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$�PLQH�HVVHQWLDOO\�FRQVLVWV�RI�D�VHULHV�RI�RSHUD�
WLRQV�� LQFOXGLQJ�GULOOLQJ�DQG�EODVWLQJ��FUXVKLQJ��
VFUHHQLQJ�� PLOOLQJ�� IORWDWLRQ�� DQG� OHDFKLQJ��
7KHVH�DUH� LQWHUFRQQHFWHG�DQG� WKHUHIRUH� LQWHUUH�
ODWHG�� ZLWK� WKH� SHUIRUPDQFH� RI� RQH� RSHUDWLRQ�
DIIHFWLQJ� WKH� SHUIRUPDQFH� RI� DQRWKHU�� ,W� LV� LP�
SHUDWLYH� WR� RSWLPL]H� HDFK� VWDJH� WKRURXJKO\��
*HQHUDOO\�� WKH� SURFHVV� RI� SURGXFLQJ� D� PLQHUDO�
�H�J�� JROG�� FDQ� EH� GLYLGHG� LQWR� VL[� ���� PDLQ�
SKDVHV��QDPHO\�ILQGLQJ��WKH�RUHERG\�WKDW�LV�FUH�
DWLQJ� DFFHVV� WR� WKH� RUHERG\� ZKLFK� FRQVLVW� RI�
WZR����� W\SHV��8QGHUJURXQG�–�D�YHUWLFDO�RU�GH�

FOLQHG�VKDIW��DQG�2SHQ-3LW�–�ZKHUH�WKH�WRS�OD\�
HUV� RI� WRSVRLO� RU� URFN� DUH� UHPRYHG��� UHPRYLQJ�
WKH� RUH� E\� PLQLQJ� RU� EUHDNLQJ� WKH� RUHERG\��
WUDQVSRUWLQJ� WKH�EURNHQ�PDWHULDO� IURP�WKH�PLQ�
LQJ� IDFH� WR� WKH�SODQWV� IRU� WUHDWPHQW��SURFHVVLQJ�
DQG�UHILQLQJ��$OL��������:LOOV�������� 
 
7KH� MRXUQH\� IURP� WKH� UXQ� RI�PLQH� RUH� WR� FRQ�
FHQWUDWH� DQG� ILQDOO\� REWDLQ� WKH� PLQHUDO� WUDYHOV�
WKURXJK�PDQ\�RSHUDWLRQV�RI�RUH�OLEHUDWLRQ��VHS�
DUDWLRQ�� FRQFHQWUDWLRQ�� DQG� H[WUDFWLRQ� EHIRUH� LW�
UHDFKHV� WKH� HQG� XVHUV� �6ZDSDQ�� �������
7KURXJKRXW� WKHVH� RSHUDWLRQV� VFUHHQLQJV� SOD\� D�
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KWWS���G[�GRL�RUJ���������MXVW�Y��L��� 

.H\ZRUGV��:HLJKW�FORJJHG��VFUHHQLQJ�SURFHVV��IDFWRULDO�GHVLJQ��RSWLPL]DWLRQ��PLQLQJ�RSHUDWLRQ 

$%675$&7 
0LQLQJ�FRPSDQLHV�XVXDOO\�IDFH�FKDOOHQJHV�RI�FKURQLF�FORJJLQJ�RI�VFUHHQLQJ�PHGLD�ZKLFK�FDXVHV�
IUHTXHQW�GRZQWLPH��ORZ�HIILFLHQF\�DQG�ZHDU��,QYHVWLJDWLRQ�RI�ZHLJKW�FORJJHG��WKH�DPRXQW�RI�PD�
WHULDO�UHWDLQHG�RQ�WKH�VLHYH�DIWHU�VFUHHQLQJ��LQ�WKH�YLEUDWLQJ�VFUHHQ�ZDV�FDUULHG�RXW�RQ�VXOSKLGH�
RUH�VDPSOHV�GXULQJ�PLQLQJ�RSHUDWLRQV�WR�VWXG\�WKH�HIIHFWV�RI�DPSOLWXGH�RI�YLEUDWLRQ��DSHUWXUH�VL]H�
DQG� TXDQWLW\� RI� IHHG� RQ� ZHLJKW� FORJJHG� LQ� WKH� YLEUDWLQJ� VFUHHQ� DQG� WR� RSWLPL]H� WKH� ZHLJKW�
FORJJHG�GXULQJ�PLQLQJ�RSHUDWLRQV��6LHYLQJ�DQDO\VLV�H[SHULPHQW�ZDV�SHUIRUPHG�RQ� WKH� VDPSOHV�
ZLWK�D�YLEUDWRU�XVLQJ�WKH����GHVLJQ�RI�H[SHULPHQWV��'2(��PHWKRG��7KH�UHVXOWV�VKRZHG�WKDW�WKH�
DSHUWXUH�VL]H�ZDV�WKH�PRVW�LQIOXHQFLQJ�IDFWRU�RI�ZHLJKW�FORJJHG��IROORZHG�E\�WKH�TXDQWLW\�RI�IHHG��
$PSOLWXGH�SRVHG�WKH�OHDVW�LQIOXHQFH�RQ�ZHLJKW�FORJJHG��7KH�HIIHFWV�FDQ�EH�RSWLPL]HG�DW�KLJK�DP�
SOLWXGH����FP���DW�KLJK�DSHUWXUH�VL]H������PP��DQG�DW�ORZ�TXDQWLW\�RI�IHHG������J�� 
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 YLEUDWLRQ�� WKH�EHG�RI� WKH�PDWHULDOV� WHQGV� WR�GH�
YHORS� LQWR� D� IOXLG� VWDWH� ZKLFK� LV� VXEMHFWHG� WR�
SURFHVVHV� ZKLFK� PDNH� FODVVLILFDWLRQ� SRVVLEOH�
�&DPEHOO�������� 
 
6LHYLQJ� RU� VFUHHQLQJ� KDV� EHHQ� WKH� ROGHVW� \HW�
PRVW� LPSRUWDQW� XQLW� RSHUDWLRQ� IRU� LQGXVWULDO�
VHSDUDWLRQ� RI� VROLG� SDUWLFOHV� RU� DV� D� ODERUDWRU\�
PHWKRG� LQ� VL]H�DQDO\VLV�:KLWE\� ������� VWXGLHG�
D�EDWFK�VLHYLQJ�SURFHVV��XVLQJ�D�VWDQGDUG�7\OHU�
5RWDS� VLHYH� VKDNHU�� 6HYHUDO� IDFWRUV� LQFOXGLQJ��
WKH� VL]H� DQG� VKDSH� RI� SDUWLFOHV� UHODWLYH� WR� WKH�
DSHUWXUH�RI�WKH�VLHYH��WKH�PHVK�VL]H�RI�WKH�VLHYH��
WKH�DPRXQW�RI�PDWHULDO�RQ�WKH�VLHYH�VXUIDFH��WKH�
GLUHFWLRQ�RI�PRYHPHQW�RI�WKH�VLHYH��DQG�WKH�UDWH�
RI� PRYHPHQW� RI� WKH� PDWHULDO� UHODWLYH� WR� WKH�
VLHYH�VXUIDFH��KDYH�DOO�EHHQ�LGHQWLILHG�WR�DIIHFW�
RSHUDWLRQ� DQG� WKH� HIILFLHQF\� RI� VLHYLQJ� LQ�SUR�
FHVV�LQGXVWU\��$OOHQ�������� 
 
,Q�ODERUDWRU\�ZRUN��VWDQGDUG�$PHULFDQ�6RFLHW\�
RI� $JULFXOWXUDO� (QJLQHHUV� �$6$(�� SURFHGXUH�
IRU�SDUWLFOH�VL]H�DQDO\VLV�RI�SDUWLFXODWH�PDWHULDOV�
UHTXLUHV� WKH� XVH� RI� D� VWDFN� RI� VLHYHV� �$6$(��
�������5KHH�HW� DO�� �������� UHFRPPHQGV� QHVWHG�
VDPSOLQJ�DQG�DQDO\VLV�PHWKRGV�WR�EH�PRUH�HIIL�
FLHQW� DQG� HFRQRPLFDO� IRU� WHVWLQJ� WKH� VRLO� DQG�
DJJUHJDWH� PDWHULDO� ZLWK� ODUJH-VL]HG� SDUWLFOHV�
VXFK�DV�IRUHVW�URDG�DJJUHJDWH� 
 
3DUWLFOH�VL]H�GLVWULEXWLRQ��36'��LV�XVHG�WR�FKDU�
DFWHUL]H� VRLO� �=KDR� HW� DO�� ������� URDG� VXUIDFH��
DQG�HURGHG�VHGLPHQW��0DF'RQDOG�HW�DO����������
3DUWLFOH� VL]H� GLVWULEXWLRQ�� ZKLFK� KDV� D� FUXFLDO�
LQIOXHQFH�RQ�SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV��
LV�JHQHUDOO\�GHWHUPLQHG�E\�VLHYLQJ�ZLWK�D�VLHYH�
VWDFN��5(76&+���������,WV�SDUDPHWHUV�DUH�FDO�
FXODWHG�IURP�WKH�VLHYH�DQDO\VLV�ZLWK�WKH�JHQHUDO�
DVVXPSWLRQ� WKDW� WKH� GLVWULEXWLRQV� ZLWKLQ� WKH�
VLHYH� IUDFWLRQV� DUH� OLQHDU�� QRUPDOO\� GLVWULEXWHG�
DQG�SURGXFH�D�PHDQ�SDUWLFOH�VL]H�WKDW�LV�HTXDO�WR�
WKH� DYHUDJH� RI� WKH� VLHYH� LQWHUYDOV� �&DUVWHQVHQ�
DQG�'DOL�� �������%XW� LW� LV� QRW� HDV\� WR� TXDQWLI\�
SDUWLFOH� VL]H� DQG� VKDSH� VLQFH� WKHUH� DUH� QR� GH�
VFULSWLYH� VLQJOH� SDUDPHWHU� PHDVXUHPHQWV� RI�
SDUWLFOH�PRUSKRORJ\��0HOR\�������� 
 
