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3URWHLQ� W\URVLQH� SKRVSKDWDVHV� �373DVHV��� WRJHWKHU� ZLWK

SURWHLQ� W\URVLQH� NLQDVHV�� DUH� LPSRUWDQW� UHJXODWRUV� RI� SKRV�

SKRW\URVLQH� OHYHOV�RI�YDULRXV�FHOOXODU�SURWHLQV����� ,W�FOHDYHV

SKRVSKDWH�PRLHW\�IURP�D�SKRVSKRW\URVLQH�UHVLGXH�DQG�WKHUH�

IRUH� FRXQWHUDFWV� WKH� DFWLYLW\� RI� SURWHLQ� W\URVLQH� NLQDVHV�

%HFDXVH� PDQ\� GLVHDVHV�� LQFOXGLQJ� FDQFHU�� DUH� DVVRFLDWHG

ZLWK�WKH�ORVV�RI�FRQWURO�RI�SKRVSKRU\ODWLRQ�OHYHOV�RQ�W\URVLQH

RI�YDULRXV�FHOOXODU�SURWHLQV�����373DVH�LQKLELWRUV�PD\�SRVVL�

EO\�EH�DQ�LPSRUWDQW�WDUJHW�IRU�WKHUDSHXWLF�DJHQWV��

��0HWKR[\��+�������EHQ]RGLR[DSKRVSKRUDQ���RQH� ����� D

F\FOLF� SKRVSKDWH� HVWHU�� LV� RIWHQ� FDOOHG� VDOLR[RQ� DQG� LV� D

SRWHQW� LQDFWLYDWRU� RI� HVWHUDVHV�� ,WV� WKLR� DQDORJ�� ZKLFK� KDV

3 6�LQVWHDG�RI�3 2��KDV�EHHQ�XVHG�DV�DQ�LQVHFWLFLGH���$FWLYH

VLWH� QXFOHRSKLOHV� RI� VRPH� HVWHUDVHV� UHDFW� ZLWK� WKH� F\FOLF

SKRVSKDWH�DQG�WKH�HQ]\PH�LV�LUUHYHUVLEO\�LQDFWLYDWHG���%HFDXVH

VDOLR[RQ�LV�D�F\FOL]HG�IRUP�RI�SKHQ\O�SKRVSKDWH�ZKLFK�LV�D

VXEVWUDWH� RI� 373DVHV�� LW�PLJKW� EH� HQYLVLRQHG� WKDW� VDOLR[RQ

UHDFWV�ZLWK�DQG�SHUPDQHQWO\�LQDFWLYDWHV�373DVHV��7R�H[DP�

LQH�WKLV�SRVVLELOLW\��ZH�SUHSDUHG�VDOLR[RQ�DQG�HYDOXDWHG�WKH

LQKLELWRU\�DFWLYLW\�WRZDUG�373DVHV�

,Q�LQLWLDO�H[SHULPHQWV��373DVH�DFWLYLWLHV�ZHUH�PHDVXUHG�LQ

WKH� SUHVHQFH� RI� �� P0� FRQFHQWUDWLRQ� RI� VDOLR[RQ� IRU� IRXU

373DVHV�� LQFOXGLQJ�KXPDQ�373�%��\HDVW�373���<373����D

<HUVLQLD� 373DVH��<23� DQG� WKH� FDWDO\WLF� GRPDLQ� RI� KXPDQ

6+3��� �6+3��∆��� :KHQ� WKH� 373DVHV� ZHUH� SUHLQFXEDWHG

ZLWK� VDOLR[RQ� IRU� ��� PLQ� EHIRUH� LQLWLDWLRQ� RI� WKH� HQ]\PH

UHDFWLRQ� E\� DGGLWLRQ� RI� WKH� VXEVWUDWH�� S�QLWURSKHQ\O� SKRV�

SKDWH��S133���PHWKRG�$���YDULRXV�OHYHOV�RI�373DVH�LQKLEL�

WLRQ�ZHUH�REVHUYHG������LQKLELWLRQ�IRU�373�%�DQG�<373��

����IRU�6+3��∆��DQG�HVVHQWLDOO\�QR�LQKLELWLRQ�ZDV�REVHUYHG
IRU�<23��:KHQ�WKH�UHDFWLRQV�ZHUH�LQLWLDWHG�ZLWKRXW�SUHLQFX�

EDWLRQ�RI�WKH�HQ]\PHV�ZLWK�VDOLR[RQ��PHWKRG�%���ORZHU�OHY�

HOV�RI� LQKLELWLRQ�ZHUH�REVHUYHG� �7DEOH�����+LJKHU� OHYHOV�RI

LQKLELWLRQ� ZLWK� SUHWUHDWPHQW� RI� WKH� 373DVHV�ZLWK� VDOLR[RQ

LQGLFDWH� WKDW� WKH� LQDFWLYDWLRQ� LV� LUUHYHUVLEOH�� 373�%� DVVD\

ZLWK� SUHLQFXEDWLRQ�ZLWK� ��P0� VDOLR[RQ� IRU� GLIIHUHQW� WLPH

SHULRGV�������������DQG����PLQ��EHIRUH�LQLWLDWLRQ�RI�WKH�UHDF�

WLRQ��PHWKRG�$���KRZHYHU��JDYH�HVVHQWLDOO\�LQGLVWLQJXLVKDEOH

H[WHQW� RI� LQKLELWLRQ� �FD�� ���� LQKLELWLRQ�� GDWD� QRW� VKRZQ�

ZKLFK�ZLOO�EH�GLVFXVVHG�EHORZ��

7R� VWXG\� IXUWKHU� WKH� PRGH� RI� LQKLELWLRQ�� VWHDG\�VWDWH

NLQHWLF�H[SHULPHQWV�ZHUH�SHUIRUPHG�ZLWK�373�%�ZLWK�V\V�

WHPDWLF� FKDQJH� RI� LQKLELWRU� DQG� VXEVWUDWH� FRQFHQWUDWLRQV

�PHWKRG�$���3ORW�RI���9�YV����>6@�DFFRUGLQJ�WR�WKH�PHWKRG�RI

/LQHZHDYHU�DQG�%XUN�H[KLELWHG�WKH�SDWWHUQ�FKDUDFWHULVWLF�RI

VLPSOH�OLQHDU�QRQFRPSHWLWLYH�LQKLELWLRQ�RU�DFWLYH�VLWH�GLUHFWHG

LUUHYHUVLEOH� LQKLELWLRQ� DV� VKRZQ� LQ� )LJXUH� ��� 7R� VROYH� WKLV

DPELJXLW\��ZH�SHUIRUPHG�FRQWLQXRXV�DVVD\��PHWKRG�&��DQG

H[DPLQHG� WLPH�GHSHQGHQF\� RI� WKH� LQDFWLYDWLRQ�� )LJXUH� �

7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��3KRQH���������
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5HVXOWV� DUH� H[SUHVVHG� DV�PHDQV � VWDQGDUG� GHYLDWLRQ� IRU� IRXU� RU�PRUH
LQGHSHQGHQW� H[SHULPHQWV�� 0HWKRGV� $� DQG� %� ZHUH� HPSOR\HG� DQG
VDOLR[RQ�FRQFHQWUDWLRQ�ZDV�����P0��

)LJXUH �� 373�%� DFWLYLWLHV� ZHUH� PHDVXUHG� ZLWK� YDULDWLRQV� RI
VXEVWUDWH�DQG�VDOLR[RQ�FRQFHQWUDWLRQV��������������������������DQG����
P0� RI� S133�� ��� ����� ����� ����� ���� DQG� ���� P0� RI� VDOLR[RQ�
�0HWKRG�%��
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GHSLFWV�WKH�WLPH�FRXUVH�RI�WKH�UHDFWLRQ�LQ�WKH�DEVHQFH�RI�RU

