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7KH�SUHVHQW�LQYHVWLJDWLRQ�ZDV�FDUULHG�RXW�WR�VWXG\�WKH�SUHVVXUH�GURS�FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�

ZDWHU� VOXUU\� LQ���Û�SLSH� EHQG��=LQF� WDLOLQJ� VDPSOH�ZDV�FROOHFWHG� IURP�5DPSXUD�$JXFKD�PLQH�

VLWXDWHG� LQ� 5DMDVWKDQ�� ,QGLD�� %HIRUH� WKH� GHWHUPLQDWLRQ RI� SUHVVXUH� GURS� WKH� SK\VLFDO�

FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�VDPSOH�ZDV�GHWHUPLQHG�E\�YDULRXV�EHQFK�VFDOH�WHVWV��� ,W� ZDV�

REVHUYH� IURP�6(0�PLFURJUDSK� WKDW�]LQF� WDLOLQJ� SDUWLFOHV�DUH� QRQ�VSKHULFDO� LQ� VKDSH�DQG�KDYH�

NQLIH�HGJH�VWUXFWXUH��7KH�VSHFLILF�JUDYLW\�RI�WKH�SURFXUHG�WDLOLQJ�VDPSOH�ZDV�IRXQG�DV�������7KH�

PD[LPXP�VWDWLF�VHWWOHG�FRQFHQWUDWLRQ�RI�]LQF�WDLOLQJ�VOXUU\�ZDV�IRXQG�DV���������������������DQG�

�������IRU�VROLG�FRQFHQWUDWLRQ�RI������������DQG�����UHVSHFWLYHO\��7KH�S+�RI� VOXUU\�ZDV� OLHV�

ZLWKLQ�WKH�UDQJH�RI��������7KH�UKHRORJLFDO�H[SHULPHQWV�ZHUH�FDUULHG�RXW�WR�LQYHVWLJDWH�WKH�IORZ�

EHKDYLRXU�RI� ]LQF� WDLOLQJ�ZDWHU� VOXUU\� IRU� VROLG�FRQFHQWUDWLRQ� UDQJH�RI� ��������E\�ZHLJKW��� ,W�

ZDV� IRXQG� IURP�UHVXOWV� WKDW� VOXUU\� H[KLELWV�1HZWRQLDQ� IORZ�EHKDYLRXU� IRU� VROLG� FRQFHQWUDWLRQ�

UDQJH�RI���������:KHUHDV��WKH�LQFUHDVH�LQ�VROLG�FRQFHQWUDWLRQ�IURP��������UHVXOWV�LQ�FKDQJH�LQ�

IORZ�EHKDYLRXU�WR�%LQJKDP�SODVWLF�IORZ�QDWXUH��7KH�DGGLWLRQ�RI�FRDUVH�SDUWLFOHV���������ȝP�VL]H�

UHVXOWV� LQ� DSSUHFLDEOH� GHFUHDVH� LQ� DSSDUHQW� YLVFRVLW\� LQ� ILQH� ����� ȝP�� SDUWLFXODWH� VOXUU\�� 7KH�

PD[LPXP�SHUFHQWDJH�GHFUHDVH�LQ�DSSDUHQW�YLVFRVLW\�ZDV�REVHUYHG�ZLWK�����DGGLWLRQ�RI�FRDUVH�

SDUWLFOHV��

7KH� SUHVVXUH� GURS� RI VOXUU\� WKURXJK�SLSH� EHQG� DW� KLJK� FRQFHQWUDWLRQV�ZDV� GHWHUPLQHG� XVLQJ�

&)'�WHFKQLTXH��7KH�JHRPHWU\�RI�SLSH�EHQGV�ZDV�YDULHG�E\�PRGLI\LQJ�WKH�5�G�UDWLR������������

7KH�PRGHOLQJ�UHVXOWV�ZHUH�YDOLGDWHG�ZLWK�H[SHULPHQWDO�GDWD��7KH�6WDQGDUG�N�İ�PRGHO� VKRZV�D�

PRVW� DSSURSULDWH� FRPSDULVRQ� ZLWK� H[SHULPHQWDO� UHVXOWV� DQG� KHQFH� XVHG� LQ� WKH� IXUWKHU�

LQYHVWLJDWLRQ�� 7KH� KH[DJRQDOO\� VKDSHG� FRRSHU� W\SH� WKUHH�GLPHQVLRQDO� QRQ�XQLIRUP� JULG� ZDV�

FKRVHQ�WR�GLVFUHWL]H�WKH�HQWLUH�GRPDLQ��7KH�PHVK�ZDV�UHILQHG�DW�WKH�ERXQGDULHV�VR�DV�WR�DFKLHYH�

WKH�\� YDOXH�WR�����7KH�FRQWRXUV�RI�WXUEXOHQFH�LQWHQVLW\��YROXPH�IUDFWLRQ�DQG�IORZ�YHORFLW\�ZHUH�

REWDLQHG� DW� WKH� YDULRXV� ORFDWLRQV� RI� EHQG� JHRPHWU\� WKDW� KDYH� QHYHU� EHHQ� PHDVXUHG�

H[SHULPHQWDOO\�DW�VXFK�KLJKHU�FRQFHQWUDWLRQV��7KH�VROLG�FRQFHQWUDWLRQ�ZDV�YDULHG�LQ�WKH�UDQJH�RI�
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ZDV�RSWLPXP��)URP� WKH� UHVXOWV�� LW�ZDV�REVHUYHG� WKDW� IORZ�YHORFLW\� GUDJJHG� WKH�VROLG�SDUWLFOHV�

IURP�WKH�ERWWRP�RI�WKH�SLSH�DORQJ�WKH�RXWHU�SHULSKHU\�RI�EHQG�ZDOO��
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)LJXUH�������(IIHFW�RI�5�G�UDWLR�RQ�YHORFLW\�FRQWRXUV ����������������������������������������������������������� ��
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7DEOH������9DULRXV�UKHRORJLFDO�PRGHOV�ZLWK�PRGHO�HTXDWLRQV ������������������������������������������������ �

7DEOH������&ODVVLILFDWLRQ�RI�IOXLGV ���������������������������������������������������������������������������������������� ��

7DEOH������9DULRXV�W\SHV�RI�ORVVHV ��������������������������������������������������������������������������������������� ��

7DEOH������3DUWLFOH�VL]H�GLVWULEXWLRQ «««««««««««««««««««««����

7DEOH�������0XOWLSKDVH�IORZ�ZLWK�PXOWLSKDVH�PRGHO «««««««««««««««����
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6\PEROV 'HVFULSWLRQ

&: 6ROLG�FRQFHQWUDWLRQ����E\�ZHLJKW��

G 'LDPHWHU�RI�VROLG�SKDVH

' 3LSH�'LDPHWHU��PP�

J $FFHOHUDWLRQ�GXH�WR�JUDYLW\��P��V�

.E %HQG�ORVV�FRHIILFLHQW

6 6RXUFH�WHUPV

3 3UHVVXUH�IRUFH

4 'LVFKDUJH��P��V�

U 5DGLXV�RI�FXUYDWXUH�

ܴ݁ 5H\QROGV�QXPEHU

ሬܴԦ ,QWHUDFWLRQ�)RUFH

9 9HORFLW\��P�V�

ሬܸԦ 7HUPLQDO��9HORFLW\

: :HLJKW��JUDPV�

*UHHN�OHWWHUV

׋ 6SHFXODULW\�FRHIILFLHQW

ș *UDQXODU�WHPSHUDWXUH

ĳ ,QWHUQDO�IULFWLRQ�DQJOH

Ȝ %XON�YLVFRVLW\

ȝ 6KHDU�YLVFRVLW\

Ĳ 6KHDU�VWUHVV�WHQVRU

ı 3UDQGWO�QXPEHU

$EEUHYLDWLRQV

36' 3DUWLFOH�VL]H�GLVWULEXWLRQ

S+ 3RWHQWLDO�RI�+\GURJHQ

6(0 6FDQQLQJ�(OHFWURQ�0LFURVFRS\
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&KDSWHU���
,1752'8&7,21�
6LQFH�WKH�DQFLHQW�WLPH�RI�FLYLOL]DWLRQ��PLQLQJ�LQGXVWU\�SOD\V�LPSRUWDQW�UROH�LQ�GHYHORSLQJ�WKH�

VRFLDO�� LQGXVWULDO� DQG� HFRQRPLF� GHYHORSPHQW�� 'XH� WR� WKH� UDSLG� JURZWK� LQ� WKH� SRSXODWLRQ��

LPSRUWDQFH� RI� PLQLQJ� LQGXVWU\� LQFUHDVHV� VXGGHQO\� RYHU� WKH� ODVW� FHQWXU\��1RZDGD\V� PLQLQJ�

LQGXVWULHV�FRQWULEXWH�LQ�PDQ\� ILHOGV�VXFK�DV�DJULFXOWXUH��WUDQVSRUWDWLRQ��FRQVWUXFWLRQ��HQHUJ\��

KHDOWK�HWF��:LWK�WKH�LQFUHDVH�LQ�WKH�GHPDQG�RI�PLQHUDOV�GHSOHWLRQ�UDWH�RI�KLJK�JUDGH�PLQHUDOV�

LQFUHDVHG��7KLV�PDGH�WKH�LQGXVWULHV�WR�GHYHORS�ILQHO\�GLVVHPLQDWHG�ORZ�JUDGH�RUH�ERGLHV��

0LQLQJ� LV� FRQVLGHUHG� DV� DQ� HQGHDYRXU� RI� KXPDQNLQG�� $OWKRXJK�� LI� ZH� FRQVLGHU� ILVKLQJ��

OXPEHULQJ�DQG�DJULFXOWXUH�DV�RQH�SDUW��SURFXULQJ�DQG�SURFHVVLQJ�RI�RLO� DQG�JDV�ZLWK�PLQLQJ�

VLPLODUO\�� WKHQ�DJULFXOWXUH�DQG�PLQLQJ�DUH�WKH�SULPDU\�VRXUFH�WR�IXOILO�DOO� WKH�EDVLF�QHHGV�RI�

SDVW�DQG�SUHVHQW�FLYLOL]DWLRQ��)URP�SUHKLVWRULF�WLPH�WR�SUHVHQW��PLQLQJ� LQGXVWU\�SOD\V�FUXFLDO�

UROH� LQ� WKH� DGYDQFHPHQW�RI�KXPDQ� H[LVWHQFH� �0DGLJDQ�������7KH� WHUP�PLQLQJ�KHUH� LV�XVHG�

IRU� WKH� H[WUDFWLRQ� RI� QDWXUDOO\� RFFXUULQJ� PLQHUDO� PDWWHUV� VXFK� DV� VROLGV�� �RUHV� L�H�� LURQ��

DOXPLQLXP�� ]LQF�� FRDO� HWF��� OLTXLGV�� �SHWURFKHPLFDO� SURGXFWV� VXFK� DV� JDVROLQH�� DQG� JDVHV�

�QDWXUDO�JDV�HWF���IURP�WKH�HDUWK¶V�FUXVW�RU�KHDYLO\�ERGLHV�IRU�XWLOLWDULDQ�SXUSRVHV���

7KHUH� DUH�RQO\� �����YDOXDEOH�PLQHUDO� LV� SUHVHQW� LQ�PLQHUDO� RUH��+RZHYHU�� LQ� H[FHSWLRQDOO\�

SUHFLRXV�PLQHUDOV� OLNH� VLOYHU� DQG� JROG�� WKH� SUHVHQFH� RI� IHZ�JUDPV�SHU� WRQ� LV� DOVR� HIILFLHQW��

7KLV�PHDQV�WKDW�D� ODUJH�DPRXQW�RI�VROLG�ZDVWH�LV� OHIW�DIWHU�SURFHVVLQJ�RI�PLQHUDO RUH��6OXUU\�

WUDQVSRUWDWLRQ�LV�WKH�PHWKRG�RI�FRQYH\LQJ�DQG�SURFHVVLQJ�WKH�VROLG�RUH�XVLQJ�SLSHOLQHV��:DWHU�

LV� WKH� PRVW� FRPPRQO\� XVHG� FDUULHU� IOXLG� LQ� VOXUU\� SUHSDUDWLRQ� SURFHVV�� ,Q� UHFHQW� \HDUV�� WKH�

PDLQ�IRFXV�RI�WKH�UHVHDUFKHUV�LV�WR�PDNH�WKH�VOXUU\�WUDQVSRUWDWLRQV�V\VWHP�PRUH�HFRQRPLF�DQG�

HIILFLHQW��%\�������]LQF�ZDV� IRXQG� LQ�PHWDOOLF� IRUP� LQ�,QGLD��)URP���WK WR���WK FHQWXU\�]LQF�

PHWDO�ZDV�XVHG�IRU�PDNLQJ�EUDVV�DQG�]LQF�R[LGH�DUH�XVHG�LQ�PHGLFDO�SXUSRVHV��*HQHUDOO\�]LQF�

RUH� LV�D�PL[WXUH�RI� FRSSHU�� VLOYHU� JROG�� OHDG�DQG�RWKHU�PHWDOV��8VXDOO\�]LQF�RUH�FRQWDLQV���

����]LQF��2UH�FRQWDLQLQJ�KLJKHU�SHUFHQWDJH�RI�KHPDWLWH�DQG�PDJQHWLWH�FDOOHG�QDWXUDO�RUH�DQG�

LW�FDQ�EH�IHG�LQWR�EODVW�IXUQDFH�GLUHFWO\�

0LQHUDO� VOXUULHV� DUH� EURDGO\� FDWHJRULVHG� LQWR� WZR� FDWHJRULHV� QDPHO\� VHWWOLQJ� VOXUULHV� DQG�

VXVSHQGHG� VOXUULHV��7KH� VXVSHQGHG� VOXUULHV�PDLQO\� FRQVLVW� IRU� ILQH� VROLG� SDUWLFOHV�ZLWK� KLJK�

VROLG�FRQFHQWUDWLRQV��$OVR��WKH�UDWH�RI�VHWWOLQJ�RI�ILQH�SDUWLFXODWH�VOXUU\�LV�YHU\�VORZ��+RZHYHU��

WKH� VOXUU\� KDYLQJ� FRDUVH� SDUWLFOH� LV� WHUPHG� DV� VHWWOLQJ� VOXUU\��7KH� UDWH�RI� VHWWOLQJ� RI� FRDUVHU�

SDUWLFOHV�LQ�VROLG�OLTXLG�VOXUU\�LV�PRUH�WKDQ�ILQH�SDUWLFOH�VOXUU\��
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0LQHUDOV�DUH�H[WUDFWHG� IURP� WKH�HDUWK¶V�FUXVW�DQG� IURP�KHDY\� URFNV��%DVLFDOO\��PLQHUDOV�DUH�

IRXQGHG� LQ� WKH� IRUP�RI� GLIIHUHQW� FKHPLFDO� FRPSRXQGV�ZKLFK� LV� FDOOHG� RUH��7DLOLQJV� DUH� WKH�

PDWHULDOV� OHIW� DIWHU� WKH� H[WUDFWLRQ� RI� YDOXDEOH� FRPSRQHQWV� IURP� WKH� RUH�� 0LQH� WDLOLQJV� DUH�

XVXDOO\� SURGXFHG� LQ� VOXUU\� IRUP��ZKLFK� LV� WKH� PL[WXUH� RI�ZDWHU� DQG�PLQHUDO� SDUWLFOHV�� 7KH�

GHSRVLW�ZDV�RULJLQDOO\�DQ�RUH�EHIRUH�H[SHULHQFLQJ�D�PHWDPRUSKLF�HYHQW����ELOOLRQ�\HDUV�DJR��

WKH�KLJK�JUDGH�PHWDPRUSKLF�HYHQW�LV�WKHRUL]HG�WR�RFFXU��7KHUH�DUH�D�IHZ�VXOSKLGHV�DQG�R[LGHV�

SUHVHQW�ZLWKLQ�WKH�RUH��*DKQLWH�DQG�UXWLOH�DUH�WKH�ULFKHVW�VRXUFH�RI�]LQF�RUH��7DLOLQJV�FRQVLVW�RI�

JURXQG�URFN�DQG�SURFHVV�HIIOXHQWV�WKDW�DUH�JHQHUDWHG�LQ�PLQH�SURFHVVLQJ�SODQW��7R�H[WUDFW�WKH�

GHVLUHG�SURGXFW�IURP�WKH�PLQH�RUH�PHFKDQLFDO�DQG�FKHPLFDO�SURFHVV�DUH�XVHG�DQG�WKH�UHVLGXDO�

OHIW� EHKLQG� LV� NQRZQ� DV� WDLOLQJV�� 7KH� H[WUDFWLRQ� SURFHVV� LV� QHYHU� ����� HIILFLHQW�� 7KHQ� WKH�

XQHFRQRPLF�PHWDOV��PLQHUDOV� DQG� SURFHVV�ZDWHU�DUH� GLVFKDUJHG� LQ� WKH� IRUP�RI� VOXUU\� WR� WKH�

VWRUDJH�DUHD�ZKLFK�LV�NQRZQ�DV�7DLOLQJV�VWRUDJH�IDFLOLW\��76)��

��� 75$163257$7,21�2)�0,1(5$/�7$,/,1*

7DLOLQJV� DUH� FRQYH\HG� WR� WKH� VWRUDJH� DUHD� E\� GLIIHUHQW� PRGHV�� *HQHUDOO\�� WDLOLQJV� DUH�

WUDQVSRUWHG� WKURXJK� VOXUU\� SLSHOLQHV�� 0LQHUDO� WDLOLQJ� SURSHUWLHV� DQG� JHRJUDSKLFDO� ORFDWLRQV�

SOD\�DQ�LPSRUWDQW�UROH�LQ�GHFLGLQJ�WKH�WDLOLQJ�GLVSRVDO�V\VWHP��

7KH� SLSHOLQHV� DUH� JHQHUDOO\� XVHG� IRU� VOXUU\� WUDQVSRUWDWLRQ�� &HQWULIXJDO� RU� SRVLWLYH�

GLVSODFHPHQW� SXPSV� DUH� EHLQJ� WR� SURYLGH� GULYLQJ� IRUFH� WR� VOXUU\�� 7KH� JUDYLWDWLRQDO� VOXUU\�

FRQYH\LQJ� V\VWHPV� DUH� EHLQJ� XVHG�ZKHUH� WKH� WDLOLQJ� GLVSRVDO� VLWH� LV� D� ORZHU� HOHYDWLRQ� WKDQ�

SURFHVVLQJ�SODQW��+RZHYHU��WKHUH�LV�D�QHHG�RI�FKRNHV�DQG�GURS�ER[HV�WR�SUHYHQW�ZHDU�DQG�KLJK�

IORZ�UDWHV�LQ�SLSHOLQHV��7KH�RWKHU�PRGH�RI�WUDQVSRUWDWLRQ�LV�ZLWK�WKH�KHOS�RI�FKDQQHO�DV�RSHQ�

FRQFUHWH�ODXQGHU�V\VWHP��,Q�WKLV�V\VWHP�WKH�PLQHUDO� WDLOLQJ� IORZV�XQGHU�WKH�HIIHFW�RI�JUDYLW\�

ZLWK�D�IUHH�VXUIDFH��%XW�WKLV�PHWKRG�LV�QRW�DSSURSULDWH�IRU�KLJKO\�YLVFRXV�WDLOLQJ�VOXUULHV�

����� 1HHG�RI�VOXUU\�SLSHOLQH

x $V� URDG� DQG� UDLO� DUH� H[SHQVLYH� PRGHV� DV� ZHOO� DV� WKHVH� PRGHV� DUH� DOUHDG\� YHU\� PXFK�

EXUGHQHG��+RZHYHU��WKH�URDGV�DQG�UDLO�DUH�DOVR�QRW�FDSDEOH�IRU�WUDQVSRUWLQJ�ILQH�WDLOLQJV��

x ,W� DOVR� FDXVHV� HQYLURQPHQWDO� SROOXWLRQ� DV� LW� FRQWDLQV� VXOSKLGHV�� 7DLOLQJV� FDQ� RQO\ EH�

WUDQVSRUWHG�WKURXJK�VOXUU\�SLSHOLQHV�



ϯ

x 7KH� FRVW� RI� ORJLVWLFV� LV� ������� DSSUR[LPDWHO\� RI� *'3� DJDLQVW� ������ LQ� GHYHORSHG�

ZRUOG�

x $V� WDLOLQJ� FDQQRW� EH� WUDQVSRUWHG� GLUHFWO\�� WKHVH� FDQ� EH� WUDQVSRUWHG� LQ� VOXUU\� IRUP�� 6R��

VOXUU\�SLSHOLQH�LV�RQH�RI�WKH�HFRQRPLFDO�ZD\�RI�WUDQVSRUWDWLRQ�

����� %HQHILWV�RI�WUDQVSRUWDWLRQ�RI�]LQF�WDLOLQJ�WKURXJK�VOXUU\�SLSHOLQH

x ,W� LV� HQYLURQPHQW� IULHQGO\� EHFDXVH� EXON� WUDQVSRUWDWLRQ� RI� ]LQF� WDLOLQJ� WKURXJK� VOXUU\�

SLSHOLQH�GRHV�QRW�FDXVH�DQ\�QRLVH��VPRNH�DQG�DLU�SROOXWLRQ�

x 7KLV� SLSHOLQH� V\VWHP� RI� WUDQVSRUWLQJ� WDLOLQJ� FDQ� EH� XVHG� IRU� VKRUW� DV� ZHOO� DV� IRU� ORQJ�

GLVWDQFHV�

x (QYLURQPHQWDO� FRQGLWLRQV� VXFK� DV� VWRUP� DQG� LQFOHPHQW� LQ� ZHDWKHU� KDV� QR� HIIHFW� RQ�

SLSHOLQH��WDLOLQJ�FDQ�EH�WUDQVSRUWHG�WKURXJKRXW�WKH�\HDU�

x 7UDQVSRUWDWLRQ�RI�XOWUDILQH�WDLOLQJV�UHTXLUHV�VSHFLDO�ZDJRQV��ZKLFK�FDQ�EH�HDVLO\�DYRLGHG�

E\�VOXUU\�WUDQVSRUWDWLRQ�PRGH�

x 'XH� WR� LWV�HDV\�FRQVWUXFWLRQ�� ORZ�RSHUDWLRQDO�DQG�PDLQWHQDQFH�FRVW�PDNH� LW�YHU\�PXFK�

HIIHFWLYH�DV�FRPSDUH�WR�WKH�RWKHU�PRGH�RI�WUDQVSRUW�

��� '(6,*1� 3$5$0(7(56� )25� 7+(� 237,0$/� 6/855<�

&219(<,1*�6<67(0

7KH� HIILFLHQF\� DQG� HFRQRP\�RI� VOXUU\� FRQYH\LQJ� V\VWHP� LV� VLWH�VHQVLWLYH�� ,W� LV� YHU\� KDUG� WR�

PDNH�JHQHUDOL]DWLRQV�IRU�VOXUU\�SLSHOLQH�V\VWHP�HFRQRPLFV��+RZHYHU��WKH�PDLQ�SDUDPHWHU�IRU�

FRPSDULQJ�WKH�VOXUU\�WUDQVSRUW�V\VWHP�ZLWK�FRQYHQWLRQDO�PRGHV�RI�WUDQVSRUW�LV�WKH�OHQJWK��7KH�

SLSHOLQHV� RIWHQ� KDYH� D� VKRUWHU� URXWH� DV� FRPSDUHG� WR� URDG� DQG� WUDFN� URXWHV�� $OVR�� WKH�

LQVWDOODWLRQ�RI�SLSHOLQHV�LV�TXLWH�HDVLHU�WKDQ�D�VHYHUH�FRQVWUXFWLRQ�RI�URDG�DQG�UDLOZD\�WUDFNV�

6OXUU\� SLSHOLQHV� DUH� RIWHQ� ODLG� LQ� GLIILFXOW� DQG� UHPRWH� JHRJUDSKLF� DUHDV�� ,Q�PRXQWDLQV�� LW� LV�

YHU\�HDV\�WR�LQVWDOO�WKH�SLSHOLQH�D�QXPEHU�RI�NLORPHWHUV�LQ�D�GD\�E\�FRQYHQWLRQDO�FRQVWUXFWLRQ�

WHFKQLTXHV�� ,W� LV�TXLWH� VLPSOH�DQG�HDV\� WR�PDLQWDLQ� WKH� VOXUU\� WUDQVSRUWDWLRQ�V\VWHP�EHFDXVH�

WKH�SLSHOLQH�LV�EXULHG�DQG�SXPSLQJ�VWDWLRQV�DUH�IDU�DSDUW��7KH�VOXUU\�SLSHOLQH�V\VWHP�EHFRPHV�

PRUH�FRPSHWLWLYH�DQG�VLJQLILFDQW�DPRQJ�FRQYHQWLRQDO�WUDQVSRUW�PRGHV�EHFDXVH�WKH\�DUH�DEOH�

WR�PRYH�PRUH�WKDQ�PLOOLRQ�WRQV�RI�VROLG�SURGXFWV�SHU�\HDU��6OXUU\�SLSHOLQHV�DUH�RIWHQ� ODLG� LQ�

GLIILFXOW� DQG� UHPRWH�JHRJUDSKLF�DUHDV�� ,Q�PRXQWDLQV�� LW� LV� YHU\� HDV\� WR� LQVWDOO� WKH�SLSHOLQH�D�

QXPEHU�RI�NLORPHWHUV�LQ�D�GD\�E\�FRQYHQWLRQDO�FRQVWUXFWLRQ�WHFKQLTXHV�
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6HOHFWLRQ�RI�FDUULHU�IOXLG

5KHRORJLFDO�FKDUDFWHULVWLFV�RI�VOXUU\

'HVLUHG�VROLG�FRQFHQWUDWLRQ�

6OXUU\�FKDUDFWHUL]DWLRQ�

'HSRVLWLRQ��&ULWLFDO��6HWWOLQJ�YHORFLW\

5HTXLUHG�SXPSLQJ�SRZHU

3LSH�GLDPHWHU�DQG�IORZ�YHORFLW\

3DUWLFOH�VL]H�GLVWULEXWLRQ

6OXUU\�S+

6SHFLILF�JUDYLW\

6WDWLF�VHWWOHG

3DUWLFOH�VKDSH

+\GUDXOLF�
3DUDPHWHUV

3LSHOLQH�OLIH�SHULRG

6OXUU\�FRUURVLYLW\�

3LSH�ZHDU�UDWH

3LSH�WKLFNQHVV�DOORZDQFH�IRU�HURVLRQ

&RUURVLRQ�
(URVLRQ�

3DUDPHWHUV

3LSHOLQH�VORSH

6WDUWLQJ��VKXW�GRZQ�FRQGLWLRQV2SHUDELOLW\

6OXUU\�DEUDVLYLW\�

3LSHOLQH�URXWH��OHQJWK��RSHUDELOLW\

$EUDVLYLW\

)LJXUH������3URFHVV�GHVLJQ�SDUDPHWHU�RI�D�W\SLFDO�VOXUU\�WUDQVSRUWDWLRQ�V\VWHP



ϱ

7\SH�RI�SXPS

1XPEHU�RI�SXPSLQJ�XQLWV

7\SH�RI�SXPS�GULYLQJ�XQLW

6HOHFWLRQ�RI�VSHHG�FRQWURO�GHYLFH

0DWHULDO�RI�SLSHOLQH

7KLFNQHVV�RI�SLSHOLQH

&RDWLQJV�WR�SUHYHQW�FRUURVLRQ

$ERYH�JURXQG�RU�EXULHG�SLSHOLQH

6WRUDJH�FDSDFLW\

7\SH�RI�VWRUDJH�L�H��WDQN�RU�SRQG

5HPRWH�RU�PDQXDO�VXSHUYLVLRQ

$XWRPDWLF�RU�PDQXDO�FRQWURO

,QWHUPHGLDWH�SXPSLQJ�XQLWV

3LSHOLQH

6WRUDJH

&RQWURO�	�DXWRPDWLRQ

0(&+$1,&$/
'(6,*1
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)LJXUH�������0HFKDQLFDO�GHVLJQ�SDUDPHWHUV�IRU�D�W\SLFDO�VOXUU\�WUDQVSRUWDWLRQ�V\VWHP



