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$EVWUDFW� 6RLO�WH[WXUH�DQG�VWUXFWXUH�GHWHUPLQH�SRURVLW\��7KLV�IHDWXUH�KDV�D�
GLUHFW� HIIHFW� RQ� WKH�PRYHPHQW� RI� DLU� DQG�ZDWHU�� DQG� DOVR� RQ� WKH�PLJUDWLRQ� RI�
FKHPLFDO�FRPSRXQGV�LQ�WKH�VRLO��6RLO�SRURVLW\�WKURXJK�LWV�PXOWLSOH�IXQFWLRQV��LV�
SUHVHQWHG�DV�D�SDUWLFXODUO\�LPSRUWDQW�IHDWXUH IRU�VRLO�IHUWLOLW\��,Q�WKLV�FRQWH[W��WKH�
DXWKRUV� RI� WKLV� SDSHU� SUHVHQW� WKH� UHVXOWV� RI� H[SHULPHQWDO� UHVHDUFK� GRQH� RQ� VRLO�
SRURVLW\�DQG�VXUIDFH�FKDUDFWHUL]DWLRQ��ZLWK�WKH�KHOS�RI�HOHFWURQLF�PLFURVFRS\�

.H\ZRUGV� HOHFWURQLF� PLFURVFRSH� VRLO� SRURVLW\� VRLO� VXUIDFH�
FKDUDFWHUL]DWLRQ�

���,QWURGXFWLRQ

6RLO� WH[WXUH� DQG� VWUXFWXUH� JUHDWO\� LQIOXHQFHV� WKH� LQILOWUDWLRQ� RI� ZDWHU��
SHUPHDELOLW\�DQG� WKH�ZDWHU�UHWHQWLRQ�FDSDFLW\�RI� WKH�VRLO��$LU�DQG�ZDWHU� WKURXJK�
VRLO�LV�YHU\�LPSRUWDQW�EHFDXVH�LW�DIIHFWV�WKH�VXSSO\�RI�DLU�WR�WKH�URRWV�DQG�WKH�SODQW�
QXWULHQWV�DYDLODEOH�IRU�DEVRUSWLRQ�

6RLO� VWUXFWXUH� HQWDLOV� WZR� PDMRU� HOHPHQWV�� SRURVLW\� DQG� DHUR�K\GULF�
UHJLPH� RI� VRLO�� 7KDW� PHDQV� WKDW� WKLV� FRQJORPHUDWHV� OHDYHV� VRPH� JDSV� EHWZHHQ�
WKHP��ZHUH�ZDWHU�DQG�DLU�FDQ�FLUFXODWH�

&RUUHVSRQGLQJ�DXWKRU��H�PDLO� XQJXUDVXDGULDQD#JPDLO�FRP
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,W�JRHV�ZLWKRXW�VD\LQJ� WKDW�WKH�JURXQG�ZDWHU�DQG� WKH�DLU�DUH� LQ�RSSRVLWH�
UHODWLRQVKLS��RQH�LQFUHDVH�DQG�WKH�RWKHU�RQH�GHFUHDVH���XVXDOO\�ZDWHU�SUHGRPLQDWHV�
LQ� WKH� GHHS� DUHDV� DQG� WKH� DLU� RQ� VXUIDFH� OD\HU� .QRZLQJ� VRLO� SRURVLW\� LV� YHU\�
LPSRUWDQW�EHFDXVH�WKH�ZKROH�G\QDPLF�RI�VRLO�GHSHQGV�RQ�KHU�

,Q�WKLV�FRQWH[W��H[SHULPHQWDO�UHVHDUFKHV�ZHUH�FDUULHG�RXW�RQ�VRLO�VDPSOHV�
WDNHQ� IURP�3RGX� ,ORDLHL� WRZQ�� DQG�FRQVLVWHG�RI� DQDO\VHV�PDGH�ZLWK� WKH�4XDQWD�
�����'�GXDO�EHDP�PLFURVFRSH�

���([SHULPHQWDO

�����0DWHULDOV

4XDQWD� ��� �'� GXDO� EHDP� HOHFWURQLF� PLFURVFRSH� �)LJ� ��� LV� D�
FRPELQDWLRQ�RI�WZR�V\VWHPV�

D�� 6(0� LV� DQ� HOHFWURQ�PLFURVFRSH� WKDW� SURGXFHV� ]RRPHG� LPDJHV� RI� D�
YDULHW\�RI�VDPSOHV�JLYLQJ�D�PDJQLILFDWLRQ�RI��������[� �DW�D�KLJK�UHVROXWLRQ� LQ�
GLJLWDO�IRUPDW�

E��),%�LV�DQ�LRQ�EHDP�WKDW�LV�FDSDEOH�RI�UDSLG�DQG�DFFXUDWH�JULQGLQJ�RI�
GLIIHUHQW� JHRPHWU\� ��P�� RI� WKH� VDPSOH�PDWHULDO�� UHYHDOLQJ� WKH� VWUXFWXUH� RI� WKH�
VXE�VXUIDFH� VHFWLRQV� REWDLQHG�� GHSRVLWLRQ� RI� OD\HUV�� HWF�� ,RQLF� V\VWHP� DOVR�
SURYLGHV�D�KLJK�UHVROXWLRQ�LPDJH�

)LJ����í�4XDQWD������'�GXDO�EHDP�HOHFWURQLF�PLFURVFRSH�

7KH� LQWHJUDWLRQ�RI� WKH� WZR�V\VWHPV�SURYLGHV�D�SRZHUIXO�DQDO\WLFDO� WRRO�
WR� REWDLQ� DQ\� LQIRUPDWLRQ� IURP� DQ\� VDPSOH� LQ� WKUHH� GLPHQVLRQV�� 8VHUV� FDQ�
VZLWFK�EHWZHHQ�WKH�WZR�EHDPV�IRU�TXLFN�DQG�SUHFLVH�QDYLJDWLRQ�DQG�JULQGLQJ�

7KH� FRQYHUJHQFH� 6(0� DQG� ),%� DW� D� VKRUW� ZRUNLQJ� GLVWDQFH� DOORZV� D�
³VOLS� RQ´� VHFWLRQ� DQG� DFFXUDWH� DQDO\VLV� DW� KLJK� UHVROXWLRQV�� 7KH� ZRUNVWDWLRQ�
SURYLGHV�RSWLPXP�EHWZHHQ�SURFHVVHG�PDWHULDOV��UHVROXWLRQ�DQG�DXWRPDWLRQ�
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�����0HWKRGV

:LWK� WKH� HOHFWURQLF� PLFURVFRSH� ZH� FDQ� JHW� LPDJHV� RI� VXUIDFH�
PRUSKRORJ\��VXUIDFH�WRSRJUDSK\��FRPSRVLWLRQDO�FRQWUDVW�LPDJHV��TXDOLWDWLYH�
DQG�TXDQWLWDWLYH� FRPSRVLWLRQDO� DQDO\VLV� DQG�GLVWULEXWLRQ�RI� HOHPHQWV�RQ� WKH�
VXUIDFH�VDPSOHV�

7KH� VRLO� VDPSOHV� ZHUH� DQDO\]HG� DW� YDULRXV� UHVROXWLRQV� �)LJ� ����
REWDLQLQJ� 6(0� LPDJHV�� ZKLFK� ZHUH� SURFHVVHG� DIWHU� ZLWK� WKH� VRIWZDUH�
,PDJH-�

D�������� E

F������������������������������������G
)LJ����± ,QFUHDVHG�VRLO�VDPSOH�LPDJH�DW��D ± ���[��

E ± ���[��F ± �����[��G ± �����[�

���5HVXOWV�DQG�'LVFXVVLRQV

6(0� LPDJHV� ZHUH� SURFHVVHG� XVLQJ� ,PDJH-� ZKLFK� DOORZHG� XV� WR�
FDOFXODWH� SRURVLW\�� :H� DQDO\]HG� VDPSOHV� RI� WKH� VDPH� W\SH� RI� VRLO� RQ� WKUHH�
GLIIHUHQW� OD\HUV�� 6(0� LPDJHV� JHQHUDWHG� E\� 4XDQWD� ���� �'� GXDO� EHDP�
PLFURVFRSH�� KHOSHG� XV� WR� ILQG� PHGLXP�� PLQLPXP� DQG� PD[LPXP� SRURVLW\�
YDOXHV�
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)LJ� ��± 6RLO�VDPSOH�YLHZ�IURP�WKH�ILUVW����FP�RI�VRLO�SURILOH�

)LJ� ��± 6RLO�VDPSOH�DQDO\VHV�

$IWHU�WKH�LPDJHV�ZHUH�SURFHVVHG�ZH�REWDLQ WKH�IROORZLQJ�KLVWRJUDPV�RI�
VRLO�VDPSOHV��7KH\�DUH�D�VLPSOH�IUHTXHQF\�FKDUW�WKDW�FDQ�H[SUHVV�WKH�SHUFHQWDJH�
RI�HQWLWLHV��FODVVHV���2Q�WKH�<�D[LV�ZH�KDYH�WKH�YDULDWLRQ�RI�QXPEHU�RI�SL[HOV�LQ�
WKH�LPDJH�DQG�RQ�WKH�;�D[LV�ZH�KDYH�WKH�YDULDWLRQ�RI�JUD\��,Q�VHFWLRQ���ZH�KDYH�
EODFN�DQG�LQ�����ZH�KDYH�ZKLWH�

)LJ� � ± 6RLO�VDPSOH�KLVWRJUDP�
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,Q�WKH�IROORZLQJ�WDEOH��7DEOH����ZH�KDYH�WKH�SRURVLW\�YDOXHV�FDOFXODWHG�
XVLQJ�WKH�SURJUDP�

7DEOH��
3RURVLW\�9DOXHV�IRU�WKH�)LUVW�6RLO�6DPSOH

:H�PDGH�WKH�VDPH�WKLQJ�IRU�WKH���DQG���VRLO�VDPSOHV�WDNHQ�IURP����DQG�
��� FP� RI� WKH� VRLO� SURILOH� :H� REVHUYHG� WKDW� WKH� DQDO\]HG VRLO SUHVHQWV� D�
IDYRUDEOH�SRURVLW\�UHJLPH��PHDQLQJ�WKDW�WUDQVSRUW�RI�ZDWHU�DQG�JDV�H[FKDQJH�LV�
DFKLHYHG�HDVLO\��WKXV�KDYLQJ�D�SRVLWLYH�HIIHFW�RQ�WKH�FURSV��&KDQJHV�LQ�WKH�SRUH�
VSDFH�OHDGV�WR�WKH�UHGXFWLRQ�RI�PRELOLW\�DQG�DFFHVVLELOLW\�RI�ZDWHU��

2XU� VDPSOHV� ZHUH� KRPRJHQHRXV� DQG� XQGLVWXUEHG�� WDNHQ� IURP� QDWXUDO�
VHWWOHPHQW��VR�WKH\�ZHUH�QRW�VXEPLWWHG�WR�FRPSDFWLRQ��WKHUHIRUH�SUHVHQWV�D�JRRG�
SRURVLW\�UHJLPH�

���&RQFOXVLRQV

0DFUR� SRURVLW\�� QXPEHU� RI� PDFURSRUHV�� OHQJWK�� FRQWLQXLW\�� SRUH� VL]H�
GLVWULEXWLRQ�� WRUWXRVLW\� DQG� FRQQHFWLYLW\� DUH� FRQVLGHUHG� WKH� PRVW� LPSRUWDQW�
IHDWXUHV�WKDW�LQIOXHQFH�WKH�WUDQVSRUW�RI�ZDWHU�DQG�VRLO�VROXWLRQV�

1DWXUDO� DQG� DUWLILFLDO� SURFHVVHV� LQGXFH� VLJQLILFDQW� FKDQJHV� RQ� VRLO�
SRURVLW\�� ,I� WKH� VRLO� LV� VXEMHFWHG� WR� D� XQLIRUP� SUHVVXUH�� LW� ORVHV� IURP� PDFUR
SRURVLW\��$Q�XQHYHQ�SUHVVXUH� H[HUFLVHG�RYHU�JURXQG��FDXVHV�YDULRXV� HIIHFWV�RQ�
SRURVLW\�� QDPHO\� IHZHU� ODUJH�SRUHV�� LQFUHDVLQJ�ILQH�SRUHV��FRPSOHWH�FORVXUH�RI�
PDFURSRUHV�DQG�FORVXUH�RI�SRUHV�EHWZHHQ�DJJUHJDWHV�
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5()(5(1&(6

&DPSEHOO�-�'�� 3RUH�3UHVVXUHV�DQG�9ROXPH�&KDQJHV�LQ�8QVDWXUDWHG�6RLOV��3K��'��'LVV���
8QLY� RI�,OOLQRLV�DW�8UEDQD�&KDPSDLJQ��,/�������

'LDPRQG�6���3RUH�6L]H�'LVWULEXWLRQV�LQ�&OD\V� &OD\V�DQG�&OD\�0LQHUDOV�������
)ULHO��-�-�� 3UHVWULGJH (�%���0LFURVFRS\�DQG�$QDO\VLV� ���������������
*ROGVWHLQ�-���1HZEXU\ '���-R\ '���/\PDQ &���(FKOLQ 3���/LIVKXQ (���6DZ\HU /���0LFKDHO

-���6FDQQLQJ�(OHFWURQ�0LFURVFRS\�DQG�;�UD\�0LFURDQDO\VLV� .OXZHU�$FDGHPLF��
1HZ�<RUN� �����

5XVX�7��� 3DXOHWWH /���&DFRYHDQ +���7XUFX�9�� )L]LFD�� KLGURIL]LFD�� FKLPLD� úL� UHVSLUDĠLD�
VROXOXL��0HWRGH�GH�FHUFHWDUH� (GLW� 5LVRSULQW�&OXM�1DSRFD�������

6WăWHVFX� )��� &KLULDF� &���%D]HOH� ùWLLQĠHL� 6ROXOXL �)L]LFD� VROXOXL�� (G�� 6DP�6RQ¶V�� ,DúL��
�����

6WăWHVFX�)O���0ăFăUHVFX�%���(OHPHQWH�DOH�FRPSOH[XOXL�HFRORJLF�GLQ�VRO� (GLW� 6DP�6RQ
V��
,DúL�������

6WăWHVFX�)O���3DYHO�/�9���ùWLLQĠD�6ROXOXL� (GLW� 3ROLWHKQLXP��,DúL�������
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7H[WXUD�úL�VWUXFWXUD�VROXOXL�GHWHUPLQă�SRUR]LWDWHD� $FHDVWă�FDUDFWHULVWLFă�DUH�XQ�
HIHFW� GLUHFW� DVXSUD� FLUFXODĠLHL� DHUXOXL� úL� D� DSHL�� SUHFXP� úL� DVXSUD�PLJUăULL� FRPSXúLORU�
FKLPLFL� GLQ� VRO�� 3RUR]LWDWHD� VROXOXL� SULQ� IXQFĠLLOH� VDOH� PXOWLSOH�� HVWH� SUH]HQWDWă� FD� R�
FDUDFWHULVWLFă�GHRVHELW�GH�LPSRUWDQWă�SHQWUX�IHUWLOLWDWHD�VROXOXL��ÌQ�DFHVW�FRQWH[W��DXWRULL�
DFHVWHL�OXFUăUL�SUH]LQWă�UH]XOWDWHOH�FHUFHWăULORU�H[SHULPHQWDOH�HIHFWXDWH�DVXSUD�SRUR]LWăĠLL�
VROXOXL��FX�DMXWRUXO�PLFURVFRSLHL�HOHFWURQLFH�


