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0DFKLQLQJ�LV�GRQH�E\�UHPRYLQJ�XQZDQWHG�PHW�
DO� SDUWV� IURP�D�ZRUN�SLHFH� WR�JHQHUDWH� WKH�GH�
VLUHG�VKDSH��5HPRYDO�RI�PHWDO�SDUWV� LV�DWWDLQHG�
E\� VXEMHFWLQJ� D� VSHFLILF� UHJLRQ� RI� WKH� ZRUN�

SLHFH� WR� IUDFWXUH� �7DSDQ\�� ������� ,W� HPSOR\V�
FXWWLQJ� SDUDPHWHUV� WR� XQGHUJR� LWV� RSHUDWLRQ��
%DVLFDOO\� WKHUH� DUH� WKUHH� FXWWLQJ� SDUDPHWHUV��
QDPHO\��GHSWK�RI�FXW��ZKLFK�LV�GLVWDQFH�WKDW�WKH�
FXWWLQJ� WRRO� SHQHWUDWHV� LQWR� WKH� ZRUN� SLHFH��
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KWWS���G[�GRL�RUJ���������MXVW�Y��L��� 

.H\ZRUGV��0DFKLQLQJ��WXUQLQJ�RSHUDWLRQ��IODZV��PDWHULDO�UHPRYDO�UDWH� 

$%675$&7 
7KH�PDLQ�DLP�RI�WKH�VWXG\�ZDV�WR�GHYHORS�D�SUHGLFWLRQ�PRGHO�IRU�WKH�IODZV�DQG�WKH�PDWHULDO�UH�
PRYDO� UDWH� DQG� RSWLPL]H� WKH� FXWWLQJ� FRQGLWLRQV� GXULQJ�PDFKLQLQJ�XVLQJ� IDFWRULDO� GHVLJQ� WHFK�
QLTXHV��$�����H[SHULPHQWDO�GHVLJQ�PHWKRG�ZDV�XVHG�WR�JHQHUDWH�SUHGLFWLYH�PRGHOV�DQG�SORWV��7KH�
UHVXOWV�VKRZHG�WKDW�WKH�IHHG�ZDV�WKH�PRVW�LQIOXHQFLQJ�IDFWRU�RI�UHVLVWLYLW\��DV�D�PHDVXUH�RI�LQWHQ�
VLW\�DQG�QXPEHU�RI�IODZV��IROORZHG�E\�WKH�VSLQGOH�VSHHG��'HSWK�RI�FXW�SRVHG�DQ�LQVLJQLILFDQW�LQ�
IOXHQFH� RQ� UHVLVWLYLW\�� 6LPLODUO\�� WKH� IHHG� KDG� WKH� KLJKHVW� LQIOXHQFH� RQ�PDWHULDO� UHPRYDO� UDWH�
�055��IROORZHG�E\�GHSWK�RI�FXW��DQG�ODVWO\��WKH�VSLQGOH�VSHHG��7KH�RSWLPDO�FXWWLQJ�FRQGLWLRQV�IRU�
PLQLPXP�UHVLVWLYLW\�ZDV�IRXQG�WR�EH�DW�ORZHU�IHHG������PP�UHY���DW�KLJKHU�VSHHG������USP��DQG�DW�
ORZHU�GHSWK�RI�FXW����PP���SURGXFLQJ�D�PLQLPXP�YDOXH�RI��������ȍ�PP�UHVLVWLYLW\�DQG�WKDW�RI�
055�ZDV�IRXQG�WR�EH�DW�ORZHU�IHHG������PP�UHY���KLJKHU�VSHHG�����UPS���DQG�DW�KLJKHU�GHSWK�RI�
FXW� ���PP��SURGXFLQJ�D�PLQLPXP�YDOXH�RI� ������PP�V-���PDWHULDO�UHPRYDO�UDWH��7KDW�LV� WKH�UDWH�
RI�IODZ�GHYHORSPHQW�DQG�RU�SURSDJDWLRQ��DQG�PDWHULDO�UHPRYDO�UDWH�GXULQJ�PDFKLQLQJ�RI�D�VKDIW�
LQ�*KDQDLDQ�PDQXIDFWXULQJ�LQGXVWULHV�FRXOG�EH�PRGHOHG�DQG�RSWLPL]HG��,W�FDQ�EH�FRQFOXGHG�WKDW�
WKHUH�LV�FKDQJH�LQ�UHVLVWLYLW\�RI�PDWHULDOV�ZKLFK�FDQ�EH�DWWULEXWHG�WR�LQFUHDVH�LQ�WKH�QXPEHU�DQG�
LQWHQVLW\�RI�IODZV�GXULQJ�PDFKLQLQJ�RI�D�VKDIW�DQG�WKLV�LV�LQIOXHQFHG�E\�FXWWLQJ�FRQGLWLRQV��HVSH�
FLDOO\�� WKH�IHHG�UDWH��,W� LV� WKHUHIRUH�UHFRPPHQGHG�WKDW�D�IHHG�UDWH�RI����PP�UHY��D�VSHHG�RI�����
USP�DQG�GHSWK�RI�FXW�RI���PP�ZKLFK�ZLOO�JLYH�WKH�PLQLPXP�IODZV�LQGXFHG�GXULQJ�PDFKLQLQJ�EH�
XVHG� 
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 DWRUV� DQG� HYHQ� FDXVH� GHDWK� LQ� H[WUHPH� FDVHV��
0RUHRYHU�� PDQXIDFWXULQJ� ILUPV� XVXDOO\� LQFXU�
KXJH�FRVW�LQ�WKH�SURGXFWLRQ�RI�QHZ�VKDIWV�ZKHQ�
KLJKHU�QXPEHU�RI�IODZV�DQG�FUDFN�VLJQDWXUHV�LQ�
WKHLU� DOUHDG\� PDQXIDFWXUHG� VKDIWV� DUH� GLVFRY�
HUHG��,W�LV�DOVR�RI�QR�GRXEW�WKDW�VHOHFWLRQ�RI�VXLW�
DEOH�FXWWLQJ�SDUDPHWHUV�IRU�PDFKLQLQJ�LV�D�PD�
MRU�SUREOHP�IRU�PDQ\�PDFKLQLVWV��7KH\�PD\�QRW�
NQRZ� ZKLFK� FXWWLQJ� FRQGLWLRQV� WR� FKRRVH� DQG�
ZK\�WKH\�DUH�FKRVHQ�GXULQJ�PDFKLQLQJ�� 
 
%DVLFDOO\��FUDFN�JURZWK�LV�GHILQHG�DV�DQ�H[WHQ�
VLRQ� LQ� WKH�GLVFRQWLQXLWLHV�RI� D�PDWHULDO��&UDFN�
LQLWLDWLRQ� DQG� JURZWK� LQ� URWDWLQJ� PDFKLQHU\� LV�
GXH� WR� WKH� VWUHVVHV�� VWUDLQV�� KHDW� JUDGLHQWV� DQG�
IRUFHV� H[HUWHG� RQ� WKH�PHPEHU�� ,I� D�PDWHULDO� LV�
XQGHU�WHQVLRQ��WKH�VWUHVVHV�RQ�WKH�PDWHULDO�DFW�LQ�
VXFK� D� ZD\� WKDW� WKH\� SXOO� DSDUW� WKH� PROHFXOHV�
WKDW� PDNH� XS� WKH� PDWHULDO�� ,I� WKH� PDWHULDO� LV�
XQGHU�FRPSUHVVLRQ��WKH�VWUHVVHV�SXVK�WKH�PROH�
FXOHV�WRJHWKHU�FDXVLQJ�LW�WR�EH�VKRUWHU�LQ�OHQJWK�
DV�SHU�1\EHUJ���������&UDFNLQJ�RI�VKDIWV�RFFXUV�
DV� D� UHVXOW� RI� GLIIHUHQW� IDFWRUV� LQFOXGLQJ� KLJK�
DQG�ORZ�F\FOH�IDWLJXH��RU�VWUHVV�FRUURVLRQ� 
 
6LOYD��������VWXGLHG� WKH� IODZ�JHQHUDWHG� LQ� WZR�
FUDQNVKDIWV�RI�D�GLHVHO�YDQ�ZKLFK�ZHUH�XWLOL]HG�
IRU� ������� NP� DQG� WKHQ� PDFKLQHG�� $IWHU� WKH�
PDFKLQLQJ� SURFHVV�� WKH� WZR� FUDQNVKDIWV� ODVWHG�
RQO\� IRU� ������ NP� DQG� IDLOHG�� $V� D� UHVXOW� RI�
ZURQJ� PDFKLQLQJ� SURFHVV�� WLQ\� IDWLJXH� FUDFNV�
IRUPHG�DORQJ�WKH�FHQWHU�RI�WKH�FUDQNVKDIW�FDXV�
LQJ�LW�WR�IDLO��7KH�FUDFNV�ZHUH�VKDUS�DQG�LQYLVL�
EOH�LQ�QDWXUH��7KH�LQYHVWLJDWLRQ�ZDV�DOVR�XSKHOG�
E\� GHWHUPLQLQJ� WKH� RWKHU� GDPDJH� PRGHV� RI�
FUDQNVKDIW�� 
 
.DWVX\DPD�HW�DO���������SHUIRUPHG�VXUIDFH�PD�
FKLQLQJ� DQDO\VLV� DQG� KLV� UHVXOWV� UHYHDOHG� WKDW�
WHQVLOH� UHVLGXDO� VWUHVV� UHVXOWLQJ� IURP� VXUIDFH�
PDFKLQLQJ� RQO\� RFFXU� DSSUR[LPDWHO\� ���� PP�
IURP� WKH� PDFKLQHG� VXUIDFH�� DQG� WKH� VXUIDFH�
UHVLGXDO� VWUHVV� DGYDQFHV� ZLWK� VSLQGOH� VSHHG��
7KH� FUDFN� JURZWK� DQDO\VLV� GHQRWHG� WKDW� WKH�
FUDFN� GHSWK� ZDV� LQIOXHQFHG� E\� ERWK� VXUIDFH�
PDFKLQLQJ� DQG�ZHOGLQJ��7KH� FUDFN� OHQJWK�ZDV�
IRXQG�WR�EH�KLJKO\�DIIHFWHG�E\�VXUIDFH�PDFKLQ�
LQJ�WKDQ�E\�ZHOGLQJ� 
 
0RXUDG�HW�DO���������SUHVHQWHG�DQ�H[SHULPHQWDO�
SURYH�RI�WKH�LQIOXHQFH�RI�PDFKLQLQJ�SURFHVV�RQ�
VWDEOH� FUDFN� JURZWK� EHKDYLRXU� �6&*�� RI� DQ�

%RDGX�HW�DO� �� 

IHHG��ZKLFK�LQYROYHV�WKH�WUDQVYHUV�PRYHPHQW�RI�
WKH�WRRO�UHODWLYH�WR�WKH�ZRUNSLHFH��DQG�WKH�VSLQ�
GOH�VSHHG��ZKLFK�LV�WKH�VSHHG�RI�UHODWLYH�PRWLRQ�
EHWZHHQ� WKH�FXWWLQJ� WRRO�DQG�WKH�ZRUN�SLHFH� LQ�
WKH� GLUHFWLRQ� RI� FXWWLQJ�� 0DFKLQLQJ� XVHV� PD�
FKLQH� WRROV� VXFK� DV� SUHVVHV�� ODWKHV� DQG� SRZHU�
VDZV��/DWKH�PDFKLQHV� DUH� XVHG� WR�SURGXFH� F\�
OLQGULFDO� VXUIDFHV� WKURXJK� D� WXUQLQJ� RSHUDWLRQ��
7UDGLWLRQDO� PDWHULDO� UHPRYDO� PHWKRGV� LQFOXGH�
WXUQLQJ�� ERULQJ�� GULOOLQJ�� UHDPLQJ�� WKUHDGLQJ��
PLOOLQJ�� VKDSLQJ�� SODQQLQJ�� EURDFKLQJ�� DQG�
DEUDVLYH� PHWKRGV� VXFK� DV� JULQGLQJ�� XOWUDVRQLF�
PDFKLQLQJ�� ODSSLQJ�� DQG� KRQLQJ�� 1RQ-
WUDGLWLRQDO� PHWKRGV� LQYROYH� HOHFWULFDO� DQG�
FKHPLFDO� PHDQV� RI� PDFKLQLQJ�� DV� ZHOO� DV� WKH�
XVH�RI�DEUDVLYH�MHWV��ZDWHU�MHWV��ODVHU�EHDPV��DQG�
HOHFWURQ� EHDPV� �.DOSDNMLDQ�� ������� 7KH� VKDSH�
RI� WKH� ZRUN� VXUIDFHV� LV� FRQVWUDLQHG� WR� FLUFXODU�
RU�IODW�VKDSHV� 
 
6KDIWV�DUH�PRVWO\�XVHG� WR� WUDQVPLW�SRZHU� IURP�
RQH� SDUW� RI� D� PDFKLQH� WR� DQRWKHU�� 7KH� VKDIWV�
QHHG�WR�EH�UHVLOLHQW�HQRXJK�WR�EH�DEOH�WR�WUDQV�
PLW�SRZHU�DQG�WRUTXH�HIILFLHQWO\�DQG�ZLWK�KLJK�
UHOLDELOLW\� LQ� PDFKLQHU\�� ,Q� WKH� DXWRPRELOH� LQ�
GXVWU\�� ORQJLWXGLQDO� VKDIWV�SOD\�D�PDMRU� UROH� LQ�
GHOLYHULQJ�WRUTXH�IURP�WKH�HQJLQH�WR�RWKHU�SDUWV�
RI� WKH� FDU�� 7KLV� IXQFWLRQ� FDQQRW� EH� SHUIRUPHG�
E\�DQ\�RWKHU�PDFKLQH�HOHPHQW�H[FHSW�WKH�VKDIW��
6XFFHVV�LQ�WKH�XVH�RI�VKDIWV�LQ�HQJLQH�FRQVWUXF�
WLRQ� KDV� LQFUHDVHG� WKHLU� GHPDQG� DQG�� IRU� WKDW�
PDWWHU�� WKH� QHHG� WR� LQYHVWLJDWH� WKH� HIIHFWV� WKDW�
WKHLU�PDQXIDFWXULQJ�SURFHVV�KDV�RQ�LWV�VWUXFWXUDO�
LQWHJULW\�� 
 
7KH� SURGXFWLRQ� RI� PDFKLQH� SDUWV�� HVSHFLDOO\�
VKDIWV�LV�PDLQO\�GRQH�E\�PDFKLQLQJ��7KH�VHYHUL�
W\� RI� WKH� PDFKLQLQJ� SURFHVV� FRXOG� UHGXFH� RU�
DGYDQFH�FUDFN�JURZWK��DFFRUGLQJ�WR�%HQDFKRXU�
HW� DO�� �������� ,W� LV� WKHUHIRUH� RI� H[WUHPH� LP�
SRUWDQFH�WR�NQRZ�KRZ�GLIIHUHQW�FXWWLQJ�SDUDPH�
WHUV� DIIHFW� WKH� LQWURGXFWLRQ� DQG� LQFUHDVH� LQ� WKH�
QXPEHU�RI� IODZV� LQFOXGLQJ�FUDFN� LQLWLDWLRQ�DQG�
LWV�JURZWK��LQ�RUGHU�WR�RSWLPL]H�WKHP�WR�UHGXFH�
LI�QRW�WR�HOLPLQDWH�WKHLU�QHJDWLYH�LQIOXHQFH�� 
 
,Q�VSLWH�WKH�DGYDQFHV�LQ�PDFKLQLQJ�FUDFNV��DQG�
IRU� WKDW� PDWWHU� IODZV�� VWLOO� SRVH� D� VLJQLILFDQW�
WKUHDW� WR� QHZO\�PDQXIDFWXUHG� VKDIWV�� $V� FUDFN�
JURZWK� UHDFKHV� D�PD[LPXP� OHYHO�� WRWDO� IDLOXUH�
PD\� RFFXU� FDXVLQJ� EUHDNGRZQ� RI� PDFKLQHV�
ZKLFK�FRXOG�VXEVHTXHQWO\�LQMXUH�PDFKLQH�RSHU�
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$,6,� ����� ORZ� DOOR\� VWHHO�� 7KH� ORDG-ORDG� GLV�
SODFHPHQW� �3-ǻ//�� FXUYHV� GHQRWH� WKDW� WKH�
³QRUPDO´� VDPSOH� VKRZLQJ� VWDEOH� FUDFN� JURZWK�
DQG�WKH�QRQ-OLQHDU�DUHD��LQ�WKH�DQRPDORXV�FXUYH�
RI�WKH�DQRPDORXV�VDPSOH��LV�UDWKHU�UHVWULFWHG� 
6KHQ�DQG�/HL��������DSSOLHG�D�GLVWLQFW�HOHPHQW�
PHWKRG��'(0��WR�VLPXODWH�WKH�PDWHULDO�UHPRY�
DO� PHWKRG� RI� ODVHU� DLGHG� PDFKLQLQJ� RI� VLOLFRQ�
QLWULGH�FHUDPLFV�DQG�VKRZHG�WKH�JHQHUDWLRQ�DQG�
H[WHQVLRQ� RI� VXUIDFH�VXE-VXUIDFH� FUDFNV� DQG�
GDPDJH��,W�ZDV�IRXQG�WKDW� IDFWRUV�VXFK�DV�WHP�
SHUDWXUH�� UDNH�DQJOH��GHSWK�RI�FXW�� ORFDO�GDPS�
LQJ� FRHIILFLHQW� DQG� FOXVWHU� VL]H� LQIOXHQFH� VXU�
IDFH�VXE-VXUIDFH�FUDFNV�� 
 
