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���PO�RI�����P0�SKRVSKDWH�EXIIHU��S+�������DQG��PO�RI�IUDFWLRQV�ZHUH�FROOHFWHG��$OLTXRWV�RI�IUDFWLRQV�ZHUH�VXEMHFWHG�WR�WKH�$21'
DVVD\�DQG�SURWHLQ�FRQWHQW�DQDO\VLV��7KH�IUDFWLRQ�QXPEHUV���WR�����QDPHG�DV�:���IURP�ZDVKLQJ�IUDFWLRQ�����WR�����QDPHG�DV�(��
IURP�HOXWLRQ�IUDFWLRQ�RI��±��0�1D&O�LQ�VWDUWLQJ�EXIIHU��DQG�����WR������QDPHG�DV�&���IURP�HOXWLRQ�IUDFWLRQ�RI�����P0�SKRVSKDWH
EXIIHU��S+������ZHUH�SRROHG��UHVSHFWLYHO\��(DFK�SRROHG�IUDFWLRQ�ZDV�FRQFHQWUDWHG�E\�DQ�$PLFRQ�XOWUD�����0LOOLSRUH��%HGIRUG��0$��
DQG�VWRUHG�DW���&�XQWLO�XVH�

3URWHLQ�FRQFHQWUDWLRQ�ZDV�TXDQWLILHG�E\�3LHUFH�����QP�3URWHLQ�$VVD\�NLW��7KHUPR�)LVKHU�6FLHQWLILF��XVLQJ�ERYLQH�VHUXP�DOEXPLQ
�%6$��DV�D�VWDQGDUG��,Q�WKLV�VWXG\��RQH�XQLW�RI�WKH�:1�����DFWLYDWLQJ�IDFWRU�DFWLYLW\�ZDV�GHILQHG�DV�WKH�DPRXQW�RI�SURWHLQ�UHTXLUHG
WR�LQFUHDVH����FHOO�YLDELOLW\�ZKHQ�XVLQJ�)%6�

3URWHRPLFV�DQDO\VLV

,Q�WKLV�DQDO\VLV��IUDFWLRQ�(���&���DQG�:��IURP�%LR�6FDOH�0LQL�&+7�7\SH�,�FROXPQ�FKURPDWRJUDSK\�ZHUH�UHQGHUHG�WR�WZR�
GLPHQVLRQDO�SRO\DFU\ODPLGH�JHO�HOHFWURSKRUHVLV���'(���7KHVH�SURWHRPLFV�DQDO\VHV�ZHUH�FRQGXFWHG�E\�7RZD�(QYLURQPHQW�6FLHQFH
&R���/WG���+LURVKLPD��-DSDQ���%ULHIO\��WKH�VDPSOH������ȝJ��ZDV�ORDGHG�RQWR�UHVZROOHQ�JHO�VWULS�ZLWK�LPPRELOL]HG�S+�JUDGLHQW��,3*�
�S+���WR�������FP�ORQJ��*(�+HDOWKFDUH��DW����&�IRU�RYHUQLJKW��7KH�SURWHLQV�ZHUH�WKHQ�VHSDUDWHG�E\�LVRHOHFWULF�IRFXVLQJ��,()��XVLQJ
D�&RRO3KRUH6WDU�,3*�,()�7\SH�3��$QDWHFK��7RN\R��-DSDQ��DW����&�DQG�IRFXVHG�ZLWK�WKH�IROORZLQJ�SURJUDP������9�IRU���PLQ������WR
������9�IRU����PLQ��DQG�������9�IRU������K��$IWHU�FRPSOHWLRQ�RI�,()��WKH�VWULSV�ZHUH�VRGLXP�GRGHF\O�VXOIDWH��6'6��HTXLOLEUDWHG�
UHGXFHG�DQG�DON\ODWHG�ZLWK�GLWKLRWKUHLWRO�DQG�LRGRDFHWDPLGH��IROORZHG�E\�VHSDUDWLRQ�RQ�D��±����JUDGLHQW�6'6�SRO\DFU\ODPLGH�JHO
HOHFWURSKRUHVLV��6'6�3$*(��JHOV�����[����FP��/DERUDWRU\�PDGH��XVLQJ�WKH�$QGHUVRQ�,62�'$/7�HOHFWURSKRUHVLV�V\VWHP��+RHIHU��DW
���9�FRQVWDQW�IRU����K��$OO�WKH�H[SHULPHQWV�ZHUH�UXQ�LQ�TXDGUXSOLFDWH�IRU�HDFK�VDPSOH�WR�HQVXUH�UHSURGXFLELOLW\��7KH�JHOV�ZHUH

�
�

�����

�����



�������� $�QRYHO�IXQFWLRQ�RI�1�OLQNHG�JO\FRSURWHLQV��DOSKD���+6�JO\FRSURWHLQ�DQG�KHPRSH[LQ��,PSOLFDWLRQV�IRU�VPDOO�PROHFXOH�FRPSRXQG�PHGLDWHG�QHXURSURWHFWLRQ