ϲ

6OXUU\� SLSHOLQHV� DUH� RIWHQ� ODLG� LQ� GLIILFXOW� DQG� UHPRWH� JHRJUDSKLF� DUHDV�� ,Q�PRXQWDLQV�� LW� LV�

YHU\�HDV\�WR�LQVWDOO�WKH�SLSHOLQH�D�QXPEHU�RI�NLORPHWHUV�LQ�D�GD\�E\�FRQYHQWLRQDO�FRQVWUXFWLRQ�

WHFKQLTXHV�� ,W� LV�TXLWH� VLPSOH�DQG�HDV\� WR�PDLQWDLQ� WKH� VOXUU\� WUDQVSRUWDWLRQ�V\VWHP�EHFDXVH�

WKH�SLSHOLQH�LV�EXULHG�DQG�SXPSLQJ�VWDWLRQV�DUH�IDU�DSDUW��7KH�VOXUU\�SLSHOLQH�V\VWHP�EHFRPHV�

PRUH�FRPSHWLWLYH�DQG�VLJQLILFDQW�DPRQJ�FRQYHQWLRQDO�WUDQVSRUW�PRGHV�EHFDXVH�WKH\�DUH�DEOH�

WR� PRYH� PRUH� WKDQ� PLOOLRQ� WRQV� RI� VROLG� SURGXFWV� SHU� \HDU�� 7KH� GHVLJQLQJ� RI� VOXUU\�

WUDQVSRUWDWLRQ�V\VWHPV� LV�FDWHJRUL]HG� LQWR�WZR�GHVLJQ�SDUDPHWHU�QDPHO\�SURFHVV�GHVLJQ�DQG�

PHFKDQLFDO� GHVLJQ�� 7KH� SURFHVV� GHVLJQ� SDUDPHWHU� LV� IXUWKHU� GLVFUHWL]HG� LQWR� RSHUDELOLW\��

DEUDVLYLW\��HURVLRQ�FRUURVLRQ��DQG�K\GUDXOLF�GHVLJQ�DV�VKRZQ�LQ�)LJXUH������2Q�WKH�RWKHU�KDQG��

WKH� PHFKDQLFDO� GHVLJQ� SDUDPHWHU� LV� FODVVLILHG� LQWR� FRQWURO�DXWRPDWLRQ�� SLSHOLQH� GHVLJQ��

VWRUDJH�� DQG� SXPSLQJ� VWDWLRQV�� 7KH� GHWDLOHG� RYHUYLHZ� RI� PHFKDQLFDO� GHVLJQ� SDUDPHWHUV� LV�

LOOXVWUDWHG�LQ�)LJXUH������

7KH� IORZ�FKDUDFWHULVWLFV� RI� DOO� W\SH� RI�PLQHUDOV� DQG� VROLG�ZDVWH� VOXUULHV� DUH� QRW� SRVVLEOH� WR�

SUHGLFW� IURP� DYDLODEOH� FRUUHODWLRQV�� 7KHUHIRUH�� WKH� GHVLJQLQJ� RI� D� VOXUU\� SLSHOLQH� LV� PDLQO\�

EDVHG�RQ�WKH�H[SHULPHQWDO�GDWD�SURFXUHG�IURP�SLORW�SODQW�WHVW�ORRSV�DQG�RWKHU�ODE�VFDOH�WHVWLQJ�

UHVXOWV��,Q�WKH�SUHVHQW�VFHQDULR��WKH�PLQHUDOV�DQG�VROLG�ZDVWHV�OLNH�FRDO��LURQ�RUH��]LQF�WDLOLQJ��

OHDG�RUH��FRDO�DVK�HWF��DUH�WUDQVSRUWHG�DW�YHU\�OHDQ�VROLG�FRQFHQWUDWLRQV�RI��������E\�ZHLJKW���

7KHVH� DWWHPSWV� DUH� UHVXOWHG� LQ� FRQVXPSWLRQ� RI� ODUJH� TXDQWLW\� RI� FDUULHU� IOXLG� DQG� HQHUJ\��

+HQFH�� WKH� ZKROH� V\VWHP� EHFRPHV� LQHIILFLHQW� DV� ZHOO� DV� XQHFRQRPLF�� 7KH� WHFKQRORJ\� RI�

QXPHULFDO� VLPXODWLRQ�DOVR�SURYLGHV�JUHDW�KHOS� LQ� GHVLJQLQJ� WKH�VOXUU\� WUDQVSRUWDWLRQ�V\VWHP��

7KH�IORZ�FKDUDFWHULVWLFV�RI�GLIIHUHQW�VOXUULHV�KDYH�EHHQ�VWXGLHG�E\�PDQ\�UHVHDUFKHUV��/LQ�DQG�

(EDGLDQ��������%DODNLQ�HW�DO��������*RSDOD�HW�DO��������&VL]PDGLD�DQG�+RV��������ZLWK�WKH�

KHOS�RI�FRPSXWDWLRQDO�IOXLG�G\QDPLFV��&)'��FRGH��7KH�SRVW�SURFHVVLQJ��SDUW�RI�&)'�KHOSV�WR�

PDNH� WKH� YLUWXDO� PRYLH� RI� DOO� WKH� GHVLJQLQJ� SDUDPHWHUV� KHOSIXO� IRU� WKH� GHVLJQ� RI� HIILFLHQW

VOXUU\�WUDQVSRUWDWLRQ�V\VWHP�

��� 6725$*(�0(7+2'6

7KH� PLQHUDO� WDLOLQJV� ZHUH� GLVSRVHG� LQ� GRZQ�VWUHDP� IORZLQJ� ZDWHU�� %XW� WKLV� PHWKRG� KDV�

FHUWDLQ�GUDZEDFNV�OLNH�GHSRVLWLRQ�RI�VROLG�SDUWLFOHV�IURP�VOXUU\��7KXV�WKH�XVH�RI�WDLOLQJ�GDPV�

LV�FRPH�LQWR�SOD\�



ϳ

����� 7DLOLQJV�GDPV�DQG�SRQGV

7DLOLQJV� LQ� WKH� VOXUU\� IRUP� DUH� GLUHFWO\� WUDQVSRUWHG� WR� WKH� SRQGV� WKURXJK� VOXUU\� SLSHOLQH�

V\VWHP�� 7KH� VROLG� RU� UHIXVHG� ZDVWH� OHIW� DIWHU� WKH� SURFHVVLQJ� RI� WKH� PLQHUDO� RUH� LV� SXPSHG�

WKURXJK�SLSHOLQHV�WR�WDLOLQJ�SRQG�ZKHUH�GHSRVLWLRQ�RI�PLQHUDO�WDLOLQJ�WDNHV�SODFH��7KHVH�SRQGV�

DUH� QRUPDOO\� FRQILVFDWHG�ZLWK� D� GDP��ZKLFK� LV� FDOOHG� WDLOLQJ� GDPV��7KH�PDLQ� DGYDQWDJH� RI�

WKLV�VWRUDJH�V\VWHP�LV�WKDW�LW�SUHYHQWV�ORVV�RI�ILQH�WDLOLQJV�E\�KHDY\�ZLQGV��7KHVH�ILQH�WDLOLQJV�

FRQWDLQ�WR[LF�KHDY\�PHWDOV�WKDW�FDXVH�QHJDWLYH�HIIHFW�RQ�KXPDQ�KHDOWK��

����� 3DVWH�WDLOLQJV

3DVWH�WDLOLQJV�GLVSRVDO�WHFKQLTXH�LV�PRGLILFDWLRQ�RI�WDLOLQJV�GDP�SRQG�V\VWHP��,Q�SRQG�VWRUDJH�

WHFKQLTXH� KXJH� DPRXQW� RI� ZDWHU� LV� XVHG� DV� FRPSDUHG� WR� VROLG�� � 'XULQJ� GHSRVLWLRQ�

SKHQRPHQRQ�WKH�VROLG�SKDVH�VHWWOHV�GRZQ�IURP�ZDWHU�DQG�VHHSDJH�RI�ZDWHU�RFFXUV��+RZHYHU��

WKH� SHUFHQWDJH�RI� VROLG� SKDVH� LQ�ZDWHU� LV� LQFUHDVHG� LQ� SDVWH� WDLOLQJ� WHFKQLTXH��7KLV� OHDGV� WR�

GHFUHDVH� LQ� FRQVXPSWLRQ� RI� ZDWHU� DQG� WKH� SURFHVV� RI� VWRUDJH� EHFRPHV� PRUH� HIILFLHQW� DQG�

HFRQRPLF�

����� 'U\�VWDFNLQJ

'U\�VWDFNLQJ�DOVR�JHQHUDOO\�WHUPHG�DV�ILOWHUHG�WDLOLQJV��,Q�WKLV�WHFKQLTXH�D�GU\�FDNH�RI�WDLOLQJ�

LV� SURGXFHG� E\� KLJK� GHJUHH� GHZDWHULQJ� RI� WDLOLQJ�ZDWHU� VOXUU\�� 7KLV� W\SH� RI� WDLOLQJ� LV� QRW�

FRQYH\HG� WKURXJK� SLSHOLQH� EHFDXVH� RI� YHU\� ORZ� PRLVWXUH� FRQWHQW�� 7KHUHIRUH�� WKH� ZDVWH� LV�

PRVWO\� WUDQVSRUWHG� WKURXJK�EHOW� FRQYH\LQJ��ZDJRQV� RU� WUXFNV��$� VWDEOH� GHSRVLW�ZLWKRXW� DQ\�

VWRUDJH� LQIUDVWUXFWXUH� LV� SURGXFHG� LQ� WKLV� W\SH� RI� PLQHUDO� WDLOLQJV� VWRUDJH� V\VWHP�� 7KH� ORZ�

PRLVWXUH�FRQWHQW�RI�OHVV�WKDQ�����LV�PDLQO\�DFKLHYHG�E\�XVLQJ�GUXP��VWDFN�SODWHV�DQG�YDFXXP�

ILOWHUV� �0DUWLQ� DQG� 'DYLHV� ������� 7KLV� W\SH� RI� WDLOLQJ� VWRUDJH� WHFKQLTXH� UHTXLUHV� YHU\� ORZ�

TXDQWLW\�RI�ZDWHU��7KXV�GU\�VWDFNLQJ�LV�PRUH�XVHIXO�LQ�GU\�DUHDV�ZKHUH�FRQVHUYDWLRQ�RI�ZDWHU�

LV�PRUH�FULWLFDO�

��� 0,1(5$/�87,/,=$7,21

$IWHU� ,URQ��DOXPLQLXP�DQG�FRSSHU��]LQF� LV��WK�PRVW�FRQVXPHG�PHWDO� LQ�ZRUOG��=LQF� LV�PRVW�

FRPPRQO\�XVHG�DV�DQ�DQWLFRUURVLYH�DJHQW��1HDUO\�����RI�]LQF�SURGXFWLRQ�LV�FRQVXPHG�LQ�]LQF�

JDOYDQL]LQJ�� 7KH� SURFHVV� RI� FRYHULQJ� WKH� LURQ�VWHHO� PDWHULDOV�ZLWK� GLIIHUHQW� OD\HUV� VR� DV� WR�

VDYH�WKHP�IURP�UXVWLQJ�LV�NQRZQ�DV�JDOYDQL]LQJ�



ϴ

$QRWKHU�XWLOL]DWLRQ�RI�]LQF�LV�DV�DOOR\��WKH�]LQF�LV�FRQVROLGDWHG�ZLWK�FRSSHU�DQG�ZLWK�GLIIHUHQW�

PHWDOV� WR� VKDSH� PDWHULDOV� WKDW� DUH� XWLOL]HG� DV� D� SDUW� RI� DXWRPRELOH�� HOHFWULFDO� SDUWV�� DQG�

KRXVHKROG� DSSDUDWXVHV��$� WKLUG�PDMRU� XWLOL]DWLRQ� RI� ]LQF� LV� LQ� WKH� JHQHUDWLRQ� RI� ]LQF� R[LGH��

ZKLFK�LV�XWLOL]HG�DV�D�SDUW�RI�HODVWLF�DVVHPEOLQJ�DQG�DV�D�SURWHFWLYH�VNLQ�RLQWPHQW�

��� 5+(2/2*<

)OXLG� LV� D� VXEVWDQFH� ZKLFK� XQGHUJRHV� LQILQLWH� GHIRUPDWLRQ� ZKHQ� IRUFH� LV� DSSOLHG� RQ� LW��

5KHRORJ\�GHILQHG�DV�WKH�VWXG\�RI�PRYHPHQW�RI�PDWWHU��JHQHUDOO\�LQ�DTXHRXV�VWDWH��RU�DV�µVRIW�

VROLG¶�L�H��VROLG�WKDW�XQGHUJRHV�SODVWLF�IORZ�XQGHU�WKH�LQIOXHQFH�RI�UHDOLVWLF�IRUFH�DQG�UHPDLQHG�

GHIRUPHG�XQGHU�FHUWDLQ�FRQGLWLRQ��0RUULVRQ��������$QWRQ\�1��%HULV���������,Q�RWKHU�ZRUGV��LW�

LV�GHILQHG�DV�VWXG\�RI�IOXLG�EHKDYLRXU�XQGHU�WKH�LQIOXHQFH�RI�DSSOLHG�IRUFH���+RZHYHU��RQ�IOXLG�

RQO\� QRUPDO� FRPSUHVVLEOH� DQG� VKHDU� VWUHVV� FDQ� EH� DSSOLHG� ZKHUHDV� LQ� UKHRORJ\� JHQHUDOO\�

VWXG\�RI�IOXLG�EHKDYLRXU�LV�GRQH�XQGHU�WKH�LQIOXHQFH�RI�DSSOLHG�VKHDU�VWUHVV��8VXDOO\�WZR�SODWH�

PRGHO� LV�XVHG�WR�VWXG\�WKH�EHKDYLRXU�RI� IOXLG��7KH�VFKHPDWLF�GLDJUDP�RI�WZR�SODWH�PRGHO� LV�

VKRZQ�LQ�)LJXUH�����

)LJXUH������3DUDOOHO�SODWH�PRGHO�RI�GHIRUPDWLRQ�RI�IOXLG�XQGHU�DQ�DSSOLHG�IRUFH

)ORZ� LV� GHILQHG� DV� FRQWLQXRXV� LUUHYHUVLEOH� GHIRUPDWLRQ� GXH� WR� LQWHUQDO� DQG� H[WHUQDO� IULFWLRQ�

RIIHUHG� WR� WKH� IORZLQJ� PDWWHU�� 7KH� SURSHUW\� RI� PDWWHU� WKDW� RIIHUV� UHVLVWDQFH� WR� IORZ� LQ� D�

SDUWLFXODU�GLUHFWLRQ�GXH�WR�LQWHUPROHFXODU�LQWHUDFWLRQ�LV�NQRZQ�DV�YLVFRVLW\��8QGHU�WKH�LPSDFW�

RI� DSSOLHG� VKHDU� ORDG�� HDFK� OD\HU� RI� IOXLG� ZRXOG� PRYHV� ZLWK� GLIIHUHQW� YHORFLW\� GHSHQGLQJ�

GLVWDQFH� IURP� WKH� SODQH� RI� DSSOLHG� IRUFH�� 6KHDU� VWUDLQ� � � LV� DOVR� NQRZQ� DV� YHORFLW\� JUDGLHQW�

ZKLFK�LV�SHUSHQGLFXODU�WR�WKH�SODQH�RI�DSSOLHG�VWUHVV��$FFRUGLQJ�WR�WKH�1HZWRQ¶V�ODZ��.LVVD��

�������

6WDWLRQDU\�3ODWH

0RYLQJ�3ODWH



ϵ

PJPW   
G\

GX

�����

7KH� IOXLG�ZKLFK�REH\V� WKH�1HZWRQ¶V� ODZ�RI� YLVFRVLW\� LV�NQRZQ�DV�1HZWRQLDQ� IOXLGV�KDYLQJ�

FRQVWDQW� YLVFRVLW\� ����� +RZHYHU� LQ� QRQ�1HZWRQLDQ� IOXLGV�� YLVFRVLW\� RI� IOXLG� LV� IXQFWLRQ� RI�

IORZ�SDUDPHWHUV��7KH� VORSH�RI� SORW� EHWZHHQ� VKHDU� VWUHVV� DQG� VKHDU� UDWH� LQGLFDWH� WKH� W\SH� RI�

IOXLG�� $V� LQ� FDVH� RI� 1HZWRQLDQ� IOXLG�� WKH� VORSH� RI� WKH� JUDSK� LV� VWUDLJKW� OLQH� ZKHUHDV� QRQ�

1HZWRQLDQ�IOXLG�LV�IXUWKHU�FDWHJRUL]HG�EDVHG�XSRQ�WKH�VKDSH�RI�WKH�FXUYH�UHIOHFWV�WKH�FDWHJRU\�

RI� WKH�IORZ��7KH�VKDSHV�RI�VORSH�IRU�GLIIHUHQW�W\SHV�QRQ�1HZWRQLDQ�IOXLG� LV�VKRZQ� LQ�)LJXUH�

����

)LJXUH������5KHRJUDPV�RI�GLIIHUHQW�IOXLG�PRGHOV

7DEOH������9DULRXV�UKHRORJLFDO�PRGHOV�ZLWK�PRGHO�HTXDWLRQV

7\SH�RI�QRQ�1HZWRQLDQ�IOXLG 0RGHO�HTXDWLRQ 1R��RI�SDUDPHWHUV�UHODWLQJ�

VKHDU�VWUHVV�DQG�VKHDU�UDWH�

%LQJKDP�/DZ PJWW � \
7ZR�SDUDPHWHU

3RZHU�/DZ QNJW  7ZR�SDUDPHWHU

+(56&+(/��%XONOH\ Q
\ PJWW � 7KUHH�SDUDPHWHU

&DVVRQ ��������� ��PJWW � \
7KUHH�SDUDPHWHU
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7DEOH������&ODVVLILFDWLRQ�RI�IOXLGV

EĞǁƚŽŶŝĂŶ�ĨůƵŝĚƐ

߬ ൌ ߤ
ݑ݀

ݕ݀

EŽŶͲEĞǁƚŽŶŝĂŶ�ĨůƵŝĚƐ

߬ ് ߤ
ݑ݀

ݕ݀

sŝƐĐŽƵƐ�ĨůƵŝĚƐ
sŝƐĐŽͲĞůĂƐƚŝĐ�ĨůƵŝĚƐdŝŵĞ�ĚĞƉĞŶĚĞŶƚ dŝŵĞ�ŝŶĚĞƉĞŶĚĞŶƚ

x )OXLGV� WKDW� REH\�
1HZWRQ� ODZ� RI�
YLVFRVLW\� DUH�
1HZWRQLDQ�IOXLGV�

x :DWHU� DQG� DLU�
EHKDYHV� OLNH�
1HZWRQLDQ�IOXLGV�

dŚŝǆŽƚƌŽƉŝĐ�ĨůƵŝĚƐ

߬ ൌ ߤ ൬
ݑ݀

ݕ݀
൰
௡

൅ ݂ሺݐሻ

x )RU�WKL[RWURSLF�IOXLGV�Q���
x 9LVFRVLW\�GHFUHDVHV�ZLWK�WLPH�
x ([DPSOHV��(QDPHOV�DQG�LQNV�

WƐĞƵĚŽͲƉůĂƐƚŝĐ�ĨůƵŝĚƐ

߬ ൌ ߤ ൬
ݑ݀

ݕ݀
൰
௡

x )RU�SVHXGR�SODVWLF�IOXLGV�Q���
x 9LVFRVLW\�GHFUHDVHV�ZLWK�VKHDU�UDWH�
x ([DPSOHV��3RO\PHU�VROXWLRQ��EORRG�HWF�

x )OXLGV�WKDW�UHVLVW�WKH�DSSOLHG�
IRUFH� E\� YLVFRXV� DQG� HODVWLF�
HIIHFW� DUH� NQRZQ� DV� YLVFR�
HODVWLF�IOXLGV�

߬ ൌ ߤ
ݑ݀

ݕ݀
൅ ܧߙ

:KHUH�(�LV�HODVWLFLW\�PRGXOXV�

x 7KH� H[DPSOH� RI� YLVFR�
HODVWLF� IOXLGV� LV� SRO\PHUL]HG�
IOXLGV�

ZŚĞŽƉĞĐƚŝĐ�ĨůƵŝĚƐ

߬ ൌ ߤ ൬
ݑ݀

ݕ݀
൰
௡

൅ ݂ሺݐሻ

x )RU�WKL[RWURSLF�IOXLGV�Q!��
x 9LVFRVLW\�LQFUHDVHV�ZLWK�WLPH�
x ([DPSOHV�*\SVXP�ZDWHU�VOXUU\�

�ŝůĂƚĂŶƚ�ĨůƵŝĚƐ

߬ ൌ ߤ ൬
ݑ݀

ݕ݀
൰
௡

x )RU�GLODWDQW�IOXLGV�Q!��
x 9LVFRVLW\�LQFUHDVHV�ZLWK�VKHDU�UDWH�
x ([DPSOHV��EXWWHU��VXJDU�V\UXS�HWF�

�ŝŶŐŚĂŵ�ƉůĂƐƚŝĐ�ĨůƵŝĚƐ

߬ ൌ ߬଴ ൅ ߤ
ݑ݀

ݕ݀
x ([DPSOHV��WRRWK�SDVWH��PXG�VOXUU\�HWF�



ϭϭ

����� 'LIIHUHQW�UKHRORJLFDO�PRGHOV

5KHRORJ\�GHVFULEHV�WKH�WUHQGV�RI�QRQ�1HZWRQLDQ�IOXLG�E\�GHWHUPLQLQJ�WKH�SDUDPHWHUV�UHTXLUHG�

WR� GHYHORS� UHODWLRQVKLS� DPRQJ� WKH� GHIRUPDWLRQ� UDWH� DQG� VKHDU� VWUHVV�� 7KH� VKDSH� RI� FXUYH�

UHIOHFWV� WKH� FDWHJRU\� RI� WKH� IORZ�� ,Q�RUGHU� WR� GHWHUPLQH� WKH� YDULRXV� SDUDPHWHUV�� WKH� GLIIHUHQW�

UKHRORJLFDO�PRGHOV�DUH�XVHG��7KH�PDMRUO\�XVHG�UKHRORJLFDO�PRGHOV�DUH�OLVWHG�LQ�7DEOH����� 7ZR�

SDUDPHWHU�UKHRORJLFDO�PRGHOV�DUH�ZLGHO\�XVHG�WR�VWXG\�WKH�IOXLG�IORZ�EHKDYLRXU��$V�%LQJKDP�

PRGHO�LV�XVHG�WR�VWXG\�WKH�IORZ�EHKDYLRXU�RI�SHWUROHXP�GULOOLQJ�IOXLG�DQG�PDQ\�GLIIHUHQW�W\SH�

PXGV�ZKHUHDV�3RZHU�ODZ�LV�XVHG�VWXG\�WKH�UKHRORJ\�RI�VRIW�VROLG�VXFK�DV�FRDO�DQG�DVK�VOXUU\��

&DVVRQ�PRGHO� LV�XVHG� IRU�YLVFR�SODVWLF�IOXLGV�ZKLFK�KDYH�ZLGH�DSSOLFDWLRQ�WR�PRGHO� WKH�IORZ�

RI�EORRG��6LPLODUO\��+HUVFKHO�%XONOH\� LV�XVHG�WR�VWXG\�WKH�UKHRORJ\�RI�VOXUU\� IRUPHG�E\�KDUG�

VROLGV� VXFK� DV� LURQ�RUH� EXW� DOO� RI� DERYH�PHQWLRQHG� PRGHOV� KDYH� EHHQ� IRXQG� D� JRRG�

DSSUR[LPDWLRQ�IRU�RWKHU�ILHOGV�OLNH�UKHRORJ\�RI�IRRG�SURGXFW�DQG�SRO\PHU�HWF�

����� ,PSRUWDQFH�RI�5KHRORJ\

x 5KHRORJ\�KHOSV�WR�HVWLPDWH�DERXW�PL[DELOLW\�DQG�SXPSDELOLW\�RI�WKH�VOXUU\�ZKLFK�KHOSV�LQ�

GHVLJQLQJ�RI�LURQ�RUH�VOXUU\�WUDQVSRUWDWLRQ�V\VWHP�

x 5KHRORJ\�DOVR�KHOSV�HYDOXDWH�WKH�IULFWLRQDO�SUHVVXUH�GURS�ZKHQ�VOXUU\�IORZV�LQ�SLSHV�

x 5KHRORJ\� HYDOXDWHV� WKH� DELOLW\� RI� VOXUU\� WR� WUDQVSRUW� WKH� ILQH� DQG� ODUJH� SDUWLFOHV�� ,W� DOVR�

VWXGLHV�WKH�HIIHFW�RI�VXUURXQGLQJ�WHPSHUDWXUH�RQ�WKH�IORZ�EHKDYLRXU�RI�VXVSHQVLRQ�RI�LURQ�

x 5KHRORJLFDO�GDWD�LV�DOVR�YHU\�LPSRUWDQW�WR�ILQG�UHODWLRQVKLS�EHWZHHQ�WKH�SXPS�DQG�IORZ�LQ�

SLSHOLQHV��,W�DOVR�KHOSV�XV� LQ� VHOHFWLQJ�SXPS�RI�HQRXJK�SRZHU�VR�DV�WR�WUDQVSRUW�VOXUU\�WR�

WKH�GLVWDQFH��

x 5KHRORJLFDO�GDWD�LV�SULPDU\�UDZ�GDWD�ZKLFK� LV�UHTXLUHG� IRU� WKH�FRPSXWDWLRQDO�DQDO\VLV�RI�

VOXUU\�IORZ�

��� 35(6685(�'523

)RU�GHVLJQLQJ�RI�VOXUU\� WUDQVSRUWDWLRQ�V\VWHP�� LW� LV�QHFHVVDU\�WR�ILQG�RXW�WKH�SUHVVXUH�GURS�LQ�

SLSH�IORZ��,Q�SDVW�\HDUV�PDQ\�UHVHDUFKHUV�SHUIRUPHG�H[SHULPHQWV�WR�REWDLQ�FRUUHODWLRQV�IRU�WKH�

SUHGLFWLRQ� RI� KHDG� ORVV� LQ� SLSH� OLQH�� 7KH� FRUUHODWLRQ� GHYHORSHG� GHSHQGV� RQ� WKH� UKHRORJLFDO�

QDWXUH�RI�VOXUU\�DQG�H[SHULPHQWDO�GDWD�RI�SUHVVXUH�XVLQJ�SLORW�WHVW�ORRSV��%XW�WKHVH�FRUUHODWLRQV�

DUH�DSSOLFDEOH�RI�FHUWDLQ�VL]H�UDQJHV�ZLWK�ORZ�VROLG�FRQFHQWUDWLRQV��7KHUHIRUH��LW�LV�EHQHILFLDO�WR�

VWXG\� WKH� IORZ� FKDUDFWHULVWLFV�ZLWK� WKH� FRPSXWDWLRQDO� VFKHPH� UHVXOWLQJ� ORZHULQJ� WKH� FDSLWDO�

FRVW�DQG�WLPH�IRU�VWXG\�



ϭϮ

����� /RVVHV�LQ�SLSHOLQH�

7KH� ORVVHV� LQ�WKH�SLSHOLQHV�DUH�PDLQO\�RFFXUV�GXH�IULFWLRQDO� ORVV�DQG�SLSH� ILWWLQJV��7KHVH� ORVV�

DUH�QDPHG�DV�PDMRU�DQG�PLQRU�ORVVHV�

0DMRU�ORVVHV�

7KH� ORVVHV� RFFXU� LQVLGH� WKH� SLSHOLQH� GXH� WR� IULFWLRQ� DUH� WHUPHG� DV� PDMRU� ORVVHV�� 7KH� PDMRU�

ORVVHV�LQ�SLSHV�DUH�IXQFWLRQ�RI�SLSH�OHQJWK��IORZ�YHORFLW\��GLDPHWHU�RI�SLSH�DQG�IULFWLRQ�IDFWRU��

7KH� IULFWLRQ� IDFWRU� LV� EDVHG� RQ� WKH� W\SH� RI� IORZ� LQVLGH� SLSHOLQH� L�H�� ODPLQDU� RU� WXUEXOHQW� DQG�

DYHUDJH� URXJKQHVV� RI� SLSH� PDWHULDO�� 7KH�PRVW� FRPPRQ�PDWKHPDWLFDO� HTXDWLRQ� XVHG� IRU� WKH�

FDOFXODWLRQ�RI�PDMRU�KHDG�ORVV�LQ�SLSHOLQHV�LV�'DUF\�:HLVEDFK�HTXDWLRQ�DV�ZULWWHQ�EHORZ�

݄௙ ൌ
௙௟௏మ

ଶ௚஽
;ϭ͘ϮͿ

:KHUH�� KI�  IULFWLRQDO� KHDG� ORVV�� I � IULFWLRQ� IDFWRU�� / OHQJWK�� 9 YHORFLW\�� J � JUDYLW\��

' GLDPHWHU�

)LJXUH������9DULRXV�SLSH�ILWWLQJV�LQ�SLSHOLQH�V\VWHP



ϭϯ

0LQRU�ORVVHV�

7KH�SLSHOLQH�FLUFXLW�FRQVLVWV�RI�FRQVLGHUDEO\�PRUH�QXPEHU�RI�ILWWLQJV�UDWKHU�WKDQ�VWUDLJKW�SLSH��

)LJXUH� ���� VKRZV� WKH� VRPH� FRPPRQ� ILWWLQJV� XVHG� LQ� SLSHOLQH� V\VWHP�� 7KHVH� DGGLWLRQDO� SLSH�

ILWWLQJV� LQ�SLSHOLQH�V\VWHP�DGG�WR�RYHUDOO�SUHVVXUH�GURS�LQ�WKH�ZKROH� V\VWHP��7KH� ORVV�RFFXUV�

GXH�WR�SLSH�ILWWLQJ�LV�NQRZQ�DV�PLQRU�ORVVHV��,Q�ORQJ�SLSHOLQHV�RU�VOXUU\�FRQYH\LQJ�V\VWHPV�WKH�

ORVVHV�RFFXUV�GXH�WR�IULFWLRQ�L�H��PDMRU�ORVVHV�DUH�PRUH�DV�FRPSDUHG�WR�PLQRU�ORVVHV��7KH�PLQRU�

ORVVHV�RFFXUV�GXH�WR�

x 6XGGHQ�FRQWUDFWLRQ DQG�H[SDQVLRQ

x 3LSH�H[LW�DQG�HQWUDQFH

x 7HHV��HOERZV��EHQGV�DQG�RWKHU�ILWWLQJV

x 9DOYHV

x *UDGXDO�H[SDQVLRQ�DQG�FRQWUDFWLRQ

7DEOH������9DULRXV�W\SHV�RI�ORVVHV

6XGGHQ�H[SDQVLRQ ݄௘ ൌ
ሺ ଵܸ െ ଶܸሻ

ଶ

ʹ݃

6XGGHQ�FRQWUDFWLRQ ݄௖ ൌ ͲǤͷ
ଶܸ
ଶ

ʹ݃

3LSH�LQOHW ݄௜ ൌ ͲǤͷ
ܸଶ

ʹ݃

3LSH�H[LW ݄௢ ൌ
ܸଶ

ʹ݃

%HQG ݄௕ ൌ
ଶܸܭ

ʹ݃

9DOYHV
ଶܸܭ

ʹ݃
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$�ORW�RI�UHVHDUFK�ZRUN�LV�FDUULHG�RXW�LQ�WKH�SDVW�RQ�WKH�UKHRORJ\�RI�VOXUU\�VXVSHQVLRQ�E\�PDQ\�

UHVHDUFKHUV��ZKLFK�VHWV� URRWV�DQG�EDVH� IRU�DGYDQFH�ZRUN� LQ� WKLV� LQYHVWLJDWLRQ��7KLV�DFWV�DV�D�

JXLGHOLQH� IRU� WKLV� WKHVLV� DQG� JLYH� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� WRSLF�� )DFWRUV� WKDW� DIIHFWV� WKH�

UKHRORJ\� RI� PLQHUDOV� KDYH� EHHQ� LQVSHFWHG� E\� PDQ\� UHVHDUFKHUV� DQG� DQ� RSWLPXP� YDOXH� IRU�

VOXUU\�WUDQVSRUWDWLRQ�ZLWK�YLVFRVLW\�LQ�D�VSHFLILF�VKHDU�UDWH�KDV�EHHQ�IRXQG��7KH�PDLQ�HPSKDVLV�

RI� WKH� IROORZLQJ�VWXG\� LV�RQ�WKH�PLQHUDO� VOXUULHV� DQG� LWV�DSSOLFDWLRQV� LQ� VHYHUDO�DUHDV�� ,Q� WKLV�

VWXG\�� HDUOLHU� WR� WKH� UHVHDUFK�ZRUN�� D�ZLGHVSUHDG� UHYLHZ� RI� WKH� SXEOLVKHG�ZRUNV� LQ� PLQHUDO�

UKHRORJ\� ILHOG�ZLWK� IDFWRUV�OLNH�SDUWLFOH�VKDSH��VL]H�� LWV�SURSHUWLHV�� WHPSHUDWXUH��S+��FKHPLFDO�

DGGLWLYHV� HWF� ZHUH� WDNHQ�� 7KH� UKHRORJ\� RI� PLQHUDOV� DQG� WKHLU� FKDUDFWHUL]DWLRQ� KDV� UHFHLYHG�

DWWHQWLRQ�LQ�UHFHQW�\HDUV�EHFDXVH�RI�ZLGHVSUHDG�DSSOLFDWLRQ�LQ�LQGXVWU\�DQG�DFDGHPLF�LQWHUHVW�

7KH� WUDQVSRUWDWLRQ� RI� EXON� PDWHULDOV� WKURXJK� SLSHOLQHV� LV� D� GHYHORSLQJ� WHFKQRORJ\� LQ� PDQ\�

FRXQWULHV��1RZ�D�GD\V�� WKH� VROLG�PDWHULDOV� FDQ� EH� WUDQVSRUWHG� WKURXJK�SLSHOLQHV� DW� KLJKHU� DV�

ZHOO� DV� OHDQ� FRQFHQWUDWLRQ�� 7KHUH� DUH� PDQ\� DGYDQWDJHV� RI� FRQYH\LQJ� WKHVH� GHQVH� PL[WXUHV�

WKURXJK� SLSHOLQHV� DV� WKLV� V\VWHP� UHTXLUHV� OHVVHU� VSDFH�� ORZ� PDQSRZHU� DQG LV� HQYLURQPHQW�

IULHQGO\�� $� W\SLFDO� K\GUDXOLF� FRQYH\LQJ� V\VWHP� FRQVLVWV� RI� SLSHOLQH� FLUFXLW�� D� KHDY\�GXW\�

SXPS��DQG�RWKHU�GHYLFHV�OLNH�SUHVVXUH�WUDQVGXFHUV��IORZ�PHWHUV��GDWD�DFTXLVLWLRQ�V\VWHP�HWF�

.ZDN� HW� DO�� ������� VWXGLHG� WKH� HIIHFW� RI� FRQFHQWUDWLRQ� RQ� IORZ� EHKDYLRXU� DQG� GHSRVLWLRQDO�

JHRPHWU\�RI�WDLOLQJV��)OXPH�DSSDUDWXV�ZDV�XVHG�WR�VLPXODWH�WKH�GHSRVLWLRQ�RI�WKH�SDVWH��7KH\�

REVHUYHG� WKDW� WKH� UHVLGXDO� VWUHVV�ZKLFK�ZDV� REWDLQHG� IURP� D� VWUHVV� SURILOH� �WLPH��ZDV� QRW� D�

VXLWDEOH� PHDVXUH� RI� \LHOG� VWUHVV�� 7KH\� DOVR� IRXQG� WKDW� VWUHVV� �PHDVXUHG� DW� WKH� WUDQVLWLRQ�

EHWZHHQ� WKH� YLVFRHODVWLF� DQG� HODVWLF� UHJLRQ�� DORQJ� ZLWK� WKH� PD[LPXP� VWUHVV� DUH� VXLWDEOH�

PHDVXUHV�GXH�WR�LQGHSHQGHQF\�RI�WKH�YDQH�VL]H�XVHG�LQ�UKHRPHWHU�

<XFKL�HW�DO���������VWXGLHG�WKH�PXOWLYDULDWH�UHJUHVVLRQ�DQDO\VLV� IRU�VL[WHHQ�VDPSOHV�DFTXLUHG�

IURP�GLIIHUHQW�PLQHV�RI�&KLQD�ZLWK�YDULRXV�UDQNV�RI�FRDO�YDU\�EHWZHHQ�/LJQLWH�WR�$QWKUDFLWH�WR�

ILQG� WKH� FRUUHODWLRQV� EHWZHHQ� HLJKWHHQ� GLIIHUHQW� SDUDPHWHUV� IURP� IRUW\� FRDO� SURSHUWLHV��7KH\�

FRQFOXGHG�WKDW�WKH�JULQGDELOLW\� LQGH[�DQG�FDUERQ�FRQWHQW�RI�FRDO�VKRZV�SRVLWLYH�UHODWLRQ�ZLWK�

WKH�VOXUU\�DELOLW\�RQ�WKH�RWKHU�KDQG�WKH�PRLVWXUH�SUHVHQW� LQ�WKH�DLU�DW�HTXLOLEULXP�DQG�VXUIDFH�

DUHD� IRXQG�E\�PHUFXU\�SRURVLPHWHU� UHVXOWV� LQ� QHJDWLYH� LPSDFW��7KH� UKHRORJLFDO� EHKDYLRXU�RI�
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FRDO� ZDWHU� VOXUU\� UHODWHG� SRVLWLYHO\� ZLWK� DVK� FRQWHQW�� VROXEOH� LRQV� DQG� YROXPH� RI� SRUH�

H[DPLQHG�E\�PHUFXU\�SRURVLPHWHU�

9HUPD� HW� DO�� ������ H[DPLQHG� FKDUDFWHULVWLFV� RI� SUHVVXUH� GURS� RI� IO\� DVK� VOXUU\� DW� KLJKHU�

FRQFHQWUDWLRQ�DORQJ�D���� KRUL]RQWDO�EHQG��7KH\�FRPSXWH�WKH�EHQG�ORVV�FRHIILFLHQW�DQG�UHODWLYH�

SUHVVXUH� GURS� IRU� VOXUU\� FRQFHQWUDWLRQ� UDQJLQJ� IURP� ��� WR� ���� �E\� ZHLJKW��� SDUWLFOH� VL]H�

UDQJLQJ� IURP�����ȝP�WR���ȝP��$�KXJH�QXPEHU�RI�SDUWLFOHV� L�H��������ZHUH�OHVV�WKDQ����ȝP��

7KH�SLORW�WHVW�ORRS�SODQW�XVHG�IRU�H[SHULPHQWDWLRQ�ZDV�KDYLQJ�D�SLSH�GLDPHWHU�RI����PP�ZLWK�D�

OHQJWK� RI� ��� P� ZLWK� UDGLXV� UDWLR� RI� ����� 7KH\� FRQFOXGHG� WKDW� UHODWLYH� SUHVVXUH� GURS� ILUVW�

LQFUHDVHG� DV� WKHUH�ZDV� LQFUHDVH� LQ� VOXUU\� YHORFLW\� DV�ZHOO� DV� UHDFKHG� WR� D� FRQVWDQW� YDOXH� DW�

KLJKHU�YHORFLWLHV�EXW�WKHUH�ZDV�GHFUHDVH�LQ�EHQG�ORVV�FRHIILFLHQW�DV�WKHUH�ZDV�LQFUHDVH�LQ�VOXUU\�

YHORFLW\��

&KHQ� HW� DO�� ������ VWXGLHG� DERXW� WKH� IORZ� FKDUDFWHULVWLF� RI� FRDO� ZDWHU� VOXUU\� LQ� VWUDLJKW�

SLSHOLQH�XVLQJ�&)'��7KH\�XVHG�(XOHULDQ�PXOWLSKDVH�DSSURDFK�ZLWK�51*�N�İ WXUEXOHQW�PRGHO�

WR�HYDOXDWH�WKH�FRDO�ZDWHU�VOXUU\�IORZ��7KH\�YDOLGDWHG�WKH�QXPHULFDO�VLPXODWLRQ�PRGHO�IRU�WKH�

SUHVVXUH�GURS�GDWD�ZLWK�SUHYLRXV�VWXGLHV�DYDLODEOH�LQ�OLWHUDWXUH��7KH\�LQYHVWLJDWHG�WKH�HIIHFW�RI�

LQIOX[� YHORFLW\� DQG� JUDLQ� FRPSRVLWLRQ� RQ� SUHVVXUH� GURS� FKDUDFWHULVWLFV�� 7KH\� SHUIRUPHG� WKH�

H[SHULPHQWDWLRQ� RQ� SLORW� SODQW� WHVW� ORRS� WR� HYDOXDWH� WKH� VOXUU\� IORZ� FKDUDFWHULVWLFV� LQVLGH�

GLIIHUHQW�KRUL]RQWDO�SLSHV��5HVXOWV�VKRZ�WKDW�QXPHULFDOO\�VLPXODWHG�GDWD�KROG�JRRG�DJUHHPHQW�

ZLWK�H[SHULPHQWDO�GDWD�

(HVD�HW�DO�� ������� LQYHVWLJDWHG�WKH� VOXUU\� IORZ�FKDUDFWHULVWLFV�RI�FRDUVHU�SDUWLFXODWH� VOXUU\� LQ�

SLSHOLQH�E\�XVLQJ�&RPSXWDWLRQDO�)OXLG�'\QDPLFV��&)'��FRGH�$16<6�&);�ZLWK�WKH�KHOS�RI�

(XOHULDQ�PRGHO� WR� VWXG\� WKH� IORZ�RI�FRDUVHU�SDUWLFOHV� LQVLGH� WKH�SLSH��7KH�SRVLWURQ�HPLVVLRQ�

WHFKQLTXH�ZDV�XVHG�IRU�WUDFNLQJ�VROLG�SDUWLFOHV�DQG�SDUWLFOHV�LQ�PRWLRQ��7KH\�DOVR�VWXGLHG�WKH�

IORZ�SURSHUWLHV�XQGHU� WKH� LQIOXHQFH�RI� VOXUU\�YHORFLW\��3DUWLFOH� VL]H�DQG�HIIOX[�FRQFHQWUDWLRQ��

7KH� FRQFHQWUDWLRQ� RI� SDUWLFOHV� YDULHG� IURP� UDQJH RI� �� WR� ���� �E\� YROXPH�� KDYLQJ� PHDQ�

SDUWLFOH� VL]H�RI���WR���PP�ZLWK� WKH� VOXUU\� YHORFLW\�RI����WR�����PPV����7KH\� IRXQG� WKDW� WKDW�

ZLWK�WKH�H[FHSWLRQ�RI�VPDOOHU�SDUWLFOHV�� WKH\�H[KLELWHG�DV\PPHWULF�YHORFLW\�SURILOH� WHQGLQJ�WR�

LQFUHDVH� ZLWK� LQFUHDVLQJ� SDUWLFOH� VL]H� DV� ZHOO� DV� LQFUHDVH� LQ� KHDG� ORVV� ZDV� QRWLFHG� GXH� WR�

LQFUHDVH�LQ�VROLG�FRQFHQWUDWLRQ�
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6HQDSDWL� HW� DO�� ������� SHUIRUPHG� H[SHULPHQWV� WR� ILQG� RXW� WKH� UKHRORJLFDO� FKDUDFWHULVWLFV� RI�

OLPH�ZDWHU�VOXUU\�DW�GLIIHUHQW�SDUWLFOH�VL]H��6OXUU\�WHPSHUDWXUH�DQG�FRQFHQWUDWLRQ��E\�YROXPH���

7KH\� FRQFOXGHG� WKDW� WKH� VKHDU� VWUHVV� LV� D� GLUHFW� IXQFWLRQ� RI� VKHDU� UDWH� DQG� IRU� FRQFHQWUDWLRQ�

EHORZ�����E\�ZHLJKW�LW�EHKDYHV�DV�DOPRVW�1HZWRQLDQ�IOXLG�HOVHZKHUH�ZKLFK�VOXUU\�ZDV�KLJKO\�

SVHXGRSODVWLF� LQ� QDWXUH�� 7KH\� DOVR� IRXQG� WKDW� WKH� YLVFRVLW\� RI� OLPHVWRQH� PLQHUDO� VOXUU\�

GHFUHDVHV�ZLWK�WHPSHUDWXUH�DQG�WKH�FKDQJH�FDQ�EH�GHILQHG�E\�$UUKHQLXV�HTXDWLRQ� LQ�WHUPV�RI�

UHTXLUHG�DFWLYDWLRQ�HQHUJ\��

=KRX� HW� DO�� ������ H[SHULPHQWV�ZHUH� SHUIRUPHG� WR� VWXG\�RQ� WKH� FRQFHQWUDWHG� VXVSHQVLRQ� RI�

FRDO�ZDWHU�VOXUU\�WR�H[DPLQH�WKH�UKHRORJLFDO�FKDUDFWHULVWLFV��)LUVWO\��WKH\�SUHSDUHG�VOXUU\�IURP�

FRDO�XVLQJ�+DDNH� UKHRPHWHU�DQG�SHUIRUPHG�D� UHJUHVVLRQ�DQDO\VLV�RQ�H[SHULPHQWDO�GDWD�WR� ILW�

GLIIHUHQW�UKHRORJLFDO�PRGHOV��7KH\� IRXQG�WKDW�DW�VROLG�FRQFHQWUDWLRQ����DQG������E\�ZHLJKW��

WKH� DTXHRXV� VXVSHQVLRQ� FRDO�ZDWHU� H[KLELW� SVHXGRSODVWLF� EHKDYLRXU�� $OVR�� WKH� H[SHULPHQWDO�

GDWD�IRXQG�WR�EH�ZHOO�ILWWHG�ZLWK�WZR�YDULDEOH�UKHRORJLFDO�PRGHO�+HUVFKHO�%XONHO\�

/HL�HW�DO���������LQYHVWLJDWHG�WKH�HIIHFW�RI�DGGLWLYH�IRU�UHVWDUW�SXUSRVH�RI�VOXUU\�SLSHOLQH�DIWHU�D�

VKXWGRZQ�RI�PRUH�WKDQ����KRXU��7KHLU�DLP�ZDV�WR�ILQG�WKH�DSSURSULDWH�VWDELOL]LQJ�DJHQW�IRU�IO\�

DVK� ZDWHU� VOXUU\� IRU� WKH� SUHYHQWLRQ� RI� VHGLPHQWDWLRQ�� 6XLWDELOLW\� RI� IRXU� GLIIHUHQW� DGGLWLYHV�

ZHUH� H[DPLQHG� ZLWK� WKH� KHOS� RI� UKHRORJLFDO� DQG� VHGLPHQWDWLRQ� VWDELOLW\� H[SHULPHQWV��

6WDELOL]LQJ� DGGLWLYHV� ODERXULQJ� IRU� WKH� VWXG\�ZHUH� FDUER[\PHWK\O� FHOOXORVH� �&0&��� UKDPVDQ�

JXPV� �6������ 6������� DQG� [DQWKDP� JXP� �9DQ]DQ��� $V� D� UHVXOW� WKHUH� ZDV� DQ� LQFUHDVH� LQ�

YLVFRVLW\�DV�WKH�DGGLWLYHV�ZHUH�DGGHG�EXW�WKH�FRQFHQWUDWLRQ�RI�����������DQG�������E\�ZHLJKW��

KDG�VDPH�YLVFRVLWLHV�DV� WKDW�RI�XQWUHDWHG� IO\�DVK�VOXUU\� IRU�DGGLWLYH�6������6������&0&�DQG�

9DQ]DQ� UHVSHFWLYHO\�� 1DSKWKDOHQH� VXOIRQDWH�IRUPDOGHK\GH� FRQGHQVDWH� �16)�� ZDV� XVHG� DV� D�

GLVSHUVLQJ� DGGLWLYH� IRU� UHGXFWLRQ� RI� YLVFRVLW\� DQG� FRQFHQWUDWLRQ� RI�16)�ZDV� NHSW� ����� �E\�

ZHLJKW��� 7KH� UKHRORJLFDO� FKDUDFWHULVWLFV� ZHUH� PHDVXUHG� XVLQJ� FRD[LDO� URWDWLQJ� F\OLQGHU�

UKHRPHWHU��7KH\�IRXQG�WKDW�6�����ZDV�KDYLQJ�WKH�PD[LPXP�VWDELOLW\�DV�FRPSDUHG�WR�RWKHUV��

+RVVDLQ�HW�DO�������� H[DPLQHG�WKH� IORZ�EHKDYLRXU�RI�VROLG�SDUWLFOHV� LQ�D�VWUDLJKW�KRUL]RQWDO�

SLSHOLQH�RI� IRXU�EHQGV��1XPHULFDO� VLPXODWLRQV�ZHUH�FDUULHG�RXW�ZLWK� WKH� KHOS�RI�FRPPHUFLDO�

&)'�FRGH�)/8(17������7KH\� VROYHG� WKH�PXOWLSKDVH� SKHQRPHQRQ� IRU� WKH� IORZ�RI� GLIIHUHQW�

VROLGV�ZLWK� YDU\LQJ� SDUWLFOH� VL]H� GLDPHWHUV��0L[WXUH�PRGHO�ZDV� XVHG� WR� VROYH� WKH� JRYHUQLQJ�

HTXDWLRQV�� 5HVXOWV� VKRZ� WKDW� SDUWLFOH� GHSRVLWLRQ� LV� D� IXQFWLRQ� RI� SDUWLFOH� GLDPHWHU� DQG� IORZ�

YHORFLW\��,W�ZDV�DOVR�REVHUYHG�WKDW�GHSRVLWLRQ�RFFXUV�DORQJ�WKH�FLUFXPIHUHQFH�RI�WKH�SLSH��+LJK�
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PDJQLWXGH�RI�VROLG�FRQFHQWUDWLRQ�ZDV�REVHUYHG�DW�ERWWRP�RI�SLSHOLQH�QHDU�WKH�EHQG�XSVWUHDP�

DQG�DW���R IURP�WKH�ERWWRP�RI�SLSHOLQH�IRU�EHQG�GRZQVWUHDP�

%XUDQDVULVDN� HW� DO�� ������ H[DPLQHG� WKH� LPSDFWV� RI� GLVWULEXWLRQ� RI� SDUWLFOHV� DQG� SDFNLQJ�

TXDOLWLHV� RQ� WKH� UKHRORJLFDO� EHKDYLRXU� RI� FRDO�ZDWHU� VOXUU\�� $� VXE�ELWXPLQRXV� FRDO� RI�

,QGRQHVLDQ� RULJLQ� ZDV� XVHG� WR� VHW� XS� WKH� H[SHULPHQW�� 7KH� H[DPSOHV� ZHUH� JURXSHG� LQWR� VL[�

SDUWLFOH� VL]H� UDQJHV� �� ���� ������� ������� ������� ������� DQG� �������� ȝP�� 1DSKWKDOHQH�

6XOIRQDWH� IRUPDOGHK\GH� �16)�� DQG� FDUER[\PHWK\O� FHOOXORVH� �&0&�1D�� ZHUH� XVHG� DV� WKH�

GLVSHUVLYH� DJHQW� DQG� VWDELOL]HU� UHVSHFWLYHO\�� 7KH� YLVFRVLWLHV� RI� FRDO� ZDWHU� VOXUULHV� ZHUH�

PHDVXUHG� XVLQJ�09������ DUUDQJHPHQW� ,,� 5RWDU\�9LVFRPHWHU� DW� GLIIHUHQW� VROLGFRQFHQWUDWLRQ�

EHWZHHQ����WR������E\�ZHLJKW��7KH�GLIIHUHQW�SDFNLQJ�SURSHUWLHV�RI� WKH�FRDO� VSHFLPHQV ZHUH�

FKDUDFWHUL]HG� E\� PDNLQJ� PRQRPRGDO�� ELPRGDO� DQG� PXOWLPRGDO� DSSURSULDWLRQV� DW� GLIIHUHQW�

FRXUVH� WR� ILQH� SURSRUWLRQV��7KH\�REVHUYHG� WKDW�PRVW� H[WUHPH� FRDO� VWDFNLQJ�ZDV� FRQFHLYDEOH�

ZKHQ�FRDO�ZDWHU�VOXUU\�ZDV�SURGXFHG�

0D]XPGHU�HW�DO���������H[DPLQHG�WKH�HIIHFW�RI�HOERZ�UDWLR�RQ�SUHVVXUH�GURS�FKDUDFWHULVWLFV�

ZLWK�WKH�KHOS�RI�&)'��:LWK�WKH�KHOS�RI�����HOERZ�WKH�QXPHULFDO�VLPXODWLRQV�ZHUH�SHUIRUPHG�

RQ�WKH�DLU�ZDWHU� IORZ��7KH�GLDPHWHU�RI� WKH�HOERZ�SLSH�ZDV� WDNHQ�DV������DQG������PP��7KH�

UDGLXV�UDWLR�RI�WKH�HOERZ�ZDV�YDULHG�IURP�������ZLWK�YHORFLW\�RI�DLU�YDU\LQJ�IURP�������������

P�V� DQG� IRU�ZDWHU�ZDV� �������P�V��7KH� KH[DKHGUDO�PHWKRG�ZDV� XVHG� IRU� GLVFUHWL]DWLRQ��7KH�

UHVXOWV� VKRZHG� D� FORVH� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� DQG� HPSLULFDO� UHVXOWV� WKRVH� ZHUH�

LQWHQGHG�E\�XVLQJ�&KLVKRODP�DQG�$]]L�)ULHGHO�PRGHO�

1DELO� HW� DO�� ������ DFKLHYHG� D� QXPHULFDO� VLPXODWLRQ� VWXG\� RI� VROLG�OLTXLG� VOXUU\� IORZ� LQ� D�

SLSHOLQH��7KH\�XVHG�&)'�FRGH�)/8(17�WR�VLPXODWH�WKH�VOXUU\� IORZ�E\�HPSOR\LQJ�(XOHULDQ�

(XOHULDQ�VFKHPH�DQG�N�İ�PRGHO��7KH\�XVHG�VTXDUH�SLSHOLQH�RI�GLPHQVLRQ�����î�����PP��7KH�

SLSHOLQH�PHVK�ZDV�GLVFUHWL]HG� E\�XVLQJ� WHWUDKHGUDO�PHWKRG��7KH\�XVHG�GLIIHUHQW�SDUWLFOH� VL]H�

GLDPHWHU�����������DQG�����PP��RI�ZDWHU�VDQG�VOXUU\�ZLWK�VROLG�FRQFHQWUDWLRQ�UDQJHV�RI�������

�E\� YROXPH�� IORZLQJ� DW� GLIIHUHQW� YHORFLWLHV� UDQJHV� ���±�� P�V�� *RYHUQLQJ� HTXDWLRQV� ZHUH�

GLVFUHWL]HG� E\� XWLOL]LQJ� ILUVW� RUGHU� XSZLQG� DSSURDFK� WR� VROYH� WKH� WXUEXOHQW� NLQHWLF� HQHUJ\��

PRPHQWXP� HTXDWLRQ�� YROXPH� IUDFWLRQ�� DQG� WXUEXOHQW� GLVVLSDWLRQ� UDWH�� 1XPHULFDO� VLPXODWHG�

UHVXOWV�ZHUH� YHU\� FORVH� WR� WKH� H[SHULPHQWDO� GDWD� IRU� PHGLXP� DQG� FRDUVH� VOXUU\� IORZ� DW� ORZ�

FRQFHQWUDWLRQ���������DQG�IDLOV�IRU�WKH�IORZ�RI�FRDUVHU�VOXUU\�DW�KLJKHU�FRQFHQWUDWLRQ�
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*KHVKODJKL� HW� DO�� ������ QXPHULFDO� VWXG\� ZDV� SHUIRUPHG� E\� XVLQJ� WZR�SKDVH� (XOHULDQ�

DSSURDFK� DQG� Nܭ� WXUEXOHQFH� VFKHPH� WKURXJK� FRPELQLQJ� WKH� SRSXODWLRQ� EDODQFH� PRGHOV� DW�

VWHDG\�VWDWH�� 7KH\� GHVLJQHG� D� &)'� FRGH� IRU� VHWWOHG�EHG� RI� WDLOLQJ� WKLFNHQHUV� KDYLQJ� D�

WKLFNQHVV� RI� ���� P� GLDPHWHU�� 7KH\� IRXQG� WKDW� PDVVLYH� LQFUHDVH� RI� WXUEXOHQFH� UHVXOWV� LQ�

EUHDNDJH�RI�SDUWLFOH�DJJUHJDWH�DQG�UHGXFHV�WKH�WRUTXH�UDQJH�RI�WKH�WDLOLQJ�WKLFNHQHUV�

9LHLUD�DQG�3HUHV��������VWXGLHG�WKH�HIIHFW�RI�UHJULQGLQJ�RI�LURQ�RUH�FRQFHQWUDWH�RQ�GLVSHUVLRQ�

DORQJ�ZLWK�UKHRORJLFDO�FKDUDFWHULVWLFV�RI�VOXUU\��7KH�WHVWV�IRU�UHJULQGLQJ�ZHUH�SHUIRUPHG�XQGHU�

YDULRXV� S+� YDOXH� L�H�� ����� ���� DQG� ����� RI� GLVSHUVLRQ� DORQJ� ZLWK� DGGLWLRQ� RI� OLPH� DW�

FRQFHQWUDWLRQ� RI� ���J�W�� $V� WKH� 3K� YDULHV� IURP� ���� WR� ����� WKH� GHJUHH� RI� VOXUU\� GLVSHUVLRQ�

LQFUHDVHV��+RZHYHU� WKH� YDOXHV� RI� DSSDUHQW� YLVFRVLW\� DQG� \LHOG� VWUHVV� QRWLFHG� WR� EH� ORZHU� DV�

ZHOO�DV�WKH�VSHFLILF�HQHUJ\�FRQVXPSWLRQ�UHGXFHG�E\�������

7UDKDQD�HW�DO��������� LQYHVLJDWHG�WKH�HIIHFW�RI�KHDG�ORVV�DQG�SDUWLFOH�VSKHULFLW\�H[SHULPHQWV�

ZHUH�SHUIRUPHG�RQ�DLU�URFN�EHG�WKHUPDO�HQHUJ\�VWRUDJH�V\VWHP��7KH�KHDG� ORVV�FKDUDFWHULVWLFV�

RI�SDFNHG�EHG�WKHUPDO�HQHUJ\�VWRUDJH�V\VWHP�ZHUH�LQYHVWLJDWHG�E\�VHOHFWLQJ� LUUHJXODU�VKDSHG�

VROLG�SDUWLFOHV�DQG�NHHS�WKH�UDWLR�RI�WDQN�WR�WKH�GLDPHWHU�RI�SDUWLFOH�FRQVWDQW�WKDW�LV�������:LWK�

WKH�KHOS�RI�H[SHULPHQWDO�GDWD�WKH\�GHULYHG�DQ�HPSLULFDO�UHODWLRQ�WR�ILQG�WKH�SUHVVXUH�ORVVHV�LQ�

EHG�RI�LUUHJXODU�VKDSH�SDUWLFOHV�

3DQGD�HW�DO���������QXPHULFDOO\�LQYHVWLJDWHG�WKH�SUHVVXUH�GURS�FKDUDFWHULVWLFV�IRU�WKH�FRDO�DVK�

VOXUU\�IORZ�WKURXJK�����SLSH�EHQG��7KH�UDWLR�RI�IO\�DVK�DQG�ERWWRP�DVK�ZDV�PDLQWDLQHG�DV������

����WKH�DGGLWLYH�ZDV�DOVR�LQWURGXFHG�LQ�ERWWRP�DVK�VOXUU\�ZKLFK�ZDV�PDLQWDLQHG�DW���DQG�����

7KH�IORZ�YHORFLW\�ZDV�YDULHG�IURP�������P�V�DQG�WKH�VROLG�FRQFHQWUDWLRQ�RI�VOXUU\�ZDV�YDULHG�

IURP���������,W�ZDV�REVHUYHG�WKDW�DV�WKH�IORZ�YHORFLW\�DQG�FRQFHQWUDWLRQ�ZHUH�LQFUHDVHG�WKHUH�

ZDV�DQ� LQFUHDVH� LQ�WKH�SUHVVXUH�GURS��7KH�PL[LQJ�RI�DGGLWLYHV�ZDV�KDYLQJ�PRUH�HIIHFW�RQ�WKH�

KHDG�ORVV�ZKHQ�FRPSDUHG�ZLWK�DGGLWLRQ�RI�ERWWRP�DVK�LQ�IO\�DVK�VOXUU\�IORZ�

+DVKHPL� HW� DO�� ������� LQYHVWLJDWHG� WKH� VROLG� YHORFLW\� DQG� FRQFHQWUDWLRQ� SURILOHV� IRU�

FRQFHQWUDWHG�VDQG�ZDWHU�VOXUU\�LQ�KRUL]RQWDO�SLSHOLQH��7KH�SDUWLFOH�VL]H�DQG�VROLG�FRQFHQWUDWLRQ�

ZDV� WDNHQ�DV� �G����RI������P�DQG���������E\�YROXPH�� UHVSHFWLYHO\��7KH� IORZ�YHORFLW\�ZDV�

YDULHG� LQ� WKH� UDQJH�RI�����P�V� IORZLQJ� WKURXJK�D���PP�GLDPHWHU�SLSH��7KH�FRQFHQWUDWLRQ�RI�

WKH� VROLG� ZDV� JUHDWHU� DW� WKH� ERXQGDU\� DQG� LQFUHDVHV� ZLWK� IORZ� YHORFLW\�� 7KH� YDULDWLRQV� LQ�

FRQFHQWUDWLRQ� ZHUH� ODUJHO\� GXH� WR� SDUWLFOH�IOXLG� LQWHUDFWLRQV� DV� FRPSDUHG� WR� IOXLG�IOXLG� RU�
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SDUWLFOH�SDUWLFOH� LQWHUDFWLRQV�� 7KH\� FRPSDUHG� WKH� FRQFHQWUDWLRQ� IOXFWXDWLRQV� ZLWK� UHVXOWV�

FROOHFWHG�IRU�IOXLGL]HG�EHG�IORZV�RQ�EDVLV�RI�VWRNHV�QXPEHU�

6ODWWHU�HW�DO�������� VWXGLHG�WKH�UKHRORJLFDO�EHKDYLRXU�RI�GLIIHUHQW�W\SHV�RI�WDLOLQJV��FRDUVH�DQG�

ILQH���7KH\�DGGHG�WZR�GLIIHUHQW�W\SHV�RI� IORFFXODQWV� LQ�VOXUULHV�GXULQJ�WKH�H[SHULPHQWV��7KH\�

FRQFOXGHG�WKDW�IURP�WKH�VDPSOH�%��ILQH�VOXUU\���WKH�UKHRORJLFDO�EHKDYLRXU�ZDV�HVVHQWLDOO\�YHU\�

VLPLODU�IRU�ERWK�WKH IORFFXODQWV��2Q�WKH�RWKHU�KDQG��WKH�VDPSOH�$��FRDUVH�VOXUU\��ZDV�VHQVLWLYH�

WR� ERWK� WKH� IORFFXODQWV�� +HQFH�� WKLV� PDWHULDO� VKRZHG� HYLGHQFH� RI� VWUXFWXUDO� UHEXLOG� RI�

SRO\PHULF�DJJORPHUDWHV�

$VVHID�DQG�.DXVKDO�HW�DO�������� H[DPLQHG�WKH�UKHRORJLFDO�EHKDYLRU�RI�FRDO�DVK�VOXUU\�DW�KLJK�

FRQFHQWUDWLRQ� UDQJHV� IURP� ������� �E\� ZHLJKW��� 7KH\� VHOHFWHG� D� PRGHO� IURP� H[SHULPHQWDO�

UHVXOWV� E\� FRQVLGHULQJ� YLVFRVLW\� DV� GHSHQGHQW� YDULDEOH�ZKHUHDV� VROLG� YROXPH� IUDFWLRQ��PHDQ�

SDUWLFOH� GLDPHWHU DQG� FRHIILFLHQW�RI� XQLIRUPLW\� DV� LQGHSHQGHQW� YDULDEOH� DQG� IRU�RSWLPL]DWLRQ�

QRQOLQHDU� OHDVW� VTXDUH� PHWKRG� ZDV� XVHG�� 5HJUHVVLRQ� DQDO\VLV� RQ� H[SHULPHQWDO� GDWD� ZDV�

SHUIRUPHG�E\�XVLQJ�DQ�HPSLULFDO�UKHRORJLFDO�PRGHO�IRU�YLVFRVLW\�DV�D�IXQFWLRQ�RI�VROLG�YROXPH�

IUDFWLRQ��PHDQ�SDUWLFOH�GLDPHWHU�DQG�FRHIILFLHQW�RI�XQLIRUPLW\�DQG�RSWLPL]HG��7KH\�IRXQG�WKDW�

WKH� SURSRVHG� PRGHO� VKRZV� FORVH� DJUHHPHQW� ZLWK� H[SHULPHQWDO� GDWD� DQG� DEOH� WR� SUHGLFWHG�

YLVFRVLW\�RI�PXOWL�VL]HG�%LQJKDP�VOXUULHV�DW�KLJKHU�FRQFHQWUDWLRQ�

6LQJK�HW�DO�� �������VWXGLHG� WKH� UKHRORJLFDO�SURSHUWLHV�RI� WKH� VOXUU\�ZLWK� WKH�KHOS�RI� EOHQGHG�

FRDO� VDPSOHV� ZLWK� WKH� PL[WXUH� RI� ILQH� DQG� FRDUVH� SDUWLFOHV�� DV� WKHQ� WKH\� FUHDWHG� D� ELPRGDO�

SDUWLFOH�VL]H� GLVWULEXWLRQ� DQG� WKH\� FRQFOXGHG� WKDW� DV� WKH� TXDQWLW\� RI� FRDUVHU� SDUWLFOHV� ZDV�

LQFUHDVHG� WKHQ� WKH� VOXUU\� YLVFRVLW\� ZDV� GHFUHDVHG� FRQWLQXRXVO\� XQWLO� RQ� RSWLPXP� UDWLR� RI�

FRDUVH�WR�ILQH�SDUWLFOHV��+HQFH��WKH\�FRQFOXGHG�WKDW�WKH�RSWLPXP�IUDFWLRQ�ZDV�����XS�WR�ZKLFK�

SRLQW�WKH�DSSDUHQW�YLVFRVLW\�GHFUHDVHV�

&KHQ� HW� DO�� ������� QXPHULFDOO\� VWXGLHG� WKH� EDFNILOO� SLSHOLQH� WUDQVSRUW� PRGHO� �WKUHH�

GLPHQVLRQDO��ZDV�GHYHORSHG�ZLWK�WKH�KHOS�RI�FRPSXWDWLRQDO�IOXLG�G\QDPLFV��&)'��WHFKQLTXH��

ZKLFK� ZDV� XVHG� WR� VWXG\� WKH� SLSHOLQH� WUDQVSRUW� SRVVHVVLRQV� DQG� WKH\� FRQFOXGHG� WKDW� 7)6%�

�WKUHH�SKDVH�IRDP�VOXUU\�EDFNILOO��FDQ�XSKROG�D�VWHDG\�VWDWH�GXULQJ�SLSHOLQH�WUDQVSRUW�

0LVKUD�HW�DO���������QXPHULFDOO\�LQYHVWLJDWHG�WKH�IORZ�FKDUDFWHULVWLFV�RI�FRDO�DQG�FRSSHU�RUH�

VOXUU\�IORZ�WKURXJK�SLSHOLQH��7KH�PRGHO�XVHG�ZDV���'�$60�DORQJ�ZLWK�51*�Nࢿ� WXUEXOHQFH
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PRGHO�IRU�VWXG\�RI�FRDO�DQG�FRSSHU�RUH�VOXUU\�IORZ��7KH�SDUWLFOH�VL]H�ZDV�YDULHG�IRU�ERWK�FRDO�

DQG�FRSSHU�RUH�IURP�������������P�DQG�������������P�UHVSHFWLYHO\��7KH�VSHFLILF�JUDYLW\�RI�

FRDO�ZDV������ZKHUHDV�VSHFLILF�JUDYLW\�RI�FRSSHU�RUH�ZDV������ZLWK�YROXPH�IUDFWLRQ�RI�VOXUU\�

YDU\LQJ�IURP������WR�������)RU�FRSSHU�RUH�VOXUU\�IORZ�RI�FRDUVH�SDUWLFOH�VL]H�L�H���������P�WKH�

SUHVVXUH�GURS�ZDV�PD[LPXP�EXW�IRU�FRDO�VOXUU\�LW�ZDV�IRU�������P��7KH�SUHVVXUH�ZDV�KDYLQJ�

DQ�LQFUHDVLQJ�WUHQG�ZLWK�YROXPH�IUDFWLRQ�ORDGLQJ�

.XPDU�HW�DO�������E��SHUIRUPHG�WKH�H[SHULPHQWDWLRQ�DQG�FRPSXWDWLRQDO�LQYHVWLJDWLRQ�RQ�LURQ�

RUH� VOXUU\� RQ� KRUL]RQWDO� SLSHOLQH� DQG� UHSRUWHG� WKDW� &RPSXWDWLRQDO� PHWKRGV� ZHUH� XVHG� WR�

SUHGLFW�WKH�KHDG�ORVV�DQG�IORZ�EHKDYLRXU�RI�PXOWLSKDVH�IORZ��7KH\�SHUIRUPHG�VWXG\�RQ����ȝP�

SDUWLFOH� VL]HG� LURQ�RUH� VOXUU\� IORZ� WKURXJK�����PP�SLSH�ZLWK� IORZ�YHORFLW\� UDQJH� ����������

P�V�DQG�FRQFHQWUDWLRQ�IURP������������51*�N�߱ WXUEXOHQFH�PRGHO�ZDV�XVHG�WR�ILQG�RXW�WKH�

KHDG� ORVV� DQG� WXUEXOHQW� TXDQWLWLHV��+HDG� ORVV� SHU�PHWUH� DQG ORFDO� VROLG� FRQFHQWUDWLRQ� DFURVV�

SLSH�FURVV�VHFWLRQ�DW�RXWOHW�KDYH�EHHQ�SUHVHQWHG�DORQJ�ZLWK�&)'�YDOLGDWLRQ�

/L�HW�DO�� ������� LQYHVWLJDWHG�WKH�FKHPLFDO�FRPSRVLWLRQ�DQG� WKHUPDO� EHKDYLRXU�RI� WDLOLQJ�DQG�

VRLO�� 7KH� '73$�DYDLODEOH� FRQWHQW� RI� 3E� DQG� =Q� ZHUH� FDOFXODWHG� DV� ����� DQG� ������

UHVSHFWLYHO\�� 7KH� FKHPLFDO� FRPSRVLWLRQ�� 3KDVH� FRPSRVLWLRQ�� WKHUPDO� EHKDYLRXU� RI� WKH� OHDG�

]LQF� WDLOLQJ� WDLOLQJ�DQG�FRQWDPLQDWHG�VRLO�ZHUH� LQYHVWLJDWHG�E\�;5)��;5'��)7,5�DQG�7*$�

'6&�� 7KH\� IRXQG� WKDW� WKH� FRQWHQWV� RI� =Q� DQG� 3E� ZHUH� ������ ZW��� DQG� ������ ZW���

UHVSHFWLYHO\�� ZKLOH� IRU� WKH� OHDG�]LQF� WDLOLQJ� WKHVH� ZHUH� ������ ZW��� DQG� ������ ZW��� IRU�

FRQWDPLQDWHG�VRLO��

1D\DN�HW�DO��������� LQYHVWLJDWHG�WKH�WKHUPR�IOXLGLF�EHKDYLRXU�RI� IO\�DVK�VOXUU\�WKURXJK������

UHWXUQ�SLSH�EHQG��7KH�VOXUU\�FRQFHQWUDWLRQ�ZDV�FKDQJHG�ZLWK� LQ�WKH�UDQJH�RI����WR�����ZLWK�

YHORFLW\�UDQJLQJ�IURP���WR���P�V��3DUWLFOH�VL]H�RI�IO\�DVK�ZDV�WDNHQ�DV����ȝP��,W�ZDV�QRWHG�WKDW�

DV� WKH� IORZ� YHORFLW\� DQG� SDUWLFOH� YROXPH� FRQFHQWUDWLRQ� LQFUHDVHV� WKH� KHDG� ORVV� WKURXJK� WKH�

SLSHOLQH�DOVR�LQFUHDVHV�DV�ZHOO�DV�WKH\�IRXQG�WKDW�DV�WKH�UDGLXV�UDWLR�GHFUHDVHV�IURP�����WR������

WKH�SUHVVXUH�GURS�FKDQJHG�IURP����WR�����IRU�FKDQJH�LQ�FRQFHQWUDWLRQ�IURP����WR�������7KH�

FRQFHQWUDWLRQ�SURILOH�GHSLFWHG�WKH�IRUPDWLRQ�RI�VHFRQGDU\�IORZV�DW�WKH�LQQHU�VLGH�RI�SLSH�EHQG�

ZKLFK�VWDUWV�DW�DQ�DQJOH�RI�����DQG�LQFUHDVHG�XS�WR������

0HUULOO� HW� DO�� ������ SHUIRUPHG� D� IHDVLELOLW\�VWXG\� RQ� K\SHUVSHFWUDO� FKDUDFWHUL]DWLRQ� WR�

HVWLPDWH�UKHRORJLFDO�SURSHUWLHV�RI�PLQHUDO�VXVSHQVLRQV��7KH\�SHUIRUPHG�D�VHW�RI�UKHRORJ\ WHVWV�
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IRU�VOXUULHV�KDYLQJ�GLIIHUHQW�FRPSRVLWLRQV��7KH\�FRPELQHG�WKUHH�PLQHUDOV��IURP�ILYH�PLQHUDOV��

DQG�REVHUYHG�WKDW�EHQWRQLWH�VXVSHQVLRQ�YLVFRVLW\������YRO���GHFUHDVHV�E\�DGGLWLRQ�RI�EHQWRQLWH�

IURP�DQRWKHU�VRXUFH�

7HERZHL� HW� DO�� ������� QXPHULFDOO\� LQYHVWLJDWHG� WKH� IORZ� FKDUDFWHULVWLFV� RI� VDQG� VOXUU\� IORZ�

WKURXJK�9�LQFOLQHG� EHQG��7KH\�XVHG� WZR� IOXLG�(XOHULDQ�(XOHULDQ�PRGHO��7KH�.ܭ� WXUEXOHQFH�

PRGHO�ZDV� XVHG� IRU� WKH� WXUEXOHQFH� VWXG\� RI� WKH� IORZ�� 7KH\� FDOFXODWHG� WKH� UHVXOWV� IRU� VOXUU\�

IORZ�DW���'�����'�DQG ��'�DZD\�IURP�SLSH�GLS�IRU�ERWK�XSVWUHDP�DQG�GRZQVWUHDP�IORZ��7KH\�

IRXQG�WKDW�WKH�FRUUHODWLRQV�XVHG�IRU�SUHGLFWLQJ�PLQLPXP�VDQG�WUDQVSRUW�ZHUH�QRW�YDOLG�IRU�9�

LQFOLQHG� EHQGV�� 7KH\� IRXQG� WKDW� IRU� HIILFLHQW� SLSHOLQH� GHVLJQ� WKH� FULWLFDO� PDVV� WUDQVSRUW�

HTXDWLRQ�VKRXOG�EH�XVHG�IRU�VWXG\�RI�VOXUU\�DQG�WR�HQDEOH�XQKLQGHUHG�VOXUU\�IORZ�WKURXJK�EHQG�

VHFWLRQV�

��� 027,9$7,21�%(+,1'�7+(�35(6(17�678'<

7KH� WUDQVSRUWDWLRQ� RI� PLQHUDO� VOXUULHV� WKURXJK� SLSHOLQH� LV� DFFRPSOLVKHG� E\� SODQQLQJ� VOXUU\�

WUDQVSRUWDWLRQ�FRPSRQHQWV� WKDW�DGYDQFHV�HFRQRPLF�WUDQVSRUW�ZLWK�D�PLQLPXP�SUHVVXUH�GURS��

$W� ORZ� FRQFHQWUDWLRQ�� VOXUU\� EHKDYHV� 1HZWRQLDQ� DQG� WKH� IORZ� LQ� WKH� SLSHOLQHV� NHHSV� XS� D�

FRQVLVWHQW� FRQVLVWHQF\� DW� WKH� GLIIHUHQW� VKHDU� UDWH�� /LNHZLVH�� LQ� PLQHUDO� VOXUU\�� KLJKO\�

FRQFHQWUDWHG�VOXUU\�LV�QHHGHG�LQ�DWRPL]HG�VWUXFWXUH�WKDW�LV�VXEMHFWHG�WR�KLJK�VKHDU�UDWHV��7KHVH�

KLJKO\� FRQFHQWUDWHG� VOXUU\� QRUPDOO\� VKRZV� QRQ�1HZWRQLDQ� IORZ� EHKDYLRXU� ZLWK� YLVFRVLWLHV�

IOXFWXDWLQJ� ZLWK� WKH� UDWH� RI� VKHDU�� $ORQJ� WKHVH�� EHIRUH� SODQQLQJ� D� VOXUU\� WUDQVSRUWDWLRQ�

IUDPHZRUN��LW�LV�RI�SULQFLSDO�VLJQLILFDQFH�WR�IRFXV�WKH�UKHRORJLFDO�EHKDYLRXU�RI�PLQHUDO�VOXUULHV�

WR�NQRZ�WKH�GLIIHUHQW�SDUDPHWHUV�OLNH�WKH�YLVFRVLW\�DW�GLIIHUHQW�FRQFHQWUDWLRQV��IORZ�EHKDYLRXU��

WKH�SUHVVXUH�GURS�HWF��7KH�SUHVHQW�VWXG\�LV�GLUHFWHG�WR�FUHDWH�EURDG�UKHRORJLFDO�LQIRUPDWLRQ�DQG�

IRFXV� WKH� PLQHUDO� VOXUU\� UKHRORJLFDO� EHKDYLRXU� WKDW� EHVW� GHVFULEH� WKH� PLQHUDO� VSHFLPHQV� DW�

GLIIHUHQW�VROLG�FRQFHQWUDWLRQ��SDUWLFOH�VL]H�GLVWULEXWLRQ��DQG�PLQHUDO�ILQHV�

��� *$36�,1�/,7(5$785(

%DVHG� RQ� OLWHUDWXUH� UHYLHZ�� IROORZLQJ� JDSV� LQ� NQRZOHGJH� RQ� WKH� IORZ� FKDUDFWHULVWLFV� RI� WKH�

=LQF�WDLOLQJ�VOXUU\�VXVSHQVLRQ�LV�REVHUYHG�

x 'XH�WR�LQFRPSOHWH�XQGHUVWDQGLQJ�RI�FRPSOH[�VROLG�OLTXLG�IORZ�SKHQRPHQRQ�LQ�WKH�SLSHOLQH�

DQG�OLPLWHG�GDWD�EDVH��WKHUH�LV�QR�ZHOO�HVWDEOLVKHG�PHWKRG�DYDLODEOH�WR�SUHGLFW�WKH�SUHVVXUH�

GURS�LQ�WKH�SLSHOLQH�IRU�WKH�IORZ�RI�VROLG�OLTXLG�PL[WXUHV�DW�GLIIHUHQW�FRQFHQWUDWLRQV�
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x 7KH� HPSLULFDO� FRUUHODWLRQV� GHYHORSHG� H[SHULPHQWDOO\� IRU� WKH� SUHGLFWLRQ� RI� WKH� SUHVVXUH�

GURS� DUH� DSSOLFDEOH� WR� WKH� SDUWLFXODU� VOXUU\� DQG� FDQQRW� SUHGLFW� UHDVRQDEOH� SUHVVXUH� GURS�

ZLWK�WKH�VDPH�VOXUU\�FROOHFWHG�IURP�GLIIHUHQW�ORFDWLRQV�DQG�RWKHU�W\SH�RI�VOXUULHV�

x /LPLWHG�LQYHVWLJDWLRQV�KDYH�EHHQ�FDUULHG�RXW�WR�HVWDEOLVK�WKH�HIIHFW�RI�KLJKHU�FRQFHQWUDWLRQ�

RI�VOXUU\�RQ�WKH�GLIIHUHQW�HQHUJ\�ORVVHV�LQ�WKH�SLSHOLQH�

��� 2%-(&7,9(6

/LPLWDWLRQV�RI�WKH�DYDLODEOH�H[SHULPHQWDO�DQG�QXPHULFDO�GDWD�KDYH�PRWLYDWHG�WR�XQGHUWDNH�WKH�

SUHVHQW�VWXG\��+HUH�DUH�WKH�REMHFWLYHV�RI�WKH�SUHVHQW�VWXG\�

x 7R�LQYHVWLJDWH�WKH�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�]LQF�WDLOLQJ�VOXUU\�VXVSHQVLRQ�

x 7R�LQYHVWLJDWH�WKH�UKHRORJLFDO�FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�VOXUU\�

x 7R� LQYHVWLJDWH� WKH� SUHVVXUH� GURS� FKDUDFWHULVWLFV� RI� ]LQF� WDLOLQJ� VOXUU\� VXVSHQVLRQ� LQ� SLSH�

EHQG�DW�KLJK�FRQFHQWUDWLRQV�XVLQJ�&)'�
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&KDSWHU��

3+<6,&$/� $1'� &+(0,&$/� &+$5$&7(5,=$7,21� 2)�

=,1&�7$,/,1*

7KH� K\GUDXOLF� FKDUDFWHULVWLFV� RI� VOXUU\� DUH� IXQFWLRQ� RI� YDULRXV� JHRPHWULF� DQG� G\QDPLF�

SDUDPHWHUV��7KH�GHVLJQLQJ�RI�WKH�VOXUU\�WUDQVSRUWDWLRQ�V\VWHP�LV�GLUHFWO\�RU�LQGLUHFWO\�GHSHQGV�

XSRQ�WKHVH�SDUDPHWHUV��)URP�WKH�H[WHQVLYH�OLWHUDWXUH�UHYLHZ�FDUULHG�RXW�LQ�WKH�SUHYLRXV�FKDSWHU�

LW� LV�REVHUYHG�WKDW�YHU\� IHZ�VWXGLHV�ZHUH�FDUULHG�RXW�WR�VWXG\�WKH� IORZ�FKDUDFWHULVWLFV�RI�]LQF�

WDLOLQJ�ZDWHU�VOXUU\��7KHUHIRUH�LW�LV�YHU\�LPSRUWDQW�WR�HVWDEOLVK�D�GDWDEDVH�VR�WKDW�WKH�GHVLJQLQJ�

RI� SLSHOLQH� V\VWHP� EHFRPH� HDVLHU� DQG� IDVW��/DUJH� DPRXQW�RI� VROLG�ZDVWH� LQ� IRUP�RI�PLQHUDO�

WDLOLQJ� LQ� EHLQJ� JHQHUDWHG� DIWHU� WKH� SURFHVVLQJ� RI� PLQHUDOV� IURP� PLQHUDO� RUH�� 7KLV� ZDVWH� LV�

GLVSRVHG�RII�WR�WKH�WDLOLQJ�GDPV�DW�YHU\�ORZ�VROLG�FRQFHQWUDWLRQ��7KLV�OHDGV�WR�FRQVXPSWLRQ�RI�

ODUJH�DPRXQW�RI�ZDWHU�DQG�SXPSLQJ�FRVW� LV�DOVR� LQFUHDVHG�� ,Q�SUHYLRXV�FKDSWHU� LW� LV� UHYHDOHG�

WKDW�IORZ�RI�WZR�SKDVH�VOXUU\� LV� LQIOXHQFHG�E\�GLIIHUHQW�SDUDPHWHUV�OLNH�SDUWLFOH�VL]H��VSHFLILF�

JUDYLW\� RI� VROLG�� W\SH� RI� FDUULHU� IOXLG�� VOXUU\� S+�� FKHPLFDO� FRPSRVLWLRQ� DQG� VWDWLF� VHWWOHG�

FRQFHQWUDWLRQ��,Q�WKLV�FKDSWHU�WKH�GHWDLOHG�LQYHVWLJDWLRQ�WR�H[DPLQH�WKH�FKHPLFDO�DQG�SK\VLFDO�

FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�VOXUU\�VXVSHQVLRQ�E\�XVLQJ�GLIIHUHQW�EHQFK�VFDOH�WHVWV� LV�FDUULHG�

RXW�

��� 6$03/(�&2//(&7,21�

7KH� ]LQF� WDLOLQJ� VDPSOH� ZDV� SURFXUHG� IURP� WKH� WDLOLQJ� GDP� RI� 5DPSXUD� $JXFKD� PLQH��

5DMDVWKDQ��,QGLD��)LJXUH�����UHSUHVHQWV�WKH�JHRJUDSKLFDO�YLHZ�RI�5DPSXUD�$JXFKD�PLQH�

)LJXUH�����*HRJUDSKLFDO�YLHZ�RI�5DPSXUD�$JXFKD�PLQH��5DMDVWKDQ��,QGLD
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��� 3$57,&/(�6,=(�',675,%87,21��36'�

,Q� RUGHU� WR� REWDLQ�� WKH� YDULDWLRQ� RI� SDUWLFOH� VL]H� LQ� ]LQF� WDLOLQJ� VDPSOH� WKH� SDUWLFOH� VL]H�

GLVWULEXWLRQ�ZDV�FDUULHG�RXW��,QLWLDOO\��WKH�LQKHUHG�PRLVWXUH�IURP�VDPSOH�ZDV�UHPRYHG�ZLWK�WKH�

KHOS�RI�RYHQ�VR�DV�WR�EUHDN�WKH�DJJORPHUDWLRQ�RI�VROLG�SDUWLFOHV��7KH�VDPSOH�ZDV�SODFHG�LQ�DQ�

RYHQ� DW� ����&� WHPSHUDWXUH� IRU� RQH� KRXU�� $�PRWRUL]HG� WDEOH� WRS� VLHYH� VKDNHU� ZDV� XVHG� IRU�

VLHYLQJ�ZLWK� VLHYHV� VL]H� RI� ������ ����� ����� ���������� ����� ����� ��� DQG����ȝP�� DV� VKRZQ� LQ�

)LJXUH�����

)LJXUH������3KRWRJUDSKLF�YLHZ�RI�PHFKDQLFDO�VLHYH�VKDNHU

$�NQRZQ�ZHLJKW�RI� VDPSOH�ZDV�SDVVHG�RYHU� VHULHV�%ULWLVK� VWDQGDUG�VLHYHV��7KH�VLHYH�VKDNHU�

ZDV�UXQ�IRU����PLQXWHV�VR�WKDW�H[DFW�SDUWLFOH�VL]H�GLVWULEXWLRQ�ZDV�REWDLQHG��$IWHU����PLQXWHV�

WKH� VDPSOH�ZHLJKW�ZKLFK�ZDV� UHWDLQHG�RQ�WKH�VLHYH� �HDFK��DQG�ERWWRP�SDQ�ZDV�PHDVXUHG�E\�

XVLQJ� ZHLJKLQJ� PDFKLQH�� 7KH� UHVXOWV� REWDLQHG� DIWHU� VLHYLQJ� LV� OLVWHG� LQ� 7DEOH� ����� ,W� ZDV�

REVHUYHG�IURP�UHVXOWV�WKDW�FROOHFWHG�]LQF�WDLOLQJ�VDPSOH�LQ�YHU\�ILQH�LQ�QDWXUH��$OO�WKH�SDUWLFOHV�

LQ�]LQF�WDLOLQJ�VDPSOH�ZHUH�ILQHU�WKDQ������P�VL]H��,W�ZDV�IRXQG�WKDW�������SDUWLFOHV�ZHUH�OHVV�

WKDQ�����P��:KHUHDV����������������������DQG�������ZHUH� OLH LQ� WKH� UDQJH�RI��������������

�����������������������������P�UHVSHFWLYHO\�
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7DEOH������3DUWLFOH�VL]H�GLVWULEXWLRQ

6LHYH�VL]H���P� 0HVK�VL]H��PP� )UDFWLRQ��JP� &XPXODWLYH�ZHLJKW�
���XQGHU�

��� ����� ���� ����

����� ����� ���� ����

������ ����� ���� ����
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6(0�('6�PHWKRG�LV�XVHG�WR�VWXG\�WKH�VXUIDFH�DQG�FKHPLFDO�FKDUDFWHULVWLFV�RI�PDWHULDOV��%RWK�

RI�WKH�DQDO\VLV�DUH�GRQH�RQ�WKH�VDPH�HTXLSPHQW�DV�6(0�HTXLSPHQW�LV�HTXLSSHG�ZLWK�DQ�('6��

:LWK�WKH�KHOS�RI� WKLV�PHWKRG�ZH�FDQ�REWDLQ�DQDO\WLFDO�UHVXOWV�RI�FRDUVH�RU�ILQH�SDUWLFOHV��,W� LV�

DOVR�XVHG�IRU�WKH�FKHPLFDO�DQDO\VLV�RI�FROOHFWHG�VDPSOH��6(0�PLFURJUDSKV�DUH�PDLQO\�XVHG�WR�

VWXG\� WKH� VXUIDFH� FKDUDFWHULVWLFV� RI� WKH� VSHFLPHQ�� 2QH� FDQ� HDVLO\� LQWHUSUHW� WKH� PLFURJUDSKV�

ZKLFK� DUH� REWDLQHG� IURP� WKH�6(0��7KH� LQVWUXPHQW� XVHG� IRU� WHVWLQJ�ZDV�6(0�-60�����/9�

-(2/�� ,Q� WKLV� WHFKQLTXH� KLJKO\� HQHUJHWLF�DQG�DFFHOHUDWHG�HOHFWURQ EHDP� LV�PDGH� LQFLGHQW�RQ�

WKH�VDPSOH�WR�EH�DQDO\VHG��7KHVH�HQHUJHWLF�HOHFWURQV�WKHQ�LQWHUDFW�ZLWK�WKH�DWRPV�DQG�SURGXFH�

YDULHW\�RI�HPLVVLRQV�ZKLFK�DUH�GHWHFWHG�E\�VHQVRUV��2Q�WKH�RWKHU�KDQG��('6�DQDO\VLV�VHQVRU�LV�

XVHG�WR�GLIIHUHQWLDWH�WKH�HQHUJ\�VSHFWUXP�DQG�SUHLQVWDOOHG�('6�VRIWZDUH�LV�XVHG�WR�DQDO\VH�DQG�

WR� ILQG� RXW� WKH� HOHPHQWV� ZKLFK� DUH� SUHVHQW� LQ� VDPSOH�� 7KH� ('6� VSHFWUXP� JLYHV� WKH�

FRPSRVLWLRQ�RI�WKH�VHYHUDO�HOHPHQWV�DQG�FRPSRXQGV�ZKLFK�DUH�SUHVHQW�LQ�WKH�VDPSOH�

6(0� DQG� ('6� DUH� FRPPRQO\� XVHG� WR� VWXG\� WKH� VXUIDFH� PRUSKRORJ\� DQG� FKHPLFDO�

FKDUDFWHULVWLFV� WR�UHDOL]H�WKH�HOHPHQWV�SUHVHQW� LQ�WKH�VDPSOH��,Q�6(0�DQDO\VLV�KLJK�UHVROXWLRQ�

LPDJHV�DUH�SURGXFHG�WKDW�LV�EHFDXVH�RI�QDUURZ�HOHFWURQ�EHDP�ZKLFK�UHVXOWV�LQ���'�DSSHDUDQFH�

ZKLFK�LV�YHU\�KHOSIXO� LQ�FRQILJXULQJ�RXW�WKH�VXUIDFH�DQDO\VLV�RI�WKH�VDPSOH��7KH�6(0�LPDJHV�

RI�WKH�]LQF�WDLOLQJ�VDPSOH�LV�VKRZQ�LQ�)LJXUH������)URP�WKH�6(0�LPDJHV�LW�ZDV�QRWLFHG�WKDW�DOO�

WKH�SDUWLFOHV�ZHUH�LUUHJXODU�LQ�VKDSH��7KH�VROLG�SDUWLFOHV�KDYH�NQLIH�HGJH�VWUXFWXUH��,W�ZDV�DOVR�

VHHQ WKDW� QXPEHU� RI� ILQH� SDUWLFOHV� ZHUH� PRUH� DV� FRPSDUHG� WR� FRDUVHU�� 7KH� LUUHJXODULW\� DQG�
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NQLIH�HGJHG�VKDSH�RI�VROLG�SDUWLFOHV�UHVXOWV� LQ�GHFUHDVHG�GUDJ�IRUFHV�GXULQJ�WKH�WUDQVSRUWDWLRQ�

RI�VOXUU\�LQ�SLSHOLQHV�

)LJXUH������6(0�PLFURJUDSK�RI�]LQF�WDLOLQJ

)LJXUH�������D��('6�VSHFWUXP�RI�]LQF�WDLOLQJ��E��(OHPHQWDO�FRPSRVLWLRQ�RI�]LQF�WDLOLQJ
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)LJXUH�����UHSUHVHQWV�WKH�('6�VSHFWUXP�DQG�HOHPHQWDO�FRPSRVLWLRQ�RI�WKH�]LQF�WDLOLQJ�VDPSOH��

)URP� UHVXOWV� LW� ZDV� REVHUYHG� WKDW� DOXPLQD� DQG� VLOLFD� LV� SUHVHQW� LQ� PDMRU� SURSRUWLRQ� DV�

FRPSDUHG� WR� WKH� RWKHU� HOHPHQWV�� 7KH� R[\JHQ� LV� SUHVHQW� LQ� WKH� R[LGH� IRUP�� :KHUHDV� LURQ��

FDOFLXP�DQG�VRGLXP�ZDV�SUHVHQW�LQ�PLQRU�SURSRUWLRQ��7KH�LURQ� FDOFLXP��VRGLXP��R[\JHQ�DQG�

DOXPLQLXP�ZDV�IRXQG�DV�������������DQG����UHVSHFWLYHO\�

��� 327(17,$/�2)�+<'52*(1��S+��2)�6/855<

7KH�S+�WHVW�ZDV�XVHG�WR�VWXG\�DERXW�WKH�DTXHRXV�VROXWLRQ�RI� WKH� VOXUU\�ZKHWKHU�WKH�VOXUU\� LV�

DFLGLF�RU�DONDOLQH�LQ�QDWXUH��7KH�S+�LQ�FKHPLVWU\�LV�WKH�QHJDWLYH�ORJ�RI�WKH�K\GURJHQ�LRQV�LQ�D�

VROXWLRQ��7KH�S+�YDOXH���LV�IRU�SXUH�ZDWHU��FDOOHG�DV�QHXWUDO�VROXWLRQ��$TXHRXV�VROXWLRQ�ZLWK�D�

S+�YDOXH�OHVV�WKDQ���DQG�JUHDWHU�WKDQ���DUH�VDLG�WR�EH�DFLGLF�DQG�DONDOLQH�LQ�QDWXUH�UHVSHFWLYHO\��

7KH�S+�ZDV�PHDVXUHG�ZLWK�WKH�KHOS�RI�D�GLJLWDO�S+�PHWHU�DV�VKRZQ�LQ�)LJXUH�����

)LJXUH������3KRWRJUDSKLF�YLHZ�RI�GLJLWDO�S+�PHWHU

,QLWLDOO\��ZLWK�WKH�KHOS�RI�EXIIHU�VROXWLRQV�WKH�S+�PHWHU�ZDV�FDOLEUDWHG��7KH�EXIIHU�VROXWLRQ�RI�

S+���DQG���ZDV�SUHSDUHG�E\�PL[LQJ�WKH�EXIIHU�FDSVXOH� LQ�����PO�GHPLQHUDOL]HG�ZDWHU��$IWHU�

FDOLEUDWLRQ�WKH�S+�WHVWLQJ�RI�WKH�VOXUU\�DW�GLIIHUHQW�FRQFHQWUDWLRQV�ZDV�GRQH��7KH�S+�YDOXH�RI�

WKH�VOXUU\�ZDV�GHWHUPLQHG�IRU�VROLG�FRQFHQWUDWLRQ�UDQJH�RI��������FRQFHQWUDWLRQ��E\�ZHLJKW���

7KH�YDULDWLRQ� LQ�WKH�S+�YDOXH�RI�]LQF�WDLOLQJ�VOXUU\�ZLWK�VROLG�FRQFHQWUDWLRQ� LV�UHSUHVHQWHG�LQ�

)LJXUH������)URP�UHVXOWV� LW�ZDV�REVHUYHG�WKDW�WKH�VROLG�FRQFHQWUDWLRQ�KDV�YHU\�OLWWOH� LPSDFW�RQ�

S+�RI� VOXUU\��7KH� LQFUHDVH� LQ� VROLG�FRQFHQWUDWLRQ� UHVXOWV� LQ� YHU\� VPDOO� LQFUHDVH� LQ�S+�YDOXH��
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7KH�S+�YDOXH�RI�VROLG�FRQFHQWUDWLRQ�UDQJH�RI��������OLHV�ZLWKLQ�WKH�UDQJH�RI������������,W�ZDV�

REVHUYHG�IURP�UHVXOWV�WKDW�]LQF�VOXUU\�LV�DONDOLQH�LQ�QDWXUH�

)LJXUH������9DULDWLRQ�RI�S+�ZLWK�VROLG�FRQFHQWUDWLRQ

��� 63(&,),&�*5$9,7<�

6SHFLILF�JUDYLW\� LV� WKH�UDWLR�RI�GHQVLW\�RI�D�VXEVWDQFH�WR�WKH�GHQVLW\�RI�D�UHIHUHQFH� VXEVWDQFH��

7KH�UHIHUHQFH�VXEVWDQFH�LQ�PRVW�RI�WKH�FDVHV�LV�DOZD\V�ZDWHU��DW����&��EXW�IRU�JDVHV�LW�LV�DLU�DW�

URRP� WHPSHUDWXUH� L�H�� ����� &��� 7KH� GHQVLW\� RI� ZDWHU� DOZD\V� YDULHV� ZLWK� SUHVVXUH� DQG�

WHPSHUDWXUH�DV�GRHV�WKH�GHQVLW\�RI� WKH�VDPSOH��6R�� LW� LV�PDQGDWRU\�WR�VSHFLI\�WKH�WHPSHUDWXUH�

DQG� SUHVVXUH� DW� ZKLFK� WKH� ZHLJKWV� ZHUH� GHWHUPLQHG�� 7KH� VSHFLILF� JUDYLW\� RI� =LQF� WDLOLQJ�

VDPSOH� ZDV� GHWHUPLQHG� ZLWK� WKH� KHOS� RI� S\FQRPHWHU� DSSURDFK�� 'HWHUPLQDWLRQ� RI� VSHFLILF�

JUDYLW\� KHOSV� LQ�FDOFXODWLRQ�RI�RWKHU�SURSHUWLHV� LQFOXGLQJ�GHJUHH�RI� VDWXUDWLRQ�DQG�YRLG� UDWLR��

7KH�VSHFLILF�JUDYLW\�RI�]LQF�WDLOLQJ�VDPSOH�ZDV�FDOFXODWHG�ZLWK�WKH�KHOS�RI�IROORZLQJ�HTXDWLRQ�

� �
� � � ���*UDYLW\��6SHFLILF

::::
::
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:KHUH�:&  �:HLJKW�RI�PHDVXULQJ�F\OLQGHU��JUDP���:&6  �:HLJKW�RI�IODVN�DQG�VROLG��JUDP���

:&:  �:HLJKW�RI� IODVN�ZLWK�ZDWHU��JUDP��DQG�:&6:  �:HLJKW�RI�IODVN�ZLWK�VROLG�DQG�ZDWHU�

�JUDP���7KH�VSHFLILF�JUDYLW\�RI�WKH�VDPSOH�LV�IRXQG�WR�EH������
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,W� LV� GHILQHG� DV� WKH� PHDVXUH� RI� WKH� PD[LPXP� SRVVLEOH� VWDWLF� VHWWOHG� FRQFHQWUDWLRQ� RI�

VXVSHQVLRQ�� 7KH� VWDWLF� VHWWOHG� FRQFHQWUDWLRQ� RI� VOXUU\� ZDV� REWDLQHG� E\� SODFLQJ� WKH� VOXUU\�

XQGLVWXUEHG�IRU�VSHFLILF�WLPH�UDQJH�RI�������KRXUV��,W�LV�GHQRWHG�E\�&Z
PD[��LW�LV�DOVR�D�IXQFWLRQ�

RI� VSHFLILF� JUDYLW\� RI� WKH�PDWHULDO� DORQJ�ZLWK� WKH� VROLG� FRQFHQWUDWLRQ� RI� WKH� VXVSHQVLRQ�� )RU�

HFRQRPLFDO�GHVLJQ�RI�VOXUU\�SLSHOLQH�LW�LV�QHFHVVDU\�WR�VWXG\�WKH�&Z
PD[ YDOXH��,Q�SUHVHQW�VWXG\��

JUDYLWDWLRQDO� PHWKRG� ZDV� XVHG� WR� FDOFXODWH� WKH� PD[LPXP� YDOXH� RI� WKH� VWDWLF� VHWWOHG�

FRQFHQWUDWLRQ� RI� ]LQF� WDLOLQJ�ZDWHU� VOXUU\��7KH� VSHFLILF� HQHUJ\� FRQVXPSWLRQ� LQFUHDVHV� DV� WKH�

VROLG�FRQFHQWUDWLRQ�UHDFKHV�WR�PD[LPXP�YDOXH�RI�VWWOHG�FRQFHQWUDWLRQ���)RU�WKLV��WKH�VOXUU\�ZDV�

SUHSDUHG�UDQJLQJ�IURP��������ZDV��E\�ZHLJKW��DQG��ZDV�DOORZHG�WR�VHWWOH�GRZQ LQ�PHDVXULQJ�

F\OLQGHU� WLOO� WKHUH� ZDV� QR� IXUWKHU� VHWWOLQJ�� &Z
PD[ ZDV� FRPSXWHG� ZLWK� WKH� KHOS� RI� IROORZLQJ�

UHODWLRQ�DV�JLYHQ�EHORZ�

VO

V
Z ZZ

Z
&

�
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:KHUH��:V�GHQRWHV�WKH�ZHLJKW�RI�WKH�VROLG�LQ�VHWWOHG�PDVV��:O�GHQRWHV�ZHLJKW�RI�ZDWHU� LQ�WKH�

VHWWOHG�PDVV��

)LJXUH����� (IIHFW�RI�VROLG�FRQFHQWUDWLRQ�RQ�VWDWLF�VHWWOHG�FRQFHQWUDWLRQ�IRU�]LQF�WDLOLQJ�VOXUU\
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%HIRUH�UHDFKLQJ�WR�VWDWLF�VHWWOHPHQW�OHYHO��WKH�VHWWOLQJ�ZDV�YHU\�UDSLG�DW�WKH�HDUO\�VWDJH�DQG�WKH�

GLIIHUHQFH� LQ� WKH� OHYHO�RI� VOXUU\� LQ�PHDVXULQJ� WDQN� LV� YHU\� OHVV�DIWHU� IL[HG� WLPH� LQWHUYDO��7KH�

YDULDWLRQ� LQ�WKH�&Z
PD[ ZLWK�VROLG�FRQFHQWUDWLRQ� LV�VLJQLILHG� LQ�WKH�)LJXUH������,W�ZDV�REVHUYHG�

IURP� WKH� UHVXOWV� WKH� VHWWOLQJ� UDWH�RI� WKH� VROLG�SDUWLFOHV� LQFUHDVHV�XS� WR�����PLQXWHV�DIWHU� WKDW�

IXUWKHU� VHWWOLQJ� ZDV� FHDVHG�� 7KH� LQFUHDVH� LQ� VROLG� FRQFHQWUDWLRQ� IRUP� ������� UHVXOWV� LQ�

LQFUHDVH�LQ�VHWWOLQJ�RI�VROLG�SDUWLFOHV��7KLV�ZDV�REVHUYHG�GXH�WR�WKH�LQFUHDVH�LQ�WKH�QXPEHU�RI�

VROLG�SDUWLFOHV�SHU�XQLW�YROXPH�RI�WKH�VOXUU\��7KH�PD[LPXP�VWDWLF�VHWWOHG�FRQFHQWUDWLRQ�RI�]LQF�

WDLOLQJ�VOXUU\� IRU�VROLG�FRQFHQWUDWLRQ�RI������������DQG������E\�ZHLJKW��ZDV�IRXQG�DV��������

�������������DQG��������UHVSHFWLYHO\���
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7KH�IORZ�FKDUDFWHULVWLFV�RI�WKH�VOXUU\�DUH�KLJKO\�LQIOXHQFHG�E\�UKHRORJLFDO�EHKDYLRXU�RI�VROLG�

OLTXLG�VXVSHQVLRQ��7KH�HIILFLHQF\�RI�WKH�VOXUU\�WUDQVSRUWDWLRQ�V\VWHP�GHSHQGV�XSRQ�DPRXQW�RI�

VROLG�FRQYH\HG�DQG�SXPSLQJ�FRVW��7KH�SXPSLQJ�FRVW�RU�HQHUJ\�UHTXLUHG IRU�FRQYH\LQJ�D�VROLG�

LV�GHSHQGV�XSRQ�WKH�YLVFRVLW\�RI�VOXUU\��6OXUU\�LV�GHILQHG�DV�WKH�PL[WXUH�RI�VROLG�DQG�OLTXLG�� LW�

JRHV�XQGHU�SODVWLF�GHIRUPDWLRQ�ZKHQ�H[WHUQDO�IRUFHV�DUH�DSSOLHG�RQ�LW��'XH�WR�SUHVHQFH�RI�VROLG�

SDUWLFOHV�� WKH� IORZ� FKDUDFWHULVWLFV� VWXG\� RI� WKH� VOXUU\� VXVSHQVLRQ� EHFRPHV� D� FRPSOH[�

SKHQRPHQRQ��$V�WKH�SK\VLFDO�SURSHUWLHV�RI�VROLG�SDUWLFOHV�DOVR�HIIHFW�WKH�IORZ�EHKDYLRXU�RI�WKH�

VOXUU\�VXVSHQVLRQ��7KH�IORZ�FKDUDFWHULVWLF�RI�VOXUU\�VXVSHQVLRQ�UHOLHV�RQ�PDQ\�IDFWRUV�VXFK�DV�

YROXPH� IUDFWLRQ�� YLVFRVLW\� RI� VOXUU\� DQG� WKH� VROLG� SK\VLFDO� SURSHUWLHV�� $V� WKH� VROLG�

FRQFHQWUDWLRQ� LQFUHDVHV� LQ� WKH� VOXUU\� VXVSHQVLRQ� WKH� IORZ� EHKDYLRXU� VKLIWV� IURP�1HZWRQLDQ�

EHKDYLRU� WR� QRQ�1HZWRQLDQ� EHKDYLRXU� DV� ZHOO� DV� WKH� YLVFRVLW\� LQFUHDVHV�� 7KHUH� DUH� YDULRXV�

SDUDPHWHUV ZKLFK�SOD\V�DQ�LPSRUWDQW�UROH�WR�GHWHUPLQH�WKH�UKHRORJLFDO�FKDUDFWHULVWLFV�RI�VROLG�

VXVSHQVLRQ�OLNH�YLVFRVLW\��SDUWLFOHV�VL]H�DQG�VROLG�FRQFHQWUDWLRQ�HWF��7KHUHIRUH��LW�LV�UHTXLUHG�WR�

VWXG\� WKH� UKHRORJLFDO� FKDUDFWHULVWLFV� RI� ]LQF� WDLOLQJ�ZDWHU� VOXUU\� VR� DV� WR� GHVLJQ� HFRQRPLFDO�

VOXUU\�FRQYH\LQJ�V\VWHP��,Q�WKLV�FKDSWHU�WKH�UKHRORJLFDO�FKDUDFWHULVWLFV�DV�FROOHFWHG�]LQF�WDLOLQJ�

VDPSOH�ZDV� LQYHVWLJDWHG� IRU� VROLG�FRQFHQWUDWLRQ� UDQJH�RI���������E\�ZHLJKW���+RZHYHU�� WKH�

H[SHULPHQWV� ZHUH� DOVR� H[WHQGHG� WR� WKH� GHFUHDVH� WKH� YLVFRVLW\� RI� VOXUU\� E\� DGGLQJ� FRDUVHU�

SDUWLFOHV� LQ� ILQHU� VOXUU\� DW� KLJK� VROLG� FRQFHQWUDWLRQ� RI� ����� 7KH� GHWDLOV� RI� H[SHULPHQWV� DQG�

DSSDUDWXV�XVHG�DUH�GHVFULEHG�LQ�IXUWKHU�VHFWLRQV��

��� 5+(20(7(5

5KHRPHWHU�LV�D�GHYLFH�ZKLFK�LV�XVHG�WR�VWXG\�WKH�IORZ�FKDUDFWHULVWLFV�RI�WKH�OLTXLGV�DQG�VOXUULHV�

DV�VKRZQ�LQ�)LJXUH������,W�KHOSV�WR�FDOFXODWH�DSSUR[LPDWH�ZD\�RI�GHIRUPDWLRQ�XQGHU�WKH�HIIHFW�

RI�DSSOLHG�VKHDU�VWUHVV��7R�LQYHVWLJDWH�WKH�IOXLG�EHKDYLRXU�VXFK�DV�1HZWRQLDQ�QRQ�1HZWRQLDQ��

GHIRUPDWLRQ� UDWH�� YLVFRVLW\�� VKHDU� VWUHVV� DQG� HORQJDWLRQ� YLVFRVLW\� HWF�� YDULRXV� W\SHV� RI�

UKHRPHWHUV�DUH�DYDLODEOH��7KH�PRVW�FRPPRQ�DPRQJ�WKHP�LV�WKH�FRQH�SODWH�FRQFHQWULF�F\OLQGHU�

W\SH� UKHRPHWHU� ZKLFK� ZDV� XVHG� WR� GHWHUPLQH� WKH� UKHRORJLFDO� FKDUDFWHULVWLFV� RI� VROLG�OLTXLG�

VXVSHQVLRQ��7KH�PHDVXUHPHQWV�ZHUH�REWDLQHG�E\�VHOHFWLQJ�FRQWUROOHG�VKHDU�UDWH�



ϯϮ

����� :RUNLQJ�SULQFLSOH�RI�UKHRPHWHU

$� FRQVWDQW� WRUTXH� PRWRU� LV� FRQQHFWHG� WR� WKH� 5KHRPHWHU� ZKLFK� ZRUNV� WKURXJK� WKH� YDULRXV�

DUUDQJHPHQWV� RI� WKH�5KHRPHWHU��$� VHQVRU�ZKLFK� LV� XVHG� WR� PHDVXUH� WKH� DQJXODU� SRVLWLRQ� RU�

PRYHPHQW�RI�WKH�V\VWHP�LV�FRQQHFWHG�ZLWK�WKH�VKDIW��,W�KDV�ZLGH�VSHHG�DQG�WRUTXH�UDQJHV��7KH�

PHDVXULQJ� V\VWHP� FRQVLVWV� RI� D� VSLQGOH� KDYLQJ� D� ERE� DQG� FXS� ZLWK� D� VPDOO� DQQXODU� JDS�

EHWZHHQ�WKHP��)LUVWO\��WKH�PL[WXUH�LV�SUHSDUHG DQG�DIWHU�WKDW�LW�LV�SRXUHG�LQ�WKH�PHDVXULQJ�FXS��

7KH�PHDVXULQJ� FXS� LV� WKHQ� LQVHUWHG� LQWR� D�PHDVXULQJ� F\OLQGHU� DQG� LV� FRXSOHG� WR� WKH� URWDWLQJ�

VSLQGOH�

)LJXUH������3KRWRJUDSKLF�YLHZ�RI�5KHRODE�4&�UKHRPHWHU

7KH�VOXUU\�LV�VXEMHFWHG�WR�VKHDULQJ�DFWLRQ�LQ�EHWZHHQ�WKH�DQQXODU�JDS�DQG�KHQFH�VKHDU�VWUHVV�LV�

PHDVXUHG�DV�D�IXQFWLRQ�RI� WKH�VKHDU�UDWH��5HVXOWV�DUH�REWDLQHG�RQ�WKH�5KHRSOXV�VRIWZDUH�RQ�D�

FRPSXWHU��7KH�SURGXFW�RI�DQJXODU�YHORFLW\�DQG� WRUTXH�ZLWK� WKH�³IRUP� IDFWRUV´�&��DQG�&��WR�

ILQG�RXW�WKH�VKHDU�VWUHVV��Ĳ�DQG�VKHDU�UDWH�Ȗ��UHVSHFWLYHO\

6KHDU�6WUHVV 0& u �W �����

6KHDU�UDWH ZJ u �& �����



ϯϯ

9LVFRVLW\ JWK u �����

:KHUHDV�0�GHQRWHV�WKH�WRUTXH�DQG�Ȧ�UHSUHVHQWV�WKH�DQJXODU�YHORFLW\�

,Q� VRPH� PHDVXULQJ� V\VWHPV� WKH� DUUDQJHPHQWV� OLNH� SDUDOOHO� SODWHV�� WKH� JDS� EHWZHHQ� WKH�

PHDVXULQJ�V\VWHPV�LV�DGMXVWDEOH�DQG�FDQ�EH�VHW�E\�WKH�XVHU��,Q�WKLV�FDVH�WKH�HTXDWLRQ�XVHG�LV�

/

& ZJ u
 � ;ϰ͘ϰͿ

:KHUH��/�GHQRWHV�WKH�JDS�

��� 6$03/(�35(3$5$7,21

$����PO� RI� VOXUU\� VDPSOHV� RI� YDU\LQJ� VROLG� FRQFHQWUDWLRQ� UDQJH� RI� �������ZDV� SUHSDUHG� WR�

SHUIRUP�UKHRORJLFDO�WHVWV��%\�PL[LQJ�NQRZQ�DPRXQW�RI�VROLG�DORQJ�ZLWK�ZDWHU�WKH�]LQF�WDLOLQJ�

VOXUU\�ZDV�SUHSDUHG��7KH�]LQF� WDLOLQJ�VOXUU\�ZDV� SUHSDUHG�E\�PL[LQJ�NQRZQ�DPRXQW�RI� VROLG�

ZLWK� ZDWHU�� (OHFWURQLF� W\SH� VLQJOH� SDQ� EDODQFH� ZLWK� OHDVW� FRXQW� RI� �������PJ� ZDV� XVHG� WR�

PHDVXUH�WKH�ZHLJKW�RI�]LQF�WDLOLQJ�VDPSOH��$�VWLUUHU�ZDV�XVHG�WR�HQVXUH�WKH�XQLIRUP�PL[LQJ�RI�

DTXHRXV� VXVSHQVLRQ� RI� VOXUU\�� &RQFHQWULF� F\OLQGHU� W\SH� UKHRPHWHU� ZDV� XVHG� WR� SHUIRUP� WKH�

H[SHULPHQW��7KH�WHVWV�ZHUH�FRQGXFWHG�E\�YDU\LQJ�VKHDU�UDWH�YDOXH�IURP�������V���E\�FKDQJLQJ�

VROLG� FRQFHQWUDWLRQ� KRZHYHU� WKH� WHPSHUDWXUH� UHPDLQV� FRQVWDQW� L�H�� ���&�� (YHU\� H[SHULPHQW�

ZDV�UHSHDWHG�WZR�WLPHV�DQG�DYHUDJH�YDOXH�ZDV�WDNHQ�WR�HQVXUH�UHSHDWDELOLW\�

��� 5+(2/2*,&$/� &+$5$&7(5,&7,&6� 2)� =,1&� 7$,/,1*�

:$7(5�6/855<

5KHRORJLFDO� H[SHULPHQWV�ZHUH� SHUIRUPHG� RQ� ]LQF� WDLOLQJ� VOXUU\� VDPSOH� DV� WR� LQYHVWLJDWH� WKH�

IORZ�FKDUDFWHULVWLFV� RI� VOXUU\� DQG� WKH� VOXUU\�ZDV� SUHSDUHG� IURP�DV� FROOHFWHG� UDQGRP� VDPSOH��

7KH� UKHRORJLFDO� H[SHULPHQWV� ZHUH� SHUIRUPHG� DW� GLIIHUHQW� VROLG� FRQFHQWUDWLRQV� YDU\LQJ� IURP�

��������E\�ZHLJKW���7KH�VKHDU�UDWH�ZDV�YDULHG�LQ�UDQJH�RI�������V���DW�FRQVWDQW�WHPSHUDWXUH�

RI����&��7KH� YDULDWLRQ�RI� VKHDU� VWUHVV�ZLWK� VKHDU� LV� VKRZQ� LQ�)LJXUH������)URP� WKH� UHVXOWV� LW�

ZDV� GHWHFWHG� WKDW� ]LQF� WDLOLQJ� ZDWHU� VOXUU\� H[KLELWV� 1HZWRQLDQ� IORZ� EHKDYLRXU� IRU� VROLG�

FRQFHQWUDWLRQ� UDQJH� RI� �������� 2Q� WKH� RWKHU� KDQG�� ZKHQ� WKH� VROLG� FRQFHQWUDWLRQ� LQFUHDVHV�

IURP��������UHVXOWV� LQ�FKDQJH� LQ� IORZ�EHKDYLRXU�WR�%LQJKDP�SODVWLF� IORZ�QDWXUH��:KHQ� WKH�

VROLG�FRQFHQWUDWLRQ�ZDV�LQFUHDVHG�IURP��������WKH�LQLWLDO�\LHOG�VWUHVV�ZDV�REVHUYHG�



ϯϰ

)LJXUH������9DULDWLRQ�RI�VKHDU�VWUHVV�ZLWK�VKHDU�UDWH

)LJXUH�����WHOOV�DERXW�WKH�YDULDWLRQ�LQ�DSSDUHQW�YLVFRVLW\�RI�]LQF�WDLOLQJ�ZDWHU�VOXUU\�ZLWK�VKHDU�

UDWH�� ,W� DSSDUHQW� YLVFRVLW\� RI� WKH� ]LQF� WDLOLQJ� ZDWHU� VOXUU\� ZDV� KLJKO\� DIIHFWHG� E\� VROLG�

FRQFHQWUDWLRQ��7KH�LQFUHDVH�LQ�WKH�VROLG�FRQFHQWUDWLRQ�UHVXOWV�LQ�LQFUHDVH�LQ�DSSDUHQW�YLVFRVLW\��

7KH�LQFUHDVH�LQ�DSSDUHQW�YLVFRVLW\�ZLWK�VROLG�FRQFHQWUDWLRQ�LV�EHFDXVH�RI�LQFUHDVH�LQ�QXPEHU�RI�

VROLG�SDUWLFOHV�SHU�XQLW�YROXPH�RI�ZDWHU��$V�WKH�VROLG�FRQFHQWUDWLRQ�LQFUHDVHV�WKH�VROLG�SDUWLFOHV�

IRUPV�FOXVWHUV�DQG�FDXVH�UHVLVWDQFH�WR�IORZ�

)LJXUH������9DULDWLRQ�RI�DSSDUHQW�YLVFRVLW\�ZLWK�VKHDU�UDWH



ϯϱ

+HQFH�YLVFRVLW\�RI� WKH� VOXUU\� LV� LQFUHDVHG�� ,W�ZDV�DOVR�REVHUYHG� IURP�UHVXOWV� WKDW� LQFUHDVH� LQ�

VKHDU�UDWH�UHVXOWV�LQ�GHFUHDVH�LQ�DSSDUHQW�YLVFRVLW\��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�DV�WKH�VKHDU�UDWH�

LQFUHDVHV� WKH� FOXVWHUV� RI� VROLG� SDUWLFOHV� EUHDNV� GRZQ� DV� DSSDUHQW� YLVFRVLW\� RI� WKH� VOXUU\�

GHFUHDVHG��7KH�DSSDUHQW�YLVFRVLW\�RI�VOXUU\�ZDV�LQFUHDVHG�E\��������������DQG��������DV�WKH�

VROLG� FRQFHQWUDWLRQ� RI� VOXUU\�ZDV� LQFUHDVHG� IURP� ������� ������ DQG� ������� UHVSHFWLYHO\� IRU�

VKHDU�UDWH�RI����V����$W�D�VKHDU�UDWH�RI�����V���WKH�DSSDUHQW�YLVFRVLW\�ZDV�LQFUHDVHG�E\��������

������ DQG� ������� DV� WKH� VROLG� FRQFHQWUDWLRQ�ZDV� LQFUHDVHG� IURP� ������� ������ DQG� �������

UHVSHFWLYHO\��*DQGKL�HW�DO�������DQG�6LQJK�HW�DO�������DOVR�UHSRUWHG�WKH�VLPLODU�REVHUYDWLRQV�

��� ())(&7� 2)� %,�02'$/� 3$57,&8/$7(� 6/855<� 21�

5+(2/2*,&$/� &+$5$&7(5,67,&6� 2)� =,1&� 7$,/,1*�:$7(5�

6/855<

7KH�H[SHULPHQWV�ZHUH�DOVR�SHUIRUPHG�WR�H[DPLQH�WKH�HIIHFW�RI�EL�PRGDO�VOXUU\�LQ�UKHRORJLFDO�

FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�ZDWHU� VOXUU\��7KH�DGGLWLRQ�RI�FRDUVH�SDUWLFOHV�ZDV�GRQH� LQ� ILQH�

SDUWLFXODWH� VOXUU\� VR� DV� WR� GHFHDVH� WKH� DSSDUHQW� YLVFRVLW\� RI� VOXUU\�� 7KH� PDLQ� IRFXV� ZDV� WR�

GHFUHDVH�WKH�SXPSLQJ�FRVW�E\�UHGXFLQJ�WKH�VOXUU\�YLVFRVLW\�DW�KLJKHU�VROLG�FRQFHQWUDWLRQV��7KH�

VOXUU\�RI� ILQH� KDYLQJ�SDUWLFOH� VL]H�!��ȝP�ZDV�SUHSDUHG� IRU� VROLG�FRQFHQWUDWLRQ�RI������7KH�

DGGLWLRQ�RI�FRDUVH�SDUWLFOHV����������ȝP��ZDV�GRQH�LQ�ILQH�SDUWLFXODWH�VOXUU\��7KH�YDULDWLRQ�LQ�

VKHDU�VWUHVV�ZLWK�VKHDU�UDWH�DIWHU�WKH�DGGLWLRQ�RI�WKH�FRDUVH�SDUWLFOHV�LQ�ILQH�SDUWLFXODWH�VOXUU\�LV�

VKRZQ� LQ� )LJXUH� ����� ,W� ZDV� REVHUYHG� IURP� UHVXOWV� WKDW� WKH� IORZ� EHKDYLRXU� ZDV� UHPDLQHG�

XQFKDQJHG�ZLWK�WKH�DGGLWLRQ�RI�FRDUVH�SDUWLFOHV�L�H��%LQJKDP�IORZ�

)LJXUH������YDULDWLRQ�LQ�VKHDU�VWUHVV�ZLWK�VKHDU�UDWH�DIWHU�WKH�DGGLWLRQ�RI�FRDUVH�SDUWLFOHV�LQ�ILQH�
SDUWLFXODWH�VOXUU\



ϯϲ

)LJXUH� ���� GLVSOD\V� WKH� YDULDWLRQ� LQ� DSSDUHQW� YLVFRVLW\� ZLWK� VKHDU� UDWH� ZLWK� DQG� ZLWKRXW�

DGGLWLRQ� RI� FRDUVH� SDUWLFOHV�� )URP� UHVXOWV� DSSUHFLDEOH� GHFUHDVH� LQ� DSSDUHQW� YLVFRVLW\� ZDV�

REVHUYHG�ZLWK�DGGLWLRQ�RI�FRDUVH�SDUWLFOHV� LQ� ILQH�SDUWLFXODWH� VOXUU\�DV� WKH�GRVDJH�SHUFHQWDJH�

ZDV�LQFUHDVHG�IURP���������+RZHYHU�WKH�PD[LPXP�SHUFHQWDJH�GHFUHDVH�LQ�DSSDUHQW�YLVFRVLW\�

ZDV�QRWLFHG�ZLWK�����DGGLWLRQ RI���������ȝP�VL]HG�SDUWLFOHV��)XUWKHU�LQFUHDVH�LQ�DGGLWLRQ�RI�

FRDUVH� SDUWLFOHV� UHVXOWV� LQ� GHFUHDVH� LQ� DSSDUHQW� YLVFRVLW\� EXW� WKH� SHUFHQWDJH� GHFUHDVH� LV� YHU\�

OHVV��7KH�DSSDUHQW�YLVFRVLW\�RI�VOXUU\�ZDV�GHFUHDVHG�E\����������DQG��������DV�WKH�SHUFHQWDJH�

DGGLWLRQ�RI�FRDUVH�SDUWLFOHV�ZDV�LQFUHDVHG�E\��������DQG�����UHVSHFWLYHO\�DW�VKHDU�UDWH�RI�����

V���� $W� WKH� VKHDU� UDWH� RI� ���� V��� WKH� DSSDUHQW� YLVFRVLW\� ZDV� GHFUHDVHG� E\� ������ ������ DQG�

�������DV�WKH�DGGLWLRQ�RI�FRDUVH�SDUWLFOHV�ZDV�LQFUHDVHG�E\��������DQG���� UHVSHFWLYHO\��7KH�

PD[LPXP� SHUFHQWDJH� GHFUHDVH� LQ� DSSDUHQW� YLVFRVLW\� ZDV� REVHUYHG� ZLWK� ���� DGGLWLRQ� RI�

FRDUVH�SDUWLFOHV�

)LJXUH������9DULDWLRQ�LQ�DSSDUHQW�YLVFRVLW\�ZLWK�VKHDU�UDWH�ZLWK�DQG�ZLWKRXW�DGGLWLRQ�RI�FRDUVH�

SDUWLFOHV



ϯϳ

&KDSWHU��
180(5,&$/�6,08/$7,21�2)�6/855<�)/2:�7+528*+�
3,3(�%(1'�

&RPSXWDWLRQDO�)OXLG�'\QDPLFV��&)'��XVHV�QXPHULFDO�DOJRULWKPV�DQG�PHWKRGV�WR�SUHGLFW� WKH�

UHDO�OLIH� EHKDYLRXU� RI� IOXLGV�� &)'� KHOSV� XV� LQ� GHVLJQLQJ� WKH� SDUDPHWHUV� ZLWKRXW� XVLQJ� WKH�

SURWRW\SH�WHVWLQJ� IDFLOLW\��&)'� LV�RQH�RI� WKH�PRVW�SRZHUIXO� WRRO��ZKLFK�KHOSV�WR�YLVXDOL]H�WKH�

LQWHUQDO� IORZ�FKDUDFWHULVWLFV� DORQJ�ZLWK� WKH� SK\VLFV��*RYHUQLQJ� HTXDWLRQV� DUH� XVHG� WR�PRGHO�

IORZ�EHKDYLRXU��EXW�WKHVH�HTXDWLRQV�FDQQRW�EH�DSSOLHG�WR�PDQ\�FRPSOH[�IORZ�SDWWHUQV�GLUHFWO\�

GXH�WR�PDQ\�XQNQRZQ�YDULDEOHV��)LUVW�RI�DOO�� WKH�GRPDLQ�JHRPHWU\� LV�GLYLGHG� LQWR� LQWHJUDWHG�

VPDOO�HOHPHQWV�WR�FUHDWH�PDQDJHDEOH�GLVFUHWH�VHFWLRQV��$IWHU�WKDW�WKH�JRYHUQLQJ�HTXDWLRQV�DUH�

DSSOLHG� WR� HDFK� VPDOO� HOHPHQW�� +RZHYHU� WKH� HIIHFW� RI� QHLJKERULQJ� HOHPHQWV� DUH� DOVR�

FRQVLGHUHG��6R��E\�WKLV�WHFKQLTXH�ZH�REWDLQ�D�IXOO�VROXWLRQ�IRU�WKH�HQWLUH�IOXLG�IORZ�E\�VROYLQJ�

JRYHUQLQJ�HTXDWLRQV�RQ�DOO�HOHPHQWV��7KH�DFFXUDF\�LV�IXQFWLRQ�RI�YDULRXV�IDFWRUV�LQFOXGLQJ�WKH�

TXDOLW\�RI�PHVK��WKH�LQWHUSUHWDWLRQ�RI�UHVXOWV��DQG�DFFXUDF\�RI�ERXQGDU\�FRQGLWLRQV��,Q�FDVH�RI�

&)'�LQWHJUDOV�DQG�GHULYDWLYHV�DUH�UHSODFHG�E\�JRYHUQLQJ�HTXDWLRQV�ZLWK�GLVFUHWL]HG�DOJHEUDLF�

HTXDWLRQV�� 0DQ\� GLIIHUHQW� PRGHOV� DUH� XVHG� DV� SHU� UHTXLUHPHQW�� UHVXOWV� DUH� REWDLQHG� DIWHU�

UHSHWLWLYHO\�VLPXODWLRQV�

��� ',6&5(7,=$7,21�7(&+1,48(6

'LVFUHWL]DWLRQ� WHFKQLTXH� LV� EDVLFDOO\� XVHG� WR� FRQYHUW� LQWHJUDO� DQG� GLIIHUHQWLDO� HTXDWLRQV� LQWR�

GLVFUHWH� SDUWV�� ,W� LV� D� SURFHVV� RI� FRQYHUWLQJ� GLIIHUHQWLDO� HTXDWLRQV� LQWR� OLQHDU� DQG� QRQ�OLQHDU�

HTXDWLRQV��ZKLFK� FDQ� EH� VROYHG�� ,W� LV� UHJDUGHG� DV� DQ� LQILQLWH� FRQWLQXRXV� YDOXH� RI� WKH� HQWLUH�

GRPDLQ��DQG�WKH�DSSUR[LPDWLRQ�LV�D�TXDVL�H[SUHVVLRQ�WKDW�YDOXHV�RQO\�IRU�GLVFUHWH�SRLQWV��

)LJXUH������'LVFUHWL]DWLRQ�7HFKQLTXHV



ϯϴ

7KHUH�DUH�D�VHYHUDO�QXPEHU�RI�WHFKQLTXHV�XVHG�IRU�WKH�VROXWLRQ�RI�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQV��

