQWHUDFWLRQ�ZDV�QRUPDOL]HG�WR�WKH�DYHUDJH�VFRUH�DW

WKH�FRUUHVSRQGLQJ�GLVWDQFH�IRU FLV LQWHUDFWLRQV�DQG DVVLJQHG�WR�D�GHFLOH�SDLU�EDVHG�RQ�WKH�WZR

ELQV��7KH�SORW�UHSUHVHQWV�WKH�ORJ� DYHUDJH�YDOXH�IRU SDLUV�RI�GHFLOHV��&KDQJHV�EHWZHHQ�RQH

VDPSOH�DQG�DQRWKHU�DUH�UHSUHVHQWHG�E\�ORJ� YDOXHV RI�GLIIHUHQFHV�

+L�&��$QDO\VHV�RI�WRSRORJLFDOO\�DVVRFLDWLQJ�GRPDLQV

8VLQJ�WKH�LQVXODWLRQ�VFRUH�PHWKRG����WRSRORJLFDOO\ DVVRFLDWLQJ�GRPDLQV��7$'V��ZHUH�FDOOHG�IRU

+L�&�DW����NE�UHVROXWLRQ��7R�GR�VR��FZRUOG��JLWKXE�FRP�GHNNHUODE�FZRUOG�GHNNHU�

(�/-$38$).0'�/$*)`+' ZDV�FDOOHG�ZLWK�WKH�IROORZLQJ SDUDPHWHUV� gg$.�;86667�gg$�.�986667

gg..�7<6667�gg)/�6`67�gg$(�( �)��,QVXODWLRQ�VFRUHV DUH�GHILQHG�DV�WKH�DYHUDJH�QXPEHU�RI

FKURPDWLQ�FRQWDFWV�DFURVV�D�JLYHQ�ELQ��DQG�7$'�ERXQGDULHV�DUH�FDOOHG�DW�ORFDO�LQVXODWLRQ�VFRUH

PLQLPD��ZKLFK�UHSUHVHQW�DUHDV�ZKHUH�WKH�DYHUDJH�QXPEHU�RI�FKURPDWLQ�FRQWDFWV�DFURVV�D�JLYHQ

ELQ�DUH�IHZ��$�JLYHQ�ERXQGDU\�ZDV�FDWHJRUL]HG�DV�³VKDUHG´�LI�LW�ZDV�REVHUYHG�DW�WKH�VDPH
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ORFDWLRQ�����NE��L�H���ZLWKLQ�XS�WR�RQH�ELQ�RI�WKH�ERXQGDU\��LQ�DQRWKHU�VDPSOH��LI�ERXQGDULHV�GLG

QRW�PHHW�WKHVH�FRQGLWLRQV��WKHQ�WKH\�ZHUH�FDWHJRUL]HG�DV�³VDPSOH�VSHFLILF�´

$JJUHJDWH�7$'�KHDWPDSV�ZHUH�JHQHUDWHG�XVLQJ�)$1�&�� !�)���""- "�/ ZLWK�WKH

IROORZLQJ�SDUDPHWHUV� gg/��.g$(�&� 1�gg1($)�6`68�gg1(�3 6`6=;�

+L�&��$QDO\VHV�RI�SDLUZLVH�SRLQW�LQWHUDFWLRQV

3DLUZLVH�SRLQW�LQWHUDFWLRQV��33,V��ZHUH�FDOOHG�DW�����������DQG����NE�UHVROXWLRQV�XVLQJ

+L&&836���ZKLFK�ZDV�LQYRNHG�ZLWK�WKH�IROORZLQJ�SDUDPHWHUV� g(�;78�g-�76666_86666_:6666�g&

���g!�`7_`7_`7�g+�:_8_7�g$�>_:_8�g/�6`68_7`;_7`=;_8�g��86666_:6666_>6666�gg�+0��8S6HW

SORWV�ZHUH�JHQHUDWHG�WR�VFRUH�WKH�RYHUODS�RI�ORRS�DQFKRUV�DPRQJ�VDPSOHV������

$OO�FDOFXODWLRQV��LQFOXGLQJ�WKH�SURSRUWLRQV�RI�DQFKRUV��FDOOHG�DW����NE�UHVROXWLRQ��LQ�$�DQG

%�FRPSDUWPHQWV��FDOOHG�DW�����NE�UHVROXWLRQ��DQG�WKH�SURSRUWLRQV�RI�ORRS�DQFKRUV�WKDW�RYHUODS

XS��DQG�GRZQUHJXODWHG�'(*V�LQ�$�DQG�%�FRPSDUWPHQWV��ZHUH�FDOFXODWHG�XVLQJ�FXVWRP�5�VFULSWV

WKDW�ZLOO�EH�PDGH�DYDLODEOH�XSRQ�SXEOLFDWLRQ�

51$�VHT��6RXUFLQJ��DOLJQPHQW��DQG�JHQH�OHYHO�TXDQWLILFDWLRQ�RI�DOLJQPHQWV

5HDGV�ZHUH�PDSSHG�WR�KJ���XVLQJ�+,6$7���YHUVLRQ��������� ZLWK�GHIDXOW�VHWWLQJV��)LOHV�LQ`.�(

IRUPDW�ZHUH�FRQYHUWHG�LQWR�FRRUGLQDWH�VRUWHG `��( ILOHV�XVLQJ�VDPEDPED��YHUVLRQ��������� ZLWK

GHIDXOW�SDUDPHWHUV��7KH�SURJUDP�IHDWXUH&RXQWV�IURP�WKH�6XEUHDG�SDFNDJH��YHUVLRQ���������

ZDV�XVHG�WR�TXDQWLI\�JHQH�H[SUHVVLRQ�OHYHOV��WKH�IROORZLQJ�SDUDPHWHUV�ZHUH�VSHFLILHG� g+�g��g�

"/!f!$' �g/� 3*)�g"�" ) f$��

51$�VHT��'LIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV

'LIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV�ZDV�SHUIRUPHG�ZLWK�'(6HT���YHUVLRQ������������*HQHV

H[KLELWLQJ�D�IDOVH�GLVFRYHU\�UDWH��)'5��FRQWUROOHG�S�YDOXH��DGMXVWHG�S�YDOXH���������DQG�DQ

DEVROXWH�ORJ� IROG�FKDQJH�!���ZHUH�FDWHJRUL]HG�DV '(*V�

��
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51$�VHT��*HQH�RQWRORJ\�DQDO\VHV

*HQH�RQWRORJ\�WHUP�HQULFKPHQW�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�WKH�7RSS*HQH�6XLWH�7RSS)XQ

DSSOLFDWLRQ����GHIDXOW�VHWWLQJV�ZHUH�XVHG��DQG�WKH IXOO�JHQH�VHW�IRU�HDFK�FDWHJRU\�ZDV�XVHG�DV

WKH�EDFNJURXQG�VHW��3�YDOXHV�ZHUH�REWDLQHG�IURP�K\SHUJHRPHWULF�WHVWV�DQG�DGMXVWHG�YLD

%RQIHUURQL�FRUUHFWLRQV�

51$�VHT��(QULFKPHQW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�ZLWK�UHVSHFW�WR�JHQRPLF

FRPSDUWPHQWV

7R�FDOFXODWH�HQULFKPHQW�VFRUHV�IRU�'(*V�ZLWK�UHVSHFW�WR�FRPSDUWPHQW�WUDQVLWLRQ�W\SHV��H�J��

$±%��%±$��HWF����ZH�ILUVW�FDOFXODWHG�WKH�UDWLR�RI�'(*V�ZLWKLQ�D�JLYHQ�FRPSDUWPHQW�WUDQVLWLRQ

W\SHV�WR�DOO�JHQHV�ZLWKLQ�WKH�FRPSDUWPHQW�WUDQVLWLRQ�W\SH��WKHQ��WKLV�YDOXH�ZDV�GLYLGHG�E\�WKH

UDWLR�DOO�'(*V�WR�DOO�JHQHV��L�H��

 )-$�#( )/���t���.�$)��*(+�-/( )/�/4+ ���" ) .�$)��*(+�-/( )/�/4+ u���t�''����.

���''�" ) .u

3�YDOXHV�ZHUH�REWDLQHG�IURP�FKL�VTXDUHG�WHVWV�ZLWK�<DWHV�FRUUHFWLRQ�

51$�VHT��(QULFKPHQW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�ZLWK�UHVSHFW�WR�WRSRORJLFDOO\

DVVRFLDWLQJ�GRPDLQ�ERXQGDULHV

7R�FDOFXODWH�HQULFKPHQW�VFRUHV�IRU�'(*V�ZLWK�UHVSHFW�WR�JDLQHG��(&�VSHFLILF���ORVW

�K36&�VSHFLILF��DQG�VKDUHG�7$'�ERXQGDULHV��ZH�FDOFXODWHG�WKH�UDWLR�RI�'(*V�ZLWKLQ�����NE��L�H��

���ELQ��RI�D�JLYHQ�ERXQGDU\�W\SH�WR�DOO�JHQHV�ZLWKLQ�WKH�ERXQGDU\�W\SH��WKHQ��WKLV�YDOXH�ZDV

GLYLGHG�E\�WKH�UDWLR�DOO�'(*V�WR�DOO�JHQHV��L�H��

 )-$�#( )/���t���.�$)�1$�$)$/4�*!��*0)��-4�/4+ ���" ) .�$)�1$�$)$/4�*!��*0)��-4

/4+ u���t�''����.����''�" ) .u

3�YDOXHV�ZHUH�REWDLQHG�IURP�FKL�VTXDUHG�WHVWV�ZLWK�<DWHV�FRUUHFWLRQ�
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51$�VHT��(QULFKPHQW�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�ZLWK�UHVSHFW�WR�SDLUZLVH�SRLQW

LQWHUDFWLRQV

:H�XVHG�WKH�IROORZLQJ�HTXDWLRQ�WR�FDOFXODWH�HQULFKPHQW�VFRUHV�IRU�JHQHV�WKDW�RYHUODS�33,

DQFKRUV�

" ) � )-$�#( )/���*�. -1 ��" ) .�*1 -'�++$)"��)�#*-.��� 3+ �/ ��" ) .

*1 -'�++$)"��)�#*-.���t���.�*1 -'�++$)"��)�#*-.������.u���t" ) .�*1 -'�++$)"

�)�#*-.���" ) .u

:H�XVHG�WKH�IROORZLQJ�HTXDWLRQ�WR�FDOFXODWH�HQULFKPHQW�VFRUHV�IRU�DQFKRUV�WKDW�RYHUODS�JHQHV�

�)�#*-� )-$�#( )/���*�. -1 ���)�#*-.�$)�" ) .��� 3+ �/ ���)�#*-.�$)�" ) .��

�)�#*-.�*1 -'�++$)"����.���v�)�#*-.���t���.���" ) .uw

3�YDOXHV�ZHUH�REWDLQHG�IURP�FKL�VTXDUHG�WHVWV�ZLWK�<DWHV�FRUUHFWLRQ�

6WDWLVWLFDO�$QDO\VHV

1R�VWDWLVWLFDO�PHWKRGV�ZHUH�XVHG�WR�SUHGHWHUPLQH�VDPSOH�VL]HV��1R�GDWD�ZHUH�H[FOXGHG�IURP

DQDO\VHV��7KH�H[SHULPHQWV�ZHUH�QRW�UDQGRPL]HG�DQG�LQYHVWLJDWRUV�ZHUH�QRW�EOLQGHG�WR

DOORFDWLRQ�GXULQJ�H[SHULPHQWV�DQG�RXWFRPH�DVVHVVPHQW��:KHUH�DSSURSULDWH��VWDWLVWLFDO�WHVWV�DUH

GHVFULEHG�DERYH��LQ�WKH�5HVXOWV��LQ�)LJXUH�/HJHQGV��DQG�LQ�6XSSOHPHQWDO�)LJXUH�/HJHQGV�

)LJXUH�3UHSDUDWLRQ

3ORWV�ZHUH�JHQHUDWHG�ZLWK��DORQH�RU�LQ�FRPELQDWLRQ��([FHO��YHUVLRQ��������0LFURVRIW���EDVH�5

�YHUVLRQ�������WKH�5�VRIWZDUH�SDFNDJH�JJSORW���YHUVLRQ���������DQG�YDULRXV�SORWWLQJ�SURJUDPV

HPSOR\HG�E\�WKH�RWKHU�VRIWZDUH�SDFNDJHV�XVHG�LQ�WKLV�VWXG\��,OOXVWUDWRU��YHUVLRQ���������$GREH�

ZDV�XVHG�IRU�FRPSRVLQJ�ILJXUHV�

��
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&RGH�$YDLODELOLW\

6RXUFH�FRGH�IRU�DQDO\VHV�SHUIRUPHG�LQ�WKLV�VWXG\��ZLWK�GRFXPHQWDWLRQ��H[DPSOHV��DQG�DGGLWLRQDO

LQIRUPDWLRQ��ZLOO�EH�PDGH�DYDLODEOH�XSRQ�SXEOLFDWLRQ�

'DWD�$YDLODELOLW\

6HTXHQFLQJ�GDWD�JHQHUDWHG�IRU�WKLV�VWXG\�ZLOO�EH�GHSRVLWHG�LQ�WKH��'�1XFOHRPH���'1��'DWD

3RUWDO�DQG�PDGH�DYDLODEOH�XSRQ�SXEOLFDWLRQ��WKH�DXWKRUV�FDQ�VXSSO\�OLQNV�WR�WKH�GDWD�DIWHU�EHLQJ

XSORDGHG�WR�WKH��'1�'DWD�3RUWDO���3XEOLVKHG�VHTXHQFLQJ�GDWD�KDYH�EHHQ�GHSRVLWHG�LQ�WKH

1DWLRQDO�&HQWHU�IRU�%LRWHFKQRORJ\�,QIRUPDWLRQ��1&%,��*HQH�([SUHVVLRQ�2PQLEXV��*(2��XQGHU

WKH�DFFHVVLRQ�QXPEHUV�*6(��������

5HVXOWV

/RQJ�UDQJH FLV FRQWDFWV�LQFUHDVH�GXULQJ�HQGRWKHOLDO FHOO�GLIIHUHQWLDWLRQ�

7R�VWXG\�WKH�G\QDPLFV�DQG�IXQFWLRQDO�VLJQLILFDQFH�RI��'�FKURPDWLQ�RUJDQL]DWLRQ�LQ�HQGRWKHOLDO

FHOO�GHYHORSPHQW��ZH�GHYHORSHG�D�QRYHO�VWHSZLVH�SURWRFRO�WR�LQGXFH�HQGRWKHOLDO�GLIIHUHQWLDWLRQ

IURP�K36&V��VHH�0HWKRGV���8VLQJ�WKH�IHPDOH�58(6��HPEU\RQLF�VWHP�FHOO�OLQH��6XSSOHPHQWDO

)LJXUH��$���ZH�VRXJKW�WR�UHFDSLWXODWH�NH\�VLJQDOLQJ�HYHQWV�LQ�HQGRWKHOLDO�FHOO�GHYHORSPHQW��)LUVW�

ZH�LQGXFHG�WKH�PHVRGHUPDO�OLQHDJH�WKURXJK�DFWLYDWLRQ�RI�WKH�:17�VLJQDOLQJ�SDWKZD\��WKHQ��ZH

GLUHFWHG�WKH�FHOOV�WR�DQ�HQGRWKHOLDO�FHOO�IDWH�WKURXJK�WKH�DGGLWLRQ�RI�ERQH�PRUSKRJHQLF�SURWHLQ��

�%03����EDVLF�ILEUREODVW�JURZWK�IDFWRU��E)*)���DQG�YDVFXODU�HQGRWKHOLDO�JURZWK�IDFWRU��9(*)�

)LJXUH��$���:H�WRRN�VDPSOHV�DFURVV�D�WLPH�FRXUVH�RI�GLIIHUHQWLDWLRQ��)LJXUH��$���GD\����D

SOXULSRWHQW�FHOO�W\SH��K36&���GD\����D�PHVRGHUPDO�FHOO�W\SH��0(6���GD\����DQ

HQGRWKHOLDO�SURJHQLWRU�FHOO�W\SH��(3���DQG�GD\�����DQ�HQGRWKHOLDO�FHOO�W\SH��(&���:H�REWDLQHG

KLJK�SXULW\�FHOO�SRSXODWLRQV�DV�GHWHUPLQHG�E\�IORZ�F\WRPHWU\�ZLWK�DQWLERGLHV�UDLVHG�DJDLQVW

��
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&'���DQG�&'����WZR�HQGRWKHOLDO�FHOO�PDUNHUV��(3�ZHUH�!����SXUH�DQG�(&�ZHUH�!����SXUH

�6XSSOHPHQWDO�)LJXUH��%��&��

7R�DVVHVV�WKH�TXDOLW\�RI�VDPSOHV�UHVXOWLQJ�IURP�WKH�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ

SURWRFRO��ZH�SUHSDUHG�DQG�DQDO\]HG�EXON�51$�VHT�GDWDVHWV�IURP�WZR�LQGHSHQGHQW

GLIIHUHQWLDWLRQV�IRU�HDFK�WLPH�SRLQW��$OLJQPHQW�RI�WKH�51$�VHT�GDWDVHWV�WR�WKH�JHQRPH�UHVXOWHG

LQ�KLJK�SHUFHQWDJHV�RI�XQLTXHO\�PDSSHG�UHDGV����±�����6XSSOHPHQWDO�7DEOH�����7R�HYDOXDWH

UHODWLRQVKLSV�DPRQJ�WKH�GDWDVHWV��ZH�SHUIRUPHG�SULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$���3&$

UHYHDOHG�WKH�WLJKW�FOXVWHULQJ�RI�ELRORJLFDO�UHSOLFDWHV��6XSSOHPHQWDO�)LJXUH��$���7KH�ILUVW�SULQFLSDO

FRPSRQHQW�DFFRXQWHG�IRU�����RI�WKH�YDULDQFH�DQG�UHFDSLWXODWHG�DQ�HQGRWKHOLDO�FHOO

GHYHORSPHQWDO�WUDMHFWRU\��6XSSOHPHQWDO�)LJXUH��$���7KH�VHFRQG�SULQFLSDO�FRPSRQHQW�DFFRXQWHG

IRU�������RI�WKH�YDULDQFH�DQG�VHSDUDWHG�PHVHQFK\PDO��0(6��DQG�HSLWKHOLDO��K36&��(3��DQG

(&��FHOO�W\SHV²HYLGHQFH�RI�WKH�GHYHORSPHQWDO�HSLWKHOLDO�WR�PHVHQFK\PDO�WUDQVLWLRQ�DQG

VXEVHTXHQW�PHVHQFK\PDO�WR�HSLWKHOLDO�WUDQVLWLRQ��6XSSOHPHQWDO�)LJXUH��$���2Q�D�EURDGHU�VFDOH�

ZH�IRXQG�WKDW�WUDQVFULSWRPHV�XQGHUZHQW�RYHUW�FKDQJHV�GXULQJ�VSHFLILFDWLRQ��6XSSOHPHQWDO

)LJXUH��%���7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�VXSSRUW�WKH�HIILFDF\�DQG�UHSURGXFLELOLW\�RI�RXU

HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�SURWRFRO�

7R�H[DPLQH�FKURPDWLQ�RUJDQL]DWLRQ�FKDQJHV�RYHU�WKH�FRXUVH�RI�HQGRWKHOLDO�FHOO

GLIIHUHQWLDWLRQ��ZH�SUHSDUHG�DQG�DQDO\]HG LQ�VLWX '1DVH�+L�&� GDWDVHWV�IURP�WZR�LQGHSHQGHQW

GLIIHUHQWLDWLRQV�IRU�HDFK�WLPH�SRLQW��:H�REVHUYHG�WKH�DOLJQPHQW�RI�+L�&�UHDGV�DW�KLJK�UDWHV

���±�����6XSSOHPHQWDO�7DEOH�������DQG�FRPSDUDEOH�OHYHOV�RI FLV LQWHUDFWLRQV�DFURVV

GLIIHUHQWLDWLRQ����±�����6XSSOHPHQWDO�7DEOH��������7R�DVVHVV�WKH�H[SHULPHQWDO�UHSURGXFLELOLW\�RI

WKH�+L�&�GDWDVHWV��ZH�SHUIRUPHG�+L&5HS�DQDO\VHV��� 6WUDWXP�DGMXVWHG�FRUUHODWLRQ�FRHIILFLHQWV

�6&&��RXWSXW�E\�+L&5HS�UHYHDOHG�KLJK�OHYHOV�RI�UHSURGXFLELOLW\�EHWZHHQ�ELRORJLFDO�UHSOLFDWHV

�6XSSOHPHQWDO�7DEOH�����7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�+L�&�GDWD�DUH�RI�FRQVLVWHQW�DQG�KLJK

TXDOLW\��7KXV��IRU�VXEVHTXHQW�DQDO\VHV�RI�FKURPDWLQ�RUJDQL]DWLRQ��ZH�SRROHG�UHSOLFDWHV�WR

LQFUHDVH�WKH�VHTXHQFLQJ�GHSWK²DQG�WKXV�WKH�UHVROXWLRQ�RI�JHQRPLF�ELQV²IRU�HDFK�FHOO�W\SH�

��
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1H[W��ZH�VXUYH\HG�IHDWXUHV�RI�FKURPDWLQ�RUJDQL]DWLRQ�DFURVV�HQGRWKHOLDO�FHOO

GLIIHUHQWLDWLRQ��,Q�DOO�IRXU�WLPH�SRLQWV��FKURPRVRPH�ZLGH�FRQWDFW�PDSV�GLVSOD\HG�SDWWHUQV

LQGLFDWLYH�RI�ORFDO�DQG�ORQJHU�UDQJH�FKURPDWLQ�LQWHUDFWLRQV��)LJXUH��%���7KHVH�LQFOXGHG�DQ

DEXQGDQFH�RI�³QHDU´ FLV LQWHUDFWLRQV�LQ�K36&V��H�J�� VWURQJ�LQWHUDFWLRQV�DORQJ�WKH�GLDJRQDO�RI

WKH�K36&�SDQHO�LQ�)LJXUH��%��&��WKDW��RYHU�WKH�FRXUVH�RI�GLIIHUHQWLDWLRQ��VSUHDG�RXWZDUG��)LJXUH

�%��&���LQGLFDWLQJ�DQ�LQFUHDVH�LQ�WKH�QXPEHUV�RI�³IDU´ FLV LQWHUDFWLRQV��1H[W��ZH�H[DPLQHG�WKH FLV

FKURPDWLQ�FRQWDFW�SUREDELOLW\ 3�V� IRU�SDLUV�RI�JHQRPLF ORFL�VWUDWLILHG�E\�JHQRPLF�GLVWDQFH V�

ZKLFK�PD\�EH�LQGLFDWLYH�RI�WKH�JHQHUDO�SRO\PHU�VWDWH�RI�FKURPDWLQ�������&RQVLVWHQW�ZLWK�RXU

DQDO\VHV�RI FLV FRQWDFW�PDSV��ZH�IRXQG�WKDW�WKH�SURSRUWLRQ RI�ORQJ�UDQJH�FRQWDFWV�LQFUHDVHG

RYHU�GLIIHUHQWLDWLRQ��K36&�KDG�WKH�ORZHVW�SURSRUWLRQ�RI�ORQJ�UDQJH�FRQWDFWV�!���0E��0(6�DQG

(3�KDG�VLPLODU��KLJKHU�SURSRUWLRQV�RI�ORQJ�UDQJH�FRQWDFWV�!���0E��DQG�(&�H[KLELWHG�WKH�KLJKHVW

SURSRUWLRQ�FRQWDFWV�!���0E��)LJXUH��'���7KHVH�GDWD�UHYHDO�WKDW�ORQJ�UDQJH FLV FRQWDFWV

LQFUHDVH�RYHU�WKH�FRXUVH�RI�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�

7R�DVVHVV�WKH�LQIOXHQFH�RI FLV FKURPDWLQ�LQWHUDFWLRQV DV�GLIIHUHQWLDWLRQ�SURJUHVVHV��ZH

SHUIRUPHG�KLHUDUFKLFDO�FOXVWHULQJ�RI�WKH�6&&�VFRUHV�SURGXFHG�E\�+L&5HS�IRU FLV LQWHUDFWLRQV�

FOXVWHULQJ�SDLUHG�UHSOLFDWHV�ZKLOH�VHSDUDWLQJ�WKH�WLPH�FRXUVH�GDWDVHWV�LQWR�WZR�JHQHUDO�JURXSV�

DQ�³HDUO\´�JURXS��FRPSRVHG�RI�K36&�DQG�0(6��DQG�D�³ODWHU´�JURXS��FRPSRVHG�RI�(3�DQG�(&

�)LJXUH��(���1H[W��ZH�SHUIRUPHG�PXOWLGLPHQVLRQDO�VFDOLQJ��0'6��RI FLV LQWHUDFWLRQ�PDSV�XVLQJ��

±�6&&�DV�D�PHDVXUH�RI�VLPLODULW\��0'6�SDLUHG�UHSOLFDWHV�DQG�DUUDQJHG�WKH�VDPSOHV�LQ�RUGHU�RI

WLPH�SRLQW��UHYHDOLQJ�DQ�DSSDUHQW�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�WUDMHFWRU\��)LJXUH��)���7RJHWKHU�

WKHVH�UHVXOWV�LQGLFDWH�WKDW�FKDQJHV�LQ�FKURPDWLQ�RUJDQL]DWLRQ²LQFOXGLQJ�D�JHQHUDO��JURVV

LQFUHDVH�LQ�ORQJ�UDQJH FLV FKURPDWLQ�FRQWDFWV²DUH D�NH\�IHDWXUH�RI�HQGRWKHOLDO�FHOO

GLIIHUHQWLDWLRQ��VHSDUDWLQJ�DQG�RUGHULQJ�GDWDVHWV�E\�WLPH�SRLQW�

��
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'\QDPLF�FRPSDUWPHQWDOL]DWLRQ�UHIOHFWV�HQGRWKHOLDO�FHOO�VSHFLILF�FKDQJHV�LQ�JHQH

H[SUHVVLRQ�

*LYHQ�WKHVH�ILQGLQJV��ZH�VRXJKW�WR�XQGHUVWDQG�KRZ�FKURPDWLQ�RUJDQL]DWLRQ�FKDQJHV�DFURVV

GLIIHUHQWLDWLRQ²DQG�WKH�IXQFWLRQDO�VLJQLILFDQFH�RI�VXFK�FKDQJHV��7R�DGGUHVV�WKHVH�SRLQWV��ZH

LQYHVWLJDWHG�WKUHH�IRUPV�RI�FKURPDWLQ�RUJDQL]DWLRQ��JHQRPLF�FRPSDUWPHQWV��WRSRORJLFDOO\

DVVRFLDWLQJ�GRPDLQV��DQG�SHDNV�RI�HOHYDWHG�FRQWDFW�IUHTXHQF\�UHIHUUHG�WR�DV�³SDLUZLVH�SRLQW

LQWHUDFWLRQV�´�3DLUZLVH�SRLQW�LQWHUDFWLRQV�DUH�WKRXJKW�WR�UHSUHVHQW�'1$�³ORRSV�´�KRZHYHU��ZH

DYRLG�XVLQJ�WKH�WHUP�³ORRS´�IRU�LWV�PXOWLSOH�PHDQLQJV�DQG�LQWHUSUHWDWLRQV��DV�GHVFULEHG�LQ�D

UHFHQW�UHYLHZ�RI�FKURPRVRPH�RUJDQL]DWLRQ���

7R�EHJLQ��ZH�IRFXVHG�RQ�JHQRPLF�FRPSDUWPHQWV��WKH�³SODLG´�SDWWHUQV�RI�FKURPDWLQ

LQWHUDFWLRQV�HYLGHQW�LQ�+L�&�KHDW�PDSV����������*HQRPLF FRPSDUWPHQWV�UHSUHVHQW�DW�OHDVW�WZR

DOWHUQDWLQJ�VWDWHV�RI�FKURPDWLQ��$�DQG�%��DQG�HDFK�VWDWH�SUHIHUHQWLDOO\�LQWHUDFWV�ZLWK�RWKHU�ORFL�RI

WKH�VDPH�VWDWH��$�FRPSDUWPHQWV�DUH�DVVRFLDWHG�ZLWK�KLJKHU�JHQH�H[SUHVVLRQ�LQ�DFWLYH�FKURPDWLQ

�HXFKURPDWLQ���ZKLOH�%�FRPSDUWPHQWV�DUH�DVVRFLDWHG�ZLWK�JHQH�VLOHQFLQJ�LQ�LQDFWLYH�FKURPDWLQ

�KHWHURFKURPDWLQ���7R�VHJUHJDWH�JHQRPLF�ELQV������NE�UHVROXWLRQ��LQWR�$�%�FRPSDUWPHQWV��ZH

FRPSXWHG�WKH�ILUVW�SULQFLSDO�FRPSRQHQWV��3&�V��RI�WKH�3HDUVRQ�FRUUHODWLRQ�WUDQVIRUPHG�FRQWDFW

PDWULFHV��:H�LGHQWLILHG�JHQRPLF�FRPSDUWPHQWV�LQ�DOO�VDPSOHV�WDNHQ�DFURVV�HQGRWKHOLDO�FHOO

VSHFLILFDWLRQ��)LJXUH��$���7R�DVVHVV�FKDQJHV�LQ�FRPSDUWPHQWDOL]DWLRQ�DV�HQGRWKHOLDO�FHOOV

GLIIHUHQWLDWH��ZH�DQDO\]HG�WKH�SURSRUWLRQV�RI�VWDEOH�DQG�G\QDPLF�FRPSDUWPHQWV��:H�IRXQG�WKDW

DSSUR[LPDWHO\�����RI�FRPSDUWPHQWV������NE�UHVROXWLRQ��DUH�G\QDPLF��XQGHUJRLQJ�RQH�RU�PRUH

FRPSDUWPHQW�VZLWFKHV�DFURVV�WLPH�SRLQWV��)LJXUH��%��&��6XSSOHPHQWDO�)LJXUH��$���+LHUDUFKLFDO

FOXVWHULQJ�RI�6SHDUPDQ�FRUUHODWLRQ�FRHIILFLHQWV��ȡ��IRU�3&��VFRUHV�SDLUHG�DQG�RUGHUHG�UHSOLFDWHV

�6XSSOHPHQWDO�)LJXUH��%���OLNHZLVH��0'6�SDLUHG�UHSOLFDWHV�ZKLOH�UHYHDOLQJ�D�GLIIHUHQWLDWLRQ

WUDMHFWRU\�LQ�WKH�VHSDUDWLRQ�RI�WLPH�SRLQWV�IURP�HDFK�RWKHU��6XSSOHPHQWDO�)LJXUH��&���7DNLQJ

WKHVH�REVHUYDWLRQ�WRJHWKHU��D�VXEVWDQWLDO�QXPEHU�RI�FRPSDUWPHQW�WUDQVLWLRQV�DV�HQGRWKHOLDO�FHOO
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VSHFLDOL]DWLRQ�SURJUHVVHV�DQG��DV�ZLWK�WKH�SURJUHVVLYH�LQFUHDVH�LQ FLV FKURPDWLQ�FRQWDFWV

�)LJXUH��%±'���WKH�G\QDPLFV�RI�JHQRPH�FRPSDUWPHQWDOL]DWLRQ�DUH�DQRWKHU�NH\�IHDWXUH�RI

HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ�

1H[W��ZH�IRFXVHG�RQ�WKH�IXQFWLRQ�RI�G\QDPLF�FRPSDUWPHQWDOL]DWLRQ�LQ�HQGRWKHOLDO�FHOO

GLIIHUHQWLDWLRQ��,Q�D�UHFHQW�VWXG\�RI�GLIIHUHQWLDWLQJ�FDUGLRP\RF\WHV²ZKLFK�VKDUH�WKHLU

GHYHORSPHQWDO�RULJLQ��FDUGLRJHQLF�PHVRGHUP����ZLWK HQGRWKHOLDO�FHOOV²ZH�IRXQG�WKDW

FRPSDUWPHQW�VZLWFKHV�FRLQFLGH�ZLWK�FHOO�W\SH�VSHFLILF�WUDQVFULSWLRQDO�UHJXODWLRQ���7KXV��ZH

VRXJKW�WR�XQGHUVWDQG�WKH�LQIOXHQFH�RI�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ�RQ�WKH�G\QDPLF

WUDQVFULSWRPHV�RI�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��:H�FDOFXODWHG�WKH�HQULFKPHQW�RI�GLIIHUHQWLDOO\

H[SUHVVHG�JHQHV��(&�YHUVXV�K36&��ZLWK�UHVSHFW�WR�VWDEOH�DQG�G\QDPLF�FRPSDUWPHQWV��)LJXUH

�'���5HJLRQV�WKDW�XQGHUJR�%�WR�$�WUDQVLWLRQV�DUH�HQULFKHG�IRU�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV

�'(*V��XSUHJXODWHG�LQ�(&��DQG�WKHVH�DUH�DVVRFLDWHG�ZLWK�QXPHURXV�IXQFWLRQV�LQ�HQGRWKHOLDO�FHOO

VSHFLILFDWLRQ��)LJXUH��(��6XSSOHPHQWDO�7DEOH�����LQFOXGLQJ�EORRG�YHVVHO�GHYHORSPHQW��FLUFXODWRU\

V\VWHP�GHYHORSPHQW��FHOO�PLJUDWLRQ��DQG�FHOO�DGKHVLRQ��DPRQJ�RWKHU�UHODWHG�*HQH�2QWRORJ\

WHUPV�������&RPSDUWPHQW�FKDQJHV�DUH�DOVR�DVVRFLDWHG ZLWK�JHQH�UHSUHVVLRQ��H�J���LQ�UHJLRQV�WKDW

XQGHUJR�$�WR�%�WUDQVLWLRQV��'(*V�GRZQUHJXODWHG�LQ�(&�DUH�DVVRFLDWHG�ZLWK�QHXURQDO

GHYHORSPHQW�DQG�IXQFWLRQ��UHJLRQV�WKDW�EHFRPH�³ORFNHG�GRZQ´�GXULQJ�HQGRWKHOLDO�GLIIHUHQWLDWLRQ

�)LJXUH��)��6XSSOHPHQWDO�7DEOH�����&RQVLVWHQW�ZLWK�WKH�HQULFKPHQW�RI�HQGRWKHOLDO�FHOO

GHYHORSPHQW�JHQHV�LQ�%�WR�$�UHJLRQV��WKH�HQGRWKHOLDO�FHOO�PDUNHU &'�� LV�VXEMHFW�WR�MXVW�VXFK�D

WUDQVLWLRQ�SULRU�WR�LWV�HOHYDWHG�H[SUHVVLRQ�LQ�(3�DQG�(&��)LJXUH��*���6LPLODUO\��PHVRGHUPDO

PDUNHUV�VXFK�DV 7%;7 DUH�DVVRFLDWHG�ZLWK�DQ�$�WR�% WUDQVLWLRQ��FRLQFLGHQW�ZLWK�GRZQUHJXODWLRQ

LQ�WKH�(3�VWDJH��)LJXUH��+�� 7KXV��DV�ZLWK�GLIIHUHQWLDWLQJ FDUGLRP\RF\WHV������FRPSDUWPHQW

WUDQVLWLRQV�LQ�GLIIHUHQWLDWLQJ�HQGRWKHOLDO�FHOOV�DUH�DVVRFLDWHG�ZLWK�HVVHQWLDO�FKDQJHV�LQ

WUDQVFULSWLRQ��LQGLFDWLQJ�WKDW�G\QDPLF�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ�LV�DQ�LPSRUWDQW�UHJXODWRU�RI