7KH�VL]H�GLVWULEXWLRQ�RI�SDUWLFOHV� LQ�JUDQXOHV� LV�
WKH� EDVLF� IHDWXUH� WKDW� GHWHUPLQHV� WKH� UDWH� RI�
XQGHUVL]H�SDVVDJH�WKURXJK�D�VFUHHQ�KROH�WKDW�LV�
ZLGHU� WKDQ� WKH� VPDOOHVW� JUDLQ� DQG� VPDOOHU� WKDQ�
WKH�ZLGHVW�JUDLQ�LQ�D�JLYHQ�VDPSOH�RI�WKH�PDWH�

$QGRK�HW�DO� �� 

YLWDO� UROH� LQ� VHJUHJDWLRQ� HLWKHU� VHSDUDWLQJ�PLQ�
HUDOV�IURP�ZDVWH�PDWHULDOV�RU�JURXSLQJ�PLQHUDOV�
DFFRUGLQJ�WR�VL]HV��FRQFHQWUDWLRQ��DQG�TXDOLW\� 
 
&RQVHTXHQWO\�� WKHVH� VFUHHQV� DUH� HPSOR\HG� LQ�
DOPRVW�HYHU\�PLQHUDO�SURFHVVLQJ��7KH�YLEUDWLQJ�
VFUHHQV� DUH� WKH� PRVW� XWLOLVHG� LQ� PLQHUDO� SUR�
FHVVLQJ� PDLQO\� GXH� WR� LWV� KLJKHU� HIILFLHQF\� LQ�
VHSDUDWLRQ�� WKHVH� VFUHHQV� EUHDN� GRZQ� WKH� VXU�
IDFH� WHQVLRQ� EHWZHHQ� SDUWLFOHV� WKDW� VSHHGV� XS�
WKH� VHSDUDWLRQ� SURFHVV�� $OVR�� WKHLU� DELOLW\� WR�
LQFUHDVH�VWUDWLILFDWLRQ�RI�PDWHULDO�VR� WKH\�VHSD�
UDWH�DW�D�PXFK�KLJKHU�UDWH�LV�DQRWKHU�UHDVRQ�IRU�
LWV�GRPLQDQFH� LQ� WKH�PLQHUDO�SURFHVVLQJ� LQGXV�
WU\�� 7KH� PDLQ� OLPLWDWLRQ� RI� WKHVH� YLEUDWLQJ�
VFUHHQV�LV�WKDW�ILQH�VFUHHQV�DUH�YHU\�IUDJLOH�DQG�
SURQH�WR�EHFRPLQJ�EORFNHG�YHU\�HDVLO\�� 
 
9LEUDWLQJ� VFUHHQV� FDQ� EH� JURXSHG� LQWR� WKUHH��
EDVHG�RQ� WKH�PRWLRQ�RI� WKH�YLEUDWLQJ�XQLW��&LU�
FXODU�� OLQHDU� DQG� HOOLSWLFDO��7KH� W\SH�RI�PRWLRQ�
GHSHQGV�RQ� WKH� ORFDWLRQ�RQ� WKH�PHFKDQLVP� UH�
ODWHG� WR� WKH� VFUHHQ� &HQWUH� RI� *UDYLW\� DQG� WKH�
QXPEHU� RI� XQEDODQFHG� VKDIW� OLQHV� �0RRG\��
������� 6FUHHQV� ZLWK� D� FLUFXODU� PRWLRQ� DUH� WKH�
PRVW� FRPPRQ� W\SH�� 7KH� YLEUDWLRQ� LV� FLUFXODU�
EHFDXVH� RI� D� VLQJOH� HFFHQWULF� VKDIW�PHFKDQLVP�
DQG�WKLV�W\SH�RI�VFUHHQ�PD\�EH�XVHG�IRU�DOPRVW�
DQ\�DSSOLFDWLRQ��&DPEHOO��������� 
 
6HSDUDWLRQ� SUREDELOLW\� RI� D� JUDLQ� LV� REWDLQHG�
IURP� WKH� UDWLR� EHWZHHQ� LWV� VL]H� WR� WKDW� RI� WKH�
VFUHHQ� RSHQLQJ�� 7KH� KLJKHU� WKH� YDULDWLRQ� LQ�
VL]H��WKH�HDVLHU�LW�LV�IRU�WKHP�WR�JR�WKURXJK�RU�WR�
EH� KLQGHUHG�� SDUWLFOHV� RI� ���D� �� G� �� ���D� DUH�
NQRZQ�DV� µFULWLFDO� FODVV¶� �ZKHUH�D� LV� WKH�PHVK�
RSHQLQJ�DQG�G�LV�WKH�VL]H�RI�WKH�JUDLQ���7KH�UDWH�
RI� PDWHULDO� IORZ� WKURXJK� WKH� VFUHHQ-RSHQLQJ�
VXUIDFH�YDULHV�DFFRUGLQJ�WR�WKH�GHJUHH�RI�VWUDWL�
ILFDWLRQ� DQG� SUREDELOLW\�� SDUWLFOHV� ZLWK� G� �� �D�
DUH� RI� OLWWOH� UHOHYDQFH�� VLQFH� WKH\� HDVLO\� SDVV�
WKURXJK�WKH�PHVK��0RRG\��������� 
 
$�YLEUDWLQJ�VFUHHQ�LV�D�PDFKLQH�ZLWK�VXUIDFH�V��
XWLOL]HG� WR� GLIIHUHQWLDWH� VL]HV� RI� D� PDWHULDO��
6FUHHQLQJ� LV� WKH� PHFKDQLFDO� SURFHVV�� ZKLFK�
DOORZV� D� VHSDUDWLRQ� RI� SDUWLFOHV� EDVHG� RQ� VL]H�
DQG�WKHLU�DFFHSWDQFH�RU�UHMHFWLRQ�E\�D�VFUHHQLQJ�
PHGLD��0DWHULDOV�WR�EH�VRUWHG�RXW��ZKHQ�IHG�RQ�
WKH�IHHG-ER[�RU�GLUHFWO\�RQ�WKH�VFUHHQLQJ�PHGLD��
ORVH� WKHLU� YHUWLFDO� YHORFLW\� FRPSRQHQW� DQG� DUH�
RSHQHG� WR� YDU\� LQ� GLUHFWLRQ� RI� WUDYHO�� 7KURXJK�
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ULDO��6L]H�GLVWULEXWLRQ�LV�D�PHDVXUH�E\�VLHYH�LQ�
YHVWLJDWLRQV�� XWLOL]LQJ� VHYHUDO� DFFHSWDEOH� ZLUH�
PHVK�VLHYHV�ZLWK�VTXDUH�KROHV�WKDW�DGYDQFH�� LQ�
WKH�PRVWO\�XVHG�7\OHU�VWDQGDUG�VFDOH����DW�FRQ�
VWDQW�UDWH�RI�������PP�WR�������PP���7KH�VL]H�
GLVWULEXWLRQ�LV�GHILQHG�DV�WKH�ZHLJKW�SHUFHQWDJH�
RI� HDFK� IUDFWLRQ� EHWZHHQ� GLIIHUHQW� VLHYHV� LQ� D�
VHULHV��$Q�LPSRUWDQW�XVHIXO�JUDSKLF�IRUP�LV�WKH�
ORJDULWKPLF� SUREDELOLW\� JULG�� XWLOL]LQJ� D� WZR-RU�
WKUHH-F\FOH� ORJ� VFDOH� DV� WKH� \-FRRUGLQDWH� DQG�
WKH� SUREDELOLW\� VFDOH� DV� WKH� [-FRRUGLQDWH�� 7KH�
H[WHQVLRQ� RI� WKH� SUREDELOLW\� VFDOHV� RXWZDUG�
IURP�WKH�DYHUDJH�IRFXVHV�RQ�WKH�H[WUHPHV�RI�WKH�
JUDLQ�VL]H�GLVWULEXWLRQ��$OL�������� 
 
7KH� WHQGHQF\� RI� DQ\� RI� WKH� SDUWLFOHV� WR� JR�
WKURXJK�D�VTXDUH�KROH�LQ�D�ZRYHQ�VFUHHQ�PHGLD�
LV�GHWHUPLQHG�E\�WKH�YDULDWLRQ�EHWZHHQ�LWV�PHDQ�
JHRPHWULHV� LQFOXGLQJ� WKH� WKLFNQHVV� �G�� DQG� WKH�
KROH��/���DQG�WKH�ZLUH�ZLGWK��W��� 
 
