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�����

����+��7��1JX\HQ��*��.��6KLX��:��+��:RUVOH\��DQG�-��3��6NHOO\��-��3KDUP��6FL�����������������

����,��-��0F*LOYHUD\��'UXJ�,QI��-������������������

����-RKQ�5��&ULVRQ��'HYHORSLQJ�'LVVROXWLRQ�7HVWV�IRU�0RGLILHG�5HOHDVH�'RVDJH�)RUPV��*HQHUDO�

&RQVLGHUDWLRQV��$YDLODEOH�DW��KWWS���ZZZ�GLVVROXWLRQWHFK�FRP�'7UHVRXU����DUWLFOHV����&ULVRQ�KWP��

��� 8QLWHG�6WDWHV�3KDUPDFRSHLD����1DWLRQDO�)RUPXODU\����863&��,QF���5RFNYLOOH��0G���������

����:LOOLDP�$��+DQVRQ��+DQGERRN�RI�'LVVROXWLRQ�7HVWLQJ���QG�(G��5HY���$VWHU��(XJHQH��2UH���������

&KDSWHU����

5HFRPPHQGHG�5HDGLQJV�
*��/��$PLGRQ��+��/HQQHUQDV��9��3��6KDK��DQG�-��5��&ULVRQ��3KDUP��5HV�����������������

-��%��'UHVVPDQ��*��/��$PLGRQ��&��5HSSDV��DQG�9��3��6KDK��3KDUP��5HV����������������

0XFK�RI�WKLV�RSHQLQJ�VHFWLRQ�ZDV�DGDSWHG�IURP�&RKHQ�HW�DO���

7KLV�VHFWLRQ�ZDV�DGDSWHG�ZLWK�VRPH�PRGLILFDWLRQ�IURP�UHIHUHQFH�����

0RGLILHG�IURP�&ULVRQ���

&KDSWHU�/HJDF\
)LIWK�(GLWLRQ� SXEOLVKHG�DV�&KDSWHU�����'UXJ�5HOHDVH�DQG�'LVVROXWLRQ���8SGDWHG�E\�3DWULFN�
6LQNR�
6L[WK�(GLWLRQ� SXEOLVKHG�DV�&KDSWHU�����'UXJ�5HOHDVH�DQG�'LVVROXWLRQ���8SGDWHG�E\�3DWULFN�
6LQNR�
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���&KHPLFDO�.LQHWLFV�DQG�6WDELOLW\�
&KDSWHU�2EMHFWLYHV
$W�WKH�FRQFOXVLRQ�RI�WKLV�FKDSWHU�WKH�VWXGHQW�VKRXOG�EH�DEOH�WR�

�� 'HILQH�UHDFWLRQ�UDWH��UHDFWLRQ�RUGHU��DQG�PROHFXODULW\�
�� 8QGHUVWDQG�DQG�DSSO\�DSSDUHQW�]HUR�RUGHU�NLQHWLFV�WR�WKH�SUDFWLFH�RI�SKDUPDF\�
�� &DOFXODWH�KDOI�OLIH�DQG�VKHOI�OLIH�RI�SKDUPDFHXWLFDO�SURGXFWV�DQG�GUXJV�
�� 8QGHUVWDQG�0LFKDHOLV±0HQWHQ��QRQOLQHDU��NLQHWLF�EHKDYLRU�DQG�OLQHDUL]DWLRQ�

WHFKQLTXHV�
�� ,QWHUSUHW�S+±UDWH�SURILOHV�DQG�NLQHWLF�GDWD�
�� 8QGHUVWDQG�WKH�EDVLV�IRU�WUDQVLWLRQ�VWDWH�WKHRU\�DQG�LWV�DSSOLFDWLRQ�WR�FKHPLFDO�

NLQHWLFV�
�� 'HVFULEH�WKH�LQIOXHQFH�RI�WHPSHUDWXUH��LRQLF�VWUHQJWK��VROYHQW��S+��DQG�GLHOHFWULF�

FRQVWDQW�RQ�UHDFWLRQ�UDWHV�
�� &DOFXODWH�WKH�LQFUHDVH�LQ�UDWH�FRQVWDQW�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH��4����
�� 'HVFULEH�WKH�IDFWRUV�WKDW�LQIOXHQFH�VROLG�VWDWH�FKHPLFDO�NLQHWLFV�
��� ,GHQWLI\�DQG�GHVFULEH�PHWKRGV�IRU�WKH�VWDELOL]DWLRQ�RI�SKDUPDFHXWLFDO�DJHQWV�
��� 8QGHUVWDQG�VWDELOLW\�WHVWLQJ�SURWRFROV�DQG�UHJXODWRU\�UHTXLUHPHQWV�

7KH�SXUSRVH�RI�VWDELOLW\�WHVWLQJ�LV�WR�SURYLGH�HYLGHQFH�RQ�KRZ�WKH�TXDOLW\�RI�D�GUXJ�VXEVWDQFH�RU�GUXJ�

SURGXFW�YDULHV�ZLWK�WLPH�XQGHU�WKH�LQIOXHQFH�RI�D�YDULHW\�RI�HQYLURQPHQWDO�IDFWRUV��VXFK�DV�WHPSHUDWXUH��

KXPLGLW\��DQG�OLJKW��DQG�WR�HVWDEOLVK�D�UHWHVW�SHULRG�IRU�WKH�GUXJ�VXEVWDQFH�RU�D�VKHOI�OLIH�IRU�WKH�GUXJ�

SURGXFW�DQG�UHFRPPHQGHG�VWRUDJH�FRQGLWLRQV��$OWKRXJK�WKH�SKDUPDFHXWLFDO�VFLHQWLVW�SOD\V�D�FULWLFDO�UROH�

LQ�GHWHUPLQLQJ�WKH�VWDELOLW\�RI�SKDUPDFHXWLFDOV��SUDFWLFLQJ�SKDUPDFLVWV�VKRXOG�EH�DEOH�WR�LQWHUSUHW�WKLV�

LQIRUPDWLRQ�IRU�WKHLU�SDWLHQWV��7KLV�FKDSWHU�LQWURGXFHV�WKH�UDWHV�DQG�PHFKDQLVPV�RI�UHDFWLRQV�ZLWK�

SDUWLFXODU�HPSKDVLV�RQ�GHFRPSRVLWLRQ�DQG�VWDELOL]DWLRQ�RI�GUXJ�SURGXFWV��,W�LV�HVVHQWLDO�IRU�SKDUPDFLVWV�

DQG�SKDUPDFHXWLFDO�VFLHQWLVWV�WR�VWXG\��XQGHUVWDQG��DQG�LQWHUSUHW�FRQGLWLRQV�RI�LQVWDELOLW\�RI�

SKDUPDFHXWLFDO�SURGXFWV�DV�ZHOO�DV�WR�EH�DEOH�WR�RIIHU�VROXWLRQV�IRU�WKH�VWDELOL]DWLRQ�RI�WKHVH�SURGXFWV��

3KDUPDFHXWLFDO�PDQXIDFWXUHUV�URXWLQHO\�XWLOL]H�WKH�SULQFLSOHV�FRYHUHG�LQ�WKLV�FKDSWHU��KRZHYHU��ZLWK�WKH�

UHVXUJHQFH�RI�SKDUPDFHXWLFDO�FRPSRXQGLQJ��LW�LV�HVVHQWLDO�IRU�SUDFWLFLQJ�SKDUPDFLVWV�WR�XQGHUVWDQG�GUXJ�

SURGXFW�VWDELOLW\�DV�ZHOO��,I�D�FRPPXQLW\�SKDUPDFLVW�LV�DVNHG�WR�FRPSRXQG�D�SUHVFULSWLRQ�SURGXFW��WKHUH�

DUH�PDQ\�IDFWRUV�WKDW�KH�RU�VKH�PXVW�FRQVLGHU��7KH�SKDUPDFLVW�PXVW�UHFRJQL]H�WKDW�DOWHUDWLRQV�LQ�

VWDELOLW\�PD\�RFFXU�ZKHQ�D�GUXJ�LV�FRPELQHG�ZLWK�RWKHU�LQJUHGLHQWV��)RU�H[DPSOH��LI�WKLDPLQH�

K\GURFKORULGH��ZKLFK�LV�PRVW�VWDEOH�DW�D�S+�RI���WR���DQG�LV�XQVWDEOH�DERYH�S+����LV�FRPELQHG�ZLWK�D�

EXIIHUHG�YHKLFOH�RI��VD\��S+���RU����WKH�YLWDPLQ�LV�UDSLGO\�LQDFWLYDWHG���.QRZLQJ�WKH�UDWH�DW�ZKLFK�D�GUXJ�

GHWHULRUDWHV�DW�YDULRXV�K\GURJHQ�LRQ�FRQFHQWUDWLRQV�DOORZV�RQH�WR�FKRRVH�D�YHKLFOH�WKDW�ZLOO�UHWDUG�RU�

SUHYHQW�WKH�GHJUDGDWLRQ��3DWLHQWV�H[SHFW�WKDW�SURGXFWV�ZLOO�KDYH�D�UHDVRQDEOH�VKHOI�OLIH��(YHQ�WKRXJK�

SKDUPDFHXWLFDO�PDQXIDFWXUHUV�ODEHO�SUHVFULSWLRQ�DQG�RYHU�WKH�FRXQWHU�GUXJ�SURGXFWV�ZLWK�H[SLUDWLRQ�

GDWLQJ�WR�JXLGH�WKH�SDWLHQW�FRQVXPHU�LQ�WKHVH�PDWWHUV��SDWLHQWV�PD\�VWRUH�WKHVH�SURGXFWV�LQ�D�EDWKURRP�

PHGLFLQH�FDELQHW�ZKHUH�WKH�KXPLGLW\�DQG�WHPSHUDWXUH�DUH�KLJKHU�WKDQ�WKH�W\SLFDO�VWRUDJH�SODFH�IRU�

PHGLFDWLRQV��+RZ�GRHV�WKLV�DIIHFW�WKH�VKHOI�OLIH�RI�WKH�SURGXFW"�$�FRPPXQLW\�SKDUPDF\�SUDFWLWLRQHU�

VKRXOG�EH�DEOH�WR�XQGHUVWDQG�WKLV�DQG�DGYLVH�SDWLHQWV�RQ�WKHVH�PDWWHUV��

7KH�H[SHULPHQWDO�LQYHVWLJDWLRQ�RI�WKH�SRVVLEOH�EUHDNGRZQ�RI�QHZ�GUXJV�LV�QRW�D�VLPSOH�PDWWHU��

$SSOLFDWLRQV�RI�FKHPLFDO�NLQHWLFV�LQ�SKDUPDF\�UHVXOW�LQ�WKH�SURGXFWLRQ�RI�PRUH�VWDEOH�GUXJ�SUHSDUDWLRQV��

WKH�GRVDJH�DQG�UDWLRQDOH�RI�ZKLFK�PD\�EH�HVWDEOLVKHG�RQ�VRXQG�VFLHQWLILF�SULQFLSOHV��7KXV��DV�D�UHVXOW�RI�

FXUUHQW�UHVHDUFK�LQYROYLQJ�WKH�NLQHWLFV�RI�GUXJ�V\VWHPV��WKH�SKDUPDFLVW�LV�DEOH�WR�DVVLVW�WKH�SK\VLFLDQ�

DQG�SDWLHQW�UHJDUGLQJ�WKH�SURSHU�VWRUDJH�DQG�XVH�RI�PHGLFLQDO�DJHQWV��7KLV�FKDSWHU�EULQJV�RXW�D�QXPEHU�

RI�IDFWRUV�WKDW�EHDU�RQ�WKH�IRUPXODWLRQ��VWDELOL]DWLRQ��DQG�DGPLQLVWUDWLRQ�RI�GUXJV��&RQFHQWUDWLRQ��

WHPSHUDWXUH��OLJKW��S+��DQG�FDWDO\VWV�DUH�LPSRUWDQW�LQ�UHODWLRQ�WR�WKH�VSHHG�DQG�WKH�PHFKDQLVP�RI�

UHDFWLRQV�DQG�ZLOO�EH�GLVFXVVHG�LQ�WXUQ��

)XQGDPHQWDOV�DQG�&RQFHQWUDWLRQ�(IIHFWV�
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5DWHV��2UGHU��DQG�0ROHFXODULW\�RI�5HDFWLRQV�
7KH�UDWH��YHORFLW\��RU�VSHHG�RI�D�UHDFWLRQ�LV�JLYHQ�E\�WKH�H[SUHVVLRQGF�GW��ZKHUH�GF�LV�WKH�LQFUHDVH�RU�

GHFUHDVH�RI�FRQFHQWUDWLRQ�RYHU�DQ�LQILQLWHVLPDO�WLPH�LQWHUYDO�GW��$FFRUGLQJ�WR�WKH�ODZ�RI�PDVV�DFWLRQ��WKH�

UDWH�RI�D�FKHPLFDO�UHDFWLRQ�LV�SURSRUWLRQDO�WR�WKH�SURGXFW�RI�WKH�PRODU�FRQFHQWUDWLRQ�RI�WKH�UHDFWDQWV�HDFK�

UDLVHG�WR�D�SRZHU�XVXDOO\�HTXDO�WR�WKH�QXPEHU�RI�PROHFXOHV��D DQG E��RI�WKH�VXEVWDQFHV�$�DQG�%��

UHVSHFWLYHO\��XQGHUJRLQJ�UHDFWLRQ��,Q�WKH�UHDFWLRQ�

WKH�UDWH�RI�WKH�UHDFWLRQ�LV�

ZKHUH�N�LV�WKH�UDWH�FRQVWDQW��

3�����

7KH�RYHUDOO�RUGHU�RI�D�UHDFWLRQ�LV�WKH�VXP�RI�WKH�H[SRQHQWV�>D���E��H�J���LQ�HTXDWLRQ�������@�RI�WKH�

FRQFHQWUDWLRQ�WHUPV��$�DQG�%��7KH�RUGHU�ZLWK�UHVSHFW�WR�RQH�RI�WKH�UHDFWDQWV��$ RU %��LV�WKH�

H[SRQHQW�D RUE�RI�WKDW�SDUWLFXODU�FRQFHQWUDWLRQ�WHUP��,Q�WKH�UHDFWLRQ�RI�HWK\O�DFHWDWH�ZLWK�VRGLXP�

K\GUR[LGH�LQ�DTXHRXV�VROXWLRQ��IRU�H[DPSOH��

WKH�UDWH�H[SUHVVLRQ�LV�

7KH�UHDFWLRQ�LV�ILUVW�RUGHU��D� ����ZLWK�UHVSHFW�WR�HWK\O�DFHWDWH�DQG�ILUVW�RUGHU��E� ����ZLWK�UHVSHFW�WR�

VRGLXP�K\GUR[LGH�VROXWLRQ��RYHUDOO�WKH�UHDFWLRQ�LV�VHFRQG�RUGHU��D���E� �����

6XSSRVH�WKDW�LQ�WKLV�UHDFWLRQ��VRGLXP�K\GUR[LGH�DV�ZHOO�DV�ZDWHU�ZDV�LQ�JUHDW�H[FHVV�DQG�HWK\O�DFHWDWH�

ZDV�LQ�D�UHODWLYHO\�ORZ�FRQFHQWUDWLRQ��$V�WKH�UHDFWLRQ�SURFHHGHG��HWK\O�DFHWDWH�ZRXOG�FKDQJH�

DSSUHFLDEO\�IURP�LWV�RULJLQDO�FRQFHQWUDWLRQ��ZKHUHDV�WKH�FRQFHQWUDWLRQV�RI�1D2+�DQG�ZDWHU�ZRXOG�

UHPDLQ�HVVHQWLDOO\�XQFKDQJHG�EHFDXVH�WKH\�DUH�SUHVHQW�LQ�JUHDW�H[FHVV��,Q�WKLV�FDVH��WKH�FRQWULEXWLRQ�RI�

VRGLXP�K\GUR[LGH�WR�WKH�UDWH�H[SUHVVLRQ�LV�FRQVLGHUHG�FRQVWDQW�DQG�WKH�UHDFWLRQ�UDWH�FDQ�EH�ZULWWHQ�DV�

ZKHUH�Nƍ� N>1D2+@��7KH�UHDFWLRQ�LV�WKHQ�VDLG�WR�EH�D�SVHXGR±ILUVW�RUGHU�UHDFWLRQ�EHFDXVH�LW�GHSHQGV�

RQO\�RQ�WKH�ILUVW�SRZHU��D� ����RI�WKH�FRQFHQWUDWLRQ�RI�HWK\O�DFHWDWH��,Q�JHQHUDO��ZKHQ�RQH�RI�WKH�

UHDFWDQWV�LV�SUHVHQW�LQ�VXFK�JUHDW�H[FHVV�WKDW�LWV�FRQFHQWUDWLRQ�PD\�EH�FRQVLGHUHG�FRQVWDQW�RU�QHDUO\�

VR��WKH�UHDFWLRQ�LV�VDLG�WR�EH�RISVHXGR�RUGHU��

([DPSOH�����
5HDFWLRQ�2UGHU
,Q�WKH�UHDFWLRQ�RI�DFHWLF�DQK\GULGH�ZLWK�HWK\O�DOFRKRO�WR�IRUP�HWK\O DFHWDWH�DQG�ZDWHU�

WKH�UDWH�RI�UHDFWLRQ�LV

:KDW�LV�WKH�RUGHU�RI�WKH�UHDFWLRQ�ZLWK�UHVSHFW�WR�DFHWLF�DQK\GULGH"�:LWK�UHVSHFW�WR�HWK\O�
DOFRKRO"�:KDW�LV�WKH�RYHUDOO�RUGHU�RI�WKH�UHDFWLRQ"
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���



,I�WKH�DOFRKRO��ZKLFK�VHUYHV�KHUH�DV�WKH�VROYHQW�IRU�DFHWLF�DQK\GULGH��LV�LQ�ODUJH�H[FHVV�VXFK�
WKDW�D�VPDOO�DPRXQW�RI�HWK\O�DOFRKRO�LV�XVHG�XS�LQ�WKH�UHDFWLRQ��ZULWH�WKH�UDWH�HTXDWLRQ�IRU�WKH�
SURFHVV�DQG�VWDWH�WKH�RUGHU�
$QVZHU��7KH�UHDFWLRQ�DSSHDUV�WR�EH�ILUVW�RUGHU�ZLWK�UHVSHFW�WR�DFHWLF�DQK\GULGH��VHFRQG�RUGHU�
ZLWK�UHVSHFW�WR�HWK\O�DOFRKRO��DQG�RYHUDOO�WKLUG�RUGHU��+RZHYHU��EHFDXVH�DOFRKRO�LV�WKH�VROYHQW��
LWV�FRQFHQWUDWLRQ�UHPDLQV�HVVHQWLDOO\�FRQVWDQW��DQG�WKH�UDWH�H[SUHVVLRQ�FDQ�EH�ZULWWHQ�DV

.LQHWLFDOO\�WKH�UHDFWLRQ�LV�WKHUHIRUH�D�SVHXGR±ILUVW�RUGHU�UHDFWLRQ� DV�QRWHG�E\�*ODVVWRQH��

0ROHFXODULW\�
$�UHDFWLRQ�ZKRVH�RYHUDOO�RUGHU�LV�PHDVXUHG�FDQ�EH�FRQVLGHUHG�WR�RFFXU�WKURXJK�VHYHUDO�VWHSV�RU�

HOHPHQWDU\�UHDFWLRQV��(DFK�RI�WKH�HOHPHQWDU\�UHDFWLRQV�KDV�D�VWRLFKLRPHWU\�JLYLQJ�WKH�QXPEHU�RI�

PROHFXOHV�WDNLQJ�SDUW�LQ�WKDW�VWHS��%HFDXVH�WKH�RUGHU�RI�DQ�HOHPHQWDU\�UHDFWLRQ�JLYHV�WKH�QXPEHU�RI�

PROHFXOHV�FRPLQJ�WRJHWKHU�WR�UHDFW�LQ�WKH�VWHS��LW�LV�FRPPRQ�WR�UHIHU�WR�WKLV�RUGHU�DV�WKHPROHFXODULW\�RI�

WKH�HOHPHQWDU\�UHDFWLRQ��,I��RQ�WKH�RWKHU�KDQG��D�UHDFWLRQ�SURFHHGV�WKURXJK�VHYHUDO�VWDJHV��WKH�WHUP�

PROHFXODULW\�LV�QRW�XVHG�LQ�UHIHUHQFH�WR�WKH�REVHUYHG�UDWH�ODZ��2QH�VWHS�PD\�LQYROYH�WZR�PROHFXOHV��D�

VHFRQG�VWHS�RQO\�RQH�PROHFXOH��DQG�D�VXEVHTXHQW�VWHS�RQH�RU�WZR�PROHFXOHV��+HQFH��RUGHU�DQG�

PROHFXODULW\�DUH�RUGLQDULO\�LGHQWLFDO�RQO\�IRU�HOHPHQWDU\�UHDFWLRQV��%LPROHFXODU�UHDFWLRQV�PD\�RU�PD\�QRW�

EH�VHFRQG�RUGHU��

,Q�VLPSOH�WHUPV��PROHFXODULW\�LV�WKH�QXPEHU�RI�PROHFXOHV��DWRPV��RU�LRQV�UHDFWLQJ�LQ�DQ�HOHPHQWDU\�

SURFHVV��,Q�WKH�UHDFWLRQ�

WKH�SURFHVV�LV�XQLPROHFXODU�EHFDXVH�WKH�VLQJOH�PROHFXOH��%U���GHFRPSRVHV�WR�IRUP�WZR�EURPLQH�DWRPV��

,Q�WKH�VLQJOH�VWHS�UHDFWLRQ�

WKH�SURFHVV�LV�ELPROHFXODU�EHFDXVH�WZR�PROHFXOHV��RQH�RI�+��DQG�RQH�RI�,���PXVW�FRPH�WRJHWKHU�WR�IRUP�

WKH�SURGXFW�+,��7HUPROHFXODUUHDFWLRQV��WKDW�LV��SURFHVVHV�LQ�ZKLFK�WKUHH�PROHFXOHV�PXVW�FRPH�WRJHWKHU�

VLPXOWDQHRXVO\��DUH�UDUH��

&KHPLFDO�UHDFWLRQV�WKDW�SURFHHG�WKURXJK�PRUH�WKDQ�RQH�VWHS�DUH�NQRZQ�DV�FRPSOH[�UHDFWLRQV��7KH�

RYHUDOO�RUGHU�GHWHUPLQHG�NLQHWLFDOO\�PD\�QRW�EH�LGHQWLFDO�ZLWK�WKH�PROHFXODULW\�EHFDXVH�WKH�UHDFWLRQ�

FRQVLVWV�RI�VHYHUDO�VWHSV��HDFK�ZLWK�LWV�RZQ�PROHFXODULW\��)RU�WKH�RYHUDOO�UHDFWLRQ�

WKH�RUGHU�KDV�EHHQ�IRXQG�H[SHULPHQWDOO\�WR�EH����7KH�UHDFWLRQ�LV�QRW�WHUPROHFXODU��LQ�ZKLFK�WZR�

PROHFXOHV�RI�12�ZRXOG�FROOLGH�VLPXOWDQHRXVO\�ZLWK�RQH�PROHFXOH�RI�2���,QVWHDG��WKH�PHFKDQLVP�LV�

SRVWXODWHG�WR�FRQVLVW�RI�WZR�HOHPHQWDU\�VWHSV��HDFK�EHLQJ�ELPROHFXODU��

3�����

5DWH�&RQVWDQWV��+DOI�/LIH��6KHOI�/LIH��DQG�$SSDUHQW�RU�3VHXGR�
RUGHU�
6SHFLILF�5DWH�&RQVWDQW
7KH�FRQVWDQW��N��DSSHDULQJ�LQ�WKH�UDWH�ODZ�DVVRFLDWHG�ZLWK�D�VLQJOH�VWHS��HOHPHQWDU\��UHDFWLRQ�LV�FDOOHG�

WKH�VSHFLILF�UDWH�FRQVWDQW�IRU�WKDW�UHDFWLRQ��$Q\�FKDQJH�LQ�WKH�FRQGLWLRQV�RI�WKH�UHDFWLRQ��IRU�H[DPSOH��LQ�

WHPSHUDWXUH�RU�VROYHQW��RU�D�VOLJKW�FKDQJH�LQ�RQH�RI�WKH�UHDFWLQJ�VSHFLHV��ZLOO�OHDG�WR�D�UDWH�ODZ�KDYLQJ�D�

GLIIHUHQW�YDOXH�IRU�WKH�VSHFLILF�UDWH�FRQVWDQW��([SHULPHQWDOO\��D�FKDQJH�RI�VSHFLILF�UDWH�FRQVWDQW�

FRUUHVSRQGV�VLPSO\�WR�D�FKDQJH�LQ�WKH�VORSH�RI�WKH�OLQH�JLYHQ�E\�WKH�UDWH�HTXDWLRQ��9DULDWLRQV�LQ�WKH�

VSHFLILF�UDWH�FRQVWDQW�DUH�RI�JUHDW�SK\VLFDO�VLJQLILFDQFH�EHFDXVH�D�FKDQJH�LQ�WKLV�FRQVWDQW�QHFHVVDULO\�

UHSUHVHQWV�D�FKDQJH�DW�WKH�PROHFXODU�OHYHO�DV�D�UHVXOW�RI�D�YDULDWLRQ�LQ�WKH�UHDFWLRQ�FRQGLWLRQV��
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5DWH�FRQVWDQWV�GHULYHG�IURP�UHDFWLRQV�FRQVLVWLQJ�RI�D�QXPEHU�RI�VWHSV�RI�GLIIHUHQW�PROHFXODULW\�DUH�

IXQFWLRQV�RI�WKH�VSHFLILF�UDWH�FRQVWDQWV�IRU�WKH�YDULRXV�VWHSV��$Q\�FKDQJH�LQ�WKH�QDWXUH�RI�D�VWHS�GXH�WR�D�

PRGLILFDWLRQ�LQ�WKH�UHDFWLRQ�FRQGLWLRQV�RU�LQ�WKH�SURSHUWLHV�RI�WKH�PROHFXOHV�WDNLQJ�SDUW�LQ�WKLV�VWHS�FRXOG�

OHDG�WR�D�FKDQJH�LQ�WKH�YDOXH�RI�WKH�RYHUDOO�UDWH�FRQVWDQW��$W�WLPHV��YDULDWLRQV�LQ�DQ�RYHUDOO�UDWH�FRQVWDQW�

FDQ�EH�XVHG�WR�SURYLGH�XVHIXO�LQIRUPDWLRQ�DERXW�D�UHDFWLRQ��EXW�TXLWH�FRPPRQO\��DQ\WKLQJ�WKDW�DIIHFWV�

RQH�VSHFLILF�UDWH�FRQVWDQW�ZLOO�DIIHFW�DQRWKHU��KHQFH��LW�LV�TXLWH�GLIILFXOW�WR�DWWDFK�VLJQLILFDQFH�WR�YDULDWLRQV�

LQ�WKH�RYHUDOO�UDWH�FRQVWDQW�IRU�WKHVH�UHDFWLRQV��

8QLWV�RI�WKH�%DVLF�5DWH�&RQVWDQWV
7R�DUULYH�DW�XQLWV�IRU�WKH�UDWH�FRQVWDQWV�DSSHDULQJ�LQ�]HUR���ILUVW���DQG�VHFRQG�RUGHU�UDWH�ODZV��WKH�

HTXDWLRQ�H[SUHVVLQJ�WKH�ODZ�LV�UHDUUDQJHG�WR�KDYH�WKH�FRQVWDQW�H[SUHVVHG�LQ�WHUPV�RI�WKH�YDULDEOHV�RI�

WKH�HTXDWLRQ��7KXV��IRU�D�]HUR�RUGHU�UHDFWLRQ��

IRU�D�ILUVW�RUGHU�UHDFWLRQ��

.H\�&RQFHSW
$SSDUHQW�RU�3VHXGR�2UGHU
³$SSDUHQW´�RU�³SVHXGR´�RUGHU�GHVFULEHV�D�VLWXDWLRQ�ZKHUH�RQH�RI�WKH�UHDFWDQWV�LV�SUHVHQW�LQ�
ODUJH�H[FHVV�RU�GRHV�QRW�HIIHFW�WKH�RYHUDOO�UHDFWLRQ�DQG�FDQ�EH�KHOG�FRQVWDQW��)RU�H[DPSOH��
PDQ\�K\GURO\VLV�GHFRPSRVLWLRQ�UHDFWLRQV�RI�GUXJ�PROHFXOHV�DUH�VHFRQG�RUGHU��8VXDOO\�WKH�
DPRXQW�RI�ZDWHU�SUHVHQW�LV�LQ�H[FHVV�RI�ZKDW�LV�QHHGHG�IRU�WKH UHDFWLRQ�WR�SURFHHG��,Q�RWKHU�
ZRUGV��WKH�FRQFHQWUDWLRQ�RI�ZDWHU�LV�HVVHQWLDOO\�FRQVWDQW�WKURXJKRXW�WKH�UHDFWLRQ��,Q�WKLV�FDVH��
WKH�VHFRQG�RUGHU�UHDFWLRQ�EHKDYHV�OLNH�D�ILUVW�RUGHU�UHDFWLRQ�DQG�LV�FDOOHG�DQ�DSSDUHQW�RU�
SVHXGR±ILUVW�RUGHU�UHDFWLRQ�

.H\�&RQFHSW
+DOI�/LIH�DQG�6KHOI�/LIH
7KH KDOI�OLIH LV�WKH�WLPH�UHTXLUHG�IRU�RQH�KDOI�RI�WKH�PDWHULDO�WR�GLVDSSHDU��LW�LV�WKH�WLPH�DW�
ZKLFK $ KDV�GHFUHDVHG�WR�ò $��7KH�VKHOI�OLIH�LV�WKH�WLPH�UHTXLUHG�IRU�����RI�WKH�PDWHULDO�WR�
GLVDSSHDU��LW�LV�WKH�WLPH�DW�ZKLFK $ KDV�GHFUHDVHG�WR�����RI�LWV�RULJLQDO�FRQFHQWUDWLRQ��L�H���
��� $��

DQG�IRU�D�VHFRQG�RUGHU�UHDFWLRQ��

ZKHUH�$�LV�WKH�PRODU�FRQFHQWUDWLRQ�RI�WKH�UHDFWDQW��,W�LV�DQ�HDV\�PDWWHU�WR�UHSODFH�WKH�XQLWV�PROHV�OLWHU�E\�

DQ\�RWKHU�XQLWV��H�J���SUHVVXUH�LQ�DWPRVSKHUHV��WR�REWDLQ�WKH�SURSHU�XQLWV�IRU�WKH�UDWH�FRQVWDQWV�LI�

TXDQWLWLHV�RWKHU�WKDQ�FRQFHQWUDWLRQ�DUH�EHLQJ�PHDVXUHG��

=HUR�2UGHU�5HDFWLRQV�
*DUUHWW�DQG�&DUSHU��IRXQG�WKDW�WKH�ORVV�LQ�FRORU�RI�D�PXOWLVXOID�SURGXFW��DV�PHDVXUHG�E\�WKH�GHFUHDVH�RI�

VSHFWURSKRWRPHWULF�DEVRUEDQFH�DW�D�ZDYHOHQJWK�RI�����QP��IROORZHG�D�]HUR�RUGHU�UDWH��7KH�UDWH�

H[SUHVVLRQ�IRU�WKH�FKDQJH�RI�DEVRUEDQFH��$��ZLWK�WLPH�LV�WKHUHIRUH�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



ZKHUH�WKH�PLQXV�VLJQ�VLJQLILHV�WKDW�WKH�DEVRUEDQFH�LV�GHFUHDVLQJ��L�H���WKH�FRORU�LV�IDGLQJ���7KH�YHORFLW\�

RI�IDGLQJ�LV�VHHQ�WR�EH�FRQVWDQW�DQG�LQGHSHQGHQW�RI�WKH�FRQFHQWUDWLRQ�RI�WKH�FRORUDQW�XVHG��7KH�UDWH�

HTXDWLRQ�FDQ�EH�LQWHJUDWHG�EHWZHHQ�WKH�LQLWLDO�DEVRUEDQFH��$���FRUUHVSRQGLQJ�WR�WKH�RULJLQDO�FRORU�RI�WKH�

SUHSDUDWLRQ�DW�W� ����DQG�$W��WKH�DEVRUEDQFH�DIWHU�W�KRXUV��

RU

7KH�LQLWLDO�FRQFHQWUDWLRQ�FRUUHVSRQGLQJ�WR�$��LV�RUGLQDULO\�ZULWWHQ�DV�DDQG�WKH�FRQFHQWUDWLRQ�UHPDLQLQJ�DW�

WLPH�W DV F��

3�����

:KHQ�WKLV�OLQHDU�HTXDWLRQ�LV�SORWWHG�ZLWK�F�RQ�WKH�YHUWLFDO�D[LV�DJDLQVWW�RQ�WKH�KRUL]RQWDO�D[LV��WKH�VORSH�

RI�WKH�OLQH�LV�HTXDO�WR��N���*DUUHWW�DQG�&DUSHU��REWDLQHG�D�YDOXH�IRU�N�RI���������DEVRUEDQFH�GHFUHDVH�

SHU�KRXU�DW����&��LQGLFDWLQJ�WKDW�WKH�FRORU�ZDV�IDGLQJ�DW�WKLV�FRQVWDQW�UDWH�LQGHSHQGHQW�RI�FRQFHQWUDWLRQ��

%HFDXVH�WKH�KDOI�OLIH�LV�WKH�WLPH�UHTXLUHG�IRU�RQH�KDOI�RI�WKH�PDWHULDO�WR�GLVDSSHDU��LQ�WKH�SUHVHQW�

FDVH�$�� �������DQG�ò$�� ��������

6XVSHQVLRQV��$SSDUHQW�=HUR�2UGHU�.LQHWLFV�
6XVSHQVLRQV�DUH�DQRWKHU�FDVH�RI�]HUR�RUGHU�NLQHWLFV��LQ�ZKLFK�WKH�FRQFHQWUDWLRQ�LQ�VROXWLRQ�GHSHQGV�RQ�

WKH�GUXJ
V�VROXELOLW\��$V�WKH�GUXJ�GHFRPSRVHV�LQ�VROXWLRQ��PRUH�GUXJ�LV�UHOHDVHG�IURP�WKH�VXVSHQGHG�

SDUWLFOHV�VR�WKDW�WKH�FRQFHQWUDWLRQ�UHPDLQV�FRQVWDQW��7KLV�FRQFHQWUDWLRQ�LV��RI�FRXUVH��WKH�GUXJ
V�

HTXLOLEULXP�VROXELOLW\�LQ�D�SDUWLFXODU�VROYHQW�DW�D�SDUWLFXODU�WHPSHUDWXUH��7KH�LPSRUWDQW�SRLQW�LV�WKDW�WKH�

DPRXQW�RI�GUXJ�LQ�VROXWLRQ�UHPDLQV�FRQVWDQW�GHVSLWH�LWV�GHFRPSRVLWLRQ�ZLWK�WLPH��7KH�UHVHUYRLU�RI�VROLG�

GUXJ�LQ�VXVSHQVLRQ�LV�UHVSRQVLEOH�IRU�WKLV�FRQVWDQF\��

7KH�HTXDWLRQ�IRU�DQ�RUGLQDU\�VROXWLRQ��ZLWK�QR�UHVHUYRLU�RI�GUXJ�WR�UHSODFH�WKDW�GHSOHWHG��LV�WKH�ILUVW�RUGHU�

H[SUHVVLRQ��HTXDWLRQ����������

ZKHUH�>$@�LV�WKH�FRQFHQWUDWLRQ�RI�GUXJ�UHPDLQLQJ�XQGHFRPSRVHG�DW�WLPH�W��DQG�N�LV�NQRZQ�DV�D�ILUVW�RUGHU�

UDWH�FRQVWDQW��:KHQ�WKH�FRQFHQWUDWLRQ�>$@�LV�UHQGHUHG�FRQVWDQW��DV�LQ�WKH�FDVH�RI�DVXVSHQVLRQ��ZH�FDQ�

ZULWH�

VR�WKDW�WKH�ILUVW�RUGHU�UDWH�ODZ���������EHFRPHV�

(TXDWLRQ���������REYLRXVO\�LV�D�]HUR�RUGHU�HTXDWLRQ��,W�LV�UHIHUUHG�WR�DV�DQ�DSSDUHQW�]HUR�RUGHU�HTXDWLRQ��

EHLQJ�]HUR�RUGHU�RQO\�EHFDXVH�RI�WKH�VXVSHQGHG�GUXJ�UHVHUYRLU��ZKLFK�HQVXUHV�FRQVWDQW�FRQFHQWUDWLRQ��

2QFH�DOO�WKH�VXVSHQGHG�SDUWLFOHV�KDYH�EHHQ�FRQYHUWHG�LQWR�GUXJ�LQ�VROXWLRQ��WKH�V\VWHP�FKDQJHV�WR�D�

ILUVW�RUGHU�UHDFWLRQ��

.H\�&RQFHSW
6KHOI�/LIH�DQG�([SLUDWLRQ�'DWLQJ
6KHOI�OLIH �DOVR�UHIHUUHG�WR�DV�WKH�H[SLUDWLRQ�GDWLQJ�SHULRG��LV�WKH�WLPH�SHULRG�GXULQJ�ZKLFK�D�
GUXJ�SURGXFW�LV�H[SHFWHG�WR�UHPDLQ�ZLWKLQ�WKH�DSSURYHG�VSHFLILFDWLRQ�IRU�XVH��SURYLGHG�WKDW�LW�
LV�VWRUHG�XQGHU�WKH�FRQGLWLRQV�GHILQHG�RQ�WKH�FRQWDLQHU�ODEHO�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



([SLUDWLRQ�GDWH LV�WKH�GDWH�SODFHG�RQ�WKH�FRQWDLQHU�ODEHO�RI�D�GUXJ�SURGXFW�GHVLJQDWLQJ�WKH�
WLPH�SULRU�WR�ZKLFK�D�EDWFK�RI�WKH�SURGXFW�LV�H[SHFWHG�WR�UHPDLQ�ZLWKLQ�WKH�DSSURYHG�VKHOI�OLIH�
VSHFLILFDWLRQ�LI�VWRUHG�XQGHU�GHILQHG�FRQGLWLRQV�DQG�DIWHU�ZKLFK�LW�PXVW�QRW�EH�XVHG�

([DPSOH�����
6KHOI�/LIH�RI�DQ�$VSLULQ�6XVSHQVLRQ
$�SUHVFULSWLRQ�IRU�D�OLTXLG�DVSLULQ�SUHSDUDWLRQ�LV�FDOOHG�IRU��,W�LV�WR�FRQWDLQ�����PJ���P/�RU�����
J�����P/��7KH�VROXELOLW\�RI�DVSLULQ�DW����&�LV������J�����P/��WKHUHIRUH��WKH�SUHSDUDWLRQ�ZLOO�
GHILQLWHO\�EH�D VXVSHQVLRQ��7KH�RWKHU�LQJUHGLHQWV�LQ�WKH�SUHVFULSWLRQ�FDXVH�WKH�SURGXFW�WR�KDYH�
D�S+�RI������7KH�ILUVW�RUGHU�UDWH�FRQVWDQW�IRU�DVSLULQ�GHJUDGDWLRQ�LQ�WKLV�VROXWLRQ�LV�����î����
� VHF����&DOFXODWH�WKH�]HUR�RUGHU�UDWH�FRQVWDQW��'HWHUPLQH�WKH�VKHOI�OLIH� W��� IRU�WKH�OLTXLG�
SUHVFULSWLRQ��DVVXPLQJ�WKDW�WKH�SURGXFW�LV�VDWLVIDFWRU\�XQWLO�WKH�WLPH�DW�ZKLFK�LW�KDV�
GHFRPSRVHG�WR�����RI�LWV�RULJLQDO�FRQFHQWUDWLRQ��L�H�������GHFRPSRVLWLRQ��DW����&�
$QVZHU� N�  N î�>$VSLULQ�LQ�VROXWLRQ@��IURP�HTXDWLRQ��������
7KXV�

)LUVW�2UGHU�5HDFWLRQV�
,Q�������+DUQHG��VKRZHG�WKDW�WKH�GHFRPSRVLWLRQ�UDWH�RI�K\GURJHQ�SHUR[LGH�FDWDO\]HG�E\������0�.,�ZDV�

SURSRUWLRQDO�WR�WKH�FRQFHQWUDWLRQ�RI�K\GURJHQ�SHUR[LGH�UHPDLQLQJ�LQ�WKH�UHDFWLRQ�PL[WXUH�DW�DQ\�WLPH��

7KH�GDWD�IRU�WKH�UHDFWLRQ�

DUH�JLYHQ�LQ�7DEOH�������$OWKRXJK�WZR�PROHFXOHV�RI�K\GURJHQ�SHUR[LGH�DSSHDU�LQ�WKH�VWRLFKLRPHWULF�

HTXDWLRQ�DV�MXVW�ZULWWHQ��WKH�UHDFWLRQ�ZDV�IRXQG�WR�EH�ILUVW�RUGHU��7KH�UDWH�HTXDWLRQ�LV�ZULWWHQ�DV�

ZKHUH�F�LV�WKH�FRQFHQWUDWLRQ�RI�K\GURJHQ�SHUR[LGH�UHPDLQLQJ�XQGHFRPSRVHG�DW�WLPH�W DQG N�LV�WKH�ILUVW�

RUGHU�YHORFLW\�FRQVWDQW��,QWHJUDWLQJ�HTXDWLRQ���������EHWZHHQ�FRQFHQWUDWLRQ�F��DW�WLPH�W� ���DQG�

FRQFHQWUDWLRQ�F�DW�VRPH�ODWHU�WLPH��W��ZH�KDYH�

3�����

7DEOH������'HFRPSRVLWLRQ�RI�+\GURJHQ�3HUR[LGH�DW����&�LQ�$TXHRXV�6ROXWLRQ�
&RQWDLQLQJ������P�.,

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���
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%DVHG�RQ�+��6��+DUQHG��-��$P��&KHP��6RF���� �����������

&RQYHUWLQJ�WR�FRPPRQ�ORJDULWKPV�\LHOGV�

RU

,Q�H[SRQHQWLDO�IRUP��HTXDWLRQ���������EHFRPHV�

DQG�HTXDWLRQ���������EHFRPHV�

(TXDWLRQV���������DQG���������H[SUHVV�WKH�IDFW�WKDW��LQ�D�ILUVW�RUGHU�UHDFWLRQ��WKH�FRQFHQWUDWLRQ�

GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�WLPH��$V�VKRZQ�LQ�)LJXUH�������WKH�FRQFHQWUDWLRQ�EHJLQV�DW�F� DQG�

GHFUHDVHV�DV�WKH�UHDFWLRQ�EHFRPHV�SURJUHVVLYHO\�VORZHU��7KH�FRQFHQWUDWLRQ�DV\PSWRWLFDOO\�DSSURDFKHV�

D�ILQDO�YDOXH�F��DV�WLPH�SURFHHGV�WRZDUG�LQILQLW\��

(TXDWLRQ���������LV�RIWHQ�ZULWWHQ�DV�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ������� )DOO�LQ�FRQFHQWUDWLRQ�RI�D�GHFRPSRVLQJ�GUXJ�ZLWK�WLPH��,Q�DGGLWLRQ�
WR &�DQG &���ò&� DQG�WKH�FRUUHVSRQGLQJ�WLPH� Wò��DUH�VKRZQ��7KH�UDWH�RI�GHFUHDVH�RI�
FRQFHQWUDWLRQ�ZLWK�WLPH���G&�GW��DW�DQ�DUELWUDU\�FRQFHQWUDWLRQ�&���LV�DOVR�VKRZQ�

)LJ������� $�OLQHDU�SORW�RI ORJ & YHUVXV�WLPH�IRU�D�ILUVW�RUGHU�UHDFWLRQ�

ZKHUH�WKH�V\PERO�D�LV�FXVWRPDULO\�XVHG�WR�UHSODFH�F���[�LV�WKH�GHFUHDVH�RI�FRQFHQWUDWLRQ�LQ�WLPH�W��

DQG D���[� �F��

7KH�VSHFLILF�UHDFWLRQ�UDWHV�OLVWHG�LQ�7DEOH������ZHUH�FDOFXODWHG�E\�XVLQJ�HTXDWLRQ����������3UREDEO\�WKH�

EHVW�ZD\�WR�REWDLQ�DQ�DYHUDJH�NIRU�WKH�UHDFWLRQ�LV�WR�SORW�WKH�ORJDULWKP�RI�WKH�FRQFHQWUDWLRQ�DJDLQVW�WKH�

WLPH��DV�VKRZQ�LQ�)LJXUH�������7KH�OLQHDU�H[SUHVVLRQ�LQ�HTXDWLRQ��������VKRZV�WKDW�WKH�VORSH�RI�WKH�OLQH�

LV��N��������IURP�ZKLFK�WKH�UDWH�FRQVWDQW�LV�REWDLQHG��,I�D�VWUDLJKW�OLQH�LV�REWDLQHG��LW�LQGLFDWHV�WKDW�WKH�

UHDFWLRQ�LV�ILUVW�RUGHU��2QFH�WKH�UDWH�FRQVWDQW�LV�NQRZQ��WKH�FRQFHQWUDWLRQ�RI�UHDFWDQW�UHPDLQLQJ�DW�D�

GHILQLWH�WLPH�FDQ�EH�FRPSXWHG�DV�GHPRQVWUDWHG�LQ�WKH�IROORZLQJ�H[DPSOHV��

([DPSOH�����
'HFRPSRVLWLRQ�RI�+\GURJHQ�3HUR[LGH

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7KH�FDWDO\WLF�GHFRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH�FDQ�EH�IROORZHG�E\�PHDVXULQJ�WKH�YROXPH�
RI�R[\JHQ�OLEHUDWHG�LQ�D�JDV�EXUHWWH��)URP�VXFK�DQ�H[SHULPHQW��LW�ZDV�IRXQG�WKDW�WKH�
FRQFHQWUDWLRQ�RI�K\GURJHQ�SHUR[LGH�UHPDLQLQJ�DIWHU����PLQ��H[SUHVVHG�DV�WKH�YROXPH�LQ�
PLOOLOLWHUV�RI�JDV�HYROYHG��ZDV������IURP�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI�������
�D��&DOFXODWH N XVLQJ�HTXDWLRQ���������
�E��+RZ�PXFK�K\GURJHQ�SHUR[LGH�UHPDLQHG�XQGHFRPSRVHG�DIWHU����PLQ"

([DPSOH�����
)LUVW�2UGHU�+DOI�/LIH
$�VROXWLRQ�RI�D�GUXJ�FRQWDLQHG�����XQLWV�P/�ZKHQ�SUHSDUHG��,W�ZDV�DQDO\]HG�DIWHU����GD\V�
DQG�ZDV�IRXQG�WR�FRQWDLQ�����XQLWV�P/��$VVXPLQJ�WKH�GHFRPSRVLWLRQ�LV�ILUVW�RUGHU��DW�ZKDW�
WLPH�ZLOO�WKH�GUXJ�KDYH�GHFRPSRVHG�WR�RQH�KDOI�RI�LWV�RULJLQDO�FRQFHQWUDWLRQ"
:H�KDYH

3�����

+DOI�/LIH
7KH�SHULRG�RI�WLPH�UHTXLUHG�IRU�D�GUXJ�WR�GHFRPSRVH�WR�RQH�KDOI�RI�WKH�RULJLQDO�FRQFHQWUDWLRQ�DV�

FDOFXODWHG�LQ�([DPSOH������LV�WKH�KDOI�OLIH��W�����IRU�D�ILUVW�RUGHU�UHDFWLRQ��

,Q�([DPSOH�������WKH�GUXJ�KDV�GHFRPSRVHG�E\�����XQLWV�P/�LQ�WKH�ILUVW������GD\V��%HFDXVH�WKH�KDOI�OLIH�

LV�D�FRQVWDQW��LQGHSHQGHQW�RI�WKH�FRQFHQWUDWLRQ��LW�UHPDLQV�DW������GD\V�UHJDUGOHVV�RI�WKH�DPRXQW�RI�GUXJ�

\HW�WR�EH�GHFRPSRVHG��,Q�WKH�VHFRQG�KDOI�OLIH�RI������GD\V��KDOI�RI�WKH�UHPDLQLQJ�����XQLWV�P/��RU�DQ�

DGGLWLRQDO�����XQLWV�P/��DUH�ORVW��LQ�WKH�WKLUG�KDOI�OLIH�������XQLWV�P/�DUH�GHFRPSRVHG��DQG�VR�RQ��

7KH�VWXGHQW�VKRXOG�QRZ�DSSUHFLDWH�WKH�UHDVRQ�IRU�VWDWLQJ�WKH�KDOI�OLIH�UDWKHU�WKDQ�WKH�WLPH�UHTXLUHG�IRU�D�

VXEVWDQFH�WR�GHFRPSRVH�FRPSOHWHO\��([FHSW�LQ�D�]HUR�RUGHU�UHDFWLRQ��WKHRUHWLFDOO\�LW�WDNHV�DQ�LQILQLWH�

SHULRG�RI�WLPH�IRU�D�SURFHVV�WR�VXEVLGH�FRPSOHWHO\��DV�LOOXVWUDWHG�JUDSKLFDOO\�LQ�)LJXUH�������+HQFH��D�

VWDWHPHQW�RI�WKH�WLPH�UHTXLUHG�IRU�FRPSOHWH�GLVLQWHJUDWLRQ�ZRXOG�KDYH�QR�PHDQLQJ��$FWXDOO\��WKH�UDWH�

RUGLQDULO\�VXEVLGHV�LQ�D�ILQLWH�SHULRG�RI�WLPH�WR�D�SRLQW�DW�ZKLFK�WKH�UHDFWLRQ�PD\�EH�FRQVLGHUHG�WR�EH�

FRPSOHWH��EXW�WKLV�WLPH�LV�QRW�DFFXUDWHO\�NQRZQ��DQG�WKH�KDOI�OLIH��RU�VRPH�RWKHU�IUDFWLRQDO�OLIH�SHULRG��LV�

TXLWH�VDWLVIDFWRU\�IRU�H[SUHVVLQJ�UHDFWLRQ�UDWHV��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7KH�VDPH�GUXJ�PD\�H[KLELW�GLIIHUHQW�RUGHUV�RI�GHFRPSRVLWLRQ�XQGHU�YDULRXV�FRQGLWLRQV��$OWKRXJK�WKH�

GHWHULRUDWLRQ�RI�K\GURJHQ�SHUR[LGH�FDWDO\]HG�ZLWK�LRGLQH�LRQV�LV�ILUVW�RUGHU��LW�KDV�EHHQ�IRXQG�WKDW�

GHFRPSRVLWLRQ�RI�FRQFHQWUDWHG�VROXWLRQV�VWDELOL]HG�ZLWK�YDULRXV�DJHQWV�PD\�EHFRPH�]HUR�RUGHU��,Q�WKLV�

FDVH��LQ�ZKLFK�WKH�UHDFWLRQ�LV�LQGHSHQGHQW�RI�GUXJ�FRQFHQWUDWLRQ��GHFRPSRVLWLRQ�LV�SUREDEO\�EURXJKW�

DERXW�E\�FRQWDFW�ZLWK�WKH�ZDOOV�RI�WKH�FRQWDLQHU�RU�VRPH�RWKHU�HQYLURQPHQWDO�IDFWRU��

6HFRQG�2UGHU�5HDFWLRQV�
7KH�UDWHV�RI�ELPROHFXODU�UHDFWLRQV��ZKLFK�RFFXU�ZKHQ�WZR�PROHFXOHV�FRPH�WRJHWKHU��

DUH�IUHTXHQWO\�GHVFULEHG�E\�WKH�VHFRQG�RUGHU�HTXDWLRQ��:KHQ�WKH�VSHHG�RI�WKH�UHDFWLRQ�GHSHQGV�RQ�WKH�

FRQFHQWUDWLRQV�RI�$�DQG�%�ZLWK�HDFK�WHUP�UDLVHG�WR�WKH�ILUVW�SRZHU��WKH�UDWH�RI�GHFRPSRVLWLRQ�RI�$�LV�

HTXDO�WR�WKH�UDWH�RI�GHFRPSRVLWLRQ�RI�%��DQG�ERWK�DUH�SURSRUWLRQDO�WR�WKH�SURGXFW�RI�WKH�FRQFHQWUDWLRQV�RI�

WKH�UHDFWDQWV��

,I D�DQG�E�DUH�WKH�LQLWLDO�FRQFHQWUDWLRQV�RI�$�DQG�%��UHVSHFWLYHO\��DQG�[LV�WKH�FRQFHQWUDWLRQ�RI�HDFK�

VSHFLHV�UHDFWLQJ�LQ�WLPH�W��WKH�UDWH�ODZ�FDQ�EH�ZULWWHQ�DV�

ZKHUH�G[�GW�LV�WKH�UDWH�RI�UHDFWLRQ�DQG�D���[ DQG E���[�DUH�WKH�FRQFHQWUDWLRQV�RI�$�DQG�%��UHVSHFWLYHO\��

UHPDLQLQJ�DW�WLPH�W��:KHQ��LQ�WKH�VLPSOHVW�FDVH��ERWK�$�DQG�%�DUH�SUHVHQW�LQ�WKH�VDPH�FRQFHQWUDWLRQ�VR�

WKDW�D� �E��

(TXDWLRQ���������LV�LQWHJUDWHG��XVLQJ�WKH�FRQGLWLRQV�WKDW�[� ���DW�W� ���DQG�[� �[ DW W� �W��

RU

:KHQ��LQ�WKH�JHQHUDO�FDVH��$ DQG %�DUH�QRW�SUHVHQW�LQ�HTXDO�FRQFHQWUDWLRQV��LQWHJUDWLRQ�RI�HTXDWLRQ�����

����\LHOGV�

RU

,W�FDQ�EH�VHHQ�E\�UHIHUHQFH�WR�HTXDWLRQ���������WKDW�ZKHQ�[�D�D���[��LV�SORWWHG�DJDLQVW�W��D�VWUDLJKW�OLQH�

UHVXOWV�LI�WKH�UHDFWLRQ�LV�VHFRQG�RUGHU��7KH�VORSH�RI�WKH�OLQH�LV�N��:KHQ�WKH�LQLWLDO�

FRQFHQWUDWLRQV�DDQG E�DUH�QRW�HTXDO��D�SORW�RI�ORJ�>E�D���[��D�E���[�@�DJDLQVW�W�VKRXOG�\LHOG�D�VWUDLJKW�OLQH�

ZLWK�D�VORSH�RI��D���E�N��������7KH�YDOXH�RI�N�FDQ�WKXV�EH�REWDLQHG��,W�LV�UHDGLO\�VHHQ�IURP�HTXDWLRQ�����

��� RU �������WKDW�WKH�XQLWV�LQ�ZKLFK�N�PXVW�EH�H[SUHVVHG�IRU�D�VHFRQG�RUGHU�UHDFWLRQ�DUH����PROH�OLWHU��î�

��VHF�ZKHUH�WKH�FRQFHQWUDWLRQV�DUH�JLYHQ�LQ�PROH�OLWHU�DQG�WKH�WLPH�LQ�VHFRQGV��7KH�UDWH�FRQVWDQW��N��LQ�D�

VHFRQG�RUGHU�UHDFWLRQ�WKHUHIRUH�KDV�WKH�GLPHQVLRQV�OLWHU��PROH�VHF��RU�OLWHU�PROH���VHF����

([DPSOH�����
6DSRQLILFDWLRQ�RI�(WK\O�$FHWDWH
:DONHU� LQYHVWLJDWHG�WKH�VDSRQLILFDWLRQ�RI�HWK\O�DFHWDWH�DW����&�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7KH�LQLWLDO�FRQFHQWUDWLRQV�RI�ERWK�HWK\O�DFHWDWH�DQG�VRGLXP�K\GUR[LGH�LQ�WKH�PL[WXUH�ZHUH�
��������0��7KH�FKDQJH�LQ�FRQFHQWUDWLRQ� [��RI�DONDOL�GXULQJ����PLQ ZDV����������PROH�OLWHU��
WKHUHIRUH���D � [�� ���������� �������� ���������
&RPSXWH��D��WKH�UDWH�FRQVWDQW�DQG��E��WKH�KDOI�OLIH�RI�WKH�UHDFWLRQ�

D� 8VLQJ�HTXDWLRQ����������ZH�REWDLQ

E� 7KH�KDOI�OLIH�RI�D�VHFRQG�RUGHU�UHDFWLRQ�LV

,W�FDQ�EH�FRPSXWHG�IRU�WKH�UHDFWLRQ�RQO\�ZKHQ�WKH�LQLWLDO�FRQFHQWUDWLRQV�RI�WKH�
UHDFWDQWV�DUH�LGHQWLFDO��,Q�WKH�SUHVHQW�H[DPSOH�

3�����

'HWHUPLQDWLRQ�RI�2UGHU�
7KH�RUGHU�RI�D�UHDFWLRQ�FDQ�EH�GHWHUPLQHG�E\�VHYHUDO�PHWKRGV��

6XEVWLWXWLRQ�0HWKRG
7KH�GDWD�DFFXPXODWHG�LQ�D�NLQHWLF�VWXG\�FDQ�EH�VXEVWLWXWHG�LQ�WKH�LQWHJUDWHG�IRUP�RI�WKH�HTXDWLRQV�WKDW�

GHVFULEH�WKH�YDULRXV�RUGHUV��:KHQ�WKH�HTXDWLRQ�LV�IRXQG�LQ�ZKLFK�WKH�FDOFXODWHG�N�YDOXHV�UHPDLQ�

FRQVWDQW�ZLWKLQ�WKH�OLPLWV�RI�H[SHULPHQWDO�YDULDWLRQ��WKH�UHDFWLRQ�LV�FRQVLGHUHG�WR�EH�RI�WKDW�RUGHU��

*UDSKLF�0HWKRG�
$�SORW�RI�WKH�GDWD�LQ�WKH�IRUP�RI�D�JUDSK�DV�VKRZQ�LQ�)LJXUH������FDQ�DOVR�EH�XVHG�WR�DVFHUWDLQ�WKH�RUGHU��

,I�D�VWUDLJKW�OLQH�UHVXOWV�ZKHQ�FRQFHQWUDWLRQ�LV�SORWWHG�DJDLQVW�W��WKH�UHDFWLRQ�LV�]HUR�RUGHU��7KH�UHDFWLRQ�LV�

ILUVW�RUGHU�LI�ORJ��D���[��YHUVXV�W�\LHOGV�D�VWUDLJKW�OLQH��DQG�LW�LV�VHFRQG�RUGHU�LI����D���[��YHUVXV�W�JLYHV�D�

VWUDLJKW�OLQH��LQ�WKH�FDVH�LQ�ZKLFK�WKH�LQLWLDO�FRQFHQWUDWLRQV�DUH�HTXDO���:KHQ�D�SORW�RI����D��

[��DJDLQVW�W�SURGXFHV�D�VWUDLJKW�OLQH�ZLWK�DOO�UHDFWDQWV�DW�WKH�VDPH�LQLWLDO�FRQFHQWUDWLRQ��WKH�UHDFWLRQ�LV�

WKLUG�RUGHU��

+DOI�/LIH�0HWKRG�
,Q�D�]HUR�RUGHU�UHDFWLRQ��WKH�KDOI�OLIH�LV�SURSRUWLRQDO�WR�WKH�LQLWLDO�FRQFHQWUDWLRQ��D��DV�REVHUYHG�LQ�7DEOH�

������7KH�KDOI�OLIH�RI�D�ILUVW�RUGHU�UHDFWLRQ�LV�LQGHSHQGHQW�RI�D��W����IRU�D�VHFRQG�RUGHU�UHDFWLRQ��LQ�

ZKLFK�D� �E��LV�SURSRUWLRQDO�WR���D��DQG�LQ�D�WKLUG�RUGHU�UHDFWLRQ��LQ�ZKLFK�D� �E� �F��LW�LV�SURSRUWLRQDO�WR�

��D���7KH�UHODWLRQVKLS�EHWZHHQ�WKHVH�UHVXOWV�VKRZV�WKDW��LQ�JHQHUDO��WKH�KDOI�OLIH�RI�D�UHDFWLRQ�LQ�ZKLFK�

WKH�FRQFHQWUDWLRQV�RI�DOO�UHDFWDQWV�DUH�LGHQWLFDO�LV�

ZKHUH�Q�LV�WKH�RUGHU�RI�WKH�UHDFWLRQ��7KXV��LI�WZR�UHDFWLRQV�DUH�UXQ�DW�GLIIHUHQW�LQLWLDO�

FRQFHQWUDWLRQV��D��DQG�D���WKH�UHVSHFWLYH�KDOI�OLYHVW�������DQG�W�������DUH�UHODWHG�DV�IROORZV��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7DEOH������5DWH�DQG�+DOI�/LIH�(TXDWLRQV

RU��LQ�ORJDULWKPLF�IRUP��

DQG�ILQDOO\�

7KH�KDOI�OLYHV�DUH�REWDLQHG�JUDSKLFDOO\�E\�SORWWLQJ�D�YHUVXV�W�DW�WZR�GLIIHUHQW�LQLWLDO�FRQFHQWUDWLRQV�DQG�

UHDGLQJ�WKH�WLPH�DW����D��DQG����D���7KH�YDOXHV�IRU�WKH�KDOI�OLYHV�DQG�WKH�LQLWLDO�FRQFHQWUDWLRQV�DUH�WKHQ�

VXEVWLWXWHG�LQWR�HTXDWLRQ����������IURP�ZKLFK�WKH�RUGHU�Q�LV�REWDLQHG�GLUHFWO\��5DWKHU�WKDQ�XVLQJ�GLIIHUHQW�

LQLWLDO�FRQFHQWUDWLRQV��RQH�FDQ�WDNH�WZR�FRQFHQWUDWLRQV�GXULQJ�D�VLQJOH�UXQ�DV�D��DQG�D�DQG�GHWHUPLQH�

WKH�KDOI�OLYHV�W�������DQG�W�������LQ�WHUPV�RI�WKHVH��,I�WKH�UHDFWLRQ�LV�ILUVW�RUGHU��W������� �W�������EHFDXVH�WKH�KDOI�

OLIH�LV�LQGHSHQGHQW�RI�FRQFHQWUDWLRQ�LQ�D�ILUVW�RUGHU�UHDFWLRQ��7KHQ�ORJ�W�������W�������� �ORJ��� ����DQG�RQH�

FDQ�VHH�IURP�HTXDWLRQ��������WKDW�

&RPSOH[�5HDFWLRQV�
0DQ\�UHDFWLRQV�FDQQRW�EH�H[SUHVVHG�E\�VLPSOH�]HUR���ILUVW���DQG�VHFRQG���RU�WKLUG�RUGHU�HTXDWLRQV��7KH\�

LQYROYH�PRUH�WKDQ�RQH�VWHS�RU�HOHPHQWDU\�UHDFWLRQV�DQG�DFFRUGLQJO\�DUH�NQRZQ�DV�FRPSOH[�UHDFWLRQV��

7KHVH�SURFHVVHV�LQFOXGH�UHYHUVLEOH��SDUDOOHO��DQG�FRQVHFXWLYH�UHDFWLRQV��

D�� 5HYHUVLEOH�UHDFWLRQ��

E�� 3DUDOOHO�RU�VLGH�UHDFWLRQV��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



F�� 6HULHV�RU�FRQVHFXWLYH�UHDFWLRQV��

5HYHUVLEOH�5HDFWLRQV�
7KH�VLPSOHVW�UHYHUVLEOH�UHDFWLRQ�LV�RQH�LQ�ZKLFK�ERWK�WKH�IRUZDUG�DQG�WKH�UHYHUVH�VWHSV�DUH�ILUVW�RUGHU�

SURFHVVHV��

$OWKRXJK�DW�ILUVW�WKLV�HTXDWLRQ�DSSHDUV�WR�EH�WKDW�IRU�DQ�HTXLOLEULXP�EHWZHHQ�$ DQG %��LW�PXVW�EH�SRLQWHG�

RXW�WKDW�DQ�HTXLOLEULXP�VLWXDWLRQ�UHTXLUHV�WKDW�WKH�FRQFHQWUDWLRQV�RI�$�DQG�%�GR�QRW�FKDQJH�ZLWK�WLPH��

%HFDXVH�WKLV�H[SUHVVLRQ�LV�LQWHQGHG�WR�H[SODLQ�D�NLQHWLF�SURFHVV��LW�PXVW�IROORZ�WKDW�WKH�HTXDWLRQ�

GHVFULEHV�WKH�DSSURDFK�WR�HTXLOLEULXP��7KDW�LV��WKH�VLWXDWLRQ�UHSUHVHQWHG�LV�RQH�LQ�ZKLFK�$�GHFUHDVHV�WR�

IRUP�%�DQG�VRPH�

3�����

RI�WKH�SURGXFW�%�UHYHUWV�EDFN�WR�$��$FFRUGLQJ�WR�WKLV�GHVFULSWLRQ��WKHQHW�UDWH�DW�ZKLFK�$�GHFUHDVHV�ZLOO�EH�

JLYHQ�E\�WKH�UDWH�DW�ZKLFK�$GHFUHDVHV�LQ�WKH�IRUZDUG�VWHS�OHVV�WKH�UDWH�DW�ZKLFK�$�LQFUHDVHV�LQ�WKH�

UHYHUVH�VWHS��

7KLV�UDWH�ODZ�FDQ�EH�LQWHJUDWHG�E\�QRWLQJ�WKDW�

6XEVWLWXWLRQ�RI�HTXDWLRQ���������LQWR�HTXDWLRQ���������DIIRUGV��XSRQ�LQWHJUDWLRQ��

(TXDWLRQ���������FDQ�EH�VLPSOLILHG�E\�LQWURGXFLQJ�WKH�HTXLOLEULXP�FRQGLWLRQ�

ZKHUH�

(TXDWLRQV���������DQG���������FDQ�EH�XVHG�WR�VROYH�IRU�WKH�HTXLOLEULXP�FRQFHQWUDWLRQ�LQ�WHUPV�RI�WKH�

VWDUWLQJ�FRQFHQWUDWLRQ��

8VH�RI�HTXDWLRQ���������LQ�HTXDWLRQ���������HQDEOHV�XV�WR�JLYH�D�VLPSOH�IRUP�RI�WKH�UDWH�ODZ��

RU

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



(TXDWLRQ ������� KDV�WKH�DGYDQWDJH�WKDW�WKH�DSSURDFK�RI $ WR�HTXLOLEULXP�FDQ�EH�
IROORZHG�RYHU�D�PXFK�ZLGHU�UDQJH�RI�FRQFHQWUDWLRQV�WKDQ�LI DQ�DWWHPSW�LV�PDGH�
WR�REWDLQ�WKH�ILUVW�RUGHU�UDWH�FRQVWDQW� NI��LQ�WKH�HDUO\�VWDJHV�RI�WKH�UHDFWLRQ�
ZKHQ % §����7KH�HTXDWLRQ�FRUUHVSRQGV�WR�D�VWUDLJKW�OLQH�LQWHUVHFWLQJ�DW�]HUR�DQG�

KDYLQJ�D�VORSH�JLYHQ�E\ %HFDXVH�WKH�HTXLOLEULXP�FRQVWDQW�RI�WKH�UHDFWLRQ LV�
JLYHQ�E\

ERWK�WKH�IRUZDUG�DQG�UHYHUVH�UDWH�FRQVWDQWV�FDQ�EH�HYDOXDWHG�RQFH�WKH�VORSH�RI�WKH�OLQH�DQG�WKH�

HTXLOLEULXP�FRQVWDQW�KDYH�EHHQ�GHWHUPLQHG��

7KH�WHWUDF\FOLQHV�DQG�FHUWDLQ�RI�WKHLU�GHULYDWLYHV�XQGHUJR�D�UHYHUVLEOH�LVRPHUL]DWLRQ�DW�D�S+�LQ�WKH�UDQJH�

RI���WR����7KLV�LVRPHUL]DWLRQ�KDV�EHHQ�VKRZQ�WR�EH�DQ�HSLPHUL]DWLRQ��UHVXOWLQJ�LQ�HSLWHWUDF\FOLQHV��ZKLFK�

VKRZ�PXFK�OHVV�WKHUDSHXWLF�DFWLYLW\�WKDQ�WKH�QDWXUDO�IRUP��&RQVLGHULQJ�RQO\�WKDW�SDUW�RI�WKH�WHWUDF\FOLQH�

PROHFXOH�XQGHUJRLQJ�FKDQJH��ZH�FDQ�UHSUHVHQW�WKH�WUDQVIRUPDWLRQ�E\�WKH�VFKHPH�

7KH�QDWXUDO�FRQILJXUDWLRQ�RI�WHWUDF\FOLQH�KDV�WKH�1�&+����JURXS�DERYH�WKH�SODQH�DQG�WKH�+�JURXS�EHORZ�

WKH�SODQH�RI�WKH�SDJH��8QGHU�DFLGLF�FRQGLWLRQV��WKH�QDWXUDO�FRPSRXQG�$�LV�FRQYHUWHG�UHYHUVLEO\�WR�

WKH�HSL LVRPHU�%��

0F&RUPLFN�HW�DO���IROORZHG�WKH�HSLPHUL]DWLRQ�RI�LVR���FKORURWHWUDF\FOLQH�DQG�LWV�HSL�LVRPHU�DQG�QRWHG�

WKDW�HDFK�LVRPHU�OHG�WR�WKH�VDPH�HTXLOLEULXP�GLVWULEXWLRQ�RI�LVRPHUV��)LJ���������,Q�WKH�VROYHQW�

GLPHWK\OIRUPDPLGH�FRQWDLQLQJ���0�DTXHRXV�1D+�32��DW����&��WKH�HTXLOLEULXP�GLVWULEXWLRQ�FRQVLVWHG�RI�

����LVR���FKORURWHWUDF\FOLQH�DQG�����LVR���FKORUR���HSL�WHWUDF\FOLQH��ZKLFK�JLYHV�DQ�HTXLOLEULXP�

FRQVWDQW�

7KH�GDWD�XVHG�WR�DUULYH�DW�)LJXUH�������ZKHQ�SORWWHG�DFFRUGLQJ�WR�HTXDWLRQ����������JLYH�WKH�OLQH�VKRZQ�

LQ�)LJXUH�������7KH�VORSH�RI�WKLV�OLQH�LV�������PLQ����%HFDXVH�IURP�HTXDWLRQ���������WKH�VORSH�6LV

DQG�IURP�HTXDWLRQ��������

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ������� $SSURDFK�WR�HTXLOLEULXP�LQ�WKH�UHYHUVLEOH�HSLPHUL]DWLRQV�RI�LVR���FKORUR�
HSL�WHWUDF\FOLQH�A²A²A�DQG�LVR���FKORURWHWUDF\FOLQH��²�²����)URP�-��'��
0F&RUPLFN��-��5��'��HW�DO���-��$P��&KHP��6RF� ��� ������������

3�����

)LJ������� 5HYHUVLEOH�HSLPHUL]DWLRQ�RI�LVR���FKORURWHWUDF\FOLQH�LQ�GLPHWK\OIRUPDPLGH�
FRQWDLQLQJ���0�1D+�32� DW����&�

WKH�HOLPLQDWLRQ�RI�NI�IURP�WKHVH�HTXDWLRQV�DIIRUGV�D�YDOXH�IRU�NU��7KXV��LW�LV�IRXQG�WKDW�

RU

)URP�WKLV�YDOXH��NI�LV�IRXQG�WR�EH�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



3DUDOOHO�RU�6LGH�5HDFWLRQV
3DUDOOHO�UHDFWLRQV�DUH�FRPPRQ�LQ�GUXJ�V\VWHPV��SDUWLFXODUO\�ZKHQ�RUJDQLF�FRPSRXQGV�DUH�LQYROYHG��

*HQHUDO�DFLG±EDVH�FDWDO\VLV��WR�EH�FRQVLGHUHG�ODWHU��EHORQJV�WR�WKLV�FODVV�RI�UHDFWLRQV��

7KH�EDVH�FDWDO\]HG�GHJUDGDWLRQ�RI�SUHGQLVRORQH�ZLOO�EH�XVHG�KHUH�WR�LOOXVWUDWH�WKH�SDUDOOHO�W\SH�SURFHVV��

*XWWPDQ�DQG�0HLVWHU�LQYHVWLJDWHG�WKH�GHJUDGDWLRQ�RI�WKH�VWHURLG�SUHGQLVRORQH�LQ�DTXHRXV�VROXWLRQV�

FRQWDLQLQJ�VRGLXP�K\GUR[LGH�DV�D�FDWDO\VW��7KH�UXQV�ZHUH�FDUULHG�RXW�DW����&��DQG�WKH�UDWH�RI�

GLVDSSHDUDQFH�RI�WKH�GLK\GUR[\DFHWRQH�VLGH�FKDLQ�ZDV�IROORZHG�E\�DSSURSULDWH�DQDO\WLF�WHFKQLTXHV��7KH�

GHFRPSRVLWLRQ�RI�SUHGQLVRORQH�ZDV�IRXQG�WR�LQYROYH�SDUDOOHO�SVHXGR±ILUVW�RUGHU�UHDFWLRQV�ZLWK�WKH�

DSSHDUDQFH�RI�DFLGLF�DQG�QHXWUDO�VWHURLGDO�SURGXFWV��

7KH�PHFKDQLVP�RI�WKH�UHDFWLRQ�FDQ�EH�UHSUHVHQWHG�DV�

ZKHUH�3��$��DQG�1�DUH�WKH�FRQFHQWUDWLRQV�RI�SUHGQLVRORQH��DQ�DFLG�SURGXFW��DQG�D�QHXWUDO�SURGXFW��

UHVSHFWLYHO\��

7KH�FRUUHVSRQGLQJ�UDWH�HTXDWLRQ�LV�

ZKHUH�N� �N����N���7KLV�ILUVW�RUGHU�HTXDWLRQ�LV�LQWHJUDWHG�WR�JLYH�

RU

7KH�UDWH�RI�IRUPDWLRQ�RI�WKH�DFLGLF�SURGXFW�FDQ�EH�H[SUHVVHG�DV�

,QWHJUDWLRQ�RI�HTXDWLRQ���������\LHOGV�

ZKHUH�$�LV�WKH�FRQFHQWUDWLRQ�RI�WKH�DFLG�SURGXFW�DW�WLPH��W��DQG�$��DQG3��DUH�WKH�LQLWLDO�FRQFHQWUDWLRQV�RI�

WKH�DFLG�DQG�SUHGQLVRORQH��UHVSHFWLYHO\��$FWXDOO\��$��LV�HTXDO�WR�]HUR�EHFDXVH�QR�DFLG�LV�IRUPHG�EHIRUH�

WKH�SUHGQLVRORQH�EHJLQV�WR�GHFRPSRVH��7KHUHIRUH��

/LNHZLVH��IRU�WKH�QHXWUDO�SURGXFW��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



(TXDWLRQV���������DQG���������VXJJHVW�WKDW�IRU�WKH�EDVH�FDWDO\]HG�EUHDNGRZQ�RI�SUHGQLVRORQH��D�SORW�RI�

WKH�FRQFHQWUDWLRQ�$ RU 1DJDLQVW������H�NW��VKRXOG�\LHOG�D�VWUDLJKW�OLQH��$W�W� ����WKH�FXUYH�VKRXOG�SDVV�

WKURXJK�WKH�RULJLQ��DQG�DW�W  ����WKH�IXQFWLRQ�VKRXOG�KDYH�D�YDOXH�RI�XQLW\��7KH�YDOXH�IRU N��WKH�RYHUDOO�

ILUVW�RUGHU�UDWH�FRQVWDQW��ZDV�REWDLQHG�E\�D�SORW�RI�ORJ>3UHGQLVRORQH@�DJDLQVW�WKH�WLPH�DW�YDULRXV�

FRQFHQWUDWLRQV�RI�VRGLXP�K\GUR[LGH��,W�ZDV�SRVVLEOH�WR�FKHFN�WKH�YDOLGLW\�RI�H[SUHVVLRQ���������XVLQJ�

WKH�N�YDOXHV�WKDW�ZHUH�QRZ�NQRZQ�IRU�HDFK�OHYHO�RI�K\GUR[LGH�LRQ�FRQFHQWUDWLRQ��$�SORW�RI�WKH�DFLGLF�

PDWHULDO�IRUPHG�DJDLQVW������H�NW��\LHOGHG�D�VWUDLJKW�OLQH�SDVVLQJ�WKURXJK�WKH�RULJLQ�DV�SUHGLFWHG�E\�

HTXDWLRQ����������7KH�YDOXH�RI�N���WKH�UDWH�FRQVWDQW�IRU�WKH�IRUPDWLRQ�RI�WKH�DFLGLF�SURGXFW��ZDV�WKHQ�

FDOFXODWHG�IURP�WKH�VORSH�RI�WKH�OLQH��

3�����

7DEOH������5DWH�&RQVWDQWV�IRU�WKH�%DVH�&DWDO\]HG�'HJUDGDWLRQ�RI�3UHGQLVRORQH�
LQ�$LU�DW����&

1D2+��1RUPDOLW\�N �KU��� N� �KU
��� N� �KU

���

���� ����� ����� �����

���� ����� ����� �����

���� ����� ����� �����

���� ����� ����� �����

���� ����� ����� �����

DQG�WKH�YDOXH�RI�N���WKH�UDWH�FRQVWDQW�IRU�WKH�IRUPDWLRQ�RI�WKH�QHXWUDO�GHJUDGDWLRQ�SURGXFW��ZDV�REWDLQHG�

E\�VXEWUDFWLQJ�N��IURP�N��7KH�GDWD��DV�WDEXODWHG�E\�*XWWPDQ�DQG�0HLVWHU���DUH�JLYHQ�LQ�7DEOH�������

7KH�VWDELOLW\�RI�K\GURFRUWLVRQH��

ZDV�H[SORUHG�E\�$OOHQ�DQG�*XSWD��LQ�DTXHRXV�DQG�RLO�YHKLFOHV��ZDWHU�ZDVKDEOH�RLQWPHQW�EDVHV��DQG�

HPXOVLILHG�YHKLFOHV�LQ�WKH�SUHVHQFH�RI�RWKHU�LQJUHGLHQWV��DW�HOHYDWHG�WHPSHUDWXUHV�DQG�DW�YDULRXV�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



GHJUHHV�RI�DFLGLW\�DQG�EDVLFLW\��+\GURFRUWLVRQH�ZDV�XQVWDEOH�DW�URRP�WHPSHUDWXUH�LQ�DTXHRXV�YHKLFOHV�

RQ�WKH�EDVLF�VLGH�RI�QHXWUDOLW\��DOFRKRO�DQG�JO\FHULQ�DSSHDUHG�WR�LPSURYH�WKH�VWDELOLW\��7KH�GHFRPSRVLWLRQ�

LQ�ZDWHU�DQG�SURS\OHQH�JO\FRO�ZDV�D�SVHXGR±ILUVW�RUGHU�UHDFWLRQ��,Q�KLJKO\�DFLGLF�DQG�EDVLF�PHGLD�DQG�DW�

HOHYDWHG�WHPSHUDWXUHV��WKH�GHFRPSRVLWLRQ�RI�K\GURFRUWLVRQH�ZDV�RI�D�FRPSOH[�QDWXUH��IROORZLQJ�D�

SDUDOOHO�VFKHPH��

6HULHV�RU�&RQVHFXWLYH�5HDFWLRQV�
&RQVHFXWLYH�UHDFWLRQV�DUH�FRPPRQ�LQ�UDGLRDFWLYH�VHULHV�LQ�ZKLFK�D�SDUHQW�LVRWRSH�GHFD\V�E\�D�ILUVW�

RUGHU�SURFHVV�LQWR�D�GDXJKWHU�LVRWRSH�DQG�VR�RQ�WKURXJK�D�FKDLQ�RI�GLVLQWHJUDWLRQV��:H�WDNH�D�VLPSOLILHG�

YHUVLRQ�RI�WKH�GHJUDGDWLRQ�VFKHPH�RI�JOXFRVH�DV�LOOXVWUDWLYH�RI�FRQVHFXWLYH�W\SH�UHDFWLRQV��7KH�GHSOHWLRQ�

RI�JOXFRVH�LQ�DFLG�VROXWLRQ�FDQ�EH�UHSUHVHQWHG�E\�WKH�IROORZLQJ�VFKHPH����ZKHUH���+0)�LV���

K\GUR[\PHWK\OIXUIXUDO��

7KH�VFKHPH�LV�VHHQ�WR�LQYROYH�DOO�RI�WKH�FRPSOH[�W\SH�UHDFWLRQV��UHYHUVLEOH��SDUDOOHO��DQG�FRQVHFXWLYH�

SURFHVVHV��$W�ORZ�FRQFHQWUDWLRQV�RI�JOXFRVH�DQG�DFLG�FDWDO\VW��WKH�IRUPDWLRQ�RI�SRO\VDFFKDULGHV�FDQ�EH�

QHJOHFWHG��)XUWKHUPRUH��RZLQJ�WR�WKH�LQGHILQLWH�QDWXUH�RI�WKH�EUHDNGRZQ�SURGXFWV�RI���+0)��WKHVH�FDQ�

EH�FRPELQHG�WRJHWKHU�DQG�UHIHUUHG�WR�VLPSO\�DV�FRQVWLWXHQW�&��7KH�VLPSOLILHG�PHFKDQLVP�LV�WKHUHIRUH�

ZULWWHQ�DV�WKH�VHULHV�RI�UHDFWLRQV�

ZKHUH�$�LV�JOXFRVH��%�LV���+0)��DQG�&�LV�WKH�ILQDO�EUHDNGRZQ�SURGXFWV��7KH�UDWH�RI�GHFRPSRVLWLRQ�RI�

JOXFRVH�LV�JLYHQ�E\�WKH�HTXDWLRQ�

7KH�UDWH�RI�FKDQJH�LQ�FRQFHQWUDWLRQ�RI���+0)�LV�

DQG�WKDW�RI�WKH�EUHDNGRZQ�SURGXFWV�LV�

:KHQ�WKHVH�HTXDWLRQV�DUH�LQWHJUDWHG�DQG�SURSHU�VXEVWLWXWLRQV�PDGH��ZH�REWDLQ�

DQG

%\�WKH�DSSOLFDWLRQ�RI�HTXDWLRQV���������WKURXJK����������WKH�UDWH�FRQVWDQWV�N��DQG�N��DQG�WKH�

FRQFHQWUDWLRQ�RI�EUHDNGRZQ�SURGXFWV�&FDQ�EH�GHWHUPLQHG��*OXFRVH�LV�IRXQG�WR�GHFRPSRVH�E\�D�ILUVW�

RUGHU�UHDFWLRQ��$V�JOXFRVH�LV�GHSOHWHG��WKH�FRQFHQWUDWLRQ�RI���+0)�LQFUHDVHV�UDSLGO\�DW�WKH�EHJLQQLQJ�RI�

WKH�UHDFWLRQ�DQG�WKHQ�LQFUHDVHV�DW�D�VORZHU�UDWH�DV�WLPH�SURJUHVVHV��7KH�GHFRPSRVLWLRQ�SURGXFWV�RI���

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



+0)�LQFUHDVH�VORZO\�DW�ILUVW��LQGLFDWLQJ�DQ�LQGXFWLRQ�RU�ODJ�SHULRG��DQG�WKHQ�LQFUHDVH�DW�D�JUHDWHU�UDWH��

7KHVH�ODWHU�SURGXFWV�DUH�UHVSRQVLEOH�IRU�WKH�GLVFRORUDWLRQ�RI�JOXFRVH�VROXWLRQV�WKDW�RFFXUV�ZKHQ�WKH�

VROXWLRQV�DUH�VWHULOL]HG�DW�HOHYDWHG�WHPSHUDWXUHV��

.LQHWLF�VWXGLHV�VXFK�DV�WKHVH�KDYH�FRQVLGHUDEOH�SUDFWLFDO�DSSOLFDWLRQ�LQ�SKDUPDF\��:KHQ�WKH�

PHFKDQLVP�RI�WKH�EUHDNGRZQ�RI�SDUHQWHUDO�VROXWLRQV�LV�EHWWHU�XQGHUVWRRG��WKH�PDQXIDFWXULQJ�SKDUPDFLVW�

VKRXOG�EH�DEOH�WR�SUHSDUH�D�VWDEOH�SURGXFW�KDYLQJ�D�ORQJ�VKHOI�OLIH��/DUJH�VXSSOLHV�RI�JOXFRVH�

3�����

LQMHFWLRQ�DQG�VLPLODU�SURGXFWV�FDQ�WKHQ�SRVVLEO\�EH�VWRFNSLOHG�IRU�XVH�LQ�WLPHV�RI�HPHUJHQF\��

0DXJHU�HW�DO����VWXGLHG�WKH�GHJUDGDWLRQ�RI�K\GURFRUWLVRQH�KHPLVXFFLQDWH�DW����&�RYHU�D�QDUURZ�S+�

UDQJH�DQG�IRXQG�WKH�UHDFWLRQ�WR�EH�DQRWKHU�H[DPSOH�RI�WKH�FRQVHFXWLYH�ILUVW�RUGHU�W\SH��$W�S+������WKH�

UDWH�FRQVWDQW�N��ZDV�������KU
�� DQG N��ZDV������KU

����

7KH�6WHDG\�6WDWH�$SSUR[LPDWLRQ�
0LFKDHOLV±0HQWHQ�(TXDWLRQ�
$�QXPEHU�RI�NLQHWLF�SURFHVVHV�FDQQRW�KDYH�WKHLU�UDWH�ODZV�LQWHJUDWHG�H[DFWO\��,Q�VLWXDWLRQV�VXFK�DV�

WKHVH��LW�LV�XVHIXO�WR�SRVWXODWH�D�UHDVRQDEOH�UHDFWLRQ�VHTXHQFH�DQG�WKHQ�WR�GHULYH�D�UDWH�ODZ�WKDW�DSSOLHV�

WR�WKH�SRVWXODWHG�VHTXHQFH�RI�VWHSV��,I�WKH�SRVWXODWHG�VHTXHQFH�LV�UHDVRQDEO\�DFFXUDWH�DQG�UHIOHFWV�WKH�

DFWXDO�VWHSV�LQYROYHG�LQ�WKH�UHDFWLRQ��WKH�REVHUYHG�NLQHWLFV�IRU�WKH�UHDFWLRQ�VKRXOG�PDWFK�WKH�FXUYH�JLYHQ�

E\�WKH�GHULYHG�UDWH�ODZ��

7KH�VWHDG\�VWDWH�DSSUR[LPDWLRQ�LV�FRPPRQO\�XVHG�WR�UHGXFH�WKH�ODERU�LQ�GHGXFLQJ�WKH�IRUP�RI�D�UDWH�

ODZ��:H�LOOXVWUDWH�WKLV�DSSUR[LPDWLRQ�E\�GHULYLQJ�WKH�0LFKDHOLV±0HQWHQ�HTXDWLRQ��

0LFKDHOLV�DQG�0HQWHQ���DVVXPHG�WKDW�WKH�LQWHUDFWLRQ�RI�D�VXEVWUDWH�6��ZLWK�DQ�HQ]\PH��(��WR�\LHOG�D�

SURGXFW��3��IROORZHG�D�UHDFWLRQ�VHTXHQFH�JLYHQ�E\�

$FFRUGLQJ�WR�WKLV�VFKHPH��WKH�UDWH�RI�SURGXFW�IRUPDWLRQ�LV�

:H�KDYH�QR�HDV\�PHDQV�RI�REWDLQLQJ�WKH�FRQFHQWUDWLRQ�RI�HQ]\PH±VXEVWUDWH�FRPSOH[��VR�LW�LV�

QHFHVVDU\�WKDW�WKLV�FRQFHQWUDWLRQ�EH�H[SUHVVHG�LQ�WHUPV�RI�HDVLO\�PHDVXUDEOH�TXDQWLWLHV��,Q�DQ�HQ]\PH�

VWXG\��ZH�FDQ�XVXDOO\�PHDVXUH�6��3��DQG�(���WKH�WRWDO�FRQFHQWUDWLRQ�RI�HQ]\PH��

7KH�UDWH�RI�IRUPDWLRQ�RI��(�ā�6��LV�

RU

,I�WKH�FRQFHQWUDWLRQ�RI�(ā6�LV�FRQVWDQW�WKURXJKRXW�PRVW�RI�WKH�UHDFWLRQ�DQG�LV�DOZD\V�PXFK�OHVV�WKDQ�WKH�

FRQFHQWUDWLRQV�RI�6�DQG3��ZH�FDQ�ZULWH�

,W�IROORZV�IURP�HTXDWLRQV�������� DQG ��������WKDW�

ZKHUH�WKH�VXEVFULSW�VV�LV�XVHG�WR�GHVLJQDWH�WKH�FRQFHQWUDWLRQ�UHIHUUHG�WR�DV�WKH�VWHDG\�VWDWH�YDOXH��

7KH�WRWDO�FRQFHQWUDWLRQ�RI�HQ]\PH��(���LV�WKH�VXP�RI�WKH�FRQFHQWUDWLRQV�RI�HQ]\PH�ERWK�IUHH��(��DQG�

ERXQG��(�ā�6��

(OLPLQDWLQJ�(�IURP�HTXDWLRQV�������� DQG ���������ZH�REWDLQ�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



RU

ZKHUH�

7KXV��XQGHU�VWHDG\�VWDWH�FRQGLWLRQV��WKH�UDWH�RI�SURGXFW�IRUPDWLRQ�LV�JLYHQ�E\�

ZKLFK�FDQ�EH�UHFRJQL]HG�DV�WKH�0LFKDHOLV±0HQWHQ�HTXDWLRQ��7KH�0LFKDHOLV±0HQWHQ�FRQVWDQW��.P��

LQGLFDWHV�WKH�WHQGHQF\�RI�WKH�HQ]\PH±VXEVWUDWH�FRPSOH[�WR�GHFRPSRVH�WR�VWDUWLQJ�VXEVWUDWH�RU�WR�

SURFHHG�WR�SURGXFW��UHODWLYH�WR�WKH�WHQGHQF\�RI�WKH�FRPSOH[�WR�EH�IRUPHG��

,W�LV�XVHIXO�WR�LQWURGXFH�D�PD[LPXP�YHORFLW\�IRU�WKH�0LFKDHOLV±0HQWHQ�VFKHPH��QDPHO\��G3�GW�PD[LPXP��

ZKLFK�LV�XVXDOO\�ZULWWHQ�DV�9P��:KHQ�6�LV�YHU\�ODUJH��DOO�HQ]\PH�(��LV�SUHVHQW�DV�(ā6��WKDW�LV��DOO�HQ]\PH�

LV�FRPELQHG�ZLWK�WKH�VXEVWUDWH�DQG�WKH�UHDFWLRQ�SURFHHGV�DW�PD[LPXP�YHORFLW\��)URP�HTXDWLRQ�����

�����G3�GW�EHFRPHV�9P DQG9P� �N�(��EHFDXVH�(�ā�6�LV�HTXLYDOHQW�WR�(���$FFRUGLQJO\��IURP�HTXDWLRQ�����

�����

(TXDWLRQ���������FDQ�EH�LQYHUWHG�WR�REWDLQ�D�OLQHDU�H[SUHVVLRQ�NQRZQ�DV�WKH�/LQHZHDYHU±%XUN�HTXDWLRQ��

)URP�HTXDWLRQ���������ZH�VHH�WKDW�D�SORW�RI���9�YHUVXV���6�\LHOGV�D�VWUDLJKW�OLQH�ZLWK�DQ�LQWHUFHSW�RQ�WKH�

YHUWLFDO�D[LV�RI���9P�DQG�D�VORSH�RI�.P�9P��)LJ���������.QRZLQJ�9P�IURP�WKH�LQWHUFHSW�DQG�

REWDLQLQJ.P�9P�DV�WKH�VORSH��ZH�FDQ�FDOFXODWH�.P��WKH�0LFKDHOLV�FRQVWDQW��

([DPSOH�����
/LQHDU�7UDQVIRUPDWLRQV�RI�WKH�0LFKDHOLV±0HQWHQ�(TXDWLRQ
7KH�YHORFLW\� 9��RI�DQ�HQ]\PDWLF�UHDFWLRQ�DW�LQFUHDVLQJ�VXEVWUDWH�FRQFHQWUDWLRQ�>6@�ZDV�
H[SHULPHQWDOO\�GHWHUPLQHG�WR�EH�DV�IROORZV�

9>�J��OLWHUV�PLQ�@ ������ ������ ������ ������ ������

>6@��PRODULW\��0� ������ ������ ������ ������ ������

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ������� $�/LQHZHDYHU±%XUN�SORW�RI�0LFKDHOLV±0HQWHQ�NLQHWLFV�VKRZLQJ�WKH�
FDOFXODWLRQ�RI .P E\�WZR�PHDQV�

�D��)ROORZLQJ�WKH�/LQHZHDYHU±%XUN�IRUP�RI�WKH�0LFKDHOLV±0HQWHQ�HTXDWLRQ��SORW���9 YHUVXV�
��>6@�XVLQJ�WKH�IROORZLQJ�GDWD�DQG�FDOFXODWH 9P DQG .P XVLQJ�OLQHDU�UHJUHVVLRQ�DQDO\VLV��7KH�
GDWD�IRU�WKH�/LQHZHDYHU±%XUN�SORW�DQG�WKH�UHJUHVVLRQ�DQDO\VLV�DUH�DV�IROORZV�

��9>PLQ���J�OLWHU�@ ����� ����� ����� ����� �����

��>6@��OLWHUV�PROH� ��� ��� ��� ����� ����

�E��([WUDSRODWH�WKH�OLQH�WR�WKH�KRUL]RQWDO�D[LV��[ D[LV���ZKHUH�WKH�LQWHUFHSW�LV����.P��5HDG��
��.P DV�DFFXUDWHO\�DV�SRVVLEOH�E\�H\H�DQG�REWDLQ .P DV�LWV�UHFLSURFDO��&RPSDUH�WKLV�YDOXH�
ZLWK�WKDW�REWDLQHG�E\�OLQHDU�UHJUHVVLRQ�LQ��D��
$QVZHU� �D��/LQHDU�UHJUHVVLRQ�DQDO\VLV�\LHOGV

�E��%\�H[WUDSRODWLRQ�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



3�����

0LFKDHOLV±0HQWHQ�NLQHWLFV�LV�XVHG�QRW�RQO\�IRU�HQ]\PH�UHDFWLRQV�EXW�DOVR�IRU�ELRFKHPLFDO�SURFHVVHV�LQ�

WKH�ERG\�LQYROYLQJ�FDUULHUV�WKDW�WUDQVSRUW�VXEVWDQFHV�DFURVV�PHPEUDQHV�VXFK�DV�EORRG�FDSLOODULHV�DQG�

WKH�UHQDO�WXEXOH��,W�LV�DVVXPHG��IRU�H[DPSOH��WKDW�/�W\URVLQH�LV�DEVRUEHG�IURP�WKH�QDVDO�FDYLW\�LQWR�

V\VWHPLF�FLUFXODWLRQ�E\�D�FDUULHU�IDFLOLWDWHG�SURFHVV��DQG�0LFKDHOLV±0HQWHQ�NLQHWLFV�LV�DSSOLHG�WR�WKLV�

FDVH��

5DWH�'HWHUPLQLQJ�6WHS�
,Q�D�UHDFWLRQ�VHTXHQFH�LQ�ZKLFK�RQH�VWHS�LV�PXFK�VORZHU�WKDQ�DOO�WKH�VXEVHTXHQW�VWHSV�OHDGLQJ�WR�WKH�

SURGXFW��WKH�UDWH�DW�ZKLFK�WKH�SURGXFW�LV�IRUPHG�PD\�GHSHQG�RQ�WKH�UDWHV�RI�DOO�WKH�VWHSV�SUHFHGLQJ�WKH�

VORZ�VWHS�EXW�GRHV�QRW�GHSHQG�RQ�DQ\�RI�WKH�VWHSV�IROORZLQJ��7KH�VORZHVW�VWHS�LQ�D�UHDFWLRQ�VHTXHQFH�LV�

FDOOHG��VRPHZKDW�PLVOHDGLQJO\��WKH�UDWH�GHWHUPLQLQJ�VWHS�RI�WKH�UHDFWLRQ��

&RQVLGHU�WKH�PHFKDQLVWLF�SDWKZD\�

ZKLFK�FDQ�EH�SRVWXODWHG�IRU�WKH�REVHUYHG�RYHUDOO�UHDFWLRQ�

,I�WKH�FRQFHQWUDWLRQV�RI�WKH�LQWHUPHGLDWHV�% DQG '�DUH�VPDOO��ZH�FDQ�DSSO\�WKH�VWHDG\�VWDWH�

DSSUR[LPDWLRQ�WR�HYDOXDWH�WKHLU�VWHDG\�VWDWH�FRQFHQWUDWLRQV��7KHVH�DUH�JLYHQ�E\�

DQG

)RU�WKH�UDWH�RI�IRUPDWLRQ�RI�WKH�SURGXFW��ZH�FDQ�ZULWH�

RU

,I��LQ�WKH�PHFKDQLVWLF�VHTXHQFH��VWHS���LV�WKH�VORZ�VWHS��WKH�UDWH�GHWHUPLQLQJ�VWHS���ZH�FDQ�VD\�

WKDW�N� ب N� &��DQG�HTXDWLRQ��������LV�VLPSOLILHG�WR�D�VHFRQG�RUGHU�H[SUHVVLRQ��

2Q�WKH�RWKHU�KDQG��LI�VWHS����WKH�UHYHUVH�UHDFWLRQ��LV�WKH�VORZ�VWHS��WKHQ�N�&ب� N���DQG�HTXDWLRQ�����

����UHGXFHV�WR�D�ILUVW�RUGHU�H[SUHVVLRQ��

7KXV��ZH�VHH�WKDW�UHDFWLRQV�PD\�H[KLELW�D�VLPSOH�ILUVW��RU�VHFRQG�RUGHU�EHKDYLRU��\HW�WKH�GHWDLOHG�

PHFKDQLVP�IRU�WKHVH�UHDFWLRQV�PD\�EH�TXLWH�FRPSOH[��

7HPSHUDWXUH�(IIHFWV�
$�QXPEHU�RI�IDFWRUV�RWKHU�WKDQ�FRQFHQWUDWLRQ�PD\�DIIHFW�WKH�UHDFWLRQ�YHORFLW\��$PRQJ�WKHVH�DUH�

WHPSHUDWXUH��VROYHQWV��FDWDO\VWV��DQG�OLJKW��7KLV�VHFWLRQ�GLVFXVVHV�WKH�HIIHFW�RI�WHPSHUDWXUH�FRYHUHG��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



&ROOLVLRQ�7KHRU\�
5HDFWLRQ�UDWHV�DUH�H[SHFWHG�WR�EH�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�FROOLVLRQV�SHU�XQLW�WLPH��%HFDXVH�WKH�

QXPEHU�RI�FROOLVLRQV�LQFUHDVHV�DV�WKH�WHPSHUDWXUH�LQFUHDVHV��WKH�UHDFWLRQ�UDWH�LV�H[SHFWHG�WR�LQFUHDVH�

ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��,Q�IDFW��WKH�

3�����

VSHHG�RI�PDQ\�UHDFWLRQV�LQFUHDVHV�DERXW�WZR�WR�WKUHH�WLPHV�ZLWK�HDFK�����ULVH�LQ�WHPSHUDWXUH��$V�D�

UHDFWLRQ�SURFHHGV�IURP�UHDFWDQWV�WR�SURGXFWV��WKH�V\VWHP�PXVW�SDVV�WKURXJK�D�VWDWH�ZKRVH�HQHUJ\�LV�

JUHDWHU�WKDQ�WKDW�RI�WKH�LQLWLDO�UHDFWDQWV��7KLV�³EDUULHU´�LV�ZKDW�SUHYHQWV�WKH�UHDFWDQWV�IURP�LPPHGLDWHO\�

EHFRPLQJ�SURGXFWV��7KH�DFWLYDWLRQ�HQHUJ\��(D��LV�D�PHDVXUH�RI�WKLV�EDUULHU��7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�

UHDFWLRQ�UDWH�LV�JLYHQ�E\�WKH�HTXDWLRQ��ILUVW�VXJJHVWHG�E\�$UUKHQLXV��

)LJ������� $�SORW�RI�ORJ N DJDLQVW���7 IRU�WKH�WKHUPDO�GHFRPSRVLWLRQ�RI�JOXFRVH�

RU

ZKHUH�N�LV�WKH�VSHFLILF�UHDFWLRQ�UDWH��$�LV�D�FRQVWDQW�NQRZQ�DV�WKH$UUKHQLXV�IDFWRU�RU�WKH�IUHTXHQF\�

IDFWRU��(D�LV�WKH�HQHUJ\�RI�DFWLYDWLRQ�5�LV�WKH�JDV�FRQVWDQW��������FDORULHV�GHJ�PROH��DQG�7�LV�WKH�

DEVROXWH�WHPSHUDWXUH��7KH�FRQVWDQWV�$�DQG�(D�ZLOO�EH�FRQVLGHUHG�IXUWKHU�LQ�ODWHU�VHFWLRQV�RI�WKH�FKDSWHU��

7KH\�FDQ�EH�HYDOXDWHG�E\�GHWHUPLQLQJ�N�DW�VHYHUDO�WHPSHUDWXUHV�DQG�SORWWLQJ���7�DJDLQVW�ORJ�N��$V�VHHQ�

LQ�HTXDWLRQ����������WKH�VORSH�RI�WKH�OLQH�VR�REWDLQHG�LV��(D�������5��DQG�WKH�LQWHUFHSW�RQ�WKH�YHUWLFDO�D[LV�

LV�ORJ�$��IURP�ZKLFK(D�DQG�$�FDQ�EH�REWDLQHG��

'DWD�REWDLQHG�IURP�D�VWXG\�RI�WKH�GHFRPSRVLWLRQ�RI�JOXFRVH�VROXWLRQV�EHWZHHQ�����&�DQG�����&�LQ�WKH�

SUHVHQFH�RI������1�K\GURFKORULF�DFLG�DUH�SORWWHG�LQ�WKLV�PDQQHU�LQ�)LJXUH�������,W�VKRXOG�EH�REVHUYHG�

WKDW�EHFDXVH�WKH�UHFLSURFDO�RI�WKH�DEVROXWH�WHPSHUDWXUH�LV�SORWWHG�DORQJ�WKH�KRUL]RQWDO�D[LV��WKH�

WHPSHUDWXUH�LV�DFWXDOO\GHFUHDVLQJ�IURP�OHIW�WR�ULJKW�DFURVV�WKH�JUDSK��,W�LV�VRPHWLPHV�DGYDQWDJHRXV�WR�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



SORW�ORJ�W����LQVWHDG�RI�ORJ�N�RQ�WKH�YHUWLFDO�D[LV��7KH�KDOI�OLIH�IRU�D�ILUVW�RUGHU�UHDFWLRQ�LV�UHODWHG�WR�N�E\�

HTXDWLRQ���������W���� �������N��DQG�LQ�ORJDULWKPLF�IRUP�

6XEVWLWXWLQJ�HTXDWLRQ���������LQWR�HTXDWLRQ���������JLYHV�

RU

DQG (D������5�LV�REWDLQHG�DV�WKH�VORSH�RI�WKH�OLQH�UHVXOWLQJ�IURP�SORWWLQJ�ORJ�W����DJDLQVW���7��+LJXFKL�HW�

DO����SORWWHG�WKH�UHVXOWV�RI�WKH�DONDOLQH�K\GURO\VLV�RI�SURFDLQH�LQ�WKLV�PDQQHU��DV�VKRZQ�LQ�)LJXUH�������

(D�FDQ�DOVR�EH�REWDLQHG�E\�ZULWLQJ�HTXDWLRQ���������IRU�D�WHPSHUDWXUH�7� DV

DQG�IRU�DQRWKHU�WHPSHUDWXUH�7� DV

6XEWUDFWLQJ�WKHVH�WZR�H[SUHVVLRQV�\LHOGV�

)LJ������� $�SORW�RI�ORJ W��� DJDLQVW���7 IRU�WKH�DONDOLQH�K\GURO\VLV�RI�SURFDLQH���)URP�
7��+LJXFKL��$��+DYLQJD��DQG�/��:��%XVVH��-��$P��3KDUP��$VVRF��6FL��(G� ��� �����
������

3�����

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



([DPSOH�����
'HFRPSRVLWLRQ�RI���+0)
7KH�UDWH�FRQVWDQW N� IRU�WKH�GHFRPSRVLWLRQ�RI���K\GUR[\PHWK\OIXUIXUDO�DW�����&������.��LV�
������KU�� RU�������î����� VHF�� DQG N� DW�����&������.��LV�������KU

����:KDW�LV�WKH�DFWLYDWLRQ�
HQHUJ\� (D��LQ�NFDO�PROH�DQG�WKH�IUHTXHQF\�IDFWRU� $��LQ�VHF�� IRU�WKH�EUHDNGRZQ�RI���+0)�
ZLWKLQ�WKLV�WHPSHUDWXUH�UDQJH"
:H�KDYH

$W�����&��XVLQJ�HTXDWLRQ����������ZH�REWDLQ

&ODVVLF�&ROOLVLRQ�7KHRU\�RI�5HDFWLRQ�5DWHV�
7KH�$UUKHQLXV�HTXDWLRQ�LV�ODUJHO\�DQ�HPSLULFDO�UHODWLRQ�JLYLQJ�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�DQ�REVHUYHG�

UDWH�FRQVWDQW��5HODWLRQV�RI�WKLV�W\SH�DUH�REVHUYHG�IRU�XQLPROHFXODU�DQG�ELPROHFXODU�UHDFWLRQV�DQG�RIWHQ�

DUH�DOVR�REVHUYHG�IRU�FRPSOH[�UHDFWLRQV�LQYROYLQJ�D�QXPEHU�RI�ELPROHFXODU�DQG�XQLPROHFXODU�VWHSV��

$OWKRXJK�LW�LV�H[WUHPHO\�GLIILFXOW��LQ�PRVW�FDVHV��WR�DWWDFK�VLJQLILFDQFH�WR�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�

FRPSOH[�UHDFWLRQV��WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�XQL��DQG�ELPROHFXODU�UHDFWLRQV�DSSHDUV�WR�UHIOHFW�D�

IXQGDPHQWDO�SK\VLFDO�UHTXLUHPHQW�WKDW�PXVW�EH�PHW�IRU�D�UHDFWLRQ�WR�RFFXU��

7KH�PDQQHU�E\�ZKLFK�WHPSHUDWXUH�DIIHFWV�PROHFXODU�PRWLRQ�FDQ�EH�XQGHUVWRRG�E\�FRQVLGHULQJ�D�

K\SRWKHWLFDO�VLWXDWLRQ�LQ�ZKLFK�DOO�WKH�PROHFXOHV�RI�D�VXEVWDQFH�DUH�PRYLQJ�LQ�WKH�VDPH�GLUHFWLRQ�DW�WKH�

VDPH�YHORFLW\��,I�D�PROHFXOH�GHYLDWHV�IURP�LWV�FRXUVH��LW�ZLOO�FROOLGH�ZLWK�DQRWKHU�PROHFXOH��FDXVLQJ�ERWK�

PROHFXOHV�WR�PRYH�RII�LQ�GLIIHUHQW�GLUHFWLRQV�ZLWK�GLIIHUHQW�YHORFLWLHV��$�FKDLQ�RI�FROOLVLRQV�EHWZHHQ�

PROHFXOHV�FDQ�WKHQ�RFFXU��ZKLFK�ILQDOO\�UHVXOWV�LQ�UDQGRP�PRWLRQ�RI�DOO�WKH�PROHFXOHV��,Q�WKLV�FDVH��RQO\�

D�FHUWDLQ�IUDFWLRQ�RI�WKH�PROHFXOHV�KDYH�D�YHORFLW\�HTXLYDOHQW�WR�WKH�LQLWLDO�YHORFLW\�RI�WKH�RUGHUHG�V\VWHP��

7KH�QHW�UHVXOW�LV�WKDW�IRU�D�IL[HG�QXPEHU�RI�PROHFXOHV�DW�D�JLYHQ�WHPSHUDWXUH��DQG�WKHUHIRUH�DW�D�GHILQLWH�

WRWDO�HQHUJ\��D�GLVWULEXWLRQ�RI�PROHFXODU�YHORFLWLHV�YDU\LQJ�IURP�]HUR�XSZDUG�LV�DWWDLQHG��%HFDXVH�NLQHWLF�

HQHUJ\�LV�SURSRUWLRQDO�WR�WKH�VTXDUH�RI�YHORFLW\��WKH�GLVWULEXWLRQ�RI�PROHFXODU�YHORFLWLHV�FRUUHVSRQGV�WR�

WKH�GLVWULEXWLRQ�RI�PROHFXODU�HQHUJLHV��DQG�WKH�IUDFWLRQ�RI�WKH�PROHFXOHV�KDYLQJ�D�JLYHQ�NLQHWLF�HQHUJ\�

FDQ�EH�H[SUHVVHG�E\�WKH�%ROW]PDQQ�GLVWULEXWLRQ�ODZ��

)URP�WKH�%ROW]PDQQ�GLVWULEXWLRQ�ODZ�ZH�QRWH�WKDW�RI�WKH�WRWDO�QXPEHU�RI�PROHV��17��RI�D�

UHDFWDQW��1L�PROHV�KDYH�D�NLQHWLF�HQHUJ\�JLYHQ�E\(L��7KH�FROOLVLRQ�WKHRU\�RI�UHDFWLRQ�UDWHV�SRVWXODWHV�WKDW�

D�FROOLVLRQ�PXVW�RFFXU�EHWZHHQ�PROHFXOHV�IRU�D�UHDFWLRQ�WR�RFFXU�DQG��IXUWKHU��WKDW�D�UHDFWLRQ�EHWZHHQ�

PROHFXOHV�GRHV�QRW�WDNH�SODFH�XQOHVV�WKH�PROHFXOHV�DUH�RI�D�FHUWDLQ�HQHUJ\��%\�WKLV�SRVWXODWH��WKH�UDWH�

RI�D�UHDFWLRQ�FDQ�EH�FRQVLGHUHG�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�PROHV�RI�UHDFWDQW�KDYLQJ�VXIILFLHQW�HQHUJ\�

WR�UHDFW��WKDW�LV��

7KH�SURSRUWLRQDOLW\�FRQVWDQW�LQ�WKLV�UHODWLRQ�LV�GLYLGHG�LQWR�WZR�WHUPV��WKH�FROOLVLRQ�QXPEHU��=��ZKLFK�IRU�D�

UHDFWLRQ�EHWZHHQ�WZR�PROHFXOHV�LV�WKH�QXPEHU�RI�FROOLVLRQV�SHU�VHFRQG�SHU�FXELF�FHQWLPHWHU��DQG�WKH�

VWHULF�RU�SUREDELOLW\�IDFWRU��3��ZKLFK�LV�LQFOXGHG�WR�WDNH�LQWR�DFFRXQW�WKH�IDFW�WKDW�QRW�HYHU\�FROOLVLRQ�

EHWZHHQ�PROHFXOHV�OHDGV�WR�UHDFWLRQ��7KDW�LV��3�JLYHV�WKH�SUREDELOLW\�WKDW�D�FROOLVLRQ�EHWZHHQ�PROHFXOHV�

ZLOO�OHDG�WR�SURGXFW��

6XEVWLWXWLQJ�IRU�1L�LQ�HTXDWLRQ���������\LHOGV�

ZKLFK��ZKHQ�FRPSDUHG�ZLWK�WKH�JHQHUDO�UDWH�ODZ�

OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7KXV��FROOLVLRQ�VWDWH�WKHRU\�LQWHUSUHWV�WKH�$UUKHQLXV�IDFWRU�$�LQ�WHUPV�RI�WKH�IUHTXHQF\�RI�FROOLVLRQ�

EHWZHHQ�PROHFXOHV��

DQG�WKH�$UUKHQLXV�DFWLYDWLRQ�HQHUJ\��(D��DV�WKH�PLQLPXP�NLQHWLF�HQHUJ\�D�PROHFXOH�PXVW�SRVVHVV�LQ�

RUGHU�WR�XQGHUJR�UHDFWLRQ��

<DQJ���VKRZHG�WKH�HUURU�SRVVLEOH�LQ�GHWHUPLQLQJ�WKH�DFWLYDWLRQ�HQHUJ\��(D��DQG�WKH�SUHGLFWHG�VKHOI�OLIH�

ZKHQ�WKH�NLQHWLF�RUGHU�LQ�DQ�DFFHOHUDWHG�VWDELOLW\�WHVW�LV�LQFRUUHFWO\�DVVLJQHG��IRU�H[DPSOH��ZKHQ�DQ�

DFWXDO�]HUR�RUGHU�UHDFWLRQ�FDQ�HTXDOO\�ZHOO�EH�GHVFULEHG�E\�D�ILUVW�RUGHU�GHJUDGDWLRQ��

4���&DOFXODWLRQV�
,Q�DQ�H[FHOOHQW�UHIHUHQFH�WH[W�IRU�SKDUPDFLVWV��&RQQRUV�HW�DO��GHVFULEHG�D�VWUDLJKWIRUZDUG�FDOFXODWLRQ�

WKDW�IDFLOLWDWHV�D�SUDFWLFDO�XQGHUVWDQGLQJ�RI�WHPSHUDWXUH�HIIHFWV��8VLQJ�WKLV�PHWKRG��RQH�FDQ�HVWLPDWH�WKH�

HIIHFW�RI�D�����ULVH�LQ�WHPSHUDWXUH�RQ�WKH�VWDELOLW\�RI�SKDUPDFHXWLFDOV��-XVW�DV�ZDV�GRQH�LQ�([DPSOH����

���WKLV�VR�FDOOHG4���PHWKRG�UHOLHV�RQ�WKH�UDWLR�RI�UHDFWLRQ�UDWH�FRQVWDQWV�DW�WZR�GLIIHUHQW�WHPSHUDWXUHV��

7KH�TXDQWLW\�4���ZDV�RULJLQDOO\�GHILQHG�E\�6LPRQHOOL�DQG�'UHVEDFN�� DV

4���LV�WKH�IDFWRU�E\�ZKLFK�WKH�UDWH�FRQVWDQW�LQFUHDVHV�IRU�D����&�WHPSHUDWXUH�LQFUHDVH��7KH�4���IDFWRU�

FDQ�EH�FDOFXODWHG�IURP�WKH�IROORZLQJ�HTXDWLRQ��

3�����

,I�WKH�DFWLYDWLRQ�HQHUJ\�LV�NQRZQ��WKH�FRUUHVSRQGLQJ�4���YDOXH�FDQ�EH�REWDLQHG�IURP�HTXDWLRQ����������

7KH�4���DSSUR[LPDWLRQ�PHWKRG�LV�XVHIXO�IRU�PDNLQJ�TXLFN�DSSUR[LPDWLRQV��$V�QRWHG�E\�&RQQRUV�HW�

DO���WKH�DFWLYDWLRQ�HQHUJLHV�IRU�GUXJ�GHFRPSRVLWLRQV�XVXDOO\�IDOO�LQ�WKH�UDQJH�RI����WR����NFDO�PROH��ZLWK�

W\SLFDO�YDOXHV����WR����NFDO�PROH��7R�PDNH�DSSUR[LPDWLRQV�ZKHQ�(D�LV�XQNQRZQ��LW�LV�UHDVRQDEOH�WR�XVH�

WKHVH�W\SLFDO�YDOXHV�WR�FDOFXODWH�4���YDOXHV��)RU�H[DPSOH��XVLQJ�(TXDWLRQ����������ZH�KDYH�4��� �������

DQG���ZKHQ�(D� �������������DQG�������UHVSHFWLYHO\��ZKHQ�WKH�WHPSHUDWXUH�ULVHV�IURP����&�WR����&��7KLV�

VLPSOH�FDOFXODWLRQ�GHPRQVWUDWHV�WKDW�WKH�GHJUDGDWLRQ�UDWH�RI�PRVW�SKDUPDFHXWLFDO�DJHQWV�ZLOO�LQFUHDVH�

E\�WZR�WR�IRXU�WLPHV��ZLWK�DQ�DYHUDJH�RI�WKUHH�WLPHV��IRU�D����&�ULVH�LQ�WHPSHUDWXUH�LQ�D�UDQJH��IURP�

���&�WR����&��WKDW�W\SLFDO�FRQVXPHUV�ZLOO�H[SHULHQFH��7KH�PRUH�DGYDQFHG�VWXGHQW�PD\�EH�LQWHUHVWHG�LQ�

JHQHUDOL]LQJ�WKH�4���DSSURDFK�WR�HVWLPDWH�WKH�HIIHFW�RI�LQFUHDVLQJ�RU�GHFUHDVLQJ�WKH�WHPSHUDWXUH�E\�

YDULDEOH�DPRXQWV��7R�GR�WKLV��XVH�WKH�IROORZLQJ�HTXDWLRQ��

([DPSOH�����
(IIHFW�RI�7HPSHUDWXUH�,QFUHDVH�'HFUHDVH�RQ�5DWH�&RQVWDQWV
&DOFXODWH�WKH�IDFWRUV E\�ZKLFK�UDWH�FRQVWDQWV�PD\�FKDQJH�IRU��D��D����&�WR����&�WHPSHUDWXUH�
FKDQJH�DQG��E��D����&�WR���&�WHPSHUDWXUH�FKDQJH�
$QVZHU�

D� 8VLQJ�HTXDWLRQ����������ZLWK�ǻ7  ������ZH�REWDLQ

7KXV��WKH�UDWH�LQFUHDVHV�EHWZHHQ���IROG�DQG����IROG��ZLWK�D�SUREDEOH�DYHUDJH�
LQFUHDVH�RI�DERXW����IROG�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



E� :KHQ�ǻ7  �����ZH�KDYH

7KXV��WKH�UDWH�GHFUHDVHV�WR�EHWZHHQ�����DQG������RI�WKH�LQLWLDO�UDWH�

6KHOI�/LIH�&DOFXODWLRQV�
7KH�IROORZLQJ�H[DPSOHV�LOOXVWUDWH�VLWXDWLRQV�WKDW�SKDUPDFHXWLFDO�VFLHQWLVWV�DQG�SUDFWLFLQJ�SKDUPDFLVWV�

DUH�OLNHO\�WR�HQFRXQWHU��

([DPSOH�����
,QFUHDVHG�6KHOI�/LIH�RI�$VSLULQ �&RQQRUV�HW�DO����SS����±���
$VSLULQ�LV�PRVW�VWDEOH�DW�S+������$W�WKLV�S+�WKH�DSSDUHQW�ILUVW�RUGHU�UDWH�FRQVWDQW�LV���î����
� VHF�� DW����&��7KH�VKHOI�OLIH�RI�DVSLULQ�LQ�VROXWLRQ�XQGHU�WKHVH�FRQGLWLRQV�FDQ�EH�FDOFXODWHG�DV�
IROORZV�

$V�RQH�FDQ�VHH��DVSLULQ�LV�YHU\�XQVWDEOH�LQ�DTXHRXV�VROXWLRQ��:RXOG�PDNLQJ�D�VXVSHQVLRQ�
LQFUHDVH�WKH�VKHOI�OLIH�RI�DVSLULQ"
7KH�VROXELOLW\�RI�DVSLULQ�LV������J�����P/��$W�S+������WKH�DSSDUHQW�]HUR�RUGHU�UDWH�FRQVWDQW�IRU�
DQ�DVSLULQ�VXVSHQVLRQ�LV

,I�RQH�GRVH�RI�DVSLULQ�DW�����PJ�SHU�WHDVSRRQIXO�LV�DGPLQLVWHUHG��WKHQ�RQH�KDV�����PJ���P/� �
���J�����P/�
)RU�WKLV�DVSLULQ�VXVSHQVLRQ�

7KH�LQFUHDVH�LQ�WKH�VKHOI�OLIH�RI�VXVSHQVLRQV�DV�FRPSDUHG�WR�VROXWLRQV�LV�D�UHVXOW�RI�WKH�
LQWHUSOD\�EHWZHHQ�WKH�VROXELOLW\�DQG�WKH�VWDELOLW\�RI�WKH�GUXJ��,Q�WKH�FDVH�RI�DVSLULQ��WKH�VROLG�
IRUP�RI�WKH�GUXJ�LV�VWDEOH��ZKHUHDV�ZKHQ�DVSLULQ�LV�LQ�VROXWLRQ�LW�LV�XQVWDEOH��$V�DVSLULQ�LQ�
VROXWLRQ�GHFRPSRVHV��WKH�VROXWLRQ�FRQFHQWUDWLRQ�LV�PDLQWDLQHG�DV�DGGLWLRQDO�DVSLULQ�GLVVROYHV�
XS�WR�WKH�OLPLW�RI�LWV�DTXHRXV�VROXELOLW\�

([DPSOH������
+RZ�/RQJ�&DQ�D�3URGXFW�%H�/HIW�2XW�DW�5RRP�7HPSHUDWXUH"
5HFRQVWLWXWHG�DPSLFLOOLQ�VXVSHQVLRQ�LV�VWDEOH�IRU����GD\V�ZKHQ�VWRUHG�LQ�WKH�UHIULJHUDWRU�
���&���,I�WKH�SURGXFW�LV�OHIW�DW�URRP�WHPSHUDWXUH�IRU����KU��ZKDW�LV�WKH�UHGXFWLRQ�LQ�WKH�
H[SLUDWLRQ�GDWLQJ"
7R�VROYH�WKLV�SUREOHP�ZH�PXVW�XVH�WKH�IROORZLQJ�HTXDWLRQ�

7KH�HVWLPDWH�RI W���7���LV�LQGHSHQGHQW�RI�RUGHU��,Q�RWKHU�ZRUGV��LW�LV�QRW�QHFHVVDU\�WR�NQRZ�WKH�
UHDFWLRQ�RUGHU�WR�PDNH�WKLV�HVWLPDWH�

2WKHU�)DFWRUV²$�0ROHFXODU�9LHZSRLQW�
7UDQVLWLRQ�6WDWH�7KHRU\�
$Q�DOWHUQDWLYH�WR�WKH�FROOLVLRQ�WKHRU\�LV�WKH�WUDQVLWLRQ�VWDWH�WKHRU\�RU�DEVROXWH�UDWH�WKHRU\��DFFRUGLQJ�WR�

ZKLFK�DQ�HTXLOLEULXP�LV�FRQVLGHUHG�WR�H[LVW�EHWZHHQ�WKH�QRUPDO�UHDFWDQW�PROHFXOHV�DQG�DQ�DFWLYDWHG�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



FRPSOH[�RI�WKHVH�PROHFXOHV��'HFRPSRVLWLRQ�RI�WKH�DFWLYDWHG�FRPSOH[�OHDGV�WR�SURGXFW��)RU�DQ�

HOHPHQWDU\�ELPROHFXODU�SURFHVV��WKH�UHDFWLRQ�FDQ�EH�ZULWWHQ�DV�

$�GRXEOH�GDJJHU�LV�XVHG�WR�GHVLJQDWH�WKH�DFWLYDWHG�VWDWH��QDPHO\�>$�«�%@Á�

7KH�UDWH�RI�SURGXFW�IRUPDWLRQ�LQ�WKLV�WKHRU\�LV�JLYHQ�E\�

ZKHUH�Y�LV�WKH�IUHTXHQF\�ZLWK�ZKLFK�DQ�DFWLYDWHG�FRPSOH[�JRHV�WR�SURGXFW��%HFDXVH�DQ�HTXLOLEULXP�

H[LVWV�EHWZHHQ�WKH�

3�����

UHDFWDQWV�DQG�WKH�DFWLYDWHG�FRPSOH[��

DQG�WKLV�H[SUHVVLRQ�FDQ�EH�UHDUUDQJHG�WR�

+HQFH��

7KH�JHQHUDO�UDWH�ODZ�IRU�D�ELPROHFXODU�UHDFWLRQ�LV�

VR�LW�IROORZV�WKDW�

,W�ZLOO�EH�UHFDOOHG�IURP�SUHYLRXV�WKHUPRG\QDPLF�FRQVLGHUDWLRQV�WKDW�

RU

DQG

5HSODFLQJ�WKH�RUGLQDU\�.�IRU�SUHVHQW�SXUSRVHV�ZLWK�.Á�DQG�PDNLQJ�VLPLODU�VXEVWLWXWLRQV�IRU�WKH�

WKHUPRG\QDPLF�TXDQWLWLHV��ZH�REWDLQ�

DQG

ZKHUH�ǻ*Á��ǻ6Á��DQG�ǻ+Á�DUH�WKH�UHVSHFWLYH�GLIIHUHQFHV�EHWZHHQ�WKH�VWDQGDUG�IUHH�HQHUJ\��HQWURS\��

DQG�HQWKDOS\�LQ�WKH�WUDQVLWLRQ�VWDWH�DQG�LQ�WKH�QRUPDO�UHDFWDQW�VWDWH��

,Q�WKLV�WKHRU\��WKH�$UUKHQLXV�IDFWRU�$�LV�UHODWHG�WR�WKH�HQWURS\�RI�DFWLYDWLRQ�RI�WKH�WUDQVLWLRQ�VWDWH��

DQG�WKH�$UUKHQLXV�DFWLYDWLRQ�HQHUJ\��(D��LV�UHODWHG�WR�WKH�HQWURS\�RI�DFWLYDWLRQ�RI�WKH�WUDQVLWLRQ�VWDWH��

)RU�PRVW�SUDFWLFDO�SXUSRVHV��ǻ9Á� ����KHQFH��

,Q�SULQFLSOH��WKH�WUDQVLWLRQ�VWDWH�WKHRU\�JLYHV�WKH�LQIOXHQFH�RI�WHPSHUDWXUH�RQ�UHDFWLRQ�UDWHV�E\�WKH�

JHQHUDO�HTXDWLRQ�

ZKHUH�WKH�IUHTXHQF\�RI�GHFRPSRVLWLRQ�RI�WKH�WUDQVLWLRQ�VWDWH�FRPSOH[��Y��PD\�YDU\�GHSHQGLQJ�RQ�WKH�

QDWXUH�RI�WKH�UHDFWDQWV��(\ULQJ���VKRZHG�WKDW�WKH�TXDQWLW\�Y�FDQ�EH�FRQVLGHUHG��WR�D�JRRG�

DSSUR[LPDWLRQ��DV�D�XQLYHUVDO�IDFWRU�IRU�UHDFWLRQV��GHSHQGLQJ�RQO\�RQ�WHPSHUDWXUH��DQG�WKDW�LW�FDQ�EH�

ZULWWHQ�DV�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



ZKHUH�5�LV�WKH�PRODU�JDV�FRQVWDQW��7�LV�WKH�DEVROXWH�WHPSHUDWXUH��1LV�$YRJDGUR
V�QXPEHU��DQG�K�LV�

3ODQFN
V�FRQVWDQW��7KH�IDFWRU�57�1KKDV�D�YDOXH�RI�DERXW������WR������VHF���DW�RUGLQDU\�WHPSHUDWXUHV��a��

î����� 7���,Q�PDQ\�XQLPROHFXODU�JDV�UHDFWLRQV�LQ�ZKLFK�ǻ6Á�LV�]HUR�VR�WKDW Hǻ6Á�5� ����WKH�UDWH�FRQVWDQW�

RUGLQDULO\�KDV�D�YDOXH�RI�DERXW�����H�(D
�57��RU�

:KHQ�WKH�UDWH�GHYLDWHV�IURP�WKLV�YDOXH��LW�FDQ�EH�FRQVLGHUHG�DV�UHVXOWLQJ�IURP�WKH�Hǻ6Á�5�IDFWRU��:KHQ�

WKH�DFWLYDWHG�FRPSOH[�UHSUHVHQWV�D�PRUH�SUREDEOH�DUUDQJHPHQW�RI�PROHFXOHV�WKDQ�IRXQG�LQ�WKH�QRUPDO�

UHDFWDQWV��ǻ6Á�LV�SRVLWLYH�DQG�WKH�UHDFWLRQ�UDWH�ZLOO�EH�JUHDWHU�WKDQ�QRUPDO��&RQYHUVHO\��ZKHQ�WKH�

DFWLYDWHG�FRPSOH[�UHVXOWV�RQO\�DIWHU�FRQVLGHUDEOH�UHDUUDQJHPHQW�RI�WKH�VWUXFWXUH�RI�WKH�UHDFWDQW�

PROHFXOHV��PDNLQJ�WKH�FRPSOH[�D�OHVV�SUREDEOH�VWUXFWXUH��ǻ6Á�LV�QHJDWLYH��DQG�WKH�UHDFWLRQ�ZLOO�EH�

VORZHU�WKDQ�SUHGLFWHG�IURP�HTXDWLRQ�����������7KH�FROOLVLRQ�WKHRU\�DQG�WKH�WUDQVLWLRQ�VWDWH�WKHRU\�DUH�

VHHQ�WR�EH�UHODWHG�E\�FRPSDULQJ�HTXDWLRQV�������������������DQG�����������2QH�FRQFOXGHV�WKDW�

7KH�FROOLVLRQ�QXPEHU��=��LV�LGHQWLILHG�ZLWK�57�1K�DQG�WKH�SUREDELOLW\�IDFWRU��3��ZLWK�WKH�HQWURS\�WHUP�

ǻ6Á�5��

([DPSOH������
$FLG�&DWDO\]HG�+\GURO\VLV�RI�3URFDLQH
,Q�WKH�VWXG\�RI�WKH�DFLG�FDWDO\]HG�K\GURO\VLV�RI�SURFDLQH��0DUFXV�DQG�%DURQ�� REWDLQHG�WKH�
ILUVW�RUGHU�UHDFWLRQ�UDWH� N��IURP�D�SORW�RI�ORJ F YHUVXV W DQG�WKH�DFWLYDWLRQ�HQHUJ\� (D��IURP�DQ�
$UUKHQLXV�SORW�RI�ORJ N YHUVXV���7��7KH�YDOXHV�ZHUH N ������î����� VHF�� DW�������&�DQG (D  �
�����NFDO�PROH�
&RPSXWH�ǻ6Á�DQG�WKH�IUHTXHQF\�IDFWRU� $��XVLQJ�HTXDWLRQV���������DQG����������DQG�WKH�
SUREDELOLW\�IDFWRU 3��,W�LV�ILUVW�QHFHVVDU\�WR�REWDLQ 57�1K DW�������&�RU�DERXW�����.�

7KHQ��IURP�HTXDWLRQ����������LQ�ZKLFK

DQG�IURP�HTXDWLRQ���������

)LQDOO\��IURP�WKH�GLVFXVVLRQ�DFFRPSDQ\LQJ�HTXDWLRQ����������

3�����

0DUFXV�DQG�%DURQ���FRPSDUHG�WKH�NLQHWLFV�RI�WKH�DFLG�FDWDO\]HG�K\GURO\VHV�RI�SURFDLQDPLGH��SURFDLQH��

DQG�EHQ]RFDLQH��7KH\�IRXQG�WKDW�WKH�IUHTXHQF\�IDFWRUV�IRU�SURFDLQDPLGH�DQG�SURFDLQH�ZHUH�

FRQVLGHUDEO\�ORZHU�WKDQ�WKH�YDOXHV�H[SHFWHG�IRU�FRPSRXQGV�RI�WKLV�W\SH��3URFDLQDPLGH�DQG�SURFDLQH�DUH�

GLSURWRQDWHG�VSHFLHV�LQ�DFLG�VROXWLRQ��WKDW�LV��WKH\�KDYH�WDNHQ�RQ�WZR�SURWRQV��DQG�K\GURO\VLV�LQ�WKH�

SUHVHQFH�RI�DQ�DFLG�LQYROYHV�WKH�LQWHUDFWLRQ�RI�SRVLWLYHO\�FKDUJHG�LRQV��QDPHO\�WKH�GLSURWRQDWHG�SURFDLQH�

PROHFXOH�DQG�WKH�K\GURQLXP�LRQ��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



$FFRUGLQJ�WR�WKHVH�DXWKRUV��WKH�WZR�SRVLWLYHO\�FKDUJHG�SURWRQDWHG�FHQWHUV�RQ�WKH�SURFDLQH�PROHFXOH�

H[HUW�D�FRQVLGHUDEOH�UHSXOVLYH�HIIHFW�RQ�WKH�DWWDFNLQJ�K\GURQLXP�LRQV��7KLV�UHSXOVLRQ�UHVXOWV�LQ�D�ORZ�

IUHTXHQF\�IDFWRU��7KH�ǻ6Á�LV�XQXVXDOO\�QHJDWLYH��([DPSOH�������SHUKDSV�IRU�WKH�IROORZLQJ�UHDVRQ��:KHQ�

WKH�WKLUG�SURWRQ�ILQDOO\�DWWDFKHV�LWVHOI��WKH�DFWLYDWHG�FRPSOH[�WKDW�UHVXOWV�LV�D�KLJKO\�FKDUJHG�LRQ��7KH�

DFWLYDWHG�PROHFXOH�LV�PDUNHGO\�VROYDWHG��UHGXFLQJ�WKH�IUHHGRP�RI�WKH�VROYHQW�DQG�GHFUHDVLQJ�WKH�

HQWURS\�RI�DFWLYDWLRQ��7KLV�HIIHFW�DOVR�WHQGV�WR�ORZHU�WKH�IUHTXHQF\�IDFWRU��

0HGLXP�(IIHFWV��6ROYHQW��,RQLF�6WUHQJWK��'LHOHFWULF�&RQVWDQW�
(IIHFW�RI�WKH�6ROYHQW
7KH�LQIOXHQFH�RI�WKH�VROYHQW�RQ�WKH�UDWH�RI�GHFRPSRVLWLRQ�RI�GUXJV�LV�D�WRSLF�RI�JUHDW�LPSRUWDQFH�WR�WKH�

SKDUPDFLVW��$OWKRXJK�WKH�HIIHFWV�DUH�FRPSOLFDWHG�DQG�JHQHUDOL]DWLRQV�FDQQRW�XVXDOO\�EH�PDGH��LW�

DSSHDUV�WKDW�WKH�UHDFWLRQ�RI�QRQHOHFWURO\WHV�LV�UHODWHG�WR�WKH�UHODWLYH�LQWHUQDO�SUHVVXUHV�RU�VROXELOLW\�

SDUDPHWHUV�RI�WKH�VROYHQW�DQG�WKH�VROXWH��7KH�HIIHFWV�RI�WKH�LRQLF�VWUHQJWK�DQG�WKH�GLHOHFWULF�FRQVWDQW�RI�

WKH�PHGLXP�RQ�WKH�UDWH�RI�LRQLF�UHDFWLRQV�DUH�DOVR�VLJQLILFDQW�DQG�ZLOO�EH�GLVFXVVHG�LQ�VXEVHTXHQW�

VHFWLRQV��

6ROXWLRQV�DUH�RUGLQDULO\�QRQLGHDO��DQG�HTXDWLRQ���������VKRXOG�EH�FRUUHFWHG�E\�LQFOXGLQJ�DFWLYLW\�

FRHIILFLHQWV��)RU�WKH�ELPROHFXODU�UHDFWLRQ��

WKH�WKHUPRG\QDPLF�HTXLOLEULXP�FRQVWDQW�VKRXOG�EH�ZULWWHQ�LQ�WHUPV�RI�DFWLYLWLHV�DV�

ZKHUH�DÁ�LV�WKH�DFWLYLW\�RI�WKH�VSHFLHV�LQ�WKH�WUDQVLWLRQ�VWDWH�DQG D$DQG�D%�DUH�WKH�DFWLYLWLHV�RI�WKH�

UHDFWDQWV�LQ�WKHLU�QRUPDO�VWDWH��7KHQ�WKH�IROORZLQJ�H[SUHVVLRQV��DQDORJRXV�WR�HTXDWLRQV���������DQG�����

�����DUH�REWDLQHG��

RU

RU

ZKHUH�N�� �57.Á�1K�LV�WKH�UDWH�FRQVWDQW�LQ�DQ�LQILQLWHO\�GLOXWH�VROXWLRQ��WKDW�LV��RQH�WKDW�EHKDYHV�LGHDOO\��

,W�ZLOO�EH�UHFDOOHG�IURP�SUHYLRXV�FKDSWHUV�WKDW�WKH�DFWLYLW\�FRHIILFLHQWV�PD\�UHODWH�WKH�EHKDYLRU�RI�WKH�

VROXWH�LQ�WKH�VROXWLRQ�XQGHU�FRQVLGHUDWLRQ�WR�WKDW�RI�WKH�VROXWH�LQ�DQ�LQILQLWHO\�GLOXWH�VROXWLRQ��:KHQ�WKH�

VROXWLRQ�LV�LGHDO��WKH�DFWLYLW\�FRHIILFLHQWV�EHFRPH�XQLW\�DQG�N�� �N�LQ�HTXDWLRQ�����������7KLV�FRQGLWLRQ�

ZDV�WDFLWO\�DVVXPHG�LQ�HTXDWLRQ����������

1RZ��WKH�DFWLYLW\�FRHIILFLHQW�ǻ��RI�D�QRW�WRR�KLJKO\�SRODU�QRQHOHFWURO\WLF�VROXWH�LQ�D�GLOXWH�VROXWLRQ�LV�JLYHQ�

E\�WKH�H[SUHVVLRQ�

ZKHUH�9��LV�WKH�PRODU�YROXPH�RI�WKH�VROXWH�DQG�ǻ� DQG�ǻ��DUH�WKH�VROXELOLW\�SDUDPHWHUV�IRU�WKH�VROYHQW�

DQG�VROXWH��UHVSHFWLYHO\��7KH�YROXPH�IUDFWLRQ�WHUP��)���LV�DVVXPHG�KHUH�WR�KDYH�D�YDOXH�RI�XQLW\��

:ULWLQJ�HTXDWLRQ����������LQ�ORJDULWKPLF�IRUP��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



DQG�VXEVWLWXWLQJ�IRU�WKH�DFWLYLW\�FRHIILFLHQWV�IURP����������JLYHV�

ZKHUH�9$��9%��9Á��DQG�WKH�FRUUHVSRQGLQJ į$��į%��DQG�įÁ�DUH�WKH�PRODU�YROXPHV�DQG�VROXELOLW\�SDUDPHWHUV�

RI�UHDFWDQW�$��UHDFWDQW�%��DQG�WKH�DFWLYDWHG�FRPSOH[��$ āāā %�Á��UHVSHFWLYHO\��7KH�TXDQWLW\�ǻ��LV�WKH�

VROXELOLW\�SDUDPHWHU�RI�WKH�VROYHQW��

7KXV��LW�LV�VHHQ�WKDW�WKH�UDWH�FRQVWDQW�GHSHQGV�RQ�WKH�PRODU�YROXPHV�DQG�WKH�VROXELOLW\�SDUDPHWHU�WHUPV��

%HFDXVH�WKHVH�WKUHH�VTXDUHG�WHUPV���į����į$�����į����į%����DQG��į����įÁ���UHSUHVHQW�WKH�GLIIHUHQFHV�

EHWZHHQ�VROXELOLW\�SDUDPHWHUV�RU�LQWHUQDO�SUHVVXUHV�RI�WKH�VROYHQW�DQG�WKH�UHDFWDQWV��DQG�WKH�VROYHQW�DQG�

WKH�DFWLYDWHG�FRPSOH[��WKH\�FDQ�EH�V\PEROL]HG��UHVSHFWLYHO\��DV�ǻį$��ǻį%��DQG�ǻįÁ��7KH�PRODU�YROXPHV�

GR�QRW�YDU\�VLJQLILFDQWO\��DQG�WKH�UDWH�FRQVWDQW�WKHUHIRUH�GHSHQGV�SULPDULO\�RQ�WKH�GLIIHUHQFH�EHWZHHQ�

3�����

�ǻį$ ��ǻį%��DQG�ǻįÁ��7KLV�LV�UHDGLO\�VHHQ�E\�ZULWLQJ�HTXDWLRQ �������� DV

,W�LV�DVVXPHG�WKDW�WKH�SURSHUWLHV�RI�WKH�DFWLYDWHG�FRPSOH[�DUH�TXLWH�VLPLODU�WR�WKRVH�RI�WKH�SURGXFWV�VR�

WKDW�ǻįÁ�FDQ�EH�WDNHQ�DV�D�VTXDUHG�WHUP�H[SUHVVLQJ�WKH�LQWHUQDO�SUHVVXUH�GLIIHUHQFH�EHWZHHQ�WKH�

VROYHQW�DQG�WKH�SURGXFWV��7KLV�HTXDWLRQ�LQGLFDWHV�WKDW�LI�WKH�LQWHUQDO�SUHVVXUH�RU�³SRODULW\´�RI�WKH�SURGXFWV�

LV�VLPLODU�WR�WKDW�RI�WKH�VROYHQW��VR�WKDW�ǻįÁ�>FRQJUXHQW@����DQG�WKH�LQWHUQDO�SUHVVXUHV�RI�WKH�UHDFWDQWV�DUH�

XQOLNH�WKDW�RI�WKH�VROYHQW��VR�WKDW�ǻį$ DQG�ǻį%�!����WKHQ�WKH�UDWH�ZLOO�EH�ODUJH�LQ�WKLV�VROYHQW�UHODWLYH�WR�

WKH�UDWH�LQ�DQ�LGHDO�VROXWLRQ��,I��FRQYHUVHO\��WKH�UHDFWDQWV�DUH�VLPLODU�LQ�³SRODULW\´�WR�WKH�VROYHQW�VR�WKDW�

ǻį$ DQG�ǻį%�>FRQJUXHQW@����ZKHUHDV�WKH�SURGXFWV�DUH�QRW�VLPLODU�WR�WKH�VROYHQW��WKDW�LV��ǻįÁ�!����WKHQ�

�ǻį$ ��ǻį%����ǻįÁ�ZLOO�KDYH�D�VL]DEOH�QHJDWLYH�YDOXH�DQG�WKH�UDWH�ZLOO�EH�VPDOO�LQ�WKLV�VROYHQW�

$V�D�UHVXOW�RI�WKLV�DQDO\VLV��LW�FDQ�EH�VDLG�WKDW�SRODU�VROYHQWV��WKRVH�ZLWK�KLJK�LQWHUQDO�SUHVVXUHV��WHQG�WR�

DFFHOHUDWH�UHDFWLRQV�WKDW�IRUP�SURGXFWV�KDYLQJ�KLJKHU�LQWHUQDO�SUHVVXUHV�WKDQ�WKH�UHDFWDQWV��,I��RQ�WKH�

RWKHU�KDQG��WKH�SURGXFWV�DUH�OHVV�SRODU�WKDQ�WKH�UHDFWDQWV��WKH\�DUH�DFFHOHUDWHG�E\�VROYHQWV�RI�ORZ�

SRODULW\�RU�LQWHUQDO�SUHVVXUH�DQG�UHWDUGHG�E\�VROYHQWV�RI�KLJK�LQWHUQDO�SUHVVXUH��7R�LOOXVWUDWH�WKLV�

SULQFLSOH��ZH�FDQ�XVH�WKH�UHDFWLRQ�EHWZHHQ�HWK\O�DOFRKRO�DQG�DFHWLF�DQK\GULGH��

7KH�DFWLYDWHG�FRPSOH[��UHVHPEOLQJ�HWK\O�DFHWDWH��LV�OHVV�SRODU�WKDQ�WKH�UHDFWDQWV��DQG��DFFRUGLQJO\��WKH�

UHDFWLRQ�VKRXOG�EH�IDYRUHG�LQ�D�VROYHQW�KDYLQJ�D�UHODWLYHO\�ORZ�VROXELOLW\�SDUDPHWHU��7KH�UDWH�FRQVWDQWV�

IRU�WKH�UHDFWLRQ�LQ�YDULRXV�VROYHQWV�DUH�JLYHQ�LQ�7DEOH�����WRJHWKHU�ZLWK�WKH�VROXELOLW\�SDUDPHWHUV�RI�WKH�

VROYHQWV����7KH�UHDFWLRQ�VORZV�GRZQ�LQ�WKH�PRUH�SRODU�VROYHQWV�DV�SUHGLFWHG��

,QIOXHQFH�RI�,RQLF�6WUHQJWK
,Q�D�UHDFWLRQ�EHWZHHQ�LRQV��WKH�UHDFWDQWV�$�DQG�%�KDYH�FKDUJHV�]$DQG ]%��UHVSHFWLYHO\��DQG�WKH�

DFWLYDWHG�FRPSOH[��$ āāā %�Á�KDV�D�FKDUJH�RI ]$ ��]%��$�UHDFWLRQ�LQYROYLQJ�LRQV�FDQ�EH�UHSUHVHQWHG�DV�

7DEOH������,QIOXHQFH�RI�6ROYHQWV�RQ�UDWH�&RQVWDQWV

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



6ROYHQW 6ROXELOLW\�3DUDPHWHU��įN DW����&

+H[DQH ��� ������

&DUERQ�WHWUDFKORULGH ��� ������

&KORUREHQ]HQH ��� ������

%HQ]HQH ��� ������

&KORURIRUP ��� ������

1LWUREHQ]HQH ���� ������

7KH�DFWLYLW\�FRHIILFLHQW��ȖL��RI�DQ�LRQ�LQ�D�GLOXWH�DTXHRXV�VROXWLRQ��������0��DW����&�LV�JLYHQ�E\�WKH�

'HE\H±+�FNHO�HTXDWLRQ�DV�

ZKHUH���LV�WKH�LRQLF�VWUHQJWK��7KHUHIRUH��ZH�FDQ�ZULWH�

6XEVWLWXWLQJ�LQWR�HTXDWLRQ����������UHVXOWV�LQ�WKH�H[SUHVVLRQ��DW����&��

ZKHUH�N��LV�WKH�UDWH�FRQVWDQW�LQ�DQ�LQILQLWHO\�GLOXWH�VROXWLRQ�LQ�ZKLFK�� ����,W�IROORZV�IURP�HTXDWLRQ�����

�����WKDW�D�SORW�RI�ORJ�N DJDLQVW�¥��VKRXOG�JLYH�D�VWUDLJKW�OLQH�ZLWK�D�VORSH�RI�����]$]%��,I�RQH�RI�WKH�

UHDFWDQWV�LV�D�QHXWUDO�PROHFXOH��]$]%� ����DQG�WKH�UDWH�FRQVWDQW��DV�VHHQ�IURP�HTXDWLRQ�����������VKRXOG�

WKHQ�EH�LQGHSHQGHQW�RI�WKH�LRQLF�VWUHQJWK�LQ�GLOXWH�VROXWLRQV��*RRG�DJUHHPHQW�KDV�EHHQ�REWDLQHG�

EHWZHHQ�H[SHULPHQW�DQG�WKHRU\�DV�H[SUHVVHG�E\�HTXDWLRQ����������

,I�WKH�UHDFWLQJ�PROHFXOHV�DUH�XQFKDUJHG�LQ�D�VROXWLRQ�KDYLQJ�D�UHDVRQDEOH�LRQLF�VWUHQJWK��WKH�UDWH�

H[SUHVVLRQ�LV�

ZKHUH�E�LV�D�FRQVWDQW�REWDLQHG�IURP�H[SHULPHQWDO�GDWD��&DUVWHQVHQ���FRQVLGHUHG�WKH�YDULRXV�LRQLF�

VWUHQJWK�HIIHFWV�LQ�SKDUPDFHXWLFDO�VROXWLRQV��

,QIOXHQFH�RI�'LHOHFWULF�&RQVWDQW�
7KH�HIIHFW�RI�WKH�GLHOHFWULF�FRQVWDQW�RQ�WKH�UDWH�FRQVWDQW�RI�DQ�LRQLF�UHDFWLRQ��H[WUDSRODWHG�WR�LQILQLWH�

GLOXWLRQ�ZKHUH�WKH�LRQLF�VWUHQJWK�HIIHFW�LV�]HUR��LV�RIWHQ�D�QHFHVVDU\�SLHFH�RI�LQIRUPDWLRQ�LQ�WKH�

GHYHORSPHQW�RI�QHZ�GUXJ�SUHSDUDWLRQV��2QH�RI�WKH�HTXDWLRQV�E\�ZKLFK�WKLV�HIIHFW�FDQ�EH�GHWHUPLQHG�LV�

ZKHUH�Nİ� ���LV�WKH�UDWH�FRQVWDQW�LQ�D�PHGLXP�RI�LQILQLWH�GLHOHFWULF�FRQVWDQW��1�LV�$YRJDGUR
V�

QXPEHU��]$ DQG ]%�DUH�WKH�FKDUJHV�RQ�WKH�WZR�LRQV��H�LV�WKH�XQLW�RI�HOHFWULF�FKDUJH��UÁ�LV�WKH�GLVWDQFH�

EHWZHHQ�LRQV�LQ�WKH�DFWLYDWHG�FRPSOH[��DQG�İ�LV�WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�VROXWLRQ��HTXDO�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



DSSUR[LPDWHO\�WR�WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�VROYHQW�LQ�GLOXWH�VROXWLRQV��7KH�WHUP�OQ�Nİ� ���LV�REWDLQHG�E\�

SORWWLQJ�OQ�NDJDLQVW���İ�DQG�H[WUDSRODWLQJ�WR���İ� ����WKDW�LV��WR�İ� ����6XFK�D�SORW��DFFRUGLQJ�WR�

HTXDWLRQ�����������VKRXOG�\LHOG�D�VWUDLJKW�OLQH�ZLWK�D�SRVLWLYH�VORSH�IRU�UHDFWDQW�LRQV�RI�RSSRVLWH�VLJQ�DQG�

D�QHJDWLYH�VORSH�IRU�UHDFWDQWV�RI�OLNH�VLJQ��)RU�D�UHDFWLRQ�EHWZHHQ�LRQV�RI�RSSRVLWH�VLJQ��DQ�LQFUHDVH�LQ�

GLHOHFWULF�FRQVWDQW�RI�WKH�VROYHQW�UHVXOWV�LQ�D�GHFUHDVH�LQ�WKH�UDWH�FRQVWDQW��)RU�LRQV�RI�OLNH�FKDUJH��RQ�

WKH�RWKHU�KDQG��DQ�LQFUHDVH�LQ�GLHOHFWULF�FRQVWDQW�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH�UDWH�RI�WKH�UHDFWLRQ��

3�����

:KHQ�D�UHDFWLRQ�RFFXUV�EHWZHHQ�D�GLSROH�PROHFXOH�DQG�DQ�LRQ�$��WKH�HTXDWLRQ�LV�

ZKHUH�]$�LV�WKH�FKDUJH�RQ�WKH�LRQ�$��U$�LV�WKH�UDGLXV�RI�WKH�LRQ��DQG�UÁ�LV�WKH�UDGLXV�RI�WKH�DFWLYDWHG�

FRPSOH[��(TXDWLRQ����������SUHGLFWV�WKDW�D�VWUDLJKW�OLQH�VKRXOG�EH�REWDLQHG�ZKHQ�OQ�N�LV�SORWWHG�DJDLQVW�

��İ��WKH�UHFLSURFDO�RI�WKH�GLHOHFWULF�FRQVWDQW��%HFDXVH UÁ��WKH�UDGLXV�RI�WKH�FRPELQHG�LRQ�DQG�QHXWUDO�

PROHFXOH�LQ�WKH�WUDQVLWLRQ�VWDWH��ZLOO�EH�ODUJHU�WKDQ�U$��WKH�UDGLXV�RI�WKH�LRQ��WKH�VHFRQG�WHUP�RQ�WKH�ULJKW�

VLGH�RI�WKH�HTXDWLRQ�ZLOO�DOZD\V�EH�SRVLWLYH��DQG�WKH�VORSH�RI�WKH�OLQH�ZLOO�FRQVHTXHQWO\�EH�SRVLWLYH��

7KHUHIRUH��OQ�N ZLOO�LQFUHDVH�ZLWK�LQFUHDVLQJ�YDOXHV�RI���İ��WKDW�LV��WKH�UDWH�RI�UHDFWLRQ�EHWZHHQ�DQ�LRQ�DQG�

D�QHXWUDO�PROHFXOH�ZLOO�LQFUHDVH�ZLWK�GHFUHDVLQJ�GLHOHFWULF�FRQVWDQW�RI�WKH�PHGLXP��7KLV�UHODWLRQVKLS��

KRZHYHU��GRHV�QRW�KROG�LI�GLIIHUHQW�VROYHQWV�DUH�XVHG�RU�LI�WKH�VROXWLRQV�DUH�QRW�GLOXWH��LQ�ZKLFK�FDVH�LRQLF�

VWUHQJWK�HIIHFWV�EHFRPH�VLJQLILFDQW��

7KH�RULHQWDWLRQ�RI�WKH�VROYHQW�PROHFXOHV�DURXQG�WKH�VROXWH�PROHFXOHV�LQ�VROXWLRQ�ZLOO�UHVXOW�LQ�DQ�HIIHFW�

WKDW�KDV�QRW�EHHQ�DFFRXQWHG�IRU�LQ�WKH�HTXDWLRQV�JLYHQ�SUHYLRXVO\��:KHQ�D�VROYHQW�PL[WXUH�LV�FRPSRVHG�

RI�ZDWHU�DQG�D�OLTXLG�RI�ORZ�GLHOHFWULF�FRQVWDQW��ZDWHU�PROHFXOHV�ZLOO�EH�RULHQWHG�DERXW�WKH�LRQV�LQ�

VROXWLRQ��DQG�WKH�GLHOHFWULF�FRQVWDQW�QHDU�WKH�LRQ�ZLOO�EH�FRQVLGHUDEO\�JUHDWHU�WKDQ�WKDW�LQ�WKH�EXON�RI�WKH�

VROXWLRQ��7KXV��ZKHQ�OQ�N�LV�SORWWHG�DJDLQVW�WKH�UHFLSURFDO�RI�WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�VROYHQW�

PL[WXUH��GHYLDWLRQV�IURP�WKH�VWUDLJKW�OLQH�SUHGLFWHG�E\�HTXDWLRQV��������� DQG ��������ZLOO�IUHTXHQWO\�

UHVXOW��

$�QXPEHU�RI�VWXGLHV�UHODWLQJ�WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�VROYHQW�PHGLXP�WR�WKH�UDWH�RI�UHDFWLRQV�KDYH�

EHHQ�XQGHUWDNHQ��6HYHUDO�LQYHVWLJDWLRQV�LQYROYLQJ�FRPSRXQGV�RI�SKDUPDFHXWLFDO�LQWHUHVW�DUH�EULHIO\�

UHYLHZHG�KHUH��

$PLV�DQG�+ROPHV���VWXGLHG�WKH�HIIHFW�RI�WKH�GLHOHFWULF�FRQVWDQW�RQ�WKH�DFLG�LQYHUVLRQ�RI�VXFURVH��:KHQ�

WKH�GLHOHFWULF�FRQVWDQW�ZDV�UHGXFHG�E\�DGGLQJ�GLR[DQH�WR�WKH�DTXHRXV�VROYHQW��WKH�UDWH�RI�WKH�UHDFWLRQ�

ZDV�IRXQG�WR�LQFUHDVH�LQ�DFFRUG�ZLWK�WKH�WKHRU\�RI�LRQ±GLSROH�UHDFWLRQV�DV�H[SUHVVHG�E\�HTXDWLRQ�����

������

7R�GHWHUPLQH�WKH�HIIHFW�RI�GLHOHFWULF�FRQVWDQW�RQ�WKH�UDWH�RI�JOXFRVH�GHFRPSRVLWLRQ�LQ�DFLGLF�VROXWLRQ��

+HLPOLFK�DQG�0DUWLQ���FDUULHG�RXW�WHVWV�LQ�GLR[DQH±ZDWHU�PL[WXUHV��7KH�UHVXOWV�VKRZQ�LQ�7DEOH�����DUH�

WKRVH�H[SHFWHG�IRU�D�UHDFWLRQ�EHWZHHQ�D�SRVLWLYH�LRQ�DQG�D�GLSROH�PROHFXOH��$V�REVHUYHG�LQ�WKH�WDEOH��

WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�PHGLXP�VKRXOG�EH�DQ�LPSRUWDQW�FRQVLGHUDWLRQ�LQ�WKH�VWDELOL]DWLRQ�RI�JOXFRVH�

VROXWLRQV�EHFDXVH�UHSODFLQJ�ZDWHU�ZLWK�D�VROYHQW�RI�ORZHU�GLHOHFWULF�FRQVWDQW�PDUNHGO\�LQFUHDVHV�WKH�UDWH�

RI�EUHDNGRZQ�RI�JOXFRVH��0DUFXV�DQG�7DUDV]ND���VWXGLHG�WKH�NLQHWLFV�RI�WKH�K\GURJHQ�LRQ±FDWDO\]HG�

GHJUDGDWLRQ�RI�WKH�DQWLELRWLF�FKORUDPSKHQLFRO�LQ�ZDWHU±SURS\OHQH�JO\FRO�V\VWHPV��7KH�GHFUHDVH�LQ�

GLHOHFWULF�FRQVWDQW�UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�WKH�UDWH�RI�WKH�UHDFWLRQ��D�ILQGLQJ�WKDW�DJUHHV�ZLWK�WKH�

UHTXLUHPHQWV�IRU�DQ�LRQ±GLSROH�UHDFWLRQ��

7DEOH������'HFRPSRVLWLRQ�RI�������P�6ROXWLRQV�RI�*OXFRVH�DW�S+������DQG�����&�
LQ�'LR[DQH±:DWHU�0L[WXUHV

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



'LR[DQH����E\�
:HLJKW�

'LHOHFWULF�&RQVWDQW�RI�WKH�
6ROYHQW�DW�����&

5DWH�
&RQVWDQWN�î��� KU���

� �� ����

���� �� ����

����� �� ����

����� �� �����

'LR[DQH�LV�WR[LF�DQG�FDQQRW�EH�XVHG�LQ�SKDUPDFHXWLFDO�SUHSDUDWLRQV�

7KHVH�ILQGLQJV�KDYH�FRQVLGHUDEOH�SKDUPDFHXWLFDO�VLJQLILFDQFH��7KH�UHSODFHPHQW�RI�ZDWHU�ZLWK�RWKHU�

VROYHQWV�LV�RIWHQ�XVHG�LQ�SKDUPDF\�DV�D�PHDQV�RI�VWDELOL]LQJ�GUXJV�DJDLQVW�SRVVLEOH�K\GURO\VLV��7KH�

UHVXOWV�RI�WKH�LQYHVWLJDWLRQV�UHYLHZHG�KHUH�VXJJHVW��KRZHYHU��WKDW�WKH�XVH�RI�D�VROYHQW�PL[WXUH�RI�

ORZHUHG�GLHOHFWULF�FRQVWDQW�DFWXDOO\�PD\�LQFUHDVH�UDWKHU�WKDQ�GHFUHDVH�WKH�UDWH�RI�GHFRPSRVLWLRQ��2Q�

WKH�RWKHU�KDQG��DV�SRLQWHG�RXW�E\�0DUFXV�DQG�7DUDV]ND����D�VPDOO�LQFUHDVH�LQ�GHFRPSRVLWLRQ�UDWH�GXH�

WR�WKH�XVH�RI�QRQDTXHRXV�VROYHQWV�PD\�EH�RXWZHLJKHG�E\�HQKDQFHPHQW�RI�VROXELOLW\�RI�WKH�GUXJ�LQ�WKH�

VROYHQW�RI�ORZHU�GLHOHFWULF�FRQVWDQW��7KXV��WKHUH�LV�D�QHHG�IRU�WKRURXJK�NLQHWLF�VWXGLHV�DQG�FDXWLRXV�

LQWHUSUHWDWLRQ�RI�WKH�UHVXOWV�EHIRUH�RQH�FDQ�SUHGLFW�WKH�RSWLPXP�FRQGLWLRQV�IRU�VWDELOL]LQJ�GUXJ�SURGXFWV��

&DWDO\VLV��6SHFLILF�DQG�*HQHUDO�$FLG±%DVH�DQG�S+�(IIHFWV�
$V�DOUHDG\�QRWHG��WKH�UDWH�RI�D�UHDFWLRQ�LV�IUHTXHQWO\�LQIOXHQFHG�E\�WKH�SUHVHQFH�RI�D�FDWDO\VW��$OWKRXJK�

WKH�K\GURO\VLV�RI�VXFURVH�LQ�WKH�SUHVHQFH�RI�ZDWHU�DW�URRP�WHPSHUDWXUH�SURFHHGV�ZLWK�D�GHFUHDVH�LQ�IUHH�

HQHUJ\��WKH�UHDFWLRQ�LV�VR�VORZ�DV�WR�EH�QHJOLJLEOH��:KHQ�WKH�K\GURJHQ�LRQ�FRQFHQWUDWLRQ�LV�LQFUHDVHG�E\�

DGGLQJ�D�VPDOO�DPRXQW�RI�DFLG��KRZHYHU��LQYHUVLRQ�SURFHHGV�DW�D�PHDVXUDEOH�UDWH��

$�FDWDO\VW�LV�WKHUHIRUH�GHILQHG�DV�D�VXEVWDQFH�WKDW�LQIOXHQFHV�WKH�VSHHG�RI�D�UHDFWLRQ�ZLWKRXW�LWVHOI�EHLQJ�

DOWHUHG�FKHPLFDOO\��:KHQ�D�FDWDO\VW�GHFUHDVHV�WKH�YHORFLW\�RI�D�UHDFWLRQ��LW�LV�FDOOHG�D�QHJDWLYH�FDWDO\VW��

$FWXDOO\��QHJDWLYH�FDWDO\VWV�RIWHQ�PD\�EH�FKDQJHG�SHUPDQHQWO\�GXULQJ�D�UHDFWLRQ�DQG�VKRXOG�EH�

FDOOHG�LQKLELWRUV�UDWKHU�WKDQ�FDWDO\VWV��

%HFDXVH�D�FDWDO\VW�UHPDLQV�XQDOWHUHG�DW�WKH�HQG�RI�D�UHDFWLRQ��LW�GRHV�QRW�FKDQJH�WKH�RYHUDOO�ǻ*��RI�WKH�

UHDFWLRQ��DQG��KHQFH��DFFRUGLQJ�WR�WKH�UHODWLRQVKLS�

LW�FDQQRW�FKDQJH�WKH�SRVLWLRQ�RI�WKH�HTXLOLEULXP�RI�D�UHYHUVLEOH�UHDFWLRQ��7KH�FDWDO\VW�LQFUHDVHV�WKH�

YHORFLW\�RI�WKH�UHYHUVH�UHDFWLRQ�WR�WKH�VDPH�H[WHQW�DV�WKH�IRUZDUG�UHDFWLRQ�VR�WKDW�DOWKRXJK�WKH�

HTXLOLEULXP�LV�UHDFKHG�PRUH�TXLFNO\�LQ�WKH�SUHVHQFH�RI�WKH�FDWDO\VW��WKH�HTXLOLEULXP�FRQVWDQW��

UHPDLQV�WKH�VDPH�DQG�WKH�SURGXFW�\LHOG�LV�QRW�FKDQJHG��

3�����

&DWDO\VLV�LV�FRQVLGHUHG�WR�RSHUDWH�LQ�WKH�IROORZLQJ�ZD\��7KH�FDWDO\VW�FRPELQHV�ZLWK�WKH�UHDFWDQW�NQRZQ�

DV�WKH�VXEVWUDWH�DQG�IRUPV�DQ�LQWHUPHGLDWH�NQRZQ�DV�D�FRPSOH[��ZKLFK�WKHQ�GHFRPSRVHV�WR�UHJHQHUDWH�

WKH�FDWDO\VW�DQG�\LHOG�WKH�SURGXFWV��,Q�WKLV�ZD\��WKH�FDWDO\VW�GHFUHDVHV�WKH�HQHUJ\�RI�DFWLYDWLRQ�E\�

FKDQJLQJ�WKH�PHFKDQLVP�RI�WKH�SURFHVV��DQG�WKH�UDWH�LV�DFFRUGLQJO\�LQFUHDVHG��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



$OWHUQDWLYHO\��D�FDWDO\VW�PD\�DFW�E\�SURGXFLQJ�IUHH�UDGLFDOV�VXFK�DV +���ZKLFK�
EULQJ�DERXW�IDVW FKDLQ�UHDFWLRQV��&KDLQ�UHDFWLRQV�DUH�UHDFWLRQV�FRQVLVWLQJ�RI�D�
VHULHV�RI�VWHSV�LQYROYLQJ�IUHH�DWRPV�RU�UDGLFDOV�WKDW�DFW�DV�LQWHUPHGLDWHV��7KH�
FKDLQ�UHDFWLRQ�LV�EHJXQ�E\�DQ�LQLWLDWLQJ�VWHS�DQG�VWRSSHG�E\�D�FKDLQ�EUHDNLQJ�RU�
WHUPLQDWLQJ�VWHS��1HJDWLYH�FDWDO\VWV��RU�LQKLELWRUV��IUHTXHQWO\�VHUYH�DV�FKDLQ�
EUHDNHUV�LQ�VXFK�UHDFWLRQV��$QWLNQRFN�DJHQWV�DFW�DV�LQKLELWRUV�LQ�WKH�H[SORVLYH�
UHDFWLRQV�DWWHQGLQJ�WKH�FRPEXVWLRQ�RI�PRWRU�IXHOV�

&DWDO\WLF�DFWLRQ�PD\�EH�KRPRJHQHRXV�RU�KHWHURJHQHRXV�DQG�PD\�RFFXU�LQ�HLWKHU�WKH�JDVHRXV�RU�WKH�

OLTXLG�VWDWH��+RPRJHQHRXV�FDWDO\VLV�RFFXUV�ZKHQ�WKH�FDWDO\VW�DQG�WKH�UHDFWDQWV�DUH�LQ�WKH�VDPH�SKDVH��

$FLG±EDVH�FDWDO\VLV��WKH�PRVW�LPSRUWDQW�W\SH�RI�KRPRJHQHRXV�FDWDO\VLV�LQ�WKH�OLTXLG�SKDVH��ZLOO�EH�

GLVFXVVHG�LQ�VRPH�GHWDLO�LQ�WKH�QH[W�VHFWLRQ��

+HWHURJHQHRXV�FDWDO\VLV�RFFXUV�ZKHQ�WKH�FDWDO\VW�DQG�WKH�UHDFWDQWV�IRUP�VHSDUDWH�SKDVHV�LQ�WKH�

PL[WXUH��7KH�FDWDO\VW�PD\�EH�D�ILQHO\�GLYLGHG�VROLG�VXFK�DV�SODWLQXP�RU�LW�PD\�EH�WKH�ZDOOV�RI�WKH�

FRQWDLQHU��7KH�FDWDO\VLV�RFFXUV�DW�WKH�VXUIDFH�RI�WKH�VROLG�DQG�LV�WKHUHIRUH�VRPHWLPHV�NQRZQ�DV�FRQWDFW�

FDWDO\VLV��7KH�UHDFWDQW�PROHFXOHV�DUH�DGVRUEHG�DW�YDULRXV�SRLQWV�RU�DFWLYH�FHQWHUV�RQ�WKH�URXJK�VXUIDFH�

RI�WKH�FDWDO\VW��3UHVXPDEO\��WKH�DGVRUSWLRQ�ZHDNHQV�WKH�ERQGV�RI�WKH�UHDFWDQW�PROHFXOHV�DQG�ORZHUV�WKH�

DFWLYDWLRQ�HQHUJ\��7KH�DFWLYDWHG�PROHFXOHV�WKHQ�FDQ�UHDFW��DQG�WKH�SURGXFWV�GLIIXVH�DZD\�IURP�WKH�

VXUIDFH��

&DWDO\VWV�PD\�EH�SRLVRQHG�E\�H[WUDQHRXV�VXEVWDQFHV�WKDW�DUH�VWURQJO\�DGVRUEHG�DW�WKH�DFWLYH�FHQWHUV�RI�

WKH�FDWDO\WLF�VXUIDFH�ZKHUH�WKH�UHDFWDQWV�ZRXOG�QRUPDOO\�EH�KHOG�GXULQJ�UHDFWLRQ��&DUERQ�PRQR[LGH�LV�

NQRZQ�WR�SRLVRQ�WKH�FDWDO\WLF�DFWLRQ�RI�FRSSHU�LQ�WKH�K\GURJHQDWLRQ�RI�HWK\OHQH��2WKHU�VXEVWDQFHV��

NQRZQ�DV�SURPRWHUV��DUH�IRXQG�WR�LQFUHDVH�WKH�DFWLYLW\�RI�D�FDWDO\VW��)RU�H[DPSOH��FXSULF�LRQV�SURPRWH�

WKH�FDWDO\WLF�DFWLRQ�RI�IHUULF�LRQV�LQ�WKH�GHFRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH��7KH�H[DFW�PHFKDQLVP�RI�

SURPRWHU�DFWLRQ�LV�QRW�XQGHUVWRRG��DOWKRXJK�WKH�SURPRWHU�LV�WKRXJKW�WR�FKDQJH�WKH�SURSHUWLHV�RI�WKH�

VXUIDFH�VR�DV�WR�HQKDQFH�WKH�DGVRUSWLRQ�RI�WKH�UHDFWDQWV�DQG�WKXV�LQFUHDVH�WKH�FDWDO\WLF�DFWLYLW\��

6SHFLILF�$FLG±%DVH�&DWDO\VLV�
6ROXWLRQV�RI�D�QXPEHU�RI�GUXJV�XQGHUJR�DFFHOHUDWHG�GHFRPSRVLWLRQ�RQ�WKH�DGGLWLRQ�RI�DFLGV�RU�EDVHV��,I�

WKH�GUXJ�VROXWLRQ�LV�EXIIHUHG��WKH�GHFRPSRVLWLRQ�PD\�QRW�EH�DFFRPSDQLHG�E\�DQ�DSSUHFLDEOH�FKDQJH�LQ�

WKH�FRQFHQWUDWLRQ�RI�DFLG�RU�EDVH�VR�WKDW�WKH�UHDFWLRQ�FDQ�EH�FRQVLGHUHG�WR�EH�FDWDO\]HG�E\�K\GURJHQ�RU�

K\GUR[\O�LRQV��:KHQ�WKH�UDWH�ODZ�IRU�VXFK�DQ�DFFHOHUDWHG�GHFRPSRVLWLRQ�LV�IRXQG�WR�FRQWDLQ�D�WHUP�

LQYROYLQJ�WKH�FRQFHQWUDWLRQ�RI�K\GURJHQ�LRQ�RU�WKH�FRQFHQWUDWLRQ�RI�K\GUR[\O�LRQ��WKH�UHDFWLRQ�LV�VDLG�WR�

EH�VXEMHFW�WR�VSHFLILF�DFLG±EDVH�FDWDO\VLV��

$V�DQ�H[DPSOH�RI�VSHFLILF�DFLG±EDVH�FDWDO\VLV��FRQVLGHU�WKH�S+�GHSHQGHQFH�IRU�WKH�K\GURO\VLV�RI�HVWHUV��

,Q�DFLGLF�VROXWLRQ��ZH�FDQ�FRQVLGHU�WKH�K\GURO\VLV�WR�LQYROYH�DQ�LQLWLDO�HTXLOLEULXP�EHWZHHQ�WKH�HVWHUV�DQG�

D�K\GURJHQ�LRQ�IROORZHG�E\�D�UDWH�GHWHUPLQLQJ�UHDFWLRQ�ZLWK�ZDWHU��5��

7KLV�JHQHUDO�UHDFWLRQ�VFKHPH�DVVXPHV�WKDW�WKH�SURGXFWV��3��RI�WKH�K\GURO\VLV�UHDFWLRQ�GR�QRW�UHFRPELQH�

WR�IRUP�HVWHU��

)RU�WKH�JHQHUDOL]HG�UHDFWLRQ��WKH�UDWH�RI�SURGXFW�IRUPDWLRQ�LV�JLYHQ�E\�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7KH�FRQFHQWUDWLRQ�RI�WKH�FRQMXJDWH�DFLG��6+���FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�PHDVXUDEOH�TXDQWLWLHV�

EHFDXVH�WKH�SUH�HTXLOLEULXP�UHTXLUHV�WKDW�

7KXV��

DQG�LW�IROORZV�WKDW�

%HFDXVH�ZDWHU��5��LV�SUHVHQW�LQ�JUHDW�H[FHVV��HTXDWLRQ���������UHGXFHV�WR�WKH�DSSDUHQW�UDWH�ODZ�

ZKHUH�

7KH�K\GURJHQ�LRQ�FRQFHQWUDWLRQ�WHUP�LQ�HTXDWLRQ����������LQGLFDWHV�WKDW�WKH�SURFHVV�LV�D�VSHFLILF�

K\GURJHQ�LRQ±FDWDO\]HG�UHDFWLRQ��

%\�VWXG\LQJ�WKH�DFLG�FDWDO\]HG�K\GURO\VLV�RI�DQ�HVWHU�DW�YDULRXV�FRQFHQWUDWLRQV�RI�K\GURJHQ�LRQ��WKDW�LV��

E\�K\GURO\]LQJ�WKH�HVWHU�LQ�EXIIHU�VROXWLRQV�RI�GLIIHULQJ�S+��ZH�FDQ�REWDLQ�D�UDWH±S+�SURILOH�IRU�WKH�

UHDFWLRQ��$W�D�JLYHQ�S+��DQ�DSSDUHQW�ILUVW�RUGHU�UHDFWLRQ�LV�REVHUYHG��

ZKHUH�

7DNLQJ�ORJDULWKPV�RI�HTXDWLRQ����������JLYHV�

RU��HTXLYDOHQWO\��

:H�ILQDOO\�DUULYH�DW�WKH�H[SUHVVLRQ�

3�����

7KXV��D�SORW�RI�ORJ�NREV�DJDLQVW�WKH�S+�RI�WKH�VROXWLRQ�LQ�ZKLFK�WKH�UHDFWLRQ�LV�UXQ�JLYHV�D�OLQH�RI�VORSH�

HTXDO�WR����

&RQVLGHU�QRZ�WKH�VSHFLILF�K\GUR[LGH�LRQ±FDWDO\]HG�GHFRPSRVLWLRQ�RI�DQ�HVWHU��6��:H�FDQ�ZULWH�WKH�

JHQHUDO�UHDFWLRQ�DV�

DQG�WKH�UDWH�RI�SURGXFW��3��IRUPDWLRQ�LV�WKHUHIRUH�JLYHQ�E\�

8QGHU�EXIIHU�FRQGLWLRQV��DQ�DSSDUHQW�ILUVW�RUGHU�UHDFWLRQ�LV�DJDLQ�REVHUYHG��

ZKHUH�QRZ�

RU��EHFDXVH�

7DNLQJ�WKH�ORJDULWKP�RI�HTXDWLRQ�����������

ZH�ILQG�WKDW�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



,Q�WKLV�FDVH��D�SORW�RI�ORJ�NREV�DJDLQVW�S+�VKRXOG�EH�OLQHDU�ZLWK�D�VORSH�HTXDO�WR�����

)LJXUH������VKRZV�WKH�UDWH±S+�SURILOH�IRU�WKH�VSHFLILF�DFLG±EDVH±FDWDO\]HG�K\GURO\VLV�RI�PHWK\O�GO�R�

SKHQ\O���SLSHULG\ODFHWDWH����1RWH�WKDW�DQ�LQFUHDVH�LQ�S+�IURP���WR���UHVXOWV�LQ�D�OLQHDU�GHFUHDVH�LQ�UDWH��

DV�H[SHFWHG�IURP�HTXDWLRQ�����������IRU�VSHFLILF�K\GURJHQ�LRQ�FDWDO\VLV��ZKHUHDV�D�IXUWKHU�LQFUHDVH�LQ�

S+�IURP�DERXW���WR���UHVXOWV�LQ�D�OLQHDU�LQFUHDVH�LQ�UDWH��DV�H[SHFWHG�IURP�HTXDWLRQ�����������IRU�VSHFLILF�

K\GUR[LGH�LRQ�FDWDO\VLV��1HDU�S+����D�PLQLPXP�LV�REVHUYHG�WKDW�FDQQRW�EH�DWWULEXWHG�WR�HLWKHU�K\GURJHQ�

LRQ�RU�K\GUR[\O�LRQ�SDUWLFLSDWLRQ�LQ�WKH�UHDFWLRQ��7KLV�PLQLPXP�LV�LQGLFDWLYH�RI�D�VROYHQW�FDWDO\WLF�HIIHFW��

WKDW�LV��XQ�LRQL]HG�ZDWHU�PD\�EH�FRQVLGHUHG�DV�WKH�UHDFWLQJ�VSHFLHV��%HFDXVH�RI�WKH�S+�LQGHSHQGHQFH�

RI�WKLV�UHDFWLRQ��WKH�UDWH�ODZ�LV�JLYHQ�E\�

)LJ������� 5DWH±S+�SURILOH�IRU�WKH�VSHFLILF�DFLG±EDVH±FDWDO\]HG�K\GURO\VLV�RI�PHWK\O�
GO�R�SKHQ\O���SLSHULG\ODFHWDWH���)URP�6��6LHJHO��/��/DFKPDQQ��DQG�/��0DOVSHLV��-��
3KDUP��6FL� ��������������:LWK�SHUPLVVLRQ��

VR�WKDW�

6RPHWLPHV�D�PLQLPXP�SODWHDX�H[WHQGV�RYHU�D�OLPLWHG�S+�UHJLRQ��LQGLFDWLQJ�WKDW�VROYHQW�FDWDO\VLV�LV�WKH�

SULPDU\�PRGH�RI�UHDFWLRQ�LQ�WKLV�UHJLRQ��

6ROYHQW�FDWDO\VLV�PD\�RFFXU�VLPXOWDQHRXVO\�ZLWK�VSHFLILF�K\GURJHQ�LRQ�RU�VSHFLILF�K\GUR[LGH�LRQ�

FDWDO\VLV��HVSHFLDOO\�DW�S+�YDOXHV�WKDW�DUH�EHWZHHQ�WKH�S+�UHJLRQV�LQ�ZKLFK�GHILQLWLYH�VSHFLILF�LRQ�DQG�

VROYHQW�FDWDO\WLF�HIIHFWV�DUH�REVHUYHG��%HFDXVH�HDFK�FDWDO\WLF�SDWKZD\�OHDGV�WR�DQ�LQFUHDVH�LQ�WKH�VDPH�

SURGXFW��WKH�UDWH�ODZ�IRU�WKLV�LQWHUPHGLDWH�S+�UHJLRQ�FDQ�EH�ZULWWHQ�DV��

RU

GHSHQGLQJ��UHVSHFWLYHO\��RQ�ZKHWKHU�WKH�S+�LV�VOLJKWO\�ORZHU�RU�VOLJKWO\�KLJKHU�WKDQ�WKDW�IRU�WKH�VROYHQW�

FDWDO\]HG�FDVH��

:H�FDQ�QRZ�VXPPDUL]H�WKH�S+�GHSHQGHQFH�RI�VSHFLILF�DFLG±EDVH±FDWDO\]HG�UHDFWLRQV�LQ�WHUPV�RI�WKH�

JHQHUDO�UDWH�ODZ��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



IRU�ZKLFK�

$W�ORZ�S+��WKH�WHUP N�>+
�@�LV�JUHDWHU�WKDQ�N� RU N�>2+�@�EHFDXVH�RI�WKH�JUHDWHU�FRQFHQWUDWLRQ�RI�K\GURJHQ�

LRQV��DQG�VSHFLILF�K\GURJHQ�LRQ�FDWDO\VLV�LV�REVHUYHG��6LPLODUO\��DW�KLJK�S+��DW�ZKLFK�WKH�FRQFHQWUDWLRQ�RI�

>2+�@�LV�JUHDWHU��WKH�WHUP�N�>2+�@�RXWZHLJKV�WKH�N�DQG N�>+
�@�WHUPV��DQG�VSHFLILF�K\GUR[\O�LRQ�FDWDO\VLV�LV�

REVHUYHG��:KHQ�WKH�FRQFHQWUDWLRQV�RI�+��DQG�2+��DUH�ORZ��RU�LI�WKH�SURGXFWVN�>+
�@�DQG�N�>2+�@�DUH�VPDOO�

LQ�YDOXH��RQO\�N��LV�LPSRUWDQW��DQG�WKH�UHDFWLRQ�LV�VDLG�WR�EH�VROYHQW�FDWDO\]HG��,I�WKH�S+�RI�WKH�UHDFWLRQ�

PHGLXP�LV�VOLJKWO\�DFLGLF�VR�WKDW�N� DQG N�>+
�@�DUH�LPSRUWDQW�DQGN�>2+�@�LV�QHJOLJLEOH��ERWK�VROYHQW�DQG�

VSHFLILF�K\GURJHQ�LRQ�FDWDO\VLV�RSHUDWH�VLPXOWDQHRXVO\��$�VLPLODU�UHVXOW�LV�REWDLQHG�ZKHQ�WKH�S+�RI�WKH�

PHGLXP�LV�VOLJKWO\�DONDOLQH��D�

3�����

FRQGLWLRQ�WKDW�FRXOG�DOORZ�FRQFXUUHQW�VROYHQW�DQG�VSHFLILF�K\GUR[LGH�LRQ�FDWDO\VLV��

*HQHUDO�$FLG±%DVH�&DWDO\VLV�
,Q�PRVW�V\VWHPV�RI�SKDUPDFHXWLFDO�LQWHUHVW��EXIIHUV�DUH�XVHG�WR�PDLQWDLQ�WKH�VROXWLRQ�DW�D�SDUWLFXODU�S+��

2IWHQ��LQ�DGGLWLRQ�WR�WKH�HIIHFW�RI�S+�RQ�WKH�UHDFWLRQ�UDWH��WKHUH�PD\�EH�FDWDO\VLV�E\�RQH�RU�PRUH�VSHFLHV�

RI�WKH�EXIIHU�FRPSRQHQWV��7KH�UHDFWLRQ�LV�WKHQ�VDLG�WR�EH�VXEMHFW�WR�JHQHUDO�DFLG RU JHQHUDO�EDVH�

FDWDO\VLV�GHSHQGLQJ��UHVSHFWLYHO\��RQ�ZKHWKHU�WKH�FDWDO\WLF�FRPSRQHQWV�DUH�DFLGLF�RU�EDVLF��

7KH�UDWH±S+�SURILOH�RI�D�UHDFWLRQ�WKDW�LV�VXVFHSWLEOH�WR�JHQHUDO�DFLG±EDVH�FDWDO\VLV�H[KLELWV�GHYLDWLRQV�

IURP�WKH�EHKDYLRU�H[SHFWHG�RQ�WKH�EDVLV�RI�HTXDWLRQV��������� DQG ����������)RU�H[DPSOH��LQ�WKH�

K\GURO\VLV�RI�WKH�DQWLELRWLF�VWUHSWR]RWRFLQ��UDWHV�LQ�SKRVSKDWH�EXIIHU�H[FHHG�WKH�UDWH�H[SHFWHG�IRU�VSHFLILF�

EDVH�FDWDO\VLV��7KLV�HIIHFW�LV�GXH�WR�D�JHQHUDO�EDVH�FDWDO\VLV�E\�SKRVSKDWH�DQLRQV��7KXV��WKH�DONDOLQH�

EUDQFK�RI�WKH�UDWH±S+�SURILOH�IRU�WKLV�UHDFWLRQ�LV�D�OLQH�ZKRVH�VORSH�LV�GLIIHUHQW�IURP����)LJ����������

2WKHU�IDFWRUV��VXFK�DV�LRQLF�VWUHQJWK�RU�FKDQJHV�LQ�WKH�S.D�RI�D�VXEVWUDWH��PD\�DOVR�OHDG�WR�DSSDUHQW�

GHYLDWLRQV�LQ�WKH�UDWH±S+�SURILOH��9HULILFDWLRQ�RI�D�JHQHUDO�DFLG�RU�JHQHUDO�EDVH�FDWDO\VLV�PD\�EH�PDGH�

E\�GHWHUPLQLQJ�WKH�UDWHV�RI�GHJUDGDWLRQ�RI�D�GUXJ�LQ�D�VHULHV�RI�EXIIHUV�WKDW�DUH�DOO�DW�WKH�VDPH�S+��L�H���

WKH�UDWLR�RI�VDOW�WR�DFLG�LV�FRQVWDQW��EXW�WKDW�DUH�SUHSDUHG�ZLWK�DQ�LQFUHDVLQJ�FRQFHQWUDWLRQ�RI�EXIIHU�

VSHFLHV��:LQGKHXVHU�DQG�+LJXFKL����XVLQJ�DFHWDWH�EXIIHU��IRXQG�WKDW�WKH�GHJUDGDWLRQ�RI�WKLDPLQH�LV�

XQDIIHFWHG�DW�S+�������ZKHUH�WKH�EXIIHU�LV�SULQFLSDOO\�DFHWLF�DFLG��$W�KLJKHU�S+�YDOXHV��KRZHYHU��WKH�UDWH�

LQFUHDVHV�LQ�GLUHFW�SURSRUWLRQ�WR�WKH�FRQFHQWUDWLRQ�RI�DFHWDWH��,Q�WKLV�FDVH��DFHWDWH�LRQ�LV�WKH�JHQHUDO�

EDVH�FDWDO\VW��

:HEE�HW�DO����GHPRQVWUDWHG�WKH�JHQHUDO�FDWDO\WLF�DFWLRQ�RI�DFHWLF�DFLG��VRGLXP�DFHWDWH��IRUPLF�DFLG��DQG�

VRGLXP�IRUPDWH�LQ�WKH�GHFRPSRVLWLRQ�RI�JOXFRVH��7KH�HTXDWLRQ�IRU�WKH�RYHUDOO�UDWH�RI�GHFRPSRVLWLRQ�RI�

JOXFRVH�LQ�ZDWHU�LQ�WKH�SUHVHQFH�RI�DFHWLF�DFLG��+$F��DQG�LWV�FRQMXJDWH�EDVH��$F���FDQ�EH�ZULWWHQ�DV�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ������� 5DWH±S+�SURILOH�RI�D�UHDFWLRQ�VXVFHSWLEOH�WR�JHQHUDO�EDVH�FDWDO\VLV���)URP�
(��5��*DUUHWW��-��3KDUP��6FL� ��� �����������:LWK�SHUPLVVLRQ��

ZKHUH�>*@�LV�WKH�FRQFHQWUDWLRQ�RI�JOXFRVH��N��LV�WKH�VSHFLILF�UHDFWLRQ�UDWH�LQ�ZDWHU�DORQH��DQG�WKH�

RWKHU�N�YDOXHV��NQRZQ�DV�FDWDO\WLF�FRHIILFLHQWV��UHSUHVHQW�WKH�VSHFLILF�UDWHV�DVVRFLDWHG�ZLWK�WKH�YDULRXV�

FDWDO\WLF�VSHFLHV��7KH�RYHUDOO�ILUVW�RUGHU�UDWH�FRQVWDQW��N��ZKLFK�LQYROYHV�DOO�HIIHFWV��LV�ZULWWHQ�DV�IROORZV��

RU��LQ�JHQHUDO��

ZKHUH�FL�LV�WKH�FRQFHQWUDWLRQ�RI�WKH�FDWDO\WLF�VSHFLHV�L��DQG�NL�LV�WKH�FRUUHVSRQGLQJ�FDWDO\WLF�FRHIILFLHQW��,Q�

UHDFWLRQV�LQ�ZKLFK�RQO\�VSHFLILF�DFLG±EDVH�HIIHFWV�RFFXU��WKDW�LV��LQ�ZKLFK�RQO\�>+�@�DQG�>2+�@�DFW�DV�

FDWDO\VWV��WKH�HTXDWLRQ�LV�

([DPSOH������
&DWDO\WLF�&RHIILFLHQW�RI�*OXFRVH�'HFRPSRVLWLRQ
$�VDPSOH�RI�JOXFRVH�ZDV�GHFRPSRVHG�DW�����&�LQ�D�VROXWLRQ�FRQWDLQLQJ�������0�+&O��7KH�
YHORFLW\�FRQVWDQW� N��ZDV�IRXQG�WR�EH��������KU����,I�WKH�VSRQWDQHRXV�UDWH�FRQVWDQW� N���LV
�������KU����FRPSXWH�WKH�FDWDO\WLF�FRHIILFLHQW� N+��7KH�FDWDO\VLV�GXH�WR�K\GUR[\O�LRQV�LQ�WKLV�
DFLGLF�VROXWLRQ�FDQ�EH�FRQVLGHUHG�DV�QHJOLJLEOH��7KH�GDWD�DUH�VXEVWLWXWHG�LQ�HTXDWLRQ����������

,Q�������%U|QVWHG���VKRZHG�WKDW�D�UHODWLRQVKLS�H[LVWV�EHWZHHQ�WKH�FDWDO\WLF�SRZHU�DV�PHDVXUHG�E\�WKH�

FDWDO\WLF�FRHIILFLHQWV�DQG�WKH�VWUHQJWK�RI�JHQHUDO�DFLGV�DQG�EDVHV�DV�PHDVXUHG�E\�WKHLU�GLVVRFLDWLRQ�

FRQVWDQWV��7KH�FDWDO\WLF�FRHIILFLHQW�IRU�D�ZHDN�DFLG�LV�UHODWHG�WR�WKH�GLVVRFLDWLRQ�FRQVWDQW�RI�WKH�DFLG�E\�

WKH�H[SUHVVLRQ�

DQG�WKH�FRUUHVSRQGLQJ�HTXDWLRQ�IRU�FDWDO\VLV�E\�D�ZHDN�EDVH�LV�

+HUH�.D�LV�WKH�GLVVRFLDWLRQ�FRQVWDQW�RI�WKH�ZHDN�DFLG��DQG�D��E��Į��DQG�ȕ�DUH�FRQVWDQWV�IRU�D�GHILQLWH�

UHDFWLRQ��VROYHQW��DQG�WHPSHUDWXUH��)URP�WKLV�UHODWLRQVKLS��WKH�FDWDO\WLF�HIIHFW�RI�D�%U|QVWHG±/RZU\�DFLG�

RU�EDVH�RQ�WKH�VSHFLILF�UHDFWLRQ�UDWH�FDQ�EH�SUHGLFWHG�LI�WKH�GLVVRFLDWLRQ�FRQVWDQW�RI�WKH�ZHDN�HOHFWURO\WH�

LV�NQRZQ��7KH�UHODWLRQVKLSV�LQ�HTXDWLRQV��������� DQG ���������KROG�EHFDXVH�ERWK�WKH�FDWDO\WLF�SRZHU�

DQG�WKH�GLVVRFLDWLRQ�FRQVWDQW�RI�D�ZHDN�HOHFWURO\WH�GHSHQG�RQ�WKH�DELOLW\�RI�D�ZHDN�DFLG�WR�GRQDWH�D�

SURWRQ�RU�D�ZHDN�EDVH�WR�DFFHSW�D�SURWRQ��

3�����

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� 5DWH±S+�SURILOH�IRU�WKH�K\GURO\VLV�RI�DFHW\OVDOLF\OLF�DFLG�DW����&���)URP�,��
-��(GZDUGV��7UDQV��)DUDGD\�6RF� ��� �����������

1RQFDWDO\WLF�VDOWV�FDQ�DIIHFW�WKH�UDWH�FRQVWDQW�GLUHFWO\�WKURXJK�WKHLU�LQIOXHQFH�RQ�LRQLF�VWUHQJWK�DV�

H[SUHVVHG�E\�HTXDWLRQ�����������6HFRQG��VDOWV�DOVR�DIIHFW�WKH�FDWDO\WLF�DFWLRQ�RI�VRPH�ZHDN�HOHFWURO\WHV�

EHFDXVH��WKURXJK�WKHLU�LRQLF�VWUHQJWK�HIIHFW��WKH\�FKDQJH�WKH�FODVVLF�GLVVRFLDWLRQ�FRQVWDQW��.D��RI�

HTXDWLRQV��������� DQG ����������7KHVH�WZR�LQIOXHQFHV��NQRZQ�UHVSHFWLYHO\�DV�

WKH�SULPDU\�DQGVHFRQGDU\�VDOW�HIIHFWV��DUH�KDQGOHG�LQ�D�NLQHWLF�VWXG\�E\�FDUU\LQJ�RXW�WKH�UHDFWLRQ�XQGHU�

FRQGLWLRQV�RI�FRQVWDQW�LRQLF�VWUHQJWK��RU�E\�REWDLQLQJ�D�VHULHV�RI�N�YDOXHV�DW�GHFUHDVLQJ�LRQLF�VWUHQJWKV�

DQG�H[WUDSRODWLQJ�WKH�UHVXOWV�WR��� ����

$Q�LQWHUHVWLQJ�UDWH±S+�SURILOH�LV�REWDLQHG�IRU�WKH�K\GURO\VLV�RI�DFHW\OVDOLF\OLF�DFLG��)LJ����������,Q�WKH�

UDQJH�RI�S+�IURP���WR�DERXW����WKHUH�LV�FOHDUO\�VSHFLILF�DFLG±EDVH�FDWDO\VLV�DQG�D�S+�LQGHSHQGHQW�

VROYRO\VLV��DV�ILUVW�UHSRUWHG�E\�(GZDUGV����$ERYH�S+����WKHUH�LV�D�VHFRQG��S+�LQGHSHQGHQW�UHJLRQ��WKH�

SODWHDX�H[WHQGLQJ�RYHU�DW�OHDVW���S+�XQLWV��)HUVKW�DQG�.LUE\���DQG�RWKHUV�KDYH�SURYLGHG�VXJJHVWLRQV�IRU�

WKH�SUHVHQFH�RI�WKLV�SODWHDX��

7KH�K\GURO\VLV�RI�K\GURFKORURWKLD]LGH��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� 7KH�S+�SURILOH�IRU�WKH�K\GURO\VLV�RI�K\GURFKORURWKLD]LGH���)URP�-��$��
0ROOLFD��&��5��5RKQ��DQG�-��%��6PLWK��-��3KDUP��6FL� ��� �����������:LWK�SHUPLVVLRQ��

ZDV�VWXGLHG�E\�0ROOLFD�HW�DO����RYHU�D�S+�UDQJH�IURP���WR�����7KH�UHDFWLRQ�ZDV�IRXQG�WR�EH�UHYHUVLEOH��

WKH�IUDFWLRQ�WKDW�KDG�UHDFWHG�DW�HTXLOLEULXP��;H��EHLQJ�DERXW������7KH�S+�SURILOH�SURYLGHV�D�FRPSOH[�

FXUYH��)LJ����������LQGLFDWLQJ�PXOWLSOH�VWHSV�DQG�DQ�LQWHUPHGLDWH�LQYROYHG�LQ�WKH�UHDFWLRQ��

6WDELOLW\�RI�3KDUPDFHXWLFDOV�
'HFRPSRVLWLRQ�DQG�6WDELOL]DWLRQ�RI�0HGLFLQDO�$JHQWV�
3KDUPDFHXWLFDO�GHFRPSRVLWLRQ�FDQ�EH�FODVVLILHG�DV�K\GURO\VLV��R[LGDWLRQ��LVRPHUL]DWLRQ��HSLPHUL]DWLRQ��

DQG�SKRWRO\VLV��DQG�WKHVH�SURFHVVHV�PD\�DIIHFW�WKH�VWDELOLW\�RI�GUXJV�LQ�OLTXLG��VROLG��DQG�VHPLVROLG�

SURGXFWV��0ROOLFD�HW�DO����UHYLHZHG�WKH�PDQ\�HIIHFWV�WKDW�WKH�LQJUHGLHQWV�RI�GRVDJH�IRUPV�DQG�

HQYLURQPHQWDO�IDFWRUV�PD\�KDYH�RQ�WKH�FKHPLFDO�DQG�SK\VLFDO�VWDELOLW\�RI�SKDUPDFHXWLFDO�SUHSDUDWLRQV��

+RX�DQG�3RROH���LQYHVWLJDWHG�WKH�NLQHWLFV�DQG�PHFKDQLVP�RI�K\GURO\WLF�GHJUDGDWLRQ�RI�DPSLFLOOLQ�LQ�

VROXWLRQ�DW����&�DQG�����LRQLF�VWUHQJWK��7KH�GHFRPSRVLWLRQ�REVHUYHG�RYHU�D�S+�UDQJH�RI�����WR������

IROORZHG�ILUVW�RUGHU�NLQHWLFV�DQG�ZDV�LQIOXHQFHG�E\�ERWK�VSHFLILF�DQG�JHQHUDO�DFLG±EDVH�FDWDO\VLV��7KH�

S+±UDWH�SURILOH�H[KLELWHG�PD[LPXP�VWDELOLW\�LQ�EXIIHU�VROXWLRQV�DW�S+������DQG�LQ�QRQEXIIHUHG�VROXWLRQV�DW�

S+�������7KH�GHJUDGDWLRQ�UDWH�LV�LQFUHDVHG�E\�WKH�DGGLWLRQ�RI�YDULRXV�FDUERK\GUDWHV�VXFK�DV�VXFURVH�WR�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



WKH�DTXHRXV�VROXWLRQ�RI�DPSLFLOOLQ����7KH�$UUKHQLXV�SORW�VKRZV�WKH�DFWLYDWLRQ�HQHUJ\��(D��WR�EH����

NFDO�PROH�DW�S+���IRU�WKH�K\GURO\VLV�RI�DPSLFLOOLQ��

$OFRKRO�LV�IRXQG�WR�VORZ�VORZ�K\GURO\VLV�EHFDXVH�RI�WKH�GHFUHDVH�LQ�WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�

VROYHQW��7KH�KDOI�OLIH�IRU�WKH�GHJUDGDWLRQ�RI�DPSLFLOOLQ�LQ�DQ�DFLGLILHG�DTXHRXV�VROXWLRQ�DW����&�LV���KU��LQ�

D�����DOFRKRO�VROXWLRQ�WKH�KDOI�OLIH�LV����KU��

3�����

+LJXFKL�HW�DO����UHSRUWHG�WKDW�FKORUDPSKHQLFRO�GHFRPSRVHG�WKURXJK�K\GURO\WLF�FOHDYDJH�RI�WKH�DPLGH�

OLQNDJH�DFFRUGLQJ�WR�WKH�UHDFWLRQ��

7KH�UDWH�RI�GHJUDGDWLRQ�ZDV�ORZ�DQG�LQGHSHQGHQW�RI�S+�EHWZHHQ���DQG���EXW�ZDV�FDWDO\]HG�E\�JHQHUDO�

DFLGV�DQG�EDVHV��LQFOXGLQJ�+32�
���LRQV��XQGLVVRFLDWHG�DFHWLF�DFLG��DQG�D�FLWUDWH�EXIIHU��,WV�PD[LPXP�

VWDELOLW\�RFFXUV�DW�S+���DW�URRP�WHPSHUDWXUH��LWV�KDOI�OLIH�XQGHU�WKHVH�FRQGLWLRQV�EHLQJ�DSSUR[LPDWHO\���

\HDUV��%HORZ�S+���WKH�K\GURO\VLV�RI�FKORUDPSKHQLFRO�LV�FDWDO\]HG�E\�K\GURJHQ�LRQV��,Q�DONDOLQH�VROXWLRQ�

WKH�EUHDNGRZQ�LV�DIIHFWHG�E\�ERWK�VSHFLILF�DQG�JHQHUDO�DFLG±EDVH�FDWDO\VLV���

7KH�DFWLYDWLRQ�HQHUJ\�IRU�WKH�K\GURO\VLV�DW�S+���LV����NFDO�PROH��DQG�WKH�KDOI�OLIH�RI�WKH�GUXJ�DW�S+���DQG�

���&�LV�����\HDUV��

%HLMQHQ�HW�DO����LQYHVWLJDWHG�WKH�VWDELOLW\�RI�GR[RUXELFLQ��

LQ�DTXHRXV�VROXWLRQ�XVLQJ�D�VWDELOLW\�LQGLFDWLQJ�KLJK�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSKLF�DVVD\�

SURFHGXUH��'R[RUXELFLQ�KDV�EHHQ�XVHG�ZLWK�VXFFHVV�DJDLQVW�YDULRXV�KXPDQ�QHRSODVPV�IRU�WKH�ODVW����

\HDUV��7KH�GHFRPSRVLWLRQ�RI�WKH�GUXJ�KDV�QRW�EHHQ�VWXGLHG�LQ�GHSWK�EHFDXVH�LW�SUHVHQWV�GLIILFXOWLHV�LQ�

DQDO\VLV��,W�FKHODWHV�ZLWK�PHWDO�LRQV��VHOI�DVVRFLDWHV�LQ�FRQFHQWUDWHG�VROXWLRQV��DGVRUEV�WR�VXUIDFHV�VXFK�

DV�JODVV��DQG�XQGHUJRHV�R[LGDWLYH�DQG�SKRWRO\WLF�GHFRPSRVLWLRQ��

%HLMQHQ�DQG�DVVRFLDWHV���VWXGLHG�WKH�GHJUDGDWLRQ�NLQHWLFV�RI�GR[RUXELFLQ�DV�D�IXQFWLRQ�RI�S+��EXIIHU�

HIIHFWV��LRQLF�VWUHQJWK��WHPSHUDWXUH��DQG�GUXJ�FRQFHQWUDWLRQ��7KH�GHFRPSRVLWLRQ�IROORZHG�SVHXGR±ILUVW�

RUGHU�NLQHWLFV�DW�FRQVWDQW�WHPSHUDWXUH�DQG�LRQLF�VWUHQJWK�DW�YDULRXV�S+�YDOXHV��7KH�S+±UDWH�SURILOH�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



VKRZHG�PD[LPXP�VWDELOLW\�RI�WKH�GUXJ�DW�DERXW�S+������6RPH�VWXG\�ZDV�PDGH�RI�WKH�GHJUDGDWLRQ�LQ�

DONDOLQH�VROXWLRQ��RWKHU�V\VWHPDWLF�ZRUN�KDYLQJ�EHHQ�GRQH�RQO\�ZLWK�GHJUDGDWLRQ�RI�GR[RUXELFLQ�LQ�DFLG�

VROXWLRQ�EHORZ�S+������:RUN�KDV�DOVR�EHHQ�UHSRUWHG�RQ�WKH�VWDELOLW\�RI�GR[RUXELFLQ�LQIXVLRQV�XVHG�LQ�

FOLQLFDO�SUDFWLFH��

6WHIIDQVHQ�DQG�%XQGJDDUG���VWXGLHG�WKH�K\GURO\VLV�RI�HU\WKURP\FLQ�DQG�HU\WKURP\FLQ�HVWHUV�LQ�DTXHRXV�

VROXWLRQ��

(U\WKURP\FLQ�LV�DQ�DQWLELRWLF�WKDW�DFWV�DJDLQVW�JUDP�SRVLWLYH�DQG�VRPH�JUDP�QHJDWLYH�EDFWHULD��,W�KDV�WKH�

GLVDGYDQWDJH�RI�GHJUDGDWLRQ�LQ�DQ�DFLGLF�HQYLURQPHQW��DV�IRXQG�LQ�WKH�VWRPDFK��YDULRXV�PHWKRGV�KDYH�

EHHQ�VXJJHVWHG�WR�SURWHFW�WKH�GUXJ�DV�LW�SDVVHV�WKURXJK�WKH�JDVWURLQWHVWLQDO�WUDFW��0RVW�UHFHQW�DPRQJ�

WKHVH�SURWHFWLYH�DFWLRQV�LV�WKH�FRQYHUVLRQ�RI�HU\WKURP\FLQ�LQWR�HVWHUV�DW�WKH��ƍ�SRVLWLRQ��7KHVH�DUH�NQRZQ�

DV SURGUXJV�EHFDXVH�WKH\�DUH�LQDFWLYH�XQWLO�HU\WKURP\FLQ�LV�UHOHDVHG�IURP�WKH�HVWHUV�E\�HQ]\PDWLF�

K\GURO\VLV�LQ�WKH�ERG\��

9LQFNLHU�HW�DO����VWXGLHG�WKH�GHFRPSRVLWLRQ�NLQHWLFV�RI�HU\WKURP\FLQ�DV�D�IXQFWLRQ�RI�EXIIHU�W\SH�DQG�

FRQFHQWUDWLRQ��LRQLF�VWUHQJWK��S+��DQG�WHPSHUDWXUH��(U\WKURP\FLQ�ZDV�IRXQG�WR�EH�PRVW�VWDEOH�LQ�D�

SKRVSKDWH�EXIIHU�DQG�OHDVW�VWDEOH�LQ�D�VRGLXP�DFHWDWH�EXIIHU��&KDQJHV�LQ�LRQLF�VWUHQJWK�VKRZHG�RQO\�D�

QHJOLJLEOH�HIIHFW�RQ�WKH�NLQHWLFV�RI�HU\WKURP\FLQ��/RJ�N±S+�SURILOHV�ZHUH�REWDLQHG�RYHU�WKH�S+�UDQJH�RI�

DERXW���WR���DQG�VKRZHG�OLQHDULW\�ZLWK�D�VORSH�RI�DSSUR[LPDWHO\����LQGLFDWLQJ�VSHFLILF�DFLG�FDWDO\VLV�LQ�WKH�

GHFRPSRVLWLRQ�RI�HU\WKURP\FLQ�DW����&��6SHFLILF�EDVH�FDWDO\VLV�RFFXUV�DW�KLJKHU�S+�YDOXHV��

(U\WKURP\FLQ�EDVH�LV�PRVW�VWDEOH�DW�S+���WR�������

$WNLQV�HW�DO����DOVR�VWXGLHG�WKH�NLQHWLFV�RI�HU\WKURP\FLQ�GHFRPSRVLWLRQ�LQ�DTXHRXV�DFLGLF�DQG�QHXWUDO�

EXIIHUV��7KH\�FRQFOXGHG�WKDW�S+�LV�WKH�PRVW�LPSRUWDQW�IDFWRU�LQ�FRQWUROOLQJ�WKH�VWDELOLW\�RI�HU\WKURP\FLQ�$�

LQ�DFLGLF�DTXHRXV�VROXWLRQV��

3�����

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7KH�GHJUDGDWLRQ�RI�PLWRP\FLQ�&�LQ�DFLG�VROXWLRQ�ZDV�VWXGLHG�E\�%HLMQHQ�DQG�8QGHUEHUJ����0LWRP\FLQ�&�

VKRZV�ERWK�VWURQJ�DQWLEDFWHULDO�DQG�DQWLWXPRU�DFWLYLW\��'HJUDGDWLRQ�LQ�DONDOLQH�VROXWLRQ�LQYROYHV�WKH�

UHPRYDO�RI�DQ�DPLQR�JURXS�DQG�UHSODFHPHQW�E\�D�K\GUR[\O�JURXS��EXW�WKH�EUHDNGRZQ�RI�PLWRP\FLQ�&�LV�

PRUH�FRPSOLFDWHG�LQ�DFLG�VROXWLRQ��LQYROYLQJ�ULQJ�RSHQLQJ�DQG�WKH�IRUPDWLRQ�RI�WZR�LVRPHUV��

QDPHO\�WUDQV�DQG�FLV�PLWRVHQH��

7R�VWXG\�WKH�PHFKDQLVP�RI�GHJUDGDWLRQ�WKH�DXWKRUV�GHVLJQHG�D�KLJK�SHUIRUPDQFH�OLTXLG�

FKURPDWRJUDSKLF�DVVD\�WKDW�DOORZV�TXDQWLWDWLYH�VHSDUDWLRQ�RI�WKH�SDUHQW�GUXJ�DQG�LWV�GHFRPSRVLWLRQ�

SURGXFWV��7KH�NLQHWLFV�RI�PLWRP\FLQ�&�LQ�DFLG�VROXWLRQ�ZDV�VWXGLHG�DW����&��7R�REWDLQ�S+�YDOXHV�EHORZ�

���WKH�VROXWLRQV�ZHUH�DFLGLILHG�ZLWK�DTXHRXV�SHUFKORULF�DFLG��DQG�IRU�WKH�S+�UDQJH�RI���WR����WKH\�ZHUH�

EXIIHUHG�ZLWK�DQ�DFHWLF�DFLG±DFHWDWH�EXIIHU��7KH�GHJUDGDWLRQ�RI�PLWRP\FLQ�&�VKRZV�ILUVW�RUGHU�NLQHWLFV�

RYHU�D�SHULRG�RI�PRUH�WKDQ�WKUHH�KDOI�OLYHV��

7KH�LQIOXHQFH�RI�S+�DQG�EXIIHU�VSHFLHV�RQ�WKH�GHFRPSRVLWLRQ�RI�PLWRP\FLQ�&�LV�H[SUHVVHG�DV�

ZKHUH�N��LV�WKH�ILUVW�RUGHU�FRQVWDQW�IRU�GHFRPSRVLWLRQ�LQ�ZDWHU�DORQH�DQG�N+�LV�D�VHFRQG�RUGHU�UDWH�

FRQVWDQW��FDWDO\WLF�FRHIILFLHQW��DVVRFLDWHG�ZLWK�FDWDO\VLV�GXH�WR�WKH�>+�@��7KH�VHFRQG�RUGHU�UDWH�

FRQVWDQWV�N$ DQG N%�DUH�FDWDO\WLF�FRHIILFLHQWV�IRU�FDWDO\VLV�E\�WKH�EXIIHU�FRPSRQHQWV��>+$F@�DQG�>$F
�@��

UHVSHFWLYHO\�>HTXDWLRQ���������@��7KH�WHUP�N2+>2+
�@�LV�QHJOHFWHG�EHFDXVH�WKLV�VWXG\�LV�FRQGXFWHG�RQO\�LQ�

WKH�DFLG�UHJLRQ�RI�WKH�S+�VFDOH��

7KH�ORJ�UDWH�FRQVWDQW�±S+�SURILOH�IRU�WKH�GHFRPSRVLWLRQ�RI�PLWRP\FLQ�&�DW����&�LV�VKRZQ�LQ�)LJXUH����

����,Q�RWKHU�ZRUN��%HLMQHQ�DQG�DVVRFLDWHV���VKRZHG�WKDW�WKH�LQIOHFWLRQ�SRLQW�LQ�WKH�FXUYH�LV�DVVRFLDWHG�

ZLWK�WKH�S.D� �����IRU�PLWRP\FLQ�&��7KH�VWUDLJKW�OLQH�SRUWLRQV�RI�WKH�FXUYH��WKDW�LV��EHORZ�S+� ���DQG�

DERYH�S+� ����ERWK�H[KLELW�VORSHV�RI�DSSUR[LPDWHO\�����6ORSHV�RI����LQ�WKLV�UHJLRQ�RI�WKH�SURILOH�DUH�DQ�

LQGLFDWLRQ�RI�VSHFLILF�DFLG�FDWDO\VLV�IRU�GHFRPSRVLWLRQ�RI�WKH�QHXWUDO�IRUP�RI�PLWRP\FLQ�&��00&��DQG�IRU�

WKH�SURWRQDWHG�IRUP��00&+���

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� 7KH�S+±UDWH�FRQVWDQW�SURILOH�IRU�PLWRP\FLQ�&�GHFRPSRVLWLRQ�DW����&��
�)URP�-��+��%HLMQHQ�DQG�:��-��0��8QGHUEHUJ��,QW��-��3KDUP���� �����������:LWK�
SHUPLVVLRQ��

3URFDLQH�GHFRPSRVHV�PDLQO\�E\�K\GURO\VLV��WKH�GHJUDGDWLRQ�EHLQJ�GXH�SULPDULO\�WR�WKH�EUHDNGRZQ�RI�WKH�

XQFKDUJHG�DQG�VLQJO\�FKDUJHG�IRUPV����7KH�UHDFWLRQ�RI�SURFDLQH�LV�FDWDO\]HG�E\�K\GURJHQ�DQG�K\GUR[\O�

LRQV��%RWK�WKH�IUHH�EDVH�DQG�WKH�SURWRQDWHG�IRUP�DUH�VXEMHFW�WR�VSHFLILF�EDVH�FDWDO\VLV��0DUFXV�DQG�

%DURQ���REWDLQHG�DQ�DFWLYDWLRQ�HQHUJ\��(D��RI������NFDO�PROH�IRU�SURFDLQH�DW�������&��

*DUUHWW���UHYLHZHG�WKH�GHJUDGDWLRQ�DQG�VWDELOLW\�RI�SURFDLQH��

7ULDPFLQRORQH�DFHWRQLGH��D�JOXFRFRUWLFRLG��DGUHQDO�FRUWH[��KRUPRQH��LV�D�SRWHQW�DQWL�LQIODPPDWRU\�DJHQW�

ZKHQ�DSSOLHG�WRSLFDOO\�DV�D�FUHDP�RU�VXVSHQVLRQ��*XSWD���VWXGLHG�WKH�VWDELOLW\�RI�ZDWHU±HWKDQRO�

VROXWLRQV�DW�YDULRXV�S+�YDOXHV��EXIIHU�

3�����

FRQFHQWUDWLRQV��DQG�LRQLF�VWUHQJWKV��7KH�GHFRPSRVLWLRQ�RI�WULDPFLQRORQH�DFHWRQLGH�IROORZHG�ILUVW�RUGHU�

NLQHWLFV��WKH�UDWH�FRQVWDQW��NREV��YDU\LQJ�ZLWK�WKH�S+�RI�SKRVSKDWH��VRGLXP�K\GUR[LGH��DQG�K\GURFKORULF�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



DFLG�EXIIHU�VROXWLRQV��7KH�RSWLPXP�S+�IRU�VWDELOLW\�ZDV�IRXQG�IURP�D�S+±UDWH�SURILOH�WR�EH�DERXW�����DQG�

WR�EH�UHODWHG�WR�WKH�FRQFHQWUDWLRQ�RI�WKH�SKRVSKDWH�EXIIHU��,Q�WKH�K\GURFKORULF�DFLG�EXIIHU�VROXWLRQ��

WULDPFLQRORQH�DFHWRQLGH�XQGHUZHQW�K\GURO\VLV�WR�IRUP�WULDPFLQRORQH�DQG�DFHWRQH��$�VWXG\�RI�WKH�UHDFWLRQ�

LQ�VROYHQWV�RI�YDU\LQJ�LRQLF�VWUHQJWK�VKRZHG�WKDW�ORJ�NREV GHFUHDVHG�OLQHDUO\�ZLWK�LQFUHDVLQJ�YDOXHV�RI�¥���

VXJJHVWLQJ�WKDW�UHDFWLRQ�RFFXUV�EHWZHHQ�WKH�SURWRQDWHG��>+�@��IRUP�RI�WKH�GUXJ�DQG�WKH�SKRVSKDWH�EXIIHU�

VSHFLHV��+�32�
��+32�

����

)LJ�������� &KHPLFDO�VWUXFWXUHV�RI�WKH�FORVHO\�UHODWHG�DQWLQHRSODVWLF�DJHQWV�YLQEODVWLQH�
DQG�YLQFULVWLQH��LVRODWHG�IURP 9LQFD�URVHD��DQG�YLQGHVLQH��D�V\QWKHWLF�GHULYDWLYH�RI�
YLQEODVWLQH���)URP�'��9HQGULJ��-��+��%HLMQHQ��2��YDQ�GHU�+RXZHQ��DQG�-��+ROWKXLV��,QW��
-��3KDUP� ��� �����������:LWK�SHUPLVVLRQ��

9LQFULVWLQH�DQG�YLQEODVWLQH�DUH�QDWXUDO�DONDORLGV�XVHG�DV�F\WRWR[LF�DJHQWV�LQ�FDQFHU�FKHPRWKHUDS\��)LJ��

��������9HQGULJ�HW�DO���LQYHVWLJDWHG�WKH�GHJUDGDWLRQ�NLQHWLFV�RI�YLQFULVWLQH�VXOIDWH�LQ�DTXHRXV�VROXWLRQ�

ZLWKLQ�WKH�S+�UDQJH�RI������WR����DW����&��7KH�GUXJ�H[KLELWHG�ILUVW�RUGHU�NLQHWLFV�XQGHU�WKHVH�FRQGLWLRQV��

WKH�UDWH�FRQVWDQW��NREV��ZDV�FDOFXODWHG�XVLQJ�WKH�ILUVW�RUGHU�HTXDWLRQ�>HTXDWLRQ��������@�DW�YDULRXV�S+�

YDOXHV�WR�SORW�WKH�S+�SURILOH�DV�VHHQ�LQ�)LJXUH��������7KH�GHJUDGDWLRQ�UDWHV�ZHUH�IRXQG�WR�EH�

LQGHSHQGHQW�RI�EXIIHU�FRQFHQWUDWLRQ�DQG�LRQLF�VWUHQJWK�ZLWKLQ�WKH�S+�UDQJH�LQYHVWLJDWHG��9LQFULVWLQH�

DSSHDUV�WR�EH�PRVW�VWDEOH�LQ�DTXHRXV�VROXWLRQ�EHWZHHQ�S+�����DQG�����DW����&��

7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�GHJUDGDWLRQ�RI�YLQFULVWLQH�DW�YDULRXV�S+�YDOXHV�IURP�����WR�����DQG�

ZLWKLQ�WKH�WHPSHUDWXUH�UDQJH�RI����&�WR����&�ZDV�DVVHVVHG�XVLQJ�WKH�$UUKHQLXV�HTXDWLRQ�>HTXDWLRQ�����

��� RU �������@��7KH�

3�����

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



DFWLYDWLRQ�HQHUJ\��(D��DQG�WKH�$UUKHQLXV�IDFWRU��$��DUH�JLYHQ�LQ�7DEOH�������

)LJ�������� /RJ N±S+�SURILOH�IRU�WKH�GHFRPSRVLWLRQ�RI�YLQFULVWLQH���)URP�'��9HQGULJ��
-��+��%HLMQHQ��2��YDQ�GHU�+RXZHQ��DQG�-��+ROWKXLV��,QW��-��3KDUP� ��� �����������:LWK�
SHUPLVVLRQ��

7DEOH������$FWLYDWLRQ�(QHUJLHV�DQG�$UUKHQLXV�)DFWRUV�IRU�9LQFULVWLQH�DW�YDULRXV�S+�
YDOXHV�DW����&

S+ (D �FDO�PROH�î������ $ �VHF���

��� ����� ��î����

��� ����� ��î����

��� ����� ��î����

��� ����� ��î�����

��� ����� ��î�����

%DVHG�RQ�'��(��0��0��9HQGULJ��-��+��%HLMQHQ��2��$��*��-��YDQ�GHU�+RXZHQ��DQG�
-��-��0��+ROWKXLV��,QW��-��3KDUP� ��� ����������

([DPSOH������
9LQFULVWLQH

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



9HQGULJ�HW�DO��� OLVWHG�WKH�DFWLYDWLRQ�HQHUJLHV�LQ�N-�PROH�IRU�YLQFULVWLQH�IURP�S+�����WR������
&RQYHUW�WKH�IROORZLQJ�YDOXHV�IRU (D WR�TXDQWLWLHV�H[SUHVVHG�LQ�FDO�PROH��DV�IRXQG�LQ 7DEOH����
��

S+ ��� ��� ��� ��� ���

(D�N-�PROH� �� �� �� ��� ���

7KH�FRQYHUVLRQ�RI�XQLWV�LV�REWDLQHG�E\�ZULWLQJ�D�VHTXHQFH�RI�UDWLRV�VR�DV�WR�FKDQJH�6,�WR�FJV�
XQLWV��)RU�WKH�ILUVW�YDOXH��WKDW�RI (D DW�S+�����

RU

RU

,Q�WKH &5&�+DQGERRN�RI�&KHPLVWU\�DQG�3K\VLFV��ZH�ILQG�WKH�FRQYHUVLRQ�IDFWRU���MRXOH� �
���������FDO��WKHUHIRUH��ZH�FDQ�PDNH�WKH�GLUHFW�FRQYHUVLRQ

RU

7KH�NLQHWLF�VWXG\�RI�WKH�DXWR[LGDWLRQ�RI�DVFRUELF�DFLG�LV�DQ�LQWHUHVWLQJ�UHVHDUFK�VWRU\�WKDW�EHJDQ�DERXW�

���\HDUV�DJR��6RPH�RI�WKH�UHSRUWV�DUH�UHYLHZHG�KHUH�DV�DQ�LOOXVWUDWLRQ�RI�WKH�GLIILFXOWLHV�HQFRXQWHUHG�LQ�

WKH�VWXG\�RI�IUHH�UDGLFDO�UHDFWLRQV��$OWKRXJK�WKH�GHFRPSRVLWLRQ�NLQHWLFV�RI�DVFRUELF�DFLG�SUREDEO\�KDV�

EHHQ�VWXGLHG�PRUH�WKRURXJKO\�WKDQ�WKDW�RI�DQ\�RWKHU�GUXJ��ZH�DUH�RQO\�QRZ�EHJLQQLQJ�WR�XQGHUVWDQG�WKH�

PHFKDQLVP�RI�WKH�DXWR[LGDWLRQ��7KH�RYHUDOO�UHDFWLRQ�FDQ�EH�UHSUHVHQWHG�DV�

2QH�RI�WKH�ILUVW�NLQHWLF�VWXGLHV�RI�WKH�DXWR[LGDWLRQ�RI�DVFRUELF�DFLG�WR�GHK\GURDVFRUELF�DFLG�ZDV�

XQGHUWDNHQ�LQ������E\�%DUURQ�HW�DO���7KHVH�LQYHVWLJDWRUV�PHDVXUHG�WKH�R[\JHQ�FRQVXPHG�LQ�WKH�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



UHDFWLRQ��XVLQJ�D�:DUEXUJ�W\SH�RI�YHVVHO�DQG�D�PDQRPHWHU�WR�REWDLQ�WKH�UDWH�RI�GHFRPSRVLWLRQ�RI�

DVFRUELF�DFLG��7KH\�IRXQG�WKDW�ZKHQ�JUHDW�FDUH�ZDV�WDNHQ�WR�IUHH�WKH�VROXWLRQ�RI�WUDFHV�RI�FRSSHU��

DVFRUELF�DFLG�ZDV�QRW�R[LGL]HG�E\�DWPRVSKHULF�R[\JHQ�DW�D�PHDVXUDEOH�UDWH�H[FHSW�LQ�DONDOLQH�VROXWLRQV��

&XSULF�LRQ�ZDV�REVHUYHG�WR�R[LGL]H�DVFRUELF�DFLG�UDSLGO\�WR�GHK\GURDVFRUELF�DFLG��DQG�.&1�DQG�&2�

ZHUH�IRXQG�WR�EUHDN�WKH�UHDFWLRQ�FKDLQ�E\�IRUPLQJ�VWDEOH�FRPSOH[HV�ZLWK�FRSSHU��

'HNNHU�DQG�'LFNLQVRQ���VXJJHVWHG�D�VFKHPH�IRU�R[LGDWLRQ�RI�DVFRUELF�DFLG�E\�WKH�FXSULF�LRQ�DQG�

REWDLQHG�WKH�IROORZLQJ�HTXDWLRQV�IRU�WKH�GHFRPSRVLWLRQ��

DQG�LQ�WKH�LQWHJUDWHG�IRUP��

ZKHUH�>+� $@��LV�WKH�LQLWLDO�FRQFHQWUDWLRQ�DQG�>+�$@�LV�WKH�FRQFHQWUDWLRQ�RI�DVFRUELF�DFLG�DW�WLPH�W��7KH�

H[SHULPHQWDO�UHVXOWV�FRPSDUHG�IDYRUDEO\�ZLWK�WKRVH�FDOFXODWHG�IURP�HTXDWLRQ�����������DQG�LW�ZDV�

DVVXPHG�WKDW�WKH�LQLWLDO�UHDFWLRQ�LQYROYHG�D�VORZ�R[LGDWLRQ�RI�WKH�DVFRUEDWH�LRQ�E\�FXSULF�LRQ�WR�D�

VHPLTXLQRQH��ZKLFK�ZDV�LPPHGLDWHO\�R[LGL]HG�E\�R[\JHQ�WR�GHK\GURDVFRUELF�DFLG��$V�WKH�UHDFWLRQ�

SURFHHGHG��KRZHYHU��WKH�VSHFLILF�UHDFWLRQ�UDWH��N��ZDV�IRXQG�WR�LQFUHDVH�JUDGXDOO\��

'HNNHU�DQG�'LFNLQVRQ���REVHUYHG�WKDW�WKH�UHDFWLRQ�ZDV�UHWDUGHG�E\�LQFUHDVLQJ�WKH�LQLWLDO�FRQFHQWUDWLRQ�

RI�DVFRUELF�DFLG��SUHVXPDEO\�EHFDXVH�DVFRUELF�DFLG�GHSOHWHG�WKH�IUHH�R[\JHQ��:KHQ�R[\JHQ�ZDV�

FRQWLQXDOO\�EXEEOHG�WKURXJK�WKH�PL[WXUH��WKH�VSHFLILF�UDWH�RI�GHFRPSRVLWLRQ�GLG�QRW�GHFUHDVH�ZLWK�

LQFUHDVLQJ�DVFRUELF�DFLG�FRQFHQWUDWLRQ��

:HLVVEHUJHU�HW�DO����VKRZHG�WKDW�WKH�DXWR[LGDWLRQ�RI�DVFRUELF�DFLG�LQYROYHG�ERWK�D�VLQJO\�DQG�D�GRXEO\�

FKDUJHG�DQLRQ�RI�/�DVFRUELF�DFLG��2[\JHQ�ZDV�IRXQG�WR�UHDFW�ZLWK�WKH�GLYDOHQW�LRQ�DW�DWPRVSKHULF�

SUHVVXUH�DERXW�����WLPHV�DV�IDVW�DV�ZLWK�WKH�PRQRYDOHQW�LRQ�RI�WKH�DFLG�DW�RUGLQDU\�WHPSHUDWXUHV�

3����

ZKHQ�PHWDO�FDWDO\VLV�ZDV�UHSUHVVHG��:KHQ�FRSSHU�LRQV�ZHUH�DGGHG�WR�WKH�UHDFWLRQ�PL[WXUH��KRZHYHU��LW�

ZDV�IRXQG�WKDW�RQO\�WKH�VLQJO\�FKDUJHG�LRQ�UHDFWLRQ�ZDV�FDWDO\]HG��&RSSHU�ZDV�REVHUYHG�WR�EH�DQ�

H[WUHPHO\�HIIHFWLYH�FDWDO\VW�EHFDXVH���î������PROH�OLWHU�LQFUHDVHG�WKH�UDWH�RI�WKH�PRQRYDOHQW�LRQ�UHDFWLRQ�

E\�D�IDFWRU�RI���������

)LJ�������� 7KH�S+�SURILOH�IRU�WKH�R[LGDWLYH�GHJUDGDWLRQ�RI�DVFRUELF�DFLG��.H\���� �
FDOFXODWHG�UDWH�FRQVWDQW��A� �UDWH�FRQVWDQW�H[WUDSRODWHG�WR�]HUR�EXIIHU�FRQFHQWUDWLRQ

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



ZKHUH�RQO\�WKH�HIIHFW�RI�K\GURJHQ�DQG�RU�K\GUR[\O�LRQV�LV�DFFRXQWHG�IRU���)URP�6��0��
%ODXJ�DQG�%��+DMUDWZDOD��-��3KDUP��6FL� ��� ���������� ��� ������������:LWK�
SHUPLVVLRQ��

1RUG���VKRZHG�WKDW�WKH�UDWH�RI�WKH�FRSSHU�FDWDO\]HG�DXWR[LGDWLRQ�RI�DVFRUELF�DFLG�ZDV�D�IXQFWLRQ�RI�WKH�

FRQFHQWUDWLRQV�RI�WKH�PRQRYDOHQW�DVFRUEDWH�DQLRQ��WKH�FXSURXV�LRQ��WKH�FXSULF�LRQ��DQG�WKH�K\GURJHQ�LRQ�

LQ�WKH�VROXWLRQ��7KH�NLQHWLF�VFKHPH�SURSRVHG�E\�1RUG�DSSHDUV�WR�FRPSDUH�ZHOO�ZLWK�H[SHULPHQWDO�

ILQGLQJV��

%ODXJ�DQG�+DMUDWZDOD���REVHUYHG�WKDW�DVFRUELF�DFLG�GHJUDGHG�E\�DHURELF�R[LGDWLRQ�DFFRUGLQJ�WR�WKH�

ORJ�UDWH�FRQVWDQW�±S+�SURILOH�RI)LJXUH��������7KH�HIIHFWV�RI�EXIIHU�VSHFLHV�ZHUH�HOLPLQDWHG�VR�WKDW�RQO\�

WKH�FDWDO\VLV�GXH�WR�K\GURJHQ�DQG�K\GUR[\O�LRQV�ZDV�FRQVLGHUHG��'HK\GURDVFRUELF�DFLG��WKH�UHFRJQL]HG�

EUHDNGRZQ�SURGXFW�RI�DVFRUELF�DFLG��ZDV�IRXQG�WR�GHFRPSRVH�IXUWKHU�LQWR�NHWRJXORQLF�DFLG��ZKLFK�WKHQ�

IRUPHG�WKUHRQLF�DQG�R[DOLF�DFLGV��

$FFRUGLQJ�WR�5RJHUV�DQG�<DFRPHQL����DVFRUELF�DFLG�H[KLELWV�PD[LPXP�GHJUDGDWLRQ�DW�S+���DQG�

PLQLPXP�GHJUDGDWLRQ�DW�S+�����LQ�FLWULF�DFLG±SKRVSKDWH�EXIIHUV�LQ�WKH�SUHVHQFH�RI�H[FHVV�R[\JHQ�DW�

���&��7KH�S+±UDWH�SURILOH�FDQ�EH�ILW�FORVHO\�WR�WKH�H[SHULPHQWDO�SRLQWV�XVLQJ�ILUVW��DQG�VHFRQG�RUGHU�UDWH�

FRQVWDQWV�N�� �����î���
���0���VHF����N�� �����VHF

����DQG�N�� �����î���
���0���VHF���LQ�WKH�UDWH�H[SUHVVLRQ�

ZKHUH�N��LV�WKH�ILUVW�RUGHU�VROYHQW�FDWDO\VLV�WHUP��RUGLQDULO\�ZULWWHQ�DVN���DQG�N��DQG�N��DUH�WKH�FDWDO\WLF�

FRHIILFLHQWV��

7DNDPXUD�DQG�,WR���VWXGLHG�WKH�HIIHFW�RI�PHWDO�LRQV�DQG�IODYRQRLGV�RQ�WKH�R[LGDWLRQ�RI�DVFRUELF�DFLG��

XVLQJ�SRODURJUDSK\�DW�S+������7UDQVLWLRQ�PHWDO�LRQV�LQFUHDVHG�WKH�UDWH�RI�ILUVW�RUGHU�R[LGDWLRQ��WKH�UDWH�

ZDV�LQFUHDVHG�E\�����LQ�WKH�SUHVHQFH�RI�&X����)ODYRQRLGV�DUH�\HOORZ�SLJPHQWV�IRXQG�LQ�KLJKHU�SODQWV��

7KH�IODYRQRLG�FRQVWLWXHQWV�UXWLQ�DQG�KHVSHULGDQ�ZHUH�XVHG�LQ�WKH�SDVW�WR�UHGXFH�FDSLOODU\�IUDJLOLW\�DQG�

EOHHGLQJ����7DNDPXUD�DQG�,WR���IRXQG�WKDW�IODYRQRLGV�LQKLELWHG�WKH�&X���FDWDO\]HG�R[LGDWLRQ�LQ�WKH�

IROORZLQJ�RUGHU�RI�HIIHFWLYHQHVV����K\GUR[\IODYRQH���UXWLQ���TXHUFLWLQ��7KLV�RUGHU�RI�LQKLELWLRQ�

FRUUHVSRQGHG�WR�WKH�RUGHU�RI�FRPSOH[DWLRQ�RI�&X���E\�WKH�IODYRQRLGV��VXJJHVWLQJ�WKDW�WKH�IODYRQRLGV�

LQKLELW�&X���FDWDO\]HG�R[LGDWLRQ�E\�W\LQJ�XS�WKH�FRSSHU�LRQ�LQ�VROXWLRQ��

2[LGDWLRQ�UDWHV�XQGHU�FRQGLWLRQV�VLPLODU�WR�WKRVH�LQ�SKDUPDFHXWLFDO�V\VWHPV�ZHUH�H[DPLQHG�E\�)\KU�DQG�

%URGLQ����7KH\�LQYHVWLJDWHG�WKH�LURQ�FDWDO\]HG�R[LGDWLRQ�RI�DVFRUELF�DFLG�DW����&�DW�S+�YDOXHV�RI���WR���

DQG�SDUWLDO�SUHVVXUHV�RI�R[\JHQ�RI����NLORSDVFDO��N3D��DQG�DW�LURQ�FRQFHQWUDWLRQV�EHWZHHQ������DQG������

SSP��7KHVH�ZRUNHUV�IRXQG�WKH�R[LGDWLRQ�RI�DVFRUELF�DFLG�WR�EH�ILUVW�RUGHU�ZLWK�UHVSHFW�WR�WKH�WRWDO�

DVFRUELF�DFLG�FRQFHQWUDWLRQ��7UDFH�HOHPHQW�DQDO\VLV�ZDV�XVHG�WR�IROORZ�FKDQJHV�LQ�LURQ�FRQFHQWUDWLRQ��

$NHUV���VWXGLHG�WKH�VWDQGDUG�R[LGDWLRQ�SRWHQWLDOV RI�DQWLR[LGDQWV�LQ�UHODWLRQ�WR�VWDELOL]DWLRQ�RI�

HSLQHSKULQH�LQ�DTXHRXV�VROXWLRQ��+H�IRXQG�WKDW�DVFRUELF�DFLG�RU�D�FRPELQDWLRQ�RI������WKLRXUHD�ZLWK�

�����DFHW\OF\VWHLQH�ZDV�WKH�PRVW�HIIHFWLYH�LQ�VWDELOL]LQJ�SDUHQWHUDO�VROXWLRQV�RI�HSLQHSKULQH��

7KRPD�DQG�6WUXYH���DWWHPSWHG�WR�SURWHFW�HSLQHSKULQH�VROXWLRQV�IURP�R[LGDWLYH�GHJUDGDWLRQ�E\�WKH�

DGGLWLRQ�RI�UHGR[�VWDELOL]HUV��DQWLR[LGDQWV��VXFK�DV�DVFRUELF�DFLG��6RGLXP�PHWDELVXOILWH��1D�6�2���

SUHYHQWHG�GLVFRORUDWLRQ�RI�HSLQHSKULQH�VROXWLRQV�EXW�LPSURYHG�WKH�VWDELOLW\�RQO\�VOLJKWO\��7KH�EHVW�

VWDELOL]DWLRQ�RI�HSLQHSKULQH�LQ�VROXWLRQ�ZDV�SURYLGHG�E\�WKH�XVH�RI�QLWURJHQ��

7KH�GHFRPSRVLWLRQ�RI�D�QHZ�DQWLDVWKPDWLF�DJHQW����>���K\GUR[\SKHQ\O�DPLQR@���

PHWKR[\EHQ]HQHPHWKDQRO�RU�+3$0%���ZKLFK�DFWV�WKHUDSHXWLFDOO\�E\�FRQWUDFWLRQ�RI�YDVFXODU�DQG�

SXOPRQDU\�VPRRWK�PXVFOHV��ZDV�LQYHVWLJDWHG�LQ�WKH�SUHVHQFH�DQG�DEVHQFH�RI�WKH�DQWLR[LGDQW�DVFRUELF�

DFLG�LQ�SKRVSKDWH�EXIIHU��S+������DQG�LQ�DTXHRXV�VROXWLRQ��S+���������$V�VKRZQ�LQ�)LJXUH��������WKH�

GUXJ�EURNH�GRZQ�

3�����

UDSLGO\�DW����&�LQ�ZDWHU�LQ�WKH�DEVHQFH�RI�DVFRUELF�DFLG��ZKHUHDV�QR�ORVV�LQ�GUXJ�FRQFHQWUDWLRQ�RFFXUUHG�

LQ�WKH�SUHVHQFH�RI������DVFRUELF�DFLG��,Q�WZR�QRQDTXHRXV�VROYHQWV��HWKDQRO�DQG�GLPHWK\O�VXOIR[LGH��WKH�

R[LGDWLYH�GHFRPSRVLWLRQ�UDWH�RI�+3$0%�ZDV�PXFK�VORZHU�WKDQ�LQ�DTXHRXV�VROXWLRQ��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� 'HFRPSRVLWLRQ�RI�+3$0%�DORQH�DQG�LQ�WKH�SUHVHQFH�RI�DVFRUELF�DFLG��
7KH�FXUYH�IRU�WKH�R[LGL]HG�SURGXFW�UHVXOWLQJ�IURP�+3$0%�EUHDNGRZQ�LV�DOVR�VKRZQ��
�)URP�$��%��&��<X�DQG�*��$��3RUWPDQ��-��3KDUP��6FL� ��� �����������:LWK�
SHUPLVVLRQ��

3KRWRGHJUDGDWLRQ�
/LJKW�HQHUJ\��OLNH�KHDW��PD\�SURYLGH�WKH�DFWLYDWLRQ�QHFHVVDU\�IRU�D�UHDFWLRQ�WR�RFFXU��5DGLDWLRQ�RI�WKH�

SURSHU�IUHTXHQF\�DQG�RI�VXIILFLHQW�HQHUJ\�PXVW�EH�DEVRUEHG�WR�DFWLYDWH�WKH�PROHFXOHV��7KH�HQHUJ\�XQLW�

RI�UDGLDWLRQ�LV�NQRZQ�DV�WKH�SKRWRQ�DQG�LV�HTXLYDOHQW�WR�RQHTXDQWXP�RI�HQHUJ\��3KRWRFKHPLFDO�UHDFWLRQV�

GR�QRW�GHSHQG�RQ�WHPSHUDWXUH�IRU�DFWLYDWLRQ�RI�WKH�PROHFXOHV��WKHUHIRUH��WKH�UDWH�RI�DFWLYDWLRQ�LQ�VXFK�

UHDFWLRQV�LV�LQGHSHQGHQW�RI�WHPSHUDWXUH��$IWHU�D�PROHFXOH�KDV�DEVRUEHG�D�TXDQWXP�RI�UDGLDQW�HQHUJ\��

KRZHYHU��LW�PD\�FROOLGH�ZLWK�RWKHU�PROHFXOHV��UDLVLQJ�WKHLU�NLQHWLF�HQHUJ\��DQG�WKH�WHPSHUDWXUH�RI�WKH�

V\VWHP�ZLOO�WKHUHIRUH�LQFUHDVH��7KH�LQLWLDO�SKRWRFKHPLFDO�UHDFWLRQ�PD\�RIWHQ�EH�IROORZHG�E\�WKHUPDO�

UHDFWLRQV��

7KH�VWXG\�RI�SKRWRFKHPLFDO�UHDFWLRQV�UHTXLUHV�VWULFW�DWWHQWLRQ�WR�FRQWURO�RI�WKH�ZDYHOHQJWK�DQG�LQWHQVLW\�

RI�OLJKW�DQG�WKH�QXPEHU�RI�SKRWRQV�DFWXDOO\�DEVRUEHG�E\�WKH�PDWHULDO��5HDFWLRQV�WKDW�RFFXU�E\�

SKRWRFKHPLFDO�DFWLYDWLRQ�DUH�XVXDOO\�FRPSOH[�DQG�SURFHHG�E\�D�VHULHV�RI�VWHSV��7KH�UDWHV�DQG�

PHFKDQLVPV�RI�WKH�VWDJHV�FDQ�EH�HOXFLGDWHG�WKURXJK�D�GHWDLOHG�LQYHVWLJDWLRQ�RI�DOO�IDFWRUV�LQYROYHG��EXW�

LQ�WKLV�HOHPHQWDU\�GLVFXVVLRQ�RI�WKH�HIIHFW�RI�OLJKW�RQ�SKDUPDFHXWLFDOV��ZH�ZLOO�QRW�JR�LQWR�VXFK�

FRQVLGHUDWLRQV��

([DPSOHV�RI�SKRWRFKHPLFDO�UHDFWLRQV�RI�LQWHUHVW�LQ�SKDUPDF\�DQG�ELRORJ\�DUH�WKH�LUUDGLDWLRQ�RI�

HUJRVWHURO�DQG�WKH�SURFHVV�RI�SKRWRV\QWKHVLV��:KHQ�HUJRVWHURO�LV�LUUDGLDWHG�ZLWK�OLJKW�LQ�WKH�XOWUDYLROHW�

UHJLRQ��YLWDPLQ�'�LV�SURGXFHG��,Q�SKRWRV\QWKHVLV��FDUERQ�GLR[LGH�DQG�ZDWHU�DUH�FRPELQHG�LQ�WKH�

SUHVHQFH�RI�D�SKRWRVHQVLWL]HU��FKORURSK\OO��&KORURSK\OO�DEVRUEV�YLVLEOH�OLJKW��DQG�WKH�OLJKW�WKHQ�EULQJV�

DERXW�WKH�SKRWRFKHPLFDO�UHDFWLRQ�LQ�ZKLFK�FDUERK\GUDWHV�DQG�R[\JHQ�DUH�IRUPHG��

6RPH�VWXGLHV�LQYROYLQJ�WKH�LQIOXHQFH�RI�OLJKW�RQ�PHGLFLQDO�DJHQWV�DUH�UHYLHZHG�KHUH��

0RRUH���GHVFULEHG�WKH�NLQHWLFV�RI�SKRWRR[LGDWLRQ�RI�EHQ]DOGHK\GH�DV�GHWHUPLQHG�E\�PHDVXULQJ�WKH�

R[\JHQ�FRQVXPSWLRQ�ZLWK�D�SRODURJUDSKLF�R[\JHQ�HOHFWURGH��3KRWRR[LGDWLRQ�RI�GUXJV�LV�LQLWLDWHG�E\�

XOWUDYLROHW�UDGLDWLRQ�DFFRUGLQJ�WR�RQH�RI�WZR�FODVVHV�RI�UHDFWLRQV��7KH�ILUVW�LV�D�IUHH�UDGLFDO�FKDLQ�SURFHVV�

LQ�ZKLFK�D�VHQVLWL]HU��IRU�H[DPSOH��EHQ]RSKHQRQH��DEVWUDFWV�D�K\GURJHQ�DWRP�IURP�WKH�GUXJ��7KH�IUHH�

UDGLFDO�GUXJ�DGGV�D�PROHFXOH�RI�R[\JHQ��DQG�WKH�FKDLQ�LV�SURSDJDWHG�E\�UHPRYLQJ�D�K\GURJHQ�DWRP�IURP�

DQRWKHU�PROHFXOH�RI�R[LGDQW��D�K\GURSHUR[LGH��ZKLFK�PD\�UHDFW�IXUWKHU�E\�D�QRQUDGLFDO�PHFKDQLVP��7KH�

VFKHPH�IRU�LQLWLDWLRQ��SURSDJDWLRQ��DQG�WHUPLQDWLRQ�RI�WKH�FKDLQ�UHDFWLRQ�LV�VKRZQ�LQ�)LJXUH��������

7KH�VHFRQG�FODVV�RI�SKRWRR[LGDWLRQ�LV�LQLWLDWHG�E\�D�G\H�VXFK�DV�PHWK\OHQH�EOXH��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



$�PDQRPHWHU�LV�XVXDOO\�XVHG�WR�PHDVXUH�WKH�UDWH�RI�DEVRUSWLRQ�RI�R[\JHQ�IURP�WKH�JDV�SKDVH�LQWR�D�

VWLUUHG�VROXWLRQ�RI�WKH�R[LGL]LQJ�GUXJ��,Q�VRPH�FDVHV��DV�LQ�WKH�R[LGDWLRQ�RI�DVFRUELF�DFLG��

VSHFWURSKRWRPHWU\�PD\�EH�XVHG�LI�WKH�DEVRUSWLRQ�VSHFWUD�RI�WKH�UHDFWDQW�DQG�SURGXFW�DUH�VXIILFLHQWO\�

GLIIHUHQW��$Q�R[\JHQ�HOHFWURGH�RU�JDOYDQLF�FHOO�R[\JHQ�DQDO\]HU�KDV�DOVR�EHHQ�XVHG�WR�PHDVXUH�WKH�

R[\JHQ�FRQVXPSWLRQ��

)LJ�������� 6WHSV�LQ�WKH�SKRWRR[LGDWLRQ�RI�EHQ]DOGHK\GH���)URP�'��(��0RRUH��-��
3KDUP��6FL� ��� ������������:LWK�SHUPLVVLRQ��

(DUOLHU�VWXGLHV�RI�WKH�SKRWRR[LGDWLRQ�RI�EHQ]DOGHK\GH�LQ�Q�GHFDQH�VROXWLRQ�VKRZHG�WKDW�WKH�UHDFWLRQ�

LQYROYHG�D�IUHH�UDGLFDO�PHFKDQLVP��0RRUH�SURSRVHG�WR�VKRZ�ZKHWKHU�D�IUHH�UDGLFDO�SURFHVV�DOVR�

RFFXUUHG�LQ�D�GLOXWH�DTXHRXV�VROXWLRQ�DQG�WR�VWXG\�WKH�DQWLR[LGDQW�HIILFLHQF\�RI�VRPH�SRO\K\GULF�SKHQROV��

7KH�SKRWRR[LGDWLRQ�RI�EHQ]DOGHK\GH�ZDV�IRXQG�WR�IROORZ�D�IUHH�UDGLFDO�PHFKDQLVP��DQG�HIILFLHQF\�RI�WKH�

SRO\K\GULF�SKHQROLF�DQWLR[LGDQWV�UDQNHG�DV�IROORZV��FDWHFKRO�!�S\URJDOORO�!�K\GURTXLQRQH�!�UHVRUFLQRO�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



!�Q�SURS\O�JDOODWH��7KHVH�DQWLR[LGDQWV�FRXOG�EH�FODVVLILHG�DV�UHWDUGHUV�UDWKHU�WKDQ�LQKLELWRUV�EHFDXVH�

WKH\�VORZHG�WKH�UDWH�RI�R[LGDWLRQ�EXW�GLG�QRW�LQKLELW�WKH�UHDFWLRQ��

$VNHU�HW�DO����LQYHVWLJDWHG�WKH�SKRWRVWDELOL]LQJ�HIIHFW�RI�'/�PHWKLRQLQH�RQ�DVFRUELF�DFLG�VROXWLRQ��$����

PJ��FRQFHQWUDWLRQ�RI�'/�PHWKLRQLQH�ZDV�IRXQG�WR�HQKDQFH�WKH�VWDELOLW\�RI�D����PJ��VROXWLRQ�RI�

DVFRUELF�DFLG�EXIIHUHG�E\�SKRVSKDWH�EXW�QRW�E\�FLWUDWH�DW�S+������

8ULF�DFLG�ZDV�IRXQG�WR�SURGXFH�D�SKRWRSURWHFWLYH�HIIHFW�LQ�EXIIHUHG�DQG�XQEXIIHUHG�VROXWLRQV�RI�

VXOIDWKLD]ROH�VRGLXP����7KH�DGGLWLRQ�RI������VRGLXP�VXOILWH�DVVLVWHG�LQ�SUHYHQWLQJ�WKH�GLVFRORUDWLRQ�RI�

WKH�VXOIDWKLD]ROH�VROXWLRQ�SUHSDUHG�LQ�HLWKHU�D�ERUDWH�RU�D�SKRVSKDWH�EXIIHU��

3�����

)XURVHPLGH��/DVL[��LV�D�SRWHQW�GLXUHWLF��DYDLODEOH�DV�WDEOHWV�DQG�DV�D�VWHULOH�VROXWLRQ�IRU�LQMHFWLRQ��,W�LV�

IDLUO\�VWDEOH�LQ�DONDOLQH�VROXWLRQ�EXW�GHJUDGHV�UDSLGO\�LQ�DFLG�VROXWLRQ��

,UUDGLDWLRQ�RI�IXURVHPLGH�ZLWK�����QP�RI�XOWUDYLROHW�OLJKW�LQ�DONDOLQH�VROXWLRQV�DQG�LQ�PHWKDQRO�UHVXOWV�LQ�

SKRWRR[LGDWLRQ�DQG�UHGXFWLRQ��UHVSHFWLYHO\��WR�\LHOG�D�QXPEHU�RI�SURGXFWV��7KH�GUXJ�LV�UHODWLYHO\�VWDEOH�LQ�

RUGLQDU\�GD\OLJKW�RU�XQGHU�IOXRUHVFHQW��URRP��OLJKWLQJ�EXW�KDV�D�KDOI�OLIH�RI�RQO\�DERXW���KU�LQ�GLUHFW�

VXQOLJKW��%XQGJDDUG�HW�DO���GLVFRYHUHG�WKDW�LW�LV�WKH�XQ�LRQL]HG�DFLG�IRUP�RI�IXURVHPLGH�WKDW�LV�PRVW�

VHQVLWLYH�WR�SKRWRGHJUDGDWLRQ��,Q�DGGLWLRQ�WR�LQYHVWLJDWLQJ�WKH�SKRWROLDELOLW\�RI�IXURVHPLGH��WKHVH�ZRUNHUV�

DOVR�VWXGLHG�WKH�GHJUDGDWLRQ�RI�WKH�HWK\O��GLPHWK\OJO\FRODPLGH��DQG�GLHWK\OJO\FRODPLGH�HVWHUV�RI�

IXURVHPLGH�DQG�IRXQG�WKHP�WR�EH�YHU\�XQVWDEOH�LQ�VROXWLRQV�RI�S+���WR�����LQ�ERWK�GD\OLJKW�DQG�DUWLILFLDO�

URRP�OLJKWLQJ��7KH�KDOI�OLYHV�RI�SKRWRGHJUDGDWLRQ�IRU�WKH�HVWHUV�ZHUH�����WR�����KU��

$QGHUVLQ�DQG�7DPPLOHKWR���QRWHG�WKDW�DSSDUHQW�ILUVW�RUGHU�SKRWRNLQHWLFV�KDG�EHHQ�VKRZQ�E\�RWKHU�

ZRUNHUV�IRU�DGULDP\FLQ��IXURVHPLGH��PHQDGLRQH��QLIHGLSLQH��VXOIDFHWDPLGH��DQG�WKHRSK\OOLQH��

3KRWRGHJUDGDWLRQ�RI�WKH�WURPHWKDPLQH��75,6�EXIIHU��DPLQRK\GUR[\PHWK\OSURSDQHGLRO��VDOW�RI�NHWRURODF��

DQ�DQDOJHVLF�DQG�DQWL�LQIODPPDWRU\�DJHQW��DSSHDUHG�LQ�HWKDQRO�WR�EH�DQ�H[FHSWLRQ����LW�VKRZHG�

DSSDUHQW�ILUVW�RUGHU�NLQHWLFV�DW�ORZ�FRQFHQWUDWLRQV�������J�P/�RU�OHVV��RI�WKH�GUXJ��)LJ�������D���:KHQ�

WKH�FRQFHQWUDWLRQ�RI�NHWRURODF�WURPHWKDPLQH�EHFDPH�����J�P/�RU�JUHDWHU��KRZHYHU��WKH�NLQHWLFV�

H[KLELWHG�QRQ±ILUVW�RUGHU�UDWHV��7KDW�LV��WKH�SORWV�RI�GUXJ�FRQFHQWUDWLRQ�YHUVXV�LUUDGLDWLRQ�WLPH�ZHUH�QR�

ORQJHU�OLQHDU�EXW�UDWKHU�ZHUH�ERZHG�DW�WKHVH�KLJKHU�FRQFHQWUDWLRQV��)LJ�������E����

1LIHGLSLQH�LV�D�FDOFLXP�DQWDJRQLVW�XVHG�LQ�FRURQDU\�DUWHU\�GLVHDVH�DQG�LQ�K\SHUWHQVLRQ��XQIRUWXQDWHO\��LW�

LV�VHQVLWLYH�WR�OLJKW�ERWK�LQ�VROXWLRQ�DQG�LQ�WKH�VROLG�VWDWH��0DWVXGD�HW�DO����VWXGLHG�WKH�SKRWRGHJUDGDWLRQ�

RI�QLIHGLSLQH�LQ�WKH�VROLG�VWDWH�ZKHQ�H[SRVHG�WR�WKH�UDGLDWLRQ�RI�PHUFXU\�YDSRU�DQG�IOXRUHVFHQW�OLJKW�

VRXUFHV��7KH�GUXJ�GHFRPSRVHG�LQWR�IRXU�FRPSRXQGV��WKH�PDLQ�SKRWRSURGXFW�EHLQJ�D�QLWURVRS\ULGLQH��,W�

UHDGLO\�GHJUDGHG�LQ�XOWUDYLROHW�DQG�YLVLEOH�OLJKW��ZLWK�PD[LPXP�GHFRPSRVLWLRQ�RFFXUULQJ�DW�D�ZDYHOHQJWK�

RI�DERXW�����QP�������î������P���7KH�UDWH�RI�GHJUDGDWLRQ�RI�QLIHGLSLQH�ZDV�PXFK�IDVWHU�ZKHQ�H[SRVHG�WR�

D�PHUFXU\�YDSRU�ODPS�WKDQ�ZKHQ�VXEMHFWHG�WR�WKH�UD\V�RI�D�IOXRUHVFHQW�ODPS��KRZHYHU��WKH�GHJUDGDWLRQ�

LQ�WKH�SUHVHQFH�RI�ERWK�OLJKW�VRXUFHV�H[KLELWHG�ILUVW�RUGHU�NLQHWLFV��7KH�GUXJ�LV�PRUH�VHQVLWLYH�WR�OLJKW�

ZKHQ�LQ�VROXWLRQ��7KH�SKRWRGHFRPSRVLWLRQ�RI�QLIHGLSLQH�LQ�WKH�FU\VWDOOLQH�VROLG�VWDWH�ZDV�IRXQG�WR�EH�

GLUHFWO\�UHODWHG�WR�WKH�WRWDO�LUUDGLDWLRQ�LQWHQVLW\��7KH�WRWDO�LQWHQVLW\�ZDV�XVHG�DV�D�FRQYHQLHQW�SDUDPHWHU�

WR�PHDVXUH�DFFHOHUDWHG�SKRWRGHFRPSRVLWLRQ�RI�QLIHGLSLQH�LQ�WKH�VROLG�VWDWH�DQG�WKXV�WR�HVWLPDWH�LWV�

SKRWRVWDELOLW\�XQGHU�RUGLQDU\�FRQGLWLRQV�RI�OLJKW�LUUDGLDWLRQ��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� $�VHPLORJDULWKPLF�SORW�RI�WKH�SKRWRO\VLV�RI�NHWRURODF�WURPHWKDPLQH�
LQ�HWK\O�DOFRKRO��.H\�  �XQGHU�DUJRQ��A� �XQGHU�DLU��>FLUFOH�ZLWK�ULJKW�KDOI�
EODFN@� �XQGHU�R[\JHQ���D��$W�ORZ�GUXJ�FRQFHQWUDWLRQV���E��DW�KLJK�GUXJ�
FRQFHQWUDWLRQV���)URP�/��*X��+��&KLDQJ��DQG�'��-RKQVRQ��,QW��-��3KDUP� ��� �����
������:LWK�SHUPLVVLRQ��

7KH�SKRWRVHQVLWLYLW\�RI�WKH�G\H�)'	&�%OXH�1R����FDXVHV�LWV�VROXWLRQ�WR�IDGH�DQG�JUDGXDOO\�WR�EHFRPH�

FRORUOHVV��$VNHU�DQG�&ROOLHU��VWXGLHG�WKH�LQIOXHQFH�RI�DQ�XOWUDYLROHW�DEVRUEHU��XULF�DFLG��RQ�WKH�

SKRWRVWDELOLW\�RI�)'	&�%OXH�1R����LQ�JO\FHULQ�DQG�WULHWKDQRODPLQH��7KH\�IRXQG�WKDW�WKH�JUHDWHU�WKH�

FRQFHQWUDWLRQ�RI�XULF�DFLG�LQ�WULHWKDQRODPLQH��WKH�PRUH�SKRWRSURWHFWLRQ�ZDV�DIIRUGHG�WKH�G\H��*O\FHULQ�

ZDV�QRW�D�VXLWDEOH�VROYHQW�IRU�WKH�SKRWRSURWHFWRU�EHFDXVH�JO\FHULQ�DFFHOHUDWHV�WKH�UDWH�RI�FRORU�IDGLQJ��

SRVVLEO\�RZLQJ�WR�LWV�GLHOHFWULF�FRQVWDQW�HIIHFW��

$V�ZRXOG�EH�H[SHFWHG�IRU�D�UHDFWLRQ�WKDW�LV�D�IXQFWLRQ�RI�OLJKW�UDGLDWLRQ�DQG�FRORU�FKDQJH�UDWKHU�WKDQ�

FRQFHQWUDWLRQ��WKHVH�UHDFWLRQV�IROORZ�]HUR�RUGHU�NLQHWLFV��3KRWRGHJUDGDWLRQ�UHDFWLRQV�RI�FKORUSURPD]LQH��

PHQDGLRQH��UHVHUSLQH��DQG�FROFKLFLQH�DUH�DOVR�NLQHWLFDOO\�]HUR�RUGHU��

3�����

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



$VNHU�DQG�&ROEHUW���DVVHVVHG�WKH�LQIOXHQFH�RI�YDULRXV�DGGLWLYHV�RQ�WKH�SKRWRVWDELOL]LQJ�HIIHFW�WKDW�XULF�

DFLG�KDV�RQ�VROXWLRQV�RI�)'	&�%OXH�1R�����7KH�DJHQWV�WHVWHG�IRU�WKHLU�V\QHUJLVWLF�HIIHFWV�EHORQJ�WR�WKH�

IROORZLQJ�FODVVHV��DQWLR[LGDQWV��FKHODWLQJ�DJHQWV��VXUIDFWDQWV��VXJDUV��DQG�SUHVHUYDWLYHV��,W�ZDV�IRXQG�

WKDW�WKH�DQWLR[LGDQWV�'/�PHWKLRQLQH�DQG�'/�OHXFLQH�DFFHOHUDWHG�WKH�SKRWRGHJUDGDWLRQ�RI�WKH�)'	&�%OXH�

1R����VROXWLRQV��7KH�DGGLWLRQ�RI�WKH�VXUIDFWDQW�7ZHHQ�����SRO\VRUEDWH�����LQFUHDVHG�WKH�

SKRWRGHJUDGDWLRQ�RI�WKH�G\H��DV�HDUOLHU�UHSRUWHG�E\�.RZDUVNL���DQG�RWKHU�ZRUNHUV��/DFWRVH�KDV�EHHQ�

VKRZQ�E\�WKHVH�DXWKRUV�DQG�RWKHUV�WR�DFFHOHUDWH�WKH�FRORU�ORVV�RI�)'	&�%OXH�1R�����DQG�WKH�DGGLWLRQ�RI�

XULF�DFLG�UHWDUGV�WKH�SKRWRGHJUDGDWLRQ�FDXVHG�E\�WKH�VXJDU��/LNHZLVH��PHWK\OSDUDEHQ�DFFHOHUDWHV�WKH�

IDGLQJ�RI�WKH�EOXH�FRORU��DQG�WKH�DGGLWLRQ�RI�XULF�DFLG�FRXQWHUDFWV�WKLV�FRORU�ORVV��&KHODWLQJ�DJHQWV��VXFK�

DV�GLVRGLXP�HGHWDWH��('7$�GLVRGLXP���VLJQLILFDQWO\�LQFUHDVHG�WKH�UDWH�RI�FRORU�ORVV�RI�WKH�G\H��('7$�

GLVRGLXP�KDV�DOVR�EHHQ�UHSRUWHG�WR�LQFUHDVH�WKH�UDWH�RI�GHJUDGDWLRQ�RI�HSLQHSKULQH��SK\VRVWLJPLQH��DQG�

LVRSURWHUHQRO��DQG�LW�DFFHOHUDWHV�WKH�SKRWRGHJUDGDWLRQ�RI�PHWK\OHQH�EOXH�DQG�ULERIODYLQH��$FLGV��VXFK�DV�

WDUWDULF�DQG�FLWULF��WHQG�WR�LQFUHDVH�WKH�IDGLQJ�RI�G\H�VROXWLRQV��

$VNHU�DQG�-DFNVRQ���IRXQG�D�SKRWRSURWHFWLYH�HIIHFW�E\�GLPHWK\O�VXOIR[LGH�RQ�)'	&�5HG�1R����VROXWLRQV�

H[SRVHG�WR�ORQJ��DQG�VKRUW�ZDYH�XOWUDYLROHW�OLJKW��)OXRUHVFHQW�OLJKW�ZDV�PRUH�GHWULPHQWDO�WR�SKRWRVWDELOLW\�

RI�WKH�G\H�VROXWLRQ�WKDQ�ZHUH�WKH�XOWUDYLROHW�OLJKW�VRXUFHV��

$FFHOHUDWHG�6WDELOLW\�DQG�6WUHVV�7HVWLQJ�
7KH�)HGHUDO�)RRG��'UXJ��DQG�&RVPHWLF�$FW�UHTXLUHV�WKDW�PDQXIDFWXUHUV�HVWDEOLVK�FRQWUROV�IRU�WKH�

PDQXIDFWXUH��SURFHVVLQJ��SDFNLQJ��DQG�KROGLQJ�RI�GUXJ�SURGXFWV�WR�HQVXUH�WKHLU�VDIHW\��LGHQWLW\��VWUHQJWK��

TXDOLW\��DQG�SXULW\�>�����D�����%�@��5HTXLUHPHQWV�IRU�WKHVH�FRQWUROV��DOVR�NQRZQ�DV�FXUUHQW�JRRG�

PDQXIDFWXULQJ�SUDFWLFHV��DUH�HVWDEOLVKHG�DQG�PRQLWRUHG�E\�WKH�)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ��)'$���

6WDELOLW\�VWXGLHV�VKRXOG�LQFOXGH�WHVWLQJ�RI�WKRVH�DWWULEXWHV�RI�WKH�GUXJ�VXEVWDQFH�RU�GUXJ�SURGXFW�WKDW�DUH�

VXVFHSWLEOH�WR�FKDQJH�GXULQJ�VWRUDJH�DQG�DUH�OLNHO\�WR�LQIOXHQFH�TXDOLW\��VDIHW\��DQG�RU�HIILFDF\��7KH�

WHVWLQJ�VKRXOG�FRYHU��DV�DSSURSULDWH��WKH�SK\VLFDO��FKHPLFDO��ELRORJLF��DQG�PLFURELRORJLF�DWWULEXWHV��

SUHVHUYDWLYH�FRQWHQW��H�J���DQWLR[LGDQW��DQWLPLFURELDO�SUHVHUYDWLYH���DQG�IXQFWLRQDOLW\�WHVWV��H�J���IRU�D�

GRVH�GHOLYHU\�V\VWHP���$V�SDUW�RI�WKH�FXUUHQW�JRRG�PDQXIDFWXULQJ�SUDFWLFH�UHJXODWLRQV��WKH�)'$�UHTXLUHV�

WKDW�GUXJ�SURGXFWV�EHDU�DQ�H[SLUDWLRQ�GDWH�GHWHUPLQHG�E\�DSSURSULDWH�VWDELOLW\�WHVWLQJ�����&RGH�RI�

)HGHUDO�5HJXODWLRQV���������DQG�����������7KH�VWDELOLW\�RI�GUXJ�SURGXFWV�QHHGV�WR�EH�HYDOXDWHG�RYHU�

WLPH�LQ�WKH�VDPH�FRQWDLQHU�FORVXUH�V\VWHP�LQ�ZKLFK�WKH�GUXJ�SURGXFW�LV�PDUNHWHG��,Q�VRPH�FDVHV��

DFFHOHUDWHG�VWDELOLW\�VWXGLHV�FDQ�EH�XVHG�WR�VXSSRUW�WHQWDWLYH�H[SLUDWLRQ�GDWHV�LQ�WKH�HYHQW�WKDW�IXOO�VKHOI�

OLIH�VWXGLHV�DUH�QRW�DYDLODEOH��:KHQ�D�PDQXIDFWXUHU�FKDQJHV�WKH�SDFNDJLQJ�RI�D�GUXJ�SURGXFW��H�J���IURP�

D�ERWWOH�WR�XQLW�GRVH���VWDELOLW\�WHVWLQJ�PXVW�EH�SHUIRUPHG�RQ�WKH�SURGXFW�LQ�LWV�QHZ�SDFNDJLQJ��DQG�

H[SLUDWLRQ�GDWLQJ�PXVW�UHIOHFW�WKH�UHVXOWV�RI�WKH�QHZ�VWDELOLW\�WHVWLQJ��$FFHOHUDWHG�VWDELOLW\�VWXGLHV�DUH�

GHVLJQHG�WR�LQFUHDVH�WKH�UDWH�RI�FKHPLFDO�GHJUDGDWLRQ�RU�SK\VLFDO�FKDQJH�RI�D�GUXJ�VXEVWDQFH�RU�GUXJ�

SURGXFW�E\�XVLQJ�H[DJJHUDWHG�VWRUDJH�FRQGLWLRQV�DV�SDUW�RI�WKH�IRUPDO�VWDELOLW\�VWXGLHV��'DWD�IURP�WKHVH�

VWXGLHV��LQ�DGGLWLRQ�WR�ORQJ�WHUP�VWDELOLW\�VWXGLHV��FDQ�EH�XVHG�WR�DVVHVV�ORQJHU�WHUP�FKHPLFDO�HIIHFWV�DW�

QRQDFFHOHUDWHG�FRQGLWLRQV�DQG�WR�HYDOXDWH�WKH�HIIHFW�RI�VKRUW�WHUP�H[FXUVLRQV�RXWVLGH�WKH�ODEHO�VWRUDJH�

FRQGLWLRQV�VXFK�DV�PLJKW�RFFXU�GXULQJ�VKLSSLQJ��5HVXOWV�IURP�DFFHOHUDWHG�WHVWLQJ�VWXGLHV�DUH�QRW�DOZD\V�

SUHGLFWLYH�RI�SK\VLFDO�FKDQJHV��6WUHVV�WHVWLQJ�RI�WKH�GUXJ�VXEVWDQFH�RU�GUXJ�SURGXFW�FDQ�KHOS�LGHQWLI\�WKH�

OLNHO\�GHJUDGDWLRQ�SURGXFWV��ZKLFK�LQ�WXUQ�FDQ�KHOS�HVWDEOLVK�WKH�GHJUDGDWLRQ�SDWKZD\V�DQG�WKH�LQWULQVLF�

VWDELOLW\�RI�WKH�PROHFXOH�DQG�YDOLGDWH�WKH�VWDELOLW\�LQGLFDWLQJ�SRZHU�RI�WKH�DQDO\WLFDO�SURFHGXUHV�XVHG��7KH�

QDWXUH�RI�WKH�VWUHVV�WHVWLQJ�ZLOO�GHSHQG�RQ�WKH�LQGLYLGXDO�GUXJ�VXEVWDQFH�DQG�WKH�W\SH�RI�GUXJ�SURGXFW�

LQYROYHG��

.H\�&RQFHSW
6WUHVV�7HVWLQJ
6WUHVV�WHVWLQJ�WR�HOXFLGDWH�WKH�LQWULQVLF�VWDELOLW\�RI�WKH GUXJ�VXEVWDQFH LV�SDUW�RI�WKH�
GHYHORSPHQW�VWUDWHJ\�DQG�LV�QRUPDOO\�FDUULHG�RXW�XQGHU�PRUH�VHYHUH�FRQGLWLRQV�WKDQ�WKRVH�
XVHG�IRU�DFFHOHUDWHG�WHVWLQJ��7KH�WHVWLQJ�W\SLFDOO\�LQFOXGHV�WKH�HIIHFWV RI�WHPSHUDWXUH�>LQ����&�
LQFUHPHQWV��H�J������&±���&��DERYH�WKDW�IRU�DFFHOHUDWHG�WHVWLQJ@��KXPLGLW\��H�J�������UHODWLYH�
KXPLGLW\�RU�JUHDWHU��ZKHUH�DSSURSULDWH��R[LGDWLRQ��DQG�SKRWRO\VLV�RQ�WKH�GUXJ�VXEVWDQFH�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



6WUHVV�WHVWLQJ�RI�WKH GUXJ�SURGXFW LV�XQGHUWDNHQ�WR�DVVHVV�WKH�HIIHFW�RI�VHYHUH�FRQGLWLRQV�RQ�
WKH�GUXJ�SURGXFW��6XFK�VWXGLHV�LQFOXGH�SKRWRVWDELOLW\�WHVWLQJ�DQG�VSHFLILF�WHVWLQJ�RI�FHUWDLQ�
SURGXFWV��H�J���PHWHUHG�GRVH�LQKDOHUV��FUHDPV��HPXOVLRQV��UHIULJHUDWHG�DTXHRXV�OLTXLG�
SURGXFWV��

7KH�PHWKRG�RI�DFFHOHUDWHG�WHVWLQJ�RI�SKDUPDFHXWLFDO�SURGXFWV�EDVHG�RQ�WKH�SULQFLSOHV�RI�FKHPLFDO�

NLQHWLFV�ZDV�GHPRQVWUDWHG�E\�*DUUHWW�DQG�&DUSHU���$FFRUGLQJ�WR�WKLV�WHFKQLTXH��WKH�N�YDOXHV�IRU�WKH�

GHFRPSRVLWLRQ�RI�D�GUXJ�LQ�VROXWLRQ�DW�YDULRXV�HOHYDWHG�WHPSHUDWXUHV�DUH�REWDLQHG�E\�SORWWLQJ�VRPH�

IXQFWLRQ�RI�FRQFHQWUDWLRQ�DJDLQVW�WLPH��DV�VKRZQ�LQ�)LJXUH�������DQG�DOUHDG\�GLVFXVVHG�LQ�WKH�HDUO\�

VHFWLRQV�RI�WKLV�FKDSWHU��7KH�ORJDULWKPV�RI�WKH�VSHFLILF�UDWHV�RI�GHFRPSRVLWLRQ�DUH�WKHQ�SORWWHG�DJDLQVW�

WKH�UHFLSURFDOV�RI�WKH�DEVROXWH�WHPSHUDWXUHV�DV�VKRZQ�LQ�)LJXUH��������DQG�WKH�UHVXOWLQJ�OLQH�LV�

H[WUDSRODWHG�WR�URRP�WHPSHUDWXUH��7KH�N���LV�XVHG�WR�REWDLQ�D�PHDVXUH�RI�WKH�VWDELOLW\�RI�WKH�GUXJ�XQGHU�

RUGLQDU\�VKHOI�FRQGLWLRQV��

3�����

)LJ�������� $FFHOHUDWHG�EUHDNGRZQ�RI�D�GUXJ�LQ�DTXHRXV�VROXWLRQ�DW�HOHYDWHG�
WHPSHUDWXUH�

([DPSOH������
([SLUDWLRQ�'DWLQJ
7KH�LQLWLDO�FRQFHQWUDWLRQ�RI�D�GUXJ�GHFRPSRVLQJ�DFFRUGLQJ�WR�ILUVW�RUGHU�NLQHWLFV�LV����
XQLWV�P/��7KH�VSHFLILF�GHFRPSRVLWLRQ�UDWH� N��REWDLQHG�IURP�DQ�$UUKHQLXV�SORW�LV����� î����� KU�
� DW�URRP�WHPSHUDWXUH�����&��3UHYLRXV�H[SHULPHQWDWLRQ�KDV�VKRZQ�WKDW�ZKHQ�WKH�
FRQFHQWUDWLRQ�RI�WKH�GUXJ�IDOOV�EHORZ����XQLWV�P/�LW�LV�QRW�VXIILFLHQWO\�SRWHQW�IRU�XVH�DQG�VKRXOG�
EH�UHPRYHG�IURP�WKH�PDUNHW��:KDW�H[SLUDWLRQ�GDWH�VKRXOG�EH�DVVLJQHG�WR�WKLV�SURGXFW"
:H�KDYH

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)UHH�DQG�%O\WKH�DQG��PRUH�UHFHQWO\��$PLUMDKHG���DQG�KLV�DVVRFLDWHV�VXJJHVWHG�D�VLPLODU�PHWKRG�LQ�

ZKLFK�WKH�IUDFWLRQDO�OLIH�SHULRG��([DPSOH�������LV�SORWWHG�DJDLQVW�UHFLSURFDO�WHPSHUDWXUHV�DQG�WKH�WLPH�LQ�

GD\V�UHTXLUHG�IRU�WKH�GUXJ�WR�GHFRPSRVH�WR�VRPH�IUDFWLRQ�RI�LWV�RULJLQDO�SRWHQF\�DW�URRP�WHPSHUDWXUH�LV�

REWDLQHG��7KH�DSSURDFK�LV�LOOXVWUDWHG�LQ�)LJXUHV������ DQG �������$V�REVHUYHG�LQ�)LJXUH��������WKH�ORJ�

SHUFHQW�RI�GUXJ�UHPDLQLQJ�LV�SORWWHG�DJDLQVW�WLPH�LQ�GD\V��DQG�WKH�WLPH�IRU�WKH�SRWHQF\�WR�IDOO�WR�����RI�

WKH�RULJLQDO�YDOXH��L�H��W����LV�UHDG�IURP�WKH�JUDSK��,Q�)LJXUH��������WKH�ORJ�WLPH�WR�����LV�WKHQ�SORWWHG�

DJDLQVW���7��DQG�WKH�WLPH�DW����&�JLYHV�WKH�VKHOI�OLIH�RI�WKH�SURGXFW�LQ�GD\V��7KH�GHFRPSRVLWLRQ�GDWD�

LOOXVWUDWHG�LQ�)LJXUH�������UHVXOW�LQ�D�W���YDOXH�RI�����GD\V��6KHOI�OLIH�DQG�H[SLUDWLRQ�GDWHV�DUH�HVWLPDWHG�

LQ�WKLV�ZD\��%DNHU�DQG�1LD]L���SRLQWHG�RXW�OLPLWDWLRQV�RI�WKH�PHWKRG��

)LJ�������� $UUKHQLXV�SORW�IRU�SUHGLFWLQJ�GUXJ�VWDELOLW\�DW�URRP�WHPSHUDWXUHV�

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� 7LPH�LQ�GD\V�UHTXLUHG�IRU�GUXJ�SRWHQF\�WR�IDOO�WR�����RI�RULJLQDO�YDOXH��
7KHVH�WLPHV��GHVLJQDWHG W����DUH�WKHQ�SORWWHG�RQ�D�ORJ�VFDOH�LQ )LJXUH�������

%\�HLWKHU�RI�WKHVH�PHWKRGV��WKH�RYHUDJH��WKDW�LV��WKH�H[FHVV�TXDQWLW\�RI�GUXJ�WKDW�PXVW�EH�DGGHG�WR�WKH�

SUHSDUDWLRQ�WR�PDLQWDLQ�DW�OHDVW������RI�WKH�ODEHOHG�DPRXQW�GXULQJ�WKH�H[SHFWHG�

3�����

VKHOI�OLIH�RI�WKH�GUXJ��FDQ�EH�HDVLO\�FDOFXODWHG�DQG�DGGHG�WR�WKH�SUHSDUDWLRQ�DW�WKH�WLPH�RI�PDQXIDFWXUH��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



)LJ�������� $�ORJ�SORW�RI W�� �L�H���WLPH�WR�����SRWHQF\��RQ�WKH�YHUWLFDO�D[LV�DJDLQVW�
UHFLSURFDO�WHPSHUDWXUH��ERWK�.HOYLQ�DQG�FHQWLJUDGH�VFDOHV�DUH�VKRZQ��RQ�WKH�
KRUL]RQWDO�D[LV�

$Q�LPSURYHG�DSSURDFK�WR�VWDELOLW\�HYDOXDWLRQ�LV�WKDW�RI�QRQLVRWKHUPDO�NLQHWLFV��LQWURGXFHG�E\�5RJHUV���LQ�

������7KH�DFWLYDWLRQ�HQHUJ\��UHDFWLRQ�UDWHV��DQG�VWDELOLW\�SUHGLFWLRQV�DUH�REWDLQHG�LQ�D�VLQJOH�H[SHULPHQW�

E\�SURJUDPPLQJ�WKH�WHPSHUDWXUH�WR�FKDQJH�DW�D�SUHGHWHUPLQHG�UDWH��7HPSHUDWXUH�DQG�WLPH�DUH�UHODWHG�

WKURXJK�DQ�DSSURSULDWH�IXQFWLRQ��VXFK�DV�

ZKHUH�7��LV�WKH�LQLWLDO�WHPSHUDWXUH�DQG�D�LV�D�UHFLSURFDO�KHDWLQJ�UDWH�FRQVWDQW��$W�DQ\�WLPH�GXULQJ�WKH�UXQ��

WKH�$UUKHQLXV�HTXDWLRQ�IRU�WLPH�]HUR�DQG�WLPH�W�FDQ�EH�ZULWWHQ�DV�

DQG�VXEVWLWXWLQJ����������LQWR����������\LHOGV�

%HFDXVH�WHPSHUDWXUH�LV�D�IXQFWLRQ�RI�WKH�WLPH��W��D�PHDVXUH�RI�VWDELOLW\��NW��LV�GLUHFWO\�REWDLQHG�RYHU�D�

UDQJH�RI�WHPSHUDWXUHV��$�QXPEHU�RI�YDULDWLRQV�KDYH�EHHQ�PDGH�RQ�WKH�PHWKRG������������DQG�LW�LV�QRZ�

SRVVLEOH�WR�FKDQJH�WKH�KHDWLQJ�UDWH�GXULQJ�D�UXQ�RU�FRPELQH�D�SURJUDPPHG�KHDWLQJ�UDWH�ZLWK�LVRWKHUPDO�

VWXGLHV�DQG�UHFHLYH�SULQWRXWV�RI�DFWLYDWLRQ�HQHUJ\��RUGHU�RI�UHDFWLRQ��DQG�VWDELOLW\�HVWLPDWHV�IRU�SURMHFWHG�

WLPHV�DQG�DW�YDULRXV�WHPSHUDWXUHV��

$OWKRXJK�NLQHWLF�PHWKRGV�QHHG�QRW�LQYROYH�GHWDLOHG�VWXGLHV�RI�PHFKDQLVP�RI�GHJUDGDWLRQ�LQ�WKH�

SUHGLFWLRQ�RI�VWDELOLW\��WKH\�GR�GHPDQG�WKH�DSSOLFDWLRQ�RI�VRXQG�VFLHQWLILF�SULQFLSOHV�LI�WKH\�DUH�WR�EH�DQ�

LPSURYHPHQW�RYHU�H[WHQGHG�URRP�WHPSHUDWXUH�VWXGLHV��)XUWKHUPRUH��EHIRUH�DQ�ROGHU�PHWKRG��DOWKRXJK�

VRPHZKDW�OHVV�WKDQ�ZKROO\�VDWLVIDFWRU\��LV�GLVFDUGHG��WKH�QHZ�WHFKQLTXH�VKRXOG�EH�SXW�WKURXJK�D�

SUHOLPLQDU\�WULDO�SHULRG�DQG�VWXGLHG�FULWLFDOO\��6RPH�JHQHUDO�SUHFDXWLRQV�UHJDUGLQJ�WKH�XVH�RI�DFFHOHUDWHG�

WHVWLQJ�PHWKRGV�DUH�DSSURSULDWH�DW�WKLV�SRLQW��

,Q�WKH�ILUVW�SODFH��LW�VKRXOG�EH�UHHPSKDVL]HG�WKDW�WKH�UHVXOWV�REWDLQHG�IURP�D�VWXG\�RI�WKH�GHJUDGDWLRQ�RI�

D�SDUWLFXODU�FRPSRQHQW�LQ�D�YHKLFOH�FDQQRW�EH�DSSOLHG�DUELWUDULO\�WR�RWKHU�OLTXLG�SUHSDUDWLRQV�LQ�JHQHUDO��

$V�*DUUHWW���SRLQWHG�RXW��KRZHYHU��RQFH�WKH�HQHUJ\�RI�DFWLYDWLRQ�LV�NQRZQ�IRU�D�FRPSRQHQW��LW�SUREDEO\�

LV�YDOLG�WR�FRQWLQXH�WR�XVH�WKLV�YDOXH�DOWKRXJK�VPDOO�FKDQJHV�RI�FRQFHQWUDWLRQ��H�J���DGGLWLRQ�RI�RYHUDJH��

RU�VOLJKW�IRUPXOD�FKDQJHV�DUH�PDGH��7KH�NQRZQ�DFWLYDWLRQ�HQHUJ\�DQG�D�VLQJOH�UDWH�VWXG\�DW�DQ�HOHYDWHG�

WHPSHUDWXUH�PD\�WKHQ�EH�XVHG�WR�SUHGLFW�WKH�VWDELOLW\�RI�WKDW�FRPSRQHQW�DW�RUGLQDU\�WHPSHUDWXUHV��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



7HVWLQJ�PHWKRGV�EDVHG�RQ�WKH�$UUKHQLXV�ODZ�DUH�YDOLG�RQO\�ZKHQ�WKH�EUHDNGRZQ�LV�D�WKHUPDO�

SKHQRPHQRQ�ZLWK�DQ�DFWLYDWLRQ�HQHUJ\�RI�DERXW����WR����NFDO�PROH��,I�WKH�UHDFWLRQ�UDWH�LV�GHWHUPLQHG�E\�

GLIIXVLRQ�RU�SKRWRFKHPLFDO�UHDFWLRQV��RU�LI�WKH�GHFRPSRVLWLRQ�LV�GXH�WR�IUHH]LQJ��FRQWDPLQDWLRQ�E\�

PLFURRUJDQLVPV��H[FHVVLYH�DJLWDWLRQ�GXULQJ�WUDQVSRUW��DQG�VR�RQ��DQ�HOHYDWHG�WHPSHUDWXUH�VWXG\�LV�

REYLRXVO\�RI�OLWWOH�XVH�LQ�SUHGLFWLQJ�WKH�OLIH�RI�WKH�SURGXFW��1RU�FDQ�HOHYDWHG�WHPSHUDWXUHV�EH�XVHG�IRU�

SURGXFWV�FRQWDLQLQJ�VXVSHQGLQJ�DJHQWV�VXFK�DV�PHWK\OFHOOXORVH�WKDW�FRDJXODWH�RQ�KHDWLQJ��SURWHLQV�WKDW�

PD\�EH�GHQDWXUHG��DQG�RLQWPHQWV�DQG�VXSSRVLWRULHV�WKDW�PHOW�XQGHU�H[DJJHUDWHG�WHPSHUDWXUH�

FRQGLWLRQV��(PXOVLRQ�EUHDNLQJ�LQYROYHV�DJJUHJDWLRQ�DQG�FRDOHVFHQFH�RI�JOREXOHV��DQG�VRPH�HPXOVLRQV�

DUH�DFWXDOO\�PRUH�VWDEOH�DW�HOHYDWHG�WHPSHUDWXUHV�DW�ZKLFK�%URZQLDQ�PRYHPHQW�LV�LQFUHDVHG��/DFKPDQ�

HW�DO����UHYLHZHG�WKH�VWDELOLW\�WHVWLQJ�RI�HPXOVLRQV�DQG�VXVSHQVLRQV�DQG�WKH�HIIHFWV�RI�SDFNDJLQJ�RQ�WKH�

VWDELOLW\�RI�GRVDJH�IRUPV��

6WDWLVWLFDO�PHWKRGV�VKRXOG�EH�XVHG�WR�HVWLPDWH�WKH�HUURUV�LQ�UDWH�FRQVWDQWV��SDUWLFXODUO\�ZKHQ�DVVD\V�DUH�

EDVHG�RQ�ELRORJLF�PHWKRGV��WKLV�LV�DFFRPSOLVKHG�E\�WKH�PHWKRG�RI�OHDVW�VTXDUHV�DV�GLVFXVVHG�E\�

*DUUHWW���DQG�:HVWODNH���

7KH�LQYHVWLJDWRU�VKRXOG�EH�DZDUH�WKDW�WKH�RUGHU�RI�D�UHDFWLRQ�PD\�FKDQJH�GXULQJ�WKH�SHULRG�RI�WKH�VWXG\��

7KXV��D�]HUR�RUGHU�GHJUDGDWLRQ�PD\�VXEVHTXHQWO\�EHFRPH�ILUVW�RUGHU��VHFRQG�RUGHU��RU�IUDFWLRQDO�RUGHU��

DQG�WKH�DFWLYDWLRQ�HQHUJ\�PD\�DOVR�FKDQJH�LI�WKH�GHFRPSRVLWLRQ�SURFHHGV�E\�VHYHUDO�PHFKDQLVPV��$W�

FHUWDLQ�WHPSHUDWXUHV��DXWRFDWDO\VLV��L�H���DFFHOHUDWLRQ�RI�GHFRPSRVLWLRQ�E\�SURGXFWV�IRUPHG�LQ�WKH�

UHDFWLRQ��PD\�RFFXU�VR�DV�WR�PDNH�URRP�WHPSHUDWXUH�VWDELOLW\�SUHGLFWLRQV�IURP�DQ�HOHYDWHG�WHPSHUDWXUH�

VWXG\�LPSUDFWLFDO��

,Q�FRQFOXVLRQ��WKH�LQYHVWLJDWRU�LQ�WKH�SURGXFW�GHYHORSPHQW�ODERUDWRU\�PXVW�UHFRJQL]H�WKH�OLPLWDWLRQV�RI�

DFFHOHUDWHG�VWXGLHV��ERWK�WKH�FODVVLF�DQG�WKH�PRUH�UHFHQW�NLQHWLF�W\SH��DQG�PXVW�GLVWLQJXLVK�EHWZHHQ�

WKRVH�FDVHV�LQ�ZKLFK�UHOLDEOH�SUHGLFWLRQ�FDQ�EH�PDGH�DQG�WKRVH�LQ�ZKLFK��DW�EHVW��RQO\�D�URXJK�LQGLFDWLRQ�

RI�SURGXFW�VWDELOLW\�FDQ�EH�REWDLQHG��:KHUH�DFFHOHUDWHG�PHWKRGV�DUH�QRW�DSSOLFDEOH��H[WHQGHG�DJLQJ�

WHVWV�PXVW�EH�HPSOR\HG�XQGHU�YDULRXV�FRQGLWLRQV�WR�REWDLQ�WKH�GHVLUHG�LQIRUPDWLRQ��

&RQWDLQHUV�DQG�&ORVXUHV�
7KH�LQIRUPDWLRQ�IRU�WKLV�VHFWLRQ�LV�ODUJHO\�WDNHQ�IURP�WKH�)'$�*XLGDQFHV�IRU�&RQWDLQHUV�DQG�&ORVXUHV��

7KH�LQWHUHVWHG�VWXGHQW�VKRXOG�UHIHU�WR�WKH�VSHFLILF�JXLGDQFHV�IRU�DGGLWLRQDO�LQIRUPDWLRQ��$�FRQWDLQHU�

FORVXUH�RU�SDFNDJLQJ�V\VWHP�UHIHUV�WR�WKH�VXP�RI�SDFNDJLQJ�FRPSRQHQWV�WKDW�WRJHWKHU�FRQWDLQ�DQG�

SURWHFW�WKH�GRVDJH�IRUP��7KLV�LQFOXGHV�SULPDU\�SDFNDJLQJ�FRPSRQHQWV�DQG�VHFRQGDU\�SDFNDJLQJ�

FRPSRQHQWV��LI�WKH�ODWWHU�DUH�LQWHQGHG�WR�SURYLGH�DGGLWLRQDO�SURWHFWLRQ�WR�WKH�GUXJ�SURGXFW��3DFNDJLQJ�

FRPSRQHQWV�DUH�W\SLFDOO\�PDGH�IURP�JODVV��KLJK�GHQVLW\�SRO\HWK\OHQH�UHVLQ��PHWDO��RU�RWKHU�PDWHULDOV��

7\SLFDO�FRPSRQHQWV�DUH�FRQWDLQHUV��H�J���DPSXOHV��YLDOV��ERWWOHV���FRQWDLQHU�OLQHUV��H�J���WXEH�OLQHUV���

FORVXUHV��H�J���VFUHZ�FDSV��VWRSSHUV���FORVXUH�OLQHUV��VWRSSHU�RYHUVHDOV��FRQWDLQHU�LQQHU�VHDOV��

DGPLQLVWUDWLRQ�SRUWV��H�J���RQ�ODUJH�YROXPH�SDUHQWHUDOV���RYHUZUDSV��DGPLQLVWUDWLRQ�DFFHVVRULHV��DQG�

FRQWDLQHU�ODEHOV��$�SDFNDJH�RU�PDUNHW�SDFNDJH�UHIHUV�WR�WKH�FRQWDLQHU�FORVXUH�V\VWHP�DQG�ODEHOLQJ��

DVVRFLDWHG�FRPSRQHQWV��H�J���GRVLQJ�FXSV��GURSSHUV��VSRRQV���DQG�H[WHUQDO�SDFNDJLQJ��H�J���FDUWRQV�RU�

VKULQN�ZUDS���$�PDUNHW�SDFNDJH�LV�WKH�DUWLFOH�

3�����

SURYLGHG�WR�D�SKDUPDFLVW�RU�UHWDLO�FXVWRPHU�XSRQ�SXUFKDVH�DQG�GRHV�QRW�LQFOXGH�SDFNDJLQJ�XVHG�VROHO\�

IRU�WKH�SXUSRVH�RI�VKLSSLQJ�VXFK�DUWLFOHV��7KHUH�DUH�PDQ\�LVVXHV�WKDW�UHODWH�WR�FRQWDLQHU�FORVXUH�

V\VWHPV��LQFOXGLQJ�SURWHFWLRQ��FRPSDWLELOLW\��VDIHW\��DQG�SHUIRUPDQFH�RI�SDFNDJLQJ�FRPSRQHQWV�DQG�RU�

V\VWHPV��7KH�SXUSRVH�RI�WKLV�VHFWLRQ�LV�WR�UDLVH�WKH�VWXGHQW
V�DZDUHQHVV�RI�WKH�VWDELOLW\�DVSHFWV�UHODWHG�

WR�FRQWDLQHU�FORVXUH�V\VWHPV��

7KH�8QLWHG�6WDWHV�3KDUPDFRSHLDO�&RQYHQWLRQ�KDV�HVWDEOLVKHG�UHTXLUHPHQWV�IRU�FRQWDLQHUV�WKDW�DUH�

GHVFULEHG�LQ�PDQ\�RI�WKH�GUXJ�SURGXFW�PRQRJUDSKV�LQ�8QLWHG�6WDWHV�3KDUPDFRSHLD��863���)RU�FDSVXOHV�

DQG�WDEOHWV��WKHVH�UHTXLUHPHQWV�JHQHUDOO\�UHODWH�WR�WKH�GHVLJQ�FKDUDFWHULVWLFV�RI�WKH�FRQWDLQHU��H�J���WLJKW��

ZHOO�FORVHG��RU�OLJKW�UHVLVWDQW���)RU�LQMHFWDEOH�SURGXFWV��PDWHULDOV�RI�FRQVWUXFWLRQ�DUH�DOVR�DGGUHVVHG�

�H�J���³3UHVHUYH�LQ�VLQJOH�GRVH�RU�LQ�PXOWLSOH�GRVH�FRQWDLQHUV��SUHIHUDEO\�RI�7\SH�,�JODVV��SURWHFWHG�IURP�

OLJKW´���7KHVH�UHTXLUHPHQWV�DUH�GHILQHG�LQ�WKH�*HQHUDO�1RWLFHV�DQG�5HTXLUHPHQWV��3UHVHUYDWLRQ��

'U��0XUWDGKD�$OVKDUHLIL�H�/LEUDU\

���



3DFNDJLQJ��6WRUDJH��DQG�/DEHOLQJ��VHFWLRQ�RI�WKH�863��7KH�UHTXLUHPHQWV�IRU�PDWHULDOV�RI�FRQVWUXFWLRQ�

DUH�GHILQHG�LQ�WKH�*HQHUDO�&KDSWHUV�RI�WKH�863��

7KH�W\SH�DQG�H[WHQW�RI�VWDELOLW\�LQIRUPDWLRQ�UHTXLUHG�IRU�D�SDUWLFXODU�GUXJ�SURGXFW�GHSHQGV�RQ�WKH�GRVDJH�

IRUP�DQG�WKH�URXWH�RI�DGPLQLVWUDWLRQ��)RU�H[DPSOH��WKH�NLQG�RI�LQIRUPDWLRQ�WKDW�VKRXOG�EH�SURYLGHG�DERXW�

D�SDFNDJLQJ�V\VWHP�IRU�DQ�LQMHFWDEOH�GRVDJH�IRUP�RU�D�GUXJ�SURGXFW�IRU�LQKDODWLRQ�LV�RIWHQ�PRUH�GHWDLOHG�

WKDQ�WKDW�ZKLFK�VKRXOG�EH�SURYLGHG�DERXW�D�SDFNDJLQJ�V\VWHP�IRU�D�VROLG�RUDO�GRVDJH�IRUP��0RUH�

GHWDLOHG�LQIRUPDWLRQ�XVXDOO\�VKRXOG�EH�SURYLGHG�IRU�D�OLTXLG�EDVHG�GRVDJH�IRUP�WKDQ�IRU�D�SRZGHU�RU�D�

VROLG�EHFDXVH�D�OLTXLG�EDVHG�GRVDJH�IRUP�LV�PRUH�OLNHO\�WR�LQWHUDFW�ZLWK�WKH�SDFNDJLQJ�FRPSRQHQWV��7KH�

VXLWDELOLW\�RI�D�FRQWDLQHU�FORVXUH�V\VWHP�IRU�D�SDUWLFXODU�SKDUPDFHXWLFDO�SURGXFW�LV�XOWLPDWHO\�SURYHQ�E\�

IXOO�VKHOI�OLIH�VWDELOLW\�VWXGLHV��$�FRQWDLQHU�FORVXUH�V\VWHP�VKRXOG�SURYLGH�WKH�GRVDJH�IRUP�ZLWK�DGHTXDWH�

SURWHFWLRQ�IURP�IDFWRUV��H�J���WHPSHUDWXUH��OLJKW��WKDW�FDQ�FDXVH�D�UHGXFWLRQ�LQ�WKH�TXDOLW\�RI�WKDW�GRVDJH�

IRUP�RYHU�LWV�VKHOI�OLIH��$V�GLVFXVVHG�HDUOLHU�LQ�WKLV�FKDSWHU��WKHUH�DUH�QXPHURXV�FDXVHV�RI�GHJUDGDWLRQ�

VXFK�DV�H[SRVXUH�WR�OLJKW��ORVV�RI�VROYHQW��H[SRVXUH�WR�UHDFWLYH�JDVHV��H�J���R[\JHQ���DEVRUSWLRQ�RI�ZDWHU�

YDSRU��DQG�PLFURELDO�FRQWDPLQDWLRQ��$�GUXJ�SURGXFW�FDQ�DOVR�VXIIHU�DQ�XQDFFHSWDEOH�ORVV�LQ�TXDOLW\�LI�LW�LV�

FRQWDPLQDWHG�E\�ILOWK��1RW�HYHU\�GUXJ�SURGXFW�LV�VXVFHSWLEOH�WR�GHJUDGDWLRQ�E\�DOO�RI�WKHVH�IDFWRUV��1RW�DOO�

GUXJ�SURGXFWV�DUH�OLJKW�VHQVLWLYH��1RW�DOO�WDEOHWV�DUH�VXEMHFW�WR�ORVV�RI�TXDOLW\�GXH�WR�DEVRUSWLRQ�RI�

PRLVWXUH��6HQVLWLYLW\�WR�R[\JHQ�LV�PRVW�FRPPRQO\�IRXQG�ZLWK�OLTXLG�EDVHG�GRVDJH�IRUPV��/LJKW�SURWHFWLRQ�

LV�W\SLFDOO\�SURYLGHG�E\�DQ�RSDTXH�RU�DPEHU�FRORUHG�FRQWDLQHU�RU�E\�DQ�RSDTXH�VHFRQGDU\�SDFNDJLQJ�

FRPSRQHQW��H�J���FDUWRQV�RU�RYHUZUDS���7KH�863�WHVW�IRU�OLJKW�WUDQVPLVVLRQ�LV�DQ�DFFHSWHG�VWDQGDUG�IRU�

HYDOXDWLQJ�WKH�OLJKW�WUDQVPLVVLRQ�SURSHUWLHV�RI�D�FRQWDLQHU��6LWXDWLRQV�H[LVW�LQ�ZKLFK�VROLG��DQG�OLTXLG�

EDVHG�RUDO�GUXJ�SURGXFWV�KDYH�EHHQ�H[SRVHG�WR�OLJKW�GXULQJ�VWRUDJH�EHFDXVH�WKH�RSDTXH�VHFRQGDU\�

SDFNDJLQJ�FRPSRQHQW�ZDV�UHPRYHG��FRQWUDU\�WR�WKH�DSSURYHG�ODEHOLQJ�DQG�WKH�863�PRQRJUDSK�

UHFRPPHQGDWLRQ��/RVV�RI�VROYHQW�FDQ�RFFXU�WKURXJK�D�SHUPHDEOH�EDUULHU��H�J���D�SRO\HWK\OHQH�FRQWDLQHU�

ZDOO���WKURXJK�DQ�LQDGHTXDWH�VHDO��RU�WKURXJK�OHDNDJH��/HDNV�FDQ�GHYHORS�WKURXJK�URXJK�KDQGOLQJ�RU�

IURP�LQDGHTXDWH�FRQWDFW�EHWZHHQ�WKH�FRQWDLQHU�DQG�WKH�FORVXUH��H�J���GXH�WR�WKH�EXLOGXS�RI�SUHVVXUH�

GXULQJ�VWRUDJH���/HDNV�FDQ�DOVR�RFFXU�LQ�WXEHV�GXH�WR�D�IDLOXUH�RI�WKH�FULPS�VHDO��:DWHU�YDSRU�RU�UHDFWLYH�

JDVHV��H�J���R[\JHQ��PD\�SHQHWUDWH�D�FRQWDLQHU�FORVXUH�V\VWHP�HLWKHU�E\�SDVVLQJ�WKURXJK�D�SHUPHDEOH�

FRQWDLQHU�VXUIDFH��H�J���WKH�ZDOO�RI�D�ORZ�GHQVLW\�SRO\HWK\OHQH�ERWWOH��RU�E\�GLIIXVLQJ�SDVW�D�VHDO��3ODVWLF�

FRQWDLQHUV�DUH�VXVFHSWLEOH�WR�ERWK�URXWHV��$OWKRXJK�JODVV�FRQWDLQHUV�ZRXOG�VHHP�WR�RIIHU�EHWWHU�

SURWHFWLRQ�EHFDXVH�JODVV�LV�UHODWLYHO\�LPSHUPHDEOH��JODVV�FRQWDLQHUV�DUH�PRUH�HIIHFWLYH�RQO\�LI�WKHUH�LV�D�

JRRG�VHDO�EHWZHHQ�WKH�FRQWDLQHU�DQG�WKH�FORVXUH��

%LRWHFKQRORJ\�3URGXFWV�
%LRWHFKQRORJLFDO�ELRORJLF�SURGXFWV�KDYH�GLVWLQJXLVKLQJ�FKDUDFWHULVWLFV�WR�ZKLFK�FRQVLGHUDWLRQ�VKRXOG�EH�

JLYHQ�LQ�DQ\�ZHOO�GHILQHG�WHVWLQJ�SURJUDP�GHVLJQHG�WR�FRQILUP�WKHLU�VWDELOLW\�GXULQJ�WKH�LQWHQGHG�VWRUDJH�

SHULRG��)RU�VXFK�SURGXFWV�LQ�ZKLFK�WKH�DFWLYH�FRPSRQHQWV�DUH�W\SLFDOO\�SURWHLQV�DQG�RU�SRO\SHSWLGHV��

PDLQWHQDQFH�RI�PROHFXODU�FRQIRUPDWLRQ�DQG��KHQFH��RI�ELRORJLF�DFWLYLW\�LV�GHSHQGHQW�RQ�QRQFRYDOHQW�DV�

ZHOO�DV�FRYDOHQW�IRUFHV��([DPSOHV�RI�WKHVH�SURGXFWV�DUH�F\WRNLQHV��LQWHUIHURQV��LQWHUOHXNLQV��FRORQ\�

VWLPXODWLQJ�IDFWRUV��WXPRU�QHFURVLV�IDFWRUV���HU\WKURSRLHWLQV��SODVPLQRJHQ�DFWLYDWRUV��EORRG�SODVPD�

IDFWRUV��JURZWK�KRUPRQHV�DQG�JURZWK�IDFWRUV��LQVXOLQV��PRQRFORQDO�DQWLERGLHV��DQG�YDFFLQHV�FRQVLVWLQJ�

RI�ZHOO�FKDUDFWHUL]HG�SURWHLQV�RU�SRO\SHSWLGHV��7KHVH�SURGXFWV�DUH�SDUWLFXODUO\�VHQVLWLYH�WR�

HQYLURQPHQWDO�IDFWRUV�VXFK�DV�WHPSHUDWXUH�FKDQJHV��R[LGDWLRQ��OLJKW��LRQLF�FRQWHQW��DQG�VKHDU��7R�

HQVXUH�PDLQWHQDQFH�RI�ELRORJLF�DFWLYLW\�DQG�WR�DYRLG�GHJUDGDWLRQ��VWULQJHQW�FRQGLWLRQV�IRU�WKHLU�VWRUDJH�

DUH�XVXDOO\�QHFHVVDU\��7KH�HYDOXDWLRQ�RI�VWDELOLW\�PD\�QHFHVVLWDWH�FRPSOH[�DQDO\WLFDO�PHWKRGRORJLHV��

$VVD\V�IRU�ELRORJLF�DFWLYLW\��ZKHUH�DSSOLFDEOH��VKRXOG�EH�SDUW�RI�WKH�SLYRWDO�VWDELOLW\�VWXGLHV��$SSURSULDWH�

SK\VLFRFKHPLFDO��ELRFKHPLFDO��DQG�LPPXQRFKHPLFDO�PHWKRGV�IRU�WKH�DQDO\VLV�RI�WKH�PROHFXODU�HQWLW\�

DQG�WKH�TXDQWLWDWLYH�GHWHFWLRQ�RI�GHJUDGDWLRQ�SURGXFWV�VKRXOG�DOVR�EH�SDUW�RI�WKH�VWDELOLW\�SURJUDP�

ZKHQHYHU�SXULW\�DQG�PROHFXODU�FKDUDFWHULVWLFV�RI�WKH�SURGXFW�SHUPLW�WKHLU�XVH��7KH�VKHOI�OLYHV�RI�

ELRWHFKQRORJLFDO�ELRORJLF�SURGXFWV�PD\�YDU\�IURP�GD\V�WR�VHYHUDO�\HDUV��:LWK�RQO\�D�IHZ�H[FHSWLRQV��WKH�

VKHOI�OLYHV�IRU�H[LVWLQJ�SURGXFWV�DQG�SRWHQWLDO�IXWXUH�SURGXFWV�ZLOO�EH�ZLWKLQ�WKH�UDQJH�RI�����WR���\HDUV��

7KLV�WDNHV�LQWR�DFFRXQW�WKH�IDFW�WKDW�GHJUDGDWLRQ�RI�ELRWHFKQRORJLFDO�ELRORJLF�SURGXFWV�PD\�QRW�EH�

JRYHUQHG�E\�WKH�VDPH�IDFWRUV�GXULQJ�GLIIHUHQW�LQWHUYDOV�RI�D�ORQJ�VWRUDJH�SHULRG��7KHUHIRUH��LI�WKH�
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H[SHFWHG�VKHOI�OLIH�LV�ZLWKLQ�WKLV�UDQJH��WKH�)'$�PDNHV�FHUWDLQ�UHFRPPHQGDWLRQV�LQ�WKHLU�*XLGDQFH�WR�

,QGXVWU\��:KHQ�VKHOI�OLYHV�RI���\HDU�RU�OHVV�DUH�SURSRVHG��WKH�UHDO�WLPH�VWDELOLW\�VWXGLHV�VKRXOG�EH�

FRQGXFWHG�PRQWKO\�IRU�WKH�ILUVW���PRQWKV�DQG�DW���PRQWK�LQWHUYDOV�WKHUHDIWHU��)RU�SURGXFWV�ZLWK�SURSRVHG�

VKHOI�OLYHV�RI�JUHDWHU�WKDQ���\HDU��WKH�VWXGLHV�VKRXOG�EH�FRQGXFWHG�HYHU\���PRQWKV�GXULQJ�WKH�ILUVW�

3�����

\HDU�RI�VWRUDJH��HYHU\���PRQWKV�GXULQJ�WKH�VHFRQG�\HDU��DQG�DQQXDOO\�WKHUHDIWHU��

6ROLG�6WDWH�6WDELOLW\�
7KH�EUHDNGRZQ�RI�GUXJV�LQ�WKH�VROLG�VWDWH�LV�DQ�LPSRUWDQW�WRSLF��EXW�LW�KDV�QRW�EHHQ�VWXGLHG�H[WHQVLYHO\�LQ�

SKDUPDF\��7KH�VXEMHFW�KDV�EHHQ�UHYLHZHG�E\�*DUUHWW����/DFKPDQ����DQG�&DUVWHQVHQ����DQG�LV�

GLVFXVVHG�KHUH�EULHIO\��

3XUH�6ROLGV�
7KH�GHFRPSRVLWLRQ�RI�SXUH�VROLGV��DV�FRQWUDVWHG�ZLWK�WKH�PRUH�FRPSOH[�PL[WXUH�RI�LQJUHGLHQWV�LQ�D�

GRVDJH�IRUP��KDV�EHHQ�VWXGLHG��DQG�D�QXPEHU�RI�WKHRULHV�KDYH�EHHQ�SURSRVHG�WR�H[SODLQ�WKH�VKDSHV�RI�

WKH�FXUYHV�REWDLQHG�ZKHQ�GHFRPSRVLWLRQ�RI�WKH�FRPSRXQG�LV�SORWWHG�DJDLQVW�WLPH��&DUVWHQVHQ�DQG�

0XVD���GHVFULEHG�WKH�GHFRPSRVLWLRQ�RI�VROLG�EHQ]RLF�DFLG�GHULYDWLYHV��VXFK�DV�DPLQREHQ]RLF�DFLG��

ZKLFK�EURNH�GRZQ�LQWR�D�OLTXLG��DQLOLQH��DQG�D�JDV��FDUERQ�GLR[LGH��7KH�SORW�RI�FRQFHQWUDWLRQ�RI�

GHFRPSRVHG�GUXJ�YHUVXV�WLPH�\LHOGHG�D�VLJPRLGDO�FXUYH��)LJ����������$IWHU�OLTXLG�EHJLQV�WR�IRUP��WKH�

GHFRPSRVLWLRQ�EHFRPHV�D�ILUVW�RUGHU�UHDFWLRQ�LQ�WKH�VROXWLRQ��6XFK�VLQJOH�FRPSRQHQW�SKDUPDFHXWLFDO�

V\VWHPV�FDQ�GHJUDGH�E\�HLWKHU�]HUR�RUGHU�RU�ILUVW�RUGHU�UHDFWLRQ��DV�REVHUYHG�LQ)LJXUH��������,W�LV�RIWHQ�

GLIILFXOW�WR�GHWHUPLQH�ZKLFK�SDWWHUQ�LV�EHLQJ�IROORZHG�ZKHQ�WKH�UHDFWLRQ�FDQQRW�EH�FDUULHG�WKURXJK�D�

VXIILFLHQW�QXPEHU�RI�KDOI�OLYHV�WR�GLIIHUHQWLDWH�EHWZHHQ�]HUR�DQG�ILUVW�RUGHU��

6ROLG�'RVDJH�)RUPV
7KH�GHFRPSRVLWLRQ�RI�GUXJV�LQ�VROLG�GRVDJH�IRUPV�LV�PRUH�FRPSOH[�WKDQ�GHFD\�RFFXUULQJ�LQ�WKH�SXUH�

VWDWH�RI�WKH�LQGLYLGXDO�FRPSRXQG��7KH�UHDFWLRQV�PD\�EH�]HUR�RU�ILUVW�RUGHU��EXW�LQ�VRPH�FDVHV��DV�ZLWK�

SXUH�FRPSRXQGV��LW�LV�GLIILFXOW�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WZR��7DUGLI���REVHUYHG�WKDW�DVFRUELF�DFLG�

GHFRPSRVHG�LQ�WDEOHWV�E\�D�SVHXGR±ILUVW�RUGHU�UHDFWLRQ��

)LJ�������� 'HFRPSRVLWLRQ�RI�D�SXUH�FU\VWDOOLQH�VROLG�VXFK�DV�SRWDVVLXP�
SHUPDQJDQDWH��ZKLFK�LQYROYHV�JDVHRXV�UHDFWLRQ�SURGXFWV���)URP�-��7��&DUVWHQVHQ��-��
3KDUP��6FL� ��� ���������:LWK�SHUPLVVLRQ��
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