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7R�LQYHVWLJDWH�WKH�GHVLJQ�FKDUDFWHULVWLFV�RI�WKH�QHZO\�GHVLJQHG�DQG�IDEULFDWHG�SURWRW\SHLRQL]DWLRQ� FKDPEHU��ZKLFK�ZDV�PDGH� E\� FRRSHUDWLRQ�ZLWK�.$(5,� �.RUHD�$WRPLF�(QHUJ\5HVHDUFK� ,QVWLWXWH��� WKH� DEVRUEHG� GRVH� RI� LQQHU� JDV� ZDV� FDOFXODWHG� DQG� PHDVXUHG�� 7KHYDULDWLRQV� RI� WKH� HOHFWULF� FXUUHQW� RI� WKH� DERYH� FKDPEHUV� ZHUH� LQYHVWLJDWHG� DW� LQFLGHQWHQHUJLHV�EHWZHHQ����NH9�DQG���0H9�XVLQJ�0RQWH�&DUOR�FRGHV�VXFK�DV�(*6QUF��'265=QUF�DQG�0&13�&�� 6RPH� FDOFXODWLRQV� DQG�PHDVXUHPHQWV�ZHUH� SHUIRUPHG� WR� LQYHVWLJDWH� WKHLUFXUUHQW�YDULDWLRQV�DV�WKH�LQFLGHQW�DQJOH�RI�JDPPD�UD\V�ZDV�FKDQJHG�IURP�� � WR�����DQG�DVWKH� OHQJWK�RI�FROOHFWLQJ�HOHFWURGH�ZDV�FKDQJHG�IURP����PP�WR����PP��6RPH�FDOFXODWLRQVZHUH� FDUULHG� RXW� WR� LPSURYH� WKH� FROOHFWLRQ� HIILFLHQF\� RI� WKH� LRQL]DWLRQ� FKDPEHU� IRU� WKHEHDP� ORVV�PRQLWRU� WKURXJK� UHSODFHPHQW� RI�ZDOO� �FROOHFWLQJ� HOHFWURGH��PDWHULDO� DQG� LQQHUJDV��7KH�LQIOXHQFH�GXH�WR�LPSURYHPHQW�IHDWXUHV�RI�(*6QUF�DQG�0&13�&�ZDV�LQYHVWLJDWHGWKURXJK� FDOFXODWLRQV� RI� WKH� GHSWK� GRVH� GLVWULEXWLRQV� IRU� EURDG� EHDPV� RI� PRQRHQHUJHWLFHOHFWURQV�ZLWK�HQHUJLHV�RI����NH9�WR���0H9��LQFLGHQW�QRUPDOO\�RQ�ZDWHU�
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0XFK� DWWHQWLRQ�KDV� EHHQ� SDLG� WR� WKH� UD �GLDWLRQ�GHWHFWRU�WHFKQRORJ\�LQ�.RUHD��,Q�UH �FHQW� \HDUV�� VRPH� LQYHVWLJDWLRQV� DOVR� KDYHEHHQ� SHUIRUPHG� WR�GHYHORS� WKH� WHFKQRORJLHVLQ�UHODWLRQ�WR�WKH�UDGLDWLRQ�GHWHFWRU�VXFK�DVGHVLJQ��IDEULFDWLRQ��DQDO\VLV�DQG�HW�DO�7KH� DLU�ILOOHG� LRQL]DWLRQ� FKDPEHU� LV� UH �TXLUHG� WR� VDWLVI\� VRPH� VWDQGDUGV� IRU�PHDV �

XULQJ� WKH� DEVRUEHG� GRVH� RI� LQQHU� JDV�� 7KHQHZO\�GHVLJQHG�LRQL]DWLRQ�FKDPEHU�LV�QHFHV �VDU\� WR� EH� UHYLHZHG� ZKHWKHU� WKH� HOHFWULFFXUUHQW� OLQHDUO\� LQFUHDVHV�ZLWK� LQFLGHQW� UD �GLDWLRQ�HQHUJ\�RU�QRW�DQG�ZKHWKHU� LW� LV�GH �SHQGHQW�RQ�WKH�LQFLGHQW�VRXUFH�DQJOH�RU�QRW�7KH�DERYH�WZR�ZHUH�LQWHQVLYHO\�DQDO\]HG�IRUQHZO\� GHVLJQHG� SURWRW\SH� LRQL]DWLRQ� FKDP �

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ���



EHUV� LQ� WKLV� VWXG\�� 7KH� DEVRUEHG� GRVH� RILQQHU� JDV� RI� WKH� LRQL]DWLRQ� FKDPEHUV�� WKDWFDQ� EH� GLUHFWO\� WUDQVIRUPHG� WR� WKH� HOHFWULFFXUUHQW�� ZDV� FDOFXODWHG� WR� LQYHVWLJDWH� WKHGHVLJQ�FKDUDFWHULVWLFV�DQG�WR� ILQG�RXW�PRUHHIILFLHQW� DQG� RSWLPL]HG� FKDPEHU� XVLQJ(*6QUF�>�@��DQG�0&13�&�>�@��,Q�WKLV�ZRUN�'265=QUF� >�@�� WKDW� LV� WKH� RQH� DPRQJ�15&XVHU�FRGHV��ZDV�XVHG�IRU�DOO�WKH�FDOFXODWLRQVXVLQJ�(*6QUF��$Q�����0H9�����P$�SURWRQ�OLQHDU�DFFHO �HUDWRU� LV� EHLQJ� FRQVWUXFWHG� LQ� .RUHD�� $QDFFHOHUDWRU� IDFLOLW\�ZLWK� VXFK� D� KLJK� LQWHQ �VLW\� EHDP� QHHGV� WKH� EHDP� ORVV� PRQLWRULQJV\VWHP� IRU� WKH� SULPDU\� GLDJQRVWLF� WRRO� IRUWXQLQJ�DQG�SUHYHQWLQJ�H[FHVV�DFWLYDWLRQ�DQGHTXLSPHQW� GDPDJH�� ,RQL]DWLRQ� FKDPEHUVKDYH� EHHQ� PDLQO\� XVHG� DV� WKH� EHDP� ORVVPRQLWRU� �%/0�� IRU� DQ� DFFHOHUDWRU� IDFLOLW\EHFDXVH� RI� WKHLU� VWDELOLW\�� VDPSOH� XQLIRUP �LW\��IODW�UHVSRQVH�RYHU�D�ZLGH�YROWDJH�UDQJH�DQG� VHQVLWLYLW\�� %XW� DQ� LRQL]DWLRQ� FKDPEHUIRU� WKH� %/0� KDV� FRQFHUQV� DERXW� VORZ� LRQFROOHFWLRQ� WLPHV� DQG� ORZ� FROOHFWLRQ� HIIL �FLHQF\�DW�KLJK�ORVV�UDWHV��7KH� 0RQWH� &DUOR� FRGHV� VXFK� DV� (*6QUFDQG� 0&13�&� DUH� ZLGHO\� XVHG� IRU� SKRWRQDQG� HOHFWURQ� WUDQVSRUW�� ,Q� ������ (*6QUFDQG� 0&13�&� LQFOXGHG� PDQ\� LPSURYHPHQWIHDWXUHV� LQ� HOHFWURQ� WUDQVSRUW� DOJRULWKPV�HOHFWURQ� OLEUDU\� DQG� HW� DO�� 6RPH� FRPSDUL �VRQV�EHWZHHQ�DERYH�0RQWH�&DUOR�FRGHV�ZHUHSHUIRUPHG� WR� LQYHVWLJDWH� WKH� LQIOXHQFH� GXHWR�LPSURYHPHQW�IHDWXUHV�

(*6QUF� �15&&�� DQG� 0&13�&� �/RV$ODPRV��ZHUH� XSJUDGHG� IURP�(*6�� �6/$&�DQG� IURP� 0&13�%� LQ� ������ UHVSHFWLYHO\�(*6QUF� DGRSWV� D� QHZ� PXOWLSOH� VFDWWHULQJWKHRU\��QHZ�HODVWLF�HOHFWURQ�VFDWWHULQJ�FURVVVHFWLRQV� �LQYROYLQJ� UHODWLYLVWLF� DQG� VSLQ� HI �IHFWV��� DQG� D� QHZ� HOHFWURQ�VWHS� DOJRULWKP�WKH� 35(67$�,,� DOJRULWKP�� 0&13�&� ZDVDOVR� LPSURYHG� E\� UHSODFHPHQW� RI� WKH� HOHF �WURQ� OLEUDU\� DQG� HOHFWURQ� SK\VLFV� HQKDQFH �PHQWV�VXFK�DV�GHQVLW\�HIIHFW�FDOFXODWLRQ�IRUVWRSSLQJ�SRZHU��EUHPVVWUDKOXQJ�SURGXFWLRQ�DQG�HW�DO��,W� ZDV� DVVXPHG� WKH� HOHFWURQ� EHDPV�ZLWKHQHUJLHV� RI� ��� NH9� WR� �� 0H9� HQWHUHG� DSODQH�ZDWHU� VXUIDFH� DW� QRUPDO� LQFLGHQFH� WRFDOFXODWH�WKH�DEVRUEHG�GRVH�DW�D�JLYHQ�GHSWKRI� ZDWHU� LQ� )LJ����� 7KH� ZDWHU� ZDV� HTXDOO\GLYLGHG�LQWR����SODQDU�VOLFHV��SDUDOOHO�WR�WKHVXUIDFH�� 6OLFH� WKLFNQHVV�ZDV� �����U( �PHDQUDQJH� RI� HOHFWURQ��� 8VLQJ� (*6QUF�� (*6��0&13�&�� DQG�0&13�%�� WKH� DEVRUEHG� GRVHLQ� HDFK�ZDWHU� VOLFH�ZDV� FDOFXODWHG� IRU� HDFKHOHFWURQ�EHDPV�,W� LV� NQRZQ� WKDW� GRXEOH� EDFNVFDWWHULQJ�IURP� ZDWHU� WR� DLU� WR� ZDWHU�� LQ� SULQFLSOHZRXOG�KDYH�LQFUHDVHG�WKH�GRVH�QHDU�WKH�VXU �IDFH�� +RZHYHU�� GRXEOH� EDFNVFDWWHULQJ� ZDVLJQRUHG� LQ� WKLV� ZRUN� VLQFH� WKH� HOHFWURQVZHUH�DVVXPHG� WR�FRPH� IURP�YDFXXP�UDWKHUWKDQ�IURP�DLU��,Q� '265=QUF� DQG� 0&13�&�� GRVH� DQGVWRSSHUV� �,)8//� DQG� )�
� ZHUH� XVHG� IRUWDOO\� RSWLRQ� WR� FDOFXODWH� WKH� DEVRUEHG� GRVHDW� D�JLYHQ�GHSWK�� UHVSHFWLYHO\�� ,Q� DOO� VLPX �ODWLRQV�� SKRWRQ� DQG� HOHFWURQ� WUDQVSRUW� HQ �HUJ\�FXW�RII�ZHUH���NH9��7KH�GLPHQVLRQOHVVGHSWK� GRVH� ZDV� LQWURGXFHG� IRU� FRQYHQLHQFH