)LJXUH�����VKRZV�YDULRXV�WHFKQLTXHV�RI�GLVFUHWL]DWLRQ��7KHVH�PHWKRGV�FDQ�EH�FKRVHQ�DFFRUGLQJ�

WR� WKH� DSSOLFDWLRQ�� $V� ILQLWH� YROXPH� WHFKQLTXH� LV� FRPPRQO\� XVHG� IRU� IOXLG� IORZ� SUREOHPV�

ZKHUHDV� IRU� VWUXFWXUDO�DQG�PHFKDQLFV� VWXG\� ILQLWH�HOHPHQW�PHWKRG� LV�XVHG��)RU�SUHVHQW� VWXG\�

)/8(17�ZDV�XVHG�ZKLFK�XVHV�ILQLWH�YROXPH�PHWKRG�IRU�GLVFUHWL]DWLRQ�

��� &)'�0(7+2'2/2*<

7KH�&)'�PHWKRGRORJ\�LV�EDVLFDOO\�GLYLGHG�LQWR�WKUHH�PDLQ�FDWHJRULHV�DV�GLVFXVVHG�EHORZ

3UH�3URFHVVLQJ

6ROYHU

3RVW�3URFHVVLQJ

����� 3UH�3URFHVVLQJ

)LUVW�VWHS�LV� WR�JHQHUDWH�SURFHVV�JHRPHWU\�RU�IORZ�GRPDLQ��7KHQ�� WKH�PHVK�JHQHUDWLRQ�VKRXOG�

EH�GRQH�RQ�WKH�GRPDLQ�RI�LQWHUHVW�DQG�WKH�ILQDO�VWHS�LQ�FDVH�RI�SUH�SURFHVVLQJ�LV�WR�H[SODLQ�WKH�

SURSHUWLHV�RI�PDWWHU��LQOHW�DQG�RXWOHW�ERXQGDU\�FRQGLWLRQV�LQ�IORZ�ILHOG�

����� 6ROYHU�

2QFH� WKH� IOXLG� SURSHUWLHV� DORQJ�ZLWK� LQOHW� DQG� RXWOHW� ERXQGDU\� FRQGLWLRQV� DUH� LQWURGXFHG� WR�

VROYH� WKH� SUREOHP��$IWHU� WKDW��ZH�KDYH� WR� VHOHFW� WKH� IORZ�HTXDWLRQV� DQG�QXPHULFDO� VFKHPHV��

7KHQ� LWHUDWLRQV� DUH� SHUIRUPHG� IRU� FRQYHUJHQFH� RI� WKH� VROXWLRQ�� )LQDOO\�� FRPSLOLQJ� DQG�

H[SRUWLQJ�UHVXOWV�IRU�SRVW�SURFHVVLQJ�

����� 3RVW�3URFHVVLQJ

�%HIRUH�SRVW�SURFHVVLQJ�ZH�JRW�WKH�UHVXOWV��7KHQ�XQGHU�WKLV�FDWHJRU\��ZH�KDYH�WR�DQDO\VH�WKH�

UHVXOWV�ZLWK�GLIIHUHQW� WHFKQLTXHV� VXFK�DV� E\�SORWWLQJ�FRQWRXUV��YHFWRU�� VWUHDPOLQHV�HWF��7KHVH�

VKRXOG�EH�GRQH�WR�JHW�DSSURSULDWH�JUDSKLFDO�UHSUHVHQWDWLRQ��

,Q�FDVH�RI�=LQF�WDLOLQJ�� ILUVWO\�WKH�VDPSOH�ZDV�FROOHFWHG��WKHQ�6(0�DQG�('6�ZHUH�SHUIRUPHG�

RQ� WKH� VDPSOH� WR� NQRZ� WKH� SK\VLFDO� FKDUDFWHULVWLFV� DQG� FKHPLFDO� FRPSRVLWLRQ�� 7KHQ�

UKHRORJLFDO�H[SHULPHQWV�ZHUH�SHUIRUPHG�WR�NQRZ�DERXW�WKH�IORZ�FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�

ZDWHU�VOXUU\��7KH�QXPHULFDO�LQYHVWLJDWLRQ�RI�SUHVVXUH�GURS�FKDUDFWHULVWLFV�RI�WZR�SKDVH�IORZ�DW�

GLIIHUHQW�YHORFLWLHV��SDUWLFOH�VL]H�DQG�FRQFHQWUDWLRQ�ZDV�GRQH�



ϯϵ

��� $33/,&$7,216�2)�&)'

&)'�KDV�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV��6RPH�RI�WKH�SURPLQHQW�DSSOLFDWLRQV�DUH�OLVWHG�EHORZ�

x &)'�LV�XVHG�WR�VWXG\�WKH�KHDW�WUDQVIHU�DQG�IOXLG�IORZ�SUREOHPV�

x 7KHVH�GD\V�GHVLJQLQJ�LQGXVWULHV�DUH�XVLQJ�&)'�IRU�DQDO\VLQJ�WKH�SLSH�OLQH�V\VWHPV��HQHUJ\�

DQDO\VLV�HWF�

x &)'�LV�DOVR�XVHG�LQ�DHURG\QDPLF�DQG�PRGHOOLQJ�LQGXVWULHV�

x ,W� LV� DOVR� XVHG� WR� VWXG\� WKH� DHURG\QDPLF� VWUXFWXUH� RI� DXWRPRELOHV� &)'� LV� XVHG� LQ�

DXWRPRELOH�LQGXVWU\�

��� $'9$17$*(6�$1'�',6$'9$17$*(6�2)�&)'

&)'� KDV� PRUH� DGYDQWDJHV� RYHU� GLVDGYDQWDJHV�� ,W� KDV� D� ZLGH� UDQJH� RI� DSSOLFDWLRQV� LQ�

LQGXVWULHV��7KRVH� DGYDQWDJHV� DUH� YHU\� LPSRUWDQW�DQG� KDYH� KHOSHG� WKH� HQJLQHHUV� WR� VROYH� WKH�

SUREOHPV�ZKRVH�DQDO\WLFDO� VROXWLRQ� LV� LPSRVVLEOH��6RPH�RI�WKH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�

RI�&)'�DUH�JLYHQ�EHORZ�

$GYDQWDJHV

x 7R�VROYH�WKH�SUREOHPV�H[SHULPHQWDOO\� LV�YHU\�PXFK�H[SHQVLYH�DV�ZHOO�DV� OHVV�DFFXUDWH�DV�

FRPSDUHG�WR�VROYLQJ�SUREOHPV�ZLWK�WKH�KHOS�RI�&)'�

x $OVR�� WKHUH� DUH� PDQ\� SUREOHPV� ZKRVH� DQDO\WLF� DQG� H[SHULPHQWDO� VROXWLRQV� DUH� YHU\�

GLIILFXOW�DV�ZHOO�DV�GDQJHURXV�EXW�ZLWK�WKH�KHOS�RI�&)'�RQH�FDQ�DQDO\VH�WKH�UHVXOWV�HDVLO\�

x &)'� KDV� DOVR� KHOSHG� WKH� GHVLJQHUV� WR� YLVXDOL]H� WKH� IORZ� FKDUDFWHULVWLFV� RI� FRPSOH[�

JHRPHWU\�DQG�ERXQGDU\�FRQGLWLRQV�

'LVDGYDQWDJHV

x 7R�DFKLHYH�DFFXUDF\�WKH�LQSXW�DQG�ERXQGDU\�FRQGLWLRQV�QHHG�WR�EH�FKRVHQ�ZLWK�FDUH�

x 7KHUH� PD\� EH� VRPH� QXPHULFDO� HUURUV� ZKLFK� DUH� GXH� WR� WKH� W\SH� RI� KDUGZDUH� XVHG� DQG�

FRPSOH[LW\�RI�WKH�SUREOHP�

x &RPSXWDWLRQ�WLPH�PD\�DOVR�EH�H[WHQGHG�IRU�ODUJH�PRGHOV�

x ,I�WKH�YDOLGDWLRQ�RI�WKH�H[SHULPHQWDO�UHVXOWV�ZLWK�QXPHULFDO�GDWD�LV�ZURQJ�WKDQ�WKH�FRVW�PD\�

EH�PXFK�KLJKHU�
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��� 08/7,3+$6(�02'(/,1*

)RU� PXOWLSKDVH� PRGHOLQJ� WZR� WHFKQLTXHV� DUH� XVHG� ZLWK� GLIIHUHQW� DSSURDFKHV�� 7KH� WZR�

DSSURDFKHV�ZKLFK�DUH�XVHG�IRU�PXOWLSKDVH�PRGHOLQJ�DUH�GLVFXVVHG�EHORZ�

x (XOHU�(XOHU�DSSURDFK

x (XOHU�/DJUDQJH�DSSURDFK

)LJXUH������0XOWLSKDVH�PRGHOLQJ�DSSURDFKHV

)LJXUH������6FKHPDWLF�GLDJUDP�RI�(XOHU�(XOHU�DSSURDFK

DƵůƚŝƉŚĂƐĞ�DŽĚĞůŝŶŐ�
�ƉƉƌŽĂĐŚ

�ƵůĞƌͲ�ƵůĞƌ

sŽůƵŵĞ�ŽĨ�ĨůƵŝĚ�;sK&Ϳ

DŝǆƚƵƌĞ

�ƵůĞƌŝĂŶ�ƵůĞƌͲ>ĂŐƌĂŶŐĞ

&RQWURO�YROXPH
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����� (XOHU�(XOHU�$SSURDFK

(XOHU�(XOHU�DSSURDFK�LV�JHQHUDOO\�EDVHG�RQ�ERWK�WKH�VROLG�DQG�OLTXLG�SKDVH�FDQ�EH�VROYHG�ZLWK�

WKH�KHOS�RI�JRYHUQLQJ�HTXDWLRQV��2Q�WKH�RWKHU�KDQG��WKH�ODJUDQJLDQ�DSSURDFK�LV�QRW�VXLWDEOH�IRU�

VROLG� SKDVH� EHFDXVH� LW� ZDV� LQ� (XOHU�/DJUDQJH� DSSURDFK�� ,Q� WKLV� (XOHU�(XOHU� DSSURDFK� WKH�

GLVSHUVHG�SKDVH�DQG�IOXLG�SKDVH�DUH�PRGHOOHG�XVLQJ�JRYHUQLQJ�HTXDWLRQV�ZKLFK�DUH�VROYHG�ZLWK�

LQ� WKH� FRQWURO� YROXPH� GHILQHG�� )LJXUH� ���� VKRZV� WKH� OLTXLG� SKDVH� DV� ZHOO� DV� WKH� GLVSHUVHG�

SKDVH�� ,Q� WKLV� ILJXUH� WKH� OLTXLG� SKDVH� LV� VKRZQ� LQ� EOXH� FRORXU� ZKHUHDV� GLVSHUVHG� SKDVH� LV�

GHQRWHG�E\�ZKLWH�VSKHUHV�

7KH�IORZ�YHORFLWLHV�DQG�YROXPH�IUDFWLRQV�RI�ERWK�WKH�SKDVHV�DUH�REWDLQHG�LQ�WKH�FRQWURO�YROXPH�

XVLQJ�WKH�DERYH�DSSURDFK�IRU�ERWK�VROLGV�DQG�OLTXLGV��7KH�(XOHU�(XOHU�PRGHOV�DUH�FDWHJRUL]HG�

LQWR�WKUHH�PRGHOV�WKDW�DUH�DYDLODEOH�LQ�WKH�IOXHQW�

9ROXPH� RI� IOXLG� �92)�� PRGHO�7KLV� PRGHO� LV� DSSOLHG� WR� WKH IORZ� LQ� ZKLFK� WKH� SKDVH� LV�

VHSDUDWHG�IURP�WKH�FRQWLQXXP�SKDVH��7KHUHIRUH��WKLV�PRGHO� LV�DSSOLFDEOH� IRU�VHSDUDWHG�IORZV��

7KLV�PRGHO�VROYHV�WKH�FRQVHUYDWLRQ�HTXDWLRQV�IRU�ERWK�SKDVHV�ZLWK�WKH�KHOS�RI�FRPELQHG�VROLG�

OLTXLG� PL[WXUH� SURSHUWLHV�� 7KHUH� DUH� YDULRXV� DSSOLFDWLRQV� RI� WKLV� PRGHO� ZKLFK� LQFOXGHV�

VWUDWLILHG�IORZV��IUHH�VXUIDFH�IORZV��ILOOLQJ�DQG�WKH�PRWLRQ�RI�ODUJH�EXEEOHV�ZLWKLQ�WKH�IOXLG�

(XOHULDQ� PRGHO�7KLV� PRGHO� KDV� µQ¶� QXPEHU� RI� JRYHUQLQJ� HTXDWLRQV� IRU� HYHU\� SKDVH�� 7KLV�

PRGHO� LV� WKH�PRVW� FRPSOH[�PRGHO� DV� FRPSDUHG� WR�RWKHUV��7KH� FRXSOLQJ� LV� DFFRPSOLVKHG� E\�

SUHVVXUH�DQG�LQWHUSKDVH�H[FKDQJH�FRHIILFLHQW��7KHVH�PRGHOV�FDQ�EH�VXFFHVVIXOO\�DSSOLHV�WR�WKH�

EXEEOH�FROXPQV��ULVHUV�DQG�IOXLGL]HG�EHG�IORZV�

0L[WXUH�PRGHO�7KLV� PRGHO� LV� DSSOLFDEOH� WR� WKH� VROLG�OLTXLG� FRQWDLQLQJ� WZR�RU�PRUH� SKDVHV��

:KHUH�HYHU�WKH�YHORFLW\�GLIIHUV� IURP�GLIIHUHQW�SKDVH��WKHQ�PL[WXUH�PRGHO� LV�XVHG��$ORQJVLGH��

WKLV�PRGHO�LV�DOVR�DSSOLFDEOH�IRU�KRPRJHQHRXV�VROLG�OLTXLG�IORZ�ZLWK�VWURQJ�FRXSOLQJ�

����� (XOHU�/DJUDQJH�DSSURDFK

,Q�WKLV�DSSURDFK WKH�PRWLRQ�RI� WKH�FRQWLQXXP�SKDVH�DIIHFWV� WKH�PRWLRQ�RI�GLVSHUVHG�SKDVH�DV�

ZHOO�DV�RI�FRQWLQXXP�SKDVH�LQ�WKH�IORZ��7KLV�PRGHO��VROYHV�FRQVHUYDWLRQ�PRPHQWXP�HTXDWLRQ�

WR�WUHDW�WKH�IOXLG�SKDVH�DV�FRQWLQXXP��)LJXUH�����VKRZV�WKH�FRQWLQXXP�RI�EOXH�FRORXU�LQ�ZKLFK�

WKH�VPDOO�ZKLWH�SDUWLFOHV�DUH�GLVSHUVHG�DV�VHFRQGDU\�SKDVH��2QH�FDQ�VROYH�WKH�VROLG�SKDVH� IRU�

VROLG�OLTXLG� IORZ�E\�WDFNOLQJ�SDUWLFOHV� LQ� IORZ�ILHOGV��:KHUHDV�� WKLV�DSSURDFK�DOZD\V�QHJOHFWV�

WKH�SDUWLFOH�WR�SDUWLFOH�LQWHUDFWLRQV�IRU�WKH�VLPSOLILFDWLRQ�RI WKH�IORZ�SUREOHP��%XW�WKLV�PRGHO�LV�



ϰϮ

QRW� DSSOLFDEOH� IRU� PXOWLSKDVH� IORZ� LQ� ZKLFK� WKH� YROXPH� IUDFWLRQ� RI� VROLG� SKDVH� FDQQRW� EH�

QHJOHFWHG�DV�LQ�PRGHOLQJ�RI�OLTXLG�WR�OLTXLG��IOXLGL]HG�EHG�IORZV�

)LJXUH������6FKHPDWLF�GLDJUDP�RI�(XOHU�/DJUDQJLDQ�DSSURDFK

��� &5,7(5,$�)25�08/7,3+$6(�02'(/�6(/(&7,21

,W�DOZD\V�GHSHQGV�XSRQ�IORZ�XQGHU�FRQVLGHUDWLRQ�WR�VHOHFW�WKH�DSSURSULDWH�PXOWLSKDVH�VFKHPH��

7KH�YDULRXV�W\SHV�RI�IORZV�DQG�PXOWLSKDVH�PRGHOV�ZKLFK�ZHUH�XVHG�IRU�WKH�VWXG\�DUH�WDEXODWHG�

LQ� WKH� 7DEOH� ����� )URP� WKH� WDEOH� LW� LV� YLYLG� WKDW� WKH� VHOHFWLRQ� RI� PXOWLSKDVH� IORZ� DSSURDFK�

DOZD\V�GHSHQGV�RQ�WKH�QDWXUH�RI�WKH�IORZ��,Q�FDVH�RI�VROLG�OLTXLG�IORZ�ZLWK�YROXPH�IUDFWLRQ�RI�

GLVSHUVHG�PHGLXP�OHVV�WKDQ�RU�HTXDO�WR������WKHQ�WKH�'LVFUHWH SKDVH�PRGHO��'30��,6�86('��

)RU�WKH�IORZV�KDYLQJ�PL[HG�SKDVH�RU�VHSDUDWH�RU�IORZ�KDYLQJ�GLVSHUVHG�SKDVH�YROXPH�IUDFWLRQ�

JUHDWHU� WKDQ� ����� WKHQ� 0L[WXUH� DQG� (XOHULDQ� PRGHOV� ZHUH� DSSOLHG�� +RZHYHU�� WKH� (XOHULDQ�

PRGHO�ZDV�PXFK�DFFXUDWH�WKDQ�WKH�PL[HG�PRGHO�

7DEOH�������0XOWLSKDVH�IORZ�ZLWK�PXOWLSKDVH�PRGHO

'LVSHUVHG�SKDVH�YROXPH�IUDFWLRQ����� x 'LVFUHWH�3KDVH�0RGHO��'30�

'LVSHUVHG�SKDVH�YROXPH�IUDFWLRQ�!��� x 0L[WXUH�PRGHO

x (XOHULD�PRGHO

3QHXPDWLF�7UDQVSRUW x )RU�KRPRJHQHRXV�IORZ�0L[WXUH�PRGHO

x )RU�JUDQXODU�IORZ�(XOHULDQ�PRGHO

+\GUDXOLF�WUDQVSRUW�RI�VROLGV x 0L[WXUH�PRGHO

x (XOHULDQ�PRGHO
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+HUH��ZH�XVHG�(XOHULDQ�PRGHO�ZLWK�JUDQXODU�IRUP�IRU�WKH�VWXG\��EHFDXVH�WKH�PL[WXUH�PRGHO�IRU�

KRPRJHQHRXV�SQHXPDWLF� IORZ�DQG�(XOHULDQ� IRU�JUDQXODU�EDVHG�SQHXPDWLF� IORZ�DV�ZHOO�DV� WKH�

VWXG\�RI�VOXJ�IORZV�DQG�IUHH�VXUIDFH�IORZ�FDQ�EH�GRQH�E\�XVLQJ�92)�PRGHO��7KH�VWXG\�VOXUU\�

IORZ�DQG�IOXLGL]HG�EHG�FDQ�EH�PDGH�ZLWK�WKH�DSSOLFDWLRQ�RI�(XOHULDQ�PRGHO�

��� 785%8/(1&(�02'(/,1*

7R� VLPXODWH� DQG� PRGHO� GLVWXUEDQFHV�ZKLFK�ZHUH� FDXVHG� E\� WXUEXOHQFH� LQ� IORZV�� WXUEXOHQFH�

PRGHOLQJ� ZDV� XVHG�� $YHUDJHG� IRUP� RI� 1DYLHU�VWRNHV� HTXDWLRQ� ZKLFK� LV� DOVR� NQRZQ� DV�

5H\QROGV�DYHUDJH�1DYLHU�VWRNHV�HTXDWLRQ��5$16��ZDV�XVHG�IRU�PRGHOLQJ�WKH�WXUEXOHQFH��7KH�

DYHUDJLQJ�PD\ EH� WLPH�RU� VSDFH�RU� ERWK��7R� UHPRYH� WKH� VPDOO� IOXFWXDWLRQV� UHVXOWLQJ� HDVH� LQ�

PRGHOLQJ�RI� WXUEXOHQFH�� WKH�DYHUDJLQJ�1�6�HTXDWLRQ�ZDV�XVHG��7KH� ILUVW� WXUEXOHQFH�PRGHO� LV�

QDPHG�DV�3UDQGWO�PL[LQJ�OHQJWK�WKHRU\�

)LJXUH������'LIIHUHQW�7XUEXOHQFH�0RGHOV

�����������
�����������ȋ���Ȍ

��������������
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&ODVVLILFDWLRQ�RI�WXUEXOHQW�PRGHOLQJ

7KHUH� DUH� YDULRXV� DSSURDFKHV� WR� DFFRPSOLVK� WKH� WXUEXOHQW� IORZV�� 7KHVH� WXUEXOHQFH� PRGHOV�

FRQWDLQ� RQH� WR� VHYHQ� HTXDWLRQV� WXUEXOHQFH� PRGHOV�� 5$16� LV� XVHG� IRU� PRGHOLQJ� RI� WKH�

WXUEXOHQFH�ZLWK�VXLWDEOH�PRGHO�RU�E\�FRPSXWLQJ�WKHP�GLUHFWO\��)LJXUH�����VKRZV�WKH�GLIIHUHQW�

WXUEXOHQFH�PRGHOV�ZKLFK�DUH�XVHG�IRU�PRGHOLQJ�

��� &20387$7,21$/�02'(/�)250$7,21

3UHVHQW�VWXG\�LV�EDVLFDOO\�IRFXVHG�RQ�&)'�VLPXODWLRQ�RI�����SLSH�EHQG�IRU�IORZ�RI�]LQF�WDLOLQJ�

ZDWHU� VOXUU\�� 7KH� HIIHFW� RI� YDULDWLRQ� LQ� VROLG� FRQFHQWUDWLRQ�� YHORFLW\� RI� WKH� IORZ�� UDGLXV� WR�

GLDPHWHU� UDWLR� IRU� SLSH� EHQG� RQ� VOXUU\� IORZ� FKDUDFWHULVWLFV� ZDV� LQYHVWLJDWHG�� ([SHULPHQWDO�

UHVXOWV�RI�SUHVVXUH�GURS�RI�]LQF�WDLOLQJ�IORZ�DUH�YDOLGDWHG�ZLWK�D�PDWKHPDWLFDO�WHFKQLTXH��)RU�

WKLV� VWXG\��GLVFUHWH��PL[WXUH�PRGHO�DQG�(XOHULDQ�PRGHO�ZDV�XVHG��7KLV�SDUWLFXODU�PRGHO�ZDV�

VHOHFWHG�RQ�WKH�EDVLV�RI�FKDUDFWHUL]DWLRQ�RI�WKH�PRPHQWXP�GHSHQGV�XSRQ�YROXPH�IUDFWLRQ��:H�

FDQQRW� XVH� GLVFUHWH� SKDVH�PRGHO� GLUHFWO\� DV� WKH� VOXUU\� IORZ� LV� QRW� D� GLOXWH� V\VWHP�� WKHUHIRUH�

ERWK�(XOHULDQ�DQG�0L[WXUH�PRGHOV�DUH�DSSOLFDEOH�LQ�VOXUU\�IORZ�V\VWHPV��)RU�WKH�SUHVHQW�VWXG\�

WKH�IORZ�ZDV�PRGHOOHG�XVLQJ�JUDQXODU�(XOHU�PHWKRG�

����� (XOHULDQ�0RGHO
$V�� (XOHULDQ� PRGHO� XVHV� WKH� FRQFHSW� RI� SKDVH� YROXPH� IUDFWLRQ�� ZKLFK� LV� GHVFULEHG� DV� RQH�

SKDVH� FDQQRW� RFFXSLHG� E\� DQRWKHU� SKDVH�� 7KLV� DSSURDFK� SOHDVXUHV� GLIIHUHQW� SKDVHV�

PDWKHPDWLFDOO\��7KH�YROXPH�IUDFWLRQ�LV�GHILQHG�E\�ĮS�DQG�ĮF��ZKHUHDV�µS¶� LV�WKH�SDUWLFXODWH�LQ�

WKH� IRUP�RI� ILQH� SRZGHU� DORQJ�ZLWK� FDUULHU� IOXLG�ZKLFK� LV� GHQRWHG� E\� ¶F¶� LQ� WKH� VROLG�OLTXLG�

VXVSHQVLRQ�� ,W� LV� VXSSRVHG�WKDW� WKHVH�YROXPH� IUDFWLRQV�DUH� LQ�FRQWLQXXP�ZLWK�ERWK�VSDFH�DQG�

WLPH�DQG�WKH�DGGLWLRQ� LV�HTXDO� WR�RQH��&RQVHUYDWLRQ� ODZV�DUH�DSSOLHG�KHUH� IRU�HDFK�SKDVH�EXW�

WKHVH�DUH�RI�VLPLODU�VWUXFWXUH��(DFK�DQG�HYHU\�IOXLG�SDUWLFOH�EHDUV�D�QXPEHU�RI�IRUFHV�ZKLFK�DUH�

GHVFULEHG�EHORZ�

x )RUFH�JHQHUDWHG�DV�D�UHVXOW�RI�VWDWLF�SUHVVXUH�JUDGLHQW��ZKLFK�LV�GHQRWHG�E\�³̶ܲߘǤ

x )RUFH�JHQHUDWHG�DV�D�UHVXOW�RI�VROLG�SUHVVXUH�JUDGLHQW��ZKLFK�LV�GHQRWHG�E\�³ܲߘS´�

x 7KH�IRUFH�JHQHUDWHG�ZLWK�LQ�WKH�ERG\��ZKLFK�LV�GHQRWHG�E\�³ȡJ´�

x 'UDJ�IRUFHV�DV�D�UHVXOW�RI�GLIIHUHQFH�EHWZHHQ�YHORFLWLHV�RI�WZR�SKDVHVܭ��௣௖�ݒԦ௣ െ ��Ԧ௖ݒ

x )RUFHV�DV�D�UHVXOW�RI�PDVVܥ��௩௠Ǥ ௣Ǥߙ ȡF��ݒԦ௖Ǥ Ԧ௖ݒߘ െ Ԧ௣Ǥݒ ௩௠ܥ�Ԧ௣���KHUH�WKH�YDOXH�RIݒߘ  �����

x 7KH�YLVFRXV�IRUFH�DQG�WKH�OLIW�IRUFH�ZKLFK�DUH�JLYHQ�DVߘ��Ǥ ߬௖ന DQG�&O��ĮS��ȡF��ሺݒԦ௖ െ Ԧ௣ሻϱݒ

� ௟ܥ�Ԧ௖���ZKHUH�WKH�YDOXH�RIݒϱߘ ൌ ͲǤͷ UHVSHFWLYHO\�
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����� *RYHUQLQJ�(TXDWLRQV
7KLV� VHFWLRQ� LQFOXGHV� WKH� QXPHULFDO� JRYHUQLQJ� HTXDWLRQV�� PHVK� GHWDLOV� DQG� ERXQGDU\�

FRQGLWLRQV�LQYROYHG�LQ�QXPHULFDO�VWXG\�

DĂƐƐ�ĐŽŶƐĞƌǀĂƚŝŽŶ�ĞƋƵĂƚŝŽŶ͗Ͳ

ߘ Ԧ௔ሻݒ௔ʌĂߙ;�͘ с�Ϭ��������������������������������������������������������������������� ;ϱ͘ϭͿ

:KHUH��D�FDQ�EH�HLWKHU�F�RU�S�

0RPHQWXP�(TXDWLRQV��

)RU�FDUULHU�IOXLG�SKDVH

ߘ Ԧ௖ሻݒԦ௖ݒ௖ȡFߙ��� ܲߘ௖ߙ����  Ǥߘ�� ሺ߬௖ന ൅ ߬௧ǡ௖ധധധധሻ ௖ߙ�� ȡFJܭ���௣௖�ݒԦ௣ െ ௩௠Ǥܥ����Ԧ௖ݒ ௣Ǥߙ ȡF��ݒԦ௖Ǥ Ԧ௖ݒߘ െ

Ԧ௣Ǥݒ Ԧ௖ݒ௣�ȡF�൫ߙ�௟ܥ����Ԧ௣ݒߘ െ Ԧ௣൯ϱݒ ϱߘ� ��������Ԧ௖ݒ �����

)RU�VROLG�SDUWLFXODWH�SKDVH

ߘ Ԧ௣ሻݒԦ௣ݒ௣ȡSߙ��� ܲߘ௣ߙ����  � ߘ ௣ܲߘ��Ǥ ሺ߬௣ധധധሻ ௣ߙ�� ȡSJܭ���௖௣�ݒԦ௖ െ ௩௠Ǥܥ����Ԧ௣ݒ ௣Ǥߙ ȡF��ݒԦ௖Ǥ Ԧ௖ݒߘ െ