0LQLQJ� FRPSDQLHV� DUH� IDFHG� ZLWK� D� FKDOOHQJH�
RI� FKURQLF� FORJJLQJ� RI� VFUHHQLQJ� PHGLD� WKDW�
FDXVHV� IUHTXHQW� GRZQWLPH�� ORZ� HIILFLHQF\� DQG�
ZHDU��&ORJJLQJ� SUREOHPV� DULVH�ZKHQ� WKH� QHDU-
PHVK� URFNV� EORFN� WKH� VFUHHQLQJ� PHGLD� RSHQ�
LQJV�� SUHYHQWLQJ� WKH� SDVVDJH� RI� WKH� XQGHUVL]H�
PDWHULDO�� 7KLV� SURGXFHV� HQRXJK� UH-FLUFXODWLRQ�
ORDG� DV� SDUW� RI� WKH� PDWHULDO� WKDW� VKRXOG� JR�
WKURXJK� WKH� VFUHHQ� FRPHV� EDFN� WR� WKH� FLUFXLW��
GHFUHDVLQJ� UHDO� FUXVKHU� ZRUN� RXWSXW� DQG� RYHU�
ORDGLQJ� EHOW� FRQYH\RUV� DQG� RWKHU� DVVRFLDWHG�
HTXLSPHQW��0LQH�RSHUDWRUV�XVXDOO\�KDYH�WR�VWRS�
WKH�OLQH�WR�NQRFN�WKH�WUDSSHG�PDWHULDO�RXW�RI�WKH�
VFUHHQLQJ� PHGLD�� 0RUHRYHU�� WKH� WHUWLDU\� ELQV�
EHFRPH�RYHU-ILOOHG�GXH�WR�WKH�ERWWOHQHFN�GRZQ�
VWUHDP�� 6RPH� RI� WKH� PHGLD� VKDSHG� WR� SUHYHQW�
FORJJLQJ�HQG�XS�ZHDULQJ�RXW�DQG�EUHDNLQJ�UDS�
LGO\� GXULQJ� RSHUDWLRQ�� DOORZLQJ� URFNV� WR� SDVV�
WKURXJK� DQG� LQFUHDVH� XQZDQWHG� VL]HV� GRZQ�
VWUHDP�� 
 
6LHYH� EOLQGLQJ� RU� FORJJLQJ��ZKLFK� UHGXFHV� WKH�
HIIHFWLYH� WUDQVIHU�DUHD�RQ� WKH� VXUIDFH�� UHVXOWLQJ�
LQ� UHGXFWLRQ� RI� VLHYLQJ� UDWHV�� LV� FRQVLGHUHG� DV�
WKH�PRVW�LPSRUWDQW�DQG�GLUHFW�FRQWUROOLQJ�IDFWRU�
RI� VLHYLQJ� SHUIRUPDQFH� �%DUERVD-&DQRYDV� HW�
DO����������7KH�SKHQRPHQRQ�RI�VFUHHQ�EORFNLQJ��
GXULQJ� VLHYLQJ�� LQYROYHV� SDUWLFOHV� RI� YDU\LQJ�
VL]HV� DQG� JHRPHWULHV� EHLQJ� FORJJHG� LQ� VLHYH�
KROHV�ZKLFK�VLJQLILFDQWO\�GHFUHDVHV� WKH� VFUHHQ�
LQJ�HIILFLHQF\��/DZLQVND�DQG�0RGU]HZVNL�� 

,QYHVWLJDWLRQ�RI�ZHLJKW�FORJJHG�LQ�WKH�YLEUDWLQJ�VFUHHQ�GXULQJ�PLQLQJ��� �� 

������ 
 
7KLV�VWXG\�VHOHFWHG�FHUWDLQ�IDFWRUV�WR�GHWHUPLQH�
WKHLU� HIIHFW� DQG� FRPELQHG� HIIHFW� RQ� ZHLJKW�
FORJJLQJ� DQG� DOVR� WKH� VTXDUH� JHRPHWU\� ZDV�
VHOHFWHG�IRU�WKH�DSHUWXUH�VKDSH�WR�DGGUHVV�DOO�WKH�
YDULRXV�SDUWLFOHV�JHRPHWULHV��� 
 
+HQFH�WKH�DLP�RI�WKLV�UHVHDUFK�LV�WR�LQYHVWLJDWH�
WKH� HIIHFWV� RI� DPSOLWXGH�� DSHUWXUH� VL]H� DQG�
TXDQWLW\�RI� IHHG�DQG� WKHLU� FRPELQHG�HIIHFWV�RQ�
ZHLJKW�FORJJHG�LQ�WKH�YLEUDWLQJ�VFUHHQ�WR�PLQL�
PL]H� WKH�ZHLJKW�FORJJHG�GXULQJ�PLQLQJ�RSHUD�
WLRQV��7KLV�ZDV�GRQH�E\�GHYHORSLQJ�DQG�YDOLGDW�
LQJ�D�PRGHO�WR�SUHGLFW�WKH�ZHLJKW�FORJJHG�LQ�WKH�
YLEUDWLQJ�VFUHHQ�� 
 
0$7(5,$/�$1'�0(7+2'6 
3UHSDUDWLRQ�RI�VDPSOH 
7KH� VDPSOH� XVHG� IRU� WKLV� UHVHDUFK� LV� WKH� JROG�
RUHV�DW�WKH�2EXDVL�PLQH�ZKLFK�DUH�RI�WZR�NLQGV��
WKHVH�DUH�WKH�TXDUW]�DQG�VXOSKLGH�ERGLHV��ZKLFK�
DUH� PDGH� RI� YDULHG� VXOSKLGH� PLQHUDOV� VXFK� DV�
DUVHQRS\ULWH� �)H$V6��� S\ULWH� �)H6��� S\UUKRWLWH�
>)H��-[��6�[ �-�����@��FKDOFRS\ULWH� �&X)H6��DQG�
JDOHQD��3E6���2EHUWKXU�HW�DO����������7KH�GRPL�
QDQW�FRPSRQHQW�ZKLFK�LV�DUVHQRS\ULWH��FRQWDLQV�
LURQ� �)H-������ DUVHQLF� �$V-������ VXOSKXU� �6-
������ ZLWK� OHDG� �3E��� FRSSHU� �&X��� ]LQF� �=Q��
HWF��� PDNLQJ� XS� IRU� ��� RI� GU\� ZHLJKW� RI� RUHV�
�2EHUWKXU� HW� DO��� ������ )ROL� HW� DO��� ������ )ROL�
�������4XDUW]�WR�VXOSKLGH�UDWLR�LV�DERXW�����WR�
����� &DUERQDWHV�� PRVWO\� FDOFLWH�� RFFXU� DV� D�
JDQJXH� PLQHUDO� LQ� VKHDU� ]RQHV� �/HXEH� HW� DO���
������� DQG� WRJHWKHU� ZLWK� FDUERQ� FRQWHQWV� LQ�
FDUERQDFHRXV�VFKLVW��FRQWDLQ�XS�WR�������RI�GU\�
ZHLJKW�� 7KH� FDUERQDWHV� RFFXU� LQ� WKH� IRUP� RI�
FDOFLWH� �&D&2���� GRORPLWH� �&D0J&2��� DQG�
DQNHULWH� >&D� �)H�� 0J�� 0Q�� �&2���@� DYHUDJHG�
������RI�GU\�ZHLJKW�DQG�VXOSKXU�ZLWK�DQ�DYHU�
DJH� YDOXH� RI� ������RI� GU\�ZHLJKW� �)ROL� HW� DO���
������)ROL��������RFFXU�LQ�FRXQWU\�URFNV� 
 
7KLV�JURXS�RI�PLQHUDOV�KDYH�D�FXELF�RU�GRGHFD�
KHGUDO� FU\VWDO� VWUXFWXUH� ZLWK� URXJK� RU� FXUYHG�
IDFHV�� ,W� KDV� D� JUDQXODU� RU� FRPSDFW� PDVVLYH�
QDWXUH�� ,W� KDV� RQH� GLIIHUHQW� FOHDYDJH� DQG� LV�
KLJKO\� DQLVRWURSLF�� ,WV� FU\VWDO� QDWXUH� LV� PRQR�
FOLQLF��6XOSKLGH�PLQHUDOV�DUH�WKH�VRXUFH�RI�YDUL�
RXV� LQYDOXDEOH�PHWDOV��PRVWO\�JROG�� VLOYHU�� DQG�
SODWLQXP�� 7KH\� DUH� WKH� RUH� PLQHUDOV� RI� PRVW�
PHWDOV�XWLOL]HG�E\�LQGXVWU\��DV�IRU�H[DPSOH�DQWL�
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PRQ\�� ELVPXWK�� FRSSHU�� OHDG�� QLFNHO�� DQG� ]LQF��
2WKHU�LQGXVWULDOO\�XVHIXO�PHWDOV�VXFK�DV�FDGPL�
XP� DQG� VHOHQLXP� RFFXU� LQ� VPDOO� TXDQWLWLHV� LQ�
QXPHURXV�FRPPRQ�VXOSKLGHV�DQG�DUH�UHFRYHUHG�
LQ� UHILQLQJ�PHWKRGV� �*DOOHULHV��������%ULWDQQL�
FD�������� 
 
6HOHFWLRQ�RI�FRQWURO�IDFWRUV 
,Q� WKLV� VWXG\�� VFUHHQLQJ� SURFHVVHV� DUH� SODQQHG�
XVLQJ� VWDWLVWLFDO� WZR-OHYHO� IXOO� IDFWRULDO� H[SHUL�
PHQWDO�GHVLJQ��7KH�SURFHVV�ZDV�FRQGXFWHG�FRQ�
VLGHULQJ� WKUHH� SURFHVVLQJ� SDUDPHWHUV�� $PSOL�
WXGH�RI� WKH�YLEUDWLRQ��D� �FP���$SHUWXUH�6L]H�RI�
WKH�WRSPRVW�VLHYH��V��PP��DQG�4XDQWLW\�RI�)HHG�
SODFHG�RQ� WKH� WRSPRVW� VLHYH�� I� �J��DQG�RYHUDOO�� 

 

