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$EVWUDFW*DV� OLTXLG� GLVSHUVLRQ� WHFKQRORJ\� LV� D� PDMRU� SDUW� RI� WKH� LQIUDVWUXFWXUH� RI FKHPLFDO��SHWURFKHPLFDO�DQG�ELRFKHPLFDO�LQGXVWULHV��)ORRGLQJ�LV�RQH�RI�WKH�FKDUDFWHULVWLF�IHDWXUHV�RI� VWLUUHG� WDQN� HTXLSPHQW� XVHG� WR� GLVSHUVH� JDVHV� LQ� OLTXLGV��0RVW� LQYHVWLJDWRUV� KDYHVWXGLHG� WKH� IORZ� UHJLPH� DQG� PDVV� WUDQVIHU� FRHIILFLHQW� UHO\LQJ� VROHO\� RQ� WKH� 5XVKWRQ�WXUELQH��+RZHYHU�� WKHUH� DUH� FDVHV�ZKHUHLQ� WKH� XWLOL]DWLRQ� RI� DQ� LQDSSURSULDWH� W\SH� RI�LPSHOOHU� UHVXOWV� LQ� ERWK�ZDVWH� RI� HQHUJ\� DQG�PDUNHG� FRXQWHU�SURGXFWLYLW\��+HQFH�� WKH�REMHFWLYH�RI�WKLV�SDSHU�LV�WR�H[DPLQH�WKH�SHUIRUPDQFH�RI�JDV�OLTXLG�GLVSHUVLRQ�V\VWHPV�LQ�WHUPV� RI� IORZ� UHJLPH�� PDVV� WUDQVIHU� FRHIILFLHQW� DQG� WKH� ORDGLQJ� ]RQH� IRU� WKH� JDVVHG�FRQGLWLRQ�XVLQJ� WKH�5XVKWRQ�WXUELQH��SLWFKHG�EODGH��FRQFDYH�EODGH�DQG�WKH�YDQHG�GLVF�W\SH�LPSHOOHUV��)RU�WKH�JDVVHG�FRQGLWLRQV��ZH�FRQFOXGHG�WKDW�WKH�YDQHG�W\SH�GLVF�JLYHV�WKH�RSWLPDO�PDVV�WUDQVIHU FRHIILFLHQW��:H�KDYH�DOVR�H[DPLQHG�WKH�K\VWHUHVLV�SKHQRPHQD�IRU� WKH�5XVKWRQ� WXUELQH�DQG�HVWDEOLVKHG�D�QHZ� IORZ� UHJLRQ�FDOOHG� WUDQVLWLRQ�� LQ�ZKLFK�ERWK�WKH�ORDGLQJ�DQG�IORRGLQJ�]RQH�LV�SUHVHQW�
.H\ZRUGV� 6WLUUHG�YHVVHOV��0DVV�WUDQVIHU�FRHIILFLHQW��+\VWHUHVLV�HIIHFW��/RDGLQJ�UHJLRQ��)ORRGLQJ�UHJLRQ

 � &RUUHVSRQGLQJ�DXWKRU� (�PDLO��VODPL#XP�DF�LU

,QWURGXFWLRQ6HYHUDO� PDMRU� RSHUDWLRQV�� H�J��� R[LGDWLRQ��K\GURJHQDWLRQ� DQG� ELRORJLFDO� IHUPHQWDWLRQV�LQYROYH�WKH�FRQWDFWLQJ�RI�JDVHV�DQG�OLTXLGV��,W�LV� WKH� REMHFWLYH� RI� VXFK� SURFHVVHV� WR� DJLWDWH�WKH� JDV� OLTXLG� PL[WXUH� WKXV� JHQHUDWLQJ� D�GLVSHUVLRQ� RI� JDV� EXEEOHV� LQ� D� FRQWLQXRXV�OLTXLG�SKDVH��*DV�DEVRUSWLRQ�LV�OLPLWHG�E\�WKH�LQWHUIDFLDO� DUHD� DQG� WKH� OLTXLG� SKDVH� PDVV�WUDQVIHU��7KH�LQWHUIDFLDO�DUHD�FDQ�EH�LQFUHDVHG�E\� PHFKDQLFDO� DJLWDWLRQ�� ZKLFK� SURGXFHV�WXUEXOHQFH DQG� VKHDU� IRUFHV� WR� EUHDN� XS� WKH�JDV� LQ� VPDOO� EXEEOHV�� 'LIIHUHQW� DJLWDWRUV�

EHKDYH�LQ�GLIIHUHQW�ZD\V��7KXV��LW�LV�HVVHQWLDO�ZKHQ� GHVLJQLQJ� D� PHFKDQLFDO� DJLWDWHG� JDV�OLTXLG� V\VWHP� WR� VHOHFW� WKH� PRVW� VXLWDEOH�DJLWDWRU� DQG� DGHTXDWH� RSHUDWLQJ� FRQGLWLRQV��VXFK�DV�SRZHU�DQG�IORZ�RI�JDV��WR�DFKLHYH�WKH�KLJKHVW� PDVV� WUDQVIHU�� $Q� LQDSSURSULDWH�FKRLFH�RI�RQH�RI�WKHVH�SDUDPHWHUV�FRXOG�FDXVH�DQ� LPSURSHU� GLVWULEXWLRQ� RI� WKH� JDV� WKURX�JKRXW� WKH� UHDFWRU� DQG�� DV� D� FRQVHTXHQFH� RI�WKLV��D�SRRU�PDVV�WUDQVIHU�IURP�WKH�JDV�WR�WKH�OLTXLG�� &RQVHTXHQWO\�� LQ� WKH� GHVLJQ� RI� VXFK�SURFHVVHV�� WKH� PRVW� LPSRUWDQW� FRQVLGHUDWLRQ�LV� WKH� LQWHUIDFLDO�FRQWDFW� DV�ZHOO�DV� WKH�PDVV�
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WUDQVIHU�EHWZHHQ�SKDVHV��7R�HQKDQFH�WKH�UDWH�RI�PDVV�WUDQVIHU��WXUEXOHQFH�LV�FUHDWHG�E\�WKH�LPSHOOHU� ZKLFK� FDXVHV� WKH� UHVXOWDQW� VKHDU�IRUFHV� WR� EUHDN� XS� WKH� EXEEOHV�� +HUH�� WKH�FKRLFH� RI� D� SURSHU� LPSHOOHU� SOD\V� DQ�LPSRUWDQW� UROH� RQ� WKH� UHTXLUHG� UDWH� RI� PDVV�WUDQVIHU�� &KDSPDQ�� 1LHQRZ�� &RRNH� DQG�0LGGOHWRQ >�@�LQYHVWLJDWHG�WKH�HIIHFW�RI�VSHHG�DQG� SRZHU� RQ� JDV�OLTXLG� PL[LQJ�� :DUPR�HVNHUNHQ�DQG�6PLWK�>�@�GLG�D�FRPSUHKHQVLYH�VWXG\�RQ�WKH�IORRGLQJ�RI�WKH�5XVKWRQ�WXUELQH�DQG� REWDLQHG� WKH� IROORZLQJ� UHODWLRQ� EHWZHHQ�WKH� IORZ� QXPEHU� �)O�� DQG� )URXGH� QXPEHU��)U��
���)U�)O D 

ZKHUH� D LV� WKH� FRQVWDQW� RI� SURSRUWLRQDOLW\�DQG� D� YDOXH� RI� ���� LV� UHSRUWHG� IRU� LW�� 7KLV�VWXG\�ZDV�SHUIRUPHG�XVLQJ�D�5XVKWRQ�WXUELQH�DQG�ZLWK�D� WDQN�WR�LPSHOOHU�GLDPHWHU�UDWLR�RI������7KH� WUDQVLWLRQ�EHWZHHQ� LPSHOOHU� ORDGLQJ�DQG� IORRGLQJ�ZDV� DVFHUWDLQHG� E\�PHDQV� RI� D�PHWKRG�EDVHG�RQ TXDOLWDWLYH�GHWHUPLQDWLRQ�RI�WKH� OLTXLG� UDGLDO� RXWIORZ� YHFWRU� QHDU� WKH�LPSHOOHU�E\�D�VPDOO�SURSHOOHU�,Q� D� VXEVHTXHQW� ZRUN� >�@�� WKH� VDPH� DXWKRUV�VXJJHVWHG� D� VLPLODU� H[SUHVVLRQ� ZKLFK� LQ�FOXGHV�WKH�LPSHOOHU�WR�WDQN�GLDPHWHU�UDWLR�
���17'&1 )U
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)$ ¹̧·©̈§ 

ZKHUH&)  ����IRU�D�IODW�EODGH�LPSHOOHU�DQG�&)  ����IRU�D�FRQFDYH�EODGH�LPSHOOHU:LWK� WKLV� HTXDWLRQ�� :DUPRHVNHUNHQ� DQG�6PLWK� DUJXHG� WKDW� DW� WKH� VDPH� VSHHG� DQG�GLDPHWHU�� WKH� FRQFDYH� EODGH� W\SH� RI� WKH�LPSHOOHU�FDQ�KDQGOH�PRUH� WKDQ� WZLFH� WKH�JDV�IORZ� UDWH� RI� WKH� IODW� W\SH� EHIRUH� EHLQJ�IORRGHG�� 2Q� WKH� RWKHU� KDQG�� 7DWWHUVRQ� >�@�

VXJJHVWHG� WKDW� WKLV� GLVFUHSDQF\� LV� GXH� WR� WKH�GLIIHUHQW� VKDSH�RI� WKH�EODGHV��ZKLFK� OHDGV� WR�WKH� IRUPDWLRQ� RI� PRUH� YRUWLFHV� LQ� WKH� RXWHU�SHULPHWHU� RI� WKH� FRQFDYH� W\SH� RI� LPSHOOHUV��7KH\� DUJXHG� WKDW� WKH� FRQFDYH� LPSHOOHUV�JHQHUDWH� WKUHH� YRUWLFHV�� RQH� YRUWH[� IRUPV�LQVLGH�WKH�FXS�DQG�WZR�YRUWLFHV�DORQJ�WKH�WRS�DQG�ERWWRP�HGJHV�RI�WKH�EODGHV�7KH� 5XVKWRQ� WXUELQH� GHYHORSV� RQO\� WZR�YRUWLFHV�DORQJ�WKH�WRS�DQG�ERWWRP�SDUW�RI�WKH�EODGH�� UHVSHFWLYHO\�� /LTXLG� SXPSLQJ� LQ� WKH�FRQFDYH�W\SH�LPSHOOHUV�FURSSHG�XS�ERWK�IURP�WKH� IURQW� DQG� EDFN�ZKLOH� WKLV� RQO\� DSSHDUHG�IURP� WKH� EDFN� VLGH� LQ� WKH� 5XVKWRQ� W\SH� RI�LPSHOOHUV�� $V� D� FRQVHTXHQFH� RI� WKLV�� WKH�FRQFDYH� W\SH� RI� LPSHOOHU� FDQ� GLVSHUVH� WKH�OLTXLG� DQG� WKH� JDV LQ� D�PXFK�PRUH� HIILFLHQW�ZD\� WKDQ� WKH� 5XVKWRQ� WXUELQH� W\SH� RI�LPSHOOHUV�:KHQ� JDV� LV� DGGHG� WR� DQ� DJLWDWHG� YHVVHO�� LW�FDXVHV�WKH�SRZHU�GHPDQG�WR�GURS�RII��7KLV�LV�SDUWO\�GXH�WR�WKH�IDOO�RI�GHQVLW\�RI�WKH�VROXWLRQ�DQG� SDUWO\� WR� WKH� UHGXFWLRQ� LQ� UHVLVWDQW� IRUFH�FDXVHG� E\� WKH� GHYHORSPHQW� RI� JDV� FDYLWLHV�EHKLQG� WKH� LPSHOOHU�EODGH��7KLV�HIIHFW�KDV� WR�EH� WDNHQ� LQWR� DFFRXQW�ZKHQ� GHVLJQLQJ� D� JDV�OLTXLG� V\VWHP� WR� SUHYHQW� WKH� PRWRU� IURP�RYHUORDGLQJ�ZKHQ�WKH�JDV�IORZ�LV�LQWHUUXSWHG��$Q� HIIHFWLYH� ZD\� WR� TXDQWLI\� WKH� GURS� LQ�SRZHU�GHPDQG�LV� WR�HYDOXDWH� WKH�UDWLR�RI� WKH�SRZHU� GUDZ� WR� WKH� XQDHUDWHG� SRZHU�GUDZ� >��DQG��@��$Q�HPSLULFDO�FRUUHODWLRQ�IRU�WKLV�UDWLR�LV�
� � � � ���F1WDQK1DE�33 $)UX