)LJ����� &RPSDULVRQ� RI� WKH� GHSWK� GRVHV� LQVHPL�LQILQLWH� ZDWHU� FDOFXODWHG� IRU� D� EURDGSDUDOOHO� EHDP� RI� ��� NH9� HOHFWURQV� XVLQJ(*6QUF��(*6���0&13�&��DQG�0&13�%�� Û�(*6���� Û�(*6QUF��� Û�0&13�&��� Û�0&13�%�
)LJ����� %URDG� SDUDOOHO� EHDPV� RI� PRQRHQHU�JHWLF�HOHFWURQV� LQFLGHQW�QRUPDOO\�RQ� WKH�VXU�IDFH�RI�WKH�VHPL�LQILQLWH�ZDWHU�
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DQG� FDQ� EH� HDVLO\� REWDLQHG� XVLQJ� PHDQUDQJH� DQG� LQFLGHQW� HOHFWURQ� HQHUJ\�� DV� IRO �ORZV�� M(= ⁄ U(�() = -(= ⁄ U(�() ⋅ U( ⁄ (�)LJ���� WR� )LJ���� VKRZ� WKH� GLPHQVLRQOHVVGHSWK� GRVH� GLVWULEXWLRQ� IRU� WKH� HOHFWURQEHDPV�ZLWK�HQHUJLHV�RI����NH9����0H9��DQG��0H9��7KURXJK�VLPXODWLRQV��0&13�&�DQG0&13�%� JDYH� D� KLJKHU� GRVH� FRPSDUHG� WR(*6QUF�DQG�(*6��LQQHU�5�� �DW�VKDOORZ�SR�VLWLRQ�IURP�VRXUFH��ZKHUHDV�WKH�IRUPHU�JDYHD� ORZHU� GRVH� FRPSDUHG� WR� WKH� ODWWHU� RXWHU5�� LQ� WKH� ORZ�HQHUJ\� ���� 0H9�� UHJLRQ� DVFDQ�EH� VKRZQ� LQ�)LJ�����)LJ���� VKRZV�(*6�DOVR� JLYHV� D� KLJKHU� GRVH� FRPSDUHG� WR� WKHRWKHUV� LQQHU� 5�� LQ� KLJK�HQHUJ\� �!�� 0H9�UHJLRQ�$V� FDQ�EH� VKRZQ� LQ�)LJ����� WKH� WRWDO� DE �VRUEHG� GRVH� LQ� VHPL�LQILQLWH� ZDWHU� FDOFX �ODWHG� E\� 0&13�&�0&13�%� LV� D� OLWWOHKLJKHU� WKDQ� WKDW� FDOFXODWHG� E\(*6QUF�(*6��LQ�DOO� HQHUJ\�UHJLRQ��7KH�GH �YLDWLRQ� RI� WKH� WRWDO� DEVRUEHG� GRVH� EHWZHHQ(*6QUF� DQG� (*6�� LV� DERXW� ����� �� �5RRW0HDQ� 6TXDUH��� 7KH� GLIIHUHQFH� EHWZHHQ0&13�%�DQG�0&13�&�LV�VPDOOHU�WKDQ�WKDWEHWZHHQ� (*6QUF� DQG� (*6��� ZLWKLQ���������7KHVH� GLIIHUHQFHV� DQG� WHQGHQF\� SDUWLDOO\DWWULEXWHG�WR�WKH�GLIIHUHQW�PXOWLSOH�VFDWWHU �LQJ� WKHRULHV� DQG� 0RQWH� &DUOR� PRGHOV� IRUHOHFWURQ� WUDQVSRUW� DGRSWHG� LQ� WKHVH� FRGHV�0&13�&� KDV� D� VPDOO� FKDQJH� VXFK� DV� HOHF �WURQ� OLEUDU\� DQG� VRPH� WUDQVSRUW� RSWLRQVEDVHG� RQ� D� &ODVV� ,� 0RQWH� &DUOR� 0RGHOZKHUHDV�(*6QUF�DGRSWHG�QHZ�PXOWLSOH�VFDW �WHULQJ� WKHRU\� DQG� HOHFWURQ� VWHS� DOJRULWKPVXFK� DV� 35(67$�,,�� ,W� LV� IRXQG� WKDW� WKHUH

DUH�VRPH�PRUH�FKDQJHV�LQ�(*6QUF�FRPSDUHGWR�0&13�&�WKURXJK�VLPXODWLRQV�7KUHH� W\SHV� RI� WKH� LRQL]DWLRQ� FKDPEHUV

ZHUH� GHVLJQHG� DQG� IDEULFDWHG� DV� VKRZQ� LQ)LJ�����7KHVH�DUH�EDVHG�RQ�WKH�([UDGLQ�$��)DUPHU� W\SH� LRQL]DWLRQ� FKDPEHU�� 7KH([UDGLQ� $��� FKDPEHU� LV� D� IDUPHU�W\SHWKLPEOH�FKDPEHU�DQG�LV�PDGH�RI�DLU�HTXLYD �OHQW� SODVWLF� &����� 7KH� FKDPEHU� LV� SDUWLFX �ODUO\� VXLWHG� IRU� FDOLEUDWLRQ� RI� WKHUDS\EHDPV�LQ�WHUPV�RI�DEVRUEHG�GRVH�LQ�ZDWHU�LQDFFRUGDQFH� ZLWK� HVWDEOLVKHG� SURWRFROV� VXFKDV�WKDW�SXEOLVKHG�E\�WKH�$PHULFDQ�$VVRFLD �WLRQ�RI�3K\VLFLVWV�LQ�0HGLFLQH�.$(5,�)� LV� WKH� LRQL]DWLRQ�FKDPEHU�ZLWKIODW�W\SH� ZLQGRZ�� .$(5,�65� DQG� .$(5,�/5� KDYH� D� URXQG�W\SH�ZLQGRZ��7KH� IRUPHULV� VKRUW� DQG� WKH� ODWWHU� LV� ORQJ��7KH� LRQL]D �WLRQ� FKDPEHUV� ZLWK� URXQG�W\SH� ZLQGRZ�.$(5,�65� DQG� .$(5,�/5�� ZHUH� LQWUR �GXFHG�WR�LPSURYH�WKH�DQJXODU�GHSHQGHQFH�LQ

)LJ�����&RPSDULVRQ�RI�WKH�GHSWK�GRVHV�LQ�VHPL�LQILQLWH� ZDWHU� FDOFXODWHG� IRU� D� EURDG� SDUDOOHOEHDP� RI� �� 0H9� HOHFWURQV� XVLQJ� (*6�� ����(*6QUF������0&13�&������DQG�0&13�%�����

)LJ����� &RPSDULVRQ� RI� WKH� WRWDO� DEVRUEHGGRVHV� LQ� VHPL�LQILQLWH� ZDWHU� FDOFXODWHG� IRUEURDG� SDUDOOHO� EHDPV� RI� HOHFWURQV� ZLWK� HQHU�JLHV� RI� ��� NH9� WR� �� 0H9� HOHFWURQV� XVLQJ(*6QUF� ����� (*6�� ����� 0&13�&� ����� DQG0&13�%�����

)LJ����� &RPSDULVRQ� RI� WKH� GHSWK� GRVHV� LQVHPL�LQILQLWH�ZDWHU�FDOFXODWHG�IRU�D�EURDG�SDUDO�OHO� EHDP� RI� �0H9� HOHFWURQV� XVLQJ� � (*6�� ����(*6QUF������0&13�&������DQG�0&13�%�����
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WKLV� ZRUN�� $OO� RI� WKH� FKDPEHUV� KDYH� WKHFDYLW\� GLDPHWHU� RI� ��� PP� DQG� WKH� FDYLW\OHQJWK�RI�DERXW����PP��7KH�ZDOO� WKLFNQHVVLV� �� PP�� 7KH� OHQJWK� DQG� WKH� GLDPHWHU� RIWKH� FROOHFWLQJ� HOHFWURGH� ZHUH� ��� PP� DQG��PP��UHVSHFWLYHO\�0RVW�SDUW�RI�WKH�LRQL]DWLRQ�FKDPEHU�VXFKDV� ZDOO�� ZLQGRZ�� DQG� FROOHFWLQJ� HOHFWURGHFRQVLVW� RI� 39')� �3RO\YLQ\OLGHQH� IOXRULGH�NQRZQ� IRU� DLU�HTXLYDOHQW� SODVWLF�� 7HIORQ� LVXVHG�DV�LQVXODWLRQ�PDWHULDO�RI�JXDUG�UHJLRQEHWZHHQ� HOHFWURGH� DQG� ZDOO�� 7KH� GHWHFWRUZDV� ILOOHG� ZLWK� WKH� W\SLFDO� DLU� JDV�� )LJ���VKRZV�WKH�SLFWXUH�RI�WKH�LRQL]DWLRQ�FKDPEHUZLWK�IODW�W\SH�ZLQGRZ�7KH�SUHVHQW� LQYHVWLJDWLRQ�IRFXVHG�RQ�WKHDQJXODU�GHSHQGHQFH��WKH�HQHUJ\�OLQHDULW\�RIWKH� LRQL]DWLRQ� FKDPEHU�� DQG� WKH� LQIOXHQFHRQ�OHQJWK�YDULDWLRQV�RI�FROOHFWLQJ�HOHFWURGH����$P DQG����&V ZHUH�XVHG�DV�WKH�VRXUFH�IRUVLPXODWLRQ�DQG�H[SHULPHQW��7KH�GLVWDQFH�WRVRXUFH�IURP�WKH�URWDWLRQ�SRLQW�RI�WKH�LRQL]D �WLRQ�FKDPEHU�LV���FP��7KH�URWDWLRQ�SRLQW�LV����� FP� XQGHU� WKH� VXUIDFH� RI� ZLQGRZ� RIIODW�W\SH�LRQL]DWLRQ�FKDPEHU��7KH�GRVH�DQG� VWRSSHUV �,)8//��ZDV�XVHGIRU� WDOO\� RSWLRQ� RI� '265=QUF�� 7KH� PD[L �PXP� IUDFWLRQDO� HQHUJ\� ORVV� SHU� VWHS�(67(3(��ZDV������DQG�SKRWRQ�HOHFWURQ�HQ �HUJ\� FXW�RII� ZDV� �� NH9�� UHVSHFWLYHO\�� )RU0&13�&��)�
�WDOO\��ZKLFK�HVWLPDWHV�WKH�HQ �HUJ\�GHSRVLWHG�LQ�WKH�FHOO��ZDV�XVHG�IRU�GRVHFDOFXODWLRQ�� 7KH� HQHUJ\� FXW�RII� IRU� SKRWRQZDV� �� NH9�� ZKLFK� ZDV� WKH� VDPH� DV� LQ'265=QUF��0RQWH�&DUOR� FRGHV� FDQQRW� GLUHFWO\� VLPX �ODWH� WKH� HOHFWULF� FXUUHQW�� %XW� WKH� DEVRUEHGGRVH�RI�LQQHU�JDV�RI�LRQL]DWLRQ�FKDPEHU�FDQEH� HDVLO\� FDOFXODWHG�� ,Q� WKLV� FRQWH[W�� WKLVVWXG\� LQWURGXFHG�D�FRQYHUVLRQ�IDFWRU�RI� :�YDOXH��ZKLFK�ZDV�GHILQHG�DV�WKH�DYHUDJH�HQ �HUJ\� QHHGHG� IRU� SURGXFLQJ� RQH� LRQ�SDLU� DVWKH�UDGLDWLRQ�JRHV�WKURXJK�DQ\�VSHFLILF�JDV�

)LQDOO\�� WKH� HOHFWULF� FXUUHQW� RI� WKH� LRQL]D �WLRQ� FKDPEHU� FDQ� EH� HDVLO\� REWDLQHG� E\� WKHFDOFXODWHG� DEVRUEHG� GRVH� DQG� :�YDOXH�� DVIROORZV����
(OHFWULF FXUUHQW = $EVRUEHG GRVH: − YDOXH �

7KH�HOHFWULF�FXUUHQW�RI�WKH�GHVLJQHG�LRQL �]DWLRQ�FKDPEHU�ZDV�FRPSXWHG�WR�UHYLHZ�WKHHQHUJ\� OLQHDULW\� ZLWK� WKH� LQFLGHQW� JDPPD�UD\�HQHUJ\��7KH�JDPPD�UD\�HQHUJ\�FKDQJHGIURP� ��� NH9� WR� �� 0H9�� DQG� FXUUHQW� YDUL �DWLRQV� DUH� VKRZQ� LQ� )LJ����� 7KH� UHVXOWV� RIVLPXODWLRQ�VKRZ�WKDW�WKH�HOHFWULF�FXUUHQW�RI.$(5,�)� DQG�.$(5,�65� OLQHDUO\� LQFUHDVHVZLWK� WKH� LQFLGHQW� JDPPD�UD\� HQHUJ\�� 7KHVROLG� DQG� WKH� GRWWHG� OLQH� OLQHDUO\� ILW� WKHUHVXOWV�RI�WKH�0&13�&�DQG�(*6QUF�IRU�WKHIODW�W\SH�ZLQGRZ��UHVSHFWLYHO\��7KH� HOHFWULF� FXUUHQW� FDOFXODWHG� E\0&13�&� WHQGV� WR� EH� JUHDWHU� WKDQ� WKDW� E\'265=QUF�� 7KH� FXUUHQW� RI� 0&13�&� ZDVJUHDWHU� WKDQ� WKDW� RI� (*6QUF� LQ� .$(5,�)�DERXW� ���� �� DQG� LQ� .$(5,�65�� DERXW����� ��� 0RVW� VWDWLVWLFDO� HUURU� ZDV� ZLWKLQ

)LJ�����7KH� IODW�W\SH� LRQL]DWLRQ�FKDPEHU� IDE�ULFDWHG�

)LJ����� 7KH� FXUUHQW� YDULDWLRQV� RI� WKH� LRQL]D�WLRQ� FKDPEHU� E\� FKDQJLQJ� LQFLGHQW� JDPPD�UD\�HQHUJ\�IURP����NH9�WR���0H9�FDOFXODWHGE\�(*6QUF��0&13�&��� Û�IODW��0&13�&��� Û� VKRUW� URXQG� �0&13�&��� � Û� IODW(*6QUF��� Û�VKRUW�URXQG��(*6QUF���

)LJ�����7KH�FURVV�VHFWLRQDO�YLHZ�RI�WKH�LRQL]D�WLRQ� FKDPEHU� ZLWK� YDULRXV� ZLQGRZ� W\SH� GH�VLJQHG�DQG�VLPXODWHG�
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�����+RZHYHU�� WKH� HUURU� UHDFKHG� ����� LQWKH�FDOFXODWLRQ�RI�WKH�HOHFWULF�FXUUHQW�RI�WKHLRQL]DWLRQ� FKDPEHU� ZLWK� URXQG�W\SH� ZLQ �GRZ�� ,W� LV� DWWULEXWHG� WR� WKH� IDFW� WKDW� WKHLQQHU�JDV�ZDV�PRGHOHG�E\�WKH�DLU�ILOOHG�DQGYHU\�VPDOO�FHOO�LQ�'265=QUF�FDOFXODWLRQ�IRUWKH� LRQL]DWLRQ� FKDPEHU� ZLWK� URXQG�W\SHZLQGRZ�)RU� WKH� DQDO\VLV� RI� DQJXODU� GHSHQGHQFHRI�WKH�LRQL]DWLRQ�FKDPEHU��WKH�VRXUFH�DQJOHZDV�FKDQJHG�IURP�]HUR�GHJUHH�WR����GHJUHH�7KH�VRXUFH�LQ�WKH�UHIHUHQFH�FDVH�ZDV�ORFDWHGYHUWLFDOO\� DERYH� WKH� ZLQGRZ� RI� WKH� LRQL]D �WLRQ�FKDPEHU�LQ�)LJ�����7KH�HOHFWULF�FXUUHQWZDV� QRUPDOL]HG� WR� WKH� YDOXH� LQ� WKH� UHIHU �HQFH�FDVH�RI�]HUR�GHJUHH��7KHUHIRUH��WKH�QRU �PDOL]HG�HOHFWULF�FXUUHQW�LV�REWDLQHG�E\
1RUPDOL]HG HOHFWULF FXUUHQW =

= &XUUHQW DW D JLYHQ DQJOH&XUUHQW DW WKH UHIHUHQFH DQJOH
:KHQ� ���$P ZDV� XVHG� IRU� DQ� LVRWURSLFSRLQW�SKRWRQ�VRXUFH�DQG�WKH�W\SH�RI�DQ� LRQL �]DWLRQ�FKDPEHU�ZDV�.$(5,�)��WKH�PD[LPXPFXUUHQW� GLIIHUHQFH� FDOFXODWHG� E\� '265=QUFDQG� 0&13�&� ZDV� �� �� DQG� ��� ��� UHVSHF�WLYHO\�� ([SHULPHQWDO� PHDVXUHPHQWV� ZHUH������� ,Q� FDVH�RI�.$(5,�65�� WKH�PD[LPXPFXUUHQW�GLIIHUHQFH�FDOFXODWHG�E\�0&13�&�ZDV����DQG�PHDVXUHPHQWV�ZDV��������,Q�FDVH�RI.$(5,�/5�� WKH� IRUPHU� ZDV� ��� �� DQG� WKHODWWHU�ZDV�������UHVSHFWLYHO\�$V� D� ZKROH�� WKH� FXUUHQW� YDULDWLRQ� E\FKDQJLQJ� VRXUFH� DQJOH� WHQGV� WR� LQFUHDVHZLWK� WKH� LQFLGHQW� VRXUFH� HQHUJ\� DV� FDQ� EHVKRZQ�LQ�)LJ������:KHQ����&V ZDV�XVHG�DQGWKH� W\SH� ZDV�.$(5,�)�� WKH�PD[LPXP� FXU �UHQW� GLIIHUHQFH� REWDLQHG� E\� '265=QUF�0&13�&�� DQG� PHDVXUHPHQWV� ZDV� ��� �������DQG��������UHVSHFWLYHO\��7KH�VWDWLVWL �

FDO�HUURU�ZDV�VLPLODU�WR�WKDW�E\�WKH�FDOFXOD �WLRQ� IRU� HQHUJ\� OLQHDULW\� RI� WKH� LRQL]DWLRQFKDPEHU�� ,Q� FDVH� RI� .$(5,�65�� WKH� PD[L �PXP� FXUUHQW� GLIIHUHQFH� FDOFXODWHG� E\0&13�&� ZDV� �� �� DQG� PHDVXUHPHQWV� ZDV�������,Q�FDVH�RI�.$(5,�/5��WKH�PD[LPXPGLIIHUHQFH�REWDLQHG�E\�0&13�&�ZDV������7KURXJK� VLPXODWLRQV� DQG�PHDVXUHPHQWV�LW� LV� IRXQG� WKDW�.$(5,�65�ZLWK� VKRUW� DQGURXQG�W\SH�ZLQGRZ�LV� OHVV�GHSHQGHQW�RQ� LQ �FLGHQW�VRXUFH�DQJOH�FRPSDUHG�WR�WKH�RWKHUV�)LJ�����VKRZV� WKH�H[SHULPHQW� WR�REWDLQ�WKHPHDVXUHPHQWV�LQ�UHODWLRQ�WR�WKH�DQJXODU�GH �SHQGHQFH�RI�.$(5,�65��7KH�H[SHULPHQWV�RI.$(5,�)� DQG� .$(5,�/5� ZHUH� DOVR� LPSOH �PHQWHG�LQ�WKH�VDPH�FRQGLWLRQ�7KURXJK�'265=QUF� FDOFXODWLRQV�� WKH� LQ �IOXHQFH� RQ� OHQJWK� YDULDWLRQV� RI� FROOHFWLQJHOHFWURGH�ZDV�LQYHVWLJDWHG�RQ�WKH�.$(5,�)�

)LJ������ 7KH� FRPSDULVRQ� RI� WKH� GRVHV� RI.$(5,�)�� .$(5,�65�� DQG� .$(5,�/5� SUR�GXFHG� E\� ���$P�� � Û� IODW� �([S��� � Û� IODW�0&13�&��� � ÛIODW� �(*6QUF��� � Û� VKRUWURXQG� �([S��� � Û� VKRUW� URXQG� �0&13�&��� Û� ORQJ� URXQG� �([S��� � Û� ORQJ� URXQG�0&13�&���

)LJ������ 7KH� FRPSDULVRQ� RI� WKH� GRVHV� RI.$(5,�)�� .$(5,�65�� DQG� .$(5,�/5� SUR�GXFHG� E\� ���&V�� � Û� IODW� �([S��� � Û� IODW�0&13�&��� � Û� IODW� �(*6QUF��� � Û� VKRUWURXQG� �([S��� � Û� VKRUW� URXQG� �0&13�&��� Û�ORQJ�URXQG��0&13�&��

)LJ�����7KH�YDULDWLRQ�RI�WKH�VRXUFH�DQJOH�LQFL�GHQW�RQ�WKH�LRQL]DWLRQ�FKDPEHU��
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7KH� GHVLJQHG� RULJLQDO� OHQJWK� RI� FROOHFWLQJHOHFWURGH�RI�.$(5,�)�LV����PP��7KH�OHQJWKZDV� FKDQJHG� IURP� ��� PP� WR� ��� PP� E\���� PP�� ,Q� WKLV� ZRUN�� WZR� PHWKRGV� ZHUHXVHG� WR� HVWLPDWH� WKH� HIILFLHQF\�RI� WKH� LRQL �]DWLRQ� FKDPEHU�� )LUVW�� WKH� WRWDO� YROXPH� RIDLU�JDV�SURGXFLQJ�FXUUHQW�ZDV�IL[HG�DQG�WKHLQQHU�ZDOO�GLDPHWHU�ZDV�FKDQJHG��6HFRQG��WKHYROXPH�ZDV� FKDQJHG� DQG� WKH� LQQHU� GLDPHWHUZDV�IL[HG�ZLWK�WKH�OHQJWK�YDULDWLRQV�$V� VKRZQ� LQ�)LJ������ WKH�PD[LPXP� FXU �UHQW�ZDV�DW������PP��%XW�WKH�GLIIHUHQFH�RIWKH� FXUUHQW� ZDV� FDOFXODWHG� ZLWKLQ� ±����ZKLFK�ZDV�IRXQG�WR�EH�QHJOLJLEOH�$� SURWRW\SH� LRQ� FKDPEHU� IRU� WKH� %/0ZDV� GHVLJQHG� RI� WZR� FRQFHQWULF� F\OLQGHUVILOOHG�ZLWK�DLU�DV�VKRZQ�LQ�)LJ������7KH�F\O �LQGHU�ZDV�����PP�ORQJ�DQG�PDGH�RI���PPWKLFN�DOXPLQXP��7KH�GLDPHWHU�RI�RXWHU�HOHF �WURGH�ZDV� ���PP�� 7KH� LQQHU� HOHFWURGH�ZDVKROORZ� DQG� ILOOHG� ZLWK� DLU� LQVLGH�� *XDUGHOHFWURGH� ZDV� PDGH� RI� FRSSHU�� DQG� LW� ZDVSODFHG� LQ� WKH�PLGGOH� RI� WKH� LQQHU� HOHFWURGHDQG� WKH� RXWHU� HOHFWURGH�� 7HIORQ� LQVXODWRUVZHUH� SODFHG� EHWZHHQ� HOHFWURGHV�� 7KH� LRQFKDPEHU�ZDV�KRXVHG� LQVLGH� WKH���PP�WKLFNDOXPLQXP�F\OLQGHU�>�@�,Q�JHQHUDO��DQ�LRQ�FKDPEHUV�IRU�WKH�%/0DUH�QHHGHG�WR�RYHUFRPH�FRQFHUQV�DERXW�VORZLRQ�FROOHFWLRQ� WLPHV�DQG� ORZ�FROOHFWLRQ�HIIL �FLHQF\�DW�KLJK�ORVV�UDWHV�DOWKRXJK�WKHUH�DUHPDQ\�DGYDQWDJHRXV� IHDWXUHV��%RWK�DUH�FRQ �VLGHUDEO\� UHODWHG� WR� WKH� HOHFWULFDO� SDUDPH �WHUV�VXFK�DV�DSSO\LQJ�YROWDJH��HOHFWURGH�JDS�LRQL]DWLRQ� FKDUJH� GHQVLW\�� DQG� VR� RQ�� 7KHFROOHFWLRQ�HIILFLHQF\� I RI�DQ� LRQ�FKDPEHU�DWD�JLYHQ�ELDV�YROWDJH�9 FDQ�EH�GHILQHG�DV�WKHUDWLR� RI� WKH� PHDVXUHG� FXUUHQW� WR� WKH� LGHDOVDWXUDWLRQ� FXUUHQW�� 7KH� HTXDWLRQV� IRU� GH �VFULELQJ� I KDYH� EHHQ� NQRZQ� VLQFH� 7KRPVRQGHVFULEHG�WKHP�LQ������>�@��DV�IROORZV�
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H�HOHFWURQ FKDUJH
α�ILUVW 7RZQVHQG UHFRPELQDWLRQ FRHII�NL�HOHFWURQPRELOLW\N��LRQ PRELOLW\T�LRQL]DWLRQ FKDUJH GHQVLW\,QVWHDG� RI� FKDQJLQJ� HOHFWULFDO� SDUDPH �WHUV�� UHSODFHPHQW� RI� ZDOO� �RXWHU� HOHFWURGH�PDWHULDO�RU�LQQHU�JDV�RI�WKH�%/0�ZDV�WULHGWR� LPSURYH�WKH�FROOHFWLRQ�HIILFLHQF\�RI�LRQL �]DWLRQ�FKDPEHU��7KH�DEVRUEHG�GRVH�RI�LQQHUJDV� ZDV� FDOFXODWHG� WR� REWDLQ� WKH� LRQL]DWLRQFKDUJH� GHQVLW\� T RI� D� JLYHQ� ZDOO� PDWHULDO�7KH� HQHUJ\� GHSRVLWHG� LQ� WKH� JDV� YROXPH� RIDQ�LRQL]DWLRQ�FKDPEHU�LV�SURSRUWLRQDO�WR�WKHLRQL]DWLRQ� FKDUJH� GHQVLW\�� $QG� WKH� IRUPHULV�SURSRUWLRQDO�WR���T��7KH�UHODWLYH�FROOHFWLRQ�HIILFLHQF\�LV�FDOFX �ODWHG� IURP� WKH� DEVRUEHG� GRVH� RI� LQQHU� JDV�7KH�FROOHFWLRQ�HIILFLHQF\�DW� LQFLGHQW�SKRWRQHQHUJ\� ZDV� QRUPDOL]HG� WR� WKDW� DW� ��� NH9�7KHUHIRUH�� WKH� UHODWLYH� FROOHFWLRQ� HIILFLHQF\LV�REWDLQHG�E\

