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$GYDQFHV�LQ�;�UD\�0LFUR�6SHFWURVFRS\�RI�+HWHURJHQHRXV�&DWDO\VWV��
�
%HUW�0��:HFNKX\VHQ���
�

���,QRUJDQLF�&KHPLVWU\�DQG�&DWDO\VLV�JURXS��'HE\H�,QVWLWXWH�IRU�1DQRPDWHULDOV�6FLHQFH��8WUHFKW�
8QLYHUVLW\��8WUHFKW��WKH�1HWKHUODQGV���
�&RUUHVSRQGLQJ�DXWKRU��E�P�ZHFNKX\VHQ#XX�QO�
��
&DWDO\VLV�LV�D�YHU\�LPSRUWDQW�WHFKQRORJ\�LQ�PRGHUQ�VRFLHW\�DV�HYLGHQFHG�E\�WKH�IDFW�WKDW�PRUH�WKDQ�����

RI�DOO�IXHOV�DQG�FKHPLFDOV�DUH�PDGH�YLD�RQH�RU�PRUH�FDWDO\WLF�UHDFWLRQV��7R�GHVLJQ�YHU\�DFWLYH��VHOHFWLYH�
DQG� VWDEOH� VROLG� FDWDO\VWV� LW� LV� QHFHVVDU\� WR� XQGHUVWDQG� KRZ� FDWDO\VWV� H[DFWO\� RSHUDWH� DQG� ZK\� WKH\�
GHDFWLYDWH�ZKHQ� D� FKHPLFDO� UHDFWLRQ� SURJUHVVHV��([SHULPHQWDO� WRROV� IRU� WKH� DQDO\VLV� RI� VROLG� FDWDO\VWV�
LQFOXGH�ERWK�PLFURVFRS\�DQG�VSHFWURVFRS\��ZKLFK�SUHIHUHQWLDOO\�FRYHU�PXOWLSOH�OHQJWK�VFDOHV���IURP�WKH�
DWRPLF�OHQJWK�VFDOH�ZKHQ�ORRNLQJ�DW�WKH�DFWLYH�VLWHV�WR�WHQV�RI�PHWUHV�ZKHQ�VWXG\LQJ�UHDFWRUV��$QDO\VLV�LV�
DOVR�UHTXLUHG�RYHU�PXOWLSOH�WLPH�VFDOHV�UDQJLQJ�IURP�WKH�WLPH�D�UHDFWDQW�QHHGV�WR�GLIIXVH�WR�WKH�DFWLYH�VLWH�
DQG�VXEVHTXHQWO\�DGVRUEV�DQG�UHDFWV�WR�WKH�WLPH�GXULQJ�ZKLFK�D�FDWDO\VW�GHDFWLYDWHV��)LQDOO\��WR�UHOLDEO\�
DVVHVV� KRZ� D� FDWDO\VW� ZRUNV� LW� LV� GHVLUDEOH� WR� VWXG\� LW� XQGHU� UHDO� FDWDO\WLF� FRQGLWLRQV�� 7KLV� SRVHV�
UHTXLUHPHQWV�WR�WKH�DSSOLHG�WHFKQLTXH�WKDW�FDQ�EH�OLPLWLQJ��EHFDXVH�KLJK�WHPSHUDWXUHV�DQG�SUHVVXUHV�DUH�
RIWHQ�QHHGHG��,W�VKRXOG�DOVR�EH�FOHDU�IURP�WKH�DERYH�WKDW�WKHUH�LV�QRW�D�VLQJOH�WHFKQLTXH�WKDW�FDQ�VDWLVI\�DOO�
WKH�QHHGV�RI�VROLG�FDWDO\VW�FKDUDFWHUL]DWLRQ��ZKLFK�PRWLYDWHV�WKH�XVH�RI�D�PXOWL�WHFKQLTXH�DSSURDFKHV���
�
$PRQJVW�WKH�FKDUDFWHUL]DWLRQ�PHWKRGV�DYDLODEOH��;�UD\�EDVHG�WHFKQLTXHV�KDYH�HVWDEOLVKHG�WKHPVHOYHV�

DV� LQHYLWDEOH� IRU� VROLG� FDWDO\VW� FKDUDFWHUL]DWLRQ�� 7KH� ODVW� \HDUV� KDYH� EHHQ� GRPLQDWHG� E\� WZR� PDLQ�
GHYHORSPHQWV��ILUVW��WKH�GHYHORSPHQW�RI�LQ�VLWX�RU�RSHUDQGR�VSHFWURVFRS\��DQG�VHFRQG��WKH�GHYHORSPHQW�
RI�KLJK�VSDWLDO�DQG�WHPSRUDO�UHVROXWLRQ�PDSSLQJ�RI�FDWDO\VW�FRPSRVLWLRQ��VWUXFWXUH�DQG�PRUSKRORJ\��,Q�
WKLV�SOHQDU\�OHFWXUH��,�ZLOO�SUHVHQW�DQ�RYHUYLHZ�RI�WKHVH�LQVWUXPHQWDO�GHYHORSPHQWV�LQ�ZKLFK�WKH�SURJUHVV�
PDGH�LQ�WKH�EURDG�ILHOG�RI�;�UD\�PLFUR�VSHFWURVFRS\��;50��IRU�LQYHVWLYDWLQJ�KHWHURJHQHRXV�FDWDO\VWV�LV�
GLVFXVVHG��7KLV�ZLOO�EH�GRQH�E\�XVLQJ� WZR�VKRZFDVH�H[DPSOHV��QDPHO\� WKH�)LVFKHU�7URSVFK�6\QWKHVLV�
�)76��FDWDO\VW�DV�DQ�DUFKHW\SLFDO�H[DPSOH�IRU�WKH�XVH�RI�RSHUDQGR�;50��DQG�WKH�)OXLG�&DWDO\WLF�&UDFNLQJ�
�)&&��FDWDO\VW�DV�DQ�H[DPSOH�WR�LOOXVWUDWH��WKH�DSSOLFDWLRQ�RI�;50�IRU�KLJK�VSDWLDO�UHVROXWLRQ�PDSSLQJ�RI�
FKHPLFDO� FRPSRVLWLRQ� DV� ZHOO� DV� VWUXFWXUH� DQG� SRURVLW\�� ,Q� ZKDW� IROORZV�� ,� ZLOO� KLJKOLJKW� RI� WKHVH�
GHYHORSPHQWV�DQG�DOVR�RIIHU�VRPH�KLVWRULFDO�SHUVSHFWLYHV�WR�SXW�WKHVH�VWXGLHV�LQ�D�EURDGHU�FRQWH[W���
�
0RVW�SUREDEO\�WKH�HDUOLHVW�VWXGLHV�XVLQJ�V\QFKURWURQ�UDGLDWLRQ�EDVHG�;50��LQYHVWLJDWHG�WKUHH�W\SHV�RI�

KHWHURJHQHRXV�FDWDO\VWV��QDPHO\�SRO\HWK\OHQH�SRO\PHUL]DWLRQ�SDUWLFOHV�K\GURWUHDWLQJ�FDWDO\VWV��DQG�)&&�
SDUWLFOHV� >���@�� )RU� VWXG\LQJ� )&&� SDUWLFOHV�� &RPSXWHG� 7RPRJUDSK\� �&7�� ZDV� FRPELQHG� ZLWK� ;�UD\�
)OXRUHVFHQFH��;5)��WRPRJUDSK\�ZLWK�D�EHDP�VL]H�RI�����P�SURGXFHG�E\�D�PHFKDQLFDO�FROOLPDWRU��%\�
XVLQJ� WKLV� VHW�XS�� WKH� GLVWULEXWLRQ� RI� WKH�PHWDO� SRLVRQV� )H�� 1L� DQG�9�� UHJXODUO\� SUHVHQW� LQ� �SDUWLDOO\��
GHDFWLYDWHG�)&&�FDWDO\VW�SDUWLFOHV��FRXOG�EH�YLVXDOL]HG�LQ�YLUWXDO�FURVV�VHFWLRQV�REWDLQHG�E\�WRPRJUDSK\��
7KHVH���'�;5)�PDSV�ZHUH�FRPSOHPHQWHG�E\�PLFURPHWUH�UHVROXWLRQ�&7�PHDVXUHPHQWV�SURYLGLQJ�D�KLJKHU�
UHVROXWLRQ�����P�[����P�SL[HO�VL]H��YLUWXDO�VOLFH�WKURXJK�DQ�)&&�SDUWLFOH��7KH�DXWKRUV�PDGH�LW�SRVVLEOH�WR�
UHYHDO�WKH�LQKRPRJHQHRXV�GLVWULEXWLRQ�RI�UHJLRQV�RI�KLJK�DQG�ORZ�FRQWUDVW�ZHUH�LQWHUSUHWHG�DV�WKH�]HROLWH�
SKDVHV� HPEHGGHG� LQ� WKH� PDWUL[� RI� DQ� )&&� FDWDO\VW� SDUWLFOH� FRQVLVWLQJ� RI� FOD\�� 6L2��� DQG� $O�2��� ,Q�
FRPSDULVRQ�ZLWK�WKH���'�;5)�GDWD��LW�ZDV�GHGXFHG�WKDW�WKH�KLJK�FRQWUDVW�VXUIDFH�UHJLRQV�PXVW�EH�UHJLRQV�
HQULFKHG� ZLWK� WKH� FRQWDPLQDWLQJ� PHWDOV�� $OWKRXJK� WKLV� LQWHUSUHWDWLRQ� KLJKO\� VLPSOLILHG� WKH� WUXH� )&&�
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FDWDO\VW�VWUXFWXUH��ZKLFK�QRW�RQO\�FRQWDLQV�PDWUL[�HOHPHQWV��L�H���6L2���$O�2��DQG�FOD\��DQG�]HROLWHV��EXW�
DOVR�PLFURPHWHU�VL]HG�SRUHV��WKLV�VWXG\�VKRZHG�WKH�SRWHQWLDO�RI�;50�IRU�VWXG\LQJ�VLQJOH�FDWDO\VW�SDUWLFOHV��
�
,W�ZDV�WKHVH�LQLWLDO�FDSDELOLWLHV�RI�;50��ZKLFK�KDV�LQVSLUHG�RXU�JURXS�WR�HPEDUN�RQ�WKH�XVH�RI�ERWK�

6FDQQLQJ� 7UDQVPLVVLRQ� ;�UD\� 0LFURVFRS\� �67;0�� DQG� 7UDQVPLVVLRQ� ;�UD\� 0LFURVFRS\� �7;0�� WR�
LQYHVWLJDWH�D�ZLGH�YDULHW\�RI�VLQJOH�FDWDO\VW�SDUWLFOHV��LQFOXGLQJ�)&&�FDWDO\VWV��)76�FDWDO\VWV��PHWKDQRO�
WR�K\GURFDUERQ��07+��FDWDO\VWV�DQG�3KLOOLSV�HWK\OHQH�SRO\PHUL]DWLRQ�FDWDO\VWV�>�@��67;0�PDNHV�XVH�RI�
VRIW�;�UD\V��ZKLOH�7;0�PDNHV�XVH�RI�KDUG�;�UD\V��WKHUHE\�SURYLGLQJ�FRPSOHPHQWDU\�LQIRUPDWLRQ�RQ�WKH�
FDWDO\VW� V\VWHP� XQGHU� VWXG\�� )RU� ERWK� ;50�PHWKRGV� ZH� KDYH� GHYHORSHG� RYHU� WKH� \HDUV� LQ�VLWX� DQG�
RSHUDQGR�VSHFWURVFRS\�VHW�XSV��PRVW�RIWHQ�LQ�ORQJ�WHUP�FRRSHUDWLRQ�SURJUDPV�ZLWK�EHDPOLQH�VFLHQWLVWV��
WR�DOORZ�WR�FDSWXUH���'�DQG���'�VQDSVKRWV�RI�H�J��D�)H��RU�&R�EDVHG�)76�FDWDO\VWV�XQGHU�&2�K\GURJHQDWLRQ�
FRQGLWLRQV�DW�HOHYDWHG�WHPSHUDWXUHV�DQG�SUHVVXUHV�>���@��,W�VKRXOG�EH�FOHDU�WKDW�VXFK�H[SHULPHQWV�DUH�YHU\�
FKDOOHQJLQJ��EXW�DOVR�SURYLGHV�D�ZHDOWK�RI�LQIRUPDWLRQ�RQ�WKH�G\QDPLFV�RI�D�VLQJOH�FDWDO\VW�SDUWLFOH�XQGHU�
UHDOLVWLF�UHDFWLRQ�FRQGLWLRQ��)RU�H[DPSOH��ZH�KDYH�EHHQ�DEOH�WR�FDSWXUH�WKH�DFWLYH�VWDWH�RI�D�&R�7L2��)76�
SDUWLFOH��DQG�DOVR�GHWHUPLQH�WKH�VSDWLRWHPSRUDO�G\QDPLFV�RI�WKH�RUJDQLFV�IRUPHG�ZLWKLQ�WKLV�SDUWLFOH��

� �
)LJXUH������WRS�URZ��3LFWRULDO�WR�LOOXVWUDWH�WKH�OLIH�DQG�GHDWK�RI�D�VLQJOH�)OXLG�&DWDO\WLF�&UDFNLQJ��)&&��
SDUWLFOH�E\�PDNLQJ� WKH� FRPSDULVRQ�ZLWK� WKH� URWWLQJ�SURFHVV�RI� DQ� DSSOH�� DQG� �ERWWRP� URZ����'�7;0�
LPDJHV�RI�DQ�)&&�FDWDO\VW�SDUWLFOH��)URP�OHIW�WR�ULJKW��IURP�D�IUHVK�FDWDO\VW�SDUWLFOH�WR�D�FDWDO\VW�SDUWLFOH�
ULFK�LQ�PHWDO�SRLVRQV��VXFK�DV�LURQ��RUDQJH�UHG��DQG�QLFNHO��JUHHQ�EOXH���5HSURGXFHG�IURP�UHIHUHQFH�>��@��

�
$QRWKHU� V\VWHP�� ZKLFK� ZH� KDYH� EHHQ� UHVHDUFKLQJ� LQ� JUHDW� GHWDLO�� ERWK� ZLWK� 7;0� DQG� 67;0�� LQ�

FRPELQDWLRQ�ZLWK�H�J����'�;5)��LV�WKH�)&&�FDWDO\VW�>����@��,Q�������ZH�KDYH�SXEOLVKHG�RXU�ILUVW�VWXGLHV��
LQ�ZKLFK���'�7;0�ZDV�SHUIRUPHG�RQ�VLQJOH�)&&�FDWDO\VW�SDUWLFOHV��ZKLFK�KDYH�EHHQ�WDNHQ�IURP�DQ�RLO�
UHILQHU\�>����@��%\�GRLQJ�VR��DQG�FRPSDULQJ�WKH�FKHPLFDO�FRPSRVLWLRQ�DV�ZHOO�DV�LQWHUQDO�SRUH�VWUXFWXUH�
DQG�FRQQHFWLYLW\� IRU�GLIIHUHQW� FDWDO\VW� SDUWLFOHV� LW�ZDV�SRVVLEOH� WR�SUREH� WKH� OLIH� DQG�GHDWK�RI� DQ�)&&�
SDUWLFOH��DQG�GHWHUPLQH�WKH�FDXVHV�IRU�LWV�GHDFWLYDWLRQ��0RUH�VSHFLILFDOO\��ZH�KDYH�EHHQ�DEOH�WR�LGHQWLI\�
ZKDW�WKH�UROH�RI�)H�DQG�1L�DUH�RQ�WKH�SRUH�DFFHVVLELOLW\��DV�RXWOLQHG�LQ�)LJXUH����)LJXUH���PDNHV�WKH�FDWDO\VW�
DJHLQJ�ZLWK�WKH�URWWLQJ�SURFHVV�RI�DQ�DSSOH��,W�ZDV�IRXQG�WKDW�)H�DQG�1L�FKDQJHV�WKH�WKH�SRURVLW\��HVSHFLDOO\�
DW�WKH�RXWHU�ULP�RI�WKH�FDWDO\VW�SDUWLFOHV��WKHUHE\�OLPLWLQJ�WKHLU�DFFHVVLELOLW\�WRZDUGV�UHDFWDQWV��KHQFH�WKH�
FDWDO\VW�SDUWLFOHV�ZLOO�JUDGXDOO\�EHFRPHV�OHVV�DFFHVVLEOH��WKHUHE\�ORVLQJ�WKHLU�FDWDO\WLF�SHUIRUPDQFH��7KHVH�
LQLWLDO�7;0�VWXGLHV�KDYH�EHHQ�FRPSOHPHQWHG�ZLWK�D�GHWDLOHG�VWXG\�LQ�ZKLFK���'�;5)�ZDV�FRPELQHG�ZLWK�
7;0�>��@��DV�ZHOO�DV�E\�D�67;0�VWXG\�>��@��7KH�ODWWHU�PHWKRG�WXUQHG�RXW�WR�EH�YHU\�LQVWUXPHQWDO�DV�LW�
ZDV�SRVVLEOH�WR�GHWHUPLQH�WKH�ORFDWLRQ�RI�WKH�]HROLWH�GRPDLQV�ZLWK�DQ�)&&�FDWDO\VW�SDUWLFOH��DQG�E\�XVLQJ�
D� VHW�RI� UHIHUHQFH�VSHFWUD� IRU�RFWDKHGUDO�DQG� WHWUDKHGUDO�$O� LW�ZDV�SRVVLEOH� WR�GHWHUPLQH� WKH�GHJUHH�RI�
]HROLWH�GHDOXPLQDWLRQ�DV�D�IXQFWLRQ�RI�WKH�FRQWHQW�RI�PHWDO�SRLVRQV�LQ�WKH�FDWDO\VW�SDUWLFOH��DV�ZHOO�DV�WR�
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GHWHUPLQH�WKH�VSDWLDO�GLVWULEXWLRQ�RI�RFWDKHGUDO�$O�ZLWKLQ�D�VLQJOH�FDWDO\VW�SDUWLFOH��
�
)URP�WKH�DERYH�GLVFXVVLRQV�LW�VKRXOG�EHFRPH�DSSDUHQW�WKDW�LPSRUWDQW�GHYHORSPHQWV�LQ�WKH�ILHOG�RI�VROLG�

FDWDO\VW�FKDUDFWHUL]DWLRQ�LV�WDNLQJ�SODFH��,PSURYLQJ�WKH�WHPSRUDO�DQG�VSDWLDO�KDV�EHHQ�WKH�XOWLPDWH�JRDO�RI�
VFLHQWLVWV��+RZHYHU��ZH�KDYH�QRW�\HW�UHDOL]HG�WKH�GUHDP�RI�UHFRUGLQJ�WKH�XOWLPDWH�µPROHFXODU�PRYLH¶�RI�D�
VROLG�FDWDO\VW�XQGHU�WUXH�RSHUDQGR�FRQGLWLRQV��DV�SLFWRULDOO\�LOOXVWUDWHG�LQ�)LJXUH����7R�UHDOL]H�WKLV�GUHDP��
LW�LV�LPSRUWDQW�WR�IROORZ�LQ�UHDO�WLPH�ERWK�WKH�LQRUJDQLF�DQG�RUJDQLF�SDUW�RI�D�FDWDO\WLF�HYHQW��ZKLFK�UHTXLUHV�
PRVW�SUREDEO\�D�FRPELQDWLRQ�RI�WRROV��)LQDOO\��WR�XQGHUVWDQG�DQG�OLQN�WKH�PLFUR��DQG�PDFUR�NLQHWLFV�WKDW�
GHWHUPLQH�FDWDO\VW�SHUIRUPDQFH��WKLV�WRRO��VHW��VKRXOG�IXUWKHUPRUH�KDYH�D�VSHFWURVFRSLF�OHQV�WKDW�LV�FDSDEOH�
RI�FDSWXULQJ�DOO�OHQJWK�VFDOHV�LQYROYHG��7DFNOLQJ�WKHVH�FKDOOHQJHV�ZLOO�SDYH�WKH�ZD\�IRU�GLVFRYHULHV�LQ�WKH�
TXHVW�RI�VSDWLDO�DQG�WHPSRUDO�H[SORUDWLRQV�RI�VROLG�FDWDO\VWV�>��@���

�

�
�

)LJXUH����� �OHIW��3LFWRULDO� WR� LOOXVWUDWH� WKH�GUHDP� WR�PDNH�D�PROHFXODU�PRYLH�RI� D� VROLG� FDWDO\VW� XQGHU�
UHDOLVWLF�UHDFWLRQ�FRQGLWLRQV�DOORZLQJ�WR�VKHG�LQVLJKW�LQ�KRZ�D�FDWDO\VW�RSHUDWHV�DQG�GHDFWLYDWHV��DQG��ULJKW��
6SDWLDO�DQG�WHPSRUDO�PDSSLQJ�RI�D�FDWDO\VW�SDUWLFOH�LQ���'�DW�WKH�VXE�QDQRPHWHU�VFDOH��DQG�DW�WKH�VDPH�
WLPH� PRQLWRULQJ� WKH� FKHPLVWU\� WDNLQJ� SODFHZLWKLQ� WKLV� SDUWLFOH�� ,QFUHDVLQJ� ;�UD\� EULOOLDQFH� DQG�
DGYDQFHPHQW�LQ�GHWHFWRU�WHFKQRORJ\�DV�ZHOO�DV�GDWD�PLQLQJ�WRROV�ZLOO�DOORZ�XV�WR�PDNH�WKLV�GUHDP�UHDOLW\���
�
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