%HQDFKRXU� HW� DO�� ������� SUHVHQWHG� D� SDSHU�
VKRZLQJ� WKH� LPSDFW� RI�PDFKLQLQJ�PRGH�RI� WKH�
QRWFK� RQ� IDWLJXH� FUDFN� JURZWK� DQG� IUDFWXUHG�
VXUIDFHV�� 7KH� UHVXOWV� GHQRWH� WKDW� WKH� IDWLJXH�
FUDFN� JURZWK� LV� LQIOXHQFHG� E\� PDFKLQLQJ� SUR�
FHVV� 
 
,Q� DQ� LQYHVWLJDWLRQ� RI� IUDFWXUH� RI� FHPHQWLWLRXV�
FRPSRVLWH�PDWHULDOV��9HVHOê�HW� DO�� �����D��DQG�
.RQHþQê�HW� DO�� ������� HVWDEOLVKHG� WKDW� IUDFWXUH�
DQG� IODZV� JHQHUDOO\�KDYH� LQIOXHQFHV�RQ� WKH� UH�
VLVWLYLW\�RI�PDWHULDOV��7KLV�ZDV� ODWHU�FRQILUPHG�
ZLWK�QHZ�UHVXOWV�IURP�VXSSOHPHQWDU\�WHVWV�FRQ�
GXFWHG� XQGHU� GLIIHUHQW� PRLVWXUH� FRQGLWLRQV� E\�
9HVHOê�HW�DO�� �����E��� ,Q�D�VWXG\��%RJGDQRY�HW�
DO��� �������XVLQJ�DQ�HOHFWULFDO-UHVLVWLYLW\�PHWK�
RG� VLPXODWHG� IODZV� ZLWK� FRQWUROOHG� GLHOHFWULF�
LQFOXVLRQV� WR� HVWDEOLVK� WKH� SUHVHQFH� RI� IODZV��
7KHLU� WHVWV� UHYHDOHG� WKDW� WKH� DSSDUDWXV� UHOLDEO\�
GHWHFWV�IODZV�WKDW�EUHDN�WKH�VXUIDFH�DQG�VXEVXU- 
IDFH�IODZV�GRZQ�WR�D�GHSWK�RI�����PP��%RJ�
GDQRY�HW�DO����������7KH�IHDVLELOLW\�RI�HOHFWUL-� 

3UHGLFWLRQ�PRGHO�IRU�RSWLPL]DWLRQ�RI��IODZV�DQG�PDWHULDO�UHPRYDO�UDWH��� �� 

FDO-LPSHGDQFH�PHWKRG�RI�IODZ�GHWHFWLRQ�ZDV� 
DOVR� HVWDEOLVKHG� E\� /XGZLJ� HW� DO��� ������� DQG�
,NHGD�HW�DO��� �������� ,W� LV� WKHUHIRUH�ZHOO�NQRZQ�
WKDW�WKH�UHVLVWLYLW\�RI�PDWHULDOV�JLYHV�D�PHDVXUH�
RI�WKH�LQWHQVLW\�RI�IODZV�LQKHUHQW�LW� 
 
7KH�PHWKRG�RI�IDFWRULDO�GHVLJQ�JLYHV�D�ZD\�E\�
ZKLFK�RQH�FDQ�SODQ��H[HFXWH��HYDOXDWH�DQG�DFWX�
DOO\� VXEVWDQWLDWH� H[SHULPHQWV� VR� DV� WR� HQDEOH�
UHDO� DQG� FOHDU� FRQFOXVLRQV� WR� EH� DWWDLQHG� FRU�
UHFWO\� DQG� HFRQRPLFDOO\�� ([SHULPHQWHUV�
WKURXJK� IDFWRULDO� GHVLJQ� DUH� DEOH� WR� REWDLQ� D�
ODUJHU� XQGHUVWDQGLQJ� DQG� DXWKRULW\� RYHU� WKH�
SURFHGXUH� RI� WKH� H[SHULPHQW�� ,W� KDV� VHHQ�ZLGH�
DSSOLFDWLRQV�LQ�LQGXVWULDO�VHWWLQJV�VLQFH�LW�LV�DEOH� 
WR� LPSURYH� WKH�TXDOLW\�RI�SURGXFWV�DQG�SURFHVV�
V\VWHPV� �$QWKRQ\�DQG�&DSRQ���������)DFWRULDO�
GHVLJQ� DOORZV� WKH� GHWHUPLQDWLRQ� RI� PDLQ� DQG�
LQWHUDFWLRQ� HIIHFWV� RI� WKH� SURFHVV� YDULDEOHV� RQ�
GHSHQGHQW�SDUDPHWHUV��DQG�WKXV��WKH�LPSRUWDQFH�
RI� WKH� HIIHFWV� DUH� MXGJHG��+HQFH�� WKH�REMHFWLYH�
RI�WKLV�UHVHDUFK�LV�WR�GHYHORS�D�SUHGLFWLRQ�PRGHO�
IRU�WKH�IODZV�DQG�FUDFN�JURZWK�DQG�WKH�PDWHULDO�
UHPRYDO� UDWH� DQG� RSWLPL]H� WKH� FXWWLQJ� FRQGL�
WLRQV� GXULQJ� PDFKLQLQJ� XVLQJ� IDFWRULDO� GHVLJQ�
WHFKQLTXHV� 
 
0$7(5,$/6�$1'�0(7+2'6 
:RUN�SLHFH�PDWHULDO 
7KH�ZRUN�SLHFH�PDWHULDO�XVHG�IRU�SUHVHQW�ZRUN�
ZDV�FROG�GUDZQ�$,6,������PLOG�VWHHO��7DEOH���
DQG� 7DEOH� �� VKRZ� WKH� FKHPLFDO� FRPSRVLWLRQ�
DQG�PHFKDQLFDO�SURSHUWLHV�� UHVSHFWIXOO\��RI�$,�
6,������� ,W�ZDV�VHOHFWHG�IRU� WKH�PDFKLQLQJ�RS�
HUDWLRQ� EHFDXVH� LW� LV� UHIHUUHG� WR� E\� WKH�$PHUL�
FDQ�,URQ�DQG�6WHHO�,QVWLWXWH��$,6,��DV�D�VWDQGDUG�
VKDIW� PDWHULDO�� ,W� KDV� KLJK� PDFKLQDELOLW\�� KLJK� 

7DEOH����&KHPLFDO�FRPSRVLWLRQ�RI�$,6,�����&' 

6RXUFH��$=R0������ 

 (OHPHQW &RQWHQW 

&DUERQ��& �����-�������� 
,URQ��)H ������-�������� 
0DQJDQHVH��0Q �����-������� 
3KRVSKRURXV��3 ��������� 

6XOIXU��6 ��������� 
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�� %RDGX�HW�DO� 

([SHULPHQWDO�PHWKRG�SURFHGXUH 
7XUQLQJ�LV�D�SRSXODUO\�XVHG�PDFKLQLQJ�SURFHVV��
7KH�&1&�PDFKLQH�SOD\V�D�PDMRU� UROH� LQ�PRG�
HUQ�PDFKLQLQJ�LQGXVWU\�WR�HQKDQFH�DQG�LQFUHDVH�
SURGXFWLYLW\�ZLWKLQ� OHVV� WLPH��)LJ���� VKRZV� WKH�
&1&�PDFKLQH�XVHG�IRU�WKH�WXUQLQJ�RSHUDWLRQ� 
 
(DFK� ZRUN� SLHFH� ZDV� FXW� WR� D� VL]H� RI� ��� PP�
GLDPHWHU� DQG� ���� PP� OHQJWK� DQG� WKH� WXUQLQJ�
RSHUDWLRQ� SHUIRUPHG� RQ� &1&� WXUQLQJ� FHQWUH��
7XUQLQJ� SURJUDP� ZDV� SUHSDUHG� DQG� IHG� WR� WKH�
&1&�PDFKLQH��,Q�WKLV�ZRUN��WKH�'LUHFW�&XUUHQW�
3RWHQWLDO� 'URS� �'&3'�� PHWKRG� ZDV� XVHG� WR�
PHDVXUH�WKH�UHVLVWDQFH�LQGXFHG�EHIRUH�DQG�DIWHU�
HDFK�RI� WKH� WXUQLQJ�RSHUDWLRQ��$�ZHLJKLQJ�PD�
FKLQH� ZDV� XVHG� IRU� PHDVXULQJ� WKH� LQLWLDO� DQG�
ILQDO� ZHLJKW� RI� WKH� ZRUN� SLHFH� DQG� WKH� UHVXOWV�
QRWHG�� 0DFKLQLQJ� WLPH� ZDV� PHDVXUHG� XVLQJ� D� 

