
6LQJOH FHOO�51$�VHT�UHYHDOV�FHOOXODU�GLYHUVLW\�DQG�GHYHORSPHQWDO�FKDUDFWHULVWLFV�

RI�KXPDQ�LQIDQW�UHWLQD

-L[LQJ�=KRQJ���������'RQJVKHQJ�&KHQ�������)DQJ\XDQ�+X�����������)DQJ�&KHQ���������=DR[X�

;X������� -LDQ� )DQJ����� -LDQMLDQJ� ;X��������� 6KL\RX� :DQJ������� /DQJFKDR� /LDQJ�������

&KDRFKDR� &KDL������� ;LDQJQLQJ� 'LQJ������� -LDFKHQJ� =KX������� 3HLZHQ� 'LQJ��������� -XQ�

;LD�������6DQMLH� -LDQJ�����:HL�/L�������<D�*DR����� -LDQJXR�=KDQJ����� -LDQNDQJ�/L�����3LQJ�

;X��������� )HQJMXDQ� *DR��������� 'DQGDQ� :DQJ��������� 'DRZHL� =KDQJ��������� -LH� +XDQJ����

6KRXIDQJ�4X����6KHQJKDL�=KDQJ��������
��-LKRQJ�:X��������
��;LQJKXDL�6XQ��������


� 6FKRRO�RI�%LRORJLFDO�6FLHQFH�	�0HGLFDO�(QJLQHHULQJ��6RXWKHDVW�8QLYHUVLW\��1DQMLQJ�

��������&KLQD
� %*,�VKHQ]KHQ��6KHQ]KHQ�������
� &KLQD�1DWLRQDO�*HQH%DQN��%*,�6KHQ]KHQ��6KHQ]KHQ�������
� (\H�,QVWLWXWH��(\H�DQG�(17�+RVSLWDO��6KDQJKDL�0HGLFDO�&ROOHJH��)XGDQ�8QLYHUVLW\��

6KDQJKDL��&KLQD�
� 6WDWH� .H\� /DERUDWRU\� RI� 0HGLFDO� 1HXURELRORJ\�� ,QVWLWXWHV� RI� %UDLQ� 6FLHQFH� DQG�

&ROODERUDWLYH�,QQRYDWLRQ�&HQWHU�IRU�%UDLQ�6FLHQFH��6KDQJKDL�0HGLFDO�&ROOHJH��)XGDQ�

8QLYHUVLW\��6KDQJKDL��&KLQD��
� 6KDQJKDL� .H\� /DERUDWRU\� RI� 9LVXDO� ,PSDLUPHQW� DQG� 5HVWRUDWLRQ�� 6FLHQFH� DQG�

7HFKQRORJ\�&RPPLVVLRQ�RI�6KDQJKDL�0XQLFLSDOLW\��6KDQJKDL��&KLQD��
� .H\� /DERUDWRU\� RI� 0\RSLD� �)XGDQ� 8QLYHUVLW\��� &KLQHVH� $FDGHP\� RI� 0HGLFDO�

6FLHQFHV��1DWLRQDO�+HDOWK�&RPPLVVLRQ��&KLQD
� 0*,��%*,�6KHQ]KHQ��6KHQ]KHQ���������&KLQD
� %*,� (GXFDWLRQ� &HQWHU�� 8QLYHUVLW\� RI� &KLQHVH� $FDGHP\� RI� 6FLHQFHV�� 6KHQ]KHQ�

��������&KLQD
�� 1DWLRQDO�,QVWLWXWHV�IRU�IRRG�DQG�GUXJ�&RQWURO��1,)'&���%HLMLQJ���������3��5��&KLQD

� 7KHVH�DXWKRUV�FRQWULEXWHG�HTXDOO\

 &RUUHVSRQGLQJ� DXWKRUV�� ;LQJKXDL� 6XQ� �[KVXQ#VKPX�HGX�FQ��� -LKRQJ� :X�

�MLKRQJZX#IXGDQ�HGX�FQ���6KHQJKDL�=KDQJ��]VKHHQW#JPDLO�FRP�
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$EVWUDFW��

5HWLQD��ORFDWHG�LQ�WKH�LQQHUPRVW�OD\HU�RI�WKH�H\H�RI�KXPDQ��KROGV�WKH�GHFLVLYH�UROH�LQ�

YLVXDO�SHUFHSWLRQ��'LVVHFWLQJ�WKH�KHWHURJHQHLW\�RI�UHWLQD�LV�HVVHQWLDO�IRU�XQGHUVWDQGLQJ�

WKH�PHFKDQLVP�RI�YLVLRQ�IRUPDWLRQ�DQG�HYHQ�WKH�GHYHORSPHQW�RI�FHQWUDO�QHUYRXV�V\VWHP�

�&16���+HUH��ZH�SHUIRUPHG�VLQJOH�FHOO�51$�VHT��DQDO\]HG������� FHOOV�IURP�KXPDQ�

LQIDQW�GRQRUV��UHVXOWLQJ LQ����GLVWLQFW�FOXVWHUV�UHSUHVHQWLQJ�PDMRU�FHOO�W\SHV�LQ�UHWLQD��

URG�SKRWRUHFHSWRUV��FRQH�SKRWRUHFHSWRUV��ELSRODU�FHOOV��KRUL]RQWDO�FHOOV��DPDFULQH�FHOOV��

0XOOHU�JOLD�FHOOV�DQG�PLFURJOLD��:H�QH[W�FRQVWUXFWHG�H[WHQVLYH�QHWZRUNV�RI�LQWHUFHOOXODU�

FRPPXQLFDWLRQ� DQG� LGHQWLILHG� OLJDQG�UHFHSWRU� LQWHUDFWLRQV� SOD\LQJ� FUXFLDO� UROHV� LQ�

UHJXODWLQJ� QHXUDO� FHOO� GHYHORSPHQW� DQG� LPPXQH� KRPHRVWDVLV� LQ� UHWLQD�� 7KRXJK� UH�

FOXVWHULQJ�� ZH� LGHQWLILHG� NQRZQ� VXEW\SHV� LQ� FRQH� 35V� DQG� DGGLWLRQDO� XQUHSRUWHG�

VXESRSXODWLRQV� DQG� FRUUHVSRQGLQJ� PDUNHUV� LQ� URG� 35V� DV� ZHOO� DV� ELSRODU� FHOOV��

$GGLWLRQDOO\�� ZH� OLQNHG� LQKHULWHG� UHWLQDO� GLVHDVH� WR� FHUWDLQ� FHOO� VXEW\SHV� RU�

VXESRSXODWLRQV� WKURXJK� HQULFKPHQW� DQDO\VLV�� ,QWULJXLQJO\�� ZH� IRXQG� WKDW� VWDWXV� DQG�

IXQFWLRQV�RI�SKRWRUHFHSWRUV�FKDQJHG�GUDVWLFDOO\�EHWZHHQ�HDUO\�DQG�ODWH�UHWLQD��2YHUDOO��

RXU�VWXG\�RIIHUV�WKH�ILUVW�UHWLQDO�FHOO�DWODV�LQ�KXPDQ�LQIDQWV��GLVVHFWLQJ�WKH�KHWHURJHQHLW\�

RI� UHWLQD� DQG� LGHQWLI\LQJ� WKH� NH\� PROHFXOHV� LQ� WKH� GHYHORSPHQWDO� SURFHVV�� ZKLFK�

SURYLGHV� DQ� LPSRUWDQW� UHVRXUFH� WKDW� ZLOO� SDYH� WKH� ZD\� IRU� UHWLQD� GHYHORSPHQW�

PHFKDQLVP�UHVHDUFK�DQG�UHJHQHUDWLYH�PHGLFLQH�FRQFHUQLQJ�UHWLQDO�ELRORJ\�

.H\�ZRUGV��VLQJOH�FHOO�51$�VHTXHQFLQJ��KXPDQ�UHWLQD�KHWHURJHQHLW\��0XOOHU�JOLD�
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,QWURGXFWLRQ�

5HWLQD� LV� WKH�V\VWHP� UHVSRQVLEOH� IRU� OLJKW�SHUFHSWLRQ�DQG�YLVXDO� VLJQDO� WUDQVPLVVLRQ��

5HWLQD�LV�D�SDUW�RI�WKH�FHQWUDO�QHUYRXV�V\VWHP��&16��DQG�SRVVHVVHV�GLYHUVLILHG�FHOO�W\SHV��

7KXV��GHFRGLQJ�WKH�KHWHURJHQHLW\�RI�UHWLQD�LV�FUXFLDO�IRU�XQGHUVWDQGLQJ�WKH�PHFKDQLVP�

RI�YLVLRQ�IRUPDWLRQ�DV�ZHOO�DV WKH�KLJKO\�FRPSOLFDWHG�&16��,Q�JHQHUDO��VHYHQ�PDMRU�FHOO�

W\SHV� �URG�� FRQH��0�OOHU� JOLD� FHOO�� DPDFULQH� FHOO�� KRUL]RQWDO� FHOO�� ELSRODU� DQG� UHWLQDO�

JDQJOLRQ�FHOOV��FRQVWLWXWH�WKH�WKUHH�OD\HUV�LQ�UHWLQD��SKRWRUHFHSWRUV��ELSRODU�FHOO�OD\HU�

DQG�JDQJOLRQ�FHOO�OD\HU�IURP�LQVLGH�RXW���3KRWRUHFHSWRUV��LQFOXGLQJ�URGV�DQG�FRQHV��DUH�

UHVSRQVLEOH�IRU�SKRWR�FDSWXUH�DQG�FRQYHUW�WKHP�LQWR�HOHFWULFDO�VLJQDO�ZKLFK�ZLOO�SDVV�RQ�

WR�LQWHUQHXURQV�LQ�ELSRODU�FHOO�OD\HU�IRU�IXUWKHU�PRGXODWLRQ��*DQJOLRQ�FHOOV�UHOD\�VLJQDOV�

IURP� LQWHUQHXURQV� WR� FHUWDLQ� EUDLQ� UHJLRQV� WKURXJK� RSWLF� QHUYHV�� )LQDOO\�� WKH� EUDLQ�

GHFLSKHUV�WKH�HOHFWULFDO�VLJQDOV�LQWR�WKUHH�GLPHQVLRQDO�YLVLRQ��$V�WKH�RQO\�QRQ�QHXURQDO�

FHOO��0XOOHU�JOLD�FHOO� LV� LQYROYHG� LQ�H[WUDFHOOXODU�HQYLURQPHQW� UHJXODWLRQ�YLD�QXWULHQW�

LQWDNH��GHEULV�FOHDUDQFH��VWUXFWXUDO�DQG�IXQFWLRQDO�VWDELOLW\�PDLQWHQDQFH����

,Q�UHFHQW�\HDUV��WKH�ERRVW�RI�VF51$�VHT�WHFKQLTXHV�DOORZ�XV�WR�]RRP�LQ�WR�UHWLQD�DQG�

KDYH�GLVFRYHUHG�WUHPHQGRXV�VXEW\SHV�LQ�WUDGLWLRQDOO\�GHILQHG�FODVVLILFDWLRQ��,Q�KXPDQ��

������VLQJOH�FHOOV�IURP�WKUHH�SRVW�PRUWHP�GRQRUV�ZHUH�GLYLGHG�LQWR����GLVWLQFW�FOXVWHUV��

LQFOXGLQJ�ZHOO�NQRZQ�UHWLQDO�FHOOV�DQG�QRYHO�URG�FHOOV�VXESRSXODWLRQV���,Q�PRXVH�����

VXEW\SHV�RI�UHWLQDO�JDQJOLRQ�FHOOV�DQG�WKHLU�PDUNHUV�ZHUH�LGHQWLILHG�XVLQJ�VF51$�VHT���

'HYHORSPHQWDO�UHVHDUFKHV�DOVR�VKHG�OLJKWV�RQ�UHWLQD�DQG�&16�PRUSKRJHQHVLV��$�UHFHQW�

VWXG\� LQ�PRXVH� DQDO\]HG� FHOOV� IURP� WHQ� GHYHORSPHQWDO� VWDJHV� DQG� IRXQG� WKDW�53&V�

GLVSOD\HG�D�WUDQVFULSWRPLF�WHPSRUDO�WUDQVLWLRQ�EHWZHHQ�HDUO\�VWDJH DQG�ODWH�VWDJH��$OVR��

1),�IDPLO\�RI�7)�ZHUH�GHVLJQDWHG�DV�UHJXODWRU�RI�ELSRODU�FHOOV�DQG�0XOOHU�FHOOV�FHOO�IDWH�

GHWHUPLQDWLRQ� GXH� WR� WKH� HQULFKHG� H[SUHVVLRQ� LQ� ODWH� 53&V��� $QRWKHU� UHVHDUFK�

FKDUDFWHUL]HG�������FHOOV� IURP�KXPDQ� IHWDO� UHWLQD� IURP�JHVWDWLRQDO�ZHHNV���� WR�����

UHYHDOLQJ�WKH�GLIIHUHQWLDWLRQ�SURJUDPV�RI�UHWLQDO�FHOOV�DQG�VSHFLI\LQJ�WKH�SRWHQWLDO�RI�

HDUO\�ERUQ�0XOOHU�FHOOV�WR�EH�53&V���

1HYHUWKHOHVV��WKH�UHWLQD�GHYHORSPHQW�RI�SRVWQDWDO�LQIDQWV��ZKLFK�LPSDFWV�YLVXDO�V\VWHP�

YLWDOO\�� UHPDLQV� HOXVLYH�� ,Q� WKLV� UHVHDUFK�� ZH� DQDO\]HG� ������ VLQJOH�QXFOHL�

WUDQVFULSWRPLF� SURILOHV� IURP� LQIDQWV� LQ� GLIIHUHQW� GHYHORSPHQW� VWDJHV�� 8QVXSHUYLVHG�

FOXVWHULQJ�KDV�GHILQHG����FOXVWHUV��DOO�RI�ZKLFK�ZHUH�DVVLJQHG�ZLWK���PDMRU�UHWLQDO�FHOO�

W\SHV�FRUUHVSRQGLQJO\��&RPPXQLFDWLRQ�QHWZRUN�RI����FOXVWHUV�FRQQHFWV�WKH�UHFHSWRU�

OLJDQG�SDLU�ZLWK�FHUWDLQ�ELRORJLFDO�SURFHVV� LQ� UHWLQD��:H�QH[W�SHUIRUPHG�UHFOXVWHULQJ�

WKXV�SURYLGLQJ�D�PRUH�GHOLFDWH�PDS�RI�35V�DQG�%&V��5HSRUWHG�VXEW\SHV�RI�FRQH�35�
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ZHUH�FRQILUPHG�DQG�QHZ�VXEW\SHV�RI�%&V�ZHUH�LGHQWLILHG�

5HVXOWV�

6DPSOH�SUHSDUDWLRQ�DQG�VLQJOH�FHOO�WUDQVFULSWRPH

:H�FROOHFWHG�UHWLQDO�ELRSVLHV�IURP���GRQRUV ����PRQWK�ROG�DQG���\HDU�ROG��KHUHDIWHU�

WHUPHG�DV 7HQ0�DQG�7ZR<�UHVSHFWLYHO\��DQG�GLVVRFLDWHG�WKHP�LQWR�VLQJOH�FHOO�RU�VLQJOH�

QXFOHL�VXVSHQVLRQ�ZLWKRXW�VXUIDFH�PDUNHU�SUH�VHOHFWLRQ��)LJXUH�6�D���:H�FRQVWUXFWHG���

VQ51$�VHT�OLEUDULHV�IRU�7HQ0�UHWLQD DQG���VF51$�VHT�OLEUDULHV�IRU�7ZR<�UHWLQD DQG�

WKHQ�REWDLQHG�WKH�WUDQVFULSWRPH�RI �������QXFOHL�FHOOV��$IWHU�ILOWHULQJ��D�WRWDO�RI��������

QXFOHL�FHOOV� ZHUH� UHWDLQHG� IURP� VXEVHTXHQW� DQDO\VLV�� 7KH� DYHUDJH� QXPEHU� RI� JHQHV�

GHWHFWHG�SHU�VDPSOH�ZDV ��������ZLWK�D�PHDQ�FRYHUDJH�RI��������UHDGV�SHU�FHOO��)LJXUH�

6�E�� 3DLUZLVH�3HDUVRQ�FRUUHODWLRQ�DQDO\VLV�GHPRQVWUDWHG�WKDW�OLEUDULHV�IURP�WKH�VDPH�

GRQRU�VKDUH�VWURQJHU�FRUUHODWLRQ��FRQILUPLQJ�WKH�YDOLGLW\�RI�RXU�GDWDVHWV��)LJXUH�6�F���

2I�QRWH��7ZR<=-�DQG�7ZR<��DUH� VWDQGDUG� VF51$�VHT� OLEUDULHV� WKXV� H[SODLQLQJ� WKH�

UHODWLYHO\�ORZ�FRUUHODWLRQV�RI�WKHVH�WZR�OLEUDULHV�DJDLQVW�RWKHUV�

&HOOXODU�KHWHURJHQHLW\�LQ�UHWLQD

:H�HPEDUNHG�RQ�FUHDWLQJ�D�PDS�IRU�KXPDQ�LQIDQW�UHWLQD��,Q�D�JOREDO�YLHZ���������FHOOV�

ZHUH�FOXVWHUHG�LQWR����FOXVWHUV��)LJXUH�E���%DWFK�HIIHFWV�IURP�ILYH�GLIIHUHQW� OLEUDULHV�

ZHUH�PLQLPDO��)LJXUH�6�D���$FFRUGLQJ�WR�FDQRQLFDO�PDUNHUV��GLIIHUHQWLDOO\�H[SUHVVHG�

JHQHV� �'(*V�� DQG� IXQFWLRQDO� HQULFKPHQW� DQDO\VLV� �)LJXUH�F�� I�� J���ZH�ZHUH� DEOH� WR

LGHQWLI\�VHYHUDO�PDMRU�UHWLQDO�FHOO�W\SHV�DQG���PLFURJOLD�FHOOV��5RG�SKRWRUHFHSWRUV��&���

&���&���&���&���&���&����FRQH�SKRWRUHFHSWRUV��&����&�����ELSRODU�FHOOV��&���&����&����

&����� KRUL]RQWDO� FHOOV� �&����� DPDFULQH� FHOOV� �&����� 0XOOHU� JOLD� �&��� &���� &�����

PLFURJOLD� �&���&�����5RG�SKRWRUHFHSWRUV� KLJKO\� H[SUHVVHG�15�(��DQG 3('�$�DQG�

FRQH� SKRWRUHFHSWRUV� ZHUH� FKDUDFWHUL]HG� E\� WKH� H[SUHVVLRQ� RI� $55�� DQG &1*%��

%LSRODU�FHOOV�H[KLELWHG�VSHFLILF�H[SUHVVLRQ�RI�7530��ZKLOH�*5,$� IRU�KRUL]RQWDO�FHOOV��

$SDUW�IURP�WKH�FRPPRQ�JOLD�FHOOV�PDUNHU��633����0XOOHU�JOLD�FHOOV�DQG�PLFURJOLD�FHOOV�

FDQ EH�DQQRWDWHG�FOHDUO\�E\� WKH�H[SUHVVLRQ�RI�6/&�$� DQG�+/$�'3$� UHVSHFWLYHO\��

$GGLWLRQDOO\�� IXQFWLRQDO� UHODWHG� *2� WHUPV�ZHUH� HQULFKHG� LQ� FRUUHVSRQGLQJ� FOXVWHUV��

IXUWKHU�FRQILUPLQJ�WKH�DQQRWDWLRQ�UHVXOW�RI�HDFK�FOXVWHU��)RU�H[DPSOH��SKRWRUHFHSWRUV�

FOXVWHUV�ZHUH�VWURQJO\�DVVRFLDWHG�ZLWK�VHQVRU\�SHUFHSWLRQ�RI�OLJKW�VWLPXOXV�DQG�YLVXDO�
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SHUFHSWLRQ�ZKLOH�%&�ZHUH� HQULFKHG� LQ�*2� WHUPV� UHODWHG� WR�PRGXODWLRQ�RI� FKHPLFDO�

V\QDSWLF�WUDQVPLVVLRQ��0LFURJOLD��NQRZQ�WR�EH�WKH�SULPDU\�UHVLGHQW�LPPXQH�FHOO�W\SH��

GLVSOD\HG�HQULFKPHQW�LQ�QHXWURSKLO�DFWLYDWLRQ�LQYROYHG�LQ�LPPXQH�UHVSRQVH�DQG�7�FHOO�

DFWLYDWLRQ��)LJXUH��J���)RU�$&V��WKRXJK�PRGHVW�H[SUHVVLRQ�RI�FRUUHVSRQGLQJ�PDUNHUV�

ZHUH�GHWHFWHG��KLHUDUFKLFDO�FOXVWHULQJ�DQG�IXQFWLRQDO�HQULFKPHQW�DQDO\VLV�H[KLELWHG�$&�

FKDUDFWHULVWLFV LQ�&����

7R� V\VWHPDWLFDOO\� GLVVHFW� WKH� UHODWLRQVKLSV� EHWZHHQ� GLIIHUHQW� FHOO� W\SHV�� ZH� EXLOW�

FRUUHODWLRQ�EDVHG�QHWZRUNV�DW�WKH�FHOO�W\SH�OHYHO��)LJXUH��G���:H�ELQQHG�FHOOXODU�FOXVWHU�

LQWR� VXE�JURXSV� ZLWK� ���� FHOOV� WR� UHGXFH� QRLVH� DQG� HQKDQFH� WKH� UREXVWQHVV RI� WKH�

QHWZRUN��&RQVHTXHQWO\��WKH�FRUUHODWLRQ�PDS�PLPLFNHG�D�FHOOXODU�ODQGVFDSH�IRU�GLIIHUHQW�

UHWLQDO�FHOO� W\SHV�� ,Q�JHQHUDO�� WKH�PDMRULW\�RI�FHOOV�VKRZHG�PXFK�GHQVHU�VXE�QHWZRUN�

ZLWK�FHOOV�IURP�WKH�VDPH�FHOO�W\SH�WKDQ�ZLWK�RWKHUV��1RWDEO\��DOPRVW�DOO�FHOOV�VKRZHG�

FRQQHFWLRQV� ZLWK� URG� 35�� UHYHDOLQJ� KLJK� FRUUHODWLRQ� ZLWK� URG� 35� DW� DYHUDJHG�

WUDQVFULSWRPLF� OHYHO��$QRWKHU� LQWHUHVWLQJ� REVHUYDWLRQ� ZDV� WKDW�� JOLD� FHOOV�� LQFOXGLQJ�

PLFURJOLD�FHOOV�DQG�SDUW�RI�0XOOHU�FHOOV��GLVSHUVHG�DPLGVW�URG�35V�LQVWHDG�RI�IRUPLQJ�

GLVWLQFW�VXE�QHWZRUN��

,Q�RUGHU�WR�DVVHVV�WKH�FHOOXODU�FRPSRVLWLRQ�LQ�UHWLQD��ZH�FDOFXODWHG�WKH�SHUFHQWDJH�RI�

HDFK�FOXVWHU�LQ�WKH�ZKROH�GDWDVHW��)LJXUH��F���7KH�FRQVWLWXWLRQ�RI�LQIDQW�UHWLQD�VKRZHG�

KLJK�VLPLODULW\�ZKHQ�FRPSDUHG�ZLWK�KXPDQ�DGXOW�UHWLQD�GDWDVHW���5RG�SKRWRUHFHSWRUV�

WRRN�XS�WKH�PDMRULW\����������RI�WKH�ZKROH�GDWDVHW�ZKLOH�FRQH�SKRWRUHFHSWRUV�RFFXSLHG�

D� YHU\� VPDOO� SRUWLRQ� �������� 7KH� VHFRQG�ODUJHVW� FHOO� W\SH� LV� 0XOOHU� JOLD� ���������

+RZHYHU�� DPDFULQH� FHOOV� ZKLFK� FRQVWLWXWHG� a���� RI� WKH� WRWDO� FHOOV� LQ� PRXVH�� RQO\�

DFFRXQW�IRU�������RI�RXU�GDWD� :H�DOVR�LQYHVWLJDWHG�WKH�SURSRUWLRQ�RI�HDFK�FHOO W\SH�LQ�

HDUO\�DQG�ODWH�UHWLQD�VDPSOH��ZKLFK�DUH�VKRZQ�LQ�SLH�FKDUW��DEVROXWH�QXPEHU��DQG�UDGLDO�

EDUSORW��SURSRUWLRQ���)LJXUH��F���

:H�QH[W�PRYHG�RQ�WR�H[SORUH�WKH�LQWHUFHOOXODU�FRPPXQLFDWLRQ�QHWZRUN�ZLWKLQ�UHWLQD��

7KH�FHOOXODU�LQWHUDFWLRQV�ZHUH�LQIHUUHG�XVLQJ�SXEOLVKHG�OLJDQG�UHFHSWRU�SDLUV��0HWKRGV���

([SUHVVLRQ�SDWWHUQV�RI�OLJDQG�UHFHSWRU�SDLUV�LQ�WKH�QHWZRUNV�UHYHDOHG�GHQVH�LQWHUFHOOXODU�

FRPPXQLFDWLRQ�QHWZRUNV��HVSHFLDOO\�LQ�JOLD�DQG�%&V��)LJXUH��D���1HYHUWKHOHVV��URG�35�

VXESRSXODWLRQV�H[KLELWHG�D�UHODWLYHO\�VSDUVH�QHWZRUN��VKRZLQJ�OHVV�WKDQ�RQH�LQWHUDFWLRQ�

DPRQJ�VXESRSXODWLRQV�ZLWKLQ�WKHPVHOYHV�DQG�IHZ�ZLWK�RWKHU�FHOO�W\SHV��7KLV�LQGLFDWHG�

WKDW�URG�35V�LQWHUDFWHG�PXFK�PRUH�RIWHQ�ZLWK�RWKHU�UHWLQDO�FHOO� W\SHV�WKDQ�ZLWK�35V�

VXESRSXODWLRQV��7KH�PRVW�IUHTXHQW�LQWHUDFWLRQ�WKDW�DSSHDUHG�LQ�RXU�GDWDVHW�LV�571�²

/,1*2��ZKLFK� LV� VXJJHVWHG� WR� UHJXODWH� WKH� UDGLDO�PLJUDWLRQ� RI� FRUWLFDO� QHXURQV� LQ�
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PRXVH� EUDLQ��� LPSO\LQJ� WKDW� 571�²/,1*2�� PD\� EH� LQYROYHG� ZLWK� PLJUDWLRQ� RI�

QHXUDO�FHOOV�LQ�UHWLQD��15*��(5%%��DQG�15*�²(5%%��SDLUV�ZHUH�DOVR�H[WHQVLYHO\�

H[SUHVVHG�LQ�UHWLQD�QHXUDO�FHOOV²0XOOHU�JOLD�LQWHUDFWLRQV��15*� KDV�EHHQ�UHSRUWHG�WR�

SOD\�D�NH\�UROH�LQ�UHJXODWLQJ�WKH�JURZWK�DQG�GLIIHUHQWLDWLRQ�RI�JOLD�FHOOV�DQG�LWV�VLJQDO�

WUDQVGXFWLRQ� ZLWK� (5%%�� ZDV� HVVHQWLDO� IRU� QHXURQ� FLUFXLW� IRUPDWLRQ� �)LJXUH� �E���

6(0$�$��VSHFLILFDOO\�H[SUHVVHG�LQ�URG�35��&���&����FDQ�VLJQDO�WKURXJK�3/;1$��DQG�

HQJDJH�LQ�PXOWLSOH�ELRORJLFDO�DFWLYLWLHV�OLNH�D[RQ�SUXQLQJ�DQG�GHQGULWHV�EUDQFKLQJ�LQ�

DGXOW�SURFLQH�� �)LJXUH��E���3DUWLFXODUO\��0LFURJOLDB���&����H[SUHVVHG�+/$�$�DQG�LWV�

FRJQDWH�UHFHSWRU�$3/3��ZHUH�GHWHFWHG�LQ�WKH�PDMRULW\�FOXVWHUV��&���&���&���&���&���

&���&���&����&����&����&����&�����FRYHULQJ�35V��%&V�DQG�0XOOHU�FHOOV��)LJXUH��E���

'HYHORSPHQWDO�WUDMHFWRU\�RI�0XOOHU�JOLD

0XOOHU� JOLD�� DV� WKH�PRVW� FRPPRQ� W\SH� RI� JOLD� FHOO� LQ� UHWLQD�� VHUYH� WR�PDLQWDLQ� WKH�

VWUXFWXUDO� DQG� IXQFWLRQDO� VWDELOLW\� RI� UHWLQDO� FHOOV�� 3UHYLRXV� VWXG\� KDV� UHSRUWHG� WKDW�

0XOOHU�JOLD�VKRZHG�VLPLODU�SURSHUWLHV�DV�UHWLQDO�SURJHQLWRU�FHOOV� DQG�ZHUH�FDSDEOH�WR�

GLIIHUHQWLDWH�LQWR�SKRWRUHFHSWRUV�LQ�KXPDQ�DQG�PRXVH�FHOO�FXOWXUH��������

7R� IXUWKHU� LQYHVWLJDWH� WKH� GHYHORSPHQWDO� UHODWLRQVKLS� RI� 0*� FOXVWHUV� LGHQWLILHG� LQ�

)LJXUH��E��ZH�VXEVHW�0*�DQG�SHUIRUPHG�SVHXGR�WLPH�WUDMHFWRU\�UHFRQVWUXFWLRQ�XVLQJ�

0RQRFOH��&RQVHTXHQWO\��ZH�REWDLQHG�D�SXWDWLYH�GHYHORSPHQWDO�SDWK�ZLWK�WZR�EUDQFKHV�

�)LJXUH�F���:H�WKHQ�ODEHOHG�0*�VXESRSXODWLRQV�LQ�WKH�WUDMHFWRU\�DQG�IRXQG�WKDW�0*B��

ZHUH�SULPDULO\�FHQWUDOL]HG�RQ�WKH�VWDUW��0*B��FRQYHUJHG�RQ�ERWK�HQGV�ZKLOH�0*B��

GLVWULEXWHG�ORRVHO\�DORQJ�WKH�GHYHORSPHQWDO�SDWK��)LJXUH��G���,Q�RUGHU�WR�H[SORUH�WKH�

GLIIHUHQW� SURSHUWLHV� RI� FHOOV� ORFDWHG� LQ� WKH� VWDUWLQJ� SRLQW� DQG� WZR� EUDQFKHV� RI� WKH�

WUDMHFWRU\�� ZH� DGRSWHG� EUDQFK� H[SUHVVLRQ� DQDO\VLV� PRGHOLQJ� �%($0�� 0HWKRGV�� WR�

FDOFXODWH�'(*V��*2�WHUP�HQULFKPHQW�DQDO\VLV�UHYHDOHG�WKDW�JHQHV�XSUHJXODWHG�LQ�FHOOV�

LQ�WKH�VWDUW�RI�WKH�SDWK�LV�DVVRFLDWHG�ZLWK�QHXURJHQHVLV�DQG�QHXURQ�GHYHORSPHQW��)LJXUH�

�I��� 3$;��� D� NH\� UHJXODWRU� LQ� WKH� GHYHORSPHQW� RI� UHWLQDO� QHXUDO� WLVVXHV�� VKRZHG�

UHODWLYHO\� KLJK� H[SUHVVLRQ� LQ� WKH� VWDUW� RI� WKH� SDWK� DQG� GHFOLQHG� DORQJ�ZLWK� WKH� SDWK�

SURFHHGLQJ��)LJXUH��J���&HOOV� LQ�(QG��ZHUH�HQULFKHG�ZLWK�*2�WHUPV�UHODWHG� WR� OLJKW�

SHUFHSWLRQ�ZKHUHDV�FHOOV�LQ�(QG��GLVSOD\HG�IHDWXUHV�RI�DFWLYH�WUDQVODWLRQ�DQG�UHVSLUDWLRQ�

SURFHVVHV��)LJXUH��I���2Q�WRS�RI�WKDW��FHOOV�LQ�(QG��VKRZHG�$73�$� JHQH�H[SUHVVLRQ��

ZKLFK� ZDV� UHSRUWHG� WR� EH� UHTXLUHG� IRU� QRUPDO� YLVXDO� IXQFWLRQ� DQG� LQYROYHG� LQ�

SKRWRUHFHSWRU�VXUYLYDO����536��� ZKLFK�HQFRGHV�D ULERVRPDO�VXEXQLW�SURWHLQ�DQG�(,)�/��

ZKLFK�VSHFLILFDOO\�WDUJHWV�DQG�LQLWLDWHV�WUDQVODWLRQ�RI�D�VXEVHW�RI�P51$V�LQYROYHG�LQ�
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FHOO�SUROLIHUDWLRQ�DQG�FHOO�F\FOLQJ����ZHUH KLJKO\�H[SUHVVHG�LQ�FHOO�LQ�(QG� �)LJXUH��J��

7KHVH�UHVXOWV�LPSOLHG�WKH�GLVWLQFW�VWDWHV�RI�FHOOV�LQ�WZR�(QGV�

+HWHURJHQHLW\�ZLWKLQ�PDMRU�FHOO�W\SHV��35V�DQG�%&V

'XH�WR�WKH�KLJK�KHWHURJHQHLW\�RI�UHWLQDO�FHOOV��ZH�QH[W�SURYLGHG�D�PRUH�VSHFLILF�PDS�IRU�

PDMRU�FHOO�W\SHV�LQ�UHWLQD�E\�UHFOXVWHULQJ�RI�FRUUHVSRQGLQJ�FOXVWHUV��

%DVHG�RQ�SUHYLRXV�VWXG\��WKHUH�DUH�WKUHH W\SHV�RI�FRQH�SKRWRUHFHSWRUV�LQ�KXPDQ�UHWLQD�

WKDW� FDQ� EH� GLIIHUHQWLDWHG� E\� WKH� H[SUHVVLRQ� RI� WKUHH� RSVLQV� �231�6:��231�0:��

231�/:���UHVSRQVLEOH�IRU�WKH�SHUFHSWLRQ�RI�FRORUV�ZLWK�GLIIHUHQW�ZDYHOHQJWKV�������7R�

DVVHVV�WKH�KHWHURJHQHLW\�RI�FRQH��ZH�SHUIRUPHG�UHFOXVWHULQJ�LQ�FRQH�35�FOXVWHUV�DQG�

GLYLGHG�WKHP�LQWR���VXEFOXVWHUV��)LJXUH��D���'XH�WR�WKH�KLJKO\�KRPRORJRXV�VHTXHQFH�

EHWZHHQ�231�0: DQG�231�/:��ZH�ZHUH�RQO\�FDSDEOH�RI�GLVWLQJXLVKLQJ�WKH�6�FRQHV�

�&���IURP�0�/�FRQHV��&���&���XVLQJ�RSVLQV HQFRGLQJ�JHQHV��)LJXUH��F���,Q�WKLV�FRQH�

35�GDWDVHW�������FRQH�35V���0�/�FRQHV�FRQVWLWXWH��������RI�WKH�WRWDO�FHOOV�DQG�WKH�

UHPDLQLQJ�������DUH�6�FRQHV��)LJXUH��E���ZKLFK�ZDV�D�ELW�KLJKHU�WKDQ�WKH�SURSRUWLRQ�

��������IURP�D�VF51$�VHT�VWXG\�LQWR�KXPDQ�DGXOW UHWLQD���1H[W��ZH�FRQGXFWHG�JHQH�

GLIIHUHQWLDO�H[SUHVVLRQ�DQDO\VLV�WR�UHYHDOV�QHZ�JHQHWLF�FKDUDFWHULVWLFV�IRU�6�FRQHV�DQG�

0�/�FRQHV�� +LJKO\� DQG� VSHFLILFDOO\� H[SUHVVHG� JHQHV� IRU� 6�FRQHV� �H�J�� .,$$������

9:&���60$'���DQG�0�/�FRQHV��H�J��536����'';���6071� ZHUH�LGHQWLILHG��)LJXUH�

�G��7DEOH�6����SURYLGLQJ�PRUH�PROHFXODU�HYLGHQFHV�IRU�IXWXUH�FRQH�35V�VWXGLHV��

:H�QH[W�LQWHUURJDWHG�DQRWKHU�NLQG�RI�35�LQ�UHWLQD�² URG�35V��2Q�DYHUDJH��WKHUH�DUH�

DSSUR[LPDWHO\����PLOOLRQ�URG�FHOOV�LQ�WKH�KXPDQ�UHWLQD����5RG�FHOOV�DUH�PRUH�VHQVLWLYH�

WKDQ� FRQH� FHOOV� DQG� DUH� DOPRVW� HQWLUHO\� UHVSRQVLEOH� IRU� QLJKW� YLVLRQ�� ,Q� RXU� GDWDVHW��

������ URG� FHOOV� ZHUH� GLYLGHG� LQWR� �� VXESRSXODWLRQV� �)LJXUH� �E�� )LJXUH� 6�D��� 7R�

LQYHVWLJDWH� WKH� VDPSOH� RULJLQ� RI� HDFK� FOXVWHU�� ZH� FDOFXODWHG� WKH� SURSRUWLRQ� RI� FHOO�

GHULYHG�IURP�WKH�HDUO\�DQG�ODWH�UHWLQD�LQ�HDFK�FOXVWHU��)LJXUH�6�E���:H�IRXQG�WKDW�5RGB��

DQG�5RGB�� VXESRSXODWLRQV�ZHUH� GRPLQDQW� E\� FHOOV� IURP� HDUO\� UHWLQD�ZKLOH� WKH� UHVW�

VXESRSXODWLRQV� ZHUH� SULPDULO\� FRPSULVHG� RI� FHOOV� IURP� ODWH� UHWLQD�� 7R� DVVHVV� WKH�

VLPLODULW\�RI�FOXVWHUV�DW�WUDQVFULSWRPLF�OHYHOV��ZH�SHUIRUPHG�KLHUDUFKDO�FOXVWHULQJ�EDVHG�

RQ� WUDQVFULSWRPLF� GDWD�� '(*V� H[SUHVVLRQ� SDWWHUQV� DQG� FRUUHVSRQGLQJ� *2� WHUP�

HQULFKPHQW�UHVXOWV�VXJJHVWHG�WKH�GLIIHUHQW�IHDWXUHV�RI�URG�VXESRSXODWLRQV��)LJXUH�6�F�G��

%LSRODU�FHOOV��VHUYHG�DV�LQWHUQHXURQV��UHFHLYH�HOHFWULFDO�LPSXOVHV�IURP�SKRWRUHFHSWRUV��

SURFHVV�WKHP�LQ�YDULRXV�PDQQHUV�DQG�WKHQ�SDVV�WKHP�WR�5*&��7KH�GLYHUVH�VXEW\SHV�RI�

%&V�HQVXUH�WKHLU�PXOWL�IXQFWLRQLQJ�UROHV��3UHYLRXV�UHVHDUFKHV�FRQILUPHG����VXEW\SHV�
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RI�%&�H[SHULPHQWDOO\�XVLQJ�a�������%&V����%&V�FDQ�EH�GLYLGHG� LQWR� WZR�FDWHJRULHV�

DFFRUGLQJ� WR� WKH� W\SH� RI� SKRWRUHFHSWRU� ZKLFK� WKH\� FRQQHFW� WR��$QRWKHU� WD[RQRP\�

FODVVLILHV� %&V� LQWR� 21� DQG� 2))� W\SHV� EDVHG� RQ� ZKHWKHU� WKH\� ZLOO� EH� H[FLWHG� RU�

VXSSUHVVHG�E\� LQFUHDVLQJ� LOOXPLQDWLRQ�� ,Q� RXU�%&�GDWDVHW� ������%&V��� XQVXSHUYLVHG�

UHFOXVWHULQJ�SURGXFHG���GLVWLQFW�VXEFOXVWHUV��)LJXUH��J���2I�QRWH��&��ZHUH�WKRXJKW�WR�

EH� SKRWRUHFHSWRU� FRQWDPLQDWLRQ� DQG� H[FOXGHG� IURP�GRZQVWUHDP� DQDO\VLV� GXH� WR� WKH�

PRGHVW�H[SUHVVLRQ�RI�%&�PDUNHUV�DQG�OLJKW�SHUFHSWLRQ�FRQFHUQLQJ�*2�WHUPV�HQULFKHG�

XVLQJ� '(*V� RI� &�� �)LJXUH� 6�E�� F��� &�� DOVR� GLVSOD\HG� KLJKHU� FRUUHODWLRQ� ZLWK� URG�

VXEW\SHV�LQVWHDG�RI�%&�VXEW\SHV��)LJXUH�6�G���:KHQ�ZH�WRRN�D�FORVHU�ORRN�LQWR�&��ZH�

IRXQG�WKDW�FHOOV�LQ�&��ZHUH�VFDWWHUHG�LQ�WKH�ZKROH�%&�FOXVWHUV�LQ�)LJXUH��D��L�H��&���&����

&����&���LQ�)LJXUH��D���2QH�SRVVLEOH�H[SODQDWLRQ�LV�WKDW�UHFOXVWHULQJ�RI�%&�GDWDVHW�SXWV�

SKRWRUHFHSWRUV�LQWR�D�%&�HQYLURQPHQW��H[WHQGLQJ�WKH�GLIIHUHQFHV�ZKHQ�LW�FRPSDUHG�WR�

WKH�GLIIHUHQFHV�LQ�WKH�ZKROH�GDWDVHW�VLWXDWLRQ��&��DQG�&��ZHUH�DQQRWDWHG�DV�URG�ELSRODU�

FHOOV��5%&���VKRZLQJ�KLJK�H[SUHVVLRQ�RI�35.&$��$FFRUGLQJ�WR� WKH�FOHDU�H[SUHVVLRQ�

SDWWHUQ�RI�*50� DQG�*5,.���&���&���&���&���&��ZHUH�FRQVLGHUHG�DV�21�%&V�ZKLOH�

WKH�UHPDLQLQJ�&���&���&��ZHUH�2))�%&V��)LJXUH��N���+HDWPDS�RI�'(*V�GLVSOD\HG�

GLVWLQFW�H[SUHVVLRQ�SDWWHUQ�RI�WKH�GHILQHG�FOXVWHUV��:H�IXUWKHU�H[SORUH�WKH�IXQFWLRQ�RI�

'(*V�E\�IXQFWLRQDO�HQULFKPHQW�DQDO\VLV��)LJXUH��L��M���*2�WHUPV�WKDW�FORVHO\�UHODWHG�WR�

WKH� VLJQDO� WUDQVGXFWLRQ� OLNH� PRGXODWLRQ� RI� FKHPLFDO� V\QDSWLF� WUDQVPLVVLRQ�� QHXURQ�

UHFRJQLWLRQ� DQG� PRUSKRJHQHVLV� OLNH� D[RQ� JXLGDQFH� DQG� V\QDSVH� RUJDQL]DWLRQ� ZHUH�

HQULFKHG�LQ�DOPRVW�DOO�FOXVWHUV�WR�D�YDU\LQJ�H[WHQW��1H[W��ZH�VRXJKW�WR�IXOO\�GHVFULEH�WKH�

W\SH�VSHFLILF�IXQFWLRQDO�UROHV�RI�%&�VXEW\SHV�E\�DVVHVVLQJ�WKH�H[SUHVVLRQ�RI�6RGLXP��

&DOFLXP�DQG�3RWDVVLXP�LRQ�FKDQQHO�VXEXQLWV�EHFDXVH�LRQ�FKDQQHOV�FRQWURO�WKH�WUDQVPLW�

RI�QHXUDO�VLJQDOV��6RGLXP�FKDQQHO�VXEXQLW�HQFRGLQJ�JHQHV�ZHUH�H[SUHVVHG�VHOHFWLYHO\�

DPRQJ� VXEW\SHV� �)LJXUH��O�Q���([SHFW� IRU�6&1�$��6&1�$��6&1�$�DQG 6&1�$� WKDW�

ZHUH�SUHYLRXVO\�UHSRUWHG�WR�EH�H[SUHVVHG�LQ�&%&V�LQ�JROGILVK����ZH�QRWLFHG�WKDW�6&1�$�

DQG 6&1�$ DOVR�VKRZHG�VSHFLILF�H[SUHVVLRQ�DPRQJ�&%&V��&DOFLXP�FKDQQHO�DOSKD�DQG�

GHOWD�VXEXQLWV�HQFRGLQJ�JHQHV�DOVR�VKRZHG�YDU\LQJ�H[SUHVVLRQ�OHYHOV�DPRQJ�VXEW\SHV��

)XUWKHUPRUH��ZH�REVHUYHG�D�JUHDW�GHDO�RI�GLIIHUHQWLDOO\�H[SUHVVHG�7)V��UHFHSWRUV�DQG�

OLJDQGV��VXSSRUWLQJ�RXU�GHGXFWLYH�IXQFWLRQDO�VXEW\SHV��)LJXUH�6�H���

&HOO�W\SH�HQULFKPHQW�DQDO\VLV�RI�UHWLQDO�GLVHDVHV DVVRFLDWHG�JHQHV

:H� UHWULHYHG� UHWLQDO� GLVHDVHV� FDXVLQJ� JHQHV� IURP� 5HW1HW� GDWDEDVH�

�KWWSV���VSK�XWK�HGX�UHWQHW�GLVHDVH�KWP���7DEOH�6���DQG�SHUIRUPHG�K\SHUJHRPHWULF�WHVW�

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 25, 2019. ; https://doi.org/10.1101/617555doi: bioRxiv preprint 

