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&RS\ULJKW�'HFODUDWLRQ

7KH�FRS\ULJKW�RI �WKLV�WKHVLV�UHVWV�ZLWK�WKH�DXWKRU�DQG�LV�PDGH�DYDLODEOH�XQGHU�D�&UHDWLYH�&RPPRQV�$WWULEXWLRQ

1RQ�&RPPHUFLDO�1R�'HULYDWLYHV�OLFHQFH� 5HVHDUFKHUV�DUH�IUHH�WR�FRS\� GLVWULEXWH�RU�WUDQVPLW�WKH�WKHVLV�RQ

WKH�FRQGLWLRQ�WKDW�WKH\�DWWULEXWH�LW� WKDW�WKH\�GR�QRW�XVH�LW�IRU�FRPPHUFLDO�SXUSRVHV�DQG�WKDW�WKH\�GR�QRW�DOWHU�

WUDQVIRUP�RU�EXLOG�XSRQ�LW� )RU�DQ\�UHXVH�RU�UHGLVWULEXWLRQ� UHVHDUFKHUV�PXVW�PDNH�FOHDU�WR�RWKHUV�WKH�OLFHQFH

WHUPV�RI �WKLV�ZRUN

�



'HFODUDWLRQ�RI �2ULJLQDOLW\

, KHUHE\�GHFODUH�WKDW�WKH�FRQWHQWV�RI �WKLV�WKHVLV�DUH�P\�RULJLQDO�ZRUN�DQG�LQFOXGHV�QR�PDWHULDO�SUHYLRXVO\

SXEOLVKHG�RU�ZULWWHQ�E\�DQRWKHU�SHUVRQ� QRU�PDWHULDO�ZKLFK�KDV�EHHQ�FUHGLWHG�WRZDUGV�WKH�DZDUG�RI �DQ\�RWKHU

GHJUHH�RU�GLSORPD�RI �DQ\�LQVWLWXWH�RI �KLJKHU�HGXFDWLRQ� H[FHSW�ZKHUH�GXH�DFNQRZOHGJPHQW�KDV�EHHQ�PDGH�

.��<HDQ�&KRRL

�



$EVWUDFW

7KH�DFFXPXODWLRQ�RI �SODVPD�PDFURPROHFXOHV�LQ�WKH�DUWHULDO�LQWLPD�LV�D�FULWLFDO�VWHS�LQ�DWKHURJHQHVLV� ,W�GHSHQGV

RQ�WKH�EDODQFH�EHWZHHQ�LQIOX[�DFURVV�WKH�HQGRWKHOLXP�DQG�HIIOX[�DFURVV�WKH�PHGLD� 7KH�ZRUN�SUHVHQWHG�LQ

WKLV�WKHVLV�LQYHVWLJDWHG�WKHVH�SKHQRPHQD�

7KH�GLVWULEXWLRQ�RI �
KRWVSRWV
�RI �KLJK�HQGRWKHOLDO�SHUPHDELOLW\�DURXQG�DRUWLF�EUDQFKHV�ZDV�PDSSHG�LQ

LPPDWXUH�DQG�PDWXUH�UDEELWV� WKH�SDWWHUQ�RI �GLVHDVH�DW�VXFK�VLWHV�FKDQJHV�ZLWK�DJH� 7KH�SDWWHUQ�RI �KRWVSRWV

RI �(YDQ
V�%OXH�G\H�ODEHOOHG�DOEXPLQ�XSWDNH�ZDV�IRXQG�WR�FKDQJH�ZLWK�DJH� 8VLQJ�VWDWLVWLFDO�WHFKQLTXHV�WKDW

DFFRXQW�IRU�VSDWLDO�DXWRFRUUHODWLRQ�DQG�QRQ�OLQHDU�UHODWLRQV�EHWZHHQ�YDULDEOHV� D�VLJQLILFDQW�FRUUHODWLRQ�ZLWK

WKH�SDWWHUQ�RI �FKROHVWHURO�GHSRVLWLRQ�ZDV�REWDLQHG�DW�ERWK�DJHV� 7KH�KRWVSRW�SDWWHUQV�GLG�QRW�FRUUHODWH�ZLWK

SDWWHUQV�RI �PLWRVLV� 7KH�GDWD�DOVR�VKRZHG�WKDW�WKH�GLYLVLRQ�RI �WUDQVHQGRWKHOLDO�WUDQVSRUW�SDWKZD\V�LQWR�
VPDOO


DQG�
ODUJH
�SRUHV�PD\�UHSUHVHQW�DQ�DUELWUDU\�GLYLVLRQ�RI �D�FRQWLQXXP�RI �SRUH�VL]HV� $OEXPLQ�LV�VPDOOHU�WKDQ�WKH

OLSRSURWHLQV�WKRXJKW�WR�WULJJHU�DWKHURVFOHURVLV� 7KH�VWXG\�ZDV�WKHUHIRUH�UHSHDWHG�XVLQJ�UKRGDPLQH�ODEHOOHG

��0'D�GH[WUDQ� ,Q�LPPDWXUH�DQLPDOV� WKH�SDWWHUQ�RI �KRWVSRWV�IRU�WKLV�ODUJHU�WUDFHU�ZDV�VLPLODU�WR�WKH�SDWWHUQ

IRU�DOEXPLQ� 7KH�PDWXUH�SDWWHUQ�RI �GH[WUDQ�XSWDNH�GLIIHUHG�IURP�WKH�LPPDWXUH�RQH� EXW�LW�ZDV�QRW�WKH�VDPH

DV�WKDW�REVHUYHG�IRU�DOEXPLQ�

)XUWKHU�VWXGLHV� LQYHVWLJDWHG�WUDQVSRUW�WKURXJK�WKH�PHGLD� $V�WKH�WUDQVSRUW�RI �ODUJH�PROHFXOHV�RFFXUV

SUHGRPLQDQWO\�E\�DGYHFWLRQ� FKDUDFWHULVLQJ�WUDQVPXUDO�ZDWHU�IOX[�LV�LPSRUWDQW� ([�YLYR�H[SHULPHQWDO�VWXGLHV

LQYHVWLJDWHG�HIIHFWV�RI �SUHVVXUH�DQG�PXVFOH�FRQWUDFWLRQ�RQ�K\GUDXOLF�UHVLVWDQFH� 1XPHULFDO�VWXGLHV�EDVHG�RQ

VWUXFWXUDO�GDWD�IURP�WKH�H[�YLYR�H[SHULPHQWV�ZHUH�XVHG�WR�FKDUDFWHULVH�WKH�UHVLVWDQFH�RI �WKH�PHGLD� DQG�WKH

LQWLPDO�UHVLVWDQFH�ZDV�REWDLQHG�E\�VXEWUDFWLRQ� ,QWLPDO�DQG�PHGLDO�UHVLVWDQFHV�LQ�WKH�RUGHU ���� NJ V−� P−�

ZHUH�IRXQG�WR�FKDQJH�LQ�RSSRVLWH�GLUHFWLRQV�ZLWK�LQFUHDVLQJ�SUHVVXUH�RU�PXVFOH�FRQWUDFWLRQ�

7KH�UHVXOWV�PD\�DVVLVW�LQ�XQGHUVWDQGLQJ�DQG�SUHYHQWLQJ�WKH�GHYHORSPHQW�RI �DWKHURVFOHURVLV�

�



$FNQRZOHGJHPHQWV

0XFK�RI �WKH�UHVHDUFK�SUHVHQWHG�LQ�P\�WKHVLV�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�ZLWKRXW�WKH�KHOS�RI �D�QXPEHU�RI

SHRSOH�DW�VHYHUDO�IDFLOLWLHV�DQG�LQVWLWXWLRQV�DQG�, ZRXOG�OLNH�WR�WDNH�WKLV�RSSRUWXQLW\�WR�WKDQN�WKHP�IRU�DOO�WKHLU

FRQWULEXWLRQV�

)LUVWO\� , ZRXOG�OLNH�WR�WKDQN�P\�VXSHUYLVRUV� 3URI��3HWHU�:HLQEHUJ�DQG�3URI��6SHQFHU�6KHUZLQ�IRU�WKHLU

VXSSRUW�RYHU�WKH�ODVW�IRXU�\HDUV� 3HWHU
V�SDWLHQFH�DQG�JHQWOH�JXLGDQFH�KDV�HVSHFLDOO\�VKDSHG�P\�DSSURDFK�WR

WHFKQLFDO�ZULWLQJ�DQG�FULWLFDO�DSSUDLVDO�RI �VFLHQWLILF�OLWHUDWXUH�

, RZH�D�JUHDW�GHDO�RI �JUDWLWXGH�WR�WKH�VWXGHQWV� SRVWGRFV� UHVHDUFK�IHOORZV�DQG�WHFKQLFLDQV�IURP�WKH�GHSDUW�

PHQWV�RI �%LRHQJLQHHULQJ�DQG�$HURQDXWLFV� DQG�WKH�IDFXOW\�RI �0HGLFLQH� 6SHFLDO�PHQWLRQ�JRHV�WR�'U��$QGUHZ

&RPHUIRUG� ZLWK�ZKRP�, ZRUNHG�RQ�PDQ\�SURMHFWV�LQFOXGLQJ�DOO�RI �WKH�FRPSXWDWLRQV�DQG�PXFK�RI �WKH�LPDJH

SURFHVVLQJ�SUHVHQWHG�KHUH� 2Q�WKH�H[SHULPHQWDO�VLGH� , DP�HWHUQDOO\�LQGHEWHG�WR�VHYHUDO�SHRSOH� 0U��3LRWU

6RZLQVNL� 3URI��3HWHU�:HLQEHUJ�DQG� HVSHFLDOO\�IRU�WKH�ILUVW�IHZ�PRQWKV� 'U��$QWKRQ\�+XQW�DQG�'U��(OHQL

%D]LJRX� ZHUH�DOZD\V�UHDG\�WR�VXJJHVW�DQG�GLVFXVV�VROXWLRQV�WR�WKH�ODWHVW�WHFKQLFDO�GLIILFXOWLHV�DULVLQJ�LQ�P\

H[�YLYR H[SHULPHQWV� LQFOXGLQJ�VRPH�SUHWW\�IDU�IHWFKHG�LGHDV�DW�WLPHV� 7KHLU�FRPELQHG�YHWHULQDU\�DQG�VXUJLFDO

H[SHULHQFH�ZDV� LQVWUXPHQWDO� LQ�HVWDEOLVKLQJ�D�ZRUNLQJ�PHWKRG� )LQDOO\� WKH�HQGOHVV� �DQG�RIWHQ� WKDQNOHVV�

HIIRUWV�RI �0U��.HQ�.HDWLQJ�DQG�0U��(GJDU�,EDUJXHQ�PDGH�P\�KRXUV�LQ�WKH�ODERUDWRULHV�PRUH�SURGXFWLYH�DQG

HQMR\DEOH�

, ZRXOG�DOVR�OLNH�WR�WKDQN�RWKHU�PHPEHUV�RI �WKH�GHSDUWPHQW�IRU�WKHLU�WKRXJKW�LQGXFLQJ�GLVFXVVLRQV�DW

OXQFK� RU�LQ�WKH�ODERUDWRULHV� FRUULGRUV�DQG�OLIWV�RQ�DOO�WRSLFV�IURP�SHUPHDELOLW\�PHDVXUHPHQW�WR�PHWKRGV�LQ

OLJKW�PLFURVFRS\� 0U��(WKDQ�5RZODQG��ZKR�KDG�WR�HQGXUH�VHYHUDO�ODWH�QLJKW�GLVFXVVLRQV�ZLWK�PH�RQ�RSWLFV�DQG

VWDWLVWLFV�� 3URI��.LP�3DUNHU� 'U��(PPD�%DLOH\� 'U��.DWKHULQH�)UDVHU� 0U��6WHSKHQ�*UD\� 'U��6LHWVH�%UDDNPDQ�

0U��-DVRQ�&KDQJ� 0U� 0HDQ�*KLP� 0LVV�<XPQDK�0RKDPLHG�DQG�0LVV�3DROD�$OSUHVD�

, WKDQN�0U��0DUN�+RSNLQVRQ�DW�WKH�5R\DO�9HWHULQDU\�&ROOHJH�IRU�WUDLQLQJ�PH�DQG�DOORZLQJ�PH�WKH�XVH�RI

WKHLU�;�UD\�PLFUR�&7 VFDQQHU�DQG�0U��6LPRQ�%XUEULGJH�IRU�DOORZLQJ�PH�WR�XVH�WKH�FRPSXWDWLRQDO�UHVRXUFHV

RI �WKH�,PSHULDO�&ROOHJH�+LJK�3HUIRUPDQFH�&RPSXWLQJ�6HUYLFH�

7KH�IXQGLQJ�IRU�WKLV�ZRUN�DOO�FDPH�IURP�DQ�05HV�3K' VWXGHQWVKLS�DW�WKH�%ULWLVK�+HDUW�)RXQGDWLRQ

�%+)� &HQWUH�RI �5HVHDUFK�H[FHOOHQFH�DW�,PSHULDO�&ROOHJH� , WKDQN�WKHP�QRW�RQO\�IRU�WKH�IXQGLQJ�EXW�DOVR

IRU�WKH�VXSSRUW�DQG�WKH�RSSRUWXQLWLHV�WKH\�KDYH�JLYHQ�PH�WR�H[SDQG�P\�JHQHUDO�VFLHQWLILF�NQRZOHGJH�ZLWK
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WKHLU�VWUXFWXUHG�05HV�3K' WUDLQLQJ�SURJUDP�DQG�LQIRUPDO�MRXUQDO�FOXEV� ,W�KDV�EHHQ�D�SULYLOHJH�WR�EH�SDUW�RI

WKLV�SURJUDPPH�DQG�, ZRXOG�OLNH�WR�WKDQN�WKH�VWDII �DQG�VWXGHQWV�RI �WKH�&HQWUH�IRU�WKHLU�KRUL]RQ�EURDGHQLQJ

GLVFXVVLRQV�DQG�WKH�PDQDJHPHQW�WHDP�IRU�WKHLU�IULHQGOLQHVV�DQG�HIILFLHQF\� ,Q�SDUWLFXODU� 0V��&ORGDJK�/L�IRU

KDYLQJ�D�UHDO�LQWHUHVW�LQ�P\�ZHOO�EHLQJ�DQG�SURJUHVV� HYHQ�DIWHU�WKH�HQG�RI �KHU�WHQXUH� , ZRXOG�DOVR�OLNH�WR

WKDQN�WKH�SHRSOH�ZKR�WUDLQHG�PH�GXULQJ�P\�05HV�VWXGLHV�DW�WKH�&HQWUH� 3URI��0ROO\�6WHYHQV� 3URI��0LFKDHO

6FKQHLGHU� 'U��'DQLHO�6WXFNH\� 'U��/XLV�5RMR� 'U��6DUD�0F6ZHHQH\� 'U��=DKUD�0RKUL� 'U��/LQGVH\�&ODUNH�DQG

0U��'DQLHO�:HOOV�

, DP�QRW�VXUH�LI �WKDQNV�RU�DSRORJLHV�ZRXOG�EH�PRUH�DSSURSULDWH�WR�DOO�WKRVH�ZKR�DJUHHG�WR�VLJQ�XS�IRU�WKH

PDQ\�%ULWLVK�+HDUW�)RXQGDWLRQ�/RQGRQ�%ULJKWRQ�DQG�/RQGRQ�6RXWKDPSWRQ�ELNH�ULGHV�ZH�KDYH�GRQH�RYHU

WKH�ODVW�IRXU�\HDUV� VRPH�RI �ZKRP�QHHGHG�PRUH�SHUVXDVLRQ�WKDQ�RWKHUV� 3KLQ� 3HWHU� ,VREHO� -RQDWKDQ� -DQ�

6SHQFHU� $QGUHZ� (WKDQ� 6WHOOD� (PPD� &DUROLQH� 7LP� (XJHQH� =DKUD� 7DJKUHHG� (ZD� $JDWD� 3DROD� 0DULHD�

5RE� $QWKRQ\� $PHHWD� 0LNH� $GLWL� +LODU\� 0HUFHGHV� 2VH� 6WXDUW�DQG�3UDGHHS� , KRSH�WKLV�:HLQEHUJ�6K�

HUZLQ�JURXS�WUDGLWLRQ�FRQWLQXHV�WR�KHOS�VXSSRUW�WKH�%+)��ZKR�IXQGV�VR�PXFK�RI �RXU�UHVHDUFK�

)LQDOO\� , PXVW�WKDQN�P\�IDPLO\� 0\�SDUHQWV�KDYH�DOZD\V�SODFHG�P\�HGXFDWLRQ�DERYH�HYHU\WKLQJ�HOVH�DQG

VXSSRUWHG�PH�LQ�ZKDWHYHU�LQWHUHVWHG�PH�DQG�, DSSUHFLDWH�WKHLU�XQFRQGLWLRQDO�ORYH�DQG�JHQXLQH�LQWHUHVW�LQ

ZKDWHYHU�, GR� 0\�EURWKHU� 3KLQ� ZKR�KDV�DOZD\V�EHHQ�P\�KDUVKHVW�FULWLF� KDV�EHHQ�D�JUHDW�VRXQGLQJ�ERDUG

IRU�P\�LGHDV�DQG�DOO�P\�HQGHDYRXUV�WR�GDWH�KDYH�EHHQ�LPSURYHG�E\�WKDW�

, GHGLFDWH�WKLV�WKHVLV�WR�DOO�P\�SUHYLRXV�WHDFKHUV� PHQWRUV�DQG�VXSHUYLVRUV� 7KH�VHOI�EHOLHI �WKH\�LQVWLOOHG

LQ�PH�JDYH�PH�WKH�FRQILGHQFH�WR�SXUVXH�SRVW�JUDGXDWH�VWXGLHV�

<HDQ�&KRRL
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&RQWHQWV

&RS\ULJKW�'HFODUDWLRQ �

'HFODUDWLRQ�RI �2ULJLQDOLW\ �

$EVWUDFW �

$FNQRZOHGJHPHQWV �

7DEOH�RI �&RQWHQWV ��

/LVW�RI �)LJXUHV ��

/LVW�RI �7DEOHV ��

$EEUHYLDWLRQV�DQG�6\PEROV ��

� $WKHURVFOHURVLV�DQG�0DVV�7UDQVSRUW�LQ�WKH�:DOOV�RI �/DUJH�$UWHULHV ��

��� &DUGLRYDVFXODU�GLVHDVHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $WKHURVFOHURVLV� JOREDO�DQG�ORFDO�ULVN�IDFWRUV � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $UWHULDO�ZDOO�VWUXFWXUH�DQG�PDVV�WUDQVSRUW � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7UDQVHQGRWKHOLDO�WUDQVSRUW�RI �PDFURPROHFXOHV � � � � � � � � � � � � � � � � � � � � ��

��� +HWHURJHQHLW\�RI �PHGLDO�PDVV�WUDQVSRUW�SURSHUWLHV�DV�D�ORFDO�ULVN�IDFWRU � � � � � � � � � � � ��

��� 5HVHDUFK�$LPV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2XWOLQH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 3DWWHUQV�RI �(QGRWKHOLDO�3HUPHDELOLW\�WR�6PDOO�0DFURPROHFXOHV ��

��� 2YHUYLHZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� (QGRWKHOLDO�WUDQVSRUW�SDWKZD\V�DQG�WKH�FHOO�WXUQRYHU�OHDN\�MXQFWLRQ�K\SRWKHVLV � � ��

����� 2EVHUYDWLRQV�VXSSRUWLQJ�WKH�&7/- K\SRWKHVLV LQ�YLYR � � � � � � � � � � � � � � � � ��

����� +RWVSRWV�DQG�GLVHDVH�SDWWHUQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7HFKQLFDO�LQQRYDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�



��� 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QLPDOV�DQG�GLHW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� (%$ XSWDNH�H[SHULPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QDO\VLV�RI �(%$ LPDJHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &HOO�GLYLVLRQ�H[SHULPHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6SDWLDO�FRUUHODWLRQ�VWDWLVWLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QLPDOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9DOLGDWLRQ�RI �VHJPHQWDWLRQ�PHWKRG�RQ�WHVW�LPDJHV � � � � � � � � � � � � � � � � � � ��

����� +RWVSRWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0LWRVLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� /HVLRQ�SUHYDOHQFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6SDWLDO�FRUUHODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 3DWWHUQV�RI �(QGRWKHOLDO�3HUPHDELOLW\�WR�/DUJH�0DFURPROHFXOHV ��
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%6$ %RYLQH�VHUXP�DOEXPLQ

&/60 &RQIRFDO�ODVHU�VFDQQLQJ�PLFURVFRSH
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(%' (YDQ
V�EOXH�G\H

(& (QGRWKHOLDO�FHOO

(&0 ([WUDFHOOXODU�PDWUL[

0,3 0D[LPXP�LQWHQVLW\�SURMHFWLRQ

1$ 1RUDGUHQDOLQH
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3'06 3RO\�GLPHWK\OVLOR[DQH�

3%6 3KRVSKDWH�EXIIHUHG�VDOLQH

5K 5KRGDPLQH
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705 7HWUDPHWK\OUKRGDPLQH

705�GH[WUDQ /\VLQH�IL[DEOH�7HWUDPHWK\OUKRGDPLQH�FRQMXJDWHG�GH[WUDQ

766 7\URGH
V�VDOW�VROXWLRQ

960& 9DVFXODU�VPRRWK�PXVFOH�FHOO
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P é 3pFOHW�QXPEHU

RWALL 7RWDO�K\GUDXOLF�UHVLVWDQFH�RI �WKH�DUWHULDO�ZDOO

RMED +\GUDXOLF�UHVLVWDQFH�RI �WKH�DUWHULDO�WXQLFD�PHGLD

RINT +\GUDXOLF�UHVLVWDQFH�RI �WKH�DUWHULDO�LQWLPD

φECM ([WUDFHOOXODU�PDWUL[�YROXPH�IUDFWLRQ

φSMC 9DVFXODU�VPRRWK�PXVFOH�FHOO�YROXPH�IUDFWLRQ
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$WKHURVFOHURVLV�DQG�0DVV�7UDQVSRUW�LQ�WKH�:DOOV�RI �/DUJH�$U�

WHULHV

��� &DUGLRYDVFXODU�GLVHDVHV

&DUGLRYDVFXODU�GLVHDVHV��&9'V��DUH�WKH�OHDGLQJ�FDXVH�RI �GHDWK�ZRUOGZLGH� DFFRXQWLQJ�IRU ��� RI �DOO�GHDWKV��

D�WRWDO�RI ��.� PLOOLRQ���LQ�������:+2� ������ � 7KLV�EXUGHQ�RI �GLVHDVH�LV�H[SHFWHG�WR�LQFUHDVH�RYHU�WKH�QH[W

IHZ�GHFDGHV� WKH�:RUOG�+HDOWK�2UJDQLVDWLRQ�SUHGLFWV�DOPRVW������PLOOLRQ�&9'�UHODWHG�GHDWKV�RFFXUULQJ�LQ
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WLQXHG�DFFXPXODWLRQ�OHDGV�WR�WKH�IRUPDWLRQ�RI �FRPSOLFDWHG�OHVLRQV�ZLWK�VPRRWK�PXVFOH�FHOO�SUROLIHUDWLRQ�
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V�ZHOOEHLQJ�LV�GHSHQGHQW�RQ�WKH�ORFDWLRQ�RI �WKH�SODTXH�RU�SODTXH
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&XUUHQW�FOLQLFDO�JXLGHOLQHV�IRU�DVVHVVLQJ�DQ�LQGLYLGXDO
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SXEOLVKHG�E\�WKH�(XURSHDQ�6RFLHW\�RI �&DUGLRORJ\��&RQUR\�HW DO�� ������ LQ�ZKLFK�V\VWROLF�EORRG�SUHVVXUH�
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SHUFHQWDJH�WHQ�\HDU�ULVN�RI �GHYHORSLQJ�IDWDO�&9'�

7KLV JOREDO DSSURDFK�DULVHV�IURP�DQ�HSLGHPLRORJLFDO�YLHZ�RI �WKH�GLVHDVH� DV�RSSRVHG�WR�D�PHFKDQLVWLF

DSSURDFK�VWXG\LQJ�WKH�GLVHDVH�DW�WKH�OHYHO�RI �WKH�WLVVXH�RU�RUJDQ� ,W�LV�WKHUHIRUH�XQVXUSULVLQJ�WKDW�LW�LV�XQDEOH�WR

H[SODLQ�D�NH\�IHDWXUH�RI �DWKHURVFOHURVLV� WKDW�SODTXHV�LQ�ERWK�KXPDQV�DQG�DQLPDOV�RFFXU�RQO\�LQ�ODUJH�DQG�PLG�

VL]HG�V\VWHPLF�DUWHULHV�DQG�IRUP�GLVWLQFW�SDWFKHV�RI �GLVHDVHG�WLVVXH�ZLWK�WKH�DGMDFHQW�DUWHULDO�WLVVXH�FRPSOHWHO\

XQDIIHFWHG��&DUR�HW DO�� ����� 'H%DNH\�HW DO�� ����� $QLWVFKNRZ� ����� 1DNDVKLPD�HW DO�� ������ %\�GHILQLWLRQ�

V\VWHPLF�IDFWRUV�LQIOXHQFH�WKH�HQWLUH�DUWHULDO�V\VWHP�DQG�WKHUHIRUH�FDQQRW�H[SODLQ�VSDWLDO�YDULDWLRQ�RQ�WKH�OHQJWK
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LWVFKNRZ� ������ZKR�GHYHORSHG�DQ LQ�YLYR DQLPDO�PRGHO�RI �DWKHURVFOHURVLV�LQ�ZKLFK�UDEELWV�ZHUH�IHG�FKROHVWHURO

GLVVROYHG�LQ�YHJHWDEOH�RLO� ,Q�WKH�DRUWDV�RI �WKHVH�DQLPDOV� OHVLRQV�IRUPHG�GRZQVWUHDP�DQG�DW�WKH�VLGHV�RI �LQWHU�

FRVWDO�EUDQFKHV�EXW�XSVWUHDP�UHJLRQV�ZHUH�VSDUHG� 7KH�EORRG�FKROHVWHURO�FRQFHQWUDWLRQV�ZHUH�VHYHUDO�WLPHV

KLJKHU�WKDQ�LQ�QRUPDO�UDEELWV�VR�LW�ZDV�FRQFOXGHG�WKDW�PDWHULDO�ZLWKLQ�WKH�SODTXHV�KDG�RULJLQDWHG�IURP�WKH

OXPHQ�DQG�LQILOWUDWHG�LQWR�WKH�ZDOO��$QLWVFKNRZ� ������ 7KHVH�REVHUYDWLRQV�HYHQWXDOO\�OHG�WR�ZKDW�LV�NQRZQ

WRGD\�DV�WKH�OLSLG�K\SRWKHVLV�RI �DWKHURVOFHURVLV� FLUFXODWLQJ�OLSLG�FDUU\LQJ�PDFURPROHFXOHV��HJ� ORZ�GHQVLW\

OLSRSURWHLQ� /'/� DFFXPXODWH�LQ�WKH�DUWHULDO�ZDOO� WULJJHULQJ�D�VHULHV�RI �FHOOXODU�UHVSRQVHV�WKDW�HYHQWXDOO\�OHDG

WR�SODTXH�IRUPDWLRQ��6WHLQEHUJ� ������

7KH�SDWFK\�GLVWULEXWLRQ�RI �SODTXHV�KDV�OHG�UHVHDUFKHV�WR�ORRN�IRU�VSDWLDO�YDULDWLRQV�WKDW�RFFXU�RYHU�VLPLODU

OHQJWK�VFDOHV�WKDW�FRXOG�H[SODLQ�ORFDO�YDULDWLRQV�LQ�OLSLG�DFFXPXODWLRQ� VR�FDOOHG�
ORFDO�ULVN�IDFWRUV
� 0XFK�RI

WKLV�ZRUN�KDV�IRFXVHG�RQ�WKH�LQIOX[�RI �PDFURPROHFXOHV�DFURVV�WKH�HQGRWKHOLXP� /HVV�DWWHQWLRQ�KDV�EHHQ

JLYHQ�WR�ORFDO�YDULDWLRQV�LQ�WKH�UDWH�RI �HIIOX[�RI �PDFURPROHFXOHV�RQFH�WKH\�KDYH�HQWHUHG�WKH�DUWHULDO�ZDOO� $V

DFFXPXODWLRQ�LV�DQ�LPEDODQFH�RI �LQIOX[�DQG�HIIOX[� LQYHVWLJDWLQJ�WKH�IDFWRUV�WKDW�DIIHFW�ERWK�IOX[HV�DUH�RI �HTXDO

LPSRUWDQFH�DQG�LV�WKH�EURDG�WRSLF�RI �WKLV�WKHVLV�

��� $UWHULDO�ZDOO�VWUXFWXUH�DQG�PDVV�WUDQVSRUW

7KH�DUWHULDO�ZDOO�LV�FRPSULVHG�RI �WKUHH�PDLQ�OD\HUV� WKH�WXQLFD�LQWLPD� WXQLFD�PHGLD�DQG�WXQLFD�DGYHQWLWLD��)LJ

��� ��WKH�LQIRUPDWLRQ�LQ�WKLV�VHFWLRQ�LV�GHULYHG�IURP�VWDQGDUG�WH[WV� /HYLFN� ����� 7RUWRUD�DQG�'HUULFNVRQ�

������ (DFK�OD\HU�KDV�D�VSHFLILF�VWUXFWXUH�WKDW�HQDEOHV�WKH�WLVVXH�WR�IXOILO�D�VSHFLILF�IXQFWLRQ� 7KH�WXQLFD�LQWLPD

��



)LJXUH ���� 6FKHPDWLF�RI �DUWHULDO�ZDOO�VWUXFWXUH��DIWHU &DOODQDQ�HW DO�� �����

LV�PDGH�XS�RI �D�PRQROD\HU�RI �WLJKWO\�MRLQHG�HQGRWKHOLDO�FHOOV��(&V��RQ�D�EDVHPHQW�PHPEUDQH�FRQVLVWLQJ�PDLQO\

RI �FROODJHQ� WKH�HQGRWKHOLXP�IRUPV�D�EDUULHU�WKDW�LPSHGHV�WUDQVSRUW�RI �IOXLG�DQG�GLVVROYHG�PROHFXOHV�RXW�RI

WKH�OXPHQ� 7KH�WXQLFD�PHGLD�LV�VHSDUDWHG�IURP�WKH�WXQLFD�LQWLPD�E\�WKH�LQWHUQDO�HODVWLF�ODPLQD� 7KH�PHGLD

LV�FRPSRVHG�RI �YDVFXODU�VPRRWK�PXVFOH�FHOOV��960&V��DUUDQJHG�LQ�IDVLFOHV��&ODUN�DQG�*ODJRY� ������ZLWK�D

FLUFXPIHUHQWLDO�KHOLFDO�RULHQWDWLRQ� VHSDUDWHG�E\�FRQFHQWULF�HODVWLQ�VKHHWV� *DSV�EHWZHHQ�960&V�DUH�ILOOHG

ZLWK�D�JURXQG�VXEVWDQFH�FRQWDLQLQJ�HODVWLQ�DQG�FROODJHQ�ILEUHV�DQG�ZDWHU�UHWDLQLQJ�SURWHRJO\FDQV� 960& WRQH

LV�NQRZQ�WR�UHJXODWH�OXPHQ�GLDPHWHU�LQ�PXVFXODU�DUWHULHV� 7KH�WXQLFD�DGYHQWLWLD�RI �ODUJHU�DUWHULHV�FRQWDLQV

FDSLOODU\�DQG�O\SPSKDWLF�YHVVHOV��FROOHFWLYHO\�NQRZQ�DV�WKH�YDVD�YDVRUXP�� ZKLFK�VXSSO\�WKH�YHVVHO�ZDOO�ZLWK

QXWULHQWV�DQG�UHPRYH�ZDVWH�SURGXFWV�LQ�WLVVXH�IOXLG� 7KH\�DUH�HPEHGGHG�LQ�D�ORRVH�QHWZRUN�RI �H[WUDFHOOXODU

PDWUL[�SURWHLQV�DQG�SURWHRJO\FDQV� 7KH�DGYHQWLWLD�DOVR�FRQWDLQV�IDW�FHOOV� ILEUREODVWV�DQG�QHUYHV�

&KROHVWHURO�DQG�WULJO\FHULGHV�DUH�WUDQVSRUWHG�LQ�WKH�EORRG�SODVPD�DV�WKH�OLSLG�FRPSRQHQW�RI �OLSRSURWHLQV�

LQ�ZKLFK�WKH�K\GURSKRELF�OLSLGV�DUH�PDGH�VROXEOH�LQ�WKH�DTXHRXV�SODVPD�E\�D�FRDWLQJ�RI �DSROLSRSURWHLQV�DQG

SKRVSKROLSLGV� 2I �WKH�ILYH�PDMRU�JURXSV�RI �OLSRSURWHLQV� ORZ�GHQVLW\�OLSRSURWHLQ�DQG�KLJK�GHQVLW\�OLSRSURWHLQ

�/'/��+'/� DUH�WKH�PDLQ�FODVVHV�LQYROYHG�ZLWK�OLSLG�WUDQVSRUW�WR�DQG�IURP�YDVFXODU�WLVVXHV�UHVSHFWLYHO\�DQG

DUH�WKHUHIRUH�WKH�FODVVHV�RI �LQWHUHVW�ZLWK�UHVSHFW�WR�OLSLG�DFFXPXODWLRQ� �7KH�VLWXDWLRQ�PD\�EH�GLIIHUHQW�LQ�QRQ�

KXPDQ�VSHFLHV���IRU�H[DPSOH� YHU\�ORZ�GHQVLW\�OLSRSURWHLQV�FDQ�EH�PRUH�LPSRUWDQW�WKDQ�/'/ LQ�FKROHVWHURO�

IHG�UDEELWV�� 7KH�WZR�JUDGLHQWV�JRYHUQLQJ�WKHLU�WUDQVSRUW�DUH�WKH�SUHVVXUH�DQG�FRQFHQWUDWLRQ�JUDGLHQWV�RI

WKH�IOXLG�DQG�VROXWH�UHVSHFWLYHO\� $W�WKH�VFDOH�RI �WKH�YHVVHO� ERWK�JUDGLHQWV�DFW�UDGLDOO\�RXWZDUGV� VHWWLQJ�XS

DGYHFWLRQDO�DQG�GLIIXVLRQDO�IOX[HV�IURP�WKH�OXPHQ�LQWR�WKH�WLVVXH�

$FFXPXODWLRQ�RI �PDFURPROHFXOHV�UHVXOWV�IURP�WKH�LQWHUDFWLRQ�RI �WKHVH�WZR�WUDQVSRUW�JUDGLHQWV�ZLWK�WKH

SHUPHDELOLWLHV�DVVRFLDWHG�ZLWK�WKH�VWUXFWXUHV�RI �WKH�YDULRXV�WLVVXHV�WKDW�PDNH�XS�WKH�ZDOO� 7KHUHIRUH�KHWHUR�

JHQHLW\�LQ�DFFXPXODWLRQ�OHDGLQJ�WR�WKH�SDWFK\�GLVWULEXWLRQ�RI �GLVHDVH�FRXOG�DULVH�IURP�PXOWLSOH�VRXUFHV�

��



����� 7UDQVHQGRWKHOLDO�WUDQVSRUW�RI �PDFURPROHFXOHV

$ PRUH�GHWDLOHG�UHYLHZ�RI �WKH�OLWHUDWXUH�LV�SURYLGHG�DV�WKH�LQWURGXFWLRQ�WR�FKDSWHU �� :KDW�IROORZV�KHUH�LV�D

EULHI �VXUYH\�DV�PRWLYDWLRQ�IRU�UHVHDUFK�DLPV�����DQG�����RXWOLQHG�LQ�VHFWLRQ ����

6SDWLDO�KHWHURJHQHLW\�LQ�HQGRWKHOLDO�SHUPHDELOLW\�WR�SODVPD�PDFURPROHFXOHV�KDV�EHHQ�LQYHVWLJDWHG�DV�D

SRVVLEOH�ORFDO�ULVN�IDFWRU� 3RVVLEOH�WUDQVSRUW�URXWHV�IRU�WKHVH�PROHFXOHV�LQFOXGH�DFWLYH�YHVLFXODU�WUDQVSRUW�DQG

SDVVLYH�SDUDFHOOXODU�WUDQVSRUW�WKURXJK�LQWUDFHOOXODU�MXQFWLRQV� UHFHQWO\�UHYLHZHG�E\ 7DUEHOO ������� 7LJKW�MXQF�

WLRQV�EHWZHHQ�(&V����� QP7DUEHOO� ������SUHYHQW�WUDQVHQGRWKHOLDO�WUDQVSRUW�RI �EORRG�ERUQH�PDFURPROHFXOHV�

7LJKW�MXQFWLRQV�GR�QRW�FUHDWH�D�FRQWLQXRXV�VHDO�EHWZHHQ�WKH�OXPHQ�DQG�WKH�WXQLFD�PHGLD� 1DWXUDOO\�RFFXUULQJ

EUHDNV�LQ�WKH�WLJKW�MXQFWLRQ��DSSUR[� �� QP��DUH�ODUJH�HQRXJK�WR�DOORZ�DOEXPLQ���×�� QP� 'H%ORLV�HW DO��

������WKURXJK�EXW�PDFURPROHFXOHV�VXFK�DV�/'/ �6WRNHV�(LQVWHLQ�GLDPHWHU �� QP� 'H%ORLV�HW DO�� ������DUH

WRR�ODUJH�WR�SDVV�WKURXJK�SRUHV�RI �WKLV�VL]H�

2QH�FXUUHQW�K\SRWKHVLV�IRU�WKH�SDUDFHOOXODU�WUDQVSRUW�RI �PDFURPROHFXOHV�RI �WKH�VL]H�RI �/'/ LV�WKH�OHDN\�

MXQFWLRQ�FHOO� WXUQRYHU�K\SRWKHVLV��:HLQEDXP�HW DO�� ������ZKLFK�SRVWXODWHV�WKDW� LQWHUFHOOXODU� MXQFWLRQV�DUH

WUDQVLHQWO\�ZLGHQHG�GXULQJ�FHUWDLQ�VWDJHV�RI �FHOO�WXUQRYHU�HYHQWV��HJ� PLWRVLV�DQG�DSRSWRVLV�� FDXVLQJ�IRFL�RI

KLJK�HQGRWKHOLDO�SHUPHDELOLW\� 'LPHQVLRQV�RI �WKHVH�OHDN\�MXQFWLRQV�ZHUH�HVWLPDWHG�WR�EH ������� QP GXULQJ

PLWRVLV�DQG ������� QP GXULQJ�DSRSWRVLV��&KHQ�HW DO�� ������ VXSSRUWLQJ�WKH�LGHD�WKDW�/'/ FRXOG�SDVV�WKURXJK

VXFK�SRUHV�

3UHYLRXV�ZRUN�LQ�RXU�JURXS�KDV�VKRZQ�WKDW�WKH�SDWWHUQ�RI �OHVLRQV�LQ�FKROHVWHURO�IHG�UDEELWV�FKDQJHV�ZLWK

DJH� /HVLRQ�SUHYDOHQFH�LV�KLJKHVW�GRZQVWUHDP�RI �DRUWLF�RVWLD�LQ�\RXQJ�DQLPDOV�EXW�ZLWK�LQFUHDVLQJ�DJH� WKH

ORFDWLRQ�RI �WKH�GLVHDVH�PRYHV�WR�WKH�VLGHV�RI �WKH�EUDQFK�PRXWKV��%DUQHV�DQG�:HLQEHUJ� ����� &UHPHUV�HW DO��

������ $GGLWLRQDOO\� WKH�SDWWHUQ�RI �PDFURPROHFXOH�XSWDNH�E\�WKH�UDEELW�DRUWLF�ZDOO�DOVR�FKDQJHV�ZLWK�DJH� DQG

LQ�WKH�VDPH�ZD\��6HENKL�DQG�:HLQEHUJ� ����D� ����� (ZLQV�HW DO�� ����� &ODUNH�HW DO�� ����� %DLOH\�HW DO�� ������

+RZHYHU� WKH�HIIHFW�RI �DJH�RQ�WKH�SDWWHUQ�RI �KRWVSRWV�DQG�LWV�GHSHQGHQFH�RQ�PLWRVLV�KDV�QRW�EHHQ�H[DPLQHG

DQG�LV�WKH�WRSLF�RI �UHVHDUFK�DLPV�����DQG�����

��� +HWHURJHQHLW\�RI �PHGLDO�PDVV�WUDQVSRUW�SURSHUWLHV�DV�D�ORFDO�ULVN�IDFWRU

$ PRUH�WKRURXJK�UHYLHZ�RI �WKH�OLWHUDWXUH�LV�SURYLGHG�DV�WKH�LQWURGXFWLRQ�WR�FKDSWHUV � DQG �� :KDW�IROORZV

KHUH�LV�D�EULHI �VXUYH\�DV�PRWLYDWLRQ�IRU�UHVHDUFK�DLPV����� ����DQG�����SUHVHQWHG�LQ�VHFWLRQ ����

$QRWKHU�SRVVLEOH�ORFDO�ULVN�IDFWRU�LV�LQKRPRJHQHLW\�LQ�DUWHULDO�PHGLD�VWUXFWXUH� OHDGLQJ�WR�VSDWLDO�YDULDWLRQ

LQ�WKH�WUDQVSRUW�SURSHUWLHV�RI �WKH�PHGLD� ZKLFK�ZRXOG�KDYH�DQ�DIIHFW�RQ�PDFURPROHFXODU�DFFXPXODWLRQ�ZLWKLQ

WKH�VXEHQGRWKHOLXP� $V�GHVFULEHG�DERYH� WKHUH�DUH�WZR�JUDGLHQWV�WKDW�GULYH�PDVV�WUDQVSRUW�LQ�WKH�DUWHULDO�ZDOO�

7R�GHWHUPLQH�ZKLFK�RI �WKH�WZR�UHVXOWLQJ�IOX[HV�GRPLQDWHV�/'/ WUDQVSRUW�WKURXJK�WKH�UDEELW�WKRUDFLF�DRUWD�

7HGJXL�DQG�/HYHU �������SHUIRUPHG�D�VHW�RI �H[SHULPHQWV�LQ�ZKLFK�D�SUHVVXUH�JUDGLHQW�DQG�D�FRQFHQWUDWLRQ

JUDGLHQW�RI �UDGLRLVRWRSH�ODEHOOHG�DOEXPLQ�ZHUH�VHW�XS�LQ�RSSRVLQJ�GLUHFWLRQV�VXFK�WKDW�WKH�GLIIXVLRQ�RI �WKH

��



UDGLRWUDFHU�RSSRVHG�WKH�UDGLDO�FRQYHFWLYH�ZDWHU�IOX[� 7KH�WZR�SURFHVVHV�ZHUH�DOORZHG�WR�UHDFK�D�VWHDG\�VWDWH

DQG�UDGLRDFWLYLW\�ZDV�WKHQ�PHDVXUHG�LQ�VOLFHV�WDNHQ�WKURXJK�WKH�ZDOO�WKLFNQHVV� 7KH�3pFOHW�QXPEHUV���.���

��.����GHULYHG�IURP�WKHVH�PHDVXUHPHQWV�VXJJHVW�WKDW�DGYHFWLRQ�LV�WKH�GRPLQDQW�SURFHVV�LQ�WKH�DUWHULDO�ZDOO�

7KLV�REVHUYDWLRQ�ZDV�FRQILUPHG�E\�PRUH�UHFHQW�VWXGLHV��%DOGZLQ�HW DO�� ����� +ZDQJ�HW DO�� ������ 7KHUHIRUH

XQGHUVWDQGLQJ�WUDQVPXUDO�ZDWHU�WUDQVSRUW�LV�D�NH\�VWHS�LQ�XQGHUVWDQGLQJ�WKH�PDFURPROHFXODU�WUDQVSRUW�LQ�WKH

DUWHULDO�ZDOO� 'HWHUPLQLQJ�WUDQVSRUW�SURSHUWLHV�RI �WKH�LQGLYLGXDO�OD\HUV�RI �WKH�ZDOO�ZRXOG�DOVR�JLYH�DQ�LQVLJKW

LQWR�ZKLFK�OD\HU�UHSUHVHQWV�WKH�GRPLQDQW�UHVLVWDQFH�OD\HU�RI �WKH�ZKROH�ZDOO�DQG�WKHUHIRUH�KDYH�D�JUHDWHU�UROH

LQ�GHWHUPLQLQJ�DUHDV�SURQH�WR�JUHDWHU�PDFURPROHFXODU�DFFXPXODWLRQ�

(DUO\�H[SHULPHQWDO�ZRUN��7HGJXL�DQG�/HYHU� ����� 6KRX�HW DO�� ������PHDVXUHG�K\GUDXOLF�FRQGXFWDQFH

�Lp ��LQ�DUWHULHV�EHIRUH�DQG�DIWHU�GHQXGDWLRQ�RI �WKH�HQGRWKHOLXP�LQ�RUGHU�WR�GHWHUPLQH�WKH�K\GUDXOLF�UHVLV�

WDQFHV�RI �WKH�HQGRWKHOLXP� +RZHYHU� WKHVH�VWXGLHV�ZHUH�OLPLWHG�E\�H[SHULPHQWDO�DUWHIDFWV� UHPRYDO�RI �WKH

HQGRWKHOLXP�H[SRVHV�WKH�PHGLD�WR�HOHYDWHG�K\GUDXOLF�IOX[� FRPSDFWLQJ�WKH�VWUXFWXUH� DQG�UHPRYHV�WKH�VRXUFH

RI �DQ�DUUD\�RI �YDVRGLODWRUV�DQG�FRQVWULFWRUV� 1XPHULFDO�VWXGLHV�FDOFXODWLQJ�IOXLG�IORZ�WKURXJK�SRURXV�VWUXF�

WXUHV�UHSUHVHQWLQJ�WKH�DUWHULDO�ZDOO�DLPHG�WR�DYRLG�VXFK�H[SHULPHQWDO�DUWHIDFWV��:DQJ�DQG�7DUEHOO� ����� +XDQJ

DQG�7DUEHOO� ����� 'DEDJK�HW DO�� ����E�� +RZHYHU� WKH�VLPXODWLRQV�LQ�WKHVH�VWXGLHV�ZHUH�SHUIRUPHG�XVLQJ

LGHDOLVHG��'��' JHRPHWULHV�ZLWK�F\OLQGHUV�LQ�UHJXODU�DUUD\V�UHSUHVHQWLQJ�WKH�960&V�LQ�WKH�PHGLD� 'HYHO�

RSLQJ�PHWKRGV�WR�RYHUFRPH�WKHVH�OLPLWDWLRQV�DQG�DSSO\LQJ�WKHP�DUH�WKH�VXEMHFWV�RI �UHVHDUFK�DLPV�����DQG

����

$V�WKH�WDUJHW�RI �PDQ\�YDVRDFWLYH�PHGLDWRUV� VSDWLDOO\�YDU\LQJ�960& WRQH�LV�DQRWKHU�SRWHQWLDO�ULVN�IDFWRU

IRU�PDFURPROHFXODU�DFFXPXODWLRQ� ORFDO�YDULDWLRQ�LQ�YDVRFRQVWULFWRU�GLODWRU�FRQFHQWUDWLRQV�ZRXOG�FUHDWH�ORFDO

YDULDWLRQV�LQ�WRQH�OHDGLQJ�WR�FKDQJHV�LQ�WKH�PHGLDO�VWUXFWXUH�DQG�WKHUHIRUH�LWV�SHUPHDELOLW\��&DUR�DQG�/HYHU�

����� %DOGZLQ�HW DO�� ����� &DUR�HW DO�� ������ )RU�H[DPSOH� 7KH�HIIHFWLYH�UDGLXV�RI �DFWLRQ�RI �12 FDQ�EH

URXJKO\�HVWLPDWHG�IURP�LWV�GLIIXVLRQ�FRHIILFLHQW������×10−10P�/V� /LX�HW DO�� �����DQG LQ�YLYR KDOI�OLIH��∼�V�

7KRPDV�HW DO�� ������WR�EH ∼ 100µm� DERXW�����× WKH�UDGLXV�RI �DQ�(&��7KXV�JUDGLHQWV�RI �VXFK�YDVRDFWLYH

VLJQDOOLQJ�PROHFXOHV�FRXOG�HOLFLW�UHVSRQVHV�RI �960& WRQH�RI �DSSUR[LPDWHO\�WKH�VDPH�VFDOH� 7KLV�LV�WKH�WRSLF

RI �UHVHDFK�DLP�����

��� 5HVHDUFK�$LPV

7KH�UHVHDUFK�DLPV�RI �WKLV�WKHVLV�DUH�DV�IROORZV�

�� 7R�LQYHVWLJDWH�LI �WKHUH�DUH�DJH�UHODWHG�FKDQJHV�LQ�WKH�SDWWHUQ�RI �HQGRWKHOLDO�SHUPHDELOLW\�KRWVSRWV�IRU

VPDOO�PDFURPROHFXOHV���� N'D��WKDW�FDQ�DFFRXQW�IRU�WKH�DJH�UHODWHG�SDWWHUQV�RI �WRWDO�XSWDNH�DQG�OHVLRQV�

�� 7R�LQYHVWLJDWH�ZKHWKHU�PLWRWLF�FHOO�GLVWULEXWLRQ�FDQ�DFFRXQW�IRU�DJH�UHODWHG�FKDQJHV�LQ�VPDOO�PROHFXOH

��� N'D��KRWVSRW�GLVWULEXWLRQ�DQG�DJH�UHODWHG�FKDQJHV�LQ�OHVLRQ�SUHYDOHQFH�

��



�� 7R�LQYHVWLJDWH�LI �WKHUH�DUH�DJH�UHODWHG�FKDQJHV�LQ�WKH�GLVWULEXWLRQ�RI �HQGRWKHOLDO�SHUPHDELOLW\�KRWVSRWV

IRU�ODUJH���0'D��PDFURPROHFXOHV�WKDW�DUH�VLPLODU�WR�WKRVH�IRU�VPDOO�PDFURPROHFXOHV�

�� 7R�GHYHORS�H[SHULPHQWDO� LPDJLQJ�DQG�QXPHULFDO�WRROV�WR�VWXG\�WKH�PDVV�WUDQVSRUW�SURSHUWLHV�RI �WKH

DUWHULDO�PHGLD�

�� 7R�GHWHUPLQH� WKH� LQIOXHQFH�RI � WUDQVPXUDO�SUHVVXUH�LQGXFHG� VWUXFWXUDO� FKDQJH� LQ� WKH�PHGLD�RQ� WKH

K\GUDXOLF�UHVLVWDQFH�RI �DUWHULDO�ZDOO�FRPSRQHQWV�

�� 7R�GHWHUPLQH�WKH�LQIOXHQFH�RI �960& FRQWUDFWLRQ�LQGXFHG�VWUXFWXUDO�FKDQJH�LQ�WKH�PHGLD�RQ�WKH�K\�

GUDXOLF�UHVLVWDQFH�RI �DUWHULDO�ZDOO�FRPSRQHQWV�

��� 2XWOLQH

7KH�VL[�UHVHDUFK�DLPV�VHW�RXW�LQ�VHFWLRQ ��� DUH�HDFK�DGGUHVVHG�LQ�FKDSWHUV���WR���

&KDSWHU � EHJLQV�ZLWK�DQ�LQWURGXFWLRQ�RI �WKH�OHDN\�MXQFWLRQ�FHOO�WXUQRYHU�K\SRWKHVLV� ZKLFK�DWWULEXWHV�IRFL

RI �KLJK�HQGRWKHOLDO�SHUPHDELOLW\�WR�WUDQVLHQWO\�ZLGHQHG�(& MXQFWLRQV�GXULQJ�FHOO�F\FOH�HYHQWV� DQG�D�UHYLHZ

RI �WKH�VXSSRUWLQJ�HYLGHQFH� &KDQJLQJ�VSDWLDO�SDWWHUQV�RI �PDFURPROHFXOH�XSWDNH�DQG�OHVLRQ�SUHYDOHQFH�ZLWK

DJH�KDYH�EHHQ�SUHYLRXVO\�UHSRUWHG� OHDGLQJ�WR�RXU�LQYHVWLJDWLRQ�RI �WKH�K\SRWKHVLV�WKDW�SDWWHUQV�RI �PLWRVLV�DQG

VPDOO�PROHFXOH�KRWVSRWV�FKDQJH�ZLWK�DJH�LQ�UDEELWV�LQ�WKH�VDPH�ZD\�DV�OHVLRQV� 6HYHUDO�WRROV�GHYHORSHG�IRU�WKLV

VWXG\�DUH�SUHVHQWHG�DQG�DSSOLHG� ����DQ�DXWRPDWHG�VSRW�VHJPHQWDWLRQ�DOJRULWKP�WR�LGHQWLI\�IRFL�RI �HOHYDWHG

WUDQVHQGRWKHOLDO�WUDQVSRUW�RI �IOXRUHVFHQW�WUDFHUV�ZDV�XVHG�WR�LGHQWLI\�KRWVSRWV�IURP�D�EDFNJURXQG�RI �YDU\LQJ

LQWHQVLW\� ����D�VWDWLVWLFDO�PHWKRG�DFFRXQWLQJ�IRU�VSDWLDO�DXWRFRUUHODWLRQ�ZDV�GHYHORSHG�LQ�FROODERUDWLRQ�ZLWK

RWKHU�JURXS�PHPEHUV�WR�HYDOXDWH�WKH�VLJQLILFDQFH�RI �VSDWLDO�FRUUHODWLRQV�EHWZHHQ�SDLUV�RI ��' LPDJHV�

&KDSWHU � LV�DQ�H[WHQVLRQ�RI �WKH�VWXG\�SUHVHQWHG�LQ�FKDSWHU �� LQYHVWLJDWLQJ�WKH�SDWWHUQV�RI �ODUJH�PROHFXOH

KRWVSRWV�DQG�WKHLU�UHODWLRQ�WR�SDWWHUQV�RI �PLWRVLV�DQG�VPDOO�PROHFXOH�KRWVSRW�GLVWULEXWLRQ�REWDLQHG�LQ�FKDSWHU

�� $ VLPSOHU�DXWRPDWHG�VSRW�VHJPHQWDWLRQ�DOJRULWKP� EDVHG�RQ�JOREDO�LQWHQVLW\�WKUHVKROGLQJ� ZDV�GHYHORSHG

WR�SURFHVV�WKH�PXFK�OHVV�FRPSOH[�LPDJHV�RI �ODUJH�PROHFXOH�KRWVSRWV� $ VHFRQGDU\�DLP�RI �WKLV�FKDSWHU�ZDV�WR

GHWHUPLQH�LI �ODUJH�PROHFXOH�WUDQVSRUW LQ�YLYR RFFXUV�SUHGRPLQDQWO\�YLD�D�WUDQVFHOOXODU�RU�D�SDUDFHOOXODU�URXWH�

$Q�LQLWLDO�DWWHPSW�WR�VHJPHQW�(& ERXQGDULHV�IURP�LPDJHV�RI �VWDLQHG�DUWHULDO�WLVVXH�LV�SUHVHQWHG�DV�WKH�EDVLV

IRU�IXWXUH�ZRUN�

7KH�GHYHORSPHQW�DQG�YDOLGDWLRQ�RI �H[SHULPHQWDO� LPDJLQJ�DQG�QXPHULFDO�PHWKRGV�DSSOLHG�LQ�WKH�VWXGLHV

RI �PHGLDO�WUDQVSRUW�DUH�GHVFULEHG�LQ�FKDSWHU �� 7KH�FKDSWHU�EHJLQV�ZLWK�SURWRFROV�DOUHDG\�HVWDEOLVKHG�LQ�WKH

JURXS� ([SHULPHQWDO�PHWKRGV�GHYHORSHG�IRU�WKLV�WKHVLV�LQFOXGH� ����PHDVXUHPHQW�RI Lp DQG P LQ�IXOO\�LQWDFW

H[�YLYR UDW�DEGRPLQDO�ELIXUFDWLRQV� ����GHWHUPLQDWLRQ�RI �VWHDG\�VWDWH�DQG�HTXLOLEULXP�WUDFHU�GLVWULEXWLRQV�LQ�WKH

DUWHULDO�ZDOO�DQG�����IL[DWLRQ�RI �HODVWLF�WLVVXH�XQGHU�VWUHVV�ZLWKRXW�UHFRLO� 7KH�LPDJLQJ�WHFKQLTXHV�GHYHORSHG

LQFOXGH� ����+LJK�UHVROXWLRQ��' RSWLFDO�VHFWLRQLQJ�RI �HSR[\�HPEHGGHG�WLVVXH�DQG�����DOJRULWKPV�WR�FRUUHFW

��



IRU� LQWHQVLW\�DWWHQXDWLRQ�ZLWK�GHSWK�IRU�RSWLFDO�VHFWLRQLQJ�WHFKQLTXHV�DQG� LPDJH�YROXPH�URWDWLRQ�RI �KLJK

UHVROXWLRQ��PHPRU\�LQWHQVLYH���' LPDJHV� 7KH�QXPHULFDO�PHWKRG� WR�GHWHUPLQH�WKH�HIIHFWLYH�SHUPHDELOLW\�RI

UHDOLVWLF��' VWUXFWXUHV�UHSUHVHQWLQJ�DUWHULDO�PHGLDO�WLVVXH� SUHVHQWHG�DW�WKH�HQG�RI �WKLV�FKDSWHU�ZDV�GHYHORSHG

LQ�FROODERUDWLRQ�ZLWK�'U� $ &RPHUIRUG�

7KH�VWXG\�LQ�&KDSWHU � LQYHVWLJDWHV�WKH�HIIHFW�RI �SUHVVXUH�LQGXFHG�VWUXFWXUDO�GHIRUPDWLRQ�RI �WKH�DUWHULDO

PHGLD�RQ�WKH�K\GUDXOLF�UHVLVWDQFH�RI �WKH�ZKROH�ZDOO� WKH�PHGLD�DQG��E\�VXEWUDFWLRQ��WKH�LQWLPD� �7KH�DGYHQWLWLD

KDV�D�ORRVHU�VWUXFWXUH�DQG�LV�DVVXPHG�WR�SURYLGH�D�QHJOLJLEOH�UHVLVWDQFH�� 7KH�FKDSWHU�EHJLQV�ZLWK�D�MXVWLILFDWLRQ

IRU�IRFXVLQJ�RQ�ZDWHU�WUDQVSRUW�LQ�WKH�DUWHULDO�ZDOO�DV�DQ�LQWHUPHGLDWH�VWHS�WRZDUGV�XQGHUVWDQGLQJ�WUDQVPXUDO

PDFURPROHFXODU�WUDQVSRUW�DQG�D�UHYLHZ�RI �WKH�OLWHUDWXUH�FRQFHUQLQJ�PHGLDO�WUDQVSRUW�SURSHUWLHV� $Q�RYHUYLHZ

RI �WKH�LQWHUFRQQHFWLRQV�EHWZHHQ�WKH�H[SHULPHQWDO� LPDJLQJ�DQG�QXPHULFDO�PHWKRGV�GHYHORSHG�LQ�FKDSWHU � LV

WKHQ�JLYHQ� DUULYLQJ�DW�UHVXOWV�VKRZLQJ�WKH�K\GUDXOLF�UHVLVWDQFH�RI �WKH�WZR�OD\HUV�DQG�WKH�ZKROH�ZDOO� )XUWKHU�

D�UHODWLRQVKLS�EHWZHHQ�PHGLDO�K\GUDXOLF�SHUPHDELOLW\�DQG�GHIRUPDWLRQ�LV�GHULYHG�IURP�D�FRPELQDWLRQ�RI �WKH

H[SHULPHQWDO�DQG�QXPHULFDO�UHVXOWV�

&KDSWHU � LV�DQ�H[WHQVLRQ�RI �WKH�VWXG\�SUHVHQWHG�LQ�FKDSWHU �� IRFXVLQJ�LQVWHDG�RQ�PHGLDO�VWUXFWXUH�FKDQJHV

EURXJKW�DERXW�E\�960& FRQWUDFWLRQ�

)LQDOO\� FRQFOXVLRQV�DUH�VXPPDULVHG�LQ�FKDSWHU � DORQJ�ZLWK�VXJJHVWLRQV�IRU�IXUWKHU�ZRUN�

3XEOLFDWLRQV� 7KH�VWDWLVWLFDO�PHWKRGV�DQG�WKH�FRPELQHG�H[SHULPHQWDO�QXPHULFDO�PHWKRGV�KDYH�EHHQ�SXE�

OLVKHG�DV�D�IXOO�SDSHU� 7KH�(YDQ
V�%OXH�KRWVSRW�VWXG\�DQG�WKH�VWXG\�H[DPLQLQJ�HIIHFWV�RI �SUHVVXUH�KDYH�EHHQ

VXEPLWWHG�DV�IXOO�SDSHUV� 7KH�VWXG\�FRQFHUQLQJ�HIIHFWV�RI �WRQH�LV�LQ�SUHSDUDWLRQ�DV�D�IXOO�SDSHU�DQG�KDV�EHHQ

SUHVHQWHG�DW�FRQIHUHQFHV� 7KH�GH[WUDQ�VWXG\�LV�LQ�SUHSDUDWLRQ�DV�D�IXOO�SDSHU�

��



&KDSWHU��

3DWWHUQV�RI �(QGRWKHOLDO�3HUPHDELOLW\�WR�6PDOO�0DFURPROHFXOHV

��� 2YHUYLHZ

&XUUHQW�FOLQLFDO�SUDFWLFH� WR�HVWLPDWH�DQ�LQGLYLGXDO
V�ULVN�RI �GHDWK�IURP�DWKHURVFOHURVLV�UHODWHG�FRQGLWLRQV�IURP

V\VWHPLF ULVN�IDFWRUV� KLJKOLJKWV�WKH�ODFN�RI �FRQVHQVXV�RQ�D�PHFKDQLVP�WR�DFFRXQW�IRU�WKH IRFDO GLVWULEXWLRQ�RI

OHVLRQV�WKDW�FKDUDFWHULVHV�WKH�GLVHDVH� 7KHUH�LV�FRQVLGHUDEOH�HYLGHQFH�WKDW�OLSRSURWHLQ�DFFXPXODWLRQ�LQ�WKH

DUWHULDO�ZDOO�LV�D�SUHFXUVRU�IRU�DWKHURVFOHURVLV��6WHLQEHUJ� ������ ,Q�WKLV�FKDSWHU� ZH�IRFXV�RQ�KRWVSRWV�RI �KLJK

HQGRWKHOLDO�SHUPHDELOLW\� DQG�RQ�VSDWLDOO\�KHWHURJHQHRXV�UDWHV�RI �HQGRWKHOLDO�FHOO��(&� PLWRVLV�DV�D�SRVVLEOH

IDFWRU� LQ� WKH�GLVWULEXWLRQ�RI �VXFK�KRWVSRWV� ,Q�SDUWLFXODU� ZH� H[DPLQH�ZKHWKHU� WKH\� FDQ� DFFRXQW� IRU� WKH

DJH�UHODWHG�SDWWHUQV�RI �OHVLRQ�SUHYDOHQFH�SUHYLRXVO\�REVHUYHG�DURXQG�LQWHUFRVWDO�RVWLD�LQ�UDEELW�DRUWDV�

����� (QGRWKHOLDO�WUDQVSRUW�SDWKZD\V�DQG�WKH�FHOO�WXUQRYHU�OHDN\�MXQFWLRQ�K\SRWKHVLV

7KH�(& PRQROD\HU�IRUPV�D�EDUULHU�EHWZHHQ�WKH�EORRG�LQ�WKH�OXPHQ�DQG�WKH�XQGHUO\LQJ�WLVVXHV�RI �WKH�DUWHULDO

ZDOO� $OWKRXJK�VPDOO�OLSLG�VROXEOH�PROHFXOHV��HJ� GLVVROYHG�JDVHV� HWKDQRO��DUH�HDVLO\�DEOH�WR�SDVV�WKURXJK�WKH

FHOO�PHPEUDQHV�RI �WKH�(&V� WUDQVHQGRWKHOLDO�WUDQVSRUW�RI �OLSLG�LQVROXEOH�SODVPD�VROXWHV�LV�UHVWULFWHG�WR�ZDWHU�

ILOOHG�FKDQQHOV� 3RVVLEOH�URXWHV�LQFOXGH�DFWLYH�YHVLFXODU�WUDQVSRUW�DQG�SDVVLYH�WUDQVSRUW�WKURXJK�LQWHUFHOOXODU

MXQFWLRQV� 9HVLFXODU�WUDQVSRUW�LV�D�WUDQVFHOOXODU�SDWKZD\�LQ�ZKLFK�PDFURPROHFXOHV�DUH�HQFDSVXODWHG�LQ�YHVLFOHV

RQ�WKH�DSLFDO�HQGRWKHOLDO�VXUIDFH�DQG�WUDQVSRUWHG�WR�WKH�EDVRODWHUDO�VXUIDFH� 7LJKW�MXQFWLRQV�UHSUHVHQW�WKH

QRUPDO�UHVWLQJ�VWDWH�RI �WKH�(& MXQFWLRQDO�FRPSOH[� KRZHYHU�GXH�WR�WKHLU�SK\VLFDO�VL]H����� QP��WKH\�SUHYHQW

WKH�WUDQVSRUW�RI �EORRG�ERUQH�PDFURPROHFXOHV� %UHDNV�LQ�WKH�WLJKW�MXQFWLRQ��≥�� QP��VKRXOG�DOORZ�WKH�SDVVDJH

RI �DOEXPLQ���×�� QP� 'H%ORLV�HW DO�� ������EXW�ODUJHU�PDFURPROHFXOHV�VXFK�DV�/'/ �6WRNHV�(LQVWHLQ�GLDPHWHU

�� QP� 'H%ORLV�HW DO�� ������DUH�XQOLNHO\�WR�FURVV�WKH�HQGRWKHOLXP�WKURXJK�SRUHV�RI �WKLV�VL]H�

$ VHFRQG�FODVV�RI �LQWHUFHOOXODU�MXQFWLRQ�ZDV�SURSRVHG�E\ :HLQEDXP�HW DO� ������� LQ�WKH�VR�FDOOHG� 
FHOO

WXUQRYHU� OHDN\� MXQFWLRQ
�K\SRWKHVLV� �&7/-��� WHPSRUDULO\�ZLGHQHG�FHOO� MXQFWLRQV� �
OHDN\� MXQFWLRQV
�� IRUPHG

GXULQJ�FHOO� WXUQRYHU�HYHQWV� VXFK�DV�PLWRVLV�DQG�DSRSWRVLV� FRXOG�RSHQ�XS� ODUJH�HQRXJK�SRUHV� LQ� WKH�HQ�

GRWKHOLXP�WR�DOORZ�WKH�WUDQVSRUW�RI �WKH�ODUJHVW�SODVPD�PDFURPROHFXOHV� LQFOXGLQJ�/'/��7\SLFDO�GLPHQVLRQV

RI �WKHVH�OHDN\�MXQFWLRQV�ZHUH�HVWLPDWHG�WR�EH ������� QP GXULQJ�PLWRVLV�DQG ������� QP GXULQJ�DSRSWRVLV

��



�&KHQ�HW DO�� ������ VXSSRUWLQJ�VXFK�D�SRVVLELOLW\� 7KH�UHODWLYH�LPSRUWDQFH�IRU�DOEXPLQ�WUDQVSRUW�RI �DOO�WKHVH

SDWKZD\V�ZDV�HVWLPDWHG�LQ�UHFHQW LQ�YLWUR ZRUN��&DQFHO�HW DO�� ������ 7KLV�FHOO�FXOWXUH�EDVHG�VWXG\�DWWULEXWHG

��� WR�YHVLFOHV� ��� WR�EUHDNV�LQ�WKH�WLJKW�MXQFWLRQ�DQG ��� WR�OHDN\�MXQFWLRQV� 0RUH�VLJQLILFDQW�WR�WKH

GHYHORSPHQW�RI �DWKHURVFOHURVLV� !��� RI �/'/ WUDQVSRUW�ZDV� DWWULEXWHG� WR� OHDN\� MXQFWLRQV� +RZHYHU� D

GUDZEDFN�RI LQ�YLWUR VWXGLHV�LV�WKDW�WKH�FHOOXODU�MXQFWLRQV�LQ�VWDWLF�FXOWXUH�PD\�QRW�EH�LGHQWLFDO�WR�WKRVH LQ�YLYR�

OHDGLQJ�WR�D�ZLGHO\�NQRZQ�GLIIHUHQFH�LQ�HQGRWKHOLDO�SHUPHDELOLW\�RI �XS�WR���RUGHUV�RI �PDJQLWXGH� 7KH�VHQVLWLY�

LW\�RI �WKH�(& PRUSKRORJ\� MXQFWLRQDO�FRPSOH[HV�DQG�WKHUHIRUH�SHUPHDELOLW\�WR�WKH�ELRORJLFDO�DQG�PHFKDQLFDO

HQYLURQPHQW�SURYLGHG LQ�YLWUR KDV�EHHQ�ZHOO�VWXGLHG��$OEHOGD�HW DO�� ����� (VWUDGD�HW DO�� ����� %D]]RQL�DQG

'HMDQD� ������ 7KHUHIRUH�WKH�DEVHQFH�RI �IORZ�PHGLDWHG�VKHDU�VWUHVV�LQ�DOO�DIRUHPHQWLRQHG�WUDQVZHOO�EDVHG

VWXGLHV�DQG�WKH�DEVHQFH�RI �WKH�QDWLYH�(&0��D�PDMRU�VRXUFH�RI �FHOOXODU�VLJQDOOLQJ�WR�(&V� LQ�DOO�WLVVXH�FXOWXUH

VWXGLHV�QHFHVVLWDWHV�WKH�XVH�RI LQ�YLYR H[SHULPHQWV�

����� 2EVHUYDWLRQV�VXSSRUWLQJ�WKH�&7/- K\SRWKHVLV LQ�YLYR

6WHPHUPDQ�HW DO� �������FRQGXFWHG�H[SHULPHQWV�LQ�UDEELW�DRUWDV�ZKLFK�VXJJHVWHG�WKDW�/'/ FURVVHG�WKH�HQ�

GRWKHOLXP�YLD�URXWHV�DOVR�WDNHQ�E\�WKH�PXFK�VPDOOHU�KRUVHUDGLVK�SHUR[LGDVH��+53��6WRNHV�(LQVWHLQ�GLDPHWHU

�.� QP� gMWHJ�HW DO�� ������ XSWDNH�RI �+53 RFFXUUHG�LQ�GLVWLQFW�VSRWV��KHUH�WHUPHG�
KRWVSRWV
� �PLQ DIWHU

DGPLQLVWUDWLRQ�DQG�WKH�FRQFHQWUDWLRQ�RI �/'/ LQ�WKHVH�+53 KRWVSRWV�ZDV�XS�WR���� WLPHV�JUHDWHU� WKDQ� LQ

+53�IUHH�DUWHULDO�WLVVXH� 6XEVHTXHQW�VWXGLHV��/LQ�HW DO�� ����� ������XVHG�(YDQ
V�%OXH�G\H�DOEXPLQ��(%$�

LQ�SODFH�RI �+53��WDNLQJ�DGYDQWDJH�RI �WKH�ELQGLQJ�DIILQLW\�RI �(YDQ
V�EOXH�G\H��(%'� WR�FROODJHQ�DQG�HODVWLQ

LQ�WKH�VXELQWLPDO�VSDFH� (%' ELQGV�SUHIHUHQWLDOO\�WR�HODVWLQ�DQG�FROODJHQ�RQ�HQWHULQJ�WKH�ZDOO��+HLQOH�DQG

/LQGQHU� ������ OHDYLQJ�D�SHUPDQHQW�UHFRUG�RI �LWV�VLWH�RI �HQWU\�UDWKHU�WKDQ�UHDFWLQJ�ZLWK�RU�GLIIXVLRQ�WKURXJK

LQ�WKH�XQGHUO\LQJ�WLVVXH� 7KHVH�VWXGLHV�VKRZHG�WKDW�KRWVSRWV�RFFXUUHG�LQ�DVVRFLDWLRQ�ZLWK�ERWK�DSRSWRWLF�DQG

PLWRWLF�(&V� DIWHU ���PLQXWHV RI �(%$ FLUFXODWLRQ� ��� RI �PLWRWLF�FHOOV� LGHQWLILHG�E\�QXFOHDU�KDHPDWR[\OLQ

VWDLQLQJ��/LQ�HW DO�� ������ DQG ��� RI �GHDG�RU�G\LQJ�FHOOV� LGHQWLILHG�E\�LQGLUHFW�,J* LPPXQRKLVWRFKHPLVWU\

�/LQ�HW DO�� ������ ZHUH�DVVRFLDWHG�ZLWK�(%$ KRWVSRWV �� )XUWKHUPRUH� WKHVH�PLWRWLF�DQG�GHDG�RU�G\LQJ�FHOOV

DFFRXQWHG�IRU ��� DQG ���� UHVSHFWLYHO\� RI �DOO�(%$ KRWVSRWV� $ IXUWKHU�VWXG\�XVLQJ ���,�/'/ UHSRUWHG

WKDW ��� RI �PLWRWLF�FHOOV�ZHUH�DVVRFLDWHG�ZLWK�/'/ KRWVSRWV� ZLWK�PLWRWLF�FHOOV�SUHVHQW�LQ ��� RI �KRWVSRWV

�/LQ�HW DO�� ������ +RZHYHU� D�VLPLODU�VWXG\�E\ 7UXVNH\�HW DO� �������IRXQG�WKDW�RQO\�DSSUR[LPDWHO\ ��� RI

OHDNDJH�VLWHV�ZHUH�DVVRFLDWHG�ZLWK�PLWRVLV� D�PXFK�ORZHU�SHUFHQWDJH�

$ VHFRQG�ERG\�RI �HYLGHQFH�VXSSRUWLQJ�WKLV�WKHRU\�DULVHV�IURP�FRPSDULQJ�WKH�UHVXOWV�IURP�VWXGLHV�RI

PLWRWLF� FHOOV� XSWDNH� DQG� OHVLRQ�GLVWULEXWLRQV� DURXQG� DWKHUR�SURQH� VLWHV� �HJ� DRUWLF�RVWLD�� 3HWURII ������

XVHG�WKH� LQWUDYLWDO�G\H�7U\SDQ�%OXH� DQ�LVRPHU�RI �(YDQ
V�%OXH�G\H��(%'���ZKLFK�SUHGRPLQDQWO\�ELQGV�WR
�7KLV�WHFKQLTXH�LV�DQ�LQGLFDWRU�RI �PHPEUDQH�SHUPHDELOLW\�WR�,J*��KLJK�SHUPHDELOLW\�DOORZV�HQWU\�RI �,J* LQWR�WKH�FHOO�DQG�WKH

VXEVHTXHQW�F\WRSODVPLF�ELQGLQJ�RI �WKH�,J*��,WV�DSSOLFDWLRQ�WR�GHWHFW�GHDG�RU�G\LQJ�FHOOV�UHOLHV�RQ�WKH�LQFUHDVH�LQ�PHPEUDQH�SHUPH�
DELOLW\�DVVRFLDWHG�ZLWK�FHOO�GHDWK�KRZHYHU�WKLV�FRXOG�RFFXU�E\�DSRSWRVLV�RU�VLPSO\�QHFURVLV�VR�WKLV�GDWD�VKRXOG�QRW�EH�LQWHUSUHWHG�DV
D�PHDVXUH�RI �DSRSWRVLV� UDWKHU�DQ�LQGLFDWRU�RI �LW�

��



VHUXP�DOEXPLQ�LQ�WKH�SODVPD��/LQGQHU�DQG�+HLQOH� ������DQG�DFWV�VLPLODUO\�WR�(%$ LQ�WKH�VWXGLHV�PHQWLRQHG

DERYH� 7KH�G\H�ZDV�SUHIHUHQWLDOO\�WDNHQ�XS�E\�WKH�IORZ�GLYLGHU�DW�DUWHULDO�EUDQFK�SRLQWV� D�ORFDWLRQ�NQRZQ�WR

EH�SDUWLFXODUO\�SURQH�WR�GHYHORSLQJ�DWKHURVFOHURWLF�OHVLRQV�LQ�WKH�FKROHVWHURO�IHG�UDEELW��$QLWVFKNRZ� ������

$OWKRXJK�WKH�VWXG\�ZDV�FRQGXFWHG�XVLQJ�IURJV� WKH�UHVXOW�ZDV�VXEVHTXHQWO\�UHSHDWHG�LQ�\RXQJ�SLJV��%HOO�HW DO��

������ 7KH�REVHUYDWLRQV�WKDW�PLWRVLV�UDWHV�DUH�KLJKHU�LQ�DUHDV�RI �(YDQ
V�%OXH�G\H�DOEXPLQ��(%$� XSWDNH�E\�WKH

SLJ�DRUWLF�ZDOO��&DSODQ�DQG�6FKZDUW]� ������ YLHZHG�LQ�WDQGHP�ZLWK�WKRVH�RI 3HWURII �������DQG $QLWVFKNRZ

������� VXJJHVWV�D�SRVVLEOH�PHFKDQLVP�OLQNLQJ�PLWRVLV� KRWVSRWV�DQG�OHVLRQV�

����� +RWVSRWV�DQG�GLVHDVH�SDWWHUQV

3UHYLRXV�ZRUN�LQ�WKLV�JURXS�KDV�VKRZQ�WKDW�WKH�SDWWHUQ�RI �OHVLRQV�LQ�FKROHVWHURO�IHG�UDEELWV�FKDQJHV�ZLWK

DJH� /HVLRQ�SUHYDOHQFH�LV�KLJKHVW�GRZQVWUHDP�RI �DRUWLF�RVWLD�LQ�\RXQJ�DQLPDOV�EXW�ZLWK�LQFUHDVLQJ�DJH� WKH

ORFDWLRQ�RI �WKH�GLVHDVH�PRYHV�WR�WKH�VLGHV�RI �WKH�EUDQFK�PRXWKV��%DUQHV�DQG�:HLQEHUJ� ����� &UHPHUV�HW DO��

������ /RRNLQJ�DW�WKH�ORFDWLRQV�RI �VSRQWDQHRXV�OHVLRQV�WKDW�RFFDVLRQDOO\�DIIHFW�UDEELWV�RQ�D�QRUPDO�GLHW� D

VLPLODU�VZLWFK�LV�VHHQ��%DUQHV�DQG�:HLQEHUJ� ������DQG�LW�SDUDOOHOV�D�FRPSDUDEOH�FKDQJH�ZLWK�DJH�LQ�KXPDQ

DRUWDV��6LQ]LQJHU�HW DO�� ����� 6ORRS�HW DO�� ����� :HLQEHUJ� ������ )XUWKHUPRUH� WKH�SDWWHUQ�RI �PDFURPROHFXOH

XSWDNH�E\�WKH�UDEELW�DRUWLF�ZDOO�DOVR�FKDQJHV�ZLWK�DJH� DQG�LQ�WKH�VDPH�ZD\��6HENKL�DQG�:HLQEHUJ� ����D� �����

(ZLQV�HW DO�� ����� &ODUNH�HW DO�� ����� %DLOH\�HW DO�� ������ +53 �%DUDNDW�HW DO�� ������DQG�/'/ �+HUUPDQQ

HW DO�� ������KRWVSRWV�RFFXU�DW�D�SDUWLFXODUO\�KLJK�IUHTXHQF\�GRZQVWUHDP�RI �EUDQFK�SRLQWV�LQ�\RXQJ�UDEELWV�

+RZHYHU� WKH�HIIHFW�RI �DJH�RQ�WKH�SDWWHUQ�RI �KRWVSRWV�DQG�LWV�GHSHQGHQFH�RQ�PLWRVLV�KDV�QRW�EHHQ�H[DPLQHG�

7KLV�FKDSWHU�LQYHVWLJDWHV�WKH�K\SRWKHVLV�WKDW�SDWWHUQV�RI �PLWRVLV�DQG�(%$ KRWVSRWV�FKDQJH�ZLWK�DJH�LQ

UDEELWV�LQ�WKH�VDPH�ZD\�DV�OHVLRQV� DQG�H[DPLQHV�WKH�SURSRUWLRQ�RI �WRWDO�XSWDNH�WKDW�RFFXUV�YLD�KRWVSRWV�

����� 7HFKQLFDO�LQQRYDWLRQV

$ UDQJH�RI �WHFKQLFDO�LQQRYDWLRQV�ZHUH�HPSOR\HG�LQ�WKLV�VWXG\� :LWK�UHJDUGV�WR�(%$ KRWVSRW�LGHQWLILFDWLRQ�

WR�LQFUHDVH�VHQVLWLYLW\� (%' ZDV�GHWHFWHG�IURP�LWV�IOXRUHVFHQFH�UDWKHU�WKDQ�LWV�DEVRUEDQFH� WR�SUHIHUHQWLDOO\

GHWHFW�(%' ERXQG�WR�HODVWLQ�LQ�WKH�LQQHU�ZDOO� HQ�IDFH FRQIRFDO�PLFURVFRS\�ZDV�XVHG�LQ�FRQMXQFWLRQ�ZLWK�D

PD[LPXP�LQWHQVLW\�SURMHFWLRQ� WR�UHPRYH�REVHUYHU�ELDV� KRWVSRWV�ZHUH�LGHQWLILHG�DQG�WKHLU�DUHD�DQG�LQWHQVLW\

ZHUH�TXDQWLILHG�E\�DQ�REMHFWLYH� DXWRPDWHG�PHWKRG�RI �LPDJH�VHJPHQWDWLRQ� )XUWKHU� D�'1$ V\QWKHVLV�PDUNHU

ZDV�DGGHG�WR�GULQNLQJ�ZDWHU�WR�UHFRUG�PLWRWLF�HYHQWV�RYHU�VHYHUDO�GD\V�UDWKHU�REVHUYLQJ�D�VQDSVKRW�RI �FHOOV�LQ

PLWRVLV�DW�WKH�WLPH�RI �GHDWK� )LQDOO\� FRPSDULVRQV�EHWZHHQ�SDWWHUQV�RI �KRWVSRWV� PLWRVLV�DQG�OHVLRQV�ZHUH�PDGH

E\�ULJRURXV�VWDWLVWLFDO�PHWKRGV��5RZODQG�HW DO�� ������WKDW�DFFRXQW�IRU�DXWRFRUUHODWLRQ�DQG�DYRLG�DVVXPSWLRQV

RI �OLQHDULW\�

��



��� 0HWKRGV

����� $QLPDOV�DQG�GLHW

$OO�DQLPDO�SURFHGXUHV�ZHUH�FRQGXFWHG�E\�'U�6 * &UHPHUV� 7KH\�FRPSOLHG�ZLWK� WKH�$QLPDOV� �6FLHQWLILF

3URFHGXUHV��$FW������DQG�ZHUH�DSSURYHG�E\�WKH�/RFDO�(WKLFDO�5HYLHZ�3DQHO�RI �WKH�8QLYHUVLW\�RI �5HDGLQJ�

7ZHOYH�LPPDWXUH����±� GD\V� ����±�.�� NJ� PHDQ±6(0� DQG�WZHOYH�PDWXUH�����±�� GD\V� ����±�.�� NJ�

PDOH�1HZ�=HDODQG�:KLWH�UDEELWV��+6',) VWUDLQ� +DUODQ��ZHUH�LQGLYLGXDOO\�KRXVHG�DW���±� �& XQGHU�D �� K

OLJKW�F\FOH�DQG�ZHUH�IHG�D�QRUPDO�ODERUDWRU\�GLHW�������75%��+DUODQ�7HNODG� %LFHVWHU�8.� DG�OLELWXP�

����� (%$ XSWDNH�H[SHULPHQWV

������� (%$ SUHSDUDWLRQ�DQG�DQLPDO�SURFHGXUH

(%$ ZDV�SUHSDUHG�E\�PL[LQJ�(%' �6LJPD��ZLWK�ERYLQH�VHUXP�DOEXPLQ��%6$��IDWW\�DFLG�DGVRUEHG� )LUVW�/LQN

8. /WG��LQ�D������PRODU�UDWLR�LQ�5LQJHUV�VROXWLRQ��FRPSRVLWLRQ�LQ�J�/� 1D&O� ���� .&O� ����� &D&O�� �����

1D+&2�� ����� )LYH�FRQVFLRXV� XQUHVWUDLQHG�UDEELWV�LQ�HDFK�DJH�JURXS�ZHUH�HDFK�DGPLQLVWHUHG ���PJ NJ
−�

��.�PO NJ−���(%$ YLD�WKH�PDUJLQDO�HDU�YHLQ� 7KLV�VWHS�ZDV�RPLWWHG�LQ�DQ�DGGLWLRQDO���DQLPDOV�LQ�HDFK�DJH

JURXS� WKDW�ZHUH�XVHG� WR�DVVHVV� OHYHOV�RI �QDWXUDOO\�RFFXUULQJ� WLVVXH�DXWRIOXRUHVFHQFH� $IWHU �PLQXWHV� DOO

UDEELWV�ZHUH�JLYHQ�KHSDULQ������863 XQLWV� 6LJPD��DQG� DIWHU�DQ�DGGLWLRQDO���PLQXWHV� DQ�RYHUGRVH�RI �VRGLXP

SHQWREDUELWDO��(XWKDWDO� DSSUR[� ���PJ NJ−�� 5K{QH�0pULHX[��E\�WKH�VDPH�URXWH�

,PPHGLDWHO\�DIWHU�FRQILUPDWLRQ�RI �GHDWK� D�YHQWUDO�PLGOLQH�LQFLVLRQ�ZDV�PDGH� WKH�DEGRPLQDO�RUJDQV�ZHUH

GHIOHFWHG�DQG�WKH�GLDSKUDJP�UHPRYHG�WR�UHYHDO�WKH�DRUWD� 7KH�DRUWD�ZDV�FDQQXODWHG�UHWURJUDGH�DQG�IOXVKHG

E\�SHUIXVLRQ�ZLWK ∼��PO RI �5LQJHUV�VROXWLRQ�FRQWDLQLQJ�KHSDULQ������863 XQLWV� 6LJPD��IURP�D�UHVHUYRLU

VXVSHQGHG �� FP DERYH�WKH�DQLPDO� ,W�ZDV�WKHQ�IL[HG LQ�VLWX E\�SHUIXVLRQ�ZLWK ��� EXIIHUHG�IRUPDOLQ��6LJPD�

IRU ��PLQXWHV WKURXJK�WKH�VDPH�FDQQXOD�IURP�D�IL[DWLYH�UHVHUYRLU�DOVR�SODFHG �� FP DERYH�WKH�DQLPDO� 7KH

DRUWD�IURP�WKH�SRLQW�RI �FDQQXODWLRQ�WR�WKH�GHVFHQGLQJ�DUFK�ZDV�H[FLVHG�DQG�SRVW�IL[HG�LQ ��� IRUPDOLQ�IRU

�� K� )LQDOO\� WKH�WLVVXH�ZDV�ULQVHG�ZLWK�SKRVSKDWH�EXIIHUHG�VDOLQH��3%6� �.��0� S+���� 6LJPD��WR�UHPRYH

H[FHVV�IL[DWLYH�DQG�FOHDQVHG�RI �ORRVH�DGYHQWLWLDO�WLVVXH�

������� (Q�IDFH FRQIRFDO�LPDJLQJ

,PDJLQJ�ZDV�DOVR�FRQGXFWHG�E\�'U�6 * &UHPHUV� (DFK�DRUWD�ZDV�RSHQHG�ORQJLWXGLQDOO\�DORQJ� LWV�YHQWUDO

VXUIDFH�DQG�SODFHG�OXPLQDO�VXUIDFH�GRZQ�LQ�D�FRYHUVOLS�ERWWRPHG�SHWUL�GLVK�FRQWDLQLQJ�3%6��7KH�WLVVXH�ZDV

KHOG�IODW�E\�SODFLQJ�D�JODVV�GLVN�RQ�WRS�RI � LW� DQG�H[DPLQHG HQ� IDFH ZLWK�DQ� LQYHUWHG�FRQIRFDO�PLFURVFRSH

�7&6 63�� /HLFD�0LFURV\VWHPV�� 7R� LPDJH� WKH� UHJLRQ�VXUURXQGLQJ�HDFK� LQWHUFRVWDO�EUDQFK�RVWLXP� (%'

IOXRUHVFHQFH�ZDV�H[FLWHG�DW ��� QP� DQG�HPLVVLRQ�DW ������� QP ZDV�UHFRUGHG�ZLWK�D ×�� REMHFWLYH� XVLQJ

D��×��WLOH�VFDQ�WR�LQFUHDVH�WKH�ILHOG�RI �YLHZ�WR��×��PP�����×���SL[HOV�� =�VWDFN�LPDJHV�ZHUH�DFTXLUHG

ZLWK�HDFK�VOLFH�EHLQJ�DSSUR[LPDWHO\�SDUDOOHO�WR�WKH�HQGRWKHOLDO�VXUIDFH� 3KRWRPXOWLSOLHU�WXEH�JDLQ�ZDV�VHW�IRU

��



HDFK�LPDJH�YROXPH�VR�WKDW�D�IHZ�SL[HOV�VDWXUDWHG�LQ�WKH�EULJKWHVW�VOLFH� PDNLQJ�PD[LPXP�XVH�RI �WKH�G\QDPLF

UDQJH�RI �WKH�GHWHFWRU� $ PD[LPXP�LQWHQVLW\�SURMHFWLRQ��L�H� DQ HQ�IDFH� ��GLPHQVLRQDO�PDS�FRPSULVLQJ�RQO\

WKH�EULJKWHVW�SL[HO�LQ�HDFK�GHSWK�ZLVH�FROXPQ�RI �SL[HOV��ZDV�REWDLQHG�IURP�WKH�FRQIRFDO�LPDJH�VWDFN�IRU�HDFK

EUDQFK�

����� $QDO\VLV�RI �(%$ LPDJHV

$QDO\VLV�PHWKRGV�ZHUH�GHYHORSHG�DQG�HPSOR\HG�DV�SDUW�RI �WKLV�3K' SURMHFW�

������� )ODWILHOG�FRUUHFWLRQ

7R�DGMXVW�PDSV�IRU�VSDWLDO�YDULDWLRQ�LQ�WKH�VHQVLWLYLW\�RI �WKH�PLFURVFRSH� HDFK�WLOH�KDG�WR�EH�GLYLGHG�E\�DQ

HTXLYDOHQW� WLOH�RI �D�XQLIRUPO\�IOXRUHVFLQJ�REMHFW� ,GHDOO\� WKLV� IODWILHOG� FRUUHFWLRQ�ZRXOG�EH�GRQH�E\� ILUVW

LPDJLQJ�D�&KURPD�VOLGH� NQRZQ�WR�KDYH�VSDWLDOO\�KRPRJHQHRXV�IOXRUHVFHQFH� WR�FUHDWH�D�FRUUHFWLRQ�WLOH� $OO

LPDJH� WLOHV�ZRXOG� WKHQ�EH�GLYLGHG�E\� WKH�FRUUHFWLRQ� WLOH� WR� UHPRYH�DQ\�HIIHFWV�RI � VSDWLDO�YDULDWLRQ� LQ� WKH

VHQVLWLYLW\�RI �WKH�PLFURVFRSH� 7KH�PDWKHPDWLFDO�SRVVLELOLW\�WKDW�GLYLVLRQ�E\�D�]HUR�YDOXHG�SL[HO�LQ�WKH�IODWILHOG

FRUUHFWLRQ�WLOH�GRHV�QRW�RFFXU�XQOHVV�WKHUH�LV�EURNHQ�GHWHFWRU� $V�RSWLFDO�FRPSRQHQWV�LQ�PLFURVFRSHV�DUH

NQRZQ�WR�FKDQJH�LQ�DOLJQPHQW�ZLWK�URXWLQH�XVH� WKLV�VKRXOG�EH�GRQH�FRQFXUUHQWO\�ZKHQ�REWDLQLQJ�WKH�GDWDVHW�

)RU�WKH�(%$ LPDJHV� WKLV�ZDV�QRW�GRQH�

$V�DQ�DOWHUQDWLYH�WR�WKH�LGHDO�FDVH� WKH�IODWILHOG�FRUUHFWLRQ�WLOH�ZDV�JHQHUDWHG�IURP�WKH�DXWRIOXRUHVFHQFH

LPDJHV�IURP�WKH�IRXU�DQLPDOV�QRW�UHFHLYLQJ�WUDFHU� 9DULDWLRQV�LQ�DXWRIOXRUHVFHQFH�DURXQG�EUDQFKHV�DUH�VPDOO

�&ODUNH�HW DO�� ������DQG�ZHUH�UHGXFHG�IXUWKHU�E\�DYHUDJLQJ�WLOHV�IURP�GLIIHUHQW�ORFDWLRQV�DURXQG�WKH�RVLWXP�

7KH�DYHUDJLQJ�SURFHGXUH�LV�LOOXVWUDWHG�LQ�ILJXUH ���� 7KH�RVWLXP�ZDV�VLWXDWHG�ZLWKLQ�RQH�TXDGUDQW�RI �HDFK�RI

WKH�IRXU�WLOHV�LQ�HYHU\��×��WLOH�VFDQ��)LJ ���$���WKHVH�TXDGUDQWV�ZHUH�PDVNHG� 6LQFH�D�GLIIHUHQW�TXDGUDQW�ZDV

DIIHFWHG�LQ�HDFK�WLOH� VXSHULPSRVLQJ�WKH���PDVNHG�WLOHV�WKHQ�HIIHFWLYHO\�UHVXOWHG�LQ�WKH�VXP�RI �WKUHH�EUDQFK�IUHH

WLOHV��)LJ ���%��&���$YHUDJLQJ�WKH�UHVXOWV�IURP�DOO����EUDQFKHV�SURGXFHG�WKH�ILQDO�IODWILHOG�LPDJH��)LJ ���'��

)LJXUHV ���( DQG�) LOOXVWUDWH� UHVSHFWLYHO\� D�WLOH�VFDQ�RI �(%$ IOXRUHVFHQFH�EHIRUH�DQG�DIWHU�FRUUHFWLRQ�

������� $XWRPDWHG�KRWVSRW�VHJPHQWDWLRQ

2VWLD�ZHUH�PDVNHG� XVLQJ�PDQXDO�VHJPHQWDWLRQ�JXLGHG�E\�HGJH�GHWHFWLRQ� VLQFH�KRWVSRWV�ZLWKLQ�LQWHUFRVWDO

DUWHULHV�ZHUH�QRW�RI �LQWHUHVW� +RWVSRWV�LQ�WKH�UHPDLQLQJ�DUHD�ZHUH�LGHQWLILHG�XVLQJ�WKH�WKUHVKROGLQJ�PHWKRG�RI

2WVX ������� ZKLFK�PLQLPLVHV�WKH�FRPELQHG�LQWUDFODVV�YDULDQFH�IRU�WKH�DERYH�WKUHVKROG�DQG�EHORZ�WKUHVKROG

JURXSV� 7KH�PHWKRG�FDQ�EH�JHQHUDOLVHG�WR�FRPSXWH�PXOWLSOH�WKUHVKROGV� GLYLGLQJ�SL[HOV�LQWR�VHYHUDO�OHYHOV�RQ

WKH�EDVLV�RI �WKHLU�LQWHQVLWLHV� 6LQFH�WKH�IOXRUHVFHQFH�RI �QRQ�KRWVSRW�XSWDNH�YDULHG�IURP�UHJLRQ�WR�UHJLRQ� DQG

ZDV�VXSHULPSRVHG�RQ�WKH�IOXRUHVFHQFH�IURP�WKH�KRWVSRWV�WKHPVHOYHV� WKH�PXOWL�WKUHVKROG�PHWKRG�ZDV�DSSOLHG

ORFDOO\� LQ�D�VDPSOLQJ�ZLQGRZ� WR�UHPRYH�ORFDO�YDULDWLRQ� DQG�WKHQ�JOREDOO\�WR�VHSDUDWH�DGMDFHQW�KRWVSRWV� 7KH

XVH�RI �IRXU�OHYHOV�LQ�ERWK�ORFDO�DQG�JOREDO�WKUHVKROGLQJ�DQG�WKH�VL]H�RI �VDPSOLQJ�ZLQGRZ�ZHUH�FKRVHQ�RQ�WKH

��
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)LJXUH ���� ,PDJH�SURFHVVLQJ� VWHSV� LQYROYHG� LQ�KRWVSRW� VHJPHQWDWLRQ� 7KH\� DUH� LOOXVWUDWHG�XVLQJ� W\SLFDO
HQ�IDFH� LPDJHV�IURP�PDWXUH�DQLPDOV� ZLWK�PHDQ�DRUWLF�IORZ�IURP�WRS�WR�ERWWRP� $��0D[LPXP�LQWHQVLW\
SURMHFWLRQ�RI �D���[���WLOH�VFDQ�FRYHULQJ�D���[���PP�DUHD�RI �DRUWLF�ZDOO�FHQWHUHG�DQ�LQWHUFRVWDO�EUDQFK�RVWLXP�
VKRZLQJ�DXWRIOXRUHVFHQFH�LQ�DQ�DQLPDO�QRW�DGPLQLVWHUHG�WUDFHU� %��6XSHUSRVLWLRQ�RI �PDVN�WR�EORFN�WKH�RVWLXP�
DQG�VHSDUDWLRQ�RI �FRQVWLWXHQW�WLOHV� &��$YHUDJH�RI �DOO�IRXU�TXDGUDQWV�IURP��%���'����[���WLOH�IODWILHOG�LPDJH
UHFRQVWUXFWHG�IURP���LPDJHV�RI �WKH�W\SH�VKRZQ�LQ��&� EXW�XVLQJ�GDWD�IURP�DOO����DXWRIOXRUHVFHQFH�EUDQFKHV�
(��7\SLFDO�LPDJH�IURP�D�PDWXUH�DQLPDO�DGPLQLVWHUHG�WUDFHU� )��7KH�FRUUHVSRQGLQJ�IODWILHOG��FRUUHFWHG�LPDJH
�LQVHW�����[�����SL[HO� VDPSOLQJ�ZLQGRZ�� 7RWDO�XSWDNH� �0� LV�TXDQWLILHG�XVLQJ� WKLV� LPDJH� *������[����
SL[HO�LPDJH�FURSSHG�IURP�)��+�����OHYHO�2WVX�WKUHVKROGLQJ�DSSOLHG�WR��*���,��5HFRQVWUXFWLRQ�RI �DOO�����[����
SL[HO�LPDJHV�DIWHU���OHYHO�2WVX�WKUHVKROGLQJ� -��7KH�VDPH�LPDJH�DIWHU�UHPRYDO�RI �D�����SL[HO�ZLGH�ERUGHU� WR
HOLPLQDWH�WKH�HGJH�DUWLIDFW�LQWURGXFHG�GXULQJ�ORFDO�WKUHVKROGLQJ� .��$ ELQDU\�LPDJH�VKRZLQJ�VSRW�ORFDWLRQV�
XVHG�WR�JHQHUDWH�VSRW�FRXQWV��3� DQG�WR�PHDVXUH�VSRW�DUHDV��4���/��7KH�WRS�OHYHO�RI �SL[HOV�LQ��-���ZKLFK�DUH
LQWHUSUHWHG�DV�KRWVSRWV� FRORXUHG�E\�WKHLU�RULJLQDO�LQWHQVLWLHV�LQ��)� DQG�XVHG�WR�TXDQWLI\�VSRW�XSWDNH��2���1
LV�REWDLQHG�E\�VXEWUDFWLQJ��/� IURP��)� DQG�WKHQ�FDOFXODWLQJ�XSWDNH�DV�LQ�LPDJH��0��

��



EDVLV�RI �FRQYHUJHQFH�WHVWLQJ��VHH�9DOLGDWLRQ� EHORZ��

7KH�LPSOHPHQWDWLRQ�LV�LOOXVWUDWHG�LQ�ILJXUH ���� $ ���×����SL[HO�����×��� �P��VDPSOLQJ�ZLQGRZ�ZDV

SODFHG�LQ�WKH�WRS�OHIW�KDQG�FRUQHU�RI �WKH�ZKROH�LPDJH��)LJ ���)��*���7KH�VL]H�RI �WKLV�ZLQGRZ�ZDV�FKRVHQ

EDVHG�RQ�WKH�UHVXOWV�RI �SUHOLPLQDU\�YDOLGDWLRQ�WHVWV� GHWDLOHG�LQ�VHFWLRQ ������ 7KH�SL[HOV�RI �WKLV�VXE�LPDJH

ZHUH�SODFHG�LQ�RQH�RI �IRXU�LQWHQVLW\�FDWHJRULHV�E\�FRPSXWLQJ�WKUHH�2WVX�WKUHVKROGV�IRU�WKH�VXE�LPDJH��)LJ

���+���JLYLQJ�HDFK�SL[HO�D�YDOXH�IURP ���� WKHVH�YDOXHV�ZHUH�SODFHG�LQ�WKH�FRUUHVSRQGLQJ�SL[HOV�RI �D�QHZ�LPDJH

�)LJ ���,���7KH�VDPSOH�ZLQGRZ�ZDV�WKHQ�PRYHG�RQH�SL[HO�WR�WKH�ULJKW�DQG�2WVX�WKUHVKROGV�ZHUH�UHFDOFXODWHG�

7KH�QHZ�2WVX�YDOXHV�ZHUH�DJDLQ�SODFHG�LQ�WKH�QHZ�LPDJH� EHLQJ�DGGHG�WR�WKH�YDOXHV�REWDLQHG�LQ�WKH�SUHYLRXV

VXE�LPDJH� IRU� HDFK�SL[HO� WKDW�KDG�EHHQ�H[DPLQHG� WZLFH� 7KLV�SURFHVV�ZDV� UHSHDWHG� PRYLQJ� WKH� VDPSOH

ZLQGRZ�LQ�D�UDVWHU� XQWLO�WKH�ZKROH�RI �WKH�RULJLQDO�LPDJH�KDG�EHHQ�FRYHUHG� (DFK�SL[HO�LQ�WKH�QHZ�LPDJH

FRXOG�KDYH�KDG�D�YDOXH�EHWZHHQ���DQG���WLPHV�WKH�QXPEHU�RI �WLPHV�LW�KDG�EHHQ�LQFOXGHG�LQ�D�VDPSOH�ZLQGRZ�

$ ����SL[HO�ZLGH�ERUGHU�ZDV�FURSSHG�IURP�WKH�QHZ�LPDJH�WR�HQVXUH�WKDW�DOO�SL[HOV�KDG�EHHQ�LQFOXGHG�LQ�WKH

VDPH�QXPEHU�RI �ORFDO�WKUHVKROGLQJ�FDOFXODWLRQV��)LJ ���-���7R�GHWHUPLQH�ZKLFK�RI �WKHVH�ORFDOO\�WKUHVKROGHG

YDOXHV�VKRXOG�LQGLFDWH�WKH�SUHVHQFH�RI �D�KRWVSRW� WKUHH�2WVX�WKUHVKROGV�ZHUH�FRPSXWHG�IRU�WKH�HQWLUH�QHZ

LPDJH� SODFLQJ�SL[HOV�LQWR�IRXU�FDWHJRULHV� SL[HOV�LQ�WKH�WRS�FDWHJRU\�ZHUH�FRQVLGHUHG�WR�EH�SDUW�RI �D�KRWVSRW�

&RQQHFWLYLW\�UXOHV�IRU���FRQQHFWHG�SL[HOV�ZHUH�DSSOLHG�LQ�WKH�UHVXOWLQJ�ELQDU\�LPDJH�WR�LGHQWLI\�DSSDUHQW

KRWVSRWV� 7KHVH�ZHUH�ILOWHUHG�E\�DUHD�WR�UHGXFH�QRLVH� DSSDUHQW�KRWVSRWV�VPDOOHU�WKDQ����SL[HOV����� �P���

ZKLFK�LV�VLPLODU�WR�WKH�DYHUDJH�VXUIDFH�DUHD�RI �(& LQ�WKH�YLFLQLW\�RI �D�UDEELW�LQWHUFRVWDO�RVWLXP��1HUHP�HW DO��

������ ZHUH�H[FOXGHG� $ ILOWHU�RI �����SL[HOV������ �P���ZDV�DOVR�DSSOLHG�LQ�VRPH�FDVHV�WR�LGHQWLI\�D�VXESRS�

XODWLRQ�RI �ODUJHU�VSRWV��QRW�VKRZQ�LQ�)LJ ����� 7KH�QXPEHU� LQWHQVLW\�DQG�DUHD�RI �KRWVSRWV�ZHUH�FRPSXWHG

IURP�WKH�ILOWHUHG�ELQDU\�LPDJH��)LJ ���.���9DOLGDWLRQ�H[SHULPHQWV�ZLWK�D�VHULHV�RI �WHVW�LPDJHV�GHPRQVWUDWHG

WKH�DELOLW\�RI �WKH�PHWKRG�WR�FRUUHFWO\�LGHQWLI\�WKH�RULJLQDO�QXPEHU�RI �VSRWV�DQG�WKHLU�DUHDV�GHVSLWH�WKH�VSRWV

KDYLQJ�YDULDWLRQ�LQ�VL]H�DQG�VKDSH�DQG�WKH�DGGLWLRQ�RI �KLJK�DQG�ORZ�IUHTXHQF\�QRLVH��VHH�VHFWLRQ �������

7KH�ILOWHUHG�ELQDU\�LPDJH�ZDV�DSSOLHG�WR�TXDQWLI\�QRQ�KRWVSRW�WUDQVSRUW� LW�ZDV�XVHG�WR�PDVN�WKH�IODWILHOG�

FRUUHFWHG�LPDJH��)LJ ���)� WR�REWDLQ�DQ�LPDJH�RI �WKH�UHVLGXDO�DOEXPLQ�XSWDNH� )LQDOO\� D���×���JULG�ZDV

VXSHULPSRVHG�RQ�WKH�UHVXOWLQJ�PDSV� JLYLQJ�VTXDUHV�RI ����×��� �P� WKH�VDPH�VL]H�DV�WKH�JULG�ZLWKLQ�ZKLFK

PLWRWLF�HYHQWV�ZHUH�FRXQWHG�

����� &HOO�GLYLVLRQ�H[SHULPHQWV

7KHVH�H[SHULPHQWV�ZHUH�FRQGXFWHG�E\�'U�6 * &UHPHUV�

������� $QLPDO�SURFHGXUHV�DQG�WLVVXH�SUHSDUDWLRQ

��EURPR����GHR[LXULGLQH��%UG8��6LJPD��ZDV�DGGHG�WR�WKH�GULQNLQJ�ZDWHU�DW�D�FRQFHQWUDWLRQ�RI �.�PJPO−�

IRU�ILYH�UDEELWV�LQ�HDFK�DJH�JURXS�IRU �� K� 7KH�VROXWLRQ�ZDV�IUHVKO\�PDGH�WZLFH�HYHU\�GD\� $QLPDOV�ZHUH�WKHQ

HXWKDQLVHG�DQG�WKHLU�DRUWDV�IOXVKHG� IL[HG LQ�VLWX DQG�H[FLVHG�DV�GHVFULEHG�LQ�VHFWLRQ �������� H[FHSW�WKDW� DIWHU

��



LQLWLDO�IL[DWLRQ� DRUWDV�ZHUH�WUDQVIHUUHG�WR�3%6 DQG�FOHDQHG�RI �ORRVH�DGYHQWLWLDO�WLVVXH�ZLWKRXW�SRVW�IL[DWLRQ�

)RU�DQWLJHQ�UHWULHYDO� WKH\�ZHUH�LPPHUVHG�LQ �.��0 FLWUDWH�EXIIHU��S+ �����IRU � K� RSHQHG�YHQWUDOO\� FODPSHG

EHWZHHQ���PLFURVFRSH�VOLGHV�DQG�PDLQWDLQHG�DW ��� �& IRU ��PLQXWHV�

,PPXQRKLVWRFKHPLVWU\�WR�VWDLQ�%UG8�SRVLWLYH�QXFOHL�ZDV�SHUIRUPHG�DV�IROORZV� WKH�WLVVXH�ZDV�ZDVKHG

LQ�3%6 DQG�EORFNHG�ZLWK�QRUPDO�JRDW�VHUXP��������GLOXWLRQ� $PHUVKDP�%LRVFLHQFHV� 8.� IRU ��PLQXWHV

EHIRUH�LQFXEDWLQJ�ZLWK�D�PRXVH�DQWL�%UG8 PRQRFORQDO�DQWLERG\��%HFWRQ�'LFNLQVRQ� �����GLOXWLRQ�ZLWK ��

%6$ LQ�3%6� IRU � K� 6DPSOHV�ZHUH�WKHQ�ZDVKHG�ZLWK �� %6$ LQ�3%6 EHIRUH�LQFXEDWLRQ�ZLWK�IOXRUHVFHLQ�

FRQMXJDWHG� JRDW� DQWL�PRXVH� ,J* �.3/��*DLWKHUVEXUJ� 86$�� �����GLOXWLRQ� LQ�7ULV�EXIIHUHG� VDOLQH� S+����

6LJPD�� IRU � K� $OO� LQFXEDWLRQV�ZHUH� FRQGXFWHG� DW� URRP� WHPSHUDWXUH� 1XFOHL�ZHUH� FRXQWHUVWDLQHG�ZLWK

�.�PJPO−� SURSLGLXP�LRGLGH��3,��(XJHQH� 1HWKHUODQGV��IRU �PLQXWH DQG�WKH�WLVVXH�VWXGLHG�LPPHGLDWHO\�

������� (Q�IDFH FRQIRFDO�PLFURVFRS\

$RUWDV�ZHUH�PRXQWHG�LQ�JODVV�ERWWRPHG�SHWUL�GLVKHV�DV�GHVFULEHG�LQ�VHFWLRQ �������� 7KH��QG�DQG��WK�SDLUV

RI �LQWHUFRVWDO�EUDQFK�RVWLD�ZHUH�H[DPLQHG�LQ�DOO����DQLPDOV� LPDJLQJ�D���×���WLOH�VFDQ� FHQWHUHG�RQ�HDFK

RVWLXP�ZLWK�D ×�� JO\FHURO�LPPHUVLRQ�REMHFWLYH� 7KLV�JDYH�D�ILHOG�RI �YLHZ�RI �����×�����PP� DV�FORVH�LQ

VL]H�DV�SUDFWLFDEOH�WR�WKDW�REWDLQHG�LQ�WKH�(%$ H[SHULPHQWV�ZLWK�D�GLIIHUHQW�REMHFWLYH� )OXRUHVFHLQ�ODEHOOHG

DQWLERGLHV�ZHUH�H[FLWHG�DW ��� QP DQG�HPLVVLRQ�ZDV�UHFRUGHG�DW ������� QP� 3,�VWDLQHG�QXFOHL�ZHUH�H[FLWHG

DW ��� QP DQG�WKHLU�HPLVVLRQ�ZDV�UHFRUGHG�DW ������� QP� 7KH�����VWDFNV�RI �RSWLFDO�VOLFHV�ZHUH�H[DPLQHG�IRU

IOXRUHVFHLQ�DQG�3, IOXRUHVFHQFH� DQG�WKH�QXPEHU�DQG�ORFDWLRQ�RI �IOXRUHVFHLQ�VWDLQHG�QXFOHL�LQ�WKH�HQGRWKHOLDO

OD\HU�RI �HDFK����×��� �P WLOH�����×����SL[HOV��ZDV�UHFRUGHG�

����� 6SDWLDO�FRUUHODWLRQ�VWDWLVWLFV

7KHVH�WHFKQLTXHV�ZHUH�GHYHORSHG�DV�SDUW�RI �WKH�SUHVHQW�3K'��EXW�LQ�FROODERUDWLRQ�ZLWK�( 5RZODQG� < 0R�

KDPLHG�DQG�'U�( %DLOH\�

������� )XQGDPHQWDO�SUREOHPV�LQ�FRPSDULQJ�ELRORJLFDO�LPDJH�GDWD

$ IXQGDPHQWDO�SUREOHP�HQFRXQWHUHG�ZKHQ�HYDOXDWLQJ� WKH� VWDWLVWLFDO� VLJQLILFDQFH�RI � FRUUHODWLRQV�EHWZHHQ

WZR�VHWV�RI �LPDJHV�LV�VSDWLDO�DXWRFRUUHODWLRQ� 7KLV�DULVHV�GXH�WR�DQ�LQKHUHQW�SURSHUW\�RI �LPDJH�GDWD� IRU�D

FRQWLQXRXVO\�YDU\LQJ�YDULDEOH��HJ� (%' IOXRUHVFHQFH�LQWHQVLW\��GLVFUHWLVHG�RYHU�D�JULG�RI �SL[HOV�WR�IRUP�DQ

LPDJH� DGMDFHQW�SL[HOV�LQ�DQ\�JLYHQ�LPDJH�DUH�PRUH�OLNHO\�WR�KDYH�VLPLODU�YDOXHV�WKDQ�ZRXOG�EH�H[SHFWHG�WR

RFFXU�E\�FKDQFH� 7KHUHIRUH�DGMDFHQW�SL[HOV�FDQQRW�EH�UHJDUGHG�DV�EHLQJ�LQGHSHQGHQW�RI �RQH�DQRWKHU� 7KLV

PDNHV�LW�LPSRVVLEOH�WR�DSSO\�VWDQGDUG�VWDWLVWLFDO�WHVWV� ZKLFK�UHO\�RQ�KDYLQJ�LQGHSHQGHQW�VDPSOHV� WR�FRPSDUH

D�SDLU�RI �LPDJHV� 7R�GR�VR�ZRXOG�LQFUHDVH�WKH�FKDQFH�RI �SURGXFLQJ�VSXULRXV�VLJQLILFDQW�FRUUHODWLRQV� WKH

KLJKHU�WKH�OHYHO�RI �VSDWLDO�DXWRFRUUHODWLRQ� WKH�KLJKHU�WKH�FKDQFH�RI �JHQHUDWLQJ�IDOVH�SRVLWLYH�UHVXOWV�

$ VHFRQG�SUREOHP�VWHPV�IURP�WKH�QHHG�WR�DJJUHJDWH�GDWD�DQG�WKH�HIIHFW�WKDW�KDV�RQ�WKH�DYHUDJH�PDSV�

��



6LQFH�ZH�FDQQRW�REWDLQ�WKH�WZR�VHWV�RI �GDWD�LQ�HDFK�DQLPDO�ZLWKRXW�RQH�ELRORJLFDO�LQWHUYHQWLRQ�DIIHFWLQJ�WKH

RWKHU� ZH�DUH�IRUFHG�WR�FROOHFW�GDWD�VHWV�IURP�GLIIHUHQW�DQLPDOV�DQG�WKHUHIRUH�ZH�GR�QRW�KDYH�SDLUHG�GDWD

IRU�VWDWLVWLFDO�FRPSDULVRQV� �)RU�H[DPSOH� LI �ZH�ZHUH�WR�SHUIRUP�(%$ XSWDNH�H[SHULPHQWV�RQ�FKROHVWHURO�

IHG�UDEELWV�ZLWK�WKH� LQWHQWLRQ�RI �JHWWLQJ�SDLUHG�OHVLRQ�SUHYDOHQFH�DQG�(%$ GDWD� WKH�ELRORJLFDO�HIIHFWV�RI

WKH�FKROHVWHURO�GLHW�FRXOG�KDYH� LQIOXHQFHG� WKH�(%$ GDWD� �6HENKL�DQG�:HLQEHUJ� ����E�� GLHW�LQGXFHG� OH�

VLRQV�ZRXOG�LQWURGXFH�VSDWLDOO\�YDU\LQJ�HQGRWKHOLDO�SHUPHDELOLW\�WKDW�LV�QRW�SUHVHQW�LQ�QDLYH�YHVVHOV�DQG�WKH

LQWHUSUHWDWLRQ�RI �WKH�UHVXOWV�ZRXOG�EH�GLIILFXOW�� ,QVWHDG� ZH�FROOHFW�LQGLYLGXDO�PDSV�IURP�PXOWLSOH�DQLPDOV

WR�FRQVWUXFW�HDFK�GDWDVHW�DQG�WKHQ�DQDO\VH�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�VHWV�E\�FRQVWUXFWLQJ�DYHUDJH�PDSV

IRU�HDFK�VHW� +RZHYHU� DV�DYHUDJLQJ�UHGXFHV�YDULDQFH� WKHUH�LV�D�WHQGHQF\�IRU�VXFK�FRUUHODWLRQV�WR�EH�ELDVHG

WRZDUGV�VWURQJHU�FRUUHODWLRQV�

5HJDUGLQJ�WKLV�VWXG\� WKH�WZR�SUREOHPV�GLVFXVVHG�RQO\�DSSO\�WR�XQSDLUHG�LPDJHV� VSDWLDO�DXWRFRUUHODWLRQ

GRHV�QRW�LQIODWH�WKH�VLJQLILFDQFH�ZKHQ�D t�WHVW�LV�DSSOLHG�WR�FRUUHODWLRQ�FRHIILFLHQWV�FDOFXODWHG�IURP�SDLUZLVH

FRPSDULVRQV��5RZODQG�HW DO�� ������ 7KDW�LV� ZH�RQO\�QHHG�WR�RYHUFRPH�WKH�SUREOHPV�RI �VSDWLDO�DXWRFRUUH�

ODWLRQ�DQG�GDWD�DJJUHJDWLRQ�ZKHQ�FRPSDULQJ�(%$�GHULYHG�PHWULFV�DJDLQVW�%UG8 DQG�OHVLRQ�GDWD�DQG�ZKHQ

FRPSDULQJ�%UG8 WR�OHVLRQ�GDWD� FRUUHODWLRQV�EHWZHHQ�(%$�GHULYHG�PHWULFV�FDQ�VLPSO\�EH�GRQH�E\�FDOFXODWLQJ

SDLUZLVH�FRUUHODWLRQ�FRHIILFLHQWV�DQG�DSSO\LQJ�D t�WHVW�RQ�WKHVH�YDOXHV�

$ ILQDO�FRQVLGHUDWLRQ�WR�EH�WDNHQ�LQWR�DFFRXQW�ZKHQ�HYDOXDWLQJ�VWDWLVWLFDO�VLJQLILFDQFH�LV�WKH�PDWKHPDWLFDO

IRUP�RI �WKH�UHODWLRQ�ZH�H[SHFW�EHWZHHQ�WKH�WZR�GDWD�VHWV� 7KHUH�LV�QR D�SULRUL UHDVRQ�WR�H[SHFW�D�OLQHDU�UHODWLRQ

EHWZHHQ�DQ\�RI �WKH�GDWD�VHWV�LQ�WKLV�VWXG\� �)RU�H[DPSOH� WKHUH�LV�QR�UHDVRQ�WR�H[SHFW�D����×��� �P JULG

VTXDUH�FRQWDLQLQJ���PLWRWLF�QXFOHL�WR�KDYH�(%$ KRWVSRWV�WZLFH�WKH�DUHD�RI �D�JULG�VTXDUH�FRQWDLQLQJ�RQO\��

PLWRWLF�QXFOHXV�� +RZHYHU� LW�ZRXOG�EH�UHDVRQDEOH�WR�VXJJHVW�VRPH�PRQRWRQLF�UHODWLRQVKLS� �HJ� PRUH�(%$

KRWVSRWV�LQ�JULG�VTXDUHV�FRQWDLQLQJ�PRUH�PLWRWLF�QXFOHL��

������� /LQHDU�YV�PRQRWRQLF�UHODWLRQV

7KH�PHWKRGV�GHVFULEHG� LQ� WKLV� VHFWLRQ�DQG�VHFWLRQ ������� ZHUH�SUHGRPLQDQWO\�ZRUN�E\�( 5RZODQG�ZLWK

KHOS�IURP�< 0RKDPLHG��'7�&:7��GHFRUUHODWLRQ�OHQJWK�EDVHG�VDPSOLQJ�DQG�ERRWVWUDSSLQJ�� 'U�( %DLOH\

�'HFRUUHODWLRQ�OHQJWK�EDVHG�VDPSOLQJ�DQG�ERRWVWUDSSLQJ��DQG�WKH�DXWKRU��,$$)7��GHFRUUHODWLRQ�OHQJWK�EDVHG

VDPSOLQJ�DQG�ERRWVWUDSSLQJ��DQG�ZDV�SXEOLVKHG�LQ�D�UHFHQW�SDSHU��5RZODQG�HW DO�� ������ :KDW�IROORZV�KHUH

LV�D�EULHI �VXPPDU\�

,Q�HDFK�RI �WKH�IROORZLQJ�PHWKRGV�WR�RYHUFRPH�VSDWLDO�DXWRFRUUHODWLRQ��6HFWLRQ ��������� 3HDUVRQ
V�FRUUHOD�

WLRQ�FRHIILFLHQW�ZDV�FDOFXODWHG�EHWZHHQ�WKH�UDQNHG�GDWDVHWV��{x|x1, x2, ..., xNpix} DQG {y|y1, y2, ..., yNpix}��

7KDW�LV� IRU�D�FRUUHODWLRQ�EHWZHHQ�WZR�LPDJHV� WKH�GDWD�LQ�HDFK�LPDJH�ZDV�ILUVW�UDQNHG�ZLWK�WKH�ORZHVW�YDOXH

DVVLJQHG�D�UDQN�RI ���DQG�WKH�KLJKHVW�YDOXH�UHFHLYLQJ�D�UDQN�RI Npix� WKH�QXPEHU�RI �SL[HOV�LQ�WKH�LPDJH� 7LHG

YDOXHV�ZHUH�HDFK�DVVLJQHG�WKH�PHDQ�RI �WKH�UDQNV�WKDW�WKH\�ZRXOG�RWKHUZLVH�KDYH�RFFXSLHG� 7KLV�LV�DOVR�NQRZQ

��



DV�6SHDUPDQ
V�UDQN�FRUUHODWLRQ�FRHIILFLHQW� ρ� DQG�LV�FDOFXODWHG�DV�LQ�HTXDWLRQ ����

ρ =

Npix∑
i=1

(xi − x̄)(yi − ȳ)

√
Npix∑
i=1

(xi − x̄)2

√
Npix∑
i=1

(yi − ȳ)2

�����

%\�UDQNLQJ�WKH�SL[HOV� DQ\�DVVXPSWLRQV�RI �OLQHDULW\�LQ�WKH�UHODWLRQ�EHWZHHQ�WKH�WZR�YDULDEOHV�DUH�GLVFDUGHG

EXW�PRQRWRQLF�UHODWLRQV�DUH�PDLQWDLQHG�

7KH�VLJQLILFDQFH� p� RI �FRUUHODWLRQ� ρ� ZDV�WKHQ�HYDOXDWHG�XVLQJ�D�6WXGHQW
V�WZR�WDLOHG�W�WHVW�E\�FDOFXODWLQJ

6WXGHQW
V�W�VWDWLVWLF�

t = ρ

√
Npix − 2

1− ρ2
�����

)URP�6WXGHQW
V�W�GLVWULEXWLRQ� ZH�FDQ�WKHQ�REWDLQ�D p�YDOXH�DVVRFLDWHG�WR�WKH�FRUUHODWLRQ�FRHIILFLHQW� ρ�

������� 0HWKRGV�WR�RYHUFRPH�VSDWLDO�DXWRFRUUHODWLRQ

7ZR�JHQHUDO�DSSURDFKHV�DUH�DYDLODEOH�WR�DFFRXQW�IRU�VSDWLDO�DXWRFRUUHODWLRQ�ZKHQ�FRUUHODWLQJ�LPDJHV� 7KH

ILUVW�DLPV�WR�UHPRYH�VSDWLDO�DXWRFRUUHODWLRQ�E\�UH�VDPSOLQJ�WKH�LPDJHV�WR�REWDLQ�D�VXEVHW�RI �SL[HOV�WKDW�DUH

LQGHSHQGHQW�RI �RQH�DQRWKHU� 7KHVH�VXEVHWV�FDQ�WKHQ�EH�XVHG�WR�FDOFXODWH ρ DQG�DVVRFLDWHG p YDOXHV�DV�GHVFULEHG

LQ�VHFWLRQ �������� $ PHWKRG�EDVHG�RQ�WKLV�DSSURDFK�ZDV�GHYHORSHG�SUHYLRXVO\�E\ 3HLIIHU�HW DO� �����D��DQG

PRGLILHG�PRUH�UHFHQWO\�E\ 5RZODQG�HW DO� ������� $ VLQJOH�GHFRUUHODWLRQ�OHQJWK��ldec��LV�IRXQG�LQ�WKH�LPDJH

VHWV� WKDW� UHSUHVHQWV� WKH�PLQLPXP�GLVWDQFH�EHWZHHQ�SL[HOV� WKDW�DUH�QRW�FRUUHODWHG� 7KH�QXPEHU�RI �SL[HOV

GUDZQ�DW�UDQGRP�ZLWK�UHSODFHPHQW�LV�WKHQ�VHW�DW Npix

l2dec
� �1RWH�WKDW Npix UHSUHVHQWV�DQ�DUHD� PDNLQJ

Npix

l2dec

GLPHQVLRQOHVV�� 7KLV�VXEVHW�RI �SL[HOV� LV� WKHQ�XVHG� LQ�FDOFXODWLRQV� WR�REWDLQ�D�FRUUHODWLRQ�FRHIILFLHQW� �6HH

VHFWLRQ ��������� 5HSHDWHG�UH�VDPSOLQJ�LV�XVHG�WR�JHQHUDWH�PXOWLSOH�VXEVHWV�RI �GDWD�WR�REWDLQ�D�GLVWULEXWLRQ�RI

ρ DQG p YDOXHV�DQG�WKH�PHGLDQ�YDOXHV�DUH�WDNHQ�WR�UHSUHVHQW�WKH�FRUUHODWLRQ�RI �WKH�RULJLQDO�GDWDVHWV�DQG�LWV

VLJQLILFDQFH�UHVSHFWLYHO\�

$Q�HTXLYDOHQW�PHWKRG�ZDV�SURSRVHG�E\ &OLIIRUG�HW DO� �������DQG�PRGLILHG�E\ 'XWLOOHXO�HW DO� ������� EDVHG

RQ�WKH�IDFW�WKDW�VSDWLDO�DXWRFRUUHODWLRQ�KDV�WKH�VDPH�HIIHFW�DV�UHGXFLQJ�WKH�QXPEHU�RI �GHJUHHV�RI �IUHHGRP�LQ

WKH�W�WHVW� 7KHUHIRUH�D�VLPSOH�FRUUHFWLRQ�WR�WKH�QXPEHU�RI �GHJUHHV�RI �IUHHGRP�FDQ�EH�PDGH�E\�VXEVWLWXWLQJ

Npix ZLWK�DQ�HIIHFWLYH�VDPSOH�VL]H� m� )RU�FRPSDULVRQ�ZLWK�RXU�PRGLILHG�PHWKRG�RI 3HLIIHU�HW DO� �����D��

m = Npix
l2dec

� 7KH�DGYDQWDJH�RI �WKLV�PHWKRG�LV�WKDW�D p�YDOXH�LV�HYDOXDWHG�GLUHFWO\�IURP�RQH�FDOFXODWLRQ�ZLWKRXW

WKH�QHHG�IRU�UHSHDWHG�UH�VDPSOLQJ�DQG�LV�WKHUHIRUH�PRUH�FRPSXWDWLRQDOO\�HIILFLHQW� ρ LV�ODUJHO\�LQVHQVLWLYH�WR

ldec DQG�FDQ�DOVR�EH�HYDOXDWHG�GLUHFWO\�IURP�WKH�RULJLQDO�GDWDVHWV��)LJ��� 5RZODQG�HW DO�� ������

%RWK�RI �WKH�PHWKRGV�GHVFULEHG�VR�IDU�UHO\�RQ�WKHUH�EHLQJ�D�VLQJOH�GH�FRUUHODWLRQ�OHQJWK�DQG�DUH�WKHUHIRUH

��



XQVXLWDEOH�IRU�LPDJHV�ZLWK�DXWRFRUUHODWLRQ�RFFXUULQJ�RYHU�D�UDQJH�RI �OHQJWK�VFDOHV� )XUWKHU� GH�FRUUHODWLRQ

OHQJWK� LV�QRW�QHFHVVDULO\� LVRWURSLF� ZLWK� LPDJHV�FRPPRQO\�KDYLQJ�GLIIHUHQW�GH�FRUUHODWLRQ� OHQJWKV� LQ�HDFK

GLUHFWLRQ� WKDW�LV� WKH\�KDYH�IHDWXUHV�ZKLFK�KDYH�VRPH�RULHQWDWLRQ�ZLWKLQ�WKH�LPDJH�IUDPH� )URP�LQLWLDO�YLVXDO

LQVSHFWLRQ�RI �(%$ DQG�%UG8 IOXRUHVFHQFH�LPDJHV�DQG�OHVLRQ�SUHYDOHQFH�PDSV� QR�VLQJOH�GH�FRUUHODWLRQ�OHQJWK

FRXOG�EH�DSSOLHG�WR�HDFK�LPDJH�WKDW�ZRXOG�DSSO\�LQ�DOO�GLUHFWLRQV�VR�WKHVH�WZR�PHWKRGV�ZHUH�QRW�DSSOLHG�LQ

WKLV�VWXG\�

7KH�VHFRQG�JHQHUDO�DSSURDFK�DGGUHVVHV�WKH�LVVXH�RI �VSDWLDO�DXWRFRUUHODWLRQ�DW�WKH�K\SRWKHVLV�WHVWLQJ�VWDJH

E\�LQFRUSRUDWLQJ�VSDWLDO�DXWRFRUUHODWLRQ�LQWR�WKH�QXOO�K\SRWKHVLV� ,Q�VXFK�PHWKRGV� VXUURJDWH�GDWDVHWV�DUH

JHQHUDWHG�LQ�ZKLFK�WKH�VSDWLDO�DXWRFRUUHODWLRQ�RI �RQH�RI �WKH�RULJLQDO�GDWDVHWV�LV�UHSOLFDWHG� )RU�HDVH�RI �IXUWKHU

H[SODQDWLRQ� OHW�XV�VXSSRVH�ZH�JHQHUDWH�D�VXUURJDWH�LPDJH� y′� DLPLQJ�WR�SUHVHUYH�WKH�VSDWLDO�DXWRFRUUHODWLRQ

SUHVHQW�LQ�WKH�RULJLQDO�LPDJH� y� 0XOWLSOH�VXUURJDWH�LPDJHV��y′�DUH�JHQHUDWHG�DQG�HDFK�FRUUHODWHG�ZLWK�RULJLQDO

LPDJH x WR�EXLOG�D�QXOO�GLVWULEXWLRQ�RI ρ YDOXHV� 7KH�FRUUHODWLRQ�RI y ZLWK x LV�WKHQ�FDOFXODWHG�WR�REWDLQ�WKH

REVHUYHG ρ YDOXH� )LQDOO\� WKH�VLJQLILFDQFH�LV�GHWHUPLQHG�E\�WKH�SURSRUWLRQ�RI �WKH�QXOO�GLVWULEXWLRQ�DV�H[WUHPH

RU�PRUH�WKDQ�WKH�REVHUYHG ρ�

7ZR�PHWKRGV�WR�JHQHUDWH�VXUURJDWH�LPDJHV�ZHUH�WHVWHG� WKH�LWHUDWLYH�DPSOLWXGH�DGMXVWHG�)RXULHU�WUDQV�

IRUP��,$$)7� DQG�WKH�GXDO�WUHH�FRPSOH[�ZDYHOHW�WUDQVIRUP��'7�&:7���%RWK�PHWKRGV�UHO\�RQ�GHFRPSRVLQJ

WKH�LPDJH�RQWR�EDVLV�IXQFWLRQV� ,Q�WKH�FDVH�RI �WKH�,$$)7��WKH�GHFRPSRVLWLRQ�RQWR�VLQXVRLGDO�IXQFWLRQV�JLYHV

WKH�DPSOLWXGHV�DQG�SKDVH�FRHIILFLHQWV�RI �WKH�VSDWLDO�IUHTXHQFLHV�FRQWDLQHG�LQ�WKH�RULJLQDO�GDWD� 7KH�DPSOLWXGH

FRHIILFLHQWV�HQFRGH�WKH�LPDJH
V�DXWRFRUUHODWLRQ�LQIRUPDWLRQ�VXFK�WKDW�WKH�VTXDUH�RI �WKH�DPSOLWXGHV��LH� WKH

SRZHU�VSHFWUXP�RI �WKH�LPDJH��LV�WKH�)RXULHU�WUDQVIRUP�RI �WKH�LPDJH
V�DXWRFRUUHODWLRQ�IXQFWLRQ� 7KH�DLP�LV

WKHQ�WR�SUHVHUYH�WKLV�DXWRFRUUHODWLRQ�IXQFWLRQ�LQ�WKH�VXUURJDWH�LPDJH�E\�FRPELQLQJ�WKH�RULJLQDO�SRZHU�VSHF�

WUXP�ZLWK�UDQGRPO\�JHQHUDWHG�SKDVH�FRHIILFLHQWV�LQ�WKH�UDQJH (0, 2π) DQG�SHUIRUPLQJ�WKH�LQYHUVH�)RXULHU

WUDQVIRUP� 7KH�UHVXOWLQJ�YDOXHV�LQ�WKH�VXUURJDWH�LPDJH�DUH�QRUPDOO\�GLVWULEXWHG�GXH�WR�WKH�UDQGRPQHVV�RI

WKH�SKDVH�FRHIILFLHQWV�VR�WKH�,$$)7 PHWKRG�LV�XVHG�WR�DSSUR[LPDWHO\�PDWFK�WKH�VXUURJDWH�GLVWULEXWLRQ�ZLWK

WKH�RULJLQDO�GLVWULEXWLRQ�RI �YDOXHV� 7KHUH�LV�D�EDODQFH�EHWZHHQ�PDWFKLQJ�WKH�SRZHU�VSHFWUXPV�RU�WKH�GLVWUL�

EXWLRQV�SHUIHFWO\�VR�D�PD[LPXP�RI �����LWHUDWLRQV�ZDV�XVHG� )LQDOO\� WKH�VXUURJDWH�LPDJHV�ZHUH�UDQNHG�DQG

FRUUHODWLRQ�FRHIILFLHQWV�ZHUH�FDOFXODWHG�WR�FRQVWUXFW�WKH�QXOO�GLVWULEXWLRQ�DV�GHVFULEHG�DERYH� 2QH�LVVXH�WR

QRWH�KHUH�LV�WKDW�WKH�)RXULHU�WUDQVIRUP�LV�QRW�ORFDOLVHG�LQ�VSDFH��LH� WKH�VLQXVRLGDO�IXQFWLRQV�DUH�SHULRGLF�

VR�FDQ�XVXDOO\�RQO\�EH�DSSOLHG�RQ�UHJXODU�GRPDLQV� 7KH�SUHVHQFH�RI �WKH�RVWLXP�LQ�RXU�LPDJHV�LV�WKHUHIRUH�D

SUREOHP�ZKLFK�ZH�RYHUFDPH�E\�RYHUOD\LQJ�D�]HUR�YDOXHG�EUDQFK�PRXWK�RQWR�WKH�VXUURJDWH�DQG�UH�DSSO\LQJ

WKH�)RXULHU�WUDQVIRUP� 7KH�UHVXOWLQJ�QHZ�SKDVH�FRHIILFLHQWV�ZHUH�WKHQ�XVHG�WR�JHQHUDWH�D�QHZ�VXUURJDWH�ZLWK

WKH�EUDQFK�PRXWK�SUHVHUYHG�

7KH�VHFRQG�PHWKRG� '7�&:7��LV�DQDORJRXV�WR�WKH�,$$)7 PHWKRG� WKH�LPDJH�LV�UHSUHVHQWHG�DV�D�VHULHV

��



RI �ZDYHOHWV�WKDW�DUH�ORFDOLVHG�LQ�ERWK�IUHTXHQF\�DQG�VSDFH� 7KH�PHWKRG�LV�WKHUHIRUH�VXLWHG�WR�LUUHJXODU�GR�

PDLQV�ZLWKRXW�WKH�QHHG�IRU�WKH�ZRUNDURXQG�UHTXLUHG�E\�WKH�,$$)7 PHWKRG� $ VHW�RI �ZDYHOHWV�WKDW�FDQ�EH

HDVLO\�PRGLILHG�E\�VLPSOH�WUDQVIRUPDWLRQV�LV�XVHG�WR�GHVFULEH�WKH�LPDJH� DW�D�JLYHQ�ORFDWLRQ�ZLWKLQ�WKH�LPDJH�

D�FRHIILFLHQW�LQGLFDWLQJ�KRZ�ZHOO�WKH�ZDYHOHW�PDWFKHV�WKH�ORFDO�VLJQDO�LV�FRPSXWHG� %\�VKLIWLQJ�WKH�ZDYHOHWV

RYHU�WKH�HQWLUH�LPDJH� D�JULG�RI �WKHVH�GHWDLO�FRHIILFLHQWV��FDOOHG�D�VXE�EDQG��LV�FRPSXWHG� DSSUR[LPDWLQJ�WKH

ZKROH�LPDJH�DV�D�VXPPDWLRQ�RI �WKHVH�ZDYHOHWV� PRGLILHG�E\�WKH�FRHIILFLHQWV� 7R�FDSWXUH�GHWDLOV�DW�JUHDWHU

OHQJWK�VFDOHV� WKH�SURFHVV�RI �GHFRPSRVLQJ�WKH�LPDJH�FDQ�EH�UHSHDWHG�RQ�WKH�LPDJH�DIWHU�KDOYLQJ�WKH�UHVROXWLRQ�

5HSHDWLQJ�WKLV�KDOYLQJ�SURFHVV� D�KLHUDUFK\�RI �VXE�EDQGV�LV�SURGXFHG� 7KH�VHW�RI �ZDYHOHWV�XVHG� FRQVLVWLQJ

RI �VL[�EDVLV�ZDYHOHWV� DUH�GHVFULEHG�LQ��.LQJVEXU\� ������DQG�SURGXFH�VL[�FRPSOH[�YDOXHG�VXE�EDQGV�DW�HDFK

OHQJWK�VFDOH� 6LPLODU�WR�WKH�,$$)7 PHWKRG� WKH�VXP�RI �WKH�VTXDUHG�PDJQLWXGHV�RI �WKH�FRHIILFLHQWV�JLYHV�WKH

SRZHU�VSHFWUXP�ZKLFK� LI �SUHVHUYHG� PDLQWDLQV�VSDWLDO�DXWRFRUUHODWLRQ� $QDORJRXV�WR�LQWURGXFLQJ�UDQGRP

SKDVH�FRHIILFLHQWV�LQ�WKH�,$$)7 PHWKRG� WKH�GHWDLO�FRHIILFLHQWV�ZHUH�SHUPXWHG�ZLWKLQ�HDFK�VXE�EDQG�FRUUH�

VSRQGLQJ�WR�WKH�IRXU�ODUJHVW�OHQJWK�VFDOHV� 7R�DFFRXQW�IRU�WKH�EUDQFK�PRXWK� GHWDLO�FRHIILFLHQWV�DW�ORFDWLRQV

ZLWKLQ�WKH�EUDQFK�PRXWK�ZHUH�H[FOXGHG��%UHDNVSHDU�HW DO�� ������ 7KH�VXUURJDWH�LPDJHV�ZHUH�WKHQ�SURGXFHG

XVLQJ�WKH�LQYHUVH�WUDQVIRUP� )LQDOO\� DV�LQ�WKH�,$$)7 PHWKRG� WKH�GLVWULEXWLRQ�RI �YDOXHV�LQ�WKH�VXUURJDWHV

ZDV�DGMXVWHG�WR�PDWFK�WKDW�RI �WKH�RULJLQDO�

$ ILQDO�PHWKRG�WKDW�LV�SDUWLFXODUO\�VXLWHG�WR�FRUUHODWLRQV�EHWZHHQ�DJJUHJDWHG�XQSDLUHG�PDSV�XVHV�D�ERRW�

VWUDSSLQJ�DSSURDFK�WR�HVWLPDWH�WKH�VDPSOLQJ�GLVWULEXWLRQ�RI ρ LQ�WKH�SRSXODWLRQ� $ ERRWVWUDS�VDPSOH�ZDV

GUDZQ�IURP�HDFK�RI �WKH�GDWDVHWV�EHLQJ�FRPSDUHG� )RU�HDFK�ERRWVWUDS�VDPSOH� LPDJHV�ZHUH�VDPSOHG�IURP

WKH�GDWDVHW�ZLWK�UHSODFHPHQW��LH� DQ\�LPDJH�ZLWKLQ�WKH�GDWDVHW�FRXOG�EH�VHOHFWHG�PXOWLSOH�WLPHV�LQ�WKH�ERRW�

VWUDS�VDPSOH��DQG�DYHUDJH�PDSV�ZHUH�FRQVWUXFWHG�IURP�WKH�LPDJHV�VHOHFWHG�DQG�FRUUHODWLRQ�FRHIILFLHQWV�ZHUH

FDOFXODWHG�IRU�WKH�WZR�UHVXOWLQJ�DYHUDJH�PDSV� %\�UHSHDWLQJ�WKLV�ERRWVWUDS�VDPSOLQJ�PXOWLSOH�WLPHV� WKH�GLV�

WULEXWLRQ�RI ρ LV�HVWLPDWHG� 7KH�QXPEHU�RI �UHSHWLWLRQV�UHTXLUHG���������ZDV�GHFLGHG�XSRQ�E\�FRQYHUJHQFH

RI �WKH�PHGLDQ ρ� ZKLFK�LV�WKH�YDOXH�WKDW�GHVFULELQJ�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�RULJLQDO�GDWDVHWV� )LQDOO\�

WKH�����DQG������SHUFHQWLOHV�ZHUH�XVHG�WR�IRUP�WKH ��� FRQILGHQFH�LQWHUYDO�

7KH�DGYDQWDJH�RI �WKH�ERRWVWUDSSLQJ�PHWKRG�RYHU�WKH�VXUURJDWH�LPDJH�EDVHG�PHWKRGV�LV�WKH�DELOLW\�WR

FRQVWUXFW�D�FRQILGHQFH�LQWHUYDO� ZKLFK�LV�VXSHULRU�WR�D�VLQJOH p�YDOXH�VLQFH�LW�GHVFULEHV�WKH�XQFHUWDLQW\�DURXQG

DQ�HVWLPDWH�RI ρ� UDWKHU�WKDQ�MXVW�SHUIRUPLQJ�D�K\SRWKHVLV�WHVW� 7KHUHIRUH�ERRWVWUDSSLQJ�ZDV�DSSOLHG�WR�DOO

FRUUHODWLRQV�RI �XQSDLUHG�GDWDVHWV�LQ�WKLV�VWXG\�

������� $SSOLFDWLRQ�RI �ERRWVWUDSSLQJ�WR�HYDOXDWH�VLJQLILFDQFH�RI �FRUUHODWLRQV

7R�HQDEOH�FRPSDULVRQ�RI �LPDJHV�RI �GLIIHULQJ�UHVROXWLRQ�DQG�VL]H� GDWDVHWV�ZHUH�FURSSHG�DQG�UH�VDPSOHG�WR

REWDLQ���×���JULGV�FRYHULQJ�D����×�.�PP UHJLRQ�RI �LQWHUHVW��52,� FHQWHUHG�RQ� WKH�RVWLXP� 7R�REWDLQ

OHVLRQ�SUHYDOHQFH�PDSV� WKH�VDPH�SURFHGXUHV�ZHUH�FRQGXFWHG�IRU�WKH�PDSV�REWDLQHG�LQ�RXU�SUHYLRXV�ZRUN

��



�&UHPHUV�HW DO�� ������ LQ�ZKLFK���LPPDWXUH���� GD\V� ����±�.�� NJ��DQG���PDWXUH����� GD\V� ����±�.�� NJ�

PDOH�1HZ�=HDODQG�:KLWH�UDEELWV�RI �WKH�+6',) VWUDLQ�ZHUH�IHG�D�QRUPDO�GLHW�VXSSOHPHQWHG�IRU���ZHHNV�ZLWK

�� FKROHVWHURO� $UWHULHV�ZHUH�GLVVHFWHG�DV�DERYH�DQG�VWDLQHG�IRU � K DW � �& LQ�D �� VROXWLRQ�RI �2LO�5HG

2 LQ ��� WULHWK\O�SKRVSKDWH� GHVWDLQHG�IRU ��PLQ LQ ��� WULHWK\O�SKRVSKDWH�DQG�UH�HTXLOEUDWHG�ZLWK�3%6�

6DPSOHV�ZHUH�WKHQ�LPDJHG HQ�IDFH RQ�D�IODWEHG�VFDQQHU��3HUIHFWLRQ������3KRWR� (SVRQ��

3DLU�ZLVH�UDQN�FRUUHODWLRQ�ZDV�XVHG�WR�GHWHUPLQH�WKH�VSDWLDO�FRUUHODWLRQ�EHWZHHQ�SDLUV�RI �KRWVSRW�PHWULF

PDSV�DQG ��� FRQILGHQFH�LQWHUYDOV��&,V��ZHUH�FDOFXODWHG�XVLQJ�WKH�)LVKHU�WUDQVIRUPHG�]
�VWDWLVWLF� 3DLUHG

FRUUHODWLRQ�ZDV�QRW�SRVVLEOH� IRU�FRPSDULVRQV�EHWZHHQ�KRWVSRW� PLWRVLV�DQG� OHVLRQ�PDSV� VR�DQ� U�VWDWLVWLF

GLVWULEXWLRQ�ZDV�HVWLPDWHG� XVLQJ�WKH�ERRWVWUDSSLQJ�PHWKRG�WR�FDOFXODWH ��� &,V�DV�GHVFULEHG�DERYH� :KHQ

WKLV�PHWKRG�LV�DSSOLHG�WR�XQSDLUHG�GDWD� LW�JLYHV�PRUH�FRQVHUYDWLYH�HVWLPDWHV�RI �WKH�&,V�WKDQ�ZRXOG�KDYH�EHHQ

FDOFXODWHG�LI �D�SDLUHG�WHVW�KDG�EHHQ�SRVVLEOH�

��� 5HVXOWV

����� $QLPDOV

2QH�LPPDWXUH�UDEELW��&8.2� KDG >��WLPHV�DV�PDQ\�%UG8�SRVLWLYH�QXFOHL�DV�WKH�DYHUDJH�IRU�WKH�JURXS� DQG

QHDUO\���WLPHV�DV�PDQ\�DV�WKH�UDEELW�ZLWK�WKH�QH[W�KLJKHVW�QXPEHU� ,W�ZDV�GHWHUPLQHG�WR�EH�DQ�RXWOLHU�E\

&KDXYHQHW
V�FULWHULRQ � DQG�H[FOXGHG�IURP�DOO�IXUWKHU�DQDO\VLV�

����� 9DOLGDWLRQ�RI �VHJPHQWDWLRQ�PHWKRG�RQ�WHVW�LPDJHV

$ FRQYHUJHQFH�WHVW�ZDV�UXQ�RQ�D�VXEVHW�RI �LPDJHV�WKDW�H[DPLQHG�WKH�HIIHFW�RI �WKH�QXPEHU�RI �2WVX�OHYHOV�RQ

WKH�WRWDO�QXPEHU�DQG�DUHD�RI �KRWVSRWV� )LJXUH ��� GHWDLOV�WKH�RXWFRPHV�RI �XVLQJ���WR���2WVX�OHYHOV� ,Q�HDFK

FDVH� WKH�QXPEHU�RI �OHYHOV�XVHG�IRU�JOREDO�WKUHVKROGLQJ�ZDV�WKH�VDPH�DV�WKDW�DSSOLHG�LQ�WKH�ORFDO�WKUHVKROGLQJ�

7KLV�SDULQJ�ZDV�EDVHG�RQ�LQVSHFWLRQ�RI �WKH�LPDJH�KLVWRJUDP�DIWHU�ORFDO�WKUHVKROGLQJ� IRU�H[DPSOH� ZKHQ�IRXU

ORFDO�OHYHOV�ZHUH�DSSOLHG� WKH�UHVXOWLQJ�LPDJH�KLVWRJUDP�KDG�IRXU�GLVWLQFW�SRSXODWLRQV�RI �SL[HO�LQWHQVLWLHV� VR

IRXU�JOREDO�OHYHOV�DFKLHYHG�WKH�EHVW�VHSDUDWLRQ�RI �WKHVH�SRSXODWLRQV� $Q�H[DPSOH�KLVWRJUDP�LV�VKRZQ�LQ�ILJXUH

����

)RU�ORZ�QXPEHUV�RI �2WVX�OHYHOV��HJ� WZR�� WKH�PHWKRG�ZDV�LQKHUHQWO\�XQVWDEOH�GXH�WR�VDPSOLQJ�HIIHFWV�

,QFUHDVLQJ�WKH�QXPEHU�RI �2WVX�OHYHOV�DWWHQXDWHG�WKLV�HIIHFW�DQG�FRQYHUJHQFH�ZDV�VXEVHTXHQWO\�DFKLHYHG� 7KH

XVH�RI �IRXU�OHYHOV�LQ�ERWK�ORFDO�DQG�JOREDO�WKUHVKROGLQJ�LGHQWLILHG�D�VXEVWDQWLDOO\�VPDOOHU�QXPEHU�RI �KRWVSRWV

WKDQ�WKH�XVH�RI �IHZHU�OHYHOV� EXW�XVLQJ�PRUH�OHYHOV�GLG�QRW�FKDQJH�WKH�UHVXOW� 7KXV�ZH�FRQFOXGHG�WKDW�XVLQJ��

2WVX�OHYHOV�LQ�HDFK�VWDJH�ZDV�RSWLPDO� (IIHFWV�RI �ORFDO�LPDJH�VL]H�ZHUH�DOVR�LQYHVWLJDWHG�V\VWHPDWLFDOO\� WKHUH

ZDV�D�VWURQJ�LQIOXHQFH�RI �VL]H�RQ�VHJPHQWDWLRQ�IRU�VL]HV�XS�WR�����SL[HOV� VR�WKLV�YDOXH�ZDV�FKRVHQ�IRU�WKH

�&KDXYHQHW
V�FULWHULRQ�LV�D�VWDWLVWLFDO�WHVW�DSSOLHG�WR�H[SHULPHQWDO�GDWD�WKDW�DVVHVVHV�ZKHWKHU�DQ�H[WUHPH�GDWD�SRLQW� xextreme� LV�LQ
IDFW�DQ�RXWOLHU� $VVXPLQJ�WKH�GDWD� xi� DUH�QRUPDOO\�GLVWULEXWHG�ZLWK�PHDQ� µ� DQG�VWDQGDUG�GHYLDWLRQ� σ� LI p(x = xextreme)×n <
0.5� ZKHUH�Q�LV�WKH�WRWDO�QXPEHU�RI �GDWD�SRLQWV� WKH�H[WUHPH�GDWD�SRLQW�VKRXOG�EH�H[FOXGHG�IURP�WKH�GDWDVHW�

��
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7DEOH ���� 6XPPDU\�RI �UDEELW�GDWD� ,Q�WKH�LPPDWXUH�%UG8 JURXS� PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�DUH�JLYHQ
H[FOXGLQJ�&8.2 DV�WKH�GDWD�IURP�WKDW�DQLPDO�ZDV�GHWHUPLQHG�WR�EH�RXWOLHUV�E\�&KDXYHQHW
V�FULWHULRQ

PDLQ�VWXG\�

$ VHULHV�RI �WHVW�LPDJHV�ZHUH�XVHG�WR�DVVHVV�WKH�DFFXUDF\�RI �WKH�PHWKRG�LQ�GHWHUPLQLQJ�WKH�QXPEHU�DQG

DUHD�RI �KRWVSRWV� ,PDJHV�FRQWDLQLQJ�D�NQRZQ�QXPEHU�RI �VSRWV�ZHUH�VXSHULPSRVHG�RQ�D�EDFNJURXQG�ZLWK�ORZ

IUHTXHQF\�QRLVH� VLPXODWLQJ�WKH�PRUH�VPRRWKO\�YDU\LQJ� QRQ�KRWVSRW�XSWDNH�RI �(%$��$ VHFRQG�WHVW�LPDJH

ZDV�JHQHUDWHG�IURP�WKH�ILUVW�E\�DGGLQJ�KLJK�IUHTXHQF\�QRLVH� WR�VLPXODWH�QRLVH�LQWURGXFHG�GXULQJ�LPDJLQJ�

'LIIHUHQW�VSRW�VL]HV�DQG�VKDSHV�ZHUH�DOVR�XVHG� ,Q�DOO�WHVWV� WKH�PHWKRG�FRUUHFWO\�LGHQWLILHG�WKH�RULJLQDO�QXPEHU

RI �VSRWV�DQG�WKHLU�DUHDV���DQ�H[DPSOH�LV�VKRZQ�LQ�)LJXUH ����

��
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)LJXUH ���� 'HWHUPLQLQJ�WKH�RSWLPXP�QXPEHU�RI �2WVX�OHYHOV�DW�ERWK�ORFDO�DQG�JOREDO�WKUHVKROGLQJ�VWDJHV� WKH
WRWDO�QXPEHU�DQG�DUHD�RI �VSRWV�FRQYHUJHG�ZKHQ���OHYHO�2WVX�WKUHVKROGV�ZHUH�DSSOLHG�WR�VXE�LPDJHV > 100
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)LJXUH ���� ([DPSOH�LPDJH�KLVWRJUDPV�RI �NH\�VWHSV�RI �(%$ LPDJH�SURFHVVLQJ�DOJRULWKP� �D��KLVWRJUDP�RI
DQ�RULJLQDO�LPDJH��E��,PDJH�KLVWRJUDP�RI �WKH�UHVXOWLQJ�LPDJH�DIWHU�DSSOLFDWLRQ�RI �ORFDO�2WVX�WKUHVKROGLQJ�WR
WKH�RULJLQDO� LQ�HDFK�VDPSOLQJ�ZLQGRZ� D���OHYHO�2WVX�WKUHVKROG�ZDV�DSSOLHG�ORFDOO\� 7KH�KLVWRJUDP�RI �WKH
UHVXOWLQJ�LPDJH�KDV���GLVWLQFW�SHDNV�

��



�D� �E� �F� �G�

)LJXUH ���� 9DOLGDWLRQ�RI ���VWDJH�WKUHVKROGLQJ�RQ�WHVW�LPDJHV� �D��WHVW�LPDJH�FRQWDLQLQJ�D�UHJXODU�JULG�RI �VTXDUH
VSRWV�RI �HTXDO�VL]H�VXSHULPSRVHG�RQ�D�EDFNJURXQG�ZLWK�ORZ�IUHTXHQF\�QRLVH� �E��6HJPHQWHG�LPDJH�VKRZV
FRPSOHWH�UHPRYDO�RI �ORZ�IUHTXHQF\�QRLVH� �F��1XPEHU�RI �VSRWV�ZLWKLQ�D��[��JULG�VKRZV�WKDW�WKH�FRUUHFW
QXPEHU�RI �VSRWV�KDV�EHHQ�LGHQWLILHG� �G��$YHUDJH�DUHDV�RI �VSRWV�GHPRQVWUDWHV�WKH�DFFXUDWH�LGHQWLILFDWLRQ�RI
VSRW�ERXQGDULHV

����� +RWVSRWV

$YHUDJH�PDSV�IRU�LPPDWXUH�DQG�PDWXUH�UDEELWV�DUH�VKRZQ�ILJXUHV ��� DQG ��� UHVSHFWLYHO\� WKH�QXPEHU�RI

KRWVSRWV�DQG�WKHLU�DUHD� DQG�WKH�DPRXQW�RI �(%' IOXRUHVFHQFH� LQ�KRWVSRWV� RXWVLGH�KRWVSRWV�DQG� LQ�ERWK

FRPSDUWPHQWV�FRPELQHG�DUH�DYHUDJHG�IRU�HDFK�JULG�VTXDUH� �1RWH�WKDW�HYHU\�PDS�LQ�WKLV�DQG�VXEVHTXHQW

ILJXUHV�XVH�D�FRORXU�EDU�WKDW�UDQJHV�IURP�WKH�ORZHVW�WR�WKH�KLJKHVW�YDOXH�IRU�WKDW�SDUWLFXODU�PDS�� :LWKLQ�HDFK

DJH�JURXS� WKH�DYHUDJH�PDSV�IRU�DOO���PHWULFV�KDG�ODUJHO\�VLPLODU�SDWWHUQV� +RZHYHU� WKHUH�ZDV�D�VWURQJ�HIIHFW

RI �DJH� LQ�WKH�LPPDWXUH�JURXS� KLJK�YDOXHV�IRU�HDFK�PHWULF�WHQGHG�WR�RFFXU�GRZQVWUHDP�RI �WKH�EUDQFK�RVWLXP

ZKHUHDV�LQ�WKH�PDWXUH�JURXS�WKH\�RFFXUUHG�LQ�IRXU�SDWFKHV�ORFDWHG�DW�WKH�FRUQHUV�RI �WKH�PDSV�

$W�ERWK�DJHV� WKH�DYHUDJH�QXPEHU�RI �VSRWV�UHDFKHG�D�PD[LPXP�RI �DSSUR[LPDWHO\�RQH�SHU�JULG�VTXDUH

�1RWH�WKDW�WKH�DUHD�RI �HDFK�JULG�VTXDUH�ZDV ��.��� �P�� HTXLYDOHQW� WR�DSSUR[LPDWHO\�����(&V�� 2YHUDOO�

KRZHYHU� LPPDWXUH�PDSV�KDG�VLJQLILFDQWO\�IHZHU�VSRWV�WKDQ�PDWXUH�PDSV��PDWXUH = 49.6 ± 5.3 VSRWV�SHU

EUDQFK� LPPDWXUH= 26.2± 3.8 VSRWV�SHU�EUDQFK� PHDQ±6(0� p = 0.0005� 6WXGHQW
V�W�WHVW� DSSUR[LPDWHO\

HTXLYDOHQW�WR���VSRW�SHU�����DQG�����FHOOV� UHVSHFWLYHO\�� 7KH�PD[LPXP�DYHUDJH�DUHD�RI �KRWVSRWV�LQ�HDFK

JULG�VTXDUH�GLIIHUHG�VXEVWDQWLDOO\� EHLQJ�DURXQG�����SL[HOV�LQ�LPPDWXUH�DQLPDOV�EXW�RQO\����LQ�PDWXUH�RQHV�

+RZHYHU� PHDQ�YDOXHV�IRU�VSRW�DUHDV�DW�WKH�WZR�DJHV�ZHUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�������±����SL[HOV�IRU

LPPDWXUH� �����±���� IRU�PDWXUH�� $W�ERWK�DJHV� ZKHQ�VXPPHG�RYHU�WKH�HQWLUH�VHW�RI � LPDJHV� XSWDNH� LQ

KRWVSRWV�ZDV�DURXQG�DQ�RUGHU�RI �PDJQLWXGH�ORZHU�WKDQ�XSWDNH�QRW�LQ�KRWVSRWV�DQG�WKH�QRQ�KRWVSRW�XSWDNH

WKHUHIRUH�DFFRXQWHG�IRU�WKH�ODUJH�PDMRULW\�RI �WRWDO�XSWDNH�

����� 0LWRVLV

0DSV�RI �WKH�PHDQ�QXPEHU�RI �%UG8�SRVLWLYH�QXFOHL�LQ�HDFK�JULG�VTXDUH�DUH�VKRZQ�IRU�LPPDWXUH�DQG�PDWXUH

DQLPDOV�LQ�ILJXUH ���� 7KH�GDWD�ZHUH�PRUH�VSDUVH�WKDQ�WKH�KRWVSRW�PHWULFV�DQG�DOWKRXJK�WKH�PDSV�VXJJHVW

��



6SRW�QR� 6SRW DUHD
[µm2]

6SRW XSWDNH
×106

1RQ�VSRW XSWDNH
×106

7RWDO XSWDNH
×106

)LJXUH ���� $YHUDJH����PLQXWH�(%$ XSWDNH�PDSV�IRU����EUDQFKHV�IURP���LPPDWXUH�UDEELWV� 7KH�PDSV�VKRZ
D 2.36×�.��PP DUHD�RI �WKH�DRUWLF�ZDOO� GLVSOD\HG HQ�IDFH DQG�FHQWUHG�RQ�WKH�LQWHUFRVWDO�RVWLXP� ZLWK�PHDQ
DRUWLF�EORRG�IORZ�IURP�WRS�WR�ERWWRP� (DFK�PDS�LV�GLYLGHG�LQWR 10× 10 JULG�VTXDUHV� 7KH�EODFN�VTXDUHV�LQ
WKH�RVWLDO�UHJLRQ�LQGLFDWH�ZKHUH�D�EUDQFK�PRXWK�ZDV�SUHVHQW�LQ�DQ\�LPDJH� 6SRW�QXPEHU�LV�H[SUHVVHG�SHU�JULG
VTXDUH� VSRW�DUHD�LV�H[SUHVVHG�SHU�VSRW� 6SRW� QRQ�VSRW�DQG�WRWDO�XSWDNH�DUH�H[SUHVVHG�LQ�WKH�VDPH�DUELWUDU\
XQLWV�

6SRW�QR� 6SRW DUHD
[µm2]

6SRW XSWDNH
×106

1RQ�VSRW XSWDNH
×106

7RWDO XSWDNH
×106

)LJXUH ���� $YHUDJH�(%$ XSWDNH�PDSV�IRU����EUDQFKHV�IURP���PDWXUH�UDEELWV�DV�LQ�ILJXUH ����

��



,PPDWXUH 0DWXUH

)LJXUH ���� 0DSV�VKRZLQJ�WKH�DYHUDJH�QXPEHU�RI �%UG8�SRVLWLYH�QXFOHL�SHU�JULG�VTXDUH�IRU����EUDQFKHV�IURP
��LPPDWXUH�UDEELWV�DQG����EUDQFKHV�IURP���PDWXUH�UDEELWV� 7KH�VL]H�DQG�RULHQWDWLRQ�RI �WKH�PDSV�DUH�WKH
VDPH�DV�LQ�ILJXUH ����

,PPDWXUH 0DWXUH

)LJXUH ���� 0DSV��DIWHU &UHPHUV�HW DO�� ������VKRZLQJ�OHVLRQ�SUHYDOHQFH�DURXQG�����EUDQFKHV�IURP���LPPDWXUH
UDEELWV�DQG�����EUDQFKHV�IURP���PDWXUH�UDEELWV� 7KH�VL]H�DQG�RULHQWDWLRQ�RI �WKH�PDSV�DUH�WKH�VDPH�DV�LQ
ILJXUH ����

WKDW� WKHUH�ZHUH�VOLJKWO\�PRUH� ODEHOHG�QXFOHL�GRZQVWUHDP�RI � WKH�EUDQFK� LQ� LPPDWXUH�DQLPDOV� DQG�VOLJKWO\

PRUH�XSVWUHDP�RI �WKH�EUDQFK�LQ�PDWXUH�RQHV� WKHVH�GLIIHUHQFHV�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��LPPDWXUH�

p = 0.15� PDWXUH� p = 0.14� ��WDLOHG�W�WHVW�FRPSDULQJ�WKH�WRS�DQG�ERWWRP�KDOYHV�RI �WKH�PDSV��

����� /HVLRQ�SUHYDOHQFH

0DSV�RI �WKH�IUHTXHQF\�RI �OHVLRQ�RFFXUUHQFH�DURXQG�LQWHUFRVWDO�EUDQFKHV�LQ�LPPDWXUH�DQG�PDWXUH�FKROHVWHURO�

IHG�UDEELWV�DUH�VKRZQ�LQ�ILJXUH ���� $V�GLVFXVVHG�LQ�GHWDLO�LQ�WKH�RULJLQDO�SDSHU��&UHPHUV�HW DO�� ������IURP

ZKLFK�WKH�GDWD�ZHUH�GHULYHG� WKH�KLJKHVW�IUHTXHQFLHV�DUH�VHHQ�LQ�DQ�DUURZKHDG�VKDSHG�UHJLRQ�VXUURXQGLQJ

WKH�GRZQVWUHDP�KDOI �RI �WKH�RVWLXP�LQ�LPPDWXUH�EUDQFKHV� DQG�DW�WKH�ODWHUDO�PDUJLQV�RI �EUDQFKHV�LQ�PDWXUH

DQLPDOV�

����� 6SDWLDO�FRUUHODWLRQV

7DEOHV ��� DQG ��� VXPPDULVH�WKH�PHGLDQ�YDOXHV�RI �3HDUVRQ
V�U�DQG�FRUUHVSRQGLQJ ��� FRQILGHQFH�LQWHUYDOV

IRU�FRUUHODWLRQV�EHWZHHQ�WKH�GLIIHUHQW�(%'PHDVXUHV� QXPEHUV�RI �%UG8�SRVLWLYH�QXFOHL�DQG�OHVLRQ�IUHTXHQFLHV

IRU�WKH�LPPDWXUH�DQG�PDWXUH�DJH�JURXSV�UHVSHFWLYHO\� &RUUHODWLRQV�ZLWKLQ�HDFK�DJH�JURXS�IROORZHG�WKH�VDPH

��



WUHQG� DOO�(%' PHWULFV�KDG�VLJQLILFDQW�SRVLWLYH�FRUUHODWLRQV�ZLWK�RQH�DQRWKHU�DQG�ZLWK�OHVLRQ�SUHYDOHQFH�

DQG�QR�VLJQLILFDQW�FRUUHODWLRQV�ZHUH�REVHUYHG�EHWZHHQ�WKH�QXPEHU�RI �%UG8�SRVLWLYH�QXFOHL�DQG�DQ\�(%'

PHDVXUH�� ,Q�WKH�PDWXUH�JURXS�WKHUH�DSSHDUHG�WR�EH�D�ZHDN�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI �%UG8

SRVLWLYH�QXFOHL�DQG�OHVLRQ�SUHYDOHQFH� EXW�WKHUH�ZDV�QR�UHODWLRQ�LQ�WKH�LPPDWXUH�JURXS� &RUUHODWLRQV�EHWZHHQ

FRUUHVSRQGLQJ�GDWDVHWV�IURP�WKH�WZR�DJH�JURXSV�ZHUH�DOO�LQVLJQLILFDQW��H�J� PDWXUH�QXPEHU�RI �KRWVSRWV�YV

LPPDWXUH�QXPEHU�RI �KRWVSRWV���GDWD�QRW�VKRZQ��

6SRW�DUHD 7RWDO�XSWDNH 1RQ�VSRW�XSWDNH 6SRW�XSWDNH %UG8 SRVLWLYH�QXFOHL /HVLRQ�SUHYDOHQFH
6SRW�QR� ����� ����� ����� ����� ����� �����

>�����������@ >�����������@ >�����������@ >�����������@ >������������@ >�����������@
6SRW�DUHD ����� ����� ����� ����� �����

>�����������@ >�����������@ >�����������@ >������������@ >�����������@
7RWDO�XSWDNH ����� ����� ����� �����

>�����������@ >�����������@ >������������@ >�����������@
1RQ�VSRW�XSWDNH ����� ����� �����

>�����������@ >������������@ >�����������@
6SRW�XSWDNH ����� �����

>������������@ >�����������@
%UG8 SRVLWLYH�QXFOHL �����

>������������@

7DEOH ���� &RUUHODWLRQ�FRHIILFLHQWV�DQG� LQ�VTXDUH�EUDFNHWV� DVVRFLDWHG�FRQILGHQFH�LQWHUYDOV�EHWZHHQ�DOO�SDLUV
RI �WKH�SDUDPHWHUV�PHDVXUHG�LQ�LPPDWXUH�UDEELWV� &RUUHODWLRQV�DUH�QRW�VLJQLILFDQW�LI �WKH�FRQILGHQFH�LQWHU�
YDOV�LQFOXGH�]HUR� KRZHYHU� LI �ERWK�FRQILGHQFH�OLPLWV�DUH�SRVLWLYH� RU�ERWK�QHJDWLYH� WKHQ�WKH�FRUUHODWLRQ�LV
VLJQLILFDQW

6SRW�DUHD 7RWDO�XSWDNH 1RQ�VSRW�XSWDNH 6SRW�XSWDNH %UG8 SRVLWLYH�QXFOHL /HVLRQ�SUHYDOHQFH
6SRW�QR� ����� ����� ����� ����� ������ �����

>�����������@ >�����������@ >�����������@ >�����������@ >������������@ >�����������@
6SRW�DUHD ����� ����� ����� ������ �����

>�����������@ >�����������@ >�����������@ >������������@ >�����������@
7RWDO�XSWDNH ����� ����� ������ �����

>�����������@ >�����������@ >������������@ >�����������@
QRQ�VSRW�XSWDNH ����� ������ �����

>�����������@ >������������@ >�����������@
6SRW�XSWDNH ������ �����

>������������@ >�����������@
%UG8 SRVLWLYH�QXFOHL ������

>�������������@

7DEOH ���� &RUUHODWLRQ�FRHIILFLHQWV�DQG� LQ�VTXDUH�EUDFNHWV� DVVRFLDWHG�FRQILGHQFH�LQWHUYDOV�EHWZHHQ�DOO�SDLUV�RI
WKH�SDUDPHWHUV�PHDVXUHG�LQ�PDWXUH�UDEELWV� $V�LQ�WDEOH ���� FRUUHODWLRQV�DUH�QRW�VLJQLILFDQW�LI �WKH�FRQILGHQFH
LQWHUYDOV�LQFOXGH�]HUR� KRZHYHU� LI �ERWK�FRQILGHQFH�OLPLWV�DUH�SRVLWLYH� RU�ERWK�QHJDWLYH� WKHQ�WKH�FRUUHODWLRQ
LV�VLJQLILFDQW

��� 'LVFXVVLRQ

$ VLJQLILFDQW�FKDQJH�ZLWK�DJH�LQ�WKH�SDWWHUQ�RI �KRWVSRWV�RI �(%$ XSWDNH�DURXQG�LQWHUFRVWDO�EUDQFK�RVWLD�LQ�WKH

UDEELW�DRUWD�ZDV�WKH�PDLQ�ILQGLQJ�RI �WKLV�VWXG\� +RWVSRWV�RFFXUUHG�PRVW�IUHTXHQWO\�GRZQVWUHDP�RI �WKH�RVWLXP

LQ�LPPDWXUH�UDEELWV�ZKLOVW�LQ�PDWXUH�UDEELWV� WKLV�GRZQVWUHDP�UHJLRQ�ZDV�VSDUHG���LQVWHDG�WKH�(%$ KRWVSRWV

RFFXUUHG�LQ�WZR�ODWHUDO�VWULSHV�O\LQJ�HLWKHU�VLGH�RI �WKH�EUDQFK�PRXWK� EXW�ZLWK�WKH�UHJLRQV�LPPHGLDWHO\�ODWHUDO

WR�WKH�RVWLXP�LWVHOI �VSDUHG� $ VLPLODU�SDWWHUQ�ZDV�VHHQ�LQ�PDSV�RI �WKH�QXPEHU�RI �KRWVSRWV� WKHLU�DUHD�DQG�WKH

��



DPRXQW�RI �WUDFHU�ZLWKLQ�WKHP� ZLWKLQ�HDFK�DJH�JURXS� EXW�QRW�EHWZHHQ�WKHP� WKH�WKUHH�PHDVXUHV�ZHUH�KLJKO\

FRUUHODWHG� 2XU�REVHUYDWLRQV�RI �WKH�LPPDWXUH�SDWWHUQ�DJUHH�ZLWK�SUHYLRXV�VWXGLHV� DV�QRWHG�DERYH� EXW�ZH

EHOLHYH�WKDW�WKH�PDWXUH�SDWWHUQ�LV�QRYHO�

$Q�LQWHUHVWLQJ�ILQGLQJ�ZDV�WKDW� DW�HDFK�DJH� WKH�PDS�RI �KRWVSRW�XSWDNH�FRUUHODWHG�ZLWK�WKH�PDS�RI �QRQ�

KRWVSRW�XSWDNH��DQG�KHQFH� RI �FRXUVH� ZLWK�WKH�PDS�RI �WRWDO�XSWDNH�� ,QGHHG� ZLWKLQ�HDFK�DJH�JURXS�WKH

WKUHH�PDSV�ZHUH�YLVXDOO\�LQGLVWLQJXLVKDEOH� $W�PLQLPXP� WKLV�VXJJHVWV�WKDW�WKHUH�PD\�EH�FRPPRQ�XQGHUO\LQJ

PHFKDQLVPV� SHUKDSV�UHODWHG�WR�PHFKDQLFDO�IRUFHV� ZKLFK�GHWHUPLQHV�VSDWLDO�YDULDWLRQ�LQ�ERWK�KRWVSRW�DQG

QRQ�KRWVSRW�XSWDNH� 7KH�GDWD�DUH�DOVR�FRQVLVWHQW�ZLWK�WKH�VSHFXODWLRQ�WKDW�WKHUH�LV�QRW�D�ELQDU\�GLVWLQFWLRQ

EHWZHHQ�WUDQVSRUW�WKURXJK�QRUPDO�MXQFWLRQV�DQG�WUDQVSRUW�WKURXJK�OHDN\�MXQFWLRQV� EXW�LQVWHDG�D�FRQWLQXXP�

)RU�H[DPSOH� QRQ�KRWVSRW�DQG�KRWVSRW�XSWDNH�FRXOG�ERWK� UHIOHFW� WUDQVSRUW� WKURXJK� LQWHU�HQGRWKHOLDO� FHOO

MXQFWLRQV� ZLWK�WKH�ZLGWK�RI �WKH�MXQFWLRQ�DQG�KHQFH�WKH�ORFDO�UDWH�RI �WUDQVSRUW�YDU\LQJ�LQ�D�FRQWLQXRXV�IDVKLRQ�

$ FRQWLQXRXV�GLVWULEXWLRQ�RI �MXQFWLRQDO�ZLGWKV�DQG�DQ�DUELWUDU\�ZLGWK�DW�ZKLFK�WUDQVSRUW�ZDV�WHUPHG�KRWVSRW

UDWKHU�WKDQ�QRQ�KRWVSRW�ZRXOG�WKHQ�DOVR�H[SODLQ�WKH�VSDWLDO�FRUUHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI �KRWVSRWV�

WKHLU�DUHD�DQG�KRWVSRW�XSWDNH� �/DUJHU�MXQFWLRQV�ZRXOG�H[SHULHQFH�PXFK�KLJKHU�FRQYHFWLYH�YHORFLWLHV� ZKLFK

GHSHQG�RQ�WKH��WK�SRZHU�RI �F\OLQGULFDO�SRUH�UDGLXV� OHDGLQJ�WR�IDVWHU�DGYHFWLRQ�RI �WUDFHU�DQG� SUHVXPDEO\�

WR�JUHDWHU�VSUHDGLQJ�RI �WKH�VSRW�� $W�ERWK�DJHV� QRQ�KRWVSRW�XSWDNH�ZDV�DQ�RUGHU�RI �PDJQLWXGH�KLJKHU�WKDQ

KRWVSRW�XSWDNH� $ SRVVLEOH�H[SODQDWLRQ�IRU�WKLV� EDVHG�RQ�WKH�LGHD�RI �D�FRQWLQXXP�RI �LQWHUFHOOXODU�WUDQVSRUW�

LV� WKDW�KRWVSRWV�PD\�EH�PRUH� LPSRUWDQW�IRU�WKH�XSWDNH�RI � ODUJHU�PDFURPROHFXOHV�VXFK�DV�/'/ VLQFH� WKH

WKUHVKROG�MXQFWLRQDO�ZLGWK�ZRXOG�EH�H[SHFWHG�WR�EH�ODUJHU�

$Q�DOWHUQDWLYH�H[SODQDWLRQ�LV�WKDW�WKH�KRWVSRWV�LGHQWLILHG�XVLQJ�RXU�DXWRPDWHG�PHWKRG�ZHUH�VPDOOHU�WKDQ

WKRVH�LGHQWLILHG�LQ�SUHYLRXV�VWXGLHV� DQG�WKDW�ZH�WKHUHIRUH�FRXQWHG�ZKDW�SUHYLRXVO\�PLJKW�KDYH�FRQVLGHUHG

QRQ�KRWVSRW�XSWDNH�LQ�RXU�KRWVSRW�XSWDNH� FRQIRXQGLQJ�WKH�WZR�PHFKDQLVPV� )RU�WKH�UHVXOWV�GHVFULEHG�VR�IDU�

ZH�GHILQHG�WKH�PLQLPXP�DUHD�RI �D�KRWVSRW�WR�EH����SL[HOV����� �P��� DSSUR[LPDWHO\�HTXLYDOHQW�WR�WKH�DUHD�RI

RQH�(&��7R�WHVW�ZKHWKHU�WKLV�DUHD�WKUHVKROG�ZDV�WRR�VPDOO� ZH�DOVR�SURFHVVHG�LPDJHV�XVLQJ�D�QLQH�IROG�ODUJHU

DUHD�WKUHVKROG�RI �����SL[HOV������ �P��� HTXLYDOHQW�WR�D�FLUFXODU�VSRW�ZLWK�UDGLXV�RI �� �P� DSSUR[LPDWHO\

KDOI �RI �WKH�DYHUDJH�UDGLXV�RI �+53 KRWVSRWV�UHSRUWHG�E\ 6KRX�HW DO� �������IRU���PLQXWH�+53 XSWDNH� �7KH

VDPH�WLPH�DQG�WUDFHU�ZHUH�XVHG�E\ 6WHPHUPDQ�HW DO� ������ $OWKRXJK�WKH�PHDQ�PDSV�JUHZ�VSDUVHU�ZLWK�WKH

LQFUHDVHG�ILOWHU�VL]H� WKH�JHQHUDO�SDWWHUQV�RI �KRWVSRW�RFFXUUHQFH�UHPDLQHG�WKH�VDPH��FRPSDUH�ILJXUHV ��� DQG

��� ZLWK�ILJXUHV ��� DQG ������ FRQVLVWHQW�ZLWK�WKH�FRQFHSW�RI �D�FRQWLQXXP�RI �MXQFWLRQDO�ZLGWKV�

6LQFH�PDQ\�SUHYLRXV�DXWKRUV�KDYH�QRWHG�WKDW�WKH�ORFDWLRQ�RI �KRWVSRWV�RIWHQ�FRLQFLGHV�ZLWK�PLWRWLF�HQ�

GRWKHOLDO�FHOOV� ZH�LQYHVWLJDWHG�ZKHWKHU�SDWWHUQV�RI �PLWRVLV�FKDQJH�ZLWK�DJH�LQ�WKH�VDPH�ZD\�WKDW�KRWVSRWV

GR� ,QVWHDG�RI �WDNLQJ�D�PLWRWLF�FHOO�FHQWHUHG�YLHZ�DQG�GHWHUPLQLQJ�WKH�UDWH�DW�ZKLFK�KRWVSRWV�FRLQFLGHG�ZLWK

PLWRWLF�HYHQWV� ZH�XVHG�D�GLIIHUHQW�VWUDWHJ\� LQYHVWLJDWLQJ�PLWRVLV�DQG�KRWVSRWV�LQ�GLIIHUHQW�DQLPDOV�DQG�WKHQ

��



6SRW QR� 6SRW DUHD
[µm2]

6SRW XSWDNH
×106

1RQ�VSRW XSWDNH
×106

7RWDO XSWDNH
×106

)LJXUH ���� $YHUDJH�(%$ XSWDNH�PDSV�IRU����EUDQFKHV�IURP���LPPDWXUH�UDEELWV�DV�LQ�ILJXUH ��� H[FHSW�WKDW
VSRWV�ZHUH�ILOWHUHG�VR�WKDW�RQO\�WKRVH�ODUJHU�WKDQ�����SL[HOV������ �P���UDWKHU�WKDQ����SL[HOV����� �P���ZHUH
VHOHFWHG

6SRW�QR� 6SRW DUHD
[µm2]

6SRW XSWDNH
×106

1RQ�VSRW XSWDNH
×106

7RWDO XSWDNH
×106

)LJXUH ����� $YHUDJH�(%$ XSWDNH�PDSV�IRU����EUDQFKHV�IURP���PDWXUH�UDEELWV�DV�LQ�ILJXUH ��� H[FHSW�WKDW
VSRWV�ZHUH�ILOWHUHG�VR�WKDW�RQO\�WKRVH�ODUJHU�WKDQ�����SL[HOV������ �P���UDWKHU�WKDQ����SL[HOV����� �P���ZHUH
VHOHFWHG

��



VWDWLVWLFDOO\�FRPSDUHG�WKH�UHVXOWLQJ�PDSV� 7KLV�KDV�WZR�PDLQ�DGYDQWDJHV� )LUVWO\� D�FXPXODWLYH�UHFRUG�RI �PLWR�

VLV�RYHU�VHYHUDO�GD\V�FDQ�EH�REWDLQHG�E\�DGPLQLVWHULQJ�%UG8 LQ�GLQNLQJ�ZDWHU� LQFUHDVLQJ�WKH�QXPEHU�RI �PLWRWLF

HYHQWV�GHWHFWHG� 6HFRQGO\� XVLQJ�VHSDUDWH�DQLPDOV�IRU�WKH�%UG8 DQG�(%$ VWXGLHV�DYRLGV�WKH�SRVVLELOLW\�WKDW

WKH�SRWHQWLDOO\�PXWDJHQLF�DJHQW�ZRXOG�LWVHOI �PRGLI\�WUDQVSRUW� ,Q�RXU�PHWKRG� %UG8 LV�LQFRUSRUDWHG�LQWR�DOO

QHZO\�V\QWKHVLVHG�'1$ ZKLFK�ZH�WKHQ�GHWHFW�XVLQJ�IOXRUHVFHQFH�LPPXQRKLVWRFKHPLFDO�WHFKQLTXHV� ,GHQWL�

ILFDWLRQ�RI �%UG8 E\�LPPXQRIOXRUHVFHQFH�DOVR�UHSUHVHQWV�D�WHFKQLFDO�LPSURYHPHQW�RQ�WKH�PHWKRGV�HPSOR\HG

LQ�SUHYLRXV�ZRUN� LQ�ZKLFK�GLYLGLQJ�FHOOV�ZHUH�LGHQWLILHG�E\�YLVXDO�DVVHVVPHQW�RI �KDHPDWR[\OLQ�VWDLQHG�QXFOHL�

$ SRWHQWLDO�ZHDNQHVV�WR�WKLV�WHFKQLTXH�LV�WKH�ULVN�RI �JHQHUDWLQJ�IDOVH�SRVLWLYHV�DV�%UG8 FRXOG�EH�LQFRUSRUDWHG

GXULQJ�'1$ UHSDLU� (VWLPDWHV�IRU�WKH�EULJKWQHVV�RI �QXFOHL�UHVXOWLQJ�IURP�WKLV�ZHUH�PDGH�DV�IROORZV� '1$

UHSDLU�RFFXUV�DW ��� WR ��� EDVHV�SHU�QXFOHXV�SHU�GD\� 7KH�UDEELW�JHQRPH�FRQWDLQV�DSSUR[LPDWHO\ �× ���

EDVHV�VR�RYHU � GD\V WKH�H[SHFWHG�LQWHQVLW\�RI �D�XQUHSOLFDWHG�QXFOHXV�ZRXOG�EH�DERXW������WLPHV�OHVV�LQWHQVH

WKDQ�D�UHSOLFDWHG�QXFOHXV� (YHQ�ZLWK�WKH�VHQVLWLYLW\�RI �FRQIRFDO�PLFURVFRS\� WKLV�QRLVH�LV�ZHOO�EHORZ�WKH�GH�

WHFWLRQ�OLPLWV� 7KHUHIRUH�RXU�PHWKRG�LV�OLNHO\�WR�JLYH�D�ORZHU�HUURU�UDWH�WKDQ�PDQXDO�LGHQWLILFDWLRQ�ZKLFK�LV

OLPLWHG�E\�REVHUYHU�HUURU�

,Q�HLWKHU�DJH�JURXS� QR�VLJQLILFDQW�FRUUHODWLRQ�ZDV�IRXQG�EHWZHHQ�(%$ SDWWHUQV�DQG�PLWRWLF�FHOO�SUHYD�

OHQFH� ,QGHHG� XQOLNH�WKH�UHVXOW�REWDLQHG�IRU�WKH�GLVWULEXWLRQ�RI �KRWVSRWV� WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH

EHWZHHQ�WKH�PLWRVLV�SDWWHUQV�DW�WKH�WZR�DJHV� 7KH�ODFN�RI �FRUUHODWLRQ�EHWZHHQ�(%$ PHDVXUHV�DQG�PLWRVLV

LQGLFDWHV�WKDW�PLWRVLV�LV�QRW�WKH�PRVW�VLJQLILFDQW�FDXVH�RI �OHDN\�MXQFWLRQV� 7KLV�GRHV�QRW�QHFHVVDULO\�GLVDJUHH

ZLWK�WKH�REVHUYDWLRQ�E\ /LQ�HW DO� �������WKDW ��� RI �WKH�PLWRWLF�FHOOV�RFFXU�ZLWKLQ�(%$ KRWVSRWV� VLQFH�RQO\

��� RI �WKH�KRWVSRWV�WKH\�LGHQWLILHG�KDG�PLWRWLF�FHOOV�SUHVHQW�ZLWKLQ�WKHP� 6LQFH�RXU�PHWKRG�RI �KRWVSRW

VHJPHQWDWLRQ�LV�PRUH�VHQVLWLYH�WKDQ�WKH�PDQXDO�LGHQWLILFDWLRQ�XVHG�LQ�HDUOLHU�VWXGLHV� ZH�KDYH�LGHQWLILHG�PRUH

KRWVSRWV�SHU�XQLW�DUHD�VR�LW�LV�OLNHO\�WKDW�DQ�HYHQ�VPDOOHU�SHUFHQWDJH�RI �KRWVSRWV�LQ�RXU�GDWD�KDG�PLWRWLF�FHOOV

RFFXUULQJ�ZLWKLQ�WKHP� ,QGHHG� WKH�DYHUDJH�QXPEHU�RI �PLWRWLF�FHOOV�SHU�EUDQFK�ZDV ��.�� RI �WKH�DYHUDJH

QXPEHU�RI �KRWVSRWV�SHU�EUDQFK�LQ�WKH�LPPDWXUH�JURXS�DQG �.�� LQ�WKH�PDWXUH�JURXS� GHVSLWH�WKH����KRXU

ZLQGRZ�IRU�GHWHFWLQJ�PLWRVLV�DQG�WKH����PLQXWH�ZLQGRZ�IRU�KRWVSRWV� �7KH�DYHUDJHV�ZHUH�����PLWRWLF�HYHQWV

SHU�LPPDWXUH�EUDQFK�DQG�����SHU�PDWXUH�EUDQFK�� 7KH�ODFN�RI �D�VWURQJ�UHODWLRQ�EHWZHHQ�PLWRVLV�DQG�KRWVSRWV

LV�FRQVLVWHQW�ZLWK�WKH�YLHZ�WKDW� RQ�WKH�ZKROH� QRQ�KRWVSRW�DQG�KRWVSRW�XSWDNH�LV�DQ�DUELWUDU\�GLYLVLRQ�RI �D

FRQWLQXXP�UDWKHU�WKDQ�WZR�GLVWLQFW�SURFHVVHV� DOWKRXJK�RI �FRXUVH�PLWRWLF��DQG�DSRSWRWLF�DQG�QHFURWLF��(&V

PD\�PDNH�D�PLQRU�FRQWULEXWLRQ�WKDW�LV�RI �D�TXDOLWDWLYHO\�GLIIHUHQW�W\SH�

,I �PLWRWLF�HYHQWV�DUH�QRW�WKH�PDLQ�FDXVH�RI �WKH�FKDQJH�ZLWK�DJH�LQ�(%$ XSWDNH� WKHQ�RWKHU�IDFWRUV�QHHG

WR�EH�FRQVLGHUHG� 3UHYLRXV�VWXGLHV� GRQH�LQ�WKLV�JURXS� RI �WKH�XSWDNH�RI �UKRGDPLQH�DOEXPLQ�VKRZHG�WKDW

WKH�PDWXUH�SDWWHUQ�LV�GHSHQGHQW�RQ�HQGRJHQRXV�12 V\QWKHVLV� DQG�ZDV�DEROLVKHG�E\�WKH�H126 LQKLELWRU

1*�PRQRPHWK\O�/��DUJLQLQH� EXW� WKH� LPPDWXUH�RQH� LV�QRW� �)RUVWHU�DQG�:HLQEHUJ� ����D� 6WDXJKWRQ�DQG

��



,PPDWXUH 0DWXUH

)LJXUH ����� 0DSV��DIWHU %DLOH\�HW DO�� ������VKRZLQJ�SDWWHUQV�RI �PDVV�WUDQVIHU�FRHIILFLHQWV�>FP V−�@�DURXQG
LQWHUFRVWDO�EUDQFKHV�IURP�PDOH�LPPDWXUH��� ZHHNV��DQG�PDWXUH�������PRQWKV��UDEELWV� 7KH�PDS�GLPHQVLRQV
DUH�JLYHQ�LQ�PLFURQV�DQG�RULHQWDWLRQ�RI �WKH�PDSV�DUH�WKH�VDPH�DV�LQ�ILJXUH ���� :KLWH�FLUFOHV�UHSUHVHQW�EUDQFK
PRXWKV� (DFK�PDS�UHSUHVHQWV�WKH�DYHUDJH�RI �DW�OHDVW����EUDQFKHV�IURP�DW�OHDVW���DQLPDOV�

:HLQEHUJ� ������ 7KDW�VXJJHVWV�DQ�DJH�UHODWHG�FKDQJH�LQ�WKH�VLJQDOLQJ�HYHQWV�FRQWUROOLQJ�SDWWHUQV�RI �XSWDNH�

+RZHYHU� WKH�WUDQVSRUW�GDWD�ZHUH�REWDLQHG�RQO\�DORQJ�WKH�FHQWHUOLQH�WKURXJK�WKH�EUDQFK� D�PRUH�UHFHQW�VWXG\�

HPSOR\LQJ HQ�IDFH PDSSLQJ�RI �WUDQVSRUW� VXJJHVWHG�WKDW�GLVUXSWLRQ�RI �WKH�12 SDWKZD\�ZDV�RQO\�DVVRFLDWHG

ZLWK�TXLWH�VXEWOH�FKDQJHV�WR�WUDQVSRUW�LQ�WKH�PDWXUH�DQLPDOV��%DLOH\�HW DO�� ������ $QRWKHU�SRVVLELOLW\�LV�WKDW

PHFKDQLFDO�IRUFHV�FKDQJH�ZLWK�DJH� ,Q�UDEELWV�WKHUH�LV�D�FKDQJH�LQ�WKH�KHOLFLW\�RI �IORZ�LQ�WKH�GHVFHQGLQJ�DRUWD�

UHIOHFWLQJ�DQ�DOWHUDWLRQ�RI �DRUWLF�WDSHU� DQG�D�FRQVHTXHQW�FKDQJH�LQ�WKH�SDWWHUQ�RI �ZDOO�VKHDU�VWUHVV�DURXQG

EUDQFK�RVWLD� SDUWLFXODUO\�LQ�WKH�GHJUHH�RI �KRZ�PXOWLGLUHFWLRQDO�WKH�VKHDU�VWUHVV�LV�GXULQJ�WKH�FDUGLDF�F\FOH

�3HLIIHU�HW DO�� ����� ����E� 0RKDPLHG�HW DO�� ������

)LQDOO\� ZH�FRQVLGHU�WKH�UHODWLRQ�EHWZHHQ�(%$ XSWDNH�DQG�OHVLRQ�IUHTXHQF\� $W�ERWK�DJHV� RXU�GDWD�VKRZ

VLJQLILFDQW�SRVLWLYH�FRUUHODWLRQV�EHWZHHQ�PDSV�RI �OHVLRQ�IUHTXHQF\�DQG�DOO�KRWVSRW�PHDVXUHV� QRQ�KRWVSRW

XSWDNH�DQG�WRWDO�XSWDNH� 7KH�SDWWHUQ�RI �OHVLRQ�SUHYDOHQFH�ZDV�ODUJHO\�VLPLODU�WR�WKH�SDWWHUQV�REVHUYHG�LQ�DOO

WKHVH�PHDVXUHV� EHLQJ�JUHDWHU�GRZQVWUHDP�RI �WKH�RVWLXP�LQ�LPPDWXUH�UDEELWV�DQG�LQ�D[LDO�VWUHDNV�HLWKHU�VLGH

RI �WKH�EUDQFK�PRXWK�LQ�PDWXUH�UDEELWV� +RZHYHU� FORVHU�LQVSHFWLRQ�RI �WKH�PDSV�GRHV�UHYHDO�GLVFUHSDQFLHV

EHWZHHQ�WKH�WUDQVSRUW�DQG�OHVLRQ�SDWWHUQV�ZLWKLQ�HDFK�DJH�JURXS� ,Q�SDUWLFXODU� OHVLRQ�SUHYDOHQFH�DW�ERWK

DJHV�LV�KLJK�ODWHUDO�WR�WKH�RVWLXP� ZKHUH�(%' XSWDNH�LV�ORZ� WKH�GLVFUHSDQF\�LV�SDUWLFXODUO\�REYLRXV�LQ�WKH

PDWXUH�DJH�JURXS�EXW� RQFH�LGHQWLILHG� FDQ�EH�GLVFHUQHG�LQ�WKH�LPPDWXUH�JURXS�WRR� 2XU�SUHYLRXV�VWXGLHV�RI

UKRGDPLQH�DOEXPLQ�XSWDNH��(ZLQV�HW DO�� ����� %DLOH\�HW DO�� ������JLYH�D�SDWWHUQ�WKDW�PRUH�FORVHO\�UHVHPEOHV

WKH�OHVLRQ�IUHTXHQF\�PDSV� XSWDNH�LV�KLJK�ODWHUDO�WR�WKH�EUDQFK�PRXWK��6HH�ILJXUH ������ +HQFH�WKHUH�DSSHDUV

WR�EH�DQ�LVVXH�ZLWK�WKH�XSWDNH�RI �(%$�

(%' LV�NQRZQ�WR�SRWHQWLDOO\�KDYH�DQ�LQGLUHFW�SKDUPDFRORJLFDO�HIIHFW�RQ�WKH�960&V�RI �WKH�DUWHULDO�PHGLD�

LQKLELWLQJ�HQGRWKHOLXP�GHSHQGHQW�UHOD[DWLRQ��)RUVWHU�DQG�:HLQEHUJ� ����E�� 7KHUHIRUH� LW�KDV�WKH�SRWHQWLDO

WR�DOWHU�WKH�PDWXUH�SDWWHUQ�RI �WUDQVSRUW� VLQFH� WKDW� LV�12�GHSHQGHQW� WR�VRPH�H[WHQW�DV�GLVFXVVHG�DERYH�

,Q�SUHYLRXV�VWXGLHV� DVVHVVLQJ�ORQJ�WHUP��� K��DRUWLF�XSWDNH�RI �(%$ DORQJ�WKH�FHQWHUOLQH�RI �WKH�UHQDO�DUWHU\

��



)LJXUH ����� /HYHOV�RI �DXWRIOXRUHVFHQFH�VXUURXQGLQJ�EUDQFK�RVWLD� 7KH�LPDJH� ZKLFK�VKRZV�DQ�DYHUDJH�RI
PD[LPXP�LQWHQVLW\�SURMHFWLRQV�IRU���EUDQFKHV� KDV�WKH�VDPH�VL]H�DQG�RULHQWDWLRQ�DV�WKH�PDSV�LQ�ILJXUH ����
,QWHQVLW\�LQ�DUELWUDU\�XQLWV�

EUDQFK� WUDQVSRUW�ZDV�JUHDWHU�GRZQVWUHDP�WKDQ�XSVWUHDP�RI �WKH�RVWLXP�LQ�LPPDWXUH�UDEELWV� DV�H[SHFWHG�

EXW�WKLV�SDWWHUQ�ZDV�QRW�DEROLVKHG�ZLWK�LQFUHDVLQJ�DJH� KRZHYHU� ZKHQ�(%$ FLUFXODWHG�IRU�VKRUWHU�WLPHV�����

��PLQXWHV�� WKH�GRZQVWUHDP�SDWWHUQ�ZDV�DEROLVKHG�RU�UHYHUVHG�LQ�UDEELWV�DSSURDFKLQJ�PDWXULW\� PLUURULQJ

WKH�REVHUYDWLRQV�ZLWK�UKRGDPLQH�DOEXPLQ��0XUSK\� ����� 0XUSK\�DQG�/HYHU� ������ 7KLV�VXJJHVWV�WKDW�ORQJ�

WHUP�H[SRVXUH�WR�(%$ PD\�LQIOXHQFH�WUDQVSRUW�EXW�VKRUW�WHUP�H[SRVXUH�GRHV�QRW� ([SRVXUH�WR�(%$ ZDV

UHVWULFWHG�WR ��PLQXWHV LQ�WKH�SUHVHQW�VWXG\�WR�PLQLPLVH�PRGLILFDWLRQ�RI �WUDQVSRUW�SDWWHUQV�E\�WKH�(%$ LWVHOI�

$ VHFRQG�SRVVLELOLW\�LV�WKDW�VLQFH�(%' ELQGV�SUHIHUHQWLDOO\�WR�HODVWLQ�DQG�FROODJHQ�RQFH�WKH�WUDFHU�HQWHUV

WKH�ZDOO� LWV�REVHUYHG�GLVWULEXWLRQ�PD\�GHSHQG�QRW�RQO\�RQ�WUDQVSRUW�UDWHV�EXW�DOVR�RQ�WKH�DPRXQW�DQG�ORFDWLRQ

RI �WKHVH�SURWHLQV� )RU�LQVWDQFH� DQ�DUHD�RI �ORZ�(%' IOXRUHVFHQFH�FRXOG�DULVH�HLWKHU�GXH�WR�ORZ�HQGRWKHOLDO

SHUPHDELOLW\�RU�GXH�WR�ORZ�HODVWLQ�DQG�FROODJHQ�FRQWHQW�LQ�WKH�LQWLPD�GLUHFWO\�EHORZ� (ODVWLQ�DQG�FROODJHQ�DUH

WKH�SULPDU\�VRXUFH�RI �WLVVXH�DXWRIOXRUHVFHQFH� VR�ZH�LQYHVWLJDWHG�WKLV�SRVVLELOLW\�E\�VFDQQLQJ���LQWHUFRVWDO

EUDQFK�RVWLD�IURP�D�PDWXUH�UDEELW�QRW�DGPLQLVWHUHG�(%$��XVLQJ�VLPLODU�PHWKRGV�WR�WKRVH�GHVFULEHG�DERYH

H[FHSW�WKDW�H[FLWDWLRQ�DQG�HPLVVLRQ�ZDYHOHQJWKV�ZHUH�UHGXFHG�WR ��� QP DQG ������� QP� UHVSHFWLYHO\� WKHUH

LV�QHJOLJLEOH�DXWRIOXRUHVFHQFH�DW� WKH� ORQJHU�ZDYHOHQJWKV�XVHG�WR� LPDJH�(%$��7KH�DYHUDJH�PDS��)LJ �����

UHYHDOHG�UHJLRQV�ODWHUDO�WR�WKH�EUDQFK�PRXWK�ZLWK�ORZHU�DXWRIOXRUHVFHQFH�LQWHQVLW\�WKDQ�XSVWUHDP�DQG�GRZQ�

VWUHDP�UHJLRQV� FRQVLVWHQW�ZLWK�WKH�YLHZ�WKDW�WKH�GLVFUHSDQF\�EHWZHHQ�(%$ DQG�UKRGDPLQH�DOEXPLQ�XSWDNH

LV�FDXVHG�E\�ORZHU�FRQFHQWUDWLRQV�RI �HODVWLQ�DQG�RU�FROODJHQ�LQ�WKHVH�DUHDV�

��� &RQFOXVLRQV

,Q�FRQFOXVLRQ� RXU�GDWD�GR�VKRZ�WKDW�WKH�SDWWHUQ�RI �HQGRWKHOLDO�SHUPHDELOLW\�KRWVSRWV�DURXQG�LQWHUFRVWDO

EUDQFK�RVWLD�FKDQJHV�ZLWK�DJH�DQG�LQ�D�ZD\�WKDW�LV�FRQVLVWHQW�ZLWK�WKH�SDWWHUQV�RI �OHVLRQV� +RWVSRWV�ZHUH�QRW

WKH�PDMRU�URXWH�IRU�(%$ XSWDNH�DQG�ZHUH�QRW�GRPLQDQWO\�H[SODLQHG�E\�SDWWHUQV�RI �PLWRVLV� 7KH\�PD\�SOD\�D

PRUH�VLJQLILFDQW�UROH�LQ�WKH�WUDQVSRUW�RI �ODUJHU�PROHFXOHV�VXFK�DV�/'/��,W�LV�SODXVLEOH�WKDW�KRWVSRWV�UHSUHVHQW

DQ�DUELWUDU\�VXEGLYLVLRQ�RI �D�FRQWLQXXP�RI �ORFDO�SHUPHDELOLWLHV�UHIOHFWLQJ�LQWHUFHOOXODU�MXQFWLRQV�RI �GLIIHUHQW

ZLGWK�

��



&KDSWHU��

3DWWHUQV�RI �(QGRWKHOLDO�3HUPHDELOLW\�WR�/DUJH�0DFURPROHFXOHV

��� ,QWURGXFWLRQ

3DWWHUQV�RI �SHUPHDELOLW\�WR�PDFURPROHFXOHV�DURXQG�DUWHULDO�EUDQFK�SRLQWV�DQG�WKHLU�UHODWLRQ�WR�WKH�GHYHO�

RSPHQW�RI �DWKHURVFOHURVLV�KDYH�EHHQ�H[WHQVLYHO\�GLVFXVVHG�LQ�SUHYLRXV�VHFWLRQV� 7KH�OLWHUDWXUH�FRQFHUQLQJ

KRWVSRWV�KDV�EHHQ�UHYLHZHG�LQ�WKH�,QWURGXFWLRQ�WR�WKH�SUHYLRXV�FKDSWHU� 7KH�SUHVHQW�FKDSWHU�FRQVLGHUV�WKH

HIIHFW�RI �PDFURPROHFXOH�VL]H�RQ�SDWWHUQV�RI �SHUPHDELOLW\�KRWVSRWV� 7KH�(%$ WUDFHU�XVHG�LQ�FKDSWHU � KDV�D

6WRNHV�(LQVWHLQ�UDGLXV�RI �DURXQG �.� QP� DQG�VKRXOG�WKHUHIRUH�SDVV�WKURXJK�WKH�HQGRWKHOLDO�VPDOO�SRUHV� LGHQ�

WLILHG�DV�D�FRPELQDWLRQ�RI �JDSV�LQ�WKH�WLJKW�MXQFWLRQV�EHWZHHQ�QHLJKERXULQJ�(&V�DQG�WKH�RYHUO\LQJ�JO\FRFDO\[�

WKHVH�VPDOO�SRUHV���DW�OHDVW�LQ�FDSLOODULHV���JLYH�SHUPHDELOLW\�VXUIDFH�DUHD�SURGXFWV�IRU�VROXWHV�RI �GLIIHUHQW�VL]H

WKDW�ZRXOG�EH�SUHGLFWHG�E\�UHVWULFWHG�GLIIXVLRQ�WKURXJK�D�F\OLQGULFDO�SRUH�KDYLQJ�D�UDGLXV�RI �DSSUR[LPDWHO\

� QP �VHH .RPDURYD�DQG�0DOLN� ����� /HYLFN� ���� S�����IRU�D�UHYLHZ�RI �WKLV�WRSLF��

&OHDUO\� VROXWHV�RI �UDGLXV�PXFK�JUHDWHU�WKDQ � QP VKRXOG�QRW�SDVV�WKURXJK�VXFK�SRUHV� EXW�HQWU\�LQWR�WKH

DUWHULDO�ZDOO�RI �FRQVLGHUDEO\�ODUJHU�VSHFLHV��H�J� /'/��GLDPHWHU�DSSUR[LPDWHO\���QP��GRHV�WDNH�SODFH� 7KHVH

VROXWHV�DUH�WKRXJKW�WR�SHQHWUDWH�WKURXJK�D�GLIIHUHQW�V\VWHP���WKH�ODUJH�SRUHV� WKH�SK\VLFDO�QDWXUH�RI �WKH�ODUJH

SRUHV�LV�D�PDWWHU�RI �GHEDWH� 2QH�SRVVLELOLW\�LV�WKDW�VXFK�ODUJH�VROXWHV�HQWHU�WKH�ZDOO�SUHGRPLQDQWO\�WKURXJK

HQGRWKHOLDO�SHUPHDELOLW\�KRWVSRWV�UHSUHVHQWLQJ�WHPSRUDULO\�ZLGHQHG�LQWHU�HQGRWKHOLDO�FHOO�FOHIWV��:HLQEDXP

HW DO�� ������ $QRWKHU�SRVVLELOLW\�LV�WKDW�WKH\�HQWHU�DFURVV�WKH�FHOOV�WKURXJK�D�PHFKDQLVP�GHSHQGLQJ�RQ�YHVLFOHV

�7DUEHOO� ������ 7KHUH�LV�IXUWKHU�GHEDWH�DV�WR�ZKHWKHU�WUDQVHQGRWKHOLDO�YHVLFXODU�WUDQVSRUW�RI �VROXWHV�RFFXUV

YLD�VKXWWOLQJ�RI �YHVLFOHV�EDFNZDUGV�DQG�IRUZDUGV�DFURVV�FHOOV� E\�WKH�WHPSRUDU\�IXVLRQ�RI �SDLUV�RI �YHVLFOHV

SHUPLWWLQJ�WUDQVIHU�RI �WKHLU�FRQWHQWV� RU�E\�WKH�IXVLRQ�RI �YHVLFOHV�WR�IRUP�SDWHQW�WXEHV�IURP�WKH�OXPHQ�WR

WKH�VXEHQGRWKHOLDO�VSDFH��7XPD�DQG�+XEEDUG� ����� )UDQN�HW DO�� ����� 5LSSH�HW DO�� ����� 6FKQLW]HU� �����

3UHGHVFX�DQG�3DODGH� ������ 6LQFH�/'/ LV�VWURQJO\�DVVRFLDWHG�ZLWK�WKH�GHYHORSPHQW�RI �D�WKHURVFOHURVLV� WKLV

LV�DQ�LPSRUWDQW�LVVXH�

,Q� WKH� VWXG\� UHSRUWHG� LQ� WKLV� FKDSWHU� WKH�(%$ H[SHULPHQWV�ZHUH� UHSHDWHG�EXW� XVLQJ� D� WUDFHU�ZLWK� D

PROHFXODU�PDVV�VLPLODU�WR�WKDW�RI �/'/ �+\GURG\QDPLF�UDGLXV ��.� QP� 1RUGPHLHU� ������ 7KH�GLVWULEXWLRQ

��



RI �KRWVSRWV�RI �LWV�XSWDNH�DURXQG�LQWHUFRVWDO�EUDQFK�RVWLD�ZDV�H[DPLQHG�LQ�LPPDWXUH�DQG�PDWXUH�UDEELWV�WR

GHWHUPLQH�ZKHWKHU�WKH�SDWWHUQV�ZHUH�VLPLODU�WR�WKRVH�IRXQG�IRU�(%$��ZKLFK�ZRXOG�VXJJHVW�D�GRPLQDQW�UROH

IRU�OHDN\�MXQFWLRQV�LQ�WKH�XSWDNH�RI �ODUJHU�PDFURPROHFXOHV� RU�ZKHWKHU�WKH\�ZHUH�GLVVLPLODU� ZKLFK�ZRXOG

VXJJHVW�D�GLIIHUHQW�URXWH�

��� 0HWKRGV

$OO�DQLPDO�SURFHGXUHV� WLVVXH�SUHSDUDWLRQ�DQG�PLFURVFRS\�ZHUH�SHUIRUPHG�E\�D�SRVWGRF�ZLWKLQ�WKH�:HLQEHUJ

*URXS� 'U��/LQGVH\�&ODUNH� 7KH�VXEVHTXHQW�LPDJH�SURFHVVLQJ�DOJRULWKP�DSSOLHG�WR�TXDQWLI\�WKH�LPDJHV�ZDV

GHYHORSHG�DQG�LPSOHPHQWHG�E\�WKH�DXWKRU�DQG�VRPH�RI �WKH�PDQXDO�LPDJH�SURFHVVLQJ�VWHSV�UHOLHG�XSRQ�LQ�WKLV

DOJRULWKP�ZHUH�SHUIRUPHG�E\�DQ�XQGHUJUDGXDWH�LQWHUQ� 0LVV�6ROpQH�&DGLRX�XQGHU�WKH�DXWKRU
V�VXSHUYLVLRQ�

����� $QLPDOV

(LJKW�PDOH�1HZ�=HDODQG�:KLWH��1=:� UDEELWV�RI �WKH�+6',) VWUDLQ�ZHUH�REWDLQHG�IURP�+DUODQ��%LFHVWHU�

2[IRUG� 8.� IRU�WKLV�VWXG\� 7KH\�ZHUH�KRXVHG�XQGHU�D �� K OLJKW�GDUN�F\FOH�DQG�ZHUH�IHG�D�VWDQGDUG�ODE�

RUDWRU\�GLHW DG� OLELWXP� $JHV�DQG�ZHLJKWV�RI �HDFK�LQGLYLGXDO�DUH�OLVWHG�LQ�WDEOH ���� $OO�DQLPDO�SURFHGXUHV

FRPSOLHG�ZLWK�WKH�$QLPDOV��6FLHQWLILF�3URFHGXUHV��$FW������DQG�ZHUH�DSSURYHG�E\�WKH�ORFDO�HWKLFDO�UHYLHZ

SDQHO�RI �,PSHULDO�&ROOHJH�/RQGRQ�

,PPDWXUH
,GHQWLILHU $JH�>GD\V@ ZHLJKW�>NJ@
'36/ �� ����
(*;< �� ����
(5/$ �� ����
(5., �� ����
PHDQ �� ����
V�H�P ��� ����

0DWXUH
,GHQWLILHU $JH�>GD\V@ ZHLJKW�>NJ@
$&3) ��� ����
$,)( ��� ����
$;36 ��� ����
$/8( ��� ����
PHDQ ��� ����
V�H�P �� ����

7DEOH ���� 6XPPDU\�RI �DJHV�DQG�ZHLJKWV�RI �UDEELWV�XVHG�LQ�GH[WUDQ�HQGRWKHOLDO�SHUPHDELOLW\�VWXG\

����� ,Q�YLYR 3URWRFRO

�0'D GH[WUDQ� ODEHOOHG�ZLWK�WHWUDPHWK\OUKRGDPLQH��705� DQG�PDGH�DOGHK\GH�IL[DEOH�E\�WKH�DGGLWLRQ�RI

FRYDOHQWO\�ERXQG�O\VLQH��705�GH[WUDQ� 0ROHFXODU�3UREHV��� ZDV�XVHG�WR�REWDLQ�IOXRUHVFHQFH�LPDJHV�VKRZLQJ

WKH�XSWDNH�SDWWHUQV�RI �ODUJH�PDFURPROHFXOHV�WKURXJK�WKH�HQGRWKHOLXP� 705�GH[WUDQ�ZDV�DGPLQLVWHUHG�YLD

��



WKH�PDUJLQDO�HDU�YHLQ�DW�D�GRVH�RI �PJ NJ−� LQ�VDOLQH�DQG�DOORZHG�WR�FLUFXODWH�IRU ��PLQXWHV� ��PLQXWHV

DIWHU�WKH�WUDFHU�LQMHFWLRQ� KHSDULQ�ZDV�DGPLQLVWHUHG������8� L�Y� � DQG� DIWHU�D�IXUWKHU �PLQXWHV� WKH�UDEELW

ZDV�NLOOHG�ZLWK�DQ�RYHUGRVH�RI �SHQWREDUELWRQH��(XWKDWDO� 5K{QH�0pULHX[� ���PJ NJ−�� L�Y� ��

7KH�DRUWD�ZDV�H[SRVHG�E\�SHUIRUPLQJ�D�PLGOLQH�WKRUDFRWRP\�DQG�ODSDURWRP\�IROORZHG�E\�UHIOHFWLQJ�WKH

WKRUDFLF�DQG�DEGRPLQDO�RUJDQV� $ FDQQXOD�ZDV�LQVHUWHG�LQWR�WKH�DRUWD�LQ�WKH�UHWURJUDGH�GLUHFWLRQ�DW�WKH�OHYHO

RI �WKH�GLDSKUDJP�DQG�VHFXUHG� 7KH�YHVVHO�ZDV�WKHQ�IOXVKHG�ZLWK ��PO SK\VLRORJLFDO�VDOLQH�IURP�D�SUHVVXUH

UHVHUYRLU�VXVSHQGHG �P DERYH�WKH�DQLPDO� 7KH�PD[LPXP�WLPH�GHOD\�EHWZHHQ�GHDWK�DQG�WKH�EHJLQQLQJ�RI �WKLV

IOXVKLQJ�VWHS�ZDV �PLQXWHV� )LQDOO\� WKH�DRUWD�ZDV�SHUIXVHG�ZLWK ��� IRUPDOGHK\GH�IURP�D�VHFRQG�UHVHUYRLU

VXVSHQGHG �PHWUH DERYH�WKH�DQLPDO�IRU ��PLQXWHV WR�IL[�WKH�YHVVHO LQ�VLWX � DV�KDG�EHHQ�GRQH�IRU�DOO�SUHYLRXV

VWXGLHV�LQ�WKLV�JURXS� $IWHU�DSSUR[LPDWHO\ ���PLQXWHV RI �IL[DWLRQ� WKH�DRUWLF�DUFK�ZDV�FODPSHG�WR�UHGXFH�WKH

YROXPH�RI �IL[DWLYH�UHTXLUHG� 7KH�WKRUDFLF�DRUWDV�IURP�WKH�DUFK�WR�WKH�GLDSKUDJP�ZHUH�H[FLVHG�DQG�VWRUHG�LQ

��� IRUPDOGHK\GH�XQWLO�UHTXLUHG�

����� ,PPXQRIOXRUHVFHQFH�6WDLQLQJ�IRU�&'���DQG�3UHSDUDWLRQ�RI �7LVVXH�IRU�&RQIRFDO�0LFURVFRS\

,Q�RUGHU�WR�YLVXDOLVH�WKH�(& ERXQGDULHV� DQWLERG\�VWDLQLQJ�ZDV�GRQH�WR�IOXRUHVFHQWO\�ODEHO�WKH�FHOO�VXUIDFH

SURWHLQ� &'��� 7KRUDFLF�DRUWDV�ZHUH�RSHQHG�DORQJ�WKH�YHQWUDO�PLGOLQH�DQG�SODFHG�LQ�D�EORFNLQJ�VROXWLRQ

FRQWDLQLQJ �� %6$ IRU ��PLQXWHV� 7KH�WLVVXH�ZDV�WKHQ�SODFHG�LQ�D�SULPDU\�PRQRFORQDO�PRXVH�DQWL�KXPDQ

&'���DQWLERG\�VROXWLRQ������� 'DNR� &ORQH�-&��$� IRU � K� ZDVKHG�DQG�WKHQ�SODFHG�LQ�D�VHFRQGDU\�SRO\FORQDO

$OH[D�)OXRU�����FRQMXJDWHG�JRDW�DQWL�PRXVH�,J* VROXWLRQ������� 7KHUPR�6FLHQWLILF��IRU � K� $OO�EORFNLQJ

DQG�VWDLQLQJ�VROXWLRQV�ZHUH�PDGH�XS�LQ�3%6 DQG�DOO�VWHSV�ZHUH�SHUIRUPHG�DW�URRP�WHPSHUDWXUH� 7KH�YHVVHOV

ZHUH�WKHQ�PRXQWHG HQ�IDFH LQ�9(&7$6+,(/'�+DUG6HW�PRXQWLQJ�PHGLXP��9HFWRU�/DERUDWRULHV��

����� &RQIRFDO�0LFURVFRS\

7LVVXH�DXWRIOXRUHVFHQFH��$)� DQG�705 DQG�$OH[D�)OXRU�����IOXRUHVFHQFH�IURP�WKH HQ�IDFH PRXQWHG�YHV�

VHOV�ZDV�UHFRUGHG�DW�VSHFLILF�ORFDWLRQV�DURXQG�LQWHUFRVWDO�RVWLD�DV�]�VWDFN�LPDJH�YROXPHV�XVLQJ�DQ�LQYHUWHG

ODVHU�VFDQQLQJ�FRQIRFDO�PLFURVFRSH��/HLFD�63���ZLWK�D�FRPSXWHU�FRQWUROOHG�JDOYDQRPHWHU�VWDJH�DQG�D���×

PDJQLILFDWLRQ� ����1$ JO\FHURO�LPPHUVLRQ�OHQV� H[FLWDWLRQ�DQG�HPLVVLRQ�ZDYHOHQJWKV��H[�HP�>QP@��IRU�$)�

705 DQG�$OH[D�)OXRU�����ZHUH��������������� ��������������DQG���������������UHVSHFWLYHO\� (DFK�VWDFN

ZDV�WDNHQ�DW ���� HOHFWURQLF�]RRP� PLQLPLVLQJ�WKH�HIIHFWV�RI �DQ\�VSDWLDO�ELDVHV�LQ�WKH�RSWLFDO�WUDLQ� DW�D�SL[HO

UHVROXWLRQ�RI ����×���� UHSUHVHQWLQJ�D����×��� �P VTXDUH� ,PDJH�VWDFN�ORFDWLRQV�ZHUH�PDQXDOO\�VHOHFWHG�WR

OLH�XSVWUHDP� GRZQVWUHDP� OHIW�DQG�ULJKW�RI �WKH�RVWLD�DV�GHSLFWHG�LQ�ILJXUH ����

����� ,PDJH�$QDO\VLV

,PDJH�SURFHVVLQJ�ZDV�GRQH�XVLQJ�D�FRPELQDWLRQ�RI �),-, �6FKLQGHOLQ�HW DO�� ������DQG�0$7/$%�� XVLQJ�WKH

MDYD�EDVHG�LQWHUIDFH� 0,- �6DJH�HW DO�� ������ $ VHFRQGDU\�JRDO�WKURXJKRXW�WKH�GHYHORSHPHQW�RI �WKH�LPDJH

��



RVWLXPOHIW ULJKW

GRZQVWUHDP

XSVWUHDP

)LJXUH ���� 6FKHPDWLF�VKRZLQJ�DSSUR[LPDWH�ORFDWLRQV�RI �UHJLRQV�RI �LQWHUHVW�DURXQG�LQWHUFRVWDO�RVWLD� $UURZV
LOOXVWUDWH�GLUHFWLRQ�RI �SUHGRPLQDQW�D[LDO�IORZ�

SURFHVVLQJ�DOJRULWKP�ZDV�WR�GHYHORS�PHWKRGV�ZLWK�DV�KLJK�D�GHJUHH�RI �DXWRPDWLRQ�DV�SRVVLEOH�WR�PLQLPLVH

REVHUYHU�ELDV�DQG�WR�SURGXFH�PHWKRGV�ZLWK�DSSOLFDELOLW\�WR�PRUH�WKDQ�RQH�GDWDVHW�

������� $XWRPDWHG�2VWLDO�0DVNLQJ

7KH�SXUSRVH�RI �WKLV�SURFHVV�ZDV�WR�SURGXFH�D�PDVN�IURP�WKH�$) FKDQQHO�RI �HDFK�LPDJH�VWDFN�ZKLFK�FRXOG

EH�DSSOLHG�WR�WKH�RWKHU�WZR�FKDQQHOV�WR�UHPRYH�EUDQFK�PRXWK�SL[HOV�IURP�IXUWKHU�DQDO\VLV� $ KLVWRJUDP�

EDVHG�VWUDWHJ\�WR�DXWRPDWLFDOO\�WKUHVKROG�$) LPDJHV�ZDV�GHYHORSHG�DQG�WKH�DOJRULWKP�LV�GHPRQVWUDWHG�RQ�D

W\SLFDO�$) LPDJH�IURP�WKH�PDWXUH�GDWDVHW��6HH�ILJXUH ����� $ PD[LPXP�LQWHQVLW\�SURMHFWLRQ��0,3� RI �HDFK

VWDFN�ZDV�ILUVW�SHUIRUPHG�WR�FUHDWH�D�VLQJOH�LPDJH�ZLWK��[�\��ORFDWLRQV�RFFXUULQJ�ZLWKLQ�WKH�RVWLXP�VKRZLQJ

XS�DV�EDFNJURXQG�VLJQDO��)LJ ���D�� 7R�UHPRYH�KLJK�IUHTXHQF\�QRLVH�DULVLQJ�IURP�WKH�KLJK�SKRWRQ�PXOWLSOLHU

JDLQ�����.�9�� D�PHDQ�ILOWHU�ZLWK�D�UDGLXV�RI � SL[HOV ZDV�DSSOLHG��)LJ ���E�� $ KLVWRJUDP�ZDV�JHQHUDWHG

DQG�QXPHULFDOO\�GLIIHUHQWLDWHG�WZLFH�WR�ILQG�WKH�LQWHQVLW\�YDOXH�DW�WKH�ILUVW� ORFDO�PLQLPXP��)LJ ���F�� 7KH

ORZHU�DQG�XSSHU�SHDNV�LQ�)LJ ���F�FRUUHVSRQG�WR�WKH�GDUN�SL[HOV�LQ�WKH�RVWLXP�DQG�WKH�EULJKWHU�SL[HOV�RI �WKH

WLVVXH�UHVSHFWLYHO\� 7KH�0,3 ZDV�WKHQ�WKUHVKROGHG�DW�WKLV�LQWHQVLW\�YDOXH� UHVXOWLQJ�LQ�D�SUHOLPLQDU\�ELQDU\

PDVN��)LJ ���G�� ,QLWLDO�WHVWLQJ�RQ�D�VXEVHW�RI �0,3V�VKRZHG�WKDW�VRPH�KDG�SDWFKHV�ZLWKLQ�WKH�RVWLXP�ZLWK

IOXRUHVFHQFH�VLJQDO�DERYH�WKH�WKUHVKROG� XVXDOO\�GXH�WR�VRPH�IRUHLJQ�PDWHULDO�LQ�WKH�EUDQFK� 7KHVH�ZRXOG

DSSHDU�LQ�WKH�PDVN�DV�VPDOO� IDOVH�SRVLWLYH�UHJLRQV�LQ�WKH�RVWLXP�DQG�ZHUH�UHPRYHG�E\�VHYHUDO�LWHUDWLRQV�RI

HURVLRQ�RSHUDWLRQV�XQWLO�WKHUH�ZDV�RQO\�RQH�SRVLWLYH�UHJLRQ�UHPDLQLQJ�LQ�WKH�PDVN� UHSUHVHQWLQJ�WKH�WLVVXH�

$Q�HTXDO�QXPEHU�RI �GLODWLRQ�RSHUDWLRQV�ZDV�SHUIRUPHG�WR�XQGR�WKH�HURVLRQ�RI �WKH�WUXH�SRVLWLYH�UHJLRQ� $V

UHSHWLWLRQ�RI �HURVLRQ�DQG�GLODWLRQ�FDXVHV�WULDQJXODWLRQ�RI �FXUYHV� D�PD[LPXP�QXPEHU�RI ����LWHUDWLRQV�ZDV

��



DOORZHG�

�� 0,3V�ZHUH�UDQGRPO\�VHOHFWHG�IURP�HDFK�DJH�JURXS�DQG�PDQXDOO\�FKHFNHG�DW�KLJK�PDJQLILFDWLRQ�WR

FRQILUP�WKDW�WKH�ERXQGDU\�RI �WKH�DXWRPDWLFDOO\�JHQHUDWHG�PDVN�ZDV�DFFXUDWH�WR�ZLWKLQ � SL[HOV�RI �ZKHUH�DQ

XQELDVHG�REVHUYHU�ZRXOG�KDYH�PDQXDOO\�WUDFHG�WKH�ERXQGDU\��)LJ ���D�� 7KRVH�WKDW�IDLOHG�WKLV�WHVW�ZHUH�PRVWO\

LPDJHV�ZKHUH�WKH�WLVVXH�ZDV�HLWKHU�GDPDJHG�RU�IROGHG��)LJ ���E��7R�UHPRYH�WKHVH�IURP�WKH�GDWDVHW� DOO�PDVNV

ZHUH�PDQXDOO\�FKHFNHG�DW�ORZ�PDJQLILFDWLRQ�DQG�IRU�DQ\�LQVWDQFHV�ZKHUH�DXWRPDWLFDOO\�JHQHUDWHG�PDVNV�IDLOHG

WR�DFFXUDWHO\�GHSLFW�WKH�RVWLXP� D�PDQXDO�FKHFN�RI �DOO�WKUHH�LPDJH�FKDQQHOV�ZDV�GRQH�WR�GHWHUPLQH�LI �D�PDVN

FRXOG�EH�WUDFHG�PDQXDOO\� ,I �D�PDQXDO�PDVN�ZDV�QRW�SRVVLEOH�GXH�WR�WKHUH�EHLQJ�IROGV�RU�WHDUV�LQ�WKH�WLVVXH�

WKH�LPDJH�ZDV�RPLWWHG�IURP�IXUWKHU�DQDO\VLV�

������� 4XDQWLILFDWLRQ�RI �'H[WUDQ�8SWDNH

$IWHU�LQLWLDO�PDQXDO�WKUHVKROGLQJ�RI �D�VXEVHW�RI �0,3V�JHQHUDWHG�IURP�WKH�GH[WUDQ�FKDQQHO�LPDJHV� LW�ZDV

QRWHG�WKDW�WKH�KRWVSRW�SL[HOV�RFFXUUHG�DW� LQWHQVLWLHV�PXFK�JUHDWHU�WKDQ�WKH�PHDQ�LQWHQVLW\� LQ�HDFK�LPDJH�

7KXV�LW�DSSHDUHG�WKDW�KRWVSRW�SL[HOV�FRXOG�EH�VHSDUDWHG�IURP�EDFNJURXQG�IOXRUHVFHQFH�SL[HOV��L�H�� QRLVH��E\

DSSUR[LPDWLQJ�WKH�GLVWULEXWLRQ�RI �WKH�QRLVH�SL[HOV�DV�D�QRUPDO�GLVWULEXWLRQ�DQG�VHWWLQJ�DQ�LQWHQVLW\�WKUHVKROG

D�JLYHQ�QXPEHU�RI �VWDQGDUG�GHYLDWLRQV�DERYH�WKH�PHDQ�QRLVH�LQWHQVLW\� 7KH�QXPEHU�RI �VWDQGDUG�GHYLDWLRQV

ZDV�FKRVHQ�VR�WKDW�RQO\�RQH�SL[HO�RI �QRLVH�SHU�LPDJH�ZRXOG�EH�H[SHFWHG�WR�H[FHHG�WKH�WKUHVKROG�RQ�DYHUDJH�

)RU�D���� × ����SL[HO�LPDJH�FRQWDLQLQJ��������SL[HOV� WKH�QXPEHU�RI �VWDQGDUG�GHYLDWLRQV�QHHGHG�DERYH�WKH

PHDQ�WR�RQO\�H[SHFW�RQH�SL[HO�RI �QRLVH�LV��������

7R�FRQILUP�WKLV� LPDJHV�RI �WKH�DXWRIOXRUHVFHQFH�DW�705 H[FLWDWLRQ�DQG�HPLVVLRQ�ZDYHOHQJWKV�RI �D�QDLYH

UDEELW�DRUWD�ZHUH�REWDLQHG� IROORZLQJ�WKH�VDPH�SURWRFRO�GHVFULEHG�LQ�VHFWLRQ ����� EXW�RPLWWLQJ�WKH�DGPLQ�

LVWUDWLRQ�RI �WKH�GH[WUDQ�WUDFHU� 7KH�VDPH�ORFDWLRQV�GHVFULEHG�LQ�ILJXUH ��� ZHUH�LPDJHG�DURXQG���LQWHUFRVWDO

EUDQFKHV�XVLQJ�WKH�VFDQ�VHWWLQJV�IRU�705 IOXRUHVFHQFH�DV�GHVFULEHG�LQ�VHFWLRQ ������ )LJXUH ��� VKRZV�D�KLV�

WRJUDP�RI �WKH�DYHUDJH�LPDJH�JHQHUDWHG�IURP�WKHVH����LPDJHV� $OWKRXJK�IRUPDO�VWDWLVWLFDO�WHVWV�IRU�QRUPDOLW\

�HJ� -DUTXH�%HUD�WHVW��VKRZ�WKDW�WKH�GLVWULEXWLRQ�RI �LQWHQVLWLHV�LV�QRW�QRUPDO� LW�LV�YLVXDOO\�HYLGHQW�IURP�WKH

KLVWRJUDP�WKDW DSSUR[LPDWLQJ WKH�EDFNJURXQG�IOXRUHVFHQFH�DV�D�QRUPDO�GLVWULEXWLRQ�LV�DSSURSULDWH�LI �ZH�RQO\

XVH�LW�WR�GHWHUPLQH�D�WKUHVKROG�DERYH�ZKLFK�EDFNJURXQG�IOXRUHVFHQFH�FDQ�EH�LJQRUHG�

7KH�VHPL�DXWRPDWHG�DOJRULWKP�WR�FDOFXODWH�WKLV�WKUHVKROG�LV�GHPRQVWUDWHG�RQ�WKH�GH[WUDQ�0,3 �)LJ ���D��

FRUUHVSRQGLQJ�WR�WKH�$) LPDJH�XVHG�SUHYLRXVO\� LQ�ILJXUH ���� $ KLVWRJUDP�RI �WKH�EDFNJURXQG�QRLVH�ZDV

FUHDWHG�DIWHU�UHPRYLQJ�RVWLDO�SL[HOV�XVLQJ�WKH�PDVNV�JHQHUDWHG�DV�GHVFULEHG�LQ�VHFWLRQ ������� �)LJ ���E�� 7KHQ�

KRWVSRWV�ZHUH�UHPRYHG�E\�VHWWLQJ�D�PDQXDO�WKUHVKROG��)LJ ���F��VXFK�WKDW�WKH�KLVWRJUDP�RI �WKH�UHPDLQLQJ

SL[HOV�EHWWHU�DSSUR[LPDWHG�D�QRUPDO�GLVWULEXWLRQ� 7KH�PHDQ��µ��DQG�VWDQGDUG�GHYLDWLRQ��σ��RI �WKH�UHVXOWLQJ

KLVWRJUDP�ZHUH�FDOFXODWHG� UHPRYLQJ�WKH�KRWVSRWV�ZLWK�WKLV�PDQXDO�WKUHVKROGLQJ�VWHS�UHPRYHG�WKH�LQIOXHQFH

RI �WKH�EULJKW�KRWVSRW�SL[HOV�RQ�WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�RI �WKH�EDFNJURXQG� )LQDOO\� D�QHZ�WKUHVKROG�

��
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)LJXUH ���� 2YHUYLHZ�RI �DXWRPDWHG�RVWLXP�PDVNLQJ�DOJRULWKP� GHPRQVWUDWHG�RQ�D�W\SLFDO�LPDJH� �D��0,3 RI
WKH�$) FKDQQHO�RI �D�W\SLFDO�]�VWDFN��E��0,3 DIWHU�VPRRWKLQJ�ZLWK�DQ�DYHUDJLQJ�ILOWHU�ZLWK�UDGLXV � SL[HOV �F�
+LVWRJUDP�RI �WKH�0,3 ZLWK��VW��UHG��DQG��QG��EODFN��GHULYDWLYHV�RI �WKH�KLVWRJUDP�HQYHORSH�VXSHULPSRVHG�
7KH�WKUHVKROG�LV�GHSLFWHG�E\�WKH�GRWWHG�OLQH��G��3UHOLPLQDU\�ELQDU\�PDVN��H��%LQDU\�PDVN�DIWHU�HURVLRQ�GLODWLRQ
LWHUDWLRQV ��



�D� �E�

)LJXUH ���� ([DPSOHV�RI �DXWRPDWLFDOO\�JHQHUDWHG�RVWLXP�PDVNV�IURP�$) 0,3V� ,Q�HDFK�H[DPSOH� WKH�PDVN
ERXQGDU\��UHG��LV�RYHUODLG�RYHU�WKH�RULJLQDO�0,3 �JUH\�� �D��2VWLXP�ERXQGDU\�FRUUHFWO\�LGHQWLILHG��E��'DPDJHG
WLVVXH
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Pixel intensity

)LJXUH ���� +LVWRJUDP�RI �DYHUDJH�EDFNJURXQG�IOXRUHVFHQFH�DURXQG�QDLYH�UDEELW�RVWLD�WDNHQ�IURP���EUDQFKHV�
$ 1RUPDO�GLVWULEXWLRQ�FXUYH�ZLWK µ = 29.9 DQG σ = 1.75 LV�VXSHULPSRVHG�LQ�UHG�

��



θdex �ZDV�FDOFXODWHG�IURP�WKHVH�WZR�YDOXHV��HTXDWLRQ ����� 7KH�IXQFWLRQ�RI �WKH�PDQXDO�WKUHVKROG�ZDV�RQO\

WR�UHGXFH�WKH�LQIOXHQFH�RI �WKH�KRWVSRW�SL[HOV�RQ�WKH�FDOFXODWHG�WKUHVKROG� $SSO\LQJ�WKLV�FDOFXODWHG�WKUHVKROG

WR�WKH�PDVNHG�0,3����E�� KRWVSRWV�ZHUH�HIIHFWLYHO\�VHSDUDWHG�IURP�WKH�EDFNJURXQG�WLVVXH�IOXRUHVFHQFH��)LJ

���G��

θdex = µ+ 4.4754σ �����

'H[WUDQ�KRWVSRWV�ZHUH�FRXQWHG�LQ�HDFK�LPDJH�DQG�VXPPDULVHG�DV�WRWDO�QXPEHUV�RI �KRWVSRWV�RFFXUULQJ

XSVWUHDP� GRZQVWUHDP� OHIW�DQG�ULJKW�RI �WKH�RVWLXP�LQ�HDFK�DJH�JURXS� 6WDWLVWLFDO�RXWOLHUV�ZHUH�UHPRYHG�E\

&KDXYHQHW
V�FULWHULRQ�

7R�FKHFN� WKDW θdex UHOLDEO\� VHSDUDWHG�KRWVSRWV� IURP�WKH�EDFNJURXQG�IOXRUHVFHQFH� PHDQ�EDFNJURXQG

IOXRUHVFHQFH�ZDV�FDOFXODWHG�IRU�HDFK�LPDJH�E\�FDOFXODWLQJ�WKH�PHDQ�SL[HO�LQWHQVLW\�DIWHU�UHPRYDO�RI �DOO�KRWVSRW

SL[HOV� 6LPLODU�WR�WKH�KRWVSRW�FRXQWV� WKHVH�GDWD�ZHUH�VXPPDULVHG�DV�PHDQ�EDFNJURXQG�IOXRUHVFHQFH�LQWHQVLW\

XSVWUHDP� GRZQVWUHDP� OHIW�DQG�ULJKW�RI �WKH�RVWLXP�LQ�HDFK�DJH�JURXS

&RPSDULVRQV�EHWZHHQ�WKH�ORFDWLRQV�ZLWKLQ�HDFK�DJH�JURXS�ZHUH�GRQH�ZLWK�XQSDLUHG�W�WHVWV�LQ�WKH�IROORZ�

LQJ�SDULV� XSVWUHDP��8� YV�GRZQVWUHDP��'���OHIW��/� YV�ULJKW��5���DQG�PHGLDO��0H��YV�ODWHUDO��/D��

������� 6HJPHQWDWLRQ�RI �(QGRWKHOLDO�&HOO�%RXQGDULHV

7KH�RYHUDOO�DLP�IRU�WKLV�VHFWLRQ�RI �WKH�VWXG\�ZDV�WR�GHWHUPLQH�LI �WKH�GH[WUDQ�KRWVSRWV�RFFXUUHG�DW�ERXQGDULHV�RI

(&V� $WWHPSWV�WR�VHJPHQW�(& ERXQGDULHV�IURP�0,3V�RI �WKH�]�VWDFNV�RI �WLVVXH�VWDLQHG�ZLWK�WKH�IOXRUHVFHQWO\�

ODEHOOHG�DQWL�3(&$0 DQWLERG\�ZHUH�PDGH�XVLQJ�D�FRPELQDWLRQ�RI �),-, SOXJLQV� $V�ZLWK�WKH�GH[WUDQ�0,3

SURFHVVLQJ� &'���0,3V�ZHUH�ILUVW�PDVNHG�WR�UHPRYH�EUDQFK�PRXWK�SL[HOV�XVLQJ�WKH�VDPH�PDVNV�DV�EHIRUH�

,QWHQVLW\�RI �WKH�VWDLQLQJ�ZDV�VSDWLDOO\�KHWHURJHQHRXV�VR�LPDJHV�ZHUH�DUWLILFLDOO\�IODWWHQHG� $Q�HIIHFWLYH�IODWILHOG

FRUUHFWLRQ�LPDJH�ZDV�JHQHUDWHG�E\�SDVVLQJ�DQ�DYHUDJLQJ�ILOWHU�RYHU�HDFK�0,3 DQG�QRUPDOLVLQJ�E\�WKH�PD[LPXP

SL[HO�LQWHQVLW\� 7KH�RULJLQDO�0,3 ZDV�WKHQ�IODWWHQHG�E\�GLYLGLQJ�E\�WKH�HIIHFWLYH�IODWILHOG�FRUUHFWLRQ�LPDJH�

,QGLYLGXDO�LPDJHV�DOVR�KDG�GLIIHULQJ�OHYHOV�RI �EDFNJURXQG�IOXRUHVFHQFH� 7R�RYHUFRPH�WKLV� DQ�XQELDVHG�HGJH

GHWHFWLRQ�NHUQHO�ZDV�XVHG�WR�VHSDUDWH�EULJKWO\�VWDLQHG�(& ERXQGDULHV�IURP�WKH�EDFNJURXQG�

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1

1 1 1 1 1

1 1 −24 1 1

1 1 1 1 1

1 1 1 1 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

7KH�UHVXOWLQJ�LPDJH�ZDV�WKUHVKROGHG� FUHDWLQJ�D�ELQDU\�LPDJH� 7KH�),-, VNHOHWRQL]H SOXJLQ�ZDV�UXQ�RQ�WKH

ELQDU\�LPDJH�WR�REWDLQ�WKH�FHOO�ERXQGDULHV� 'XH�WR�WKH�YDULDWLRQ�LQ�EDFNJURXQG�DQG�IRUHJURXQG�LQWHQVLW\

��



�D�

$SSO\�PDVN

�E�

0DQXDO�WKUHVKROG

�F�

&DOFXODWH µ DQG σ

&DOFXODWH θdex$SSO\ θdex

�G�

),-, 0$7/$%

)LJXUH ���� 2YHUYLHZ�RI �DXWRPDWHG�LQWHQVLW\�EDVHG�KRWVSRW�WKUHVKROGLQJ�DOJRULWKP� �D�0,3 RI �WKH�GH[WUDQ
FKDQQHO�RI �D�W\SLFDO�]�VWDFN��E��0,3 DIWHU�PDVNLQJ�XVLQJ�PDVN�JHQHUDWHG�LQ�ILJXUH ��� �F��5HVXOW�RI �PDQXDO
WKUHVKROGLQJ�WR�DSSUR[LPDWHO\�VHJPHQW�KRWVSRWV��G��$SSO\ θdex WR�VHJPHQW�GH[WUDQ�KRWVSRWV

��



�D� �E� �F�

�G� �H� �I�

)LJXUH ���� 2YHUYLHZ�RI �DXWRPDWHG�VNHOHWRQLVLQJ�DOJRULWKP� �D��2ULJLQDO�&'���0,3���E��HIIHFWLYH�IODWILHOG
FRUUHFWLRQ�JHQHUDWHG�IURP��D�� �F��)ODWWHQHG�0,3 REWDLQHG�E\�GLYLGLQJ��D��E\��E��DQG�VXEWUDFWLQJ�WKH�PHDQ
LQWHQVLW\�RI ��E�� �G��5HVXOW�RI �FRQYROXWLRQ�RI ��F��ZLWK�XQELDVHG�HGJH�ILQGLQJ�NHUQHO� �H��0DQXDOO\�VHOHFWHG
WKUHVKROG�DSSOLHG�WR��G�� �I��6NHOHWRQL]H�SOXJLQ�DSSOLHG�WR��H�� $OO�LPDJHV�DUH����×����SL[HOV� UHSUHVHQWLQJ�D
���×��� �P VTXDUH�

EHWZHHQ�LPDJHV� QR�FRPPRQ�VHW�RI �VHJPHQWDWLRQ�SDUDPHWHUV��DYHUDJLQJ�ILOWHU�UDGLXV� HGJH�GHWHFWLRQ�NHUQHO

VL]H� WKUHVKROG��ZDV�IRXQG�WR�ZRUN�IRU�DOO�LPDJHV� 7KH�H[DPSOH�VKRZQ�EHORZ�VKRZV�WKH�UHVXOWV�IRU�D�VLQJOH

LPDJH�DQG�FDQ�EH�WDNHQ�WR�EH�D�SURRI�RI �FRQFHSW�IRU�WKLV�ERXQGDU\�VHJPHQWDWLRQ�DOJRULWKP��)LJ ����� )XUWKHU

GHYHORSPHQW�LV�QHHGHG�WR�UHPRYH�REVHUYHU�ELDV� LQWURGXFHG�WKURXJK�VHOHFWLRQ�RI �WKH�VHJPHQWDWLRQ�SDUDPHWHUV

GHVFULEHG�DERYH� DQG�WKLV�SDUW�RI �WKH�VWXG\�ZDV�QRW�SXUVXHG�IXUWKHU�

��� 5HVXOWV

����� 2XWOLHUV

6WDWLVWLFDO�RXWOLHUV�ZHUH�LGHQWLILHG�E\�DSSO\LQJ�&KDXYHQHW
V�FULWHULRQ�LWHUDWLYHO\�RQ�WKH�H[WUHPH�GDWD�SRLQWV�DW

HDFK�ORFDWLRQ� XSVWUHDP��8���GRZQVWUHDP��'���OHIW��/� DQG�ULJKW��5� RI �WKH�RVWLXP� 'DWD�IURP�WKH�LPDJHV

FRUUHVSRQGLQJ�WR�WKHVH�RXWOLHUV�ZHUH�H[FOXGHG�LQ�IXUWKHU�DQDO\VLV� 7KH�VSUHDG�RI �WKH�UHPDLQLQJ�GDWD�LV�VKRZQ

LQ�WKH�ER[SORWV�LQ�ILJXUH ��� ZLWK�WKH�RXWOLHUV�LQ�HDFK�ORFDWLRQ�VKRZQ�LQ�UHG�

��
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)LJXUH ���� %R[SORWV�VKRZLQJ�QXPEHU�RI �VSRWV�LGHQWLILHG�LQ�GH[WUDQ�XSWDNH�LPDJHV� 2XWOLHUV�ZHUH�LGHQWLILHG
E\�VHTXHQWLDOO\�WHVWLQJ�&KDXYHQHW
V�FULWHULRQ�RQ�PD[LPXP�DQG�PLQLPXP�GDWD�SRLQWV�DQG�DUH�VKRZQ�LQ�UHG�

,Q�ERWK�DJH�JURXSV� WKH�PDMRULW\�RI �RXWOLHUV�RFFXUUHG�DW�WKH�ODWHUDO��/D��ORFDWLRQV��LH� OHIW�DQG�ULJKW��DV

RSSRVHG�WR�WKH�PHGLDO��0H��ORFDWLRQV��LH� XSVWUHDP�DQG�GRZQVWUHDP�� ,W�ZDV�DOVR�QRWHG�WKDW�RXWOLHUV�WHQGHG�WR

RFFXU�LQ�FRQVHFXWLYH�EUDQFKHV�LQ�LQGLYLGXDO�DQLPDOV� $OO�WKH�LPPDWXUH�RXWOLHUV�DW�WKH�ULJKW�ORFDWLRQ�FRUUHVSRQG

WR�LPDJHV�IURP�WZR�DQLPDOV� 6LPLODUO\� WZR�RXW�RI �WKH�WKUHH�PDWXUH�RXWOLHUV�DW�WKH�ULJKW�ORFDWLRQ�RULJLQDWHG

IURP�WKH�VDPH�DQLPDO�

$ VLPLODU�SDWWHUQ�ZDV�REVHUYHG� LQ� WKH�GRZQVWUHDP�RXWOLHUV� $OO� WKUHH� LPPDWXUH�GRZQVWUHDP�RXWOLHUV

RULJLQDWHG�IURP�RQH�DQLPDO� 8SVWUHDP�RXWOLHUV�GLG�QRW�IROORZ�WKH�VDPH�SDWWHUQ�ZLWK�DOO�RULJLQDWLQJ�IURP

VHSDUDWH�DQLPDOV� +RZHYHU�LW�VKRXOG�EH�QRWHG�WKDW�WKHUH�ZHUH�QR�XSVWUHDP�RXWOLHUV�LQ�WKH�LPPDWXUH� RQO\�LQ

WKH�PDWXUH�JURXS�

����� 4XDOLWDWLYH�FRPSDULVRQV

4XDOLWDWLYH�FRPSDULVRQV�RI �WKH�GLVWULEXWLRQ�RI �VSRWV�DURXQG�WKH�RVWLD�ZHUH�PDGH�E\�VXPPLQJ�WKH�ELQDU\

KRWVSRW�LPDJHV�SURGXFHG�E\�WKH�VHJPHQWDWLRQ�DOJRULWKP� 7KH�LPPDWXUH�SDWWHUQ�DSSHDUV�VLPLODU�WR�SUHYLRXVO\

UHSRUWHG�SDWWHUQV�RI �5K�%6$ XSWDNH�LQ�LPPDWXUH�UDEELWV� ZLWK�PRVW�VSRWV�RFFXULQJ�LQ�D�GRZQVWUHDP�WULDQJOH

��
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)LJXUH ���� 6XPPDWLRQ�RI �PDSV�RI �KRWVSRW�RFFXUHQFH�DURXQG�LQWHUFRVWDO�RVWLD�LQ�LPPDWXUH�UDEELWV� $UURZV
LOOXVWUDWH�GLUHFWLRQ�RI �SUHGRPLQDQW�D[LDO�IORZ� �Q ������

�)LJ ����� 7KLV�SDWWHUQ�DOVR�FRUUHVSRQGV�WR�WKH�(%$ KRWVSRW�SDWWHUQV�LQ�LPPDWXUH�DQLPDOV��)LJ ����� 7KHUH

ZDV�QR�HDVLO\�GLVFHUQLEOH�SDWWHUQ�LQ�WKH�PDWXUH�JURXS��)LJ �����WKDW�FRUUHVSRQGHG�WR�WKH�SDWWHUQ�REVHUYHG�LQ

WKH�PDWXUH�JURXS�RI �WKH�(%$ VWXG\��)LJ����� 7KH�WRWDO�QXPEHU�RI �VSRWV�LQ�LPPDWXUH�DQLPDOV�ZDV�VLJQLILFDQWO\

KLJKHU�WKDQ�LQ�PDWXUH�DQLPDOV��p = 5.1321× 10−9��

����� 6WDWLVWLFDO�FRPSDULVRQV�RI �KRWVSRW�RFFXUUHQFH�EHWZHHQ�ORFDWLRQV

$W�HDFK�ORFDWLRQ� KRWVSRWV�FRXQWV�ZHUH�VXPPDULVHG�DV�WKH�PHDQ�QXPEHU�RI �VSRWV�FRXQWHG�LQ�HDFK�LPDJH�

VKRZQ�LQ�ILJXUH ����� $GGLWLRQDOO\� WKH�OHIW�DQG�ULJKW�ORFDWLRQV�ZHUH�JURXSHG�DV�ODWHUDO��/D��ORFDWLRQV�DQG�WKH

XSVWUHDP�DQG�GRZQVWUHDP�ORFDWLRQV�ZHUH�JURXSHG�DV�PHGLDO��0H��ORFDWLRQV� ,Q�WKH�LPPDWXUH�GDWD� VLJQLIL�

FDQWO\�PRUH�KRWVSRWV�RFFXUUHG�GRZQVWUHDP�WKDQ�XSVWUHDP��p = 8.4825 × 10−5�� $GGLWLRQDOO\� WKHUH�ZHUH

VLJQLILFDQWO\�PRUH�VSRWV�LQ�WKH�PHGLDO�ORFDWLRQV�FRPSDUHG�WR�WKH�ODWHUDO�ORFDWLRQV��p = 0.0156�� 1R�RWKHU

VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV�RI �LQWHUHVW�ZHUH�IRXQG� ,Q�WKH�PDWXUH�GDWD� WKHUH�ZHUH�DOVR�VLJQLILFDQWO\

PRUH�KRWVSRWV�GRZQVWUHDP�RI �WKH�RVWLD�FRPSDUHG�WR�XSVWUHDP��p = 3.4804× 10−6��

����� 9DOLGDWLRQ�RI �KRWVSRW�VHJPHQWDWLRQ

$V�DQ�LQWHUQDO�YDOLGDWLRQ�RI �RXU�VHJPHQWDWLRQ�DOJRULWKP� WKH�PHDQ�EDFNJURXQG�LQWHQVLW\�RI �WKH�LPDJHV�DIWHU

KRWVSRW�UHPRYDO�ZDV�DVVHVVHG�DW�HDFK�ORFDWLRQ� $V�VKRZQ�LQ�ILJXUH ����� PHDQ�EDFNJURXQG�LQWHQVLW\�ZDV

FRQVWDQW�DW� DOO� WKH� ORFDWLRQV� XQSDLUHG� W�WHVWV�RQ� WKH�GDWD� VKRZHG�QR�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�DQ\

SDLUV�RI �ORFDWLRQV� 7KLV�VXSSRUWV�WKH�YLHZ�WKDW�IHZ�KRWVSRWV�KDG�EHORZ�WKUHVKROG�LQWHQVLWLHV��RWKHUZLVH� IRU

��
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)LJXUH ���� 6XPPDWLRQ�RI �PDSV�RI �KRWVSRW�RFFXUHQFH�DURXQG�LQWHUFRVWDO�RVWLD�LQ�PDWXUH�UDEELWV� $UURZV
LOOXVWUDWH�GLUHFWLRQ�RI �SUHGRPLQDQW�D[LDO�IORZ� �Q ������

H[DPSOH� ZH�ZRXOG�KDYH�H[SHFWHG�JUHDWHU�DSSDUHQW�EDFNJURXQG�VLJQDO�GRZQVWUHDP�RI �LPPDWXUH�RVWLD�WKDQ�LQ

RWKHU�UHJLRQV��

��� 'LVFXVVLRQ

7KH�H[FOXVLRQ�RI �WKH�RXWOLHUV�FDQ�EH�MXVWLILHG�E\�RXU�SUHYLRXV�REVHUYDWLRQV�RI �D[LDOO\�DOLJQHG�VWUHDNV�RI �HOHYDWHG

SHUPHDELOLW\�WKDW�RFFXU�RQ�HLWKHU�VLGH�RI �LQWHUFRVWDO�EUDQFK�SDLUV�LQ�WKH�UDEELW�DRUWD�DW�DOO�DJHV� WKH\�DSSHDU

WR�EH�DUWHIDFWV�FDXVHG�E\�PHFKDQLFDO�GDPDJH�FDXVHG�ZKHQ�WKH�DRUWD�GHSUHVVXULVHV�EXW�VWLOO�FRQWDLQV�WUDFHU

�%DOGZLQ�HW DO�� ����� %DLOH\�HW DO�� ������ $V�UHSRUWHG�DERYH� ODWHUDO�RXWOLHUV�WHQGHG�WR�RFFXU�LQ�FRQVHFXWLYH

EUDQFKHV� 7KLV�SDWWHUQ�LV�FRQVLVWHQW�ZLWK�WKH�SUHVHQFH�RI �VWUHDNV�RI �HOHYDWHG�SHUPHDELOLW\�DIIHFWLQJ�FRQVHFXWLYH

EUDQFKHV�

7KH�LPPDWXUH�GH[WUDQ�KRWVSRW�SDWWHUQ�FRUUHVSRQGV�YLVXDOO\�WR�WKH�(%' KRWVSRW�DQG�OHVLRQ�SUHYDOHQFH

SDWWHUQV�SUHYLRXVO\�VKRZQ�LQ�FKDSWHU � DQG�ZLWK�SUHYLRXVO\�SXEOLVKHG�5K�%6$ SDWWHUQV��%DLOH\�HW DO�� ������

8SVWUHDP�YV�GRZQVWUHDP�DQG�ODWHUDO�YV�PHGLDO�FRPSDULVRQV�RI �PHDQ�QXPEHUV�RI �GH[WUDQ�VSRWV�FRQILUP

WKHVH�TXDOLWDWLYH�REVHUYDWLRQV� WKH�VDPH�UHODWLRQ�EHWZHHQ�WKHVH�ORFDWLRQV�ZDV�REVHUYHG�LQ�WKH�PDVV�WUDQVIHU

FRHIILFLHQW�RI �5K�%6$ LQ�VLPLODU�UHJLRQV�RI �LQWHUHVW��6HH�ILJXUH���LQ %DLOH\�HW DO�� ������ 7KLV�VLPLODULW\�LQ

SHUPHDELOLW\�SDWWHUQV�IRU�WZR�WUDFHUV�ZKLFK�GLIIHU�LQ�PDVV�DOPRVW����IROG�LV�IXUWKHU�HYLGHQFH�IRU�WKHUH�EHLQJ

D�FRQWLQXXP�RI �MXQFWLRQDO�ZLGWKV� DQ�LGHD�SUHYLRXVO\�GLVFXVVHG�LQ�FKDSWHU �� 7KH�IDFW�WKDW�WKH�PDWXUH�SDWWHUQ

RI �GH[WUDQ�KRWVSRWV�ZDV�GLIIHUHQW�IURP�WKH�SDWWHUQ�RI �(%' KRWVSRWV�DQG�5K�%6$ XSWDNH� ZKHUH�WKH�KLJKHVW

OHYHOV�ZHUH�IRXQG�ODWHUDO�WR�EUDQFKHV� UHTXLUHV�IXUWKHU�LQYHVWLJDWLRQ� &RQWUDU\�WR�WKH�LQWHUSUHWDWLRQ�RI �WKH�GDWD

��
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)LJXUH ����� $YHUDJH�QXPEHU�RI �GH[WUDQ�KRWVSRWV�RFFXUULQJ�DURXQG�UDEELW�LQWHUFRVWDO�RVWLD� 'DWD�VKRZQ�DV
PHDQ±6(0��$EEUHYLDWLRQV� 8SVWUHDP��8���'RZQVWUHDP��'���/HIW��/���5LJKW��5���0HGLDO��0H�� /DWHUDO��/D��
�,PPDWXUH� n = 23− 28� 0DWXUH� n = 29− 35�

��
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)LJXUH ����� $YHUDJH�EDFNJURXQG�IOXRUHVFHQFH�LQWHQVLW\�RI �GH[WUDQ�XSWDNH�LPDJHV� ,Q�ERWK�DJH�JURXSV� QR
VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�WKH�EDFNJURXQG�LQWHQVLWLHV�DW�HDFK�ORFDWLRQ�ZHUH�REVHUYHG�

��



IURP�LPPDWXUH�UDEELWV� LW�GRHV�DSSHDU�WR�LQGLFDWH�GLIIHUHQW�WUDQVSRUW�URXWHV�

����� )XUWKHU�ZRUN

7KH�DEVHQFH�RI �WKH�SUHYLRXVO\�UHSRUWHG�PDWXUH�SDWWHUQ�IRU�5K�%6$ FRPSOLFDWHV�WKH�LQWHUSUHWDWLRQ�RI �WKHVH

UHVXOWV�DV�WKH\�VWDQG� )URP�ILJXUHV ��� DQG ���� LW�DSSHDUV�WKDW�WKLV�FRXOG�KDYH�EHHQ�FDXVHG�E\�WKH�GDWD�EHLQJ

LQIOXHQFHG�E\�DUWHIDFWV�RQ�WKH�HGJH�RI �WKH�RVWLXP� 6LPLODU�DUWHIDFWV�ZHUH�DYRLGHG�LQ�RXU�SUHYLRXV�ZRUN�E\

H[FOXGLQJ�WKH�WLVVXH�GLUHFWO\�DGMDFHQW�WR�WKH�EUDQFK�PRXWK� ZKLFK�LV�NQRZQ�WR�EH�SURQH�WR�DUWHIDFWV�LQWURGXFHG

E\�PDQLSXODWLRQ�RI �WKH�WLVVXH�GXULQJ�VWDLQLQJ�DQG�PRXQWLQJ� �$Q�H[DPSOH�RI �WKLV�LV�VKRZQ�LQ�ILJXUH ����� ,Q

SUHYLRXV�ZRUN�RQ�5K�%6$ XSWDNH� UHJLRQV�RI �LQWHUHVW�ZHUH�GHILQHG�D�VHW�GLVWDQFH�DZD\�IURP�WKH�HGJH�RI �WKH

EUDQFK�PRXWK�ZLWK�SRVLWLRQV�GHILQHG�UHODWLYH�WR�WKH�JHRPHWULF�FHQWUH�RI �WKH�RVWLXP� )RU�WKH�(%' VWXG\�LQ

FKDSWHU �� JULG�VTXDUHV�FRQWDLQLQJ�DQ\�EUDQFK�PRXWK�SL[HO�ZHUH�H[FOXGHG� WKHUHE\�UHPRYLQJ�EUDQFK�PRXWK

DUWHIDFWV� ,Q�WKH�FDVH�RI �WKLV�VWXG\� ZLWKRXW�D�IXOO�WLOH�VFDQ�FRYHULQJ�WKH�HQWLUH�RVWLXP� WKLV�ZDV�QRW�SRVVLEOH�DV

WKH�JHRPHWULF�FHQWUH�RI �WKH�RVWLXP�ZDV�QRW�LPDJHG� $ FUXGH�DOWHUQDWLYH�ZRXOG�EH�WR�FURS�DOO�LPDJHV�VR�WKDW

RQO\�KDOI �RI �HDFK�LPDJH��WKH�KDOI �IXUWKHVW�IURP�WKH�EUDQFK�PRXWK��ZDV�XVHG�LQ�WKH�DQDO\VLV� 9LVXDOO\� IURP

ILJXUHV ��� DQG ���� WKLV�ZRXOG�QRW�EH�H[SHFWHG�WR�FKDQJH�WKH�WUHQGV�REVHUYHG�LQ�WKH�LPPDWXUH�LPDJHV�EXW

FRXOG�UHVXOW�LQ�D�PDWXUH�VSRW�SDWWHUQ�UHVHPEOLQJ�WKH�PDWXUH�5K�%6$ XSWDNH�SDWWHUQV��%DLOH\�HW DO�� �����

$V�PHQWLRQHG�LQ�VHFWLRQ �������� D�FOHDUHU�SLFWXUH�RI �WKH�ORFDWLRQ�RI �GH[WUDQ�KRWVSRWV�LQ�UHODWLRQ�WR�WKH�OR�

FDWLRQ�RI �(& ERXQGDULHV�ZRXOG�SURYLGH�D�EHWWHU�XQGHUVWDQGLQJ�RI �WKH�WUDQVSRUW�SDWKZD\V�IRU�ODUJH�PROHFXOHV�

7KH�DOJRULWKP�GHPRQVWUDWHG�DERYH�LV�KLJKO\�VHQVLWLYH�WR�FKDQJHV�LQ�LWV�SDUDPHWHUV�VR�WKH�FXUUHQW�UHVXOWV�DUH

SURQH�WR�REVHUYHU�ELDV�DV�WKH\�DUH�FXUUHQWO\�VHW�PDQXDOO\� 0HWKRGV�WR�FKRRVH�SDUDPHWHUV�EDVHG�RQ�WKH�LPDJHV

QHHG�GHYHORSPHQW�WR�UHPRYH�XVHU�LQSXW�

$GGLWLRQDO�LQVLJKW�PD\�EH�REWDLQHG�E\�DQDO\VLQJ�WKH�DUHDV�DQG�LQWHQVLWLHV�RI �WKH�VSRWV� DV�ZDV�GRQH�LQ

WKH�(%' VWXG\� )URP�ILJXUHV ��� DQG ���� LPPDWXUH�VSRWV�DSSHDU�WR�EH�ODUJHU�WKDQ�LQ�WKH�PDWXUH�LPDJHV�

&RPELQHG�ZLWK�WKHUH�EHLQJ�PRUH�VSRWV�LQ�LPPDWXUH�LPDJHV� WKLV�VXJJHVWV�WRWDO�GH[WUDQ�XSWDNH�LV�JUHDWHU�LQ

LPPDWXUH�DQLPDOV�

��



&KDSWHU��

'HYHORSPHQW�RI �0HWKRGV�WR�'HWHUPLQH�0HGLDO�0DVV�7UDQVSRUW

3URSHUWLHV

��� ,QWURGXFWLRQ

,Q�FROODERUDWLRQ�ZLWK�'U�$QGUHZ�&RPHUIRUG� D�FRPELQHG�QXPHULFDO�H[SHULPHQWDO�ZRUNIORZ�ZDV�GHYHORSHG

WR�PHDVXUH�DUWHULDO�ZDOO�WUDQVSRUW�SURSHUWLHV� 'HYHORSPHQW�RI �DOO�H[SHULPHQWDO�DQG�LPDJLQJ�LPDJH�SURFHVVLQJ

WHFKQLTXHV�ZDV�FDUULHG�RXW�E\�WKH�DXWKRU�DQG�DOO�WKH�LPSOHPHQWDWLRQ�IRU�WKH�QXPHULFDO�VLPXODWLRQV�ZDV�GRQH

E\�'U�&RPHUIRUG� 7HFKQLTXHV�WULDOOHG�DUH�GHWDLOHG�EHORZ� DFFRPSDQLHG�ZLWK�H[SODQDWLRQV�MXVWLI\LQJ�WKH�FKRLFH

RI �ILQDO�PHWKRGV� +RZ�WKHVH�WHFKQLTXHV�ZHUH�FRPELQHG�DQG�DSSOLHG�WR�LQYHVWLJDWH�WKH�UHODWLRQVKLS�EHWZHHQ

WUDQVPXUDO�SUHVVXUH�RU�960& WRQH�RQ�PHGLDO�SHUPHDELOLW\�LV�GHVFULEHG�LQ�FKDSWHUV � DQG � UHVSHFWLYHO\�

��� (VWDEOLVKHG�([SHULPHQWDO�0HWKRGV

����� 3UHSDUDWLRQ�RI �)OXRUHVFHQW�3URWHLQ�7UDFHU

5KRGDPLQH�ODEHOOHG�ERYLQH�VHUXP�DOEXPLQ��5K�%6$� ZDV�XVHG�DV�WKH�IOXRUHVFHQW�WUDFHU�LQ�DOO�H[SHULPHQWV� ,W

ZDV�SUHSDUHG�LQ�KRXVH�E\�FRQMXJDWLQJ�6XOIRUKRGDPLQH�% DFLG�FKORULGH�WR�%6$ IROORZLQJ�D�SURWRFRO�DGDSWHG

IURP 1DLUQ ������� $OO�WUDFHU�SUHSDUDWLRQ�UHDJHQWV�ZHUH�SXUFKDVHG�IURP�6LJPD�XQOHVV�RWKHUZLVH�VSHFLILHG�

�.� J VXOSKRUKRGDPLQH�% DFLG�FKORULGH�ZDV�GLVVROYHG�LQ ���PO DFHWRQH� DGGHG�GURS�ZLVH�WR �� J %6$ GLV�

VROYHG� LQ ���PO �.�0 ELFDUERQDWH�EXIIHU� ����P0 1D+&2�� ��P0 1D�&2�� S+�.� � DQG� VWLUUHG� IRU

��PLQXWHV LQ�DQ�LFH�EDWK�

8QERXQG�UKRGDPLQH�ZDV�VHSDUDWHG�IURP�5K�%6$ E\�JHO�ILOWUDWLRQ� ���PO VDPSOHV�ZHUH�ILOWHUHG�WKURXJK

D�FROXPQ�RI �6HSKDGH[��*����EHDGV��FROXPQ�GLDPHWHU� � FP� FROXPQ�OHQJWK� �� FP� HOXWLRQ�EXIIHU� �.��×

5LQJHU
V�VROXWLRQ� �.�� J O−� 1D&O� ��PJ O−� .&O� ��PJ O−� &D&O�� ��PJ O
−� 1D+&2�� IORZ�UDWH� ��POPLQ

−���

7KH�IUDFWLRQ�FRQWDLQLQJ�UKRGDPLQH�DOEXPLQ�ZDV�LGHQWLILHG�E\�PHDVXULQJ�DEVRUEDQFH�DW ��� QP� ��� QP DQG

��� QP FRUUHVSRQGLQJ�WR�WKH�DEVRUEDQFH�SHDNV�RI �XQERXQG�DOEXPLQ� XQERXQG�UKRGDPLQH�DQG�UKRGDPLQH�

DOEXPLQ� 7KLV�IUDFWLRQ�ZDV�GLDO\VHG�DJDLQVW 1
10× 7\URGH
V�6DOW�6ROXWLRQ��766� �.�� J O−� 1D&O� �.�� J O−� .&O�

�.�� J O−� &D&O�� �.�� J O
−� 0J&O�� �.�� J O

−� 1D+�32�� �.�� J O
−� 1D+&2�� S+�.� � DW � �& IRU �� K� 7KH

��



ILQDO�SURWHLQ�VROXWLRQ�LQ 1
10× 766 ZDV�VQDS�IUR]HQ�LQ�OLTXLG�QLWURJHQ�DQG�O\RSKLOLVHG�IRU�VWRUDJH�DW −�� �&�

$EVRUEDQFH�DW ��� QP� WRWDO�YROXPH�RI �HOXHQW�DQG�WRWDO�ZHLJKW�RI �VROXWHV�ZHUH�UHFRUGHG�WR�FDOFXODWH�SURWHLQ

DQG�IOXRURSKRUH�FRQFHQWUDWLRQ�

)RU�XVH� LQ H[�YLYR H[SHULPHQWV� D� WUDFHU�VROXWLRQ�ZDV�PDGH�XS�XVLQJ 9
10× 766 WR�FRQWDLQ ��PJPO−�

O\RSKLOLVHG�5K�%6$��DFFRXQWLQJ�IRU�WKH�ZHLJKW�RI �VDOWV�UHPDLQLQJ�IURP�WKH�GLDO\VLV� DQG ��PJPO−� XQOD�

EHOOHG�%6$ LQ 1× 766��$Q\�UHPDLQLQJ�IUHH�G\H�ZDV�UHPRYHG�E\�DGGLQJ �.�� FKDUFRDO�DQG�VWLUULQJ�DW�URRP

WHPSHUDWXUH�IRU � K� 7KH�VROLGV�ZHUH�UHPRYHG�E\�FHQWULIXJDWLRQ��� �&� ����×J� �×��PLQXWHV��IROORZHG�E\

ILOWUDWLRQ�WKURXJK�D�V\ULQJH�ILOWHU�ZLWK �.� �P SRUHV�

����� 3UHSDUDWLRQ�RI �*O\FHURO�EDVHG�$QWL�IDGH�0RXQWLQJ�0HGLXP

$ JO\FHURO�EDVHG�DQWL�IDGH�PRXQWLQJ�PHGLXP�ZDV�SUHSDUHG�IROORZLQJ�D�UHFLSH�DGDSWHG�IURP0XNZHYKR�HW DO�

������� �� J JO\FHURO� ��.� JUDP 0RZLRO�������DQG ��.�PO GLVWLOOHG�ZDWHU�ZHUH�PL[HG�DW�URRP�WHPSHUDWXUH

IRU � K� ��.�PO �0 7ULV� EXIIHU� �S+�.� � ZDV� WKHQ� DGGHG� DQG� WKH�ZKROH�PL[WXUH�KHDWHG� WR �� �& ZKLOH

VWLUULQJ� 8QGLVVROYHG�VROLGV�ZHUH�UHPRYHG�E\�FHQWULIXJDWLRQ�DW ����×J IRU ��PLQXWHV DQG�WKH�VXSHUQDWDQW

ZDV�GHFDQWHG�DQG�DOORZHG�WR�FRRO�WR�URRP�WHPSHUDWXUH� �� 1�SURS\O�JDODWH�ZDV�DGGHG�DQG�PL[HG�XQWLO�LW

GLVVROYHG� 7KH�PRXQWLQJ�PHGLXP�ZDV�VWRUHG�LQ�WKH�GDUN�DW −�� �&�

����� 3UHSDUDWLRQ�RI �3RO\�GLPHWK\OVLOR[DQH��OLQHG�SHWUL�GLVKHV

3RO\�GLPHWK\OVLOR[DQH���3'06��OLQHG�SHWUL�GLVKHV�ZHUH�SUHSDUHG�DV�H[SHULPHQW�FKDPEHUV�IRU H[�YLYR H[SHU�

LPHQWV� 6\OJDUG�����HODVWRPHU�NLW�ZDV�SXUFKDVHG�IURP�9:5 DQG�XVHG�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU
V�LQ�

VWUXFWLRQV� 0RQRPHU�EDVH�DQG�LQLWLDWRU�VROXWLRQ�ZHUH�PL[HG�LQ�D�����UDWLR�E\�ZHLJKW� 2QFH�PL[HG� EXEEOHV

ZHUH�UHPRYHG�E\�FHQWULIXJDWLRQ�DW ���×J IRU �PLQXWHV DQG�GLVVROYHG�JDVVHV�ZHUH�UHPRYHG�E\�SODFLQJ�LQ�D

YDFXXP�FKDPEHU�DW−��PP+J IRU ��PLQXWHV� $Q\�UHPDLQLQJ�EXEEOHV�ZHUH�EXUVW�ZLWK�D�MHW�RI �DLU�GHOLYHUHG

IURP�D�EXOE�SLSHWWH� 3'06 ZDV�FXUHG�DW ����� �& IRU ��� K�

��� 'HYHORSPHQW�RI H[�YLYR Lp DQG P 0HDVXUHPHQW�0HWKRGV

0HWKRGV�IRU H[�YLYRPHDVXUHPHQW�RI �K\GUDXOLF�FRQGXFWDQFH� Lp � KDYH�EHHQ�SXEOLVKHG�LQ�WKH�OLWHUDWXUH��7HGJXL

DQG�/HYHU� ����� 6KRX�HW DO�� ������ 6LPLODU�PHWKRGV�KDYH�EHHQ�XVHG�WR�GHWHUPLQH�VROXWH�SHUPHDELOLW\� P � LQ

YLWUR RQ�(& PRQROD\HUV��&DQFHO�HW DO�� ����� &DQFHO�DQG�7DUEHOO� ����� ������ 7KH�JHQHUDO�SULQFLSDO�LQ�DOO�RI

WKHVH�SUHYLRXV�ZRUNV�LQYROYHV�PHDVXULQJ�WKH�IOX[�WKDW�FURVVHV�D�NQRZQ�DUHD�RI �YHVVHO�ZDOO�RU�(&PRQROD\HU� ,Q

WKH�FDVH�RILpPHDVXUHPHQWV� WKH�K\GUDXOLF�IOX[�LV�PHDVXUHG�E\�WUDFNLQJ�D�EXEEOH�LQ�D�JUDGXDWHG�FDSLOODU\�ZKLOH

WKH�VROXWH�IOX[�UHTXLUHG�WR�PHDVXUH P LV�XVXDOO\�PHDVXUHG�IOXRULPHWULFDOO\� 7KH H[�YLYR PHWKRGV�GHYHORSHG

KHUH�DLPHG�WR�PDNH�VLPXOWDQHRXV Lp DQG P PHDVXUHPHQWV�RQ�ZKROH�LVRODWHG�DUWHULDO�VHJPHQWV�

7KH� VKRUW�WHUP�JRDO�GXULQJ� WKH� LQLWLDO�GHYHORSPHQW�RI � WKH H[� YLYR PHWKRGV�ZDV� WR� FKRRVH� D� VXLWDEOH

ELIXUFDWLRQ�LQ�DQ�DQLPDO�PRGHO�WKDW�ZRXOG�DOORZ�DFFXUDWH�PHDVXUHPHQW�RI Lp DQG P � �$ ELIXUFDWLRQ�ZDV

��



FKRVHQ�VR�WKDW�HIIHFWV�RI �IORZ�YDULDWLRQ�RQ�3 FRXOG�EH�H[DPLQHG�LQ�IXWXUH�VWXGLHV�� 7KH�FDURWLG�DQG�DRUWLF

ELIXUFDWLRQV�LQ�PLFH� UDWV�DQG�UDEELWV�ZHUH�LGHQWLILHG�DV�SRVVLEOH�ELIXUFDWLRQV�IRU�VWXG\� 7R�QDUURZ�GRZQ�WKLV

LQLWLDO�VHOHFWLRQ�RI �SRVVLEOH�DUWHULHV�IRU�VWXG\� DQ�XQFHUWDLQW\�DQDO\VLV�ZDV�ILUVW�FDUULHG�RXW�XVLQJ�0LFURVRIW

([FHO� WDNLQJ�HVWLPDWHV�RI �W\SLFDO�GLPHQVLRQV�RI �SRVVLEOH�DUWHULHV�DQG�WKH�DVVRFLDWHG�XQFHUWDLQWLHV�H[SHFWHG

LQ�HDFK�PHDVXUHPHQW��6HFWLRQ ������� )XUWKHU� SUDFWLFDOLW\�RI �PDQXDOO\�PDQLSXODWLQJ�WKH�UHPDLQLQJ�FDQGLGDWH

ELIXUFDWLRQV�WR UHSHDWHGO\ REWDLQ�XVHDEOH H[�YLYR SUHSDUDWLRQV�ZDV�HYDOXDWHG�E\�GLVVHFWLRQ�DQG�FRUURVLRQ�FDVWLQJ

RI �FDGDYHUV��6HFWLRQ ������� 7KH�H[WHUQDO�SUHVVXULVDWLRQ�PHDVXUHPHQW�FLUFXLW�ZDV�GHVLJQHG�DQG�YDOLGDWHG�WR

HQVXUH�WKDW H[�YLYR SUHSDUDWLRQV�ZHUH�H[SRVHG�WR�D�NQRZQ� FRQVWDQW�WUDQVPXUDO�SUHVVXUH��6HFWLRQ ������� 2QFH

WKH�FKRLFH�RI �YHVVHO�KDG�EHHQ�PDGH� LQLWLDO�GHYHORSPHQW�RI �VXUJLFDO�SURFHGXUHV�ZDV�FDUULHG�RXW�RQ�FDGDYHUV

EHIRUH�ILQDOO\�WUDQVIHUULQJ�WKH�WHFKQLTXHV�LQWR�DQDHVWKHWLVHG�DQLPDOV��6HFWLRQV ������ ������� )LQDO�UHILQHPHQWV

RI �WKH�WHFKQLTXH�ZHUH�PDGH�RYHU�WKH�FRXUVH�RI �WKH�ILUVW�VHW�RI �H[SHULPHQWV��6HFWLRQ ������� 7KH�ILQDO�SURFHGXUH

FDUULHG�RXW�XQGHU�WHUPLQDO�DQDHVWKHVLD�LV�SUHVHQWHG�LQ�VHFWLRQ ������

����� 8QFHUWDLQW\�$QDO\VLV

([SHFWHG�YDOXHV�ZHUH� HVWLPDWHG� IRU� DOO� WKH�PHDVXUHG�GLPHQVLRQV� �DRUWLF� DQG� LOLDF�GLDPHWHUV� DQG� OHQJWKV�

FDQQXOD�LQQHU�GLDPHWHU��DQG�WKHLU�DVVRFLDWHG�PHDVXUHPHQW�WROHUDQFHV� 9HVVHO�GLPHQVLRQ�HVWLPDWHV�ZHUH�EDVHG

RQ�PHDVXUHPHQWV�RI �YDVFXODU�FDVWV�DQG�LQ�FDGDYHUV� $VVXPLQJ�D�ZKROH�ZDOO Lp LQ�WKH�RUGHU�RI �PDJQLWXGH

RI �SXEOLVKHG�YDOXHV��∼ �× ��−� FP V−� PP+J−��� K\GUDXOLF� IOX[� DQG�EXEEOH�GLVSODFHPHQW�RYHU� D ��� V

WLPH�LQWHUYDO�ZHUH�EDFN�FDOFXODWHG�WR�GHWHUPLQH�WKH�ODUJHVW�SRWHQWLDO�VRXUFH�RI �HUURU�LQ�WKH�ILQDO Lp YDOXH�

&DOFXODWLRQV�ZHUH�GRQH�IRU�SUHVVXUHV�ZLWKLQ�WKH�SK\VLRORJLFDO�SUHVVXUH�UDQJH��������PP+J��DQG�WKH�UHVXOWV

DW ���PP+J DUH�VKRZQ�LQ�WDEOH ����

,Q�DOO�WKUHH�DQLPDOV� WKH�ODUJHVW�VRXUFH�RI �HUURU�LV�WKH�YHVVHO�VXUIDFH�DUHD� 7KHUHIRUH�WKH�PHDVXUHPHQW

WROHUDQFHV�LQ�WKH�YHVVHO�GLPHQVLRQV�DUH�WKH�OLPLWLQJ�IDFWRU� /DUJHU�HUURUV�DUH�LQWURGXFHG�DV�WKH�VXUIDFH�DUHD

RI �WKH�YHVVHO�GHFUHDVHV� %DVHG�RQ�WKHVH�REVHUYDWLRQV� WKH�ODUJHU�WKH�DQLPDO� WKH�PRUH�DFFXUDWH�WKH�ILQDO Lp

YDOXH� 6LPLODU�FDOFXODWLRQV�ZHUH�GRQH�IRU�WKH�FDURWLG�ELIXUFDWLRQV�RI �UDEELWV� UDWV�DQG�PLFH�DQG�WKH\�VKRZHG

VLPLODU�UHVXOWV� WKH�UDW�FDURWLG�FRUUHVSRQGHG�WR�WKH�PRXVH�DRUWD�DQG�WKH�UDEELW�FDURWLG�FRUUHVSRQGHG�WR�WKH�UDW

DRUWD� 7KH�PHDVXUHPHQW�HUURU�HVWLPDWHG�IRU�WKH�PRXVH�FDURWLG�ELIXUFDWLRQ�VXUIDFH�DUHD�ZDV�ODUJH��∼�����

,I� DIWHU�IXUWKHU�IHDVLELOLW\�FKHFNV� WKH�PRXVH�FDURWLG�ZHUH�WR�EH�VHOHFWHG� WKH�PHDVXUHPHQW�PHWKRGV�IRU�WKH

ELIXUFDWLRQ�GLPHQVLRQV�ZRXOG�KDYH�WR�EH�PDGH�PRUH�DFFXUDWH�WR�UHGXFH�WKLV�HUURU�

��



0HDVXUHPHQW (UURU 3HUFHQWDJH�HUURU 8QLW
5$%%,7

&DQQXOD�LQQHU�GLDPHWHU � ���� ���� PP
'LVSODFHPHQW �� ���� ���� FP
0HDVXUHPHQW�LQWHUYDO ��� � � V
+\GUDXOLF�)OX[ �.��× ��−� ���� FP� V−�

$RUWLF�GLDPHWHU � ���� ���� PP
$RUWLF�OHQJWK � ���� ���� FP
/HIW�LOLDF�GLDPHWHU � ���� ���� PP
/HIW�LOLDF�OHQJWK � ���� ���� FP
5LJKW�LOLDF�GLDPHWHU � ���� ���� PP
5LJKW�LOLDF�OHQJWK � ���� ���� FP
6XUIDFH�DUHD ���� ���� FP�

5$7

&DQQXOD�LQQHU�GLDPHWHU � ���� ���� PP
'LVSODFHPHQW � ���� ���� FP
0HDVXUHPHQW�LQWHUYDO ��� � � V
+\GUDXOLF�)OX[ �.��× ��−� ���� FP� V−�

$RUWLF�GLDPHWHU � ���� ���� PP
$RUWLF�OHQJWK ��� ���� ���� FP
/HIW�LOLDF�GLDPHWHU � ���� ���� PP
/HIW�LOLDF�OHQJWK � ���� ���� FP
5LJKW�LOLDF�GLDPHWHU � ���� ���� PP
5LJKW�LOLDF�OHQJWK � ���� ���� FP
6XUIDFH�DUHD ���� ���� FP�

0286(

&DQQXOD�LQQHU�GLDPHWHU � ���� ���� PP
'LVSODFHPHQW ���� ���� ���� FP
0HDVXUHPHQW�LQWHUYDO ��� � � V
+\GUDXOLF�)OX[ �.��× ��−� ���� FP� V−�

$RUWLF�GLDPHWHU � ���� ���� PP
$RUWLF�OHQJWK ��� ���� ���� FP
/HIW�LOLDF�GLDPHWHU ��� ���� ���� PP
/HIW�LOLDF�OHQJWK ��� ���� ���� FP
5LJKW�LOLDF�GLDPHWHU ��� ���� ���� PP
5LJKW�LOLDF�OHQJWK ��� ���� ���� FP
6XUIDFH�DUHD ���� ����� FP�

7DEOH ���� 3UHOLPLQDU\�XQFHUWDLQW\�DQDO\VLV�IRU Lp 0HDVXUHPHQWV

��



����� )HDVLELOLW\�6WXGLHV�LQ�9DULRXV�$UWHULHV

7KH�XQFHUWDLQW\�DQDO\VLV�OHIW�VHYHUDO�FDQGLGDWH�ORFDWLRQV� UDEELW�DQG�UDW�DRUWLF�DQG�FDURWLG�ELIXUFDWLRQV�DQG

PRXVH�DRUWLF�ELIXUFDWLRQV� 7R�QDUURZ�GRZQ�WKLV�VHOHFWLRQ� WKHVH�ORFDWLRQV�ZHUH�VWXGLHG�IXUWKHU�XVLQJ�YDVFXODU

FDVWV� FDGDYHUV�DQG�YHWHULQDU\�DQDWRP\�WH[WV�

5DW�DQG�PRXVH�DUWHULDO�YDVFXODU�WUHHV�ZHUH�FRUURVLRQ�FDVW�XVLQJ�D�SURWRFRO�DGDSWHG�IURP�RQH�DOUHDG\�HV�

WDEOLVKHG�LQ�WKH�JURXS�WR�FDVW�UDEELWV� 0DOH�&���%/��PLFH�ZHUH�VDFULILFHG�E\�LQWUDSHULWRQHDO��L�S� � LQMHFWLRQ�RI

DQ�RYHUGRVH�RI �VRGLXP�SHQWREDUELWRQH����PJ� 3HQWRMHFW� $QLPDOFDUH�/WG�� <RUN� 8.���0DOH�6SUDJXH�'DZOH\

�6'� UDWV�ZHUH�VDFULILFHG�XVLQJ�D�VORZO\�ULVLQJ�FRQFHQWUDWLRQ�RI &2�� IROORZLQJ�JXLGHOLQHV�RI �WKH�/DERUDWRU\

$QLPDO�6FLHQFH�$VVRFLDWLRQ��/$6$� DQG�WKH�5R\DO�6RFLHW\�IRU�WKH�3UHYHQWLRQ�RI �&UXHOW\�WR�$QLPDOV��563&$�

�/$6$ DQG�563&$� ������ 5DWV�ZHUH�SODFHG�LQ�D ��.� O FKDPEHU�LQWR�ZKLFK &2� ZDV�LQWURGXFHG�DW�DQ�LQLWLDO

IORZ�UDWH�RI � O PLQ−� IRU �PLQ� 7KH�IORZ�UDWH�ZDV�WKHQ�LQFUHDVHG�WR � O PLQ−� IRU �PLQ EHIRUH�DOORZLQJ�IRU

D ��PLQ GZHOO�WLPH�

,PPHGLDWHO\�DIWHU�GHDWK�ZDV�FRQILUPHG�E\�ORVV�RI �FRUQHDO�UHIOH[�DQG�ODFN�RI �FKHVW�PRYHPHQW�DQG�KHDUW

EHDW� D�WKRUDFRWRP\�ZDV�SHUIRUPHG�DQG�WKH�OHIW�YHQWULFOH�FDQQXODWHG�ZLWK�D�SRO\HWK\OHQH�FDQQXOD�FRQQHFWHG�WR

D �PO �PRXVH��RU ��PO �UDW��V\ULQJH�ILOOHG�ZLWK�KHSDULQLVHG�VDOLQH����863 XQLWV PO−� KHSDULQ� � J O−� 1D&O��

7KH�ULJKW�DWULXP�ZDV�FXW�DQG�WKH�ZKROH�YDVFXODU�QHWZRUN�ZDV�SHUIXVHG�ZLWK�WKH�KHSDULQ�VDOLQH�

$ ORZ�YLVFRVLW\�DFU\OLF� UHVLQ� �%DWVRQ
V�����$QDWRPLFDO�&RUURVLRQ�.LW� 3RO\VFLHQFHV� :DUULQJWRQ� 3$�

86$� ZDV�SUHSDUHG�E\�PL[LQJ ��PO PRQRPHU�EDVH� �PO SURPRWHU� �PO FDWDO\VW�DQG �.� J ZKLWH�SLJPHQW�

%XEEOHV�ZHUH�UHPRYHG�IURP�WKH�PL[WXUH�E\�EULHIO\�SODFLQJ�LQ�D�YDFXXP�FKDPEHU�DW −��PP+J IRU �PLQ�

7KH�PL[WXUH�ZDV�SODFHG�LQWR�D ��PO V\ULQJH�DQG�ZDV�FRQQHFWHG�WR�WKH�OHIW�YHQWULFXODU�FDQQXOD�DV�VKRZQ�LQ

ILJXUH ���� $OO�WXELQJ�OHQJWKV�ZHUH�NHSW�DV�VKRUW�DV�SRVVLEOH�WR�PLQLPLVH�HODVWLFLW\�LQ�WKH�V\VWHP�VWHPPLQJ

IURP�WKH�FRPSUHVVLELOLW\�RI �WKH�DLU� 7KH�OHQJWK�RI �WKH�WXEH�FRQQHFWLQJ�WKH���ZD\�WDS�DW�$ WR�WKH�PDQRPHWHU

ZDV �� FP DQG�ZDV�FKRVHQ�WR�EH�WKH�VKRUWHVW�SRVVLEOH�OHQJWK�ZKLOH�VWLOO�EHLQJ�ORQJ�HQRXJK�WR�DYRLG�H[FHVV

UHVLQ�UXQQLQJ�LQWR�WKH�PDQRPHWHU� 7UDQVPXUDO�SUHVVXUH�ZDV�PHDVXUHG�XVLQJ�D�GLJLWDO�GLIIHUHQWLDO�PDQRPHWHU

ZLWK�RQH�SRUW�OHIW�RSHQ�WR�WKH�DWPRVSKHUH� WKH�RWKHU�FRQQHFWHG�WR�WKH�OHIW�YHQWULFOH� WKH�VNLQ�RI �WKH�DEGRPLQDO

FDYLW\�RSHQHG� &DUH�ZDV�WDNHQ�WR�SUHYHQW�WKH�LQWURGXFWLRQ�RI �DLU�EXEEOHV�LQWR�DQ\�SDUW�RI �WKH�SHUIXVLRQ�V\VWHP�

DQ\�WKDW�GLG�HQWHU�ZHUH�GLYHUWHG�WRZDUGV�WKH�PDQRPHWHU�E\�RULHQWLQJ�WDS�$ �)LJ �����VR�WKDW�LWV�PDQRPHWHU

FRQQHFWLRQ�ZDV�YHUWLFDO�

7KH�UHVLQ�ZDV�SXPSHG�LQWR�WKH�DUWHULDO�WUHH�DW�D�IORZ�UDWH�RI �POPLQ−� XQWLO�WKH�LQWUDYDVFXODU�SUHVVXUH�ZDV

PHDVXUHG�WR�EH ��PP+J DERYH�DWPRVSKHULF�SUHVVXUH� 7KLV�SUHVVXUH�ZDV�PDLQWDLQHG�E\�SXPSLQJ�DGGLWLRQDO

UHVLQ�DW �POPLQ−� ZKHQ�WKH�SUHVVXUH�GURSSHG�WR ��PP+J XQWLO�WKH�UHVLQ�VHW� ∼��PLQ DIWHU�LQLWLDO�PL[LQJ�

7KLV�ZDV�HYLGHQFHG�E\�UDSLG�KHDWLQJ�RI �WKH�PL[WXUH�UHPDLQLQJ�LQ�WKH�V\ULQJH�GXH�WR�WKH�H[RWKHUPLF�QDWXUH

RI �WKH�SRO\PHULVDWLRQ� 7DS�% ZDV�FORVHG�EHIRUH�GLVFRQQHFWLQJ�WKH�SUHVVXULVDWLRQ�FLUFXLW�IURP�WKH�FDUFDVV�DQG

��



7DS
$

7DS
%

0DQRPHWHU

/HIW�YHQWULFOH

'LVSODFHPHQW�FRQWUROOHG
V\ULQJH SXPS

)LJXUH ���� 6HWXS�RI �WKH�DSSDUDWXV�XVHG�IRU�PDNLQJ�DUWHULDO�FDVWV�RI �PLFH�DQG�UDWV�

&RPPRQ�FDURWLG
,QWHUQDO�FDURWLG

([WHUQDO�FDURWLG

$EGRPLQDO�$RUWD

5LJKW�FRPPRQ�LOLDF /HIW�FRPPRQ�LOLDF

)LJXUH ���� 3KRWRJUDSK�RI �UDW�DUWHULDO�FDVW�VKRZLQJ�ORFDWLRQV�RI �YHVVHO�GLPHQVLRQV�PHDVXUHG

WKH�UHVLQ�ZDV�DOORZHG �� K WR�IXOO\�SRO\PHULVH�DW�URRP�WHPSHUDWXUH�

&DUFDVVHV�ZHUH�VXEPHUJHG�LQ ��� .2+ DW�URRP�WHPSHUDWXUH�IRU � GD\V EHIRUH�ULQVLQJ�ZLWK�ZDUP�ZDWHU

WR�UHPRYH�DQ\�UHPDLQLQJ�WLVVXH� $ ILQDO�ZDVK� LQ�D�GHWHUJHQW�VROXWLRQ�FRQWDLQLQJ ∼�� 'HFRQ����'HFRQ

/DERUDWRULHV�/WG�� 6XVVH[� (QJODQG��ZDV�GRQH�WR�UHPRYH�DQ\�UHPDLQLQJ�IDWV�

,QQHU�GLDPHWHUV�RI �YHVVHOV�ZHUH�PHDVXUHG�DW�ORFDWLRQV�GHWDLOHG�LQ ���� $GGLWLRQDOO\� YDULDELOLW\�LQ�WKH�EUDQFK

ORFDWLRQV�ZDV�QRWHG� 5DEELW�FDVWV�SUHYLRXVO\�PDGH�E\�RWKHU�JURXS�PHPEHUV�ZHUH�DOVR�VWXGLHG� +RZHYHU� GXH

WR�WKH�ODUJH�QXPEHU�RI �DFFHVVRU\�DUWHULHV�EUDQFKLQJ�IURP�WKH�DRUWD�DQG�FRPPRQ�LOLDFV�LQ�UDEELW�FDVWV� DQG

WKH�YDULDELOLW\�LQ�ORFDWLRQ�RI �WKH�FDXGDO�DQG�LQIHULRU�PHVHQWHULF�DUWHULHV� UDEELWV�ZHUH�QRW�LQFOXGHG�LQ�IXUWKHU

IHDVLELOLW\�FRQVLGHUDWLRQV�

��
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)LJXUH ���� 6HWXS�RI �WKH�DSSDUDWXV�XVHG�WR�DSSO\�D�FRQVWDQW�WUDQVPXUDO�SUHVVXUH�WR�YHVVHOV�GXULQJ�LVRODWLRQ
DQG�GXULQJ Lp DQG P PHDVXUHPHQWV�RQ�LVRODWHG H[�YLYR YHVVHO�SUHSDUDWLRQV� 766 EDWK� 3'06�OLQHG ��PP
SHWUL�GLVK�FRQWDLQLQJ �PO 766�

����� 7KH�([WHUQDO�3UHVVXULVDWLRQ�0HDVXUHPHQW�&LUFXLW

������� 'HYHORSPHQW

$ FLUFXLW�WR�PDLQWDLQ�D�FRQVWDQW�WUDQVPXUDO�SUHVVXUH�IURP�VXVSHQGHG�VDOLQH�UHVHUYRLUV�ZDV�GHYHORSHG� IRO�

ORZLQJ�SUHYLRXVO\�SXEOLVKHG�ZRUN��7HGJXL�DQG�/HYHU� ����� 6KRX�HW DO�� ����� &DQFHO�DQG�7DUEHOO� ������ 7KH

FLUFXLW�ZDV�LQWHQGHG�ERWK�IRU�XVH�GXULQJ�LVRODWLRQ�RI �DUWHULDO�ELIXUFDWLRQV�DQG�WR�PDNH Lp DQG P PHDVXUH�

PHQWV� WKXV�D�VZLWFKLQJ�FLUFXLW�ZDV�DGGHG�WR�SUHYLRXV�GHVLJQV�WR�LQWURGXFH�D�WUDFHU�VROXWLRQ�LQWR�WKH�OXPHQ

DIWHU�LVRODWLRQ� )ROORZLQJ�WKH�UHVXOWV�RI �WKH�XQFHUWDLQW\�DQDO\VLV��6HFWLRQ ������� WKH�FDQQXOD�GLPHQVLRQV�ZHUH

FKRVHQ�VXFK�WKDW�WKH�WROHUDQFH�LQ�PHDVXULQJ�EXEEOH�GLVSODFHPHQW�ZDV�PXFK�ORZHU�WKDQ�WKH�HUURU�H[SHFWHG�LQ

FDOFXODWLQJ�WKH�YHVVHO�VXUIDFH�DUHD� 7KH�ILQDO�GHVLJQ�ZDV�UHDFKHG�LWHUDWLYHO\�GXULQJ�WKH�GHYHORSPHQW�RI �VXUJLFDO

SURFHGXUHV�RQ�FDGDYHUV��6HFWLRQ �������DQG�LV�VKRZQ�LQ�ILJXUH ����

��



������� 9DOLGDWLRQ

7KH�VHWXS�ZDV�YDOLGDWHG�WR�FKHFN�WKDW�WKH�LQWHQGHG�WUDQVPXUDO�SUHVVXUH�ZDV�LQGHHG�DSSOLHG�DFURVV�WKH�YHVVHO

ZDOO�DQG�WKDW�WKH�VPDOO�WUDQVPXUDO�ZDWHU�IOX[�ZDV�QRW�FDXVLQJ�D�ODUJH�SUHVVXUH�GURS�RYHU�WKH�UHVLVWDQFH�RI �WKH

FDQQXODH� 7ZR�PDOH�6SUDJXH�'DZOH\�UDWV�ZHUH�VDFULILFHG�E\�DVSK\[LDWLRQ�LQ�D�ULVLQJ�FRQFHQWUDWLRQ�RI &2�

DV�GHVFULEHG�LQ�VHFWLRQ ������ 7KH�DRUWLF�ELIXUFDWLRQ�ZDV�LVRODWHG�XVLQJ�D�V\VWHP�RI �FDQQXODH�VLPLODU�WR�WKDW

VKRZQ�LQ�ILJXUH ���� UHSODFLQJ�WKH�OHIW�LOLDF�FDQQXOD�ZLWK�D�SUHVVXUH�WUDQVGXFHU�DQG�RPLWWLQJ�WKH�WUDFHU�IURP

WKH�WUDFHU�ILOOHG�FDSLOODU\� WKH�DRUWLF�FDQQXOD�ZDV�LQVHUWHG�LQ�WKH�DQWHURJUDGH�GLUHFWLRQ�LQWR�WKH�DEGRPLQDO

DRUWD�MXVW�GLVWDO�WR�WKH�OHIW�UHQDO�DUWHU\�DQG�VHFXUHG�MXVW�GLVWDO�WR�WKH�LOLR�OXPEDU�DUWHULHV� $ VHFRQG�FDQQXOD

ZDV�LQVHUWHG�LQ�D�UHWURJUDGH�GLUHFWLRQ�LQWR�WKH�ULJKW�IHPRUDO�DUWHU\�DQG�VHFXUHG�DW�WKH�GLVWDO�HQG�RI �WKH�ULJKW

FRPPRQ�LOLDF�DUWHU\� 6DOLQH�VXSSOHPHQWHG�ZLWK ∼�� (YDQ
V�%OXH�'\H��(%'��6LJPD��ZDV�SHUIXVHG�EHWZHHQ

WKH�WZR�FDQQXODH�WR�KLJKOLJKW�DQ\�VLGH�EUDQFKHV�VXUURXQGLQJ�WKH�DRUWLF�ELIXUFDWLRQ�DQG�DOO�YLVLEOH�VLGH�EUDQFKHV

ZHUH�OLJDWHG� $ SUHVVXUH�WUDQVGXFHU��0LOODU��ZDV�LQVHUWHG�WKURXJK�WKH�OHIW�FRPPRQ�LOLDF�DQG�DGYDQFHG�WR�WKH

DRUWLF�ELIXUFDWLRQ�DQG�VHFXUHG�ZLWK�D�OLJDWXUH�SODFHG�KDOI �ZD\�DORQJ�WKH�OHIW�FRPPRQ�LOLDF� )LQDOO\� WKH�ULJKW

LOLDF�FDQQXOD�ZDV�FORVHG�XVLQJ�D�WKUHH�ZD\�WDS��7DS�& LQ�ILJXUH �����DQG�WKH�DRUWLF�FDQQXOD�ZDV�FRQQHFWHG�WR

WKH�VDOLQH�UHVHUYRLU�

$Q� LQLWLDO�DSSUR[LPDWH�FDOFXODWLRQ�RI � WKH�H[WHUQDO�FLUFXLW
V�K\GUDXOLF�UHVLVWDQFH�ZDV�GRQH�E\�DVVXPLQJ

3RLVHXLOOH�IORZ�WKRXJK�WKH �� FP ORQJ�DRUWLF�FDSLOODU\�FDQQXOD�RI �.��PP LQWHUQDO�GLDPHWHU�DQG�LJQRULQJ�WKH

UHVLVWDQFH�RI �WKH �.�PP LQWHUQDO�GLDPHWHU�WXELQJ�FRQQHFWLQJ�WKH�UHVHUYRLUV�WR�WKH�FDQQXODH� *LYHQ�D�YHVVHO

DUHD�RI � FP� DQG�DQ�H[SHFWHG Lp LQ�WKH�RUGHU�RI �× ��−� FP V−� PP+J−� DW ���PP+J� WKH�IORZ�UDWH�ZDV

HVWLPDWHG�DW �× ��−� PO V−�� 7KLV�ZRXOG�JLYH�D�SUHVVXUH�GURS�RI �.��× ��−� PP+J� 7KXV�WKH�H[WHUQDO

UHVLVWDQFH�ZDV�H[SHFWHG�WR�EH�QHJOLJLEOH�

7KHVH�HVWLPDWHV�ZHUH�FRQILUPHG�E\�PHDVXULQJ�WKH�WUDQVPXUDO�SUHVVXUH�DW�UHVHUYRLU�KHLJKWV�DW �� FP LQ�

FUHPHQWV�IURP ����� FP �6HH�ILJXUH �����

������� $SSOLFDWLRQ� Lp DQG P PHDVXUHPHQW

Lp LV�GHILQHG�DV�WKH�YROXPH�IORZ�UDWH�RI �D�JLYHQ�IOXLG�DFURVV�D�XQLW�DUHD�RI �PDWHULDO�SHU�XQLW�SUHVVXUH�GURS

�/HYLFN� ������ 8VLQJ�WKH�H[WHUQDO�SUHVVXULVDWLRQ�PHDVXUHPHQW�FLUFXLW� WKH�WUDQVPXUDO�YROXPH�IORZ�UDWH��Q�

ZDV�PHDVXUHG�IRU�D�NQRZQ�SUHVVXUH�GURS��∆p�� ERWK�LOLDF�FDQQXODH�ZHUH�FORVHG�WR�HQVXUH�WKH�YROXPH�HQWHULQJ

WKH�YHVVHO�WKURXJK�WKH�DRUWLF�FDQQXOD�HTXDOOHG�WKH�IOX[�H[LWLQJ�WKH�YHVVHO�RYHU�WKH�HQWLUH�YHVVHO�VXUIDFH� 7KH

GLVSODFHPHQW�RI �WKH�GLVWDO�PHQLVFXV��sm��RI �D�EXEEOH�SODFHG�LQ�WKH�JUDGXDWHG�FDSLOODU\�ZDV�WKHQ�PHDVXUHG

DW�VHW�WLPH�LQWHUYDOV��∆t��DQG�WKH�YROXPH�IORZ�UDWH�ZDV�FDOFXODWHG�IURP�WKH�NQRZQ�LQQHU�GLDPHWHU�RI �WKH

FDSLOODU\��!i��DFFRUGLQJ�WR�HTXDWLRQ ���� 7KH�YHVVHO�VXUIDFH�DUHD��A��ZDV�FDOFXODWHG�IURP�PHDVXUHPHQWV�RI

WKH�YHVVHO�VHJPHQW�OHQJWKV� GLDPHWHUV�DQG�ELIXUFDWLRQ�DQJOHV�GHSLFWHG�LQ�ILJXUH ��� XVLQJ�HTXDWLRQ ���� )LQDOO\�

Lp ZDV�FDOFXODWHG�DFFRUGLQJ�WR�HTXDWLRQ ����

��
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)LJXUH ���� 9DOLGDWLRQ�RI �SUHVVXULVDWLRQ�PHDVXUHPHQW�FLUFXLW� 7KH�GDVKHG� OLQH� UHSUHVHQWV� WKH� WKHRUHWLFDO
UHODWLRQ�EHWZHHQ�SUHVVXUH�DQG�KHLJKW�RI �UHVHUYRLU� JLYHQ�WKH�GHQVLW\�RI �+J� ��.� J FP−�

$RUWD

&RPPRQ�LOLDF�DUWHULHV

5HQDO�DUWHULHV

,OLR�OXPEDU�DUWHULHV

$RUWLF�FDQQXOD

LaDa

/HIW�LOLDF�FDQQXOD5LJKW�LOLDF�FDQQXOD

Lb1

Db1

αb2

)LJXUH ���� 'LDJUDP�VKRZLQJ�WKH�YHVVHO�VHJPHQW�OHQJWKV� GLDPHWHUV�DQG�ELIXUFDWLRQ�DQJOHV�PHDVXUHG�LQ�RUGHU
WR�FDOFXODWH�YHVVHO�VXUIDFH�DUHD�DQG�KHQFH Lp DQG P � /LJDWXUHV�VHFXULQJ�FDQQXODH�DUH�GHSLFWHG�ZLWK�GDVKHG
OLQHV�
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P ZDV�FDOFXODWHG�E\�PHDVXULQJ�DEOXPLQDO�WUDFHU�FRQFHQWUDWLRQ�IOXRULPHWULFDOO\� �PO VDPSOHV�ZHUH�PHD�

VXUHG�XVLQJ�D�IOXRULPHWHU��-HQZD\������ H[FLWDWLRQ ��� QP� HPLVVLRQ ��� QP��DW�VHW�WLPH�LQWHUYDOV�DQG�IOXRUHV�

FHQFH�UHDGLQJV�ZHUH�FRQYHUWHG�WR�DEOXPLQDO�WUDFHU�FRQFHQWUDWLRQV��Cabl��XVLQJ�D�FDOLEUDWLRQ�FXUYH� JHQHUDWHG

IURP�GLOXWLRQV�RI �WKH�OXPLQDO�WUDFHU�VROXWLRQ� +HQFH�WKH�HIIHFWV�RI �DQ\�GLIIHUHQFHV�LQ�OXPLQDO�WUDFHU�FRQ�

FHQWUDWLRQ��Clum��GXH�WR�EDWFK�YDULDWLRQ�LQ�WUDFHU�SUHSDUDWLRQ�ZRXOG�EH�DQQXOOHG� 6DPSOHV�ZHUH�UHWXUQHG�WR

WKH�DEOXPLQDO�EDWK�DIWHU�HDFK�UHDGLQJ�VR�WKDW�WKH�YROXPH�RI �WKH�EDWK��Vabl��UHPDLQHG�FRQVWDQW� LJQRULQJ�DQ\

LQFUHDVH�LQ Vabl GXH�WR Q� P ZDV�WKHQ�FDOFXODWHG�DFFRUGLQJ�WR�HTXDWLRQ ����

P =
(∆Calb/∆t)× Vabl

ClumA
�����

����� 'HYHORSPHQW�RI �3URFHGXUHV�XVLQJ�&DGDYHUV

3URFHGXUHV�ZHUH�WULDOOHG� GHYHORSHG�DQG�SUDFWLFHG�LQ�ERWK�PLFH�DQG�UDW�FDGDYHUV� )UHVK�FDGDYHUV�ZHUH�XVHG

WKURXJKRXW�WR�UHSOLFDWH�WLVVXH�PHFKDQLFDO�SURSHUWLHV�WR�VLPXODWH�VXUJHU\�DV�FORVHO\�DV�SRVVLEOH�DV�WKDW�ZDV�WKH

XOWLPDWH�JRDO�RI �WKHVH�SURFHGXUHV� WR�LVRODWH�YHVVHOV�IURP�DQLPDOV�XQGHU�VXUJLFDO�DQDHVWKHVLD�WR�DYRLG�GDPDJH

WR�WKH�YHVVHOV�WKDW�ZRXOG�RFFXU�GXH�WR�GH�SUHVVXULVDWLRQ�IROORZLQJ�GHDWK�

������� 3UHSDUDWLRQ�RI �&DGDYHUV�IRU�0RFN�6XUJHU\

7HQ�DWWHPSWV�WR�LVRODWH�WKH�PRXVH�FDURWLG�ELIXUFDWLRQ�ZHUH�PDGH�XVLQJ�D�VLPLODU�SURFHGXUH� VXEVWLWXWLQJ�WKH

ULJKW�DQG�OHIW�IHPRUDO�DUWHULHV�IRU�WKH�LQWHUQDO�DQG�H[WHUQDO�FDURWLG�DUWHULHV�DQG�WKH�DRUWD�IRU�WKH�FRPPRQ

FDURWLG�DUWHU\� 7HQ�UDWV�ZHUH�XVHG�IRU�ERWK�FDURWLG�ELIXUFDWLRQ�DQG�DRUWLF�ELIXUFDWLRQ�LVRODWLRQ�DWWHPSWV�WR

DVVHVV�ZKLFK�ELIXUFDWLRQ�DQG�DQLPDO�ZRXOG�EH�PRVW�VXLWDEOH�IRU�IXUWKHU�GHYHORSPHQW� ,Q�HDFK�WULDO�UXQ� Lp

PHDVXUHPHQWV�ZHUH�PDGH�WR�GHWHUPLQH�LI �WKH�LVRODWLRQ�DWWHPSW�KDG�EHHQ�VXFFHVVIXO�

0DOH�&���%/��PLFH��∼�� J��ZHUH�JLYHQ ���8 KHSDULQ�GLVVROYHG�LQ ��� �O VDOLQH�E\ L�S� LQMHFWLRQ� $IWHU

��PLQXWHV� WKH\�ZHUH�VDFULILFHG�E\ L�S� LQMHFWLRQ�RI �DQ�RYHUGRVH�RI �VRGLXP�SHQWREDUELWRQH����PJ�� 0DOH

6SUDJXH�'DZOH\�UDWV��∼������� J��ZHUH�JLYHQ ����8 KHSDULQ�GLVVROYHG�LQ �PO VDOLQH�E\ L�Y� LQMHFWLRQ�YLD�WKH

WDLO�YHLQ� $IWHU �PLQXWHV� WKH\�ZHUH�VDFULILFHG�E\ L�Y� LQMHFWLRQ�RI �DQ�RYHUGRVH�RI �VRGLXP�SHQWREDUELWRQH

��������PJ�� +HSDULQLVDWLRQ�ZDV�RQO\�QHFHVVDU\�IRU�WKHVH�HDUO\�WULDO�UXQV�LQ�FDGDYHUV�WR�SUHYHQW�FORWWLQJ�RI

��



WKH�EORRG�LQ�WKH�WDUJHW�ELIXUFDWLRQV�EHIRUH�RXU�LVRODWLRQ�DWWHPSWV� +HSDULQLVDWLRQ�ZDV�RPLWWHG�LQ�VXEVHTXHQW

H[SHULPHQWV�LQ�DQDHVWKHWLVHG�DQLPDOV�

$IWHU�FRQILUPDWLRQ�RI �GHDWK� WKH�OHIW�YHQWULFOH�ZDV�FDQQXODWHG�ZLWK�D�SRO\HWK\OHQH�FDQQXOD�DV�GHVFULEHG

LQ�VHFWLRQ ����� EXW�ZLWKRXW�FXWWLQJ�WKH�ULJKW�DWULXP� 7R�UHSOLFDWH�WKH�DUWHULDO�SUHVVXUH�LQ�DQ�DQDHVWKHWLVHG

DQLPDO� WKH�FDQQXOD�ZDV�WKHQ�FRQQHFWHG�WR�D�VDOLQH�UHVHUYRLU�FRQWDLQLQJ�VDOLQH�VXSSOHPHQWHG�ZLWK∼��(YDQ
V

%OXH�'\H��(%'��6LJPD��VXVSHQGHG ∼�.�P DERYH�WKH�FDUFDVV� WR�JLYH�DQ�DUWHULDO�SUHVVXUH�RI ∼��PP+J�

$Q\�VXEVHTXHQW�OHDNV�ZRXOG�WKHUHIRUH�EH�LPPHGLDWHO\�DSSDUHQW� 7KHVH�VWHSV�ZHUH�RPLWWHG�LQ�VXEVHTXHQW

H[SHULPHQWV�RQ�DQDHVWKHWLVHG�DQLPDOV�DV�WKH�EHDWLQJ�KHDUW�ZRXOG�SURYLGH�WKH�SRVLWLYH�WUDQVPXUDO�SUHVVXUH

DQG�DQ\�OHDNV�ZRXOG�EH�YLVLEOH�GXH�WR�EOHHGLQJ�

������� (DUO\�&DURWLG�DQG�$RUWLF�%LIXUFDWLRQ�,VRODWLRQ�$WWHPSWV�LQ�0LFH�DQG�5DWV

7HQ�DWWHPSWV�WR�LVRODWH�WKH�DEGRPLQDO�ELIXUFDWLRQ�IURP�PLFH�ZKLOH�PDLQWDLQLQJ�D�FRQVWDQW�WUDQVPXUDO�SUHV�

VXUH�ZHUH�PDGH�XVLQJ�WKH�SURFHGXUH�GHVFULEHG�EHORZ� $ IXUWKHU�WHQ�DWWHPSWV�WR�LVRODWH�WKH�PRXVH�FDURWLG

ELIXUFDWLRQ�ZHUH�PDGH�XVLQJ�D�VLPLODU�SURFHGXUH� VXEVWLWXWLQJ�WKH�ULJKW�DQG�OHIW�IHPRUDO�DUWHULHV�IRU�WKH�LQWHU�

QDO�DQG�H[WHUQDO�FDURWLG�DUWHULHV�DQG�WKH�DRUWD�IRU�WKH�FRPPRQ�FDURWLG�DUWHU\� 6LPLODUO\� WHQ�UDWV�ZHUH�XVHG

IRU�ERWK�FDURWLG�ELIXUFDWLRQ�DQG�DRUWLF�ELIXUFDWLRQ�LVRODWLRQ�DWWHPSWV�WR�DVVHVV�ZKLFK�ELIXUFDWLRQ�DQG�DQLPDO

ZRXOG�EH�PRVW�VXLWDEOH�IRU�IXUWKHU�GHYHORSPHQW� ,Q�HDFK�WULDO�UXQ� Lp PHDVXUHPHQWV�ZHUH�PDGH�WR�GHWHUPLQH

LI �WKH�LVRODWLRQ�DWWHPSW�KDG�EHHQ�VXFFHVVIXO�

�� &DQQXODWH�OHIW�H[WHUQDO�IHPRUDO�DUWHU\

�D� 0DNH�D�ORQJLWXGLQDO�LQFLVLRQ�WKURXJK�WKH�VNLQ�RI �WKH�XSSHU�WKLJK�DQG�H[SRVH�WKH�IHPRUDO�DUWHU\

E\�IXUWKHU�EOXQW�GLVVHFWLRQ� UHPRYLQJ�DQ\�H[FHVV�IDW

�E� 'HWDFK�WKH�H[WHUQDO�IHPRUDO�DUWHU\�DQG�YHLQ�IURP�WKH�XQGHUO\LQJ�PXVFOH�DQG�WLH�D�OLJDWXUH�DURXQG

ERWK�IHPRUDO�DUWHU\�DQG�YHLQ ∼�PP GLVWDO�WR�WKH�LQWHQGHG�FDQQXODWLRQ�SRLQW� OHDYLQJ�WKH�HQGV

RI �WKH�OLJDWXUH�ORQJ

�F� 7LH�D�WHPSRUDU\�OLJDWXUH ∼�PP SUR[LPDO�WR�WKH�LQWHQGHG�FDQQXODWLRQ�SRLQW

�G� 3ODFH�D�ORRVH�OLJDWXUH�EHWZHHQ�WKH�WZR�SUHYLRXV�OLJDWXUHV� PDNH�D�VPDOO�LQFLVLRQ�LQWR�WKH�IHPRUDO

DUWHU\�DQG�LQVHUW�WKH�FDQQXOD� VHFXULQJ�LW�ZLWK�WKLV�FHQWUDO�OLJDWXUH

�H� 7LH�WKH�ORRVH�HQGV�RI �WKH�GLVWDO�OLJDWXUH�DURXQG�WKH�FDQQXOD

�I� 8QWLH�WKH�SUR[LPDO�OLJDWXUH�DQG�DGYDQFH�WKH�FDQQXOD�LQWR�WKH�H[WHUQDO�LOLDF�DUWHU\

�J� 2SHQ�WKH���ZD\�WDS�FRQQHFWHG�WR�WKH�FDQQXOD�WR�IOXVK�DQ\�EORRG�IURP�WKH�WLS�RI �WKH�FDQQXOD

�� &DQQXODWH�ULJKW�H[WHUQDO�IHPRUDO�DUWHU\�E\�UHSHDWLQJ�WKH�VWHSV�DERYH

�� $FFHVV�WKH�DEGRPLQDO�DRUWD

��



�D� 3HUIRUP�D�ODSDURWRP\�E\�PDNLQJ�D�VLQJOH�PLGOLQH�LQFLVLRQ�WKURXJK�VNLQ�DQG�DEGRPLQDO�PXVFOH

IURP�D�SRLQW ∼�PP FDXGDO�WR�WKH�VWHUQXP�WR�WKH�WR�D�SRLQW ∼�PP URVWUDO�WR�WKH�VFURWXP

�E� /LJDWH�WKH�LQIHULRU�PHVHQWHULF�DUWHU\�DV�FORVH�WR�WKH�DRUWD�DV�SRVVLEOH

�F� &XW�WKH�UHFWXP� FDXWHULVLQJ�DQ\�EOHHGLQJ�WKDW�RFFXUV

�G� 5HIOHFW�WKH�HQWLUH�JXW

�H� /LJDWH�WKH�LOLR�OXPEDU�DUWHULHV�DQG�FDXGDO�DUWHU\

�I� 2SHQ�WKH���ZD\�WDSV�RQ�ERWK�IHPRUDO�DUWHU\�FDQQXODH

�� &DQQXODWH�DEGRPLQDO�DRUWD

�D� 3UHSDUH�WKUHH�OLJDWXUHV�DW�WKH�DRUWLF�FDQQXODWLRQ�SRLQW�DV�LQ�VWHS ��

L� 7LJKW�OLJDWXUH�MXVW�GLVWDO�WR�WKH�PRVW�GLVWDO�UHQDO�EUDQFK

LL� 7HPSRUDULO\�OLJDWH ∼�PP GLVWDO�WR�WKH�ILUVW�OLJDWXUH

LLL� /RRVH�OLJDWXUH�EHWZHHQ�WKH�WZR�SUHYLRXV�OLJDWXUHV

�E� 0DNH�D�VPDOO�LQFLVLRQ�EHWZHHQ�WKH�WZR�VHFXUHG�OLJDWXUHV� LQVHUW�WKH�DRUWLF�FDQQXOD�DQG�VHFXUH�ZLWK

WKH�FHQWUDO�OLJDWXUH

�F� 8QWLH�WKH�WHPSRUDU\�OLJDWXUH�DQG�DGYDQFH�WKH�FDQQXOD�WR�D�SRLQW�MXVW�SUR[LPDO�WR�WKH�PRVW�SUR[�

LPDO�LOLR�OXPEDU�EUDQFK�DQG�VHFXUH�ZLWK�DQRWKHU�OLJDWXUH�DV�FORVH�WR�WKH�HQG�RI �WKH�FDQQXOD�DV

SRVVLEOH� OHDYLQJ�WKH�HQGV�RI �WKH�OLJDWXUH�ORQJ

�G� 2SHQ�WKH���ZD\�WDS�FRQQHFWHG�WR�WKH�DRUWLF�FDQQXOD

�H� 3HUIXVH�WKH�LVRODWHG�ELIXUFDWLRQ�ZLWK�D�VXVSHQVLRQ�RI ����� �P GLDPHWHU�JODVV�EHDGV�WR�RFFOXGH

DQ\�VPDOO�DFFHVVRU\�DUWHULHV�EUDQFKLQJ�IURP�LVRODWHG�ELIXUFDWLRQ�DQG�WR�EORFN�DQ\�OHDNDJH�WKURXJK

WKH�YDVD�YDVRUXP�LQWHUQDH

�� 6HFXUH�FDQQXOD�OLJDWXUHV�DQG�DWWDFK�LVRODWHG�ELIXUFDWLRQ�WR�VWHUHRWDFWLF�WULSRG

�D� $GYDQFH�ERWK� IHPRUDO� FDQQXODH� WR� WKH� LOLDF�ELIXUFDWLRQV�DQG�VHFXUH� WKHP�ZLWK�D� OLJDWXUH� MXVW

SUR[LPDO�WR�WKH�UHVSHFWLYH�ELIXUFDWLRQV� OHDYLQJ�WKH�HQGV�RI �WKH�OLJDWXUH�ORQJ

�E� %HQG�WKH�DUPV�RI �WKH�VWHUHRWDFWLF�WULSRG�WR�PDWFK�WKH�OHQJWKV�RI �WKH�DUWHULDO�VHJPHQWV LQ�VLWX DQG

WLH�WKH�ORQJ�HQGV�RI �WKH�FDQQXOD�VHFXULQJ�OLJDWXUHV�WR�WKH�DUPV

�� 5HPRYH�ELIXUFDWLRQ�IURP�DEGRPHQ

�D� 5HPRYH�DQ\�DGYHQWLWLDO�IDW�IURP�WKH�LVRODWHG�ELIXUFDWLRQ�DQG�ORRVHQ�LW�IURP�DOO�VXUURXQGLQJ�WLVVXH

E\�EOXQW�GLVVHFWLRQ

��



�E� &XW�OLJDWHG�VLGH�EUDQFKHV��H�J�� FDXGDO� LOLR�OXPEDU� IHPRUDO��MXVW�GLVWDO�WR�WKHLU�OLJDWXUHV

�F� 5HPRYH�ELIXUFDWLRQ�IURP�WKH�DEGRPHQ�DQG�SODFH�GLUHFWO\�LQ�D�766 EDWK

7KH�VHTXHQFH�RI �SODFLQJ�WKUHH� OLJDWXUHV�DW�HDFK�IHPRUDO�FDQQXODWLRQ�VLWH�ZDV�GHVLJQHG�WR�SUHYHQW�GH�

SUHVVXULVDWLRQ�RI �WKH�OXPHQ�SUR[LPDO�WR�WKH�SRLQW�RI �LQVHUWLRQ��6WHS ��� &RQYHUVHO\� WKH�VHTXHQFH�RI �OLJDWXUHV

ZDV�UHYHUVHG�IRU�WKH�DRUWLF�FDQQXOD�WR�SUHYHQW�FROODSVH�RI �WKH�DRUWLF�ELIXUFWLRQ� GLVWDO�WKH�WKH�LQVHUWLRQ�SRLQW

�6WHS �D�� 7RWDO�WLPH�WDNHQ�IRU�WKH�HQWLUH�SURFHGXUH�ZDV�DSSUR[LPDWHO\���KRXUV�

������� )LQDO�&KRLFH�RI �%LIXUFDWLRQ

7ULDO�� :HLJKW�>J@ &DURWLG Lp >FP V−� PP+J@ $RUWLF Lp >FP V−� PP+J@
0RXVH
� �� � �
� �� � �
� �� � �.��× ��−�

� �� � �
� �� � �
� �� � �
� �� � �
� �� � �
� �� � �
�� �� � �
PHDQ ���� � �.��× ��−�

V�H�P ���� � �

5DW
� ��� � �.��× ��−�

� ��� � �
� ��� � �.��× ��−�

� ��� � �
� ��� � �
� ��� � �.��× ��−�

� ��� �.��× ��−� �
� ��� � �
� ��� � �.��× ��−�

�� ��� � �
PHDQ ����� �.��× ��−� �.��× ��−�

V�H�P ���� � �.��× ��−�

7DEOH ���� 5HVXOWV�RI �WULDO Lp PHDVXUHPHQWV�LQ�PRXVH�DQG�UDW�FDURWLG�DQG�DRUWLF�ELIXUFDWLRQV� 'DVKHV�LQGLFDWH
PLVVLQJ�GDWD�GXH�WR�OHDNDJH�RI �LVRODWHG�ELIXUFDWLRQ�

7KH Lp PHDVXUHPHQWV�PDGH�LQ�WKH�WULDO�UXQV�RQ�PRXVH�DQG�UDW�FDURWLG�DQG�DRUWLF�ELIXUFDWLRQV�DUH�JLYHQ

LQ�WDEOH ���� )DLOXUH�RI �D�WULDO�UXQ�ZDV�GHWHUPLQHG�ZKHQ�OHDNDJH�RI �WKH�FRORXUHG�(%'�VXSSOHPHQWHG�766 ZDV

YLVLEOH� 6XFFHVV�UDWHV�RQ�WKH�FDURWLG�ELIXUFDWLRQV�ZHUH�PXFK�ORZHU�WKDQ�WKRVH�RQ�WKH�DRUWLF�ELIXUFDWLRQV�DV�WKH

YHVVHOV�DUH�RI �D�PXFK�VPDOOHU�GLDPHWHU�DQG�WKH\�DUH�RQO\�ORRVHO\�WHWKHUHG�WR�VXUURXQGLQJ�VRIW�WLVVXH� PDNLQJ

��



FDQQXODWLRQ�PRUH�GLIILFXOW� ,Q�IDFW� QR�FDQQXODWLRQ�DWWHPSWV�LQ�WKH�PRXVH�FDURWLG�ELIXUFDWLRQ�ZRUNHG� 7KH

VXFFHVV�UDWH�LQ�UDW�DRUWLF�ELIXUFDWLRQV�ZDV�KLJKHU�WKDQ�LQ�WKH�PRXVH�GXH�WR�WKH�ODUJHU�YHVVHO�LQQHU�GLDPHWHUV�

7KHUHIRUH�WKH�UDW�DRUWLF�ELIXUFDWLRQ�ZDV�VHOHFWHG�DV�WKH�YHVVHO�DQG�DQLPDO�ZLWK�ZKLFK�WR�FRQWLQXH�GHYHORSPHQW

RI �SURFHGXUHV�

����� 7UDQVIHU�RI �3URFHGXUHV�WR�$QDHVWKHWLVHG�$QLPDOV

)RU�WKH�HDUO\�ZRUN�XQGHU�DQDHVWKHVLD� LQKDODWLRQDO�PHWKRGV�ZHUH�FKRVHQ�GXH�WR�WKH�UHODWLYHO\�ORQJ�GXUDWLRQ

RI �WKH�SURSRVHG�SURFHGXUH� WKH�VKRUWHVW�VXFFHVVIXO�WULDO�UXQ�RQ�UDW�DEGRPLQDO�DRUWDV�KDG�WDNHQ ∼�.� K IURP

ILUVW�LQVHUWLRQ�RI �FDQQXOD�WR�ILQDO�UHPRYDO�RI �WKH�LVRODWHG�ELIXUFDWLRQ�

5DWV�ZHUH�SODFHG�LQ�DQ�LQGXFWLRQ�FKDPEHU�LQWR�ZKLFK�LVRIOXUDQH��,VR)OR�� $EERWW�$QLPDO�+HDOWK� ,/�

86$� ZDV�LQWURGXFHG�DW�D�FRQFHQWUDWLRQ�RI ���� LQ�PHGLFDO�R[\JHQ��%2&��8.� DW�D�IORZ�UDWH�RI ��� O PLQ−�

XQWLO�WKH�DQLPDO�ORVW�LWV�ULJKWLQJ�UHIOH[� 7KH�DQLPDO�ZDV�WKHQ�SODFHG�LQ�D�VXSLQH�SRVLWLRQ�RQ�D�WHPSHUDWXUH�

FRQWUROOHG�KHDW�PDW�DW �� �& DQG�ILWWHG�ZLWK�D�IDFH�PDVN� GHOLYHULQJ�LVRIOXUDQH�DW�D�FRQFHQWUDWLRQ�RI �.���.��

LQ�PHGLFDO�R[\JHQ�DW�D�IORZ�UDWH�RI �.��� O PLQ−� XQWLO�VXUJLFDO�DQDHVWKHVLD�ZDV�DFKLHYHG� HYLGHQFHG�E\�WKH

ODFN�RI �SHGDO�ZLWKGUDZDO�UHIOH[� 'HSWK�RI �DQDHVWKHVLD�ZDV�FRQVWDQWO\�DVVHVVHG�GXULQJ�VXUJHU\�E\�REVHUYLQJ

EUHDWKLQJ�UDWH�DQG�SHULRGLFDOO\�FKHFNHG�E\�WHVWLQJ�IRU�WKH�DEVHQFH�RI �WKH�SHGDO�ZLWKGUDZDO�UHIOH[� ,VRIOXUDQH

FRQFHQWUDWLRQ�ZDV�DGMXVWHG�WR�FRQWURO�GHSWK�RI �DQDHVWKHVLD�

7KH�SURFHGXUH�XVHG�LQ�WULDO�UXQV� DV�GHVFULEHG�LQ�VHFWLRQ ������ ZDV�XVHG�HVVHQWLDOO\�XQFKDQJHG�IRU�WKH

ILUVW�WKUHH�DWWHPSWV�LQ�DQDHVWKHWLVHG�DQLPDOV� 7KH�RQO\�FKDQJHV�ZHUH�LQ�WKH�SUHSDUDWLRQ�RI �WKH�766��DOO�766

ZDV�SODFHG�LQ�DQ�LQFXEDWRU�DW �� �& ZLWK�D�JDV�FRPSRVLWLRQ�RI �� &2�� ��� DLU�IRU �� K SUHFHGLQJ�WKH

H[SHULPHQW� ,Q�VXEVHTXHQW�DWWHPSWV� UHILQHPHQWV�ZHUH�PDGH�WR�WKH�SURFHGXUH�ZLWK�WKH�DLP�RI �LQFUHDVLQJ�WKH

VXFFHVV�UDWH�DQG�UHGXFLQJ�WKH�WRWDO�WLPH�RI �WKH�VXUJHU\�

����� 5HILQHPHQW�RI �6XUJLFDO�7HFKQLTXHV

,Q�LQLWLDO�H[SHULPHQWV� Lp DQG P ZHUH�PHDVXUHG�DW ��PP+J� ��PP+J� ���PP+J DQG ���PP+J LQ�WKDW

VHTXHQFH�LQ�RUGHU�WR�LGHQWLI\�ZHDNQHVVHV�LQ�WKH�SUHSDUDWLRQV�WKDW�PLJKW�RFFXU�ZLWK�LQFUHDVLQJ�SUHVVXUH�

������� *ODVV�EHDGV�YV�&DXWHULVDWLRQ�YV�/LJDWLRQ

'XULQJ�DWWHPSWV�WR�PHDVXUHLp DQGP DW�SUHVVXUHV�!���PP+J� OHDNDJHV�ZHUH�YHU\�FRPPRQ� RIWHQ�RFFXUULQJ

DIWHU�VXFFHVVIXO�PHDVXUHPHQWV�RI Lp DQG�3 DW�ORZHU�SUHVVXUHV� &ORVHU�LQVSHFWLRQ�RI �WKH�YHVVHO�SUHSDUDWLRQV

VKRZHG�WKDW�WKHVH�OHDNV�LQYDULDEO\�RFFXUUHG�IURP�DFFHVVRU\�DUWHULHV�RU�IURP�WKH�YDVD�YDVRUXP�LQWHUQDH� UDWKHU

WKDQ�WHDUV�RU�KROHV�LQ�WKH�DUWHU\�ZDOOV� /HDNV�IURP�DFFHVVRU\�DUWHULHV�DSSHDUHG�DV�D�MHW�RI �WUDFHU�DW�WKH�HQG�RI

VKRUW�DUWHULDO�VHJPHQWV� OHDNV�IURP�YDVD�YDVRUXP�LQWHUQDH�DSSHDUHG�DV�PRUH�GLIIXVH�SOXPHV�RI �5K�%6$ LQ�WKH

DEOXPLQDO�EDWK�DGMDFHQW�WR�GDUNO\�FRORXUHG�YHVVHO�OLNH�VWUXFWXUHV�RQ�WKH�RXWHU�VXUIDFH�RI �WKH�DUWHULHV� $ VLPSOH

DGMXVWPHQW�RI �XVLQJ�JODVV�EHDGV�RI �D�PL[WXUH�RI �GLDPHWHUV�ZDV�WHVWHG� JODVV�EHDGV��!���� �P� 6LJPD��ZHUH

��



VXVSHQGHG�LQ�766 DQG�SODFHG�LQ�WKH�DRUWLF�FDQQXOD�EHIRUH�LWV�LQVHUWLRQ�LQWR�WKH�DRUWD� &RQYHFWLRQ�WKURXJK

DQ\�OHDNV�ZRXOG�WKHQ�FDUU\�WKH�SDUWLFOHV�LQWR�WKH�OHDNDJH�VLWH� VHDOLQJ�WKH�KROH� 7KLV�ZDV�WULDOOHG�LQ�WZR�H[SHU�

LPHQWV�KRZHYHU�WKH�SUREOHP�ZDV�QRW�VROYHG� 7KHUHIRUH�ZH�VRXJKW�DQ�DOWHUQDWLYH�WR�JODVV�EHDGV�DV�D�PHWKRG

IRU�SUHYHQWLQJ�FRQYHFWLRQ�WKURXJK�WKH�YDVD�YDVRUXP�LQWHUQDH�DQG�DFFHVVRU\�DUWHULHV�

7ULDOV�XVLQJ�D�XQLSRODU�HOHFWURFDXWHU\�VFDOSHO�ZHUH�FRQGXFWHG�ZLWK�YDU\LQJ�UHVXOWV� ,Q�IRXU�H[SHULPHQWV

LQ�ZKLFK�OHDNV�RFFXUUHG�DW ���PP+J� WKH�ODUJHU�DFFHVVRU\�DUWHULHV�ZHUH�VXFFHVVIXOO\�VHDOHG�EXW�UHSHWLWLRQ

RI �WKH Lp PHDVXUHPHQWV�DW ��PP+J DIWHU�FDXWHULVDWLRQ�ZHUH�DOZD\V�KLJKHU�WKDQ�WKH�YDOXHV�REWDLQHG�EHIRUH

WKH�OHDNV� ,W�LV�OLNHO\�WKDW�WKH�DUHD�RI �HIIHFW�RI �WKH�FDXWHU\�ZDV�ODUJHU�WKDQ�WKH�DFWXDO�FDXWHULVHG�DUHD� HVSHFLDOO\

VLQFH�LW�ZDV�D�XQLSRODU�GHYLFH� GXH�WR�WKH�JHRPHWU\�RI �WKH�HOHFWURGHV� FRQWURO�RI �WKH�DUHD�H[SRVHG�WR�D�FXUUHQW

GHQVLW\�VXIILFLHQW�WR�FDXVH�FRDJXODWLRQ�LV�QRW�DV�SUHFLVH�ZLWK�XQLSRODU�GHYLFHV�FRPSDUHG�WR�ELSRODU�GHYLFHV�

/HDNDJH�WKURXJK�YDVD�YDVRUXP�FRXOG�QRW�EH�FDXWHULVHG�ZLWKRXW�FDXVLQJ�HOHFWULFDO�EXUQ�GDPDJH�WR�WKH�YHVVHO

VXUIDFH�

7KH�VROXWLRQ�ZDV�WR�DOORZ�WKH�EORRG�WR�FORW�LQ�WKH�YDVD�YDVRUXP�DQG�LQ�WKH�DFFHVVRU\�DUWHULHV� 7KLV�ZDV

GRQH�E\�VXUJLFDOO\� OLJDWLQJ�DOO�YLVLEOH�DFFHVVRU\�DUWHULHV�EUDQFKLQJ�IURP�WKH�DEGRPLQDO�DRUWD�DQG�FRPPRQ

LOLDFV�EHIRUH�UHPRYLQJ�WKH�EORRG�IURP�WKH�OXPHQ�L�H��EHIRUH�LQVHUWLQJ�DQ\�FDQQXODH� %\�OLJDWLQJ�WKH�DUWHULHV

DQG�FXWWLQJ�WKHP�MXVW�GLVWDO�WR�WKH�OLJDWXUHV� EORRG�FORWV�IRUPLQJ�LQ�WKH�RFFOXGHG�OXPHQV�RI �WKH�DFFHVVRU\

DUWHULHV�DGGHG�DQ�H[WUD�EDUULHU�WR�OHDNDJH� )XUWKHU� DOO�WKH�YHVVHO�VHJPHQWV�WKDW�ZRXOG�HQG�XS�DV�WKH�LVRODWHG

ELIXUFDWLRQ�ZHUH�VHSDUDWHG�IURP�WKH�VXUURXQGLQJ�WLVVXH�DQG�DQ\�SHULDGYHQWLWLDO� IDW�ZDV�UHPRYHG�E\�EOXQW

GLVVHFWLRQ� $Q\�EOHHGLQJ� WKURXJK�YDVD�YDVRUXP�H[SRVHG�E\� WKHVH�EOXQW�SURFHGXUHV�ZRXOG� WKHQ�FORW�DQG

SUHYHQW�IXUWKHU�OHDNDJH� +HQFH�WKH�RUGHU�RI �WKH�VWHSV�GHVFULEHG�LQ�VHFWLRQ ������� ZDV�UHYHUVHG�IRU�WKH�ILQDO

VXUJLFDO�SURWRFRO��6HH�VHFWLRQ ������� $Q�DGGLWLRQDO�DGYDQWDJH�WR�WKLV�VWUDWHJ\�ZDV�WKDW�WKH�EORFNDJH�RI �WKH

YDVD�YDVRUXP�ZLWK�FORWV�SUHYHQWHG�WUDFHU�DQG�ZDWHU�WUDQVSRUW�WKURXJK�WKHP� DOORZLQJ�IRU�D�VLPSOH�UHVLVWRU

PRGHO�RI �WKH�ZDOO�FRQVLVWLQJ�RI �WKH�LQWLPD�DQG�PHGLD�LQ�VHULHV�ZLWKRXW�WKH�FRPSOLFDWLRQ�RI �ORZ�UHVLVWDQFH

SDWKV�LQ�SDUDOOHO�

������� 5HGXFLQJ�WKH�'XUDWLRQ�RI �$QDHVWKHVLD

,Q�DGGLWLRQ�WR�WLPH�VDYLQJV�FRPLQJ�MXVW�IURP�UHSHDWLQJ�WKH�SURFHGXUHV� FKDQJHV�WR�WKH�SURFHGXUH�ZHUH�PDGH

WR�UHGXFH�WKH�WRWDO�GXUDWLRQ�RI �WKH�VXUJHU\�WR�PD[LPLVH�WKH�IUHVKQHVV�RI �WKH�WLVVXH� ,W�ZDV�IRXQG�WKDW�WKH�WLPH

WDNHQ�WR�SODFH�LOLDF�FDQQXODV�ZDV�UHGXFHG�IURP ��PLQXWHV WR ��PLQXWHV E\�DLPLQJ�WR�FDQQXODWH�WKH�H[WHUQDO

LOLDF�DV�RSSRVH�WR�WKH�IHPRUDO�DUWHULHV� )XUWKHU� SODFLQJ�WKH�FDQQXOD�VHFXULQJ�OLJDWXUHV�DOO�LQ�RQH�VWHS�UHGXFHG

WKH�QXPEHU�RI �WRRO�FKDQJHV�UHTXLUHG� $GGLQJ�LQ�WKH�VWHS�LQ�ZKLFK�DOO�DFFHVVRU\�DUWHULHV�ZHUH�PDQXDOO\�OLJDWHG�

UDWKHU�WKDQ�UHO\LQJ�RQ�JODVV�EHDGV�WR�RFFOXGH�WKHP� LQLWLDOO\�LQFUHDVHG�WKH�GXUDWLRQ�RI �WKH�VXUJHU\�EXW�ZLWK

SUDFWLFH� WKH�ZKROH�VXUJHU\�FRXOG�EH�FRPSOHWHG�LQ � K

��



����� )LQDO�6XUJLFDO�3URWRFRO

7KH�ILQDO�SURWRFRO�XVHG�IRU�H[SHULPHQWV� ZKRVH�UHVXOWV�DUH�SUHVHQWHG�LQ�VXEVHTXHQW�UHVXOWV�FKDSWHUV��&KDSWHUV

� DQG ��� LV�SUHVHQWHG�KHUH�

������� 3UH�RSHUDWLYH�3UHSDUDWLRQ

0DOH�6SUDJXH�'DZOH\�UDWV��������� J� &KDUOHV�5LYHU�/DERUDWRULHV� 8.� ZHUH�GHOLYHUHG�!� GD\V SULRU�WR�WKH

VFKHGXOHG�H[SHULPHQW�GDWH� $W�WKH�EHJLQQLQJ�RI �WKH�ZHHN�RI �WKH�H[SHULPHQW� UDWV�ZHUH� UH�ORFDWHG� WR� WKH

&%,6 KRXVLQJ�IDFLOLWLHV�WR�DOORZ�WKHP�WR�DFFOLPDWLVH�WR�WKH�QHZ�HQYLURQPHQW�EHIRUH�H[SHULPHQWV� 7KH\�ZHUH

IHG�D�QRUPDO�ODERUDWRU\�GLHW��/%6 %LRWHFKQRORJ\�/WG� 8.� DG�OLELWXP DQG�KRXVHG�XQGHU�D���K�OLJKW�F\FOH�DW

����� �&� 2Q�WKH�GD\�RI �WKH�H[SHULPHQW� WKH�UDW�ZDV�REVHUYHG�WR�FKHFN�IRU�QRUPDO�EHKDYLRXU�DQG�SRVWXUH�

766 ZDV�SUHSDUHG�WKH�GD\�SUHFHGLQJ�WKH�H[SHULPHQW�DQG�GLVVROYHG�JDV�FRQFHQWUDWLRQV�ZHUH�DOORZHG�WR

HTXLOLEUDWH�LQ�DQ�LQFXEDWRU�DW �� �& ZLWK�D�JDV�FRPSRVLWLRQ�RI �� &2� DQG ��� DLU�

������� $QDHVWKHVLD

$QDHVWKHVLD�ZDV�LQGXFHG�LQ�DQ�LQGXFWLRQ�FKDPEHU�ZLWK�D�VORZO\�ULVLQJ�FRQFHQWUDWLRQ�RI �LVRIOXUDQH� VXSSOLHG

E\�DQ�LQIORZ�RI �PHGLFDO�R[\JHQ�RI ��� O PLQ−� FRQWDLQLQJ ���� LVRIOXUDQH� 8SRQ�ORVV�RI �LWV�ULJKWLQJ�UHIOH[�

WKH� UDW�ZDV�SODFHG�RQ�D�SUHKHDWHG� WHPSHUDWXUH�FRQWUROOHG�KHDW�PDW�DW �� �& LQ�D�VXSLQH�SRVLWLRQ�ZLWK� LWV

PRXWK�DQG�QRVH�LQVHUWHG�LQWR�D�IDFH�PDVN� GHOLYHULQJ�R[\JHQ�DW�D�IORZ�UDWH�RI �.��� O PLQ−� FRQWDLQLQJ �.��

�.�� LVRIOXUDQH� 2QFH�ORVV�RI �WKH�SHGDO�ZLWKGUDZDO�UHIOH[�ZDV�REVHUYHG� VXUJHU\�FRPPHQFHG� 7KURXJKRXW

WKH�VXEVHTXHQW�SURFHGXUHV� GHSWK�RI �DQDHVWKHVLD�ZDV�FRQVWDQWO\�DVVHVVHG�E\�REVHUYLQJ�EUHDWKLQJ�UDWH�DQG

SHULRGLFDOO\�FKHFNLQJ�IRU�WKH�DEVHQFH�RI �WKH�SHGDO�ZLWKGUDZDO�UHIOH[� ,VRIOXUDQH�FRQFHQWUDWLRQ�ZDV�DGMXVWHG

WR�FRQWURO�GHSWK�RI �DQDHVWKHVLD�

������� 6XUJLFDO�3URFHGXUH

�� $FFHVV�WKH�DEGRPLQDO�DRUWD

�D� 3HUIRUP�D�ODSDURWRP\�E\�PDNLQJ�D�VLQJOH�PLGOLQH�LQFLVLRQ�WKURXJK�VNLQ�DQG�DEGRPLQDO�PXVFOH

IURP�D�SRLQW ∼�PP FDXGDO�WR�WKH�VWHUQXP�WR�D�SRLQW ∼�PP URVWUDO�WR�WKH�VFURWXP

�E� 5HIOHFW�WKH�VHPLQDO�YHVLFOHV�DQG�GUDLQ�WKH�EODGGHU�LI �QHFHVVDU\�WR�JDLQ�EHWWHU�DFFHVV�WR�WKH�DRUWLF

ELIXUFDWLRQ

�F� /LJDWH�WKH�LQIHULRU�PHVHQWHULF�DUWHU\�DV�FORVH�WR�WKH�DRUWD�DV�SRVVLEOH

�G� &XW�WKH�UHFWXP� VWRSSLQJ�DQ\�EOHHGLQJ�WKDW�RFFXUV�E\�OLJDWLQJ�RU�FODPSLQJ�ZLWK�KDHPRVWDWV

�H� 5HIOHFW�WKH�HQWLUH�JXW

�I� 3ODFH�WZR�SDLUV�RI �KDHPRVWDWV�RQ�HDFK�WHVWLFXODU�DUWHU\�DQG�FXW�EHWZHHQ�WKHP�WR�JDLQ�EHWWHU�DFFHVV

WR�WKH�DEGRPLQDO�DRUWD

��



�J� /LJDWH�WKH�LOLR�OXPEDU�DUWHULHV� FDXGDO�DUWHU\�DQG�DQ\�RWKHU�DFFHVVRU\�DUWHULHV�WKDW�EUDQFK�IURP

WKH�DEGRPLQDO�DRUWD�RU�FRPPRQ�LOLDF�DUWHULHV� FXWWLQJ�HDFK�EUDQFKLQJ�DUWHU\�GLVWDO�WR�WKH�OLJDWLRQ

SRLQW

�K� &OHDU�DOO�SHULYDVFXODU�IDW�VXUURXQGLQJ�WKH�DEGRPLQDO�DRUWD�DQG�FRPPRQ�LOLDF�DUWHULHV

�L� 3ODFH�D�OLJDWXUH�MXVW�GLVWDO�WR�HDFK�LOLDF�ELIXUFDWLRQ�DQG�SUHSDUH�D�NQRW�ZLWKRXW�WLJKWHQLQJ

�M� 3ODFH�WKUHH�OLJDWXUHV�VSDFHG ���PP DSDUW�MXVW�GLVWDO�WR�WKH�PRVW�GLVWDO�UHQDO�DUWHU\�

L� 3UHSDUH�D�NQRW�LQ�WKH�SUR[LPDO�DQG�FHQWUDO�OLJDWXUHV�ZLWKRXW�WLJKWHQLQJ

LL� 3UHSDUH�D�WHPSRUDU\�NQRW�LQ�WKH�GLVWDO�OLJDWXUH�ZLWKRXW�WLJKWHQLQJ

�� &DQQXODWH�WKH�OHIW�H[WHUQDO�LOLDF�DUWHU\

�D� 0DNH�D�ORQJLWXGLQDO�LQFLVLRQ�WKURXJK�WKH�VNLQ�RI �WKH�XSSHU�WKLJK�DQG�H[SRVH�WKH�IHPRUDO�DUWHU\

E\�IXUWKHU�EOXQW�GLVVHFWLRQ

�E� )ROORZ�WKH�IHPRUDO�DUWHU\�WR�LWV�RULJLQ�RQ�WKH�H[WHUQDO� LOLDF�DUWHU\�DQG�VHSDUDWH�WKH�DUWHU\�DQG

YHLQ�IURP�WKH�DGMDFHQW�QHUYH�DQG�VXUURXQGLQJ�PXVFOH� FXWWLQJ�WKH�QHUYH�LI �QHFHVVDU\�WR�SUHYHQW

LQYROXQWDU\�VSDVP�RI �WKH�OLPE�

�F� 3ODFH�WKUHH�OLJDWXUHV�VSDFHG ���PP DSDUW�DW�WKH�GLVWDO�HQG�RI �WKH�H[WHUQDO�LOLDF�DUWHU\�

L� 3UHSDUH�D�NQRW�LQ�WKH�GLVWDO�DQG�FHQWUDO�OLJDWXUHV�ZLWKRXW�WLJKWHQLQJ

LL� 3UHSDUH�D�WHPSRUDU\�NQRW�LQ�WKH�SUR[LPDO�OLJDWXUH�ZLWKRXW�WLJKWHQLQJ

�G� 2SHQ�WKH���ZD\�WDS�FRQQHFWHG�WR�WKH�FDQQXOD�WR�HQVXUH�QR�EXEEOHV�DUH�LQWURGXFHG�GXULQJ�FDQ�

QXODWLRQ

�H� 7LJKWHQ�WKH�GLVWDO�OLJDWXUH� WKHQ�WKH�WHPSRUDU\�SUR[LPDO�OLJDWXUH

�I� &DQQXODWH�EHWZHHQ�WKH�FHQWUDO�OLJDWXUH�DQG�WKH�GLVWDO�OLJDWXUH�DQG�VHFXUH�WKH�WLS�E\�WLJKWHQLQJ�WKH

FHQWUDO�OLJDWXUH

�J� 5HOHDVH�WKH�WHPSRUDU\�SUR[LPDO�OLJDWXUH�DQG�DGYDQFH�WKH�FDQQXOD���PP EH\RQG�WKH�LOLDF�OLJDWXUH

SODFHG�LQ�VWHS �L DQG�WLJKWHQ�WR�VHFXUH�WKH�FDQQXOD� OHDYLQJ�WKH�HQGV�ORQJ

�K� ,I �DQ\�EORRG�LV�YLVLEOH�LQ�WKH�FDQQXOD� JHQWO\�IOXVK�E\�WHPSRUDULO\�UDLVLQJ�WKH�LOLDF�UHVHUYRLUV� 7KHQ

DGMXVW�WKH�OHYHO�RI �WKH�LOLDF�UHVHUYRLUV�WR�WKHUH�LV�QR�QHW�IORZ�RI �766 LQWR�RU�RXW�RI �WKH�YHVVHO

�� &DQQXODWH�WKH�ULJKW�H[WHUQDO�IHPRUDO�DUWHU\�E\�UHSHDWLQJ�WKH�VWHSV�DERYH

�� &DQQXODWH�DEGRPLQDO�DRUWD�XVLQJ�WKH�OLJDWXUHV�SODFHG�LQ�VWHS �M�

�D� 2SHQ�WKH���ZD\�WDS�FRQQHFWHG�WR�WKH�DRUWLF�FDQQXOD�WR�HQVXUH�QR�EXEEOHV�DUH�LQWURGXFHG�GXULQJ

FDQQXODWLRQ

��



�E� 7LJKWHQ�WKH�SUR[LPDO�OLJDWXUH� WKHQ�WKH�WHPSRUDU\�GLVWDO�OLJDWXUH

�F� &DQQXODWH�EHWZHHQ�WKH�FHQWUDO�OLJDWXUH�DQG�WKH�SUR[LPDO�OLJDWXUH�DQG�VHFXUH�WKH�WLS�E\�WLJKWHQLQJ

WKH�FHQWUDO�OLJDWXUH

�G� /RRVHQ�WKH�WHPSRUDU\�GLVWDO�OLJDWXUH�DQG�DGYDQFH�WKH�FDQQXOD���PP EH\RQG�OLJDWXUH�DQG�UH�WLH

LW�ZLWK�D�SHUPDQHQW�NQRW�WR�VHFXUH�WKH�FDQQXOD

�� %HQG�WKH�DUPV�RI �WKH�VWHUHRWDFWLF�WULSRG�WR�PDWFK�WKH�OHQJWKV�RI �WKH�DUWHULDO�VHJPHQWV LQ�VLWX DQG�WLH�WKH

ORQJ�HQGV�RI �WKH�FDQQXOD�VHFXULQJ�OLJDWXUHV�WR�WKH�DUPV

�� 5HPRYH�ELIXUFDWLRQ� IURP�WKH�DEGRPHQ�DQG�SODFH�GLUHFWO\� LQ�D� WHPSHUDWXUH�FRQWUROOHG�766 EDWK�DW

�� �&

��� 'HYHORSPHQW�RI �6DPSOH�3UHSDUDWLRQ�DQG�,PDJLQJ�0HWKRGV

0XFK�RI �WKH�GHYHORSPHQW�RI �WKH�VDPSOH�SUHSDUDWLRQ�DQG�LPDJLQJ�PHWKRGV�GHVFULEHG�EHORZ�ZDV�SHUIRUPHG

XVLQJ�WHVW�VDPSOHV�IURP�]HUR�SUHVVXUH�H[SHULPHQWV�SHUIRUPHG�RQ�WKRUDFLF�DRUWLF�ULQJV�

����� 3UHVHUYDWLRQ�RI �3UHVVXULVHG�6WUXFWXUH

������� &KHPLFDO�)L[DWLRQ�RI �(ODVWLQ

,Q�RUGHU�WR�REWDLQ�UHDOLVWLF�LPDJHV�RI �ZDOO�VWUXFWXUH�LQ�YHVVHOV�VXEMHFWHG�WR�SK\VLRORJLFDOO\�UHOHYDQW�WUDQVPXUDO

SUHVVXUHV� LW�ZDV�QHFHVVDU\�WR�REWDLQ�IL[DWLRQ�RI �DOO�WKH�HODVWLF�FRPSRQHQWV�RI �WKH�ZDOO�ZKLOH�VWLOO�LQ�WKH�VWUHVVHG

FRQILJXUDWLRQ� 2WKHUZLVH� HODVWLF�UHFRLO�RQFH�WKH�SUHVVXUH�LV�UHPRYHG�ZRXOG�KDYH�LQWURGXFHG�DUWHIDFWV�LQWR

WKH�LPDJHV�H�J��ZDY\�RU�ZULQNOHG�HODVWLF�ODPHOODH�LQ�WKH�WXQLFD�PHGLD� (ODVWLQ�LV�ZHOO�NQRZQ�IRU�EHLQJ�GLIILFXOW

WR�IL[�ZLWK�FRPPRQ�DOGHK\GH�IL[DWLRQ��)XQJ�DQG�6RELQ� ������ UHWDLQLQJ�LW
V�HODVWLFLW\�HYHQ�DIWHU�SURORQJHG

IL[DWLRQ�LQ�D�GHIRUPHG�VWDWH�

1D&O2 KDV�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH�DV�D�VXLWDEOH�IL[DWLYH�IRU�HODVWLQ��8UU\�HW DO�� ������ $QRWKHU

SRVVLELOLW\� LV� WR�GHK\GUDWH� VSHFLPHQV� LQ� WKHLU� VWUHVVHG�FRQILJXUDWLRQV� 6LQFH�PXFK�RI �WKH�HODVWLF�UHFRLO�RI

HODVWLQ�DULVHV�GXH�WR�K\GURSKRELF�LQWHUDFWLRQV�RI �LWV�FRQVWLWXHQW�DPLQR�DFLGV��8UU\�DQG�3DUNHU� ������ FRPSOHWH

GHK\GUDWLRQ�ZKLOH�WLVVXH�LV�KHOG�LQ�WKH�VWUHVVHG�FRQILJXUDWLRQ�PD\�UHGXFH�DQ\�UHFRLO�DUWHIDFWV�

6LPSOH�WHVWV�ZHUH�GHYLVHG�WR�GHWHUPLQH�WKH�VXLWDELOLW\�RI �VHYHUDO�IL[DWLYHV� 5DW�DRUWLF�VHJPHQWV�ZHUH�HTXL�

OLEUDWHG�IRU �� K LQ�766 FRQWDLQLQJ �� 5K�%6$��([FHVV�WUDFHU�ZDV�ZDVKHG�RII �LQ�3%6 DQG�VDPSOHV�ZHUH�KHOG

LQ�ORQJLWLGXQDO�H[WHQVLRQ�E\�SLQQLQJ�WR�3'06�OLQHG�GLVKHV� 7KH\�ZHUH�WKHQ�LQFXEDWHG�DW�URRP�WHPSHUDWXUH

LQ�WKH�GLIIHUHQW�IL[DWLYHV�RYHUQLJKW� )RU�HDFK�IL[DWLYH� KDOI �WKH�VDPSOHV�ZHUH�GHK\GUDWHG�WKURXJK�D�JUDGHG

HWKDQRO�VHULHV������ ���� ���� ��� DQG ������ZKLOH�VWLOO�SLQQHG�DQG�WKH�RWKHU�KDOI �ZHUH�UHOHDVHG�IURP

WKH�3'06 EHIRUH�GHK\GUDWLRQ� 7R�DFFRXQW�IRU�GLIIHUHQFHV�LQ�HODVWLFLW\�GHSHQGLQJ�RQ�WKH�RULJLQ�RI �WKH�DRUWLF

VHJPHQW� IRXU�GLIIHUHQW�DRUWDV�ZHUH�HDFK�FXW�LQWR�WHQ�VHJPHQWV� 7KH\�ZHUH�WKHQ�UDQGRPO\�DVVLJQHG�WR�D�SDU�

��



WLFXODU�WUHDWPHQW�FRPELQDWLRQ� 7KH�FRPELQDWLRQV�RI �WUHDWPHQWV�DUH�VXPPDULVHG�LQ�WDEOH ���� ,QFXEDWLQJ�LQ

3%6 ZDV�XVHG�DV�D�QHJDWLYH�FRQWURO� ��� IRUPDOGHK\GH�LV�WKH�VWDQGDUG�IL[DWLYH�XVHG�LQ�WKH�ODERUDWRU\�EHFDXVH

LW�ZDV�SUHYLRXVO\�VKRZQ�WR�EH�KLJKO\�HIIHFWLYH�DW�IL[LQJ�5K�%6$ LQ�DUWHULDO�WLVVXH�IRU�FRQIRFDO�PLFURVFRS\�

)RUPDO�VXEOLPDWH�ZDV�SUHSDUHG�E\�ILUVW�SUHSDULQJ�D ��� VROXWLRQ�RI �IRUPDOGHK\GH� !�� +J&O� ZDV�WKHQ

DGGHG�DQG�PL[HG�IRU ��PLQXWHV WR�PDNH�D�VDWXUDWHG�VROXWLRQ� ([FHVV�VDOW�ZDV�DOORZHG�WR�VHWWOH�XQGHU�JUDYLW\

DQG�WKH�VXSHUQDWDQW�ZDV�FDUHIXOO\�GHFDQWHG� 7HVWV�RI 1D&O2 DV�D�SRWHQWLDO�IL[DWLYH�ZHUH�FRQGXFWHG�IROORZLQJ

WKH�PHWKRGV�RXWOLQHG�LQ 8UU\�HW DO� ������� 7KH�FRQFHQWUDWLRQ�RI 1D&O2 LQ�ODERUDWRU\�EOHDFK��7HHSRO��ZDV

GHWHUPLQHG�E\�UHGR[�WLWUDWLRQ�WR�EH �.��0 DQG�ZDV�GLOXWHG�LQ�3%6 WR�REWDLQ�D �.��0 VROXWLRQ�

7KH�RULJLQDO�OHQJWK��lo�� OHQJWK�GXULQJ�IL[DWLRQ��ld��DQG�ILQDO�OHQJWK�DIWHU�IL[DWLRQ�DQG�GHK\GUDWLRQ��la�

RI �HDFK�VDPSOH�ZHUH�PHDVXUHG�XVLQJ�GLJLWDO�FDOOLSHUV�XQGHU�D�VWHURPLFURVFRSH�DQG�WKH�UHVXOWV�H[SUHVVHG�DV

SHUFHQWDJH�RI �VWUDLQ�UHWDLQHG�DIWHU�IL[DWLRQ�DQG�GHK\GUDWLRQ�LH� 3HUFHQWDJH�RI �VWUDLQ�IL[HG=
la−lo

lo
ld−lo

lo

7UHDWPHQW�� )L[DWLYH 6WDWH�RI �WLVVXH�GXULQJ�GHK\GUDWLRQ
� 3%6 6WUHWFKHG
� 3%6 5HOD[HG
� ��� IRUPDOGHK\GH 6WUHWFKHG
� ��� IRUPDOGHK\GH 5HOD[HG
� �� +J&O� 6WUHWFKHG
� �� +J&O� 5HOD[HG
� )RUPDO�VXEOLPDWH 6WUHWFKHG
� )RUPDO�VXEOLPDWH 5HOD[HG
� �.��0 1D&O2 6WUHWFKHG
�� �.��0 1D&O2 5HOD[HG

7DEOH ���� 6XPPDU\�RI �IL[DWLYHV�XVHG�LQ�IL[DWLRQ�DQG�GHK\GUDWLRQ�WULDOV� 7UHDWPHQWV���DQG���ZHUH�LQFOXGHG�DV
QHJDWLYH�FRQWUROV�

PBS 15% formaldehyde 6% HgCl2 FS
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dehydrated in relaxed state
dehydrated in stretched state

)LJXUH ���� 5HVXOWV�RI �IL[DWLRQ�DQG�GHK\GUDWLRQ�WULDOV� GHK\GUDWLRQ�RI �VWUHWFKHG�VDPSOHV�UHVXOWHG�LQ�OHVV�UHFRLO
IRU�DOO�IL[DWLYHV� )6 SHUIRUPHG�EHVW�RI �DOO�WKH�IL[DWLYHV� SUHVHUYLQJ ���� RI �WKH�VWUDLQ�

$W�WKH�HQG�RI �WKHVH�WHVWV� LW�ZDV�QRWHG�WKDW�WKH�VDPSOHV�SODFHG�LQ�WKH 1D&O2 ZHUH�FRPSOHWHO\�GLVFRORXUHG�

WKH�WUDFHU�KDG�HYLGHQWO\�EHHQ�EOHDFKHG�LQ�WKDW�IL[DWLYH�VROXWLRQ�DV�HYHQ�WKH�VROXWLRQ�ZDV�FRORXUOHVV� 7KHUHIRUH

WKH�ILQDO�OHQJWKV�RI �WKHVH�VDPSOHV�ZHUH�QRW�UHFRUGHG� )URP�WKH�HORQJDWLRQ�UHVXOWV� IRUPDO�VXEOLPDWH�ZDV

��



FOHDUO\�WKH�EHVW�RSWLRQ� FRPELQHG�ZLWK�GHK\GUDWLRQ�LQ�WKH�VWUHVVHG�FRQILJXUDWLRQ��)LJXUH �����

)XUWKHU�RSWLPLVDWLRQ�RI �WKH�IL[DWLRQ�ZLWK�IRUPDO�VXEOLPDWH�ZDV�GRQH�WR�UHGXFH�WKH�H[SRVXUH�WLPH�UHTXLUHG

EXW�WR�VWLOO�DFKLHYH ���� IL[DWLRQ�RI �HORQJDWLRQ�DQG�JRRG�IL[DWLRQ�RI �WKH�5K�%6$ WUDFHU� $RUWLF�VHJPHQWV

ZHUH�VWUHWFKHG�E\�SLQQLQJ�WR�3'06�OLQHG�SHWUL�GLVKHV�DV�GHVFULEHG�DERYH�DQG� LQFXEDWHG� LQ�IRUPDO�VXEOL�

PDWH�IRU �PLQ� ��PLQ� ��PLQ� ��PLQ� ��PLQ DQG ���PLQ DW�URRP�WHPSHUDWXUH� $OO�VDPSOHV�ZHUH�WKHQ

GHK\GUDWHG�WKURXJK�D�JUDGHG�HWKDQRO�VHULHV�DV�EHIRUH�DQG�ILQDO�HORQJDWLRQ�ZDV�PHDVXUHG� 7KHUH�ZDV�QR�GLI�

IHUHQFH�EHWZHHQ�DOO�VDPSOHV�IL[HG�IRU�!��PLQ� )URP�SUHYLRXV�ZRUN�E\�RWKHU�ODE�PHPEHUV� ��PLQ IL[DWLRQ

LQ ��� IRUPDOGHK\GH�LV�LQVXIILFLHQW�WR�HQVXUH�IL[DWLRQ�RI �DOO�5K�%6$ PROHFXOHV�LQ�WKH�WLVVXH� WKH�HVWDEOLVKHG

LQ�YLYR SURWRFRO�FDOOV�IRU ��PLQ SHUIXVLRQ�IL[DWLRQ�ZLWK ��� IRUPDOGHK\GH LQ�VLWX IROORZHG�E\�RYHUQLJKW�SRVW�

IL[DWLRQ�LQ ��� IRPDOGHK\GH� 7DNLQJ�WKHVH�WZR�SUHYLRXV�SRLQWV�LQWR�FRQVLGHUDWLRQ� WKH�ILQDO�IL[DWLRQ�SURWRFRO

XVHG�LQ�DOO�IXUWKHU�VWXGLHV�FRQVLVWHG�RI �D ��PLQ IL[DWLRQ�ZLWK�IRUPDO�VXEOLPDWH� DQ�RYHUQLJKW�IL[DWLRQ�LQ ���

IRUPDOGHK\GH�DQG�GHK\GUDWLRQ�WKURXJK�D�JUDGHG�HWKDQRO�VHULHV� DOO�ZLWK�WKH�WLVVXH�LQ�WKH�VWUHVVHG�VWDWH�

������� &U\RHPEHGGLQJ

2QH�SUREOHP�ZLWK�XVLQJ +J&O� DV�D�IL[DWLYH�LV�LWV�WR[LFLW\� 7KHUHIRUH�VQDS�IUHH]LQJ�DUWHULHV�ZKLOH�VWLOO�SUHV�

VXULVHG�ZDV�FRQVLGHUHG�DV�D�SRVVLEOH�DOWHUQDWLYH�WR�SUHYHQW�HODVWLF�UHFRLO� 5DW�DRUWLF�VHJPHQWV�ZHUH�SUHSDUHG

DV�GHVFULEHG�LQ�VHFWLRQ ������� DQG�VQDS�IUR]HQ�E\�VXEPHUJLQJ�LQ�DQ�LVRSHQWDQH�EDWK� SUH�FKLOOHG�LQ�OLTXLG�QL�

WURJHQ� $V�H[SHFWHG� HORQJDWLRQ�ZDV�SHUIHFWO\�SUHVHUYHG�LQ�WKH�IUR]HQ�WLVVXH� 'XH�WR�LWV�VSHHG�DQG�VLPSOLFLW\�

WKLV�WHFKQLTXH�ZDV�XVHG�DV�WKH�EDVLV�IRU�D�0DVWHU
V�SURMHFW�WR�DWWHPSW��' UHFRQVWUXFWLRQ�RI �VHULDO�VHFWLRQV�RI

VWUHVVHG�WLVVXH��6HH�VHFWLRQ ���������

����� (SR[\�HPEHGGLQJ

(PEHGGLQJ�VDPSOHV�LQ�DQ�HSR[\�UHVLQ�ZRXOG�WDNH�DGYDQWDJH�RI �WKH�RSWLFDO�FOHDULQJ�HIIHFW�FDXVHG�E\�WKH�UHIUDF�

WLYH�LQGLFHV�RI �PRVW�HSR[\�UHVLQV�EHLQJ�VLPLODU�WR�WKDW�RI �RLO�EDVHG�LPPHUVLRQ�PHGLD�XVHG�LQ�OLJKW�PLFURVFRS\�

7KLV�DSSURDFK�ZRXOG�WKHQ�RSHQ�XS�WKH�SRVVLELOLW\�RI �XVLQJ�WKH�FRQIRFDO�PLFURVFRSH�WR�LPDJH�ODUJH�WLVVXH

YROXPHV� OLPLWHG�RQO\�E\�WKH�ZRUNLQJ�GLVWDQFH�RI �WKH�DYDLODEOH�RLO�LPPHUVLRQ�OHQVHV�

6HJPHQWV�RI �WKRUDFLF�DRUWD�REWDLQHG�IURP�UDW�FDUFDVVHV�ZHUH�XVHG�DV�WHVW�VDPSOHV�DQG�ZHUH�GHK\GUDWHG

LQ�D�JUDGHG�HWKDQRO�VHULHV������ ���� ���� ��� DQG ������ FKDQJLQJ�VROXWLRQV�HYHU\ ��PLQXWHV DW�URRP

WHPSHUDWXUH� $ ILQDO�GHK\GUDWLRQ�VWHS�LQ ���� HWKDQRO�ZDV�GRQH�RYHUQLJKW� 6DPSOHV�ZHUH�WKHQ�SODFHG�LQ

WZR�FKDQJHV�RI �SURS\OHQH�R[LGH��32��

(SR[\�HPEHGGLQJ�PHGLXP��7$$%� ZDV�SUHSDUHG�E\�PL[LQJ �� J (PEHG����� �� J GRGHFHQ\O�VXFFLQLF

DQK\GULGH� �� J PHWK\O�QDGLF�DQK\GULGH�DQG �.�PO %HQ]\OGLPHWK\ODPLQH� $LU�EXEEOHV�FUHDWHG�E\�PL[LQJ�ZHUH

UHPRYHG�E\�FHQWULIXJDWLRQ�DW ���×J IRU �PLQXWHV� ,QILOWUDWLRQ�LQ�HSR[\�ZDV�GRQH�WKURXJK�D�JUDGHG�VHULHV

RI �HSR[\�32 PL[WXUHV�LQ�WKH�IROORZLQJ�UDWLRV� ���� ����DQG ���� HSR[\� FKDQJLQJ�VROXWLRQV�DSSUR[LPDWHO\

HYHU\ �� K� $IWHU�D�ILQDO �� K LQFXEDWLRQ�LQ�IUHVK ���� HSR[\� EORFNV�ZHUH�FXUHG�DW �� �& IRU �� K�

��



����� 3K\VLFDO�6HFWLRQLQJ�DQG�,PDJH�9ROXPH�5HFRQVWUXFWLRQ�YV��' ,PDJLQJ�7HFKQLTXHV

:LWK�ERWK�HSR[\�DQG�FU\RHPEHGGLQJ�PHWKRGV�DYDLODEOH� WKHUH�ZHUH�WZR�SRVVLEOH�DSSURDFKHV�WR�REWDLQ�LPDJH

YROXPHV�RI �WKH��' VWUXFWXUH�RI �WKH�DUWHULDO�PHGLD� ����SK\VLFDO�VHFWLRQLQJ�DQG��' LPDJLQJ� IROORZHG�E\�LPDJH

UHJLVWUDWLRQ�DQG�LPDJH�YROXPH�UHFRQVWUXFWLRQ� RU�����RSWLFDO�VHFWLRQLQJ�XVLQJ�WKH�]�VWDFN�LPDJLQJ�FDSDELOLWLHV

RI �WKH�FRQIRFDO�ODVHU�VFDQQLQJ�PLFURVFRSH��&/60���7ZR�DOWHUQDWLYH�K\EULG�RSWLRQV�ZHUH�WR�LPDJH�]�VWDFNV�RI

WKLFN�VHFWLRQV�XVLQJ�D�FRQIRFDO�PLFURVFRSH�WR�UHGXFH�WKH�QXPEHU�RI �LPDJH�UHJLVWUDWLRQV�UHTXLUHG�RU�EORFN�IDFH

LPDJLQJ�RQ�D�FXVWRP�EXLOW�DSSDUDWXV�GHYHORSHG�LQ�WKH�GHSDUWPHQW� $OO�RSWLRQV�ZHUH�H[SORUHG�EHIRUH�VHWWOLQJ

RQ�D�ILQDO�FKRLFH�

������� ,PDJH�5HJLVWUDWLRQ�RI �7KLFN�&U\RVHFWLRQV

7R�WHVW�WKH�IHDVLELOLW\�RI �UHFRQVWUXFWLQJ�LPDJH�YROXPHV�IURP�WKLFN�FU\RVHFWLRQV� DQ�06F� SURMHFW�VWXGHQW�

&KHXN�:RQJ� ZDV�WDVNHG�ZLWK�FXWWLQJ �� �P FU\RVHFWLRQV� LPDJLQJ�WKHP�DV�]�VWDFNV�XVLQJ�D�&/60 DQG�GH�

YHORSLQJ�D�FRGH�LQ�0$7/$%��WR�DOLJQ� UHFRQVWUXFWLQJ�LPDJH�YROXPHV�E\�UHJLVWHULQJ�VHTXHQWLDO�VOLFHV�

6HJPHQWV�RI �UDW�WKRUDFLF�DRUWD�ZHUH�LQILOWUDWHG�ZLWK�D �� 5K�%$6 WUDFHU�VROXWLRQ� IL[HG�LQ ��� IRUPDOGH�

K\GH�RYHUQLJKW�DQG�SODFHG�LQ�D�FU\RSURWHFWDQW�VROXWLRQ�RI �3%6 FRQWDLQLQJ ��� VXFURVH�DW � �& IRU � K� &U\�

RHPEHGGLQJ�ZDV�GRQH�XVLQJ�2&7 FU\RHPEHGGLQJ�PHGLXP��7LVVXH�7HN�� 86$���HPEHGGLQJ�FKDPEHUV�ZHUH

ILOOHG�ZLWK�2&7 EHIRUH�SODFLQJ�DRUWLF�VHJPHQWV� RULHQWLQJ�WKH�ORQJLWXGLQDO�D[LV�SHUSHQGLFXODU�WR�WKH�VXUIDFH

RI �WKH�HPEHGGLQJ�PHGLXP� $Q\�EXEEOHV�SUHVHQW�LQ�WKH�2&7 ZHUH�UHPRYHG�ZLWK�D�QHHGOH� $Q�LVRSHQWDQH

EDWK�ZDV�FRROHG�LQ�D�OLTXLG�QLWURJHQ�EDWK�IRU ��PLQXWHV EHIRUH�ORZHULQJ�WKH�HPEHGGLQJ�FKDPEHUV�LQWR�WKH

LVRSHQWDQH� RQO\�VXEPHUJLQJ�WKHP�WR�WKH�OHYHO�RI �WKH�2&7 VR�WKDW�QR�EXEEOLQJ�RFFXUUHG�RQ�WKH�VXUIDFH�

%ORFNV�ZHUH�WULPPHG�DQG�FXW�XVLQJ�D�FU\RPLFURWRPH� FROOHFWLQJ�VHTXHQWLDO�VHFWLRQV�DW�D�WKLFNQHVV�RI �� �P

RQ�VWDQGDUG�JODVV�VOLGHV�DQG�GHK\GUDWHG�LQ�DLU�

6HFWLRQV�ZHUH�PRXQWHG�LQ�WKH�PRXQWLQJ�PHGLXP�SUHSDUHG�DV�GHVFULEHG�LQ�VHFWLRQ ����� XVLQJ�VWDQGDUG

�����FRYHUVOLSV�DQG�LPDJHG�XVLQJ�D�&/60 �/HLFD�7&6 63�� /HLFD�0LFURV\VWHPV�*PE+��*HUPDQ\�� $XWRIOX�

RUHVFHQFH�DQG�5K�IOXRUHVFHQFH�LPDJHV�ZHUH�WDNHQ�XVLQJ�D��� × PL[HG�LPPHUVLRQ�OHQV��/HLFD� ��×�������

$XWRIOXRUHVFHQFH�ZDV�H[FLWHG�DW ��� QP DQG�LWV�HPLVVLRQ�LPDJHG�EHWZHHQ ������� QP� 5K�ZDV�H[FLWHG�DW

��� QP DQG�LWV�HPLVVLRQ�LPDJHG�EHWZHHQ ������� QP�

$WWHPSWV�WR�UHFRQVWUXFW�VHULDO�VOLFHV�LQWR�D�FRPSOHWH�LPDJH�YROXPH�ZHUH�PDGH�XVLQJ�0$7/$%��7KH�WHFK�

QLTXH�ZDV�EDVHG�RQ�FRQWURO�SRLQW�UHJLVWUDWLRQ�ZKHUHLQ�D�XVHU�LGHQWLILHG�FRUUHVSRQGLQJ�SRLQWV�LQ���FRQVHFXWLYH

VOLFHV� $OWKRXJK�WKH�SURMHFW�UHDFKHG�D�SURRI �RI �FRQFHSW�VWDJH� VXFFHVIXOO\�DOLJQLQJ���FRQVHFXWLYH�VOLFHV� WKH

TXDOLW\�RI �WKH�UHFRQVWUXFWLRQ�ZDV�KLJKO\�GHSHQGHQW�RQ�WKH�QXPEHU�RI �SRLQWV�VHOHFWHG� 7KXV�KLJK�TXDOLW\�UH�

FRQVWUXFWLRQV�ZRXOG�UHTXLUH�WRR�PXFK�XVHU�LQSXW�WR�EH�DQ�HIILFLHQW�VROXWLRQ� %ORFN�IDFH�LPDJLQJ�DQG�RSWLFDO

VHFWLRQLQJ�ZHUH�SXUVXHG�LQ�IDYRXU�RI �WKLV�ODERXU�LQWHQVLYH�WHFKQLTXH�

��



������� %ORFN�IDFH�LPDJLQJ� WKH�+LVWRFXWWHU

$ �' KLVWRORJ\�WHFKQLTXH�EDVHG�RQ�LPDJLQJ�WKH�IUHVKO\�FXW�IDFH�RI �D�EORFN�FRQWDLQLQJ�HPEHGGHG�WLVVXHV�ZDV

WULDOOHG� 8QOLNH�WUDGLWLRQDO�KLVWRORJ\� ZKHUH�OLJKW�LV�WUDQVPLWWHG�WKURXJK�WKLQ�VOLFHV�RI �VDPSOHV�WR�DFTXLUH�LP�

DJHV� WKH�EORFN�IDFH�LV�LPDJHG�XVLQJ�D�FDPHUD�ZKLFK�UHFRUGV�OLJKW�UHIOHFWHG�RII �LW� E\�SDVVLQJ�WKH�GLVDGYDQWDJHV

RI �WUDGLWLRQDO�VHFWLRQLQJ�LQFOXGLQJ�GLVWRUWLRQ�RI �VOLFHV�DQG�WKH�KLJK�FKDQFH�RI �ORVLQJ�VOLFHV�ZLWKLQ�D�VHULDO�VHW

RI �VHFWLRQV�

7KH�DSSDUDWXV�LQFOXGHV�D�IOXRUHVFHQW�OLJKW�VRXUFH��;�&,7(�����3& 4��/XPHQ�'\QDPLFV�� WZR�ILOWHU�VHWV

�������� QP� ������� QP�� D�PLFURVFRSH��1LNRQ�$=���� PDJQLILFDWLRQV� �×� �×� �×� �×� �×� �×� �×�

�×��DQG�D�&&' FDPHUD��$OWD�8��� $SRJHH��DUH�DOO�PRXQWHG�RQ�D�ULJLG�EHG�ZLWK�WKHLU�RSWLFDO�D[HV�DOLJQHG

ZLWK�WKH�UHVWLQJ�EORFN�SRVLWLRQ�RQ�DQ�DXWRPDWLF�PLFURWRPH��50����� /HLFD�0LFURV\VWHPV�� $Q�LQ�KRXVH�FRGH

FRRUGLQDWHV�WKH�LQGLYLGXDO�FRPSRQHQWV� DFTXLULQJ�VHULDO��' EORFN�IDFH�LPDJHV� DIWHU�HDFK�VOLFH� WKH�PLFURWRPH

DUP�UHWXUQV�WKH�EORFN�WR�WKH�VDPH�SRVLWLRQ�HDFK�WLPH� ZLWKLQ�WKH�ILHOG�RI �YLHZ��)29� RI �WKH�FDPHUD�DQG�WKH

QHZ�EORFN�IDFH�LV�LPDJHG�LQ��'��$V�WKH�EORFN�LV�DGYDQFHG�LQ�WKH�PLFURWRPH� D��' LPDJH�RI �WKH�VDPSOH�LV

UH�FUHDWHG�

3UHOLPLQDU\�VDPSOHV�ZHUH�PDGH�WR�WHVW�LWV�DSSOLFDELOLW\�LQ�JHQHUDWLQJ��' LPDJH�YROXPHV�ZLWK�VXIILFLHQWO\

KLJK� UHVROXWLRQ� WR� UHVROYH�960&V� WR�REWDLQ� JHRPHWULHV� IRU� IOXLG� IORZ� VLPXODWLRQV� 5HVROXWLRQ� LQ� WKH� ]�

GLUHFWLRQ�LV�OLPLWHG�E\�WKH�PLFURWRPH
V�PLQLPXP�VOLFH�WKLFNQHVV�RI �.� �P DQG�WKH�OLJKW�SHQHWUDWLRQ�GHSWK

LQWR�WKH�EORFN�IDFH� )RU�D�W\SLFDO�960& D[LDO�OHQJWK�RI �KXQGUHGV�RI �PLFURQV� WKH �.� �P VOLFH�WKLFNQHVV�ZRXOG

EH�VXIILFLHQW� $WWHPSWV�ZHUH�PDGH�WR�OLPLW�OLJKW�SHQHWUDWLRQ�E\�DGGLQJ�IOXRUHVFHQFH�DEVRUELQJ�G\H�6XGDQ

%ODFN�% ��.��� ��� ��� �� DQG ����WR�HSR[\�HPEHGGLQJ�PHGLXP� �� �P IOXRUHVFHQW�EHDGV�VXVSHQGHG�LQ

�� DJDURVH�JHO�ZHUH�HPEHGGHG�LQ�6XGDQ�EODFN�VXSSOHPHQWHG�HSR[\� 6LQFH�96&0 GLPHQVLRQV�LQ�WKH�UDGLDO

DQG�FLUFXPIHUHQWLDO�GLUHFWLRQV�DUH�RQ�WKH�RUGHU�RI �WHQV�RI �PLFURQV� WHVWV�ZHUH�FRQGXFWHG�WR�VHH�ZKDW�[�\

UHVROXWLRQV�FRXOG�EH�REWDLQHG�E\�LPDJLQJ�D�JUDWLFXOH�DW�WKH�DYDLODEOH�FDPHUD�PDJQLILFDWLRQV�

(SR[\�FRQWDLQLQJ�!���6XGDQ�EODFN�GLG�QRW� FXUH� FRPSOHWHO\� 7KH� UHPDLQLQJ�EHDG� VDPSOHV� IDLOHG� LQ

OLPLWLQJ�OLJKW�SHQHWUDWLRQ�DV�OLJKW�ZDV�HYLGHQWO\�SHQHWUDWLQJ�WKH�EORFNV�WRR�HDVLO\� EHDGV�XQGHU�WKH�VXUIDFH

ZHUH�EHLQJ�LPDJHG�DW�OHDVW �� �P EHIRUH�WKH\�ZHUH�DW�WKH�EORFN�IDFH� 7KXV�]�UHVROXWLRQ�ZRXOG�HIIHFWLYHO\�EH

LQ�WKH�WHQV�RI�PLFURQV�UDQJH�

[�\�SL[HO�UHVROXWLRQV�RI �.�� �P DQG �.���� �P ZHUH�REWDLQHG�DW��× DQG��×PDJQLILFDWLRQ�ZLWK�)29V�RI

�.��PP DQG �.�PP UHVSHFWLYHO\� +RZHYHU� SLQFXVKLRQ�GLVWRUWLRQV�ZHUH�REVHUYHG�RQ�WKH�HGJHV�RI �WKH�LPDJHV

VR�WKH�XVHDEOH�)29 LQ�UHDOLW\�ZDV�PXFK�VPDOOHU� $GGLWLRQDOO\� LW�VKRXOG�EH�QRWH�WKDW�WKHVH�SL[HO�UHVROXWLRQV

DUH�QRW�HTXLYDOHQW�WR�WKH�PD[LPXP�VSDWLDO�UHVROXWLRQ�GHWHUPLQHG�E\�WKH�QXPHULFDO�DSHUWXUH�RI �WKH�RSWLFDO

WUDLQ� :LWK�QXPHULFDO�DSHUWXUHV�RI �WKH�FDPHUD�OHQVHV�LQ�WKH�UDQJH�RI ��������� ZH�GHFLGHG�WKDW�WKH�WKHRUHWLFDO

PD[LPXP�[�\�UHVROXWLRQ�RI �WKLV�LQVWUXPHQW��∼ �.���.� �P��ZDV�QRW�VXIILFLHQW�WR�MXVWLI\�IXUWKHU�DWWHPSWV�

��



������� 2SWLFDO�6HFWLRQLQJ� �' &RQIRFDO�,PDJLQJ

7DNLQJ�DGYDQWDJH�RI �WKH�RSWLFDO�SURSHUWLHV�RI �WKH�HSR[\�HPEHGGHG�WLVVXHV� RSWLFDO�VHFWLRQLQJ�XVLQJ�WKH�/HLFD

7&6 63��ZDV�XVHG�WR�UHPRYH�DQ\�QHHG�IRU�SK\VLFDO�VHFWLRQLQJ�DQG�LPDJH�UHJLVWUDWLRQ� 7KH�RQO\�OLPLWDWLRQV

DVVRFLDWHG�ZLWK�WKLV�DSSURDFK�ZHUH�GURS�RII �RI �VLJQDO�LQWHQVLW\�ZLWK�LQFUHDVLQJ�GHSWK�GXH�WR�DWWHQXDWLRQ�RI

ERWK�WKH�H[FLWDWLRQ�ODVHU�DQG�WKH�HPLWWHG�IOXRUHVFHQFH� 7KHVH�OLPLWDWLRQV�ZHUH�RYHUFRPH�LQ�SRVW�SURFHVVLQJ

RI �WKH�LPDJH�YROXPHV��6HH�VHFWLRQ �����

7KH�ODWHUDO�UHVROXWLRQ�RI �FRQIRFDO�LPDJLQJ�LV�W\SLFDOO\�����WLPHV�EHWWHU�WKDQ�WKH�D[LDO�UHVROXWLRQ� )LEUH

DQG�960& DOLJQPHQW�LQ�WKH�WXQLFD�PHGLD�LV�NQRZQ�WR�UDQJH�IURP�FLUFXPIHUHQWLDO�WR�KHOLFDO� 7R�PDNH�EHVW

XVH�RI �WKH�UHVROXWLRQ�DYDLODEOH�LQ�WKH�[�\�SODQH� VDPSOHV�ZHUH�RULHQWHG�WR�REWDLQ�ORQJLWXGLQDO�VHFWLRQV�VR�WKDW

WKH�VKRUW�D[HV�RI �WKH�960&V�ZRXOG�EH�LPDJHG�LQ�WKH�KLJKHU�UHVROXWLRQ�[�\�SODQH�DQG�WKH�ORQJ�D[HV�ZRXOG�EH

LPDJHG�LQ�WKH�ORZHU�UHVROXWLRQ�]�D[LV�

3UHSDUDWLRQ�RI �WKH�HSR[\�HPEHGGHG�VDPSOHV�IRU�FRQIRFDO�LPDJLQJ�ZDV�GRQH�XVLQJ�D�ORZ�VSHHG�URWDWLQJ

VDZ��,VRPHW��DQG�ZDIHULQJ�EODGHV��%XHKOHU�� ([FHVV�HPEHGGLQJ�PHGLXP�ZDV�FXW�IURP�WLVVXH�EORFNV�WR�SUR�

GXFH�FXERLGDO�EORFNV�RI �HSR[\�FRPSOHWHO\�VXUURXQGLQJ�WKH�ELIXUFDWLRQ� 7KH�ODUJH�IDFHV�RI �WKH�FXERLG�ZHUH

RULHQWHG�SDUDOOHO�WR�WKH�SODQH�RI �WKH�ELIXUFDWLRQ��LH� WKH�IURQWDO�SODQH�RI �WKH�UDW�� 7KH�ILQDO�FXW�WR�UHYHDO�WKH

LPDJLQJ�IDFH�ZDV�PDGH�LQ�WKH�IURQWDO�SODQH�RI �WKH�ELIXUFDWLRQ� ELVHFWLQJ�WKH�DRUWD�DQG�ERWK�FRPPRQ�LOLDF

DUWHULHV�WR�UHYHDO�WZR�FXW�IDFHV� HDFK�VKRZLQJ�D�ORQJLWXGLQDO�VHFWLRQ�RI �WKH�YHVVHOV� 7R�KHOS�RULHQW�WKH�HP�

EHGGHG�WLVVXH�IRU�WKH�ILQDO�FXW�WKURXJK�WKH�ELIXUFDWLRQ� D�FXVWRP�VDPSOH�KROGHU�ZDV�GHVLJQHG�WR�KROG�HSR[\

EORFNV�JOXHG�WR�VWDQGDUG�PLFURVFRS\�VOLGHV� 'XH�WR�WKH�WKLFNQHVV�RI �WKH�ZDIHULQJ�EODGH� RQO\�RQH�RI �WKHVH�FXW

IDFHV�FRLQFLGHG�ZLWK�WKH�FHQWUHOLQH�RI �WKH�YHVVHOV�VR�RQO\�RQH�VLGH�ZDV�XVHG�IRU�LPDJLQJ� 7KH�FKRVHQ�FXW�IDFH

ZDV�ILQDOO\�SROLVKHG�XVLQJ�JUDGHG�DEUDVLYH�SDSHUV��%XHKOHU� �0���OXEULFDWLQJ�WKH�FXW�ZLWK�ZDWHU� WR�SURGXFH

DQ�LPDJLQJ�IDFH�

����� )LQDO�&KRLFH�RI �(PEHGGLQJ� 6DPSOH�3UHSDUDWLRQ�DQG�,PDJLQJ�0HWKRG

$IWHU�FRQVLGHULQJ�WKH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�RI �FU\R��YV� HSR[\�HPEHGGLQJ�DQG�SK\VLFDO�YV�RSWLFDO

VHFWLRQLQJ�DQG�EORFN�IDFH�LPDJLQJ� D�ILQDO�GHFLVLRQ�ZDV�PDGH�WR�HPSOR\�WKH�PHWKRGV�RI �IRUPDO�VXEOLPDWH

SUHVVXUH�IL[DWLRQ� HSR[\�HPEHGGLQJ�DQG�RSWLFDO�VHFWLRQLQJ�XVLQJ�D�FRQIRFDO�PLFURVFRSH�IRU�DOO�H[SHULPHQWV�

7KH�ILQDO�SURWRFRO�LV�SUHVHQWHG�EHORZ�

�� )RUPDO�VXEOLPDWH�IL[DWLRQ�RI �WLVVXH�WR�SUHVHUYH�VWUHVVHG�FRQILJXUDWLRQ� :KLOH�WKH�WLVVXH�LV�KHOG�LQ�WKH

UHTXLUHG�VWUHVV�VWDWH�DW�URRP�WHPSHUDWXUH�

�D� 6XEPHUJH� WLVVXH� LQ� IRUPDO� VXEOLPDWH� IL[DWLYH� ���� IRUPDOGHK\GH� VDWXUDWHG�ZLWK +J&O��� IRU

��PLQ

�E� ([FKDQJH�WKH�IRUPDO�VXEOLPDWH�IRU ��� IRUPDOGHK\GH�DQG�LQFXEDWH�RYHUQLJKW

��



�F� 'HK\GUDWH�WKH�WLVVXH�WKURXJK�D�JUDGHG�HWKDQRO�VHULHV������ ���� ���� ��� DQG ������ FKDQJ�

LQJ�VROXWLRQV�HYHU\ ��PLQXWHV�

�� &RPSOHWH�GHK\GUDWLRQ� 5HPRYH�VWUHVV�IURP�WLVVXH�DQG�SODFH�LQ�WZR�FKDQJHV�RI ���� HWKDQRO� � K IRU

WKH�ILUVW�FKDQJH� !�� K IRU�WKH�VHFRQG

�� (SR[\�LQILOWUDWLRQ�DQG�FXULQJ�

�D� 3ODFH�WLVVXH�LQ�WZR�FKDQJHV�RI �SURS\OHQH�R[LGH��32�� � K IRU�WKH�ILUVW� !�� K IRU�WKH�VHFRQG

�E� 3ODFH�WLVVXH�LQ�D�����HSR[\�32 PL[WXUH�IRU �� K

�F� 3ODFH�WLVVXH�LQ�D�����HSR[\�32 PL[WXUH�IRU �� K

�G� 3ODFH�WLVVXH�LQ�IUHVKO\�SUHSDUHG ���� HSR[\�IRU �� K

�H� 3ODFH�WLVVXH�LQ�IUHVKO\�SUHSDUHG ���� HSR[\�IRU �� K

�I� &XUH�DW �� �& IRU �� K

�� %ORFN�FXWWLQJ�DQG�LPDJLQJ�IDFH�SROLVKLQJ�

�D� &XW�VDPSOHV�LQWR�D�FXERLGDO�VKDSH�ZLWK�WKH�SODQH�RI �WKH�ELIXUFDWLRQ�O\LQJ�SDUDOOHO�WR�WKH�ODUJHVW

IDFHV�RI �WKH�FXERLG

�E� *OXH�FXERLGDO�EORFNV�WR�VWDQGDUG�PLFURVFRS\�VOLGHV�DQG�FXW�WKH�EORFNV�LQ�WKH�SODQH�RI �WKH�ELIXU�

FDWLRQ

�F� 3ROLVK�WKH�LPDJLQJ�IDFH�XVLQJ�ZDWHU�OXEULFDWHG�DEUDVLYH�SDSHUV� SURJUHVVLQJ�XS�WR�������JULW

�� 2SWLFDO�VHFWLRQLQJ�

�D� 8VLQJ�D���× RLO�LPPHUVLRQ�OHQV��/HLFD� ��×�����������RLO�+&; 3/ $32 &6���ORFDWH�WKH�DSH[�RI

WKH�DRUWLF�ELIXUFDWLRQ

�E� 8VLQJ�WKH�/HLFD 0DUN�DQG�)LQG IHDWXUH� VHW�XS ∼��� �P GHHS�]�VFDQV�DW�ERWK�ODWHUDO�ZDOOV�RI �WKH

DRUWD� �PP SUR[LPDO�WR�WKH�ELIXUFDWLRQ�DSH[

�F� 6FDQ�XVLQJ�WKH�VHWWLQJV�LQ�WDEOH ���

��� 'HYHORSPHQW�RI �0HWKRGV�WR�'HWHUPLQH�5K�%6$ 'LVWULEXWLRQ�DQG�$YDLODEOH�6SDFH

7R�REWDLQ�JHRPHWULHV�IRU�QXPHULFDO�VLPXODWLRQV�RI �ZDWHU�WUDQVSRUW�WKURXJK�WKH�DUWHULDO�PHGLD� PHWKRGV�WR

GHWHUPLQH� WKH�JHRPHWU\�RI � WKH� WLVVXH�FRQWDLQLQJ� ODUJHU�ZDWHU�ILOOHG�SRUHV� �L�H� ODUJH� HQRXJK� IRU� DOEXPLQ

SHQHWUDWLRQ��ZLWKLQ�WKH�WXQLFD�PHGLD�ZHUH�GHYHORSHG� 0DQ\�RI �WKH�WHFKQLTXHV�UHTXLUHG�KHUH�DUH�VLPSOLILFDWLRQV

RI �PHWKRGV�GHYHORSHG�LQ�VHFWLRQ ��� IRU�WKH�PHDVXUHPHQW�RI Lp DQG P LQ�LVRODWHG�ELIXUFDWLRQV� +HQFH�WKH

WHFKQLTXHV�GHWDLOHG�LQ�WKLV�VHFWLRQ�DUH�SUHVHQWHG�PRUH�RU�OHVV�DV�WKH�ILQDO�PHWKRGV�XVHG�

��



6FDQ�SDUDPHWHU 6HWWLQJ
,PDJH�GLPHQVLRQ ����×�����SL[HOV
3L[HO�ZLGWK �.��� �P
3L[HO�KHLJKW �.��� �P
]�VWHS �.��� �P
([FLWDWLRQ�� ��� QP
(PLVVLRQ�� ������� QP
*DLQ�� ���9
([FLWDWLRQ�� ��� QP
(PLVVLRQ�� ������� QP
*DLQ�� ���9

7DEOH ���� 6FDQ�VHWWLQJV�XVHG�WR�REWDLQ�KLJK�UHVROXWLRQ��' LPDJHV�RI �DUWHULDO�WLVVXH�HPEHGGHG�LQ�HSR[\�XVLQJ
WKH�VHULDO�RSWLFDO�VHFWLRQLQJ�WHFKQLTXH

����� 'HWHUPLQDWLRQ�RI �7LPH�5HTXLUHG�WR�UHDFK�(TXLOLEULXP

,Q�RUGHU�WR�GHWHUPLQH�WKH�5K�%6$ GLVWULEXWLRQ�DW�HTXLOLEULXP� ZH�ILUVW�KDG�WR�GHWHUPLQH�WKH�WLPH�WDNHQ�WR

UHDFK�D�VWHDG\�VWDWH�RI �GLIIXVLRQ�DFURVV�WKH�DUWHULDO�ZDOO� $ VLPSOH�H[SHULPHQW�ZDV�GRQH�WR�GHWHUPLQH�WKLV

WLPH�

5DW�DEGRPLQDO�ELIXUFDWLRQV�ZHUH�LVRODWHG�IURP�FDGDYHUV�XVLQJ�DQ�DGDSWHG�SURWRFRO�EDVHG�RQ�WKH�PHWKRG

GHVFULEHG�LQ�VHFWLRQ ������� DV�WKH�VXUJLFDO�SURFHGXUHV�KDG�QRW�EHHQ�IXOO\�GHYHORSHG�DW�WKH�WLPH� 7KH�VWHS

LQYROYLQJ�FDQQXODWLRQ�RI �WKH�OHIW�YHQWULFOH�ZDV�RPLWWHG��6HFWLRQ ���������DQG�DOO�VROXWLRQV�ZHUH�VXSSOHPHQWHG

ZLWK ���863 XQLWV PO−� SHQLFLOOLQ� ��� �JPO−� VWUHSWRP\FLQ� �� �JPO−� JHQWDP\FLQ�DQG �.� �JPO−� DP�

SKRWHULFLQ��6LJPD�$OGULFK� 8.� DQG�ILOWHU�VWHULOLVHG� ,VRODWHG�ELIXUFDWLRQV�ZHUH�SLQQHG�WR�3'06�OLQHG�SHWUL

GLVKHV�DQG�WHVWHG�IRU�OHDNV�E\�GHWHUPLQLQJLp DW ��PP+J� ,VRODWLRQV�JLYLQJ�D�YDOXH�RILp LQ�WKH 10−8PP+J

UDQJH�DW ��PP+J ZHUH�XVHG� 7KH�YHVVHOV�ZHUH�GLVFRQQHFWHG�IURP�WKH�SUHVVXULVDWLRQ�V\VWHP�DQG�WKH�DEOX�

PLQDO�EDWK�ZDV�ILOOHG�ZLWK �PO 766 WUDFHU�VROXWLRQ�RI �766 FRQWDLQLQJ �� 5K�%6$ DQG �� XQODEHOOHG�%6$�

�� XQODEHOOHG�%6$ LQ�766 ZDV�SODFHG� LQ�WKH� OXPHQ� 7KH�ZKROH�DVVHPEO\�ZDV�SODFHG� LQ�D� WLVVXH�FXOWXUH

LQFXEDWRU�DW �� �& ZLWK�D�JDV�FRPSRVLWLRQ�RI �� &2� DQG ��� DLU� � /XPLQDO� WUDFHU�FRQFHQWUDWLRQ�ZDV

PRQLWRUHG�IRU�XS�WR �� K E\�SHUIXVLQJ �PO IUHVK�766 FRQWDLQLQJ �� %6$ WKURXJK�WKH�OXPHQ�DQG�FROOHFWLQJ

WKH�SHUIXVDWH� )OXRUHVFHQFH�LQWHQVLW\�RI �WKH�VDPSOHV�ZDV�UHDG�XVLQJ�D�VSHFWURSKRWRPHWHU�DQG�FRQYHUWHG�WR

5K�%6$ FRQFHQWUDWLRQV�XVLQJ�D�VWDQGDUG�FDOLEUDWLRQ�FXUYH� FRQVWUXFWHG�IURP�VHULDO�GLOXWLRQ�RI �WKH�DEOXPLQDO

WUDFHU�VROXWLRQ� 5HVXOWV�DUH�VKRZQ�DV�GLIIXVLYH�PDVV�WUDQVSRUW�UDWH�LQ�ILJXUH ����

2YHU�WKH�ILUVW �� K WKH�WUDQVSRUW�UDWH�LV�VHHQ�WR�LQFUHDVH�EHIRUH�UHDFKLQJ�D�VWHDG\�VWDWH� 7KXV�HTXLOLE�

ULXP�WUDFHU�GLVWULEXWLRQV�DUH�UHDFKHG�DIWHU �� KRXUV� $IWHU �� K WKH�WUDQVSRUW�UDWH�LV�VHHQ�WR�LQFUHDVH�DJDLQ�

VXJJHVWLQJ�GHWHULRUDWLRQ�RI �WKH�WLVVXH�

��
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)LJXUH ���� 5HVXOWV�RI ���VLGHG�GLIIXVLRQ�H[SHULPHQWV�SHUIRUPHG�WR�GHWHUPLQH�WKH�PLQLPXP�WLPH�UHTXLUHG�WR
UHDFK�HTXLOLEULXP�ZLWK�5K�%6$

����� 'HWHUPLQDWLRQ�RI �5K�%6$ 'LVWULEXWLRQ�DW�(TXLOLEULXP

0DOH�6' UDWV��������� J��ZHUH�HDFK�JLYHQ ����863 XQLWV KHSDULQ�GLVVROYHG�LQ �PO �.�� VDOLQH�YLD L�S� LQMHF�

WLRQ� $IWHU ��PLQXWHV� WKH\�ZHUH�VDFULILFHG�E\�DGPLQLVWHULQJ�DQ�RYHUGRVH�RI �VRGLXP�SHQWREDUELWRQH�����PJ�

L�S� �� 7KHLU�DRUWLF�ELIXUFDWLRQV�ZHUH�FDUHIXOO\�H[FLVHG�DQG�FOHDQHG�RI �SHULDGYHQWLWLDO�WLVVXH�DQG�SLQQHG�WR�D

3'06�OLQHG�SHWUL�GLVK�FRQWDLQLQJ �PO 766��7KH�OXPHQ�ZDV�JHQWO\�IOXVKHG�ZLWK�D�WUDFHU�VROXWLRQ�RI �766 VXS�

SOHPHQWHG�ZLWK �� 5K�%6$� �� %6$� ���863 XQLWV PO−� SHQLFLOOLQ� ��� �JPO−� VWUHSWRP\FLQ� �� �JPO−�

JHQWDP\FLQ�DQG �.� �JPO−� DPSKRWHULFLQ� )LQDOO\� �PO WUDFHU�VROXWLRQ�ZDV�DGGHG�WR�WKH�SHWUL�GLVK�VR�WKDW

WKH�YHVVHOV�ZHUH�MXVW�FRPSOHWHO\�VXEPHUJHG�DQG�SODFHG�LQ�DQ�LQFXEDWRU�DW �� �& ZLWK�D�JDV�FRPSRVLWLRQ�RI

�� &2� DQG ��� DLU�IRU � K� 7KH�WLPH�LQWHUYDO�RI � K ZDV�FKRVHQ�EDVHG�RQ�WKH�UHVXOWV�VKRZQ�LQ�WKH�SUHYLRXV

VHFWLRQ� WKDW �� K ZDV�VXIILFLHQW�WR�UHDFK�VWHDG\�GLIIXVLRQDO�WUDQVSRUW� 6HWWLQJ�XS�WKH�VDPH�GLIIXVLRQ�JUDGLHQW

IURP�ERWK�VLGHV�RI �WKH�DUWHULDO�ZDOO�ZRXOG�EH�H[SHFWHG�WR�PRUH�WKDQ�KDOYH�WKH�WLPH�WDNHQ�WR�UHDFK�HTXLOLEULXP�

7KLV�ZDV�FRQILUPHG�E\�LQVSHFWLRQ�RI �FU\RVHFWLRQV�WDNHQ�WKURXJK�WLVVXHV�WKDW�KDG�EHHQ�LQILOWUDWHG�IRU � K� � K�

�� K DQG �� K ZLWK�OLWWOH�FKDQJH�LQ�WKH�WUDFHU�GLVWULEXWLRQV�EHWZHHQ���DQG �� K�

7KH�OXPHQ�DQG�HQWLUH�SHWUL�GLVK�ZHUH�EULHIO\�ULQVHG�ZLWK�IUHVK�766 EHIRUH�JHQWO\�SHUIXVLQJ�WKH�OXPHQ

ZLWK ��PO ��� IRUPDOGHK\GH� 7KH�ZKROH�YHVVHO�SUHSDUDWLRQ�ZDV�WKHQ�SURFHVVHG�IRU��' FRQIRFDO�LPDJLQJ

E\�IL[DWLRQ�LQ�IRUPDO�VXEOLPDWH� GHK\GUDWLRQ�DQG�HSR[\�HPEHGGLQJ�DV�GHVFULEHG�LQ�VHFWLRQ ������

����� 'HWHUPLQDWLRQ�RI �5K�%6$ 'LVWULEXWLRQ�DW�6WHDG\�6WDWH

$IWHU�FRPSOHWLRQ�RI Lp DQG P PHDVXUHPHQWV� DOO�YHVVHO�SUHSDUDWLRQV�ZHUH�IL[HG�E\�SHUIXVLRQ�DW�SUHVVXUH�

7KH�DEOXPLQDO�VXUIDFH�RI �WKH�YHVVHO�ZDV�JHQWO\�ZDVKHG�ZLWK�IUHVK�766��([FHVV�WUDFHU�ZDV�ULQVHG�IURP�WKH

OXPHQ�E\�RSHQLQJ�ERWK�LOLF�FDQQXOD�DQG�EULHIO\�UDLVLQJ�WKH�LOLDF�UHVHUYRLUV �� FP DERYH�WKH�DRUWLF�UHVHUYRLU�

3UHVVXUH�ZDV�WKHQ�PDLQWDLQHG�E\�NHHSLQJ�WKH�LOLDF�FDQQXODH�RSHQ� FORVLQJ�WKH�DRUWLF�FDQQXOD�DQG�ORZHULQJ

��



WKH�LOLDF�UHVHUYRLUV�EDFN�WR�WKHLU�RULJLQDO�KHLJKW� 6DPSOHV�ZHUH�WKHQ�SURFHVVHG�IRU��' FRQIRFDO�LPDJLQJ�DV

GHVFULEHG�LQ�VHFWLRQ ������

��� 'HYHORSPHQW�RI �,PDJH�3URFHVVLQJ�0HWKRGV

����� $FFRXQWLQJ�IRU�6LJQDO�$WWHQXDWLRQ�ZLWK�'HSWK

7KH� OLPLWDWLRQ� RI � OLJKW� DWWHQXDWLRQ� LQKHUHQW� LQ� RSWLFDO� VHFWLRQLQJ� FDQ� EH� RYHUFRPH� XVLQJ� D� VLPSOH� SRVW�

SURFHVVLQJ�WHFKQLTXH�UHO\LQJ�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�EULJKWHVW�IHZ�SL[HOV�RI �HDFK�]�VOLFH�LQ�WKH�]�VWDFN