$QGRK�HW�DO� 

���H[SHULPHQWV�ZHUH�FDUULHG�RXW��7DEOH���VKRZV�
WKH� YDOXHV� RI� YDULRXV� SURFHVVLQJ� SDUDPHWHUV�
XVHG�IRU�H[SHULPHQWV� 
 
([SHULPHQWDO�PHWKRG�SURFHGXUH 
$�VDPSOH�ZDV� WDNHQ�DQG� WKRURXJKO\�GULHG�DW� D�
WHPSHUDWXUH�RI���R&�WR�UHGXFH�LWV�PRLVWXUH�FRQ�
WHQW�� 7KH� GU\� ZHLJKW�� NQRZQ� DV� WKH� LQLWLDO�
ZHLJKW�� ZDV�PHDVXUHG� FDUHIXOO\� ZLWK� WKH� HOHF�
WURQLF� PHDVXULQJ� VFDOH� LQ� DQ� DLUWLJKW� HQYLURQ�
PHQW� WR� HQVXUH�PLQLPDO� LQWHUIHUHQFH� DQG� FDUH�
IXOO\�SXW�RQ�WKH�WRSPRVW�DQG�FRYHUHG�ZLWK�D�OLG�
RI�VHULHV�RI�VLHYHV��7KH�GULHG�VDPSOH�ZDV�FDUH�
IXOO\�SXW�RQ�WKH�WRSPRVW�VLHYH�DQG�FRYHUHG�ZLWK�
WKH�OLG�RI�WKH�VHULHV�RI�VLHYHV��)LJ����� 

1RWH��$SHUWXUH�LV�WKH�VL]H�RI�WKH�WRSPRVW�VLHYH 

)LJ�����3UHSDUDWLRQ�RI�VDPSOHV 
�6RXUFH��$QJOR*ROG�$VKDQWL��2EXDVL� 

9$5,$%/(6 
/2:(5�/(9(/ 833(5�/(9(/ 

�-� ��� 

$PSOLWXGH��FP� � � 
$SHUWXUH�VL]H��ȝP� �� ��� 

4XDQWLW\�RI��IHHG��J� ��� ��� 

7DEOH����([SHULPHQWDO�PDWUL[ 
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$W� WKH� ILUVW� VHWWLQJ� FRQGLWLRQ�� WKH� ���J� RI� WKH�
GULHG�VDPSOH�ZDV�IHHG�RQWR�WKH����ȝP�DSHUWXUH�
VL]H�RI�WKH�WRSPRVW�VLHYH�ZLWK��FP�DPSOLWXGH�RI�
YLEUDWLRQ�� WKH� ZHLJKW� FORJJHG� �WKH� DPRXQW� RI�
PDWHULDO� UHWDLQHG� RQ� WKH� VHULHV� RI� VLHYH� DIWHU�
VFUHHQLQJ�� ZDV� PHDVXUHG� DQG� UHFRUGHG�� 7KLV�
SURFHVV� ZDV� UHSHDWHG� IRU� WKH� UHPDLQLQJ� VHW� RI�
FRQGLWLRQV� DQG� WKH� UHVXOWV� ZHUH� WDEXODWHG� DQG�
SUHVHQWHG� LQ� WKH� 7DEOH� ��� 7KH� H[SHULPHQW� ZDV�
FRQGXFWHG� DW� UHVSHFWLYH� VHWV� RI� WKH� DPSOLWXGH��
DSHUWXUH� VL]H� DQG�TXDQWLW\�RI� IHHG� DV� LQGLFDWHG�
LQ�7DEOH����7KLV� LPSOLHV� WKDW� WKHUH� DUH� � ���  ���
H[SHULPHQWDO� FRQGLWLRQV�� 7KH� H[SHULPHQW� ZDV�
UHSOLFDWHG� \LHOGLQJ� D� WRWDO� RI� ��� H[SHULPHQW�
UXQV�� 
 
7KH� FRPSXWHG� DYHUDJHV� ZHUH� XVHG� DV� WKH� UH�
VSRQVHV� IRU� HDFK� FRQGLWLRQ� LQ� FDOFXODWLQJ� WKH�
PDLQ� HIIHFWV� DQG� WKH� LQWHUDFWLRQ� HIIHFWV� IRU� WKH�
UHVSRQVH� 
 
$1$/<6,6� $1'� ',6&866,21� 2)� 
5(68/76 
&RPSXWDWLRQ� RI� HIIHFWV� DQG� WKH� VWDQGDUG�
HUURU 
7KH�PDLQ�HIIHFW�RI�HDFK�RI�WKH�SURFHVV�YDULDEOHV�
UHIOHFWV�WKH�FKDQJHV�RI�WKH�UHVSHFWLYH�UHVSRQVHV�
DV�WKH�SURFHVV�YDULDEOHV�FKDQJH�IURP�D�ORZ�WR�D�
KLJK�OHYHO��7KH�DYHUDJH�RI�WKH�IRXU�PHDVXUHV�LV�
WKH�PDLQ�HIIHFW�RI�WKH�IDFWRU��YDULDEOH�� 
 
7KH�PDLQ�HIIHFW�RI�WKH�DPSOLWXGH�LV� 

7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� DPSOLWXGH� DQG� WKH�
TXDQWLW\�RI�IHHG�LV�GHILQHG�DV� 

1RWH���-��UHSUHVHQWV�WKH�ORZHU�OHYHO�RI�WKH�YDULDEOHV������UHSUHVHQWV�WKH�XSSHU�OHYHO�RI�WKH�YDULDEOHV 

 
3RLQWV 

&RGH 
5XQ�� 5XQ�� 0HDQ 

D V I 
� - - - ����� ����� Z� ������� 

� � - - ����� ����� Z� ������� 
� - � - ���� ���� Z� ������ 
� � � - ���� ���� Z� ������ 
� - - � ����� ��� Z� ������� 
� � - � ����� ����� Z� ������� 
� - � � ���� �� Z� ������ 
� � � � ���� ���� Z� ������ 

7DEOH����5HVXOWV�RI�H[SHULPHQWDO�UXQV�RI�SURFHVV�SDUDPHWHUV�RQ�ZHLJKW�

 { })()(
4

1
75318642 wwwwwwwwEa +++-+++= ��� 

7KH�PDLQ�HIIHFW�RI�WKH�DSHUWXUH�VL]H�LV� 

 { })()(
4

1
65218743 wwwwwwwwEs +++-+++= ��� 

7KH�PDLQ�HIIHFW�RI�WKH�TXDQWLW\�RI�IHHG�LV� 

 { })()(
4

1
43218765 wwwwwwwwE f +++-+++= ��� 

7ZR�RU�PRUH�RI�WKH�YDULDEOHV�PD\�MRLQWO\�DIIHFW�
WKH� UHVSRQVHV�� 7KHVH� MRLQW� LQIOXHQFHV� DUH� UH�
IHUUHG� WR�DV� LQWHUDFWLRQV��7KHVH� LQWHUDFWLRQV�DUH�
JLYHQ�DV�IROORZV� 
 
7KH� LQWHUDFWLRQ�EHWZHHQ� WKH� DPSOLWXGH� DQG� WKH�
DSHUWXUH�VL]H�LV�GHILQHG�DV� 

 { })()(
4

1
75318642 wwwwwwwwEa +++-+++= ��� 

 { })()(
4

1
75428631 wwwwwwwwI af +++-+++= ��� 

7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� DSHUWXUH� VL]H� DQG�
WKH�TXDQWLW\�RI�IHHG�LV�GHILQHG�DV� 

 
{ })()(

4

1
65438721 wwwwwwwwI sf +++-+++= ��� 
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ZLWK� YL�  ��� ZKHUH� GL� LV� WKH� GLIIHUHQFH� EHWZHHQ�
WKH�GXSOLFDWH�REVHUYDWLRQV�IRU�WKH�LWK�VHW�RI�FRQ�
GLWLRQV�� 
 
7KXV��(TXDWLRQ���ZLOO�\LHOG� 

 

+HQFH�� WKH� WKUHH� PDLQ� HIIHFWV� �DPSOLWXGH�� D��
DSHUWXUH�VL]H��V�DQG�TXDQWLW\�RI�IHHG��I���WKH�WZR-
IDFWRU�HIIHFW�LV�D�PHDVXUH�RI�WKH�LQWHUDFWLRQV�RI�
DQ\� WZR� YDULDEOHV� DQG� WKH� WKUHH-IDFWRU� LQWHUDF�
WLRQ�HIIHFW��DPSOLWXGH��DSHUWXUH�VL]H�DQG�TXDQWL�
W\�RI�IHHG�ZHUH�HVWLPDWHG�XVLQJ�WKH�PHDQ�RI�WKH�
UXQV��7DEOH���VXPPDUL]HV�WKH�ILQGLQJV�� 

7KH�WKUHH-IDFWRU�LQWHUDFWLRQ�LV�H[SUHVVHG�DV� 

 
{ })()(

4

1
76418532 wwwwwwwwI asf +++-+++= ��� 

7KH�PHDQ�RI�WKH�UXQV�LV�GHILQHG�DV� 
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ZKHUH�ZL�DUH�WKH�ZHLJKWV�FORJJHG�� 
 
:KHQ�JHQXLQH�UXQ�UHSOLFDWHV�DUH�FUHDWHG�XQGHU�
D�JLYHQ�VHW�RI�H[SHULPHQWDO�FRQGLWLRQV��WKH�YDUL�
DWLRQ� DPRQJ� WKHLU� DVVRFLDWHG� REVHUYDWLRQV� DUH�
XVHG� WR� HVWLPDWH� WKH� VWDQGDUG� GHYLDWLRQ� RI� D�
VLQJOH� REVHUYDWLRQ� DQG�� KHQFH�� WKH� VWDQGDUG�
GHYLDWLRQ�RI�WKH�UHVXOWV��,Q�JHQHUDO�� LI�J�VHWV�RI�
H[SHULPHQWDO� FRQGLWLRQV� DUH� UHSOLFDWHG� DQG� WKH�
QL�UHSOLFDWH�UXQV�PDGH�DW�WKH�L

