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���,QWURGXFWLRQ
7KH� PDLQ� WHFKQLFDO� DQG� HFRQRPLF� SHU�

IRUPDQFH�RI�WHUUHVWULDO�VRODU�FHOOV��6&��DORQJ
ZLWK�WKH�FRQYHUVLRQ�HIILFLHQF\�LV�WKH�FRVW�RI
HOHFWULF� HQHUJ\� SURGXFHG� E\� WKHVH� FHOOV�
VLQFH�DW�SUHVHQW�LW�LV�LQ��Ü��WLPHV�DERYH�WKH
PDUNHW� SULFH� RI� HOHFWULFLW\� IURP� FRQYHQ�
WLRQDO� VRXUFHV� >�@�� ,W� LV� FRQVLGHUHG� >�Ü�@
WKDW� WKLQ� ILOP�VRODU� FHOOV�PXVW�HQVXUH�FRP�
SHWLWLYHQHVV�LQ�WKH�HQHUJ\�PDUNHW�EHFDXVH�RI

WKHLU� ORZHU�PDWHULDO� DQG� HQHUJ\�SURGXFWLRQ
H[SHQGLWXUH� FRPSDUHG� WR� VLOLFRQ� 6&� DQD�
ORJXHV�� $� KLJKHVW� FRQYHUVLRQ� HIILFLHQF\� RI
WKLQ�ILOP�VRODU�FHOOV��������ZDV�UHDFKHG�IRU
WKH� EDVH� OD\HUV� RI� FKDOFRS\ULWH� FRPSRXQGV
&X,Q6H�� �&,6�� DQG� &X�,Q[*D�±[��6\6H�±\���&,*6��� DQG� VRPH� LQGXVWULDO� FRPSDQLHV� LQ
WKH� 86�� *HUPDQ\� DQG� -DSDQ� KDYH� DOUHDG\
VWDUWHG�VHULDO�SURGXFWLRQ�RI�VXFK�VRODU�FHOOV
>�Ü�@�� +RZHYHU�� DW� WKH� SUHVHQW� WLPH� WKH
PRVW� HIIHFWLYH� FKDOFRS\ULWH� VRODU� FHOOV� DUH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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SURGXFHG�E\�FR�HYDSRUDWLRQ�RI�SUHFXUVRU�HOH�
PHQWV� IURP� VHYHUDO� VHSDUDWH� VRXUFHV�� 6XFK
SURGXFWLRQ�PHWKRG� LQFUHDVHV� RI� GHYLFH� FRVW
EHFDXVH� RI� KLJK� WHPSHUDWXUH� RI� GHSRVLWLRQ
DQG� HYDSRUDWLRQ�� D� QHFHVVLW\� RI� PDVV�VSHF�
WURPHWU\� XVLQJ� WR�PRQLWRU� DQG� FRQWURO� HOH�
PHQW� IORZV� RQ� SXUSRVH� WR� REWDLQ� UHTXLUHG
EDVH� OD\HUV��$OVR� LW� OHDGV� WR� ODUJH� ORVVHV� RI
HYDSRUDWLQJ�PDWHULDO�DQG�QHHGV�IRU�GLVSRVDO
RI� VHOHQLXP� WR[LF� HPLVVLRQV�� $PRQJ� RWKHU
DOWHUQDWLYH� PHWKRGV� IRU� SURGXFWLRQ� RI� &,6
DQG�VROLG�VROXWLRQV�RQ�LWV�EDVLV�FDWKRGH�HOHF�
WURGHSRVLWLRQ�IURP�DTXHRXV�VROXWLRQV�LV�XVHG
E\�D�QXPEHU�RI�FRPSDQLHV�DQG�ILUPV�LQFOXG�
LQJ� �6RORSRZHU��� �&,6� 6RODUWHFKQLF� *PE+�
DQG� �2GHUVXQ�� >�@�� ,Q� VR�FDOOHG� RQH�VWHS
HOHFWURFKHPLFDO�GHSRVLWLRQ�RI�&X,Q6H��OD\HUVHOHFWURO\WHV� FRQWDLQ� VHOHQLXP�� FRSSHU� DQG
LQGLXP� FRPSRXQGV� VLPXOWDQHRXVO\�� 7KH
PDLQ� SUREOHP� RI� RQH�VWHS� SURFHVV� LV� D� ELJ
GLIIHUHQFH� EHWZHHQ� WKH� HOHFWURFKHPLFDO� SR�
WHQWLDOV� RI� FRSSHU�� LQGLXP� DQG� VHOHQLXP�
OHDGLQJ� WR� QHFHVVLW\� RI� XVH� ORZ� HOHFWURO\WHV
FRQFHQWUDWLRQV� �XQLWV� RI� P0�O�� DQG� FRP�
SOH[RQV� >�Ü�@�� ,W� FDXVHV� LQVWDELOLW\� LQ� HOHF�
WURGHSRVLWLRQ� SURFHVVHV� DQG� UHTXLUHV� FRP�
SOH[� HTXLSPHQW� IRU� WKH� FRQWURO� DQG� UHJXOD�
WLRQ�� WKDW� WKHUHIRUH� HOLPLQDWHG� DOO
DGYDQWDJHV�RI� WKLV� WHFKQRORJ\�DV� FKHDS�DQG
VXLWDEOH� RQH� IRU� ODUJH�VFDOH� SURGXFWLRQ�
7ZR�VWDJH�PHWKRG� LV� FRQVLVWHG� LQ�HOHFWURGH�
SRVLWLRQ� RI� FRSSHU�� LQGLXP� DQG� VHOHQLXP
OD\HUV� IURP� VHSDUDWH� HOHFWURO\WHV�� WKDW� LV� D
PXFK� VLPSOHU� WDVN�� 6LQFH� HOHFWURFKHPLFDO
PHWDOOL]DWLRQ� KDV� EHHQ� ZLGHO\� XVHG� LQ� HOHF�
WURQLFV�IRU�D�ORQJ�WLPH��WKHVH�HOHFWURGHSRVL�
WLRQ�SURFHVVHV�DUH�ZHOO�VWXGLHG�DQG�PDVWHUHG

