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&RQYHQWLRQDO� DLUFUDIW� UHSDLU� WHFKQLTXHV� HPSOR\� EROWHG� RU� ULYHWHG� PHWDOOLF� UHLQIRUFHPHQWV�� ZKLFK� IUHTXHQWO\� LQWURGXFH
DGGLWLRQDO�VWUHVV�FRQFHQWUDWLRQV�OHDGLQJ�WR�IXUWKHU�FUDFNLQJ�DQG�FUHDWLQJ�DUHDV�GLIILFXOW�RU�LPSRVVLEOH�WR�LQVSHFW��%RQGHG
FRPSRVLWH� UHSDLUV� �³SDWFKHV´�� UHVXOW� LQ� WKH� HOLPLQDWLRQ� RI� VWUHVV� FRQFHQWUDWLRQV� FDXVHG� E\� DGGLWLRQDO� IDVWHQHU� KROHV�
LPSURYHG�VWUHQJWK�WR�ZHLJKW�UDWLR�DQG�SUHVHQW�D�VHDOHG�LQWHUIDFH��7KLV�UHGXFHV�HYHQ�IXUWKHU� WKH�GDQJHU�RI�FRUURVLRQ�DQG
IUHWWLQJ�XQGHU� WKH� UHSDLU��JLYHV� JUHDWHU� IOH[LELOLW\� LQ�GHVLJQ�DQG� OHVVHQV�DSSOLFDWLRQ� WLPH�ZKLOH� OHQJWKHQLQJ� IDWLJXH� OLIH�
(PEHGGLQJ�RSWLFDO� ILEUHV�DQG�VHQVRUV� LQWR� WKH�SDWFK��DQG�FRPELQLQJ� WKLV�ZLWK�DGYDQFHG�GDWD�FROOHFWLRQ�DQG�SURFHVVLQJ
V\VWHPV��FUHDWLQJ�D�VR�FDOOHG�³VPDUW�SDWFK´��ZLOO�HQDEOH�WKH�UHDO�WLPH�DVVHVVPHQW�RI�DLUFUDIW�VWUXFWXUDO�LQWHJULW\�UHVXOWLQJ
LQ�UHOLDEOH�SUHGLFWLRQ�RI�PDLQWHQDQFH�UHTXLUHPHQWV�IRU�UHSDLUHG�VWUXFWXUHV��7KLV�SDSHU�GHVFULEHV�WKH�FXUUHQW�VWDWH�RI�WKH�DUW
LQ� VPDUW� SDWFK� WHFKQRORJ\�� DQG� LQFOXGHV� D� GHWDLOHG� GHVFULSWLRQ� RI� WKH� PHDVXUHPHQW� SUREOHP� DQG� RI� WKH� ZRUN� EHLQJ
XQGHUWDNHQ� WR� VROYH� LW�� DW� ERWK� WKH� FRPSRQHQW� DQG� V\VWHP� OHYHO��$Q� DQDO\VLV� RI� W\SLFDO� FUDFN� EHKDYLRXU�� EDVHG� RQ� )(
PRGHOOLQJ� LV�SUHVHQWHG�DQG� WKLV�GHPRQVWUDWHV� WKH�QHHG�IRU�RSWLFDO�VWUDLQ�VHQVRUV�KDYLQJ�D�YHU\� VKRUW�JDXJH� OHQJWK��7KH
SDSHU� GLVFXVVHV� WKH� DGYDQWDJHV� DQG� OLPLWDWLRQV� RI� YHU\� VKRUW� )LEUH�%UDJJ� *UDWLQJV� �)%*V�� LQ� WKLV� FRQWH[W� DQG� DOVR
SURYLGHV�HDUO\�H[SHULPHQWDO�GDWD�IURP��PP�DQG��PP�JUDWLQJV�ZKLFK�KDYH�EHHQ�IDEULFDWHG�IRU� WKLV�SXUSRVH��7KH�SDSHU
DOVR� GHVFULEHV� WKH� LPSDFW� RI� WKH� PHDVXUHPHQW� DQG� HQYLURQPHQWDO� FRQVWUDLQWV� RQ� WKH� GHVLJQ� RI� WKH� )%*� LQWHUURJDWLRQ
V\VWHP�DQG�SUHVHQWV�WKH�UHVXOWV�RI�LQLWLDO�WULDOV��7KH�ZRUN�LV�EHLQJ�XQGHUWDNHQ�LQ�WKH�IUDPHZRUN�RI�D�FROODERUDWLYH�SURMHFW
�$&,'6��ZKLFK�LV�FR�IXQGHG�E\�WKH�(XURSHDQ�&RPPLVVLRQ

.H\ZRUGV��6PDUW�VWUXFWXUHV��DLUFUDIW�UHSDLU��VHOI�VHQVLQJ��%UDJJ�JUDWLQJV��)%*�LQWHUURJDWLRQ

�� ,1752'8&7,21
&XUUHQW�HFRQRPLF�ZRUOG�FRQGLWLRQV�DUH� IRUFLQJ� WR� WKH�RSHUDWLRQ�RI�ERWK�PLOLWDU\�DQG�FLYLOLDQ�DLUFUDIW�ZHOO�EH\RQG� WKHLU
RULJLQDO� GHVLJQ� OLIH�� UHVXOWLQJ� LQ� LQQRYDWLYH� UHSDLU� WHFKQLTXHV�� 7KH� UHFHQW� GHYHORSPHQW� RI� KLJK� VWUHQJWK� ILEUHV� DQG
DGKHVLYHV�KDV�OHG�WR�WKH�LQYHQWLRQ�RI�D�QHZ�PHWKRGRORJ\�IRU�WKH�UHSDLU�RI�PHWDOOLF�VWUXFWXUHV�E\�WKH�DGKHVLYH�ERQGLQJ�RI
SDWFKHV� PDQXIDFWXUHG� E\� FRPSRVLWH� PDWHULDOV�� %RQGHG� UHSDLUV� DUH� PHFKDQLFDOO\� HIILFLHQW�� FRVW� HIIHFWLYH� DQG� FDQ� EH
DSSOLHG�UDSLGO\�WR�SURGXFH�DQ�LQVSHFWDEOH�GDPDJH�WROHUDQW�UHSDLU�>���@��7KH�DFWXDO�REMHFWLYH�RI�WKH�UHSDLU�RI�D�FUDFNHG�RU
FRUURGHG�PHWDOOLF�VWUXFWXUH�E\�DQ�DGKHVLYHO\�ERQGHG�FRPSRVLWH�SDWFK� LV��SUDFWLFDOO\�� WKH� WUDQVIHU�RI� ORDGV� IURP�WKH�RQH
VLGH�RI�WKH�VRXQG�PDWHULDO�WR�WKH�RWKHU�YLD�WKH�SDWFK��GHYLDWLQJ�WKH�GDPDJHG�DUHD��7UDGLWLRQDOO\��VWUXFWXUDO�SUREOHPV�GXH�WR
IDWLJXH�RU�FRUURVLRQ�KDYH�EHHQ�UHSDLUHG�E\�WKH�DGGLWLRQ�RI�D�PHWDOOLF�SDWFK�PDQXIDFWXUHG�IURP�DOXPLQLXP�RU�VWHHO��ZKLFK
ZDV�PHFKDQLFDOO\�MRLQHG�WR�WKH�FUDFNHG�VWUXFWXUH�XVLQJ�IDVWHQHUV�RU�EROWV��7KLV�NLQG�RI�UHSDLU�FUHDWHV�VWUHVV�FRQFHQWUDWLRQ
DUHDV�DW�WKH�YLFLQLW\�RI�WKH�IDVWHQHUV��ZKLFK�PD\�OHDG�WR�IXUWKHU�VWUXFWXUDO�SUREOHPV��OLNH�UHGXFWLRQ�RI�WKH�IDWLJXH�OLIH�RI�WKH
VWUXFWXUH�� HWF��:LWK� WKH� QHZ� WHFKQLTXH� WKH� SDWFK� LV� PDQXIDFWXUHG� XVLQJ� FDUERQ� �� HSR[\� RU� ERURQ� �� HSR[\� FRPSRVLWH
PDWHULDOV�� ZKLOH� LWV� ERQGLQJ� RQ� WKH� VWUXFWXUH� LV� SHUIRUPHG� E\� KLJK� VWUHQJWK� DGKHVLYHV�� 7KH� ORDG� WUDQVIHU� IURP� WKH
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FRPSRQHQW�WR�WKH�SDWFK�DQG�YLFH�YHUVD�LV�DFKLHYHG�E\�WKH�VKHDU�VWUHVVHV�DSSOLHG�RQ�WKH�DGKHVLYH�OD\HU��6XEVHTXHQWO\��QR
H[WUD� KROHV� DUH� UHTXLUHG� LQ� WKH� YLFLQLW\� RI� WKH� FUDFN� DQG� QR� VWUHVV� FRQFHQWUDWLRQ� SRLQWV� DUH� FUHDWHG�� 0RUHRYHU�� WKH
DSSOLFDWLRQ�RI�VXFK�D�UHSDLU�LV�IDVWHU�WKDQ�D�WUDGLWLRQDO�RQH��ZKLOH�WKH�SHUIRUPDQFH�RI�QRQ�GHVWUXFWLYH�LQVSHFWLRQV�RI� WKH
PDLQ�VWUXFWXUH�LV�SRVVLEOH�ZLWKRXW�UHPRYLQJ�WKH�SDWFK�>�@�
,Q� RUGHU� WR� HQDEOH� RQ� OLQH� PRQLWRULQJ� RI� WKH� ORFDO� VWUHVV� ILHOG� LQWR� D� FRPSRVLWH� SDWFK� GXULQJ� WKH� H[SHFWHG� FUDFNHG
SURSDJDWLRQ��RSWLFDO�ILEHU�VHQVRUV�FDQ�EH�VWUXFWXUDOO\�LQWHJUDWHG�LQWR�LW��)LEHU�RSWLF�VHQVRUV�SUHVHQW�VLJQLILFDQW�DGYDQWDJHV�
FRPSDUHG� WR� RWKHU� WHFKQLTXHV� LQ� WKH� DUHD� RI� VWUHVV�VWUDLQ� PRQLWRULQJ� �H�J�� VWUDLQ� JDJHV�� HWF���� PDLQO\� FRQFHUQLQJ� WKHLU
H[WUHPHO\� VPDOO� VL]H�� WKH� UHVLVWDQFH� WR�FRUURVLRQ�DQG� IDWLJXH�� WKHLU� LPPXQLW\� WR� HOHFWULFDO� LQWHUIHUHQFH�� DV�ZHOO� DV� WKHLU
FKHPLFDO�DQG�PHFKDQLFDO�FRPSDWLELOLW\�ZLWK�FRPSRVLWH�PDWHULDOV��2SWLFDO�ILEHUV�PD\�VHUYH�ERWK�DV�VHQVRUV��E\�PHDQV�RI
%UDJJ�*UDWLQJV��DQG�DV�FRQGXLWV�IRU�WKH�VHQVRU�VLJQDOV�DQG�FDQ�EH�LQWHJUDWHG�LQ�ILEHU�VHQVRU�QHWZRUNV��IRU�H[WHQGHG�DUHD
PRQLWRULQJ��>���@��,Q�>�@�WKH�HIILFLHQF\�DQG�WKH�HIIHFWV�RI�HPEHGGLQJ�RSWLFDO�ILEHUV�LQ�GLIIHUHQW�OD\HUV�ZHUH�VWXGLHG��,W�KDV
EHHQ�FRQFOXGHG�WKDW�WKH�EHVW�SRVLWLRQ�WR�HPEHG�RSWLFDO�ILEHUV�WKURXJK�WKH�WKLFNQHVV�RI�D�ODPLQDWHG�SDWFK�FRLQFLGHV�WR�WKH
QHXWUDO�VXUIDFH�RI�WKH�SDWFK��DFFRUGLQJ�WR�WKH�5RVH¶V�DQDO\WLFDO�HTXDWLRQV�>�@�

�� 60$57�3$7&+�02'(//,1*�$1'�7(67,1*
����02'(//,1*�:25.
7KH�VHOHFWLRQ�RI�WKH�H[DPLQHG�FDVHV�DQG�WKH�FKRLFH�RI�WKH�PDWHULDOV�ZHUH�GULYHQ�E\�WKH�DFWXDO�UHSDLUV�XVXDOO\�PHW�LQ�WKH
ILHOG�RI�DHURQDXWLFV�WHFKQRORJ\��ZKHUH�FRPSRVLWH�SDWFK�UHSDLUV�DUH�PDLQO\�DSSOLHG��7KHUHIRUH��D�FUDFNHG�WKLQ�DOXPLQXP
DOOR\�SODWH��$O������7���W �PP��( ����*3D��� �����UHSUHVHQWLQJ�DQ�DLUFUDIW�VNLQ�ZLWK�D�FUDFN�KDV�EHHQ�H[DPLQHG��RYHU
ZKLFK� D� ODPLQDWHG� SDWFK�� FRPSRVHG� RI� HLJKW� ODPLQD� RI� ERURQ�HSR[\� SUHSUHJ� �7H[WURQ� ������ W �����PP� SHU� SO\�
ü� ���*3D��ü� ü� ��*3D���ZDV�ERQGHG�XVLQJ� VRPH� KLJK�SHUIRUPDQFH� ILOP� DGKHVLYH�W ���PP��( ������ �������7KH
UHSDLU�ZDV�VXSSRVHG�WR�EHDU�PDLQO\�WHQVLOH�ORDGV�FRPLQJ�IURP�WKH�IDU�HQG�RI�WKH�PHWDOOLF�VKHHW��LQ�D�GLUHFWLRQ�WUDQVYHUVH
WR�WKH�FUDFN��7KH�EDVLF�JHRPHWULFDO�FKDUDFWHULVWLFV�RI�WKH�UHSDLU�FDVH�DUH�VKRZQ�LQ�)LJXUH���

)LJ����&UDFN�5HSDLU�0RGHO

7KH�GLUHFWLRQ�RI� WKH�RSWLFDO� ILEHUV�ZDV�FRLQFLGHQW� WR� WKH�GLUHFWLRQ�RI� WKH� ORDGV�DQG�YHUWLFDO� WR� WKH�FUDFN��2SWLFDO� ILEHUV
�ü ������ ����� ZHUH� DVVXPHG� WR� EH� ERQGHG� DW� WKH� H[WHUQDO� VXUIDFH� RI� WKH� FRPSRVLWH� SDWFK�� WR� DYRLG� DQ\� LQWHUDFWLRQ
EHWZHHQ�WKHP�DQG�WKH�SDWFK�PDWHULDO��UHVLQ�SRFNHW�IRUPLQJ�DURXQG�WKH�ILEHU�GXULQJ�PDQXIDFWXULQJ��VWUHVV�FRQFHQWUDWLRQV
HWF�>��@���7KHLU�GLDPHWHU� �����P��ZDV�DSSUR[LPDWHO\�HTXDO� WR� WKH� WKLFNQHVV�RI�HDFK� ODPLQD� �����P���'LIIHUHQW�RSWLFDO
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ILEHU�SDWKV�DQG�VHQVRU�SRVLWLRQV�ZHUH�FRQVLGHUHG�WR�VWXG\�WKHLU�DELOLW\�WR�PHDVXUH�WKH�GHYHORSHG�VWUDLQ�ILHOG�DQG�WR�WUDFH
WKH�SRVLWLRQ�RI�WKH�FUDFN�WLS�
$OO�WKH�PRGHOV�ZHUH�FUHDWHG�XVLQJ�$16<6�ILQLWH�HOHPHQW�DQDO\VLV�VRIWZDUH��2QO\�����RI�WKH�DFWXDO�UHSDLU�ZDV�PRGHOHG�
EHFDXVH�RI�V\PPHWU\��DSSO\LQJ�WKH�UHTXLUHG�V\PPHWU\�ERXQGDU\�FRQGLWLRQV��7KH�PRGHO�ZDV�FRQVWUXFWHG�IURP�WZR�PDLQ
HQWLWLHV��WKH�UHSDLUHG�VWUXFWXUH��DOXPLQXP��SDWFK�DQG�DGKHVLYH��DQG�WKH�RSWLFDO�ILEHUV��7KH�ILUVW��HQWLW\��ZDV��EXLOW��XVLQJ
DSSUR[LPDWHO\���������'��62/,'������VWUXFWXUDO��VROLG

)LJXUH����2YHUDOO�YLHZ�RI�WKH�FRPSRVLWH�SDWFK�UHSDLU�PRGHO�ZLWK�HPEHGGHG�RSWLFDO�ILEHUV�DQG�DSSOLHG�ERXQGDU\�FRQGLWLRQV��7KH
VWUDLJKW�KRUL]RQWDO�OLQHV�GHILQH�WKH�RSWLFDO�ILEHUV�SDWKV�

HOHPHQWV� �FRPPRQ� ��QRGH� WKUHH�GLPHQVLRQDO� HOHPHQWV� ZLWK� WKUHH� GHJUHHV� RI� IUHHGRP� DW� HDFK� QRGH� LQ� WUDQVODWLRQDO
GLUHFWLRQV�±�8;��8<��8=�>��@���2QH�OD\HU�RI�WKHVH�HOHPHQWV�ZDV�GHILQHG�WR�PRGHO�HDFK�GLIIHUHQW�PDWHULDO��PHWDOOLF�SODWH�
DGKHVLYH� OD\HU� DQG� FRPSRVLWH� SDWFK��� &RQQHFWLYLW\� RI� WKH� HOHPHQWV� ZDV� HVWDEOLVKHG� E\� XVLQJ� FRPPRQ� QRGHV� DW� WKH
LQWHUIDFHV� RI� WKH� HOHPHQWV� ZLWK� GLIIHUHQW� PDWHULDO� SURSHUWLHV�� )RU� WKH� PRGHOLQJ� RI� WKH� RSWLFDO� ILEHUV� RQH�GLPHQVLRQDO�
/,1.���HOHPHQWV�GHILQHG�E\�WZR�QRGHV�ZLWK�WKUHH�GHJUHHV�RI�IUHHGRP��8;��8<��8=��ZHUH�XVHG�>��@��7KH�VSDU�HOHPHQWV
ZHUH�GHILQHG�EHWZHHQ�H[LVWLQJ�QRGHV��DW�WKH�H[WHUQDO�VLGH�RI�WKH�FRPSRVLWH�SDWFK�

)LJXUH����*UDSKLFDO�SUHVHQWDWLRQ�RI�GHYHORSHG�VWUDLQV�DORQJ�WKH�RSWLFDO�ILEHUV�IRU�WKH�FDVH�RI�DQ�XQFUDFNHG��XSSHU��DQG�D���PP
FUDFNHG��ORZHU��VLQJOH�SDWFKHG�VSHFLPHQ
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)LJXUH����2SWLFDO�ILEHU�EHWZHHQ�ODPLQDV�D�������E�������F�����
DQG�G��RSWLFDO�ILEHU�UHVLQ�SRFNHW�PRGHOLQJ

