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SRVLWLYH�DERYH�7� �����.�DQG�QHJDWLYH�DW�ORZHU�WHPSHUDWXUHV��7KH�VDPSOH�ZDV�SUHSDUHG�E\
FRPSDFWLQJ� D� &17� SRZGHU� VXFK� WKDW� WKH� SUHVVXUH� DSSOLHG� RULHQWHG� WKH� QDQRWXEH� D[HV
SHUSHQGLFXODU�WR�WKH�D[LV�RI�WKH�F\OLQGULFDO�VDPSOH��7KH�GDWD�VKRZ�WKDW�LQGLYLGXDO�QDQRWX�
EHV�KDYH�D�QHJDWLYH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�ZKLOH�WKH�VROLG�FRPSDFWHG�PDWHULDO�KDV
D� SRVLWLYH� RQH� GXH� WR� H[SDQVLRQ� RI� WKH� LQWHUWXEH� YROXPH� LQ� WKH� EXQGOHV�� 'RSLQJ� WKH
QDQRWXEHV�ZLWK�;H�FDXVHG�D�VKDUS�LQFUHDVH�LQ�DU�LQ�WKH�ZKROH�WHPSHUDWXUH�UDQJH�XVHG��DQGD�SHDN�LQ�WKH�GHSHQGHQFH�DU�7��LQ�WKH���Ü���.�LQWHUYDO��$�VXEVHTXHQW�GHFUHDVH�LQ�WKH�;HFRQFHQWUDWLRQ�ORZHUHG�WKH�SHDN�FRQVLGHUDEO\�EXW�KDG�D�OLWWOH�HIIHFW�RQ�WKH�WKHUPDO�H[SDQ�
VLRQ� FRHIILFLHQW� RI� WKH� VDPSOH� RXWVLGH� WKH� SHDN� UHJLRQ�� 7KH� IHDWXUHV� UHYHDOHG� KDYH� EHHQ
H[SODLQHG�TXDOLWDWLYHO\�
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6LQFH� WKH� GLVFRYHU\� RI� FDUERQ� QDQRWXEHV
�&17V�� LQ� ����� >�@�� WKLV� QRYHO� FODVV� RI
SK\VLFDO� REMHFWV� KDV� EHHQ� VWLPXODWLQJ� LQ�
WHQVH� H[SHULPHQWDO�DQG� WKHRUHWLFDO� UHVHDUFK
DFWLYLWLHV�� 7KH� GLYHUVLW\� RI� &17� W\SHV� DQG
WKH�SUREOHPV�HQFRXQWHUHG�LQ�REWDLQLQJ�SXUH
&17� PDWHULDO� LQ� TXDQWLWLHV� QHHGHG� IRU� H[�
SHULPHQWDO� LQYHVWLJDWLRQV� PDNH� LW� UDWKHU
GLIILFXOW� WR� WUDFH� WKH� EDVLF� WUHQGV� LQ� WKH
EHKDYLRU� RI� FDUERQ� QDQRWXEHV� �H�J��� VHH� >�@
DQG�5HIHUHQFHV�WKHUHLQ���7KHUPDO�H[SDQVLRQ

LV� DPRQJ� WKH� OHDVW� VWXGLHG� SURSHUWLHV� RI
&17V��7KH�FXUUHQWO\�DYDLODEOH�H[SHULPHQWDO
GDWD� RQ� WKH� WKHUPDO� H[SDQVLRQ� RI� VLQJOH�
ZDOOHG� QDQRWXEHV� �6:17V�� DQG� WKHLU� EXQ�
GOHV� LV� FRQILQHG� WR� WKH� UHJLRQ� QHDU� DQG
DERYH� URRP� WHPSHUDWXUH��ZKHUHDV� LW� LV� MXVW
WKH� ORZ� WHPSHUDWXUH� GDWD� WKDW� DUH� RI�PRVW
LPSRUWDQFH� LQ� XQGHUVWDQGLQJ� WKH� &17� G\�
QDPLFV��7KH�WKHRUHWLFDOO\�HVWLPDWHG�WKHUPDO
H[SDQVLRQ� FRHIILFLHQWV� �7(&�� RI� 6:17V
>�Ü�@�YDU\�DSSUHFLDEO\�ERWK�LQ�YDOXH�DQG�VLJQ�
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'XH�WR�WKHLU�XQLTXH�JHRPHWU\��&17V�PD\
SURYLGH� D� EDVLV� IRU� QRYHO� ORZ�GLPHQVLRQDO
V\VWHPV�� )RU� H[DPSOH�� EXQGOHV� FDQ� EH� XVHG
DV�WHPSODWHV�WR�IRUP�RQH�GLPHQVLRQDO�FKDLQV
RU� WZR�GLPHQVLRQDO� VXUIDFHV� FRQVLVWLQJ� RI
FRQGHQVHG�LPSXULW\�PROHFXOHV�

5HFHQWO\�� PXFK� H[SHULPHQWDO� HIIRUW� KDV
EHHQ�GHYRWHG�WR�WKH�VWXG\�RI�VWUXFWXUDO�DQG
WKHUPDO� SURSHUWLHV� RI� VXFK� V\VWHPV� DQG� D
QXPEHU�RI�WKHRUHWLFDO�PRGHOV�KDYH�EHHQ�SUR�
SRVHG� WR� SUHGLFW� WKHVH� SURSHUWLHV� >��Ü��@�
+RZHYHU��WKH�WKHUPDO�H[SDQVLRQ�EHKDYLRU�RI
6:17�JDV� LPSXULW\� V\VWHPV� VWLOO� UHPDLQV
REVFXUH�� ,Q� WKLV� VWXG\�� WKH� UDGLDO� WKHUPDO
H[SDQVLRQ� ZDV� PHDVXUHG� RQ� D� VDPSOH� FRQ�
VLVWLQJ� RI� EXQGOHV� RI� VLQJOH�ZDOOHG� QDQRWX�
EHV�FORVHG�DW�WKH�HQGV�LQ�WKH�7� ����Ü����.
UDQJH� DQG� RQ� EXQGOHV� RI� 6:17V� VDWXUDWHG
ZLWK� ;H� DW� 7� ����Ü��� .�� 7KH� VRUSWLRQ
SURSHUWLHV� RI� EXQGOHG�XS� 6:17V� ZLWK
FORVHG� �F�6:17�� DQG� RSHQ� �R�6:17�� HQGV
KDYH� EHHQ� VWXGLHG� XVLQJ� WKH� WKHUPDOO\�SUR�
JUDPPHG� GHVRUSWLRQ� WHFKQLTXH� GHVFULEHG
EHORZ��

7KH� VDPSOH� IRU� WKHUPDO� H[SDQVLRQ�PHDV�
XUHPHQWV� ZDV� SUHSDUHG� XVLQJ� D� SURFHGXUH
IRU� RUGHULQJ� WKH�6:17�D[HV� E\� DSSO\LQJ�D
SUHVVXUH�RI���*3D��DV�GHVFULEHG�E\�%HQGLDE
HW� DO�� >��@�� 7KHVH� DXWKRUV� KDYH� VKRZQ� WKDW
LQ�6:17�SODWHV�RI�XS�WR�����PP�WKLFNQHVV�
VXFK�D�SUHVVXUH�DOLJQHG� WKH�&17�D[HV� VXFK
WKDW�WKHLU�DYHUDJH�DQJXODU�GHYLDWLRQ�IURP�D
SODQH�QRUPDO�WR�WKH�SUHVVXUH�YHFWRU�LV�DERXW
����7KH�VWDUWLQJ�PDWHULDO�ZDV�D�&17�SRZGHU
�&&9'� PHWKRG�� &KHDS� 7XEHV�� 86$�� ZKLFK�
DFFRUGLQJ� WR� WKH� PDQXIDFWXUHU� GDWD�� FRQ�
WDLQHG� RYHU� ��� �� RI� 6:17V�� 7KH� PDLQ
FKDUDFWHULVWLFV�DUH�SUHVHQWHG�LQ�7DEOH�

7KH� SRZGHU� TXDOLW\� ZDV� FRQILUPHG� E\
5DPDQ�DQDO\VLV�SHUIRUPHG�ERWK�E\�WKH�VXS�
SO\LQJ� FRPSDQ\� DQG� DW� 8PHD� 8QLYHUVLW\�

6ZHGHQ��$FFRUGLQJ�WR�WKH�PDQXIDFWXUHU��WKH
DYHUDJH� RXWHU� GLDPHWHU� RI� WKH� WXEHV� ZDV
���� QP� EXW� QR� LQIRUPDWLRQ� LV� DYDLODEOH
DERXW� WKH� FKLUDOLW\� GLVWULEXWLRQ�� $FFRUGLQJ
WR�RXU�RZQ�5DPDQ�GDWD�REWDLQHG�XVLQJ�IRXU
GLIIHUHQW�H[FLWDWLRQ�ODVHUV�ZLWK�ZDYHOHQJWKV
LQ�WKH�UDQJH����Ü����QP��WKH�UDGLDO�EUHDWK�
LQJ� PRGHV� LQGLFDWH� D� ZLGH� UDQJH� RI� WXEH
GLDPHWHUV������WR�����QP��$OO�VDPSOHV�VWXG�
LHG� VKRZ� W\SLFDO� 6:17� *�EDQGV� DQG� RQO\
ZHDN� GLVRUGHU� EDQGV�� $OWKRXJK� PXOWL�ZDOO
WXEHV�PD\�DOVR�EH�SUHVHQW��MXGJLQJ�IURP�WKH
VSUHDG�LQ�GLDPHWHUV��WKH�5DPDQ�VSHFWUD�DUH
FRPSOHWHO\�GRPLQDWHG�E\� WKH�UHVSRQVH� IURP
VLQJOH� �RU� SRVVLEO\� IHZ��� ZDOO� QDQRWXEHV�
+RZHYHU��D�VPDOO�IUDFWLRQ�RI�0:17V�PLJKW
EH�LQYLVLEOH�GXH�WR�WKHLU�ODUJH�GLDPHWHUV�DQG
SRVVLEO\�ORZHU�5DPDQ�FURVV�VHFWLRQV�

7KH� VWDUWLQJ� 6:17�SRZGHU�ZDV� DOVR� LQ�
YHVWLJDWHG� E\� KLJK�UHVROXWLRQ� WUDQVPLVVLRQ
HOHFWURQ� PLFURVFRS\� �+57(0�� DW� ERWK� WKH
,QVWLWXWH� RI� 3UREOHPV� RI�0DWHULDOV� 6FLHQFH�
1$6�RI�8NUDLQH��)LJ���D��DQG�DW�8PHD�8QL�
YHUVLW\��6ZHGHQ��)LJ���E���7KH�SLFWXUHV�VKRZ
WKDW� ODUJH� VDPSOH� IUDFWLRQV� FRQWDLQ� VRPH
DPRUSKRXV� FDUERQ� RU� UHVLGXDO� FDWDO\VW�� %\
PHDVXULQJ� WKH� EXQGOH� GLDPHWHUV�� ZH� HVWL�

)LJ�����7(0�LPDJHV�RI�WKH�VWDUWLQJ�6:17�SRZGHU�
7DEOH�� &KDUDFWHULVWLFV� RI� FDUERQ� QDQRWXEH
SRZGHU��WKH�PDQXIDFWXUHU�GDWD�

'LDPHWHU �Ü��QP
/HQJWK �Ü���PP

6:17�IUDFWLRQ !����ZW���
$PRUSKRXV�FDUERQ�IUDFWLRQ ������ZW���

&R�FDWDO\VW�IUDFWLRQ ����ZW���
6SHFLILF�VXUIDFH !�����P��J

(OHFWULFDO�FRQGXFWLRQ !�����6�FP
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PDWH� WKDW�HDFK�EXQGOH� LQ� WKH� VWDUWLQJ�SRZ�
GHU�FRQWDLQV���WR�����6:17V�

7KH�FRPSDFWHG�VDPSOH�XVHG�ZDV�SUHSDUHG
DW�8PHD�8QLYHUVLW\� �6ZHGHQ�� E\� ILUVW� FRP�
SDFWLQJ�WKH�SUHVVXUH�RULHQWHG��3� �����*3D�
6:17�SODWHV��DQ�LQGLYLGXDO�SODWH�ZDV�XS�WR
���� PP� WKLFN��� WKHQ� SUHVVLQJ� VHYHUDO
VWDFNHG� SODWHV� WRJHWKHU� DW� D� WHQ� SHU� FHQW
KLJKHU�SUHVVXUH�WR�IRUP�D�����PP�KLJK�F\O�
LQGHU�RI����PP�LQ�GLDPHWHU�ZLWK�����J�FP�
GHQVLW\�� 7KH� VDPSOH� ZDV�PDGH� LQ� D� VSHFLDO
F\OLQGULFDO�VHJPHQWHG�GLH�GHVLJQHG�IRU�FRP�
SDFWLQJ� &17� SRZGHU� XQGHU� HIIHFWLYH� SUHV�
VXUHV�RI����� WR���*3D�� FRQVLVWLQJ�RI�D�ULQJ
ZLWK� D� F\OLQGULFDO� FKDQQHO� DQG� D� FRQLFDO
RXWHU� VXUIDFH�� ZKLFK� ZDV� LQVHUWHG� LQWR� D
KDUGHQHG�VWHHO� F\OLQGHU� VXSSRUWHG� LQVLGH� D
ODUJHU�SUHVVXUH�YHVVHO��7KH�VWUXFWXUH�VR�DU�
UDQJHG� ZDV� UHVLVWDQW� WR� LQWHUQDO� VWUHVVHV�
7KH� ��� PP� GLDPHWHU� SOXQJHU� ZDV� PDGH
IURP� VLQWHUHG� WXQJVWHQ� FDUELGH� �:&��� 7KH
SUHVVXUHV�XVHG�ZHUH�KLJK�HQRXJK�WR�FRQVROL�
GDWH� WKH� SRZGHU� LQWR� D� VROLG�ZLWK�ZHOO� RUL�
HQWHG� WXEHV� >��@�� EXW� VWLOO� ORZ� HQRXJK� WR
NHHS� WKH� LQWHJULW\� DQG� VWUXFWXUH� RI� WXEHV
DQG�DYRLG�WXEH�FROODSVH��DQG�5DPDQ�VSHFWUD
WDNHQ� RQ� SUHVVHG� SODWHV� VKRZHG� QR� V\VWHP�
DWLF� FKDQJHV� UHODWLYH� WR� WKRVH� RI� WKH� LQLWLDO
SRZGHU�� 7KH� VDPSOH� SUHSDUHG� E\� WKLV� WHFK�
QRORJ\�KDV�D�SURQRXQFHG�DQLVRWURS\�RI�SURS�
HUWLHV� LQ� WKH� GLUHFWLRQV� SHUSHQGLFXODU� DQG
SDUDOOHO�WR�WKH�VDPSOH�D[LV��,Q�WKH�GLUHFWLRQ
SHUSHQGLFXODU� WR� WKH� DSSOLHG� SUHVVXUH�� WKH
D[HV� RI� WKH� 6:17� EXQGOHV� DUH� GLVRUGHUHG�
7KH� FRPSDFWLRQ� DOLJQV� WKH� D[HV� RI� WKH
6:17� EXQGOHV� LQ� WKH� SODQH� SHUSHQGLFXODU
WR� WKH� VDPSOH� D[LV� >��@�� $V� D� UHVXOW�� WKH
UDGLDO� H[SDQVLRQ� FRPSRQHQW� RI� WKH� 6:17
EXQGOHV� PDNHV� D� GRPLQDQW� FRQWULEXWLRQ� WR

WKH� VDPSOH� WKHUPDO� H[SDQVLRQ� LQ� WKH� GLUHF�
WLRQ�SDUDOOHO�WR�WKH�VDPSOH�D[LV��,I�WKH�D[LDO
FRPSRQHQW�RI�WKH�WKHUPDO�H[SDQVLRQ�FRHIIL�
FLHQW� LV� FRPSDUDEOH� WR� WKDW� RI� WKH� UDGLDO
RQH�� DQ� DQJOH� RI� DERXW� ��� LPSOLHV� WKDW� WKH
W\SLFDO� FRQWULEXWLRQ� WR� WKH� WRWDO� FRHIILFLHQW
IURP� WKH� D[LDO� FRPSRQHQW� LV� DERXW� ���� RI
WKH�UDGLDO�FRPSRQHQW�YDOXH�

7KH�UDGLDO�WKHUPDO�H[SDQVLRQ�RI�WKH�VDP�
SOH� ZDV� VWXGLHG� XVLQJ� D� FDSDFLWDQFH� GLOD�
WRPHWHU� �LWV� GHVLJQ� DQG� WKH� PHDVXUHPHQW
WHFKQLTXH�DUH�GHVFULEHG� LQ� >��@���7KH� OLQHDU
WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� �/7(&�� ZDV
PHDVXUHG� LQ� WKH� GLUHFWLRQ� RI� WKH� DSSOLHG
FRPSDFWLQJ� SUHVVXUH�� L�H�� UDGLDOO\� WR� WKH
6:17� EXQGOHV�� 3ULRU� WR�PHDVXUHPHQW�� WKH
JDV�LPSXULWLHV�ZHUH�UHPRYHG�IURP�WKH�VDP�
SOH� E\� G\QDPLF� HYDFXDWLRQ� IRU� ��� K� DW� ��Ü�� 7RUU� DQG� URRP� WHPSHUDWXUH�� ,PPHGLDWHO\
EHIRUH�GLODWRPHWULF�LQYHVWLJDWLRQ��WKH�PHDV�
XULQJ�FHOO�ZLWK�WKH�VDPSOH�ZDV�FRROHG�VORZO\
�IRU���K��GRZQ�WR�OLTXLG�KHOLXP�WHPSHUDWXUH
����� .�� DQG� WKH� VDPSOH� ZDV� KHOG� DW� WKLV
WHPSHUDWXUH�IRU�DERXW���K��7KH�FRROLQJ�DQG
H[DPLQDWLRQV� ZHUH� PDGH� LQ� YDFXXP� RI� DW
OHDVW���Ü��7RUU�

7KH�/7(&�WHPSHUDWXUH�GHSHQGHQFH�LQ�WKH
���Ü����.� LQWHUYDO� LV�VKRZQ�LQ�)LJ�����7KH
FXUYHV� ZHUH� REWDLQHG� E\� OHDVW�VTXDUH� DYHU�
DJLQJ� RYHU� VHYHUDO� VHULHV� RI� PHDVXUHPHQW�
7KH� FXUYH� �� ZDV� WDNHQ� GXULQJ� WKH� ILUVW
KHDWLQJ�RI� WKH� VDPSOH� IURP�7� �����.��7KH
FXUYH� �� GDWD� ZHUH� PHDVXUHG� LQ� WKH� VXE�
VHTXHQW� KHDWLQJ�FRROLQJ� SURFHVV�� 7KH� QRQ�
HTXLOLEULXP� /7(&� YDOXHV� REWDLQHG� DW� WKH
ILUVW� KHDWLQJ� IURP� 7� ����� .� PD\� EH� FRQ�
QHFWHG� ZLWK� WKH� KHDWLQJ�LQGXFHG� DOLJQPHQW
DQG�RUGHULQJ�RI�WKH�EXQGOHV�DQG�WKH�QDQRWX�
EHV� WKHUHLQ��ZKLFK� FDXVHV� D� FRPSUHVVLRQ� RI

)LJ�����/7(&V�RI�SUHVVXUH�RULHQWHG�6:17�FRPSDFWHG�VDPSOH� LQ� WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH
6:17�EXQGOH�D[HV��D��7� ����Ü����.��E��7� ����Ü���.��FXUYH���Û�KHDWLQJ�DQG�FRROLQJ��FXUYH���Û
ILUVW�KHDWLQJ�IURP�7� �����.��
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EXQGOHV� DQG�� DV� D� UHVXOW�� QHJDWLYH� WKHUPDO
H[SDQVLRQ�� 7KH� HTXLOLEULXP� UDGLDO� /7(&�DU�FXUYH���� LV�SRVLWLYH�DERYH�����.�DQG�QHJD�
WLYH�DW�ORZHU�WHPSHUDWXUHV�

$VVXPLQJ� WKDW� WKH� LPSXULW\� HIIHFW� LV
QHJOLJLEOH��DU� FRPSULVHV� WZR�FRPSRQHQWV�DGDQG� DJ� FDXVHG� E\� WHPSHUDWXUH�LQGXFHGFKDQJHV�LQ�WKH�&17�GLDPHWHUV�DQG�WKH�LQWHU�
WXEH� JDS�� 3URFHHGLQJ� IURP� D� VLPSOH
*UXQHLVHQ�W\SH�PRGHO�� LW�PLJKW�EH�H[SHFWHG
WKDW� DG� VKRXOG� EH� VLPLODU� WR� WKH� LQ�SODQHWKHUPDO� H[SDQVLRQ� RI� JUDSKLWH�� DQG� WKXV
SUREDEO\� VPDOO� DQG� QHJDWLYH� ZHOO� EHORZ
URRP� WHPSHUDWXUH��$V� WKH� VDPSOH� LV�D�PL[�
WXUH�RI�DOO�FKLUDOLWLHV��WKH�DYHUDJH�DG�VKRXOGDOVR� EH� YHU\� VLPLODU� WR� WKH� DYHUDJH� D[LDO
H[SDQVLRQ�FRHIILFLHQW�RI�WKH�WXEHV��7KH�WKHU�
PDO�H[SDQVLRQ�RI�D�EXQGOH�VKRXOG�WKXV�SURE�
DEO\� EH� GRPLQDWHG� E\� DJ�� ZKLFK� VKRXOG� EHVLPLODU� WR� WKH� RXW�RI�SODQH� WKHUPDO� H[SDQ�
VLRQ� RI� JUDSKLWH� RU�� FRQVLGHULQJ� WKH� FXUYD�
WXUH��WR�WKH�WKHUPDO�H[SDQVLRQ�RI�IXOOHUHQHV
RU�OLQHDU�IXOOHUHQH�SRO\PHUV�>��@�

6R� IDU�� WKHUH� KDV� EHHQ� RQO\� RQH� VWXG\
>��@�ZKHUH�ERWK�DG�DQG�DJ�ZHUH�PHDVXUHGE\� WKH� ;�UD\� GLIIUDFWLRQ� PHWKRG� LQ� WKH
���� WR� ����.� UDQJH��$W�7� �����.��DU� �����r��������Ü��.Ü����DG� ��Ü����r�������Ü��.Ü��DQG�DJ� �����r��������Ü��.Ü���$QRWKHU�PHDV�
XUHPHQW�� RI� DU� RQO\�� E\� WKH� VDPH� PHWKRG>��@�UHVXOWHG�LQ�QHJDWLYH�YDOXHV�LQ�WKH�ZKROH
PHDVXUHPHQW� WHPSHUDWXUH� UDQJH� ����� WR
����� .���:H� DUH� QRW� DZDUH� RI� IXUWKHU� H[�
SHULPHQWDO� DWWHPSWV� WR� GLUHFWO\� LQYHVWLJDWH
WKH� WKHUPDO� H[SDQVLRQ� RI� 6:17� EXQGOHV�
EXW� VRPH� H[SHULPHQWV� KDYH� EHHQ� PDGH� WR
HVWLPDWH� WKH� WKHUPDO� H[SDQVLRQ� IURP� WKH
WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� UDGLDO
EUHDWKLQJ� 5DPDQ� PRGHV� RI� QDQRWXEHV�� $O�
WKRXJK�WKHVH�PRGHV�VKLIW�GRZQ�UDSLGO\�ZLWK
ULVLQJ� WHPSHUDWXUH�� LQGLFDWLQJ� D� ODUJH
VWURQJ� SRVLWLYH� WKHUPDO� H[SDQVLRQ� FRHIIL�
FLHQW�� LW�ZDV� FRQFOXGHG� E\�5DUDYLNDU� HW� DO�
>�@� WKDW� WKLV� HIIHFW� LV� DOPRVW� FRPSOHWHO\
FDXVHG� E\� FKDQJHV� LQ� LQWUD�� DQG� LQWHUWXEH
LQWHUDFWLRQV��DQG�WKDW�DG�LV�YHU\�VPDOO�,W� LV� UDWKHU� SUREOHPDWLF� WR� FRPSDUH� RXU
UHVXOWV�ZLWK�WKHRUHWLFDO�GDWD�TXDQWLWDWLYHO\�
PDLQO\� EHFDXVH� WKH� DYDLODEOH� WKHRUHWLFDO
VWXGLHV� DUH� FRQFHUQHG� ZLWK� WKH� UDGLDO� DQG
D[LDO�WKHUPDO�H[SDQVLRQ�RI�LQGLYLGXDO�&17V
RQO\��6RPH�ZRUNV�RIIHU�RQO\�JHQHUDO�FRQMHF�
WXUHV� RQ� KRZ� WKHUPDO� H[SDQVLRQ� FDQ� EH� DI�
IHFWHG� E\� WKH� LQWHUDFWLRQ�RI�QDQRWXEHV� LQ� D
EXQGOH� �H�J��� VHH� >�@���$OVR�� WKHUH� LV� D�SRRU
DJUHHPHQW� EHWZHHQ� WKHRUHWLFDO� FRQFOXVLRQV
IURP� GLIIHUHQW� ZRUNV� RQ� WKH� 7(&� PDJQL�
WXGH��VLJQ�DQG�WHPSHUDWXUH�GHSHQGHQFH��WKH