VWUHQJWK�� KLJK� GXFWLOLW\� DQG� JRRG� ZHOGDELOLW\��
$V� D� UHVXOW� RI� LWV� ORZ� FDUERQ� FRQWHQW�� LW� LV� UH�
VLVWDQW� WR� LQGXFWLRQ�KDUGHQLQJ�RU� IODPH�KDUGHQ�
LQJ��,W�KDV�H[WHQVLYH�DSSOLFDWLRQV�LQ�LQGXVWU\�VR�
DV�WR�LPSURYH�ZHOGDELOLW\�RU�PDFKLQDELOLW\�FKDU�
DFWHULVWLFV�� ,W� LV� XWLOL]HG� LQ� D� VHULHV� RI� DSSOLFD�
WLRQV� EHFDXVH� RI� LWV� FROG� GUDZQ� RU� WXUQHG� DQG�
SROLVKHG�ILQLVK�IHDWXUH��$=R0�������� 
� 
6HOHFWLRQ�RI�FRQWURO�IDFWRUV� 
,Q� WKLV� VWXG\�� FXWWLQJ� H[SHULPHQWV� DUH� SODQQHG�
XVLQJ� VWDWLVWLFDO� WZR-OHYHO� IXOO� IDFWRULDO� H[SHUL�
PHQWDO� GHVLJQ�� &XWWLQJ� H[SHULPHQWV� DUH� FRQ�
GXFWHG� FRQVLGHULQJ� WKUHH� FXWWLQJ� SDUDPHWHUV��
)HHG� UDWH� �PP�UHY��� FXWWLQJ� 6SHHG� �UHY�PLQ���
GHSWK� RI� FXW� �PP�� DQG� RYHUDOO� ��� H[SHULPHQWV�
ZHUH� FDUULHG� RXW�� 7DEOH� �� VKRZV� WKH� YDOXHV� RI�
YDULRXV�SDUDPHWHUV�XVHG�IRU�H[SHULPHQWV� 

7DEOH����3URSHUWLHV�RI�$,6,�����&' 

 3K\VLFDO�SURSHUWLHV 0HWULF 

'HQVLW\ �����J�FF 
+DUGQHVV��%ULQHOO ��� 
+DUGQHVV��.QRRS��&RQYHUWHG�IURP�%ULQHOO�KDUGQHVV� ��� 
+DUGQHVV��5RFNZHOO�%��&RQYHUWHG�IURP�%ULQHOO�KDUGQHVV� �� 
+DUGQHVV��9LFNHUV��&RQYHUWHG�IURP�%ULQHOO�KDUGQHVV� ��� 
7HQVLOH�6WUHQJWK��8OWLPDWH �������03D 
7HQVLOH�6WUHQJWK��<LHOG �������03D 
(ORQJDWLRQ�DW�%UHDN��LQ����PP� ������ 
5HGXFWLRQ�RI�$UHD ������ 
0RGXOXV�RI�(ODVWLFLW\��7\SLFDO�IRU�VWHHO� ����*3D 
%XON�0RGXOXV��7\SLFDO�IRU�VWHHO� ����*3D 
3RLVVRQ�5DWLR ���� 

6RXUFH��$=R0������ 

7DEOH����7KH�([SHULPHQWDO�PDWUL[ 

 
9DULDEOHV /RZHU�/HYHO��-� 8SSHU�/HYHO���� 

)HHG�5DWH��I��PP�UHY� ���� ���� 

6SLQGOH�6SHHG��Y��UHY�PLQ� ��� ��� 

'HSWK�RI�&XW��G��PP� ���� ���� 
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3UHGLFWLRQ�PRGHO�IRU�RSWLPL]DWLRQ�RI��IODZV�DQG�PDWHULDO�UHPRYDO�UDWH���� �� 

 

)LJ�����)RUFHWXUQ��������ODWKH�PDFKLQH 

VWRSZDWFK�DQG�WKH�UHVXOWV�QRWHG��7KH�UHVLVWLYLW\� 
LV�FDOFXODWHG�E\�XVLQJ�WKH�UHODWLRQ�  

L

Rd

4

2pr =

ZKHUH�� G� LV� WKH� GLDPHWHU� RI� WKH� ZRUN� SLHFH�
�PP���/� LV� WKH� OHQJWK�RI� WKH�ZRUN�SLHFH��PP���
5�LV� WKH�UHVLVWDQFH�PHDVXUHG��ȝȍ���7KH�FKDQJH�
LQ� UHVLVWLYLW\� LV� FDOFXODWHG� XVLQJ� ǻȡ�  � ȡI��-�ȡL�
ZKHUH� ȡL��LV� WKH� LQLWLDO� UHVLVWLYLW\� DQG� ȡI��LV� WKH�
ILQDO�UHVLVWLYLW\��6LPLODUO\��WKH�PDWHULDO�UHPRYDO�
UDWH�LV�FDOFXODWHG�E\�XVLQJ�WKH�UHODWLRQ� 

� 

 
�� 

T

WW
M

d

fi

r
-

= ZKHUH��: L� LV� LQLWLDO�ZHLJKW�RI� 

WKH�ZRUN� SLHFH� �J���: I� � LV� ILQDO�ZHLJKW� RI� WKH�
ZRUN� SLHFH� �J���7� LV� WKH�PDFKLQLQJ� WLPH� �VHF��
DQG�ȡG�LV�WKH�'HQVLW\�RI�PDWHULDO��NJ�P

��� 
 
$W� HDFK� VHWWLQJ� FRQGLWLRQ�� WKH� LQLWLDO� DQG� ILQDO�
UHVLVWDQFH�� WKH� LQLWLDO� DQG� ILQDO� ZHLJKW� DV� ZHOO�
DV�PDFKLQLQJ�WLPH�ZHUH�UHFRUGHG��7KH�DYHUDJHV�
RI�WKH�WZR�UXQV�ZHUH�FRPSXWHG�IRU�HDFK�VHW�RI�
FRQGLWLRQV��7DEOH���VKRZV�WKH�PDJQLWXGH�RI�WKH�
FKDQJH� LQ� UHVLVWLYLW\� DQG� WKH�PDWHULDO� UHPRYDO�
UDWH�UHVSRQVHV�� 
 
7KH� FRPSXWHG� DYHUDJHV� DUH� XVHG� DV� WKH� UH�
VSRQVHV� IRU� HDFK� FRQGLWLRQ� LQ� FDOFXODWLQJ� WKH� 

PDLQ�HIIHFWV�DQG�WKH�LQWHUDFWLRQ�HIIHFWV�IRU�HDFK�
UHVSRQVH��7KH�PDMRU�JRDO�RI� WKHVH�H[SHULPHQWV�
LV� WR� GHWHUPLQH�ZKLFK�RI� WKH� UHVSRQVHV� DUH� LQ�
IOXHQFHG�E\�WKH�FXWWLQJ�SDUDPHWHUV�DQG�WR�JHQ�
HUDWH� D�PRGHO� WKDW�PD\� EH� XVHG� WR� SUHGLFW� WKH�
UHVLVWLYLW\��DQG�IRU�WKDW�PDWWHU��WKH�LQWHQVLW\�DQG�
IRU� WKDW� PDWWHU�� WKH� LQWHQVLW\� DQG� QXPEHU� RI�
IODZV�GXULQJ�PDFKLQLQJ� 
 
$1$/<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� FRPSXWHG� DYHUDJH� RI� WKH� IRXU�
PHDVXUHV� LV� WKH� PDLQ� HIIHFW� RI� WKH� IDFWRU�
�YDULDEOH���7KH�IRUPXODV�XVHG�IRU�WKH�FRPSXWD�
WLRQV�DUH�DV�OLVWHG�LQ�HTXDWLRQV���WKURXJK���� 
 
7KH�PDLQ�HIIHFW�RI�WKH�IHHG�UDWH�LV�  

 

{ })()(
4

1
75318642 RRRRRRRRE f +++-+++= ��� 
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4

1
65218743 RRRRRRRREv +++-+++= ��� 

7KH�PDLQ�HIIHFW�RI�WKH�FXWWLQJ�VSHHG�LV�� 
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�� %RDGX�HW�DO� 

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

 
3RLQWV 

&RGH 5HVLVWLYLW\��ȝȍP� 0DWHULDO�5HPRYDO�5DWH��PP��V� 

I Y G 5XQ�� 5XQ�� 0HDQ 5XQ�� 5XQ�� 0HDQ 

� - - - ������ ������ ǻȡ ������ ���� ���� 0 ������ 

� � - - ������ ������ ǻȡ ������ ����� ����� ��0 ������� 

� - � - ����� ����� ǻȡ ����� ����� ����� �0 ������ 

� � � - ������ ������ ǻȡ ������ ���� ���� 0 ����� 

� - - � ������ ������ ǻȡ ������ ����� ����� �0 ������ 

� � - � ������ ������ ǻȡ ������ ����� ����� ��0 ������� 
� - � � ������ ������ ǻȡ ������ ���� ���� 0 ����� 