WK�VHW�\LHOG�DQ�HVWL�
PDWH�6L�

��KDYLQJ�YL� �QL�-��GHJUHH��V��RI�IUHHGRP�
�+XQWHU��������� WKH�HVWLPDWH�RI� UXQ�YDULDQFH� LV� 

2 2 2 2
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1 2 3
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=
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:LWK�RQO\�QL� ���UHSOLFDWHV�DW�HDFK�RI�WKH�J�VHWV�
RI� FRQGLWLRQV�� WKH� IRUPXOD� IRU� WKH� LWK� YDULDQFH�
UHGXFHV�WR 

 
2

2

2
i

i
ds = ����� 

 ( ) gds iå= 222 ���� 

,Q�JHQHUDO��LI�D�WRWDO�RI�1�UXQV�LV�PDGH�FRQGXFW�
LQJ� D� UHSOLFDWHG� IDFWRULDO� GHVLJQ�� WKHQ� WKH� YDUL�
DQFH�RI�DQ�HIIHFW�LV�JLYHQ�DV� 

 24
)( s

N
effectV = ����� 

DQG�WKH�VWDQGDUG�HUURU�RI�WKH�HIIHFW�LV�JLYHQ�DV� 

 
)(effectVse = ���� 

,GHQWLILFDWLRQ�RI�LPSRUWDQW�HIIHFWV 
7KH�REMHFWLYH�LV�WR�VHOHFW�IDFWRUV�WKDW�KDYH�ODUJH�
HIIHFWV�RQ�WKH�UHVSRQVHV�E\�GHYHORSLQJ�D�IDFWR�
ULDO�GHVLJQ�DQG�FROOHFW�WKH�UHVSRQVH�GDWD�WR�ILW�D�
PRGHO��)URP�7DEOH���LW�LV�QRW�FOHDU�ZKLFK�RI�WKH�
HIIHFWV� DUH� LPSRUWDQW� DQG� ZKLFK� DUH� XQLP�
SRUWDQW�� +HQFH�� WKH� UHVSRQVH� GDWD� FROOHFWHG� LV�
XVHG�WR�JHQHUDWH��WZR�JUDSKV��1RUPDO�DQG�3DUH�
WR��DW� D�FRQILGHQW� OHYHO�RI����� WR�HYDOXDWH� WKH�
HIIHFWV��7KH�VWXG\�ZDV�FRQGXFWHG�WR�LQYHVWLJDWH�
WKH� HIIHFWV� RI� YDU\LQJ� DPSOLWXGH�� DSHUWXUH� VL]H�
DQG�TXDQWLW\�RI� IHHG�RQ�ZHLJKW�FORJJHG�GXULQJ�
PLQLQJ� RSHUDWLRQV�� 7KH� 0LQLWDE� ��� VWDWLVWLFDO�
VRIWZDUH�ZDV�XVHG�WR�JHQHUDWH�PRGHOV�DQG�SORWV�
IRU� SUHGLFWLRQ� DQG� IXUWKHU� DQDO\VLV�� $IWHU� WKH�
H[SHULPHQW��D�PRGHO�ZDV�GHYHORSHG�DQG�VXEVH�
TXHQWO\�XVHG� WR�GHWHUPLQH�KRZ�ZHOO� WKH�PRGHO�
ILWV�WKH�GDWD�JDWKHUHG�GXULQJ�WKH�H[SHULPHQW�� 
 
)LJ����VKRZV�WKH�SORW�RI�PDLQ�HIIHFWV�RI�DPSOL�
WXGH�� DSHUWXUH� VL]H� DQG� TXDQWLW\� RI� IHHG� RQ�
ZHLJKW�FORJJHG��7KH�PDLQ�HIIHFW�SORW�VKRZV�WKH�
H[WHQW�RI�DQ�HIIHFW�DW� ORZ�DQG�KLJK� OHYHOV��7KH�
ZHLJKW� FORJJHG� DV� VKRZQ� RQ� WKH� SORW� LV� ORZ�
�������� J�� ZKHQ� WKH� DPSOLWXGH� LV� �� FP�� DQG�
KLJK���������J��ZKHQ�WKH�DPSOLWXGH�LV���FP� 
 
7KLV� LPSOLHV� WKDW� WKH� ZHLJKW� FORJJHG� WHQGV� WR�
GHFUHDVH�ZLWK�LQFUHDVLQJ�DPSOLWXGH��7KH�ZHLJKW�
FORJJHG�LV�ORZ��������J��ZKHQ�WKH�DSHUWXUH�VL]H�
LV�����ȝP��EXW�KLJK���������J��ZKHQ� WKH�DSHU�
WXUH�VL]H� LV����ȝP��7KLV�VKRZV� WKDW� WKH�ZHLJKW�
FORJJHG�UHGXFHV�E\�LQFUHDVLQJ�WKH�DSHUWXUH�VL]H��
7KH�ZHLJKW�FORJJHG�LV�ORZ���������J��ZKHQ�WKH�
TXDQWLW\� RI� IHHG� LV� ���� J� DQG� KLJK� 
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7DEOH����&RHIILFLHQW�RI�DQDO\VLV�IRU�ZHLJKW�FORJJHG 

 7HUP (IIHFW &RHI 6(�&RHI 7-9DOXH 3-9DOXH 9,) 6WDWXV 

&RQVWDQW   ������ ���� ���� �   UHDO 
D -����� -���� ���� -���� ����� � UHDO 
V -������ -����� ���� -����� � � UHDO 
I �� ���� ���� ����� � � UHDO 
DV ���� ���� ���� ���� ����� � FKDQFH 
DI -���� -���� ���� -���� ���� � UHDO 
VI -����� -����� ���� -���� � � UHDO 
DVI ���� ���� ���� ���� ����� � UHDO 

)LJ�����0DLQ�HIIHFWV�SORW�IRU�ZHLJKW�FORJJHG� 

��������J��ZKHQ�WKH�TXDQWLW\�RI�IHHG�LV�����J��� 
 
)LJ����GHSLFWV� WKH�SORW�RI� LQWHUDFWLRQ�HIIHFWV�RI�
DPSOLWXGH��DSHUWXUH�VL]H�DQG�TXDQWLW\�RI�IHHG�RQ�
ZHLJKW� FORJJHG�� 7KH� SORW� H[DPLQHV� WZR-ZD\�
LQWHUDFWLRQV��7KH�SORWV�DOVR�HYDOXDWH�WKH�OLQHV�WR�
XQGHUVWDQG�KRZ�LQWHUDFWLRQV�DIIHFW� WKH�GHSHQG�
HQW� YDULDEOH�� 7KH� GRWWHG� OLQHV� UHSUHVHQW� ORZ�
OHYHOV� DQG� WKH� VROLG� OLQHV� UHSUHVHQW� KLJK� OHYHOV�
RI� WKH� LQGHSHQGHQW� YDULDEOHV�� 7KH� FRPELQHG�
HIIHFW�RI�DSHUWXUH�VL]H�DQG�TXDQWLW\�RI�IHHG�RQ� 

WKH� ZHLJKW� FORJJHG� LV� VLJQLILFDQW� DQG� KDV� WKH�
VWURQJHVW� VWUHQJWK�RI� LQWHUDFWLRQ� VLQFH� WKH� OLQHV�
RI� LQWHUDFWLRQ� JUHDWO\� GHSDUW� IURP� EHLQJ� SDUDO�
OHO��7KH�FRPELQHG�HIIHFW�RI�DPSOLWXGH�DQG�DSHU�
WXUH� VL]H� RQ� WKH� ZHLJKW� FORJJHG� LV� QRW� VLJQLIL�
FDQW��7KH�FRPELQHG�HIIHFW�RI�WKH�DPSOLWXGH�DQG�
TXDQWLW\� RI� IHHG� RQ� ZHLJKW� FORJJHG� LV� VLJQLIL�
FDQW�VLQFH� LWV� OLQHV�RI� LQWHUDFWLRQ�DUH�QRW�SDUDO�
OHO� 
 
)LJ����VKRZV�D�3DUHWR�FKDUW�RI�WKH�VWDQGDUGL]HG� 
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)LJ�����,QWHUDFWLRQ�SORW�IRU�ZHLJKW�FORJJHG 

 

)LJ�����3DUHWR�FKDUW�RI�VWDQGDUGL]HG�HIIHFWV�IRU�ZHLJKW�FORJJHG 

HIIHFWV�RI�DPSOLWXGH��DSHUWXUH�VL]H��TXDQWLW\�RI�
IHHG� DQG� WKHLU� LQWHUDFWLRQ� HIIHFWV� RQ� ZHLJKW�
FORJJHG� DW� ���� FRQILGHQFH� OHYHO�� 7KH� 3DUHWR�
FKDUW�LV�DQRWKHU�XVHIXO�WRRO�WR�FKHFN�WKH�VLJQLIL�
FDQFH�RI� WKH�HIIHFWV�� ,W�XWLOL]HV� WKH�SULQFLSOH�RI� 