https://doi.org/10.1101/617555


WR�VHH�ZKHWKHU�WKHVH�GLVHDVH�UHODWHG�JHQHV�DUH�HQULFKHG�LQ�WKH�'(*V�RI�FHUWDLQ�FOXVWHUV�

�0HWKRGV��� E\� ZKLFK� PHDQV�� GLVFRYHULQJ� SXWDWLYH� GLVHDVH�FDXVLQJ� FHOO� W\SH� DQG�

WKHUHIRUH� SURYLGLQJ� QHZ� VLJKWV� IRU� UHWLQDO� GLVHDVHV� 0RVW� RI� WKH� GLVHDVH� W\SHV� ZH�

LQYHVWLJDWHG�LQ�WKLV�VWXG\�DUH�FDXVHG�E\�PDOIXQFWLRQV�RI�35V��5HWLQLWLV�SLJPHQWRVD �53��

LV�FKDUDFWHUL]HG�E\�UHWLQDO�FHOOV�GHJHQHUDWLRQ��EHJXQ�ZLWK�URG�FHOOV�DQG�IROORZHG�E\�FRQH�

FHOOV�� FRQVLVWHQW� ZLWK� ZKLFK�� HQULFKPHQWV� RI� 53� UHODWHG� JHQHV� RFFXU� LQ� DOO� URG�

VXESRSXODWLRQV� DQG� 0�/�FRQHV� �)LJXUH� �I�� )LJXUH� 6�I��� 7KLV� LQGLFDWHG� WKDW� DOO� URG

VXESRSXODWLRQV�EXW�RQO\�0�/�FRQHV�DUH�LQYROYHG�ZLWK�53�JHQHVLV�DQG�FRUUHVSRQGLQJ�

PDUNHUV�ZH�LGHQWLILHG�PD\�KHOS�WR�SLQSRLQW�WKH�VFRSH�RI�WDUJHW�FHOOV�IRU�WKHUDSLHV��&RQH�

URG�G\VWURSK\��&5'���XQOLNH�53��LV�IHDWXUHG�E\�DQ�LQLWLDO� ORVV�RI�FRORU�YLVLRQ�DQG�RI

YLVXDO�DFXLW\�GXH�WR�ORVV�RI�FRQH�IXQFWLRQ�DQG�IROORZHG�E\�URG�FHOOV�GHWHULRUDWLRQ��0RVW�

URG�VXESRSXODWLRQV��5RGB���5RGB���5RGB���5RGB���5RGB���DQG�0�/�FRQHV�GLVSOD\HG�

FORVH�FRQQHFWLRQV�ZLWK�&5'�RFFXUUHQFH�ZLWK�HQULFKPHQW�VLJQLILFDQFH���ORJ�3�YDOXH��

RYHU������)LJXUH��H��)LJXUH�6�H���&RQJHQLWDO�VWDWLRQDU\�QLJKW�EOLQGQHVV��&61%��FDQ�EH�

FODVVLILHG� LQWR� FRPSOHWH� &61%� �F&61%�� DQG� LQFRPSOHWH� &61%� �L&61%��ZKLFK� LV�

FDXVHG�E\�GHIHFWV� ORFDOL]H� WR�21�%&V�DQG�35�V\QDSVH� UHVSHFWLYHO\��$FFRUGDQW�ZLWK�

ZKDW�PHQWLRQHG�DERYH��ZH�IRXQG� WKDW�21�%&V�'(*V�DUH�KLJKO\�HQULFKHG� LQ�&61%�

FDXVLQJ� JHQHV�� EXW� WR� D� VXEVWDQWLDOO\� YDU\LQJ� H[WHQW� �)LJXUH� �K��� VXJJHVWLQJ� WKDW�

GLIIHUHQW�%&�VXEW\SHV�FRQWULEXWH�GLIIHUHQWO\�WR�&61%�RU�OHDG�WR�&16%�ZLWK�YDULRXV�

VHYHULWLHV�� )XUWKHUPRUH��'(*V�RI�5RGB���5RGB���5RGB��DQG�5RGB�� VXESRSXODWLRQV�

VKRZHG� PRGHVW� DVVRFLDWLRQ� ZLWK� &61%� FDXVLQJ� JHQHV� �)LJXUH� 6�I��� LPSO\LQJ� D�

PRGHUDWH� UROH� LQ� &16%�� %HVLGHV�� PDFXODU� GHJHQHUDWLRQ� �0'�� ZHUH� VSHFLILFDOO\�

DVVRFLDWHG�ZLWK�5RGB���5RGB��DQG�5RGB���)LJXUH�6�K���7RJHWKHU�ZLWK�ZKDW�GHVFULEHG�

DERYH�� 5RGB��� 5RGB�� DQG� 5RGB�� VKRZHG� VWURQJ� HQULFKPHQW� RI� FRPPRQ� UHWLQDO�

GLVHDVHV�� )URP� WKH�SHUVSHFWLYH�RI� FRQH�35V��6�FRQHV�GRQ¶W� VHHP� WR�EH� VLJQLILFDQWO\�

UHODWHG� WR� DQ\� UHWLQDO� GLVHDVH�ZH� FROOHFWHG�ZKLOH�0�/�FRQHV� DUH� WKH�PDMRU� FRQH�35�

VXEW\SH�FDXVLQJ�RU�EHLQJ�DIIHFWHG�E\�UHWLQDO�GLVHDVHV��

,Q�FRQFOXVLRQ��WKHVH�UHVXOWV�QRW�RQO\�PDWFKHG�SUHYLRXV�ILQGLQJV�EXW�DOVR�OLQNHG�VHYHUDO�

GLVHDVHV�ZLWK�FHUWDLQ�UHWLQDO�FHOO�VXEW\SHV��IDFLOLWDWLQJ�UHVHDUFKHV�DQG�GHYHORSPHQW�RI�

QRYHO�GUXJ�LQWR�UHWLQDO�PDOIXQFWLRQV�

6LPLODULWLHV� DQG� GLIIHUHQFHV� LQ� FHOO� SURSRUWLRQ�� FHOO� VWDWXV� EHWZHHQ� UHWLQD� LQ�

GLIIHUHQW�GHYHORSPHQWDO�VWDJHV

6LQFH�FHOO�SUROLIHUDWLRQ�LV�D�NH\�PHWULF�RI�FHOO�PDWXUDWLRQ OHYHO��ZH�QH[W�SHUIRUPHG�FHOO�
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F\FOH� DQDO\VLV��:H� ILUVW� DVVLJQHG� D� FHOO� F\FOH� SKDVH� VFRUH� WR� HDFK� FHOO� XVLQJ� JHQH�

H[SUHVVLRQ�VLJQDWXUHV�IRU�WKH�6�DQG�*��0�SKDVHV���)URP�D�JOREDO�YLHZ��PRVW�RI�WKH�FHOOV�

ZHUH�LQ�*��SKDVH�ZKLOH�UHODWLYHO\�IHZ�ZHUH�LQ�SUROLIHUDWLQJ�*��0�VWDJH��)LJXUH�6�D���

,QWHUHVWLQJO\��FHOOV�LQ�*�0�VWDJH�ZHUH�SULPDULO\�IURP�HDUO\�UHWLQD��)LJXUH�6�F���([FHSW�

IRU�URG�35�ZKHUH�FHOOV�IURP�ODWH�UHWLQD�GLIIXVH�PRUH�HYHQO\��PRVW�FHOOV�IURP�ODWH�UHWLQD�

LQ� RWKHU� FHOO� W\SHV� ZHUH� DVVLJQHG� QHJDWLYH� 6� VFRUHV� DQG� *�0� VFRUHV�� WKXV� EHLQJ�

FRQVLGHUHG�WR�EH�LQ�*��SKDVH�

:H�QH[W�DVNHG�ZKDW�SURJUDPV� WKH�SRVWQDWDO� UHWLQD�ZLOO�JR� WKURXJK��3UHYLRXV�VWXGLHV�

KDYH�VKRZQ�WKDW�SKRWRUHFHSWRUV�ZLOO�GHYHORS�IURP�D�UHODWLYHO\�LPPDWXUH�VWDWH�LQWR�D�

PDWXUH�VWDWH��LPSURYLQJ�WKH�OLJKW�VHQVLWLYLW\�DIWHU�ELUWK����+HQFH��WR�DQVZHU�WKH�TXHVWLRQ�

DERYH� ZH�SHUIRUPHG�GLIIHUHQWLDO� H[SUHVVLRQ� DQDO\VLV� LQ� WKH� VDPH� FHOO� W\SH� EHWZHHQ�

HDUO\�DQG�ODWH�35V�

,Q� FRQH�35V������XSUHJXODWHG�DQG�����GRZQ�UHJXODWHG�JHQHV� LQ� WRWDO�ZHUH� IRXQG� LQ�

HDUO\�FRQH�53V�LQ�0�/�FRQHV��&���&��LQ�)LJXUH��D��7DEOH�6���ZKHQ�FRPSDUHG�ZLWK ODWH�

FRQH�53V��)LJXUH��D��F���)XQFWLRQDO�HQULFKPHQW�GHPRQVWUDWHG�WKDW�JHQHV�XSUHJXODWHG�LQ�

HDUO\� FRQH� 35V� VKRZHG�ZHDN� HQULFKPHQW� LQ� WHUPV� UHODWHG� WR� OLJKW� SHUFHSWLRQ�ZKLOH�

KLJKO\� H[SUHVV� JHQHV� FRQFHUQLQJ� SKRWRUHFHSWRU� GLIIHUHQWLDWLRQ� �)LJXUH� �E�� G��� ,Q� 6�

FRQHV��&��LQ�)LJXUH��D������GRZQ�UHJXODWHG�ZKHUHDV�QR�XSUHJXODWHG�JHQHV�IRXQG�WR�EH�

VLJQLILFDQW��)LJXUH�6�K��7DEOH�6����*2�WHUPV�DVVRFLDWHG�ZLWK�FHOOXODU�UHVSLUDWLRQ�ZHUH�

HQULFKPHQW�LQ�JHQHV�XSUHJXODWHG�LQ�ODWH�35V��)LJXUH�6�K���:H�QH[W�LQVSHFWHG�WKRVH�7)V��

UHFHSWRUV� DQG� OLJDQGV� WKDW� GLIIHUHQWLDOO\� H[SUHVV� EHWZHHQ� WZR� VWDJHV� LQ� 0�/�FRQHV�

�)LJXUH��H���:H�IRXQG�WKDW�$5,'�%��ZKLFK�ZHUH�KLJKO\�H[SUHVVHG�LQ�HDUO\�FRQH�35V��

EHORQJV�WR�D�QHXURQ�VSHFLILF�FKURPDWLQ�UHPRGHOLQJ�FRPSOH[ DQG�LQYROYHG�LQ�FHOO�F\FOH�

DFWLYDWLRQ�DQG�QHXUDO� SURJHQLWRU� FHOO� IDWH� FRPPLWPHQW GXULQJ�QHXUDO� GHYHORSPHQW���

0()�&��DOVR�GLVSOD\HG�VSHFLILF�H[SUHVVLRQ�LQ�HDUO\�FRQH�35V��KDV�EHHQ�SURYH�FUXFLDO�

IRU�QRUPDO�QHXURQDO�GHYHORSPHQW� GLVWULEXWLRQ��DQG�HOHFWULFDO�DFWLYLW\�LQ�WKH�QHRFRUWH[����

15�(���DQ�RUSKDQ�QXFOHDU�UHFHSWRU�RI�UHWLQDO�SKRWRUHFHSWRU�FHOOV��LV�DQ�DFWLYDWRU�RI�URG�

GHYHORSPHQW�DQG�UHSUHVVRU�RI�FRQH�GHYHORSPHQW����+HQFH��LW¶V�UHDVRQDEOH�WR�LQIHU�WKDW�

7)V� OLNH�$5,'�%��0()�&�DQG 15�(��FRRSHUDWH� WRJHWKHU� WR�GULYH� WKH�GHYHORSPHQW�

SURFHVV� LQ� FRQH� PDWXUDWLRQ�� /LNHZLVH�� LQ� URG� 35V�� DFFRUGLQJ� WR� WKH� IXQFWLRQDO�

HQULFKPHQW� DQDO\VLV�� LW¶V� DOVR� VKRZHG� WKDW� FHOOV� IURP� HDUO\� UHWLQD� GLVSOD\HG� VWURQJ�

GLIIHUHQWLDWLRQ�DELOLW\�ZKLOH�FHOOV�IURP�ODWH�UHWLQD�H[KLELW�WKH�FRPSHWHQFH�WR�SHUFHLYH�

H[WHUQDO�OLJKW�DQG�WUDQVGXFH�VLJQDO�WR�VXEVHTXHQW�QHXURQV��)LJXUH�6���

7R� IXUWKHU� LGHQWLI\� NH\� UHJXODWRUV� LQ� WKH� FRXUVH� RI� FRQH� 35� GHYHORSPHQW�� ZH� QH[W�
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FRQVWUXFWHG�UHJXODWRU\�QHWZRUN�EDVHG�RQ�VLJQLILFDQWO\�KLJK�H[SUHVVHG�7)V�LQ�HDUO\�0�/�

FRQHVB���&��LQ�)LJXUH��D���)LJXUH��I���15/� UHSRUWHG�DV�D�FULWLFDO�LQWULQVLF�UHJXODWRU�RI�

SKRWRUHFHSWRU� GHYHORSPHQW� DQG� IXQFWLRQ���� SRVVHVVHG� PRVW� SXWDWLYH� WDUJHW� JHQHV��

LQGLFDWLQJ�LWV�FUXFLDO�UROH�LQ�WKH�GHYHORSPHQWDO�FRXUVH�RI�FRQH�35��7KH�WDUJHWV�RI�7&)��

ZHUH� HQULFKHG� LQ� *2� WHUPV� UHODWHG� XELTXLQRQH� DQG� NHWRQH� ELRV\QWKHWLF� SURFHVVHV�

�)LJXUH��J���8ELTXLQRQH�LV�WKH�R[LGL]HG�IRUP�RI�&R4����ZKLFK�VHUYHV�DV�DQ�DQWLR[LGDQW�

WR�KHOS�SURWHFW�FHOOV�IURP�R[LGDWLYH�GDPDJH��7KH�OHYHO�RI�&R4���GHFOLQHV�ZLWK�DJH�GXH�

WR� GHFUHDVHG� V\QWKHVLV� DQG� LQFUHDVHG� GHJUDGDWLRQ�� OHDGLQJ� WR� DJH�UHODWHG�

QHXURGHJHQHUDWLYH� GLVHDVHV�� VXFK� DV� 3DUNLQVRQ
V� GLVHDVH� DQG� DJH�UHODWHG� PDFXODU�

GHJHQHUDWLRQ����%HVLGHV��=1)���%��ZKRVH� WDUJHWV�ZHUH� IRXQG� WR�EH� DVVRFLDWHG�ZLWK�

LPPXQH� DFWLYLWLHV�� ZHUH� UHSRUWHG� WR� EH� H[SUHVVHG� LQ� JHUPLQDO� FHQWHU� %� FHOOV� DQG�

LQYROYHG�LQ�%�FHOO�DSRSWRVLV���

'LVFXVVLRQ

7KLV�FRPSOH[�LQWULQVLF�FRPSRVLWLRQ�RI�UHWLQD�FHOOV�KLJKOLJKWV�WKH�QHFHVVLW\�RI�VLQJOH�FHOO�

WHFKQRORJLHV�IRU�GLVVHFWLQJ�WUDQVFULSWRPH�VLJQDWXUH�LQ�GHWDLO��+HUH��ZH�UHSRUW�WKH�ILUVW�

VLQJOH�FHOO�DWODV�± WR�RXU�NQRZOHGJH��IRU�KXPDQ�UHWLQD�LQ�GLIIHUHQW�LQIDQW�GHYHORSPHQWDO�

VWDJHV��2XU�GDWDVHW�FRQVLVWV�RI��������FHOO�DQG�QXFOHL�DFKLHYH�XQSUHFHGHQWHGO\� ODUJH�

VFDOH�IRU�KXPDQ�UHWLQD�UHVHDUFK��,Q�WKLV�VWXG\��ZH�ILUVWO\�HVWDEOLVKHG�D�KLJK�UHVROXWLRQ�

PDS�IRU�KXPDQ�LQIDQW�UHWLQD�ZLWK�VL[�RXW�RI�VHYHQ�PDMRU�UHWLQDO�FHOO�W\SHV�VXFFHVVIXOO\�

DVVLJQHG��:H�DOVR�LGHQWLILHG�PLFURJOLD��WKH�UHVLGHQW�LPPXQH�FHOOV�LQ�KXPDQ�UHWLQD�DQG�

IRXQG� E\� OLJDQG�UHFHSWRU� FRPPXQLFDWLRQ� QHWZRUN� DQDO\VLV� WKDW� PLFURJOLD� VKRZHG�

SXWDWLYH�LQWHUDFWLRQV�SULPDULO\�ZLWK�URG�35V��%&V�DQG�0XOOHU�JOLD�

'XH�WR�WKH�SURJHQLWRU�OLNH�IHDWXUHV�RI�0XOOHU�JOLD��ZH�SHUIRUPHG�SVHXGR�WLPH�WUDMHFWRU\�

DQDO\VLV�XVLQJ�0*B���0*B��DQG�0*B���ZKLFK�UHYHDOHG�D�GHYHORSPHQWDO�SDWK�ZLWK�

WZR�EUDQFKHV��)XUWKHU�FKDUDFWHUL]DWLRQ�RI�WKH�EUDQFKHV�RI�WKH�SDWK�VXJJHVWHG�WKDW�FHOOV�

LQ�OHIW�EUDQFK�GLVSOD\HG�OLJKW�SHUFHSWLRQ�IXQFWLRQV�DQG�FHOOV�LQ�WKH ULJKW�EUDQFK�VKRZHG�

DFWLYH�WUDQVODWLRQ�DFWLYLWLHV�

:H�QH[W�VRXJKW�WR�LGHQWLILHG�VXEW\SHV�DQG�VXESRSXODWLRQV�RI�SKRWRUHFHSWRUV�DQG�ELSRODU�

FHOOV� WKURXJK� UHFOXVWHULQJ�� )RU� FRQH� 35V�� ZH� LGHQWLILHG� 6�FRQHV� EXW� IDLOHG� WR�

GLVWLQJXLVKHG�0�FRQHV�IURP�/�FRQHV�GXH�WR�WKH�KLJK�KRPRORJ\�RI�RSVLQ�VHTXHQFHV��)RU�

%&V��UHFOXVWHULQJ�UHVXOWHG�LQ���VXESRSXODWLRQV����RI�ZKLFK�ZHUH�FODVVLILHG�DV�2))�%&V�

DQG�WKH�UHPDLQLQJ���ZHUH�WKRXJKW�WR�EH�21�%&V�DFFRUGLQJ�WR�WKH�H[SUHVVLRQ�RI�*5,.�
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DQG�*50���:H� IXUWKHU� GHVFULEHG� WKH�GLIIHUHQW�SURSHUWLHV�RI� HDFK� VXESRSXODWLRQV�E\�

DVVHVVLQJ�WKH�H[SUHVVLRQ�SDWWHUQ�RI�IXQFWLRQ�UHODWHG�LRQ�FKDQQHOV��

$QRWKHU�SDUW�RI�WKLV�VWXG\�LV�WR�FRPSDUH�WKH�VLPLODULWLHV�DQG�GLIIHUHQFHV�RI�HDUO\�DQG�ODWH�

UHWLQDV�DW�WUDQVFULSWRPLF�OHYHO��:H�ILUVW�HYDOXDWH�WKH�SUROLIHUDWLRQ�VWDWH�RI�HDFK�FHOO�E\�

DVVLJQLQJ�HDFK�FHOO�D�FDOFXODWHG�FHOO�F\FOH�VWDJH��:H�IRXQG�WKDW�H[FHSW�IRU�PLFURJOLD��

PRVW�RI�WKH�FHOOV�IURP�ODWH�UHWLQD�UHPDLQ�LQ�D�UHODWLYHO\�TXLHVFHQW�LQ�RWKHU�FHOO�W\SHV�ZH�

LGHQWLILHG�� 7KDW� LV� WR� VD\�� FHOOV� IURP� HDUO\� UHWLQD� ZHUH� LQ� *�0� VWDJH�� DQ� DFWLYHO\�

SUROLIHUDWLQJ�FHOO�F\FOH�VWDJH��,Q�DGGLWLRQ��WKURXJK�GLIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV�

DQG� IXQFWLRQDO� HQULFKPHQW� DQDO\VLV��ZH� IRXQG�0�/�FRQHV� IURP� HDUO\� UHWLQD� VKRZHG�

KLJKHU� H[SUHVVLRQ�RI�JHQHV� UHODWHG� WR�SKRWRUHFHSWRU�GLIIHUHQWLDWLRQ�DQG�QHXURJHQHVLV�

ZKHUHDV� 0�/�FRQH� IURP� ODWH� UHWLQD� VKRZHG� PDWXUH� SKRWRUHFHSWRU� SURSHUWLHV� ZLWK�

HQULFKHG�*2�WHUPV�FRQFHUQLQJ�OLJKW�SHUFHSWLRQ�DQG�SKRWRWUDQVGXFWLRQ�

,QKHULWHG�UHWLQDO�GLVHDVHV��,5'V��DUH�D�JURXS�RI�UHWLQDO�GLVRUGHUV�FDXVHG�E\�DQ�LQKHULWHG�

JHQH�PXWDWLRQ� DQG� FDQ� UHVXOW� LQ� YLVLRQ� ORVV� RU� EOLQGQHVV��±����&XUUHQWO\�� WKH� GLVHDVH�

GLDJQRVLV�DQG�WKHUDSLHV�ZHUH�KDPSHUHG�E\�RXU�XQGHUVWDQGLQJ�RI�KXPDQ�UHWLQD�DW�VLQJOH�

FHOO�OHYHO��,Q�RXU�UHWLQDO�GLVHDVH�DQDO\VLV��6�FRQHV�PDQLIHVWHG�LQVLJQLILFDQW�HQULFKPHQW�

RI�DOO�FRPPRQ�UHWLQDO�GLVHDVHV�LQFOXGHG�LQ�RXU�DQDO\VLV��7DEOH�6���ZKLOH�0�/�FRQHV�

ZHUH�IRXQG�WR�EH�DVVRFLDWHG�ZLWK &5'�DQG�53��)RU�URG�35V��5RGB���5RGB��DQG�5RGB��

VKRZHG�VWURQJ�DVVRFLDWLRQ�ZLWK�PDQ\�UHWLQDO�JHQHWLF�GLVHDVH��HVSHFLDOO\�ZLWK�&5'�DQG�

53��&61%�ZHUH�IRXQG� WR�EH�DVVRFLDWHG�ZLWK�GHIHFWV� LQ�21�%&V�EXW� WKH�HQULFKPHQW�

YDULHV�DPRQJ�WKH�21�%&�VXESRSXODWLRQV��7DNHQ�WRJHWKHU��RXU�ILQGLQJV�QDUURZ�GRZQ�

WKH� GLVHDVH�FDXVLQJ� FHOO� VXEW\SHV� DQG� VXESRSXODWLRQV� DQG� WKHLU� FRUUHVSRQGLQJ�

ELRPDUNHUV�� ZKLFK� PD\� QRW� RQO\� VKHG� OLJKWV� RQ� XQGHUVWDQGLQJ� WKH� PROHFXODU�

PHFKDQLVPV�XQGHUO\LQJ�,5'V��EXW�DOVR�SURYLGH�QHZ�LQVLJKWV�IRU�GLVFRYHULQJ�QRYHO�GUXJ�

WDUJHWV�DQG�GHYHORSLQJ�JHQH�WKHUDSLHV�IRU�,5'V�

0DWHULDO�DQG�PHWKRGV�

(WKLFV�VWDWHPHQW

&ROOHFWLRQ�RI�KXPDQ�UHWLQD ZDV�DSSURYHG�E\�WKH�(WKLFV�&RPPLWWHH�RI�WKH�(\H�	�(17�

+RVSLWDO�RI�)XGDQ�8QLYHUVLW\�DQG�LQ�DFFRUGDQFH�ZLWK�WKH�&RGH�RI�(WKLFV�RI�WKH�:RUOG�

0HGLFDO�$VVRFLDWLRQ��'HFODUDWLRQ�RI�+HOVLQNL��IRU�PHGLFDO�UHVHDUFK�LQYROYLQJ�KXPDQ�

VXEMHFWV�� $OO� SURWRFROV� ZHUH� LQ� FRPSOLDQFH� ZLWK� WKH� µ,QWHULP� 0HDVXUHV� IRU� WKH�

$GPLQLVWUDWLRQ�RI�+XPDQ�*HQHWLF�5HVRXUFHV¶�DGPLQLVWHUHG E\�WKH�&KLQHVH�0LQLVWU\�RI�
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+HDOWK�

+XPDQ�UHWLQD�FROOHFWLRQ

7KH UHWLQDO�WLVVXHV FRPH�IURP�D����PRQWK�DQG�D���\HDU�ROG�WRGGOHU�GRQRU��7KH�GRQRU
V�

H\HEDOOV� ZHUH� FROOHFWHG� E\� (\H� 	� (17� +RVSLWDO� RI� )XGDQ� 8QLYHUVLW\� IRU� FRUQHDO�

WUDQVSODQWDWLRQ�� DQG� H\HEDOO� VDPSOHV� DFTXLUHG� ZLWKLQ� ��� KRXUV� SRVW�PRUWHP�� 7KH�

UHPDLQLQJ� H\HEDOO� WLVVXH� ZDV� XVHG WR� H[WUDFW� UHWLQD� WLVVXH�� 5HWLQD� WLVVXH� FRXOG� EH�

H[SRVHG�E\�UHPRYLQJ�LULV��OHQV�DQG�YLWUHRXV�VXFFHVVLYHO\��7KH�LQWDFW�UHWLQDO�WLVVXH�ZDV�

FDUHIXOO\�GLVVRFLDWHG�DQG�SODFHG�LQ�SUH�FRROHG�+%66�ZLWKRXW�53(�FKRURLG�OD\HU��2QH�

RI�WKH�UHWLQDO�WLVVXHV�ZDV�GLJHVWHG LQWR�VLQJOH�FHOO�VXVSHQVLRQ�LQ�7U\SVLQ�('7$�VROXWLRQ�

�FRQWDLQLQJ� ������7U\SVLQ� DQG� �����('7$�� IRU� ���Ԩ ���PLQ�� DQG� WKH� UHPDLQLQJ�

WLVVXHV�ZHUH�LPPHGLDWHO\�IUR]HQ�LQ�OLTXLG�QLWURJHQ��7KHQ��VLQJOH�FHOO�VXVSHQVLRQ�ZDV�

ILOWHUHG� WKURXJK� D� ��ȝP� FHOO� VWUDLQHU� WR� HOLPLQDWH� DQ\� FOXPSHG� FHOOV�� 7KH� IUHVKO\�

SUHSDUHG� FHOO� VXVSHQVLRQ� ZDV� LPPHGLDWHO\� XVHG� IRU� WKH� FRQVWUXFWLRQ� RI� VLQJOH�FHOO�

VHTXHQFLQJ�OLEUDULHV�

6LQJOH�FHOO�F'1$�OLEUDU\�SUHSDUDWLRQ�DQG�KLJK�WKURXJKSXW�VHTXHQFLQJ

7KH�IUHVKO\�SUHSDUHG�FHOO�VXVSHQVLRQV�WR�JHQHUDWH�F'1$�OLEUDULHV ZLWK�6LQJOH�&HOO��¶�

/LEUDU\�DQG�*HO�%HDG�.LW�9�����������[�*HQRPLFV���DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�

LQVWUXFWLRQV�����������[�*HQRPLFV�� )ODVK�IUR]HQ�WLVVXHV�ZHUH�KRPRJHQL]HG�LQ��P/�

LFH�FROG�/\VLV�EXIIHU� ����P0�7ULV�+&O��S+���������P0�1D&O����P0�0J&O��������

13����SURWHDVH�LQKLELWRUV��WKHQ�GRXQFHG�LQ�DQ�51DVH�IUHH��PO�JODVV�GRXQFH��'�����

�6(7� 6,*0$�� ��[� ZLWK� D� ORRVH� SHVWOH� DQG� ��[� ZLWK� WLJKW� SHVWOH� RQ� LFH�� 7UDQVIHU�

KRPRJHQL]DWLRQ�WKURXJK�����P�ILOWHU���������%'��DQG�UHPRYHG�WKH�EORFN�PDVV��7KH�

FHOO� ILOWUDWH� ZDV� SURFHHGHG� WR� 'HQVLW\� *UDGLHQW� &HQWULIXJDWLRQ��0L[HG� ���� �/� FHOO�

ILOWUDWH�ZLWK������/�����,RGL[DQRO�6ROXWLRQ�LQ��P/�OR�%LQG�WXEHV��=����������($�

6,*0$���&DUHIXOO\�OD\HU�����,RGL[DQRO�6ROXWLRQ�DQG�����,RGL[DQRO�6ROXWLRQ�WR�WKH�

ERWWRP�RI�WXEH� &HQWULIXJLQJ�DW�������[J���Ԩ IRU���PLQ��

1XFOHL�ZHUH�UHVXVSHQGHG�LQ�LFH�FROG���[�3%6������������*,%&2��FRQWDLQLQJ�������

%6$�DQG�VSLQ�GRZQ�DW����[J�IRU��PLQ��'LVFDUGHG�VXSHUQDWDQW�DQG�WKHQ�XVLQJ�UHJXODU�

ERUH�SLSHWWH�WLS�JHQWO\�SLSHWWH�WKH�FHOO�SHOOHW�LQ����ȝ/�LFH�FROG���[�3%6�FRQWDLQLQJ�������

%6$� DQG� ���8��O� 51DVH� ,QKLELWRU� 'HWHUPLQHG� WKH� QXFOHL� FRQFHQWUDWLRQ� XVLQJ� D�

+HPRF\WRPHWHU� �������� 4,8-,1*�� 7KHQ�� ORDGHG� RQ� D� &KURPLXP� 6LQJOH� &HOO�

&RQWUROOHU����[�*HQRPLFV��WR�JHQHUDWH�VLQJOH�FHOO�*HO�%HDG�,Q�(0XOVLRQV��*(0V��E\�
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XVLQJ�6LQJOH�&HOO��¶�/LEUDU\�DQG�*HO�%HDG�.LW�9������������[�*HQRPLFV���&DSWXUHG�

FHOOV� UHOHDVHG� 51$� DQG� EDUFRGHG� LQ� LQGLYLGXDO� *(0V�� )ROORZLQJ� PDQXIDFWXUHU¶V�

LQVWUXFWLRQV�����������[�*HQRPLFV��OLEUDULHV�ZHUH�JHQHUDWHG�IURP�HDFK�GRQRU�VDPSOH��

,QGH[HG�OLEUDULHV�ZHUH�FRQYHUWHG�E\�0*,(DV\�/LE�7UDQV�.LW��������������0*,��WKHQ�

VHTXHQFHG� RQ� WKH� 0*,6(4� ����� �0*,�� SODWIRUP� ZLWK� SDLU�HQG� ��ES����ES��ES�

�3(�����������

3UH�SURFHVVLQJ�DQG�TXDOLW\�FRQWURO�RI�VF51$�VHT�GDWD

:H�ILUVW�XVHG�&HOO�5DQJHU����������;�*HQRPLFV��WR�SURFHVV�UDZ�VHTXHQFLQJ�GDWD DQG�

WKHQ�6HXUDW����������QEW�������ZDV�DSSOLHG�IRU�GRZQVWUHDP�DQDO\VLV��%HIRUH�ZH�VWDUW�

GRZQVWUHDP�DQDO\VLV��ZH�IRFXV�RQ�IRXU�ILOWHULQJ�PHWULFV�WR�JXDUDQWHH�WKH�UHOLDELOLW\�RI�

RXU�GDWD������:H�ILOWHU�RXW�JHQHV�WKDW�DUH�GHWHFWHG�LQ�OHVV�WKDQ������RI�WRWDO�FHOO�QXPEHU�

WR�JXDUDQWHH�WKH�UHOLDELOLW\�RI�HDFK�JHQH������:H�ILOWHU�RXW�FHOOV�ZKRVH�SHUFHQWDJH�RI�

H[SUHVVHG�PLWRFKRQGULDO�JHQHV�DUH�JUHDWHU�WKDQ����������:H�DOVR�ILOWHU�RXW�FHOOV�ZKRVH�

80,�FRXQWV�DUH�HLWKHU�OHVV�WKDQ�����RIIVHW�WR�WKH�ILUVW�TXDQWLOH�RU�JUHDWHU�WKDQ�����RIIVHW�

WR�WKH�WKLUG�TXDQWLOH�RI�WRWDO�80,�FRXQWV�WR�ILOWHU�RXW�WKH�GRXEOHW�OLNH�FHOOV������:H�ILOWHU�

RXW�FHOOV�ZKRVH�GHWHFWHG�JHQHV�DUH�OHVV�WKDQ�����

,GHQWLILFDWLRQ�RI�FHOO�W\SHV�DQG�VXEW\SHV�E\�GLPHQVLRQDO�UHGXFWLRQ�

7KH�KHWHURJHQHLW\�RI�UHWLQD�ZDV�GHWHUPLQHG�XVLQJ�6HXUDW�5�SDFNDJH����������QEW��������

:H�SHUIRUPHG�6HXUDW�$OLJQPHQW�WR�HOLPLQDWH�EDWFK�HIIHFW��DOORZLQJ�XV�WR�FRPELQH�GDWD�

IURP�PXOWLSOH�VDPSOHV��7KHQ�ZH�GHWHUPLQHG�VLJQLILFDQW�3&V�XVLQJ�WKH�-DFN6WUDZ3ORW�

IXQFWLRQ��7KH�WRS�WZHOYH 3&V�ZHUH�XVHG�IRU�FOXVWHU�LGHQWLILFDWLRQ�ZLWK�UHVROXWLRQ�����

XVLQJ� N�1HDUHVW� 1HLJKERU� �.11�� DOJRULWKP� DQG� YLVXDOL]DWLRQ� XVLQJ� W�'LVWULEXWHG�

6WRFKDVWLF� 1HLJKERU� (PEHGGLQJ� �W61(�� DOJRULWKP�� &HOO� W\SH�ZHUH� DVVLJQHG� E\� WKH�

H[SUHVVLRQ� RI� NQRZQ� FHOO�W\SH� PDUNHUV� DQG� IXQFWLRQDO� HQULFKPHQW� DQDO\VLV�� 7KH�

)LQG$OO0DUNHUV�IXQFWLRQ�LQ�6HXUDW�ZDV�XVHG�WR�LGHQWLI\�PDUNHU�JHQHV�IRU�HDFK�FOXVWHU�

XVLQJ�GHIDXOW�SDUDPHWHUV�

5HPRYDO�RI�FHOO�F\FOH�HIIHFWV�LQ�FOXVWHULQJ�DQG�FHOO�F\FOH�DQDO\VLV

:H�FROOHFWHG����JHQHV�DQG����JHQHV�UHODWHG�WR�6�SKDVH�DQG�*��0�SKDVH�UHVSHFWLYHO\�������

)RU� FOXVWHULQJ�� HDFK� FHOO� ZDV� DVVLJQHG� D� VFRUH� WR� GHOLQHDWH� LWV� FHOO� F\FOH� VWDWH� E\�

&HOO&\FOH6FRULQJ� IXQFWLRQ� LQ� 6HXUDW� DFFRUGLQJ� WR� WKH� H[SUHVVLRQ� RI� WKHVH� JHQHV��

6XEVHTXHQWO\��WKH�FHOO�F\FOH�HIIHFW�ZDV�UHJUHVVHG�RXW�EDVHG�RQ�WKH�VFRUHV��OHDGLQJ�WR�D�

PRUH�DFFXUDWH� FOXVWHULQJ� UHVXOW� )RU� FHOO� F\FOH�DQDO\VLV�� FHOOV�ZHUH�GHWHUPLQHG� WR�EH�
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TXLHVFHQW� �*��VWDJH�� LI� WKHLU�6�VFRUH�����DQG�*��0�VFRUH������RWKHUZLVH�� WKH\�ZHUH�

GHHPHG� SUROLIHUDWLYH�� ,Q� DGGLWLRQ�� SUROLIHUDWLYH� FHOOV� ZHUH� GHVLJQDWHG�*��0� LI� WKHLU�

*��0�VFRUH�!�6�VFRUH��ZKHUHDV�FHOOV�ZHUH�GHVLJQDWHG�6�LI�WKHLU�6�VFRUH�!�*��0�VFRUH�

)XQFWLRQDO�HQULFKPHQW�DQDO\VLV

)XQFWLRQDO�HQULFKPHQW�DQDO\VLV�LQFOXGHV�WZR�SDUWV��*2�WHUP�DQG�.(**�SDWKZD\��/LVWV�

RI�JHQHV�ZHUH�DQDO\]HG�XVLQJ�FOXVWHU3URILOHU�5�SDFNDJH����������RPL������������DQG�

WKH�%+�PHWKRG�ZDV�XVHG�IRU�PXOWLSOH�WHVW�FRUUHFWLRQ��*2�WHUPV�ZLWK�D�3�YDOXH�OHVV�WKDQ�

�����DQG�.(**�WHUP�ZLWK�D�3�YDOXH�OHVV�WKDQ������ZHUH�FRQVLGHUHG�DV�VLJQLILFDQWO\�

HQULFKHG�

&RQVWUXFWLRQ�RI�LQWHUFHOOXODU�FRUUHODWLRQ�QHWZRUN

7R�UHGXFH�QRLVH��ZH�DYHUDJHG�WKH�H[SUHVVLRQ�RI�HYHU\�����FHOOV�ZLWKLQ�FOXVWHU�DQG�WKHQ�

FDOFXODWHG�WKH�SDLUZLVH�3HDUVRQ�FRUUHODWLRQ�EHWZHHQ�WZR�GRWV�EDVHG�RQ�WKHLU�DYHUDJH�

H[SUHVVLRQ�SURILOHV��,QWHU�GRWV�UHODWLRQVKLS�ZLOO�EH�VKRZQ�LI�WKHLU�3HDUVRQ�FRUUHODWLRQ�LV�

JUHDWHU� WKDQ� ����� 7KH� YLVXDOL]DWLRQ� RI� WKH� FRUUHODWLRQ� QHWZRUN� LV� DFKLHYHG� XVLQJ�

&\WRVFDSH����������JU����������

&RQVWUXFWLRQ�RI�SVHX�GRWLPH�WUDMHFWRU\�XVLQJ�YDULDEOH�JHQHV

7KH�0RQRFOH��5�SDFNDJH��YHUVLRQ���������ZDV�XVHG�WR�FRQVWUXFW�VLQJOH�FHOO�SVHXGR�

WLPH� WUDMHFWRULHV� WR�GLVFRYHU�GHYHORSPHQWDO� WUDQVLWLRQV��±����:H�XVHG�KLJKO\� YDULDEOH�

JHQHV�LGHQWLILHG�E\�³HVWLPDWH'LVSHUVLRQV´�IXQFWLRQ�WR�VRUW�FHOOV�LQ�SVHXGR�WLPH�RUGHU��

³''57UHH´�ZDV�DSSOLHG�WR�UHGXFH�GLPHQVLRQDO�VSDFH��DQG�WKH�PLQLPXP�VSDQQLQJ�WUHH�

RQ� FHOOV� ZDV� SORWWHG� E\� WKH� YLVXDOL]DWLRQ� IXQFWLRQV� ³SORWBFRPSOH[BFHOOBWUDMHFWRU\´��

%($0� WHVWV�ZHUH� SHUIRUPHG�RQ� WKH� ILUVW� EUDQFK�SRLQWV� RI� WKH� FHOO� OLQHDJH� XVLQJ� DOO�

GHIDXOW� SDUDPHWHUV�� ³SORWBJHQHVBEUDQFKHGBSVHXGRWLPH´� IXQFWLRQ� ZDV� SHUIRUPHG� WR�

SORW�D�FRXSOH�RI�JHQHV�IRU�HDFK�OLQHDJH�

%UDQFK�H[SUHVVLRQ�DQDO\VLV�PRGHOLQJ

0RQRFOH�SURYLGHV�WKH�EUDQFK�H[SUHVVLRQ�DQDO\VLV�PRGHOLQJ��%($0��WR�FDOFXODWH�WKH�

JHQH�H[SUHVVLRQ�FKDQJH�DV�FHOOV�SDVV�IURP�HDUO\�GHYHORSPHQWDO�VWDJH�WKURXJK�WKH�EUDQFK�

DQG� '(*V� EHWZHHQ� GLIIHUHQW� EUDQFKHV�� :H� XVHG� ³%($0´� IXQFWLRQ� ZLWK� GHIDXOW�

SDUDPHWHU�VHWWLQJV�DQG�JHQHV�ZLWK�T YDOXH�OHVV�WKDQ������ZHUH�FRQVLGHUHG�VLJQLILFDQW�
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5HJXODWRU\�QHWZRUN�FRQVWUXFWLRQ

:H�GRZQORDGHG�KRPR�VDSLHQV�7)�OLVW�IURP�$QLPDO7)'%������ DV�D�7)�UHIHUHQFH�DQG�

H[WUDFWHG�7)V�LQ�PDUNHU�JHQHV�OLVW�RI�HDFK�FOXVWHU�WR�FRQVWUXFW�WKH�UHJXODWRU\�QHWZRUN�

XVLQJ�*(1,(��5�SDFNDJH����7KH�QHWZRUN�ZDV�SORWWHG�XVLQJ�&\WRVFDSH�

&RQVWUXFWLRQ�RI�FHOOXODU�FRPPXQLFDWLRQ�QHWZRUN

7KH� OLJDQG�UHFHSWRU� LQWHUDFWLRQ� UHODWLRQVKLSV� ZHUH� GRZQORDGHG� IURP� WKH� GDWDEDVH��

,83+$5�%36�*XLGH�WR�3+$50$&2/2*<����DQG�WKH�'DWDEDVH�RI�/LJDQG�5HFHSWRU�

3DUWQHUV��'/53������������ZDV�XVHG�DV�D�WKUHVKROG�IRU�WKH�DYHUDJH�H[SUHVVLRQ�OHYHO�RI�

QRUPDOL]HG� H[SUHVVLRQ� OHYHO�� /LJDQGV� DQG� UHFHSWRUV� ZKRVH� H[SUHVVLRQ� DERYH� WKLV�

WKUHVKROG�ZHUH�FRQVLGHUHG�DV�H[SUHVVHG� LQ� WKH�FRUUHVSRQGLQJ�FOXVWHU��&\WRVFDSH�ZDV�

XVHG�WR�YLVXDOL]H�WKH�LQWHUDFWLRQV�

$FNQRZOHGJHPHQWV�

:H�WKDQN�WKH�VXSSRUW�RI�D�*5)�JUDQW�IURP�+RQJ�.RQJ�JRYHUQPHQW�3URMHFW�1R��>&LW\8�

��������@��D�65*�JUDQW�IURP�&LW\�8QLYHUVLW\�RI�+RQJ�.RQJ�3URMHFW�1R�>�������@��

1DWXUDO�6FLHQFH�)RXQGDWLRQ�RI�*XDQJGRQJ�3URYLQFH� �12�����$������������16)&�

JUDQWV����������DQG����������DQG�WKH�1RQ�SURILW�&HQWUDO�5HVHDUFK�,QVWLWXWH�)XQG�RI�

&KLQHVH�$FDGHP\�RI�0HGLFDO�6FLHQFHV�����37������

$XWKRU�FRQWULEXWLRQV

;+�6��-+�:��6+�=��)�&��<�*�DQG�'6�&�GHVLJQHG�DQG�LQLWLDWHG�WKH�SURMHFW��)<�+��--�

;��3�;��)-�*��''�:��':�=�FRRUGLQDWHG�DQG�FROOHFWHG�WKH�KXPDQ�GRQRU�UHWLQDV��;+�

6��-+�:��6+�=��DQG�)<�+�FRQGXFWHG�WKH�H[SHULPHQWV�RI�UHWLQD�VDPSOLQJ��=;�;��6<�:��

/&�/� &&�& DQG�-�;�FRQVWUXFWHG�VHTXHQFLQJ�OLEUDULHV��-;�=��6<�:�DQG�;1�'�ZHUH�

UHVSRQVLEOH�IRU�GDWD�DQDO\VLV��-&�=��3:�'�DQG�:�/�FRQWULEXWHG�WR�GDWD�YLVXDOL]DWLRQ��

-;�=��'6�&��)�&��-+�:��6-�-��-*�=��-.�/��-�)�ZURWH�WKH�PDQXVFULSW�DQG�RU�SURYLGHG�

VXJJHVWLRQV� $OO�DXWKRUV�KDYH�UHYLVHG�DQG�SURRIUHDG�WKH�PDQXVFULSW�

&RPSHWLQJ�LQWHUHVWV

7KH�DXWKRUV�GHFODUH�QR�FRPSHWLQJ�LQWHUHVWV�
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'DWD�DQG�PDWHULDO�DYDLODELOLW\

7KH� GDWD� WKDW� VXSSRUW� WKH� ILQGLQJV� RI� WKLV� VWXG\� KDYH� EHHQ� GHSRVLWHG� LQ� WKH� &16$�

�KWWSV���GE�FQJE�RUJ�FQVD���RI�&1*%GE�ZLWK�DFFHVVLRQ�QXPEHU�&13��������

5HIHUHQFHV�

�� 0DVODQG��5��+��7KH�1HXURQDO�2UJDQL]DWLRQ�RI�WKH�5HWLQD��1HXURQ ��� ���±�����������

�� 6DUWK\��3��9��	�/DP��'��0��.��%LRFKHPLFDO�VWXGLHV�RI�LVRODWHG�JOLDO��PXOOHU��FHOOV�IURP�WKH�

WXUWOH�UHWLQD��-��&HOO�%LRO� ��� ���±�����������

�� 3HUWLOH��*���%URFFROL��9���5DPD��3���*LDQQHOOL��6��*��	�'HPRQWLV��*��&��$GXOW�+XPDQ�0�OOHU�

*OLD�&HOOV�$UH�D�+LJKO\�(IILFLHQW�6RXUFH�RI�5RG�3KRWRUHFHSWRUV��6WHP�&HOOV ��� ���±����

�������

�� /XNRZVNL��6��HW�DO� *HQHUDWLRQ�RI�KXPDQ�QHXUDO�UHWLQD�WUDQVFULSWRPH�DWODV�E\�VLQJOH�FHOO�51$�

VHTXHQFLQJ��ELR5[LY ���������������GRL���������������

�� 5KHDXPH��%��$��HW�DO� 6LQJOH�FHOO�WUDQVFULSWRPH�SURILOLQJ�RI�UHWLQDO�JDQJOLRQ�FHOOV�LGHQWLILHV�

FHOOXODU�VXEW\SHV��1DW��&RPPXQ� �� �������

�� &ODUN��%��HW�DO� &RPSUHKHQVLYH�DQDO\VLV�RI�UHWLQDO�GHYHORSPHQW�DW�VLQJOH�FHOO�UHVROXWLRQ�

LGHQWLILHV�1),�IDFWRUV�DV�HVVHQWLDO�IRU�PLWRWLF�H[LW�DQG�VSHFLILFDWLRQ�RI�ODWH�ERUQ�FHOOV��ELR5[LY

���������������GRL���������������

�� <XIHQJ�/X��:HQ\DQJ�<L��4LDQ�:X��6XLMXDQ�=KRQJ��=KHQWDR�=XR��)DQJTL�=KDR��0HL�=KDQJ��

1LFROH�7VDL��<DQ�=KXR��6KHQJ�+H��-XQ�=KDQJ��;LQ�'XDQ��;LDRTXQ�:DQJ��7��;��6LQJOH�FHOO�

51$�VHT�DQDO\VLV�PDSV�WKH�GHYHORSPHQW�RI�KXPDQ�IHWDO�UHWLQD��ELR5[LY ��������

GRL�KWWS���G[�GRL�RUJ���������������

�� 0DWKLV��&���6FKU|WHU��$���7KDOOPDLU��0��	�6FKZDE��0��(��1RJR�$�UHJXODWHV�QHXUDO�SUHFXUVRU�

PLJUDWLRQ�LQ�WKH�HPEU\RQLF�PRXVH�FRUWH[��&HUHE��&RUWH[ ��� ����±������������

�� 0HL��/��	�1DYH��.��$��1HXUHJXOLQ�(5%%�VLJQDOLQJ�LQ�WKH�QHUYRXV�V\VWHP�DQG�QHXURSV\FKLDWULF�

GLVHDVHV��1HXURQ ��� ��±����������

��� .XQJ��)���:DQJ��:���7UDQ��7��6��	�7RZQHV�$QGHUVRQ��(��6HPD�$�UHGXFHV�VSURXWLQJ�RI�DGXOW�

URG�SKRWRUHFHSWRUV�LQ�YLWUR��,QYHVWLJ��2SKWKDOPRO��9LV��6FL� ��� ����±������������

��� 6LQJKDO��6��HW�DO� +XPDQ�0�OOHU�*OLD�ZLWK�6WHP�&HOO�&KDUDFWHULVWLFV�'LIIHUHQWLDWH LQWR�5HWLQDO�

*DQJOLRQ�&HOO��5*&��3UHFXUVRUV�,Q�9LWUR�DQG�3DUWLDOO\�5HVWRUH�5*&�)XQFWLRQ�,Q�9LYR�

)ROORZLQJ�7UDQVSODQWDWLRQ��6WHP�&HOOV�7UDQVO��0HG� �� ���±�����������

��� %HFNHU��6��HW�DO� 7UDQVSODQWDWLRQ�RI�3KRWRUHFHSWRUV�'HULYHG�)URP�+XPDQ�0�OOHU�*OLD�5HVWRUH�

5RG�)XQFWLRQ�LQ�WKH�3��+�5DW��6WHP�&HOOV�7UDQVO��0HG� �� ���±�����������

��� 6PLWK��5��6��HW�DO� 3KRVSKROLSLG�IOLSSDVH�$73�$��LV�UHTXLUHG�IRU�QRUPDO�YLVXDO�DQG�DXGLWRU\�

IXQFWLRQ�DQG�SKRWRUHFHSWRU�DQG�VSLUDO�JDQJOLRQ�FHOO�VXUYLYDO��-��&HOO�6FL� ���� ����±�����

�������
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��� /HH��$��6��<���.UDQ]XVFK��3��-��	�&DWH��-��+��'��(,)��WDUJHWV�FHOO�SUROLIHUDWLRQ�PHVVHQJHU�

51$V�IRU�WUDQVODWLRQDO�DFWLYDWLRQ�RU�UHSUHVVLRQ��1DWXUH ���� ���±�����������

��� +RIPDQQ��/��	�3DOF]HZVNL��.��$GYDQFHV�LQ�XQGHUVWDQGLQJ�WKH�PROHFXODU�EDVLV�RI�WKH�ILUVW�VWHSV�

LQ�FRORU�YLVLRQ��3URJUHVV�LQ�5HWLQDO�DQG�(\H�5HVHDUFK ��� ��±����������

��� 1HLW]��-��	�1HLW]��0��7KH�JHQHWLFV�RI�QRUPDO�DQG�GHIHFWLYH�FRORU�YLVLRQ��9LVLRQ�5HVHDUFK ���

���±�����������

��� &XUFLR��&��$���6ORDQ��.��5���.DOLQD��5��(��	�+HQGULFNVRQ��$��(��+XPDQ�SKRWRUHFHSWRU�

WRSRJUDSK\��-��&RPS��1HXURO� ���� ���±�����������

��� 6KHNKDU��.��HW�DO� &RPSUHKHQVLYH�&ODVVLILFDWLRQ�RI�5HWLQDO�%LSRODU�1HXURQV�E\�6LQJOH�&HOO�

7UDQVFULSWRPLFV��&HOO ���� ����±�����H����������

��� =HQLVHN��'���+HQU\��'���6WXGKROPH��.���<D]XOOD��6��	�0DWWKHZV��*��9ROWDJH�GHSHQGHQW�VRGLXP�

FKDQQHOV�DUH�H[SUHVVHG�LQ�QRQVSLNLQJ�UHWLQDO�ELSRODU�QHXURQV��-��1HXURVFL� ��� ����±����������

��� )XOWRQ��$��%���+DQVHQ��5��0��	�0RVNRZLW]� $��'HYHORSPHQW�RI�5RG�)XQFWLRQ�LQ�7HUP�%RUQ�

DQG�)RUPHU�3UHWHUP�6XEMHFWV��2SWRP��9LV��6FL� ��� (���±(�����������

��� (URJOX��(��HW�DO� 6:,�61)�FRPSOH[�SUHYHQWV�OLQHDJH�UHYHUVLRQ�DQG�LQGXFHV�WHPSRUDO�SDWWHUQLQJ�

LQ�QHXUDO�VWHP�FHOOV��&HOO ���� ����±������������

��� /HLIHU��'��HW�DO� 0()�&��D�0$'6�0()��IDPLO\�WUDQVFULSWLRQ�IDFWRU�H[SUHVVHG�LQ�D�ODPLQDU�

GLVWULEXWLRQ�LQ�FHUHEUDO�FRUWH[��3URF��1DWO��$FDG��6FL��86$ ��� ����±������������

��� 7DQJ��:��;��HW�DO� 7KH�QXFOHDU�UHFHSWRU�15�(��SOD\V�D�UROH�LQ�KXPDQ�UHWLQDO�SKRWRUHFHSWRU�

GLIIHUHQWLDWLRQ�DQG�GHJHQHUDWLRQ��3URF��1DWO��$FDG��6FL� ��� ���±�����������

��� 6ZDURRS��$���.LP��'��	�)RUUHVW��'��7UDQVFULSWLRQDO�UHJXODWLRQ�RI�SKRWRUHFHSWRU�GHYHORSPHQW�

DQG�KRPHRVWDVLV�LQ�WKH�PDPPDOLDQ�UHWLQD��1DWXUH�5HYLHZV�1HXURVFLHQFH ��� ���±�����������

��� =KDQJ��;��HW�DO� 7KHUDSHXWLF�3RWHQWLDO�RI�&R�HQ]\PH�4���LQ�5HWLQDO�'LVHDVHV��&XUU��0HG��

&KHP� ��� �������

��� ,LMLPD��.��HW�DO� =1)���%�LV�FKDUDFWHULVWLFDOO\�H[SUHVVHG�LQ�JHUPLQDO�FHQWHU�%�FHOOV�DQG�

LQYROYHG�LQ�%�FHOO�DSRSWRVLV��(XU��-��,PPXQRO� ��� ����±������������

��� 7KRPDV��0��*��HW�DO� $EQRUPDO�UHWLQDO�GHYHORSPHQW�DVVRFLDWHG�ZLWK�)50'��PXWDWLRQV��+XP��

0RO��*HQHW� ��� ����±������������

��� (GZDUGV��0��0��HW�DO� /DPD��PXWDWLRQV�OHDG�WR�YLWUHRUHWLQDO�EORRG�YHVVHO�IRUPDWLRQ��

SHUVLVWHQFH�RI�IHWDO�YDVFXODWXUH��DQG�HSLUHWLQDO�PHPEUDQH�IRUPDWLRQ�LQ�PLFH��%0&�'HY��%LRO�

��� �������

��� %DJXPD�1LEDVKHND��0��	�.DEODU��%��$EQRUPDO�UHWLQDO�GHYHORSPHQW�LQ�WKH�%WUF�QXOO�PRXVH��

'HY��'\Q� ���� ����±������������

��� 7LURVK��,��HW�DO� 'LVVHFWLQJ�WKH�PXOWLFHOOXODU�HFRV\VWHP�RI�PHWDVWDWLF�PHODQRPD�E\�VLQJOH�FHOO�

51$�VHT��6FLHQFH��������� ���� ���±�����������

��� .RZDOF]\N��0��6��HW�DO� 6LQJOH�FHOO�51$�VHT�UHYHDOV�FKDQJHV�LQ�FHOO�F\FOH�DQG�GLIIHUHQWLDWLRQ�

SURJUDPV�XSRQ�DJLQJ�RI�KHPDWRSRLHWLF�VWHP�FHOOV��*HQRPH�5HV� ��� ����±������������

��� 4LX��;��HW�DO� 6LQJOH�FHOO�P51$�TXDQWLILFDWLRQ�DQG�GLIIHUHQWLDO�DQDO\VLV�ZLWK�&HQVXV��1DW��

0HWKRGV ��� ���±�����������

��� 4LX��;��HW�DO� 5HYHUVHG�JUDSK�HPEHGGLQJ�UHVROYHV�FRPSOH[�VLQJOH�FHOO�WUDMHFWRULHV��1DW��
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0HWKRGV ��� ���±�����������

��� 7UDSQHOO��&��HW�DO� 7KH�G\QDPLFV�DQG�UHJXODWRUV�RI�FHOO�IDWH�GHFLVLRQV�DUH�UHYHDOHG�E\�

SVHXGRWHPSRUDO�RUGHULQJ�RI�VLQJOH�FHOOV��1DW��%LRWHFKQRO� ��� ���±�����������

��� +X��+��HW�DO� $QLPDO7)'%������D�FRPSUHKHQVLYH�UHVRXUFH�IRU�DQQRWDWLRQ�DQG�SUHGLFWLRQ�RI�

DQLPDO�WUDQVFULSWLRQ�IDFWRUV��1XFOHLF�$FLGV�5HV� ��� '��±'����������

��� +X\QK�7KX��9��$���,UUWKXP��$���:HKHQNHO��/��	�*HXUWV��3��,QIHUULQJ�UHJXODWRU\�QHWZRUNV�IURP�

H[SUHVVLRQ�GDWD�XVLQJ�WUHH�EDVHG�PHWKRGV��3/R6�2QH �� �������

��� +DUGLQJ��6��'��HW�DO� 7KH�,83+$5�%36�*XLGH�WR�3+$50$&2/2*<�LQ�������8SGDWHV�DQG�

H[SDQVLRQ�WR�HQFRPSDVV�WKH�QHZ�JXLGH�WR�,008123+$50$&2/2*<��1XFOHLF�$FLGV�5HV�

��� '����±'������������

��� 3DYOLþHY��0��HW�DO� 6LQJOH�FHOO�WUDQVFULSWRPLFV�RI�WKH�KXPDQ�SODFHQWD��,QIHUULQJ�WKH�FHOO�

FRPPXQLFDWLRQ�QHWZRUN�RI�WKH�PDWHUQDO�IHWDO�LQWHUIDFH��*HQRPH�5HV� ��� ���±�����������

��� 6DOZLQVNL��/��7KH�'DWDEDVH�RI�,QWHUDFWLQJ�3URWHLQV�������XSGDWH��1XFOHLF�$FLGV�5HV� ��� ���'±

�����������
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)LJXUH���&HOOXODU�GLYHUVLW\�LQ�UHWLQD�

�$��6FKHPH�RI�WKH�H[SHULPHQWDO�DQG�ELRLQIRUPDWLFV�GHVLJQ�LQ�RXU�VWXG\��

�%��$�W�61(�PDS�RI�DOO�OLEUDULHV��&HOOV�DUH�FRORUHG�E\�FHOO�W\SH�FOXVWHU�

�&��7�61(�PDSV�RI�DOO�WLVVXHV�VLQJOH�FHOO�GDWD�ZLWK�FHOO�FRORUHG�EDVHG�RQ�WKH�H[SUHVVLRQ�RI�PDUNHU�

JHQHV�IRU�SDUWLFXODU�FHOO�W\SHV��*HQH�H[SUHVVLRQ�OHYHOV�DUH�LQGLFDWHG�E\�VKDGHV�RI�EOXH�

�'��$�FRUUHODWLRQ�QHWZRUN�VKRZLQJ�UHODWLRQVKLSV�DPRQJ����FHOO�W\SH�FOXVWHUV�GHILQHG�LQ�)LJXUH��E��

(DFK�QRGH�UHSUHVHQWV�WKH�DYHUDJHG�H[SUHVVLRQ�RI�HYHU\�����FHOOV�ZLWKLQ�HDFK�RI�WKH�FOXVWHUV��(DFK�

HGJH� FRUUHVSRQGV� WR� D� QHWZRUN� FRUUHODWLRQ� EHWZHHQ� WZR� QRGHV�� (DFK� QRGH� LV� FRORUHG� E\�

FRUUHVSRQGLQJ�FHOO�W\SH�DQG�QRGH�ERUGHU�LV�FRORUHG�E\�FOXVWHU�LQ�)LJXUH��E�

�(��%DUSORW�VKRZLQJ�WKH�SHUFHQWDJH�RI�HDFK�FHOO�W\SH�LQ�WKH�ZKROH�GDWDVHW� 3LH�FKDUWV��WKH�SURSRUWLRQ�

RI�FHOOV�IURP�D�FHUWDLQ�VDPSOH�LQ�HDFK�FHOO�W\SH�WR�WKH�WRWDO�QXPEHU�RI�FHOOV�LGHQWLILHG�DV�WKLV�FHOO�

W\SHV��5DGLDO�EDUSORW�� WKH�SURSRUWLRQ�RI�FHOOV� IURP�D�FHUWDLQ� VDPSOH� LQ� WKLV�FHOO� W\SH� WR� WKH� WRWDO�

QXPEHU�RI�FHOOV�LQ�WKLV�VDPSOH�

�)��$�JHQH�H[SUHVVLRQ�KHDWPDS�VKRZLQJ�WRS�GLIIHUHQWLDOO\�H[SUHVVHG�JHQH�IRU�HDFK�FOXVWHU�LQ�DOO����

FOXVWHUV�� 5HG� FRUUHVSRQGV� WR� KLJK� H[SUHVVLRQ� OHYHO��ZKLWH� LQGLFDWHV� LQWHUPHGLDWH� OHYHO� DQG� EOXH�

FRUUHVSRQG�WR�ORZ�H[SUHVVLRQ�OHYHO�

�*��6HOHFWHG�*2�WHUPV�HQULFKHG�LQ�HDFK�FHOOXODU�FOXVWHU��'RW�VL]H�GHQRWHV�WKH�JHQH�UDWLR�DQG�FRORU�

GHQRWHV�WKH�DGMXVWHG�3�YDOXH�

)LJXUH���

�$��,QWHUFHOOXODU�FRPPXQLFDWLRQ�ZLWKLQ�HDFK�FOXVWHU�LQ�)LJXUH�E��7KH�OLQH�FRORU�LQGLFDWHV�OLJDQGV�

EURDGFDVW�E\�WKH�FHOO�SRSXODWLRQ�RI�WKH�VDPH�FRORU��ODEHOHG���/LQHV�FRQQHFW�WR�FHOO�SRSXODWLRQV�ZKHUH�

FRJQDWH�UHFHSWRUV�DUH�H[SUHVVHG��7KH�OLQH�WKLFNQHVV�LV�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�OLJDQGV�ZKHUH�

FRJQDWH� UHFHSWRUV�DUH�SUHVHQW� LQ� WKH�UHFLSLHQW�FHOO�SRSXODWLRQ��/LQHV�ZLWK�QXPEHU�RI� LQWHUDFWLRQV�

ORZHU� WKDQ��� DUH�QRW� VKRZQ��0DS�TXDQWLILHV� SRWHQWLDO� FRPPXQLFDWLRQ�� EXW� GRHV�QRW� DFFRXQW� IRU�

DQDWRPLF�SRVLWLRQ�RU�ERXQGDULHV�RI�FHOO�SRSXODWLRQV�

�%��6XE�FRPPXQLFDWLRQ�QHWZRUN�RI�VHOHFWHG�FOXVWHUV�

�&�'��&HOO� OLQHDJH� UHODWLRQVKLSV�RI�0XOOHU� FHOOV� �0*B���0*B��DQG�0*B�� LQ�)LJXUH��E�� LQ� WKH�

KXPDQ� LQIDQW� UHWLQD� UHYHDOHG� E\� 0RQRFOH� EUDQFKHG� VLQJOH�FHOO� WUDMHFWRU\� DQDO\VLV�� (DFK� GRW�

UHSUHVHQWV� D� VLQJOH� FHOO�� WKH� FRORU� RI� HDFK� GRW� LQGLFDWHV� WKH� FRUUHVSRQGLQJ� EUDQFK� LQIRUPDWLRQ�

DVVLJQHG�E\�0RQRFOH�&��RU�WKH�FHOO�W\SH�LQIRUPDWLRQ��'��

�(��%DUSORW�VKRZLQJ�WKH�QXPEHUV�RI�GLIIHUHQWLDOO\�H[SUHVVHG�7)��UHFHSWRU�DQG�OLJDQG�LQ�HDFK�EUDQFK�

VWDWH�

�)��*HQH�RQWRORJ\�DQDO\VLV�RI�PRGXOHV�FUHDWHG�E\�FOXVWHULQJ�WKH�WZR�PDLQ�EUDQFKHV�IURP�WKH�OLQHDJH�

WUHH��7KH�DQDO\VLV�UHIOHFWV�WKH�FHOO�IDWH�FRPPLWPHQW��,Q�WKLV�KHDWPDS��WKH�PLGGOH�UHSUHVHQWV�WKH�VWDUW�

RI�SVHXGR�WLPH��2QH�OLQHDJH�VWDUWV�IURP�WKH�VWDUW�DQG�PRYHV�WR�WKH�(QG��ZKLOH�WKH�RWKHU� OLQHDJH�

PRYHV�WR�WKH�(QG���5RZV�DUH�JHQHV�FRUUHODWHG�LQWR�GLIIHUHQW�PRGXOHV�

�*��([SUHVVLRQ RI�VHOHFWHG�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�IRU�HDFK�EUDQFK��7KH�H[SUHVVLRQ�RI�FHOOV�
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ZDV�RUGHUHG�E\�0RQRFOH�DQDO\VLV�LQ�SVHXGR�WLPH��7KH�IXOO�OLQH�UHSUHVHQWV�WKH�(QG��ZKLOH�WKH�GDVK�

OLQH�UHSUHVHQWV�WKH�(QG��

)LJXUH����&HOOXODU�GLYHUVLW\�ZLWKLQ�FRQH�35V�DQG�%&V�

�$��$�W�61(�PDS�RI�FRQH�SKRWRUHFHSWRUV�VLQJOH�FHOO�GDWD��&HOOV�DUH�FRORUHG�E\�FOXVWHU��VXEW\SHV��

�%��%DUSORW�VKRZLQJ�WKH�SHUFHQWDJH�RI�6�FRQHV�DQG�0�/�FRQHV�LQ�WKH�ZKROH�FRQH�35�GDWDVHW�

�&��9LROLQ�SORW�GLVSOD\LQJ�WKH�H[SUHVVLRQ�RI�RSVLQ�HQFRGLQJ JHQHV�LQ�HDFK�FOXVWHU�LQ�)LJXUH��D�

�'��%XEEOH�SORW�VKRZLQJ�WKH�H[SUHVVLRQ�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LQ�HDFK�FOXVWHU�LQ�)LJXUH�

�D��'RW�VL]H�UHSUHVHQW�WKH�SHUFHQWDJH�RI�FHOOV�H[SUHVV�FRUUHVSRQGLQJ�JHQH�DQG�FRORU�UHSUHVHQW�WKH�

H[SUHVVLRQ�OHYHO�

�(�)�+��&RQH�VXEW\SH�HQULFKPHQW�RI�&5'��&RQH�5RG�'\VWURSK\���(���53��5HWLQLWLV�3LJPHQWRVD��

�)�� DQG� ELSRODU� VXEW\SH� HQULFKPHQW� RI�&61%� �&RQJHQLWDO� 6WDWLRQDU\�1LJKW�%OLQGQHVV�� �+�� ULVN�

JHQHV�UHVSHFWLYHO\��+HDWPDS��([SUHVVLRQ�RI�FRUUHVSRQGLQJ�GLVHDVH�ULVN�JHQHV�LQ�FHOO�VXEW\SHV��FHOOV�

DUH�RUGHUHG�E\�FOXVWHU��%DU�JUDSKV��QXPEHUV�LQGLFDWH�ORJ��3�YDOXH��WKH�UHG�OLQH�LQGLFDWHV�VLJQLILFDQFH��

�*��$�W�61(�PDS�RI�ELSRODU�FHOOV�VLQJOH�FHOO�GDWD��&HOOV�DUH�FRORUHG�E\�FOXVWHU��VXEW\SHV��

�,��(QULFKHG�*2�WHUPV�LQ�HDFK�FOXVWHU�LQ�)LJXUH��I��'RW�VL]H�GHQRWHV�WKH�JHQH�UDWLR�DQG�FRORU�GHQRWHV�

WKH�DGMXVWHG�3�YDOXH��'RW�VL]H�UHSUHVHQW�WKH�SHUFHQWDJH�RI�FHOOV�H[SUHVV�FRUUHVSRQGLQJ�JHQH�DQG�FRORU�

UHSUHVHQW�WKH�H[SUHVVLRQ�OHYHO�

�-��(QULFKHG�.(**�SDWKZD\V�LQ�HDFK�FOXVWHU�LQ�)LJXUH��I� 'RW�VL]H�GHQRWHV�WKH�JHQH�UDWLR�DQG�FRORU�

GHQRWHV�WKH�DGMXVWHG�3�YDOXH�

�.��([SUHVVLRQ�SDWWHUQ�RI�%&�VXEW\SHV�FODVVLILFDWLRQ�JHQHV�

�/�1��%XEEOH�SORW�VKRZLQJ�FOXVWHU�VSHFLILF�H[SUHVVLRQ�RI�3RWDVVLXP��/���6RGLXP��0��DQG�&DOFLXP�

�1��FKDQQHOV�HQFRGLQJ�JHQHV�

)LJXUH����'HYHORSPHQWDO�DQDO\VLV�RI�FRQH�35�IURP�HDUO\�DQG�ODWH�UHWLQDV�

�$��9ROFDQR�SORW�VKRZLQJ�WKH�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LQ�0�/�FRQHB���)LJXUH��D��EHWZHHQ�

HDUO\�DQG�ODWH�UHWLQD��*HQHV�DUH�SORWWHG�DV� ORJ��IROG�FKDQJH�YHUVXV�WKH�íORJ���RI� WKH�DGMXVWHG�S�

YDOXH��*HQHV�LQ�UHG�GHQRWHV�JHQHV�XSUHJXODWHG�LQ�HDUO\�UHWLQD�ZKLOH�EOXH�GHQRWHV�XSUHJXODWHG�LQ�ODWH�

UHWLQD��,QVLJQLILFDQW�JHQHV�DUH�FRORUHG�LQ�JUH\��7KUHVKROGV�DUH�VKRZQ�DV�GDVKHG�OLQHV�

�%��*2�WHUP�HQULFKPHQW�DQDO\VLV�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LQ�0�/�FRQHB��EHWZHHQ�HDUO\�

DQG�ODWH�UHWLQD�

�&��9ROFDQR�SORW�VKRZLQJ�WKH�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LQ�0�/�FRQHB���)LJXUH��D��EHWZHHQ�

HDUO\�DQG�ODWH�UHWLQD��*HQHV�DUH�SORWWHG�DV� ORJ��IROG�FKDQJH�YHUVXV�WKH�íORJ���RI� WKH�DGMXVWHG�S�

YDOXH��*HQHV LQ�UHG�GHQRWHV�JHQHV�XSUHJXODWHG�LQ�HDUO\�UHWLQD�ZKLOH�EOXH�GHQRWHV�XSUHJXODWHG�LQ�ODWH�

UHWLQD��,QVLJQLILFDQW�JHQHV�DUH�FRORUHG�LQ�JUH\��7KUHVKROGV�DUH�VKRZQ�DV�GDVKHG�OLQHV� �'��*2�WHUP�

HQULFKPHQW�DQDO\VLV�RI�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LQ�0�/�FRQHB��EHWZHHQ�HDUO\�DQG�ODWH�UHWLQD�

�(��9LROLQ�SORW�'LIIHUHQWLDOO\�H[SUHVVHG�7)V��UHFHSWRUV�DQG�OLJDQGV�LQ�0�/�FRQHB��EHWZHHQ�HDUO\�

DQG�ODWH�UHWLQD�
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�)��5HJXODWRU\�QHWZRUN�FRQVWUXFWHG�XVLQJ�JHQHV�XSUHJXODWHG�LQ�0�/�FRQHB��LQ�HDUO\�UHWLQD��(DFK�

QRGH�UHSUHVHQWV�D JHQH�DQG�HDFK�OLQH�UHSUHVHQWV�D�SXWDWLYH�LQWHUDFWLRQ��1RGHV�FRORUHG�LQ�UHG�UHSUHVHQW�

7)�DQG�QRGHV�FRORUHG�LQ�EOXH�UHSUHVHQW�WDUJHW�JHQHV�

�*��*2�WHUP�HQULFKHG�LQ�WKH�WDUJHW�JHQHV�RI�7&)���=1)���$�DQG�=1)���%�

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 25, 2019. ; https://doi.org/10.1101/617555doi: bioRxiv preprint 

https://doi.org/10.1101/617555


)LJXUH�6�

�$� +XPDQ�LQIDQW�UHWLQDO�VDPSOLQJ�DQG�VHTXHQFLQJ�LQIRUPDWLRQ�

�%� %DUSORW�VKRZLQJ�WKH�EDVLF�OLEUDU\�LQIRUPDWLRQ�LQFOXGLQJ�WKH�QXPEHUV�RI�FHOOV�DQG�JHQHV�WKDW�

SDVVHG�RXU�4&�SURWRFRO��0HWKRGV��

�&� 3HDUVRQ�FRUUHODWLRQ�DQDO\VLV�RI�WUDQVFULSWRPLF�SURILOHV�IURP�DOO�VHTXHQFLQJ�OLEUDULHV��7RS�SDQHO�

VKRZV�WKH UHVXOW�RI�KLHUDUFKLFDO�FOXVWHULQJ��7ZR<
�GHQRWH�OLEUDULHV�FRQVWUXFWHG�XVLQJ�VDPSOHV�

IURP���\HDU�ROG�LQIDQW�ZKLOH�7HQ0
�GHQRWH�OLEUDULHV�FRQVWUXFWHG�XVLQJ�VDPSOHV�IURP����PRQWK�

ROG�LQIDQW�

�'� 9LROLQ�SORW�VKRZLQJ�EDVLF�LQIRUPDWLRQ�RI�HDFK�VHTXHQFLQJ�OLEUDULHV�

�(� 9HQQ�SORW�VKRZLQJ�WKH�LQWHUVHFW�RI�KRXVHNHHSLQJ�JHQHV�DQG�GHWHFWHG�JHQHV�LQ�RXU�GDWDVHW�

)LJXUH�6�

�$� 7�61(�PDSV�RI� WKH�ZKROH�GDWDVHW��&HOOV�DUH�FRORUHG�DFFRUGLQJ�WR�WKHLU�EDWFKHV��XSSHU�OHIW���

VDPSOH�VRXUFH��XSSHU�ULJKW���%RWWRP�SDQHO�VKRZV��'�W�61(�SORWV�RI�GLPHQVLRQV�������IURP�

WZR�GLIIHUHQW�DQJOHV�

�%� 3DLUZLVH�FRUUHODWLRQ�FRHIILFLHQWV�DPRQJ�FOXVWHUV�LQ�)LJXUH��E��5HG�LQGLFDWHV�KLJK�FRUUHODWLRQ�

ZKLOH�EOXH�LQGLFDWHV�WKH�RSSRVLWH�

�&� %R[SORWV�RI�GLIIHUHQWLDOO\�H[SUHVVHG�7)V��UHFHSWRUV�DQG�OLJDQGV�LQ�HDFK�FOXVWHU�LQ�)LJXUH��E�

)LJXUH�6�

�$�/��7�61(�SORWV�VKRZLQJ�WKH�H[SUHVVLRQ�SDWWHUQ�RI�FDQRQLFDO�PDUNHUV�IRU�HDFK�FHOO�W\SH�LGHQWLILHG�

LQ�)LJXUH��E��*HQH�H[SUHVVLRQ�OHYHOV�DUH�LQGLFDWHG�E\�VKDGHV�RI�EOXH�

)LJXUH�6�

�$� 7�61(�SORWV�RI�LQGLYLGXDO�FOXVWHULQJ�UHVXOWV�RI�FHOOV�IURP�WZR�VDPSOHV��OHIW�����PRQWKV��ULJKW����

\HDUV���&HOOV�DUH�FRORUHG�E\�EDWFKHV�

�%� 7�61(�SORWV�RI�LQGLYLGXDO�FOXVWHULQJ�UHVXOWV�RI�FHOOV�IURP�WZR�VDPSOHV��OHIW�����PRQWKV��ULJKW����

\HDUV���&HOOV�DUH�FRORUHG�E\�FOXVWHUV�

�&� 7�61(�SORWV�RI�LQGLYLGXDO�FOXVWHULQJ�UHVXOWV�RI�FHOOV�IURP�WZR�VDPSOHV��OHIW�����PRQWKV��ULJKW����

\HDUV���&HOOV�DUH�FRORUHG�E\�FHOO�W\SHV�

)LJXUH�6�

�$�7��6XE�FRPPXQLFDWLRQ�QHWZRUN�RI�DOO�FOXVWHUV�LQ�)LJXUH��E�

)LJXUH�6��

�$� 7�61(�SORW�VKRZLQJ�WKH�UHFOXVWHULQJ UHVXOW�RI�%&�GDWDVHW��%&B���%&B���%&B��DQG�%&B��LQ�

)LJXUH��E���&HOOV�DUH�FRORUHG�E\�FOXVWHU��&��ZHUH�IRXQG�WR�EH�URG�SKRWRUHFHSWRUV�

�%� ([SUHVVLRQ� SDWWHUQ� RI� ELSRODU� FHOO� DQG� URG� SKRWRUHFHSWRUV� PDUNHUV�� 'RW� VL]H� UHSUHVHQW� WKH�
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SHUFHQWDJH�RI�FHOOV�H[SUHVV�FRUUHVSRQGLQJ�JHQH�DQG�FRORU�UHSUHVHQW�WKH�H[SUHVVLRQ�OHYHO�

�&� %DUSORW�VKRZLQJ�WKH�*2�WHUPV�HQULFKHG�LQ�&��GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�

�'� 7UDQVFULSWRPLF�FRUUHODWLRQ�DQDO\VLV�RI�&��EHWZHHQ�ELSRODU�FHOOV�DQG�URG�SKRWRUHFHSWRUV�

�(� %R[SORWV�RI�GLIIHUHQWLDOO\�H[SUHVVHG�7)V��UHFHSWRUV�DQG�OLJDQGV�LQ�HDFK�FOXVWHU�LQ�)LJXUH��J�

�)� %R[SORWV�RI�GLIIHUHQWLDOO\�H[SUHVVHG�7)V��UHFHSWRUV�DQG�OLJDQGV�LQ�HDFK�FOXVWHU�LQ�)LJXUH��D�

)LJXUH�6�

�$� 7�61(�SORW�VKRZLQJ�WKH�URG�GDWDVHW��&��&���H[WUDFWHG�IURP�)LJXUH��E��&HOOV�DUH�FRORUHG�E\�

FOXVWHU�

�%� 8QVXSHUYLVHG�KLHUDUFKLFDO�FOXVWHULQJ�RI�WKH���FOXVWHUV�EDVHG�RQ�WKH�DYHUDJH�JHQH�H[SUHVVLRQ�RI�

FHOOV�LQ�HDFK�FOXVWHU��7KH�SURSRUWLRQV�RI�GLIIHUHQW�FHOO�VRXUFHV�DUH�VKRZQ�

�&� %R[SORWV�VKRZLQJ�WKH�H[SUHVVLRQ�SDWWHUQV�RI�VHOHFWHG�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�

�'� 6HOHFWHG�*2�WHUPV�HQULFKHG�LQ�HDFK�FHOOXODU�FOXVWHU��'RW�VL]H�GHQRWHV�WKH�JHQH�UDWLR�DQG�FRORU�

GHQRWHV�WKH�DGMXVWHG�3�YDOXH�

�(�+��5RG�VXESRSXODWLRQ�HQULFKPHQW�RI�&5'��&RQH�5RG�'\VWURSK\���(���53��5HWLQLWLV�3LJPHQWRVD��

�)���&61%��&RQJHQLWDO�6WDWLRQDU\�1LJKW�%OLQGQHVV���*��DQG�0'��0DFXODU�'HJHQHUDWLRQ���+��ULVN�

JHQHV�UHVSHFWLYHO\��+HDWPDS��([SUHVVLRQ�RI�FRUUHVSRQGLQJ�GLVHDVH�ULVN�JHQHV�LQ�URG�VXESRSXODWLRQV��

FHOOV� DUH� RUGHUHG� E\� FOXVWHU�� %DU� JUDSKV�� QXPEHUV� LQGLFDWH� ORJ�� 3� YDOXH�� WKH� UHG� OLQH� LQGLFDWHV�

VLJQLILFDQFH�

)LJXUH�6�

�$�*��9ROFDQR�SORW��7KH�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�LQ�5RGB���$���5RGB���%���5RGB���&���5RGB��

�(���5RGB���*���5RGB���)���5RGB���'��EHWZHHQ�HDUO\�DQG�ODWH�UHWLQD��*HQHV�DUH�SORWWHG�DV�ORJ��IROG�

FKDQJH�YHUVXV�WKH�íORJ���RI�WKH�DGMXVWHG�S�YDOXH��*HQHV�LQ�UHG�GHQRWHV�JHQHV�XSUHJXODWHG�LQ�HDUO\�

UHWLQD�ZKLOH�EOXH�GHQRWHV�XSUHJXODWHG�LQ�ODWH�UHWLQD��,QVLJQLILFDQW�JHQHV�DUH�FRORUHG�LQ�JUH\��%DUSORW��

IXQFWLRQDO� HQULFKPHQW� RI� JHQHV� WKDW� VLJQLILFDQWO\� XSUHJXODWHG� LQ� HDUO\� �FRORUHG� LQ� UHG� RU� ODWH�

�FRORUHG�LQ�EOXH��UHWLQD�

)LJXUH�6�

�$� &LUFXODU�EDUSORW�RI�WKH�SHUFHQWDJH�RI�FHOOV�LQ�GLIIHUHQW�FHOO�F\FOHV�LQ�HDFK�FOXVWHU�LQ�)LJXUH��E�

�%� 5LGJH�SORW�VKRZLQJ�WKH�H[SUHVVLRQ�RI�VHOHFWHG�FHOO�F\FOH�UHODWHG�JHQHV�LQ�HDFK�FHOO�W\SH�DQG�

VDPSOH�VRXUFH�

�&� &HOO�F\FOH�SORW�IRU�HDFK�FHOO�W\SH�LGHQWLILHG�LQ�)LJXUH��E��(DFK�GRW�UHSUHVHQWV�D�VLQJOH�FHOO��DQG�

LWV�FRORU�UHSUHVHQWV�WKH�VDPSOH�VRXUFH��7KH�SRVLWLRQV�RI�GRWV�LOOXVWUDWH�WKH�FHOO�F\FOH�SKDVHV RI�

VLQJOH�FHOOV��7KH�LQVHUWHG�QXPEHUV�UHSUHVHQW�WKH�QXPEHUV�RI�FHOOV�LQ�*�0�VWDJH�LQ�HDFK�FHOO�

W\SH�IURP�GLIIHUHQW�VDPSOH�VRXUFHV�
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