� � � � ������ ������ ǻȡ ������ ����� ����� �0 ������ 

7DEOH����9DOXHV�IRU�WKH�FKDQJH�LQ�5HVLVWLYLW\��ǻȡ��DQG�0DWHULDO�5HPRYDO�5DWH��0��5HVSRQVHV 

 { })()(
4

1
43218765 RRRRRRRREd +++-+++= ��� 

7ZR�RU�PRUH�RI�WKH�YDULDEOHV�PD\�MRLQWO\�LQIOX�
HQFH� WKH� UHVSRQVHV�� 7KHVH� MRLQW� LQIOXHQFHV� DUH�
UHIHUUHG� WR� DV� LQWHUDFWLRQV�� 7KHVH� LQWHUDFWLRQV�
DUH�JLYHQ�DV�IROORZV� 
 
7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� IHHG� UDWH� DQG� WKH�
FXWWLQJ�VSHHG�LV�GHILQHG�DV� 

 
{ })()(

4

1
76328541 RRRRRRRRI fv +++-+++= ���� 

7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� IHHG� UDWH� DQG� WKH�
GHSWK�RI�FXW�LV�GHILQHG�DV� 

 
{ })()(

4

1
75428631 RRRRRRRRI fd +++-+++= ���� 

7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� FXWWLQJ� VSHHG� DQG�
WKH�GHSWK�RI�FXW�LV�GHILQHG�DV� 

 { })()(
4

1
65438721 RRRRRRRRIvd +++-+++= ���� 

7KH�PDLQ�HIIHFW�RI�WKH�GHSWK�RI�FXW�LV�� 7KH�WKUHH-IDFWRU�LQWHUDFWLRQ�LV�H[SUHVVHG�DV 

 
{ })()(

4

1
76418532 RRRRRRRRI fvd +++-+++= ���� 

7KH�PHDQ�RI�WKH�UXQV�LV�GHILQHG�DV� 
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ZKHUH�5L�DUH�WKH�UHVSRQVHV��UHVLVWLYLW\�DQG�PD�
WHULDO� UHPRYDO� UDWH���7KH�HVWLPDWHV� IRU� WKH� WZR�
UHVSRQVHV�DUH�VKRZQ�LQ�7DEOH���� 
 
: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�JHQXLQHO\�UHSOLFDW�
HG� DQG� WKH� QL� UHSOLFDWH� UXQV� PDGH� DW� WKH� L

WK� 

��V�� RI� IUHHGRP� �+XQWHU�� ������� WKH� HVWLPDWH� RI� 

VHW�\LHOG�DQ�HVWLPDWH��  2
is �KDYLQJ�YL� �QL�-��GHJUHH� 
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3UHGLFWLRQ�PRGHO�IRU�RSWLPL]DWLRQ�RI��IODZV�DQG�PDWHULDO�UHPRYDO�UDWH��� �� 

 

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

 
7HUP 

5HVLVWLYLW\ 0DWHULDO�5HPRYDO�5DWH 

(IIHFW &RHI 6(�&RHI 6WDWXV (IIHFW &RHI 6(�&RHI 6WDWXV 

&RQVWDQW   ���� ���� 5HDO   ������ ���� 5HDO 

I ��� ��� ���� 5HDO ����� ����� ���� 5HDO 

Y -���� -���� ���� 5HDO -����� -����� ���� 5HDO 

G ���� ���� ���� &KDQFH ����� ����� ���� 5HDO 

IY -���� -���� ���� 5HDO ���� ���� ���� 5HDO 

IG -���� -���� ���� 5HDO -����� -���� ���� 5HDO 

YG ���� ���� ���� 5HDO ����� ����� ���� 5HDO 

IYG -���� -���� ���� &KDQFH ������ ������ ���� 5HDO 

7DEOH����&RHIILFLHQW�RI�DQDO\VLV�IRU�WKH�WZR�UHVSRQVHV 

2 2 2 2
1 1 2 2 3 32

1 2 3

...

...
g g

g

v s v s v s v s
s

v v v v

+ + + +
=

+ + + +
��� 

: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 = ���� 

ZLWK� YL�  ��� ZKHUH� GL� LV� WKH� GLIIHUHQFH� EHWZHHQ�
WKH�GXSOLFDWH�REVHUYDWLRQV�IRU�WKH�LWK�VHW�RI�FRQ�
GLWLRQV��7KXV��HTXDWLRQ���ZLOO�\LHOG� 

 ( ) 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� 
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)( s
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effectV = ���� 

 )(effectVse = ���� 

',6&866,21�2)�5(68/76 
7KH�PDMRU� DQG� PRVW� LPSRUWDQW� SDUW� RI� WKH� UH�
VXOWV�LQ�WKH�VWXG\�DUH�WKH�HIIHFWV��7KH�WKUHH�PDLQ�
HIIHFWV��IHHG�UDWH��I��VSLQGOH�VSHHG��Y�DQG�GHSWK�
RI�FXW��G���WKH�WZR-IDFWRU�HIIHFW�EHLQJ�D�PHDVXUH 
RI�WKH�LQWHUDFWLRQV�RI�DQ\�WZR�YDULDEOHV�DQG�WKH�
WKUHH-IDFWRU�LQWHUDFWLRQ�HIIHFW��IHHG�UDWH��VSLQGOH�
VSHHG�DQG�GHSWK�RI�FXW�ZHUH�HVWLPDWHG�XVLQJ�WKH�
PHDQ�RI�WKH�UXQV��7DEOH���VXPPDUL]HV��WKH�ILQG�
LQJV� 
 
,GHQWLILFDWLRQ�RI�LPSRUWDQW�HIIHFWV 
7KH�REMHFWLYH�LV�WR�VHOHFW�IDFWRUV�WKDW�KDYH�ODUJH�
HIIHFWV�RQ� WKH�UHVSRQVHV�E\�FUHDWLQJ�D� IDFWRULDO�
GHVLJQ�DQG�FROOHFWLQJ�WKH�UHVSRQVH�GDWD�WR�ILW�D�
PRGHO�� 7KH� UHVSRQVH� GDWD� FROOHFWHG� LV� XVHG� WR�
JHQHUDWH�JUDSKV�WR�HYDOXDWH�WKH�HIIHFWV��7KH�XVH�
RI�WKH�RXWSXW�IURP�ILWWLQJ�D�PDWKHPDWLFDO�PRG�
HO��DQG�DOVR�WKH�XVH�RI�WKH�WZR�JUDSKLFDO�PHWK�
RGV�WR�KHOS�VHH�ZKLFK�IDFWRUV�DUH�LPSRUWDQW�IRU�
RSWLPL]LQJ� WKH� UHVLVWLYLW\� DQG� WKH� PDWHULDO� UH�
PRYDO�UDWH�GXULQJ�PDFKLQLQJ�SURFHVV��7KH�PDLQ�
HIIHFWV� �IHHG�� VSHHG� DQG� GHSWK� RI� FXW�� DQG� WKH�
LQWHUDFWLRQ� SORWV� ZHUH� JHQHUDWHG� IRU� ERWK� WKH�
UHVLVWLYLW\�DQG�WKH�PDWHULDO�UHPRYDO�UDWH�DQG�DUH�
SUHVHQWHG�LQ�)LJV����DQG���UHVSHFWLYHO\�� 
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%RDGX�HW�DO� �� 

 

)LJ�����0DLQ�HIIHFWV�SORW��IRU�FKDQJH�LQ�UHVLVWLYLW\��ǻȡ�� 

 

)LJ�����0DLQ�HIIHFWV�SORW��IRU�PDWHULDO�UHPRYDO�UDWH��0�� 

7KH� PDLQ� HIIHFW� SORW� VKRZV� WKH� GHJUHH� RI� DQ�
HIIHFW�DW� ORZ�DQG�KLJK� OHYHOV��7KH�UHVLVWLYLW\� LV�
ORZ� ��������ȝȍPP��ZKHQ� WKH� IHHG� UDWH� LV� ����
PP�UHY�� DQG� KLJK� �������� ȝȍPP�� ZKHQ� WKH�
IHHG� UDWH� LV� ���� PP�UHY�� 7KLV� LPSOLHV� WKDW� WKH�
UHVLVWLYLW\� LQFUHDVHV� ZLWK� LQFUHDVLQJ� IHHG�� 7KH�
UHVLVWLYLW\�LV�DOVR�ORZ���������ȝȍPP��ZKHQ�WKH� 

VSHHG� LV� ���� USP�� EXW� KLJK� �������� ȝȍPP��
ZKHQ� WKH� VSHHG� LV� ���� USP�� 7KLV� GHQRWHV� WKDW�
WKH� UHVLVWLYLW\� LQFUHDVHV�E\� UHGXFLQJ� WKH� VSHHG��
7KH�UHVLVWLYLW\�LV�ORZ���������ȝȍPP��ZKHQ�WKH�
GHSWK� RI� FXW� LV� �� PP� DQG� TXLHW� KLJK� ��������
ȝȍPP���ZKHQ�WKH�GHSWK�RI�FXW�LV���PP��6LPL�
ODUO\�� WKH� PDWHULDO� UHPRYDO� UDWH� �055�� LV� ORZ� 
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3UHGLFWLRQ�PRGHO�IRU�RSWLPL]DWLRQ�RI��IODZV�DQG�PDWHULDO�UHPRYDO�UDWH���� �� 

�����PP��PLQ��ZKHQ� WKH� IHHG� UDWH� LV� ����PP�
UHY�DQG�KLJK������PP��PLQ��ZKHQ�WKH�IHHG�UDWH�
LV� ����PP�UHY��7KLV� LPSOLHV� WKDW� WKH�055� LQ�
FUHDVHV� ZLWK� LQFUHDVLQJ� WKH� IHHG��7KH�055� LV�
DOVR�ORZ������PP��PLQ��ZKHQ�WKH�VSHHG�LV�����
USP�DQG�KLJK������PP��PLQ��ZKHQ�WKH�VSHHG�LV�
����USP��7KLV�GHQRWHV�WKDW� WKH�055�LQFUHDVHV�
E\�GHFUHDVLQJ�WKH�VSHHG��7KH�055�LV�ORZ������
PP��PLQ��ZKHQ� WKH�GHSWK�RI� FXW� LV� ��PP�DQG�
KLJK�����PP��PLQ��ZKHQ�WKH�GHSWK�RI�FXW� LV���
PP��7KLV�DOVR�GHQRWHV�WKDW� WKH�055�LQFUHDVHV�
DV�WKH�GHSWK�RI�FXW�LQFUHDVHV� 
 
)LJ����VKRZV�WKH�JUDSKLFDO� LOOXVWUDWLRQ�RI�LQWHU�
DFWLRQ� HIIHFWV� RI� WKH� FXWWLQJ� SDUDPHWHUV� RQ� UH- 
VLVWLYLW\�DQG�WKH�PDWHULDO�UHPRYDO�UDWH��7KH�SORW�
H[DPLQHV� WZR-ZD\� LQWHUDFWLRQV�� 7KH� SORW� DOVR�
DVVHVVHV� WKH� OLQHV� WR� FRPSUHKHQG� KRZ� LQWHUDF�
WLRQV� LQIOXHQFH� WKH� UHVSRQVH�� 7KH� GRWWHG� OLQHV�
UHSUHVHQW� ORZ� OHYHOV�DQG� WKH� VWUDLJKW� OLQHV� UHS�
UHVHQW�KLJK�OHYHOV�RI�WKH�LQGHSHQGHQW�YDULDEOHV�� 
 
7KH� IHHG-VSHHG� LQWHUDFWLRQ� LV� VLJQLILFDQW� DQG�
KDV� WKH� VWURQJHVW� VWUHQJWK� RI� LQWHUDFWLRQ� VLQFH�
WKH�OLQHV�JUHDWO\�GHSDUW�IURP�EHLQJ�SDUDOOHO��7KH�
IHHG-GHSWK�RI�FXW� LQWHUDFWLRQ� LV�DOVR�VLJQLILFDQW�
DQG�KDV�D�VWURQJHU�VWUHQJWK�RI��LQWHUDFWLRQ��7KH�
VSHHG-GHSWK� RI� FXW� LQWHUDFWLRQ� LV� VWDWLVWLFDOO\�

VLJQLILFDQW� VLQFH� LWV� OLQHV� DUH� QRW� SDUDOOHO� DQG�
WKXV��KDV�WKH�OHDVW�VWUHQJWK�RI�LQWHUDFWLRQ� 
 
)LJ����VKRZV�D�3DUHWR�FKDUW�RI�WKH�VWDQGDUGL]HG�
HIIHFWV�RI� IHHG�� VSHHG�DQG�GHSWK�RI�FXW�DW�����
FRQILGHQFH�OHYHO�Į�LV�WDNHQ�WR�EH�������7KH�3D�
UHWR�FKDUW�LV�DQRWKHU�KHOSIXO�WRRO�WR�DVFHUWDLQ�WKH�
VLJQLILFDQFH�RI�WKH�HIIHFWV��,W�XVHV�WKH�SKHQRPH�
QRQ�RI� WKH�QRUPDO�SORW�RI� VWDQGDUGL]HG�HIIHFWV��
7KH� HIIHFW� RU� IDFWRU� EHFRPHV� VLJQLILFDQW� LI� LW�
FURVVHV� WKH� UHIHUHQFH� OLQH�� 7KH� HIIHFW� EHFRPHV�
LQVLJQLILFDQW� LI� LW� GRHV� QRW� FURVV� WKH� UHIHUHQFH�
OLQH��)RU�WKH�UHVLVWLYLW\�� WKH�GHSWK�RI�FXW� LV�VLJ�
QLILFDQW�ZLWK� WKH� KLJKHVW� DEVROXWH� VWDQGDUGL]HG�
HIIHFW� RI� ������ DQG� IHHG-VSHHG� LQWHUDFWLRQ� LV�
VLJQLILFDQW� ZLWK� WKH� ORZHVW� DEVROXWH� VWDQGDUG�
L]HG�HIIHFW�RI�������VLQFH�ERWK�FURVVHV�WKH�UHIHU�
HQFH�OLQH�RI������ 
 
7KH� WKUHH� IDFWRU� LQWHUDFWLRQ� �IHHG-VSHHG-GHSWK�
RI� FXW�� LV� LQVLJQLILFDQW�ZLWK� DQ� DEVROXWH� VWDQG�
DUGL]HG�HIIHFW�RI�������DQG�WKDW�VKRZHG�WKH�OHDVW�
LQIOXHQFH�RQ�UHVLVWLYLW\��+RZHYHU��IRU�WKH�PDWH�
ULDO� UHPRYDO� UDWH�ERWK� WKH�PDLQ�HIIHFWV�DQG� WKH�
LQWHUDFWLRQV� DUH� KDYLQJ� VLJQLILFDQW� HIIHFWV�� WKH�
IHHG-VSHHG-GHSWK�LV�VLJQLILFDQW�ZLWK�WKH�KLJKHVW�
DEVROXWH�VWDQGDUGL]HG�HIIHFW�RI������DQG�VSHHG-
GHSWK� RI� FXW� LQWHUDFWLRQ� LV� VLJQLILFDQW� ZLWK� WKH� 

)LJ�����,QWHUDFWLRQ�SORW�IRU�FKDQJH�LQ�UHVLVWLYLW\��ǻȡ��DQG�PDWHULDO�UHPRYDO�UDWH��0� 
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ORZHVW�DEVROXWH�VWDQGDUGL]HG�HIIHFW�RI�����VLQFH�
ERWK�FURVVHV�WKH�UHIHUHQFH�OLQH�RI������ 
 
)LJ�� �� VKRZV� WKH� QRUPDO� SORW� RI� WKH� VWDQGDUG�
L]HG� HIIHFWV� RQ� UHVLVWLYLW\�� 7KH� QRUPDO� SORW�
VKRZV� WKH� VWDWLVWLFDO� VLJQLILFDQFH� DQG� GLUHFWLRQ� 

%RDGX�HW�DO� �� 

  

)LJ�����3DUHWR�FKDUW�RI�VWDQGDUGL]HG�HIIHFWV 

  

)LJ�����1RUP�SORW�RI�VWDQGDUGL]HG�HIIHFWV 

RI� WKH� PDLQ� DQG� LQWHUDFWLRQ� HIIHFWV� DV� ZHOO� DV�
WKHLU� SHUFHQWDJH� RQ� WKH� UHVSRQVH� YDULDEOH� DW�
����FRQILGHQFH�OHYHO�DQG�DW�Į� �������7KH�FORV�
HU� 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� 
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3UHGLFWLRQ�PRGHO�IRU�RSWLPL]DWLRQ�RI��IODZV�DQG�PDWHULDO�UHPRYDO�UDWH��� �� 

*HQHUDWLRQ� DQG� HYDOXDWLRQ� RI� SUHGLFWLRQ�
PRGHO 
$� IXOO� ��� PRGHO� FRQVLVW� RI� WKUHH�PDLQ� HIIHFWV��
WKUHH� WZR� IDFWRU� LQWHUDFWLRQV� DQG� RQH� WKUHH-
IDFWRU�LQWHUDFWLRQ��,W�LV�HDVLHU�WR�REWDLQ�UHVLGXDOV�
IURP�D����GHVLJQ�E\� ILWWLQJ�D� UHJUHVVLRQ�PRGHO�
WR� WKH� GDWD�� )RU� WKLV� H[SHULPHQW�� WKH� PRGHO� LV�
GHILQHG�DV�� 
 
5� �ȕ����ȕ��I���ȕ��Y��ȕ��G��ȕ���I�Y��ȕ��I�G��ȕ��YG�
��ȕ��IYG���������������������������������������������������������� 
 
