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0HWKRGV�DQG�$SSOLFDWLRQV�RI�&RPSXWDWLRQDO�&KHPLVWU\�
�QG�,QWHUQDWLRQDO�6\PSRVLXP�

�
8QGHU�VXSSRUW�RI�,QWHUQDWLRQDO�5HVHDUFK�2IILFH�RI�WKH�8�6��$UP\�(QJLQHHU�5HVHDUFK�DQG�
'HYHORSPHQW�&HQWHU��(5'&�,52��

+PVGTPCVKQPCN�1TICPK\KPI�%QOOKVVGG�
-HU]\�/HV]F]\QVNL��&KDLUPDQ���-DFNVRQ�6WDWH�8QLYHUVLW\��86$�
*DQQD�(OVND��+RQRUDU\�&KDLUPDQ���,QVWLWXWH�IRU�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
9RORG\P\U�6HPLQR]KHQNR��+RQRUDU\�&KDLUPDQ���67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�
0LNKDLO�%D]LOHYVN\��.DUSRY�,QVWLWXWH�RI�3K\VLFDO�&KHPLVWU\��5XVVLD�
/HRQLG�*RUE��-DFNVRQ�6WDWH�8QLYHUVLW\��86$��DQG�,QVWLWXWH�RI�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
-LDQGH�*X��6KDQJKDL�,QVWLWXWH�RI�0DWHULD�0HGLFD��&KLQD�
'P\WUR�+RYRUXQ��,QVWLWXWH�RI�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
,O\D�.DSODQ��1DWLRQDO�$XWRQRPRXV�8QLYHUVLW\�RI�0H[LFR��0H[LFR�
-DFHN�.DUZRZVNL��1LFRODXV�&RSHUQLFXV�8QLYHUVLW\��3RODQG�
=G]LVODZ�/DWDMND��8QLYHUVLW\�RI�:URFODZ��3RODQG�
0DQXHO�5XL]�/ySH]��+HQU\�3RLQFDUH�8QLYHUVLW\��)UDQFH�
2OHJ�6KLVKNLQ��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�
$QGU]HM�6RNDOVNL��:URFODZ�8QLYHUVLW\�RI�7HFKQRORJ\��3RODQG�
-L t âSRQHU��,QVWLWXWH�RI�%LRSK\VLFV��&]HFK�5HSXEOLF�
0LTXHO�6ROj��8QLYHUVLWDW�GH�*LURQD��6SDLQ�

.QECN�1TICPK\KPI�%QOOKVVGG�
2OHJ�6KLVKNLQ��&KDLUPDQ���67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�
'P\WUR�+RYRUXQ��&R�&KDLUPDQ���,QVWLWXWH�IRU�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
/HRQLG�*RUE��-DFNVRQ�6WDWH�8QLYHUVLW\��86$��DQG�,QVWLWXWH�RI�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
,U\QD�.RORPLHW]��,QVWLWXWH�IRU�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
2OKD�.RU]K��,QVWLWXWH�IRU�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��8NUDLQH�
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2OHJ�=KLNRO��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���8NUDLQH�

7KH�YLHZV��RSLQLRQV��DQG�RU� ILQGLQJV�FRQWDLQHG� LQ�WKLV� UHSRUW�DUH� WKRVH�RI� WKH�DXWKRU�V��
DQG�VKRXOG�QRW�EH�FRQVWUXHG�DV�DQ�RIILFLDO�'HSDUWPHQW� RI� WKH�$UP\�SRVLWLRQ��SROLF\��RU�
GHFLVLRQ��XQOHVV�VR�GHVLJQDWHG�E\�RWKHU�GRFXPHQWDWLRQ��
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3ULQFLSDO�LPSRVVLELOLW\�RI�WKH�GHYHORSHG�')7�DSSURDFKHV�
WR�GHVFULEH�WKH�VSLQ�DQG�VSDFH�GHJHQHUDWH�VWDWHV�

,O\D�*��.DSODQ�
,QVWLWXWR� GH� ,QYHVWLJDFLRQHV� HQ� 0DWHULDOHV�� 8QLYHUVLGDG� 1DFLRQDO� $XWyQRPR� GH� 0p[LFR��$SGR��3RVWDO���������������0p[LFR��'�)��0p[LFR���(�PDLO��NDSODQ#LLP�XQDP�P[�

7KH SUREOHPV�LQ�WKH�GHQVLW\�IXQFWLRQDO� WKHRU\�DULVLQJ�ZKHQ�LW� LV�DSSOLHG�WR�WKH�VSLQ��DQG�
VSDFH�GHJHQHUDWH�VWDWHV�DUH�GLVFXVVHG��,W�LV�ULJRURXVO\�SURYHG�WKDW�LQ�WKH�FDVH�RI�RUWKRQRUPDO�
RUELWDO�VHW�� WKH�HOHFWURQ�GHQVLW\�RI�DQ�DUELWUDU\�1�HOHFWURQ�V\VWHP�GRHV�QRW� �GHSHQG�XSRQ�WKH�
WRWDO�VSLQ�6 DQG�IRU�DOO�YDOXHV�RI�6 KDV�WKH�VDPH�IRUP�DV�LW�KDV�IRU�D�VLQJOH�GHWHUPLQDQWDO�ZDYH�
IXQFWLRQ� >�@�� )URP� WKLV� IROORZV� WKDW� WKH� FRQYHQWLRQDO� .RKQ�6KDP� HTXDWLRQV�� FDQQRW�
GLVWLQJXLVK�WKH�VWDWHV�ZLWK�GLIIHUHQW�WRWDO�VSLQ�YDOXHV���

$ FULWLFDO� VXUYH\� RI� WKH� H[LVWLQJ� ')7�PHWKRGV� RI� WDNLQJ� LQWR� DFFRXQW� WKH� WRWDO� VSLQ� LV�
SHUIRUPHG�� ,W� LV� VKRZQ� WKDW� DOO� WKHVH� PHWKRGV�� LQFOXGLQJ� VWDWH�� DQG� RUELWDO�GHSHQGHQW�
IXQFWLRQDO�PHWKRG��PRGLI\�RQO\� WKH�H[SUHVVLRQ� IRU� WKH�H[FKDQJH�HQHUJ\�DQG�XVH�� LI�XVH�� WKH�
FRUUHODWLRQ�IXQFWLRQDOV�QRW�FRUUHVSRQGLQJ�WR�WKH�WRWDO�VSLQ�RI�WKH�VWDWH��,W�LV�DOVR�SURYHG�WKDW�WKH�
GLDJRQDO�HOHPHQW�RI�WKH�GHQVLW\�PDWUL[�LV�LQYDULDQW�ZLWK�UHVSHFW�WR�WKH�V\PPHWU\�RI�WKH�VWDWH��
KHQFH� LQ� WKH� GHQVLW\� PDWUL[� GHVFULSWLRQ� WKHUH� LV� QR� GLIIHUHQFH� EHWZHHQ� GHJHQHUDWH� DQG�
QRQGHJHQHUDWH� VWDWHV�� 2Q� WKH� RWKHU� KDQG�� IRU� WKH� GHJHQHUDWH� VWDWHV� WKH� %RUQ�2SSHQKHLPHU�
DSSUR[LPDWLRQ�IDLOV�WKDW�PDNH�LPSRVVLEOH�WR�DSSO\�WKH�GHQVLW\�IXQFWLRQDO�IRUPDOLVP��

�
>�@�,�*��.DSODQ��-��0RO��6WUXFW���LQ�3UHVV���DYDLODEOH�RQOLQH��������KWWS���G[�GRL�RUJ���������M�PROVWUXF��������������
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6LJQLILFDQFH�DQG�DSSOLFDWLRQV�RI�ORFDO�LRQL]DWLRQ�HQHUJLHV�
3HWHU�3ROLW]HU�

'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�1HZ�2UOHDQV��1HZ�2UOHDQV��/$��������86$��
7KH ORFDO� LRQL]DWLRQ� HQHUJ\� ,� �U � GHILQHG� RULJLQDOO\� ZLWKLQ� WKH� IUDPHZRUN� RI� +DUWUHH�

)RFN WKHRU\�EXW�HTXDOO\�DSSOLFDEOH� LQ� WHUPV�RI�.RKQ�6KDP�GHQVLW\� IXQFWLRQDO�PHWKRGV�� LV�D�
PHDVXUH�RI�WKH�HQHUJ\�QHHGHG�WR�UHPRYH�DQ�HOHFWURQ�DW�DQ\�SRLQW�U LQ WKH�VSDFH�RI�D�V\VWHP���
7KH IRFXV�LV�XSRQ�WKH�SDUWLFXODU�SRLQW�UDWKHU�WKDQ�XSRQ�D�VSHFLILF�RUELWDO�� ,� �U KDV�EHHQ�VKRZQ�
WR� EH� UHODWHG� WR� DWRPLF� VKHOO� VWUXFWXUH�� ORFDO� NLQHWLF� HQHUJ\� �RU� WHPSHUDWXUH��� DWRPLF�
HOHFWURQHJDWLYLW\� DQG� ORFDO�SRODUL]DELOLW\�� ,W� FDQ� DOVR�EH�XVHG� DV� D�PHDQV� IRU� LGHQWLI\LQJ� WKH�
UDGLFDO�FKDUDFWHUV�RI�PROHFXODU�VLWHV�DV�ZHOO�DV�SUHGLFWLQJ�DQG�UDQNLQJ�WKHLU�VXVFHSWLELOLWLHV�WR�
HOHFWURSKLOLF�DWWDFN��$Q�RYHUYLHZ�RI�WKHVH�YDULRXV�DVSHFWV�RI� ,� �U ZLOO�EH�SUHVHQWHG��
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([SRQHQWLDO�7\SH�2UELWDO�3DFNDJH��
VWUDWHJ\�DQG�DSSOLFDWLRQV�IRU�105�

3KLOLS�(��+RJJDQ�
/$60($��805������&156��
8QLYHUVLW\�%ODLVH�3DVFDO�����DYHQXH�GHV�/DQGDLV��������$8%,(5(�&HGH[��)UDQFH��7KLV�ZRUN�XVHV�H[SRQHQWLDO�W\SH�IXQFWLRQV��(7)V��DV�D�EDVLV�VHW�VDWLVI\LQJ�WKH�QXFOHDU�FXVS�
FRQGLWLRQ��7KH�FKRLFH�RI�&RXORPE�6WXUPLDQ�EDVLV�IXQFWLRQV�LV�PRWLYDWHG�E\�WKH�IDFW�WKDW�WKH\�
FRQVWLWXWH� D� FRPSOHWH� VHW� ZLWKRXW� FRQWLQXXP� VWDWHV�� 7KH\� DOVR� RUWKRJRQDOLVH� WKH� &RXORPE�
DWWUDFWLRQ�>�@��

7KH FRGH�VWUXFWXUH�LV�PRGXODU�ZLWK�PDQ\�SUH�FDOFXODWHG�FRHIILFLHQWV�VWRUHG�DQG�UHWULHYHG�
IURP ORRN�XS� WDEOHV�� 7KLV� LQFOXGHV� *DXQW� FRHIILFLHQWV�� RSWLPDO� H[SRQHQWV�� QRUPDOL]DWLRQ�
FRQVWDQWV�DQG�DWRPLF�LQWHJUDOV�>���@��

(IILFLHQW� RUELWDO� URWDWLRQ� WHFKQLTXHV� DUH� LPSOHPHQWHG� WR� IDFLOLWDWH� WKH� XVH� RI� D� ',0�
�'LDWRPLFV�LQ�0ROHFXOHV��VWUDWHJ\�>���@��

)LQDOO\��DSSOLFDWLRQV�WR�SUHFLVH�HYDOXDWLRQ�RI�105�FKHPLFDO�VKLIWV�DUH�JLYHQ�WR�LOOXVWUDWH�
ZK\�6WXUPLDQV�DUH�IDU�VXSHULRU�WR�6ODWHU�W\SH�RUELWDOV�LQ�WKLV�FDVH�>�@��

�
>�@� &��$��:HDWKHUIRUG��(��5HG�DQG�3��(��+RJJDQ��0RO��3K\V������������������DQG�UHIHUHQFHV�WKHUHLQ��>�@� '��3LQFKRQ�DQG�3��(��+RJJDQ��,QW��-��4XDQWXP�&KHP������������RQOLQH��>�@� -��$YHU\��+\SHUVSHULFDO�KDUPRQLFV�DQG�JHQHUDOL]HG�6WXUPLDQV� .OXZHU��'RUGUHFKW��������>�@� '��3LQFKRQ�DQG�3��(��+RJJDQ��-��3K\V��$���� ������������������>�@� 1��$EVL�DQG�3��(��+RJJDQ��,QW��-��4XDQWXP�&KHP���� ������������������>�@� 3��(��+RJJDQ��,QW��-��4XDQWXP�&KHP���������������������
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4XDVL�H[DFWO\�VROYDEOH�PRGHOV�RI�DWRPV�DQG�PROHFXOHV�
-DFHN�.DUZRZVNL�

,QVW\WXW�)L]\NL��8QLZHUV\WHW�0LNRáDMD�.RSHUQLND��*UXG]L G]ND����3/��������7RUX � 3RODQG�
7KH�6FKU|GLQJHU�HTXDWLRQ�IRU�WZR�XQFRQILQHG�LQWHUDFWLQJ�SDUWLFOHV�PD\�DOZD\V�EH�UHGXFHG�WR D� V\VWHP� RI� WZR� RQH�SDUWLFOH� HTXDWLRQV��2QH� IRU� WKH� UHODWLYH�PRWLRQ� RI� WKH� SDUWLFOHV� DQG�DQRWKHU�RQH�IRU�WKH�PRWLRQ�RI�WKH�FHQWUH�RI�PDVV��$PRQJ�WH[WERRN�H[DPSOHV�WKH�EHVW�NQRZQ�DUH� WKH� K\GURJHQ� DWRP� DQG� WKH� QXFOHDU� PRWLRQ� LQ� WKH� GLDWRPLF� PROHFXOH�� ,Q� JHQHUDO�� WKLV�VHSDUDWLRQ�LV�LPSRVVLEOH�LI�WKH�PRWLRQ�RI�WKH�SDUWLFOHV�LV�FRQILQHG�E\�DQ�H[WHUQDO�SRWHQWLDO��H�J��WZR�LQWHUDFWLQJ�HOHFWURQV�FRQILQHG�E\�D�&RXORPE�SRWHQWLDO�PRGHOOLQJ�D�KHOLXP�OLNH�DWRP���7KH�RQO\�FRQILQHPHQW�ZKLFK�GRHV�QRW�REVWUXFW�WKH�VHSDUDELOLW\�LV�WKH�RQH�E\�D�SDUDEROLF�SRWHQWLDO��7KH�UHVXOWLQJ�V\VWHP�LV�NQRZQ�DV�WKH�+RRNHDQ�DWRP�RU�KDUPRQLXP� 7KH�DQDO\WLFDO�VROXWLRQV�WR WKH�SUREOHP�ZHUH�IRU�WKH�ILUVW�WLPH�IRXQG�E\�6DQWRV�>�@��7KHQ�WKH�V\VWHP�ZDV�UHGLVFRYHUHG�VHYHUDO� WLPHV� �VHH�H�J�� >�@���$�GHWDLOHG�DQDO\VLV�RI� LWV� VSHFWUXP�DQG�VWXGLHV�RQ�VRPH� UHODWHG�V\VWHPV�PD\� EH� IRXQG� LQ� UHI�� >�@�� 7ZR� VLPSOH� SURSHUWLHV� RI� TXDGUDWLF� IRUPV�� ���� $� OLQHDU�FRPELQDWLRQ� RI� TXDGUDWLF� IRUPV� LV� D� TXDGUDWLF� IRUP�� DQG� ����$� OLQHDU� WUDQVIRUPDWLRQ� RI� WKH�YDULDEOHV� WUDQVIRUPV� D� SRVLWLYH� GHILQLWH� TXDGUDWLF� IRUP� WR� WKH� GLDJRQDO� IRUP� ZLWK� SRVLWLYH�FRHIILFLHQWV��LPSO\�WKDW�DOVR�D�+RRNHDQ�PROHFXOH�FDQ�EH�UHGXFHG�WR�D�VLPLODU��H[DFWO\�VROYDEOH�SUREOHP��5HFHQWO\�FRQVWUXFWHG�H[DFWO\�VROYDEOH�PRGHOV�RI�PROHFXOHV�>�@�RIIHU�D�SRVVLELOLW\�RI�D SUHFLVH�DQDO\VLV�RI�WKH�%RUQ�2SSHQKHLPHU�DSSUR[LPDWLRQ��7KH SUREOHP� LV� PRUH� GLIILFXOW� LQ� WKH� FDVH� RI� UHODWLYLVWLF� V\VWHPV�� +RZHYHU� VHYHUDO�H[DPSOHV� RI� H[DFWO\� DQG� TXDVL�H[DFWO\� VROYDEOH�PRGHOV� GHVFULEHG� E\� HLWKHU�'LUDF� RU�.OHLQ�*RUGRQ�HTXDWLRQ�KDYH�UHFHQWO\�EHHQ�GLVFXVVHG�>�@��2QH� FDQ� FRQVWUXFW� PDQ\� H[DFWO\� DQG� TXDVL�H[DFWO\� VROYDEOH� RQH�SDUWLFOH� 6FKU|GLQJHU�HTXDWLRQV�ZLWK�SRWHQWLDOV� DSSURSULDWH� WR�PRGHOOLQJ� V\VWHPV� UHOHYDQW� IRU�TXDQWXP�FKHPLVWU\��0HWKRGV� DSSURSULDWH� IRU� WKH� FRQVWUXFWLRQ� RI� VXFK� HTXDWLRQV� ZLOO� EH� GLVFXVVHG� DQG� QHZ�DSSURDFKHV� WR� WKH� SUREOHP� ZLOO� EH� SURSRVHG�� ,Q� SDUWLFXODU�� ZH� DUH� JRLQJ� WR� VKRZ� VRPH�UHODWLRQV�EHWZHHQ�WKH�LQWHUDFWLRQ�SRWHQWLDO�DQG�WKH�IRUP�RI�WKH�DQVDW]�IXQFWLRQ�ZKLFK�OHDGV�WR�WKH� DQDO\WLFDO� VROXWLRQV�� ,Q� WKLV� ZD\�� D� ODUJH� FODVV� RI� H[DFWO\� VROYDEOH� SUREOHPV� PD\� EH�REWDLQHG�� %HVLGHV�� ZH� VKRZ� KRZ� WKH� UHFXUVLYH� SURFHGXUH� RI� GHWHUPLQLQJ� WKH� IRUP� RI� WKH�ZDYHIXQFWLRQ�PD\�EH� WUDQVIRUPHG� WR� DQ� HLJHQYDOXH� SUREOHP�RI� D� V\PPHWULF�PDWUL[��$W� WKH�HQG��ZH�VKDOO�GLVFXVV�XVHIXOQHVV�RI�VRPH�OHVV�FRPPRQ�WHFKQLTXHV�DV�� IRU�H[DPSOH�� WKH�RQHV�EDVHG�RQ�WKH�WULFRQIOXHQW�+HXQ�HTXDWLRQ��

>�@� 6DQWRV�(��&DOFXOR�DSUR[LPDGR�GH� OD�HQHUJLD�GH�FRUUHODFLRQ�HQWUH�GRV�HOHFWURQHV� ���$Q�5�6RF�(VS�)LV�4XLP��� ���������������>�@� 7DXW�0��7ZR�HOHFWURQV� LQ�DQ�H[WHUQDO�RVFLOODWRU�SRWHQWLDO��3DUWLFXODU� DQDO\WLF� VROXWLRQV�RI� D�&RXORPE�FRUUHODWLRQ�SUREOHP����3K\V�5HY�$�� �����������������>�@� -��.DUZRZVNL� DQG�/��&\UQHN��7ZR� LQWHUDFWLQJ�SDUWLFOHV� LQ� D� SDUDEROLF�ZHOO��+DUPRQLXP� DQG� UHODWHG�V\VWHPV����&RPS��0HWKRGV�6FL��7HFKQRO��� ��������������+DUPRQLXP����$QQ��3K\V���/HLS]LJ���� ���������������� $� FODVV� RI� H[DFWO\�VROYDEOH� 6FKU|GLQJHU� HTXDWLRQV� ���&ROOHFW�� &]HFK�� &KHP�� &RPPXQ�� ������������������>�@� ;��/RSH]��-��0��8JDOGH��/��(FKHYDUUtD��(��9��/XGHxD��([DFW�QRQ�%RUQ�2SSHQKHLPHU�ZDYH�IXQFWLRQV�IRU�WKUHH�SDUWLFOH�+RRNHDQ�V\VWHPV�ZLWK�DUELWUDU\�PDVVHV��3K\V�5HY�$�� ���������������>�@� 0�� 6WDQNH�� -�� .DUZRZVNL� DQG� +�� 7DWHZDNL�� .LQHWLFDOO\� %DODQFHG� 'LUDF� (TXDWLRQ�� 3URSHUWLHV� DQG�DSSOLFDWLRQV����0RO��3K\V������������������������-��.DUZRZVNL�DQG�*��3HVWND��+DUPRQLF�RVFLOODWRUV�LQ�UHODWLYLVWLF�TXDQWXP�PHFKDQLFV��7KHRUHW��&KHP��$FF��[[��������[[�[[��
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3DLUHG�RUELWDOV�IRU�GLIIHUHQW�VSLQV�HTXDWLRQV�
,JRU�=LOEHUEHUJ�

%RUHVNRY�,QVWLWXWH�RI�&DWDO\VLV��1RYRVLELUVN���������5XVVLDQ�)HGHUDWLRQ��
$ PRGLILFDWLRQ�RI�VWDQGDUG�VSLQ�SRODUL]HG�+DUWUHH�)RFN�RU�.RKQ�6KDP�HTXDWLRQV�WR�PDNH�

VSLQ�XS� DQG� VSLQ�GRZQ� RUELWDOV� SDLUHG� ZLOO� EH� SUHVHQWHG�� 2EWDLQHG� �32'6�� HTXDWLRQV� DUH�
HTXLYDOHQW�WR�QRQ�FDQRQLFDO�VWDQGDUG�XQUHVWULFWHG�HTXDWLRQV�LQ�ZKLFK�RUELWDO�VHWV�IRU�DOSKD�DQG�
EHWD� HOHFWURQV� DUH� UHTXLUHG� WR� EH� ELRUWKRJRQDO�� 7KH� ODWWHU� FRQGLWLRQ� LV� VKRZQ� WR� UHVXOW� LQ�
UHSODFLQJ� )RFN� �.RKQ�6KDP�� RSHUDWRU� IRU� HLWKHU� VSLQ� E\� HIIHFWLYH� RSHUDWRUV� FRQVWUXFWHG� RQ�
EDVH�RI�$GDPV�*LOEHUW�DQG�(GPLVWRQ�5XHGHQEHUJ�DSSURDFK�IRU�ORFDOL]HG�RUELWDOV��

32'6�HTXDWLRQV�VHHP�WR�EH�HVSHFLDOO\�XVHIXO�ZKHQ�XVHG�DORQJ�ZLWK�1RRGOHPDQ�EURNHQ�
V\PPHWU\� DSSURDFK� WR� WUHDW� DQWLIHUURPDJQHWLFDOO\� FRXSOHG� VSLQV� LQ� ODUJH� V\VWHPV�� 3RVVLEOH�
DSSOLFDWLRQV�RI�GHYHORSHG�HTXDWLRQV�WR�WKH�V\VWHPV�RI�VXFK�W\SH�ZLOO�EH�GLVFXVVHG��
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(QKDQFHPHQWV�RI�WKH�+\EULG�/6&)�00�PHWKRG�
DQG�LWV�$SSOLFDWLRQV�WR�%LRFKHPLFDO�SUREOHPV�

;DYLHU�$VVIHOG��;DYLHU�$VVIHOG#FEW�XKS�QDQF\�IU��
&R�ZRUNHUV�� 'HOSKLQH�%DV��'HOSKLQH�%DV#FEW�XKS�QDQF\�IU��3LHUUH�)UDQoRLV�/RRV��3LHUUH�)UDQFRLV�/RRV#FEW�XKS�QDQF\�IU��

&KLPLH� HW� %LRFKLPLH� 7KpRULTXHV�� 805� &156�8+3� ������ 1DQF\�8QLYHUVLWp�� %3� �����������9DQGRHXYUH�OqV�1DQF\�&HGH[��)UDQFH��
7R GHDO�ZLWK�PDFURPROHFXODU�V\VWHPV�K\EULG�PHWKRGV��PL[LQJ�4XDQWXP�0HFKDQLFV�DQG�

0ROHFXODU�0HFKDQLFV��DUH�QRZDGD\V�FHUWDLQO\�WKH�RQO\�SUDFWLFDO�WRRO�DYDLODEOH��7KHVH�PHWKRGV�
GLIIHU�IURP�RQH�DQRWKHU�E\�RI�FRXUVH�WKH�OHYHO�RI�WKHRU\�XVHG�IRU�WKH�40�SDUW�DQG�WKH�FKRVHQ�
)RUFH�)LHOG�RI�WKH�00�PHWKRG��EXW�PDLQO\�E\�WKH�ZD\�WKH\�KDQGOH�WKH�IURQWLHU�EHWZHHQ�WKH�
40� DQG�00� IUDJPHQWV�� ,Q� WKLV� OHFWXUH�� ,� ZLOO� UHFDOO� TXLFNO\� WKH� YHU\� EDVLF� SULQFLSOHV� RQ�
ZKLFK�RXU�PHWKRG�>�@� LV�EDVHG�� ,W�ZLOO�EH�GLVFXVVHG��FULWLFL]HG�REMHFWLYHO\��DV�EHVW�DV� ,�FDQ���
DQG�FRPSDUHG�WR�RWKHU�PHWKRGV��2QFH�WKH�GUDZEDFNV�DUH�LGHQWLILHG��QHZ�HQKDQFHPHQWV�>���@�
ZLOO�EH�SURSRVHG�DQG�WHVWHG��

)LQDOO\�� WKUHH� GLIIHUHQW� DSSOLFDWLRQV� RQ� UHDO� V\VWHPV� ZLOO� EH� SUHVHQWHG�� 7KH� ILUVW� RQH�
FRQFHUQV�FRUH�H[FLWHG�DQG�FRUH�LRQL]HG�VWDWHV�RI�PDFURPROHFXOHV�>�@��7KH�VHFRQG�RQH�UHYLVLWV�
WKH�0DFURSKRPDWH�V\QWKDVH�DV�D�FDQGLGDWH�DV�D�'LHOV�$OGHUDVH�>�@��7KH�ODVW�RQH�ZLOO�VKRZ�WKH�
LQIOXHQFH�RI� WKH�VXUURXQGLQJ�RQ�WKH�VLQJOH�VWUDQG�EUHDNV�LQGXFHG�E\�ORZ�HQHUJ\�HOHFWURQV�LQ�
'1$�>�@��
�
>�@� ³6SHFLILF�)RUFH�)LHOG�3DUDPHWHUV�'HWHUPLQDWLRQ�IRU�WKH�+\EULG�DE�LQLWLR�40�00�/6&)�PHWKRG�´�1��)HUUp��;��$VVIHOG�DQG�-��/��5LYDLO��-��&RPS��&KHP��������������������>�@� ³)UR]HQ� FRUH� RUELWDOV� DV� DQ� DOWHUQDWLYH� WR� VSHFLILF� IURQWLHU� ERQG� SRWHQWLDO� LQ� K\EULG� 4XDQWXP�0HFKDQLFV�0ROHFXODU�0HFKDQLFV�PHWKRGV�´�$�� )RUQLOL�� 3��)�� /RRV��0�� 6LURQL� DQG�;��$VVIHOG��&KHP��3K\V��/HWW������ ��������������������>�@� ³2Q� WKH� VXLWDELOLW\� RI� VWULFWO\� ORFDOL]HG� RUELWDOV� IRU� K\EULG� 40�00� FDOFXODWLRQV�´� $�� )RUQLOL�� <��0RUHDX��0��6LURQL��DQG�;��$VVIHOG��-��&RPS��&KHP���� ������������>�@� ³&RUH�LRQL]HG� DQG� FRUH�H[FLWHG� VWDWHV� RI�PDFURPROHFXOHV�´�3��)�� /RRV� DQG�;��$VVIHOG�� ,QW�� -��4XDQW��&KHP��(DUO\�YLHZ��>�@� ³0DFURSKRPDWH�V\QWKDVH��40�00�VLPXODWLRQV�DGGUHVV�WKH�'LHOV�$OGHU�YHUVXV�0LFKDHO�$OGRO�UHDFWLRQ�PHFDQLVP�´�&�� 5��:��*XLPDUmHV��0��8GLHU�%ODJRYLF�� DQG�:�� /�� -RUJHQVHQ�� -��$P��&KHP�� 6RF������������������
>�@� ³(OHFWURQ� DWWDFKPHQW�LQGXFHG� '1$� VLQJOH� VWUDQG� EUHDNV�� &�¶±2�¶� V�ERQG� EUHDNLQJ� RI� S\ULPLGLQH�QXFOHRWLGHV�SUHGRPLQDWHV�´�-��*X��-��:DQJ��-��/HV]F]\QVNL��-��$P��&KHP��6RF����� �������������
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(QHUJHWLF�FU\VWDOORJUDSK\��1HZ�DSSURDFKHV�DQG�UHVXOWV�
.�$��/\VVHQNR� 0�<X��$QWLSLQ��

$�1� 1HVPH\DQRY�,QVWLWXWH�RI�2UJDQRHOHPHQW�&RPSRXQGV�5$6����������9DYLORY�6WU�������0RVFRZ��5XVVLD��NRVW\D#[UODE�LQHRV�DF�UX�
,Q� WKH� OHFWXUH� ZH� ZLOO� LQWURGXFH� WKH� QHZ� DSSURDFK� DQG� VRPH� UHVXOWV� RI� V\VWHPDWLFDO�

LQYHVWLJDWLRQV� IRFXVHG� RQ� DQDO\VLV� RI� WKH� QDWXUH� DQG� HVWLPDWLRQ� RI� WKH� HQHUJ\� RI� YDULRXV�
ELQGLQJ� LQWHUDWRPLF� LQWHUDFWLRQV� LQ� FU\VWDOV�� 7KH� DERYH� DSSURDFK� LV� EDVHG� RQ� WRSRORJLFDO�
DQDO\VLV�RI� WKH� HOHFWURQ� GHQVLW\�GLVWULEXWLRQ� IXQFWLRQ�U�U� REWDLQHG� IURP� WKH�KLJK�UHVROXWLRQ�
;�UD\�GLIIUDFWLRQ��;5'��GDWD�E\�PHDQV�RI�%DGHU¶V�³$WRPV�LQ�0ROHFXOH´��$,0��WKHRU\��:H�
ZLOO� GHPRQVWUDWH� WKDW� WKH� XVDJH� RI� WKH� $,0� IRUPDOLVP� LQ� FRQMXQFWLRQ� ZLWK� DFFXUDWH� ;5'�
H[SHULPHQW�PDNHV�SRVVLEOH� WR�GLVWLQJXLVK� WKH�ELQGLQJ� LQWHUDWRPLF� LQWHUDFWLRQV� IURP�DOO�RWKHU�
FRQWDFWV�DQG�WR�HVWLPDWH�WKHLU�HQHUJ\�RQ�WKH�EDVLV�RI�WKH�SRWHQWLDO�HQHUJ\�GHQVLW\�IXQFWLRQ�Y�U�
YDOXH�LQ�WKH�FRUUHVSRQGLQJ�ERQG�FULWLFDO�SRLQW�&3����������

7KH�FXUUHQW�PHWKRG�GRHV�QRW�QHHG�DQ\�HPSLULFDO�SDUDPHWHUV�DQG�GHILQLWLRQ�ZKDW�QXPEHU�
RI FRQWDFWV�WR�LQFOXGH�LQ�FDOFXODWLRQ��,W�LV�QRW�EDVHG�RQ�VRPH�DVVXPSWLRQ�EXW�LV�GHILQHG�VWULFWO\�
E\� QXPEHU� RI� REVHUYHG� &3� ������� ZLWK� WKH� FRQVHTXHQW� VXPPDWLRQ� RI� HQHUJLHV� RI� DOO�
LQGHSHQGHQW�LQWHUDFWLRQV�IRU�ZKLFK�&3¶V�DQG�ERQG�SDWKV�DUH�ORFDWHG�

7KH�GHYHORSHG�DSSURDFK�SURYLGHV�VLJQLILFDQWO\�H[SDQGHG�LQIRUPDWLRQ�DYDLODEOH�IURP�;5'�
GDWD� DQG�PDNHV� LW� SRVVLEOH� WR� GHVFULEH� LQWHUDFWLRQ� QRW� RQ� TXDOLWDWLYH� OHYHO� EXW� UDWKHU� RQ� WKH�
TXDQWLWDWLYH��HQHUJHWLF��RQH���

,Q� SDUWLFXODU�� WKH� XVDJH� RI� WKH� FXUUHQW� DSSURDFK� IRU� DQDO\VLV� RI� LQWHUDWRPLF� LQWHUDFWLRQV�
PDNH�LW�SRVVLEOH�WR��
�� 'HYHORS�WKH�PHWKRG�IRU�HVWLPDWLRQ�RI�LQWUD��DQG�LQWHUPROHFXODU�+�ERQGV�IRUPHG�E\�YDULRXV�
GRQRU�DQG�DFFHSWRUV�RI�K\GURJHQ��D�
�� )LQG�RXW�WKH�LQIOXHQFH�RI�LQWUDPROHFXODU�LQWHUDFWLRQV�RQ�PROHFXODU�HOHFWURQLF�VWUXFWXUH�DQG�
VWDELOL]DWLRQ�RI�SDUWLFXODU�PROHFXODU�FRQIRUPDWLRQ��E�
�� (VWLPDWH� HQHUJ\� RI� YDULRXV� LQWHUPROHFXODU� LQWHUDFWLRQV� LQFOXGLQJ� SUHYLRXVO\� XQNQRZQ� LQ�
OLWHUDWXUH�� VXFK� DV� %«S�V\VWHP��1�«1�� 2������³EDQDQD´� ERQG��� DV�ZHOO� DV� LQWHUDFWLRQV� WKH�
DQDO\VLV� RI� ZKLFK� E\� DE LQLWLR� FDOFXODWLRQ� LV� VWLOO� SUREOHPDWLF�� IRU� H�J�� +�2«+�2 �LQ�
SRO\K\GUDWHV���VWDFNLQJ�LQWHUDFWLRQV�� O�«&O�� 12�

�«12�
�� &2�

��«&2�
��� DQG�(X�2��HWF���E�F�

7KH�DFFXUDF\�RI�WKLV�DSSURDFK�IRU�DQDO\VLV�RI�ELQGLQJ�LQWHU��RU�LQWUDPROHFXODU�LQWHUDFWLRQV�
ZDV� DGGLWLRQDOO\� DSSURYHG� E\�PHDQV� RI� HVWLPDWLRQ� WKH� ODWWLFH� HQHUJ\�ZKLFK� YDOXHV� LQ�PRVW�
FDVHV�ZHUH�PRUH�DFFXUDWH�WKDW�UHVXOWV�RI�SHULRGLF�')7�FDOFXODWLRQV�RI�FU\VWDOV��

$XWKRUV�DUH�JUDWHIXO�IRU�ILQDQFLDO�VXSSRUW�5)%5������������� �
����D��.� � /\VVHQNR��0�<X��$QWLSLQ�5XVV�&KHP��%XOO���������������E��.�$�/\VVHQNR��0�<X��$QWLSLQ��'�<X��$QWRQRY��&KHP3K\V&KHP�� ������������.�$��/\VVHQNR��0�<X��$QWLSLQ��0�(��*XUVNLL��<X�1��%XEQRY��$�/��.DULRQRYD�� 5��%RHVH��&KHP�� 3K\V�� /HWW������ ������� ����.�$�� /\VVHQNR�� 6�0��$OGRVKLQ��0�<X��$QWLSLQ��0HQGHOHHY� &RPPXQ� � ������� ���� �F�� ,�9�� *OXNKRY�� .�$�� /\VVHQNR��$�$�� .RUO\XNRY�� 0��<X��$QWLSLQ��)DUDGD\�'LVFXVVLRQ���� ������������.�$��/\VVHQNR��$�$��.RUO\XNRY��0�<X��$QWLSLQ��0HQGHOHHY�&RPPXQ������������.�$��/\VVHQNR��$�$��.RUO\XNRY��'�*��*RORYDQRY��6�<X��.HWNRY��0�<X��$QWLSLQ��-��3K\V��&KHP��$�����������������.�$��/\VVHQNR��<X�9��1HO\XELQD��5�*��.RVW\DQRYVN\��0�<X��$QWLSLQ�� KHP3K\V&KHP��� �������������.�$��/\VVHQNR��<X�9��1HOXELQD��'�9��6DIURQRY��2�,��+DXVWRYD��5�*��.RVW\DQRYVN\��'�$��/HQHY��0�<X��$QWLSLQ��0HQGHOHHY�&RPP�� ������������<X�9��1HOXELQD��.�$��/\VVHQNR��0�<X��$QWLSLQ��-��3K\V��&KHP��$�����������������
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%LRPROHFXOHV�LQ�WKH�JDV�SKDVH��
ZK\�H[SHULPHQWDOLVWV�GR�QHHG�WKHRU\"�

0LFKHO�0RQV�
/DERUDWRLUH� )UDQFLV� 3HUULQ� �85$� &($� &156� ������� 6HUYLFH� GHV� 3KRWRQV�� $WRPHV� HW�0ROpFXOHV��&($�6DFOD\��%kW�������������*LI�VXU�<YHWWH�&HGH[��)UDQFH�

,QYHVWLJDWLQJ�ELRPROHFXOHV� LQ� WKH�JDV�SKDVH�KDV�EHFRPH�D�SRSXODU� LVVXH� LQ�H[SHULPHQWDO�JURXSV�IRUPHUO\�LQYROYHG�LQ�VWXG\�RI�VPDOO�PROHFXOHV��7KH�FRPSOHWH�WRROER[�RI�WKH�SK\VLFLVWV��LQFOXGLQJ�ODVHU�VSHFWURVFRS\��LV�QRZDGD\V�ZLGHO\�XVHG�WR�LQYHVWLJDWH�LQ�GHWDLO�ODUJH�PRGHOV�RI�ELRPROHFXOHV� RU� HYHQ� VPDOO� ELRPROHFXOHV�� 7ZR� DVSHFWV� RI� PRVW� UHFHQW� VWXGLHV� ZLOO� EH�UHYLHZHG�DQG�GLVFXVVHG��7KH ILUVW� SRLQW� ZLOO� IRFXV� RQ� WKH� IOH[LELOLW\� RI� ELRPROHFXOHV� OLNH� SHSWLGHV� DQG� SURWHLQV��7KHVH� PROHFXOHV�� FKDUDFWHUL]HG� E\� DQ� LQWULQVLF� IOH[LELOLW\�� D� FRPSOH[� FRQIRUPDWLRQDO�ODQGVFDSH� DQG�D� ODUJH�GLYHUVLW\�� FDQ�EH� LQYHVWLJDWHG� LQ�GHWDLO� XVLQJ�PRGHUQ� HQHUJ\�UHVROYHG�RSWLFDO� WHFKQLTXHV� ZKLFK� SURYLGH� DQ� DFXWH� GHVFULSWLRQ� RI� WKH� PLQLPD� RI� WKH� SRWHQWLDO�K\SHUVXUIDFH�>�@� 7KH� DFKLHYHPHQWV� DQG� WKH� SRWHQWLDOLWLHV� RI� ODVHU� VSHFWURVFRS\� LQ� WHUPV� RI�GHWHUPLQDWLRQ� RI� FRQIRUPDWLRQDO� PLQLPD� DQG� HQHUJHWLFV�>���@� DV� ZHOO� DV� RI� LVRPHULVDWLRQ�EDUULHUV�>�@�ZLOO�EH�LOOXVWUDWHG�RQ�WKH�H[DPSOH�RI�VKRUW�SHSWLGH�FKDLQV��7KH VHFRQG� SDUW� RI� WKH� WDON� ZLOO� EH� GHYRWHG� WR� HQHUJ\� UHOD[DWLRQ� LQ� H[FLWHG� VWDWHV� RI�ELRPROHFXOHV� IROORZLQJ� SKRWRH[FLWDWLRQ�� DV� LQYHVWLJDWHG� E\� IHPWRVHFRQG� WLPH�UHVROYHG�WHFKQLTXHV�>����@�7KH�W\SH�RI�LQIRUPDWLRQ�GHULYHG�IURP�WKHVH�H[SHULPHQWV��QDPHO\�WKH�OLIHWLPH�DQG�QDWXUH�RI�WKH�HOHFWURQLF�VWDWHV�LQYROYHG��ZLOO�EH�GHVFULEHG�DQG�FRPSDUHG�WR�WKH�WKHRUHWLFDO�LQYHVWLJDWLRQV�FXUUHQWO\�SHUIRUPHG��,Q�ERWK�FDVHV�WKH�H[LVWHQFH�RI�D�UHDO�V\QHUJ\�EHWZHHQ�H[SHULPHQWDO�DQG�TXDQWXP�FKHPLVWU\�DSSURDFKHV�LV�D�NH\�SRLQW�IRU�D�FRPSOHWH�XQGHUVWDQGLQJ�RI�WKHVH�V\VWHPV��OHDGLQJ�LQ�ILQH�WR�D�PXWXDO�YDOLGDWLRQ�RI�WKH�WHFKQLTXHV�XVHG��
>�@� &KLQ��:���)��3LX]]L��,��'LPLFROL��DQG�0��0RQV��3URELQJ�WKH�FRPSHWLWLRQ�EHWZHHQ�VHFRQGDU\�VWUXFWXUHV�DQG� ORFDO�SUHIHUHQFHV� LQ�JDV�SKDVH� LVRODWHG�SHSWLGH�EDFNERQHV� ���3K\V��&KHP��&KHP��3K\V��� �������������>�@� &KLQ��:���0��0RQV��-��3��'RJQRQ��)��3LX]]L��%��7DUGLYHO��DQG�,��'LPLFROL��&RPSHWLWLRQ�EHWZHHQ�ORFDO�FRQIRUPDWLRQDO� SUHIHUHQFHV� DQG� VHFRQGDU\� VWUXFWXUHV� LQ� JDV�SKDVH� PRGHO� WULSHSWLGHV� DV� UHYHDOHG� E\�ODVHU�VSHFWURVFRS\�DQG�WKHRUHWLFDO�FKHPLVWU\����3K\V��&KHP��&KHP��3K\V��� �������������>�@� &KLQ��:��� -�3��'RJQRQ�� )�� 3LX]]L�� %��7DUGLYHO�� ,��'LPLFROL�� DQG�0��0RQV�� ,QWULQVLF� IROGLQJ� RI� VPDOO�SHSWLGH�FKDLQV��6SHFWURVFRSLF�HYLGHQFH�IRU�WKH�IRUPDWLRQ�RI�EHWD�WXUQV�LQ�WKH�JDV�SKDVH����-��$P��&KHP��6RF������������������>�@� %UHQQHU��9���)��3LX]]L��,��'LPLFROL��%��7DUGLYHO��DQG�0��0RQV��&KLUDOLW\�FRQWUROOHG�IRUPDWLRQ�RI�EHWD�WXUQ�VHFRQGDU\�VWUXFWXUHV� LQ�VKRUW�SHSWLGH�FKDLQV��*DV�SKDVH�H[SHULPHQW�YHUVXV�TXDQWXP�FKHPLVWU\� ���$QJHZ��&KHP��,QW��(GLW���� �������������>�@� =ZLHU��7�6��� /DVHU� SUREHV�RI� FRQIRUPDWLRQDO� LVRPHUL]DWLRQ� LQ� IOH[LEOH�PROHFXOHV� DQG� FRPSOH[HV� ���-��3K\V��&KHP��$�������������������>�@� &DQXHO��&���0��(OKDQLQH��0��0RQV��)��3LX]]L��%��7DUGLYHO��DQG�,��'LPLFROL��7LPH�UHVROYHG�SKRWRHOHFWURQ�DQG�SKRWRLRQ�IUDJPHQWDWLRQ�VSHFWURVFRS\�VWXG\�RI���PHWK\ODGHQLQH�DQG�LWV�K\GUDWHV��D�FRQWULEXWLRQ�WR�WKH�XQGHUVWDQGLQJ�RI�WKH�XOWUDIDVW�UDGLDWLRQOHVV�GHFD\�RI�H[FLWHG�'1$�EDVHV����3K\V��&KHP��&KHP��3K\V��� �������������>�@� &DQXHO��&���0��0RQV��)��3LX]]L��%��7DUGLYHO��,��'LPLFROL��DQG�0��(OKDQLQH��([FLWHG�VWDWHV�G\QDPLFV�RI�'1$�DQG�51$�EDVHV��&KDUDFWHUL]DWLRQ�RI�D�VWHSZLVH�GHDFWLYDWLRQ�SDWKZD\�LQ�WKH�JDV�SKDVH����-��&KHP��3K\V����������������
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')7�YV��03���ZKLFK�PHWKRG�JLYHV�WKH�FRUUHFW�W\URVLQH�
JO\FLQH�VWUXFWXUH"�

7DQMD�YDQ�0RXULN�
6FKRRO�RI�&KHPLVWU\��8QLYHUVLW\�RI�6W�$QGUHZV��6W�$QGUHZV��8QLWHG�.LQJGRP��

,Q� SUHYLRXV� ZRUN� LW� ZDV� IRXQG� WKDW� %�/<3� DQG� 03��� ZKHQ� XVHG� ZLWK� WKH� VDPH�
PRGHUDWHO\�VL]HG�EDVLV�VHW�������*���JDYH�GUDPDWLFDOO\�GLIIHUHQW�VWUXFWXUHV�IRU�VRPH�RI� WKH�
FRQIRUPHUV� RI� WKH� GLSHSWLGH� W\URVLQH�JO\FLQH� �7\U�*O\�� >�@�� %�/<3� SUHGLFWHG� H[WHQGHG�
FRQIRUPDWLRQV�WR�EH�PRUH�VWDEOH��ZKHUHDV�03��IDYRXUHG�IROGHG�VWUXFWXUHV��7KH�YHU\�GLIIHUHQW�
VWUXFWXUHV� REWDLQHG� E\� WKHVH� WZR� PHWKRGV� DUH� OLNHO\� FDXVHG� E\� GLVSHUVLRQ� �D� WUXH� SK\VLFDO�
HIIHFW��XQGHUHVWLPDWHG�E\�%�/<3��DV�ZHOO�DV� ODUJH�EDVLV�VHW�VXSHUSRVLWLRQ�HUURUV� �%66(��DQ�
DUWLILFLDO� DWWUDFWLRQ�� LQ� WKH� 03�� FDOFXODWLRQV� >�@�� :KLFK� PHWKRG�� LI� DQ\�� JLYHV� WKH� FRUUHFW�
VWUXFWXUH IRU�WKHVH�FRQIRUPHUV"�
�

,Q�WKLV�SUHVHQWDWLRQ�,�ZLOO�VKRZ�WKDW�QHLWKHU�%�/<3�QRU�03��ZLWK�VPDOO�WR�PHGLXP�VL]HG�
EDVLV�VHWV�JLYHV�FRUUHFW�UHVXOWV�IRU� WKLV�FRQIRUPHU�� WKHUHE\�SURYLGLQJ�D�VWDUN�ZDUQLQJ�DJDLQVW�
WKH XVH� RI� WKHVH� SRSXODU� PHWKRGV� WR� VWXG\� PROHFXODU� V\VWHPV� ZKHUH� WKH� GLVSHUVLRQ�
FRQWULEXWLRQ�PD\� EH� ODUJH�� 5HOLDEOH� SRWHQWLDO� HQHUJ\� VXUIDFHV� FDQ� KRZHYHU� EH� REWDLQHG� E\�
UHGXFLQJ�WKH�%66(�LQ�WKH�03��FDOFXODWLRQV�>�@��

�
>�@� '��7RUR]��7�� YDQ�0RXULN��7KH� VWUXFWXUH� RI� WKH� JDV�SKDVH� W\URVLQH�JO\FLQH� GLSHSWLGH��0RO��3K\V���������������������>�@� 7��YDQ�0RXULN��3�*��.DUDPHUW]DQLV��6�/��3ULFH��0ROHFXODU�FRQIRUPDWLRQV�DQG�UHODWLYH�VWDELOLWLHV�FDQ�EH�DV� GHPDQGLQJ� RI� HOHFWURQLF� VWUXFWXUH� PHWKRG� DV� LQWHUPROHFXODU� FDOFXODWLRQV�� -�� 3K\V�� &KHP��$� �����������������>�@� /�)�� +ROUR\G�� 7�� YDQ� 0RXULN�� ,QVXIILFLHQW� GHVFULSWLRQ� RI� GLVSHUVLRQ� LQ� %�/<3� DQG� ODUJH� EDVLV� VHW�VXSHUSRVLWLRQ�HUURUV�LQ�03��FDOFXODWLRQV�FDQ�KLGH�SHSWLGH�FRQIRUPHUV��&KHP��3K\V��/HWW���VXEPLWWHG����

PLVVLQJ
GLVSHUVLRQ"

%66("

%�/<3�PLQLPXP 03��PLQLPXP
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7HPSRUDU\�1HJDWLYH�,RQV�±�$SSOLFDWLRQ�RI�7KHRU\�
WR�%LRORJLFDO�0ROHFXOHV��

-��8UEDQD� 3��0DFKD� 3��3DSSD DQG�9��6WDHPPOHUE
D)DFXOW\� RI� 0DWKHPDWLFV�� 3K\VLFV� DQG� ,QIRUPDWLFV�� &RPHQLXV� 8QLYHUVLW\�� %UDWLVODYD��6ORYDNLD�
E/HKUVWXKO�I�U�7KHRUHWLVFKH�&KHPLH��5XKU�8QLYHUVLWlW�%RFKXP��%RFKXP��*HUPDQ\��

7KHRUHWLFDO�WUHDWPHQW�RI�GLVVRFLDWLYH�HOHFWURQ�DWWDFKPHQW��'($��FDQQRW�EH�GRQH�E\�PHDQV�
RI�VWDQGDUG�TXDQWXP�FKHPLFDO�PHWKRGV��7KH�UHDVRQ�LV�WKDW�LQ�WKH�ILUVW�VWHS�RI�'($�DQ�HOHFWURQ�
LV� DWWDFKHG� YHUWLFDOO\� WR� WKH� WDUJHW�PROHFXOH� IRUPLQJ� DQ� DQLRQ�� ZKLFK� LQ�PRVW� FDVHV� LV� QRW�
VWDEOH��7KLV�VKRUW� WLPH� OLYLQJ� WHPSRUDU\�DQLRQ�UHSUHVHQWV�D� UHVRQDQFH�VWDWH�HPEHGGHG� LQ� WKH�
FRQWLQXXP�RI�VFDWWHULQJ�VWDWHV��WKXV�WKH�DSSOLFDWLRQ�RI�VWDQGDUG�WHFKQLTXHV�LQHYLWDEO\�OHDGV�WR�
D QHXWUDO�PROHFXOH�SOXV�D�IUHH�HOHFWURQ��7KLV�LV�WKH�UHDVRQ�ZK\�PDQ\�WKHRUHWLFDO�SDSHUV�EDVHG�
RQ� VWDQGDUG� PHWKRGV� IDLOHG� LQ� WKH� FDOFXODWLRQ� RI� YHUWLFDO� HOHFWURQ� DIILQLWLHV� RI� KDORJHQDWHG�
PROHFXOHV��

,Q� WKH�FRQWULEXWLRQ� WKH�PRVWO\�XVHG�DSSURDFKHV� IRU� WKH�VWXG\�RI� WHPSRUDU\�QHJDWLYH� LRQV�
DUH� VXPPDUL]HG� DQG� WKH� VLPSOH� VFKHPH� IRU� WKH� FDOFXODWLRQ� RI� WKH� UHVRQDQFH� HQHUJLHV� DQG�
UHVRQDQFH�ZLGWKV� RI� WHPSRUDU\� DQLRQV� LV� SURSRVHG�� 7KH�PHWKRG� LV� DSSOLHG� WR� DPLQR� DFLGV��
ZKHUH�WKH�HIIHFW�RI�VHFRQGDU\�HOHFWURQV�PD\�FDXVH�WKH�IRUPDWLRQ�RI�QHJDWLYH�DQG�SRVLWLYH�LRQV�
DQG�PD\�SOD\�LPSRUWDQW�UROH�LQ�WKH�UDGLFDO�IRUPDWLRQ��7KH�UHVXOWV�IRU�'($�WR�JO\FLQH��DODQLQH�
DQG�YDOLQH�DUH�FRPSDUHG�ZLWK�WKH�YDOXHV�REWDLQHG�IRU�WKHVH�PROHFXOHV�IURP�WKH�H[SHULPHQWDO�
VWXG\�RI�$IODWRQL�HW�DO��>�@�DQG�ZLWK�UHVXOWV�ZKHUH�DOVR�IUDJPHQWDWLRQ�UHDFWLRQV�ZHUH�REVHUYHG�
>�@��

�
>�@� *�.��$IODWRRQL��%��+LWW��*�$�*DOOXS�DQG�3�'�%XUURZ��-��&KHP��3K\V�������������������>�@� 3�3DSS��-��8UEDQ��6��0DWHMFtN��0��6WDQR�DQG�2��,QJROIVVRQ��-��&KHP�3K\V����������������������
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%H\RQG�WKH�*URXQG�6WDWH��([FLWHG�6WDWH�3URSHUWLHV�
RI '1$�&RPSRQHQWV�

-HU]\�/HV]F]\QVNL�
&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUHV�DQG�,QWHUDFWLRQV�DQG�
-DFNVRQ 6WDWH�8QLYHUVLW\��-DFNVRQ��06�������������86$��(�PDLO��-HU]\#FFPVL�XV��,W� LV� ZHOO� NQRZQ� WKDW� JHQHWLF� LQIRUPDWLRQ� LV� VWRUHG� LQ� '1$� LQ� WKH� IRUP� RI� VSHFLILF�
K\GURJHQ�ERQGLQJ�SDWWHUQV�EHWZHHQ�SXULQH�DQG�S\ULPLGLQH�EDVHV��'1$�FRPSRQHQWV�FHUWDLQO\�
DUH�DPRQJ�WKH�PRVW�HODERUDWHG�ELRPROHFXOHV��DQG�GHWDLOV�RI� WKHLU�DFWLYLW\�DUH�IDU�IURP�EHLQJ�
FRPSOHWHO\� XQGHUVWRRG��0LQRU� WDXWRPHUV� RI� EDVHV� DUH� VXJJHVWHG� WR� FDXVH�PXWDWLRQ��1XFOHLF�
DFLG�EDVHV�DEVRUE�89�UDGLDWLRQ�HIILFLHQWO\��EXW�DEVRUEHG�HQHUJ\� LV�TXLFNO\�GLVVLSDWHG� LQ� WKH�
IRUP RI� QRQUDGLDWLYH� GHFD\V�� $OWKRXJK�� WKH� H[DFW� PHFKDQLVP� LV� VWLOO� QRW� NQRZQ�� EXW� LV�
EHFRPLQJ�HYLGHQW�WKDW�H[FLWHG�VWDWH�VWUXFWXUDO�QRQSODQDULW\�SOD\V�DQ�LPSRUWDQW�UROH���

7KH VWUXFWXUH��IXQFWLRQ�DQG�G\QDPLFV�RI�QXFOHLF�DFLG�PROHFXOHV�DUH�LQIOXHQFHG�E\�D�YDULHW\�
RI IDFWRUV�� 7KH� WDON� FRYHUV� WKH� UHVXOWV� RI� UHFHQW� KLJK� OHYHO� DE� LQLWLR� VWXGLHV� RQ� HIIHFWV� RI�
K\GUDWLRQ� RQ� VLQJOHW� H[FLWHG� VWDWH� VWUXFWXUH� RI� JXDQLQH� DQG� H[FLWHG� VWDWH� VWUXFWXUHV� RI�'1$�
EDVHV�DQG�EDVH�SDLUV��,W�KDV�EHHQ�IRXQG�WKDW�H[FLWHG�VWDWH�G\QDPLFV�ZRXOG�VLJQLILFDQWO\�GHSHQG�
XSRQ�HQYLURQPHQW��
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([SORULQJ�SK\VLFDO�QDWXUH�RI�LQWHUPROHFXODU�LQWHUDFWLRQV�
LQ�ELRPROHFXOHV�

:�$QGU]HM�6RNDOVNL�DQG�(G\WD�'\JXGD�.D]LPLHURZLF]�
0ROHFXODU�0RGHOLQJ�DQG�4XDQWXP�&KHPLVWU\�/DERUDWRU\�KWWS���SXIILQ�FK�SZU�ZURF�SO�PPO�
:URFODZ�8QLYHUVLW\�RI�7HFKQRORJ\��:\E��:\VSLDQVNLHJR������������:URFODZ��3RODQG�

,QWHUPROHFXODU� LQWHUDFWLRQV� JRYHUQ� QXPHURXV� SURSHUWLHV� RI� PDWWHU� UHVSRQVLEOH� DPRQJ�RWKHUV�IRU�KLJKO\�VSHFLILF�UHFRJQLWLRQ�RI�ELRPROHFXOHV�DQG�H[WUHPHO\�KLJK�FDWDO\WLF�DFWLYLW\�RI�HQ]\PHV�� 'HHSHU� XQGHUVWDQGLQJ� RI� FRUUHVSRQGLQJ� LQWHUDFWLRQV� IRUPV� D� EDVLV� IRU� UDWLRQDO�GHVLJQ� RI� QRYHO� PROHFXODU� PDWHULDOV� >�@�� 5HVXOWV� RI� WZR� FRUUHVSRQGLQJ� FDVH� VWXGLHV� DUH�SUHVHQWHG�EHORZ���8URNLQDVH�W\SH�SODVPLQRJHQ�DFWLYDWRU��X3$��LV�D�WU\SVLQ�OLNH�VHULQH�SURWHDVH�WKDW�SOD\V�D�FUXFLDO�UROH�LQ�DQJLRJHQHVLV�SURFHVV��)RU�D�JURXS�RI�SRWHQW�SKRVSKRQLF�LQKLELWRUV�RI�XURNLQDVH��IOH[LEOH�GRFNLQJ�FDOFXODWLRQV�ZHUH�SHUIRUPHG�WR�JDLQ�DQ�LQVLJKW�LQWR�WKH�DFWLYH�VLWH�LQWHUDFWLRQV�UHVSRQVLEOH� IRU� REVHUYHG� HQ]\PH� LQKLELWLRQ�� 7KH� GRFNLQJ� UHVXOWV� DUH� FRQVLVWHQW� ZLWK� WKH�SUHYLRXVO\� VXJJHVWHG�PRGH� RI� LQKLELWRUV� ELQGLQJ�� 6XEVHTXHQWO\�� ULJRURXV� DE� LQLWLR� VWXG\� RI�ELQGLQJ�HQHUJ\�ZDV�FDUULHG�RXW� >�@�� IROORZHG�E\� LWV�GHFRPSRVLWLRQ�GHILQHG�DFFRUGLQJ� WR� WKH�YDULDWLRQ±SHUWXUEDWLRQ� SURFHGXUH� >�@� WR� UHYHDO� VWDELOL]DWLRQ� HQHUJ\� FRQVWLWXHQWV� ZLWK� FOHDU�SK\VLFDO�PHDQLQJ��$YDLODELOLW\�RI�WKH�H[SHULPHQWDO�LQKLELWRU\�DFWLYLWLHV�DQG�FRPSDULVRQ�ZLWK�WKHRUHWLFDO�ELQGLQJ�HQHUJ\�DOORZV�IRU�WKH�YDOLGDWLRQ�RI�WKHRUHWLFDO�PRGHOV�RI�LQKLELWLRQ��DV�ZHOO�DV� HVWLPDWLRQ� RI� WKH� SRVVLEOH� SRWHQWLDO� IRU� ELQGLQJ� DIILQLW\� SUHGLFWLRQ�� 6LQFH� WKH� GRFNLQJ�UHVXOWV� DFFRPSDQLHG� E\� PROHFXODU� PHFKDQLFV� RSWLPL]DWLRQ� VXJJHVWHG� WKDW� VHYHUDO� FUXFLDO�DFWLYH� VLWH� FRQWDFWV�ZHUH� WRR� VKRUW�� WKH�RSWLPDO�GLVWDQFHV� FRUUHVSRQGLQJ� WR� WKH�PLQLPXP�DE�LQLWLR�LQWHUDFWLRQ�HQHUJ\�ZHUH�DOVR�HYDOXDWHG��'HVSLWH�WKH�GHILFLHQFLHV�RI�IRUFH�ILHOG�RSWLPL]HG�HQ]\PH�LQKLELWRU�VWUXFWXUHV��VDWLVIDFWRU\�DJUHHPHQW�ZLWK�H[SHULPHQWDO�LQKLELWRU\�DFWLYLW\�ZDV�REWDLQHG� IRU� WKH� HOHFWURVWDWLF� LQWHUDFWLRQ� HQHUJ\�� VXJJHVWLQJ� LWV� SRVVLEOH� DSSOLFDWLRQ� LQ� WKH�ELQGLQJ�DIILQLW\�SUHGLFWLRQ���,QWHUPROHFXODU� LQWHUDFWLRQV� ZLWKLQ� WKH� DFWLYH� VLWH� RI� ��PHWK\O��� �K\GUR[\HWK\OWKLD]ROH�NLQDVH� �7KL.�� KDYH� EHHQ� DQDO\]HG�ZLWKLQ� WKH�'766� DSSURDFK� >���@�� 7KH� UROH� RI� SDUWLFXODU�7KL.�UHVLGXHV ZDV�LQYHVWLJDWHG�LQ�WHUPV�RI�WKHLU�DELOLW\�WR�SUHIHUHQWLDOO\�VWDELOL]H�WKH�WUDQVLWLRQ�VWDWH� UHODWLYH� WR� VXEVWUDWHV� �GLIIHUHQWLDO� WUDQVLWLRQ� VWDWH� VWDELOL]DWLRQ�� '766�� RU� SURGXFWV��GLIIHUHQWLDO�SURGXFW�VWDELOL]DWLRQ��'36���,W�VHHPV�WKDW�0J���*OX����DQG�&\V����SOD\�D�PDMRU�FDWDO\WLF� UROH�� ZKHUHDV� 0J�� DQG� WKH� VDPH� &\V���� DUH� UHVSRQVLEOH� IRU� SURGXFW� UHOHDVH��'HWHUPLQDWLRQ�RI�FDWDO\WLF�ILHOGV�H[SUHVVLQJ�GLIIHUHQWLDO�HOHFWURVWDWLF�SRWHQWLDO�RI�WKH�WUDQVLWLRQ�VWDWH�ZLWK�UHVSHFW�WR�VXEVWUDWHV�UHYHDOHG�WKH�RSWLPDO�HOHFWURVWDWLF�IHDWXUHV�RI�DQ�LGHDO�FDWDO\VW�IRU� WKH� VWXGLHG� UHDFWLRQ�� 7KH� SUHGLFWHG� FDWDO\WLF� HQYLURQPHQW� LV� LQ� DJUHHPHQW� ZLWK�H[SHULPHQWDO�GDWD�VKRZLQJ� LQFUHDVHG�FDWDO\WLF�DFWLYLW\�RI�7KL.�XSRQ�PXWDWLRQ�RI�&\V���� WR�DVSDUWDWH�>�@���
>�@� 0ROHFXODU�0DWHULDOV�ZLWK� 6SHFLILF� ,QWHUDFWLRQV��0RGHOLQJ� DQG�'HVLJQ�� �:��$�� 6RNDOVNL� �(G��9RO�� ���6HULHV�� &KDOOHQJHV� DQG� $GYDQFHV� LQ� &RPSXWDWLRQDO� &KHPLVWU\� DQG� 3K\VLFV� �-�� /HV]F]\QVNL�(G���6SULQJHU��������,6%1�������������������������SS��KWWS���ZZZ�VSULQJHU�FRP�ZHVW�KRPH"6*:,' ���������������������>�@� 5�� *U]\ZD�� (�� '\JXGD�.D]LPLHURZLF]� 0�� 6LH F]\N�� 0�� )HOLNV�� :�� $�� 6RNDOVNL�� -�� 2OHNV\V]\Q��-�0RO�0RGHO�� LQ�SUHVV��'2,����������V������������������>�@�:�$��6RNDOVNL��6��5RV]DN��.��3HFXO��&KHP�3K\V�/HWW����� �������������>�@�:�$��6RNDOVNL��-�0RO�&DWDO���� �������������>�@� %��6]HIF]\N��$�-��0XOKROODQG��.�(��5DQDJKDQ��:�$��6RNDOVNL��-�$P�&KHP�6RF����� ���������������>�@� (�� '\JXGD�.D]LPLHURZLF]�� :�� $�� 6RNDOVNL�� -�� /HV]F]\ VNL�� -�0RO�0RGHO�� LQ� SUHVV�� '2,����������V������������������
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6WUXFWXUH�DQG�LQWUDPROHFXODU�K\GURJHQ�ERQGLQJ�LQ�
FDQRQLFDO��¶�GHR[\ULERQXFOHRWLGHV�

2OHJ�9��6KLVKNLQD�G� /HRQLG�*RUEE�F� -HU]\�/HV]F]\QVNLE
D67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH�
E&RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG� ,QWHUDFWLRQV�� 'HSDUWPHQW� RI�&KHPLVWU\�� -DFNVRQ� 6WDWH�8QLYHUVLW\�� 3�2�� %R[� ������� ����� /\QFK� 6WUHHW�� -DFNVRQ�� �06��������86$�
F'HSDUWPHQW� RI� 0ROHFXODU� %LRSK\VLFV�� ,QVWLWXWH� RI� 0ROHFXODU� %LRORJ\� DQG� *HQHWLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH������=DERORWQRJR�VWU���.\LY��������8NUDLQH�
G8NUDLQLDQ�$PHULFDQ�/DERUDWRU\�RI�&RPSXWDWLRQDO�&KHPLVWU\��.KDUNLY��8NUDLQH��-DFNVRQ��06��86$��&DQRQLFDO��¶�GHR[\ULERQXFOHRWLGHV�UHSUHVHQW�WKH�PDLQ�EXLOGLQJ�EORFNV�RI�'1$��7KH\�DUH�YHU\�IOH[LEOH�PROHFXOHV�DQG�WKHLU�VWUXFWXUH�VLJQLILFDQWO\�GHSHQGV�RQ�QDWXUH�RI�EDVH�DQG�VXEWOH�EDODQFH�RI�LQWUDPROHFXODU�LQWHUDFWLRQV��7KHRUHWLFDO�LQYHVWLJDWLRQ�RI�PROHFXODU�VWUXFWXUH�RI�PRQRSKRVSKDWHV�RI��¶�GHR[\WK\PLGLQH��703��� �¶�GHR[\F\WLGLQH� �&03��� �¶�GHR[\JXDQRVLQH� �*03�� DQG� �¶�GHR[\DGHQRVLQH� �$03��XVLQJ�GHQVLW\�IXQFWLRQDO�WKHRU\�UHYHDOV�WKDW�FRQIRUPDWLRQDO�SURSHUWLHV�RI�WKHVH�PROHFXOHV�DUH�WXQHG�PDLQO\�E\�XQFRPSHQVDWHG�QHJDWLYH�FKDUJH�RI� WKH�SKRVSKDWH�JURXS�DQG� LQWUDPROHFXODU�LQWHUDFWLRQV� EHWZHHQ� SKRVSKDWH� JURXS� DQG� EDVH�� 5LERVH� PRLHW\� SOD\� D� UROH� RI� VRIW� EXIIHU�EHWZHHQ� WKHVH� IUDJPHQW� DQG� LW� HDVLO\� FKDQJH� LWV� FRQIRUPDWLRQ� LQ� RUGHU� WR� SURYLGH� WKH�PRVW�VXLWDEOH�FRQGLWLRQV�IRU�LQWUDPROHFXODU�LQWHUDFWLRQV��7KLV�SURSHUWLHV�RI�VXJDU�OLQNDJH�PDQLIHVWV�LWVHOI� HVSHFLDOO\� LQ� WKH� FDVH� RI� V\Q� FRQIRUPHUV� RI� &03� DQG� $03� ZKLFK� LV� VWDELOL]HG� E\�LQWUDPROHFXODU�1�+«2�K\GURJHQ�ERQG�EHWZHHQ�DPLQR�JURXS�RI�EDVHV�DQG�SKRVSKDWH�JURXS��7KH�VDPH�FRQFOXVLRQ�LV�PDGH�IRU�FRPSOH[HV�RI�*03�ZLWK�K\GUDWHG�PDJQHVLXP�FDWLRQ��&RPSDULVRQ� RI� JHRPHWULFDO� SDUDPHWHUV� RI� LVRODWHG� QXFOHRWLGH�V� DQG� DYHUDJH� YDOXHV� IRU�GLIIHUHQW� W\SHV� RI� '1$� LQGLFDWHV� WKDW� LQFRUSRUDWLRQ� RI� QXFOHRWLGHV� WR� $�'1$� UHTXLUHV� WKH�VPDOOHVW� FKDQJHV� RI� FRQIRUPDWLRQ� DQG� LQFUHDVH� RI� HQHUJ\�� ,Q� WKH� FDVH� RI�%��&� DQG�'�'1$�HQHUJ\�RI�QXFOHRWLGHV�GHIRUPDWLRQ�LV�VLJQLILFDQWO\�KLJKHU��XS�WR����NFDO�PRO�SHU�QXFOHRWLGH���,QWURGXFWLRQ�RI�VHFRQG�SKRVSKDWH�JURXS�UHVXOWV� LQ�VLJQLILFDQW�XQLILFDWLRQ�RI�FRQIRUPDWLRQ�RI�EDFNERQH�LQ�DOO�QXFOHRWLGHV��3URWRQDWLRQ�RI�WKH�QLWURJHQ�DWRPV�RI�EDVHV�FDXVH�GUDVWLFDO�FKDQJH�RI�UHODWLYH�VWDELOLW\�RI�FRQIRUPHUV�DQG�GHIRUPDWLRQ�RI�ULERVH�FRQIRUPDWLRQ��7RSRORJLFDO� DQDO\VLV� RI� WKH� HOHFWURQ� GHQVLW\� GLVWULEXWLRQ� UHYHDOV� H[LVWHQFH� RI� VHW� RI�LQWUDPROHFXODU� K\GURJHQ� ERQGV� LQ� QXFOHRWLGHV�� 7KH� &��+«2� +� ERQGV� LQ� S\ULPLGLQH�QXFOHRWLGHV� DQG�&��+«2�+�ERQGV� LQ� SXULQH� QXFOHRWLGHV� H[LVWV� LQ� DOO� FRQIRUPHUV�ZLWK� DQWL�RULHQWDWLRQ� RI� EDVH� DQG� PD\� EH� FRQVLGHUHG� DV� UHIHUHQFH� K\GURJHQ� ERQGV�� 7KH\� FOHDUO\�GHPRQVWUDWH� FKDUJH� DVVLVWHG� FKDUDFWHU�� ,QFUHDVH� RI� XQFRPSHQVDWHG� QHJDWLYH� FKDUJH� RI� WKH�SKRVSKDWH�JURXS�OHDGV�WR�FRQVLGHUDEOH�VWUHQJWKHQLQJ�RI�WKHVH�LQWHUDFWLRQV���3URWRQDWLRQ�RI�EDVHV�UHVXOWV�LQ�WUDQVIRUPDWLRQ�RI�UDWKHU�ZHDN�&�+«2�K\GURJHQ�ERQGV�WR�H[WUD� VWURQJ�+�ERQGV�ZLWK� FKDUDFWHULVWLFV�ZKLFK� DUH� FORVH� WR� VWURQJ� FRQYHQWLRQDO� K\GURJHQ�ERQGV��7KLV�DOVR�FUHDWHV�RSSRUWXQLWLHV�IRU�SURWRQ�WUDQVIHU�EHWZHHQ�WKH�&��&��DWRP�RI�EDVH�DQG�WKH� R[\JHQ� DWRP� RI� SKRVSKDWH� JURXS�� ,Q� VRPH� FDVHV� SURWRQDWLRQ� DOVR� LV� DFFRPSDQLHG� E\�SURWRQ� WUDQVIHU� IURP� QLWURJHQ� DWRPV� RI� EDVHV� WR� SKRVSKDWH� JURXS� OHDGLQJ� WR� FKDQJH� RI�WDXWRPHULF�IRUP�RI�QXFOHREDVH��
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0ROHFXODU�'\QDPLFV�VLPXODWLRQV�DV�D�XQLTXH�WRRO�
WR�VWXG\�IXQFWLRQDO�51$V�

-L t âSRQHU�
,QVWLWXWH� RI� %LRSK\VLFV�� $FDGHP\� RI� 6FLHQFHV� RI� WKH�&]HFK�5HSXEOLF�� .UiORYRSROVNi� �����������%UQR��&]HFK�5HSXEOLF��VSRQHU#QFEU�FKHPL�PXQL�F]��0' VLPXODWLRQ� WHFKQLTXH� FDSWXUHV� TXDOLWDWLYH� GLIIHUHQFHV� LQ� LQWULQVLF� IOH[LELOLWLHV� RI�ULERVRPDO�51$��U51$��EXLOGLQJ�EORFNV�SRVVHVVLQJ�FRQWUDVWLQJ�LQWULQVLF�IOH[LELOLW\�VLJQDWXUHV��7KH� EDVLF� LQWULQVLF� SK\VLFR�FKHPLFDO� SURSHUWLHV� RI� WKH� 51$� PRWLIV� FDQ� LQ� PDQ\� FDVHV� EH�PDLQWDLQHG�LQ�WKH�51$�DVVHPEOLHV�DQG�FRQWULEXWH�WR�IXQFWLRQ�DQG�VHTXHQFH�FRQVWUDLQWV��.LQN�WXUQV� VKRZ� SURIRXQG� HOERZ�OLNH� LQWULQVLF� IOH[LELOLW\�� ZLWKRXW� GLVUXSWLRQ� RI� DQ\� VLQJOH�VWUXFWXUDO� IHDWXUH� FKDUDFWHULVWLF� RI� D� IROGHG� .�WXUQ�� 7KH� .�WXUQ� RVFLOODWRU\� G\QDPLFV� LV�W\SLFDOO\�SLYRWLQJ�DW�WKH�$�PLQRU�EDVH�TXDUWHW�PHGLDWLQJ�WKH�FRQWDFW�EHWZHHQ�WKH�&��DQG�1&�VWHPV� LV�DVVRFLDWHG�ZLWK�D�G\QDPLFDO�ZDWHU�LQVHUWLRQ�LQWR�WKH�$�&�EDVHSDLU�DQG�WKH�PRWLRQ�LV�DQKDUPRQLF�� 6XFK� VWUXFWXUDO� HOHPHQWV� DUH� ZHOO� VXLWHG� WR� SDVVLYHO\� PHGLDWH� ODUJH�VFDOH�PRWLRQV��7KH�6DUFLQ�5LFLQ�ORRS�LV�YHU\�VWLII�LQ�VLPXODWLRQV�DQG�DOVR�WKH�/RRS�(�LV�ULJLG��+HOL[����IURP�WKH�VPDOO�VXEXQLW�LV�DQ�LVRWURSLF�IOH[LEOH�HOHPHQW�ZLWK�PRGHVW�VHTXHQFH�GHSHQGHQFH�RI� HODVWLFLW\� DORQJ� WKH� KHOL[� DQG� D� SRVVLEOH� VWUXFWXUDO� EDVHSDLULQJ� VZLWFK� DW� LWV� EDVH��&RQVHFXWLYH�51$�EXLOGLQJ�EORFNV� FDQ� IXUWKHU�FUHDWH�DUFKLWHFWXUHV�ZLWK�FRPSOH[�SDWWHUQV�RI�SUHIHUUHG�ORZ�HQHUJ\�PRWLRQV��DV�LQ�WKH�+HOL[�������SRUWLRQ�RI�WKH���6�U51$��DEEUHYLDWHG�DV�.W����U*$&��.LQN�WXUQ� ��� DQG�*73DVH� DVVRFLDWHG� FHQWHU� U51$��� 7KH� ERWWRP� SDUW� RI� WKLV�PROHFXOH� FRQVLVWV� RI� DOWHUQDWLQJ� ULJLG� DQG� IOH[LEOH� VHJPHQWV�� 7KH� ILUVW� IOH[LEOH� VHJPHQW��+LQJH�� LV�.W�����7KH�VHFRQG�RQH��+LQJH�� LV�ORFDOL]HG�DW�WKH�MXQFWLRQ�EHWZHHQ�+HOL[����DQG�+HOLFHV��������7KH�ULJLG�VHJPHQWV�DUH�WKH�WZR�DUPV�RI�+HOL[����IODQNLQJ�WKH�.LQN��2YHUDOO��WKH� +HOL[� ������ U51$� LV� FRQVWUXFWHG� DV� D� VRSKLVWLFDWHG� LQWULQVLFDOO\� IOH[LEOH� DQLVRWURSLF�PROHFXODU�QDQR�DUP��9DULDWLRQ�RI�WKH�OHQJWK�RI�VWHPV�RI�+HOL[����ZRXOG�FRQVLGHUDEO\�FKDQJH�WKH� GLUHFWLRQ� RI� DQLVRWURSLF� IOH[LELOLW\�� ,QGHHG�� ZH� IRXQG� WKDW� +HOL[� ��� OHQJWK� LV� �����FRQVHUYHG�WKURXJKRXW�WKH�HYROXWLRQ�DQG�ZKHQ�PLWRFKRQGULD�DQG�FKORURSODVWV�DUH�FRQVLGHUHG��+HOL[���� LV�DPRQJ� WKH�a����RI� WKH� HQWLUHO\� OHQJWK�FRQVHUYHG� ULERVRPDO�KHOLFHV�� ,�ZLOO� DOVR�GHPRQVWUDWH� WKDW� VLPXODWLRQV� DUH� FDSDEOH� WR� SURYLGH� XQLTXH� LQVLJKWV� LQWR� WKH� VWUXFWXUDO�G\QDPLFV�RI�VPDOO�FDWDO\WLF�51$V��DQG�FRQWUDVW�RXU�UHVXOWV�IRU�WKH�+HSDWLWLV�'HOWD�9LUXV�DQG�+DLUSLQ�ULER]\PHV�����
>�@� 5HEORYD��.��HW�DO��1RQ�:DWVRQ�&ULFN�EDVHSDLULQJ�DQG�K\GUDWLRQ�LQ�51$�PRWLIV��0ROHFXODU�G\QDPLFV�RI��6 U51$�ORRS�(��%LRSK\V��-���� �������������������>�@� 5D]JD�� )�� HW� DO�� (ODVWLF� SURSHUWLHV� RI� ULERVRPDO� 51$� EXLOGLQJ� EORFNV�� 0ROHFXODU� G\QDPLFV� RI� WKH��*73DVH�DVVRFLDWHG�FHQWHU�U51$��1XFOHLF�$FLGV�5HV���������LQ�SUHVV��>�@� 5D]JD�� )�� HW� DO��+LQJH�OLNH�PRWLRQV� LQ�51$�.LQN�WXUQV��7KH� UROH� RI� WKH� VHFRQG�$�PLQRU�PRWLI� DQG�QRPLQDOO\�XQSDLUHG�EDVHV��%LRSK\V��-���� ������������������>�@� 5HEORYD��.���HW�DO��6WUXFWXUH��G\QDPLFV�DQG�HODVWLFLW\�RI�IUHH���6�U51$�+HOL[����VWXGLHG�E\�PROHFXODU�G\QDPLFV�VLPXODWLRQV��%LRSRO\PHUV��� ����������������>�@� 6SDFNRYD��1�� DQG� 6SRQHU�� -��0ROHFXODU� G\QDPLFV� VLPXODWLRQV� RI� 6DUFLQ�5LFLQ� U51$�PRWLI�� 1XFOHLF�$FLGV�5HV���������������������>�@� .UDVRYVND��09�� HW� DO��&DWLRQV� DQG�K\GUDWLRQ� LQ� FDWDO\WLF�51$��0ROHFXODU� G\QDPLFV�RI� WKH�KHSDWLWLV�GHOWD�YLUXV�ULER]\PH��%LRSK\V��-���� ����������������>�@� 5KRGHV��00�� HW� DO��7UDSSHG�ZDWHU�PROHFXOHV� DUH� HVVHQWLDO� WR� VWUXFWXUDO� G\QDPLFV� DQG� IXQFWLRQ� RI� D�ULER]\PH���3URF��1DWO��$FDG��6FL��86$�����������������������
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&RPSXWDWLRQDO�VWXG\�RQ�DTXDWLRQ�RI�UXWKHQLXP�,,��
FRPSOH[HV�DQG�WKHLU�LQWHUDFWLRQV�ZLWK�'1$�EDVHV�

-�9��%XUGD DQG�=��)XWHUD�
'HSDUWPHQW� RI�&KHPLFDO�3K\VLFV� DQG�2SWLFV��&KDUOHV�8QLYHUVLW\� ����� ���3UDJXH� ��&]HFK�5HSXEOLF��5X�,,��SLDQR�VWRRO�FRPSOH[HV�

5HFHQWO\��5X�,,��SLDQR�VWRRO�FRPSOH[HV�ZHUH� UHSRUWHG�DV�SURPLVVLQJ� DQWLFDQFHU�GUXJV� LQ�
6DGOHU¶V�JURXS������5HSODFHPHQW�UHDFWLRQV�EHWZHHQ�>5XWKHQLXP�,,��$UHQH��HQ�;@���FRPSOH[HV�
�; &O�� +�2�� 2+�� JXDQLQH�� DGHQLQH�� F\WRVLQH�� DQG� WK\PLQH�� ZHUH� VWXGLHG�� ')7�03��
FDOFXODWLRQV�ZHUH� SHUIRUPHG� LQ� ERWK� JDV� SKDVH� DQG�&2602� UHJLPHV�� %RQGLQJ� HQHUJLHV� RI�
LQGLYLGXDO�OLJDQGV�ZHUH�GHWHUPLQHG��5HODWLYHO\�VWURQJ�PHWDO�DUHQH�LQWHUDFWLRQV�ZHUH�IRXQG�LQ�
FRPSDULVRQ�ZLWK�'1$�EDVH�FRRUGLQDWLRQV��

,Q� WKH� VXSHUPROHFXODU�DSSURDFK�� UHDFWLRQ�SURILOH� IRU�SURFHVV�RI� WKH�FKORULGH� UHSODFHPHQW�
E\�ZDWHU�ZDV� H[DPLQHG��%RWK� WKHUPRG\QDPLF� DQG� NLQHWLFDO� GHVFULSWLRQ�RI� WKLV� SURFHVV�ZDV�
REWDLQHG�DQG�FRPSDUHG�ZLWK�VLPLODU�SURFHVV�RI�WKH�FLVSODWLQ�DFWLYDWLRQ��
�

>�@� $LUG�� 5��� &XPPLQJV�� -��� 5LWFKLH��$���0XLU��0���0RUULV�� 5��� &KHQ�� +��� 6DGOHU�� 3��� -RGUHOO�� '���%U�� -��&DQFHU��� ������ �����������>�@� %HUQHUV�3ULFH�� 6�� -��� )UHQNLHO�� 7��$��� )UH\�� 8��� 5DQGROI�� -�� '��� 6DGOHU�� 3�� -��� -�� &KHP�� 6RF��� &KHP��&RPPXQ��������������
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1DWXUH�RI�FKHPLFDO�ERQGV�LQ�PROHFXODU�V\VWHPV�
FRQWDLQLQJ�UDUH�JDV�DWRPV�

=G]LVODZ�/DWDMND�
)DFXOW\�RI�&KHPLVWU\��8QLYHUVLW\�RI�:URFODZ��)�-ROLRW�&XULH������������:URFODZ��3RODQG��

7KH UDUH� JDVHV� �5J�� DUH� XVXDOO\� FRQVLGHUHG� DV� FKHPLFDOO\� LQHUW� GXH� WR� WKHLU� VWDEOH�
HOHFWURQLF� VWUXFWXUH� RI� YDOHQFH� HOHFWURQV� XQIDYRUDEOH� WR� IRUPDWLRQ� RI� FKHPLFDO� ERQGV�� 7KH�
LQHUWQHVV� RI� UDUH� JDVHV� KDV� EHHQ� XVHG� H�J�� LQ� WKH� GHYHORSPHQW� RI�PDWUL[� LVRODWLRQ� WHFKQLTXH�
VLQFH�WKH�HDUO\�����V��

7KH ILUVW� FKHPLFDO� FRPSRXQG� FRQWDLQLQJ� UDUH� JDV� DWRP��;H�>3W)�@�� ZDV� H[SHULPHQWDOO\�
SUHSDUHG� ��� \HDUV� DJR� E\� %DUWOHWW� >�@�� 7KH� ODVW� IRXU� GHFDGHV� KDYH� LQWURGXFHG� D� ULFK� DQG�
LQWHUHVWLQJ�ZRUOG�RI�UDUH�JDV�FKHPLVWU\���

5HFHQWO\��D�QHZ�FODVV�RI� UDUH�JDV�FRQWDLQLQJ�PROHFXOHV��+5J<��KDYH�EHHQ�SUHSDUHG�DQG�
FKDUDFWHUL]HG� LQ� WKH� ,5� ORZ�WHPSHUDWXUH�PDWULFHV� VSHFWURVFRS\� >���@��8VXDOO\�PROHFXOHV�DUH�
H[SHULPHQWDOO\� SUHSDUHG� LQ� ORZ�WHPSHUDWXUH� PDWULFHV� E\� SKRWRGLVVRFLDWLRQ� RI� D� K\GURJHQ�
FRQWDLQLQJ�SUHFXUVRU�DQG�WKHUPDO�PRELOL]DWLRQ�RI�WKH�SKRWRGHWDFKHG�K\GURJHQ�DWRPV���

,Q�RUGHU�WR�XQGHUVWDQG�WKH�QDWXUH�RI�FKHPLFDO�ERQGV�LQ�WKH�PROHFXODU�V\VWHPV�FRQWDLQLQJ�
5J� DWRPV� ZH� KDYH� DSSOLHG� WKH� HOHFWURQ� ORFDOL]DWLRQ� IXQFWLRQ� �(/)��� ZKLFK� LV� DQ� LQGLUHFW�
PHDVXUH� RI� WKH� SUREDELOLW\� RI� ILQGLQJ� WZR� HOHFWURQV� ZLWK� WKH� RSSRVLWH� VSLQV� >�@�� 9LD� (/)�
DQDO\VLV�ZH� FDQ� REWDLQ� LQIRUPDWLRQ� RI� WKH� GHJUHH� RI� LRQLF� DQG� FRYDOHQW� ERQGLQJ� LQ� VWXGLHG�
PROHFXOHV���

7KH�UHVXOWV�RI�DE�LQLWLR�FDOFXODWLRQV��WKH�(/)�DQDO\VLV�DQG�WKH�GLVFXVVLRQ�RI�WKH�QDWXUH�RI�
FKHPLFDO�ERQGV�ZLWK�5J�DWRPV�ZLOO�EH�SUHVHQWHG�IRU�IROORZLQJ�V\VWHPV��

x +5J&1�DQG�+5J1&��5J� �$U��.U��;H���
x +;H2+�DQG�+;H6+��
x �+;H+�Q ZLWK�Q� ��·����;H�+�

��
x );H6L)��
x PROHFXODU�FRPSOH[HV���+;H2+���+�2 �5J�DQDORJXHV�RI�ZDWHU�GLPHU��DQG�;H+����+�2

�H[DPSOH�RI�GLK\GURJHQ�ERQG����
�

>�@� 1�%DUWOHWW��3URF�&KHP�6RF���������������>�@� 0�3HWWHUVVRQ��-�/XQGHO��0�5lVlQHQ��(XU�-�,QRUJ�&KHP���������������>�@� /�.KULDFKWFKHY��0�3HWWHUVVRQ��0�5XQHEHUJ��-�/XQGHOO��0�5lVlQHQ��1DWXUH� ����������������>�@� -�/XQGHOO��/�.KULDFKWFKHY��0�3HWWHUVVRQ��0�5lVlQHQ��/RZ�7HPS�3K\V� �� ������������>�@� $�'�%HFNH��.�(�(GJHFRPEH��-�&KHP�3K\V� �� �������������
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,V�WKH�+ÂÂÂ+�LQWHUDFWLRQ�LQ�SKHQDWKUHQH�UHVSRQVLEOH�
IRU�LWV�KLJKHU�VWDELOLW\�DV�FRPSDUHG�WR�DQWKUDFHQH"�

0LTXHO�6ROjD� -RUGL�3RDWHUE DQG�)��0DWWKLDV�%LFNHOKDXSWE
D�,QVWLWXW�GH�4XtPLFD�&RPSXWDFLRQDO�DQG�'HSDUWDPHQW�GH�4XtPLFD��8QLYHUVLWDW�GH�*LURQD��&DPSXV�0RQWLOLYL��(�������*LURQD��&DWDORQLD��6SDLQ�
E� $IGHOLQJ� 7KHRUHWLVFKH� &KHPLH�� 6FKHLNXQGLJ� /DERUDWRULXP� GHU� 9ULMH� 8QLYHUVLWHLW�� 'H�%RHOHODDQ�������1/������+9�$PVWHUGDP��7KH�1HWKHUODQGV��

%DVHG� RQ� DQ� CVQOU�KP�OQNGEWNGU� 
#+/�� CPCN[UKU�� 0DWWD� HW� DO� �&KHP�� (XU�� -�� ����� ��
������UHFHQWO\�FODLPHG�HYLGHQFH�IRU�WKH�H[LVWHQFH�RI�K\GURJHQ±K\GURJHQ�ERQGLQJ�LQWHUDFWLRQV�
LQ SRO\F\FOLF� DURPDWLF� K\GURFDUERQV� �3$+V�� VXFK� DV� ELSKHQ\OHQH�� NHNXOHQH�� SKHQDQWKUHQH��
FKU\VHQH� RU� EHQ]DQWKUDFHQH�� ,Q� SDUWLFXODU�� WKH\� FRQFOXGHG� WKDW� +ÂÂÂ+� ERQGLQJ� LQWHUDFWLRQV�
EHWZHHQ WKH� K\GURJHQ� DWRPV� ERQGHG� WR� WKH� ����FDUERQ� DWRPV� RI� WKH� ED\� UHJLRQ� RI�
SKHQDQWKUHQH� DUH� UHVSRQVLEOH� IRU� WKH� ODUJHU� VWDELOLW\� RI� WKLV� PROHFXOH� DV� FRPSDUHG� WR�
DQWKUDFHQH��7KLV FRQFOXVLRQ�LV�RSSRVHG�WR�PDQ\�DFFXPXODWHG�HYLGHQFHV�RI�QRQERQGHG�VWHULF�
UHSXOVLRQV� EHWZHHQ� WKHVH� WZR� K\GURJHQ� DWRPV�� ,Q� WKH� SUHVHQW� ZRUN� >���@�� ZH� DGGUHVV� WKH�
TXHVWLRQ� ZKHWKHU� +ÂÂÂ+� ERQGLQJ� LQ� SKHQDQWKUHQH� H[LVWV�� DV� VXJJHVWHG� E\� $,0�� RU� QRW� E\�
PHDQV�RI�GHQVLW\�IXQFWLRQDO�WKHRU\��')7��DW�WKH�%3���7=�3�OHYHO�RI�WKHRU\�DQG�ZH�SURYLGH�
QHZ� FRQYLQFLQJ� SURRIV� RQ� WKH� UHSXOVLYH� FKDUDFWHU� RI� WKH�+ÂÂÂ+� LQWHUDFWLRQV� EHWZHHQ� RUWKR�
K\GURJHQV�LQ�WKH�ED\�UHJLRQ�RI�SKHQDQWKUHQH��:H�FRQFOXGH�WKDW�SKHQDQWKUHQH�LV�PRUH�VWDEOH�
WKDQ�DQWKUDFHQH�GXH� WR�PRUH� HIILFLHQW�S�ERQGLQJ��QRW�+ÂÂÂ+�ERQGLQJ��2XU� UHVXOWV� IDOVLI\� WKH�
K\SRWKHVLV� RI�+ÂÂÂ+�ERQGLQJ� DQG� VKRZ� WKDW� �ERQG�SDWKV�� DQG� �ERQG� FULWLFDO� SRLQWV�� DUH� QRW�
JRRG�LQGLFDWRUV�RI�D�VWDELOL]LQJ�LQWHUDFWLRQ��
� *

* *
*

*

*

* *

*

* * **

*

*

**
*

*

*

>�@� -��3RDWHU��0��6ROj�DQG�)��0��%LFNHOKDXSW��&KHP��(XU��-�����������������������>�@� -��3RDWHU��0��6ROj�DQG�)��0��%LFNHOKDXSW��&KHP��(XU��-�����������������������>�@� -��3RDWHU��5��9LVVHU��0��6ROj�DQG�)��0��%LFNHOKDXSW��-��2UJ��&KHP���� ������������������>�@� -��3RDWHU��)��0��%LFNHOKDXSW�DQG�0��6ROj��-��3K\V��&KHP��$� VXEPLWWHG��



0$&&����.\LY������-XO\������ 3OHQDU\�OHFWXUH�

��

7KHRUHWLFDO�VWXG\�RI�WKH�VWUXFWXUH�RI�+2Q DQG�+�2Q VSHFLHV�
LQ ZDWHU�

0�7�&��0DUWLQV�&RVWDD� 6��&KDOPHWD� $��0DQVHUJDV�E� -�0��$QJODGDEDQG�0�)��5XL]�/ySH]D
D6560&��1DQF\�8QLYHUVLW\��%3������������9DQGRHXYUH�OHV�1DQF\��)UDQFH�
E7KHRUHWLFDO� DQG�&RPSXWDWLRQDO�&KHPLVWU\�*URXS�� ,,4$%±&6,&�� F�� -RUGL�*LURQD� ����(�������%DUFHORQD��6SDLQ��

7KH NH\�UROH�SOD\HG�E\�R]RQH�LQ�WKH�DWPRVSKHUH�LV�ZHOO�NQRZQ�EXW�LQGXVWULDO�DSSOLFDWLRQV�
RI� WKLV� PROHFXOH� DUH� LPSRUWDQW� WRR�� )RU� LQVWDQFH�� R]RQH� SURYLGHV� DQ� HQYLURQPHQW�IULHQGO\�
VROXWLRQ�LQ�ZDVWHZDWHU�WUHDWPHQW��EOHDFKLQJ�RI�SDSHU�SXOS�RU�DLU�GLVLQIHFWLRQ��$SSOLFDWLRQV�LQ�
PHGLFLQH� DUH� DOVR� YHU\� SURPLVLQJ� GXH� WR� R]RQH¶V� DELOLW\� WR� GHVWUR\� PLFURRUJDQLVPV� DQG�
UHJXODWH� WKH� LPPXQH� V\VWHP��7KH�SURFHVVHV�RI� LQWHUHVW� RIWHQ� WDNH�SODFH� LQ� DTXHRXV� VROXWLRQ�
ZKHUH�R]RQH�GHFRPSRVHV�WKURXJK�D�FRPSOH[�PHFKDQLVP�WKDW�LQYROYHV�LQLWLDO�UHDFWLRQ�ZLWK�D�
K\GUR[LGH�LRQ�IROORZHG�E\�IRUPDWLRQ�RI�D�YDULHW\�RI�R[LGL]LQJ�VSHFLHV��+2��+2�� DV�ZHOO�DV�
K\GURJHQ�SHUR[LGH�+�2�� DUH�FHUWDLQO\�WKH�PRVW�SURPLQHQW�RQHV�EXW� IRUPDWLRQ�RI�+2�� +2�

DQG�+�2� KDV� EHHQ� VXJJHVWHG� DV�ZHOO��2QO\� YHU\� UHFHQWO\�� WKH� VWUXFWXUHV� RI�+2� DQG�+�2�

KDYH�EHHQ�H[SHULPHQWDOO\�GHWHUPLQHG�LQ�JDV�SKDVH�ZKLOH�+�2� KDV�EHHQ�GHWHFWHG�LQ�VROXWLRQ��
,Q� FRQWUDVW�� WKH� H[LVWHQFH�RI� WKH�+2� UDGLFDO� LV� VWLOO� WKH�REMHFW�RI� FRQWURYHUV\��+LJKHU�RUGHU�
SRO\R[LGHV�+�2Q �Qt�� KDYH�EHHQ�WKHRUHWLFDOO\�LQYHVWLJDWHG�WKRXJK�RQO\�WKH�VPDOOHVW�PHPEHU�
RI WKLV�VHULHV�KDV�EHHQ�H[SHULPHQWDOO\�SUHSDUHG��

,Q� WKLV� ZRUN�� ZH� KDYH� VWXGLHG� WKH� VWUXFWXUH� RI� WKHVH� VSHFLHV� LQ� ZDWHU� VROXWLRQ� WKURXJK�
0ROHFXODU� '\QDPLFV� VLPXODWLRQV� XVLQJ� D� FRPELQHG� 4XDQWXP� 0HFKDQLFV� DQG� 0ROHFXODU�
0HFKDQLFV�DSSURDFK��7KH�SUHVHQWDWLRQ�ZLOO�LQFOXGH�SUHYLRXVO\�SXEOLVKHG�UHVXOWV�RQ�+2��+2��
+2� DQG�+�2� ������DV�ZHOO�DV�UHFHQW�GDWD�RQ�+2� DQG�K\GURJHQ�SRO\R[LGHV��

�
>�@� 6��&KDOPHW�DQG�0��)��5XL]�/ySH]��-��&KHP��3K\V���������������������>�@� 6��&KDOPHW�DQG�0��)��5XL]�/RSH]��&KHP3K\V&KHP�� ���������������>�@� 0��7��&��0DUWLQV�&RVWD�DQG�0��)��5XL]�/ySH]��&KHP��3K\V����� ����������������
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6WUXFWXUDO��VSHFWURVFRSLF�DQG�PDJQHWLF�SURSHUWLHV�
RI 0H22+�PLQHUDOV��0H $O��0Q��)H��

'DQLHO�7XQHJDD�E�
D,QVWLWXWH� IRU�7KHRUHWLFDO�&KHPLVWU\��8QLYHUVLW\� RI� 9LHQQD��:lKULQJHUVWUDVVH� ����$�������9LHQQD��$XVWULD�
E,QVWLWXWH� RI� 6RLO� 5HVHDUFK�� 8QLYHUVLW\� RI� 1DWXUDO� 5HVRXUFHV� DQG� $SSOLHG� /LIH� 6FLHQFHV��9LHQQD��3HWHU�-RUGDQ�6WUDVVH���E��$������9LHQQD��$XVWULD�

0HWDO�R[\K\GUR[LGHV��0H22+��DUH�PLQHUDOV��ZKLFK�FDQ�EH�XVHG�LQ�D�YDULHW\�RI�LQGXVWULDO�
DSSOLFDWLRQV� OLNH� FDWDO\VWV�� VRUEHQWV�� SLJPHQWV� RU� PDJQHWLF� GHYLFHV�� 0RUHRYHU�� JRHWKLWH�
� �)H22+�� LV� DQ� LPSRUWDQW� VRLO� PLQHUDO� DFWLYHO\� DFWLQJ� LQ� VRLO� SURFHVVHV� RU� LW� FDQ� DOVR� EH�
IRXQG� LQ� SURGXFWV� RI� FRUURVLRQ�� 7KLV� ZRUN� UHSRUWV� D� WKHRUHWLFDO� VWXG\� RI� VWUXFWXUDO��
VSHFWURVFRSLF� DQG� PDJQHWLF� SURSHUWLHV� RI� WKH�0H22+�PLQHUDOV�� 'HQVLW\� IXQFWLRQDO� WKHRU\�
�')7��EDVHG�RQ�WKH�/'$�**$�DSSUR[LPDWLRQ�ZDV�XVHG�LQ�WKH�VWXG\�� ,W�ZDV�IRXQG�E\�VSLQ�
SRODUL]HG� ')7� FDOFXODWLRQV� WKDW� �G�PHWDO� R[\K\GUR[LGHV� DUH� WKH� PRVW� VWDEOH� LQ� WKH�
DQWLIHUURPDJQHWLF�� KLJK�VSLQ� FRQILJXUDWLRQ�� +RZHYHU�� WKH� VWXG\� RI� WKH� LVRVWDWLF� SUHVVXUH�
FRPSUHVVLRQ�VKRZHG� WKDW�DW�KLJK�SUHVVXUHV� WKH�KLJK�VSLQ� FRQILJXUDWLRQ� FROODSVHG�GXH� WR� WKH�
LQFUHDVLQJ�RQ�VLWH�&RXORPE�UHSXOVLRQ�DPRQJ�WKH�ORFDOL]HG��G HOHFWURQV��7KXV��DQ�DGDSWHG�VS�
')7�8�PHWKRG�ZDV�XVHG�LQVWHDG�RI� WKH�³VWDQGDUG´�VS�')7�DSSURDFK�� ,W�ZDV�IRXQG�WKDW� WKH�
VS�')7�8�PHWKRG� KDV� WR� EH� XVHG� IRU� D� FRUUHFW� GHVFULSWLRQ� RI� WKH� VSLQ� VWDWHV� RI� �G�PHWDO�
R[\K\GUR[LGHV�� HVSHFLDOO\� LQ� WKH� UDQJH� RI� KLJK� SUHVVXUHV�� %XON� PRGXOXV� SDUDPHWHUV� ZHUH�
FDOFXODWHG� E\� ILWWLQJ� WKH� %LUFK�0XUQDJKDQ� HTXDWLRQ� RI� VWDWHV� DQG� D� YHU\� JRRG� DJUHHPHQW�
EHWZHHQ H[SHULPHQWDO� DQG� FRPSXWHG� YDOXHV� ZDV� IRXQG�� 6RPH� XQFHUWDLQWLHV� LQ� WKH�
LQWHUSUHWDWLRQ�RI�WKH�H[SHULPHQWDO�,5�VSHFWUXP�RI�WKH�JURXWLWH�� �0Q22+��ZHUH�H[SODLQHG�RQ�
WKH EDVH� RI� WKH� FDOFXODWHG� WKHRUHWLFDO� VSHFWUXP�� $� YHU\� QDUURZ� VSOLWWLQJ� RI� VWUHWFKLQJ�
YLEUDWLRQV�RI�K\GUR[\O�JURXSV�ZDV�IRXQG��
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'<1$0,&6�21�7+(�1$126&$/(�
7LPH�GRPDLQ�DE�LQLWLR�VWXGLHV�RI�FDUERQ�QDQRWXEHV��
TXDQWXP�GRWV��DQG�PROHFXOH�VHPLFRQGXFWRU�LQWHUIDFHV�

2OHJ�3UH]KGR�
8QLYHUVLW\�RI�:DVKLQJWRQ��6HDWWOH��86$��

'HYLFH�PLQLDWXUL]DWLRQ�UHTXLUHV�DQ�XQGHUVWDQGLQJ�RI�WKH�G\QDPLFDO�UHVSRQVH�RI�PDWHULDOV�
RQ�WKH�QDQRPHWHU�VFDOH��$�JUHDW�GHDO�RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�ZRUN�KDV�EHHQ�GHYRWHG�WR�
FKDUDFWHUL]LQJ� WKH� H[FLWDWLRQ�� FKDUJH�� VSLQ�� DQG� YLEUDWLRQDO� G\QDPLFV� LQ� D� YDULHW\� RI� QRYHO�
PDWHULDOV�� LQFOXGLQJ� FDUERQ� QDQRWXEHV�� TXDQWXP� GRWV�� FRQGXFWLQJ� SRO\PHUV�� LQRUJDQLF�
VHPLFRQGXFWRUV� DQG� PROHFXODU� FKURPRSKRUHV�� :H� KDYH� GHYHORSHG� VWDWH�RI�WKH�DUW� QRQ�
DGLDEDWLF� PROHFXODU� G\QDPLFV� WHFKQLTXHV� DQG� LPSOHPHQWHG� WKHP� ZLWKLQ� WLPH�GHSHQGHQW�
GHQVLW\� IXQFWLRQDO� WKHRU\� LQ� RUGHU� WR� PRGHO� WKH� XOWUDIDVW� SKRWRLQGXFHG� SURFHVVHV� LQ� WKHVH�
PDWHULDOV�DW�WKH�DWRPLVWLF�OHYHO��DQG�LQ�UHDO�WLPH��

7KH HOHFWURQ�SKRQRQ� LQWHUDFWLRQV� LQ� FDUERQ� QDQRWXEHV� �&17�� GHWHUPLQH� WKH� UHVSRQVH�
WLPHV�RI�RSWLFDO�VZLWFKHV�DQG�ORJLF�JDWHV��WKH�H[WHQW�RI�KHDWLQJ�DQG�HQHUJ\�ORVV�LQ�&17�ZLUHV�
DQG�ILHOG�HIIHFW�WUDQVLVWRUV��DQG�HYHQ�D�VXSHUFRQGXFWLYLW\�PHFKDQLVP��2XU�DE�LQLWLR�VWXGLHV�RI�
&17V� GLUHFWO\� PLPLF� WKH� H[SHULPHQWDO� GDWD� DQG� UHYHDO� D� QXPEHU� RI� XQH[SHFWHG� IHDWXUHV��
LQFOXGLQJ� WKH� IDVW� LQWULQVLF� LQWUDEDQG� UHOD[DWLRQ� DQG� HOHFWURQ�KROH� UHFRPELQDWLRQ�� WKH�
LPSRUWDQFH� RI� GHIHFWV�� WKH� GHSHQGHQFH� RI� WKH� UHOD[DWLRQ� UDWH� RQ� WKH� H[FLWDWLRQ� HQHUJ\� DQG�
LQWHQVLW\��DQG�D�GHWDLOHG�XQGHUVWDQGLQJ�RI�WKH�UROH�RI�DFWLYH�SKRQRQ�PRGHV��

4XDQWXP�GRWV� �4'��DUH�TXDVL�]HUR�GLPHQVLRQDO�VWUXFWXUHV�ZLWK�D�XQLTXH�FRPELQDWLRQ�RI�
PROHFXODU� DQG� EXON� SURSHUWLHV�� $V� D� UHVXOW�� 4'V� H[KLELW� QHZ� SK\VLFDO� SURSHUWLHV� VXFK� DV�
FDUULHU�PXOWLSOLFDWLRQ��ZKLFK�KDV�WKH�SRWHQWLDO�WR�JUHDWO\�LQFUHDVH�WKH�HIILFLHQF\�RI�VRODU�FHOOV��
7KH�HOHFWURQ�SKRQRQ�DQG�$XJHU� UHOD[DWLRQ� LQ�4'V�FRPSHWH�ZLWK�FDUULHU�PXOWLSOLFDWLRQ��2XU�
GHWDLOHG� VWXGLHV� RI� WKH� FRPSHWLQJ� SURFHVVHV� LQ� 3E6H� 4'V� UDWLRQDOL]H� ZK\� FDUULHU�
PXOWLSOLFDWLRQ�ZDV�ILUVW�REVHUYHG�LQ�WKLV�PDWHULDO��

(OHFWURQ� WUDQVIHU� DFURVV� PROHFXODU�EXON� LQWHUIDFHV� LV� WKH� VXEMHFW� RI� DFWLYH� UHVHDUFK��
FUHDWLQJ� PDQ\� FKDOOHQJHV� GXH� WR� WKH� VWDUN� GLIIHUHQFHV� EHWZHHQ� WKH� TXDQWXP� VWDWHV� RI�
PROHFXOHV� DQG� SHULRGLF� V\VWHPV�� DV� ZHOO� DV� WKH� RIWHQ� GLVSDUDWH� VHWV� RI� WKHRULHV� DQG�
H[SHULPHQWDO� WRROV� XVHG� E\� FKHPLVWV� DQG� SK\VLFLVWV�� &KDUJH� WUDQVSRUW� DFURVV� WKH� LQWHUIDFH�
UHPDLQV� LV� D� NH\� WR� VXFK� ILHOGV� DV� PROHFXODU� HOHFWURQLFV�� SKRWR�FDWDO\VLV�� HOHFWURO\VLV�� DQG�
SKRWR�YROWDLFV��7KH�WKHRUHWLFDO�VWXGLHV�SURYLGH�DQ�H[FOXVLYH�SHUVSHFWLYH�RQ�WKH�SKRWRLQGXFHG�
LQWHUIDFLDO�WUDQVIHU�G\QDPLFV��

2XU�UHDO�WLPH�DWRPLVWLF�VLPXODWLRQV�FUHDWH�D�GHWDLOHG�SLFWXUH�RI�WKHVH�PDWHULDOV��DOORZ�XV�WR�
FRPSDUH� DQG� FRQWUDVW� WKHLU� SURSHUWLHV�� DQG� SURYLGH� D� XQLI\LQJ� GHVFULSWLRQ� RI� TXDQWXP�
G\QDPLFV�RQ�WKH�QDQRPHWHU�VFDOH��
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6WUXFWXUDO�DQG�WKHUPRG\QDPLF�SURSHUWLHV�RI�PLFURFOXVWHUV�
± SUHFXUVRUV�RI�JHUPDQLXP�FDUERQ�DQG�JHUPDQLXP�VLOLFRQ�

QDQRPDWHULDOV�
6]F]HSDQ�5RV]DN DQG�3DZHO�:LHOJXV�

,QVWLWXWH� RI� 3K\VLFDO� DQG� 7KHRUHWLFDO� &KHPLVWU\�� :URFODZ� 8QLYHUVLW\� RI� 7HFKQRORJ\��:\EU]H]H�:\VSLDQVNLHJR������������:URFODZ��3RODQG��
6WXGLHV�RI�JHUPDQLXP�VLOLFRQ�DQG�JHUPDQLXP�FDUERQ�FRPSRXQGV�DUH�RI�WHFKQRORJLFDO�

LQWHUHVW� EHFDXVH� RI� WKHLU� SUDFWLFDO� DSSOLFDELOLW\� LQ� WKH� VHPLFRQGXFWRU� LQGXVWU\�� 'LUHFW�
DSSOLFDWLRQV� RI� WKH� *H�;� �; &�� 6L�� WHFKQRORJ\� FRPSUHKHQG� KLJK�IUHTXHQF\� WUDQVLVWRUV��
SKRWRGLRGHV�DQG�LQIUDUHG�SKRWRGHWHFWRUV��DQG�VRODU�FHOOV��1DQRFU\VWDOV�RI�*H�KDYH�UHFHLYHG�D�
ORW� RI� LQWHUHVW� LQ� UHVHQW� \HDUV�� 6HOI�RUJDQL]HG� TXDQWXP� GRWV� RI� *H� KDYH� EHHQ� JURZQ� RQ� 6L�
VXEVWUDWHV��8QGHU�JURZWK�FRQGLWLRQV�LQWHUGLIIXVLRQ�EHWZHHQ�&��6L�DQG�*H�PD\�RFFXU�WR�IRUP�
DOOR\�DV�ZDV�REVHUYHG�LQ�*H�6L�VXSHUODWWLFHV�DQG�LQ�*H�TXDQWXP�GRWV�JURZQ�RQ�6L��,Q�RUGHU�WR�
XQGHUVWDQG� VSRQWDQHRXV� SURFHVVHV� OHDGLQJ� WR� WKH� VHOI�RUJDQL]HG� TXDQWXP� VWUXFWXUHV� GHWDLOHG�
NQRZOHGJH�RI� WKHUPRG\QDPLFV�DQG�QDWXUH�RI�*H�6L�ERQGLQJ�LV�QHHGHG��7KH�WKHRUHWLFDO�VROLG�
VWDWH� VWXGLHV� WDNLQJ� LQWR�DFFRXQW�PDWHULDOV�ZLWK�SUHVHQW� � �*H�6L�DQG�*H�&�ERQGV�DUH� VFDUFH��
7KH *H�&�DQG�*H�6L�FKHPLVWU\�RI�VPDOO�FRPSRXQGV�LV�YHU\�UHVWULFWHG�FRPSDULQJ�WR�YDVW�GDWD�
RQ VROLG�VWDWH�PDWHULDOV��7KHRUHWLFDO�VWXGLHV�RQ�WKH�*HQ&P DQG�*HQ6LP �Q �����P �����PLFUR�
FOXVWHUV� KDYH� EHHQ� SHUIRUPHG� XVLQJ� WKH� VWDWH� RI� WKH� DUW� FDOFXODWLRQV�� 6HYHUDO� DOWHUQDWLYH�
VWUXFWXUHV�RI� WKHVH� FOXVWHUV�ZHUH� VWXGLHG� WR� ORFDWH� WKH� ORZHVW� HQHUJ\� LVRPHUV�� ,W� LV� REVHUYHG�
WKDW� WKH�VWUXFWXUHV�RI� WKH�FRPSOH[HV�UHVXOW�IURP�WKH�FRPSHWLWLRQ�EHWZHHQ�LRQLF�*H�&�� �� �*H�
6L�� FRQMXJDWHG� FRYDOHQW� &�&� �6L�6L��� DQG� PHWDOOLF� *H�*H� ERQGV�� 7KH� LRQL]DWLRQ� RI� WKH�
PROHFXOHV� HQKDQFHV� WKH� LRQLF� FKDUDFWHU� RI� WKH� *H�&� �*H�6L�� ERQG� DQG� KDV� VLJQLILFDQW�
VWUXFWXUDO� FRQVHTXHQFHV��8VLQJ� WKHRUHWLFDOO\� GHWHUPLQHG� SDUWLWLRQ� IXQFWLRQV�� WKHUPRG\QDPLF�
GDWD� DUH� FRPSXWHG� DQG� H[SHULPHQWDO� HQWKDOSLHV� DUH� HQKDQFHG�� 7KH� DE LQLWLR� DWRPL]DWLRQ�
HQHUJLHV�RI��JHUPDQLXP���FDUERQ��DQG��JHUPDQLXP���VLOLFRQ���KHWHURVWUXFWXUHV�FRPSDUH�ZHOO�
ZLWK FRUUHFWHG� H[SHULPHQWDO� IXQFWLRQV�� 7KH� H[SHULPHQWDO� DSSHDUDQFH� SRWHQWLDOV� DUH� ZHOO�
UHSURGXFHG�E\�WKH�WKHRUHWLFDO�LRQL]DWLRQ�SRWHQWLDOV���
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'LVWULEXWHG�*DXVVLDQ�%DVLV�6HWV��
5HFHQW�3URJUHVV�DQG�)XWXUH�3URVSHFWV�
6��:LOVRQD� 9�1��*OXVKNRYE DQG�2�6��%HONLQDE

D3K\VLFDO�	�7KHRUHWLFDO�&KHPLVWU\�/DERUDWRU\��8QLYHUVLW\� RI�2[IRUG�� 6RXWK�3DUNV�5RDG��2[IRUG�2;���4=��(QJODQG�
E3K\VLFV� 'HSDUWPHQW�� 1DWLRQDO� 8QLYHUVLW\� RI� 'QHSURSHWURYVN�� SHU�� 1DXFKQL\� ���� �������'QHSURSHWURYVN��8NUDLQH�

5HFHQW�SURJUHVV� LQ� WKH�GHYHORSPHQW�RI�GLVWULEXWHG�*DXVVLDQ�EDVLV� VHWV� >�@� IRU�PROHFXODU�
HOHFWURQLF� VWUXFWXUH� FDOFXODWLRQV� LV� UHYLHZHG� ZLWK� SDUWLFXODU� HPSKDVLV� RQ�� �L�� YDULDWLRQDOO\�
RSWLPL]HG� VHWV� >�@�� �LL�� GLVWULEXWLRQV� EDVHG� RQ� KDUPRQLF� DQG� DQKDUPRQLF� PRGHOV� >�@��
�LLL��FRPSDULVRQV�ZLWK�ILQLWH�GLIIHUHQFH�+DUWUHH�)RFN�FDOFXODWLRQV�IRU�GLDWRPLF�PROHFXOHV�>�@��
�LY��DSSOLFDWLRQ�WR�WKH�UHODWLYLVWLF�PROHFXODU�HOHFWURQLF�VWUXFWXUH�SUREOHP�>�@��

7KH� IXWXUH� SURVSHFWV� RI� WKH� GLVWULEXWHG� *DXVVLDQ� EDVLV� VHW� DSSURDFK� DUH� GLVFXVVHG�
FRQFHQWUDWLQJ�RQ���L��WKH�FRQWURO�RI�OLQHDU�GHSHQGHQFH�DQG�WKH�&KROHVN\�GHFRPSRVLWLRQ�RI�WKH�
WZR�HOHFWURQ� LQWHJUDO� PDWUL[�� �LL�� GLUHFW� VHFRQG� RUGHU� HQHUJ\� PLQLPL]DWLRQ�� �LLL�� WKH�
GHYHORSPHQW�RI� D� FRPSDFW� FRPSXWHU�SURJUDP�XVLQJ� OLWHUDWH�SURJUDPPLQJ�PHWKRGRORJ\�DQG�
H[SORLWLQJ�SDUDOOHO�SURFHVVLQJ���LY��WKH�GHVFULSWLRQ�RI�HOHFWURQ�FRUUHODWLRQ�HIIHFWV�LQ�PROHFXOHV��

�
>�@� 6��:LOVRQ��LQ�1HZ�0HWKRGV�LQ�4XDQWXP�7KHRU\� HG��&�$��7VLSLV��9�6��3RSRY��'�5��+HUVFKEDFK�DQG�-�6��$YHU\�� 1$72� $GYDQFHG� 6WXG\� ,QVWLWXWH�� 6HULHV� �� �� +LJK� 7HFKQRORJ\� YROXPH� ��� S�� ����� .OXZHU�$FDGHPLF�3XEOLVKHUV��'RUGUHFKW���������>�@� 9�1��*OXVKNRY�DQG�6��:LOVRQ��$GY��4XDQW��&KHP�����������������,QW��-��4XDQW��&KHP���� ������������,QW��-��4XDQW��&KHP�����������������>�@� 9�1��*OXVKNRY�DQG�6��:LOVRQ��,QW��-��4XDQW��&KHP���LQ�SUHVV���>�@� 9�1��*OXVKNRY��-��.REXV�DQG�6��:LOVRQ��,QW��-��4XDQW��&KHP���VXEPLWWHG�IRU�SXEOLFDWLRQ���>�@� +�0��4XLQH\��9�1��*OXVKNRY�DQG�6��:LOVRQ��,QW��-��4XDQW��&KHP�����������������
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$SSOLFDWLRQ�RI�4XDQWXP�7UDMHFWRU\�0HWKRG�
IRU�0XOWLGLPHQVLRQDO�5HDFWLYH�6FDWWHULQJ�

'P\WUR�%DE\XND DQG�5REHUW�(�:\DWWE
D &KHUQLYWV\�1DWLRQDO�8QLYHUVLW\��8NUDLQH�
E�8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ��86$��

2YHU� WKH� SDVW� GHFDGH�� VLJQLILFDQW� SURJUHVV� KDV� EHHQ� UHSRUWHG� LQ� WKH� GHYHORSPHQW� DQG�
DSSOLFDWLRQ� RI� TXDQWXP� PHFKDQLFDO� PHWKRGV� IRU� FKHPLFDO� UHDFWLRQ� G\QDPLFV�� 4XDQWXP�
WUDMHFWRU\�PHWKRG� �470��SURYLGHV� WLPH�GHSHQGHQW� UHDFWLRQ� G\QDPLFV� DQG� LV� TXLWH� GLIIHUHQW�
IURP�WKH�FRQYHQWLRQDO�DSSURDFKHV���$Q�LPSRUWDQW�IHDWXUH�RI�WKLV�PHWKRG�LV�WKDW�WKH�PLQLPXP�
QXPEHU� RI� WUDMHFWRULHV� UHTXLUHG� IRU� VWDEOH� SURSDJDWLRQ� VFDOHV� OLQHDUO\� ZLWK� WKH� QXPEHU� RI�
GHJUHHV�RI�IUHHGRP��)RU�V\VWHPV�ZKHUH�WKH�SRWHQWLDO�VXUIDFH�LV�PRGHOHG�E\�D�*DXVVLDQ�EDUULHU�
DORQJ� WKH� WUDQVODWLRQDO� FRRUGLQDWH� FRXSOHG� WR� 0 YLEUDWLRQDO� FRRUGLQDWHV� UHSUHVHQWHG� E\�
KDUPRQLF�RVFLOODWRUV�� WKH�470�SHUPLWV�FRPSXWDWLRQV�RQ�PXOWLGLPHQVLRQDO�TXDQWXP�UHDFWLYH�
V\VWHPV�ZLWK� DV�PDQ\� DV� ���� KDUPRQLF� YLEUDWLRQDO� GHJUHHV� RI� IUHHGRP�� 6SDWLDO� GHULYDWLYHV�
QHHGHG� LQ� WKH� HTXDWLRQV� RI�PRWLRQ� DUH� HYDOXDWHG� E\�PHDQV� RI� OHDVW� VTXDUHV� ILWWLQJ�� 8QOLNH�
FRQYHQWLRQDO� JULG� PHWKRGV� ZKHUH� HDFK� GHJUHH� RI� IUHHGRP� PXVW� EH� GLVFUHWL]HG� DW� IL[HG�
FRQVWDQW�YDOXHV�IRU�DOO�UHPDLQLQJ�FRRUGLQDWHV�WKXV�OHDGLQJ�WR�H[SRQHQWLDO�VFDOLQJ�EHWZHHQ�WKH�
WRWDO� QXPEHU� RI� JULG� SRLQWV� DQG� WKH� QXPEHU� RI� GHJUHHV� RI� IUHHGRP�� WKH� TXDQWXP� WUDMHFWRU\�
PHWKRG�XVHV�DQ�LUUHJXODU�PHVK�GHILQHG�E\�WKH�WUDMHFWRU\�ORFDWLRQV��,Q�WKLV�FDVH��WKH�VFDOLQJ�RI�
FRPSXWDWLRQDO� HIIRUW� LV� GHWHUPLQHG� E\� WKH� EDVLV� VHW� VL]H� XVHG� LQ� WKH� OHDVW� VTXDUHV� ILWWLQJ�
SURFHGXUH��,Q�WKLV�VWXG\��D�VSHFLDO�VHW�RI�UHDFWLRQ�SDWK�FRRUGLQDWHV�ZDV�GHYHORSHG�DQG�XVHG���

7KH PRGHO�ZDV� LQLWLDOO\� WHVWHG�RQ�V\VWHP�ZLWK�D�PRGHUDWH�QXPEHU�RI�YLEUDWLRQDO�PRGHV�
� ��d0 � DQG�WKHQ�WKH�GLPHQVLRQDOLW\�ZDV�H[WHQGHG�WR�����YLEUDWLRQDO�PRGHV��7KH�PD[LPXP�
QXPEHU�RI�WUDMHFWRULHV�XVHG�ZDV�1 ������7KH�FRPSXWHU�WLPH�DW�WKLV�IL[HG�1 LQFUHDVHV�ZLWK�0
DFFRUGLQJ� WR� D� SRZHU� ODZ�ZLWK� WKH� H[SRQHQW� ORZHU� WKDQ� ��� )RU� WKH� FDVH� RI� RQH� YLEUDWLRQDO�
PRGH��WKH�G\QDPLFDO�UHVXOWV�ZHUH�LQ�JRRG�DJUHHPHQW�ZLWK�WKRVH�REWDLQHG�E\�LQWHJUDWLRQ�RI�WKH�
WLPH�GHSHQGHQW� 6FKU|GLQJHU� HTXDWLRQ� RQ� D� IL[HG� JULG�� 7KH� KDUPRQLF� RVFLOODWRUV� LQ� WKH�
SRWHQWLDO�HQHUJ\�VLJQLILFDQWO\�VLPSOLI\�EDVLV�VHW�GHVLJQ�IRU�WKH�OHDVW�VTXDUHV�ILWWLQJ�URXWLQH��)RU�
WKH�YLEUDWLRQDO�FRRUGLQDWHV��WKH�EDVLV�VHW��ZKLFK�LV�UHVWULFWHG�WR�VHFRQG�RUGHU�WHUPV��SURYLGHV�D�
SHUIHFW� ILW�� 0RUHRYHU�� WKLV� EDVLV� HYHQ� SHUPLWV� WKH� XVH� RI� ILWWLQJ� FRHIILFLHQWV� GHULYHG� IRU� D�
UHIHUHQFH�SRLQW�IRU�D�VHW�RI�SRLQWV�FORVH�WR�LW��+RZHYHU��HYHQ�VPDOO�YLEUDWLRQDO�DQKDUPRQLFLWLHV�
TXDQWLWDWLYHO\� FKDQJH� WKH� G\QDPLFV� RI� HQVHPEOHV� RI� TXDQWXP� WUDMHFWRULHV��7KH� EDVLV� VHW� IRU�
OHDVW�VTXDUH�ILWWLQJ�PXVW�EH�H[WHQGHG�DQG�DW�OHDVW�LQFOXGH�WKLUG�RUGHU�WHUPV��)RU�WKH�PRGHO�ZLWK�
0RUVH�YLEUDWLRQDO�SRWHQWLDO�ZKLFK�LV�FORVHU� WR�UHDOLVWLF�V\VWHPV��FRPSXWDWLRQV�ZHUH�GRQH�IRU�
WKH�FDVH�RI����YLEUDWLRQDO�GHJUHHV�RI�IUHHGRP��
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$QDO\]LQJ�0ROHFXODU�([FLWHG�6WDWHV�
ZLWKLQ�7LPH�'HSHQGHQW�'HQVLW\�)XQFWLRQDO�7KHRU\�

$�9��/X]DQRY��2�$��=KLNRO
66,� ³,QVWLWXWH� IRU� 6LQJOH� &U\VWDOV´� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�� ������.KDUNLY�����/HQLQ�DYH���DQG�
8NUDLQLDQ�$PHULFDQ� /DERUDWRU\� IRU� &RPSXWDWLRQDO� &KHPLVWU\�� .KDUNLY�� 8NUDLQH� ±�-DFNVRQ��86$�

,Q�WKH�ODVW�GHFDGH�LW�ZDV�VKRZQ�WKDW�WLPH�GHSHQGHQW�GHQVLW\�IXQFWLRQDO�WKHRU\��7'�')7��LV�VXIILFLHQWO\� UHOLDEOH� IRU� H[FLWHG� DWRPV� DQG�PROHFXOHV� >�@�� $PRQJ� WKH� WRROV� SURSRVHG� IRU� D�SLFWRULDO� GHVFULSWLRQ� RI� H[FLWHG� VWDWHV�� WKH� VR�FDOOHG� FKDUJH�WUDQVIHU� �&7�� QXPEHUV� DQG�ORFDOL]DWLRQ� LQGLFHV� >�@�DUH� VKRZQ� WR�EH�HVSHFLDOO\�XVHIXO��EHFDXVH� WKHVH�SK\VLFDO�SURSHUWLHV�DUH� IDPLOLDU� WR� FKHPLVWV��7KH� WHFKQLTXH� JLYHQ� LQ� >�@�ZLOO� EH� UHIHUUHG� WR� DV� WKH� H[FLWHG�VWDWH�VWUXFWXUDO� DQDO\VLV�� 2QO\� WKH� VFDQW\� GDWD� �OLNH� JLYHQ� LQ� >�@�� DUH� DYDLODEOH� IRU� XVLQJ� WKH�WHFKQLTXH�DW�DE�LQLWLR�OHYHO�RI�WKH�WKHRU\���,Q� WKLV� UHSRUW� WKH� H[FLWHG�VWDWH� VWUXFWXUDO� DQDO\VLV� DOUHDG\� NQRZQ� IRU� WKH� VLQJO\�H[FLWHG�FRQILJXUDWLRQ� LQWHUDFWLRQ� �&,6�� LV� H[WHQGHG� WR� WKH� 7'�')7�� 7KH� 7'�')7� VROXWLRQV� DUH�FRQYHUWHG� WR� WKH� IRUP� VLPLODU� WR� WKDW� IRU� WKH� &,6� PHWKRG�� ,W� DOORZV� XV�� LQ� SDUWLFXODU�� WR�FRQVLVWHQWO\� FRPSXWH� WKH� QRUPDOL]HG� 7'�')7� YDOXHV� RI� WKH� LQWHUDWRPLF� KROH�SDUWLFOH�SRSXODWLRQV�LQ�WKH�IRUP�RI�&7�LQGLFHV��:H�VWXG\�&7�LQGLFHV�DQG�ORFDOL]DWLRQ�RI�WKH�HOHFWURQLF�H[FLWDWLRQV�IRU�WKH�ORZ�O\LQJ�H[FLWHG�VWDWHV�LQ�VRPH�W\SLFDO�FRQMXJDWHG�V\VWHPV�XVLQJ�%�/<3�IXQFWLRQDO�SDUDPHWHUL]DWLRQ��$V�H[DPSOHV�EHORZ�DUH�VKRZQ�WKH�UHVXOWV�RI�DSSO\LQJ�WKH�H[FLWHG�VWDWH�VWUXFWXUDO�DQDO\VLV�WR WKH�PROHFXOHV�ZLWK�NQRZQ�VWURQJ�&7�HIIHFWV��YL]����GLPHWK\ODPLQREHQ]RQLWULOH��'0$%1��DQG�S\ULGLQLXP�F\FORSHQWDGLHQ\OLGH��3&3���
7'�')7�FKDUJH�WUDQVIHU�GLDJUDPV�IRU�WKH�ORZHVW�VLQJOHW�H[FLWHG�VWDWHV�6L RI�'0$%1�DQG�3&3�
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1XPEHUV�DW�DUURZV�UHSUHVHQW�WKH�FKDUJH�WUDQVIHU�QXPEHUV�DVVRFLDWHG�ZLWK�HOHFWURQ�WUDQVIHU�ZLWKLQ�D�PROHFXOH��QRUPDOL]HG�WR��������1XPEHUV�DW�EUDFNHWV�UHSUHVHQW�WKH�JURVV�H[FLWDWLRQ�LQGLFHV��LQ����RI�PROHFXODU�IUDJPHQWV��
>�@� $��'UHXZ��0��+HDG�*RUGRQ��&KHP��5HY�������������������>�@� $��9��/X]DQRY��8VS��.KLP������������������>�@� $��9��/X]DQRY��2��9��3UH]KGR��,QW��-��4XDQW��&KHP����� ������������



0$&&����.\LY������-XO\������ 2UDO�UHSRUW�

��

0DJQHWLF�VWUXFWXUH�DQG�ORZ�WHPSHUDWXUH�WKHUPRG\QDPLFV�
RI WUDQVLWLRQ�PHWDO�FRPSRXQGV�ZLWK�PDJQHWLF�VXEODWLFH�

RI ODGGHU�W\SH�
9�2��&KHUDQRYVNLL� (�9��(]HUVND\D�

.KDUNRY�1DWLRQDO�8QLYHUVLW\��������.KDUNRY��8NUDLQH��FKHUDQRYVNLL#XQLYHU�NKDUNRY�XD�
7R LQYHVWLJDWH�PDJQHWLF�SURSHUWLHV�RI�VRPH�WUDQVLWLRQ�PHWDO�FRPSRXQGV�KDYLQJ�PDJQHWLF�VXEODWWLFH� RI� ODGGHU� W\SH� ZH� WUHDWHG� WZR�PRGHOV� RI� VWURQJO\� FRUUHODWHG� HOHFWURQV� RQ� ODGGHU�ODWWLFHV� ZLWK� WKUHH�VLWH� XQLW� FHOOV�� )LUVW� RQH� LV� WKH� DQLVRWURSLF� +HLVHQEHUJ� VSLQ����� PRGHO�GHVFULELQJ� WKH� ODGGHU� V\VWHPV�ZLWK� RQH� HOHFWURQ� SHU� ODWWLFH� VLWH�� 6HFRQG�PRGHO� LV� RQH�EDQG�+XEEDUG� PRGHO� ZLWK� LQILQLWH� HOHFWURQ� UHSXOVLRQ�� ZKLFK� GHVFULEHV� HOHFWURQ� V\VWHPV� ZLWK�DUELWUDU\�ILOOLQJ�RI�WKH�EDQG�DQG�PD\�EH�RI�LQWHUHVW�IRU�LQYHVWLJDWLRQ�RI�WKH�SURSHUWLHV�RI�VRPH�GRSHG�V\VWHPV��:H�VWXGLHG�PDJQHWLF�SURSHUWLHV�RI�+HLVHQEHUJ�PRGHO�RQ�UHFWDQJXODU�WKUHH�OHJ�ODGGHU�DQG�RQH�RI�WKH�VLPSOHVW�UHSUHVHQWDWLYHV�RI�GLDJRQDO�ODGGHUV���QHFNODFH�VSLQ�ODGGHU��7KUHH�OHJ�VSLQ�ODGGHU�DQG�QHFNODFH�VSLQ� ODGGHU�GHVFULEH�DGHTXDWHO\�PDJQHWLF�VWUXFWXUH�RI�VRPH�SHURYVNLWHV�OLNH�6U�&X�2� DQG�,3$�&X&/� �,3$��LVRSURS\ODPPRQLXP��UHVSHFWLYHO\��,Q�WKH�OLPLW�RI�ZHDN�LQWHUDFWLRQ�EHWZHHQ�XQLW� FHOOV�DQG�DQWLIHUURPDJQHWLF� ,VLQJ�FRXSOLQJ�ZH�GHULYHG�D�QXPEHU�RI�HIIHFWLYH�ORZ�HQHUJ\�+DPLOWRQLDQV�IRU�ERWK�VSLQ�ODGGHU�V\VWHPV��7KH�DQDO\VLV�RI�WKH�VSHFWUD�RI�WKHVH�+DPLOWRQLDQV�VKRZV�FOHDUO\�WKH�H[LVWHQFH�RI�LQWHUPHGLDWH�PDJQHWL]DWLRQ�SODWHDX�LQ�ILHOG�

GHSHQGHQFH� RI� PDJQHWL]DWLRQ� DW� ��V0 0 � V0 LV� WKH� VDWXUDWLRQ� PDJQHWL]DWLRQ��� )RU�
LQWHUPHGLDWH� LQWHUDFWLRQ� EHWZHHQ� XQLW� FHOOV� DQG� ]HUR� WHPSHUDWXUH� WKLV� SODWHDX�ZDV� IRXQG� E\�PHDQV� RI� QXPHULFDO� VLPXODWLRQ� RI� ILHOG� GHSHQGHQFH� RI� WKH�PDJQHWL]DWLRQ� RI� ODGGHU� FOXVWHUV�FRQVLVWLQJ� RI� ��� VSLQV� �'DYLGVRQ�PHWKRG�� DQG� GHQVLW\� PDWUL[� UHQRUPDOL]DWLRQ� JURXS� VWXG\��'05*���6SHFLDO�DWWHQWLRQ�ZDV�JLYHQ�WR�DQLVRWURSLF�QHFNODFH�VSLQ�ODGGHU��7KH�TXDQWXP�SKDVH�WUDQVLWLRQ�EHWZHHQ�IHUULPDJQHWLF�DQG�QRQPDJQHWLF�SKDVHV�LQ�WKH�YLFLQLW\�RI�]HUR�YDOXH�RI�VSLQ�DQLVRWURS\� SDUDPHWHU� ZDV� IRXQG� IRU� WKLV� ODGGHU�� ,VRWURSLF� QHFNODFH� VSLQ� ODGGHU� KDV�IHUULPDJQHWLF�JURXQG�VWDWH�RI�VSLQ�ZDYH�VWUXFWXUH��%\�PHDQV�RI�SHUWXUEDWLRQ� WKHRU\�DQDO\VLV�ZH IRXQG�WKDW�WKH�DPSOLWXGH�RI�WKLV�VSLQ�ZDYH�DV�D�IXQFWLRQ�RI�LQWHU�FHOO�FRXSOLQJ�VKRXOG�KDYH�DW�OHDVW�RQH�PD[LPXP��$FFRUGLQJ�WR�WKH�H[DFW�GLDJRQDOL]DWLRQ�VWXG\�DQG�'05*�FDOFXODWLRQV��WKHUH�LV�RQO\�RQH�PD[LPXP��ZKLFK�FRUUHVSRQGV�WR�WKH�ODGGHU�ZLWK�HTXDO�FRXSOLQJ�FRQVWDQWV�±�ODGGHU�ZLWK�VSLQ�DQG�VSDFH�LVRWURS\��7R SHUIRUP�WKH�VLPXODWLRQ�RI�ORZ�WHPSHUDWXUH�WKHUPRG\QDPLFV�RI�WKH�VSLQ�ODGGHU�PRGHOV�ZH FRQVWUXFWHG�WKH�DSSUR[LPDWH�HQHUJ\�VSHFWUXP�RI�WKH�ODGGHU�DV�D�VXSHUSRVLWLRQ�RI�ORZ�O\LQJ�VWDWHV� ZLWK� RQH� LQYHUWHG� VSLQ� DQG� ERXQG� VWDWHV� ZLWK� WZR� DQG� WKUHH� LQYHUWHG� VSLQV� ZLWKRXW�GLVSHUVLRQ��7KH�ODGGHU�SDUWLWLRQ�IXQFWLRQ�ZDV�GHULYHG�RQ�WKH�EDVH�RI�WKLV�DSSUR[LPDWLRQ��7KH�H[DFW� GLDJRQDOL]DWLRQ� VWXG\� RI� ILQLWH� ODGGHU� FOXVWHUV� IRUPHG� E\� ����� VSLQV� DQG� DSSUR[LPDWH�HYDOXDWLRQ�RI� WHPSHUDWXUH� DQG� ILHOG�GHSHQGHQFH� RI�PDJQHWL]DWLRQ� DQG� VSHFLILF�KHDW�SHU�XQLW�FHOO�DJUHH�ZHOO�DQG�VKRZ�WKH�H[LVWHQFH�RI�PDJQHWL]DWLRQ�SODWHDX�DW�ORZ�WHPSHUDWXUHV�IRU�ERWK�W\SH� RI� ODGGHUV�� $FFRUGLQJ� WR� RXU� VLPXODWLRQ� WKH� LQFUHDVH� RI� WHPSHUDWXUH� OHDGV� WR� WKH�GHVWUXFWLRQ�RI�WKH�PDJQHWL]DWLRQ�SODWHDX��:H�DSSOLHG�+XEEDUG�PRGHO�ZLWK�LQILQLWH�HOHFWURQ�UHSXOVLRQ�WR�LQYHVWLJDWH�WKH�HIIHFWV�RI�HOHFWURQ�GRSLQJ�RQ�ORZ�WHPSHUDWXUH�WKHUPRG\QDPLFV�DQG�PDJQHWLF�VWUXFWXUH�RI�WKH�WKUHH�OHJ�UHFWDQJXODU�ODGGHU�DQG�QHFNODFH�ODGGHU��7R�GHULYH�HIIHFWLYH�ORZ�HQHUJ\�+DPLOWRQLDQV�IRU�ERWK�ODGGHUV�ZLWK�ZHDN�FRXSOLQJ�EHWZHHQ�XQLW�FHOOV�ZH�DSSOLHG�F\FOH�VSLQ�SHUPXWDWLRQ� WHFKQLTXH�DQG�SHUWXUEDWLRQ�WKHRU\�H[SDQVLRQ��7KHVH�+DPLOWRQLDQV�ZHUH�XVHG�IRU�VWXG\�RI�WKH�IRUPDWLRQ�RI PDJQHWLF� SRODURQV� GXH� WR� WKH� FRPSHWLWLRQ� RI� WKH� LQWHUDFWLRQV� RI� QHLJKERU� XQLW� FHOOV�ZLWK�HTXDO�DQG�GLIIHUHQW�HOHFWURQ�ILOOLQJ��,Q�WKH�SRODURQ�DSSUR[LPDWLRQ�ZH�KDG�IRXQG�WKH�FRQGLWLRQV�RI WKH� DSSHDUDQFH� RI� IHUURPDJQHWLF� JURXQG� VWDWH� RI� LQILQLWH� ODGGHU� V\VWHPV�� )RU� WKH� ODGGHUV�ZLWK WZR�HOHFWURQV�SHU�XQLW� FHOO� WKH� FRUUHVSRQGLQJ� ORZ�HQHUJ\�+DPLOWRQLDQV�KDYH�SXUH� VSLQ�VWUXFWXUH� RI� QRQ�+HLVHQEHUJ� W\SH�� 7KHVH� +DPLOWRQLDQV� KDG� EHHQ� XVHG� IRU� H[DFW�GLDJRQDOL]DWLRQ� VWXG\� RI� WHPSHUDWXUH� DQG� ILHOG� GHSHQGHQFHV� RI� PDJQHWL]DWLRQ�� PDJQHWLF�VXVFHSWLELOLW\�DQG�VSHFLILF�KHDW�RI�ILQLWH�ODGGHU�FOXVWHUV�IRUPHG�E\�������ODWWLFH�VLWHV��
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4XDQWXP�VWXG\�RI�DQWLHSLOHSWLF�GUXJV�DQG�
FKHPRFRQYXOVDQWV�LQWHUDFWLRQ�ZLWK��NH\��DPLQR�DFLGV�

VHTXHQFHV�RI�*$%$$ UHFHSWRU�
2��<HYWXVKHQNRD� /��*URPRYD� 9��.RXWVE

D,QVWLWXWH� RI�3KDUPDFRORJ\� DQG�7R[LFRORJ\�$06�RI�8NUDLQH��(XJHQH�3RWLH� VWU��� ����.\LY���������8NUDLQH�
E,QVWLWXWH�IRU�6RUSWLRQ�DQG�(QGRHFRORJ\�3UREOHPV�1$6�RI�8NUDLQH�*HQ��1DXPRY�6WU�������.\LY��������8NUDLQH��

,QWURGXFWLRQ� *$%$$ UHFHSWRUV�DUH�WKH�PDMRU�LQKLELWRU\�QHXURWUDQVPLWWHU�UHFHSWRUV�LQ�WKH�FHQWUDO�QHUYRXV�V\VWHP��7KH\�DUH�FRPSRVHG�RI�GLIIHUHQW�VXEXQLWV�FRPSULVLQJ�D�WUDQVPHPEUDQH�FKORULGH� DQLRQ� FKDQQHO� DQG� WKHUHE\� DUH� LQYROYHG� LQ� PHGLDWLQJ� VHGDWLYH�� DQWLFRQYXOVDQW�DFWLYLW\��7KH�LPSRUWDQW�VLWHV�IRU�*$%$�DQG�LWV�FRPSHWLWLYH�DQWDJRQLVWV��ELFXFXOOLQH��ELQGLQJ�ZLWK�*$%$$ UHFHSWRUV� DUH� UHSUHVHQWHG� E\� WKH� IROORZLQJ� DPLQR� DFLGV� UHVLGXHV�� 6HU���� �� 7\U���� ��*O\������7\U������7KU������7KU�����,��DQG�7KU�����7KU������*O\������$OD������7\U������3UR�����,,��RI�
��VXEXQLW��DQG�DOVR�9DO�����3KH�����3KH�����$UJ����,,,��RI� ��VXEXQLW�>0HKWD�$�.���7LFNX�0�.���������%UDLQ�5HVHDUFK�5HYLHZ�������������@��6LWHV�IRU�WKH�ELQGLQJ�RI�QRQ�FRPSHWLWLYH�*$%$�DQWDJRQLVWV��SLFURWR[LQ��SHQWLOHQWHWUD]ROH��37=���ZLWK�*$%$$ UHFHSWRUV�DUH�7KU������9DO������3KH���� �,9��DQG�9DO����/HX���� ��7KU���� �9��RI� ��VXEXQLW� >%XKU�$��� HW�DO�������-�%LRO�&KHP������������������@�5HVXOWV� 8VLQJ�ELFXFXOOLQH��37=��SLFURWR[LQ�VHL]XUH�WHVWV�RQ�QRQ�OLQHDU�DGXOW�DOELQR�PLFH�WKH� URZ� RI� DFWLYLW\� IRU� ZLGHO\� XVHG� LQ� FOLQLF� DQWLHSLOHSWLF� GUXJV� �$('�� ZDV� FRPSRVHG��)HOEDPDWH�!�3KHQREDUELWDO�!�&DUEDPD]HSLQH!�/DPRWULJLQH�!�9DOSURLF�DFLG�!�7RSLUDPDW��WHVW�ZLWK�ELFXFXOLQH���9DOSURLF�DFLG�!�3KHQREDUELWDO�!�)HOEDPDWH�!�&DUEDPD]HSLQH�!�7RSLUDPDW�!�/DPRWULJLQH� �WHVW� ZLWK� 37=��� &DUEDPD]HSLQH� !� /DPRWULJLQH� !� )HOEDPDWH� !� 7RSLUDPDW� !�3KHQREDUELWDO�!�9DOSURLF�DFLG��WHVW�ZLWK�SLFURWR[LQ���7KH�GUXJV�ZHUH�XVHG�LQ�WKH�GRVHV�RI������IURP /'���� 2QH�ZD\� $129$� �6WDW6RIW� 6WDWLVWLFD� ������ ZDV� DSSOLHG� IRU� VWDWLVWLFDO�FDOFXODWLRQV��%\� TXDQWXP�FKHPLFDO� VHPL�HPSLULFDO� PHWKRG� � �SURJUDP� +\SHU&KHP��� WKH� PRVW�DFWLYH� FHQWUHV� RI� WKH� NH\� DPLQR� DFLGV� VHTXHQFHV� ZHUH� GHWHUPLQHG�� � 7KH� DQDO\VLV� RI� WKH�IXQFWLRQV�RI�ORFDO�HOHFWURQLF�GHQVLW\�VWDWHV�RQ�DPLQR�DFLGV��,�9��KDV��VKRZQ�WKDW�IRU�WKH�DFWLYH�ELQGLQJ�VLWHV�IRU�ELFXFXOOLQH��LQ��,��²�7\U���� 7\U���� 7KU���� LQ��,,��²�7KU���� 7KU���� 7\U���� LQ�� � ²� 3KH��� 3KH��� IRU� 37=� DQG� SLFURWR[LQ�� LQ� �,9��²� 3KH���� LQ� �9��²� /HX���� ZKLFK�VXSSRUWV� WKH�OLWHUDWXUH�GDWD��7KH�ELQGLQJ�HQHUJ\�RI� WKH�H[DPLQHG�$('�DQG�FRQYXOVDQWV�ZLWK�DPLQR� DFLG� VHTXHQFHV� ,�9� �¨(�  � DP�DF��$('��FRQY�± DP�DF�� ± � $('��FRQY��� ZDV� FDOFXODWHG�� 7KH�FRUUHODWLRQ� EHWZHHQ� WKH� DFWLYLW\� RI� � DQWLFRQYXOVDQWV� LQ� YLYR� ZLWK� ELFXFXOLQH� DQG� ELQGLQJ�HQHUJ\��¨(�IRU�DPLQR�DFLG�VHTXHQFH��7KU�����7KU������*O\������$OD������7\U������3UR�����,,��ZDV�FRUUHODWHG�ZLWK�WKH�DFWLYLW\�RI�DQWLFRQYXOVDQWV�LQ�YLYR��¨  �����î�)�±�������U �������Q� ����)LVKHU�SDUDPHWHU��)���WKDW�FKDUDFWHUL]H�WKH�$('�GHJUHH�RI�DFWLYLW\��&RQFOXVLRQV� 7KH�UHVXOWV�REWDLQHG�FRXOG�EH�XVHG�IRU�WKH�SXUSRVHIXO�VHDUFK�RI�DQWLHSLOHSWLF�GUXJV�ZLWK�LPSURYHG�DQWLFRQYXOVDQW�DFWLYLW\��7KH�FULWHULD�IRU�VXFK�VHDUFK�FRXOG�EH�WKH�HQHUJ\�RI LQWHUDFWLRQ�EHWZHHQ�DQWLFRQYXOVDQWV�DQG�VWUXFWXUDO�XQLWV�RI�*$%$$ UHFHSWRU��7KU������*O\����� $OD������7\U������3UR����LQ�SDUWLFXODU��$OO�H[SHULPHQWV�ZHUH�FDUULHG�RXW�DFFRUGLQJ�WR��*XLGH�IRU�WKH�&DUH�DQG�8VH�RI�/DERUDWRU\�$QLPDOV�� �1DWLRQDO�$FDGHP\�3UHVV��86$�� �������ZLWK� WKH� SHUPLVVLRQ� RI�%LRORJLFDO� (WKLFV�&RPPLVVLRQ� RI� WKH� ,QVWLWXWH� RI� 3KDUPDFRORJ\� DQG�7R[LFRORJ\�$06��8NUDLQH� IRU� WKH�ZRUN�ZLWK /DERUDWRU\�$QLPDOV��
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7KH�3URSHQVLW\�RI�*ROG�&OXVWHUV�7R�)RUP�
1RQFRQYHQWLRQDO�;�+���$X +\GURJHQ�%RQGV�ZLWK�'1$�%DVHV�DQG�:DWVRQ�&ULFN�%DVH�3DLUV�

(XJHQH�6��.U\DFKNR�
%RJROLXERY�,QVWLWXWH�IRU�7KHRUHWLFDO�3K\VLFV��.LHY������������8NUDLQH�DQG�
'HSDUWPHQW�RI�&KHPLVWU\��%DW��%�F��8QLYHUVLW\�RI�/LHJH��%������/LHJH��%HOJLXP�

9G� VXPPDUL]H� WKH� FRPSXWDWLRQDO� HYLGHQFH� WKDW� JROG� FOXVWHUV� FDQ� EHKDYH� DV� µQRQFRQYHQWLRQDO¶�SURWRQ�DFFHSWRUV�DQG�IRUP�D�QHZ�W\SH�RI�µQRQFRQYHQWLRQDO¶�K\GURJHQ�ERQGLQJ�ZLWK�WKH�FRQYHQWLRQDO�SURWRQ�GRQRUV��ZKLFK�VDWLVILHV�DOO�QHFHVVDU\�DQG�VXIILFLHQW�FRQGLWLRQV�RI�WKH�FODVVLFDO�RU�FRQYHQWLRQDO�K\GURJHQ� ERQGLQJ� >���@�� 7KH� RULJLQ� RI� WKLV� QRQFRQYHQWLRQDO� K\GURJHQ� ERQGLQJ� LQWHUDFWLRQ� LV�LQYHVWLJDWHG�RQ� WKH� FRPSOH[HV�ZKLFK�JROG� FOXVWHUV�$X��P������ LQFOXGLQJ� WKH� WHWUDKHGUDO� FOXVWHU�$X���IRUP� ZLWK� ZDWHU� FOXVWHUV� �+�2���Q��� >�@�� K\GURJHQ� IOXRULGH� FOXVWHUV� �+)���Q��� >�@�� '1$� EDVHV� DQG�:DWVRQ�&ULFN�EDVH�SDLUV�>���@��IRUPDPLGH�DQG�IRUPLF�DFLG�>�@��DPLQR�DFLGV�>�@��DQG�DPPRQLD�FOXVWHUV��1+����Q���>�@���)RU�D�PDMRULW\�RI�WKH�VWXGLHG�V\VWHPV��WKHLU�FRPSOH[DWLRQ�RFFXUV�YLD�WKH�GRPLQDQW�µDQFKRULQJ¶�$X�< �<�  � )�� 2�� 1�� ERQG� DW� WKH� HGJH� RI� WKH� $XP� ENWUVGT� =���?� YJGTG� VJG� IQNF� ENWUVGT� .7/1�OQUVN[�RTQVTWFGU� 7KLV�DQFKRULQJ�LV�D�QHFHVVDU\�SUHUHTXLVLWH�WR�WKH�IRUPDWLRQ�RI�WKH�QRQFRQYHQWLRQDO�K\GURJHQ�ERQG��8QGHU�WKH�DQFKRULQJ�IRUPDWLRQ��WKH�<�DWRP�RI�WKH�LQWHUDFWLQJ�SDUWQHU�GRQDWHV�HOHFWURQ�FKDUJH�WR�WKH� /802� RI� WKH� JROG� FOXVWHU�� WKHUHE\� LQGXFLQJ� D� WKURXJK�ERQG� FKDUJH� WUDQVIHU� ZLWKLQ� WKH� JROG�FOXVWHU��#U� C� TGUWNV�� VJGTG� CRRGCTU� H[FHVV� QHJDWLYH� FKDUJHV� RQ� WKH� XQDQFKRUHG�HGJH� JROG� DWRPV� WKDW�PDNHV�WKH�FRUUHVSRQGLQJ�ORQH�SDLU�OLNH��G���DQG��V RUELWDOV�DYDLODEOH�WR�WKH�SURWRQ�GRQRU�JURXS�RI�WKH�LQWHUDFWLQJ�SDUWQHU��7KH�FKDUJH� UHRUJDQL]DWLRQ� WKHQ�UHVXOWV� LQ�D� WRWDO� IORZ�RI�FKDUJH� IURP� WKH�SURWRQ�
GRQRU�JURXS� WR� WKH�DFFHSWRU�JROG�DWRP�� OHDGLQJ� WR� WKH�QRQFRQYHQWLRQDO�;�+���$X�K\GURJHQ�ERQGLQJ��:KHQ� WKH� ODWWHU� LV� IRUPHG�� LW�GRQDWHV�EDFNZDUG� WR� WKH�DQFKRULQJ�RQH�FDXVLQJ� LWV� UHLQIRUFHPHQW�� ,W� LV�DOVR� GHPRQVWUDWHG� WKDW� WKH� JROG�<� DQFKRULQJ� ECP� DFWLYDWH� WKH� DGMDFHQW� <�+� ERQG� ZKLFK� LQ� WXUQ�DFTXLUHV�DOO�IHDWXUHV�LQKHUHQW�WR�WKH�PRGHUDWH�VWURQJ�K\GURJHQ�ERQGV���6JG� DQFKRULQJ� DQG� QRQFRQYHQWLRQDO� +�ERQGLQJ� JRYHUQ� WKH� '1$� EDVH� DQG� EDVH� SDLUV� �� JROG�LQWHUDFWLRQ��7KH�QDWXUH�RI�WKH�'1$�±�JROG�LQWHUDFWLRQ�SUHGHWHUPLQHV�DQG�GLIIHUHQWLDWHV�WKH�DIILQLW\�RI�WKH� QXFOHREDVHV� �DGHQLQH�� WK\PLQH�� JXDQLQH�� DQG� F\WRVLQH�� WR� JROG�� 2Q� WKH� EDVLV� RI� GHWDLOHG� ')7�FRPSXWDWLRQV��ZH�SURYLGH�WKH�SLFWXUH�RI�WKH�QXFOHREDVH�±�JROG�LQWHUDFWLRQ�SDWWHUQV�LQ�WHUPV�RI�D�ODUJH�YDULHW\� RI� IHDWXUHV� WKDW� FRYHU� WKH� JHRPHWULFDO�� HQHUJHWLF�� VSHFWURVFRSLF�� FOXVWHU�VL]H�� DQG� JROG�FRRUGLQDWLRQ� HIIHFWV�� WKH� SURWRQ�DIILQLW\� DQG� WKH� GHSURWRQDWLRQ� HQHUJ\� >���@�7KH� HIIHFW� RI� WKH� EDVH� ��JROG� LQWHUDFWLRQ� RQ� WKH�:DWVRQ�&ULFN� '1$� SDLULQJ� SDWWHUQV� LV� LQYHVWLJDWHG� LQ� WHUPV� RI� WKH� SURWRQ�DIILQLWLHV�DQG�GHSURWRQDWLRQ�HQHUJLHV�RI�WKRVH�SURWRQ�DFFHSWRUV�DQG�SURWRQ�GRQRUV�ZKLFK�DUH�LQYROYHG�LQ�WKH�LQWHUEDVH�K\GURJHQ�ERQGLQJV��$�YDULHW\�RI�SURSHUWLHV�RI�WKH�PRVW�VWDEOH�:DWVRQ�&ULFN�>$Â7@�$X�DQG�>*Â&@�$X� K\EULGL]HG�FRPSOH[HV�DUH�GHVFULEHG�DQG�FRPSDUHG�ZLWK�WKH�LVRODWHG�:DWVRQ�&ULFN�$Â7�DQG�*Â&�RQHV�� ,W� LV�VKRZQ�WKDW� LQFUHDVLQJ� WKH�VL]H�RI�WKH�JROG�FOXVWHU� WR�$X� >���@�UHVXOWV�LQ�D� UDWKHU�VKRUW�JROG�JROG�ERQG�LQ�WKH�:DWVRQ�&ULFN�LQWHUEDVH�UHJLRQ�RI�WKH�>*Â&@�$X� FRPSOH[�WKDW�DGGLWLRQDOO\�EULGJHV�WKH�*Â&�SDLU�DQG�WKXV�HQVXUHV�D�VLJQLILFDQW�VWUHQJWKHQLQJ�RI�LWV�SDLULQJ���
>�@� (�� 6�� .U\DFKNR� DQG� )�� 5HPDFOH�� LQ� 7KHRUHWLFDO�$VSHFWV� RI� &KHPLFDO� 5HDFWLYLW\�� $�� 7RUUR�/DEEH� �(G���� 9RO�� ��� RI�7KHRUHWLFDO�DQG�&RPSXWDWLRQDO�&KHPLVWU\��3��3ROLW]HU���(G����(OVHYLHU��$PVWHUGDP��������&K������SS�����������>�@� (��6��.U\DFKNR��$��.DUSIHQ��DQG�)��5HPDFOH��-��3K\V��&KHP��$ �����������������>�@� (��6��.U\DFKNR�DQG�)��5HPDFOH��1DQR�/HWW��� ������������>�@� (��6��.U\DFKNR�DQG�)��5HPDFOH��-��3K\V��&KHP��% �����������������>�@� (��6��.U\DFKNR�DQG�)��5HPDFOH��&KHP��3K\V��/HWW������������������>�@� (��6��.U\DFKNR�DQG�)��5HPDFOH��LQ�3URJUHVV��LQ�7KHRUHWLFDO�&KHPLVWU\�DQG�3K\VLFV��9RO������-��3��-XOLHQ��-��0DUXDQL��'��0D\RX��6��:LOVRQ��DQG�*��'HOJDGR�%DUULR��(GV����6SULQJHU��'RUGUHFKW��������SS������������>�@� (��6��.U\DFKNR�DQG�)��5HPDFOH��LQ�3URJUHVV�LQ�7KHRUHWLFDO�&KHPLVWU\�DQG�3K\VLFV��9RO������6��/DKPDU��6��:LOVRQ��DQG�-��0DUXDQL��(GV����6SULQJHU��'RUGUHFKW��������SS������������>�@� )��5HPDFOH�DQG�(��6��.U\DFKNR��$GY��4XDQWXP�&KHPLVWU\����&K����������������������>�@� )��5HPDFOH�DQG�(��6��.U\DFKNR��-��&KHP��3K\V���������������������
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$QDO\VLV�RI�WKH�ELRORJLFDO�DFWLYLW\�RI�����EHQ]RGLD]HSLQH�
GHULYDWLYHV�E\�PHDQV�RI�+,7�46$5�6\VWHP�

$�*��$UWHPHQNRD� 1�<D��*RORYHQNRD� 9�(��.X]
PLQD� (�1��0XUDWRYD�E�'�9��%RQGDURYHUF
D$�9�%RJDWVN\�3K\VLFR�&KHPLFDO�,QVWLWXWH�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/XVWGRUIVND\D�GRURJD��2GHVVD��������8NUDLQH��(�PDLO��DUWDQDW#XNU�QHW�
E&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL��86$�
F,��,��0HFKQLNRY�1DWLRQDO�8QLYHUVLW\��'YRULDQVND\D����2GHVVD��������8NUDLQH��

%HQ]RGLD]HSLQHV� �%'=V��DUH� WKH�GUXJV�RI�FKRLFH� LQ� WKH�SKDUPDFRWKHUDS\�RI�DQ[LHW\�DQG�
UHODWHG�HPRWLRQDO�GLVRUGHUV��VOHHS�GLVRUGHUV��VWDWXV�HSLOHSWLFV��DQG�RWKHU�FRQYXOVLYH�VWDWHV��WKH\�
DUH�XVHG�DV�FHQWUDOO\� DFWLQJ�PXVFOHV� UHOD[DQWV�� IRU�SUHPHGLFDWLRQ��DQG�DV� LQGXFLQJ�DJHQWV� LQ�
DQHVWKHVLRORJ\�� 7KH\� DFW� YLD� WKH� EHQ]RGLD]HSLQH� UHFHSWRU� VLWH� �%]5�� RQ� WKH� J�DPLQREXW\ULF�
DFLG� UHFHSWRU� �*$%$$� IDPLO\� DQG� KDYH� EHHQ� VXEMHFWHG� WR� H[WHQVLYH� TXDQWLWDWLYH� VWUXFWXUH��
DFWLYLW\�UHODWLRQVKLS��46$5��VWXGLHV���

7KH REMHFWLYH�RI� WKH�SUHVHQW�ZRUN�LV�46$5�DQDO\VLV�RI�ELRORJLFDO�
DFWLYLW\�RI WKH�����EHQ]RGLD]HSLQH�GHULYDWLYHV�E\�PHDQV�RI�KLHUDUFKLFDO�
LQIRUPDWLRQDO� 46$5� WHFKQRORJ\� �+,7�� EDVHG� RQ� VLPSOH[�
UHSUHVHQWDWLRQ� RI� PROHFXODU� VWUXFWXUH� �6L506�>�@�� 7KH� PDLQ� LWV�
DGYDQWDJHV�FRQVLVWV� LQ� IROORZV�����$EVHQFH�RI� �PROHFXODU� DOLJQPHQW��
SUREOHP�� ��� 8VDJH� RI� PROHFXODU� PRGHOV� ZLWK� GLIIHUHQW� DGHTXDF\�
GHJUHH�����'LIIHUHQW�SK\VLFDO� DQG� FKHPLFDO�SURSHUWLHV�RI� DWRPV� WDNHQ�
LQWR� DFFRXQW�� ��� 7KH� KLJK� DGHTXDF\� DQG� JRRG� LQWHUSUHWDELOLW\� RI� REWDLQHG�PRGHOV�� ���&OHDU�
ZD\V� IRU�PROHFXODU� GHVLJQ�� 7KLV�PHWKRG� DOORZV� SURYLGLQJ� UDWLRQDO� VHOHFWLRQ� RI� FRPSRXQGV�
ZLWK KLJK�VSHFLILF�ELRORJLFDO�DFWLYLW\���

7KH ELQGLQJ�DIILQLW\��S,&��� RI�OLJDQGV�WR�EHQ]RGLD]HSLQH�UHFHSWRUV��*$%$$�%]5��>����@�
DQG�RUDO�ELRDYDLODELOLW\�RI�FRPSRXQGV�KDYH�EHHQ�LQYHVWLJDWHG��&RPSOHWHO\�DGHTXDWH�VWDWLVWLFDO�
SDUWLDO�OHDVW�VTXDUHV�PRGHOV�KDYH�EHHQ�REWDLQHG�IRU�DOO�RI�WKH�VWXGLHG�DFWLYLWLHV��2Q�WKH�EDVH�RI�
WKH REWDLQHG�46$5�PRGHOV�WKH�PROHFXODU�IUDJPHQWV�ERWK�SURPRWLQJ�DQG�LQWHUIHULQJ�WKH�JLYHQ�
ELRORJLFDO� DFWLYLWLHV� KDYH� EHHQ� GHWHUPLQHG�� )RU� H[DPSOH�� LV� GLVFRYHUHG� WKDW� WKH� SUHVHQFH� RI�
WHUW�EXW\O� IUDJPHQW� �5���� DPLQR� JURXS� ���5�� DQG� ��FKORUR���IOXRUR�� EHQ]HQH� �5�� SURPRWHV�
WKH ELQGLQJ�DIILQLW\��7KH�SUHVHQFH�RI�VXEVWLWXHQWV�ZLWK�KLJK�SRODUL]DELOLW\����5�� KDV�GLVWLQFWO\�
QHJDWLYH� LQIOXHQFH� RQ� ELQGLQJ� DIILQLW\�� 7KH� SUHVHQFH� LQ� WKH� PROHFXOH� RI� QRQ�VXEVWLWXWHG�
EHQ]HQH�ULQJV�SURPRWHV�LWV�ELRDYDLODELOLW\�DQG�R[\JHQ�FRQWDLQLQJ�IUDJPHQWV�GHFUHDVHV�RQHV��

8VLQJ�WKH�LQIRUPDWLRQ�DERXW�REWDLQHG�VWDWLVWLFDO�PRGHOV�WKH�LQIOXHQFH�RI�GLIIHUHQW�SK\VLFR�
FKHPLFDO� SURSHUWLHV� RI� LQYHVWLJDWHG� FRPSRXQGV� RQ� WKH� FKDQJHV� RI� ELQGLQJ� DIILQLW\� DQG�
ELRDYDLODELOLW\�ZDV�VWXGLHG��7KHVH�UHVXOWV�VSHFLI\�WKH�KLJK�UROH�RI�K\GURSKRELF�IDFWRUV�LQ�WKH�
ERWK�FDVHV��7KH�UHTXLUHPHQWV�WR�PROHFXODU�GHVLJQ�KDYH�EHHQ�IRUPXODWHG��
>�@� 9�(��.X]¶PLQ��$�*��$UWHPHQNR��3�*��3ROLVFKXN��(�1��0XUDWRY��$�,��.KURPRY��/LDKRYVNL\�$�9���6�$��$QGURQDWL��6�<X��0DNDQ��-��0RO��0RG���������������������>�@� '�-�0DGGDOHQD��*�$�5�-RKQVWRQ��-��0HG��&KHP� �� ����������������>�@� -��-��6XWKHUODQG��/��$��2¶%ULHQ��'�)��:HDYHU��-��0HG��&KHP�����������������������
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5,�')7�DQG�5,�03��FDOFXODWLRQV�LQ�VXSUDPROHFXODU�
FKHPLVWU\��VWDELOLWLHV�RI�KRVW�JXHVW�FRPSOH[HV�

$��%��5R]KHQNRD�E� :�:��6FKRHOOHUE� 8��0DQWKHE
D ,QVWLWXWH�RI�2UJDQLF�&KHPLVWU\�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV��0XUPDQV¶ND�VWU�����������.\LY��8NUDLQH�
E� )DNXOWlW� I�U� &KHPLH� GHU� 8QLYHUVLWlW� %LHOHIHOG�� 3RVWIDFK� ��� ��� ���� ������ %LHOHIHOG��*HUPDQ\��

')7 FDOFXODWLRQV� RI� VWDELOLWLHV� RI� D� QXPEHU� RI� WKH� KRVW�JXHVW� FRPSOH[HV� KDYH� EHHQ�
SHUIRUPHG�ZLWK�DQG�ZLWKRXW�XVLQJ�RI�5HVROXWLRQ�RI�WKH�,GHQWLW\��5,��DOJRULWKP��&RPSOH[HV�RI�
FDOL[>�@DUHQHV� ���� DQG� FDYLWDQG� ���� ZLWK� DONDOL� PHWDO� FDWLRQV� RU� ZLWK� GLIIHUHQW� DPPRQLXP�
FDWLRQV� ZDV� FKRVHQ� DV� REMHFWV� IRU� LQYHVWLJDWLRQ�� ,Q� FRQWUDVW� WR� S�GRQRU� UHVRUF>�@DUHQHV��
S\URJDOOR>�@DUHQHV�DQG�VWUXFWXUDOO\�VLPLODU�FDYLWDQGV��S\ULGLQH>�@DUHQH�����LV SURYHQ�WR�EXLOG�
VWDEOH� DGGXFWV� ZLWK� VPDOO� DQLRQV�� 6XFK� D� GLIIHUHQW� EHKDYLRU� LQKHUHQW� WR� WKHVH� VWUXFWXUDOO\�
VLPLODU� FODVVHV� RI� KRVW� PROHFXOHV� FDQ� EH� H[SODLQHG� EDVLQJ� RQ� WKHLU� PROHFXODU� RUELWDOV��
3\ULGLQH>�@DUHQH�DGGXFWV�H[LVW�LQ�DQ�HTXLOLEULXP�ZLWK�WKH�FDSVXOH�VWUXFWXUHV����� 7KH�UHODWLYH�
VWDELOLWLHV� RI� WKH� FDSVXOHV� LQ� FRPSDULVRQ� ZLWK� WKH� FRUUHVSRQGLQJ� PRQRPHUV� KDYH� EHHQ�
DQDO\]HG�DW�WKH�')7��%�/<3�DQG�5,�%3����OHYHO�RI�DSSUR[LPDWLRQ��7KH�VROYHQW�HIIHFWV�KDYH�
EHHQ WDNHQ�LQWR�DFFRXQW�XVLQJ�WKH�&2602�PRGHO��
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7KH FDOFXODWHG�UHODWLYH�VWDELOLWLHV�DUH�FRPSDUHG�ZLWK�WKH�(6,�PDVV�VSHFWURPHWULFDO�GDWD��

�

7KH�RUGLQDU\�')7�PHWKRGV�GHVFULEH�SRRUO\�DGGXFWV�EXLOW�GXH�WR�WKH�YDQ�GHU�:DDOV�LQWHUDFWLRQV��:H�SUHVHQW�D ILUVW� H[DPSOH� RI� WKH� VWUXFWXUH� RSWLPL]DWLRQ� DQG�FDOFXODWLRQ� RI� YLEUDWLRQ� IUHTXHQFLHV� IRU� WKH�UHVRUF>�@DUHQH� DGGXFW� ZLWK� PHWK\O� LRGLGH� DW� WKH�VXSHULRU�5,�03��OHYHO�RI�DSSUR[LPDWLRQ��

5R]KHQNR�� $�%��� 6FKRHOOHU�� :�:��� /HW]HO�� 0��� 'HFNHU�� %��� $JHQD�� &��� 0DWWD\�� -�� -�� 0RO�� 6WUXFW���7+(2&+(0�� ���� ������� ������ 5R]KHQNR��$�%��� 6FKRHOOHU��:�:��� /HW]HO��0��� 'HFNHU�� %���$JHQD�� &���0DWWD\��-��&KHP���(XU��-���� ������������������
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(OHFWURQ�DQG�VSLQ�VWDWHV�RI�FRQMXJDWHG�FDUERQ��
9��.KDYU\XFKHQNRD� 2��.KDYU\XFKHQNRE� <X��7DUDVHQNRD� 9��6WUHONRD

D,QVWLWXWH� IRU�6RUSWLRQ�	�(QGRHFRORJ\� ��1DWLRQDO�$FDGHP\� RI� 6FLHQFHV� RI�8NUDLQH��*HQ��1DXPRYD�VWU�����������.LHY��8NUDLQH��HPDLO��YNKDYU#FRPSFKHP�NLHY�XD�
E.LHY� 7DUDV� 6KHYFKHQNR� 1DWLRQDO� 8QLYHUVLW\�� &KHPLFDO� )DFXOW\�� ,QRUJDQLF� &KHPLVWU\�'HSDUWPHQW��9RORG\P\UVND�VWU������.LHY��8NUDLQH��H�PDLO��DOH[N#FRPSFKHP�NLHY�XD��:HOO�NQRZQ� IDFW� WKDW� VFDQQLQJ� WXQQHOLQJ�PLFURVFRSH� �670�� LPDJH�RI�JUDSKLWH�GRHV�QRW�FRUUHVSRQG�LWV�VSDFH�VWUXFWXUH�IRU��������SODQH��6RPH�H[SODQDWLRQV�RI�WKLV�SKHQRPHQRQ�ZHUH�SURSRVHG�� VWDUWLQJ� IURP� WKH� JUDSKLWH� LQWHUOD\HU� LQWHUDFWLRQ� DQG� OD\HU� SDFNLQJ� XS� WR� YHU\�FRPSOLFDWHG�PRGHOV� LQFOXGHG� UHODWLYLVWLF� HIIHFWV��:H�KDYH�SURSRVHG� VLPSOH�PRGHO�EDVHG�RQ�WKH�XVXDO�TXDQWXP�FKHPLFDO�DSSURDFK�>�@��([SHULPHQWDO�DQG�TXDQWXP�FKHPLFDO�LQYHVWLJDWLRQ�V\VWHP� VKRZV� WKDW� WKH� EDVLF� �WKH� PRVW� VWDEOH�� HOHFWURQLF� VWDWH� RI� FDUERQ� PDWHULDOV� ZLWK�H[WHQVLYH�FRQMXJDWHG�LV�QRW�VLPSOH�VLQJOHW��7RWDO�VSLQ�GHQVLW\�LV�QRW�XQLIRUPO\�GLVWULEXWHG�RYHU�FRQMXJDWHG�ERQG�V\VWHP��EXW�VSLQ�DOWHUQDWLRQ�RFFXUV��'HSHQGV�RQ�WKH�VWUXFWXUH��WKH�PRVW�VWDEOH�HOHFWURQLF� VWDWH� PD\� EH� D� VLQJOHW� ZLWK� VSLQ� DOWHUQDWLRQ� �IODW� JUDSKLWH�OLNH� V\VWHPV� ZLWK�WHUPLQDWHG� ERUGHUV�� RU� KLJKHU�PXOWLSOLFLW\� VWDWHV� IRU� QRQ�FODVVLF� DURPDWLF� V\VWHPV� �LQFOXGHG�D]XOHQ�OLNH�VXEVWUXFWXUHV��RU�QRQ�WUPLQDWHG�ERUGHUV�ZLWK�WZRIROG�FRRUGLQDWHG�FDUERQ�DWRPV���7KH FDUERQ�PDWHULDOV�PD\�FRQVLVW�RI�WKH�WZR�PDLQ�GRPDLQV��JUDSKLWH�OLNH�DQG�DPRUSKRXV��7KH� GRPDLQV� LPSOLFDWH� WKH� FRQMXJDWHG� FDUERQLF� V\VWHP� FRQVLVWLQJ� IURP� ��� WR� ���� FDUERQ�DWRPV�� DQG� SRVVHVV� WKH� QRQ�]HUR� WRWDO� VSLQ�� 7KH� PDJQHWLF� GRPDLQV� DUH� VHSDUDWHG� E\�DPRUSKRXV�QHWZRUN��ZKLFK�PD\�EH�IRUPHG�E\�VS��K\EULGL]HG�FDUERQ�DWRPV�RU�FDUEHQ�FKDLQV��7KH�GLIIHUHQFH�EHWZHHQ�HQHUJHWLF�OHYHOV�RI�GLIIHUHQW�VSLQ�VWDWHV�RI�WKH�FDUERQ�GRPDLQ�PD\�EH�OHVV� WKDQ� N7� DW� DPELHQW� WHPSHUDWXUH�� 7KHUHIRUH�� WKH� PDJQHWLF� SURSHUWLHV� RI� WKH� FDUERQ�PDWHULDOV�DUH�LQWULQVLF�DQG�RULJLQDWH�IURP�WKH�HQHUJHWLF�VWDELOLW\�RI�WKH�KLJK�PXOWLSOLFLW\�VWDWHV�RI�WKH�FRQMXJDWHG�FDUERQLF�V\VWHPV���'RSLQJ�RI�WKH�FDUERQ�V\VWHP�E\�QLWURJHQ�DQG�R[\JHQ�DWRPV�PD\�LQFUHDVH�RU�GHFUHDVH�WKH�VWDELOLW\�RI�KLJKHU�PXOWLSOLFLW\�VWDWHV��%XW�DOO�VWXGLHG�V\VWHPV��PRUH�����PROHFXOV�DQG�FOXVWHUV��ZKLFK�FRQWDLQV�FRQMXJDWHG�FDUERQLF�V\VWHP�DW�OHDVW����DWRPV��KDYH�JURXQG�VWDWH�ZLWK�ORZHVW�HQHUJ\�LQ�VLQJOHW�VWDWH�ZLWK�VSLQ�DOWHUQDWLRQ�RU�LQ�KLJKHU�PXOWLSOLFLW\�VWDWHV��7KH� SUREOHP� RI� µGDQJOLQJ� ERQG¶� LV� GLVFXVVHG� LQ� UHVSHFW� WR� WKH� FDUERQL]DWLRQ� SURFHVV��ZKLFK�LV�XVXDOO\�DFFRPSDQLHG�E\�GHK\GURJHQDWLRQ��7KH�TXDQWXP�FKHPLFDO�VLPXODWLRQV�VKRZ�WKDW� WKH� HOHFWURQLF� GHQVLW\� LV� GLVWULEXWHG� RQ� WKH� FDUERQLF� V\VWHP� XSRQ� WKH� GHK\GURJHQDWLRQ��7KH�HOLPLQDWLRQ�RI�K\GURJHQ�OHDGV�WR�WKH�UHFRQVWUXFWLRQ�RI�WKH�FDUERQLF�EDFNERQH�LQ�RUGHU�WR�GHFUHDVH�WKH�V\VWHP¶V�HQHUJ\��7KHUHIRUH��WKH�µGDQJOLQJ�ERQGV¶�DUH�QRW�VWDEOH�LQ�WKH�FDUERQL]HG�PDWHULDOV��7KLV�FRQFHSW��IURP�RXU�SRLQW�RI�YLHZ��FDQ�H[SODLQ�D�ORW�RI�FKHPLFDO�SURSHUWLHV�RI�FDUERQ�EDVHG�PDWHULDOV��ZKLFK�TXLWH�GLIIHU�IURP�WKH�SURSHUWLHV�RI�RUGLQDU\�RUJDQLF�PROHFXOHV�ZLWK�WKH�VDPH� IXQFWLRQDO� JURXSV�� 7KHUH� DUH� WKH� FDWDO\WLF� SURSHUWLHV� RI� DFWLYH� FDUERQV� LQ� UHG�R[�UHDFWLRQV��ZKHUH�FDUERQ�ZLWK�LWV�IXQFWLRQDO�JURXSV�SOD\V�D�UROH�QRW�RQO\�WKH�HOHFWURQ�WUDQVSRUW�PHGLD��EXW�D�SURWRQ�WUDQVSRUW�LQWHUPHGLDWH��WRR���
.H\ZRUGV��TXDQWXP�FKHPLVWU\�VLPXODWLRQ��DPRUSKRXV�DQG�JUDSKLWH�OLNH�FDUERQV��HOHFWURQLF�DQG�VSLQ�VWDWHV��
>�@� 9�'�.KDYU\XFKHQNR�� <X�$�� 7DUDVHQNR�� 9�9�� 6WUHONR�� 2�9�� .KDYU\XFKHQNR�� 9�9�/LVQ\DN�� �4XDQWXP�FKHPLFDO� VWXG\� RI� SRO\DURPDWLF� K\GURFDUERQV� LQ� KLJK� PXOWLSOLVLW\� VWDWHV��� ,QWHUQDWLRQDO� -RXUQDO� RI�0RGHUQ�3K\VLFV�%��LQ�SUHVV�
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0LFURVFRSLF�PRGHO�RI��&2�R[LGDWLRQ�RQ�3W������
,�1��<DNRYNLQ DQG�1�9��3HWURYD�

,QVWLWXWH�RI�3K\VLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��3URVSHFW�1DXNL�����.LHY�������� 8NUDLQH��
$ QHZ�PLFURVFRSLF�PRGHO��EDVHG�RQ�')7�/'$�PRGHOLQJ��LV�VXJJHVWHG�IRU�WKH�/DQJPXLU�

+LQVKHOZRRG�UHDFWLRQ�RI�FDWDO\WLF�&2�R[LGDWLRQ�LQ�FRDGVRUEHG�2�&2�OD\HUV�RQ�3W�������:H�
VXJJHVW�DOVR�D�QHZ�DOJRULWKP�IRU�UHDOLVWLF�0RQWH�&DUOR�VLPXODWLRQV�RI�DVVRFLDWLYH�GHVRUSWLRQ��
ZKLFK LPSOHPHQWV� WKH�PLFURVFRSLF�GHVFULSWLRQ�RI� WKH� UHDFWLRQ�ZLWK�DFWLYDWLRQ�HQHUJ\�� IRXQG�
IURP ')7� FDOFXODWLRQV�� ,W� KDV� EHHQ� IRXQG� WKDW� RQO\� WKH� R[\JHQ� DWRPV� RFFXS\LQJ� WKUHHIROG�
KROORZ�VLWHV�RI�KFS�W\SH�DUH�FKHPLFDOO\�DFWLYH��7KH�SRWHQWLDO�EDUULHU�IRU�WKH�R[LGDWLRQ�UHDFWLRQ�
VLJQLILFDQWO\�GHFUHDVHV�GXH� WR�FKDQJHV� LQ� WKH�DGOD\HU�R[\JHQ�VWDWHV� LQ� WKH�SUR[LPLW\� WR�&2��
7KH R[\JHQ� HOHFWURQLF� GHQVLW\� GLVWULEXWLRQ� LV� DIIHFWHG� E\� DSSURDFKLQJ� &2�PROHFXOH� ZKLFK�
DOWHUV� WKH� R[\JHQ� SRVLWLRQ�� +HLJKW� RI� WKH� EDUULHU� LV� HVWLPDWHG� DV� ����� H9�� ZKLFK� PD\� EH�
DWWULEXWHG�WR�WKH�XSSHU�OLPLW�RI�DFWLYDWLRQ�HQHUJ\�IRU�WKH�QHW�UHDFWLRQ�SURFHVV��
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5HVHDUFK�([FKDQJH�$ORQJ�WKH�0RGHUQ�6LON�5RDG��)URP�
(OHFWURQV�WR�&OLQLFDO�$VVD\V��&KLQD�WR�(XURSH�DQG�%DFN�

*UHJRU\�&KDVV�
8QLYHUVLW\�RI�:DOHV���%HLMLQJ�1RUPDO�8QLYHUVLW\��6FKRRO�RI�&KHPLVWU\��8��:DOHV��%DQJRU��:DOHV��//����8:�

2YHU�WZR�PLOOHQQLD�KDYH�SDVVHG�VLQFH�WKH�6LON�5RDGV�FKDQQHOHG�WKH�IORZ�RI�JRRGV��SHRSOH�DQG� LQIRUPDWLRQ� EHWZHHQ� WKH� 2ULHQW� DQG� LWV� 1RUWKHUQ� WHUPLQXV� LQ� .U\P�� %RWK� (XURSH� DQG�&KLQD�EHQHILWHG�JUHDWO\�IURP�WKH�H[FKDQJH�RI�NQRZOHGJH�LQ�DQFLHQW�WLPHV�DQG�DJDLQ�ZKHQ�WKH�3ROR�IDPLO\�LQLWLDWHG�LWV�UHQDLVVDQFH��7KH�GDZQLQJ�RI�WKH��UG�PLOOHQQLXP�KDV�QHHG�IRU�DQRWKHU�UHQDLVVDQFH�LQ�WKH�µWUDGH�RI�NQRZOHGJH¶�DQG�PL[LQJ�RI�FXOWXUH��VLJQDOHG�E\�WKH�FXUUHQW�VWDWH�RI�VFLHQFH�DQG�ZRUOG�HFRQRPLFV��0DQ\�PRGHUQ� VFLHQWLILF� SUREOHPV� DUH�PXOWL�GLVFLSOLQDU\� LQ� QDWXUH�� WKXV� VXFK� DQ� H[FKDQJH� RI�NQRZOHGJH� LV� RIWHQ� UHTXLUHG� WR� IRUPXODWLQJ� HIIHFWLYH� VROXWLRQV�� 7R� HUU� LV� WR� ODEHO� NQRZOHGJH� DV�QRWKLQJ� RWKHU� WKDQ� LQIRUPDWLRQ�� LW� LV� LQVWHDG� GHILQHG� DV� XQGHUVWDQGLQJ�� IDPLOLDULW\� JDLQHG� E\�H[SHULHQFH�DQG�DQ�RUJDQLVHG�ERG\�RI�LQIRUPDWLRQ��D�GDWDEDVH���7KH� FRQWLQXHG� GHYHORSPHQW� RI� WKUHH� HVWDEOLVKHG� SURMHFWV� LV� HVVHQWLDO� WR� IRUJLQJ� DQ�HIIHFWLYH� NQRZOHGJH� WUDGH� DORQJ� WKH�PRGHUQ� 6LON�5RDG� WR� VROYLQJ�PRGHUQ� SUREOHPV� LQ� WKH�PROHFXODU�VFLHQFHV��L�H��SURWHLQ�IROGLQJ��GUXJ�VLGH�HIIHFWV��VROYHQW�HIIHFWV��
8QLILHG�&RPSXWDWLRQDO�0HWKRGRORJ\��D VWDQGDUGLVHG��VFDODEOH��G\QDPLF�FRPSXWDWLRQDO�PHWKRGRORJ\�RI�KLJK�HIILFDF\�
&RPSXWHG�6WUXFWXUH�'DWDEDVH��D FHQWUDO�GDWDEDVH�WR�ZDUHKRXVH�FRPSXWHG�GDWD�DQG�FURVV�UHIHUHQFH�ZLWK�H[SHULPHQW�
6WDQGLQJ�6\QHUJ\�%HWZHHQ�([SHULPHQW�DQG�7KHRU\��µSURRI�RI�FRQFHSW¶�YLD�D�QHWZRUN�RI�HVWDEOLVKHG�H[SHUWV�DQG�V\QHUJ\�EHWZHHQ�UHVXOWV�$Q�DFDGHPLF�SDWK�KDV�DOUHDG\�EHHQ�HVWDEOLVKHG�VWDUWLQJ�LQ�%HLMLQJ��SDVVLQJ�WKURXJK�8NUDLQH�DQG�+XQJDU\��FRQWLQXLQJ�WKURXJK�,WDO\��)UDQFH�DQG�6SDLQ��ZLWK�D�:HVWHUQ�WHUPLQXV�LQ�:DOHV��,W�LV�HVVHQWLDO�WKDW�D�(XURSHDQ�LQYHVWPHQW�EH�PDGH�LQWR�WKH�SHRSOH�UHTXLUHG�WR�UHDOLVH�WKHVH�SURMHFWV�DQG�WKH�(XURSHDQ�KDOI�RI�WKH�0RGHUQ�6LON�5RDG��³:H�DUH�SHUKDSV�QRW�IDU�UHPRYHG�IURP�WKH�WLPH�ZKHQ�ZH�VKDOO�EH�DEOH�WR�VXEPLW�WKH�EXON�RI�FKHPLFDO�SKHQRPHQD�WR�FDOFXODWLRQ�´� -RVHSK�/RXLV�*D\�/XVVDF�0HPRLUHV�GH�OD�6RFLpWq�G¶$UFXHLO���������������

.U\P
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(OXFLGDWLRQ�RI�6ROYHQW�DQG�&DWDO\VW�(IIHFWV�
8SRQ�$FWLYDWLRQ�%DUULHUV�E\�0HDQV�RI�WKH�5HDFWLRQ�)RUFH�

-DQH�6��0XUUD\D� -DURVODY�9��%XUGDE� $OHMDQGUR�7RUR�/DEEpF�6ROHGDG�*XWLpUUH]�2OLYDF� DQG�3HWHU�3ROLW]HU�D�F�
D'HSDUWPHQW�RI�&KHPLVWU\��&OHYHODQG�6WDWH�8QLYHUVLW\��&OHYHODQG��2+��������86$�
E'HSDUWPHQW�RI�&KHPLFDO�3K\VLFV�DQG�2SWLFV��)DFXOW\�RI�0DWKHPDWLFV�DQG�3K\VLFV��&KDUOHV�8QLYHUVLW\��.H�.DUORYX�����������3UDJXH��&]HFK�5HSXEOLF�
F/DERUDWRULR�GH�4XtPLFD�7HyULFD�&RPSXWDFLRQDO� �47&���)DFXOWDG�GH�4XtPLFD��3RQWLILFLD�8QLYHUVLGDG�&DWyOLFD�GH�&KLOH��9LFXxD�0DFNHQQD�������&DVLOOD������&RUUHR�����6DQWLDJR��&KLOH�
G'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�1HZ�2UOHDQV��1HZ�2UOHDQV��/$��������86$��

7KH UHDFWLRQ� IRUFH� )�5� RI� D� FKHPLFDO� RU� SK\VLFDO� SURFHVV� LV� JLYHQ� E\� WKH� QHJDWLYH�
GHULYDWLYH�RI�WKH�SRWHQWLDO�HQHUJ\�9�5� DORQJ�DQ�DSSURSULDWH�LQWULQVLF�UHDFWLRQ�FRRUGLQDWH�5�
7KH�PD[LPD��PLQLPD�DQG�]HURHV�RI�)�5� GLYLGH� WKH�SURFHVV��QDWXUDOO\�DQG� �XQDPELJXRXVO\��
LQWR�ZHOO�GHILQHG�VWDJHV���,Q�SDUWLFXODU��HDFK�DFWLYDWLRQ�EDUULHU�LV�IRXQG�WR�EH�FRPSRVHG�RI�WZR�
FRPSRQHQWV��RQH�RI�ZKLFK�UHIOHFWV�SUHSDUDWLYH�VWUXFWXUDO�IDFWRUV�ZKLOH� WKH�RWKHU�FRUUHVSRQGV�
WR� WKH� ILUVW� SDUW� RI� WKH� WUDQVLWLRQ� WR� SURGXFWV�� � %\� FRPSXWLQJ� WKH� PDJQLWXGHV� RI� WKHVH�
FRQWULEXWLRQV�ERWK� LQ� WKH�SUHVHQFH� DQG�DEVHQFH�RI� DQ� H[WHUQDO� DJHQW�� VXFK�DV� D� VROYHQW�RU� D�
FDWDO\VW�� LW� LV� SRVVLEOH� WR�GHWHUPLQH�ZKHWKHU� WKH� HIIHFW� RI� WKDW� DJHQW� LV�SULPDULO\�XSRQ�HDUO\�
VWUXFWXUDO� FKDQJHV� RU� XSRQ� WKH� WUDQVLWLRQ� VWDWH�� � 7ZR� H[DPSOHV� ZLOO� EH� GLVFXVVHG�� � �D�� WKH�
HIIHFWV�RI�DTXHRXV�VROXWLRQ�XSRQ�DQ�61� UHDFWLRQ��DQG��E�� WKH�UROH�RI�0J��� LQ�FDWDO\]LQJ�WKH�
WDXWRPHUL]DWLRQ�RI�WK\PLQH��
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4XDQWXP�FKHPLFDO�VLPXODWLRQ�RI�WKH�UHOD[DWLRQ�DQG�
WKHUPDOO\�VWLPXODWHG�SURFHVVHV��D�YLEUDWLRQ�H[FLWDWLRQ�

UHOD[DWLRQ�VWRFKDVWLF�RSWLPL]DWLRQ�
9RORG\P\U�'��.KDYU\XWFKHQNRD� 2OHNVL\�9��.KDYU\XFKHQNREDQG�9ODG\VODY�9��/LVQ\DNE

D� ,QVWLWXWH� IRU� 6RUSWLRQ� DQG� 3UREOHPV� RI� (QGRHFRORJ\��1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI�8NUDLQH��*HQ��1DXPRYD�6WUHHW�����.LHY��������8NUDLQH�
E�&KHPLFDO�'HSDUWPHQW��.LHY�1DWLRQDO�7DUDV�6KHYFKHQNR�8QLYHUVLW\��9ODGLPLUVND\D�6WUHHW������.LHY��������8NUDLQH��

$ QHZ�PHWKRG�IRU� WKH� WKHRUHWLFDO�H[DPLQDWLRQ�RI� WKHUPDO� LQWHU�FRQYHUVLRQV�YLD� WKH�VSDFH�
VWUXFWXUH� YLEUDWLRQ� H[FLWDWLRQ�UHOD[DWLRQ� VWRFKDVWLF� �9(56�� RSWLPL]DWLRQ� PHWKRG� KDV� EHHQ�
SURSRVHG�� 7KH� RULJLQDO� VRIWZDUH� WR� SHUIRUP� LPSOHPHQWDWLRQ� RI� WKH� PHWKRGRORJ\� KDV� EHHQ�
GHYHORSHG� DQG� WHVWHG�RQ� VLOLFD����6L2� FOXVWHU��$� VHW� RI� WKHUPRG\QDPLFDOO\�SUREDEOH� VSDFH�
VWUXFWXUHV�RI�DPRUSKRXV�VLOLFD�SDUWLFOHV�DQG�WHPSHUDWXUHV�RI�WKHLU�LQWHU�FRQYHUVLRQV�KDYH�EHHQ�
TXDQWXP�FKHPLFDOO\�VLPXODWHG��)LQDOO\��WKH�VLPXODWHG�VSDFH�VWUXFWXUHV�KDYH�EHHQ�YHULILHG�E\�
WKH�FRPSDULVRQ�RI�FDOFXODWHG�LQHODVWLF�QHXWURQ�VFDWWHULQJ�VSHFWUD�RI�GLIIHUHQW�KLJKO\�GLVSHUVHG�
VLOLFDV� ZLWK� H[SHULPHQWDO� RQHV�� 7KH� FOXVWHUV� REWDLQHG� RQ� GLIIHUHQW� VWDJHV� RI� KHDWLQJ� FDQ�
UHSURGXFH�WKH�UHODWLYH�YROXPH�� WKH�FRRUGLQDWLRQ�QXPEHUV�GLVWULEXWLRQ�DQG�WKH�,16�VSHFWUD�RI�
UHDO�REMHFWV�H�J��WKH�IXPHG�VLOLFD��WKH�VLOLFD�IXPH�DQG�WKH�VLOLFD�JODVV��
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(QHUJ\�FRPSRQHQWV�DOWHUQDWLRQ�PHWKRG�
IRU�FRQIRUPDWLRQDO�VHDUFK�RI�IOH[LEOH�DWRPLF�FKDLQV�

,�(��6KFKHFKNLQ� 7�2��+XVKFKD�
,QVWLWXWH� RI� %LRRUJDQLF� &KHPLVWU\� DQG� 3HWURFKHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFH� RI�8NUDLQH����0XUPDQVND�VWU����������.\LY�����8NUDLQH��H�PDLO��VKFK���#ESFL�NLHY�XD�

7KH DOJRULWKP� LV� SURSRVHG� WR� VHDUFK� FRQIRUPDWLRQDO� VSDFH� RI� ORQJ� IOH[LEOH� SRO\SHSWLGH�FKDLQV��,WV�SULQFLSDO�IHDWXUH�LV�WKDW�SRWHQWLDO�HQHUJ\�IXQFWLRQ�LV�SDUWLWLRQHG��WKH�FRPSRQHQWV�DUH�KDQGOHG� VHSDUDWHO\�� WDNLQJ� LQWR� DFFRXQW� HDFK� FRPSRQHQW� SHFXOLDULW\�� 6HULHV� RI� JHRPHWU\�RSWLPL]DWLRQ� UXQV� E\� D� JUDGLHQW�EDVHG� PHWKRG� LV� SHUIRUPHG� XVLQJ� VFRULQJ� IXQFWLRQ�� ZKHUH�VRPH RI� WKH� FRPSRQHQWV� DUH� ZHDNHQHG� LQ� HYHU\� UXQ�� 6R� LI� D� SRWHQWLDO� HQHUJ\� IXQFWLRQ� LV�UHSUHVHQWHG�DV� WKH�VXP�3� ���SL� WKHQ� WKH�VFRULQJ�IXQFWLRQ� LV�6� ���NLSL� ZKHUH�SL�DUH�VRPH�FRPSRQHQWV�RI�WKH�SRWHQWLDO�IXQFWLRQ��DQG�����NL � ��DUH�WKH�ZHDNHQLQJ�IDFWRUV��3DUWLWLRQLQJ�RI�WKH SRWHQWLDO�IXQFWLRQ�PD\�EH�GRQH�LQ�PDQ\�GLIIHUHQW�ZD\V��DQG�WKH�IDFWRUV�NL�FDQ�EH�YDULHG�DV�D VXEVHTXHQW�UXQ�RI�WKH�VHULHV�VKLIWV�WKH�IRUHJRLQJ�RQH��7KHUH�DUH�WZR�H[WUHPH�FDVHV�KHUH��RQH�RI WKHP�LV�ZKHQ�DOO�H[FHSW�VLQJOH�NL IDFWRUV�HTXDO� WR����DQG�WKH�RWKHU�RQH�RFFXUV�ZKHQ�DOO�NLHTXDO�WR����7KH�ILUVW�FDVH�FRUUHVSRQGV�WR�D�VHDUFK�FKDUDFWHU�SURFHGXUH��SURYLGHG�WKDW�LQ�HYHU\�VXFFHVVLYH�UXQ�WKH�QRQ]HUR�IDFWRU�LV�GLIIHUHQW���DQG�WKH�VHFRQG�RQH�FRQIRUPV�WR�WKH�SODLQ�ORFDO�PLQLPL]DWLRQ�RI�WKH�ZKROH�SRWHQWLDO�IXQFWLRQ��*UDGXDO�GULIW�DFFRUGLQJ�WR�FHUWDLQ�VFKHGXOH�IURP�WKH ILUVW�FDVH�WR�WKH�VHFRQG�RQH�LPSOLHV�SHUIRUPLQJ�RI�D�JOREDO�PLQLPL]DWLRQ���$Q LQVWDQFH� RI� VXFK� DQ� DSSURDFK� WR� D� ZLGH�UDQJH� FRQIRUPDWLRQDO� VHDUFK� KDV� EHHQ�LPSOHPHQWHG� LQ� RXU�)OH[L&KDLQ� VRIWZDUH�� )XOO� SRWHQWLDO�ZDV� UHSUHVHQWHG� E\� WKH� VXP� RI� WKH�PRVW� YDOXDEOH� SDLUZLVH� DWRP�DWRP� WHUPV� ZLWK� DOO� H[FHSW� RQH� IDFWRUV� EHLQJ� ]HUR� DQG� WKH�QRQ]HUR� IDFWRU�SRVVHVVLQJ� WKH�YDOXH�RI������ ,Q�RWKHU�ZRUGV�� RQO\� VLQJOH�SDLUZLVH� DWRP�DWRP�SRWHQWLDO� WHUP�ZDV� WDNHQ� LQWR� DFFRXQW� LQ� HYHU\�PLQLPL]DWLRQ� UXQ�� 7KH� WHUP��ZKLFK�ZLOO� EH�QRQ]HUR�� LV� UDQGRPO\� FKRVHQ�� 7R� PDNH� HYDOXDWLRQ� IDVWHU� WKH� UHDO� SRWHQWLDO� WHUPV� ZHUH�VXEVWLWXWHG� ZLWK� VLPSOLILHG� PRGHOV�� ZKLFK� PLPLF� WKH� SULQFLSDO� IHDWXUHV� RI� WKH� UHDO� WHUPV��*UDGLHQW�EDVHG� PLQLPL]HU� �)OHWFKHU�'DYLGRQ�3RZHOO�� ZDV� FRPELQHG� ZLWK� *HOIDQG�7VHWOLQ�UDYLQH�DOJRULWKP��ZKLFK�DSSHDUHG�WR�JDLQ�EHWWHU�PLQLPL]DWLRQ��7KLV� DOJRULWKP�ZDV� HPSOR\HG� IRU� FRQIRUPDWLRQDO� VHDUFK� LQ� GLKHGUDO� DQJOH� VSDFH� RI� WKH�ORRS�OLNH� �������� IUDJPHQW� RI� KXPDQ� VHUXP� DOEXPLQ� �+6$��ZKLOH� WUHDWLQJ� WKH� UHVW� RI� WKH�PROHFXOH� DV� D� VLQJOH� ULJLG� VWUXFWXUH�� 6HYHUDO� VWDEOH� FRQIRUPHUV� RI� WKH� IUDJPHQW� WKDW�FRQVLGHUDEO\� GLIIHU� LQ� �'�VWUXFWXUH� IURP� WKH� RULJLQDO� RQH�ZHUH� REWDLQHG�� 6RPH� RI� WKH� QHZ�IRXQG� FRQIRUPHUV� GR� QRW� KDYH� DQ\� PDMRU� DWWUDFWLYH� QRQERQGHG� FRQWDFWV� ZLWK� WKH� SURWHLQ�JOREXOH��DQG�VRPH�RI�WKHP�IRUP�K\GURJHQ�ERQGV�ZLWK�WKH�QHLJKERU�GRPDLQV�RI�WKH�PROHFXOH��7KH ODWWHU�HQDEOHV� WR�VXSSRVH� WKDW�FRQIRUPDWLRQDO� WUDQVLWLRQ�RI� WKH���������IUDJPHQW�DIIHFWV�GRPDLQ�PXWXDO�PRELOLW\��

D E1DWLYH��D��DQG�QHZ�IRXQG��E��FRQIRUPDWLRQV�RI���������ORRS�OLNH�IUDJPHQW��EROG��RI�+6$�
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([WUDSRODWLRQ�WHFKQLTXHV�IRU�GHWHUPLQDWLRQ�
RI WKH�UHODWLYH�HQHUJLHV�RI�FRQIRUPHUV�DQG�EDUULHUV�

WR�FRQIRUPDWLRQDO�WUDQVLWLRQV�
9�$��%DWDHY� 6�,��%RNDUHY��2�6��%RNDUHYD��(�9��5DVWROWVHYD��,�$��*RGXQRY�

&KHPLVWU\�'HSDUWPHQW�0RVFRZ�6WDWH�8QLYHUVLW\����������0RVFRZ��5XVVLD�
(�PDLO��ODQW#SK\V�FKHP�PVX�UX�

�
([WUDSRODWLYH� 9)3$� �9DOHQFH� )RFDO�3RLQW� $QDO\VLV�� WHFKQLTXH� >VHH� H�J�� $�*�� &ViV]iU��

:�'��$OOHQ��+�)��6KDHIHU�,,,��-��&KHP��3K\V���������9�������3������@�LV�EDVHG�RQ�D�VHULHV�RI�
TXDQWXP�FKHPLFDO�PHWKRGV�ZLWK�D�VXFFHVVLYH�LQFUHDVH�RI�DFFRXQW�IRU�HOHFWURQ�FRUUHODWLRQ��LQ�
WKH� SUHVHQW� ZRUN�� +) 03� 03� 03� « DQG� +) 03� &&6' &&6'�7�� «��
DQG� RQ� VHULHV� RI� FRUUHODWLRQ�FRQVLVWHQW� EDVLV� VHWV� �DXJ��FF�S�&�;=� �; '�7�4������� 6XFK�
DSSURDFK� DOORZV� SHUIRUPLQJ� WZR�GLPHQVLRQDO� �PHWKRG�EDVLV�� H[WUDSRODWLRQ� WR� WKH� )XOO�
&RQILJXUDWLRQ�,QWHUDFWLRQ�PHWKRG�ZLWKLQ�D�&RPSOHWH�%DVLV�6HW��2EWDLQHG�YDOXHV�DUH�FRUUHFWHG�
IRU� ]HUR�SRLQW�YLEUDWLRQDO� HQHUJ\�� UHODWLYLVWLF� FRUUHFWLRQV�� FRUH�YDOHQFH� FRUUHODWLRQ�� DQG�QRQ�
%RUQ�2SSHQKHLPHU�HIIHFWV��

7KLV VFKHPH�ZDV�DSSOLHG�WR�SUHFLVHO\�HVWLPDWH�UHODWLYH�HQHUJLHV�RI�FRQIRUPHUV�DQG�EDUULHUV�
WR LQWHUQDO� URWDWLRQ� RI� DOLSKDWLF� � +�&)2�� +�&&O2�� &+�&+�&+2�� DQG� �&+���&+&+2���
� �XQVDWXUDWHG� �&+� &+&+2��� DQG� F\FORSURSDQH� ULQJ� FRQWDLQLQJ� � �+�&+2�� FDUERQ\O�
PROHFXOHV� LQ� WKH� JURXQG� VWDWH��8WLOL]DWLRQ�RI�9)3$�WHFKQLTXH� IRU� HVWLPDWLRQV�RI�EDUULHUV�RI�
FRQIRUPDWLRQDO�WUDQVLWLRQV�RI�IRUPDOGHK\GH�DQG�LWV�KDORJHQ�GHULYDWLYHV��&;<2��; +��)��&O���
DQG� RWKHU� FDUERQ\O� PROHFXOHV� �&+�&)2�� &+�&&O2�� &+�&+�&+2�� LQ� WKH� ORZHVW� WULSOHW�
H[FLWHG�HOHFWURQLF�VWDWH�LV�DOVR�GLVFXVVHG��

5HVXOWV�ZHUH�FRPSDUHG�ZLWK�H[SHULPHQWDO�GDWD�DV�ZHOO�DV�ZLWK�HVWLPDWLRQV�RI�RWKHU�KLJK�
OHYHO� �4&,6'� &&6'�7��� TXDQWXP�FKHPLFDO�PHWKRGV� DQG� WKH� UHVXOWV� RI� ³VHPL�HPSLULFDO´�
DSSURDFKHV� EDVHG� RQ� DE� LQLWLR� DQG� �RU�� ')7� FDOFXODWLRQV� GHVLJQHG� IRU� HYDOXDWLRQ� RI�
WKHUPRG\QDPLF�SDUDPHWHUV��*���*��DQG�WKHLU�PRGLILFDWLRQV���

7KLV ZRUN�LV�ILQDQFLDOO\�VXSSRUWHG�E\�WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��JUDQW�1�
��������������
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0HDQ�DEVROXWH�HUURU�LQ�DWRPL]DWLRQ�HQHUJLHV��$(��FRPSXWHG�E\�GLIIHUHQW�PHWKRGV�

3RWHQWLDO�HQHUJ\�FXUYHV�DQG�DWRPL]DWLRQ�HQHUJLHV�IURP�
GHQVLW\�IXQFWLRQDO�WKHRU\�ZLWK�D�ORFDO�SDUDPHWHUL]HG�

SRWHQWLDO�
6�,��)HVHQNR� 9�1��*OXVKNRY�

'HSW��RI�3K\VLFV��'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��8NUDLQH�
$ GLUHFW�PDSSLQJ�GHQVLW\� IXQFWLRQDO� WKHRU\��'0�')7��KDV�EHHQ�UHFHQWO\�SURSRVHG�>���@�ZKHUH�DQ�HIIHFWLYH�SRWHQWLDO��9HII� �U��� LV�H[SUHVVHG� LQ� WHUPV�RI� WKH�H[WHUQDO�SRWHQWLDO�� L�H�� WKH�HOHFWURQ�QXFOHXV�LQWHUDFWLRQ�SRWHQWLDO�LQ�D�FDVH�RI�DWRPV�DQG�PROHFXOHV��8QOLNH�WKH�WUDGLWLRQDO�LPSOHPHQWDWLRQ� RI� ')7�� ZKHUH� WKH� SRWHQWLDO� LV� DQ� H[SOLFLW� RU� LPSOLFLW� IXQFWLRQDO� RI� WKH�HOHFWURQLF�GHQVLW\�WKLV�PHWKRG�GHDOV�ZLWK�9HII��U� DV�D�IXQFWLRQDO�RI�WKH�H[WHUQDO�SRWHQWLDO��,Q�5HI�>�@�ZH�KDYH�EHHQ�LQWURGXFHG�WKH�WZR�SDUDPHWULF�IRUP�RI��9HII��U� &��E� ��

9HII�U�  ���¦N U5=N N� � =
1 �� ^¦N U5

=
N

N� >�����H[S��=N
E�_U�5N_�@`�������������

7KH HTXDWLRQV� IRU� RSWLPL]DWLRQ� RI� WKH� SDUDPHWHUV�&� DQG�E KDYH� EHHQ� GHULYHG� XVLQJ� WKH�H[FKDQJH�RQO\�DSSUR[LPDWLRQ�DQG�WKH�SUHOLPLQDU\�WHVWV�RI�'0�')7�PHWKRG�ZLWK�WKH�HIIHFWLYH�SRWHQWLDO�����KDYH�EHHQ�UHSRUWHG�� ,Q�SDUWLFXODU�� WKH�WRWDO�HQHUJLHV�RI� WKH�PROHFXOHV�FDOFXODWHG�ZLWK WKH�H[FKDQJH�RQO\�SRWHQWLDO�ZHUH�IRXQG�WR�GHYLDWH�VOLJKWO\�IURP�WKH�H[DFW��+DUWUHH�)RFN�RQHV���,Q�WKLV�SUHVHQWDWLRQ�ZH�IXUWKHU�GHYHORS�DQG�DSSO\�WKH�'0�')7�PHWKRG�WR�FDOFXODWLRQV�RI�WKH SRWHQWLDO�HQHUJ\�FXUYHV�DQG�DWRPL]DWLRQ�HQHUJLHV��$(��RI�PROHFXOHV���
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7KH� SRWHQWLDO� HQHUJ\� FXUYHV� FDOFXODWHG� ZLWK� WKH� H[FKDQJH�RQO\� DSSUR[LPDWLRQ� DQG� WKH�WRWDO� DWRPL]DWLRQ� HQHUJLHV� FRPSXWHG�ZLWK� WKH� VHFRQG�RUGHU� SHUWXUEDWLRQ� WKHRU\� �37��� ZHUH�IRXQG� WR� EH� LQ� DJUHHPHQW� ZLWK� EHQFKPDUN� UHVXOWV� REWDLQHG�ZLWK� DE LQLWLR� ZDYH�PHFKDQLFV�PHWKRGV��
>�@� 7KHRSKLORX�$�.�� LQ�� 7KH� IXQGDPHQWDOV� RI� (OHFWURQ�'HQVLW\��'HQVLW\�0DWUL[� DQG�'HQVLW\� )XQFWLRQDO�7KHRU\�LQ�$WRPV��0ROHFXOHV�DQG�6ROLGV�6WDWH��(G��%\�1�,�*LGRSRXORV�DQG�6�:LOVRQ��.OXZHU���������>�@� 7KHRSKLORX�$�.����3DSDFRQVWDQWLQRX�3�*��DQG�*OXVKNRY��9�1���-�3K\V���&RQI��6HU���� ������������>�@� *OXVKNRY�9�1���6�,�)HVHQNR��-�&KHP�3K\V����� ���������������

�
�

(QHUJ\�DV�D�IXQFWLRQ�RI�5 IRU�%H+����
� ±�'0�')7��������±�+)����
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0RGLILHG�����*���EDVLV�VHW�LQ�')7�FDOFXODWLRQV�
RI 105�VSLQ�VSLQ�FRXSOLQJ�FRQVWDQWV�

9ODGLPLU�,��%ROVKDNRYD� 9ODGLPLU�9��5RVVLNKLQD� (XJHQH�2��9RURQNRYE�6HUJL\�,��2NRY\W\\F�G� DQG�-HU]\�/HV]F]\QVNLG
D3ULGQHSURYV¶ND�6WDWH�$FDGHP\�RI�&LYLO�(QJLQHHULQJ�DQG�$UFKLWHFWXUH���������8NUDLQH��
E'QHSURSHWURYVN� 1DWLRQDO� 7HFKQLFDO� 8QLYHUVLW\�� 'QHSURSHWURYVN�� ������� 8NUDLQH��
F'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH��
G&RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG� ,QWHUDFWLRQV�� 'HSDUWPHQW� RI�&KHPLVWU\��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL��������5HFHQWO\� ZH� KDYH� SURSRVHG� >�@� DQG� WKHQ� WHVWHG� �H�J�� >��� �@�� PDJQHWLFDOO\� FRUUHFWHG� ����*��� EDVLV� VHW� FRQVWUXFWHG� E\� DXJPHQWDWLRQ� RI� VWDQGDUG� ����*� EDVLV� VHW� E\� IXQFWLRQV��REWDLQHG�IURP�VROXWLRQ�RI�WKH�QRQKRPRJHQHRXV�6FKU|GLQJHU�HTXDWLRQ�IRU�WKH�PRGHO�SUREOHP�³RQH�HOHFWURQ�DWRP�LQ�DQ�H[WHUQDO�XQLIRUP�PDJQHWLF�ILHOG´�XVLQJ�WKH�FORVHG�UHSUHVHQWDWLRQ�RI�WKH�*UHHQ¶V�IXQFWLRQ��,W�VKRXOG�EH�QRWHG�WKDW�DGGLWLRQ�IXQFWLRQV�KDYH�EHHQ�REWDLQHG�IURP�WKH�UHVSRQVH�IXQFWLRQV��ZKLFK�WDNH�LQWR�DFFRXQW�WKH�LQIOXHQFH�RI�ERWK�YDOHQFH�DQG�FRUH�RUELWDOV���,Q�WKLV�UHSRUW��ZH�SUHVHQW�WKH�UHVXOWV�WKDW�ZHUH�REWDLQHG�WR�LQYHVWLJDWH�WKH�SHUIRUPDQFH�RI�PDJQHWLFDOO\� FRUUHFWHG� ����*��� EDVLV� VHW� IRU� FDOFXODWLRQV� RI� LQGLUHFW� VSLQ�VSLQ� FRXSOLQJ�FRQVWDQWV� DW� ')7� OHYHO� RI� WKHRU\�� 7KH� VHULHV� RI� FRPSRXQGV� FKRVHQ� IRU� WKLV� VWXG\� LQFOXGHV�K\GULGHV� �+)�� +&O�� +%U�� +�2�� 1+�� &+�� 3+�� $V+�� *H+���� KRPR�� DQG� KHWHURQXFOHDU�GLKDORJHQV� �)�� &O�� %U�� )%U���PROHFXOHV�ZLWK�GRXEOH�DQG� WULSOH�ERQGV� �&2��1���+&1���DQG�)H� 0Q��1L��FHQHV��&DOFXODWLRQV� SHUIRUPHG� XVLQJ� *DXVVLDQ���� SURJUDP� >�@� XVLQJ� SXUH� �%3���� DQG� K\EULG��%/<3�� %/<3��������� %�/<3�� 3%(�3%(�� GHQVLW\� IXQFWLRQDOV�� 7KH� ����*��� EDVLV� VHW� KDV�EHHQ�XVHG� LQ� WZR�YDULDWLRQV�±� ILUVW� DV�GHVFULEHG� LQ� >�@� DQG� VHFRQG�ZLWK� GHFRQWUDFWLQJ�RI�6�IXQFWLRQV�IURP�LQLWLDO�VWDQGDUG�EDVLV�VHW�DQG�DGGLWLRQ�S�IXQFWLRQV�RU�ZLWK�GHFRQWUDFWLQJ�G���I��IXQFWLRQV�IURP�SURSRVHG�RQH�IRU�PRUH�DFFXUDWH�FRUUHFWLRQ�RI�)HUPL�FRQWDFW�RU�SDUDPDJQHWLF�VSLQ�RUELW� WHUPV��FRUUHVSRQGLQJO\��*HRPHWULFDO�SDUDPHWHUV�KDYH�EHHQ�SUHOLPLQDU\�RSWLPL]HG�LQ�IUDPH�RI�WKH�VDPH�OHYHOV�RI�WKHRU\��,W� LV� VKRZQ� WKDW� IRU� PROHFXOHV� ZLWK� GRPLQDQW� FRQWULEXWLRQ� RI� )HUPL�FRQWDFW� WHUP�LPSURYHPHQW�RI�FDOFXODWLRQ¶V�DFFXUDF\�LV�DFKLHYHG�E\�VLPXOWDQHRXV�GHFRQWUDFWLQJ�RI�EDVLF�6�IXQFWLRQV�DQG�LQGXFHG�E\�WKHP�DGGLWLRQDO�S�IXQFWLRQV��)RU DFFXUDWH� GHVFULSWLRQ� RI� SDUDPDJQHWLF� VSLQ�RUELW� FRQWULEXWLRQ� ZH� KDYH� XVHG�GHFRQWUDFWLQJ�RI� DGGLWLRQDO�G�� DQG� I�� EDVLV� IXQFWLRQV�� ,Q� FRPSDULVRQ�ZLWK� H[SHULPHQWDO� GDWD�RYHUHVWLPDWH� UHVXOWV� IRU� PROHFXOHV� ZLWK� PXOWL�ERQGV� LQ� XQFRQWUDFWHG� ����*��� EDVLV� LV�FRUUHFWHG� E\� GHFRQWUDFWLRQ� RI� DGGLWLRQDO� S�IXQFWLRQV� RQO\�� ,W� VKRXOG� EH� QRWHG�� WKDW�GHFRQWUDFWLRQ� SUDFWLFDOO\� GRHV� QRW� FKDQJH� YDOXH� RI� SURWRQ� VSLQ�VSLQ� FRXSOLQJ� FRQVWDQW��KRZHYHU� HVVHQWLDOO\� UHGXFHV� YDOXHV� RI� )HUPL�FRQWDFW� WHUPV� IRU� QRQ�K\GURJHQ� VSLQ�VSLQ�FRXSOLQJ�FRQVWDQWV���
>�@� 5RVVLNKLQ� 9�9��� .X]
PHQNR� 9�9��� 9RURQNRY� (�2��� =DVODYVND\D� /�,�� -�� 3K\V�� &KHP�� �������� ��������������>�@� 2NRY\W\\�6�,���5RVVLNKLQ�9�9���9RURQNRY�(�2���/HV]F]\QVNL�-��-��3K\V��&KHP��$����������������������>�@� %ROVKDNRY�9�,���5RVVLNKLQ�9�9�� 9RURQNRY�(�2���2NRY\W\\�6�,���/HV]F]\QVNL�-��-��&RPS��&KHP��������������������>�@� 0��-��)ULVFK��*��:��7UXFNV��+��%��6FKOHJHO��HW�DO���*DXVVLDQ��,QF�� :DOOLQJIRUG�&7��������
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6SHFWURVFRSLF�SDUDPHWHUV�RI�GLDWRPLF�PROHFXOHV�
LQ�WKH�&RPSOHWH�$FWLYH�6SDFH�&RXSOHG�&OXVWHU�7KHRU\�

'PLWU\�,��/\DNK� 7DWLDQD�$��.OLPHQNR�DQG�9ODGLPLU�9��,YDQRY�
9��1��.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\��(�PDLO���YLYDQRY#XQLYHU�NKDUNRY�XD!�

9HU\� SUHFLVH� FDOFXODWLRQV� RI� VSHFWURVFRSLF� SURSHUWLHV� RI� VPDOO� PROHFXOHV� �LQ� GLIIHUHQW�HOHFWURQLF� VWDWHV�� XVXDOO\� HQFRXQWHU� WKUHH� JHQHUDO� SUREOHPV�� 7KH� ILUVW� LV� FRQQHFWHG�ZLWK� DQ�DFFXUDWH�FDOFXODWLRQ�RI�VHSDUDWH�SRLQWV�RI�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH��3(6��SURYLGLQJ�WKDW�WKH�DGLDEDWLF�DSSUR[LPDWLRQ�LV�XVHG��7KH�VHFRQG�SUREOHP�LV�WR�REWDLQ�DQ�DFFXUDWH�DSSUR[LPDWLRQ�RI WKH� 3(6� XVLQJ� DQ� DQDO\WLFDO� IXQFWLRQ�� 7KH� WKLUG� SUREOHP� LV� FDOFXODWLRQ� RI� URWDWLRQDO±YLEURQLF�VWDWHV��DQG�SDUDPHWHUV��E\�VROYLQJ�WKH�6FKURGLQJHU�HTXDWLRQ�DQG�FRUUHVSRQGLQJ�VHULHV�RI SHUWXUEDWLRQ�WKHRU\�HTXDWLRQV��,Q�WKLV�WDON�ZH�SUHVHQW�WKH�UHVXOWV�RI�RXU�FDOFXODWLRQV�ZLWK�WKH�XVH RI�WKH�VWDWH�VSHFLILF�PXOWLUHIHUHQFH�FRXSOHG�FOXVWHU�VLQJOHV�DQG�GRXEOHV�DSSURDFK�ZLWK�WKH�FRPSOHWH� DFWLYH� VSDFH� UHIHUHQFH� �&$6&&6'��� 7KH�ZDYH� IXQFWLRQ� LQ� WKH�&$6&&6'�KDV� LQ�JHQHUDO�WKH�IROORZLQJ�IRUP�� � �� ��&�77H[S �LQW��H[W�
�

�H[W�
�&$6&&6' �� < � ����

ZKHUH WKH� RSHUDWRU� �H[W�7 JHQHUDWHV� DOO� VLQJOH� DQG� GRXEOH� H[FLWHG� GHWHUPLQDQWV� IURP� DOO�
UHIHUHQFH�IXQFWLRQV�ZKLFK�DUH�JHQHUDWHG�E\�WKH�RSHUDWRU� � ��LQW�&�� � $OO�DERYH�IXQFWLRQV�FDQ�EH�
H[SUHVVHG�DV�GLIIHUHQW�RUGHU�H[FLWDWLRQV�IURP�WKH�VR�FDOOHG�IRUPDO�UHIHUHQFH�GHWHUPLQDQW�� � ���
6XFK D� IRUP� RI� WKH� FRXSOHG� FOXVWHU� DQVDW]� KDV� GHPRQVWUDWHG� SHUIHFW� GHVFULSWLRQ� RI� 3(6� LQ�GLIILFXOW�TXDVL�GHJHQHUDWH�FDVHV��)RU�DQ�DGHTXDWH�DSSUR[LPDWLRQ�RI�WKH�3(6�REWDLQHG�ZLWK�����ZH XVHG�D�SRWHQWLDO�LQ�D�IRUP�RI�JHQHUDOL]HG�0RUVH�IXQFWLRQ�� �¦