WKH� QRUPDO� SORW� RI� VWDQGDUGL]HG� HIIHFWV�� 7KH�
HIIHFW�RU�IDFWRU�EHFRPHV�VLJQLILFDQW�LI�LW�FURVVHV�
WKH�UHIHUHQFH�OLQH�ZKRVH�UHIHUHQFH�VWDQGDUGL]HG�
HIIHFW� LV� ������ 7KH� HIIHFW� LV� LQVLJQLILFDQW� LI� LW�
GRHV�QRW�FURVV� WKH� UHIHUHQFH� OLQH��7KH�DSHUWXUH� 
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VL]H�LV�VLJQLILFDQW�ZLWK�DQ�DEVROXWH�VWDQGDUGL]HG�
HIIHFW� RI� ������� VLQFH� LW� FURVVHV� WKH� UHIHUHQFH�
OLQH�RI�������7KH�TXDQWLW\�RI�IHHG�LV�DOVR�VLJQLIL�
FDQW� ZLWK� DQ� DEVROXWH� VWDQGDUGL]HG� HIIHFW� RI�
������� VLQFH� LW� FURVVHV� WKH� UHIHUHQFH� OLQH� RI�
������7KH�FRPELQHG�HIIHFW�RI�WKH�LQWHUDFWLRQ�RI�
DSHUWXUH�VL]H�DQG�TXDQWLW\�RI�IHHG�LV�VLJQLILFDQW�
ZLWK� DQ� DEVROXWH� VWDQGDUGL]HG� HIIHFW� RI� ������
VLQFH� LW� FURVVHV� WKH� UHIHUHQFH� OLQH�RI�������7KH�
DPSOLWXGH�LV�VLJQLILFDQW�ZLWK�DQ�DEVROXWH�VWDQG�
DUGL]HG�HIIHFW�RI�������VLQFH�LW�FURVVHV�WKH�UHIHU�
HQFH� OLQH� RI� ������ 7KH� FRPELQHG� HIIHFW� RI� WKH�
LQWHUDFWLRQ�RI�DPSOLWXGH�DQG�TXDQWLW\�RI�IHHG�LV�
VLJQLILFDQW�ZLWK�DQ�DEVROXWH�VWDQGDUGL]HG�HIIHFW�
RI� ������ VLQFH� LW� FURVVHV� WKH� UHIHUHQFH� OLQH� RI�
������7KDW�RI�WKH�LQWHUDFWLRQ�RI�DOO�WKUHH��DPSOL�
WXGH��DSHUWXUH�VL]H�DQG�TXDQWLW\�RI�IHHG��LV�DOVR�
VLJQLILFDQW�ZLWK�DQ�DEVROXWH�VWDQGDUGL]HG�HIIHFW�
RI� ������ VLQFH� LW� FURVVHV� WKH� UHIHUHQFH� OLQH� RI�
������ 
 
+RZHYHU��WKH�FRPELQHG�HIIHFW�RI�WKH�LQWHUDFWLRQ�
RI� DPSOLWXGH� DQG� TXDQWLW\� RI� IHHG� LV� LQVLJQLIL�
FDQW� ZLWK� DQ� DEVROXWH� VWDQGDUGL]HG� HIIHFW� RI�
������ VLQFH� LW� GRHV� QRW� FURVV� WKH� UHIHUHQFH� OLQH�
RI������ 
 
)LJ�� �� VKRZV� WKH� QRUPDO� SORW� RI� WKH� VWDQGDUG- 

 

L]HG�HIIHFWV�RQ�ZHLJKW�FORJJHG��7KH�QRUP�SORW�
SRUWUD\V� WKH� VWDWLVWLFDO� VLJQLILFDQFH� DQG� GLUHF�
WLRQ�RI�WKH�PDLQ�DQG�LQWHUDFWLRQ�HIIHFWV�DV�ZHOO�
DV� WKHLU� SHUFHQWDJH�RQ� WKH� UHVSRQVH�YDULDEOH� DW�
����FRQILGHQFH� OHYHO�DQG�DW�����VLJQLILFDQFH��
7KH�HIIHFW�RI�TXDQWLW\�RI�IHHG�LV�VLJQLILFDQW�ZLWK�
D�SHUFHQWDJH�RI�������DQG�D�VWDQGDUGL]HG�HIIHFW�
RI� ������� 7KH� TXDQWLW\� RI� IHHG� KDV� D� SRVLWLYH�
YDOXH� DQG� WKLV� LPSOLHV� WKDW� DV� LW� LQFUHDVHV��
ZHLJKW� FORJJHG� DOVR� LQFUHDVHV�� 7KH� HIIHFW� RI�
DSHUWXUH�VL]H�LV�VLJQLILFDQW�ZLWK�D�SHUFHQWDJH�RI�
����� DQG� D� VWDQGDUGL]HG� HIIHFW� RI� -������� 7KH�
VWDQGDUGL]HG� HIIHFW� RI� DSHUWXUH� VL]H� LV� D� QHJD�
WLYH� YDOXH� DQG� WKLV� LPSOLHV�� DV� LW� LQFUHDVHV�
ZHLJKW�FORJJHG�GHFUHDVHV��7KH�HIIHFW�RI�DPSOL�
WXGH�LV�VLJQLILFDQW�DQG�KDV�D�VWDQGDUGL]HG�HIIHFW�
RI�-�����ZLWK�D�SHUFHQWDJH�RI��������7KH�VWDQG�
DUGL]HG�HIIHFW�RI�DPSOLWXGH�LV�QHJDWLYH�DQG�WKLV�
VKRZV� WKDW� DV� LW� LQFUHDVHV� WKH� ZHLJKW� FORJJHG�
GHFUHDVHV��7KH� FRPELQHG� HIIHFW� RI� WKH� LQWHUDF�
WLRQ�RI�DPSOLWXGH�DQG�DSHUWXUH�VL]H�LV�LQVLJQLIL�
FDQW�ZLWK�D�SHUFHQWDJH�RI�������DQG�D�VWDQGDUG�
L]HG� HIIHFW� RI� ������7KH� VWDQGDUGL]HG� HIIHFW� RI�
DPSOLWXGH-DSHUWXUH� VL]H� LQWHUDFWLRQ� LV� SRVLWLYH��
LQGLFDWLQJ� WKDW� DV� LW� LQFUHDVHV� ZHLJKW� FORJJHG�
DOVR�LQFUHDVHV�� 
 
7KH� HIIHFW� RI� WKH� LQWHUDFWLRQ� RI� DPSOLWXGH� DQG� 

 

)LJ�����1RUP�SORW�RI�VWDQGDUGL]HG�HIIHFWV�IRU�FORJJHG�ZHLJKW 
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7KH�VLJQLILFDQW�HIIHFWV�DQG�LQWHUDFWLRQV�DUH�XVHG�
WR�GHYHORS�WKH�HPSLULFDO�PRGHO�IRU�WKH�UHVSRQVH�
ZLWK�WKH�XVH�RI�(TXDWLRQV����DQG����DQG�7DEOH� 

 

���7KXV��XVLQJ�WKHLU�FRHIILFLHQWV�LQ�7DEOH����WKH�
FRGHG�PRGHO� DQG� XQFRGHG� IRU� ZHLJKW� FORJJHG�
DUH�JLYHQ�DV�HTXDWLRQV����DQG����UHVSHFWLYHO\�� 

TXDQWLW\�RI�IHHG�LV�VLJQLILFDQW�ZLWK�D�SHUFHQWDJH�
RI� ������ DQG� D� VWDQGDUGL]HG� HIIHFW� RI� -������ ,W�
KDV� D� QHJDWLYH� YDOXH� DQG� WKLV� VKRZV� WKDW� DV� LW�
LQFUHDVHV� WKH� ZHLJKW� FORJJHG� GHFUHDVHV�� 7KH�
FRPELQHG� LQIOXHQFH� RI� WKH� LQWHUDFWLRQ� RI� DSHU�
WXUH�VL]H�DQG�TXDQWLW\�RI�IHHG�LV�VLJQLILFDQW�ZLWK�
D�SHUFHQWDJH�RI�������DQG�D�VWDQGDUGL]HG�HIIHFW�
RI� -������7KH� QHJDWLYH� YDOXH� LPSOLHV� WKDW� DV� LW�
LQFUHDVHV� WKH� ZHLJKW� FORJJHG� GHFUHDVHV�� 7KH�
FRPELQHG�HIIHFW�RI� WKH� LQWHUDFWLRQ�RI�DOO� WKUHH��
DPSOLWXGH�� DSHUWXUH� VL]H� DQG� TXDQWLW\� RI� IHHG��
KDV� D� SHUFHQWDJH� RI� ������ZLWK� D� VWDQGDUGL]HG�
HIIHFW� RI� ������ ,W� LV� WKHUHIRUH� VLJQLILFDQW�� EXW�
OHVV� VLJQLILFDQW�� 7KH� FORVHU� WKH� IDFWRU� LV� WR� WKH�
UHIHUHQFH� OLQH� �������� WKH� OHVV� VLJQLILFDQW� LWV�
HIIHFW� EHFRPHV� DQG� WKH� IDUWKHU� WKH� IDFWRU� LV�
IURP� WKH� OLQH� WKH� PRUH� VLJQLILFDQW� LWV� HIIHFW�
EHFRPHV�� $Q\� IDFWRU� ZKLFK� OLHV� RQ� WKH� UHIHU�
HQFH�OLQH�KDV�D�FRPSOHWHO\�LQVLJQLILFDQW�HIIHFW� 
 
*HQHUDWLRQ� RI� SUHGLFWLRQ� PRGHO� IRU� WKH�
FORJJHG�ZHLJKW 
$�IXOO����PRGHO�FRQVLVWV�RI� WKUHH�PDLQ�HIIHFWV��
WKUHH� WZR� IDFWRU� LQWHUDFWLRQV� DQG� RQH� WKUHH-
IDFWRU�LQWHUDFWLRQ��,W�LV�HDVLHU�WR�REWDLQ�UHVLGXDOV�
IURP�D��N�GHVLJQ�E\� ILWWLQJ�D� UHJUHVVLRQ�PRGHO�
WR�WKH�GDWD�� 
 
)RU�WKLV�H[SHULPHQW��WKH�PRGHO�LV�GHILQHG�DV�� 
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Z� �������-����D-�����V��������I��������DV�-
����DI�-������VI������DVI���H��������������������������� 
 