7KH�PRGXOXV�RI�HODVWLFLW\�DQG�WKH�DUHD�RI�WKH�RSWLFDO�ILEHU�ZHUH�GHILQHG�IRU�HDFK�HOHPHQW�DV�UHDO�FRQVWDQWV��DFFRUGLQJ�WR
WKH�FRUUHVSRQGLQJ�YDOXHV�RI�WKH�DFWXDO�RSWLFDO�ILEHUV��7KH�RSWLFDO�ILEHUV�ZHUH�GHILQHG�RQ�WKH�VWUDLJKW�OLQHV�IRUPHG�E\�WKH
QRGHV� RI� WKH� �'� HOHPHQWV�� DV� VKRZQ� LQ� )LJXUH� ��� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� DUUDQJHPHQW� RI� WKH� VROLG� HOHPHQWV� ZDV
SHUIRUPHG� E\� GLYLGLQJ� WKH� FRQFHUQHG� YROXPH� LQWR� SDUWV� ZKLFK� FRUUHVSRQGHG� WR� WKH� RSWLFDO� ILEHU� SDWKV�� 7KLV� ZD\�� WKH
GHILQLWLRQ� RI� D� QHWZRUN� RI� VWUDLJKW� RSWLFDO� ILEHUV�ZDV� HQDEOHG� DQG� WKH� VLPXOWDQHRXV� H[DPLQDWLRQ� RI� ��� GLIIHUHQW� SDWKV
FRXOG�EH�SHUIRUPHG��7KH�FUDFN�ZDV�PRGHOHG�E\�OHDYLQJ�WKH�UHODWHG�HGJH�QRGHV�RI� WKH�PHWDOOLF�VXEVWUDWH�XQFRQVWUDLQHG�
ZKLOH� WKH�QRGHV�RI� WKH�FRPSRVLWH�SDWFK�ZHUH�SURSHUO\� FRQQHFWHG� WR� WKH� UHVW� RI� WKH�PDWHULDO��7KH� IRUFH�ZDV� DSSOLHG� DV
SUHVVXUH�IDU�DZD\�IURP�WKH�UHSDLU�WR�HQVXUH�WKDW�WKH�DUHD�RI�LQWHUHVW�LV�EH\RQG�DQ\�WUDQVLWLRQ�HIIHFWV��$Q�RYHUDOO�YLHZ�RI
FRPSRVLWH�SDWFK� UHSDLU�PRGHO�ZLWK�HPEHGGHG�RSWLFDO� ILEHUV�DQG�DSSOLHG�ERXQGDU\�FRQGLWLRQV� LV� SUHVHQWHG� LQ�)LJXUH� ��
ZKLOH�WKH�UHVXOWV�RI�FRPSXWHG�VWUDLQV�RI�WKH�XQFUDFNHG�DQG�WKH�FUDFNHG�VSHFLPHQ�DUH�SUHVHQWHG�LQ�)LJXUH���
$V� IDU� DV� WKH� GLVWULEXWLRQ� RI� VWUHVVHV� WKURXJK� WKH� WKLFNQHVV� RI� WKH� SDWFK� LV� FRQFHUQHG�� DQG� LQ� RUGHU� WR� DYRLG� VWUHVV
FRQFHQWUDWLRQV�LQ�WKH�SDWFK�HQGV��GXH�WR�VKHDU�ODJ�SKHQRPHQD��D�VWHSSHG�SURILOH�KDV�EHHQ�DGRSWHG�ZLWK�D������VWHSSLQJ
UDWLR��OHQJWK�SO\, ��OHQJWK�SO\,�����DV�LQ�WKH�UHDO�UHSDLU�SURFHGXUH��7KH�HPEHGGHG�RSWLFDO�ILEHUV�DUH�VXSSRVHG�WR�EH�LPSRUWHG
EHWZHHQ� WKH� ODPLQDWHV�RI� WKH�SUHSUHJ� WKDW� IRUP�WKH�SDWFK�GXULQJ� WKH�PDQXIDFWXULQJ�SURFHVV��DQG� ORFDWHG�DW� WKH� YHUWLFDO
SURMHFWLRQ�RI�WKH�DOXPLQXP�FUDFN�WLS��'XH�WR�WKH�XQLGLUHFWLRQDO�DVVXPSWLRQ�RI�WKH�SDWFK�VWDFNLQJ�VHTXHQFH�D�PLQLPL]HG
UHVLQ�SRFNHW�LV�IRUPHG�DURXQG�WKH�ILEHU�GXULQJ�PDQXIDFWXULQJ��7KH�HPEHGGLQJ�GLUHFWLRQ�LV�SDUDOOHO�WR�WKH�ORDGLQJ�D[LV��VR
DV�WR�WUDFH�WKH�YDULDWLRQV�RI�WKH�VWUDLQ�ILHOG�LQ�WKH�GLUHFWLRQ�RI�WKH�DSSOLHG�ORDGV��7KH�ODPLQD�WKLFNQHVV�ZDV�DSSUR[LPDWHO\
HTXDO�WR�WKH�RSWLFDO�ILEHU�GLDPHWHU������P���UHVXOWLQJ�WR�D�SODWH�WR�SDWFK�WKLFNQHVV�UDWLR�RI���
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'LIIHUHQW�ORFDWLRQV�RI�WKH�RSWLFDO�ILEHUV��SUHVHQWLQJ�WKH�SRVVLEOH�HPEHGGLQJ�FRQILJXUDWLRQV��ZHUH�DVVXPHG��7KHUHIRUH��ILYH
GLIIHUHQW�PRGHOV�ZHUH�GHYHORSHG� HDFK�RQH� UHSUHVHQWLQJ� D� GLIIHUHQW� SRVLWLRQ�RI� ILEHU� HPEHGGLQJ� DQG�GLIIHUHQW� WHVW� FDVH
�WDEOH�����EHWZHHQ�ODPLQDV��������������������������)LJXUH����DQG�ZHUH�FRPSDUHG�WR�D�VLPLODU�PRGHO��ZLWKRXW�HPEHGGHG
RSWLFDO�ILEHU�

7KH� UHVXOWV� REWDLQHG� IURP� WKH� DERYH�
PHQWLRQHG� PRGHOV� OHG� WR� VHYHUDO� LPSRUWDQW
LVVXHV�� FRQFHUQLQJ� WKH� GHVLJQ� WHFKQLTXH�RI� DQ
HPEHGGHG�RSWLFDO�ILEHU�V\VWHP�LQ�D�FRPSRVLWH
SDWFK��LQ�RUGHU�WR�DYRLG�VWUHQJWK�ZHDNHQLQJ�RI
WKH� SDWFK� RU�� JHQHUDOO\�� DQ\� ILHOG�UHODWHG
SKHQRPHQD� WKDW� ZRXOG� OHDG� WR� LPSRUWDQW
VWUXFWXUDO�GHJUDGDWLRQ�LVVXHV�
7KH� PD[LPXP� 9RQ� 0LVVHV� VWUHVV� ILHOG
FRPSRQHQWV� GXH� WR� WKH� HPEHGGLQJ� RI� WKH
RSWLFDO� ILEHU� DW� YDULRXV� OD\HUV� PD\� EH
FDOFXODWHG� DQG� XVHG� WR� WKH� QRQ�GLPHQVLRQDO
FKDQJH�LQ�PD[LPXP�VWUHVV�GLVWULEXWLRQ�DV�
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,V�EHLQJ�GHILQHG��ZKHUH� I
9RQ0LVHV6 VWDQGV�IRU�WKH�PD[LPXP�9RQ�0LVVHV�VWUHVV�DW�WKH�FRUUHVSRQGLQJ�OD\HU�ZLWK�DQ�RSWLFDO

ILEHU�HPEHGGHG�LQ�WKH�SDWFK�DQG� �
9RQ0LVHV6 VWDQGV�IRU�WKH�PD[LPXP�9RQ�0LVVHV�VWUHVV�DW�WKH�VDPH�OD\HU�IRU�D�SDWFK�ZLWK

QR� RSWLFDO� ILEHU� HPEHGGHG�� 7KLV� UDWLR� FRUUHVSRQGV� WR� WKH� QRQ�GLPHQVLRQDO� FKDQJH� LQ� PD[LPXP� VWUHVV� GLVWULEXWLRQ
�DFFRUGLQJ�WR�WKH�9RQ�0LVVHV�&ULWHULRQ��RI�WKH�FRUUHVSRQGLQJ�ODPLQD�DV�FRPSDUHG�WR�WKH�YDOXH�RI�D�VLPLODU�SDWFK�ZLWKRXW
DQ�HPEHGGHG�ILEHU��$�JUDSKLFDO�SUHVHQWDWLRQ�RI�WKH�WKURXJK�WKH�WKLFNQHVV�GLVWULEXWLRQ�RI�WKH�UDWLR�LV�VKRZQ�LQ�)LJXUH��
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)LJXUH����7KURXJK�WKH�WKLFNQHVV�GLVWULEXWLRQ�RI�5YP UDWLR��683&�

)URP�WKHVH�UHVXOWV� LW� LV�REYLRXV�WKDW�DV� WKH� ILEHU� LV�EHLQJ�HPEHGGHG�WR�WKH�RXWHU� OD\HUV� WKH�GLVWXUEDQFH�LQ�VWUHVV�ILHOG�LV
KLJKHU� WKDQ� LI� WKH� ILEHU� LV�EHLQJ�HPEHGGHG� LQ� WKH� LQQHU� OD\HUV��2Q� WKH�RWKHU�KDQG�� WKH� ILEHU�KDV� WR�EH�FORVH� WR� WKH�KLJK
VWUHVV�JUDGLHQW�DUHD�LQ�RUGHU�WR�PHDVXUH�HIILFLHQWO\�WKH�GLVWXUEHG�ILHOG��$OVR��HYHQ�WKRXJK�WKH�UDWLR�VKRZV�WKDW�HPEHGGLQJ
WR�LQQHU�OD\HUV�ZRXOG�EH�PRUH�VHFXUH��IURP�D�UHSDLU�LQWHJULW\�SRLQW�RI�YLHZ���WKH�DEVROXWH�YDOXHV�IRU�VWUHVVHV�DW�WKH�ILUVW
OD\HU� VKRZV� WKDW� WKLV� LV� QRW� WKH� FDVH�� EHFDXVH� WKHUH� LV� D� PXFK� JUHDWHU� JUDGLHQW� FRPSDUHG� WR� WKH� RXWHU� OD\HUV� ZKLFK
PXOWLSOLHG�ZLWK�WKH�DERYH�UDWLR�SUHVHQW�KLJKHU�VWUHVV�ILHOG�YDOXHV��DV�VKRZQ�LQ�)LJXUH���

9RQ�0LVHV�6WUHVVHV
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)LJXUH����0D[LPXP�6WUHVV�GLVWULEXWLRQ�WKURXJK�SDWFK�OD\HUV��683&�

,W� LV�REYLRXV� IURP� WKH�DERYH�SORW� WKDW�ZKHUHYHU� WKH� ILEHU� LV�EHLQJ�HPEHGGHG� WR�� WKH� ILUVW� OD\HU�ZLOO� SUHVHQW� KLJK� VWUHVV
JUDGLHQWV�� EHFDXVH�RI� WKH� VWLIIQHVV�PLVPDWFK�RI� WKH� UHSDLU� DQG� WKH� ORDG� WUDQVIHU� DUHD�� 7KHUHIRUH�� HPEHGGLQJ� DQ� RSWLFDO
ILEHU�LQ�EHWZHHQ�ILUVW�DQG�VHFRQG�OD\HU�ZRXOG�FDXVH�DQ�LQFUHDVH�LQ�PD[LPXP�VWUHVV��LQ�DEVROXWH�YDOXHV��DV�VKRZQ�LQ�WKH
DERYH�JUDSK�WKDW�ZRXOG�H[FHHG�WKH�QRQ�ILEHU�FRQILJXUDWLRQ�VWUHVVHV�E\�����



&DOFXODWLQJ�WKH�QHXWUDO�VXUIDFH�IRU�WKH�PRGHOHG�FRQILJXUDWLRQ��DFFRUGLQJ�WR�HTXDWLRQ������LW�UHYHDOV�WKDW�LWV�SRVLWLRQ�ZRXOG
EH�LQ�EHWZHHQ�WKH�WKLUG�DQG�WKH�IRXUWK�OD\HU��$�FORVH�VWXG\�WR�WKH�UHVXOWV�RI�	DEOH���ZRXOG�VKRZ�WKDW�VWUHVV�YDOXHV�LQ�WKH
OD\HUV� EHORZ� DQG� DERYH� WKH� RSWLFDO� ILEHU� GHSHQG�PDLQO\� RQ�ZKHWKHU� WKH� ILEHU� LV� DERYH� RU� EHORZ� WKLV� QHXWUDO� SRVLWLRQ�
&OHDUO\��LI�WKH�ILEHU�LV�EHORZ�WKH�QHXWUDO�SRVLWLRQ�WKHQ�WKH�VWUHVVHV�LQ�WKH�EHORZ�OD\HU�DUH�KLJKHU�WKDQ�WKH�VWUHVVHV�LQ�WKH
OD\HU�DERYH�LW�DQG�YLFH�YHUVD��&RPELQLQJ�WKHVH�UHVXOWV�DQG�VWXG\LQJ�FORVHO\�WKH�UHVXOWV�RI�)LJXUH���LW�LV�FRQFOXGHG�WKDW�WKH
EHVW� DYDLODEOH� SRVLWLRQ� IRU� HPEHGGLQJ� WKH� RSWLFDO� ILEHU� LV� EHWZHHQ� WKH� OD\HUV� ���� RU� WKH� OD\HUV� ����� 7KH� ILUVW� SRVLWLRQ
FRLQFLGHV� WR� WKH�QHXWUDO� VXUIDFH�DQG� WKH� VHFRQG� LV�VOLJKWO\�DERYH� WKH�QHXWUDO� VXUIDFH�� DV� LW� LV� FDOFXODWHG�E\�5RVH¶V� ILHOG
HTXDWLRQV��%RWK�ORFDWLRQV�UHVXOW�LQ�WKH�PLQLPXP�VWUHVV�ILHOG�SHUWXUEDWLRQ��DV�FRPSDUHG�WR�WKH�QRQ�ILEHU�SDWFK�DQG�WKH�KLJK
VWUHVV�JUDGLHQW�DUHD�RI�WKH�ILUVW�OD\HU�

0D[LPXP�6WUDLQ�LQ�2SWLFDO�)LEHU�&RUH
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),%(5�� ),%(5�� ),%(5�� ),%(5�� ),%(5��

)LJXUH����0D[LPXP�6WUDLQ�LQ�2SWLFDO�)LEHU�&RUH��683&�

7KH�FRUUHVSRQGLQJ�PD[LPXP�D[LDO�VWUDLQV�LQ�WKH�RSWLFDO�ILEHU�FRUH�DUH�SUHVHQWHG�LQ�)LJXUH����,W�LV�REYLRXV�WKDW�DV�WKH�ILEHU
PRYHV�WR�WKH�RXWHU� OD\HUV� WKH�VWUDLQ�PHDVXUHG� LQ� WKH�FRUH�DQG� WKHUHIRUH� LWV� VHQVLWLYLW\�EHFRPHV� OHVV�DV�FRPSDUHG� WR� WKH
FDVH�RI�HPEHGGLQJ�LQ�EHWZHHQ�WKH�ILUVW�DQG�VHFRQG�OD\HUV��)RU�WKH�FDVH�RI�HPEHGGLQJ�WKH�ILEHU�LQ�EHWZHHQ�WKH�WKLUG�IRXUWK
RU�WKH�IRXUWK�ILIWK�OD\HU�LW�ZRXOG�EH�SUHIHUDEOH�WR�FKRRVH�WKH�ILUVW�RQH��DV�LW�ZRXOG�LQFUHDVH�WKH�VHQVLWLYLW\�FDSDELOLW\�RI�WKH
ILEHU�DV�FRPSDUHG�WR�WKH�VHFRQG�FKRLFH�E\�����
6XPPDUL]LQJ� WKH� DERYH� UHVXOWV� IURP�DQ� HQJLQHHULQJ�SRLQW� RI� YLHZ�DQG�E\� FORVH� H[DPLQDWLRQ�RI� D� QXPEHU� RI� GLIIHUHQW
IDFWRUV�WKDW�DIIHFW�WKH�OLIH�RI�WKH�UHSDLU��DV�ZHOO�DV�WKH�VHQVLQJ�DELOLW\�RI�WKH�ILEHU��LW�LV�FRQFOXGHG�WKDW� WKH�EHVW�DYDLODEOH
HPEHGGLQJ�SRVLWLRQ�RI�DQ�RSWLFDO�ILEHU�LQ�D�ODPLQDWHG�SDWFK��LQ�WKH�FDVH�RI�WKH�VLQJOH�8QLGLUHFWLRQDO�3DWFK�&RQILJXUDWLRQ�
FRLQFLGHV�WR�WKH�ORFDWLRQ�SUHGLFWHG�DV�QHXWUDO�VXUIDFH�SRVLWLRQ��DFFRUGLQJ�WR�WKH�5RVH¶V�HTXDWLRQ�����

����&28321�7(676
,Q�RUGHU�WR�HYDOXDWH�WKH�QXPHULFDO�UHVXOWV�DQG�YHULI\� WKH
VWUXFWXUDO� LQWHJULW\� RI� WKH� VPDUW� SDWFK�� D� VHULHV� RI� WHVW
FRXSRQV�ZHUH� GHVLJQHG� DQG� GHYHORSHG��7KH� FRXSRQV�� D
VFKHPDWLF� GLDJUDP� RI� ZKLFK� LV� SUHVHQWHG� LQ� )LJXUH� ��
ZHUH�GHYHORSHG�LQ�RUGHU�WR�VWXG\� WKH� VWUXFWXUDO� LQWHJULW\
RI�WKH�FRPSRVLWH�SDWFK�EHIRUH�DQG�DIWHU�WKH�HPEHGGLQJ�RI
WKH�RSWLFDO�ILEHUV�DV�ZHOO�DV� WKH�FDSDELOLW\�RI� WKH�RSWLFDO
VHQVRU�WR�WUDFH�WKH�DOWHUQDWLRQV�RI�WKH�PHFKDQLFDO�ILHOG�DW
WKH�VWUDLQ�JUDGLHQW�DUHD�

7KH� PHWDOOLF� �� FRPSRVLWH� FRXSRQ� ZDV� PDQXIDFWXUHG
XVLQJ� DOXPLQLXP� �����7�� DV� WKH� EDVH� VWUXFWXUH� XQGHU
UHSDLU�� KDYLQJ� D� FUDFN� RI� ��PP� OHQJWK�� $Q� DGKHVLYHO\
ERQGHG���OD\HU�SDWFK�ZDV�SODFHG�DERYH�WKH�FUDFNHG�DUHD
DV�D�UHSDLU��GHYHORSHG�XVLQJ�ERURQ�SUHSUHJ�PDWHULDO�ZLWK
D�2��OD\�XS��$FFRUGLQJ�WR�WKH�SUHYLRXV�QXPHULFDO�UHVXOWV�
WKH� ILEHU� ZDV� HPEHGGHG� LQ� SDUDOOHO� ZLWK� WKH� VWUXFWXUDO
ILEHUV� RI� WKH� ODPLQDV� LQ� RUGHU� WR� PLQLPL]H� WKH� UHVLQ
��PP

���PP ���PP

)LJ���7HVW�&RXSRQ



SRFNHW�LQ�WKH�DUHD�RI�WKH�ILEHU��0RUHRYHU��XVLQJ�WKH�VDPH�UHVXOWV��WKH�%UDJJ�*UDWLQJ�RSWLFDO�VHQVRU�ZDV�SODFHG�LQ�WKH�DUHD
RI�WKH�KLJKHVW�VWUDLQ�JUDGLHQW�ZKLFK�VWDQGV�DW�WKH�YHUWLFDO�D[LV�RI�WKH�FUDFN�WLS�RI�WKH�DOXPLQXP�7KH�FRXSRQV�ZHUH�ORDGHG
XVLQJ� DQ� ,QVWURQ� WHQVLOH� PDFKLQH� WR� YDULRXV� WHQVLOH� ORDGLQJ� OHYHOV� XS� WR� ��.1¶V�� 7KH� VHQVRU� ZDV� �PP� ORQJ� KDYLQJ
�% ����������û� ������DQG�5HIOHFWLYLW\ �����)RU� WKHVH� WHVWV� WKH� VHQVRU� LQWHUURJDWLRQ�ZDV�SHUIRUPHG� XVLQJ� D�0LFURQ
2SWLFV�)%*�,6� LQWHUURJDWRU�� FDSDEOH� WR� WUDFH� WKH�ZDYHOHQJWK�YDULDWLRQV�RI� WKH� WUDQVPLWWHG� OLJKW� LQ� WKH� ILEHU�� GXH� WR� WKH
PHFKDQLFDO�ORDGLQJ�
$�PDLQ�LVVXH�WR�EH�VROYHG�GXULQJ�WKH�HPEHGGLQJ�SURFHVV�RI�WKH�RSWLFDO�VHQVRU�DV�ZHOO�DV�GXULQJ�WKH�H[SHULPHQWDO�WHVWLQJ�
ZDV� WKH� RSWLFDO� ILEHU�FRPSRVLWH� LQWHUIDFH� DW� WKH� LQJUHVV�HJUHVV� SRLQW�� ,Q� RUGHU� WR� SUHYHQW� DQ\�ILEHU� EUHDNDJH�� PHWDOOLF
SURWHFWRUV�DV�WKH�RQH�SUHVHQWHG�LQ�)LJXUH���ZHUH�XVHG�

)LJXUH����2SWLFDO�VHQVRU�HPEHGGLQJ�LQ�VPDUW�SDWFK

7KH�VSHFLPHQV�ZHUH�ORDGHG�XS���.1�XVLQJ�WHQVLOH�ORDGLQJ�DQG�YDULRXV�PHDVXUHPHQWV�ZHUH�WDNHQ�IURP�WKH�RSWLFDO�%UDJJ
*UDWLQJ�VHQVRU�LQ�RUGHU�WR�VWXG\�WKH�WUDFHG�PHFKDQLFDO�ILHOG�

)LJXUH�����6WUDLQ�PHDVXUHG�E\�0LFURQ�2SWLFV�)%*�,6�DQG�FRPSDULVRQ�EHWZHHQ�QXPHULFDO�DQG�H[SHULPHQWDO�DQDO\VLV

%TCEM�VKR�RQUKVKQP

+PITGUU�RQKPV
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7KH�UHVXOWV�RI�WKH�PHFKDQLFDO�WHVWV�SUHVHQWHG�D�JRRG�FRUUHODWLRQ�EHWZHHQ�WKH�QXPHULFDO�DQG�H[SHULPHQWDO�UHVXOWV��DV�PD\
EH�VHHQ�IURP�)LJXUH����VKRZ�WKDW�WKH�SUHGLFWHG�VWUDLQ�ILHOG�ZDV�ILQDOO\�SURYHG�E\�WKH�H[SHULPHQWDO�WHVWV�ZLWK�DQ�HUURU�RI
OHVV�WKDQ����

�� 6+257�),%5(�%5$**�*5$7,1*6���6)*%�
%HFDXVH�WKH�SUHGLFWHG�UDQJH�RYHU�ZKLFK�WKH�VWUDLQ�ILHOG�H[LVWV�ZLWKLQ�WKH�SDWFK�LV�YHU\�VKRUW��LW�LV�QHFHVVDU\�WR�XVH�D�VWUDLQ
VHQVRU�ZLWK�D�YHU\�VKRUW�JDXJH�OHQJWK��7R�WKLV�HQG��ZH�SURSRVHG�DQG�GHPRQVWUDWHG�WKH�IDEULFDWLRQ�DQG�XVH�RI�D�YHU\�VKRUW
����PP��ILEUH�%UDJJ�JUDWLQJ��RU�6)%*

����,16&5,37,21�$1'�&+$5$&7(5,67,&6�2)�6)%*6
)RU�WKH�LQVFULSWLRQ�RI�WKH�)%*V�D���PP�ORQJ�SKDVH�PDVN�ZLWK�D�SLWFK�OHQJWK�RI��������QP�ZDV�XVHG�>��@��$�.U)�H[FLPHU
ODVHU� ZDV� HPSOR\HG�� HPLWWLQJ� SXOVHV� ZLWK� ��QV� GXUDWLRQ� DW� ����QP�� 7KH� EHDP� SURILOH� KDG� D� UHFWDQJXODU� VKDSH� ZLWK
GLPHQVLRQV�RI���u���PP� DQG�ZDV� IRFXVHG�E\�D�F\OLQGULFDO� OHQV�ZLWK�D� IRFDO� OHQJWK�RI����FP��$�F\OLQGULFDO� OHQV�ZDV
XVHG� IRFXV� WKH�([FLPHU� ODVHU� EHDP� RQ� WKH� ILEUH� DQG� DQ� RSWLFDO� DSHUWXUH� ZDV� DOVR� XVHG� WR� UHGXFH� WKH� OHQJWK� RI� ILEUH
LOOXPLQDWHG�E\�WKH�EHDP�� �7KH�ILEHU�ZDV�SODFHG�DOPRVW� LQ�FRQWDFW�ZLWK�WKH�SKDVH�PDVN�DQG�DORQJ�WKH�OLQH�RI�PD[LPXP
LQWHQVLW\�RI�WKH�EHDP��7KH�89�ODVHU�HQHUJ\�IOXHQFH�RQ�WKH�ILEHU�ZDV����P-���FP� SHU�SXOVH�

)LJ����6)%*�LQVFULSWLRQ

7KH� EDFNZDUG� IOXRUHVFHQFH� RI� DQ� HUELXP�GRSHG� ILEHU�ZDV� XVHG� DV� D� EURDGEDQG� VRXUFH� LQ� RUGHU� WR�PRQLWRU� WKH� 6)%*
LQVFULSWLRQ�SURFHVV�LQ�UHDO�WLPH��)LJXUH������7KH�SKRWRVHQVLWLYH�ILEHUV�ZHUH�VSOLFHG�RQ�RQH�RI�WKH�RXWSXW�SRUWV�RI�D���G%
FRXSOHU�� HQDEOLQJ� WKH� VLPXOWDQHRXV�PHDVXUHPHQW�RI� WKH� UHIOHFWHG�DQG� WUDQVPLWWHG� VSHFWUD��7KH� HYROXWLRQ�RI� WKH� JUDWLQJ
ZDV�PRQLWRUHG�XVLQJ� DQ�RSWLFDO� VSHFWUDO� DQDO\]HU� �26$�� WR�PHDVXUH� WKH� LQFUHDVH� RI� WKH� UHIOHFWHG� RSWLFDO� SRZHU� DW� WKH
%UDJJ�ZDYHOHQJWK��,Q�DGGLWLRQ�WKH�VSHFWUDO�EURDGHQLQJ�RI�WKH�UHIOHFWHG�VLJQDO�ZDV�DOVR�PHDVXUHG�DW�WKH�)XOO�:LGWK�+DOI
0D[LPXP� �):+0��� GXULQJ� WKH� LQVFULSWLRQ� RI� WKH� 6)%*�� 6LPLODUO\� WKH� UHIOHFWLYLW\� RI� WKH� 6)%*� ZDV� PRQLWRUHG� E\
PHDVXULQJ�WKH�GHFUHDVH�LQ�WKH�WUDQVPLVVLRQ�VSHFWUXP�DW�WKH�%UDJJ ZDYHOHQJWK��$OO�WKH�6)%*V�ZHUH�ZULWWHQ�ZLWK�WKH�VDPH
HQHUJ\�IOXHQFH�SHU�SXOVHV�����P-�FP���DQG�SXOVH�UHSHWLWLRQ�UDWHV�RI���WR����+]�
7KH� SKRWRVHQVLWLYLW\� RI� D� YDULHW\� RI� ILEHUV� KDV� EHHQ� LQYHVWLJDWHG� LQFOXGLQJ�JHUPDQRVLOLFDWH� ILEHUV� ZLWK� VWDQGDUG� RU
LQFUHDVHG�JHUPDQLXP�FRQFHQWUDWLRQ�DQG� ILEHUV�ZLWK�GRSDQWV� VXFK� DV� ERURQ�RU� GHXWHULXP��%RURQ� FR�GRSHG� ILEHU� KDV� DQ
H[FHOOHQW�SKRWRVHQVLWLYH�UHVSRQVH�PXFK�JUHDWHU�WKDQ�D�ILEHU�ZLWK�DQ�HTXLYDOHQW�JHUPDQLXP�FRQFHQWUDWLRQ�>��@��+\GURJHQ
ORDGLQJ�LV�RIWHQ�XVHG�WR�JHQHUDWH�RU�VLJQLILFDQWO\�HQKDQFH�WKH�SKRWRVHQVLWLYLW\�RI�YDULRXV�W\SHV�RI�RSWLFDO�ILEHUV�DQG�KLJK
UHIOHFWLYLWLHV�KDYH�EHHQ�UHSRUWHG�ZLWK�K\GURJHQDWHG�ERURQ�FR�GRSHG�ILEHUV�

1RVKECN�#RGTVWTG

2JCUG�OCUM

����.CUGT RWOR
9&/�EQWRNGT

'T�FQRGF�HKDTG
%QWRNG5($)

'ZEKOGT�NCUGT�����PO
%[NKPFTKECN�NGPU

5RGEVTWO�#PCN[\GT



(IIHFW�RI�PRGHUDWH�EHQGLQJ�RQ�UHIOHFWLRQ�VSHFWUD��N�
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%HQW��U ���PP�
$GMXVWHG�EHQW

