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3DUW�,� $QWL�ZLQGXS�DQG
EXPSOHVV�WUDQVIHU
SURWHFWLRQ
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��� ,QWURGXFWLRQ�WR�DQWL�
ZLQGXS

���� 6\VWHP�OLPLWDWLRQV

7KH� SURFHVV� LQSXW� LV� RIWHQ� OLPLWHG� LQ� SUDFWLFH� GXH� WR� DFWXDWRU� FRQVWUDLQWV�� 7KH� PRVW
FRPPRQ�W\SHV�RI�OLPLWDWLRQV�DUH�PDJQLWXGH�DQG�UDWH�OLPLWDWLRQV��$�PDJQLWXGH�OLPLWDWLRQ
DQG�D�UDWH�OLPLWDWLRQ�FDQ�UHVSHFWLYHO\�EH�GHVFULEHG�E\�WKH�IROORZLQJ�WZR�HTXDWLRQV�
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ZKHUH�X� DQG�XU� DUH�DOVR� UHIHUUHG� WR� DV� WKH� FRQWUROOHU�RXWSXW� DQG� WKH� UHDO� SURFHVV� LQSXW
UHVSHFWLYHO\�
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,Q� WKH� IROORZLQJ� WH[W�� WKH� EORFN� GLDJUDP� /,0� UHSUHVHQWV� WKH� PDJQLWXGH� DQG�RU� UDWH
OLPLWDWLRQV��VHH�)LJ������1RWH�WKDW�/,0�FDQ�UHSUHVHQW�UHDO�OLPLWDWLRQV�RU�DQ�HVWLPDWLRQ�RI
UHDO�OLPLWDWLRQV��,Q�WKH�ODVW�FDVH��WKH�DFWXDO�PHDVXUHPHQW�RI�WKH�VLJQDO�XU�LV�QRW�UHTXLUHG
EHFDXVH�WKH�HVWLPDWHG�OLPLWDWLRQ��/,0��EHFRPHV�D�SDUW�RI�D�FRQWUROOHU��0RUH�LQIRUPDWLRQ
DERXW� WKLV� VXEMHFW� FDQ� EH� IRXQG� LQ� 9UDQþLü� �����D��� DQG� 9UDQþLü� DQG� 3HQJ� �����E�
������

)LJ�����7KH�PDJQLWXGH�DQG�RU�UDWH�OLPLWDWLRQV

���� &RQWUROOHUV

$�JHQHUDOLVHG�3,'�FRQWUROOHU�FDQ�EH�GHVFULEHG�E\�)LJ����DQG�H[SUHVVLRQ����

)LJ�����7KH�JHQHUDOLVHG�3,'�FRQWUROOHU
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ZKHUH�X�LV�WKH�FRQWUROOHU�RXWSXW��Z�LV�WKH�UHIHUHQFH�VLJQDO��\�LV�WKH�SURFHVV�RXWSXW��DQG�WKH
FDSLWDO�OHWWHUV�8��:��DQG�<�GHQRWH�WKH�/DSODFH�WUDQVIRUPV�RI�X��Z��DQG�\��UHVSHFWLYHO\�

7KH�FRQWUROOHU�SDUDPHWHUV�DUH�WKH�SURSRUWLRQDO�JDLQ�.��WKH�LQWHJUDO�WLPH�FRQVWDQW�7L��DQG
WKH�GHULYDWLYH�WLPH�FRQVWDQW�7G�ZLWK�GHULYDWLYH�ILOWHU�WLPH�FRQVWDQW�7I�

)DFWRUV�b�DQG�g�GHILQH�WKH�VWUHQJWK�RI�WKH�SURSRUWLRQDO��3��DQG�WKH�GHULYDWLYH��'��SDUWV�RI
WKH�3,'�FRQWUROOHU�FRQQHFWHG�WR�WKH�UHIHUHQFH��VHW�SRLQW��Z��UHVSHFWLYHO\��8VXDOO\��YDOXHV
b�DQG�g� OLH�EHWZHHQ���DQG����1RWH�WKDW�WKH�3,'�FRQWUROOHUV�PRVW�XVHG�LQ�LQGXVWU\�DUH�D
VSHFLDO� FDVH� RI� WKH� JHQHUDOLVHG� 3,'� FRQWUROOHU� ZLWK� b �� DQG� g ��� 6XFK� D� W\SH� RI
JHQHUDOLVHG�3,'�FRQWUROOHU�ZLOO�EH�UHIHUUHG�WR�DV�WKH�3,'�FRQWUROOHU��0RUH�GHWDLOV�DERXW
IDFWRUV�b�DQG�g�DQG�GLIIHUHQW�VWUXFWXUHV�RI�3,'�FRQWUROOHUV�FDQ�EH�IRXQG�LQ�ÇVWU|P�DQG
:LWWHQPDUN���������ÇVWU|P�DQG�+lJJOXQG������D���+DQJ�HW�DO�� ��������+DQJ�DQG�&DR
��������DQG�5XQGTZLVW��������

$�PRUH�JHQHUDO�FRQWUROOHU�LQ�WKH�SRO\QRPLDO�IRUP�LV�JLYHQ�E\�)LJ����DQG�H[SUHVVLRQ�����

)LJ�����$�FRQWUROOHU�JLYHQ�LQ�WKH�SRO\QRPLDO�IRUP
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7KH�VLQJOH�LQSXW�VLQJOH�RXWSXW��6,62��VWDWH�VSDFH�FRQWUROOHU�LV�GHVFULEHG�E\�)LJ����DQG
H[SUHVVLRQ����
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ZKHUH�$�LV�WKH�FRQWUROOHU¶V�V\VWHP�PDWUL[��E�DQG�H�DUH�WKH�FRQWUROOHU¶V�LQSXW�YHFWRUV��F�LV
WKH�FRQWUROOHU¶V�RXWSXW�YHFWRU�DQG�G�DQG�I�DUH�VFDODU�SDUDPHWHUV��*HQHUDOO\��[�LV�D�YHFWRU
DQG�X��Z��DQG�\�DUH�VFDODUV�

7KH� PXOWL�LQSXW� PXOWL�RXWSXW� �0,02�� VWDWH�VSDFH� FRQWUROOHUV� DUH� GHVFULEHG� LQ� PRUH
GHWDLO�LQ�&KDSWHU���

)LJ�����6WDWH�VSDFH�FRQWUROOHU

���� :LQGXS�DQG�DQWL�ZLQGXS

&RQVLGHU�D�FORVHG�ORRS�V\VWHP�FRQWDLQLQJ�D�3,'�FRQWUROOHU��b ���g ���DQG�D�PDJQLWXGH
OLPLWDWLRQ� /,0� �)LJ�� ���� 6XSSRVH� ERWK� WKH� FRQWUROOHU� DQG� SURFHVV� DUH� LQ� VWHDG\� VWDWH�
$VVXPH�D�ODUJH�SRVLWLYH�VWHS��FKDQJH��LQ��Z��WKDW�FDXVHV��D��MXPS�LQ�X��VR�WKDW�WKH�DFWXDWRU
VDWXUDWHV�DW�KLJK�OLPLW�LI�.�!����7KXV��XU�EHFRPHV�VPDOOHU�WKDQ�X��DQG�\�LV�VORZHU�WKDQ�LQ
WKH�XQOLPLWHG�FDVH��'XH�WR�WKH�VORZHU�\��H�GHFUHDVHV�VORZO\��7KH�LQWHJUDO�WHUP�LQFUHDVHV
PXFK�PRUH�WKDQ�WKH�RQH�LQ�WKH�XQOLPLWHG�FDVH��DQG�LW�EHFRPHV�ODUJH��:KHQ�\�DSSURDFKHV
Z�� X� VWLOO� UHPDLQV� VDWXUDWHG� RU� FORVH� WR� VDWXUDWLRQ� GXH� WR� WKH� ODUJH� LQWHJUDO� WHUP�� X
GHFUHDVHV�DIWHU� WKH�HUURU�KDV�EHHQ�QHJDWLYH�IRU�D�VXIILFLHQWO\�ORQJ�WLPH��7KLV� OHDGV�WR�D
ODUJH�RYHUVKRRW�DQG�D�ODUJH�VHWWOLQJ�WLPH�RI�WKH�SURFHVV�RXWSXW�

,Q�RUGHU�WR�LOOXVWUDWH�WKH�DERYH�SKHQRPHQRQ��ZH�KDYH�PDGH�D�VLPXODWLRQ�ZLWK�SURFHVV�
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DQG�FRQWUROOHU�

. 7 V 7 V 7 VL G I= = = =�� �� � �� � ���� � � � ��� �� �� �� ���

)LJ�����/LPLWHG�V\VWHP�LQ�FORVHG�ORRS�ZLWK�3,'�FRQWUROOHU

7KH� LQSXW� OLPLWDWLRQV� ZHUH�8PD[ ���8PLQ ��� YPD[ �V
��� DQG� YPLQ ��V

���� 7KH� FORVHG�ORRS
VWHS� UHVSRQVHV� IRU� ERWK� OLPLWHG� �GDVKHG� OLQHV�� DQG� XQOLPLWHG� FDVHV� �GRWWHG� OLQHV�� DUH
VKRZQ�LQ�)LJV����DQG���

,Q�)LJ�����D�ODUJH�RYHUVKRRW�DQG�D�ORQJ�SURFHVV�VHWWOLQJ�WLPH�FDQ�EH�VHHQ�LQ�WKH�OLPLWHG
FDVH��VHH�GDVKHG�OLQH��DV�FRPSDUHG�WR�WKH�XQOLPLWHG�FDVH��7KLV�FORVHG�ORRS�SHUIRUPDQFH
GHWHULRUDWLRQ�ZLWK�UHVSHFW�WR�WKH�XQOLPLWHG�FDVH�LV�FDOOHG�ZLQGXS�

,Q�IDFW��ZLQGXS�DSSHDUV�GXH�WR�WKH�IDFW�WKDW�WKH�LQWHJUDO�WHUP�LQFUHDVHV�WRR�JUHDWO\�GXULQJ
VDWXUDWLRQ��7KXV���GXULQJ�VDWXUDWLRQ�WKH�LQFUHDVH�VKRXOG��EH��VORZHG�GRZQ��7KLV�FDQ�EH
UHDOLVHG� E\� DQ� H[WUD� FRPSHQVDWLRQ� WKDW� IHHGV� EDFN�X�XU� WR� WKH� LQWHJUDO� WHUP� WKURXJK� D
FRPSHQVDWRU�ZLWK�D�WUDQVIHU�IXQFWLRQ�)�V���VHH�)LJ������6LQFH�WKLV�FRPSHQVDWLRQ�DLPV�DW
UHGXFLQJ�WKH�HIIHFW�RI�ZLQGXS��LW�LV�FDOOHG�DQWL�ZLQGXS��$:��

)URP� )LJ�� ��� LW� FDQ� EH� VHHQ� WKDW� E\� XVLQJ� DQ� DQWL�ZLQGXS� FRPSHQVDWRU�)�V� ��.�� WKH
RYHUVKRRW�LV�VPDOOHU�DQG�WKH�VHWWOLQJ�WLPH�LV�PXFK�VKRUWHU�WKDQ�LQ�WKH�DEVHQFH�RI�DQ�DQWL�
ZLQGXS�FRPSHQVDWRU��VROLG�OLQH��



��

0 5 10 15 20 25 30 35 40
0

0.2

0.4

0.6

0.8

1

1.2

Time [s]
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)LJ�����3URFHVV�LQSXW��XU���BB�3URFHVV�LQSXW�OLPLWHG�ZLWK�$:�
«�3URFHVV�LQSXW�XQOLPLWHG�����3URFHVV�LQSXW�OLPLWHG�ZLWKRXW�$:
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)LJ�����7KH�OLPLWHG�FORVHG�ORRS�V\VWHP�ZLWK�$:

���� %XPS� WUDQVIHU�� EXPSOHVV� WUDQVIHU� DQG
FRQGLWLRQHG�WUDQVIHU

/HW�XV�FRQVLGHU�D�FRQWURO�VFKHPH�ZLWK�WKH�FDSDELOLW\�RI�VZLWFKLQJ�EHWZHHQ�PDQXDO�DQG
3,'� FRQWURO� PRGH� �)LJ�� ���� $VVXPH� WKDW� WKH� VZLWFK� JRHV� IURP� DXWRPDWLF� WR� PDQXDO
FRQWURO�� ,I� XP� LV� VXFK� WKDW� IRU� VRPH� WLPH� H!��� WKHQ� WKH� LQWHJUDO� WHUP� LQFUHDVHV� LQ� DQ
XQFRQWUROOHG�ZD\� WR� YHU\� KLJK� YDOXHV� DQG�X� EHFRPHV� KLJK� DQG�PXFK� JUHDWHU� WKDQ�XP�
1RZ�� DVVXPH� WKDW� WKH� VZLWFK� JRHV� EDFN� IURP� PDQXDO� WR� DXWRPDWLF� FRQWURO�� $W� WKDW
PRPHQW�� HYHQ� LI�H ���D� ODUJH� MXPS�RFFXUV� DW�XU� GXH� WR� WKH�KLJK�YDOXHV�RI� WKH� LQWHJUDO
WHUP��0RUHRYHU��X�GHFUHDVHV�RQO\�LI�H���IRU�D�VXIILFLHQWO\�ORQJ�WLPH��7KLV�OHDGV�WR�D�ORQJ
VHWWOLQJ�WLPH�RI�WKH�SURFHVV�RXWSXW�

7R� LOOXVWUDWH� WKH� DERYH� SKHQRPHQRQ�� D� VLPXODWLRQ� XVLQJ� WKH� VDPH� SURFHVV� ���� DQG
FRQWUROOHU�����DV�LQ�WKH�SUHYLRXV�H[DPSOH�ZDV�SHUIRUPHG��7KH�UHIHUHQFH�VLJQDO�ZDV�WDNHQ
DV����7KH�SURFHVV�ZDV�PDQXDOO\�FRQWUROOHG�LQ�WKH�SHULRG�IURP���WR���V��7KHQ�� LWV� LQSXW
ZDV�VZLWFKHG�WR�WKH�3,'�FRQWUROOHU��7KH�UHVXOWV�RI�WKH�VLPXODWLRQ�DUH�VKRZQ�LQ�)LJV����
DQG����

)URP�)LJV�����DQG�����GDVKHG�OLQHV��� LW�FDQ�EH�VHHQ� WKDW��DW� WKH� LQVWDQW�RI�VZLWFKLQJ��D
ODUJH�FKDQJH�RFFXUHG�DW�WKH�SURFHVV�LQSXW��DQG�WKLV�DOVR�FDXVHG�D�ORQJ�VHWWOLQJ�WLPH�RI�WKH
SURFHVV��7KLV�PRGH�VZLWFKLQJ�ZLWK�D�FKDQJH�DW�WKH�SODQW�LQSXW�LV�FDOOHG�EXPS�WUDQVIHU�
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)LJ�����%XPS�WUDQVIHU�IURP�PDQXDO�WR�DXWRPDWLF�PRGH
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)LJ������3URFHVV�LQSXW��XU��BB�FRQGLWLRQHG�WUDQVIHU�
���EXPS�WUDQVIHU������EXPSOHVV�WUDQVIHU

7KH� WUDQVIHU�ZKLFK�PLQLPLVHV� WKH�EXPS�DW� WKH� LQVWDQW�RI� VZLWFKLQJ� LV�FDOOHG�EXPSOHVV
WUDQVIHU� �%7��� ,Q� WKH�PDQXDO�PRGH� �XU XP��� WKH� � LQWHJUDO� � WHUP� VKRXOG� EH� NHSW� XQGHU
FRQWURO�VR�WKDW�X�LV�DV�FORVH�DV�SRVVLEOH�WR�XP�

,I� WKH�FRQWUROOHU�RXWSXW�X� LV�DGMXVWHG�VR� WKDW�DIWHU�VZLWFKLQJ� IURP�PDQXDO� WR�DXWRPDWLF
FRQWURO� WKH�SODQW� LQSXW�\� WUDFNV�WKH�UHIHUHQFH�Z�ZLWK�WKH�VDPH�G\QDPLFV�DV� WKH�FORVHG�
ORRS�VWHS�UHVSRQVH��WKHQ�WKLV�PRGH�VZLWFKLQJ�LV�FDOOHG�FRQGLWLRQHG�WUDQVIHU��3HQJ�HW�DO��
����D�E�� 9UDQþLü� DQG� 3HQJ�� ����D�� ����E�� 9UDQþLü�� ������� ,Q� RWKHU� ZRUGV�� DIWHU
VZLWFKLQJ�JRRG�WUDFNLQJ�SHUIRUPDQFH�ZLOO�EH�DVVXUHG�ZKHQ�XVLQJ�D�FRQGLWLRQHG�WUDQVIHU�
1RWH�WKDW�WKH�MXPS�LV�XVXDOO\�VPDOO�EXW�QRW�PLQLPLVHG�LQ�WKLV�FDVH��+HQURWWH��������

$V�ZLWK�WKH�DQWL�ZLQGXS�PHWKRGV��ERWK�EXPSOHVV�DQG�FRQGLWLRQHG�WUDQVIHUV�FDQ�DOVR�EH
UHDOLVHG�E\�D�FRPSHQVDWLRQ�ZKLFK�IHHGV�EDFN�X�XU�WR�WKH�LQWHJUDO�WHUP��DV�VKRZQ�LQ�)LJ�
���

7KH� UHVXOWV� RI� XVLQJ� WKH�%7� DQG�&7�PHWKRGV� DUH� VKRZQ� LQ� )LJXUHV� ��� DQG� ��� �GDVK�
GRWWHG�DQG�VROLG�OLQHV��

)RU�EXPSOHVV�DQG�FRQGLWLRQHG�WUDQVIHU��ZH�FKRRVH�)�V�=100�DQG�)�V� ��.�UHVSHFWLYHO\�
WKH�UHDVRQ�IRU�WKLV�FKRLFH�ZLOO�EH�H[SODLQHG�LQ�WKH�QH[W�VHFWLRQ�

,W�FDQ�EH�VHHQ�WKDW�EXPSOHVV�WUDQVIHU�SURGXFHV�QR�FKDQJH�DW�WKH�SURFHVV�LQSXW��XU��DW�WKH
LQVWDQW�RI�VZLWFKLQJ�IURP�PDQXDO�WR�DXWRPDWLF�PRGH��)LJ�������EXW� WKH�VHWWOLQJ�WLPH�RI
WKH�FORVHG�ORRS�UHVSRQVH�LV�UHODWLYHO\�ORQJ��)LJ������

2Q� WKH� RWKHU� KDQG�� WKH� FRQGLWLRQHG� WUDQVIHU� \LHOGV� D� VKRUW� VHWWOLQJ� WLPH� DQG� SURGXFHV
VRPH�FKDQJH�LQ�XU�ZKHQ�VZLWFKLQJ�IURP�PDQXDO�WR�DXWRPDWLF�PRGH�
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)LJ������%XPSOHVV�DQG�FRQGLWLRQHG�WUDQVIHU�IURP�PDQXDO�WR�DXWRPDWLF�PRGH

���� $�VKRUW�KLVWRU\

7KH� ZLQGXS� SKHQRPHQRQ� DQG� EXPS� WUDQVIHU� ZHUH� ILUVW� H[SHULHQFHG� LQ� DQDORJ
FRQWUROOHUV�� $� FRPPRQ� H[DPSOH� LV� D� EDWFK� SURFHVV� ZKHUH�� GXULQJ� WKH� GLVFKDUJH�
FKDUJLQJ��DQG�KHDW�XS�SDUWV�RI�WKH�F\FOH�� WKH�FRQWUROOHU�RXWSXW� LV�QRW�SHUPLWWHG�WR�GULYH
WKH� FRQWURO�YDOYH��'XH� WR� FRQWURO� HUURU�� WKH� FRQWUROOHU� FRQWLQXHV� WR� LQWHJUDWH� LWV� RXWSXW
VLJQDO�XS�DQG�GRZQ��7KH�VDPH�SKHQRPHQRQ�ZDV�DOVR�REVHUYHG�LQ�FRQWLQXRXV�SURFHVVHV
ZKHQ�WKH�SXPS�JRHV�GRZQ�DQG�WKH�EORFN�YDOYH�LV�VKXW�LQ�WKH�OLQH��HWF��7KH�LQFUHDVHG�XVH
RI�³RYHUULGH´�RU�³VHOHFWLYH´�FRQWURO�V\VWHPV��.KDQGKHULD�DQG�/X\EHQ�������� LQFUHDVHG
WKH�RFFXUUHQFH�RI� LQWHJUDO�ZLQGXS�DQG�EXPS� WUDQVIHU�SUREOHPV� VLQFH� WKH�PDQLSXODWLYH
YDULDEOH�FRXOG�EH�FRQWUROOHG�E\�RQH�RI�WKH�VHYHUDO�GLIIHUHQW�FRQWUROOHUV�DW�GLIIHUHQW�WLPHV�
7KH�FRQWUROOHUV�WKDW�DUH�QRW�LQ�XVH�ZLOO�ZLQGXS�LI�WKH\�KDYH�DQ�LQWHJUDO�DFWLRQ�

7KH� SUREOHP� FRXOG� EH� SUHYHQWHG� E\� VZLWFKLQJ� WKH� FRQWUROOHU� WR�PDQXDO�PRGH�ZKHQ� D
ZLQGXS� FRQGLWLRQ� RFFXUUV� DQG� WKHQ� VZLWFKLQJ� LW� EDFN� WR� DXWRPDWLF� PRGH� DW� WKH� ULJKW
WLPH�� 7KLV� UHTXLUV� FRQVWDQW� RSHUDWRU� DWWHQWLRQ� DQG� PLJKW� LQFUHDVH� VDIHW\� ULVNV
�.KDQGKHULD�DQG�/X\EHQ��������

7KH� ILUVW� FXUH� SURSRVHG�ZDV� WKH� ³EDWFK� FRQWUROOHU´�� D� SQHXPDWLF� FRQWUROOHU� WKDW� KDG� D
VZLWFK�ZKLFK�YHQWHG�WKH�UHVHW�EHOORZV�RI�WKH�FRQWUROOHU�ZKHQ�WKH�HUURU�VLJQDO�H[FHHGHG
VHW�OLPLWV��7KLV�SUHYHQWHG�VDWXUDWLRQ�RI�WKH�FRQWUROOHU��EXW�WKH�WUDQVLWLRQ�IURP�DXWRPDWLF
WR�PDQXDO�DQG�EDFN�DJDLQ�ZDV�QRW�EXPSOHVV�

$� PRUH� VDWLVIDFWRU\� FRQFHSW� IRU� DQDORJ� FRQWUROOHUV� ZDV� WKH� VR�FDOOHG� ³H[WHUQDO� UHVHW
IHHGEDFN´��6KLQVNH\���������6XFK�DQWL�ZLQGXS�SURWHFWLRQ�LV�VKRZQ�LQ�)LJ�����



��

)LJ������$QWL�ZLQGXS�SURWHFWLRQ�IRU�DQ�DQDORJ�FRQWUROOHU��XVLQJ�WKH�³H[WHUQDO�UHVHW
IHHGEDFN´

,I� WKH�VLJQDO� WR�WKH�DFWXDWRU��XU�� LV�IHG�EDFN� WR� WKH� UHVHW�FKDPEHU�� WKH�FRQWUROOHU�RXWSXW
FDQ�EH�H[SUHVVHG�LQ�WKH�IROORZLQJ�ZD\�
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ZKHUH�.� LV� WKH�FRQWUROOHU�SURSRUWLRQDO�JDLQ��DQG�7L� LV� WKH�LQWHJUDO� WLPH�FRQVWDQW��ZKLFK
FDQ�EH�DGMXVWHG�E\�WKH�YDOYH��VHH�)LJ������

:KHQ� WKH� FRQWUROOHU� RXWSXW� LV� RYHUULGGHQ� E\� DQRWKHU� VLJQDO� �XP��� WKHUH� LV� QR� SRVLWLYH
IHHGEDFN�DQG�QR�LQWHJUDWLRQ��7KH�WUDQVIHU�IURP�³RYHUULGH´�WR�WKH�FORVHG�ORRS�FRQWURO�ZDV
FODLPHG�WR�EH�EXPSOHVV��.KDQGKHULD�DQG�/X\EHQ��������

7KH�PHWKRG�VKRXOG�ZRUN�TXLWH�ZHOO�IRU�³RYHUULGH´�RU�³VHOHFWLYH´�FRQWURO��EXW�SUREDEO\
KDG� VHYHUDO� GUDZEDFNV� LQ� WKH� FODVVLFDO� DQWL�ZLQGXS� SURWHFWLRQ�� EHFDXVH� LW� ZDV� QRW� VR
HDV\�WR�EXLOG�XS�WKH�SQHXPDWLF�OLPLWHU��ZKLFK�ZRXOG�EH�SODFHG�LQVWHDG�RI�WKH�³RYHUULGH´
VHOHFWRU� /6� LQ� )LJ�� ���� $V� ZLOO� EH� RXWOLQHG� ODWHU�� WKH� FRQFHSW� JLYHQ� E\� )LJ�� ��� DQG
H[SUHVVLRQ� ���� LV� WKH� VDPH� DV� REWDLQHG� E\� XVLQJ� WKH� FRQGLWLRQLQJ� WHFKQLTXH� RQ� WKH� 3,
FRQWUROOHU��+DQXV��������

7KH� VR�FDOOHG� ³WUDFNLQJ� DOJRULWKP´� LV� LQ� IDFW� D� GLJLWDO� UHDOLVDWLRQ� RI� WKH� DQDORJ� ³EDWFK
FRQWUROOHU´�

6KLQVNH\��������SURSRVHG�WKH�PRGLILFDWLRQ�RI� WKH�³H[WHUQDO�UHVHW�IHHGEDFN´�DOJRULWKP�
NQRZQ�DV� WKH� ³EDWFK�XQLW´�� ,Q� IDFW�� WKH� VROXWLRQ� KH� SURSRVHG� LV� VLPLODU� WR� WKH� FRQFHSW
ZKLFK�ZDV�ODWHU�REWDLQHG�E\�XVLQJ�WKH�LQFUHPHQWDO�DOJRULWKP�LQ�GLJLWDO�FRQWUROOHUV��UHDO
EXPSOHVV�WUDQVIHU�IURP�PDQXDO�WR�DXWRPDWLF�PRGH��
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+RZHYHU�� WKH� ILUVW� FRQWUROOHUV� ZKLFK� LQFOXGHG� EXPSOHVV� WUDQVIHU� ZHUH� PDGH� E\� WKH
%DLOH\� 0HWHU� &R�� LQ� ����� IRU� VROLG�VWDWH� FRQWUROOHUV� �XVLQJ� WUDQVLVWRUV� DQG� PDJQHWLF
DPSOLILHUV�� �0RUULV�� ������ DQG� E\�0RRUH� 3URGXFWV� LQ� ����� IRU� SQHXPDWLF� FRQWUROOHUV
�%DEE��������

7KH�ZLQGXS�SUREOHP�EHFDPH�PRUH�VHYHUH�ZKHQ�GLUHFW�GLJLWDO�FRQWURO��''&��DOJRULWKPV
VWDUWHG� WR� UHSODFH� DQDORJ� RQHV�� 7KH� LQWHJUDO� WHUP� LQ� VXFK� DOJRULWKPV� FDQ� LQFUHDVH� WR
PXFK� KLJKHU� YDOXHV� WKDQ� LQ� DQDORJ� FRQWUROOHUV�� 0RUHRYHU�� WKH� GHVLJQHUV� RI� ''&
DOJRULWKPV� RIWHQ� KDG� OLPLWHG� H[SHULHQFH� LQ� GHVLJQLQJ� DQDORJ� FRQWUROOHUV� DQG� WKHUHIRUH
WKH\�ZHUH�QRW�DZDUH�RI�ZLQGXS�SUREOHPV�

7KH\�RIWHQ�VLPSO\�OLPLWHG�WKH�FRQWUROOHU�RXWSXW�VLJQDO��EXW�WKLV�GLG�QRW�HOLPLQDWH�ZLQGXS
�.KDQGKHULD�DQG�/X\EHQ��������

7KH�HDUOLHVW�DWWHPSW� WR�RYHUFRPH�WKH�ZLQGXS�SUREOHP�LQ�GLVFUHWH� WLPH�3,'�FRQWUROOHUV
DSSHDUV�WR�EH�WKH�ZRUN�GRQH�E\�)HUWLN�DQG�5RVV���������7KH�ZLQGXS�SKHQRPHQRQ�ZDV
H[SODLQHG�DV�WKH�³LPSURSHU�VWRUDJH�RU�ORVV�RI�FRQWURO�LQIRUPDWLRQ�GXH�WR�FRQVWUDLQWV�RQ
WKH�FRQWUROOHU�RXWSXW´��7KH\�GLYLGHG�WKH�FRQWUROOHU�ZLQGXS�SKHQRPHQRQ�LQWR�WKUHH�IRUPV
RI�ZLQGXS��LQWHJUDO�ZLQGXS��SURSRUWLRQDO�ZLQGXS��DQG�GHULYDWLYH�ZLQGXS��,W�ZDV�FODLPHG
WKDW� WKH� GHVLJQ� RI� D� ³QR�ZLQGXS´� FRQWUROOHU� LV� QRW� D� VWUDLJKWIRUZDUG� WDVN� VLQFH� WKH
VROXWLRQ� GHSHQGV� XSRQ� WKH� FRQWUROOHU� FRQILJXUDWLRQ� DQG� DSSOLFDWLRQ�� EHFDXVH
³FRPSHQVDWLQJ�IRU�RQH�ZLQGXS�SUREOHP�PD\�OHDG�WR�DQRWKHU�IRUPV�RI�ZLQGXS´�

7KH\� FRQFOXGHG� WKDW� WKH� XVH� RI� YHORFLW\� �LQFUHPHQWDO�� DOJRULWKP� LQ� ''&� DOJRULWKPV
DYRLGV� WKH� LQWHJUDO� ZLQGXS� SUREOHP�� EXW� WKLV� IRUP� RI� 3,'� FRQWUROOHU� LPSOHPHQWDWLRQ
VXIIHUV� IURP�SURSRUWLRQDO�ZLQGXS�� ,Q�RUGHU� WR�RYHUFRPH� WKLV�SUREOHP�� WKH\� LQWURGXFHG
WKH� VR�FDOOHG� ³EDFN� FDOFXODWLRQ� PHWKRG´�� 7KH� PDLQ� SULQFLSOH� ZDV� WR� FDOFXODWH� DQ
³HIIHFWLYH� HUURU´� HQ� WKDW� WKH� DFWXDWRU� FDQ� IROORZ�� ZKHQHYHU� WKH� FKDQJH� RI� WKH� 3,
FRQWUROOHU�DFWLRQ�LV�KLJKHU�WKDQ�SHUPLWWHG�E\�WKH�DFWXDWRU�FRQVWUDLQWV�
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ZKHUH�D8PD[� LV� WKH�PD[LPXP� FKDQJH� RI� FRQWUROOHU� DFWLRQ� �X�� EHWZHHQ� WZR� VDPSOLQJ
LQWHUYDOV��.�LV�WKH�SURSRUWLRQDO�JDLQ��7L�LV�WKH�LQWHJUDO�WLPH�FRQVWDQW��76�LV�WKH�VDPSOLQJ
WLPH��DQG�HQ���LV�WKH�SUHYLRXV�³HIIHFWLYH�HUURU´�YDOXH��7KH�³HIIHFWLYH�HUURU´�ZDV�WKHQ�XVHG
LQ�WKH�FRQWURO�DOJRULWKP�LQVWHDG�RI�WKH�UHDO�RQH�

,W�ZDV�DOVR�VWDWHG�WKDW�WKH�WHVW�UHVXOWV�IRU�YDULRXV�RWKHU�QR�ZLQGXS��DQWL�ZLQGXS��VFKHPHV
FRXOG�EH�PLVOHDGLQJ�VLQFH�WKH�UHVXOWV�GHSHQGHG�RQ�WKH�GHJUHH�RI�YHORFLW\�OLPLWDWLRQ��WKH
G\QDPLFV� RI� WKH� SURFHVV� DQG� WKH� WXQLQJ� FULWHULD� IRU� WKH� 3,� FRQWUROOHU�� +RZHYHU�� WKH
DXWKRUV�FODLPHG�WKDW�WKH�EDFN�FDOFXODWLRQ�WHFKQLTXH�JDYH�D�VXSHULRU�SHUIRUPDQFH�XQGHU�D
ZLGH�YDULHW\�RI�WHVW�FRQGLWLRQV�IRU�3,�FRQWUROOHUV��$V�ZLOO�EH�VKRZQ�ODWHU��WKH�PHWKRG�ZDV
XVHG� DV� WKH� EDVLV� IRU� D� PRUH� JHQHUDO� DQWL�ZLQGXS� PHWKRG� FDOOHG� WKH� FRQGLWLRQLQJ
WHFKQLTXH��+DQXV��������
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:KHQ�XVLQJ�WKH�3,'�FRQWUROOHU��WKH�DXWKRUV�REVHUYHG�D�GUDZEDFN�RI�WKH�EDFN�FDOFXODWLRQ
PHWKRG� �DGGLWLRQDOO\� PRGLILHG� IRU� WKH� '�SDUW� RI� WKH� FRQWUROOHU��� EHFDXVH� WKH� EDFN
FDOFXODWLRQ�UHVXOWHG�LQ�D�GHOD\HG�GHULYDWLYH�DFWLRQ�ZKLFK�VRPHWLPHV�FDXVHG�DQ�RYHUVKRRW
RI� WKH�FRQWUROOHG�YDULDEOH��7KH� LQWHJUDO�ZLQGXS� IRU� D�3,'�FRQWUROOHU�ZDV�SUHYHQWHG�E\
LJQRULQJ�WKH�LQWHJUDO�DFWLRQ�ZKHQ�LW�ZDV�WKH�VDPH�VLJQ�DV�WKH�GHVLUHG�RXWSXW�

$IWHU�)HUWLN�DQG�5RVV¶�SDSHU��WKH�QH[W�FRQWULEXWLRQ�ZDV�D�SDSHU�ZULWWHQ�E\�.UDPHU�DQG
-HQNLQV� �������� 7KH\� GHULYHG� WKH� DOJRULWKP�ZKLFK�PLQLPLVHG� WKH� GLVUXSWLYH� HIIHFW� RI
FHUWDLQ�W\SHV�RQ�QRQOLQHDULWLHV�VR�DV� WR�HOLPLQDWH�ZLQGXS��7KHLU�DSSURDFK�GHSHQGHG�RQ
WKH� W\SH�RI�VDWXUDWLRQ��KDUG�RU� UDWH� OLPLW��� ,Q�VKRUW�� WKHLU�DSSURDFK�ZDV�VXFK� WKDW� LI� WKH
DFWXDWRU� LV� VDWXUDWHG�� WKH� FRQWUROOHU� RSHUDWLRQ� LV� VXVSHQGHG�� NHHSLQJ� WKH� DFWXDWRU� LQ
VDWXUDWLRQ�XQWLO�WKH�HUURU�UHDFKHV�D�YDOXH�WKDW�ZRXOG�JLYH�GHVDWXUDWHG�FRQWURO��:KHQ�WKH
DFWXDWRU�GHVDWXUDWHV�� WKH� OLQHDU� FRQWUROOHU� LV�RSWLPDOO\� UHLQLWLDOLVHG�� ,Q� WKH� FDVH�ZKHQ�D
UDWH�OLPLW�RFFXUV��WKH�DOJRULWKP�DFFHSWV�WKH�SURFHVV�VWDWH�DW�WKH�WLPH�RI�WKH�GHVDWXUDWLRQ�
DQG� LI� KDUG� OLPLW� LV� KLW�� WKH� VWDWHV� DUH� FRQVWUDLQHG� VR� WKDW� WKH� DFWXDWRU� GHVDWXUDWHV
VPRRWKO\��X 8PD[�RU�8PLQ���,Q�D�IHZ�H[SHULPHQWV�WKH\�VKRZHG�WKDW�WKHLU�DSSURDFK�JDYH
EHWWHU�UHVXOWV�WKDQ�ZKHQ�XVLQJ�WKH�EDFN�FDOFXODWLRQ�PHWKRG�SURSRVHG�E\�)HUWLN�DQG�5RVV
�������

7KH� QH[W� FRQWULEXWLRQ� WR� WKH� ILHOG� RI� DQWL�ZLQGXS� ZDV� WKH� SDSHU� RI� .KDQGKHULD� DQG
/X\EHQ� �������� ZKHUH� WKH\� ILUVWO\� GHVFULEHG� WKH� IRXU� H[LVWLQJ� DQWL�ZLQGXS� PHWKRGV
�OLPLWLQJ��IUHH]H�DQG�WUDFNLQJ�DOJRULWKPV���7KH\�ZHUH�SDUWLFXODUO\�LQWHUHVWHG�LQ�WKH�DQWL�
ZLQGXS�SURWHFWLRQ�IRU�WKH�FDVFDGH�V\VWHP��7KHLU�SURSRVLWLRQ�IRU�FDVFDGH�V\VWHPV�ZDV�D
PRGLILHG�IUHH]H�DOJRULWKP�ZKLFK�ZDV�EDVLFDOO\�D�FRPELQDWLRQ�RI�WKH�³EDWFK�FRQWUROOHU´
DQG� WKH�³H[WHUQDO� UHVHW� IHHGEDFN´��$OO� WKH�DOJRULWKPV�ZHUH� WHVWHG�RQ�D�PHWKDQRO�ZDWHU
GLVWLOODWLRQ�FROXPQ�

7KH� QH[W� VLJQLILFDQW� FRQWULEXWLRQ� WR� WKH� ILHOG�ZDV�PDGH� LQ� ������ZKHQ�+DQXV� ������
SURSRVHG� DQ� DQWL�ZLQGXS� WHFKQLTXH� IRU� 6,62� FRQWUROOHUV�� QDPHO\� WKH� ³FRQGLWLRQLQJ
WHFKQLTXH´�� 7KH� WHFKQLTXH� LV� EDVHG� RQ� WKH� LGHD� RI� )HUWLN� DQG� 5RVV� �������� EXW� LV
H[WHQGHG�WR�WKH�VWDWH�VSDFH�DQG�FRQWUROOHUV�JLYHQ�LQ�WKH�SRO\QRPLDO�IRUP��7KH�WHFKQLTXH
LV�EDVHG�RQ�XVLQJ�WKH�UHDOLVDEOH�UHIHUHQFH��IROORZLQJ�)HUWLN�DQG�5RVV��LW�ZRXOG�EH�FDOOHG
³HIIHFWLYH�UHIHUHQFH´�� LQVWHDG�RI� WKH�DFWXDO�RQH�IRU�FKDQJLQJ� WKH�FRQWUROOHU� VWDWHV��7KH
FRQGLWLRQLQJ� WHFKQLTXH� JLYHV� WKH� VDPH� DQWL�ZLQGXS� SURWHFWLRQ� IRU� D� 3,� FRQWUROOHU� WKDW
ZDV�REWDLQHG�E\�XVLQJ�WKH�³H[WHUQDO�UHVHW�IHHGEDFN´�LQ�SQHXPDWLF�FRQWUROOHUV��6KLQVNH\�
������RU�XVLQJ� WKH� ³EDFN�FDOFXODWLRQ�PHWKRG´�SURSRVHG�E\�)HUWLN� DQG�5RVV� �������� ,W
VKRXOG� EH� SRLQWHG� RXW� WKDW� WKH� FRQGLWLRQLQJ� WHFKQLTXH� QHLWKHU� GHSHQGV� RQ� WKH� SURFHVV
PRGHO�QRU�WKH�W\SH�RI�WKH�QRQOLQHDULW\��FRQVWUDLQWV��

$�JHQHUDO�DSSURDFK��ZKHUHE\�DQ�REVHUYHU� LV� LQWURGXFHG� LQWR� WKH�FRQWUROOHU� VWUXFWXUH� LQ
RUGHU� WR� SUHYHQW� ZLQGXS�� ZDV� SURSRVHG� E\�ÇVWU|P� DQG�:LWWHQPDUN� �������� ,W� RIIHUV
VRPH�WXQHDEOH�SDUDPHWHUV�ZKLFK�FDQ�EH�XVHG�LQ�RUGHU�WR�DFKLHYH�GHVLUHG�FRQWUROOHU�DQWL�
ZLQGXS�SHUIRUPDQFH�

,Q�WKH�VDPH�GHFDGH��D�FRQVLGHUDEOH�QXPEHU�RI�SDSHUV�ZHUH�SXEOLVKHG��FRQFHUQLQJ�DQWL�
ZLQGXS� SURWHFWLRQ�� .ULNHOLV� ������� LQWURGXFHG� WKH� ³LQWHOOLJHQW� LQWHJUDWRU´�� DV� DQ� DQWL�
ZLQGXS�SURWHFWLRQ��VHH�DOVR�=XSDQþLþ���������,W�FDQ�EH�YLHZHG�DV�WKH�PRGLILFDWLRQ�RI�WKH
³IUHH]H´� DOJRULWKPV� WHVWHG� E\�.KDQGKHULD� DQG�/X\EHQ� ��������ZKHUH� LQ� WKH� HYHQW� WKH
FRQWURO�HUURU�H[FHHGV�FHUWDLQ�OLPLWV��WKH�LQWHJUDWLRQ�LV�PHUHO\�EUDNHG�DQG�QRW�FRPSOHWHO\
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VWRSSHG��IUR]HQ���'DYLGVRQ��������SURSRVHG�IUHH]LQJ�WKH�LQWHJUDO�WHUP�LQ�WKH�FRQWUROOHU
ZKHQ�WKH�VHW�SRLQW�LV�FKDQJHG��XQWLO�WKH�QHZ�VHW�SRLQW�LV�QHDUHG�LQ�RUGHU�WR�SUHYHQW�UHVHW
ZLQGXS��6RPH�VWDELOLW\�LVVXHV�RI�FRQVWUDLQHG�V\VWHPV�ZHUH�FDUULHG�RXW�E\�*ODWWIHOGHU�DQG
6FKDXIHOEHUJHU���������+DQXV�HW�DO���������DOVR�H[WHQGHG�WKH�FRQGLWLRQLQJ�WHFKQLTXH�WR
PXOWLYDULDEOH�V\VWHPV�DQG�FRPSOH[�FRQWURO�VWUXFWXUHV�

2YHU�WKH�ODVW�GHFDGH��HYHQ�PRUH�DWWHQWLRQ�KDV�EHHQ�SDLG�WR�WKH�ZLQGXS�SUREOHP��&DPSR
DQG�0RUDUL� ������� VXJJHVWHG� WKH� VR�FDOOHG� ³GLUHFWLRQ�SUHVHUYLQJ´� PHWKRG� IRU� 0,02
V\VWHPV�LQ�RUGHU�WR�SUHYHQW�WKH�³GHDGORFN�VLWXDWLRQ´�ZKLFK�FDQ�RFFXU�LQ�QRQ�GLDJRQDOO\
GRPLQDQW�V\VWHPV�ZKHQ�RQH�RU�PRUH�FRQWUROOHU�RXWSXWV�DUH�VDWXUDWHG��5XQGTZLVW�������
VWXGLHG� WKH� SHUIRUPDQFH� RI� VHYHUDO� 6,62� DQWL�ZLQGXS� PHWKRGV� IRU� GLVWXUEDQFHV� DQG
VKRZHG�WKDW�WKH�RSWLPDO�WXQLQJ�RI�WKH�DQWL�ZLQGXS�FRPSHQVDWRU�IRU�GLVWXUEDQFHV�GLIIHUV
IURP�RQH�REWDLQHG�E\�WKH�UHIHUHQFH�FKDQJH��+DQXV�DQG�3HQJ��������������H[WHQGHG�WKH
XVH� RI� WKH� FRQGLWLRQLQJ� WHFKQLTXH� DOVR� IRU� FRQWUROOHUV� ZLWK� QRQPLQLPXP� SKDVH� ]HURV
DQG�RU�VLQJXODU�IHHG�WKURXJK�FRQWUROOHU�PDWUL[�'��:DOJDPD�HW�DO���������JHQHUDOLVHG�WKH
FRQGLWLRQLQJ�WHFKQLTXH�E\�SURSRVLQJ�DGGLWLRQDO�ILOWHULQJ�RI�WKH�VHW�SRLQW�VLJQDO��+DQVVRQ
HW� DO�� ������� VXJJHVWHG� D� IX]]\� DSSURDFK� LQ� GHVLJQLQJ� DQ� DQWL�ZLQGXS� FRPSHQVDWRU�
ZKLFK� VKRZHG� LPSURYHG� UHVXOWV� LQ� WHVWHG� QRQOLQHDU� SODQWV�� 3DUN� DQG� &KRL� ������
SURSRVHG� D� G\QDPLF� DQWL�ZLQGXS� IHHGEDFN� LQVWHDG� RI� D� VWDWLF� RQH� WKDW� PLQLPLVHV� D
UHDVRQDEOH� SHUIRUPDQFH� LQGH[�� 5|QQElFN� ������� SURSRVHG� D� FKDQJH� RI� FRQWUROOHU
SDUDPHWHUV�ZKHQ�WKH�V\VWHP�LV�VDWXUDWHG��VR�DV�WR�DFKLHYH�LPSURYHG�SHUIRUPDQFH�ZKHQ
WKH�FRQWURO�VLJQDO�LV�FORVH�WR�VDWXUDWLRQ�LQ�WKH�VWHDG\�VWDWH��:XUPWKDOHU�DQG�+LSSH�������
������LQWURGXFHG�WKH�³SKDVH�FULWHULRQ´��ZKLFK��E\�XVLQJ�WKH�DSSURSULDWH�REVHUYHU�SROHV�
JXDUDQWHHV�WKH�VWDEOH�EHKDYLRXU�RI�WKH�OLPLWHG�FORVHG�ORRS�V\VWHP��7KH\�DOVR�GLVWLQJXLVK
EHWZHHQ�WKH�³FRQWUROOHU�ZLQGXS´�DQG�³SODQW�ZLQGXS´�

6RPH� JRRG� VXUYH\� SDSHUV� FRQFHUQLQJ� DQWL�ZLQGXS� WHFKQLTXHV�� DPRQJVW� RWKHUV�� KDYH
EHHQ�JLYHQ�E\�+DQXV���������:DOJDPD�DQG�6WHUQE\���������0RUDUL���������.RWKDUH�HW
DO����������DQG�(GZDUGV�DQG�3RVWOHWKZDLWH��������

6HYHUDO�SUDFWLFDO�DVSHFWV�RI�XVLQJ�DQWL�ZLQGXS�SURWHFWLRQ�DUH�JLYHQ�E\�+HQURWWH��������
DQG�9UDQþLü�DQG�3HQJ������E��������
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��� 5HYLHZ�DQG�FRPSDULVRQ
RI�VRPH�H[LVWLQJ�DQWL�
ZLQGXS�DOJRULWKPV

���� $QWL�ZLQGXS�VFKHPHV

$V� LQ� WKH� SUHYLRXV� FKDSWHU�� DQ� DQWL�ZLQGXS� FRPSHQVDWRU� FDQ� EH� VLPLODUO\� DGGHG� WR
VHYHUDO�RWKHU� W\SHV�RI�FRQWUROOHUV��)LJ�����DQG�H[SUHVVLRQ������SURYLGH�WKH�DQWL�ZLQGXS
FRPSHQVDWLRQ�IRU�WKH�JHQHUDOLVHG�3,'�FRQWUROOHU��,W�LV�FOHDU�WKDW�WKH�SURWHFWLRQ�LV�VLPLODU
WR�WKDW�JLYHQ�E\�)LJ�����WKH�3,'�FRQWUROOHU���1RWH�WKDW�WKH�WHUP�³3,'�FRQWUROOHU´�ZLOO�EH
XVHG� IRU� D� VSHFLDO� FDVH� RI� WKH� JHQHUDOLVHG�3,'� FRQWUROOHU�ZKHQ�XVLQJ� SDUDPHWHUV�b ��
DQG�g ��
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)LJ������/LPLWHG�FORVHG�ORRS�V\VWHP�ZLWK�$:�IRU�WKH�JHQHUDOLVHG�3,'�FRQWUROOHU
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)LJ�����DQG�H[SUHVVLRQ������JLYH�WKH�DQWL�ZLQGXS�UHDOLVDWLRQ�IRU�D�FRQWUROOHU�JLYHQ�LQ�WKH
SRO\QRPLDO� IRUP��DQG�)LJ�����DQG�H[SUHVVLRQ������JLYH� WKH�DQWL�ZLQGXS� UHDOLVDWLRQ� IRU
FRQWUROOHUV�JLYHQ�LQ�WKH�VWDWH�VSDFH�IRUP�

)LJ������/LPLWHG�FORVHG�ORRS�V\VWHP�ZLWK�$:�IRU�WKH�FRQWUROOHU�JLYHQ�LQ�WKH�SRO\QRPLDO
IRUP
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)LJ������/LPLWHG�FORVHG�ORRS�V\VWHP�ZLWK�$:�IRU�WKH�FRQWUROOHU�JLYHQ�LQ�VWDWH�VSDFH�IRUP
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������ 2EVHUYHU�DSSURDFK

