
(V]WHU�7XUL��<RQL�6PROLQ��,ODQD 0DOHNDQ6KRUW�WHUP�$GDSWDWLRQ�RI�3ULPDU\�DQG+LJK�RUGHU�9LVXDO�$UHDV�¬3V\FKRSK\VLFDO�([SHULPHQWV
9LVXDO�DGDSWDWLRQ�LV�D�NQRZQ�SKHQRPHQD�LQGXFHG�ZKHQ�WKH�YLVXDO�V\VWHP�LV�H[�SRVHG�WR�WKH�VDPH�VWLPXOXV�IRU�D�SURORQJHG�WLPH��:KHQ�WKH�VWLPXOXV�LV�WXUQHG�RIIRQH�RI�WKH�V\VWHPV±�FDOLEUDWLRQ�PHFKDQLVPV�DUH�FDXJKW�RII�JXDUG�DQG�YLVXDO�SHU�FHSWLRQ�LV�EULHIO\�SHUWXUEHG��7KHUH�KDV�EHHQ�D�ORW�RI�UHVHDUFK�GRQH�UHJDUGLQJORQJ�WHUP�DGDSWDWLRQ�DQG�LWV�HIIHFW�EXW�WKHUH�LV�OLWWOH�NQRZQ�DERXW�VKRUW�WHUP�DG�DSWDWLRQ��,Q�RXU�VWXG\��ZH�FRQGXFWHG�IRU�WKH�ILUVW�WLPH�D�SV\FKRSK\VLFDO�H[SHUL�PHQW�RQ�VKRUW�WHUP�DGDSWDWLRQ�RI�SULPDU\�DQG�KLJK�RUGHU�YLVXDO�DUHDV��:H�JHQ�HUDWHG�DGDSWDWLRQ�E\�UH�H[SRVLQJ�WKH�VXEMHFW�WR�WKH�VDPH�LPDJH�RYHU�DQG�RYHU�6XEMHFWV�ZHUH�LQVWUXFWHG�WR�SHUIRUP�D�±RQH�EDFN�PDWFK±�WDVN��UHVSRQGLQJ�DV�DFFX�UDWH�DQG�DV�IDVW�DV�WKH\�FRXOG�E\�SUHVVLQJ�WKH�DSSURSULDWH�\HV�QR�UHVSRQVH�EXWWRQIRU�LQGLFDWLQJ�GLIIHUHQFHV�LQ�WKH�LPDJHV�VKRZQ��%RWK�DFFXUDF\�DQG�UHVSRQVH�WLPHDVSHFWV�ZHUH�DQDO\]HG��2XU�UHVXOWV�LQGLFDWH�WKDW�VKRUW�WHUP�DGDSWDWLRQ�HIIHFW�ZDVDFKLHYHG��DQG�VKRZHG�D�KLJK�FRUUHODWLRQ�ZLWK�WKH�UHVXOWV�DFKLHYHG�E\�SUHYLRXVORQJ�WHUP�DGDSWDWLRQ�H[SHULPHQWV�
���,QWURGXFWLRQ9LVLRQ�LV�WKH�PRVW�GRPLQDQW�VHQVRU\�PRGDOLW\�RI�SULPDWHV��,QIRUPD �WLRQ�SDVVHV�IURP�WKH�UHWLQD�WR�WKH�ODWHUDO�JHQLFXODWH�QXFOHXV��/*1��IURPZKLFK�LW�LV�VHQW�WR�DUHD�9��WKDW�LV�OLQNHG�ZLWK�DUHD�9���%H\RQG�WKHVH�WZRODUJH�YLVXDO�DUHDV�WKHUH�LV�D�ODUJH�QXPEHU�RI�VPDOOHU�FRUWLFDO�DUHDV�WKDWFRQWDLQ�QHXURQV�ZLWK�VHOHFWLYLW\�WR�GLIIHUHQW�SDUDPHWHUV�VXFK�DV�FRORU��GL �UHFWLRQ�RI�PRWLRQ�HWF�9LVXDO�LQIRUPDWLRQ�LV�WKHQ�GLYLGHG�LQWR�WZR�SDWKV�NQRZQ�DV�WKH�YHQ �WUDO�DQG�GRUVDO�VWUHDP��7KH�YHQWUDO�®ZKDW¯�VWUHDP�FRQWUROV�UHFRJQLWLRQ��RE �MHFW�UHSUHVHQWDWLRQ�DQG�PHPRU\�ZKLOH�WKH�GRUVDO�®ZKHUH¯�VWUHDP�UXQVPRWLRQ�DQG�REMHFW�ORFDWLRQV�$�YDULHW\�RI�H[SHULPHQWDO�SURFHGXUHV�KDV�EHHQ�GHYHORSHG�IRU�GHPRQ �VWUDWLQJ�WKH�FRUWLFDO�DUFKLWHFWXUH�DQG�WKH�XQLTXH�SDWWHUQ�RI�DFWLYDWLRQ�IRUHDFK�JURXS�RI�FHOOV��,Q�WKHLU�SLRQHHULQJ�HOHFWURSK\VLRORJLFDO�VWXGLHV�RI

(]VWHU�7XUL��������&VRUQD��+XQJDU\��+XQ\DGL�X������5oYD0LNOwV�*LPQi]LXP���WKJUDGH�<RQL�6PROLQ��������1D]DUHWK�,OOLW���,VUDHO����=LSRUHQ�����,ODQD�0DOHNDQ��������0XWWRQWRZQ�1<�������86$������:RRGKROORYFW��683(59,625�$QDW�+HUEHW�*ULQIHOG�7HFKQLRQ�¬�,VUDHO,QVWLWXWH�RI7HFKQRORJ\��+DLID��,VUDHO