7KH�H[SHULPHQWDO�UHVXOWV�VKRZHG�WKDW�XS�WR�����-�FP��WKH�ILEHUV�H[KLELW�VLPLODU�SKRWRVHQVLWLYLW\��)RU�KLJKHU�DFFXPXODWHG
IOXHQFHV�WKH�HIIHFW�VHHPV�WR�EH�PRUH�SURQRXQFHG�LQ�WKH�FDVH�RI� WKH�ERURQ�FR�GRSHG�ILEHU�VLQFH�DIWHU�K\GURJHQDWLRQ� WKH
SKRWRLQGXFHG�UHIUDFWLYH�LQGH[�FKDQJH�FRQWLQXHV�WR�LQFUHDVH�ZLWK�WKH�DFFXPXODWH�IOXHQFH�HYHQ�DERYH�����-�FP��DQG�VKRZV
VLJQV� RI� VDWXUDWLRQ� RQO\� DERYH� ���� -�FP���8QGHU� WKLV� IOXHQFH� WKH� LQFUHDVH� LQ� WKH� UHIUDFWLYH� LQGH[� RI� WKH�%�*H� ILEHU� LV
DURXQG����[���� -�FP���ZKLFK� LV� DQ� LQFUHDVH�RI�DOPRVW� DQ�RUGHU� RI�PDJQLWXGH� FRPSDUHG� WR� WKH� XQORDGHG� ILEHU�� )RU� WKH
VDPH�OHYHO�RI�DFFXPXODWHG�IOXHQFH�WKH�K\GURJHQDWHG�KLJK�*H�ILEHU�H[KLELWV�DQ�LQGH[�FKDQJH�RI�����[����� -�FP� >��@�
%DVHG�RQ�WKHVH�UHVXOWV�K\GURJHQDWHG�%RURQ�FR�GRSHG�JHUPDQRVLOLFDWH�ILEUH�ZLWK���PRO��*HUPDQLXP�FRQFHQWUDWLRQ�ZDV
DGRSWHG�� 7KH� ILEUH� ZDV� SODFHG� LQ� D� K\GURJHQ� FKDPEHU� DW� ���� $WP� IRU� ��� GD\V� LQ� RUGHU� WR� LQFUHDVH� WKH� WKHLU
SKRWRVHQVLWLYLW\�>��@�
6HYHUDO�VHWV�RI���PP�DQG���PP�JUDWLQJV�ZHUH�LQVFULEHG�DQG�D�W\SLFDO�WUDQVPLVVLRQ�DQG�UHIOHFWLRQV�VSHFWUXP�IRU�D��PP
6)%*�LV�)LJ����EHORZ�XVLQJ�+\GURJHQDWHG�%RURQ�FR�GRSHG�ILEUH�� ,Q� WKH�FDVH�RI� WKH���PP�6)%*� WKH� UHIOHFWLYLW\�ZDV
DERXW������DQG�LV�GHSHQGHG�RQ�WKH�K\GURJHQDWLRQ�DQG� ODVHU�H[SRVXUH� WLPH��7KH�FHQWUDO�ZDYHOHQJWK� LV������QP�ZLWK�D
):+0�RI������QP�DQG�VLGH�EDQG�VHSDUDWLRQ�RI������QP�DQG�DERXW������RI�WKH�SHDN�UHIOHFWDQFH�
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5HIOHFWLRQ
7UDQVLPLVVLRQ

)LJ������PP�6)%* )LJ����6)%*�'HSOR\PHQW�LVVXHV

6LPLODUO\�IRU�WKH���PP�)%*�WKH�UHIOHFWLYLW\�LV�DERXW�����GXH�WR�WKH�ORQJHU�H[SRVXUH�RI�WKH�ILEUH�WR�WKH�89�ODVHU�OLJKW�
7KH�FHQWUDO�ZDYHOHQJWK�LV�DJDLQ������QP�ZLWK�D�):+0�RI������QP�DQG�VLGH�EDQG�VHSDUDWLRQ�LV������QP�DQG�DERXW����
RI�WKH�SHDN�UHIOHFWDQFH�
$V�ZRXOG�EH�H[SHFWHG�IURP�D�JUDWLQJ�ZLWK�D�YHU\�VPDOO�QXPEHU�RI�HOHPHQWV��WKH�EDQGZLGWK�LV�ODUJH��LQ�WKLV�FDVH��WKH��G%
EDQGZLGWK�LV�DSSUR[LPDWHO\��QP��D�FRQVLGHUDEOH��EXW� LQHYLWDEOH�GUDZEDFN� IRU�DQ�DSSOLFDWLRQ�ZKHUH�VHULDO�DGGUHVVLQJ� LV
GHVLUDEOH��7KH�VLGHOREH�PDJQLWXGH�LV�DSSUR[LPDWHO\���G%�GRZQ�RQ�WKH�FHQWUDO�SHDN��EXW�ZLWK�D�W\SLFDO�LQVHUWLRQ�ORVV�RI
���G%��WKLV� LV�QRW�D�VLJQLILFDQW�IDFWRU� LQ�GHWHUPLQLQJ�WKH�PD[LPXP�QXPEHU�RI�JUDWLQJV�WKDW�FDQ�EH�DFFRPPRGDWHG��7KH
VWUDLQ�UHVSRQVH�RI�WKH�6)%*�LV�H[WUHPHO\�FORVH�WR�OLQHDU

�����6)%*�'(3/2<0(17�,668(6
2QH�RI� WKH� LVVXHV�RI�FRQFHUQ� LQ� WKH�XVH�RI�6)%*� LV� WKHLU� LQFUHDVHG� VHQVLWLYLW\� WR�GHSOR\PHQW�LQGXFHG�FKDQJHV� LQ� WKHLU
VSHFWUDO�FKDUDFWHULVWLFV��7R�LQYHVWLJDWH�WKLV��WKH�6)%*�VSHFWUXP�ZDV�UHFRUGHG�ZKLOVW�WKH�JUDWLQJ�ZDV�O\LQJ�XQGLVWXUEHG�RQ
WKH�RSWLFDO�EHQFK�DQG�LQ�WKH�VHFRQG�FDVH��WKHQ�WKH�JUDWLQJ�ZDV�³ZUDSSHG´�DURXQG�D�PDQGUHO�RI���PP�GLDPHWHU��)LJXUH���
VKRZV� WKH� WZR� VSHFWUD� VXSHULPSRVHG�� IURP� ZKLFK� WKH� EHQG�LQGXFHG� ORVV� ±� RI� DSSUR[LPDWHO\� ���G%� �� FDQ� FOHDUO\� EH
LGHQWLILHG��7KH�ILJXUH�DOVR�GHSLFWV�D�WKLUG�FXUYH��IRU�ZKLFK�WKH�EHQG�ORVV�LV�PDWKHPDWLFDOO\�FRPSHQVDWHG��7KH�GLIIHUHQFH
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)LJXUH�����)LOWHU�7HPSHUDWXUH�6HQVLWLYLW\

EHWZHHQ� WKLV� FXUYH� DQG� WKH� XQGLVWXUEHG� ILEUH� FDVH�� LV� SUDFWLFDOO\� LQGLVFHUQLEOH� DQG� LQGHHG� D� GLIIHUHQFH� DQDO\VLV� �QRWH
SUHVHQWHG�KHUH��VKRZV�WKDW�EHQG�LQGXFHG�VSHFWUDO�PRGLILFDWLRQ�LV�DW�D�YHU\�PLQRU�OHYHO

�� 6)%*�,17(552*$7,21
7KH�UHVSRQVLELOLW\�IRU�WKH�GHVLJQ�DQG�GHOLYHU\�RI�WKH�6)%*�LQWHUURJDWLRQ�V\VWHP�ZLWKLQ�WKH�$&,'6�SURMHFW�LV�SULQFLSDOO\
WKDW�RI�$26�7HFKQRORJ\�/WG��D�8.�60(�FRPSDQ\��$26�KDV�EHHQ�LQYROYHG�LQ�WKH�GHVLJQ�DQG�GHYHORSPHQW�RI�D�QXPEHU
RI� FRQYHQWLRQDO� )%*� LQWHUURJDWLRQ� V\VWHPV�� 0RVW� UHFHQWO\�� $26� KDV� ODXQFKHG� WKH� N�6&$1� LQVWUXPHQW�� ZKLFK� FDQ
LQWHUURJDWH�VLPXOWDQHRXVO\�XS�WR����LQGHSHQGHQW�FKDQQHOV�RI�XS�WR����)%*V�DW�PRUH�WKDQ��N+]�

,I�PRUH�WKDQ�RQH�JUDWLQJ�LV�ORFDWHG�LQ�D�VLQJOH�FKDQQHO��WKHQ�WKHVH�PXVW
HLWKHU�EH�SK\VLFDOO\�VHSHUDWHG��VR�WKDW�WLPH�RI�IOLJKW�GLVFULPLQDWLRQ�FDQ
EH� XVHG� WR� GLVWLQJXLVK� EHWZHHQ� WKHP�� RU� PRUH� FRPPRQO\�� WKH\� PXVW
HDFK�RFFXS\�D�XQLTXH�ZDYHOHQJWK�VSDFH��VR� WKDW� WKH\�FDQ�EH�DFFHVVHG
E\�ZDYHOHQJWK� WXQLQJ�� ,Q� RUGHU� WR� VHULDOO\�DFFHVV� D� QXPEHU� RI�)%*V�
WKH� N�6&$1� LQVWUXPHQW� LQFRUSRUDWHV� D� WXQDEOH� QDUURZEDQG� ILOWHU�
ZKLFK� �� LQ� FRPPRQ� ZLWK� PRVW� RI� WKHVH� FRPSRQHQWV�� LV� EDVHG� RQ� D
)DEU\�3HURW� GHVLJQV��7R� DFKLHYH� WKH� IDVW� XSGDWH� UDWH�� N�6&$1� XVHV�D
VLOLFRQ�0(0� GHYLFH�� ZKLFK� LV� FDSDEOH� RI� VFDQQLQJ� DW� PDQ\� ��¶V� RI
N+]�

)LJXUH�����$26�N�6&$1�)%*�LQWHUURJDWRU

����6<67(0�,03/,&$7,216�)25�60$57�3$7&+�$33/,&$7,216
)RU�WKH�$&,'6�DSSOLFDWLRQ��WKH�IDVW�XS�GDWH�UDWH�RI�WKH�N�6&$1�LQVWUXPHQW�LV�QRW�HVSHFLDOO\�DGYDQWDJHRXV��EXW�RI�FULWLFDO
LPSRUWDQFH� LV� WKH� ORQJ� WHUP� VWDELOLW\� DQG� UHSHDWDELOLW\� RI� WKH� GDWD�� ZKLFK� LV� LQKHUHQWO\� GLIILFXOW� WR� DFKLHYH� ZLWK� WKLV
VFDQQLQJ�PHWKRGRORJ\�� 7KH� NH\� WR� VHFXULQJ� DGHTXDWH� VWDELOLW\� DQG� UHSHDWDELOLW\� ZLWKLQ� WKH� FRQVWUDLQWV� RI� WKH� RULJLQDO

LQVWUXPHQW� GHVLJQ�� ZDV� WR� UDGLFDOO\� LPSURYH� WKH
WHPSHUDWXUH� FRQWURO� RI� VHYHUDO� PDLQ� V\VWHP
FRPSRQHQWV�� SULQFLSDOO\� WKH� RSWLFDO� VRXUFH� DQG
PRVW� LPSRUWDQWO\�� WKH� WXQDEOH� RSWLFDO� ILOWHU��7KH
ODWWHU�LV�D�KLJKO\�WHPSHUDWXUH�VHQVLWLYH�GHYLFH��DV
PD\�EH�VHHQ�IURP�)LJ�����ZKLFK�VKRZV�KRZ�WKH
FHQWUH�ZDYHOHQJWK�RI�WKH�ILOWHU�SDVVEDQG YDULHV�DV
D� IXQFWLRQ� RI� SDFNDJH� WHPSHUDWXUH�� ZLWK� D
FRHIILFLHQW� RI� DSSUR[LPDWHO\� ���QP��&�� 7KH
0(0�ILOWHU�FKLS�LV�PRXQWHG�RQ�D�3HOWLHU HOHPHQW
ZKLFK� FDQ� EH� XVHG� WR� UHJXODWH� LWV� WHPSHUDWXUH�
7KH� RULJLQDO� N�6&$1� LQVWUXPHQW� LQFRUSRUDWHG
WKLV� HOHPHQW� ZLWKLQ� D� FORVHG� ORRS� FRQWUROOHU
EDVHG� RQ� WKH� +<7(.� +<����� WKLFN�ILOP
LQWHJUDWHG�FRQWUROOHU��:KLOVW� WKLV� LV� DGHTXDWH� IRU
KLJK� XSGDWH� UDWH� DSSOLFDWLRQV�� VXFK� DV� YLEUDWLRQ
DQDO\VLV��LW�GRHV�QRW�SURYLGH�D�SHUIRUPDQFH�OHYHO
FRPPHQVXUDWH� ZLWK� WKH� QHHGV� RI� H[WHQGHG
PRQLWRULQJ��VXFK�DV�UHTXLUHG�E\�WKH�6PDUW�3DWFK
GHSOR\PHQW�� 7KH� ILUVW� WDVN� ZDV� WKHUHIRUH� WR� UH�

GHVLJQ� WKH� 3HOWLHU� FRQWUROOHU� WR� SURYLGH� VLJQLILFDQWO\� LPSURYHG� SHUIRUPDQFH�� $� GHVLJQ� EDVHG� RQ� WKH� 0D[LP� ����
LQWHJUDWHG�FRQWUROOHU�ZDV�XQGHUWDNHQ�DQG�WKH�UHVXOWLQJ�SHUIRUPDQFH�JDLQ�±�RI�WKH�RUGHU�RI�[�����FDQ�EH�VHHQ�ZLWK�UHIHUHQFH
WR�)LJ�����ZKLFK�VKRZV�WKH�FRQWUROOHU�UHVSRQVH�WR�D�VWHS�FKDQJH�LQ�ORDG�
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)LJXUH�����,PSURYHG�FRQWUROOHU�UHVSRQVH

:LWK�WKH�UH�GHVLJQHG�FRQWUROOHU��WKH�WHPSHUDWXUH�RI�WKH�WXQDEOH�ILOWHU�FKLS�FDQ�EH�PDLQWDLQHG�WR�EHWWHU�WKDQ�������&��DQG
SUREDEO\� WR� ������&��� :KLOVW� WKH� LPSURYHG� FRQWUROOHU� SHUIRUPDQFH� LV� VLJQLILFDQW� LQ� WKH� RYHUDOO� V\VWHP� VWDELOLW\
HQKDQFHPHQW��VHYHUDO�RWKHU�VWHSV�ZHUH�QHFHVVDU\�WR�SURYLGH�DGHTXDWH�RYHUDOO�WKHUPDO�PDQDJHPHQW��LQFOXGLQJ�D�UH�GHVLJQ

RI� WKH� PRXQWLQJ� V\VWHP� IRU� WKH� WXQDEOH� ILOWHU� �WR� UHPRYH� FRQGXFWHG� WKHUPDO� DQG� PHFKDQLFDO� ORDGLQJ� HIIHFWV�� DQG� WKH
SURYLVLRQ�RI�D� WKHUPDOO\�FRQWUROOHG�RXWHU�VKLHOGLQJ� IRU� WKH� ILOWHU�� WR�PDLQWDLQ� ORFDO� WHPSHUDWXUH� WR�D�QRPLQDO� OHYHO��7KH
FRPELQHG�UHVXOW�RI�WKH�YDULRXV�LPSURYHPHQWV�GLVFXVVHG�DERYH�� LV� WKDW�VWDELOLW\�RI� WKH�LQVWUXPHQW�LV�QRZ�VXE�SP��ZKLFK
W\SLFDOO\�WUDQVODWHV�WR�D�VXE�PLFURVWUDLQ�OHYHO�VWUDLQ�VWDELOLW\�

�� &21&/86,216
7KH� WHFKQRORJ\�RI�6PDUW�3DWFK� UHSDLU� IRU�DHURVWUXFWXUHV �� DV�SDUW�RI� WKH�(8�FR�IXQGHG�SURMHFW�� ³$&,'6´� LV� GHVFULEHG�
7KLV� LQYROYHV� WKH� XVH� RI� YHU\� WKLQ� FRPSRVLWH�SDWFKHV� ZKLFK� DUH� ERQGHG� RQWR� WKH� VXUIDFH� WR� EH� UHSDLUHG��)LEUH�%UDJJ
JUDWLQJV�HPEHGGHG�LQWR�WKH�SDWFK�HQDEOH�LWV�SHUIRUPDQFH�RYHU�WLPH�WR�EH�PRQLWRUHG
)URP� WKH� UHVXOWV� GHVFULEHG� LW� ZDV� FRQFOXGHG� WKDW� D� ILEHU� RSWLFV� QHWZRUN� LV� FDSDEOH� RI� WUDFLQJ� WKH� FULWLFDO� SDUDPHWHUV
UHTXLUHG�IRU�WKH�PRQLWRULQJ�RI�WKH�VWUXFWXUDO� LQWHJULW\�RI�FRPSRVLWH�SDWFK�UHLQIRUFHG�VWUXFWXUHV��L�H��VWUDLQV�GHYHORSHG�DW
WKH�SDWFK�DQG�SRVLWLRQ�RI�WKH�FUDFN�WLS���+RZHYHU��WKH�RSWLFDO�VHQVRUV�VKRXOG�EH�ORFDWHG�DFFRUGLQJ�WR�FHUWDLQ�UXOHV��LQ�RUGHU
WR�DFTXLUH�UHOLDEOH�UHVXOWV��7ZR�%UDJJ�*UDWLQJ�VHQVRUV�VKRXOG�EH�XVHG�DW�HDFK�VLGH�RI�WKH�FUDFN�SHU�RSWLFDO�ILEHU��WR�HQDEOH
DGHTXDWH�PRQLWRULQJ�RI� WKH� VWUDLQ� ILHOG�DQG� WKH�FUDFN� WLS� ORFDWLRQ��)RU� WKH�FDVH�RI�RQH�VLGHG�SDWFKHG� VWUXFWXUHV��RSWLFDO
VHQVRUV�VKRXOG�EH�ORFDWHG����PP�IDU�IURP�WKH�FUDFN�D[LV�DQG�UHSHDWHG�DW�UHJXODU�LQWHUYDOV�RI����PP�DZD\�IURP�WKH�FUDFN
WLS���GHSHQGLQJ�RQ�WKH�UHTXLUHG�DFFXUDF\��XQWLO�WKH�SUHGLFWHG�FUDFN�SURSDJDWLRQ�OLPLW��)RU�WKH�WZR�VLGHG�SDWFKHG�VWUXFWXUHV
WKH�RSWLFDO� VHQVRUV� VKRXOG�EH�SODFHG� FORVHU� WR� WKH� FUDFN� D[LV� �L�H�� RQO\��PP�DZD\�� NHHSLQJ� WKH� VDPH� SHULRGLFLW\�� 7KH
VHFRQG�URZ�RI�VHQVRUV�VKRXOG�EH�ORFDWHG�DSSUR[LPDWHO\����PP�IDU�IURP�WKH�ILUVW��,Q�FDVH�WKH�PD[LPXP�SHUPLVVLEOH�VWUDLQ
RI� WKH� RSWLFDO� ILEHUV� LV� ORFDOO\� H[FHHGHG� GXH� WR� WKH� LPSRVHG� ORDGLQJ� RU� EHFDXVH� RI� LWV� SUR[LPLW\� WR� WKH� FUDFN� WLS�� D
UHORFDWLRQ� RI� WKH� RSWLFDO� VHQVRU� FRXOG� EH� FRQVLGHUHG�� VLQFH� WKH� LQWHUUXSWHG� VWUDLQ� ILHOG� H[WHQGV� WR� D� GLVWDQFH� RI� DOPRVW
��PP� DZD\� IURP� WKH� FUDFN� WLS��1HYHUWKHOHVV�� LW� VKRXOG� EH� QRWHG� WKDW� LQ� VXFK� FDVH� WKH� DFFXUDF\� RI� WKH�PHDVXUHPHQWV
PLJKW�EH�VOLJKWO\�UHGXFHG��HVSHFLDOO\�LQ�FDVH�WKDW�WKH�FUDFN�D[LV�GLUHFWLRQ�LV�FKDQJLQJ�
%HFDXVH� RI� WKH� YHU\� ORFDO� VWUDLQ� HIIHFWV� ZLWKLQ� WKH� SDWFK�� WKH� JUDWLQJV� PXVW� KDYH� D� YHU\� VKRUW� JDXJH� OHQJWK�� 7KH
IDEULFDWLRQ�� SHUIRUPDQFH� DQG� GHSOR\PHQW� LVVXHV� DVVRFLDWHG� ZLWK� WKHVH� VKRUW� JUDWLQJV��6)%*V�� DUH� GHVFULEHG�� )RU� WKH
LQVFULSWLRQ�RI�6)%*��WKH�IROORZLQJ�SDUDPHWHUV�DUH�LPSRUWDQW�LQ�REWDLQLQJ�KLJK�UHIOHFWLYLWLHV�DQG�UHODWLYHO\�ORZ�VLGHEDQGV�
� 7KH�ILEUH�SKRWRVHQVLWLYLW\�KDV�WR�EH�KLJK�DQG�DV�WKH�H[SHULPHQWDO�ZRUN�VKRZHG�K\GURJHQDWHG�%RURQ�FRGRSHG�ILEUHV

