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$EVWUDFW

0HDVXULQJ� WKH� WKLFNQHVV�RI�D�ZLUH�XVLQJ�D�PLFURPHWHU� LV�VLPSOH��EXW� WH[WLOH�ZRUNHUV�FDQQRW�XVH� WKH
VDPH�WHFKQLTXH��7KH�FXUUHQW�UHSRUW�GHVFULEHV�D�SRVVLEOH�PHWKRG�RI�PHDVXULQJ�\DUQ�WKLFNQHVV�XQGHU
ODWHUDO� IRUFH�XVLQJ�D� UDQJH�RI� ORDGV��7KH�HIIHFW�RI� WZLVW�RQ� WKLFNQHVV�DQG�FRPSUHVVLELOLW\�RI�\DUQV� LV
VWXGLHG�

.H\�ZRUGV��\DUQ�WKLFNQHVV��\DUQ�GLDPHWHU��WKLFNQHVV�WHVWHU��HOHFWUR�PHFKDQLFDO�WKLFNQHVV�WHVWHU

,QWURGXFWLRQ

0HDVXULQJ�\DUQ�WKLFNQHVV�DQG�FRPSUHVVLELOLW\�DQG�WKHLU�HIIHFW�RQ�IDEULF�TXDOLW\�LV�LPSRUWDQW�WR�ERWK�WKH
IDEULF� GHVLJQHU� DQG� WKH� WH[WLOH� WHFKQRORJLVW�� 2[HQKDP� >��@� KDV� UHSRUWHG� WKDW� WKH� GLPHQVLRQDO� DQG
PHFKDQLFDO�FKDUDFWHULVWLFV�RI� IDEULFV�DUH�GHSHQGHQW�RQ�IDEULF�WKLFNQHVV�� WKUHDG�VSDFLQJ�RI�ZDUS�DQG
ZHIW� LQ�ZRYHQ�IDEULFV��FRXUVHV�DQG�ZDOHV�SHU�XQLW� OHQJWK�DQG�VWLWFK� OHQJWK� LQ�NQLWWHG�JRRGV��DQG� WKH
SURSHUWLHV�RI�WKH�\DUQV�IURP�ZKLFK�WKH�IDEULFV�DUH�PDGH��+H�DQG�%DVHU�>�@�KDYH�PHQWLRQHG�WKDW�DPRQJ
WKH�\DUQ�SURSHUWLHV�RI�JUHDW�LPSRUWDQFH�DUH�SDUDPHWHUV�VXFK�DV�IOH[XUDO�DQG�WRUVLRQDO�ULJLGLW\��ERWK�RI
ZKLFK� DUH� LQIOXHQFHG� WR� VRPH� H[WHQW� E\� \DUQ� GLDPHWHU� DQG� WZLVW�� $OVR�� WKH� \DUQ� GLDPHWHU� DQG� LWV
FRPSUHVVLRQ�LPSRVH�FHUWDLQ�JHRPHWULFDO�UHVWULFWLRQV�RQ�WKH�VWUXFWXUH�ZKLFK�LQIOXHQFH�LWV�GLPHQVLRQDO
DQG�PHFKDQLFDO�SURSHUWLHV�

7KHUH� DUH� PDQ\� GLIIHUHQW� PHWKRGV� IRU� PHDVXULQJ� \DUQ� WKLFNQHVV� DQG� \DUQ� FRPSUHVVLRQ�� 7KHVH
PHWKRGV�KDYH�XQGHUJRQH�FRQVLGHUDEOH�FKDQJH�DQG�GHYHORSPHQW�RYHU� WKH�\HDUV��+RZHYHU��QRQH�RI
WKHP�KDV�EHHQ�DFFHSWHG�DV�D�VWDQGDUG�PHWKRG��$�W\SLFDO�FODVVLILFDWLRQ�RI�WKH�PHWKRGV�LV�DV�IROORZV���,�
PHDVXULQJ�\DUQ�GLDPHWHU�YLD�PDVV�DQG�OHQJWK���,,��PHDVXULQJ�\DUQ�GLDPHWHU�XVLQJ�RSWLFDO�PHWKRGV�DQG
�,,,��PHDVXULQJ�\DUQ�GLDPHWHU�E\�HPSOR\LQJ�PHFKDQLFDO�PHWKRGV�

7KH�ILUVW�WZR�PHWKRGV�DUH�EDVLFDOO\�IRU�PHDVXULQJ�WKH�\DUQ�GLDPHWHU�IUHH�IURP�DQ\�IRUFHV��L�H��IUHH�IURP
ODWHUDO�IRUFHV�LQ�D�QRQ�FRPSUHVVHG�VWDWH��7KHUH�LV�XVXDOO\�RQO\�D�VPDOO�ORQJLWXGLQDO�IRUFH��WHQVLRQ��RQ
WKH�\DUQ�WR�NHHS�LW�VWUDLJKW��0HDVXULQJ�WKH�\DUQ�WKLFNQHVV�YLD�D�PHFKDQLFDO�PHDVXULQJ�KHDG�LQYROYHV
WUDYHOOLQJ� WKH�\DUQ�EHWZHHQ�VXLWDEOH� IHHOHUV�� RQH�RI�ZKLFK� LV� IL[HG�ZKLOH� WKH�RWKHU� FDQ�EH�GLVSODFHG
IUHHO\��7KH� UHODWLYH�GLVSODFHPHQW�RI� WKH�PRYDEOH� HOHPHQW� LV�PDJQLILHG� WR� JLYH�D� FOHDU� WUDFH�RI� \DUQ
GLDPHWHU��ZKLFK�HQDEOHV�TXDQWLWDWLYH�HVWLPDWHV�RI�WKH�GLDPHWHU�WR�EH�PDGH�

7KHUH�DUH�VHYHUDO�PHWKRGV�E\�ZKLFK�\DUQ�WKLFNQHVV�FDQ�EH�PHDVXUHG�PHFKDQLFDOO\��)UHQ]HO�>�@�XVHG
D�URWDWLQJ�GUXP�DQG�IHHOHU��LQ�ZKLFK�WKH�\DUQ�WKLFNQHVV�ZDV�PHDVXUHG�E\�SDVVLQJ�WKH�\DUQ�DURXQG�WKH
GUXP
V�FLUFXPIHUHQFH�ZLWK�WKH�IHHOHU�SUHVVHG�YHU\�JHQWO\�DJDLQVW�WKH�\DUQ��7KH�DSSOLFDWLRQ�RI�VKRHV�RU
WZR� IODW�IDFHG� VHJPHQWV� IRU� PHDVXUHPHQW� RI� \DUQ� LUUHJXODULW\� LQ� FRQWLQXRXV� IRUP� LV� ZHOO� NQRZQ�
$QGHUVRQ� HW� DO�� >�@� DQG� 2[OH\� >��@� XVHG� D� GHYLFH� WR� PHDVXUH� WKH� WKLFNQHVV� RI� \DUQ� FRPSUHVVHG
EHWZHHQ�WZR�VWHHO�VKRHV�E\�GUDZLQJ�WKH�\DUQ�EHWZHHQ�D�IL[HG�IODW�DQG�D�F\OLQGULFDO�VKRH��&DYDQH\�HW
DO�� >�@�PRGLILHG�$QGHUVRQ
V�GHYLFH�� LQ�SODFH�RI�RQH�SDLU�RI�VKRHV��WKUHH�SDLUV�ZHUH�XVHG��ZKLFK�ZHUH
VHSDUDWHO\� PRXQWHG� RQ� LQGHSHQGHQWO\� PRYLQJ� DUPV�� 8VLQJ� WKUHH� VKRHV� HQDEOHG� &DYDQH\� DQG� KLV
FROOHDJXHV� WR� HYDOXDWH� WKH� DYHUDJH� WKLFNQHVV� RI� KDOI�LQFK� VDPSOHV� HDFK� WLPH� WKH� GHYLFH� ZDV
HPSOR\HG�

������������������������

3UHVHQW�DGGUHVV��'HSDUWPHQW�RI�7H[WLOH�	�$SSDUHO�0DQDJHPHQW��&ROOHJH�RI�7H[WLOHV�
1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\��5DOHLJK��1RUWK�&DUROLQD��86$
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$QGHUVRQ� 	� 6HWWOH� >����@� PHDVXUHG� WKH� WKLFNQHVV� RI� ���� FP� VDPSOH� OHQJWKV� RI� \DUQ� FRPSUHVVHG
EHWZHHQ� WZR�SDUDOOHO�VWHHO�SODWHV� �DQYLO�DQG�SUHVVHU� IRRW���7KH�DQYLO�ZDV� IL[HG��DQG� WKH�SUHVVHU� IRRW
ZDV�PRXQWHG�DW�WKH�HQG�RI�DQ�DUP�VXSSRUWHG�E\�WZR�VWHHO�QHHGOHV��7KH�DUP�RVFLOODWHG�YHUWLFDOO\��DQG
PHDVXUHG� WKH� GLDPHWHU� RI� WKH� \DUQ�� ZKLFK� LV� WKH� VHSDUDWLRQ� EHWZHHQ� WKH� WZR� SODWHV�� %DVHU� >�@
PHDVXUHG� WKH� \DUQ� WKLFNQHVV� E\� FRPSUHVVLQJ� WKH� \DUQ� VDPSOH� �IL[HG� RQ� WKH� \DUQ� VDPSOH� KROGHU�
EHWZHHQ�WZR�JODVV�SODWHV��7KH�ORDG�ZDV�DSSOLHG�YLD�D�FRXQWHU�ZHLJKW�PHWKRG�XVLQJ�D�VFUHZ�WKUHDG�
DQG�WKH�PDMRU�D[LV�RI�WKH�\DUQ�ZDV�REWDLQHG�E\�XVLQJ�D�WUDYHOOLQJ�PLFURVFRSH�

2[WRE\
V� >��@� LQVWUXPHQW� ZDV� EDVHG� RQ� WKDW� RI� $QGHUVRQ� 	� 6HWWOH� >�@� ZLWK� VRPH� LPSURYHPHQW�
2[HQKDP�>��@�PDGH�D�IXUWKHU�LPSURYHPHQW�WR�2[WRE\
V�DSSDUDWXV�E\�FRQYHUWLQJ�WKH�PDQXDO�PHWKRG�RI
UDLVLQJ�DQG�ORZHULQJ�WKH�ORDG�OHYHU�ZKLFK�FDUULHV�WKH�VDGGOH�WR�DQ�DXWRPDWLF�SURFHVV�E\�HPSOR\LQJ�D
PRWRU�DQG�JHDUER[�

7KH� WRQJXH�DQG�JURRYH�RU�JURRYHG�SOXQJHU� WHFKQLTXH�KDV�EHHQ�XVHG� IRU� WKH�SXUSRVH�RI�PHDVXULQJ
WKLFNQHVV��EXW�WKLV�KDV�JHQHUDOO\�EHHQ�UHVWULFWHG�WR�DVVHVVPHQW�RI�WKH�UHJXODULW\�RI�VOLYHUV�DQG�URYLQJ
E\�PHDVXULQJ�WKHLU�WKLFNQHVV�YDULDWLRQ�XQGHU�ORDG�>��������@�

$IWHU� D� EXONLQJ� SURFHVV� IRU� ZRUVWHG� \DUQV� >���@�� WKH� FRUH� WKLFNQHVV� RI� WKH� \DUQV� �RULJLQDO� DQG� EXON�
WUHDWHG�ZRUVWHG�\DUQ��ZDV�PHDVXUHG�XQGHU�]HUR� ODWHUDO� IRUFH�E\�XVLQJ�DQ�RSWLFDO�PHWKRG��+RZHYHU�
VLQFH�WKH�RSWLFDO�PHWKRG�FDQQRW�SURYLGH�LQIRUPDWLRQ�DERXW�WKH�FRPSUHVVLRQ�EHKDYLRXU�RI�\DUQV��LW�ZDV
GHFLGHG�WR�GHVLJQ�DQG�FRQVWUXFW�DQ�HOHFWUR�PHFKDQLFDO�\DUQ�WKLFNQHVV�WHVWHU��ZKLFK�LV�WKH�VXEMHFW�RI
WKLV�SDSHU�

3ULQFLSOH�RI�WKH�H[SHULPHQWDO�GHYLFH

$IWHU� EHLQJ� GHSRVLWHG� RQ� D� \DUQ� DFFXPXODWRU�� WKH� \DUQ� LV� GUDZQ� EHWZHHQ� WZR� YHUWLFDOO\� PRXQWHG
PHDVXULQJ� UROOHUV�DQG�D�SDLU�RI� WDNH�XS� UROOHUV��7KH�ERWWRP��JURRYHG��PHDVXULQJ� UROOHU�KDV�DQ� LQQHU
JURRYH�ZLGWK�RI����PP�DQG�URWDWHV�DERXW�D�IL[HG�KRUL]RQWDO�D[LV��7KH�ERWWRP�WDNH�XS�UROOHU�DOVR�URWDWHV
DERXW�D�IL[HG�KRUL]RQWDO�D[LV��DQG�WKHVH�WZR�UROOHUV��ERWWRP�PHDVXULQJ�DQG�ERWWRP�WDNH�XS�UROOHUV��DUH
FRQQHFWHG�WRJHWKHU�YLD�D�WLPLQJ�EHOW�IRU�WUDQVIHUULQJ�PRWLRQ�IURP�WKH�WDNH�XS�WR�WKH�PHDVXULQJ�UROOHU��,Q
WKLV�ZD\�WKH�VXUIDFH�VSHHGV�RI�WKH�WZR�UROOHUV�DUH�NHSW�HTXDO��7KH�WRS�WDNH�XS�UROOHU�LV�VSULQJORDGHG�
DQG�LV�WKHUHIRUH�QHJDWLYHO\�GULYHQ�

��)LJXUH����(OHFWUR�0HFKDQLFDO�<DUQ�7KLFNQHVV�7HVWHU�

$�VWHSSHU�PRWRU�ZDV�IRXQG�WR�EH�D�VXLWDEOH�PHWKRG�IRU�SURGXFLQJ�URWDWRU\�PRWLRQ�RI�WKH�WDNH�XS�UROOHU�
7KH�VWHSSHU�PRWRU�FDQ�EH�SUHFLVHO\�FRQWUROOHG��DV�LW�PRYHV�LQ�D�GHILQLWH�VWHS�LQ�D�VSHFLILF�GLUHFWLRQ�RQ
DSSOLFDWLRQ�RI�DQ�HOHFWURQLF�SXOVH��7KH�PRWRU�FKRVHQ�KDV�D�VWHS�DQJOH�RI���� R��ZKLFK�PHDQV� WKDW� LW
PDNHV�RQH�UHYROXWLRQ�LQ�����VWHSV��7KH�WRS�PHDVXULQJ��WRQJXHG��UROOHU�LV�VXSSRUWHG�E\�DQ�DUP�ZKLFK
LV�IL[HG�WR�D�EDODQFH�OHYHU��7KH�ODWWHU�KDV�LWV�IXOFUXP�DW�LWV�VXSSRUW�DQG�LV�IUHH�WR�RVFLOODWH�YHUWLFDOO\��7KH
OHQJWK�RI�WKH�EDODQFH�OHYHU�ZDV�FKRVHQ�VR�DV�WR�JLYH�VXIILFLHQW�PDJQLILFDWLRQ�WR�WKH�\DUQ�WKLFNQHVV�DQG
LWV� YDULDWLRQ�� $W� RQH� HQG� RI� WKH� EDODQFH� OHYHU� WKH� PHDVXULQJ� GHYLFH�� D� OLQHDU� YDULDEOH� GLIIHUHQWLDO
WUDQVIRUPHU� �/9'7��� LV� SODFHG�� 7KH� /9'7� FRUH� LV� IUHH� RI� ORDG�� L�H�� WKHUH� LV� QR� ORDGLQJ�PHFKDQLVP
DFWLQJ�RQ�WKH�FRUH�DSDUW� IURP�LWV�RZQ�ZHLJKW�� WKH� ODWWHU��EHLQJ�FRQVWDQW��FDQ�EH�EDODQFHG�RXW�RQ�WKH
PHDVXULQJ�VFDOH��VR�WKDW�HYHU\�GLVSODFHPHQW�RI�WKH�OHYHU�FDXVHG�E\�YDULDWLRQ�LQ�\DUQ�WKLFNQHVV�FDQ�EH
GHWHFWHG��7KH�FRXQWHUZHLJKW��ZKLFK�LV�SRVLWLRQHG�DW�WKH�RWKHU�HQG�RI�WKH�EDODQFH�OHYHU��FDQ�EH�PRYHG
IRUZDUGV� DQG� EDFNZDUGV� RQ� D� VFUHZ�� 7KH� FRXQWHU�ZHLJKW� LV�PRYHG� WR� DGMXVW� WKH� GLVWDQFH� EHWZHHQ
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WRQJXH�DQG�JURRYH� UROOHU�QLS�DFFRUGLQJ� WR� WKH�\DUQ� WKLFNQHVV�� ,W� LV�DOVR�XVHG� WR�FRPSHQVDWH� IRU� WKH
ZHLJKW�RI�WKH�WRQJXHG�UROOHU�DQG�LWV�VXSSRUW�DQG�WKH�ZHLJKW�RI�WKH�/9'7�FRUH��,Q�RUGHU�WR�UHGXFH�WKH
WHQVLRQ�YDULDWLRQ� LQ� WKH�\DUQ�GXULQJ� WKH�PHDVXUHPHQW��DQ�HOHFWULFDOO\� FRQWUROOHG� \DUQ�DFFXPXODWRU� LV
XVHG�� 7KLV� GHYLFH� ZRUNV� LQGHSHQGHQWO\�� DOZD\V� FDUU\LQJ� D� IL[HG� DPRXQW� RI� \DUQ�� $Q� ,%0� SHUVRQDO
FRPSXWHU� ZDV� XVHG� WR� GULYH� WKH� VWHSSHU� PRWRU� DW� WKH� GHVLUHG� VSHHG�� ,W� LV� DOVR� XVHG� WR� UHFHLYH
HOHFWURQLF�VLJQDOV�ZKLFK�DUH�SURSRUWLRQDO�WR�WKH�WKLFNQHVV�RI�WKH�\DUQ�VSHFLPHQ�XQGHU�WKH�WHVW�

7KH�HIIHFW�RI�ORDG�RQ�\DUQ�WKLFNQHVV

,W�KDV�EHHQ�VXJJHVWHG�>����@�WKDW�WKH� ORDG�DSSOLHG�GXULQJ�WHVWLQJ�RI�\DUQ�FRPSUHVVLRQ�DQG�WKLFNQHVV
VKRXOG�EH�UHODWHG�WR�WKH�ORDG�H[SHFWHG�WR�EH�HQFRXQWHUHG�LQ�XVH��7KLV�ODWWHU�ORDG�LV�RIWHQ�LQGHWHUPLQDWH
>�@��DQG�WKH�VWDQGDUGV�VXJJHVWHG�GHSHQG�WR�D�ODUJH�H[WHQW�RQ�WKH�MXGJHPHQW�RI�WKH�LQYHVWLJDWRU��7KH
FKRLFH�LV�DOVR�RIWHQ�JRYHUQHG�E\�WKH�PHDVXULQJ�LQVWUXPHQW�DYDLODEOH�

$IWHU� WKH� FDOLEUDWLRQ� RI� WKH�(OHFWUR�0HFKDQLFDO� WKLFNQHVV� WHVWHU�� VHYHUDO� VSXQ� \DUQV�ZHUH� WHVWHG�� ,Q
RUGHU�WR�DVVHVV�WKHLU�FRPSUHVVLRQDO�FKDUDFWHULVWLFV��WKH�\DUQ�WKLFNQHVV�ZDV�PHDVXUHG�XQGHU�GLIIHUHQW
ORDGV��7KH�ORDGV�XVHG�UDQJHG�IURP�����WR����JUDPV��)LJ����LOOXVWUDWHV�D�W\SLFDO�UHVXOW�RI�WKH�WKLFNQHVV
WHVWV�RQ�D�ULQJ�VSXQ�\DUQ�ZLWK�����WSP�

7KH� UHVXOWV�H[KLELW� WKH�H[SHFWHG� WUHQG�ZKHQ�PHDVXULQJ�\DUQ� WKLFNQHVV�XQGHU�GLIIHUHQW� ORDGV��$W� WKH
LQLWLDO�VWDJH��WKH�UDWH�RI�UHGXFWLRQ�LQ�\DUQ�WKLFNQHVV�ZLWK�LQFUHDVLQJ�ORDG�LV�TXLWH�ODUJH��$W�KLJKHU�ORDGV
WKH�HIIHFW�LV�PXFK�VPDOOHU��LQ�WKH�H[DPSOH�VKRZQ�DQ�LQFUHDVH�LQ�ORDG�IURP����WR����JUDPV�DSSHDUV�WR
KDYH�YHU\�OLWWOH�HIIHFW�RQ�WKH�PHDVXUHG�\DUQ�WKLFNQHVV�

)LJXUH����7\SLFDO�UHVXOW�RI�D�WKLFNQHVV�WHVW�RQ�ULQJ
VSXQ�\DUQ�ZLWK�����WSP�

,W�LV�NQRZQ�WKDW�D�WRQJXH�DQG�JURRYH�UROOHU�V\VWHP�PHDVXUHV�WKH�WKLFNQHVV�RI�WKH�\DUQ�DW�WKH�QLS�RI�WKH
PHDVXULQJ�UROOHUV��7KLV�PHDQV�WKDW�WKH�OHQJWK�RI�WKH�\DUQ�VSHFLPHQ�XQGHU�WHVW� LV�QRW�GLUHFWO\�NQRZQ�
7KXV��ZKLOH�)LJ����VKRZV� WKH�HIIHFW�RI� ORDG�RQ�\DUQ� WKLFNQHVV�� LW�FDQQRW�EH�DVVXPHG� WKDW� WKH�JUDSK
UHSUHVHQWV�WKH�HIIHFW�RI�SUHVVXUH�RQ�WKH�WKLFNQHVV��VLQFH�WKH�OHQJWK�RI�VSHFLPHQ�XQGHU�ORDG�PD\�YDU\
ZLWK�WKH�DSSOLHG�ORDG�

/HQJWK�RI�VSHFLPHQ�XQGHU�ORDG

7KH� WRQJXHG� DQG� JURRYHG� UROOHUV� DGRSWHG� IRU� WKH� SUHVHQW� ZRUN� ZHUH� RULJLQDOO\� GHYHORSHG� IRU� WKH
PHDVXUHPHQW�RI�VOLYHU�DQG�URYLQJ�LUUHJXODULW\��'XULQJ�WKH�PHDVXUHPHQW�RI�LUUHJXODULW\�D�IL[HG�ORDG�ZDV
XVHG�� WKH� ORDG�VHOHFWHG�GHSHQGHG�RQ� WKH�PDWHULDO�XQGHU� WHVW� �VOLYHU�� URYLQJ�RU�\DUQ��� WKH� LQVWUXPHQW
DQG�WKH�LQYHVWLJDWRU�>�@��)RU�WKH�PHDVXUHPHQW�RI�LUUHJXODULW\�XQGHU�D�IL[HG�ORDG��WKH�OHQJWK�RI�VSHFLPHQ
XQGHU�ORDG�KDV�QRW�EHHQ�FRQVLGHUHG�FULWLFDO�

2Q�WKH�RWKHU�KDQG��IRU�WKH�PHDVXUHPHQW�RI�\DUQ�WKLFNQHVV�LW�LV�QHFHVVDU\�WR�NQRZ�WKH�OHQJWK�RI�\DUQ
VSHFLPHQ� XQGHU� WKH� WHVW�� 7KH� \DUQ� WKLFNQHVV� WHVWHUV� XVHG� E\� SUHYLRXV� UHVHDUFKHUV� >�������@� ZHUH
HTXLSSHG�ZLWK�D�VDGGOH�DQG�DQYLO�ZLWK�D�IODW�VXUIDFH�RI�KDOI�D�FHQWLPHWUH��,Q�WKH�FXUUHQW�GHYLFH�WKHUH�LV
QR�LPPHGLDWH�VSHFLPHQ�OHQJWK�DYDLODEOH��DQG�WKHUHIRUH�DQ�HVWLPDWH�PXVW�EH�PDGH�RI�WKH�OHQJWK�RI�WKH
VSHFLPHQ�XQGHU�WHVW��7KH�VSHFLPHQ�OHQJWK��OHQJWK�RI�\DUQ�XQGHU�WKH�PHDVXULQJ�SRLQW��PD\�EH�GHILQHG
DV�WKH�OHQJWK�RI�FRQWDFW�EHWZHHQ�WKH�\DUQ�XQGHU�WHVW�DQG�WKH�ERWWRP�PHDVXULQJ�UROOHU��RU�WKH�OHQJWK�RI
DUF�FRYHUHG�E\�WKH�GHIRUPHG�VSHFLPHQ�DW�WKH�PHDVXULQJ�SRLQW��7KH�OHQJWK�RI�DUF�LV�GHSHQGHQW�XSRQ
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WKH�GLDPHWHU�RI� WKH�\DUQ�� WKH�VL]H�RI� WKH� ORDG�RQ� WKH�V\VWHP�DQG� WKH�GHJUHH�RI�GHIRUPDELOLW\�RI� WKH
VSHFLPHQ�

)LJ�� �� VKRZV� WKH� JHRPHWULFDO� FRQVWUXFWLRQ� RI� WKH� V\VWHP� ZLWK� DQG� ZLWKRXW� PDWHULDO� EHWZHHQ� WKH
WRQJXHG�DQG�JURRYHG�UROOHUV�

)LJXUH����*HRPHWULFDO�FRQVWUXFWLRQ�RI�WKH
V\VWHP�ZLWK��E���DQG�ZLWKRXW��D��PDWHULDO
EHWZHHQ�WKH�UROOHUV�

6LQFH�)�LV�D�SRLQW�IL[HG�LQ�VSDFH��LW�FDQ�EH�VHHQ�E\�FRPSDULQJ�WKH�WZR�GLDJUDPV�WKDW�%)�LQ�)LJ�����D��LV
HTXDO�WR�WKH�YHUWLFDO�GLVWDQFH�EHWZHHQ�)�DQG�'�LQ�)LJ�����E���7KXV

2 % 5 $ % 5 G %'� ��  � � � �
RU

������������������������������������������������������������2 % $ % G %'� � � � � ���

1RZ�LQ�)LJ�����E��
%' 2% VLQ �D $ % 2 %� � FRVD

DQG�WKHUHIRUH�VXEVWLWXWLQJ�WKHVH�LQWR������ZH�JHW

���������������������������������������������������������G 2 % 2% � �� �� FRV � VLQD D ���

ZKHUH�G� LV�GLDPHWHU�RI� WKH�VROLG� URG��+RZHYHU�� WKLV� UHVXOW�ZRXOG�QRW�DSSO\�ZKHQ� WKH� URG� LV� UHSODFHG
ZLWK�D�\DUQ�

,Q�WKH�FDVH�RI�FRPSUHVVLEOH�PDWHULDO�VXFK�DV�VSXQ�\DUQ��WKH�JHRPHWU\�RI�WKH�\DUQ�DW�WKH�FRQWDFW�SRLQW
LV� VOLJKWO\� GLIIHUHQW�� �)LJ� ���� 7KH� FRQGLWLRQ� RI� WKH� FRPSUHVVHG� \DUQ� DQG� WKH� JURRYHG� UROOHU� FDQ� EH
YLVXDOLVHG�DV�LQ�)LJXUH���

)LJXUH���7KH�FRPSUHVVHG�\DUQ�EHWZHHQ�WKH�WRQJXHG�DQG
WKH�JURRYHG�UROOHUV�

7KH�OHQJWK�RI�FKRUG��D�LV�DVVXPHG�WR�EH�HTXDO�WR�WKH�OHQJWK�RI�\DUQ�EHLQJ�FRPSUHVVHG��,W�VKRXOG�EH
HPSKDVLVHG�WKDW�WKH�DFWXDO�OHQJWK�RI�\DUQ�XQGHU�WKH�WHVW�DW�FRQWDFW�SRLQW�LV�QRW�VWUDLJKW�EXW�UDWKHU�DQ
DUF�RI�D�FXUYH��7KH�H[SODQDWLRQ�IRU�WKLV�LV�WKDW�WKH�WRWDO�ORDG�RQ�WKH�\DUQ�LV�QRW�HYHQO\�GLVWULEXWHG�DORQJ
WKH�FRQWDFW�DUF��+RZHYHU�� WR�HQDEOH�DQ�HVWLPDWH�RI�FRQWDFW� OHQJWK� WR�EH�PDGH�� LW�ZDV�QHFHVVDU\� WR
DVVXPH�WKDW�WKH�ORDG�ZDV�GLVWULEXWHG�HTXDOO\�DORQJ�WKH�OHQJWK�RI�\DUQ�XQGHU�WKH�WHVW��7KXV�WKH�OHQJWK
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RI�FKRUG��D�ZDV�FKRVHQ�DV�WKH�\DUQ�OHQJWK�XQGHU�WKH�WHVW��EHFDXVH�WKH�OHQJWK�RI�WKH�FRQWDFW�DUF�DQG
LWV�FKRUG�DUH�YHU\�FORVH�WR�HDFK�RWKHU��7KH�OHQJWK�RI�DUF�FDQ�EH�REWDLQHG�IURP�WULDQJOH� &R 3� �LQ�)LJ���

/HWWLQJ

P G G �� �

ZH�JHW

5 D 5
P� � �

�
 � �� �

ZKLFK�OHDGV�WR
�D� �^P��5�P�`

���

,Q�RUGHU� WR�SUHVHQW� WKH�\DUQ� WKLFNQHVV�DV�D� IXQFWLRQ�RI� ORDG�SHU�XQLW� OHQJWK�� WKH� WRWDO� ORDG�RQ� WKH
V\VWHP�ZDV�GLYLGHG�E\�WKH�OHQJWK�RI�FKRUG��D�

/RDG�WKLFNQHVV�UHODWLRQ

7KH�HOHFWUR�PHFKDQLFDO�WKLFNQHVV�WHVWHU�ZDV�XVHG�WR�PHDVXUH�WKH�WKLFNQHVV�RI�ZRUVWHG�\DUQV�VSXQ�DW
GLIIHUHQW� WZLVW� OHYHOV��7KH� UHVXOWV�RI� \DUQ� WKLFNQHVV�DW� GLIIHUHQW� WZLVW� OHYHOV�XQGHU�GLIIHUHQW� ORDGV�DUH
OLVWHG�LQ�WDEOHV���WR����,W�FDQ�EH�VHHQ�IURP�)LJ����WKDW�WKH�OHQJWK�RI�FKRUG�RU�FRQWDFW�OHQJWK�LQFUHDVHV�DV
WKH�\DUQ�WZLVW�SHU�XQLW�OHQJWK�GHFUHDVHV�DW�D�ORDG�RI����JUDPV��D�VLPLODU�WUHQG�LV�IRXQG�DW�RWKHU�ORDGV�
7KXV�IRU�D�JLYHQ�WRWDO�DSSOLHG�ORDG��WKH�ORDG�SHU�XQLW�OHQJWK�:��D�DFWLQJ�RQ�WKH�\DUQ�LV�KLJKHU�IRU�\DUQ
ZLWK�KLJKHU� WZLVW��7KH� UHVXOWV� �7DEOHV��� WR����RI� WKH�\DUQ� WKLFNQHVV�PHDVXUHPHQW�REWDLQHG� IURP� WKH
HOHFWUR�PHFKDQLFDO�GHYLFH�VKRZ�WKDW�WKH�\DUQ�WKLFNQHVV�DW�WKH�PLQLPXP�ORDG�RI�����JUDP�GHFUHDVHV
ZLWK� LQFUHDVH� LQ� WKH�\DUQ� WZLVW� OHYHO��7KLV� WUHQG�DJUHHV�ZLWK� WKH� UHVXOW�REWDLQHG� IURP� WKH�VDPH�\DUQ
VDPSOH�XVLQJ�DQ� LPDJH�DQDO\VLV�GHYLFH� >�@��7KH� UHVXOWV�REWDLQHG�E\� WKH� WZR�PHWKRGV�DUH�VKRZQ� LQ
7DEOH����,W�VKRXOG�EH�QRWHG�WKDW�WKH�LPDJH�DQDO\VLV�PHWKRG�PHDVXUHV�WKH�\DUQ�FRUH�WKLFNQHVV�XQGHU
]HUR�ODWHUDO�IRUFH��ZKLOH�WKH�UHVXOWV�RI�\DUQ�WKLFNQHVV�XVLQJ�WKH�HOHFWUR�PHFKDQLFDO�GHYLFH�DW�����JUDP
ORDG�LQFOXGH�D�FRQWULEXWLRQ�IURP�WKH�VXUIDFH�KDLU�

)LJXUH���&RQWDFW�OHQJWK�DW�PD[LPXP�ORDG�RI����JUDPV

LQ�GHSHQGHQFH�RI�WZLVW�

7DEOH����<DUQ�WKLFNQHVV��GLD���DW�GLIIHUHQW�ORDG��:��IRU�����WH[�ZRUVWHG�XQWUHDWHG�\DUQ�����WSP�
G���G���D�±�DV�LQ�)LJXUH���

�ORDG�JUDP GLD��PP G��G��PP �D�PP
:��D
J�PP

�G��G���G�

,QLWLDO
WKLFNQHVV

������ �������� �������� �������� ��������

���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ������ �����
����� ������ ������ ����� ������ �����
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7DEOH����<DUQ�WKLFNQHVV��GLD���DW�GLIIHUHQW�ORDG��:��IRU�����WH[�ZRUVWHG�XQWUHDWHG�\DUQ�����WSP�
G���G���D�±�DV�LQ�)LJXUH���

�ORDG�JUDP GLD��PP G��G��PP �D�PP
:��D
J�PP

�G��G���G�

,QLWLDO
WKLFNQHVV

������ �������� �������� �������� ��������

���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ������ �����
����� ������ ������ ����� ������ �����

7DEOH����<DUQ�WKLFNQHVV��GLD���DW�GLIIHUHQW�ORDG��:��IRU�����WH[�ZRUVWHG�XQWUHDWHG�\DUQ�����WSP�
G���G���D�±�DV�LQ�)LJXUH���

�ORDG�JUDP GLD��PP G��G��PP �D�PP
:��D
J�PP

�G��G���G�

,QLWLDO
WKLFNQHVV

������ �������� �������� �������� ��������

���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ������ �����
����� ������ ������ ����� ������ �����

7DEOH����<DUQ�WKLFNQHVV��GLD���DW�GLIIHUHQW�ORDG��:��IRU�����WH[�ZRUVWHG�XQWUHDWHG�\DUQ�����WSP�
G���G���D�±�DV�LQ�)LJXUH���

ORDG�JUDP GLD��PP G��G��PP �D�PP :��D
J�PP

�G��G���G�

,QLWLDO
WKLFNQHVV

������ �������� �������� �������� ��������

���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ������ �����
����� ������ ������ ����� ������ �����
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7DEOH����<DUQ�WKLFNQHVV��GLD���DW�GLIIHUHQW�ORDG��:��IRU�����WH[�ZRUVWHG�XQWUHDWHG�\DUQ�����WSP�
G���G���D�±�DV�LQ�)LJXUH���

ORDG�JUDP GLD��PP
G��G�
PP

�D�PP
:��D
J�PP

�G��G���G�

,QLWLDO
WKLFNQHVV

������ �������� �������� �������� ��������

���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
���� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ����� �����
����� ������ ������ ����� ������ �����
����� ������ ������ ����� ������ �����
����� ������ ������ ����� ������ �����

)LJ����VKRZV� WKDW�DW� ORZ� ORDGV� WKH�\DUQ� WKLFNQHVV�GHFUHDVHV�ZLWK� LQFUHDVLQJ�\DUQ� WZLVW��ZKHUHDV�DW
KLJKHU� ORDGV� LQFUHDVLQJ� WZLVW� LV� DFFRPSDQLHG� E\� LQFUHDVH� LQ� WKLFNQHVV�� 7KLV� WUHQG� DJUHHV� ZLWK� WKH
UHVXOWV�RI�2QLRQV�HW�DO���DQG�$QGHUVRQ�	�6HWWOH� >����@��DQG�FDQ�EH�H[SODLQHG�E\�WKH�GHFUHDVH� LQ� WKH
DPRXQW�RI�FRPSUHVVLRQ�REWDLQHG�E\�LQFUHDVLQJ�WKH�WZLVW�SHU�XQLW�OHQJWK�

7DEOH����&RPSDULVRQ�RI�\DUQ�WKLFNQHVV�IURP�WZR�PHWKRGV

WZLVW�SHU RSWLFDO�GHYLFH PHFKDQLFDO�GHYLFH
PHWUH FRUH�GLD��PP� \DUQ�GLD�PP�

��� ������ ������
��� ������ ������
��� ������ ������
��� ������ ������
��� ������ ������

,QFUHDVLQJ�WZLVW�UHGXFHV�WKH�DLU�VSDFH�LQ�WKH�\DUQ��WKHUHIRUH�UHGXFLQJ�\DUQ�GLDPHWHU�DQG�PDNLQJ�\DUQ
PRUH�GLIILFXOW�WR�FRPSUHVV�

8QGHU� ORZ� ORDGV�� OLWWOH� FRPSUHVVLRQ� WDNHV� SODFH�� WKHUHIRUH� WKH� WUHQG� UHIOHFWV� WKH� UHGXFWLRQ� LQ� \DUQ
GLDPHWHU�DV�WZLVW�LQFUHDVHV��8QGHU�KLJK�ORDGV�WKH�EHKDYLRXU�LV�PRUH�FRPSOH[��7KH�\DUQV�ZLWK�ORZ�WZLVW
KDYH�UHODWLYHO\�KLJK�GLDPHWHUV�EXW�DUH�HDVLO\�FRPSUHVVHG��VR�WKH�DSSOLFDWLRQ�RI�D�KLJK�ORDG�WKHUHIRUH
UHGXFHV� WKH�GLDPHWHU� JUHDWO\��<DUQV�ZLWK� KLJK� WZLVW�PD\� KDYH� ORZHU� LQLWLDO� GLDPHWHUV� WKDQ� WKHLU� ORZ
WZLVW�FRXQWHUSDUWV��EXW�DUH�GLIILFXOW�WR�FRPSUHVV�HYHQ�XQGHU�KLJK�ORDGV��$�FRQWHVW�EHWZHHQ�WKH�HIIHFWV
RI�ORDG�DQG�WZLVW�WKHUHIRUH�RFFXUV��7KH�HIIHFW�RI�ORDG�LV�WKXV�JUHDWHU�DW�ORZ�WZLVW�WKDQ�LW�LV�DW�KLJK�WZLVW�
ZKLFK�LV�UHIOHFWHG�LQ�WKH�UHVXOWV�DV�VKRZQ�LQ�)LJ����

)LJXUH����'HSHQGHQFH�RI�\DUQ�WKLFNQHVV�RQ�WZLVW
DQG�ORDG�



��

5HODWLRQVKLS�EHWZHHQ�WKLFNQHVV�DQG�DSSOLHG�ORDG

'LUHFW�PHDVXUHPHQW�RI�\DUQ�WKLFNQHVV�XQGHU�]HUR�ORDG�LV�QRW�SUDFWLFDO�EHFDXVH�RI�WKH�HDVH�ZLWK�ZKLFK
WKH�\DUQ� LV�GLVWRUWHG��2QH�DSSURFK� WR�RYHUFRPLQJ� WKLV�GLIILFXOW\� LV� WR� ILW� WR� WKH�FRPSUHVVLRQ� UHVXOWV�D
WKHRUHWLFDO�WUHQG�ZKLFK�FDQ�WKHQ�EH�H[WUDSRODWHG�WR�]HUR�ORDG�LQ�RUGHU�WR�HVWLPDWH�WKH�\DUQ�GLDPHWHU�
$�W\SLFDO�H[SHULPHQWDO�WUHQG�LV�VKRZQ�LQ�)LJ����

)LJXUH����'HSHQGHQVH�RI�\DUQ�WKLFNQHVV�RQ�ORDG�DW
FRQVWDQW�WZLVW�

2[WRE\� DVVXPHG� D� UHODWLRQ� RI� WKH� NLQG� G G 3
&

 
�

� � ZKHUH� G� LV� \DUQ� GLDPHWHU�� 3� LV� WKH� FRPSUHVVLYH

SUHVVXUH�DSSOLHG��DQG�G��DQG�F�DUH�FRQVWDQWV�

+RZHYHU� WKLV�HTXDWLRQ�VXJJHVW� WKDW�G� WHQGV� WR� LQILQLW\�DV� WKH� ORDG�GHFUHDVHV��ZKLFK� LV�XQUHDOLVWLF��$
PRUH�VDWLVIDFWRU\�HTXDWLRQ�LV

G $ %H
N3

 �
�

,Q�RUGHU� WR�FKHFN�ZKHWKHU� WKLV� LV�D� UHDVRQDEOH�HTXDWLRQ�ZH�SURFHHG�DV� IROORZV��1RWLQJ� WKDW�DW�KLJK
ORDGV� G� WHQGV� WR� WKH� YDOXH�$�� DQ� HVWLPDWH� RI�$�PD\� EH� IRXQG� IURP� WKH� H[SHULPHQWDO� UHVXOWV� DW� WKH
KLJKHVW� ORDG� DSSOLHG�� )RU� H[DPSOH�� IRU� WKH� \DUQ� ZLWK� ���� WSP� LQ� 7DEOH� ��� WKH� HVWLPDWH� RI� $� LV
DSSUR[LPDWHO\�������PP��+HQFH�D�WHVW�RI�HTXDWLRQ�����LV�WR�SORW�OQ��G��������DJDLQVW�3��ZKHQ�D�VWUDLJKW
OLQH�VKRXOG�UHVXOW
�

)LJXUH����7KH�PHDVXULQJ�UHVXOWV�IURP�)LJXUH��
WUDQVIRUPHG�LQWR�WKH�FR�RUGLQDWHV�OQ�G��������DQG
:��D�

)LJ����VKRZV�WKH�UHVXOWV�RI�VXFK�D�SORW�DQG�UHYHDOV�WKDW�WKHUH�DSSHDU�WR�EH�WZR�GLVWLQFW�UHJLRQV��7KLV
VXJJHVWV��IROORZLQJ�2[HQKDP�>��@��WKDW�WKH�PRUH�JHQHUDO�HTXDWLRQ

