
�3UHFLVLRQ�'LVFRYHU\�RI�1RYHO�,QKLELWRUV�RI�+XPDQ�&DQFHU�7DUJHW�+V0HW$3�����IURP�
�9DVW�8QH[SORUHG�0HWDJHQRPLF�'LYHUVLW\�
�2OLYHU�:��/LX�������6FRWW�$NHUV�������*DEULHOOD�$OYDUH]��������6WHSKDQLH�%URZQ�������:HQORQJ�&DL�������=DFKDU\�
�&KDUORS�3RZHUV�������.HYLQ�&ULVSHOO�������(H�%HHQ�*RK�������:LOOLDP��:��+ZDQJ�������7RP�+��(\OHV�������6DQJLWD�
�*DQHVK�������3HWHU�+DYHUW\�������-RKQ�/��.XOS�-U��������-RKQ�/���.XOS�,,,�������=DFKDU\�.XUW]�������$QGUHD�/XEEH�������
�0DWWKHZ�-DPLVRQ�������$OHNVDQGU�0LOVKWH\Q�������3DULVD�0RNWKDUL��������6WHSKHQ�*��1D\ORU�������6DPXHO�
�2WHQJ�3DEL�������5RVV�2YHUDFNHU�������$QGUHZ�:��5REHUWVRQ��������+HOHQ�YDQ�$JJHOHQ�������8VKD�
�9LVZDQDWKDQ�������;LDR�<DQJ�������6DP�<RGHU�������6WHYHQ�/��&ROOHWWL��������DQG�'HYLQ�5��6FDQQHOO����

����=\PHUJHQ��,QF��������+RUWRQ�6WUHHW��6WH�������(PHU\YLOOH��&$�������
����&RQLIHU�3RLQW�3KDUPDFHXWLFDOV�������2OG�(DVWRQ�5RDG���'R\OHVWRZQ��3$�������
����%DUXFK�6��%OXPEHUJ�,QVWLWXWH�������2OG�(DVW�5RDG���'R\OHVWRZQ��3$�������
��&RUUHVSRQGLQJ�DXWKRU��ROLYHU#]\PHUJHQ�FRP�

�$%675$&7�
�0LFURELDO�QDWXUDO�SURGXFWV�DUH�VSHFLDOL]HG�PHWDEROLWHV�WKDW�KDYH�ORQJ�EHHQ�D�ULFK�VRXUFH�RI�
�KXPDQ�WKHUDSHXWLFV��:KLOH�WKH�FKHPLFDO�GLYHUVLW\�HQFRGHG�LQ�WKH�JHQRPHV�RI�PLFUREHV�LV�
�EHOLHYHG�WR�EH�ODUJH��WKH�SURGXFWLYLW\�RI�WKLV�PRGDOLW\�KDV�ZDQHG�DV�WUDGLWLRQDO�
�IHUPHQWDWLRQ�EDVHG�GLVFRYHU\�PHWKRGV�KDYH�EHHQ�SODJXHG�E\�KLJK�UDWHV�RI�UHGLVFRYHU\��
�LQHIILFLHQW�VFDOLQJ��DQG�LQFRPSDWLELOLW\�ZLWK�WDUJHW�EDVHG�GUXJ�GLVFRYHU\��+HUH��ZH�GHPRQVWUDWH�D�
�VFDODEOH�GLVFRYHU\�SODWIRUP�WKDW�FRXSOHV�GUDPDWLFDOO\�LPSURYHG�DVVHPEO\�RI�GHHS�VHTXHQFHG�
�PHWDJHQRPLF�VDPSOHV�ZLWK�KLJKO\�HIILFLHQW��WDUJHW�IRFXVHG���LQ�VLOLFR��VHDUFK�VWUDWHJLHV�DQG�
�V\QWKHWLF�ELRORJ\�WR�GLVFRYHU�PXOWLSOH�QRYHO�LQKLELWRUV�RI�KXPDQ�PHWKLRQLQH�DPLQRSHSWLGDVH���
��+V0HW$3����D�YDOLGDWHG�RQFRORJ\�WDUJHW��)RU�RQH�RI�WKHVH�QRYHO�LQKLELWRUV��PHWDSHSWLQ�%��ZH�
�GHPRQVWUDWH�VXE�PLFURPRODU�SRWHQF\��VWURQJ�VHOHFWLYLW\�IRU�+V0HW$3��RYHU�+V0HW$3��DQG�
�OHYHUDJH�QDWXUDO�FRQJHQHUV�WR�UDSLGO\�HOXFLGDWH�NH\�6$5�HOHPHQWV��2XU�³QH[W�JHQ´�GLVFRYHU\�
�SODWIRUP�RYHUFRPHV�PDQ\�RI�WKH�FKDOOHQJHV�FRQVWUDLQLQJ�WUDGLWLRQDO�PHWKRGV��LPSOLHV�WKH�
�H[LVWHQFH�RI�YDVW��XQWDSSHG�FKHPLFDO�GLYHUVLW\�LQ�QDWXUH��DQG�GHPRQVWUDWHV�
�FRPSXWDWLRQDOO\�HQDEOHG�SUHFLVLRQ�GLVFRYHU\�RI�PRGXODWRUV�RI�KXPDQ�SURWHLQV�RI�LQWHUHVW��

�,1752'8&7,21�
�6PDOO�PROHFXOH�QDWXUDO�SURGXFWV��13V��DUH�VSHFLDOL]HG�PHWDEROLWHV�HQFRGHG�LQ�WKH�JHQRPHV�RI�
�EDFWHULD��IXQJL��DQG�SODQWV��7KH\�KDYH�ORQJ�EHHQ�D�ULFK�VRXUFH�RI�KXPDQ�WKHUDSHXWLFV��)RU�
�H[DPSOH��RYHU�KDOI�RI�DOO�VPDOO�PROHFXOH�GUXJV�RQ�WKH�PDUNHW�DUH�GHULYHG�IURP�13V��LQFOXGLQJ�
�����RI�RQFRORJ\�GUXJV�DQG�����RI�DQWL�LQIHFWLYHV���1HZPDQ��DQG�&UDJJ����������6WUDWWRQ�HW�DO���
����������([DPSOHV�LQFOXGH�.\SUROLV��FDQFHU���5DSDPXQH���LPPXQH�PRGXODWLRQ���=RFRU�
��FDUGLRYDVFXODU��DQG�&XELFLQ��LQIHFWLRXV�GLVHDVH���

�7KH�RXWVL]HG�UROH�13V�SOD\�LQ�WKHUDSHXWLFV�FDQ�EH�DWWULEXWHG�WR�WKH�IDFW�WKDW�WKHVH�PROHFXOHV�
�KDYH�EHHQ�HYROXWLRQDULO\�VHOHFWHG�WR�PRGXODWH�FULWLFDO�FHOOXODU�SDWKZD\V�DQG�SURWHLQV���&KHYUHWWH�
�HW�DO������������13V�DUH�RIWHQ�H[FHSWLRQV�WR�/LSLQVNL¶V��5XOH�RI���LQGLFDWLQJ�WKDW�QDWXUDO�VHOHFWLRQ�
�KDV�HYROYHG�ELRDFWLYH�PROHFXOHV�ZLWK�GUXJ�OLNH�SURSHUWLHV�WKDW�DUH�RWKHUZLVH�GLIILFXOW�WR�FRQFHLYH�
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��'RDN�HW�DO������������$GGLWLRQDOO\��WKH�ODUJHU�VL]H�DQG�FRPSOH[LW\�RI�13V�±�ZKLFK�JHQHUDOO\�FRQWDLQ�
�PRUH�FKLUDO�FHQWHUV�DQG�63��FDUERQ�DWRPV�WKDQ�V\QWKHWLF�VPDOO�PROHFXOHV�±�WUDQVODWH�LQWR�ULFK��
�WKUHH�GLPHQVLRQDO�VWUXFWXUHV�WKDW�RFFXS\�FKHPLFDO�VSDFH�GLVWLQFW�IURP�WKH�VLPSOHU�V\QWKHWLF�
�VPDOO�PROHFXOHV���6WRQH�HW�DO������������&ULWLFDOO\���WKLV�FKHPLFDO�VSDFH�LV�RWKHUZLVH�GLIILFXOW�WR�
�H[SORUH��HYHQ�ZLWK�ODUJH�OLEUDU\�WHFKQRORJLHV�VXFK�DV�'(/V��SKDJH�GLVSOD\��RU�$,�JXLGHG�GUXJ�
�GHVLJQ���/HQFL�HW�DO�����������3LWW�DQG�1LPV����������7KRPDV�HW�DO������������

�,PSRUWDQWO\��13V�EHQHILFLDO�FKHPLVWU\�GRHV�QRW�FRPH�DW�WKH�H[SHQVH�RI�WKH�DELOLW\�WR�FURVV�FHOO�
�PHPEUDQHV�DQG�HQWHU�FHOOV���6DOYDGRU�5H\HV�DQG�/XHVFK������������0DQ\�RI�WKH�PRVW�LPSRUWDQW�
�XQGUXJJHG�FDQFHU�WDUJHWV�DUH�LQWUDFHOOXODU�DQG�DUH�WKXV�HIIHFWLYHO\�XQUHDFKDEOH�E\�PRQRFORQDO�
�DQWLERGLHV�DQG�RWKHU�HPHUJLQJ�PRGDOLWLHV���%HKDQ�HW��DO������������,QGHHG��VPDOO�PROHFXOHV�
��LQFOXGLQJ�13V��DUH�ODUJHO\�XQLTXH�LQ�RIIHULQJ�UHOLDEOH�GHOLYHU\�WR�GLYHUVH�RUJDQV��RUDO�
�DGPLQLVWUDWLRQ��DQG�FRPSHWLWLYH�PDQXIDFWXULQJ���&KKDEUD������������,QQRYDWLRQ�ZLWKLQ�WKH�VPDOO�
�PROHFXOH�VSDFH�LV�WKXV�FULWLFDO�WR�DGGUHVV�PDQ\�RI�RXU�PRVW�LPSRUWDQW�GUXJ�WDUJHWV��

�'HVSLWH�WKHLU�WUDFN�UHFRUG�RI�VXFFHVV��WKH�SDFH�RI�13�GLVFRYHU\�KDV�VORZHG�GUDPDWLFDOO\��2YHU�
�WKH�ODVW�WKUHH�GHFDGHV��WKH�PDMRULW\�RI�SKDUPDFHXWLFDO�FRPSDQLHV�KDYH�H[LWHG�WKLV�PRGDOLW\��DV�
�WKH�WUDGLWLRQDO�IHUPHQWDWLRQ�EDVHG�DSSURDFKHV�IRU�13�GLVFRYHU\�KDYH�EHHQ�SODJXHG�E\�KLJK�
�UDWHV�RI�UHGLVFRYHU\�RI�NQRZQ�FRPSRXQGV�DQG�LQHIILFLHQW�VFDOLQJ��UHVXOWLQJ�LQ�ORZHUHG�UHWXUQ�RQ�
�LQYHVWPHQW���$WDQDVRY�HW�DO�����������/L�HW�DO�������������$�FHQWUDO�OLPLWDWLRQ�GULYLQJ�WKLV�WUHQG�LV�WKDW�
�RQO\�a���RI�PLFUREHV�DUH�UHDGLO\�FXOWXUHG�LQ�WKH�ODE�DQG��WKHUHIRUH��DPHQDEOH�WR�
�IHUPHQWDWLRQ�EDVHG�GLVFRYHU\���5DSSp�DQG�*LRYDQQRQL�����������+DQGHOVPDQ�HW�DO������������2I�
�WKHVH��RQO\�D�VPDOO�SRUWLRQ�H[SUHVV�PROHFXOHV�XQGHU�DQ\�JLYHQ�IHUPHQWDWLRQ�FRQGLWLRQ��PDNLQJ�
�UREXVW�VFUHHQLQJ�SURWRFROV�H[WUHPHO\�FKDOOHQJLQJ��

�0HWDJHQRPLFV��ZKLFK�LQYROYHV�WKH�FDSWXUH�RI�HQYLURQPHQWDO�'1$��H'1$��SDLUHG�ZLWK�
�KHWHURORJRXV�H[SUHVVLRQ�V\VWHPV��RIIHUV�D�SRWHQWLDOO\�SRZHUIXO�DOWHUQDWLYH�WR�WUDGLWLRQDO�
�IHUPHQWDWLRQ�EDVHG�GLVFRYHU\�E\�SURYLGLQJ�GLUHFW�DFFHVV�WR�XQFXOWXUHG��DQG�XQVWXGLHG��GLYHUVLW\�
��.DW]�HW�DO��������������6WHYHQVRQ�HW�DO������������,Q��SUDFWLFH��KRZHYHU��HIIRUWV�WRZDUG�
�PHWDJHQRPLFV�EDVHG�13�GLVFRYHU\�KDYH�PHW�ZLWK�UHODWLYHO\�OLPLWHG�VXFFHVV��:KLOH�FRQJHQHUV�
�RI�DOUHDG\�NQRZQ�13�VFDIIROGV�KDYH�EHHQ�GLVFRYHUHG�IURP�PHWDJHQRPHV���6WHYHQVRQ�HW�DO���
���������3HHN�HW�DO�����������2ZHQ�HW�DO�����������&KDQJ��HW�DO������������GH�QRYR�VFDIIROGV�ZLWK�QRYHO�
�ELRDFWLYLWLHV�RI�LQWHUHVW�KDYH�UHPDLQHG�HOXVLYH�RXWVLGH�RI�D�IHZ�H[DPSOHV���:DQJ�HW�DO������������
�7KHVH�HIIRUWV�KDYH�EHHQ�KLQGHUHG�E\�WZR�PDLQ�FKDOOHQJHV��GLIILFXOW\�RI�REWDLQLQJ�JRRG�
�PHWDJHQRPLF�VHTXHQFH�DVVHPEOLHV�DQG�D�ODFN�RI�FRPSXWDWLRQDO�DSSURDFKHV�WR�HIILFLHQWO\�
�LGHQWLI\�GHVLUDEOH�ELRV\QWKHWLF�JHQH�FOXVWHUV��%*&V���

�7KH�LPPHQVH�VL]H�DQG�FRPSOH[LW\�RI�VRLO�PHWDJHQRPLF�HQYLURQPHQWV��ZKLFK�DUH�HVWLPDWHG�WR�
�FRQWDLQ��������������� �XQLTXH�SK\ORW\SHV�SHU�JUDP�RI�VRLO���OLPLW�WKH�HIILFDF\�RI�VKRWJXQ�VHTXHQFLQJ�
�DSSURDFKHV��6KRUW�UHDG�WHFKQRORJLHV��OLNH�,OOXPLQD��GR�QRW�JHQHUDWH�VHTXHQFH�DVVHPEOLHV�WKDW�
�DUH�ODUJH�HQRXJK�WR�EH�EURDGO\�XVHIXO�IRU�WKH�GLVFRYHU\�RI�QDWXUDO�SURGXFW�HQFRGLQJ%*&V�ZKLFK�
�FDQ�UDQJH�LQ�VL]H�IURP����WR�����NE���;X�HW�DO�������������/RQJ�UHDG�WHFKQRORJLHV��RQ�WKH�RWKHU�
�KDQG��VWLOO�ODFN�WKH�WKURXJKSXW�WR�SURYLGH�VXIILFLHQW�FRYHUDJH�RI�YHU\�FRPSOH[�VDPSOHV�DQG�RU�
�VXIIHU�IURP�KLJK�HUURU�UDWHV���'HODKD\H�DQG�1LFRODV�����������7HGHUVRR�HW�DO������������+\EULG�
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�VHTXHQFLQJ�VWUDWHJLHV�KDYH�LPSURYHG�WKH�TXDOLW\�RI�PHWDJHQRPLF�DVVHPEOLHV�IURP�VRLO�EXW�DUH�
�VWLOO�LQVXIILFLHQW�IRU�EURDG�%*&�GLVFRYHU\���;X�HW��DO������������

�(YHQ�ZLWK�KLJKHU�TXDOLW\�VHTXHQFH�LQIRUPDWLRQ��RQH�QHHGV�D�VWUDWHJ\�WR�LGHQWLI\�WKH�VPDOO�
�QXPEHU�RI�%*&V�HQFRGLQJ�13V�ZLWK�WKHUDSHXWLF�YDOXH�RXW�RI�WKH�PXOWLWXGH�RI�%*&V�WKDW�FDQ�EH�
�IRXQG�LQ�WKH�PHWDJHQRPH��:KLOH�%*&V�DQG�WKHLU�FRQVWLWXHQW�JHQHV�FDQ�EH�ELRLQIRUPDWLFDOO\�
�DQQRWDWHG��WKHUH�KDV�EHHQ�OLPLWHG�VXFFHVV�LQ�GHYHORSLQJ�FRPSXWDWLRQDO�DSSURDFKHV�WKDW�FDQ�
�DFFXUDWHO\�SUHGLFW�WKH�VWUXFWXUH�RI�WKH�HQFRGHG�VPDOO�PROHFXOH�13��7KH�LGHDO�ZRXOG�EH�D�
�ELRLQIRUPDWLF�VWUDWHJ\�WKDW�FDQ�OHYHUDJH�'1$�VHTXHQFH�DORQH�WR�GRZQ�VHOHFW�DQG�SULRULWL]H�WKH�
�%*&V�ZLWK�KLJK�YDOXH�WKHUDSHXWLF�SRWHQWLDO��

�,Q�WKLV�SDSHU��ZH�SUHVHQW�DQ�HQG�WR�HQG�PHWDJHQRPLF�13�GLVFRYHU\�SODWIRUP�WKDW�HQDEOHV�WKH�
�WDUJHWHG�GLVFRYHU\�RI�QRYHO�13V�WKDW�FDQ�PRGXODWH�D�VSHFLILF�KXPDQ�SURWHLQ�WDUJHW�RI�LQWHUHVW��
�:H�GHPRQVWUDWH�WKH�SRZHU�RI�WKLV�DSSURDFK�E\�OHYHUDJLQJ�WKLV�SODWIRUP�IRU�WDUJHWHG�GLVFRYHU\�RI�
�QRYHO�13�LQKLELWRUV�RI�KXPDQ�PHWKLRQLQH�DPLQRSHSWLGDVH����+V0HW$3����D�NH\�WUDQVODWLRQDO�
�UHJXODWRU�ZLWK�VWURQJ�DVVRFLDWLRQV�DFURVV�D�ZLGH�UDQJH�RI�VROLG�WXPRU�FDQFHUV���)URWWLQ�HW�DO���
���������%HKDQ�HW�DO������������:H�GHWDLO�RXU�HIIRUWV��WR�VHTXHQFH�DQG�FDWDORJ�PHWDJHQRPLF�VRLO�
�GLYHUVLW\�RQ�D�VFDOH�WKDW�HQDEOHV�XQSUHFHGHQWHG�DFFHVV�WR�WKH�PDVVLYH�ELRV\QWKHWLF�SRWHQWLDO�
�HQFRGHG�LQ�WKH�VRLO�PLFURELRPH��LQFOXGLQJ�D�PHWDJHQRPLFV�GDWDEDVH�WKDW�FRQWDLQV�!���7E�RI�
�DVVHPEOHG�VHTXHQFHV�IURP�FRQWLJV�JUHDWHU�WKDQ���NE�LQ�OHQJWK�DQG�!���0�SUHGLFWHG�%*&V�
�DFURVV�VL[�GLIIHUHQW�VRLO�VDPSOHV��7R�LGHQWLI\�%*&V�LQ�WKLV�YDVW�FROOHFWLRQ�ZLWK�SRWHQWLDO�
�WKHUDSHXWLF�YDOXH��ZH�XWLOL]HG�D�ELRLQIRUPDWLF�VWUDWHJ\�OHYHUDJLQJ�WKH�SUHVHQFH�RI�VHOI�UHVLVWDQFH�
�HQ]\PHV��65(V��WR�LGHQWLI\����%*&V�LQ�WKH�GDWDEDVH�WKDW�DUH�SUHGLFWHG�WR�HQFRGH�GLVWLQFW��
�QRYHO�13�LQKLELWRUV�RI�+V0HW$3���LQFOXGLQJ�WZR�WKDW�ZHUH�VHOHFWHG�IRU�IXUWKHU�DQDO\VLV��
�'RZQVWUHDP�WHFKQRORJLHV�IRU�KHWHURORJRXV�H[SUHVVLRQ��XQWDUJHWHG�GLVFRYHU\�RI�QRYHO�
�PHWDEROLWHV��DQG�FRPSXWDWLRQDO�DSSURDFKHV�WR�DVVLJQ�REVHUYHG�ELRDFWLYLW\�WR�VSHFLILF�
�PHWDEROLWHV�HQDEOHG�WKH�SURGXFWLRQ��LGHQWLILFDWLRQ��DQG�LVRODWLRQ�RI�HQFRGHG�PROHFXOHV�WKDW�
�YDOLGDWH�RXU�IXQFWLRQDO�SUHGLFWLRQV��UHVXOWLQJ�LQ�WKH�GLVFRYHU\�RI�D�QRYHO�F\FOLF�GHSVLSHSWLGH�
�LQKLELWRU�RI�+V0HW$3����ZKLFK�ZH�FDOO�PHWDSHSWLQ�%��

�5(68/76�

�6HTXHQFLQJ�RI�ODUJH�LQVHUW�FRVPLG�PHWDJHQRPLF�OLEUDULHV�HQDEOHV�DFFHVV�WR�PDVVLYH�
�PHWDJHQRPLF�GLYHUVLW\�LQFOXGLQJ�PLOOLRQV�RI�QRYHO�%*&V�
�6RLOV�DUH�DPRQJ�WKH�ULFKHVW�HFRORJLFDO�VRXUFHV�RI�PLFURELDO�GLYHUVLW\���&XUWLV�HW�DO�����������5DSSp�
�DQG�*LRYDQQRQL�����������7KH�UHSHUWRLUH�RI�\HW�XQGLVFRYHUHG��PLFURELDO�13V�WKDW�H[LVW�ZLWKLQ�WKLV�
�HQYLURQPHQW�LV�YDVW���*DYULLOLGRX�HW�DO������������+RZHYHU���WKH�LPPHQVH�VL]H�DQG�FRPSOH[LW\�RI�WKH�
�VRLO�PHWDJHQRPHV�KDYH�VHYHUHO\�OLPLWHG�WKH�HIILFDF\�RI�VKRWJXQ�PHWDJHQRPLF�VHTXHQFLQJ�
�VWUDWHJLHV��7KH�FRPSOH[LW\�PDNHV�LW�FRPSXWDWLRQDOO\�FKDOOHQJLQJ�WR�DVVHPEOH�VKRUW�UHDG�GDWD�WR�
�VXIILFLHQW�OHQJWKV�IRU�%*&�GLVFRYHU\����H�J�����!��NE����ZKLOH�WKH�GLYHUVLW\�DQG�WKH�ODFN�RI�SRSXODWLRQ�
�XQLIRUPLW\�PDNH�LW�GLIILFXOW�WR�REWDLQ�VXIILFLHQW�FRYHUDJH�XVLQJ�ORQJ�UHDG�WHFKQRORJLHV�WR�FDSWXUH�
�VHTXHQFH�LQIRUPDWLRQ�IURP�OHVV�DEXQGDQW�VSHFLHV���7HGHUVRR��HW�DO������������7R�DVVHVV�WKH�VWDWH�RI�
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�WKH�DUW�LQ�VRLO�PHWDJHQRPH�VHTXHQFLQJ��ZH�DQDO\]HG�WKH�WRS�ILYH�PRVW�GHHSO\�VHTXHQFHG�VRLO�
�PHWDJHQRPHV��DV�PHDVXUHG�E\�DVVHPEOHG�VL]H��JHQHUDWHG�E\�WKH�-RLQW�*HQRPH�,QVWLWXWH��-*,��
�RI�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\����KWWSV���LPJ�MJL�GRH�JRY�FJL�ELQ�P�PDLQ�FJL������7KHVH�GDWDVHWV�
�UDQJH�IURP�����*E�WR�����*E�RI�DVVHPEOHG�VHTXHQFH��KRZHYHU��RQ�DYHUDJH��RQO\������
������������UDQJH��RI�WKH�DVVHPEOHG�VHTXHQFH�LQ�WKHVH�GDWDVHWV�DUH�IRXQG�RQ�FRQWLJV�!��NE��
�LQGLFDWLQJ�WKDW�WKH�YDVW�PDMRULW\�RI�WKHVH�GDWD�DUH�QRW�XVHIXO�IRU�%*&�GLVFRYHU\��)LJXUH��D���

�7R�HQDEOH�PHWDJHQRPLF�%*&�GLVFRYHU\��ZH�K\SRWKHVL]HG�WKDW�ZH�FRXOG�JHQHUDWH�KLJKHU�TXDOLW\�
�DVVHPEOLHV�RI�VRLO�PHWDJHQRPHV�E\�ILUVW�SDUWLWLRQLQJ�WKH�LQLWLDO�VDPSOH�LQWR�VPDOOHU��
�ORZHU�FRPSOH[LW\�'1$�VXE�SRROV��7KH�UHVXOWLQJ�UHGXFWLRQ�LQ�VL]H�DQG�FRPSOH[LW\�ZRXOG�PDNH�WKH�
�VXE�SRROV�PRUH�DPHQDEOH�WR�VKRWJXQ�VHTXHQFLQJ�DQG�WKH�KLJKHU�TXDOLW\�DVVHPEOLHV�IURP�HDFK�
�'1$�VXE�SRRO�FRXOG�WKHQ�EH�MRLQHG�WR�JLYH�D�KLJKHU�UHVROXWLRQ�YLHZ�LQWR�WKH�RYHUDOO�VRLO�
�PHWDJHQRPH��7R�WKLV�SXUSRVH��ZH�EXLOW�ODUJH�LQVHUW�������NE��FRVPLG�OLEUDULHV�IURP�VRLO�H'1$��
�7KH�OLEUDULHV�ZHUH�DUUD\HG�DV�VXE�SRROV�RI��������������FRVPLGV�HDFK��WKXV�UHGXFLQJ�WKH�
�FRPSOH[LW\�RI�WKH�VHTXHQFH�DVVHPEO\�FKDOOHQJH�IURP�D�PL[WXUH�RI��������������� �PLFURELDO�JHQRPHV�LQ�
�WKH�LQLWLDO�H'1$�VDPSOH�WR�URXJKO\��������JHQRPH�HTXLYDOHQWV�SHU�VXE�SRRO��)LJXUH��E���,Q�WKLV�
�SDSHU��ZH�GHVFULEH���PHWDJHQRPLF�OLEUDULHV�FRQVWUXFWHG�IURP�VRLO�VDPSOHV�FROOHFWHG�IURP�DFURVV�
�WKH�8QLWHG�6WDWHV�DQG�FRQWDLQLQJ�a�����0�FRVPLGV�FORQHV�HDFK��)LJXUH�6����

�(DFK�VXE�SRRO�ZDV�VHTXHQFHG�WR�DQ�DYHUDJH�FRYHUDJH�RI���[�XVLQJ�,OOXPLQD�VKRUW�UHDG�
�VHTXHQFLQJ�WHFKQRORJ\��5DZ�UHDGV�ZHUH�DVVHPEOHG�XVLQJ�VWDQGDUG�ELRLQIRUPDWLF�SLSHOLQHV�DQG�
�DVVHPEOHG�FRQWLJV�ZHUH�DQQRWDWHG�DQG�LQJHVWHG�LQWR�D�VFDODEOH��FXVWRP�GDWDEDVH�IRU�IXUWKHU�
�DQDO\VLV��2Q�DYHUDJH��ZH�JHQHUDWHG�a���*E�RI�DVVHPEOHG�VHTXHQFH�SHU�OLEUDU\�ZLWK�DQ�
�DYHUDJH�RI�a���*E��a�����RI�GDWD�FRQWDLQHG�RQ�FRQWLJV�!��NE��)LJXUH��D���,Q�FRPSDULVRQ�WR�
�WKH���ODUJHVW�VRLO�PHWDJHQRPLF�-*,�GDWDVHWV��RQ�DYHUDJH��ZH�JHQHUDWHG�����;�WKH�DPRXQW�RI�
�DVVHPEOHG�VHTXHQFH�SHU�OLEUDU\�ZLWK�!���;�PRUH�DVVHPEOHG�GDWD�FRQWDLQHG�RQ�FRQWLJV�!��NE��
�GHPRQVWUDWLQJ�WKH�XWLOLW\�RI�RXU�DSSURDFK�WR�LQFUHDVH�WKH�TXDOLW\�RI�WKH�DVVHPEOHG�VHTXHQFH��
�0HUJLQJ�FRQWLJV�DFURVV�VXE�SRROV�FDQ�IXUWKHU�LPSURYH�DVVHPEO\�TXDOLW\��ZRUN�QRW�GLVFXVVHG�
�KHUH��,Q�WRWDO��DFURVV�WKH�VL[�OLEUDULHV��ZH�JHQHUDWHG�a���7E�RI�DVVHPEOHG�VHTXHQFH��RI�ZKLFK�
�a���7E�LV�RQ�DVVHPEOLHV�!��NE��

�,Q�RUGHU�WR�DVVHVV�WKH�UHODWLYH�GLYHUVLW\�IRXQG�LQ�HDFK�OLEUDU\��ZH�DQQRWDWHG�RSHQ�UHDGLQJ�IUDPHV�
�LQ�HDFK�OLEUDU\�XVLQJ�3URGLJDO�DQG�FRPSDUHG�WKH�SURWHLQ�FRQWHQW��GH�UHSOLFDWHG�DW�����DPLQR�
�DFLG�LGHQWLW\��RI�WKH�VL[�OLEUDULHV�WR�HDFK�RWKHU�DV�ZHOO�DV�WR�WKH�8QL5HI���GDWDVHW��2Q�DYHUDJH��
�HDFK�FRPSOHWH�OLEUDU\�FRQWDLQHG����0�SURWHLQ�FRGLQJ�VHTXHQFHV��ZKLFK�LV�DSSUR[LPDWHO\�WKH�
�VL]H�RI�WKH�PRVW�UHFHQW�UHOHDVH�RI�WKH�8QL5HI���GDWDVHW��UHOHDVH�����B�����:H�VDZ�������
�RYHUODS�EHWZHHQ�DQ\�RI�WKH�OLEUDULHV�ZLWK�8QL5HI����FRQVLVWHQW�ZLWK�WKH�LGHD�WKDW�WKH�YDVW�
�PDMRULW\�RI�VRLO�PLFURELDO�GLYHUVLW\�KDV�QHYHU�EHHQ�FXOWXUHG�DQG�ZRXOG�QRW�EH�IRXQG�LQ�SXEOLF�
�GDWDEDVHV�SRSXODWHG�SULPDULO\�ZLWK�FXOWXUHG�RUJDQLVPV��)LJXUH��F���6WULNLQJO\��ZH�VDZ�RQO\�D�
������DYHUDJH�RYHUODS�DFURVV�DOO�SDLUZLVH�FRPELQDWLRQV�RI�PHWDJHQRPLF�OLEUDULHV�VXJJHVWLQJ�
�WKDW�WKH�PLFURELDO�GLYHUVLW\�LQ�HDFK�VRLO�VDPSOH�ZDV�ODUJHO\�RUWKRJRQDO�WR�WKH�RWKHU�VDPSOHV��,Q�
�WRWDO��DFURVV�WKH�VL[�OLEUDULHV��ZH�DQQRWDWHG������0�RSHQ�UHDGLQJ�IUDPHV��GH�UHSOLFDWHG�DW�����
�DPLQR�DFLG�LGHQWLW\�E\�OLEUDU\���
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�:H�XVHG�DQWL60$6+���%OLQ�HW�DO����������WR�SUHGLFW�D�WRWDO�RI�!���0�%*&V�LQ�WKH�VL[�VHTXHQFHG�
�OLEUDULHV��)LJXUH��G���2I�WKHVH��1536�V\VWHPV�UHSUHVHQW�WKH�PRVW�FRPPRQ�FODVV��a���0���
�IROORZHG�E\�WHUSHQHV��a���0���5L33¶V��a���0���DQG�SRO\NHWLGHV��a���0���:KLOH�WKHVH�QXPEHUV�
�UHSUHVHQW�QRQ�GHGXSOLFDWHG�%*&�FRXQWV��ZH�DQWLFLSDWH�WKDW��XOWLPDWHO\��WKHVH�GDWD�FRQWDLQ�
�PLOOLRQV�RI�GLVWLQFW�DQG�QRYHO�%*&V�EDVHG�RQ�WKH�ORZ�SURWHLQ�FRGLQJ�VHTXHQFH�RYHUODS�ZLWKLQ�RXU�
�RZQ�OLEUDULHV�DV�ZHOO�DV�ZLWK�SXEOLF�VHTXHQFH��7R�RXU�NQRZOHGJH��WKLV�LV�WKH�VLQJOH�ODUJHVW�
�GDWDEDVH�RI�%*&V�LQ�WKH�ZRUOG�DQG�LW�FRQWLQXHV�WR�JURZ��)RU�FRPSDULVRQ��D�UHFHQW�DQDO\VLV�RI�
�a��������JHQRPHV�LQ�1&%,�5HI6HT�GDWDEDVH�DQG�a�������PHWDJHQRPH�DVVHPEOHG�JHQRPHV�
�IURP�YDULRXV�VRXUFHV�LGHQWLILHG�D�WRWDO�RI�a���0�QRQ�GHGXSOLFDWHG�%*&V���*DYULLOLGRX�HW�DO���
����������

�$�UHVLVWDQFH�JHQH�EDVHG�VHDUFK�VWUDWHJ\�FDQ�EH�XVHG�WR�UDSLGO\�VHDUFK�PHWDJHQRPLF�
�GLYHUVLW\�IRU�%*&V�HQFRGLQJ�SUHGLFWHG�ELRDFWLYLWLHV�RI�LQWHUHVW�
�2XU�GDWDEDVH�RI����0�%*&V�SURYLGHV�DFFHVV�WR�D�YDVW�DQG�XQWDSSHG�XQLYHUVH�RI�QRYHO�
�FKHPLVWU\�DQG�ELRDFWLYLW\��7KH�FKDOOHQJH��WKHQ��EHFRPHV�RQH�RI�SULRULWL]DWLRQ��+RZ�FDQ�RQH�
�LGHQWLI\�WKH�VPDOO�IUDFWLRQ�RI�%*&V�ZLWKLQ�WKLV�GDWDEDVH�WKDW�HQFRGH�IRU�PROHFXOHV�ZLWK�WKH�
�SRWHQWLDO�WR�KDYH�PHDQLQJIXO�WKHUDSHXWLF�DFWLYLW\"�

�$Q�DWWUDFWLYH�DSSURDFK�WR�DGGUHVV�WKLV�FKDOOHQJH�LV�WR�OHYHUDJH�WKH�SUHVHQFH�RI�VHOI�UHVLVWDQFH�
�HQ]\PHV��65(V��IRXQG�ZLWKLQ�VRPH�%*&V���7UDQ�HW�DO������������&XOS�HW�DO������������$Q�65(�RIWHQ�
�HQFRGHV�IRU�D�YDULDQW�FRS\�RI�WKH�HVVHQWLDO�HQ]\PH�WDUJHWHG�E\�WKH�13�HQFRGHG�E\�WKH�%*&��
�7KLV�YDULDQW�FRS\�SURYLGHV�UHVLVWDQFH�WR�WKH�WR[LF�HIIHFWV�RI�WKH�13�DQG�HQDEOHV�WKH�KRVW�WR�
�VXUYLYH�WKH�SURGXFWLRQ�RI�WKHVH�PROHFXOHV��)RU�H[DPSOH��ZLWKLQ�WKH�%*&�HQFRGLQJ�IRU�WKH�
�SURWHDVRPH�LQKLELWRU�VDOLQRVSRUDPLGH�LV�DQ�65(�HQFRGLQJ�IRU�D�YDULDQW�RI�WKH�EHWD�VXEXQLW�RI�
�WKH�SURWHDVRPH�WKDW�LV�UHVLVWDQW�WR�WKH�HIIHFWV�RI�VDOLQRVSRUDPLGH���.DOH�HW�DO������������)RU�WKH�
�SXUSRVHV�RI�JHQRPH�PLQLQJ��WKH�SUHVHQFH�RI�DQ�65(�ZLWKLQ�D�QRYHO�%*&�VHUYHV�DV�D�VWURQJ�
�SUHGLFWRU�IRU�WKH�IXQFWLRQ�RI�WKH�HQFRGHG�13�DQG�FRXOG�EH�XVHG�WR�VSHFLILFDOO\�LGHQWLI\�LQKLELWRUV�
�RI�D�GHVLUHG�SURWHLQ�WDUJHW��+RZHYHU��WKH�XWLOLW\�RI�WKLV�DSSURDFK�KDV�EHHQ�OLPLWHG�E\�WKH�UHODWLYH�
�UDULW\�RI�65(V�ZLWKLQ�FKDUDFWHUL]HG�%*&V�DQG�WKH�PRGHVW�VL]HV�RI�H[LVWLQJ�%*&�GDWDEDVHV���

�7R�DVVHVV�WKH�HIILFDF\�RI�PLQLQJ�RXU�PHWDJHQRPLF�GDWDEDVH�ZLWK�DQ�65(�EDVHG�VWUDWHJ\��ZH�
�VHOHFWHG�KXPDQ�PHWKLRQLQH�DPLQRSHSWLGDVH�W\SH����+V0HW$3���DV�D�SURWHLQ�WDUJHW�RI�LQWHUHVW��
�+V0HW$3��FOHDYHV�WKH�1�WHUPLQDO�PHWKLRQLQH�UHVLGXHV�RI�QDVFHQW�SHSWLGHV�DQG�SOD\V�DQ�
�LPSRUWDQW�UROH�LQ�SURWHLQ�UHJXODWLRQ��,W�KDV�DOVR�EHHQ�LGHQWLILHG�DV�D�WDUJHW�IRU�SRWHQWLDO�DQWLWXPRU�
�FRPSRXQGV���)URWWLQ�HW�DO�����������%HKDQ�HW�DO�������������DQG�WKHUH�LV�RQH�H[DPSOH�RI�D�EDFWHULDO�
�13�LQKLELWRU�RI�+V0HW$3���EHQJDPLGH��WKDW�LV�HQFRGHG�E\�D�%*&�WKDW�FRQWDLQV�D�PHWKLRQLQH�
�SHSWLGDVH�65(���:KLWH�HW�DO������������7R�LGHQWLI\�QRYHO��%*&V�IURP�WKH�PHWDJHQRPH�WKDW�HQFRGH�
�+V0HW$3��LQKLELWRUV��ZH�VHDUFKHG�D�VXEVHW�RI�RXU�PHWDJHQRPLF�GDWDEDVH��a���0�%*&V��IRU�
�%*&V�WKDW�FRQWDLQ�D�JHQH�HQFRGLQJ�D�PHWKLRQLQH�DPLQRSHSWLGDVH�ZLWKLQ�WKH�SUHGLFWHG�
�ERXQGDULHV�RI�WKH�FOXVWHU��7KH�UHVXOWLQJ�%*&V�ZHUH�GH�UHSOLFDWHG�DQG�FRPSXWDWLRQDOO\�SULRULWL]HG�
��)LJXUH��D���,Q�WRWDO��ZH�LGHQWLILHG����%*&V�WKDW�PHW�RXU�FULWHULD��7KHVH�%*&V�VSDQQHG�D�EURDG�
�UDQJH�RI�PROHFXODU�FODVVHV��VL]HV��DQG�SUHGLFWHG�WD[RQRPLHV��7DEOH�6����1RWDEO\��QRQH�RI�WKH�
�LGHQWLILHG�%*&V�UHVHPEOH�DQ\�FKDUDFWHUL]HG�ELRV\QWKHWLF�V\VWHPV�IRXQG�LQ�WKH�0L%,*�GDWDEDVH�
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��.DXWVDU�HW�DO����������LQFOXGLQJ�WKDW�IRU�EHQJDPLGH��KLJKOLJKWLQJ�WKH�QRYHOW\�RI�PHWDJHQRPLF�
�GLYHUVLW\��

�+HWHURORJRXV�H[SUHVVLRQ�RI�%*&V�FRQWDLQLQJ�SXWDWLYH�0HW$3��UHVLVWDQFH�JHQHV�
�SURGXFHG�O\VDWHV�ZLWK�SUHGLFWHG�LQKLELWRU\�ELRDFWLYLW\�
�,Q�RUGHU�WR�DVVHVV�WKH�DFFXUDF\�RI�WKHVH�ELRLQIRUPDWLF�SUHGLFWLRQV��ZH�VHOHFWHG�WZR�RI�WKHVH�
�ELRV\QWKHWLF�SDWKZD\V�IRU�KHWHURORJRXV�H[SUHVVLRQ�VWXGLHV�7KH�ILUVW�%*&��=<0�����FRQWDLQV�
�WZR�SUHGLFWHG�ELRV\QWKHWLF�JHQHV�HQFRGLQJ�IRU�DQ�1536����PWS%����DQG�D�PHWK\OWUDQVIHUDVH�
����PWS'�����D�WUDQVSRUWHU�JHQH����PWS&�����WZR�JHQHV�RI�XQNQRZQ��IXQFWLRQ����PWS$��DQG��PWS(�����DQG�WKH�
�PHWKLRQLQH�DPLQRSHSWLGDVH�SXWDWLYH�UHVLVWDQFH�JHQH����PWS)�����)LJXUH��E��7DEOH�6����7KH�GRPDLQ�
�VWUXFWXUH�RI�WKH�1536����PWS%����LV�PDGH�XS�RI�WKUHH�PRGXOHV��SUHGLFWHG�E\�DQWL60$6+�WR�
�LQFRUSRUDWH�1�PHWK\O�/�W\URVLQH��1�PHWK\O�/�WKUHRQLQH��DQG�1�PHWK\O�/�YDOLQH��IROORZHG�E\�D�
�WKLRHVWHUDVH�GRPDLQ��7KH�VHFRQG�%*&��=<0�����FRQWDLQV�D�VLQJOH�PRGXOH�3.6����RUI������DQ�
�1536�OLNH�JHQH����RUI�������D�YDULHG�VHW�RI�WKLUWHHQ�ELRV\QWKHWLF��JHQHV��WZR�WUDQVSRUWHUV��VHYHQ�
�UHJXODWRUV�DQG�WKH�PHWKLRQLQH�DPLQRSHSWLGDVH�SXWDWLYH�UHVLVWDQFH�JHQH����RUI�������)LJXUH��E��
�7DEOH�6����9HU\�OLWWOH�FDQ�EH�SUHGLFWHG�DERXW�WKH�EXLOGLQJ�EORFNV�XVHG�LQ�WKH�ELRV\QWKHVLV�RI�WKH�
�=<0����PHWDEROLWHV��KRZHYHU�DQDO\VLV�RI�WKH�3.6�DQG�1536�OLNH�JHQHV�DOORZ�IRU�VRPH�
�SUHGLFWLRQV��7KH�VLQJOH�PRGXOH�3.6����RUI�����LV�SUHGLFWHG��WR�SURGXFH�DQG�LQFRUSRUDWH�
���PHWK\OVDOLF\OLF�DFLG�EDVHG�RQ�LWV�VHTXHQFH�VLPLODULW\�WR�&KO%��LQ�WKH�FKORURWKULFLQ�JHQH�FOXVWHU�
������,'����6KDR�HW�DO������������7KH�1536�OLNH�JHQH�FRQVLVWV��RI�DQ�DGHQ\ODWLRQ�DQG�WKLRODWLRQ�
�GRPDLQ�SUHGLFWHG�E\�DQWL60$6+�WR�LQFRUSRUDWH�SKHQ\ODODQLQH��

�&RVPLGV�FRQWDLQLQJ�WKH�FRPSOHWH�=<0����DQG�=<0����%*&V�ZHUH�LVRODWHG�IURP�RXU�H'1$�
�OLEUDULHV�DQG�WKH�%*&V�ZHUH�VXEVHTXHQWO\�VXEFORQHG�LQWR�H[SUHVVLRQ�YHFWRUV��7KHVH�
�%*&�FRQWDLQLQJ�YHFWRUV��DV�ZHOO�DV�DQ�HPSW\�YHFWRU�FRQWURO��ZHUH�FRQMXJDWHG�LQWR�WKH�KRVW�
�VWUDLQ���6WUHSWRP\FHV�DOEXV��-�������7KH�UHVXOWLQJ�H[FRQMXJDWHV�ZHUH�IHUPHQWHG�LQ�P2���PHGLD�
�DQG�FUXGH�RUJDQLF�H[WUDFWV�ZHUH�VFUHHQHG�IRU�+V0HW$3��LQKLELWRU\�DFWLYLW\�XVLQJ�DQ�HVWDEOLVKHG�
�FRORULPHWULF�DVVD\��:H�GHWHFWHG�QRYHO��+V��0HW$3��LQKLELWRU\��DFWLYLW\�LQ�ERWK�VHWV�RI�H[WUDFWV��
�FRQVLVWHQW�ZLWK�RXU�H[SHFWDWLRQ�WKDW�WKH�SXWDWLYH�UHVLVWDQFH�JHQHV�LGHQWLILHG�E\�RXU�ELRLQIRUPDWLF�
�VHDUFK�FDQ�EH�XVHG�WR�SUHGLFW�WKH�ELRORJLFDO�DFWLYLW\�RI�13V�HQFRGHG�E\�QRYHO�%*&V�HQFRGHG�LQ�
�WKH�PHWDJHQRPH��)LJXUH��D���

�,GHQWLILFDWLRQ�RI�QRYHO�PHWDEROLWHV�HQFRGHG�E\�=<0����DQG�=<0����
�/&�06�06�DQDO\VLV�RI�WKH�DFWLYH�H[WUDFWV�FRQILUPHG�WKH�SUHVHQFH�RI�FORQH�VSHFLILF�PHWDEROLWHV�
�LQ�ERWK��6�DOEXV�=<0�����DQG��6�DOEXV�=<0�������)RU��6�DOEXV�=<0��������GLIIHUHQWLDO�DQDO\VLV�\LHOGHG�
�D�OLVW�RI����IHDWXUHV�LQ�SRVLWLYH�LRQL]DWLRQ�PRGH�WKDW�ZHUH�GHWHFWHG�LQ�WKH��6�DOEXV�=<0����
�VDPSOHV��EXW�QRW�LQ�WKH�HPSW\�YHFWRU�FRQWURO��)LJXUH��E���0ROHFXODU�QHWZRUNLQJ�DQDO\VLV�
�GHPRQVWUDWHG�WKDW����RI�WKHVH�IHDWXUHV�IRUP�D�QHWZRUN�EDVHG�RQ�WKH�VLPLODULW\�RI�WKHLU�06�06�
�VSHFWUDO�SDWWHUQV��)LJXUH�6����)XUWKHU�PDQXDO�DQDO\VLV�DQG�JURXSLQJ�RI�IHDWXUHV�WKDW�ZHUH�
�LQ�VRXUFH�IUDJPHQWV�RU�DGGXFWV�RI�WKH�VDPH�FRPSRXQG��\LHOGHG�D�ILQDO�OLVW�RI����QRYHO�
�FRPSRXQGV��7KHVH����FRPSRXQGV�FRQVLVW�RI�RQH�PDMRU�VSHFLHV��P�]������������ZKLFK�ZH�FDOO�
�PHWDSHSWLQ�$��DQG����UHODWLYHO\�PLQRU�VSHFLHV�WKDW�LQFOXGH�PHWDSHSWLQ�%�(��DOO�HOXWLQJ�EHWZHHQ�
�����DQG�����PLQ��7DEOH�����
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�6LQJO\��DQG�GRXEO\�FKDUJHG�LRQV�ZHUH�GHWHFWHG�IRU�DOO�FRPSRXQGV�LQ�IXOO�VFDQ�PRGH��
�'DWD�GHSHQGHQW�06��VSHFWUD�ZHUH�WULJJHUHG�IRU�QLQH�RI�WKH����FRPSRXQGV��)LJXUH�6����$OO�
�FRPSRXQGV�KDG�D�FRPPRQ�IUDJPHQW�RI�P�]�����������VXJJHVWLQJ�D�IUDJPHQW�ZLWK�FRPSRVLWLRQ�
�&������+������12�GHULYHG�IURP�DQ�1�PHWK\ODWHG�W\URVLQH�UHVLGXH���7KH�UDQJH�RI�PROHFXODU�ZHLJKWV�
�EHWZHHQ�����DQG�����'D�LQGLFDWHG�WKDW�PRUH�WKDQ�RQH�RI�HDFK�DPLQR�DFLG�EXLOGLQJ�EORFN�ZDV�
�LQFRUSRUDWHG�LQWR�WKH�PROHFXOH��$�VHULHV�RI�WKUHH�FRPSRXQGV�KDG�GLIIHUHQFHV�RI�P�]���������
�VXJJHVWLQJ�GLIIHUHQWLDO�PHWK\ODWLRQ�SDWWHUQV�RI�WKH�VDPH�VFDIIROG��1R�PDWFKHV�WR�NQRZQ�
�FRPSRXQGV�ZHUH�IRXQG�DIWHU�GHUHSOLFDWLRQ�DJDLQVW�SXEOLFO\�DYDLODEOH�PDVV�VSHFWUDO�GDWDEDVHV��
�6HDUFKHV�DJDLQVW�DQ�LQ�KRXVH�PDVV�VSHFWUDO�GDWDEDVH�RI�SUHYLRXVO\�REVHUYHG�IHDWXUHV�LQ�WKLV�
�KHWHURORJRXV�KRVW�DOVR�\LHOGHG�QR�PDWFKHV��

�)RU��6�DOEXV���=<0�����GLIIHUHQWLDO�DQDO\VLV�\LHOGHG��D�OLVW�RI���IHDWXUHV�LQ�SRVLWLYH�LRQL]DWLRQ�PRGH�
�WKDW�ZHUH�GHWHFWHG�LQ�WKH��6�DOEXV�=<0�����VDPSOHV���EXW�QRW�LQ�WKH�HPSW\�YHFWRU�FRQWURO��GDWD�QRW�
�VKRZQ���'HUHSOLFDWLRQ�DJDLQVW�LQWHUQDO�DQG�H[WHUQDO�PDVV�VSHFWUDO�GDWDEDVHV�\LHOGHG�QR�
�PDWFKHV�IRU�WKHVH�IHDWXUHV��$SDUW�IURP�WZR�IHDWXUHV�ZLWK�LGHQWLFDO�PDVVHV��P�]������������EXW�
�GLIIHUHQW�UHWHQWLRQ�WLPHV��QR�REYLRXV�VLPLODULWLHV�LQ�06�06�IUDJPHQWDWLRQ�SDWWHUQV�ZHUH�REVHUYHG�
�IRU�WKHVH���IHDWXUHV��%LRDFWLYLW\�WUDFNHG�ZLWK�WKHVH�WZR�LRQV�RI�LQWHUHVW�LQ�IUDFWLRQDWLRQ�
�H[SHULPHQWV��EXW��GXH�WR�ORZ�WLWHUV�DQG�FRPSRXQG�LQVWDELOLW\��ZH�FKRVH�WR�IRFXV�RQ�=<0�����

�2UWKRJRQDO�IUDFWLRQDWLRQ�VWUDWHJ\�HIILFLHQWO\�LGHQWLILHV�ELRDFWLYH�VSHFLHV�ZLWKLQ�FRPSOH[�
�PL[WXUHV�

�$� �PDMRU��FKDOOHQJH��LQ��ELRDFWLYH��13��GLVFRYHU\��LV��WKH��XQDPELJXRXV��DVVLJQPHQW��RI��ELRDFWLYLW\��WR��D�
�VSHFLILF��PROHFXOH��ZLWKLQ��D��FRPSOH[��PL[WXUH���$V��ZLWK��WKH��=<0�����%*&���LW��LV��FRPPRQ��IRU��D��QHZO\�
�FKDUDFWHUL]HG� �VWUDLQ� �DQG�RU� �%*&� �WR� �SURGXFH� �PDQ\��QRYHO��RU��XQNQRZQ��PHWDEROLWHV���5DWKHU��WKDQ�
�DWWHPSW� �WR� �SXULI\� �HDFK��RI��WKH������QRYHO��PROHFXOHV��SURGXFHG��LQ��6�DOEXV�=<0��������ZH��RSWHG��IRU��D�
�PRGLILHG� �ELRFKHPRPHWULF� �VWUDWHJ\�� �VLPLODU� �WR� �WKRVH� �GHYHORSHG� �E\� �WKH� �&HFK� �DQG� �'RUUHVWHLQ�
�ODERUDWRULHV� ��&DHVDU� �HW� �DO��� ������� ��1RWKLDV� �HW� �DO��� ���������� �7KH� �JRDO� �RI� �WKLV� �DSSURDFK� �LV� �WR�
�VWDWLVWLFDOO\� �OLQN� �/&�06�06� �FKHPLFDO� �PHWDEROLWH� �SURILOHV� �JHQHUDWHG� �DFURVV� �D� �VHULHV� �RI�
�FKURPDWRJUDSKLFDOO\��JHQHUDWHG��IUDFWLRQV��ZLWK��ELRDFWLYLW\��PHDVXUHPHQWV��IURP��WKH��VDPH��IUDFWLRQV��
�UHVXOWLQJ��LQ��VWDWLVWLFDO��FRUUHODWLRQV��EHWZHHQ��VSHFLILF��PHWDEROLWHV��DQG��ELRDFWLYLW\���$V��D��UHVXOW��RI��WKH�
�KLJK� �VHQVLWLYLW\� �RI� �WKH� �06�DQDO\VLV�� �WKHVH� �PHWKRGV� �DUH� �SDUWLFXODUO\��XVHIXO��DW��GLVFHUQLQJ��DFWLYLW\�
�DVVRFLDWHG��ZLWK��ORZ��WLWHU��PHWDEROLWHV��WKDW��PD\��EH��RYHUORRNHG��GXULQJ��SXULILFDWLRQ��GXH��WR��FRHOXWLRQ�
�ZLWK��PRUH��DEXQGDQW��PROHFXOHV��ZKLFK��FDQ��UHVXOW��LQ��LQFRUUHFW��DVVLJQPHQW��RI��ELRDFWLYLW\���.HOORJJ��HW�
�DO������������

�:H��XVHG��WKUHH��GLIIHUHQW��W\SHV��RI��IUDFWLRQDWLRQ��LQ��SDUDOOHO��UDWKHU��WKDQ��LWHUDWLYH��URXQGV��RI��ELRDFWLYLW\�
�JXLGHG� �DQDO\VLV�� �ZKLFK� �ERWK� �DFFHOHUDWHG� �WKH� �ZRUNIORZ� �DV� �ZHOO� �DV� �UHGXFHG� �WKH� �ULVN� �RI�
�XQVXFFHVVIXO� �VHSDUDWLRQ� �RI� �QRYHO� �PHWDEROLWHV� �GXULQJ� �IUDFWLRQDWLRQ�� �$Q� ��/� �IHUPHQWDWLRQ� �RI�
�6�DOEXV�=<0���� �ZDV� �H[WUDFWHG� �DQG� �IUDFWLRQDWHG� �XVLQJ� �QRUPDO� �SKDVH� ��VLOLFD��� �UHYHUVH� �SKDVH�
��&������DQG��VL]H�H[FOXVLRQ���/+�����FKURPDWRJUDSK\���$Q��LGHQWLFDOO\��SUHSDUHG��VHW��RI��IUDFWLRQV��ZHUH�
�SUHSDUHG��IURP��D���/��IHUPHQWDWLRQ��RI��DQ��6���DOEXV��FRQWDLQLQJ��DQ��HPSW\��YHFWRU��FRQWURO��WR��VHUYH��DV��D�
�QHJDWLYH��FRQWURO��ZLWKLQ��WKH��ELRDVVD\���(DFK��IUDFWLRQDWLRQ��JHQHUDWHG��VHYHQ��IUDFWLRQV��IRU��D��WRWDO��RI�
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���� �H[SHULPHQWDO� �IUDFWLRQV� �DFURVV� �WKUHH� �W\SHV� �RI� �FROXPQV�� �HDFK� �RI� �ZKLFK� �ZHUH� �VXEMHFWHG� �WR�
�ELRDVVD\�DQG�PHWDERORPLFV�DQDO\VHV��)LJXUH��D���

�:H�XVHG�D�3DUWLDO�/HDVW�6TXDUHV��3/6��5HJUHVVLRQ�PRGHO�WR�SULRULWL]H�GLIIHUHQWLDOO\�H[SUHVVHG�
�FRPSRXQGV�EDVHG�RQ�WKH�VHOHFWLYLW\�UDWLR��7KH�VHOHFWLYLW\�UDWLR�PHDVXUHV�WKH�H[SODLQHG�YDULDQFH�
�YHUVXV�UHVLGXDO�YDULDQFH�DQG�KDV�EHHQ�VKRZQ�WR�EH�VXFFHVVIXO�DW�LGHQWLI\LQJ�ELRDFWLYH�
�FRPSRXQGV���.HOORJJ�HW�DO������������%\�YLVXDOL]LQJ�WKH��VHOHFWLYLW\�UDWLRV�RQ�WKH�QHWZRUN�SORW�IRU�DOO�
�IHDWXUHV�LQ�WKH�IUDFWLRQV��ZH�FOHDUO\�VHH�RQH�FRQQHFWHG�FRPSRQHQW�RI�IHDWXUHV�WKDW�KDYH�WKH�
�KLJKHVW�VHOHFWLYLW\�UDWLRV��)LJXUH��E���1RWDEO\��WKH�VL[�GLIIHUHQWLDOO\�H[SUHVVHG�IHDWXUHV�ZLWK�WKH�
�KLJKHVW�VHOHFWLYLW\�UDWLRV��LQFOXGLQJ�VHYHUDO�LQ�VRXUFH�IUDJPHQWV��ZHUH�DVVRFLDWHG�VSHFLILFDOO\�
�ZLWK�PHWDSHSWLQ�%��RQH�RI�WKH�QRYHO�PLQRU�FRPSRXQGV�SURGXFHG�LQ��6�DOEXV�=<0������)LJXUH��F���
�VXJJHVWLQJ�WKDW�PRVW��LI�QRW�DOO��RI�WKH�REVHUYHG�ELRDFWLYLW\�FDQ�EH�DWWULEXWHG�WR�PHWDSHSWLQ�%��

�0HWDSHSWLQ�%�LV�D�QRYHO�F\FOLF�GHSVLSHSWLGH�WKDW�GLIIHUV�IURP�PHWDSHSWLQ�$�E\�RQO\�D�
�VLQJOH�PHWK\ODWLRQ�

�*LYHQ�KLJKHU�SURGXFWLRQ�WLWHUV��ZH�ILUVW�HOXFLGDWHG�WKH�VWUXFWXUH�RI�PHWDSHSWLQ�$�XVLQJ�D�
�FRPELQDWLRQ�RI�KLJK�UHVROXWLRQ�HOHFWURVSUD\�LRQL]DWLRQ�PDVV�VSHFWURPHWU\��+5(6,06��DQG��'�
�DQG��'�105�GDWD��)LJXUH�����+5(6,06�DQDO\VLV�GHPRQVWUDWHG�DQ�LRQ�SHDN�DW�P�]�RI�����������
�FRQVLVWHQW�ZLWK�D�PROHFXODU�IRUPXOD�RI�&������+������1�����2���������7KH�����+�105�VSHFWUXP�RI�PHWDSHSWLQ�$�KDV�
�VLJQDO�GLVWULEXWLRQ�FRQVLVWHQW�ZLWK�D�W\SLFDO�SHSWLGH��FRQWDLQLQJ�Į�DQG�ȕ�SURWRQV��DURPDWLF�SURWRQ�
�VLJQDOV��DV�ZHOO�DV�DGGLWLRQDO��1���PHWK\O�VLJQDOV��([WHQVLYH��DQDO\VLV�RI��'�105�VSHFWUD��LQFOXGLQJ�
�WKH�FRUUHODWLRQ�VSHFWURVFRS\��&26<��DQG�KHWHURQXFOHDU�VLQJOH�TXDQWXP�FRKHUHQFH��+64&���
�GHPRQVWUDWHG�WKH�DPLQR�DFLG�FRPSRQHQWV�DV��1�1���GLPHWK\O��W\URVLQH���1���PHWK\O�WKUHRQLQH�DQG�
�1���PHWK\O�OHXFLQH��FRQVLVWHQW�ZLWK�RXU�ELRLQIRUPDWLF��SUHGLFWLRQ��+HWHURQXFOHDU�PXOWLSOH�ERQG�
�FRUUHODWLRQ��+0%&��VSHFWUD�RI�PHWDSHSWLQ�$�HVWDEOLVKHG�WKH�OLQNDJH�RI�DPLQR�DFLGV��DQG�
�EDFNERQH�RI�WKH����PHPEHU�ULQJ�RI�D�F\FOLF�SHSWLGH��7DEOH�6���)LJXUH�6����$�GHWDLOHG�VWUXFWXUDO�
�HOXFLGDWLRQ�LV�SURYLGHG�LQ�WKH�6XSSOHPHQWDU\�7H[W��

�7KH�VWUXFWXUH�RI�PHWDSHSWLQ�%�ZDV�GHWHUPLQHG�E\�WDQGHP�PDVV�VSHFWURPHWU\��06�06��EDVHG�
�RQ�FRPSDUDWLYH�DQDO\VLV�RI�WKH�+506�06�IUDJPHQWDWLRQ�GDWD�ZLWK�PHWDSHSWLQ�$��)LJXUH����
�)LJXUH�6����7KH�PROHFXODU�IRUPXOD�RI�PHWDSHSWLQ�%�ZDV�HVWDEOLVKHG�DV�&������+������1�����2����� �E\�
�+5(6,06��&RPSDUHG�WR�PHWDSHSWLQ�$��WKH�ǻP�]� ���������LPSOLFDWHG�WKH�ORVV�RI�D�VLQJOH�&+����
�JURXS��,Q�RUGHU�WR�GHWHUPLQH�LWV�ORFDWLRQ��ZH�ILUVW�DQDO\]HG�WKH�WDQGHP�PDVV�VSHFWURPHWU\�
�VSHFWUXP�RI�PHWDSHSWLQ�$��SURWRQDWHG�PROHFXODU�LRQ�RI�P�]������XQGHU�RSWLPL]HG�FRQGLWLRQV��
�0HWDSHSWLQ�$�SURGXFHG�VL[�PDLQ�SURGXFW�LRQV�DW�P�]�����������������������������������������
����������DQG�����������7KHVH�LRQV�DQG�WKH�IUDJPHQWDWLRQ�SDWKZD\V�ZHUH�DVVLJQHG��)LJXUH�
�6����0HWDSHSWLQ�%��XQGHU�WKH�LGHQWLFDO�PDVV�VSHFWURPHWU\�FRQGLWLRQV��SURGXFHG�QRW�RQO\�WKH�
�VDPH�SURGXFW�LRQV�DV�PHWDSHSWLQ�$��EXW�DOVR�D�VHULHV�RI�SDLULQJ�LRQV�ZLWK�ǻP�]� ����SDWWHUQ�
��)LJXUH�6����7KH�IUDJPHQW�SDLU�ZLWK�P�]����������DQG����������VXJJHVWHG�WKDW�WKH�PLVVLQJ�&+����
�LV�DVVRFLDWHG�ZLWK�WKH��1�1���GLPHWK\O�7\U�PRLHW\��:KLOH��PDVV�VSHFWURPHWU\�ZDV�QRW�DEOH�WR�IXUWKHU�
�FRQILUP�ZKLFK�FDUERQ�LV�PLVVLQJ��ZH�SURSRVH�WKDW�PHWDSHSWLQ�%�LV�DQ��1���PRQR�PHWK\ODWHG�
�FRQJHQHU�RI�PHWDSHSWLQ�$�IRU�WZR�UHDVRQV��)LUVW��WKH�ILUVW�DGHQ\ODWLRQ�GRPDLQ�RI�WKH�1536�
����PWS%����LV�SUHGLFWHG�WR�XWLOL]H�W\URVLQH�DV�D�VXEVWUDWH��E\�DQLW60$6+��PDNLQJ�WKH�LQFRUSRUDWLRQ�RI�
�1�1���GLPHWK\O�K\GUR[\SKHQ\OJO\FLQH��+3*��KLJKO\�XQOLNHO\���6HFRQG��DQ�1536�HPEHGGHG�
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�1���PHWK\OWUDQVIHUDVH�GRPDLQ�LV�NQRZQ�WR�EH�³OHDN\´�DQG�WR�SURGXFH�GHPHWK\ODWHG�VKXQW�
�SURGXFWV�LQ�DGGLWLRQ�WR�WKH�PDWXUH�SURGXFWV�XQGHU�FXOWXUH�FRQGLWLRQV���)XNXGD�HW�DO������������RU�LQ�
�WKH�DEVHQFH�RI�6�DGHQRV\O�/�PHWKLRQLQH���%LOOLFK�DQG��=RFKHU�����������1RWDEO\��WKH�\LHOG�RI�
�GHPHWK\ODWHG�FRQJHQHUV�RI�EHDXYHULFLQV��GHSVLSHSWLGHV�HQFRGHG�E\�D�GLPRGXOH�1536��ZDV�
�PXFK�ORZHU�WKDQ�WKDW�RI�WKH�IXOO\�PHWK\ODWHG�SURGXFWV���)XNXGD�HW�DO����������DQG�WKLV�UHVXOW�
�DJUHHV�ZLWK�RXU�REVHUYDWLRQ�WKDW�WKH�\LHOG�RI�PHWDSHSWLQ�%�LV�a���IROG�ORZHU�WKDQ�RI�PHWDSHSWLQ�
�$��

�0HWDSHSWLQ�%�LV�D�VXE�PLFURPRODU�LQKLELWRU�RI�(F0HW$3�DQG�LV�KLJKO\�VHOHFWLYH�IRU�
�+V0HW$3��RYHU�+V0HW$3��
�7R�FKDUDFWHUL]H�WKHLU�ELRDFWLYLW\��ZH�UDQ�WKH�SXULILHG�PHWDSHSWLQ�$�DQG�PHWDSHSWLQ�%�PDWHULDO�
�WKURXJK�D�VHW�RI�HQ]\PH�LQKLELWLRQ�DVVD\V��$V�SUHGLFWHG�E\�RXU�ELRFKHPRPHWULF�DQDO\VLV��
�PHWDSHSWLQ�%�LQKLELWV�+V0HW$3��ZLWK�DQ�,&����� �RI�a��X0��ZKLOH�PHWDSHSWLQ�$�VKRZV�QR�DFWLYLW\�
�HYHQ�DW�WKH�KLJKHVW�FRQFHQWUDWLRQ�WHVWHG���P0���)LJXUH��D�E���KLJKOLJKWLQJ�WKH�LPSRUWDQFH�RI�WKH�
�VLQJOH�PHWK\O�JURXS�GLIIHUHQFH�EHWZHHQ�PHWDSHSWLQ�$�DQG�%��)XUWKHUPRUH��PHWDSHSWLQ�%��EXW�QRW�
�PHWDSHSWLQ�$��KDG�LQKLELWRU\�DFWLYLW\�DJDLQVW�WKH��(��FROL��PHWKLRQLQH�DPLQRSHSWLGDVH�KRPRORJ��
�(F0HW$3��WKDW�ZDV�a����IROG�JUHDWHU���,&������ a���Q0���WKDQ�WKDW�REVHUYHG�DJDLQVW�+V0HW$3��
��)LJXUH��F�G���DV�PLJKW�EH�H[SHFWHG�IRU�DQ�LQKLELWRU�ZKRVH�QDWLYH�WDUJHW�LV�WKH�EDFWHULDO�SURWHLQ��

�1RWDEO\��ZH�VDZ�QR�LQKLELWLRQ�RI�WKH�RWKHU�PHWKLRQLQH�SHSWLGDVH�LQ�WKH�KXPDQ�JHQRPH��
�+V0HW$3���E\�PHWDSHSWLQ�%�DW��P0��)LJXUH��H��LQGLFDWLQJ�WKDW�XQOLNH�RWKHU�NQRZQ�+V0HW$3��
�LQKLELWRUV�VXFK�DV�EHQJDPLGH���*DUFtD�5XL]�DQG�6DUDELD������������PHWDSHSWLQ�%�LV�KLJKO\�VHOHFWLYH�
�IRU�+V0HW$3��RYHU�+V0HW$3���

�$V\PPHWULF�PHWK\ODWLRQ�RI�PHWDSHSWLQ�%�VWDELOL]HV�WKH�LQWHUDFWLRQ�RI�WKH�F\FOL]HG�GLPHU�
�ZLWK�+V0HW$3��
�$YDLODELOLW\�RI�QDWXUDO�FRQJHQHUV�DW�WKH�SRLQW�RI�GLVFRYHU\�HQDEOHV�UDSLG�6$5�LQVLJKWV��DQG��LQ�
�WKLV�FDVH��KLJKOLJKWV�WKH�LPSRUWDQFH�RI�ERWK�DV\PPHWULF�PHWK\ODWLRQ�DQG�PDFURF\FOH�ULQJ�
�IRUPDWLRQ��7R�LQYHVWLJDWH�WKH�ODWWHU��ZH�GHVLJQHG�DQG�V\QWKHVL]HG�WKH�VLQJO\�PHWK\ODWHG�
�WULSHSWLGH�PRQRPHULF�VWUXFWXUH��10H�0RQRPHU���)LJXUH�6����7KH�OLQHDU�10H�0RQRPHU�
�GHPRQVWUDWHG�QR�GHWHFWDEOH�LQKLELWLRQ�DW��P0��FRQILUPLQJ�WKH�F\FOL]DWLRQ�RI�PHWDSHSWLQ�%�LV�
�FULWLFDO�IRU�LWV�WDUJHW�HQJDJHPHQW��PRVW�OLNHO\�GXH�WR�FRQIRUPDWLRQDO�ULJLGLW\��)LJXUH��D���

���7R�JDLQ�IXUWKHU�LQVLJKW�LQWR�PHWDSHSWLQ�%�6$5��PROHFXODU�GRFNLQJ��00*%6$�HQHUJ\�
�FDOFXODWLRQV��PROHFXODU�G\QDPLFV��DQG�S.D�FDOFXODWLRQV�ZHUH�SHUIRUPHG��$OO�PHWKRGV�LQGLFDWHG�
�EHWWHU�ELQGLQJ�IRU�WKH�DV\PPHWULF�PRQRPHWK\O�PHWDSHSWLQ�%��,QGXFHG�ILW�GRFNLQJ�RQ�+V0HW$3��
��3'%��/=&��IRXQG�WKDW�WKH�FRQIRUPDWLRQV�RI�WKH�$�DQG�%�YDULDQWV�VKRZ�GLIIHUHQFHV�LQ�ERWK�WKH�
�PHWK\O�DPLQH�VLWHV�DQG�D�IOLSSLQJ�RI�WKH�PHWK\O�DPLGH�OLQNHUV��)LJXUH��E���$V�D�UHVXOW�RI�WKHVH�
�GLIIHUHQFHV��WKH�00*%6$�HQHUJLHV�VKRZ�D�VLJQLILFDQW�VHSDUDWLRQ��ZLWK�PHWDSHSWLQ�%�KDYLQJ�D�
�ORZHU��PRUH�IDYRUDEOH�OHYHO��ODUJHO\�GXH�WR�D�FKDQJH�LQ�''*V�VROYDWLRQ�HQHUJ\��$GGLWLRQDOO\��WKH�
�VWUHQJWK�RI�WKH�RYHUDOO�GLSROH�RI�WKH�WZR�FRQIRUPDWLRQV�GLIIHU�E\�����'��PHWDSHSWLQ�$��YHUVXV�
�����'��PHWDSHSWLQ�%��UHVXOWLQJ�LQ�VWURQJHU�HOHFWURVWDWLF�LQWHUDFWLRQ�ZLWK�WKH�PHWDO�LRQV�IRU�
�PHWDSHSWLQ�%��0HWDSHSWLQ�%�DOVR�KDV�D�IDYRUDEOH�RULHQWDWLRQ�SRLQWLQJ�DW�WKH�PHWDO�LRQV�LQ�WKH�
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�SRFNHW��)LJXUH�6����:KHQ�ZH�ORRN�DW�WKH�HIIHFWV�RI�S.D��ZH�ILQG�WKDW�WKH�S.D�RI�PHWDSHSWLQ$�
��������YHUVXV�PHWDSHSWLQ%��������LPSOLHV�WKDW�D�ODUJHU�IUDFWLRQ�RI�PHWDSHSWLQ�$�ZLOO�EH�SRVLWLYHO\�
�FKDUJHG�DQG�KDYH�DQ�XQIDYRUDEOH�LQWHUDFWLRQ�ZLWK�WKH�WZR�SRVLWLYHO\�FKDUJHG�PHWDO�LRQV��)LQDOO\��
�PROHFXODU�G\QDPLFV�VLPXODWLRQV�LQGLFDWH�D�PRUH�VWDEOH�ELQGLQJ�IRU�PHWDSHSWLQ�%��$Q�506'�RI�
�WKH�OHQJWK�RI�WKH�NH\�K\GURJHQ�ERQG�RI�WKH�PRQRPHWK\O�DPLQH�RI�PHWDSHSWLQ�%�WR�+����
�LQGLFDWHV�D�KLJKHU�LQWHUDFWLRQ�VWUHQJWK��DV�TXDQWLILHG�E\�WKH�IUHTXHQF\�RI�RFFXUUHQFHV�LQ�WKH�
�PROHFXODU�G\QDPLFV�WUDMHFWRU\��FRPSDUHG�WR�WKH�GLPHWK\O�DPLQH�RI�PHWDSHSWLQ�$��)LJXUH��F���

�,Q�VXPPDU\��WKH�FRPELQDWLRQ�RI�H[SHULPHQWDWLRQ�DQG�FKHPLQIRPDWLF�PRGHOLQJ�EDVHG�RQ�WKH�
�QDWXUDOO\�DYDLODEOH�FRQJHQHUV��HQDEOHV�UDSLG�LQVLJKW�LQWR�NH\�VWUXFWXUH�DFWLYLW\�UHODWLRQVKLSV�DQG�
�SURYLGHV�D�IRXQGDWLRQ�IRU�WKH�GHVLJQ�RI�DGYDQFHG�DQDORJV�

�0HWDSHSWLQ�%�GRHV�QRW�LQKLELW�PWS)�FRQILUPLQJ�VHOI�UHVLVWDQFH�HQ]\PHV�FDQ�EH�XVHG�WR�
�SUHGLFW�WKH�IXQFWLRQ�RI�XQNQRZQ�%*&V�DQG�LGHQWLI\�VWUXFWXUDOO\�QRYHO�LQKLELWRUV�
�2XU�ELRLQIRUPDWLF�VHDUFK�VWUDWHJ\�LV�EDVHG�RQ�RXU�DELOLW\�WR�LGHQWLI\�ERQDILGH�65(V��7R�FRQILUP�
�WKDW�WKH�SXWDWLYH�65(�JHQH�LQ�WKH�PHWDSHSWLQ�%*&����PWS)�����IXQFWLRQV�DV�D�UHVLVWDQFH�JHQH��ZH�
�WHVWHG�WKH�DELOLW\�RI�PHWDSHSWLQ�%�WR�LQKLELW�WKH�DFWLYLW\�RI�WKH�PHWKLRQLQH�SHSWLGDVH�YDULDQW�
�HQFRGHG�E\��PWS)����&RQVLVWHQW�ZLWK�LWV�SUHGLFWHG�UROH��LQ�DOOHYLDWLQJ�PHWDSHSWLQ�%�WR[LFLW\��ZH�IRXQG�
�WKDW�PHWDSHSWLQ�%�KDG�QR�HIIHFW�RQ�WKH�DFWLYLW\�RI�WKH�PHWKLRQLQH�SHSWLGDVH�HQFRGHG�E\��PWS)��DW�
�WKH�KLJKHVW�FRQFHQWUDWLRQV�WHVWHG�����P0���)LJXUH����

�',6&866,21�

�$�³QH[W�JHQ´�QDWXUDO�SURGXFW�GLVFRYHU\�SODWIRUP�
�,Q�WKLV�SDSHU�ZH�GHVFULEH�D��GH�QRYR��13�GLVFRYHU\�SODWIRUP��WKDW�HQDEOHV�WDUJHWHG�GLVFRYHU\�RI�
�QRYHO�13�PRGXODWRUV�RI�SURWHLQ�WDUJHWV�RI�LQWHUHVW��:H�OHYHUDJH�DFFHVV�WR�YDVW��KLJK�TXDOLW\�
�PHWDJHQRPLF�GDWD�IURP�VRLO�PLFURELRPHV��ELRLQIRUPDWLF�DQG�GDWD�VFLHQFH�DSSURDFKHV�WR�LGHQWLI\�
�QRYHO�%*&V�SUHGLFWHG�WR�HQFRGH�PROHFXOHV�ZLWK�WKH�GHVLUHG�ELRDFWLYLW\��DQG�V\QWKHWLF�ELRORJ\�
�ZRUNIORZV�WR�SURGXFH�DQG�FKDUDFWHUL]H�WKHVH�QRYHO�PROHFXOHV��%\�GRLQJ�VR��ZH�DUH�DEOH�WR�
�VXUPRXQW�NH\�FKDOOHQJHV�RI�WUDGLWLRQDO�IHUPHQWDWLRQ�EDVHG�13�GLVFRYHU\�DQG�LGHQWLI\�D�YDVW�
�XQWDSSHG�VRXUFH�RI�DGYDQWDJHG�FKHPLVWU\��:H�DOVR�GHPRQVWUDWH�KRZ�WR�DFFHVV�WKLV�GLYHUVLW\�LQ�
�D�KLJKO\�WDUJHWHG�PDQQHU�IRU�SUHFLVLRQ�GUXJ�GLVFRYHU\��

�1RYHOW\���)HUPHQWDWLRQ�EDVHG�13�GLVFRYHU\�KDV�EHHQ��SODJXHG�E\�KLJK�UDWHV�RI�UHGLVFRYHU\��LQ�
�ODUJH�SDUW�GXH�WR�WKH�GHSHQGHQFH�RQ�FXOWXUHG�VWUDLQ�FROOHFWLRQV�DQG�VWDQGDUG�IHUPHQWDWLRQ�
�SURFHVVHV�WKDW�OHDYH�PDQ\�%*&V�VLOHQW���7RPP�HW�DO�������������:H�DUH�DEOH�WR�E\SDVV�WKHVH�
�OLPLWDWLRQV�E\�HQDEOLQJ�XQSUHFHGHQWHG�DFFHVV�WR�PHWDJHQRPLF�GLYHUVLW\��2XU�DSSURDFK�WR�
�FDSWXULQJ�DQG�VHTXHQFLQJ�VRLO�PLFURELRPHV�JHQHUDWHV�RUGHUV�RI�PDJQLWXGH�PRUH�KLJK�TXDOLW\�
�VHTXHQFH�LQIRUPDWLRQ��FRQWLJV�!��NE��WKDQ�VWDQGDUG�VKRWJXQ�VHTXHQFLQJ��7KLV��LQ�WXUQ��HQDEOHV�
�WKH�DQQRWDWLRQ�RI�PLOOLRQV�RI�%*&V�WKDW��LPSRUWDQWO\��FRPH�IURP�GLYHUVLW\�WKDW�LV�RUWKRJRQDO�WR�
�ZLGHO\�H[SORUHG�FXOWXUHG�GLYHUVLW\��:H�ILQG�WKDW�WKHUH�LV�OLWWOH�RYHUODS�EHWZHHQ�RXU�VHTXHQFHG�
�PHWDJHQRPLF�OLEUDULHV�DQG�SXEOLF�GDWDEDVHV����������FRQVLVWHQW�ZLWK�HVWLPDWHV�WKDW�!����RI�
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�PLFURELDO�GLYHUVLW\�LQ�VRLO�LV�QRW�HDVLO\�FXOWXUHG��6WULNLQJO\��WKHUH�LV�DOVR�OLWWOH�RYHUODS�EHWZHHQ�RXU�
�VL[�PHWDJHQRPLF�VDPSOHV�DV�ZHOO��a�����EHWZHHQ�SDLUV�RI�OLEUDULHV���VXJJHVWLQJ�WKDW�ZH�KDYH�
�RQO\�EHJXQ�WR�VFUDWFK�WKH�VXUIDFH�RI�PHWDJHQRPLF�GLYHUVLW\��GLVFXVVHG�PRUH�EHORZ���$V�VXFK��
�RXU�GDWD�GHPRQVWUDWH�WKDW�PHWDJHQRPLF�GLYHUVLW\�UHSUHVHQWV�D�YHU\�GLVWLQFW�DQG�GHHS�VRXUFH�RI�
�QRYHO�13V��)XUWKHUPRUH��ZLWK�WKH�VHTXHQFH�RI�PHWDJHQRPLF�%*&V�LQ�KDQG��LW�EHFRPHV�
�VWUDLJKWIRUZDUG�WR�LGHQWLI\�ZKLFK�PHWDJHQRPLF�%*&V�KDYH�KLJK�VLPLODULW\�WR�NQRZQ�%*&V�DQG�
�PD\�HQFRGH�WKH�VDPH�RU�VLPLODU�PROHFXOHV��

�,QGHHG��LQ�WKLV�SDSHU��RXU��LQ�VLOLFR��DQDO\VLV�SUHGLFWHG�����QRYHO�%*&V�DV�OLNHO\�WR�HQFRGH�
�PHWKLRQLQH�SHSWLGDVH�LQKLELWRUV��7KHVH�%*&V�HQFRGH�D�EURDG�UDQJH�RI�ELRV\QWKHWLF�FODVVHV�
��H�J��1536��3.6��WHUSHQHV��ODGGHUDQHV��HWF����7DEOH�6����DQG�QRQH�KDYH�VLPLODULW\�WR�
�FKDUDFWHUL]HG�%*&V�LQ�WKH�0L%,*�GDWDEDVH��%RWK�=<0�����1536��DQG�=<0�����1536�OLNH��
�GHPRQVWUDWHG�WKH�SUHGLFWHG�ELRDFWLYLW\�DQG�=<0����ZDV�IRXQG�WR�HQFRGH�PHWDSHSWLQ�%��D�QRYHO�
�GHSVLSHSWLGH�LQKLELWRU��7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�GHPRQVWUDWH�WKH�SRZHU�RI�WKLV�DSSURDFK�IRU�
�ILQGLQJ�QRYHO��FKHPLFDOO\�GLYHUVH�ELRDFWLYH�PROHFXOHV�IRU�D�VSHFLILF�WDUJHW�SURWHLQ�RI�LQWHUHVW��

�7DUJHW�IRFXVHG�DQG�HIILFLHQW���)HUPHQWDWLRQ�EDVHG�13��GLVFRYHU\�W\SLFDOO\�UHOLHV�RQ�OLEUDULHV�RI�
�H[WUDFWV�WKDW�JHQHUDOO\�DUH�QRW�FRPSDWLEOH�ZLWK�KLJK�WKURXJKSXW��WDUJHW�EDVHG�DVVD\V�IDYRUHG�DW�
�PRVW�SKDUPDFHXWLFDO�FRPSDQLHV���$WDQDVRY�HW�DO�������������0L[HG�H[WUDFWV�SRVH�LVVXHV�DURXQG�
�OLTXLG�KDQGOLQJ��DVVD\�LQWHUIHUHQFH��WR[LFLW\��EDFNJURXQG�LQKLELWLRQ��DQG�PRUH���+HQULFK�DQG�
�%HXWOHU�����������,QVWHDG��WKHVH�OLEUDULHV�RI�H[WUDFWV��DUH�PRUH�RIWHQ�VFUHHQHG�LQ�SKHQRW\SLF�DVVD\V�
�ZLWK�UHDGRXWV�VXFK�DV�FHOO�GHDWK��FHOO�PRUSKRORJ\�FKDQJHV��RU�FKDQJHV�LQ�JHQH�H[SUHVVLRQ�
��:LOVRQ�HW�DO������������7KH�FKDOOHQJH�SRVHG�E\�SKHQRW\SLF��VFUHHQLQJ��KRZHYHU��LV�WKDW�WKH�
�REVHUYHG�HIIHFWV�DUH�PHGLDWHG�WKURXJK�XQNQRZQ�PHFKDQLVPV�DQG�UHTXLUH�H[WHQVLYH�
�GRZQ�VWUHDP�PHFKDQLVWLF�VWXGLHV�EHIRUH�UHOHYDQFH�WR�D�SDUWLFXODU�SURWHLQ�WDUJHW�RU�SDWKZD\�RI�
�LQWHUHVW�FDQ�EH�GHWHUPLQHG��)RU�PDQ\�SKDUPDFHXWLFDO�FRPSDQLHV��ZKLFK�DUH�LQFUHDVLQJO\�
�WDUJHW�IRFXVHG�LQ�WKHLU�DSSURDFK�WRZDUGV�GUXJ�GLVFRYHU\��WKLV�OHYHO�RI�HIIRUW�EHIRUH�GHWHUPLQLQJ�
�UHOHYDQFH�LV�XQDFFHSWDEOH��

�%\�OHYHUDJLQJ�D�UHVLVWDQFH�JHQH�VHDUFK�VWUDWHJ\��ZH�SODFH�YDOLGDWHG�WDUJHWV�DW�WKH�FHQWHU�RI�RXU�
�DSSURDFK��,Q�WKLV�SDSHU��ZH�VHOHFWHG�+V0HW$3���D�NH\�WUDQVODWLRQDO�UHJXODWRU�ZLWK�VWURQJ�
�DVVRFLDWLRQV�DFURVV�D�ZLGH�UDQJH�RI�VROLG�WXPRU�FDQFHUV��DV�RXU�SURWHLQ�WDUJHW�RI�LQWHUHVW��5DWKHU�
�WKDQ�VFUHHQLQJ�WKURXJK�WKRXVDQGV�RI�IHUPHQWDWLRQ�H[WUDFWV�ZLWK�DVVD\V�VXEMHFW�WR�VLJQLILFDQW�
�IDOVH�SRVLWLYH�DQG�IDOVH�QHJDWLYH�UDWHV��ZH�TXLFNO\�GRZQ�VHOHFWHG�IURP�!��PLOOLRQ�%*&V�WR����
�FDQGLGDWHV��LQ�VLOLFR��WR�FRQVWUXFW�XOWUD�HQULFKHG�DQG��KLJKO\�FRPSDFW�OLEUDULHV�RI�DGYDQWDJHG�
�FKHPLFDO�PDWWHU�WKDW�FDQ�WKHQ�EH�VXEMHFWHG�WR�VHQVLWLYH�DQDO\VLV��

�:H�EHOLHYH�D�UHVLVWDQFH�JHQH�EDVHG�VHDUFK�VWUDWHJ\�ZLOO�EH�DSSOLFDEOH�IRU�D�EURDG�VHW�RI�KXPDQ�
�SURWHLQ�WDUJHWV��)LUVW��WKHUH�LV�DEXQGDQW�SUHFHGHQW�IRU�EDFWHULDO�13V�EHLQJ�DSSURYHG�DV�
�PRGXODWRUV�RI�KXPDQ�WKHUDSHXWLF�WDUJHWV��5DSDPXQH��EDVHG�RQ�UDSDP\FLQ��DQG�.\SUROLV��EDVHG�
�RQ�HSR[RPLFLQ��DUH�WZR�ZHOO�NQRZQ�H[DPSOHV��,QGHHG��ZKHQ�ZH�DSSOLHG�RXU�UHVLVWDQFH�JHQH�
�VHDUFK�DSSURDFK�WR�ILQG�SURWHDVRPH�LQKLELWRUV��ZH�UHFRYHUHG�WKH�HSR[RPLFLQ�IDPLO\��WKH�
�VDOLQRVSRUDPLGH�IDPLO\��DV�ZHOO�DV�SXWDWLYH�QRYHO�LQKLELWRUV��GDWD�QRW�VKRZQ���6HFRQG��WKLV�
�DSSURDFK�GRHV�QRW�DSSHDU�WR�EH�SDUWLFXODUO\�VHQVLWLYH�WR�HYROXWLRQDU\�GLVWDQFH��SHUKDSV�
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�UHIOHFWLQJ�WKH�LPSRUWDQFH�RI�WKH�FRUH�ELRORJ\�FDUULHG�RXW�E\�GHHSO\�FRQVHUYHG�SURWHLQ�IDPLOLHV��
�0HWKLRQLQH�SHSWLGDVHV�DUH�DSSUR[LPDWHO\�a����LGHQWLFDO�EHWZHHQ�KXPDQV�DQG�EDFWHULD�ZKLOH�
�SURWHDVRPH�VXEXQLWV�DUH�RQO\�a����FRQVHUYHG��'HVSLWH�WKH�UHODWLYHO\�ORZ�VHTXHQFH�LGHQWLW\��LQ�
�ERWK�FDVHV��ZH�VHH�FRQVHUYDWLRQ�RI�SURWHLQ�IXQFWLRQ�DQG�SKDUPDFRORJLFDO�WUDFWDELOLW\��/DVWO\��
�ZKLOH�WKLV�SDSHU�KDV�IRFXVHG�RQ�RXU�EDFWHULDO�PHWDJHQRPLF�GDWDEDVH��ZH�KDYH�EXLOW�D�VLPLODU�
�IXQJDO�PHWDJHQRPLF�GDWDEDVH��:H�IRUHVHH�WKDW�VRPH�WDUJHWV�WKDW�DUH�OHVV�WUDFWDEOH�ZLWK�
�EDFWHULDO�13V�ZLOO�EH�UHDGLO\�WUDFWDEOH�ZLWK�13V�WKDW�KDYH�HYROYHG�VSHFLILFDOO\�WR�WDUJHW�
�HXNDU\RWLF�SURWHLQV��

�&DSDELOLWLHV�QHHGHG�WR�VXFFHVVIXOO\�RSHUDWH�WKLV�³QH[W�JHQ´�SODWIRUP�
�:KLOH�WKLV�³QH[W�JHQ´�13�GLVFRYHU\�DSSURDFK�LV�H[WUHPHO\�DWWUDFWLYH�IRU�WKH�UHDVRQV�MXVW�
�GLVFXVVHG��LW�LV�LPSRUWDQW�WR�QRWH�WKDW�LQ�RUGHU�WR�WXUQ�WKLV�ZRUNIORZ�LQWR�D�SODWIRUP�WKDW�FDQ�EH�
�UXQ�UHSHDWHGO\��VXFFHVVIXOO\��DQG�DW�VFDOH�UHTXLUHV�WKH�GHYHORSPHQW�RI�D�EURDG�DQG�QRQ�WULYLDO�
�VHW�RI�FDSDELOLWLHV��

�0HWDJHQRPLF�GLYHUVLW\���$FFHVV�WR�ODUJH�VFDOH��ZHOO�DVVHPEOHG��PHWDJHQRPLF�'1$�LV�FHQWUDO�WR�
�RXU�DSSURDFK��1RW�RQO\�LV�LPSURYHG�DVVHPEO\�TXDOLW\�FULWLFDO�WR�HQDEOH�%*&�GLVFRYHU\�
��GHVFULEHG�DERYH���EXW�VLJQLILFDQW�GDWDEDVH�VFDOH�LV�UHTXLUHG�WR�OHYHUDJH�UHVLVWDQFH�JHQHV�DV�D�
�VHDUFK�VWUDWHJ\��,Q�WKH�FDVH�RI�WKH�PHWKLRQLQH�SHSWLGDVH�IDPLO\�DQDO\]HG�LQ�WKLV�VWXG\��ZH�
�HVWLPDWH�WKDW�QR�PRUH�WKDQ���LQ���������������%*&V�ZRXOG�PHHW�RXU�FULWHULD�IRU�IXUWKHU�
�H[SORUDWLRQ��:KLOH�WKLV�QXPEHU�ZLOO�QR�GRXEW�YDU\�IRU�RWKHU�WDUJHW�IDPLOLHV��LW�LPSOLHV�WKDW�PLOOLRQV�
�RI�%*&V�DUH�UHTXLUHG�WR�FRQILGHQWO\�SXUVXH�D�GUXJ�GLVFRYHU\�SURJUDP�DURXQG�D�JLYHQ�WDUJHW�
�JLYHQ�WKHLU�UDULW\��7KH�FRQYHUVH�LV�DOVR�LQIRUPDWLYH��2QO\�RQH�EDFWHULDO�13�LQKLELWRU�RI�+V0HW$3���
�EHQJDPLGH��ZDV�SUHYLRXVO\�NQRZQ�IURP�SXEOLF�GDWDEDVHV��2XU�DELOLW\�WR�LGHQWLI\����DGGLWLRQDO�
�QRYHO�%*&V�HQFRGLQJ�SXWDWLYH�+V0HW$3��LQKLELWRUV��LQFOXGLQJ�WZR�YDOLGDWHG�%*&V��VXJJHVWV�
�WKDW�WKH�ILHOG�KDV�RQO\�XQFRYHUHG�WKH�WLS�RI�WKH�LFHEHUJ�RI�UHVLVWDQFH�JHQH�FRQWDLQLQJ�%*&V��7R�
�GLVFRYHU�PRUH��KRZHYHU��ZLOO�UHTXLUH�VLJQLILFDQW�LQYHVWPHQWV�WR�H[SDQG�PHWDJHQRPLF�GLYHUVLW\��

�2XU�UHVXOWV�FRQWUDVW�VKDUSO\�ZLWK�WKH�LQKHUHQW�OLPLWDWLRQV�RI�VWUDLQ�FROOHFWLRQV��,QGHHG��RXU�GDWD�
�LQGLFDWH�ZH�DUH�IDU�IURP�VDWXUDWLQJ�PHWDJHQRPLF�GLYHUVLW\��,Q�DGGLWLRQ�WR�WKH�ODFN�RI�RYHUODS�
�EHWZHHQ�GLIIHUHQW�PHWDJHQRPLF�VDPSOHV�RQ�D�SURWHLQ�OHYHO��ZH�RQO\�IRXQG�WKH�=<0����DQG�
�=<0����%*&V�RQFH�LQ�RXU�PHWDJHQRPLF�VHTXHQFH�GDWD��:H�GLG�QRW�ILQG�WKH�EDFWHULDO�%*&�
�HQFRGLQJ�EHQJDPLGH�DW�DOO��GHVSLWH�WKH�DPRXQW�RI�GDWD�ZH�JHQHUDWHG��7DNHQ�WRJHWKHU��ZH�KDYH�
�GHWHFWHG�QR�HYLGHQFH�RI�GLPLQLVKLQJ�UHWXUQV�LQ�WHUPV�RI�SURWHLQ�GLYHUVLW\��%*&�GLYHUVLW\��DQG�
�SUHVXPDEO\�FKHPLFDO�GLYHUVLW\��DQG�ZH�GR�QRW�DQWLFLSDWH�EHLQJ�DEOH�WR�UHDFK�VDWXUDWLRQ�IRU�WKH�
�IRUHVHHDEOH�IXWXUH��

�'DWD�,QIUDVWUXFWXUH�DQG�'DWD�6FLHQFH���7KLV�DSSURDFK��UHTXLUHV�VXIILFLHQW�GDWD�LQIUDVWUXFWXUH�WR�
�QRW�RQO\�FDSWXUH�DQG�VWRUH�HQRUPRXV�DPRXQWV�RI�LQIRUPDWLRQ��EXW�WR�HQDEOH�UDSLG�VHDUFK��
�UHWULHYDO��DQG�PDQLSXODWLRQ�RI�WKH�LQIRUPDWLRQ�DV�ZHOO��:HOO�FRQFHLYHG�GDWD�DUFKLWHFWXUH��
�FRPSXWDWLRQDO�LQIUDVWUXFWXUH��DQG�HIILFLHQW�ELRLQIRUPDWLF�WRROV�DUH�FULWLFDO��HVSHFLDOO\�DV�WKH�
�DPRXQW�RI�VHTXHQFH�LQIRUPDWLRQ�FRQWLQXHV�WR�LQFUHDVH��
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�2Q�WKH�H[SHULPHQWDO�VLGH��GDWD�VFLHQFH�DSSURDFKHV�DUH�LPSHUDWLYH�IRU�SULRULWL]LQJ�ZRUN�RQ�WKH�
�%*&V�DQG�PROHFXOHV�ZLWK�WKH�PRVW�SURPLVLQJ�DFWLYLWLHV��,Q�WKH�FDVH�RI�%*&�VHOHFWLRQ��GDWD�
�VFLHQFH�ZLOO�LPSURYH�WKH�DFFXUDF\�RI�UHVLVWDQFH�JHQH�LGHQWLILFDWLRQ�DQG�DVVHVVPHQWV�RI�%*&�
�TXDOLW\�E\�OHYHUDJLQJ�H[SHULPHQWDO�GDWD�DQG�D�UDQJH�RI�FULWHULD�HPEHGGHG�LQ�WKH�VHTXHQFH�
�LQIRUPDWLRQ��6LPLODUO\��WKH�DSSOLFDWLRQ�RI�GDWD�VFLHQFH�WR�DQDO\WLFDO�GDWD�ZLOO�LPSURYH�WKH�
�VHQVLWLYLW\�DQG�DFFXUDF\�RI�PROHFXOH�GHWHFWLRQ�DQG�FKDUDFWHUL]DWLRQ�DV�ZHOO�DV�GULYH�VWUDWHJLHV�WR�
�LQFUHDVH�WLWHU��

�6\QWKHWLF�%LRORJ\����/DVWO\��KHWHURORJRXV�H[SUHVVLRQ��RI�%*&V�LV�UHTXLUHG�WR�DFFHVV�
�PHWDJHQRPLF�GLYHUVLW\��,Q�WKLV�SDSHU��ZH�IRFXVHG�RQ�WZR�%*&V��=<0����DQG�=<0�����WKDW�
�ZHUH�FRQMXJDWHG�LQWR��6��DOEXV��ZLWKRXW�SURPRWHU�UHIDFWRULQJ���%RWK�H[SUHVVHG�VXIILFLHQWO\�WR�
�FRQILUP�DFWLYLW\�EXW�RQO\�=<0����H[SUHVVLRQ�ZDV�DGHTXDWH�IRU�LVRODWLRQ��=<0����LOOXVWUDWHV�WKH�
�LPSRUWDQFH�RI�KLJK�WLWHUV�WR�D�UREXVW�GLVFRYHU\�ZRUNIORZ��,Q�WKLV�FDVH��DOO�H[SHULPHQWV�ZHUH�GRQH�
�LQ�D�VLQJOH�KRVW����6��DOEXV����ZLWK�RQH�PHGLD��P2�����DQG�ZLWK�PRGHVW�SURFHVV�RSWLPL]DWLRQ�
�UHVHUYHG�IRU�=<0�����:KLOH�RSWLPL]DWLRQ�RI�WKHVH�SDUDPHWHUV�FDQ�QR�GRXEW�UHVXOW�LQ�WLWHU�
�LPSURYHPHQWV��UHOLDQFH�RQ�IHUPHQWDWLRQ�RSWLPL]DWLRQ�EHDUV�VLPLODULWLHV�WR�KLVWRULFDO�
�SKDUPDFHXWLFDO�DSSURDFKHV�DQG�LV�RSHUDWLRQDOO\�FKDOOHQJLQJ�WR�VFDOH��,Q�RXU�H[SHULHQFH��
�V\QWKHWLF�ELRORJ\���VSHFLILFDOO\�KLJK�WKURXJKSXW�PXOWL�HGLW�JHQHWLF�HQJLQHHULQJ�RI�%*&V���LV�NH\�WR�
�FRQWUROOHG�KHWHURORJRXV�H[SUHVVLRQ�DQG�HQDEOLQJ�D�UREXVW�PHWDJHQRPLF�GLVFRYHU\�ZRUNIORZ��

�5HODWHGO\��H[SUHVVLRQ�WLWHUV�EHFRPH�H[SRQHQWLDOO\�PRUH�LPSRUWDQW�DV�SURJUDPV�DGYDQFH��$V�SDUW�
�RI�WKLV�ZRUN��ZH�KDYH�EHHQ�GHYHORSLQJ�D�WRWDO�V\QWKHVLV�RI�0HWDSHSWLQ�%��QRW�VKRZQ���:KLOH�WKLV�
�LV�KLJKO\�HQDEOLQJ�IRU�DQDORJ�JHQHUDWLRQ�GXULQJ�OHDG�LGHQWLILFDWLRQ��WKH�HIILFLHQF\�RI�ULQJ�
�F\FOL]DWLRQ�LV�ORZ��DQG�ZRXOG�QRW�VXSSRUW�GRZQVWUHDP�OHDG�RSWLPL]DWLRQ��SUHFOLQLFDO�GHYHORSPHQW��
�QRU�$3,�VXSSO\��$�VHPL�V\QWKHWLF�SURFHVV�EDVHG�RQ�IHUPHQWLQJ�D�NH\�LQWHUPHGLDWH�ZLOO�WKHUHIRUH�
�EH�UHTXLUHG��,Q�RXU�H[SHULHQFH��JHQRPH�ZLGH�KRVW�HQJLQHHULQJ��LQYROYLQJ�KXQGUHGV�WR�WHQV�RI�
�WKRXVDQGV�RI�HGLWV��RQ�WRS�RI�LQWHQVLYH�FOXVWHU�HQJLQHHULQJ�LV�UHTXLUHG�WR�DFKLHYH�FRPPHUFLDO�
�SURGXFWLRQ�HFRQRPLFV��7KLV�LV�DQ�LPSRUWDQW�FRQVLGHUDWLRQ�IRU�WKH�VXFFHVV�RI�RXU�RYHUDOO�
�DSSURDFK��

�&RQFOXVLRQ�
�13V�KDYH�SURYLGHG�VRPH�RI�WKH�PRVW�LPSRUWDQW�VPDOO�PROHFXOH�GUXJV�LQ�RXU�SKDUPDFRSHLD�DQG�
�KDYH�LPSDFWHG�KXPDQ�KHDOWK�IRU�GHFDGHV�DQG�DUJXDEO\�PLOOHQQLD���1HZPDQ�DQG�&UDJJ��������
�7RGD\��ZH�DUH�LQ�DQ�HUD�RI�$,�HQDEOHG�GUXJ�GLVFRYHU\���&KRSUD�HW�DO������������XVLQJ�'(/V�DQG�
�RWKHU�ODUJH�OLEUDU\�IRUPDWV�WR�H[SORUHFKHPLFDO�VSDFH���*LURQGD�0DUWtQH]�HW�DO����������DQG�JRLQJ�
�³EH\RQG�WKH�UXOH�RI��´���&DURQ�HW�DO����������WR�DGYDQFH�VPDOO�PROHFXOH�GUXJ�GLVFRYHU\��2XU�
�³QH[W�JHQ´�DSSURDFK�WR�13�GLVFRYHU\�DOORZV�XV�WR�WDS�LQWR�ELOOLRQV�RI�\HDUV�RI�HYROXWLRQ�DQG�WKXV�
�SURYLGHV�DQ�RUWKRJRQDO�WKRXJK�FRPSOHPHQWDU\�DSSURDFK�WR�H[SDQG�FKHPLFDO�VSDFH�DQG�LGHQWLI\�
�DGYDQWDJHG�VWDUWLQJ�SRLQWV�IRU�GUXJ�GLVFRYHU\��,QGHHG��13V�FDQ�EH�SRZHUIXO�VWDUWLQJ�SRLQWV�WR�
�HQDEOH�$,�RSWLPL]DWLRQ���%HJQLQL�HW�DO�����������%HUJQHU�HW�DO������������0RVW�LPSRUWDQWO\��ZH�KDYH�
�GHPRQVWUDWHG�WZR�WKLQJV��)LUVW��WKH�XQLYHUVH�RI�13V�WKDW�DUH�UHOHYDQW�IRU�WDUJHWHG�KXPDQ�GUXJ�
�GLVFRYHU\�LV�OLNHO\�PXFK�ODUJHU�WKDQ�SUHYLRXVO\�LPDJLQHG��6HFRQG��E\�FRPELQLQJ�PHWDJHQRPLFV��
�GDWD�VFLHQFH�DQG�V\QWKHWLF�ELRORJ\�LW�LV�SRVVLEOH�WR�GR�SUHFLVLRQ��GDWD�GULYHQ��DQG�VFDODEOH�13�
�GUXJ�GLVFRYHU\��

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

The copyright holder for this preprintthis version posted June 12, 2022. ; https://doi.org/10.1101/2022.06.11.495772doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?u8BiVm
https://www.zotero.org/google-docs/?BiwDaf
https://www.zotero.org/google-docs/?63qxgY
https://www.zotero.org/google-docs/?a7ptof
https://www.zotero.org/google-docs/?oEpfyO
https://www.zotero.org/google-docs/?Sy8k0l
https://doi.org/10.1101/2022.06.11.495772
http://creativecommons.org/licenses/by-nd/4.0/


�0$7(5,$/6�$1'�0(7+2'6�

�H'1$�OLEUDULHV�FRQVWUXFWLRQ�DQG�VHTXHQFLQJ�
�6RLO�H'1$�OLEUDULHV�ZHUH�FRQVWUXFWHG�IROORZLQJ�D�SURWRFRO�DGDSWHG�IURP�WKH�%UDG\�SURWRFRO�
��%UDG\�����������%ULHIO\��H'1$�ZDV�UHOHDVHG�IURP�a���J��WR����J�RI�VRLO�VLIWHG�WKURXJK�D��PP�
�VLHYH�E\�VXVSHQGLQJ�LW�LQ�DQ�6'6�GHWHUJHQW�EXIIHU�DQG�KHDWLQJ�WKH�PL[WXUH�DW����&�IRU���KRXUV��
�$IWHU�UHPRYLQJ�GHEULV�E\�FHQWULIXJDWLRQ��'1$�ZDV�H[WUDFWHG�E\�DOFRKRO�RU�3(*�SUHFLSLWDWLRQ�DQG�
�IXUWKHU�SXULILHG�DQG�VL]H�VHOHFWHG�E\�ILHOG�LQYHUVLRQ�JHO�HOHFWURSKRUHVLV��'1$�LQ�WKH������NE�
�IUDFWLRQ�ZDV�HQG�UHSDLUHG�DQG�OLJDWHG�LQWR�DQ�DSSURSULDWH�OLEUDU\�YHFWRU��&RVPLG�OLEUDULHV�ZHUH�
�FRQVWUXFWHG�XVLQJ�0D[3OD[��/DPEGD�3DFNDJLQJ�([WUDFWV��/XFLJHQ�&RUS��0LGGOHWRQ��:,��DV�
�VXE�SRROV�RI�EHWZHHQ�������DQG��������FRVPLG�FORQHV��(DFK�OLEUDU\�ZDV�EXLOW�RXW�WR�FRQWDLQ�a���
�PLOOLRQ�FORQHV��ZLWK�WKH�H[FHSWLRQ�RI�WKH�5DGLDQW�OLEUDU\��ZKLFK�FRQWDLQHG�a���PLOOLRQ�FORQHV��

�3ULRU�WR�SUHSDULQJ�VHTXHQFLQJ�OLEUDULHV�WKH�FRVPLG�EDFNERQH�ZDV�UHPRYHG�E\�GLJHVWLQJ�HDFK�
�'1$�VXE�SRRO�ZLWK�DQ�DSSURSULDWH�UHVWULFWLRQ�HQ]\PH�DQG�UHPRYLQJ�WKH�VPDOO�EDFNERQH�
�IUDJPHQWV��3XULILHG�LQVHUW�VXE�SRROV�ZHUH�WKHQ�WDJPHQWHG�DQG�EDUFRGHG�XVLQJ�XQLTXH�
�FRPELQDWLRQV�RI�,OOXPLQD�L��DQG�L��LQGH[�SULPHUV��)LQDO�EDUFRGHG�'1$�OLEUDULHV�ZHUH�VL]H�
�VHOHFWHG�DQG�SRROHG�DW����;����ZHOO�SODWHV�SHU�1RYD6HT�UXQ��GHSHQGLQJ�RQ�WKH�OLEUDU\�
�FRPSOH[LW\��

�6HTXHQFH�$QQRWDWLRQ�
�)ROORZLQJ�DVVHPEO\��XVLQJ�PHWD63$GHV���1XUN�HW�DO�������������RSHQ�UHDGLQJ�IUDPHV��25)V��ZHUH�
�FDOOHG�XVLQJ�3URGLJDO���+\DWW�HW�DO����������DQG�WD[RQRPLF��FODVVLILFDWLRQ�IRU�HDFK�FRQWLJ�ZDV�
�DVVLJQHG�XVLQJ�.DLMX���0HQ]HO�HW�DO������������25)V�ZHUH��IXUWKHU�DQQRWDWHG�ZLWK�3)$0�GRPDLQV�
�XVLQJ�KPPHU���(GG\���������DQG�3)$0�$�GDWDEDVH���0LVWU\��HW�DO������������%LRV\QWKHWLF�JHQH�
�FOXVWHUV�ZHUH�SUHGLFWHG�RQ�DOO�FRQWLJV�XVLQJ�DQWL60$6+�Y����%OLQ�HW�DO������������

�-*,�DQDO\VLV�
�7R�HYDOXDWH�KRZ�=\PHUJHQ�VRLO�PHWDJHQRPLF�OLEUDULHV�FRPSDUH�WR�WKH�ODUJHVW�SXEOLFO\�DYDLODEOH�
�VRLO�PHWDJHQRPLF�GDWDVHWV��ZH�ORRNHG�WR�WKH�-RLQW�*HQRPH�,QVWLWXWH¶V�,QWHJUDWHG�0LFURELDO�
�*HQRPHV�	�0LFURELRPHV��,0*�0��GDWDEDVH����KWWSV���LPJ�MJL�GRH�JRY�FJL�ELQ�P�PDLQ�FJL������:H�
�LGHQWLILHG�WKH���ODUJHVW�GDWDVHWV�LQ�,0*�0�EDVHG�RQ�WKH�DVVHPEOHG�JHQRPH�VL]H��FRUUHVSRQGLQJ�
�WR�,0*�*HQRPH�,'V�������������������������������������������������DQG�������������
�7KH�DVVHPEO\�OHQJWKV�RI�DOO�FRQWLJV�ODUJHU�RU�HTXDO�WR���NE�ZHUH�H[WUDFWHG�IURP�WKH�FRYHUDJH�
�VWDWLVWLFV�ILOH�DVVRFLDWHG�ZLWK�HDFK�GDWDVHW�DQG�VXPPHG�WR�\LHOG�WKH�WRWDO�DVVHPEO\�OHQJWKV�
�FRQWDLQHG�RQ�FRQWLJV�!��NE��

�/LEUDU\�FRPSDULVRQV�
�7R�HYDOXDWH�WKH�RYHUDOO�QRYHOW\�RI�VHTXHQFH�LQ�WKH�OLEUDULHV��ZH�ILUVW�FOXVWHUHG�HDFK�OLEUDU\�
�LQGHSHQGHQWO\�DW�����DPLQR�DFLG�VHTXHQFH�XVLQJ�00VHTV��DOJRULWKP���6WHLQHJJHU�DQG�6|GLQJ��
����������VXFK�WKDW�WKH�FOXVWHUV�ZHUH�FRPSRVHG�RI�VHTXHQFHV�FRQWDLQLQJ�DW�OHDVW����UHVLGXHV�DQG�
�DW�OHDVW�����RYHUODS�ZLWK�WKH�VHHG�VHTXHQFH�RI�WKH�FOXVWHU����L�H����WKH�ORQJHVW�VHTXHQFH�LQ�WKH�
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�FOXVWHU���6XEVHTXHQWO\��WKH�UHSUHVHQWDWLYH�FOXVWHU�RXWSXWV�IURP�LQGLYLGXDO�OLEUDULHV�ZHUH�
�FR�FOXVWHUHG�WRJHWKHU�ZLWK�WKH�8QL5HI���GDWDVHW��5HOHDVH������B�����

�0HW$3��UHVLVWDQFH�JHQH�VHDUFK�
�7R�LGHQWLI\�KRPRORJXHV�RI�+V0HW$3���D�%/$67S�VHDUFK�ZDV�UXQ�DJDLQVW�WKH�5DGLDQW�DQG�&$���
�PHWDJHQRPLF�OLEUDULHV�XVLQJ�WKH�+V0HW$3��JHQH��3�������DV�WKH�TXHU\��7R�DOORZ�WKH�VHDUFK�WR�
�LQFOXGH�GLVWDQW�KRPRORJXHV��D�SHUPLVVLYH�FXW�RII�RI�H�YDOXH������ZDV�FKRVHQ��7KH�UHVXOWLQJ�KLWV�
�ZHUH�QDUURZHG�GRZQ�WR�WKRVH�WKDW�VKDUH�D�FRQWLJ�ZLWK�D�%*&��DV�FDOOHG�E\�DQWL60$6+��%OLQ�HW�
�DO���������7KH�%*&V�FORVHO\�DVVRFLDWHG�ZLWK�WKH�0HW$3��KRPRORJXHV�ZHUH�UXQ�WKURXJK�
�%LJ6FDSH�WR�JURXS�WRJHWKHU�VLPLODU�FOXVWHUV��DOORZLQJ�GHUHSOLFDWLRQ�DW�D�FXWRII�RI�����
��1DYDUUR�0XxR]�HW�DO������������)LQDOO\��WKH�UHPDLQLQJ��%*&V�ZHUH�SULRULWL]HG�EDVHG�RQ�D�QXPEHU�
�RI�IDFWRUV�LQFOXGLQJ�WKH�VLPLODULW\�RI�WKH�SXWDWLYH�UHVLVWDQFH�JHQH�WR�+V0HW$3���WKH�GLVWDQFH�RI�
�WKH�SXWDWLYH�UHVLVWDQFH�JHQH�IURP�WKH�%*&��WKH�SUHVHQFH�RI�WKH�UHVLVWDQFH�JHQH�LQ�DQ�RSHURQ�
�ZLWK�D�ELRV\QWKHWLF�JHQH��DQG�WKH�SUHGLFWHG�FRPSOHWHQHVV�RI�WKH�FOXVWHU��7KLV�UHVXOWHG�LQ�D�OLVW�RI�
����³KLJK�TXDOLW\´�FOXVWHUV�WKDW�ZHUH�FDQGLGDWHV�IRU�SURGXFLQJ�D�LQKLELWRU�IRU�PHWKLRQLQH�
�DPLQRSHSWLGDVHV��

�,VRODWLRQ�RI�FRVPLGV�IURP�H'1$�OLEUDULHV�
�7R�LVRODWH�FRVPLGV�FRQWDLQLQJ�%*&V�RI�LQWHUHVW��SULPHUV�VSHFLILF�WR�WKH�FOXVWHUV�RI�LQWHUHVW�ZHUH�
�GHVLJQHG�WR�JHQHUDWH�D��������NS�DPSOLFRQ��7KHVH�SULPHUV�ZHUH�XVHG�WR�WUDFN�WKH�FRVPLGV�
�WKURXJK�PXOWLSOH�URXQGV�RI�VHULDO�GLOXWLRQV�E\�3&5��%ULHIO\��D�OLEUDU\�ZHOO�FRQWDLQLQJ�WKH�FRVPLG�RI�
�LQWHUHVW�ZDV�XVHG�WR�LQRFXODWH�DQ�RYHUQLJKW�FXOWXUH�LQ�/%�VXSSOHPHQWHG�ZLWK�����ȝJ�PO�
�FDUEHQLFLOOLQ��8VLQJ�2'���QP��DSSUR[LPDWHO\����FHOOV�ZHOO�ZHUH�LQRFXODWHG�LQ�D�����GHHS�ZHOO�
�SODWH�DQG�JURZQ�RYHUQLJKW��3RVLWLYH�ZHOOV�DV�DVVD\HG�E\�3&5�ZHUH�WKHQ�SODWHG�WR�VLQJOH�
�FRORQLHV�RQ�/%������ȝJ�PO�FDUEHQLFLOOLQ��4�WUD\V�WR�VHOHFW�IRU�FRORQ\�3&5�SRVLWLYH�FORQHV��
�,VRODWHG�FORQHV�ZHUH�VHTXHQFH�YHULILHG�E\�,OOXPLQD�1*6�VHTXHQFLQJ�YLD�WDJPHQWDWLRQ��

�$VVHPEO\�RI�%*&V�LQWR�KHWHURORJRXV�H[SUHVVLRQ�YHFWRUV�
�)RU�KHWHURORJRXV�H[SUHVVLRQ�RI�=<0����DQG�=<0����DIWHU�LVRODWLQJ�WKH�FRVPLGV�FRQWDLQLQJ�WKH�
�%*&V��\HDVW�KRPRORJRXV�UHFRPELQDWLRQ�ZDV�XVHG�WR�WUDQVIHU�WKH�%*&V�WR�LQWHJUDWLYH��S7$5Z��
�H[SUHVVLRQ�YHFWRUV�FRQWDLQLQJ�\HDVW�UHSOLFDWLRQ�RULJLQV�DQG�VHOHFWLRQ�PDUNHUV��%ULHIO\��S7$5Z�
�ZHUH�GLJHVWHG�ZLWK�,�6FH,�DQG�3DF,�WR�OLQHDUL]H�DQG�H[SRVH�HQGV�WKDW�KDYH�KRPRORJ\�WR�FRVPLGV�
�VHTXHQFHV�IODQNLQJ�WKH�H'1$�HQFRGLQJ�=<0����DQG�=<0����UHVSHFWLYHO\��7KHVH�GLJHVWHG�
�YHFWRUV�ZHUH�FR�WUDQVIRUPHG�ZLWK�WKH�FRVPLGV�RI�LQWHUHVW�LQWR��6DFFKDURP\FHV�FHUHYLVLDH�
��%0$����XVLQJ�D�VWDQGDUG�/L$F�66�FDUULHU�'1$�3(*�PHWKRG���*LHW]�DQG�6FKLHVWO�����������'1$�
�IURP�3&5�SRVLWLYH�\HDVW�FRORQLHV�ZHUH�LVRODWHG�XVLQJ�WKH�&KDUJH6ZLWFK��3ODVPLG�<HDVW�0LQL�
�.LW��,QYLWURJHQ��DQG�HOHFWURSRUDWHG�LQWR�HSL����HOHFWURFRPSHWHQW�FHOOV��'1$�H[WUDFWHG�IURP�
�SRVLWLYH�FRORQLHV�FKHFNHG�E\�F3&5�ZDV�VHTXHQFH�YHULILHG�E\�,OOXPLQD�1*6�VHTXHQFLQJ�YLD�
�WDJPHQWDWLRQ��
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�+HWHURORJRXV�H[SUHVVLRQ�
�+HWHURORJRXV�H[SUHVVLRQ�SODVPLGV�IRU�=<0����DQG�=<0����ZHUH�WUDQVIRUPHG�LQWR��(VFKHULFKLD�
�FROL��6�����FHOOV�DQG�WUDQVIHUUHG�LQWR��6WUHSWRP\FHV��DOEXV��YLD�FRQMXJDWLRQ��([FRQMXJDQW�FRORQLHV�
�WKDW�JURZ�RQ�0DQQLWRO�6R\D��06��DJDU�SODWHV�ZLWK�QDOLGL[LF�DFLG�����ȝJ�PO��DQG�DSUDP\FLQ�����
�ȝJ�PO��ZHUH�UHVWUHDNHG�WR�VLQJOH�FRORQLHV��)RXU�FRORQLHV�WKDW�SDVVHG�FRORQ\�3&5�YHULILFDWLRQ�
�ZHUH�JO\FHURO�VWRFNHG�DQG�WKHQ�XVHG�WR�LQRFXODWH�WULSOLFDWH��P/�VHHG�FXOWXUHV��VWDUWLQJ�
�2'��� ������LQ�7U\SWLF�6R\�%URWK��76%����DSUDP\FLQ�����ȝJ�PO��DORQJ�ZLWK�DSSURSULDWH�YHFWRU�
�DQG�PHGLD�RQO\�FRQWUROV��6HHG�FXOWXUHV�ZHUH�JURZQ�IRU���GD\V�DW����&�DQG�WKHQ�GLOXWHG������LQ���
�GLIIHUHQW�PHGLD��2����P2����5�$�DQG�,63���IRU�IHUPHQWDWLRQ��$IWHU���GD\V�RI�LQFXEDWLRQ�DW����&�
�IRU���GD\V�WKH�FXOWXUHV�ZHUH�WKHQ�H[WUDFWHG�DV�GHVFULEHG�EHORZ�IRU�$&�DQDO\VLV��

�0HW$3��HQ]\PDWLF�DVVD\�YDOLGDWLRQ�
�7KH�SULPDU\�PHWKLRQLQH�DPLQRSHSWLGDVH�FRORULPHWULF�DFWLYLW\�DVVD\�LV�EDVHG�RQ�D�FRPPHUFLDO�NLW�
��5	'�6\VWHPV��DQG�IXUWKHU�GHYHORSHG�DQG�RSWLPL]HG�DV�IROORZV��7KH�UHDFWLRQ�RFFXUV�LQ�WZR�
�VWHSV��HQ]\PH�DFWLYDWLRQ�DQG�SURGXFW�GHWHFWLRQ���(Q]\PH��DFWLYDWLRQ����HDFK�ZHOO�FRQWDLQV�D����X/�
�PL[WXUH�RI�DFWLYDWLRQ�EXIIHU������P0�+(3(6������P0��&R&O�������0�1D&O��S+����������X0�RI�
�IOXRURJHQLF�WULSHSWLGH�VXEVWUDWH�0HWKLRQLQH�*O\FLQH�3UROLQH���DPLGR�PHWK\OFRXPDULQ��5	'�
�6\VWHPV�(6������DQG���XJ�P/�RI�0HW$3�HQ]\PH��5	'�6\VWHPV������=1����3URGXFW�GHWHFWLRQ����
�HDFK�UHDFWLRQ�ZHOO�LV�VXSSOHPHQWHG�ZLWK����X/�RI���QJ�P/�'33,9�&'����VHULQH�H[RSHSWLGDVH�
�GLOXWHG�LQ�DFWLYDWLRQ�EXIIHU���

�7KH�DVVD\�ZDV�SHUIRUPHG�DW�URRP�WHPSHUDWXUH�LQ�DQ�RSDTXH�����ZHOO�SRO\VW\UHQH�SODWH�DQG�
�PHDVXUHG�LQ�D�EODFN��IODW�ERWWRP������ZHOO�SODWH��7KH�DVVD\�LV�LQLWLDWHG�DV��0HW$3�LV�PL[HG�ZLWK�
�WKH�WULSHSWLGH�VXEVWUDWH�DQG�LQFXEDWHG�IRU���PLQXWHV�7KH�LQLWLDO�UHDFWLRQ�ZLOO�UHVXOW�LQ�WKH�
�FOHDYDJH�RI�PHWKLRQLQH��\LHOGLQJ�D�GLSHSWLGH�SURGXFW��*O\�3UR�$0&��0HW$3�LV�WKHQ�LQDFWLYDWHG�
�E\�KHDWLQJ�WKH�UHDFWLRQ�WR������R��&�IRU���PLQ�DQG�FRROHG��RQ�LFH�IRU�DQ�DGGLWLRQDO���PLQ��'HWHFWLRQ�
�RI�WKH�GLSHSWLGH�SURGXFW�LV�FDUULHG�RXW�YLD�WZR�RUWKRJRQDO�PHWKRGV��GHJUDGDWLRQ�RI�WKH�GLSHSWLGH�
�SURGXFW�YLD�'33,9�SURWHDVH�DQG�WDUJHWHG�/&�06�DQDO\VLV�RI�WKH�GLSHSWLGH�SURGXFW��,QFXEDWLRQ�RI�
�WKH�UHDFWLRQ�PL[WXUH�ZLWK�D�'33,9�VROXWLRQ�DW�URRP�WHPSHUDWXUH�IRU����PLQXWHV�UHVXOWV�LQ�WKH�
�K\GURO\VLV�RI�WKH�GLSHSWLGH�DQG�UHOHDVH�DPLGR�PHWK\OFRXPDULQ��ZKLFK�LV�PHDVXUHG�DW���������
�QP�H[FLWDWLRQ�HPLVVLRQ�RQ�D�7HFDQ�6SDUN�PLFURSODWH�UHDGHU��7KH�UHOHDVH�RI�$0&��PHDVXUHG�YLD�
�IOXRUHVFHQFH��FRUUHVSRQGV�WR�WKH�DFWLYLW\�RI�WKH�0HW$3�XQGHU�DQDO\VLV��$OWHUQDWLYHO\��WKH�
�GLSHSWLGH�$0&�SURGXFW�LV�PHDVXUHG�YLD�/&�06��XVLQJ�D�VWDQGDUG��6LJPD�$OGULFK�*������WR�
�TXDQWLI\�0HW$3�DFWLYLW\��%RWK�DQDO\VLV�PHWKRGV�KDYH�EHHQ�SURYHQ�WR�\LHOG�FRPSDUDEOH�VLJQDOV��
�YDOLGDWLQJ�HLWKHU�PHWKRG�DV�D�WRRO�FKDUDFWHUL]LQJ�HQ]\PH�DFWLYLW\��

�0HW$3��HQ]\PDWLF�DVVD\�EDFNJURXQG�FRQWUROV�
�$V�LV�W\SLFDO�LQ�HQ]\PH�NLQHWLFV��WKH�LQLWLDO�UDWH�RI�HQ]\PH�K\GURO\VLV�LV�XVHG�WR�PHDVXUH�HQ]\PH�
�DFWLYLW\��ZLWK�EDFNJURXQG�K\GURO\VLV�EHLQJ�VXEWUDFWLQJ�IURP�WKH�HQ]\PDWLF�RXWSXW�WR�REVHUYH�
�DFFXUDWH�0HW$3�DFWLYLW\��%DFNJURXQG�FRQWUROV�ZHUH�YHWWHG�E\�UHPRYLQJ�NH\�UHDJHQWV�IURP�WKH�
�UHDFWLRQ�PL[WXUH�WR�HQVXUH�WKDW�DFWLYLW\�ZDV�GHSHQGHQW�RQ�WKH�H[SHFWHG�DJHQWV��VXEVWUDWH��
�HQ]\PH��FR�IDFWRUV��DQG�ZKHQ�DQ\�RQH�ZDV�QRW�SUHVHQW��HQ]\PH�DFWLYLW\�DERYH�EDFNJURXQG�ZDV�
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�QRW�REVHUYHG���$OO�0HW$3�HQ]\PHV�WHVWHG�WROHUDWHG�XS�WR�����'062�DQG�����0HWKDQRO�ZLWKRXW�
�VLJQLILFDQW�HQ]\PH�LQDFWLYDWLRQ��

�7ZR�DGGLWLRQDO�FRQWUROV�ZHUH�HVWDEOLVKHG�WR�FRQILUP�WKDW�REVHUYHG�LQKLELWLRQ�LV�VSHFLILF�WR�0HW$3�
�DQG�QRW�WKH�'33,9�SURWHDVH�XVHG�LQ�WKH�FRORULPHWULF�UHDGRXW��)LUVW��ELRDFWLYH�IUDFWLRQV�PROHFXOHV�
��LQFOXGLQJ�PHWDSHSWLQ�%��ZHUH�LQFXEDWHG�ZLWK�WKH�GLSHSWLGH�SURGXFW�DQG�WKH�'33,9�SURWHDVH��,Q�
�DOO�FDVHV��WKH�IUDFWLRQV�PROHFXOHV�VKRZHG�QR�LQKLELWLRQ�RI�WKH�K\GURO\VLV�RI�WKH�GLSHSWLGH�E\�WKH�
�'33,9�SURWHDVH�DQG�UHOHDVH�RI�$0&��LQGLFDWLQJ�WKDW�WKH�REVHUYHG�LQKLELWLRQ�LV�VSHFLILF�WR�0HW$3��
�6HFRQG��WR�DGGUHVV�FRQFHUQV�DERXW�SRWHQWLDO�IDOVH�SRVLWLYHV�ZLWK�WKH�FRORULPHWULF�DVVD\��/&�06�
�DQDO\VLV�ZDV�DOVR�XVHG�WR�FRQILUP�WKH�LQFUHDVH�LQ�WKH�0HW$3�FOHDYDJH�SURGXFW��*3�$0&��LQ�
�SRVLWLYH�FRQWURO�UHDFWLRQV��

�)LQDOO\���6��DOEXV��IHUPHQWDWLRQ�H[WUDFWV�FDQ�KDYH�RYHUODS��LQ�IOXRUHVFHQFH�ZLWK�WKH�$0&�UHDGRXW�
�XVHG�WR�PHDVXUH�DFWLYLW\�LQ�WKH�FRORULPHWULF�DVVD\��7R�FRQWURO�IRU�WKLV�SRWHQWLDO�LQWHUIHUHQFH��DQ�
�LQKLELWRU�FRQWURO�ZDV�HVWDEOLVKHG�E\�LQFXEDWLQJ�WKH�WHVW�LQKLELWRU�LQ�WKH�DFWLYDWLRQ�EXIIHU�DQG�
�PHDVXULQJ�LWV�IOXRUHVFHQFH��7KLV�YDOXH�ZDV�WKHQ�VXEWUDFWHG�IURP�WKH�0HW$3�LQKLELWRU�UHDFWLRQ�WR�
�GHWHUPLQH�WKH�WUXH�LPSDFW�RI�WKH�LQKLELWRU�RQ�HQ]\PH�DFWLYLW\��&RQYHUVHO\���6��DOEXV��H[WUDFWV�PD\�
�DOVR�FDXVH�QRQ�VSHFLILF�LQKLELWLRQ�DW�UHODWLYHO\�KLJK�FRQFHQWUDWLRQ�ZLWKLQ�WKH�DVVD\��:H�
�GHWHUPLQHG�WKDW���������PJ�PO�ZDV�DQ�DFFHSWDEOH�UDQJH�IRU�WKH�ZRUNLQJ�FRQFHQWUDWLRQ�RI�
�H[WUDFWV�IUDFWLRQV�WKDW�HQDEOH�WKH�GHWHFWLRQ�RI�LQKLELWLRQ�ZKLOH�PDLQWDLQLQJ�UHODWLYHO\�ORZ�
�EDFNJURXQG�IOXRUHVFHQFH��

�6DPSOH�3UHSDUDWLRQ�IRU�83/&�06�06�DQDO\VLV�
�7KUHH�P/�RI�IHUPHQWDWLRQ�EURWK�ZDV�H[WUDFWHG�WZLFH�ZLWK���P/�HWK\O�DFHWDWH��+3/&�JUDGH��
�)LVFKHU��E\�VKDNLQJ�IRU���PLQXWH�DW������USP�IROORZHG�E\�VRQLFDWLRQ�IRU����PLQXWHV��6DPSOHV�
�ZHUH�FHQWULIXJHG��DQG�WKH�RUJDQLF�OD\HU�ZDV�FROOHFWHG�DQG�SRROHG�WR�\LHOG���P/�RI�H[WUDFW��7KH�
�HWK\O�DFHWDWH�ZDV�UHPRYHG�XQGHU�UHGXFHG�SUHVVXUH�LQ�D�6SHHGYDF�6DYDQW��7KHUPR���'U\�
�VDPSOHV�ZHUH�VXVSHQGHG�LQ�����X/�PHWKDQRO��/&�06�JUDGH��)LVKHU��DQG�WUDQVIHUUHG�WR�+3/&�
�YLDOV��$�SRROHG�VDPSOH�IRU�HDFK�PHGLXP�ZDV�JHQHUDWHG�E\�FRPELQLQJ����X/�DOLTXRWV�IURP�
�UHSOLFDWH�VDPSOHV�RI�HDFK�PHGLXP�W\SH��

�83/&�06��06��GDWD�DFTXLVLWLRQ�
�6DPSOHV�ZHUH�VXEMHFWHG�WR�XOWUD�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\�PDVV�VSHFWURPHWU\�RQ�D�
�4�([DFWLYH�0DVV�6SHFWURPHWHU��7KHUPR�)LVKHU��FRQQHFWHG�WR�D�9DQTXLVK�/LTXLG�
�&KURPDWRJUDSK\�V\VWHP��7KHUPR�)LVKHU���$�JUDGLHQW�RI�ZDWHU��PRELOH�SKDVH�$��DQG�DFHWRQLWULOH�
��PRELOH�SKDVH�%���HDFK�FRQWDLQLQJ������IRUPLF�DFLG��ZDV�HPSOR\HG�ZLWK�D�IORZ�UDWH�RI�����
�P/�PLQ�RQ�D�=RUED[�(FOLSVH�3OXV�&���55+'�����[����PP�������P�FROXPQ��$JLOHQW���RSHUDWHG�DW�
���&��7KH�JUDGLHQW�VWDUWHG�DW����PRELOH�SKDVH�%��KROGLQJ�IRU���PLQ��IROORZHG�E\�D�OLQHDU�JUDGLHQW�
�WR������PRELOH�SKDVH�%�RYHU���PLQXWHV��DQG�WKHQ�KHOG�DW������PRELOH�SKDVH�%�IRU���PLQXWHV��
�UHWXUQLQJ�WR�LQLWLDO�FRQGLWLRQV�RYHU�����PLQ�DQG�KROGLQJ�IRU�����PLQ�IRU�D�WRWDO�UXQ�WLPH�RI����PLQ��
�7KH�PDVV�VSHFWURPHWHU�ZDV�RSHUDWHG�DW�VSUD\�YROWDJH������N9��FDSLOODU\�WHPSHUDWXUH�������
�VKHDWK�JDV�IORZ�UDWH������DX[LOLDU\�JDV�IORZ�UDWH������6�OHQV�5)�OHYHO������)XOO�VFDQ�PDVV�VSHFWUD�
�ZHUH�DFTXLUHG�LQ�SRVLWLYH�DQG�QHJDWLYH�LRQL]DWLRQ�PRGH�IURP�P�]����������DW���.�UHVROXWLRQ�
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�DQG�$&*�WDUJHW�RI��H�������DQG�PD[LPXP�LRQ�ILOO�WLPH�RI�����PV��'DWD�GHSHQGHQW�06��VSHFWUD�ZHUH�
�DFTXLUHG�LQ�SRVLWLYH�DQG�QHJDWLYH�LRQL]DWLRQ�PRGH�IRU�SRROHG�VDPSOHV��FROOHFWLQJ�D�IXOO�06�VFDQ�
�IURP�P�]����������DW���.�UHVROXWLRQ�DQG�$&*�WDUJHW�RI��H�������7KH�WRS�ILYH�PRVW�DEXQGDQW�LRQV�
�SHU�VFDQ�ZHUH�VHOHFWHG�IRU�06�06�ZLWK�D�UHVROXWLRQ�RI�����.�DQG�$&*�WDUJHW�RI��H�������DQG�
�VWHSSHG�FROOLVLRQ�HQHUJLHV�RI��������DQG����1&(��0D[LPXP�LRQ�ILOO�WLPH�ZDV����PV��G\QDPLF�
�H[FOXVLRQ�ZDV���VHF��DQG�DQ�LVRODWLRQ�ZLQGRZ�RI���P�]�ZDV�XVHG��

�8QWDUJHWHG�'DWD�DQDO\VLV�
�3RVLWLYH�DQG�QHJDWLYH�LRQL]DWLRQ�PRGH�GDWDVHWV�ZHUH�REWDLQHG�E\�DFTXLULQJ�IXOO�VFDQ�PRGH�GDWD�
�RI�HDFK�VDPSOH��DV�ZHOO�DV�GDWD�GHSHQGHQW�06��GDWD�RI�HDFK�SRROHG�VDPSOH��5DZ�GDWD�ZHUH�
�H[SRUWHG�WR�&RPSRXQG�'LVFRYHUHU�6RIWZDUH��Y�����7KHUPR��IRU�GHFRQYROXWLRQ��DOLJQPHQW�DQG�
�DQQRWDWLRQ��3XWDWLYH�QRYHO�IHDWXUH�GHUHSOLFDWLRQ�ZDV�SHUIRUPHG�DJDLQVW�DQ�LQ�KRXVH�GDWDEDVH�RI�
�SUHYLRXVO\�DFTXLUHG�IHDWXUHV��XVLQJ�D�FXVWRP�3\WKRQ�VFULSW�ZKLFK�PDWFKHG�IHDWXUHV�ZLWKLQ�D�
�PDVV�DQG�UHWHQWLRQ�WLPH�WKUHVKROG�RI���SSP�DQG�����PLQ��UHVSHFWLYHO\��06��GDWD�ZHUH�FRQYHUWHG�
�WR�P]PO�IRUPDW�XVLQJ�&RPSRXQG�'LVFRYHUHU�DQG�H[SRUWHG�WR�2PHWD�/DEV�)ORZ�$QDO\VLV�
�3ODWIRUP��0ROHFXODU�QHWZRUNLQJ�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�WKH�&ODVVLFDO�1HWZRUNLQJ�
�ZRUNIORZ��VHH�VXSSOHPHQWDO�LQIRUPDWLRQ�IRU�ZRUNIORZ�SDUDPHWHUV���06��VSHFWUD�RI�UHODWHG�
�FRPSRXQGV�ZHUH�JURXSHG�ZLWKLQ�WKH�GDWDVHW�DFFRUGLQJ�WR�VLPLODULW\��DQG�VHDUFKHG�DJDLQVW�
�UHIHUHQFH�VSHFWUDO�OLEUDULHV��*136��1,67��0R1D���

�([WUDFWLRQ�0HWKRGRORJ\�IRU�2UWKRJRQDO�)UDFWLRQDWLRQ�

�=<0������7KH���/�RI��=<0�����DQG���/�RI�HPSW\�SODVPLG��FRQWURO�ZHUH�SURFHVVHG�LGHQWLFDOO\��
�%DFWHULDO�FHOOV�ZHUH�ILUVW�UHPRYHG�YLD�FHQWULIXJDWLRQ�������530�����PLQ��DQG�GLVFDUGHG��7KH�
�FODULILHG�EURWK�ZDV�H[WUDFWHG�ZLWK�D�����Z�Y��DGGLWLRQ�RI�DFWLYDWHG�+3���UHVLQ��DQG�DOORZHG�WR�
�JHQWO\�VWLU�RYHUQLJKW��7KH�UHVLQ�ZDV�ILOWHUHG�IURP�WKH�DTXHRXV�EURWK��WKHQ�H[WUDFWHG�ZLWK�
�PHWKDQRO����î���/���IROORZHG�E\�DFHWRQH����î���/���7KH�RUJDQLF�IUDFWLRQV�ZHUH�FRPELQHG�DQG�
�GULHG��LQ�YDFXR����\LHOGLQJ�D�WKLFN�DTXHRXV�VXVSHQVLRQ���7KH�DTXHRXV�OD\HUV�ZHUH�GLOXWHG�WR�����P/�
�XVLQJ�GLVWLOOHG�ZDWHU��DQG�WKHQ�SDUWLWLRQHG�DJDLQVW�DQ�HTXDO�YROXPH�RI�HWK\O�DFHWDWH�IRXU�WLPHV����
�î�����P/���7KH�HWK\O�DFHWDWH�OD\HU�ZDV�GULHG�RYHU�0J62�������ILOWHUHG��DQG�ILQDOO\�GULHG��LQ�YDFXR�
�\LHOGLQJ��������PJ�RI�%*&�H[WUDFW��DQG��������PJ�RI�FRQWURO�H[WUDFW��7KHVH�H[WUDFWV�ZHUH�
�UHFRQVWLWXWHG�LQ�PHWKDQRO��DQG�SDUWLWLRQHG�LQWR�WKUHH�URXJKO\�HTXDO�DOLTXRWV�IRU�IUDFWLRQDWLRQ��

�=<0�����=<0�������/��DQG�WKH�FRUUHVSRQGLQJ�HPSW\�YHFWRU�FRQWURO����/��ZHUH�H[WUDFWHG�
�LGHQWLFDOO\��&HOOV�ZHUH�UHPRYHG�YLD�FHQWULIXJDWLRQ�������530�����PLQ��DQG�GLVFDUGHG��&ODULILHG�
�EURWK�ZDV�H[WUDFWHG�YLD�OLTXLG�OLTXLG�SDUWLWLRQ�XVLQJ�DQ�HTXDO�YROXPH�RI�D�����PL[WXUH�RI�HWK\O�
�DFHWDWH�DQG�LVRSURSDQRO����î���/���2UJDQLF�OD\HUV�ZHUH�FRPELQHG��DQG�GULHG��LQ�YDFXR��\LHOGLQJ�
�WKLFN�EURZQ�RLO\�UHVLGXHV�IRU�ERWK�=<0����DQG�LWV�FRUUHVSRQGLQJ�HPSW\�YHFWRU�FRQWURO��������J�
�DQG�������J�UHVSHFWLYHO\���7KLV�PDWHULDO�ZDV�SDUWLWLRQHG�LQWR�a����PJ�DOLTXRWV�IRU�IXUWKHU�
�SURFHVVLQJ��

�2UWKRJRQDO�)UDFWLRQDWLRQ�

�6LOLFD�IUDFWLRQDWLRQ�=<0�����)ODVK�FKURPDWRJUDSK\�ZDV�SHUIRUPHG�XVLQJ�D�%LRWDJH�6HOHNW�
�DXWRPDWHG�FKURPDWRJUDSK\�V\VWHP�XWLOL]LQJ�SUH�SDFNHG�%LRWDJH�6IDU�+&�'XR�����J��VLOLFD�
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�FROXPQV��%RWK�WKH�HPSW\�YHFWRU�FRQWURO�H[WUDFW��������PJ���DQG�WKH��=<0�����H[WUDFW���������
�PJ��ZHUH�IUDFWLRQDWHG�LGHQWLFDOO\��0DWHULDO�ZDV�IUDFWLRQDWHG�XVLQJ�D�IORZ�UDWH�RI����P/PLQ��������
�FROOHFWLQJ����P/�IUDFWLRQV����&9���0DWHULDO�ZDV�HOXWHG�XVLQJ�D�WKUHH�VROYHQW�V\VWHP��FRQVLVWLQJ�
�RI�KH[DQHV��VROYHQW�$���HWK\O�DFHWDWH��VROYHQW�%���DQG�PHWKDQRO��VROYHQW�&���7KH�FROXPQ�ZDV�
�LQLWLDWHG�ZLWK�D�OLQHDU�LQFUHDVLQJ�JUDGLHQW�IURP�����WR������VROYHQW�%�LQ�VROYHQW�$�IRU����&9V�
��)��)����7KLV�ZDV�IROORZHG�E\�DQ�LVRFUDWLF�HOXWLRQ�XVLQJ������VROYHQW�%�IRU���&9V��)����7KLV�
�ZDV�IROORZHG�E\�DQRWKHU�OLQHDU�LQFUHDVLQJ�JUDGLHQW�IURP�����WR�����VROYHQW�&�LQ�VROYHQW�%�RYHU�
���&9V��)��)����)LQDOO\��DQ�����LVRFUDWLF�ZDVK�RI�VROYHQW�&�LQ�VROYHQW�%�ZDV�SHUIRUPHG��RYHU���
�&9V��7KLV�JHQHUDWHG�DQRWKHU���IUDFWLRQV�WKDW�ZHUH�FRPELQHG�LQWR�D�VLQJOH�ILQDO�IUDFWLRQ��)����
�\LHOGLQJ���IUDFWLRQV�LQ�WRWDO�IRU�ERWK�H[WUDFWV��)UDFWLRQV�ZHUH�GULHG�LQWR�SUH�ZHLJKHG�YLDOV�XVLQJ�D�
�9���WRXFK�HYDSRUDWRU��%LRWDJH��FRXSOHG�ZLWK�D�*LOVRQ�*;�����/LTXLG�+DQGOHU��)UDFWLRQV�ZHUH�
�XVHG�IRU�ERWK�ELRDFWLYLW\�DVVHVVPHQW�DQG�06�DQDO\VLV�ZLWKRXW�IXUWKHU�SXULILFDWLRQ��)RU�
�06�DQDO\VLV��VDPSOHV�ZHUH�EURXJKW�XS�WR�D�FRQFHQWUDWLRQ�RI���PJP/��������DQG����/�ZDV�LQMHFWHG�
�DQG�UXQ�XVLQJ�WKH�83/&�06�06�PHWKRG�SUHYLRXVO\�GHVFULEHG��

�6LOLFD�IUDFWLRQDWLRQ�=<0�����)UDFWLRQDWLRQV�ZHUH�FDUULHG�RXW�LGHQWLFDOO\�IRU�ERWK�=<0�����������
�PJ��DQG�HPSW\�YHFWRU�FRQWURO��������PJ���)UDFWLRQDWLRQV�DQG�06�DQDO\VHV�ZHUH�FDUULHG�RXW�
�XVLQJ�WKH�VDPH�JUDGLHQW��IORZ�UDWH��GU\LQJ�SURFHGXUH��DQG�VDPSOH�FRQFHQWUDWLRQV�DV�SUHYLRXVO\�
�GHVFULEHG�IRU�=<0�����7KH�RQO\�GLIIHUHQFH�ZDV����P/�IUDFWLRQV�ZHUH�FROOHFWHG����&9�HDFK���
�8VLQJ�WKH�VDPH�VROYHQWV�DQG�JUDGLHQW�IRU�HOXWLRQ�DV�GHVFULEHG�DERYH��WKH�IUDFWLRQV�ZHUH�
�JHQHUDWHG�DV�IROORZV�����&9V��)��)������&9V��)��)����DQG���&9V��)��)�����7KH�ILQDO���&9V�
�ZHUH�GLYLGHG�LQWR���î���&9�EORFNV��)���)�����\LHOGLQJ����IUDFWLRQV�WRWDO��

�&���)UDFWLRQDWLRQ�=<0�����)ODVK�FKURPDWRJUDSK\�ZDV�SHUIRUPHG�XVLQJ�D�%LRWDJH�6HOHNW�
�DXWRPDWHG�FKURPDWRJUDSK\�V\VWHP�XWLOL]LQJ�SUH�SDFNHG�%LRWDJH�6IDU�&�������J��FROXPQV��%RWK�
�WKH�HPSW\�YHFWRU�FRQWURO�H[WUDFW��������PJ���DQG�WKH��=<0�����H[WUDFW���������PJ��ZHUH�
�IUDFWLRQDWHG�LGHQWLFDOO\��0DWHULDO�ZDV�HOXWHG�ZLWK�D�IORZ�UDWH�RI����P/PLQ����� �FROOHFWLQJ����P/�
�IUDFWLRQV����&9���0DWHULDO�ZDV�HOXWHG�XVLQJ�D�VLPSOH���VROYHQW�JUDGLHQW�V\VWHP��FRQVLVWLQJ�RI�
�+�����2��VROYHQW�$���PHWKDQRO��VROYHQW�%���7KH�FROXPQ��ZDV�ILUVW�ZDVKHG�ZLWK����PHWKDQRO�LQ�+�����2�
�IRU���&9��)����IROORZHG�E\�D�OLQHDU�LQFUHDVLQJ�JUDGLHQW�IURP����WR������PHWKDQRO�RYHU����&9�
��)��)����$Q�LVRFUDWLF�JUDGLHQW�RI������PHWKDQRO�ZDV�WKHQ�DSSOLHG�IRU���&9��DQG�WKLV�ZDVK�ZDV�
�FRPELQHG�LQWR�RQH�IUDFWLRQ��)����\LHOGLQJ���IUDFWLRQV�LQ�WRWDO��)UDFWLRQV�ZHUH�GULHG�LQWR�
�SUH�ZHLJKHG�YLDOV�XVLQJ�D�9���WRXFK�HYDSRUDWRU��%LRWDJH���FRXSOHG�ZLWK�D�*LOVRQ�*;�����
�/LTXLG�+DQGOHU��)UDFWLRQV�ZHUH�XVHG�IRU�ERWK�ELRDFWLYLW\�DVVHVVPHQW�DQG�06�DQDO\VLV�ZLWKRXW�
�IXUWKHU�SXULILFDWLRQ��)RU�06�DQDO\VLV��VDPSOHV�ZHUH�EURXJKW�XS�WR�D�FRQFHQWUDWLRQ�RI���PJP/��������
�DQG����/�ZDV�LQMHFWHG�DQG�UXQ�XVLQJ�WKH�83/&�06�06�PHWKRG�SUHYLRXVO\�GHVFULEHG��

�&���)UDFWLRQDWLRQ�=<0�����)UDFWLRQDWLRQV�ZHUH�FDUULHG�RXW�LGHQWLFDOO\�IRU�ERWK�=<0�����������
�PJ��DQG�HPSW\�YHFWRU�FRQWURO��������PJ���)UDFWLRQDWLRQV�DQG�06�DQDO\VHV�ZHUH�FDUULHG�RXW�
�XVLQJ�WKH�VDPH�JUDGLHQW��IORZ�UDWH��GU\LQJ�SURFHGXUH��DQG�VDPSOH�FRQFHQWUDWLRQV�DV�=<0�����
�7KH�RQO\�GLIIHUHQFH�ZDV����P/�IUDFWLRQV�ZHUH�FROOHFWHG����&9�HDFK���8VLQJ�WKH�VDPH�VROYHQWV�
�DQG�JUDGLHQW�IRU�HOXWLRQ�DV�GHVFULEHG�DERYH��WKH�IUDFWLRQV�ZHUH�JHQHUDWHG�DV�IROORZV����&9V�
��)��)����DQG����&9V��)��)�����7KH�ILQDO���&9V�ZHUH�GLYLGHG�LQWR���î���&9�EORFNV��)���)�����
�\LHOGLQJ����IUDFWLRQV�WRWDO��
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�/+���6L]H�([FOXVLRQ�)UDFWLRQDWLRQ�=<0�����6L]H�H[FOXVLRQ�FKURPDWRJUDSK\�ZDV�SHUIRUPHG�
�ZLWK�D�KDQG�SDFNHG�/+���FROXPQ�������î�����PP���%RWK�WKH�HPSW\�YHFWRU�FRQWURO�H[WUDFW��������
�PJ���DQG�WKH��=<0�����H[WUDFW���������PJ��ZHUH�IUDFWLRQDWHG��LGHQWLFDOO\��0DWHULDO�ZDV�HOXWHG�
�XVLQJ������PHWKDQRO��ZLWK�D�IORZ�UDWH�RI�a����P/PLQ����� �FROOHFWLQJ���P/�IUDFWLRQV�RYHU�����P/��
�\LHOGLQJ����LQLWLDO�IUDFWLRQV��'XH�WR�PDVV�OLPLWDWLRQV��IUDFWLRQV������ZHUH�FRPELQHG��)����DQG�WKHQ�
�HYHU\���IUDFWLRQV�IURP��������)��)����DQG�DOO�UHPDLQLQJ�IUDFWLRQV���������ZHUH�FRPELQHG��)���
�\LHOGLQJ���IUDFWLRQV�LQ�WRWDO��)UDFWLRQV�ZHUH�GULHG�XVLQJ�D�6SHHGYDF�9DFXXP�&RQFHQWUDWRU��DQG�
�XVHG�ZLWKRXW�IXUWKHU�SXULILFDWLRQ��)RU�06�DQDO\VLV��VDPSOHV�ZHUH�EURXJKW�XS�WR�D�FRQFHQWUDWLRQ�
�RI���PJP/��������DQG����/�ZDV�LQMHFWHG�DQG�UXQ�XVLQJ�WKH��83/&�06�06�PHWKRG�SUHYLRXVO\�
�GHVFULEHG��

�2UWKRJRQDO�IUDFWLRQDWLRQ�GDWD�DQDO\VLV�
�7KH�LQSXW�IHDWXUHV�IRU�WKH�3/6�DQDO\VLV�ZHUH�DOO�IHDWXUHV�IURP�WKH�JHQH�FOXVWHU�DQG�HPSW\�YHFWRU�
�VDPSOH�IRU�ZKLFK�06��GDWD�ZDV�FDSWXUHG��)HDWXUHV�WKDW�ZHUH�PRUH�WKDQ�����FRVLQH�VLPLODULW\�
�ZHUH�FRPELQHG�LQWR�D�FRQVHQVXV�VSHFWUXP��)RU�HDFK�IHDWXUH��WKH�SHDN�DUHD�ZDV�GHWHUPLQHG�YLD�
�;,&�LQWHJUDWLRQ�ZLWK�����WROHUDQFH�RQ�WKH�UHWHQWLRQ�WLPH��3HDN�DUHDV�ZHUH�WKHQ�QRUPDOL]HG�WR�
�VXP�WR�HTXDO�DPRXQWV�IRU�HDFK�IUDFWLRQ��)RU�WKH�XQLRQ�RI�DOO�������IHDWXUHV�DFURVV�DOO����
�IUDFWLRQV����IUDFWLRQV�IRU���GLIIHUHQW�IUDFWLRQDWLRQ�PHWKRGV���WKH�QRUPDOL]HG�SHDN�DUHDV�ZHUH�FDVW�
�LQWR�D�IHDWXUH�PDWUL[�RI�GLPHQVLRQ����[��������7KH�FRUUHVSRQGLQJ�ELRDFWLYLW\�YHFWRU�RI�GLPHQVLRQ�
����ZDV�FRPSRVHG�E\�WDNLQJ�WKH�DYHUDJH�LQKLELWLRQ�SHUFHQWDJH�DFURVV�WKH�WKUHH�UHSOLFDWHV�DQG�
�VXEWUDFWLQJ�WKH�LQKLELWLRQ�REVHUYHG�LQ�WKH�VDPH�IUDFWLRQ�IRU�WKH�HPSW\�YHFWRU��

�$�3/6�DQDO\VLV�ZLWK�WZR�FRPSRQHQWV�DQG�VWDQGDUG�VFDOLQJ�ZDV�WKHQ�UXQ�RQ�WKH�UHVXOWLQJ�IHDWXUH�
�PDWUL[�DQG�ELRDFWLYLW\�PDWUL[��DQG�WKH�VHOHFWLYLW\�UDWLRV�ZHUH�FDOFXODWHG�IURP�WKH�UHVXOWLQJ�3/6�
�YHFWRUV��)HDWXUHV�ZLWK�D�GLIIHUHQWLDO�H[SUHVVLRQ�UDWLR��PHDVXUHG�E\�WKH�VXP�RI�SHDN�DUHDV�
�DFURVV�DOO�IUDFWLRQV�IRU�WKH�JHQH�FOXVWHU�VDPSOH�YHUVXV�HPSW\�YHFWRU�FRQWURO��OHVV�WKDQ�����ZHUH�
�GLVUHJDUGHG��7KH�UHVXOWLQJ�VHOHFWLYLW\�UDWLRV�ZHUH�WDEOHG�DQG�SORWWHG�RQ�WRS�RI�D�QHWZRUN�SORW�IRU�
�DOO�JHQH�FOXVWHU�DQG�HPSW\�YHFWRU�VDPSOH�IHDWXUHV�E\�VFDOLQJ�WKH�QRGH�VL]H�IRU�HDFK�IHDWXUH��
�7KH�QHWZRUN�SORW�ZDV�UXQ�ZLWK�D�FRVLQH�VLPLODULW\�FXWRII�RI��������PDWFKLQJ�SHDNV�DQG�D�
�PD[LPXP�VKLIW�RI������

�3XULILFDWLRQ�

�$IWHU���GD\�FXOWXUH�SHULRG�����/�ZRUWK�FXOWXUH�IODVNV�ZHUH�FRPELQHG�DQG�FHQWULIXJHG��������USP�
�IRU���ௗPLQ���0\FHOLDO�SRUWLRQ�ZDV�GLVFDUGHG��7KH�VXSHUQDWDQW�ZDV�DEVRUEHG�RQWR�+3���UHVLQ�
������Z�Y��IRU�RYHUQLJKW�RYHUKHDG�VSLQQLQJ��7KH�UHVLQ�ZDV�ILOWHUHG�DQG�ZDVKHG�ZLWK�ZDWHU�WR�
�UHPRYH�ZDWHU�VROXEOH�FRPSRQHQWV��7KH�UHVLQ�ZDV�H[WUDFWHG�LQ�HWK\O�DFHWDWH����/���7KH�RUJDQLF�
�SKDVH�ZDV�GULHG��LQ�YDFXR��WR�DIIRUG���J�RI�GULHG�FUXGH��H[WUDFW��

�&UXGH�H[WUDFW�ZDV�VXEMHFWHG�WR�D�VL]H�H[FOXVLRQ�FROXPQ�SDFNHG�ZLWK�6HSKDGH[�/+����DQG�
�PDQXDOO\�IUDFWLRQDWHG�LQ�PHWKDQRO��7KH�IUDFWLRQV�ZHUH�VFUHHQHG�E\�/&�06��)UDFWLRQV�FRQWDLQLQJ�
�WKH�FRPSRXQGV�RI�LQWHUHVW�ZHUH�FRPELQHG�DQG�VXEMHFWHG�WR�SUHSDUDWLYH�+3/&�SXULILFDWLRQV��7KH�
�ILUVW�URXQG�RI�+3/&�ZDV�FRQGXFWHG�RQ�D�&���FROXPQ������;����PP��SKHQRPHQH[��&+�����&1�+�����2��
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������)$��IORZ�UDWH���PO�PLQ���DQG�WKH�VHFRQG�URXQG�RI�+3/&�ZDV�FRQGXFWHG�RQ�D�SKHQ\O�KH[\O�
�FROXPQ������;����PP��SKHQRPHQH[��&+�����&1�+�����2������)$���IORZ�UDWH���PO�PLQ���

�+3/&�IUDFWLRQV�FRQWDLQLQJ�WKH�FRPSRXQGV�ZHUH�GULHG�WR�\LHOG�PHWDSHSWLQ�$����PJ��DQG�
�PHWDSHSWLQ�%�����PJ���

�0HWDSHSWLQ�$��ZKLWH��DPRUSKRXV�SRZGHU������+5�(6,06�P�]� �����������>0���+@���� ��FDOFG�IRU�
�&������+������1�����2���������������������

�0HWDSHSWLQ�%��ZKLWH��DPRUSKRXV�SRZGHU������+5�(6,06�P�]� �����������>0���+@���� ��FDOFG�IRU�
�&������+������1�����2���������������������

�105�

�$OO�105�VSHFWUD�ZHUH�UHFRUGHG�RQ�D�%UXNHU�$9$1&(�DW����ௗ0+]�������+ௗ105��DQG����ௗ0+]�
��������&ௗ105���105�VSHFWUD�ZHUH�DQDO\]HG�XVLQJ�0HVWUHQRYD���������

�0RQRPHU�V\QWKHVLV�

�7KH�10H�0RQRPHU�ZDV�GHVLJQHG�ZLWK�DOO�QDWXUDO��/��VWHUHRFKHPLVWU\�EDVHG�XSRQ�ELRLQIRUPDWLF�
�SUHGLFWLRQ�IURP�WKH�HQFRGHG�%*&�DQDO\VLV��7KH�PROHFXOH�ZDV�V\QWKHVL]HG�LQ���VWHSV�DV�
�LOOXVWUDWHG�LQ�)LJXUH�6���'HWDLOHG�V\QWKHWLF�SURFHGXUHV�DQG�FKDUDFWHUL]DWLRQ�DUH�DYDLODEOH�XSRQ�
�UHTXHVW��

�0ROHFXODU�PRGHOLQJ�

�0RVW�VLPXODWLRQV�ZHUH�FDUULHG�RXW�ZLWK�6FKURGLQJHU¶V�6PDOO�0ROHFXOH�'UXJ�'LVFRYHU\�6XLWH�
�YHUVLRQ���������*OLGH�GRFNLQJ�ZDV�GRQH�ZLWK�WKH�;3�SUHFLVLRQ�OHYHO�ZLWK�SRVW�GRFNLQJ�
�PLQLPL]DWLRQ�DQG�DSSO\LQJ�VWUDLQ�FRUUHFWLRQ�WHUPV��00�*%6$�FDOFXODWLRQV�XVHG�WKH�96*%�
�VROYDWLRQ�PRGHO�ZLWK�23/6��IRUFH�ILHOG��,QGXFHG�ILW�GRFNLQJ�ZDV�FRPSOHWHG�ZLWK�WKH�([WHQGHG�
�6DPSOLQJ�SURWRFRO�JHQHUDWLQJ�XS�WR����SRVHV��UHVLGXHV�ZLWKLQ����c�RI�WKH�ELQGLQJ�VLWH�ZHUH�
�UHILQHG��DQG�WKH�GRFNLQJ�ZDV�GRQH�ZLWK�63�SUHFLVLRQ��-DJXDU�ZDV�XVHG�IRU�WKH�S.D�FDOFXODWLRQV�
�XVLQJ�%�/<3�'��OHYHO�RI�WKHRU\�DQG�WKH�����*�EDVLV�VHW��0DHVWUR�ZDV�XVHG�IRU�FRPSXWLQJ�
�GLSROHV�DQG�PDNLQJ�WKH�GRFNLQJ�SRVHV�SLFWXUH��7KH�GLSROH�UHVXOW�ZDV�D�SURSHUW\�FDOFXODWHG�E\�
�4LN3URS��'HVPRQG�ZDV�XVHG�IRU�WKH�PROHFXODU�G\QDPLFV�VLPXODWLRQV�XVLQJ�WKH�137�HQVHPEOH�
�FODVV�DW�D�WHPSHUDWXUH�RI�����.�IRU���QV��3'%�,'��/=&�ZDV�XVHG�IRU�WKH�+V0HW$3��SURWHLQ��

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

The copyright holder for this preprintthis version posted June 12, 2022. ; https://doi.org/10.1101/2022.06.11.495772doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.11.495772
http://creativecommons.org/licenses/by-nd/4.0/


�5HIHUHQFHV�
�$WDQDVRY��$�*���=RWFKHY��6�%���'LUVFK��9�0���WKH�,QWHUQDWLRQDO�1DWXUDO�3URGXFW�6FLHQFHV�
�7DVNIRUFH��DQG�6XSXUDQ��&�7����������1DWXUDO�SURGXFWV�LQ�GUXJ�GLVFRYHU\��DGYDQFHV�DQG�
�RSSRUWXQLWLHV��1DW��5HY��'UXJ�'LVFRY������������±������KWWSV���GRL�RUJ���������V����������������]����

�%HJQLQL��)���3RRQJDYDQDP��9���2YHU��%���&DVWDOGR��0���*HVFKZLQGQHU��6���-RKDQVVRQ��3���7\DJL��
�0���7\UFKDQ��&���:LVVOHU��/���6M|��3���HW�DO����������0LQLQJ�1DWXUDO�3URGXFWV�IRU�0DFURF\FOHV�WR�
�'UXJ�'LIILFXOW�7DUJHWV��-��0HG��&KHP�������������±������
�KWWSV���GRL�RUJ���������DFV�MPHGFKHP��F���������

�%HKDQ��)�0���,RULR��)���3LFFR��*���*RQoDOYHV��(���%HDYHU��&�0���0LJOLDUGL��*���6DQWRV��5���5DR��<���
�6DVVL��)���3LQQHOOL��0���HW�DO����������3ULRULWL]DWLRQ�RI�FDQFHU�WKHUDSHXWLF�WDUJHWV�XVLQJ�
�&5,635±&DV��VFUHHQV��1DWXUH������������±������KWWSV���GRL�RUJ���������V��������������������

�%HUJQHU��$���&RFNFURIW��;���)LVFKHU��*���*ROOQHU��$���+HOD��:���.RXVHN��5���0DQWRXOLGLV��$���0DUWLQ��
�/�-���0D\HU��0���0�OODXHU��%���HW�DO����������.5$6�%LQGHUV�+LGGHQ�LQ�1DWXUH��&KHP��±�(XU��-���������
������±��������KWWSV���GRL�RUJ���������FKHP��������������

�%LOOLFK��$���DQG�=RFKHU��5����������1�0HWK\OWUDQVIHUDVH�IXQFWLRQ�RI�WKH�PXOWLIXQFWLRQDO�HQ]\PH�
�HQQLDWLQ�V\QWKHWDVH��%LRFKHPLVWU\������������±�������KWWSV���GRL�RUJ���������EL�����D�������

�%OLQ��.���6KDZ��6���6WHLQNH��.���9LOOHEUR��5���=LHPHUW��1���/HH��6�<���0HGHPD��0�+���DQG�:HEHU��7��
���������DQWL60$6+������XSGDWHV�WR�WKH�VHFRQGDU\�PHWDEROLWH�JHQRPH�PLQLQJ�SLSHOLQH��1XFOHLF�
�$FLGV�5HV���������:��±:�����KWWSV���GRL�RUJ���������QDU�JN]�������

�%UDG\��6�)����������&RQVWUXFWLRQ�RI�VRLO�HQYLURQPHQWDO�'1$�FRVPLG�OLEUDULHV�DQG�VFUHHQLQJ�IRU�
�FORQHV�WKDW�SURGXFH�ELRORJLFDOO\�DFWLYH�VPDOO�PROHFXOHV��1DW��3URWRF������������±������
�KWWSV���GRL�RUJ���������QSURW�������������

�&DHVDU��/�.���.HOORJJ��-�-���.YDOKHLP��2�0���DQG�&HFK��1�%����������2SSRUWXQLWLHV�DQG�
�/LPLWDWLRQV�IRU�8QWDUJHWHG�0DVV�6SHFWURPHWU\�0HWDERORPLFV�WR�,GHQWLI\�%LRORJLFDOO\�$FWLYH�
�&RQVWLWXHQWV�LQ�&RPSOH[�1DWXUDO�3URGXFW�0L[WXUHV��-��1DW��3URG������������±�����
�KWWSV���GRL�RUJ���������DFV�MQDWSURG��E���������

�&DURQ��*���'LJLHVL��9���6RODUR��6���DQG�(UPRQGL��*����������)OH[LELOLW\�LQ�HDUO\�GUXJ�GLVFRYHU\��
�IRFXV�RQ�WKH�EH\RQG�5XOH�RI���FKHPLFDO�VSDFH��'UXJ�'LVFRY��7RGD\�����������±�����
�KWWSV���GRL�RUJ���������M�GUXGLV����������������

�&KDQJ��)��<���7HUQHL��0�$���&DOOH��3�<���DQG�%UDG\��6�)����������'LVFRYHU\�DQG�V\QWKHWLF�
�UHIDFWRULQJ�RI�WU\SWRSKDQ�GLPHU�JHQH�FOXVWHUV�IURP�WKH�HQYLURQPHQW��-��$P��&KHP��6RF����������
������±��������KWWSV���GRL�RUJ���������MD������S����

�&KHYUHWWH��0�*���*XWLpUUH]�*DUFtD��.���6HOHP�0RMLFD��1���$JXLODU�0DUWtQH]��&���<DxH]�2OYHUD��$���
�5DPRV�$ERLWHV��+�(���+RVNLVVRQ��3�$���DQG�%DURQD�*yPH]��)����������(YROXWLRQDU\�G\QDPLFV�RI�
�QDWXUDO�SURGXFW�ELRV\QWKHVLV�LQ�EDFWHULD��1DW��3URG��5HS������������±�����
�KWWSV���GRL�RUJ���������F�QS�����K����

�&KKDEUD��0����������%LRORJLFDO�WKHUDSHXWLF�PRGDOLWLHV��,Q�7UDQVODWLRQDO�%LRWHFKQRORJ\���(OVHYLHU���
�SS�����±�����
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