J P�� 
ZKHUH� X3 LV� WKH� SRZHU� XQGHU� XQJDVVHG�FRQGLWLRQV�� $1 LV� WKH�DHUDWLRQ�QXPEHU�� )U1LV� WKH� )URXGH� QXPEHU� DQG� D�� E� DQG� F� DUH�FRQVWDQWV�7KH�HIIHFW�RI�WKH�KHLJKW�RI�OLTXLG�RQ�WUDQVLWLRQ�IURP� ORDGLQJ� �L�H��� IDYRUDEOH� GLVWULEXWLRQ� RI�EXEEOHV��WR�WKH�IORRGLQJ�UHJLRQ��L�H���WKH�DLU�LV�
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SRRUO\� GLVSHUVHG�ZLWK� QR� UDGLDO� IORZ� SDWWHUQ�>�@�� KDV� UHFHLYHG� VRPH� DWWHQWLRQ� E\�+XGRFRYD� DQG� 1LHQRZ� >�@�� $W� KLJK� JDV�ORDGLQJV�� WKH� LPSHOOHU� QR� ORQJHU� SXPSV� WKH�JDV�DQG�OLTXLG�PL[WXUH�DGHTXDWHO\�DQG�WKH�JDV�EXEEOHV� ULVHV� D[LDOO\� WR� WKH� OLTXLG� VXUIDFH��7KH\�FRQFOXGHG�WKDW�WKHUH�LV�D�GLVWLQJXLVKDEOH�ERXQGDU\� IRU� WUDQVLWLRQ� IURP� WKH� ORDGLQJ� WR�WKH�IORRGLQJ�UHJLRQ�7KHUHIRUH��LW�LV�WKH�REMHFWLYH�RI�WKLV�SUpFLV�WRVFUXWLQL]H� WKH� SHUIRUPDQFH� RI� JDV�OLTXLG�GLVSHUVLRQ� V\VWHPV� LQ� WHUPV� RI� WKH� IORZ�UHJLPH�� PDVV� WUDQVIHU� FRHIILFLHQW� DQG� WKH�ORDGLQJ� ]RQH� IRU� WKH� JDVVHG� FRQGLWLRQ� XVLQJ�WKH� 5XVKWRQ� WXUELQH�� SLWFKHG� EODGH�� FRQFDYH�EODGH�DQG�YDQHG�GLVF�W\SH�RI�LPSHOOHUV�DQG�WR�H[DPLQH� WKH� K\VWHUHVLV� SKHQRPHQD� IRU� WKH�5XVKWRQ�WXUELQH�
([SHULPHQWDO�6HW�XS�DQG�3URFHGXUH$�SHUVSH[�F\OLQGULFDO�YHVVHO�ZKLFK�ZDV�ILWWHG�ZLWK� IRXU� EDIIOHV� RI� DQ� LQVLGH� GLDPHWHU� RI������P�ZDV�XWLOL]HG�LQ�WKLV�ZRUN��DV�VKRZQ�LQ�ILJXUH� ���� $OVR� IRU� VLPSOLFLW\�� GU\� DLU��ILOWHUHG�� DQG� ZDWHU� ZHUH� FKRVHQ� DV� WKH�ZRUNLQJ�IOXLG�LQ�WKLV�DQDO\VLV��$�VSDUJHU�ZLWK�

D� GLDPHWHU� RI� ���� P� ZDV� HPSOR\HG� IRU� WKH�GLVWULEXWLRQ� RI� WKH� JDV� SKDVH� >�@��0RUHRYHU��IRXU� GLIIHUHQW� W\SHV� RI� LPSHOOHUV� �L�H���5XVKWRQ� WXUELQH�� SLWFKHG� EODGH�� FRQFDYH�EODGH� DQG� YDQHG� GLVF�� ZLWK� D� GLDPHWHUHTXLYDOHQW� WR� ���� RI� YHVVHO� GLDPHWHU� ZHUH�VFUXWLQL]HG�LQ�WKLV�VWXG\��7R�HQVXUH�DFFXUDF\��JDV� IORZ� UDWHV� ZHUH� FRUUHFWHG� IRU� WKH�RSHUDWLQJ� WHPSHUDWXUH� DQG� SUHVVXUH� RI� WKH�WHVWLQJ� FRQGLWLRQV�� 7R�PHDVXUH� WKH� VSHHG� RI�WKH�DJLWDWRU��D�WDFKRPHWHU�ZDV�DWWDFKHG�WR�WKH�PRWRU��7KH�YHVVHO�ZDV�DOVR�HTXLSSHG�ZLWK�DQ�HOHFWULF�PRWRU�RI�����ZDWWV�SRZHU��,Q�RUGHU�WR�HVWLPDWH� WKH� SRZHU� FRQVXPSWLRQ�� D� GLJLWDO�YROWPHWHU� DQG� DPPHWHU� ZHUH� XWLOL]HG�� $OVR��GXULQJ� HDFK� WHVW� UXQ� WKH� FRQFHQWUDWLRQ� RI�R[\JHQ�LQ�ZDWHU�ZDV�HYDOXDWHG�E\�DQ�R[\JHQ�HOHFWURGH��,Q�DGGLWLRQ��WR�GLPLQLVK�WKH�R[\JHQ�FRQWHQW� RI� WKH� VROXWLRQ� EHIRUH� HDFK� WHVW� UXQ��QLWURJHQ� ZDV� ILUVW� LQWURGXFHG� LQWR� LW��0RUHRYHU�� WR� FRPSDUH� WKH� YROXPHWULF�FRHIILFLHQW�RI�PDVV� WUDQVIHU� IRU� WKH�LPSHOOHUV�XVHG��FRQFHQWUDWLRQ�RI�R[\JHQ�LQ�WKH�VROXWLRQ�DW� YDULRXV� WLPH� LQWHUYDOV� � �L�H��� �� VHFRQGV��ZHUH�HYDOXDWHG�

)LJXUH��� 6FKHPDWLF�IORZ�GLDJUDP
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7KH� PDVV� WUDQVIHU� FRHIILFLHQW� � D./ �� IRU�R[\JHQ� LV� FRQVLGHUHG� WR� EH� D� XVHIXO� ZD\� RI�FKDUDFWHUL]LQJ� ELRUHDFWRUV� LQ� DHURELF� SUR�FHVVHV�� 7KH� YROXPHWULF� R[\JHQ� WUDQVIHU� FR�HIILFLHQW� D./ �� LV� GHILQHG� E\� WKH� UHFLSURFDO�YDOXH� RI� WKH� OLTXLG� UHVLVWDQFH�� UHODWHG� WR� WKH�V\VWHP� YROXPH� DQG� PXOWLSOLHG� E\� WKH� WRWDO�LQWHUIDFLDO� DUHD� EHWZHHQ� WKH� JDV� DQG� OLTXLG�SKDVH�� 7KH� UDWH� RI� R[\JHQ� WUDQVIHU� �L�H���075�� LV� JLYHQ� E\� WKH� FRHIILFLHQW� RI� R[\JHQ�WUDQVIHU� PXOWLSOLHG� E\� WKH� WRWDO� DUHD� RI�GLVSHUVLRQ� DQG� E\� WKH� PHDQ� GULYLQJ� IRUFH�ZKLFK�LV�JLYHQ�E\�
���&$.075 PHDQ/ ' 

)RU�D�ZHOO�PL[HG�UHDFWRU�
� � � � ���9WG&G&&$.075 ///(/  � 

7KH�RYHUDOO�UDWH�R[\JHQ�WUDQVIHU��L�H���075��LV�JLYHQ�E\�WKH�IROORZLQJ�HTXDWLRQ�
� � ���WG&G&&D.075 //(/  � 

ZKHUH� &( LV� WKH� DSSDUHQW� PHDQ� R[\JHQ�FRQFHQWUDWLRQ� � LQ� WKH� OLTXLG� ZKLFK� LV� LQ�HTXLOLEULXP�ZLWK�WKH�R[\JHQ�FRQFHQWUDWLRQ��LQ�WKH� JDV� SKDVH�� &/ WKH� FRQFHQWUDWLRQ� RI� WKH�GLVVROYHG� R[\JHQ� DW� DUELWUDU\� WLPH�� $� LV� WKH�WRWDO�LQWHUIDFLDO�DUHD��9/ LV�WKH�YROXPH�RI�WKH�WDQN� DQG� D� LV� WKH� LQWHUIDFLDO� DUHD� SHU� XQLW�YROXPH��7KH�HTXLOLEULXP�FRQFHQWUDWLRQ�&( LV�XVXDOO\�FDOFXODWHG�IURP�+HQU\¶V�ODZ�7R� GHWHUPLQH� WKH� YROXPHWULF� R[\JHQ� PDVV�WUDQVIHU� FRHIILFLHQW�� WZR� WHFKQLTXHV� DUH�DYDLODEOH�

x 7KH�'\QDPLF�*DVVLQJ�LQ�0HWKRGx 7KH�6XOILGH�0HWKRG,Q�WKLV�ZRUN�� WKH�G\QDPLF�JDVVLQJ�LQ�PHWKRG�ZDV� LPSOHPHQWHG�� 7KH� SRSXODULW\� RI� WKH�JDVVLQJ�LQ�PHWKRG�LV�GXH�WR�LWV�VLPSOLFLW\�DQG�UHODWLYH� DFFXUDF\�� 7KLV� SURFHVV� LV� EDVHG� RQ�PHDVXULQJ� WKH� UDWH� RI� FKDQJH� RI� GLVVROYHG�R[\JHQ� FRQFHQWUDWLRQ� LQ� WKH� OLTXLG� ZKHQ�DHUDWHG�� IROORZLQJ� LWV�GHR[\JHQDWLRQ��XVXDOO\�E\� QLWURJHQ�� 7KH� GLVVROYHG� R[\JHQ� LV�PHDVXUHG� E\� PHDQV� RI� DQ� R[\JHQ� HOHFWURGH�SUREH�� 7KH� GHSHQGHQFH� RI� WKH� GLVVROYHG�R[\JHQ�ZLWK�WLPH�LV�JLYHQ�E\�WKH�HTXDWLRQ�
� � ���&&D.GWG&1 /(//D �  

7KH� LQWHJUDWLRQ�RI� WKLV�HTXDWLRQ� LQ� WKH� UDQJH��/& WR� /& DQG� �W WR�W�XVLQJ�WKH�DVVXPSWLRQ�RI�FRQVWDQW� D./ DQG� (& JLYHV�>��@�
���&& &&OQWW �D. /(

�/(
�/ ��¸̧¹·¨̈©§ � 

%\� SORWWLQJ� WKH� ORJDULWKPLF� SDUW� RI� WKH�HTXDWLRQ� YHUVXV� WLPH�� RQH� FDQ� HYDOXDWH� WKH�YROXPHWULF� PDVV� WUDQVIHU� FRHIILFLHQW� �L�H��D./ ��ZKLFK�LV� WKH�VORSH�RI�WKH�VWUDLJKW�OLQH��'XULQJ�HDFK�WHVW�UXQ�SURYLVLRQ�KDV�EHHQ�PDGH�WR� VWRS� WKH� UHDGLQJ�� LI� WKH� UDWH� RI� R[\JHQ�FRQFHQWUDWLRQ�UHPDLQHG�XQFKDQJHG��
5HVXOWV�DQG�'LVFXVVLRQ)LJXUH� �� GHPRQVWUDWHV� WKH� FRQFHQWUDWLRQ� RI�R[\JHQ� YHUVXV� WLPH� IRU� DQ� LPSHOOHU� RI� WKH�FRQFDYH� W\SH�ZLWK�D� IL[HG�IORZ�UDWH��DJLWDWRU�VSHHG� DQG� SRZHU� FRQVXPSWLRQ� �L�H�� �����:�P���� 7KH� UHVXOW� UHYHDOV� WKDW� DV� WLPH�LQFUHDVHV� �XS� WR� D� OLPLW��� WKH� FRQFHQWUDWLRQ�LQFUHDVHV�DFFRUGLQJO\��+RZHYHU��DERXW�W ��V��WKH�FXUYH�EHFRPHV�DOPRVW�DV\PSWRWLF�
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)LJXUH��� &RQFHQWUDWLRQ�YDULDWLRQ�RI�2� ZLWK�WLPH

%\� DSSO\LQJ� HTXDWLRQ� ��� D� JUDSK� RI�� �/(�/( &&&&OQ �� DJDLQVW� WLPH� IRU� HDFK�W\SH� RI� LPSHOOHU� DQG� IRU� D� IL[HG� RSHUDWLQJ�FRQGLWLRQ� FDQ� EH� SORWWHG�� )URP� ZKLFK�� WKH�PDVV�WUDQVIHU�FRHIILFLHQW��L�H���WKH�VORSH�RI�WKH�VWUDLJKW� OLQH�� DV� VKRZQ� LQ� ILJXUH� �� FDQ� EH�HYDOXDWHG�� )LJXUHV� �D� DQG� �E� H[KLELW� WKH�YDULDWLRQ�LQ�WKH�PDVV�WUDQVIHU�FRHIILFLHQW�ZLWK�WKH�IORZ�UDWH��IRU�GLIIHUHQW�W\SHV�RI�LPSHOOHUV��NHHSLQJ� WKH� DJLWDWRU� VSHHG� FRQVWDQW��� ,W� LV�HYLGHQW�IURP�WKHVH�ILJXUHV�WKDW�WKH�YDQHG�GLVF�W\SH�RI�LPSHOOHU�KDV�WKH�KLJKHVW�PDVV�WUDQVIHU�FRHIILFLHQW� DW� DQDORJRXV� FLUFXPVWDQFHV� �LQ�FRQWUDVW�ZLWK� WKH� RWKHU� W\SHV� DGRSWHG� LQ� WKLV�ZRUN��� )LJXUH� �D� DOVR� UHYHDOV� WKDW� IRU� WKH�5XVKWRQ� W\SH� RI� LPSHOOHU� DQG� IRU� D� JLYHQ�YDOXH�RI�USP��D�JDV�IORZ�UDWH�H[LWV��L�H��DERXW��������� P��V�� RYHU� ZKLFK� D� GURS� LQ� WKH�YROXPHWULF� PDVV� WUDQVIHU� FRHIILFLHQW� �L�H���./D�� LV� REVHUYHG� WKDW� LV� FDXVHG� E\� IORRGLQJ�>��@�)XUWKHU�WHVWV�ZHUH�FDUULHG�RXW�IRU�WKH�5XVKWRQ�W\SH� RI� LPSHOOHU�� LQ� RUGHU� WR� ILQG� D� FRKHUHQW�UHODWLRQ� IRU� WKH� K\VWHUHVLV� HIIHFW� EHWZHHQ�WUDQVLWLRQ� IURP� WKH� ORDGLQJ� WR� WKH� IORRGLQJ�UHJLRQ� DQG� YLFH� YHUVD�� (YHQ� WKRXJK� PDQ\�LQYHVWLJDWRUV� KDYH� ZRUNHG� RQ� WKLV� SKHQR�PHQRQ��WKH\�KDYH�QRW�UHSRUWHG�D�UHJLRQ�ZKHUH�ERWK� WKH� ORDGLQJ� DQG� IORRGLQJ� UHJLRQ� FDQ�EH�

VWDEOH� $V�VKRZQ�LQ�ILJXUH����ZLWK�DQ�LQFUHDVH�LQ�SRZHU�� WKH�VSHHG�RI� WKH�LPSHOOHU�ZLOO�DOVR�LQFUHDVH� DFFRUGLQJO\� XS� WR� WKH� PD[LPXP�YDOXH� RI� � 1)� �IRU� D� IL[HG� JDV� IORZ� UDWH� RI�������� �u P��V��DQG�WKHQ�D�VKDUS�GHFOLQH�LQ�SRZHU� LV� REVHUYHG� QH[W� WR� WKLV� SRLQW��+RZHYHU�� IURP� WKHQ� RQ� LI� ZH� DWWHPSW� WR�LQFUHDVH� WKH� LPSHOOHU� VSHHG� IXUWKHU�� SRZHU�ZLOO�GHFOLQH�XS�WR�D�PLQLPXP�YDOXH�DQG�IURP�WKHQ� RQ� D� VKDUS� ULVH� LQ� SRZHU� ZLOO� EH�REVHUYHG��+RZHYHU��WR�UHYHUVH�WKH�SURFHVV�E\�UHGXFLQJ� WKH� VSHHG�� WKH� UHVXOW� ZLOO� RQO\� EH�UHSURGXFLEOH� XS� WR� D� OLPLW� �L�H��� 1)���� :LWK�IXUWKHU� UHGXFWLRQ� RI� LPSHOOHU� VSHHG�� K\V�WHUHVLV� RFFXUV� ZKLFK� GLPLQLVKHV� DIWHU� D�FHUWDLQ�VSHHG��L�H���OHVV�WKDQ�1)���

)LJXUH��� 0DVV�WUDQVIHU�FRHIILFLHQW�HVWLPDWLRQ

)XUWKHUPRUH��WKH�K\VWHUHVLV�HIIHFW�FDQ�DOVR�EH�REVHUYHG�IRU�D�IL[HG�DJLWDWRU�VSHHG��,Q�ILJXUH���� DW� D� IL[HG�YDOXH� RI� LPSHOOHU� VSHHG��DEUXSW�FKDQJHV� RI� SRZHU�ZLWK� JDV� IORZ� UDWH� FDQ� EH�REVHUYHG��+RZHYHU��UHYHUVLQJ� WKH�SURFHVV�E\�PHDQV� RI� UHGXFLQJ� WKH� JDV� IORZ� UDWH�� ZLOO�UHVXOW� LQ�D�GLIIHUHQW�YDOXH�IRU�WKH�SRZHU��7KH�DUHD� HQFORVHG� EHWZHHQ� WKHVH� WZR� FXUYHV�H[KLELW� WKH� DUHD� LQ� ZKLFK� ERWK� WKH� IORRGLQJ�DQG� ORDGLQJ� SKHQRPHQRQ� FDQ� RFFXU� IRU� D�IL[HG� LPSHOOHU� VSHHG�� ,Q� WKLV� UHJLRQ� ERWK�IORRGLQJ�DQG�ORDGLQJ�ZLOO�DOVR�EH�VWDEOH�
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)LJXUH��� &RPSDULVRQ�RI�PDVV� WUDQVIHU�FRHIILFLHQWV�DW�D��KLJK����DQG������E��ORZ�DJLWDWRU�VSHHGV
7KH�HIIHFW�RI�JHRPHWULF�FRQILJXUDWLRQV�RI�WKH�YHVVHO� RQ� WKH� K\VWHUHVLV� SKHQRPHQRQ� KDYH�DOVR� EHHQ� VWXGLHG� LQ� WKLV� ZRUN� )LJXUH� ��

UHYHDOV� WKDW� DV� WKH� KHDG� RI� ZDWHU� DERYH� WKH�DJLWDWRU��L�H���+�&��EHFRPHV�ODUJHU�WKDQ�������P�� WKH� GLIIHUHQFH� EHWZHHQ� FULWLFDO� VSHHGV��L�H��� 1)�� DQG� 1)��� LQFUHDVHV� DFFRUGLQJO\�� ,Q�DGGLWLRQ�� IRU� D� IL[HG� IORZ� UDWH� RI��� P������ �u DQG � � ����7&+ ²� �� WKH�IORRGLQJ�]RQH�ZLOO�WHQG�WR�GHFUHDVH��)LJXUH���VKRZV� WKDW� WKH� YDQHG� DQG� FRQFDYH� W\SH� RI�LPSHOOHUV� KDYH� D� ODUJHU� WUDQVLWLRQ� ]RQH� WKDQ�WKH�SLWFKHG�EODGH�ZKLFK�FDQ�EH�LQIOXHQFHG�E\�WKH� IRUPDWLRQ� RI� D� FDYLW\� EHKLQG� LPSHOOHU�EODGHV�>������@�

)LJXUH��� +\VWHUHVLV�HIIHFW�DW�ORZ�JDV�IORZ�UDWH
,Q�WKH�5XVKWRQ�WXUELQH��D�UHJLRQ�H[LVWV�ZKHUH�ERWK� WKH� IORRGLQJ� DQG� ORDGLQJ� SKHQRPHQRQ�DUH� REVHUYHG� >��@�� ([SHULPHQWV� KDYH� EHHQ�FDUULHG�RXW� LQ�RUGHU� WR�SORW� WKH� IORZ�QXPEHU�YHUVXV� WKH� )URXGH� QXPEHU� IRU� 5XVKWRQ� W\SH�LPSHOOHUV� E\� WDNLQJ� LQWR� DFFRXQW� ERWK� WKH�ORDGLQJ� DQG� IORRGLQJ� UHJLRQ� DQG� VSHFLI\LQJ�WKH� WUDQVLWLRQ� ERXQGDULHV�� 7R� REWDLQ� WKLV�REMHFWLYH�� LQ�UHJLRQV�ZKHUH�ERWK�ORDGLQJ�DQG�IORRGLQJ�H[LVWV��D�SDLU�RI�FULWLFDO�VSHHGV�KDYH�EHHQ� UHFRUGHG� IRU� D� IL[HG� JDV� IORZ� UDWH� DQG�WKH�)URXGH�QXPEHU�KDV�EHHQ�FDOFXODWHG�IRU�D�
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JLYHQ� VSHHG�� $V� VKRZQ� LQ� ILJXUH� ��� WKH�WUDQVLWLRQ� UHJLRQ� H[LVWV� IRU� D� ORZ� JDV� IORZ�UDWH��)O���������DQG�WKH�H[WHQW�RI�WKLV�]RQH�LV�VLJQLILFDQW�� KRZHYHU� DV� WKH� IORZ� UDWH�LQFUHDVHV��L�H���)O�!�������WKLV�UHJLRQ�WHQGV�WR�GLPLQLVK� DQG� FDQ� EH� GLVFDUGHG�� 7KH� IORZ�QXPEHU� UHODWLYH� WR� WKH� )URXGH� QXPEHU� KDV�DOVR� EHHQ� SORWWHG� RQ� WKH� VDPH� ILJXUH� LQ�DFFRUGDQFH�ZLWK�WKH�IROORZLQJ�HTXDWLRQ�
���J '1'14 �

�J v

)LJXUH��� +\VWHUHVLV�HIIHFW�IRU�D�IL[HG�DJLWDWRU�VSHHG

7KLV�UHVXOW�PHDQV�WKDW�WKH�IORRGLQJ�WUDQVLWLRQ�VKRXOG� EH� GHVFULEHG� E\� D� OLQHDU� UHODWLRQ�EHWZHHQ� WKH� JDV� IORZ� QXPEHU� DQG� )URXGH�QXPEHU�� 7KH� SURSRUWLRQDOLW\� FRQVWDQW� ZDV�IRXQG� WR� EH� ���� >�@�� 7KXV� WKH� UHODWLRQ�GHVFULELQJ�WKH�IORRGLQJ�WUDQVLWLRQ�EHFRPHV�
����)U���)O  

)LJXUH� �� (IIHFW� RI� �+�&�� RQ� WKH� K\VWHUHVLV� SKHQR�PHQRQ

)LJXUH��� )ORZ�UHJLPH�IRU�GLIIHUHQW�W\SHV�RI�LPSHOOHUV
,W� LV� ZRUWK� QRWLQJ� WKDW� LQ WKH� ZRUN� RI�:DUPRHVNHUNHQ�DQG�6PLWK�>�@�WKH\�KDYH�QRW�WDNHQ� LQWR� DFFRXQW� WKH� UHJLRQ� ZKHUH� ERWK�ORDGLQJ� DQG� IORRGLQJ� H[LVW� �L�H��� )O� �� �������7KH\�KDYH�RQO\�H[WUDSRODWHG� WKHLU�YDOXHV� IRU�
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WKH�ORZ�JDV�IORZ�UDWH��)LJXUH���UHYHDOV�D�KLJK�IORZ� QXPEHU� �L�H��� )O� !� ������� WKH� UHVXOW� RI�SUHVHQW�ZRUN�DQG�:DUPRHVNHUNHQ�DQG�6PLWK�>�@� DUH� LQ� DJUHHPHQW� �ZLWK� D� KLJK� GHJUHH� RI�FRQFXUUHQFH�

)LJXUH��� &RPSDULVRQ� RI� WKH� IORZ� UHJLPH�ERXQGDULHV�RI�WKH�SUHVHQW�VWXG\�ZLWK�WKH�H[SHULPHQWDO�GDWD�RI�>�@
7KH� H[SHULPHQWDO� GDWD� IURP� WKLV� ZRUN� KDV�EHHQ� ILWWHG� OLQHDUO\� DQG� WKH� UHVXOWLQJ�HTXDWLRQV� IURP� WKH� DERYH� UHJUHVVLRQ� DQG� IRU�GLIIHUHQW� JDV� IORZ� UDWHV�� LQGLFDWHV� WKH�IROORZLQJ� IORZ� UHJLPH� ZDV� SUHGLFWHG� DQG�SORWWHG� LQ� ILJXUH� ��� DQG� FRPSDUHG� ZLWK� WKH�H[SHULPHQWDO�GDWD�RI�WKH�SUHVHQW�ZRUN�D� )RU�D�ORZ�JDV�LQOHW�IORZ�UDWHV�L�H����)O���������x ,Q�WKH�FDVH�ZKHUH� � �)U�������������)O �!7KHQ�WKH�IORRGLQJ�IORZ�UHJLPH�H[LVWV�x ,Q�WKH�FDVH�ZKHUH� � �)U��������������)O ���7KHQ�WKH�ORDGLQJ�IORZ�UHJLPH�H[LVWV�x ,Q�WKH�FDVH�ZKHUH� � �)U�������������)O �� DQG

� �)U��������������)O ��!7KHQ�WKH�WUDQVLWLRQ�IORZ�UHJLPH�H[LWV�
E� )RU�D�KLJKHU�JDV�LQOHW�IORZ�UDWHV�L�H���)O�!�������x ,Q�WKH�FDVH�ZKHUH� � �)U��������������)O � �u! �7KHQ�WKH�ORDGLQJ�IORZ�UHJLPH�H[LVWV�x ,Q�WKH�FDVH�ZKHUH� � �)U��������������)O � �u! �7KHQ�WKH�IORRGLQJ�IORZ�UHJLPH�H[LVWV�x ,Q�WKH�FDVH�ZKHUH� � �)U��������������)O � �u� �DQG � �)U��������������)O � �u! �7KHQ�WKH�WUDQVLWLRQ�IORZ�UHJLPH�H[LVWV�

)LJXUH� ��� &RPSDULVRQ� RI� WKH� H[SHULPHQWDO� GDWD� DQGWKH�ILWWHG�HTXDWLRQV�REWDLQHG�IURP�WKLV�VWXG\
,W� LV� HYLGHQW� IRUP� ILJXUH� �� WKDW� HYHQ� WKRXJK�WKHUH� H[LVWV� VRPH� GLVFUHSDQF\� EHWZHHQ� WKH�H[SHULPHQWDO� GDWD� REWDLQHG� E\�:DUPRHVNHUNHQ� DQG� 6PLWK� >�@� DQG� WKH�SUHVHQW� ZRUN� IRU� IORZ� QXPEHUV� OHVV� WKDQ������� QHYHUWKHOHVV� IRU� KLJKHU� IORZ� QXPEHUV�WKH�UHVXOWV�RI� WKH�SUHVHQW�ZRUN�LV�FRPSDWLEOH�
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ZLWK�WKRVH�RI�:DUPRHVNHUNHQ�DQG�6PLWK�>�@��7KH� DERYH� GLVFUHSDQF\� FDQ� EH� H[SODLQHG� E\�WKH� IDFW� WKDW�:DUPRHVNHUNHQ� DQG� 6PLWK� >�@�KDYH�GLVFDUGHG� WKH� WUDQVLWLRQ�UHJLRQ�IRU�IORZ�QXPEHUV� OHVV� WKDQ� ������ )XUWKHUPRUH�� ILJXUH���� DOVR� UHYHDOV� WKDW� WKH� H[SHULPHQWDO� GDWD�VXSHULPSRVH� ZHOO� ZLWK� WKH� ILWWHG� HTXDWLRQV�REWDLQHG� IURP� WKH� SUHVHQW� VWXG\�� 7KHUHIRUH��WKHVHV�HTXDWLRQV�FDQ�EH�XVHG�VDIHO\�WR�SUHGLFW�WKH�DERYH�IORZ�UHJLPH�LQ�WKH�5XVKWRQ�W\SH�RI�LPSHOOHUV�ZLWK�D�KLJK�GHJUHH�RI�DFFXUDF\�
&RQFOXVLRQ([SHULPHQWDO� UHVXOWV� UHYHDO� WKDW� WKH� YDQHG�GLVF� W\SH�RI� LPSHOOHUV�JLYH� WKH�EHVW�RXWFRPH�LQ� WHUPV�RI�PDVV� WUDQVIHU�FRHIILFLHQW� DQG� WKH�H[WHQVLRQ� RI� WKH� ORDGLQJ� UHJLRQ�� 7KHUHIRUH��IRU�DQ�LGHQWLFDO�RSHUDWLQJ�FRQGLWLRQ��WKH�PDVV�WUDQVIHU� FRHIILFLHQW� EHFRPHV� ODUJHU�� WKH�YROXPH� RI� WKH� UHDFWRU� ZLOO� EH� UHGXFHG� DQG�KHQFH� D� KLJKHU� YROXPH� RI� JDV� ZLOO� EH�GLVSHUVHG�EHIRUH� ORDGLQJ�FDQ�RFFXU�7KXV�� WKH�YDQHG� GLVF� W\SH� RI� LPSHOOHU� ZRXOG� EH� DQ�H[FHOOHQW�UHSODFHPHQW�IRU�WKH�FRPPRQO\�XVHG�5XVKWRQ�WXUELQH�DQG�FDQ�VXEVWDQWLDOO\�UHGXFH�WKH�RYHUDOO� FRVW��0RUHRYHU�� WKH� UHVXOW�RI� WKLV�ZRUN� DOVR� GHWHUPLQHG� WKDW� WKH� WUDQVLWLRQ�UHJLRQ� IRU� WKH� 5XVKWRQ� WXUELQH� W\SH� RI�LPSHOOHUV� FDQ� RQO\� EH� GLVFDUGHG� IRU� KLJKHU�IORZ�QXPEHUV��)O� ² ������
$FNQRZOHGJPHQW:H�JUDWHIXOO\�DFNQRZOHGJH�WKH�VXSSRUW�RI�WKH�5HVHDUFK� ,QVWLWXWH� RI� 3HWUROHXP� ,QGXVWU\� LQ�7HKUDQ��DQG�LQ�SDUWLFXODU�0U��6��6DGUDHL�
1RPHQFODWXUH& DJLWDWRU�FOHDUDQFH�IURP�EDVH��P&(� FRQFHQWUDWLRQ� RI� R[\JHQ� LQ� ZDWHU��PRO�P�&/ FRQFHQWUDWLRQ� RI� R[\JHQ� LQ� ZDWHU� DW�WLPH�W��PRO�P�

�/& FRQFHQWUDWLRQ��RI��R[\JHQ��LQ��ZDWHU��DW��W� �����PRO�P�' RYHUDOO�DJLWDWRU�GLDPHWHU��P

)O IORZ� QXPEHU�� �J '14 �GLPHQVLRQ�OHVV�)U )URXGH� QXPEHU�� J'1� �GLPHQVLRQ�OHVV�+ KHLJKW�RI�OLTXLG./D YROXPHWULF PDVV WUDQVIHU� FRHIILFLHQW��P�V1 DJLWDWRU�VSHHG��UHY�V���1$ $HUDWLRQ� QXPEHU�� �J '14 �GLPH�QVLRQOHVV�1&' PLQLPXP�VSHHG�WR�FRPSOHWHO\�GLVSHUVH�WKH�JDV��UHY�V��1)� FULWLFDO� WUDQVLWLRQ� UHJLRQ� VSHHG�ZLWK� DQ�LQFUHDVLQJ�WUHQG�RI�DJLWDWRU�VSHHG��V��1)� FULWLFDO� WUDQVLWLRQ� UHJLRQ� VSHHG� ZLWK� D�GHFUHDVLQJ�WUHQG�RI�DJLWDWRU�VSHHG��V��3 XQJDVVHG� DJLWDWRU� SRZHU� FRQVXPHG� E\�OLTXLG��:3J DJLWDWRU� SRZHU� FRQVXPHG� E\� JDVVHG�OLTXLG��:�3X DJLWDWRU� SRZHU� FRQVXPHG� E\� XQJDVVHG�OLTXLG��:�4J PHDQ� JDV� YROXPHWULF� WKURXJKSXW� UDWH��P��V���W WLPH��V7 YHVVHO�GLDPHWHU��P
5HIHUHQFHV�� &KDSPDQ�&��0���1LHQRZ�$��:���&RRNH�0���DQG� 0LGGOHWRQ� -�� &��� ³3DUWLFOH� JDV�OLTXLG�PL[LQJ�LQ�VWLUUHG�YHVVHOV´����&KHP��(QJ��5HV��'HV������������������� :DUPRHVNHUNHQ�0��0�� &��*��� DQG� 6PLWK� -��0��� ³)ORRGLQJ� RI� GLVF� WXUELQHV� LQ� JDV�OLTXLG�GLVSHUVLRQV´��&KHP��(QJ�� 6FL����������� �������������� :DUPRHVNHUNHQ�0��0�� &��*��� DQG� 6PLWK� -��0���³7KH�KROORZ�EODGH�DJLWDWRU�IRU�GLVSHUVLRQ�
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DQG� PDVV� WUDQVIHU´� &KHP�� (QJ�� 5HV�� 'HV� ��������������� 7DWWHUVRQ�� *�� %��� 6FDOH�XS� DQG� GHVLJQ� RI�LQGXVWULDO� PL[LQJ� SURFHVVHV�� 0F*UDZ�+LOO�,QF���8.����������� 6HVHO�0�� (���0\HUV�.�� -�� DQG� )DVDQR� -�� %����*DV�GLVSHUVLRQ�DW�KLJK�DHUDWLRQ�UDWHV�LQ�ORZ�WR� PRGHUDWHO\� YLVFRXV� QHZWRQLDQ� OLTXLGV���$,&K(�6\PSRVLXP�6HULHV �����������SS����������������� %RZHUV� 5�� +��� ,�&�,�� HQJLQHHULQJ� UHVHDUFK�PDQXDO��3UHOLPLQDU\�LVVXH����������� 0F'RQRXJK� 5�� -��� 0L[LQJ� IRU� WKH� SURFHVV�LQGXVWULHV�� 9DQ� 1RVWUDQG� 5HLQKROG�� 1HZ�<RUN��86$����������� +XGRFRYD� 9��� DQG� 1LHQRZ� $��:��� ³2Q� WKH�HIIHFW� RI� KHLJKW� RI� OLTXLG� RQ� WKH� ORDGLQJ�IORRGLQJ� WUDQVLWLRQ´��&KHP��(QJ��6FL���������������������

�� -RVKL� -�� %��� DQG� 5HZDWNDU� 9�� %��� ³5ROH� RI�VSDUJHU�GHVLJQ�RQ�JDV�GLVSHUVLRQ´��&DQDGLDQ�-��&KHP��(QJ��������������������� 6KHUZRRG� 7�� .��� DQG 3LJIRUG� 7�� .���$EVRUSWLRQ� DQG� H[WUDFWLRQ�� 0F*UDZ�+LOO��1HZ�<RUN��86$������������ 2OGVKXH� -�� <��� )OXLG� PL[LQJ� WHFKQRORJ\��0F*UDZ�+LOO��1HZ�<RUN��86$������������ .KRSNDU� $�� 5��� 5DPPRKDQ� $�� 5��� � 5DQDGH�9�� 9�� DQG� 'XGXNRYLF�� 0�� 3��� ³*DV�OLTXLG�IORZ�JHQHUDWHG�E\�D�UXVKWRQ�WXUELQH�LQ�VWLUUHG�YHVVHO�� &$537�&7� PHDVXUHPHQW� DQG� &)'�VLPXODWLRQ´�� &KHP�� (QJ�� 6FL��� ���� ��������������� 6PLWK� -�� 0��� ³*DV�OLTXLG� GLVSHUVLRQ´� ,��&KHP(�6\PSRVLXP ������-����������


