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7KH� RSWLFDO� DEVRUSWLRQ� VSHFWUD� DQG� UHIUDFWLYH� LQGH[� KDYH� EHHQ� UHFRUGHG� LQ� WKH�ZDYH�
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���,QWURGXFWLRQ
%RUDWH� FRPSRXQGV� RIIHU� D� VHSDUDWH� ZLGH

FODVV�RI�SHUVSHFWLYH�PDWHULDOV�LQ�WKH�IRUP�RI
VLQJOH� FU\VWDOV��SRO\FU\VWDOV� RU�JODVVHV��7KH
WHWUDERUDWHV�RI�DONDOL�DQG�DONDOLQH�HDUWK�HOH�
PHQWV�WDNH�DQ�LPSRUWDQW�SODFH�DPRQJ�WKHP�
0DQ\�RI� WKH�FRPSRXQGV�DUH�SHUVSHFWLYH�IRU
QRQOLQHDU� RSWLFV�� ODVHU� HQJLQHHULQJ�� WKHU�
PROXPLQHVFHQW� GRVLPHWU\� DQG� UDGLDWLRQ� GH�
WHFWLRQ�� 3XUH� DQG� GRSHG� E\� GLIIHUHQW� HOH�
PHQWV�VLQJOH�FU\VWDOV�DQG�SRZGHUV�� OLWKLXP�
SRWDVVLXP�� FHVLXP�� VWURQWLXP�� DQG� FDOFLXP
WHWUDERUDWHV� �/L�%�2��� /L&D%2��� &D%�2��6U%�2��� KDYH� DOUHDG\� IRXQG� WKHLU� SUDFWLFDODSSOLFDWLRQV� >�Ü�@��+RZHYHU�� ERUDWHV� VLQJOH
FU\VWDOV� JURZWK� LV� WHFKQRORJLFDOO\� GLIILFXOW
DQG�GXUDEOH�SURFHVV�WKDW�OHDGV�WR�KLJK�YDOXH

RI� WKH� ILQDO� SURGXFW�� 0RUHRYHU�� LQ� FRQQHF�
WLRQ�ZLWK�D�ORZ�JURZLQJ�YHORFLW\�DQG�D�ODUJH
YLVFRVLW\� RI� PHOWV� VHULRXV� SUREOHPV� DULVH
ZLWK�GRSLQJ�

6LQFH�ERURQ�LV�RQH�RI�WKH�HOHPHQWV��ZKLFK
SURPRWHV�YLWULILFDWLRQ�RI�R[LGHV��ERULF�DQK\�
GULGH� %�2�� SOD\V� WKH� IXQGDPHQWDO� UROH� LQWKH� PRGHUQ� JODVV� WHFKQRORJ\�� EHFDXVH� ERWK
VWDEOH� R[\JHQ�FRRUGLQDWLRQV� RI� ERURQ�DWRPV
Û� WULDQJOHV� %2�� DQG� WHWUDKHGURQ� %2�� ÛVKRZ� D� WHQGHQF\� WR� SRO\FRQGHQVDWLRQ� >�@�
%RUDWH� JODVVHV� DUH� W\SLFDO� JODVV� V\VWHPV
FKDUDFWHUL]HG� E\� WKH� UDWKHU� ODUJH� JODVV�
IRUPLQJ� UHJLRQ�� 7KH� VWUXFWXUH� RI� ERUDWH
JODVVHV�LV�SDUWLFXODUO\�LQWHUHVWLQJ�EHFDXVH�RI
WKH� VR�FDOOHG� ERURQ� DQRPDO\� DQG� YDULHW\� RI
VNHOHWRQ� PRGLILFDWLRQ� DQG� RZLQJ� WR� LQIOX�
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HQFH� RI� QRQEULGJLQJ� R[\JHQ� RU�0±2� ERQGV
RQ� WKH�RSWLFDO�SURSHUWLHV�RI� WKH�JODVVHV� >�@�
,Q�DGGLWLRQ��GRSLQJ�RI� WKH�ERUDWH�JODVVHV� LV
QRW�VR�FULWLFDO��DV�IRU�VLQJOH�FU\VWDOV�>�Ü��@�
7KXV� IURP� WKH� WHFKQRORJLFDO� SRLQW� RI� YLHZ�
ERUDWH�JODVV�FDQ�EH�PRUH�DWWUDFWLYH� LQ�FRP�
SDULVRQ�ZLWK� WKHLU� VLQJOH� FU\VWDO�DQDORJXHV�
%HFDXVH� WKH� JODVVHV� FDQ� EH� SUHSDUHG� LQ� WKH
DLU� DWPRVSKHUH� XVLQJ� FRPSDUDWLYHO\� LQH[�
SHQVLYH� FHUDPLF� FUXFLEOHV� PDGH� IURP� WKH
KLJK�WHPSHUDWXUH� R[LGHV�� � 7KH� FUXFLEOHV
IURP�$O�2�� FHUDPLFV� DUH� ZHOO� DSSOLFDEOH� E\WKHLU�SDUDPHWHUV� IRU�SUHSDUDWLRQ�RI� WKH�ER�
UDWH� JODVVHV�� %XW� R[LGHV� DW� KLJK� WHPSHUD�
WXUHV� FDQ� LQWHUDFW� RQH� ZLWK� DQRWKHU�� LQ
RWKHU� ZRUGV�� WKH� ERUDWH� PHOWV� SDUWLFXODUO\
FDQ�EH�GLUWLHG�E\�$O�2���6XFK�LQFRQWUROODEOHGRSLQJ�E\�WKH�DOXPLQXP�R[LGH�FDQ�LQIOXHQFH
RQ� WKH� SK\VLFDO� SURSHUWLHV� RI� WKH� ERUDWH
JODVVHV��EXW�LQIRUPDWLRQ�DERXW�VXFK�LQYHVWL�
JDWLRQV�LV�DEVHQW��7KHUHIRUH��WKH�JLYHQ�DUWL�
FOH� LV� GHYRWHG� WR� LQYHVWLJDWLRQ� RI� RSWLFDO
SURSHUWLHV� RI� JODVVHV� IURP� VWRLFKLRPHWULF
FRPSRVLWLRQ� /L�%�2��� /L&D%2���&D%�2�� DQG6U%�2�� REWDLQHG� E\� PHOWLQJ� LQ� WKH� FRUXQ�GXP�FUXFLEOHV�

���([SHULPHQWDO�SURFHGXUH
7KH�JODVVHV�KDYH�EHHQ�SUHSDUHG�XVLQJ�WKH

QRUPDO�PHOW�TXHQFKLQJ� WHFKQLTXH��5HDJHQW�
JUDGH�/L�&2���&D&2���6U&2��DQG�ERULF�D°LG+�%2�� ZHUH� XVHG� DV� UDZ� PDWHULDOV�� 6L[JUDPV� RI� PL[WXUH�� ZKLFK� FRUUHVSRQGHG� WR
WKH� FKHPLFDO� IRUPXOD� RI� DSSURSULDWH� JODVV�
ZHUH� VWLUUHG� DQG� JULQGHG� WR� REWDLQ� D� ILQH
SRZGHU��7KH�PL[WXUH�ZDV�PHOWHG�LQ�D�$O�2�FHUDPLF� FUXFLEOH� XQGHU� RUGLQDU\� DWPRV�
SKHULF� FRQGLWLRQV� DW� WHPSHUDWXUH� ����� .
IRU� /L�%�2�� DQG� /L&D%2�� JODVVHV� DQG� DW�����.�IRU�0%�2�� �0� �&D��6U��JODVVHV�DQGPHOWV� ZHUH� KRPRJHQL]HG� GXULQJ� �� K�� 7LPH
DQG� WHPSHUDWXUH� RI� KRPRJHQL]DWLRQ� KDYH
EHHQ� GHWHUPLQHG� H[SHULPHQWDOO\� ZLWK� WKH
SXUSRVH� WR�REWDLQ�WKH�JODVVHV�RI�WKH�RSWLFDO
TXDOLW\�� 7KH� JODVVHV� KDYH� EHHQ� IRUPHG� E\
WKH�PHOW�FDVWLQJ�WR�PHWDO�IRUP�WKDW�EHLQJ�DW
URRP� WHPSHUDWXUH��$IWHU� EHLQJ� DQQHDOHG� DW
���Ü���� .� IRU� �� K�� WKH� JODVVHV� VDPSOHV
ZHUH�WKHQ�JULQGHG�DQG�RSWLFDOO\�SROLVKHG�WR
KDYH� WKH� GLPHQVLRQV� ��u�u��PP�� IRU� WKH
RSWLFDO� PHDVXUHPHQWV�� 7R� FKHFN� WKH� QRQ�
FU\VWDOOLQLW\� RI� WKH� JODVV� VDPSOHV�� ;�UD\
PHDVXUHPHQWV� ZHUH� SHUIRUPHG�� 7KH� UHVXOWV
VKRZHG� WKDW� ;5'� SDWWHUQV� RI� WKH� JODVVHV
GLG�QRW�FRQWDLQ�DQ\�GLVFUHWH�RU�VKDUS�SHDNV�
EXW� EURDG� KXPSV� ZHUH� FKDUDFWHULVWLF� IRU
DPRUSKRXV� PDWHULDOV�� &RQWHQW� RI� $O�2�� LQWKH� JODVVHV� ZDV� � GHWHUPLQHG� E\� PHDQV� RI
HQHUJRGLVSHUVLYH� ;�UD\� PLFURDQDO\]HU� RQ

WKH� VFDQQLQJ� PLFURVFRSH� 3(00$��������
$FFXUDF\� RI� $O�2�� FRQWHQW� LQ� JODVVHV� ZDVFDOFXODWHG�IURP�WKH�UHVXOWV�RI�WKUHH�PHOWLQJ
SURFHVVHV� IRU� HDFK� FRPSRVLWLRQ�� 7KH� JODVV
WUDQVPLWWDQFH� DW� URRP� WHPSHUDWXUH�ZDV�GH�
WHUPLQHG� E\� H[SHULPHQWDO� SODQW�� DVVHPEOHG
RQ�WKH�EDVH�RI�0'5����PRQRFKURPDWRU�DQG
SKRWRPXOWLSOLHU� 3K(0����� LQ� WKH� ZDYH�
OHQJWK�UDQJH�RI����Ü����QP��$�TXDUW]�KDOR�
JHQ�ILOOHG� ODPS� .+0����� ZDV� XVHG� DV� D
VRXUFH� RI� XOWUDYLROHW� UDGLDWLRQ�� $� SHUVRQDO
FRPSXWHU� FRQWUROOHG� H[SHULPHQW�� DFFXPX�
ODWHG�DQG�SURFHVVHG�WKH�LQIRUPDWLRQ��7KH�UH�
IUDFWLYH�LQGH[�RI�JODVV�ZDV�PHDVXUHG�LQ�WKH
ZDYHOHQJWK�UDQJH�RI����Ü����QP�E\�UHIUDF�
WRPHWULF� PHWKRG�� 7KH� PL[WXUH� RI� NHURVHQH
DQG�D�EURPRQDSKWKDOHQH�ZDV�XVHG�DV�DQ�LP�
PHUVLRQ� OLTXLG�� 7KH� TXDQWLW\� 'Q� �r������
ZDV� DEVROXWH� HUURU� RI�PHDVXUHPHQWV� RI� WKH
UHIUDFWLYH�LQGH[�

���5HVXOWV�DQG�GLVFXVVLRQ
3UHSDULQJ� RI� JODVV� E\� PHOWLQJ� RI� FRUUH�

VSRQGLQJ�PL[WXUH�LQ�$O�2��FUXFLEOHV�OHDGV�WRXQFRQWUROODEOH�GRSLQJ�RI�JODVV�RZLQJ�WR�SDU�
WLFXODU� GLVVROYLQJ� RI� WKH� FUXFLEOH� PDWHULDO
$O�2�� LQ�FRUUHVSRQGLQJ�R[LGH�PHOWV��7KLV� LVFDXVHG�E\� LQWHUDFWLRQ�EHWZHHQ�R[LGHV�DW�KLJK
WHPSHUDWXUHV��DQG�LW�LV�LPSRVVLEOH�LQ�SUDFWLFH
WR� DYRLG� LW��$V� LW� LV� VHHQ� IURP�7DEOH���� FRQ�
FHQWUDWLRQ�RI�$O�2��LQ�JODVV�GHSHQGV�VLJQLIL�FDQWO\�RQ�LWV�FKHPLFDO�FRPSRVLWLRQ��DQG�LW�LV
PXFK�KLJKHU� LQ� WKH� OLWKLXP�JODVVHV� LQ�FRP�
SDULVRQ� ZLWK� WKH� DONDOL�HDUWK� RQHV�� ,I� WR
FRPSDUH�WKH�ERLOLQJ�WHPSHUDWXUHV�IRU�DONDOL
������.��DQG�DONDOL�HDUWK�������.��ERUDWHV�
LW�EHFRPHV�FOHDU� WKDW� WHPSHUDWXUH� LV�QRW� VR
PXFK� FULWLFDO� IRU� LQWHUDFWLRQ� EHWZHHQ� WKH
ERUDWH� PHOWV� DQG� $O�2��� 7KHUHIRUH�� LQ� RXUFDVH��RQH�FDQ�VWDWH�WKDW�ZH�GHDO�ZLWK�JODVVHV
RI� FKHPLFDO� FRPSRVLWLRQV� [/L�%�2�u��Ü
[�$O�2��� \/L&D%2�u��Ü\�$O�2��� ]0%�2����Ü]�$O�2���0� �&D��6U���7DEOH����

7DEOH���� &RQFHQWUDWLRQ� $O�2��� GHQVLW\� DQGRSWLFDO� EDQG� JDS� HQHUJ\� (JRSW� IRU� ERUDWHJODVVHV�DW�����.�
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7KH�RSWLFDO�DEVRUSWLRQ�FRHIILFLHQW�N�RI�WKH
JODVV� VDPSOHV� /L�%�2��$O�2��� /L&D%2��$O�2��&D%�2��$O�2�� DQG�6U%�2��$O�2�� LV� HYDOXDWHGIURP� WKH� RSWLFDO� WUDQVPLWWDQFH� �7�� DQG� UH�
IOHFWDQFH��U��XVLQJ�WKH�UHODWLRQ��
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ZKHUH�G� LV�WKH�WKLFNQHVV�RI�WKH�VDPSOH��2E�
WDLQHG� GHSHQGHQF\� N�O�� IRU� DOO� LQYHVWLJDWHG
FKHPLFDO� FRPSRVLWLRQV� RI� ERUDWH�JODVVHV�DUH
SUHVHQWHG� LQ� )LJ����� $V� LW� LV� HYLGHQW� IURP
)LJ����� DEVRUSWLRQ� HGJH� RI� JODVVHV� LV� PXFK
HVVHQWLDOO\� GHSHQGHQW� RQ� WKHLU� FKHPLFDO
FRPSRVLWLRQ� �WKH� FXUYHV� �Ü���� ,Q� )LJ���
WKHUH� LV�DOVR�JLYHQ�WKH�DEVRUSWLRQ�VSHFWUXP
IRU�/L�%�2��JODVV�RI���PP�WKLFN�SUHSDUHG�E\PHOWLQJ� LQ� JUDSKLWH� FUXFLEOH� LQ� YDFXXP
�GDVKHG� OLQH��� ZKLFK� GLIIHUV� VLJQLILFDQWO\
IURP� WKH� DEVRUSWLRQ� VSHFWUXP� IRU
����/L�%�2�����$O�2�� JODVV�� LQ� RWKHU� ZRUGV�SUHSDUHG� E\�PHOWLQJ� RI� /L�%�2�� LQ� FUXFLEOHIURP�$O�2���FXUYH�����%HFDXVH� RI� WKH� DEVHQFH� RI� ORQJ�UDQJH
RUGHU�LQ�JODVVHV�LW�LV�LPSRVVLEOH�WR�XVH�EDQG
WKHRU\�GLUHFWO\�RZLQJ�WR�WKH�ODFN�RI�WUDQVOD�
WLRQDO� V\PPHWU\�� 7KXV� IRU� VXFK� GLVRUGHUHG
PHGLXPV� DV� JODVVHV� LW� LV� ZRUWK\� WR� DSSO\
VXFK� D� XQLYHUVDO� FKDUDFWHULVWLF� RI� HOHFWURQ
VWDWHV�DV�GHQVLW\�RI�HOHFWURQ�VWDWHV�GLVWULEX�
WLRQ�LQ�HQHUJ\��/RQJ�ZDYHOHQJWK�VKLIW�RI�DE�
VRUSWLRQ�HGJH�RI�JODVVHV�LQ�FRPSDULVRQ�ZLWK