ZLWK�RQH�RI�WKH�KLJKHVW�SKRWRVHQVLWLYLW\�DUH�VXLWDEOH�IRU�WKLV�DSSOLFDWLRQ�



� 7KH� XVH� RI� DQRGL]HG� EHDP�SURILOH� KDV� WR� EH� HPSOR\HG� LQ� RUGHU� WR� UHGXFH� WKH� VSHFWUDO�VLGHEDQGV��ZKLFK� FDQ� EH� D
SUREOHP�LQ�PXOWLSOH[LQJ�PRUH�WKH�RQH�6)%*��+RZHYHU�WKLV�LV�QRW�HDVLO\�EH�DFKLHYHG�E\�SKDVH�PDVN�DSHUWXULQJ�� LQ
VXFK�VKRUW�JUDWLQJV�� DQG� WKH� XVH�RI�PRUH� VRSKLVWLFDWHG� VFDQQLQJ�PHWKRGV� VKRXOG�EH�XVHG� WR�FHQWHU�ZHLJK� WKH�ILEUH
JUDWLQJ�VWUXFWXUH�

7KH� 6)%6V FDQ� EH� VHULDOO\� DGGUHVVHG� E\� D� WXQDEOH� )%*� LQWHUURJDWRU�� 0RGLILFDWLRQV� WR� D� FRPPHUFLDOO\�DYDLODEOH
LQWHUURJDWLRQ�V\VWHP�PDQXIDFWXUHG�E\�RQH�RI� WKH�SURMHFW�SDUWQHUV� �$26�7HFKQRORJ\�/WG�� WR�DFKLHYH�HQKDQFHG�VWDELOLW\
DQG�ORQJ�WHUP�GULIW�SHUIRUPDQFH�DUH�GHVFULEHG�
7KH�SURMHFW��ZKLFK�LV�QRZ�DW� WKH�PLG�WHUP�VWDJH��QRZ�PRYHV� WR�D�PRUH�GHWDLOHG�FKDUDFWHULVDWLRQ�RI� WKH�6)%*�SDWFKHV�
GHSOR\PHQW�WULDOV�DQG�IXUWKHU�LPSURYHPHQWV�WR�WKH�LQWHUURJDWLRQ�V\VWHP��ZLWK�D�YLHZ�WR�LPSURYLQJ�SRUWDELOLW\�DQG�FRVW�

�� $&.12:/('*(0(176
7KH�VXSSRUW�RI�WKH�(XURSHDQ�&RPPLVVLRQ��*�5'�&7������������3URMHFW�$&,'6��$LU�&RQIRUPDO�,FH�'HWHFWLRQ�6\VWHP�
DQG�RI�WKH�RWKHU�FRQVRUWLXP�SDUWQHUV�LV�JUDWHIXOO\�DFNQRZOHGJHG�
)257+�LV�D�PXOWL�GLVFLSOLQDU\�JRYHUQPHQW�VSRQVRUHG�UHVHDUFK�RUJDQL]DWLRQ��ZLWK�VHYHQ�LQVWLWXWHV��LQFOXGLQJ�WKH�,QVWLWXWH
RI� (OHFWURQLF� 6WUXFWXUHV� DQG�/DVHUV� ZKLFK� LQFRUSRUDWHV� WKH� )2� VHQVRU� JURXS�� �)257+¶V� ZRUN� RQ� )%*V� ZDV� SDUWO\
VSRQVRUHG�E\�WKH�+HOOHQLF�7HOHFRPPXQLFDWLRQV�&RPSDQ\��27(���:H�SDUWLFXODUO\�ZLVK�WR�DFNQRZOHGJH�WKH�KHOS�RI�RXU
VWXGHQWV�HVSHFLDOO\�*HRUJH�7DPLRODNLV��6)%*��

�� 5()(5(1&(6
�� %DNHU��$�$��DQG��-RQHV�5��������%RQGHG�5HSDLU�RI�$LUFUDIW�6WUXFWXUHV��0DUWLQXV�1LMKRII�3XEOLVKHUV�
�� =�3��0DULROL�5LJD��*�-��7VDPDVSK\URV��*�1��.DQGHUDNLV��'HYHORSPHQW�RI�D�0HWKRG�IRU�$�&�(PHUJHQF\�5HSDLUV�E\

&RPSRVLWH�3DWFKHV��6�$��3DLSHWLV��(�(��*GRXWRV���;DQWKL�������9RO�,,��������
�� %DNHU� $�$��� %RQGHG� &RPSRVLWH� 5HSDLU� RI� 0HWDOOLF� $LUFUDIW� &RPSRQHQWV� ±� 2YHUYLHZ� RI� $XVWUDOLDQ� $FWLYLWLHV�

&RPSRVLWH�5HSDLU�RI�0LOLWDU\�$LUFUDIW�6WUXFWXUHV��$*$5'�&3������SS������WR�������6HYLOOH��6SDLQ��������
�� *�-�� 7VDPDVSK\URV�� *�1�� .DQGHUDNLV�� =�3�� 0DULROL�5LJD�� ³7KUHH�GLPHQVLRQDO� )LQLWH� (OHPHQWV� $QDO\VLV� RI

'HERQGLQJ�DQG�7KHUPDO�(IIHFWV�1HDU�WKH�&UDFN�7LS�RI�D�0HWDO�6WUXFWXUH�5HSDLUHG�E\�D�&RPSRVLWH�3DWFK´���WK 1DW�
&RQJ�� RQ� &RPSXW�� 0HFK��� 0�� $UDYDV�� -�7�� .DWVLNDGHOLV� �HGLWRUV�� 8QLY�� RI� 7KHVVDO\��9RO� ,,�� SS���������� 9RORV�
*UHHFH��������

�� =�3��0DULROL�5LJD�� *�-�� 7VDPDVSK\URV�� *�1��.DQGHUDNLV�� ³1RQ� 'HVWUXFWLYH� (YDOXDWLRQ� RI� WKH� &UDFN� 3URSDJDWLRQ
XQGHU� D� &RPSRVLWH� 3DWFK� 5HSDLU� 8VLQJ� WKH� (GG\� &XUUHQW� 0HWKRG´�� 63,(¶V� �WK ,QWHUQDWLRQDO� 6\PSRVLXP� RQ
1RQGHVWUXFWLYH�(YDOXDWLRQ�DQG�+HDOWK�0RQLWRULQJ�RI�$JHLQJ�,QIUDVWUXFWXUH��1HZSRUW�%HDFK��&$��86$��������

�� 5D\PRQG�0HDVXUHV��³)LEHU�2SWLF�6HQVLQJ�IRU�&RPS��6PDUW�6WUXFWXUHV´��$*$5'��&3�����������
�� -�� 6LUNLV� HW� DO�� ³:KDW� GR� HPEHGGHG� RSWLFDO� ILEHUV� UHDOO\� PHDVXUHV"́ �� 63,(�� 9RO������� �����1�� 6SRQ� /WG�� �����

/RQGRQ�	�1<�
�� *�-�� 7VDPDVSK\URV�� 1�� .�� )XUQDUDNLV�� *�1�� .DQGHUDNLV�� =�3�� 0DULROL�5LJD�� ³7KUHH�'LPHQVLRQDO� )LQLWH� (OHPHQW

$QDO\VLV� RI� &RPSRVLWH� 3DWFKHV� ZLWK� (PEHGGHG� 2SWLFDO� )LEUHV� ±� 7KURXJK� 7KLFNQHVV� 2SWLPL]DWLRQ´�� ,&&(6� ���
3XHUWR�9DOODUWD��0H[LFR��������$XJXVW������

�� /�5�)��5RVH�7KHRUHWLFDO�$QDO\VLV�RI�&UDFN�3DWFKLQJ�LQ�%DNHU�$�$���-RQHV�5���%RQGHG�5HSDLU�RI�$LUFUDIW�6WUXFWXUHV�
0DUWLQXV�1LMKRII�3XEOLVKHUV��'RUGUHFKW���������

��� $�'DVJXSWD�HW�DO��³3UHGLFWLRQ�RI�UHVLQ�SRFNHW�JHRPHWU\� IRU�VWUHVV�DQDO\VLV�RI�RSWLFDO� ILEHUV�HPEHGGHG� LQ� ODPLQDWHG
FRPSRVLWHV´��6PDUW�0DWHULDOV�DQG�6WUXFWXUHV������������������

��� $16<6�)LQLWH�(OHPHQW�$QDO\VLV�3URJUDPPH��(OHPHQWV�0DQXDO��6$6�,3�,QF���������
��� .��2��+LOO��%��0DOR��)��%LORGHDX��'��&��-RKQVRQ��-��$OEHUW��$SSO��3K\V��/HWW����������������������
��� '�/��:LOOLDPV��%�-��$LQVOLH��-�5��$UPLWDJH��5��.DVK\DS��5��&DPSEHOO��(OHFWURQ��/HWW������������������
��� 0��.RQVWDQWDNL��*��7DPLRODNLV� $��$UJ\ULV� $��2WKRQRV DQG�$��,NLDGHV��6XEPLWWHG�WR�2SW��&RPPXQLFDWLRQ�


	Figure 9: Optical sensor embedding in smart patch

