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5HFHLYHG�0D\��������
7KH� HIIHFW� RI� SRURJHQ� DGGLWLYHV� �SRO\HWK\OHQH� JO\FRO� DQG� FHW\OS\ULGLQLXP�FKORULGH�� RQ

WKH� VRUSWLRQ� NLQHWLFV� DQG� PHFKDQLFDO� VWDELOLW\� RI� VLOLFD� PRQROLWKV� ZDV� VWXGLHG�� 7KUHH
NLQHWLF�PRGHOV���L��SVHXGR�ILUVW�RUGHU�NLQHWLF�PRGHO���LL��SVHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO�
�LLL�� LQWUD�SDUWLFOH� GLIIXVLRQ� PRGHO� ZHUH� DSSOLHG� IRU� WUHDWPHQW� RI� VRUSWLRQ� NLQHWLFV� RI
PDODFKLWH�JUHHQ��7KH�LPSURYLQJ�RI�VRUSWLRQ�NLQHWLFV�E\�LQWURGXFLQJ�DGGLWLYHV�RI�SRO\HWK\O�
HQH�JO\FRO�DQG�FHW\OS\ULGLQLXP�FKORULGH�LQWR�WKH�UHDFWLRQ�PL[WXUH�IRU�VRO�JHO�V\QWKHVLV�ZDV
REVHUYHG� DQG� GLVFXVVHG�� 7KH� RSWLPL]HG� FRPSRVLWLRQ� RI� UHDFWLRQ� PL[WXUH� ZDV� XVHG� IRU
SURGXFLQJ�RI�PRQROLWKLF�OD\HUV�RQ�WKH�JODVV�VROLG�VXSSRUW��ZKLFK�ZHUH�VXFFHVVIXOO\�XVHG�IRU
VHSDUDWLRQ�RI�WHVW�PL[WXUH�RI�G\HV�
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���,QWURGXFWLRQ
0RQROLWK� LV� WKH� VROLG� FRQWLQXRXV� EORFN

��VLQJOH�SLHFH��� RI� SRURXV�PDWHULDO� ZLWK� EL�
PRGDO� GLVWULEXWLRQ� GLPHQVLRQV� RI� SRUHV
�PDFURSRUHV� DQG� PHVRSRUHV�� >�@�� 7KH� SURE�
OHPV� RI� V\QWKHVLV� DQG� DSSOLFDWLRQ� RI�PRQR�
OLWKV� KDYH� UHFHLYHG� PXFK� DWWHQWLRQ� GXULQJ
ODVW�\HDU�V�>���@��7KLV�LV�GXH�WR�WKH�IDFW�WKDW
PRQROLWKLF�FROXPQV�DUH�D�UHFHQW�DFTXLVLWLRQ
RI� DQDO\WLFDO� FKURPDWRJUDSK\� DQG� VROLG�
SKDVH�H[WUDFWLRQ�>����@��7KH�HVVHQWLDO�DGYDQ�
WDJHV� RI� PRQROLWKLF� PDWHULDOV�� V\QWKHVL]HG
E\�VRO�JHO�PHWKRG��VWHP�RXW�IURP�WKH�SRVVL�
ELOLW\�WR�FRQWURO�DQG�RSWLPL]H�VHSDUDWHO\�WKH
DYHUDJH� VL]HV� RI� PDFUR��� PHVR�� DQG� PLFUR�

SRUHV�� 7KXV�� WKH� PRQROLWKLF� VRUEHQWV� WKDW
KDYH� KLJK� SHUPHDELOLW\� DQG� FDQ� SURYLGH
KLJK� HIILFLHQF\� DQG� ORZ� UHWHQWLRQ� WLPHV
FRXOG� EH� IDEULFDWHG��7KH�SUHSDUDWLRQ�RI� VLO�
LFD�PRQROLWK�VXLWDEOH�IRU�FKURPDWRJUDSK\�RU
VDPSOH�SUHSDUDWLRQ� LV�GLIILFXOW�SUREOHP�GXH
WR� ORZ� UHSURGXFLELOLW\� RI� UHVXOWV� WKDW� LV
FDXVHG� E\� ORW� RI� IDFWRUV� DIIHFWLQJ� WKH� VWUXF�
WXUH�DQG�PHFKDQLFDO�VWDELOLW\�RI�VRUEHQWV�>�@�
�$V�IDU�DV�ZH�NQRZ��WKHUH�LV�RQO\�RQH�VLQJOH
UHOLDEOH� FRPPHUFLDO� VRXUFH� RI� PRQROLWKLF
FROXPQV� IRU� KLJK�SHUIRUPDQFH� OLTXLG� FKUR�
PDWRJUDSK\��&KURPROLWK�IURP�0HUFN�.*D$�
'DUPVWDGW��*HUPDQ\��2Q\[� IURP�3KHQRPH�
QH[��7RUUDQFH��&$��86$��LV��EDVHG�RQ�PRQR�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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OLWKLF� WHFKQRORJ\� OLFHQVHG� IURP� 0HUFN
.*D$���� � DV�ZHOO� DV� IRU� WKLQ�OD\HU� FKURPD�
WRJUDSK\�� ZKLFK� LV� FDOOHG� QRZ� XOWUD�WKLQ
OD\HU�FKURPDWRJUDSK\�>����@��7KHVH�VRUEHQWV
KDYH� EHHQ� XQGHU� LQWHQVLYH� LQYHVWLJDWLRQ
GXULQJ� ODVW� GHFDGH�� KRZHYHU�� GXH� WR� WKH
KLJK� FRVW� RI�PRQROLWKLF� FROXPQV� DQG� SODWHV
WKHLU�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�DUH�QRW
IXOO\�LQYHVWLJDWHG�

6HYHUDO� DWWHPSWV� DUH� NQRZQ� LQ� OLWHUDWXUH
UHODWHG�ZLWK�SURGXFLQJ�RI�PRQROLWKLF�WKLQ�OD\�
HUV�RQ�WKH�FDUULHU�>����@��+RZHYHU��WKH�VSHFLDO
HTXLSPHQW�IRU�GLVSRVLWLRQ�RI�PRQROLWKLF�OD\HU
RQ�WKH�FDUULHU�DQG�ORQJ�WHUP�IRU�REWDLQLQJ�RI
OD\HU�ZLWK�DSSURSULDWH�WKLFNQHVV�DUH�WKH�OLPL�
WDWLRQV� RI� WKHVH� DSSURDFKHV�� ,Q� ZRUN� >��@
PRUH� VLPSOH� SURFHGXUH� IRU� WKLQ� OD\HUV� ZLWK
PRQROLWKLF� VRUEHQW� KDYH� EHHQ� SURSRVHG�� 8Q�
IRUWXQDWHO\�� RXU� HIIRUWV� WR� UHSURGXFH� WKLV
PHWKRG�ZHUH�XQVXFFHVVIXO�>��@�

,Q� RXU� SUHYLRXV� ZRUNV� ZH� KDYH� FRQFHQ�
WUDWHG�RXU�DWWHQWLRQ�RQ�WKH�VRO�JHO�V\QWKHVLV
FRQGLWLRQV�DQG�LQYHVWLJDWLRQ�RI�SURSHUWLHV�RI
VLOLFD� PRQROLWKV�� ZKLFK� FDQ� EH� IRUPHG� DV
WKLQ�OD\HU� RQ� WKH� VROLG� FDUULHU� >�����@�� 7KH
W\SH� RI� VROLG� FDUULHU� DQG� WKH� SURFHGXUH� RI
LWV�SUH�WUHDWPHQW�ZHUH�FKRVHQ�>��@��7KH�W\SH
RI� SUHFXUVRU�� FRQWURO� RI� GU\LQJ� DGGLWLYH�
W\SH� RI� VXUIDFWDQW� IRU� LQFUHDVLQJ� WKH� DGKH�
VLRQ� EHWZHHQ� FDUULHU� DQG� UHDFWLRQ� PL[WXUH
ZHUH� VHOHFWHG� >��@�� 7KH� HIIHFW� RI� GU\LQJ
UHJLPH� DQG� PD[LPXP� WHPSHUDWXUH� ZHUH
VWXGLHG�E\�)RXULHU�WUDQVIRUP�LQIUDUHG�VSHF�
WURVFRS\� DQG� VFDQQLQJ� HOHFWURQ� PLFURVFRS\
>�����@��5HFHQWO\��WKH�LQIOXHQFH�RI�WKH�FDWD�
O\VW�DQG�S+�RI�WKH�UHDFWLRQ�PL[WXUH�RQ�WKH
VRUSWLRQ� FDSDFLW\� RI�PRQROLWK�ZHUH� VWXGLHG
>��@�����

,Q�WKLV�ZRUN�WKH�HIIHFW�RI�DPRXQW�RI�RU�
JDQLF�VROYHQW�DGGLWLYHV�LQ�UHDFWLRQ�PL[WXUH�
WKH� PROHFXODU� ZHLJKW� DQG� DPRXQW� RI
SRO\HWK\OHQHJO\FRO�� FRQFHQWUDWLRQ� RI� FH�
W\OS\ULGLQLXP�FKORULGH�DQG�WKH�SURFHGXUH�RI
PRQROLWKV�ZDVKLQJ�RQ� WKH�NLQHWLFV�RI�PDOD�
FKLWH� JUHHQ� DGVRUSWLRQ� DQG� PHFKDQLFDO� VWD�
ELOLW\� RI� SURGXFHG� PRQROLWK� ZHUH� LQYHVWL�
JDWHG�� 7KH� RSWLPL]HG� VRO�JHO� PHWKRG� RI
PRQROLWKV� V\QWKHVLV� ZDV� XVHG� IRU� SUHSDUD�
WLRQ� RI� PRQROLWKLF� WKLQ�OD\HUV� DQG� VHSDUD�
WLRQ� RI� WHVW� PL[WXUH� RI� G\HV� E\� DVFHQGLQJ
WKLQ�OD\HU�FKURPDWRJUDSK\��7/&��

���([SHULPHQWDO
7HWUDHWKR[\VLODQH�� HWKDQRO� ������ ���

1�1�GLPHWK\OIRUPDOGHK\GH� �'0)$�� 0HUFN�
*HUPDQ\��� FHW\OS\ULGLQLXP� FKORULGH� �&3&�
��������0HUFN��*HUPDQ\���SRO\HWK\OHQHJO\�
FRO� �3(*�� 0U� ���� DQG� ������ )LVFKDPHQG�$XVWULD�� ZHUH� XVHG� IRU� V\QWKHVLV� RI� PRQR�

OLWKLF�VRUEHQWV��$FHWRQLWULOH��5HDNKLP��5XV�
VLD�� ZDV� XVHG� IRU� ZDVKLQJ� RI� V\QWKHVL]HG
VRUEHQW�� 6RUSWLRQ� SURSHUWLHV� RI� PRQROLWKV
ZHUH�LQYHVWLJDWHG�ZLWK�UHVSHFW�WR�G\H�PDOD�
FKLWH�JUHHQ��PDODFKLWH�JUHHQ�R[DODWH��6KRVW�
NLQVN\�SODQW�RI�FKHPLFDOV��DW�S+������%XIIHU
VROXWLRQV� ZHUH� SUHSDUHG� ZLWK� VRGLXP� GLK\�
GURJHQ� SKRVSKDWH� DQG� SRWDVVLXP� K\GURJHQ
SKRVSKDWH�� %URPRFUHVRO� JUHHQ� �5HDNKLP�
5XVVLD���PDODFKLWH�JUHHQ��PHWK\O�UHG��5HDN�
KLP�� 5XVVLD�� ZHUH� XVHG� DV� WHVW� VXEVWDQFHV
IRU� 7/&� VHSDUDWLRQV�� $EVRUSWLRQ� VSHFWUD
ZHUH� UHJLVWHUHG� E\� SKRWRPHWHU� .).��
�=DJRUVN\� 8(:�� 5XVVLD��� *ODVV� FHOOV� RI
���� FP� OHQJWK� ZHUH� XVHG� IRU� SKRWRPHWULF
PHDVXUHPHQWV�

0RQROLWKLF� EORFN� VRUEHQWV�ZHUH� SUHSDUHG
E\� VRO�JHO� PHWKRG� DFFRUGLQJ� WR� WKH� SURFH�
GXUH� GHVFULEHG� LQ� >��@�� 7KH�PRQROLWKLF� OD\�
HUV� IRU� 7/&�ZHUH� SURGXFHG� E\� WKH� UHFHQWO\
SURSRVHG� SURFHGXUH�� WKH� SKRVSKDWH� EXIIHU
ZLWK� S+� ����� '0)$� DQG� &3&� GLVVROYHG� LQ
HWKDQRO�ZHUH�PL[HG�ZLWK�3(*��DQG�WKHQ�WKH
7(26� ZDV� DGGHG� WR� UHDFWLRQ� PL[WXUH�� 7KH
UHDFWLRQ�PL[WXUH�ZDV�VWLUUHG�LQWHQVLYHO\�IRU
���PLQ�DQG�GLVWULEXWHG�RQ�JODVV�SUH�WUHDWHG
E\� WKH� SUHYLRXVO\� GHVFULEHG� SURFHGXUH�� 7KH
PL[WXUH�ZDV�GULHG�DW�URRP�WHPSHUDWXUH�IRU
�� GD\V�� WKHQ�� WKH� JODVV� SODWH� ZDV� WUDQV�
IHUUHG�WR�GU\LQJ�ER[��'XULQJ����K�WKH�WHP�
SHUDWXUH�ZDV�LQFUHDVHG�IURP����&�WR����&�DW
��&�KRXU�� $IWHU� ��� K� WKH� WHPSHUDWXUH� ZDV
LQFUHDVHG�IURP����&�WR���Ü���&�DW�WKH�VDPH
UDWH�� 7KHQ�� WKH� OD\HUV� ZHUH� GULHG� DW� ��Ü
���&�IRU����K�

7KUHH�PDLQ�NLQHWLF�PRGHOV�DUH�FRPPRQO\
XVHG�IRU�GHVFULSWLRQ�RI�WKH�DGVRUSWLRQ�NLQHW�
LFV�� �L�� SVHXGR�ILUVW�RUGHU� NLQHWLF� PRGHO�
FDOOHG�/DJHUJUHQ� HTXDWLRQ� >��@�� �LL�� SVHXGR�
VHFRQG�RUGHU� NLQHWLF�PRGHO��ZKLFK�ZDV� SUR�
SRVHG�E\�+R�>������@���LLL��LQWUD�SDUWLFOH�GLI�
IXVLRQ�PRGHO��SURSRVHG�E\�:HEHU�HW�DO��>��@�
7KHVH� WKUHH�PRGHOV� KDYH� EHHQ� XVHG� IRU� GH�
VFULSWLRQ� RI� NLQHWLFV� RI� PDODFKLWH� JUHHQ
VRUSWLRQ�RQ�WKH�PRQROLWKLF�VRUEHQWV�V\QWKH�
VL]HG�E\�GLIIHUHQW�SURFHGXUHV����

,Q� WKH� SVHXGR�ILUVW�RUGHU� NLQHWLF� PRGHO
WKH� UDWH� RI� DGVRSWLRQ� LV� OLQHDUO\� SURSRU�
WLRQDO�WR�WKH�DPRXQW�RI�VRUEDWH��

GQW
GW � �N��QHT���QW��

���

ZKHUH� QHT� DQG� QW� DUH� WKH� DPRXQW� RI� G\HDGVRUEHG�DW�FRQWDFW�WLPH�W��VHF��DQG�DW�HTXL�
OLEULXP��UHVSHFWLYHO\��N��LV�WKH�SVHXGR�ILUVW�RUGHU� FRQVWDQW�� $IWHU� LQWHJUDWLRQ� ZLWK
ERXQGDU\�FRQGLWLRQV�W� ���WR�W� �W�DQG�QW� ��

$�3�%RLFKHQNR�HW�DO����2SWLPL]DWLRQ�RI�VRO�JHO����

��� )XQFWLRQDO�PDWHULDOV�������������



WR�QW� �QW��WKH�IROORZLQJ�OLQHDU�HTXDWLRQ�FDQEH�GHULYHG�

ORJ�QHT���QW�� �ORJQHT���
N�

�����W�
���

,W� LV� JHQHUDOO\�DFFHSWHG� WKDW� WKH�SVHXGR�
ILUVW�RUGHU�NLQHWLF�PRGHO�LV�UHODWHG�WR�GLIIX�
VLRQ�FRQWUROOHG�SURFHVV�RI�DGVRUSWLRQ��

7KH� SVHXGR�VHFRQG�RUGHU� PRGHO� LV� UHSUH�
VHQWHG�DV�IROORZV�

GQW
GW � �N��QHT���QW���

���

ZKHUH� N�� LV� WKH� SVHXGR�VHFRQG�RUGHU� FRQ�VWDQW�� $IWHU� LQWHJUDWLRQ� IRU� WKH� ERXQGDU\
FRQGLWLRQV�W� ���WR�W� �W�DQG�QW� ���WR�QW� �QWDQG� OLQHDUL]DWLRQ� RI� WKH� REWDLQHG� HTXDWLRQ�
WKH�IROORZLQJ�PRGHO�FDQ�EH�REWDLQHG�

W
QW
� � �

N�QHT�
��� W

QHT
� ���

7KH� YDOXHV� RI� QHT� DQG� N�� DUH� FDOFXODWHGIURP�WKH�LQWHUFHSW�DQG�VORSH�RI�(T�������7KH
SVHXGR�VHFRQG�RUGHU� PRGHO� LV� EDVHG� RQ� WKH
DVVXPSWLRQ� WKDW� WKH� UDWH�OLPLWLQJ� VWHS�PD\
EH�FKHPLFDO�VRUSWLRQ�RU�FKHPLVRUSWLRQ��

7KH� LQWUD�SDUWLFOH� GLIIXVLRQ� PRGHO� LV
EDVHG�RQ�WKH�IROORZLQJ�UHODWLRQVKLS�EHWZHHQ
DPRXQW�RI�DGVRUEHG�VXEVWDQFH�DQG�WLPH�

QW� �N�CCW���,� ���
ZKHUH� N� LV� WKH� LQWUD�SDUWLFOH�GLIIXVLRQ� UDWH
FRQVWDQW��7KLV�PRGHO�DVVXPHV�WKDW�WKH�VRUS�
WLRQ� SURFHVV� FRQVLVWV� RI� IRXU� VWHSV�� �L�� PL�
JUDWLRQ� RI� WKH� DGVRUEDWH� IURP� WKH� EXON
SKDVH� WR� WKH� VXUIDFH� RI� VRUEHQW�� �LL�� GLIIX�
VLRQ�WKURXJK�WKH�ERXQGDU\�OHYHO���LLL��WUDQV�
SRUW� RI� WKH� PROHFXOHV� IURP� WKH� VXUIDFH� WR
WKH� LQWHULRU� SRUHV�� �LY�� DGVRUSWLRQ� RI�PROH�
FXOHV� RQ� WKH� DFWLYH� FHQWHUV� RI� VRUEHQW� E\
FKHPLFDO�UHDFWLRQ��

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�IRUFH�GULYLQJ�PRELOH�SKDVH�PLJUDWLRQ

LQ�DVFHQGLQJ�7/&�LV�WKH�GHFUHDVH�LQ�WKH�IUHH
HQHUJ\�RI�WKH�VROYHQW�DV�LW�HQWHUV�WKH�SRURXV
VWUXFWXUH� RI� WKH� OD\HU�� 7KXV�� WKH� WUDQVSRUW
PHFKDQLVP� LV� WKH� UHVXOW� RI� FDSLOODU\� DFWLRQ
>��Ü��@�� &DSLOODULW\� HOXWLRQ� RI� VROYHQWV
WKURXJK� WKH� WKLQ� ILOP� PHGLD� UHTXLUHV
PDFURVL]HG�LQWHUFDODWHG�SRUHV��ZLWK�FRQWLQX�
RXV�FKDQQHOV�WKURXJKRXW�WKH�SRURXV�FKURPD�
WRJUDSKLF� PHGLD�� 5HJXODU�� WKLQ�� VRO�JHO� GH�
ULYHG� ILOPV�KDYH�RQO\�QDQR�GLPHQVLRQ�SRUHV
ZKLFK� KLQGHU� HOXHQW�PLJUDWLRQ� WKURXJK� WKH
PHGLD�>��@��7KXV��WKH�DGGLWLYHV�RI�WHPSODWHV

DUH� QHHGHG� IRU� IRUPDWLRQ� RI� PDFURSRUHV� LQ
PRQROLWK� IRU� LWV� DSSOLFDWLRQ� LQ� FKURPD�
WRJUDSKLF�VHSDUDWLRQV�

7KH�PROHFXOHV�ZLWK�KLJK�PROHFXODU�ZHLJKW
RU� VHOI�RUJDQL]HG� VXUIDFWDQW� VROXWLRQV�� H�J�
SRO\YLQ\O�DOFRKRO��SRO\HWK\OHQHJO\FRO�>������@�
SRO\DFU\OLF� DFLG�� FHW\OS\ULGLQLXP� FKORULGH�� >���
��@� OLSDVH�� HJJ� DOEXPLQ� >��@� HWF�� DUH� RIWHQ
XVHG�DV�DGGLWLYHV�IRU�IRUPDWLRQ�RI�PDFURSRUHV
LQ�VLOLFD�PRQROLWK��

,Q�RXU�SUHYLRXV�ZRUN�WKH�QH[W�PRODU�SUR�
SRUWLRQV� RI�7(26��+�2��'0)$��(W2+��&3&ZHUH� XVHG� IRU� V\QWKHVLV� RI� PRQROLWKV
��������������������Ü��� 7KH� V\QWKHVLV� ZDV
SHUIRUPHG� DW� S+� ���� PDLQWDLQHG� E\� SKRV�
SKDWH� EXIIHU� ZLWK� FRQFHQWUDWLRQ� ������ 0
�WKH�FRQFHQWUDWLRQ�LV�UHODWHG�WR�+�2�YROXPHRI� UHDFWLRQ� PL[WXUH��� 7KH� DGGLWLYH� RI� &3&
ZDV�XVHG�PDLQO\�IRU�LQFUHDVLQJ�WKH�DGKHVLRQ
EHWZHHQ� WKH� SUH�WUHDWHG� JODVV� VXSSRUW� DQG
UHDFWLRQ�PL[WXUH�� 5HFHQWO\�� ZH� KDYH� H[DP�
LQHG� WKH� HIIHFW� RI� SRO\HWK\OHQHJO\FRO� �0U����� RQ� WKH� VSHFLILF� VXUIDFH� DUHD� RI� PRQR�
OLWKV�� ,W�ZDV� REVHUYHG� WKDW�SRO\HWK\OHQHJO\�
FRO� ZLWK� 0U� ���� LPSURYHV� WKH� PHFKDQLFDOVWDELOLW\� RI� PRQROLWKLF� EORFNV�� IRUPHG� LQ
PHGLFDO�V\ULQJHV��DQG� LQFUHDVHV�WKH�VSHFLILF
VXUIDFH� DUHD� RI�PRQROLWK� XS� WR�PRODU� UDWLR
RI�3(*� WR�7(26�HTXDOV� WR���������7KH� IXU�
WKHU� LQFUHDVLQJ�RI�3(*� LQ�UHDFWLRQ�PL[WXUH
OHDGV� WR� GHFUHDVLQJ� RI� WKH� VSHFLILF� VXUIDFH
DUHD��7KH� LPSRUWDQW� VWHS� RI�EORFN�PRQROLWK
DQG�WKLQ�OD\HU�IDEULFDWLRQ�LV�WKH�ZDVKLQJ�RI
VRUEHQW� IURP� WKH� FRPSRQHQWV� RI� UHDFWLRQ
PL[WXUH��7KH�DFHWRQLWULOH�ZDV�UHFRJQL]HG�DV
EHVW� VROYHQW� IRU� VWDWLF� DV� ZHOO� DV� G\QDPLF
ZDVKLQJ� RI� PRQROLWK� DPRQJ� WKH� IROORZLQJ
VROYHQWV��+�2��PL[WXUH�+�2�DFHWRQLWULOH�����E\� YROXPH��� DFHWRQLWULOH�� HWKDQRO�� LVR�SHQ�
WDQRO��DFHWRQH�DQG�HWK\ODFHWDWH�

,Q� WKLV�ZRUN�ZH�KDYH� VWXGLHG� WKH� DSSOL�
FDELOLW\�RI�GLIIHUHQW�NLQHWLFV�PRGHOV�IRU�WKH
WUHDWPHQW� RI� GDWD� RQ� NLQHWLFV� RI�PDODFKLWH
JUHHQ� DGVRUSWLRQ� RQ� WKH�PRQROLWKLF� EORFNV�
7KH� UHVXOWV� RI� WKH�PRGHOLQJ� ZHUH� XVHG� IRU
WKH�RSWLPL]DWLRQ�RI�PRQROLWK�V\QWKHVLV��7KH
DGGLWLRQ� RI� 3(*� WR� UHDFWLRQ� PL[WXUH� FRQ�
VLVWHG� RI� 7(26�� +�2�� '0)$�� (W2+�� &3&�PRODU� UDWLR� ��������������������Ü��� UHVXOWV
LQ�VRPH�LQKRPRJHQHLW\�RI�UHDFWLRQ�PL[WXUH�
7KXV�� ZH� KDYH� LQYHVWLJDWHG� KRZ� WKH� LQ�
FUHDVLQJ�RI� VROYHQW� �HWKDQRO��DPRXQW� LQ�UH�
DFWLRQ� PL[WXUH� DIIHFWV� WKH� JHO� IRUPDWLRQ
SURFHVV�� NLQHWLFV� RI� G\H� VRUSWLRQ� DQG� PH�
FKDQLFDO� VWDELOLW\� RI� PRQROLWK�� V\QWKHVL]HG
LQ�WKH�SUHVHQFH�RI�3(*�ZLWK�PRODU�UDWLR�WR
7(26� HTXDOV� ������ 7KH� UDWLR� RI� HWKDQRO� WR
7(26� ZDV� YDULHG� IURP� ���� WR� ����� �7DEOH��
7KH� SVHXGR�VHFRQG�RUGHU� PRGHO� LQ� JHQHUDO
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JLYHV�WKH�JRRG�ILW�RI�REWDLQHG�H[SHULPHQ�
WDO� GDWD� IRU� VLOLFD� PRQROLWK� V\QWKHVLV
ZLWK� GLIIHUHQW� DGGLWLYHV� RI� DOFRKRO�� 7KH
PD[LPDO� QHT� DQG� KLJK� YDOXH� RI� N�� ZDVREVHUYHG� IRU� WKH� VLOLFD� PRQROLWK� V\QWKH�
VL]HG�ZLWK�IROORZLQJ�PRODU�SURSRUWLRQV�RI
7(26��+�2��'0)$��(W2+��3(*� �0U������
&3&� �������������������������Ü��� 7KH� KLJK
JRRGQHVV�RI�ILW� ZDV� DOVR� REVHUYHG� IRU� WKH
LQWUD�SDUWLFOH�GLIIXVLRQ�PRGHO��,Q�ERWK�PRG�
HOV� WKH� SURFHVV� RI� FKHPLVRUSWLRQ� LV� WDNHQ
LQWR�DFFRXQW��7KXV��LW�FDQ�EH�FRQFOXGHG�WKDW
WKH� LQWHUDFWLRQ� RI� PRQRFDWLRQLF� IRUP� RI
PDODFKLWH� JUHHQ� ZLWK� GLVVRFLDWHG� VLODQRO
JURXSV� LV� LPSRUWDQW� SURFHVV� RI� VRUSWLRQ� RQ
IDEULFDWHG� VLOLFD� PRQROLWKV�� 7KH� LQFUHDVLQJ
RI�DOFRKRO�FRQWHQW�LQ�WKH�PL[WXUH�UHVXOWV�LQ
IRUPDWLRQ�RI�JODVV\�DQG�EUHDNDEOH�PRQROLWK�

,W�LV�NQRZQ�WKDW�WKH�DGGLWLYHV�RI�VXUIDF�
WDQWV�DERYH�WKH�FULWLFDO�PLFHOOH�FRQFHQWUDWLRQ
FRXOG�EH�XVHG�IRU�REWDLQLQJ�RI�PRQROLWKV�ZLWK
QDQRVWUXFWXUHG�SRUHV��:H�KDYH�H[DPLQHG�WKH
DIIHFW�RI�&3&�DGGLWLYHV�RQ�WKH�VRUSWLRQ�NLQHW�
LFV� DQG� PHFKDQLFDO� VWDELOLW\� RI� EORFN� PRQR�
OLWKV�DV�ZHOO�DV�WKLQ�PRQROLWKLF�OD\HUV�

7KH� PRODU� UDWLR� RI� &3&� WR� 7(26� ZDV
FKDQJHG� IURP� ����Ü�� WR� ������Ü��� +RZHYHU�
RQO\� WKH� PRQROLWKV� V\QWKHVL]HG� E\� XVLQJ
PRODU� SURSRUWLRQ� RI� &3&� WR�7(26�XS� WR� DS�
SUR[LPDWHO\�����Ü��ZHUH�PHFKDQLFDOO\�VWDEOH��

$V� FDQ� EHHQ� FRQFOXGHG� IURP� FRPSDULVRQ
RI�5��YDOXHV�WKH�SVHXGR�VHFRQG�RUGHU�PRGHO
DQG�LQWUD�SDUWLFOH�GLIIXVLRQ�PRGHO�JLYHV�WKH
EHWWHU�GHVFULSWLRQ�RI�H[SHULPHQWDO�GDWD�WKDQ
SVHXGR�ILUVW�RUGHU�PRGHO� �7DEOH���$FFRUGLQJ
WR�WKH�SDUDPHWHUV�RI�WKHVH�PRGHOV�WKH�KLJK�
HVW� QHT� DQG� NLQHWLF� FRQVWDQW� ZHUH� REVHUYHGIRU�UHDFWLRQ�PL[WXUH�ZLWK�PRODU�SURSRUWLRQ

7DEOH��3DUDPHWHUV�RI�NLQHWLFV�PRGHOV�DQG�FRUUHODWLRQ�FRHIILFLHQWV�IRU�OLQHDUL]HG�HTXDWLRQV����������
����IRU�VRUSWLRQ�RI�PDODFKLWH�JUHHQ�RQ�PRQROLWKV��V\QWKHVL]HG�ZLWK�XVLQJ�GLIIHUHQW�PRODU�SURSRU�
WLRQV�RI�FRPSRQHQWV

3VHXGR�ILUVW�RUGHU 3VHXGR�VHFRQG�RUGHU ,QWUD�SDUWLFOH�GLIIXVLRQ
; QHT����K� QHT�PPRO�JÜ�

N�������VÜ�
5� QHT�PPRO�JÜ�

N��J�PPRO�����VÜ�
5� ,�

PPRO�JÜ�
N�

PPRO����u�
uVÜ����JÜ�

5�

0RODU�SURSRUWLRQV�RI�UHDJHQWV�7(26�+�2�'0)$�(W2+�3(*��0U������&3&�
������������;����������Ü���

��� ���� ��� �� Ü ��� �� ����� ���� �� �����
��� ���� ��� �� ���� ��� �� ����� ���� �� �����
��� ���� �� �� ���� �� �� ����� ��� �� �����
��� ���� ��� �� ���� �� �� ���� ��� �� �����
���� ���� ��� �� ���� �� �� ����� ��� �� �����
���� ���� ��� �� ���� �� �� ���� ���� �� �����

0RODU�SURSRUWLRQV�RI�UHDJHQWV�7(26�+�2�'0)$�(W2+�3(*��0U������&3&�
���������������������;��

����Ü� ���� ��� �� ����� ��� �� ���� ���� �� �����
����Ü� ���� ��� �� ���� ��� �� ����� ���� �� �����
����Ü� ���� ��� �� ����� ��� �� ����� ��� �� �����
����Ü� ���� ���� �� ���� ��� �� ����� ��� �� �����
����Ü� ���� ��� �� ���� ��� �� ����� ���� �� �����
����Ü� ���� ��� �� ���� ��� �� ����� ��� �� �����

0RODU�SURSRUWLRQV�RI�UHDJHQWV�7(26�+�2�'0)$�(W2+��3(*��0U����������
&3&�����������������;�����Ü���

���� ���� ��� �� ���� ��� �� ���� ���� �� �����
���� ���� ��� �� ���� ��� �� ����� ��� �� ����
���� ���� ��� �� ���� ���� �� ������ ��� �� ����
���� ����� ��� �� ����� �� ��� ������ ��� �� ����
���� ���� ��� �� ����� ��� ��� ������ ��� �� ����
���� ���� ��� �� ����� ��� �� ������ ���� �� ����
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RI� &3&� ����Ü��� 7KLV� DPRXQW� RI� &3&� ZDV
XVHG�IRU�IXUWKHU�LQYHVWLJDWLRQV��

7KH�YROXPH�RI�PHVR��DQG�PDFURSRUHV�FDQ
EH� LQFUHDVHG� E\� DGGLWLYHV� RI� SRURJHQV� ZLWK
KLJK� PROHFXODU� ZHLJKW�� 7KH� DGGLWLYHV� RI
3(*�ZLWK�0U������LQVWHDG�RI�3(*�ZLWK�0U���� ZHUH� XVHG� IRU� V\QWKHVLV� RI� PRQROLWKV�
7KH� UDWLRV� RI� 3(*� WR� 7(26� ZHUH� YDULHG
IURP������ WR������� ,W� LV� LQWHUHVWLQJ� WKDW� LQ
WKH� FDVH�RI�DGGLWLYHV� RI�3(*�ZLWK�0U� ����RQO\� WKH� SVHXGR�VHFRQG�RUGHU� PRGHO� SUR�
YLGHV� KLJK� TXDOLW\� RI� UHVXOWV� GHVFULSWLRQ
�7DEOH��)LJ������7KH�KLJK�YDOXHV�RI�QHT�ZHUHREVHUYHG� IRU�PRQROLWK� V\QWKHVL]HG�ZLWK� WKH
UHDFWLRQ�PL[WXUH� FRQWDLQLQJ������������ DQG
����� PROHV� RI� 3(*� SHU� �� PRO� RI� 7(26
�7DEOH��� 7KH� NLQHWLF� FRQVWDQW�� N��� IRU� WKLVPRQROLWKV� HTXDOV� ���� ���� DQG� ���� FRUUH�
VSRQGLQJO\�� +RZHYHU�� IRU� PRQROLWKV� RE�
WDLQHG�E\�XVLQJ�UHDFWLRQ�PL[WXUH�ZLWK�����
DQG������PROHV�RI�3(*�SHU�PRO�RI�7(26�WKH
FXUYDWXUH� RI� LQWUD�SDUWLFOH� GLIIXVLRQ� PRGHO
LV� PRUH� SURQRXQFHG� WKDQ� IRU� ����� PRO� RI
3(*������SHU���PRO�RI�7(26��)LJ���E���7KLV
IDFW�LV�DOVR�FRQILUPHG�E\�FRPSDULVRQ�RI�FRU�
UHODWLRQ�FRHIILFLHQWV�IRU�LQWUD�SDUWLFOH�GLIIX�
VLRQ� PRGHO� �7DEOH��� 7KH� SUHVHQFH� RI� WZR
VWUDLJKW� OLQHV� IRU� LQWUD�SDUWLFOH� GLIIXVLRQ
PRGHO� FDQ� EH� LQWHUSUHWHG� DV� VLPXOWDQHRXV
RFFXUULQJ� RI� WZR� SURFHVVHV� GXULQJ� � DGVRUS�
WLRQ�RQ�WKH�PRQROLWK��IDVW�GLIIXVLRQ�WKURXJK
WKH�ERXQGDU\� OD\HU�DQG� LQWUD�SDUWLFOH�GLIIX�
VLRQ�WKURXJK�SRUHV�>��@��

7KXV�� WKH�PRQROLWKV� V\QWKHVL]HG�ZLWK� WKH
UDWLR�RI�3(*��0U�������WR�7(26�HTXDOV�����DQG� ����� JLYHV� WKH� EHVW� VRUSWLRQ� NLQHWLFV
FKDUDFWHULVWLFV� �7DEOH�� DFFRUGLQJ� WR� SVHXGR�
VHFRQG� RUGHU� PRGHO�� +RZHYHU� WKH� GDWD� RE�
WDLQHG�IRU�3(*��0U�������WR�7(26�UDWLR�����ZHUH� XQVXFFHVVIXOO\� GHVFULEHG� E\� LQWUD�SDUWL�

FOH� GLIIXVLRQ� PRGHO�� 7KH� FRPSRVLWLRQ� ZLWK
PRODU� UDWLR� 3(*� �0U� ������WR�7(26�HTXDOV�����ZDV� XVHG� IRU� SURGXFLQJ�PRQROLWKLF� OD\�
HUV�RQ�WKH�JODVV�VXSSRUW�

7KH� IDEULFDWHG� WKLQ� PRQROLWKLF� OD\HUV
ZHUH� WHVWHG� IRU�7/&� VHSDUDWLRQ�RI� WKH�PL[�
WXUH� RI� G\HV�� EURPRFUHVRO� JUHHQ� ����� J�O��
PDODFKLWH� JUHHQ� ����� J�O��� PHWK\O� UHG
����� J�O��� 7KH� 7/&� SODWHV� ZHUH� RI� �u��FP�
DUHD�� $IWHU� GU\LQJ�� WKH� 7/&� SODWHV� ZHUH
ZDVKHG� ZLWK� DFHWRQLWULOH� DQG� GULHG� DJDLQ�
7KH� VHSDUDWLRQV� ZHUH� SHUIRUPHG� LQ� DVFHQG�
LQJ� PRGH� E\� XVLQJ� WKH� PRELOH� SKDVH� WROX�
HQH�PHWKDQRO� ������� E\� YROXPH��� ���� PO� RI
WKH� G\HV� PL[WXUH� VROXWLRQ� ZDV� EURXJKW� DW
WKH�VWDUW�OLQH�E\�XVLQJ�FKURPDWRJUDSKLF�PL�
FURV\ULQJH��7KH� WKUHH�G\HV�ZHUH� FRPSOHWHO\
VHSDUDWHG� LQ� �� PLQ�� WKH� GLVWDQFH� IURP� WKH
VWDUW� WR� IURQW� OLQH� HTXDOV��� FP�� ,W� LV� LQWHU�
HVWLQJ� WKDW�WKH�VDPH�PL[WXUH�RI�G\HV�FRXOG
QRW�EH�VHSDUDWHG�RQ�WKH�FRPPHUFLDO�QRUPDO�
SKDVH�SODWHV�6RUEILO� �3.%�3ODVWPDVK��.UDV�
QRGDU��5XVVLD���XVLQJ�WKH�VDPH�PRELOH�SKDVH
HYHQ�DIWHU����PLQ�

���&RQFOXVLRQV
7KH� DQDO\VLV� RI� VRUSWLRQ� NLQHWLFV� RQ� WKH

PRQROLWKLF� VRUEHQWV� FDQ� EH� XVHIXO� IRU� RSWL�
PL]DWLRQ�RI� VRO�JHO� V\QWKHVLV� DQG� LQYHVWLJD�
WLRQ�RI�PHFKDQLVP�RI� VRUSWLRQ�SURFHVV��7KH
SVHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO�JLYHV�WKH
EHWWHU� JRRGQHVV�RI�ILW� IRU� WUHDWPHQW� RI� H[�
SHULPHQWDO� GDWD� REWDLQHG� IRU� VRUSWLRQ� RI
PDODFKLWH� JUHHQ� RQ� GLIIHUHQW� PRQROLWKV� LQ
FRPSDULVRQ� ZLWK� SVHXGR�ILUVW�RUGHU� PRGHO
DQG� LQWUD�SDUWLFOH� GLIIXVLRQ� PRGHO�� 7KH
DQDO\VLV�RI�NLQHWLF�PRGHOV�UHVXOWV�LQ�FRQFOX�
VLRQ�RI� FKHPLVRUSWLRQ�SURFHVV�RQ� WKH�PRQR�
OLWKLF� VRUEHQWV�� 7KH� RSWLPDO� DPRXQWV� RI
SRO\HWK\OHQH� JO\FRO� DQG� FHW\OS\ULGLQLXP

)LJ�����3VHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO� �D��DQG� LQWUD�SDUWLFOH�GLIIXVLRQ�PRGHO��E��IRU�DGVRUSWLRQ
RI�PDODFKLWH� JUHHQ� RQ�PRQROLWKV� V\QWKHVL]HG� XVLQJ� GLIIHUHQW� UDWLRV� RI� 3(*� �0U� ������;� �����Û������ ����Û������� ����Û������� ����Û������� ����Û������� ����Û�������0RODU�UDWLR�RI�FRPSRQHQWV�LQ
UHDFWLRQ�PL[WXUH�7(26��+�2��'0)$��(W2+��3(*��0U��������&3&������������������;�����Ü������
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FKORULGH� ZHUH� VHOHFWHG� IRU� IDEULFDWLRQ� RI
PRQROLWKLF�WKLQ�OD\HU�RQ�WKH�VROLG�JODVV�VXS�
SRUW�RQ�WKH�EDVLV�RI�VRUSWLRQ�NLQHWLF�LQYHVWL�
JDWLRQ��%HWWHU� VHOHFWLYLW\� DQG� ORZHU� VHSDUD�
WLRQ� WLPH� RI� WKH� WHVW� PL[WXUH� RI� G\HV� ZDV
REVHUYHG� IRU� 7/&� SODWHV� ZLWK� PRQROLWKLF
VRUEHQW�LQ�FRPSDULVRQ�ZLWK�FODVVLFDO�QRUPDO�
SKDVH�7/&�SODWHV�

$FNQRZOHGJHPHQWV��$XWKRUV�DUH�WKDQNIXO
WR� 0LQLVWU\� RI� 6FLHQFH� DQG� (GXFDWLRQ� RI
8NUDLQH�IRU�ILQDQFLDO�VXSSRUW�RI�UHVHDUFK�SUR�
MHFWV� RI� WKH�'HSDUWPHQW� RI�&KHPLFDO�0HWURO�
RJ\�� 9�.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\
DQG� WR� 3URI�<XUL\� .KROLQ� IRU� KHOSIXO� FRP�
PHQWV�DERXW�WKH�NLQHWLF�RI�VRUSWLRQ�

5HIHUHQFHV
� ���*��*XLRFKRQ��-��&KURPDWRJU��������������������
� ���&�-�%ULQNHU�� LQ�� 6RO�JHO� 6FLHQFH�� 7KH�3K\VLFV

DQG� &KHPLVWU\� RI� 6RO�JHO� 3URFHVVLQJ�� HG�� E\
&�-�%ULQNHU�� *�9�6FKHUHU�� $FDGHPLF�� %RVWRQ
�������

� ���6�6DNND��+�.R]XND��6RO�JHO�6FLHQFH�DQG�7HFK�
QRORJ\�� 3URFHVVLQJ� &KDUDFWHUL]DWLRQ� DQG� $S�
SOLFDWLRQ�� 6RO�JHO� 3URFHVVLQJ�� HG�� E\
+�.R]XND��.OXZHU�$FDGHPLF�3XEOLVKHUV��%RV�
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