WKH�DSSURSULDWH�VLQJOH�FU\VWDOV�FDQ�EH�DWWULE�
XWHG�WR�WKH�VPHDULQJ�RI�WKH�HGJH�GHQVLW\�RI
HOHFWURQ�VWDWHV�GLVWULEXWLRQ��%XW�WKH�FRQFHSW
RI�WKH�EDQG�WKHRU\�FDQ�EH�XVHG�HYHQ� LQ�WKH
FDVH�RI�JODVVHV��KRZHYHU��WDNLQJ�LQWR�FRQVLG�
HUDWLRQ� WKDW�GLUHFW�EDQG�WR�EDQG� WUDQVLWLRQV
DUH� LPSRVVLEOH�KHUH��EXW�RQO\� LQGLUHFW� WUDQ�
VLWLRQV� ZLWK� SDUWLFLSDWLRQ� RI� SKRQRQV� DQG
H[FLWRQV�FDQ�EH�UHDOL]HG��6XFK�LQGLUHFW�RSWL�
FDO� EDQG� HQHUJ\� WUDQVLWLRQV� DUH� FRQVLGHUHG
LQ� GHWDLO� HQRXJK� LQ� VRPH� DUWLFOHV�� LQ� SDU�
WLFXODU� >������@�� ,Q� >��@� IRU�DPRUSKRXV�PD�
WHULDOV��LQGLUHFW�WUDQVLWLRQV�DUH�YDOLG�DFFRUG�
LQJ�WR�WKH�UHODWLRQ��ZKLFK�IRU�VLQJOH�SKRQRQ
LQGLUHFW�EDQG�WR�EDQG�WUDQVLWLRQV�ORRNV�DV

D�KQ��I��KQ���(JRSW�r�KQSK�J���� ���
ZKHUH� (JRSW� LV� D� YDOXH� RI� LQGLUHFW� RSWLFDO
EDQG�JDS�HQHUJ\��KQSK�LV�WKH�SKRQRQ�HQHUJ\�
J� ��� IRU� LQGLUHFW�SHUPLWWHG�WUDQVLWLRQV�DQG
J� ��� IRU� LQGLUHFW� IRUELGGHQ� WUDQVLWLRQV��(JFDQ�EH�REWDLQHG�IURP�(T������E\�H[WUDSRODW�
LQJ�RI�WKH�DEVRUSWLRQ�FRHIILFLHQW�WR�]HUR�DE�
VRUSWLRQ�LQ�WKH��N���KQ�����FRRUGLQDWHV�YHUVXV
KQ� SORW�� WKDW� LV� (JRSW� �KQ� DW� �N���KQ����� ��
>��@�� ,Q� )LJ���� DEVRUSWLRQ� VSHFWUD� RI� DOO
JODVVHV� �DV� JUDSKV� RI� �N���KQ����� YHUVXV� KQ�
DUH�SUHVHQWHG��7KH�YDOXHV�RI�DEVRUSWLRQ�HGJH
RI� ERUDWH� JODVVHV�� GHWHUPLQHG� IURP� )LJ����
DUH� SUHVHQWHG� LQ� 7DEOH���� 7KH� FRPSDULVRQ
ZLWK�DEVRUSWLRQ�HGJHV�RI�FRUUHVSRQGLQJ�VLQ�
JOH� FU\VWDOV� ����Ü����QP��GHPRQVWUDWHV� WKDW
IRU�DOO�LQYHVWLJDWHG�JODVVHV�WKH�HVVHQWLDO�VKLIW
RI� WKH� DEVRUSWLRQ� HGJHV� LQWR� ORQJ�ZDYH� VSHF�
WUDO� UHJLRQ� WDNHV� SODFH�� $EVRUSWLRQ� HGJH� RI

)LJ����� 2SWLFDO� DEVRUSWLRQ� VSHFWUD� LQ� WKH� UH�
JLRQ�RI�WKH�VKRUW�ZDYHOHQJWK�HGJH�IRU�ERUDWH
JODVVHV�DW�����.����Ü�����/L�%�2�����$O�2�����Ü
����&D%�2�����$O�2�����Ü�����6U%�2�����$O�2��
��Ü�����/L&D%2�����$O�2���GRWWHG�FXUYH�LV�WKHDEVRUSWLRQ� VSHFWUD� RI� /L�%�2�� JODVV� SUHSDUHGE\� WKH� PHOW� TXHQFKLQJ� WHFKQLTXH� LQ� FDUERQ
FUXFLEOH�

)LJ�����$EVRUSWLRQ�HGJH�VSHFWUD�SORW�RQ�D�JUDSK
RI� �N���KQ����� YHUVXV� KQ� IRU� ERUDWH� JODVVHV�� �� Ü
�����/L�%�2�����$O�2����� Ü�����&D%�2�����$O�2��
��Ü�����6U%�2�����$O�2�����Ü�����/L&D%2�����$O�2��
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/L�%�2��JODVV��SUHSDUHG�E\�PHOWLQJ� LQ�JUDSK�LWH� FUXFLEOH�� LV� DOVR� QR� H[FOXVLRQ�� 7KHUHIRUH�
RQ� H[DPSOH� RI� ����/L�%�2�����$O�2�� JODVVHVDQG�XQGRSSHG�/L�%�2��RQH�FDQ�VWDWH�WKDW�SUHVHQFHRI�$O�2��LQ�WKH�ERUDWH�JODVV�VKLIWV�VLJQLILFDQWO\�WKHDEVRUSWLRQ� HGJH� LQWR� ORQJ�ZDYH� VSHFWUDO� UHJLRQ�
%XW� RQ� H[DPSOH� RI� ����/L�%�2�����$O�2��� DQG
����/L&D%2�����$O�2�� JODVVHV� RQH� FDQ�PDNH� DFRQFOXVLRQ� WKDW� FRQFHQWUDWLRQ� RI� $O�2�� LQJODVV�LV�QRW�GHILQLWLYH�

'LIIHUHQFHV�LQ�EHKDYLRU�RI�DEVRUSWLRQ�VSHFWUD
RI�����/L�%�2�����$O�2�������&D%�2�����$O�2������6U%�2�����$O�2�� DQG� ����/L&D%2�����$O�2�JODVVHV�DUH�FDXVHG��PRVW�SUREDEO\��E\�GLIIHU�
HQFH� EHWZHHQ� WKH� ERURQ�R[\JHQ� FRPSOH[HV�
ZKLFK� DUH� WKH� PDLQ� HOHPHQWV� RI� VWUXFWXUH�
DQG� IURP� ZKLFK� WKH� IUDPHV� RI� RXU� JODVVHV
DUH�IRUPHG��)RU�H[DPSOH��/L�%�2��FRPSRXQGLV�EDVHG�RQ��%�2���±�ERURQ�R[\JHQ�FRPSOH[HVZKLFK� FRQVLVW� RI� HOHPHQWDU\� FRPSOH[HV� LV
EDVHG� RQ� WZR� %2�� DQG� WZR� %2�� >��@�� /L�&D%2�� FRPSRXQG� LV� EDVHG� RQ� HOHPHQWDU\�%2���±�FRPSOH[HV�>��@��&D%�2��DQG�6U%�2�FRPSRXQGV�DUH�EDVHG�RQ�HOHPHQWDU\��%2���±FRPSOH[HV� >������@�� $V� DEVRUSWLRQ� HGJH� LQ
WKH� DQK\GURXV� ERUDWH� VLQJOH� FU\VWDOV� LV
IRUPHG� E\� DQLRQ� ERURQ�R[\JHQ� FRPSOH[HV
>��@��WKHQ�LW�LV�ORJLFDOO\�WR�DVVXPH��WKDW�WKH
PDLQ�UROH�LQ�IRUPLQJ�WKH�GHQVLW\�RI�HOHFWURQ
VWDWHV� GLVWULEXWLRQ� DV� D� IXQFWLRQ� RI� HQHUJ\
�WKDW�LV�GLVSOD\HG�LQ�RSWLFDO�DEVRUSWLRQ�VSHF�
WUD�RI�JODVVHV��LV�SOD\HG�E\�WKH�VDPH�ERURQ�
R[\JHQ� FRPSOH[HV�� ZKLFK� DUH� WKH� PDLQ
VWUXFWXUDO� HOHPHQWV� RI� ERUDWH� FRPSRXQGV�
6LQFH� WKH� ERURQ�R[\JHQ� FRPSOH[HV� RI
/L�%�2��� &D%�2�� DQG� 6U%�2�� FRPSRXQGVIRUP�IUDPH�VWUXFWXUHV�RI�WKHLU� ODWWLFHV� >���
������@�� WKH� VWUXFWXUH� RI� VXFK� JODVVHV�PXVW
EH� OLNH� D� GLVILJXUHG� ERURQ�R[\JHQ� IUDPH� RI
FRUUHVSRQGLQJ�FU\VWDO��,Q�/L&D%2��JODVV�WKHHOHPHQWDU\� ERURQ�R[\JHQ� FRPSOH[HV� GR� QRW
IRUP� D� IUDPH�� LQ� UHVXOW� RI� ZKLFK� WKH\� DUH
ORFDWHG�PRUH�FKDRWLFDOO\�LQ�WKH�VWUXFWXUH�RI
WKLV�JODVV�

5HYHDOHG� LQIOXHQFH� RI� $O�2�� RQ� WKH� DE�VRUSWLRQ� VSHFWUD� RI� WKH� ERUDWH� JODVVHV� RF�
FXUV�� PRVW� SUREDEO\�� EHFDXVH� RI� DGGLWLRQDO
GHIRUPDWLRQ� RI� VWUXFWXUH� DQG� LQFUHDVLQJ� RI
LPSHUIHFWLRQ�RI�JODVV��)RU�H[DPSOH�� LQ�SXE�
OLFDWLRQ� >��@� LW� ZDV� DVFHUWDLQHG� WKDW� SUHV�
HQFH�RI�DOXPLQXP�R[LGH� LQ�WKH�ERUDWH�JODVV
OHDGV� WR� LQFUHDVLQJ�RI�QXPEHU� RI�%2�� SRO\�KHGURQV��ZKHUHDV�DPRXQW�RI�ERURQ�ZLWK�WHW�
UDKHGUDO� FRRUGLQDWLRQ� GHFUHDVHV�� 7KHUHIRUH�
GLVRUGHU� LQ� FRUUHVSRQGLQJ� ERUDWH� JODVVHV
ZLWK� $O�2�� JURZV�� DQG� WKHLU� LPSHUIHFWLRQLQFUHDVHV�� $OO� WKLV� OHDGV� WR� FRPSOLFDWLRQ� RI

SKRQRQ� VSHFWUXP� RI� JODVVHV� DQG� HOHFWURQ�
SKRQRQ� LQWHUDFWLRQ�� DQG�� DGHTXDWHO\�� WR
VKLIW�RI�WKH�DEVRUSWLRQ�HGJH�

,Q�)LJ����H[SHULPHQWDO�GLVSHUVLRQ�VSHFWUD
Q�O�� IRU� DOO� JODVVHV� LQ� WKH� UDQJH� ���Ü
����QP��PHDVXUHG� DW�����.�DUH�SUHVHQWHG�
$OO�GLVSHUVLRQ�FXUYHV� LQ�)LJ����PHDVXUHG�DW
URRP�WHPSHUDWXUH�DUH�ZHOO�DSSUR[LPDWHG�E\
VLQJOH�RVFLOODWRU�6HOOPHLHU�IRUPXOD�

Q�� ����� $O
�O��

O����O��
� ���

ZKHUH�O��Û�ZDYHOHQJWK�RI�WKH�PD[LPXP�RI
HIIHFWLYH�DEVRUSWLRQ�EDQG��ILWWLQJ�SDUDPHWHU
$� �1H�I�SPF��Û� LV� UHODWHG�ZLWK� WKH� RVFLO�
ODWRU�IRUFH�I��2WKHU�V\PEROV�GHQRWH�H�DQG�P
Û�WKH� FKDUJH� DQG� WKH�PDVV� RI� DQ� HOHFWURQ�
UHVSHFWLYHO\��1� Û� WKH� QXPEHU� RI� SDUWLFOHV
LQ� WKH� XQLW� RI� YROXPH�� F� Û� WKH� VSHHG� RI
OLJKW�LQ�YDFXXP�

8VLQJ� PDWKHPDWLFDO� DQDO\VLV� RI� H[SHUL�
PHQWDO� UHVXOWV� IRU� HDFK� JODVV� FRPSRXQG�ZH
KDYH� FDOFXODWHG� WKH� SDUDPHWHUV� $� DQG� O�IURP� 6HOOPHLHU� IRUPXOD� ���� IRU� GLVSHUVLRQ
FXUYHV��GHVFULEHG�LQ�WKH�ILUVW�DSSUR[LPDWLRQ
E\� VLQJOH� RVFLOODWRU� PRGHO�� 7KH� UHVXOWV� DUH
SUHVHQWHG�LQ�7DEOH����$FFRUGLQJ�WR�/RUHQW]�
/RUHQ]�HTXDWLRQ��WKH�GHQVLW\�RI�WKH�PDWHULDO
DIIHFWV� WKH� UHIUDFWLYH� LQGH[� LQ� GLUHFW� SUR�
SRUWLRQ�� 7KH� GDWD� FRPSDULVRQ� IURP� 7DEOH��
DQG���UHYHDOV��WKDW�WKLV�UXOH�LV�REVHUYHG�IRU
DOO�LQYHVWLJDWHG�FRPSRVLWLRQV�RI�JODVVHV��

,W� LV� NQRZQ� WKDW� RSWLFDO� QRQ�OLQHDULW\� LV
FDXVHG�E\�WKH�HOHFWURQLF�SRODUL]DWLRQ�RI�PD�
WHULDOV� >��@�� 7KHUHIRUH�� WKH� DYHUDJH� HOHF�
WURQLF�SRODUL]DELOLW\�RI�LRQV�LV�FRQVLGHUHG�WR
EH� RQH� RI� WKH�PRVW� LPSRUWDQW� SURSHUWLHV� RI

)LJ�����'LVSHUVLRQ�RI�UHIUDFWLYH�LQGH[�ERUDWH�JODVVHV�
��Ü�����6U%�2�����$O�2�����Ü�����&D%�2�����$O�2��
��Ü�����/L&D%2�����$O�2�����Ü�����/L�%�2�����$O�2��
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JODVV��ZKLFK�LV�FORVHO\�UHODWHG�WR�WKHLU�DSSOL�
FDELOLW\� LQ� WKH� ILHOG� RI� RSWLFV� DQG� HOHFWURQ�
LFV�� 7KH� PRODU� HOHFWURQLF� SRODUL]DELOLW\� RI
WKH� PDWHULDO� LV� SURSRUWLRQDO� WR� WKH� PRODU
UHIUDFWLRQ� WKURXJK� WKH� &ODXVLXV�0RVRWWL
HTXDWLRQ��

DP� ����e��S1��5P� ���
ZKHUH� 1�� LV� WKH� $YRJDGUR�V� QXPEHU� DQG
5P� ��>�Q��Ü�����Q������@0�U�Û�WKH�DYHUDJH
PRODU�UHIUDFWLRQ��0�Û�WKH�PRODU�PDVV��U�Û
WKH�GHQVLW\�

&DOFXODWHG� RQ� WKH� EDVLV� RI� WKH� YDOXHV� RI
WKH�UHIUDFWLYH�LQGLFHV�E\�WKHVH�IRUPXODV�YDO�
XHV� RI� DP� DQG�5P� IRU� DOO� JODVVHV� FRPSRVL�WLRQV� DUH� SUHVHQWHG� LQ� 7DEOH���� ,Q� DGGLWLRQ
WKHUH�DUH�JLYHQ� WKH�YDOXHV�RI�HOHFWURQLF�SR�
ODUL]DELOLW\�RI�R[LGH�LRQ�FDOFXODWHG�XVLQJ�WKH
HTXDWLRQ�>��@�

D2��� �>�5P�e��������¦DFDW@�e�12����� ���

ZKHUH�¦DFDW� �SD�/L���.���&V���&D����6U������TD%��
12�Ü� Û� WKH� QXPEHU� RI� R[LGH� LRQV� LQ� WKH
FKHPLFDO�IRUPXOD�RI�JODVV��

$V� LW� LV� HYLGHQW� IURP�7DEOH���DQG���� IRU
FRQVLGHUHG�JODVVHV�WKHUH�LV�QR�REVHUYHG�FRU�
UHODWLRQ�EHWZHHQ� HOHFWURQLF�SRODUL]DELOLW\� RI
R[LGH� LRQ� DQG� WKH� UHIUDFWLYH� LQGH[�� ,Q� WKH
ODVW� FROXPQ�RI�7DEOH���� WKHUH� DUH�SUHVHQWHG
WKH�YDOXHV�RI�RSWLFDO�EDVLFLW\�%�LQ�WKH�ZDYH�
OHQJWK�������QP�FDOFXODWHG�E\�WKH�IROORZLQJ
IRUPXOD�>��@�

%� ������������e�D2����� ���
$FFRUGLQJ� WR� WKLV� HTXDWLRQ�� DQ� LQFUHDVH

LQ� WKH� SRODUL]DELOLW\� LQFUHDVHV� WKH� RSWLFDO
EDVLFLW\�� 7KH� RSWLFDO� EDVLFLW\� SURSRVHG� E\
'XII\�DW�DO��>��@�ZDV�XVHG�DV�D�PHDVXUHPHQW
RI� DFLG�EDVH� SURSHUWLHV� RI� WKH� R[LGH� JODVVHV
EHFDXVH� DQ� LQWULQVLF� UHODWLRQVKLS� H[LVWV� EH�
WZHHQ� WKH� HOHFWURQLF� SRODUL]DELOLW\� RI� WKH
R[LGH� LRQV� DQG� WKH� RSWLFDO� EDVLFLW\� RI� WKH
R[LGH�PHGLXP�

���&RQFOXVLRQV
7KH� RSWLFDO� DEVRUSWLRQ� VSHFWUD� DQG� UH�

IUDFWLYH�LQGH[�LQ�WKH�ZDYHOHQJWK�UDQJH����Ü
���� QP� DQG� ���Ü����QP� UHVSHFWLYHO\� KDYH
EHHQ� LQYHVWLJDWHG� IRU� WKH�JODVVHV�ZLWK�FRP�
SRVLWLRQV� /L�%�2��� /L&D%2��� &D%�2�� DQG6U%�2�� SUHSDUHG� XVLQJ� WKH� QRUPDO� DOOR\LQJWHFKQLTXH� LQ� $O�2�� FUXFLEOH�� 7KH� GHQVLW\�WKH�YDOXHV�RI�RSWLFDO�EDQG�JDS��WKH�DYHUDJH
PRODU� UHIUDFWLRQ� DQG� HOHFWURQLF� SRODUL]DELO�
LW\�� WKH� DYHUDJH� HOHFWURQLF� SRODUL]DELOLW\� RI
WKH� R[LGH� LRQ� DQG� WKH� RSWLFDO� EDVLFLW\� KDYH
EHHQ�GHWHUPLQHG��2SWLFDO�DEVRUSWLRQ�HGJH�RI
DOO� LQYHVWLJDWHG� JODVVHV� LV� VKLIWHG� VLJQLIL�
FDQWO\�LQWR�ORQJ�ZDYH�VSHFWUDO�UHJLRQ�WKDW�LV
FDXVHG��PRVW�SUREDEO\��E\�LQIOXHQFH�RI�$O�2�RQ�WKHLU�VWUXFWXUH�DQG�LPSHUIHFWLRQ��5HIUDF�
WLYH� LQGLFHV� IRU� DOO� FRPSRVLWLRQV� RI� WKH� LQ�
YHVWLJDWHG�JODVVHV�RQ� WKH� IL[HG�ZDYHOHQJWK�
DUH�OHVV��WKHQ�IRU�FRUUHVSRQGLQJ�VLQJOH�FU\V�
WDOV� DQG� WKHUH� LV� QR� FRUUHODWLRQ� EHWZHHQ
HOHFWURQLF�SRODUL]DELOLW\�RI�R[LGH�LRQ�DQG�WKH
UHIUDFWLYH�LQGH[��

$FNQRZOHGJHPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG� E\� WKH� 0LQLVWU\� RI� (GXFDWLRQ� DQG
6FLHQFH�RI�8NUDLQH��3URMHFW�����8��������

5HIHUHQFHV
� ���<�(EDWD��+�6X]XNL�� 6�0DWVXPXUD� HW� DO���-SQ�

-��$SSO��3K\V������6XSSO��������������������
� ���6�)DQ�� *�&KHQ�� :�:DQJ� HW� DO��� -��&U\VW�

*URZWK������������������
� ���,�0DUW\Q\XN�/RWRWVND�� 2�0\V�� 2�.UXS\FK� HW

DO���,QWHJUDW��)HUURHOHFWU������������������
� ���3�/L��=�:DQJ��=�<DQJ�HW�DO���-��/XPLQHVFHQFH�

����������������
� ���<�)XNXGD�� 1�7DNHXFKL�� -��0DW��6FL��/HWW��� ��

������������
� ���<X�6�2VHOHGFK\N�� $�/�3URVYLULQ�� $�,�3LV�

DUHYVNL\��2SW��0DW������������������
� ���:�6RSSH��)�$OGHQNDPS��+�:�+DUWRJ��-��1RQ�

&U\VW��6RO������������������
� ���*�'�&U\VVLFRV�� (�,�.DPLWVRV�� 0�$�.DUDNDV�

VLGHV��3K\V��&KHP��*ODVVHV������������������
� ���%�3DGO\DN�� :�5\ED�5RPDQRZVNL�� 5�/LVLHFNL

HW�DO���-��1RQ�&U\VW��6RO��������������������
����%�3DGO\DN�� :�5\ED�5RPDQRZVNL�� 5�/LVLHFNL

HW�DO���2SWLFD�$SSOLFDWD�����������������

7DEOH����5HIUDFWLYH�LQGH[�Q��6HOOPHLHU�UHODWLRQ�$�DQG�O���UHIUDFWLRQ�5P��HOHFWURQ�SRODUL]DELOLW\�DPDQG�D2�Ü�DQG�RSWLFDO�EDVLFLW\�%�IRU�ERUDWH�JODVVHV�DW�����.�DQG�O� �������QP
*ODVV�

FRPSRVLWLRQ
Q $���Ü���QPÜ� O���QP 5P��FP� DP���Ü���FP� D2�Ü���Ü���FP�

%

/L�%�2� ����� ������ ������ ������ ���� ����� �����
/L&D%2� ����� ������ ������ ������ ���� ����� �����
&D%�2� ����� ������ ������ ������ ���� ����� �����
6U%�2� ����� ������ ������ ������� ����� ����� �����
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����%�3DGO\DN��:�:RMWRZLF]��9�7�$GDPLY�HW�DO��
$FWD�3K\V��3RORQLFD������������������

����-�,�3DQNRYH��2SWLFDO�3URFHVVHV�LQ�6HPLFRQGDF�
WRUV�� 3UHQWLFH�+DOO�� (QJOHZRRG� &OLIIV�� 1HZ
-RUN��������

����)�%DVVDQL�� *�3�3DUUDYLFLQL�� (OHFWURQLF� 6WDWHV
DQG� 2SWLFDO� 7UDQVLWLRQV� LQ� 6ROLGV�� 3HUJDPRQ
3UHVV��1HZ�<RUN��������

����-�7DXF�� $PRUSKRXV� DQG� /LTXLG� 6HPLFRQGXF�
WRUV��3OHQXP�3UHVV��1HZ�<RUN��������

����<�0RXVWDID�� $�+DVVDQ�� *�(O�'DPUDZL� HW� DO��
-��1RQ�&U\VW��6ROLGV�������������������

����6�)�5DGDHY��/�$�0XUDG\DQ��/�)�0DODNKRYD�HW
DO���6RY��3K\V��&U\VWDOOJU������������������

����/�:X�� ;�/�&KHQ�� +�/L� HW� DO��� -��6RO��6WDWH
&KHP��������������������

����1�9�=D\DNLQ��$�$�%URYNLQ��6RY��3K\V��&U\VWDO�
OJU������������������

����$�3HUORII�� 6�%ORFN�� $FWD� &U\VW��� ���� ���
�������

����&K�&KHQ�� <�:X��5�/L�� ,QWHUQ��5HY��3K\V��&KHP��
�������������

����9�*�6LJDHY�� (�9�2UORYD�� 6�9�/RWDUHY� HW� DO��
*ODVV�DQG�&HUDPLFV�������������������

����(�9RJHO�� 0�:HEHU�� '�.URO�� 3K\V��&KHP�
*ODVVHV�����������������

����<�%�6DGGHHN�� (�5�6KDDEDQ�� (O� 6�0RXVWDID� HW
DO���3K\VLFD�%�������������������

����-�'XII\��3K\V��&KHP��*ODVVHV���������������
����-�'XII\�� 0�,QJUDP�� -��1RQ�&U\VW��6ROLGV�� ���
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