Z� �-�����������$�-�����6��������)�-������$6�
–������$)�����������$6)���H������������������������ 

)LJ����GHSLFWV�UHVLGXDO�SORWV�IRU�ZHLJKW�FORJJHG��
,QFOXGHG� LQ� WKH� SORWV� DUH� QRUPDO� SUREDELOLW\�
SORW�� KLVWRJUDP�� YHUVXV� ILWV� DQG� YHUVXV� RUGHU��
5HVLGXDO�SORW�LV�PDGH�XS�RI�JUDSKV�WKDW�DUH�XVHG�
WR� H[DPLQH� WKH� JRRGQHVV-RI-ILW� LQ� UHJUHVVLRQ�
DQG� $QDO\VLV� RI� YDULDQFH� �$129$��� ([DPLQ�
LQJ� UHVLGXDO�SORWV�KHOSV�RQH� WR�SUHGLFW�ZKHWKHU�
WKH�RUGLQDU\�OHDVW�VTXDUHV�DVVXPSWLRQV�DUH�PHW�� 
 
,I�WKHVH�DVVXPSWLRQV�DUH�VDWLVILHG��WKHQ�RUGLQDU\�
OHDVW� VTXDUHV� UHJUHVVLRQ�ZLOO� SURGXFH� XQELDVHG�
FRHIILFLHQW� HVWLPDWHV� ZLWK� WKH� PLQLPXP� YDUL�
DQFH�� )URP� WKH� QRUPDO� SUREDELOLW\� SORW�� LW� FDQ�
EH�GHGXFHG�WKDW�WKH�GDWD�LV�QRUPDOO\�GLVWULEXWHG�
ZKLFK� VKRZV� WKDW� WKH�PRGHO� LV� VLJQLILFDQW� DQG�
WKXV�ILWV�WKH�GDWD�ZHOO��7KH�KLVWRJUDP�SORW�JLYHV�
WKH� RXWFRPH� RI� HDFK� YDULDEOH� DV� D� FKHFN� IRU�
RXWOLHUV� DQG� QRUPDOLW\�� 7KH� KLVWRJUDP� GHSLFWV�
WKDW� WKH� ILUVW� EDU� LV� IXUWKHU� DZD\� IURP� WKH� VHF�
RQG� EDU� VKRZLQJ� WKH� SUHVHQFH� RI� DQ� RXWOLHU�
ZKLFK� LV� GXH� WR� GDWD� FROOHFWLRQ� RU� HQWU\� HUURUV�
DV�D�UHVXOW�RI�RWKHU�H[WHUQDO�IDFWRUV�ZKLFK�LQIOX�
HQFHV�GDWD�FROOHFWLRQ�GXULQJ�WKH�H[SHULPHQW��,Q�
)LJ�� ��� 5HVLGXDOV� YHUVXV� RUGHU� SORW� VKRZV�
ZKHWKHU�WKHUH�DUH�V\VWHPDWLF�HIIHFWV�LQ�WKH�GDWD�
DV�D�UHVXOW�RI�WKH�SHULRG�RU�RUGHU�RI�LQIRUPDWLRQ�
JDWKHULQJ��)URP�WKH�SORW�WKH�UHVLGXDOV�DSSHDU�WR�
EH� UDQGRPO\� VFDWWHUHG� DERXW� WKH� ]HUR� PDUN��
7KHUH�LV�KRZHYHU��QR�SURRI�WKDW�WKH�HUURU�WHUPV�
DUH� UHODWHG�ZLWK�HDFK�RWKHU��DQG� WKXV�� WKH� LQGH�
SHQGHQFH� FRQGLWLRQ� RI� WKH� HIIHFWV� LV� PHW�� 7KH�
SRVLWLRQLQJ� RI� PRVW� RI� WKH� UHVLGXDOV� ZHUH� MXVW�
RQ���ZLWK�WKH�UHVW�TXLWH�IDUWKHU�DZD\� 
 
,Q� WHVWLQJ� WKH� PRGHO�� WKH� 5-VTXDUHG� DQDO\VLV�
ZDV�XVHG��7KH�KLJKHU� WKH�5-VTXDUHG�YDOXH�� WKH�
EHWWHU�WKH�PRGHO�ILWV�WKH�GDWD��7KH�SUHGLFWHG�5-
VTXDUHG� LQGLFDWHV�KRZ�ZHOO�D� UHJUHVVLRQ�PRGHO�
SUHGLFWV� UHVSRQVHV� IRU� REVHUYDWLRQV�� 7KH� 5-
6TXDUHG�SUHGLFWHG�VKRZV� WKDW� WKH�PRGHO�DV� ILW�
WHG��SUHGLFWV��������RI�WKH�YDULDELOLW\�LQ�ZHLJKW�
FORJJHG�� 7KH� 5-VTXDUHG� LV� ������� DQG� WKXV�� 
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,QYHVWLJDWLRQ�RI�ZHLJKW�FORJJHG�LQ�WKH�YLEUDWLQJ�VFUHHQ�GXULQJ�PLQLQJ��� �� 

GHQRWHV� WKDW� WKH� PRGHO� ILWV� WKH� GDWD� ZHOO��7KH�
SUHGLFWHG� PRGHO� ZDV� YDOLGDWHG� LI� WKH� H[SHUL�
PHQWDO� UHVXOWV� IDOO� ZLWKLQ� WKH� SUHGLFWHG� YDOXHV�
RI�ZHLJKW�FORJJHG��7KH�H[SHULPHQWDO�HUURU�ZDV�
GHWHUPLQHG�XVLQJ�WKH�HTXDWLRQ� 

 

)LJ�����5HVLGXDO�SORWV�IRU�ZHLJKW�FORJJHG 

 
t

s
N

e p

2/

2
a
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ZKHUH�1� LV� WKH� QXPEHU� RI� UXQV� RI� WKH� H[SHUL�
PHQW��W�LV�WKH�GLVWULEXWLRQ����Į�LV�WKH�FRQILGHQFH�
OHYHO��Y�LV� WKH�Q-��GHJUHH�RI�IUHHGRP��DQG�6S� LV�
WKH�SRRO�YDULDQFH��GHILQHG�DV� 

n
d iå

2/1
6S� ����� ����� 

ZKHUH�GL�LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�GXSOLFDWH�
REVHUYDWLRQV� IRU� WKH� VHW� RI� FRQGLWLRQV� DQG�Q� LV�
WKH� QXPEHU� RI� H[SHULPHQWDO� VHWV� RI� FRQGLWLRQ�
�����)RU���UHSOLFDWHV�DW�HDFK�RI�WKH�VHWV�RI�FRQGL�
WLRQV��1� LV� ��� DQG�Y� LV����8VLQJ� HTXDWLRQ� ������
WKH�SRRO�YDULDQFH�LV��������$GRSWLQJ�����FRQ�
ILGHQFHݚ���D����Y�LV�������)URP�HTXDWLRQ�������WKH� 

H[SHULPHQWDO�HUURU�LV��������7DEOH���VKRZV�WKH�
UHVXOWV� REWDLQHG� IRU� H[SHULPHQWDO� DQG� WKH� 
SUHGLFWHG�PRGHO�UHVXOWV� 
 
)URP� WKH� UHVXOWV�� LI� WKH� H[SHULPHQWDO� ZHLJKW�
IDOOV�ZLWKLQ� WKH�UDQJH�RI�SUHGLFWHG�YDOXHV�� WKHQ�
LW� LV� DFFXUDWH�� ZKLFK� LV� GHQRWHG� E\� µ<¶�� RWKHU�
ZLVH� LW� LV� GHQRWHG� E\� µ1¶�� )URP� WKH� UHVXOWV�� LW�
FDQ� EH� FRQFOXGHG� WKDW� ������� IDOOV�ZLWKLQ� WKH�
SUHGLFWHG� YDOXHV�� KHQFH�� WKH� SUHGLFWHG� PRGHO�
FDQ� EH� XVHG� WR� HVWLPDWH� WKH� FORJJHG� ZHLJKW� LI�
WKH� H[SHULPHQWDO� FRQGLWLRQ� LV� NQRZQ� �UHIHU� WR�
7DEOH���� 
 
2SWLPL]DWLRQ�RI�ZHLJKW�FORJJHG 
7KH� RSWLPL]DWLRQ� SORW� ZDV� JHQHUDWHG� DQG� WKH�
UHVXOWV�DUH�LOOXVWUDWHG�LQ�)LJ���� 
 
)URP�)LJ�����LW�FDQ�EH�REVHUYHG�WKDW�WKH�RSWLPDO�
VFUHHQ� FRQGLWLRQV� IRU� FORJJHG� DUH� LQGLFDWHG� LQ�
EUDFNHWV�ZLWK�WKH�YDOXHV�RI���FP�IRU�WKH�DPSOL�
WXGH�����ȝP�IRU�WKH�DSHUWXUH�VL]H�DQG�����J�IRU�
TXDQWLW\�RI�IHHG�SURGXFLQJ�D�PLQLPXP�YDOXH�RI�
�����J�FORJJHG�ZHLJKW� 
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7DEOH����&RPSDULVRQ�RI�H[SHULPHQWDO�YDOXHV�ZLWK�SUHGLFWHG�YDOXHV�RI�ZHLJKW�FORJJHG 

 5XQ�� 5XQ�� 

([SHULPHQWDO�
:HLJKW��J� 

3UHGLFWHG� 
:HLJKW��J� 

$FFXUDF\� 
<��1 

([SHULPHQWDO� 
:HLJKW��J� 

3UHGLFWHG�
:HLJKW��J� 

$FFXUDF\� 
<��1 

������ ������������� 1 ������ ������������� < 

������ ������������� < ������ ������������� 1 
����� ������������ < ����� ������������ < 
����� ������������ < ����� ������������ < 