HIIHFW� RI� FKLUDOLW\� DQG� &17� GLDPHWHU� RQ
WKHUPDO� H[SDQVLRQ�� DQG� RQ� FRUUHODWLRQ� EH�
WZHHQ� WKH� UDGLDO� DQG� D[LDO� WKHUPDO� H[SDQ�
VLRQ� FRPSRQHQWV� IRU� QDQRWXEHV�� )RU� H[DP�
SOH�� WKH� WKHUPDO� H[SDQVLRQ� LV�QHJDWLYH� LQ� D
ZLGH�WHPSHUDWXUH�LQWHUYDO���Ü����.��LQ�>�@�
FKDQJHV� IURP� QHJDWLYH� YDOXHV� DW� ORZ� WHP�
SHUDWXUHV� WR� SRVLWLYH� RQHV� DW�PRGHUDWH� DQG
KLJK� WHPSHUDWXUHV� LQ� >�@�� RU� LV� SRVLWLYH� DW
DOO�WKH�WHPSHUDWXUHV�LQYHVWLJDWHG�LQ�>�@�

7KH� TXDOLWDWLYH� LQWHUSUHWDWLRQ� RI� RXU� UH�
VXOWV� LV�EDVHG�RQ�WKH�*UXQHLVHQ�FRHIILFLHQWV
FDOFXODWHG� >�@� IRU� FDUERQ� PRGLILFDWLRQV� Û
GLDPRQG��JUDSKHQH��JUDSKLWH�DQG�QDQRWXEHV�
,W� LV� IRXQG� >�@� WKDW� WKH� *UXQHLVHQ� FRHIIL�
FLHQWV� DQG� WKH� UDGLDO� WKHUPDO� H[SDQVLRQ� RI
&17V� DUH� QHJDWLYH� DW� UHODWLYHO\� ORZ� WHP�
SHUDWXUHV�� DQ� HIIHFW� FDXVHG� PDLQO\� E\� WKH
FRQWULEXWLRQ�IURP�WUDQVYHUVH�DFRXVWLF�YLEUD�
WLRQV� SHUSHQGLFXODU� WR� WKH� &17� VXUIDFH�
+RZHYHU�� RXU� PHDVXUHPHQWV� VKRZ� WKDW� D
QHJDWLYH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� H[�
LVWV� RQO\� LQ� D� WHPSHUDWXUH� LQWHUYDO� PXFK
PRUH�QDUURZ�WKDQ�IRXQG�LQ�WKH�FDOFXODWLRQV
>�@�� :H� EHOLHYH� WKDW� WKH� PDLQ� UHDVRQ� IRU
WKLV�LV�WKDW�WKH�FDOFXODWLRQV�ZHUH�SHUIRUPHG
IRU�LQGLYLGXDO�QDQRWXEHV�RQO\�>�@��2XU�VDP�
SOH� LV� FOHDUO\� GRPLQDWHG� E\� &17� EXQGOHV
�)LJ������DQG�LQ�WKLV�FDVH��DGGLWLRQDO�IDFWRUV
FRQWULEXWLQJ�WR�WKH�WKHUPDO�H[SDQVLRQ�FRPH
LQWR� SOD\�� )LUVW�� WKHUH� DSSHDUV� D� SRVLWLYH
FRQWULEXWLRQ�DJ� FDXVHG�E\�YDULDWLRQV� RI� WKHLQWHUWXEH� JDSV�ZLWK� WHPSHUDWXUH�� 6HFRQGO\�
WKH�QDQRWXEH�LQWHUDFWLRQ�LQ�WKH�EXQGOHV�VXS�
SUHVVHV� WKH� QHJDWLYH� FRQWULEXWLRQ� RI� WKH
WUDQVYHUVH�DFRXVWLF�YLEUDWLRQV�SHUSHQGLFXODU
WR� WKH� QDQRWXEH� VXUIDFHV� >�@�� 7KHVH� WZR
SRVLWLYH�FRQWULEXWLRQV�WR�WKH�WKHUPDO�H[SDQ�
VLRQ� RI� 6:17� EXQGOHV� GHFUHDVH� ERWK� WKH
PDJQLWXGH� DQG� WKH� WHPSHUDWXUH� UHJLRQ� RI
WKH�WRWDO�QHJDWLYH�WKHUPDO�H[SDQVLRQ��,I�ZH
XVH�WKLV�PRGHO�DQG�DVVXPH�DG�WR�YDU\�VORZO\ZLWK� WHPSHUDWXUH� RYHU� D� ZLGH� WHPSHUDWXUH
LQWHUYDO��ZH�FDQ�XVH�WKH�GDWD�VKRZQ�LQ�)LJ���E
WR�HVWLPDWH�DG� ��Ü�r������Ü��.Ü��DW�7� �����.�
$VVXPLQJ� IXUWKHU� WKDW� WKH� WHPSHUDWXUH�GH�
SHQGHQW� SDUW� RI� D� DW� ORZ� WHPSHUDWXUHV� LV
GRPLQDWHG� E\� D� SRVLWLYH� FRHIILFLHQW� DJ�� ZHVHH� IURP� )LJ���E� WKDW� D� SRO\QRPLDO� RI� WKH
WKLUG�RUGHU�LQ�7�LV�D�JRRG�DSSUR[LPDWLRQ�WR
DJ�7��XS�WR�DERXW����.��$OWKRXJK�WKH�GDWD�VFDWWHU�LV�UDWKHU�KLJK�
LW�LV�FOHDU�WKDW�WR�JHW�D�JRRG�ILW��LW�LV�QHFHV�
VDU\�WR�LQFOXGH�RQH�WHUP�LQ�7��DQG�RQH�WHUP
OLQHDU��RU��ZLWK�D�OHVV�JRRG�ILW��TXDGUDWLF��LQ
7��,Q�WKH�*UXQHLVHQ�PRGHO�� WKH�WKHUPDO�H[�
SDQVLRQ� FRHIILFLHQW� RI� D� EXQGOH� LV� FORVHO\
UHODWHG� WR� LWV� VSHFLILF� KHDW� FDSDFLW\�� DQG� LW
LV�ZHOO�NQRZQ�WKDW�WKH�H[SHULPHQWDOO\�IRXQG
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ORZ�WHPSHUDWXUH� VSHFLILF� KHDW� RI� QDQRWXEH
EXQGOHV�VKRZV�D�VLPLODU�EHKDYLRU�DERYH���.
>��@�� ,Q� WKDW� FDVH�� WKH� H[SHULPHQWDO� EHKDY�
LRU� FS�7�� �D7���E7�� FRXOG� EH� ILWWHG� E\� DQDQLVRWURSLF� WZR�EDQG� 'HE\H� PRGHO� DW� ZHDN
FRXSOLQJ� EHWZHHQ� WXEHV� LQ� WKH� EXQGOH� E\
DGGLQJ� D� FRQWULEXWLRQ� IURP� WKH� ILUVW� RSWLF
EUDQFK�� ,W� WKXV� VHHPV� TXLWH� UHDVRQDEOH� WR
DWWULEXWH� WKH� VWURQJO\� WHPSHUDWXUH�GHSHQG�
LQJ�SRVLWLYH�FRPSRQHQW�RI�WKH�WRWDO�WKHUPDO
H[SDQVLRQ� WR� DJ�� 7KH� GDWD� LQ� )LJ���D� DOVRVKRZ�D�QRWLFHDEOH�SODWHDX�OLNH�VWUXFWXUH�EH�
WZHHQ����DQG����.��:H�SRLQW�RXW� WKDW� WKH
LQWHUPROHFXODU� LQWHUDFWLRQ� LQ� &���� ZKLFKVKRXOG�EH�VLPLODU�LQ�PDJQLWXGH�WR�WKH�LQWHU�
WXEH�LQWHUDFWLRQ��FRUUHVSRQGV�WR�DQ�HIIHFWLYH
'HE\H� WHPSHUDWXUH� QHDU� ��Ü��� .� ZKLFK
JLYHV� ULVH� WR� D� SODWHDX� LQ� WKH� VSHFLILF� KHDW
LQ� WKLV� UDQJH� IRU� ERWK�PROHFXODU� DQG� SRO\�
PHULF� &��� >��@�� 7KH� SODWHDX� VWUXFWXUH� RE�VHUYHG� KHUH� PLJKW� WKXV� LQGLFDWH� WKH� FURVV�
RYHU� EHWZHHQ� WKH� DFRXVWLF� PRGHV� DQG� WKH
ORZHVW� RSWLFDO�PROHFXODU� �'� PRGHV� LQ� WKH
EXQGOH�ODWWLFH�

&DUERQ� QDQRWXEHV� �&17�� SUHSDUHG� E\
VWDQGDUG�PHWKRGV� �HOHFWULF�DUF�� ODVHU�HYDSR�
UDWLRQ� RI� FDUERQ�� RU� &&9'�PHWKRG�� DUH� DU�
UDQJHG� LQWR� EXQGOHV�� ,QVLGH� D� EXQGOH�� WKH
&17V� IRUP� D� FORVH�SDFNHG� WZR�GLPHQVLRQDO
��'�� WULDQJXODU� ODWWLFH� >��@�� 1RUPDOO\�
&17V�KDYH�IXOOHUHQH�OLNH�VHPLVSKHUHV�DW�WKH
HQGV� �&17V�ZLWK� FORVHG� HQGV�� RU� F�6:17��
7KH� ILQDO� &17� SURGXFW� FDQ� FRQWDLQ� ODUJH
DPRXQWV� RI� DPRUSKRXV� FDUERQ�� IXOOHUHQHV�
DQG� RWKHU� FDUERQ� PRGLILFDWLRQV� >�����Ü��@�
7KH� FXUUHQWO\� XVHG� PHWKRGV� RI� FOHDQLQJ
&17� PDWHULDOV� LQYROYH� R[LGDWLYH� WUHDWPHQW
ZLWK�DFLG�R[LGDQW�PL[WXUHV��R]RQH�>��@��HWF�
7KRVH� FDXVH� D� SDUWLDO� RU� FRPSOHWH� RSHQLQJ
RI�WKH�&17�HQGV�DQG�SURGXFH�GHIHFWV�DW�WKH
ODWHUDO�VXUIDFHV��7KH�SRVVLEOH�VLWHV�IRU�VRUS�
WLRQ�RI�JDV�LPSXULW\�PROHFXOHV�LQ�EXQGOHV�RI
LQILQLWH�� RSHQ� DQG� HTXDO�GLDPHWHU� 6:17V
DUH� VKRZQ� LQ� )LJ����� +RZHYHU�� LQ� SUDFWLFH�
VXFK�6:17�V\VWHPV�PD\�LQFOXGH�DGGLWLRQDO
]RQHV� RI� LPSXULW\� VRUSWLRQ�� )RU� H[DPSOH�
QDQRWXEHV� RI� GLIIHUHQW� GLDPHWHUV� IRUP
UDWKHU� ODUJH� FKDQQHOV� SDUDOOHO� WR� WKH� QDQR�
WXEH� D[HV��ZKLFK� FDQ� EH� RFFXSLHG� E\� LPSX�
ULW\� PROHFXOHV� >��@�� %HVLGHV�� R[LGDWLRQ� FDQ
SURGXFH� LQWHUVWLFHV� EHWZHHQ� WKH� QDQRWXEHV
LQ�D�EXQGOH�>��@�

:H� LQYHVWLJDWHG�;H� VRUSWLRQ� LQ� F�6:17
DQG�R�6:17�SRZGHUV�DW�7� ���Ü����.��7KH
FKRLFH� RI� WKH� WHPSHUDWXUH� LQWHUYDO� DQG� WKH
LPSXULW\�ZDV�GLFWDWHG�E\�WKH�IROORZLQJ�FRQ�
VLGHUDWLRQV�� 7KH� LQWHUDFWLRQ� RI� JDV� LPSXUL�
WLHV�ZLWK�GLIIHUHQW�SDUWV�RI�WKH�&17�VXUIDFH
LV�PRVW�HYLGHQW�DW�ORZ�WHPSHUDWXUHV��2ZLQJ

WR�WKHLU�JHRPHWULF�FRQILJXUDWLRQ��WKH�6:17
EXQGOHV�LGHDOO\��)LJ�����KDYH�SUHIHUDEOH�VLWHV
ZKHUH�VRUSWLRQ�RI�LPSXULW\�PROHFXOHV�LV�HQ�
HUJ\�IDYRUDEOH�� $� QXPEHU� RI� WKHRUHWLFDO
PRGHOV� ZHUH� SURSRVHG� >��Ü��@� WR� GHVFULEH
WKH�SK\VLFDO�VRUSWLRQ�DQG�G\QDPLFV�RI�LPSX�
ULW\�JDV�PROHFXOHV�DW�WKH�VXUIDFH�DQG�LQ�WKH
LQWHUVWLWLDO� FKDQQHOV�RI�6:17�EXQGOHV��$F�
FRUGLQJ� WR� PDWKHPDWLFDO� VLPXODWLRQV� >��@�
WKH� LQQHU� &17� VXUIDFHV� DQG� WKH� LQWHUVWLFHV
EHWZHHQ� WKH� QHLJKERULQJ� WXEHV� DW� WKH� VXU�
IDFH� RI� 6:17� EXQGOHV� �WKH� JURRYHV� Û� *�
)LJ����� DUH� WKH� PRVW� HQHUJ\�IDYRUDEOH� VLWHV
IRU� VRUELQJ� WKH� LPSXULW\� JDV�PROHFXOHV��;H
ZDV� XVHG� EHFDXVH� WKH� 6:17�;H� V\VWHP� LV
DOUHDG\�D�ZHOO�VWXGLHG��PRGHO��V\VWHP�>��Ü
��@�� $� ;H� DWRP� LV� WRR� ODUJH� WR� SHQHWUDWH
LQWR� WKH� LQWHUVWLWLDO� FKDQQHOV� �,&�� RI� FORVH�
SDFNHG� EXQGOHV� RI� LGHQWLFDO� QDQRWXEHV� KDY�
LQJ� WKH� ELQGLQJ� HQHUJ\� WR� LPSXULW\� PROH�
FXOHV� FRPSDUDEOH� WR� WKDW� DW� WKH� LQQHU� VXU�
IDFH� >��@�� 7KHUHIRUH�� WKH� ;H� LPSXULW\� LV
VRUEHG� LQVLGH� D� QDQRWXEH� �,��� LQ� D� JURRYH
EHWZHHQ�WZR�QHLJKERULQJ�WXEHV�DW�WKH�RXWHU
VXUIDFH�RI�D�EXQGOH� �*��� DQG�DW� WKH� VXUIDFH
RI� WKH� LQGLYLGXDO� WXEHV� IRUPLQJ� WKH� RXWHU
VXUIDFH� RI� D� EXQGOH� �6�� �VHH�)LJ������7R�RE�
WDLQ� WKH� LQIRUPDWLRQ� RQ� WKH� JDV� LPSXULW\
GHVRUSWLRQ� IURP� &17� PDWHULDOV�� D� ODERUD�
WRU\�WHVW�VHWXS�ZDV�FRQVWUXFWHG�WR�VWXG\�WKH
;H� VRUSWLRQ� DQG� GHVRUSWLRQ� SURFHVV� LQ� D
&17�SRZGHU�DW�7� ���Ü����.�

7KH� VRUSWLRQ� SURSHUWLHV� RI� WKH� VWDUWLQJ
SXUH�F�6:17�SRZGHU���������J��ZHUH�H[DP�
LQHG� E\� WKHUPR�SURJUDPPHG� GHVRUSWLRQ�
)LJ���� LOOXVWUDWHV� WKH� WHPSHUDWXUH� GLVWULEX�
WLRQ�RI�WKH�GHVRUEHG�LPSXULW\��7KH�JUHDWHVW

)LJ�����3RVVLEOH�VRUSWLRQ�VLWHV�RI�JDV�LPSXULW\
PROHFXOHV� LQ� EXQGOHV� RI� LQILQLWH�� RSHQ� DQG
HTXDO�GLDPHWHU�6:17V�
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DPRXQWV� RI� ;H� ZHUH� GHVRUEHG� DW� 7� ����Ü
����.�� ,Q� WKH� FDVH� RI� FORVH�SDFNHG� EXQGOHV
RI� LQILQLWH� HTXDO�GLDPHWHU� 6:17V� �)LJ�����
WKH� KLJKHVW� GHVRUSWLRQ� RI� ;H� LQ� WKLV� WHP�
SHUDWXUH� LQWHUYDO� LV� H[SHFWHG� IURP� WKH
JURRYHV�DW�WKH�RXWHU�EXQGOH�VXUIDFH��*��DQG
IURP�WKH� LQWHULRU� FKDQQHOV�RI� VRPH�QDQRWX�
EHV� �,��� EHFDXVH�;H� DWRPV� KDYH� WKH� KLJKHVW
DQG� QHDUO\� HTXDO� ELQGLQJ� HQHUJLHV� DW� WKHVH
VLWHV�>��@��,Q�RXU�SRZGHU��WKH�GHVRUSWLRQ�FDQ
EH� HQKDQFHG� FRQVLGHUDEO\� E\� UHPRYDO� RI�;H
DWRPV�RXW�RI�WKH�D[LDO� ODUJH�GLDPHWHU�FKDQ�
QHOV��,&���6XFK�FKDQQHOV�DUH�SRVVLEOH�LQ�EXQ�
GOHV� RI� QDQRWXEHV� RI� YDU\LQJ� GLDPHWHUV�
;HQRQ� FDQ� SHQHWUDWH� LQWR� LQWHULRU� FKDQQHOV
WKURXJK� GHIHFWV� DW� WKH� HQGV� RU� WKH� ODWHUDO
VXUIDFHV� WKDW� FDQ� EH� SUHVHQW� LQ� VRPH�QDQR�
WXEHV� RI� WKH� VWDUWLQJ� SRZGHU�� $� UDWKHU
VPDOO�DPRXQW�RI�;H�ZDV�DOVR�GHVRUEHG�DW
7� ����Ü���� .�� ZKLFK� PD\� EH� GXH� WR� UH�
PRYDO� RI� WKH� OD\HUV� �6�� RI� ;H� PROHFXOHV
IRUPHG�DW� WKH� RXWHU� VXUIDFH�RI�6:17�EXQ�
GOHV�

7R� RSHQ� WKH� QDQRWXEH� HQGV�� D� SRUWLRQ
�������� J�� RI� WKH� VWDUWLQJ� SRZGHU� ZDV
SODFHG� LQWR� D� FDSVXOH� ZKLFK� ZDV� HYDFXDWHG
IRU� �� K� DQG� WKHQ� KHDWHG� WR� ����&�� $W� WKLV
WHPSHUDWXUH��WKH�FDSVXOH�ZDV�ILOOHG�ZLWK�DLU
IRU����PLQ�XQGHU�DWPRVSKHULF�SUHVVXUH��$F�
FRUGLQJ�WR� OLWHUDWXUH�GDWD��WKH�HQGV�RI�RYHU
�����RI�&17V�PXVW�EH�RSHQHG�WKURXJK�WKLV
SURFHGXUH� >��@��7KHUHDIWHU�� WKH�FDSVXOH�ZDV
HYDFXDWHG�DJDLQ� WR�DERXW���Ü��7RUU��KHDWHG
WR� ����&� DQG� KHOG� DW� WKLV� WHPSHUDWXUH� IRU
DQ� KRXU� WR� UHPRYH� WKH� JDVHRXV� R[LGDWLRQ
SURGXFWV�� 7KH� SRVW�WUHDWPHQW� ZHLJKLQJ� KDV
VKRZQ� D� SRZGHU� PDVV� ORVV� RI� DERXW� �� ��
7KH� VRUSWLRQ� SURSHUWLHV� RI� WKH� QDQRWXEHV
ZLWK�RSHQHG�HQGV�ZHUH�WKHQ�H[DPLQHG�XVLQJ
WKH� VDPH� WKHUPR�SURJUDPPHG� GHVRUSWLRQ
WHFKQLTXH��7KH�R[LGDWLRQ�LQGXFHG�RSHQLQJ�RI

WKH�&17� HQGV�PDGH� WKH� LQQHU�&17�VXUIDFHV
DQG� WKH� LQWHUWXEH� LQWHUVWLFHV� LQ� WKH� EXQGOHV
DFFHVVLEOH�WR�;H�VRUSWLRQ�>��@��ZKLFK�HQKDQFHG
WKH� 6:17� SRZGHU� VRUSWLRQ� FDSDFLW\� DOPRVW
ILYHIROG�DV�FRPSDUHG�WR�WKH�VWDUWLQJ�PDWHULDO
�VHH�)LJ�����

7KH�UDGLDO�WKHUPDO�H[SDQVLRQ�RI�;H�VDWX�
UDWHG�6:17V�ZDV�VWXGLHG�RQ�WKH�FRPSDFWHG
VDPSOH� XVHG� SUHYLRXVO\� WR� PHDVXUH� WKH
/7(&V�RI�SXUH�6:17V�� ,PPHGLDWHO\�EHIRUH
PHDVXUHPHQW�� WKH� FHOO� ZLWK� D� SXUH� &17
VDPSOH�ZDV� HYDFXDWHG� DW� URRP� WHPSHUDWXUH
IRU� ��� K� DQG� WKHQ� ILOOHG� ZLWK� ;H� DW
���� 7RUU�� 7KH� HYDFXDWHG�PHDVXULQJ� FHOO� RI
WKH� GLODWRPHWHU� ZLWK� WKH� VDPSOH� LQ� WKH� ;H
DWPRVSKHUH� ZDV� FRROHG� WR� ��� .�� $W� WKLV
WHPSHUDWXUH�� LW� ZDV� HYDFXDWHG� DJDLQ� DQG
WKHQ� FRROHG� WR� OLTXLG� KHOLXP� WHPSHUDWXUH�
7KH� WKHUPDO� H[SDQVLRQ� ZDV� PHDVXUHG� LQ
YDFXXP�GRZQ�WR�����Ü��7RUU�

7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�/7(&�IRU
D�;H�6:17�VDPSOH�LQ�WKH�LQWHUYDO����Ü���.
LV� VKRZQ� LQ�)LJ���� �FXUYH�����7KH� VKDUS� LQ�
FUHDVH� LQ� /7(&� YDOXHV� RI� WKH� ;H�VDWXUDWHG
VDPSOH� �FI�� FXUYHV� ��� ��� FDQ� UHDVRQDEO\� EH
DWWULEXWHG� WR� WKH� KHDY\�;H� DWRPV� DIIHFWLQJ
WKH� WUDQVYHUVH� YLEUDWLRQV� RI� WKH� QDQRWXEHV
LQ� WKH� GLUHFWLRQ� SHUSHQGLFXODU� WR� WKHLU� VXU�
IDFH�� $W� ORZ� WHPSHUDWXUHV�� WKH� *UXQHLVHQ
FRHIILFLHQWV� RI� VXFK� YLEUDWLRQV� DUH� QHJDWLYH
LQ�WZR�GLPHQVLRQDO��JUDSKHQH��RU�TXDVL�WZR�
GLPHQVLRQDO� �JUDSKLWH�� QDQRWXEHV�� FDUERQ
V\VWHPV� >�����@� DQG� SRVLWLYH� LQ� D� WKUHH�GL�
PHQVLRQDO� FDUERQ� PRGLILFDWLRQ� �GLDPRQG��
7KH� IRUPDWLRQ� RI� 6:17� EXQGOHV� DQG� WKH
VRUSWLRQ�RI�LPSXULW\�DWRPV�DW�WKH�VXUIDFH�RU
LQVLGH� WKH� QDQRWXEHV� JHQHUDWH� WKUHH�GLPHQ�
VLRQDO� IHDWXUHV� LQ� WKH� V\VWHP�� $V� D� UHVXOW�
WKH�QHJDWLYH�*UXQHLVHQ� FRHIILFLHQWV� RI� VXFK
V\VWHP� GHFUHDVH� LQ� PDJQLWXGH� RU� EHFRPH
SRVLWLYH��7KH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQWV
DUH� H[SHFWHG� WR� EHKDYH� LQ� D� VLPLODU� ZD\�
7KDW�LV�ZK\�WKH�QHJDWLYH�FRQWULEXWLRQ�WR�WKH
UDGLDO� WKHUPDO� H[SDQVLRQ� RI� ;H�VDWXUDWHG
6:17�EXQGOHV�GHFUHDVHV�DQG�VKLIWV�WRZDUGV
ORZHU�WHPSHUDWXUHV��VHH�)LJ�����FI��FXUYHV���
��DQG����

,Q� FRQWUDVW� WR� SXUH� &17V�� WKH� WKHUPDO
H[SDQVLRQ�RI�;H�VDWXUDWHG�6:17V�LV�VLPLODU
GXULQJ� WKH� ILUVW� KHDWLQJ� DQG� LQ� WKH� VXE�
VHTXHQW�KHDWLQJ�DQG�FRROLQJ�UXQV��,W�LV�SRV�
VLEOH� WKDW� WKH� ILUVW� KHDWLQJ� RI� SXUH� 6:17
EXQGOHV� ZLWK� [HQRQ� FDQ� PDNH� WKH� V\VWHP
PRUH� ULJLG� DQG� LWV� JHRPHWU\� LQVHQVLWLYH� WR
KHDWLQJ�DW�ORZ�WHPSHUDWXUHV�

,W� LV� LQWHUHVWLQJ� WKDW� WKH� /7(&V� KDYH
PD[LPXP� YDOXHV� LQ� WKH� LQWHUYDO� ��Ü��� .�
ZKLFK�PD\�EH�D�PDQLIHVWDWLRQ�RI�VSDWLDO�UH�
GLVWULEXWLRQ�RI�;H�DWRPV�LQ�WKH�6:17�EXQ�

)LJ�����7HPSHUDWXUH�GLVWULEXWLRQ�RI�;H�LPSX�
ULW\� �PROH� SHU� PROH� DQG� PROH� SHU� JUDP�
GHVRUEHG� IURP� SRZGHU� VDPSOHV� RI� F�6:17V
�GDUN�FROXPQV��DQG�R�6:17V��OLJKW�FROXPQV��
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GOHV�� 7KH� SRWHQWLDO� HQHUJ\� VLPXODWLRQ� �E\
:DQJ�/DQGDX�DOJRULWKP��>������@�IRU�D�V\V�
WHP�RI�6:17�EXQGOHV� VDWXUDWHG�ZLWK� LQHUW
JDVHV� SUHGLFWHG� SHDNV� LQ� WKH� WHPSHUDWXUH
GHSHQGHQFH�RI�WKH�KHDW�FDSDFLW\�DW�7� ���Ü
����.�� DWWULEXWHG� WR� UHRUGHULQJ� RI� WKH� LP�
SXULW\�DWRPV�

7R� WHVW� WKH� SUHGLFWLRQ�� LW� ZDV� QHFHVVDU\
WR�UHPRYH�WKH�;H�LPSXULW\�IURP�WKH�VXUIDFH
RI�WKH�6:17�EXQGOHV��7R�WKDW�HQG��WKH�VDP�
SOH�ZDV�KHDWHG�WR�7� �����.��7KLV�WHPSHUD�
WXUH�FDXVHV�DQ�LQWHQVLYH�;H�GHVRUSWLRQ�IURP
WKH�VDPSOH�VXUIDFH�EXW�OHDYHV�LW�XQGLVWXUEHG
LQ�WKH�JURRYHV�RI�WKH�6:17�EXQGOHV��*��DQG
WKH� LQQHU� LQWHUVWLFHV� �,�� RI� WKH� QDQRWXEHV
KDYLQJ� VXUIDFH�GHIHFWV� �)LJ������7KH� VDPSOH
ZDV� NHSW� DW� 7� ����� .� XQWLO� WKH� GHVRUEHG
;H�ZDV�FRPSOHWHO\�UHPRYHG�DQG�WKH�SUHVVXUH
LQ� WKH�PHDVXULQJ� FHOO� UHDFKHG�a�����Ü��7RUU�
7KH� VDPSOH� ZDV� WKHQ� FRROHG� WR� 7� �����.
DQG� WKH� WKHUPDO� H[SDQVLRQ� ZDV� PHDVXUHG
DJDLQ� �)LJ����� FXUYH� ���� ,W� LV� VHHQ� WKDW� WKH
/7(&�SHDN� LV�PXFK� ORZHU� DIWHU�;H�ZDV� UH�
PRYHG� IURP� WKH� 6:17� EXQGOH� VXUIDFHV�
+RZHYHU�� WKLV� SDUWLDO� ;H� GHVRUSWLRQ� OHDYHV
WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� /7(&
SUDFWLFDOO\� XQDIIHFWHG� RXWVLGH� WKH� LQWHUYDO
RI� WKH� SHDN�� 7KLV� VXJJHVWV� WKDW� WKH� ;H
DWRPV�ORFDOL]HG�DW�WKH�EXQGOH�VXUIDFH�DIIHFW
RQO\� VOLJKWO\� WKH� WKHUPDO� H[SDQVLRQ� RI
6:17�EXQGOHV�ZKHQ� WKH� SURFHVV� RI� VSDWLDO
UHGLVWULEXWLRQ�RI�DWRPV�DUH�DEVHQW�

,Q� FRQFOXVLRQ�� WHPSHUDWXUH� GHSHQGHQFHV
RI�WKH�UDGLDO�WKHUPDO�H[SDQVLRQ�FRHIILFLHQWV
DU�7��IRU�SXUH�DQG�;H�VDWXUDWHG�6:17�EXQ�
GOHV�DW� ORZ�WHPSHUDWXUHV�KDYH�EHHQ�VWXGLHG
H[SHULPHQWDOO\�IRU�WKH�ILUVW�WLPH��7KH�PHDV�
XUHPHQWV�ZHUH�PDGH�RQ�KHDWLQJ�DQG�FRROLQJ
WKH�VDPSOHV�LQ�WKH�LQWHUYDO����Ü����.�XVLQJ
D� FDSDFLWDQFH� GLODWRPHWHU�� 7KH� GHSHQGHQFH

DU�7��PHDVXUHG�RQ�WKH�ILUVW�KHDWLQJ�VKRZV�DYHU\� VWURQJ� QRQHTXLOLEULXP� HIIHFWV�� DQG� LQ
WKH� LQWHUYDO� ���Ü���� .� LW� GLIIHUV� VLJQLIL�
FDQWO\� IURP� WKH� ZHOO� UHSURGXFLEOH� HTXLOLE�
ULXP� GHSHQGHQFHV� DU�7�� PHDVXUHG� DW� VXE�VHTXHQW�KHDWLQJ�DQG�FRROLQJ�UXQV��7KH�HTXL�
OLEULXP� UDGLDO� WKHUPDO� H[SDQVLRQ
FRHIILFLHQWV�DU��)LJ�����FXUYH����DUH�SRVLWLYHDERYH�����.�DQG�QHJDWLYH�DW�ORZHU�WHPSHUD�
WXUHV�� 7KH� QRQHTXLOLEULXP� UDGLDO� WKHUPDO
H[SDQVLRQ� FRHIILFLHQWV� DU� �)LJ����� FXUYH� ��DUH�QHJDWLYH�LQ�WKH�LQWHUYDO����Ü���.��,W�LV
DVVXPHG�WKDW� WKH�QRQ�HTXLOLEULXP�DU�YDOXHVPHDVXUHG�DW�WKH�ILUVW�KHDWLQJ�RI�WKH�VDPSOH
DUH� GXH� WR� WKH� LUUHYHUVLEOH� DOLJQPHQW� DQG
RUGHULQJ� RI� WKH� EXQGOH� SRVLWLRQV� DQG� WKH
QDQRWXEHV�LQ�WKH�EXQGOHV�DW�ULVLQJ�WHPSHUD�
WXUH��$V�WKLV�RFFXUV��WKH�V\VWHP�GHQVLW\�LQ�
FUHDVHV�� VR� WKH� WKHUPDO� H[SDQVLRQ� EHFRPHV
QHJDWLYH�

7KH� TXDOLWDWLYH� LQWHUSUHWDWLRQ� RI� WKH
HTXLOLEULXP� GHSHQGHQFH� DU�7�� LV� EDVHG� RQWKH� WKHRUHWLFDO� FRQFOXVLRQV� DERXW� WKH
*UXQHLVHQ� FRHIILFLHQWV� IRU� FDUERQ�PRGLILFD�
WLRQV�>�@��7KH�*UXQHLVHQ�FRHIILFLHQW�DQG�WKH
UDGLDO� WKHUPDO� H[SDQVLRQ� RI� QDQRWXEHV� DUH
QHJDWLYH� DW� UHDVRQDEO\� ORZ� WHPSHUDWXUHV
>�@��ZKDW�LV�GHILQHG�PDLQO\�E\�WKH�FRQWULEX�
WLRQ� RI� WKH� WUDQVYHUVH� DFRXVWLF� YLEUDWLRQV
SHUSHQGLFXODU� WR� WKH� QDQRWXEH� VXUIDFHV�
+RZHYHU�� LQ� WKH� H[SHULPHQW�� WKH� WHPSHUD�
WXUH�LQWHUYDO�RI�WKH�QHJDWLYH�WKHUPDO�H[SDQ�
VLRQ� LV� PXFK� QDUURZHU� LQ� FRPSDULVRQ� ZLWK
WKH� WKHRUHWLFDO� SUHGLFWLRQV�� 7KLV� LV� PRVW
OLNHO\� EHFDXVH� WKH� FLWHG� WKHRU\� >�@� FRQVLG�
HUHG� LQGLYLGXDO� QDQRWXEHV�� $GGLWLRQDO� FRQ�
WULEXWLRQV� WR� WKH� WKHUPDO� H[SDQVLRQ� FRPH
LQWR�SOD\� LQ�6:17�EXQGOHV��)LUVW�� WKHUH� LV
D� SRVLWLYH� FRQWULEXWLRQ� DJ�� FDXVHG� E\� YDUL�

)LJ�����7KH�UDGLDO�/7(&V�RI�6:17�EXQGOHV�����;H�VDWXUDWHG�EXQGOHV�����DIWHU�SDUWLDO�;H�UHPRYDO�DW
7� �����.�����SXUH�6:17V��DU��DW�7� ����Ü���.��D��DQG����Ü��.��E���FRPSDFWHG�VDPSOH�
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DWLRQV� RI� WKH� LQWHUWXEH� JDSV� ZLWK� WHPSHUD�
WXUH�� ,Q� DGGLWLRQ�� WKH� QDQRWXEH� LQWHUDFWLRQ
LQ�WKH�EXQGOHV� VXSSUHVVHV�WKH�QHJDWLYH�FRQ�
WULEXWLRQ� IURP� WKH� WUDQVYHUVH� DFRXVWLF� YL�
EUDWLRQV�SHUSHQGLFXODU�WR�WKH�QDQRWXEH�VXU�
IDFHV� >�@�� 7KHVH� WZR� SRVLWLYH� FRQWULEXWLRQV
WR�WKHUPDO�H[SDQVLRQ�RI�WKH�6:17�EXQGOHV
GHFUHDVH� ERWK� WKH� PDJQLWXGH� DQG� WKH� WHP�
SHUDWXUH� LQWHUYDO� RI� WKH� QHJDWLYH� WKHUPDO
H[SDQVLRQ��

7KH� VDWXUDWLRQ� RI� 6:17� EXQGOHV� ZLWK
[HQRQ� EULQJV� DERXW� QHZ� IHDWXUHV� LQ� WKHLU
WKHUPDO� H[SDQVLRQ�� )LUVW�� WKH� DU� YDOXH� LQ�FUHDVHV� VKDUSO\� LQ� WKH� ZKROH� WHPSHUDWXUH
UDQJH� EHLQJ� LQYHVWLJDWHG�� 7KLV� LV� EHFDXVH
WKH� ;H� LPSXULW\� VXSSUHVVHV� WKH� QHJDWLYH
FRQWULEXWLRQ�WR�WKH�WKHUPDO�H[SDQVLRQ�IURP
WKH� WUDQVYHUVH� DFRXVWLF� YLEUDWLRQV� SHUSHQ�
GLFXODU� WR� WKH� QDQRWXEH� VXUIDFHV� >�@�� 6HF�
RQG��WKH�GHSHQGHQFH�DU�7��KDV�D�SHDN�LQ�WKH��Ü���.� LQWHUYDO��ZKLFK� DSSHDUV� WR� EH� GXH
WR�WKH�VSDWLDO�UHGLVWULEXWLRQ�RI�WKH�;H�DWRPV
RYHU� WKH� 6:17� EXQGOH� VXUIDFHV�� 7KH� UH�
PRYDO� RI� ;H� LPSXULW\� IURP� WKHVH� VXUIDFHV
GHFUHDVHV� WKH� SHDN� VLJQLILFDQWO\� EXW� OHDYHV
WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� /7(&
SUDFWLFDOO\� XQFKDQJHG� RXWVLGH� WKH� LQWHUYDO
RI� WKH� SHDN�� 7KLV� VXJJHVWV� WKDW� WKH� ;H
DWRPV� ORFDWHG� DW� WKH� EXQGOH� VXUIDFHV� HIIHFW
ZHDNO\� WKH� WKHUPDO� H[SDQVLRQ� RI� 6:17
EXQGOHV�ZKHQ� WKH�SURFHVVHV� RI� WKHLU� VSDWLDO
UHGLVWULEXWLRQ�DUH�DEVHQW��7KLUG��IRU�WKH�;H
VDWXUDWHG�PDWHULDO�� WKHUH� LV� QR� QRQ�HTXLOLE�
ULXP� WKHUPDO� H[SDQVLRQ� EHKDYLRU� VXFK� DV
ZDV�REVHUYHG�GXULQJ�WKH�ILUVW�KHDWLQJ�RI�WKH
VDPSOH� DQG�DWWULEXWHG� WR� LUUHYHUVLEOH� DOLJQ�
PHQW� DQG� RUGHULQJ� RI� WKH� EXQGOH� SRVLWLRQV
DQG�QDQRWXEHV�LQ�WKH�EXQGOHV�DW�ULVLQJ�WHP�
SHUDWXUH�� 3HUKDSV� WKH� VDWXUDWLRQ� ZLWK� ;H
PDNHV� WKH� V\VWHP� RI� 6:17� EXQGOHV� PRUH
ULJLG� DQG� LWV� JHRPHWU\� LQVHQVLWLYH� WR� KHDW�
LQJ�LQ�D�ORZ�WHPSHUDWXUH�LQWHUYDO�

)LQDOO\�� WKH� HPSOR\HG� WKHUPRSUR�
JUDPPHG� GHVRUSWLRQ� WHFKQLTXH� KDV�PDGH� LW
SRVVLEOH�WR�PHDVXUH�WKH�WHPSHUDWXUH�GHSHQG�
HQFH� RI� ;H� GHVRUSWLRQ� IURP� ERWK� RSHQ� DQG
FORVHG�6:17�EXQGOHV�

7KH� DXWKRU� LV� WKDQNIXO� WR� 6FLHQFH� 7HFK�
QRORJ\� &HQWHU� LQ� 8NUDLQH� IRU� WKH� ILQDQFLDO
VDSSRUW�RI�WKLV�VWXG\��SURMHFW�¢�����
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