 

�E��D T

�P

P�UU�
P

HPH[S��U�9 � ����
ZKHUH DQ� LQWHUQXFOHDU� VHSDUDWLRQ� DQG� HTXLOLEULXP� GLVWDQFH� DUH� U� DQG� HU UHVSHFWLYHO\��
3DUDPHWHUV� PD DQG� PE DUH� ILWWHG� E\� WKH� QRQ�OLQHDU� OHDVW� VTXDUHV�PHWKRG��2XU� FDOFXODWLRQV�
VKRZHG�WKDW� ��T � DUH�HQRXJK�IRU�SUHFLVH�GHVFULSWLRQ�RI�3(6�EHWZHHQ�VHSDUDWH�SRLQWV��7KH�
SXUH�YLEUDWLRQDO�UDGLDO�6FKURGLQJHU�HTXDWLRQ�ZLWK�WKH�SRWHQWLDO�����ZDV�VROYHG�E\�XVLQJ�D�QHZ�
DSSURDFK�EDVHG�RQ� WKH�1XPHURY¶V�PHWKRG��7KH�HQHUJLHV�RI�GLIIHUHQW�YLEUDWLRQDO�VWDWHV�� Q* ��
ZHUH FRPSDUHG�ZLWK�H[SHULPHQWDO�YDOXHV�DQG�RWKHU� WKHRUHWLFDO�GDWD��:KHQ�URWDWLRQDO�HIIHFWV�DUH�QRW�QHJOHFWHG�WKH�HIIHFWLYH�SRWHQWLDO�����EHFRPHV��

�U����-�-�U�9 P�� � ����
ZKHUH WKH� URWDWLRQDO� TXDQWXP�QXPEHU� LV� -� DQG�P LV� D� UHGXFHG�PDVV� RI� WKH� QXFOHL��$� VHW� RI�
URWDWLRQDO� � Q% �� DQG� FHQWULIXJDO� GLVWRUWLRQ� � Q' � Q+ � Q/ �«�� SDUDPHWHUV� ZDV� FDOFXODWHG� XVLQJ�
WKH SHUWXUEDWLRQ�WKHRU\���

������� U��% QQQ MM � ������� U��' QQQ MM� � ������� %U��+ QQQQ M�M� � HWF������
���

ZKHUH WKH� ���
QM LV�WKH�ILUVW�RUGHU�FRUUHFWLRQ�WR�WKH�XQSHUWXUEHG�YLEUDWLRQDO�ZDYH�IXQFWLRQ� ���

QM �
� � ���

�
������

U
�%��U�9*� QQQQQ M¹̧
·

©̈
§ �P� M�P�sM ����

6LJQLILFDQW�SUREOHP�LV�D�QXPHULFDO�FDOFXODWLRQ�RI� WKH�DERYH�SDUDPHWHUV�DW�KLJKHU�YLEUDWLRQDO�OHYHOV��7KH�QXFOHDU�PRWLRQ�ZDYH� IXQFWLRQ�DQG�FRUUHVSRQGLQJ�FRUUHFWLRQV� IRU� VXFK� OHYHOV�DUH�HVVHQWLDOO\� DOWHUQDWLQJ� LQ� VLJQ��1HZ� DSSURDFK� EDVHG� RQ�*DOHUNLQ� SURMHFWLRQ� VFKHPH� IRU� WKH�HTXDWLRQV�OLNH�����KDV�GHPRQVWUDWHG�KLJK�QXPHULFDO�VWDELOLW\��
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7KH�VHFRQG�RUGHU�.RKQ�6KDP�SHUWXUEDWLRQ�WKHRU\�
IRU�H[FLWHG�VWDWHV�

9�1��*OXVKNRY�
'HSW��RI�3K\VLFV��'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��8NUDLQH��

,Q� WKH� FRXUVH� RI� WKH� GHYHORSPHQW� RI� GHQVLW\� IXQFWLRQDO� WKHRU\� �')7��� GLVWLQFW� OHYHOV� RI�
DSSUR[LPDWLRQ� IRU� WKH� H[FKDQJH�FRUUHODWLRQ� SRWHQWLDOV��9[F� �U�� FDQ� EH� LGHQWLILHG��5HFHQWO\��
WKHUH�KDV�EHHQ�DQ�HQRUPRXV�GHYHORSPHQW�LQ�WKH�FRQVWUXFWLRQ�RI�D�QHZ�JHQHUDWLRQ�RI�9[F��U�
H[SUHVVHG� H[SOLFLWO\� LQ� WHUPV� RI� WKH�.RKQ�6KDP� �.6�� RUELWDOV�� ([FKDQJH� FDQ� EH� FDOFXODWHG�
H[DFWO\� YLD� WKH� RSWLPL]HG� HIIHFWLYH� SRWHQWLDO� �2(3�� PHWKRG�� $� SURPLVLQJ� SUHVFULSWLRQ� IRU�
REWDLQLQJ�D�FRUUHODWLRQ�SRWHQWLDO�WKDW�SHUIRUPV�ZHOO�ZLWK�WKH�2(3�H[FKDQJH�LV�EDVHG�RQ�PDQ\�
ERG\�SHUWXUEDWLRQ�WKHRU\�XVLQJ�WKH�.6�GHWHUPLQDQW�DV�D�UHIHUHQFH��7KLV�VWDWH�RI�WKH�DUW�WKHRU\�
LV FDSDEOH�RI�JLYLQJ�JRRG�DFFXUDF\�LQ�FDOFXODWLQJ�WKH�JURXQG�VWDWH�SURSHUWLHV��

7KHUH�DUH�VHYHUDO�SRVVLEOH�DSSURDFKHV� IRU�JHQHUDOL]DWLRQ�RI�')7�WR�H[FLWHG�VWDWHV� �(6V���
+RZHYHU�� DW� SUHVHQW�� WKHUH� DUH� VFDUFH� ')7� FDOFXODWLRQV� IRU� (6V� EDVHG� RQ� WKH� DERYH�
PHWKRGRORJ\��:H�KDYH�UHFHQWO\�SURSRVHG�WKH�DPHQGHG�.6�HTXDWLRQV�DQG�DQ�DOWHUQDWLYH�2(3�
DSSURDFK� WR� WKH�(6�SUREOHP�>���@�� ,W�ZDV�EDVHG�RQ�')7�IRU� LQGLYLGXDO�(6V�DQG�D�VLPSOH� WR�
LPSOHPHQW�PHWKRG�ZKLFK�WDNHV�WKH�RUWKRJRQDOLW\�FRQVWUDLQW�LQWR�DFFRXQW�>�@��7KH�.6�H[FLWHG�
GHWHUPLQDQWV� DUH� RUWKRJRQDO� WR� WKH� GHWHUPLQDQWV� IRU� VWDWHV� RI� ORZHU� HQHUJLHV�� 3UHOLPLQDU\�
H[FKDQJH�RQO\�FDOFXODWLRQV�FDUULHG�RXW�IRU�VRPH�DWRPV�DQG�PROHFXOHV�ZHUH�HQFRXUDJLQJ��7KH�
WRWDO�(6�HQHUJLHV�FDOFXODWHG�KDG�WKHLU�UHODWLYH�GHYLDWLRQV��'(�(��IURP�WKH�+DUWUHH�)RFN�RQHV�
RI WKH�RUGHU�RI������

,Q� WKLV� FRPPXQLFDWLRQ�ZH� IXUWKHU�GHYHORS�')7� IRU� LQGLYLGXDO�(6V�� ,Q� DGGLWLRQ� WR�5HIV��
>���@�� RUELWDO�GHSHQGHQW� FRUUHODWLRQ� IXQFWLRQDO� IRU� (6V� LV� GHULYHG� IURP� WKH� PDQ\�ERG\�
SHUWXUEDWLRQ� WKHRU\� EDVHG� RQ� WKH� .RKQ�6KDP� RUELWDOV� DQG� RUELWDO� HQHUJLHV�� 7KH� WRWDO� (6�
HQHUJLHV�RI�WKH�VLPSOH�GLDWRPLFV�FRPSXWHG�ZLWK�WKH�VHFRQG�RUGHU�VXFK�D�WKHRU\�ZHUH�IRXQG�WR�
EH LQ�DJUHHPHQW�ZLWK�EHQFKPDUN�UHVXOWV�REWDLQHG�ZLWK�FRQILJXUDWLRQ�LQWHUDFWLRQ�PHWKRGV����
�>�@� *OXVKNRY��9�1���2SW	6SHFWURVF���� �������������>�@� *OXVKNRY��9�1����/HY\�0���-�&KHP�3K\V��������WR�EH�SXEOLVKHG��>�@� *OXVKNRY�9�1���-�0DWK�&KHP������������������2SW	6SHFWURVF���� ����������
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)DVW105� $�+LJK�3HUIRUPDQFH�105�6LPXODWLRQ�7RRO�
9�)��*DODWD

D�,QVWLWXWH�IRU�3K\VLFDO�2UJDQLF�DQG�&RDO�&KHPLVWU\��5�/X[HPEXUJ�VWU������������'RQHWVN��8NUDLQH��HPDLO��YBJDODW#UDPEOHU�UX��'HVSLWH� RI� GHYHORSPHQW� RI� FRPSXWHU� WHFKQRORJLHV�� DQG� FRQVWDQWO\� JURZLQJ� SRZHU� DQG�VSHHG�RI�SHUVRQDO�FRPSXWHUV�� WKH�GHVLJQLQJ�RI� IDVW�DQG�SHUIRUPDQFH�DOJRULWKPV�VWLOO�ZLOO�EH�ORQJ� WR� UHPDLQ� DFWXDO�� DV�� RQ� WKH� RQH� KDQG�� SURJUHVV� RI� FRPSXWHU� HQJLQHHULQJ� VWLPXODWHV�VFLHQWLILF�PRGHOLQJ�WR�UHVHDUFK�RI�PRUH�DQG�PRUH�FRPSOH[�V\VWHPV��DQG�RQ�WKH�RWKHU�KDQG��WKH�PRGHOLQJ�RI�VXFK�V\VWHPV�UHTXLUHV�WKH�LQFUHDVLQJ�FRPSXWHU�UHVRXUFHV�DQG�VSHHG�RI�SURFHVVRUV��7KH 1XFOHDU�0DJQHWLF�5HVRQDQFH� �105��DV� DQ�DQDO\WLFDO�PHWKRG�RI� VWXG\�RI�PROHFXOHV� LQ�WKHLU�QDWXUDO�HQYLURQPHQW�LV�XQLTXH��DV�IURP�WKH�SRLQW�RI�YLHZ��YROXPH��HDVH�DQG�FRPSOHWHQHVV�RI�WKH�UHFHLYHG�LQIRUPDWLRQ��DQG�IURP�WKH�SRLQW�RI�YLHZ�RI�DELOLWLHV�RI�PRGHOLQJ�RI�H[SHULPHQW�UHVXOWV�� 105� WKHRU\�� LV� H[WUHPHO\� ZHOO� GHYHORSHG� IRU� WKH� ODVW� ��� \HDUV�� JLYHV� H[FOXVLYH�DELOLWLHV�RI�PRGHOLQJ�RI�105�H[SHULPHQWV�SUDFWLFDOO\� WR� DQ\� FRPSOH[LW\��$W� WKH� VDPH� WLPH�OHYHO�RI�GHYHORSPHQW�RI�WKH�DSSURSULDWH�VRIWZDUH��ZKLFK�ZRXOG�XVH�PRGHUQ�DFKLHYHPHQW�ERWK�105 WKHRU\��DQG�FRPSXWHU�WHFKQRORJLHV��LV�PXFK�ORZHU��,Q�VSLWH�RI�WKH�IDFW�WKDW�WKHUH�LV�D�VHW�RI� WKH� QXPHULFDO� VROXWLRQV� RI� SUREOHPV� RI� PRGHOLQJ� LQ� 105�� DOO� RI� WKHP� DUH� QRW�DFFRPSOLVKHG��2QH�RI�WKHP�H[HFXWH�WRR�VORZO\��RWKHUV�DUH�H[WUHPHO\�GLIILFXOW�IRU�SUDFWLFDO�XVH�DQG�DGDSWDWLRQ��1RZ�WZR�81,;�SDFNDJHV�*$00$>�@ DQG�%ORFK/LE�>�@�DUH�NQRZQ�RQO\�IRU�XV�� ZKLFK� ZRXOG� FRYHU� WKH� PRVW� FRPSOHWH� VHW� RI� 105�PRGHOLQJ� SUREOHPV�� %XW� XVH� WKHP�XQGHU� :LQGRZV� HQYLURQPHQW�� ZKLFK� LV� GRPLQDQW� LQ� WKH� (XURSH� FRXQWULHV�� LV� LPSRVVLEOH�ZLWKRXW�HVVHQWLDO�UHYLVLQJ�RI�DQ�LQLWLDO�FRGH���,Q� WKH� JLYHQ� SDSHU� ZH� UHSUHVHQW� D� :LQGRZV�SDFNDJH� IDVW105� GHVLJQHG� IRU� TXDQWXP�PHFKDQLFDO� PRGHOLQJ� RI� KLJK� UHVROXWLRQ� 105� SUREOHPV� SUDFWLFDOO\� RI� DQ\� W\SH� DQG�FRPSOH[LW\��7KH�FKRLFH�DV�WKH�EDVLF�SURJUDPPLQJ�ODQJXDJH�±�223�3DVFDO���LV�FDXVHG�E\�LWV�KLJK�SRSXODULW\�LQ�WKH�FRXQWULHV�RI�(DVW�(XURSH��VLPSOLFLW\�RI�V\QWD[�DQG�HDVH�RI�SHUFHSWLRQ�RI�DQ�LQLWLDO�FRGH��'HVSLWH�RI�LW��E\�WKH�RSSRUWXQLWLHV�KH�D�OLWWOH��LQ�ZKDW�FRQFHGHV�WR�ODQJXDJH�&���� �PRVW� SRSXODU� SURJUDPPLQJ� ODQJXDJH� LQ� WKH� FRXQWULHV� RI� 1RUWKHUQ� $PHULFD��� DQG� WKH�H[HFXWHG� FRGH�� JHQHUDWHG� E\� WKH� PRGHUQ� 3DVFDO�FRPSLOHU�� ZRUNV� RQO\� RQ� ������ �� PRUH�VORZO\�� WKDQ�DSSURSULDWH�&��� �FRGH��/DVW�JDS�FDQ�EH�HDVLO\�FRUUHFWHG�E\� UHSODFHPHQW�RI� WKH�PRVW�WLPH�FRQVXPLQJ�SDUWV�RI�D�FRGH�E\�DQ�DVVHPEOHU�FRGH��7KH�LQLWLDO�FRGH�RI�D�SDFNDJH�LV�RSWLPL]HG�XQGHU�WKH�PRVW�ZLGHVSUHDG�W\SHV�RI�SURFHVVRUV���3HQWLXP��$0'�DQG�&HOHURQ��DQG�VKRZV�KLJK�VSHHG�RI�FDOFXODWLRQV��&RPSDULVRQ�ZLWK�WKH�DFFHVVLEOH�WULDO�YHUVLRQV�RI�WKH�SRSXODU�105 SURJUDPV� 0HVW5H&� >�@�� J105� >�@� DQG� 3(5&+� >�@ GHPRQVWUDWHV� KLJKHU� VSHHG� RI�FDOFXODWLRQV� IDVW105� LQ� FRPSDULVRQ�ZLWK�0HVW5H&� LQ ���� WLPHV��PRUH� WKDQ� LQ� ��� WLPHV� LQ�FRPSDULVRQ�ZLWK�J105� DQG� LQ��� WLPHV� LV� IDVWHU�� WKDQ�3(5&+� 8WLOL]LQJ�PRGHUQ�QXPHULFDO�PHWKRGV� DQG� DOJRULWKPV� DOORZV� VWXG\� RI� FRPSOH[�PROHFXODU� V\VWHPV�� VXFK� DV� ELRPROHFXOHV�HWF��5HOD[DWLRQ�DQG�FKHPLFDO�H[FKDQJH�XVLQJ�/LRXYLOOH�VSDFH�RSHUDWRUV�DUH�DOVR�LQFOXGHG��7KH�SUHVHQFH�RI� WKH� JUDSKLF� LQWHUIDFH� HVVHQWLDOO\� VLPSOLILHV�XVH�RI� D�SDFNDJH� E\� WKH�XVHUV��+LJK�SHUIRUPDQFH�DOJRULWKPV�GHVLJQHG�LQ�WKH�IDVW105�FDQ�EH�XVHG�QRW�RQO\�LQ�105�PRGHOLQJ��EXW�DOVR�LQ�PDQ\�RWKHU�DUHDV�RI�FRPSXWLQJ�FKHPLVWU\�DQG�SK\VLFV���
>�@� 6��6PLWK��7��/HYDQWH��%��0HLHU��5��(UQVW��-��0DJQ��5HVRQ�����D������������>�@�:�%��%ODQWRQ��-��0DJQ��5HVRQ������������������>�@� KWWS���ZZZ�PHVWUHF�FRP��>�@� KWWS���ZZZ�DGHSWVFLHQFH�FR�XN�SURGXFWV�ODE�JQPU��>�@� KWWS���ZZZ�SHUFKVROXWLRQV�FRP��
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*38�')7�±�SRZHUIXO�DFFHOHUDWRU�
IRU�$E�LQLWLR�FDOFXODWLRQV�RQ�RUGLQDU\�SHUVRQDO�FRPSXWHU�

$�9��6HPDQLQ�
'HSDUWPHQW� RI� F\EHUQHWLFV� DQG� FRPSXWHU� HQJLQHHULQJ�� 6HYDVWRSRO� 6WDWH� 7HFKQLFDO�8QLYHUVLW\���6HYDVWRSRO��������8NUDLQH���

7KH IDVW�JURZLQJ�YLGHRJDPH�LQGXVWU\�H[HUWV�VWURQJ�HFRQRPLF�SUHVVXUH�WKDW�IRUFHV�FRQVWDQW�
LQQRYDWLRQ� LQ� GHYHORSLQJ� RI� JUDSKLFV� SURFHVVRU� XQLWV� �*38��� �7KH�*38�KDV� HYROYHG� LQWR� D�
YHU\�IOH[LEOH�DQG�SRZHUIXO�FRSURFHVVRU�ZLWK�D�ORW�RI�*IORSV�VHF�DQG�MXVW�QRZ�HYHQ�7IORSV�VHF��
,W�KDV�RZQ�ODUJH�PHPRU\�ZLWK�KLJK�EDQGZLGWK�DQG�ORZ�ODWHQF\��$UFKLWHFWXUH�RI�*38�GLIIHUV�
IURP�FODVVLFDO�YRQ�1HXPDQQ¶V�PDFKLQH�DQG� WKLV� LV� WKH� UHDVRQ�ZK\� WKH� WUDGLWLRQDO�DOJRULWKP�
FRXOG� QRW� EH� H[HFXWHG� RQ� WKLV� *38�� +RZHYHU�� LW¶V� SRVVLEOH� WR� FUHDWH� WKH� SURJUDPV� WKDW�
VLPXODWH�WKH�H[HFXWLRQ�RI�VWDQGDUG�SURJUDPV�DQG�FDUULHV�RXW�RQ�*38���

7KH DXWKRU�SURSRVH� �JSX�GIW� �SURJUDP�WKDW� �UHDOL]H�WKH�DERYH�PHWKRG��IRU�VRPH�SDUWV�RI�
WKH� VWDQGDUG� OLEUDULHV� VXFK� DV� ))7:�� %/$6�� /$3$&.�� &/$3$&.�� $7/$6� WKDW� DUH�
H[WHQVLYHO\�XVHG�LQ�$E�LQLWLR�PROHFXODU�G\QDPLFV�VLPXODWLRQV���8VLQJ�WKLV�WHFKQLTXH�ZH�KDYH�
EHHQ�DEOH�WR�DFKLHYH�SHUIRUPDQFH�RQ�$7,�5DGHRQ�����;7;�����*IORSV�VHF�IRU�GHQVH�PDWUL[�
PXOWLSOLFDWLRQ�DQG�RQ�19,',$�*H)RUFH�����*7;����))7EHQFK�*IORSV�VHF�IRU��'�FRPSOH[�
))7��)RU�FRPSDULVRQ��$7/$6�KDV�GHPRQVWUDWHG�RQO\���*IORSV�VHF�IRU�PDWUL[�PXOWLSOLFDWLRQ�
RQ� ���� *+]� 3HQWLXP� �� XVLQJ� ,QWHO¶V� 66(�� 6,0'� LQVWUXFWLRQ� >�@�7KHUH� 19,',$� *H)RUFH�
����*7;� LQ� RQH� FRPSXWHU� RXWUXQV� DSSUR[LPDWHO\� ���� FHQWUDO� SURFHVVLQJ� XQLWV� �&38�� LQ�
FOXVWHU�RI�ZRUNVWDWLRQ�� SURYLGH�PD[LPXP�IOH[LELOLW\�XVDJH�JSX�GIW�SURJUDP��FRQWDLQV�WKH�
)RUWUDQ� LQWHUIDFH� LQ� WKH� IRUP� RI� ZUDSSHU� IXQFWLRQV�� *SX�GIW� SURJUDP� LV� ZULWWHQ� LQ� &� ZLWK�
DSSOLFDWLRQ�RI�&ORVH� WR�7KH�0HWDO� �&70��$3,� IRU�$7,�5DGHRQ�*38�DQG�&RPSXWH�8QLILHG�
'HYLFH� $UFKLWHFWXUH� �&8'$�� $3,� IRU� 19,',$� *38� FRUUHVSRQGHQWO\�� 7KH� H[HFXWLRQ�
HQYLURQPHQW�LV�ZLQGRZV�DQG�OLQX[���

8VXDOO\� WKUHH� FDOFXODWLRQ� SDUWV� LQ� WKH� ')7� FDOFXODWLRQ� DUH� PDLQO\� WLPH�FRQVXPLQJ�� WKH�
HYDOXDWLRQ� RI� +DPLOWRQLDQ� PDWUL[� HOHPHQWV�� WKH� VROXWLRQ� RI� 3RLVVRQ¶V� HTXDWLRQ�� DQG� WKH�
GLDJRQDOL]DWLRQ� RI� WKH� JHQHUDOL]HG� VHFXODU� HTXDWLRQ�� 7KH� JSX�GIW� SURJUDP� DWWDLQHG�
FRPSXWDWLRQDO� HIIHFWV� IRU� HYHU\� RI� HDFK� FDOFXODWLRQ� SDUWV�� ,W� FDQ� EH� XVHG�ZLWK�PRVW�ZLGHO\�
H[WHQGHG�SURJUDPV�IRU�')7�FDOFXODWLRQ�H�J��2FWRSXV��2SHQ0;��&30'��*UHDWHU�HIIHFW�FRXOG�
EH DFKLHYHG�E\�PHDQV�RI� FUHDWLRQ�RI� VSHFLDO�PHWKRGV�RI� FRPSXWDWLRQDO� FKHPLVWU\� IRU�GLUHFW�
H[HFXWLRQ�RQ�*38��&RRSHUDWLRQ�LQ�WKLV�ILHOG�RI�UHVHDUFK�LV�KLJKO\�DSSUHFLDWHG��

$V *38� JURZWK� FRQWLQXHV� WR� RXWSDFH� &38� JURZWK�� WKH� DXWKRU� H[SHFWV� WKH� *38� ZLOO�
EHFRPH�WKH�SUHIHUUHG�SODWIRUP�IRU�KLJK�SHUIRUPDQFH�VFLHQWLILF�FRPSXWLQJ��

�
>�@� 'RQJDUUD��-��������$Q�XSGDWH�RI�D�FRXSOH�RI�WRROV��$7/$6�DQG�3$3,��'2(�6DOLVKDQ�0HHWLQJ��DYDLODEOH�IURP�ZZZ�QHWOLE�RUJ�XWN�SHRSOH�-DFN'RQJDUUD�6/,'(6�VDOLVKDQ�SV���
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4XDQWXP�&KHPLFDO�6WXG\�RI�$URPDWLFLW\�
RI 6L[�0HPEHUHG�0RQRKHWHURF\FOHV�

,ULQD�9��2PHOFKHQNR� 5RPDQ�,��=XEDW\XN��2OHJ�9��6KLVKNLQ�
67&�³,QVWLWXWH� IRU�6LQJOH�&U\VWDOV´��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH�
(�PDLO��LULQD#[UD\�LVF�NKDUNRY�FRP�

7KH ZD\�RI�WKH�TXDQWLWDWLYH�GHWHUPLQDWLRQ�RI�DURPDWLFLW\�LV�RQH�RI�WKH�PRVW�FRQWURYHUVLDO�
LVVXHV� UHODWLQJ� WR� WKH� DURPDWLFLW\� FRQFHSW��7KH�TXHVWLRQ� DERXW� WKH�SRVVLELOLW\�RI� DURPDWLFLW\�
GHVFULSWLRQ�E\�D�VLQJOH�SURSHUW\�RI�WKH�PROHFXOH�ZDV�UDLVHG�UHSHDWHGO\�GXULQJ�ODVW�GHFDGH���

$URPDWLFLW\�RI�WKH�VHW�RI�VL[�PHPEHUHG�PRQRKHWHURF\FOHV��&�+�;��; &+��6L+��*H+��1��
3��$V��2�� 6�� 6H�� ZDV�VWXGLHG�DW� WKH�03��FF�S97=� OHYHO�RI� WKHRU\�XVLQJ� � VWUXFWXUDO� �%LUG�
LQGH[� ,���� HQHUJHWLF� �$6(��� PDJQHWLF� �1,&6���]]�� DQG� VWUXFWXUDO�G\QDPLF� �RXW�RI�SODQH�
GHIRUPDWLRQ�IRUFH�FRQVWDQW��N(��DURPDWLFLW\�LQGLFHV��,W�ZDV�IRXQG�WKDW�DOO�RI�WKH�PROHFXOHV�DUH�
KLJKO\� DURPDWLF�� $OO� XVHG� LQGLFHV� SURYLGH� TXDOLWDWLYHO\� FRUUHFW� GHVFULSWLRQ� RI� DURPDWLFLW\�
FKDQJH�ZLWK� LQFUHDVH�RI� DWRPLF�QXPEHU�RI�KHWHURDWRP��H[FHSW� IRU�S\ULOOLXP�FDWLRQ��)RU� WKLV�
FDWLRQ� D� ORZ� DURPDWLFLW\�ZDV� LQGLFDWHG� E\� DOO� LQGLFHV� H[FHSWLQJ� N(��7KLV�ZDV� H[SODLQHG� E\�
KLJK� HOHFWURQHJDWLYLW\� RI� WKH� R[\JHQ� DWRP� UHVXOWLQJ� LQ� � ORZ� FRQWULEXWLRQ� RI� FODVVLF�.HNXOH�
UHVRQDQFH�VWUXFWXUHV�DQG�VXEVWDQWLDO� �FKDUDFWHU�RI�WKH�&�2� ERQG��

$V�IRU�TXDQWLWDWLYH�FRPSDULVRQ��JRRG�FRUUHODWLRQV�ZHUH�IRXQG�RQO\�IRU�WKH�SDLUV�RI�LQGLFHV�
,��1,&6���]]� DQG�$6(�N(��$OPRVW� QR� FRUUHODWLRQ� LV� REVHUYHG� EHWZHHQ� WKHVH� WZR� JURXSV� RI�
LQGLFHV��7KLV�IDFW�UHYHDOV�WKDW�WKH�DURPDWLFLW\�RI�VL[�PHPEHUHG�KHWHURF\FOHV�FDQ�EH�GHVFULEHG�
E\�DW�OHDVW�WZR�LQGHSHQGHQW�SURSHUWLHV�RI�WKH�PROHFXOHV��
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,QIOXHQFH�RI�([RF\FOLF�3URWRQ�'RQRU�$FFHSWRU�
RQ�7DXWRPHULVP��$URPDWLFLW\�DQG�,QWUDPROHFXODU�

5HVRQDQFH�$VVLVWHG�+\GURJHQ�%RQGV�
5RPDQ�,��=XEDW\XN� 2OHJ�9��6KLVKNLQ�

67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´�1DWLRQDO�$FDGHP\�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNRY����������8NUDLQH�
(�PDLO��URPDQ#[UD\�LVF�NKDUNRY�FRP�

+\GURJHQ� ERQGLQJ�� DURPDWLFLW\� DQG� WDXWRPHULVP� RFFXS\� D� SURPLQHQW� SRVLWLRQ� LQ�
KHWHURF\FOLF� FKHPLVWU\�� 7KH\� VLJQLILFDQWO\� LQIOXHQFH� WKH� VWUXFWXUH�� UHODWLYH� VWDELOLW\� RI�
WDXWRPHUV� �RU� LVRPHUV��� UHDFWLYLW\� DQG� FKDUDFWHU� RI� LQWUDPROHFXODU� LQWHUDFWLRQV� RI� YDULRXV�
RUJDQLF�PROHFXOHV��2QH�RI�WKH�PRVW�LQWHUHVWLQJ�WRSLFV�LV�WKH�UHODWLRQVKLS�EHWZHHQ�DURPDWLFLW\�
RI� WKH� KHWHURF\FOH�� SRVLWLRQ� RI� WDXWRPHULF� HTXLOLEULXP�� DQG� VWUHQJWK� RI� LQWUDPROHFXODU�
K\GURJHQ�ERQGV��

;1
+

;1
+

$ %

;  �2��1+��6

7KH� WDXWRPHUV� RI� WKH� VHW� RI� PROHFXOHV� FRQWDLQLQJ� GLIIHUHQW� W\SHV� RI� KHWHURF\FOHV� ZHUH�
VWXGLHG�ZLWK�DE�LQLWLR�TXDQWXP�FKHPLFDO�PHWKRGV�DW�WKH�03��$8*�FF�S9'=�OHYHO�RI�WKHRU\��
,W�ZDV� GHPRQVWUDWHG� WKDW� WKH� UHODWLYH� VWDELOLW\� RI� WDXWRPHUV� LV� FRQWUROOHG�PDLQO\� E\� WKH� WZR�
IDFWRUV��UHODWLYH�LQKHUHQW�SURWRQ�DIILQLW\�RI�KHWHURDWRPV�LQYROYHG�LQWR�K\GURJHQ�ERQG��DQG�WKH�
FKDQJH�RI�KHWHURF\FOH�DURPDWLFLW\� LQ� WZR� WDXWRPHUV��7KH� LQIOXHQFH�RI� WKH�VXEVWLWXHQW�RQ� WKH�
DURPDWLFLW\�RI�KHWHURF\FOH�LV�SURYLGHG�GXH�WR�WKH�GLIIHUHQW� �GRQDWLQJ�DFFHSWLQJ�SURSHUWLHV�RI�
KHWHURDWRPV�OHDGLQJ�WR�WKH�FKDQJH�RI� �FKDUJH�RQ�WKH�KHWHURF\FOH���

,W�ZDV�UHYHDOHG�WKDW�WKH�K\GURJHQ�ERQGV�LQ�WKHVH�PROHFXOHV�DUH�UHVRQDQFH�DVVLVWHG��7KHLU�
VWUHQJWK�GHSHQGV�RQ�WKH�HIILFLHQF\�RI�UHVRQDQFH�LQ�WKH�VSDFHU��ZKLFK�LQ�WXUQ�LV�FRQWUROOHG�E\�
�GRQDWLQJ�DFFHSWLQJ� SURSHUWLHV� RI� KHWHURF\FOH� DQG� VXEVWLWXHQW��7KH�PHFKDQLVP�RI� LQWHUSOD\�
EHWZHHQ� KHWHURF\FOH� DURPDWLFLW\�� LQWHUPROHFXODU� K\GURJHQ� ERQG� VWUHQJWK� DQG� VSDFHU�
SRODUL]DWLRQ�ZDV�UHYHDOHG��
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$QDO\VLV�RI�LQWUDPROHFXODU�K\GURJHQ�ERQGV�RI�DFWLQRFLQ�
GHULYDWLYHV���DQDORJXHV�RI�WKH�DQWLFDQFHU�DQWLELRWLFV�

2�6��6XNKDQRY� $�9��6KHVWRSDORYD��.�9��0LURVKQ\FKHQNR�
'HSDUWPHQW� RI� %LRORJLFDO� 3K\VLFV�� ,QVWLWXWH� RI� 5DGLRSK\VLFV� DQG� (OHFWURQLFV�� 1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��.KDUNLY���������$FDG��3URVNXUD�6WU�����8NUDLQH�

7KH DLP� RI� WKH� UHVHDUFK� ZRUN� ZDV� WR� LQYHVWLJDWH� WKH� VWUXFWXUH� DQG� WKH� SURSHUWLHV� RI�FRQIRUPHUV�RI�DFWLQRFLQH�GHULYDWLYHV�ZLWK�GLIIHUHQW� OHQJWK�RI� VLGH�FKDLQV��GRXEOH�SURWRQDWHG�DFWLQRFLQ� ELV���GLPHWK\ODPLQRHWK\O�DPLGH� �$FW,,����� DFWLQRFLQ� ELV���GLPHWK\ODPLQR�SURS\O�DPLGH� �$FW,,,��� DQG� DFWLQRFLQ� ELV���GLPHWK\ODPLQREXWLO�DPLGH� �$FW,9��� �)LJ�����7KHVH�DFWLQRFLQ�GHULYDWLYHV�DUH� WKH� DQDORJXHV�RI�DQWLFDQFHU�DQWLELRWLF�$FWLQRP\FLQ�'��7KH\�LQWHUDFW�ZLWK�'1$�PROHFXOHV�E\�LQWHUFDODWLRQ�RU�PLQRU�JURRYH�W\SH�RI�ELQGLQJ�>�@��,W�LV�DOVR�NQRZQ�WKDW�WKH\�FDQ�H[LVW�LQ�VROXWLRQ�DV�DQ�HTXLOLEULXP�PL[WXUH�RI�VHYHUDO�FRQIRUPDWLRQV�ZLWK�GLIIHUHQW�QXPEHU�RI�LQWUDPROHFXODU�K\GURJHQ�ERQGV�>�@���,Q�RUGHU�WR�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�H[LVWHQFH�RI�PXOWLSOH�FRQIRUPDWLRQV�RI�DFWLQRFLQGHULYDWLYHV� ZH� FDUULHG� RXW� JHRPHWU\� RSWLPL]DWLRQV�� KDUPRQLF� YLEUDWLRQDO� IUHTXHQFLHV� DQG�PROHFXODU� WKHUPRG\QDPLF� FKDUDFWHULVWLF� FDOFXODWLRQV� ZLWK� GHQVLW\� IXQFWLRQDO� PHWKRG� DW�%�/<3�����*� OHYHO� RI� WKHRU\��$OVR� RXU� SDUWLFXODU� LQWHUHVW� FRQVLVWV� LQ� WKH� LQYHVWLJDWLRQ� RI�LQIOXHQFH� RI� LQWUDPROHFXODU� K\GURJHQ� ERQGV� RQ� WKH� UHODWLYH� HQHUJLHV�� JHRPHWULF� SDUDPHWHUV�DQG� FKDUJHV� RI� DFWLQRFLQ� GHULYDWLYHV� $� %DGHU¶V� DWRPV�LQ�PROHFXOHV� �$,0�� WRSRORJLFDO�DQDO\VLV� RI� WKH� HOHFWLRQ� GHQVLW\� GLVWULEXWLRQ� ZDV� XVHG� IRU� WKH� VWXG\� RI� FKDUDFWHULVWLFV� RI�K\GURJHQ�ERQGV���
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)LJ������$FWLQRFLQ�GHULYDWLYHV��Q� ����DFWLQRFLQ�ELV���GLPHWK\ODPLQRHWK\O�DPLGH��$FW,,�����Q� ����DFWLQRFLQ�ELV���GLPHWK\ODPLQRSURS\O�DPLGH��$FW,,,������Q ����DFWLQRFLQ�ELV���GLPHWK\ODPLQREXWLO�DPLGH��$FW,9�����
,W�ZDV�IRXQG�WKDW�GRXEOH�SURWRQDWHG�PROHFXOHV�$FW,,��� $FW,,,��� $FW,9���DUH�FKDUDFWHUL]HG�E\�H[WHQGHG�QHW�RI�LQWUDPROHFXODU�K\GURJHQ�ERQGV��7KH�SURSHUWLHV�DQG�TXDQWLW\�RI�K\GURJHQ�ERQGV� SOD\� HVVHQWLDO� UROH� LQ� WKH� FRQIRUPHU� VWDELOL]DWLRQ��7KH� UHVXOWV� RI� WKH� FDOFXODWLRQV� DQG�WKHLU�DQDO\VLV�GHPRQVWUDWHG�WKDW�WKH�UHODWLYH�HQHUJLHV��¨(��ZHUH�FKDQJHG�XS�WR����NFDO�PRO�����NFDO�PRO� DQG� ��� NFDO�PRO� GXULQJ� FRQIRUPDWLRQDO� WUDQVLWLRQV� IRU� $FW,,��� $FW,,,��� $FW,9���UHVSHFWLYHO\��)RU�DFWLQRFLQ�GHULYDWLYH�$FW,,,���WKH�VRPH�GLIIHUHQW�WDXWRPHUV�ZHUH�REWDLQHG�DQG�WKH�LQIOXHQFH�RI�FKORULQH�LRQ��&O�� RQ�WKH�IRUPDWLRQ�RI�LQWUDPROHFXODU�K\GURJHQ�ERQGV�ZDV�DQDO\]HG��$E�LQLWLR�FDOFXODWLRQV� UHYHDOHG� VPDOO� SUREDELOLW\� RI� WDXWRPHU� WUDQVLWLRQ� LQ� WKH� V\VWHP�$FW,,,��� VLQFH� WKH�GLIIHUHQFH�LQ�WKH�*LEEV�IUHH�HQHUJLHV�FRXOG�DPRXQW�WR����NFDO�PRO��,W�ZDV�VKRZQ�WKDW�WKH�SRVLWLRQ�RI� &O� LV� HVVHQWLDO� IRU� FRQIRUPHU� UHODWLYH� HQHUJLHV� DQG� FKDUJHV� RI� DWRPV� GXH� WR� WKH� DGGLWLRQDO�SRODUL]DWLRQ�RI�$FW,,,���PROHFXOHV��$FFRUGLQJ�WR�WKH�UHVXOWV�RI�FDOFXODWLRQ�LQ�3&0�DSSURDFK�ZDWHU�GUDPDWLFDOO\�LQIOXHQFHV�RQ�WKH�UHODWLYH�HQHUJLHV�RI�WDXWRPHULF�IRUPV�RI�$FW,,,��� ,W�ZDV�VKRZQ�WKDW�LQ�WKH�ZDWHU�HQYLURQPHQW�$FW,,,���SRVVHVV�PXFK�PRUH�FRQIRUPDWLRQDO�ODELOLW\��

>�@� 9�<D�� 0DOHHY�� 0�$�� 6HPHQRY�� (�%�� .UXJORYD�� 7�9�� %ROEXNK�� $�,�� *DVDQ�� (�*�� %HUH]Q\DN�� $�9��6KHVWRSDORYD��-��0RO��6WUXFW����� ������������>�@� 9�6��6LELUWVHY��(�1��*OLELQ��6�'��,YDQRY��5XVVLDQ�-�2UJ�&KHP���� �������������
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6WUXFWXUH�DQG�ULQJ�LQYHUVLRQ�RI�GHULYDWLYHV�RI�F\FORKH[HQH�
ZLWK�H[RF\FOLF�GRXEOH�ERQG�

6�9��6KLVKNLQD� 6�0��'HVHQNR��2�9��6KLVKNLQ�
67&�³,QVWLWXWH� IRU�6LQJOH�&U\VWDOV´��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH��(�PDLO��VYHWD#[UD\�LVF�NKDUNRY�FRP��

5HFHQWO\� >�@� LW� ZDV� GHPRQVWUDWHG� WKDW� WKH� ULQJ� LQYHUVLRQ� SURFHVV� LQ� F\FORKH[HQH� KDV�
XQXVXDO� FKDUDFWHU�� ,W� LQFOXGHV� WKUHH� VWDJHV�� 7KH� ILUVW� VWDJH� LV� WKH� WUDQVIRUPDWLRQ� RI� WKH�
HTXLOLEULXP� KDOI�FKDLU� FRQIRUPDWLRQ� LQWR� D� WZLVW�ERDW� � YLD� WKH� VRID� FRQIRUPDWLRQ� ZLWK�
VLJQLILFDQW� LQFUHDVH� LQ� HQHUJ\� LQ� WKH� PROHFXOH�� 7KH� VHFRQG� VWDJH� PD\� EH� GHVFULEHG� DV� DQ�
H[WUHPHO\� HDV\� SVHXGRURWDWLRQ� IURP� RQH� WZLVW�ERDW� IRUP� WR� DQRWKHU� YLD� ERDW�� 7KLV� SURFHVV�
GRHV�QRW�FDXVH�FKDQJH�LQ�HQHUJ\�RI�PROHFXOH��7KH�WKLUG�VWDJH�LQYROYHV�WKH�WUDQVLWLRQ�IURP�D�
WZLVW�ERDW�WR�D�KDOI�FKDLU�FRQIRUPDWLRQ�DFFRPSDQLHG�E\�D�VLJQLILFDQW�GHFUHDVH�LQ�HQHUJ\��/DWHU�
>�@� LW�ZDV�GHPRQVWUDWHG�WKDW� WKH�UHSODFHPHQW�RQH�RI� WKH�&�VS�� DWRPV�LQ�WKH�PROHFXOH�RI� WKH�
F\FORKH[HQH� E\� WKH� KHWHURDWRP� �2��1�� 6�� 6H�� OHDGV� WR� WKH� FRQIRUPDWLRQ� RI� WKH� KHWHURF\FOH�
EHFRPHV�DV\PPHWULFDO��7KH�ORVV�RI�V\PPHWU\�OHDGV�WR�WKH�FKDQJH�RI�WKH�FKDUDFWHU�RI�WKH�ULQJ�
LQYHUVLRQ�SURFHVV��

2WKHU�ZD\��WR�EUHDN�WKH�V\PPHWU\�RI�WKH�F\FORKH[HQH�PROHFXOH�LV�WKH�UHSODFHPHQW�RI�RQH�
RI� WKH� PHWK\OHQH� JURXSV� E\� WKH� H[RF\FOLF� GRXEOH� ERQG�� 7KHUHIRUH�� ZH� SHUIRUPHG� WKH�
V\VWHPDWLF� LQYHVWLJDWLRQ� RI� WKH� HTXLOLEULXP� JHRPHWU\�� ULQJ� LQWHUFRQYHUVLRQ� EDUULHU� DQG��
SDWKZD\�IRU�WKH�PROHFXOHV������DW�WKH�03�������*�G��OHYHO�RI�WKHRU\��
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5HVXOWV�RI�FDOFXODWLRQ�GHPRQVWUDWH�WKDW�WKH�HTXLOLEULXP�FRQIRUPDWLRQ�RI�WKH�PROHFXOHV���
���LV�DQ�DV\PPHWULFDO�KDOI�FKDLU��7KH�YDOXH�RI�WKH�EDUULHU�IRU�ULQJ�LQYHUVLRQ�GRHV�QRW�GHSHQG�
IURP�WKH�QDWXUH�RI�KHWHURDWRP��7KH�PRVW� LQWHUHVWLQJ�UHVXOWV�FRQFHUQ�WR�WKH�LQWHUDFWLRQ�RI� WKH�
H[RF\FOLF� DQG�HQGRF\FOLF�GRXEOH�ERQGV��2QH�FDQ�DVVXPH� WKDW� WKH� H[RF\FOLF�GRXEOH�ERQG� LQ�
QRQ�FRQMXJDWHG� SRVLWLRQ�ZLWK� & &� ERQG� LQIOXHQFH� RQ� WKH� V\PPHWU\� RI� WKH� ULQJ� QRWLFHDEO\�
VPDOOHU��7KH�SRWHQWLDO�HQHUJ\�SURILOH�RI�WKH�ULQJ�LQYHUVLRQ�IRU�PROHFXOHV������LV�YHU\�VLPLODU�
WR� RQH� LQ� F\FORKH[HQH�� 7KLV� LQGLFDWHV� WKDW� H[RF\FOLF� GRXEOH� ERQG� SHUWXUEV� LQWUDPROHFXODU�
LQWHUDFWLRQV�LQ�F\FORKH[HQH�WR�D�VLJQLILFDQWO\�VPDOOHU�H[WHQW�DV�FRPSDUHG�WR�KHWHURDWRP��

�
>�@� 6�9�6KLVKNLQD��2�9�6KLVKNLQ��-�/HV]F]\QVNL��&KHP�3K\V�/HWW�� �������������������������>�@� 6�9�6KLVKNLQD��2�9�6KLVKNLQ��6�0�'HVHQNR��-�/HV]F]\QNL��-�3K\V�&KHP��$�����������������������
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$Q�DE�LQLWLR�6WXG\�RI�7DXWRPHULF�,VRPHULVP�RI�*RVV\SRO�
$�)��'PLWUXN��9�,��5\EDFKHQNR��&�<X��&KRWLL��1�6��,ONHY\FK� � � =DUHFKQD\D�
/�0�� /LWYLQHQNR� ,QVWLWXWH� RI� 3K\VLFDO� 2UJDQLF� DQG� &RDO� &KHPLVWU\� 1$68��GPLWUXN#NDI�GRQGXHW�HGX�XD��� *RVV\SRO� ���
���� ���� �KH[DK\GUR[\�� ��� � GLLVRSURS\O� ±� ��� � GLPHWK\O� �� ��� �ELQDSKWKDOHQH�±���� � GLFDUER[DOGHK\GH�LV�D�SODQW�ELRORJLFDOO\�DFWLYH�VXEVWDQFH�IURP�FRWWRQ��ZKLFK�GHWHUPLQHV�LWV�WR[LFLW\��$FFRUGLQJ�WR�,5�DQG�� 105�VWXGLHV�LW�ZDV�IRXQG�>�@�WKDW�LQ�GLIIHUHQW� VROYHQWV� JRVV\SRO� RFFXUV� LQ� WKUHH� GLIIHUHQW� WDXWRPHULF� VWUXFWXUHV� �)LJ�� �� SUHVHQWV�WDXWRPHULF�VWUXFWXUHV�RI�JRVV\SRO�DQG�DWRP�QXPHUDWLRQ�RI�LWV�PROHFXOH����

,Q�WKLV�FRPPXQLFDWLRQ�UHVXOWV�RI�TXDQWXP�FKHPLFDO� LQYHVWLJDWLRQ�RI�JRVV\SRO� WDXWRPHULF�HTXLOLEULXP� LQ� YDFXXP� DQG� LQ� VROXWLRQ� RI�'062� DQG� FKORURIRUP� KDYH� EHHQ� GLVFXVVHG��$E�LQLWLR�FDOFXODWLRQV�ZHUH�FDUULHG�RXW�LQ�����*�EDVLV�VHW�XVLQJ�SURJUDP�*$0(66�>�@��(IIHFW�RI�VROYHQW�ZDV�WDNHQ�LQWR�DFFRXQW�ZLWK�WKH�KHOS�RI�FRQWLQXDO�PRGHO�3&0��$FFRUGLQJ� WR� 30�� VHPLHPSLULFDO� DSSUR[LPDWLRQ� LQ� DOO� WDXWRPHUV� QDSKWKDOHQH� ULQJV� DUH�SUDFWLFDOO\�RUWKRJRQDO��GLKHGUDO�DQJOH����C�C IRU�,�DQG�,,,�LV�FORVH�WR���Û��ZKLOH�IRU�,,�LW�LV�DERXW���Û�� $E�LQLWLR�FDOFXODWLRQV�JLYH�WKH�YDOXH�RI�WKLV�DQJOH�VRPHZKDW�VPDOOHU��7KXV��WKLV�DQJOH�IRU�, ,,,�LV�DERXW���Û��ZKLOH�IRU�,,�����Û��,Q� E LQLWLR�FDOFXODWLRQV�ERQG�OHQJWK����C LV�����c�ORQJHU�WKDQ� LQ� 30�� DSSUR[LPDWLRQ� DQG� HTXDOV� ����c� IRU� ,� DQG� ,,,�� ZKLOH� IRU� ,,� ±� ����c�� ,W� LV�QHFHVVDU\�WR�QRWH�WKDW�LQ�30��WKH�PRVW�VWDEOH�WDXWRPHU�LV�,,��LW�LV�PRUH�VWDEOH�E\�����NFDO�WKDQ�, DQG� E\� ��� NFDO� WKDQ� ,,,���$E� LQLWLR� FDOFXODWLRQV� JLYH� VRPHZKDW� GLIIHUHQW� YDOXHV�� WKH�PRVW�VWDEOH� WDXWRPHU� LV� ,�� ZKLFK� LV� ���� NFDO� PRUH� VWDEOH� WKDQ� ,,� DQG� ����� NFDO� WKDQ� ,,,�� 7DEOH�SUHVHQWV� WDXWRPHULF� FRPSRVLWLRQ� RI� JRVV\SRO� DW� ���� FDOFXODWHG� RQ� WKH� EDVLV� RI� HQHUJ\�VWDELOLW\�DQDO\VLV��7KH�FDOFXODWLRQV�FRQILUP�FRQVLGHUDEOH�HIIHFW�RI�VROYHQW�QDWXUH�RQ�WDXWRPHULF�HTXLOLEULXP�RI�JRVV\SRO��,Q�SRODU�VROYHQW�'062�ODFWRO�IRUP�RI�JRVV\SRO�GRPLQDWHV��ZKHUHDV�LQ QRQSRODU�±�DOGHK\GH� IRUP�DQG� WKLV� IDFW� LV�FRPSOHWHO\�FRQILUPV�ZLWK�NQRZQ�H[SHULPHQWDO�HVWLPDWHV��$FFRUGLQJ�WR�OLWHUDU\�GDWD��NHWRO�IRUP�LV�SUHVHQW�RQO\�LQ�DTXHRXV�DONDOLQH�PHGLXP�>�@�
>�@� 6KPLGW�0�:���%DOGULGJH�.�.���%RDW]�-�$���-��&RPSXW��&KHP���� �����������±������>�@� %�%U]H]LQVNL��-�2OHMQLN��6�3DV]\F��-RXUQDO�RI�0ROHFXODU�6WUXFWXUH���� ���������������>�@� 5�'��6WLSDQRYLF��$�$��%HOO��&�5��+RZHOO��-��$P��2LO�&KHP��6RF� ������������
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�,,,� �)LJ����7DXWRPHULF�VWUXFWXUHV�RI�JRVV\SRO�>�@��

7DEOH��5DWLR�����RI�DOGHK\GH��,���ODFWRO��,,��DQG� NHWRO� �,,,�� IRUPV� LQ� WDXWRPHULF�HTXLOLEULXP�RI�JRVV\SRO�
7DXWRPHU�$QDO\VLV�
, ,,� ,,,�

30���YDFXXP� �� ��� a���
YDFXXP� ���� a��� a���
'062� �������� �������� a ������

DE�
LQLW

LR�

FKORURIRUP� ��������� ����� a ������
 � HVWLPDWLRQ� DFFRUGLQJ� WR� H[SHULPHQWDO�
GDWD�>�@�
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')7�LQYHVWLJDWLRQ�RI�WKH�WDXWRPHULF�SURSHUWLHV�
RI VXEVWLWXWHG�����EHQ]RGLD]HSLQRQHV����

6HUJL\�,��2NRY\W\\D�E� /MXGPLOD�.��6YMDWHQNRF� $OH[DQGU�$��*DSRQRYD�/LOL\D�,��.DV\DQD� ,JRU�1��7DUDEDUDD� DQG�-HU]\�/HV]F]\QVNLE
D'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH��
E&RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG� ,QWHUDFWLRQV�� 'HSDUWPHQW� RI�&KHPLVWU\��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL�������86$�
F.LURYRJUDG�6WDWH�3HGDJRJLFDO�8QLYHUVLW\��.LURYRJUDG���������8NUDLQH�

7KH SURWRPHULV� WDXWRPHULVP� RI� RUJDQLF� FRPSRXQGV� LV� IUHTXHQWO\� FRQVLGHUHG� WR� EH� DQ�LPSRUWDQW� SURSHUW\� GHWHUPLQLQJ� WKHLU� UHDFWLYLW\�� ,Q� WKH� FDVH� RI� ����EHQ]RGLD]HSLQRQHV���FKHPR�VHOHFWLYLW\� RI� DON\ODWLRQ�� DF\ODWLRQ�� DQG� RWKHU� UHDFWLRQV� VWURQJO\� GHSHQGV� RQ� WKH�WDXWRPHULF�HTXLOLEULXP�LQ�WKH�GLIIHUHQW�VROYHQWV���+HUH�ZH� SUHVHQW� WKH� UHVXOWV� RI� TXDQWXP�FKHPLFDO� LQYHVWLJDWLRQ� RI� WKH� WKHUPRG\QDPLFDO�VWDELOLW\� RI� WDXWRPHUV� �D ±�G� IRU� ����EHQ]RGLD]HSLQRQHV��� �� ±��� DQG� YDOXHV� RI� DFWLYDWLRQ�EDUULHUV�IRU�WKH�FRUUHVSRQGLQJ�SURWRQ�WUDQVIHU�SURFHVVHV�SHUIRUPHG�DW�%�/<3�����*�G��OHYHO�RI�WKHRU\��
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76��������������������������������������������������������������������76� �$FFRUGLQJ�WR�FDOFXODWLRQV�VWDELOLW\�RI�WDXWRPHUV�GHFUHDVH�LQ�WKH�IROORZLQJ�URZ��D!G!E!F��ZKLOH�FDOFXODWHG�IRU�FRPSRXQG���� YDOXHV�RI�DFWLYDWLRQ�EDUULHU�VKRZV�WKDW�NLQHWLFDOO\�WKH�PRVW�SUREDEOH� WDXWRPHULF� WUDQVIRUPDWLRQ� LV� �Dl�E� ,Q� WKH� FDVH� RI� HWKDQRO� VROXWLRQ� WZR� VROYHQW�PROHFXOHV� VWDELOL]H� WKH� WUDQVLWLRQ� VWDWH� �76�� DQG� WKHUHIRUH� VXEVWDQWLDOO\� ORZHU� DFWLYDWLRQ�EDUULHU�� ,Q� DSURWLF� VROYHQWV� WKH� PRVW� SRVVLEOH� PHFKDQLVP� LV� VHOI�PHGLDWHG� GRXEOH� SURWRQ�WUDQVIHU��76���
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,QYHVWLJDWLRQ�RI�UHDFWLRQV�RI�VXSHUR[LGH�DQLRQ�� ���
ZLWK�DON\O�EURPLGHV�XVLQJ�QRQHPSLULFDO�PHWKRGV�

$�)��'PLWUXN��2�0��=DUHFKQDMD��,�9��(ILPRYD��$�,��3RPHVKFKHQNR��,�$��2SHLGD
/�0��/LWYLQHQNR�,QVWLWXWH�RI�SK\VLFDO�RUJDQLF�DQG�FRDO�FKHPLVWU\�1$6�RI�8NUDLQH��'RQHWVN��7KH UHDFWLRQV�RI�VXSHUR[LGH�DQLRQ�ZLWK�DON\O�KDOLGHV�DUH�PRGHO�IRU�WKH�VWXG\�RI�FKHPLFDO�
DQG� ELRORJLFDO� DFWLYLW\� RI� �

�� +RZHYHU�� WKH�PHFKDQLVP� RI� UHDFWLRQV� RI� GLIIHUHQW� VXEVWUDWHV�
ZLWK �

� UHPDLQV� LQ� GLVFXVVLRQ�� ,Q� WKLV� ZRUN� WKH� UHVXOWV� RI� QRQHPSLULFDO� FDOFXODWLRQ� RI�
SRWHQWLDO�HQHUJ\�VXUIDFHV�DUH�SUHVHQWHG�IRU�WKH�GLIIHUHQW�UHDFWLRQV�RI� �

� ZLWK�DON\O�EURPLGHV���
�

5%U �� �
� 5 �

� � %U� ����5%U �� �
� 5 � +2�

�� %U� �����ZKHUH�5� � �� � �� � �� � ����� E LQLWLR� FDOFXODWLRQV� ZHUH� SHUIRUPHG� XVLQJ� *$0(66�� 0ROHFXODU� VWUXFWXUHV� ZHUH�
RSWLPL]HG� LQ� WKH� EDVH� RI� ���'+� ZLWK� LQFOXGLQJ� RI� VS�GLIIXVH� DQG� � ��� �I�� DQG� �G��
SRODUL]DWLRQV� IXQFWLRQV��&DOFXODWLRQV�RI�SRWHQWLDO�EDUULHUV� IRU� WKH� UHDFWLRQV� ����DQG� ���� � (��
DQG�LPDJLQDU\�IUHTXHQFLHV�� �� IRU�SRVVLEOH�WUDQVLWLRQ�VWDWHV�DUH�SUHVHQWHG�LQ�D�WDEOH�EHORZ���

�
(�� NFDO�PRO� �Â, � FP���5 5HDFWLRQ�� 5HDFWLRQ�� 5HDFWLRQ�� 5HDFWLRQ��

&+� ���� �� ���� ��
&�+� ���� ����� ���� �����
&�+� ����� ���� ���� �����
&�+� ���� ����� ���� �����

7KH�FDOFXODWLRQV�UHVXOWV�FRQILUP�LQFUHDVHG�VXEVWUDWH�VHOHFWLYLW\�RI� �
� WKURXJK�WKH�URZ�RI�

5%U KRPRORJXHV��ZKLFK�FDQ�UHVXOW�LQ�VXEVWUDWH�GHSHQGLQJ�PHFKDQLVP�GXDOLW\�IRU�WKH�UHDFWLRQV�
RI VXSHUR[LGH�DQLRQ���

&DOFXODWHG� UHVXOWV� TXDOLWDWLYHO\� DUH� LQ� DFFRUGDQFH� ZLWK� DQ� H[SHULPHQWDOO\� REWDLQHG�
DFWLYDWLRQ� SDUDPHWHU� IRU� WKH� UHDFWLRQ� RI� �Â� ZLWK� &�+�%U�� YDOXH� RI� DFWLYDWLRQ� HQHUJ\� IRU�
ZKLFK LV�HTXDO�WR�D�����������NFDO�PRO��
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6WXG\�RI�LQWHUDFWLRQ�RI�R[\JHQ�FRQWDLQLQJ�PRQRPHUV�
ZLWK�PDOHLF�DQK\GULGH�E\�PHWKRGV�RI�TXDQWXP�FKHPLVWU\�

�*�� LXULQD� 9�9��=DLWVHYD�� �9��)DUDIRQRYD�
1DWLRQDO� FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��/�0��/LWYLQHQNR�,QVWLWXWH�RI�SK\VLFDO�RUJDQLF�	�FRDO�FKHPLVWU\��'RQHWVN��8NUDLQH�
(�PDLO��]DLWVHYD#LQIRX�GRQHWVN�XD��7KH GRQRU�DFFHSWRU� FRPSOH[HV� RI�PDOHLF� DQK\GULGH� �0$��ZLWK� XQVDWXUDWHG� FRPSRXQGV�SURYLGH� WKH� UHFHLSW�RI� DOWHUQDWLQJ� FRSRO\PHUV�RI�0$��SRVVHVVLQJ� VHW� RI� YDOXDEOH�SURSHUWLHV��7KH�FKDQJH�RI�PRQRPHU�UHDFWLYLW\�LQ�D�FRPSOH[�LV�UHODWHG�WR�SDUWLFLSDWLQJ�RI�GHILQLWH�PROHFXOH�IUDJPHQWV�LQ�FRPSOH[�IRUPDWLRQ��7DNLQJ�LQWR�DFFRXQW�FRPSOLFDWLRQ�RI�H[SHULPHQWDO�UHYHDO�RI�VXFK FHQWHUV� IRU�ZHDN�PROHFXODU�FRPSOH[HV� WKHLU�VWUXFWXUH�ZHUH�H[SORUHG�E\�VHPL�HPSLULFDO�TXDQWXP�FKHPLFDO� PHWKRGV�� &RPSDULVRQ� RI� SRVVLELOLWLHV� RI� SDUDPHWUL]LQJ� $0�� DQG� 30���ZLWKLQ WKH� IUDPHZRUN� RI� WKH�023$&� �� SDFNDJH�� VKRZHG� WKDW� SURFHGXUH� FRPSXWDWLRQ� RI�JHRPHWU\�RSWLPL]DWLRQ�ZLWK�WKH�DOJRULWKP�()�E\�WKH�PHWKRG�30��FDQ�QRW�EH�IXOO\�FRPSOHWHG�IRU PRVW� FRQVLGHUHG�PROHFXOHV� RU�PROHFXODU� IRUPDWLRQV�� ZKLOH� WKH�PHWKRG�$0�� DOORZV� WR�FDUU\�RXW�RSWLPL]DWLRQ�ZLWK�WKH�QRUP�RI�WKH�506�JUDGLHQW��������������:H� H[SORUHG� WKH� LQWHUDFWLRQ� RI� PDOHLF� DQK\GULGH� ZLWK� VW\UHQH� DQG� R[\JHQ�FRQWDLQLQJ�PRQRPHUV� �� GLDOO\OIWDODWH� �'$)��� GLHWK\OHQH� JOLFROH� ELV�DOO\O� DUERQDWH�� �'($.��� D� VSLUR�RUWKR�FDUERQDWH� �� ��PHWK\O���PHWK\OHQH���������WHWUDR[DVSLUR>���@QRQDQH� �6S�0��� NHWHQH�DFHWDO� �� ��PHWK\O���PHWK\OHQH�����GLR[DELF\FOR>�����@XQGHNDQH� �.$��� 1�YLQ\OS\UUROLGRQH��93���)RUPDWLRQ�RI�FRPSOH[HV�EHWZHHQ�WKHVH�FRPSRXQGV�LV�FRQILUPHG�E\�D�� 105�PHWKRG��7KH�IRXQG�YDOXHV�RI�FRQVWDQWV�RI�FRPSOH[�IRUPDWLRQ��.��O�PRO��GLPLQLVK�LQ�VHULHV��93��������VW\UHQH��������!�.$��������!�'$)��������!�'($.���������WKDW�EDFN�WHQGHQFLHV�RI�FKDQJH�RI�FRPSXWDWLRQ� YDOXHV� RI� LRQL]DWLRQ� SRWHQWLDO� RI� WKHVH� GRQRUV� �,�  � (+202� H9��� 93� ������� ��VW\UHQH� ������� �� .$� ������ �� '$)� ������� �� '($.� �������� 7KH� H[FHSWLRQ�PDNHV� 6S�0� IRU�ZKLFK� .�  � ����� O�PRO�� DQG� (+202 ���� H9�� WKDW� DOORZV� WR� VXSSRVH� RWKHU� FKDUDFWHU� RI�LQWHUDFWLRQ�IRU� WKH�SDLU�RI�6S�0���0$�RQ�FRPSDULVRQ�ZLWK�RWKHUV��:LWKLQ�WKH�IUDPHZRUN�RI�WKH PHWKRG� $0�� IRU� HYHU\� SDLU� ©GRQRU� �� 0$ª� D� IHZ� FRQILJXUDWLRQV� RI� FRPSOH[HV� ZDV�
UHYHDOHG��FRUUHVSRQGLQJ�WR�WKH�ORFDO�PLQLPD�33(��7KH\�DUH�GHVFULEHG�E\�WKH�YDOXHV�RI�'  

FRPSO� ��6 PRQ� GLVWDQFHV�EHWZHHQ�WKH�LQWHUDFWLYH�JURXSV�RI�DWRPV�� WKH�FKDQJH�RI�FKDUJHV�RQ�WKHP��7KH�VXP�RI�WKH�DFTXLUHG�HQHUJHWLF��JHRPHWULFDO�DQG�HOHFWURQLF�SDUDPHWHUV�DOORZHG�XV�WR�VHOHFW� WKUHH� FDWHJRULHV� RI� FRPSOH[HV�� IRUPHG�GXH� WR� LQWHUDFWLRQ� ���+�ERQGV� DQG� WKH�PL[HG�
W\SH��ZLWK�WZR�FHQWHUV�RI�LQWHUDFWLRQ���IRU�ZKLFK�YDOXHV�RI��' DUH�IRXQG�ZLWKLQ�WKH�OLPLWV�RI������������������DQG���������NFDO�PRO�DFFRUGLQJO\��)RU 6S�0�+�FRPSOH[HV� FRQILJXUDWLRQV� DUH� IRXQG�RQO\�� DQG� IRU� VXFK� GRQRUV�� DV� VW\UHQH��'$) DQG� .$� WKH� FRPSOH[HV� RI� DOO� W\SHV� DUH� IRUPHG�� 3UDFWLFDOO\� IRU� DOO� FRQILJXUDWLRQV� RI�FRPSOH[HV� SRODUL]DWLRQ� RI� FKDUJHV� RQ� WKH� DWRPV� RI� GRXEOH� ERQGV� RI� PROHFXOHV� LQ� WKHP� LV�GLVFRYHUHG��DFWLYDWLQJ� WKHVH�JURXSV� LQ� WKH� UHDFWLRQ�RI�FKDLQ�JURZWK��7KH�0$�OLQNV�ZLWK� WKH�EUHDN� RI� F\FOH� DUH� IRXQG� LQ� WKH� VWUXFWXUH� RI� FRSRO\PHUV� EDFNERQH� �105� PHWKRG��� WKDW�H[SHULPHQWDOO\� FRQILUPV� SDUWLFLSDWLRQ� RI� +�FRPSOH[HV� DQG� FRPSOH[HV� ZLWK� WZR� FHQWHUV� RI�LQWHUDFWLRQ�LQ�WKH�FRSRO\PHUL]DWLRQ�SURFHVV��7KXV��FRPSXWDWLRQ�RI�VWUXFWXUH�RI�GRQRU�DFFHSWRU�FRPSOH[HV�ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�PHWKRG�$0��DOORZV�WR�H[SODLQ�DQG�WR�SUHGLFW�WKH�SDVVDJH�RI�SURFHVV�RI�FRSRO\PHUL]DWLRQ�IRU�WKH�V\VWHPV�RI�GRQRU�PRQRPHUV�ZLWK�0$��
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7KH�VWUXFWXUH�RI��6&1�[� &OXHV�IURP�105�SDUDPHWHUV�
GHWHUPLQHG�ZLWK�'HQVLW\�)XQFWLRQDO�7KHRU\�

+HUEHUW�$��)U�FKWOD� 7DQMD�YDQ�0RXULND� &KULV�-��3LFNDUGE DQG�-��'HUHN�:RROOLQVD
D6FKRRO� RI� &KHPLVWU\��8QLYHUVLW\� RI� 6W� $QGUHZV��1RUWK�+DXJK�� 6W��$QGUHZV�� )LIH�� .<����67��6FRWODQG��8.�
E6FKRRO� RI� 3K\VLFV�	�$VWURQRP\�� 8QLYHUVLW\� RI� 6W� $QGUHZV�� 1RUWK�+DXJK�� 6W�� $QGUHZV��)LIH��.<����66��6FRWODQG��8.��$OWKRXJK�SRO\WKLRF\DQRJHQ�ZLWK�WKH�HPSLULFDO�IRUPXOD��6&1�[ ZDV�ILUVW�UHSRUWHG�LQ������
>�@� WKH� DFWXDO� VWUXFWXUH� RI� WKLV� SRO\PHU� LV� \HW� XQNQRZQ�� :H� KDYH� EHHQ� DWWHPSWLQJ� WR�
GHWHUPLQH� WKH� PROHFXODU� VWUXFWXUH� RI� �6&1�[ E\� FRQVLGHULQJ� D� QXPEHU� RI� VSHFXODWLYH�
VWUXFWXUHV�SURSRVHG� LQ� WKH� OLWHUDWXUH��%\�FRPSDULVRQ�RI� FRPSXWHG� ��& 105�FKHPLFDO� VKLIWV�
ZLWK WKH� REVHUYHG� GDWD� IRU� WKH� GLIIHUHQW� SURSRVHG� VWUXFWXUHV� >�@�� ZH� GHGXFHG� WKDW� �6&1�[
FRQVLVWV� RI� OLQHDU� FKDLQV� EDVHG� RQ� ������GLWKLD]ROH� XQLWV�� $� VHDUFK� RYHU� UHOD[HG� UDQGRP�
SHULRGLF�VWUXFWXUHV�LV�FRQVLVWHQW�ZLWK�WKLV�SLFWXUH���
�

>�@� (�(��6RGHUEDFN��-XVWXV�/LHELJV�$QQ��&KHP����� ������������>�@�:�5��%RZPDQ��&�-��%XUFKHOO��3��/LNLDQ��$�0�=��6ODZLQ��3��:RUPDOG��-�'��:RROOLQV��&KHP��(XU��-�����������������
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1HZ�UHSUHVHQWDWLRQV�DERXW�PROHFXODU�VWUXFWXUH�1�2�
RQ�WKH�EDVLV�RI�TXDQWXP�FKHPLFDO�')7�FDOFXODWLRQV�

,�,��=DKDURY��$�,��.ROEDVLQ��2�,��=DKDURYD� ,�9��.UDYFKHQNR��9�,��'\VKORYRM�
9RORG\P\U�'DO�(DVW�8NUDLQLDQ�1DWLDQDO�8QLYHUVLW\��6HYHURGRQHWVN�7HFKQRORJLFDO�,QVWLWXWH��6HYHURGRQHWVN��������3URVS��5DG\DQVN\W���� � 8NUDLQH��%\�TXDQWXP�FKHPLFDO�PHWKRG�RI�GHQVLW\� IXQFWLRQDO� WKHRU\�')7�%�/<3�ZLWK�XVH�RI� WKH�EDVLV��������*��GI��LW�LV�VKRZQ�WKH�HQHUJHWLFV�HTXLYDOHQFH�RI�PROHFXODU�VWUXFWXUHV�1�2� ZLWK�D &6 DQG�D�&��± V\PPHWU\��VHH�ILJ�������
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�)LJ�����&DOFXODWHG�E\�PHWKRG�%�/<3��������*��GI��JHRPHWULFDO�SDUDPHWHUV��ERQG�OHQJWKV�LQ�c��DQJOHV�LQ�GHJUHHV��SRVVLEOH�VWUXFWXUHV�RI�PROHFXOH�1�2��D�� �� &6 V\PPHWU\� � � �� � � � ��� E�� �� &� V\PPHWU\� �WKH� RSWLPL]HG� YDOXHV� � ����� ��
� ����� ���7KH�GLKHGUDO��DQJOH� FRUUHVSRQGV�WR�URWDWLRQ�RI�IUDJPHQW�12� FRQFHUQLQJ�D�SODQH�RI�D�VKHHW��
7KH�FDOFXODWHG�YLEUDWLRQ�IUHTXHQFLHV�IROORZ��WKDW�ERWK�HTXLOLEULXP�JHRPHWULHV�FKDUDFWHUL]H�WKH�UHDO�PLQLPD�RI�SRWHQWLDO�HQHUJ\�DQG�FRUUHVSRQG��WR�VWDWLRQDU\�VWDWHV�RI�WKH�1�2� PROHFXOH��2Q�WKH�EDVLV�RI�D�FRPSDULVRQ�RI�WKH�FDOFXODWHG�DQG�H[SHULPHQWDO�YLEUDWLRQDO�VSHFWUD��RI�1�2�LW�LV�DVVXPHG��WKDW�WKH�GLQLWURJHQ�SHQWR[LGH�LQ�WKH�JDV�UHSUHVHQWV�WKH�HTXLSURSRUWLRQ��PL[WXUH�RI�WKH�1�2��PROHFXOHV�ZLWK�WKH�&6 DQG�WKH�&�� �V\PPHWU\��DQG�LQ�WKH�VROLG�SKDVH�WKH�1�2� LV�FKDUDFWHUL]HG�E\�PROHFXODU�VWUXFWXUH�RI�WKH�&6 V\PPHWU\�>�@���

>�@� ,�,�=DKDURY�� $�,�.ROEDVLQ�� 2�,�=DKDURYD�� ,�9�.UDYFKHQNR�� 9�,�'\VKORYRM�� 7HRUHWLFKHVND\� L�(NVSHULPHQWDO¶QD\D�.KLPL\D���������������

�D��

�E��
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3UHGLFWLRQ�RI�UHDFWLYLW\�RI�KH[DIOXRURFRPSOH[HV�
RI S���G���HOHPHQWV�RI�,9$�DQG�9$�JURXS�

9��3ODNKRWQ\N�D /��<DU\VKNLQDD� 9��5RVVLNKLQ�D 6�,��2NRY\W\\�E�F�-��/HV]F]\QVNLF
D'QHSURSHWURYVN� 1DWLRQDO� 8QLYHUVLW\� RI� 5DLOZD\� 7UDQVSRUW�� 'QHSURSHWURYVN�� �������8NUDLQH�H�PDLO��HFRODE#HPDLO�GS�XD�
E'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH�
F&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL���������86$��,Q�WKH�URZ�RI�6L)�

�� *H)�
�� 6Q)�

���LQFUHDVLQJ�RI�RUGHU�QXPEHU�RI�DQ�HOHPHQW�UHVXOWV�LQ�H[WUHPH� FKDQJH� RI� NLQHWLF� VWDELOLW\� RI� KH[DIOXRURFRPSOH[� DQLRQ�� 7KXV� UDWH� RI� DONDOLQH�K\GURO\VLV� IURP�6L)�
��
� WR�*H)�

��
�HVVHQWLDOO\�GHFUHDVHV��ZKLOH� IURP�*H)�

��
� WR�6Q)�

��
� LQFUHDVHV��,QYHVWLJDWLRQ�RI�NLQHWLFV�DQG�WKH�PHFKDQLVP�RI�DONDOLQH�K\GURO\VLV�SURFHVVHV�RI�WKHVH�DQLRQV�DQG�SHUIRUPLQJ�RI�DE LQLWLR� FDOFXODWLRQV�RI�JHRPHWULFDO� DQG� HOHFWURQLF� VWUXFWXUH�RI�GLIIHUHQW�FRPSOH[HV� KDV� VKRZQ�� WKDW� LQFUHDVLQJ� RI� UHDFWLYLW\� RI� 6Q)�

��� LQ� FRPSDULVRQ� ZLWK�*H)�
��� LV�FDXVHG� E\� FKDQJH� RI� WKH� PHFKDQLVP� RI� SURFHVV�� QDPHO\� UHDOL]DWLRQ� RI� WKH� DVVRFLDWLYH�PHFKDQLVP� RI� WKH� VXEVWLWXWLRQ�� ZKLFK� LQFOXGHV� IRUPDWLRQ� RI� VHYHQ�FRRUGLQDWHG� 6Q�,9��FRPSOH[�� :H� KDYH� FDUULHG� RXW� VLPLODU� UHVHDUFK� IRU� KH[DIOXRURFRPSOH[� RI� 9 JURXS� IRU�ILQGLQJ�RXW� KRZ� JHQHUDO� LV� WKH� ODZ� RI� UHDFWLYLW\� FKDQJH� RI� FRUUHVSRQGLQJ� LVRHOHFWURQLF�FRPSOH[HV� FRQWDLQLQJ� �� DWRPV� RI� IOXRULQH� LQ� LQWHUQDO� FRRUGLQDWLRQ� VSKHUH�� ([SHULPHQW�FRQILUPV�� WKDW� K\GURO\VLV� RI� 6L)�

��� *H)�
��� )�

� DQG� $V)�
� SURFHHGV� YLD� GLVVRFLDWLRQ�PHFKDQLVP�� L�H�� WKH� WUDQVLWLRQ� VWDWH� FRUUHVSRQGV� WR� HORQJDWLRQ�RI�RQH�RI�;±)�ERQGV�� ,Q� WKDW�FDVH�LQFUHDVLQJ�RI�WKH�DFFHSWRU�DELOLW\�RI�;)� DQG�;±)�ERQG�HQHUJ\�LQ�;)�

Q��VKRXOG�UHVXOW�LQ�WKH LQFUHDVLQJ�RI�LQHUWQHVV�RI�FRPSOH[HV�ZKLFK�FRUUHVSRQGV�WR�H[SHULPHQWDO�UHVXOWV��0RYLQJ�IURP *H)�
��� WR� 6Q)�

��� WKH� DFFHSWRU� DELOLW\� RI� 6Q)� VLJQLILFDQWO\� LQFUHDVHV�� VR� WKDW� DQRWKHU�PHFKDQLVP� YLD� VHYHQ�FRRUGLQDWHG� WUDQVLWLRQ� VWDWH� ZLWK� SHQWDJRQDO� ELS\UDPLGH� VWUXFWXUH�EHFRPHV� SRVVLEOH� �VHH� VWUXFWXUH� EHOORZ��� $V� LW� KDV� EHHQ� VKRZQ�� VXFK� FKDQJHV� UHVXOW� LQ�LQFUHDVLQJ�RI�WKH�DONDOLQH�K\GURO\VLV�UDWH���

)RU�HOHPHQWV�RI�9�JURXS��VXFK�WUHQG�LQ�FKDQJLQJ�RI�WKH�PHFKDQLVP�LI�PRYLQJ�IURP�$V)�
�

WR�6E)�
� LV�HYHQ�PRUH�SUREDEOH��2XU�LQYHVWLJDWLRQ�RI�NLQHWLFV�VKRZ�WKDW� )�

� DQG�$V)�
� DQLRQV�DUH�YHU\�VWDEOH��ZKLOH�6E)�

���K\GURO\]HV�YHU\�IDVW��
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7KH�TXDQWXP�FKHPLFDO�LQYHVWLJDWLRQ�
RI S�WRO\OVXOIRFKORULGH�DPLQRO\VLV�E\�FDJH�DPLQHV�
6�,��2NRY\W\\��$�9��7RNDU��*�9��*U\Q¶RYD��(�$��,VDHY��/�,��.DV\DQ�

'QLHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\�����1DXFKQD\D�VW���'QLHSURSHWURYVN���������8NUDLQH�
$PLQRO\VLV�RI�VXOIRFKORULGHV�LV�RQH�RI�WKH�ZHOO�NQRZQ�V\QWKHWLF�PHWKRGV��ZKLFK�DOORZ�WR�REWDLQ�VXOIRQDPLGHV��

562�1+5
���+&O�562�&O���1+�5
 5 $ON��$U�5
 +��$ON �7KH�SURGXFWV�RI� WKLV�UHDFWLRQ�SRVVHVV�WKH�ZLGH�VSHFWUXP�RI�ELRORJLFDO�DFWLYLW\�GXH�WR�WKH�SUHVHQFH� RI� SKDUPDFRORJLFDO� IUDJPHQWV� ±62�1+� RU� ±62�1+±� LQ� WKHLU� PROHFXOHV�� 6R�� WKH�VXOIRQDPLGHV�DUH�XVHG�DV�WKH�FRPSRQHQWV�RI�PDQ\�PHGLFLQHV��&RQVHTXHQWO\�� WKH�UHVHDUFK�RI�DPLQRO\VLV�SURFHVV�E\�PHWKRGV�RI�TXDQWXP�FKHPLVWU\�KDV�D�JUHDW�LQWHUHVW��,Q�WKLV�ZRUN�ZH�KDYH�EHHQ�LQYHVWLJDWHG�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�RI�S�WRO\OVXOIRFKORULGH�DPLQRO\VLV� E\� DPLQHV�� ZKLFK� FRQWDLQ� RQH� RI� WKH� IROORZLQJ� FDJH� IUDJPHQWV� �� H[R�HQGR�QRUERUQ\O��H[R�HQGR�QRUERUQHQ\O�RU���DGDPDQW\O��
�&+�� 1+5�

&+�1+�
&+�1+�&+1+�

&+� Q

5� +��Q ������&+���Q ��
7KH�FDOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�LQ�JDV�SKDVH�DQG�LQ�VROXWLRQ��DFHWRQLWULOH��H �������DW�3&0�%�/<3�����*�G���%�/<3�����*�G�� OHYHO� RI� WKHRU\�� 7KH� VROYDWLRQ� HIIHFWV� KDYH� EHHQ�HYDOXDWHG�E\�VLQJOH�SRLQW�FDOFXODWLRQV��L�H��ZLWK�XQUHOD[HG�JDV�SKDVH�LVRODWHG�UHDFWDQWV��,��,,�DQG�WUDQVLWLRQ�VWDWHV��,,,� JHRPHWULHV��

&O62� &+�
5
5�1+

6
2
2

&O
1
+

5

5�

&+�
�

�
5
���VXEVWLWXHQW�ZLWK�WKH�FDJH�IUDJPHQW�5�� �+��&+�

, ,,�����������������������������������������������������,,,

�%RQG�OHQJKWV�
�6�1���������������$
�6�&O��������������$
�+�&O��������������$

�7KH UHVXOWV�RI�FDOFXODWLRQV�KDYH�VKRZQ�WKH�SUHIHUDEOH�IURQW�VLGH�DWWDFN�RI�DPLQR�JURXS�RQ�VXOIXU� DWRP� LQ� FRPSDULVRQ� ZLWK� FRUUHVSRQGLQJ� EDFN� VLGH� DSSURDFK�� 6RPH� LPSRUWDQW�UHJXODULWLHV� LQ� FRUUHODWLRQ� ³VWUXFWXUH� ±� QXFOHRSKLOLF� UHDFWLYLW\´� IRU� FDJH� DPLQHV� KDYH� EHHQ�HVWDEOLVKHG��7KXV��WKH�HQWUDQFH�RI�ZLWKGUDZLQJ�& &�ERQG�LQ�QRUERUQDQH�IUDJPHQW�DV�ZHOO�DV�H[R�HQGR�LVRPHULVP� RI� VWDUWLQJ� DPLQHV� GR� QRW� KDYH� DQ\� DSSUHFLDEOH� HIIHFWV� RQ� FDOFXODWHG�YDOXHV�RI�DFWLYDWLRQ�HQHUJ\��2Q�WKH�FRQWUDU\�� WKH� OHQJWK�RI�FDUERQ�FKDLQ��&+��Q EHWZHHQ�WKH�FDJH�IUDJPHQW�DQG�DPLQR�JURXS�DV�ZHOO�DV�WKH�SUHVHQFH�RI�VXEVWLWXHQW�5´�QHDU�QLWURJHQ�DWRP�KDYH� D� JUHDW� LPSRUWDQFH� IRU� DFWLYDWLRQ� EDUULHUV� RI� DPLQRO\VLV� UHDFWLRQ�� WKHVH� YDOXHV� KDYH�EHFRPH�PXFK�PRUH�KLJK�ZLWK�GHFUHDVH�RI�Q�DQG�LQWURGXFWLRQ�RI�5´ &+��JURXS��6R� WKH�REWDLQHG�FDOFXODWLQJ�GDWD�KDYH�GHPRQVWUDWHG�WKDW�WKH�PDMRU�IDFWRU�RI�FDJH�DPLQHV�QXFOHRSKLOLF�UHDFWLYLW\�LV�WKH�VWHULFDO�IDFWRU��
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7KHRUHWLFDO�VWXG\�RI�D�SRWHQWLDO�'LHOV�$OGHUDVH��
7KH�PDFURSKRPDWH�V\QWKDVH�

'HOSKLQH�%DV DQG�;DYLHU�$VVIHOG�
(TXLSHV�GH�&KLPLH�HW�%LRFKLPLH�7KpRULTXHV��805��������&156�
8QLYHUVLWp�+HQUL�3RLQFDUp��1DQF\�,��%3�����������9DQGRHXYUH�OqV�1DQF\�&HGH[�)UDQFH�

7KH�'LHOV�$OGHU�UHDFWLRQ�LV�RQH�RI�WKH�PRVW�IDVFLQDWLQJ�RUJDQLF�UHDFWLRQ��ERWK�LQ�WHUPV�RI�LWV�V\QWKHWLF�SRWHQWLDO�DQG�LWV�UHDFWLRQ�PHFKDQLVP��1DWXUDO�DQG�V\QWKHWLF�HQ]\PHV�SRWHQWLDOO\�FDWDO\]LQJ�WKLV�UHDFWLRQ��FRPPRQO\�QDPHG�'LHOV�$OGHUDVHV��KDYH�EHHQ�ZLGHO\�VWXGLHG�GXH�WR�WKHLU�LQYROYHPHQW�LQ�WKH�ELRV\QWKHVLV�RI�QDWXUDO�SURGXFWV��7KH PDFURSKRPDWH� V\QWKDVH� �036�� IURP� WKH� SK\WRSDWKRJHQLF� IXQJXV� 0DFURSKRPD�FRPPHOLQDH� WKDW� FDWDO\]HV� WKH� WUDQVIRUPDWLRQ� RI� ��S\URQHV� GHULYDWLYHV� WR� WKHLU� EHQ]RDWH�DQDORJV�LV�EHOLHYHG�WR�EH�RQH�RI�WKHP��7KH�FU\VWDO�VWUXFWXUH�>�@�VKRZV�KRZ�WKH�GLHQRSKLOH�LV�KHOG� LQ� SODFH� ZLWK� WKH� GLHQH� IRU� WKH� DGGLWLRQ� UHDFWLRQ��1HYHUWKHOHVV� LW� GRHV� QRW� GLVWLQJXLVK�EHWZHHQ� WKH� FRQFHUWHG� F\FORDGGLWLRQ� �'LHOV�$OGHU� URXWH�� DQG� WKH� VWHSZLVH� DGGLWLRQ��0LFKDHO�DOGRO�PHFKDQLVP���WZR�SRVVLEOH�URXWHV�OHDGLQJ�WR�WKH�ELF\FOLF�LQWHUPHGLDWH��

7KH� WKHRUHWLFDO� VWXG\� SUHVHQWHG� KHUH� DGGUHVVHV� WKH� 'LHOV�$OGHU� YHUVXV� 0LFKDHO�DOGRO�PHFKDQLVP��&RQWLQXXP�DQG�PL[HG�TXDQWXP�DQG�PROHFXODU�PHFKDQLFV��40�00��FDOFXODWLRQV�ZHUH�SHUIRUPHG�WR�SURYLGH�LQVLJKWV�LQWR�ERWK�PHFKDQLVPV�DLPLQJ�DW�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�HQYLURQPHQW�HIIHFWV�WKDW�FDQ�IDYRXU�RQH�RU�WKH�RWKHU�URXWH���
>�@� 2VH�HW�DO���1DWXUH� ��� ����������������
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$SSOLFDWLRQV�RI�4XDQWXP�&KHPLFDO�$SSURDFKHV�
WR�6RPH�(QYLURQPHQWDO�3UREOHPV�

<DQD�.KRORG�D�E�6HUJL\�2NRY\W\\�D�E�/HRQLG�*RUE�D DQG�-HU]\�/HV]F]\QVNLD
D&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL���������86$�
E'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN���������8NUDLQH��

,Q� WKH� FXUUHQW� ZRUN� ZH� GHPRQVWUDWH� KRZ� TXDQWXP� FKHPLFDO� PHWKRGV� FDQ� VHUYH� IRU�
UHVROYLQJ�RI�VRPH�HQYLURQPHQWDO�SUREOHPV�DW�WKUHH�VWDJHV��

D�� SUHGLFWLRQ�RI�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�SRWHQWLDO�SROOXWDQWV��
E� SUHGLFWLRQ�RI�GLVWULEXWLRQ�RI�D�VXEVWDQFH�RI�LQWHUHVW�LQWR�HQYLURQPHQW��
F�� GHVLJQ�RI�GHJUDGDWLRQ�SDWKZD\V�DQG� LGHQWLILFDWLRQ�RI�SURGXFWV�RI�GHFRPSRVLWLRQ�RI�

FRQWDPLQDQWV��
:H� HPSOR\HG� FRPSXWDWLRQDO� WHFKQLTXHV� IRU� LQYHVWLJDWLRQ� RI� FRQIRUPDWLRQDO� WUDQVLWLRQV�

DQG�YLEUDWLRQDO� VSHFWUD�RI�D�QLWUDPLQH�&/�����7KH�PHFKDQLVP�RI� FRQIRUPDWLRQDO� WUDQVLWLRQV�
ZDV� VWXGLHG�� 7KH�PHWKRG� RI� GHWHUPLQDWLRQ� RI� SUHVHQFH� RI� HDFK� SRO\PRUSKLF� SKDVH� LQ� WKHLU�
PL[WXUH�ZDV�SURSRVHG�>�@��

7KH SK\VLFR�FKHPLFDO� SURSHUWLHV�� ZKLFK� GHWHUPLQH� GLVWULEXWLRQ� RI� D� VXEVWDQFH� LQ� WKH�
HQYLURQPHQW�� VXFK�DV�YDSRU�SUHVVXUH��+HQU\¶V� ODZ�FRQVWDQWV��ZDWHU� VROXELOLW\��RFWDQRO�ZDWHU�
SDUWLWLRQ� FRHIILFLHQWV�� KHDWV� RI� IRUPDWLRQ� DQG� LRQL]DWLRQ� SRWHQWLDOV�� ZHUH� VWXGLHG� XVLQJ�
FRPELQDWLRQ�RI�')7�PHWKRGV�DQG�&2602�56�WHFKQLTXH�>�@��

6HYHUDO� PRVW� LPSRUWDQW� PHWKRGV� RI� GHFRPSRVLWLRQ� RI� &/���� �D� WR[LF� SROOXWDQW���
XQLPROHFXODU�GHFRPSRVLWLRQ�>�@��DONDOLQH�K\GURO\VLV�>����@�DQG�SKRWRGHFRPSRVLWLRQ�>�@��ZHUH�
VWXGLHG��:H�SURSRVHG�SRVVLEOH�PHFKDQLVPV�RI�GHFRPSRVLWLRQ�DQG�XVHG�DE�LQLWLR�FDOFXODWLRQV�
LQ�FRPELQHG�H[SHULPHQWDO�WKHRUHWLFDO�VWXGLHV�IRU�SURGXFW�LGHQWLILFDWLRQ��

�
>�@� <��.KRORG��6��2NRY\W\\��*��.XUDPVKLQD��0��4DVLP��/��*RUE��-��/HV]F]\QVNL��-��0RO��6WUXFW����������,Q�3UHVV��>�@� 0��4DVLP��<��.KRORG��/��*RUE��'��0DJHUV��3��+RQHD��-��/HV]F]\QVNL��&KHPRVSKHUH���������,Q�3UHVV��>�@� 6�� 2NRY\W\\��<�� .KRORG��0�� 4DVLP�� +�� )UHGULFNVRQ�� -�� /HV]F]\QVNL�� -�� 3K\V�� &KHP�� $� ���� ������������������>�@� 0��4DVLP��+��)UHGULFNVRQ��3��+RQHD��-��)XUH\��-��/HV]F]\QVNL��6��2NRY\W\\��-��6]HFVRG\��<��.KRORG��6$5�DQG�46$5�LQ�(QYLU��5HV���� ����������±�����>�@� <��.KRORG��6��2NRY\W\\��*��.XUDPVKLQD��0��4DVLP��/��*RUE��-��)XUH\��3��+RQHD��+��)UHGULFNVRQ�� -��/HV]F]\QVNL��-��0RO��6WUXFW����� ����������±�����>�@� <��.KRORG��6��2NRY\W\\��/��*RUE�0��4DVLP��-��/HV]F]\QVNL��([WHQGHG�$EVWUDFWV�RI���WK�&RQIHUHQFH�RQ�&XUUHQW�WUHQGV�LQ�&RPSXWDWLRQDO�&KHPLVWU\� -DFNVRQ��06������������
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3URWRWURSLF�WDXWRPHULVP�RI�XUDFLO�LQ�PRGHO�SURWHLQ�QXFOHLF�
DFLG�FRQWDFWV��([SHULPHQWDO�DQG�WKHRUHWLFDO�GDWD�
6�3��6DPLMOHQNR� <�3��<XUHQNR��$�9��6WHSDQ\XJLQ��'�0��+RYRUXQ�

,QVWLWXWH� RI�0ROHFXODU�%LRORJ\� DQG�*HQHWLFV�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH��YXO��=DERORWQRKR������.\LY��������V�S�VDPLMOHQNR#LPEJ�RUJ�XD�
7KH�DXWKRUV�FDPH�DFURVV�WKH�SUREOHP�RI�QXFOHRWLGH�EDVHV¶�WDXWRPHULVP�ZKHQ�H[SHULPHQWDO�

LQYHVWLJDWLRQ� RI� HOHPHQWDU\� SURFHVVHV� RI� SURWHLQ�� QXFOHLF� UHFRJQLWLRQ� YLD� DPLQR� DFLG�
FDUER[\OLF� JURXS�� ,Q� QXPEHU� RI� FDVHV� LQWHUSUHWDWLRQ� RI� �+ 105�� 89� DQG� ,5� GDWD� ZDV�
LPSRVVLEOH�ZLWKRXW�VXJJHVWLRQ�RQ�WDXWRPHULF�WUDQVIRUPDWLRQ�RI�WKH�EDVHV�LQ�WKHLU�FRPSOH[HV�LQ�
DQK\GURXV�GLPHWK\OVXOIR[LGH�ZLWK�GHSURWRQDWHG�FDUER[\OLF�JURXS�RI�WKH�DVSDUWLF�DQG�JOXWDPLF�
DFLGV¶�UHVLGXHV�WKDW�ZDV�PRGHOHG�E\�VRGLXP�DFHWDWH��&+�&22�1D����

(DUOLHU� TXDQWXP� FKHPLFDO� FDOFXODWLRQV� �DW� YDULRXV� WKHRUHWLFDO� OHYHOV�� RI� HQHUJLHV� RI� WKH�
DGHQLQH�� LVRJXDQLQH�� SXULQH� DQG� [DQWKLQH� SURWRWURSLF� WDXWRPHU� FRPSOH[HV� ZLWK� FDUER[\ODWH�
LRQ LQ� YDFXXP� KDYH� HYLGHQFHG� WDXWRPHULF� WUDQVLWLRQV� IURP� WKH� JURXQG�VWDWH� WR� KLJK�HQHUJ\�
WDXWRPHULF�IRUPV��ZKLFK�DJUHHV�ZLWK�H[SHULPHQWDO�GDWD��

$V� WR� XUDFLO�� HVVHQWLDO� WUDQVIRUPDWLRQ� RI� LWV� 89� VSHFWUD� XSRQ� LQWHUDFWLRQ� ZLWK� VRGLXP�
DFHWDWH� DQG� GLVDSSHDUDQFH� VLJQDOV� RI� ERWK� LWV� LPLQR� SURWRQV� LQ� �+ 105� VSHFWUD��
DFFRPSDQ\LQJ�E\�QRW�ODUJH�EXW�WUXVWZRUWK\�GHFUHDVH�LQ�LQWHQVLW\�RI�ERWK�EDQGV�RI�WKH�FDUERQ\O�
JURXS VWUHWFKLQJ� YLEUDWLRQ� �& 2��� 5HVXOWV� RI� TXDQWXP� FKHPLFDO� FDOFXODWLRQV� RI� WKH� EDVHV�
GRXEOH�FRPSOH[HV�ZLWK�FDUER[\ODWH�LRQ�DSSHDUHG�LQFRPSDWLEOH�ZLWK�VSHFWUDO�GDWD���

2QO\�TXDQWXP�FKHPLFDO�FDOFXODWLRQV�RI�UHODWLYH�HQHUJLHV�RI�WULSOH�FRPSOH[HV�RI�8UD�ZLWK�
FDUER[\ODWH� DQG� VRGLXP� LRQV� DW� WKH� OHYHO� RI� WKHRU\� 03���������*��GI�SG���%�/<3���
�����*�G�S��� WDNLQJ� LQWR� DFFRXQW� %66(� DQG� &3&0� VROYDWLRQ� PRGHO�� PDGH� SRVVLEOH� � D�
FRQVLVWHQW�LQWHUSUHWDWLRQ�RI�VSHFWURVFRSLF�GDWD��7KH�WULSOH�FRPSOH[�RI�WKH�JURXQG�VWDWH�GLNHWR�
WDXWRPHU�DSSHDUHG� WKH�PRVW�VWDEOH��EXW�FRPSOH[HV�RI�HQROLF� WDXWRPHUV�VOLJKWO\�H[FHHG� LWV� LQ�
HQHUJ\�DQG�XQGHU�SK\VLRORJLFDO�WHPSHUDWXUH�FRH[LVW�ZLWK�LW��,Q�DOO�WKH�WULSOH�FRPSOH[HV�SURWRQ�
WUDQVIHU�RFFXUV�DORQJ�+�ERQGV��$V�D�FRQVHTXHQFH��WKH�EDVH�LPLQR�SURWRQV�DUH�YHU\�ODELOH��WKH\�
WUDQVLW�IURP�QLWURJHQ�DWRPV�WR�R[\JHQ�DWRPV�GXULQJ�HQROLF�WDXWRPHUV¶�IRUPDWLRQ��IROORZLQJ�E\�
WUDQVIHU� WR� FDUER[\ODWH� LRQ�� 6LQFH� LQ� WKH� FRXUVH� RI� VXFK� WUDQVIRUPDWLRQV� WKH� EDVH� SDVV� JUHDW�
QXPEHU�RI�LQWHUPHGLDWH�HQHUJHWLF�VWDWHV��WKHLU�VLJQDOV�FDQQRW�EH�UHJLVWHUHG�LQ��+ 105�VSHFWUD��
0RGHUDWH��DV�FRPSDUHG�WR�HIIHFWV�LQ��+ 105�DQG�89�VSHFWUD��GHFUHDVH�LQ�WKH� �& 2��EDQGV¶�
LQWHQVLWLHV�LV�GHWHUPLQHG�E\�WKRVH�FDUERQ\O�JURXSV�RI�WKH�EDVHV��ZKLFK�EHFRPH�WUDQVIRUPHG�WR�
HQROLF�RQHV��7KH�WZR� �& 2��EDQGV�RI�WKH�JURXQG�VWDWH�WULSOH�FRPSOH[HV�DQG�D�RQH�EDQG�IURP�
HDFK� HQROLF� FRPSOH[� DUH� UHVSRQVLEOH� IRU� UDWKHU� KLJK� LQWHQVLW\� RI� FDUERQ\O� DEVRUSWLRQ� LQ� ,5�
VSHFWUD���

%LRORJLFDO�VLJQLILFDQFH�RI�WKH�UHVXOWV�REWDLQHG�LV�GLVFXVVHG��
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7KH�/HDGLQJ�51$�7HUWLDU\�,QWHUDFWLRQV��6WUXFWXUHV��
(QHUJLHV�DQG�:DWHU�,QVHUWLRQ�RI�$�0LQRU�

DQG�3�,QWHUDFWLRQV��$�4XDQWXP�&KHPLFDO�9LHZ�
-XGLW�(��âSRQHU�D�.DPLOD�5pEORYi�D $OL�0RNGDG�E 9ODGLPtU�6\FKURYVNê�D�F�-HU]\�/HV]F]\QVNLG� DQG�-L t âSRQHUD�F�

D,QVWLWXWH�RI�%LRSK\VLFV��$FDGHP\�RI�6FLHQFHV�RI� WKH�&]HFK�5HSXEOLF��.UiORYRSROVNi�������������%UQR��&]HFK�5HSXEOLF�
E'HSDUWPHQW�RI�%LRFKHPLVWU\�DQG�%LRSK\VLFV��6FKRRO�RI�0HGLFLQH��8QLYHUVLW\�RI�&DOLIRUQLD�DW�6DQ�)UDQFLVFR��6DQ�)UDQFLVFR��&$�������
F,QVWLWXWH� RI� 2UJDQLF� &KHPLVWU\� DQG� %LRFKHPLVWU\�� $FDGHP\� RI� 6FLHQFHV� RI� WKH� &]HFK�5HSXEOLF��)OHPLQJRYR�QiP VWt�����������3UDJXH����&]HFK�5HSXEOLF�
G'HSDUWPHQW� RI� &KHPLVWU\�� &RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��-DFNVRQ��0LVVLVVLSSL��������86$�
&RUUHVSRQGLQJ�DXWKRUV��MXGLW#QFEU�FKHPL�PXQL�F]�RU�VSRQHU#QFEU�FKHPL�PXQL�F]��&RPSOH[�PROHFXODU�VKDSHV�RI�ULERVRPDO�51$�PROHFXOHV�DUH�VWDELOL]HG�E\�UHFXUUHQW�W\SHV�RI�WHUWLDU\�LQWHUDFWLRQV�LQYROYLQJ�KLJKO\�VSHFLILF�DQG�FRQVHUYHG�QRQ�:DWVRQ�&ULFN�EDVH�SDLUV��WULSOHV�DQG�TXDUWHWV�� �:H�DQDO\]HG�WKH�LQWULQVLF�VWUXFWXUH�DQG�VWDELOLW\�RI� WKH�3�PRWLI�DQG�WKH�IRXU� EDVLF� W\SHV� RI� $�PLQRU� LQWHUDFWLRQV� �W\SHV� ,�� ,,�� ,,,� DQG� ��� ZKLFK� UHSUHVHQW� WKH� PRVW�SURPLQHQW�51$�WHUWLDU\�LQWHUDFWLRQ�SDWWHUQV�UHILQHG�LQ�WKH�FRXUVH�RI�HYROXWLRQ��,Q�WKH�VWXGLHG�LQWHUDFWLRQV� WKH� HOHFWURQ� FRUUHODWLRQ� FRPSRQHQW� RI� WKH� VWDELOL]DWLRQ� XVXDOO\� H[FHHGV� WKH�+DUWUHH�)RFN� �+)�� WHUP�� OHDGLQJ� WR� D� VWULNLQJO\� GLIIHUHQW� EDODQFH� RI� IRUFHV� FRPSDUHG� WR�VWDQGDUG� EDVH� SDLULQJ� VWDELOL]HG� SULPDULO\� E\� WKH�+)� WHUP�� ,Q� RWKHU�ZRUGV��$�PLQRU� DQG�3�LQWHUDFWLRQV�DUH�FRQVLGHUDEO\�PRUH�LQIOXHQFHG�E\�WKH�GLVSHUVLRQ�HQHUJ\�FRPSDUHG�WR�FDQRQLFDO�EDVH�SDLUV�ZKLFK�PDNHV�WKHP�SDUWLFXODUO\�VXLWDEOH�WR�]LS�WKH�IROGHG�51$�VWUXFWXUHV�ZKLFK�DUH�VXEVWDQWLDOO\�K\GUDWHG�HYHQ�LQ�WKHLU�LQWHULRU���$PRQJ�WKH�VWXGLHG�V\VWHPV�WKH�VWURQJ�$�PLQRU�,,� DQG�ZHDN�$�PLQRU� ,,,� LQWHUDFWLRQV� UHTXLUH� ZDWHU�PROHFXOHV� WR� VWDELOL]H� WKH� H[SHULPHQWDO�JHRPHWU\�� *DV� SKDVH� RSWLPL]DWLRQ� RI� WKH� FDQRQLFDO� $�PLQRU� ,,� $�&*� WULSOH� ZLWKRXW� ZDWHU�UHVXOWV� LQ� JHRPHWU\� ZKLFK� LV� FOHDUO\� LQFRQVLVWHQW� ZLWK� WKH� 51$� VWUXFWXUH�� � 7KH� JDV� SKDVH�VWUXFWXUH�RI�WKH�3�LQWHUDFWLRQ�DQG�WKH�PRVW�VWDEOH�$�PLQRU�,�LQWHUDFWLRQ�QLFHO\�DJUHHV�ZLWK�WKH�JHRPHWULHV� RFFXUULQJ� LQ� ULERVRPH��$�PLQRU� ,� FDQ� DOVR� DGRSW� DQ� DOWHUQDWLYH�ZDWHU�PHGLDWHG�VXEVWDWH�UDWKHU�RIWHQ�REVHUYHG�LQ�[�UD\�DQG�PROHFXODU�G\QDPLFV�VWXGLHV��7KH�$�PLQRU�,�ZDWHU�EULGJH�� KRZHYHU�� GRHV� QRW� DSSHDU� WR� VWDELOL]H� WKH� WHUWLDU\� FRQWDFW� DQG� LWV� UROH� LV� WR� SURYLGH�VWUXFWXUDO� IOH[LELOLW\�� �7KH� LQVHUWLRQ�RI�SRODU�ZDWHU�PROHFXOH� LQ� WKH�$�PLQRU� ,�$�&*�WHUWLDU\�FRQWDFW� RFFXUV� LQWR� WKH� $�&� WHUWLDU\� SDLU� VWDELOL]HG� SULPDULO\� E\� WKH� +)� �HOHFWURVWDWLF��LQWHUDFWLRQ�HQHUJ\�ZKLOH� WKH�GLVSHUVLRQ�FRQWUROOHG�$�*�FRQWDFW� UHPDLQV� ILUPO\�ERXQG��7KXV��WKH�LQWULQVLF�EDODQFH�RI�IRUFHV�DV�UHYHDOHG�E\�WKH�40�FDOFXODWLRQV�QLFHO\�FRUUHODWHV�ZLWK�PDQ\�DVSHFWV�RI� WKH�EHKDYLRU� RI� WKH� VWXGLHG� LQWHUDFWLRQV� LQVLGH�51$��:H�DOVR�EULHIO\�GLVFXVV� WKH�QRQ�QHJOLJLEOH�PHWKRGRORJLFDO�GLIIHUHQFHV�ZKHQ�HYDOXDWLQJ�VLPSOH�EDVH�±�EDVH�QXFOHLF�DFLGV�EDVH�SDLUV�DQG�WKH�FRPSOH[�51$�WHUWLDU\�EDVH�SDLULQJ�SDWWHUQV�XVLQJ�40�SURFHGXUHV��
�D�� âSRQHU�� -�(��� âSDþNRYi�� 1��� .XOKiQHN�� 3��� /HV]F]\QVNL�� -��� âSRQHU�� -�� -�� 3K\V�� &KHP�� $���� �������������������E��âSRQHU��-�(���âSDþNRYi��1���/HV]F]\QVNL��-���âSRQHU��-��-��3K\V��&KHP��%����������� ������

������ �F��âSRQHU��-�(���/HV]F]\QVNL��-���6\FKURYVN\�9���âSRQHU��-��-��3K\V��&KHP��%�������������������������G��0RNGDG��$���.UDVRYVND��0�9���âSRQHU��-���/HRQWLV��1�%��1XFOHLF�$FLGV�5HV���� ������������������
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$E�LQLWLR�3RVW�+DUWUHH�)RFN�6WXG\�RI�0�'1$�)UDJPHQWV��
PROHFXODU�DQG�(OHFWURQLF�6WUXFWXUH�RI�$7�DQG�*&�SDLUV�

ZLWK�=Q����
<X��9��5XELQD� /�)��%HORXVD� $�$��<DNXEDE

D%�,��9HUNLQ�,QVWLWXWH�IRU�/RZ�7HPSHUDWXUH�3K\VLFV�DQG�(QJLQHHULQJ��1$18��.KDUNRY�
E9�0�*OXVKNRY�,QVWLWXWH�RI�&\EHUQHWLFV��1$18��.LHY��

7R VWXG\� SK\VLFDO� SURSHUWLHV� RI� IUDJPHQWV� RI� PHWDOOLF� '1$� �0�'1$��� PROHFXODU� DQG�
HOHFWURQLF� VWUXFWXUHV� DQG� WKHUPRG\QDPLF� FKDUDFWHULVWLFV� RI� DGHQLQH�WK\PLQH� DQG� JXDQLQH�
F\WRVLQH� SDLUV� ZLWK� =Q��� LRQ� �WKH� LRQ� ZDV� SODFHG� EHWZHHQ� QXFOHLF� DFLG� EDVHV�� DQG� RI�
FRPSRQHQWV� IRUPLQJ� WKHVH� SDLUV�ZHUH FDOFXODWHG� DW� �������*� OHYHO�RI� WKHRU\��$V�ZHOO��
FDOFXODWLRQV�ZHUH�SHUIRUPHG�IRU�DGHQLQH�WK\PLQH�=Q���K\GUR[\O�DQG�JXDQLQH�F\WRVLQH�=Q����
K\GUR[\O� FRPSOH[HV�� ,W�ZDV� UHYHDOHG� WKDW� ERQG� OHQJWKV� FKDQJHG� LQ� WKUHH�� DQG� IRXU�PHPEHU�
FRPSOH[HV�� RQ� WKH� IUDJPHQW� FORVH� E\� WKH� VLWH� RI� LQWHUDFWLRQ�ZLWK� =Q��� �1��&��1��&��1���
IUDJPHQW�� LQ�DGHQLQH��RQ� ��1��&��&��&��1��IUDJPHQW�RQ� WKH�S\ULPLGLQH�ULQJ�DQG�RQ�&��
2�� LQ� JXDQLQH�� LQ� FRPSDULVRQ�ZLWK� QHXWUDO�PROHFXOHV�� � &KDUJHV� RQ� DWRPV� FKDQJHG� DW� WKH�
VDPH� IUDJPHQWV�� ,Q� WKH� FRPSOH[HV� FDOFXODWHG� WKH� LQWHUDFWLRQ� HQHUJLHV� RI� EDVH� SDLUV� RI�ZLWK�
=Q��� DUH�VLJQLILFDQWO\�KLJKHU�WKDQ�WKDW�RI�LPLQRSURWRQ�ZLWK�$7�DQG�*&�SDLUV�RU�WKDW�RI�=Q���
ZLWK LWV�K\GUDWH�VKHOO����ZDWHU�PROHFXOHV���+202�DQG�/802�DQDO\VLV�RI�WKH�$7=Q��WULSOH�
FRPSOH[�DQG�$7�SDLU�VKRZHG�WKH�LQFUHDVH�RI�VL]HV�RI�WULSOH�FRPSOH[�/802��ZKLFK�SRLQWV�WR�D�
SRVVLELOLW\� RI� HOHFWURQ� GHORFDOL]DWLRQ� RYHU� WKH� ZKROH� FRPSOH[�� $� PHFKDQLVP� RI� HOHFWULF�
FXUUHQW�LQ�0�'1$�LV�GLVFXVVHG��



0$&&����.\LY������-XO\������ 3RVWHU�

��

40�00�,QYHVWLJDWLRQ�RI�6LQJOH�6WUDQG�%UHDNV�
,QGXFHG�E\�/RZ�(QHUJ\�(OHFWURQV�LQ�'1$�

3LHUUH�)UDQoRLV�/RRV��DQG�;DYLHU�$VVIHOG�
(TXLSHV�GH�&KLPLH�HW�%LRFKLPLH�7KpRULTXHV��805��������&156�8+3�
,QVWLWXW� -HDQ� %DUULRO� �)5� &156� ������� )DFXOWp� GHV� 6FLHQFHV� HW� 7HFKQLTXHV�� 1DQF\�8QLYHUVLWp��%�3�������������9DQGRHXYUH�OqV�1DQF\�&HGH[��)UDQFH�

5HFHQW�H[SHULPHQWV�KDYH�VKRZQ�WKDW� ORZ�HQHUJ\�HOHFWURQV��������H9��FDQ�LQGXFH�VLQJOH�
VWUDQG�EUHDNV��66%V��LQ�'1$�>�@��8QGHUVWDQGLQJ�WKHVH�PHFKDQLVPV�LV�RI�JUHDW�LPSRUWDQFH�IRU�
WKH�GHYHORSHPHQW�RI�PHGLFLQDO�VFLHQFHV��3UHYLRXV�VWXGLHV�RQ�PRGHO�V\VWHPV�GHPRQVWUDWH�WKDW�
ORZ�HQHUJ\�HOHFWURQV�LQGXFH�WKH�FRYDOHQW�ERQG�FOHDYDJH�LQ�'1$�DFFRUGLQJ�WR�D�WKURXJK�ERQG�
HOHFWURQ�WUDQVIHU�SURFHVV�EHWZHHQ�WKH�  RUELWDOV�RI�WKH�QXFOHLF�EDVH�DQG�D�VSHFLILF�ERQG�>����@��
,W� KDV� EHHQ� VKRZQ� WKDW� WKH� &�
�2�
� VXJDU� ERQG� UXSWXUH� GRPLQDWHV� WKH� 66%V� RI� '1$� >�@��
:LWKLQ� WKH� /6&)�00� PHWKRG� >�@�� ZH� H[DPLQH� WKH� HIIHFW� RI� LQFOXGLQJ� WKH� QHLJKERULQJ�
QXFOHRWLGHV�DW�WKH�PROHFXODU�PHFKDQLF��00��OHYHO�XVLQJ�WKH�$PEHU�II���IRUFH�ILHOG��%HFDXVH�
RI WKH�VSDWLDOO\�H[WHQGHG�EHKDYLRXU�RI�WKLV�SKHQRPHQRQ��WKH�ZKROH�QXFOHRWLGH�ZKHUH�WKH�ERQG�
FOHDYDJH�RFFXUUHG�PXVW�EH�LQFOXGHG�LQ�WKH�TXDQWXP�PHFKDQLFDO��40��SDUW�WKDW�LV�WUHDW�DW�WKH�
%�/<3�������*�OHYHO�RI�WKHRU\��

>�@� %RXGDLIID��%���&ORXWLHU��3���+XQWLQJ��'���+XHOV��0��$���6KDQFH��/��6FLHQFH���� �������������>�@� 6LPRQV��-��$FF��&KHP��5HV�����������������>�@� *X��-���:DQJ��-���/HV]F]\QVNL��-��-��$P��&KHP��6RF����� �������������
>�@� $VVIHOG��;���5LYDLO��-��/���&KHP��3K\V��/HWW����� ������������

� (OHFWURQLF�DGGUHVV��3LHUUH�)UDQFRLV�/RRV#FEW�XKS�QDQF\�IU�
� (OHFWURQLF�DGGUHVV��;DYLHU�$VVIHOG#FEW�XKS�QDQF\�IU�
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$Q�DE LQLWLR�TXDQWXP�FKHPLFDO�VWXG\�RI�WKH�QDWXUH�
RI VSRQWDQHRXV�SRLQW�HUURUV�LQ�'1$�ELRV\QWKHVLV�

2�6��.RFKLQDD DQG�'�0��+RYRUXQE
D 7DUDV�6KHYFKHQNR�.\LY�1DWLRQDO�8QLYHUVLW\��)DFXOW\�RI�5DGLRSK\VLFV�� SU��+OXVKNRYD����NRUS����.\LY���������8NUDLQH��NRFKLQDBROJD#LQER[�UX�
E ,QVWLWXWH�RI�0ROHFXODU�%LRORJ\�DQG�*HQHWLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��YXO��=DERORWQRKR������.\LY���������8NUDLQH��

7KH�QDWXUH�RI� VSRQWDQHRXV�SRLQW� HUURUV� LQ�'1$�HQ]\PDWLF� V\QWKHVLV� LV� DPRQJ� WKH�PRVW�
XUJHQW�SUREOHPV�RI�PROHFXODU�ELRORJ\�DQG�TXDQWXP�ELRSK\VLFV��7KLV�LPSRUWDQW�WRSLF�KDV�EHHQ�
GLVFXVVHG�RYHU�ILIW\�\HDUV�DQG�QRZ�QHHGV�RI�QHZ�LGHDV�DQG�DSSURDFKHV�>�@���

:H�VXJJHVW�KHUH�D�QHZ�DSSURDFK�WR�WKH�ROG�SUREOHP�EDVHG�RQ�DE LQLWLR�TXDQWXP�FKHPLFDO�
FDOFXODWLRQV�DW�WKH�03���������*�G�S���')7�%�/<3�����*�G�S��WKHRU\�OHYHO���

2XU DSSURDFK� SURFHHGV� IURP� WKH� DVVXPSWLRQ� WKDW� LQ� DFWLYH� VLWHV� RI� KLJK� ILGHOLW\� '1$�
SRO\PHUDVHV�D� WHPSODWH�QXFOHRWLGH� LV� ULJLGO\� IL[HG� LQ�VSDFH�ZKHUHDV�DQ� LQFRPLQJ�QXFOHRWLGH�
DGMXVWV�WR�LW��7KH�FKHPLFDO�VWDJH�RI�WKH�UHDFWLRQ�WDNHV�SODFH�ZKHQ�PXWXDO�DUUDQJHPHQW�RI�ERWK�
QXFOHRWLGHV�LV�FORVH�WR�RQH�LQ�:DWVRQ�&ULFN�SDLU���

7R YHULI\� WKLV� LGHD�� JHRPHWU\� DQG� HQHUJHWLFV� RI� ��� SXULQH�SXULQH� DQG� SXULQH�S\ULPLGLQH�
EDVH� SDLUV�� FDSDEOH� RI� LQFRUSRUDWLQJ� LQWR� GRXEOH� KHOLFDO� '1$�� ZHUH� VWXGLHG�� $W� WKDW� DOO�
SRVVLEOH�EDVHV¶�WDXWRPHULF�IRUPV�DV�ZHOO�DV�RULHQWDWLRQV�DJDLQVW�WKH�VXJDU�SKRVSKDWH�EDFNERQH�
�V\Q�DQG�DQWL��ZHUH�WDNHQ�LQWR�DFFRXQW���

7KH�REWDLQHG�UHVXOWV�FRQILUP�DQG�TXDQWLWDWLYHO\�VXEVWDQWLDWH�:DWVRQ�&ULFN�>�@��7RSDO�DQG�
)UHVFR� >�@�K\SRWKHVHV�� SRVWXODWLQJ�EDVHV¶�SURWRWURSLF� WDXWRPHULVP� WR�EH� WKH�PDLQ� VRXUFH�RI�
VSRQWDQHRXV� SRLQW� PXWDWLRQV� LQ� WKH� FRXUVH� RI� '1$� ELRV\QWKHVLV�� $V� UHJDUGV� VXFFHVVIXO�
UHSOLFDWLRQ�RI�D�SRLQW�PXWDWLRQ��WKH�PDLQ�VWUXFWXUDO�DGYDQWDJH�RI�UDUH�WDXWRPHULF�SDLUV�FRQVLVWV�
LQ WKHLU�TXDVL�LVRPRUSKLVP�ZLWK�:DWVRQ�&ULFN�SDLUV��,Q�WKH�FDVHV�RI�PLVSDLULQJ�ZLWK�EDVHV�LQ�
FDQRQLFDO�WDXWRPHULF�IRUPV��VWHULF�KLQGUDQFHV�SUHYHQW�WKH�TXDVL�LVRPRUSKLF�VWDWH�IRUPDWLRQ��,W�
FDQ�EH�LQIHUUHG�IURP�WKH�FDOFXODWLRQV�WKDW�WKH�IROORZLQJ�SXULQH�SXULQH�DQG�SXULQH�S\ULPLGLQH�
SDLUV��$�&��7�*��$�*V\Q�DQG�*V\Q�*V\Q���VWDU�LQGLFDWHV�D�UDUH�WDXWRPHU��V\Q�GHQRWHV�
D V\Q�RULHQWDWLRQ�RI� WKH�EDVH��DUH� WKH�PRVW� OLNHO\�FDQGLGDWHV� IRU�H[SODQDWLRQ�RI� VSRQWDQHRXV�
SRLQW�PXWDWLRQV�LQ�'1$��

�
>�@� 9�,��'DQLORY��9�0��$QLVLPRY��1��.XULWD��'�0��+RYRUXQ��&KHP��3K\V��/HWW����� ����������������>�@� -�'��:DWVRQ��)�+�&��&ULFN��&ROG�6SULQJ�+DUERU�6\PSRVLD�RQ�4XDQW��%LRO���� ����������������>�@� 0�'��7RSDO��-�5��)UHVFR��1DWXUH���������������������
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'HIRUPDELOLW\�RI�6WUXFWXUH�DQG�,QWUDPROHFXODU�+\GURJHQ�
%RQGV�LQ�&DQRQLFDO��
�'HR[\ULERQXFOHRWLGHV�)URP�

9LHZSRLQW�RI�,QFRUSRUDWLRQ�WR�'LIHUHQW�7\SHV�RI�'1$��
*HQQDG\�9��3DODPDUFKXND�E� 2OHJ�9��6KLVKNLQD�E�F� /HRQLG�*RUEE�F�-HU]\�/HV]F]\QVNLE�F�

D67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�´�1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�$YH���.KDUNLY��������8NUDLQH�
E8NUDLQLDQ�$PHULFDQ� /DERUDWRU\� RI� &RPSXWDWLRQDO� &KHPLVWU\�� .KDUNLY�� 8NUDLQH�� DQG�-DFNVRQ��0LVVLVVLSSL��86$�
F&RPSXWDWLRQDO�&HQWHU�IRU�0ROHFXODU�6WUXFWXUH�DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\��������-DFNVRQ��06��86$�

7KH PDLQ�LQWHUHVW� WR�FDQRQLFDO��
�GHR[\ULERQXFOHRWLGHV�'17��LV�FDXVHG�E\�IDFW� WKDW� WKH\�DUH� EXLOGLQJ� EORFNV� RI� '1$�� ,QFRUSRUDWLRQ� RI� '17V� UHTXLUH� VRPH� FKDQJHV� RI� WKHLU�FRQIRUPDWLRQ�� &KDUDFWHU� DQG� HQHUJHWLF� RI� VXFK� GHIRUPDWLRQV� SURYLGH� LQIRUPDWLRQ� DERXW�SRVVLEOH�LQKHUHQW�VWUDLQ�RI�'1$�PDFURPROHFXOHV��
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P*03 P$037KH�PROHFXODU�VWUXFWXUH�RI�PHWK\O�HWKHUV�RI��¶�GHR[\ULERQXFOHRWLGHV�ZDV�FDOFXODWHG�XVLQJ�WKH�GHQVLW\� IXQFWLRQDO� WKHRU\�ZLWK�%�/<3�DXJ�FF�SYG]�PHWKRG��$Q�DQDO\VLV�RI� WKH� HOHFWURQ�GHQVLW\� GLVWULEXWLRQ�ZDV� FDUULHG� RXW�ZLWKLQ�%DGHU¶V� ³$WRPV� LQ�0ROHFXOHV´� �$,0�� DSSURDFK�XVLQJ�WKH�%�/<3�DXJ�FF�SYG]�ZDYH�IXQFWLRQ���5HVXOWV� RI� FDOFXODWLRQV� GHPRQVWUDWH� WKDW� WKH� IRUPDWLRQ� RI� $�IRUP� RI� '1$� GHPDQGV�VPDOOHU�DPRXQW�RI�HQHUJ\� IRU� WKH�GHIRUPDWLRQ�RI� WKH�JHRPHWU\�RI�QXFOHRWLGHV��7KH�VPDOOHVW�GHIRUPDWLRQV�DUH�REVHUYHG�IRU�P*03��7KH�ODUJHVW�LQFUHDVH�RI�HQHUJ\�LV�IRXQG�IRU�&�IRUP�RI�'1$��+RZHYHU��LQ�WKLV�FDVH�WKH�VPDOOHVW�GHIRUPDWLRQ�HQHUJ\�LV�REVHUYHG�IRU�P&03�DQG�WKH�KLJKHVW� IRU� P*03�� ,W� LV� LQWHUHVWLQJ� WR� QRWH�� WKDW� WKH� HQHUJ\� RI� GHIRUPDWLRQ� RI� SDLUV� RI�QXFOHRWLGHV�$�7�DQG�*�&�LQ�HDFK�IRUP�RI�'1$�LV�DOPRVW�LGHQWLFDO��7KH\�DUH�����NFDO�PRO�IRU�$�'1$������������NFDO�PRO� IRU�%�'1$�DQG������NFDO�PRO� IRU�&�'1$��7KXV�� IRUPDWLRQ�RI�:DWVRQ�&ULFN�$7�DQG�*&�SDLUV�RI�QXFOHRWLGHV�LV�DOPRVW�HTXLYDOHQW�IURP�YLHZSRLQW�RI�HQHUJ\�UHTXLUHG�IRU�GHIRUPDWLRQ�RI�QXFOHRWLGHV�JHRPHWU\��$QDO\VLV� RI� WKH� HOHFWURQ� GHQVLW\� GLVWULEXWLRQ� UHYHDOV� WKDW� HYHU\� W\SH� RI� '1$� KDV� WKH�XQLTXH�VHW�RI�LQWUDPROHFXODU�K\GURJHQ�ERQGV��6R��IRU�$�IRUP�RI�'1$�WKH�&�����+«2�
�ERQG�LV UHIHUHQFH��LQ�FDVH�&��+«2�
�IRU�S\ULPLGLQH�DQG�&��+«2�
�IRU�SXULQH�QXFOHRWLGHV���)RU��&�DQG�'�IRUPV�RI�'1$�&�����+«2�3�ERQG�LV�UHIHUHQFH��$QG�LQ� �DQG�'�IRUPV�RI�'1$�LQWUDPROHFXODU�K\GURJHQ�&�
�+«2�
�ERQG�LV�REVHUYLQJ��'HIRUPDWLRQ�RI�QXFOHRSWLGHV�GXH�WR�LQFRUSRUDWLRQ� WR� '1$� PDFURPROHFXOHV� UHVXOWV� LQ� ZHDNHQLQJ� RI� LQWUDPROHFXODU� K\GURJHQ�ERQGV�H[FHSW�$�'1$��
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&RPSXWHU�VLPXODWLRQ�RI�LQWHUDFWLRQ�RI�DFWLQRFLQ�GHULYDWLYH�
ZLWK�'1$�IUDJPHQWV�RI�GLIIHUHQW�VHTXHQFH�
$��0��*ROLXV � .��9��0LURVKQ\FKHQNRE� $��9��6KHVWRSDORYDE

D.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\����6YRERGD�6T���.KDUNLY���������8NUDLQH�
E8VLNRY� ,QVWLWXWH� RI� 5DGLRSK\VLFV� DQG� (OHFWURQLFV� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI�8NUDLQH�����$N��3URVNXUD�6WU���.KDUNLY���������8NUDLQH�

7KH REMHFWLYH� RI� WKLV� VWXG\� ZDV� WR� LQYHVWLJDWH� WKH� LQWHUDFWLRQ� RI� '1$� IUDJPHQWV� RI�GLIIHUHQW� VHTXHQFH�DQG�D�GHULYDWLYH�RI�DQWLFDQFHU�DQWLELRWLF�DFWLQRP\FLQ�'�ZLWK�DV\PPHWULF�VLGH�FKDLQV��DFW,,,�,,��E\�PHDQV�RI�FRPSXWHU�VLPXODWLRQ�XVLQJ�PROHFXODU�GRFNLQJ�PHWKRG��7KH�VWUXFWXUH�RI�DFW,,,�,,�LV�VKRZQ�LQ�)LJXUH����7KH�FRQIRUPDWLRQ�RI�DFW,,,�,,�ZDV�RSWLPL]HG�LQ�WKH�SURJUDP� *DXVVLDQ��� XVLQJ� E�O\S� PHWKRG� ZLWK� WKH� ����*� EDVLV� VHW�� )RU� WKH� REWDLQHG�VWUXFWXUH��WKH�HOHFWURVWDWLF�SRWHQWLDO�ZDV�FDOFXODWHG�LQ�WKH�SURJUDP�*$0(66�E\�+DUWUHH�)RFN�PHWKRG�ZLWK� WKH� ����*� EDVLV� VHW�� ZKLFK�ZDV� XVHG� WKHQ� IRU� WKH� GHULYDWLRQ� RI� WKH� DFW,,,�,,�DWRPLF�FKDUJHV�DFFRUGLQJ�WR�WKH�5(63�PHWKRGRORJ\��7KH�UHFHLYHG�FKDUJHV�FDQ�EH�XVHG�LQ�WKH�PROHFXODU�G\QDPLFV�VLPXODWLRQ�ZLWK�WKH�$0%(5�IRUFH�ILHOG��

)LJXUH����7KH�VWUXFWXUH�RI�DFWLQRFLQ�GHULYDWLYH�DFW,,,�,,�
,Q�RUGHU�WR�HVWLPDWH�WKH�VHTXHQFH�VSHFLILW\�RI�ELQGLQJ�RI�DFW,,,�,,��HLJKW�'1$�GRGHFDPHUV�GLIIHULQJ�E\�WKH�FHQWUDO�WHWUDPHU�VHTXHQFH�ZHUH�WDNHQ��7KH�'1$�VHTXHQFHV�WKDW�DUH�NQRZQ�WR�ELQG� ZLWK� DFWLQRP\FLQ� '� ZHUH� FRQVLGHUHG�� )RU� HDFK� RI� WKH� GRGHFDPHUV�� ��� QV� PROHFXODU�G\QDPLFV� WUDMHFWRU\� ZDV� FDOFXODWHG� LQ� WKH� SURJUDP� SDFNDJH� $0%(5� �� XVLQJ� SDUP���SDUDPHWHU� VHW� ZLWK� WKH� H[SOLFLW� UHSUHVHQWDWLRQ� RI� ZDWHU� DQG� FRXQWHULRQV�� $V� D� UHVXOW� RI� WKH�WUDMHFWRU\� FOXVWHU� DQDO\VLV�� ���� FRQIRUPDWLRQV� ZHUH� FKRVHQ� IRU� HYHU\� '1$� VHTXHQFH�� 7KH\�ZHUH XVHG� DV� WDUJHWV� IRU� WKH� PROHFXODU� GRFNLQJ� VLPXODWLRQ� ZLWK� DFW,,,�,,�� 7KH� PROHFXODU�GRFNLQJ�ZDV� SHUIRUPHG� LQ� WKH� SURJUDP� SDFNDJH�$XWR'RFN� ����� XVLQJ� /DPDUFNLDQ� JHQHWLF�DOJRULWKP��7KH�PRVW�SUREDEOH�FRPSOH[HV�ZHUH�VHOHFWHG�UHO\LQJ�RQ�WKH�IROORZLQJ�FULWHULD��WKH�PLQLPXP� HQHUJ\� RI� FRPSOH[�� WKH� PD[LPXP� QXPEHU� RI� K\GURJHQ� ERQGV� LQ� WKH� FRPSOH[�EHWZHHQ�DFW,,,�,,�DQG�'1$��DQG�WKH�JRRG�UHSURGXFLELOLW\�RI�FRPSOH[��)RU�DOO�'1$�VHTXHQFHV��WKUHH PDLQ� W\SHV� RI� FRPSOH[HV� ZHUH� REWDLQHG�� WKH� ELQGLQJ� RI� DFW,,,�,,� LQ� WKH� '1$�PLQRU�JURRYH�ZLWK�WKH�ORQJ�D[LV�RI�WKH�FKURPRSKRUH�EHLQJ�SHUSHQGLFXODU�WR�WKH�PLQRU�JURRYH��,���WKH�ELQGLQJ�RI� DFW,,,�,,� LQ� WKH�'1$�PLQRU� JURRYH�ZLWK� WKH� ORQJ� D[LV�RI� WKH� FKURPRSKRUH� O\LQJ�DORQJ�WKH�PLQRU�JURRYH��,,���DQG�WKH�ELQGLQJ�RI�DFW,,,�,,�LQ�WKH�'1$�PDMRU�JURRYH��,,,���7KH�FRPSOH[�RI�W\SH��,��ZDV�IRXQG�WR�EH�WKH�PRVW�HQHUJHWLFDOO\�IDYRUDEOH�IRU�WKH�PDMRULW\�RI�'1$�VHTXHQFHV��7KH�GLIIHUHQFH�RI�ELQGLQJ�HQHUJLHV�RI�DFW,,,�,,�ZLWK�GLIIHUHQW�'1$�VHTXHQFHV�ZDV�DERXW���NFDO�PRO��6RPH�SUHIHUHQFH�RI�ELQGLQJ�ZDV�REVHUYHG�IRU�WKH�7*&7�VHTXHQFH��
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0ROHFXODU�G\QDPLFV�VLPXODWLRQ�RI�'1$�GRGHFDPHUV�
RI GLIIHUHQW�VHTXHQFH�

.��9��0LURVKQ\FKHQNR� $��9��6KHVWRSDORYD�
8VLNRY� ,QVWLWXWH� RI� 5DGLRSK\VLFV� DQG� (OHFWURQLFV� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI�8NUDLQH�����$N��3URVNXUD�6WU���.KDUNLY���������8NUDLQH��

0DQ\�DQWLFDQFHU�DQWLELRWLFV�H[HUW�WKHLU�ELRORJLFDO�DFWLYLW\�GXH�WR�WKH�LQWHUDFWLRQ�ZLWK�'1$�
PROHFXOHV�DV�LQWHUFDODWRUV�RU�PLQRU�JURRYH�ELQGHUV��7KH�REMHFWLYH�RI�WKLV�UHVHDUFK�ZRUN�ZDV�WR�
LQYHVWLJDWH�E\�PHDQV�RI�PROHFXODU�G\QDPLFV�VLPXODWLRQ�WKH�VWUXFWXUH�DQG�G\QDPLFV�RI�'1$�
GRGHFDPHUV� RI� GLIIHUHQW� VHTXHQFH� DQG� WR� FUHDWH� WKH� ORFDO� GDWDEDVH� RI� '1$� GRGHFDPHUV�
PROHFXODU� G\QDPLFV� WUDMHFWRULHV� LQ� RUGHU� WR� XVH� WKHP� DV� WDUJHWV� IRU� DQWLFDQFHU� DQWLELRWLF�
GHULYDWLYHV��

(LJKW� '1$� GRGHFDPHUV� GLIIHULQJ� E\� WKH� FHQWUDO� WHWUDPHU� VHTXHQFH� ZHUH� FKRVHQ� DV� WKH�
REMHFWV�IRU�WKH�LQYHVWLJDWLRQ��G�&*&*;;;;&*&*��� ZHUH�;;;;� �$$77��$*&*��$*&7��
$7$7��*7&$��7*&$��7*&7��77$$��'RGHFDPHUV�VHTXHQFHV�ZLWK�DYDLODEOH�;�UD\�VWUXFWXUH�
DW� D� JRRG� UHVROXWLRQ� DQG� WKRVH� WKDW� DUH� NQRZQ� WR� ELQG� DQWLFDQFHU� DQWLELRWLF� DFWLQRP\FLQ�'�
ZHUH�FRQVLGHUHG��7KH�VWDUWLQJ�VWUXFWXUHV�ZHUH�WDNHQ�IURP�WKH�1XFOHLF�$FLG�'DWDEDVH�RU�ZHUH�
EXLOW�LQ�WKH�$UQRWW�%�'1$�FDQRQLFDO�IRUP�XVLQJ�18&*(1�PRGXOH�RI�WKH�$0%(5���SDFNDJH�
LQ� WKH� FDVH� ZKHQ� WKHUH� ZDV� QR�;�UD\� VWUXFWXUH�� 7KH�PROHFXODU� G\QDPLFV� VLPXODWLRQV� ZHUH�
FDUULHG�RXW� LQ� WKH�SURJUDP�SDFNDJH�$0%(5���ZLWK� WKH�SDUP���DQG�SDUP���SDUDPHWHU� VHWV�
DQG�H[SOLFLW�UHSUHVHQWDWLRQ�RI�ZDWHU�DQG�FRXQWHULRQV��)RU�DOO�RI�WKH�LQYHVWLJDWHG�GRGHFDPHUV��
VWDEOH����QV�PROHFXODU�G\QDPLFV�WUDMHFWRULHV�ZHUH�REWDLQHG��7KH�URRW�PHDQ�VTXDUH�GHYLDWLRQ��
FDOFXODWHG�ZLWK�UHVSHFW�WR�WKH�ILUVW�WUDMHFWRU\�IUDPH��ZDV�IRXQG�WR�EH��������� � 7KH�K\GURJHQ�
ERQGV� EHWZHHQ� EDVHV� LQ� EDVH� SDLUV�� H[FHSW� WHUPLQDO� UHVLGXHV��ZHOO� FRQVHUYHG� GXULQJ� DOO� WKH�
WUDMHFWRU\��7KH�FRQIRUPDWLRQDO�DQDO\VLV�RI�VXJDUV�UHYHDOHG�WKDW� WKH�PDMRULW\�RI� WKHP�ZHUH�LQ�
WKH�&�¶�HQGR�IRUP��

,Q� RUGHU� WR� GHWHUPLQH� WKH� LQIOXHQFH� RI� '1$� VHTXHQFH� RQ� WKH� FROOHFWLYH� PRWLRQV� RI�
GRGHFDPHUV�DWRPV��WKH�DQDO\VLV�RI�WUDMHFWRULHV�E\�HVVHQWLDO�G\QDPLFV�PHWKRG�ZDV�FDUULHG�RXW��
,W�VKRZHG�WKDW�LQGHSHQGHQWO\�RI�VHTXHQFH��WKH�ILUVW����HLJHQYHFWRUV�RI�WKH�FRYDULDQFH�PDWUL[�
EXLOW�IURP�WKH�PROHFXODU�G\QDPLFV�WUDMHFWRU\�ZRXOG�EH�HQRXJK�IRU�WKH�GHVFULSWLRQ�RI�����RI�
DOO�DWRPLF�SRVLWLRQDO�IOXFWXDWLRQV�REVHUYHG�LQ�WKH�GRGHFDPHU�VLPXODWLRQ��7KH�IRUFH�FRQVWDQWV��
DVVRFLDWHG�ZLWK�WKH�HLJHQYHFWRUV��ZHUH�IRXQG�WR�EH�WKH�ORZHVW�IRU�WKH�G�&*&*77$$&*&*��
GRGHFDPHU� LQGLFDWLQJ� WKDW� WKLV� VHTXHQFH� ZDV� WKH� PRVW� HDVLO\� GHIRUPDEOH�� 7KH� DEVROXWH�
VLPLODULW\� LQGLFHV�� FDOFXODWHG� IRU� WKH� PRWLRQV� RI� DWRPV� RI� VXJDU�SKRVSKDWH� EDFNERQHV� RI�
GLIIHUHQW�GRGHFDPHUV�XVLQJ�WKH�ILUVW�����HLJHQYHFWRUV��ZHUH� IRXQG�WR�EH�LQ�WKH�UDQJH�RI�����
�����7KH�FRQILJXUDWLRQDO�HQWURS\�HVWLPDWHV�UHYHDOHG�QR�HYLGHQW� LQIOXHQFH�RI�VHTXHQFH�RQ�WKH�
FRQIRUPDWLRQDO� PRELOLW\� RI� WKH� GRGHFDPHU� ZLWK� WKH� 77$$� VHTXHQFH� EHLQJ� VOLJKWO\� PRUH�
IOH[LEOH�WKDQ�WKH�RWKHU�RQHV��
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6WUXFWXUDO�G\QDPLFV�RI�ULER]\PHV�
VWXGLHG�E\�0'�VLPXODWLRQV�

0DU\QD�9��.UDVRYVNDD�E��-DQD�6HIFLNRYDF� 0DULD�0��5KRGHVF� 1D D âSDþNRYiD�.DPLOD�5pEORYiD� 1LOV�*��:DOWHUF DQG�-L t âSRQHUD
D,QVWLWXWH�RI�%LRSK\VLFV��$FDGHP\�RI�6FLHQFHV�RI� WKH�&]HFK�5HSXEOLF��.UiORYRSROVNi�������������%UQR��&]HFK�5HSXEOLF��
E,QVWLWXWH�IRU�6LQJOH�&U\VWDOV��$FDGHP\�RI�6FLHQFH�RI�8NUDLQH��.KDUNRY��8NUDLQH�
F'HSDUWPHQW�RI�&KHPLVWU\��6LQJOH�0ROHFXOH�$QDO\VLV�*URXS��8QLYHUVLW\�RI�0LFKLJDQ������1��8QLYHUVLW\�$YHQXH��$QQ�$UERU��0,�������������86$��

7KH +HSDWLWLV�'HOWD�9LUXV��+'9��ULER]\PH�LV�DQ�51$�HQ]\PH�FUXFLDO�IRU�UHSOLFDWLRQ�RI�
+'9�� ZKLFK� FDXVHV� OHDYHU� GLVHDVH� LQ� KXPDQV�� � :H� KDYH� DQDO\]HG� D� WRWDO� RI� a���� QV� RI�
H[SOLFLW�VROYHQW�PROHFXODU�G\QDPLFV��0'��VLPXODWLRQV�WR�SURYLGH�D�FRPSOHPHQWDU\�DWRPLVWLF�
YLHZ�RI� WKH�DFWLYH�VLWH�G\QDPLFV�DQG�ELQGLQJ�RI�PRQRYDOHQW�DQG�GLYDOHQW�FDWLRQV�DV�ZHOO�DV�
ZDWHU�PROHFXOHV�WR�UHDFWLRQ�SUHFXUVRU�DQG�SURGXFW�IRUPV�RI�WKH�+'9�ULER]\PH��$ORQJ�ZLWK�[�
UD\�FU\VWDO�VWUXFWXUHV�RXU�UHVXOWV�DUH�FRQVLVWHQW�ZLWK�D�FRQFHUWHG�UHDFWLRQ�PHFKDQLVP�LQ�ZKLFK�
&���DQG�K\GUDWHG�0J���DFW�DV�JHQHUDO�EDVH�DQG�DFLG��UHVSHFWLYHO\��6LPXODWLRQV�UHYHDO�D�UROH�RI�
ORRS� /�� DV� D� IOH[LEOH� VWUXFWXUDO� HOHPHQW� WR� IDFLOLWDWH� FRQIRUPDWLRQDO� VZLWFK� LQGXFHG� E\�
FOHDYDJH�UHDFWLRQ��/��DOVR�FRQWUROV�WKH�HOHFWURVWDWLF�HQYLURQPHQW�RI�WKH�FDWDO\WLF�FRUH��ZKLFK�
LQ WXUQ�OLNHO\�PRGXODWHV�&���EDVH�VWUHQJWK�DQG�PHWDO�LRQ�ELQGLQJ��0RQRYDOHQW�FDWLRQV�ELQG�WR�
WKH DFWLYH�VLWH�DQG�HOVHZKHUH�DVVLVWHG�E\�VWUXFWXUDOO\�EULGJLQJ�ORQJ�UHVLGHQF\�ZDWHU�PROHFXOHV��
EXW DUH�JHQHUDOO\�GHORFDOL]HG��6LPXODWLRQV�RI�+'9U�DUH�FRQWUDVWHG�ZLWK�VWUXFWXUDO�G\QDPLFV�RI�
+DLUSLQ�ULER]\PH��+U5]���+U5]��VLPLODUO\�WR�+'9U��FUHDWHV�D�XQLTXH�SRFNHW�RI�GHHS�QHJDWLYH�
HOHFWURVWDWLF�SRWHQWLDO��(63��LQ�LWV�FDWDO\WLF�FHQWHU��,Q�FRQWUDVW�WR�+'9U��KRZHYHU��WKH�FORVHG�
+U5] (63� SRFNHW� LV� QRW� VXLWDEOH� WR� LQWHUDFW� ZLWK� LRQV� DQG� LV� ILOOHG� E\� D� FKDLQ� RI� KLJKO\�
VWUXFWXUHG� ZDWHUV� LQVWHDG�� :H� VXJJHVW� WKDW� WKHVH� ZDWHU� PROHFXOHV� DUH� GLUHFWO\� LQYROYHG� LQ�
FDWDO\VLV��
�
>�@�0�9�� .UDVRYVND�� -�� 6HIFLNRYD�� 1�� 6SDFNRYD�� -�� 6SRQHU� DQG� 1�*�� :DOWHU�� 6WUXFWXUDO� G\QDPLFV� RI�SUHFXUVRU� DQG�SURGXFW� RI� WKH�51$�HQ]\PH� IURP� WKH�+HSDWLWLV�'HOWD�9LUXV� DV� UHYHDOHG�E\�PROHFXODU�G\QDPLFV�VLPXODWLRQV��-��0RO��%LRO����� ����������������>�@� 0�9�� .UDVRYVND�� -�� 6HIFLNRYD�� .�� 5HEORYD�� %�� 6FKQHLGHU�� 1�� *��:DOWHU� DQG� -�� 6SRQHU�� &DWLRQV� DQG�K\GUDWLRQ�LQ�FDWDO\WLF�51$��0ROHFXODU�G\QDPLFV�RI�WKH�KHSDWLWLV�GHOWD�YLUXV�ULER]\PH��%LRSK\V��-��������������������>�@� 0�0�� 5KRGHV�� .�� 5HEORYD�� -�� 6SRQHU� DQG� 1�*�� :DOWHU�� 7UDSSHG� ZDWHU� PROHFXOHV� DUH� HVVHQWLDO� WR�VWUXFWXUDO�G\QDPLFV�DQG�IXQFWLRQ�RI�D�ULER]\PH���3URF��1DWO��$FDG��6FL��86$���� ��������������������>�@� -�� 6HIFLNRYD��0�9�� .UDVRYVND�� -�� 6SRQHU� DQG�1�� *��:DOWHU�� 7KH� JHQRPLF�+'9� ULER]\PH� XWLOL]HV� D�SUHYLRXVO\�XQQRWLFHG�8�WXUQ�PRWLI�WR�DFFRPSOLVK�IDVW�VLWH�VSHFLILF�FDWDO\VLV��1XFO��$FLGV�5HV���� ������������������>�@� -�� 6HIFLNRYD�� 0�9�.UDVRYVND�� 1�� 6SDFNRYD�� -�� 6SRQHU� DQG� 1�*�� :DOWHU�� ,PSDFW� RI� DQ� H[WUXGHG�QXFOHRWLGH�RQ�FOHDYDJH�DFWLYLW\�DQG�G\QDPLF�FDWDO\WLF�FRUH�FRQIRUPDWLRQ�RI� WKH�+HSDWLWLV�'HOWD�9LUXV�ULER]\PH���%LRSRO\PHUV��������������������
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$)0�VWXG\�DQG�FRPSXWHU�PRGHOLQJ�
RI '1$�ZUDSSHG�FDUERQ�QDQRWXEH�

0�9��.DUDFKHYWVHYD� 2�6��/\WY\QE� 9�6��/HRQWLHYD� 6�*��6WHSDQLDQD�DQG�9�$��.DUDFKHYWVHYD
D%�,�9HUNLQ� ,QVWLWXWH� IRU� /RZ� 7HPSHUDWXUH� 3K\VLFV� DQG� (QJLQHHULQJ�� .KDUNRY�� �������8NUDLQH�
E9��/DVKNDU\RY�,QVWLWXWH�RI�6HPLFRQGXFWRU�3K\VLFV��.\LY���������8NUDLQH��

%LRQDQRK\EULGV� RI� FDUERQ� VLQJOH�ZDOOHG� QDQRWXEHV� �6:17��ZLWK� IUDJPHQWHG� VLQJOH� �VV�
'1$��RU�SRO\&�ZHUH�VWXGLHG�E\�$WRP�)RUFH�0LFURVFRS\��$)0��DQG�FRPSXWHU�PRGHOLQJ��,W�
ZDV� IRXQG� WKDW� WKH� IUDJPHQWV� RI� WKH� SRO\PHU� ZUDS� LQ� VHYHUDO� OD\HUV� DURXQG� WKH� QDQRWXEH�
IRUPLQJ� D� VWUDQG�OLNH� VSLQGOH�� 7KH�$)0� KHLJKW� DQDO\VLV� RI� WKH� K\EULG� VKRZHG� WKH� VWHSSHG�
LQFUHDVH�RI� WKH�SRO\PHU� WKLFNQHVV�DERYH� WKH�QDQRWXEH�VXUIDFH��7KH�KHLJKW�RI� WKH�VWHS�DERYH�
WKH�ILUVW�OD\HU�LV�YDULHG�IURP�����WLOO�����QP��

7KH K\EULGV� RI� 6:17� ZLWK� VLQJOH��� GRXEOH�� RU� WULSOH� VWUDQGV� RI� WKH� ELRSRO\PHUV� ZHUH�
VLPXODWHG�XVLQJ�WKH�$PEHU�IRUFH�ILHOG��,W�ZDV�VKRZQ�WKDW�VXFK�VWUXFWXUHV�DUH�VWDEOH��$QDO\VLV�
RI� WKH� VWUXFWXUHV� RI� WKH� 6:17�SRO\&� K\EULGV� SHUPLWV� WR� UHYHDO� WKH� SUHVHQFH� RI� GLIIHUHQW�
FRQWDFWV�EHWZHHQ�WKH�SRO\PHU�DQG�QDQRWXEH�DV�ZHOO�DV�EHWZHHQ�SRO\&�VWUDQGV�ZUDSSHG�DURXQG�
WKH�QDQRWXEH�LQ�PXOWL�OD\HUV��)URP�WKLV�DQDO\VLV�ZH�IRXQG�WKUHH�SRVVLEOH�LQWHUFKDLQ�F\WRVLQH�
F\WRVLQH�FRQWDFWV�ZKLFK�PD\�EH�PRGHOHG�E\� WKH� IROORZLQJ�F\WRVLQH�GLPHUV��GLPHU�ZLWK� WZR�
1DPLQR�+ÂÂÂ1F\FOH�+�ERQGV��GLPHU�ZLWK�1DPLQR�+ÂÂÂ1F\FOH�DQG�1DPLQR�+ÂÂÂ1DPLQR�+�ERQGV�DQG�GLPHU�
ZLWK�1DPLQR�+ÂÂÂ2 &�+�ERQG��0ROHFXODU�FRQWDFW�GXH�WR�WKH�+�ERQGV�EHWZHHQ�F\WRVLQH�DPLQR�
JURXSV�DQG�SKRVSKDWH�JURXS�R[\JHQV�ZDV�DOVR�REVHUYHG���6WUXFWXUHV�RI�WKH�F\WRVLQH�F\WRVLQH�
GLPHUV�DV�ZHOO�DV�GLPHUV�FRQVLVWHG�RI�F\WRVLQH�DQG�WKH�FRPSRQHQW�RI�SRO\&�ZHUH�FDOFXODWHG�DW�
WKH�%�/<3�������*� OHYHO� RI� WKHRU\��:H� DOVR� FDOFXODWHG� WKH� %66(� FRUUHFWHG� LQWHUDFWLRQ�
HQHUJ\�LQ�WKH�VWDFNLQJ�FRPSOH[�RI�F\WRVLQH�ZLWK�WKH�]LJ]DJ���������6:17V�DW�WKH�03���OHYHO�
RI�WKHRU\��
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4XDQWXP�FKHPLFDO�DQDO\VLV�RI�PRWLYH�IRUFHV�RI�LQWHUDFWLRQV�
EHWZHHQ�VLOLFD�QDQRSDUWLFOHV�DQG�HU\WKURF\WHV�

2�0��7VHQGUD��9�9��/REDQRY�
2�2��&KXLNR� ,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH��*HQHUDO 1DXPRY�VWU������.\LY��������8NUDLQH�

,QIRUPDWLRQ�DERXW�WKH�LQWHUDFWLRQ�PHFKDQLVP�EHWZHHQ�R[LGH�QDQRSDUWLFOHV��XVXDOO\�6L2��DQG� FHOOV� �LQ� SDUWLFXODU� UHG� EORRG� FHOOV�� DUH� YHU\� LPSRUWDQW� IRU� XVH� RI� ELRFRPSRVLWHV� LQ�PHGLFLQH�DQG�ELRORJ\��,W�LV�ZHOO�NQRZQ�WKDW�VXUIDFHV�RI�VLOLFD�QDQRSDUWLFOHV�DQG�HU\WKURF\WHV�DUH� QHJDWLYHO\� FKDUJHG�� ,Q� RUGHU� WR� H[SODLQ� H[SHULPHQWDOO\� REVHUYHG� DJJOXWLQDWLRQ�� LW� LV�QHFHVVDU\�WR�FRQVLGHU�SRVLWLYHO\�FKDUJHG�LRQV�DV�ERQGLQJ�LQWHUPHGLDWHV��SDUWLFXODUO\�K\GUDWHG�SURWRQV� IRUPHG� GXH� WR� WKH� HOHFWURO\WLF� GLVVRFLDWLRQ� RI� DFLGLF� VXUIDFH� JURXSV� RI� 6L2�QDQRSDUWLFOHV�DQG�VRPH�PROHFXOHV�RQ�WKH�H[WHUQDO�VXUIDFH�RI�FHOO�PHPEUDQHV��7KLV� VWXG\� FRQVLGHUV� UHVXOWV� IURP� TXDQWXP�FKHPLFDO� FDOFXODWLRQV� RQ� WKH� LQWHUDFWLRQ�EHWZHHQ�6L2��QDQRSDUWLFOHV�DQG�D�FHOO�PHPEUDQH�OLSLG�DUHD��7R�UHSUHVHQW�D�FHOO�PHPEUDQH�D�FOXVWHU� FRQVLVWLQJ� RI� D� FRPSOH[� RI� SKRVSKDWLG\OFKROLQH� �3+&+�� DQG� FKROHVWHURO� �&+/��PROHFXOHV�ZDV�FKRVHQ��)RU�VLPSOLILFDWLRQ�RI�FDOFXODWLRQV��WKH�QXPEHU�RI�FDUERQ�DWRPV�LQ�IDWW\�UDGLFDOV� ZDV� VKRUWHQHG� XS� WR� ��� 7KH� FRPSOH[� IRUPHG� E\� 3+&+� DQG� &+/� PROHFXOHV� ZDV�FRQVLGHUHG�DV�QHJDWLYHO\�FKDUJHG�GXH� WR�GLVVRFLDWLRQ�RI� WKH�FKROHVWHURO�PROHFXOH��7KH�VLOLFD�IUDJPHQW� ZDV� VLPXODWHG�ZLWK� WKH� JOREXOH�OLNH� FOXVWHU� 6L��2��+��� RI� DGDPDQWLQH� � �FOXVWHU���2QH�SURWRQ�RI�VLODQRO�JURXS�LQ� �FOXVWHU�ZDV�EHOLHYHG�WR�EH�UHPRYHG��VR�WKDW�WKH�WRWDO�FKDUJH�ZDV�HTXDO�WR�����$ VXSUDPROHFXODU�]HUR�FKDUJHG�VWUXFWXUH�FRQVLVWLQJ�RI�D� �FOXVWHU��FKDUJH�RI�QHJDWLYH������WZR FRPSRXQG� FDWLRQV� >+�2ÂÂÂ+ÂÂÂ2+�@�� DQG� D� FRPSOH[� �3+&+Â&+/�� ZDV� FRQVLGHUHG�� ,W�ZDV� VKRZQ� WKDW� ZKHQ� WKH� GLVWDQFH� EHWZHHQ� V\VWHP� FRPSRQHQWV� LV� ODUJH� HQRXJK�� WKH�LQWHUDFWLRQV�LV�FRQWUROOHG�E\�HOHFWURVWDWLF�IRUFHV��:KHQ�WKH�GLVWDQFHV�EHWZHHQ�REMHFWV�UHDFKHG�VRPH FULWLFDO� YDOXH�� WKH� DQLRQV� RI� 6L2� DQG� WKH� OLSLG� FRPSOH[� VDWXUDWHG� WKH� ORFDOL]HG�QHJDWLYHO\�FKDUJHG�VLWHV�ZLWK�SURWRQV�IURP�WKH�>+�2ÂÂÂ+ÂÂÂ2+�@� FDWLRQV��7KH�UHVXOWLQJ�QHXWUDO�FRPSRQHQWV� RI� WKH� GLVSHUVHG� V\VWHP� LQWHUDFW�� ZDWHU� PROHFXOHV� EHLQJ� LQYROYHG� ZKLFK� DUH�LQWHUPHGLDWHV�RI�D�K\GURJHQ�ERQG�QHWZRUN���

)LJ�� (TXLOLEULXP� VSDWLDO� VWUXFWXUH� RI� D� FRPSOH[� ZKHUH� ZDWHU� PROHFXOHV� SURYLGH� ELQGLQJ�EHWZHHQ�D�IUDJPHQW�RI�6L2� VXUIDFH�DQG�FHOO�PHPEUDQH�OLSLG�DUHD��
7KH� FDOFXODWLRQV� ZHUH� FDUULHG� RXW� E\� PHDQV� RI� TXDQWXP� FKHPLFDO� 6&)� 02� /&$2�PHWKRGV� ZLWKLQ� WKH� IUDPHZRUN� RI� � YDOHQFH�RQO\� DSSUR[LPDWLRQ�� $OO� WKH� JHRPHWULF�SDUDPHWHUV�RI�WKH�VXSUDPROHFXODU�VWUXFWXUHV�ZHUH�RSWLPL]HG��
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4XDQWXP�FKHPLFDO�PRGHOOLQJ��,5��DQG�PDVV�VSHFWURPHWU\�
RI LRQLF�FOXVWHUV�EDVHG�RQ�ELRPHGLFDO�FDOFLXP�SKRVSKDWHV�

,��%ROGHVNXO�D� /��6XNKRGXE�D� 9��.KDYU\XFKHQNR�F�
D,QVWLWXWH�RI�$SSOLHG�3K\VLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH���������6XP\�����3HWURSDYORYVND\D�VW��
E,QVWLWXWH� RI� 6RUSWLRQ� DQG� (FRORJ\� 3UREOHPV�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI�8NUDLQH�������.LHY�����*HQHUDOD�1DXPRYD�VW���H�PDLO��YNKDYU#FRPSFKHP�NLHY�XD��

2EWDLQLQJ�� FRQWURO� DQG� DQDO\VLV� RI� ELRPHGLFDO� PDWHULDOV� EDVHG� RQ� K\GUR[\DSDWLWHV� LV�
LPSRVVLEOH�ZLWKRXW�XVLQJ�PRGHUQ�LQVWUXPHQWDO�GHYLFHV�>�@��&RPSOH[�SKDVH�FRPSRVLWLRQ�DQG�
PXWXDO� WUDQVIRUPDWLRQ�RI� FRPSRQHQWV� UHTXLUH� VLPXOWDQHRXV� DSSOLFDWLRQ�RI�GLIIHUHQW�SK\VLFDO�
WHFKQLTXHV�IRU�FRUUHFW�VWUXFWXUH�IRUPDWLRQ�LQ�V\QWKHWLF�SURFHVV�DQG�DGHTXDWH�GHVFULSWLRQ�RI�WKH�
SURGXFW��

7KH OHFWXUH� GHDOV� ZLWK� VRPH� SHFXOLDULWLHV� RI� FDOFLXP� SKRVSKDWH� YLEUDWLRQ� VSHFWUD� WKDW�
PLJKW� KDYH� SUDFWLFDO� VLJQLILFDQFH�� DV�ZHOO� DV� SRWHQWLDO� XVDJH� RI� YLEUDWLRQ� VSHFWURVFRS\� DV� D�
UHIHUHQFH�PHWKRG�IRU�WKH�ODERUDWRU\�DQG�LQGXVWULDO�GLDJQRVWLFV��H[SHUWLVH�LQFOXGLQJ��

&KDUDFWHULVWLFLW\� RI� YLEUDWLRQV� DQG� SHFXOLDULWLHV� RI� VSHFWUDO� DQG� VWUXFWXUH� EHKDYLRXU� RI�
SKRVSKDWH�� DQG� FDUERQDWH�LRQV�� FDOFLXP� R[LGH� DQG� K\GUR[\O� � IXQFWLRQDO� JURXSV�� DV� ZHOO� DV�
WKHLU�VHQVLWLYLW\�WR�LQWUD��DQG�LQWHUPROHFXODU�LQWHUDFWLRQV��FU\VWDO�HIIHFWV�LQFOXGLQJ��DOORZ�XV�WR�
VXJJHVW�HIIHFWLYH�DSSOLFDWLRQ�RI��,5��DQG�5DPDQ�VSHFWURVFRS\�IRU�FOXVWHU�IRUPDWLRQ�DQDO\VLV��
7KH� LQIRUPDWLYH� SRWHQWLDO� RI� YLEUDWLRQ� VSHFWURVFRS\� JURZV� VLJQLILFDQWO\� GXH� WR� WKH� LQHODVWLF�
QHXWURQ� VFDWWHULQJ� �,16�� VSHFWUD� DV� ZHOO� DV� PDVV�VSHFWURPHWU\� RI� PDWWHU� LQ� YDULRXV� SKDVDO�
VWDWHV��

6SHFLILF�DWWHQWLRQ�LV�GUDZQ�WR�TXDQWXP�FKHPLFDO�FDOFXODWLRQ�DQG�FRPSXWHU�PRGHOOLQJ�WKDW�
SURYLGH� DGGLWLRQDO� SRVVLELOLWLHV� WR� VWXG\� VWUXFWXUHV�ZKLFK�PRGHO� HOHPHQWDU\� VHJPHQW� RI� WKH�
DPRUSKRXV�SKDVH�ZLWKLQ�WKH�IUDPHV�RI�DE LQLWLR�PHWKRG�XVLQJ�0,1,�EDVLV�VHW��([SHULPHQWDO�
GDWD� DUH� FRPSDUHG� ZLWK� WKH� UHVXOWV� RI� FOXVWHU� PRGHOOLQJ� RI� K\GUR[\DSDWLWHV�� WULFDOFLXP�
SKRVSKDWH�� FDOFLXP� R[LGH� DQG� LRQV�� LQFOXGLQJ� FRPSOHWH� QRUPDO�FRRUGLQDWH� DQDO\VLV� RI�
FRUUHVSRQGLQJ�YLEUDWLRQDO�VSHFWUD��%\� LQFUHDVLQJ�FOXVWHU�VL]H�ZH�ZLOO�EH�DEOH� WR�GHVFULEH� WKH�
V\VWHP�PRUH�DGHTXDWHO\�DQG�DFFXUDWHO\��

�
>�@� $�3�6KSDN��9�/�.DUERYVNL�9�9�7UDFKHYVNL��$3$7,7(6��.LHY��$FDGHPSHULRGLND��������
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&RQIRUPDWLRQ�RI���������IUDJPHQW�DQG�GLVSRVLWLRQ�
RI VXEGRPDLQ�RI�KXPDQ�VHUXP�DOEXPLQ�

,�(��6KFKHFKNLQ� 7�2��+XVKFKD�
,QVWLWXWH� RI� %LRRUJDQLF� &KHPLVWU\� DQG� 3HWURFKHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFH� RI�8NUDLQH����0XUPDQVND�VWU����������.\LY�����8NUDLQH��H�PDLO��VKFK���#ESFL�NLHY�XD�

/RRSV� DQG� ORRS�OLNH� PRWLIV� RI� SURWHLQV� DUH� IDPRXV� IRU� WKHLU� LPSRUWDQW� UROH� LQ� SURWHLQ�IXQFWLRQ�� OLNH� WXQLQJ� D� SURWHLQ�OLJDQG� ILWWLQJ� DQG� JDWLQJ� WKHLU� LQWHUDFWLRQV��2QH�PD\� VXJJHVW�WKDW�ORRSV�VHUYH�DV��FKHFN�SLHFHV�XQOHDVKLQJ�UHODWLYH�GRPDLQ�GRPDLQ�PRYHPHQW�E\�PHDQV�RI�URWDWLRQ� DURXQG� LWV� HQGV�� FRPLQJ� RXW� RI� D� JOREXOH� WR� RXWHU� VROYHQW� DQG� GLVWRUWLQJ� WKH�LQWHUDFWLRQV��ZKLFK�GHILQH�UHODWLYH�GRPDLQ�GRPDLQ�VSDWLDO�GLVSRVLWLRQ��7R H[DPLQH�WKH�SRVVLELOLW\�RI�VXFK�FKDQJH�ZH�LQYHVWLJDWHG�WKH���������ORRS�OLNH�PRWLI�RI�KXPDQ� VHUXP�DOEXPLQ� �+6$���7KH� IHDWXUH�RI� WKLV� IUDJPHQW� VSDWLDO� GLVSRVLWLRQ� LQ� WKH�QDWLYH�VWDWH�FRQVLVWV�LQ�LWV�HQGV�ORFDWHG�RQ�WKH�JOREXOH�VXUIDFH��DQG�WKH�PLGGOH�SDUW�HPEHGGHG�GHHSO\�LQWR�WKH�JOREXOH�LQWHULRU�EHWZHHQ�WKH� VXEGRPDLQ�DQG�WKH�UHVW�RI�WKH�PROHFXOH��:H�GHVLJQHG�D VROYHQW�H[SRVHG�XQVWUDLQHG�FRQIRUPDWLRQ�RI� WKH��������� ORRS�OLNH�PRWLI�DQG�VWXGLHG��KRZ�WKH FRQIRUPDWLRQDO�WUDQVLWLRQ�DIIHFWV�WKH�,D�VXEGRPDLQ�GLVSRVLWLRQ�ZLWK�UHVSHFW�WR�WKH�SURWHLQ�JOREXOH��)LUVW�ZH�FRQVWUXFWHG�VRPH�LQLWLDO�FRQIRUPDWLRQ�RI� WKH�ORRS�OLNH�PRWLI� WKDW�ZDV�HORQJDWHG�DQG� GLUHFWHG� RXWVLGH� WKH� JOREXOH�ZKLOH� LWV� VHFRQGDU\� VWUXFWXUH� KHOLFHV�ZHUH� FRQVHUYHG�� 7KH�REWDLQHG� VWUXFWXUH� ZDV� YHU\� VWUDLQHG�� 6R�� OHVW� WKH� VWUXFWXUH� RI� WKH� JOREXOH� VKRXOG� EH�FRQVLGHUDEO\�XQIROGHG�GXULQJ�HQHUJ\�PLQLPL]DWLRQ��WKH�LQWHUQDO�HQHUJ\�RI�WKH���������FKDLQ�IUDJPHQW� ZDV� UHOD[HG� RQ� WKH� FRQGLWLRQ� RI� NHHSLQJ� D� IL[HG� GLVWDQFH� EHWZHHQ� WKH� IUDJPHQW�HQGLQJ� JURXSV�� )XUWKHU� ZH� KDQGOHG� DQ� H[WHQGHG� PRGHO�� ZKHUH� WKH� IUDJPHQW� ���������FRPSULVLQJ� WKH� WXUQV� �������� DQG� �������� WRJHWKHU�ZLWK� WKH� ORRS�OLNH�PRWLI� ���������ZDV�WUHDWHG� DV� D� IOH[LEOH� EULGJH� EHWZHHQ� WKH� ,D� VXEGRPDLQ� DQG� WKH� UHVW� RI� WKH� PROHFXOH�� 7R�RYHUFRPH� ORFDO�PLQLPD� SUREOHP�PLQLPL]LQJ� HQHUJ\�ZH� XWLOL]HG� RXU� FRPSRQHQW� DOWHUQDWLRQ�VFKHPH�WDNLQJ�ERQG�FRQVWUDLQLQJ�SRWHQWLDO��KHOL[�VWUXFWXUH�IRUFLQJ�SRWHQWLDO�DQG�UHDO�SDLUZLVH�LQWUD� SURWHLQ� SRWHQWLDO� HQHUJ\� DV� WKH� FRPSRQHQWV� WR� DOWHUQDWH�� 7KH� ILQDO� VWDJH� FRQVLVWHG� LQ�PLQLPL]DWLRQ�RI�WKH�ZKROH�HQHUJ\��LQFOXGLQJ�VROYDWLRQ�WHUPV���7KH� UHVXOWLQJ� FRQIRUPDWLRQ� LV� XQVWUDLQHG� DQG� QRW� DSSUHFLDEO\� XQIROGHG�� KHOL[� VWUXFWXUH�ZLWKLQ�IOH[LEOH�IUDJPHQW�LV�GHVWUR\HG�ZLWK�KHOL[�IRUPLQJ�K\GURJHQ�ERQGV�LQ�LW�VXEVWLWXWHG�ZLWK�VROYDWLRQ� LQWHUDFWLRQV�� ORRS�OLNH� PRWLI� �������� LV� ORFDWHG� HQWLUHO\� DW� WKH� VXUIDFH� RI� WKH�PROHFXOH��DQG� WKH�VXEGRPDLQ� ,D�FKDQJHG� LWV�GLVSRVLWLRQ� LQ� WKH�JOREXOH��)RU�FRPSDULVRQ�� WKH�QDWLYH�FRQIRUPDWLRQ�WUHDWHG�LQ�WKH�VDPH�PRGHO�KDV�EHHQ�XQGHUJRQH�WKH�HQHUJ\�PLQLPL]DWLRQ�SURFHGXUH��ZKDW�VKRZHG�WKLV�FRQIRUPDWLRQ�LV�DERXW�RSWLPDO��,WV�HQHUJ\�LV�FORVH�WR�WKDW�RI�WKH�QHZ�REWDLQHG�FRQIRUPDWLRQ��IXUWKHUPRUH��WKH�ODWWHU�DSSHDUHG�HYHQ�VRPHWKLQJ�PRUH�VWDEOH��,Q�WKH QHZ� FRQIRUPDWLRQ� VWHULF� VWUDLQ� LV� JUHDWHU� EXW� VROYHQW� SRODUL]DWLRQ� HQHUJ\� LV� ORZHU� DV�FRPSDUHG�WR�QDWLYH�RSWLPL]HG�RQH��

D E6XEGRPDLQ�,D��EROG��DQG���������ORRS�OLNH�PRWLI��ILQH�VROLG��LQ�QDWLYH�RSWLPL]HG��D��DQG�QHZ�REWDLQHG��E��FRQIRUPDWLRQV��
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(IIHFW�RI�DONDOLQH�VROXWLRQ�RQ�WKH�UHDFWLYLW\�
RI HSR[\HQGLF�LPLGH��$�')7�VWXG\�

7��3HWURYD� D�E�6��2NRY\W\\��D�E�,��7DUDEDUD��E /��*RUE��D�-��/HV]F]\QVNL�D
D'HSDUWPHQW� RI� &KHPLVWU\�� &RPSXWDWLRQDO� &HQWHU� IRU� 0ROHFXODU� 6WUXFWXUH� DQG�,QWHUDFWLRQV��-DFNVRQ�6WDWH�8QLYHUVLW\�������-�5��/\QFK�6WUHHW��3�2��%R[��������-DFNVRQ��06�������������86$�
E'HSDUWPHQW�RI�2UJDQLF� �&KHPLVWU\��'QHSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QHSURSHWURYVN��������8NUDLQH��$Q LQWHUHVW� WR� WKH� UHDFWLYLW\� RI� QLWURJHQFRQWDLQLJ� ELF\FOLF� FRPSRXQGV� KDV� EHHQ� LQGXFHG�GXH� WR� VXEVWDQWLDO� SKDUPDFRSKRULF� SURSHUWLHV� RI� ELF\FOLF� VNHOHWRQ�� 5LJLG� VWUXFWXUHV� RI�QRUERUQHQH�GHULYDWLYHV�ZLWK�IL[HG�RULHQWDWLRQ�RI�VXEVWLWXHQWV�UHSUHVHQW�FRQYHQLHQW�PRGHOV�IRU�LQYHVWLJDWLRQ� RI� WKH� VWUXFWXUH�ELRORJLFDO� DFWLYLW\� UHODWLRQVKLSV�� )RU� WKLV� SXUSRVHV�� WKH�GHYHORSPHQW�RI�QHZ�V\QWKHWLF� WHFKQLTXHV� IRU� WKH� WUDQVIRUPDWLRQ�RI�QRUERUQHQH�HSR[\LPLGHV�LQWR�JHWHURF\FOLF�FRPSRXQGV�LQ�DONDOLQH�PHGLD�ZDV�SHUIRUPHG��$�WKHRUHWLFDO�LQYHVWLJDWLRQ�RI�SRVVLEOH�V\QWKHWLF�SDWKZD\V�LQ�VXFK�V\VWHPV�DOVR�LV�YHU\�LPSRUWDQW�LQ�WKLV�ILHOG���7KH QXFOHRSKLOLF�VXEVWLWXWLRQ�UHDFWLRQ�RI�HSR[\LPLGH��,� ZLWK�HLWKHU�K\GUR[\��RU�HWKR[\�DQLRQ� LV� H[SHFWHG� WR� UHVXOW� LQ� IRUPDWLRQ� RI� DPLGRODFWRQH��ZKLOH� LW� UHVXOWV� H[SHULPHQWDOO\� LQ�LVRODWLRQ�RI�WKH�VLQJOH�SURGXFW���WUDQV�GLK\GUR[LLPLGH��,,��
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,Q�WKH�SUHVHQW�ZRUN�D�TXDQWXP�FKHPLFDO�LQYHVWLJDWLRQ�RI�SRWHQWLDO�HQHUJ\�VXUIDFHV�IRU�WKH�DONDOLQH� K\GURO\VLV� DQG� HWKDQRO\VLV� UHDFWLRQV� RI� HSR[\HQGLF� LPLGH� �,� KDV� EHHQ� FDUULHG� RXW��7KH� FDOFXODWLRQV� KDYH� EHHQ� SHUIRUPHG� DW� WKH� %�/<3������*�G�� OHYHO� RI� WKHRU\� LQ� WKH� JDV�SKDVH� DQG� LQ� WKH� VROXWLRQ�SRODUL]DEOH� FRQWLQXXP� PRGHO��� $OO� FULWLFDO� SRLQWV� ZHUH� IXUWKHU�FKDUDFWHUL]HG�E\�DQDO\WLF�FRPSXWDWLRQV�RI�KDUPRQLF�YLEUDWLRQDO�IUHTXHQFLHV�DW�WKH�VDPH�OHYHOV�RI�WKHRU\��([SHULPHQWDOO\� D� QXFOHRSKOLF� VXEVWLWXWLRQ� RI� LPLGHV� LV� EHOLHYHG� WR� LQFOXGH� WZR� PDMRU�UHDFWLRQ�VWHSV��7KH�ILUVW�VWHS�LV�IRUPDWLRQ�RI�DQ�DQLRQLF�WHWUDKHGUDO� LQWHUPHGLDWH��7KH�VHFRQG�VWHS� LV� GHFRPSRVLWLRQ� RI� WKH� LQWHUPHGLDWH� WR� WKH� SURGXFWV�� (SR[\LPLGHV� FDQ� LQWHUDFW� ZLWK�QXFOHRSKLOLF�DJHQWV��QDPHO\�ZLWK�FDUERQ�DWRPV�RI�FDUER[\LPLGH�SDUW���'LIIHUHQW� SRVVLEOH� SDWKZD\V� RI� WKH� DONDOLQH� K\GURO\VLV� DQG� HWKDQRO\VLV� UHDFWLRQ� ZHUH�LQYHVWLJDWHG�DQG�FRPSDUHG���$FFRUGLQJ�WR�WKH�UHVXOWV�WKH�UHDFWLRQ�VWDUWV�IURP�WKH�DGGLWLRQ�RI�DQLRQ� WR� FDUERQ\O� FDUERQ� DWRP� RI� WKH� LPLGH� F\FOH� ZLWK� IRUPDWLRQ� RI� WKH� WHWUDKHGUDO�LQWHUPHGLDWH�� ,Q� WKH� QH[W� VWHS� FDUERQ\O� R[\JHQ� DWRP� LQWHUDFWV�ZLWK� WKH� FDUERQ� DWRP� RI� WKH�HSR[LGH� F\FOH� ZLWKRXW� UXSWXUH� RI� WKH� LPLGH� F\FOH� WKDW� UHGXFH� WR� WKH� IRUPDWLRQ� RI� WUDQV��GLK\GUR[LLPLGH��,,� SURGXFW��7KH�HQHUJ\�EDUULHUV�FDOFXODWHG�IRU�WKH�VHFRQG�VWHS�RI�WKH�SURFHVV�DUH�PXFK�KLJKHU�WKDQ�WKRVH�IRU�WKH�ILUVW�VWHS���7KH WUDQVIRUPDWLRQV� RI� HSR[\LPLGH� ZKLFK� LQYROYH� ULQJ�RSHQLQJ� SURFHVV� �ZLWK� SRVVLEOH�SURWRQ�PLJUDWLRQ�IURP�WKH�K\GUR[\O�JURXS�LQ�WKH�K\GURO\VLV�WR�WKH�QLWURJHQ�RU�R[\JHQ�DWRP�RI�LPLGH��ZLWK�VXEVHTXHQW�ODFWRQL]DWLRQ�UHDFWLRQ�ZHUH�IRXQG�OHVV�IDYRUDEOH���
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6WUXFWXUDO�6WXGLHV�RQ�$ON\O�6XEVWLWXWHG�
3RO\VLODQH�'HULYDWLYHV�LQ�VROXWLRQV�

,�9��.RURWNRYD��<X�(��6DNKQR��,�.��'URELW
NR��7�9�6DNKQR�
$FDGHP\�RI�6FLHQFHV�RI�7HFKQRORJLFDO�&\EHUQHWLFV�RI�WKH�8NUDLQH��

7KH UROH�RI�PROHFXODU�PRGHOOLQJ� LQ� VSHFWURVFRS\� LV�JUHDW�HQRXJK��GHVSLWH�RI�DQ�REYLRXV�
SULRULW\�RI�H[SHULPHQWDO� UHVHDUFKHV� LQ� WKLV�DUHD��6XFK� WKHRUHWLFDO� UHVXOWV�ZKLFK�FDQQRW�RU�EH�
UHFHLYHG� H[WUHPHO\� GLIILFXOWO\� H[SHULPHQWDO� PHWKRGV� DUH� PRVW� VLJQLILFDQW�� $PRQJ�
WKHRUHWLFDOO\� VWXGLHG� PDWHULDOV�� RUJDQRSRO\VLODQHV� �SRO\�GL�Q�DON\OVLODQHV��3'$6�� DQG�
SRO\�GL�Q�KH[\OVLODQHV��3'+6��� DUH� OLQHDU� KLJK� SRO\PHUV� FRPSRVHG� RI� D� FKDLQ� RI� VLOLFRQ�
DWRPV�D ERQGHG� WRJHWKHU��ZLWK� WZR� RUJDQLF� VXEVWLWXHQWV� DWWDFKHG� WR� HDFK� EDFNERQH� VLOLFRQ��
0DMRU�SURJUHVV�RYHU� WKH�SDVW�GHFDGH� LQ� WKH�FKDUDFWHUL]DWLRQ�RI� WKHVH�PDWHULDOV�KDV� OHG� WR�DQ�
LQFUHDVHG� UHFRJQLWLRQ� RI� WKHLU� SRWHQWLDO� WHFKQRORJLFDO� DSSOLFDWLRQV� DV� VLOLFRQ� FDUELGH�
SUHFXUVRUV��DV�SKRWRFRQGXFWRUV��DV�WKH�WRS�DJHQGD�RI�PDQ\�SRO\PHU�FKHPLVWV�DQG�SK\VLFLVWV���
0RVW� RI� WKHVH� WHFKQRORJLFDO� DSSOLFDWLRQV� GHSHQG� LQWLPDWHO\� RQ� WKH� HOHFWURQLF� VWUXFWXUH� DQG�
UHVXOWLQJ� VSHFWUDO� SURSHUWLHV� RI� WKHVH� PDWHULDOV�� $OWKRXJK� PDQ\� VWUXFWXUDO� DQG� HOHFWURQLF�
TXHVWLRQV�KDYH�EHHQ�UHVROYHG�IRU�3'$6�DQG�3'+6��WKH�GLIIHUHQFH�EHWZHHQ�WKH�SRVLWLRQ�RI�WKH�
89�DEVRUSWLRQ�PD[LPXP�LQ�VROXWLRQ�DW�ORZ�WHPSHUDWXUH�DQG�WKH�FU\VWDOOLQH�SRO\PHU�UHPDLQV�
XQDQVZHUHG��

,Q� FRQQHFWLRQ�ZLWK� WKDW� VWXGLHG�PROHFXODU� V\VWHPV� DUH� XVHG� LQ� IOXLG� DQG� VROLG� VROXWLRQV�
ZKHUH� WKHLU� DEVRUSWLRQ� VSHFWUD� HIIHFWV� E\� VROYHQW� SRODULW\� WKH� GHYHORSPHQW� RI� PHWKRGV� RI�
DSULRULVWLF�VWUXFWXUDO� PRGHOOLQJ� RI� LQIOXHQFH� RI� WKH� VSHFLILHG� IDFWRUV� ZLWKLQ� WKH� OLPLWV� RI�
TXDQWXP�FKHPLFDO� PHWKRGV� WKDW� ZLOO� DOORZ� WR� FDUU\� RXW� SXUSRVHIXO� VHDUFK� RI� HIIHFWLYH�
PROHFXODU� V\VWHPV� LV� DFWXDO�� &RPSDULVRQ� RI� H[SHULPHQWDO� DQG� FRPSXWDWLRQ� YDOXHV� RI�
HOHFWURQLF�VWUXFWXUH�RI�PROHFXOHV�RQ�JURXQG�DQG�H[FLWHG�VWDWH��DQG�DOVR�DW�FKDQJH�RI�JHRPHWU\�
RI VHSDUDWH�IUDJPHQWV��ZLOO�\LHOG�WKH�QHFHVVDU\�LQIRUPDWLRQ�IRU�VHOHFWLRQ�RI�HIIHFWLYH�PROHFXODU�
V\VWHPV�DW�WKH�GHFLVLRQ�RI�DSSOLHG�SUREOHPV��

�7KH FDOFXODWLRQV� ZHUH� FDUULHG� RXW� LQ� WKH� DSSURDFKHV� RI� 30�� �+\SHU&KHP� ����� DQG� DE�
DQLWLR�7'�&(3���*��*DXVVLDQ������*HRPHWULHV�RI�DOO�PROHFXOHV�ZHUH�RSWLPL]HG�DW�WKH�VHPL�
HPSLULFDO� OHYHO� RI� WKH� WKHRU\� XVLQJ� 30��+DPLOWRQLDQ� XVLQJ�+\SHU&KHP����� FRPSXWDWLRQDO�
SDFNDJH��2Q�WKH�EDVLV�RI�WKHVH�JHRPHWULHV��WKH�WUDQVLWLRQ�HQHUJLHV�DQG�WKH�RVFLOODWRU�VWUHQJWKV�
ZHUH FDOFXODWHG� ZLWK� FRQILJXUDWLRQ� LQWHUDFWLRQ� ZDYH� IXQFWLRQV�� ZKHUH� DOO� HOHFWURQLF� VWDWHV�
ZHUH LQFOXGHG�ZKLFK�DUH�JHQHUDWHG�E\�VLQJO\�H[FLWLQJ�DOO�HOHFWURQV�LQ�WKH����KLJKHVW�RFFXSLHG�
02 WR�WKH����ORZHVW�XQRFFXSLHG�02�ZLWK�UHVSHFW�WR�WKH�JURXQG�VWDWH���

%\� WKH� FRPSXWDWLRQ� UHVXOWV� ZH� GLVFXVVHG� HIIHFWV� RI� VROYHQW� SRODULW\� RQ� HOHFWURQLF�
FKDUDFWHULVWLFV�RI�SRO\PHUV�� ,QWHU�GHSHQGHQFLHV� RI� URWDWLRQV�EHWZHHQ�DGMDFHQW� VLGH� FKDLQV� DV�
ZHOO�DV�EHWZHHQ�EDFNERQH�DQG�VLGH�FKDLQ�URWDWLRQV�ZHUH�H[DPLQHG��7KH�GHSHQGHQFH�RI�HQHUJ\�
OHYHOV�HOHFWURQLF�H[FLWHG�VWDWHV�RI�LQYHVWLJDWHG�FRPSRXQGV�DUH�DQDO\VHV�DV�D�IXQFWLRQ�RI�WKH�6L�
6L DQG�6L�&�WRUVLRQ�DQJOH��7KH�SRLQWV�ZHUH�VHOHFWHG�DW�LQWHUYDOV�RI��� IRU�WZLVW�DQJOH�UDQJLQJ�
IURP �� ± ���� 6RPH� FRQFOXVLRQ� FRQFHUQLQJ� FRUUHODWLRQ� VROYHQW� SRODULW\� DQG� HOHFWURQLF�
VWUXFWXUH RI� WKH� VWXGLHG� V\VWHPV� ZHUH� PDGH� DQG� SRVVLELOLWLHV� RI� WKHLU� DSSOLFDWLRQ� ZHUH�
GLVFXVVHG��
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$ TXDQWXP�FKHPLFDO�VWXG\�RQ�WKH�UHDFWLYLW\�
RI�VRPH�D]R�FRPSRXQGV�DQG�UHODWLYH�WULD]HQHV�

LQ DTXHRXV�DQG�RUJDQLF�VROXWLRQV�
,�0��0DJD�

8]KJRURG� %RUGHU� 6WDWH� &RQWURO� DQG� 7R[LFRORJLFDO� /DERUDWRU\�� 6WDQFL\QD� 6WU�� �����8]KJRURG���������8NUDLQH��H�PDLO��XSGNWO#PDLO�X]KJRURG�XD��&DOFXODWLRQV� KDYH� EHHQ� FDUULHG� RXW� RQ� WKH� HTXLOLEULXP� JHRPHWU\� RI� VRPH� WULD]HQHV� �5�
&�+��1+�1 1�&�+��12� �ZKHUH�5�±�+��S�&+�� R�&+�� P�&+�� S�&O��DQG�S�%U��DV�ZHOO�DV�
WKHLU�LVRPHU�IRUPV�GLIIHULQJ�E\�+�DWRP�SRVLWLRQ�E\�PHDQV�RI�DE�LQLWLR�+DUWUHH�)RFN�5RRWKDDQ�
PHWKRG�XVLQJ� VLPSOHVW� YDOHQFH�VSOLW� ����*�EDVLV� VHW��7KH� LVR� IRUPV�DSSHDUHG� WR�EH�PRUH�
VWDEOH�LQ�JDV�SKDVH��

9DULRXV� FRPSOH[HV� RI� WULD]HQH� PROHFXOHV� ZLWK� VROYHQW� PROHFXOHV� ZHUH� H[DPLQHG��
'LIIHUHQFHV� EHWZHHQ� HQHUJ\� YDOXHV� RI� XVXDO� DQG� LVR�IRUPV� VHHP� WR� LQFUHDVH� ZKHQ�
LQWHUPROHFXODU� FRPSOH[HV� ZLWK� SRODU� VROYHQW� PROHFXOHV� DUH� IRUPHG�� ,Q� SDUWLFXODU�� ZDWHU�
PROHFXOHV� DQG� WKRVH� RI� DFHWRQLWU\OH� RU� IRUPDPLGH� ZHUH� WHVWHG�� :KHQ� WUHDWHG� ZLWKLQ� WKH�
IUDPHZRUNV�RI�WKH�FRQWLQXDO�3&0�PRGHO��WKHVH�VWUXFWXUHV�SHUIRUPHG�DQ�DQDORJRXV�EHKDYLRU��

$ PHFKDQLVP�LV�SURSRVHG�RI�WUDQVIRUPDWLRQV�EHWZHHQ�XVXDO�DQG�LVR�IRUPV�RI�WULD]HQHV�LQ�
DTXHRXV�PHGLXP�VXJJHVWLQJ�D�VLQFKURQLF�H[FKDQJH�RI�K\GURJHQ�DWRPV�EHWZHHQ�WULD]HQH�DQG�
ZDWHU�PROHFXOHV��7KLV�LGHD�LV�UDWKHU�FORVH�WR�WKDW�GHVFULEHG�LQ�WKH�ZRUN�>�@��

6SDWLDO� VWUXFWXUHV� DQG� HQHUJ\� FKDUDFWHULVWLFV� ZHUH� IRXQG� DOVR� IRU� PROHFXOHV� RI� D]R�
FRPSRXQGV� �S�+�1�&�+��5��1 1�&�+��12�� ZKHUH� 5�  � +�� R�� DQG� S�&+���� 3UREDEOH�
FRPSRVLWLRQV� RI� VROYDWH� FRPSOH[HV� EHWZHHQ� WKHVH� FRPSRXQGV� DQG� VROYHQW�PROHFXNHV�ZHUH�
DOVR�FRQVLGHUHG��7KH�SULPDU\�K\GUDWH�FRYHU�RI�D]RFRPSRXQG�PROHFXOHV�ZDV�VKRZQ�WR�FRQVLVW�
RI VL[�ZDWHU�PROHFXOHV��7KH�HIIHFW�ZDV�DOVR�H[DPLQHG�RI�WKH�QXPEHU�RI�VROYHQW�PROHFXOHV�DQG�
WKHLU�JHRPHWU\�RQ�WKH�VWDELOLW\�RI�WKH�FRPSOH[HV��

(OHFWURQ� DEVRUSWLRQ� VSHFWUD� RI� D]R�FRPSRXQGV� DQG� WULD]HQHV�ZHUH� FDOFXODWHG�ZLWKLQ� WKH�
IUDPHZRUNV� RI� FRQILJXUDWLRQ� LQWHUDFWLRQV�PHWKRG��6SHFWUDO� VKLIWV�ZHUH� IRXQG� FDXVHG� E\� WKH�
HIIHFW�RI�VROYHQWV��
�
>�@� )GH]�*DOYiQ�,���$JXLODU�0�$���5XL]�/ySH]�0�)��7KHRUHWLFDO�VWXG\�RI�WKH�����K\GURJHQ�VKLIW�RI�WULD]HQH�LQ�ZDWHU����-��3K\V��&KHP��%���� �������������������������
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�)LJ����6WUXFWXUDO�IRUPXOD�RI�VXSHUPROHFXOH��$VS �� .� 0J��� � ���+�2 �� �+&O��FKDUJHV�RQ�DWRPV� LQ� D�X���ERQG� OHQJWKV� LQ�
c DQG�ERQG�RUGHUV��LQ�EUDFNHWV��LQ�D�X��

$E�LQLWLR�PRGHOLQJ�RI�.��0J�DVSDUDJLQDWH�
LQ ZDWHU�VROXWLRQ�ZLWK�YDULRXV�DFLGLW\�
9�6��6ROGDWRY��$�/��3XVKNDUFKXN� =�,��.XYDHYD�

,QVWLWXWH�RI�3K\VLFDO�±�2UJDQLF�&KHPLVWU\�1$6%���������6XUJDQRYD�����0LQVN��%HODUXV�
7KH 3RWDVVLXP�DQG�0DJQHVLXP�$VSDUDJLQDWHV���$VS �� .� 0J��� LV�WKH�DFWLYH�FRPSRQHQW�RI D� PHGLFDO� SURGXFW� ZKLFK� NQRZQ� DV� $VSDUFDP� �%HODUXV�� 8NUDLQH�� 5XVVLD��� 3DQDQJLQ���*HGHRQ� 5LFKWHU�� +XQJDU\��� 3DPDWRQ�� � �3+$50$&,$� $'��� �3RWDVVLXP�PDJQHVLXP�DVSDUDJLQDWH�� �%HUOLQ�&KHPLH���7KLV�PHGLFLQH� LV�ZLGHO\� XVHG� DV� DQ� HIIHFWLYH� UHPHG\�ZKLFK�KDV�DQ�LQIOXHQFH�RQ�PHWDEROLF�SURFHVVHV���$W� SHURUDO� DGPLQLVWUDWLRQ� WKH� $VSDUFDP� LV� GLVVROYHG� LQ� ZDWHU� VROXWLRQV� ZLWK� YDULRXV�DFLGLWLHV��IURP�VWURQJ�DFLG�PHGLXP�LQ�D�VWRPDFK�XS�WR�ZHDN�EDVH�PHGLXP�LQ�ERZHOV����%HLQJ�WKH�PL[HG�VDOW�RI�D�ZHDN�DFLG�LW�FDQ�H[LVW�HLWKHU�DV�LQGHSHQGHQW�VHSDUDWH�PROHFXOHV��RU DV�VWDEOH�LRQLF�DVVRFLDWH��7KH�LQIRUPDWLRQ�RQ�FKDQJHV�RI��$VS �� .� 0J��� �VWUXFWXUH�ZLWK�FKDQJLQJ� RI� LWV� FRQFHQWUDWLRQ� RI� WKH� ZDWHU�VROXWLRQ� LV� LPSRUWDQW� ERWK� IRU� HVWDEOLVKLQJ� RI�PHFKDQLVPV� RI� WKHLU� PHGLFLQDO� DFWLRQ� DQG� IRU�GHYHORSPHQW� RI� PRUH� HIIHFWLYH� ZD\V� DQG�WHFKQLTXHV� IRU� DSSOLFDWLRQ� RI� DSSURSULDWH�PHGLFLQDO� DJHQWV�� 8S� WR� QRZ� WKLV� TXHVWLRQ� LV�QRW� LQYHVWLJDWHG�� 7R� UHFHLYH� WKLV� LQIRUPDWLRQ��WKH V\VWHPDWLF� WKHRUHWLFDO� VWXG\� RI� DWRPLF�VWUXFWXUH� RI� YDULRXV� PRGHOV� RI� FRPSRXQGV�FRQWDLQLQJ��$VS �� .� 0J����KDV�EHHQ�GRQH��,Q� FRQWLQXDWLRQ� WR� RXU� SUHYLRXV� SDSHU� >�@�ZH SUHVHQW� KHUH� WKH� UHVXOWV� RI� DE� LQLWLR�TXDQWXP�FKHPLFDO� VWXGLHV� RI� VWUXFWXUH� DQG�VWDELOLW\�RI��$VS �� .� 0J���LQ�ZDWHU�VROXWLRQV�LQ WKH� SUHVHQFH� RI�+&O�PROHFXOHV� DSSO\LQJ� RI�VXSHUPROHFXOH� PRGHO�� 7KH� VXSHUPROHFXOHV�KROGLQJ��$VS �� .� 0J���� Q+�2 ��P+&O��Q� ���� �������������P ������KDYH�EHHQ�FDOFXODWHG��7KH FKDUJH� GLVWULEXWLRQ� DQG� ERQG�FKDUDFWHULVWLFV� �ERQG� OHQJWKV� DQG� ERQG�RUGHUV��ZHUH UHFHLYHG���,Q� DOO� FDVHV� WKH� VWUXFWXUHV� ZHUH� RSWLPL]HG� E\� XVLQJ� WKH� WRWDO� HQHUJ\� PLQLPL]DWLRQ� RI� WKH�V\VWHP��7KH�VWUXFWXUDO� IRUPXOD�RI� �$VS �� .� 0J���� ���+�2 ���+&O�VXSHUPROHFXOH�DIWHU� IXOO�JHRPHWU\�RSWLPL]DWLRQ�LV�VKRZQ�LQ�)LJ�����,V� ZDV� VKRZQ�� WKDW� LQ� WKH� ZDWHU� VROXWLRQ� .� DQG�0J� $VSDUDJLQDWHV� IRUP� VWHDG\� PL[HG�FRPSOH[HV��WKH�VWUXFWXUDO�HOHPHQWV�LQ�ZKLFK�DUH�MRLQHG�E\�HOHFWURVWDWLF�LQWHUDFWLRQ��7KH FDOFXODWLRQV� ZHUH� SHUIRUPHG� XVLQJ� WKH� 0,1,� EDVLV�� 7KH� VRIWZDUH� SDFNDJH� 3&�*$0(66�>�@�EDVHG�RQ�*$0(66��86��>�@�ZDV�XVHG���7KLV ZRUN�ZDV�VXSSRUWHG�E\�%HODUXVLDQ�5HSXEOLFDQ�)RXQGDWLRQ�IRU�)XQGDPHQWDO�5HVHDUFK��JUDQW� ��������

>�@� 6ROGDWRY�9�6���3XVKNDUFKXN�$�/���.XYDHYD�=�,��0$&&����%RRN�RI�DEVWUDFWV� .KDUNLY�����-XQH����-XOH�������S������>�@� *UDQRYVN\�$OH[���ZZZ�KWWS���FODVVLF�FKHP�PVX�VX�JUDQ�JDPHVV�LQGH[�KWPO�>�@� 6FKPLGW�0�:��HW��DO���-�&RPSXW�&KHP� �� �������������
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&RPSDULVRQ�RI�3/6�DQG�GHFLVLRQ�WUHHV�PHWKRGV�
E\�WKH�H[DPSOH�RI�VROXWLRQ�46$5�WDVN�

IRU�OLJDQGV�RI���+7�$�UHFHSWRUV�
3�*��3ROLVKFKXN� 9�(��.X]¶PLQ��$�*��$UWHPHQNR��$�,��.KURPRY�

$�9�%RJDWVN\�3K\VLFR�&KHPLFDO�,QVWLWXWH�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/XVWGRUIVND\D�GRURJD��2GHVVD��������8NUDLQH��(�PDLO��SDYHOBSROLVFKXN#XNU�QHW��
9HU\� RIWHQ� UHVHDUFKHUV� KDYH� WR� GHDO� ZLWK� UDQNLQJ� REVHUYDWLRQV� RI� LQYHVWLJDWHG� SURSHUW\�

�DFWLYLW\���,Q�WKLV�FDVH�XVLQJ�RI�UHJUHVVLRQ�PHWKRGV�RI�DQDO\VLV�EHFRPHV�LQDSSURSULDWH��8VLQJ�
RI�WKH�GHFLVLRQ�WUHHV�PHWKRG�LV�YHU\�VXLWDEOH�LQ�VXFK�VLWXDWLRQ��%XW�LW�ZDV�XVHG�YHU\�UDUHO\�LQ�
VROXWLRQV�RI�46$5�WDVNV�GXH�WR�GLIILFXOWLHV�RI�TXDQWLWDWLYH�LQWHUSUHWDWLRQ�RI�LWV�PRGHOV��$�QHZ�
DSSURDFK� WR� VROYH� WKLV� SUREOHP�ZDV� SURSRVHG�� ,W� LV� EDVHG� RQ� WKH� SURFHGXUH� RI� WUHQG�YHFWRU�
PHWKRG�DQG�FDQ�EH�GHVFULEH�E\�WKH�IROORZLQJ�IRUPXOD��

� �
�

P
M

M L PHDQ
L

,7 $ $P  

 �ª º¬ ¼¦
ZKHUH� 7M ± UHODWLYH� LQIOXHQFH� RI� M�WK� GHVFULSWRU�� ,M ± LPSURYHPHQW�� FRHIILFLHQW� WKDW� VKRZV�
VSOLWWLQJ�HIIHFWLYHQHVV�LQ�GHFLVLRQ�WUHHV�PRGHO�E\�M�WK�GHVFULSWRU��P�±�QXPEHU�RI�FRPSRXQGV�LQ�
WKLV�QRGH��$L ± DIILQLW\�UDQN�RI�L�WK�FRPSRXQG��$PHDQ�±�PHDQ�DIILQLW\�UDQN�IRU�ZKROH�ZRUN�VHW��

$SSO\LQJ� WKLV� SURFHGXUH� WR� HDFK� QRGH� RI� UHVXOWLQJ� GHFLVLRQ� WUHHV� PRGHO� FDQ� DOORZ�
HVWLPDWLQJ� WKH� UHODWLYH� LQIOXHQFH� RI� HDFK� GHVFULSWRU� XVHG� LQ� WKH� PRGHO�� 0RUHRYHU�� HDFK�
GHVFULSWRU�UHODWLYH�LQIOXHQFH��7M� KDV�D�FRUUHVSRQGLQJ�UDQJH�RI�GHVFULSWRU�YDOXH��LQVLGH�ZKLFK�
WKLV LQIOXHQFH�LV�LPSOHPHQWHG��

3URSRVHG� DSSURDFK�ZDV� WHVWHG� LQ� WKH� VROXWLRQ� RI�46$5� WDVN� IRU� ���� OLJDQGV� RI� ��+7�$�
UHFHSWRUV�� 6LPSOH[� UHSUHVHQWDWLRQ� RI� PROHFXODU� VWUXFWXUH� ZDV� XVHG� ZKLFK� FDQ� VLPSOLI\� RI�
PRGHO LQWHUSUHWDWLRQ�� 6366� $QVZHU� 7UHH� ���� �WULDO� YHUVLRQ�� DQG� &	57� �&ODVVLILFDWLRQ� DQG�
5HJUHVVLRQ� 7UHHV�� DOJRULWKP�ZHUH� XVHG� IRU� FRQVWUXFWLRQ� RI� GHFLVLRQ� WUHHV�PRGHO�� 7KH� ILQDO�
PRGHO VHOHFWHG� ��� VLPSOH[� GHVFULSWRUV� IURP� ZKROH� VHW� RI� WKHP�� $FFRUGLQJ� WR� GHVFULEHG�
SURFHGXUH� UHODWLYH� LQIOXHQFHV�ZHUH� FDOFXODWHG� LQ� HDFK� RI� ���� QRGHV� RI� WKH� REWDLQHG�PRGHO��
)LQDOO\�� XVLQJ� RI� VLPSOH[� GHVFULSWRUV� DOORZHG� XV� WR� VHOHFW� PROHFXODU� IUDJPHQWV� ZKLFK� KDG�
VWHDG\�LQIOXHQFH�RQ�WKH�DIILQLW\�RI�OLJDQGV�RI���+7�$�UHFHSWRUV��

$W WKH�VDPH� WLPH� WKLV� WDVN�ZDV�VROYHG�E\�SDUWLDO� OHDVW�VTXDUHV� �3/6��PHWKRG�DQG�VWHDG\�
LQIOXHQFHG�PROHFXODU� IUDJPHQWV�ZHUH� FKRVHQ� WRR��7KH� REWDLQLQJ� UHVXOWV�ZHUH� LQ� DFFRUGDQFH�
ZLWK�HDFK�RWKHU� WKDW�FDQ�EH�D�SURRI�RI�DGDSWDELOLW\�RI� WKH�SURSRVHG�DSSURDFK�RI� WKH�GHFLVLRQ�
WUHHV�PRGHOV�LQWHUSUHWDWLRQ��
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1HZ�VWUXFWXUDO�GHVFULSWRUV�RI�PROHFXOHV�RQ�WKH�EDVLV�RI�V\PELRVLV�RI�WKH�LQIRUPDWLRQDO�ILHOG�PRGHO�DQG�VLPSOH[�UHSUHVHQWDWLRQ�RI�FRPSRXQGV��46$5�DQDO\VLV�RI�OXPLQHVFHQW�SURSHUWLHV�RI�GHULYDWLYHV�RI���R[ ���K\GUR[\�TXLQROLQ���FDUER[\OLF�DFLG�
/�1��2JQLFKHQNR� 9�(��.X]
PLQ��$�*��$UWHPHQNR��9�3�� QWRQRYLFK��$�9��<HJRURYD��'�,�� OH[DQGURYD�

$�9�%RJDWVN\�3K\VLFR�&KHPLFDO�,QVWLWXWH�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH���� /XVWGRUIVND\D�GRURJD��2GHVVD��������8NUDLQH��H�PDLO��RJQLFKHQNR#PDLO�UX�
,Q�WKH�JLYHQ�ZRUN��WKH�VFKHPH�RI�FDOFXODWLRQ�RI�QHZ�VWUXFWXUDO�SDUDPHWHUV�LV�RIIHUHG�RQ�WKH�EDVLV�RI�V\PELRVLV�RI�WKH�LQIRUPDWLRQDO�ILHOG�PRGHO�>�@�DQG�VLPSOH[�SUHVHQWDWLRQ�RI�PROHFXODU�VWUXFWXUH >�@�� 6XFK� VWUXFWXUDO� FKDUDFWHULVWLFV� FDQ� EH� XVHG� IRU� WKH� VROXWLRQ� RI� WKH� GLIIHUHQW�46$5 WDVNV��)URP�D�IRUPDO�SRVLWLRQ�WKH�PRGHO�RI�WKH�SRWHQWLDO�LQIRUPDWLRQDO�ILHOG�IRU�DQ\�REMHFW�GHVFULEHV�D VLWXDWLRQ�ZKHUH�WKH�VXUURXQGLQJ�VSDFH�LV�VWUXFWXUL]HG�E\�WKH�REMHFW��L�H��WKH�REMHFW�JHQHUDWHV�WKH�SRWHQWLDO�LQIRUPDWLRQ�LQ�WKLV�DUHD��7KH�LQIRUPDWLRQ�ILHOG�RI�FRPSOH[�REMHFW�FDQ�EH�PRGHOHG�DV�D�VXSHUSRVLWLRQ�RI�WKH�DSSURSULDWH�ILHOGV�RI�LWV�LQGHSHQGHQW�SDUWV��HOHPHQWV���,Q�WKH�IUDPHZRUN�RI�WKH�LQIRUPDWLRQ�ILHOG�PRGHO�HYHU\�DWRP�GHSHQGV�RQ�LQIOXHQFLQJ�RI�DOO�RWKHU�DWRPV�RI�JLYHQ�PROHFXOH��&KDUDFWHU� RI� VXFK� LQIOXHQFLQJ� GHSHQGV� RQ� DWRP� SURSHUWLHV�� IL[HG� LQ� EDVLV� RI� FRQVWUXFWLRQ� RI�LQIRUPDWLRQDO� ILHOG� DQG� PXWXDO� SRVLWLRQ� RI� DWRPV� LQ� PROHFXOH�� ,Q� D� UHVXOW� RI� DQDO\VLV� RI� WKH�GLIIHUHQW� PRGHO� V\VWHPV� LW� ZDV� IRXQG� RXW� VRPH� SHFXOLDULWLHV� GHWHUPLQHG� E\� DWRP� QDWXUH� DQG�JHRPHWU\�RI�PROHFXOH�RQ�WKH�ZKROH�IRU�PXWXDO�LQIOXHQFLQJ�RI�DWRPV��,Q� WKH� VLPSOH[� UHSUHVHQWDWLRQ� RI� PROHFXODU� VWUXFWXUH� D� PROHFXOH� LV� UHSUHVHQWHG� DV� WKH�V\VWHP� RI� GLIIHUHQW� VLPSOH[� GHVFULSWRUV� �WHWUDWRPLF� IUDJPHQWV� ZLWK� IL[HG� FRPSRVLWLRQ��VWUXFWXUH��FKLUDOLW\�DQG�V\PPHWU\���,Q�WKH�JLYHQ�DSSURDFK�LW�LV�RIIHUHG�WR�GLIIHUHQWLDWH�DWRPV�LQ�VLPSOH[�RQ�WKH�EDVLV�RI�WKH�LQIRUPDWLRQDO�ILHOG�FKDUDFWHULVWLFV��ZKLFK�DUH�FDOFXODWHG�LQ�SRLQWV�RI WKH�DWRP�ORFDWLRQ��,W�LV�QRWHZRUWK\�WKDW�LW�LV�SRVVLEOH�WR�XVH�SRWHQWLDOV�RI�WKH�LQIRUPDWLRQDO�ILHOGV��ZHLJKHG�E\�GLIIHUHQW�DWRPLF�SURSHUWLHV� �FKDUJH�� OLSRSKLOLFLW\�� UHIUDFWLRQ�HWF���� ,Q� IDFW��VXFK ILHOG�UHIOHFWV�LQIRUPDWLRQ�DERXW�WKH�GLVWULEXWLRQ�RI�WKH�FRQVLGHUHG�SURSHUW\�LQ�VSDFH��7KXV�� WKH� JLYHQ� DSSURDFK� HQDEOHV� WR� JHQHUDWH� WKH� VHW� RI� QHZ� VWUXFWXUDO� GHVFULSWRUV��UHIOHFWLQJ�LQIRUPDWLRQ�DERXW�WKH�SHFXOLDULWLHV�RI�PROHFXODU�VWUXFWXUH��7KH�HIILFLHQF\�RI�PHWKRG�ZDV�GHPRQVWUDWHG�RQ�WKH�H[DPSOH�RI�DQDO\VLV�RI�VWUXFWXUH�LQIOXHQFH�RI���R[R���K\GUR[\�TXLQROLQH���FDUER[\OLF�DFLG�GHULYDWLYHV�RQ�WKH�OXPLQHVFHQW�SURSHUWLHV�RI�LRQV�RI�(X� �,,,��DQG�7E� �,,,��FRPSOH[HV��46$5�WDVN�KDV�EHHQ�VROYHG�XVLQJ�3/6�PHWKRG�EHFDXVH�WKLV�PHWKRG�LV�PRUH�DFFHSWDEOH�WKDQ�0/5�ZKHQ�WKH�ODUJH�QXPEHU�RI�VWUXFWXUDO�SDUDPHWHUV�ZDV�XVHG��6WDWLVWLF� FKDUDFWHULVWLFV� IRU�REWDLQHG��'�PRGHOV� DUH�VDWLVIDFWRU\� �5� ������������� OHDYH�RQH�RXW� FURVV�YDOLGDWHG� 4� �������������� �'� PRGHOV� FRQWDLQ�LQIRUPDWLRQ�DERXW�VWUXFWXUH�RI�FRPSRXQG�DQG�UHIOHFW�RQO\�WKH�WRSRORJ\�RI�WKH�PROHFXOH��7KH�FDSDFLW\�RI�VXFK�DSSURDFK�LV�WKDW�WKH�WRSRORJ\�PRGHO�RI�PROHFXODU�VWUXFWXUH�LQ�DQ�LPSOLFLW�NLQG�FRQWDLQV� LQIRUPDWLRQ� DERXW� SRVVLEOH� FRQIRUPDWLRQV� RI� WKH� FRPSRXQG�� 2Q� WKH� EDVLV� RI� WKH�UHFHLYHG�PRGHOV�WKH�VWUXFWXUDO�IUDJPHQWV�ZLWK�WKH�PD[LPDO�LQIOXHQFH�RQ�OXPLQHVFHQW�TXDQWXP�\LHOG�DQG�OLIHWLPH�KDYH�EHHQ�GHILQHG��:LWKLQ�WKH�IUDPHZRUN�RI�JLYHQ�DSSURDFK�LW�LV�SRVVLEOH�WR�GHILQH�WKH�UHODWLYH�LQIOXHQFH�RI�WKH�GLIIHUHQW�IDFWRUV�RQ�WKH�OXPLQHVFHQW�SURSHUWLHV�RI�FRPSOH[HV�RI LRQV�RI�(X��,,,��DQG�7E��,,,��

>�@� .X]
PLQ�9�(���2JQLFKHQNR�/�1���$UWHPHQNR�$�*��0RGHOLQJ�RI�WKH�LQIRUPDWLRQDO�ILHOG�RI�PROHFXOHV����-�0RO�0RG��� ���������������±������>�@� 9�(�� .X]¶PLQ��$�*��$UWHPHQNR�� 3�*�� 3ROLVFKXN�� (�1�� 0XUDWRY�� HW� DO�� +LHUDUFKLF� 6\VWHP� RI� 46$5�0RGHOV� ��'��'��RQ� WKH�%DVH�RI�6LPSOH[�5HSUHVHQWDWLRQ�RI�0ROHFXODU�6WUXFWXUH� ���-��0RO��0RGHO�����������������������
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5HVHDUFK�RI�FLUFXODU�PRGHOV�HIILFLHQF\�IRU�46$5�WDVNV�
$�9��/LDKRYVNL\� 9�(��.X]
PLQ��$�*��$UWHPHQNR�

$�9�%RJDWVN\�3K\VLFR�&KHPLFDO�,QVWLWXWH�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/XVWGRUIVND\D�GRURJD��2GHVVD��������8NUDLQH��(�PDLO���GTVDU#UDPEOHU�UX�
,Q�WKH�SUHVHQW� WLPH�46$5�DQDO\VLV� LV� LPSRUWDQW�SDUW�RI�GHYHORSPHQW�RI�QHZ�FRPSRXQGV�ZLWK�FRPSOH[�RI�GHVLUHG�SURSHUWLHV��8VHG�46$5�PHWKRGV�GLIIHU�IURP�HDFK�RWKHU�ZLWK�ZD\�RI�JHQHUDWLRQ�RI�GHVFULSWRUV��OHYHOV�RI�GHWDLOLQJ�RI�PROHFXODU�VWUXFWXUH�DQG�WKH�DOJRULWKPV�RI�WKH�PDWKHPDWLFDO�GHVFULSWLRQ��7KH SXUSRVH�RI� WKLV�ZRUN� LV�HODERUDWLRQ�RI� WKH�QHZ�PHWKRG�RI�JHQHUDWLRQ�RI�GHVFULSWRUV�EDVHG�RQ�WKH�FLUFXODU�GHVFULSWLRQ�RI�PROHFXODU�VWUXFWXUH��(DUOLHU�WKH�PHWKRG�EDVHG�RQ�XVLQJ�RI�VWUXFWXUDO� SDUDPHWHUV� ZLWK� FKDUDFWHULVWLFV� UHFHLYHG� IURP� WKH� KDUPRQLF� DQDO\VLV� RI� WRUVLRQV�DQJOHV�KDYH�EHHQ�RIIHUHG�IRU�WKH�GHVFULSWLRQ�DQG�HVWLPDWLRQV�RI�VWUXFWXUDO�VLPLODULW\�RI�F\FOLF�VWUXFWXUHV�>�@��)RU GLVWULEXWLRQ� RI� WKH� VLPLODU� DSSURDFK� RQ� DQ\� VWUXFWXUHV� WKH� DOJRULWKP� RI� WKH� XQLILHG�GHVFULSWLRQ�RI�QRQ�F\FOLF�VWUXFWXUHV�XVLQJ�SDUDPHWHUV�RI�SVHXGR�F\FOH�LV�RIIHUHG���)RU WKLV�SXUSRVH�WKH�VWUXFWXUH�LV�UHSUHVHQWHG�DV�D�PROHFXODU�JUDSK��)RU�WKH�PROHFXODU�JUDSK�ZH� VROYH� WUDYHOLQJ� VDOHVPDQ� SUREOHP� E\� EUDQFK� DQG� ERXQGV� PHWKRG� >�@�� ,QYHVWLJDWHG�PROHFXODU� JUDSK� LV� UHSUHVHQWHG� E\� PDWUL[� RI� FRVWV� �WKH� PLQLPDO� GLVWDQFHV� EHWZHHQ� JUDSK�YHUWH[HV���$V�D�UHVXOW�RI�WKH�SUREOHP�GHFLVLRQ�ZH�UHFHLYHG�D�SVHXGR�F\FOH�WKDW�UHSUHVHQWV�DQ�LQLWLDO�VHTXHQFH�RI�DWRPV¶�QXPEHUV�RI�WKH�LQYHVWLJDWHG�PROHFXOH��&DOFXODWLRQ�RI�SK\VLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV�RI�DWRPV�DORQJ�D�SVHXGR�F\FOH�JLYHV�PROHFXODU�VSHFWUXP��+DUPRQLF�DQDO\VLV��)RXULHU�WUDQVIRUP��RI�WKLV�PROHFXODU�VSHFWUXP�JLYHV�SDUDPHWHUV�IRU�46$5�DQDO\VLV��)RU WKH� HVWLPDWLRQ� RI� HIILFLHQF\� RI� WKH� GHYHORSHG� 46$5� DSSURDFK� WKH� DELOLW\� WR�DQJLRWHQVLQ�FRQYHUWLQJ�HQ]\PH��$&(�� LQKLELWLRQ��S,&��� KDV�EHHQ� LQYHVWLJDWHG�>�@��7UDLQLQJ�VHW�FRQVLVWV�RI����FRPSRXQGV�DQG����VWUXFWXUHV�ZHUH�XVHG�LQ�D�WHVW�VHW��,W�LV�QHFHVVDU\�WR�QRWH�WKDW�DOO�LQYHVWLJDWHG�FRPSRXQGV�DUH�VWUXFWXUDOO\�KRPRJHQHRXV�WKDW�IDFLOLWDWHV�WKH�SURFHGXUH�RI�PROHFXOHV�VXSHUSRVLWLRQ�LQ�ODWWLFH�PHWKRGV��:H�KDYH� FRPSDUH� LQ� WKH�JLYHQ�ZRUN� WKH� UHVXOWLQJ�3/6�PRGHOV� >�@�EXLOW�ZLWK� WKH�XVH�RI�GHVFULSWRUV�JHQHUDWHG�LQ�WKH�IROORZLQJV�46$5�DSSURDFKHV��� &R0)$� ±� &RPSDUDWLYH� 0ROHFXODU� )LHOGV� $QDO\VLV�� E�� &R06,$� ±� &RPSDUDWLYH�0ROHFXODU� 6LPLODULW\� ,QGH[HV� $QDO\VLV�� F�� (9$� ±� (LJHQYDOXH� $QDO\VLV�� G�� +46$5� ±�+RORJUDP� 46$5�� H�� &HULXV� �� SURJUDP� SDFNDJH� ±� PHWKRG� RI� WUDGLWLRQDO� LQWHJUDO� �ZKROH�PROHFXOH���'�DQG����'�GHVFULSWRUV�JHQHUDWLRQ��7KH� DGYDQWDJH� RI� WKH� GHYHORSHG� E\� XV� PHWKRG� RYHU� RWKHUV� KDV� EHHQ� UHYHDOHG� E\� WKH�FRPSDULVRQ�RI�VXFK�VWDWLVWLFDO�GHVFULSWLRQV�RI�46$5�PRGHOV�DV�GHWHUPLQDWLRQ�FRHIILFLHQW�IRU�WUDLQLQJ��5�� DQG�WHVW��5�

WHVW� VHWV��GHWHUPLQDWLRQ�FRHIILFLHQW�FDOFXODWHG�LQ�WKH�FURVV�YDOLGDWLRQ�WHUPV��4����DV�ZHOO�DV�WKH�VWDQGDUG�HUURUV�RI�SUHGLFWLRQ�IRU�ERWK�VHWV��)RU�H[DPSOH�IRU�&LUFXODU�PRGHO�4� �����������DQG�IRU� WKH�RWKHU�PHWKRGV�4�  �����������0RUHRYHU��&LUFXODU�PRGHOV�DOORZLQJ�GHWHUPLQLQJ�VWUXFWXUDO�IUDJPHQWV�ZLWK�SRVLWLYH�RU�QHJDWLYH�LQIOXHQFH�RQ�LQYHVWLJDWHG�SURSHUW\� DV� ZHOO� DV� WKH� FRQWULEXWLRQ� RI� GLIIHUHQW� SK\VLFDO�FKHPLFDO� IDFWRUV� LQ� WKH� DFWLYLW\�FKDQJHV��
>�@� '��&UHPHU�� -�$��3RSOH��$�*HQHUDO�'HILQLWLRQ�RI�5LQJ�3XFNHULQJ�&RRUGLQDWHV� ���-��$P��&KHP�6RF������������������>�@� /DQG�$�+��'RLJ�$�*��$Q�DXWPDWLF�PHWKRG�RI�VROYLQJ�GLVFUHWH�SURJUDPPLQJ�SUREOHPV���(FRQRPHWULFD��� ����������������>�@� -�6XWKHUODQG�� -�2¶%ULHQ�� /�$�:HDYHU��$� FRPSDULVRQ� RI�PHWKRGV� IRU�PRGHOLQJ� TXDQWLWDWLYH� VWUXFWXUH�DFWLYLW\�UHODWLRQVKLSV����-��0HG��&KHP���� ������������������>�@� 5lQQDU�6���/LQGJUHQ�)���*HODGL�3���:ROG�6��$�3/6�.HUQHO�$OJRULWKP�IRU�'DWD�6HWV�ZLWK�0DQ\�9DULDEOHV�DQG�)HZHU�REMHFWV��3DUW����7KHRU\�DQG�$OJRULWKP�����-RXUQDO�RI�&KHPRPHWULFV�� ����������������
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&RPSHWLWLRQ�EHWZHHQ�LQWUD�DQG�LQWHUPROHFXODU�
K\GURJHQ�ERQGLQJ�LQ�WKH�UHVRUFLQDUHQH�WHWUDEHQ]RDWHV�

6�9��6KLVKNLQDD� 2�9��6KLVKNLQD� $�9��6KLYDQ\XNE� 9�,��.DOFKHQNRE
D67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´��1DWLRQDO�$FDGHP\�RI�6FLHQFH�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��������8NUDLQH��(�PDLO��VYHWD#[UD\�LVF�NKDUNRY�FRP�
E,QVWLWXWH�RI�2UJDQLF�&KHPLVWU\��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��.\LY������������0XUPDQVND�VWU�����8NUDLQH��

&DOL[DUHQHV� UHSUHVHQW� SHUVSHFWLYH� FODVV� RI� RUJDQLF� FRPSRXQGV� IRU� WKH� PRGHOLQJ� RI� WKH�
PROHFXODU�LGHQWLILFDWLRQ�SURFHVVHV�DQG�IRU�WKH�LQYHVWLJDWLRQ�RI�WKH�PROHFXODU�DQG�LRQLF�WUDQVIHU�
WKURXJK� FHOOXODU� PHPEUDQH� SURFHVVHV� HWF�� 3UHVHQFH� LQ� DURPDWLF� ULQJV� RI� FDOL[DUHQH� SURWRQ�
GRQDWLQJ� DQG� ZLWKGUDZDO� VXEVWLWXHQWV� FUHDWHV� VXLWDEOH� FRQGLWLRQV� IRU� IRUPDWLRQ� RI�
LQWUDPROHFXODU� K\GURJHQ� ERQGV�� +RZHYHU�� LQ� FU\VWDO� SKDVH� LW� LV� SRVVLEOH� WR� REVUHYH�
FRPSHWLWLRQ� EHWZHHQ� LQWUD� DQG� LQWHUPROHFXODU� K\GURJHQ� ERQGLQJ�� 3UHVHQFH� RI� VROYHQWV�
PROHFXOHV� SURPRWHV� VXFK� FRPSHWLWLRQV� DQG� LW� PD\� OHDG� WR� VZLWFK� EHWZHHQ� LQWUD� DQG�
LQWUDPROHFXODU�K\GURJHQ�ERQGV��

7KH UHVXOWV� RI� WKH�;�UD\� GLIIUDFWLRQ� VWXG\� RI� WKH�PROHFXOH��� ZKLFK� H[LVW� LQ WKH� FU\VWDO�
SKDVH�DV�VROYDWH�ZLWK�DFHWRQLWULOH��GHPRQVWUDWHV� WKDW� WKH�LQWUD��RU� LQWHUPROHFXODU�& 2«+�2�
K\GURJHQ�ERQGV�DUH�QRW�IRUPHG��$OO�2+�JURXSV�IRUP�WKH�LQWHUPROHFXODU�K\GURJHQ�ERQGV�ZLWK�
DFHWRQLWULOH�PROHFXOHV��

(W
(W

(W(W

+2 2+

+2 2+

3K22&

3K22&

&223K

&223K

�
7KH UHVXOWV� RI� WKH� TXDQWXP�FKHPLFDO� FDOFXODWLRQV� E\� %�/<3�FF�SYG]� PHWKRG�

GHPRQVWUDWHG�WKDW�WKH�IRUPDWLRQ�RI�WKH�LQWUDPROHFXODU�K\GURJHQ�ERQGV�EHWZHHQ�K\GUR[\O�DQG�
FDUER[\O�JURXS�LQ�QRQ�VROYDWHG�PROHFXOH�� OHDGV�WR�WKH�GHFUHDVH�LQ�HQHUJ\�RQ������NFDO�PRO�
�DV�FRPSDUHG�ZLWK�PROHFXOH�� ZLWKRXW�LQWUDPROHFXODU�K\GURJHQ�ERQGV���,Q�WKH�SUHVHQFH�RI�WKH�
DFHWRQLWULOH� VROYHQW� WKH� IRUPDWLRQ� RI� WKH� 2�+«1� LQWHUPROHFXODU� K\GURJHQ� ERQGV� LV� PRUH�
HQHUJ\� IDYRUDEO\� �RQ� ����� NFDO�PRO�� LQ� FRPSDULVRQ� ZLWK� WKH� 2�+«2 &� LQWUDPROHFXODU�
K\GURJHQ�ERQGV���
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7KH�QDWXUH�RI�LQWHUPROHFXODU�LQWHUDFWLRQV�
LQ FU\VWDOV�RI�SRO\QLWUR�FRPSRXQGV�
,��9��)HG\DQLQ��0��<X��$QWLSLQ��.��$��/\VVHQNR�

$�1��1HVPH\DQRY�,QVWLWXWH�RI�2UJDQRHOHPHQW�&RPSRXQGV��5XVVLDQ�$FDGHP\�RI�6FLHQFHV��������9DYLRYD�VW������0RVFRZ��5XVVLDQ�)HGHUDWLRQ��
7KH QDWXUH� RI� VKRUWHQHG� FRQWDFWV� LQ� FU\VWDOV� RI� QLWUDPLQHV� �1�PHWK\OQLUWDPLQH�� 01$��

KH[DQLWURKH[D�D]DLVRZXUW]LWDQH�� &/����� KH[DQLWURKH[DD]DLVRZXUW]LWDQH�� 5';��� QLWURDUHQHV�
�������WULQLWUREHQ]HQH�� 71%�� ������WULQLWURDQLOLQH�� 71$�� ZDV� DQDO\]HG� RQ� WKH� EDVLV� RI� WKH�
KLJK�UHVROXWLRQ� ;�UD\� LQYHVWLJDWLRQ�� 7KH� WRSRORJLFDO� DQDO\VLV� ZLWKLQ� WKH� %DGHU¶V� ³$WRP� LQ�
PROHFXOHV´�WKHRU\�ZDV�XVHG�WR�ILQG�DOO�DWWUDFWLYH�LQWHUPROHFXODU�LQWHUDFWLRQV�DQG�HVWLPDWH�WKHLU�
HQHUJ\�XVLQJ�DQ�HPSLULFDO�FRUUHODWLRQ�EHWZHHQ�WKH�SRWHQWLDO�HQHUJ\�GHQVLW\�DQ�WKH�HQHUJ\�RI�
WKH�FRQWDFW��/DWWLFH�HQHUJLHV�REWDLQHG�DV�D�VXP�RI�FRQWDFW�HQHUJLHV�DUH�LQ�JRRG�DJUHHPHQW�ZLWK�
WKH� WKHUPRFKHPLFDO� GDWD�� 7KH� GHSHQGHQFH� RI� QXPEHU� DQG� HQHUJ\� RI� SUHGRPLQDQW�W\SH�
LQWHUDFWLRQ�RQ�WKH�FRPSRXQG�VWUXFWXUH�ZDV�GHPRQVWUDWHG��/DWWLFH�HQHUJ\�ZDV�DOVR�FDOFXODWHG�
XVLQJ�3:�')7�DSSURDFK�LQ�VROLG��

7ZR LQGHSHQGHQW�PROHFXOHV��$�DQG�%��LQ�WKH�FU\VWDO�RI�71%�ZHUH�DQDO\]HG��,W�ZDV�VKRZQ�
WKDW� WKHVH�PROHFXOHV� GLIIHU� QRW� RQO\� LQ� V\PPHWU\� DQG�PROHFXODU� FRQIRUPDWLRQ�� EXW� DOVR� LQ�
QXPEHU� RI� FRQWDFWV�� FKDUJH� DQG� PROHFXODU� YROXPH�� $QDO\VLV� RI� LQWHUPROHFXODU� FRQWDFWV�
UHYHDOHG�WKH�DQLVRWURS\�RI�FRQWDFWV�GLVWULEXWLRQ�ZKDW�ZDV�SURYHG�E\�WKH�;�UD\�LQYHVWLJDWLRQV�
DW�GLIIHUHQW�WHPSHUDWXUHV��

)LJ����7KH�DOWHUQDWLRQ�RI�OD\HUV�IRUPHG�E\�³$´�DQG�³%´�LQGHSHQGHQW�PROHFXOHV�LQ�FU\VWDO�RI�71%�
7KLV ZRUN�LV�VXSSRUWHG�E\�5)%5��������������
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&U\VWDO�SDFNLQJ�LQGXFHG�SRODUL]DWLRQ�
RI�WKH�HOHFWURQ�GHQVLW\�LQ�DPLQRLPLQRL]RLQGROHV�

,�6��.RQRYDORYDD� 5�,��=XEDW\XND� 6�9��6KLVKNLQDD� 2�9��+RUGLHQNRE�0��<X��.RUQLORYE� 2�9��6KLVKNLQD
D�67&�³,QVWLWXWH�IRU�6LQJOH�&U\VWDOV´�1$6�RI�8NUDLQH�����/HQLQD�DYH���.KDUNLY��8NUDLQH�
E 7DUDV�6KHYFKHQNR�1DWLRQDO�8QLYHUVLW\������9RORG\P\UV¶ND�VW���.\LY��������8NUDLQH�
(�PDLO��LULQDN#[UD\�LVF�NKDUNRY�FRP�

�
,W�LV�NQRZQ��ZKDW�WKH�DPLQRLPLQRL]RLQGROH�LV�D�VWUXFWXUDO�IUDJPHQW�RI�WKH�SRUSK\ULQV��7KLV�

FDXVHV�LQWHUHVW�WR�VWUXFWXUH�DQG�SURSHUWLHV�RI�WKHVH�FRPSRXQGV��

1

15�

1�5���

5��+�������7ULPHWK\O�EHQ]HQH����0HWK\O���QLWUR�EHQ]HQH����S�
7RO\O�HWKDQRQH�
� 5�� +��PHWK\O��HWK\O�

�

�

�

6FKHPH���±�WKH�LQYHVWLJDWHG�REMHFWV�
7KH�;�UD\�GLIIUDFWLRQ�VWXG\�RI�VHULHV�RI�WKH�DPLQRLPLQRL]RLQGROH�GHULYDWLYHV��VFKHPH�����

UHYHDOV�LQWHUHVWLQJ�IHDWXUHV�RI�VWUXFWXUH�RI�WKH�15��& 1�IUDJPHQW��,W�LV�GHPRQVWUDWHG�WKDW�WKH�
&��1� ERQG� LV�FRQVLGHUDEO\� VKRUWHU�� DQG� WKH�&��1��ERQG� LV� ORQJHU�DV�FRPSDUHG� WR�DYHUDJH�
YDOXHV�IRU�VLQJOH�DQG�GRXEOH�&�1�ERQGV���

7KH UHVXOWV�RI� WKH�TXDQWXP�FKHPLFDO� FDOFXODWLRQV�XVLQJ�%�/<3�DQG�03��PHWKRGV�ZLWK�
DXJ�FF�SYG]�EDVLV�VHW�GHPRQVWUDWH�WKDW�LQ�LVRODWHG�PROHFXOHV�YDOXHV�RI�WKH�ERQG�GLVWDQFHV�DUH�
FORVH� WR� WKHLU� DYHUDJH� ERQG� OHQJWKV��7KHUHIRUH�� VLJQLILFDQW� HOHFWURQ� GHQVLW\� UHGLVWULEXWLRQ� LQ�
WKH FU\VWDO� SKDVH� FDQQRW� EH� FDXVHG� E\� LQWUDPROHFXODU� LQWHUDFWLRQV� DQG� VKRXOG� EH� DVVRFLDWHG�
ZLWK FU\VWDO�SDFNLQJ�HIIHFWV��

$SSOLFDWLRQ�RI�3RODUL]DEOH�&RQWLQXXP�0RGHO��3&0��ZLWK�')7�FDOFXODWLRQV�IRU�PRGHOLQJ�
RI HQYLURQPHQW�LQIOXHQFH�UHVXOWV�LQ�FRQVLGHUDEOH�FKDQJH�RI�ERQG�OHQJWKV�ZLWKLQ�WKH�15��& 1�
IUDJPHQW�WRZDUG�YDOXHV�IRXQG�LQ�WKH�FU\VWDO�SKDVH��7KXV��LW�FDQ�DVVXPH��WKDW�WKH�GHORFDOL]DWLRQ�
RI WKH� HOHFWURQLF� GHQVLW\� LQ� WKH� DPLQRLPLQRL]RLQGROH� DQG� LWV� GHULYDWLYHV� FDXVHV� E\� WKH�
SRODUL]LQJ�LQIOXHQFH�RI�WKH�QHLJKERULQJ�PROHFXOHV�LQ�WKH�VROLG�VWDWH��
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')7�PRGHOLQJ�RI�(65�SDUDPHWHUV�RI�QDQRGLDPRQGV�
ZLWK�VLQJOH�>19@� FHQWHU�

9�$��3XVKNDUFKXND� 6�<D��.LOLQE� $�3��1L]RYWVHYE � 9�(��%RULVHQNRD�$�%��)LORQRYD� $�/��3XVKNDUFKXNF� 6�$��.XWHQG
D%HODUXVLDQ� 6WDWH� 8QLYHUVLW\� RI� ,QIRUPDWLFV� DQG� 5DGLRHOHFWURQLFV�� 3�� %URYND���� �������0LQVN��%HODUXV�
E,QVWLWXWH�RI�3K\VLFV�1$6%��1H]DYLVLPRVWL�$YH� ������������0LQVN��%HODUXV��
F,QVWLWXWH�RI�3K\VLFDO�±�2UJDQLF�&KHPLVWU\�1$6%��6XUJDQRYD������������0LQVN��%HODUXV��DOH[S��#EN�UX�
G,QVWLWXWH�IRU�1XFOHDU�3UREOHPV��%HODUXVLDQ�6WDWH�8QLYHUVLW\��0LQVN��%HODUXV�

7KH�>19@� FHQWHUV�LQ�GLDPRQG�ZKLFK�FRQVLVWV�RI�VXEVWLWXWLRQDO�1�DWRP�DQG�YDFDQF\��9��LQ�WKH� QHDUHVW� VLWH� RI� ODWWLFH� DUH� FRQVLGHUHG� QRZDGD\V� DV� JUHDW�SRWHQWLDO� FDQGLGDWH� V\VWHP� IRU�LPSOHPHQWDWLRQV�RI�PDQ\�TXDQWXP�RSWLFDO�GHYLFHV��TXDQWXP�FRPSXWHU��VLQJOH�SKRWRQ�HPLWWHU��HWF���DQG�XQGHUJR�H[WHQVLYH�VWXGLHV�ERWK�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\�>���@��,Q� FRQWLQXDWLRQ� WR� RXU� SUHYLRXV� SDSHU� >�@� KHUH� ZH� SUHVHQW� WKH� UHVXOWV� RI� V\VWHPDWLF�WKHRUHWLFDO�VWXGLHV�RI�DWRPLF�FRQILJXUDWLRQV��HOHFWURQLF�DQG�VSLQ�SURSHUWLHV�RI�YDULRXV�GLDPRQG�QDQRFOXVWHUV�ZLWK�VLQJOH�>19@��FHQWHU�REWDLQHG�E\�DE LQLWLR�')7�TXDQWXP�FKHPLFDO�PHWKRG��7KH K\GURJHQ�SDVVLYDWHG�GLDPRQG�QDQRFOXVWHUV�&��+��>19@�� &��+��>19@�� &��+��>19@� ZHUH�FRQVLGHUHG��7KH�LVRWURSLF�DQG�DQLVRWURSLF�K\SHUILQH�VSOLWWLQJ�FRQVWDQWV��+)6&��RI���1 DQG���&LQ QDQRFOXVWHUV�ZHUH�FDOFXODWHG��7KH�H[DPSOH�RI�FDOFXODWHG�LVRWURSLF�+)6&�IRU�1�DQG�YDULRXV�& DWRPV�LQ�&��+��>19@��FOXVWHU�LV�SUHVHQWHG�LQ�)LJ������

�
�E��

)LJXUH���� � 7KH�DWRPLF�QXPHUDWLRQ�RI�WKH�ILUVW�DQG�VHFRQG�FRRUGLQDWLRQ�VSKHUHV�WR�WKH�YDFDQF\�LQ�&��+��>19@²FOXVWHU��E��,VRWURSLF�+)6&�IRU�1�DQG�&�DWRPV�LQ�WKH�&��+��>19@��FOXVWHU��
7KH� LVRWURSLF�+)6&� KDYH� WKHLU�PD[LPXP� YDOXHV� DW� &�� &� DQG�&� DWRPV� EHLQJ� QHDUHVW�QHLJKERUV� WR� WKH�YDFDQF\��ZKLFK�YDU\� LQ� UDQJH�RI���������0+]�GHSHQGLQJ�RQ� WKH�EDVLV�VHW��FOXVWHU
V� VL]H� DQG� VKDSH�� 7KHVH� UHVXOWV� DUH� LQ� JRRG� TXDQWLWDWLYH� DJUHHPHQW� ZLWK� WKH�H[SHULPHQWDO� GDWD� RI� HOHFWURQ� VSLQ� UHVRQDQFH� �(65�� IRU� >19@��FHQWHU� LQ� EXON� GLDPRQG������0+]���7KH�LVRWURSLF�+)6&�YDOXHV�RI�WKH�VHFRQG�YDFDQF\
V�QHLJKERUV��&��&��� DUH�PRUH�WKDQ�RUGHU�RI�PDJQLWXGH�VPDOOHU�WKDQ�IRU�WKH�ILUVW�RQHV��7KH�FDOFXODWLRQV�ZHUH�SHUIRUPHG�ZLWK�WKH %�/<3��IXQFWLRQDO�DQG�0,1,�(35,,�EDVLV��7KH�VRIWZDUH�SDFNDJH�3&�*$0(66�>�@�EDVHG�RQ *$0(66��86��>�@�ZDV�XVHG���7KLV ZRUN� ZDV� VXSSRUWHG� E\� ,17$6� JUDQW� 1������������ DQG� (8� �)3�� 675(3�³(48,1'´���&RQWUDFW�1���������

>�@�:UDFKWUXS�-���.LOLQ�6�<D���1L]RYWVHY�$�3��2SWLFV�	�6SHFWURVFRS\�����������������>�@�:UDFKWUXS�-���-HOH]NR�)��-��3K\V���&RQG��0DWWHU���� �������6�����>�@� 3XVKNDUFKXN�9�$��HW��DO���2SWLFV�	�6SHFWURVFRS\��� �����������>�@� *UDQRYVN\�$OH[���ZZZ�KWWS���FODVVLF�FKHP�PVX�VX�JUDQ�JDPHVV�LQGH[�KWPO�>�@� 6FKPLGW�0�:��HW��DO���-�&RPSXW�&KHP���� �������������
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)LJ���� 6SDWLDO� VSLQ� GHQVLW\�GLVWULEXWLRQV�LQ� � 6L��+��>$O@�DQG��E� 6L��+��>3@� FOXVWHUV�� 7KH� +�DWRPV�DUH�QRW�VKRZQ��

')7�PRGHOLQJ�RI�VSLQ�SDUDPHWHUV�RI�QDQRVLOLFRQ�
GRSHG�E\�$O�DQG�3�DWRPV�DV�VLQJOH�LPSXULWLHV�

$�/��3XVKNDUFKXND� 6�<D��.LOLQE� $�3��1L]RYWVHYE � 9�$��3XVKNDUFKXNF�6�$��.XWHQG� 7�1��0DPHGRYH
D,QVWLWXWH�RI�3K\VLFDO�±�2UJDQLF�&KHPLVWU\�1$6%��6XUJDQRYD������������0LQVN��%HODUXV��DOH[S��#EN�UX�

E,QVWLWXWH�RI�3K\VLFV�1$6%��1H]DYLVLPRVWL�$YH��������������0LQVN��%HODUXV��
F%HODUXVLDQ� 6WDWH� 8QLYHUVLW\� RI� ,QIRUPDWLFV� DQG� 5DGLRHOHFWURQLFV�� 3�� %URYND���� �������0LQVN��%HODUXV�
G,QVWLWXWH�IRU�1XFOHDU�3UREOHPV��%HODUXVLDQ�6WDWH�8QLYHUVLW\��0LQVN��%HODUXV�
H-RLQW�,QVWLWXWH�IRU�1XFOHDU�5HVHDUFK���������'XEQD��0RVFRZ�UHJLRQ��5XVVLD�

(OHFWURQ�DQG�QXFOHDU�VSLQV�RI�LPSXULW\�FHQWHUV�OLNH��� � $O� DQG���6L�LQ�VLOLFRQ�DUH�FRQVLGHUHG�QRZ�DV�SRVVLEOH�FDQGLGDWHV�IRU�SK\VLFDO�FDUULHUV�RI�TXELWV�LQ�SUDFWLFDO�LPSOHPHQWDWLRQV�RI�VROLG�VWDWH�TXDQWXP�FRPSXWHU�SURFHVVRU� �VHH��H�J��� >�����@��RZLQJ� WR� LWV�SRWHQWLDO�FRPSDWLELOLW\�ZLWK�ZHOO�GHYHORSHG�PRGHUQ�VLOLFRQ�EDVHG�PLFURHOHFWURQLFV��5HFHQWO\��WKH�PHDVXUHPHQW�RI�VSLQ�VWDWH�DQG�WKH�REVHUYDWLRQ�RI�5DEL�IORSV�RI���3 GRQRU�HOHFWURQV�LQ�VLOLFRQ�E\�SXUHO\�HOHFWULF�PHDQV�KDYH�EHHQ�GHPRQVWUDWHG�>�@��7KHUHIRUH��TXDQWXP�FKHPLFDO�DQDO\VLV�RI�WKHVH�SHUVSHFWLYH�V\VWHPV�LV�RI�JUHDW�LQWHUHVW�� +HUH ZH� SUHVHQW� WKH� UHVXOWV� RI� V\VWHPDWLF�WKHRUHWLFDO�VWXGLHV�RI�DWRPLF�FRQILJXUDWLRQV��HOHFWURQLF�DQG� VSLQ� SURSHU�WLHV� RI� YDULRXV� VLOLFRQ� QDQRFOXVWHUV�ZLWK� VLQJOH�$O�DQG�3�DWRPV� �>$O�RU�3@��DV� LPSXULWLHV��REWDLQHG� E\� ')7� TXDQWXP�FKHPLFDO� PHWKRG�� 7KH�K\GURJHQ�SDVVLYDWHG� VLOLFRQ� QDQR�FOXVWHUV� 6L��+��>$O��3@�� 6L��+��>$O�� 3@�� 6L��+��>$O�� 3@� DUH� FRQVLGHUHG��6SDWLDO� VSLQ� GHQVLW\� GLVWULEXWLRQ� DQG� LVRWURSLF� DQG�DQLVRWURSLF�K\SHUILQH�VSOLWWLQJ�FRQVWDQWV��+)6&��DW�$O��3 DQG� 6L� DWRPV� LQ� QDQRFOXVWHUV� DUH� FDOFXODWHG�� 7KH�H[DPSOHV�RI�FDOFXODWHG�VSDWLDO�VSLQ�GHQVLW\�GLVWULEXWLRQ�LQ 6L��+��>$O@�DQG��6L��+��>3@�FOXVWHUV�DUH�SUHVHQWHG�LQ�)LJ������7KH VSDWLDO� VSLQ� GHQVLW\� DQG� LVRWURSLF� +)6&� IRU�6L��+��>$O@� FOXVWHU� KDYH� WKHLU�PD[LPXP� YDOXHV� DW� 6L�QHLJKERUV� DWRPV� DQG� DW�$O� DWRP� �)LJ�D��� 7KH� VSDWLDO�VSLQ� GHQVLW\� IRU� 6L��+��>3@� FOXVWHU� KDYH� WKHLU�PD[LPXP� YDOXHV� DW� 3� DWRP� DQG� QHLJKERU� 6L� DWRP��)LJ�E��� 7KH� FDOFXODWLRQV� ZHUH� SHUIRUPHG� ZLWK� WKH�%�/<3�� IXQFWLRQDO� DQG� 0,1,� EDVLV�� 7KH� VRIWZDUH�SDFNDJH� 3&� *$0(66� >�@� EDVHG� RQ� *$0(66� �86��>�@ ZDV�XVHG���7KLV ZRUN�ZDV�VXSSRUWHG�E\�16)�RI�%HODUXV�XQGHU�JUDQW� ��������
>�@� .DQH�%�(��1DWXUH���� ������������)RUW��3K\V���� �������������>�@� %DWXULQ�$�6���*RUHONLQ�9�1���6LQJK�5��2SWLFV�DQG�6SHFWURVFRS\�������������������>�@� ,WRK�.�0��6ROLG�6WDWH�&RPPXQV������������������>�@� 6WHJQHU�$�5���HW��DO��1DWXUH�3K\VLFV�� ������������>�@� *UDQRYVN\�$OH[���ZZZ�KWWS���FODVVLF�FKHP�PVX�VX�JUDQ�JDPHVV�LQGH[�KWPO�>�@� 6FKPLGW�0�:��HW��DO���-�&RPSXW�&KHP���� �������������

D��

E�
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4XDQWXP�FKHPLFDO�LQYHVWLJDWLRQ�RI�WKH�QDWXUH�
RI�SKDVH�WUDQVLWLRQ�LQ�WKH�6Q�3�6� IHUURHOHFWULFV�

2�,��&KREDO��,�0��5L]DND DQG�9�0��5L]DN�
D'QLSURSHWURYVN�1DWLRQDO�8QLYHUVLW\��'QLSURSHWURYV¶N��8NUDLQH�
8]KJRURG�1DWLRQDO�8QLYHUVLW\��8]KJRURG��8NUDLQH�
(�PDLO��UL]DN#XQLY�X]KJRURG�XD��

7KH WRSLF�FKDUDFWHU�RI�VWXGLHV�RI�WKH�6Q�3�6� FU\VWDOV�LV�GXH�WR�WKH�SURPLVLQJ�FKDUDFWHU�RI�
WKHLU�SUDFWLFDO�DSSOLFDWLRQ�DV�WKH�SULPDU\�S\UR��DQG�SLH]RWUDQVIRUPHUV�LQ�D�ZLGH�WHPSHUDWXUH�
UDQJH�� $W� WKH� VDPH� WLPH�� LQWHUSUHWDWLRQ� RI� WKH� DYDLODEOH� UHVXOWV� RI� VWXGLHV� JLYHV� QR�
XQDPELJXRXV�DQVZHU� WR� WKH�TXHVWLRQ�FRQFHUQLQJ� WKH� W\SH�RI� IHUURHOHFWULF�SKDVH� WUDQVLWLRQ� LQ�
WKH� 6Q�3�6� FU\VWDOV��0RGHOLQJ� RI� WKH� ODWWLFH� LQVWDELOLW\�ZLWKLQ� WKH� IUDPHZRUN� RI� WKH� TXDVL�
PROHFXODU�FOXVWHU�PHWKRG�FRXOG�EH�DQ�HVVHQWLDO�DGGLWLRQ�WR�WKH�SDWWHUQ�RI�WKH�SKDVH�WUDQVLWLRQ�
LQ WKH� FU\VWDOV� XQGHU� VWXG\�� 7KHUHIRUH� WKH� JRDO� RI� WKLV�ZRUN�ZDV� WR� VWXG\� WKH� QDWXUH� RI� WKH�
SKDVH�WUDQVLWLRQ�LQ�WKH�6Q�3�6� FU\VWDOV��

,Q� WKLV�ZRUN�ZH�SUHVHQW� WKH� UHVXOWV�RI�GLUHFW�QRQ�HPSLULFDO�FDOFXODWLRQV�RI� WKH� IRUP�RI�D�
ORFDO�DGLDEDWLF�SRWHQWLDO�DQG�FRUUHVSRQGLQJ�IRUFH�FRQVWDQWV�IRU�6Q�DWRPV��ZKLFK�DUH�GLVSODFHG�
DW� SKDVH� WUDQVLWLRQ�� /RFDO� DGLDEDWLF� SRWHQWLDOV� IRU� 6Q� DWRPV� DUH� VWXGLHG� XVLQJ� WRWDO� HQHUJ\�
FDOFXODWLRQV�E\�DE�LQLWLR�+DUWUHH�)RFN��5+)��PHWKRG�IRU�PDQ\�DWRPLF�FOXVWHUV�6Q�3�6���DQG�
6Q��3��6��� 7KH� 6Q�3�6��� FOXVWHU� ZDV� XVHG� IRU� FDOFXODWLRQV� VLQFH� LW� LV� WKH� PLQLPDO� FOXVWHU��
ZKLFK UHSURGXFHV� WKH� FKHPLFDO� ERQGLQJ� DQG� WKH� ORFDO� �L�H�� GHWHUPLQHG� E\� WKLV� ERQGLQJ��
SURSHUWLHV��$OO�FDOFXODWLRQV�KDYH�EHHQ�FDUULHG�RXW�E\�PHDQV�RI�WKH�3&�*$0(66�FRGH�RI�WKH�
*$0(66��86��TXDQWXP�FKHPLFDO�VRIWZDUH�XVLQJ�WKH�EDVLV�VHW�������*��

&DOFXODWHG�ORFDO�SRWHQWLDO�IRU�WKH�6Q�DWRP�KDV�D�IRUP�RI�D�VLQJOH�ZHOO�SRWHQWLDO�WKDW�DOORZV�
IHUURHOHFWULF�SKDVH�WUDQVLWLRQ�LQ�WKH�6Q�3�6� FU\VWDOV�WR�EH�FODVVLILHG�DV�WKH�GLVSODFHPHQW�W\SH�
SKDVH� WUDQVLWLRQ��7KH�HIIHFW�RI� WKH� VL]HV�RI� FOXVWHUV�RQ�D� VKDSH�RI� WKH� ORFDO�SRWHQWLDO� IRU� WKH�
FHQWUDO�6Q�DWRP�LV�FRQVLGHUHG��
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7KH�6LQJOHW�2[\JHQ�$FWLYDWLRQ�E\�8QLTXH�0HWDO�,RQ�6WUXFWXUHV�
LQ�=Q�����=60���=HROLWH��')7�VWXG\�RI�WKH�$GGXFWV�RI�
$FWLYDWHG�6LQJOHW�2[\JHQ�ZLWK�3URSHQH�RU�3URS\QH�

9LWDO\�6RONDQ��
1�� '�� =HOLQVN\� ,QVWLWXWH� RI� 2UJDQLF� &KHPLVWU\�� 5$6�� �������0RVFRZ�� /HQLQVNLL� SU�� ����5XVVLDQ )HGHUDWLRQ��(�PDLO��VRONDQYQ#LRF�DF�UX�

7KH� SDUWLFLSDWLRQ� RI� VLQJOHW� R[\JHQ� LQ� WKH� R[LGDWLRQ� RI� K\GURFDUERQV� RQ� KHWHURJHQHRXV�FDWDO\VWV�ZDV� GLVFXVVHG� SUHYLRXVO\��5HFHQWO\�� WKH� ILUVW� GLUHFW� HYLGHQFH� RI� WKH� QRQ�HTXLOLEULXP�WKHUPDO�SURGXFWLRQ�RI��'J2� RQ�]HROLWH�VDPSOHV� �=60���H[FKDQJHG�ZLWK�DONDOLQH�DQG�DONDOLQ�HDUWK�FDWLRQV��ZDV�REWDLQHG�E\�FKHPLOXPLQHVFHQFH�WHFKQLTXH�>�@��:H�SUHVHQW�KHUHLQ�D�GHQVLW\�IXQFWLRQDO� WKHRU\� �')7�%�/<3�� VWXG\� RQ� WKH� LQWHUDFWLRQ� RI� PROHFXODU� R[\JHQ� ZLWK� =Q�������G����� H[FKDQJHG�]HROLWH�=60����7KH� FDWLRQ�H[FKDQJHG� VLWHV� LQ�=60���DUH� UHSUHVHQWHG�E\� D�YDULHW\�RI�PRGHO�FOXVWHUV��LQFOXGLQJ��7����7��DQG��7�ULQJ���7�FOXVWHU���7�GHQRWHG�WHWUDKHGUDO�$O�DQG�6L�DWRPV���7KH�VL[�PHPEHUHG� ULQJ��7�ULQJ� ��7�FOXVWHU��FRPSRVHG�RI� WZR� ILYH�PHPEHUHG�ULQJV�IURP�WKH�ZDOOV�RI�WKH�VWUDLJKW�FKDQQHOV�RI�WKH�=60���]HROLWH�ZDV�VHOHFWHG�VLQFH�LW�KDV��EHHQ�GLVFXVVHG�E\�H[SHULPHQWDOLVWV��+\GURJHQ�DWRPV�ZHUH�XVHG�WR�VDWXUDWH�WKH�GDQJOLQJ�6L±2�ERQGV�DW� WKH�SHULSKHU\�RI� WKH�FOXVWHUV��7KH�VWDUWLQJ�JHRPHWU\�RI� WKH�FOXVWHUV�FRUUHVSRQGHG�WR�WKH�UHDO�ODWWLFH� RI� WKH� =60��� ]HROLWH� FRUUHVSRQGLQJ� WR� ;�UD\� GLIIUDFWLRQ� GDWD�� 1DWXUDO� ERQG� RUELWDO��1%2�� SRSXODWLRQ� DQDO\VLV� ZDV� FDUULHG� RXW� RQ� WKH� RSWLPL]HG� VWUXFWXUHV� WR� GHWHUPLQH� WKH�RFFXSDQFLHV��QXPEHU�RI�HOHFWURQV�DVVLJQHG�WR�RUELWDOV�LQ�HDFK�DWRP��DQG�FKDUJHV�RI�DWRPV�LQ�WKH�DGVRUSWLRQ�FRPSOH[HV��$QDO\WLFDO�IUHTXHQFLHV�ZHUH�FDOFXODWHG�DW�WKH�VDPH�OHYHO�RI�WKHRU\��DQG�WKH�QDWXUH�RI�WKH�VWDWLRQDU\�SRLQWV�ZDV�GHWHUPLQHG�LQ�HDFK�FDVH�DFFRUGLQJ�WR�WKH�QXPEHU�RI�WKH�QHJDWLYH�HLJHQYDOXHV�RI�WKH�+HVVLDQ�PDWUL[��7KH�WKHRUHWLFDO�FDOFXODWLRQV�XVLQJ��7����7��DQG��7�FOXVWHUV�VKRZ�WKDW�R[\JHQ�DGVRUSWLRQ�E\�=Q�����=60���UHVXOWV�LQ�D�YHU\�VWURQJ�SHUWXUEDWLRQ�RI�2±2�VWUHWFKLQJ�YLEUDWLRQ��7KLV�FRUUHODWHV�ZLWK�WKH�ILQGLQJ�WKDW�WKH�2�2�=Q�ERQG�OHQJWK�LV�PXFK�ORQJHU� WKDQ�2�2�ERQG� OHQJWK� IRU� IUHH� �'J2� PROHFXOH�� ,Q� RUGHU� WR� HOXFLGDWH� WKH� UHDFWLYLW\� RI�VLQJOHW�R[\JHQ�RQ�=Q�����VLWH�LQ�=60���ZH�ZLOO�IRFXV�RQ�FDOFXODWLRQV�XVLQJ��7�DQG��7�FOXVWHU�DW�')7�%�/<3�����*�G�� S�� OHYHO��:H� KDYH� LQYHVWLJDWHG� WKH� UHDFWLRQ� RI� VLQJOHW� R[\JHQ�ZLWK�GRXEOH�ERQG� FRPSRXQGV� �SURSHQH� DQG� EXWDGLHQH�� WR� JLYH� D� GLR[HWDQH� LQWHUPHGLDWH�� ZKLFK�XVXDOO\� FOHDYHV� WR� DOGHK\GHV�� 7KH� DFWLYDWHG� R[\JHQ� PROHFXOH� RQ� =Q�����=60���� DV� D� RQH�HOHFWURQ�DFFHSWRU��ELQGV�VWURQJO\�WR�WKH�SURSHQH�PROHFXOH�� UHVXOWLQJ�LQ� IRUPDWLRQ�RI�GLR[HWDQH�DGGXFW�� QDPHO\� ��PHWK\O�����GLR[HWDQH�� 'XH� WR� WKH� HOHFWURQ� ZLWKGUDZLQJ� HIIHFW�� HOHFWURQ�WUDQVIHU� IURP� WKH� SURSHQH�PROHFXOH� RFFXUV� DQG� LQGXFLQJ� VXEVHTXHQW� VWURQJHU� ELQGLQJ� RI� WKH�PROHFXODU�R[\JHQ� WR�SURSHQH��7KH�FKDQJHV� LQ� WKH�JHRPHWULFDO�SDUDPHWHUV�� FKDUJH�GLVWULEXWLRQ�DQG�GLSROH�PRPHQW�DORQJ�WKH�UHDFWLRQ�FRRUGLQDWH�DUH�GLVFXVVHG��6RPH�UHODWLRQVKLSV�EHWZHHQ�WKH�DPRXQW�RI�WUDQVIHUUHG�HOHFWURQ�GHQVLW\�DQG�WKH�FKDQJHV�LQ�JHRPHWULFDO�SDUDPHWHUV�DQG�HQHUJLHV�DUH� JLYHQ�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� WKH� DFWLYDWHG� VLQJOHW� R[\JHQ� RQ� =Q�����=60��� PD\�LQLWLDOO\� R[LGL]H� SURSHQH� WR� GLR[HWDQH� DGGXFW�� ZKLFK� VHHP� WR� SOD\� DQ� LPSRUWDQW� UROH� IRU� WKH�SURSHQH� R[LGDWLRQ��4XDQWXP� FKHPLFDO� FDOFXODWLRQV� LQGLFDWHG� WKDW� IRU� EXWDGLHQH� ERWK� WKH� VL[�PHPEHUHG�DQG� IRXU�PHPEHUHG�F\FOLF�SHUR[LGHV�KDYH�EHHQ�IRUPHG�IURP�R[\JHQDWLRQ� UHDFWLRQ�WKDW� LQYROYH� VLQJOHW� R[\JHQ� DGVRUEHG� RQ� =Q��7�FOXVWHU�� 7KH� IRUPHU� UHDFWLRQ� ������F\FOR�HWK\OHQH�����DGGLWLRQ� LV� DFWXDOO\� D� 'LHOV�$OGHU� UHDFWLRQ� ZLWK� VLQJOHW� R[\JHQ� DV� GLHQRSKLOH��&DUERQ�FDUERQ�WULSOH�ERQGV�FDQ�DOVR�XQGHUJR�����F\FORDGGLWLRQ�ZLWK�DFWLYDWHG�VLQJOHW�R[\JHQ��&RPSXWHG� WKHUPRG\QDPLF� GDWD� RI� WKH� ����F\FORDGGLWLRQ� UHDFWLRQ� RI� VLQJOHW� R[\JHQ� ZLWK�SURS\QH� LQGLFDWH� WKDW� WKLV� SURFHVV� LV� H[RWKHUPLF�� 7KH� SURGXFW� JHRPHWU\� FRUUHVSRQGV� WR� D� ��PHWK\O������GLR[HWH�PROHFXOH��7KHRUHWLFDO� UHVXOWV�REWDLQHG� HPSOR\LQJ�')7�PHWKRG�SURYLGH�D�PHFKDQLVP� RI� SURSHQH� DQG� SURS\QH� R[LGDWLRQ� EDVHG� RQ� HOHFWURQLF� HIIHFWV� UHVSRQVLEOH� IRU�VHOHFWLYH� UHDFWLYLW\� RI� VLQJOHW� R[\JHQ� DGVRUEHG� RQ� =Q�����VLWH� LQ� =60��� ]HROLWH�� )LQDQFLDO�VXSSRUW�RI�WKLV�UHVHDUFK�E\�5)%5��SURMHFW��������������LV�JUDWHIXOO\�DFNQRZOHGJHG��
>�@� $��1��5RPDQRY��<��1��5XIRY��DQG�9�1��.RUFKDFN��0HQGHOHHY�&RPPXQ��������������
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0HVRSRURXV�VLOLFD�0&0����DQG�LQWHUFDODWLRQ�FRPSRXQG�
ZLWK�3'+6�

9��.KDYU\XFKHQNR D� 1��2VWDSHQNR�E�
D� ,QVWLWXWH� IRU� 6RUSWLRQ�	�(QGRHFRORJ\��1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI�8NUDLQH��*HQ��1DXPRYD�VWU�����������.LHY��8NUDLQH��HPDLO��YNKDYU#FRPSFKHP�NLHY�XD�
E�,QVWLWXWH�RI�3K\VLFV��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��SU��1DXN\������������.LHY��8NUDLQH��H�PDLO��RVWDS#LRS�NLHY�XD���7KH DWRPLF�OHYHO� PRGHO� RI� WKH� PHVRSRURXV� VLOLFD� 060���� ZDV� GHYHORSHG�� 4XDQWXP�FKHPLFDO�FDOFXODWLRQ��VHPLHPSLULFDO�PHWKRG�30���ZLWK�FRPSOHWH�VSDFH�VWUXFWXUH�RSWLPL]DWLRQ�ZDV� GRQH� IRU� WKH� FOXVWHU� ZLWK� WRWDO� DPRXQW� RI� DWRPV� ������ +\GUR[\O� JURXSV� VDWXUDWHG� WKH�FOXVWHU� ERQG� HQGV��ZKLFK� UHSUHVHQWV� WKH� UHDO� SURSHUWLHV� RI� WKH� QDQRVLOLFD� V\VWHPV��7KH� SRUH�GLDPHWHU�RI� WKH�KH[DJRQ�KROH� LV� ���c�DSSUR[LPDWHO\�� ,QVLGH� VXUIDFH�RI� WKH�KH[DJRQ�KROH� LV�K\GUR[\O�IUHH��7KH�K\GUR[\O�JURXSV�FDQ�H[LVW�RQO\�RQ�WKH�GHIHFWV�DQG�DW�WKH�KROH�HQG��$�VHULHV�RI� WKH� GLIIHUHQW� OHQJWK� SRO\VLODQH� ZLWK� GLIIHUHQW� WHUPLQDWLQJ� JURXSV�� K\GURJHQ�� PHWK\O� DQG�KH[\O��)RU�K\GURJHQ�DQG�PHWK\O�JURXSV�WKH�DPRXQW�RI�VLOLFRQ�DWRPV�ZHUH�IURP���XS�WR�����DQG� IRU� KH[\O� JURXSV� XS� WR� ���� )RU� ELJJHVW� ROLJRPHU� WRWDO� DPRXQW� RI� DWRPV� LV� ����� 7KH�HOHFWURQLF�VWUXFWXUH�DQG�+202��/802�DQG�*$3�SRVLWLRQ�IRU�DOO�V\VWHPV�ZHUH�DQDO\]HG��)RU�WKH� VLOLFRQ� OLQHDU� FKDLQV� ZLWK� OHQJWK� PRUH� WKDW� ��� VLOLFRQ� DWRPV� WKH� SRVLWLRQ� RI� +202��/802�DQG�*$3�DUH� DSSUR[LPDWHO\� FRQVWDQW��7KH�PRVW� VWDEOH� FRQIRUPDWLRQ� IRU� WKH� VLOLFRQ�OLQHDU�FKDLQ�LV�WUDQV��+H[\O�GHULYDWLYHV�SRO\VLODQH��3'+6��KDV�DQ�DSSUR[LPDWHO\�GLDPHWHU�LQ����c��7KH�GLDPHWHU� IRU� WKH�3'+6�PROHFXOH� LV�GHILQHG�DV�GLVWDQFH�EHWZHHQ�K\GURJHQ�DWRPV�IRU� WKH� HQG� PHWK\O� JURXSV�� ZKLFK� SODFHG� RQ� WKH� HQG� RI� KH[\O� JURXSV�� DQG� EHORQJ� WR� WKH�QHLJKERXU�VLOLFRQ�DWRPV��7KHVH�GDWD�VKRZ�WKDW�WKLV�SRO\PHU�LV�DEOH�WR�SHQHWUDWH�LQWR�WKH�060����KROHV���,QWHUFDODWLRQ� FRPSRVLWH� IRU� WKH�060���� VLOLFD� DQG�3'+6�SRO\PHU�ZDV� VLPXODWHG�XVLQJ�TXDQWXP�FKHPLVWU\�LQ�FOXVWHU�DSSUR[LPDWLRQ��WRR��7RWDO�DPRXQW�RI�WKH�DWRPV�LQ�WKLV�FOXVWHU�LV������DQG�FKDUDFWHULVWLF�VL]H�RI�WKLV�V\VWHP�LV�DURXQG����c��&RPSXWDWLRQ�GDWD�VKRZ�WKDW�3'+6�PROHFXOH� FDQ� H[LVW� LQ� WKH�060���� KROH� RQO\� LQ� WUDQV�FRQIRUPDWLRQV�� 6SDFH� DQG� HOHFWURQLF�SURSHUWLHV� IRU� WKLV� ELJ� FOXVWHU� LV� FRPSDUHG� DQG� GLVFXVVHG� UHVSHFW� WR� WKH� µIUHH¶� PROHFXOHV��$GGLWLRQDOO\� VRPH� SRVVLEOH� GHIHFWV� LQ� WKH�060���� VLOLFD� OLNH� LQVLJKW� K\GUR[\O� JURXSV� DQG�VLOLFRQ� DWRP� YDFDQFLHV� ZHUH� VLPXODWHG�� WRR��$� VHW� RI� WKH� VLOLFD� FOXVWHUV�ZLWK� GLIIHUHQW� KROH�GLDPHWHU�ZDV�VLPXODWHG�DQG�DELOLW\�WR�VRPH�3'+6�PROHFXOH�SHQHWUDWLRQ�LQ�WKH�VDPH�KROH�ZDV�DQDO\]HG��5HVXOWV�RI�WKH�FRPSXWHU�VLPXODWLRQ�ZHUH�FRPSDUHG�ZLWK�H[SHULPHQWDO�VSHFWURVFRSLF�GDWD��7KH�ELJJHU�VLOLFD�FOXVWHUV�ZLWK�SRUH�GLDPHWHU�QHDU����$�DQG�ZLWK�OHQJWK�QHDU����$�ZHUH�VLPXODWHG��WRR��7RWDO�DPRXQW�RI�DWRPV�LQ�WKLV�V\VWHP�XQGHU�VWXG\�LV�������7KH�SRUH�VL]H�RI�WKLV�FOXVWHU� FDQ� KROG� PRUH� WKHQ� RQH� 3'+6�PROHFXOHV��:H� KDYH� WHVWHG� WKUHH� 3'+6�PROHFXOHV��HYHU\� RI� ZKLFK� FRQWDLQV� ���DWRPV�� DQG� WKHVH� WKUHH�PROHFXOHV�� LQ� WUDQV�FRQIRUPDWLRQ� RQO\��RFFXS\� WKUHH� FRUQHUV� LQ� WKH� KH[DKHGURQ� SRUH� RI� WKH� FOXVWHU�� 7RWDO� DPRXQW� RI� DWRPV� LQ� WKLV�V\VWHP�LV��������7KH�FOXVWHU¶V�VL]H�DQG�WRWDO�DPRXW�RI�DWRPV�PD\�UHSURGXFH�WKH�VWUXFWXUH�DQG�SDFNLQJ�PHWKRG�IRU�ELJ�VL]H�RUJDQLF�SRO\PHUV�LQ�WKH�PHVR�VFDOH�SRUHV��'HSHQGV�RQ�WKH�VL]H��WKLV� SRUH� FDQ� FRQWDLQ� WKH� GLIIHUHQW� DPRXQW� RI� SRO\PHU� FKDLQ�V��� EXW� RQO\� LQ� WKH� WUDQV�FRQIRUPDWLRQ��&RQIRUPDWLRQ�FKDQJLQJ�OHDGV�WR�WKH�ELJ�EDOO�IRUPDWLRQ��ZKLFK�FDQQRW�SHQHWUDWH�LQVLGH�WKH�SRUH��
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4XDQWXP�FKHPLFDO�VLPXODWLRQ�RI�LQWHUPROHFXODU�
LQWHUDFWLRQ�RI�EXEEOH�VLOLFD�PROHFXOHV�ZLWK�K\GUR[\O�JURXSV�

2�9��3ROLVFKXN��9�9��/REDQRY�
$�$�� &KXLNR� ,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV�� *HQ��1DXPRY 6WUHHW�����������.\LY��8NUDLQH�
(�PDLO��SROLVFKXNBRY#PDLO�UX��

7KH ILHOGV� RI� VFLHQFH� DQG� WHFKQRORJ\� FRQQHFWHG� ZLWK� SUHSDUDWLRQ� DQG� DSSOLFDWLRQ� RI�
FU\VWDOOLQH� DQG� DPRUSKRXV� VLOLFD� IRUPV� DUH� RI� JUHDW� LQWHUHVW� QRZDGD\V�� 7KH� SUREOHP� RI�
SURGXFWLRQ�RI�QHZ�PDWHULDOV�RQ�WKH�EDVLV�RI�WKLV�VLOLFD�IRUPV�LV�HVSHFLDOO\�DFWXDO�QRZ��

7KH PDWWHU� SURSHUWLHV� HVVHQWLDOO\� FKDQJH�� ZKHQ� WUDQVLWLQJ� IURP� PDFURVWUXFWXUHV� WR�
QDQRVL]H� RQHV�� 7KHUHIRUH� WKH� H[DPLQDWLRQ� RI� VLOLFD� QDQRSDUWLFOHV� DQG� GHULYHG� V\VWHPV�
LQFUHDVLQJO\� GUDZV� DWWHQWLRQ� RI� VFLHQWLVWV�� 6LOLFD� QDQRSDUWLFOHV� VKRXOG� KDYH� QHZ� LPSRUWDQW�
SURSHUWLHV�GLIIHUHQW�IURP�WKRVH�RI�EXON�VLOLFD�VLPLODUO\�WR�IXOOHUHQHV�DQG�FDUERQ�QDQRWXEHV���

,Q�SUHYLRXV�ZRUNV�ZH�H[DPLQHG�WKHRUHWLFDOO\�VWUXFWXUDO�DQG�HQHUJ\�FKDUDFWHULVWLFV�RI�WZR�
IXQGDPHQWDO� GLIIHUHQW� EXEEOH� VLOLFD� PROHFXOHV�� 7KH� IRUPHU� LV� D� �6L2��1�+�2�1��� PROHFXOH�
ZKLFK FKDUDFWHUL]HG�E\�DYDLODELOLW\�RI�K\GUR[\O�JURXSV�DW�HDFK�VLOLFRQ�DWRP��7KHVH�JURXSV�DUH�
RULHQWHG�RXW�RI�VSKHULFDO�FDJH��7KH�ODWWHU�LV�D�IXOO\�FRRUGLQDWHG�PROHFXOH��6L2��1 ZLWK�LGHDO�IRU�
VLOLFD� VWRLFKLRPHWU\� RI� ����� 7KH� FDOFXODWLRQV� KDYH� EHHQ� FDUULHG� RXW� E\� PHDQV� RI� GHQVLW\�
IXQFWLRQDO� WKHRU\�PHWKRG�� WKH�%�/<3�H[FKDQJH�FRUUHODWLRQ�IXQFWLRQDO�DQG�����*�EDVLV�VHW�
EHLQJ�XVHG��

,W� LV�VKRZQ�WKDW�PROHFXOHV�ZLWK�K\GUR[\O�JURXSV�DUH�PRUH�VWDEOH�DV�FRPSDUHG�ZLWK�IXOO\�
FRRUGLQDWHG�RQHV���

$ TXHVWLRQ� DULVHV� DERXW� SRVVLELOLW\� RI� SK\VLFDO� DQG� FKHPLFDO� LQWHUDFWLRQV� EHWZHHQ� WKHVH�
PROHFXOHV�� 7KLV� TXHVWLRQ�ZDV� H[DPLQHG�� WKH�PRVW� OLWWOH� VWDEOH�PHPEHU� RI� VHULHV� RI� EXEEOH�
VLOLFD� PROHFXOHV� ZLWK� K\GUR[\O� JURXSV� �6L2�����+�2���� EHLQJ� WDNHQ� DV� DQ� H[DPSOH�� ,Q� WKLV�
PROHFXOH�VLOLFRQ�DWRPV�DUH�DSLFDO�LQ�WZHOYH�UHJXODU�SHQWDJRQV��

7ZR ZD\V�RI�LQWHUPROHFXODU�LQWHUDFWLRQ�RI�VXFK�PROHFXOHV�DUH�FRQVLGHUHG��
$FFRUGLQJ� WR� WKH� IRUPHU�� WKH� FDOFXODWLRQ� RI� LQWHUPROHFXODU� LQWHUDFWLRQ� HQHUJ\� IRU�

�6L2�����+�2���� PROHFXOHV� FDXVHG� E\� WKH� IRUPDWLRQ� RI� K\GURJHQ� ERQGV� EHWZHHQ� K\GUR[\O�
JURXSV�ZDV�FDUULHG�RXW��7KH�FDOFXODWLRQV�LQGLFDWH�WKDW�DORQJ�ZLWK�K\GURJHQ�ERQG��WKH�9DQ�GHU�
:DDOV�IRUFHV�PDNH�DQ�HVVHQWLDO�FRQWULEXWLRQ�WR�WKLV�LQWHUDFWLRQ��

7KH�IRUPDWLRQ�RI�D�FRYDOHQW�ERQG�EHWZHHQ��6L2�����+�2����PROHFXOHV�LV�GLVDGYDQWDJHRXV��
7KLV�LV�FRQQHFWHG�ZLWK�FRQVLGHUDEOH�UHSXOVLRQ�IRUFHV�DULVLQJ�EHWZHHQ�FORVHO\�ORFDWHG�WHUPLQDO�
K\GUR[\O�JURXSV�RI�JHQHUDWHG�GLPPHU��
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$VFRUELF�DFLG�VWDELOL]DWLRQ�RQ�WKH�VLOLFD�VXUIDFH��
H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXG\�

2OJD�.D]DNRYD��,ULQD�/DJXWD��2NVDQD�6WDYLQVND\D��3DYOR�.X]HPD�
$�$�� &KXLNR� ,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV�� *HQ��1DXPRY�6WUHHW�����������.\LY��8NUDLQH�
(�PDLO��ND]DNRYD#YROLDFDEOH�FRP��

2[LGDWLYH� VWUHVV� RU� LPEDODQFH� EHWZHHQ� IRUPDWLRQ� DQG� GHDFWLYDWLRQ� RI� IUHH� UDGLFDOV� LV�
FRQVLGHUHG� WR� EH� RQH� RI� WKH� PDLQ� FDXVHV� RI� PDQ\� NQRZQ� KXPDQ� GLVHDVHV�� %HLQJ� QDWXUDO�
DQWLR[LGDQW� RI� GLUHFW� DFWLRQ� WKH� DVFRUELF� DFLG� �YLWDPLQ� &�� LV� WKH� DWWUDFWLYH� REMHFW� IRU�
SURSK\ODFWLF�GUXJ�GHYHORSPHQW��+RZHYHU��REWDLQLQJ�VWDEOH� IRUPXODWLRQV�UHPDLQV�D�FKDOOHQJH�
VLQFH� WKHVH� YLWDPLQ� DUH� UHDGLO\� R[LGL]HG� LQ� D� OLTXLG� PHGLXP�� ,PPRELOL]DWLRQ� RI� VXFK�
ELRPROHFXOHV�RQ�VROLG�VXUIDFHV�PD\�UHVXOW�LQ�HQKDQFHG�VWDELOL]DWLRQ��+LJKO\�GLVSHUVH�VLOLFD�LV�
ZLGHO\�XVHG�LQ�SKDUPDFHXWLFDO�IRUPXODWLRQV�DV�D�ILOOHU��DGVRUEHQW��WKLFNHQHU�HWF���

$GVRUSWLRQ�RI� WKH� DVFRUELF� DFLG� IURP�DTXHRXV� DQG�HWKDQRO� VROXWLRQV�RQ� XQPRGLILHG� DQG�
SDUWLDOO\�K\GURSKREL]HG�QDQRVLOLFD�$�����ZDV�VWXGLHG�XVLQJ�89�VSHFWURVFRS\��6WUXFWXUDO�DQG�
HOHFWURQLF�FKDUDFWHULVWLFV�RI�PRGHO�FOXVWHUV�RI�VLOLFD��WKHLU�FRPSOH[HV�ZLWK�YLWDPLQV��DQG�IUHH�
HQHUJ\�RI�VROYDWLRQ��'*V� KDYH�EHHQ�FDOFXODWHG�XVLQJ�WKH�VROYDWLRQ�PRGHO�60�����ZLWK�WKH���
��*�G�� EDVLV� VHW� �*$0(62/� SURJUDP� SDFNDJH�� 9HUVLRQ� ������ $QWLR[LGDQW� SRZHU� RI� VLOLFD�
QDQRFRPSRVLWHV� ZLWK� LPPRELOL]HG� DVFRUELF� DFLG� ZDV� HYDOXDWHG� E\� PHDVXULQJ� WKH� WRWDO�
SRO\SKHQROLF�LQGH[�IROORZLQJ�WKH�)ROLQ�&LRFDOWHX�PHWKRG���

,W� KDV� EHHQ� VKRZQ� WKDW� LPPRELOL]DWLRQ� RI� DVFRUELF� DFLG� RQ� VLOLFD� VXUIDFH� OHDGV� WR� WKHLU�
VWDELOL]DWLRQ�� 7KH� UDWH� RI� DVFRUELF� DFLG� R[LGDWLRQ� WR� GHK\GURDVFRUELF� DFLG� ZDV� IRXQG� WR� EH�
PXFK�OHVV�LQ�WKH�SUHVHQFH�RI�XQPRGLILHG�RU�PRGLILHG�VLOLFD��2Q�LQWHUDFWLRQ�RI�DQ�DVFRUELF�DFLG�
PROHFXOH� ZLWK� WKH� VXUIDFH� RI� D� VLOLFD� SDUWLFOH� LQ� HWKDQRO� VROXWLRQ�� WKH� FKDUJHV� RI� K\GURJHQ�
DWRPV�RI�K\GUR[\OV� LQYROYHG� LQ� WKH� UHDFWLRQ�RI�DVFRUELF�DFLG�R[LGDWLRQ�DUH�GHFUHDVHG��7KXV��
WKH GHFUHDVH� LQ� SURWRQ�GRQRU� DELOLW\� RI� 2+� JURXSV� RI� WKH� DGVRUEDWH� GXH� WR� IRUPDWLRQ� RI�
K\GURJHQ�ERQGV�ZLWK�VXUIDFH�VLODQROV�SUREDEO\�OHDGV�WR�YLWDPLQ�&�VWDELOL]DWLRQ�LQ�WKH�SUHVHQFH�
RI VLOLFD�LQ�HWKDQRO��6LPLODU�SURFHVVHV�WDNH�SODFH�RQ�WKH�VXUIDFH�RI�PRGLILHG�VLOLFD��

%HLQJ� UHOHDVHG� IURP� WKH� FDUULHU�PROHFXOHV�RI� DVFRUELF� DFLG�GR�QRW� ORVH� WKHLU� DQWLR[LGDQW�
SURSHUWLHV��
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4XDQWXP�FKHPLFDO�DQDO\VLV�RI�FOXVWHUL]DWLRQ�
RI VXEVWLWXWHG�DONDQHV�DW�DLU�ZDWHU�LQWHUIDFH�

<X�%��9\VRWVN\�D (�$��%HO\DHYD�D '��9ROOKDUGW�E
D'RQHWVN� 1DWLRQDO� 7HFKQLFDO� 8QLYHUVLW\�� ��� $UWHPD� 6WU��� ������ 'RQHWVN�� 8NUDLQH��\XY\VRW#FDEOH�QHWOX[�RUJ�
E0D[�3ODQFN�,QVWLWXWH�RI�&ROORLGV�DQG�,QWHUIDFHV��'�������3RWVGDP�*ROP��*HUPDQ\�

6XUIDFH�DFWLYH� FRPSRXQGV� DUH�ZHOO� NQRZQ� WR� KDYH� DPSKLSKLOLF� QDWXUH�� L�H�� WKH\� LQFOXGH�SRODU� DQG� QRQ�SRODU� SDUWV�� )DWW\� Q�DOFRKROV�� Q�WKLRDOFRKROV�� Q�FDUERQ� DFLGHV� DQG� Q�DPLQHV�ZHUH� VWXGLHG� LQ� WKLV�ZRUN��7KHLU� IXQFWLRQDO� JURXSV� �2+���6+��� �&22+�DQG�1+���DUH�SRODU��DQG� WKH� K\GURFDUERQ� UDGLFDOV� SOD\� UROH� RI� QRQ�SRODU� SDUWV�� 0ROHFXOHV� RI� VXUIDFH�DFWLYH�FRPSRXQGV� LQ�ZDWHU� VROXWLRQ� RULHQW� WR� WKH� VXUIDFH� ERXQGDU\�� WKH� SRODU� JURXS� LQWHUDFWV�ZLWK�ZDWHU�� DQG� WKH� UDGLFDO� LV� SRSSHG� RQ� D� VXUIDFH�� ,W� ZDV� SURYHG� H[SHULPHQWDOO\�� WKDW� WKH�VXUIDFWDQWV�DUH�RULHQWHG�WR�VXUIDFH�ERXQGDU\�ZLWK�WKH�DQJHO�DERXW����� 7KH�IRUPDWLRQ�RI�ILOPV�RI VXUIDFWDQWV� DW� WKH� DLU�ZDWHU� LQWHUIDFH� WDNHV� SODFH� ZLWK� WKH� VRPH� GHILQLWH� OHQJWK� RI� D�K\GURFDUERQ�UDGLFDO��,Q�RXU�RSLQLRQ�LW�FRXOG�EH�H[SODLQHG�E\�WDNLQJ�LQWR�DFFRXQW�FRQWULEXWLRQV�IURP LQWHUPROHFXODU� K\GURJHQ� �� K\GURJHQ� LQWHUDFWLRQV� RI� K\GURFDUERQ� UDGLFDOV� LQ� WKH� WRWDO�HQHUJHWLF�RI�FOXVWHUL]DWLRQ��2QO\�DE�LQLWLR�PHWKRGV�DQG�VHPLHPSLULFDO�PHWKRG� � WDNH�LQWR�DFFRXQW�WKHVH�LQWHUDFWLRQV��6LQFH�XVLQJ�DE�LQLWLR�PHWKRGV�UHTXLUHV�PXFK�PDFKLQLQJ�WLPH�DQG�WKH 5$0��VHPLHPSLULFDO�PHWKRG� � ZDV�XVHG�IRU�FDOFXODWLRQV���

7KH� WKHUPRG\QDPLF� SDUDPHWHUV� RI� FOXVWHUL]DWLRQ� RI� IDWW\� Q�DOFRKROV�� Q�WKLRDOFRKROV�� Q�FDUER[\OLF�DFLGV�DQG�Q�DPLQHV�ZLWK�WKH�OHQJWK�RI�D�K\GURFDUERQ�UDGLFDO�IURP���XS�WR����DWRPV�RI FDUERQ�ZHUH�FDOFXODWHG� �WKHUH�ZHUH�����FRPSRXQGV� LQFOXGLQJ�FRUUHVSRQGLQJ�PRQRPHUV���)LUVW D�FRQIRUPDWLRQ�DQDO\VLV�RI�PRQRPHUV�ZDV�FDUULHG�RXW�E\�YDU\LQJ�WKH�WRUVLRQ�DQJOH�ZLWK�WKH LQFUHPHQW� RI� �� LQ� WKH� UDQJH� �� ± �����7KH� GLPHUV�� WULPHUV� DQG� WHWUDPHUV� RI� GLIIHUHQW�VWUXFWXUHV ZHUH� REWDLQHG� IURP� WKH� FRUUHVSRQGLQJ�PRQRPHUV�� 7KH� UHJUHVVLRQ� GHSHQGHQFH� RI�WKHUPRG\QDPLF� SDUDPHWHUV� �HQWKDOS\�� HQWURS\� DQG� *LEEV� HQHUJ\� RI� FOXVWHUL]DWLRQ�� RQ� WKH�QXPEHU�RI�LQWHUDFWLRQV�LQ�IXQFWLRQDO�JURXSV�DQG�WKH�QXPEHU�RI�FDUERQ�DWRPV�LQ�WKH�FKDLQ��DQG�DOVR� IURP� D� W\SH� RI� LQWHUDFWLRQV� ZDV� REWDLQHG�� 5HFHLYHG� GHSHQGHQFHV� IRU� HQWKDOSLHV� DQG�HQWURSLHV�RI�FOXVWHUL]DWLRQ�DUH�VWHSOLNH��7KHVH�GHSHQGHQFLHV�SURYLGH�FDOFXODWLRQV�RI�WKHUPRG\QDPLF�SDUDPHWHUV�IRU�FOXVWHUL]DWLRQ�RI DVVRFLDWHV� RI� DQ\� TXDQWLW\�� LQFOXGLQJ� LQILQLWH� �VHH� ILJ�� ��� T ��� S ���� 7KH� VSRQWDQHRXV�FOXVWHUL]DWLRQ� IRU� DOFRKROV� LV� REVHUYHG� IURP� ��� FDUERQ� DWRPV�� IRU� FDUER[\OLF� DFLGV� DQG�WKLRDOFRKROV��������IRU��DPLQHV�±�IURP�������DWRPV��5HFHLYHG�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�ZLWK WKH�H[SHULPHQWDO�GDWD��

S

T

)LJ���
S�GLUHFWLRQ�T�GLUHFWLRQ�
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0ROHFXODU�PRGHOLQJ�VWXG\�
RI�SRO\HQH�VWHURO�PHPEUDQH�FKDQQHO�
<X�9��/LVQ\DND� $�9��0DUW\QRYD� $�9��*XEVND\DE

D0ROHFXODU�0RGHOLQJ�/DERUDWRU\��,�0HFKQLNRY�,QVWLWXWH�RI�0LFURELRORJ\�DQG�,PPXQRORJ\��$FDGHP\�RI�0HGLFDO�6FLHQFHV�RI�8NUDLQH��.KDUNRY���������8NUDLQH�
E1HZ� -HUVH\� &HQWHU� IRU� %LRPDWHULDOV�� 5XWJHUV�� 7KH� 6WDWH� 8QLYHUVLW\� RI� 1HZ� -HUVH\�� 1-��������86$���3RO\HQH�PDFUROLGH�DQWLELRWLFV�� FRPPRQO\� UHSUHVHQWHG�E\�DPSKRWHULFLQ�%� �$PSK�%��DQG�Q\VWDWLQ� �1\VW��� DUH� ZHOO� NQRZQ� IRU� VHYHUDO� GHFDGHV� DV� PHPEUDQH�DFWLQJ� DJHQWV� WKDW� DUH�ZLGHO\�XVHG�LQ�PHGLFLQH�WR�WUHDW�DGYDQFHG�IXQJDO�LQIHFWLRQV��3RO\HQH�DQWLELRWLFV��3$��H[KLELW�D ZKROH� YDULHW\� RI� YDOXDEOH� FKHPRWKHUDSHXWLFDO� SURSHUWLHV� DQG� GHVSLWH� RI� VRPH� VLGH� HIIHFWV�WKH\�DUH�XVXDOO\�FRQVLGHUHG�DV�PDMRU�DQWLIXQJDO�GUXJV�GXH� WR� WKHLU�KLJK�HIILFDF\�>�@�� ,W� LV�RI�XWPRVW�LPSRUWDQFH�WR�XQGHUVWDQG�EHWWHU�PROHFXODU�PHFKDQLVPV�RI�WKHLU�ELRORJLFDO�IXQFWLRQLQJ�DQG�WR�FUHDWH�VROLG�JURXQGV�IRU�VWUXFWXUH�DLGHG�GHVLJQ�RI�QHZ�3$�GHULYDWLYHV�ZLWK�UHGXFHG�VLGH�HIIHFWV���,W� KDV� EHHQ� VKRZQ� WKDW�PROHFXODU�PHFKDQLVPV� RI� 3$� IXQFWLRQLQJ� DUH� FORVHO\� UHODWHG� WR�WKHLU�DELOLW\�WR�IRUP�K\GURSKLOLF�FKDQQHOV�LQ�K\GURSKRELF�HQYLURQPHQW�RI�D�FHOOXODU�PHPEUDQH�WKDW�FDXVHV� OHDNDJH�RI� LRQV�DQG�RWKHU� VPDOO�PROHFXOHV� IURP�D�FHOO� >����@��0HPEUDQH�VWHUROV�VXFK� DV� FKROHVWHURO� DQG� HUJRVWHURO� DOVR� SDUWLFLSDWH� LQ� IRUPDWLRQ� RI� PHPEUDQH� FKDQQHOV� DV�PROHFXODU� WDUJHWV� IRU� 3$�� ([SHULPHQWDO� PROHFXODU� VWUXFWXUH� RI� SRO\HQH�VWHURO� PHPEUDQH�FKDQQHOV� �360&�� KDV� QRW� EHHQ� REWDLQHG� \HW� DQG� GHVSLWH� RI� WKH� IDFW� WKDW� 360&� ZHUH�LQYHVWLJDWHG�LQ�D�QXPEHU�RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXGLHV�>���@�WKH�VWUXFWXUDO�VSHFLILFLW\�DQG� FKDUDFWHULVWLFV� RI� 360&� VWLOO� UHPDLQ� VXEMHFWV� RI� GLVFXVVLRQ�� ,Q� WKH� DEVHQFH� RI�H[SHULPHQWDOO\� GHWHUPLQHG� VWUXFWXUDO� LQIRUPDWLRQ� RQ� VXFK� FKDQQHOV�� PROHFXODU� PRGHOLQJ�DSSHDUV� WR� EH� LQYDOXDEOH� WRRO� LQ� VWXG\LQJ� D� VSDWLDO� RUJDQL]DWLRQ� RI� 360&� VXSUDPROHFXODU�DJJUHJDWHV�� LQWHUPROHFXODU� LQWHUDFWLRQV� WKDW� LQYROYH� WKHLU� VWUXFWXUDO� VXEXQLWV� DQG� PROHFXODU�PHFKDQLVPV�RI� DQWLPLFURELDO� IXQFWLRQ�RI�PHPEUDQH�DFWLQJ� DJHQWV��7KH�SUHVHQW� VWXG\�RI� WKH�VWUXFWXUH�RI�360&�LV�VXSSRVHG�WR�EULQJ�QHZ�LQVLJKWV�LQWR�WKLV�SUREOHP����:H�SUHVHQW�DQG�FKDUDFWHUL]H�PROHFXODU�PRGHOV�RI�360&�GHVLJQHG�IRU�ERWK�VLQJOH�OHQJWK�DQG� GRXEOH�OHQJWK� FKDQQHOV�� ,QWHUPROHFXODU� LQWHUDFWLRQV� �LQFOXGLQJ� K\GURJHQ� ERQGLQJ��EHWZHHQ�DQWLELRWLF� DQG� VWHURO�PROHFXOHV��ZKLFK� DUH� LQYROYHG� LQ� LVRODWHG�GLPHU� DV�ZHOO� DV� LQ�VXSUDPROHFXODU� 360&� FRPSOH[�� DUH� DQDO\]HG�� 6WUXFWXUDO� IHDWXUHV� RI� RXU� PRGHOV� VXFK� DV�GLPHQVLRQV�DQG�D�VKDSH�RI�WKH�FKDQQHO�DQG�LWV�SRUH��LQWHUPROHFXODU�K\GURJHQ�ERQGLQJ�SDWWHUQ��SDUWLFLSDWLRQ� RI� GLIIHUHQW� IXQFWLRQDO� JURXSV� LQ� K\GURSKLOLF� DQG� K\GURSKRELF� LQWHUPROHFXODU�LQWHUDFWLRQV� � DUH� GLVFXVVHG� DQG� FRPSDUHG�ZLWK� WKRVH� IRU� 360&�PRGHOV� DYDLODEOH� IURP� WKH�OLWHUDWXUH�� 7KH� SURSRVHG� PRGHO� VWUXFWXUHV� RI� 360&� FDQ� EH� HDVLO\� LQFRUSRUDWHG� LQWR�SKRVSKROLSLG� ELOD\HU� RI� D� FHOO� PHPEUDQH� WR� VHUYH� DV� DQ� LQLWLDO� VWUXFWXUH� IRU� IXUWKHU�FRPSUHKHQVLYH� PROHFXODU� G\QDPLFV� VLPXODWLRQV� RI� WKLV� V\VWHP� LQ� WKH� SUHVHQFH� RI� DTXHRXV�HQYLURQPHQW����
>�@� +LOOHU\�$�0��$GY��'UXJ�'HOLY��5HY���� ������������>�@� %DJLQVNL�0���&]XE�-��DQG�6WHUQDO�.��&KHP��5HF��� ������������>�@� .DVXPRY�.K�0��7KH�0ROHFXODU�%DVLV�RI�3RO\HQH�$QWLELRWLFV�)XQFWLRQLQJ�LQ�/LSLG�0HPEUDQHV�±�7KH�,QWHUSOD\�%HWZHHQ�6WUXFWXUH�DQG�)XQFWLRQ��'RFW��7KHVLV��3XVFKLQR���������>�@� *DJRV�0���.RSHU�5��DQG�*UXV]HFNL�:�,��%LRFKLP��%LRSK\V��$FWD�����������������
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7KH�TXDQWXP�FKHPLFDO�UHVHDUFK�RI�WKH�FKHPLVRUSWLRQV�
LQ�WKH�FDWDO\WLF�SURFHVVHV�

9�9��.XNXHYD��
)LUH�6DIHW\�,QVWLWXWH���������2QRSULHQNR�VWU�����&KHUNDVV\��8NUDLQH�
(�PDLO��NXNXHYD#\DKRR�FRP�

�,Q� VSLWH� RI� WKH� JUHDW� DPRXQW� RI� WKH� WKHRUHWLFDO� DQG� H[SHULPHQWDO� UHVHDUFK� RI� FKHPLFDO�
DFWLYH� VSLFHV�� WKH� LQWHUHVW� WR� WKLV� ILHOG� LV� LQFUHDVLQJ� GXH� WR� LPSRUWDQFH� LQ� WKH� FDWDO\WLF�
SURFHVVHV�� � 7KH� VWUXFWXUH� RI� VXUIDFH¶V� FKHPLFDO� FRPSRXQGV� DUH� GHILQHG� QRW� RQO\� WKH�
FKHPLVRUSWLRQ¶V�SHFXOLDULWLHV��EXW�WKH�PRGLI\LQJ�VXUIDFH�WUDQVIRUPDWLRQ�WRR��,W�GRHV�UHIHU�QRW�
WR PDQ\�OD\HU�VXUIDFH�VWUXFWXUH�IRUPDWLRQV��EXW�WR�WKH�FKHPLFDO�DQG�WKHUPDO�WUDQVIRUPDWLRQV�RI�
WKH QHZ� IXQFWLRQDO� JURXSV� LPPRELOL]LQJ� RQ� WKH� VXUIDFH�� $V� ZHOO� NQRZQ� DGVRUSWLRQ� LV� D�
SURFHVV�ZKHUH�PROHFXOHV�IURP�WKH�JDV�SKDVH�RU�IURP�VROXWLRQ�ELQG�LQ�D�FRQGHQVHG�OD\HU�RQ�WKH�
VROLG�RU�OLTXLG�VXUIDFH��7KH�QDWXUH�RI�ERQGLQJ�EHWZHHQ�DGVRUEHQW�DQG�VXUIDFH�LV�VWLOO�VXEMHFW�WR�
VRPH LQWHUSUHWDWLRQ���

7KH TXDQWXP�FKHPLFDO�FDOFXODWLRQV�KDYH�EHHQ�SURYLGHG�E\�WKH�DE LQLWLR�PHWKRG�LQ�WKH���
�� EDVLV�VHW�WR�LQYHVWLJDWH�WKH�FKHPLFDO�ZD\�WR�GHVWUXFW�RI�RUJDQLF�PROHFXOHV�LPPRELOL]LQJ�RQ�
WKH VLOLFD�VXUIDFH��%HFDXVH�WKH�SRLQW�GHIHFWV��VWDELOL]HG�RQ�WKH�DFWLYDWHG�VLOLFD�VXUIDFH�KDYH�WKH�
KLJK UHDFWLYLW\�� DQG� WKH\� KDYH� EHHQ� XVHG� DV� ³IRXQGDWLRQ´� IRU� LPPRELOL]HG� RQ� WKH� VXUIDFH�
LQWHUPHGLDWHV�ERWK�GLDPDJQHWLF�DQG�SDUDPDJQHWLF�QDWXUH��7KLV�PHWKRG�LV�IRXQGHG�HIIHFWLYH�IRU�
REWDLQLQJ� RI� GLIIHUHQW� FKHPLFDO� VWUXFWXUH� LQWHUPHGLDWHV�� 6XFK� VWUXFWXUHV� KDYH� KLJK� WKHUPDO�
VWDELOLW\� DQG� GLGQ¶W� PRYH� TXLFNO\� WR� EH� ERXQGHG� E\� VWURQJ� FKHPLFDO� ERXQGV� DQG� WKLV� IDFW�
RSHQV� SRVVLELOLW\� IRU� WKH� VWXG\� WKHLU� UHDFWLYLW\� DQG� GHVWUXFWLRQ� SDWKZD\V�� 7KH� VXEMHFW� RI�
UHVHDUFK�ZDV�SKRVSKRUXV�FRQWDLQLQJ�UDGLFDO��32�� 1+�

�� 3+�
�� DV�RQH�RI�WKH�UHSUHVHQWDWLYHV�RI�

ILUH VXSSUHVVLRQ� DJHQWV� >�@��&DOFXODWLRQV�KDYH�EHHQ�SURYLGHG�ERWK� IRU� WKH� LVRODWHG�PROHFXOH�
DQG�IRU�WKH�LPPRELOL]LQJ�RQH�RQ�WKH�VLOLFD�VXUIDFH��7KH�FDOFXODWLRQ�UHVXOWV�KDYH�SUHVHQWHG�LQ�
WKH WDEOH��

�
'HVWUXFWLRQ�ZD\� GHVWU��ELQG��NNDO�PRO��

�2+��6L�32�o�2+��6L� � 32�� �����
�2+��6L��1+� o�2+��6L� � 1+�

� �����
�2+��6L�3+��o�2+��6L� � 3+�

� �����
$V�ZH�FDQ�VHH�IURP�WKH�WDEOH��WKH�PRUH�SUHIHUDEOH�GHVWUXFWLRQ�ZD\�IURP�WKH�VLOLFD�VXUIDFHV�

LV�WKH�DEVWUDFWLRQ�SKRVSKRUXV�FRQWDLQLQJ�UDGLFDO��6R�WKH�32� UDGLFDO�RFFXU�����WLPHV�HDV\��WKDQ�
3+�

�� DQG�����WLPHV�OHVV�WKHQ�IURP�LVRODWHG�PROHFXOH�RI�DPPRQLXP�SKRVSKDWH��&RQVHTXHQWO\��
LW� FDQ� EH� VXJJHVWHG� WKDW� LPPRELOL]DWLRQ� RI� 32� UDGLFDO� RQ� WKH� VLOLFD� VXUIDFHV� FDQ� KHOS� WR�
SURORQJDWLRQ�RI�LQKLELWLRQ�DFWLRQ�RI�WKLV�SDUWLFOH�����

�
>�@� $OOHQ�7ZDURZVNL��&RPEXVWLRQ�DQG�)ODPH���������������������
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'HQVLW\�)XQFWLRQDO�7KHRU\�0ROHFXODU�&OXVWHU�6WXG\�RI�12�
&KHPLVRUSWLRQ�DQG�5HDFWLRQV�RQ�0HWDO�6XUIDFH�&X������

,�,��=DKDURY� $�9��6XYRULQ��$�,��.ROEDVLQ��2�,��=DKDURYD�
9RORG\P\U�'DO�(DVW�8NUDLQLDQ�1DWLDQDO�8QLYHUVLW\��6HYHURGRQHWVN�7HFKQRORJLFDO�,QVWLWXWH��6HYHURGRQHWVN��������3URVS��5DG\DQVN\W���� � 8NUDLQH��%\� TXDQWXP�FKHPLFDO� PHWKRG� RI� GHQVLW\� IXQFWLRQDO� WKHRU\� ')7�%�/<3� ZH� KDYH�LQYHVWLJDWHG� RI 12�FKHPLVRUSWLRQ� DQG� UHDFWLRQV� RQ�PHWDO� VXUIDFH�&X�������$OO� FDOFXODWLRQV�ZHUH� FDUULHG� RXW� RQ� WKH� FOXVWHUV� &X��� DQG� &X��� 7KH� /$1/�� HIIHFWLYH� FRUH� SRWHQWLDO� ZDV�HPSOR\HG� IRU� &X� DWRPV� XVLQJ� WKH�'=� EDVLV� VHW�� 7KH�12� DQG� �12�� GLPHU�ZHUH� GHVFULEHG�XVLQJ�WKH�����*�EDVLV�VHW��7KH� TXDQWXP�FKHPLFDO� UHVHDUFKHV� KDYH� VKRZQ�� WKDW� DW� DGVRUSWLRQ� 12� RQ� &X� RQO\� WKH�PROHFXODU� IRUP�ZDV� VWDELOL]HG� >�@�� )RU� WKH� ODFN� RI� DQ� RSSRUWXQLW\�12� GLVVRFLDWLRQ� � RQ�&X�VXUIDFH�� WKH� UHDFWLRQ� PHFKDQLVP� ZLWK� VXSHUILFLDO� 1�2� ERQG� FOHDYDJH� DQG� IRUPDWLRQ� RI�UHGXFWLRQ�SURGXFWV�1� DQG�1�2 WLOO�QRZ�UHPDLQV�XQFOHDU�>�@�,Q� WKH� JLYHQ� ZRUN� LW� LV� VKRZQ�� WKDW� WKH� UHDFWLRQ� PHFKDQLVP� RQ� D� VXUIDFH� RI� FRSSHU�LQFOXGHV�D�IRUPDWLRQ�RI�WKH�FLV�GLPHU�LQWHUPHGLDWH��2�DG�1�12�DG�� ZLWK�HVVHQWLDOO\�VWURQJ�1�1�ERQG� �U1�1a�����c�� ,W� LV� FRRUGLQDWHG� WR� D� VXUIDFH� WKURXJK� �DWRPV� DQG�PDQLIHVWV� WKH� KLJK�UHDFWLYLW\�WR�GLVVRFLDWLRQ�RI�1�2�DG���VHH�ILJ������

� �

1 1

22&X�����

&X�����

K2 ����

����
����

�����R
�����R

$FFRUGLQJ�WR�>�@�LW�LV�VKRZQ��WKDW�WKH�FDOFXODWHG�UHDFWLRQ�HQHUJ\�SURILOH�RI�FLV�GLPHU�21�12� IRUPDWLRQ� DQG� GHFRPSRVLWLRQ� RQ� WKH� FRSSHU� VXUIDFH� FKDUDFWHUL]HV� WKH� UHDO� ORZ�WHPSHUDWXUH�PHFKDQLVP�RI�12�UHGXFWLRQ�ZLWK�VPDOO�DFWLYDWLRQ�HQHUJ\��
>�@� %URZQ�:�$���.LQJ�'�$���-��3K\V��&KHP��%����������������������>�@� +DT�6���&DUHZ�$���5DYDO�5���-��&DWDO��������������������>�@� =DNKDURY� ,�,��� ,VPDJLORY� =�5��� 5X]DQNLQ� 6�� 3K���$QXIULHQNR�9�)���<DVKQLN� 6�$��� =DNKDURYD� 2�,��� -��3K\V��&KHP��&�������������������±������

7KH�YHU\�VPDOO�FDOFXODWHG�DFWLYDWLRQ�HQHUJ\�RI�D�GHFRPSRVLWLRQ�RI�WKH�GLPHU�LQWHUPHGLDWH� �2�DG�1�12�DG��FKDUDFWHUL]HV� LWV� NLQHWLF� LQVWDELOLW\� DQG�GRHV�QRW�DOORZ�WR�LGHQWLI\�LWV�E\�PRGHUQ�H[SHULPHQWDO� PHWKRGV� RI� WKH� VXUIDFH�PHWDO� UHVHDUFK�� $W� WKH� WLPH� IRU� WKH�0J2 VXUIDFH� DQG� LQ� WKH� LQGLYLGXDO�FRPSOH[� �3K�3��3W�2�1���� WKH� VWDEOH�FLV�GLPHU� ��2�DG�1�12�DG�� LV�H[SHULPHQWDOO\�LGHQWLILHG��

)LJ�����7KH�')7�FDOFXODWHG�VWUXFWXUH�RI�GLPHU�2�DG�1�12�DG��RQ��WKH�FOXVWHU�&X���
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&RQWULEXWLRQ�RI�WKH�DWRPLF�VWUXFWXUH�RI�D�VXUIDFH�
WR�WKH�LQWHUDFWLRQ�SRWHQWLDO�ZLWK�WKH�TXDQWXP�VL]H�

PHWDO�ILOP�LQ�DQ�H[WHUQDO�HOHFWULF�ILHOG�
/�*��,O¶FKHQNR��7�9��*RUD\FKXN DQG�9�9��/REDQRY��

,QVWLWXWH�RI�6XUIDFH�&KHPLVWU\�1$6�RI�8NUDLQH��*HQHUDOD�1DXPRYD�6WUHHW�����.LHY��������8.5$,1(�H�PDLO��*RUD\FKXN�#XNU�QHW��,W�LV�NQRZQ�WKDW�WKH�FKDUDFWHULVWLFV�RI�VSDWLDOO\���OLPLWHG�VWUXFWXUHV��TXDQWXP�GRWV��TXDQWXP�ZHOOV� DQG� VXSHUWKLQ� ILOPV��� VXFK� DV� HOHFWURQ� DIILQLW\�� )HUPL� HQHUJ\�� ZRUN�IXQFWLRQ�� HWF���UHVXOWLQJ�IURP�TXDQWXP�VL]H��46��HIIHFWV�GLIIHU�FULWLFDOO\�IURP�WKH�VDPH�FKDUDFWHULVWLFV�LQ�WKH�FRUUHVSRQGLQJ��XQOLPLWHG�VWUXFWXUHV�>�@���0HDQZKLOH�WKH�SDLU�FKDUJHV�LQWHUDFWLRQ�RQ�WKH�VXUIDFH�RI�WKH�VXSHUWKLQ�ILOPV�>�@��WKH�LPDJH�SRWHQWLDO�>�@��WKH�VWUXFWXUHG�SRWHQWLDO�>�@�GHSHQGLQJ�RQ�WKH�WKLFNQHVV� G RI�WKH�46�ILOP�DQG�LV�D�QRQ�PRQRWRQLF�IXQFWLRQ�RI� G � 7KH�QRQ�PRQRWRQLF�GHSHQGHQFH�RI�WKH�SRWHQWLDO�EDUULHU�RQ�WKH�WKLFNQHVV� G RI� WKH� 46� ILOP� GHWHUPLQHV� WKH� WKLFNQHVV� GHSHQGHQFH� RI� WKH� 46� PHWDO� ILOPV�FKDUDFWHULVWLFV�RI�WKH�LQ�DQ�H[WHUQDO�HOHFWULF�ILHOG��,Q� WKLV� ZRUN�� XVLQJ� RI� WKH� QRQORFDO� HOHFWURVWDWLFV� PHWKRGV� >�@�� WKH� LQIOXHQFH� RI� WKH�PLFURVFRSLF� �DWRPLF�� VWUXFWXUH� RI� WKH� PHWDO� ILOP� VXUIDFH� RQ� WKH� LRQ�VXUIDFH� LQWHUDFWLRQ�SRWHQWLDO� GHSHQGLQJ� RQ� WKH� HOHFWURQLF� VWUXFWXUH� RI� PHWDOOLF� ILOP� DQG� LWV� WKLFNQHVV� LV�
GHWHUPLQHG��7KH�FRPSOHWH�LQWHUDFWLRQ�SRWHQWLDO� ��� )U91 & RI�WKH�FKDUJH� H ZLWK�WKH�TXDVLQHXWUDO�
VXUIDFH�RI�WKH�46�ILOP�LV�FDOFXODWHG��ZKHQ�IRU�� ��� )U91 & ZH�KDYH��

��� )U91 &  ��U9 1VW &' � ��� [9 1 H)[� � ����
ZKHUH ��� [9 1 LV�WKH�LPDJH�SRWHQWLDO��ZKLFK�LV�GHWHUPLQHG�E\�DQ�HOHFWURQLF�VWUXFWXUH�DQG�WKH�
WKLFNQHVV� G RI�WKH�ILOP�>�@��DQG� ��U9 1VW &' LV�WKH�VWUXFWXUHG�SRWHQWLDO��ZKLFK�LV�GHWHUPLQHG�E\�
WKH PLFURVFRSLF��DWRPLF��VWUXFWXUH�RI�WKH�PHWDOOLF�46�ILOP�VXUIDFH�>���@��) ± LV�WKH�HOHFWULFDO�ILHOG��:H� VKDOO� OLPLW� GLVFXVVLRQ� WR� WKH� VLPSOHVW� ORQJ� �� ZDYH� 7KRPDV�)HUPL� DSSUR[LPDWLRQ�
�7)$��IRU�WKH�GLHOHFWULF�IXQFWLRQ� H1 N� �& RI�WKH�46�ILOP��EHFDXVH�WKH�7)$�SURYLGHV�D�FRUUHFW�
DFFRXQW�RI�WKH�HOHFWURQLF�VWUXFWXUH�RI�PHWDOV�>���@���

7KH�IXOO�SRWHQWLDO� ��� )U91 & LQ�D�YDFXXP�UHJLRQ�[!� RI WKH�WKLQ�PHWDO�ILOP�LV�FDOFXODWHG�RQ�
WKH EDVLV�RI�WKH�SURSRVHG�PRGHO�WDNLQJ�LQWR�DFFRXQW�WKH�VL]H�TXDQWXP�RI�WKH�HOHFWURQ�HQHUJ\�
VSHFWUXP�DQG�PLFURVFRSLF��DWRPLF��VWUXFWXUH�RI�LWV�VXUIDFH��7KH�IXOO�SRWHQWLDO� ��� )U91 & KDV�D�
TXDVL�RVFLOODWRU\� GHSHQGHQFH� RQ� WKH�46� ILOP� WKLFNQHVV��7KLV� QRQ�PRQRWRQLF� GHSHQGHQFH� RI�

��� )U91 & RQ�WKH�WKLFNQHVV� G RI�WKH�46�ILOP�FDQ�GHWHUPLQH�WKH�GLPHQVLRQDO�GHSHQGHQFH�RI�WKH�
FKHPLFDO� SURFHVVHV� �� FKHPLFDO� DGVRUSWLRQ�� �GLVVRFLDWLRQ�� RQ� �RU� QHDU�� WKH�PHWDOOLF� 46� ILOP�VXUIDFH����
>�@� /�*��,O¶FKHQNR��7�9��*RUD\FKXN��8OWUDPLFURVFRS\�����������������>�@� /�*�� ,O¶FKHQNR��9�9�/REDQRY��9�9�� ,O¶FKHQNR��3K\VLFV� DQG�&KHPLVWU\� RI� 6ROLG� 6WDWH������ ������� ��������>�@� /�*�,O¶FKHQNR�DQG�7�9�*RUD\FKXN��6XUIDFH�6FL����������������������>�@� /�*��,O¶FKHQNR��9�9�/REDQRY����,QYHVWLJDWLRQV�RQ�6HQVRU�6\VWHPV�DQG�7HFKQRORJLHV����(GLGHG�E\�$QQD�9��(O¶VND\D��9LWDOL\�'��3RNKRGHQNR��.\LY��SS������������������
>�@� ,O¶FKHQNR� /�*�� ��� ��WK� ,QWHUQDWLRQDO� 9DFXXP� 0LFURHOHFWURQLFV� &RQIHUHQFH� �WK��WK� -XO\� ������'DUPVWDGW��*HUPDQ\��7HFKQLFDO�'LJHVW��SS��������������



0$&&����.\LY������-XO\������ 3RVWHU�

��

7KH�IDYRUDEOH�PHFKDQLVPV�RI�LQWHUDFWLRQV�EHWZHHQ�EHQ]RLF�
DFLG�DQG�HWKDQRO�RU�PHWKDQRO�RQ�D�VXUIDFH�RI�YDQDGLXP�

GLR[LGH�
9�1��.DXUNRYVND�

$�$�� &KXLNR� ,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV�� *HQ��1DXPRY�6WUHHW�����������.\LY��8NUDLQH��H�PDLO��NDYQ#XNU�QHW��
,W� LV� NQRZQ� WKDW� LQWHUDFWLRQV� RI� VWHDPV� RI� HWKDQRO� RU� PHWDQRO� ZLWK� WKH� EHQ]RLF� DFLG�

LQIOLFWHG� IURP� EHQ]RO� VROXWLRQ� RQ� WKH� VXUIDFH� RI� SLOO� RI� 92� LV� DFFRPSDQLHG� WKH� WHPSRUDO�
GHFOLQH�RI�UHVLVWDQFH��,QWHQVLW\�RI�VSODVK�RI�FRQGXFWLYLW\�LV�LQFUHDVHG�DW�JURZWK�RI�WHPSHUDWXUH��
DQG�DOVR�DIWHU�WKH�SUHOLPLQDU\�LUUDGLDWLRQ�RI�VXUIDFH�RI�SLOO�RI�JDPPD�TXDQWV�>�@��

4XDQWXP� FKHPLFDO� DQDO\VLV� RI LQWHUDFWLRQV� RQ� WKH� VXUIDFH� RI� R[LGH� ZLWK� WKH� SKDVH�
WUDQVLWLRQ� RI� VHPLFRQGXFWRU�PHWDO� �7F �������N�� LV� EDVHG� RQ� VXSSRVLWLRQV�� ��� LQ� DUHD� RI�
WHPSHUDWXUHV� RI� FRH[LVWHQFH� RI� WZR� SKDVHV� �7F���N�� FRQQHFWLRQ� RI� HDV\� PROHFXOHV� ZLWK� D�
VXUIDFH�LV�ZHDN����� LQ�FR�RSHUDWLRQV�RI�UHDJHQWV�GR�WKH�HOHFWURQV�RI�FRQGXFWLYLW\�DQG�PRELOH�
SURGXFWV�RI�GLVVRFLDWLRQ�RU�UDGLDWLRQ�FKHPLFDO�WUDQVIRUPDWLRQV�RI�PROHFXOHV�RI�ZDWHU�WDNH�SDUW�
RQ�WKH�VXUIDFH�RI�KDUG�R[LGH��SURWRQV��DWRPV�RI�K\GURJHQ��KLGULG�LRQV��

&ULWHULD�RI�FKRLFH�RI�PRGHO��ORZHULQJ�RI�FRPSOHWH�WRWDO�HQHUJ\��VPDOO�YDOXHV�RI�HQHUJ\�RI�
H[FLWDWLRQ�RI�WKH�V\VWHP��WKHUPRG\QDPLFV�SHUPLWWHG�D�UHDFWLRQ��FR�RSHUDWLRQV���KLJK�DIILQLW\�WR�
WKH�HOHFWURQ��

0RGHOLQJ�RI�LQWHUDFWLRQV�ZDV�FDUULHG�RXW�E\�PHDQV�RI�WKH�3&�*$0(66�����SURJUDP��
$GYDQWDJHRXV�FKDUW��

'LVVRFLDWLRQ�RI� � RQ�PHWDOV� LV� NQRZQ��7KH� WUDQVIHU�RI� FKDUJH�RQ�D� FKDUW� SURFHHGV� WR�
IRUPDWLRQ� RI� D� OD\HU�ZLWK� VPDOOHU� FRQGXFWLYLW\� RQ� D� VXUIDFH� �MRLQLQJ� ��� 6XFK�PRGHO� FDQ�
H[SODLQ� WKH� VXFFHVVLYH� ORZHULQJV� DQG� LQFUHDVHV� RI� UHVLVWDQFH� D� VXUIDFH� DW� WKH� PHQWLRQHG�
LQWHUDFWLRQV��

�
>�@� 9��1��.DXUNRYVND\D��/��6��']\XEHQNR��$��3��6KDNKRY��9��1��'RURVKHQNR��DQG�$��$��&KXLNR� ���+LJK�(QHUJ\�&KHPLVWU\�� ������������
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')7�PRGHOLQJ�RI�VWUXFWXUDO�SDUDPHWHUV�RI�6L������
GRSHG�ZLWK�K\GURJHQ�DWRPV�

$�0��6DDGD� $��/��3XVKNDUFKXNE� 9��$��3XVKNDUFKXNF� $�9��0D]DQLNG�2�9��=LQFKXNG� $�.��)HGRWRYG
D$O�%DOTD�$SSOLHG�8QLYHUVLW\��3�2��%R[������$PPDQ��������-RUGDQ�
E,QVWLWXWH�RI�3K\VLFDO�±�2UJDQLF�&KHPLVWU\�1$6%��6XUJDQRYD������������0LQVN��%HODUXV��DOH[S��#EN�UX�

F%HODUXVLDQ� 6WDWH� 8QLYHUVLW\� RI� ,QIRUPDWLFV� DQG� 5DGLRHOHFWURQLFV�� 3�� %URYND���� �������0LQVN��%HODUXV�
G%HODUXVLDQ�6WDWH�8QLYHUVLW\��,QGHSHQGHQFH�DY������������0LQVN��%HODUXV�

$W WKH�SUHVHQW�WLPH�ZH�DUH�UHDOL]LQJ�DQ�LQWHQVH�H[SHULPHQWDO�VWXG\�RI�QHDU�VXUIDFH�VLOLFRQ�OD\HU� UHFRQVWUXFWLRQ� GXH� WR� ORZ� HQHUJ\� LRQ�EHDP� K\GURJHQ� WUHDWPHQW�� $V� LV� VKRZQ�H[SHULPHQWDOO\�� DW� WKH� VXUIDFH� RI� 6L� ZDIHU� K\GURJHQDWHG� DW� ���� .� DQ� R[\JHQ�FRQWDLQLQJ�GLHOHFWULF�OD\HU�LV�IRUPHG�>�@��7KH�SURSHUWLHV�RI�WKLV�OD\HU�GLIIHU�IURP�WKH�VLOLFRQ�R[LGH�RQHV��)RU� WKH� XQGHUVWDQGLQJ� RI� UHDVRQV� DQG� PHFKDQLVPV� RI� DULVLQJ� GLHOHFWULF� OD\HU�� TXDQWXP�FKHPLFDO� DQDO\VLV� RI� WKH� LQIOXHQFH� RI� +� DWRPV�� LQWURGXFHG� LQWR� 6L� ODWWLFH�� RQ� WKH� DWRPLF�VWUXFWXUH�RI�QHDU�VXUIDFH�6L�OD\HUV�LV�RI�JUHDW�LPSRUWDQFH��+HUH�ZH�SUHVHQW�WKH�UHVXOWV�RI�V\VWHPDWLF�WKHRUHWLFDO�VWXGLHV�RI�DWRPLF�FRQILJXUDWLRQV�DQG�HOHFWURQLF�SURSHUWLHV�RI� YDULRXV� VLOLFRQ� FOXVWHUV�ZLWK� LQFRUSRUDWHG� LQWHUVWLWLDO�+�DWRPV� �>+@���REWDLQHG� E\� VHPLHPSLULFDO� �30��� DQG� ')7� TXDQWXP�FKHPLFDO� PHWKRGV�� 7KH� K\GURJHQ�SDVVLYDWHG�VLOLFRQ�FOXVWHUV�6L��+��>+1@ DQG�6L��+��>+1@ �1 ����QXPEHU�RI�+�LPSXULW\�DWRPV�LQ FOXVWHU�� ZHUH� FRQVLGHUHG� IRU� PRGHOLQJ� RI� ������ 6L� VXUIDFH� FRQWDLQLQJ� +�FRQWDLQLQJ�FRPSOH[HV�� 7KH� 30�� DQG� ')7� JHRPHWU\� RSWLPL]DWLRQ� SURFHGXUH� ZHUH� XVHG� WR� YDULRXV� +�FRQWDLQLQJ�LPSXULW\�FRPSOH[HV�LQ�FOXVWHUV��RWKHU�SDUW�RI�FOXVWHUV�ZHUH�IL[HG���7KH H[DPSOH�RI� FDOFXODWHG� DWRPLF� FRQILJXUDWLRQV�RI�6L��+��>+�@ FOXVWHU�EHIRUH� DQG�DIWHU�JHRPHWU\�RSWLPL]DWLRQ�SURFHGXUH�LV�SUHVHQWHG�LQ�)LJ������

� ��E��
)LJXUH����7KH�DWRPLF�FRQILJXUDWLRQV�RI�6L��+��>+�@ FOXVWHU� � EHIRUH�JHRPHWU\�RSWLPL]DWLRQ�SURFHGXUH�DQG�E��DIWHU�JHRPHWU\�RSWLPL]DWLRQ�SURFHGXUH��%ODFN�EDOOV�UHSUHVHQW�6L�DWRPV��6L��±�FHQWUDO�DWRP�RI�XQUHOD[HG�FOXVWHU��6L��±�VHFRQG�VXUIDFH�DWRP�RI�XQUHOD[HG�FOXVWHU��

7KH� REWDLQHG� UHVXOWV� VKRZ� WKDW� LQFRUSRUDWLRQ� RI� +�DWRPV� LQWR� 6L� UHVXOWV� LQ� YHU\� VWURQJ�GLVWXUEDQFH�RI�WKH�QHDU�VXUIDFH�UHJLRQ�RI�6L�ODWWLFH��7KH VRIWZDUH� SDFNDJH� 3&� *$0(66� >�@� EDVHG� RQ� *$0(66� �86�� >�@� ZDV� XVHG�� 7KH�')7FDOFXODWLRQV�ZHUH�SHUIRUPHG�ZLWK�WKH�%�/<3��IXQFWLRQDO�DQG�0,1,�EDVLV��
>�@� 2�� =LQFKXN�� 1�� 'UR]GRY�� $�� 0D]DQLN�� $�� )HGRWRY�� 3�� =XNRZVNL�� -�� 3DUW\ND�� 3�� :HJLHUHN�� 7��.ROWXQRZLF]��9DFXXP�������LQ�SUHVV���>�@� *UDQRYVN\�$OH[���ZZZ�KWWS���FODVVLF�FKHP�PVX�VX�JUDQ�JDPHVV�LQGH[�KWPO�>�@� 6FKPLGW�0�:��HW��DO���-�&RPSXW�&KHP� �� �������������
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,QWHUPROHFXODU�LQWHUDFWLRQV�DQG�VWDELOLW\�
RI�WKH�QDQRSDUWLFOHV�RI�LQRUJDQLF�FRPSRXQGV�
ZLWK�FKDLQ�VWUXFWXUH��TXDQWXP�FKHPLFDO�VWXG\�

$�*��*UHEHQ\XN�
$�$�� &KXLNR� ,QVWLWXWH� RI� 6XUIDFH� &KHPLVWU\� RI� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV�� *HQ��1DXPRY�6WUHHW�����������.\LY��8NUDLQH��H�PDLO��JUHEHQ\XNBDJ#XNU�QHW��

7KH PRGHUQ�VROLG�VWDWH�FKHPLVWU\�FRQVLGHUV�WKH�VHDUFK�IRU�UHODWLRQV�EHWZHHQ�WKH�VWUXFWXUH�
DQG� SURSHUWLHV� RI� YDULRXV� FRPSRXQGV� DV� LWV�PDLQ� WDVN�� ,Q� FDVH� RI� QDQRSDUWLFOHV�� D� SUREOHP�
DULVHV� RQ� WKH� UROH� RI� VXUIDFH� OD\HU� LQ� WKHLU� HTXLOLEULXP� VSDWLDO� VWUXFWXUH� DQG� UHDFWLYLW\�� 7KH�
DSSOLFDWLRQ�RI�TXDQWXP�FKHPLFDO�PHWKRGV�WR�WKH�GHVLJQ�RI�VWUXFWXUDO�PRGHOV�IRU�FU\VWDOV�DQG�
QDQRSDUWLFOHV� PDNHV� WKH� UHVXOWV� REWDLQHG� PRUH� LQIRUPDWLYH�� 2QH�GLPHQVLRQDO� �FKDLQ��
VWUXFWXUHV� FDQ� EH� HDVLO\� H[DPLQHG� WKHRUHWLFDOO\� ZLWKLQ� HLWKHU� SHULRGLFDO� RU� FOXVWHU�
DSSUR[LPDWLRQV��8VH�RI�WKH�FOXVWHU�DSSURDFK�DVVXPHV�LVRODWLRQ�RI�D�GHILQLWH�SDUW�RI�FU\VWDOOLQH�
ODWWLFH��DQG�IURQWLHU�FRQGLWLRQV�VKRXOG�EH�VDWLVILHG�IRU�HGJH�DWRPV��6LQFH�WKH�PRVW�RI�LQRUJDQLF�
FRPSRXQGV� LV� FKDUDFWHUL]HG� E\� D� K\SHUYDOHQW� VWUXFWXUH� ZKHUH� FRRUGLQDWLRQ� QXPEHUV� RI� WKH�
DWRPV�RU� LRQV� H[FHHG� WKHLU� QRUPDO�YDOHQFHV�� H[DPLQLQJ� WKHLU� FOXVWHU�PRGHOV� LV� RI�SDUWLFXODU�
LQWHUHVW��

:KHQ�FODVVLILHG��K\SHUYDOHQW�FKDLQ�VWUXFWXUHV�FDQ�EH�GLYLGHG�LQWR�VRPH�JURXSV�GHSHQGLQJ�
RQ� WKH� FRRUGLQDWLRQ� QXPEHU� RI� VWUXFWXUH�IRUPLQJ� DWRPV� DV� ZHOO� DV� RQ� WKH� TXDQWLW\� RI�
PRQRDWRPLF� EULGJHV� FRQQHFWLQJ� WKHVH� DWRPV�� )RU� H[DPSOH��$X,� IRUPV� VLPSOH� FKDLQV�ZKHUH�
DWRPV� RI� ERWK� W\SHV� DUH� WZR�FRRUGLQDWHG� DQG� ,�$X�,� IUDJPHQWV� DUH� OLQHDU�� %HU\OOLXP�
GLKDORJHQLGHV� �H[FHSW� %H)�� LV� IRUPHG� E\� GLVWRUWHG� EHU\OOLXP�KDORJHQ� WHWUDKHGURQV� ZLWK�
VKDUHG� HGJHV� �VLPLODU� WR� Z�VLOLFD��� 8QOLNH� WKRVH�� 3G&O� LV� FKDUDFWHUL]HG� E\� SODQDU� 3G&O�VTXDUHV��5XWLOH�7L2� LV�EHOLHYHG� WR�EH�D� IRUPDOO\� FKDLQ� VWUXFWXUH�GXH� WR�D�GHILQLWH�GHYLDWLRQ�EHWZHHQ� D[LDO� DQG� SODQDU� 7L�2� ERQGV�� 7KH� VWUXFWXUH� RI� =U,� FKDLQ� KDV� VL[IROG� FRRUGLQDWHG�]LUFRQLXP� DWRPV� VXUURXQGHG� E\� VL[� WZR�FRRUGLQDWHG� LRGLQH� DWRPV� GLYLGHG� LQWR� WZR� WULSOH�
EULGJHV�� )LQDOO\�� XUDQLXP� �,9�� DFHW\ODFHWRQDWH� FKDLQ� KDV� FXELF� FRRUGLQDWLRQ� RI�PHWDO� DWRPV�
FRQQHFWHG�E\�WZR�IRXUIROG�OLJDQG�EULGJHV��$QRWKHU�SHFXOLDULW\�RI�VXFK�VWUXFWXUDO�FODVV�FDQ�EH�
WKH� SUHVHQFH� RI� DGGLWLRQDO� DWRPV� DWWDFKHG� WR� WKH� PDLQ� FKDLQ�� IRU� H[DPSOH�� WKRVH� LQ� 6Q&O��7H)�� RU�&G&O��1+��'XH WR�WKH�ODFN�RI�DWRPV�UHTXLUHG�WR�FRPSOHWH�WKH�FRRUGLQDWLRQ�VSKHUH�RI�WKH�HGJH�DWRPV�
�ZKDW� LV� D� FKDUDFWHULVWLF� RI� DQ\� K\SHUYDOHQW� VWUXFWXUH�� RI� WKH� FOXVWHUV�� VRPHWLPHV� WKHLU�
HTXLOLEULXP�VWDWLDO�VWUXFWXUH�FDQ�EH�GLVWRUWHG�RU�HYHQ�UHDUUDQJHG�XQGHU�JHRPHWU\�RSWLPL]DWLRQ�
UHVXOWHG� LQ� WKH� VDWXUDWLRQ� RI� FRRUGLQDWLRQ� YDOHQFHV�� 7KH� IRUPDWLRQ� RI� LQWHUPROHFXODU�
FRPSOH[HV�ZLWK�DGGLWLRQDO�VPDOO�PROHFXOHV�RU�E\�VRPH�ROLJRPHULF�FKDLQV�VWDWLRQHG�LQ�SDUDOOHO�
FDQ� KHOS� WR� DYRLG� VXFK� DQ� XQZDQWHG� VLGH� HIIHFW�� %HVLGHV�� LQ� FDVH� RI� ULJLG� FKDLQ�� QR� F\FOLF�
VWUXFWXUHV�FDQ�EH�DFKLYHG�DGYDQWDJHRXV�LQ�HQHUJ\�DV�FRPSDUHG�ZLWK�FKDLQ�RQH��
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4XDQWXP�FKHPLFDO�LQYHVWLJDWLRQV�RI�7,&7�SURFHVV�
LQ�VRPH�PROHFXOHV�FRQWDLQLQJ�DPLQRJURXSV�

7�9��6DNKQR� 7�3��5RPDVKNR��2�$��.KDNKHO¶�
3ROWDYD� 'HSDUWPHQW� RI� 8NUDLQLDQ� $FDGHP\� RI� 7HFKQRORJLFDO� &\EHUQHWLFV� 6FLHQFHV��3ROWDYD��8NUDLQH��

7,&7�SURFHVV� �7ZLVWHG� ,QWUDPROHFXODU� &KDUJH� 7UDQVIHU�� LV� WKH� SKRWRSK\VLFDO�
SKHQRPHQRQ��ZKLFK�LV�WDNLQJ�SODFH�IRU�D�FODVV�RI�PROHFXOHV�ZLWK�D�FHUWDLQ�VWUXFWXUH��7KH�JLYHQ�
VWUXFWXUH DVVXPHV�SUHVHQFH�LQ�PROHFXOHV�RI�DPLQR�JURXSV�ZLWK�WKH�DON\O�VXEVWLWXHQWV�FDSDEOH�
WR D�WZLVWLQJ�UHOD[DWLRQ�DURXQG�WKH�&�$U��1�DPLQR��ERQG��7KLV�UHOD[DWLRQ�RFFXUV�LQ�PROHFXOHV�
DIWHU�HOHFWURQLF�H[FLWDWLRQ��7KXV��WKH�HTXLOLEULXP�VWUXFWXUHV�RI�WKH�JURXQG�DQG�H[FLWHG�VWDWHV�RI�
WKHVH PROHFXOHV� DUH� GLIIHUHQW�� 7ZLVW�FRQIRUPDWLRQ� RI� DPLQR� JURXSV� LQ� DQ� H[FLWHG� VWDWH� LV�
IDYRUDEOH�IRU�LQWUDPROHFXODU�FKDUJH�WUDQVIHU��ZKHUH�WKH�DPLQR�JURXS�DFWV�DV�WKH�GRQRU�LQ�WKH�
7,&7�VWDWH��

7,&7�SURFHVV� KDV� EHHQ� IRXQG� RXW� VSHFWUDOO\�� 7RJHWKHU� ZLWK� QRUPDO� IOXRUHVFHQFH� RI�
PROHFXOHV�� WKH� UHG�VKLIWHG� 7,&7�EDQG� LV� REVHUYHG� LQ� WKHLU� VSHFWUD� RI� IOXRUHVFHQFH�� ,WV�
PDQLIHVWDWLRQV� DUH� VXEVWDQWLDOO\� GHILQHG� E\� PHGLD� SRODULW\�� WKH� QDWXUH� RI� D� PDWUL[� �OLTXLG�
VROXWLRQ��ULJLG�HQYLURQPHQW���HWF��

$Q RSSRUWXQLW\�RI�SURFHHGLQJ�RI�WKH�7,&7�SURFHVV�LQ�WKRVH�RU�RWKHU�PROHFXOHV�LV�SURYHG��
PDLQO\�� E\� TXDQWXP�FKHPLFDO� FDOFXODWLRQV�� 7KHLU� UHVXOWV� OHDG� DW� WLPHV� WR� LQFRQVLVWHQW�
FRQFOXVLRQV�FRQFHUQLQJ�IRUPDWLRQ�RI� WKH�7,&7�VWDWH� LQ�PROHFXOHV�� ,Q�WKH� OLWHUDWXUH�WKHUH�LV�D�
QXPEHU� RI� H[DPSOHV�� ZKHUH� WKH� FDOFXODWLRQV� RI� GLIIHUHQW� DXWKRUV� FDUULHG� RXW� E\� YDULRXV�
PHWKRGV JLYH�RSSRVLWH�IRUHFDVWV�IRU�HIILFLHQF\�RI�7,&7��

,Q� WKH� SUHVHQW�ZRUN�� WKH� FRPSDUDWLYH� DQDO\VLV� RI� GDWD� RI� TXDQWXP�FKHPLFDO� FDOFXODWLRQV�
FRQGXFWHG�E\�VHPL�HPSLULFDO�PHWKRGV�DQG�ZLWKLQ�WKH�IUDPH�RI�DE�LQLWLR�DSSURDFKHV��SDFNDJH�
*DXVVLDQ�����IRU�VRPH�PROHFXOHV��1LOH�5HG����DPLQR�FRXPDULQ�GHULYDWLYHV���GLPHWK\ODPLQR��
VWLOED]ROLXP�G\HV��QDSKWKDOHQH�DPLQRGHULYDWLYHV�DQG�VRPH�RWKHUV��LV�FDUULHG�RXW��7KH�REWDLQHG�
UHVXOWV�DUH�GLVFXVVHG�LQ�D�FRQWH[W�RI�UHVXOWV�RI�VSHFWUDO�H[SHULPHQWV��
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&KDUJH�DQG�JHRPHWULFDO�VROLWRQV�
LQ�XQV\PPHWULFDO�F\DQLQH�G\HV�

2�%��5\DELWVN\��2�'��.DFKNRYVN\�
,QVWLWXWH� RI� 2UJDQLF� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV�� 0XUPDQVND\D� ��� .LHY���������8NUDLQH��&\DQLQHV�DV�D�VSHFLDO�W\SH�RI�FDWLRQLF�SRO\PHWKLQH�G\HV�DUH�ZHOO�NQRZQ�EHFDXVH�RI�WKHLU�XQLTXH�DELOLW\�WR�FRQYHUVLRQ�RI�WKH�OLJKW�HQHUJ\��7KH�PDLQ�FKURPRSKRUH�IORXURSKRUH�FRQVLVWV�RI� WKH� H[WHQGHG� SRO\PHWKLQH� FKDLQ� UHVWULFWHG� E\� WZR� WUHH�FRRUGLQDWHG� QLWURJHQ� DWRPV�� 7KH�WRWDO�SRVLWLYH�FKDUJH�ZDV�IRXQG�WR�EH�QRW�GHORFDOL]HG�XQLIRUPO\�DORQJ�WKH�ZKROH�FKURPRSKRUH��EXW� LW� JHQHUDWHV� D� VROLWRQLF�OLNH�ZDYH�RI� WKH� DOWHUQDWHG�SDUWLDO� SRVLWLYH� DQG�QHJDWLYH� FKDUJHV�>�@��,W�ZDV�VKRZQ�WKDW�WKLV�ZDYH��VROLWRQ�RU�SRODURQ��LQ�WKH�XQVXEVWLWXWHG�SRO\PHWKLQH�FDWLRQV�� LV RI�ILQLWH�GLPHQVLRQ��DSSUR[LPDWHO\�������FDUERQ�DWRPV���

+�&� ± �&+� �&+�Q ± &+� �&+������������������������
6LQFH�WKH�SRO\PHWKLQH�FKDLQ�LV�D�QRQ�ULJLG�S�HOHFWURQ�V\VWHP��WKHQ�WKH�ZDYH�RI�WKH�SDUWLDO�FKDUJHV� FDXVHV� WKH� FRUUHVSRQGLQJ� UHDUUDQJHPHQW� RI� WKH�PROHFXODU� JHRPHWU\�� SULPDULO\�� WKH�FDUERQ�FDUERQ� ERQG� OHQJWK��$FFRUGLQJ� WR� TXDQWXP�FKHPLFDO� FDOFXODWLRQ�� WKH� OHQJWKV� RI� WKH�HTXLOLEULXP�&&�ERQGV� DUH� SUDFWLFDOO\� HTXDLOL]HG� LQ� WKH� FKDLQ� VHJPHQW� ZKHUH� WKH� VROLWRQ� LV�ORFDWHG�� ,QWURGXFLQJ� RI� WKH� WHUPLQDO� JURXSV� OHDGV� WR� FRQVLGHUDEOH� FKDQJH� RI� WKH� VKDSH� DQG�ORFDWLRQ�RI� WKH�VROLWRQLF�ZDYH��VR�� LQ�WKH�GLPHWK\ODPLQR�SRO\PHWKLQHV��VWUHSWRF\DQLQHV��� WKH�FHQWUH� RI� WKH� VROLWRQ� FRXOG� EH� VKLIWHG� WR� RQH� RI� WKH� HQG� JURXSV�� LI� WKH� OHQJWK� RI� WKH�FKURPRSKRUH�H[FHHGV�WKH�FKDUJH�ZDYH�GLPHQVLRQ��L�H���WKH�V\PPHWU\�EUHDNLQJ�RI�WKH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�DQG�PROHFXODU�JHRPHWU\�RFFXUV� >���@��0HDQZKLOH��V\PPHWU\�RI�HOHFWURQ�VWUXFWXUH� LQ� WKH� QHXWUDO� SRO\HQHV� ZLWK� WKH� VDPH� WHUPLQDO� UHVLGXHV� �GLPHWK\O�DPLQRJURXSV��UHPDLQV�HYHQ�LQ�WKH�PROHFXOHV�ZLWK�WKH�FRPSDUDWLYH�ORQJ�SRO\PHWKLQH�FKDLQ���,Q�WKH�VDPH�WLPH��WKH�JRLQJ�IURP�V\PPHWULFDO�G\HV�WR��XQV\PPHWULFDO�F\DQLQHV��LQIOXHQFHV�VLJQLILFDQWO\�RQ� WKH�HOHFWURQ�GLVWULEXWLRQ�DQG�KHQFH�RQ�VSHFWUDO�SURSHUWLHV�� ,W�ZDV�IRXQG� WKDW�

WKH� SRVLWLRQ� RI� WKH� PD[LPXP� IRU� DQ� XQV\PPHWULFDO� G\HV� ODV� LV� VKLIWHG� WRZDUGV� VKRUW�ZDYHOHQJWKV�DV�FRPSDUHG�WR�WKH�DULWKPHWLF�PHDQ�YDOXH�IURP�WKH�PD[LPD�RI�WKH�SDUHQW�G\HV��7KLV�VSHFWUDO�IDFW�ZDV�WUHDWHG�WR�EH�FRQQHFWHG�ZLWK�DQ�DSSHDUDQFH�RI�WKH�DOWHUQDWLRQ�RI�WKH�&&�ERQG� OHQJWK� DORQJ� WKH�SRO\PHWKLQH� FKDLQ�� LI� WHUPLQDO� JURXSV� DUH�QRQ�HTXLYDOHQW��2QH�FRXOG�H[SHFW� WKDW� XQV\PPHWULFDO� FKHPLFDO� FRQVWLWXWLRQ� VKRXOG� FDXVH� VKLIWLQJ� RI� WKH� FKDUJH� DQG�JHRPHWULFDO� VROLWRQV� IURP� WKH� FKDLQ� FHQWUH�� ,W� WXUQ�� WKLV� VKLIWLQJ� VKRXOG� GHSHQGV� RQ� WKH�GLIIHUHQFH�LQ�GRQRU�VWUHQJWKV�RI�WKH�ERWK�WHUPLQDO�JURXSV���7KH� UHVXOWV� RI� WKH� TXDQWXP�FKHPLFDO� VWXG\� RI� WKH� VKDSH� DQG� ORFDWLRQ� RI� VROLWRQV� LQ� WKH�XQV\PPHWULFDO�F\DQLQH�G\HV�DUH�SUHVHQWHG�E\�WKLV�ZRUN��$V�XQV\PPHWULFDO�SRO\PHWKLQHV��WKH�PRQR�VXEVWLWXWHG� G\HV� � DQG� G\HV� ZLWK� GLIIHUHQW� WHUPLQDO� JURXSV� 5� DQG� 5� � ZHUH�FRQVLGHUHG��
� +�&� ± �&+� �&+�Q ± &+� �&+�±�5��� ���������������������������������5�

�  &+�±��&+� �&+�Q ± 5� �
+HUH 5�� 5�� 5� FDQ� EH� ERWK� GRQRU� DQG� DFFHSWRU� VXEVWLWXHQWV� FRQMXJDWHG� ZLWK� WKH�PDLQ�SRO\PHWKLQH�FKDLQ��2&+�� 6&+�� 1�&+���� &+ 2��12�� DV�ZHOO�DV�WKH�VLPSOHVW�KHWHURF\FOLF�UHVLGXHV���

>�@� $�'�.DFKNRYVN\�� 7KH� VROLWRQLF� QDWXUH� RI� WKH� HOHFWURQLF� VWUXFWXUH� RI� WKH� LRQV� RI� OLQHDU� FRQMXJDWHG�V\VWHPV��7KHRUHWLF�DQG�([SHULPHQWDO�&KHPLVWU\��� ����������������>�@� $�%�5\DELWVN\�� $�'�.DFKNRYVN\�� 2�9�3U]RQVND�� 6\PPHWU\� EUHDNLQJ� LQ� FDWLRQLF� DQG� DQLRQLF�SRO\PHWKLQH�G\HV��-�0ROHF�6WUXFW���7+(2&+(0��������������������
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&RPSDULVRQ�RI�YDULRXV�SHUWXUEDWLRQ�WKHRU\�TXDQWXP�
FKHPLFDO�PHWKRGV�RQ�H[DPSOH�RI�;<&2��;�< +�)�&O��

PROHFXOHV�LQ�ORZHVW�H[FLWHG�HOHFWURQLF�VWDWHV�
6�,��%RNDUHY� 9�$��%DWDHY��,�$��*RGXQRY��

&KHPLVWU\� 'HSDUWPHQW�� 0RVFRZ� 6WDWH� 8QLYHUVLW\�� ������� 0RVFRZ� 5XVVLD�� (�PDLO��ERNDUHY#SK\V�FKHP�PVX�UX��
,W� ZDV� SURYHG� H[SHULPHQWDOO\� IRU� WKH� ZLGH� YDULHW\� RI� DOLSKDWLF� FDUERQ\OV� WKDW� XSRQ�

HOHFWURQLF�H[FLWDWLRQ�IURP�JURXQG��6�� WR�WKH�ORZHVW�H[FLWHG�VLQJOHW��6�� RU� WULSOHW��7�� VWDWHV�
FDUERQ\O�IUDJPHQW�EHFRPHV�S\UDPLGDOO\�GLVWRUWHG�DQG�WKHUH�DSSHDU�ODUJH�DPSOLWXGH�YLEUDWLRQ�
�LQYHUVLRQ��ZKLFK�PD\�VLJQLILFDQWO\�LQIOXHQFH�WKH�SKRWRSK\VLFDO�DQG�SKRWRFKHPLFDO�PROHFXODU�
SURSHUWLHV��%XW�H[SHULPHQWDO�GDWD�DUH�QRW�VXIILFLHQW�WR�FRPSOHWHO\�XQGHUVWDQG�WKH�VWUXFWXUH�RI�
FDUERQ\OV�LQ�H[FLWHG�HOHFWURQLF�VWDWHV�DQG�LPSRUWDQW�LQIRUPDWLRQ�FDQ�EH�REWDLQHG�E\�FDUU\LQJ�
RXW WKH� UHOLDEOH�TXDQWXP�FKHPLFDO�FDOFXODWLRQV��%HVLGHV�DFFXUDF\� WKHRUHWLFDO�PHWKRGV�DUH� WR�
EH FRPSXWDWLRQDOO\�HIILFLHQW�WR�VWXG\�ODUJH�DUHDV�RI�WKH�3(6�RI�D�QRQ�ULJLG�V\VWHPV���

:H�KDYH�XVHG�D�ODUJH�QXPEHU�RI�VLQJOH�UHIHUHQFH��65��DQG�PXOWL�UHIHUHQFH��05��PHWKRGV�
DQG�65�DQG�05�SHUWXUEDWLRQ�WKHRU\��37��PHWKRGV�DSSHDUHG�WR�EH�WKH�PRVW�HIIHFWLYH�WR�VWXG\�
HYHQ� ODUJH� DUHDV� RI� D� 3(6��$V� VHYHUDO� DSSURDFKHV� WR� GR�37� FDOFXODWLRQV� H[LVW�ZH� DLPHG� WR�
FRPSDUH�WKHP��)RU�WKLV�SXUSRVH�803���05�03���&$637���&$637���DQG�1(937��PHWKRGV�
ZHUH FKRVHQ��7KH�IROORZLQJ�PROHFXODU�SDUDPHWHUV�ZHUH�WKH�SRLQW�RI�LQYHVWLJDWLRQ��JHRPHWULHV�
RI VWDWLRQDU\�SRLQWV��EDUULHUV�WR�LQYHUVLRQ��DQG�DGLDEDWLF�7�m6� DQG�6�m6� WUDQVLWLRQ�HQHUJLHV�
RI WKH�VLPSOHVW�UHSUHVHQWDWLYHV�RI�FDUERQ\OV�;<&2��;�< +�)�&O���

$FFRUGLQJ� WR� RXU� UHVXOWV� DOO� 37� DSSURDFKHV� DUH� UDWKHU� VLPLODU�� $V� RWKHU� 65� DQG� 05�
PHWKRGV�37�DSSURDFKHV�VLJQLILFDQWO\�RYHUHVWLPDWH�EDUULHU�WR�LQYHUVLRQ�IRU�)�&2�PROHFXOH�EXW�
IRU RWKHU� VSHFLHV� WKH\� LQ� JHQHUDO� GHPRQVWUDWH� DJUHHPHQW� ZLWK� H[SHULPHQWDO� GDWD�� &$637��
PHWKRG� LV� WKH� PRVW� DSSURSULDWH� WR� VWXG\� FDUERQ\O� PROHFXOHV� LQ� H[FLWHG� HOHFWURQLF� VWDWHV�
EHFDXVH� RI� LWV� DFFXUDF\� DQG� HIILFLHQF\�� 5HVXOWV� REWDLQHG� E\� DOO� PHWKRGV� DUH� RQO\� VOLJKWO\�
GHSHQGHQW�RQ�EDVLV�VHW�EXW�VWURQJO\�RQ�WKH�DFWLYH�VSDFH�XVHG���

7KLV ZRUN�ZDV�ILQDQFLDOO\�VXSSRUWHG�E\�WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��JUDQW�
1 ��������������
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6WUXFWXUH�DQG�FRQIRUPDWLRQDO�G\QDPLFV�RI�DFUROHLQ�
PROHFXOH�LQ�WKH�JURXQG�DQG�ORZHVW�����Q� ��H[FLWHG�

HOHFWURQLF�VWDWHV�
2�6��%RNDUHYD� 9�$��%DWDHY��9�,��3XS\VKHY��,�$��*RGXQRY��

&KHPLVWU\� 'HSDUWPHQW�� 0RVFRZ� 6WDWH� 8QLYHUVLW\�� ������� 0RVFRZ� 5XVVLD�� (�PDLO��ERNDUHYDRV#SK\V�FKHP�PVX�UX��
3RWHQWLDO� HQHUJ\� VXUIDFH� �3(6�� VHFWLRQV� RI� DFUROHLQ� PROHFXOH� �&+� &+í&+2�� LQ� WKH�

JURXQG� DQG� ����Q� � H[FLWHG� HOHFWURQLF� VWDWHV� DUH� VWXGLHG� WR� XQGHUVWDQG� WKH� SHFXOLDULWLHV� RI�
LQWHUQDO�URWDWLRQ�RI�FDUERQ\O�FRQWDLQLQJ�PROHFXOHV��7KH�IROORZLQJ�TXDQWXP�FKHPLFDO�PHWKRGV�
ZHUH� XVHG� 03��� %�/<3�� 4&,6'�� &&6'�7�� �IRU� 6� VWDWH��� 803��� 3%(�� �IRU� ��Q� ����
&$66&)��05�03���IRU�����Q� ��VWDWHV��ZLWK�$2�EDVLV�VHWV�RI� WKH�OHYHO��������*�G�S��DQG�
FF�S97=��

7KH� JHRPHWULFDO� SDUDPHWHUV� RI� VWDWLRQDU\� SRLQWV� DQG� YLEUDWLRQDO� PRWLRQV� RI� QXFOHL� DUH�
VWXGLHG��'LIIHUHQW� W\SHV� RI� RQH�GLPHQVLRQDO� VHFWLRQV� RI� 3(6�� VXFK� DV� VHFWLRQ� DORQJ� WRUVLRQ�
FRRUGLQDWH�� PLQLPDO� HQHUJ\� SDWK� �0(3�� DQG� LQWULQVLF� UHDFWLRQ� FRRUGLQDWH� �,5&�� DUH�
FRQVLGHUHG�� 7KH� HVWLPDWLRQV� RI� FRUUHVSRQGLQJ� WRUVLRQ� IUHTXHQFLHV� DUH� REWDLQHG� IURP� WKHVH�
VHFWLRQV��9DOXHV�RI�HQHUJ\�GLIIHUHQFHV�EHWZHHQ�V�FLV�DQG�V�WUDQV�FRQIRUPHUV��6�� ��Q� ���DQG�
EDUULHU� WR� LQWHUQDO� URWDWLRQ� �6�� ZHUH� GHWHUPLQHG�PRUH� SUHFLVHO\� XVLQJ�9DOHQFH� )RFDO�3RLQW�
$QDO\VLV�WHFKQLTXH�>VHH�H�J��$�*��&ViV]iU��:�'��$OOHQ��+�)��6KDHIHU�,,,��-��&KHP��3K\V������
������ ����@��

)RU ����Q� �� H[FLWHG� HOHFWURQLF� VWDWHV� VRPH� XQXVXDO� IHDWXUHV� RI� LQWHUQDO� URWDWLRQ� ZHUH�
IRXQG� EHLQJ� QRW� NQRZQ� IRU� WKH� JURXQG� VWDWH�� )RU� H[DPSOH�� RQH�GLPHQVLRQDO� WRUVLRQ� 0(3�
FRUUHVSRQGLQJ� WR� WKH� URWDWLRQ� UHODWLYH� WR� WKH� RUGLQDU\� &�&� ERQG� KDV� VLJQLILFDQW� FXUYDWXUH��
LQWHUQDO� URWDWLRQ� LV� DFFRPSDQLHG� E\� VLJQLILFDQW� �PRUH� WKDQ� ����� QRQ�SODQDU� GLVWRUWLRQ� RI�
FDUERQ\O�IUDJPHQW��6XFK�FKDUDFWHU�RI�3(6�VKRZV�VWURQJ�FRXSOLQJ�RI�WRUVLRQ�DQG�RXW�RI�SODQH�
&í+�EHQGLQJ�PRWLRQV�� ,W� LV� DOVR� LPSRUWDQW�� WKDW�0(3� KDV� ELIXUFDWLRQ� SRLQWV� DQG� LQ� FHUWDLQ�
DUHDV�FRUUHVSRQGLQJ�WR�WRUVLRQ�DQJOH�QHDU�����WKHUH�H[LVWV�DQ�DPELJXLW\�LQ�EXLOGLQJ�0(3���

7KH WZR�GLPHQVLRQDO� DSSURDFK� ZDV� XVHG� IRU� WKH� DQDO\VLV� RI� WRUVLRQ� YLEUDWLRQV�� ,Q�
SDUWLFXODU��WKLV�DSSURDFK�SURYLGHV�LQIRUPDWLRQ�DERXW�FRXSOLQJ�RI�WRUVLRQ�DQG�RXW�RI�SODQH�&�+�
EHQGLQJ�YLEUDWLRQV��7KH�UHVXOWV�REWDLQHG�DUH�LQ�D�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD��

7KLV ZRUN� ZDV� ILQDQFLDOO\� VXSSRUWHG� E\� WKH� 5XVVLDQ� )RXQGDWLRQ� IRU� %DVLV� 5HVHDUFK�
�JUDQWV�11����������������������������
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7KHRUHWLFDO�,QYHVWLJDWLRQ�RI�6WUXFWXWH�DQG�&RQIRUPDWLRQDO�
'\QDPLFV�RI�WKH�&\FORSURSDQHFDUER[DOGHK\GH�0ROHFXOH�

LQ WKH�*URXQG�DQG�([FLWHG�(OHFWURQLF�6WDWHV�
(�9��5DVWROWVHYD� 9�$��%DWDHY��,�$��*RGXQRY��

'HSDUWPHQW� RI� &KHPLVWU\�� 0�9�� /RPRQRVRY� 0RVFRZ� 6WDWH� 8QLYHUVLW\�� ������ 0RVFRZ�5XVVLD� (�PDLO��UDVWROWVHYD#SK\V�FKHP�PVX�UX��
7KH SHFXOLDULWLHV� RI� VWUXFWXUH� DQG� YLEURQLF� VSHFWUD� RI� WKH� F\FORSURSDQHFDUER[DOGHK\GH�

�&3&$��REWDLQHG�IURP�DE�LQLWLR�FDOFXODWLRQV�DUH�GLVFXVVHG��
6\VWHPDWLF�DE LQLWLR�FDOFXODWLRQV�RI�&3&$�PROHFXOH�IRU�WKH�JURXQG�HOHFWURQLF�VWDWH�ZHUH�

SHUIRUPHG� XVLQJ� YDULRXV� DSSURDFKHV�� LQFOXGLQJ�%�/<3��&&6'� DQG�&&6'>7@�PHWKRGV� DQG�
YDULRXV� 3RSOH� DQG� 'XQQLQJ� EDVLV� VHWV�� ,Q� WKHVH� DSSURDFKHV� WKH� HTXLOLEULXP� JHRPHWU\��
KDUPRQLF� DQG�XQKDUPRQLF� IUHTXHQFLHV�� FRQIRUPHU� HQHUJ\�GLIIHUHQFH�� YDOXH�RI� WKH�EDUULHU� WR�
LQWHUQDO�URWDWLRQ�ZHUH�FDOFXODWHG�IRU�WKH�&3&$�PROHFXOH��,W�WXUQHG�RXW�WKDW�LQ�WKH�JURXQG�VWDWH�
&3&$� KDV� WZR� FRQIRUPHUV�� FLV�� DQG� WUDQV�� ZLWK� HQHUJ\� GLIIHUHQFH� QHDU� ]HUR� �DFFRUGLQJ� WR�
H[SHULPHQW� HQHUJ\� GLIIHUHQFH� LV� ��� FP��� FLV�FRQIRUPHU� LV�PRUH� VWDEOH��� ,Q� RUGHU� WR� REWDLQ�
PRUH�SUHFLVH�UHVXOW�9)3$�DQDO\VLV�RI�WKH�FRQIRUPHU�HQHUJ\�GLIIHUHQFH�ZDV�SHUIRUPHG��

$QG�DOVR�WRUVLRQ�RQH�GLPHQVLRQDO�VHFWLRQV�RI�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�ZHUH�HYDOXDWHG�
DQG� XVLQJ� WKHP� WKH� DQKDUPRQLF� WRUVLRQDO� HQHUJ\� OHYHOV� ZHUH� FDOFXODWHG� YDULDWLRQDOO\�� 7KH�
UHVXOWV�REWDLQHG�DUH�LQ�JRRG�FRUUHVSRQGHQFH�ZLWK�WKH�H[SHULPHQWDO�GDWD��

&3&$� GHPRQVWUDWH� FRQIRUPDWLRQDO� FKDQJHV� XSRQ� HOHFWURQLF� H[FLWDWLRQ�� 7KH� Q 
WUDQVLWLRQV�WR�WKH�ORZHVW�VLQJOHW�DQG�WULSOHW�HOHFWURQLF�VWDWHV�OHDG�WR�WKH�URWDWLRQ�RI�WKH�FDUERQ\O�
JURXS�UHODWLYHO\�WKH�F\FORSURSDQH�ULQJ�EHVLGHV�WKLV�WKH�FDUERQ\O�IUDJPHQW�EHFDPH�QRQ�SODQDU��
$V D�UHVXOW�WKHUH�DUH�VL[�PLQLPXPV�RQ�WKH�SRWHQWLDO�HQHUJ\�VXUIDFH�ZKLFK�FRUUHVSRQG�WR�WKUHH�
SDLUV� RI� HQDQWLRPHUV��8VLQJ�8+)��03�� DQG�&$66&)�PHWKRGV�ZLWK� ����*� DQG� FF�S97=�
EDVLV� VHWV� HTXLOLEULXP� JHRPHWULHV�� KDUPRQLF� DQG� DQKDUPRQLF� IUHTXHQFLHV� DQG� EDUULHUV� WR�
LQWHUQDO� URWDWLRQ� DQG� LQYHUVLRQ� RI� QRQ�SODQDU� FDUERQ\O� IUDJPHQW�ZHUH� REWDLQHG�� ,Q� DGGLWLRQ��
YDULRXV�RQH��DQG�WZR���GLPHQVLRQDO�VHFWLRQV�RI� WKH�SRWHQWLDO�HQHUJ\�VXUIDFHV�ZHUH�HYDOXDWHG�
DQG�XVLQJ�WKHP�WKH�DQKDUPRQLF�WRUVLRQDO��LQYHUVLRQDO�DQG�WRUVLRQDO�LQYHUVLRQDO�HQHUJ\�OHYHOV�
ZHUH FDOFXODWHG� YDULDWLRQDOO\�� 7KH� UHVXOWV� REWDLQHG� LQ� WKLV� ZRUN� SURYLGH� QHZ� GDWD� IRU�
UHLQWHUSUHWDWLRQ�RI�YLEURQLF�VSHFWUD�RI�&3&$�REWDLQHG�HDUOLHU�>�@��

7KLV�ZRUN�LV�ILQDQFLDOO\�VXSSRUWHG�E\�WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��JUDQW�
�������������
>�@� *RGXQRY�,��$��HW��DO���5XVV��-��3K\V��&KHP���� �������������������������
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&DOFXODWHG�VSHFWUDO�SURSHUWLHV�RI�3HU\OHQH�2UDQJH��
3HU\OHQH�5HG�DQG�WKHLU�FRPSOH[�ZLWK�VRGLXP�D]LGH�

,��6��,UJLEDHYDD� $��$��$OGRQJDURYD� 1��1��%DUDVKNRYE
D/��1��*XPLO\RY�(XUDVLDQ�1DWLRQDO�8QLYHUVLW\��$VWDQD��.D]DNKVWDQ��H�PDLO��LUJVP#PDLO�UX�
E0LFUR�7UDFHUV��,QF��6DQ�)UDQFLVFR��&$��

8VLQJ�WKH�PHWKRG�RI�GHQVLW\�IXQFWLRQDO�WKHRU\�LQ�DSSUR[LPDWLQJ�%�/<3�ZLWK�WKH�EDVLV�VHW�
����*�G�� WKH� FRPSXWDWLRQV� RI� VWUXFWXUHV� RI� WKH� IROORZLQJ� G\HV� ���¶�1�1¶�GL�����
GLLVRSURS\OEHQ]HQH��GLLPLGH����������SHU\OHQHWHWKUDFDUERQ�DFLG��3HU\OHQH�2UDQJH���32��DQG�
���������WHWKUDSKHQ\O� HWKHU� ���¶�1�1¶�GL�����GLLVRSURS\OEHQ]HQH��GLLPLGH� ���������
SHU\OHQHWHWKUDFDUERQ�DFLG��3HU\OHQH�5HG���35��ZHUH�SHUIRUPHG��,W�ZDV�UHYHDOHG�WKDW�32�DQG�
35� KDYH� QRQSODQDU� VWUXFWXUHV�� 2Q� WKH� EDVLV� RI� WKH� SUHGLFWHG� JHRPHWULFDO� VWUXFWXUHV� DQG�
PROHFXODU� RUELWDOV� RI� 6� JURXQG� VWDWH� WKHLU� WKHRUHWLFDO� 89�YLV� VSHFWUD�� ZKLFK� DUH� LQ� JRRG�
DJUHHPHQW� ZLWK� H[SHULPHQW�� ZHUH� REWDLQHG� E\� DSSO\LQJ� WLPH�GHSHQGHQW� ')7� �7'')7��
PHWKRG��,Q�DGGLWLRQ��WKH�FDOFXODWLRQV�RI�FRPSOH[�>35«1D1�@ DQG�LWV�89�YLV�VSHFWUXP��ZKLFK�
ZDV�FRPSDUHG�ZLWK�WKH�REVHUYHG�HOHFWURQ�VSHFWUXP�RI�35�HWKDQRO�VROXWLRQ�LQ�WKH�SUHVHQFH�RI�
1D1� XQGHU�WKH�ODVHU�LUUDGLDWLRQ�DW�����QP��ZHUH�FDUULHG�RXW��%\�XVLQJ�')7�PHWKRG�DW�%�/<3�
OHYHO�WKH�FDOFXODWLRQV�RI�WKH�DVVXPHG�FRPSOH[�ZHUH�PDGH�ZKHUH�WKH�UHDFWLRQ�FRRUGLQDWH�ZDV�
WKH� GLVWDQFH� EHWZHHQ� 1D� DQG� FDUERQ\O� JURXS� 2� DWRP�� ,W� ZDV� VXJJHVWHG� WKDW� >35«1D1�@
FRPSOH[�IRUPDWLRQ�LQYROYHV�WUDQVLWLRQ�RI�35�WR�WKH�WULSOHW�VWDWH�ZKLFK�EULQJV�DERXW�IRUPDWLRQ�
RI 35� DQLRQ�� 1HZ� SHDN� DW� ���� QP� LQ� 89�YLV� VSHFWUXP� RI� WKLV� VROXWLRQ� XQGHU� WKH� ODVHU�
LUUDGLDWLRQ�DW�����QP�LV�VXSSRVHG�WR�EH�D�35�DQLRQ�EDQG��
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6KDSH�DQG�ORFDWLRQ�RI�FKDUJH�DQG�JHRPHWULFDO�VROLWRQV�
LQ � �GLVXEVWLWXWHG�SRO\HQH�GLFDWLRQV�

'�2��0HOQLND� 2�'��.DFKNRYVN\E
D,YDQR�)UDQNLYVN� 1DWLRQDO� 7HFKQLFDO� 8QLYHUVLW\� RI� 2LO� DQG� *DV�� .DUSDWVND� ���� ,YDQR�)UDQNLYVN���������8NUDLQH�
E,QVWLWXWH� RI� 2UJDQLF� &KHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV�� 0XUPDQVND\D� ��� .LHY���������8NUDLQH�

/LQHDU� FRQMXJDWHG� FRPSRXQG� DUH� H[FHOOHQWO\� LPSRUWDQW� IRU� QXPHURXV� DSSOLFDWLRQV� LQ�
PDWHULDOV�EHFDXVH�WKHLU�DELOLW\�WR�DEVRUE�DQG�HPLW�WKH�OLJKW�LQ�WKH�YLVLEOH�DQG�QHDU�,5�VSHFWUDO�
UHJLRQ�� WKH\� H[KLELW�KLJKO\� LQWHQVLYH�DQG�FRPSDUDWLYHO\�QDUURZ�DEVRUSWLRQ�DQG� IOXRUHVFHQFH�
EDQG��7KLV�XQLTXH�VSHFWUDO�SURSHUW\�LV�IRXQG�WR�EH�GXH�WR�VSHFLILF�HOHFWURQ�GLVWULEXWLRQ�LQ�WKH�
FKURPRSKRUH� DQG� HTXLOLEULXP�PROHFXODU� JHRPHWU\� LQ� WKH� JURXQG� DQG� H[FLWHG� VWDWHV� RI� WKH�
QHXWUDO�PROHFXOHV�DQG�WKHLU�LRQLF�GHULYDWLYHV��$FFRUGLQJ�WR�SUHVHQW�YLHZ��WKH�LQMHFWLRQ�RI�WKH�
HOHFWURQ�RU�KROH�LQ�WKH�KLJKO\�SRODUL]HG�FROOHFWLYH�V\VWHP�RI� �HOHFWURQV�FDXVHV�WKH�DSSHDUDQFH�
RI WKH�VR�FDOOHG�VROLWRQLF�OHYHO��LPSXULW\�OHYHO��LQ�WKH�HQHUJ\�JDS�DQG�WKH�FRQVLGHUDEOH�VKLIW�RI�
WKH ERWK�FRQGXFWLYH�EDQG�ERWWRP�DQG�YDOHQFH�EDQG�WRS�>���@��7KH�LQMHFWHG�FKDUJH��HOHFWURQ�RU�
KROH��LV�QRW�GHORFDOL]HG�XQLIRUPO\�RYHU�ZKROH� �V\VWHP��EXW�LV�VHOI�ORFDOL]HG�LQ�WKH�IRUP�RI�WKH�
VROLWDU\�ZDYH��L�H��D�NLQN�RU�VROLWRQ��7KH�TXDQWXP�FKHPLFDO�FDOFXODWLRQV�KDYH�VKRZQ�WKDW�WKH�
FKDUJH�ZDYH�LV�RI�D�ILQLWH��DSSUR[LPDWHO\��������FDUERQ�DWRPV��:KHQ�WKH�FKURPRSKRUH�OHQJWK�
H[FHHGV�WKH�GLPHQVLRQ�RI�WKH�VROLWRQ�ZDYH��WKH�VROLWRQ�EHFRPHV�PRELOH��LQ�VR�IDU�DV�LW�FDQ�EH�
SRVLWLRQHG� LQ� DQ\� IUDJPHQW� RI� WKH� FRQMXJDWHG� FKDLQ�ZKLWKRXW� FKDQJH� LQ� WKH� WRWDO� HQHUJ\� RI�
PROHFXOH��

6LPXOWDQHRXVO\�ZLWK�WKH�FKDUJH�ZDYH��WKHUH�DSSHUDUV�D�JHRPHWULFDO�RU�WRSRORJLFDO�VROLWRQ��
L�H��D�VROLWRQLF�ODNH�ZDYH�RI�WKH�DOWHUQDWHG�RI�ERQG�OHQJWKV��WKH�VKDSH�DQG�ORFDWLRQ�RI�WKH�ERQG�
OHQJWK�ZDYH�DQG�FKDUJH�ZDYH�EHLQJ�PXWXDOO\�FRQQHFWHG��

7KH LQMHFWLRQ�RI�PXOWLSOH�FKDUJHV�VKRXOG�QHFHVVDULO\�JHQHUDWH� WKH�FRUUHVSRQGLQJ�QXPEHU�
RI WKH� VROLWRQV�� 6LPLODU� VLWXDWLRQ� LV� UHDOL]HG�� IRU� H[DPSOH�� LQ� WKH� FKDUJHG� GHULYDWLYHV� RI� WKH�
SRO\HQHV�RU�WKHLU� � �GLVXEVWLWXWHG�DQDORJV��+RZHYHU��WKHLU�GLPHQVLRQV�DQG�ORFDWLRQV�DUH�QRW�
VWXGLHG� DV� GHWDLOHG� DV� VROLWRQV� LQ� WKH� PRQRFDWLRQV� RU� PRQRDQLRQV�� 7KLV� ZRUN� SUHVHQWV� WKH�
UHVXOWV� RI� WKH� V\VWHPDWLFDO� LQYHVWLJDWLRQ� RI� WKH� GLPHQVLRQV� DQG� ORFDWLRQV� RI� WKH� JHRPHWULFDO�
DQG� FKDUJH� VROLWRQLF� ZDYHV� LQ� WKH� XQFKDUJHG� RI� WKH� � �GLVXEVWLWXWHG� SRO\HQHV��
5±�&+ &+�Q±5��DQG�WKH�GLFDWLRQV�RI�WKH� � �GLVXEVWLWXWHG�SRO\HQHV�FRQWDLQLQJ�WKH�VLPSOHVW�
GRQRU�WHUPLQDO�JURXSV��5�±�&+ &+�Q±5��

:KHUH��5� �±&+ &+�� ±2+��±6+�DQG�±1�&+����
>�@� $�'�.DFKNRYVN\�� 7KH� VROLWRQLF� QDWXUH� RI� WKH� HOHFWURQLF� VWUXFWXUH� RI� WKH� LRQV� RI� OLQHDU� FRQMXJDWHG�V\VWHPV��7KHRUHWLF�DQG�([SHULPHQWDO�&KHPLVWU\��� ����������������>�@� $�%�5\DELWVN\�� $�'�.DFKNRYVN\�� 2�9�3U]RQVND�� 6\PPHWU\� EUHDNLQJ� LQ� FDWLRQLF� DQG� DQLRQLF�SRO\PHWKLQH�G\HV��-�0ROHF�6WUXFW���7+(2&+(0��������������������
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