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PRQNH\V�DQG�FDWV��+XEHO�DQG�:LHVHO�ZRUNHG�RXW�WKH�DSSURSULDWH�OLJKWVWLPXOL�IRU�YDULRXV�FRUWLFDO�FHOOV��+XEHO�DQG�:LHVHO��������,W�ZDV�IRXQGWKDW�9��KDV�QHXURQV�ZLWK�HORQJDWHG�UHFHSWLYH�ILHOGV�ZKLFK�UHVSRQG�EHVW�WRVLPSOH�VWLPXOL�VXFK�DV�EDUV��OLQHV�DQG�HGJHV��9��QHXURQV�DOVR�KDYH�VSD�WLDO�IUHTXHQF\�VHOHFWLYLW\�DQG�UHVSRQG�WR�OXPLQDQFH�FKDQJHV��9LVXDO�FRUWL�FDO�QHXURQV�DUH�KLJKO\�WXQHG�DQG�VSHFLDOL]HG�IRU�SURFHVVLQJ�D�FHUWDLQ�DVSHFWRI�YLVXDO�LQIRUPDWLRQ�VXFK�WKDW�DQ\�JLYHQ�QHXURQ�RQO\�UHVSRQGV�WR�D�VXEVHWRI�VWLPXOL�LQ�LWV�UHFHSWLYH�ILHOG��5HFRJQL]LQJ�DQ�REMHFW�LQ�WKH�KXPDQ�EUDLQ�WDNHV�RQO\�D�IUDFWLRQ�RI�DVHFRQG��7KH�QHXUDO�PHFKDQLVPV�XQGHUO\LQJ�WKLV�UHPDUNDEOH�DELOLW\�DUH�QRWZHOO�XQGHUVWRRG��8QWLO�WKH�PLG�����V��OLWWOH�ZDV�NQRZQ�DERXW�WKH�IXQFWLRQDORUJDQL]DWLRQ�RI�KXPDQ�YLVXDO�FRUWH[��7KLV�ODQGVFDSH�KDV�FKDQJHG�GUDPDWLFDOO\ZLWK�WKH�LQYHQWLRQ�RI�IXQFWLRQDO�PDJQHWLF�UHVRQDQFH�LPDJLQJ��I05,���D�SRZ�HUIXO�WRRO�IRU�WKH�QRQ�LQYDVLYH�PDSSLQJ�RI�WKH�QRUPDO�KXPDQ�EUDLQ�5HFHQW�VWXGLHV�KDYH�VKRZQ�WKDW�WKHUH�DUH�UHJLRQV�LQ�WKH�FRUWH[�ZKLFKVSHFLDOL]H�LQ�VSHFLILF�YLVXDO�VWLPXOL�UHFRJQLWLRQ��8VLQJ�I05,�WHFKQLTXHV�0DODFK�DQG�FROOHDJXHV�GHOLQHDWHG�DQ�DUHD�WKDW�VKRZHG�D�SUHIHUHQWLDO�DFWLYDWLRQWR�LPDJHV�RI�REMHFWV��FRPSDUHG�WR�D�ZLGH�UDQJH�RI�WH[WXUH�SDWWHUQV��0DODFKHW�DO���������7KLV�DUHD�ZDV�WHUPHG�WKH�ODWHUDO�RFFLSLWDO�FRUWH[��/2&���.DQZLVKHU�DQG�FR�ZRUNHUV�KDYH�VXJJHVWHG�WKDW�WKLV�DUHD��DQG�VRPHRWKHU�UHJLRQV�ORFDWHG�DW�WKH�YHQWUDO�WHPSRUDO�FRUWH[��FRQWDLQ�D�OLPLWHG�QXP�EHU�RI�PRGXOHV�VSHFLDOL]HG�LQ�VSHFLILF�FDWHJRU\�UHFRJQLWLRQ�VXFK�DV�IDFHV�IXVLIRUP�IDFH�DUHD��))$���SODFHV��SDUDKLSSRFDPSDO�DUHD��33$���DQG�ERG\SDUWV��H[WUDVWULDWH�ERG\�SDUW�DUHD��(%$����.DQZLVKHU�HW�DO��������(SVWHLQ	�.DQZLVKHU�������'RZQLQJ�HW�DO�������7KH�YLVXDO�V\VWHP�LV�DOPRVW�FRQVWDQWO\�H[SRVHG�WR�QHZ�LPDJHV�DQGWKXV�LW�LV�IRUFHG�WR�DGMXVW�WKH�YLVXDO�FRGLQJ�WR�WKH�FKDUDFWHULVWLFV�RI�WKHLPDJH�FXUUHQWO\�SUHVHQWHG��9LVXDO�DGDSWDWLRQ�LV�D�NQRZQ�SKHQRPHQD�LQ�GXFHG�ZKHQ�WKH�YLVXDO�V\VWHP�LV�H[SRVHG�WR�WKH�VDPH�VWLPXOXV�IRU�D�SUR�ORQJHG�WLPH��3URFHVVHV�RI�YLVXDO�DGDSWDWLRQ�PDQLSXODWH�WKH�VHQVLWLYLW\�RIWKH�FHOOV�LQ�WKH�YLVXDO�FRUWH[��([SRVXUH�WR�DQ�DGDSWLQJ�SDWWHUQ�IRU�VHYHUDOVHFRQGV�FDXVHV�D�GHFUHDVH�LQ�WKH�VHQVLWLYLW\�RI�QHXURQV�WXQHG�WR�WKH�SDW�WHUQ±V�VSHFLILF�SURSHUWLHV��7KLV�SKHQRPHQRQ�ODVWV�IRU�D�IHZ�PRUH�VHFRQGVDIWHU�WKH�VWLPXOXV�LV�WXUQHG�RII��DQG�WKXV�GHILQHV�WKH�DGDSWDWLRQ�HIIHFW��,QWKDW�SHULRG��WKH�H[SRVHG�VXEMHFW�UHFDOOV�VWULNLQJ�FKDQJHV�LQ�SHUFHSWLRQ�RIVKDSH��FRORU�DQG�PRWLRQ��$GDSWDWLRQ�LQYROYHV�D�YDULHW\�RI�YLVXDO�DWWULEXWHVDQG�VWDJHV�RI�YLVXDO�SURFHVVLQJ�/RQJ�WHUP�YLVXDO�DGDSWDWLRQ�DQG�LWV�HIIHFWV�KDYH�EHHQ�H[WHQVLYHO\VWXGLHG�IRU�PDQ\�\HDUV��,W�LV�NQRZQ�WKDW�GXH�WR�DGDSWDWLRQ�RXU�EUDLQ�LVIRUFHG�WR�ELDV�DQ\�QHZ�LQIRUPDWLRQ�WR�DOWHUQDWLYH�QRQ�DGDSWHG�QHXURQVZKLFK�LV�ZK\�RXU�SHUFHSWLRQ�LV�EULHIO\�SHUWXUEHG��+RZHYHU��YHU\�OLWWOH�LVNQRZQ�DERXW�VKRUW�WHUP�DGDSWDWLRQ�
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,Q�RXU�SURMHFW��ZH�LQWHQG�WR�FRQWULEXWH�WR�D�EHWWHU�XQGHUVWDQGLQJ�RIWKH�SKHQRPHQD�RI�VKRUW�WHUP�DGDSWDWLRQ��HVSHFLDOO\�LQ�SULPDU\�YLVXDO�DUHDVDQG�KLJK�RUGHU�IDFH�UHODWHG�UHJLRQV��$V�ZH�FDQ�VHH�FOHDUO\��WKHUH�LV�D�KRWGHEDWH�RQ�WKH�QHXUDO�PHFKDQLVPV�WKDW�DUH�IXQGDPHQWDO�WR�IDFH�SHUFHSWLRQDQG�\HW��D�PDMRU�FRQVHQVXV�UHJDUGLQJ�FRUWLFDO�DUHDV�WKDW�DUH�PRVW�DFWLYDWHGE\�YLHZLQJ�IDFHV��1RW�HYHQ�SHUFHSWLRQ�RI�VLPSOH�VWLPXOL�VXFK�DV�EDUV�LVZHOO�XQGHUVWRRG��:H��WKHUHIRUH��XVHG��'�JHRPHWULFDO�VKDSHV�ZLWK�JUD\VFDOHJUDWLQJ�SDWWHUQ�DQG��'�JUD\VFDOH�IDFH�LPDJHV�DV�WKH�PRVW�FDSWLYDWLQJ�DQGWXQHG�VWLPXOL��2XU�PDLQ�DVVXPSWLRQ�ZDV�WKDW�VKRUW�WHUP�DGDSWDWLRQ�DIIHFWVWKH�DELOLW\�WR�UHFHLYH�DQG�DQDO\]H�QHZ�FRPLQJ�VWLPXOL��,Q�RUGHU�WR�SURYHLW��ZH�FRQGXFWHG�D�SV\FKRSK\VLFDO�H[SHULPHQW�WHVWLQJ�WKH�LPSDFW�RI�VKRUW�WHUP�DGDSWDWLRQ�RQ�VXEMHFWV±�DELOLW\�WR�GLVWLQJXLVK�FKDQJHV�LQ�FRQWUDVW�DQGILJXUDO�SURSHUWLHV�RI�D�VWLPXOXV����0HWKRGV7ZR�SV\FKRSK\VLFDO�H[SHULPHQWV�ZHUH�FRQGXFWHG�ZKLFK�ZHUH�DLPHGWR�ILQG�RXW�WKH�LQIOXHQFH�RI�VKRUW�WHUP�DGDSWDWLRQ�RQ�WKH�DELOLW\�WR�QRWHPLQRU�FKDQJHV�LQ�WKH�SUHVHQWHG�VWLPXOL��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�ZLWKRXWDGDSWDWLRQ�WKRVH�PRGLILFDWLRQV�FRXOG�EH�HDVLO\�GHWHFWHG��7KH�H[SHULPHQWVZHUH�FRQGXFWHG�VHULDOO\�DV�WKH�RUGHU�ZDV�FRQWUROOHG�������3DUWLFLSDQWV7ZHQW\�VXEMHFWV��HLJKW�PDOHV�DQG�WZHOYH�IHPDOHV��SDUWLFLSDWHG�LQ�WKHH[SHULPHQW��ILYH�RI�WKHP�ZHUH�HOLPLQDWHG��WZR�PDOHV�DQG�WKUHH�IHPDOHV�GXH�WR�VRPH�HQYLURQPHQWDO�IDFWRUV�ZKLOH�FRQGXFWLQJ�WKH�H[SHULPHQW��$OORI�WKHP�ZHUH�VWXGHQWV�DW�WKH�DJH�RI�������\HDUV��$OO�ZHUH�UHJXODU�XVHUV�RIFRPSXWHUV�DQG�KDG�QRUPDO�RU�FRUUHFWHG�WR�QRUPDO�YLVLRQ��([FHSW�IRU�RQH�DOO�WKH�VXEMHFWV�ZHUH�ULJKW�KDQGHG��7KH�DPRXQW�RI�VOHHSLQJ�KRXUV�GXULQJWKH�QLJKW�EHIRUH�WKH�H[SHULPHQW�YDULHG�EHWZHHQ�����KRXUV��7KUHH�RI�WKHPKDYH�SDUWLFLSDWHG�LQ�SV\FKRSK\VLFDO�H[SHULPHQWV�EHIRUH�������6WLPXOL�RI�WKH�H[SHULPHQW�RQ�SULPDU\�YLVXDO�DUHDV7R�H[DPLQH�WKH�HIIHFW�RI�VKRUW�WHUP�DGDSWDWLRQ�LQ�SULPDU\�YLVXDO�DU�HDV��VWLPXOL�ZHUH�FKRVHQ�ZKLFK�PRVW�DFWLYDWH�WKH�SULPDU\�YLVXDO�FRUWH[�:KLOH�FRQVWUXFWLQJ�RXU�H[SHULPHQW�ZH�XVHG�PRWLYHV�UHVHPEOLQJ�WR�WKRVHIRXQG�LQ�SUHYLRXV�UHVHDUFK�GHDOLQJ�ZLWK�ORQJ�WHUP�DGDSWDWLRQ��7KHVH�NLQGVRI�VWLPXOL�DUH�SURYHG�WR�DFWLYDWH�PDLQO\�SULPDU\�DUHDV�LQ�YLVXDO�FRUWH[��:HXVHG�IRXU�GLIIHUHQW�VKDSHV��HDFK�KDG�IRXU�GLIIHUHQW�W\SHV�RI�PRGLILFDWLRQ�)LJXUH�����WKH�RULJLQDO�LPDJH��RQH�ZLWK�PRGLILHG�VSDWLDO�IUHTXHQF\��ERWKZLWK�RULJLQDO�DQG�GLIIHUHQW�OHYHO�RI�FRQWUDVW��$OO�PRGLILHG�SDUDPHWHUV�ZHUHFRQWUROOHG�VXFK�WKDW�LQ�HDFK�LPDJH�WKH�PRGLILFDWLRQ�OHYHO�LV�FRPSDUDEOH�WRWKH�RWKHU�
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������6WLPXOL�RI�WKH�H[SHULPHQW�RQ�KLJK�RUGHU�YLVXDO�DUHDV$V�RXU�DLP�ZDV�WR�H[DPLQH�WKH�HIIHFW�RI�VKRUW�WHUP�DGDSWDWLRQ�LQ�KLJKRUGHU�YLVXDO�DUHDV��ZH�FKRVH�VWLPXOL�ZKLFK�PRVW�DFWLYDWH�WKH�KLJK�RUGHUYLVXDO�FRUWH[��$V�VRFLDO�SULPDWHV��IDFHV�DUH�WKH�PRVW�FRPPRQ�VWLPXOLZKLFK�ZH�DUH�H[SRVHG�WR�LQ�RXU�OLIH�VSDQ��7KHVH�NLQGV�RI�VWLPXOL�DUHSURYHG�WR�DFWLYDWH�PDLQO\�VHFRQGDU\�DUHDV�LQ�YLVXDO�FRUWH[��:H�GHFLGHG�WRXVH�XQIDPLOLDU�IDFHV�WR�DYRLG�DQ\�RWKHU�HIIHFW��)RXU�GLIIHUHQW�LPDJHV�ZHUHXVHG��HDFK�KDG�IRXU�GLIIHUHQW�W\SHV�RI�PRGLILFDWLRQ��)LJXUH�����WKH�RULJLQDOLPDJH��D�PRGLILHG�IDFH��ERWK�ZLWK�RULJLQDO�DQG�GLIIHUHQW�OHYHO�RI�FRQWUDVW�)DFH�PRGLILFDWLRQ�ZDV�SHUIRUPHG�XVLQJ�±0RUSKDVHV±�SURJUDP��ZZZ�PRU �SKDVHV�FRP���$OO�PRGLILHG�SDUDPHWHUV�ZHUH�FRQWUROOHG�VXFK�WKDW�LQ�HDFKLPDJH�WKH�PRGLILFDWLRQ�OHYHO�LV�FRPSDUDEOH�WR�WKH�RWKHU�

)LJXUH���6WLPXOL�SUHVHQWDWLRQ�¬3ULPDU\�9LVXDO�$UHDV7KH�IRXU�GLIIHUHQW®HYHQWV¯�WKDW�ZHUH�XVHG�%RWWRP�URZ�RULJLQDOLPDJHV��XSSHUURZ�GLIIHUHQWPRGLILFDWLRQV�WKDW�ZHUHDSSOLHG�WR�WKRVH�LPDJHV��D��QR�PRGLILFDWLRQV�SUHVHQWLQJ�WKH�VDPHLPDJH�DJDLQ���E��6SDWLDOIUHTXHQF\�PRGLILFDWLRQ��F��&RQWUDVWPRGLILFDWLRQ���G��$FRPELQHG�PRGLILFDWLRQRI�ERWK�FRQWUDVW�DQGVSDWLDO�IUHTXHQF\�

)LJXUH����6WLPXOL�SUHVHQWDWLRQ�¬+LJK�2UGHU�9LVXDO�$UHDV7KH�IRXU�GLIIHUHQW�HYHQWV��ZH�XVHG�%RWWRP�URZ�RULJLQDOLPDJHV��XSSHUURZ�GLIIHUHQWPRGLILFDWLRQV�WKDW�ZHUHDSSOLHG�WR�WKRVH�LPDJHV��OHIW�WR�ULJKW��QRPRGLILFDWLRQV�SUHVHQWLQJ�WKH�VDPHLPDJH�DJDLQ���IDFHSURSHUWLHV�PRGLILFDWLRQ�FRQWUDVW�PRGLILFDWLRQ��DFRPELQHG�PRGLILFDWLRQRI�ERWK�FRQWUDVW�DQGIDFH�SURSHUWLHV��
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������3UHVHQWDWLRQ7KH�H[SHULPHQWV�ZHUH�FRQGXFWHG�XVLQJ�±3UHVHQWDWLRQ�±�SURJUDP�SDFN�DJH�������3URFHGXUH:H�ZHUH�LQWHUHVWHG�LQ�WKH�YLHZHU±V�SHUIRUPDQFHV�ERWK�LQ�DFFXUDF\DQG�VSHHG�DVSHFWV��6LQFH�WKHUH�LV�D�WUDGH�RII�EHWZHHQ�WKH�WZR��RXU�LQVWUXF �WLRQV�ZHUH�WR�SD\�DWWHQWLRQ�WR�ERWK�RI�WKHP�EXW�DFFXUDF\�VKRXOG�EH�PRUHLPSRUWDQW�WKDQ�VSHHG��(LJKW�LPDJHV�ZHUH�SUHVHQWHG�LQ�D�SVHXGR�UDQGRPEORFN�VHTXHQFH��,PDJH�SUHVHQWDWLRQ�ZLWKLQ�HDFK�EORFN�ZDV�FRQWUROOHG�LQ�DZD\�WKDW�SUHVHUYHV�D�FRQVWDQW�UDWLR�EHWZHHQ�GLIIHUHQW�®HYHQWV¯��)LJXUHV�������6XEMHFWV�ZHUH�DVNHG�WR�SHUIRUP�±RQH�EDFN�PDWFK±�WDVN�)RXU�GLIIHUHQW�LPDJHV�ZHUH�SUHVHQWHG�LQ�IRXU�EORFN�W\SHV��LQ�WKH�ILUVWEORFN�DGDSWDWLRQ�ZDV�DFTXLUHG�E\�H[SRVLQJ�WKH�VXEMHFW�WR�WKH�VDPH�LPDJHHLJKW�WLPHV��7KH�VHFRQG�EORFN�ZDV�FRPSRVHG�RI�LPDJHV�ZLWK�RQO\�PLQRUFKDQJHV��7KH�WKLUG�RQH�FRQWDLQHG�SLFWXUHV�ZLWK�GLIIHUHQW�DVSHFWV�RI�PRGL �ILFDWLRQV��RULJLQDO��QRQ�PRGLILHG���VSDWLDO�IUHTXHQF\�PRGLILFDWLRQV��FRQWUDVWPRGLILFDWLRQV�DQG�ZLWK�PRGLILFDWLRQV�ERWK�LQ�FRQWUDVW�OHYHO�DQG�LQ�VSDWLDOIUHTXHQF\��7KH�SXUSRVH�EHKLQG�WKLV�DSSURDFK�ZDV�WKDW�WKHVH�FKDQJHV�LQWHU �UXSWHG�WKH�DGDSWDWLRQ�VR�ZH�FRXOG�XVH�WKH�IRXUWK�EORFN��ZKLFK�ZDV�TXLWHVLPLODU�WR�WKH�VHFRQG�RQH�FRQFHUQLQJ�WKH�W\SHV�DQG�QXPEHUV�RI�GLIIHUHQWHYHQWV��DV�D�FRQWURO��$�IL[DWLRQ�SRLQW�ZDV�VKRZQ�GXULQJ�WKH�ZKROH�H[SHUL �PHQW��9LVXDO�HSRFKV�ZHUH�DOWHUQDWHG�ZLWK���V�EODQNV��)RXU�F\FOHV�RI�WKHVWLPXOXV�ZHUH�VKRZQ��RQH�IRU�HDFK�LPDJH���7RWDO�WLPH�ZDV�����V��
)LJXUH����([SHULPHQWDO�SDUDGLJP¬�3ULPDU\�9LVXDO�$UHDV([SHULPHQWDO�SDUDGLJP��$��)RXU�W\SHV�RIEORFNV��OHIW�WR�ULJKW��DGDSWDWLRQ��FRQWUROB��DGDSWDWLRQ�LQWHUUXSWLRQ�FRQWUROB����%��$VHJPHQW�IURP�WKH�WLPHD[LV�RI�WKH�H[SHULPHQWDOUXQ�RI�DQ�RYHUDOOGXUDWLRQ�RI�����V��
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���5HVXOWV'DWD�DQDO\VHV�LQFOXGHG�VHYHUDO�GLIIHUHQW�DVSHFWV�ZKLFK�UHIHU�WR�WKH�DF�FXUDF\�DQG�UHVSRQVH�WLPH�RI�SHUIRUPDQFHV�����7KH�LQIOXHQFH�RI�DGDSWDWLRQ���LQWHUUXSWLRQ��WR�DGDSWDWLRQ�RQ�UHVSRQVH�DFFXUDF\
7KH�ILUVW�EORFN�ZDV�GHVLJQHG�WR�JHQHUDWH�DGDSWDWLRQ�DQG�WKH�WKLUG�RQHWR�LQWHUUXSW�DGDSWDWLRQ��7KH�VHFRQG�DQG�IRXUWK�EORFNV�ZHUH�VLPLODU�ZKLFKHQDEOHG�XV�WR�XVH�WKHP�DV�LQWHUQDO�FRQWUROV��:H��WKHUHIRUH��IRFXVHG�RQ�WKHUHVSRQVHV�JLYHQ�LQ�WKH�VHFRQG�DQG�IRXUWK�EORFN��DVVXPLQJ�WKDW�VLJQLILFDQWGLIIHUHQFHV�LQ�SHUIRUPDQFHV�EHWZHHQ�WKHVH�WZR�KRPRORJXH�EORFNV�UHVXOWIURP�WKH�SULPHU�EORFN��$V�ZH�FDQ�VHH�IURP�WKH�UHVXOWV�RI�WKH�H[SHULPHQWRQ�SULPDU\�YLVXDO�DUHDV��LQ�����RI�WKH�HYHQWV��WKH�VXEMHFWV±�DELOLW\�WR�QRWHPLQRU�FKDQJHV�LQ�WKH�GLVSOD\HG�SLFWXUH�LV�LQFUHDVLQJ�DIWHU�WKH�LQWHUUXSWLQJEORFN��,Q����RI�WKH�HYHQWV��WKH�YDOXH�RI�DFFXUDF\�UHPDLQHG�WKH�VDPH�DQG

)LJXUH���([SHULPHQWDO�SDUDGLJP¬�+LJK�2UGHU�9LVXDO$UHDV�([SHULPHQWDO�SDUDGLJP��$��)RXU�W\SHV�RIEORFNV��OHIW�WR�ULJKW��DGDSWDWLRQ��FRQWUROB��DGDSWDWLRQ�LQWHUUXSWLRQ�FRQWUROB����%��$VHJPHQW�IURP�WKH�WLPHD[LV�RI�WKH�H[SHULPHQWDOUXQ�RI�DQ�RYHUDOOGXUDWLRQ�RI�����V�

)LJXUH���'LVWLQFWLRQ�RI�DFFXUDF\¬�3ULPDU\�DQG�+LJK2UGHU�9LVXDO�$UHDV�7KH�SHUFHQWDJH�RIFKDQJH�LQ�DFFXUDF\EHWZHHQ�WKH�VHFRQG�DQGWKH�IRXUWK�EORFNV��$VLJQLILFDQW�LPSURYHPHQWLQ�SHUIRUPDQFHV�ZDVLQGLFDWHG�DIWHULQWHUUXSWLQJ�DGDSWDWLRQ��
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LQ�����RI�WKH�HYHQWV�DFFXUDF\�OHYHO�GHFUHDVHG��7KH�VDPH�DQDO\VLV�ZDVGRQH�RQ�WKH�GDWD�GHULYHG�IURP�WKH�H[SHULPHQW�RQ�KLJK�RUGHU�YLVXDO�DUHDV�ZKHUH�ZH�IRXQG�WKDW�LQ�����RI�WKH�HYHQWV��WKH�VXEMHFWV±�DELOLW\�WR�QRWHPLQRU�FKDQJHV�LQ�WKH�GLVSOD\HG�SLFWXUH�LV�LQFUHDVLQJ�DIWHU�WKH�LQWHUUXSWLQJEORFN��,Q�����RI�WKH�HYHQWV��WKH�YDOXH�RI�DFFXUDF\�UHPDLQHG�WKH�VDPH�DQGLQ�����RI�WKH�HYHQWV�DFFXUDF\�OHYHO�GHFUHDVHG��)LJXUH����&DOFXODWLQJ�WKH�DYHUDJHG�UHVSRQVH�WLPH�LQ�HYHU\�EORFN�W\SH��D�KLJKFRUUHODWLRQ�WR�RXU�SUHYLRXV�ILQGLQJV�IURP�DFFXUDF\�DQDO\VLV�ZDV�IRXQG��:HSDLG�DWWHQWLRQ�HVSHFLDOO\�RI�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�UHVSRQVH�WLPHVPHDVXUHG�LQ�WKH�VHFRQG�DQG�IRXUWK�EORFN��$FFRUGLQJ�WR�RXU�SDUDGLJP�UH�VSRQVH�WLPHV�DIWHU�LQWHUUXSWLQJ�DGDSWDWLRQ�VKRXOG�GHFUHDVH�ZKLFK�FDQ�EHGHWHFWHG�IURP�RXU�GDWD��)LJXUH����

����(UURU�DQDO\VLV�7UDFLQJ�WKH�PRVW�FRQIXVLQJ�HYHQW��ZH�H[DPLQHG�WKH�GLVWULEXWLRQ�RI�HU�URU�W\SHV�LQ�ERWK�NLQGV�RI�H[SHULPHQWV��)URP�WKHVH�UHVXOWV�LW�FDQ�EH�FOHDUO\VHHQ�WKDW�PRVW�RI�WKH�HUURUV�ZHUH�GXH�WR�FRQWUDVW�PRGLILFDWLRQV�DQG�WKHDPRXQW�RI�HUURUV�FDXVHG�E\�VKRZLQJ�WKH�VDPH�LPDJH�ZLWKRXW�DQ\�PRGLIL�FDWLRQ�ZDV�WKH�ORZHVW��)LJXUH�����)XUWKHU�DQDO\VLV�ZDV�GRQH�DOVR�RQ�WKH�UHVSRQVH�WLPH�GDWD��7KHUH�LV�QRVLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�WKH�DYHUDJHG�UHVSRQVH�WLPH�IRU�KLWV�DQG�HU�URUV�QHLWKHU�EHWZHHQ�WKH�UHVSRQVH�WLPHV�LQ�HYHQW�W\SHV�$�$�DQG�$�$±�FRPSDULQJ�RULJLQDO�LPDJHV�WR�PRGLILHG�FRQWUDVW�DQG�WR�PRGLILHG�SLFWXUH

)LJXUH���$YHUDJHG�UHVSRQVH�WLPHRI�WKH�EORFN�W\SHV�¬3ULPDU\�DQG�+LJK�2UGHU9LVXDO�$UHDV7KH�DYHUDJHV�RIUHVSRQVH�WLPH�PHDVXUHGLQ�WKH�GLIIHUHQW�NLQGV�RIEORFNV��$�VLJQLILFDQWGHFUHDVH�LQ�VSHHG�DVSHFWZDV�LQGLFDWHG�LQ�ERWK�RIWKH�H[SHULPHQWV�

)LJXUH����'LVWULEXWLRQ�RI�HUURUW\SHV��7KH�WRWDO�QXPEHURI�HUURUV�ZDV�DQDO\]HGDFFRUGLQJ�WR�LWV�®HYHQW¯W\SH��7KH�SHUFHQWDJH�RIHDFK�JURXS�ZDVFDOFXODWHG�IRU�HDFKVXEMHFW�VHSDUDWHO\��DQGZDV�DYHUDJHG�DFURVVVXEMHFWV��'LVWULEXWLRQ�RI�HUURUW\SHV�¬�3ULPDU\�DQG+LJK�2UGHU�9LVXDO�$UHDV
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PLQRU�FKDQJHV��FRQVLVWHQW�ZLWK�RXU�ILQGLQJV�LQ�WKH�DFFXUDF\�DVSHFW�DQDO\�VHV��$�$±�JHQHUDOO\�LQGXFHG�D�VORZHU�EXW�PRUH�DFFXUDWH�UHVSRQVH��%RWK�DF�FXUDF\�OHYHO��DQG�DYHUDJHG�UHVSRQVH�WLPHV�RI�WKH�HYHQW�W\SH�$�$��VKRZLQJWKH�VDPH�LPDJH�ZLWKRXW�DQ\�PRGLILFDWLRQ��ZHUH�IRXQG�WR�EH�WKH�ORZHVW�)LJXUHV������

7KH�SURSHUWLHV�RI�WKH�ILUVW�HUURU�DIWHU�DGDSWDWLRQ�HIIHFW�ZHUH�LQYHVWL�JDWHG��,W�ZDV�IRXQG�WKDW�HUURUV�GXH�WR�FKDQJHV�LQ�FRQWUDVW�OHYHO�ZHUH�WKHPRVW�GRPLQDQW��)LJXUH����������&RPSDULVRQ�ZLWK�DGDSWDWLRQ�HIIHFW�EHWZHHQ�WKHH[SHULPHQWV�RQ�SULPDU\�DQG�KLJK�RUGHU�YLVXDO�DUHDV$V�ZH�FRQGXFWHG�WZR�H[SHULPHQWV�VLPXOWDQHRXVO\�LQYROYLQJ�ERWK�SUL�PDU\�DQG�KLJK�RUGHU�YLVXDO�DUHDV��LW�DOORZHG�XV�WR�PDNH�VRPH�PRUH�DQDO\�VHV��)LUVW�RI�DOO��ZH�FRPSDUHG�WKH�QXPEHU�RI�HUURUV�LQ�WKH�WZR�H[SHULPHQWW\SHV��7KH�DYHUDJH�SHUFHQWDJHV�RI�WRWDO�HUURUV�GLG�QRW�VKRZ�DQ\�VLJQLILFDQWGLIIHUHQFHV�:H�DOVR�FRPSDUHG�WKH�DYHUDJH�SHUFHQWDJHV�RI�HUURUV�GXH�WR�GLIIHUHQWFRQWUDVW�OHYHOV��$V�LW�FDQ�EH�VHHQ��WKH�HUURUV�GXH�WR�FRQWUDVW�OHYHOV�LQ�ERWKWKH�SULPDU\�DQG�KLJK�RUGHU�H[SHULPHQW�KDG�QR�VLJQLILFDQW�GLIIHUHQFH��)LJ�XUH�����

)LJXUH���'LVWULEXWLRQ�RI�UHVSRQVHWLPH�IRU�KLWV�¬�3ULPDU\DQG�+LJK�2UGHU�9LVXDO$UHDV'LVWULEXWLRQ�RI�UHVSRQVHWLPH�IRU�KLWV��7KH�WRWDOQXPEHU�RI�WKH�KLWV±UHVSRQVH�WLPH�ZDVDQDO\]HG�DFFRUGLQJ�WRLWV�®HYHQW¯�W\SH���$QDYHUDJH�ZDV�FDOFXODWHGIRU�HDFK�VXEMHFWVHSDUDWHO\��DQG�ZDVDYHUDJHG�DFURVVVXEMHFWV���$�$� VKRZLQJWKH�VDPH�LPDJH��$�$PRGLI\LQJ�FRQWUDVW�$�$±��PRGLI\LQJ�IDFHSURSHUWLHV�RU�VSDWLDOIUHTXHQF\��$�$±

)LJXUH����'LVWULEXWLRQ�RI�UHVSRQVHWLPH�IRU�HUURUV�¬3ULPDU\�DQG�+LJK�2UGHU9LVXDO�$UHDV'LVWULEXWLRQ�RI�UHVSRQVHWLPH�IRU�HUURUV��7KHWRWDO�QXPEHU�RI�HUURUV±UHVSRQVH�WLPH�ZDVDQDO\]HG�DFFRUGLQJ�WRLWV�®HYHQW¯�W\SH��$QDYHUDJH�ZDV�FDOFXODWHGIRU�HDFK�VXEMHFWVHSDUDWHO\��DQG�ZDVDYHUDJHG�DFURVVVXEMHFWV���$�$��VKRZLQJWKH�VDPH�LPDJH��$�$PRGLI\LQJ�FRQWUDVW�$�$±��PRGLI\LQJ�IDFHSURSHUWLHV�RU�VSDWLDOIUHTXHQF\��$�$±PRGLI\LQJ�ERWK�FRQWUDVWDQG�IDFH�SURSHUWLHV�RUVSDWLDO�IUHTXHQF\�
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$�FRPSDULVRQ�GHDOLQJ�ZLWK�DYHUDJHG�UHVSRQVH�WLPH�ZDV�DOVR�SHU�IRUPHG��7KH�DYHUDJHG�UHVSRQVH�WLPH�LQ�WKH�H[SHULPHQW�RQ�SULPDU\�YLVXDODUHDV�ZDV�IRXQG�WR�EH�DERXW����PV�VKRUWHU�FRPSDUHG�WR�DYHUDJHG�UHVSRQVHWLPH�LQ�KLJK�RUGHU�YLVXDO�DUHDV±�H[SHULPHQWV��)LJXUH������7KLV�UHVXOW�PLJKWUHIHU�WR�D�ZHDNHU�DGDSWDWLRQ�WKRXJK�VXEMHFWV�ZHUH�DVNHG�WR�SD\�PRUH�DW�WHQWLRQ�WR�DFFXUDF\�WKDQ�VSHHG������±7UDLQLQJ±�HIIHFW
+DOI�RI�WKH�VXEMHFWV�ZHUH�ILUVW�H[SRVHG�WR�WKH�KLJK�RUGHU�DGDSWDWLRQH[SHULPHQW��DQG�KDOI�RI�WKH�VXEMHFW�SDUWLFLSDWHG�ILUVW�LQ�WKH�SULPDU\�YLVXDO�DUHDV�DGDSWDWLRQ�H[SHULPHQW��)RU�HDFK�VXEMHFW�WKH�WRWDO�DFFXUDF\�OHYHO�ZDVFDOFXODWHG�IRU�ERWK�H[SHULPHQWV�DQG�D�WRWDO�DYHUDJH�ZDV�FDOFXODWHG��$FFX�

)LJXUH�����3URSHUWLHV�RI�WKH�ILUVWHUURU�DIWHU�DGDSWDWLRQ�¬3ULPDU\�DQG�+LJK�2UGHU9LVXDO�$UHDV�3HUFHQWDJH�RI�WKH�HUURUVLQ�ILUVW�H[SRVXUH�WRPRGLILHG�LPDJH�DIWHUDFTXLULQJ�DGDSWDWLRQ�EORFN�����7ZR�GLIIHUHQWRSWLRQDO�HUURU�W\SHV�FDXVHG�GXH�WR�DQ�LPDJHPRGLILFDWLRQ�RU�DFRQWUDVW�PRGLILFDWLRQV��

)LJXUH����,QFRUUHFW�DQVZHUV�GXH�WRFRQWUDVW�FKDQJHV$�FRPSDULVRQ�EHWZHHQWKH�SHUFHQWDJH�RI�HUURUVGXH�WR�FRQWUDVW�FKDQJHVLQ�ERWK�SULPDU\�DQGKLJK�RUGHU�H[SHULPHQWV��

)LJXUH����&RPSDULVRQ�EHWZHHQ�WKHDYHUDJHG�UHVSRQVH�WLPHRI�WKH�H[SHULPHQWV�RQKLJK�RUGHU�DQG�SULPDU\YLVXDO�DUHDV&RPSDULVRQ�EHWZHHQ�WKHDYHUDJHG�UHVSRQVH�WLPHRI�WKH�H[SHULPHQWV�RQKLJK�RUGHU�DQG�SULPDU\YLVXDO�DUHDV��LQFOXGLQJKLWV�DQG�HUURUV�DV�ZHOO��$YHUDJHG�UHVSRQVH�WLPHZDV�FDOFXODWHG�IRU�HDFKVXEMHFW�VHSDUDWHO\��DQGZDV�DYHUDJHG�DFURVVVXEMHFWV�
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UDF\�DQDO\VHV�LQGLFDWH�D�PLQRU�LPSURYHPHQW�WUHQG�WKDW�ZDV�GHPRQVWUDWHGLQ�WKH�VHFRQG�H[SHULPHQW��UHJDUGOHVV�RI�H[SHULPHQW�W\SH��7KLV�PLJKW�EHGXH�WR�VRPH�±WUDLQLQJ±�HIIHFW�LQ�ZKLFK�WKH�VXEMHFWV�DUH�PRUH�IDPLOLDU�ZLWKWKH�WDVN��OHVV�WHQVH��DQG�WKXV�DFKLHYHG�EHWWHU�SHUIRUPDQFHV��+RZHYHU�WKHUHVSRQVH�WLPHV�DQDO\VHV�GLG�QRW�VXSSRUW�WKHVH�ILQGLQJV����'LVFXVVLRQ7KHUH�KDYH�EHHQ�PDQ\�VWXGLHV�RQ�DGDSWDWLRQ�HIIHFWV�XVLQJ�I05,�EXWKDUGO\�DQ\�SV\FKRSK\VLFDO�H[SHULPHQWV�RQ�VKRUW�WHUP�DGDSWDWLRQ��7KHVWXG\�RI�VKRUW�WHUP�DGDSWDWLRQ�LV�RI�D�KXJH�LPSRUWDQFH�GXH�WR�WKH�SRWHQWLDOLQIOXHQFHV�RI�XQGHUVWDQGLQJ�WKHVH�QHXURQDO�PHFKDQLVPV�EHWWHU�IURP�ERWKSK\VLRORJLFDO�DQG�FRJQLWLYH�DVSHFWV��8VLQJ�VKRUW�WHUP�DGDSWDWLRQ�VFLHQWLVWVDUH�FDSDEOH�RI�GLVWLQJXLVKLQJ�EHWZHHQ�GLIIHUHQW�IXQFWLRQDO�SURSHUWLHV�RIFRUWLFDO�QHXURQV��DQG�WKXV�XVH�WKLV�IHDWXUH�DV�D�WRRO�LQ�KXPDQ�EUDLQ�PDS�SLQJ��7KH�EHKDYLRUDO�DQDO\VLV�SHUIRUPHG�LQ�WKLV�H[SHULPHQW��ZKLFK�VXFFHVV�IXOO\�VKRZHG�DGDSWDWLRQ��FDQ�EH�FDUULHG�RXW�WKURXJK�I05,�IRU�D�PRUHGHWDLOHG�GHVFULSWLRQ�RI�XQGHUO\LQJ�QHXURQDO�DFWLYLW\��7KH�H[SHULPHQW�DS�SURYHG�WKDW�DGDSWDWLRQ�LQGHHG�RFFXUUHG�DV�VXEMHFWV�UHVSRQGHG�WR�WKH�VHFRQGEORFN�RI�LPDJHV�OHVV�DFFXUDWHO\�DQG�PXFK�VORZO\�DIWHU�ORRNLQJ�DW�D�UH�SHDWHG�LPDJH�WKDQ�DIWHU�ORRNLQJ�DW�D�EORFN�ZLWK�DOWHUHG�LPDJHV��7KLV�DG�DSWDWLRQ��LQGLFDWHG�E\�RWKHU�VFLHQWLVWV��ZDV�GXH�WR�IDWLJXLQJ�QHXURQVUHVSRQGLQJ�OHVV�WKDQ�QRUPDO����&RQFOXVLRQ:H�VKRZHG�VXFFHVVIXOO\�IRU�WKH�ILUVW�WLPH�WKDW�VKRUW�WHUP�DGDSWDWLRQEHKDYLRU�DFKLHYHG�E\�SV\FKRSK\VLFDO�H[SHULPHQW�LV�FRUUHODWHG�ZLWK�WKH�UH�VXOWV�DFKLHYHG�E\�ORQJ�WHUP�DGDSWDWLRQ�H[SHULPHQWV��DQG�FRQVLVWHQW�ZLWK�UH�VXOWV�DFKLHYHG�LQ�I05,�DGDSWDWLRQ�H[SHULPHQWV�7KLV�DVSHFW�RI�WKH�UHVXOWV�LV�FRPSDWLEOH�ZLWK�RXU�EDVLF�DVVXPSWLRQ�6KRUW�WHUP�DGDSWDWLRQ�FDXVHV�D�GHFUHDVH�LQ�WKH�DFFXUDF\�RI�UHDFWLRQ�WRFKDQJHV�LQ�VWLPXOL�DQG�UDLVHV�WKH�QHHGHG�WLPH�IRU�GRLQJ�WKH�WDVN�DV�DFFX�UDWH�DV�SRVVLEOH�7KH�PRVW�DPELJXRXV�EHKDYLRU�ZDV�GHPRQVWUDWHG�DIWHU�FRQWUDVW�PRGL�ILFDWLRQV��,W�ZDV�IRXQG�WKDW�HUURUV�GXH�WR�FKDQJHV�LQ�FRQWUDVW�OHYHO�ZHUHPRVW�GRPLQDQW��DQG�KHUH�WKH�PRVW�WLPH�ZDV�QHHGHG�WKXV�LPSO\�WKDW�WKHV\VWHP�LV�DZDUH�RI�VRPH�FKDQJH�EXW�IDLOV�WR�VSHFLI\�LW�&RQGXFWLQJ�WZR�SDUDOOHO�UHVHDUFKHV��RQH�GHDOLQJ�ZLWK�®FRPSOH[¯�VWLP�XOL��DFWLYDWLQJ�KLJK�RUGHU�FRUWLFDO�DUHDV��DQG�WKH�RWKHU�ZLWK�®VLPSOH¯�VWLP�XOL��VWLPXODWLQJ�SULPDU\�YLVXDO�DUHDV��ZH�FRUUHODWHG�WKH�UHVXOWV�RI�WKHVWXGLHV��7KLV�XQLTXH�FRPSDULVRQ�UHYHDOHG�D�YDVW�UHVHPEODQFH�LQ�WKH�UHVXOWVRI�WKH�WZR��:H�WKHUHIRUH�VXJJHVW�WKDW�WKH�EHKDYLRUDO�PHFKDQLVPV�XQGHUO\�LQJ�VKRUW�WHUP�DGDSWDWLRQ�HIIHFW�DUH�VLPLODU�LQ�ERWK�W\SHV�RI�YLVXDO�DUHDV��
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