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7HPSHUDWXUH�FKDQJH�KDV�WKH�VDPH�HIIHFW�DV�JHQHWLF�YDULDWLRQ�RQ�D�PRUSKRORJLFDO�WUDLW�
LQYROYHG�LQ�UHSURGXFWLYH�LVRODWLRQ�EHWZHHQ�'URVRSKLOD�VLVWHU�VSHFLHV�
�
UXQQLQJ�WLWOH��VKDSH�SODVWLFLW\�WR�WHPSHUDWXUH�	�VSHFLDWLRQ�
�
$EVWUDFW�
3KHQRW\SLF�SODVWLFLW\��WKH�FDSDFLW\�RI�RQH�JHQRW\SH�WR�JHQHUDWH�GLVWLQFW�SKHQRW\SHV�LQ�
GLIIHUHQW�HQYLURQPHQWV��LV�XVXDOO\�WKRXJKW�WR�IDFLOLWDWH�VSHFLHV�GLYHUJHQFH�E\�RSHQLQJ�
QRYHO�HFRORJLFDO�QLFKHV�WR�SODVWLF�LQGLYLGXDOV��+HUH�ZH�UHYHDO�D�FDVH�RI�VSHFLDWLRQ�
ZKHUH�WKLV�³SODVWLFLW\�ILUVW´�VFHQDULR�PLJKW�QRW�KROG��0DOH�JHQLWDOLD�DUH�XVXDOO\�
H[WUHPHO\�GLYHUJHQW�EHWZHHQ�FORVHO\�UHODWHG�VSHFLHV��EXW�UHODWLYHO\�FRQVWDQW�ZLWKLQ�
RQH�VSHFLHV��8QGHU�WKH�ORFN�DQG�NH\�K\SRWKHVLV��UDSLG�PRUSKRORJLFDO�HYROXWLRQ�LV�
DVVRFLDWHG�ZLWK�D�KLJK�PDWFK�EHWZHHQ�PDOH�DQG�IHPDOH�JHQLWDOLD�RI�WKH�VDPH�VSHFLHV�
DQG�D�ORZ�PDWFK�EHWZHHQ�PDOH�DQG�IHPDOHV�RI�FORVHO\�UHODWHG�VSHFLHV��3UHYLRXV�
VWXGLHV�KDYH�VXJJHVWHG�SODVWLFLW\�RI�JHQLWDOLD�WR�EH�D�SURRI�DJDLQVW�WKH�ORFN�DQG�NH\�
K\SRWKHVLV�VLQFH�WKH�HQYLURQPHQWDOO\�WULJJHUHG�SKHQRW\SLF�FKDQJH�FRXOG�PRGLI\�WKH�
³NH\´��+HUH�ZH�H[DPLQH�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�VKDSH�RI�WKH�YHQWUDO�
EUDQFKHV��D�PDOH�JHQLWDO�VWUXFWXUH�LQYROYHG�LQ�UHSURGXFWLYH�LVRODWLRQ��LQ�WKH�VLVWHU�
VSHFLHV��'URVRSKLOD�VDQWRPHD ��DQG��'��\DNXED ���:H�GHVLJQHG�D�VHPL�DXWRPDWLF�
PHDVXUHPHQW�SLSHOLQH�WKDW�FDQ�UHOLDEO\�LGHQWLI\�FXUYDWXUHV�DQG�ODQGPDUNV�EDVHG�RQ�
PDQXDOO\�GLJLWL]HG�FRQWRXUV�RI�WKH�YHQWUDO�EUDQFKHV��:LWK�WKLV�PHWKRG��ZH�REVHUYHG�
WKDW�YHQWUDO�EUDQFKHV�DUH�QRW�SODVWLF�LQ��'��\DNXED��EXW�WKDW�LQ��'��VDQWRPHD ��WHPSHUDWXUH�
FKDQJH�SKHQRFRSLHV�LQWHUVSHFLILF�JHQHWLF�YDULDWLRQ�EHWZHHQ�ERWK�VSHFLHV�IRU�YHQWUDO�
EUDQFKHV�VKDSH��2XU�UHVXOWV�VXJJHVW�WKDW�VSHFLDWLRQ�RI��'��VDQWRPHD ��DQG��'��\DNXED�
ZDV�DVVRFLDWHG�ZLWK�D�JDLQ�RI�SODVWLFLW\�DQG�WKDW�JHQLWDOLD�SODVWLFLW\�FDQ�EH�FRPSDWLEOH�
ZLWK�WKH�ORFN�DQG�NH\�K\SRWKHVLV��
�����ZRUGV��
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3ODVWLFLW\��6SHFLDWLRQ��3KHQRW\SLF�DFFRPPRGDWLRQ��*HQLWDOLD��5HSURGXFWLYH�LVRODWLRQ��
'URVRSKLOD��/DQGPDUN��$XWRPDWLF�'HWHFWLRQ��6KDSH�DQDO\VLV�
�
$EEUHYLDWLRQV�
47/��4XDQWLWDWLYH�7UDLW�/RFXV�
67��VSLQH�WKUXVW�
�
'DWD�$FFHVVLELOLW\�6WDWHPHQW�
7KH�LPDJHV��FRQWRXUV��VFULSWV��DQG�PHDVXUHPHQW�YDOXHV�DUH�DYDLODEOH�RQ�'5<$'��OLQN�QRW�
VKRZQ�KHUH�WR�NHHS�DQRQ\PLW\����
�
&RQIOLFW�RI�,QWHUHVW�
7KH�DXWKRUV�GHFODUH�WKDW�WKH\�KDYH�QR�FRPSHWLQJ�LQWHUHVWV��
� �

��

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

The copyright holder for thisthis version posted January 20, 2020. ; https://doi.org/10.1101/2020.01.20.911826doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.20.911826
http://creativecommons.org/licenses/by-nc/4.0/


,QWURGXFWLRQ��
3KHQRW\SLF�SODVWLFLW\��WKH�FDSDFLW\�IRU�RQH�JHQRW\SH�WR�JHQHUDWH�PXOWLSOH�SKHQRW\SHV�

LQ�UHVSRQVH�WR�HQYLURQPHQWDO�YDULDWLRQ��LV�D�SHUYDVLYH�IHDWXUH�RI�ELRORJLFDO�V\VWHPV���'HEDW�	�
'DYLG��������.OLQJHQEHUJ����������7KH�FRQQHFWLRQ�EHWZHHQ�SODVWLFLW\�DQG�VSHFLDWLRQ�LV�
PXOWLIDFHWHG���/DIXHQWH�	�%HOGDGH����������2Q�WKH�RQH�KDQG��SODVWLFLW\�FDQ�EH�KHULWDEOH�DQG�
PRGLILHG�E\�VHOHFWLRQ��2Q�WKH�RWKHU�KDQG��SODVWLFLW\�FDQ�IDYRU�DGDSWDWLRQ�DQG�VSHFLDWLRQ��$V�
DQLPDOV�FRORQL]H�QRYHO�KDELWDWV�RU�IDFH�FKDQJLQJ�FOLPDWH�FRQGLWLRQV��WKH�SKHQRW\SLF�WUDLWV�
WKDW�DUH�RSWLPDO�IRU�ILWQHVV�DUH�XVXDOO\�GLIIHUHQW�IURP�WKRVH�H[SHULHQFHG�LQ�WKH�DQFHVWUDO�
SRSXODWLRQ��:DGGLQJWRQ�ZDV�DPRQJ�WKH�ILUVW�WR�VXJJHVW�WKDW�RUJDQLVPV�PD\�VROYH�WKLV�
FKDOOHQJH�E\�SKHQRW\SLF�SODVWLFLW\�ILUVW�DQG�ODWHU�RQ�E\�JHQHWLF�IL[DWLRQ�RI�ZKDW�ZDV�SUHYLRXVO\�
DQ�HQYLURQPHQWDOO\�LQGXFHG�SKHQRW\SLF�WUDLW��D�SURFHVV�KH�FDOOHG��JHQHWLF�DVVLPLODWLRQ���
�:DGGLQJWRQ����������$FFRUGLQJ�WR�VHYHUDO�DXWKRUV��WKH�WUDLW�YDULDWLRQV�HQDEOHG�E\�SODVWLFLW\�
FDQ�LQLWLDWH�DQG�DFFHOHUDWH�WKH�SDFH�RI�DGDSWLYH�HYROXWLRQ�DQG�SURPRWH�PRUSKRORJLFDO�
GLYHUVLILFDWLRQ��7KLV�FHQWUDO�LGHD�LV�DW�WKH�EDVLV�RI�WKH�³IOH[LEOH�VWHP�K\SRWKHVLV´�
�:HVW�(EHUKDUG��������6FKQHLGHU�	�0H\HU����������WKH�³SODVWLFLW\�ILUVW´�PRGHO���/HYLV�	�
3IHQQLJ���������RU�WKH�³EX\LQJ�WLPH´�K\SRWKHVLV��ZKHUH�SODVWLFLW\�DOORZV�WKH�SRSXODWLRQ�WR�
SHUVLVW�ORQJ�HQRXJK�IRU�DGDSWLYH�PXWDWLRQV�WR�DULVH�DQG�EHFRPH�IL[HG���3HQQLVL����������$��NH\�
IHDWXUH�RI�DOO�WKHVH�YLHZV�LV�WKDW�WKH�SKHQRW\SLF�FKDQJH�WULJJHUHG�E\�WKH�SODVWLF�UHVSRQVH��
ZKLFK�DOORZV�WKH�FRORQL]DWLRQ�RI�WKH�QHZ�QLFKHV��LV�D�SKHQRFRS\��L�H���WKDW�WKH�SKHQRW\SLF�
FKDQJH�FDQ�EH�GHYHORSPHQWDOO\�WULJJHUHG�E\�HQYLURQPHQWDO�YDULDWLRQ�RU�JHQHWLF�YDULDWLRQ�
LQWHUFKDQJHDEO\���/DIXHQWH�	�%HOGDGH����������$V�ZH�OHDUQ�PRUH�DERXW�WKH�JHQHV�PHGLDWLQJ�
SKHQRW\SLF�SODVWLFLW\���*LEHUW����������LW�DSSHDUV�WKDW�VLPLODU�SKHQRW\SLF�FKDQJHV��HLWKHU�
HQYLURQPHQWDOO\�RU�JHQHWLFDOO\�LQGXFHG��FDQ�VRPHWLPHV�LQYROYH�WKH�VDPH�JHQHWLF�ORFL��)RU�
H[DPSOH��WKH�VDPH�HQKDQFHU�RI�WKH�JHQH��WDQ ��LV�UHVSRQVLEOH�IRU�SKHQRW\SLF�SODVWLFLW\�LQ�
'URVRSKLOD�PHODQRJDVWHU����*LEHUW��HW�DO�����������DQG�IRU�LQWHUVSHFLILF�HYROXWLRQ�EHWZHHQ�
VLVWHU�VSHFLHV��'��VDQWRPHD ��DQG��'��\DNXED ��ZLWK�UHVSHFW�WR�DEGRPHQ�SLJPHQWDWLRQ���-HRQJ��HW�
DO�������������

'HSHQGLQJ�RQ�WKH�VHWWLQJ��SODVWLFLW\�FDQ�HLWKHU�DFFHOHUDWH��VORZ�GRZQ��RU�KDYH�OLWWOH�
HIIHFW�RQ�HYROXWLRQ�DQG�VSHFLHV�GLYHUJHQFH���3ULFH��HW�DO������������6SHFLDWLRQ��WKH�SURFHVV�
WKURXJK�ZKLFK�OLQHDJHV�GLYHUJH�DQG�EHFRPH�UHSURGXFWLYHO\�LVRODWHG��LQYROYHV�WKH�
DFFXPXODWLRQ�RYHU�WLPH�RI�EDUULHUV�OLPLWLQJ�LQWHUEUHHGLQJ��LQFOXGLQJ�GLYHUJHQFH�LQ�HFRORJLFDO�
QLFKHV��EHKDYLRUDO�LVRODWLRQ�DQG�JHQRPLF�LQFRPSDWLELOLWLHV���&R\QH�	�2UU����������$V�HDUO\�DV�
������DQDWRPLFDO�GLIIHUHQFHV�LQ�JHQLWDOLD�EHWZHHQ�FORVHO\�UHODWHG�VSHFLHV�ZHUH�SURSRVHG�WR�
EH�DQ�HVVHQWLDO�PHFKDQLVP�PDLQWDLQLQJ�UHSURGXFWLYH�LVRODWLRQ��DV�WKH�VR�FDOOHG�
³ORFN�DQG�NH\´�K\SRWKHVLV���'XIRXU��������0DVO\����������,Q�DQLPDOV�ZLWK�LQWHUQDO�IHUWLOL]DWLRQ��
JHQLWDOLD�DUH�WKH�PRVW�UDSLGO\�HYROYLQJ�RUJDQV�LQ�WHUPV�RI�PRUSKRORJ\���(EHUKDUG����������
VXJJHVWLQJ�WKDW�D�VLJQLILFDQW�SDUW�RI�WKH�VSHFLDWLRQ�SURFHVV�LQYROYHV�DQDWRPLFDO�GLYHUJHQFH�LQ�
JHQLWDOLD��$OWHUQDWLYHO\��JHQLWDO�HYROXWLRQ�FDQ�EH�D�E\�SURGXFW�RI�RWKHU�HYROXWLRQDU\�SURFHVVHV�
RFFXUULQJ�ZLWKLQ�VLQJOH�OLQHDJHV��LQGHSHQGHQWO\�RI�VSHFLDWLRQ��VXFK�DV�VH[XDO�VHOHFWLRQ���DQG�
OHDG�WR�UHSURGXFWLYH�LVRODWLRQ�DV�D�E\�SURGXFW��ZKHQ�LQGLYLGXDOV�DWWHPSW�WR�K\EULGL]H�ZLWK�
RWKHU�OLQHDJHV���0DVO\����������

7R�EHWWHU�FRPSUHKHQG�WKH�OLQN�EHWZHHQ�SODVWLFLW\�DQG�VSHFLDWLRQ��FDUHIXO�
H[DPLQDWLRQV�RI�SDUWLFXODU�FDVHV�DUH�HVVHQWLDO��DQG�JHQLWDO�WUDLWV�LQYROYHG�LQ�UHSURGXFWLYH�
LVRODWLRQ�UHSUHVHQW�KLJKO\�UHOHYDQW�PRGHO�V\VWHPV��+RZ�SODVWLF�DUH�JHQLWDOLD�LQ�JHQHUDO"�
6XUSULVLQJO\��IHZ�VWXGLHV�KDYH�H[DPLQHG�JHQLWDOLD�DIWHU�UDLVLQJ�RUJDQLVPV�LQ�YDULRXV�
FRQGLWLRQV��,Q�ERWK�WKH�PRVTXLWR��$HGHV�DHJ\SWL ��DQG�WKH�IO\��'��PHODQRJDVWHU���FKDQJHV�LQ�
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ODUYDO�FURZGLQJ��QXWULWLRQ�FRQGLWLRQV�RU�WHPSHUDWXUH�ZHUH�IRXQG�WR�DIIHFW�DGXOW�ERG\�VL]H�EXW�
KDG�OLWWOH�HIIHFW�RQ�JHQLWDO�VL]H���:KHHOHU��HW�DO����������6KLQJOHWRQ��HW�DO������������+RZHYHU��LQ�
WZR�RWKHU�VSHFLHV��WKH�PRVTXLWR��$QRSKHOHV�DOELPDQXV��DQG�WKH�IO\��'URVRSKLOD�PHGLRSXQFWDWD���
WKH�VL]H�DQG�VKDSH�RI�WKH�PDOH�LQWURPLWWHQW�RUJDQ�ZDV�IRXQG�WR�YDU\�ZLWK�UHDULQJ�WHPSHUDWXUH�
�+ULEDU��������$QGUDGH��HW�DO������������2YHUDOO��DQDO\VLV�RI�LQGLYLGXDOV�VDPSOHG�IURP�WKH�ZLOG�
VKRZ�WKDW�IRU�D�JLYHQ�DUWKURSRG�RU�PDPPDO�VSHFLHV��WKH�JHQLWDOLD�DUH�XVXDOO\�PRUH�RU�OHVV�
WKH�VDPH�VL]H�ZKHUHDV�DGXOW�ERG\�VL]H�YDULHV�H[WHQVLYHO\���(EHUKDUG��HW�DO����������'UH\HU�	�
6KLQJOHWRQ������ ��DQG�UHIHUHQFHV�WKHUHLQ���7KHVH�REVHUYDWLRQV�DUH�FRQFRUGDQW�ZLWK�WKH�
³ORFN�DQG�NH\�K\SRWKHVLV´��ZKHUH�PDOH�JHQLWDOLD�KDYH�WR�EH�RI�D�SDUWLFXODU�VL]H�DQG�VKDSH�WR�
SK\VLFDOO\�ILW�ZLWK�WKH�IHPDOH�JHQLWDOLD��7KH\�DUH�DOVR�H[SODLQHG�E\�WKH�³RQH�VL]H�ILWV�DOO´�
K\SRWKHVLV��ZKHUH�IHPDOHV�DSSHDU�WR�SUHIHU�PDOHV�ZLWK�JHQLWDOLD�RI�LQWHUPHGLDWH�VL]H�
�(EHUKDUG��HW�DO�������������

,Q�RUGHU�WR�DQDO\]H�DQG�TXDQWLI\�WKH�SRVVLEOH�OLQN�EHWZHHQ�SODVWLFLW\��UHSURGXFWLYH�
LVRODWLRQ�DQG�LQWHUVSHFLILF�GLYHUJHQFH��ZH�FKRVH�WR�H[DPLQH�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�D�
PDOH�SULPDU\�VH[XDO�WUDLW�OLNHO\�LQYROYHG�LQ�UHSURGXFWLYH�LVRODWLRQ�EHWZHHQ�WZR�'URVRSKLOD�
VLVWHU�VSHFLHV���'��VDQWRPHD ��DQG��'��\DNXED ���7KHVH�WZR�VSHFLHV�IRUP�DQ�DWWUDFWLYH�V\VWHP�
EHFDXVH�WKHLU�QDWXUDO�HQYLURQPHQW�LV�UHODWLYHO\�ZHOO�FKDUDFWHUL]HG��WKH\�DUH�NQRZQ�WR�
K\EULGL]H��DQG�WKHLU�PRVW�UHPDUNDEOH�PRUSKRORJLFDO�GLIIHUHQFH�LV�D�SULPDU\�VH[XDO�WUDLW�
LQYROYHG�LQ�D�³ORFN�DQG�NH\´�PHFKDQLVP���'��VDQWRPHD ��DQG��'��\DNXED ��GLYHUJHG�
DSSUR[LPDWHO\�������PLOOLRQ�\HDUV�DJR���7XULVVLQL�	�0DWXWH����������7KH\�FDQ�EH�FURVVHG�WR�
JHQHUDWH�IHUWLOH�)��IHPDOHV���/DFKDLVH��HW�DO�������������'��VDQWRPHD ��LV�HQGHPLF�WR�WKH�LVODQG�RI�
6mR�7RPp��D�YROFDQLF�LVODQG�RII�WKH�FRDVW�RI�*DERQ���/DFKDLVH��HW�DO������������ZKLOH��'��\DNXED�
LV�IRXQG�LQ�6mR�7RPp�DQG�WKURXJKRXW�VXE�6DKDUDQ�$IULFD���/DFKDLVH��HW�DO������������������,Q�
6mR�7RPp���'��VDQWRPHD ��OLYHV�LQ�WKH�PLVW�IRUHVWV�DW�KLJK�HOHYDWLRQV�ZKLOH��'��\DNXED ��LV�IRXQG�
LQ�RSHQ�KDELWDWV�DVVRFLDWHG�ZLWK�KXPDQ�SUHVHQFH��PRVWO\�DW�ORZ�HOHYDWLRQV���/ORSDUW��HW�DO����
����D��E���%RWK�VSHFLHV�FR�RFFXU�DW�PLG�HOHYDWLRQ��DURXQG������P��DQG�K\EULGV�KDYH�EHHQ�
IRXQG�FRQVLVWHQWO\�LQ�WKLV�K\EULG�]RQH�VLQFH�LWV�GLVFRYHU\�LQ��������/DFKDLVH��HW�DO����������
/ORSDUW��HW�DO��������D��&RPHDXOW��HW�DO����������&RRSHU��HW�DO�������������'��VDQWRPHD ��EHLQJ�LQVXODU��
LW�LV�WKRXJKW�WKDW�WKLV�VSHFLHV�RULJLQDWHG�IURP�D�FRPPRQ�DQFHVWRU�ZLWK��'��\DNXED���ZKLFK�
FRORQL]HG�WKH�LVODQG�DERXW�������PLOOLRQ�\HDUV�DJR���&DULRX��HW�DO����������/ORSDUW��HW�DO����������
7XULVVLQL�	�0DWXWH����������DQG�WKDW�WKH�SUHVHQW�FR�RFFXUHQFH�RI��'��VDQWRPHD ��DQG��'��\DNXED�
LQ�6mR�7RPp�UHIOHFWV�VHFRQGDU\�FRORQL]DWLRQ�E\��'��\DNXED ��IURP�WKH�$IULFDQ�PDLQODQG��PD\EH�
GXULQJ�WKH�ODVW�����\HDUV�ZKHQ�3RUWXJXHVH�FRORQLVHG�WKH�LVODQG���&DULRX��HW�DO������������
$QDO\VLV�RI�JHQRPLF�DQG�PLWRFKRQGULDO�'1$�VHTXHQFHV�LQGLFDWH�WKDW�JHQH�IORZ�RFFXUUHG�
EHWZHHQ�WKH��'��VDQWRPHD ��DQG��'��\DNXED ��PRUH�WKDQ�������JHQHUDWLRQV�DJR���7XULVVLQL�	�
0DWXWH��������&RRSHU��HW�DO������������

0XOWLSOH�SRWHQWLDO�UHSURGXFWLYH�LVRODWLQJ�PHFKDQLVPV�KDYH�EHHQ�LGHQWLILHG�EHWZHHQ�
WKH�WZR�VSHFLHV��VXFK�DV�JHQHWLF�LQFRPSDWLELOLWLHV���&R\QH��HW�DO����������0RHKULQJ��HW�DO������������
HFRORJLFDO�QLFKH�GLYHUJHQFH���0DWXWH��HW�DO������������PDWH�GLVFULPLQDWLRQ���/DFKDLVH��HW�DO����������
&R\QH��HW�DO������������EHKDYLRUDO���&DQGH��HW�DO������������SK\VLRORJLFDO���0DWXWH���������DQG�
PRUSKRORJLFDO�GLIIHUHQFHV���/DFKDLVH��HW�DO����������-HRQJ��HW�DO����������1DJ\��HW�DO����������/LX��HW�
DO������������2QH�UHSURGXFWLYH�LVRODWLQJ�PHFKDQLVP�EHWZHHQ��'��\DNXED��DQG��'��VDQWRPHD�
LQYROYHV�D�GLIIHUHQFH�LQ�YHQWUDO�EUDQFKHV�VKDSH�LQ�WKH�PDOH�JHQLWDOLD�DQG�LV�WKH�PRVW�
FRQVSLFXRXV�GLIIHUHQFH�LQ�PDOH�JHQLWDOLD�PRUSKRORJ\�EHWZHHQ�WKH�WZR�VSHFLHV���.DPLPXUD�	�
0LWVXPRWR������E��<DVVLQ�	�2UJRJR]R����������)LJXUH�����9HQWUDO�EUDQFKHV�DUH�RQO\�IRXQG�LQ�
WKH��'��\DNXED ��FRPSOH[��ZKLFK�LQFOXGHV��'��VDQWRPHD ���<DVVLQ�DQG�2UJRJR]R��������
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,Q��'��\DNXED ���VSLQ\�YHQWUDO�EUDQFKHV�ORFDWHG�EHORZ�WKH�DHGHDJXV�>L�H���WKH�LQVHFW�SKDOOXV�
�5LFH��HW�DO����������@�LQVHUW�LQVLGH�IHPDOH�SURWHFWLYH�SRXFKHV�GXULQJ�PDWLQJ��,Q��'��VDQWRPHD ���
WKH�PDOH�VSLQHV�DQG�IHPDOH�SRXFKHV�DUH�DEVHQW��7KHVH�VWUXFWXUHV�DSSHDU�WR�SOD\�LPSRUWDQW�
UROHV�GXULQJ�FRSXODWLRQ��:KHQ�PDWLQJ�ZLWK��'��\DNXED ��PDOHV���'��VDQWRPHD ��IHPDOHV�DUH�
ZRXQGHG�E\�WKH�VSLQHV�RI�WKH�PDOH�YHQWUDO�EUDQFKHV�DQG�OLYH�VKRUWHU�WKDQ�IHPDOHV�PDWLQJ�
ZLWK�FRQVSHFLILF�PDOHV���0DWXWH�	�&R\QH��������.DPLPXUD��������.DPLPXUD�	�0LWVXPRWR��
����E����0RUHRYHU��WKH�UHFLSURFDO�PDWLQJ�FRPSOH[�RI�D��'��\DNXED ��IHPDOH�ZLWK�D��'��VDQWRPHD�
PDOH�FDQ�EH�VHSDUDWHG�HDVLO\��VXJJHVWLQJ�WKDW�WKH�VSLQHV�PD\�IDVWHQ�JHQLWDO�FRXSOLQJ�
�.DPLPXUD�	�0LWVXPRWR������E����:H�SUHYLRXVO\�UHSRUWHG�WKDW�D�PDMRU�47/�RQ�FKURPRVRPH�
�/�FRQWULEXWHV�WR�WKH�YHQWUDO�EUDQFKHV�VKDSH�GLIIHUHQFH�EHWZHHQ��'��VDQWRPHD ��DQG��'��
\DNXED ����3HOXIIR��HW�DO�������������

,Q�6mR�7RPp�WKH�FOLPDWH�LV�YHU\�VWDEOH�WKURXJKRXW�WKH�\HDU��ZLWK�RQO\�D�����&��
GLIIHUHQFH�EHWZHHQ�WKH�DYHUDJH�GDLO\�WHPSHUDWXUH�RI�WKH�ZDUPHVW�PRQWK��0DUFK��DQG�RI�WKH�
FROGHVW�RQH��-XO\���DQG�GDLO\�RVFLOODWLRQV�RI�DERXW���&�RQO\��FOLPDWH�GDWD�RUJ��
ZZZ�ZRUOGFOLP�RUJ�ELRFOLP����%DVHG�RQ�WHPSHUDWXUH�PHDVXUHPHQWV�DW�0RQWH�&DIp�
�FOLPDWH�GDWD�RUJ���ZH�HVWLPDWH�WKDW�WKH�DYHUDJH�WHPSHUDWXUH�LQ�WKH�K\EULG�]RQH�RI�%RP�
6XFHVVR������P��YDULHV�EHWZHHQ������&�DQG����&�WKURXJKRXW�WKH�\HDU��,Q�WKH�ZLOG���'��
VDQWRPHD ��IOLHV�DUH�WKXV�OLNHO\�GHYHORSLQJ�PDLQO\�DW�WHPSHUDWXUHV�DURXQG����&�RU�ORZHU���

,Q�SUHYLRXV�VWXGLHV�RI�YHQWUDO�EUDQFK�VKDSH��IOLHV�ZHUH�UDLVHG�HLWKHU�DW����&���<DVVLQ�
	�2UJRJR]R���������RU����&���.DPLPXUD��������.DPLPXUD�	�0LWVXPRWR������E��3HOXIIR��HW�DO����
��������+HUH��ZH�UHSRUW�WKDW��'��VDQWRPHD ��PDOHV�UDLVHG�DW����&�GHYHORS�VSLQ\�YHQWUDO�
EUDQFKHV�FRPSDUDEOH�WR�WKRVH�RI��'��\DNXED ��UDLVHG�DW����&��7KLV�LV�D�VXUSULVLQJ�H[DPSOH�
ZKHUH�RUJDQV�SRWHQWLDOO\�GLUHFWO\�OLQNHG�ZLWK�UHSURGXFWLYH�LVRODWLRQ�XQGHUJR�D�SODVWLF�
PRGLILFDWLRQ�VLPLODU�WR�WKH�GLIIHUHQFH�EHWZHHQ�WZR�VLVWHU�VSHFLHV��7R�EHWWHU�FKDUDFWHUL]H�WKH�
PRUSKRORJLFDO�FKDQJH�LQ�YHQWUDO�EUDQFKHV�VKDSH��ZH�GHYHORSHG�D�XVHU�IULHQGO\�PHWKRG�WR�
TXDQWLI\�FRQWRXU�FXUYDWXUHV�DQG�DXWRPDWLFDOO\�GHWHFW�VSLQHV�XVLQJ�PDFKLQH�OHDUQLQJ��:H�
XVHG�LW�WR�H[DPLQH�WKH�SODVWLF�UHVSRQVH�RI�YHQWUDO�EUDQFKHV�GHYHORSPHQW�DW����&�DQG����&�
ERWK�LQ�QHZO\�FROOHFWHG�ZLOG�VWUDLQV�DQG�LQ�VWUDLQV�NHSW�LQ�WKH�ODE�IRU�PDQ\�\HDUV���

�
�
0DWHULDO�DQG�0HWKRGV�
)O\�UHDULQJ�DQG�LPDJLQJ�
)O\�VWUDLQV��7DEOH����ZHUH�NHSW�DW��� �� �&�RQ�VWDQGDUG�\HDVW�FRUQPHDO±DJDU�PHGLXP�LQ�
XQFURZGHG�FRQGLWLRQV�EHIRUH�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQWV��)RU�HDFK�VWUDLQ��URXJKO\����
LQGLYLGXDOV�ZHUH�WUDQVIHUUHG�IURP�WKH��� �� �&�VWRFN�WR�HLWKHU��� �� �&�RU����&��NHSW�IRU�D�PLQLPXP�
RI�WZR�QRQ�RYHUODSSLQJ�DGXOW�JHQHUDWLRQV�DQG�WKHQ�NHSW�DV�DGXOWV�IRU�DQ�DGGLWLRQDO�����GD\V�
EHIRUH�EHLQJ�IUR]HQ�DW�í����&�IRU�VXEVHTXHQW�GLVVHFWLRQ��'LVVHFWLRQ�RI�JHQLWDOLD�ZDV�
SHUIRUPHG�LQ��;�3%6�DW�URRP�WHPSHUDWXUH��(DFK�JHQLWDOLD�ZDV�PRXQWHG�RQ�VWDQGDUG�JODVV�
VOLGHV�LQ�'0+)��'LPHWK\O�+\GDQWRLQ�)RUPDOGHK\GH��(QWRPRSUD[LV��PHGLXP�DQG�NHSW�
RYHUQLJKW�EHIRUH�LPDJLQJ�RQ�DQ�2O\PSXV�,;���LQYHUWHG�VWDWLRQ�DW���;���
�
�
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7DEOH����/LVW�RI�,VRIHPDOH�OLQHV�XVHG�LQ�WKLV�VWXG\ ���)RU�HDFK�VSHFLHV��WKH�PRVW�FRPPRQ�QDPH�LQ�
WKH�OLWHUDWXUH��WKH�ORFDWLRQ��\HDU�RI�FDSWXUH�DQG�UHIHUHQFH�WR�RULJLQ�RI�WKH�VWUDLQ�DUH�JLYHQ��$OO�OLQHV�DUH�
LQGLFDWHG�LQ�WKH�VDPH�RUGHU�DV�LQ�)LJXUH����
�

6SHFLHV� 1DPH� /RFDWLRQ� <HDU� 5HIHUHQFH�

'��\DNXED� ,YRU\�
&RDVW�

,YRU\�&RDVW� ����� &RUQHOO�1DWLRQDO�'URVRSKLOD�6SHFLHV�
6WRFN�&HQWHU��6WUDLQ�

����������������JLYHQ�E\�'��6WHUQ��

'��\DNXED�� %0����� 6mR�7RPp��
%RP�6XFHVVR�%RWDQLFDO�*DUGHQ��

����P�

)HEUXDU\�
�����

7KLV�VWXG\�

'��\DNXED�
�

2NX� &DPHURXQ��0W��2NX������P�� $SULO������ 7KLV�VWXG\�

'��\DNXED� 5DSKLD� &DPHURXQ��0W��2NX���
����P�

$SULO������ 7KLV�VWXG\�

'��VDQWRPHD� 672��� 6mR�7RPp���
2ER�1DWXUDO�5HVHUYH��VXEPRQWDQH�

IRUHVW�
���������P�

����� �/DFKDLVH��HW�DO����������
&RUQHOO�1DWLRQDO�'URVRSKLOD�6SHFLHV�

6WRFN�&HQWHU��6WUDLQ�
����������������JLYHQ�E\�'��6WHUQ��

'��VDQWRPHD� 672�
&DJR�
�����

6mR�7RPp��
����P�

�

����� �/ORSDUW��HW�DO��������E��
7KLV�VWUDLQ¶V�RULJLQDO�QDPH�LV�

672�/$*2�������
�JLYHQ�E\�'��6WHUQ��

'��VDQWRPHD� 4XLMD��� 6mR�7RPp���
4XLMD�5LYHU���

���P�

����� �*DYLQ�6P\WK�	�0DWXWH��������
7KLV�VWUDLQ�QDPH�LV�DOVR�

4XLMD��������JLYHQ�E\�'��0DWXWH��

'��VDQWRPHD� %0���� 6mR�7RPp�
%RP�6XFHVVR�%RWDQLFDO�*DUGHQ��

����P�

)HEUXDU\�
�����

7KLV�VWXG\�

'��VDQWRPHD�� %0���� 6mR�7RPp�
%RP�6XFHVVR�%RWDQLFDO�*DUGHQ��

����P�

)HEUXDU\�
�����

7KLV�VWXG\�

'��VDQWRPHD�� %0���� 6mR�7RPp�
%RP�6XFHVVR�%RWDQLFDO�*DUGHQ��

����P�

6HSWHPEHU�
�����

7KLV�VWXG\�

'��VDQWRPHD� %0���� 6mR�7RPp�
%RP�6XFHVVR�%RWDQLFDO�*DUGHQ��

����P�

6HSWHPEHU�
�����

7KLV�VWXG\�

'��VDQWRPHD� ����� (<)3�ODE�VWUDLQ�GHULYHG�IURP�
672�&$*2�������

�,QVHUWLRQ�#��/������������

����� �6WHUQ��HW�DO����������
��JLYHQ�E\�'��6WHUQ��

�
�
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5DZ�FRQWRXU�DFTXLVLWLRQ�
�$OO�FRQWRXUV�ZHUH�GLJLWL]HG�E\�WKH�VDPH�SHUVRQ��3LFWXUHV�ZHUH�DQRQ\PL]HG�IRU�PDQXDO�
FRQWRXU�DFTXLVLWLRQ�VR�WKDW�WKH�GLJLWL]HU�GLG�QRW�NQRZ�WKH�JHQRW\SH��'LJLWL]DWLRQ�ZDV�VNLSSHG�
ZKHQ�WKH�TXDOLW\�RI�WKH�PRXQWLQJ�ZDV�MXGJHG�WR�EH�SRRU��)RU�HDFK�SLFWXUH��D�FXVWRP�,PDJH-�
SOXJLQ�ZDV�XVHG�WR�H[WUDFW��[���\��FRRUGLQDWHV��LQ�SL[HOV��RI�WKH�FRQWRXU��7KH�SOXJLQ�LV�GHVLJQHG�
WR�RSHQ�DOO�WKH�SLFWXUHV�FRQWDLQHG�LQ�D�GLUHFWRU\��DOORZLQJ�WKH�XVHU�WR�PDQXDOO\�GUDZ�D�FRQWRXU�
RI�WKH�REMHFW�RI�LQWHUHVW�XVLQJ�WKH�IUHHKDQG�WRRO�RI�,PDJH-�7KH�UDZ�FRQWRXU�LV�D�VHULHV�RI�
SRLQWV��S ������S �����������S �Q��LQ�D�WZR�GLPHQVLRQDO�VSDFH��[�\��ZKHUH��Q��LV�WKH�QXPEHU�RI�SRLQWV�RYHU�
ZKLFK�WKH�FRQWRXU�SDVVHV��XVXDOO\��������Q �����������7KH�FRQWRXU�LV�RSHQ�DQG�LWV�HQGSRLQWV�
DUH�XQLPSRUWDQW��)LJXUH�����,W�LV�DQDO\]HG��DQG�WZLFH�VPRRWKHG��DV�IROORZV��
�
6PRRWKHG�FRQWRXU��
7KH�ILUVW�OD\HU�RI�WUDQVIRUPDWLRQ�LV�D�UHFWDQJXODU�VPRRWKLQJ�ILOWHU�RYHU�WKH�UDZ�FRQWRXU�WR�
REWDLQ�WKH�VPRRWKHG�FRQWRXU��$W�HDFK�SRLQW��S �M ��ZLWK�FRRUGLQDWHV� ��ZH�GHULYH� �ZLWK[ � �� M \M SƍM �

FRRUGLQDWHV� �ZKHUH� DQG� �[ � �� ƍM \ƍM � �[ƍM  
�
�ĮQ �

M�ĮQ

L MíĮQ
[L � �\ƍM  

�
�ĮQ �

M�ĮQ

L MíĮQ
\L �

+HUH�WKH�FRQWRXU�VPRRWKLQJ�SDUDPHWHU��Į ���WR�EH�DGMXVWHG�YLD�OHDUQLQJ��GHVFULEHV�WKH�
SURSRUWLRQ�RI�SRLQWV��UHODWLYH�WR�WKH�WRWDO�QXPEHU�RI�SRLQWV�IRUPLQJ�WKH�FRQWRXU��WR�LQFOXGH�LQ�
WKH�VPRRWKLQJ��7KLV�LPSOLHV�WKDW�WKH�VPRRWKHG�FRQWRXU�LV���ĮQ ��SRLQWV�VKRUWHU���ĮQ ��RQ�HDFK�
VLGH��WKDQ�WKH�UDZ�FRQWRXU���
�
5DZ�FXUYDWXUH�RI�WKH�VPRRWKHG�FRQWRXU�
)RU�HDFK�VPRRWKHG�FRQWRXU��WKH�UDZ�FXUYDWXUH��N��LV�FRPSXWHG�ZLWK�D�VOLGLQJ�ZLQGRZ�RI�WKUHH�
SRLQWV��)RU�DQ\�VHW�RI�WKUHH�SRLQWV��0����1����3��IRUPLQJ�D�WULDQJOH��WKH�GLDPHWHU�RI�WKH�
FLUFXPVFULEHG�FLUFOH�WR�WKLV�WULDQJOH��� �U�� ��03����VLQ���01���13���FDQ�EH�FRPSXWHG�DV�WKH�SURGXFW�
RI�WKH�(XFOLGHDQ�GLVWDQFHV�GLYLGHG�E\�WKH�FURVV�SURGXFW�RI�WKH�WZR��QRQ�EDVDO��VLGHV���U��LV�WKH�
FXUYDWXUH�UDGLXV�LQ��1���DQG�WKH�FXUYDWXUH��N��LQ��1��LV�WKH�LQYHUVH�RI��U����

�N  U
�  � � � � �_ ��ĺ01

�
î
�ĺ
13 _

01 �13 �30 � �
7KH�IODWWHU�WKH�FRQWRXU��WKH�ZLGHU�WKH�FLUFXPVFULEHG�FLUFOH��WKH�ODUJHU�WKH�UDGLXV� ��DQG�WKHU �
VPDOOHU�WKH�FXUYDWXUH� ��)RU�HDFK�FRQWRXU��WKH�FXUYDWXUH�SURILOH�LV�WKH�FXUYDWXUH��N�M ��FRPSXWHGN �
RYHU��S¶ �M ��LQ� �XVLQJ�LWV�QHLJKERXULQJ�SRLQWV���0����1����3�� ��YHUVXV�WKH�S �> �ƍ SQƍ @ � S¶ � S¶�S¶Mí� � M � M�� �
FXUYLOLQHDU�DEVFLVVD��V�M��RI��S¶ �M ��ZKLFK�LV�WKH�VXP�RI�(XFOLGHDQ�GLVWDQFHV�IURP�RULJLQ���V�M��� ��S¶ ����S¶ �������
S¶ ����S¶ �������«����S¶ �M���S¶ �M����
�
5HILQHG�FXUYDWXUH�
:H�WKHQ�XVH�WKLV�ILUVW�UDZ�FXUYDWXUH�HVWLPDWLRQ�DV�LQIRUPDWLRQ�WR�UHILQH�WKH�FXUYDWXUH�LQ�D�
VHFRQG�SDVV��,Q�WKLV�VHFRQG�PHDVXUH��WKH�UHILQHG�FXUYDWXUH��N�M �¶��LV�FRPSXWHG�RYHU�DQ�DGDSWLYH�
ZLQGRZ�RI�VL]H� �IRU� DQG� �RWKHUZLVH���0����1����3� ���S¶ �M�D�����S¶ �M�����S¶ �M�D����7KLV�PHDQVD  �

N_ _ ��N � � �D  � �
WKDW�WKH�FXUYDWXUH�LV�FRPSXWHG�RYHU�D�ODUJHU�GLVWDQFH�ZKHUH�LW�LV�VPDOO��DQG�FXUYDWXUH�UDGLXV�
LV�ODUJH���ZKLFK�UHTXLUHV�PRUH�VPRRWKLQJ��ZLWKRXW�ORVLQJ�WKH�VKDUSQHVV�RI�FXUYDWXUH�SHDN�
GHWHUPLQDWLRQ�ZKHUH�WKH�FXUYDWXUH�LV�ODUJH��
�
�
�
6PRRWKHG�FXUYDWXUH�
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7R�LPSURYH�FXUYDWXUH�VLJQDO�WR�QRLVH�UDWLR��IRU�HDFK�SRLQW� �ZLWK�FRRUGLQDWHV� �DQGSƍM [ � �� ƍM \ƍM �
UHILQHG�FXUYDWXUH� ��ZH�FRPSXWH�WKH�VPRRWKHG�FXUYDWXUH��N �́M ���DV�D�ZHLJKWHG�PRYLQJ�DYHUDJHNƍM �
ZLWK�WULDQJXODU�ZHLJKWV���
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L MíȕQ
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�

ZLWK� �DQG�ZKHUH� �LV�WKH�VPRRWKLQJZ Q� ���� Z Q� L _�� ��� Z � Z� M  ȕ � � L  ȕ í _ í M � � MíȕQ  � M�ȕQ  � ȕ �
SDUDPHWHU�WR�DGMXVW�YLD�OHDUQLQJ�� GHVFULEHV�WKH�SURSRUWLRQ�RI�SRLQWV��UHODWLYH�WR�WKH�WRWDOȕ �
QXPEHU�RI�FRQWRXU�SRLQWV��WR�LQFOXGH�LQ�WKH�VPRRWKLQJ��7KLV�LPSOLHV�WKDW�WKH�VPRRWKHG�
FXUYDWXUH�FRQWRXU�LV� �SRLQWV�VKRUWHU�� �RQ�HDFK�VLGH��WKDQ�WKH�VPRRWKHG�FRQWRXU�ȕQ� Qȕ ��
�
/DQGPDUN�GHWHFWLRQ�
&XUYDWXUH�DURXQG�WKH�VWDUW�DQG�HQG�RI�WKH�FRQWRXU�LV�QRLV\��LW�FRUUHVSRQGV�WR�D�UHJLRQ�RI�ORZ�
FXUYDWXUH��DW�WKH�EHJLQQLQJ�DQG�HQG�RI�WKH�FRQWRXU��RXWVLGH�RI�WKH�UHJLRQ�ZKHUH�ZH�H[SHFW�WR�
ILQG�WKH�ILYH�ODQGPDUNV��)LJXUH�����,Q�DGGLWLRQ��WKH�FRQWRXU�GLJLWL]DWLRQ�E\�WKH�XVHU��ZKLFK�
WHQGV�WR�VWDUW�DW�D�SUHFLVH�SRLQW�DQG�WR�HQG�LQ�D�ORQJ�VWURNH��UHVXOWV�LQ�D�VOLJKW�OHIW�ULJKW�
DV\PPHWU\�LQ�WKH�FXUYDWXUH�SURILOH��)RU�WKHVH�UHDVRQV��ZH�LQWURGXFH�WZR�SDUDPHWHUV���G ��DQG�
P���ZKLFK�DUH�WKH�GHWHFWLRQ�ZLQGRZ�DQG�WKH�PLGOLQH��UHVSHFWLYHO\��$IWHU�VXSHULPSRVLQJ�DOO�
VPRRWKHG�FXUYDWXUH�SURILOHV��ZH�FKRRVH��G ��VXFK�WKDW�LW�H[FOXGHV�WKH�ILUVW�DQG�ODVW�����RI�WKH�
VPRRWKHG�FRQWRXU��:H�ILQG�WKDW�WKH�D[LV�RI�V\PPHWU\�LV�DW��P�� �������LQVWHDG�RI�����IRU�D�
V\PPHWULF�SURILOH���
/DQGPDUNV���������DUH�GHILQHG�DV�PD[LPD�RI�WKH�VPRRWKHG�FXUYDWXUH��DQG�ODQGPDUNV���DQG���
DV�PLQLPD�RI�WKH�VPRRWKHG�FXUYDWXUH��+DYLQJ�GHWHFWHG�DOO�PLQLPD�DQG�PD[LPD��ZH�ILUVW�
GHILQH�ODQGPDUN���DV�WKH�PD[LPXP�FORVHVW�WR�WKH�PLGOLQH��ODQGPDUN���DV�WKH�ORZHVW�
PLQLPXP�WR�WKH�OHIW�RI�ODQGPDUN���DQG�ODQGPDUN���DV�WKH�PD[LPXP�FORVHVW�WR�ODQGPDUN����
)ROORZLQJ�WKH�VDPH�ORJLF��ZH�GHILQH�ODQGPDUN���DV�WKH�ORZHVW�PLQLPXP�WR�WKH�ULJKW�RI�
ODQGPDUN���DQG�ODQGPDUN���DV�WKH�PD[LPXP�FORVHVW�WR�ODQGPDUN����+DYLQJ�GHWHFWHG�DOO�ILYH�
ODQGPDUNV��ZH�IRXQG�WKDW�WKHUH�FDQ�VHOGRP�EH�PRUH�WKDQ�RQH�PD[LPXP�EHWZHHQ�ODQGPDUN�
��DQG�ODQGPDUN����,Q�VXFK�VLWXDWLRQ��ZH�DOORZ�� �UHVDPSOLQJ�RI�ODQGPDUN���WR�WKH�KLJKHVW�
PD[LPXP�EHWZHHQ�ODQGPDUNV���DQG����)LQDOO\��ZH�H[FOXGH�LQGLYLGXDOV�WKDW�GR�QRW�GLVSOD\�DOO�
ILYH�ODQGPDUNV�DIWHU�GHWHFWLRQ��
�
6SLQH�WKUXVW�PHDVXUH��
+DYLQJ�GHWHFWHG�DOO�ILYH�ODQGPDUNV��ZH�TXDQWLI\�VKDSH�XVLQJ�D�PHDVXUH�SUHYLRXVO\�
LQWURGXFHG���3HOXIIR��HW�DO������������ZKLFK�LV�KLJKO\�FRUUHODWHG�WR�WKH�3URFUXVWHV�DQDO\VLV�
SULQFLSDO�FRPSRQHQW�PHDVXUH�RI�LQWHU�VSHFLILF�VKDSH�YDULDWLRQ��DQG�ZKLFK�ZH�FDOOHG�³VSLQH�
WKUXVW´��67���67�LV�D�PHDVXUH�RI�KRZ�PXFK�VSLQHV�DUH�HOHYDWHG�DERYH�WKH�FHQWUDO�ULGJH�RI�WKH�
YHQWUDO�EUDQFKHV�DQG�LV�FRPSXWHG�DV���
7 �< �6  �

�
/� � < /� í < /� �

ZKHUH� �� �DQG� �DUH�WKH��<��FRRUGLQDWH�RI�ODQGPDUNV����������UHVSHFWLYHO\��7KLV< /� < /� < /� �
PHDVXUHPHQW�GHSHQGV�RQ�WKH�SUHFLVH�GHILQLWLRQ�RI��;��DQG��<��D[HV��+HUH�WKH��;��D[LV�LV�GHILQHG�
DV�WKH�D[LV�SDVVLQJ�E\�ODQGPDUNV���DQG���DQG�RULHQWHG�IURP���WR����DQG�ZLWK�WKH��<��D[LV�
GHILQHG�VR�WKDW� LV�DQ�RULHQWHG�RUWKRQRUPDO�EDVLV�; � ��� < ��
�
0DFKLQH�OHDUQLQJ�

��
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'HWHFWLRQ�RI�PD[LPD�DQG�PLQLPD�LV�D�VLPSOH�IHDWXUH�GHWHFWLRQ�WKDW�UHOLHV�RQ�WKH�GHULYDWLYH�RI�
WKH�VPRRWKHG�FXUYDWXUH�SURILOH��+RZHYHU��WKHUH�DUH�WZR�SDUDPHWHUV��Į ����ȕ ���RQH�IRU�HDFK�
VPRRWKLQJ�ILOWHU��FRQWRXU�DQG�FXUYDWXUH���ZKLFK�PRGXODWH�WKH�QXPEHU�DQG�SRVLWLRQ�RI�WKHVH�
GHWHFWHG�PD[LPD�DQG�PLQLPD��,W�LV�SRVVLEOH�WR�H[SORUH�D�VHW�RI�YDOXHV�IRU��Į ��DQG��ȕ ��VXFK�WKDW�
WKH�FRUUHODWLRQ�EHWZHHQ�PDQXDOO\�GLJLWL]HG�ODQGPDUNV�DQG�DXWRPDWLFDOO\�GHWHFWHG�ODQGPDUNV�
LV�RSWLPL]HG��*LYHQ�WKDW�KXPDQV�PD\�LQWURGXFH�ELDV�LQ�WKH�SRVLWLRQLQJ�RI�WKH�ODQGPDUNV��WKH�
KXPDQ�RXWSXW�PD\�QRW�EH�RSWLPDO�RYHU�WKH�PDFKLQH�RXWSXW��7KLV�LV�ZK\�ZH�FKRVH�QRW�WR�
TXDQWLI\�WKH�OHDUQLQJ�VXFFHVV�UDWH�RI�RXU�DOJRULWKP�XVLQJ�WKH�$UHD�8QGHU�WKH�5HFHLYHU�
2SHUDWLQJ�&KDUDFWHULVWLF�&XUYH�EXW�LQVWHDG�WR�VHDUFK�IRU�FRPELQDWLRQV�RI�SDUDPHWHU�YDOXHV�
ZKLFK�\LHOG�WKH�KLJKHVW�3HDUVRQ�FRUUHODWLRQ�YDOXH� �IRU�67�PHDVXUHG�RYHU�PDQXDOO\U� �
GLJLWL]HG�ODQGPDUNV�YHUVXV�67�PHDVXUHG�ZLWK�DXWRPDWLFDOO\�GLJLWL]HG�ODQGPDUNV���
�
6WDWLVWLFDO�DQDO\VHV�
$OO�VWDWLVWLFDO�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�5�YHUVLRQ��������7HDP��������:H�SHUIRUPHG�
WZR�GLIIHUHQW�VHWV�RI�VWDWLVWLFDO�DQDO\VHV�WR�LQYHVWLJDWH�KRZ�67�FKDQJHV�DFURVV�VSHFLHV��
VWUDLQV�DQG�WHPSHUDWXUH��)LUVW��ZH�ILWWHG�D�VWDQGDUG�PXOWLSOH�OLQHDU�UHJUHVVLRQ�ZLWK�VSHFLHV��
VWUDLQV�DQG�WHPSHUDWXUH�DV�SUHGLFWRUV�XVLQJ�WKH�VWDQGDUG�5�IXQFWLRQ�OP����:H�FKRVH�WKH�EHVW�
PRGHO�EDVHG�RQ�WKH�YDULDQFH�H[SODLQHG�SURYLGHG�E\�WKH� YDOXH��6HFRQG��ZH�SHUIRUPHG�DU� �
UHJUHVVLRQ�WUHH�DQDO\VLV�DQG�SHUIRUPHG�FURVV�YDOLGDWLRQ�XVLQJ�UHFXUVLYH�SDUWLWLRQLQJ�ZLWK�WKH�
UHJUHVVLRQ�WUHHV�5�SDFNDJH�³USDUW´�YHUVLRQ����������7KHUQHDX��HW�DO�����������DQG�WKH�DVVRFLDWHG�
IXQFWLRQ�USDUW���ZLWK�WKH�³DQRYD´�PHWKRG�DQG�REWDLQHG�WKH�DSSUR[LPDWH� �IURP�D����IROGU� �
FURVV�YDOLGDWLRQ�XVLQJ�WKH�UVT�USDUW���IXQFWLRQ��7KLUG��ZH�DOVR�SHUIRUPHG�UDQGRP�IRUHVW�
UHJUHVVLRQ�DQDO\VLV�XVLQJ�WKH�5�SDFNDJH�´5DQGRP)RUHVW´�YHUVLRQ��������DQG�WKH�
UDQGRP)RUHVW���IXQFWLRQ�LQ�RUGHU�WR�FRQILUP�WKH�LPSRUWDQFH�RI�HDFK�IDFWRU�RQ�67�FKDQJH��
%RWK�VHWV�RI�VWDWLVWLFDO�DQDO\VHV�LQYHVWLJDWH�WKH�UROH�RI�SUHGLFWRUV�LQ�H[SODLQLQJ�D�VLJQLILFDQW�
SDUW�RI�WKH�YDULDQFH��PXOWLSOH�OLQHDU�UHJUHVVLRQ�DOORZV�WKH�XVH�RI�LQWHUDFWLRQ�WHUPV�ZKLOH�
UHJUHVVLRQ�WUHHV�DUH�HDVLHU�WR�LQWHUSUHW���-DPHV��HW�DO������������,Q�DGGLWLRQ�WR�WKHVH�WKUHH�
DQDO\VHV��ZH�V\VWHPDWLFDOO\�SORW�GLVWULEXWLRQ�RI�67�DFURVV�SUHGLFWRUV�VKRZLQJ�LQGLYLGXDO�
YDOXHV�WRJHWKHU�ZLWK�PHDQ��VWDQGDUG�HUURUV��ZKLFK�GLUHFWO\�LQIRUP�DERXW�WZR�E\�WZR�VWDWLVWLFDO�
VLJQLILFDQFH�EHWZHHQ�JURXSV���PHGLDQ�DQG�TXDUWLOHV���
�
�
5HVXOWV�
6SLQH�WKUXVW��67��FDQ�EH�PHDVXUHG�VHPL�DXWRPDWLFDOO\�
:H�SUHYLRXVO\�UHSRUWHG�WKDW�WKH�VKDSH�RI�YHQWUDO�EUDQFKHV�LQ��'��VDQWRPHD ����'��\DNXED ��DQG�
WKHLU�K\EULGV�FDQ�EH�FKDUDFWHUL]HG�ZLWK�D�VHW�RI�ILYH�PDQXDOO\�GHWHFWHG�ODQGPDUNV��ZKLFK�
DOORZV�WR�FDOFXODWH�YLD�VLPSOH�DULWKPHWLF�KRZ�PXFK�WKH�ODWHUDO�VSLQHV�ULVH�DERYH�WKH�FHQWUDO�
ULGJH��DV�D�TXDQWLWDWLYH�YDOXH�QDPHG�³VSLQH�WKUXVW´��67���H[SUHVVHG�LQ�PLFURPHWHUV��3HOXIIR�
HW�DO���������7KH�PDQXDO�SRVLWLRQLQJ�RI�ODQGPDUNV�UHTXLUHV�HDFK�SRLQW�WR�EH�FDUHIXOO\�
SRVLWLRQHG�RQ�WKH�H[DFW�IHDWXUH�IRU�WKH�67�PHDVXUH�WR�EH�H[DFW��,W�FDQ�LQWURGXFH�
EHWZHHQ�XVHU�DQG�EHWZHHQ�VDPSOH�YDULDELOLW\��,Q�SDUWLFXODU��WKH�SRVLWLRQLQJ�RI�WKH�WKUHH�
FHQWUDO�ODQGPDUNV�FDQ�EH�HTXLYRFDO�DQG�PD\�GLIIHU�EHWZHHQ�XVHUV���

7R�XVH�D�OHVV�ELDVHG�DSSURDFK�DQG�DXWRPDWH�WKH�SURFHVV��ZH�GHFLGHG�WR�GHYHORS�D�
QHZ�PHDVXUHPHQW�PHWKRG�WKDW�UHOLHV�RQ�PDQXDOO\�GLJLWL]HG�FRQWRXUV�RI�WKH�YHQWUDO�EUDQFKHV��
ZKLFK�DUH�HDVLHU�WR�GHILQH�WKDQ�ODQGPDUNV��7KH�SRVLWLRQ�FRQWRXU�RI�WKH�YHQWUDO�EUDQFKHV�ZDV�
GLJLWL]HG�E\�KDQG�DW�DQ�DSSUR[LPDWHO\�IRXU�WLPHV�IDVWHU�UDWH�WKDQ�ODQGPDUN�GHWHFWLRQ��
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EHFDXVH�LW�FDQ�EH�GRQH�LQ�D�VLQJOH�VWURNH�ZLWK�D�GLJLWDO�SHQ�DQG�WKH�UHVXOWLQJ�67�PHDVXUH�LV�
EDUHO\�VHQVLWLYH�WR�WKH�H[DFW�SHQ�SRVLWLRQ��:H�GHVLJQHG�D�SLSHOLQH�WKDW�DXWRPDWLFDOO\�
LGHQWLILHV�WKH�ILYH�ODQGPDUNV�EDVHG�RQ�WKH�FXUYDWXUH�RI�WKH�PDQXDOO\�GLJLWL]HG�FRQWRXUV�RI�WKH�
YHQWUDO�EUDQFKHV��DQG�WKHQ�FDOFXODWHV�67��)LJ������7KH�W\SLFDO�URXQGHG�VKDSH�RI��'��VDQWRPHD�
LV�WKHQ�FKDUDFWHUL]HG�E\�D�QXOO�RU�QHJDWLYH�YDOXH�RI�67��)LJXUH����FHQWUDO�SDQHO��ZKHUHDV�WKH�
VSLQ\�VKDSH�RI��'��\DNXED ��LV�FKDUDFWHUL]HG�E\�D�SRVLWLYH�YDOXH�RI�67��)LJ�����ULJKW�SDQHO���

7R�DVVHVV�UHSHDWDELOLW\��ZH�GLJLWL]HG�WZLFH��DW�RQH�PRQWK�LQWHUYDO��DW�WKH�EHJLQQLQJ�
DQG�DW�URXJKO\�WKH�PLGSRLQW�RI�WKH�GLJLWL]LQJ�HIIRUW������LQGLYLGXDOV�RI�WKH�PRVW�FKDUDFWHULVWLF�
'��\DNXED ��VWUDLQ��2NX��VKDUS�VSLQHV���DQG����LQGLYLGXDOV�RI�WKH��'��VDQWRPHD��VWUDLQ�ZKLFK�LV�
WKH�PRVW�GLYHUJHQW�IURP�WKLV��'��\DNXED ��VWUDLQ��������H[WUHPHO\�URXQGHG�VKDSH�DQG�VPDOO�
VSLQHV���:H�IRXQG�D�JRRG�FRUUHVSRQGHQFH�DQG�D�KLJK�FRUUHODWLRQ�FRHIILFLHQW� ���U�  � �
EHWZHHQ�WKH�WZR�VHWV�RI�DXWRPDWLF�PHDVXUHV��)LJ��6����LQGLFDWLQJ�WKDW�RXU�SLSHOLQH�SURGXFHV�
UREXVW�TXDQWLILFDWLRQ�RI�YHQWUDO�EUDQFK�VKDSH���

�
/HDUQHG��Į��DQG��ȕ��
:H�ILQG�WKDW�WKH�VDPH�VHW�RI�����'��\DNXED ��DQG�����'��VDQWRPHD ��LQGLYLGXDOV�LV�HQRXJK�WR�
LGHQWLI\�RSWLPDO�SDUDPHWHU�YDOXHV�IRU��Į ���FRQWRXU�VPRRWKLQJ��DQG��ȕ ���FXUYDWXUH�VPRRWKLQJ����
:H�ILQG�WKDW�ZLWK��Į �� �������DQG��ȕ �� �������ZH�REWDLQ� ��)LJXUH�6����$OWKRXJK�D�IHZ���U�  � �
RWKHU�FRPELQDWLRQV�RI��Į ��DQG��ȕ ��\LHOG�WKH�VDPH� ��)LJXUH�6����ZH�FKRRVH�WKLV�VHW�EHFDXVH�LWU� �
LV�WKH�RQH�ZKLFK�DSSOLHV�WKH�ORZHVW�GHJUHH�RI�VPRRWKLQJ���
�
6WURQJ�LQWHUVSHFLILF�GLIIHUHQFH�LQ�67�

,Q�WRWDO��ZLWK�RXU�VHPL�DXWRPDWHG�PHWKRG��DQG�DIWHU�UHPRYLQJ�Q� ����LQGLYLGXDOV�
LQFRUUHFWO\�GLVVHFWHG�RU�PRXQWHG������RI�WRWDO�VDPSOHV��ZLWK�QR�DSSDUHQW�GLVWULEXWLRQ�ELDV���
ZH�SKHQRW\SHG�����LQGLYLGXDOV�UDLVHG�DW����&�RU����&�WKURXJKRXW�WKHLU�GHYHORSPHQW��
FRUUHVSRQGLQJ�WR�IRXU��'��\DNXED ��OLQHV�DQG�VHYHQ��'��VDQWRPHD ��OLQHV�FROOHFWHG�EHWZHHQ������
DQG�������7DEOH�����:H�FKHFNHG�DOO�WKH�DXWRPDWLFDOO\�GHWHFWHG�ODQGPDUNV�E\�H\HV�DQG�IRXQG�
WKDW����LQGLYLGXDOV�ZHUH�LQFRUUHFWO\�GLJLWL]HG��ZLWK�D�IHZ�ODQGPDUNV�HLWKHU�PLVVLQJ�RU�
DEHUUDQWO\�SRVLWLRQHG��VHH�)LJ��6��IRU�D�VDPSOH�RI�VXFK�LQGLYLGXDOV���DQG�ZH�H[FOXGHG�WKHVH�
LQGLYLGXDOV�����RI������IURP�VXEVHTXHQW�DQDO\VLV��7KHVH�DEHUUDQW�ODQGPDUN�SURILOHV�ZHUH�
IRXQG�LQ�DOPRVW�DOO�WKH�OLQHV�DQG�DW�ERWK�WHPSHUDWXUHV��ZLWK�QR�DSSDUHQW�GLVWULEXWLRQ�ELDV��

$W����&�DQG����&��IRU��'��VDQWRPHD ��DQG��'��\DNXED ���LQ�DOO����ZLOG�LVRIHPDOH�VWUDLQV��
ZH�REVHUYHG�ZLWKLQ�VWUDLQ�YDULDELOLW\�LQ�67�YDOXHV��)LJXUH��$��IRU�DOO�JURXSV���Q ��SHU�JURXS�Ѯ�
>�����@���$W�ERWK�WHPSHUDWXUHV��WKH�PHDQ�67�RI�HDFK�RI�WKH�VHYHQ��'��VDQWRPHD ��VWUDLQV�LV�
LQIHULRU�WR�WKH�PHDQ�67�RI�DQ\�RI�WKH�IRXU��'��\DNXED ��VWUDLQ��)LJXUH��$���$OO��'��\DNXED�
LQGLYLGXDOV�KDYH�D�SRVLWLYH�67��ZKLOH�PRVW��'��VDQWRPHD ��VWUDLQV�KDYH�D�PHDQ�67�FORVH�WR���
�)LJ���$���$FFRUGLQJO\��PXOWLSOH�OLQHDU�UHJUHVVLRQ�DQDO\VLV�ZKHUH�WKH�EHVW�ILW�PXOWLSOLFDWLYH�
PRGHO�LV��67�Ң�VSHFLHV�[�\HDUV�[�WHPSHUDWXUH ��VKRZV�WKDW�WKH��VSHFLHV��LQGHSHQGHQW�YDULDEOH�
H[SODLQV�D�VLJQLILFDQW�SDUW�RI�WKH�YDULDQFH�LQ�67���S����������7DEOH�����2YHUDOO��DQG�GHVSLWH�
ZLWKLQ�VWUDLQ�YDULDELOLW\�DV�ZHOO�DV�VHQVLWLYLW\�WR�WHPSHUDWXUH�YDULDWLRQ��ZH�FRQILUP�D�
PRUSKRORJLFDO�GLIIHUHQFH�RI�YHQWUDO�EUDQFKHV�EHWZHHQ�ZLOG�VWUDLQV�RI��'��VDQWRPHD ��DQG��'��
\DNXED ��XVLQJ�RXU�VHPL�DXWRPDWLF�PHWKRG�RI�VKDSH�TXDQWLILFDWLRQ�EDVHG�RQ�67��)LJXUH��$��
7DEOH�����

� � � � � � � �� �
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7DEOH����5HVXOWV�RI�OLQHDU�PRGHO�ILWWLQJ���7KLV�EHVW�PRGHO�VKRZV�WKH�FRQWULEXWLRQ�RI�HDFK�IDFWRU�DQG�
WKHLU�LQWHUDFWLRQV�WR�WKH�RYHUDOO�YDULDQFH�LQ�WKH�IXOO��'��VDQWRPHD��'��\DNXED��GDWDVHW��VKRZQ�LQ�)LJXUHV�
�$�DQG��%��DW�ERWK�WHPSHUDWXUHV�����&�DQG����&��DFURVV�DOO�\HDUV��7KH�HIIHFW�YDOXHV�DQG�WKHLU�����
&,�DUH�UHSRUWHG�WRJHWKHU�ZLWK�WKHLU��S ��YDOXHV��L�H��VSHFLHV�KDYLQJ�DQ�RYHUDOO�HIIHFW�RI������LPSOLHV�WKDW�
JRLQJ�IURP��'��VDQWRPHD��WR��'��\DNXED���DOO�RWKHU�WKLQJV�EHLQJ�HTXDO��LQFUHDVHV�VSLQH�WKUXVW�DEVROXWH�
YDOXH�E\�������ȝ�P��� � � � � � �

)DFWRU� (IIHFW� &RQILGHQFH� S�YDOXH� 6LJQLILFDQFH�

1 �����5�� ������ �LQ�PLFURPHWHU�� LQWHUYDO� � �

� � � � �

6SHFLHV� ����� ����� �������� �

<HDUV� ����� ����� �������� �

7HPSHUDWXUH� ������ ����� �������� �

6SHFLHV�[�<HDUV� ������ ����� �������� �

6SHFLHV�[�7HPSHUDWXUH� ����� ����� �������� �

<HDUV�[�7HPSHUDWXUH� ������ ����� ������� �

�
��

�
�
9HQWUDO�EUDQFKHV�RI��'��VDQWRPHD ��DUH�SODVWLF�WR�WHPSHUDWXUH��

)RU��'��VDQWRPHD ���LQ�DOO�VWUDLQV�EXW�WKH�ROGHVW�RQH�FROOHFWHG�LQ�������WKH�PHDQ�67�LV�
V\VWHPDWLFDOO\�VPDOOHU�DW����&�FRPSDUHG�WR����&�DQG�VWDQGDUG�HUURUV�GR�QRW�RYHUODS��)LJ������
,Q�FRQWUDVW��QR�VLJQLILFDQW�GLIIHUHQFH�LQ�PHDQ�67�EHWZHHQ����&�DQG����&�LV�REVHUYHG�IRU��'��
\DNXED ��VWUDLQV��H[FHSW�IRU�RQH�VWUDLQ�FROOHFWHG�LQ��������'��\DNXED��5DSKLD���)LJXUH��%���
0XOWLSOH�OLQHDU�UHJUHVVLRQ�DQDO\VLV�VXSSRUWV�D�QHJDWLYH�HIIHFW�RI�WHPSHUDWXUH��DV�VHHQ�ZLWK��'��
VDQWRPHD ���S���������7DEOH����DQG�WKDW�HIIHFW�LV�GHSHQGHQW�RQ�VSHFLHV��S���������7DEOH�����
)RU�WKH�PRVW�UHFHQWO\�FROOHFWHG�ZLOG�VWUDLQ�RI��'��VDQWRPHD ���%0�������ZH�FRPSDUHG�WKH�
FRQWRXUV�RI�WKH�WZR�PRVW�UHSUHVHQWDWLYH�LQGLYLGXDOV�UDLVHG�DW����&�DQG����&��L�H���WKH�WZR�
LQGLYLGXDOV�ZLWK�67�YDOXHV�FORVHVW�WR�WKH�PHGLDQ�YDOXH�RI�WKHLU�JURXS��:H�REVHUYHG�WKDW�WKH�
LQGLYLGXDO�UDLVHG�DW����&�KDV�D�PRUH��'��\DNXED ��OLNH�VKDSH�RI�YHQWUDO�EUDQFKHV�FRPSDUHG�WR�
WKH�LQGLYLGXDO�UDLVHG�DW����&��)LJ�������

:H�ILQG�WKDW�WKH�VWDWLVWLFDOO\�VLJQLILFDQW�HIIHFW�RI�WHPSHUDWXUH�RQ��'��VDQWRPHD ��RQO\�LV�
DOVR�VWDWLVWLFDOO\�GHSHQGHQW�RQ�WKH�\HDU�DW�ZKLFK�WKH�VWUDLQ�ZDV�FROOHFWHG��S���������7DEOH�����
,Q�RUGHU�WR�LQWHUSUHW�EHWWHU�RXU�VWDWLVWLFDO�DQDO\VLV�ZLWK�PXOWLSOH�UHJUHVVLRQ��ZH�SHUIRUPHG�D�
���IROG�FURVV�YDOLGDWHG�UHJUHVVLRQ�WUHH�DQDO\VLV�RQ�WKH�IXOO�GDWD�VHW����VSHFLHV�����VWUDLQV��
����LQGLYLGXDOV���7KH����IROG�FURVV�YDOLGDWHG�HUURU�UDWH�LV������DQG�XVLQJ�DQ�DGGLWLYH�PRGHO�
RI�WKH�VKDSH��67�Ң�VSHFLHV���\HDUV���WHPSHUDWXUH ���:H�IRXQG�WKDW�WKH�YDULDQFH�LQ�WKH�GDWD�VHW�
LV�ILUVW�EHVW�SDUWLWLRQHG�E\�VSHFLHV�DQG�WKDW�WHPSHUDWXUH�SDUWLWLRQV�WKH�GDWD�VHW�EHVW�IRU�VWUDLQV�
FROOHFWHG�LQ������DQG�������)LJ�����WRWDO�YDULDQFH�H[SODLQHG�DV�DVVHVVHG�E\�FURVV�YDOLGDWLRQ�
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�LV��������7R�FRQILUP�WKRVH�UHVXOWV��ZH�DOVR�SHUIRUPHG�D�UDQGRP�IRUHVW�UHJUHVVLRQ�DQDO\VLVU� �
ZLWK�WKH�VDPH�PRGHO�DV�IRU�WKH�UHJUHVVLRQ�WUHH�DQG�IRXQG�WKDW�WKH�RYHUDOO�YDULDQFH�H[SODLQHG�
LV�� �DQG�WKDW�WKH�UDQN�RI�LPSRUWDQFH�RI�HDFK�LQGHSHQGHQW�YDULDEOH�LV�VSHFLHV�!�\HDUV���U�  � �
!�WHPSHUDWXUH��$OWRJHWKHU��RXU�UHVXOWV�VKRZ�WKDW�LQ��'��VDQWRPHD ���EXW�QRW�LQ��'��\DNXED ���
YHQWUDO�EUDQFKHV�DUH�VHQVLWLYH�WR�WHPSHUDWXUH�GXULQJ�GHYHORSPHQW�DQG�WKDW�WKLV�HIIHFW�LV�
VWURQJHU�LQ�UHFHQWO\�FROOHFWHG�VWUDLQV���

�
7HPSHUDWXUH�FKDQJH�SKHQRFRSLHV�QDWXUDO�JHQHWLF�YDULDWLRQ�IRU�VKDSH��

7R�FRPSDUH�WKH�HIIHFWV�RI�WHPSHUDWXUH�DQG�RI�LQWHUVSHFLILF�JHQHWLF�YDULDWLRQ�RQ�
YHQWUDO�EUDQFK�VKDSH��ZH�XVHG�RXU�SUHYLRXV�47/�PDSSLQJ�GDWDVHW�RI�YHQWUDO�EUDQFK�VKDSH�
EHWZHHQ��'��VDQWRPHD ��DQG��'��\DNXED ���ZKLFK�FRPSULVHV������'��VDQWRPHD ��EDFNFURVV�
LQGLYLGXDOV���3HOXIIR��HW�DO������������,Q�WKLV�SUHYLRXV�VWXG\��DOO�IOLHV�ZHUH�UHDUHG�DW����&�DV�ZH�
IRXQG�WKDW�WKLV�WHPSHUDWXUH�ZDV�RSWLPDO�WR�UHDU�ERWK�VSHFLHV��7KH�ILYH�ODQGPDUNV�ZHUH�
SODFHG�PDQXDOO\�RQ�LPDJHV�RI�WKH�YHQWUDO�EUDQFKHV�RI�WKH�����EDFNFURVV�LQGLYLGXDOV��7KLV�
47/�PDSSLQJ�VWXG\�UHYHDOHG�WKDW�D����0E�ORFXV�RQ�FKURPRVRPH��/�H[SODLQV�����RI�WKH�
PHDQ�VSHFLHV�GLIIHUHQFH�LQ�67��PHDQLQJ�WKDW�UHSODFLQJ�RQH��'��VDQWRPHD ��DOOHOH�DW�WKLV�ORFXV�
ZLWK�D��'��\DNXED ��DOOHOH�OHDGV�WR�DQ�LQFUHDVH�LQ�67�RI�DERXW����ȝ�P���3HOXIIR��HW�DO������������
3RROLQJ�DOO�WKH��'��VDQWRPHD ��OLQHV�H[DPLQHG�LQ�WKH�SUHVHQW�VWXG\��ZH�ILQG�WKDW�FKDQJLQJ�WKH�
UDLVLQJ�WHPSHUDWXUH�IURP����&��WR����&�OHDGV�WR�DQ�LQFUHDVH�LQ�67�RI�DERXW������ȝ�P��)LJ������
:H�FRQFOXGH�WKDW�WKH�HIIHFW�RI�WHPSHUDWXUH�LV�DV�KLJK�DV�WKH�HIIHFW�RI�JHQHWLF�YDULDWLRQ�DW�WKH�
PDMRU�LQWHUVSHFLILF�JHQHWLF�ORFXV���

:KLOH�WKH�67�GHQVLW\�GLVWULEXWLRQ�RI�DOO��'��\DNXED ��LQGLYLGXDOV�VKRZV�OLWWOH�RYHUODS�ZLWK�
WKH�67�GHQVLW\�GLVWULEXWLRQ�RI�DOO��'��VDQWRPHD ��LQGLYLGXDOV�UHDUHG�DW����&��LW�RYHUODSV�PRUH�
ZLWK��'��VDQWRPHD ��LQGLYLGXDOV�UHDUHG�DW����&��)LJ������2YHUDOO��RXU�UHVXOWV�VKRZ�WKDW�
GHFUHDVLQJ�WKH�WHPSHUDWXUH�IURP����&�WR����&�\LHOG��'��VDQWRPHD ��PDOHV�ZLWK�VSLQLHU���'��
\DNXED ��OLNH��YHQWUDO�EUDQFKHV�LQ�WKH�VDPH�ZD\�DV�LQWURJUHVVLQJ�D��'��\DNXED ��DOOHOHV�LQ�SODFH�
RI�D��'��VDQWRPHD ��DOOHOH�DW�WKH�PDMRU�LQWHUVSHFLILF�ORFXV���
�
�
'LVFXVVLRQ�
$�GDWDVHW�LQGHSHQGHQW�VLPXOWDQHRXV�TXDQWLILFDWLRQ�RI�VKDSH�DQG�VL]H�

2XU�VHPL�DXWRPDWLF�PHWKRG��ZKLFK�UHOLHV�RQ�WZR�VLPSOH�OD\HUV�RI�FRQWRXU�
WUDQVIRUPDWLRQ�DGMXVWHG�E\�UHJUHVVLRQ�EDVHG�OHDUQLQJ��LV�IDVW�DQG�DOORZV�WKH�PHDVXUH�RI�
VKDSH�YDULDWLRQ�WKURXJK�WKH�VLPSOH�RXWOLQLQJ�RI�YHQWUDO�EUDQFKHV�RQ��'�SLFWXUHV��:H�QRWH�WKDW�
LQ�WKH�IXWXUH��SURJUHVV�LQ�HGJH�GHWHFWLRQ�DOJRULWKPV��ZKLFK�IRU�QRZ�LQWURGXFH�WRR�PXFK�HUURU�
WR�PHDVXUH�ZLWK�SUHFLVLRQ�YDULDWLRQV�RI�WKH�RUGHU�RI�D�IHZ�PLFURPHWHUV��PLJKW�DOORZ�IXOO�
DXWRPDWLRQ�IURP�SLFWXUHV�WR�VKDSH�TXDQWLILFDWLRQ��

+DYLQJ�GUDZQ�FRQWRXUV��ZH�FRXOG�DOVR�KDYH�UHOLHG�RQ�)RXULHU�EDVHG�DQDO\VHV��
+RZHYHU��VXFK�PHWKRGV�UHTXLUH�FORVHG�FRQWRXUV�ZKLFK�LQ�RXU�FDVH�DUH�GLIILFXOW�WR�GUDZ�VLQFH�
WKH�EDVH�RI�WKH�YHQWUDO�EUDQFKHV�LV�D�FRPSOH[�VWUXFWXUH�ZKLFK�FDQQRW�EH�HDVLO\�GHOLPLWHG�
IURP�WKH�FXWLFOH�RI�WKH�YHQWUDO�EUDQFKHV��)LJ������,Q�DGGLWLRQ��RXU�PHWKRG�LV�PRUH�VXLWDEOH�IRU�
FRQWRXUV�LQ�ZKLFK�YHU\�ODUJH�DQG�YHU\�VPDOO�FXUYDWXUHV�FRH[LVW��)XUWKHUPRUH��DQ�LPSRUWDQW�
OLPLWDWLRQ�RI�PRUSKRPHWULFV�DQDO\VHV�RQ�ODQGPDUN�GDWD��H�J��3URFUXVWHV�SULQFLSDO�FRPSRQHQW�
DQDO\VLV��LV�WKDW�WKH�3&�YDOXHV�DUH�VSHFLILF�WR�HDFK�GDWD�VHW���.OLQJHQEHUJ����������:LWK�RXU�
VLPSOH�PHDVXUH�RI�67�REWDLQHG�IURP�WKH�DXWRPDWLFDOO\�GHWHFWHG�ODQGPDUNV��ZH�DUH�DEOH�WR�
TXDQWLI\�DQG�FRPSDUH�VKDSHV�DFURVV�VWXGLHV��,PSRUWDQWO\��EHFDXVH�ZH�GHDO�ZLWK�DEVROXWH�
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JHRPHWULF�PHDVXUHPHQWV��RXU�PHWKRG�VLPXOWDQHRXVO\�DQDO\]HV�VKDSH�DQG�VL]H��XQOLNH�PRVW�
PRUSKRPHWULF�DSSURDFKHV���&ODXGH��������.OLQJHQEHUJ����������:H�EHOLHYH�WKLV�WR�EH�D�
VWUHQJWK�LQ�RXU�FDVH�VLQFH�ERWK�VKDSH�DQG�VL]H�RI�YHQWUDO�EUDQFKHV�SUREDEO\�FRQWULEXWH�WR�WKH�
ORFN�DQG�NH\�PHFKDQLVP��H�J��VSLQ\�EXW�VKRUW��'��\DNXED ��YHQWUDO�EUDQFKHV�PD\�QRW�KDUP��'��
VDQWRPHD ��IHPDOHV���.DPLPXUD��������.DPLPXUD�	�0LWVXPRWR������E����

�
(IIHFW�RI�WHPSHUDWXUH�RQ�VL]H�DQG�VKDSH�

,Q�PRVW�LQVHFWV�DQG�RWKHU�HFWRWKHUPV��DGXOW�ERG\�VL]H�W\SLFDOO\�LQFUHDVH�ZLWK�ORZHU�
WHPSHUDWXUHV���$QJLOOHWWD�-U��HW�DO������������%HUJPDQQ¶V�UXOH��ZKLFK�SRVLWV�DQ�LQFUHDVLQJ�ERG\�
VL]H�ZLWK�KLJKHU�DOWLWXGH��KDV�EHHQ�REVHUYHG�ZLWKLQ�WKH�6mR�7RPp�LVODQG�IRU�WKH�WHUUHVWULDO�
FDHFLOLDQ��6FKLVWRPHWRSXP�WKRPHQVH ���RYHU�D�WHPSHUDWXUH�UDQJH�RI���&���0HDVH\�	�9DQ�
'RQJHQ����������,Q�FRQWUDVW�WR�RWKHU�ERG\�SDUWV��WKH�JHQLWDOLD�RI�LQVHFWV��DQG�RI��'��
PHODQRJDVWHU��LQ�SDUWLFXODU��KDYH�EHHQ�UHSRUWHG�DV�QRW��RU�OLWWOH��SODVWLF�LQ�UHVSRQVH�WR�
WHPSHUDWXUH�RU�RWKHU�W\SHV�RI�HQYLURQPHQWDO�YDULDWLRQ���:KHHOHU��HW�DO����������(EHUKDUG��������
6KLQJOHWRQ��HW�DO������������:H�ILQG�KHUH�WKDW�WKLV�LV�WUXH�DOVR�IRU��'��\DNXED ��EXW�QRW�IRU��'��
VDQWRPHD ���FKDQJLQJ�WKH�UDLVLQJ�WHPSHUDWXUH�IURP����&�WR����&�OHDGV�WR�DQ�LQFUHDVH�LQ�VSLQH�
WKUXVW�LQ��'��VDQWRPHD ��PDOH�JHQLWDOLD�WKDW�SKHQRFRSLHV�WKH�PRUSKRORJLFDO�GLIIHUHQFH�
REVHUYHG�EHWZHHQ��'��VDQWRPHD ��DQG��'��\DNXED ���

)RU�HDFK�VSHFLHV��ZH�ILQG�WKDW�VWUDLQV�UDLVHG�LQ�WKH�VDPH�FRQGLWLRQV�GLVSOD\�GLIIHUHQW�
DYHUDJHV�LQ�67��VKRZLQJ�WKDW�WKH�YHQWUDO�EUDQFKHV�VKDSH�LV�LQIOXHQFHG�E\�JHQHWLF�IDFWRUV�
DQG�LV�DEOH�WR�HYROYH��

3ODVWLFLW\�RI�YHQWUDO�EUDQFKHV�VKDSH�ZDV�GHWHFWHG�IRU�DOO�WKH�WHVWHG��'��VDQWRPHD�
VWUDLQV�H[FHSW�WKH�RQH�WKDW�KDYH�EHHQ�PDLQWDLQHG�IRU�WKH�ORQJHVW�WLPH�LQ�WKH�ODERUDWRU\��
)XUWKHUPRUH��WKH�VWUDLQV�FROOHFWHG�UHFHQWO\��LQ������������DQG�������GLVSOD\�PRUH�SRLQWHG�
YHQWUDO�EUDQFKHV�DW����&�WKDQ�WKH�RQHV�FROOHFWHG�HDUOLHU��7KLV�VXJJHVWV�WKDW�DV�IOLHV�DGDSW�WR�
WKH�ODERUDWRU\�HQYLURQPHQW��WKH�SODVWLFLW\�RI�YHQWUDO�EUDQFKHV�VKDSH�WRZDUGV�WHPSHUDWXUH�
WHQGV�WR�EH�ORVW�DQG�YHQWUDO�EUDQFKHV�WHQG�WR�EH�PRUH�URXQGHG��5HFHQW�VWXGLHV�VKRZ�WKDW�
'URVRSKLOD�IOLHV�FDQ�DGDSW�WR�D�ODERUDWRU\�HQYLURQPHQW�LQ����JHQHUDWLRQV�RQO\���/DQJP�OOHU�	�
6FKO|WWHUHU����������
�
/DERUDWRU\�REVHUYDWLRQV�VKRXOG�EH�FRPSOHPHQWHG�E\�DQDO\VLV�RI�ZLOG�FDXJKW�IOLHV��

7HVWV�LQ�WKH�ODERUDWRU\�VKRZ�WKDW��'��VDQWRPHD ��IOLHV�DSSHDU�WR�EH�SRRUO\�DGDSWHG�WR�
KLJK�WHPSHUDWXUHV���0DWXWH��HW�DO������������7KH�RSWLPDO�WHPSHUDWXUH�IRU�ODUYDO�VXUYLYDO�LV����&�
IRU��'��VDQWRPHD ��DQG����&�IRU��'��\DNXED����)XUWKHUPRUH��ZKHQ�DGXOW�IOLHV�LQLWLDOO\�UDLVHG�DW�
���&�DUH�DOORZHG�WR�GLVWULEXWH�WKHPVHOYHV�DORQJ�D�WKHUPDO�JUDGLHQW��WKH\�VKRZ�D�SUHIHUHQFH�
IRU����&�IRU��'��VDQWRPHD��DQG�EHWZHHQ����&�DQG����&�IRU��'��\DNXED ����0DWXWH��HW�DO������������
7KHVH�REVHUYDWLRQV�DUH�LQ�DJUHHPHQW�ZLWK�WKH�REVHUYHG�JHRJUDSKLFDO�GLVWULEXWLRQ�RI��'��
VDQWRPHD ��DW�KLJK�DOWLWXGHV�DQG��'��\DNXED ��DW�ORZHU�DOWLWXGHV�LQ�6DR�7RPp��)O\�FROOHFWLRQV�LQ�
6DR�7RPp�KDYH�PRVWO\�EHHQ�GRQH�RQ�WKH�QRUWK�VORSHV�RI�WKH�LVODQG�DQG�LQ�WKHVH�DUHDV��'��
VDQWRPHD ��IOLHV�DUH�IRXQG�DW�DQ�DOWLWXGH�RI�����P�RU�DERYH���/DFKDLVH��HW�DO������������ZKLFK�
FRUUHVSRQGV�WR�WHPSHUDWXUHV�DURXQG����&�RU�EHORZ��FOLPDWH�GDWD�RUJ��
ZZZ�ZRUOGFOLP�RUJ�ELRFOLP���+RZHYHU��ZH�QRWH�WKDW�RQ�WKH�VRXWKHUQ�VORSHV�RI�WKH�LVODQG�D�
IHZ��'��VDQWRPHD ��IOLHV�KDYH�DOVR�EHHQ�FROOHFWHG�DW�ORZHU�DOWLWXGHV�����P��LQ�WKH�GHQVH�PLVW�
IRUHVW�QHDU�5LR�4XHLMR���0DWXWH�	�&R\QH��������1DJ\��HW�DO������������7KLV�VXJJHVWV�WKDW��'��
VDQWRPHD ��IOLHV�FDQ�DOVR�LQKDELW�ZDUPHU�UHJLRQV�RI�WKH�LVODQG�DQG�WKDW�WKH\�PLJKW�EH�IRXQG�
DFURVV�WKH�QDWLYH�IRUHVW�RI�6DR�7RPp��ZKLFK�JRHV�GRZQ�WR�VHD�OHYHO�RQ�WKH�ZHVWHUQ�VORSH�RI�
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WKH�LVODQG���%HOO�	�,ULDQ����������,QWHUHVWLQJO\��WKLV�W\SH�RI�FRH[LVWHQFH�LV�QRW�XQLTXH�RQ�WKH�
LVODQG��WZR�VLVWHU�VSHFLHV�RI�IURJV�FORVHO\�PDWFK�WKH�GLVWULEXWLRQ�RI��'��VDQWRPHD ��DQG��'��
\DNXED ���UHVSHFWLYHO\��ZLWK�WKH�HQGHPLF�VSHFLHV��+\SHUROLXV�WKRPHQVLV��WLHG�WR�ZHW�IRUHVW�
KDELWDWV�ZKLOH�LWV�VLVWHU�VSHFLHV��+��PROOHUL ��LV�LQ�GU\��KXPDQ�GLVWXUEHG�DUHDV��DQG��+��WKRPHQVLV�
IURJV�KDYH�DOVR�EHHQ�IRXQG�LQ�WKH�VRXWKHUQ�IRUHVW�DW�����P���%HOO�	�,ULDQ�����������

,W�ZRXOG�EH�LQWHUHVWLQJ�WR�H[DPLQH�WKH�JHQLWDOLD�RI�ZLOG�FDXJKW�LQGLYLGXDO�PDOHV�RI��'��
VDQWRPHD ��WR�FKHFN�WKH�VKDSH�RI�WKHLU�YHQWUDO�EUDQFKHV�DW�YDULRXV�DOWLWXGHV��2QH�SRVVLELOLW\�LV�
WKDW�DW�ORZ�DOWLWXGHV�LQ�WKH�VRXWKHUQ�SDUW�RI�WKH�LVODQG��'��VDQWRPHD ��IOLHV�GLVSOD\�URXQGHG�
YHQWUDO�EUDQFKHV�ZKLOH�LQ�WKH�K\EULG�]RQH�ZLWK��'��\DNXED ��DW������P�DQG�DW�KLJKHU�DOWLWXGH ���
ZKHUH�WHPSHUDWXUHV�DUH����&�RU�EHORZ��WKH\�KDYH�VSLQLHU�YHQWUDO�EUDQFKHV��2I�QRWH���'��
VDQWRPHD ��IOLHV�KDYH�DOZD\V�EHHQ�FROOHFWHG�IURP�WUDSV�DQG�KDYH�QHYHU�EHHQ�REVHUYHG�
GLUHFWO\�LQ�WKHLU�QDWLYH�HQYLURQPHQW��LW�LV�SRVVLEOH ���WKDW�WKH\�OLYH�LQ�PLFURHQYLURQPHQWV�ZKRVH�
WHPSHUDWXUH�LV�GLVWLQFW�IURP�WKH�RQH�PHDVXUHG�E\�FOLPDWH�VWDWLRQV���)HGHU��HW�DO����������
1HJRXD��HW�DO������������
�
(YROXWLRQ�RI�WKH�SODVWLFLW\�RI�YHQWUDO�EUDQFKHV�VKDSH�

7R�XQGHUVWDQG�WKH�UHOHYDQFH�RI�WKLV�WHPSHUDWXUH�VHQVLWLYLW\�RI�JHQLWDO�VKDSH�IRU�WKH�
SDVW�DQG�SUHVHQW�HYROXWLRQ�RI��'��VDQWRPHD ��DQG��'��\DNXED ���PRUH�QHHGV�WR�EH�OHDUQW�DERXW�
WKHLU�HFRORJ\�DQG�WKH�SODVWLFLW\�RI�WKH�YHQWUDO�EUDQFKHV�VKDSH�RI�WKHLU�FORVHO\�UHODWHG�VSHFLHV��
'��WHLVVLHUL ���9HQWUDO�EUDQFKHV�DUH�RQO\�IRXQG�LQ�WKH�WKUHH�VSHFLHV�RI�WKH��'��\DNXED��FRPSOH[��
'��VDQWRPHD ����'��\DNXED ��DQG��'��WHLVVLHUL ����<DVVLQ�	�2UJRJR]R����������6LQFH�YHQWUDO�EUDQFK�
VKDSH�SODVWLFLW\�KDV�QRW�EHHQ�VWXGLHG�LQ��'��WHLVVLHUL ���LW�LV�XQFOHDU�ZKHWKHU�WKLV�SODVWLFLW\�WR�
WHPSHUDWXUH�LV�DQ�DQFHVWUDO�WUDLW�ZKLFK�KDV�EHHQ�ORVW�LQ��'��\DNXED ��RU�LI�LW�LV�D�QRYHO�WUDLW�ZKLFK�
HYROYHG�LQ��'��VDQWRPHD ��RQO\��7KH�VSHFLHV��'��WHLVVLHUL ��LV�QRW�IRXQG�LQ�6mR�7RPp�EXW�RQ�WKH�
PDLQODQG�DQG�D�IHZ�LVODQGV�RI�WKH�$IULFDQ�FRQWLQHQW��LW�FDQ�K\EULGL]H�ZLWK��'��\DNXED ����7XULVVLQL�
	�0DWXWH��������&RRSHU��HW�DO������������,Q��'��WHLVVLHUL ��PDOHV��WKH�VSLQHV�DUH�YHU\�ORQJ�DQG�QR�
OD\HU�RI�FXWLFOH�LV�SUHVHQW�EHWZHHQ�WKHP���.DPLPXUD�	�0LWVXPRWR������D��<DVVLQ�	�
2UJRJR]R����������,Q�DQ\�FDVH��HYHQ�LI�WKH�H[WHQW�RI�YHQWUDO�EUDQFK�VKDSH�SODVWLFLW\�LQ��'��
WHLVVLHUL ��ZDV�NQRZQ��LW�ZRXOG�VWLOO�EH�GLIILFXOW�WR�UHFRQVWUXFW�DQFHVWUDO�WUDLW�VWDWHV�EDVHG�RQ�
RQO\�WKUHH�VSHFLHV��

7KH�IHPDOH�SURWHFWLYH�SRXFKHV��LQWR�ZKLFK�WKH�VSLQ\�YHQWUDO�EUDQFKHV�RI��'��\DNXED�
PDOHV�ILW�GXULQJ�FRSXODWLRQ��ZHUH�REVHUYHG�LQ��'��\DNXED��EXW�QRW�LQ��'��VDQWRPHD ��IHPDOHV�
UDLVHG�DW����&�DQG����&���.DPLPXUD�	�0LWVXPRWR������E��<DVVLQ�	�2UJRJR]R����������,W�
ZRXOG�EH�LQWHUHVWLQJ�WR�FKHFN�ZKHWKHU�VXFK�SRXFKHV�IRUP�LQ��'��VDQWRPHD ��IHPDOHV�UDLVHG�DW�
���&��FRLQFLGLQJ�ZLWK�WKH�HPHUJHQFH�RI�VSLQ\�YHQWUDO�EUDQFKHV�LQ�PDOHV��)XUWKHUPRUH��
ZKHWKHU�PRUH�SRLQWHG�YHQWUDO�EUDQFKHV�LQ��'��VDQWRPHD ��PDOHV�GXH�ORZHU�WHPSHUDWXUHV�
DIIHFWV�FRSXODWLRQ��UHSURGXFWLRQ�DQG�IHPDOH�SK\VLRORJ\�DIWHU�PDWLQJ�LV�XQNQRZQ��

,I�ZH�DVVXPH�WKDW��'��VDQWRPHD ��DURVH�IURP�D��'��\DNXED ��OLNH�DQFHVWRU�DQG�DGDSWHG�WR�
WKH�FRQGLWLRQV�RIIHUHG�E\�WKH�LVODQG�RI�6mR�7RPp��RQH�FDQ�K\SRWKHVL]H�WKDW�SODVWLFLW\�RI�
YHQWUDO�EUDQFKHV�HYROYHG�UHFHQWO\�LQ�WKH�OLQHDJH�OHDGLQJ�WR��'��VDQWRPHD���6XFK�D�VFHQDULR�LV�
RSSRVLWH�WR�WKH�PRVW�FRPPRQ�YLHZ�WKDW�SRVLWV�WKDW�PRUSKRORJLFDO�GLYHUVLILFDWLRQ�WHQGV�WR�
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WKUXVW�WKDW�RFFXUUHG�GXULQJ�HYROXWLRQ�LQ�WKH�OLQHDJH�OHDGLQJ�WR��'��VDQWRPHD��ZDV�DFFRPSDQLHG�
E\�D�JDLQ�RI�YHQWUDO�EUDQFKHV�VKDSH�SODVWLFLW\�WRZDUGV�WHPSHUDWXUH��0RUH�NQRZOHGJH�DERXW�
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WKH�HFRORJ\�RI��'��VDQWRPHD ��DQG�LWV�VLVWHU�VSHFLHV�ZLOO�EH�UHTXLUHG�WR�HODERUDWH�D�FRQYLQFLQJ�
VFHQDULR�WR�LQWHUSUHW�WKH�UROH�RI�WKH�YHQWUDO�EUDQFK�VKDSH�SODVWLFLW\�WKDW�ZH�GLVFRYHUHG��

�
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LQGXFHG�FKDQJHV�GR�QRW�KDPSHU�UHSURGXFWLRQ�ZLWKLQ�HDFK�VLVWHU�VSHFLHV�OLQHDJH��
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VDQWRPHD�LQ�:LQJ�5RZLQJ�GXULQJ�0DOH�&RXUWVKLS���3OR6�2QH��� ���H�������

&DULRX��0�/���6LOYDLQ��-�)���'DXELQ��9���'D�/DJH��-�/��	�/DFKDLVH��'��������'LYHUJHQFH�
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LQWURGXFWLRQ�WR�VWDWLVWLFDO�OHDUQLQJ���SS�����±�����6SULQJHU��
-HRQJ��6���5HEHL]��0���$QGROIDWWR��3���:HUQHU��7���7UXH��-��	�&DUUROO��6�%��������7KH�HYROXWLRQ�
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Figure 1. Machine detection of landmarks for ventral branches at 18°C and 25°C. For 
each individual, a 2D picture of the ventral branches is taken (first panel). The contour is 
smoothed (second panel). The curvature along the contour is obtained by finite differences and 
again smoothed (third panel). Curvature (vertical-axis) is shown along the contour, starting 
from the leftmost point of the contour, the horizontals-axis is the relative distance (divided by 
total distance). The three dashed vertical lines represent automatic detection limits (lines 1 and 
3) and the imputed global midpoint (see methods). Red points represent peaks and therfore 
curvature maxima whereas blue points represent cavities and therefore curvature minima. 
Since D. yakuba is not sensitive to temperature, we only show one characteristic shape.
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Figure 2. Ventral branches shape is sensitive to temperature in D. santomea. 
Isofemale lines arranged by year of collection (see table 1). A) For each line, individual values 
(grey points), median (thick black line), quartiles (colored boxplots), mean (colored points) and 
standard errors (black vertical segment over the colored points) of automatically measured 
spine-thrust are shown. Each line was reared at 18°C (blue) or 25°C (red). B) For each line, the 
same mean and standard errors as in panel A are shown, together with the effect slope and 
corresponding value of that effect (in µm).
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18°C 25°C

10 µm

Figure 3. Difference in contour shape at 18°C vs. 25°C within the same D. santomea 
isofemale strain collected in 2016. Contours of the two individuals that have the closest 
spine-thrust value to the median value for D. santomea BM16.2, (right most strain on Figure 
2A)  at 18°C and 25°C.
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T° > 18°C

Year < 2015

Year = 2016

Figure 4. Regression tree for spine-thrust measures of all D. santomea and D. 
yakuba isofemale strains at both 18 and 25°C. Each node gives the spine-thrust mean of 
all samples included in that node and the proportion of the total dataset included in that node. 
Below each node are two alternatives: to the left the condition is true and to the right the 
condition is false. Note that the split between D. santomea and D. yakuba happens at the top 
thereby suggesting that neither temperature nor years have an effect within D. yakuba on 
spine-thrust.
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Figure 5. Density distribution of spine-thrust values for D. santomea lines at 18 and 
25°C and D. yakuba lines. Density distribution inferred from D. santomea males raised at 18°
C (blue) and 25°C (red), D. yakuba males at both temperatures (orange). Distributions are 
inferred from the total data shown in figure 2A. 
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Figure S1. Parameter adjustment for the machine detection algorithm. Training of the 
algorithm relies on two layers of transformation that are each dependent on one parameter: 
coordinate smoothing for transformation of contours (horizontal-axis) and curvature smoothing 
for transformation of curvature profiles (vertical-axis). Training was performed using a set of 60 
individuals, 30 D. santomea 1563 and 30 D. yakuba Oku (see Table 1) for which we manually 
digitized both landmarks and contours. For each values of the two smoothing parameters, we 
performed linear regression of spine-thrust from manually digitized landmarks against spine-
thrust derived from automatically digitized landmarks. The colors and values represent the r-
squared from that regression. The value used for all detections is contoured in white.

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

The copyright holder for thisthis version posted January 20, 2020. ; https://doi.org/10.1101/2020.01.20.911826doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.20.911826
http://creativecommons.org/licenses/by-nc/4.0/


�
�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�
�

�

�

� �

�

� ��
�

�
�

�

�

�

�

�

�
�

�

�

�

�10 �5 0 5 10 15 20

�1
0

�5
0

5
10

15
20

Sp
in

e-
th

ru
st

 (µ
m

) m
ea

su
re

 2

Spine-thrust (µm) measure1

D.yakuba
D.santomea

r-squared = 0.95

Figure S2. Correlation between two sets of automatic measures from the same
dataset. For the training dataset (30 D. santomea 1563 and 30 D. yakuba Oku), the same user 
digitized the same contours twice and spine-thrust was automatically measured. Each point 
represents one individual. The x = y  (black dashed line) and linear regression (full red line) are 
shown.
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Figure S3. Representative sample of incorrectly digitized landmarks with the 
machine detection algorithm. For each example, we show the smoothed contour, landmarks 
and corresponding curvature profiles.
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