KWWSV���MRXUQDOV�SORV�RUJ�SORVRQH�DUWLFOH"LG ��������MRXUQDO�SRQH�������� ����

VWDLQHG�ZLWK�6<352�5XE\�SURWHLQ�JHO�VWDLQ��0ROHFXODU�3UREHV��DQG�VFDQQHG�ZLWK�0ROHFXODU�,PDJHU�);��%LR�5DG���,PDJH�DQDO\VLV
DQG�VSRW�PDWFKLQJ�ZHUH�SHUIRUPHG�XVLQJ�WKH�,PDJH0DVWHU��'�3ODWLQXP��*(�+HDOWKFDUH���7KH�TXDQWLWDWLYH�OHYHO�RI�HDFK�SURWHLQ�VSRW
ZDV�GHWHUPLQHG�E\�WKH�UHODWLYH�YROXPH�RI�HDFK�VSRW�LQ�WKH�JHO�DQG�H[SUHVVHG�DV��9ROXPH��VSRW�YROXPH�Ȉ�YROXPHV�RI�DOO�VSRWV��
3URWHLQ�VSRWV�ZHUH�H[FLVHG�IURP�WKH��'(�DQG�GLJHVWHG�ZLWK�WU\SVLQ�����&�����K���7KH�UHVXOWLQJ�SHSWLGHV�ZHUH�FRQFHQWUDWHG�DQG
GHVDOWHG�XVLQJ�=LS�7LS�&����0LOOLSRUH���DQG�PL[HG�ZLWK�Į�F\DQR���K\GUR[\FLQQDPLF�DFLG��:DNR��DQG�VSRWWHG�LQWR�ZHOOV�RI�D�073
$QFKRUFKLS����������%UXNHU�GDOWRQLFV���0DVV�VSHFWUD�ZHUH�DFTXLUHG�LQ�UHIOHFWRU�SRVLWLYH�LRQ�PRGH�XVLQJ�DQ�8OWUDIOH[�0$/',�
72)�72)�PDVV�VSHFWURPHWHU��06���%UXNHU�GDOWRQLFV���6HOHFWHG�SHSWLGHV�ZHUH�IUDJPHQWHG�LQ�WKH�VHFRQG�GLPHQVLRQ��DQG�WKH
SURWHLQV�ZHUH�LGHQWLILHG�E\�PDVV�VHDUFKHV�LQ�WKH�1&%,QU�GDWDEDVH�XVLQJ�WKH�06�06�LRQ�VHDUFK�VRIWZDUH�0DVFRW��0DWUL[�6FLHQFH�
KWWS���ZZZ�PDWUL[VFLHQFH�FRP���7KH�LGHQWLILHG�SURWHLQV�ZHUH�DQDO\]HG�LWV�SURSHUWLHV�DQG�IXQFWLRQV�E\�XVLQJ�WKH�WKH�8QL3URW
.QRZOHGJHEDVH��8QL3RUW.%��GDWDEDVH��KWWS���ZZZ�XQLSURW�RUJ���ZKLFK�LV�D�FHQWUDO�KXE�RI�SURWHLQ�NQRZOHGJH�E\�SURYLGLQJ�D�XQLILHG
YLHZ�RI�SURWHLQ�VHTXHQFH�DQG�IXQFWLRQDO�LQIRUPDWLRQ�>�@�

6HSDUDWLRQ�RI�1�OLQNHG�JO\FRSURWHLQV�XVLQJ�D�&RQ�$�OHFWLQ�FROXPQ

)%6�ZDV�EXIIHU�H[FKDQJHG�DJDLQVW����P0�+(3(6������0�1D&O����P0�0Q&O ����P0�&D&O ��ELQGLQJ�EXIIHU��S+������E\�=HED�6SLQ
'HVDOWLQJ�&ROXPQV��7KHUPR�)LVKHU�6FLHQWLILF���7KH�EXIIHU�H[FKDQJHG�)%6����PO��ZDV�ORDGHG�RQWR�D�+L7UDS�&RQ�$��%�FROXPQ����PO�
*(�+HDOWKFDUH��HTXLOLEUDWHG�ZLWK�ELQGLQJ�EXIIHU�XVLQJ�D�PDQXDO�V\ULQJH��$IWHU�D����PO�ZDVK�ZLWK�ELQGLQJ�EXIIHU��WKH�HOXWLRQ�RI
SURWHLQV�ERXQG�WR�WKH�FROXPQ�ZDV�SHUIRUPHG�ZLWK����PO�RI����P0�+(3(6������0�1D&O������0�PHWK\O�Į�'�JOXFRVLGH��S+�������DQG
����PO�RI�IUDFWLRQV�ZHUH�FROOHFWHG��$OLTXRW�RI�IUDFWLRQV�IURP�FROXPQ�XQERXQG��&RQ�$�SDVV��DQG�ERXQG�HOXWHV��&RQ�$�HOXWH��ZHUH
VXEMHFWHG�WR�WKH�$21'�DVVD\�DQG�SURWHLQ�FRQFHQWUDWLRQ�DQDO\VLV�

'HJO\FRV\ODWLRQ�RI�SURWHLQV

5HPRYDO�RI�JO\FDQV�IURP�WDUJHW�SURWHLQV�LQ�%OXH�SDVV�IUDFWLRQ�ZDV�FDUULHG�RXW�E\�31*DVH�)��ZKLFK�FOHDYHG�1�OLQNHG
ROLJRVDFFKDULGHV�IURP�JO\FRSURWHLQV�>��@��DQG�3URWHLQ�'HJO\FRV\ODWLRQ�0L[��(Q]0L[��FRQWDLQLQJ�31*DVH�)��2�JO\FRVLGDVH�
QHXUDPLQLGDVH��VLDOLGDVH���ȕ�±��JDODFWRVLGDVH��DQG�ȕ�1�DFHW\OJOXFRVDPLQLGDVH��ZKLFK�UHPRYHG�ERWK�1�JO\FDQV�DQG�VRPH�2�
JO\FDQV�>��@��8QGHU�QRQ�GHQDWXULQJ�FRQGLWLRQV��%OXH�SDVV�IUDFWLRQ������ȝJ��ZDV�LQFXEDWHG�ZLWK�RU�ZLWKRXW�31*DVH�)����XQLW��RU
(Q]0L[����XQLW��LQ����ȝO�RI����P0�VRGLXP�SKRVSKDWH��S+������DW����&�IRU����K��7KH�PROHFXODU�PDVVHV�DQG�KRPRJHQHLWLHV�RI�WKH
SURWHLQV��ZLWK�RU�ZLWKRXW�WKH�HQ]\PH�WUHDWPHQW��ZHUH�DQDO\]HG�E\�:HVWHUQ�EORWWLQJ�ZLWK�DQWL�$+6*�DQWLERG\�DV�D�PDUNHU�RI
JO\FRSURWHLQV�

:HVWHUQ�EORWWLQJ

3URWHLQV������ȝJ�ODQH��ZHUH�UHVROYHG�E\�6'6�3$*(�RQ�D��±����JUDGLHQW�JHO��$772��7RN\R��-DSDQ��DQG�WUDQVIHUUHG�RQWR
SRO\YLQ\OLGHQH�GLIOXRULGH�PHPEUDQH��%LR�5DG���0HPEUDQHV�ZHUH�EORFNHG�ZLWK�%ORFNLQJ�2QH�UHDJHQW��1DFDODL�7HVTXH��IRU���K�DW
URRP�WHPSHUDWXUH�DQG�WKHQ�LQFXEDWHG�ZLWK�WKH�DQWL�$+6*�DQWLERG\����������GLOXWLRQ��DE��������$EFDP��&DPEULGJH��8.��LQ�&DQ
*HW�6LJQDO�6ROXWLRQ����72<2%2��2VDND��-DSDQ��RYHUQLJKW�DW���&��7KH�PHPEUDQH�ZDV�ZDVKHG�ZLWK�7%6�7�����P0�7ULV�+&O��S+
���������P0�1D&O�������7ZHHQ�����WKUHH�WLPHV�DQG�LQFXEDWHG�IRU���K�DW�URRP�WHPSHUDWXUH�ZLWK�KRUVHUDGLVK�SHUR[LGDVH�FRQMXJDWHG
VHFRQGDU\�DQWL�UDEELW�,J*���1$�����*(�+HDOWKFDUH��LQ�&DQ�*HW�6LJQDO�6ROXWLRQ����72<2%2���7KH�PHPEUDQH�ZDV�ZDVKHG�DV
GHVFULEHG�DERYH��DQG�WKHQ�VLJQDOV�ZHUH�GHWHFWHG�XVLQJ�,PPRELORQ�:HVWHUQ�+53�6XEVWUDWH��0LOOLSRUH��DQG�;�UD\�ILOP�

3ODVPLG�FRQVWUXFWLRQ

)RU�WKH�V\QWKHVLV�RI�JOXWDWKLRQH�6�WUDQVIHUDVH��*67��IXVLRQ�SURWHLQV�E\�WKH�ZKHDW�JHUP�FHOO�IUHH�V\VWHP��WKUHH�KXPDQ�F'1$V�
$+6*��);&��������6(53,1$���);&�������DQG�5%3���);&��������ZHUH�REWDLQHG�IURP�)OH[L�25)�FORQH��3URPHJD��0DGLVRQ��:,�
DQG�ZHUH�DPSOLILHG�E\�3&5�LQ�D�*HQH$PS�3&5�V\VWHP�������$SSOLHG�%LRV\VWHPV��7RN\R��ZLWK�3ULPH67$5�0D[�'1$�3RO\PHUDVH
�7D.D5D��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU
V�LQVWUXFWLRQV��6SHFLILF�SULPHU�VHWV�ZHUH�DV�IROORZV��$+6*���ƍ�
$$$$&7$*7$7*$$*7&&&7&*7&&7*&7&&777*��
�DQG��ƍ�$7*&7$*77$77*&7&$*&**��
��6(53,1$����ƍ�
$$$$&7$*7$7*&&*7&77&7*7&7&*7****&$��
�DQG��ƍ�$7*&7$*77$77*&7&$*&**��
��5%3����ƍ�
$$$$&7$*7$7*$$*7***7*7***&*&7&77*&��
�DQG��ƍ�$$$&7&*$*77$$$&&$$$$**777&777&7*$7��
��)RXU�KXPDQ�F'1$V�
$�%*��&)%��,7,+��DQG�+3;�ZHUH�DPSOLILHG�IURP�+XPDQ�7RWDO�51$�0DVWHU�3DQHO�,,��&ORQWHFK��3DOR�$OWR��&$��E\�57�3&5�ZLWK
L6FULSW�F'1$�V\QWKHVLV�NLW��%LR�5DG��DQG�3ULPH67$5�0D[�'1$�3RO\PHUDVH��7D.D5D���IROORZLQJ�WKH�PDQXIDFWXUHU
V�LQVWUXFWLRQV�
3&5�SULPHUV�VSHFLILF�WR�HDFK�F'1$�ZHUH�DV�IROORZV��$�%*���ƍ�$7*7&&$7*&7&*7**7&777&7&��
�DQG��ƍ�
$$$$*7&*$&7&$*&777&7*&&$&&$**$*&7&�
��&)%���ƍ�$7****$*&$$7&7&$*&&&&&$$��
�DQG��ƍ�
$$$$*7&*$&7&$7$*$$$$&&&$$$7&&7&$7&��
��DQG�+3;���ƍ�$7**&7$***7$&7***$*&$&&&��
�DQG��ƍ�
$$$$*7&*$&&7$*$7*7***&7$&$*&*&$7$7��
��7KH�,7,+��SULPHUV�ZHUH�GHVLJQHG�WR�DPSOLI\�WKH����N'D�PDWXUH�IRUP�RI�KXPDQ
,7,+���UHVLGXHV���±������>��@�DQG�WKH\�ZHUH�DV�IROORZV���ƍ�$$$$&7$*7$7**$$$$*$$7**&$7&*$&$7&7$��
�DQG��ƍ�
$$$$*7&*$&&7$&$*&7&&$&$*$&&$*&$**$��
��$PSOLILHG�IUDJPHQWV�ZHUH�GLJHVWHG�ZLWK�6DO,��$+6*��6(53,1$���$�%*��&)%�
,7,+��DQG�+3;��RU�;KR,��5%3����DQG�WKHQ�FORQHG�LQWR�WKH�6PD,�6DO,�RU�6PD,�;KR,�VLWHV�RI�S(*67�H[SUHVVLRQ�YHFWRU�>��@�
UHVSHFWLYHO\��7KH�UHVXOWLQJ�SODVPLGV�ZHUH�GHVLJQDWHG�S(*67�$+6*��S(*67�6(53,1$���S(*67�$�%*��S(*67�&)%��S(*67�
,7,+���S(*67�+3;��DQG�S(*67�5%3���UHVSHFWLYHO\�

&HOO�IUHH�SURWHLQ�V\QWKHVLV

:KHDW�JHUP�FHOO�IUHH�WUDQVODWLRQDO�V\VWHP�LV�PRVW�VXLWDEOH�IRU�WKH�H[SUHVVLRQ�RI�XQPRGLILHG�IXOO�OHQJWK�HXNDU\RWLF�SURWHLQV�IURP�SODQW
DQG�DQLPDO�VRXUFHV��DQG�LV�FDSDEOH�RI�SURGXFLQJ�SURWHLQV�ZLWK�SURSHU�IROGLQJ�>��±��@��&HOO�IUHH�SURWHLQ�V\QWKHVLV�ZDV�SHUIRUPHG
ZLWK�:(352����*�([SUHVVLRQ�.LW�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU
V�LQVWUXFWLRQV��*67�IXVLRQ�SURWHLQV�V\QWKHVL]HG�E\�WKH�FHOO�IUHH
V\VWHP�ZHUH�SXULILHG�WKURXJK�D�JOXWDWKLRQH�6HSKDURVH��%�FROXPQ��*(�+HDOWKFDUH��DFFRUGLQJ�WR�WKH�LQVWUXFWLRQV�RI�WKH
PDQXIDFWXUHU�

6WDWLVWLFDO�DQDO\VLV

'DWD�LQ�WKLV�VWXG\�ZHUH�SUHVHQWHG�DV�PHDQ���VWDQGDUG�GHYLDWLRQ��6'���6WDWLVWLFDO�DQDO\VHV�ZHUH�FRQGXFWHG�XVLQJ�35,60��
�*UDSK3DG���6WDWLVWLFDO�VLJQLILFDQFH�ZDV�HYDOXDWHG�E\�$129$��DQDO\VLV�RI�YDULDQFH��IROORZHG�E\�'XQQHWW¶V�PHWKRG�IRU�PXOWLSOH
FRPSDULVRQV�EHWZHHQ�JURXSV��:H�FRQVLGHUHG�S�YDOXHV��������WR�EH�VWDWLVWLFDOO\�VLJQLILFDQFH�

5HVXOWV

3URWHLQ�IDFWRUV�LQ�)%6�H[HUW�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\
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�������� $�QRYHO�IXQFWLRQ�RI�1�OLQNHG�JO\FRSURWHLQV��DOSKD���+6�JO\FRSURWHLQ�DQG�KHPRSH[LQ��,PSOLFDWLRQV�IRU�VPDOO�PROHFXOH�FRPSRXQG�PHGLDWHG�QHXURSURWHFWLRQ

KWWSV���MRXUQDOV�SORV�RUJ�SORVRQH�DUWLFOH"LG ��������MRXUQDO�SRQH�������� ����

,Q�RXU�SUHOLPLQDU\�VWXG\��ZH�IRXQG�WKDW�)%6�ZDV�HVVHQWLDO�WR�H[KLELW�WKH�F\WRSURWHFWLYH�DFWLYLW\�RI�:1�����LQ�YLWUR��GDWD�QRW�VKRZQ��
7R�YHULI\�WKLV��ZH�LQYHVWLJDWHG�ZKHWKHU�)%6�DIIHFWHG�WKH�F\WRSURWHFWLYH�DFWLYLW\�RI�:1�����E\�$21'�DVVD\��7KH�:1�����PHLGDWHG
F\WRSURWHFWLYH�DFWLYLW\�ZDV�REVHUYHG�LQ�D�)%6�GRVH�GHSHQGHQW�PDQQHU��EXW�QRW�LQ�VHUXP�IUHH�FRQGLWLRQV��)LJ��$���7KH�UHVXOWV
VXJJHVW�WKDW�DFWXDO�FRPSRQHQW�LQ�)%6�LV�YLWDO�IRU�WKH�F\WRSURWHFWLYH�DFWLYLW\�RI�:1�����

)LJ����3URWHLQ�IDFWRUV�LQ�)%6�H[HUW�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\�

�$��(IIHFW�RI�)%6�RQ�:1�����LQGXFHG�F\WRSURWHFWLRQ��'LIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�WUHDWHG�ZLWK���ȝ0�:1�����RU
'062�IRU���K�IROORZHG�E\����K�RI�FKDVH�LQFXEDWLRQ�ZLWKRXW�WKH�FRPSRXQG��DQG�WKHQ�H[SRVHG�WR����ȝ0�PHQDGLRQH�IRU���K�
7KH�FHOO�YLDELOLW\�ZDV�PHDVXUHG�E\�$ODPDU%OXH�DVVD\��DQG�ZDV�H[SUHVVHG�DV�D�UHODWLYH�YDOXH��UHODWLYH�F\WRSURWHFWLYH�DFWLYLW\���
IROG��RI�WKH�:1�����WUHDWHG�VDPSOHV�IRU�YHKLFOH�FRQWURO��'062��VHW�DV����'DWD�DUH�H[SUHVVHG�DV�PHDQ���6'��Q� ����
6WDWLVWLFDO�VLJQLILFDQFH�ZDV�HYDOXDWHG�E\�RQH�ZD\�$129$��S���������IROORZHG�E\�'XQQHWW¶V�SRVW�KRF�WHVW�FRPSDUHG�ZLWK
'062�WUHDWHG�FRQWURO��S����������%��(IIHFW�RI�KHDW�GHQDWXUHG�)%6�RQ�WKH�DQWL�R[LGDWLYH�VWUHVV�DFWLYLW\�RI�:1������+HDW
GHQDWXUDWLRQ�RI�)%6�ZDV�SHUIRUPHG�DW����&�IRU����PLQ�DQG�FKLOOHG�LFH�FROG��GHQDWXUHG�)%6���DQG�KHDW�GHQDWXUHG�)%6�ZDV
UHQDWXUHG�E\�WKH�LQFXEDWLRQ�DW���&�IRU����K��UHQDWXUHG�)%6���'LIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�LQFXEDWHG�ZLWK���ȝ0�:1����
RU�'062�IRU���K�LQ�'0(0�VXSSOHPHQWHG�ZLWK�����)%6������GHQDWXUHG�)%6��RU�����UHQDWXUHG�)%6��IROORZHG�E\����K�RI
FKDVH�LQFXEDWLRQ�ZLWKRXW�WKH�FRPSRXQG��DQG�WKHQ�WUHDWHG�ZLWK����ȝ0�PHQDGLRQH�IRU���K��7KH�FHOO�YLDELOLW\�ZDV�FDOFXODWHG�E\
$ODPDU%OXH�DVVD\��DQG�ZDV�H[SUHVVHG�DV�D�UHODWLYH�YDOXH��UHODWLYH�F\WRSURWHFWLYH�DFWLYLW\���IROG��RI�WKH�:1�����WUHDWHG
VDPSOHV�IRU�YHKLFOH�FRQWURO��'062��VHW�DV����'DWD�DUH�H[SUHVVHG�DV�PHDQ���6'��Q� �����6WDWLVWLFDO�VLJQLILFDQFH�ZDV�HYDOXDWHG
E\�RQH�ZD\�$129$��S���������IROORZHG�E\�'XQQHWW¶V�SRVW�KRF�WHVW�FRPSDUHG�ZLWK�'062�WUHDWHG�FRQWURO��S��������
KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������J���

7R�LQYHVWLJDWH�WKH�QDWXUH�RI�WKH�FRPSRQHQW��ZH�QH[W�DQDO\]HG�ZKHWKHU�WKH�:1�����F\WRSURWHFWLYH�DFWLYLW\�ZDV�DIIHFWHG�E\�WKH�KHDW�
GHQDWXUH�WUHDWPHQW�RI�)%6��,Q�WKLV�VWXG\��ZH�XVHG�PLOG�FRQGLWLRQV�����&���ZKLFK�ZDV�KLJKHU�WKDQ�WKRVH�LQ�KHDW�LQDFWLYDWLRQ�RI�)%6
����&���WR�DYRLG�WKH�KHDW�LQGXFHG�SURWHLQ�SUHFLSLWDWLRQ��7KH�:1�����F\WRSURWHFWLYH�DFWLYLW\�ZDV�GHFUHDVHG�XQGHU�WKH�FHOO�FXOWXUH
FRQGLWLRQV�ZLWK�KHDW�GHQDWXUHG�)%6��ZKLOH�LW�ZDV�SDUWLDOO\�UHFRYHUHG�E\�WKH�UHQDWXUHG�)%6��)LJ��%���7KHVH�UHVXOWV�LQGLFDWH�WKDW
WKHUPRODELOH�SURWHLQ�V��SOD\V�D�SLYRWDO�UROH�LQ�WKH�:1�����PHGLDWHG�F\WRSURWHFWLRQ��+HUH��ZH�GHVLJQDWHG�WKHVH�FRPSRQHQWV�DV
:1�����DFWLYDWLQJ�IDFWRUV��6LQFH�LW�ZDV�UHYHDOHG�WKDW�WKH�HIIHFWLYH�FRQFHQWUDWLRQV�RI�)%6�UDQJHG�IURP���WR�����)LJ��$���ZH�XVHG
���RI�)%6��DV�D�SRVLWLYH�FRQWURO��LQ�DOO�WKH�IROORZLQJ�DVVD\V�IRU�WKH�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\�

6HSDUDWLRQ�RI�:1�����DFWLYDWLQJ�IDFWRUV�IURP�)%6

7R�LGHQWLI\�WKH�:1�����DFWLYDWLQJ�IDFWRUV��ZH�VLHYHG�SURWHLQV��ZKLFK�ZHUH�QRW�DVVRFLDWHG�ZLWK�WKH�:1�����F\WRSURWHFWLYH�DFWLYLW\�
RXW�RI�)%6��2XU�SUHOLPLQDU\�VWXG\�VKRZHG�WKDW�ERYLQH�VHUXP�DOEXPLQ��%6$���D�PDMRU�VHUXP�FRPSRQHQW��KDG�QR�UHODWLRQ�WR�WKH
:1�����F\WRSURWHFWLYH�DFWLYLW\��GDWD�QRW�VKRZQ���7KHUHIRUH��ZH�ILUVWO\�UHPRYHG�%6$�IURP�)%6�E\�����VDWXUDWHG�DPPRQLXP�VXOIDWH
SUHFLSLWDWLRQ�DQG�IROORZLQJ�+L7UDS�%OXH�+3�FKURPDWRJUDSK\��7KH�:1�����F\WRSURWHFWLYH�DFWLYLW\�ZDV�FRQFHQWUDWHG�LQ�WKH
DPPRQLXP�VXOIDWH�IUDFWLRQ�DQG�UHFRYHUHG�LQ�WKH�SDVV�WKURXJK�IUDFWLRQ��%OXH�SDVV��RI�+L7UDS�%OXH�+3�FROXPQ��7DEOH����6��)LJ��
6XEVHTXHQWO\��WKH�%OXH�SDVV�IUDFWLRQ�ZDV�VXEMHFWHG�WR�D�%LR�6FDOH�&+7�7\SH�,�K\GUR[\DSDWLWH�DIILQLW\�FKURPDWRJUDSK\��)LJ�����$Q
DSSUR[LPDWHO\�����RI�WKH�ORDGHG�SURWHLQ�SDVVHG�WKURXJK�WKH�FROXPQ�DQG�ZDV�IRXQG�QR�:1�����F\WRSURWHFWLYH�DFWLYLW\��7KXV�
IUDFWLRQ�QXPEHUV�IURP���WR����ZHUH�SRROHG�DV�D�QRQ�DFWLYLW\�IUDFWLRQ�:���$OWKRXJK�WKH�:1�����F\WRSURWHFWLYH�DFWLYLW\�ZDV�EURDGO\
HOXWHG�RXW��WKH�KLJKHVW�DFWLYLW\�ZDV�HOXWHG�LQ�IUDFWLRQ�QXPEHUV����DQG�����DQG�WKH\�DUH�SRROHG�DV�D�KLJK�VSHFLILF�DFWLYLW\�IUDFWLRQ�(��
5HVLGXDO�:1�����F\WRSURWHFWLYH�DFWLYLW\�LQ�WKH�ZDVK�RXW�IUDFWLRQV��IUDFWLRQ�QXPEHUV�����WR������ZHUH�DOVR�SRROHG�DV�D�ORZ�VSHFLILF
DFWLYLW\�IUDFWLRQ�&��

)LJ����)UDFWLRQDWLRQ�RI�:1�����DFWLYDWLQJ�IDFWRU�E\�%LR�6FDOH�0LQL�&+7�7\SH�,�FKURPDWRJUDSK\�

7KH�DFWLYH�HOXWLRQ�VDPSOH�IURP�D�+L7UDS�%OXH�+3�FROXPQ�ZDV�DSSOLHG�WR�D�%LR�6FDOH�0LQL�&+7�7\SH�,�FROXPQ�HTXLOLEUDWHG�ZLWK
��P0�SKRVSKDWH�EXIIHU��VWDUWLQJ�EXIIHU��S+������DW�D�IORZ�UDWH�RI�����PO�PLQ��7KH�FROXPQ�ZDV�ZDVKHG�ZLWK����PO�RI�VWDUWLQJ
EXIIHU��3URWHLQV�ZHUH�HOXWHG�E\�D�OLQHDU�JUDGLHQW�RI�1D&O�IURP���WR���0�LQ�VWDUWLQJ�EXIIHU������PO���DQG�D�ILQDO�FROXPQ�ZDVKRXW
ZDV�SHUIRUPHG�ZLWK����PO�RI�����P0�SKRVSKDWH�EXIIHU��S+�������2QH�PO�IUDFWLRQV�ZHUH�FROOHFWHG�DQG���ȝO�DOLTXRWV�DVVD\HG
IRU�WKH�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\��'LIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�SUHWUHDWHG�ZLWK���ȝ0�:1�����RU�'062
LQ�WKH�SUHVHQFH�RI�HDFK�IUDFWLRQ����ȝO�ZHOO��IRU���K�IROORZHG�E\����K�RI�FKDVH�LQFXEDWLRQ�ZLWKRXW�WKH�FRPSRXQG��DQG�WKHQ
H[SRVHG�WR����ȝ0�PHQDGLRQH�IRU���K��7KH�FHOO�YLDELOLW\�ZDV�FDOFXODWHG�E\�$ODPDU%OXH�DVVD\��DQG�ZDV�H[SUHVVHG�DV�D�UHODWLYH
YDOXH��UHODWLYH�F\WRSURWHFWLYH�DFWLYLW\���IROG��RI�WKH�:1�����WUHDWHG�VDPSOHV�IRU�YHKLFOH�FRQWURO��'062��VHW�DV����7KH�DFWLYH
IUDFWLRQV�ZHUH�SRROHG�
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7DEOH����3XULILFDWLRQ�RI�:1�����DFWLYDWLQJ�IDFWRUV�

KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������W���

7KH�VSHFLILF�DFWLYLW\�RI�HDFK�SXULILFDWLRQ�VWHS������VDWXUDWHG�DPPRQLXP�VXOIDWH�SUHFLSLWDWLRQ�IUDFWLRQ��%OXH�SDVV�IUDFWLRQ��DQG�KLJK�
VSHFLILF�DFWLYLW\�IUDFWLRQ�(��RQ�%LR�6FDOH�&+7�7\SH�,�K\GUR[\DSDWLWH�DIILQLW\�FKURPDWRJUDSK\��ZDV�������������DQG�����XQLWV�PJ�
UHVSHFWLYHO\��7DEOH�����7KURXJK�WKHVH�SXULILFDWLRQ�VWHSV��:1�����DFWLYDWLQJ�IDFWRU�ZDV�FRQFHQWUDWHG�����IROG�LQ�(��ZLWK�D�ILQDO
\LHOGHG�RI�����

,GHQWLILFDWLRQ�RI�:1�����DFWLYDWLQJ�IDFWRU�FDQGLGDWHV�E\�SURWHRPLFV�DQDO\VLV

7R�LGHQWLI\�:1�����DFWLYDWLQJ�IDFWRU��WKH�KLJK�VSHFLILF�DFWLYLW\�IUDFWLRQ�(��ZDV�IXUWKHU�VLHYHG�DQG�DQDO\]HG�E\�D�SURWHRPLF�DSSURDFK
EDVHG�RQ��'(�06��ZKLOH�QRQ�DFWLYLW\�IUDFWLRQ�:��DQG�ORZ�VSHFLILF�DFWLYLW\�IUDFWLRQ�&��ZHUH�XVHG�DV�UHIHUHQFHV�IRU�WKLV�SURWHRPLFV
DQDO\VLV��6��)LJ���7KH�SURWHLQ�VSRWV�LQ�WKH��'(�JHO�ZHUH�FODVVLILHG�LQWR���JURXSV��6��)LJ���:H�VRUWHG�WKH�VSRWV�IRU�IXUWKHU�DQDO\VLV
XVLQJ�WKH�IROORZLQJ�WZR�VWHS�ZD\V��6WHS����FKRRVLQJ�WKH�(��VSHFLILF�VSRWV�E\�FRPSDULQJ��YROXPHV�RI�WKH�VSRWV�EHWZHHQ�(��DQG�WKH
UHIHUHQFH�:���DQG�6WHS����VHOHFWLQJ�RXW�WKH�(��LQFUHDVHG�SURWHLQ�VSRWV�E\�FRPSDULQJ��YROXPHV�RI�WKH�VSRWV�EHWZHHQ�(��VSRWV
FKRVHQ�LQ�6WHS���DQG�WKH�UHIHUHQFH�&���$V�D�UHVXOW������VSRWV�ZHUH�LGHQWLILHG�LQ�6WHS���DV�(��VSHFLILF�VLJQDOV��DQG�LQ�WKH�IROORZLQJ
6WHS�������VSRWV�ZHUH�VHOHFWHG�DV�(��LQFUHDVLQJ�VLJQDOV��$PRQJ�WKHVH�VSRWV�����VSRWV�VDWLVILHG�ZLWK�WKH�FULWHULD�RI�VXIILFLHQW
DPRXQWV�IRU�06�DQDO\VLV��)LJ���DQG�7DEOH�����06�06�LRQ�VHDUFK�XVLQJ�0$/',�72)�72)�PDVV�VSHFWURPHWU\�FODVVLILHG�DOO�WKH
LGHQWLILHG�SURWHLQV��ZKLFK�ZHUH�PXOWLSOH�VSRWV�ZLWK�GLIIHUHQW�LVRHOHFWULF�SRLQWV�DQG�PROHFXODU�ZHLJKWV��LQWR���FOXVWHUV��DOSKD���+6�
JO\FRSURWHLQ��$+6*���UHWLQRO�ELQGLQJ�SURWHLQ����5%3����KHPRSH[LQ��+3;���DQG�WUDQVIHUULQ��7)���ZKLFK�DUH�UHODWHG�WR�WKH�WUDQVSRUW
V\VWHP��DOSKD���DQWLSURWHLQDVH��6(53,1$����D�SURWHDVH�LQKLELWRU��JHOVROLQ��ZKLFK�LV�LQYROYHG�LQ�DFWLQ�ILODPHQW�VHYHULQJ��FRPSOHPHQW
IDFWRU�%��&)%���D�FRQWURO�IDFWRU�LQYROYHG�LQ�FRPSOHPHQW�DFWLYDWLRQ��LQWHU�DOSKD�WU\SVLQ�LQKLELWRU�KHDY\�FKDLQ�+���,7,+����DQG�DQWL�
LQIODPPDWRU\�SURWHLQ��DOSKD��%�JO\FRSURWHLQ��$�%*���JO\FRSURWHLQ�ZLWK�XQNQRZQ�IXQFWLRQ�

)LJ����5HSUHVHQWDWLYH��'(�JHO�LPDJH�RI�KLJK�:1�����DFWLYH�(��IUDFWLRQ�VHSDUDWHG�E\�WKH�%LR�6FDOH�0LQL�&+7�7\SH�,�FROXPQ�

3URWHLQV������ȝJ��ZHUH�VHSDUDWHG�E\�LVRHOHFWULF�IRFXVLQJ�XVLQJ�,PPRELOLQH�'U\6WULS�RI�S+��±���IROORZHG�E\��±����JUDGLHQW
6'6�3$*(�JHOV��3URWHLQV�ZHUH�YLVXDOL]HG�E\�6<352�5XE\�VWDLQLQJ��3URWHLQV�ZHUH�LGHQWLILHG�E\�0$/',�72)�72)�PDVV
VSHFWURPHWU\��7KH�LGHQWLILHG�VSRWV�DUH�QXPEHUHG�DQG�ODEHOHG�ZLWK�FLUFOHV��6SRW�QXPEHUV�UHIHU�WR�QXPEHUV�LQ�7DEOH���
KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������J���

7DEOH����3URILOHV�RI�SURWHLQV�LGHQWLILHG�E\�WZR�GLPHQVLRQDO�SRO\DFU\ODPLGH�JHO�HOHFWURSKRUHVLV�DQG�PDVV�VSHFWURPHWU\�

KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������W���

1�OLQNHG�JO\FRSURWHLQV�H[HUW�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\

:H�VHDUFKHG�WKH�FKDUDFWHULVWLFV�RI�:1�����DFWLYDWLQJ�IDFWRU�FDQGLGDWHV�ZLWK�WKH�8QL3URW.%�GDWDEDVH��DQG�IRXQG�WKDW�VHYHQ�RXW�RI
WKHP��H[FHSW�IRU�JHOVROLQ�DQG�5%3���ZHUH�JO\FRSURWHLQV�ZLWK�SRWHQWLDO�1�JO\FRV\ODWLRQ�VLWHV��7R�LQYHVWLJDWH�ZKHWKHU�:1�����
DFWLYDWLQJ�IDFWRUV�DUH�JO\FRSURWHLQV��ZH�VHSDUDWHG�1�OLQNHG�JO\FRSURWHLQV�LQ�)%6�E\�XVLQJ�&RQ�$�OHFWLQ�FROXPQ�DQG�PHDVXUHG�LWV
:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\��7KH�&RQ�$�HOXWH�DV�D�1�OLQNHG�JO\FRSURWHLQ�IUDFWLRQ��EXW�QRW�WKH�&RQ�$�SDVV�WKURXJK�DV�D
QRQ�JO\FRSURWHLQ�IUDFWLRQ��VKRZHG�WKH�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\��)LJ�����7KHVH�UHVXOWV�VXJJHVW�WKDW�:1�����
DFWLYDWLQJ�IDFWRUV�DUH�1�OLQNHG�JO\FRSURWHLQV��7KXV��QRQ�JO\FRSURWHLQV�5%3��DQG�JHOVROLQ�ZHUH�H[FOXGHG�IURP�FDQGLGDWHV�
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)LJ����1�OLQNHG�JO\FRSURWHLQV�H[HUW�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\�

'LIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�SUHWUHDWHG�ZLWK���ȝ0�:1�����LQ�'0(0�FRQWDLQLQJ�����PJ�PO�)%6��&RQ�$�SDVV��RU�&RQ�$
HOXWH�IRU���K�IROORZHG�E\����K�RI�FKDVH�LQFXEDWLRQ�ZLWKRXW�WKH�FRPSRXQG��DQG�WKHQ�H[SRVHG�WR����ȝ0�PHQDGLRQH�IRU���K��$V
FRQWURO�H[SHULPHQWV��GLIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�WUHDWHG�ZLWK���ȝ0�:1������DV�D�SRVLWLYH�FRQWURO��RU�'062��DV�D
YHKLFOH�FRQWURO��LQ�'0(0�VXSSOHPHQWHG�ZLWK����)%6��FRUUHVSRQGV�WR�D�SURWHLQ�FRQFHQWUDWLRQ�RI�DSSUR[LPDWHO\�����PJ�PO��
7KH�FHOO�YLDELOLW\�ZDV�FDOFXODWHG�E\�$ODPDU%OXH��DQG�ZDV�H[SUHVVHG�DV�D�UHODWLYH�YDOXH��UHODWLYH�F\WRSURWHFWLYH�DFWLYLW\���IROG�
RI�WKH�:1�����WUHDWHG�VDPSOHV�IRU�YHKLFOH�FRQWURO��'062��VHW�DV����'DWD�DUH�H[SUHVVHG�DV�PHDQ���6'��Q� �����6WDWLVWLFDO
VLJQLILFDQFH�ZDV�HYDOXDWHG�E\�RQH�ZD\�$129$��S���������IROORZHG�E\�'XQQHWW¶V�SRVW�KRF�WHVW�FRPSDUHG�ZLWK�'062�WUHDWHG
FRQWURO��S��������S�������
KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������J���

'HJO\FRV\ODWLRQ�GRHV�QRW�DIIHFW�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\

7R�FRQILUP�ZKHWKHU�WKH�JO\FDQ�FKDLQV�RQ�WDUJHW�SURWHLQV�ZHUH�DVVRFLDWHG�ZLWK�WKH�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\��ZH
FDUULHG�RXW�$21'�DVVD\�XVLQJ�GHJO\FRV\ODWLRQ�WUHDWHG�)%6��7KH�JO\FDQ�FKDLQV�RQ�WKH�JO\FRSURWHLQV�ZHUH�HQ]\PDWLFDOO\�GLJHVWHG�E\
JO\FRVLGDVHV��7KH�GHJO\FRV\ODWLRQ�ZDV�YDOLGDWHG�E\�6'6�3$*(�DQG�:HVWHUQ�EORWWLQJ�ZLWK�WKH�FRPPHUFLDOO\�DYDLODEOH�DQWLERG\
DJDLQVW�$+6*�DV�D�PDUNHU�RI�JO\FRSURWHLQV�LQ�)%6��:H�REVHUYHG�WKH�GLIIHUHQFHV�LQ�WKH�SURWHLQ�PLJUDWLRQ�SDWWHUQV�IURP�)%6�E\�WKH
WUHDWPHQW�ZLWK�RU�ZLWKRXW�JO\FRVLGDVHV��)LJ��$���:H�DOVR�FRQILUPHG�WKDW�WKH�$+6*�VLJQDOV�DIWHU�WKH�WUHDWPHQW�ZLWK�JO\FRVLGDVHV
ZHUH�VKLIWHG�WR�ORZHU�PROHFXODU�ZHLJKW�FRPSDUHG�WR�QRQ�WUHDWHG�FRQWURO��)LJ��%���,QWULJXLQJO\��:1�����PHGLDWHG�F\WRSURWHFWLYH
DFWLYLW\�ZDV�QRW�DIIHFWHG�E\�WKH�UHPRYDO�RI�JO\FDQV�RQ�VHUXP�SURWHLQV�ZKHQ�FRPSDUHG�WR�QRQ�WUHDWHG�FRQWURO��)LJ�����7KLV�VXJJHVWV
WKDW�WKH�VXJDU�FKDLQV�FRQMXJDWHG�RQ�:1�����DFWLYDWLQJ�IDFWRUV�DUH�QRW�QHFHVVDU\�IRU�WKH�:1�����PHGLDWHG�DQWL�R[LGDWLYH�VWUHVV
IXQFWLRQ�LQ�YLWUR�

)LJ����6LOYHU�VWDLQLQJ�DQG�:HVWHUQ�EORW�DQDO\VLV�RI�%OXH�SDVV�IUDFWLRQ�WUHDWHG�ZLWK�RU�ZLWKRXW�JO\FRVLGDVH�

%OXH�SDVV�IUDFWLRQ�ZDV�WUHDWHG�ZLWK�RU�ZLWKRXW�(Q]0L[��UHPRYDO�1��DQG�2�JO\FDQV��DQG�31*DVH)��UHPRYDO�RI�1�JO\FDQV��DW
���&�IRU����K��7KH�PROHFXODU�PDVVHV�DQG�KRPRJHQHLWLHV�RI�WKH�SURWHLQV�ZHUH�DQDO\]HG�E\�6'6�3$*(��$��DQG�:HVWHUQ
EORWWLQJ�ZLWK�DQWL�$+6*�DQWLERG\�DV�D�JO\FRSURWHLQ�VWDQGDUG��%���3URWHLQV�ZHUH�YLVXDOL]HG�E\�VLOYHU�VWDLQLQJ�XVLQJ�D�6LOYHU
6WDLQ�.LW�:DNR��:DNR��
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)LJ����'HJO\FRV\ODWLRQ�GRHV�QRW�DIIHFW�:1�����PHGLDWHG�F\WRSURWHFWLYH�DFWLYLW\�

'LIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�SUHWUHDWHG�ZLWK���ȝ0�:1�����LQ�'0(0�FRQWDLQLQJ������PJ�PO�%OXH�SDVV�WUHDWHG�ZLWK�RU
ZLWKRXW�(Q]0L[�DQG�31*DVH)�IRU���K�IROORZHG�E\����K�RI�FKDVH�LQFXEDWLRQ�ZLWKRXW�WKH�FRPSRXQG��DQG�WKHQ�H[SRVHG�WR����ȝ0
PHQDGLRQH�IRU���K��$V�FRQWURO�H[SHULPHQWV��GLIIHUHQWLDWHG�6+�6<�<�FHOOV�ZHUH�WUHDWHG�ZLWK���ȝ0�:1������DV�D�SRVLWLYH
FRQWURO��RU�'062��DV�D�YHKLFOH�FRQWURO��LQ�'0(0�VXSSOHPHQWHG�ZLWK����)%6��FRUUHVSRQGV�WR�D�SURWHLQ�FRQFHQWUDWLRQ�RI
DSSUR[LPDWHO\�����PJ�PO���7KH�FHOO�YLDELOLW\�ZDV�FDOFXODWHG�E\�$ODPDU%OXH��DQG�ZDV�H[SUHVVHG�DV�D�UHODWLYH�YDOXH��UHODWLYH
F\WRSURWHFWLYH�DFWLYLW\���IROG��RI�WKH�:1�����WUHDWHG�VDPSOHV�IRU�YHKLFOH�FRQWURO��'062��VHW�DV����'DWD�DUH�H[SUHVVHG�DV
PHDQ���6'��Q� �����6WDWLVWLFDO�VLJQLILFDQFH�ZDV�HYDOXDWHG�E\�RQH�ZD\�$129$��S���������IROORZHG�E\�'XQQHWW¶V�SRVW�KRF�WHVW
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