7KLV�$:�DSSURDFK�ZDV�ILUVW�SUHVHQWHG�LQ�ÇVWU|P�DQG�:LWWHQPDUN���������

7KH�LQWHUSUHWDWLRQ�RI�WKH�ZLQGXS�SKHQRPHQRQ�LV�WKDW�WKH�VWDWHV�RI�WKH�FRQWUROOHU�GR�QRW
FRUUHVSRQG�WR�WKH�FRQWURO�VLJQDO�EHLQJ�IHG�WR�WKH�SURFHVV��ÇVWU|P�DQG�5XQGTZLVW�������
ÇVWU|P� DQG�:LWWHQPDUN�� ������ 5XQGTZLVW�� ������� ,Q� RUGHU� WR� FRUUHFWO\� HVWLPDWH� WKH
VWDWHV�ZKHQ�XUºX��DQ�REVHUYHU�LV�LQWURGXFHG�

)RU� WKH� 3,'� FRQWUROOHU� �b ��� g ���� WKH� FRUUHFWLRQ� RI� WKH� VWDWH� LV� SURSRUWLRQDO� WR� WKH
GLIIHUHQFH�EHWZHHQ�X�DQG�XU�WKURXJK�D�VWDWLF�JDLQ�/��3HQJ�DW�DO�������D�E���7KH�VROXWLRQ
FRUUHVSRQGV�WR�WKH�DQWL�ZLQGXS�SURWHFWLRQ�JLYHQ�LQ�)LJ����E\�VXEVWLWXWLQJ

( )) V /= �� ����

7KH�DQWL�ZLQGXS�FRPSHQVDWLRQ�IRU�WKH�FRQWUROOHU�JLYHQ�LQ�WKH�SRO\QRPLDO�IRUP��)LJ�����
FDQ�EH�UHSUHVHQWHG�E\�WKH�PRGLILHG�VFKHPH�JLYHQ�E\�)LJ������ZKHUH�WKH�WUDQVIHU�IXQFWLRQ
$��V��GHQRWHV�WKH�REVHUYHU�SRO\QRPLDO�



��

)LJ������$QWL�ZLQGXS�SURWHFWLRQ�IRU�WKH�FRQWUROOHU�JLYHQ
LQ�WKH�SRO\QRPLDO�IRUP�XVLQJ�WKH�REVHUYHU�DSSURDFK

6RPH�RWKHU�IRUPV�RI�REVHUYHU�EDVHG�DQWL�ZLQGXS�VFKHPHV�IRU�WKH�FRQWUROOHU�JLYHQ�LQ�WKH
SRO\QRPLDO� IRUP� DUH� JLYHQ� LQ�+DQXV� �������� DQG�:XUPWKDOHU� DQG�+LSSH� �������� 7KH
VWDWH�VSDFH�UHDOLVDWLRQ�RI�WKH�REVHUYHU�DSSURDFK�FDQ�EH�IRXQG��DPRQJVW�RWKHUV��LQ�+DQXV
��������ÇVWU|P�DQG�5XQGTZLVW���������DQG�:DOJDPD�DQG�6WHUQE\��������

������ 7KH�FRQGLWLRQLQJ�WHFKQLTXH

7KLV�$:�DSSURDFK�ZDV� ILUVW� SUHVHQWHG� LQ�+DQXV�� ������� DV� DQ� H[WHQVLRQ� RI� WKH� EDFN
FDOFXODWLRQ�PHWKRG�IRU�GLJLWDO�FRQWUROOHUV�SURSRVHG�E\�)HUWLN�DQG�5RVV����������DQG�WKH
H[WHUQDO�UHVHW�IHHGEDFN�PHWKRG�IRU�DQDORJ�FRQWUROOHUV�JLYHQ�LQ�6KLQVNH\���������

7KH� DQWL�ZLQGXS� SURWHFWLRQ� IRU� WKH� 3,'� FRQWUROOHU� LV� UHDOLVHG� E\� WKH� VDPH� VFKHPH� DV
JLYHQ�LQ�)LJ����E\�VXEVWLWXWLQJ
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1RWH�WKDW�)�V�� LV� UHGXFHG� WR�D�VWDWLF�JDLQ� LI� WKH�GHULYDWLYH� WHUP�RI� WKH�FRQWUROOHU� LV�QRW
FRQQHFWHG�WR�WKH�UHIHUHQFH��g ���
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6LPLODUO\��ZKHQ� DSSO\LQJ� WKH� FRQGLWLRQLQJ� WHFKQLTXH� WR� WKH�3,� FRQWUROOHU� �E\� DSSO\LQJ
b ���DQG�7G ��WR�)LJ����DQG�H[SUHVVLRQ��������WKH�FRQWUROOHU�RXWSXW�EHFRPHV�

( )8 . : <
8
V7

U

L

= - +
+�

�� ����

1RWH� WKDW� H[SUHVVLRQ� ����� LV� WKH� VDPH� DV� WKDW� REWDLQHG� XVLQJ� WKH� ³H[WHUQDO� UHVHW
IHHGEDFN´�DQWL�ZLQGXS�SURWHFWLRQ�IRU�DQ�DQDORJ�3,�FRQWUROOHU�JLYHQ�E\�6KLQVNH\�������
�VHH�)LJ�����DQG�H[SUHVVLRQ������

7KH�DQWL�ZLQGXS�SURWHFWLRQ�IRU�FRQWUROOHUV�JLYHQ�LQ�WKH�SRO\QRPLDO�IRUP�������VHH�)LJ�
�����XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH��LV�WKH�IROORZLQJ��VHH�3HQJ���������DQG�9UDQþLü�HW
DO�������E��
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6LPLODUO\�� WKH�DQWL�ZLQGXS�SURWHFWLRQ�IRU�FRQWUROOHUV�JLYHQ� LQ� WKH�³REVHUYHU´� IRUP��VHH
)LJ������FDQ�EH�DFKLHYHG�E\�VXEVWLWXWLQJ
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7KH�DQWL�ZLQGXS�SURWHFWLRQ�IRU�WKH�VWDWH�VSDFH�FRQWUROOHU�������VHH�)LJ�������ZKHQ�XVLQJ
WKH�FRQGLWLRQLQJ�WHFKQLTXH��LV�WKH�IROORZLQJ�
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6RPH�H[WHQVLRQV�DQG�WHVWLQJV�RI�WKH�FRQGLWLRQLQJ�WHFKQLTXH�DUH�JLYHQ�LQ�+DQXV�DQG�3HQJ
������� ������� 3HQJ� �������� 3HQJ� HW� DO�� �����D�E��� 3XãQLN� HW� DO�� ��������9UDQþLü� HW� DO�
�����E���DQG�:DOJDPD�HW�DO���������

������ ,QFUHPHQWDO�DOJRULWKP

7KH�LQFUHPHQWDO�DOJRULWKP�LV�YHU\�RIWHQ�XVHG�WR�SUHYHQW�ZLQGXS�SKHQRPHQD�LQ�SUDFWLFH
�ÇVWU|P�DQG�5XQGTZLVW��������+DQXV��������+\GH�DQG�*ORYHU��������9DQGHQEXVVFKH�
�������,W�LV�DOVR�D�UHODWLYHO\�VLPSOH�PHWKRG�WR�EH�LQFRUSRUDWHG�LQ�D�GLJLWDO�FRQWUROOHU��)LJ�
��� VKRZV� D� W\SLFDO� GLVFUHWH�WLPH� LPSOHPHQWDWLRQ� RI� WKH� 3,'� FRQWUROOHU�� 6RPH� RWKHU
LQFUHPHQWDO�IRUPV�DUH�DOVR�JLYHQ�E\�:DOJDPD�DQG�6WHUQE\��������

,W�FDQ�EH�VKRZQ��3HQJ�HW�DO�������D�E�� WKDW� WKH�FRQWLQXRXV�WLPH� LPSOHPHQWDWLRQ�RI� WKH
LQFUHPHQWDO�DOJRULWKP�FDQ�EH�UHSUHVHQWHG�DV�D�VSHFLDO�FDVH�RI�WKH�DQWL�ZLQGXS�SURWHFWLRQ
JLYHQ�LQ�)LJ����E\�DSSO\LQJ�VWURQJ�DQWL�ZLQGXS�FRPSHQVDWLRQ�

( )) V �¹ �� ����

)URP� H[SUHVVLRQ� ����� DQG� )LJ�� �� LW� LV� REYLRXV� WKDW� GXH� WR� D� KLJK� JDLQ� RI� )�V��� WKH
FRQWUROOHU�RXWSXW��X��WLJKWO\�IROORZV�WKH�SURFHVV�LQSXW��XU��ZKHQ�D�V\VWHP�LV�VDWXUDWHG�

)LJ������,QFUHPHQWDO�DOJRULWKP��GLVFUHWH�WLPH�LPSOHPHQWDWLRQ�ZLWK�VDPSOLQJ�WLPH�76�
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2QH�RI�WKH�JHQHUDO�LQFUHPHQWDO�IRUPV�IRU�WKH�FRQWUROOHU�JLYHQ�LQ�WKH�SRO\QRPLDO�IRUP�LV
JLYHQ�E\�:DOJDPD�DQG�6WHUQE\��������
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,W� FDQ� EH� VHHQ� IURP� H[SUHVVLRQ� ����� WKDW� WKH� FRQWUROOHU� RXWSXW� �X�� WLJKWO\� IROORZV� WKH
SURFHVV�LQSXW��XU��H[FHSW�DW�WKH�LQVWDQW�ZKHQ�WKH�UHIHUHQFH�FKDQJHV�

%HVLGHV� WKH� DQWL�ZLQGXS� SURWHFWLRQ� PHWKRGV� SUHVHQWHG�� RWKHU� PHWKRGV� DOVR� H[LVW� OLNH
FRQGLWLRQDO�LQWHJUDWLRQ�PHWKRGV��5XQGTZLVW��������3HQJ�HW�DO�������D�E��RU�PRGHO�EDVHG
PHWKRGV��+DQXV��������:DOJDPD�DQG�6WHUQE\��������(GZDUGV�DQG�3RVWOHWKZDLWH��������
+RZHYHU��WKHVH�PHWKRGV�ZLOO�QRW�EH�FRQVLGHUHG�LQ�WKLV�WKHVLV�

���� &RPSDUDWLYH�VWXG\

7KH�DQWL�ZLQGXS�VFKHPHV�SUHVHQWHG�FDQ�EH�FRPSDUHG�XVLQJ�GLIIHUHQW�FULWHULD��+RZHYHU�
LW�ZLOO� EH� VKRZQ� WKDW�PRVW� RI� WKHP� DUH� QRW� DGHTXDWH� IRU� FRPSDULQJ� V\VWHP� UHVSRQVHV
XQGHU�OLPLWDWLRQV�

������ &ODVVLFDO�FRPSDULVRQ�FULWHULD

7KH�PRVW�SRSXODU�FRPSDULVRQV�DUH�EDVHG�RQ�WKH�IROORZLQJ�FULWHULD�

�� SURFHVV�RYHUVKRRW�

�� SURFHVV�VHWWOLQJ�WLPH�

�� LQWHJUDO�DEVROXWH�HUURU��,$(���LQWHJUDO�VTXDUHG�HUURU��,6(���HWF�

3URFHVV�RYHUVKRRW�LV�WKH�PRVW�SRSXODU�FULWHULRQ�ZKHQ�FRPSDULQJ�WKH�SURFHVV�UHVSRQVHV
RI�GLIIHUHQW�DQWL�ZLQGXS�VFKHPHV��2QH�RI�WKH�PRVW�XQGHVLUHG�HIIHFWV�FDXVHG�E\�ZLQGXS
LV� H[FHVVLYH� RYHUVKRRW�� :KHQ� DSSO\LQJ� WKH� DSSURSULDWH� DQWL�ZLQGXS� SURWHFWLRQ� WR� D
OLPLWHG�V\VWHP��WKH�RYHUVKRRW�LV�XVXDOO\�UHGXFHG��+RZHYHU��WKLV�LV�RQO\�RQH�RI�WKH�UHVXOWV
RI�XVLQJ�WKH�DSSURSULDWH�DQWL�ZLQGXS�SURWHFWLRQ�DQG�LV�QRW�LWV�SULPDU\�JRDO��7KH�JRDO�LV
WR� UHGXFH� FRQWUROOHU� ZLQGXS� �LQ� RUGHU� WR� SURSHUO\� XSGDWH� WKH� FRQWUROOHU� VWDWHV��� 7KH
TXHVWLRQ�LV�KRZ�KLJK�DQ�RYHUVKRRW��ZKHQ�XVLQJ�WKH�SURSHU�DQWL�ZLQGXS�V\VWHP��VKRXOG
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EH�REWDLQHG"�:H�EHOLHYH�WKDW�WKH�VPDOOHVW�SRVVLEOH�RYHUVKRRW�LV�XVXDOO\�QRW�WKH�RSWLPDO
VROXWLRQ��VHH�DOVR�+XED�HW�DO���������

/HW�XV�H[SODLQ�WKH�DERYH�VWDWHPHQWV�LQ�RQH�H[DPSOH�E\�XVLQJ�WKH�SURFHVV�
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DQG�WKH�IROORZLQJ�3,'�FRQWUROOHU�
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7KH�SURFHVV�OLPLWDWLRQV�ZHUH�8PD[ ����DQG�8PLQ ������)LJ�����VKRZV�SURFHVV�UHVSRQVHV
ZKHQ�XVLQJ�GLIIHUHQW�DQWL�ZLQGXS�FRPSHQVDWRUV�)�V���,W�LV�REYLRXV�WKDW�WKH�DQWL�ZLQGXS
FRPSHQVDWRU�)�V� �����.�UHVXOWV�LQ�QR�RYHUVKRRW��EXW�LW�LV�DOVR�REYLRXV�WKDW�WKH�VROXWLRQ
ZLWK�)�V� ��.�UHVXOWV�LQ�EHWWHU�WUDFNLQJ�SHUIRUPDQFH�

7KHUH�LV�RQH�PRUH�TXHVWLRQ�WR�EH�DQVZHUHG��,I�WKH�XQOLPLWHG�UHVSRQVH�JLYHV�DERXW����
SURFHVV� RYHUVKRRW�� ZK\� VKRXOG� WKH� DQWL�ZLQGXS� SURWHFWLRQ� UHGXFH� LW� WR� H�J�� ��"�:H
EHOLHYH�WKDW�DQWL�ZLQGXS�SURWHFWLRQ�LV�DLPHG�DW�UHGXFLQJ�ZLQGXS�DQG�QRW�³VKDSLQJ´�WKH
OLPLWHG�UHVSRQVH��,I�D�VPDOOHU�RYHUVKRRW�RI� WKH�OLPLWHG�V\VWHP�LV�GHVLUHG��ZK\�LVQ¶W� WKH
XQOLPLWHG�UHVSRQVH�PDGH�ZLWK�D�VPDOOHU�RYHUVKRRW"
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)LJ������3URFHVV�UHVSRQVHV�XQGHU�OLPLWDWLRQV�8PD[ �����8PLQ ������«�8QOLPLWHG�V\VWHP�
BB�/LPLWHG�V\VWHP�ZLWK�)�V� ��.������/LPLWHG�V\VWHP�ZLWK�)�V� �����.�
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3URFHVV� VHWWOLQJ� WLPH� LV� DOVR� TXLWH� D� SRSXODU� FULWHULRQ� IRU� FRPSDULQJ� GLIIHUHQW� DQWL�
ZLQGXS� VFKHPHV�� /LNH� WKH� RYHUVKRRW� FULWHULRQ�� WKLV� RQH� KDV� VHYHUDO� GUDZEDFNV�� 7KH
SUREOHP� VWDUWV�ZLWK� GHILQLQJ� WKH� VHWWOLQJ� WLPH�� ,W� FDQ� EH� ���� ���� HWF�� EXW� ZKLFK� RQH
VKRXOG�EH�FKRVHQ"

/HW�XV�VKRZ�DQRWKHU�H[DPSOH�XVLQJ� WKH� VDPH�SURFHVV� ����DQG�FRQWUROOHU� �����DV� LQ� WKH
SUHYLRXV� FDVH�� EXW� ZLWK� WKH� IROORZLQJ� V\VWHP� OLPLWDWLRQV�� 8PD[ ����� 8PLQ ������ 7KH
SURFHVV�UHVSRQVHV�DUH�VKRZQ�LQ�)LJ�����
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)LJ������3URFHVV�UHVSRQVHV�XQGHU�OLPLWDWLRQV�8PD[ �����8PLQ ������BB�/LPLWHG�V\VWHP
ZLWK�)�V� ��.������/LPLWHG�V\VWHP�ZLWK�)�V� �����.��������EDQGZLGWK��«����EDQGZLGWK

7KH� DQWL�ZLQGXS� FRPSHQVDWRU� SURWHFWLRQ� ZKHUH�)�V� �����.� JLYHV� IDVWHU� ��� VHWWOLQJ
WLPH�� EXW� IDVWHU� ��� VHWWOLQJ� WLPH� LV� REWDLQHG�ZKHUH�)�V� ��.��+RZHYHU�� ERWK� VHWWOLQJ
WLPHV�DUH�VKRUWHU�ZKHUH�)�V� ��.�ZLWK� WKH�SURFHVV� OLPLWDWLRQV�8PD[ ����DQG�8PLQ ����
�VHH�)LJ������

7KHUHIRUH�� DV� ZLWK� WKH� RYHUVKRRW� FULWHULRQ�� WKH� VHWWOLQJ� WLPH� GHSHQGV� RQ� WKH� V\VWHP
OLPLWDWLRQV�

0RUHRYHU��LI�WKH�XQOLPLWHG�V\VWHP�KDV�UHODWLYHO\�ORQJ�VHWWOLQJ�WLPHV��LV�LW�UHDOO\�GHVLUDEOH
WR� KDYH� VKRUW� VHWWOLQJ� WLPHV� XQGHU� VDWXUDWLRQ"� ,I� VR�� WKHQ� WKH� XQOLPLWHG� V\VWHP� VKRXOG
DOVR�EH�WXQHG�VR�DV�WR�KDYH�D�VKRUW�VHWWOLQJ�WLPH�

,QWHJUDO�RI�DEVROXWH�HUURU�DQG�LQWHJUDO�RI�VTXDUHG�HUURU�DUH�DOVR�IUHTXHQWO\�XVHG�FULWHULD
IRU� FRPSDULQJ� GLIIHUHQW� DQWL�ZLQGXS� PHWKRGV�� ZKHUH� WKH� HUURU� FDQ� EH� GHILQHG� DV� WKH
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GLIIHUHQFH�EHWZHHQ� WKH� OLPLWHG�DQG�XQOLPLWHG� UHVSRQVH� DQG� WKH�GLIIHUHQFH�EHWZHHQ� WKH
OLPLWHG�UHVSRQVH�DQG�WKH�UHIHUHQFH��:H�VKDOO�QRZ�LQWURGXFH�IRXU�FULWHULD�
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ZKHUH�\���\��DQG�Z�GHQRWH�WKH�XQOLPLWHG�SURFHVV�UHVSRQVH��OLPLWHG�SURFHVV�UHVSRQVH�DQG
WKH�UHIHUHQFH��UHVSHFWLYHO\�

/HW�XV�PDNH�DQRWKHU�H[SHULPHQW�XVLQJ�WKH�VDPH�SURFHVV�����DQG�FRQWUROOHU������DV�LQ�WKH
SUHYLRXV� FDVH�� EXW� ZLWK� WKH� IROORZLQJ� V\VWHP� OLPLWDWLRQV�� 8PD[ ����� 8PLQ ������ 7KH
SURFHVV�UHVSRQVHV�DUH�VKRZQ�LQ�)LJ�����
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)LJ������3URFHVV�UHVSRQVHV�XQGHU�OLPLWDWLRQV�8PD[ �����8PLQ ������«�8QOLPLWHG�V\VWHP�
BB�/LPLWHG�V\VWHP�ZLWK�)�V� ��.������/LPLWHG�V\VWHP�ZLWK�)�V� �����.�
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7KH�YDOXHV�RI�WKH�FULWHULD�IRU�DOO�WKUHH�H[DPSOHV��VHH�)LJV�����WR�����DUH�JLYHQ�LQ�7DEOH
����

,W�LV�REYLRXV�WKDW�IRU�WKH�SURFHVV�OLPLWDWLRQV�8PD[ �����DQG�8PLQ� ������WKH�YDOXHV�RI�,$(�

DQG�,6(��DUH�VPDOOHU�IRU�)�V� �����.��ZKLOVW�,$(��DQG�,6(��DUH�VPDOOHU�ZKHQ�DSSO\LQJ
)�V� ��.�� )RU� WKH� SURFHVV� OLPLWDWLRQV�8PD[ ����� DQG�8PLQ�  ������ WKH� YDOXHV� RI� DOO� WKH
FULWHULD� DUH� VPDOOHU� ZKHQ� XVLQJ� )�V� �����.�� DQG� MXVW� WKH� RSSRVLWH� KDSSHQV� IRU� WKH
OLPLWDWLRQV�8PD[ �����DQG�8PLQ� �����

,W� LV� WKHUHIRUH� REYLRXV� WKDW� DOO� RI� WKH� FULWHULD� PHQWLRQHG� VWURQJO\� GHSHQG� RQ� V\VWHP
OLPLWDWLRQV� DQG� FDQQRW� EH� VXFFHVVIXOO\� XVHG� IRU� FRPSDULQJ� GLIIHUHQW� DQWL�ZLQGXS
VFKHPHV�

7DEOH������7KH�FULWHULRQ�YDOXHV�DW�GLIIHUHQW�SURFHVV�OLPLWDWLRQV

)�V� 8PD[ 8PLQ ,$(� ,$(� ,6(� ,6(�

��. ��� ���� ����� ���� ����� �����

�����. ��� ���� ����� ���� ����� �����

��. ��� ���� ����� ����� ����� ����

�����. ��� ���� ����� ����� ����� �����

��. ��� ���� ����� ���� ����� �����

�����. ��� ���� ����� ����� ����� �����

/HW�XV�FRQVLGHU�DQRWKHU�H[DPSOH�XVLQJ�WKH�SURFHVV
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7KH�UHVSRQVH�RI�VXFK�V\VWHP��ZKHQ�WKH�UHIHUHQFH�FKDQJHV�IURP���WR���DW�WLPH�RULJLQ��LV
VKRZQ�LQ�)LJXUHV����DQG����
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)LJ������3URFHVV�RXWSXW��\���BB�/LPLWHG�ZLWK�)�V� ��.������/LPLWHG�ZLWK�)�V� ����
���/LPLWHG�ZLWKRXW�$:�SURWHFWLRQ��)�V� ��������8QOLPLWHG�UHVSRQVH
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���/LPLWHG�ZLWKRXW�$:�SURWHFWLRQ��)�V� ��������8QOLPLWHG�UHVSRQVH
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)LJ�� ��� VKRZV� WKH� SURFHVV� RXWSXW� �\��� 7KH� GRWWHG� OLQH� GHQRWHV� WKH� XQOLPLWHG� SURFHVV
UHVSRQVH�

,W�FDQ�EH�VHHQ�WKDW�WKH�3,'�FRQWUROOHU�LV�QRW�WXQHG�ZHOO��7KH�XQOLPLWHG�SURFHVV�UHVSRQVH
KDV�D�ORQJ�VHWWOLQJ�WLPH��LQ�)LJ�����LW�DSSHDUV�DV�D�VWHDG\�VWDWH�HUURU���EHFDXVH�WKH�LQWHJUDO
WLPH� FRQVWDQW� �7L�� LV� WRR� KLJK�� 7KH� OLPLWHG� SURFHVV� WLPH� UHVSRQVH� ZKHQ� QR� $:
SURWHFWLRQ� LV� XVHG� �GHQRWHG� E\� D� GDVKHG� OLQH�� VHHPV� EHWWHU� WKDQ�ZKHQ� XVLQJ� WKH� DQWL�
ZLQGXS�FRPSHQVDWRU�)�V� ��.��D�VROLG�OLQH��

2I�FRXUVH��WKLV�GRHV�QRW�PHDQ�WKDW�WKH�ZLQGXS�SKHQRPHQRQ�SURGXFHV�XVHIXO�DQG�GHVLUHG
V\VWHP� EHKDYLRXU� LQ� JHQHUDO�� ,W� RQO\� PHDQV� WKDW� WKH� FRQWUROOHU� SDUDPHWHUV� VKRXOG� EH
SURSHUO\�WXQHG�IRU�WKH�XQOLPLWHG�SURFHVV��+RZ�WKLV�LV�GRQH�IRU�WKH�3,'�FRQWUROOHU�FDQ�EH
IRXQG�LQ�3DUW�,,�RI�WKLV�WKHVLV�

,Q� WKH� ILHOG� RI� DQWL�ZLQGXS� GHVLJQ�� PRVW� UHVHDUFKHUV� VHHN� WKH� ³RSWLPDO´� DQWL�ZLQGXS
FRPSHQVDWRU��+RZHYHU��LQ�WKH�WH[W�DERYH�LW�ZDV�VKRZQ�WKDW�WKH�³RSWLPDOLW\´��RYHUVKRRW�
VHWWOLQJ�WLPH��,$(��,6(������GHSHQGV�RQ�V\VWHP�FRQVWUDLQWV��RQ�WKH�SURFHVV�VHW�SRLQW�DQG
G\QDPLFV�� DQG� RQ� WKH� UHIHUHQFH� �GLVWXUEDQFH�� FKDQJHV�� ,W� LV�� WKHUHIRUH�� SUDFWLFDOO\
LPSRVVLEOH� WR� ILQG� RQH� ³RSWLPDO´� DQWL�ZLQGXS� FRPSHQVDWLRQ� IRU� DOO� SRVVLEOH� FDVHV�
1HDUO\� HDFK� IRUP� RI� DQWL�ZLQGXS� SURWHFWLRQ� KDV� LWV� GUDZEDFNV� DQG� DGYDQWDJHV� XQGHU
GLIIHUHQW�FRQGLWLRQV�

+RZHYHU�� LW� LV� SRVVLEOH� WR� REWDLQ� DQ� ³RSWLPDO´� SURFHVV� UHVSRQVH� ZKHQ� XVLQJ� FHUWDLQ
DSSURDFKHV� NQRZQ� IURP� WKH� ILHOG� RI� RSWLPDO� FRQWURO� �%LVWiN� HW� DO��� ������ .XOKD� DQG
+XED��������+XED�HW�DO���������5DZOLQJV� DQG�0XVNH��������6FRNDHUW�� ������6FRNDHUW
DQG�5DZOLQJV��������âXOF���������6XFK�VROXWLRQV�DUH�XVXDOO\�TXLWH�LQYROYHG��DQG�UHTXLUH
PRUH�H[WHQVLYH�FRPSXWDWLRQV��+RZHYHU��LQ�WKLV�WKHVLV�ZH�DUH�GHDOLQJ�ZLWK�FODVVLFDO�DQWL�
ZLQGXS� VFKHPHV�� ZKLFK�PDLQO\� DLP� WR� SUHYHQW� FRQWUROOHU�ZLQGXS� DQG� QRW� UHGXFH� WKH
RYHUVKRRW��VHWWOLQJ�WLPH��HWF�

7KH� UHPDLQLQJ� TXHVWLRQ� WKHQ� LV� KRZ� WR� FRPSDUH� GLIIHUHQW� DQWL�ZLQGXS� VFKHPHV�� ,W� LV
VKRZQ� WKDW� DOO� RI� WKH�PHQWLRQHG� FULWHULD� GHSHQG� RQ� IDFWRUV�� VXFK� DV� FRQWUROOHU� WXQLQJ�
UHIHUHQFH� FKDQJHV� DQG� SURFHVV� OLPLWDWLRQV�� :H� DUH� WKHUHIRUH� VHHNLQJ� D� FULWHULRQ� IRU
PDNLQJ� FRPSDULVRQV� RI� GLIIHUHQW� DQWL�ZLQGXS� FRPSHQVDWRUV� ZKLFK� LV� LQGHSHQGHQW� RI
WKRVH� IDFWRUV�� ,W� ZLOO� EH� VKRZQ� WKDW� D� UHDOLVDEOH� UHIHUHQFH� FRXOG� SURYH� WR� EH� VXFK� D
FULWHULRQ�

������ 5HDOLVDEOH�UHIHUHQFH

7KH�QRWLRQ�RI�WKH�UHDOLVDEOH�UHIHUHQFH�LV�FORVHO\�UHODWHG�WR�WKH�ZRUN�RI�)HUWLN�DQG�5RVV�
��������ZKHUH�WKH�DXWKRUV�XVHG�WKH�WHUP�³HIIHFWLYH�HUURU´��ZKLFK�LV�LQ�IDFW�WKH�GLIIHUHQFH
EHWZHHQ�WKH�UHDOLVDEOH�UHIHUHQFH�DQG�WKH�SURFHVV�RXWSXW��+RZHYHU�� WKH�WHUP�³UHDOLVDEOH
UHIHUHQFH´�ZDV�ILUVW�PHQWLRQHG�LQ�+DQXV�HW�DO����������ZKHQ�GHVFULELQJ�WKH�FRQGLWLRQLQJ
WHFKQLTXH�

7KH�UHDOLVDEOH�UHIHUHQFH�ZU�LV�VXFK�WKDW�LI�LW�KDG�EHHQ�DSSOLHG�WR�WKH�FRQWUROOHU�LQVWHDG�RI
WKH� UHIHUHQFH�Z�� WKH�FRQWURO�RXWSXW�X�ZRXOG�KDYH�EHHQ�HTXDO� WR� WKH� UHDO�SODQW� LQSXW�XU
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REWDLQHG�ZLWK� WKH� UHIHUHQFH�Z�� ,Q� WKLV�FDVH�� WKH� OLPLWDWLRQ� LV�QRW� DFWLYDWHG� �3HQJ�HW� DO�
����D�E��

,I�ZU�LV�XVHG�LQ�WKH�FRQWURO�VFKHPH�GHVFULEHG�E\�)LJ�����E\�GHILQLWLRQ��WKH�OLPLWHU�LV�QRW
DFWLYDWHG� �XU� LV� DOZD\V� WKH� VDPH� DV� X��� VR� LW� FDQ� EH� SXW� DZD\� DV� VKRZQ� LQ� )LJ�� ���
0RUHRYHU��XU�DQG�\�GHVFULEHG�LQ�)LJ�����DUH�HTXLYDOHQW� WR�XU�DQG�\�GHVFULEHG�LQ�)LJ����
UHVSHFWLYHO\�

:H�FDQ�VHH�WKDW�WKH�FRQWURO�VFKHPH�GHVFULEHG�E\�)LJ�����GRHV�QRW�LQFOXGH�DQ\�LPSOLFLW
QRQOLQHDULW\��7KH�QRQOLQHDULW\� LV�KLGGHQ�LQ�WKH�UHDOLVDEOH�UHIHUHQFH�ZU��)URP�)LJ������ LW
FDQ�FOHDUO\�EH�VHHQ�WKDW�\�WUDFNV�ZU�LQVWHDG�RI�Z��ZLWK�WKH�H[SHFWHG�OLQHDU�SHUIRUPDQFH�

)LJ������(TXLYDOHQW�VFKHPH�RI�)LJ���

)URP�WKH�GHILQLWLRQ�RI�WKH�UHDOLVDEOH�UHIHUHQFH��ZH�KDYH
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'XULQJ�WKH�OLPLWDWLRQ��8U�LV�WKH�VDPH�IRU�ZKDWHYHU�)�V��LV�XVHG��DQG�VR�LV�<��LI�WKH�LQLWLDO
FRQGLWLRQV�DUH�WKH�VDPH��+HQFH��IURP�������LW�FDQ�EH�VHHQ�WKDW�GXULQJ�OLPLWDWLRQ��:U�LV�WKH
VDPH�IRU�ZKDWHYHU�)�V��LV�XVHG��)RU�WKH�OLQHDU�IHHGEDFN�$:�DOJRULWKP��ZH�KDYH�
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6XEWUDFWLQJ������IURP�������ZH�FDQ�FDOFXODWH�ZU�DV
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$V�*Z�V��LV�D�G\QDPLF�WUDQVIHU�IXQFWLRQ��Z
U�ZLOO�QRW�EHFRPH�WKH�VDPH�DV�Z�DW�WKH�LQVWDQW

ZKHQ�WKH�FRQWUROOHU�OHDYHV�WKH�OLPLWDWLRQ��XU X���XQOHVV�*Z�V��LV�UHGXFHG�WR�D�VWDWLF�JDLQ�
,QGHHG��ZKHQ�DSSO\LQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH������������\LHOGV�
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$W�WKH�LQVWDQW�WKH�FRQWUROOHU�OHDYHV�WKH�OLPLWDWLRQ��XU X���ZU�EHFRPHV�Z��7KLV�FKRLFH�WKXV
JLYHV�WKH�EHVW�WUDFNLQJ�SHUIRUPDQFH�

,Q�RUGHU� WR�FRPSDUH�WKH�DERYH�PHQWLRQHG�$:�DOJRULWKPV��ZH�KDYH�PDGH�D�VLPXODWLRQ
ZLWK�SURFHVV�
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DQG�WKH�3,'�FRQWUROOHU�
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7KH� LQFUHPHQWDO� DOJRULWKP� LV� DFKLHYHG� E\� XVLQJ� WKH� VFKHPH� JLYHQ� LQ� )LJ�� ���� 7KH
VDPSOLQJ�WLPH�ZDV�76 ����V�

7KH�SURFHVV�OLPLWDWLRQV�ZHUH�8PD[ ���8PLQ ���YPD[ �V
����DQG�YPLQ ��V

����7KH�FORVHG�ORRS
VWHS�UHVSRQVHV�IRU�ERWK�OLPLWHG�DQG�XQOLPLWHG�FDVHV�DUH�VKRZQ�LQ�)LJV�����DQG����

,W� LV� FOHDUO\� VHHQ� IURP�)LJ����� WKDW� WKH�FRQGLWLRQLQJ� WHFKQLTXH�JLYHV�D�ZU�ZKLFK� LV� WKH
FORVHVW�WR�Z��)LJ�����GHPRQVWUDWHV�WKDW�\�WUDFNV�ZU�LQVWHDG�RI�Z�

,W� LV� QRZ� FOHDU� ZK\� )HUWLN� DQG� 5RVV� ������� PDGH� WKH� IROORZLQJ� REVHUYDWLRQV�
³(YDOXDWLRQ�RI�WHVWV�UHVXOWV�IRU�YDULRXV�QR�ZLQGXS�VFKHPHV�FDQ�EH�PLVOHDGLQJ�VLQFH�WKH
UHVXOWV�GHSHQG�RQ� WKH�GHJUHH�RI�YHORFLW\� OLPLWLQJ�� WKH�G\QDPLFV�RI� WKH�SURFHVV�DQG� WKH
WXQLQJ�FULWHULD�RI�WKH�FRQWUROOHU��7KH�EDFN�FDOFXODWLRQ�PHWKRG��HTXLYDOHQW�WR�FRQGLWLRQLQJ
WHFKQLTXH� IRU�3,� FRQWUROOHU��� KRZHYHU��KDV� VKRZQ� VXSHULRU� SHUIRUPDQFH� XQGHU� D�ZLGH
YDULHW\�RI�WHVW�FRQGLWLRQV´�

6LPLODU�REVHUYDWLRQV�DUH�IRXQG�LQ�9UDQþLü�HW�DO�������D���9UDQþLü�DQG�3HWURYþLþ��������
DQG�9UDQþLü�DQG�3HWURYþLþ��������
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)LJ������3URFHVV�RXWSXW��\���Ê�&RQGLWLRQLQJ�WHFKQLTXH�����:LWKRXW�$:�
����,QFUHPHQWDO�DOJRULWKP������8QOLPLWHG�UHVSRQVH

6LPLODU� GHULYDWLRQV�� DV� IRU� WKH� 3,'� FRQWUROOHU�� FDQ� EH�PDGH� IRU� FRQWUROOHUV� JLYHQ� LQ� D
UDWLRQDO�IRUP��VHH�)LJ�������7KH�UHDOLVDEOH�UHIHUHQFH�FDQ�EH�H[SUHVVHG�DV
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ZKHUH�.6�LV�D�VWDWLF�JDLQ�FKRVHQ�VR�DV�WR�PDNH�WKH�DQWL�ZLQGXS�DOJRULWKP�LPSOHPHQWDEOH�
$V�JLYHQ�E\�)LJ������WKH�DOJHEUDLF�ORRS�FDQ�EH�IRUPHG�IURP�XU�WR�X�LI�$��¹��5�¹�º���IRU
PRUH� GHWDLOV� VHH� 3HQJ� ��������� ,Q� RUGHU� WR� DYRLG� WKH� DOJHEUDLF� ORRS�� WKH� IROORZLQJ
UHODWLRQ�LV�WR�EH�VDWLVILHG�

$ 5
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7KLV�LV�WKH�VDPH�DV�WKH�SUHYLRXVO\�JLYHQ�VROXWLRQ�IRU�WKH�FRQGLWLRQLQJ�WHFKQLTXH�������$V
ZLWK� WKH� 3,'� FRQWUROOHU�� DW� WKH� LQVWDQW� WKH� FRQWUROOHU� OHDYHV� WKH� OLPLWDWLRQ� �XU X���ZU

EHFRPHV�Z��7KLV�FKRLFH������WKXV�JLYHV�WKH�EHVW�WUDFNLQJ�SHUIRUPDQFH�

,Q�RUGHU� WR�FRPSDUH� WKH�$:�DOJRULWKPV� IRU� FRQWUROOHUV�JLYHQ� LQ� D�SRO\QRPLDO� IRUP�� D
VLPXODWLRQ� ZDV� PDGH� XVLQJ� WKH� VDPH� SURFHVV� ���� DV� EHIRUH� DQG� ZLWK� WKH� IROORZLQJ
FRQWUROOHU�
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7KH� REVHUYHU� SRO\QRPLDO�� ZKHQ� XVLQJ� WKH� FRQGLWLRQLQJ� WHFKQLTXH�� ZDV� GHULYHG� IURP
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7KH� LQFUHPHQWDO� DOJRULWKP�ZDV� DSSOLHG� XVLQJ� WKH� H[SUHVVLRQ� ������ 7KH� VDPSOLQJ� WLPH
ZDV�76 ����V� DQG� WKH� WUDQVIRUPDWLRQ� IURP� FRQWLQXRXV� WLPH� WR� GLVFUHWH�WLPH� FRQWUROOHU
ZDV�PDGH�E\�XVLQJ�WKH�VWHS�LQYDULDQFH�PHWKRG�

7KH�LQSXW� OLPLWDWLRQV�ZHUH�8PD[ ����DQG�8PLQ �����7KH�FORVHG�ORRS�VWHS�UHVSRQVHV� IRU
ERWK�OLPLWHG�DQG�XQOLPLWHG�FDVHV�DUH�VKRZQ�LQ�)LJV�����DQG����

,W� FDQ� EH� VHHQ� WKDW� WKH� FRQGLWLRQLQJ� WHFKQLTXH� JLYHV� D� YHU\� JRRG� SURFHVV� WUDFNLQJ
SHUIRUPDQFH�
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6LPLODUO\�� WKH� UHDOLVDEOH� UHIHUHQFH� FDQ� DOVR� EH� GHULYHG� IRU� WKH� FRQWUROOHUV� JLYHQ� LQ� WKH
VWDWH�VSDFH�IRUP�

&RQVLGHU� WKH� FRQWUROOHU� LPSOHPHQWDWLRQ� VFKHPH� GHVFULEHG� E\� )LJ�� ��� DQG� H[SUHVVLRQ
������([SUHVVLRQV������FDQ�EH�GHVFULEHG�E\�WKH�LQSXW�RXWSXW�IRUP�WKURXJK
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7KH� UHDOLVDEOH� UHIHUHQFH� IRU� WKH�6,62�VWDWH�VSDFH� FRQWUROOHU� LV� GHILQHG� VLPLODUO\� DV� IRU
RWKHU� W\SHV� RI� FRQWUROOHUV�� ,W� FDQ� EH� DVVHUWHG� WKDW� WKH� UHDO� SURFHVV� LQSXW� �XU�� DQG� WKH
SURFHVV� RXWSXW� �\�� LQ� )LJ�� ��� DUH� WKH� VDPH� DV� LQ� )LJ�� ����0RUHRYHU�� )LJ�� ��� GRHV� QRW
LQFOXGH�DQ\�OLPLWDWLRQ��7KH�OLPLWDWLRQ�LV�³KLGGHQ´�LQ�WKH�UHDOLVDEOH�UHIHUHQFH�ZU��%HFDXVH
WKH�VHFRQG�VFKHPH�LV�OLQHDU��LW�FDQ�EH�VWDWHG�WKDW�\�WUDFNV�ZU�LQVWHDG�RI�Z�

)LJ������7KH�HTXLYDOHQW�VFKHPH�RI�)LJ�����IURP�WKH�SURFHVV�YLHZSRLQW

)URP�)LJ�����WKH�XU�FDQ�EH�H[SUHVVHG�DV�
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7KH�UHDOLVDEOH�UHIHUHQFH�FDQ�EH�FDOFXODWHG�E\�VXEWUDFWLQJ�VLJQDO�X����E��IURP�XU������
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:KHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�������H[SUHVVLRQ������EHFRPHV
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,Q�RUGHU�WR�LOOXVWUDWH�WKH�DERYH�GHULYDWLRQV��D�VLPXODWLRQ�ZDV�SHUIRUPHG�XVLQJ�D�SURFHVV
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7KH�SURFHVV�LQSXW�LV�VXEMHFW�WR�KDUG�OLPLWV�8PD[ ��DQG�8PLQ ��

)LJV�� ��� DQG� ��� VKRZ� WKH� UHVXOWV� REWDLQHG�ZKHQ� XVLQJ� GLIIHUHQW�$:� DOJRULWKPV�� 7KH
UHIHUHQFH�Z�JRHV�IURP���WR���DW�WLPH�W ���7KH�UHDOLVDEOH�UHIHUHQFH��ZU��IRU�WKH�XQOLPLWHG
UHVSRQVH�LV�WKH�VDPH�DV�Z�

7KH�HIIHFW�RI�WKH�ZLQGXS�LV�FOHDUO\�VHHQ��GDVKHG�OLQH���7KH�FRQGLWLRQLQJ�WHFKQLTXH�����
JLYHV�TXLWH�D�JRRG�$:�UHVSRQVH��VROLG�OLQH���7KH�GDVK�GRWWHG�OLQH�UHSUHVHQWV�WKH�UHVXOW
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REWDLQHG�E\�XVLQJ�D���WLPHV�VWURQJHU�$:�FRPSHQVDWRU�WKDQ�WKDW�XVHG�LQ�WKH�FRQGLWLRQLQJ
WHFKQLTXH�

)URP� )LJV�� ��� DQG� ��� LW� FDQ� EH� VHHQ� WKDW� WKH� SURFHVV� RXWSXW� IROORZV� WKH� UHDOLVDEOH
UHIHUHQFH��ZU��LQVWHDG�RI�WKH�DFWXDO�UHIHUHQFH�VLJQDO��Z��

1RZ��OHW�XV�LQYHVWLJDWH�WKH�FDVH�RI�PRGH�VZLWFKLQJ��'XULQJ�PDQXDO�PRGH��XU XP���DV�WKH
FRQWUROOHU� LV� QRW� FRQQHFWHG� WR�XP�� LWV� RXWSXW� LV� XVXDOO\� TXLWH� GLIIHUHQW� IURP�XU�� ,Q� WKLV
FDVH�� DIWHU� VZLWFKLQJ�� D� MXPS�ZLOO� EH� SURGXFHG� DW� WKH� SODQW� LQSXW� �EXPS� WUDQVIHU��� ,Q
RUGHU�WR�UHPRYH�WKH�MXPS��WKH�FRQWUROOHU�RXWSXW�X�VKRXOG�EH�PDGH�DV�FORVH�DV�SRVVLEOH�WR
XP� GXULQJ� PDQXDO� PRGH�� $V� D� UHVXOW�� WKH� MXPS� DW� WKH� LQVWDQW� RI� VZLWFKLQJ� ZLOO� EH
PLQLPLVHG�� 7KLV� PRGH� VZLWFKLQJ� LV� FDOOHG� EXPSOHVV� WUDQVIHU� �%7��� <HW�� WKHUH� LV� QR
JXDUDQWHH�WKDW�WKH�WUDFNLQJ�SHUIRUPDQFH�ZLOO�EH�JRRG�DIWHU�PRGH�VZLWFKLQJ�

,I� WKH�FRQWUROOHU�RXWSXW�X� LV�DGMXVWHG�VR� WKDW�DIWHU�VZLWFKLQJ� IURP�PDQXDO� WR�DXWRPDWLF
FRQWURO�PRGH��WKH�SODQW�RXWSXW�\� WUDFNV�WKH�UHIHUHQFH�Z�ZLWK�WKH�VDPH�G\QDPLFV�DV� WKH
FORVHG�ORRS�VWHS�UHVSRQVH��WKHQ�WKLV�PRGH�VZLWFKLQJ�LV�FDOOHG�FRQGLWLRQHG�WUDQVIHU��&7��
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��� $QWL�ZLQGXS�IRU
XQLYDULDEOH�FRQWUROOHUV

���� 7KH�VKDSH�RI�WKH�UHDOLVDEOH�UHIHUHQFH

,Q� WKLV� FKDSWHU�� WKH� WLPH�UHVSRQVH� RI� WKH� UHDOLVDEOH� UHIHUHQFH� IRU� WKH� JHQHUDOLVHG� 3,'
FRQWUROOHU�ZLOO�EH�GHULYHG��,W�ZLOO�EH�REVHUYHG�WKDW�V\VWHP�EHKDYLRXU��DIWHU�LW�OHDYHV�WKH
VDWXUDWLRQ��GHSHQGV�VWURQJO\�RQ�FHUWDLQ�FRQWUROOHU�SDUDPHWHUV��HVSHFLDOO\�RQ�WKH�LQWHJUDO
WHUP� WLPH� FRQVWDQW�� )RU� WKH� 3,'� FRQWUROOHU�� D� VPDOOHU� 7L� JHQHUDOO\� JLYHV� D� IDVWHU
FRQWUROOHU�UHFRYHULQJ�DIWHU�WKH�V\VWHP�LV�QR�ORQJHU�VDWXUDWHG��9UDQþLü�HW�DO�������H��

������ (YDOXDWLRQ�RI�WKH�WLPH�UHVSRQVH

7KH� DQWL�ZLQGXS� SURWHFWLRQ� IRU� WKH� JHQHUDOLVHG� 3,'� FRQWUROOHU� �VHH� )LJ�� ���� FDQ� EH
WUDQVIRUPHG�LQWR�WKH�VFKHPH�VKRZQ�LQ�)LJ������1RWH�WKDW�.DL�DQG�.DG�LQ�)LJ�����DUH�VWDWLF
SDUDPHWHUV�� VR� DQ� DGGLWLRQDO� $:� FRPSHQVDWRU� LV� FRQQHFWHG� WR� WKH� GHULYDWLYH� WHUP� LQ
RUGHU� WR� FRPSHQVDWH� IRU� WKH� LQFRUUHFWO\� XSGDWHG� VWDWH� RI� WKH� GHULYDWLYH� WHUP¶V� ILOWHU
GXULQJ� VDWXUDWLRQ�� ,Q� )LJ�� ��� WKH� LQFRUUHFWO\� XSGDWHG� VWDWH� RI� WKH� GHULYDWLYH� WHUP� LV
FRPSHQVDWHG� �LI� gº��� E\� XVLQJ� D�G\QDPLF� FRPSHQVDWRU�)�V�� FRQQHFWHG� WR� WKH� LQWHJUDO
WHUP��%\�FRPSDULQJ�)LJV�� ��� DQG� ���� WKH�$:�FRPSHQVDWRU¶V� WUDQVIHU� IXQFWLRQ� FDQ� EH
H[SUHVVHG�LQ�WKH�IROORZLQJ�ZD\�
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)URP�H[SUHVVLRQV� ������ ����� DQG� ����� LW� FDQ� DOVR� EH� VHHQ� WKDW� IRU� WKH� JHQHUDOLVHG�3,'
FRQWUROOHU��DV� IRU� WKH�3,'�FRQWUROOHU�� WKH�PDLQ� WLPH�FRQVWDQW� LV�FRQQHFWHG� WR�FRQWUROOHU
WLPH�SDUDPHWHUV�� HVSHFLDOO\� WR�7L��1RWH� WKDW� WKH� FRQWUROOHU� WLPH�SDUDPHWHUV� DUH� XVXDOO\
WXQHG� VR� WKDW� WKHLU� UDWLR� LV� IL[HG� �H�J��7G 7L���� 7I 7G����� HWF���� 7KHUHIRUH�� D� JUHDWHU�7L

JLYHV� D� ORQJHU� VHWWOLQJ� WLPH� RI� WKH� UHDOLVDEOH� UHIHUHQFH� DQG� FRQVHTXHQWO\� UHVXOWV� LQ� D
ORQJHU� SURFHVV� VHWWOLQJ� WLPH��+RZHYHU�� QRWH� WKDW� D� VPDOOHU�7L� FDQ� DOVR� SURGXFH� ODUJHU
RYHUVKRRWV��VHH�6XE�FKDSWHU������

������ &DOFXODWLRQ�RI�.DL�DQG�.DG

2QH� UHPDLQLQJ� TXHVWLRQ� LV� KRZ� WR� ILQG� WKH� DSSURSULDWH� SDUDPHWHUV� .DL� DQG� .DG�
2ULJLQDOO\��WKH�FRQWUROOHU�JRDO�ZDV�WR�PDNH�WKH�SURFHVV�RXWSXW��\��WUDFN�WKH�VHW�SRLQW��Z��
EXW�\�DFWXDOO\�WUDFNHG�WKH�UHDOLVDEOH�UHIHUHQFH�ZU�GXH�WR�WKH�V\VWHP�OLPLWDWLRQV��7KXV��ZH
ZRXOG� OLNH� WR� KDYH� WKDW�ZU� ZKLFK� LV� DV� FORVH� DV� SRVVLEOH� WR�Z�� :H� FDQ� WXQH� ZU� E\
FKDQJLQJ�WKH�SDUDPHWHUV�.DL�DQG�.DG�

7KH�UHDOLVDEOH�UHIHUHQFHV��ZKHQ�XVLQJ�GLIIHUHQW�YDOXHV�RI�.DL�DQG�.DG��VHSDUDWH�IURP�HDFK
RWKHU� ZKHQ� WKH� V\VWHP� LV� QR� ORQJHU� VDWXUDWHG�� 7KH� WLPH� UHVSRQVHV� RI� WKH� UHDOLVDEOH
UHIHUHQFHV�ZKHQ�WKH�V\VWHP�LV�QR�ORQJHU�VDWXUDWHG�DUH�JLYHQ�E\�WKH�H[SUHVVLRQV������DQG
������$FFRUGLQJ�WR�WKH�JRDO�RI�KDYLQJ�ZU�DV�FORVH�DV�SRVVLEOH�WR�Z��FRQVWDQWV�&��&��DQG
&�� VKRXOG� EH� DV� VPDOO� DV� SRVVLEOH�� 7KH\� EHFRPH� HTXDO� WR� ]HUR� ZKHQ� XVLQJ� WKH



��

FRQGLWLRQLQJ�WHFKQLTXH��VHH�H[SUHVVLRQV������������������DQG��������7KLV�DOVR�PHDQV�WKDW
WKH�UHDOLVDEOH� UHIHUHQFH�ZU�EHFRPHV�DQG�UHPDLQV� WKH�VDPH�DV� WKH�DFWXDO� UHIHUHQFH�Z�DW
WKH� LQVWDQW� WKH� SURFHVV� OHDYHV� WKH� VDWXUDWLRQ�� VR� WKH� V\VWHP� IROORZV� WKH� UHIHUHQFH�Z�
2WKHU�DQWL�ZLQGXS�PHWKRGV��YDOXHV�RI�.DL�DQG�.DG��SURGXFH�D�Z

U�WKDW�ZLOO�QRW�IROORZ�Z
DIWHU�WKH�V\VWHP�LV�QR�ORQJHU�VDWXUDWHG��EXW�ZLOO�H[SRQHQWLDOO\�DSSURDFK�WKH�UHIHUHQFH�Z�
7KHUHIRUH��WKH�ZLQGXS�HIIHFW�ZLOO�VWLOO�EH�SUHVHQW�LQ�WKH�V\VWHP�HYHQ�ZKHQ�LW�LV�QR�ORQJHU
VDWXUDWHG��7RR�VPDOO�D�YDOXH�RI�.DL�FDQ�DOVR�SURGXFH�SUREOHPV��VXFK�DV�VKRZQ�LQ�)LJXUHV
������������DQG�����6RPHWLPHV�LW�FDQ�FDXVH�LQVWDELOLW\�HYHQ�ZKHQ�WKH�SURFHVV�UHVSRQVH��
ZKHQ�QRW�XVLQJ� DQ\� DQWL�ZLQGXS�SURWHFWLRQ� �� LV� VWDEOH� �9UDQþLü� HW� DO��� ����E��9UDQþLü
DQG�3HQJ���������2Q� WKH�RWKHU�KDQG��E\�XVLQJ� WKH� FRQGLWLRQLQJ� WHFKQLTXH�� WKH�ZLQGXS
HIIHFW�ZLOO�YDQLVK�ZKHQ�WKH�V\VWHP�LV�QR�ORQJHU�VDWXUDWHG�

������ 'LVFXVVLRQ

8VLQJ�WKH�ZHOO�NQRZQ�GHILQLWLRQ�RI�WKH�UHDOLVDEOH�UHIHUHQFH��LW�KDV�EHHQ�SURYHG�WKDW�WKH
EHKDYLRXU� RI� WKH� V\VWHP�� DIWHU� LW� OHDYHV� VDWXUDWLRQ�� GHSHQGV� VWURQJO\� RQ� WKH� FRQWUROOHU
SDUDPHWHUV�� HVSHFLDOO\� RQ� WKH� LQWHJUDO� WLPH� FRQVWDQW� �7L��� )RU� WKH� JHQHUDOLVHG� 3,'
FRQWUROOHU�� D� VPDOOHU� 7L� JLYHV� D� IDVWHU� FRQWUROOHU� UHFRYHU\� DIWHU� WKH� V\VWHP� OHDYHV
VDWXUDWLRQ�

���� 7KH� H[WHQW� RI� ZLQGXS� DQG� WKH� EHQHILWV� RI
DQWL�ZLQGXS

$� YDULHW\� RI� DQWL�ZLQGXS� �$:��PHWKRGV� LV� SURSRVHG� LQ� WKH� OLWHUDWXUH� �+DQXV�� ������
(DFK�PHWKRG�SURYLGHV�D�VRPHZKDW�GLIIHUHQW�H[SODQDWLRQ�RI� WKH�FDXVH�RI�ZLQGXS��+HUH
ZH� ZRXOG� OLNH� WR� VKRZ� WKDW� WKH� ZLQGXS� HIIHFW� FDQ� EH� SUHGLFWHG� DQG� PHDVXUHG� E\
FDOFXODWLQJ�WKH�LQWHJUDO�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�OLPLWHG�DQG�XQOLPLWHG�SURFHVV�WLPH
UHVSRQVHV� �9UDQþLü� HW� DO��� ����D�� ����E��� 7KLV� QHZ� REVHUYDWLRQ� FDQ� DOVR� EH� XVHG� WR
H[SODLQ� ZK\� WKH� $:� PHWKRGV� GR� ZRUN�� 8VLQJ� WKLV� LGHD�� ZH� H[SODLQ� ZK\� WKH
FRQGLWLRQLQJ� WHFKQLTXH� LV� XVXDOO\� WKH�PRVW� VXLWDEOH�PHWKRG� IURP� WKH� ODUJH� VHW� RI�$:
PHWKRGV�LQFOXGHG�LQ�WKH�REVHUYHU�DSSURDFK�



��

������ %DFNJURXQG�PDWHULDO

7KH�FRQWUROOHU� LPSOHPHQWDWLRQ� LQ� WKH�VWDWH�VSDFH�IRUP�LV�JLYHQ�)LJ�����DQG�H[SUHVVLRQ
�����

7KH�FRQWUROOHU������FDQ�EH�UHSUHVHQWHG�E\

( ) ( ) ( )&[ $ JF [ E JG Z H JI \ JXU= - + - - - + �� ����

'XULQJ�WKH�VDWXUDWLRQ��WKH�FRQWUROOHU�LV�GULYHQ�LQ�DQ�RSHQ�ORRS�E\�XU��HLWKHU�8PD[�RU�8PLQ��
7KXV��LI�WKH�SODQW�LV�RSHQ�ORRS�VWDEOH��WKH�VXIILFLHQW�FRQGLWLRQ�IRU�JXDUDQWHHLQJ�VWDELOLW\
LV� WKDW� �$�JF�� KDV� QR� SRVLWLYH� HLJHQYDOXH�� +HQFH�� WKH� YDOXH� RI� J� FDQ� EH� IUHHO\� WXQHG
SURYLGHG�WKDW�WKLV�FRQGLWLRQ�LV�PHW��6RPH�JXLGHOLQHV�IRU�WXQLQJ�DUH�JLYHQ�LQ�ÇVWU|P�DQG
5XQGTZLVW���������DQG�5XQGTZLVW��������

([SUHVVLRQ� �����JLYHV� WKH�YDOXH�RI� WKH�$:�FRPSHQVDWRU�ZKHQ�XVLQJ� WKH� FRQGLWLRQLQJ
WHFKQLTXH�� ,Q� WKLV� FDVH�� �$�JF $�EFG���� KDV� WKH� FRQWUROOHU
V� ]HURV� DV� LWV� HLJHQYDOXHV�
7KHUHIRUH��LI�WKH�FRQWUROOHU�LV�LQYHUVHO\�XQVWDEOH��VWDELOLW\�LV�QRW�JXDUDQWHHG�E\�XVLQJ�WKH
FRQGLWLRQLQJ� WHFKQLTXH�� ,Q� RUGHU� WR� RYHUFRPH� WKLV� GUDZEDFN�� D�PRGLILHG� FRQGLWLRQLQJ
WHFKQLTXH�ZDV�SURSRVHG�LQ�+DQXV�DQG�3HQJ����������,W�VKRXOG�DOVR�EH�SRLQWHG�RXW�WKDW��LQ
WKH�6,62�FDVH��WKH�FRQWUROOHU�LV�XVXDOO\�LQYHUVHO\�VWDEOH��VWDELOLW\�XVLQJ�WKH�FRQGLWLRQLQJ
WHFKQLTXH�LV�WKXV�JXDUDQWHHG�GXULQJ�VDWXUDWLRQ�

������ 7KH�H[WHQW�RI�ZLQGXS

'XULQJ�VDWXUDWLRQ�� WKH�SURFHVV�RXWSXW�FKDQJHV�PRUH�VORZO\� WKDQ� LQ� WKH�XQOLPLWHG�FDVH�
'XH� WR� WKLV� VORZHU� RXWSXW�� ZLQGXS� RFFXUV� DQG� WKH� SURFHVV� UHVSRQVH� KDV� DQ� HQODUJHG
RYHUVKRRW�DQG�D� ORQJ�VHWWOLQJ� WLPH��7KHUHIRUH��FD�D� UHODWLRQVKLS�EHWZHHQ� WKH� OLPLWDWLRQ
DQG�WKH�VKDSH�RI�WKH�SURFHVV�RXWSXW�EH�IRXQG"

)LJ�����VKRZV�W\SLFDO�FRQWURO�DQG�SURFHVV�VLJQDOV�LI�WKH�SURFHVV�LV�OLPLWHG�DQG�WKH�$:
DOJRULWKP� LV� UXQQLQJ��6LJQDO�\�� UHSUHVHQWV� WKH� SURFHVV� RXWSXW� RI� WKH� XQOLPLWHG� V\VWHP�
6LJQDOV�X���X�

U�DQG�\��UHSUHVHQW�FRQWURO�RXWSXW��SURFHVV�LQSXW�DQG�SURFHVV�RXWSXW�RI� WKH
OLPLWHG�V\VWHP��UHVSHFWLYHO\��$X�GHQRWHV�WKH�DUHD�HQFORVHG�E\�X��DQG�X�

U��$\�GHQRWHV�WKH
DUHD�HQFORVHG�E\�\��DQG�\���DQG�$Z�GHQRWHV�WKH�DUHD�HQFORVHG�E\�Z�DQG�Z

U�

,Q�WKLV�FDVH��ZH�FDQ�FRPSXWH�WKH�DUHD�$\�DV

( ) ( )[ ]$ \ W \ W GW
\
= -
¹

Ð � �

�
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)LJ������7\SLFDO�V\VWHP�WLPH�UHVSRQVH�
X���FRQWURO�RXWSXWV��XU���SURFHVV�LQSXWV�
\���SURFHVV�RXWSXWV��Z���UHIHUHQFHV

$V�WKH�LQWHJUDO������FRQYHUJHV��WKH�SURRI�LV�JLYHQ�LQ�$SSHQGL[�$���LW�FDQ�EH�H[SUHVVHG�LQ
WKH�/DSODFH�IRUP�DV
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8QOLPLWHG�SURFHVV�RXWSXW�<��FDQ�EH�H[SUHVVHG�IURP�)LJ�����DQG����E���ZKHQ�X
U X��DV
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ZKHUH�*35�V�� LV� WKH� SURFHVV� WUDQVIHU� IXQFWLRQ�� DQG�*&/�V�� LV� WKH� FORVHG�ORRS� WUDQVIHU
IXQFWLRQ��7UDQVIHU�IXQFWLRQV�*&:�V��DQG�*&<�V��DUH�WKH�FRQWUROOHU�WUDQVIHU�IXQFWLRQV�IURP
WKH� UHIHUHQFH� �Z�� DQG� IURP� WKH� SURFHVV� RXWSXW� �\�� WR� WKH� FRQWUROOHU� RXWSXW� �X��� 7KH
OLPLWHG�V\VWHP�LV�QRW�OLQHDU�DQG�FDQQRW�EH�H[SUHVVHG�DV�������EXW�LW�FDQ�EH�PDGH�OLQHDU�E\
XVLQJ�WKH�UHDOLVDEOH�UHIHUHQFH�ZU��VHH�)LJ�����DQG�������

7KH�OLPLWHG�SURFHVV�RXWSXW�FDQ�WKHUHIRUH�EH�H[SUHVVHG�DV�
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7KH�SURSHUW\�RI�WKH�FORVHG�ORRS�WUDQVIHU�IXQFWLRQ�LV
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1RWH�WKDW�E\�XVLQJ�D�FRQWUROOHU�ZLWK�DQ�LQWHJUDO�DFWLRQ��QR�VWHDG\�VWDWH�HUURU���x ��

6XEVWLWXWLQJ������������DQG������LQWR������JLYHV
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,I�WKH�$:�FRPSHQVDWRU�LV�QRW�XVHG��J ���������VLPSOLILHV�WR
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)LJ�����VKRZV�WKH�FDVH�ZKHUH�QR�$:�SURWHFWLRQ�LV�XVHG��7KH�DUHD�$\��$Z��LV�GLYLGHG�LQWR
WZR�SDUWV��QDPHO\�$\���$Z���DQG�$\���$Z����7KH�DUHD�$\��GHQRWHV�WKH�LQWHJUDO�EHWZHHQ�\�
DQG�\���ZKHQ�\�!\��DQG�WKH�DUHD�$\��GHQRWHV�WKH�LQWHJUDO�EHWZHHQ�\��DQG�\���ZKHQ�\��\��
1RWH�WKDW�$\��KDV�WKH�RSSRVLWH�VLJQ�WR�$\���)URP������ZH�VHH�WKDW�$\��DQG��$\��PXVW�EH
WKH�VDPH�

)LJ������6\VWHP�WLPH�UHVSRQVH�ZKHQ�QR�$:�SURWHFWLRQ�LV�XVHG�
X���FRQWURO�RXWSXWV��XU���SURFHVV�LQSXWV�
\���SURFHVV�RXWSXWV��Z���UHIHUHQFHV

$VVXPH�WKDW�WKH�V\VWHP�LV�OLPLWHG�IURP�W �V�WR�W W��
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1RWH�WKDW�WKH�WLPH�W��GHSHQGV�RQ�WKH�YDOXH�RI�WKH�FRPSHQVDWRU�J�

7KH�UHDOLVDEOH�UHIHUHQFH�FDQ�EH�H[SUHVVHG�IURP������DV
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'XULQJ�WKH�WLPH�LQWHUYDO�ZKHQ�WKH�V\VWHP�LV�VDWXUDWHG��XU�X���WKH�WLPH�UHVSRQVHV�DW�WKH
SURFHVV� LQSXW� �XU�� DUH� HTXDO�� QR� PDWWHU� ZKDW� $:� FRPSHQVDWRU� J� LV� XVHG�� 7KH� VDPH
DSSOLHV�WR�WKH�SURFHVV�RXWSXW��\���LI�WKH�LQLWLDO�FRQGLWLRQV�DUH�WKH�VDPH��6R��GXULQJ�XU�X�
WKH� UHDOLVDEOH� UHIHUHQFH�� ZKHQ� QRW� XVLQJ� DQ\� $:� SURWHFWLRQ� �J ���� HTXDOV� WKDW� ZKHQ
XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH��J EG����

$FFRUGLQJ�WR�H[SUHVVLRQ�������D�JUHDWHU�GLIIHUHQFH�EHWZHHQ�X�DQG�XU��VWURQJHU�OLPLWDWLRQ�
UHVXOWV� LQ� D� JUHDWHU� GLIIHUHQFH� EHWZHHQ�Z� DQG�ZU� �JUHDWHU� DUHD�$Z���� 7KLV� UHVXOWV� LQ� D
KLJKHU��$Z���LI�QR�$:�SURWHFWLRQ�LV�XVHG�

7KH� SURFHVV� RXWSXW� �\�� IROORZV� WKH� UHDOLVDEOH� UHIHUHQFH� �ZU��� VR� D� ODUJHU� GLIIHUHQFH
EHWZHHQ�Z�DQG�ZU�ZLOO��JHQHUDOO\�VSHDNLQJ��UHVXOW�LQ�D�ODUJHU�GLIIHUHQFH�EHWZHHQ�\��DQG
\�� DQG� FRQVHTXHQWO\� LQ� D� ODUJHU� $\�� �ODUJHU� �$\���� +HQFH�� VWURQJHU� SURFHVV� OLPLWDWLRQ
UHVXOWV�LQ�D�ODUJHU�RYHUVKRRW�DQG�RU�D�ORQJHU�VHWWOLQJ�WLPH�RI�WKH�SURFHVV�

7KH� SURFHVV� VHWWOLQJ� WLPH� DOVR� GHSHQGV� RQ� WKH� FRQWUROOHU� SDUDPHWHUV�� )RU� WKH� 3,'
FRQWUROOHU��VHWWOLQJ�WLPH�LV�VWURQJO\�UHODWHG�WR�WKH�LQWHJUDO�WLPH�FRQVWDQW��7KH�JUHDWHU�WKH
LQWHJUDO� WLPH� FRQVWDQW�� WKH� ORQJHU� WKH� SURFHVV� VHWWOLQJ� WLPH� �3HQJ� HW� DO��� ����E��� 7KLV
PHDQV� WKDW� IRU� WKH� VDPH� DUHD� �$\�� ��$Z���� WKH� FRQWUROOHU� ZLWK� WKH� ODUJHU� LQWHJUDO� WLPH
FRQVWDQW�ZLOO�KDYH�D�VPDOOHU�RYHUVKRRW�DQG�D�ORQJHU�VHWWOLQJ�WLPH�DQG�YLFH�YHUVD��ZKLFK
H[SODLQV� ZK\�� HYHQ� ZLWKRXW� DQ\� $:� SURWHFWLRQ�� VRPH� FRQWUROOHUV� GR� QRW� SURGXFH� D
VLJQLILFDQW�RYHUVKRRW�ZKHQ�WKH�V\VWHP�VDWXUDWHV��ZKLFK�LV�RIWHQ�WKRXJKW�WR�EH�D�V\QRQ\P
RI�ZLQGXS��

)URP�WKH�DERYH��LW�FDQ�EH�VHHQ�WKDW�WKH�H[WHQW�RI�WKH�ZLQGXS�GHSHQGV�RQ�WKH�VL]H�RI�$\��
WKH�FRQWUROOHU�SDUDPHWHUV��DQG�WKH�$:�VWUDWHJ\�XVHG��1RWH�WKDW������GRHV�QRW�QHFHVVDULO\
LPSO\�ZLQGXS��VLQFH�LW�DOVR�KROGV�LQ�WKH�XQOLPLWHG�FDVH��$X ����,Q�WKDW�FDVH��$\��LV�DOZD\V
]HUR��DQG�YHFWRU�J�KDV�QR�LQIOXHQFH�

������ 7KH�EHQHILWV�RI�DQWL�ZLQGXS�FRPSHQVDWLRQ

7KH�DLP�RI�$:�FRPSHQVDWLRQ�LV� WR�UHGXFH�WKH�DUHD��$Z�� ��$\���ZLWKRXW�DQ\�VLJQLILFDQW
LQFUHDVH� RI� $Z�� �$\���� $FWXDWRU� OLPLWDWLRQV� ZLOO� WKHQ� EH� ³WUDQVIRUPHG´� LQWR� VPDOOHU
SURFHVV�RYHUVKRRWV��DQG�LQWR�VKRUWHU�VHWWOLQJ�WLPHV��7KLV�FDQ�EH�GRQH�E\�FKDQJLQJ�YHFWRU
J�LQ�RUGHU�WR�VXIILFLHQWO\�LQFUHDVH�$Z��$\���VHH��������,I�$Z��$\��DUH�H[FHVVLYHO\�LQFUHDVHG�
$Z�� �$\��� ZLOO� HTXDO� ]HUR� DQG�$Z�� �$\��� ZLOO� EHFRPH� HTXDO� WR�$Z� �$\��� 7KLV� KRZHYHU
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FDXVHV�DQRWKHU�GUDZEDFN���D�ODUJH�XQGHUVKRRW�DQG�ORQJ�VHWWOLQJ�WLPH��VHH�WKH�GDVK�GRWWHG
OLQHV�LQ�)LJV�����DQG�����
$SSO\LQJ������WR�������LW�FDQ�EH�VWDWHG�WKDW�ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�
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$V�VWDWHG�EHIRUH��WKH�UHDOLVDEOH�UHIHUHQFH�LV�WKH�VDPH�DV�ZKHQ�QR�$:�SURWHFWLRQ�LV�XVHG
GXULQJ�W�W���6R��WKH�VXUIDFHV�$Z��DUH�WKHUHIRUH�WKH�VDPH�LQ�ERWK�FDVHV��,W�LV�REYLRXV�WKDW
WKH�VXUIDFH�$Z��HTXDOV�]HUR�ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�������7KLV�LV�FODULILHG
E\�WKH�VROLG�OLQH�LQ�)LJ������7KHUHIRUH��WKH�FRQGLWLRQLQJ�WHFKQLTXH�UHGXFHV�WKH�DUHD��$Z�
WR�]HUR��ZKLOVW�WKH�DUHD�$Z��VWD\V�XQFKDQJHG��7KH�UHODWLRQVKLS�EHWZHHQ�$\��$Z�DQG�$X�IRU
WKH�FRQGLWLRQLQJ�WHFKQLTXH������LV�

$ $
$
G\ Z

X= =x x �� ����

+RZHYHU�� ZKHQ� WKH� FRQWUROOHU� JDLQ� LV� WRR� KLJK� DQG� WKH� V\VWHP� OLPLWDWLRQV� DUH� WRR
UHVWULFWLYH��PXOWLSOH� RSSRVLWH� OLPLWDWLRQV�PD\� DSSHDU� LQ� WKH� V\VWHP� �0RUDUL�� ������� ,Q
VXFK�FDVHV��WKH�FRQWUROOHU�SDUDPHWHUV�VKRXOG�EH�WXQHG�VR�DV�WR�GHFUHDVH�WKH�RVFLOODWLRQV�
LI� GLVWXUEDQFH� UHMHFWLRQ� LV� QRW� RI� SDUWLFXODU� LPSRUWDQFH�� $QRWKHU� DSSURDFK� ZRXOG� EH
FKDQJLQJ� WKH� FRQWUROOHU� RU� $:� FRPSHQVDWRU� VWUXFWXUH� RU� XVLQJ� WKH� YDULDEOH� $:
FRPSHQVDWRU��3HQJ�HW�DO�������D��

������ 'LVFXVVLRQ

,W� ZDV� RXWOLQHG� WKDW� WKH� H[WHQW� RI� WKH� ZLQGXS� HIIHFW� GHSHQGV� RQ� WKH� LQLWLDO� GLIIHUHQFH
EHWZHHQ� WKH� XQOLPLWHG� DQG� OLPLWHG� SURFHVV� UHVSRQVHV�� 7KH� DUHD� HQFORVHG� E\� WKH
XQOLPLWHG�DQG�OLPLWHG�SURFHVV�UHVSRQVHV�HTXDOV�]HUR�ZKHQ�QR�SURWHFWLRQ�DJDLQVW�ZLQGXS
LV�XVHG��7KH� JUHDWHU� WKH� LQLWLDO� GLIIHUHQFH� EHWZHHQ� WKH� WZR� UHVSRQVHV�� WKH� VWURQJHU� WKH
ZLQGXS�HIIHFW� �D� ODUJHU�RYHUVKRRW�DQG�RU� ORQJHU�SURFHVV� VHWWOLQJ� WLPHV���7KH� UHVXOWV�RI
YDULRXV�H[SHULPHQWV�SHUIRUPHG�RQ�PDQ\�SURFHVV�PRGHOV�DQG�ODERUDWRU\�VHW�XSV�VXSSRUW
WKHVH�UHVXOWV�

7KH�DLP�RI�WKH�$:�V\VWHP�LV� WR�VXIILFLHQWO\�LQFUHDVH�WKH�DUHD�HQFORVHG�E\� WKH�SURFHVV
UHVSRQVHV�� 7KH� FRQGLWLRQLQJ� WHFKQLTXH� JLYHV� WKH� EHVW� FRPSURPLVH� IRU� QRUPDO
DSSOLFDWLRQV�E\�UHGXFLQJ�WKH�DUHD��$Z��WR�]HUR�
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���� 7KH� RYHUVKRRW� RI� WKH� UHDOLVDEOH� UHIHUHQFH
IRU�3,'�FRQWUROOHUV

)LJ�����VKRZV� WKH� UHIHUHQFH�DQG� WKH� UHDOLVDEOH� UHIHUHQFH� IRU� WKH� W\SLFDO� FDVH�ZKHUH�QR
$:�SURWHFWLRQ�LV�DSSOLHG�WR�WKH�3,'�FRQWUROOHU�

)LJ������7KH�UHIHUHQFH��Z��DQG�WKH�UHDOLVDEOH�UHIHUHQFH��ZU�
ZKHQ�QR�$:�SURWHFWLRQ�LV�DSSOLHG�WR�WKH�3,'�FRQWUROOHU

$FFRUGLQJ�WR�H[SUHVVLRQ�������LW�KROGV�
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$IWHU�W!W���WKH�UHDOLVDEOH�UHIHUHQFH�Z
U�DSSURDFKHV�WKH�UHDO�UHIHUHQFH�Z�H[SRQHQWLDOO\�ZLWK

WKH�LQWHJUDO�WLPH�FRQVWDQW�7L��DFFRUGLQJ�WR������
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$V� WKH� VXUIDFH�$Z�� LV� DOUHDG\� NQRZQ� DW� W W��� WKH�PD[LPXP� SRVVLEOH� RYHUVKRRW� _Z�W���
ZU�W��_�FDQ�EH�SUHGLFWHG� LQ�DGYDQFH��7KH�H[SHFWHG�RYHUVKRRW�RI�Z

U�ZLOO�EH�KLJKHU� IRU�D
VPDOOHU�LQWHJUDO�WLPH�SDUDPHWHU�7L��IRU�WKH�VDPH�$Z���DV�IROORZV�IURP�������+RZHYHU��WKH
VHWWOLQJ�WLPH�RI�ZU�ZLOO�EH�VKRUWHU�

$Q� H[SHULPHQW� ZDV� FRQGXFWHG� LQ� RUGHU� WR� GHSLFW� WKH� DERYH� UHVXOWV�� )RXU� GLIIHUHQW
SURFHVV�PRGHOV�ZHUH�FKRVHQ�VR�WKDW�WKH�WLPH�UHVSRQVH�RI�WKH�UHDOLVDEOH�UHIHUHQFH�ZDV�WKH
VDPH��GXULQJ� WKH� V\VWHP�VDWXUDWLRQ�� IRU� IRXU�GLIIHUHQW� LQWHJUDO� WLPH�FRQVWDQWV�RI� WKH�3,
FRQWUROOHU��7KH�FKRVHQ�SURFHVVHV�DQG�LQWHJUDO�WLPH�FRQVWDQWV�DUH�JLYHQ�EHORZ�
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7KH� JDLQ� RI� WKH� 3,� FRQWUROOHU� ZDV� WKH� VDPH� IRU� DOO� WKH� SURFHVVHV��. ��� 7KH� SURFHVV
OLPLWDWLRQ�ZDV�8PD[ �����7KH�UHDOLVDEOH� UHIHUHQFHV� IRU�DOO� IRXU�FDVHV�DUH�VKRZQ�LQ�)LJ�
����,W�FDQ�EH�VHHQ� WKDW� WKH�VHWWOLQJ� WLPH�RI� WKH� UHDOLVDEOH� UHIHUHQFH� LV�KLJKHU� IRU�KLJKHU
YDOXHV�RI� WKH�LQWHJUDO� WLPH�FRQVWDQW��ZKLOH� MXVW� WKH�RSSRVLWH�KROGV� IRU� WKH�RYHUVKRRW�RI
WKH�UHDOLVDEOH�UHIHUHQFH��DFFRUGLQJ�WR�H[SUHVVLRQ������
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���� 'LVWXUEDQFH�UHMHFWLRQ�DQG�DQWL�ZLQGXS

)LJ������$QWL�ZLQGXS�FRPSHQVDWLRQ�ZLWK�GLVWXUEDQFHV

:KDW�KDSSHQV�LI�WKH�OLPLWDWLRQ�LV�FDXVHG�E\�D�GLVWXUEDQFH�LQVWHDG�RI�D�UHIHUHQFH�FKDQJH"
)LJ�� ��� VKRZV� WZR� W\SLFDO� GLVWXUEDQFHV�� G��� DQG� G��� 'LVWXUEDQFH� G�� LV� FDOOHG� SURFHVV
GLVWXUEDQFH�� ,W� DFWV� GLUHFWO\� RQ� WKH� PHDVXUHG� SURFHVV� VLJQDO�� ZKLOVW� WKH� LQIOXHQFH� RI
GLVWXUEDQFH�G���ORDG�GLVWXUEDQFH��GHSHQGV�RQ�WKH�SURFHVV�G\QDPLFV��8VXDOO\�WKH�SURFHVV
UHVSRQVH�WR�WKH�GLVWXUEDQFH�G��LV�VPRRWK�DQG�GRHV�QRW�FDXVH�WKH�VDWXUDWLRQ�RI�X��9UDQþLü
HW�DO�������E���7KHUHIRUH��ZH�ZLOO�IRFXV�RQ�WKH�SURFHVV�GLVWXUEDQFH�G��

/HW�XV�WU\�DQ�H[SHULPHQW�ZLWK�WKH�IROORZLQJ�WKLUG�RUGHU�SURFHVV�
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)LJV�����WR����VKRZ�WKH�V\VWHP�UHVSRQVHV�ZKHQ�FKDQJLQJ�WKH�UHIHUHQFH�IURP�Z ��WR�Z �
DW�WKH�WLPH�RULJLQ�DQG�WKHQ�DGGLQJ�WKH�VWHS�FKDQJH�GLVWXUEDQFH�G���ZLWK�DPSOLWXGH�G� �
���� DW� W �V�� :H� FKRVH� WZR� GLIIHUHQW� DQWL�ZLQGXS� FRPSHQVDWRUV�� 7KH� ILUVW� ZDV� WKH
FRQGLWLRQLQJ�WHFKQLTXH������DQG�WKH�VHFRQG�ZDV

( )) V
7

. 77
L

L G

= �� ����

DV� SURSRVHG� E\� ÇVWU|P� DQG� 5XQGTZLVW� �������� 5XQGTZLVW� �������� DQG� 5XQGTZLVW
��������DV�EHLQJ� WKH�PRVW�DSSURSULDWH�DQWL�ZLQGXS�SURWHFWLRQ�IRU�SURFHVV�GLVWXUEDQFHV�
,Q� WKH� IROORZLQJ� WH[W�� WKH� FRPSHQVDWRU� ����� ZLOO� EH� GHQRWHG� DV� ³GLVWXUEDQFH
FRPSHQVDWRU´�

)URP�WKH�UHVXOWV�RI�H[SHULPHQWV� �VHH�)LJV�����DQG������ LW� LV�FOHDU� WKDW� WKH�FRQGLWLRQLQJ
WHFKQLTXH�JDYH�FRQVLGHUDEOH�JRRG�V\VWHP�UHVSRQVHV�WR�WKH�UHIHUHQFH�FKDQJH�DV�ZHOO�DV�WR
GLVWXUEDQFH�UHMHFWLRQ��ZKLOVW�WKH�GLVWXUEDQFH�FRPSHQVDWRU�GLG�QRW�JLYH�DV�JRRG�UHVSRQVHV
HYHQ�WR�GLVWXUEDQFH�UHMHFWLRQ�

7KH� TXHVWLRQ� LV� ZKDW� LV� WKH� SURFHVV� UHVSRQVH� ZKHQ� GLVWXUEDQFH� RFFXUV"� )LUVWO\�� LW� LV
NQRZQ� WKDW��ZKLOVW� WKH� SURFHVV� LV� QRW� OLPLWHG�� WKH� UHDOLVDEOH� UHIHUHQFH� �ZU�� HTXDOV� WKH
DFWXDO� RQH� �Z��� 6HFRQGO\�� WKH� OLPLWHG� V\VWHP� DOZD\V� DFWV� DV� LW� IROORZV� WKH� UHDOLVDEOH
UHIHUHQFH�LQVWHDG�RI� WKH�DFWXDO�RQH��%\�DVVXPLQJ�WKDW� WKH�VXSHUSRVLWLRQ�WKHRUHP�KROGV�
WKH�OLPLWHG�SURFHVV�UHVSRQVH�WR�GLVWXUEDQFH�LV�HTXDO�WR�WKH�VXP�RI�WKH�XQOLPLWHG�SURFHVV
UHVSRQVH�WR�GLVWXUEDQFH�DQG�WKH�XQOLPLWHG�SURFHVV� UHVSRQVH� WR� WKH� �FKDQJHG�� UHDOLVDEOH
UHIHUHQFH��ZKLFK�GLIIHUV�IURP�Z�ZKHQ�OLPLWDWLRQ�RFFXUV��

:KHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH��WKH�UHDOLVDEOH�UHIHUHQFH�DSSURDFKHV�WKH�UHDO�RQH
�Z�� SURSRUWLRQDOO\� WR� WKH� GLIIHUHQFH� EHWZHHQ� X� DQG� XU�� )URP� WKH� PRPHQW� ZKHQ� WKH
V\VWHP�LV�QR�ORQJHU�VDWXUDWHG��WKH�FRQWUROOHU�IROORZV�WKH�UHDO�UHIHUHQFH�

,I�WKH�FRQWUROOHU�LV�ZHOO�WXQHG�IRU�UHIHUHQFH�WUDFNLQJ�DQG�IRU�GLVWXUEDQFH�DWWHQXDWLRQ��WKHQ
WKH� SURFHVV� UHVSRQVH�� ZKHQ� XVLQJ� WKH� FRQGLWLRQLQJ� WHFKQLTXH�� VKRXOG� JLYH� TXLWH� D
UHDVRQDEOH�GLVWXUEDQFH�DWWHQXDWLRQ�DV�VKRZQ�LQ�WKH�ODVW�H[DPSOH�

7KH�H[FHSWLRQ�FRXOG�SURYH�WR�EH�ZKHQ�D�YHU\�VPDOO�IDFWRU�b�LV�XVHG��,Q�VXFK�D�FDVH��WKH
$:� FRPSHQVDWRU� EHFRPHV� UHODWLYHO\� VWURQJ� DQG� GHVDWXUDWHV� WKH� LQWHJUDO� WHUP� WRR
TXLFNO\� GXULQJ� WKH� WLPH� OLPLWDWLRQ� RFFXUV� GXH� WR� GLVWXUEDQFH�� 7KLV� UHVXOWV� LQ� SRRUHU
GLVWXUEDQFH�UHMHFWLRQ�XQGHU�VDWXUDWLRQ�

:H�PDGH�DQRWKHU�H[SHULPHQW�XVLQJ�WKH�VDPH�SURFHVV������DQG�OLPLWDWLRQ�������EXW�ZLWK
GLIIHUHQW�FRQWUROOHU�SDUDPHWHUV�
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)LJV�����WR����VKRZ�WKH�V\VWHP�UHVSRQVHV��,W�LV�REYLRXV�WKDW�D�GLVWXUEDQFH�FRPSHQVDWRU
JLYHV�EHWWHU�GLVWXUEDQFH�UHMHFWLRQ��5HVSRQVH�WR�WKH�UHIHUHQFH�FKDQJH�LV��KRZHYHU��EHWWHU
ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�

7KH� VLWXDWLRQ� FKDQJHV� ZKHQ� LQFUHDVLQJ� IDFWRU� g�� )LJV�� ��� WR� ��� VKRZ� WKH� UHVXOWV� RI
H[SHULPHQWV�ZKHQ�XVLQJ�g ����LQ�WKH�VDPH�FRQWUROOHU�������,W�LV�DJDLQ�REYLRXV�WKDW�ERWK
UHVSRQVHV�DUH�EHWWHU�ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�

)URP�WKH�DERYH�H[SHULPHQWV��ZH�FDQ�FRQFOXGH�WKDW�WKH�FRQGLWLRQLQJ�WHFKQLTXH�LV�XVXDOO\
TXLWH�DQ�DSSURSULDWH�FKRLFH�IRU�DQWL�ZLQGXS�SURWHFWLRQ��+RZHYHU��IRU�VPDOOHU�YDOXHV�RI
IDFWRU�b��GLVWXUEDQFH�UHVSRQVH�PD\�QRW�EH�VR�RSWLPDO�� ,Q�VXFK�D�FDVH��DV�ZHOO�DV�ZKHQ
GLVWXUEDQFHV� DUH� H[SHFWHG� WR� FDXVH� IUHTXHQW� VDWXUDWLRQV�� D� GLVWXUEDQFH� FRPSHQVDWRU
FRXOG�EH�D�PRUH�DSSURSULDWH�FKRLFH��+RZHYHU��D�GLVWXUEDQFH�FRPSHQVDWRU������FDQ�DOVR
EHFRPH�WRR�VWURQJ�LI�7G�LV�FRQVLGHUDEO\�VPDOOHU�WKDQ�7L��$V�D�UHVXOW��WKH�JHQHUDO�DSSURDFK
IRU�VXFK�FDVHV�FDQ�RQO\�EH�WR�SHUIRUP�WHVWLQJV�RQ�WKH�SODQW�RU�WR�PDNH�VLPXODWLRQV�RQ�D
FRPSXWHU�ZKHUH�WKH�SODQW�FDQ�EH�H[SOLFLWO\�LGHQWLILHG�
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����XQOLPLWHG�UHVSRQVH
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���� 1RLVH�DQG�DQWL�ZLQGXS

7KH� SUREOHP� RI� QRLVH� LQ� VDWXUDWHG� V\VWHPV� ZDV� QRWHG� E\� .KDQGKHULD� DQG� /X\EHQ� DV
HDUO\� DV�������EXW� DV� IDU� DV�ZH�NQRZ�� LW� KDV� VLQFH�QRW�EHHQ� FORVHO\� HODERUDWHG�E\� DQ\
RWKHU�DXWKRU��+HUH�ZH�ZRXOG�OLNH�WR�VKRZ�ZKLFK�DQWL�ZLQGXS�WHFKQLTXHV�DUH�PRUH�DQG
ZKLFK�DUH�OHVV�VHQVLWLYH�WR�SURFHVV�QRLVH�

)LJ�����GHSLFWV�WKH�DQWL�ZLQGXS�V\VWHP�ZKHQ�SURFHVV�QRLVH�LV�SUHVHQW�GXULQJ�VDWXUDWLRQ�
6LJQDO�e�GHQRWHV�WKH�SURFHVV�QRLVH�VLJQDO��ZKLWH�QRLVH��FRORXUHG�QRLVH��HWF����1RWH�WKDW�XU

LV� WKH� OLPLWHG� VLJQDO� DQG� WKHUHIRUH� QR� DGGLWLRQDO� QRLVH� LV� DGGHG� WR� WKLV� VLJQDO�� ,W� LV
H[SHFWHG�WKDW� WKH�DQWL�ZLQGXS�DOJRULWKP�ZLOO�QRW�EH� WRR�VHQVLWLYH� WR� WKH�SURFHVV�QRLVH�
PHDQLQJ� WKDW� WKH� FRQWUROOHU� VWDWHV� VKRXOG� QRW� EH� VHULRXVO\� DIIHFWHG� E\� WKH� SUHVHQFH� RI
QRLVH� GXULQJ� VDWXUDWLRQ� �9UDQþLü� HW� DO��� ����E��� )RU� WKH� VDNH� RI� VLPSOLFLW\�� WKH� 3,
FRQWUROOHU�ZLOO�EH�LQYHVWLJDWHG��)LJ������LQ�RXU�IXUWKHU�HODERUDWLRQ��ZKHUH�WKH�RQO\�VWDWH
RI�WKH�FRQWUROOHU�LV�WKH�RXWSXW�RI�WKH�LQWHJUDO�WHUP�

)LJ������7KH�OLPLWHG�FORVHG�ORRS�V\VWHP�ZLWK�QRLVH��e��GXULQJ�VDWXUDWLRQ

7KH�QRLVH��e��DW�WKH�SURFHVV�RXWSXW�SURGXFHV�D�FKDQJH�DW�WKH�RXWSXW�RI�WKH�LQWHJUDO�WHUP
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/HW�XV�QRZ�FDOFXODWH�WKH�SRZHU�VSHFWUXP�RI�WKH�QRLVH�DW�WKH�RXWSXW�RI�WKH�LQWHJUDO�WHUP
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ZKHUH�Fe(w)�GHQRWHV�WKH�SRZHU�VSHFWUXP�RI�WKH�QRLVH�VLJQDO�e�

'LIIHUHQW�SRZHU�VSHFWUXPV�RI�WKH�QRLVH�RI�WKH�FRQWUROOHU�VWDWH�GHSHQG�RQ�WKH�FKRVHQ�DQWL�
ZLQGXS�FRPSHQVDWRU�)�V��
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,W�LV�REYLRXV�WKDW�WKH�FRQWUROOHU�VWDWH��ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH��)�V� ��.��
LV� WKH� OHDVW� VHQVLWLYH� WR� WKH� SURFHVV� QRLVH� GXULQJ� V\VWHP� VDWXUDWLRQ�� ,I� QR� SURWHFWLRQ
DJDLQVW� ZLQGXS� LV� XVHG� �)�V� ���� WKH� V\VWHP� LV� HVSHFLDOO\� VHQVLWLYH� WR� ORZ� IUHTXHQF\
QRLVHV� ����� �ZLQGXS� HIIHFW�� DQG� ZKHQ� XVLQJ� D� VWURQJ� DQWL�ZLQGXS� FRPSHQVDWRU
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�)�V��¹���WKH�DQDORJ�FRXQWHUSDUW�RI�D�GLVFUHWH�LQFUHPHQWDO�DOJRULWKP���WKH�QRLVH�SRZHU
LV�WUDQVIHUUHG�GLUHFWO\�WR�WKH�FRQWUROOHU�VWDWH�WKURXJK�WKH�JDLQ�.��

,Q�RUGHU�WR�GHSLFW�WKH�DERYH�VHQWHQFHV��DQ�H[DPSOH�LV�VKRZQ�XVLQJ�SURFHVV�
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DQG�WKH�IROORZLQJ�3,�FRQWUROOHU�
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7KH� SURFHVV� OLPLWDWLRQV� ZHUH�8PD[ ���� DQG�8PLQ ������ 7KH� ZKLWH� QRLVH� ZLWK� WKH� XQLW
VWDQGDUG� GHYLDWLRQ� �JHQHUDWHG� LQ� D� SURJUDPPH� SDFNDJH� 6,08/,1.�ZLWK� WKH� IXQFWLRQ
UDQG�DQG�WKH�VDPSOLQJ�WLPH�76 ����V����ILOWHUHG�E\�WKH�ILUVW�RUGHU�ORZ�SDVV�ILOWHU
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ZDV�DGGHG�WR�WKH�SURFHVV�RXWSXW��VHH�)LJ������DV�WKH�VLJQDO�e��7KH�VDPSOLQJ�WLPH�XVHG�LQ
WKH�LQFUHPHQWDO�DOJRULWKP�ZDV�76 �����V�

7KH� UHVXOWV� DUH� VKRZQ� LQ� )LJXUHV� ��� WR� ���� )LJ�� ��� VKRZV� WKH� SURFHVV� RXWSXW� RI� WKH
OLPLWHG� V\VWHP� ZKHQ� XVLQJ� GLIIHUHQW� DQWL�ZLQGXS� DOJRULWKPV�� ,W� FDQ� EH� VHHQ� WKDW� WKH
LQFUHPHQWDO�DOJRULWKP�LV�YHU\�VHQVLWLYH�WR�V\VWHP�QRLVH��7KH�UHIHUHQFH�SRLQW�FDQQRW�EH
UHDFKHG� GXH� WR� SHULRGLF� OLPLWDWLRQV� RI� WKH� FRQWUROOHU� RXWSXW� VLJQDO�� 7KH� UHDOLVDEOH
UHIHUHQFH�LV�VKRZQ�LQ�)LJ������,W�LV�REYLRXV�WKDW�WKH�FRQGLWLRQLQJ�WHFKQLTXH�JLYHV�TXLWH�D
JRRG� UHVSRQVH�� ZKLOVW� WKH� LQFUHPHQWDO� DOJRULWKP� LV� FRQVLGHUDEO\� VHQVLWLYH� WR� SHULRGLF
OLPLWDWLRQV��7KH�FRQWUROOHU�RXWSXW�DQG�WKH�SURFHVV�LQSXW�VLJQDOV�DUH�JLYHQ�LQ�)LJ�����

6LPLODU�REVHUYDWLRQV�WR�WKRVH�RI� WKH�3,�FRQWUROOHU�FDQ�DOVR�EH�PDGH�IRU� WKH�JHQHUDOLVHG
3,'�FRQWUROOHU��:H�SUHSDUHG�H[DPSOH�ZLWK�SURFHVV�
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DQG�WKH�IROORZLQJ�JHQHUDOLVHG�3,'�FRQWUROOHU�
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7KH�SURFHVV� OLPLWDWLRQV�ZHUH�8PD[ ����DQG�8PLQ ������7KH�VDPH�ZKLWH�QRLVH�DV� LQ� WKH
SUHYLRXV�H[DPSOH�ZDV�ILOWHUHG�E\�WKH�ILUVW�RUGHU�ORZ�SDVV�ILOWHU
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DQG�DGGHG�WR�WKH�SURFHVV�RXWSXW��7KH�VDPSOLQJ�WLPH�IRU�WKH�LQFUHPHQWDO�DOJRULWKP�ZDV
WKH�VDPH�DV�IRU�WKH�SUHYLRXV�H[DPSOH��76 �����V��

7KH� H[SHULPHQWDO� UHVXOWV� DUH� VKRZQ� LQ� )LJXUHV� ��� WR� ���� 6LPLODU� FRQFOXVLRQV� FDQ� EH
GUDZQ� DV� IRU� WKH� SUHYLRXV� H[DPSOH�� 7KH� LQFUHPHQWDO� DOJRULWKP� LV� DJDLQ� WKH� PRVW
VHQVLWLYH��ZKLOVW�WKH�FRQGLWLRQLQJ�WHFKQLTXH�ZDV�TXLWH�LQHUW�WR�WKH�SURFHVV�QRLVH�
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)LJ������7KH�FRQWUROOHU�RXWSXW�DQG�WKH�SURFHVV�LQSXW�ZKHQ�DSSO\LQJ�WKH�3,�FRQWUROOHU�
���FRQWUROOHU�RXWSXW��X���BB�SURFHVV�LQSXW��XU�
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��� $QWL�ZLQGXS�IRU
PXOWLYDULDEOH
FRQWUROOHUV

7KH� WRSLF� RI� $:� GHVLJQ� KDV� EHHQ� VWXGLHG� IRU� VRPH� IRXU� GHFDGHV� E\� PDQ\� DXWKRUV�
+RZHYHU��DQWL�ZLQGXS�SURWHFWLRQ�IRU�PXOWLYDULDEOH�V\VWHPV�KDV�UHFHLYHG�PRUH�DWWHQWLRQ
RQO\� LQ� WKH� ODVW� GHFDGH�� 7KH� PRVW� SRSXODU� $:� WHFKQLTXHV� IRU� VXFK� FRQWUROOHUV� DUH
GHVFULEHG� LQ� +DQXV� ������� DQG� .RWKDUH� HW� DO�� �������� DQG� WKH� UHIHUHQFHV� FRQWDLQHG
WKHUHLQ�� ,Q�.RWKDUH� HW� DO�� �������� D� JHQHUDO� IUDPHZRUN� IRU�$:�GHVLJQ� LV� SUHVHQWHG� LQ
ZKLFK�DOO�NQRZQ�$:�FRPSHQVDWLRQ�VFKHPHV�DULVH�DV�VSHFLDO�FDVHV�

5HFHQWO\�� VRPH� JXLGHOLQHV� IRU� GHVLJQLQJ� $:�� %/7� DQG� &7� FRPSHQVDWLRQ� IRU� 3,'
FRQWUROOHUV� KDYH� EHHQ� SURYLGHG� �3HQJ� HW� DO��� ����D��� 6XEVHTXHQW� LQYHVWLJDWLRQ� KDV
UHYHDOHG�WKDW�WKH�FRQFOXVLRQV�FDQ�EH�H[WHQGHG�WR�PRUH�JHQHUDO�FRQWUROOHUV��$V�D�UHVXOW��D
NH\�REMHFWLYH� LQ� WKLV� FKDSWHU� LV� WR�SURYLGH� D� VLPSOH� SDUDPHWHULVDWLRQ� IRU�$:�GHVLJQV�
6LQFH�WKH�SURSRVHG�SDUDPHWHULVDWLRQ�LV�EDVHG�RQ�WKH�FODVVLFDO�IHHGEDFN�FRQWURO�VFKHPH�
LW�KDV�VRPH�DGYDQWDJHV�RYHU�WKH�IUDPHZRUN�SURSRVHG�E\�.RWKDUH�HW�DO����������)LUVW��WKH
$:�GHVLJQ�FDQ�EH�H[SODLQHG�LQ�D�QDWXUDO�DQG�VWUDLJKWIRUZDUG�PDQQHU��6HFRQG��GLIIHUHQW
H[LVWLQJ�$:�GHVLJQV� FDQ�EH� HDVLO\� FRPSDUHG�� DQG� WKHLU� DGYDQWDJHV� DQG� GLVDGYDQWDJHV
UHDGLO\�XQGHUVWRRG�

2QH�SUREOHP�DVVRFLDWHG�ZLWK� VDWXUDWLRQ� LQ�PXOWLYDULDEOH� �PXOWL�LQSXW��PXOWL�RXWSXW�� RU
0,02��V\VWHPV�ZKLFK�KDV�QR�VFDODU��VLQJOH�LQSXW��VLQJOH�RXWSXW��RU�6,62��FRXQWHUSDUW
LV�WKDW�RI�FRQWURO�LQSXW�YHFWRU�GLUHFWLRQDOLW\���7KLV�SUREOHP�LV�DGGUHVVHG�E\�PHDQV�RI�DQ
RSWLPDO�GHVLJQ�RI�DQ�DUWLILFLDO�QRQOLQHDULW\��$1���3HQJ�HW�DO���������
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���� 3DUDPHWHULVDWLRQ�RI�DQWL�ZLQGXS�GHVLJQV

������:LQGXS�SUREOHPV�DQG�DQWL�ZLQGXS�FRPSHQVDWLRQ

/HW�XV� FRQVLGHU� WKH� XQLW\� IHHGEDFN� OLQHDU� FRQWURO� V\VWHP� VKRZQ� LQ�)LJ�� ����ZKHUH� WKH
SODQW�LV�GHVFULEHG�E\�D�P�P�OLQHDU�WUDQVIHU�PDWUL[�3�V���DQG�D�OLQHDU�FRQWUROOHU�ZLWK�P�P
WUDQVIHU�PDWUL[�.�V��ZDV�GHVLJQHG� LQ�RUGHU� WR�PHHW�FHUWDLQ�SHUIRUPDQFH�VSHFLILFDWLRQV�
,QFOXGLQJ�WKH�HIIHFW�RI�LQSXW�OLPLWDWLRQV�OHDGV�WR�WKH�V\VWHP�VKRZQ�LQ�)LJ������LQ�ZKLFK
WKH�EORFN�1�LV�LQFOXGHG�WR�PRGHO�WKH�HIIHFWV�RI�LQSXW�QRQOLQHDULWLHV��ZKHUH�D�GLVWLQFWLRQ
LV�PDGH�EHWZHHQ�WKH�UHDO�SODQW�LQSXW�XU�DQG�WKH�H[SHFWHG�SODQW�LQSXW�X��ZKLFK�LV�DOVR�WKH
RXWSXW�RI�WKH�OLQHDU�FRQWUROOHU�.�V��

)LJ������8QLW\�IHHGEDFN�FRQWURO�V\VWHP

)LJ������&RQVWUDLQHG�XQLW\�IHHGEDFN�FRQWURO�V\VWHP
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,I� D� G\QDPLF� FRQWUROOHU� LV� XSGDWHG�ZLWKRXW� XVLQJ� DQ\� LQIRUPDWLRQ� IURP� WKH� UHDO� SODQW
LQSXW�XU�DV� VKRZQ� LQ�)LJ������ WKH�FRQWUROOHU� VWDWHV�ZLOO�EH� LQFRUUHFWO\�XSGDWHG�ZKHQ�XU

GLIIHUV�IURP�X��DQG�WKLV�ODFN�RI�FRQVLVWHQF\�LV�UHIHUUHG�WR�DV�³FRQWUROOHU�ZLQGXS´��6LQFH
WKH� GHVLJQ� RI� .�V�� LJQRUHV� DFWXDWRU� QRQOLQHDULWLHV�� FRQWUROOHU� ZLQGXS� FDQ� UHVXOW� LQ
VLJQLILFDQW�SHUIRUPDQFH�GHJUDGDWLRQ�ZLWK�UHVSHFW�WR�WKH�H[SHFWHG�OLQHDU�SHUIRUPDQFH�

,Q� FRQWUDVW�� LI� WKH� LQWHUQDO� VWDWHV� RI� WKH� G\QDPLF� FRQWUROOHU� .�V�� DUH� XSGDWHG� XVLQJ
NQRZOHGJH�RI�XU�ZKHQ�XU�º�X�� WKH�FRQWUROOHU�LPSOHPHQWDWLRQ�LV�VDLG�WR�LQFRUSRUDWH�$:
FRPSHQVDWLRQ�� ,W� VKRXOG� EH� SRLQWHG� RXW�� KRZHYHU�� WKDW� WKH� PHUH� SUHVHQFH� RI� $:
FRPSHQVDWLRQ� LV� QRW� VXIILFLHQW� WR� HOLPLQDWH� WKH� GHJUDGDWLRQ� RI� WKH� FORVHG�ORRS
SHUIRUPDQFH��9UDQþLü�DQG�3HQJ������E���������2XU�REMHFWLYH�LV��WKHUHIRUH��WR�LQYHVWLJDWH
ZKLFK� $:� FRPSHQVDWLRQ� VKRXOG� EH� XVHG� LQ� GLIIHUHQW� FDVHV�� $SSURSULDWH� $:� GHVLJQ
VKRXOG� OHDG� WR� D�JUDFHIXO�GHJUDGDWLRQ�ZLWK� UHVSHFW� WR� WKH� H[SHFWHG� OLQHDU� SHUIRUPDQFH
ZKHQ�WKH�FRQWURO�LQSXW�HQWHUV�VDWXUDWLRQ�

$�QDWXUDO�ZD\�RI�XVLQJ�NQRZOHGJH�RI�XU�LV�WR�IHHG��X��XU��EDFN�WR�WKH�FRQWUROOHU�WKURXJK�D
OLQHDU� ILOWHU�ZLWK� DQ� DSSURSULDWH� WUDQVIHU�PDWUL[�)�V�� DV� VKRZQ� LQ�)LJ�� ����$V� WKH�$:
FRPSHQVDWLRQ�LV�DFKLHYHG�ZLWK�D�OLQHDU�ILOWHU��$:�GHVLJQV�RI�WKLV�W\SH�DUH�UHIHUUHG�WR�DV
OLQHDU�$:�FRPSHQVDWRUV��3HQJ�HW�DO�������D�E���,W�LV�QRW�D�VWUDLJKWIRUZDUG�WDVN�WR�GHULYH
WKH�FRQGLWLRQV� IRU�FRQWUROOHU� LPSOHPHQWDELOLW\�DQG�FORVHG�ORRS�VWDELOLW\� IRU� WKH� VFKHPH
LQ�)LJ������$QRWKHU�ZD\�WR�SDUDPHWULVH�DQ\�OLQHDU�$:�FRPSHQVDWRU�IRU�XQLW\�IHHGEDFN
FRQWUROOHU�.�V��LV�VKRZQ�LQ�)LJ�����

)LJ������&RQVWUDLQHG�XQLW\�IHHGEDFN�FRQWURO�V\VWHP�ZLWK�OLQHDU�$:�FRPSHQVDWRU

,QGHHG��E\�EORFN�PDQLSXODWLRQ�� LW�FDQ�EH�HDVLO\�VKRZQ�WKDW� WKH�VFKHPHV�UHSUHVHQWHG� LQ
)LJ�����DQG�)LJ�����DUH�HTXLYDOHQW�LI�DQG�RQO\�LI
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$QRWKHU�SRVVLELOLW\�IRU�PRGLI\LQJ�WKH�$:�VFKHPH�SUHVHQWHG�LQ�)LJ�����LV�VKRZQ�LQ�)LJ�
����ZKHUH�$1� LV�DQ�DUWLILFLDO�QRQOLQHDULW\�FKRVHQ�VR� WKDW� WKH�RXWSXW�Y�QHYHU�PDNHV� WKH
QRQOLQHDULW\�1�DFWLYH��L�H��XU Y�IRU�DOO�WLPH��,Q�SUDFWLFH��WKH�EORFN�$1�FDQ�RQO\�EH�DGGHG
ZKHQ�EORFN�1�LV�NQRZQ�D�SULRUL��7KH�VFKHPH�LQ�)LJ����FDQ�EH�WKHUHIRUH�FRQVLGHUHG�DV�D
VSHFLDO�FDVH�RI�WKH�VFKHPH�VKRZQ�LQ�)LJ������FRUUHVSRQGLQJ�WR�WKH�FDVH�$1� �1�

)LJ������3DUDPHWHULVDWLRQ�RI�OLQHDU�$:�FRPSHQVDWRUV

.RWKDUH� HW� DO�� ������� SUHVHQWHG� D� XQLILHG� IUDPHZRUN� IRU� WKH� VWXG\� RI� DQWL�ZLQGXS
GHVLJQV�LQ�ZKLFK�DOO�NQRZQ�DQWL�ZLQGXS�FRPSHQVDWLRQ�VFKHPHV�DUH�VKRZQ�WR�EH�VSHFLDO
FDVHV�� ,W� VKRXOG� EH� SRLQWHG� RXW� WKDW� RXU� SURSRVHG� SDUDPHWULVDWLRQ� LV� HTXLYDOHQW� WR� WKH
IUDPHZRUN�RI�.RWKDUH�HW�DO�� ��������EXW�RXU�LQWHUSUHWDWLRQ�LV�VRPHZKDW�PRUH�LQWXLWLYH�
DQG� SURYLGHV� WKH� IROORZLQJ� DGGLWLRQDO� LQVLJKWV�� 7KH� DQWL�ZLQGXS� FRPSHQVDWLRQ
IUDPHZRUN�RI�.RWKDUH�HW�DO��FDQ�EH�DEVWUDFWHG�DV
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$��%��&��DQG�'�DUH�VWDWH�VSDFH�PDWULFHV�RI�.�V���DQG�+��DQG�+��DUH�WKH�GHVLJQ�SDUDPHWHU
PDWULFHV�RI�DQ�DSSURSULDWH�GLPHQVLRQ��,QGHHG��H[SUHVVLRQV�������DQG�������DUH�WKH�VWDWH�
VSDFH� IDFWRULVDWLRQ� RI�.�V��� 1RWLQJ�.��V� 9�V�� DQG�.��V� 8�V��,�� ZH� FDQ� VHH� WKDW� RXU
SDUDPHWULVDWLRQ�LV�WKH�VDPH�DV�WKHLU�IUDPHZRUN�

+RZHYHU��DV�ZLOO�EH�VKRZQ�LQ�WKH�QH[W�VXE�VHFWLRQ��ZH�IRXQG�WKDW�+��VKRXOG�QRW�EH�XVHG
DV�D�IUHH�GHVLJQ�SDUDPHWHU��EXW�VKRXOG�EH�IL[HG�WR�+� ,��,Q�VXFK�D�FDVH��WKH�IUDPHZRUN�RI
.RWKDUH� HW� DO�� FRLQFLGHV� ZLWK� WKH� REVHUYHU� DSSURDFK� SURSRVHG� E\� ÇVWU|P� DQG
:LWWHQPDUN��������

,W� VKRXOG� EH� SRLQWHG� RXW� WKDW� WKH� VFKHPH� UHSUHVHQWHG� E\�)LJ�� �� LV� RQH� RI� WKH� VLPSOHVW
ZD\V� WR�SDUDPHWULVH� DQ\� OLQHDU�$:�FRPSHQVDWRU� IRU� D�XQLW\� IHHGEDFN� FRQWUROOHU�.�V��
7KH�UHDVRQ�LV�WZRIROG��)LUVW��LW�LV�HTXLYDOHQW�WR�WKH�JHQHUDO�IUDPHZRUN�JLYHQ�E\�.RWKDUH
HW� DO�� ������� DQG� WKHUHIRUH� SDUDPHWULVHV� DQ\� OLQHDU� $:� FRPSHQVDWRU�� 6HFRQG�� D
FRQWUROOHU�ZLWK�DQ�DQWL�ZLQGXS�FRPSHQVDWRU�VKRXOG�FRQWDLQ�DW�OHDVW�WZR�EORFNV��DQG�WKLV
VFKHPH�FRQWDLQV�WKDW�PDQ\��.��V��DQG�.��V��

)LJ�������$:�VFKHPHV�LQFRUSRUDWLQJ�DQ�DUWLILFLDO�QRQOLQHDULW\

������ 5HDOLVDEOH�UHIHUHQFH

)RU�D�JLYHQ�FRQWUROOHU�.�V���WKHUH�DUH�DQ�LQILQLWH�QXPEHU�RI�ZD\V�RI�DVVLJQLQJ�.��V��DQG
.��V��� 6LPLODUO\�� LI� 1� LV� NQRZQ� D� SULRUL�� WKHUH� DUH� DQ� LQILQLWH� QXPEHU� RI� ZD\V� RI
GHVLJQLQJ� $1�� 2XU� LQWHQWLRQ� KHUH� LV� WR� LQYHVWLJDWH� WKH� SURV� DQG� FRQV� RI� VHYHUDO
FRPPRQO\�DGYRFDWHG�$:�VFKHPHV��7R�WKLV�HQG��WKH�FRQFHSW�RI�WKH�UHDOLVDEOH�UHIHUHQFH
LV�LQWURGXFHG�DV�IROORZV��$VVXPH�WKDW�$1�LV�IL[HG�VR�WKDW�1�LV�QHYHU�DFWLYH��L�H��XU Y��,W�LV
DOZD\V�SRVVLEOH�WR�PDNH�SURFHVV�LQSXW�DQG�RXWSXW�LQ�)LJ�����HTXLYDOHQW�WR�WKRVH�LQ�)LJ�
���E\�D�VXLWDEOH�FKRLFH�RI�UHIHUHQFH�ZU��7KXV��GLIIHUHQW�.��V���.��V��DQG�$1�ZLOO�OHDG�WR
GLIIHUHQW�ZU��,I�VXFK�D�UHIHUHQFH�ZU�ZHUH�DSSOLHG�WR�WKH�FRQWUROOHU�LQVWHDG�RI�WKH�UHIHUHQFH
Z�� WKH�QRQOLQHDULW\�$1�ZRXOG�QRW�EH�DFWLYH��)RU�WKLV� UHDVRQ��ZU� LV�FDOOHG� WKH� UHDOLVDEOH
UHIHUHQFH��+DQXV�HW�DO���������
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)LJ������)HHGEDFN�FRQWURO�V\VWHP�ZLWK�UHDOLVDEOH�UHIHUHQFH�ZU

)URP�WKH�YLHZSRLQW�RI� WUDFNLQJ�SHUIRUPDQFH�� WKH�EHVW�$:�VWUDWHJ\�VKRXOG�PDNH�ZU�DV
FORVH�DV�SRVVLEOH�WR�Z�

,W�FDQ�EH�HDVLO\�GHGXFHG�IURP�)LJ�����DQG�)LJ�����WKDW
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7KHVH�WZR�HTXDWLRQV�OHDG�WR
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)RU�6,62�V\VWHPV��LQ�RUGHU�WR�PDNH�ZU�DV�FORVH�DV�SRVVLEOH�WR�Z�� LW�LV�FOHDU�IURP������
WKDW�$1�VKRXOG�EH�WKH�VDPH�DV�1���WKHUHE\�HQVXULQJ�_XU-X_�LV�DV�VPDOO�DV�SRVVLEOH��)RU�WKLV
UHDVRQ�� WKHUH� LV� QR� QHHG� WR� LQWURGXFH� $1� IRU� 6,62� V\VWHPV�� +RZHYHU�� IRU� 0,02
V\VWHPV��LW�RIWHQ�KDSSHQV�WKDW�RQH�DFWXDWRU�LV�VDWXUDWHG�ZKLOVW�RWKHUV�DUH�VWLOO�ZRUNLQJ�LQ
OLQHDU�UHJLRQV��6R�LW�FRXOG�SURYH�WR�EH�XVHIXO�WR�XVH�$1�WR�PRGLI\�Y�LQ�RUGHU�WR�DFKLHYH
WKH�GHVLUHG�UHDOLVDEOH�UHIHUHQFH��7KLV�DVSHFW�ZLOO�EH�DGGUHVVHG�LQ�GHWDLOV�LQ�6XE�FKDSWHU
����
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������ &RQGLWLRQV�RQ�.��V��DQG�.��V�

7KH�IROORZLQJ�FRQGLWLRQ�RQ�.��V��DQG�.��V��PXVW�EH�PHW�

�� &��� ( )( ) ( ) ( ), . V . V . V+ =
-

�

�

�
�

�� &���.��V��LV�VWULFWO\�SURSHU�

�� &���.��V��DQG�.��V��DUH�VWDEOH�

&RQGLWLRQ�&��
��ZKLFK�FDQ�EH�GHULYHG�IURP�HTXDWLRQV�������DQG��������LPSOLHV�WKDW�LQ�WKH

DEVHQFH�RI�1�� WKH�FRQWUROOHU�UHPDLQV�WKH�VDPH�DV�WKH�QRPLQDO� OLQHDU�RQH��&RQGLWLRQ�&�

LPSOLHV� WKDW� WKH� FRQWUROOHU� LV� IUHH� RI� DOJHEUDLF� ORRSV�� L�H�� LW� FDQ� EH� LPSOHPHQWHG�
&RQGLWLRQ�&�� LPSOLHV� WKDW� ZKHQHYHU� WKH� SODQW� LQSXW� X

U� LV� LQ� VDWXUDWLRQ�� WKH� FRQWUROOHU
LPSOHPHQWDWLRQ� LV� VWDEOH� LQ� WKH� VHQVH� WKDW� WKH� RXWSXWV� RI� ERWK� .��V�� DQG� .��V�� DUH
ERXQGHG��1RWH�WKDW�QR�VWDELOLW\�UHTXLUHPHQW�LV�LPSRVHG�RQ�.�V��

�2QH�PD\�DUJXH�WKDW�IRU�D�FRQWLQXRXV�WLPH�V\VWHP��DQ�DOJHEUDLF�ORRS�FDQ�EH�WROHUDWHG�DQG
FRQGLWLRQ� &�� ORVHV� JHQHUDOLW\�� )RU� LQVWDQFH�� LQ� WKH� JHQHUDO� IUDPHZRUN� SURSRVHG� E\
.RWKDUH� HW� DO��� �������� D� GHVLJQ� SDUDPHWHU� +�� ZDV� SURSRVHG�� ,W� FDQ� EH� VKRZQ� WKDW
FRQGLWLRQ�&��ZLOO� KROG� LI� DQG�RQO\� LI�+� ,� �,� LV� DQ� LGHQWLW\�PDWUL[��� ,Q�RWKHU�ZRUGV�� LI
+�º,�� FRQGLWLRQ� &�� ZLOO� EH� YLRODWHG�� +RZHYHU�� E\� LQYHVWLJDWLQJ� WKH� IROORZLQJ� WZR
WKHRUHPV��ZH�FDQ�ILQG�WKDW�+�º,�LV�RI�QR�XVH�

�7KHRUHP����&RQVLGHU�DQ\�WZR�$:�VFKHPHV�RI�WKH�IRUP�VKRZQ�LQ�)LJ������DQG�DSSOLHG
WR� WKH� VDPH� FRQVWUDLQHG� FORVHG�ORRS� V\VWHP� ZLWK� LGHQWLFDO� LQLWLDO� FRQGLWLRQV�� 'HQRWH
WKHVH�V\VWHPV�DV�$:D�ZLWK�.��V� .�D�V��DQG�.��V� .�D�V���DQG�$:E�ZLWK�.��V� .�E�V�
DQG� .��V� .�E�V��� ,I� .�E�V� G.�D�V�� ZKHUH� G� LV� DQ\� QRQ�VLQJXODU� PDWUL[�� WKHQ� WKH
UHDOLVDEOH�UHIHUHQFH�ZKHQ�XVLQJ�$:D��LV�WKH�VDPH�DV�WKDW�ZKHQ�XVLQJ�$:E�

�3URRI��6HH�$SSHQGL[�%�

�7KHRUHP���� ,I�.�D�V�� LV� SURSHU� EXW� QRW� VWULFWO\� SURSHU�� D� QRQ�VLQJXODU�PDWUL[�G� H[LVWV
VXFK�WKDW�.�E�V��LV�VWULFWO\�SURSHU�ZKHQ�VHWWLQJ�.�E�V� G.�D�V���

�3URRI��6HH�$SSHQGL[�&�

�,QGHHG��+�º,�OHDGV�WR�.�D�V��ZKLFK�LV�SURSHU�EXW�QRW�VWULFWO\�SURSHU��)URP�7KHRUHP����LW
IROORZV� WKDW� XVLQJ� VXFK� D�.�D�V�� LV� HTXLYDOHQW� WR� XVLQJ� DQ\�.�E�V�� LI� LW� FRUUHVSRQGV� WR
.�E�V� G£.�D�V��� VLQFH� WKH� UHDOLVDEOH� UHIHUHQFHV� DUH� WKH� VDPH� IRU� WKHVH� WZR
FRQILJXUDWLRQV�� )URP�7KHRUHP� ���ZH� FDQ� VHH� WKDW�G� H[LVWV� VXFK� WKDW�.�E�V�� LV� VWULFWO\
SURSHU��2Q�WKH�RWKHU�KDQG��D�VWULFWO\�SURSHU�.�E�V��VKRXOG�FRUUHVSRQG�WR�+� ,��7KHUHIRUH�
WKH� LPSRVLWLRQ� RI� +� ,� LQ� FRQGLWLRQ� &�� LPSOLHV� QR� ORVV� RI� JHQHUDOLW\�� DQG� WKH
LQWURGXFWLRQ�RI�DQ�DOJHEUDLF�ORRS�E\�LPSRVLQJ�+�º,�LV�RI�QR�XVH�

�

�7R� DQDO\VH� WKH� VWDELOLW\� RI� WKH� $:� FRQWURO� V\VWHP� GHVFULEHG� E\� )LJ�� ���� RQO\� VRPH
VXIILFLHQW�FRQGLWLRQV�WR�JXDUDQWHH�FORVHG�ORRS�VWDELOLW\�DUH�JLYHQ�E\�WHFKQLTXHV�VXFK�DV



��

WKH� 3RSRY�� &LUFOH�� DQG� 2II�D[LV� &LUFOH� FULWHULD�� WKH� SDVVLYLW\� WKHRUHP� DQG� PXOWLSOLHU
WKHRU\� �.RWKDUH� DQG� 0RUDUL�� ������� 1RWH� WKDW� WKH� FORVHG�ORRS� $:� FRQWURO� V\VWHP
FRQWDLQV�D�FDVFDGH�OLQN�EHWZHHQ�QRQOLQHDULW\�1�DQG�3�V�.��V��.��V���:H�FRQMHFW� WKDW�D
VWDEOH�.��V��DQG�.��V�� OHDG� WR�FORVHG�ORRS�V\VWHPV�KDYLQJ�D�JUHDWHU�FKDQFH�RI�PHHWLQJ
WKH� NQRZQ� VXIILFLHQW� FRQGLWLRQV� IRU� VWDELOLW\�� EXW� D� GHWDLOHG� LQYHVWLJDWLRQ� RI� WKLV
FRQMHFWXUH�UHTXLUHV�IXUWKHU�UHVHDUFK�

������ 7KH�FKRLFH�RI�.��V��DQG�.��V�

/HW�XV�ILUVW�JLYH�VRPH�H[SOLFLW�PHDQLQJV�RI�WKH�FRQGLWLRQV�&���&���DQG�&����)URP�&���ZH
FDQ�REWDLQ

��� ( ) ( ) ( ). V . V . V ,
�

�

�
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8VXDOO\�� D�FRQWUROOHU� LV�ELSURSHU�� DQG� WKLV� LPSOLHV� WKDW�.�¹�� H[LVWV�� ,Q� VXFK�FDVH�� IURP
������DQG�QRWLQJ�WKDW�.��V��VKRXOG�EH�VWULFWO\�SURSHU��ZH�FDQ�GHGXFH