FHOO�W\SH�VSHFLILF�WUDQVFULSWLRQ�
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*LYHQ�WKDW��LQ�WKH�FRXUVH�RI�VSHFLILFDWLRQ��ORQJ�UDQJH FLV LQWHUDFWLRQV�LQFUHDVH��)LJXUH

�%±'��DQG�����RI�WKH�JHQRPH�XQGHUJRHV�FRPSDUWPHQW�WUDQVLWLRQV��)LJXUH��%��&�

6XSSOHPHQWDO�)LJXUH��$���ZH�VRXJKW�WR�H[DPLQH�ODUJH�VFDOH�FKDQJHV�LQ�JHQRPLF�FRPSDUWPHQW

VWUHQJWK�DFURVV�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��:H�JHQHUDWHG�³VDGGOH�SORWV�´�ZKLFK�TXDQWLI\�WKH

VWUHQJWK�RI�FRPSDUWPHQW�VHJUHJDWLRQ��IRU�WKH�K36&�DQG�(&�WLPH�SRLQWV��:H�QRWHG�WKDW�VWURQJHU

FLV FRQWDFWV�RFFXU�EHWZHHQ�KRPRW\SLF�UHJLRQV��L�H�� $±$�RU�%±%�FRPSDUWPHQW�LQWHUDFWLRQV��LQ

FRPSDULVRQ�WR�KHWHURW\SLF�UHJLRQV��L�H���$±%�FRPSDUWPHQW�LQWHUDFWLRQV��)LJXUH��,��6XSSOHPHQWDO

)LJXUH��'���,Q�WKH�FRXUVH�RI�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��WKH�VWUHQJWK�RI FLV LQWHUDFWLRQV

EHWZHHQ�%�FRPSDUWPHQWV�LQFUHDVHG�ZKLOH�WKH�VWUHQJWK�EHWZHHQ�$�FRPSDUWPHQWV�GHFUHDVHG

�)LJXUH��,��6XSSOHPHQWDO�)LJXUH��'���$V�VHHQ�LQ�WKH�GLIIHUHQWLDWLRQ�RI�RWKHU�WLVVXHV������WKHVH

ILQGLQJV�VKRZ�WKDW�G\QDPLF��VWUHQJWKHQLQJ�%�FRPSDUWPHQWV�UHSUHVV�WUDQVFULSWLRQ�LQ�HQGRWKHOLDO

FHOO�GLIIHUHQWLDWLRQ�

,QFUHDVLQJO\�VWUHQJWKHQHG�WRSRORJLFDOO\�DVVRFLDWLQJ�GRPDLQV�VXSSRUW�HQGRWKHOLDO

FHOO�VSHFLILF�JHQH�H[SUHVVLRQ�

1H[W��ZH�VKLIWHG�IRFXV�IURP�PHJDEDVH�VFDOH�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ�WR�D�IRUP�RI

FKURPDWLQ�RUJDQL]DWLRQ�WKDW�H[LVWV�RQ�WKH�NLOREDVH�VFDOH��WRSRORJLFDOO\�DVVRFLDWLQJ�GRPDLQV

�7$'V���7$'V�FRPSULVH�ORFDO�³QHLJKERUKRRGV´�RI�LQFUHDVHG�FKURPDWLQ�FRQWDFW�IUHTXHQF\�DQG�DUH

RIWHQ�GHOLPLWHG�E\�LQVXODWRU�VHTXHQFHV�������%HFDXVH 7$'V�DUH�WKRXJKW�WR�UHJXODWH�JHQH

H[SUHVVLRQ��±����ZH�VRXJKW�WR�HYDOXDWH�7$'�IHDWXUHV DFURVV�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ� 8VLQJ

WKH�LQVXODWLRQ�VFRUH�DSSURDFK�WR�FDOOLQJ�7$'�ERXQGDULHV�� �VHH�0HWKRGV���ZH�LGHQWLILHG�7$'V�LQ

DOO�VDPSOHV�WDNHQ�DFURVV�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��6XSSOHPHQWDO�)LJXUH��$��

+LHUDUFKLFDO�FOXVWHULQJ�RI�6SHDUPDQ�FRUUHODWLRQV�IRU�7$'�LQVXODWLRQ�VFRUHV�JDYH�VLPLODU

UHVXOWV�WR�KLHUDUFKLFDO�FOXVWHULQJ�RI�VHSDUDWH�IRUPV�RI�FKURPDWLQ�RUJDQL]DWLRQ��)LJXUHV��(�

6XSSOHPHQWDO�)LJXUH��%���5HSOLFDWHV�ZHUH�SDLUHG��DQG�WKH�WLPH�FRXUVH�GDWDVHWV�ZHUH�VHSDUDWHG

LQWR�D�JURXS�RI�³HDUO\´�VDPSOHV��K36&�DQG�0(6��DQG�D�JURXS�RI�³ODWHU´�VDPSOHV��(3�DQG�(&�
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LQGLFDWLQJ�DQ�RYHUDOO�FKDQJH�LQ�LQVXODWLRQ�VFRUHV�DFURVV�GLIIHUHQWLDWLRQ��)LJXUH��$���:H�REVHUYHG

D�VLPLODU�G\QDPLVP�LQ�RXU�DQDO\VHV�RI�7$'�ERXQGDULHV��DSSUR[LPDWHO\�����RI�7$'�ERXQGDULHV

FKDQJH�GXULQJ�HQGRWKHOLDO�GLIIHUHQWLDWLRQ��L�H���7$'�ERXQGDULHV�FKDQJH�JUHDWHU�WKDQ�����NE²RQH

ELQ²LQ�SRVLWLRQ��)LJXUH��%���&OXVWHULQJ�RI�WKH�LQWHUVHFWLRQV�UHYHDOHG�WKH�VDPH�EUDQFKLQJ�RI�HDUO\

�K36&�DQG�0(6��DQG�ODWHU��(3�DQG�(&��FHOO�W\SHV��)LJXUH��%���2I�QRWH��(3�DQG�(&�VKDUH�WKH

KLJKHVW�SURSRUWLRQ�RI�7$'�ERXQGDULHV��(3�VKDUHV�������RI�LWV�ERXQGDULHV�ZLWK�(&��DQG�(&

VKDUHV�������RI�LWV�ERXQGDULHV�ZLWK�(3��6XSSOHPHQWDO�7DEOH�����7R�HYDOXDWH�WKH�G\QDPLFV�RI

7$'�ERXQGDULHV�DFURVV�GLIIHUHQWLDWLRQ��ZH�VRXJKW�WR�XQGHUVWDQG�KRZ�LQVXODWLRQ�VFRUHV�FKDQJH

DW�7$'�ERXQGDULHV��$OWKRXJK�VFDWWHU�SORWV�UHYHDOHG�OLPLWHG�FKDQJHV�LQ�LQVXODWLRQ�VFRUHV�DW�7$'

ERXQGDULHV��6XSSOHPHQWDO�)LJXUH��%���WKH�GLIIHUHQFHV�LQ�LQVXODWLRQ�WR�WKH�LPPHGLDWH�OHIW�DQG

ULJKW�RI�ERXQGDULHV²VR�FDOOHG�³7$'�ERXQGDU\�VWUHQJWKV´²LQFUHDVHG�LQ�WKH�FRXUVH�RI

GLIIHUHQWLDWLRQ��6XSSOHPHQWDO�)LJXUH��&��VHH�0HWKRGV������� 7KLV�LV�HYLGHQW�LQ�DJJUHJDWH�DQDO\VHV

RI�7$'V�DFURVV�WKH�WLPHSRLQW�GDWDVHWV��)LJXUH��&���ZKLFK�UHYHDO�WKDW FLV FKURPDWLQ�LQWHUDFWLRQV

DUH�LQFUHDVLQJO\�UHVWULFWHG�ZLWKLQ�7$'�ERXQGDULHV��WKH�UHVWULFWLRQ�HIIHFW�LV�IDU�VWURQJHU�LQ�(&

FRPSDUHG�WR�K36&��6XSSOHPHQWDO�)LJXUH��'���7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�VXJJHVW�WKDW�

DOWKRXJK�DSSUR[LPDWHO\�KDOI�RI�DOO�7$'�ERXQGDULHV�DUH�FRQVHUYHG�LQ�GLIIHUHQWLDWLRQ��G\QDPLF

ERXQGDULHV�FRQYHUJH�RQ�DQ�(&�VWDWH��FRQFRPLWDQW�ZLWK�WKLV�SURJUHVVLRQ�LV�D�VWHDG\�DQG�PDUNHG

LQFUHDVH�LQ�WKH�QXPEHUV�RI�LQWUD�7$'�FKURPDWLQ�FRQWDFWV�DV�GLIIHUHQWLDWLQJ�FHOOV�PDWXUH�

:H�K\SRWKHVL]HG�WKDW�QDVFHQW�ERXQGDULHV�DQG�LQFUHDVHG�LQWUD�7$'�FRQWDFWV�IDFLOLWDWH

JHQH�H[SUHVVLRQ�QHFHVVDU\�IRU�VSHFLILFDWLRQ��7KXV��ZH�DQDO\]HG�WKH�HQULFKPHQW�RI�'(*V��(&

YHUVXV�K36&��SUR[LPDO�WR��ZLWKLQ�����NE�RI��(&�VSHFLILF�ERXQGDULHV��L�H���ERXQGDULHV�JDLQHG�LQ

GLIIHUHQWLDWLRQ���K36&�VSHFLILF�ERXQGDULHV��L�H���ERXQGDULHV�ORVW�LQ�GLIIHUHQWLDWLRQ���DQG

ERXQGDULHV�VKDUHG�EHWZHHQ�K36&�DQG�(&��:H�IRXQG�WKDW�ERXQGDULHV�JDLQHG�GXULQJ

VSHFLILFDWLRQ�DUH�HQULFKHG�LQ�XSUHJXODWHG�'(*V�DQG�GHSOHWHG�LQ�GRZQUHJXODWHG�'(*V��)LJXUH

�'��6XSSOHPHQWDO�7DEOH�����%RXQGDULHV�ORVW�LQ�VSHFLILFDWLRQ��RQ�WKH�RWKHU�KDQG��ZHUH�GHILFLHQW

IRU�'(*V��ZKLOH�VKDUHG�ERXQGDULHV�ZHUH�HQULFKHG�LQ�GRZQUHJXODWHG�'(*V��)LJXUH��'�
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6XSSOHPHQWDO�7DEOH�����7KH�HQGRWKHOLDO�FHOO�PDUNHU�JHQH &'�� LV�DQ�H[DPSOH�RI�DQ�XSUHJXODWHG

'(*�SUR[LPDO�WR�DQ�(&�VSHFLILF�ERXQGDU\��LWV�H[SUHVVLRQ�LQFUHDVHV�DV�D�QHDUE\�(&�VSHFLILF

7$'�ERXQGDU\�IRUPV��)LJXUH��(��6XSSOHPHQWDO�)LJXUH��%���7KH�RUSKDQ�QXFOHDU�UHFHSWRU�JHQH

15�)���ZKLFK�LV�UHTXLUHG�IRU�HPEU\RQLF�YDVFXODU�PRUSKRJHQHVLV��� SUHVHQWV�D�VLPLODU�H[DPSOH�

LWV�H[SUHVVLRQ�LQFUHDVHV�DV�LW�FRPHV�WR�IDOO�ZLWKLQ�DQ�(&�QDVFHQW�7$'��)LJXUH��)��6XSSOHPHQWDO

)LJXUH��&���7KHVH�REVHUYDWLRQV�LQGLFDWH�WKDW�WKH�DFTXLVLWLRQ�RI�QHZ�7$'�ERXQGDULHV�LV�OLQNHG�WR

WKH�H[SUHVVLRQ�RI�JHQHV�WKDW�VXSSRUW�HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ�

/RQJ�UDQJH�SDLUZLVH�SRLQW�LQWHUDFWLRQV�LQFUHDVH�RYHU�GLIIHUHQWLDWLRQ�DQG�DUH�DVVRFLDWHG

ZLWK�ERWK�JHQH�DFWLYDWLRQ�DQG�UHSUHVVLRQ�

,QFUHDVLQJ�HYLGHQFH�VXSSRUWV�WKH�LPSRUWDQFH�RI�'1$�SDLUZLVH�SRLQW�LQWHUDFWLRQV��33,V��ORFDO

SHDNV�RI�HOHYDWHG�FRQWDFW�IUHTXHQF\��LQ�WUDQVFULSWLRQDO�UHJXODWLRQ�DQG�VXJJHVWV�WKH�H[LVWHQFH�RI

33,V�WKDW�IXQFWLRQ�LQ�VSHFLILF�DVSHFWV�RI�GHYHORSPHQW��������� 7KHVH�LQWHUDFWLRQV�DUH�WKRXJKW�WR

DULVH�IURP�WKH�FOXVWHULQJ�RI�UHJXODWRU\�HOHPHQWV�DQG�JHQHV�WKURXJK�FKURPDWLQ�ORRSLQJ

PHFKDQLVPV���8VLQJ�WKH�SRLQW�LQWHUDFWLRQ�FDOOLQJ�SDFNDJH +L&&83V���ZH�VRXJKW�WR�LQYHVWLJDWH

WKH�IRUPDWLRQ�RI�33,V�GXULQJ�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��:H�LGHQWLILHG�LQFUHDVLQJ�QXPEHUV�RI

33,V�RYHU�WKH�FRXUVH�RI�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ������LQ�K36&�WR�������LQ�(&��)LJXUH��$��

0RVW�ORRSV�DUH�VSHFLILF�WR�RQH�WLPH�SRLQW��IHZ�ORRSV�DUH�VKDUHG�E\�PRUH�WKDQ�WZR�WLPH�SRLQWV

�)LJXUH��$���:H�REVHUYHG�WKH�JUHDWHVW�QXPEHU�RI�VWDJH�VSHFLILF�ORRSV�LQ�(&��)LJXUH��$��

VXJJHVWLQJ�D�UROH�IRU�33,�PHGLDWHG�WUDQVFULSWLRQDO�UHJXODWLRQ�DV�WKH�HQGRWKHOLDO�FHOO�OLQHDJH

PDWXUHV��,Q�HQGRWKHOLDO�FHOO�GLIIHUHQLWDWLRQ��ORQJ�UDQJH FLV FKURPDWLQ�FRQWDFWV�LQFUHDVH�RYHU�WLPH

�)LJXUH��%±'���FRPSHOOLQJ�XV�WR�H[DPLQH�WKH�GLVWDQFHV�EHWZHHQ�33,�DQFKRUV�DFURVV

GLIIHUHQWLDWLRQ��&RQVLVWHQW�ZLWK�WKDW�WUHQG��33,�VL]HV�H[SDQG�RYHU�GLIIHUHQWLDWLRQ��UHIOHFWLQJ�DQ

LQFUHDVLQJ�SUHYDOHQFH�RI�ORQJ�UDQJH�FRQWDFWV�EHWZHHQ�VSHFLILF�SDLUV�RI�ORFL��)LJXUH��%���7KXV�

HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�VHHV�33,V�LQFUHDVH�LQ�ERWK�IUHTXHQF\�DQG�GLVWDQFH�

��
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6LQFH�33,�G\QDPLFV�RFFXU�DPLG�FKDQJHV�LQ�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ��)LJXUH���

6XSSOHPHQWDO�)LJXUH�����ZH�LQYHVWLJDWHG�WKH�LQWHUUHODWLRQVKLSV�EHWZHHQ�33,V�DQG�JHQRPLF

FRPSDUWPHQWV��:H�IRXQG�WKDW�WKH�SURSRUWLRQ�RI�33,V�ZLWK�ERWK�DQFKRUV�LQ�WKH�$�FRPSDUWPHQW

�$±$��LQFUHDVHV�IURP�0(6�WR�(&��6XSSOHPHQWDO�)LJXUH��$��%���,Q�WKH�VDPH�SHULRG��WKH

SURSRUWLRQ�RI�33,V�ZLWK�ERWK�DQFKRUV�LQ�WKH�%�FRPSDUWPHQW��%±%��GHFUHDVHV��6XSSOHPHQWDO

)LJXUH��$��%���7R�LQYHVWLJDWH�ZKHWKHU�QDVFHQW�33,V�LQ�$�FRPSDUWPHQWV�DUH�LQYROYHG�LQ�WKH

WUDQVFULSWLRQDO�DFWLYDWLRQ�RI�JHQHV�HVVHQWLDO�WR�HQGRWKHOLDO�FHOO�GHYHORSPHQW�DQG�GLIIHUHQWLDWLRQ�

ZH�HYDOXDWHG�WKH�JHQRPH�ZLGH�HQULFKPHQW�RI�'(*V�EHWZHHQ�K36&�DQG�(&�DW�WLPH

SRLQW�VSHFLILF�33,�DQFKRUV�LQ�$�DQG�%�FRPSDUWPHQWV��:H�REVHUYHG�DQ�HQULFKPHQW�RI�'(*V�

ERWK�XS��DQG�GRZQUHJXODWHG��DW�33,V�LQ�DOO�WLPH�SRLQWV��)LJXUH��&��6XSSOHPHQWDO�7DEOH������7KH

HQULFKPHQW�RI�33,V�DW�XSUHJXODWHG�'(*V�LV�HOHYDWHG�LQ�FRPSDULVRQ�WR�GRZQUHJXODWHG�'(*V

�)LJXUH��&���33,V�DQFKRUHG�LQ�$�FRPSDUWPHQWV�DUH�HQULFKHG�IRU�XSUHJXODWHG�'(*V�DQG

GHSOHWHG�IRU�GRZQUHJXODWHG�'(*V�)LJXUH��&���WKH�HQULFKHG�XSUHJXODWHG�'(*V�DUH�DVVRFLDWHG

ZLWK�QXPHURXV�IXQFWLRQV�LQ�HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ��)LJXUH��'��6XSSOHPHQWDO�7DEOH�����

7KLV�WUHQG�ZDV�UHYHUVHG�IRU�33,V�DQFKRUHG�LQ�%�FRPSDUWPHQWV��ZKLFK�ZHUH�HQULFKHG�IRU

GRZQUHJXODWHG�'(*V�DQG�GHSOHWHG�IRU�XSUHJXODWHG�'(*V��)LJXUH��&���WKH�JHQHV�DVVRFLDWHG

ZLWK�%�FRPSDUWPHQW�33,V�KDYH�QXPHURXV�IXQFWLRQV�LQ�QHXURJHQHVLV��)LJXUH��(��6XSSOHPHQWDO

7DEOH������UDLVLQJ�WKH�SRVVLELOLW\�WKDW�%�FRPSDUWPHQW�33,V�IXQFWLRQ�LQ�D�WUDQVFULSWLRQDO�UHSUHVVLRQ

PHFKDQLVP�WKDW�LQKLELWV�QHXURQDO�VSHFLILFDWLRQ��7DNHQ�WRJHWKHU��RXU�GDWD�VXJJHVW�WKDW�33,V

IDFLOLWDWH�ERWK�WUDQVFULSWLRQDO�DFWLYDWLRQ�ZLWKLQ�WKH�$�FRPSDUWPHQW�DQG�WUDQVFULSWLRQDO�UHSUHVVLRQ

ZLWKLQ�WKH�%�FRPSDUWPHQW�

6HYHUDO�JHQHV�ZLWK�ZHOO�HVWDEOLVKHG�UROHV�LQ�HQGRWKHOLDO�FHOO�ELRORJ\�DVVRFLDWH�ZLWK�33,V

DV�WKHLU�WUDQVFULSWLRQ�LQFUHDVHV�LQ�GHYHORSPHQW��$�SURPLQHQW�H[DPSOH�LV 0(&20 �0'6��DQG

(9,��FRPSOH[�ORFXV���D�WUDQVFULSWLRQ�IDFWRU�WKDW�SURPRWHV�DUWHULDO�(&�LGHQWLW\��� 0(&20 LV

H[SUHVVHG�LQ�(3�DQG�(&��)LJXUH��)���DQG�FRPHV�WR�RYHUODS�LQFUHDVLQJ�QXPEHUV�RI�33,V�LQ�WKH

FRXUVH�RI�GLIIHUHQWLDWLRQ��)LJXUH��*���$GGLWLRQDO�H[DPSOHV�LQFOXGH 9(*)& �YDVFXODU�HQGRWKHOLDO
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JURZWK�IDFWRU�&��6XSSOHPHQWDO�)LJXUH��&��'���ZKLFK�FRGHV�IRU�D�SURWHLQ�FULWLFDO�IRU�DQJLRJHQHVLV�

HQGRWKHOLDO�FHOO�JURZWK��DQG�EORRG�YHVVHO�SHUPHDELOLW\�LQ�YDVFXODU�DQG�O\PSKDWLF�YHVVHOV������

.'5 �NLQDVH�LQVHUW�GRPDLQ�UHFHSWRU��6XSSOHPHQWDO�)LJXUH �(��)���ZKLFK�HQFRGHV�D 9(*)

UHFHSWRU����DQG 7)3, �WLVVXH�IDFWRU�SDWKZD\�LQKLELWRU� 6XSSOHPHQWDO�)LJXUH��*��+���D�JHQH�WKDW

HQFRGHV�D�VHULQH�SURWHDVH�LQKLELWRU�ZLWK�DQWL�FRDJXODWLYH�HIIHFWV��±����1XPHURXV�JHQHV

UHSUHVVHG�LQ�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�DUH�DVVRFLDWHG�ZLWK�%�FRPSDUWPHQW�33,V��LQFOXGLQJ

JHQHV�DVVRFLDWHG�ZLWK�WLVVXH�SDWWHUQLQJ�DQG�QHXURQDO�GHYHORSPHQW��7KHVH�JHQHV�LQFOXGH

(3+%� �HSKULQ�W\SH�%�UHFHSWRU����6XSSOHPHQWDO�)LJXUH �$��%���ZKLFK�FRGHV�IRU�D�SVHXGRNLQDVH

PHPEHU�RI�WKH�(SK�UHFHSWRU�IDPLO\��±��� *$%5%� �JDPPD�DPLQREXW\ULF DFLG�W\SH�$�UHFHSWRU

VXEXQLW�EHWD����DQG *$%5$� �JDPPD�DPLQREXW\ULF�DFLG W\SH�$�UHFHSWRU�VXEXQLW�DOSKD���

6XSSOHPHQWDO�)LJXUH��&��'���ERWK�RI�ZKLFK�HQFRGH�UHFHSWRU�VXEXQLWV�IRU�WKH�QHXURWUDQVPLWWHU

*$%$��DQG 3735=� �SURWHLQ�W\URVLQH�SKRVSKDWDVH�UHFHSWRU W\SH�=���6XSSOHPHQWDO�)LJXUH��(�

)���ZKLFK�FRGHV�IRU�D�PHPEHU�RI�WKH�UHFHSWRU�SURWHLQ�W\URVLQH�SKRVSKDWDVH�IDPLO\�WKDW�LV�ODUJHO\

UHVWULFWHG�WR�WKH�FHQWUDO�QHUYRXV�V\VWHP�LQ�GHYHORSPHQW��� $GGLWLRQDOO\��ZH�REVHUYHG�H[DPSOHV

RI�%�FRPSDUWPHQW�33,V�DVVRFLDWLQJ�ZLWK�JHQHV�WKDW�FRGH�IRU�IDFWRUV�ZLWK�DQWL�DQJLRJHQLF

SURSHUWLHV��([DPSOHV�LQFOXGH )2;&� �IRUNKHDG�ER[�&�� 6XSSOHPHQWDO�)LJXUH��*��+���ZKRVH

SURWHLQ�SURGXFW�KDV�NQRZQ�DQWDJRQLVWLF�UROHV�LQ�YDVFXODU�GHYHORSPHQW����DQG ,60� �LVWKPLQ���

6XSSOHPHQWDO�)LJXUH��,��-���ZKLFK�FRGHV�IRU�D�VHFUHWHG�SURWHLQ�WKDW�IXQFWLRQV�DV�DQ�HQGRJHQRXV

DQJLRJHQHVLV�LQKLELWRU���

&KURPDWLQ�RUJDQL]DWLRQ�UHYHDOV�WKH�GHYHORSPHQWDO�GLYHUJHQFH�RI�HQGRWKHOLDO�FHOOV�DQG

FDUGLRP\RF\WHV�

2XU�VWHP�FHOO�PRGHO�IRU�HQGRWKHOLDO�FHOO�GHYHORSPHQW�VKDUHV�LQLWLDO�VWHSV�ZLWK�FDUGLRP\RF\WH

GLIIHUHQWLDWLRQ����*LYHQ�WKHLU�FRPPRQ�GHYHORSPHQWDO RULJLQ�IURP�FDUGLRJHQLF�PHVRGHUP��ZH

VRXJKW�WR�FRPSDUH�WKH�JHQRPH�RUJDQL]DWLRQDO�G\QDPLFV�RI�WKH�WZR�OLQHDJHV��:H�UHDQDO\]HG�RXU

SXEOLVKHG�WLPH�FRXUVH�FDUGLRP\RF\WH�GDWDVHWV� DORQJVLGH RXU�QHZ�WLPH�FRXUVH�HQGRWKHOLDO�FHOO

��
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GDWDVHWV��7R�HYDOXDWH�GLIIHUHQFHV�LQ FLV FRQWDFWV�EHWZHHQ�(&�DQG�FDUGLRP\RF\WHV��&0���ZH�WRRN

WKH�ORJ� UDWLR�RI�(&�DQG�&0�FRQWDFWV�IRU�D�VLQJOH FKURPRVRPH��FKURPRVRPH����:H�QRWHG�FOHDU

GLIIHUHQFHV�LQ�(&�FRQWDFWV�YHUVXV�&0�FRQWDFWV��)LJXUH��$���LQFOXGLQJ�PRUH�QHDU�UDQJH�FLV

LQWHUDFWLRQV�LQ�(&�LQWHUDFWLRQV��UHG��DORQJ�WKH�PDWUL[�GLDJRQDO���ZKLOH�&0�H[KLELWHG�PRUH

ORQJ�UDQJH�LQWHUDFWLRQV��EOXH��VSUHDG�IXUWKHU�DZD\�IURP�WKH�GLDJRQDO���6XUYH\LQJ�WKH FLV FRQWDFW

SUREDELOLWLHV 3�V� IRU�(&�DQG�&0��ZH�IRXQG�WKDW��EH\RQG ���0E��WKHUH�ZDV�D�KLJKHU�SUREDELOLW\

IRU FLV FRQWDFWV�LQ�&0�YHUVXV�(&��)LJXUH��%���7KHVH UHVXOWV�LQGLFDWH�WKDW��DOWKRXJK�ORQJ�UDQJH

FLV FRQWDFWV�LQFUHDVH�DV�K36&�GLIIHUHQWLDWH�WR�EHFRPH (&��)LJXUH��%±'���ORQJHU�UDQJH FLV

FRQWDFWV�DUH�SUHVHQW�LQ²DQG�D�SURPLQHQW�IHDWXUH�RI²JHQRPH�RUJDQL]DWLRQ�LQ�&0�

7R�FRPSDUH�DQG�FRQWUDVW�WKH�LQIOXHQFH�RI FLV FKURPDWLQ LQWHUDFWLRQV�DV�HQGRWKHOLDO�FHOOV

DQG�FDUGLRP\RF\WHV�GLIIHUHQWLDWH�IURP�WKHLU�FRPPRQ�RULJLQ��ZH�SHUIRUPHG�0'6�RI�+L�&

LQWHUDFWLRQ�PDSV��0'6�RI�LQWUDFKURPRVRPDO�FKURPDWLQ�LQWHUDFWLRQV�SDLUV�UHYHDOHG�WZR�GLYHUJHQW

GLIIHUHQWLDWLRQ�WUDMHFWRULHV��RQH�IRU�HQGRWKHOLDO�FHOOV�DQG�WKH�RWKHU�IRU�FDUGLRP\RF\WHV��)LJXUH

�&���&RQVLVWHQW�ZLWK�WKH�LQLWLDO�VLPLODULW\�RI�WKHLU�VWHP�FHOO�GLIIHUHQWLDWLRQ�SURWRFROV��WKH�HDUO\

K36&�DQG�0(6�FHOO�W\SHV�FOXVWHUHG�WRJHWKHU�UHJDUGOHVV�RI�WKHLU�GLIIHUHQWLDWLRQ�SURWRFRO�RI�RULJLQ�

$OVR��WKH�FDUGLRP\RF\WH�SURJHQLWRU��&3��FHOO�W\SH�ZDV�REVHUYHG�DPLG�WKH�K36&�DQG�0(6�FHOO

W\SHV��2XU�ILQGLQJV�XQGHUVFRUH�WKH�UHOHYDQFH�RI�YDU\LQJ�WUHQGV�LQ FLV FRQWDFWV�DV�WKH�WZR�FHOO

W\SHV�GLIIHUHQWLDWH�

6FDWWHU�SORWV�IRU�3&��VFRUHV�LQ�(&�YHUVXV�&0�UHYHDOHG�PDUNHG�FKDQJHV�LQ�FRPSDUWPHQW

VWDWXV�LQ�(&�YHUVXV�&0��)LJXUH��'��6XSSOHPHQWDO�)LJXUH��$���7KLV�OHG�XV�WR�FRQVLGHU�WKH

LQIOXHQFH�RI�JHQRPLF�FRPSDUWPHQWV�RQ�HQGRWKHOLDO�FHOO�DQG�FDUGLRP\RF\WH�GDWD�VWUXFWXUH�

6LPLODU�WR�0'6�RI�LQWUDFKURPRVRPDO�FKURPDWLQ�LQWHUDFWLRQV��)LJXUH��&���0'6�RI�3&��VFRUHV

SDLUHG�UHSOLFDWHV²LQFOXGLQJ�WKH�VDPH�FHOO�VWDWHV�IURP�WKH�WZR�SURWRFROV��K36&�DQG�0(6²DQG

RXWOLQHG�GLYHUJHQW�GLIIHUHQWLDWLRQ�WUDMHFWRULHV��)LJXUH��(���+LHUDUFKLFDO�FOXVWHULQJ�RI�6SHDUPDQ

FRUUHODWLRQ�FRHIILFLHQWV��ȡ��IRU�3&��VFRUHV�SDLUHG�DQG�ODUJHO\�RUGHUHG�UHSOLFDWHV��6XSSOHPHQWDO

)LJXUH��%���UHYHDOLQJ�WKDW�(&�KDYH�WKH�PRVW�GLVWLQFW�FRPSDUWPHQW�SURILOHV��7R�H[DPLQH�JURVV
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FKDQJHV�LQ�JHQRPLF�FRPSDUWPHQW�VWUHQJWK�LQ�WKH�GLYHUJHQFH�RI�WKH�WZR�FHOO�W\SHV��ZH�FDOFXODWHG

DQG�SORWWHG�WKH�ORJ� UDWLR�RI�(&�DQG�&0�VDGGOH�SORWV� :H�IRXQG�WKDW��LQ�(&�YHUVXV�&0� FLV

LQWHUDFWLRQV�LQ�%�FRPSDUWPHQWV�DUH�JHQHUDOO\�ZHDNHU��DQG FLV LQWHUDFWLRQV�EHWZHHQ�$

FRPSDUWPHQWV�DUH�JHQHUDOO\�VWURQJHU��)LJXUH��)��6XSSOHPHQWDO�)LJXUH��&���7DNHQ�WRJHWKHU�

WKHVH�GDWD�UHYHDO�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ�DV�DQ�LPSRUWDQW�GLVWLQJXLVKLQJ�IHDWXUH�RI�WKH

WZR�FHOO�OLQHDJHV��&RQVLGHULQJ�WKHLU�YDU\LQJ�WUDQVFULSWRPHV�� G\QDPLF�FRPSDUWPHQWDOL]DWLRQ

OLNHO\�LQIOXHQFHV�WKH�WZR�WUDQVFULSWLRQ�SURJUDPV�

)LQDOO\��ZH�DVNHG�ZKHWKHU�7$'�G\QDPLFV�DOVR�YDULHG�EHWZHHQ�(&�DQG�&0��)LUVW�

KLHUDUFKLFDO�FOXVWHULQJ�RI�7$'�LQVXODWLRQ�VFRUHV�JURXSHG�³HDUO\´�FHOO�VWDWHV�VXFK�DV�K36&�DQG

0(6²DQG�DOVR�&3²ZKLOH�VHSDUDWLQJ�RXW�³ODWHU´�FHOO�VWDWHV�VXFK�DV�(3��(&��DQG�&0��)LJXUH

�*���2I�QRWH��LQVXODWLRQ�VFRUHV�LQ�&0�ZHUH�PDUNHGO\�GLIIHUHQW�IURP�DOO�RWKHU�FHOO�W\SHV��)LJXUH

�*���1H[W��ZH�SHUIRUPHG�KLHUDUFKLFDO�FOXVWHULQJ�RI�7$'�ERXQGDU\�VHW�LQWHUVHFWLRQV��7KH�VHW

LQWHUVHFWLRQV�FOXVWHUHG�VLPLODUO\�WR�WKH�7$'�LQVXODWLRQ�VFRUHV��)LJXUH��*���VHSDUDWLQJ�³HDUO\´�FHOO

VWDWHV��K36&��0(6��DQG�&3��IURP�³ODWHU´�FHOO�VWDWHV��(3��(&��DQG�&0��)LJXUH��+���:H�VRXJKW�WR

KRPH�LQ�RQ�7$'�G\QDPLFV�DFURVV�(&�DQG�&0�E\�GUDZLQJ�VFDWWHU�SORWV�IRU�LQVXODWLRQ�VFRUHV�

ZKLFK�UHYHDOHG�PDUNHG�FKDQJHV�LQ�LQVXODWLRQ�VFRUHV�LQ�(&�YHUVXV�&0��)LJXUH��,��6XSSOHPHQWDO

)LJXUH��'�²D�WUHQG�LQ�ZKLFK�&0�LQVXODWLRQ�VFRUHV�WHQG�WR�EH�KLJKHU�ZKHQ�(&�LQVXODWLRQ�VFRUHV

DUH�ORZHU��DQG�YLFH�YHUVD��7RJHWKHU��WKHVH�UHVXOWV�VXJJHVW�D�GLIIHUHQW�FKURPDWLQ�WRSRORJ\�LQ�(&

YHUVXV�&0²RQH�LQ�ZKLFK�LQWUD�7$'�FKURPDWLQ�LQWHUDFWLRQV�DUH�WLJKWO\�ERXQGHG�LQ�(&V�

SUHYHQWLQJ�ORQJHU�UDQJH�FKURPDWLQ�LQWHUDFWLRQV��2Q�WKH�RWKHU�KDQG��LQ�&0V��LQWUD�7$'