������ ������������� < ������ ������������� < 

������ ������������� < ������ ������������� 1 

����� ������������ < ����� ������������ < 
����� ������������ < ����� ������������ < 

)LJ�����2SWLPL]DWLRQ�SORW�IRU�ZHLJKW�FORJJHG 

&21&/86,21 
7KH� HIIHFWV� RI� DPSOLWXGH�� DSHUWXUH� VL]H� DQG�
TXDQWLW\� RI� IHHG� RQ� ZHLJKW� FORJJHG� LQ� WKH� YL�
EUDWLQJ� VFUHHQ� GXULQJ� PLQLQJ� RSHUDWLRQV� ZHUH�
LQYHVWLJDWHG��$�PRGHO�ZDV�GHYHORSHG�DQG�XVHG�
WR� SUHGLFW� WKH� ZHLJKW� FORJJHG� RQ� WKH� YLEUDWLQJ� 

VFUHHQ� GXULQJ� PLQLQJ� RSHUDWLRQV�� 7KHQ� WKH� 
PRGHO� IRU�SUHGLFWLQJ�ZHLJKW� FORJJHG�ZDV�YDOL�
GDWHG� DQG� WKH� ZHLJKW� FORJJHG� ZDV� RSWLPL]HG�
XVLQJ� IDFWRULDO� GHVLJQ� WHFKQLTXHV� WR� PLQLPL]H�
LW� 
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7KH�5-6TXDUHG�SUHGLFWHG�VKRZV�WKDW�WKH�PRGHO�
DV� ILWWHG� SUHGLFWV� ������� RI� WKH� YDULDELOLW\� LQ�
ZHLJKW� FORJJHG�� 7KH� DYHUDJH� SHUFHQWDJH� HUURU�
IRU� WKH� PRGHO� IRU� SUHGLFWLQJ� ZHLJKW� FORJJHG�
ZDV� ������ LQGLFDWLQJ� WKDW� WKH� PRGHO� LV� YDOLG��
7KH�RSWLPDO�FRQGLWLRQV�IRU�ZHLJKW�FORJJHG�DUH�
DW� KLJKHU� DPSOLWXGH� ����� FP��� KLJKHU� DSHUWXUH�
VL]H������PP��DQG�ORZHU�TXDQWLW\�RI�IHHG������
J�� 
 
5()(5(1&(6 
$OL��6��+����������0LQLQJ��WKH�(QYLURQPHQW�DQG�

,QGLJHQRXV�'HYHORSPHQW�&RQIOLFWV��7XFVRQ�
$=�� 8QLYHUVLW\� RI� $UL]RQD� 3UHVV�� 3S� ���-
��� 

 
$OL��6��+����������7UHDVXUHV�RI�WKH�(DUWK��1HHG��

*UHHG� DQG� D� 6XVWDLQDEOH� )XWXUH�� 1HZ� +D�
YHQ� DQG�/RQGRQ��<DOH�8QLYHUVLW\� 3UHVV� 3S�
���-��� 

 
$OOHQ�� 7�� �������� 6DPSOLQJ� DQG� 3DUWLFOH� 6L]H�

'HWHUPLQDWLRQ��(OVHYLHU��3S�����–����� 
 
$6$(��$PHULFDQ�6RFLHW\�RI�$JULFXOWXUDO�(QJL�

QHHUV�� �������� 6WDQGDUGV��0HWKRGV� IRU� 'H�
WHUPLQLQJ�DQG�([SUHVVLQJ�)LQHQHVV�RI�)HHG�
0DWHULDOV� E\� 6LHYLQJ�� 6������� 6W�� -RVHSK��
0,� 

 
%DUERVD-&DQRYDV�� *�9��� 2UWHJD-5LYDV�� (����

-XOLDQR�� 3�� DQG�<DQ��+�� �������� 6HSDUDWLRQ�
DQG� FODVVLILFDWLRQ�� )RRG� 3RZGHUV�� 3K\VLFDO�
3URSHUWLHV�� 3URFHVVLQJ�� DQG� )XQFWLRQDOLW\��
.OXZHU�$FDGHPLF�3OHQXP�3XEOLVKHUV��1HZ�
<RUN��1<��3S�����–��� 

 

&DPEHOO��%�����������5HJXODWLRQ�DQG�/HJLWLPD- 
F\� LQ� WKH�0LQLQJ� ,QGXVWU\� LQ� $IULFD��:KHUH�
GRHV��� 5HYLHZ� RI� $IULFDQ� 3ROLWLFDO� (FRQR�
P\������������–����� 

 
&DUVWHQVHQ�� -��7�� DQG�'DOL��0�� ��������3DUWLFOH�
6L]H�'LVWULEXWLRQV� LQ�0HVK�&XWV� DQG�0LFUR�
VFRSLFDOO\�(VWLPDWHG�9ROXPHWULF� 6KDSH�)DF�
WRUV��'UXJ�'HYHORSPHQW�DQG�,QGXVWULDO�3KDU�
PDF\������������-���� 

 
)ROL��*�� ��������$UVHQLF�5HPHGLDWLRQ� LQ�0LQH�
'UDLQDJH� DW� WKH� $QJOR*ROG-$VKDQWL� 2EXDVL�
*ROG� 0LQH� LQ� *KDQD�� 3K�'�� 7KHVLV�
�8QSXEOLVKHG��� .ZDPH� 1NUXPDK� 8QLYHUVLW\�
RI�6FLHQFH�DQG�7HFKQRORJ\��.XPDVL� 

 
)ROL�� *��� $SHDK�� 2�%�� DQG� $PHGMRH�� &�*��
��������3UH-PLQLQJ�:DWHU�4XDOLW\�SUHGLFWLRQ�
IURP� QRQ-ZHDWKHUHG� VXOSKLGH� RUHV� DORQJ� WKH�
$VKDQWL� 0HWDOORJHQLF� EHOW� LQ� *KDQD� XVLQJ�
$FLG-%DVH� DFFRXQWLQJ� SURFHGXUH�� $PHULFDQ�
-RXUQDO�RI�6FLHQWLILF�DQG�,QGXVWULDO�5HVHDUFK��
���������-���� 

 
*DOOHULHV� �������� 7KH� 0LQHUDO� $UVHQRS\ULWH��
6RXUFH��85/��ZZZ�JDOOHULHV�FRP��$FFHVVHG��
���0D\������� 

 
/DZLQVND�� .�� DQG� 0RGU]HZVNL�� 5�� ��������
$QDO\VLV�RI�VLHYH�KROHV�EORFNLQJ� LQ�D�YLEUDW�
LQJ� VFUHHQ� DQG� D� URWDU\� DQG� GUXP� VFUHHQ��
3K\VLFRFKHPLFDO� 3UREOHP� RI� 0LQHUDO� 3UR�
FHVVLQJ������������–���� 

 
/HXEH��$���+LUGHV��:���0DXHU��5���.HVVH��*�2��
�������� 7KH� (DUO\� 3URWHUR]RLF� %LULPLDQ� 6X�
SHUJURXS� RI� *KDQD� DQG� VRPH� DVSHFWV� RI� LWV�
DVVRFLDWHG� JROG�PLQHUDOLVDWLRQ��3UHFDPEULDQ�
5HVHDUFK���������-���� 

 
0DF'RQDOG��/�+���6DPSVRQ��5�:�� DQG�$QGHU�
VRQ��'�0����������5XQRII�DQG�URDG�HURVLRQ�DW�
WKH� SORW� DQG� URDG� VHJPHQW� VFDOHV�� 6W�� -RKQ��
86� 9LUJLQ� ,VODQGV�� (DUWK� 6XUI�� 3URFHVVHV�
/DQGIRUPV�������������–����� 
 

0HOR\�� 7�� 3�� �������� 3DUWLFXODWH� &KDUDFWHUL]D�
WLRQ��)XWXUH�$SSURDFKHV��+DQGERRN�RI�3RZ�
GHU� 6FLHQFH� DQG� 7HFKQRORJ\�� )D\HG�� 0�� (��
DQG�2WWHQ��/���HG���3S���-��� 

 
0RRG\�� 5�� �������� 5RFNV� DQG� +DUG� 3ODFHV�� 

�����������,QYHVWLJDWLRQ�RI�ZHLJKW�FORJJHG�LQ�WKH�YLEUDWLQJ�VFUHHQ�GXULQJ�PLQLQJ��� �� 

7KH�VWXG\�UHYHDOV�WKDW�DV�WKH�DPSOLWXGH�LQFUHDV�
HV�� WKH� ZHLJKW� FORJJHG� GHFUHDVHV� E\� ������ J�
�������� $V� WKH� DSHUWXUH� VL]H� LQFUHDVHV�� WKH�
ZHLJKW� FORJJHG� GHFUHDVHV� E\� ������� J�
���������� ,QFUHDVLQJ� WKH� TXDQWLW\� RI� IHHG�� LQ�
FUHDVHV� WKH� ZHLJKW� FORJJHG� E\� ������ J�
����������$�WKLUG�RUGHU�OLQHDU�PRGHO�LQ�XQFRG�
HG� XQLWV� WR� SUHGLFW� ZHLJKW� FORJJHG� ZDV� RE�
WDLQHG� 

:� �-�����������$�-�����6��������)�-������$6�� 
-������$)�����������$6)���H 
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����8QLYHUVLW\�RI�&KLFDJR�3UHVV� 
 
2EHUWKXU�� 7��� 9HWWHU�� 8��� 'DYLV�� '�:�� DQG�
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