VKRXOG�EH�RI �VLPLODU�LQWHQVLW\� �1RWH�WKDW�WKH�VDPSOHV�ZHUH�QRW�LPDJHG�IURP�WKH�LQWLPDO�WR�WKH�DGYHQWLWLDO

VXUIDFH� ZKLFK�ZRXOG�KDYH�JLYHQ�ULVH�WR�UHDO�GHSWKZLVH�YDULDWLRQV� LQ� LQWHQVLW\�� 7KHUHIRUH�VFDOLQJ�DOO�SL[HO

LQWHQVLWLHV�ZLWKLQ�LQGLYLGXDO�]�VOLFHV�E\�VRPH�IDFWRU�WKDW�FDXVHV�D�FHUWDLQ�SHUFHQWDJH�RI �SL[HOV�LQ�HDFK�VOLFH�WR

EH�VDWXUDWHG�FRUUHFWV�IRU�DQ\�GHSWK�DWWHQXDWLRQ�LQ�LQWHQVLW\� 7KLV�ZDV�LPSOHPHQWHG�XVLQJ�WKH (QKDQFH�&RQWUDVW

SOXJLQ�LQ�,PDJH-�

����� ,PDJH�9ROXPH�5RWDWLRQ�IRU�$[LV�$OLJQPHQW

7KH�UHFXUUHQW�LVVXH�RI �VDPSOH�RULHQWDWLRQ�LQ�HPEHGGLQJ�WHFKQLTXHV�ZDV�RQO\�SDUWLDOO\�DGGUHVVHG�E\�FDUHIXO

EORFN�FXWWLQJ�LQ�VHFWLRQ ������ ,PDJH�YROXPH�URWDWLRQV�ZHUH�SHUIRUPHG�LQ�),-, WR�DSSUR[LPDWHO\�DOLJQ�WKH

UDGLDO� D[LDO�DQG�FLUFXPIHUHQWLDO�D[HV�RI �WKH�WLVVXH�WR�WKH�[�\�DQG�]�D[HV�RI �WKH�LPDJH�VWDFN�

����� 6HPL�DXWRPDWLRQ�RI �LPDJH�SURFHVVLQJ

$V�LPDJH�YROXPHV�ZHUH�WRR�ODUJH�WR�SHUIRUP�FRQWUDVW�HQKDQFHPHQW�DQG�YROXPH�URWDWLRQV�XVLQJ�VWDQGDUG

,PDJH- DQG�),-, SOXJ�LQV� D�FXVWRP�VFULSW�ZDV�ZULWWHQ�LQ�,PDJH- VFULSWLQJ�ODQJXDJH�WR�UXQ�WKH�DOJRULWKPV�RQ

VOLFHV�RI �WKH�LPDJH�YROXPH�LQ�D�VHPL�DXWRPDWHG�ZD\� UHTXLULQJ�LQSXW�IURP�D�XVHU�WR�GHWHUPLQH�WLVVXH�ERXQGLQJ

ER[HV�DQG�OLQHV� 7KH�IXOO�FRGH�LV�LQFOXGHG�DV�$SSHQGL[ %�

��� &RPSXWDWLRQDO�VLPXODWLRQV

7KH�IROORZLQJ�VHFWLRQ�GHWDLOV�KRZ�WKH�HIIHFWLYH�SHUPHDELOLW\�RI �VHOHFWHG�VXEUHJLRQV�ZLWKLQ�WKH�WXQLFD�PHGLD

ZDV�GHWHUPLQHG� &RQIRFDO�LPDJHV�RI �WKH�HTXLOLEULXP�GLVWULEXWLRQ�RI �5K�%6$ LQ�WKH�UDW�DEGRPLQDO�DRUWD�ZHUH

REWDLQHG�DV�GHVFULEHG�LQ�VHFWLRQ ������ $OO�RI �WKH�LPSOHPHQWDWLRQ�IRU�WKH�QHZ�QXPHULFDO�VROYHU�ZDV�GRQH

E\�'U�$ &RPHUIRUG� 7KH�ZRUN�LQYROYHG�LQ�LQWHJUDWLQJ�WKH�KLJK�UHVROXWLRQ�LPDJHV�LQWR�WKH�FRPSXWDWLRQDO

PHWKRG�LV�WKH�SURGXFW�RI �GLVFXVVLRQV�EHWZHHQ�WKH�DXWKRU�DQG�$ &RPHUIRUG� 7KH�FRPSXWDWLRQDO�DSSURDFK

GHYHORSHG�KHUH�ZDV�ODWHU�DSSOLHG�ZLWK�VPDOO�PRGLILFDWLRQV�LQ�FKDSWHUV � DQG � WR�GHWHUPLQH�WKH�HIIHFWV�RI

WUDQVPXUDO�SUHVVXUH�DQG�WRQH� UHVSHFWLYHO\� RQ�WKH�K\GUDXOLF�FRQGXFWDQFH�RI �DUWHULDO�ZDOO�FRPSRQHQWV�

����� 8QVWHDG\�%ULQNPDQ
V�HTXDWLRQ

7KH�DUWHULDO�PHGLD�FRQWDLQV�960&V�HPEHGGHG�LQ�DQ�(&0 FRPSULVHG�RI �VWUXFWXUDO�SURWHLQ�ILODPHQWV��HJ�

FROODJHQ�DQG�HODVWLQ�ILEUHV�� SURWHRJO\FDQV� JO\FRVDPLQRJO\FDQV�DQG�ZDWHU� 7KH Lp RI �WKH�FHOO�PHPEUDQHV

��



LV�PXFK�ORZHU�WKDQ�WKDW�RI �WKH�LQWHUVWLWLXP��/HYLFN� ������VR� DOWKRXJK�960&V�DUH�WKHPVHOYHV�ZDWHU�ILOOHG

GRPDLQV� WKH�ZDWHU�ZLWKLQ�960&V�LV�LQ�D�VHSDUDWH�FRPSDUWPHQW�IURP�WKH�IOXLG�LQ�WKH�SRURXV�GRPDLQ�WKDW�LV

WKH�(&0��6LQFH�ZH�DUH�PRVW�LQWHUHVWHG�LQ�WKH�IORZ�WKURXJK�WKH�(&0��WKH�YROXPH�RFFXSLHG�E\�960&V�FDQ

EH�WUHDWHG�DV�VROLG�REMHFWV�ZLWKLQ�D�SRURXV�PHGLXP�DQG�IORZ�WKURXJK�VXFK�D�VWUXFWXUH�FDQ�EH�GHVFULEHG�E\

%ULQNPDQ
V�HTXDWLRQ�

∂X
∂t

= −∇p+ ν∇2X− ν

k
X+ I, LQ ΩB × [0, T ] �����

∇ · X = 0. LQ ΩB × [0, T ] �����

ZKHUH X LV�WKH�YHORFLW\� p WKH�SUHVVXUH� ν WKH�HIIHFWLYH�YLVFRVLW\� k WKH�'DUFLDQ�SHUPHDELOLW\�WHQVRU�DQG I

D�IRUFLQJ�WHUP� 7KH�HTXDWLRQ�KDV�EHHQ�ZLGHO\�XVHG�IRU�PRGHOOLQJ�WUDQVSRUW�LQ�WKH�DUWHULDO�PHGLD��:DQJ�DQG

7DUEHOO� ����� +XDQJ�DQG�7DUEHOO� ����� 7DGD�DQG�7DUEHOO� ����� 'DEDJK�HW DO�� ����E��DV�LW�FDQ�FKDUDFWHULVH

WKH�IORZ�DURXQG�VROLG�REVWDFOHV�HPEHGGHG�LQ�D�SRURXV�PDWHULDO��.KDOHG�DQG�9DIDL� ������ XQOLNH�'DUF\
V�ODZ�

WKH�DGGLWLRQDO�WHUP ν∇2X DOORZV�IRU�WKH�IRUPDWLRQ�RI �ERXQGDU\�OD\HUV�DURXQG�VROLG�REVWDFOHV��LH� 960&V��

����� (IIHFWLYH�SHUPHDELOLW\

7R�VLPSOLI\�WKH�IOXLG�PHFKDQLFDO�SURSHUWLHV�RI �WKH�PHGLD� ZH�DLPHG�WR�UHSUHVHQW�EORFNV�RI �PHGLDO�WLVVXH�DV

HTXLYDOHQW�EORFNV�RI �D�K\SRWKHWLFDO�KRPRJHQRXV�WLVVXH� 7KDW�LV� IRU�D�JLYHQ�K\GUDXOLF�JUDGLHQW� WKH�QHW�K\�

GUDXOLF�IOX[HV�WKURXJK�ERWK�WKH�KHWHURJHQHRXV�VWUXFWXUH�DQG�WKH�KRPRJHQHRXV�HTXLYDOHQW�DUH�WKH�VDPH� 7KH

SHUPHDELOLW\�RI �WKH�KRPRJHQRXV�EORFN�LV�WKHQ�GHILQHG�DV�WKH�HIIHFWLYH�SHUPHDELOLW\��kHII��RI �WKH�KHWHURJHQRXV

EORFN�RI �DUWHULDO�PHGLD�

7KLV�FRQFHSW�LV�LOOXVWUDWHG�LQ�ILJXUH ���� 7KH�KHWHURJHQHRXV�VWUXFWXUH�FRQVLVWV�RI �D�SRURXV�IOXLG�ILOOHG

GRPDLQ�DQG�D�VROLG�GRPDLQ� ΩB = ΩB
f ∪ ΩB

s � UHSUHVHQWLQJ�WKH�(&0 DQG�960&V�UHVSHFWLYHO\� )ORZ�LQ

ΩB LV�JRYHUQHG�E\�%ULQNPDQ
V�HTXDWLRQ��(T �����7KH�ERXQGDU\�RI �WKH�VROLG�GRPDLQ ∂ΩB
s �UHG�LQ�)LJXUH ����

UHSUHVHQWV�WKH�LQWHUIDFH�EHWZHHQ�WKH�VROLG�DQG�IOXLG�GRPDLQV� 7KH�ERXQGDU\�RI �WKH�IOXLG�GRPDLQ ∂ΩB
f LV

VKRZQ�LQ�EOXH�

7R�DYRLG�WKH�LQIOXHQFH�RI �ERXQGDU\�FRQGLWLRQV� ZH�DSSOLHG�DQ�RYHUVDPSOLQJ�DSSURDFK��+RX�DQG�:X�

������ IORZ�ILHOGV�ZHUH�FDOFXODWHG�IRU�WKH�ZKROH�GRPDLQ ΩB DQG�WKH�HIIHFWLYH�SHUPHDELOLW\�ZDV�FDOFXODWHG

IRU�D�VXEUHJLRQ� GHQRWHG�E\�WKH�GDVKHG�EODFN�VTXDUH�LQ�ILJXUH ���� 7KH�VL]H�RI �WKH�GDVKHG�EODFN�UHJLRQ�FDQ

EH�FORVH�WR�WKH�VL]H�RI ΩB VLQFH�WKH�ERXQGDU\�OD\HU�WKLFNQHVV�LV O(
√
k) �+XDQJ�DQG�7DUEHOO� ������DQG� IRU

ELRORJLFDO�SRURXV�PDWHULDOV� SHUPHDELOLW\�YDOXHV�WHQG�WR�EH�VPDOO� O(10−18m2)�

7KH�HTXLYDOHQW�KRPRJHQRXV�EORFN� LV� UHSUHVHQWHG�DV ΩD DQG� LWV� HIIHFWLYH�SHUPHDELOLW\� WHQVRU�FDQ�EH

FDOFXODWHG� )ORZ�LQ�WKLV�GRPDLQ�LV�JRYHUQHG�E\�'DUF\
V�(TXDWLRQ�

��



)LJXUH ���� &DOFXODWLQJ�HIIHFWLYH�SHUPHDELOLW\�E\�RYHUVDPSOLQJ��$IWHU &RPHUIRUG�HW DO�� �����

⟨X⟩ = −1

ν
kHII⟨∇p⟩ LQ ΩD �����

LQ�ZKLFK ⟨X⟩ GRQDWHV�WKH�YROXPH�DYHUDJH�YHORFLW\�DQG kHII WKH�SHUPHDELOLW\�WHQVRU� ZKLFK�LV�V\PPHWULF

�L�H� kij = kji��

kHII =

⎡

⎢⎢⎢⎣

krr krz krθ

krz kzz kzθ

krθ kzθ kθθ

⎤

⎥⎥⎥⎦
�����

7R�FDOFXODWH�WKH�IXOO� WHQVRU� ZH�IRUP�DQ�RYHU�GHWHUPLQHG�V\VWHP�RI �OLQHDU�HTXDWLRQV�E\�SHUIRUPLQJ��

QXPHULFDO�H[SHULPHQWV�LQ�WKH�WKUHH�FRRUGLQDWH�GLUHFWLRQV��r� z DQG θ�� ,Q�HDFK�H[SHULPHQW� D�SUHVVXUH�GURS

LV�DSSOLHG�WR�WKH�GRPDLQ�LQ�WKH�UHOHYDQW�FRRUGLQDWH�GLUHFWLRQ�DQG�WKH�IORZ�DQG�SUHVVXUH�ILHOGV�DUH�GHWHUPLQHG

LQ ΩB � 7KH�UHVXOWLQJ�PHDQ�YHORFLW\�ILHOG�DQG�SUHVVXUH�JUDGLHQW�DUH�H[WUDFWHG�IURP�WKH�GDVKHG�EODFN�UHJLRQ�

7KLV�OHDGV�WR�WKH�IROORZLQJ�PDWUL[�HTXDWLRQ�

)N = ⟨X⟩ �����

��



ZKHUH N =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

krr

kzz

kθθ

krz

krθ

kzθ

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

DQG ⟨X⟩ =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⟨X⟩1

⟨Y⟩1

⟨Z⟩1

⟨X⟩2

⟨Y⟩2

⟨Z⟩2

⟨X⟩3

⟨Y⟩3

⟨Z⟩3

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⟨∇p⟩1r 0 0 ⟨∇p⟩1z ⟨∇p⟩1θ 0

0 ⟨∇p⟩1z 0 ⟨∇p⟩1r 0 ⟨∇p⟩1θ
0 0 ⟨∇p⟩1θ 0 ⟨∇p⟩1r ⟨∇p⟩1z

⟨∇p⟩2r 0 0 ⟨∇p⟩2z ⟨∇p⟩2θ 0

0 ⟨∇p⟩2z 0 ⟨∇p⟩2r 0 ⟨∇p⟩2θ
0 0 ⟨∇p⟩2θ 0 ⟨∇p⟩2r ⟨∇p⟩2z

⟨∇p⟩3r 0 0 ⟨∇p⟩3z ⟨∇p⟩3θ 0

0 ⟨∇p⟩3z 0 ⟨∇p⟩3r 0 ⟨∇p⟩3θ
0 0 ⟨∇p⟩3θ 0 ⟨∇p⟩3r ⟨∇p⟩3z

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

7KH�VXEVFULSWV��U�]�θ��GHQRWH�WKH�FRPSRQHQWV�DQG�VXSHUVFULSWV���������GHQRWH�WKH�DSSOLHG�SUHVVXUH�GURS�LQ

WKH�UDGLDO� D[LDO�DQG�FLUFXPIHUHQWLDO�GLUHFWLRQV� UHVSHFWLYHO\� (TXDWLRQ ��� LV�WKHQ�VROYHG�XVLQJ�45�IDFWRULVDWLRQ�

WR�GHWHUPLQH�WKH�VL[�LQGHSHQGHQW�FRPSRQHQWV�RI kHII� 6LQFH�LW�LV�V\PPHWULF�DQG�SRVLWLYH�GHILQLWH��DOO�QRQ�]HUR

FRPSRQHQWV�DUH�SRVLWLYH�DV�QHJDWLYH�SHUPHDELOLW\�KDV�QR�SK\VLFDO�PHDQLQJ�LQ�WKLV�FRQWH[W�� ZH�FDQ�GLDJRQDOLVH

WKH�WHQVRU�

kHII =

⎡

⎢⎢⎢⎣

λ1 0 0

0 λ2 0

0 0 λ3

⎤

⎥⎥⎥⎦
������

LQ�ZKLFK λ1 � λ2 DQG λ3 DUH�WKH�HLJHQYDOXHV�WKDW�UHSUHVHQW�WKH�SULQFLSDO�SHUPHDELOLWLHV� DVVRFLDWHG�ZLWK

HLJHQYHFWRUV Y�, Y� DQG Y� ZKLFK�DUH�WKH�SULQFLSDO�GLUHFWLRQV�DORQJ�ZKLFK�WUDQVSRUW�RFFXUV�

��� *HRPHWU\�DQG�ILFWLWLRXV�VROLG�REMHFWV

%ULQNPDQ
V�HTXDWLRQ��(T �����ZDV�VROYHG�RQ�D�GRPDLQ�WKDW�ZDV�GLVFUHWLVHG�XVLQJ�WKH�VSHFWUDO�KS�HOHPHQW

OLEUDU\ QHNWDU��� XVLQJ�D�QHZ�VROYHU�IRU�IORZ�LQ�SRURXV�PHGLD�LPSOHPHQWHG�E\�$ &RPHUIRUG��&RPHUIRUG

��



HW DO�� ������ 7KH�VSHFWUDO�KS�PHWKRG�LV�VLPLODU�WR�WKH�ILQLWH�HOHPHQW�PHWKRG�LQ�WKDW�WKH�GRPDLQ�LV�GHFRPSRVHG

LQWR�WHVVHOODWHG� QRQ�RYHUODSSLQJ�HOHPHQWV�EXW�GLIIHUV�LQ�WKDW�WKH�H[SDQVLRQ�ZLWKLQ�HDFK�HOHPHQW�LV�KLJK�RUGHU�

GHSLFWHG�LQ�ILJXUH ����D�� 7KXV�HUURU�LQ�WKH�QXPHULFDO�VROXWLRQ�LV�PLQLPLVHG�E\�HLWKHU�UHILQHPHQW�RI �WKH�PHVK

RU�LQFUHDVH�LQ�WKH�RUGHU�RI �WKH�SRO\QRPLDOV�

�D� &RPSXWDWLRQDO� GRPDLQ
ZLWK�LQVHW�VKRZLQJ�TXDGUDWXUH
SRLQWV�RYHUODLG

�E� ([DPSOH� FRQIRFDO� LPDJH� VWDFN� RQ
ZKLFK� WUDFHU� LQWHQVLW\� LV� VDPSOHG� :KLWH
ER[�UHSUHVHQWV�H[DPSOH�ORFDWLRQ�ZKHUH�LQ�
WHQVLW\�LV�VDPSOHG�

�F� ([DPSOH� FRPSXWDWLRQDO� GRPDLQ
ZLWK�QRUPDOLVHG�LQWHQVLW\�LPDJH�GDWD
DW�WKH�TXDGUDWXUH�SRLQWV

)LJXUH ���� 6HTXHQFH�RI �VWHSV�WR�WUDQVIHU�FRQIRFDO�LPDJH�GDWD�WR�WKH�TXDGUDWXUH�SRLQWV� �$IWHU &RPHUIRUG
HW DO�� �����

)OXRUHVFHQFH�LQWHQVLW\�YDOXHV�ZHUH�WUDQVIHUUHG�IURP�FRQIRFDO�LPDJHV�WR�WKH�FRPSXWDWLRQDO�PHVK� SUR�

YLGLQJ�ERWK�D�JHRPHWULF�UHSUHVHQWDWLRQ�RI �WKH�PHGLDO�VWUXFWXUH�DQG�WKH�UHODWLYH�SHUPHDELOLW\�RI �WKH�GLIIHUHQW

FRPSRQHQWV�RI �WKH�PHGLD� ,Q�WKH�FRQIRFDO�LPDJHV�RI �WKH�HTXLOLEULXP�GLVWULEXWLRQ�RI �5K�%6$��IOXRUHVFHQFH

LQWHQVLW\�RI �WKH�(&0ZDV�WUHDWHG�DV�D�PHDVXUH�RI �ORFDO�SHUPHDELOLW\�ZLWK�EULJKWHU�SL[HOV�UHSUHVHQWLQJ�ORFDWLRQV

ZLWK�KLJKHU�SHUPHDELOLW\� 6HOHFWHG�UHJLRQV�RI �LQWHUHVW�IURP�WKH�FRQIRFDO�LPDJHV��)LJ ����E���ZHUH�RYHUODLG�RQWR

WKH�FRPSXWDWLRQDO�VSDFH�DQG�WKH�LQWHQVLW\�YDOXHV�ZHUH�VDPSOHG�DW�HDFK�TXDGUDWXUH�SRLQW� ,QWHQVLW\�YDOXHV�ZHUH

QRUPDOLVHG�WR�WKH�PD[LPXP�LPDJH�LQWHQVLW\�DQG�DVVLJQHG�DW�HDFK�TXDGUDWXUH�SRLQW� JLYLQJ�D�QRUPDOLVHG�WUDFHU

GLVWULEXWLRQ�H[WUDFWHG�RQWR�WKH�FRPSXWDWLRQDO�PHVK��)LJ ����F���

7R�LQFOXGH�WKH�LPSHUPHDELOLW\�RI �960&V�LQWR�WKH�FRPSXWDWLRQDO�GRPDLQ� SHUPHDELOLW\�LQ�WKH�YLFLQLW\�RI

960&V�ZDV�ORZHUHG�E\�DGGLQJ�D�SHQDOLVDWLRQ�SDUDPHWHU ε WR�WKH�'DUF\�WHUP�� νkX��LQ�HTXDWLRQ ����

νk−1

ε
X ������

ε = εfluid = 1

ε = εsolid → 0

$V ε DSSURDFKHV�]HUR� YHORFLW\� DOVR� WHQGV� WR�]HUR� VR� WKH� UHJLRQ�EHFRPHV�QHDUO\� LPSHUPHDEOH� $IWHU

��



PDQXDO�WKUHVKROGLQJ�RI �WKH�FRQIRFDO�LPDJHV�WR�LGHQWLI\�960&V� ε ZDV�DVVLJQHG�DW�HDFK�TXDGUDWXUH�SRLQW�LQ�D

VLPLODU�PDQQHU�WR�WKH�QRUPDOLVHG�LQWHQVLW\�YDOXHV�GHVFULEHG�DERYH�

,Q� WKLV� ILFWLWLRXV� VROLG�REVWDFOH�PHWKRG� 960& ERXQGDULHV� DUH�RQO\�ZHDNO\� LPSRVHG� $Q� DOWHUQDWLYH

DSSURDFK�ZRXOG�EH�WR�HQIRUFH�WKH�ERXQGDULHV�E\�H[DFWO\�PHVKLQJ�WKH�VROLG�REVWDFOHV� 7R�FRPSDUH�WKH�WZR

PHWKRGV� WKH�UHVXOWV�RI �VLPXODWLRQV�RI �SUHVVXUH�GULYHQ�IORZ�DURXQG�ILFWLWLRXV�VROLG�REVWDFOHV�ZHUH�FRPSDUHG

DJDLQVW�PHVKHG�VROLG�REVWDFOHV�IRU�VHYHUDO��' JHRPHWULHV� 7KH�UHVXOWLQJ�YHORFLW\�DQG�SUHVVXUH�FRQWRXUV�ZHUH

TXDOLWDWLYHO\�VLPLODU�DQG�WKH�HIIHFWLYH�SHUPHDELOLW\�REWDLQHG�IURP�WKH�WZR�PHWKRGV�GLIIHUHG�E\�OHVV�WKDQ ���

)XUWKHU� LW�ZDV�IRXQG�WKDW�VHWWLQJ ε = 0.01 ZDV�VXIILFLHQW�WR�FDSWXUH�VROLG�REVWDFOHV��&RPHUIRUG�HW DO�� ������

)RU�FRPSOH[��' JHRPHWULHV�VXFK�DV�WKH�DUWHULDO�PHGLD� H[DFWO\�PHVKLQJ�WKH�IOXLG�VROLG�ERXQGDULHV�ZRXOG�EH�D

FRPSOH[�WDVN� 6LQFH�ZH�DUH�LQWHUHVWHG�LQ�PHDQ�HIIHFWLYH�SHUPHDELOLW\�SURSHUWLHV� WKLV�OHYHO�RI �FRPSOH[LW\�LV�QRW

QHFHVVDU\���WKH�ILFWLWLRXV�GRPDLQ�PHWKRG�\LHOGV�VLPLODU�UHVXOWV� DV�VKRZQ�E\�RXU�YDOLGDWLRQ�H[DPSOHV� 6LPLODU

PHWKRGV�KDYH�SUHYLRXVO\�EHHQ�LPSOHPHQWHG�IRU�QRQ�ERXQGDU\�ILWWHG�PHVK�PHWKRGV�IRU�WKH�LQFRPSUHVVLEOH

1DYLHU�6WRNHV�HTXDWLRQV��.KDGUD�HW DO�� ������ SRURXV�PHGLD��+ZDQJ�DQG�$GYDQL� ������DQG�VROLG�PHFKDQLFV

�'�VWHU�HW DO�� ������

��



&KDSWHU��

0HGLDO�+\GUDXOLF�5HVLVWDQFH�DV�D�)XQFWLRQ�RI �7UDQVPXUDO�3UHV�

VXUH

��� ,QWURGXFWLRQ

$WKHURVFOHURVLV�LV�D�GLVHDVH�WKDW�LV�WKRXJKW�WR�EH�LQLWLDWHG�E\�SDWFK\�DFFXPXODWLRQ�RI �PDFURPROHFXOHV�LQ�WKH

DUWHULDO�ZDOO� DV�GLVFXVVHG�SUHYLRXVO\� &KDSWHUV � DQG � IRFXVHG�RQ�SDWWHUQV�RI �HQGRWKHOLDO�SHUPHDELOLW\�DV

D�SRWHQWLDO�H[SODQDWLRQ�RI �WKH�VSDWLDO�KHWHURJHQHLW\�RI �WKH�GLVHDVH� +RZHYHU� WU\LQJ�WR�H[SODLQ�SDWWHUQV�RI

DFFXPXODWLRQ�E\�RQO\�ORRNLQJ�DW�HQGRWKHOLDO�SHUPHDELOLW\� LQKHUHQWO\�PDNHV�WKH�DVVXPSWLRQ�WKDW�WKH�LQIOX[

RI �PDFURPROHFXOHV�LV�WKH�GRPLQDQW�SURFHVV� LQVWHDG� DFFXPXODWLRQ�LV�DQ�LPEDODQFH�EHWZHHQ�LQIOX[�DQG�HI�

IOX[�RI �PDFURPROHFXOHV� 7R�LQYHVWLJDWH�KRZ�WKLV�LPEDODQFH�DULVHV� ZH�QHHG�WR�XQGHUVWDQG�WKH�WUDQVSRUW�RI

PDFURPROHFXOHV�WKURXJK�HDFK�OD\HU�RI �WKH�FRQFHQWULF�DUUDQJHPHQW�RI �WLVVXHV�WKDW�PDNH�XS�WKH�DUWHULDO�ZDOO�

7KH�PDFURPROHFXOHV�RI �LQWHUHVW�DUH�ODUJH��HJ�/'/� DQG�IRU�PROHFXOHV�RI �WKLV�VL]H� WKH�3pFOHW�QXPEHU

�3H��LV�VXEVWDQWLDOO\�JUHDWHU�WKDQ�RQH��%DOGZLQ�HW DO�� ����� +ZDQJ�HW DO�� ������VR�WKH�PDLQ�PHFKDQLVP�RI

WUDQVSRUW�LV�DGYHFWLRQ� WKH�WUDQVSRUW�RI �GLVVROYHG�PROHFXOHV� FDUULHG�E\�WKH�IORZ�RI �WKH�VROXWH� 7UDQVSRUW�RI

ODUJH�PROHFXOHV�LQ�WKH�DUWHULDO�ZDOO�LV�DOVR�RI �LQWHUHVW�WR�WKH�DUWHULDO�VWHQW�FRPPXQLW\�DV�LW�KDV�LPSOLFDWLRQV�RQ

GUXJ�GHOLYHU\�WR�WKH�DUWHULDO�PHGLD� 6WXGLHV�RI �WKH�DQWL�SUROLIHUDWLYH�GUXJ�SDFOLWD[HO�KDYH�VKRZQ�WKH�DGGLWLRQDO

FRPSOH[LW\�WKDW�3H�LV�LQKRPRJHQHRXV�WKURXJK�WKH�DUWHULDO�ZDOO��&UHHO�HW DO�� ������ $V�DGYHFWLRQ�LV�WKH�PDLQ

WUDQVSRUW�PHFKDQLVP� XQGHUVWDQGLQJ�WKH�PDFURPROHFXODU�WUDQVSRUW�WKDW�XQGHUOLHV�WKH�GHYHORSPHQW�RI �DUWHULDO

GLVHDVH�DQG�WKH�HIILFDF\�RI �GUXJ�GHOLYHU\�UHTXLUHV�FKDUDFWHULVDWLRQ�RI �WKH�ORFDO�DUWHULDO�ZDOO�WUDQVSRUW�SURSHUWLHV

IRU�ZDWHU�

7KH�HDUOLHVW�ZRUN�RQ�WKH�VWUXFWXUDO�GHWHUPLQDQWV�RI �K\GUDXOLF�FRQGXFWDQFH��/S��IRFXVHG�RQ H[�YLYR PHD�

VXUHPHQWV�RI �ZDWHU�IOX[�DFURVV�VHJPHQWV�RI �DUWHULHV��7HGJXL�DQG�/HYHU� ����� 6KRX�HW DO�� ������ ,Q�D�IHZ

VWXGLHV� PHDVXUHPHQWV�ZHUH�PDGH�EHIRUH�DQG�DIWHU�VHOHFWLYH�UHPRYDO�RI �YDULRXV�ZDOO�FRPSRQHQWV� LQ�DQ�DW�

WHPSW�WR�GHILQH�WKH�FDXVHV�RI �WKH�UHVLVWDQFH�WR�WUDQVPXUDO�ZDWHU�IORZ��:HLQEHUJ�HW DO�� ������ ,QWHUSUHWDWLRQ�RI

VXFK�H[SHULPHQWV�LV�FRPSOLFDWHG�E\�WKH�FROODSVH�RI �WKH�ZDOO�WR�ILOO�WKH�VSDFHV�RFFXSLHG�E\�WKH�PLVVLQJ�FRPSR�

��



QHQWV� 7HGJXL�DQG�/HYHU �������DQG 6KRX�HW DO� �������PHDVXUHG Lp EHIRUH�DQG�DIWHU�PHFKDQLFDO�UHPRYDO�RI

WKH�HQGRWKHOLXP�LQ�RUGHU�WR�REWDLQ /S IRU�WKH�LQWDFW�DQG�GHQXGHG�ZDOO�DQG� E\�VXEWUDFWLRQ� WR�HVWLPDWH /S IRU

WKH�HQGRWKHOLXP�DORQH� ,Q�VXFK�H[SHULPHQWV� WKH�UHPRYDO�RI �WKH�HQGRWKHOLXP�LQWURGXFHV�WZR�FRPSOLFDWLRQV�

)LUVWO\� UHPRYDO�RI �WKH�HQGRWKHOLXP�PD\�DOWHU�SURSHUWLHV�RI �XQGHUO\LQJ�OD\HUV�RI �WKH�ZDOO�E\�UHPRYLQJ�D�VRXUFH

RI �YDVRDFWLYH�DJHQWV��H�J� HQGRWKHOLQ� D�YDVRFRQVWULFWRU�ZKRVH�UHOHDVH�LV�SUHVVXUH�GHSHQGHQW�� 6HFRQGO\� UH�

PRYDO�RI �WKH�HQGRWKHOLXP�DUWLILFLDOO\�HOHYDWHV�WKH�K\GUDXOLF�IOX[�WKDW�WKH�UHPDLQLQJ�DUWHULDO�ZDOO�LV�H[SRVHG�WR�

LQFUHDVLQJ�WLVVXH�FRPSDFWLRQ�LQ�WKHVH�OD\HUV�

0RUH�UHFHQWO\� QXPHULFDO�VLPXODWLRQV�RI �ZDWHU�IOX[�DFURVV�WKH�ZDOO�KDYH�EHHQ�SHUIRUPHG� WU\LQJ�WR�RYHU�

FRPH�OLPLWDWLRQV�LQKHUHQW�LQ�H[SHULPHQWDO�PHWKRGV� ,Q�VXFK�VWXGLHV� WKH�JHRPHWU\�RI �WKH�DUWHULDO�PHGLD�LV

W\SLFDOO\�VLPSOLILHG�DV�D�UHJXODU�DUUD\�RI �F\OLQGHUV�LQ��' RU��'��DSSUR[LPDWLQJ�WKH�DUUDQJHPHQW�RI �960&V�

HPEHGGHG�LQ�D�SRURXV�PHGLXP�RU�ILEUH�PDWUL[�VLPXODWLQJ�WKH�H[WUDFHOOXODU�PDWUL[��:DQJ�DQG�7DUEHOO� �����

+XDQJ�DQG�7DUEHOO� ����� 'DEDJK�HW DO�� ����E�� 9LHZHG�LQ�FRQMXQFWLRQ�ZLWK�HDUOLHU�H[SHULPHQWDO�ZRUN�RQ

WKH�GLVWULEXWLRQ�YROXPH�RI �PDFURPROHFXOHV�LQ�WKH�DUWHULDO�ZDOO��&DUR�HW DO�� ����� :LQORYH�HW DO�� ����� &DUR

DQG�/HYHU� ����� %DOGZLQ�HW DO�� ������ GLVFXVVHG�SUHYLRXVO\��VHH�FKDSWHU ��� WKHVH�PRGHOV�FDQ�EH�WDNHQ�WR�EH

D�SURRI�RI�FRQFHSW�IRU�WKH�LGHD�WKDW�PHGLDO�UHVLVWDQFH�WR�WUDQVSRUW�PD\�KDYH�D�UROH�WR�SOD\�LQ�GHWHUPLQLQJ

PDFURPROHFXODU�DFFXPXODWLRQ� KHUH�ZH�DLP�WR�GHWHUPLQH�WKH�SHUPHDELOLW\�RI �VWUXFWXUHV�PRUH�FORVHO\�UHS�

UHVHQWLQJ�WKH�WUXH�DQDWRP\�RI �WKH�PHGLD� LQ�QRUPDO�SK\VLRORJ\�,Q�WKH�SUHYLRXV�FKDSWHU� ZH�GHPRQVWUDWHG

D�QXPHULFDO�PHWKRG�EDVHG�RQ�KLJK�UHVROXWLRQ�FRQIRFDO�LPDJHV�RI �WKH�DUWHULDO�PHGLD�WR�GHWHUPLQH�WKH�SHU�

PHDELOLW\�RI �UHDOLVWLF�PHGLDO�VWUXFWXUHV�REWDLQHG�E\�HTXLOLEUDWLQJ�D�IOXRUHVFHQW�WUDFHU� 5K�%6$��LQWR�DUWHULDO

WLVVXH� +HUH� ZH�DSSO\�D�VLPLODU�PHWKRG�WR�GHWHUPLQH�WKH�SHUPHDELOLW\�RI �PHGLDO�WLVVXH�XQGHU�SK\VLRORJLFDO

WUDQVPXUDO�SUHVVXUH�DQG�ORQJLWXGLQDO�VWUHWFK�

$OLJQPHQW�RI �(&0 ILEUHV�DQG�960&V�LQ�WKH�DUWHULDO�PHGLD�FUHDWHV�KHWHURJHQHRXV�VWUDLQ�ILHOGV�WKDW�FDXVH

QRQ�OLQHDU�GHIRUPDWLRQ�RI �WKH�VWUXFWXUH�ZKHQ�WUDQVPXUDO�SUHVVXUH�LV�DOWHUHG��+RO]DSIHO�HW DO�� ������ UHVXOW�

LQJ�LQ�FHOOXODU�UHRUJDQLVDWLRQ� 7KH�GHSHQGHQFH�RI �PHGLDO�SHUPHDELOLW\�RQ�WKLV�GHIRUPDWLRQ�LV�D�ZHOO�NQRZQ

FKDUDFWHULVWLF�RI �WKH�DUWHULDO�ZDOO�EXW�SRRUO\�XQGHUVWRRG� H[SHULPHQWDO�REVHUYDWLRQV�RI �GLDPHWHU�DQG Lp VKRZ

QRQ�OLQHDU�UHODWLRQVKLSV�ZLWK�SUHVVXUH��%DOGZLQ�HW DO�� ����� 6KRX�HW DO�� ������ 3UHYLRXV�VWXGLHV�PRGHOOLQJ

WKLV�GHSHQGHQFH��-RKQVRQ�DQG�7DUEHOO� ����� .ODQFKDU�DQG�7DUEHOO� ������DVVXPHG�D�UHODWLRQVKLS�EHWZHHQ

SHUPHDELOLW\�DQG�GHIRUPDWLRQ�EDVHG�RQ�PRGHOV�RI �DUWLFXODU�FDUWLODJH��0RZ�HW DO�� ������ DQG� DV�DERYH� XVHG

DQ�LGHDOLVDWLRQ�RI �WKH�WUXH�PHGLDO�JHRPHWU\�

7KH�DLP�RI �WKLV�VWXG\�ZDV�WR�GHWHUPLQH�WKH�HIIHFWV�RI �WUDQVPXUDO�SUHVVXUH�ZLWKLQ�WKH�SK\VLRORJLFDO�UDQJH�

RQ�WKH�K\GUDXOLF�UHVLVWDQFH�RI �WKH�HQWLUH�ZDOO� WKH�WXQLFD�PHGLD�DQG� E\�VXEWUDFWLRQ� WKH�LQWLPD� 7KH�GHYHO�

RSPHQW�DQG�YDOLGDWLRQ�RI �WKH�H[SHULPHQWDO�DQG�QXPHULFDO�PHWKRGV�DSSOLHG�KHUH�DUH�GHWDLOHG�LQ�FKDSWHU ��

6OLJKW�PRGLILFDWLRQV�WR�WKH�FRPSXWDWLRQDO�DSSURDFK�WR�VWXG\�WKH�HIIHFWV�RI �WUDQVPXUDO�SUHVVXUH�RQ�ZDWHU�IOX[

��



WKURXJK�WKH�DUWHULDO�PHGLD�DUH�GHWDLOHG�EHORZ� 7KHLU�LQWHJUDWLRQ�LQWR�D�FRPELQHG�FRPSXWDWLRQDO�H[SHULPHQWDO

ZRUNIORZ�LV�FRYHUHG�LQ�VHFWLRQ ������ $ ILQDO�DLP�RI �WKLV�VWXG\�ZDV�WR�REWDLQ�D�FRQVWLWXWLYH�UHODWLRQVKLS�WR

GHVFULEH�WKH�GHSHQGHQFH�RI �WKH�DUWHULDO�PHGLDO�K\GUDXOLF�SHUPHDELOLW\�RQ�WLVVXH�GHIRUPDWLRQ�

��� 0HWKRGV

����� 2YHUYLHZ� ,QWHUFRQQHFWLRQ�RI �H[SHULPHQWDO�DQG�FRPSXWDWLRQDO�PHWKRGV

7KH�ZRUNIORZ�VKRZQ�LQ�ILJXUH ��� GHWDLOV�WKH�LQWHUFRQQHFWLRQV�EHWZHHQ�WKH�QXPHULFDO�DQG�H[SHULPHQWDO�WHFK�

QLTXHV�HPSOR\HG� 6WHDG\�VWDWH�K\GUDXOLF�IOX[�ZDV�PHDVXUHG�DFURVV H[�YLYR DUWHULDO�VHJPHQWV�RI �NQRZQ�VXUIDFH

DUHD�DW�IRXU�SUHVVXUHV����PP+J� ��PP+J� ���PP+J DQG ���PP+J��LQFOXGLQJ�WKH�SK\VLRORJLFDO�SUHV�

VXUH�UDQJH��)LJ ��� D�� )URP�WKHVH�H[SHULPHQWDO�PHDVXUHPHQWV� Lp ZDV�FDOFXODWHG��)LJ ��� E�� 6WHDG\�VWDWH

GLVWULEXWLRQV�RI �5K�%6$ ZHUH�REWDLQHG�IRU�WKH�HQWLUH�DUWHULDO�ZDOO�XVLQJ�PHWKRGV�GHYHORSHG�WR�IL[�DQG�LPDJH

WUDFHU�GLVWULEXWLRQV�ZLWKLQ�WLVVXHV�LQ�VWUHVVHG�FRQILJXUDWLRQV��6HH�VHFWLRQ ������� %ULHIO\� IRU�WKH�GXUDWLRQ�RI

Lp PHDVXUHPHQWV� WKH�OXPLQDO�VROXWLRQ�ZDV�VXSSOHPHQWHG�ZLWK�5K�%6$ ZKLFK�ZDV�IL[HG�E\�SHUIXVLRQ�XQGHU

WKH�VDPH�SUHVVXUH�XSRQ�FRPSOHWLRQ�RI Lp PHDVXUHPHQWV�XVLQJ�IRUPDO�VXEOLPDWH� 7KH�WLVVXH�ZDV�SURFHVVHG

IRU�HSR[\�HPEHGGLQJ�DQG�VHULDO�RSWLFDO�VHFWLRQV�ZHUH�WDNHQ�XVLQJ�D�FRQIRFDO�PLFURVFRSH�WR�SURGXFH�KLJK�UHV�

ROXWLRQ��' LPDJH�YROXPHV�RI �WKH�ZDOO� &XERLGDO�VXE�UHJLRQV�ZLWKLQ�WKH�WXQLFD�PHGLD�ZHUH�UDQGRPO\�VHOHFWHG

IRU�IXUWKHU�FRPSXWDWLRQDO�VWXG\��)LJ ��� F�� ,PDJH�YROXPHV�ZHUH�SURMHFWHG�RQWR�D�VWUXFWXUHG�FRPSXWDWLRQDO

JULG�DQG�960&V�ZHUH�UHPRYHG�XVLQJ�D�SHQDOW\�SDUDPHWHU� HIIHFWLYHO\�VHWWLQJ�WKH�SHUPHDELOLW\�RI �960&V

WR�]HUR� 7KH�VXUURXQGLQJ�(&0 ZDV�JLYHQ�D�SHUPHDELOLW\�EDVHG�RQ�SUHYLRXV�PRGHOV�RI �SRURXV�PHGLD�WKDW

KDYH�EHHQ�YDOLGDWHG�H[SHULPHQWDOO\��.LP�DQG�7DUEHOO� ����� (WKLHU� ������ 7KH�FKRVHQ�YDOXH�RI kECM =

�.��× ��−�� P�� UHSUHVHQWV�WKH�PHDQ�RI �YDOXHV�UHSRUWHG� )RU�HDFK�EORFN� WKH�IORZ�ILHOG�UHVXOWLQJ�IURP�D

VLPXODWHG�SUHVVXUH�GURS� LQ�HDFK�RI � WKH� WKUHH�FRRUGLQDWH�GLUHFWLRQV�ZDV�FDOFXODWHG�E\� VROYLQJ�%ULQNPDQ
V

HTXDWLRQ�XVLQJ�D�VROYHU�IRU�IORZ�LQ�SRURXV�PHGLD� LPSOHPHQWHG�LQ�WKH�VSHFWUDO�KS�HOHPHQW�OLEUDU\ QHNWDU��

�)LJ ��� G�� 7KH�UHVXOWV�RI �WKH�WKUHH�QXPHULFDO�H[SHULPHQWV�IRU�HDFK�EORFN�ZHUH�XVHG�WR�FDOFXODWHG�DQ�HIIHFWLYH

SHUPHDELOLW\�IRU�WKH�PHGLDO�EORFN k �)LJ ��� H�� 7KH�PHGLDO�VWUXFWXUH�ZDV�H[DPLQHG�LQ�HDFK�PHGLDO�EORFN�

960&V�ZHUH�LGHQWLILHG�E\�PDQXDO�WKUHVKROGLQJ�LQ�),-, DQG�VROLG�YROXPH�IUDFWLRQ�FKDQJH�RI �WKH�PHGLDO�EORFN

ZLWKLQ�WKLV�SUHVVXUH�UDQJH�ZDV�REWDLQHG��)LJXUH ���I�� 7R�FKHFN�IRU�REVHUYHU�ELDV�LQ�WKLV�PDQXDO�VWHS� WZR

REVHUYHUV�LQGHSHQGHQWO\�VHW�WKUHVKROGV�IRU�HDFK�LPDJH�YROXPH� QR�V\VWHPDWLF�HUURU�ZDV�IRXQG�EHWZHHQ�WKH

WZR�REVHUYHUV
�YDOXHV�ZKLFK�RQO\�GLIIHUHG�E\�XS�WR���LQWHQVLW\�YDOXHV�LQ�HDFK�RI �WKH���ELW�LPDJHV������OHYHOV��

3DUDPHWULF�QRQ�OLQHDU�UHJUHVVLRQ�ILWV�RI �WKHVH�H[SHULPHQWDO�DQG�QXPHULFDO�GDWD�ZHUH�XVHG�WR�REWDLQ�D�FRQVWLWX�

WLYH�UHODWLRQVKLS�EHWZHHQ�PHGLDO�SHUPHDELOLW\�DQG�VROLG�YROXPH�IUDFWLRQ��)LJXUH ���J�� 7KH�LQWLPDO�UHVLVWDQFH�

5INT � ZDV�GHWHUPLQHG�IURP�ZDOO�DQG�PHGLDO�K\GUDXOLF�UHVLVWDQFHV� 5WALL DQG�5MED �)LJXUH ���K��

7KH�ZRUN�SUHVHQWHG�LQ�WKLV�FKDSWHU�LV�D�FROODERUDWLRQ�EHWZHHQ�WKH�DXWKRU�DQG�'U� $ &RPHUIRUG� $OO�H[�

SHULPHQWV�DQG�LPDJLQJ�ZHUH�GRQH�E\�WKH�DXWKRU� 7KH�PHWKRGV�LQYROYHG�LQ�LPDJH�SURFHVVLQJ�ZHUH�GHYHORSHG

��



D� ([�YLYR H[SHULPHQWV F��&RQIRFDO�LPDJLQJ�RI
IL[HG�SUHVVXULVHG�VWUXFWXUH d) Simulation of medial 
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Figure 1: Flowchart of computational/experimental determination of arterial wall transport properties.

2.2.2 Vessel isolation

The distal abdominal aorta and proximal iliac arteries were cannulated and removed from animals anaesthetised
with isoflurane. Collapse or over-pressurisation of the arteries during the isolation was prevented by a system of
reservoirs providing a constant hydrostatic pressure (Tedgui and Lever, 1984; Forster and Weinberg, 1997). Arterial
segment lengths and the bifurcation angle were maintained at their in vivo values by tying the cannulae to a
stereotactic tripod before removal of the vessels from the body. The whole ex vivo preparation was placed into a
temperature-controlled bath of Tyrode’s Salt Solution (TSS; composition in g/l was 8 NaCl, 0.2 KCl, 0.2 CaCl2,
0.1 MgCl2, 0.05 NaH2PO4, 1 NaHCO3, 1 glucose; pH 6.5) at 37�C that had been pre-equilibrated with 95% air 5%
CO2.

Figure 2 shows the system used to perfuse the vessel at pressure ex vivo. TSS supplemented with 1% rhodamine-
labelled bovine serum albumin (Rh-BSA) and 3% unlabelled BSA was introduced into the lumen and the abluminal
TSS was replaced with TSS containing 4% unlabelled BSA.

Figure 2: Diagram of ex vivo vessel perfusion. (a) TSS reservoir above the vessel, (b) 3-way tap, (c) tracer solution,
(d) graduated capillary with air bubble, (e) isolated aortic bifurcation, (f) temperature-controlled abluminal bath.
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0.1 MgCl2, 0.05 NaH2PO4, 1 NaHCO3, 1 glucose; pH 6.5) at 37�C that had been pre-equilibrated with 95% air 5%
CO2.

Figure 2 shows the system used to perfuse the vessel at pressure ex vivo. TSS supplemented with 1% rhodamine-
labelled bovine serum albumin (Rh-BSA) and 3% unlabelled BSA was introduced into the lumen and the abluminal
TSS was replaced with TSS containing 4% unlabelled BSA.

Figure 2: Diagram of ex vivo vessel perfusion. (a) TSS reservoir above the vessel, (b) 3-way tap, (c) tracer solution,
(d) graduated capillary with air bubble, (e) isolated aortic bifurcation, (f) temperature-controlled abluminal bath.
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)LJXUH ���� )ORZFKDUW�GHSLFWLQJ�PDMRU�VWHSV�LQ�WKH�FRPELQHG�FRPSXWDWLRQDO�H[SHULPHQWDO�PHWKRG�XVHG�WR
GHWHUPLQH�WKH�UHODWLRQ�EHWZHHQ�K\GUDXOLF�UHVLVWDQFHV�RI �DUWHULDO�ZDOO�FRPSRQHQWV�DQG�WUDQVPXUDO�SUHVVXUH

E\�WKH�DXWKRU�DQG�DSSOLHG�E\�ERWK�$ &RPHUIRUG�DQG�WKH�DXWKRU� 7KH�PHWKRGV�LQYROYHG�LQ�QXPHULFDO�H[SHU�

LPHQWV�WR�REWDLQ�HIIHFWLYH�SHUPHDELOLW\�DQG�WKH�FRQVWLWXWLYH�UHODWLRQ�EHWZHHQ�WLVVXH�GHIRUPDWLRQ�DQG�PHGLDO

SHUPHDELOLW\�ZHUH�WKH�UHVXOW�RI �GLVFXVVLRQ�EHWZHHQ�WKH�DXWKRU�DQG�$ &RPHUIRUG�DQG�ZHUH�DOO�LPSOHPHQWHG

E\�$ &RPHUIRUG� 6LPXODWLRQV�XVLQJ�WKH�UHVXOWLQJ�FRGH�ZHUH�UXQ�E\�ERWK�$ &RPHUIRUG�DQG�WKH�DXWKRU�XVLQJ

WKH�&;��VXSHUFRPSXWHU�DW�,PSHULDO�&ROOHJH�+LJK�3HUIRUPDQFH�&RPSXWLQJ�IDFLOLW\�

����� ([�YLYR H[SHULPHQWV

������� $QLPDOV

$OO�DQLPDO�SURFHGXUHV�FRPSOLHG�ZLWK�WKH�$QLPDOV��6FLHQWLILF�3URFHGXUHV��$FW������DQG�ZHUH�DSSURYHG�E\

WKH�/RFDO�(WKLFDO�5HYLHZ�3DQHO�RI � ,PSHULDO�&ROOHJH�/RQGRQ� 1LQH�PDOH� 6SUDJXH�'DZOH\� UDWV� ����±�J�
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ODERUDWRU\�GLHW��/%6 %LRWHFKQRORJ\�/WG� 8.� DG�OLELWXP�

������� 9HVVHO�LVRODWLRQ

7KH�GLVWDO�DEGRPLQDO�DRUWD�DQG�SUR[LPDO� LOLDF�DUWHULHV�ZHUH�FDQQXODWHG�DQG�UHPRYHG�IURP�DQLPDOV�DQDHV�

WKHWLVHG�ZLWK�LVRIOXUDQH�DV�GHVFULEHG�LQ�VHFWLRQ �������� 7KH�NH\�VWHSV�LQ�WKH�SURFHVV�ZHUH�SUHYHQWLQJ�FROODSVH

RU�RYHU�SUHVVXULVDWLRQ�RI �WKH�DUWHULHV�GXULQJ�WKH�LVRODWLRQ�E\�FRQQHFWLQJ�WKH�YHVVHO�WR�D�V\VWHP�RI �UHVHUYRLUV

SURYLGLQJ�D�FRQVWDQW�K\GURVWDWLF�SUHVVXUH��7HGJXL�DQG�/HYHU� ����� )RUVWHU�DQG�:HLQEHUJ� ����D��DQG�SUH�

YHQWLQJ�HODVWLF�UHFRLO�E\�W\LQJ�WKH�FDQQXODH�WR�D�VWHUHRWDFWLF�WULSRG�EHIRUH�UHPRYDO�RI �WKH�YHVVHOV�IURP�WKH

ERG\�WR�PDLQWDLQ�DUWHULDO�VHJPHQW�OHQJWKV�DQG�WKH�ELIXUFDWLRQ�DQJOH�DW�WKHLU LQ�YLYR YDOXHV� 7KH�ZKROH H[�YLYR

SUHSDUDWLRQ�ZDV�SODFHG�LQWR�D�WHPSHUDWXUH�FRQWUROOHG�766 EDWK�DW���◦& WKDW�KDG�EHHQ�SUH�HTXLOLEUDWHG�ZLWK

����DLU����&22�

)LJXUH ��� VKRZV�WKH�V\VWHP�XVHG�WR�SHUIXVH�WKH�YHVVHO�DW�SUHVVXUH H[�YLYR� 766 VXSSOHPHQWHG�ZLWK���
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766 FRQWDLQLQJ����XQODEHOOHG�%6$�
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ZH�FDQ�IRUP�DQ�RYHU�GHWHUPLQHG�V\VWHP�RI �HTXDWLRQV�WKDW�FDQ�EH�VROYHG�XVLQJ�D�OHDVW�VTXDUHV�DSSURDFK�WR�ILQG

WKH�FRPSRQHQWV�RI N� 7KLV�WHQVRU�FDQ�EH�GLDJRQDOLVHG�WR�ILQG�WKH�SULQFLSDO�FRPSRQHQWV�RI �IOXLG�WUDQVSRUW�RI

WKH�DUWHULDO�ZDOO��K1
1 LV�WKH�UDGLDO�FRPSRQHQW�DQGK

2
1 DQGK

3
1 DUH�WKH�WZR�WUDQVYHUVH�FRPSRQHQWV��

$ GLIIHUHQFH�EHWZHHQ�WKH�VWXG\�LQ�FKDSWHU � DQG�WKH�SUHVHQW�VWXG\�LV�WKDW�LQ�WKH�SUHYLRXV�RQH�WKH�ORFDO

FRQFHQWUDWLRQ�RI �IOXRUHVFHQW�WUDFHU�ZDV�XVHG�WR�HVWLPDWH�WKH�ORFDO�SRURVLW\�RI �WKH�(&0��DV�ZHOO�DV�WR�LGHQWLI\

960&V� ZKHUHDV�LQ�WKH�SUHVHQW�VWXG\�LW�ZDV�RQO\�XVHG�WR�LGHQWLI\�960&V� 7KH�UHDVRQLQJ�IRU�WKDW�FKDQJH

DULVHV�IURP�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�H[SHULPHQWV�RQ�ZKLFK�WKH�VWXGLHV�DUH�EDVHG� LQ�WKH�HDUOLHU�H[SHULPHQWV�

QR�WUDQVPXUDO�SUHVVXUH�JUDGLHQW�ZDV�DSSOLHG�DQG�KHQFH�WUDFHU�FRQFHQWUDWLRQV�FRXOG�UHDFK�DQ�HTXLOLEULXP� LQ

WKH�SUHVHQW�VWXG\� HTXLOLEUDWLRQ�ZDV�SUHYHQWHG�E\�WKH�DSSOLFDWLRQ�RI �SUHVVXUH� PHDQLQJ�WKDW�WKH�ORFDO�WUDFHU

FRQFHQWUDWLRQ�FRXOG�UHVXOW�IURP�WUDQVSRUW�JUDGLHQWV�DV�ZHOO�DV�YDULDWLRQ�LQ�SRURVLW\� :KLOH�LW�ZRXOG�EH�ZURQJ

WR�DVVXPH�IOXRUHVFHQFH�LQWHQVLW\�UHSUHVHQWV�(&0 SRURVLW\�LQ�WKH�SUHVHQW�VWXG\� WKH�960&V�DUH�LPSHUPHDEOH

WR�WKH�WUDFHU�VR�LW�LV�VWLOO�SRVVLEOH�WR�XVH�WKH�LPDJHV�WR�LGHQWLI\�WKH�960&V�E\�WKUHVKROGLQJ� 7KH�(&0 LQ�ZKLFK

WKH�960& ZHUH�HPEHGGHG�ZDV�DVVXPHG�WR�KDYH�D�XQLIRUP�SRURVLW\�DQG�ZDV�DVVLJQHG�D�SHUPHDELOLW\�EDVHG

RQ�SUHYLRXV�PRGHOV�RI �SRURXV�PHGLD� ZKLFK�KDYH�EHHQ�YDOLGDWHG�DJDLQVW�H[SHULPHQWDO�GDWD��.LP�DQG�7DUEHOO�

����� (WKLHU� ������ WKH�FKRVHQ�YDOXH� kECM = 1.32× 10−18 P2� UHSUHVHQWV�D�PHDQ�RI �WKH�UHSRUWHG�YDOXHV

�UDQJH� 1.22− 1.43× 10−18 P2�� 7KH�VDPH�YDOXH�ZDV�XVHG�DW�DOO�DSSOLHG�SUHVVXUHV�IRU�WZR�UHDVRQV� �L��WKH

FKDQJHV�LQ�WKH�YROXPH�RI �WKH�(&0 ZHUH�VPDOO��UDGLDO�FRPSUHVVLRQ�RI �WKH�(&0 PHDVXUHG�E\�WKH�PHWKRG

LQ�VHFWLRQ ����� ZDV ∼���� DQG��LL��WKH�SDUWLWLRQLQJ�RI �ZDWHU�EHWZHHQ�GLIIHUHQW�FRPSDUWPHQWV�RI �WKH�(&0

LV�FRPSOH[�DQG�LW�LV�SRVVLEOH�WKDW�DSSOLHG�VWUHVVHV�FRXOG�LQFUHDVH� GHFUHDVH�RU�QRW�DIIHFW�WKH�K\GUDWLRQ�RI �WKH

SDUW�RI �WKH�(&0 WKURXJK�ZKLFK�WKH�PDMRULW\�RI �ZDWHU�WUDQVSRUW�RFFXUV� �)RU�H[DPSOH� DOWKRXJK�LQFUHDVLQJ

WKH�WUDQVPXUDO�SUHVVXUH�UHGXFHG�(&0 YROXPH� LW�PLJKW�KDYH�PRYHG�ZDWHU�IURP�WKH�UHODWLYHO\�LPSHUPHDEOH

ILEURXV�SURWHLQ�FRPSDUWPHQW�WR�WKH�PRUH�SHUPHDEOH�JO\FRVDPLQRJO\FDQ�FRPSRQHQW��

����� 3RURXV�PHGLD�PL[WXUH�WKHRU\

7R�REWDLQ�D�FRQVWLWXWLYH�UHODWLRQ�GHVFULELQJ�WKH�GHSHQGHQFH�RI �PHGLDO�SHUPHDELOLW\�RQ�WLVVXH�GHIRUPDWLRQ�

ZH�ILUVW�VRXJKW�WR�GHVFULEH�WKH�GHIRUPDWLRQ�RI �WKH�PHGLD� 3RURXV�PHGLD�PL[WXUH�WKHRU\�LV�RIWHQ�DSSOLHG�WR

GHVFULEH�WKH�PHFKDQLFV�RI �K\GUDWHG�ELRORJLFDO�WLVVXHV� FRPSULVHG�RI �D�PL[WXUH�RI �IOXLG�DQG�VROLG�FRQVWLWXHQWV�

,Q�WKH�FDVH�RI �DUWHULDO�ZDOOV� WKH�960&V�FDQ�EH�WUHDWHG�DV�VROLG�FRPSRQHQWV�VLQFH�WKH\�DUH�LPSHUPHDEOH�WR

ZDWHU�DQG�WKHUHIRUH�LQFRPSUHVVLEOH� 7KH�(&0 RFFXSLHV�WKH�UHPDLQGHU�RI �WKH�WLVVXH�YROXPH�DQG�LV�FRPSULVHG

���



RI �ERWK�VROLGV��HJ� FROODJHQ�DQG�HODVWLQ�ILEUHV��DQG�D�IOXLG� ZDWHU� 'HIRUPDWLRQ�RI �VRIW�ELRORJLFDO�WLVVXH�OHDGV

WR�LQWHUVWLWLDO�IOXLG�WUDQVSRUW� ZKLFK�FDQ�EH�VXPPDULVHG�E\�WKH�ELSKDVLF�WKHRU\�RI 0RZ�HW DO� ������� $ VPDOO

YROXPH��dV ��RI �SRURXV�PHGLXP�FRPSULVHV�D�YROXPH�RI �VROLG��dV S��DQG�YROXPH�RI �IOXLG��dV F �� 7KLV�DOORZV

XV�WR�GHILQH�WKH�YROXPH�IUDFWLRQ��φS � φF ��RI �HDFK�RI �WKH�WZR�FRPSRQHQWV�

φS =
dV S

dV
, φF =

dV F

dV
�����

)RU�D�VDWXUDWHG�PL[WXUH� �LH� WKHUH�DUH�QR�YRLG�VSDFHV�� WKHVH�IUDFWLRQV�PXVW�REH\�WKH�VDWXUDWLRQ�FRQGLWLRQ

�+ROPHV�DQG�0RZ� ������

φS + φF = 1 �����

)RU�D�JLYHQ�GHIRUPDWLRQ� F � WKH�YROXPH�LQ�WKH�GHIRUPHG�VWDWH� UHODWLYH�WR�WKH�YROXPH�LQ�WKH�UHIHUHQFH�FRQ�

ILJXUDWLRQ� VR� LV�JLYHQ�E\�

V = JVR �����

ZKHUH J = detF � 7KXV�ZH�FDQ�ZULWH�WKH�VROLG�YROXPH�IUDFWLRQ�LQ�WKH�UHIHUHQFH�VWDWH�

φS
R = JφS �����

6HYHUDO�SHUPHDELOLW\�FRQVWLWXWLYH�UHODWLRQVKLSV�KDYH�EHHQ�SURSRVHG�IRU�DUWLFXODU�FDUWLODJH�XQGHU�GHIRUPD�

WLRQ��VHH�H�J� +ROPHV�DQG�0RZ� ����� $WHVKLDQ�HW DO�� ����� $WHVKLDQ�DQG�:HLVV� ������ )ROORZLQJ $WHVKLDQ

DQG�:HLVV ������� ZH�ZULWH�WKH�FRQVWLWXWLYH�UHODWLRQVKLS�IRU�WKH�SHUPHDELOLW\�RI �DUWHULDO�PHGLD��.��LQ�WKH�IRUP�

. =
3∑

a=1

Ka
10a �����

ZKHUH0a = $a ⊗$a UHVWULFWV�WKH�SHUPHDELOLW\�WR�WKUHH�RUWKRJRQDO�SODQHV�RI �V\PPHWU\�LQ�WKH�DUWHULDO�ZDOO��

UDGLDO��D ���DQG�WZR�WUDQVYHUVH�SODQHV��D �������DQGKa
1 LV�D�IXQFWLRQ�RI �WKH�UHODWLYH�YROXPH�FKDQJH��J �� JLYHQ

E\�

Ka
1 = k0f(J) �����

ZKHUH k0 LV�WKH�SHUPHDELOLW\�DW��PP+J�DQG f(J) GHVFULEHV�KRZ�WKH�SHUPHDELOLW\�FKDQJHV�ZLWK�SUHVVXUH�

GULYHQ�GHIRUPDWLRQ� �,Q�WKH�DUWHULDO�ZDOO�WKH�FLUFXPIHUHQWLDO�DQG�D[LDO�SHUPHDELOLW\�ZLOO�DOVR�GHSHQG�RQ�WKH

RULHQWDWLRQ�RI �WKH�960&V�� k0 DQG f(J) FDQ�EH�GHWHUPLQHG�XVLQJ�RXU�PHWKRG�LQ�VHFWLRQ ����� IRU�WLVVXH

SUHVVXULVHG�DW�GLIIHUHQW�WUDQVPXUDO�SUHVVXUHV�

���



����� 6ROLG�YROXPH�IUDFWLRQ

7KH�FRQIRFDO�LPDJHV�ZHUH�WUDQVIRUPHG�RQWR�WKH�TXDGUDWXUH�SRLQWV�RI �WKH�FRPSXWDWLRQDO�PHVK��������PHVK

HOHPHQWV� �×106 TXDGUDWXUH�SRLQWV�� 0DQXDO�WKUHVKROGLQJ�RI �WKH�IOXRUHVFHQFH�LQWHQVLWLHV�ZDV�XVHG�WR�GLYLGH

WKH�YROXPH�LQWR�WZR�FRPSDUWPHQWV� WKH�YROXPH�RFFXSLHG�E\�WKH�960&V��V V SMC ��DQG�WKH�UHPDLQLQJ�YRO�

XPH� RFFXSLHG�E\�WKH�(&0��7KH�YROXPH�IUDFWLRQ�RI �WKH�960&V��φV SMC ��DQG�(&0 �φECM ��RI �D�PHGLDO

EORFN�ZLWK�YROXPH V FDQ�WKHQ�EH�GHILQHG�E\�

φV SMC =
V V SMC

V
DQG φECM = 1− φV SMC �����

*LYHQ�WKDW�WKH�(&0 RI �WKH�DUWHULDO�ZDOO�FRQWDLQV ���ZDWHU�DW �PP+J �$]HORJOX�HW DO�� ������ ZH�GHWHUPLQHG

WKDW�WKH�UHPDLQGHU�PXVW�EH�VROLG�FRPSRQHQWV�VXFK�DV�SURWHLQ�ILODPHQWV� 7KHUHIRUH�ZH�DWWULEXWHG ��� RI �WKH

(&0 YROXPH�WR�EH�VROLG�LQ�WKH�XQSUHVVXULVHG�DUWHU\� +HQFH φSZDV�GHILQHG�DV�LQ�HTXDWLRQ ��� WR�LQFOXGH

WKH�VROLG�FRQVWLWXHQWV�RI �WKH�(&0��7KH�YDOXH�RI �����ZDWHU�UHGXFHV�DV�WKH�DUWHULDO�ZDOO�LV�SUHVVXULVHG�GXH�WR

FORVXUH�RI �SRUHV� 7KHVH�FORVXUHV�DUH�LQWULQVLFDOO\�LQFOXGHG�LQ�WKH�YDOXH�RI φV SMC � VLQFH�WKH�YDOXH�LV�WDNHQ

IURP�WKH�FRQIRFDO�GDWD�DW�HDFK�SUHVVXUH�

φS = φV SMC + 0.3φECM
R ������

(TXDWLRQ ���� ZDV�HYDOXDWHG�IRU�HDFK�SUHVVXUH����� ��� ����DQG����PP+J��DQG�WKH�FKDQJH�LQ�YROXPH

IUDFWLRQ�RI �WKH�VROLG�FRQVWLWXHQWV�LQ�WKH�ZDOO����J LQ�HTXDWLRQ �������ZDV�GHWHUPLQHG�

$V�D�VLPSOH�FKHFN�RI �WKH�SHUPHDELOLW\�DQG�VROLG�YROXPH�IUDFWLRQ�FKDQJH�UHVXOWV� ZH�PDGH�HVWLPDWHV�RI

UDGLDO�FRPSUHVVLRQ�E\�PHDVXULQJ�WKH�DYHUDJH�(&0 FRPSUHVVLRQ�EHWZHHQ�960&V�DQG�WKH�DYHUDJH�960&

WKLFNQHVV�ZLWKLQ�WKH�PHGLDO�EORFNV� (&0 FRPSUHVVLRQ�ZDV�HYDOXDWHG�E\�VXPPLQJ�WKH�GLVWDQFHV�EHWZHHQ

960&V�LQ�WKH�UDGLDO�GLUHFWLRQ�LQ�D��' PHDVXUHPHQW�DFURVV�WKH�WRWDO�ZDOO�WKLFNQHVV�IRU�WUDQVPXUDO�SUHVVXUHV

RI ����DQG����PP+J� 7KH�SHUFHQWDJH�FKDQJH�LQ�(&0 WKLFNQHVV�ZDV�WKHQ�GHWHUPLQHG�IURP�WKHVH�WZR�PHD�

VXUHPHQWV� $ VLPLODU�DSSURDFK�ZDV�XVHG�WR�GHWHUPLQH�WKH�PHDQ�960& ZLGWK� WKH�WRWDO�960& WKLFNQHVV�LQ

WKH�UDGLDO�GLUHFWLRQ�ZDV�GHWHUPLQHG�DQG�GLYLGHG�E\�WKH�QXPEHU�RI �960&V�

����� ,QWLPDO�K\GUDXOLF�UHVLVWDQFH

8VLQJ�RXU�FRPELQHG�FRPSXWDWLRQDO�H[SHULPHQWDO�DSSURDFK�LW�LV�SRVVLEOH�WR�GHFRPSRVH�WKH�ZDOO�UHVLVWDQFH�

RWALL LQWR�PHGLDO�DQG�LQWLPDO�FRPSRQHQWV� 7KH�DUWHULDO�ZDOO�ZDV�WUHDWHG�DV�DQ�HOHFWULFDO�UHVLVWRU�QHWZRUN�

ZKHUH�WKH�LQWLPDO�DQG�PHGLDO�OD\HUV�SURYLGH�UHVLVWDQFHV�LQ�VHULHV�WR�ZDWHU�IORZ�WKDW�DGG�WR�JLYHRWALL IRU�WKH

HQWLUH�ZDOO� �7KH�DGYHQWLWLD�LV�LJQRUHG�DV�LW�LV�DVVXPHG�WR�SURYLGH�OLWWOH�UHVLVWDQFH�WR�WUDQVSRUW� UHODWLYH�WR�WKH

PHGLD�DQG�LQWLPD�GXH�WR�LWV�ORRVH�VWUXFWXUH�� RWALL ZDV�REWDLQHG�IURP�WKH H[�YLYR H[SHULPHQWV�GHVFULEHG

LQ�VHFWLRQ �������� )RU�WKH�PHGLDO�OD\HU� WKH�SHUPHDELOLW\�FDQ�EH�UHIRUPXODWHG�DV�D�PHGLDO�UHVLVWDQFH��RMED�

���
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)LJXUH ���� 6DPSOH� WUDFH� VKRZLQJ�EXEEOH�GLVSODFHPHQW�GXULQJ�PHDVXUHPHQW�RI �K\GUDXOLF� IOX[� 3UHVVXUH
FKDQJHV�DUH�LQGLFDWHG�E\�DUURZV� 9HVVHO�FUHHS�DQG�
VHDOLQJ
�REVHUYHG�ZLWKLQ�WKH�ILUVW����PLQXWHV�RI �WKH�H[�
SHULPHQW� 6WHDG\�VWDWH�K\GUDXOLF�IOX[�LV�REWDLQHG�WKHUHDIWHU�DQG�UH�HVWDEOLVKHG�ZLWKLQ���PLQXWHV�RI �HDFK�QHZ
SUHVVXUH�EHLQJ�H[HUWHG�

EDVHG�RQ�WKLFNQHVV��T ��GDWD�IURP�WKH�FRQIRFDO�LPDJHV�DQG�WKH�YLVFRVLW\�RI �ZDWHU��µ��

RMED =
µT

K1
1

������

7KH�WKLFNQHVV�LV�DQ�DYHUDJH�RI �WKH�PHDQ�PHGLDO�WKLFNQHVV�RI �DOO�WLVVXH�EORFNV��T = 40µP�� )LQDOO\� XVLQJ

WKHVH�UHVXOWV� RINT FDQ�EH�H[SUHVVHG�DV�

RINT = RWALL −RMED. ������

��� 5HVXOWV

����� +\GUDXOLF�FRQGXFWDQFH�RI �WKH�ZKROH�ZDOO

7KH�PHWKRGV�GHVFULEHG� LQ�VHFWLRQ �������� ZHUH�XVHG�WR�PHDVXUH /S DV�D�IXQFWLRQ�RI �WUDQVPXUDO�SUHVVXUH

LQ�WKH�SK\VLRORJLFDO�UDQJH� $Q�H[DPSOH�WUDFH�VKRZLQJ�EXEEOH�GLVSODFHPHQW�RYHU�WKH�FRXUVH�RI �DQ�H[DPSOH

H[SHULPHQW�LV�VKRZQ�LQ�ILJXUH ����

$ VLJPRLGDO�IXQFWLRQ�ZDV�ILWWHG�WR�WKH�GDWD�XVLQJ�SDUDPHWULF�QRQ�OLQHDU�UHJUHVVLRQ� 7KH�VHOHFWLRQ�RI �WKLV

IXQFWLRQ�ZDV�EDVHG�RQ�WKH�SK\VLFDO�FRQVWUDLQW�WKDW�QR�FRQYHFWLRQ�RFFXUV�ZKHQ�WKH�WUDQVPXUDO�SUHVVXUH�LV

�PP+J�DQG�RQ�WKH�REVHUYDWLRQ�WKDW /S SODWHDXV�DW�KLJK�SUHVVXUH�ZLWKLQ�H[SHULPHQWDO�HUURU��)LJXUH �����

����� 3HUPHDELOLW\�RI �WKH�PHGLD

7KH�UHVXOWV�RI �WKH�QXPHULFDO�VLPXODWLRQV�IRU�SHUPHDELOLW\�YHUVXV�SUHVVXUH�DUH�VKRZQ�LQ�)LJXUH ��� IRU�WKH

UDGLDO� DQG�WKH�SULQFLSDO�WUDQVYHUVH�FRPSRQHQWV� 7KH�SULQFLSDO�WUDQVYHUVH�GLUHFWLRQV�GR�QRW�DOLJQ�ZLWK�WKH

F\OLQGULFDO�RU�D[LDO�FRRUGLQDWHV�RI �WKH�DUWHU\�ZDOO�VLQFH�960&V�DUH�QRW�SHUIHFWO\�DOLJQHG�ZLWK�WKHVH�GLUHFWLRQV�

WUDQVSRUW�RFFXUV�SUHIHUHQWLDOO\�DORQJ�WKH�GLUHFWLRQ�RI �960& DQG�ODPHOODU�RULHQWDWLRQ� 7KH�GRWWHG�OLQHV�ZHUH

GHWHUPLQHG�E\�SDUDPHWULF�QRQ�OLQHDU�UHJUHVVLRQ� WKH�VLJPRLGDO�IXQFWLRQ�ZDV�PRWLYDWHG�E\�WKH�GLVWULEXWLRQ

���
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)LJXUH ���� 5HODWLRQVKLS�EHWZHHQ�SHUPHDELOLW\�DQG�SUHVVXUH�LQ�WKH�SULQFLSDO�D[HV�RI �WKH�DUWHULDO�ZDOO� �D��UDGLDO
FRPSRQHQW� K1

1 �E��WUDQVYHUVH�FRPSRQHQW� K
2
1 �F��WUDQVYHUVH�FRPSRQHQW� K

3
1 � Q ��IRU�GDWD�DW���� ����DQG

���PP+J� HUURU�EDUV�UHSUHVHQW�6(0��Q ��DW���PP+J� HUURU�EDUV�UHSUHVHQW�UDQJH�

RI �WKH�GDWD��ZKLFK�VKRZHG�VPDOO�JUDGLHQWV�RI �SHUPHDELOLW\�DW�ERWK�KLJK�DQG�ORZ�SUHVVXUH��DV�ZHOO�DV�E\�WKH

SK\VLFDO�FRQVWUDLQW�WKDW�WKH�SHUPHDELOLW\�ZLOO�WHQG�WR�]HUR�DV�WKH�SUHVVXUH�LV�HOHYDWHG�

����� 6ROLG�YROXPH�IUDFWLRQ�RI �WKH�PHGLD

7KH�VROLG�YROXPH�IUDFWLRQ�RI �WKH�PHGLD�LV�VKRZQ�LQ�)LJXUH ����D�� $V�DERYH� D�VLJPRLGDO�IXQFWLRQ�ZDV�ILWWHG

WR�WKH�GDWD�E\�SDUDPHWULF�QRQ�OLQHDU�UHJUHVVLRQ� HQDEOLQJ�WKH�UHIHUHQFH�VROLG�IUDFWLRQ��φS
R = 0.503��WR�EH

GHWHUPLQHG� 7KH�LQFUHDVH�LQ φS ZLWK�SUHVVXUH�LV�GXH�WR�FRPSUHVVLRQ�RI �WKH�(&0��ZKLFK�GULYHV�ZDWHU�RXW�

%HWZHHQ����DQG����PP+J� WKH�DEVROXWH�VROLG�YROXPH�FKDQJH�ZDV�������DQG�WKH�(&0 FRPSUHVVLRQ�LQ�WKH

UDGLDO�GLUHFWLRQ��REWDLQHG�E\�PHWKRG�GHVFULEHG�LQ�VHFWLRQ �������ZDV������DFURVV�WKH�HQWLUH�PHGLDO�EORFN� 7KH

UDWLR φS

φS
R
JLYHV J �(TXDWLRQ ����� ZKLFK�LV�VKRZQ�LQ�)LJXUH ����E��

����� (PSLULFDO�FRQVWLWXWLYH�UHODWLRQVKLS

)RU�WKH�FRQVWLWXWLYH�UHODWLRQVKLS�ZH�IRFXV�SXUHO\�RQ�WKH�UDGLDO�GLUHFWLRQ� VLQFH�WUDQVYHUVH�SUHVVXUH�JUDGLHQWV

LQ� WKH�ZDOO�DUH�VPDOO�FRPSDUHG�WR�WKRVH� LQ� WKH�UDGLDO�GLUHFWLRQ� 7KH�UHODWLRQVKLS� VKRZQ�LQ�)LJXUH ���� LV

���
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)LJXUH ���� 5HODWLRQVKLS�EHWZHHQ RWALL� RMEDDQG RINTZLWK�SUHVVXUH�LQ�WKH�SK\VLRORJLFDO�UDQJH

GHVFULEHG�E\�WKH�IROORZLQJ�HTXDWLRQ�

K1
1 = k0

(
1− φS

1− φS
R

)m [
p1 +

p2
1 + e(J−p3)p4

]
������

7KH�XVH�RI �VLJPRLGDO�ILWV�LQ�VHFWLRQ ����� EHWZHHQ�SHUPHDELOLW\�DQG�SUHVVXUH�DQG�LQ�VHFWLRQ ����� EHWZHHQ

VROLG�YROXPH�IUDFWLRQ�DQG�SUHVVXUH�GLFWDWHG�WKH�PDWKHPDWLFDO�IRUP�RI �WKH�UHODWLRQ�EHWZHHQ�SHUPHDELOLW\�DQG

VROLG�YROXPH�IUDFWLRQ� VLQFH�WKH�WZR�IRUPHU�UHODWLRQV�DUH�VLJPRLGDO� WKLV�FRQVWLWXWLYH�UHODWLRQ�PXVW�DOVR�EH

VLJPRLGDO�

7KH�XQNQRZQ�SDUDPHWHUV�ZHUH�GHWHUPLQHG�E\�SDUDPHWULF�QRQOLQHDU�UHJUHVVLRQ�RI �WKH�SHUPHDELOLW\�DQG

YROXPH�FKDQJH�GDWD�WR�EH� k0 = 5.4623,m = 0.2, p1 = 0.5463, p2 = 0.4824, p3 = 0.8964 DQG p4 =

29.23� (TXDWLRQ ���� FDQ�EH�VHSDUDWHG�LQWR�WKUHH�GLVWLQFW�SDUWV� WKH�SHUPHDELOLW\�LQ�WKH�UHIHUHQFH�VWDWH��k0��

D�FRQVHUYDWLRQ�FRQVWUDLQW� 1−φS

1−φS
R
� DQG�WKH�SK\VLFDO�EHKDYLRXU�GHULYHG�IURP�RXU�FRPSXWDWLRQDO�H[SHULPHQWDO

DSSURDFK� p1+p2/(1+e(J−p3)p4)� 7KH�FRQVHUYDWLRQ�FRQVWUDLQW�LV�D�KLJK�SUHVVXUH�SK\VLFDO�FRQVWUDLQW� ZKHQ

WKH�SRUHV�WKDW�KROG�ZDWHU�DUH�IXOO\�FORVHG��φS = 1� J = φS
R�� QR�WUDQVPXUDO�IORZ�RFFXUV� 7KLV�WKHRUHWLFDO

OLPLW�ZRXOG�RFFXU�RQO\�DW�SUHVVXUHV�ZHOO�EH\RQG�WKH�SK\VLRORJLFDO�UDQJH� 7KH�SHUPHDELOLW\�LQ�WKH�SK\VLRORJLFDO

UDQJH�LV�VKRZQ�HQODUJHG�LQ�)LJXUH ����E��

����� ,QWLPDO�K\GUDXOLF�UHVLVWDQFH

RINT ZDV�FDOFXODWHG�XVLQJ�HTXDWLRQ ����� ZKHUH RWALL ZDV�FDOFXODWHG�DV�WKH�UHFLSURFDO�RI �H[SHULPHQWDO

WRWDO�ZDOO /S GDWD�DQG RMED IURP�HTXDWLRQ ����� RINT < RMED IRU�SUHVVXUHV�DERYH���PP+J��)LJXUH

�����

��� 'LVFXVVLRQ

7KH�K\GUDXOLF�FRQGXFWDQFH�RI �WKH�ZKROH�ZDOO� PHDVXUHG�LQ�RXU H[�YLYR H[SHULPHQWV� PRUH�WKDQ�GRXEOHG�LQ�WKH

VXE�SK\VLRORJLFDO�WUDQVPXUDO�SUHVVXUH�UDQJH�������PP+J��EXW�WKHQ�UHPDLQHG�FRQVWDQW�LQ�WKH�SK\VLRORJLFDO

���



UDQJH��������PP+J�� $V Lp LV�GHILQHG�DV�IORZ�SHU�XQLW�DUHD�SHU�PP+J�SUHVVXUH�JUDGLHQW� ZDOO�WKLFNQHVV�LV

QRW�WDNHQ�LQWR�DFFRXQW� $V�ZDOO�WKLFNQHVV�ZDV�REVHUYHG�WR�QRW�FKDQJH�VLJQLILFDQWO\� Lp UHPDLQLQJ�FRQVWDQW

RYHU�WKH�UDQJH ������PP+J ZRXOG�PHDQ�DQ�LQFUHDVH�LQ�K\GUDXOLF�IOX[�RI ���� 7KH�GHSHQGHQFH�RI �DRUWLF

/S RQ�SUHVVXUH�KDV�YDULHG�EHWZHHQ�SUHYLRXV�VWXGLHV� OLNH�XV� %DOGZLQ�HW DO� ������� %DOGZLQ�DQG�:LOVRQ ������

DQG 6KRX�HW DO� �������REWDLQHG�D�SODWHDX�RYHU�WKH�SK\VLRORJLFDO�UDQJH� EXW 7HGJXL�DQG�/HYHU �������IRXQG�D

VXEVWDQWLDO�GHFUHDVH�LQ /S DV�SUHVVXUH�LQFUHDVHG� %DOGZLQ�DQG�:LOVRQ �������DQG 6KRX�HW DO� �������VKRZHG�D

GHFUHDVH�LQ /S IURP�VXE�SK\VLRORJLFDO�WR�SK\VLRORJLFDO�SUHVVXUH�ZKHUHDV %DOGZLQ�HW DO� �������IRXQG /S ZDV

FRQVWDQW�RYHU�WKLV�UDQJH� :LWKLQ�WKH�SK\VLRORJLFDO�UDQJH�RI �SUHVVXUHV� WKHVH�VWXGLHV�DOVR�JDYH�ORZHU�YDOXHV�RI

/S WKDQ�REWDLQHG�KHUH� SUHVXPDEO\�UHIOHFWLQJ�WKHLU�XVH�RI �D�ODUJHU�DQLPDO�VSHFLHV�DQG�RU�WKH�WKRUDFLF�DRUWLF

VHJPHQW� DQG�KHQFH�WKLFNHU�WHVW�VSHFLPHQV�

7KLV�YDULDWLRQ�LQ�WKH�OLWHUDWXUH�PD\�UHIOHFW�WKH�FRPSOH[LW\�RI �WKH�SK\VLFDO�DQG�ELRSK\VLFDO�LQWHUDFWLRQV

EHWZHHQ�SUHVVXUH�DQG�ZDOO� WKLFNQHVV� 2Q�D�SXUHO\�SK\VLFDO� OHYHO� LQFUHDVHG� WUDQVPXUDO�SUHVVXUH� UHVXOWV� LQ

DQ�LQFUHDVH�RI �WKH�SUHVVXUH�IRUFH�DFWLQJ�RQ�WKH�YHVVHO�ZDOO�DQG�DQ�LQFUHDVH�LQ�WKH�VROYHQW�GUDJ�IRUFHV�DFWLQJ

WKURXJKRXW�WKH�ZDOO� ERWK�RI �ZKLFK�ZLOO�DIIHFW�ZDOO�WKLFNQHVV� ,QFUHDVHG�SUHVVXUH�ZLOO�GLVWHQG�WKH�YHVVHO�DQG

WKXV� WKURXJK�WKH�3RLVVRQ�HIIHFW� ZLOO�WHQG�WR�UHGXFH�ZDOO�WKLFNQHVV� 7KH�H[WHQW�RI �WKH�GLVWHQVLRQ�ZLOO�GHSHQG

RQ�WKH�PDWHULDO�SURSHUWLHV�RI �WKH�ZDOO� WKH�WKRUDFLF�DRUWD�XVHG�LQ�WKH�IRXU�VWXGLHV�OLVWHG�DERYH�LV�OLNHO\�WR�EH

PRUH�HODVWLF�WKDQ�WKH�DEGRPLQDO�VHJPHQW�XVHG�KHUH� 9HVVHO�GLVWHQVLRQ�ZRXOG�DOVR�FKDQJH�WKH�LQWHUQDO�VWUHVV

ILHOG�ZLWKLQ�WKH�WLVVXH� UHVXOWLQJ�LQ�FKDQJHV�LQ�K\GUDWLRQ�DQG�WKHUHIRUH�IXUWKHU�FKDQJHV�LQ�ZDOO�WKLFNQHVV� 7KH

LQFUHDVH�LQ�VROYHQW�GUDJ�IRUFHV�ZRXOG�DOVR�KDYH�DQ�HIIHFW�RQ�ZDOO�WKLFNQHVV� EXW�WKH�GLUHFWLRQ�RI �FKDQJH�LV�KDUG

WR�SUHGLFW� &RQVLGHULQJ�IORZ�WKURXJK�D�FRPSUHVVLEOH�VSRQJH� DQDORJRXV�WR�WKH�ZDOO�WLVVXH� WKH�VSRQJH�ZLOO

EH�VWUHWFKHG�E\�VROYHQW�GUDJ�LI �LW�LV�DQFKRUHG�DW�LWV�XSVWUHDP�VXUIDFH�EXW�ZLOO�EH�FRPSDFWHG�LI �LW�LV�DQFKRUHG

DW�LWV�GRZQVWUHDP�VXUIDFH� %HFDXVH�RI �WKH�FRQFHQWULF�OD\HULQJ�RI �PRUH�DQG�OHVV�GLVWHQVLEOH�FRPSRQHQWV�LQ

WKH�ZDOO� WKH�DFWXDO�UHVSRQVH�RI �WKH�DRUWD�WR�LQFUHDVHG�WUDQVPXUDO�IORZ�LV�KDUG�WR�SUHGLFW� )URP�D�ELRSK\VLFDO

YLHZSRLQW� LQFUHDVHG�SUHVVXUH�IRUFH�VWLPXODWHV�WKH�%D\OLVV�P\RJHQLF�UHVSRQVH�RI �WKH�960&V�WR�VWUHWFK� $V

GHVFULEHG�DERYH� DQ� LQFUHDVH� LQ� WUDQVPXUDO�SUHVVXUH� OHDGV� WR�YHVVHO�GLVWHQVLRQ� DFWLYDWLQJ�VWUHWFK�DFWLYDWHG

FKDQQHOV�OHDGLQJ�WR�D &D���PHGLDWHG�FRQWUDFWLRQ� 7KH�LQFUHDVH�LQ�VROYHQW�GUDJ�IRUFHV�FDQ�DOVR�LQGXFH�960&

FRQWUDFWLRQ��$LQVOLH�HW DO�� ������ IXUWKHU�FRPSOLFDWLQJ�WKH�FKDQJH�LQ�ZDOO�WKLFNQHVV� 1HW�HIIHFWV�RI �DOO�WKHVH

IDFWRUV� DQG�RI �HQGRWKHOLXP�GHULYHG�YDVRDFWLYH�DJHQWV� RQ�ZDOO�WKLFNQHVV�KDYH�EHHQ�PHDVXUHG� %DOGZLQ�HW DO�

�������IRXQG�D�GHFUHDVH�LQ�ZDOO�WKLFNQHVV�DV�SUHVVXUH�ZDV�LQFUHDVHG�IURP����WR����PP+J� EXW�QR�IXUWKHU

FKDQJH�ZKHQ�SUHVVXUH�ZDV�LQFUHDVHG�WR����PP+J� ,Q�RXU�H[SHULPHQWV� QR�VLJQLILFDQW�FKDQJHV�LQ�WKLFNQHVV

ZHUH�REVHUYHG�WKURXJKRXW�WKH�SUHVVXUH�UDQJH�

5HDOLVWLF�PLFURVWUXFWXUHV�REWDLQHG�IURP�FRQIRFDO�LPDJHV�RI �WLVVXH�IL[HG�DW�GLIIHUHQW�SUHVVXUHV�ZHUH�XVHG�WR

FRPSXWH�PHGLDO�SHUPHDELOLW\� PDSSLQJ�WKH�XSWDNH�RI �D�IOXRUHVFHQW�H[WUDFHOOXODU�IOXLG�SKDVH�PDUNHU�LQ�WKUHH

���



GLPHQVLRQV�DOORZHG�VHSDUDWLRQ�RI �WKH�WLVVXH�LQWR�960& DQG�(&0 FRPSDUWPHQWV�ZLWK�VXE�PLFURQ�VSDWLDO

UHVROXWLRQ� DYRLGLQJ�WKH�DVVXPSWLRQV�RI �LGHDOLVHG�PHGLDO�DUFKLWHFWXUHV�LQ�HDUOLHU�ZRUN� 1R�IUHH�SDUDPHWHUV

ZHUH�UHTXLUHG�LQ�WKH�VLPXODWLRQV�DQG�RQO\�RQH�YDOXH�ZDV�WDNHQ�IURP�WKH�OLWHUDWXUH� WKH�DYHUDJH�SHUPHDELOLW\

RI �WKH�(&0��6HYHUDO�YDOXHV�KDYH�EHHQ�UHSRUWHG��'DEDJK�HW DO�� ����D� :DQJ�DQG�7DUEHOO� ����� +XDQJ�DQG

7DUEHOO� ������ VR� LW� LV� SRVVLEOH� WKDW� WKH� DFWXDO�(&0 SHUPHDELOLW\� GLIIHUV� VOLJKWO\� IURP� WKH� FKRVHQ� YDOXH�

7KH�VKDSH�RI �WKH K1
1 YHUVXV�SUHVVXUH�FXUYH�ZRXOG�QRW�FKDQJH�LI �WKH�YDOXH�ZHUH�DOWHUHG� EXW�WKH�DEVROXWH

PDJQLWXGH�ZRXOG� 7KLV�ZDV�FRQILUPHG�E\�LQFUHDVLQJ�DQG�GHFUHDVLQJ�WKH�YDOXH�RI kECM E\ ��� DQG�UHSHDWLQJ

RXU�SHUPHDELOLW\�VLPXODWLRQV�WR�REVHUYH�WKH�HIIHFW�RI �DQ\�HUURU�LQ�WKH kECM YDOXH�RQ�WKH�FDOFXODWHG�PHGLDO

UHVLVWDQFH��1RWH�WKDW�WKLV�����WROHUDQFH�LV�PXFK�JUHDWHU�WKDQ�WKH����UDQJH�LQ�WKH�OLWHUDWXUH�YDOXHV�IRU kECM ��

7KH�FDOFXODWHG�PHGLDO�UHVLVWDQFHV�FRQVLVWHQWO\�OD\�EHORZ�WKH�H[SHULPHQWDOO\�PHDVXUHG�WRWDO�ZDOO�UHVLVWDQFH�DW

DOO�SUHVVXUHV� PHDQLQJ�WKH�LQWLPDO�UHVLVWDQFH�ZDV�QHYHU�QHJDWLYH� VR�WKH�PDJQLWXGHV�DUH�DW�OHDVW�SODXVLEOH�

7KH�VLPXODWLRQV�VKRZHG�WKDW�DQ�LQFUHDVH�LQ�SUHVVXUH�ZLWKLQ�WKH�SK\VLRORJLFDO�UDQJH�OHDGV�WR�D�VXEVWDQWLDO

GHFUHDVH�LQ K LQ�DOO�WKUHH�SULQFLSOH�D[HV� 9DULDELOLW\�EHWZHHQ�VLPXODWLRQV�EDVHG�RQ�GLIIHUHQW�WLVVXH�VDPSOHV

REWDLQHG�DW�WKH�VDPH�SUHVVXUH�ZDV�VPDOO� DQG�WKH�FKDQJHV�ZLWK�SUHVVXUH�ZHUH�ODUJH�LQ�FRPSDULVRQ� VXSSRUWLQJ

WKH�YLHZ�WKDW�WKH�WUHQGV�REVHUYHG�ZLWK�SUHVVXUH�DUH�UHOLDEOH� :H�DWWULEXWH�WKH�GHFUHDVH�LQK1
1 WR�GHIRUPDWLRQ

RI �WKH�DUWHULDO�ZDOO�XQGHU�LQFUHDVHG�SUHVVXUH�FDXVLQJ�(&0 FRPSDFWLRQ� 7KLV�FRPSDFWLRQ� UHVXOWLQJ�IURP�SRUH

FORVXUH� ZDV�HYLGHQW�YLVXDOO\�LQ�WKH�FRQIRFDO�GDWD�DQG�FRQILUPHG�E\�FRPSXWLQJ φS � DV�SUHVVXUH�LQFUHDVHG�IURP

���WR����PP+J� WKH�DEVROXWH�YROXPH�UHGXFWLRQ�RI �WKH�(&0 ZDV������� 5DGLDO�FRPSUHVVLRQ�RI �WKH�(&0�

REWDLQHG�E\�WKH�PHWKRG�GHVFULEHG�LQ�VHFWLRQ ������ ZDV������RYHU�WKH�VDPH�SUHVVXUH�UDQJH� 7KH�960&V�

ZKLFK�FDQ�EH�FRQVLGHUHG�QHDUO\� LQFRPSUHVVLEOH� DUH�EURXJKW� LQWR�FORVHU�SUR[LPLW\� WR�RQH�DQRWKHU�GXH� WR

(&0 FRPSDFWLRQ� $GGLWLRQDOO\� WKH�FHOOV�EHFRPH�WKLQQHU�GXH�WR�VWUHWFKLQJ� %HWZHHQ����DQG����PP+J� WKH

PHDQ�QXPEHU�RI �960&V�SHU�EORFN�LQ�WKH�UDGLDO�GLUHFWLRQ�LQFUHDVHG�IURP������WR������DQG�WKH�PHDQ�FHOO�ZLGWK

GHFUHDVHG�IURP������WR�����µP� 7KLV�IXUWKHU�LQFUHDVHV�WKH�UHVLVWDQFH�WR�SDUDFHOOXODU�ZDWHU�WUDQVSRUW�

2XU�SURSRVHG�FRQVWLWXWLYH�UHODWLRQVKLS�FDSWXUHV�WKH�DERYH�REVHUYDWLRQV�DQG�UHODWHV�UDGLDO�SHUPHDELOLW\

WR�VWUDLQ�LQ�WKH�DUWHULDO�ZDOO�IRU�WKH�ILUVW�WLPH��)LJXUH ����� 7KH�UHODWLRQVKLS�EHWZHHQ�WKH�SHUPHDELOLW\�RI �VRIW

ELRORJLFDO�WLVVXHV�DQG�YROXPH�FKDQJH��RU�YROXPHWULF�VWUDLQ��LV�ZHOO�VWXGLHG�LQ�WKH�DUHD�RI �DUWLFXODU�FDUWLODJH

DQG�OLJDPHQW�PHFKDQLFV��$WHVKLDQ�DQG�:HLVV� ����� +ROPHV�DQG�0RZ� ����� $WHVKLDQ�HW DO�� ����� :HLVV�DQG

0DDNHVWDG� ������ 1DUURZLQJ�RI �LQWHUFHOOXODU�FKDQQHOV�DV�GHVFULEHG�DERYH�DFFRXQWV�IRU�PRUH�WKDQ ∼����RI

WKH�SHUPHDELOLW\�FKDQJH�ZLWKLQ�WKH�SK\VLRORJLFDO�UDQJH� MXVWLI\LQJ�RXU�DVVXPSWLRQ�WKDW�WKH�(&0 SHUPHDELOLW\

LV�FRQVWDQW�ZLWK�SUHVVXUH�LQ�WKH�SK\VLRORJLFDO�UDQJH�LV�YDOLG� 1RWH�WKDW�WKH�
HOERZ
�LQ�)LJXUH ����E��LV�QRW�DQ

DUWHIDFW�DULVLQJ�IURP�WKH�ILWWLQJ�RI �D�VLJPRLGDO�IXQFWLRQ�WR�WKH�SHUPHDELOLW\�GDWD��)LJXUH ����D�����LW�DULVHV�IURP�D

VLPLODU�NLQN�LQ�WKH�UHODWLRQ�EHWZHHQ�SUHVVXUH�DQG�WKH�FKDQJH�LQ�VROLG�YROXPH��)LJXUH ����D��� 2XU�UHVXOWV�GLIIHU

IURP�SUHYLRXV�PRGHOV�DQG�DVVXPSWLRQV��6LPRQ�HW DO�� ����� .ODQFKDU�DQG�7DUEHOO� ����� -RKQVRQ�DQG�7DUEHOO�

���



������SUHVXPDEO\�EHFDXVH�ZH�GHULYHG�RXU�GHIRUPDWLRQ�UHODWLRQVKLS�IURP�H[SHULPHQWDO�GDWD�DQG�FRQVLGHUHG

WKH�PHGLDO�PLFURVWUXFWXUH�

2XU�LPDJH�EDVHG�QXPHULFDO�VLPXODWLRQV�DOVR�GHPRQVWUDWHG�WKH�DQLVRWURS\�RI �PHGLDO�SHUPHDELOLW\�DQG

WKDW�WKLV�DQLVRWURS\�LV�SUHVVXUH�GHSHQGHQW� $W���PP+J�WKH�SHUPHDELOLW\�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�ZDV��

WLPHV�ODUJHU�WKDQ�LQ�WKH�UDGLDO�GLUHFWLRQ� DW����PP+J�WKLV�UDWLR�LQFUHDVHG�WR�����EXW�DW����PP+J�LW�UHGXFHG

VOLJKWO\�WR����� VXJJHVWLQJ�WKDW�DGGLWLRQDO�SUHVVXULVDWLRQ�PLJKW�IXUWKHU�UHGXFH�DQLVRWURS\� ,Q�YLYR� WKH�ODUJHVW

SUHVVXUH�JUDGLHQW�RFFXUV�LQ�WKH�UDGLDO�GLUHFWLRQ� 7UDQVYHUVH�FRPSRQHQWV�DUH�VLJQLILFDQWO\�VPDOOHU� EXW�WKH\

FDQ�DULVH�LQ�DUHDV�ZKHUH�JHRPHWULFDO�XQGXODWLRQV�DQG�XQHYHQ�ZDOO�GHIRUPDWLRQ�RFFXU�

7KH�GLUHFWLRQDOO\�YDU\LQJ�WUHQG�FDQ�EH�H[SODLQHG�DV�IROORZV� (&0 FRPSDFWLRQ�FDXVHV K1
1 WR�UHGXFH�DW

D�ORZHU�SUHVVXUH�WKDQ K2,3
1 GXH�WR�LQWUDFHOOXODU�FKDQQHOV�QDUURZLQJ�SUHIHUHQWLDOO\�LQ�WKH�UDGLDO�GLUHFWLRQ� D

UHVXOW�RI �WKH�ODUJHVW�SUHVVXUH�JUDGLHQW�RFFXULQJ�LQ�WKH�UDGLDO�GLUHFWLRQ� 8SRQ�ZDOO�GLVWHQVLRQ� WLVVXH�VWLIIHQLQJ

LQ�WKH�WUDQVYHUVH�SODQH�RFFXUV�SUHIHUHQWLDOO\�DORQJ�SULQFLSDO�GLUHFWLRQV�UHODWHG�WR�WKH�RULHQWDWLRQ�RI �FROODJHQ

�+RO]DSIHO�DQG�2JGHQ� ������ FROODJHQ�DQG�960&V�KDYH�VLPLODU�RULHQWDWLRQV�LQ�WKH�DUWHULDO�PHGLD��+RO]DSIHO

HW DO�� ������ &RPELQHG� WKHVH�HIIHFWV�SURPRWH�ZDWHU� WUDQVSRUW� LQ� WKH� WUDQVYHUVH�GLUHFWLRQ� ZKLFK�FDQ�EH

FRQVLGHUHG�D� ORZ� UHVLVWDQFH� WUDQVSRUW�SDWKZD\� UHODWLYH� WR� UDGLDO� WUDQVSRUW� 7KLV� HOHYDWHG� WUDQVYHUVH� IORZ

SUHYHQWV�UDGLDO�FRPSUHVVLRQ�RI �WKH�(&0��LQ�D�IDVKLRQ�DQDORJRXV�WR�K\GURG\QDPLF�OXEULFDWLRQ�PDLQWDLQLQJ�D

JDS�EHWZHHQ�EHDULQJ�VXUIDFHV� GHOD\LQJ�WKH�GURS�RII �RI �SHUPHDELOLW\�LQ�WKH�WUDQVYHUVH�GLUHFWLRQV�

$ QXPEHU�RI �H[SHULPHQWV�KDYH�DWWHPSWHG�WR�GHWHUPLQH�HQGRWKHOLDO /S E\�DSSO\LQJ�DQ�HOHFWULFDO�UHVLVWRU

DQDORJ\�WR�PHDVXUHPHQWV�RI �ZDWHU�IOX[�REWDLQHG�EHIRUH�DQG�DIWHU�UHPRYDO�RI �WKH�HQGRWKHOLDO�OD\HU��7HGJXL�DQG

/HYHU� ����� ������ $V�DOUHDG\�QRWHG� WKH�XQVWDWHG�DVVXPSWLRQ�WKDW /S IRU�WKH�UHVW�RI �WKH�ZDOO�LV�XQFKDQJHG

E\�WKLV�SURFHGXUH�PD\�EH�LQFRUUHFW�VLQFH�VROYHQW�GUDJ�LV�LQFUHDVHG�DQG�EHFDXVH�D�VRXUFH�RI �YDVRFRQVWULFWRUV

DQG�YDVRGLODWRUV�KDV�EHHQ�UHPRYHG� $Q�DOWHUQDWLYH�DSSURDFK�KDV�EHHQ�WR�GLUHFWO\�PHDVXUH /S RI �HQGRWKHOLDO

PRQROD\HUV�FXOWXUHG�RQ�SRURXV�VXEVWUDWHV LQ�YLWUR �&DQFHO�DQG�7DUEHOO� ����� ������ZLWK�NQRZQ Lp � 7KH

GUDZEDFN�RI �WKLV�PHWKRG�LV�WKDW�WKH�DUWLILFLDO�HQYLURQPHQW�PD\�QRW�IXOO\�UHSOLFDWH�WKH�EDUULHU�SURSHUWLHV�RI �WKH

HQGRWKHOLXP� LW�LV�NQRZQ�WKDW�WKHVH�PRQROD\HUV�KDYH�HOHYDWHG�SHUPHDELOLW\�WR�VPDOO�SURWHLQV�VXFK�DV�DOEXPLQ

WKDW� OLNH�ZDWHU� DUH�WUDQVSRUWHG�WKURXJK�LQWHUFHOOXODU�MXQFWLRQV�

,Q�WKH�SUHVHQW�VWXG\� WKH�FRPELQDWLRQ�RI �H[SHULPHQWDO�DQG�QXPHULFDO�WHFKQLTXHV�JDYH /S IRU�WKH�ZKROH

ZDOO�DQG�IRU�WKH�PHGLD� ZLWK�ERWK�PHDVXUHPHQWV�FRPLQJ�IURP�IXOO\�LQWDFW�WLVVXHV� WKXV�DYRLGLQJ�WKH�OLPLWDWLRQV

LQWURGXFHG�E\�UHPRYDO�RI �WKH�HQGRWKHOLXP� +HQFH /S IRU�WKH�LQWLPD�FRXOG�EH�REWDLQHG�E\�VXEWUDFWLRQ� 1RWH

WKDW�ZH�GHILQH�WKH�LQWLPDO Lp WR�EH�WKH�K\GUDXOLF�FRQGXFWDQFH�RI �ERWK�WKH�HQGRWKHOLXP�DQG�DQ\�XQGHUO\LQJ

VWUXFWXUHV�EHWZHHQ�LW�DQG�WKH�PHGLD��LH� WKH�EDVDO�ODPLQD�RI �WKH�HQGRWKHOLXP� LQWLPDO�FRQQHFWLYH�WLVVXH�DQG

WKH� LQWHUQDO�HODVWLF� ODPLQD�� 7KH� LPSOLFLW�DVVXPSWLRQ�WKDW�DOO� WKH�DGYHQWLWLD�ZDV�UHPRYHG�ZKHQ�WKH�YHVVHO

ZDV� FOHDQHG� LV� XQOLNHO\� WR� EH� FULWLFDO� EHFDXVH� WKH� DGYHQWLWLD� KDV� D� ORRVH� VWUXFWXUH� WKDW� LV� DVVXPHG� WR�QRW

���



RIIHU�PXFK� UHVLVWDQFH� WR�ZDWHU� IOX[�FRPSDUHG� WR� WKH� LQWLPD�DQG�PHGLD� 7KH� UHVXOWV�SUHVHQWHG� LQ�)LJXUH

��� GHPRQVWUDWH� WKDW� WKH RINT LV� WKH� ODUJHVW� FRPSRQHQW�RI RWALL EHORZ���PP+J�ZKLOVW� WKH�PHGLDO

OD\HU�GRPLQDWHV�DERYH���PP+J� $W���PP+J�WKH�PHGLDO�OD\HU�UHSUHVHQWV ∼����RI �WKH RWALL� ZKLOH�DW

���PP+J�LW�UHSUHVHQWV ∼���� 7KLV�GRPLQDQFH�ZLOO�OLNHO\�LQFUHDVH�IRU�WKLFNHU�ZDOOHG�DUWHULHV� LQ�ZKLFK�WKH

PHGLD�FRQWULEXWHV�D�KLJKHU�SHUFHQWDJH�RI �WKH�ZDOO�WKLFNQHVV� WKH�YHVVHO�XVHG�LQ�WKH�SUHVHQW�VWXG\�KDG�D�PHGLDO

WKLFNQHVV�RI 40 ± 2.4µP� ,QWLPDO�UHVLVWDQFH�DSSHDUHG�WR�GHFUHDVH�ZLWK�SUHVVXUH� :H�K\SRWKHVLVH�WKDW�WKLV

UHVXOWV�IURP�SUHVVXUH�LQGXFHG�VWUHWFK�RI �WKH�HQGRWKHOLXP� DQG�WKH�UHVXOWLQJ�VKRUWHQLQJ�RI �WKH�LQWHUFHOOXODU

MXQFWLRQV� 6WUHWFK�RI �WKH�HQGRWKHOLXP�LV�NQRZQ�WR�LQFUHDVH�SHUPHDELOLW\�WR�DOEXPLQ��)U\� ������

7KH�PHWKRGV�DSSOLHG�LQ�WKLV�VWXG\�FRXOG�EH�XVHG�WR�TXDQWLI\�RWKHU�WUDQVSRUW�SURSHUWLHV�RI �WLVVXH� VXFK

DV�GLIIXVLYLW\� 5HFHQWO\� /HYLQ�HW DO� �������VKRZHG�WKDW�WUDQVPXUDO�DQG�WUDQVYHUVH�GLIIXVLYLWLHV�LQ�VHJPHQWV

RI �WKH�FDOI �FDURWLG�DUWHU\�ZHUH�VLJQLILFDQWO\�GLIIHUHQW�IRU�D�YDULHW\�GUXJV�DQG�PDFURPROHFXOHV� 8VLQJ�RXU

FRPSXWDWLRQDO�H[SHULPHQWDO�DSSURDFK�ZH�FRXOG�FKDUDFWHULVH�DQLVRWURS\�RI �GUXJ�PDFURPROHFXOH�GLIIXVLRQ�LQ

PRUH�VSHFLILF�ORFDWLRQV��H�J� DW�VLWHV�SURQH�WR� RU�SURWHFWHG�IURP� GLVHDVH�� DQG�XQGHUVWDQG�KRZ�PLFURVWUXFWXUDO

UHRUJDQLVDWLRQ�DIIHFWV�GLIIXVLYLW\� 7KH�ELQGLQJ�NLQHWLFV�RI �VXFK�GUXJV�DQG�WKHLU�XSWDNH�E\�WKH�FHOOV�ZRXOG

UHTXLUH� WKH�DGGLWLRQ�RI � VLQN� WHUPV� LQ�ERWK� WKH�(&0 GRPDLQ� DQG� WKH�60& ERXQGDULHV� LQ�RXU� JRYHUQLQJ

HTXDWLRQV�EXW�WKH�IUDPHZRUN�WR�VXSSRUW�VXFK�LQYHVWLJDWLRQV�LV�DOUHDG\�HVWDEOLVKHG�LQ�WKLV�VWXG\� $OWKRXJK� DV

SUHYLRXVO\�GLVFXVVHG� WKH�WUDQVSRUW�RI �/'/ LV�DGYHFWLRQ�GRPLQDWHG�DQG�LV�WKH�PDLQ�PROHFXOH�RI �LQWHUHVW�ZLWK

UHJDUGV�WR�WKH�UHVSRQVH�WR�LQIOX[�WKHRU\�RI �DWKHURVFOHURVLV� WKH�WUDQVSRUW�RI �VPDOOHU�PROHFXOHV�LV�RI �LQWHUHVW

ZKHQ�FRQVLGHULQJ�DOWHUQDWLYH�WKHRULHV�RI �DWKHURVFOHURVLV��HJ� R[\JHQ�LQ�WKH�DQR[HPLD�WKHRU\�RI �DWKHURVFOHURVLV

%M|UQKHGHQ�HW DO�� ������ZKHUH�GLIIXVLRQ�LV�WKH�GRPLQDQW�WUDQVSRUW�PRGH�

7KH�PHWKRGV�HPSOR\HG�LQ�WKLV�VWXG\�KDYH�D�QXPEHU�RI �OLPLWDWLRQV� )LUVW� DUWHULHV LQ�YLYR DUH�H[SRVHG�WR

SXOVDWLOH�SUHVVXUHV�EXW�ERWK�RXU�H[SHULPHQWDO�DQG�QXPHULFDO�VWXGLHV�XVHG�VWHDG\�SUHVVXUHV� ,W�LV�XQFOHDU�KRZ

F\FOLFDO�SUHVVXUH�FKDQJHV�ZRXOG�DIIHFW�WKH�PLFURVWUXFWXUH�RI �WKH�ZDOO�DV�WKH�FKDUDFWHULVWLF�WLPHV�RI �WKH�FDUGLDF

F\FOH� LV�PXFK�VKRUWHU� WKDQ� WKH� WLPHVFDOHV�XVHG� LQ�RXU�VWHDG\�VWDWH�H[SHULPHQWV� 6HFRQG� ZH�KDYH� WUHDWHG

WKH�(&0 DV�D�KRPRJHQRXV�PHGLXP�ZKHUHDV�LW�LV�DFWXDOO\�FRPSRVHG�RI �GLIIHUHQW�FRPSDUWPHQWV�RI �GLIIHULQJ

UHVLVWDQFH�WR�ZDWHU�IORZ�DQG���SRWHQWLDOO\���GLIIHUHQW�OHYHOV�RI �ZDWHU�ORVV�XQGHU�DSSOLHG�SUHVVXUH� 7R�LQFOXGH

VXFK�IXUWKHU�GHWDLO�ZRXOG�UHTXLUH�WKH�GHYHORSPHQW�RI �VDPSOH�SUHSDUDWLRQ�DQG�LPDJLQJ�WHFKQLTXHV�WKDW�DUH

DEOH�WR�GLVWLQJXLVK�DQG�UHVROYH�WKHVH�VWUXFWXUHV�

���



&KDSWHU��

0HGLDO�+\GUDXOLF�5HVLVWDQFH�DV�D�)XQFWLRQ�RI �0HGLDO�7RQH

7KH�DLP�RI �WKLV�VWXG\�ZDV�WR�GHWHUPLQH�WKH�HIIHFWV�RI �DOWHUHG�YDVFXODU�WRQH�RQ�WKH�K\GUDXOLF�UHVLVWDQFH�RI �WKH

HQWLUH�ZDOO� WKH�WXQLFD�PHGLD�DQG�WKH�LQWLPD� 7KH�ZRUNIORZ�VKRZQ�LQ�ILJXUH ��� GHWDLOV�WKH�LQWHUFRQQHFWLRQV

EHWZHHQ�WKH�QXPHULFDO�DQG�H[SHULPHQWDO�WHFKQLTXHV�HPSOR\HG� 7KH�GHYHORSPHQW�RI �DOO�WKH�PHWKRGV�XVHG�LQ

WKLV�VWXG\�DUH�GHWDLOHG�LQ�FKDSWHU �� 6RPH�DGDSWDWLRQV�WR�WKH H[�YLYR H[SHULPHQWV�ZHUH�GRQH�VSHFLILFDOO\�IRU

WKLV�VWXG\�DQG�WKH�SUHOLPLQDU\�ZRUN�DQG�ILQDO�DGDSWDWLRQV�DUH�GHVFULEHG�LQ�WKLV�FKDSWHU�

��� ,QWURGXFWLRQ

7KH�XSWDNH�RI � OLSLG�FDUU\LQJ�SODVPD�PDFURPROHFXOHV� LV� WKRXJKW� WR�EH� D� NH\� VWHS� LQ� WKH�GHYHORSPHQW�RI

DWKHURVFOHURVLV� �:HLQEHUJ� ����� 7DUEHOO� ����� ������ 7KH�FKDUDFWHULVWLFDOO\�SDWFK\�DFFXPXODWLRQ�RI �VXFK

PDFURPROHFXOHV�LV�WKH�UHVXOW�RI �FRPSOH[�WUDQVSRUW�PHFKDQLVPV�LQWR�DQG�ZLWKLQ�WKH�DUWHULDO�ZDOO� ZKLFK�DUH

RQO\�SDUWLDOO\�XQGHUVWRRG� *LYHQ�WKDW�PXFK�PDFURPROHFXODU�WUDQVSRUW�LV�DGYHFWLYH��7HGJXL�DQG�/HYHU� ������

HOXFLGDWLQJ�WKH�PHFKDQLVPV�RI �ZDWHU�WUDQVSRUW�LV�D�NH\�VWHS�WRZDUGV�XQGHUVWDQGLQJ�PDFURPROHFXODU�DFFXPX�

ODWLRQ�LQ�WKH�DUWHULDO�ZDOO� 7KH�VWXG\�LQ�FKDSWHU � GHPRQVWUDWHG�WKDW�PHGLDO�K\GUDXOLF�UHVLVWDQFH�DFFRXQWV�IRU

PRVW�RI �WKH�WRWDO�ZDOO�K\GUDXOLF�UHVLVWDQFH�ZLWKLQ�WKH�SK\VLRORJLFDO�SUHVVXUH�UDQJH� HYHQ�LQ�WKH�UHODWLYHO\�WKLQ�

ZDOOHG�UDW�DRUWLF�ELIXUFDWLRQ� 7KH�PHGLDO�SHUPHDELOLW\�LQ�DWKHUR�SURQH�DUWHULHV�LV�WKHUHIRUH�RI �JUHDW�LQWHUHVW�

7KH�PHGLDO�OD\HU�RI �WKH�DUWHULDO�ZDOO�FRQVLVWV�RI �960&V�VXUURXQGHG�E\�D�FRPSOH[�QHWZRUN�RI �HODVWLQ� FRO�

ODJHQ�DQG�SURWHRJO\FDQV� &KDQJHV�WR�WKH�VWUXFWXUH�RI �WKLV�OD\HU�DUH�OLNHO\�WR�KDYH�DQ�LPSDFW�RQ�WKH�WUDQVSRUW�RI

ZDWHU�DQG�VROXWHV�DFURVV�WKH�ZDOO� &KDSWHU � LQYHVWLJDWHG�WKH�LQIOXHQFHV�RI �FKDQJHV�LQ�VWUXFWXUH�UHVXOWLQJ�IURP

DOWHUDWLRQ�RI �WUDQVPXUDO�SUHVVXUH� ,W�ZDV�IRXQG�WKDW�WKH�VWUXFWXUDO�UHDUUDQJHPHQW�RI �WKH�VROLG�FRPSRQHQWV

RI �WKH�PHGLD�JLYHV�ULVH�WR�D�QRQOLQHDU�UHODWLRQ�EHWZHHQ�SHUPHDELOLW\�DQG�ZDOO�VWUDLQ� +RZHYHU� WKHUH�LV�DOVR

DQ�DFWLYH�PHFKDQLFDO�PHFKDQLVP���960& FRQWUDFWLRQ���WKDW�FRXOG�DOWHU�PHGLDO��DQG�KHQFH�ZDOO��SHUPHDELOLW\

WKURXJK�HIIHFWV�RQ�VWUXFWXUH� 960&V�DOWHU�WKHLU�WRQH�RU�DFWXDOO\�FRQWUDFW��L�H� VKRUWHQ�DORQJ�WKHLU�ORQJ�D[LV�

GHSHQGLQJ�RQ�WKH�WUDQVPXUDO�SUHVVXUH�JUDGLHQW� XQGHU�LVREDULF�FRQGLWLRQV� WKH�OXPLQDO�GLDPHWHU�GHFUHDVHV

DQG�ZDOO�WKLFNQHVV�LQFUHDVHV��5DFKHY�DQG�+D\DVKL� ������

960& FRQWUDFWLRQ�FDQ�EH�LQGXFHG�E\�WKH�QHUYRXV�V\VWHP� E\�FKHPLFDO�VLJQDOV�WUDQVSRUWHG�LQ�WKH�EORRG� E\

���



PHFKDQLFDO�VWLPXOL�VXFK�DV�VWUHWFK�RI �WKH�ZDOO��=XOOLJHU�HW DO�� ������ DQG�E\�ORFDOO\�UHOHDVHG�SDUDFULQH�PHGLDWRUV

�/XGPHU�HW DO�� ������ +\SHUWHQVLRQ�DQG�REHVLW\�DUH�H[DPSOHV�RI �V\VWHPLF�FDXVHV�DVVRFLDWHG�ZLWK�LQFUHDVHG

960& WRQH� �)ULGH]�HW DO�� ����� 0H\HU�HW DO�� ������ %RWK�DUH� LPSRUWDQW� ULVN� IDFWRUV� IRU�DWKHURVFOHURVLV�

DQG�PD\�DFW�DW� OHDVW� LQ�SDUW�E\� LQIOXHQFLQJ�PHGLDO�WUDQVSRUW�SURSHUWLHV� ([DPSOHV�RI �ORFDO�HIIHFWV�DUH�WKH

HQGRWKHOLDO�SDUDFULQH�VLJQDOOLQJ�WKURXJK�PHGLDWRUV�VXFK�DV�HQGRWKHOLQ��(7����DQG�QLWULF�R[LGH��12� �%RXUTXH

HW DO�� ������ 0RUH�UHFHQWO\� WKH�UROH�RI �SHULYDVFXODU�DGLSRVH�WLVVXH�LQ�960& WRQH�FRQWURO�KDV�EHHQ�UHSRUWHG�

ZKLFK�DFWV�YLD�DQRWKHU�VHW�RI �YDVRDFWLYH�PROHFXOHV�WKDW�DUH�VWLOO�\HW�WR�EH�LGHQWLILHG��0H\HU�HW DO�� ������ $Q

LPSRUWDQW�LPSOLFDWLRQ�RI �WKHVH�VRXUFHV�RI �SDUDFULQH�VLJQDOOLQJ�LV�WKH�SRWHQWLDO�IRU�WKHUH�WR�H[LVW�KHWHURJHQHRXV

GLVWULEXWLRQV�RI �YDVRGLODWRUV�DQG�YDVRFRQVWULFWRUV�ZLWKLQ�WKH�WXQLFD�PHGLD� OHDGLQJ�WR�VSDWLDOO\�YDU\LQJ�PHGLDO

SHUPHDELOLW\� 7KLV�FRXOG�EH�WKH�EDVLV�RI �D�PHFKDQLVP�WR�DFFRXQW�IRU�WKH�SDWFK\�GLVWULEXWLRQ�RI �PDFURPROHFXODU

DFFXPXODWLRQ�DQG�DWKHURVFOHURVLV� 7KH�HIIHFWLYH�UDGLXV�RI �DFWLRQ�RI �12 FDQ�EH�URXJKO\�HVWLPDWHG�IURP�LWV

GLIIXVLRQ�FRHIILFLHQW������×10−10P�/V� /LX�HW DO�� �����DQG LQ�YLYR KDOI�OLIH��∼�V� 7KRPDV�HW DO�� ������WR�EH

∼ 100µm� DERXW�����× WKH�UDGLXV�RI �DQ�(&��7KXV�JUDGLHQWV�RI �VXFK�YDVRDFWLYH�VLJQDOOLQJ�PROHFXOHV�FRXOG

HOLFLW�UHVSRQVHV�RI �960& WRQH�RI �DSSUR[LPDWHO\�WKH�VDPH�VFDOH�

+HUH� ZH�KDYH�DSSOLHG�RXU�FRPELQHG�QXPHULFDO�H[SHULPHQWDO�PHWKRG��&RPHUIRUG�HW DO�� ������WR�LQYHV�

WLJDWH�WKH�HIIHFWV�RI �960& WRQH�RQ�WKH�WUDQVPXUDO�ZDWHU�WUDQVSRUW�SURSHUWLHV�RI �WKH�ZKROH�DUWHULDO�ZDOO�DQG

LWV�FRPSRQHQW�OD\HUV� (IIHFWV�RI �QRUDGUHQDOLQH�LQGXFHG�960& FRQWUDFWLRQ�RQ�WUDQVPXUDO�ZDWHU�IOX[�ZHUH

REWDLQHG�E\�GLUHFW�PHDVXUHPHQW� HIIHFWV�RQ�PHGLDO�SHUPHDELOLW\�ZHUH�REWDLQHG�E\�QXPHULFDO�PHWKRGV�XVLQJ

H[SHULPHQWDOO\�GHULYHG�ERXQGDU\�FRQGLWLRQV� DQG�LQWLPDO�K\GUDXOLF�UHVLVWDQFH�ZDV�REWDLQHG�E\�VXEWUDFWLRQ�

��� 0HWKRGV

����� 2YHUYLHZ

7KH�HIIHFW�RI �QRUDGUHQDOLQH��1$��LQGXFHG�YDVRFRQVWULFWLRQ�RQ�DUWHULDO�ZDOO�K\GUDXOLF�FRQGXFWDQFH� Lp� ZDV

LQYHVWLJDWHG�XVLQJ�DQ H[�YLYR SUHSDUDWLRQ�RI �WKH�UDW�DEGRPLQDO�UDW�DRUWD��)LJXUH ���D�E��GHVFULEHG�SUHYLRXVO\

�&KRRL� &RPHUIRUG�HW�DO�� ������ 7R�GLVWLQJXLVK�EHWZHHQ�960&V�DQG�H[WUDFHOOXODU�PDWUL[��(&0� RI �WKH�ZDOO�

DQG�KHQFH�WR�SURYLGH�ERXQGDU\�FRQGLWLRQV�IRU�WKH�QXPHULFDO�VLPXODWLRQV�RI �PHGLDO�WUDQVSRUW� ERYLQH�VHUXP

DOEXPLQ��%6$� ODEHOOHG�ZLWK�WKH�IOXRUHVFHQW�G\H� UKRGDPLQH��5K�%6$���ZDV�DGGHG�WR�WKH�OXPLQDO�IOXLG�DQG

LWV�WUDQVSRUW�ZDV�DOORZHG�WR�UHDFK�D�VWHDG\�VWDWH�DFURVV�WKH�DUWHULDO�ZDOO� )ROORZLQJ�FRPSOHWLRQ�RI �WKH Lp

PHDVXUHPHQWV� WKH�5K�%6$ ZDV�FKHPLFDOO\�IL[HG�E\�SHUIXVLRQ�DW�SUHVVXUH�DQG�LWV�GLVWULEXWLRQ�ZDV�LPDJHG

E\�FRQIRFDO�PLFURVFRS\��)LJXUH ���F�� ,PDJH�YROXPHV�ZHUH�WUDQVIRUPHG�RQWR�D�VWUXFWXUHG�FRPSXWDWLRQDO

JULG�DQG�960&V�ZHUH�UHPRYHG�IURP�WKH�GRPDLQ�XVLQJ�D�SHQDOW\�SDUDPHWHU�� HIIHFWLYHO\�WUHDWLQJ�WKH�60&V

DV� LPSHUPHDEOH�REMHFWV� WR�JLYH� UHDOLVWLF�JHRPHWULHV�RI � WKH� WXQLFD�PHGLD� IRU� IORZ�VLPXODWLRQV� )ORZ�ZDV

VLPXODWHG�LQ�PHGLDO�WLVVXH�EORFNV�GULYHQ�E\�SUHVVXUH�JUDGLHQWV�LPSRVHG�LQ�HDFK�RI �WKH�WKUHH�RUWKRJRQDO�D[HV

�7KLV�SDUDPHWHU�GULYHV�WKH�SHUPHDELOLW\�WRZDUGV�]HUR�LI �WKH�PHVKHG�UHJLRQ�LV�ZLWKLQ�D�960&�

���



D� ([�YLYR H[SHULPHQWV F��&RQIRFDO�LPDJLQJ�RI
IL[HG�SUHVVXULVHG�VWUXFWXUH

H��6LPXODWLRQ�RI �PHGLDO
EORFNV

E��&DOFXODWLRQ�RI �WRWDO�ZDOO
Lp

Lp =
π∆xt

∆t (D)2

4A∆p

G��(&0 YROXPH�IUDFWLRQ

φECM = 1− V SMC

V

I��0HGLDO�SHUPHDELOLW\

⟨u⟩ = N
ν ⟨∇p⟩

J��5HVLVWDQFH

RWALL = 1
Lp

RMED = µT
K1

1

RINT = RWALL −RMED

)LJXUH ���� )ORZFKDUW�GHSLFWLQJ�PDMRU�VWHSV�LQ�WKH�FRPELQHG�FRPSXWDWLRQDO�H[SHULPHQWDO�PHWKRG�XVHG�WR
GHWHUPLQH�WKH�HIIHFWV�RI �HOHYDWHG�YDVFXODU�WRQH�RQ�WKH�K\GUDXOLF�UHVLVWDQFH�RI �DUWHULDO�FRPSRQHQWV

DQG� WKH� LQWULQVLF�SHUPHDELOLW\�ZDV�FDOFXODWHG� �)LJXUH ���H�I�� 7KH�SHUPHDELOLW\�RI �WKH�(&0 ZDV�DVVXPHG

WR�UHPDLQ�XQFKDQJHG�XQGHU�WKH�LQIOXHQFH�RI �1$��(&0 YROXPH�IUDFWLRQ�ZDV�DOVR�TXDQWLILHG�LQ�HDFK�PHGLDO

EORFN��)LJXUH ���G�� 0HGLDO� WKLFNQHVV�ZDV�PHDVXUHG�IURP�FRQIRFDO� LPDJHV� WKDW�ZHUH�URWDWHG�DQG�DOLJQHG

ZLWK�WKH�UDGLDO�GLUHFWLRQ� 7KH�WRWDO�ZDOO�K\GUDXOLF�UHVLVWDQFH�ZDV�ILQDOO\�GHFRPSRVHG�LQWR�PHGLDO�DQG�LQWLPDO

FRPSRQHQWV�E\�VXEWUDFWLQJ�FRPSXWDWLRQDOO\�REWDLQHG�PHGLDO�UHVLVWDQFH�IURP�H[SHULPHQWDOO\�PHDVXUHG�ZKROH

ZDOO�UHVLVWDQFH� WKXV�HOXFLGDWLQJ�WKH�HIIHFWV�RI �1$�LQGXFHG�YDVRFRQVWULFWLRQ�RQ�PHGLDO�DQG�LQWLPDO�K\GUDXOLF

UHVLVWDQFH��)LJXUH ���J��

����� $QLPDOV

$OO�DQLPDO�SURFHGXUHV�ZHUH�DSSURYHG�E\�WKH�/RFDO�(WKLFDO�5HYLHZ�3DQHO�RI �,PSHULDO�&ROOHJH�/RQGRQ�DQG

FRPSOLHG�ZLWK�WKH�$QLPDOV��6FLHQWLILF�3URFHGXUHV��$FW������ (LJKW�PDOH�6SUDJXH�'DZOH\�UDWV�������±���J�

PHDQ±6(0��&KDUOHV�5LYHU� 8.� ZHUH�IHG�D�QRUPDO�ODERUDWRU\�GLHW��/%6 %LRWHFKQRORJ\�/WG� 8.� DG�OLELWXP

���



DQG�KRXVHG�XQGHU�D���K�OLJKW�F\FOH�DW������◦&�

����� 9HVVHO�,VRODWLRQ

7KH H[� YLYR PHWKRGV�XVHG� LQ� WKLV� VWXG\�ZHUH�EDVHG� WKH�PHWKRG�XVHG� LQ� FKDSWHU �� %ULHIO\� DQLPDOV�ZHUH

DQDHVWKHWLVHG�ZLWK�LVRIOXUDQH�DQG�WKH�GLVWDO�DEGRPLQDO�DRUWD�DQG�SUR[LPDO�LOLDF�DUWHULHV�ZHUH�FDQQXODWHG�DQG

UHPRYHG� $ V\VWHP�RI �UHVHUYRLUV�SURYLGHG�D�FRQVWDQW�K\GURVWDWLF�SUHVVXUH��7HGJXL�DQG�/HYHU� ����� )RUVWHU

DQG�:HLQEHUJ� ����D��DQG�SUHYHQWHG�FROODSVH�RU�RYHU�SUHVVXULVDWLRQ�RI �WKH�DUWHULHV�GXULQJ�WKH�LVRODWLRQ� 7KH

FDQQXODH�ZHUH�WLHG�WR�D�VWHUHRWDFWLF�WULSRG�WR�PDLQWDLQ�DUWHULDO�VHJPHQW�OHQJWKV�DQG�WKH�ELIXUFDWLRQ�DQJOH�DW

WKHLU LQ�YLYR EHIRUH�UHPRYDO�RI �WKH�YHVVHOV�IURP�WKH�ERG\� 7KH�ZKROH H[�YLYR SUHSDUDWLRQ�ZDV�SODFHG�LQWR�D

WHPSHUDWXUH�FRQWUROOHG�EDWK�RI �7\URGH
V�6DOW�6ROXWLRQ��766��FRPSRVLWLRQ�LQ�J�O�ZDV���1D&O� ����.&O� ���

&D&O2� ����0J&O2� �����1D+2324� ��1D+&23� ��JOXFRVH� S+ �����DW���◦& WKDW�KDG�EHHQ�SUH�HTXLOLEUDWHG

ZLWK�����DLU����&22�

)LJXUH ��� VKRZV�WKH�V\VWHP�XVHG�WR�SHUIXVH�WKH�YHVVHO�DW�SUHVVXUH H[�YLYR� 766 VXSSOHPHQWHG�ZLWK���

5K�%6$ DQG����XQODEHOOHG�%6$ ZDV�LQWURGXFHG�LQWR�WKH�OXPHQ�DQG�WKH�DEOXPLQDO�766 ZDV�UHSODFHG�ZLWK

766 FRQWDLQLQJ����XQODEHOOHG�%6$�

����� +\GUDXOLF�&RQGXFWDQFH�([SHULPHQWV�ZLWK�1RUDGUHQDOLQH

6WHDG\�VWDWH Lp DW ���PP+J ZDV�PHDVXUHG�RQ�DUWHULHV�H[SRVHG�WR�DQ�LQFUHDVLQJ�FRQFHQWUDWLRQ�RI �1$ XVLQJ

PHWKRGV�GHVFULEHG�SUHYLRXVO\� �6HH� VHFWLRQ ��������� %DVHOLQH Lp LQ�WKH�DEVHQFH�RI �1$ ZDV�PHDVXUHG� LQ

HDFK�VSHFLPHQ� 1$ FRQFHQWUDWLRQ�LQ�WKH�DEOXPLQDO�EDWK�ZDV�WKHQ�LQFUHDVHG�VWHSZLVH���Q0�����Q0����µM ��

DOORZLQJ�WKH�ZDWHU�WUDQVSRUW�WR�UHDFK�VWHDG\�VWDWH�DIWHU�HDFK�LQFUHDVH�LQ�FRQFHQWUDWLRQ�EHIRUH�UH�PHDVXULQJ

Lp�

����� 0LFURVFRS\�DQG�LPDJH�SURFHVVLQJ

������� )L[DWLRQ�RI �960& WRQH�DW�SUHVVXUH�DQG�HPEHGGLQJ

6WHDG\�VWDWH�WUDFHU�GLVWULEXWLRQV�DW����Q0 1$ ZHUH�REWDLQHG�DIWHU�FRPSOHWLRQ�RI Lp PHDVXUHPHQWV� 9HVVHOV

ZHUH�SODFHG�LQWR�D�IUHVK�DEOXPLQDO�VDOLQH�EDWK�FRQWDLQLQJ����Q0 1$ XQWLO�VWHDG\�VWDWH�WUDQVPXUDO�IOX[�ZDV

UHDFKHG� )L[DWLRQ�DQG�GHK\GUDWLRQ�IROORZHG�LPPHGLDWHO\�DV�GHVFULEHG�SUHYLRXVO\��6HH�VHFWLRQ ������� 7KH

VWUHWFK�LQGXFHG�E\�WKH����PP+J�WUDQVPXUDO�SUHVVXUH�DQG�WKH�RULJLQDO�YHVVHO�OHQJWKV�DQG�DQJOHV�ZHUH�PDLQ�

WDLQHG�E\�SHUIRUPLQJ�WKH�IL[DWLRQ�ZLWKRXW�UHPRYLQJ�WKH�YHVVHO�IURP�WKH�VWHUHRWDFWLF�DQG�SHUIXVLRQ�DSSDUDWXV�

7KH�OXPHQ�DQG�DEOXPLQDO�VXUIDFH�RI �WKH�ELIXUFDWLRQ�ZHUH�EULHIO\�ULQVHG�ZLWK�IUHVK�766 DQG�WKH�DEOXPLQDO�EDWK

ZDV�UHSODFHG�ZLWK�IRUPDO�VXEOLPDWH�����+J&O�� ����IRUPDOGHK\GH��IRU����PLQXWHV� �7KH�XVH�RI �PHUFXULF

FKORULGH�SUHYHQWHG�HODVWLF�UHFRLO�RI �WKH�YHVVHO�ZKHQ�LW�ZDV�UHOHDVHG�IURP�WKH�DSSDUDWXV� 7KH�YHVVHO�ZDV�SRVW�

IL[HG�LQ�����IRUPDOGHK\GH�RYHUQLJKW� GHK\GUDWHG�LQ�D�JUDGHG�HWKDQRO�VHULHV������ ���� ���� ���� ������

DQG�HPEHGGHG�LQ�HSR[\�UHVLQ��(321 ���� 7$$%� DV�GHVFULEHG�SUHYLRXVO\��&RPHUIRUG�HW DO�� ������ %DVHOLQH

���



7UDFHU�ILOOHG
JUDGXDWHG
FDSLOODU\

$RUWLF
UHVHUYRLU

7DS
$

7DS
%

5LJKW
LOLDF

UHVHUYRLU

7DS
&

/HIW
LOLDF

UHVHUYRLU

7DS
'

766
EDWK

���FP

)LJXUH ���� 6HWXS�RI �WKH�DSSDUDWXV�XVHG�WR�DSSO\�D�FRQVWDQW�WUDQVPXUDO�SUHVVXUH�WR�YHVVHOV�GXULQJ�LVRODWLRQ
DQG�GXULQJ Lp DQG P PHDVXUHPHQWV�RQ�LVRODWHG H[�YLYR YHVVHO�SUHSDUDWLRQV� 7KH�UHVHUYRLU�KHLJKW�RI ��� FP
FRUUHVSRQGV�WR�D�WUDQVPXUDO�SUHVVXUH�RI ���PP+J WKDW�ZDV�XVHG�IRU�DOO�H[SHULPHQWV�LQ�WKLV�VWXG\

���



WUDFHU�GLVWULEXWLRQV�REWDLQHG�LQ�WKH�VWXG\�RI �FKDSWHU � ZHUH�XVHG�

������� &RQIRFDO�PLFURVFRS\

7KH�ODWHUDO�ZDOOV�RI �YHVVHOV�IL[HG�DW�HDFK�FRQFHQWUDWLRQ�ZHUH�LPDJHG�LQ��' DW�D�SRVLWLRQ��PP�SUR[LPDO�WR

WKH�DSH[�RI �WKH�ELIXUFDWLRQ��)RU�IXOO�GHWDLOV� VHH�VHFWLRQ ����� DQG &RPHUIRUG�HW DO� ������ %ULHIO\� HPEHGGHG

DUWHULHV�ZHUH�FXW�LQ�WKH�IURQWDO�SODQH�VR�WKDW�WKH�FXW�IDFH�VKRZHG�D�ORQJLWXGLQDO�VHFWLRQ� 7KH�FXW�IDFH�ZDV

LPDJHG�XVLQJ�DQ�LQYHUWHG�ODVHU�VFDQQLQJ�FRQIRFDO�PLFURVFRSH��/HLFD� 7&6 63���ZLWK�WKH�]�D[LV�RI �WKH�]�VWDFN

DOLJQHG�SHUSHQGLFXODU�WR�WKH�FXW�IDFH� 5KRGDPLQH�IOXRUHVFHQFH�ZDV�H[FLWHG�DW����QP� HPLVVLRQ�ZDV�LPDJHG

DW��������QP�

������� ,PDJH�SURFHVVLQJ

)RXU�EORFNV�ZHUH�H[WUDFWHG� IURP� LPDJHV�RI � WKUHH�SLHFHV�RI � WLVVXH� IL[HG�DW����Q0 1$��$ FRUUHFWLRQ� IRU

LQWHQVLW\�DWWHQXDWLRQ�ZLWK�GHSWK�ZDV�SHUIRUPHG�XVLQJ�)LML��6FKLQGHOLQ�HW DO�� ������DV�GHVFULEHG�SUHYLRXVO\

�&RPHUIRUG�HW DO�� ������DQG�WKUHH� LPDJH�YROXPH�URWDWLRQV�ZHUH�DSSOLHG� WR�DOLJQ� WKH� LPDJLQJ�D[HV� WR� WKH

F\OLQGULFDO�FRRUGLQDWHV�RI �WKH�DRUWD� 0HGLDO�WKLFNQHVV�ZDV�PHDVXUHG�DIWHU�LPDJH�URWDWLRQV�ZHUH�DSSOLHG�

����� (IIHFWLYH�3HUPHDELOLW\

7R�GHWHUPLQH� WKH�HIIHFWLYH�SHUPHDELOLW\�RI �D�SRURXV�PHGLXP� WKH� IORZ� ILHOG�PXVW�EH�GHWHUPLQHG� )ORZ

DURXQG�VROLG�REMHFWV�HPEHGGHG�LQ�D�SRURXV�PDWUL[�LV�GHVFULEHG�E\�%ULQNPDQ
V�HTXDWLRQ��:DQJ�DQG�7DUEHOO�

����� +XDQJ�DQG�7DUEHOO� ����� &RPHUIRUG�HW DO�� ������ ,Q�WKH�DUWHULDO�PHGLD�WKH�VROLG�REMHFWV�DUH�WKH�960&V

DQG�WKH�VXUURXQGLQJ�PHGLXP�LV�WKH�SRURXV�(&0��7KH�FKRVHQ�YDOXH�IRU�(&0 SHUPHDELOLW\� kECM = 1.32×

10−18 P2� ZDV�WDNHQ�IURP�WKH�PHDQ�RI �SXEOLVKHG�YDOXHV��:DQJ�DQG�7DUEHOO� ����� +XDQJ�DQG�7DUEHOO� �����

'DEDJK�HW DO�� ����D�� 7KH�VDPH kECM ZDV�XVHG�DW�ERWK�EDVHOLQH�DQG�FRQVWULFWHG�VWDWHV��WKH�LPSOLFDWLRQV�RI

WKLV�DVVXPSWLRQ�DUH�GLVFXVVHG�LQ�VHFWLRQ ����

)LJXUH ���� ([WUDFWLRQ�RI �D�UHSUHVHQWDWLYH�WLVVXH�UHJLRQ�IURP�FRQIRFDO�LPDJLQJ�RI �WKH�IL[HG�DUWHULDO�PHGLD�
7KH�DUWHULDO�JHRPHWU\�RQ�WKH�OHIW�VKRZV�WKH�F\OLQGULFDO�FRRUGLQDWH�V\VWHP�UHODWLYH�WR�WKH�DUWHU\�RI �DQ�H[HPSODU
ORFDWLRQ�IRU�WLVVXH�H[WUDFWLRQ� 7KH�PHGLDO�EORFN�RQ�WKH�ULJKW�VKRZV�KRZ�WKH�F\OLQGULFDO�FRRUGLQDWHV�RI �WKH
DUWHU\� DUH� UHSUHVHQWHG� UHODWLYH� WR� WKH� WLVVXH�EORFN� HU� Hθ DQG H] DUH� WKH� UDGLDO� FLUFXPIHUHQWLDO� DQG� D[LDO
GLUHFWLRQV� UHVSHFWLYHO\�

5HFHQWO\� ZH�RXWOLQHG�DQ�HIILFLHQW�DSSURDFK�WR�GHWHUPLQH�WKH�HIIHFWLYH�SHUPHDELOLW\�RI �WKH�DUWHULDO�PHGLD

���



�&RPHUIRUG�HW DO�� ������DQG�LPSOHPHQWHG�LW�LQ�WKH�VSHFWUDO�KS�HOHPHQW�IUDPHZRUN�1HNWDU����&DQWZHOO�HW DO��

������ %ULHIO\� LQ�WKLV�DSSURDFK�ZH�ILUVW�GHWHUPLQH�WKH�IORZ�DURXQG�960&V�LQ�D�UHSUHVHQWDWLYH�UHJLRQ�RI �WKH

UHDOLVWLF�PLFURVWUXFWXUH�REWDLQHG�IURP��' FRQIRFDO�LPDJLQJ�GDWD��)LJXUH ���� WKH�JUHHQ�WLVVXH�UHSUHVHQWV�WKH

H[WUDFHOOXODU�PDWUL[��(&0� DQG�WKH�EOXH�UHJLRQV�WKH�960&V�� 7KH�IORZ�ILHOG�LV�GHWHUPLQHG�LQ�HDFK�RI �WKH

PDLQ�FRRUGLQDWH�GLUHFWLRQV�RI �WKH�DUWHULDO�ZDOO��FRRUGLQDWHV�VKRZQ�LQ�)LJXUH �����VXEMHFW�WR�D�SUHVVXUH�GURS

LQ�WKDW�GLUHFWLRQ� )URP�WKHVH�VLPXODWLRQV�ZH�FDQ�GHWHUPLQH�PHDQ�YROXPHWULF�YHORFLW\� �⟨X⟩��DQG�SUHVVXUH

JUDGLHQWV��⟨∇p⟩��8VLQJ�'DUF\
V�ODZ�

⟨u⟩ = −N
ν
⟨∇p⟩ �����

ZKHUH ν LV�WKH�NLQHPDWLF�YLVFRVLW\�DQG N LV�WKH�SHUPHDELOLW\�WHQVRU�

N =

⎡

⎢⎢⎢⎣

krr krz krθ

krz kzz kzθ

krθ kzθ kθθ

⎤

⎥⎥⎥⎦
�����

7KH�YROXPH�DYHUDJHG�UHVXOWV�DUH�WKHQ�FRPELQHG�WR�IRUP�DQ�RYHU�GHWHUPLQHG�V\VWHP�RI �HTXDWLRQV�WKDW�FDQ

EH�VROYHG�XVLQJ�D�OHDVW�VTXDUHV�DSSURDFK�WR�ILQG�WKH�FRPSRQHQWV�RI N� 7KLV�DPRXQWV�WR�D�KRPRJHQLVDWLRQ�RI

WKH�PLFURVFDOH�WUDQVSRUW�WR�SURYLGH�D�PDFURVFRSLF�GHVFULSWLRQ� 7KH�WHQVRU�LQ�HTXDWLRQ ��� FDQ�EH�GLDJRQDOLVHG

WR�ILQG�WKH�SULQFLSDO�FRPSRQHQWV�RI �IOXLG�WUDQVSRUW�RI �WKH�DUWHULDO�ZDOO��K1
1 LV�WKH�UDGLDO�FRPSRQHQW�DQGK

2
1 DQG

K3
1 DUH�WKH�WZR�WUDQVYHUVH�FRPSRQHQWV�� $V�LQ�FKDSWHU �� ZH�IRFXV�RQ�WKH�UDGLDO�SULQFLSDO�FRPSRQHQW�VLQFH

WKLV�LV�WKH�GRPLQDQW�WUDQVSRUW�GLUHFWLRQ�DV�LW�LV�WKH�WUDQVPXUDO�SUHVVXUH�JUDGLHQW�ZLWK�WKH�ODUJHVW�PDJQLWXGH

����� (&0 9ROXPH�)UDFWLRQ

7KH�FRQIRFDO�GDWD�ZHUH�WUDQVIRUPHG�RQWR�WKH�TXDGUDWXUH�SRLQWV�RI �WKH�FRPSXWDWLRQDO�PHVK��������PHVK

HOHPHQWV� �×106 TXDGUDWXUH�SRLQWV�� 7KUHVKROGLQJ� IOXRUHVFHQFH� LQWHQVLWLHV�GLYLGHG� WKH�YROXPH� LQWR� WZR

FRPSDUWPHQWV� WKH�YROXPH�RFFXSLHG�E\�WKH�960&V�DQG�WKH�UHPDLQLQJ�YROXPH� FRUUHVSRQGLQJ�WR�WKH�(&0

�V ECM �� 7KH�YROXPH�IUDFWLRQ�RI �WKH�(&0 �φECM ��RI �D�PHGLDO�EORFN�ZLWK�YROXPH V FDQ�WKHQ�EH�GHILQHG

E\�

φECM =
V ECM

V
�����

%HWZHHQ�WKH�EDVHOLQH�DQG�����Q0 1$ WKH�LQFUHDVH�LQ�YROXPHWULF�VWUDLQ�JHQHUDWHG�ZLWKLQ�WKH�(&0 FDQ�EH

GHWHUPLQHG� 7KLV�VWUDLQ�UHODWLYH�WR�WKH�EDVHOLQH�LV�JLYHQ�E\�

J =
φECM

φECM
B

�����

���



ZKHUH φECM
B LV�WKH�YROXPH�IUDFWLRQ�RI �WKH�(&0 LQ�WKH�EDVHOLQH�FRQILJXUDWLRQ�

����� 960& DVSHFW�UDWLR

7KH�DVSHFW� UDWLR� �$5� RI �960&V� LQ�EDVHOLQH�DQG�FRQVWULFWHG�FRQGLWLRQV�ZHUH�FDOFXODWHG� ,Q� HDFK�EORFN�

XWLOLVLQJ�ZDWHUVKHG�VHJPHQWDWLRQ� WKH�960&V�ZHUH�VHSDUDWHG�LQ�HDFK�VOLFH�RI �WKH�LPDJH�VWDFN�XVLQJ�WKH�VFLNLW�

LPDJH�SURFHVVLQJ�OLEUDU\��YDQ GHU�:DOW�HW DO�� ������ 7KLV�VHJPHQWDWLRQ�DOJRULWKP�DOORZV�DSSDUHQWO\�FRQQHFWHG

960&V��H�J�960&V�PLJKW�EH�SUHVVHG�DJDLQVW�HDFK�RWKHU��WR�EH�VHSDUDWHG�LQWR�WZR�GLVWLQFW�FHOOV� ,Q�EULHI�

WKH�FRQIRFDO�LPDJHV�ZHUH�PDQXDOO\�WKUHVKROGHG�WR�IRUP�ELQDU\�LPDJHV� $ GLVWDQFH�PDS�ZDV�JHQHUDWHG�E\

GHWHUPLQLQJ�WKH�ORFDO�PLQLPD�LQ�SL[HO�LQWHQVLW\�LQ�HDFK�960& DQG�FUHDWLQJ�D�PDS�RI �GLVWDQFH�IURP�WKH�QHDUHVW

ORFDO�PLQLPXP� WKXV�WKH�GLVWDQFH�PDS�QRZ�UHSUHVHQWHG�HDFK�960& DV�D�PRXQWDLQ�ZLWK�WKHLU�ERXQGDULHV

UHSUHVHQWHG� DV� YDOOH\V� 7KH�GLVWDQFH�PDS�ZDV� WKHQ� LQYHUWHG� VR� HDFK�960& ZDV� UHSUHVHQWHG� DV� D� EDVLQ�

VXUURXQGHG�E\�D�ZDWHUVKHG� 7KH�ZDWHUVKHG�DOJRULWKP�WKHQ�IORRGV�WKH�EDVLQV� ZKLFK�UHSUHVHQW�WKH�960&V�

7KH�OLQH�RQ�ZKLFK�WZR�EDVLQV�PHHW�UHSUHVHQWV�WKH�ERXQGDU\�RI �WZR�DGMDFHQW�FHOOV� )RU�HDFK�FHOO� $5 ZDV

GHWHUPLQHG� GHILQHG�DV�WKH�PLQRU�GLDPHWHU�RYHU�WKH�PDMRU�GLDPHWHU� )RU�HDFK�EORFN�WKH�UHVXOWV�ZHUH�FROOHFWHG

LQWR����ELQV�LQ�WKH�LQWHUYDO AR ∈ [0, 1]�

����� ,QWLPDO�K\GUDXOLF�UHVLVWDQFH

,QWLPDO�K\GUDXOLF� UHVLVWDQFH� RINT ZDV�GHWHUPLQHG�E\�D�FRPELQDWLRQ�RI �RXU�H[SHULPHQWDO�DQG�FRPSXWD�

WLRQDO�UHVXOWV� 7RWDO�ZDOO�K\GUDXOLF�UHVLVWDQFH� RWALL ZDV�FDOFXODWHG�IURP�H[SHULPHQWDO�PHDVXUHPHQWV�RI

Lp �(TXDWLRQ ����� 0HGLDO�UHVLVWDQFH� RMED � ZDV�REWDLQHG�IURP�PHGLDO�SHUPHDELOLW\��K1
1 ��DQG�WKLFNQHVV

�T ��IURP�WKH�FRQIRFDO�LPDJHV�DQG�WKH�YLVFRVLW\�RI �ZDWHU��µ���(TXDWLRQ ����� $V�WKH�OD\HUV�RI �WKH�DUWHULDO�ZDOO

DUH�DUUDQJHG�LQ�VHULHV� LQWLPDO�UHVLVWDQFH�FDQ�EH�FDOFXODWHG��(TXDWLRQ �����

RWALL =
1

Lp
�����

RMED =
µT

K1
1

�����

RINT = RWALL −RMED. �����

��� 5HVXOWV

����� &RPSDULVRQ�RI �+\GUDXOLF�&RQGXFWDQFH�ZLWK�DQG�ZLWKRXW�1$

7KH�PHWKRGV�GHVFULEHG�LQ�VHFWLRQ ������ ZHUH�XVHG�WR�PHDVXUH /S DV�D�IXQFWLRQ�RI �1$ FRQFHQWUDWLRQ�DW�D

WUDQVPXUDO�SUHVVXUH�RI ���PP+J� $Q�H[DPSOH�WUDFH�VKRZLQJ�EXEEOH�GLVSODFHPHQW�RYHU�WKH�FRXUVH�RI �DQ

H[DPSOH�H[SHULPHQW�LV�VKRZQ�LQ�ILJXUH ���� 8QVWHDG\�WUDQVPXUDO�K\GUDXOLF�IOX[�ZDV�REVHUYHG�XSRQ�LQFUHDV�

���
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)LJXUH ���� 6DPSOH�WUDFH�VKRZLQJ�EXEEOH�GLVSODFHPHQW�GXULQJ�PHDVXUHPHQW�RI �K\GUDXOLF�IOX[� 1$ FRQFHQ�
WUDWLRQV�DUH�LQGLFDWHG�E\�DUURZV� 9HVVHO�FUHHS�DQG�
VHDOLQJ
�REVHUYHG�ZLWKLQ�WKH�ILUVW����PLQXWHV�RI �WKH�H[SHUL�
PHQW� &RQWUDFWLRQV�REVHUYHG�DW�WKH�EHJLQQLQJ�RI �WKH�WZR�KLJKHVW�FRQFHQWUDWLRQV� 6WHDG\�VWDWH�K\GUDXOLF�IOX[
LV�REWDLQHG�DIWHU�960& FRQWUDFWLRQV�UHDFK�VWHDG\�WRQH�

)LJXUH ���� 7RWDO�ZDOO Lp ZDV�VLJQLILFDQWO\�UHGXFHG�LQ�WKH�SUHVHQFH�RI �1$ DW�FRQFHQWUDWLRQV�!���Q0 �p =
0.004� n = 7 DW����P0� p = 0.001� n = 5 DW���µ0��SDLUHG�W�WHVWV�� (UURU�EDUV�UHSUHVHQW�6(0�

LQJ�1$ FRQFHQWUDWLRQ�WR�WKH�WZR�KLJKHVW�FRQFHQWUDWLRQV� 7KH�GXUDWLRQV�RI �WKHVH�SHULRGV�RI �XQVWHDG\�IOX[

FRUUHVSRQG�WR�WKH�W\SLFDO�WLPH�VFDOHV�WDNHQ�IRU�960& FRQWUDFWLRQ�UHSRUWHG�LQ�HDUOLHU�VWXGLHV��)XUFKJRWW�DQG

%KDGUDNRP� ������WKXV�WKH�UHGXFWLRQ�LQ�OXPLQDO�YROXPH� LQGLFDWHG�E\�EDFNZDUGV�GLVSODFHPHQW�RI �WKH�EXEEOH�

ZDV�DWWULEXWHG�WR�FRQWUDFWLRQ�RI �960&V�

0HDVXUHPHQWV�RI Lp VKRZHG�WKDW�H[SRVXUH�RI �WKH�DUWHU\�WR�FRQFHQWUDWLRQV�RI �1$ RI ����Q0 ZDV�VXI�

ILFLHQW�WR�DFKLHYH�D�VLJQLILFDQWO\�ORZHU�FRQGXFWDQFH��p = 0.004� SDLUHG�W�WHVW��DQG�WKDW�IXUWKHU�LQFUHDVH�LQ

FRQFHQWUDWLRQ�GLG�QRW�SURGXFH�D�JUHDWHU�UHVSRQVH��)LJXUH ����� +HQFH�DOO�FRPSXWDWLRQDO�VWXGLHV�IRFXVHG�RQ

WZR�FRQGLWLRQV� EDVHOLQH���0 1$� DQG����Q0 1$��KHQFHIRUWK�UHIHUUHG�WR�DV�WKH�FRQVWULFWHG�FRQGLWLRQ�

����� 960& FRQWUDFWLRQ�DQG�9ROXPH�)UDFWLRQ

7KH�LPDJH�VOLFHV�VKRZQ�LQ�ILJXUH ��� UHSUHVHQW�D�VOLFH�WKURXJK��' LPDJH�YROXPHV�LQ�EDVHOLQH�DQG�FRQVWULFWHG

VDPSOHV� 7KH�GLIIHUHQFH�LQ�960& VL]H�LV�YLVXDOO\�HYLGHQW� WKH�EDVHOLQH�VDPSOH�FRQWDLQV�ODUJHU� ZLGHU�FHOOV

WKDQ�LQ�WKH�FRQVWULFWHG�WLVVXH� 'XH�WR�QRQ�DOLJQPHQW�RI �FHOOV�LQ�WKH�FLUFXPIHUHQWLDO�GLUHFWLRQ� VRPH�960&V

DSSHDU�VPDOOHU�WKDQ�RWKHUV�VLQFH�960&V�GR�QRW�KDYH�XQLIRUP�FURVV�VHFWLRQDO�DUHD�EXW�UDWKHU�KDYH�D�IXVLIRUP

VKDSH��&ODUN�DQG�*ODJRY� ������

7KH�YLVXDO�REVHUYDWLRQ�LQ�)LJXUH ����D�E��LV�FKDUDFWHULVHG�TXDQWLWDWLYHO\�E\�FRQVLGHULQJ�D�KLVWRJUDP�RI �WKH

���
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)LJXUH ���� 7KUHVKROGHG�LPDJH�RI �D�VLQJOH�VOLFH�RI �WKH��' FRQIRFDO�VWDFN�WKURXJK�WKH�PHGLD�IRU�W\SLFDO�EDVHOLQH
�D��DQG�FRQVWULFWHG��E��VDPSOHV� ZKLWH�DUHDV�UHSUHVHQW�960&V� EODFN�DUHDV�UHSUHVHQW�(&0���F��	��G�� 'HFUHDVH
LQ�DVSHFW�UDWLR�RI �960&V�GXULQJ�FRQWUDFWLRQ� 7KH�EODFN�GRWWHG�OLQH�UHSUHVHQWV�WKH�PHGLDQ�DVSHFW�UDWLR

960& $5V��)LJXUH ����F�G��� %HWZHHQ�EDVHOLQH�DQG����Q0 1$ WKHUH�LV�D�VKLIW�RI �WKH�KLVWRJUDP�WR�WKH�OHIW

GHPRQVWUDWLQJ�WKDW�WKH�960&V�DUH�OHVV�HOOLSWLFDO�LQ�WKHLU�FRQWUDFWHG�VWDWH��PHGLDQ�$5 YDOXHV�IRU�EDVHOLQH�DQG

FRQWDFWHG�ZHUH��������DQG�������� UHVSHFWLYHO\��

����� 0HGLDO�K\GUDXOLF�SHUPHDELOLW\

5DGLDO�K\GUDXOLF�SHUPHDELOLW\�UHVXOWV�IURP�QXPHULFDO�VLPXODWLRQV�DUH�VKRZQ�LQ�ILJXUH ���� K1
1 LQ�WKH�FRQ�

VWULFWHG�FDVH�ZDV�VLJQLILFDQWO\�KLJKHU�WKDQ�LQ�EDVHOLQH�FRQWUROV�

����� 'HFRPSRVLWLRQ�RI �ZDOO�K\GUDXOLF�UHVLVWDQFH

$V�GHVFULEHG� LQ� VHFWLRQ ������ Lp LQ� FRQVWULFWHG� DUWHULHV�ZDV� VLJQLILFDQWO\� ORZHU� WKDQ� LQ�EDVHOLQH� FRQWUROV

�p = 0.004� SDLUHG�W�WHVW�� 7KXV RWALL ZDV�VLJQLILFDQWO\�KLJKHU�LQ�FRQVWULFWHG�DUWHULHV��p = 8.87× 10−4�

SDLUHG�W�WHVW�� 3DUDGR[LFDOO\� D�FRUUHVSRQGLQJ�UHGXFWLRQ�LQRMED ZDV�REVHUYHG� K1
1 ZDV�VLJQLILFDQWO\�KLJKHU

LQ�FRQVWULFWHG�VDPSOHV�WKDQ�LQ�EDVHOLQH��p = 4.50×10−8��DQG�PHGLDO�WKLFNQHVV��T �� PHDVXUHG�IURP�FRQIRFDO

LPDJHV� LQFUHDVHG�IURP������±2.16µP�WR������±2.68µP� 7KHVH�YDOXHV�ZHUH�XVHG�LQ�HTXDWLRQ ���� 'HVSLWH

D�����LQFUHDVH�LQ�PHGLDO�WKLFNQHVV�WKH�����LQFUHDVH�LQK1
1 SURGXFHG�DQ�RYHUDOO�GHFUHDVH�LQRMED � $SSO\LQJ

WKH�HOHFWULFDO�UHVLVWDQFH�DQDORJ\�VHW�RXW�LQ�VHFWLRQ ������ D�����IROG�LQFUHDVH�LQ RINT ZDV�REVHUYHG��)LJXUH

�����

���



)LJXUH ���� (&0 YROXPH�IUDFWLRQ�ZDV�VLJQLILFDQWO\�LQFUHDVHG�LQ�WKH�PHGLD�RI �FRQVWULFWHG�DUWHULHV��p = 9.12×
10−4 XQSDLUHG�W�WHVW�� (UURU�EDUV�UHSUHVHQW�6(0��Q ���EDVHOLQH�� Q ���FRQVWULFWHG��

Baseline 100nM0

2

4

6

8x 10−4

K1 1 (m
m

4 /N
 u 

s)

�D�

Baseline 100nM0

0.5

1

1.5x 10−3

K2 1 (m
m

4 /N
 u 

s)

�E�

Baseline 100nM0

0.5

1

1.5x 10−3

K3 1 (m
m

4 /N
 u 

s)

�F�

)LJXUH ���� 5HODWLRQVKLS�EHWZHHQ�SHUPHDELOLW\�DQG�WRQH�LQ�WKH�SULQFLSDO�DJHV�RI �WKH�DUWHULDO�ZDOO� �D��5DGLDO
PHGLDO�K\GUDXOLF�SHUPHDELOLW\� K1

1 � ZDV�VLJQLILFDQWO\�LQFUHDVHG�LQ�WKH�FRQVWULFWHG�DUWHULHV��p = 4.50 × 10−8
XQSDLUHG�W�WHVW�� (UURU�EDUV�UHSUHVHQW�6(0��Q ���EDVHOLQH�� Q ���FRQVWULFWHG�� �E��WUDQVYHUVH�FRPSRQHQW�
K2

1 �F��WUDQVYHUVH�FRPSRQHQW�K
3
1

)LJXUH ���� 'HFRPSRVLWLRQ�RI �WRWDO�ZDOO�K\GUDXOLF�UHVLVWDQFH� %OXH RWALL� 5HG RMED � <HOORZ RINT �
(UURU�EDUV�UHSUHVHQW�6(0��Q ���EDVHOLQH�� Q ���FRQVWULFWHG��

���



��� 'LVFXVVLRQ

)URP Lp PHDVXUHPHQWV��ILJXUH ����� LW�ZDV�FOHDU�WKDW�D����Q0 1$ FRQFHQWUDWLRQ�ZDV�VXIILFLHQW�WR�SURGXFH

D�VLJQLILFDQW�GHFUHDVH�LQ Lp� ([SRVXUH�RI �YHVVHOV�WR�FRQFHQWUDWLRQV�DERYH�WKLV�KDG�QR�IXUWKHU�HIIHFW�

'XULQJ�FRQWUDFWLRQ� 960&V�FKDQJH�LQ�VKDSH� VKRUWHQLQJ�DORQJ�WKHLU�ORQJ�D[LV�DQG�ZLGHQLQJ�LQ�WKH�RWKHU

WZR�D[HV��6HLIWHU�HW DO�� ������ 7KH�ORQJ�D[HV�RI �960&V�DUH�XVXDOO\�DOLJQHG�DW�VRPH�DQJOH�DZD\�IURP�WKH�D[LV

RI �WKH�YHVVHO��+RO]DSIHO�HW DO�� ������ 7KHUHIRUH�DQ�LQFUHDVH�LQ�PHGLDO�WKLFNQHVV�LV�H[SHFWHG�XSRQ�FRQVWULFWLRQ

RI �DQ�DUWHU\� 3UHYLRXVO\� LW�KDV�EHHQ�VKRZQ�WKDW�IROORZLQJ�960& FRQWUDFWLRQ�WKH�LQQHU�GLDPHWHU�GHFUHDVHV

DQG�WKH�ZDOO�WKLFNQHVV�LQFUHDVHV�WR�UHGXFH�FLUFXPIHUHQWLDO�VWUHVV��5DFKHY�DQG�+D\DVKL� ������ ,Q�RXU�H[SHUL�

PHQWV� WKH�ODWWHU�ZDV�REVHUYHG�ZLWK�PHGLDO�WKLFNQHVV�LQFUHDVLQJ�IURP������±1.25µm LQ�EDVHOLQH�FRQWUROV�WR

����±1.34µm LQ�FRQVWULFWHG�DUWHULHV��S �������

,Q�DGGLWLRQ�WR�FKDQJH�LQ�PHGLDO�WKLFNQHVV� ZH�REVHUYHG�DQ�LQFUHDVH�LQ φECM �)LJXUH �����EHWZHHQ�WKH

EDVHOLQH�DQG�����Q0 1$��OHDGLQJ�WR�WKH�����LQFUHDVH�LQ K1
1 �)LJXUH ����� 7KH�LQFUHDVH�LQ φECM FDQ�EH

H[SUHVVHG�LQ�WHUPV�RI �D�YROXPHWULF�VWUDLQ�J �� EHWZHHQ�WKH�EDVHOLQH�DQG�����Q0 1$ WKH�YROXPHWULF�VWUDLQ�LQ

WKH�ZDOO�LQFUHDVHG�E\������� ZKLFK�VXJJHVWV�DQ�LQFUHDVH�LQ�WKH�DYDLODEOH�VSDFH�IRU�ZDWHU�WUDQVSRUW�WR�RFFXU�

7KH�GLODWDWLRQ�RI �WKH�(&0 XQGHU�960& FRQWUDFWLRQ�LV�GXH�WR�FHOO�JHQHUDWHG�IRUFHV�SXOOLQJ�RQ�WKH�ILEUHV�RI

WKH�(&0��FRQWUDFWLOH�HOHPHQWV�ZLWKLQ�960&V�DUH�NQRZQ�WR�EH�PHFKDQLFDOO\�FRQQHFWHG�WR�H[WUDFHOOXODU�ILEUHV

�HJ� FROODJHQ��WKURXJK�LQWHJULQV��0RLVHHYD� ����� <H�HW DO�� ����� %XUVD�HW DO�� ������ FDXVLQJ�D�ZLGHQLQJ�RI

LQWHUFHOOXODU�FKDQQHOV�DV�VHHQ�LQ�ILJXUH ��� DQG�LQFUHDVLQJ�WKH�VWUDLQ�LQ�WKH�PDWUL[�

&RQWUDFWLRQ�RI �960&V�ZDV�VHHQ�WR�FKDQJH�WKHLU�FURVV�VHFWLRQDO�VKDSH� LQ�WKH�EDVHOLQH�FRQILJXUDWLRQ�

WKH�FURVV�VHFWLRQ�RI �WKH�960&V�ZDV�PRUH�FLUFXODU�ZKLOVW�LQ�WKH�FRQVWULFWHG�VWDWH� WKH�960&V�IODWWHQHG�LQ

WKH�UDGLDO�GLUHFWLRQ� HYLGHQFHG�E\�D�VNHZ�RI �WKH�DVSHFW�UDWLR�WRZDUGV�]HUR� 7KLV�VXJJHVWV�WKDW� WKH�NQRZQ

VKRUWHQLQJ�RQ�WKHLU�ORQJ�D[LV��DSSUR[LPDWHO\�LQ�WKH�FLUFXPIHUHQWLDO�GLUHFWLRQ��UHVXOWV�LQ�DQ�HORQJDWLRQ�LQ�WKH

D[LDO�GLUHFWLRQ�

7KH�H[SHULPHQWDO�GDWD�VKRZ�WKDWRWALL LQFUHDVHV�XSRQ�1$�LQGXFHG�FRQWUDFWLRQ� +RZHYHU� WKH�PHGLDO

SHUPHDELOLW\�GDWD� GHULYHG�IURP�IL[HG�WLVVXH�DW� WKH�HQG�RI �HDFK�H[SHULPHQW� VKRZV�D�GHFUHDVH� LQ RMED �

$OWKRXJK�WKH�GHFUHDVH�LQ RMED PD\�VHHP�FRXQWHU�LQWXLWLYH� JLYHQ�WKH�����LQFUHDVH�LQ�PHGLDO�WKLFNQHVV�

WKH� LQFUHDVH� LQ�PHGLDO�SHUPHDELOLW\�������RXWZHLJKV�WKH� LQFUHDVH� LQ�PHGLDO� WKLFNQHVV�DQG�WKXV�GRPLQDWHV

WKH�EHKDYLRXU�RI RMED � RINT PXVW�KDYH�LQFUHDVHG�GXULQJ�FRQVWULFWLRQ�WR�H[SODLQ�WKH�RYHUDOO�LQFUHDVH�LQ

RWALL� 7KLV�LV�LQ�OLQH�ZLWK�WKH�REVHUYDWLRQV�WKDW�WKH�PHGLDO�WKLFNQHVV�LQFUHDVHV� OHDGLQJ�WR�D�UHGXFWLRQ�LQ

OXPLQDO�VXUIDFH�DUHD� RYHU�ZKLFK�WKH�VDPH�QXPEHU�(&V�PXVW�EH�GLVWULEXWHG�

2QH�OLPLWDWLRQ�RI �WKLV�VWXG\�DUULVHV�IURP�DSSO\LQJ�D�FRQVWDQW�YDOXH�RI kECM IRU�DOO�VLPXODWLRQV� WDNHQ

IURP�D�PHDQ�RI �DOO�YDOXHV�LQ�WKH�OLWHUDWXUH��.LP�DQG�7DUEHOO� ����� (WKLHU� ������ 7KH�LQKHUHQW�DVVXPSWLRQ�KHUH

LV�WKDW�1$ KDV�QR�RYHUDOO�DIIHFW�RQ kECM � $OWKRXJK�960& FRQWUDFWLRQ�ZRXOG�RSHQ�VPDOO�SRUHV�LQ�WKH�(&0�

���



LQFUHDVLQJ�WKH�SHUPHDELOLW\� WKLV�HIIHFW�ZRXOG�EH�VPDOO�FRPSDUHG�ZLWK�WKH�RSHQLQJ�RI �LQWHUFHOOXODU�VSDFHV� 7KLV

REVHUYDWLRQ�LV�EDFNHG�XS�E\�ILJXUHV ��� DQG ���� ZKHUH�D�VPDOO�(&0 YROXPH�IUDFWLRQ�FKDQJH�UHVXOWV�LQ�D�ODUJH

UDGLDO�SHUPHDELOLW\�FKDQJH� )XUWKHUPRUH� VLQFH�WKLV�VWXG\�LV�D�FRPSDULVRQ�RIRMED EHWZHHQ�FRQVWULFWHG�DQG

EDVHOLQH�FRQGLWLRQV� WKH�H[DFW�YDOXH�RI kECM LV�QRW�FULWLFDO� WKH�UHODWLYH�GLIIHUHQFH�ZRXOG�UHPDLQ�FRQVWDQW�IRU

DQ\�RWKHU�YDOXH�RI kECM � +RZHYHU� DV RMED OLHV�EHORZ RWALL DQG�LV�LQ�WKH�ULJKW�RUGHU�RI �PDJQLWXGH�

WKH�YDOXH�RI kECM XVHG�LV�OLNHO\�WR�EH�VLPLODU�WR�WKH�WUXH�YDOXH�

���



&KDSWHU��

&RQFOXVLRQV

��� 6XPPDU\�RI �.H\�)LQGLQJV

$GGUHVVLQJ�WKH�ILYH�UHVHDUFK�DLPV�KLJKOLJKWHG�LQ�VHFWLRQ ���� ILYH�NH\�ILQGLQJV�DUH�VXPPDULVHG�EHORZ�

7KH�UHVXOWV�RI �FKDSWHU � VKRZHG�WKDW�SDWWHUQV�RI �(%$ KRWVSRWV�FKDQJH�LQ�DQ�DJH�GHSHQGHQW�PDQQHU�LQ�D

VLPLODU�ZD\�WR�SDWWHUQV�RI �OHVLRQ�SUHYDOHQFH�EXW�SDWWHUQV�RI �PLWRVLV�GLG�QRW� )XUWKHUPRUH� QR�FRUUHODWLRQ�EH�

WZHHQ�PLWRVLV�DQG�(%$ KRWVSRW�GDWD�ZDV�IRXQG�LQ�HLWKHU�LPPDWXUH�RU�PDWXUH�UDEELWV� 7KLV�REVHUYDWLRQ�FRXOG

VXJJHVW�WKDW�RWKHU�FHOO�F\FOH�HYHQWV��HJ� DSRSWRVLV��PD\�EH�WKH�GRPLQDQW�SURFHVV�XQGHUO\LQJ�WKH�IRUPDWLRQ�RI

OHDN\�MXQFWLRQV� +RZHYHU� VWURQJ�FRUUHODWLRQV�ZHUH�IRXQG�EHWZHHQ�KRWVSRW�XSWDNH�DQG�QRQ�KRWVSRW�XSWDNH

DW�ERWK�DJHV� VXJJHVWLQJ�WKDW�WKHUH�LV�D�FRPPRQ�XQGHUO\LQJ�PHFKDQLVP�IRU�XSWDNH�WKURXJK�OHDN\�MXQFWLRQV

DQG�QRUPDO�MXQFWLRQV�

7KH�VWXG\�SUHVHQWHG�LQ�FKDSWHU � VKRZHG�VLPLODULWLHV�EHWZHHQ�WKH�SDWWHUQ�RI �ODUJH�PROHFXOH�KRWVSRWV�DQG

SDWWHUQV�RI �(%$ KRWVSRWV� OHVLRQ�SUHYDOHQFH�DQG�5K�%6$ XSWDNH�LQ�LPPDWXUH�UDEELWV� 6LPLODULWLHV�EHWZHHQ

SDWWHUQV�RI �ODUJH�PROHFXOH�KRWVSRW�DQG�PLWRVLV�ZHUH�QRW�IRXQG� VXSSRUWLQJ�WKH�LGHD�RI �WKH�H[LVWHQFH�RI �D

FRQWLQXXP�RI �MXQFWLRQDO�ZLGWKV� ,Q�PDWXUH�UDEELWV� WKH�SDWWHUQ�RI �ODUJH�PROHFXOH�KRWVSRWV�GLG�QRW�UHVHPEOH

WKH�SDWWHUQ�RI �(%$ KRWVSRWV� DOWKRXJK� LW�ZDV�GLIIHUHQW� IURP� WKH� LPPDWXUH�SDWWHUQ� 7KH� UHDVRQ� IRU� WKLV

GLVFUHSDQF\�ZDV�QRW�HOXFLGDWHG� EXW�LW�LV�FRQVLVWHQW�ZLWK�WKH�YLHZ�WKDW�VPDOO�DQG�ODUJH�PDFURPROHFXOHV�KDYH

GLIIHUHQW�WUDQVSRUW�URXWHV� ZLWK�GLIIHUHQW�VSDWLDO�GLVWULEXWLRQV� LQ�PDWXUH�DUWHULHV� ,I �FRUUHFW� WKDW�ZRXOG�KDYH

VLJQLILFDQW�LPSOLFDWLRQV�IRU�WKH�UHOHYDQFH�WR�DWKHURVFOHURVLV�RI �WKH�PDQ\�SXEOLVKHG�VWXGLHV�FRQFHUQLQJ�DUWHULDO

DOEXPLQ�WUDQVSRUW�

6HYHUDO�H[SHULPHQWDO� LPDJLQJ�DQG�QXPHULFDO�WHFKQLTXHV�ZHUH�GHYHORSHG�DQG�YDOLGDWHG��6HH�FKDSWHU ���

7KHLU�DSSOLFDWLRQ�DV�SDUW�RI �D�FRPELQHG�QXPHULFDO�H[SHULPHQWDO�ZRUNIORZ�GHVFULEHG�LQ�FKDSWHUV � DQG � OHDG

WR�D�QXPEHU�RI �QRYHO�UHVXOWV� GHWDLOHG�EHORZ�

7KH�VWXG\�LQ�FKDSWHU � GHWHUPLQHG�WKH�HIIHFWLYH�SHUPHDELOLW\�RI �WKH�DUWHULDO�PHGLD�DW���WUDQVPXUDO�SUHVVXUHV

ZLWKLQ�WKH�SK\VLRORJLFDO�UDQJH� 9ROXPHWULF�VWUDLQ�RI �WKH�PHGLDO�VWUXFWXUH�ZDV�TXDQWLILHG�DQG�D�FRQVWLWXWLYH

UHODWLRQ�EHWZHHQ� UDGLDO�PHGLDO� SHUPHDELOLW\� DQG� VWUDLQ�ZDV�GHULYHG� IURP� WKH� H[SHULPHQWDO� DQG�QXPHULFDO

���



UHVXOWV� )LQDOO\� WKH�K\GUDXOLF�UHVLVWDQFH�RI �WKH�DUWHULDO�ZDOO�ZDV�GHFRPSRVHG�LQWR�DQ�LQWLPDO�DQG�D�PHGLDO

FRPSRQHQW� VKRZLQJ�WKDW�PHGLDO�UHVLVWDQFH�LV�XS�WR�WKUHH�WLPHV�JUHDWHU�WKDQ�LQWLPDO�UHVLVWDQFH�ZLWKLQ�WKH

SK\VLRORJLFDO�UDQJH� 7KH�UHVLVWDQFHV�RI �WKH�LQWLPD�DQG�PHGLD�FKDQJHG�LQ�RSSRVLWH�GLUHFWLRQV�ZLWK�DSSOLHG

SUHVVXUH�

&KDSWHU � VKRZHG�WKDW�PHGLDO�UHVLVWDQFH�LQ�FRQVWULFWHG�DUWHULHV�ZDV�ORZHU�WKDQ�LQ�XQFRQVWULFWHG�DUWHULHV�

$GGLWLRQDOO\� WKH�HQGRWKHOLDO�UHVLVWDQFH�ZDV�VKRZQ�WR�EH�WKH�GRPLQDQW�FRPSRQHQW�RI �WRWDO�ZDOO�UHVLVWDQFH�LQ

FRQVWULFWHG�DUWHULHV� $V�ZLWK�SUHVVXUH� WKH�HIIHFW�RI �FRQVWULFWLRQ�RQ�UHVLVWDQFH�ZDV�LQ�WKH�RSSRVLWH�GLUHFWLRQ

IRU�WKH�LQWLPD�DQG�PHGLD�

��� :LGHU�$SSOLFDELOLW\�RI �7RROV�DQG�7HFKQLTXHV�'HYHORSHG

7KH�DXWRPDWHG�VSRW�VHJPHQWDWLRQ�PHWKRG�LQ�SUHVHQWHG�LQ�FKDSWHU � FDQ�EH�DSSOLHG�WR�ILQG�ORFDO�SHDNV�LQ�LPDJH

GDWD�ZKHUH�EDFNJURXQG�IOXRUHVFHQFH�LV�LQKRPRJHQHRXV�EXW�ZKHUH�WKH�DSSOLFDWLRQ�RI �EDFNJURXQG�IODWWHQLQJ

ZRXOG�DGYHUVHO\�DIIHFW�WKH�GDWD�FRQWDLQHG�LQ�WKH�SHDNV� 7KH�VWDWLVWLFDO�PHWKRGV�WR�HYDOXDWH�VLJQLILFDQFH�RI

FRUUHODWLRQV�EHWZHHQ��' PDSV�DOVR�SUHVHQWHG�LQ�FKDSWHU � FDQ�EH�DSSOLHG�WR�DOO��' GDWDVHWV�LQ�ZKLFK�VSDWLDO

DXWRFRUUHODWLRQ�ZRXOG�DUWLILFLDOO\�LQIODWH�VLJQLILFDQFH�DQG�ZKHUH�SDLUHG�GDWD�DUH�XQDYDLODEOH� ,Q�FDVHV�ZKHUH

DQ D�SULRUL UHDVRQ�WR�H[SHFW�OLQHDU�UHODWLRQV�H[LVWV� 6SHDUPDQ
V�FRUUHODWLRQ�FRHIILFLHQW�VKRXOG�EH�XVHG�LQVWHDG

RI �3HDUVRQ
V�UDQN�FRUUHODWLRQ�FRHIILFLHQW� 7KLV�ZRXOG�RQO\�UHTXLUH� WKH�VLPSOH�VXEVWLWXWLRQ�RI � WKH� LQ�EXLOW

0$7/$% IXQFWLRQV�

7KH�DXWRPDWHG�EUDQFK�PRXWK�PDVNLQJ�DOJRULWKP�SUHVHQWHG�LQ�FKDSWHU���LV�DSSOLFDEOH�WR�DOO�PXOWL�FKDQQHO

LPDJH�GDWD�VHWV�ZKHUH�RVWLD�RU�RWKHU�FXWV�LQ�WKH�WLVVXH��H�J� PDGH�IRU�HDVH�RI �VDPSOH�PRXQWLQJ��H[LVW� 7KH

VSRW�VHJPHQWDWLRQ�DOJRULWKP�FDQ�EH�DSSOLHG�WR�DQ\�LPDJH�GDWDVHW�ZKHUH�IHDWXUHV�RI �LQWHUHVW�DUH�H[SHFWHG�WR

EH�RI �LQWHQVLWLHV�IDU�JUHDWHU�WKDQ�WKH�EDFNJURXQG�LQWHQVLW\� DQG�ZKHUH�WKH�EDFNJURXQG�LQWHQVLW\�LV�VSDWLDOO\

KRPRJHQHRXV�

0DQ\�RI �WKH�PHWKRGV�GHVFULEHG�LQ�FKDSWHU � FDQ�EH�DSSOLHG� ZLWK�PLQRU�PRGLILFDWLRQV� WR�PDQ\�RWKHU

DUHDV�RI �VWXG\� 7KH�VXUJLFDO�PHWKRGV�GHYHORSHG�IRU�WKH�LVRODWLRQ�RI �DUWHULDO�VHJPHQWV�PDLQWDLQLQJ�WUDQVPXUDO

SUHVVXUH�DQG�YHVVHO� OHQJWKV� WKURXJKRXW�FDQ�HDVLO\�EH�DGDSWHG� WR�VWXG\�RWKHU� ODUJH�DUWHULHV� $OWKRXJK� WKH

DQDHVWKHVLD�SURFHGXUHV�FRXOG�UHTXLUH�UHYLVLRQ� WKH�EDVLF�PHWKRG�FDQ�DOVR�EH�DGDSWHG�IRU�XVH�LQ�RWKHU�PDPPDOV�

7KH�VDPSOH�SUHSDUDWLRQ�DQG�HPEHGGLQJ�PHWKRGV�FDQ�EH�XVHG�LQ�DOO�VWXGLHV�UHTXLULQJ�WKH�IL[DWLRQ�RI �VWUHVVHG

WLVVXHV� LQ� WKHLU�GHIRUPHG�FRQILJXUDWLRQV� 7KH��' RSWLFDO�VHFWLRQLQJ�PHWKRG� LV�VXLWDEOH� IRU�DOO� VRIW� WLVVXH

VWXGLHV�EXW�FRPSDWLELOLW\�RI �IOXRURSKRUHV�ZLWK�WKH�VROYHQWV�LQYROYHG�LQ�WKH�HPEHGGLQJ�VKRXOG�ILUVW�EH�FKHFNHG�

7KH�FRPELQHG�QXPHULFDO�H[SHULPHQWDO�ZRUNIORZ�GHVFULEHG�LQ�FKDSWHUV � DQG � FRXOG�EH�DSSOLHG�WR�WKH

VWXG\�RI �DQ\�WUDQVSRUW�SURFHVV�WKURXJK�DQ\�SRURXV�WLVVXH� SURYLGHG��' LPDJHV�RI �VXIILFLHQW�UHVROXWLRQ�VKRZ�

LQJ�LWV�VWUXFWXUH�FDQ�EH�REWDLQHG�

���



��� 5HFRPPHQGDWLRQV�IRU�)XWXUH�:RUN

7KH�OHDN\�MXQFWLRQ�FHOO�WXUQRYHU�K\SRWKHVLV�RI :HLQEDXP�HW DO� �������SRVWXODWHV�WKDW�HQODUJHG�FHOO�MXQFWLRQV

RFFXU�DV�D�UHVXOW�RI �FHOO�F\FOH�HYHQWV�LQFOXGLQJ�PLWRVLV�DQG�DSRSWRVLV� 7KH�VWXGLHV�SUHVHQWHG�LQ�FKDSWHUV �

DQG � FRQVLGHUHG�RQO\�WKH�PLWRWLF�UDWH�DQG�IRXQG�QR�FRUUHODWLRQ�EHWZHHQ�SDWWHUQV�RI �PLWRVLV�DQG�SDWWHUQV�RI

KRWVSRW�GLVWULEXWLRQ� $Q�REYLRXV�FRQWLQXDWLRQ�RI �WKLV�ZRUN�ZRXOG�EH�WR�REWDLQ�GDWD�RQ�WKH�DSRSWRWLF�UDWH�RI

(&V�DURXQG�LQWHUFRVWDO�RVWLD�RI �DJH�PDWFKHG�UDEELWV�

,Q�FKDSWHU �� WKH�PDWXUH�SDWWHUQ�RI �ODUJH�PROHFXOH�KRWVSRWV�GLG�QRW�PDWFK�SDWWHUQV�RI �(%$ KRWVSRWV

DQG�5K�%6$ XSWDNH� VXJJHVWLQJ�D�GLIIHUHQW�WUDQVSRUW�PHFKDQLVP�FRXOG�EH�LQYROYHG� )XUWKHUPRUH� WKH�ZRUN

RQ�(& ERXQGDU\�VHJPHQWDWLRQ�WR�GHWHUPLQH�LI �ODUJH�PROHFXOH�WUDQVSRUW�SUHGRPLQDQWO\�RFFXUV�WKURXJK�FHOO

MXQFWLRQV�ZDV�RQO\�SXUVXHG�XS�WR�WKH�SRLQW�RI �D�SUHOLPLQDU\�LPDJH�SURFHVVLQJ�DOJRULWKP� 3RLQWV�IRU�IXUWKHU

ZRUN�RQ�WKHVH�DVSHFWV�RI �WKH�SURMHFW�DUH�GHWDLOHG�LQ�VHFWLRQ ������

7KH�UHVXOW�RI �FKDSWHU �� WKDW�HQGRWKHOLDO�K\GUDXOLF�UHVLVWDQFH�LV�WKH�GRPLQDQW�FRPSRQHQW�RI �WRWDO�ZDOO

UHVLVWDQFH�LQ�FRQVWULFWHG�DUWHULHV�UHTXLUHV�IXUWKHU�LQYHVWLJDWLRQ�LQWR�SRWHQWLDO�FDXVHV�RI �WKLV�SKHQRPHQRQ�

����� )XUWKHU�GHYHORSPHQW�RI �H[SHULPHQWDO�PHWKRGV

7KH�H[SHULPHQWDO�PHWKRGV�WR�PHDVXUH Lp DQG P SUHVHQWHG�LQ�FKDSWHU � FRXOG�EH�GHYHORSHG�IXUWKHU� 7KH

VXEVWLWXWLRQ�RI �WKH�SDVVLYH�SUHVVXUH�UHVHUYRLUV�IRU�DQ�DFWLYHO\�SUHVVXUH�FRQWUROOHG�FLUFXLW�ZRXOG�DOORZ�PHDVXUH�

PHQWV�LQ�DUWHULHV�H[SRVHG�WR�F\FOLF�SUHVVXUH�YDULDWLRQV� VLPXODWLQJ�WKH LQ�YLYR HQYLURQPHQW�PRUH�FORVHO\� 7KH

WHFKQLTXH�FRXOG�DOVR�EH�PRGLILHG�WR�DOORZ�VSDWLDOO\�UHVROYHG�PHDVXUHV�RILp DQGP WR�EH�PDGH� (DUO\�DWWHPSWV

WR�GR�WKLV�E\�PRXQWLQJ�D�PRFN�XS�RI �WKH�VHWXS�RQ�WKH�VWDJH�RI �DQ�LQYHUWHG�FRQIRFDO�PLFURVFRSH�WR�ILOP�WKH

IOX[�RI �WUDFHU�FURVVLQJ�WKH�WLVVXH�RYHU�WLPH�IDLOHG�GXH�WR�FRQYHFWLRQ�LQ�WKH�DEOXPLQDO�EDWK� )XWXUH�DWWHPSWV

PLJKW�EH�PRUH�VXFFHVVIXO�ZLWK�LQYHUWHG�ZLGH�ILHOG�IOXRUHVFHQFH�LPDJLQJ�ZKHUH�KHDWLQJ�RI �WKH�DEOXPLQDO�EDWK

LV�QRW�FRQILQHG�WR�D�VPDOO�DUHD� )LQDOO\� XVLQJ�D�IORZ�FRQWUROOHG�FLUFXLW�LQVWHDG�RI �D�SUHVVXUH�FRQWUROOHG�FLUFXLW

FRXOG�OHDG�WR�LQWHUHVWLQJ�H[SHULPHQWV�WR�LQYHVWLJDWH�WKH�HIIHFWV�RI �FKDQJLQJ�WKH�IORZ�ZLWKLQ�WKH�ELIXUFDWLRQ�E\

PDQLSXODWLQJ�WKH�UDWLR�RI �WKH�OXPLQDO�IORZV�LQ�WKH�GDXJKWHU�EUDQFKHV�

���



%LEOLRJUDSK\

.� 0��$LQVOLH� -� 6��*DUDQLFK� 5� 2��'XOO� DQG�-� 0��7DUEHOO� 9DVFXODU�VPRRWK�PXVFOH�FHOO�JO\FRFDO\[�LQIOXHQFHV
VKHDU�VWUHVV�PHGLDWHG�FRQWUDFWLOH�UHVSRQVH� -RXUQDO�RI �$SSOLHG�3K\VLRORJ\� ��������������� �����

6� 0��$OEHOGD� 3� 0��6DPSVRQ� )� 5��+DVHOWRQ� -� 0��0F1LII� 6� 1��0XHOOHU� 6� .��:LOOLDPV� $� 3��)LVKPDQ� DQG
(� 0��/HYLQH� 3HUPHDELOLW\�FKDUDFWHULVWLFV�RI �FXOWXUHG�HQGRWKHOLDO�FHOO�PRQROD\HUV� -RXUQDO�RI �DSSOLHG�SK\VLRORJ\
�%HWKHVGD� 0G��� ������ ��������������� �����

1� $QLWVFKNRZ� ([SHULPHQWDO�DWKHURVFOHURVLV�LQ�DQLPDOV� ,Q�(� &RZGU\� HGLWRU� $UWHULRVFOHURVLV� $ VXUYH\�RI �WKH
SUREOHP� SDJHV�����������0DFPLOODQ� �����

*� $WHVKLDQ�DQG�-� :HLVV� $QLVRWURSLF�K\GUDXOLF�SHUPHDELOLW\�XQGHU�ILQLWH�GHIRUPDWLRQ� -RXUQDO�RI �ELRPHFKDQLFDO
HQJLQHHULQJ� ��������������� �����

*� $WHVKLDQ� :� :DUGHQ� -� .LP� 5� *UHOVDPHU� DQG�9� 0RZ� )LQLWH�GHIRUPDWLRQ�ELSKDVLF�PDWHULDO�SURSHUWLHV
RI �ERYLQH�DUWLFXODU�FDUWLODJH�IURP�FRQILQHG�FRPSUHVVLRQ�H[SHULPHQWV� -RXUQDO�RI �ELRPHFKDQLFV� �������������
����� �����

(� 8��$]HORJOX� 0� %��$OEUR� 9� $��7KLPPDSSD� *� $��$WHVKLDQ� DQG�.� '��&RVWD� +HWHURJHQHRXV�WUDQVPXUDO
SURWHRJO\FDQ�GLVWULEXWLRQ�SURYLGHV�D�PHFKDQLVP�IRU�UHJXODWLQJ�UHVLGXDO�VWUHVVHV�LQ�WKH�DRUWD�$PHULFDQ�MRXUQDO
RI �SK\VLRORJ\��+HDUW�DQG�FLUFXODWRU\�SK\VLRORJ\� ������� �����

(� /��%DLOH\� (� %D]LJRX� 3� 6��6RZLQVNL� DQG�3� '��:HLQEHUJ� 0DVV�WUDQVSRUW�SURSHUWLHV�RI �WKH�UDEELW�DRUWLF
ZDOO� 3OR6 RQH� ������ �����

$� %DOGZLQ� 0� /HYHU� DQG�&� &DUR� (IIHFW�RI �QRUDGUHQDOLQH� VRGLXP�QLWULWH�DQG�LVRVRUELGH�GLQLWUDWH�RQ�DOEXPLQ
WUDQVSRUW�LQ�WKH�ZDOO�RI �WKH�H[FLVHG�UDEELW�FRPPRQ�FDURWLG�DUWHU\� $WKHURVFOHURVLV� ������������ �����

$� /��%DOGZLQ�DQG�/� 0��:LOVRQ� (QGRWKHOLXP�LQFUHDVHV�PHGLDO�K\GUDXOLF�FRQGXFWDQFH�RI �DRUWD� SRVVLEO\�E\
UHOHDVH�RI �('5)� 7KH�$PHULFDQ�MRXUQDO�RI �SK\VLRORJ\� ������3W���� �����

$� /��%DOGZLQ� &� 3��:LQORYH� DQG�&� *��&DUR� 6WUXFWXUDO�UHVSRQVH�RI �WKH�UDEELW�WKRUDFLF�DRUWD�DQG�LQIHULRU
YHQD�FDYD�WR�LQ�VLWX�FROODSVH� $UWHU\� ��������������� �����

$� /��%DOGZLQ� /� 0��:LOVRQ� DQG�%� 5��6LPRQ� (IIHFW�RI �SUHVVXUH�RQ�DRUWLF�K\GUDXOLF�FRQGXFWDQFH� $UWHULRVFOH�
URVLV� 7KURPERVLV� DQG�9DVFXODU�%LRORJ\� ��������������� �����

$� /��%DOGZLQ� /� 0��:LOVRQ� ,� *UDGXV�3L]OR� 5� :LOHQVN\� DQG�.� 0DUFK� (IIHFW�RI �DWKHURVFOHURVLV�RQ
WUDQVPXUDO�FRQYHFWLRQ�DQG�DUWHULDO�XOWUDVWUXFWXUH� $UWHULRVFOHURVLV� 7KURPERVLV� DQG�9DVFXODU�%LRORJ\� �������
����������� �����

$� ,��%DUDNDW� 3� $��8KWKRII� DQG�&� .��&ROWRQ� 7RSRJUDSKLFDO�PDSSLQJ�RI �VLWHV�RI �HQKDQFHG�+53 SHUPHDELOLW\
LQ�WKH�QRUPDO�UDEELW�DRUWD� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ� ���������������� �����

6� (��%DUQHV�DQG�3� '��:HLQEHUJ� &RQWUDVWLQJ�SDWWHUQV�RI �VSRQWDQHRXV�DRUWLF�GLVHDVH�LQ�\RXQJ�DQG�ROG�UDEELWV�
$UWHULRVFOHURVLV� WKURPERVLV� DQG�YDVFXODU�ELRORJ\� ��������������� �����

���



6� (��%DUQHV�DQG�3� '��:HLQEHUJ� 6WUDLQ�GHSHQGHQW�GLIIHUHQFHV�LQ�WKH�SDWWHUQ�RI �DRUWLF�OLSLG�GHSRVLWLRQ�LQ
FKROHVWHURO�IHG�UDEELWV� ([SHULPHQWDO�DQG�PROHFXODU�SDWKRORJ\� ��������������� �����

*� %D]]RQL�DQG�(� 'HMDQD� (QGRWKHOLDO�&HOO�WR�&HOO�MXQFWLRQV� 0ROHFXODU�RUJDQL]DWLRQ�DQG�UROH�LQ�YDVFXODU
KRPHRVWDVLV� 3K\VLRORJLFDO�5HYLHZV� ��������������� �����

)� 3��%HOO� -� %��6RPHU� ,� +��&UDLJ� DQG�&� -��6FKZDUW]� 3DWWHUQV�RI �DRUWLF�HYDQV�EOXH�XSWDNH�LQ�YLYR�DQG�LQ�YLWUR�
$WKHURVFOHURVLV� ��������������� �����

7� %M|UQKHGHQ� 0� /HYLQ� 0� (YDOGVVRQ� DQG�2� :LNOXQG� (YLGHQFH�RI �K\SR[LF�DUHDV�ZLWKLQ�WKH�DUWHULDO�ZDOO
LQ�YLYR� $UWHULRVFOHURVLV� 7KURPERVLV� DQG�9DVFXODU�%LRORJ\� ��������������� �����

6� /��%RXUTXH� 6� 7��'DYLGJH� DQG�0� $��$GDPV� 7KH�LQWHUDFWLRQ�EHWZHHQ�HQGRWKHOLQ���DQG�QLWULF�R[LGH�LQ�WKH
YDVFXODWXUH� QHZ�SHUVSHFWLYHV� $PHULFDQ�-RXUQDO�RI �3K\VLRORJ\���5HJXODWRU\� ,QWHJUDWLYH�DQG�&RPSDUDWLYH�3K\VLRORJ\�
�������5������5����� �����

0� %UHDNVSHDU� 0� -��%UDPPHU� (� 7��%XOOPRUH� 3� 'DV� DQG�/� 0��:LOOLDPV� 6SDWLRWHPSRUDO�ZDYHOHW�UHVDPSOLQJ
IRU�IXQFWLRQDO�QHXURLPDJLQJ�GDWD� +XPDQ�EUDLQ�PDSSLQJ� ������������ �����

-� %XUVD� 5� /HELV� DQG�-� +RODWD� 7HQVHJULW\�ILQLWH�HOHPHQW�PRGHOV�RI �PHFKDQLFDO�WHVWV�RI �LQGLYLGXDO�FHOOV�
7HFKQRORJ\�DQG�KHDOWK�FDUH� RIILFLDO�MRXUQDO�RI �WKH�(XURSHDQ�6RFLHW\�IRU�(QJLQHHULQJ�DQG�0HGLFLQH� ��������������� �����

$� &DOODQDQ� 1LDOO� 0LFKDHO� DQG�7LP� 7LVVXH�(QJLQHHUHG�([WUDFHOOXODU�0DWULFHV��(&0V��DV�$GMXYDQW�6FDIIROGV�IRU
(QGRYDVFXODU�$QHXU\VPDO�5HSDLU��(9$5�� ,Q7HFK� �����

/� 0��&DQFHO�DQG�-� 0��7DUEHOO� 7KH�UROH�RI �DSRSWRVLV�LQ�/'/ WUDQVSRUW�WKURXJK�FXOWXUHG�HQGRWKHOLDO�FHOO
PRQROD\HUV� $WKHURVFOHURVLV� ���������������� �����

/� 0��&DQFHO� DQG� -� 0��7DUEHOO� 7KH�UROH�RI �PLWRVLV� LQ�/'/ WUDQVSRUW� WKURXJK�FXOWXUHG� HQGRWKHOLDO� FHOO
PRQROD\HUV� $PHULFDQ�-RXUQDO�RI �3K\VLRORJ\���+HDUW�DQG�&LUFXODWRU\�3K\VLRORJ\� �������+�����+���� �����

/� 0��&DQFHO� $� )LWWLQJ� DQG�-� 0��7DUEHOO� ,Q�YLWUR�VWXG\�RI �/'/ WUDQVSRUW�XQGHU�SUHVVXUL]HG��FRQYHFWLYH�
FRQGLWLRQV� $PHULFDQ�-RXUQDO�RI �3K\VLRORJ\���+HDUW�DQG�&LUFXODWRU\�3K\VLRORJ\� �������+�����+���� �����

&� &DQWZHOO� '� 0R[H\� $� &RPHUIRUG� $� %ROLV� *� 5RFFR� *� 0HQJDOGR� '� 'H *UD]LD� 6� <DNRYOHY� -��
(��/RPEDUG� '� (NHOVFKRW� %� -RUGL� +� ;X� <� 0RKDPLHG� &� (VNLOVVRQ� %� 1HOVRQ� 3� 9RV� &� %LRWWR�
5� .LUE\� DQG�6� 6KHUZLQ� 1HNWDU��� $Q�RSHQ�VRXUFH�VSHFWUDO�KS�HOHPHQW�IUDPHZRUN� &RPSXWHU�3K\VLFV
&RPPXQLFDWLRQV� ������������� �����

%� $��&DSODQ�DQG�&� -��6FKZDUW]� ,QFUHDVHG�HQGRWKHOLDO�FHOO�WXUQRYHU�LQ�DUHDV�RI �LQ�YLYR�HYDQV�EOXH�XSWDNH�LQ
WKH�SLJ�DRUWD� $WKHURVFOHURVLV� ��������������� �����

&� *��&DUR�DQG�0� -��/HYHU� (IIHFW�RI �YDVRDFWLYH�DJHQWV�DQG�DSSOLHG�VWUHVV�RQ�WKH�DOEXPLQ�VSDFH�RI �H[FLVHG
UDEELW�FDURWLG�DUWHULHV� $WKHURVFOHURVLV� ��������������� �����

&� *��&DUR� -� 0��)LW]�*HUDOG� DQG�5� &��6FKURWHU� $WKHURPD�DQG�DUWHULDO�ZDOO�VKHDU�REVHUYDWLRQ� FRUUHODWLRQ
DQG�SURSRVDO�RI �D�VKHDU�GHSHQGHQW�PDVV�WUDQVIHU�PHFKDQLVP�IRU�DWKHURJHQHVLV� 3URFHHGLQJV�RI �WKH�5R\DO�6RFLHW\
RI �/RQGRQ�%��%LRORJLFDO�6FLHQFHV� ������������������� �����

&� *��&DUR� 0� -��/HYHU� =� /HYHU�5XGLFK� )� 0H\HU� 1� /LURQ� :� (EHO� .� +��3DUNHU� DQG�&� 3��:LQORYH� 1HW
DOEXPLQ�WUDQVSRUW�DFURVV�WKH�ZDOO�RI �WKH�UDEELW�FRPPRQ�FDURWLG�DUWHU\�SHUIXVHG�LQ�VLWX� $WKHURVFOHURVLV� ��
������������� �����

<� /��&KHQ� .� 0��-DQ� +� 6��/LQ� DQG�6� &KLHQ� 8OWUDVWUXFWXUDO�VWXGLHV�RQ�PDFURPROHFXODU�SHUPHDELOLW\�LQ
UHODWLRQ�WR�HQGRWKHOLDO�FHOO�WXUQRYHU� $WKHURVFOHURVLV� ��������������� �����

���



-� 0��&ODUN�DQG�6� *ODJRY� 7UDQVPXUDO�RUJDQL]DWLRQ�RI �WKH�DUWHULDO�PHGLD��WKH�ODPHOODU�XQLW�UHYLVLWHG� $UWH�
ULRVFOHURVLV� 7KURPERVLV� DQG�9DVFXODU�%LRORJ\� ������������ �����

/� $��&ODUNH� =� 0RKUL� DQG�3� '��:HLQEHUJ� +LJK�WKURXJKSXW�HQ�IDFH�PDSSLQJ�RI �DUWHULDO�SHUPHDELOLW\�XVLQJ
WLOH�VFDQQLQJ�FRQIRFDO�PLFURVFRS\� $WKHURVFOHURVLV� ���������������� �����

3� &OLIIRUG� 6� 5LFKDUGVRQ� DQG�'� +HPRQ� $VVHVVLQJ�WKH�VLJQLILFDQFH�RI �WKH�FRUUHODWLRQ�EHWZHHQ�WZR�VSDWLDO
SURFHVVHV� %LRPHWULFV� ������SS����������� �����

$� &RPHUIRUG� .� <��&KRRL� 0� 1RZDN� 3� '��:HLQEHUJ� DQG�6� -�� 6KHUZLQ� $ FRPELQHG�QXPHULFDO� DQG
H[SHULPHQWDO�IUDPHZRUN�IRU�GHWHUPLQLQJ�SHUPHDELOLW\�SURSHUWLHV�RI �WKH�DUWHULDO�PHGLD� %LRPHFKDQLFV�DQG
PRGHOLQJ�LQ�PHFKDQRELRORJ\� ��������������� �����

5� 0��&RQUR\� .� 3\|UlOl� $� 3��)LW]JHUDOG� 6� 6DQV� $� 0HQRWWL� *� 'H %DFNHU� '� 'H %DFTXHU� 3� 'XFLPHWLqUH�
3� -RXVLODKWL� 8� .HLO� ,� 1M¡OVWDG� 5� *��2JDQRY� 7� 7KRPVHQ� +� 7XQVWDOO�3HGRH� $� 7YHUGDO� +� :HGHO�
3� :KLQFXS� /� :LOKHOPVHQ� DQG�,� 0��*UDKDP� (VWLPDWLRQ�RI �WHQ�\HDU�ULVN�RI �IDWDO�FDUGLRYDVFXODU�GLVHDVH
LQ�HXURSH� WKH�6&25( SURMHFW� (XURSHDQ�+HDUW�-RXUQDO� ����������������� �����

&� -��&UHHO� 0� $��/RYLFK� DQG�(� 5��(GHOPDQ� $UWHULDO�SDFOLWD[HO�GLVWULEXWLRQ�DQG�GHSRVLWLRQ� &LUFXODWLRQ
UHVHDUFK� ��������������� �����

6� *��&UHPHUV� 6� -��:ROIIUDP� DQG�3� '��:HLQEHUJ� $WKHURSURWHFWLYH�HIIHFWV�RI �GLHWDU\�O�DUJLQLQH�LQFUHDVH�ZLWK
DJH�LQ�FKROHVWHURO�IHG�UDEELWV� %ULWLVK�-RXUQDO�RI �1XWULWLRQ� ��������������� �����

0� 'DEDJK� 3� -DODOL� DQG�<� 7��.RQWWLQHQ� 7KH�VWXG\�RI �ZDOO�GHIRUPDWLRQ�DQG�IORZ�GLVWULEXWLRQ�ZLWK�WUDQVPXUDO
SUHVVXUH�E\�WKUHH�GLPHQVLRQDO�PRGHO�RI �WKRUDFLF�DRUWD�ZDOO� 0HGLFDO�HQJLQHHULQJ�	�SK\VLFV� ���������������
����D�

0� 'DEDJK� 3� -DODOL� DQG�-� 0��7DUEHOO� 7KH�WUDQVSRUW�RI �/'/ DFURVV�WKH�GHIRUPDEOH�DUWHULDO�ZDOO� WKH�HIIHFW
RI �HQGRWKHOLDO�FHOO�WXUQRYHU�DQG�LQWLPDO�GHIRUPDWLRQ�XQGHU�K\SHUWHQVLRQ� $PHULFDQ�MRXUQDO�RI �SK\VLRORJ\��+HDUW
DQG�FLUFXODWRU\�SK\VLRORJ\� �������+�����+���� ����E�

0� (��'H%DNH\� *� 0��/DZULH� DQG�'� +��*ODHVHU� 3DWWHUQV�RI �DWKHURVFOHURVLV�DQG�WKHLU�VXUJLFDO�VLJQLILFDQFH�
$QQDOV�RI �VXUJHU\� ���������������� �����

5� :��'H%ORLV� (� (��8]JLULV� 6� .��'HYL� DQG�$� 0��*RWWR� $SSOLFDWLRQ�RI �ODVHU�VHOI�EHDW�VSHFWURVFRSLF
WHFKQLTXH�WR�WKH�VWXG\�RI �VROXWLRQV�RI �KXPDQ�SODVPD�ORZ�GHQVLW\�OLSRSURWHLQV� %LRFKHPLVWU\� �������������
����� �����

$� '�VWHU� -� 3DUYL]LDQ� =� <DQJ� DQG�(� 5DQN� 7KH�ILQLWH�FHOO�PHWKRG�IRU�WKUHH�GLPHQVLRQDO�SUREOHPV�RI �VROLG
PHFKDQLFV� &RPSXWHU�PHWKRGV�LQ�DSSOLHG�PHFKDQLFV�DQG�HQJLQHHULQJ� ������������������� �����

3� 'XWLOOHXO� 3� &OLIIRUG� 6� 5LFKDUGVRQ� DQG�'� +HPRQ� 0RGLI\LQJ�WKH�W�WHVW�IRU�DVVHVVLQJ�WKH�FRUUHODWLRQ
EHWZHHQ�WZR�VSDWLDO�SURFHVVHV� %LRPHWULFV� ������SS����������� �����

5� (VWUDGD� *� $��*LULGKDUDQ� 0��'��1JX\HQ� 7� -��5RXVVHO� 0� 6KDNHUL� 9� 3DULFKHKUHK� 6� '��3UDEKX� DQG
3� 6HWKX� (QGRWKHOLDO�FHOO�FXOWXUH�PRGHO�IRU�UHSOLFDWLRQ�RI �SK\VLRORJLFDO�SURILOHV�RI �SUHVVXUH� IORZ� VWUHWFK�
DQG�VKHDU�VWUHVV�LQ�YLWUR� $QDO��&KHP�� ����������������� �����

&� 5��(WKLHU� )ORZ�WKURXJK�PL[HG�ILEURXV�SRURXV�PDWHULDOV� $,&K( -�� ����������������� �����

%� $��(ZLQV� -� 0DMHZLF]� 7� -��6WDXJKWRQ� DQG�3� '��:HLQEHUJ� 7ZR�GLPHQVLRQDO�PDSV�RI �VKRUW�WHUP�DOEXPLQ
XSWDNH�E\�WKH�LPPDWXUH�DQG�PDWXUH�UDEELW�DRUWLF�ZDOO�DURXQG�EUDQFK�SRLQWV� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ�
���������������� �����

���



%� $��)RUVWHU�DQG�3� '��:HLQEHUJ� &KDQJHV�ZLWK�DJH�LQ�WKH�LQIOXHQFH�RI �HQGRJHQRXV�QLWULF�R[LGH�RQ�WUDQVSRUW
SURSHUWLHV�RI �WKH�UDEELW�DRUWLF�ZDOO�QHDU�EUDQFKHV� $UWHULRVFOHURVLV� 7KURPERVLV� DQG�9DVFXODU�%LRORJ\� ������
����������� ����D�

%� $��)RUVWHU�DQG�3� '��:HLQEHUJ� (YDQV
�EOXH�G\H�DEROLVKHV�HQGRWKHOLXP�GHSHQGHQW�UHOD[DWLRQ�RI �UDEELW
DRUWLF�ULQJV� $WKHURVFOHURVLV� ���������������� ����E�

3� *��)UDQN� 6� (��:RRGPDQ� '� 6��3DUN� DQG�0� 3��/LVDQWL� &DYHROLQ� FDYHRODH� DQG�HQGRWKHOLDO�FHOO�IXQFWLRQ�
$UWHULRVFOHURVLV� 7KURPERVLV� DQG�9DVFXODU�%LRORJ\� ����������������� �����

3� )ULGH]� $� 0DNLQR� +� 0L\D]DNL� -��-��0HLVWHU� .� +D\DVKL� DQG�1� 6WHUJLRSXORV� 6KRUW�WHUP�ELRPHFKDQLFDO
DGDSWDWLRQ�RI �WKH�UDW�FDURWLG�WR�DFXWH�K\SHUWHQVLRQ� FRQWULEXWLRQ�RI �VPRRWK�PXVFOH� $QQDOV�RI �ELRPHGLFDO
HQJLQHHULQJ� ������������� �����

'� /��)U\� 5HVSRQVHV�RI �WKH�DUWHULDO�ZDOO�WR�FHUWDLQ�SK\VLFDO�IDFWRUV� ,Q�5� 3RUWHU�DQG�-� .QLJKW� HGLWRUV�
$WKHURJHQHVLV� ,QLWLDWLQJ�)DFWRUV� SDJHV�������$VVRFLDWHG�6FLHQWLILF�3XEOLVKHUV� �����

<� &��)XQJ�DQG�6� 6��6RELQ� 7KH�UHWDLQHG�HODVWLFLW\�RI �HODVWLQ�XQGHU�IL[DWLRQ�DJHQWV� -RXUQDO�RI �ELRPHFKDQLFDO
HQJLQHHULQJ� ���������������� �����

5� )��)XUFKJRWW�DQG�6� %KDGUDNRP� 5HDFWLRQV�RI �VWULSV�RI �UDEELW�DRUWD�WR�HSLQHSKULQH� LVRSURS\ODUWHUHQRO�
VRGLXP�QLWULWH�DQG�RWKHU�GUXJV� -RXUQDO�RI �3KDUPDFRORJ\�DQG�([SHULPHQWDO�7KHUDSHXWLFV� ���������������� �����

'� &��*RII� '� 0��/OR\G�-RQHV� *� %HQQHWW� 6� &RDG\� 5� %��'
$JRVWLQR� 5� *LEERQV� 3� *UHHQODQG� '� 7�
/DFNODQG� '� /HY\� &� -��2
'RQQHOO� -� 5RELQVRQ� -� 6��6FKZDUW]� 6� 7��6KHUR� 6� &��6PLWK� 3� 6RUOLH� 1� -�
6WRQH� DQG�3� :� )��:LOVRQ� �����$&&�$+$ JXLGHOLQH�RQ�WKH�DVVHVVPHQW�RI �FDUGLRYDVFXODU�ULVN� &LUFXODWLRQ�
�������VXSSO�������FLU����������������������6��� �����

+� +HLQOH�DQG�9� /LQGQHU� 7KH�ELQGLQJ�RI �HYDQV�EOXH�WR�FROODJHQ�DQG�HODVWLQ�LQ�HODVWLF�WLVVXH� $UFKLYHV�RI
3K\VLRORJ\�DQG�%LRFKHPLVWU\� ������������� �����

5� $��+HUUPDQQ� 5� $��0DOLQDXVNDV� DQG�*� $��7UXVNH\� &KDUDFWHUL]DWLRQ�RI �VLWHV�ZLWK�HOHYDWHG�/'/ SHU�
PHDELOLW\�DW�LQWHUFRVWDO� FHOLDF� DQG�LOLDF�EUDQFKHV�RI �WKH�QRUPDO�UDEELW�DRUWD� $UWHULRVFOHURVLV� 7KURPERVLV� DQG
9DVFXODU�%LRORJ\� ��������������� �����

0� +ROPHV�DQG�9� 0RZ� 7KH�QRQOLQHDU�FKDUDFWHULVWLFV�RI �VRIW�JHOV�DQG�K\GUDWHG�FRQQHFWLYH�WLVVXHV�LQ�XOWUD�
ILOWUDWLRQ� -RXUQDO�RI �ELRPHFKDQLFV� ������������������ �����

*� +RO]DSIHO�DQG�5� 2JGHQ� &RQVWLWXWLYH�PRGHOOLQJ�RI �DUWHULHV� 3URFHHGLQJV�RI �WKH�5R\DO�6RFLHW\�RI �/RQGRQ�$�
0DWKHPDWLFDO� 3K\VLFDO�DQG�(QJLQHHULQJ�6FLHQFHV� ��������������������� �����

*� $��+RO]DSIHO� 7� &��*DVVHU� DQG�5� :��2JGHQ� $ QHZ�FRQVWLWXWLYH�IUDPHZRUN�IRU�DUWHULDO�ZDOO�PHFKDQLFV
DQG�D�FRPSDUDWLYH�VWXG\�RI �PDWHULDO�PRGHOV� -RXUQDO�RI �(ODVWLFLW\� ������������ �����

*� $��+RO]DSIHO� 7� &��*DVVHU� DQG�0� 6WDGOHU� $ VWUXFWXUDO�PRGHO�IRU�WKH�YLVFRHODVWLF�EHKDYLRU�RI �DUWHULDO
ZDOOV� &RQWLQXXP�IRUPXODWLRQ�DQG�ILQLWH�HOHPHQW�DQDO\VLV� (XURSHDQ�-RXUQDO�RI �0HFKDQLFV���$�6ROLGV� SDJHV
��������� �����

7� <��+RX�DQG�;� :X� $ PXOWLVFDOH�ILQLWH�HOHPHQW�PHWKRG�IRU�HOOLSWLF�SUREOHPV�LQ�FRPSRVLWH�PDWHULDOV�DQG
SRURXV�PHGLD� -RXUQDO�RI �FRPSXWDWLRQDO�SK\VLFV� ���������������� �����

=� -��+XDQJ�DQG�-� 0��7DUEHOO� 1XPHULFDO�VLPXODWLRQ�RI �PDVV�WUDQVIHU�LQ�SRURXV�PHGLD�RI �EORRG�YHVVHO�ZDOOV�
$PHULFDQ�-RXUQDO�RI �3K\VLRORJ\���+HDUW�DQG�&LUFXODWRU\�3K\VLRORJ\� �������+�����+���� �����

&��:��+ZDQJ� '� :X� DQG�(� 5��(GHOPDQ� 3K\VLRORJLFDO�WUDQVSRUW�IRUFHV�JRYHUQ�GUXJ�GLVWULEXWLRQ�IRU�6WHQW�
%DVHG�GHOLYHU\� &LUFXODWLRQ� ���������������� �����

���



:� +ZDQJ�DQG�6� *��$GYDQL� 1XPHULFDO�VLPXODWLRQV�RI �VWRNHV��EULQNPDQ�HTXDWLRQV�IRU�SHUPHDELOLW\�SUHGLF�
WLRQ�RI �GXDO�VFDOH�ILEURXV�SRURXV�PHGLD� 3K\VLFV�RI �)OXLGV� ���������� �����

0� -RKQVRQ�DQG�-� 0��7DUEHOO� $ ELSKDVLF� DQLVRWURSLF�PRGHO�RI �WKH�DRUWLF�ZDOO� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ�
�������������� �����

.� .KDGUD� 3� $QJRW� 6� 3DUQHL[� DQG�-��3��&DOWDJLURQH� )LFWLWLRXV�GRPDLQ�DSSURDFK�IRU�QXPHULFDO�PRGHOOLQJ
RI �QDYLHU�VWRNHV�HTXDWLRQV� ,QWHUQDWLRQDO�-RXUQDO�IRU�1XPHULFDO�0HWKRGV�LQ�)OXLGV� ��������������� �����

$� 5��.KDOHG�DQG�.� 9DIDL� 7KH�UROH�RI �SRURXV�PHGLD�LQ�PRGHOLQJ�IORZ�DQG�KHDW�WUDQVIHU�LQ�ELRORJLFDO�WLVVXHV�
,QWHUQDWLRQDO�-RXUQDO�RI �+HDW�DQG�0DVV�7UDQVIHU� ������������������ �����

:��6��.LP�DQG�-� 0��7DUEHOO� 0DFURPROHFXODU�WUDQVSRUW�WKURXJK�WKH�GHIRUPDEOH�SRURXV�PHGLD�RI �DQ�DUWHU\
ZDOO� -RXUQDO�RI �%LRPHFKDQLFDO�(QJLQHHULQJ� ������������ �����

1� .LQJVEXU\� 7KH�GXDO�WUHH�FRPSOH[�ZDYHOHW�WUDQVIRUP� $ QHZ�WHFKQLTXH�IRU�VKLIW�LQYDULDQFH�DQG�GLUHFWLRQDO
ILOWHUV� SDJHV���������� �����

0� .ODQFKDU�DQG�-� 0��7DUEHOO� 0RGHOLQJ�ZDWHU�IORZ�WKURXJK�DUWHULDO�WLVVXH� %XOOHWLQ�RI �PDWKHPDWLFDO�ELRORJ\� ��
������������� �����

<� .RPDURYD�DQG�$� %��0DOLN� 5HJXODWLRQ�RI �HQGRWKHOLDO�SHUPHDELOLW\�YLD�SDUDFHOOXODU�DQG�WUDQVFHOOXODU�WUDQV�
SRUW�SDWKZD\V� $QQXDO�5HYLHZ�RI �3K\VLRORJ\� ��������������� �����

/$6$ DQG�563&$� *RRG�SUDFWLFH�IRU�KXPDQH�NLOOLQJ� �����

-� 5��/HYLFN� )ORZ�WKURXJK�LQWHUVWLWLXP�DQG�RWKHU�ILEURXV�PDWULFHV� 4XDUWHUO\�MRXUQDO�RI �H[SHULPHQWDO�SK\VLRORJ\
�&DPEULGJH� (QJODQG�� ��������������� �����

-� 5��/HYLFN� $Q�LQWURGXFWLRQ�WR�FDUGLRYDVFXODU�SK\VLRORJ\� $UQROG� �����

$� /HYLQ� 1� 9XNPLURYLF� &��:��+ZDQJ� DQG�(� (GHOPDQ� 6SHFLILF�ELQGLQJ�WR�LQWUDFHOOXODU�SURWHLQV�GHWHUPLQHV
DUWHULDO�WUDQVSRUW�SURSHUWLHV�IRU�UDSDP\FLQ�DQG�SDFOLWD[HO� 3URFHHGLQJV�RI �WKH�1DWLRQDO�$FDGHP\�RI �6FLHQFHV�RI �WKH
8QLWHG�6WDWHV�RI �$PHULFD� ������������������� �����

6� -��/LQ� .� 0��-DQ� *� 6FKXHVVOHU� 6� :HLQEDXP� DQG�6� &KLHQ� (QKDQFHG�PDFURPROHFXODU�SHUPHDELOLW\�RI
DRUWLF�HQGRWKHOLDO�FHOOV�LQ�DVVRFLDWLRQ�ZLWK�PLWRVLV� $WKHURVFOHURVLV� ����������������� �����

6� -��/LQ� .� 0��-DQ� 6� :HLQEDXP� DQG�6� &KLHQ� 7UDQVHQGRWKHOLDO�WUDQVSRUW�RI �ORZ�GHQVLW\�OLSRSURWHLQ�LQ
DVVRFLDWLRQ�ZLWK�FHOO�PLWRVLV�LQ�UDW�DRUWD� $UWHULRVFOHURVLV��'DOODV� 7H[��� �������������� �����

6� -��/LQ� .� 0��-DQ� DQG�6� &KLHQ� 5ROH�RI �G\LQJ�HQGRWKHOLDO�FHOOV�LQ�WUDQVHQGRWKHOLDO�PDFURPROHFXODU�WUDQVSRUW�
$UWHULRVFOHURVLV��'DOODV� 7H[��� ��������������� �����

9� /LQGQHU�DQG�+� +HLQOH� %LQGLQJ�SURSHUWLHV�RI �FLUFXODWLQJ�HYDQV�EOXH� LQ�UDEELWV�DV�GHWHUPLQHG�E\�GLVF
HOHFWURSKRUHVLV� $WKHURVFOHURVLV� ����������������� �����

;� /LX� 3� 6ULQLYDVDQ� (� &ROODUG� 3� *UDMGHDQX� -� /��=ZHLHU� DQG�$� )ULHGPDQ� 1LWULF�R[LGH�GLIIXVLRQ�UDWH�LV
UHGXFHG�LQ�WKH�DRUWLF�ZDOO� %LRSK\VLFDO�MRXUQDO� ����������������� �����

3� /��/XGPHU� $� 3��6HOZ\Q� 7� /��6KRRN� 5� 5��:D\QH� *� +��0XGJH� 5� :��$OH[DQGHU� DQG�3� *DQ]� 3DUD�
GR[LFDO�YDVRFRQVWULFWLRQ�LQGXFHG�E\�DFHW\OFKROLQH�LQ�DWKHURVFOHURWLF�FRURQDU\�DUWHULHV� 1HZ�(QJODQG�-RXUQDO
RI �0HGLFLQH� ������������������� �����

0� 5��0H\HU� 1� &��)UHGHWWH� 0� %DUWRQ� DQG�(� 5��3URVVQLW]� 5HJXODWLRQ�RI �YDVFXODU�VPRRWK�PXVFOH�WRQH�E\
DGLSRVH�GHULYHG�FRQWUDFWLQJ�IDFWRU� 3OR6 RQH� ������ �����

���



<� 0RKDPLHG� (� 0��5RZODQG� (� /��%DLOH\� 6� -��6KHUZLQ� 0� $��6FKZDUW]� DQG�3� '��:HLQEHUJ� &KDQJH�RI
GLUHFWLRQ�LQ�WKH�ELRPHFKDQLFV�RI �DWKHURVFOHURVLV� $QQDOV�RI �ELRPHGLFDO�HQJLQHHULQJ� ������������� �����

(� 3��0RLVHHYD� $GKHVLRQ�UHFHSWRUV�RI �YDVFXODU�VPRRWK�PXVFOH�FHOOV�DQG�WKHLU�IXQFWLRQV� &DUGLRYDVFXODU�UHVHDUFK�
��������������� �����

9� &��0RZ� 6� &��.XHL� :� 0��/DL� DQG�&� *��$UPVWURQJ� %LSKDVLF�FUHHS�DQG�VWUHVV�UHOD[DWLRQ�RI �DUWLFXODU
FDUWLODJH�LQ�FRPSUHVVLRQ� 7KHRU\�DQG�H[SHULPHQWV� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ� �������������� �����

(� 0XNZHYKR� 7� $��.RKQ� '� /DQJ� (� 1\DWLD� -� 6PLWK� DQG�(� 2��2MXND� &DIIHLQH�LQGXFHV�K\SHUDFHW\ODWLRQ
RI �KLVWRQHV�DW�WKH�0()��VLWH�RQ�WKH�JOXW��SURPRWHU�DQG�LQFUHDVHV�0()�$ ELQGLQJ�WR�WKH�VLWH�YLD�D�&D0.�
GHSHQGHQW�PHFKDQLVP� $PHULFDQ�-RXUQDO�RI �3K\VLRORJ\���(QGRFULQRORJ\�DQG�0HWDEROLVP� �������(�����(���� �����

&� /��0XUSK\� $UWHULDO�0DVV�7UDQVSRUW�LQ�5HODWLRQ�WR�)ORZ� 3K' WKHVLV� ,PSHULDO�&ROOHJH�/RQGRQ� �����

&� /��0XUSK\�DQG�0� -��/HYHU� 6XOSKRUKRGDPLQH�%�ODEHOOHG�DOEXPLQ�XSWDNH�DURXQG�WKH�RVWLXP�RI �WKH�UHQDO
DUWHU\�LQ�UDEELWV� FKDQJHV�ZLWK�DJH� -RXUQDO�RI �YDVFXODU�UHVHDUFK� ��������������� �����

5� 1DLUQ� )OXRUHVFHQW�3URWHLQ�7UDFLQJ��(GLWHG�E\�5�&��1DLUQ�����6HFRQG�(GLWLRQ��>:LWK�3ODWHV�@� (GLQEXUJK�	�/RQGRQ�
�����

<� 1DNDVKLPD� $� 6��3OXPS� (� :��5DLQHV� -� /��%UHVORZ� DQG�5� 5RVV� $SR(�GHILFLHQW�PLFH�GHYHORS�OHVLRQV�RI
DOO�SKDVHV�RI �DWKHURVFOHURVLV�WKURXJKRXW�WKH�DUWHULDO�WUHH� $UWHULRVFOHURVLV�DQG�WKURPERVLV�� D�MRXUQDO�RI �YDVFXODU
ELRORJ\���$PHULFDQ�+HDUW�$VVRFLDWLRQ� ��������������� �����

5� 0��1HUHP� 0� -��/HYHVTXH� DQG�-� )��&RUQKLOO� 9DVFXODU�HQGRWKHOLDO�PRUSKRORJ\�DV�DQ�LQGLFDWRU�RI �WKH
SDWWHUQ�RI �EORRG�IORZ� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ� ���������������� �����

(� 1RUGPHLHU� 6WDWLF�DQG�G\QDPLF�OLJKW�VFDWWHULQJ�VROXWLRQ�EHKDYLRU�RI �SXOOXODQ�DQG�GH[WUDQ�LQ�FRPSDULVRQ�
-��3K\V��&KHP�� ������������������ �����

*� gMWHJ� .� 1\JUHQ� DQG�0� :ROJDVW� 3HUPHDELOLW\�RI �UHQDO�FDSLOODULHV��L��SUHSDUDWLRQ�RI �QHXWUDO�DQG�FKDUJHG
SURWHLQ�SUREHV� $FWD�3K\VLRORJLFD�6FDQGLQDYLFD� ���������������� �����

1� 2WVX� $ WKUHVKROG�VHOHFWLRQ�PHWKRG�IURP�*UD\�/HYHO�KLVWRJUDPV� 6\VWHPV� 0DQ�DQG�&\EHUQHWLFV� ,(((
7UDQVDFWLRQV�RQ� ������������ �����

9� 3HLIIHU� (� 0��5RZODQG� 6� *��&UHPHUV� 3� '��:HLQEHUJ� DQG�6� -��6KHUZLQ� (IIHFW�RI �DRUWLF�WDSHU�RQ�SDWWHUQV
RI �EORRG�IORZ�DQG�ZDOO�VKHDU�VWUHVV�LQ�UDEELWV� DVVRFLDWLRQ�ZLWK�DJH� $WKHURVFOHURVLV� ���������������� �����

9� 3HLIIHU� $� $��%KDUDWK� 6� -��6KHUZLQ� DQG�3� '��:HLQEHUJ� $ QRYHO�PHWKRG�IRU�TXDQWLI\LQJ�VSDWLDO�FRUUHODWLRQV
EHWZHHQ�SDWWHUQV�RI �DWKHURVFOHURVLV�DQG�KHPRG\QDPLF�IDFWRUV� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ� �������
����D�

9� 3HLIIHU� 6� -��6KHUZLQ� DQG�3� '��:HLQEHUJ� &RPSXWDWLRQ�LQ�WKH�UDEELW�DRUWD�RI �D�QHZ�PHWULF���WKH�WUDQVYHUVH
ZDOO�VKHDU�VWUHVV���WR�TXDQWLI\�WKH�PXOWLGLUHFWLRQDO�FKDUDFWHU�RI �GLVWXUEHG�EORRG�IORZ� -RXUQDO�RI �ELRPHFKDQLFV�
������������������ ����E�

-� 3HWURII� hEHU�GLH�YLWDOIlUEXQJ�GHU�JHIlVVZDQG� %HLWU�3DWKRO�$QDW�$OOJ�3DWKRO� ������������ �����

'� 3UHGHVFX�DQG�*� (��3DODGH� 3ODVPDOHPPDO�YHVLFOHV�UHSUHVHQW�WKH�ODUJH�SRUH�V\VWHP�RI �FRQWLQXRXV�PL�
FURYDVFXODU�HQGRWKHOLXP� 7KH�$PHULFDQ�MRXUQDO�RI �SK\VLRORJ\� ������3W���� �����

$� 5DFKHY�DQG�.� +D\DVKL� 7KHRUHWLFDO�VWXG\�RI �WKH�HIIHFWV�RI �YDVFXODU�VPRRWK�PXVFOH�FRQWUDFWLRQ�RQ�VWUDLQ
DQG�VWUHVV�GLVWULEXWLRQV�LQ�DUWHULHV� $QQDOV�RI �ELRPHGLFDO�HQJLQHHULQJ� ��������������� �����

���



%� 5LSSH� %��,� ,��5RVHQJUHQ� 2� &DUOVVRQ� DQG�'� 9HQWXUROL� 7UDQVHQGRWKHOLDO�WUDQVSRUW� WKH�YHVLFOH�FRQWUR�
YHUV\� -RXUQDO�RI �YDVFXODU�UHVHDUFK� ��������������� �����

(� 0��5RZODQG� <� 0RKDPLHG� .� <HDQ &KRRL� (� /��%DLOH\� DQG�3� '��:HLQEHUJ� &RPSDULVRQ�RI �VWDWLV�
WLFDO�PHWKRGV�IRU�DVVHVVLQJ�VSDWLDO�FRUUHODWLRQV�EHWZHHQ�PDSV�RI �GLIIHUHQW�DUWHULDO�SURSHUWLHV� -RXUQDO� RI
ELRPHFKDQLFDO�HQJLQHHULQJ� �������� �����

'� 6DJH� '� 3URGDQRY� -��<��7LQHYH]� DQG�-� 6FKLQGHOLQ� 'DQLHO�6DJH� 0,-��0DNLQJ�LQWHURSHUDELOLW\�EHWZHHQ
,PDJH- DQG�0DWODE�SRVVLEOH� ,Q ,PDJH- 8VHU�	�'HYHORSHU�&RQIHUHQFH��,8'&
���� �����

-� 6FKLQGHOLQ� ,� $UJDQGD�&DUUHUDV� (� )ULVH� 9� .D\QLJ� 0� /RQJDLU� 7� 3LHW]VFK� 6� 3UHLELVFK� &� 5XHGHQ�
6� 6DDOIHOG� %� 6FKPLG� -��<��7LQHYH]� '� -��:KLWH� 9� +DUWHQVWHLQ� .� (OLFHLUL� 3� 7RPDQFDN� DQG�$� &DUGRQD�
)LML� DQ�RSHQ�VRXUFH�SODWIRUP�IRU�ELRORJLFDO�LPDJH�DQDO\VLV� 1DW�0HWK� �������������� �����

-� (��6FKQLW]HU� JS���LV�DQ�DOEXPLQ�ELQGLQJ�JO\FRSURWHLQ�H[SUHVVHG�E\�FRQWLQXRXV�HQGRWKHOLXP�LQYROYHG�LQ
DOEXPLQ�WUDQVF\WRVLV� 7KH�$PHULFDQ�MRXUQDO�RI �SK\VLRORJ\� ������3W���� �����

$� 6HENKL�DQG�3� '��:HLQEHUJ� $JH�UHODWHG�YDULDWLRQV�LQ�WUDQVSRUW�SURSHUWLHV�RI �WKH�UDEELW�DUWHULDO�ZDOO�QHDU
EUDQFKHV� $WKHURVFOHURVLV� ������������ ����D�

$� 6HENKL�DQG�3� '��:HLQEHUJ� (IIHFW�RI �GLHWDU\�FKROHVWHURO�RQ�WKH�XSWDNH�RI �DOEXPLQ�E\�UDEELW�DRUWLF�ZDOO
LQ�YLYR� -2851$/ 2) 3+<6,2/2*<�/21'21�����3�3����3��� ����E�

$� 6HENKL�DQG�3� '��:HLQEHUJ� (IIHFW�RI �DJH�RQ�WKH�SDWWHUQ�RI �VKRUW�WHUP�DOEXPLQ�XSWDNH�E\�WKH�UDEELW�DRUWLF
ZDOO�QHDU�LQWHUFRVWDO�EUDQFK�RVWLD� $UWHULRVFOHURVLV� WKURPERVLV� DQG�YDVFXODU�ELRORJ\� ��������������� �����

-� 6HLIWHU� '� 6ORDQH� DQG�$� 5DWQHU� &RQFHSWV�LQ�PHGLFDO�SK\VLRORJ\� /LSSLQFRWW�:LOOLDPV�	�:LONLQV� �����

<� 6KRX� .��P��-DQ� DQG�'� 6��5XPVFKLW]NL� 7UDQVSRUW�LQ�UDW�YHVVHO�ZDOOV��L��K\GUDXOLF�FRQGXFWLYLWLHV�RI �WKH
DRUWD� SXOPRQDU\�DUWHU\� DQG�LQIHULRU�YHQD�FDYD�ZLWK�LQWDFW�DQG�GHQXGHG�HQGRWKHOLD� $PHULFDQ�-RXUQDO�RI
3K\VLRORJ\���+HDUW�DQG�&LUFXODWRU\�3K\VLRORJ\� �������+������+����� �����

<� 6KRX� .��P��-DQ� DQG�'� 6��5XPVFKLW]NL� 7UDQVSRUW�LQ�UDW�YHVVHO�ZDOOV��,,��PDFURPROHFXODU�OHDNDJH�DQG�IRFDO
VSRW�VL]H�JURZWK�LQ�UDW�DUWHULHV�DQG�YHLQV� $PHULFDQ�-RXUQDO�RI �3K\VLRORJ\���+HDUW�DQG�&LUFXODWRU\�3K\VLRORJ\� ���
����+������+����� �����

%� 5��6LPRQ� 0� 9��.DXIPDQQ� 0� $��0F$IHH� $� /��%DOGZLQ� DQG�/� 0��:LOVRQ� ,GHQWLILFDWLRQ�DQG�GHWHUPL�
QDWLRQ�RI �PDWHULDO�SURSHUWLHV�IRU�SRURK\SHUHODVWLF�DQDO\VLV�RI �ODUJH�DUWHULHV� -RXUQDO�RI �ELRPHFKDQLFDO�HQJLQHHULQJ�
���������������� �����

+� 6LQ]LQJHU� .� 6LOEHUEDXHU� DQG�:� $XHUVZDOG� 4XDQWLWDWLYH�LQYHVWLJDWLRQ�RI �VXGDQRSKLOLF�OHVLRQV�DURXQG
WKH�DRUWLF�RVWLD�RI �KXPDQ�IHWXVHV� QHZERUQ�DQG�FKLOGUHQ� %ORRG�YHVVHOV� ������������� �����

*� '��6ORRS� 5� 6��3HUUHW� -� 6��%UDKQH\� DQG�0� 2DOPDQQ� $ GHVFULSWLRQ�RI �WZR�PRUSKRORJLF�SDWWHUQV�RI �DRUWLF
IDWW\�VWUHDNV� DQG�D�K\SRWKHVLV�RI �WKHLU�SDWKRJHQHVLV� $WKHURVFOHURVLV� ���������������� �����

+� &��6WDU\� $� %��&KDQGOHU� 5� (��'LQVPRUH� 9� )XVWHU� 6� *ODJRY� :� ,QVXOO� 0� (��5RVHQIHOG� &� -��6FKZDUW]�
:� '��:DJQHU� DQG�5� :��:LVVOHU� $ GHILQLWLRQ�RI �DGYDQFHG�W\SHV�RI �DWKHURVFOHURWLF�OHVLRQV�DQG�D�KLVWRORJLFDO
FODVVLILFDWLRQ�RI �DWKHURVFOHURVLV� &LUFXODWLRQ� ����������������� �����

7� 6WDXJKWRQ�DQG�3� '��:HLQEHUJ� ,QYHVWLJDWLRQ�RI �WKH�UROH�RI �HQGRJHQRXV�QLWULF�R[LGH�V\QWKHVLV�LQ�GHWHUPLQLQJ
SDWWHUQV�RI �DUWHULDO�ZDOO�SHUPHDELOLW\�DQG�GLHW�LQGXFHG�OLSLG�GHSRVLWLRQ�LQ�WKH�UDEELW� ,Q�/� &ODUN� HGLWRU�
7UHQGV�LQ�$WKHURVFOHURVLV�5HVHDUFK� SDJHV�����������1RYD�%LRPHGLFDO�%RRNV� �����

'� 6WHLQEHUJ� $WKHURJHQHVLV�LQ�SHUVSHFWLYH� +\SHUFKROHVWHUROHPLD�DQG�LQIODPPDWLRQ�DV�SDUWQHUV�LQ�FULPH�
1DW�0HG� ����������������� �����

���



0� %��6WHPHUPDQ� (� 0��0RUUHO� .� 5��%XUNH� &� .��&ROWRQ� .� $��6PLWK� DQG�5� 6��/HHV� /RFDO�YDULDWLRQ�LQ
DUWHULDO�ZDOO�SHUPHDELOLW\�WR�ORZ�GHQVLW\�OLSRSURWHLQ�LQ�QRUPDO�UDEELW�DRUWD� $UWHULRVFOHURVLV��'DOODV� 7H[��� �
����������� �����

6� 7DGD�DQG�-� 7DUEHOO� )HQHVWUDO�SRUH�VL]H�LQ�WKH�LQWHUQDO�HODVWLF�ODPLQD�DIIHFWV�WUDQVPXUDO�IORZ�GLVWULEXWLRQ�LQ
WKH�DUWHU\�ZDOO� $QQDOV�RI �%LRPHGLFDO�(QJLQHHULQJ� ��������������� �����

-� 0��7DUEHOO� 0DVV�WUDQVSRUW�LQ�DUWHULHV�DQG�WKH�ORFDOL]DWLRQ�RI �DWKHURVFOHURVLV� $QQXDO�5HYLHZ�RI �%LRPHGLFDO
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