5HODWLYH &ROOHFWLRQ (IILFLHQF\ =
('��NH9N )�

('FN)� �

)LJ������7KH�YDULDWLRQ�RI�WKH�HOHFWULF�FXUUHQWDFFRUGLQJ�WR�FKDQJLQJ�WKH�OHQJWK�RI�FROOHFWLQJHOHFWURGH��� Û�*DV�9ROXPH�)L[HG��� Û�:DOO)L[HG�

)LJ������3URWRW\SH�LRQ�FKDPEHU�IRU�EHDP�ORVVPRQLWRU�

)LJ������7KH�H[SHULPHQW�IRU�DQDO\VLV�RI�DQJX�ODU�GHSHQGHQFH�XVLQJ�VKRUW�URXQG�W\SH�LRQL]D�WLRQ�FKDPEHU�
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+HUH��N LV�WKH�ZDOO�PDWHULDO�XVHG��H LV�WKHSKRWRQ�VRXUFH�HQHUJ\��DQG�' LV�WKH�DEVRUEHGHQHUJ\�RI� LQQHU�JDV��300$��39')�� DOXPL �QXP�� DQG� FRSSHU� ZHUH� XVHG� IRU� ZDOO�PDWH �ULDO�RI�%/0��7R�LQYHVWLJDWH�WKH�LQIOXHQFH�RIUHSODFHPHQW�RI�LQQHU�JDV�XVHG�IRU�%/0��1H�DLU�� $U�� DQG� ;H ZHUH� FRQVLGHUHG�� UHVSHF�WLYHO\��7DEOH�VKRZV� WKH�GHQVLW\� RI�ZDOO�PD �WHULDOV�DQG�LQQHU�JDVHV�8VLQJ�'265=QUF��WKH�DEVRUEHG�GRVHV�IRUDQ� LVRWURSLF�SKRWRQ�VRXUFH�ZLWK�HQHUJLHV�RI���NH9�WR����0H9�ZHUH�FDOFXODWHG�DQG�ZHUHWUDQVIRUPHG�WR�WKH�YDOXH�RI�WKH�UHODWLYH�FRO �OHFWLRQ�HIILFLHQF\��,Q�WKH�'265=QUF�UHVXOWV�LW�ZDV�IRXQG�WKDW�WKH�ZDOO�PDWHULDO�PDGH�E\DOXPLQXP�ZDV�PRUH�HIILFLHQW� WKDQ� WKH�RWK �HUV�DV�VKRZQ�LQ�)LJ������7R� LQYHVWLJDWH� WKH� LQIOXHQFH� GXH� WR� UH �SODFHPHQW�RI�LQQHU�JDV��WKH�DEVRUEHG�GRVH�RIWKH� %/0� ZLWK� 39')� RXWHU� HOHFWURGH� ZDOOZDV�FDOFXODWHG�ZKHQ�WKH�LQFLGHQW�SKRWRQ�HQ �HUJ\� ZDV� �� 0H9�� 7KH� FROOHFWLRQ� HIILFLHQF\RI�D�JLYHQ�LQQHU�JDV�ZDV�DOVR�QRUPDOL]HG�WRWKDW� RI�1H�JDV�� )LJ����� VKRZV� WKDW� WKH� FRO�OHFWLRQ�HIILFLHQF\�GHFUHDVHV�DV�WKH�GHQVLW\�RILQQHU�JDV�DQG�=�QXPEHU�LQFUHDVHV�,Q�FRQFOXVLRQV��LQ�WKLV�VWXG\��WKUHH�W\SHVRI� WKH� LRQL]DWLRQ� FKDPEHU� ZHUH� GHVLJQHG

DQG� IDEULFDWHG� WR� LQYHVWLJDWH� WKH� GHVLJQFKDUDFWHULVWLFV�� $OO� WKH� GHVLJQHG� LRQL]DWLRQFKDPEHUV� VKRZHG� WKH� HOHFWULF� FXUUHQW� ZDVOLQHDUO\�LQFUHDVHG�ZLWK�WKH�LQFLGHQW�JDPPD�UD\� HQHUJ\�� .$(5,�65� ZDV� OHVV� GHSHQGHQWRQ� WKH� VRXUFH� DQJOH� WKDQ� WKH� RWKHUV�� ,WVPD[LPXP� GLIIHUHQFH� ZDV� ������ LQ� FDVH� RI���$P��������LQ�FDVH�RI����&V��,W�ZDV�IRXQGWKDW� WKH� DQJXODU� GHSHQGHQFH� RI� WKH� LRQL]D �WLRQ� FKDPEHU�ZDV� UHGXFHG� DV� WKH� OHQJWK� RIWKH� FKDPEHU� ZDV� GHFUHDVHG� DQG� D� URXQG�W\SH�ZLQGRZ�ZDV�DGRSWHG��7KH�GLIIHUHQFH�RIWKH� HOHFWULF� FXUUHQW�GXH� WR� WKH� OHQJWK�YDUL �DWLRQ�RI�FROOHFWLQJ�HOHFWURGH�ZDV�QHJOLJLEOH�ZLWKLQ�����7R� LPSURYH� WKH� FROOHFWLRQ� HIILFLHQF\� RIWKH�LRQL]DWLRQ�FKDPEHU�IRU�WKH�%/0��ZH�UH �SODFHG�HLWKHU�WKH�ZDOO�PDWHULDOV�RU�LQQHU�JDVRI� WKH� %/0�� ,W� ZDV� VKRZQ� WKDW� WKH� XVH� RIDOXPLQXP�DV�WKH�ZDOO�PDWHULDO�FRXOG�REWDLQ�DKLJKHU� FROOHFWLRQ� HIILFLHQF\� WKDQ� WKH� RWKHUV�,Q�FDVH�RI�UHSODFLQJ�WKH�LQQHU�JDV��WKH�FROOHF �WLRQ�HIILFLHQF\�ZDV�LQFUHDVHG�DV�WKH�LQQHU�JDVGHQVLW\�DQG�LWV�=�QXPEHU�ZHUH�GHFUHDVHG�$GGLWLRQDOO\�� WKH� LQIOXHQFH� GXH� WR� LP �SURYHPHQW�IHDWXUHV�RI�(*6QUF�DQG�0&13�&ZDV�LQYHVWLJDWHG�WKURXJK�FDOFXODWLRQV�RI�WKHGHSWK� GRVH� GLVWULEXWLRQV� DW� WKH� ZDWHU�0&13�&� DQG� 0&13�%� WHQGV� WR� JLYH� DKLJKHU�GRVH� FRPSDUHG� WR�(*6QUF�DQG�(*6�LQQHU�5���ZKHUHDV�WKH�IRUPHU�JLYH�D�ORZHUGRVH�FRPSDUHG�WR�WKH� ODWWHU�RXWHU� 5�� LQ�WKHORZ� HQHUJ\� ���� 0H9�� UHJLRQ�� 7KH� WRWDO� DE �VRUEHG� GRVH� FDOFXODWHG� E\� 0&13�&� DQG0&13�%�KDV�D�WHQGHQF\�WR�EH�D�OLWWOH�KLJKHUWKDQ�WKDW�FDOFXODWHG�E\�(*6QUF�DQG�(*6��DWLQFLGHQW�HQHUJLHV�EHWZHHQ����NH9�DQG���0H9�$FNQRZOHGJHPHQW�� 7KLV� ZRUN� KDV� EHHQVXSSRUWHG� ILQDQFLDOO\� E\� L756� �LQQRYDWLYH7HFKQRORJ\� &HQWHU� IRU� 5DGLDWLRQ� 6DIHW\�DQG�.$(5,��.RUHD�$WRPLF�(QHUJ\�5HVHDUFK,QVWLWXWH���

)LJ������ 7KH� DEVRUEHG� GRVH� YDULDWLRQ� RI� WKHLRQ� FKDPEHU� IRU� WKH� EHDP� ORVV� PRQLWRU� E\UHSODFHPHQW�RI�LQQHU�JDV�
)LJ������ 7KH� YDULDWLRQ� RI� UHODWLYH� FROOHFWLRQHIILFLHQF\� RI� WKH� LRQ� FKDPEHU� IRU� WKH� EHDPORVV�PRQLWRU�E\�UHSODFHPHQW�RI�ZDOO�PDWHULDO�� Û�300$��� Û�39')� � Û�$OXPLQXP��� Û�&RSSHU�

7DEOH�� 7KH� GHQVLW\� RI� ZDOO� PDWHULDO� DQGLQQHU�JDV�XVHG�IRU�EHDP�ORVV�PRQLWRU
*DV 'HQVLW\�J�FP�� :DOO0DWHULDO 'HQVLW\�J�FP��1H ������ 300$ ������$LU ������ 39') ������$U ������ $OXPLQXP ������;H ������ &RSSHU ������
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5HIHUHQFHV���,�.DZUDNRZ�� '�:�2�5RJHUV�� 3,56����� 1D�WLRQDO�5HVHDUFK�&RXQFLO�RI�&DQDGD�����������-�)�%ULHVPHLVWHU��5HSRUW�/$�������0����'�:�2�5RJHUV�� ,�.DZUDNRZ�� -�3�6HXQWMHQV�%�5�%�:DOWHUV��15&&�5HSRUW�3,56������5HY�

$��� 1DWLRQDO� 5HVHDUFK� &RXQFLO� RI� &DQDGD����������6H�+ZDQ�3DUN��<RQJ�.\XQ�.LP��.L�8Q�<RXPHW�DO���,625'�������������5�/�:LWNRYHU��'�*DVVQHU��616�5HSRUW��������
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