��������������������������������������������������������������G $ % H % H
N 3 N 3

 � �
� �

� �
� � ���

PD\�EH�VXLWDEOH��7R�HVWLPDWH�WKH�SDUDPHWHUV�RI�WKLV�HTXDWLRQ�WKH�PHWKRG�RI�OHDVW�VTXDUHV�ZDV�XVHG�
JLYLQJ�WKH�YDOXHV�LQ�7DEOH���
7KH�DSSURSULDWH�FXUYH�ZKHQ�WZLVW� �����WSP�LV�GUDZQ�RQ�)LJ�����ZKLFK�VKRZV�DQ�H[FHOOHQW� ILW� WR� WKH
GDWD��7KLV�LV�FRPSDUHG�E\�WKH�5��YDOXHV�LQ�7DEOH����ZKLFK�ZRXOG�EH�HTXDO�WR���LI�WKH�ILW�ZDV�SHUIHFW�

7KH� WKLFNQHVV� RI� WKH� \DUQ� DW� ]HUR� ORDG�� L�H�� WKH� LQLWLDO� WKLFNQHVV�� FDQ� EH� GHWHUPLQHG� IURP� WKH
UHODWLRQVKLS�����E\�SXWWLQJ�WKH�ORDG�3�HTXDO�WR�]HUR��WKLV�JLYHV



��

����������������������������������������������������������������G $ % %� � � � � ���

7DEOH����3DUDPHWHUV�RI�HTXDWLRQ�����

<DUQ�WZLVW�P $ %� .� %� .� 5�

��� ����� ����� ������ ����� ������ �����
��� ����� ����� ������ ����� ������ �����
��� ����� ����� ������ ����� ������ �����
��� ����� ����� ������ ����� ������ �����
��� ����� ����� ������ ����� ������ �����

7KH�LQLWLDO�UDWH�RI�FRPSUHVVLRQ��L�H��WKH�UDWH�RI�FKDQJH�RI�WKLFNQHVV�ZLWK�ORDG�DERXW�WKH�]HUR�JUDP�ORDG
SRVLWLRQ��FDQ�EH�GHWHUPLQHG�E\�GLIIHUHQWLDWLRQ�RI�WKH�HTXDWLRQ�ZLWK�UHVSHFW�WR�WKH�ORDG�3�

�GG � G3��  ��% . H � � �% . H� �
�N 3

� �
�N 3

� �

DQG� WKHQ� LQWURGXFLQJ� WKH� FRQGLWLRQ� 3�  � �� LQWR� WKH� HTXDWLRQ�� 7KXV� WKH� LQLWLDO� UDWH� RI� FRPSUHVVLRQ� LV
GHWHUPLQHG�E\�

�GG � G3�  ���% . � � ���% . �3 � � � � ��

6XPPDU\

7KH� HOHFWUR�PHFKDQLFDO� \DUQ� WKLFNQHVV� WHVWHU� XWLOLVHG� D� WRQJXH� DQG� JURRYH� UROOHU� XQLW�� 7KH� GHYLFH
LQFRUSRUDWHV�DQ�/9'7�WR�VHQVH�WKH�WRQJXH�UROOHU�GLVSODFHPHQW�SURSRUWLRQDO�WR�WKH�\DUQ�WKLFNQHVV��7KH
XVH�RI�D�VWHSSHU�PRWRU�SURYLGHG�DFFXUDWH�LQWHUYDO�OHQJWK�RI�\DUQ�EHWZHHQ�WHVWV��7KH�PHDVXUHPHQW�RI
\DUQ�WKLFNQHVV�XQGHU�ODWHUDO�SUHVVXUH�UHYHDOHG�WKDW�WKH�\DUQ�WKLFNQHVV�XQGHU�OLJKW�ORDG�GHFUHDVHV�ZLWK
LQFUHDVLQJ�WZLVW��DQG�WKH�RSSRVLWH�WUHQG�LV�REWDLQHG�XQGHU�KHDY\�ORDG��7KH�XVH�RI�WKH�JHQHUDO�HTXDWLRQ

IRUP�RI�WKH�W\SH� G $ % H % H
. 3 . 3

� � �
� �

 � �
� �

�SURYLGHV�D�JRRG�ILW� WR�WKH�H[SHULPHQWDO�GDWD��DQG�KHQFH

\LHOGV�D�UHDOLVWLF�HVWLPDWH�RI�\DUQ�WKLFNQHVV�XQGHU�]HUR�ORDG�

$FNQRZOHGJHPHQWV

7KH�DXWKRUV�ZLVK� WR� WKDQN� WKH� ,QWHUQDWLRQDO�:RRO�6HFUHWDULDW� �,ONOH\��(QJODQG�� IRU�SURYLGLQJ� ILQDQFLDO
VXSSRUW��0�5��0DKPRXGL�DOVR�ZLVKHV� WR�H[SUHVV�KLV�DSSUHFLDWLRQ� WR�'U�*�$�9��/HDI� IRU�KLV�FRQVWDQW
DGYLFH�

5HIHUHQFHV

��� $QGHUVRQ�� 6�/��� &DYDQH\�� %��� )RVWHU�� *�$�5��� DQG�*UHJRU\�� -�� �'HVFULSWLRQ� DQG� XVH� RI� ���� WKH
SKRWRJUDSKLF�\DUQ�UHJXODULW\�WHVWHU��DQG�����WKH�SKRWRJUDSKLF�VOLYHU�DQG�URYLQJ�UHJXODULW\�WHVWHU���-�
7H[WLOH�,QVW������7����������

��� $QGHUVRQ��6�/���DQG�6HWWOH��*�(���'LDPHWHU�DQG�FRPSUHVVLELOLW\�RI�ZRRO�\DUQV��7KH�HIIHFW�RI�OLQHDU
GHQVLW\�� WZLVW�DQG� ILEUH�GLDPHWHU���7KLUG� ,QWHUQDWLRQDO�:RRO�7H[WLOH�5HVHDUFK�&RQIHUHQFH��3DULV�
6HFWLRQ����S������������

��� %DVHU��*����7KH�WUDQVYHUVH�FRPSUHVVLRQ�RI�KHOLFHV�ZLWK�VSHFLDO�UHIHUHQFH�WR�WKH�FRPSUHVVLRQ�RI
\DUQV���3K�'��WKHVLV��8QLYHUVLW\�RI�/HHGV�������

��� &DYDQH\��%���)RVWHU��*�$�5��DQG�*UHJRU\��-���7KH�PHDVXUHPHQW�RI�WKH�ZHLJKW�YDULDWLRQV�LQ�FRWWRQ
URYLQJ�DQG�\DUQV���-��7H[WLOH�,QVW������7����������
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