�� &���. .
�
� � � �¹ = ¹ �LI�.�¹��H[LVWV�

+RZHYHU��LW�PD\�KDSSHQ�WKDW�D�FRQWUROOHU�LV�QRW�ELSURSHU��)RU�LQVWDQFH��LI�RQH�LQVLVWV�RQ
GLDJRQDOO\� GHFRXSOLQJ� D� VTXDUH�0,02�SODQW�ZKRVH� LQWHUDFWRU�PDWUL[� LV� QRQ�GLDJRQDO�
DQ\�XQLW\�IHHGEDFN�FRQWUROOHU�PXVW�EH�VWULFWO\�SURSHU��,Q�WKLV�FDVH��&��LV�QR�ORQJHU�YDOLG�
7R�GHGXFH�D�FRQGLWLRQ�IRU�UHSODFLQJ�&���ZH�LQWURGXFH�DQ�LQWHUDFWRU�PDWUL[�x�V��IRU�.�V��
VXFK�WKDW
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ZKHUH. � �¹ LV�QRQ�VLQJXODU��1RWH� WKDW� WKHUH� DUH�GLIIHUHQW�ZD\V� WR� FRQVWUXFW x�V���)URP
������DQG�EHDULQJ�LQ�PLQG�WKDW�.��V��VKRXOG�EH�VWULFWO\�SURSHU��ZH�FDQ�GHGXFH
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$QRWKHU� SRWHQWLDO� SUREOHP� DULVHV� ZKHQ�.�V�� FRQWDLQV� QRQ�PLQLPXP� SKDVH� ]HURV�� )RU
LQVWDQFH�� LI�RQH� LQVLVWV�RQ�GLDJRQDOO\�GHFRXSOLQJ�D� VTXDUH�QRQ�PLQLPXP�SKDVH�0,02
SODQWV� ZKRVH� JHQHUDOLVHG� LQWHUDFWRU� PDWUL[� LV� QRQ�GLDJRQDO�� DQ\� XQLW\� IHHGEDFN
FRQWUROOHU�PXVW�EH�QRQPLQLPXP�SKDVH��*RRGZLQ�HW�DO���������:HOOHU���������$V�.��V��LV
VWDEOH��IURP�������ZH�PXVW�HQVXUH�WKDW�.���V�.��V��LV�DOVR�VWDEOH��7KH�H[SOLFLW�FRQGLWLRQ
IRU� WKLV� FDQ� EH� GHULYHG� XVLQJ� WKH� FRQFHSW� RI� WKH� JHQHUDOLVHG� LQWHUDFWRU� PDWUL[�� %\
JHQHUDOLVHG�PDWUL[��ZH�PHDQ� WKDW� QRW� RQO\� ������ DQG� ������ DUH� WR� KROG�� EXW� DOVR� x�V�
FRQWDLQV�DOO� WKH�QRQ�PLQLPXP�SKDVH�]HURV��'XH� WR� WKLV�JHQHUDOLVDWLRQ��&�� LV� VWLOO�YDOLG
VLQFH�.���V�.��V��UHPDLQV�VWDEOH��7KH�LGHD�RI�XVLQJ�WKH�FRQWUROOHU�LQWHUDFWRU�PDWUL[�LQ�WKH
$:�FRQWH[W�ZDV�ILUVW�SURSRVHG�LQ�+DQXV�DQG�3HQJ��������������

,W� VKRXOG� EH� SRLQWHG� RXW� WKDW� LQ� SUDFWLFH�� .�V�� LV� XVXDOO\� ELSURSHU� DQG� KDV� QR� QRQ�
PLQLPXP�SKDVH�]HURV��,Q�WKLV�FDVH��ZH�SURSRVH�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�ZKLFK
VHWV
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7KHUH� DUH� WZR� UHDVRQV� IRU� XVLQJ� WKH� FRQGLWLRQLQJ� WHFKQLTXH�� )LUVW�� DV�.��V�� GRHV� QRW
IHHGEDFN� DQ\� LQIRUPDWLRQ� RI� WKH� UHDO� LQSXW� XU�� LW� VKRXOG� DYRLG� WKH� LQFOXVLRQ� RI� DQ\
G\QDPLFV�ZKLFK�PD\�VXIIHU�ZLQGXS��DV�GRQH�LQ��������7KH�ZRUVW�FDVH�LV�WKDW�.��V� .�V��
L�H�� .��V�� FRQWDLQV� DOO� WKH� G\QDPLFV� RI� .�V��� 7KLV� FDVH� FRUUHVSRQGV� WR� QR� $:
FRPSHQVDWLRQ�� 6HFRQG�� IURP� ������� LW� LV� FOHDU� WKDW� ZU� EHFRPHV� Z� DW� WKH� LQVWDQW� WKH
FRQWUROOHU�OHDYHV�WKH�OLPLWDWLRQ��$Q\�G\QDPLFDO�.��V��ZLOO�PDNH�Z

U�GLIIHUHQW�IURP�Z�DIWHU
WKH�FRQWUROOHU�OHDYHV�WKH�OLPLWDWLRQ�

���� 2SWLPDO�DUWLILFLDO�QRQOLQHDULW\�GHVLJQ

)RU�PXOWLYDULDEOH�FRQWURO�V\VWHPV��WKH�SRWHQWLDO�H[LVWV�IRU�VRPH��EXW�QRW�DOO��SODQW�LQSXWV
WR�HQWHU�VDWXUDWLRQ��,Q�VXFK�D�VLWXDWLRQ��D�FRPPRQO\�DGYRFDWHG�VWUDWHJ\�LV�WR�VFDOH�GRZQ
DOO� FRQWUROOHU� LQSXWV� VR� WKDW� WKH� GLUHFWLRQ� RI� X�W�� WKH� SODQW� LQSXW� YHFWRU� LV� PDLQWDLQHG
�&DPSR�DQG�0RUDUL��������&KULVWHQ�DQG�*HHULQJ���������7KLV�LV�DFFRPSOLVKHG�XVLQJ�WKH
IROORZLQJ�$1�GHVLJQ�VWUDWHJ\��NQRZQ�DV�³GLUHFWLRQ�SUHVHUYLQJ´�$1�GHVLJQ�
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)URP�HTXDWLRQ� ������� KRZHYHU�� LW� LV� FOHDU� WKDW� VXFK� D� VWUDWHJ\� FDQ� HDVLO\�PDNH�ZU� IDU
IURP�Z��$Q�DOWHUQDWLYH�VWUDWHJ\�ZDV�SURSRVHG�E\�+DQXV�DQG�.LQQDHUW���������LQ�ZKLFK
WKH�DUWLILFLDO�QRQOLQHDULW\�EORFN�$1�LV�GHVLJQHG�LQ�VXFK�D�ZD\�WKDW�ZU�UHPDLQV�DV�FORVH�DV
SRVVLEOH� WR�Z�� LQ� VRPH� VHQVH�� 6LQFH� E\� GHILQLWLRQ��$1� LV� QR� OHVV� OLPLWHG� WKDQ�1�� WKH
UHVXOWLQJ�ZU� LV� ERXQGHG� LI� LW� LV� ERXQGHG�ZLWKRXW� XVLQJ�$1�� DQG� WKXV� WKH� RSWLPDO�$1
GHVLJQ�ZLOO�QRW�HQGDQJHU�FORVHG�ORRS�VWDELOLW\��:KLOH�RSWLPDO�$1�GHVLJQ�ZDV�RULJLQDOO\
SURSRVHG�LQ��+DQXV�DQG�.LQQDHUW���������WKH�SUHVHQWDWLRQ�WKHUH�LV�LQVXIILFLHQWO\�GHWDLOHG
WR�SHUPLW�UHDG\�LPSOHPHQWDWLRQ��)RU�WKLV�UHDVRQ��ZH�KDYH�GHFLGHG�WR�SUHVHQW�D�WKRURXJK
WUHDWPHQW�RI�RSWLPDO�$1�GHVLJQ�LQ�WKH�SUHVHQW�SDSHU�

,W�VKRXOG�EH�HPSKDVLVHG�WKDW�WKH�RSWLPDO�$1�GHVLJQ�LV�FDUULHG�RXW�DIWHU�GHVLJQLQJ�.��V�
DQG�.��V���VR�WKDW�GHVLJQ�RI�$1�LV�FRQVLGHUHG�LQGHSHQGHQW�RI�DQ\�SDUWLFXODU�$:�GHVLJQ�
7R�VLPSOLI\�WKH�SUHVHQWDWLRQ��WKH�QRQOLQHDULW\�1�LV�DVVXPHG�WR�EH�UHVWULFWHG�WR�WKH��VDW�
IXQFWLRQ��GHILQHG�DV
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6XSSRVH� WKDW� WKH� FRQGLWLRQLQJ� WHFKQLTXH� ������������ LV� XVHG�� DQG�ZH�GHQRWH�E\�'� WKH
QRQ�VLQJXODU� IHHGWKURXJK� PDWUL[� RI� WKH� OLQHDU� FRQWUROOHU�.�V��� L�H��'=.�¹��� (TXDWLRQ
������FDQ�WKHQ�EH�UHZULWWHQ�DV
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%\�LQWURGXFLQJ�+ >,P�P��,P�P@
7�DQG�E >�8�

PD[�«��8P
PD[�8�

PLQ�«�8P
PLQ@7��WKH�LQHTXDOLW\

FRQVWUDLQWV�LQ�������FDQ�EH�FRQFLVHO\�UHSUHVHQWHG�DV
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8VLQJ��������WKH�LQHTXDOLW\�FRQVWUDLQWV�FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�ZU�DQG�Z�
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2SWLPDO�$1�GHVLJQ�LV�WKHUHIRUH�D�QRQOLQHDU�SURJUDPPLQJ�SUREOHP��WKH�VROXWLRQ�RI�ZKLFK
LQVWDQWDQHRXVO\�PLQLPLVHV�WKH�SHUIRUPDQFH�FULWHULRQ�-��ZU-Z��VXEMHFW� WR� WKH� LQHTXDOLW\
FRQVWUDLQWV�LQ�HTXDWLRQ��������:LWK�WKH�DSSURSULDWH�FKRLFH�RI�-�����ERWK�WKH�FULWHULRQ�DQG
FRQVWUDLQW�IXQFWLRQV�DUH�FRQYH[��7KH�RSWLPDO�$1�GHVLJQ�SUREOHP�WKHUHIRUH�DOZD\V�KDV�D
VROXWLRQ� ZKLFK� FDQ� EH� IRXQG� YLD� QXPHULFDO� WHFKQLTXHV�� H�J�� WKH� VLPSOH[� PHWKRG�
+RZHYHU��VLQFH�X�LV�D�WLPH�YDU\LQJ�VLJQDO��WKH�RSWLPDO�$1�GHVLJQ�VKRXOG�EH�FDUULHG�RXW
DW� HYHU\� WLPH� LQVWDQW�� PDNLQJ� VXFK� D� VROXWLRQ� FRPSXWDWLRQDOO\� LQWHQVLYH�� 7KH� FORVHG�
IRUP�VROXWLRQ�ILUVW�GHVFULEHG�E\�+DQXV�DQG�.LQQDHUW� ��������DQG�VXLWDEOH� IRU� UHDO�WLPH
DSSOLFDWLRQV�LV�SUHVHQWHG�LQ�$SSHQGL[�'�

%ORFN�$1�LQ�)LJ�����FDQ�WKHQ�EH�VLPSO\�UHSUHVHQWHG�E\�WKH�IROORZLQJ�SURJUDPPH�LQ�WKH
0$7/$%�SURJUDPPH�SDFNDJH�

FRQVWU� �+
X�E�

>FPD[��LPD[@� �PD[�FRQVWU��

LI��FPD[�!���

��K�� �+�LPD[����

��E�� �E�LPD[��

��WPS� �K�
'
LQY�/DPEGD�
'¶
K�¶�

��Y� ��'
/DPEGD
'¶
K�¶�WPS
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���� 6LPXODWLRQ�UHVXOWV

,Q� WKH� SUHYLRXV� VHFWLRQV��ZH� KDYH� VKRZQ� WKDW� WKH� FRQGLWLRQLQJ� WHFKQLTXH� LV� XVXDOO\� D
VXLWDEOH�$:�WHFKQLTXH�DQG�WKDW�RSWLPDO�$1�GHVLJQ�FDQ�LPSURYH�DQ\�$:�WHFKQLTXH��7R
VXSSRUW� RXU� WKHRUHWLFDO� GHYHORSPHQW��ZH�ZLOO� FRPSDUH� WKH� IROORZLQJ� IRXU� DSSURDFKHV�
QDPHO\� WKH�RULJLQDO�FRQGLWLRQLQJ� WHFKQLTXH�� WKH�FRQGLWLRQLQJ� WHFKQLTXH�ZLWK�GLUHFWLRQ�
SUHVHUYLQJ� $1�� WKH� FRQGLWLRQLQJ� WHFKQLTXH� ZLWK� RSWLPDO� $1�� DQG� WKH� LQWHUQDO� PRGHO
FRQWURO� �,0&��ZLWK�$:�FRPSHQVDWLRQ�� )RU� WKH� ODVW� DSSURDFK��ZH� FKRVH� WKH�PRGLILHG
,0&�DSSURDFK��=KHQJ�HW�DO���������VLQFH� LW�ZDV�VKRZQ�E\�=KHQJ�HW�DO�� ������� WR�EH�D
VXSHULRU� VROXWLRQ� WR� WKH� RULJLQDO� FRQGLWLRQLQJ� WHFKQLTXH�� 6RPH� VLPXODWLRQV� ZHUH
SHUIRUPHG�WR�VKRZ�WKH�HIIHFWLYHQHVV�RI�WKH�SURSRVHG�DSSURDFK�

&RQVLGHU�WKH�SURFHVV�GHVFULEHG�E\
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)RU� WKH� PHDQLQJ� RI�
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,Q�WKH�PRGLILHG�,0&�DSSURDFK��=KHQJ�HW�DO���������ZRUNHG�ZLWK�D�PRGLILHG�SODQW�PRGHO
LQ�RUGHU�WR�DFKLHYH�D�SHUIRUPDQFH�VXSHULRU�WR�WKH�RULJLQDO�FRQGLWLRQLQJ�WHFKQLTXH��7KLV
LPSOLHV�WKDW�WKH�FRQWUROOHU�WRR��ZDV�PRGLILHG��ZLWK
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DQG�D�ILOWHU�I ����V���,�ZDV�LQWURGXFHG�IRU�WKH�$:�LPSOHPHQWDWLRQ��7KLV�OHDGV�WR
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7R� DSSO\� WKH� FRQGLWLRQLQJ� WHFKQLTXH�� ZH� WRRN� WKH� IHHGEDFN� FRQWUROOHU� ������ DQG
GHFRPSRVHG�LW�DFFRUGLQJ�WR�HTXDWLRQV�������DQG�������

$�VHW�SRLQW�FKDQJH�RI�>�������@7�ZDV�DSSOLHG��%RWK�LQSXWV�ZHUH�FRQVWUDLQHG�EHWZHHQ�WKH
VDWXUDWLRQ� OLPLWV� ���� )LJ�� ��� VKRZV� WKH� SURFHVV� RXWSXWV� IRU� XQOLPLWHG� V\VWHP�� DQG� D
OLPLWHG� V\VWHP�ZKHQ�XVLQJ� WKH�RULJLQDO� FRQGLWLRQLQJ� WHFKQLTXH� DQG� WKH�PRGLILHG� ,0&
$:� FRPSHQVDWRU�� ,W� FDQ� EH� FOHDUO\� VHHQ� WKDW� WKH� FODVVLFDO� FRQGLWLRQLQJ� WHFKQLTXH
UHVXOWHG�LQ�TXLWH�D�SRRU�SHUIRUPDQFH��7KH�PRGLILHG�,0&�DSSURDFK�UHVXOWHG�LQ�LPSURYHG
SHUIRUPDQFH�� )LJ�� ��� VKRZV� WKH� SURFHVV� RXWSXWV� REWDLQHG� XVLQJ� WKH� FRQGLWLRQLQJ
WHFKQLTXH� ZLWK� WKRVH� DFKLHYHG� E\� GLUHFWLRQ�SUHVHUYLQJ� $1�� DQG� WKH� FRQGLWLRQLQJ
WHFKQLTXH�ZLWK� RSWLPDO�$1�ZKHUH� WKH�ZHLJKWLQJ� IDFWRU�ZDV�L ,�� ,W� LV� FOHDU� WKDW� ERWK
DSSURDFKHV� UHVXOWHG� LQ� LPSURYHG� UHVSRQVHV� FRPSDUHG� ZLWK� WKH� RULJLQDO� FRQGLWLRQLQJ
WHFKQLTXH��HYHQ�EHWWHU�WKDQ�WKH�PRGLILHG�,0&�DSSURDFK�

7KH�IROORZLQJ�FULWHULD�FDQ�EH�XVHG�WR�FRPSDUH�WKH�IRXU�$:�GHVLJQ�VWUDWHJLHV�
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ZKHUH� \XOL� DQG� \$:L� DUH� WKH� L�WK� SURFHVV� RXWSXW� RI� WKH� XQOLPLWHG� DQG� OLPLWHG� SURFHVV
RXWSXW�ZLWK�$:�FRPSHQVDWRU��UHVSHFWLYHO\�
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WHFKQLTXH������0RGLILHG�,0&�DSSURDFK
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7KH�YDOXHV�RI�FULWHULD�IXQFWLRQV�DUH�JLYHQ�LQ�7DEOH������,W�LV�REYLRXV�WKDW�WKH�FRQGLWLRQLQJ
WHFKQLTXH�ZLWK�RSWLPDO�$1�JLYHV�WKH�EHVW�UHVXOW�

7DEOH������7KH�YDOXHV�RI�FULWHULD�IXQFWLRQV�DFKLHYHG�E\�VHYHUDO�$:�WHFKQLTXHV

2ULJLQDO
FRQGLWLRQLQJ
WHFKQLTXH

0RGLILHG�,0&

ZLWK�$:
FRPSHQVDWLRQ

&RQGLWLRQLQJ
WHFKQLTXH�ZLWK

GLUHFWLRQ�
SUHVHUYLQJ�$1

&RQGLWLRQLQJ
WHFKQLTXH�ZLWK
RSWLPDO�$1
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)LJV�����DQG����VKRZ�WKH�HIIHFWLYHQHVV�RI�WKH�ZHLJKWLQJ�IDFWRU�L�E\�WDNLQJ
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,W� LV�FOHDU� WKDW��ZKHQ�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�ZLWK�RSWLPDO�$1��WKH�XQOLPLWHG
DQG� OLPLWHG� UHVSRQVHV� DUH� TXLWH� VLPLODU� IRU� WKH� ILUVW� SURFHVV� RXWSXW� �DW� WKH� FRVW� RI� WKH
JUHDWHU�GLIIHUHQFHV�EHWZHHQ�WKH�VHFRQG�RQH���7KHUHIRUH��LI�WKH�FRQWURO�RI�FHUWDLQ�SURFHVV
RXWSXWV�PXVW�EH�WLJKWHU� WKDQ�WKDW�RI� WKH�RWKHU�SURFHVV�RXWSXWV�� WKLV�FDQ�EH�DFKLHYHG�E\
FKDQJLQJ�WKH�ZHLJKWLQJ�IDFWRU�L�
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/LQHDU�$:�WHFKQLTXHV�IRU�PXOWLYDULDEOH�FRQWUROOHUV�FDQ�HDVLO\�EH�SDUDPHWULVHG�XVLQJ�WKH
FODVVLFDO�IHHGEDFN�VWUXFWXUH��&RQGLWLRQV�IRU�FRQWUROOHU�LPSOHPHQWDELOLW\�DQG�FORVHG�ORRS
VWDELOLW\�FDQ�EH�VWDWHG�LQ�WHUPV�RI�WKLV�SDUDPHWULVDWLRQ�

7KH� FDVH�ZKHUH� WKH� FRQWUROOHU� LV� QRW� ELSURSHU� �KDV� QRQ�PLQLPXP�SKDVH� ]HURV�� LV� DOVR
VWXGLHG��,W�LV�VKRZQ�WKDW�LQ�VXFK�D�FDVH�WKH�FRQWUROOHU�LQWHUDFWRU��JHQHUDOLVHG�LQWHUDFWRU�
PDWUL[� VKRXOG� EH� LQWURGXFHG� LQ� RUGHU� WR� GHULYH� H[SOLFLW� FRQGLWLRQV� IRU� FRQWUROOHU
LPSOHPHQWDELOLW\� DQG� FORVHG�ORRS� VWDELOLW\�� 7KLV� DOVR� KHOSV� LQ� H[SODLQLQJ� ZK\� WKH
FRQGLWLRQLQJ�WHFKQLTXH�KDV�VRPH�OLPLWDWLRQV�DQG�KRZ�WKHVH�OLPLWDWLRQV�FDQ�EH�UHPRYHG�

,W� KDV� EHHQ� VKRZQ� WKDW� $:� GHVLJQV� IRU� 0,02� V\VWHPV� FDQ� EH� HQKDQFHG� ZLWK� WKH
LQFOXVLRQ� RI� DQ� DUWLILFLDO� QRQOLQHDULW\� EORFN�� HVSHFLDOO\� ZKHQ� PXWXDO� LQWHUDFWLRQV
EHWZHHQ� WKH� SURFHVV� LQSXWV� DQG� RXWSXWV� DUH� VWURQJ�� $V� WKH� FRQGLWLRQLQJ� WHFKQLTXH� LV
JHQHUDOO\�WKH�PRVW�VXLWDEOH�$:�WHFKQLTXH�IRU�VLQJOH�LQSXW�VLQJOH�RXWSXW��6,62��V\VWHPV
�3HQJ� HW� DO�� ����D�E�� 9UDQþLü� DQG� 3HQJ�� ������ 9UDQþLü� HW� DO��� ����D��� LW� VHHPV� WKDW
FRQGLWLRQLQJ� HQKDQFHG� ZLWK� DQ� RSWLPDO� $1� GHVLJQ� VWUDWHJ\� LV� DOVR� D� VXLWDEOH� $:
WHFKQLTXH�IRU�0,02�V\VWHPV�

7KH�SUDFWLFDO�LPSOHPHQWDWLRQ�RI�WKH�RSWLPDO�$1�KDV�EHHQ�SUHVHQWHG��DQG�WKH�SURSRVHG
DOJRULWKP��EDVHG�RQ�WKH�.XKQ�7XFNHU�WKHRUHP��DSSHDUV�WR�EH�VLPSOH�DQG�IDVW�HQRXJK�IRU
UHDO�WLPH�DSSOLFDWLRQV�

7KH�DGYDQWDJH�RI�XVLQJ�WKH�FRQGLWLRQLQJ�WHFKQLTXH�DV�DQ�$:�WHFKQLTXH�LV�LWV�VLPSOLFLW\�
WKH� UHVXOWLQJ� $:� FRPSHQVDWRU� GHSHQGV� RQO\� RQ� WKH� XQFRQVWUDLQHG� FRQWUROOHU� WUDQVIHU
IXQFWLRQ��ZKHUHDV�PRVW� RWKHU� DSSURDFKHV� DOVR� UHTXLUH� WKH� SURFHVV� WUDQVIHU� IXQFWLRQ� LQ
RUGHU� WR� FDOFXODWH� DQ� DSSURSULDWH�$:� FRPSHQVDWRU��0RUHRYHU�� WKH� UREXVWQHVV� RI�$:
FRPSHQVDWRUV�GHVLJQHG�LQ�WKLV�ZD\�ZKHQ�WKH�LGHQWLILHG�SURFHVV�PRGHO�LV�SRRU�UHPDLQV�D
WRSLF�IRU�UHVHDUFK�

,W�LV�VRPHWLPHV�FODLPHG�WKDW�D�GLVDGYDQWDJH�RI�WKH�FRQGLWLRQLQJ�WHFKQLTXH�LV�WKDW�LW�RIIHUV
OLWWOH� GHVLJQ� IUHHGRP� LQ� WKH� IRUP� RI� DGGLWLRQDO� WXQLQJ� SDUDPHWHUV�� :H� ZRXOG� DUJXH�
KRZHYHU�� WKDW� GHVLJQ� IUHHGRP� LQ� WKH� SUHVHQW� FRQWH[W� VKRXOG� EH� VHHQ� DV� D� PHDQV� RI
DFKLHYLQJ� VDWLVIDFWRU\� FORVHG�ORRS� SHUIRUPDQFH�� DQG� WKDW� WKH� IUHHGRP� DYDLODEOH� LQ� WKH
GHVLJQ� RI� WKH� WUDQVIHU� PDWUL[�.�V�� DQG�RU� WKH� DGGLWLRQDO� DUWLILFLDO� QRQOLQHDULW\� $1� LV
DOPRVW�DOZD\V�VXIILFLHQW�IRU�WKLV�WDVN�
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