LQWHUDFWLRQV�DUH�OHVV�UHVWULFWHG�DQG��WKXV��RSHQ�WR�HYHQ�ORQJHU FLV FKURPDWLQ�LQWHUDFWLRQV�

'LVFXVVLRQ

,Q�WKLV�VWXG\��ZH�HVWDEOLVKHG�D�PRGHO�V\VWHP�LQ�ZKLFK�K36&V�DUH�GLIIHUHQWLDWHG�WR�(&V��DQG�ZH

XVHG�WKLV�V\VWHP�WR�SUHVHQW�D�FRPSUHKHQVLYH�ORRN�DW�FKURPDWLQ�RUJDQL]DWLRQ²DORQH�DQG�ZLWK

UHVSHFW�WR�WKH�G\QDPLF�WUDQVFULSWRPHV�RI�GLIIHUHQWLDWLRQ²LQ�HQGRWKHOLDO�FHOO�GHYHORSPHQW��7R�RXU
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NQRZOHGJH��HQGRWKHOLDO�FHOO�FKURPDWLQ�RUJDQL]DWLRQ�KDV�EHHQ�H[DPLQHG�LQ�RQO\�RQH�RWKHU�VWXG\��

ZKLFK�FRPSDUHG�+L�&�UHVXOWV�IURP�KXPDQ�XPELOLFDO�YHLQ�HQGRWKHOLDO�FHOOV�WR�SXEOLFO\�DYDLODEOH

GDWDVHWV�IURP�K(6&V�DQG�PHVHQGRGHUP�FHOOV��,Q�FRQWUDVW�WR�WKH�ZRUN�IURP�1LVNDQHQ�HW�DO���RXU

VWXG\�PDNHV�XVH�RI�D�GHYHORSPHQWDO�WLPH�FRXUVH�LQ�DQ�LVRJHQLF�FRQWH[W��DOORZLQJ�IRU�GHWDLOHG

DQDO\VHV�RI�FKURPDWLQ�RUJDQL]DWLRQ�DFURVV�HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ�

,Q�RXU�H[DPLQDWLRQ�RI�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ��ZH�IRXQG�WKDW�a����RI�WKH�JHQRPH

LV�G\QDPLF�LQ�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��)LJXUH��$��%���WUDQVLWLRQLQJ�IURP�WUDQVFULSWLRQDOO\

DFWLYH��HXFKURPDWLF�$�FRPSDUWPHQWV�WR�UHSUHVVLYH��KHWHURFKURPDWLF�%�FRPSDUWPHQWV�RU�YLFH

YHUVD��5HJLRQV�WKDW�WUDQVLWLRQ�IURP�%�WR�$�DUH�HQULFKHG�LQ�XSUHJXODWHG�'(*V�UHODWHG�WR

HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ��)LJXUH��(��6XSSOHPHQWDO�7DEOH�����UHJLRQV�WKDW�WUDQVLWLRQ�IURP�$�WR

%�DUH�HQULFKHG�LQ�GRZQUHJXODWHG�'(*V�UHODWHG�WR�QHXURJHQHVLV��)LJXUH��)��6XSSOHPHQWDO�7DEOH

����:H�DOVR�QRWHG�WKH�LQFUHDVLQJ�VWUHQJWK�RI�%�FRPSDUWPHQWV�LQ�GLIIHUHQWLDWLRQ��)LJXUH��,�

6XSSOHPHQWDO�)LJXUH��'���VXJJHVWLQJ�WKH�FRPSDFWLRQ�RI�FKURPDWLQ���*LYHQ�WKH�VKLIWLQJ

WUDQVFULSWRPHV�DFURVV�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��6XSSOHPHQWDO�)LJXUH��$��%���LW�LV�SRVVLEOH

WKDW�G\QDPLF��VWUHQJWKHQLQJ�%�FRPSDUWPHQWV�IXQFWLRQ�WR�UHSUHVV�WUDQVFULSWLRQ��SHUKDSV�WKURXJK

FKURPDWLQ�LQDFFHVVLELOLW\�PHFKDQLVPV��7KHVH�ILQGLQJV�DUH�LQ�OLQH�ZLWK�UHFHQW�+L�&�DQDO\VHV�RI

FDUGLRP\RF\WHV���� DQG��WDNHQ�WRJHWKHU��LQGLFDWH�WKDW G\QDPLF�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ�LV

DQ�LPSRUWDQW��FRQVHUYHG�UHJXODWRU�RI�FHOO�W\SH�VSHFLILF�WUDQVFULSWLRQ�

,Q�DGGLWLRQ�WR�JHQRPLF�FRPSDUWPHQWDOL]DWLRQ��ZH�DVVHVVHG�WZR�RWKHU�IRUPV�RI�FKURPDWLQ

RUJDQL]DWLRQ��7$'V��)LJXUH����DQG�33,V��)LJXUH�����7$'V�DQG�33,V�DUH�VLPLODU�LQ�WKDW�ERWK�DULVH

WKURXJK�D�SURFHVV�RI�FKURPDWLQ�ORRS�H[WUXVLRQ��±��� ,Q�ORRS�H[WUXVLRQ��WKH���PXOWL�VXEXQLW�SURWHLQ

FRPSOH[�FRKHVLQ�HQWUDSV�RQH�RU�PRUH�VPDOO�ORRSV�RI�FKURPDWLQ�LQVLGH�LWV�OXPHQ��WKHQ��WKURXJK

SURJUHVVLYH�H[WUXVLRQ��WKH�ORRSV�DUH�HQODUJHG�XS�WR�WKH�0E�VFDOH��FHDVLQJ�WR�JURZ�LQ�VL]H�ZKHQ

FRKHVLQ�FRORFDOL]HV�ZLWK�WKH�WUDQVFULSWLRQ�IDFWRU�LQVXODWRU�SURWHLQ�&7&)��WKH�&7&)�FRIDFWRU

0$=����DQG�OLNHO\�RWKHU�³DUFKLWHFWXUDO�SURWHLQV´��� 6XFK�ORRSV�RI�FKURPDWLQ�DUH�IRUPHG�DOPRVW

H[FOXVLYHO\�EHWZHHQ�FRQYHUJHQW�FRQVHQVXV�VHTXHQFHV�ERXQG�E\�&7&)����±����,W�KDV�EHHQ
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VXJJHVWHG�WKDW�FRKHVLQ�LV�VXEMHFW�WR�UDSLG�WXUQRYHU�������OLPLWLQJ�WKH�WLPHVSDQ�IRU

FRKHVLQ�FKURPDWLQ�LQWHUDFWLRQV�DQG��WKXV��ORRS�H[WUXVLRQ��,W�LV�DOVR�NQRZQ�WKDW�FRKHVLQV�FDQ

H[WHQG�EH\RQG�FRQYHUJHQW�&7&)�ERXQG�FRQVHQVXV�VHTXHQFHV��XQGHU�FRQGLWLRQV�ZKHUH

FRKHVLQ�WXUQRYHU�LV�SURORQJHG�RU�VWRSSHG��FRKHVLQ�DSSHDUV�WR�PRYH�EH\RQG�FRQYHUJHQW

&7&)�ERXQG�PRWLIV�������:H�REVHUYHG�WKDW�PRVW�33,V DUH�XQLTXH�WR�HDFK�VWDJH�RI�HQGRWKHOLDO

FHOO�GLIIHUHQWLDWLRQ��ZLWK�HDFK�VXFFHVVLYH�VWDJH�LQ�RXU�WLPH�SRLQW�DQDO\VLV�VHHLQJ�PRUH�DQG�PRUH

33,V��)LJXUH��$��6XSSOHPHQWDO�)LJXUH��$���7KH�(&�VWDJH�H[KLELWV�WKH�PRVW�33,V��)LJXUH��$�

6XSSOHPHQWDO�)LJXUH��$��LQ�DGGLWLRQ�WR�WKH�VWURQJHVW�7$'�ERXQGDULHV�DQG�KLJKHVW�QXPEHU�RI

LQWUD�7$'�FRQWDFWV��)LJXUH��&��6XSSOHPHQWDO�)LJXUH��&��'���&RQVLGHULQJ�WKHVH�ILQGLQJV

WRJHWKHU��ZH�VSHFXODWH�WKDW��LQ�WKH�FRXUVH�RI�PDWXUDWLRQ��FRKHVLQ�ORDGLQJ�LV�LQFUHDVHG�DQG

WXUQRYHU�LV�SURORQJHG��DOORZLQJ�IRU�VWUHQJWKHQHG�7$'�ERXQGDULHV�DQG�LQFUHDVHG�QXPEHUV�RI

33,V��7KHVH�ILQGLQJV�DUH�FRQVLVWHQW�ZLWK�REVHUYDWLRQV�IURP�1LVNDQHQ�DQG�FROOHDJXHV���ZKR

UHSRUWHG�KLJK�OHYHOV�RI�7$'�FRQQHFWLYLW\��LGHQWLI\LQJ�HQGRWKHOLDO�FHOO�VSHFLILF�ORQJ�UDQJH

LQWHUDFWLRQV�EHWZHHQ�7$'V�HQULFKHG�IRU�KLVWRQH�+��WULPHWK\ODWHG�DW�O\VLQH����+�.�PH����D

PDUNHU�RI�FRQVWLWXWLYH�KHWHURFKURPDWLQ��

:KLOH�ZRUN�UHPDLQV�WR�XQGHUVWDQG�KRZ�WKH�VWUHQJWKHQHG�7$'V�DQG�QXPHURXV�33,V�DULVH

LQ�HQGRWKHOLDO�FHOOV��RXU�ILQGLQJV�LQGLFDWH�WKDW�WKHVH�IHDWXUHV�VXSSRUW�WUDQVFULSWLRQ�QHFHVVDU\�IRU

GLIIHUHQWLDWLRQ��VWUHQJWKHQHG�7$'�ERXQGDULHV�DUH�DFFRPSDQLHG�E\�LQFUHDVHG�QXPEHUV�RI

LQWUD�7$'�FRQWDFWV��)LJXUH��&��6XSSOHPHQWDO�)LJXUH��&��'���QDVFHQW�7$'�ERXQGDULHV�DUH

HQULFKHG�IRU�XSUHJXODWHG�'(*V��)LJXUH��'±)���DQG�33,�DQFKRUV�FRUUHODWH�ZLWK�XSUHJXODWHG

'(*V�LQ�WKH�$�FRPSDUWPHQW��)LJXUH��&���FRQVLVWHQW�ZLWK�PRXQWLQJ�HYLGHQFH�WKDW�33,V�SOD\�DQ

LPSRUWDQW�UROH�LQ�WKH�UHJXODWLRQ�RI�JHQH�H[SUHVVLRQ��������� :H�VKRZHG�D�QXPEHU�RI�H[DPSOHV�RI

33,V�IRUPLQJ�LQ�$�FRPSDUWPHQWV�FRLQFLGHQW�ZLWK�WKH�XSUHJXODWLRQ�RI�JHQHV�HVVHQWLDO�WR

HQGRWKHOLDO�FHOO�ELRORJ\��)LJXUH��'��)��*��6XSSOHPHQWDO�)LJXUH��&±+��6XSSOHPHQWDO�)LJXUH����

7KHVH�ILQGLQJV�VXJJHVW�WKDW�7$'V�DQG�33,V��WZR�LQWHUUHODWHG�IRUPV�RI�FKURPDWLQ�RUJDQL]DWLRQ�

SURPRWH�JHQH�H[SUHVVLRQ�QHFHVVDU\�IRU�HQGRWKHOLDO�IXQFWLRQ�

��
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)LQDOO\��ZH�SHUIRUPHG�FRPSDUDWLYH�DQDO\VHV�RI�G\QDPLF�FKURPDWLQ�RUJDQL]DWLRQ�LQ

HQGRWKHOLDO�FHOO�VSHFLILFDWLRQ�YHUVXV�FDUGLRP\RF\WH�VSHFLILFDWLRQ��)LJXUH�����:H�REVHUYHG�WKDW�

DOWKRXJK�%�FRPSDUWPHQWV�VWUHQJWKHQ�LQ�HQGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ��)LJXUH��,��6XSSOHPHQWDO

)LJXUH��'���WKH\�GR�QRW�VWUHQJWKHQ�WR�WKH�H[WHQW�VHHQ�LQ�FDUGLRP\RF\WH�GLIIHUHQWLDWLRQ��)LJXUH

�)��6XSSOHPHQWDO�)LJXUH��&����&RQFRPLWDQW�ZLWK�WKLV� LQVXODWLRQ�VFRUHV�DUH�JHQHUDOO\�ORZHU�DW

7$'�ERXQGDULHV�LQ�(&�YHUVXV�&0��)LJXUH��,���LQGLFDWLQJ�WKDW FLV FKURPDWLQ�LQWHUDFWLRQV�DUH�OHVV

UHVWUDLQHG�LQ�(&�YHUVXV�&0��7DNHQ�WRJHWKHU��WKHVH�REVHUYDWLRQV�LQGLFDWH�WKDW�KLJK�OHYHOV�RI

KHWHURFKURPDWLQL]DWLRQ�DQG�ORQJ�UDQJH�FKURPDWLQ�FRQWDFWV�DUH�SUHYDOHQW�IHDWXUHV�RI�JHQRPH

RUJDQL]DWLRQ�LQ�&0�YHUVXV�(&��7KH�&0�QXFOHDU�HQYLURQPHQW�LV�QRWDEOH�IRU��DPRQJ�RWKHU�WKLQJV�

D WUDQV�LQWHUDFWLRQ�QHWZRUN�RI 771�DVVRFLDWHG�JHQHV IDFLOLWDWHG�E\�WKH�PXVFOH�VSHFLILF�VSOLFLQJ

SURWHLQ�5%0�����&RXOG�LW�EH�WKDW�FDUGLRP\RF\WH�GLIIHUHQWLDWLRQ� ZLWK�LWV�SUHSRQGHUDQFH�RI

ORQJ�UDQJH�LQWHUDFWLRQV��VHHV�WKH�HVWDEOLVKPHQW�RI�D�QXFOHDU�HQYLURQPHQW�WKDW�IDFLOLWDWHV

IXQFWLRQDOO\�VLJQLILFDQW�UHJXODWRU\ WUDQV LQWHUDFWLRQV ZKLOH�HQGRWKHOLDO�FHOO�GHYHORSPHQW�VHHV�WKH

GHYHORSPHQW�RI�D�QXFOHDU�HQYLURQPHQW�WKDW�IDYRUV�UHJXODWLRQ�WKURXJK�SUHGRPLQDQWO\ FLV IRUPV

FKURPDWLQ�RUJDQL]DWLRQ��H�J���33,V" ��

$WWHPSWLQJ�WR�DGGUHVV�WKLV�DQG�RWKHU�TXHVWLRQV�ZLOO�XQGRXEWHGO\�IXHO�IXUWKHU�UHVHDUFK�

:LWK�WKLV�VWXG\��ZH�SURYLGH�D�FRPSUHKHQVLYH�DQDO\VLV�RI��'�FKURPDWLQ�RUJDQL]DWLRQ�LQ�D�PRGHO

RI�HQGRWKHOLDO�FHOO�GHYHORSPHQW�WKDW�ZLOO�EH�D�NH\�UHVRXUFH�IRU�VWXG\LQJ�HQGRWKHOLDO�FHOO�ELRORJ\�LQ

KHDOWK�DQG�GLVHDVH�

$FNQRZOHGJHPHQWV

:H�WKDQN�'U��&KROL�/HH�DQG�WKH�ODE�RI�'U��-D\�6KHQGXUH��'HSDUWPHQW�RI�*HQRPH�6FLHQFHV�

8QLYHUVLW\�RI�:DVKLQJWRQ��IRU�DVVLVWDQFH�ZLWK�VHTXHQFLQJ��1LFROH�=HLQVWUD�DQG�'U��<LQJ�=KHQJ

�'HSDUWPHQW�RI�%LRHQJLQHHULQJ��8QLYHUVLW\�RI�:DVKLQJWRQ��IRU�H[SHUWLVH�DQG�DGYLFH�UHJDUGLQJ

HQGRWKHOLDO�FHOOV��DQG�WKH�8QLYHUVLW\�RI�:DVKLQJWRQ�&HQWHU�IRU�1XFOHDU�2UJDQL]DWLRQ�DQG

��
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)XQFWLRQ�*URXS�IRU�IHHGEDFN�DQG�GLVFXVVLRQ��:H�JUDWHIXOO\�DFNQRZOHGJH�WKH�7RP�DQG�6XH