ZKHUH 

LWV�HIIHFW�EHFRPHV��$Q\�IDFWRU�ZKLFK�OLHV�RQ�WKH�
UHIHUHQFH� OLQH� KDV� D� FRPSOHWHO\� LQVLJQLILFDQW�
HIIHFW� 
 
)RU� WKH� UHVLVWLYLW\�� WKH� HIIHFW� RI� IHHG�� GHSWK� RI�
FXW�DQG�WKH�VSHHG-GHSWK�LQWHUDFWLRQV�DUH�VLJQLIL�
FDQW�LQ� WKH�SRVLWLYH�GLUHFWLRQ�ZKLFK�PHDQV�WKDW�
WKH�WKUHH�HIIHFWV�LQFUHDVH�ZLWK�LQFUHDVLQJ�UHVLV�
WLYLW\�� 7KH� HIIHFW� RI� VSHHG�� IHHG-VSHHG� LQWHUDF�
WLRQ�DQG�IHHG-GHSWK�RI�FXW�LQWHUDFWLRQ�DUH�VWDWLV�
WLFDOO\� VLJQLILFDQW� LQ� WKH�QHJDWLYH�GLUHFWLRQ�DQG�
WKLV� VKRZV� WKDW�DV� WKHVH�HIIHFWV� LQFUHDVH�� UHVLV�
WLYLW\� GHFUHDVHV�� +RZHYHU�� WKH� WKUHH� IDFWRU� LQ�
WHUDFWLRQ� DUH� VWDWLVWLFDOO\� LQVLJQLILFDQW� VLQFH� LV�
FORVH�WR�WKH�UHIHUHQFH�OLQH� 
 
6LPLODUO\�� IRU� WKH� PDWHULDO� UHPRYDO� UDWH�� WKH� 
HIIHFW� RI� VSHHG�� DQG� IHHG-GHSWK� RI� FXW� LQWHUDF�
WLRQ� DUH� VWDWLVWLFDOO\� VLJQLILFDQW� LQ� WKH� QHJDWLYH� 
GLUHFWLRQ� DQG� WKLV� VKRZV� WKDW� DV� WKHVH� HIIHFWV�
LQFUHDVH�� WKH� PDWHULDO� UHPRYDO� UDWH� GHFUHDVHV��
7KH�UHPDLQLQJ�ILYH�HIIHFWV�DUH�VLJQLILFDQW�LQ�WKH�
SRVLWLYH� GLUHFWLRQ� ZKLFK� PHDQV� WKDW� WKHVH� HI�
IHFWV�LQFUHDVH�ZLWK�LQFUHDVLQJ�PDWHULDO�UHPRYDO�
UDWH� 
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7KH� VLJQLILFDQW� HIIHFWV� DQG� LQWHUDFWLRQV� ZHUH�
XVHG� WR� GHYHORS� WKH� HPSLULFDO� PRGHO� IRU� WKH�
UHVSRQVHV�ZLWK�WKH�XVH�RI�(TXDWLRQV����DQG����
DQG�7DEOH����7KXV�� WKH�PRGHOV� IRU� WKH� WZR� UH�
VSRQVHV�DUH 

)LJ�����5HVLGXDO�SORWV�IRU�FKDQJH�LQ�UHVLVWLYLW\��ǻȡ��DQG�PDWHULDO�UHPRYDO�UDWH��0� 
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$V� LOOXVWUDWHG� LQ�)LJ� ���� WKH� UHVLGXDO�HUURU�RQO\�
LQFUHDVHG� E\� D� VPDOO� DPRXQW� DQG� DOVR�� WKH� S-
YDOXH� IRU� HDFK� WHUP� LQ� WKH� PRGHO� LV� OHVV� WKDQ�
������ LQGLFDWLQJ� WKDW� WKH� WZR�PRGHOV� DUH� JRRG�
FDQGLGDWHV� IRU� IXUWKHU� H[SORUDWLRQ� DQG� YDOLGD�
WLRQ��$OVR��WKH�UHVLGXDOV�SORWV�ZHUH�VDWLVIDFWRU\��
DQG� VKRZHG� QR� FDXVH� IRU� FRQFHUQ�� 7KHUHIRUH��
WKH�PRGHOV�GHYHORSHG�DUH�FRQVLGHUDEO\�VLPSOHU�
DQG� ILW� WKH� GDWD� DOPRVW� DV� ZHOO� DV� WKH� PRGHOV�
ZLWK�DOO�WHUPV� 
 
2SWLPL]DWLRQ�RI�WKH�0RGHO� 
7KH�RSWLPL]DWLRQ�SORWV�ZHUH�JHQHUDWHG�DQG� WKH�
UHVXOWV�DUH�LOOXVWUDWHG�LQ�)LJ���� 
 
)URP� WKH� SORW�� LW� FDQ� EH� VHHQ� WKDW� WKH� RSWLPDO� 

�%RDGX�HW�DO� �� 

ǻȡ� ����������I�-������Y��������G�-�������IY�–
�����IG���������YG����������IYG���������������������� 
 
 
0� � -����������������� I�������Y���������G�–
�����IY�–�������IG�-������YG��������IYG������������ 
 
7KH�PRGHOV�ZHUH�HYDOXDWHG�E\�JHQHUDWLQJ�SORWV�
WR� YLVXDOL]H� WKH� HIIHFWV�� HYDOXDWH� WKH� ILW� RI� WKH�
UHGXFHG�PRGHO��DQG�DOVR�GR�D�UHVLGXDO�DQDO\VLV��
$�JRRG�VWDQGDUG�E\�ZKLFK�WR�HYDOXDWH�WKH�PRG�
HO� LV� WR� ORRN� DW� S-YDOXHV�� 7KH� ILWWHG� YDOXHV� DUH�
WKH�UHVXOWV�SUHGLFWHG�E\�WKH�PRGHO�DQG�WKH�UHVLG�
XDOV� DUH� WKH� DFWXDO� YDOXHV� PLQXV� WKH� SUHGLFWHG�
YDOXHV�� 7KH� UHVXOWV� REWDLQHG� DUH� SUHVHQWHG� LQ�
)LJ���� 

)LJ�����2SWLPL]DWLRQ�SORWV�RI�FKDQJH�LQ�5HVLVWLYLW\��ǻȡ��DQG�0DWHULDO�UHPRYDO�UDWH�
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3UHGLFWLRQ�PRGHO�IRU�RSWLPL]DWLRQ�RI��IODZV�DQG�PDWHULDO�UHPRYDO�UDWH��� �� 

FXWWLQJ� FRQGLWLRQV� IRU� UHVLVWLYLW\� DUH� LQGLFDWHG�
LQ�EUDFNHW�ZLWK�WKH�YDOXHV�RI�����PP�UHY�IRU�WKH�
IHHG�UDWH������USP�IRU�WKH�VSHHG�DQG���PP�IRU�
GHSWK� RI� FXW� SURGXFLQJ� D� PLQLPXP� YDOXH� RI�
������ȝȍPP�UHVLVWLYLW\��6LPLODUO\��IRU�WKH�PD�
WHULDO� UHPRYDO� UDWH�� WKH� RSWLPDO� FXWWLQJ� FRQGL�
WLRQV�DUH�����PP�UHY�IRU�WKH�IHHG�UDWH������USP�
IRU� WKH� VSHHG� DQG� ��PP� IRU� GHSWK� RI� FXW� SUR�
GXFLQJ�D�PLQLPXP�YDOXH�RI�������PP�V-��PD�
WHULDO�UHPRYDO�UDWH� 
 
&21&/86,216 
7KH�VWXG\�LV�WR�LQYHVWLJDWH�WKH�DPRXQW�RI�IODZV�
LQGXFHG�DQG�RU�SURSDJDWHG��WKH�PDWHULDO�UHPRY�
DO�UDWH�DQG�WKH�HIIHFWV�RI�FXWWLQJ�SDUDPHWHUV�RQ�
WKHVH� UHVSRQVHV� GXULQJ� PDFKLQLQJ� RI� VKDIW��
'XULQJ�WKH�H[SHULPHQWV�ǻȡ�ZDV�SRVLWLYH��WKHUH�
IRUH� WKH� IODZ� LQWHQVLW\� LQFUHDVHG� DV� D� UHVXOW� RI�
PDFKLQLQJ���,W�LV�FRQFOXGHG�WKDW��IODZ�GHYHORS�
PHQW�DQG�RU�SURSDJDWLRQ��DQG�PDWHULDO�UHPRYDO�
UDWH�GXULQJ�PDFKLQLQJ�RI�D�VKDIW�LQ�*KDQD�0DQ�
XIDFWXULQJ� LQGXVWULHV�FDQ�EH�PRGHOHG�DQG�RSWL�
PL]HG�� 7KH� SUHGLFWHG� PRGHO� REWDLQHG� IRU� WKH�
UHVLVWLYLW\�DQG�WKH�PDWHULDO�UHPRYDO�UDWH�DUH� 
 