SUHVHQFH�RI�VDOLR[RQ��,Q� WKH�DEVHQFH�RI�VDOLR[RQ��D�VWUDLJKW

OLQH�ZDV�REWDLQHG�IURP�WKH�SORW�RI�DEVRUEDQFH�DW�����QP�YV�

WLPH��,Q�WKH�SUHVHQFH�RI�VDOLR[RQ��WKH�UDWH�RI�S�QLWURSKHQRODWH

IRUPDWLRQ� GHFUHDVHG� ZLWK� WLPH�� 7KLV� REVHUYDWLRQ�� WRJHWKHU

ZLWK�WKH�UHVXOW�IURP�WKH�/LQHZHDYHU�%XUN�SORW��SURYLGHV�WKH

HYLGHQFH� WKDW� VDOLR[RQ� LUUHYHUVLEO\� LQDFWLYDWHV�373�%��7KH

QXFOHRSKLOLF� DWWDFN� DW� WKH� SKRVSKRUXV� DWRP� RU� DW� &��� RI

VDOLR[RQ�E\�WKH�DFWLYH�VLWH�&\V�LQ�373�%��DQG�DOVR�LQ�RWKHU

373DVHV��SUREDEO\�UHVXOWV�LQ�WKH�RSHQLQJ�RI�WKH�F\FOLF�VWUXF�

WXUH� RI� VDOLR[RQ� DQG� WKH� IRUPDWLRQ� RI� FRYDOHQW� HQ]\PH�

VDOLR[RQ�FRPSOH[��

,W� LV�ZRUWK� WR�QRWH� LQ�)LJXUH��� WKDW� WKH�DEVRUEDQFH�FXUYH

IRUPV�DOPRVW�SODWHDX�LQ�D�IHZ�PLQXWHV�ZKHQ���P0�VDOLR[RQ

ZDV�XVHG��7KLV�REVHUYDWLRQ�SDUWO\� H[SODLQHV� WKH� DIRUHPHQ�

WLRQHG�UHVXOW�RI�373�%�DVVD\�ZLWK�YDULDWLRQV�RI�SUHLQFXED�

WLRQ� WLPH�� 373�%� LV� LQDFWLYDWHG� LQ� D� IHZ� PLQXWHV� DQG�

WKHUHIRUH��WUHDWPHQW�RI�WKH�HQ]\PH�ZLWK�VDOLR[RQ�ORQJHU�WKDQ

��PLQ� GRHV� QRW� LQDFWLYDWH� 373�%� DQ\� IXUWKHU�� 7KLV� UHVXOW�

KRZHYHU�� GRHV� QRW� H[SODLQ� WKH� ���� UHVLGXDO� DFWLYLW\� DIWHU

��PLQ�SUHLQFXEDWLRQ�RI�373�%�ZLWK�VDOLR[RQ�DQG�QHHGV�WR

EH�IXUWKHU�VWXGLHG��

,Q� WKLV� UHSRUW��ZH�GHVFULEHG�VDOLR[RQ�DV�DQ� LQDFWLYDWRU�RI

373DVHV�� 6DOLR[RQ� ZDV� VHOHFWLYH� WR� 373�%�� <373�� DQG

6+3��∆��DQG�GLG�QRW�LQDFWLYDWH�<23��WKLV�VHOHFWLYLW\�UHPDLQV
WR�EH�H[SODLQHG��(YHQ�WKRXJK�VDOLR[RQ�LV�D�ZHHN�LQDFWLYDWRU

RI�373DVHV�DQG� WKH�H[DFW�PRGH�RI� LQKLELWLRQ�RI�373�%�E\

VDOLR[RQ� QHHGV� IXUWKHU� VWXG\�� WKH� F\FOLF� SKRVSKDWH� HVWHU

VWUXFWXUH� RI� VDOLR[RQ� SURYLGHV� DQ� LQVLJKW� IRU� WKH� VWUXFWXUDO

PRWLI�IRU�WKH�GHVLJQ�RI�PRUH�SRWHQW�373DVH�LQKLELWRUV��0RGL�

ILFDWLRQV�DQG�GHULYDWL]DWLRQV�RI�WKH�F\FOLF�SKRVSKDWH�PRLHW\

DQG�RU� WKH� SKHQ\O� ULQJ� PLJKW� LPSURYH� WKH� SRWHQF\� RI� WKH

LQDFWLYDWRU�DQG�WKHVH�VWXGLHV�DUH�FXUUHQWO\�LQ�SURJUHVV�

([SHULPHQWDO�6HFWLRQ
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7KH�H[SUHVVLRQ�SODVPLG�IRU�<373���S7����<373���ZDV�SUH�

YLRXVO\�GHVFULEHG���DQG� WKDW� IRU�S(7�6+3��∆���ZDV�NLQGO\

GRQDWHG�E\�'U��'HKXD�3HL��2KLR�6WDWH�8QLYHUVLW\��

3UHSDUDWLRQ� RI� VDOLR[LRQ� ���0HWKR[\��+�������EHQ]R�

GLR[DSKRVSKRUDQ���RQH���6DOLR[RQ�ZDV�SUHSDUHG�DFFRUGLQJ

WR� D� GHVFULEHG�PHWKRG����%ULHIO\�� D�PL[WXUH� RI� ��+\GUR[\�

EHQ]\O�DOFRKRO�������J��DQG�DQK��S\ULGLQH������P/��LQ�DQK�

&+&O�����P/��ZDV�WUHDWHG�PHWK\O�GLFKORURSKRVSKDWH������

P/���7KH�UHDFWLRQ�FRPSOHWHV�LQ�D�IHZ�KRXUV�DW�URRP�WHPSHU�

DWXUH�DQG�� DIWHU�XVXDO�ZRUN�XS�� VDOLR[RQ�ZDV�REWDLQHG� LQ�D

����\LHOG��7KH�\LHOG�ZDV�QRW�PD[LPL]HG��

(Q]\PH�H[SUHVVLRQ�DQG�SXULILFDWLRQ ��373DVHV�DUH�RYHU�

H[SUHVVHG� LQ�(��FROL� XVLQJ� WKH�SODVPLGV� FRQWDLQLQJ�373DVH

JHQHV� XQGHU� WKH� FRQWURO� RI� 7�� SURPRWHU�� 373�%� ZDV

H[SUHVVHG�DV�D�+LV�WDJ�IXVLRQ�SURWHLQ�DQG�LW�ZDV�SXULILHG�E\

&0�FHOOXORVH� IROORZHG� E\� 1L���DIILQLW\� FKURPDWRJUDSK\�

<373��ZDV�SXULILHG�XVLQJ�/�KLVWLG\OGLD]REHQ]\OSKRVSKRQLF

DFLG�DJDURVH� DIILQLW\� FROXPQ������� 6+3��∆� ZDV� SXULILHG� E\
VHTXHQWLDO� DSSOLFDWLRQ� RI� DPPRQLXP� VXOIDWH� SUHFLSLWDWLRQ�

JHO� ILOWUDWLRQ�� DQG� SKRVSKRFHOOXORVH� FROXPQ� FKURPDWRJUD�
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373DVH� LQKLELWRU�DVVD\��)RU�373DVH�DVVD\�� WKH�HQ]\PHV

ZHUH�GLOXWHG�ZLWK�HQ]\PH�GLOXWLRQ�EXIIHU�����P0�+HSHV���

P0�('7$�����P0�'77����PJ�P/�ERYLQH�VHUXP�DOEXPLQ�

S+������DQG��IRU�W\SLFDO����µ/�UHDFWLRQ��WKH�UHDFWLRQ�PL[WXUH
FRQWDLQV� ���µ/�RI� �[� UHDFWLRQ� EXIIHU� �����P0�+HSHV�� ��

P0�('7$�����P0�'77��S+�������S133������P0����µ/��
ZDWHU�����µ/��DQG�HQ]\PH����µ/���([FHSW�IRU�WKH�FRQWLQXRXV
DVVD\�� WKH� SURJUHVV� RI� WKH� UHDFWLRQ�ZDV� GHWHUPLQHG� IRU� WKH

IRUPDWLRQ�RI�S�QLWURSKHQRODWH�E\�PHDVXULQJ�WKH�DEVRUEDQFHV

DW�����QP�DIWHU�TXHQFKLQJ�WKH�UHDFWLRQ�ZLWK�����P/�RI�����0

1D2+��)RU�FRQWLQXRXV�DVVD\��WKH�DEVRUEDQFH�DW�����QP�ZDV

PRQLWRUHG�ZLWKRXW�DGGLWLRQ�RI�1D2+�VROXWLRQ�

0HWKRG�$��6DOLR[RQ� �����P0����µ/��ZDV�DGGHG� WR� WKH
PL[WXUH�RI��[� UHDFWLRQ�EXIIHU� ����µ/���ZDWHU� ����µ/��� DQG
373DVH����µ/��DQG�WKH�UHVXOWLQJ�PL[WXUH�ZDV�LQFXEDWHG�IRU
�����PLQ� EHIRUH� WKH� UHDFWLRQ� ZDV� LQLWLDWHG� E\� DGGLWLRQ� RI
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µ/���ZDWHU�����µ/���S133����µ/��DQG�VDOLR[RQ����µ/���$IWHU
��PLQ�RI�LQFXEDWLRQ�DW����R&��WKH�UHDFWLRQ�ZDV�TXHQFKHG�E\

DGGLWLRQ�RI�����0�1D2+�

0HWKRG�&��7KH�UHDFWLRQ�ZDV�SHUIRUPHG�LQ�D�EXIIHU�FRQ�

WDLQLQJ����P0�7ULV����P0�,PLGD]ROH��DQG����P0�1D&O��S+

������2WKHU�FRPSRQHQWV�LQ�WKH�UHDFWLRQ�PL[WXUH�DUH�WKH�VDPH

DV�WKRVH�LQ�PHWKRG�%�H[FHSW�WKDW�WKH�UHDFWLRQ�ZDV�FDUULHG�RXW

LQ�D�WRWDO�YROXPH�RI���P/�

$FNQRZOHGJPHQW��7KLV�ZRUN�KDV�EHHQ�VXSSRUWHG�E\�WKH
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