(OOLVRQ�6WHP�&HOO�&RUH�RI�WKH�,QVWLWXWH�IRU�6WHP�&HOO�DQG�5HJHQHUDWLYH�0HGLFLQH�IRU�XVH�RI�FHOO

FXOWXUH�VSDFH�DQG�HTXLSPHQW��7KLV�UHVHDUFK�ZDV�VXSSRUWHG�E\�WKH�&HOO�$QDO\VLV�)DFLOLW\�)ORZ

&\WRPHWU\�DQG�,PDJLQJ�&RUH�LQ�WKH�'HSDUWPHQW�RI�,PPXQRORJ\�DW�WKH�8QLYHUVLW\�RI�:DVKLQJWRQ�

6RXUFHV�RI�)XQGLQJ

7KLV�ZRUN�ZDV�IXQGHG�LQ�SDUW�E\�1,+�DZDUGV�80�+*��������:61���8���'.��������&(0��

5���+/��������&(0���DQG�+/��������&(0��

'LVFORVXUHV

&(0�LV�DQ�HPSOR\HH�RI�DQG�HTXLW\�KROGHU�LQ�6DQD�%LRWHFKQRORJ\�

6XSSOHPHQWDO�0DWHULDO

)LJXUHV�6�±6�

7DEOHV�6�±6��

5HIHUHQFHV

�� 5DMHQGUDQ�3��5HQJDUDMDQ�7��7KDQJDYHO�-��7KH�YDVFXODU HQGRWKHOLXP�DQG�KXPDQ�GLVHDVHV�

$TXDWLF�PLFURELDO�HFRORJ\��LQWHUQDWLRQDO�MRXUQDO� �����

�� 'H�9DO�6��%ODFN�%/��7UDQVFULSWLRQDO�FRQWURO�RI HQGRWKHOLDO�FHOO�GHYHORSPHQW� 'HYHORSPHQWDO

FHOO����������������±����

�� ;X�<��7UDQVFULSWLRQDO�UHJXODWLRQ�RI�HQGRWKHOLDO G\VIXQFWLRQ�LQ�DWKHURVFOHURVLV��DQ�HSLJHQHWLF

SHUVSHFWLYH� -RXUQDO�RI�ELRPHGLFDO�UHVHDUFK���������������±���

�� 'HNNHU�-��WKH��'�1XFOHRPH�1HWZRUN��%HOPRQW�$6� *XWWPDQ�0��/HVK\N�92��/LV�-7�

/RPYDUGDV�6��0LUQ\�/$��2¶6KHD�&&��3DUN�3-��5HQ�%��5LWODQG�3ROLW]�-&��6KHQGXUH�-��=KRQJ
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6��7KH��'�QXFOHRPH�SURMHFW� 1DWXUH��������������������±����

�� +XDQJ�-��/L�.��&DL�:��/LX�;��=KDQJ�<��2UNLQ�6+� ;X�-��<XDQ�*�&��'LVVHFWLQJ

VXSHU�HQKDQFHU�KLHUDUFK\�EDVHG�RQ�FKURPDWLQ�LQWHUDFWLRQV� 1DWXUH�FRPPXQLFDWLRQV�

��������������

�� 1LVNDQHQ�+��7XV]\QVND�,��=DERURZVNL�5��+HLQlQLHPL 0��<Ol�+HUWWXDOD�6��:LOF]\QVNL�%�

.DLNNRQHQ�08��(QGRWKHOLDO�FHOO�GLIIHUHQWLDWLRQ�LV�HQFRPSDVVHG�E\�FKDQJHV�LQ�ORQJ�UDQJH

LQWHUDFWLRQV�EHWZHHQ�LQDFWLYH�FKURPDWLQ�UHJLRQV� 1XFOHLF DFLGV�UHVHDUFK�

���������������±�����

�� 5DR�663��+XQWOH\�0+��'XUDQG�1&��6WDPHQRYD�(.� %RFKNRY�,'��5RELQVRQ�-7��6DQERUQ�$/�

0DFKRO�,��2PHU�$'��/DQGHU�(6��$LGHQ�(/��$��'�0DS�RI�WKH�+XPDQ�*HQRPH�DW�.LOREDVH

5HVROXWLRQ�5HYHDOV�3ULQFLSOHV�RI�&KURPDWLQ�/RRSLQJ� &HOO������������������±�����

�� 5DPDQL�9��&XVDQRYLFK�'$��+DXVH�5-��0D�:��4LX�5� 'HQJ�;��%ODX�&$��'LVWHFKH�&0��1REOH

:6��6KHQGXUH�-��'XDQ�=��0DSSLQJ��'�JHQRPH�DUFKLWHFWXUH�WKURXJK�LQ�VLWX�'1DVH�+L�&�

1DWXUH�SURWRFROV������������������±�����

�� %HUWHUR�$��)LHOGV�3$��5DPDQL�9��%RQRUD�*��<DUGLPFL **��5HLQHFNH�+��3DERQ�/��1REOH�:6�

6KHQGXUH�-��0XUU\�&(��'\QDPLFV�RI�JHQRPH�UHRUJDQL]DWLRQ�GXULQJ�KXPDQ�FDUGLRJHQHVLV

UHYHDO�DQ�5%0���GHSHQGHQW�VSOLFLQJ�IDFWRU\� 1DWXUH FRPPXQLFDWLRQV������������������

��� /L�+��$OLJQLQJ�VHTXHQFH�UHDGV��FORQH�VHTXHQFHV DQG�DVVHPEO\�FRQWLJV�ZLWK�%:$�0(0�

�����

��� /L�+��'XUELQ�5��)DVW�DQG�DFFXUDWH�VKRUW�UHDG DOLJQPHQW�ZLWK�%XUURZV�:KHHOHU�WUDQVIRUP�

%LRLQIRUPDWLFV������������������±�����

��� /L�+��+DQGVDNHU�%��:\VRNHU�$��)HQQHOO�7��5XDQ -��+RPHU�1��0DUWK�*��$EHFDVLV�*��'XUELQ

5�������*HQRPH�3URMHFW�'DWD�3URFHVVLQJ�6XEJURXS��7KH�6HTXHQFH�$OLJQPHQW�0DS�IRUPDW

DQG�6$0WRROV� %LRLQIRUPDWLFV ������������������±�����

��� 6HUYDQW�1��9DURTXDX[�1��/DMRLH�%5��9LDUD�(��&KHQ &�-��9HUW�-�3��+HDUG�(��'HNNHU�-��%DULOORW

(��+L&�3UR��DQ�RSWLPL]HG�DQG�IOH[LEOH�SLSHOLQH�IRU�+L�&�GDWD�SURFHVVLQJ� *HQRPH�%LRORJ\�

��
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�����������

��� <DQJ�7��=KDQJ�)��<DUGÕPFÕ�**��6RQJ�)��+DUGLVRQ 5&��1REOH�:6��<XH�)��/L�4��+L&5HS�

DVVHVVLQJ�WKH�UHSURGXFLELOLW\�RI�+L�&�GDWD�XVLQJ�D�VWUDWXP�DGMXVWHG�FRUUHODWLRQ�FRHIILFLHQW�

*HQRPH�UHVHDUFK������������������±�����

��� $EGHQQXU�1��0LUQ\�/$��&RROHU��VFDODEOH�VWRUDJH IRU�+L�&�GDWD�DQG�RWKHU�JHQRPLFDOO\

ODEHOHG�DUUD\V� %LRLQIRUPDWLFV�������

��� 5DPtUH]�)��%KDUGZDM�9��9LOODYHFHV�-��$UULJRQL /��*U�QLQJ�%$��/DP�.&��+DEHUPDQQ�%�

$NKWDU�$��0DQNH�7��+LJK�UHVROXWLRQ�7$'V�UHYHDO�'1$�VHTXHQFHV�XQGHUO\LQJ�JHQRPH

RUJDQL]DWLRQ�LQ�IOLHV�

��� :ROII�-��%KDUGZDM�9��1RWKMXQJH�6��5LFKDUG�*� 5HQVFKOHU�*��*LOVEDFK�5��0DQNH�7��%DFNRIHQ

5��5DPtUH]�)��*U�QLQJ�%$��*DOD[\�+L&([SORUHU��D�ZHE�VHUYHU�IRU�UHSURGXFLEOH�+L�&�GDWD

DQDO\VLV��TXDOLW\�FRQWURO�DQG�YLVXDOL]DWLRQ� 1XFOHLF $FLGV�5HVHDUFK�

��������:���:��±:���

��� :ROII�-��5DEEDQL�/��*LOVEDFK�5��5LFKDUG�*��0DQNH 7��%DFNRIHQ�5��*U�QLQJ�%$��*DOD[\

+L&([SORUHU����D�ZHE�VHUYHU�IRU�UHSURGXFLEOH�+L�&��FDSWXUH�+L�&�DQG�VLQJOH�FHOO�+L�&�GDWD

DQDO\VLV��TXDOLW\�FRQWURO�DQG�YLVXDOL]DWLRQ� 1XFOHLF $FLGV�5HVHDUFK�

��������:���:���±:����

��� 6LQNKRUQ�5��.QRSS�3��&RQFHUQLQJ�QRQQHJDWLYH�PDWULFHV DQG�GRXEO\�VWRFKDVWLF�PDWULFHV�

3DFLILF�-RXUQDO�RI�0DWKHPDWLFV����������������±����

��� /LHEHUPDQ�$LGHQ�(��YDQ�%HUNXP�1/��:LOOLDPV�/� ,PDNDHY�0��5DJRF]\�7��7HOOLQJ�$��$PLW�,�

/DMRLH�%5��6DER�3-��'RUVFKQHU�02��6DQGVWURP�5��%HUQVWHLQ�%��%HQGHU�0$��*URXGLQH�0�

*QLUNH�$��HW�DO��&RPSUHKHQVLYH�PDSSLQJ�RI�ORQJ�UDQJH�LQWHUDFWLRQV�UHYHDOV�IROGLQJ

SULQFLSOHV�RI�WKH�KXPDQ�JHQRPH� 6FLHQFH��������������������±����

��� +HLQ]�6��%HQQHU�&��6SDQQ�1��%HUWROLQR�(��/LQ <&��/DVOR�3��&KHQJ�-;��0XUUH�&��6LQJK�+�

*ODVV�&.��6LPSOH�&RPELQDWLRQV�RI�/LQHDJH�'HWHUPLQLQJ�7UDQVFULSWLRQ�)DFWRUV�3ULPH

FLV�5HJXODWRU\�(OHPHQWV�5HTXLUHG�IRU�0DFURSKDJH�DQG�%�&HOO�,GHQWLWLHV� 0ROHFXODU�&HOO�

��
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��������������±����

��� /LQ�<&��%HQQHU�&��0DQVVRQ�5��+HLQ]�6��0L\D]DNL .��0L\D]DNL�0��&KDQGUD�9��%RVVHQ�&�

*ODVV�&.��0XUUH�&��*OREDO�FKDQJHV�LQ�WKH�QXFOHDU�SRVLWLRQLQJ�RI�JHQHV�DQG�LQWUD��DQG

LQWHUGRPDLQ�JHQRPLF�LQWHUDFWLRQV�WKDW�RUFKHVWUDWH�%�FHOO�IDWH� 1DWXUH�,PPXQRORJ\�

����������������±�����

��� &UDQH�(��%LDQ�4��0F&RUG�53��/DMRLH�%5��:KHHOHU %6��5DOVWRQ�(-��8]DZD�6��'HNNHU�-�

0H\HU�%-��&RQGHQVLQ�GULYHQ�UHPRGHOOLQJ�RI�;�FKURPRVRPH�WRSRORJ\�GXULQJ�GRVDJH

FRPSHQVDWLRQ� 1DWXUH��������������������±����

��� .UXVH�.��+XJ�&%��9DTXHUL]DV�-0��)$1�&��D�IHDWXUH�ULFK IUDPHZRUN�IRU�WKH�DQDO\VLV�DQG

YLVXDOLVDWLRQ�RI�FKURPRVRPH�FRQIRUPDWLRQ�FDSWXUH�GDWD� *HQRPH�%LRORJ\�������������

��� &RQZD\�-5��/H[�$��*HKOHQERUJ�1��8S6HW5��DQ�5 SDFNDJH�IRU�WKH�YLVXDOL]DWLRQ�RI

LQWHUVHFWLQJ�VHWV�DQG�WKHLU�SURSHUWLHV� %LRLQIRUPDWLFV� ����������������±�����

��� /H[�$��*HKOHQERUJ�1��6WUREHOW�+��9XLOOHPRW�5� 3ILVWHU�+��8S6HW��9LVXDOL]DWLRQ�RI�,QWHUVHFWLQJ

6HWV� ,(((�7UDQVDFWLRQV�RQ�9LVXDOL]DWLRQ�DQG�&RPSXWHU *UDSKLFV������������������±�����

��� 3HUWHD�0��.LP�'��3HUWHD�*0��/HHN�-7��6DO]EHUJ 6/��7UDQVFULSW�OHYHO�H[SUHVVLRQ�DQDO\VLV�RI

51$�VHT�H[SHULPHQWV�ZLWK�+,6$7��6WULQJ7LH�DQG�%DOOJRZQ� 1DWXUH�3URWRFROV�

���������������±�����

��� 7DUDVRY�$��9LOHOOD�$-��&XSSHQ�(��1LMPDQ�,-��3ULQV 3��6DPEDPED��IDVW�SURFHVVLQJ�RI�1*6

DOLJQPHQW�IRUPDWV� %LRLQIRUPDWLFV������������������±�����

��� /LDR�<��6P\WK�*.��6KL�:��7KH�5�SDFNDJH�5VXEUHDG LV�HDVLHU��IDVWHU��FKHDSHU�DQG�EHWWHU�IRU

DOLJQPHQW�DQG�TXDQWLILFDWLRQ�RI�51$�VHTXHQFLQJ�UHDGV� 1XFOHLF�$FLGV�5HVHDUFK�

�����������H��±H���

��� /RYH�0,��+XEHU�:��$QGHUV�6��0RGHUDWHG�HVWLPDWLRQ RI�IROG�FKDQJH�DQG�GLVSHUVLRQ�IRU

51$�VHT�GDWD�ZLWK�'(6HT�� *HQRPH�ELRORJ\������������������

��� &KHQ�-��%DUGHV�((��$URQRZ�%-��-HJJD�$*��7RSS*HQH 6XLWH�IRU�JHQH�OLVW�HQULFKPHQW

DQDO\VLV�DQG�FDQGLGDWH�JHQH�SULRULWL]DWLRQ� 1XFOHLF $FLGV�5HVHDUFK����������:HE

��
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6HUYHU��:���±:����

��� )XGHQEHUJ�*��0LUQ\�/$��+LJKHU�RUGHU�FKURPDWLQ VWUXFWXUH��EULGJLQJ�SK\VLFV�DQG�ELRORJ\�

&XUUHQW�RSLQLRQ�LQ�JHQHWLFV�	�GHYHORSPHQW����������������±����

��� 0LUQ\�/$��,PDNDHY�0��$EGHQQXU�1��7ZR�PDMRU�PHFKDQLVPV RI�FKURPRVRPH�RUJDQL]DWLRQ�

&XUUHQW�RSLQLRQ�LQ�FHOO�ELRORJ\�������������±����

��� ,PDNDHY�0��)XGHQEHUJ�*��0F&RUG�53��1DXPRYD�1� *RORERURGNR�$��/DMRLH�%5��'HNNHU�-�

0LUQ\�/$��,WHUDWLYH�FRUUHFWLRQ�RI�+L�&�GDWD�UHYHDOV�KDOOPDUNV�RI�FKURPRVRPH�RUJDQL]DWLRQ�

1DWXUH�PHWKRGV����������������±�����

��� /DMRLH�%5��'HNNHU�-��.DSODQ�1��7KH�+LWFKKLNHU¶V JXLGH�WR�+L�&�DQDO\VLV��SUDFWLFDO�JXLGHOLQHV�

0HWKRGV ������������±���

��� 3DOSDQW�1-��3DERQ�/��)ULHGPDQ�&(��5REHUWV�0� +DGODQG�%��=DXQEUHFKHU�5-��%HUQVWHLQ�,�

=KHQJ�<��0XUU\�&(��*HQHUDWLQJ�KLJK�SXULW\�FDUGLDF�DQG�HQGRWKHOLDO�GHULYDWLYHV�IURP

SDWWHUQHG�PHVRGHUP�XVLQJ�KXPDQ�SOXULSRWHQW�VWHP�FHOOV� 1DWXUH�SURWRFROV�

�������������±���

��� $VKEXUQHU�0��%DOO�&$��%ODNH�-$��%RWVWHLQ�'��%XWOHU +��&KHUU\�-0��'DYLV�$3��'ROLQVNL�.�

'ZLJKW�66��(SSLJ�-7��+DUULV�0$��+LOO�'3��,VVHO�7DUYHU�/��.DVDUVNLV�$��/HZLV�6��HW�DO��*HQH

RQWRORJ\��WRRO�IRU�WKH�XQLILFDWLRQ�RI�ELRORJ\��7KH�*HQH�2QWRORJ\�&RQVRUWLXP� 1DWXUH

JHQHWLFV���������������±���

��� *HQH�2QWRORJ\�&RQVRUWLXP��7KH�*HQH�2QWRORJ\�UHVRXUFH� HQULFKLQJ�D�*2OG�PLQH� 1XFOHLF

DFLGV�UHVHDUFK����������'���'���±'����

��� %HUWHUR�$��)LHOGV�3$��6PLWK�$67��/HRQDUG�$��%HXVVPDQ .��6QLDGHFNL�1-��.LP�'�+��7VH�+�)�

3DERQ�/��6KHQGXUH�-��1REOH�:6��0XUU\�&(��&KURPDWLQ�FRPSDUWPHQW�G\QDPLFV�LQ�D

KDSORLQVXIILFLHQW�PRGHO�RI�FDUGLDF�ODPLQRSDWK\� 7KH -RXUQDO�RI�FHOO�ELRORJ\�

����������������±�����

��� %RQHY�%��0HQGHOVRQ�&RKHQ�1��6]DER�4��)ULWVFK /��3DSDGRSRXORV�*/��/XEOLQJ�<��;X�;��/Y

;��+XJQRW�-�3��7DQD\�$��&DYDOOL�*��0XOWLVFDOH��'�*HQRPH�5HZLULQJ�GXULQJ�0RXVH�1HXUDO

��
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'HYHORSPHQW� &HOO�����������������±����H���

��� 'L[RQ�-5��6HOYDUDM�6��<XH�)��.LP�$��/L�<��6KHQ <��+X�0��/LX�-6��5HQ�%��7RSRORJLFDO�GRPDLQV

LQ�PDPPDOLDQ�JHQRPHV�LGHQWLILHG�E\�DQDO\VLV�RI�FKURPDWLQ�LQWHUDFWLRQV� 1DWXUH�

������������������±����

��� 1RUD�(3��/DMRLH�%5��6FKXO]�(*��*LRUJHWWL�/��2NDPRWR ,��6HUYDQW�1��3LRORW�7��YDQ�%HUNXP

1/��0HLVLJ�-��6HGDW�-��*ULEQDX�-��%DULOORW�(��%O�WKJHQ�1��'HNNHU�-��+HDUG�(��6SDWLDO

SDUWLWLRQLQJ�RI�WKH�UHJXODWRU\�ODQGVFDSH�RI�WKH�;�LQDFWLYDWLRQ�FHQWUH� 1DWXUH�

������������������±����

��� 'LO\�)/��/H�'LO\�)��%D��'��3RKO�$��9LFHQW�*3� 6HUUD�)��6RURQHOODV�'��&DVWHOODQR�*��:ULJKW

5+*��%DOODUH�&��)LOLRQ�*��0DUWL�5HQRP�0$��%HDWR�0��'LVWLQFW�VWUXFWXUDO�WUDQVLWLRQV�RI

FKURPDWLQ�WRSRORJLFDO�GRPDLQV�FRUUHODWH�ZLWK�FRRUGLQDWHG�KRUPRQH�LQGXFHG�JHQH

UHJXODWLRQ� *HQHV�	�'HYHORSPHQW������������������±�����

��� 'L[RQ�-5��-XQJ�,��6HOYDUDM�6��6KHQ�<��$QWRVLHZLF]�%RXUJHW -(��/HH�$<��<H�=��.LP�$�

5DMDJRSDO�1��;LH�:��'LDR�<��/LDQJ�-��=KDR�+��/REDQHQNRY�99��(FNHU�-5��HW�DO��&KURPDWLQ

DUFKLWHFWXUH�UHRUJDQL]DWLRQ�GXULQJ�VWHP�FHOO�GLIIHUHQWLDWLRQ� 1DWXUH�

������������������±����

��� -DYLHUUH�%0��%XUUHQ�26��:LOGHU�63��.UHX]KXEHU 5��+LOO�60��6HZLW]�6��&DLUQV�-��:LQJHWW

6:��9iUQDL�&��7KLHFNH�0-��%XUGHQ�)��)DUURZ�6��&XWOHU�$-��5HKQVWU|P�.��'RZQHV�.��HW�DO�

/LQHDJH�6SHFLILF�*HQRPH�$UFKLWHFWXUH�/LQNV�(QKDQFHUV�DQG�1RQ�FRGLQJ�'LVHDVH�9DULDQWV

WR�7DUJHW�*HQH�3URPRWHUV� &HOO������������������±�����H���

��� %RQRUD�*��'HQJ�;��)DQJ�+��5DPDQL�9��4LX�5��%HUOHWFK -%��)LOLSSRYD�*1��'XDQ�=�

6KHQGXUH�-��1REOH�:6��'LVWHFKH�&0��2ULHQWDWLRQ�GHSHQGHQW�'[]��FRQWDFWV�VKDSH�WKH��'

VWUXFWXUH�RI�WKH�LQDFWLYH�;�FKURPRVRPH� 1DWXUH�FRPPXQLFDWLRQV� ���������������

��� 3HUHLUD�)$��4LX�<��=KRX�*��7VDL�0�-��7VDL�6<� 7KH�RUSKDQ�QXFOHDU�UHFHSWRU�&283�7),,�LV

UHTXLUHG�IRU�DQJLRJHQHVLV�DQG�KHDUW�GHYHORSPHQW� *HQHV 	�'HYHORSPHQW�

���������������±�����

��
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��� )UHLUH�3ULWFKHWW�3��6FKRHQIHOGHU�6��9iUQDL�&��:LQJHWW�6:��&DLUQV�-��&ROOLHU�$-�

*DUFtD�9tOFKH]�5��)XUODQ�0DJDULO�0��2VERUQH�&6��)UDVHU�3��5XJJ�*XQQ�3-��6SLYDNRY�0�

*OREDO�UHRUJDQLVDWLRQ�RI�FLV�UHJXODWRU\�XQLWV�XSRQ�OLQHDJH�FRPPLWPHQW�RI�KXPDQ�HPEU\RQLF

VWHP�FHOOV� H/LIH���������

��� *RUNLQ�'8��/HXQJ�'��5HQ�%��7KH��'�JHQRPH�LQ�WUDQVFULSWLRQDO UHJXODWLRQ�DQG�SOXULSRWHQF\�

&HOO�VWHP�FHOO����������������±����

��� 0F&UDFNHQ�,5��'RELH�5��%HQQHWW�0��3DVVL�5��%HTTDOL $��+HQGHUVRQ�1&��0RXQWIRUG�-&�

5LOH\�35��3RQWLQJ�&3��6PDUW�1��%ULWWDQ�0��%DNHU�$+��0DSSLQJ�WKH�GHYHORSLQJ�KXPDQ

FDUGLDF�HQGRWKHOLXP�DW�VLQJOH�FHOO�UHVROXWLRQ�LGHQWLILHV�0(&20�DV�D�UHJXODWRU�RI

DUWHULRYHQRXV�JHQH�H[SUHVVLRQ� &DUGLRYDVFXODU�UHVHDUFK� �����

��� -RXNRY�9��3DMXVROD�.��.DLSDLQHQ�$��&KLORY�'� /DKWLQHQ�,��.XNN�(��6DNVHOD�2��.DONNLQHQ�1�

$OLWDOR�.��$�QRYHO�YDVFXODU�HQGRWKHOLDO�JURZWK�IDFWRU��9(*)�&��LV�D�OLJDQG�IRU�WKH�)OW�

�9(*)5����DQG�.'5��9(*)5����UHFHSWRU�W\URVLQH�NLQDVHV� 7KH�(0%2�-RXUQDO�

��������������±����

��� -XVVLOD�/��$OLWDOR�.��9DVFXODU�JURZWK�IDFWRUV DQG�O\PSKDQJLRJHQHVLV� 3K\VLRORJLFDO�UHYLHZV�

��������������±����

��� 7HUPDQ�%,��'RXJKHU�9HUPD]HQ�0��&DUULRQ�0(��'LPLWURY '��$UPHOOLQR�'&��*RVSRGDURZLF]

'��%|KOHQ�3��,GHQWLILFDWLRQ�RI�WKH�.'5�W\URVLQH�NLQDVH�DV�D�UHFHSWRU�IRU�YDVFXODU�HQGRWKHOLDO

FHOO�JURZWK�IDFWRU� %LRFKHPLFDO�DQG�ELRSK\VLFDO�UHVHDUFK FRPPXQLFDWLRQV�

����������������±�����

��� %UR]H�*-�-U��*LUDUG�7-��1RYRWQ\�:)��5HJXODWLRQ RI�FRDJXODWLRQ�E\�D�PXOWLYDOHQW�.XQLW]�W\SH

LQKLELWRU� %LRFKHPLVWU\������������������±�����

��� 'DKP�$($��6DQGVHW�30��5RVHQGDDO�)5��7KH�DVVRFLDWLRQ EHWZHHQ�SURWHLQ�6�OHYHOV�DQG

DQWLFRDJXODQW�DFWLYLW\�RI�WLVVXH�IDFWRU�SDWKZD\�LQKLELWRU�W\SH��� -RXUQDO�RI�WKURPERVLV�DQG

KDHPRVWDVLV��-7+���������������±����

��� 1GRQZL�0��7XOH\�($��%UR]H�*-��7KH�.XQLW]���GRPDLQ RI�7)3,�Į�LV�UHTXLUHG�IRU�SURWHLQ

��
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6±GHSHQGHQW�HQKDQFHPHQW�RI�IDFWRU�;D�LQKLELWLRQ� %ORRG������������������±�����

��� /LDQJ�/�<��5R\�0��+RUQH�&5��6DQGRZ�--��6XUXGRL 0��'DJOH\�/)��<RXQJ�61��'LWH�7��%DERQ

--��-DQHV�3:��2WKHUV��7KH�LQWUDFHOOXODU�GRPDLQV�RI�WKH�(SK%��DQG�(SK$���UHFHSWRU

W\URVLQH�SVHXGRNLQDVHV�IXQFWLRQ�DV�G\QDPLF�VLJQDOOLQJ�KXEV� %LRFKHPLFDO�-RXUQDO�

�����������������±�����

��� /LVDEHWK�(0��)DOLYHOOL�*��3DVTXDOH�(%��(SK�5HFHSWRU 6LJQDOLQJ�DQG�(SKULQV� &ROG�6SULQJ

+DUERU�3HUVSHFWLYHV�LQ�%LRORJ\������������D������±D�������

��� 1LHYHUJDOO�(��/DFNPDQQ�0��-DQHV�3:��(SK�GHSHQGHQW FHOO�FHOO�DGKHVLRQ�DQG�VHJUHJDWLRQ�LQ

GHYHORSPHQW�DQG�FDQFHU� &HOOXODU�DQG�PROHFXODU�OLIH VFLHQFHV��&0/6�

����������������±�����

��� :LONLQVRQ�'*��5HJXODWLRQ�RI�FHOO�GLIIHUHQWLDWLRQ E\�(SK�UHFHSWRU�DQG�HSKULQ�VLJQDOLQJ� &HOO

DGKHVLRQ�	�PLJUDWLRQ���������������±����

��� :DQJ�9��'DYLV�'$��9HHUDQQD�53��+DTXH�0��<DUFKRDQ 5��&KDUDFWHUL]DWLRQ�RI�WKH�DFWLYDWLRQ

RI�SURWHLQ�W\URVLQH�SKRVSKDWDVH��UHFHSWRU�W\SH��=�SRO\SHSWLGH����3735=���E\�K\SR[LD

LQGXFLEOH�IDFWRU���DOSKD� 3OR6�RQH������������H�����

��� .RR�+�<��.XPH�7��)R[&��GHSHQGHQW�UHJXODWLRQ�RI YDVFXODU�HQGRWKHOLDO�JURZWK�IDFWRU

VLJQDOLQJ�LQ�FRUQHDO�DYDVFXODULW\� 7UHQGV�LQ�FDUGLRYDVFXODU PHGLFLQH��������������±��

��� ;LDQJ�:��.H�=��=KDQJ�<��&KHQJ�*+�<��,UZDQ�,'� 6XORFKDQD�.1��3RWWXUL�3��:DQJ�=��<DQJ�+�

:DQJ�-��=KXR�/��.LQL�50��*H�5��,VWKPLQ�LV�D�QRYHO�VHFUHWHG�DQJLRJHQHVLV�LQKLELWRU�WKDW

LQKLELWV�WXPRXU�JURZWK�LQ�PLFH� -RXUQDO�RI�FHOOXODU DQG�PROHFXODU�PHGLFLQH�

��������������±����

��� 6DQJ�4;��&RPSOH[�UROH�RI�PDWUL[�PHWDOORSURWHLQDVHV LQ�DQJLRJHQHVLV� &HOO�UHVHDUFK�

�������������±����

��� 1RWKMXQJH�6��1�KUHQEHUJ�7*��*U�QLQJ�%$��'RSSOHU 6$��3UHLVVO�6��6FKZDGHUHU�0��5RPPHO

&��.UDQH�0��+HLQ�/��*LOVEDFK�5��'1$�PHWK\ODWLRQ�VLJQDWXUHV�IROORZ�SUHIRUPHG�FKURPDWLQ

FRPSDUWPHQWV�LQ�FDUGLDF�P\RF\WHV� 1DWXUH�FRPPXQLFDWLRQV� ���������������

��

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 16, 2022. ; https://doi.org/10.1101/2022.04.15.488491doi: bioRxiv preprint 

http://paperpile.com/b/46Pfmh/jBB0
http://paperpile.com/b/46Pfmh/BnBy
http://paperpile.com/b/46Pfmh/BnBy
http://paperpile.com/b/46Pfmh/BnBy
http://paperpile.com/b/46Pfmh/BnBy
http://paperpile.com/b/46Pfmh/I3mw
http://paperpile.com/b/46Pfmh/I3mw
http://paperpile.com/b/46Pfmh/7ntx
http://paperpile.com/b/46Pfmh/7ntx
http://paperpile.com/b/46Pfmh/7ntx
http://paperpile.com/b/46Pfmh/ODVW
http://paperpile.com/b/46Pfmh/ODVW
http://paperpile.com/b/46Pfmh/msnd
http://paperpile.com/b/46Pfmh/msnd
http://paperpile.com/b/46Pfmh/msnd
http://paperpile.com/b/46Pfmh/q6dI
http://paperpile.com/b/46Pfmh/q6dI
http://paperpile.com/b/46Pfmh/qbau
http://paperpile.com/b/46Pfmh/qbau
http://paperpile.com/b/46Pfmh/qbau
http://paperpile.com/b/46Pfmh/qbau
http://paperpile.com/b/46Pfmh/dFUh
http://paperpile.com/b/46Pfmh/dFUh
http://paperpile.com/b/46Pfmh/2dMW
http://paperpile.com/b/46Pfmh/2dMW
http://paperpile.com/b/46Pfmh/2dMW
https://doi.org/10.1101/2022.04.15.488491


��� )XGHQEHUJ�*��,PDNDHY�0��/X�&��*RORERURGNR�$��$EGHQQXU�1��0LUQ\�/$��)RUPDWLRQ�RI

&KURPRVRPDO�'RPDLQV�E\�/RRS�([WUXVLRQ� &HOO�UHSRUWV� ���������������±�����

��� *DQML�0��6KDOWLHO�,$��%LVKW�6��.LP�(��.DOLFKDYD $��+DHULQJ�&+��'HNNHU�&��5HDO�WLPH�LPDJLQJ

RI�'1$�ORRS�H[WUXVLRQ�E\�FRQGHQVLQ� 6FLHQFH��������������������±����

��� +DQVHQ�$6��3XVWRYD�,��&DWWRJOLR�&��7MLDQ�5��'DU]DFT ;��&7&)�DQG�FRKHVLQ�UHJXODWH

FKURPDWLQ�ORRS�VWDELOLW\�ZLWK�GLVWLQFW�G\QDPLFV� H/LIH� �������

��� 1RUD�(3��*RORERURGNR�$��9DOWRQ�$�/��*LEFXV�-+� 8HEHUVRKQ�$��$EGHQQXU�1��'HNNHU�-�

0LUQ\�/$��%UXQHDX�%*��7DUJHWHG�'HJUDGDWLRQ�RI�&7&)�'HFRXSOHV�/RFDO�,QVXODWLRQ�RI

&KURPRVRPH�'RPDLQV�IURP�*HQRPLF�&RPSDUWPHQWDOL]DWLRQ� &HOO�

���������������±����H���

��� 6DQERUQ�$/��5DR�663��+XDQJ�6�&��'XUDQG�1&��+XQWOH\ 0+��-HZHWW�$,��%RFKNRY�,'�

&KLQQDSSDQ�'��&XWNRVN\�$��/L�-��*HHWLQJ�.3��*QLUNH�$��0HOQLNRY�$��0F.HQQD�'�

6WDPHQRYD�(.��HW�DO��&KURPDWLQ�H[WUXVLRQ�H[SODLQV�NH\�IHDWXUHV�RI�ORRS�DQG�GRPDLQ

IRUPDWLRQ�LQ�ZLOG�W\SH�DQG�HQJLQHHUHG�JHQRPHV� 3URFHHGLQJV RI�WKH�1DWLRQDO�$FDGHP\�RI

6FLHQFHV���������������

��� 2UWDER]NR\XQ�+��+XDQJ�3�<��&KR�+��1DUHQGUD�9� /H5R\�*��*RQ]DOH]�%XHQGLD�(��6NRN�-$�

7VLULJRV�$��0D]]RQL�(2��5HLQEHUJ�'��&5,635�DQG�ELRFKHPLFDO�VFUHHQV�LGHQWLI\�0$=�DV�D

FRIDFWRU�LQ�&7&)�PHGLDWHG�LQVXODWLRQ�DW�+R[�FOXVWHUV� 1DWXUH�JHQHWLFV�

��������������±����

��� 5RZOH\�0-��-RUGDQ�5RZOH\�0��&RUFHV�9*��7KH�WKUHH�GLPHQVLRQDO JHQRPH��SULQFLSOHV�DQG

UROHV�RI�ORQJ�GLVWDQFH�LQWHUDFWLRQV� &XUUHQW�2SLQLRQ LQ�&HOO�%LRORJ\�����������±���

��� +RX�&��/L�/��4LQ�=6��&RUFHV�9*��*HQH�'HQVLW\� 7UDQVFULSWLRQ��DQG�,QVXODWRUV�&RQWULEXWH�WR

WKH�3DUWLWLRQ�RI�WKH�'URVRSKLOD�*HQRPH�LQWR�3K\VLFDO�'RPDLQV� 0ROHFXODU�&HOO�

��������������±����

��� 6H[WRQ�7��<DIIH�(��.HQLJVEHUJ�(��%DQWLJQLHV�)� /HEODQF�%��+RLFKPDQ�0��3DUULQHOOR�+��7DQD\

$��&DYDOOL�*��7KUHH�'LPHQVLRQDO�)ROGLQJ�DQG�)XQFWLRQDO�2UJDQL]DWLRQ�3ULQFLSOHV�RI�WKH

��

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 16, 2022. ; https://doi.org/10.1101/2022.04.15.488491doi: bioRxiv preprint 

http://paperpile.com/b/46Pfmh/7Zid
http://paperpile.com/b/46Pfmh/7Zid
http://paperpile.com/b/46Pfmh/6IMg
http://paperpile.com/b/46Pfmh/6IMg
http://paperpile.com/b/46Pfmh/jegw
http://paperpile.com/b/46Pfmh/jegw
http://paperpile.com/b/46Pfmh/wCU7
http://paperpile.com/b/46Pfmh/wCU7
http://paperpile.com/b/46Pfmh/wCU7
http://paperpile.com/b/46Pfmh/wCU7
http://paperpile.com/b/46Pfmh/XC0Y
http://paperpile.com/b/46Pfmh/XC0Y
http://paperpile.com/b/46Pfmh/XC0Y
http://paperpile.com/b/46Pfmh/XC0Y
http://paperpile.com/b/46Pfmh/XC0Y
http://paperpile.com/b/46Pfmh/xLTd
http://paperpile.com/b/46Pfmh/xLTd
http://paperpile.com/b/46Pfmh/xLTd
http://paperpile.com/b/46Pfmh/xLTd
http://paperpile.com/b/46Pfmh/xz7e
http://paperpile.com/b/46Pfmh/xz7e
http://paperpile.com/b/46Pfmh/loau
http://paperpile.com/b/46Pfmh/loau
http://paperpile.com/b/46Pfmh/loau
http://paperpile.com/b/46Pfmh/BKgy
http://paperpile.com/b/46Pfmh/BKgy
https://doi.org/10.1101/2022.04.15.488491


'URVRSKLOD�*HQRPH� &HOO�����������������±����

��� 9LHWUL�5XGDQ�0��5XGDQ�09��%DUULQJWRQ�&��+HQGHUVRQ 6��(UQVW�&��2GRP�'7��7DQD\�$�

+DGMXU�6��&RPSDUDWLYH�+L�&�5HYHDOV�WKDW�&7&)�8QGHUOLHV�(YROXWLRQ�RI�&KURPRVRPDO

'RPDLQ�$UFKLWHFWXUH� &HOO�5HSRUWV�����������������±�����

��� +DDUKXLV�-+,��YDQ�GHU�:HLGH�5+��%ORPHQ�9$��2PDU <ixH]�&XQD�-��$PHQGROD�0��YDQ

5XLWHQ�06��.ULMJHU�3+/��7HXQLVVHQ�+��0HGHPD�5+��YDQ�6WHHQVHO�%��%UXPPHONDPS�75��GH

:LW�(��5RZODQG�%'��7KH�&RKHVLQ�5HOHDVH�)DFWRU�:$3/�5HVWULFWV�&KURPDWLQ�/RRS

([WHQVLRQ� &HOO�����������������±����H���

��� 6FKZDU]HU�:��$EGHQQXU�1��*RORERURGNR�$��3HNRZVND $��)XGHQEHUJ�*��/RH�0LH�<�

)RQVHFD�1$��+XEHU�:��+DHULQJ�&+��0LUQ\�/��6SLW]�)��7ZR�LQGHSHQGHQW�PRGHV�RI�FKURPDWLQ

RUJDQL]DWLRQ�UHYHDOHG�E\�FRKHVLQ�UHPRYDO� 1DWXUH� �����������������±���

��� 7HGHVFKL�$��:XW]�*��+XHW�6��-DULW]�0��:XHQVFKH $��6FKLUJKXEHU�(��'DYLGVRQ�,)��7DQJ�:�

&LVQHURV�'$��%KDVNDUD�9��1LVKL\DPD�7��9D]LUL�$��:XW]�$��(OOHQEHUJ�-��3HWHUV�-�0��:DSO�LV

DQ�HVVHQWLDO�UHJXODWRU�RI�FKURPDWLQ�VWUXFWXUH�DQG�FKURPRVRPH�VHJUHJDWLRQ� 1DWXUH�

������������������±����

��

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 16, 2022. ; https://doi.org/10.1101/2022.04.15.488491doi: bioRxiv preprint 

http://paperpile.com/b/46Pfmh/BKgy
http://paperpile.com/b/46Pfmh/qEdA
http://paperpile.com/b/46Pfmh/qEdA
http://paperpile.com/b/46Pfmh/qEdA
http://paperpile.com/b/46Pfmh/hbFi
http://paperpile.com/b/46Pfmh/hbFi
http://paperpile.com/b/46Pfmh/hbFi
http://paperpile.com/b/46Pfmh/hbFi
http://paperpile.com/b/46Pfmh/SXoT
http://paperpile.com/b/46Pfmh/SXoT
http://paperpile.com/b/46Pfmh/SXoT
http://paperpile.com/b/46Pfmh/vLPo
http://paperpile.com/b/46Pfmh/vLPo
http://paperpile.com/b/46Pfmh/vLPo
http://paperpile.com/b/46Pfmh/vLPo
https://doi.org/10.1101/2022.04.15.488491


0

–1

–2

–3

–4C
hr

om
os

om
e 

3
19

8.
2 

 M
b

0

hPSC

198.2 Mb0
Chromosome 3

MES

198.2 Mb0
Chromosome 3

EP

198.2 Mb0
Chromosome 3

EC

198.2 Mb0
Chromosome 3B

A

Day –1
Plate cells

Day 2
Induce endothelial fate
BMP4, bFGF, VEGF

Day 5
Replate, maintain cells
EGM with Chiron, bFGF, VEGF

Day 2
MES

Day 6
EP

Day 14
EC

Day 0
hPSC

Day 0
Activation
Chiron

F

Coordinate 1

C
oo

rd
in

at
e 

2

–0.10 –0.05 0.00 0.05 0.10

0.06

0.04

0.02

0.00

–0.02

–0.04

–0.06

MES
EP
EC

hPSC
1 2

Interaction matrix MDS projection,
1 – SCC

log2(EC/hPSC)

198.2 Mb0
Chromosome 3

C
hr

om
os

om
e 

3
19

8.
2 

 M
b

0

C
3
2
1
0
–1
–2
–3

n.s.

* *

10–1

10–2

10–3

P
(s

)

inset

genomic distance (s)
106 107 108

10–3

*

n.s.

*

107 108

EP
EC

MES
hPSCD

E

0.85 1

8
4
0

SCC for interaction
matrices

hP
S

C
 re

p1
hP

S
C

 re
p2

M
E

S
 re

p1
M

E
S

 re
p2

E
P

 re
p1

E
P

 re
p2

E
C

 re
p1

E
C

 re
p2

hPSC rep1
hPSC rep2
MES rep1
MES rep2
EP rep1
EP rep2
EC rep1
EC rep2

Alavattam, Mitzelfelt et al. – Figure 139

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 16, 2022. ; https://doi.org/10.1101/2022.04.15.488491doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.15.488491


Figure 1
A. Schematic of the endothelial cell differentiation protocol. hPSC: human pluripotent stem cell;
MES: mesoderm cell; EP: endothelial cell progenitor; EC: endothelial cell; BMP4: bone
morphogenetic protein 4; bFGF: basic fibroblast growth factor; VEGF: vascular endothelial
growth factor; EGM: endothelial cell growth medium.

B. Heatmaps of normalized Hi-C interaction frequencies (500-kb resolution, chromosome 3) in
hPSC, MES, EP, and EC.

C. log2 ratios of normalized Hi-C interaction frequencies (500-kb resolution, chromosome 3) for
successive cell types in endothelial cell differentiation. Red, observed/expected interactions
higher in EC; blue, observed/expected interactions higher in hPSC.

D. &LV interaction frequency probabilities 3 stratified by genomic distance V (Mb) over 0.5–120
Mb   for Hi-C samples (500-kb resolution, autosomes; left). 3 stratified by V over 50–120 Mb
(inset, right). P-value significantly different at V of 30, 75, and 105 Mb via t-tests between hPSC
and EC with false discovery rate correction, * < 0.05, n.s. (not significantly different).

E. Hierarchically clustered heatmap of HiCRep stratum-adjusted correlation coefficients (SCC)14

for Hi-C samples (500-kb resolution, autosomes).

F. Multidimensional scaling (MDS) projection of SCC for Hi-C samples (500-kb resolution);
similarity measure: 1 – SCC.
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Figure 2
A. Pearson correlation coefficient matrices for normalized Hi-C interaction frequencies (500-kb
resolution, chromosome 3) for samples from endothelial cell differentiation. Below the matrices,
principal component 1 (PC1) from HOMER-implemented principal component analysis (see
Methods)21,22.

B. Treemap showing the proportions of stable and dynamic genomic compartments over
endothelial cell differentiation (top). Treemap showing proportions of types of compartment
switches (bottom).

C. Scatter plot comparing PC1 scores from hPSC and EC Hi-C samples (500-kb resolution,
autosomes). ȡ, Spearman correlation coefficient; m, regression slope; red dashed line,
regression line; black solid line, x = y; A ĺ B, A-to-B compartment switches; B ĺ A, B-to-A
compartment switches.

D. Bar charts depicting log2 enrichment (see Methods) of upregulated (top) and downregulated
(bottom) differentially expressed genes (DEGs) with respect to stable and dynamic genomic
compartments (500-kb resolution, autosomes). log2 values are observed/gene density. DEGs
were called via DESeq2 analysis of EC versus hPSC (adjusted p-value < 0.05, absolute log2

fold change > 1; see Methods). Enrichment significantly different via chi-squared tests with
Yates correction, * < 0.05, ** < 0.01, *** < 0.001.

E, F. Bar chart depicting adjusted p-values for the top 10 gene ontology (GO) biological process
or cellular component terms for genes located within bins (500-kb resolution, autosomes) that
undergo (E) B-to-A and (F) A-to-B compartment transitions in endothelial cell specification. GO
biological process terms significantly different from hypergeometric tests with Bonferroni
corrections. Terms with asterisks have been abbreviated: (E) “morphogenesis” is “anatomical
structure formation involved in morphogenesis,” “integral, synaptic membrane” is “integral
component of synaptic membrane;” (F) “integral, postsynaptic membrane” is “integral
component of postsynaptic membrane,” “intrinsic, synaptic membrane” is “intrinsic component of
synaptic membrane,” and “intrinsic, postsynaptic membrane” is “intrinsic component of
postsynaptic membrane.”

G, H. Line plots for PC1 scores at and within the vicinity of (G) &'�� (chr1: 207.88–207.91 Mb)
and (H) 7%;7 (chr6: 166.16–166.17 Mb) for Hi-C samples (500-kb resolution; top). Bar plots
indicating change in PC1 scores via the subtraction of (G) hPSC and (H) MES PC1 scores from
EC PC1 scores (middle). Bar plots for the RNA-seq expression levels of (G) &'�� and (H)
7%;7 across endothelial cell differentiation (bottom). Expression levels: FPKM; error bars:
standard error of the mean (SEM).

I. log2 ratios of “saddle plots,” i.e., 10 × 10 decile-binned matrices quantifying the strength of
PC1 scores, for EC and hPSC Hi-C samples (500-kb resolution, autosomes); red,
observed/expected interactions higher in EC; blue, observed/expected interactions higher in
hPSC.
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Figure 3
A. Hierarchically clustered heatmap of Spearman correlation coefficients (ȡ) for insulation
scores from Hi-C samples (40-kb resolution, autosomes) taken across endothelial cell
differentiation.

B. Hierarchically clustered heatmap for the TAD-boundary set intersections of Hi-C samples
(40-kb resolution, autosomes).

C. Aggregate heatmaps representing an average FLV chromatin contact conformation around
TADs for Hi-C samples (40-kb resolution, autosomes).
D. Bar charts depicting log2 enrichment (see Methods) of upregulated (top) and downregulated
(bottom) differentially expressed genes (DEGs) with respect to TAD boundaries (40-kb
resolution, autosomes) that are EC-specific (gained in differentiation), hPSC-specific (lost in
differentiation), and shared between hPSC and EC (maintained in differentiation). log2 values
are observed/gene density. DEGs were called via DESeq2 analysis of EC versus hPSC
(adjusted p-value < 0.05, absolute log2 fold change > 1; see Methods). Enrichment significantly
different via chi-squared tests with Yates correction for set-wise overlaps, * < 0.05, ** < 0.01, ***
< 0.001.

E, F. Line plots for insulation scores at and within the vicinity of (E) &'�� (chr17: 64.32–64.41
Mb) and (F) 15�)� (chr15: 96.33–96.34 Mb) for Hi-C samples (40-kb resolution; top). Bar plots
indicating changes in insulation score via the subtraction of hPSC insulation scores from EC
insulation scores (middle). Bar plots for the RNA-seq expression levels of (E) &'�� and (F)
15�)� across endothelial cell differentiation (bottom). Expression levels: FPKM; error bars:
standard error of the mean (SEM).
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Figure 4
A. UpSet plot showing the intersections of HiCCUPS7 pairwise point interaction (PPI) anchors
from Hi-C samples (10-kb resolution, autosomes) taken across endothelial cell differentiation.
Vertical bars, intersection sizes for PPI anchors across datasets; horizontal bars, sample set
sizes; solid black circles, anchors present; linked solid black circles, anchors present and shared
in the associated samples; solid gray circles, anchors absent.

B. Density plots showing the distributions of distances between PPI anchors from Hi-C samples
(10-kb resolution, autosomes).

C. Bar plots showing the log2 enrichment (see Methods) of differentially expressed genes
(DEGs) at PPI anchors stratified by compartment type (A–A, A–B, and B–B; 100-kb resolution,
autosomes) for Hi-C samples (10-kb resolution, autosomes). DEGs were called via DESeq2
analysis of EC versus hPSC (adjusted p-value < 0.05, absolute log2 fold change > 1; see
Methods). Enrichment significantly different via chi-squared tests with Yates correction for
set-wise overlaps, * < 0.05, ** < 0.01, *** < 0.001.

D, E. Bar charts depicting adjusted p-values for the top 10 gene ontology (GO) biological
process (BP) terms for (D) genes associated with PPIs in A-compartment bins (100-kb
resolution, autosomes) and (E) genes associated with PPIs in B-compartment bins (500-kb
resolution, autosomes). GO biological process terms significantly different from hypergeometric
tests with Bonferroni corrections. Terms with asterisks have been abbreviated: “morphogenesis”
is “anatomical structure formation involved in morphogenesis.”

F. Bar plot for the RNA-seq expression levels of 0(&20 across endothelial cell differentiation.
Expression levels: FPKM; error bars: standard error of the mean (SEM).

G. Visualization of PPIs associated with 0(&20 (chr3: 169.08–169.66 Mb) in hPSC (top left),
MES (top right), EP (bottom left), and EC (bottom right) Hi-C samples. Heatmaps and tracks for
normalized Hi-C interaction frequencies (10-kb resolution), RNA-seq signal (unadjusted), TADs
as delimited by the insulation score method (40-kb resolution; see Methods), genomic
compartments (100-kb resolution; gold, A compartment; purple, B compartment), and genes
(green and black); solid squares overlying the heatmaps, PPIs called by HiCCUPS7 (see
Methods).
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Figure 5
A. log2 ratios of normalized Hi-C interaction frequencies (500-kb resolution, chromosome 3) for
EC vs. cardiomyocytes (CM). Red, observed/expected interactions higher in EC; blue,
observed/expected interactions higher in CM.

B. &LV interaction frequency probabilities 3 stratified by genomic distance V for EC and CM Hi-C
samples (500-kb resolution, all autosomes). 3 stratified by V over 30–100 Mb (inset, right).
P-value significantly different at V of 30 and 75 Mb via t-tests between EC and CM with false
discovery rate correction, * < 0.05, n.s. (not significantly different).

C. MDS projection of Spearman correlation coefficients (ȡ) for Hi-C samples (500-kb resolution,
autosomes) taken from across endothelial cell differentiation. Similarity measure: 1 – ȡ.
hPSC-E: human pluripotent stem cell from endothelial cell differentiation; MES-E: mesoderm
cell from endothelial cell differentiation; EP: endothelial cell progenitor; EC: endothelial cell;
hPSC-C: human pluripotent stem cell from cardiomyocyte differentiation; MES-C: mesoderm cell
from cardiomyocyte differentiation; CP: cardiomyocyte progenitor cell; CM: cardiomyocyte.

D. Scatter plot comparing PC1 scores derived from EC and CM Hi-C samples (500-kb
resolution, autosomes). ȡ, Spearman correlation coefficient; m, regression slope; red dashed
line, regression line; black solid line, x = y; A ĺ B, A-to-B compartment switches; B ĺ A, B-to-A
compartment switches.

E. MDS projection of PC1 scores for Hi-C samples (500-kb resolution, autosomes) taken from
endothelial cell and cardiomyocyte differentiation. Similarity measure: 1 – ȡ.

F. log2 ratios of saddle plots for EC and CM Hi-C samples (500-kb resolution, autosomes); red,
observed/expected interactions higher in EC; blue, observed/expected interactions higher in
CM.

G. Hierarchically clustered heatmap of Spearman correlation coefficients for insulation scores
from Hi-C samples (40-kb resolution, autosomes) taken across endothelial cell and
cardiomyocyte differentiation.

H. Hierarchically clustered heatmap of the TAD-boundary set intersections of Hi-C samples
(40-kb resolution, autosomes) taken across endothelial cell and cardiomyocyte differentiation.

I. Scatter plot comparing insulation scores derived from CM and EC Hi-C samples (40-kb
resolution, autosomes). ȡ, Spearman correlation coefficients; m, regression slope; black dashed
line, regression line; black solid line, x = y.
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