ǻȡ� ����������I�-������Y��������G�-�������IY�–
����� IG� �� ������YG� �� ������� IYG� DQG� 
0� �-����������������� I�������Y���������G�–
�����IY�–��������IG�-������YG��������IYG��UHVSHF�
WLYHO\�� )LQDOO\�� WKH� RSWLPDO� FXWWLQJ� FRQGLWLRQV�
IRU�UHVLVWLYLW\�DUH�DW�ORZHU�IHHG������PP�UHY���DW�
KLJKHU� VSHHG� ����� USP�� DQG� DW� ORZHU� GHSWK� RI�
FXW� ��� PP�� SURGXFLQJ� D� PLQLPXP� YDOXH� RI�
������ȝȍ�PP�UHVLVWLYLW\�DQG�PDWHULDO� UHPRYDO�
UDWH�� DUH� DW� ORZHU� IHHG� UDWH� ����� PP�UHY��� DW�
KLJKHU�VSHHG������USP��DQG�KLJKHU�GHSWK�RI�FXW�
���PP�� SURGXFLQJ� D�PLQLPXP� YDOXH� RI� ������
PP�V-�� PDWHULDO� UHPRYDO� UDWH�� ,W� FDQ� WKHUHIRUH�
EH�UHFRPPHQGHG�WKDW�D�IHGHUDWH�RI�����PP�UHY��
DW� D� VSHHG�RI����� UPS�DQG�D�GHSWK�RI�FXW�RI���
PP�� ZKLFK� ZLOO� JLYH� WKH� PLQLPXP� IODZV� LQ�
GXFHG� GXULQJ� PDFKLQLQJ�� EH� XVHG� 
 
5()(5(1&(6 
$QWRQ\��-��DQG�&DSRQ��1���������7HDFKLQJ�([�
SHULPHQWDO� 'HVLJQ� 7HFKQLTXHV� WR� ,QGXVWULDO�
(QJLQHHUV��,QWHUQDWLRQDO�-RXUQDO�RI�(QJLQHHU�
LQJ�(GXFDWLRQ��7HPSXV�3XEOLFDWLRQV����������
���-��� 

 
$]RP�� "� ��������$,6,������/RZ�&DUERQ�/RZ�
7HQVLOH� 6WHHO�� 6RXUFH�� 85/�� KWWSV���ZZZ� 

D]RP�FRP�DUWLFOH�DVS["$UWLFOH,' ���� 
� 

%HQDFKRXU�� 0��� %HQDFKRXU�� 1�� DQG�
%HQJXHGLDE��0�� �������� ³(IIHFW� RI�0DFKLQ�
LQJ�0RGH�RI�1RWFK�RQ�)DWLJXH�&UDFN�*URZWK�
DQG�)UDFWXUHG�6XUIDFHV´��,QWHUQDWLRQDO�-RXU�
QDO� RI� 0DWHULDOV� &KHPLVWU\� DQG� 3K\VLFV�� ��
��������-��� 

 
%RJGDQRY�� *��� /XGZLJ�� 5�� DQG�0LFKDOVRQ�� 5��
:�� �������� $� QHZ� DSSDUDWXV� IRU� QRQ-
GHVWUXFWLYH�HYDOXDWLRQ�RI� JUHHQ-VWDWH�SRZGHU�
PHWDO� FRPSDFWV� XVLQJ� WKH� HOHFWULFDO-
UHVLVWLYLW\�PHWKRG��0HDVXUHPHQW�6FLHQFH�DQG�
7HFKQRORJ\���������–��� 

 
H)XQGD� �������� ZZZ�HIXQGD�FRP�PDWHULDOV�
DOOR\V�FDUERQBVWHHOV�VKRZBFDUERQ�FIP"
LG DLVLB����	SURS DOO	SDJHBWLWOH DLVL�
������� �DFFHVVHG�� 0D\� ���� ����� 

 
,NHGD�� .��� <RVKLPL�� 0�� DQG� 0LNL�� &�� ��������
(OHFWULF�SRWHQWLDO�GURS�PHWKRG�IRU�HYDOXDWLQJ�
FUDFN� GHSWK�� ,QWHUQDWLRQDO� -RXUQDO� RI� )UDF�
WXUH��������–�� 

 
.DOSDNMLDQ�� 6�� �������� 0DQXIDFWXULQJ� (QJL�
QHHULQJ�DQG�7HFKQRORJ\��)LIWK�(GLWLRQ��3UHQ�
WLFH�+DOO�3XEOLVKLQJ�&R� 

 
.RQHþQê�� 3��� 9HVHOê�� 9��� /HKQHU�� 3��� 3LHV]ND��
'�� DQG� ätGHN�� /�� �������� ,QYHVWLJDWLRQ� RI�
VHOHFWHG�SK\VLFDO�SDUDPHWHUV�RI�FHPHQWLWLRXV�
FRPSRVLWH� GXULQJ� VHTXHQWLDO� IUDFWXUH� WHVW��
$GYDQFHG�0DWHULDOV�5HVHDUFK����������–����
GRL���������ZZZ�VFLHQWLILF�QHW�
$05��������� 

 
/XGZLJ�� 5��� 0DNDURY�� 6� DQG� $SHOLDQ�� '��
�������� 7KHRUHWLFDO� DQG� SUDFWLFDO� LQYHVWLJD�
WLRQV� RI� HOHFWULF� UHVLVWLYLW\� WHVWLQJ� RI� JUHHQ-
VWDWH� 3�0� FRPSDFWV�� -RXUQDO� RI�1RQGHVWUXF�
WLYH�(YDOXDWLRQ��������–�� 

 
0RXUDG��$��,��DQG�$ODGGLQ���$����������³(IIHFW�
RI� 0DFKLQLQJ� 3URFHVV� RQ� 6WDEOH� &UDFN�
*URZWK´�� $60(� 3UHVVXUH� 9HVVHOV� DQG� 3LS�
LQJ�&RQIHUHQFH��9RO����3DSHU�1R��393����-
�������SS�����-��� 

 
1\EHUJ��&����������³8QGHUVWDQGLQJ�IDFWRUV�WKDW 
FDXVH� VKDIW� IDLOXUHV´�� 3XPSV� DQG� 6\VWHPV��� 
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SXEOLVKHG� E\� WKH�&DKDED�0HGLD�*URXS��%LU�
PLQJKDP��8. 
 

,KDUD�5��.DWVX\DPD��-���2QL]DZD��.��+DVLPRWR��
7��� 0LNDPL�� <�� DQG� 0RFKL]XNL�� 0�� ��������
³3UHGLFWLRQ� RI� UHVLGXDO� VWUHVV� GLVWULEXWLRQV�
GXH� WR� VXUIDFH� PDFKLQLQJ� DQG� ZHOGLQJ� DQG�
FUDFN�JURZWK�VLPXODWLRQ�XQGHU�UHVLGXDO�VWUHVV�
GLVWULEXWLRQ´�� 1XFOHDU� (QJLQHHULQJ� DQG� 'H�
VLJQ���������������–����� 

 
6KHQ��;�DQG�/HL��6�����������³'LVWLQFW�(OHPHQW�
6LPXODWLRQ� RI� /DVHU� $VVLVWHG� 0DFKLQLQJ� RI�
6LOLFRQ�1LWULGH�&HUDPLFV��6XUIDFH�6XEVXUIDFH�
&UDFNV� DQG� 'DPDJH´�� $60(� ,QWHUQDWLRQDO�
0HFKDQLFDO�(QJLQHHULQJ�&RQJUHVV�DQG�([SR�
VLWLRQ�� 3DSHU� 1R�� ,0(&(����-�������
SS�����-���� 

 
6LOYD��)�6����������³$QDO\VLV�RI�9HKLFOH�&UDQN�
VKDIW�)DLOXUH´��(QJLQHHULQJ�)DLOXUH�$QDO\VLV��� 

 

%RDGX�HW�DO� �� 

�������-���� 
 

7DSDQ\��8����������³0DFKLQLQJ�RI�0HWDOV�6XE�
MHFWV� RI� ,QWHUHVW� SSV�´�� /HFWXUH� DW� 6XUDQDUHH�
8QLYHUVLW\�RI�7HFKQRORJ\��SS���-�� 

 
9HVHOê��9���.RQHþQê��3���/HKQHU��3���3DĜHQLFD��
3���+XUWD��-��DQG�ätGHN��/�������D���,QYHVWLJD�
WLRQ� RI� IUDFWXUH� DQG� HOHFWULFDO� UHVLVWLYLW\� SD�
UDPHWHUV� RI� FHPHQWLWLRXV� FRPSRVLWH� IRU� WKHLU�
XWLOL]DWLRQ�LQ�GHWHULRUDWLRQ�PRGHOV��.H\�(QJL�
QHHULQJ� 0DWHULDOV�� ���–����� ���–�����
GRL���������ZZZ�VFLHQWLILF�QHW�.(0����-
�������� 

 
9HVHOê� �9��� .RQHþQê�� 3��� /HKQHU�� 3��� 3LHV]ND��
'��DQG�ätGHN��/�������E���(OHFWULFDO�UHVLVWLYL�
W\� DQG� XOWUDVRQLF� PHDVXUHPHQWV� GXULQJ� VH�
TXHQWLDO�IUDFWXUH�WHVW�RI�FHPHQWLWLRXV�FRPSR�
VLWH��)UDWWXUD�HG�,QWHJULWj�6WUXWWXUDOH���������-
��� 