LQ� LQGXVWULDO� FRQGLWLRQV�� (OHFWURO\WHV� DUH
VWDEOH�� FRQWDLQ� KLJK� LRQV� FRQFHQWUDWLRQV� DQG
WKHUHIRUH�GR�QRW�UHTXLUH�IUHTXHQW�DGMXVWPHQWV
GXULQJ� OD\HUV� HOHFWURGHSRVLWLRQ�� ,W� VKRXOG� EH
QRWHG� WKDW� LQ� ERWK� HOHFWURFKHPLFDO� PHWKRGV
SUHFXUVRUV�DUH�VXEVHTXHQWO\�WUDQVIRUPHG�LQWR
&,6� E\� ODVHU� RU� KHDW� WUHDWPHQWV�� RIWHQ� LW� LV
IXOILOOHG� LQ� VHOHQLXP�RU� LQ�K\GURJHQ�VHOHQLGH
YDSRUV�� 8QIRUWXQDWHO\�� &,6� EDVH� OD\HUV� SUH�
SDUHG� LQ� VXFK� ZD\V� KDYH� HIILFLHQFLHV� ORZHU
WKDQ������>�@�WKDW�LV�DOPRVW�WZLFH�OHVV�WKDQ
HIILFLHQF\�RI�SKRWRYROWDLF�FHOOV�ZLWK�DQDORJRXV
EDVH�OD\HUV�GHSRVLWHG�LQ�YDFXXP��3UREDEO\��LW
LV� DVVRFLDWHG� ZLWK� VSHFLILF� VWUXFWXUHV� DQG
SKDVH� FRPSRVLWLRQV� RI� WKH� HOHFWURGHSRVLWHG
&X±,Q±6H� SUHFXUVRUV�� 7KHUHIRUH�� LGHQWLILFD�
WLRQ� RI� XQGHVLUDEOH� FRPELQDWLRQV� DQG� VH�
TXHQFHV�RI�OD\HU�GHSRVLWLRQV�DQG�GHYHORSPHQW
RI� RSWLPDO� FRQGLWLRQV� IRU� SODWLQJ� RI� SUHFXU�
VRUV�IRU�FKDOFRS\ULWH�SKRWRYROWDLF�FHOOV�DUH�WKH
XUJHQW� WHFKQLFDO� SUREOHPV� DQG� WKHLU� VROYLQJ
KDV�EHFRPH�WKH�REMHFWLYH�RI�WKLV�ZRUN�

���([SHULPHQWDO
(OHFWURFKHPLFDO� GHSRVLWLRQ�RI� FRSSHU�� LQ�

GLXP�DQG�VHOHQLXP�ZDV�FDUULHG�RXW�DW�URRP
WHPSHUDWXUH�LQ�WZR�HOHFWURGH�FHOOV�LQ�VLPSOH
DTXHRXV� HOHFWURO\WHV� ZLWKRXW� RUJDQLF� DGGL�
WLYHV�� &RSSHU� HOHFWURO\WH� ZDV� FRQVLVWHG� RI
��� J�O�&X62���+�2� DQG� ���� J�O�+�62��� $VROXWLRQ�RI�����J�O� ,Q&O��DQG�����J�O�1+�&OZDV�XVHG�IRU�LQGLXP�HOHFWURGHSRVLWLRQ��(OHF�
WURFKHPLFDO�VHOHQLXP�GHSRVLWLRQ�ZDV�FDUULHG
RXW�ZLWK�D�VROXWLRQ�FRQWDLQLQJ����J�O�6H2��'XULQJ� WKH� GHSRVLWLRQ� RI� FRSSHU� ILOPV� WKH
FRSSHU� SODWH� ZDV� XVHG� DV� DQRGH�� ZKLOH

7DEOH��(OHFWURFKHPLFDO�GHSRVLWLRQ�SDUDPHWHUV�DQG�FDOFXODWHG�WKLFNQHVV�RI�WKH�REWDLQHG�ILOPV�

6DPSOH
1R�

(OHFWURGHSRVLWLRQ�VWDJH &DWKRGH�FXUUHQW
GHQVLW\��M��P$�FP� 'HSRVLWLRQ�WLPH��W�

PLQ
&DOFXODWHG�ILOP
WKLFNQHVV��G��PP�

� &X�RQWR�0R�JODVV �� �� ���
� &X�RQWR�6Q2��)�JODVV �� �� ����
� 6H�RQWR�6Q2��)�JODVV � �� ���
� &X�RQWR�0R�JODVV �� �� ���

,Q�RQWR�&X�0R�JODVV �� � ���
� &X�RQWR�0R�JODVV �� �� ����

,Q�RQWR�&X�0R�JODVV �� �� ���
6H�RQWR�,Q�&X�0R�JODVV � �� ���

� &X�RQWR�0R�JODVV �� �� ���
,Q�RQWR�&X�0R�JODVV �� �� ���

� 6H�RQWR�0R�JODVV � �� ���
� 6H�RQWR�0R�JODVV � �� ���

&X�RQWR�6H�0R�JODVV �� �� ���
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JUDSKLWH� DQRGHV� ZHUH� XWLOL]HG� IRU� LQGLXP
DQG� VHOHQLXP� SODWLQJ�� 7DEOH�SUHVHQWV� SD�
UDPHWHUV� RI� HOHFWURGHSRVLWLRQ� SURFHVV� DQG
ILOP�WKLFNQHVVHV�FDOFXODWHG�E\�)DUDGD\�V�ODZ
ZLWK�DVVXPLQJ�RI�DEVROXWH�FXUUHQW�\LHOG��

;�UD\� GLIIUDFWLRQ� VWXGLHV� RI� WKH� ILOP
VWUXFWXUHV� ZHUH� FDUULHG� RXW� XVLQJ� GLIIUDF�
WRPHWHU� '521���� 6KRRWLQJ� RI� GLIIUDFWLRQ
VSHFWUXP� ZDV� WDNHQ� DW� FRQVWDQW� �T�VFDQ
ZLWK�D�%UDJJ�%UHQWDQR�IRFXV�LQ�FREDOW�DQRGH
UDGLDWLRQ� �O&R.D� ���������c��� $� SURJUDP1HZB3URILOH��������� ZDV� XVHG� IRU� GHWHUPL�
QDWLRQ� RI� WKH� LQGLYLGXDO� SHDN� SDUDPHWHUV�
QDPHO\� KDOI�ZLGWK� DQG� DV\PPHWU\� IDFWRU�
GXH�WR�DSSUR[LPDWLRQV�E\�&DXFK\�DQG�*DXVV
IXQFWLRQV�� /DWWLFH� SDUDPHWHUV� IRU� FRUUH�
VSRQGLQJ�FU\VWDO�V\VWHP�ZHUH�FDOFXODWHG�DF�
FRUGLQJ� WR� >�@�� 3UHFLVLRQ� GHWHUPLQDWLRQV� RI
ODWWLFH� VSDFLQJV� RI� WKH� HOHFWURGHSRVLWHG� OD\�
HUV�ZHUH�FDUULHG�RXW�E\�1HOVRQ�5LOH\�PHWKRG
>�@�� &RQVLGHULQJ� WKDW� V\VWHPDWLF� HUURU� ZDV
SULPDU\� LQGXFHG� E\� ;�UD\� DEVRUSWLRQ� LQ� D
SDWWHUQ�� D� VWUDLJKW� H[WUDSRODWLRQ� RI� FDOFX�
ODWHG� ODWWLFH� VSDFLQJ� YDOXHV� ZDV� XVHG� IRU
FXELF�ODWWLFH�DV�D�IXQFWLRQ�RI�ODWWLFH�VSDFLQJ
YV� FRV�T���VLQ�T�����T��� /DWWLFH� SDUDPHWHUV
IRU�RWKHU�FU\VWDO�V\VWHPV�ZHUH�FDOFXODWHG�RQ
WKH�EDVH� RI� WZR� ODVW� LQGH[HG� OLQHV� LQ�;�UD\
GLIIUDFWLRQ�SDWWHUQV� LQ�DFFRUGDQFH�ZLWK� >�@�
,QYHVWLJDWLRQ�RI�WKH�ILOP�SUHIHUDEOH�RULHQWD�
WLRQ� ZDV� SHUIRUPHG� E\� DQDO\VLV� RI� WKH� GLI�
IUDFWLRQ� PD[LPD� DQG� E\� FDOFXODWLQJ� RI� WKH
WH[WXUH� UDWLR�3L� �RWKHUZLVH�� D� SROH� GHQVLW\�L�H�� WKH� SUREDELOLW\� ZLWK� ZKLFK� WKH� QRUPDO
WR� WKH� SDWWHUQ� VXUIDFH� FRLQFLGHV� ZLWK� WKH
QRUPDO�WR�D�SODQH��LQ�RWKHU�ZRUGV��WKH�SDUW
RI� JUDLQV� LQ�ZKLFK� WKLV� SODQH� LV� SDUDOOHO� WR
WKH�VDPSOH�VXUIDFH��>��@��
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ZKHUH�,L� LV�DQ�LQWHQVLW\�RI�WKH�H[SHULPHQ�WDOO\�REWDLQHG� L� SHDN��,�L� LV�DQ� LQWHQVLW\�RI� LSHDN�DFFRUGLQJ�WR�WKH�-&3'6�FDUG��1�LV�QXP�
EHU�RI�WKH�H[SHULPHQWDOO\�GHWHFWHG�GLIIUDFWLRQ
SHDNV�� ,Q� WKH� DEVHQFH� RI� WH[WXUH� 3L� ���WKHUHIRUH�WH[WXUH�FRHIILFLHQW�LV�FDOFXODWHG�LQ
UHODWLYH� XQLWV� DJDLQVW� WR� WKH� SUREDELOLW\� RI
WKLV� RULHQWDWLRQ� IRU� QRQ�WH[WXUHG� SDWWHUQ�
$Q� DQJOH� M� EHWZHHQ� WKH� WH[WXUH� D[LV� DQG
QRUPDOV� WR� UHIOHFWLYH� SODQHV� IRU� DOO� UHIOHF�
WLRQ�SODQHV� �KNO�L�ZDV�GHWHUPLQHG�DFFRUGLQJWR� >��@� IRU� FHUWDLQ� FU\VWDO� V\VWHPV�� ,W� ZDV
FRQFOXGHG�IURP� WKH� FXUYH� VKDSH� RI� WKH�GLD�
JUDP�3L� �I�M�� DERXW� WKH� GHJUHH� RI� WH[WXUHSHUIHFWLRQ�� 7KH� WH[WXUH� LV� IRXQGHG� WR� EH

PRUH�SHUIHFW� LI�3L�GHFUHDVHV� IDVWHU�ZLWK� LQ�FUHDVLQJ�RI�M��
&DOFXODWLRQ�RI�FU\VWDOOLWH�VL]H�IRU�VWXGLHG

ILOPV� ZDV� FDUULHG� RXW� E\� :LOOLDPVRQ�+DOO
IRUPXOD�>��@��$�SURILOH�RI�DQ�DFWXDO�GLIIUDF�
WLRQ�GLVWULEXWLRQ�E�ZDV�FDOFXODWHG�GHSHQGLQJ
RQ� WKH� W\SH� RI� DSSUR[LPDWLRQ� IXQFWLRQ� E\
PHDQV�RI�SURJUDP�1HZB3URILOH����������%\
XVLQJ� DSSUR[LPDWLRQ� E\� &DXFK\�V� IXQFWLRQ
ZH�REWDLQHG�E&��

E&� �%���E�� ���
ZKHUH�%�LV�DQ�LQWHJUDO�ZLGWK�RI�WKH�LQYHVWL�
JDWHG� GLIIUDFWLRQ� SDWWHUQ�� E� LV� DQ� LQWHJUDO
ZLGWK� IRU� WKH� VWDQGDUG� VSHFLPHQ�� %\� XVLQJ
RI�*DXVV�V�DSSUR[LPDWLRQ�ZH�REWDLQHG�E*��

E*� ��CCCCCCCC%����E� � ���
7KH� E� YDOXH� ZH� FDOFXODWHG� DV� DULWKPHWLF

DYHUDJH��

E� �E*���E&� � ���

6LQFH�VXFK�FKDUDFWHULVWLFV�RI�FU\VWDO�JUDLQV
DV� FRKHUHQW�VFDWWHULQJ� UHJLRQ� VL]H� �JUDLQ� VL]H
LQ�WKLV�FDVH��W�DQG�PLFURVWUDLQ�'G�G�LQIOXHQFH
RQ� WKH� GLIIUDFWLRQ� SURILOH� H[SDQVLRQ�� WKHUH�
IRUH�E�FDQ�EH�H[SODLQHG�DV�IROORZV��

E� �����OWFRVT ����WDQT'G�e�G��
���

6R�� W� DQG�'G�G�ZHUH�REWDLQHG�E\�JUDSKL�
FDO�VROYLQJ�RI�HTXDWLRQ�����

6XUIDFH� PRUSKRORJ\� RI� WKH� HOHFWURGHSR�
VLWHG� OD\HUV� ZDV� VWXGLHG� XVLQJ� VFDQQLQJ
HOHFWURQ�PLFURVFRSH�5(0����9�E\� UHJLVWUD�
WLRQ�RI�VHFRQGDU\�DQG�UHIOHFWHG�HOHFWURQV�DW
DFFHOHUDWLQJ�YROWDJH����N9�

)RU�WKH�HOHFWURFKHPLFDO�GHSRVLWLRQ�RI�&,6
SUHFXUVRU�ZH�XVHG�VXEVWUDWHV�ZLWK�0R�OD\HUV
DQG�IOXRULQH�GRSHG�WLQ�R[LGH�)72�ILOPV�GHSRV�
LWHG� RQ� JODVV� SODWHV�� EHFDXVH� E\� UHDVRQ� RI
PRO\EGHQXP� FKHPLFDO� DFWLYLW\� WKH� OHDGLQJ
(XURSH� ODERUDWRULHV� >�@� VHDUFK� IRU� ZD\V� WR
PDQXIDFWXUH�EDVH� OD\HUV�SUHFXUVRUV�XVLQJ�DO�
WHUQDWLYH�EDFN�FRQWDFWV�PDGH�RI�WLWDQLXP�DQG
]LUFRQLXP� QLWULGH� RU� HOHFWULFDOO\� FRQGXFWLYH
R[LGHV�VXFK�DV�LQGLXP�WLQ�R[LGH�,72�RU�)72��

���5HVXOWV�DQG�GLVFXVVLRQ
$W� WKH� EHJLQQLQJ� WKH� WDVN� ZDV� WR� GHWHU�

PLQH� WKH� SRVVLELOLWLHV� IRU� SUHFXUVRU�V� SUR�
GXFWLRQ� E\� VXFFHVVLYH� HOHFWURFKHPLFDO� GHSR�
VLWLRQ�IURP�VLPSOH�HOHFWURO\WHV�ZKLFK�GLG�QRW
FRQWDLQ� FRPSOH[RQV� RU� VXUIDFWDQWV�� ZKLFK
FRXOG�GHFUHDVH�WKH�TXDOLW\�RI�&,6�EDVH�OD\HUV�
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6LQFH� WKH� LQGLXP� VWDQGDUG� HOHFWURGH� SRWHQ�
WLDO� LV� QHJDWLYH� HQRXJK� �(�,Q��,Q� �Ü�����9YHUVXV� QRUPDO� K\GURJHQ� HOHFWURGH��� WKH� UH�
OHDVH�RI�JDVHRXV�K\GURJHQ�LV�UHDFWLRQ�DVVRFL�
DWHG� ZLWK� PHWDO� HOHFWURGHSRVLWLQJ� IURP� DQ
DTXHRXV� HOHFWURO\WH� WKDW� PD\� UHGXFH� WKH� ,Q
DGKHVLRQ� WR� VXEVWUDWHV�� 7KDW� LV� ZK\� WR� RXU
RSLQLRQ��LW�LV�EHWWHU�WR�XVH�DV�WKH�ILUVW�OD\HU
RI� &,6� WKUHH�OD\HUHG� SUHFXUVRU� FRSSHU
�(�&X���&X� ������ 9�� RU� VHOHQLXP� �(�6H���6H ������9��� �Ü��PP� WKLFN� FRSSHU� ILOPV� RE�
WDLQHG� E\� HOHFWURGHSRVLWLRQ� IURP� D� VLPSOH
FRSSHU� VROXWLRQ� ZHUH� VPRRWK� DQG� ZHOO� DG�
KHUHG�WR�WKH�0R�DQG�)72�VXEVWUDWHV��)LJ���
VKRZV� VFDQQLQJ� HOHFWURQ�PLFURVFRS\� LPDJHV
RI�FRSSHU�ILOP�VXUIDFHV�RQ�0R�DQG�)72�VXE�
VWUDWHV� �VDPSOHV� 1R��� DQG� 1R���� UHVSHF�
WLYHO\��� WKDW� LQGLFDWH� ILQH�FU\VWDOOLQH� DQG
KRPRJHQHRXV� VXUIDFHV�� ,Q� ERWK� FDVHV�;�UD\
GLIIUDFWLRQ�GLDJUDPV�RI�WKHVH�ILOPV�GHWHFWHG
VLQJOH�SKDVH� VWUXFWXUH� RI� &X� �-&3'6� ���
������� $QDO\VLV� RI� VWUXFWXUDO� SDUDPHWHUV
DQG� WH[WXUH� KDV� VKRZHG� WKDW� FRSSHU� ILOP
REWDLQHG� RQ� )72� VXEVWUDWH� LV� FKDUDFWHUL]HG
E\� VPDOO� SUHIHUUHG� RULHQWDWLRQ� ������� ZKLOH
&X� OD\HUV� HOHFWURGHSRVLWHG� RQ� 0R� GLG� QRW

KDYH�SURQRXQFHG�SUHIHUUHG�RULHQWDWLRQ��3UH�
FLVLRQ� GHWHFWLRQV� RI� WKH� FU\VWDO� ODWWLFH� SD�
UDPHWHUV��)LJ�����JDYH�PDJQLWXGHV�FORVHG�WR
WKH�-&3'6�FDUG�GDWD��,W�DOVR�FRLQFLGHG�ZLWK
WKH� :LOOLDPVRQ�+DOO� FDOFXODWLRQV�� ZKLFK
VKRZHG� YHU\� OLWWOH� PLFURVWUDLQV� LQ� FRSSHU
ILOPV�HOHFWURGHSRVLWHG�RQ�0R��VDPSOHV�1R���
���������DQG�)72� �VDPSOH�1R���� VXEVWUDWHV�
$V�D�ZKROH��WKH�JUDLQ�VL]H�RI�WKH�HOHFWURGH�
SRVLWHG� FRSSHU� ILOPV� KDV� LQFUHDVHG� ZLWK
WKLFNQHVV� IURP� ��� QP� WR� ���� QP�� VR� WKH
ILOPV� ZHUH� QDQRFU\VWDOOLQH�� 7KXV�� WKH� HOHF�
WURGHSRVLWLRQ� RI� FRSSHU� ILOPV� IURP� VLPSOH
DFLGLF� VXOIDWH� VROXWLRQ� XVLQJ� ERWK� W\SHV� RI
VXEVWUDWHV�ZDV�IRXQG�WR�EH��VXFFHVVIXO�

6HOHQLXP�HOHFWURGHSRVLWLRQ�RQ�FRSSHU�VXU�
IDFH�IURP�VLPSOH�VHOHQLXP�VROXWLRQ��QDPHO\
DQ� DTXHRXV� VROXWLRQ� RI� VHOHQLRXV� DFLG
+�6H2�� �S+� ������ IRUPHG� GXH� WR� LQWHUDF�WLRQ�6H2��ZLWK�ZDWHU��ZDV�IRXQG�LPSRVVLEOHRZLQJ� WR� FKHPLFDO� UHDFWLRQ� RQ� WKH�&X� VXU�
IDFH��

�&X����+�6H2�� 
 �6Hp����&X2p���&X6Hp����+�2��

���

7KHUHIRUH��DW�LPPHUVLRQ�FRSSHU�ILOP�LQWR
WKLV�VROXWLRQ�LW�ZDV�FRYHUHG�LPPHGLDWHO\�E\
EODFN� OD\HU�� DQG� HYHQWXDOO\� WKH� YROXPH� RI
HOHFWURO\WH� ZDV� ILOOHG� E\� EODFN� IODNHV� 6H�
&X2�DQG�&X6H��FRPLQJ�RII�WKH�VXUIDFH��

$W� WKH� VDPH� WLPH�� LQGLXP� HOHFWURGHSRVL�
WLRQ� RQWR� FRSSHU� VXUIDFH� ZDV� QRW� DFFRPSD�
QLHG�E\�GLIILFXOWLHV�DQG�SURYLGHG�IRU�ZHOO�DG�
KHUHG�VPRRWK�ZKLWH�ILOP��7KH�PRUSKRORJ\�LP�
DJHV� RI� WKHVH� ILOPV� �VDPSOHV�1R��� DQG�1R���
DUH� VKRZQ� LQ� )LJ����� ;�UD\� GLIIUDFWRPHWU\
VWXG\�RI�WKLQ��a�����PP��LQGLXP�OD\HU�RQ�FRS�
SHU� VXUIDFH� KDV� UHYHDOHG� RQO\� LQWHUPHWDOOLF
FRPSRXQG�RI�FRSSHU�DQG�LQGLXP�&X,Q��-&3'6

)LJ����� 3UHFLVLRQ� GHWHUPLQDWLRQ� RI� ODWWLFH� SD�
UDPHWHUV�IRU�WKH�HOHFWURGHSRVLWHG�FRSSHU�ILOPV��

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQV� RI� FRSSHU
ILOPV�HOHFWURGHSRVLWHG�RQWR�0R�JODVV� �D�Ü1R���
DQG�RQWR�)72�JODVV��E�Ü�1R����DQG�FRUUHVSRQG�
LQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�LPDJHV�RI�WKH
VXUIDFH��LQVHUWV���
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��������� �)LJ����� VDPSOH� 1R���� IRUPHG�
SUREDEO\�� GLUHFWO\� GXULQJ� LQGLXP� HOHFWURGH�
SRVLWLRQ� RQWR� FRSSHU� VXUIDFH�� ,QFUHDVLQJ� RI
WKH� HOHFWURGHSRVLWHG� LQGLXP� ILOP� WKLFNQHVV
XS� WR� �Ü��PP� FDXVHV� WR� WKH� DSSHDUDQFH� RQ
;�UD\� GLIIUDFWLRQ� SDWWHUQV� DORQJVLGH� ZLWK
&X�DQG�&X,Q�DOVR� ,Q�SKDVH��-&3'6���������
�)LJ����� VDPSOH� 1R���� DQG� &X�,Q� SKDVH�-&3'6������������)LJ�����VDPSOH�1R����� ,Q�
&X�,Q� DQG� &X,Q� JUDLQV� DUH� QDQRFU\VWDOOLQHDQG� FKDUDFWHUL]HG�E\� VPDOO� SUHIHUUHG�RULHQ�
WDWLRQV� FKDQJHG� ZLWK� OD\HU� FRPELQDWLRQV�
7KH�PRVW� VLJQLILFDQW�PLFURVWUHVVHV�ZHUH�UH�
YHDOHG�LQ�&X,Q�QDQRFU\VWDOV��EXW�RQO\�LQ�WKH
FDVH� RI� FRPSDUDWLYHO\� WKLFN� ,Q� OD\HU� HOHF�
WURGHSRVLWLRQ�� $V� VXFK� DV� WKLFNQHVV� RI� &,6
EDVH� OD\HU� LQ� WKH� WKLQ� ILOP� 6&� HTXDOV� �Ü
��PP� >�Ü�@�� HDFK� ILOP� WKLFNQHVV� ZLOO� EH� DW
PRVW�����PP�� VR�� JUHDW� VWUDLQV� LQ�&X,Q�ZLOO
EH�DEVHQW��)URP�WKH�RWKHU�VLGH��WKH�FUHDWLRQ
RI�&X,Q� LQWHUPHWDOOLF� FRPSRXQG�ZLOO� HQVXUH
SHUIHFW� DGKHVLRQ� EHWZHHQ� WKH� HOHFWURGHSR�
VLWHG� ILOPV�� 7KXV�� HOHFWURGHSRVLWLRQ� RI� LQ�

GLXP� OD\HU�RQWR�FRSSHU� VXUIDFH� FDQ�EH�FRQ�
VLGHUHG� DV� DQ� DFFHSWDEOH� SUHFXUVRU�V� FRPEL�
QDWLRQ� IRU� &,6� SURGXFWLRQ�� 7KH� IROORZLQJ
HOHFWURGHSRVLWLRQ� RI� VHOHQLXP� RQWR� VXUIDFH
RI�VXFK�,Q�&X�0R�JODVV�FRPELQDWLRQ�DOORZHG
SURGXFLQJ�ZHOO�DGKHUHG�GHQVH�&,6�SUHFXUVRU
OD\HU�� ,W� WXUQHG�RXW�WKDW�WKH�WRS� OD\HU�FRQ�
WDLQHG� FU\VWDOOLQH� ,Q�6H�� SKDVH� �-&3'6� ��������� �)LJ����� VDPSOH� 1R���� ZLWK� DYHUDJH
JUDLQ� VL]H� ��� QP� DQG� VOLJKW� PLFURVWUDLQV
�'G�G� �����Ü����7KH�FUHDWLRQ�RI�,Q�6H��FRP�SRXQG�DSSDUHQWO\�ZLOO�SURPRWH�LPSURYHG�DG�
KHVLRQ� EHWZHHQ� LQGLXP� DQG� VHOHQLXP� ILOPV
LQ�WKH�SUHFXUVRU�

6HOHQLXP� ILOPV� RQ� 0R�JODVV� DQG
6Q2��)�JODVV� VXEVWUDWHV� ZHUH� SURGXFHG� DQGDQDO\]HG� IRU� GHWHUPLQDWLRQ� WKH� SRVVLELOLW\
RI�6H� HOHFWURGHSRVLWLRQ� RQ� VXFK� VXEVWUDWHV�
(OHFWURGHSRVLWLRQ� RI� VHOHQLXP� RQ� IOXRULGH
GRSHG� WLQ� R[LGH� ZDV� QRW� DFFRPSDQLHG� E\
FRPSOLFDWLRQV�� VHOHQLXP� ILOP�ZDV� DGKHYHQW�
VPRRWK� DQG� DPRUSKRXV� �)LJ����� VDPSOH
1R�����$W�WKH�VDPH�WLPH��RZLQJ�WR�WKH�ODUJH
GLIIHUHQFH� LQ� VWDQGDUG� SRWHQWLDOV� RI�PRO\E�
GHQXP� DQG� VHOHQLXP� �Ü���� 9� DQG� ����� 9�
UHVSHFWLYHO\�� 6H� HOHFWURGHSRVLWLRQ� RQWR� 0R
VXEVWUDWH� VXUIDFH� UHTXLUHG� LWV� LPPHUVLRQ
LQWR� VHOHQLXP� VROXWLRQ� �RQ� FXUUHQW��� L�H�
ZLWK� VZLWFKHG� GF� VXSSO\��:LWKRXW� XVLQJ� RI
WKLV� SURFHGXUH� VHOHQLXP� ILOP� DGKHVLRQ� WR
WKH�VXEVWUDWH�ZDV�GHFUHDVHG�E\�LQWHUQDO�HOHF�
WURO\VLV�� 6HOHQLXP� HOHFWURGHSRVLWLRQ� RQWR
PRO\EGHQXP�VXUIDFH�ZDV�DFFRPSDQLHG�E\�LQ�
WHQVH� UHOHDVLQJ� RI� K\GURJHQ�� KRZHYHU�� ZH
PDQDJHG�WR�JHW�D�GHQVH�OD\HU�RI�DPRUSKRXV
VHOHQLXP�� DV� VXFK� DV� LWV� ;�UD\� GLIIUDFWLRQ
SDWWHUQ� �)LJ���� �VDPSOH� 1R����� VKRZHG� RQO\
VLQJOH� ZHDN� SHDN� RI� WKH� PRO\EGHQXP� VXE�
VWUDWH��%XW�LW�WXUQHG�RXW�WKDW�SURGXFLQJ�&,6

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� VHOHQLXP
ILOP�HOHFWURGHSRVLWHG�RQWR� ,Q�&X�0R�JODVV�VXE�
VWUDWH� �1R����DQG�FRUUHVSRQGLQJ�VFDQQLQJ�HOHF�
WURQ�PLFURVFRS\�LPDJH�RI�WKH�VXUIDFH��LQVHUW���

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQV� RI� ���� PP
WKLFN� �D� Ü�1R���� DQG�����PP� WKLFN� �E� Ü� 1R���
LQGLXP� ILOPV� HOHFWURGHSRVLWHG� RQWR
&X�0R�JODVV� VXEVWUDWHV� DQG� FRUUHVSRQGLQJ
VFDQQLQJ� HOHFWURQ� PLFURVFRS\� LPDJHV� RI� WKH
VXUIDFH��LQVHUWV���
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SUHFXUVRU� E\� OD\HUZLVH� HOHFWURGHSRVLWLRQ� LQ
WKH� 6H±&X±,Q� VHTXHQFH� ZDV� LPSRVVLEOH�� $W�
WHPSWV�WR�FRSSHU�HOHFWURGHSRVLWLRQ�RQWR�VHOH�
QLXP� VXUIDFH� OHG� WR� WKH� IRUPDWLRQ� RI
FUDFNHG� ORRVH� SUHFLSLWDWLRQ�� FRQWDLQLQJ� FRS�
SHU�&X� DQG� FRSSHU�,�VHOHQLGH�&X�6H� �)LJ����VDPSOH� 1R������ 'LVWRUWLRQV� LQ� WKH� FU\VWDO
ODWWLFH�RI�FRSSHU�ILOP�GHSRVLWHG�RQ�VHOHQLXP
OD\HU� ZHUH� VXSSRUWHG� E\� LWV� VWURQJO\� UH�
GXFHG�SDUDPHWHUV� �)LJ����� DQG� HVSHFLDOO\�E\
WKH� VPDOO� JUDLQ� VL]HV� �W� ��� QP�� DQG� KLJK
YDOXHV� RI� WHQVLOH� PLFURVWUDLQV� �'G�G� 
�������Ü����ZKLFK�SUREDEO\�FDXVHG�WKH�FUDFN�
LQJ�RI�WKH�FRSSHU�ILOP�RQ�VHOHQLXP�VXUIDFH�
7KH� &X�6H� SKDVH� REWDLQHG� GXULQJ� FRSSHUHOHFWURGHSRVLWLRQ� RQWR� VHOHQLXP� VXUIDFH� KDV
PRUH�VPDOOHU�DQG�VWUDLQHG�JUDLQV��WKHUHIRUH
WKH� SUHSDUDWLRQ� RI� &,6� SUHFXUVRU� E\� WKH
OD\HU�HOHFWURGHSRVLWLRQ�LQ�VHTXHQFH�6H±&X±,Q
ZDV�IRXQG�WR�EH�LPSRVVLEOH�

���&RQFOXVLRQV
6R�� ZH� FUHDWHG� FRPSDUDWLYHO\� SHUIHFW

QDQRFU\VWDOOLQH� FRSSHU� OD\HUV� E\� PHDQV� RI
HOHFWURFKHPLFDO� GHSRVLWLRQ� LQ� VLPSOH� DTXH�
RXV�VROXWLRQ�RQWR�PRO\EGHQXP�DQG�IOXRULQH
GRSHG� WLQ� R[LGH� VXUIDFHV�� ,QWHUPHWDOOLF
&X�,Q�DQG�&X,Q�FRPSRXQGV�ZHUH�IRUPHG�GXU�LQJ� LQGLXP� HOHFWURGHSRVLWLRQ� RQWR� FRSSHU
VXUIDFH� WKDW� FDXVHG�SHUIHFW�DGKHVLRQ�RI� WKH
DGMDFHQW� OD\HUV�� 6HOHQLXP� HOHFWURGHSRVLWLRQ
RQWR� LQGLXP� VXUIDFH� UHVXOWV� LQ� WKH� IRUPD�
WLRQ� RI� ,Q�6H�� FRPSRXQG��ZKLFK� DSSDUHQWO\ZLOO� SURPRWH� LPSURYHG� DGKHVLRQ� EHWZHHQ
HOHFWURGHSRVLWHG� LQGLXP� DQG� VHOHQLXP� ILOPV
LQ�&,6�SUHFXUVRU��2QO\�SRVVLEOH� VHTXHQFH�RI
FRPSRQHQWV�RI�&,6�SUHFXUVRU�RQ�WKH�EDVH�RI
HOHFWURGHSRVLWHG�ILOPV�LV�FRSSHU�LQGLXP�VHOH�
QLXP�� EHFDXVH� DOO� RWKHU� OD\HU� FRPELQDWLRQV
DQG� RUGHUV� RI� WKH� ILOP� HOHFWURGHSRVLWLRQ
HLWKHU� LPSRVVLEOH� RU� QRW� HQVXUH� SURSHUWLHV
UHTXLUHG� IRU� WKH� IROORZLQJ� WUDQVIRUPDWLRQ� RI
WKH�SUHFXUVRU�LQWR�EDVH�OD\HU�RI�WKH�VRODU�FHOO�

5HIHUHQFHV
� ���(�6�$\GLO�� 1DQRWHFKQRORJ\� /DZ� 	� %XVLQHVV�

��������������
� ���7KLQ� )LOP� 6RODU� &HOOV�� )DEULFDWLRQ�� &KDUDF�

WHUL]DWLRQ�� DQG� $SSOLFDWLRQV�� HG�� E\� -�3RRUW�
PDQV� DQG� 9�$UNKLSRY�� -RKQ� :LOH\� 	� 6RQV�
/WG��%HOJLXP��������

� ���3KRWRYROWDLF� 6RODU� (QHUJ\� Û� 'HYHORSPHQW
DQG�&XUUHQW�5HVHDUFK��2IILFH�IRU�2IILFLDO�3XE�
OLFDWLRQV�RI�WKH�(XURSHDQ�8QLRQ��/X[HPERXUJ
�������

� ���(OHFWURFKHPLVWU\� RI� 1DQRPDWHULDOV�� HG�� E\
*�+RGHV��:LOH\�9&+�*PE+� '� �������:HLQ�
KHLP��������

� ���'�-�/�%UHPDXG��'LVV��(7+�1R��������=XULFK
�������

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� FRSSHU
ILOP� HOHFWURGHSRVLWHG� RQWR� 6H�0R�JODVV
�1R���� DQG� FRUUHVSRQGLQJ� VFDQQLQJ� HOHFWURQ
PLFURVFRS\�LPDJH�RI�WKH�VXUIDFH��LQVHUW���

)LJ�����;�UD\� GLIIUDFWLRQ� SDWWHUQV� RI� VHOHQLXP
ILOPV�HOHFWURGHSRVLWHG�RQWR�)72�JODVV��D�Ü1R���
DQG�RQWR�0R�JODVV��E�Ü�1R����DQG�FRUUHVSRQG�
LQJ� VFDQQLQJ� HOHFWURQ� PLFURVFRS\� LPDJHV� RI
WKH�VXUIDFH��LQVHUWV���
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� ���0�%HQDLFKD�� 1�%HQRXDWWDV�� &�&�%HQD]]RX]�
/�2XDKDE�� 6RODU� (QHUJ\� 0DWHU�� 6RODU� &HOOV�
���������������

� ���6�%H\KDQ��6�6X]HU��)�.DGLUJDQ��6RODU�(QHUJ\
0DWHU��6RODU�&HOOV������������������

� ���0�3�6KDVNROVND\D��.U\VWDOORJUDSK\��9\VVKD\D
6KNROD��0RVFRZ��������>LQ�5XVVLDQ@�

� ���6WUXFWXUH� DQG� 3K\VLFDO� 3URSHUWLHV� RI� 6ROLGV�
HG�� E\� /�6�3DODWQLN�� 9\VVKD\D� 6KNROD�� .LHY
�������>LQ�5XVVLDQ@�

����+�5�0RXWLQKR�� )�6�+DVRRQ�� )�$EXOIRWXK�
.�.D]PHUVNL��-��9DF��6FL��7HFKQRO��$������ ����
��������

����$�0DOOLF�� %�&�5D\�� 7KLQ� 6ROLG� )LOPV�� ����
������������
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