Ԧ௣Ǥݒ Ԧ௣ݒ௣�ȡF�൫ߙ�௟ܥ����Ԧ௣ݒߘ െ Ԧ௖൯ϱݒ ������������������������Ԧ௖ݒϱߘ� �����

7R�PRGHO�WKH�YDOXHV�RI�WHUPV�FRPSULVLQJ�RI�GUDJ�IRUFHV��GULIW�YHORFLW\�LV�XVHG�IRU�ERWK�WKH�

SKDVHV�WKDW�LV�OLTXLG�SKDVH�DQG�WKH�VROLG�SKDVH�7XUEXOHQW�IOXFWXDWLRQV�LQ�YROXPH�IUDFWLRQ�DUH�

UHVXOW�RI�WKLV�YHORFLW\��7KH�VROLG�SUHVVXUH�LV�JLYHQ�E\�3S�

3S� ߙ�௣ ȡSߠ௣���ȡS�����HSS�ߙ௣
ଶ��݃௢ǡ௣௣ ௣ߠ�� �����

:KHUH��݃௢ǡ௣௣ LV�'LVWULEXWLRQ�IXQFWLRQ�VLJQLILHV�WKH�SUREDELOLW\�RI�FROOLVLRQ�RI�SDUWLFXODWHV�DQG�LV�

JLYHQ�E\�

݃௢ǡ௣௣ ൌ ൥ͳ െ ൬
ఈ೛

ఈ೛ǡ೘ೌೣ
൰

భ

య
൩

ିଵ

�����

7KH�WHUPV�XVHG�LQ�WKH�HTXDWLRQ�������DQG�������߬௧ǡ௖ധധധധ LV�WKH�5H\QROGV�VWUHVV�WHQVRU��ZKHUH�

LQGLYLGXDOO\߬௖ന DQG��߬௣ധധധ LV�WKH�YLVFRXV�VWUHVV�WHQVRU�DQG�SDUWLFXODWH�VROLG�UHVSHFWLYHO\��:KLFK�DUH�

JLYHQ�DV�

߬௧ǡ௖ധധധധ ൌ െ
ଶ

ଷ
ሺȡFNF ��ȡFȝW�Fߘ ሬܷሬԦ௖�ܫ Ӗ ��ȡFȝW�Fሺߘ ሬܷሬԦ௖ ൅ ߘ ሬܷሬԦ௖

௧௥ ሻ �����

߬௣ധധധ ൌ Ԧ௣ݒߘ௣ȝSሺߙ ൅ Ԧ௣ݒߘ
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����� 6KHDU�VWUHVV�RQ�6ROLGV

,W�ZDV� QRWHG� HDUOLHU� WKDW� WKH� VKHDU� DQG�EXON� YLVFRVLWLHV� RI� VXVSHQVLRQ�ZHUH� LQFUHDVHG�� WKLV� LV�

EHFDXVH�RI�H[FKDQJH�RI�PRPHQWXP�GXH� WR�FROOLVLRQ�EHWZHHQ�VROLG�SDUWLFXODWHߤ��௣LQ�HTXDWLRQ�

����UHSUHVHQWV�WKH�VKHDU�YLVFRVLW\�RI�SDUWLFXODWH�VROLG�LV�JLYHQ�E\�
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����� 6WDQGDUG�.ܭ� WXUEXOHQFH�PRGHO

7KH� VWDQGDUG� N�İ� WXUEXOHQFH� PRGHO� LV� EDVHG� RQ� WKH� HTXDWLRQV� RI� GLVVLSDWLRQ� UDWH� �İ�� DQG�

WXUEXOHQW� NLQHWLF� HQHUJ\� �N���7KH� DVVXPSWLRQ� IRU� N�İ�PRGHO� LV� WKDW� WKH� IORZ� LV� WXUEXOHQW� DQG�

QHJOLJLEOH�PROHFXODU� YLVFRVLW\��7KLV�PRGHO� LV� WKH� FRPELQDWLRQ� RI� WZR� WXUEXOHQFH�PRGHOV� L�H��

51*�N�İ�DQG�UHDOL]DEOH�N�İ��7KH�HTXDWLRQV�IRU�VWDQGDUG�N�İ�WXUEXOHQFH�PRGHO�DUH�DV�IROORZV�

������

������

����� 51*�N� 0RGHO

7KH�N�H 51*�PRGHO�LV�GHULYHG�IURP�1DYLHU�6WRNHV�HTXDWLRQ�E\�XVLQJ�5HQRUPDOL]DWLRQ�JURXS�

PHWKRGV��51*��PDWKHPDWLFDO�WHFKQLTXH��9DULRXV�WHUPV�RI�N�H 51*�PRGHO�DUH�VDPH�DV�LQ�N�H

VWDQGDUG�PRGHO��+RZHYHU��N�H 51*�PRGHO�LQFOXGHV�VRPH�RI�WKH�DGGLWLRQDO�WHUPV�ZKLFK�UHILQH�

LWV�DFFXUDF\��)ROORZLQJ�DUH�WKH�HTXDWLRQV�RI�N�H 51*�PRGHO�
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����� 5HDOL]DEOH�N� 0RGHO

7KH�5HDOL]DEOH�N�H PRGHO�LV�GLIIHUHQW�IURP�N�H VWDQGDUG�PRGHO��,Q�5HDOL]DEOH�N�H PRGHO��WHUP�

µUHDOL]DEOH¶� GHQRWHV� WKH� UHOLDELOLW\� RI� 5H\QROGV� VWUHVVHV�� 7KH� 5HDOL]DEOH� N�H PRGHO� LQFOXGHV�

WZR� GLIIHUHQW� WHUPV� IRU� WKH� WXUEXOHQW� YLVFRVLW\� DQG� D� PRGLILHG� WUDQVSRUW� HTXDWLRQ� IRU� WKH�

GLVVLSDWLRQ�UDWH��7KH�WUDQVSRUW�HTXDWLRQV�IRU�5HDOL]DEOH�N�H PRGHO�DUH�JLYHQ�DV�
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����� N�Ȧ�0RGHO

7KH N�Ȧ� PRGHO� LV� D� WZR�ZD\� WUDQVSRUW� PRGHO� WKDW� VROYHV� WKH� NLQHWLF� HQHUJ\� DQG� WXUEXOHQW�

IUHTXHQF\� RI� SDUWLFOHV�� 7KH� WXUEXOHQW� IUHTXHQF\� LV� GHQRWHG� E\� V\PERO� Ȧ�� 7KLV� PRGHO� LV�

DSSOLFDEOH� WR� VROYH� WKH� IOXLG� IORZ� DW� ORZ� 5H\QROGV� QXPEHU� VXFK� DV� QHDU� ZDOO� UHJLRQ��

7XUEXOHQFH�NLQHWLF�HQHUJ\�DQG�WXUEXOHQW�IUHTXHQF\�UHODWLRQ�LV�JLYHQ�DV�
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:KHUH��*N UHSUHVHQWV�WKH�JHQHUDWLRQ�RI�WXUEXOHQFH�NLQHWLF�HQHUJ\��*Z LV�WKH�JHQHUDWLRQ�RI�Z,N

DQG�,Z UHSUHVHQWV�WKH�HIIHFWLYH�GLIIXVLYLW\�RI�N DQG�Z GXH�WR�WXUEXOHQFH� 6N DQG�6H DUH�VRXUFHV�

WHUPV�

����� 667�N±Ȧ�7XUEXOHQFH�0RGHO

7KH�WHUP�µ667¶�GHQRWHV�WKH�VKHDU�VWUHVV�WUDQVSRUW��0HQWRU��������GHYHORSHG�667�N±Ȧ�PRGHO�

E\�VROYLQJ�WKH�VWDQGDUG�N±Ȧ�DQG�VWDQGDUG�N±İ�PRGHO�ZKLFK�FDSDEOH�WR�DFFXUDWH�IRUPXODWLRQ�RI�

WXUEXOHQFH� IORZ� LQ�SLSHOLQH��667�N±Ȧ�7XUEXOHQFH�0RGHO� LV�HIIHFWLYH� LQ�VROYLQJ�WKH�HTXDWLRQV�

QHDU�ZDOO�UHJLRQ�DW�KLJKHU�DFFXUDF\��7KH�WUDQVSRUW�HTXDWLRQV�DUH�JLYHQ�E\
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,Q�WKHVH�HTXDWLRQV��*N UHSUHVHQWV�WKH�JHQHUDWLRQ�RI�WXUEXOHQFH�NLQHWLF�HQHUJ\�GXH�WR�WKH�PHDQ�

YHORFLW\�JUDGLHQWV��*Z UHSUHVHQWV�WKH�JHQHUDWLRQ�RI�Z��FDOFXODWHG�DV�GHVFULEHG�IRU�VWDQGDUG�N�Z

PRGHO�� ,N DQG� ,Z UHSUHVHQW� WKH� HIIHFWLYH� GLIIXVLYLW\� RI� N DQG� Z�� UHVSHFWLYHO\� <N DQG� <Z

UHSUHVHQWV�WKH�GLVVLSDWLRQ�RI�N DQG�Z GXH�WR�WXUEXOHQFH��'Z UHSUHVHQWV�WKH�FURVV�GLIIXVLRQ�WHUP�

6N DQG�6H DUH�VRXUFHV�WHUPV�

��� )/2:�'20$,1�$1'�*5,'�,1'(3(1'(1&<�7(67

7KH� PRGHOOLQJ� RI� WKH� EHQG� JHRPHWU\�ZDV� GRQH� LQ� $16<6������� 7KH� GLDPHWHU� RI� SLSH�ZDV�

WDNHQ�DV����PP��,Q�RUGHU�WR�KDYH�D�IXOO\�GHYHORSHG�IORZ�DW�LQOHW�RI�EHQG�WKH�SLSH�OHQJWK�ZDV�

H[WHQGHG� WR� ����� PP�� 7KH� PDWHULDO� RI� SLSH� ZDV� WDNHQ� DV� PLOG� VWHHO�� )ORZ� GRPDLQ� ZDV�

GLVFUHWL]HG�LQWR�WHWUDKHGUDO�W\SH�PHVK��7KH�UHILQHPHQW�RI�WKH�PHVK�DW�WKH�ERXQGDU\�ZDV�GRQH�

E\� DSSO\LQJ� LQIODWLRQ�� $� ERXQGDU\� ZDOO� ZDV� UHILQHG� E\� WDNLQJ� ���OD\HU� UHJLRQ� SRVVHVVLQJ�

JURZWK�UDWH�RI�����DV�VKRZQ�LQ�)LJXUH������7KH�YDOXH�RI� WKH�ZDOO�\��ZDV� IRXQG�WR�EH�����,Q�

RUGHU�WR�RSWLPL]H�WKH�QXPEHU�RI�HOHPHQWV�DQG�QRGHV� LQ�IORZ�GRPDLQ�PHVK� LQGHSHQGHQF\�WHVW�

KDV�EHHQ�SHUIRUPHG��7KH�IORZ�GRPDLQ�ZDV�GLVFUHWL]HG�LQWR������������DQG��PP�PHVK�VL]H�



ϰϵ

)LJXUH�������D��6FKHPDWLF�GLDJUDP RI�SLSH�EHQG��E��0HVKLQJ�RI�EHQG�JHRPHWU\

7KH�YDULDWLRQ�LQ�SUHVVXUH�GURS�ZLWK�GLIIHUHQW�PHVK�VL]H�RI�IORZ�GRPDLQ�LV�VKRZQ�LQ�)LJXUH������

7KH� VLPXODWLRQV� IRU� SUHVVXUH� GURS�ZHUH� FDUULHG� RXW� DW� VROLG� FRQFHQWUDWLRQ� RI� ���� DQG� IORZ�

YHORFLW\�RI���P�V��,W�ZDV�REVHUYHG�IURP�WKH�UHVXOWV�WKDW�WKH�YDULDWLRQ�LQ�YDOXHV�RI�SUHVVXUH�GURS�

ZDV�YHU\�OHVV�DV�WKH�PHVK�VL]H�ZDV�GHFUHDVHG�IURP���WR���PP��7KH���PP�PHVK�VL]H�ZDV�IRXQG�

WR�EH�RSWLPXP�DQG�XVHG�LQ�IXUWKHU�VLPXODWLRQ�

)LJXUH������9DULDWLRQ�LQ�SUHVVXUH�GURS�ZLWK�PHVK�VL]H�RI�IORZ�GRPDLQ
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���� %281'$5<�&21',7,216

7KH� JRYHUQLQJ� HTXDWLRQV� DSSOLHG� RQ� IORZ� GRPDLQ� ZHUH� VROYHG� E\� DSSO\LQJ� ERXQGDU\�

FRQGLWLRQV�DW�LQOHW��RXWOHW�DQG�ZDOO�RI�SLSH��7KH�IORZ�YHORFLW\�DQG�YROXPH�IUDFWLRQ�RI�WKH�VROLG�

SKDVH�ZDV�DSSOLHG�WR�WKH�LQOHW�VHFWLRQ�RI�EHQG�JHRPHWU\��7KH�K\GUDXOLF�GLDPHWHU�ZDV�XVHG�DV�

���PP��+RZHYHU�� WKH�ZDOO�ZDV� VXEMHFWHG� WR� QR�VOLS� FRQGLWLRQ� DQG� URXJKQHVV� IDFWRU�RI� SLSH�

ZDOO� ZDV� WDNHQ� DV� ����� $W� WKH� RXWOHW� VHFWLRQ� ]HUR� 3DVFDO� SUHVVXUH� ERXQGDU\� FRQGLWLRQ� ZDV�

DSSOLHG�� 7KH� 6,03/(� VFKHPH� ZDV� DGRSWHG� WR� FRXSOH� SUHVVXUH� DQG� YHORFLW\�� 7KH� ZLQGRZ�

EDVHG� ,QWHO��&RUH�� L�������PDFKLQH�ZLWK������*+]�SURFHVVRU�ZDV�XVHG� WR�SHUIRUP�ZKROH�

VLPXODWLRQ�VWXG\��7KH�FRQYHUJHQFH�FULWHULD�ZDV�WDNHQ�DV������

���� 9$/,'$7,21� 2)� (;3(5,0(17$/� 5(68/76� :,7+�

180(5,&$/�0(7+2'6

������ ([SHULPHQWDO�WHVW�ORRS

7KH� H[SHULPHQWV� ZHUH� DLPHG� WR� GHWHUPLQH� WKH� SUHVVXUH� GURS� FKDUDFWHULVWLFV� RI� ]LQF� WDLOLQJ�

ZDWHU�VOXUU\�DW�YDU\LQJ�IORZ�UDWH�DQG�IL[HG�VROLG�FRQFHQWUDWLRQ��7KH�]LQF�WDLOLQJ�VDPSOH�XVHG�LQ�

SUHVHQW� VWXG\� LV� SURFXUHG� IURP� 5DPSXUD� $JXFKD� 0LQH�� 5DMDVWKDQ�� ,QGLD�� 3UHVVXUH� GURS�

H[SHULPHQWV� ZHUH� FRQGXFWHG� RQ� SLORW� SODQW� WHVW� ORRS� HVWDEOLVKHG� DW� 0('�� 7,(7�� 3DWLDOD��

3XQMDE��,QGLD�DV�VKRZQ�LQ�)LJXUH������

)LJXUH������6FKHPDWLF�GLDJUDP�RI�SLORW�SODQW�WHVW�ORRS
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7KH� WHVW� ORRS� LV� HTXLSSHG�ZLWK� D� VOXUU\� WDQN�� VOXUU\� SXPS�� IORZ�PHWHU�� SUHVVXUH� WUDQVGXFHUV��

GDWD� DFTXLVLWLRQ� V\VWHP� DQG� ��� P� ORQJ� SLSHOLQH� KDYLQJ� GLDPHWHU� RI� ��� PP�� 7KH� VOXUU\� RI�

GHVLUHG� FRQFHQWUDWLRQ� LV� SUHSDUHG� LQ� VOXUU\� WDQN�� 7KH� UHTXLUHG� GULYLQJ� IRUFH� WR� VOXUU\� LV�

SURYLGHG� ZLWK� VOXUU\� SXPS�� 7KH� LQOHW� RI� SXPS� LV� FRQQHFWHG� WR� VOXUU\� WDQN� ZKLOH� WKH� RXWOHW�

VHFWLRQ� LV� DOOLHG� ZLWK� VOXUU\� SLSHOLQH�� 7KH� USP� RI� WKH� SXPS� LV� FRQWUROOHG� E\� YDU\LQJ� WKH�

IUHTXHQF\�IURP�YDULDEOH�IUHTXHQF\�GHYLFH��7KH�IORZ�YHORFLW\�RI�VOXUU\�LV�PHDVXUHG�ZLWK�IORZ�

PHWHU� LQVWDOOHG� LQ�SLSHOLQH��7KH�GLDSKUDJP� W\SH�SUHVVXUH� WUDQVPLWWHUV�DUH� LQVWDOOHG�DW�YDULRXV�

ORFDWLRQ�RI�SLSHOLQH�WR�PHDVXUH�SUHVVXUH�GURS��7KH�VOXUU\� DIWHU�FLUFXODWLRQ� LV�GXPSHG� LQWR�WKH�

VOXUU\�WDQN�VR�DV�WR�SURYLGH�FRQWLQXRXV�VXSSO\�RI�VOXUU\�WR�SXPS��7KH�V\VWHP�DOVR�FRQVLVWV�RI�D�

WUDQVSDUHQW� REVHUYDWLRQ� FKDPEHU� ����� P� ORQJ�� PDGH� RI� DFU\OLF� SLSH� WR� REVHUYH� WKH�

VHWWOLQJ�FKRNLQJ�RI�SLSHOLQH� 7KH�IOXVKLQJ RI�WKH�ZKROH�ORRS�LV�GRQH�DIWHU�H[SHULPHQWDWLRQ��7KH�

GDWD�VWRUHG�LQ�GDWD�DFTXLVLWLRQ�V\VWHP�ZDV�WDNHQ�ZLWK�WKH�KHOS�RI�SHQ�GULYH��7KH�YDOLGDWLRQ�RI�

WKH� H[SHULPHQWDO� GDWD� REWDLQHG� IURP� SLORW� SODQW� WHVW� ORRS�ZDV� GRQH�ZLWK� YDULRXV� WXUEXOHQFH�

PRGHOV�DYDLODEOH LQ�)OXHQW��7KH�H[SHULPHQWV�RI�SUHVVXUH�GURS�ZHUH�SHUIRUPHG�IRU�IORZ�RI�����

�E\�ZHLJKW��]LQF� WDLOLQJ�ZDWHU� VOXUU\�VXVSHQVLRQ��7KH� IORZ�YHORFLW\�RI� WKH� VOXUU\�ZDV�NHSW� LQ�

WKH�UDQJH�RI�����P�V��)RU�VROLG�FRQFHQWUDWLRQ�RI�����WKH�SUHVVXUH�GURS�ZDV�LQFUHDVHG�E\������

WLPHV�IRU�LQFUHDVH�LQ�IORZ�YHORFLW\�IURP�����P�V��+RZHYHU��LQFUHDVH�LQ�IORZ�YHORFLW\�IURP�����

P�V�DQG����P�V�UHVXOWV�LQ�LQFUHDVH�LQ�SUHVVXUH�GURS�E\����DQG��������UHVSHFWLYHO\�

)LJXUH����� 9DOLGDWLRQ�RI�QXPHULFDO�PRGHOOLQJ�WHFKQLTXHV
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������ 9DOLGDWLRQ�RI�QXPHULFDO�UHVXOWV�ZLWK�H[SHULPHQWDWLRQ�GDWD

$�VHULHV�RI�QXPHULFDO�VLPXODWLRQV�ZHUH�FDUULHG�RXW�WR�VWXG\�SUHVVXUH�GURS�DFURVV�WKH���Û�EHQG�

E\�XVLQJ�YDULRXV�WXUEXOHQFH�PRGHOV�QDPHO\�UHDOL]DEOH�N�İ��6WDQGDUG�N�İ��6WDQGDUG�N�Ȧ��51*�

N�İ� DQG� 667� N�Ȧ�� 7KH� YDULDWLRQ� RI� SUHVVXUH� GURS� DPRQJ� YDULRXV� WXUEXOHQFH� PRGHOV� DQG�

H[SHULPHQWDO� UHVXOWV� DUH� SORWWHG� LQ� )LJXUH� ����� 7KH� GHYLDWLRQ� RI� H[SHULPHQWDO� UHVXOWV� IURP�

5HDOL]DEOH�N�İ��6WDQGDUG�N�İ��6WDQGDUG�N�Ȧ��51*�N�İ�DQG�667�NȦ�ZDV�IRXQG�DV��������������

�������������DQG��������UHVSHFWLYHO\��7KH� UHVXOWV�GHSLFW� WKDW�H[SHULPHQWDO�GDWD� VKRZV�JRRG�

DJUHHPHQW�ZLWK�6WDQGDUG�N�İ�WXUEXOHQFH�PRGHO�ZLWK�PLQLPXP�GHYLDWLRQ�RI��������,Q�IXUWKHU�

LQYHVWLJDWLRQ�DOO�VLPXODWLRQV�ZHUH�SHUIRUPHG�E\�XVLQJ�6WDQGDUG�N�İ�WXUEXOHQFH�PRGHO���

���� ())(&7�2)�62/,'�&21&(175$7,21�21�35(6685(�'523

7KH�HIIHFW�RI� VROLG�FRQFHQWUDWLRQ�RQ�SUHVVXUH�GURS�DFURVV�SLSH�EHQG�ZDV�VWXGLHG�E\�FDUU\LQJ�

RXW�QXPHULFDO�VLPXODWLRQV��6ROLG�FRQFHQWUDWLRQV�RI�]LQF�WDLOLQJ� ZDWHU�VOXUU\�ZHUH�NHSW� LQ�WKH�

UDQJH�RI���������7KH�UDWLR�RI�UDGLXV�RI�FXUYDWXUH�WR�SLSH�GLDPHWHU��5�G��ZDV�WDNHQ�DV������7KH�

IORZ� YHORFLW\� ZDV� YDULHG� ZLWKLQ� WKH� UDQJH� RI� ���� P�V�� � )LJXUH� ����� VKRZV� WKH� YDULDWLRQ� LQ�

SUHVVXUH�GURS�ZLWK�YDU\LQJ�IORZ�YHORFLWLHV�DW�GLIIHUHQW�VROLG�FRQFHQWUDWLRQV��)URP�WKH�UHVXOWV�LW�

ZDV� REVHUYHG� WKDW� SUHVVXUH� GURS� LQFUHDVHV� ZLWK� IORZ� YHORFLWLHV� DV� ZHOO� DV� ZLWK� VROLG�

FRQFHQWUDWLRQ��$V�WKH� IORZ�YHORFLW\� LV� LQFUHDVHG� IURP����������DQG�����P�V�WKH�SUHVVXUH�GURS�

ZDV�LQFUHDVHG�E\���������������DQG��������IRU�VROLG�FRQFHQWUDWLRQ�RI������

)LJXUH�������(IIHFW�RI�VROLG�FRQFHQWUDWLRQ�RQ�SUHVVXUH�GURS



ϱϯ

)RU�WKH�IORZ�YHORFLW\�RI���P�V�WKH�SUHVVXUH�GURS�ZDV�LQFUHDVHG�E\��������������DQG��������DV�

VROLG�FRQFHQWUDWLRQ�ZDV� LQFUHDVHG� IURP��������������DQG��������UHVSHFWLYHO\��7KLV� LQFUHDVH�

LQ�WKH�SUHVVXUH�GURS�ZLWK�IORZ�YHORFLW\�ZDV�QRWLFHG�GXH�WR�LQFUHDVH�LQ�WKH�WXUEXOHQFH�LQ�IORZ��

$OVR�� WKH� LQFUHDVH� LQ� WXUEXOHQFH� OHDGV� WR� IRUPDWLRQ� RI� IORZ� VHSDUDWLRQ� DQG� VHFRQGDU\� IORZ�

SKHQRPHQRQ� LQVLGH� WKH�SLSH� EHQG��$V� WKH� YHORFLW\� LQFUHDVHV� WKH� LQWHQVLW\�RI� IORZ�VHSDUDWLRQ�

DQG�VHFRQGDU\� IORZV�DOVR� LQFUHDVHV��+HQFH� ORVVHV� LQVLGH�WKH�EHQG� LQFUHDVHV�DQG�WKLV�UHVXOW� LQ�

KLJKHU� SUHVVXUH� GURS�� 7KH� YLVFRVLW\� RI� ]LQF� WDLOLQJ�ZDWHU� VOXUU\� ZDV� LQFUHDVHG� ZLWK� VROLG�

FRQFHQWUDWLRQ��$V� WKH� QXPEHU� RI� VROLG� SDUWLFOHV� LQ� IL[HG� YROXPH� RI�ZDWHU� LV� LQFUHDVHG�PRUH�

UHVWULFWLRQ�WR�IORZ�RFFXUV��7KLV�OHDGV�WR�KLJKHU�SUHVVXUH�GURS�DV�FRQFHQWUDWLRQ�ZDV�LQFUHDVHG�

���� ())(&7�2)�%(1'�&859$785(�21�35(6685(�'523

,Q� SUHVHQW� VWXG\�� WKH� HIIHFW� RI� EHQG� FXUYDWXUH� RQ� SUHVVXUH� GURS� DFURVV� ��Û� EHQG� ZDV� DOVR�

VWXGLHG��7KH�5�G�UDWLR�ZDV�FKDQJHG�ZLWKLQ�WKH�UDQJH�RI���������E\�WDNLQJ�SLSH�GLDPHWHU�RI����

PP��$OO� WKH�QXPHULFDO�VLPXODWLRQV�ZHUH�FDUULHG�RXW�RQ�VROLG�FRQFHQWUDWLRQ� RI�����DQG� IORZ�

YHORFLW\� ZDV� NHSW� LQ� UDQJH� RI� ���� P�V�� 7KH� YDULDWLRQ� LQ� YDOXHV� RI� SUHVVXUH� GURS� ZLWK� IORZ�

YHORFLWLHV�DQG�5�G�UDWLRV�LV�SORWWHG�LQ�)LJXUH�������)URP�WKH�UHVXOWV� LW�LV�VHHQ�WKDW�WKH�SUHVVXUH�

GURS� LV� DOVR� D� IXQFWLRQ� RI� EHQG� FXUYDWXUH�� $V� WKH� 5�G� UDWLR� ZDV� LQFUHDVHG� IURP� ���� WR� ����

UHPDUNDEOH� GHFUHDVH� LQ� SUHVVXUH� GURS� ZDV� REVHUYHG�� 7KH� PLQLPXP� SUHVVXUH� GURS� IRU� ]LQF�

WDLOLQJ�ZDWHU�VOXUU\�ZDV�REVHUYHG�DFURVV�SLSH�EHQGV�KDYH�5�G�UDWLR�����DQG������,W�ZDV�QRWLFHG�

IURP�WKH�UHVXOW�GDWD�WKDW�SUHVVXUH�GURS�LV�PLQLPXP�IRU�IORZ�YHORFLW\�UDQJH�RI�����P�V�DFURVV�

SLSH� EHQG� KDYLQJ�5�G� UDWLR� RI� �����:KHUHDV� DW� KLJKHU� IORZ� YHORFLW\� RI� �� P�V� WKH� PLQLPXP�

SUHVVXUH�GURS�ZDV�REVHUYHG�DW�SLSH�EHQG�SRVVHVVLQJ�5�G�UDWLR�RI������)XUWKHU� LQFUHDVH� LQ�5�G�

UDWLR� IURP� ������� WKH� SUHVVXUH� GURS� ZDV� LQFUHDVHG�� 7KH� GHFUHDVH� LQ� SUHVVXUH� GURS� E\�

LQFUHDVLQJ�WKH�5�G�UDWLR�ZDV�REVHUYHG�GXH�WR�GHFUHDVH�LQ�IORZ�VHSDUDWLRQ�DQG�VHFRQGDU\�IORZV��

$V�WKH�FXUYDWXUH�RI�EHQG�LQFUHDVHG�WKH�SDVVDJH�IRU�IORZ�EHFRPHV�VPRRWKHU�DQG�WXUEXOHQFH�ZDV�

GHFUHDVHG��7KH�GHFUHDVH� LQ�WXUEXOHQFH�DOVR� OHDGV�WR�VXSSUHVVLRQ�RI�VHFRQGDU\� IORZV�DQG� IORZ�

VHSDUDWLRQ� SKHQRPHQRQ�� ,QFUHDVH� LQ� 5�G� UDWLR� IURP� �������� IXUWKHU� UHVXOWV� LQ� KLJK� SUHVVXUH�

GURS�� $OWKRXJK� WKH� WXUEXOHQFH� DQG� VHFRQGDU\� IORZV� ZHUH� GHFUHDVHG� EXW� WKH� LQFUHDVH� LQ�

HIIHFWLYH�OHQJWK�RI�SLSH�EHQG�DGG�RQ�WR�KLJKHU�IULFWLRQDO�ORVVHV��7KHVH�IULFWLRQDO�ORVVHV�UHVXOW�LQ�

LQFUHDVH�LQ�SUHVVXUH�GURS�DW�KLJKHU�5�G�UDWLRV��$V�WKH�5�G�UDWLR�ZDV�LQFUHDVHG�IURP���������DQG�

�������� WKH� SUHVVXUH� GURS� ZDV� GHFUHDVHG� E\� ������ DQG� ������ UHVSHFWLYHO\�� ZKHUHDV� WKH�

SUHVVXUH�GURS�ZDV�LQFUHDVHG�E\�����DQG�������ZKHQ�WKH�5�G�UDWLR�ZDV�LQFUHDVHG�IURP���������

DQG���������UHVSHFWLYHO\�IRU�IORZ�YHORFLW\�RI���P�V��$W�WKH�IORZ�YHORFLW\�RI���P�V�WKH�SUHVVXUH�



ϱϰ

GURS�ZDV�GHFUHDVHG�E\�������������DQG�������DV�5�G�ZDV�LQFUHDVHG�IURP������������������DQG�

�������� UHVSHFWLYHO\�� KRZHYHU��DV� WKH�5�G� UDWLR�ZDV� LQFUHDVHG� IURP���������WKH�SUHVVXUH�GURS�

ZDV�LQFUHDVHG�E\�������

)LJXUH�������(IIHFW�RI�EHQG�FXUYDWXUH�RQ�SUHVVXUH�GURS

���� 92/80(� )5$&7,21� ',675,%87,21� )25� =,1&� 7$,/,1*�

:$7(5�6/855<

7KH�YROXPH�IUDFWLRQ�GLVWULEXWLRQ�RI�WKH�VROLG�SKDVH�LQVLGH�WKH�EHQG�JHRPHWU\�ZDV�VWXGLHG�ZLWK�

KHOS�RI�FRQWRXUV�REWDLQHG� IURP�&)'��)LJXUH�������D��VKRZV�WKH�HIIHFW�RI�YHORFLW\��&Z �����

RQ� YDULDWLRQ� RI� VROLG� SKDVH� DW� YDULRXV� ORFDWLRQV� RI� EHQG� JHRPHWU\�� 7KH� UHG� FRORXU� LQGLFDWHV�

KLJKHVW�DFFXPXODWLRQ�ZKHUHDV�WKH�EOXH�FRORXU�LQGLFDWHV�OHDVW�RI�VROLG�SKDVH��,W�ZDV�VHHQ�IURP�

WKH�UHVXOWV� WKDW�PD[LPXP�VHWWOLQJ�RI� VROLG�SKDVH�DW� LQOHW�ZDV�REVHUYHG�DW�WKH�ERWWRP�RI�EHQG�

VHFWLRQ�� $OVR�� DV� WKH� IORZ� YHORFLW\� LQFUHDVHG� IURP� ���� P�V� WKLV� DJJUHJDWLRQ� RI� VROLG� SKDVH�

GHFUHDVHV��+RZHYHU��WKLV�UHJLRQ�RI�PD[LPXP�DFFXPXODWLRQ�VWDUW�PRYHV�IURP�ERWWRP�RI�SLSH�WR�

RXWHU� SHULSKHU\� RI� EHQG� VHFWLRQ� DV� IORZ� SURFHHGV� WR� RXWOHW� RI� EHQG�� 7KLV� KDSSHQV� GXH� WR�

FHQWULIXJDO� IRUFHV� DFWLQJ� WR� VOXUU\� LQ� IORZ� ILHOG�� ,W� ZDV� DOVR� QRWLFHG� WKDW� DV� WKH� YHORFLW\�

GHFUHDVHV�PRUH�ZLOO� EH� WKH� VHWWOLQJ� RI� VROLG� SKDVH�ZKLFK� FDQ� FDXVH� FKRNLQJ�RI� WKH� SLSHOLQH��

)LJXUH�������E��GHSLFWV�WKH�YROXPH�IUDFWLRQ�FRQWRXUV�DW�GLIIHUHQW�VROLG�FRQFHQWUDWLRQV�IRU�IORZ�

YHORFLW\�RI���P�V��
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)LJXUH�������9DULDWLRQ�LQ�YROXPH�IUDFWLRQ�ZLWK�IORZ�YHORFLW\�DQG�VROLG�FRQFHQWUDWLRQ��D��DQG��E�

,W� KDV� EHHQ� UHYHDOHG� IURP� FRQWRXUV� WKDW� LQFUHDVH� LQ� VROLG� FRQFHQWUDWLRQ� OHDGV� WR� PRUH�

DJJUHJDWLRQ�RI�VROLG�SKDVH��7KLV�ZDV�REVHUYHG�EHFDXVH�RI�WKH�IDFW�WKDW�DV�WKH�QXPEHU�RI�VROLG�

SDUWLFOHV� LQ� IL[� YROXPH� RI�ZDWHU� LQFUHDVHV� WKH� VHWWOLQJ� LQFUHDVHV�� 7KH� IORZ� YHORFLW\� IRU� KLJK�

FRQFHQWUDWHG�VOXUU\�VKRXOG�EH�NHSW�KLJK�WR�DYRLG�EORFNDJH�RI�SLSHOLQH��7KH�HIIHFW�RI�5�G�UDWLR�

RQ�YROXPH�IUDFWLRQ�GLVWULEXWLRQ�LV�VKRZQ�LQ�WKH�)LJXUH�������7KH�VROLG�FRQFHQWUDWLRQ�ZDV�NHSW�

����DQG�IORZ�YHORFLW\�RI���P�V��,W�KDV�EHHQ�VHHQ�IURP�WKH�FRQWRXUV�WKDW�ZLWK�WKH�LQFUHDVH� LQ�

FXUYDWXUH�RI�EHQG�WKH�DFFXPXODWLRQ�RI�VROLG�SKDVH�RQ�WKH�ERWWRP�DQG�DW�WKH�SHULSKHU\�RI�EHQG�

GHFUHDVHV��$V�WKH�5�G�UDWLR�ZDV�LQFUHDVHG�IURP���������WKH�ZLGWK�RI�KLJK�FRQFHQWUDWHG�]RQH�LV�

JRHV�RQ�GHFUHDVLQJ�DQG�ZDV�PLQLPXP�IRU�EHQG�KDYLQJ�5�G�UDWLR������7KH�IORZ�EHFRPHV�PRUH�

VWDEOH�DV�WKH�FXUYDWXUH�RI�EHQG�EHFRPHV�VPRRWKHU�
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)LJXUH�������9DULDWLRQ�LQ�YROXPH�IUDFWLRQ�ZLWK�5�G�UDWLR

���� 785%8/(1&(� ,17(16,7<� &2172856� )25� =,1&� 7$,/,1*�

:$7(5�6/855<

7KH�FRQWRXUV�RI� WXUEXOHQFH� LQWHQVLW\�REWDLQHG� IURP�PXOWLSKDVH�DSSURDFK�KDYH�EHHQ�VKRZQ� LQ�

)LJXUH������DQG�������7KH�LQIOXHQFH�RI�IORZ�YHORFLW\�RQ�WXUEXOHQFH�DW�����VROLG�FRQFHQWUDWLRQ�

LV�VKRZQ�LQ�)LJXUH�������D���,W�KDV�EHHQ�REVHUYHG�WKDW�PD[LPXP�WXUEXOHQFH�DW�WKH�LQOHW�VHFWLRQ�

RI� EHQG� LQ� IRXQG� DW� WKH� FLUFXPIHUHQFH� RI� SLSH�� 7KH� WXUEXOHQFH� JRHV� RQ� GHFUHDVLQJ� DQG�

PLQLPXP� DW� WKH� FHQWUH� RI� SLSH�� $V� WKH� IORZ� SURFHHGV� IURP� WKH� LQOHW� WR� RXWOHW� RI� EHQG� WKH�

PD[LPXP�WXUEXOHQW�UHJLRQ�VKLIWV�WRZDUGV�WKH�LQWHUQDO�SHULSKHU\�RI�EHQG�VHFWLRQ��:KHUHDV�WKH�

PLQLPXP�WXUEXOHQFH�UHJLRQ�ZDV�GHFUHDVHG�DQG�VKLIWHG�WRZDUGV�RXWHU�SHULSKHU\��$OVR�LQFUHDVH�

LQ�WXUEXOHQFH�ZDV�REVHUYHG�DW�WKH�RXWOHW�VHFWLRQ�RI�EHQG�



ϱϳ

)LJXUH������9DULDWLRQ�LQ�WXUEXOHQFH�LQWHQVLW\�ZLWK�IORZ�YHORFLW\�DQG�VROLG�FRQFHQWUDWLRQ��D��DQG�

�E�

$V� WKH� IORZ� YHORFLW\� ZDV� LQFUHDVHG� IURP� ���� P�V� DEUXSW� LQFUHDVH� LQ� WKH� WXUEXOHQFH� ZDV�

REVHUYHG�IURP�FRQWRXUV��)LJXUH�������E��GHSLFWV�WKH�HIIHFW�RI�VROLG�FRQFHQWUDWLRQ�RQ�WXUEXOHQFH�

IRU�IORZ�YHORFLW\�RI���P�V��)URP�WKH�WXUEXOHQFH�FRQWRXUV�LW�ZDV�VHHQ�WKDW�DV�WKH�FRQFHQWUDWLRQ�

ZDV� LQFUHDVHG� WKH� WXUEXOHQFH� LQVLGH� WKH� EHQG� GHFUHDVHV�� 7KLV� GHFUHDVH� LQ� WXUEXOHQFH� ZDV�

QRWLFHG� EHFDXVH� WKH� IORZ� EHFRPHV�PRUH� KRPRJHQRXV� DV� FRQFHQWUDWLRQ�ZDV� LQFUHDVHG��$OVR��

WKH�LQWHUPROHFXODU�FROOLVLRQV EHWZHHQ�WKH�OLTXLG�SKDVH�GHFUHDVHV��7KH�YDULDWLRQV�RI�WXUEXOHQFH�

ZLWK� EHQGV� KDYLQJ� GLIIHUHQW� 5�G� UDWLR� LV� VKRZQ� LQ� )LJXUH� ������ ,W� KDV� EHHQ� QRWLFHG� IURP�

WXUEXOHQFH�FRQWRXUV�WKDW�DV�WKH�5�G�UDWLR�ZDV�LQFUHDVHG�IURP���������WKH�WXUEXOHQFH�GHFUHDVHV�

DW�DOO�WKH�SRVLWLRQV�RI�SLSH�EHQG��7KLV�VKRZV�WKDW�DV�WKH�EHQG�FXUYDWXUH�ZDV�LQFUHDVHG�WKH�IORZ�

VHSDUDWLRQ�DQG�VHFRQGDU\� IORZV� LQ�SLSH� EHQG�GHFUHDVHV��7KLV� LQGHHG� OHDGV� WR� ORZHU� ORVVHV� LQ�

EHQG�RFFXUV�GXH�WR�WXUEXOHQFH��7KH�IORZ�EHFRPHV�VPRRWKHU�DQG�PRUH�VWDEOH�
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)LJXUH�������9DULDWLRQ�LQ�WXUEXOHQFH�LQWHQVLW\�ZLWK�5�G�UDWLR

���� 9(/2&,7<�&2172856�)25�=,1&�7$,/,1*�:$7(5�6/855<

7KH�YDULDWLRQ�RI�WKH�5�G�UDWLR�RQ�WKH�YHORFLW\�DFURVV�WKH�YDULRXV�SRVLWLRQV�RI�WKH�EHQG�VHFWLRQ�LV�

VKRZQ�LQ�WKH�)LJXUH������ZLWK�WKH�KHOS�RI�FRQWRXUV��7KH�FRQFHQWUDWLRQ�RI�WKH�]LQF�WDLOLQJ�ZDWHU�

VOXUU\� ZDV� NHSW� FRQVWDQW� L�H�� ���� IRU� IORZ� YHORFLW\� RI� �� P�V�� ,W� KDV� EHHQ� QRWLFHG� IURP� WKH�

FRQWRXUV� WKDW�PD[LPXP� YHORFLW\� UHJLRQ�ZDV� VWLFN� WR� WKH� LQWHUQDO� SHULSKHU\� RI� EHQG�ZKHUHDV�

PLQLPXP�YHORFLW\�UHJLRQ�VHHQ�DW�WKH�RXWHU�SHULSKHU\��7KH�PD[LPXP�YDULDWLRQ�LQ�YHORFLW\�ZDV�

VHHQ� LQ�FRQWRXUV�RI�EHQG�KDYLQJ�5�G�UDWLR������$V�WKH�5�G�UDWLR�LV� LQFUHDVHG� IURP���������WKH�

XQLIRUPLW\�RI�YHORFLW\�GLVWULEXWLRQ�LQFUHDVHV��7KLV�PHDQV�WKDW�ZLWK�WKH�LQFUHDVH�LQ�5�G�UDWLR�WKH�

IORZ�EHFRPHV�PRUH�XQLIRUP��$OVR��DW� ORZHU�EHQG�FXUYDWXUHV� WKH�GLVWXUEDQFH�ZDV�PRUH��7KH�

GLVWXUEDQFH�ZDV� WKH� UHVXOW�RI� VHFRQGDU\� IORZ�DQG� IORZ� VHSDUDWLRQ�SKHQRPHQRQ��+HQFH�PRUH�

ORVHV�DUH�WKHUH�DW�ORZHU�5�G�UDWLR�WKDW�UHVXOW�LQWR�KLJKHU�SUHVVXUH�GURS�
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)LJXUH�������(IIHFW�RI�5�G�UDWLR�RQ�YHORFLW\�FRQWRXUV
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,Q�SUHVHQW� LQYHVWLJDWLRQ�� WKH�SUHVVXUH�GURS�FKDUDFWHULVWLFV�RI�]LQF�WDLOLQJ�ZDWHU�VOXUU\� IORZLQJ�

LQ�D�����SLSH�EHQG�KDYH�EHHQ�VWXGLHG��7KH�H[SHULPHQWDO�UHVXOWV�ZHUH�YDOLGDWHG�ZLWK�GLIIHUHQW�

WXUEXOHQFH� PRGHOV�� 1XPHULFDO� VLPXODWLRQV� ZHUH� SHUIRUPHG� RQ� UDQJH� RI� VROLG� VOXUU\�

FRQFHQWUDWLRQV�� 7KH� VROLG� FRQFHQWUDWLRQ� LV� NHSW� LQ� WKH� UDQJH� RI� ������� �E\� ZHLJKW��� 7KH�

YHORFLW\�RI�WKH�VOXUU\�LV�UHWDLQHG�ZLWKLQ�WKH�UDQJH�RI�����P�V��7KH�IROORZLQJ�FRQFOXVLRQV�EDVHG�

RQ�UHVXOWV�DQG�GLVFXVVLRQ�DUH�PDGH�

x =LQF� WDLOLQJ� SDUWLFOHV� DUH� QRQ�VSKHULFDO� LQ� VKDSH� DQG� KDYH� NQLIH� HGJH� VWUXFWXUH�� 7KH�

PD[LPXP� VWDWLF� VHWWOHG� FRQFHQWUDWLRQ� RI� ]LQF� WDLOLQJ� VOXUU\� ZDV� IRXQG� DV� ������� �������

������DQG��������IRU�VROLG�FRQFHQWUDWLRQ�RI������������DQG�����UHVSHFWLYHO\��7KH�S+�RI�

VOXUU\�ZDV�OLHV�ZLWKLQ�WKH�UDQJH�RI�������

x 7KH� VOXUU\� H[KLELWV�1HZWRQLDQ� IORZ� EHKDYLRXU� IRU� VROLG� FRQFHQWUDWLRQ� UDQJH� RI� ��������

:KHUHDV�� WKH� LQFUHDVH� LQ� VROLG� FRQFHQWUDWLRQ� IURP� ������� UHVXOWV� LQ� FKDQJH� LQ� IORZ�

EHKDYLRXU�WR�%LQJKDP�SODVWLF�IORZ�QDWXUH�

x 7KH� DGGLWLRQ� RI� FRDUVH� SDUWLFOHV� �������� ȝP� VL]H� UHVXOWV� LQ� DSSUHFLDEOH� GHFUHDVH� LQ�

DSSDUHQW�YLVFRVLW\�LQ�ILQH������ȝP��SDUWLFXODWH�VOXUU\��7KH�PD[LPXP�SHUFHQWDJH�GHFUHDVH�

LQ�DSSDUHQW�YLVFRVLW\�ZDV�REVHUYHG�ZLWK�����DGGLWLRQ�RI�FRDUVH�SDUWLFOHV��

x 7KH�6WDQGDUG�N�İ�PRGHO�SURYLGHV�EHWWHU�DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD�ZLWK�SHUFHQWDJH�

GHYLDWLRQ�RI�������

x 3UHVVXUH GURS�LV�LQFUHDVHG�ZLWK�VROLG�FRQFHQWUDWLRQ�DQG�IORZ�YHORFLW\��$W�WKH�IORZ�YHORFLW\�

RI���P�V�WKH�SUHVVXUH�GURS�LV�LQFUHDVHG�E\��������������DQG��������DV�VROLG�FRQFHQWUDWLRQ�

LV�LQFUHDVHG�IURP��������������DQG��������UHVSHFWLYHO\�

x $Q�LQFUHDVH�LQ�FXUYDWXUH�RI�SLSH�EHQG�OHDGV�WR�HQKDQFH�WKH�SUHVVXUH�GURS�FKDUDFWHULVWLFV�RI�

]LQF�WDLOLQJ�ZDWHU�VOXUU\��7KH�PLQLPXP�SUHVVXUH�GURS�LV�REVHUYHG�LQ�SLSH�EHQG�KDYLQJ�5�G�

UDWLR�RI�����IRU�ORZ�IORZ�UDWHV��:KHUHDV�DW�KLJK�IORZ�UDWHV�WKH�RSWLPXP�5�G�UDWLR�LV�QRWLFHG�

IRU�SLSH EHQG�SRVVHVVLQJ�5�G�UDWLR�����
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3UHVHQW� VWXG\� ZDV� IRFXVHG� RQ� UKHRORJLFDO� FKDUDFWHULVWLFV� RI� ]LQF� WDLOLQJ� ZDWHU� VOXUU\� E\�

FRQVLGHULQJ�WKH�LQIOXHQFH�RI�SDUWLFOH�VL]H�RQO\��7KH�HIIHFW�RI�DGGLWLYHV�RU�VWDELOL]HUV�FDQ�DOVR�EH�

VWXGLHG�WR�LPSURYH�UKHRORJLFDO�FKDUDFWHULVWLFV�RI�VOXUU\��$OVR��WKH SUHVVXUH�GURS�FKDUDFWHULVWLFV�

ZDV� RQO\� LQYHVWLJDWHG� IRU� ���� EHQG��)XUWKHU� VWXG\� FDQ� EH� H[WHQGHG� IRU� GLIIHUHQW� JHRPHWULFDO�

FRQILJXUDWLRQV�OLNH�����EHQG�������EHQG��DQG�FRQYHUJLQJ�GLYHUJLQJ�VHFWLRQV�
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5()(5(1&(6

�� $VVHID��.��0��� DQG�'�� 5��.DXVKDO�� �([SHULPHQWDO� VWXG\� RQ� WKH� UKHRORJLFDO� EHKDYLRXU� RI�

FRDO�DVK�VOXUULHV�� -RXUQDO�RI�+\GURORJ\�DQG�+\GURPHFKDQLFV ����QR��������������������

�� %XUDQDVULVDN��3DWQDUHH��DQG�0RQSLODL�+��1DUDVLQJKD�� �(IIHFWV�RI� SDUWLFOH� VL]H�GLVWULEXWLRQ�

DQG� SDFNLQJ� FKDUDFWHULVWLFV� RQ� WKH� SUHSDUDWLRQ� RI� KLJKO\�ORDGHG� FRDO�ZDWHU�

VOXUU\�� ,QWHUQDWLRQDO� -RXUQDO� RI�&KHPLFDO�(QJLQHHULQJ� DQG�$SSOLFDWLRQV ��� QR�� �� ��������

������

�� &KHQ��;LQ��-LDQ�=KRX��4LXVRQJ�&KHQ��;LX]KL 6KL��DQG�<RQJJDQJ�*RX���&)'�VLPXODWLRQ�RI�

SLSHOLQH�WUDQVSRUW�SURSHUWLHV�RI�PLQH�WDLOLQJV�WKUHH�SKDVH�IRDP�VOXUU\�EDFNILOO�� 0LQHUDOV ���

QR��������������������

�� *KHVKODJKL��0DMLG�(EUDKLP]DGHK��$WDDOODK�6ROWDQL�*RKDUUL]L��$OLUH]D�$JKDMDQL�6KDKULYDU��

DQG� +DGL $EGROODKL�� �0RGHOLQJ� LQGXVWULDO� WKLFNHQHU� XVLQJ� FRPSXWDWLRQDO� IOXLG� G\QDPLFV�

�&)'��� D� FDVH� VWXG\�� 7DLOLQJ� WKLFNHQHU� LQ� WKH� 6DUFKHVKPHK� FRSSHU� PLQH�� ,QWHUQDWLRQDO�

-RXUQDO�RI�0LQLQJ�6FLHQFH�DQG�7HFKQRORJ\����QR��������������������

�� +DVKHPL�� 6�� $��� $�� 6DGLJKLDQ�� 6�� ,�� $�� 6KDK�� DQG� 5�� 6�� 6DQGHUV�� �6ROLG� YHORFLW\� DQG�

FRQFHQWUDWLRQ� IOXFWXDWLRQV� LQ� KLJKO\� FRQFHQWUDWHG� OLTXLG±VROLG� �VOXUU\�� SLSH�

IORZV�� ,QWHUQDWLRQDO�-RXUQDO�RI�0XOWLSKDVH�)ORZ �����������������

�� +RVVDLQ��$ODPJLU��-DPDO�1DVHU��DQG�0RQ]XU�$ODP�,PWHD]���&)'�LQYHVWLJDWLRQ�RI�SDUWLFOH�

GHSRVLWLRQ� LQ� D� KRUL]RQWDO� ORRSHG� WXUEXOHQW� SLSH� IORZ�� (QYLURQPHQWDO� 0RGHOLQJ� 	�

$VVHVVPHQW����QR��������������������

�� .XPDU�� .��� 6�� .XPDU�� 0�� *XSWD�� +�� &�� *DUJ�� DQG� *�� 6LQJK�� �0HDVXUHPHQW� RI� IORZ�

FKDUDFWHULVWLFV�IRU�PXOWLSDUWLFXODWH�ERWWRP�DVK�ZDWHU�VXVSHQVLRQ�ZLWK�DGGLWLYHV�� -RXUQDO�RI�

5HVLGXDOV�6FLHQFH�	�7HFKQRORJ\ ����QR����������������������

�� .ZDN��0LQN\XQJ��'DYLG� )�� -DPHV�� DQG�.DWKHULQH�$��.OHLQ�� �)ORZ� EHKDYLRXU� RI� WDLOLQJV�

SDVWH� IRU� VXUIDFH� GLVSRVDO�� ,QWHUQDWLRQDO� MRXUQDO� RI�PLQHUDO� SURFHVVLQJ ���� QR�� �� ��������

��������

�� /L��/HL��+LURPRWR�8VXL��DQG�+LURVKL�6X]XNL���6WXG\�RI�SLSHOLQH�WUDQVSRUWDWLRQ�RI�GHQVH�IO\�

DVK�ZDWHU�VOXUU\�� &RDO�SUHSDUDWLRQ����QR������������������

��� /LX��(�� -���.��9��&DVKPDQ��$��&��5XVW�� DQG�$��+|VNXOGVVRQ�� �&RQWUDVWLQJ�PHFKDQLVPV�RI�

PDJPD� IUDJPHQWDWLRQ� GXULQJ� FRHYDO�PDJPDWLF� DQG�K\GURPDJPDWLF� DFWLYLW\�� WKH�+YHUIMDOO�

)LUHV�ILVVXUH�HUXSWLRQ��,FHODQG�� %XOOHWLQ�RI�9ROFDQRORJ\ ����QR�������������������
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��� 0D]XPGHU��4XDPUXO�+�� �&)'�DQDO\VLV� RI� WKH� HIIHFW�RI� HOERZ� UDGLXV� RQ� SUHVVXUH� GURS� LQ�

PXOWLSKDVH�IORZ�� 0RGHOOLQJ�DQG�6LPXODWLRQ�LQ�(QJLQHHULQJ ������������������

��� 0HUULOO�� -DYLHU�� /HDQGUR� 9RLVLQ�� 9LFWRU� 0RQWHQHJUR�� &KULVWLDQ� )�� ,KOH�� DQG� $QJXV�

0F)DUODQH���6OXUU\�UKHRORJ\�SUHGLFWLRQ�EDVHG�RQ�K\SHUVSHFWUDO�FKDUDFWHUL]DWLRQ�PRGHOV�IRU�

PLQHUDOV�TXDQWLILFDWLRQ�� 0LQHUDOV�(QJLQHHULQJ ��������������������

��� 1DELO�� 7DPHU�� ,PDP� (O�6DZDI�� DQG� .DPDO� (O�1DKKDV�� �&RPSXWDWLRQDO� IOXLG� G\QDPLFV�

VLPXODWLRQ�RI� WKH�VROLG�OLTXLG�VOXUU\� IORZ� LQ�D�SLSHOLQH���,Q 3URF����WK�,QWHUQDWLRQDO�:DWHU�

7HFKQRORJLHV�&RQIHUHQFH�,:7&����YRO����������

��� 1D\DN�� %LEKXWL� %KXVDQ�� 'LSDQNDU� &KDWWHUMHH�� DQG� $PDU� 1DWK� 0XOOLFN�� �1XPHULFDO�

SUHGLFWLRQ�RI� IORZ�DQG�KHDW� WUDQVIHU�FKDUDFWHULVWLFV�RI�ZDWHU�IO\�DVK�VOXUU\� LQ�D����� UHWXUQ�

SLSH�EHQG�� ,QWHUQDWLRQDO�-RXUQDO�RI�7KHUPDO�6FLHQFHV ��������������������

��� 2IHL��7LWXV�1WRZ��DQG�$LGLO�<XQXV�,VPDLO���(XOHULDQ�(XOHULDQ�VLPXODWLRQ�RI�SDUWLFOH�OLTXLG�

VOXUU\�IORZ�LQ�KRUL]RQWDO�SLSH�� -RXUQDO�RI�3HWUROHXP�(QJLQHHULQJ ����������������

��� 3DQGD��'���DQG�%��3UDGKDQ���+\GUDXOLF�WUDQVSRUW�RI�IO\�DVK�DQG�IO\�DVK�ERWWRP�DVK�PL[WXUHV�

DW� KLJK� FRQFHQWUDWLRQV�� ,QWHUQDWLRQDO� -RXUQDO� RI� &KHPLFDO� (QJLQHHULQJ� DQG� $SSOLHG�

6FLHQFHV ���QR����������������

��� 5DZDW�� $QXEKDY�� 6�� 1�� 6LQJK�� DQG� 9�� 6HVKDGUL�� �&RPSXWDWLRQDO� PHWKRGRORJ\� IRU�

GHWHUPLQDWLRQ� RI� KHDG� ORVV� LQ� ERWK� ODPLQDU� DQG� WXUEXOHQW� UHJLPHV� IRU� WKH� IORZ� RI� KLJK�

FRQFHQWUDWLRQ� FRDO� DVK� VOXUULHV� WKURXJK� SLSHOLQH�� 3DUWLFXODWH� 6FLHQFH� DQG� 7HFKQRORJ\ ����

QR��������������������

��� 6HQDSDWL�� 3UDGLSWD�.XPDU��'LEDNDU� 3DQGD�� DQG�$VKXWRVK� 3DULGD�� �3UHGLFWLQJ� YLVFRVLW\� RI�

OLPHVWRQH±ZDWHU� VOXUU\�� -RXUQDO� RI� PLQHUDOV� DQG� PDWHULDOV� FKDUDFWHUL]DWLRQ� DQG�

(QJLQHHULQJ ���QR���������������������

��� 6LQJK��0DQL�.DQZDU��'ZDULNDQDWK�5DWKD��6DWLVK�.XPDU��DQG�'HHSDN�.XPDU���,QIOXHQFH�RI�

SDUWLFOH�VL]H� GLVWULEXWLRQ� DQG� WHPSHUDWXUH� RQ� UKHRORJLFDO� EHKDYLRU� RI� FRDO�

VOXUU\�� ,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�3UHSDUDWLRQ�DQG�8WLOL]DWLRQ ����QR������������������

��� 6ODWWHU�� 3�� 7��� DQG� .�� '�� 6HGGRQ�� �(YDOXDWLRQ� RI� WKH� UKHRORJ\� RI� SLSHKHDG� IORFFXODWHG�

WDLOLQJV��� ,Q 3URFHHGLQJV� RI� WKH� ��WK� ,QWHUQDWLRQDO� 6HPLQDU� RQ� 3DVWH� DQG� 7KLFNHQHG�

7DLOLQJV��SS�����������$XVWUDOLDQ�&HQWUH�IRU�*HRPHFKDQLFV�������

��� 7DURGL\D� 5DKXO��DQG�%KXSHQGUD�.��*DQGKL�� �+\GUDXOLF�SHUIRUPDQFH�DQG�HURVLYH�ZHDU�RI�

FHQWULIXJDO�VOXUU\�SXPSV�$�UHYLHZ�� 3RZGHU�7HFKQRORJ\ ������������������

��� 7UDKDQ�� -DPLH��$OHVVDQGUR�*UD]LDQL��'��<RJL�*RVZDPL��(��6WHIDQDNRV��&KDQG�-RWVKL�� DQG�

1LWLQ�*RHO���(YDOXDWLRQ�RI�SUHVVXUH�GURS�DQG�SDUWLFOH�VSKHULFLW\�IRU�DQ�DLU�URFN�EHG�WKHUPDO�

HQHUJ\�VWRUDJH�V\VWHP�� (QHUJ\�3URFHGLD �������������������
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��� 7HERZHL��5RODQG��0DPGXG�+RVVDLQ��6KHLNK�=DKLGXO� ,VODP��0RKDPDG�*KD]L�'URXEL�� DQG�

*EHQJD�2OX\HPL���,QYHVWLJDWLRQ�RI�VDQG�WUDQVSRUW�LQ�DQ�XQGXODWHG�SLSH�XVLQJ�FRPSXWDWLRQDO�

IOXLG�G\QDPLFV�� -RXUQDO�RI�3HWUROHXP�6FLHQFH�DQG�(QJLQHHULQJ ��������������������

��� 9HUPD��$EKDL .XPDU�� 6��1��6LQJK�� DQG�9��6HVKDGUL�� �3UHVVXUH� GURS� IRU� WKH� IORZ�RI� KLJK�

FRQFHQWUDWLRQ�VROLG�OLTXLG�PL[WXUH�DFURVV�����KRUL]RQWDO�FRQYHQWLRQDO�FLUFXODU�SLSH� EHQG���

���������������

��� 9LHLUD�� 0DUFRV� *RPHV�� DQG� $QWRQLR� (GXDUGR� &ODUN� 3HUHV�� �(IIHFW� RI� UKHRORJ\� DQG�

GLVSHUVLRQ� GHJUHH� RQ� WKH� UHJULQGLQJ� RI� DQ� LURQ� RUH� FRQFHQWUDWH�� -RXUQDO� RI� 0DWHULDOV�

5HVHDUFK�DQG�7HFKQRORJ\ ���QR��������������������

��� :X�� 'L�� %DRJXL� <DQJ�� DQG� <XFKHQJ� /LX�� �3UHVVXUH� GURS� LQ� ORRS� SLSH� IORZ� RI� IUHVK�

FHPHQWHG� FRDO� JDQJXH±IO\� DVK� VOXUU\� H[SHULPHQW� DQG� VLPXODWLRQ�� $GYDQFHG� 3RZGHU�

7HFKQRORJ\����QR��������������������

��� <XFKL��:HL��%DRTLQJ�/L��:HQ�/L��DQG�+DRNDQ�&KHQ���(IIHFWV�RI�FRDO�FKDUDFWHULVWLFV�RQ�WKH�

SURSHUWLHV�RI�FRDO�ZDWHU�VOXUU\�� &RDO�3UHSDUDWLRQ ����QR��������������������

��� =KRX��0LQJVRQJ��%LQJ�3DQ��'RQJMLH�<DQJ��+RQJPLQJ�/RX��DQG�;XHTLQJ�4LX���5KHRORJLFDO�

EHKDYLRU� LQYHVWLJDWLRQ� RI� FRQFHQWUDWHG� FRDO�ZDWHU� VXVSHQVLRQ�� -RXUQDO� RI� 'LVSHUVLRQ�

6FLHQFH�DQG�7HFKQRORJ\ ����QR��������������������
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x 3DUDV 9HUPD��6DWLVK�.XPDU��-DWLQGHU�3DO�6LQJK��DQG�.XQGDQ�/DO���3UHGLFWLRQ�RI�SUHVVXUH�

GURS�IRU�WKH�IORZ�RI�]LQF�RUH�ZDWHU�VXVSHQVLRQ�LQ�KRUL]RQWDO�SLSHOLQH���,Q�,23�&RQIHUHQFH�

6HULHV��0DWHULDOV� 6FLHQFH� DQG� (QJLQHHULQJ�� YRO�� ����� QR�� ��� S�� �������� ,23� 3XEOLVKLQJ��

�����

x 3DUDV�9HUPD��6DWLVK�.XPDU��-DWLQGHU�3DO�6LQJK��DQG�.XQGDQ�/DO�³&)'�VLPXODWLRQ�RI�����

SLSH�EHQG�IRU�PXOWLSKDVH� IORZ�RI�]LQF�WDLOLQJ�ZDWHU�VOXUU\´�7)(&�������/DV�9HJDV�86$��

�$FFHSWHG��


