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,QWURGXFWLRQ

6LQFH�3HGHUVHQ�D�GLVFRYHUHG�FURZQ�HWKHUV�� WKH�KRVW�JXHVW

FKHPLVWU\�KDV�EHHQ�RQH�RI�WKH�PRVW�DWWUDFWLQJ�UHVHDUFK�DUHDV

IRU� ODVW����\HDUV��7KH� UHVHDUFK�HIIRUWV� WRZDUG� WKH�GHYHORS�

PHQW� RI� D� YDULHW\� RI� V\QWKHWLF� UHFHSWRUV� IRU� WKH� VHOHFWLYH

PROHFXODU�UHFRJQLWLRQ�RI�PDQ\�LPSRUWDQW�JXHVWV�DUH�IUXLWHG

LQ� D� ORW� RI� LQJHQLRXV� VXSUDPROHFXODU� V\VWHPV� ERWK� H[SHUL�

PHQWDOO\�DQG�WKHRUHWLFDOO\��E�G�0RUH�UHFHQWO\��WKH�FDOL[DUHQHV�

KDYLQJ�ERWK�SRODU�DQG�QRQSRODU�ELQGLQJ�VLWHV�LQ�WKHLU�PROHF�

XODU�IUDPHZRUN�DUH�UHFHLYLQJ�PXFK�DWWHQWLRQ��DQG�QXPHURXV

DWWHPSWV�KDYH�EHHQ�PDGH�WR�PRGLI\�DQG�HQGRZ�XQLTXH�ELQG�

LQJ�FKDUDFWHULVWLFV�WR�WKHVH�YHUVDWLOH�PROHFXODU�V\VWHPV����

8QJDUR� DQG� 5HLQKRXGW� KDYH� V\QWKHVL]HG� FDOL[>�@�FURZQ

HWKHUV�DQG�UHODWHG�GHULYDWLYHV�WKDW�KDYH�FDOL[>�@DUHQH�PRLHW\

DV� D� VXEF\FOLF� XQLW� RI� FURZQ� HWKHU�� DQG� FKDUDFWHUL]HG� WKHLU

LRQ�ELQGLQJ�SURSHUWLHV�WRZDUG�DONDOL�DQG�DONDOLQH�HDUWK�PHWDO

FDWLRQV����� 6HYHUDO� GLIIHUHQW� KRVW� FRPSRXQGV� EDVHG� RQ� WKH

FDOL[�FURZQ�IUDPHZRUN��LQFOXGLQJ�VHOHFWLYH�FKURPRLRQRSKRUHV

IRU�SRWDVVLXP�LRQ��DQG�GRXEOH�FDOL[�FURZQV���KDYH�EHHQ�SUH�

SDUHG�DQG�WKHLU�LQWHUHVWLQJ�LRQRSKRULF�SURSHUWLHV�ZHUH�LQYHV�

WLJDWHG��$ORQJ�ZLWK� WKHVH�HIIRUWV��D� WKHRUHWLFDO�VWXG\�RI� WKH

VWHUHRFKHPLFDO�GHSHQGHQFH�RI�DONDOL�PHWDO�LRQ�FRPSOH[DWLRQ

DQG� OLTXLG�OLTXLG� H[WUDFWLRQ� RI� DONDOL� FDWLRQV� E\� ����GLPH�

WKR[\�FDOL[>�@FURZQ���KDV�EHHQ�UHSRUWHG���3DUWLFXODUO\��VHOHF�

WLYH� ELQGLQJ� RI� RUJDQLF� DPPRQLXP� JXHVWV� DWWUDFWV� PXFK

UHVHDUFK� LQWHUHVWV����ZKLFK� UHVXOWV� LQ�GHYHORSPHQW�RI�PDQ\

VRSKLVWLFDWHG� KRVW� V\VWHPV���� ([SHULPHQWDO� GDWD� IRU� WKH

PROHFXODU�UHFRJQLWLRQ�RI�EXW\ODPLQHV�E\�S�WHUW�EXW\OFDOL[>�@�

FURZQ�HWKHUV�KDV�EHHQ�UHSRUWHG��LQ�ZKLFK�VWXG\�WKH�H[WUDFWLRQ

HIILFLHQF\�GHFUHDVHV�LQ�WKH�VHTXHQFH�Q�%X�!�LVR�%X�!�VHF�%X

!� WHUW�%X����0RUH�GHWDLOHG�VWXG\�RQ�WKH�PROHFXODU�UHFRJQL�

WLRQ�RI� DON\O� DQG� DU\ODON\O� DPLQHV� LQ�GLFKORURPHWKDQH� DQG

FKORURIRUP�E\� FDOL[>�@�FURZQ� HWKHUV� KDV� EHHQ� SXEOLVKHG���

7KLV�UHSRUW�VKRZHG�WKDW�WKH�ELQGLQJ�VWUHQJWK�RI�DON\O�DPLQHV

ZLWK�WKH�KRVW���JHQHUDOO\�GHFUHDVHG�ZLWK�WKH�LQFUHDVLQJ�VL]H

RI�WKH�DON\O�FKDLQ�RI�WKH�DPPRQLXP�JXHVWV��)XUWKHUPRUH���+

105�WLWUDWLRQ�RI�FRPSRXQG���ZLWK�DON\O�RU�DU\ODON\O�DPPR�

QLXP�JXHVWV�LQ�&'&O��UHYHDOHG�WKDW�WKH�SULPDU\�ELQGLQJ�VLWH

LV�WKH�FHQWUDO�SDUW�RI�WKH�FURZQ�PRLHW\�

,Q�WKLV�VWXG\�ZH�KDYH�XVHG�WKUHH�GLIIHUHQW�NLQGV�RI�PROHFX�

ODU�PRGHOLQJ� VRIWZDUH� �+\SHU&KHP���� ,QVLJKW,,�'LVFRYHU���

DQG�&KHP�'����IRU�WKH�FRPSXWHU�VLPXODWLRQ�RI�WKH�FRPSOH[�

DWLRQ�EHKDYLRUV�RI�WKH�FDOL[>�@FURZQ���WRZDUG�YDU\LQJ�VWUXF�

WXUHV�RI�UHSUHVHQWDWLYH�DON\O�DPPRQLXP�LRQV��7KH�PDLQ�HP�

SKDVHV�RI�WKLV�UHVHDUFK�DUH������WU\LQJ�WR�GHWHUPLQH�WKH�PRVW

VWDEOH�FRQIRUPDWLRQ�RI�WKH�FDOL[>�@FURZQ���HWKHU�DPRQJ�WKUHH

UHSUHVHQWDWLYH� FRQIRUPDWLRQV� �FRQH�� SDUWLDO� FRQH�� DQG� ����

DOWHUQDWH�������ORFDWLQJ�WKH�PRVW�SUREDEOH�ELQGLQJ�VLWH�RI�WKH

KRVW�IRU�WKH�UHFRJQLWLRQ�RI�DON\O�DPPRQLXP�JXHVW��L�H��HLWKHU

WKH�FURZQ�HWKHU�ULQJ�RU�WKH�FDYLW\�UHJLRQ�FRPSULVLQJ�RI�IRXU

EHQ]HQH�ULQJV��DQG�ILQDOO\�����GHWHUPLQLQJ�WKH�VHOHFWLYLW\�RI

WKH�KRVW� IRU�GLIIHUHQW�DON\O�DPPRQLXP�JXHVWV�ZLWK�YDU\LQJ

VWUXFWXUDO�FKDUDFWHULVWLFV�ZKLFK�DUH�JRRG�PRGHO�FRPSRXQGV

IRU�WKH�ELRORJLFDOO\�LPSRUWDQW�RUJDQLF�DPLQH�JXHVWV��

)LJXUH���VKRZV�WKH�&KHP'UDZ�LPDJH�RI�KRVW����LQ�ZKLFK

)LJXUH �� S�WHUW�%XW\OFDOL[>�@FURZQ���HWKHU�����
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K\GURJHQ�DWRPV�DUH�RPLWWHG�IRU�FODULW\�H[FHSW�WKH�K\GURJHQ

RQ�K\GUR[\�JURXSV��

&RPSXWDWLRQDO�0HWKRGV

0ROHFXODU�0HFKDQLFV���&DOFXODWLRQV�E\�00��DQG�00�

)RUFHILHOG��7KH� LQLWLDO� VWUXFWXUHV� RI� KRVW� DQG� JXHVW� PROH�

FXOHV�ZHUH�FRQVWUXFWHG�E\�+\SHU&KHP����,QLWLDOO\��00��FDO�

FXODWLRQV� ZHUH� SHUIRUPHG�� ,Q� RUGHU� WR� ILQG� RSWLPL]HG

FRQIRUPDWLRQV��ZH�H[HFXWHG�FRQIRUPDWLRQDO�VHDUFK�E\�VLPX�

ODWHG�DQQHDOLQJ�PHWKRG��ZKLFK�LV�GHVFULEHG�EHORZ��:H�KDYH

DGDSWHG� 00�� �+\SHU&KHP�� DQG� 00�� �&KHP�'�� IRUFH�

ILHOGV�WR�H[SUHVV�WKH�00�HQHUJLHV�RI�FDOL[>�@FURZQ���HWKHU

KRVW�� DON\ODPPRQLXP� FDWLRQV�� DQG� FRPSOH[HV� REWDLQHG

WKHUHRI��

&RQIRUPDWLRQDO� 6HDUFK� E\� 6LPXODWHG� $QQHDOLQJ ��:H

KDYH�SHUIRUPHG�PROHFXODU�G\QDPLFV��0'��FDOFXODWLRQV�IRU

����SV�DW�����.�FRQVWDQW�WHPSHUDWXUH��7KH�FDOFXODWLRQV�XVHG

D�WLPH�VWHS�RI�����IV��,W�ZDV�IROORZHG�E\�����SV�0'�DW�����.

FRQVWDQW� WHPSHUDWXUH� IRU� WKH� KRVW� DQG� LWV� FRPSOH[HV��00

FDOFXODWLRQV� ZLWK� VWHHSHVW� GHVFHQW� DQG� 1HZWRQ�5DSKVRQ

�EORFN�GLDJRQDO��PHWKRGV�ZHUH�FDUULHG�RXW�WR�������NFDO�PRO

JUDGLHQW�

6HPL�HPSLULFDO�4XDQWXP�0HFKDQLFDO��$0���0HWKRG ���

7KH�FRQIRUPDWLRQV�RI�WKH�KRVW�DQG�FRPSOH[HV�REWDLQHG�IURP

00� FDOFXODWLRQV� ZHUH� IXOO\� UH�RSWLPL]HG� WR� HVWLPDWH� WKH

ELQGLQJ� HQHUJ\� DQG� WKH� HQWKDOS\�RI� IRUPDWLRQ�RI� WKH� FRP�

SRXQGV�XVLQJ�$0��VHPL�HPSLULFDO�TXDQWXP�PHFKDQLFV�PHWKRG

RI�WKH�+\SHU&KHP��7KH�GHIDXOW�VHPL�HPSLULFDO�RSWLRQV��5H�

VWULFWHG�+DUWUHH�)RFN��5+)��VSLQ�SDLULQJ��ZHUH�XVHG�H[FHSW

WKH�IROORZLQJV��WRWDO�FKDUJH ���VSLQ�PXOWLSOLFLW\ ��IRU�QHX�

WUDO�KRVW��S�WHUW�EXW\OFDOL[>�@FURZQ���HWKHU���WRWDO�FKDUJH ��

VSLQ�PXOWLSOLFLW\ ��IRU�FDWLRQLF�JXHVWV�DQG�FRPSOH[HV��

0ROHFXODU� 0HFKDQLFV� &DOFXODWLRQV� E\� ,QVLJKW,,�'LV�

FRYHU���� 7KH� ORZHVW� HQHUJ\� FRQIRUPHUV� RI� KRVW� DQG� FRP�

SOH[HV�REWDLQHG�IURP�WKH�SUHYLRXV�+\SHU&KHP�0'�DQG�00

UXQV�ZHUH�FRQYHUWHG�WR�0'/�ILOH�IRUPDWV��ZKLFK�ZHUH�UHDG

E\�,QVLJKW,,�'LVFRYHU��:H�KDYH�DGDSWHG�&RQVLVWDQW�9DOHQFH

)RUFHILHOG��&9))��WR�H[SUHVV�WKH�00�HQHUJLHV�RI�FDOL[>�@�

FURZQ���HWKHU�KRVW��DON\ODPPRQLXP�FDWLRQV�DQG�FRPSOH[HV�

7KH� &9))� IRUFHILHOG� LQ� 'LVFRYHU� SURJUDP� ZDV� RULJLQDOO\

FUHDWHG� IRU� PRGHOLQJ� SHSWLGHV� DQG� SURWHLQV� DQG� KDV� EHHQ

H[WHQGHG� WR� KDQGOH� PRUH� JHQHUDO� V\VWHPV� KDYLQJ� VLPLODU

IXQFWLRQDO� JURXSV�� ,W� LV� D� &ODVV� ,� IRUFHILHOG� KDYLQJ� VRPH

DQKDUPRQLF�DQG�FURVV�WHUP�HQKDQFHPHQWV��7KH�0'�DQG�IUHH

HQHUJ\�VLPXODWLRQ�VWXGLHV�XVHG�D�WLPH�VWHS�RI�����IV��7KH�LQL�

WLDO� VWUXFWXUH� ZDV� VXEMHFWHG� WR� D� FRQIRUPDWLRQDO� VHDUFK� LQ

ZKLFK�����.�FRQVWDQW�WHPSHUDWXUH�0'�ZDV�FDUULHG�RXW�IRU��

QV��(YHU\����SV�GXULQJ�WKH���QV�VQDSVKRW�ZHUH�VDYHG�DQG�WKH

HQHUJLHV�RI�WKHVH�FRQIRUPHUV�ZHUH�PLQLPL]HG�WR������NFDO�

PRO�JUDGLHQW��7KH�HQHUJ\�DQG�VWUXFWXUH�RI�WKH�ORZHVW�HQHUJ\

FRQIRUPHU�IURP�HDFK�VHDUFK�ZHUH�WKHQ�XVHG�IRU�FRPSDULVRQ

ZLWK�FRQH��SDUWLDO�FRQH��RU�����DOWHUQDWH�FRQIRUPHUV��VHH�)LJ�

XUHV� �� DQG� �� IRU� WKH� KRVW�� DQG�)LJXUH� �� IRU� WKH� KRVW�JXHVW

FRPSOH[HV���

$EVROXWH�*LEEV�)UHH�(QHUJ\��� 7KH� WHFKQLTXH�RI�DEVR�

OXWH�IUHH�HQHUJ\�LV�JHQHUDO�DQG�FDQ�EH�DSSOLHG�LQ�WUDQVSDUHQW

PDQQHU� WR� V\VWHPV� LQ� D� YDFXXP� RU� LQ� VROXWLRQ�� XQGHU� DQ\

FRQGLWLRQV�RI�YROXPH�DQG�RU�WHPSHUDWXUH��7KLV�DSSURDFK�LV�D

VSHFLDO�FDVH�RI�WKHUPRG\QDPLF�LQWHJUDWLRQ��7,��DSSURDFK�WR

IUHH�HQHUJ\�FDOFXODWLRQV��ZKLFK�LV�LWVHOI�D�JHQHUDO�PHWKRG�IRU

FRPSXWLQJ�WKH�FKDQJH�LQ�IUHH�HQHUJ\�XSRQ�JRLQJ�IURP�RQH

WKHUPRG\QDPLF�VWDWH� WR�DQRWKHU��$EVROXWH�IUHH�HQHUJ\�VLP�

SO\�FRQVWUDLQV�RQH�RI�WKHVH�VWDWHV�WR�EH�D�PRGHO�V\VWHP�IRU

ZKLFK� WKH� DEVROXWH� IUHH� HQHUJ\� LV� NQRZQ� DQDO\WLFDOO\�� 7KH

PRGHO�LPSOHPHQW�LQ�'LVFRYHU�SURJUDP�LV�DQ�LGHDO�VROLG��7KDW

LV��WKH�DWRPV�LQ�V\VWHP�DUH�FRQVWUDLQHG�KDUPRQLFDOO\�WR�D�ODW�

WLFH��DQDORJRXV�WR�D�VROLG��DQG�GR�QRW�LQWHUDFW�ZLWK�HDFK�RWKHU

�DQDORJRXV�WR�WKH�LGHDO�JDV���7KH�DEVROXWH�IUHH�HQHUJ\�WHFK�

QLTXH�LV�SULPDULO\�XVHG�WR�HYDOXDWH�WKH�IUHH�HQHUJ\�RI�GLIIHU�

HQW�FRQIRUPDWLRQ�RI�WKH�VDPH�PROHFXOH�

%\� LQWHJUDWLQJ� IURP� D� NQRZQ�� DOEHLW�PRGHO�� VWDWH� WR� WKH

ILQDO�UHDO�VWDWH��WKH�DEVROXWH�IUHH�HQHUJ\�EHFRPHV�WKH�VXP�RI

WKH� QXPHULFDOO\� FRPSXWHG� WKHUPRG\QDPLF� LQWHJUDWLRQ� VWHS

DQG� WKH� DQDO\WLFDO� DEVROXWH� IUHH� HQHUJ\�RI� WKH�PRGHO� VWDWH�

7KHVH�FDOFXODWLRQV�KDYH�EHHQ�FDUULHG�RXW�RQ�JXHVWV��GLIIHUHQW

FRQIRUPDWLRQV�RI�KRVW�DQG�WKH�FRPSOH[HV�RI�KRVW�ZLWK�JXHVW�

$OO� IUHH� HQHUJ\� VLPXODWLRQV� LQ� WKLV� ZRUN� ZHUH� FDUULHG� RXW

ZLWK� WKH� GHIDXOW� VHWWLQJV��∆λ  ������ �WKH� VSDFLQJ�EHWZHHQ

ZLQGRZV�����ZLQGRZV�ZHUH�XVHG�WR�JR�IURP�WKH�LQLWLDO�WR�WKH

ILQDO�VWDWH��TXDGUDWXUH�SRLQWV  ���WKH�QXPEHU�RI�*DXVV�/HJ�

HQGUH� TXDGUDWXUH� SRLQWV��� VDPSOLQJ  ��� �WKH� IUHTXHQF\� DW

ZKLFK� H−∆+�N7� LV� VDPSOHG��� ,Q� HDFK� ZLQGRZ�� HTXLOLEUDWLRQ

ZDV�FDUULHG�RXW�IRU���������VWHSV������SV��IROORZHG�E\�GDWD

FROOHFWLRQ�IRU���������VWHSV��

$V�LQ�DQ\�SK\VLFDO�PHDVXUHPHQW��WKHUH�DUH�ERWK�V\VWHPDWLF

DQG�UDQGRP�VRXUFHV�RI�HUURU�LQ�WKH�FDOFXODWLRQ�RI�IUHH�HQHU�

JLHV��$�PDMRU� VRXUFH�RI� V\VWHPDWLF�HUURUV� LQ� WKHVH�FDOFXOD�

WLRQV� LV� ODFN� RI� FRQYHUJHQFH� �WKDW� LV�� IDLOXUH� WR� HTXLOLEUDWH

ORQJ�HQRXJK�WR�DFWLYH�WKHUPRG\QDPLF�HTXLOLEUDWLRQ�DW�HDFK�λ
YDOXH�� DQG� LQVXIILFLHQW� VDPSOLQJ� RI� FRQILJXUDWLRQDO� VSDFH�

2WKHU�VRXUFHV�RI�V\VWHPDWLF�HUURU�LQFOXGH�LQDFFXUDFLHV�LQ�WKH

IRUFHILHOG��ERWK�LQ�IXQFWLRQDO�IRUP�DQG�WKH�SDUDPHWHUV��DQG

TXDQWXP�PHFKDQLFDO� HIIHFWV�� 5DQGRP� HUURUV� DUH� D� QDWXUDO

FRQVHTXHQFH�RI�IUHH�HQHUJ\�FDOFXODWLRQV��7KH�VWDWLVWLFDO�GLV�

WULEXWLRQ�RI�WKH�VWDWHV�DYDLODEOH�WR�D�PROHFXOH�DW�D�JLYHQ�WHP�

SHUDWXUH� LV� SUHFLVHO\� ZKDW� GHILQHV� LWV� HQWURS\�� 0HDVXULQJ

HQWURS\�LV�DQ�LQKHUHQWO\�VWDWLVWLFDO�SURFHVV�WKDW�FDQ�EH�TXDQWL�

ILHG�ZLWK�VWDQGDUG�UDQGRP�HUURU�DQDO\VLV�SURFHGXUHV�

&RPSXWHUV�DQG�&DOFXODWLRQ�7LPH ��6HPL�HPSLULFDO�TXDQ�

WXP�PHFKDQLFDO��$0���RSWLPL]DWLRQ�RI�D�KRVW�RU�FRPSOH[�RQ

ZRUNVWDWLRQ� RU� RQ�3HQWLXP�3&� WRRN�PRUH� WKDQ� ��� GD\V� WR

UHDFK� D� JUDGLHQW� RI� OHVV� WKDQ� ������ NFDO�PRO��0RVW� RI� WKH

,QVLJKW,,�'LVFRYHU� 00� �&9))� IRUFHILHOG�� FDOFXODWLRQV� RQ

WKLV�VWXG\�DUH�GRQH�RQ�6*,�,QG\��0ROHFXODU�G\QDPLFV����QV�

VLPXODWLRQ�RI�S�WHUW�EXW\OFDOL[>�@FURZQ�HWKHU�KRVW�QRUPDOO\

WRRN� DERXW� ���� KRXUV� RQ� WKLV� ZRUNVWDWLRQ� DQG� HDFK� IUHH

HQHUJ\�FDOFXODWLRQ�UHTXLUHG�DERXW����KRXUV�

5HVXOWV�DQG�'LVFXVVLRQ

&RQIRUPDWLRQDO�&KDUDFWHULVWLFV�RI�S�WHUW�%XW\OFDOL[>�@�

FURZQ���HWKHU�� $IWHU� ZH� KDG� SHUIRUPHG� KLJK� WHPSHUDWXUH

PROHFXODU�G\QDPLFV�VLPXODWLRQ�XVLQJ�WKH�XQVWDEOH�VWUXFWXUH
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PDGH� IURP�PRGHO� EXLOG�PRGXOH� LQ�+\SHU&KHP��ZH� FRXOG

REWDLQ�PDQ\�NLQGV�RI�FRQIRUPDWLRQV�RQ� WKLV�PROHFXOH��%XW

VWDEOH�FRQIRUPHUV�RQ�ORFDO�PLQLPD�FRXOG�EH�FDWHJRUL]HG�LQWR

WKUHH�W\SHV�RI�GLVWLQFW�VWUXFWXUHV��+RVW�PROHFXOH����)LJXUH���

FDQ�WDNH�WKUHH�UHSUHVHQWDWLYH�FRQIRUPDWLRQV�RI�FRQH��SDUWLDO

FRQH� �SDFR��� ����DOWHUQDWH� IRUP� �)LJXUHV� ������ ,QLWLDOO\��ZH

KDYH�SHUIRUPHG�00��PROHFXODU�G\QDPLFV�FDOFXODWLRQV�IRU

����SV� DW� ����.�FRQVWDQW� WHPSHUDWXUH�� ,W�ZDV� IROORZHG�E\

����SV�0'�DW�����.�FRQVWDQW�WHPSHUDWXUH�IRU�HDFK�FRQIRU�

PDWLRQ�RI� WKH�KRVW� WR� UHPRYH�DQ\� DEQRUPDO� VWUXFWXUH� FRQ�

VWUDLQV��00�FDOFXODWLRQV�ZLWK�VWHHSHVW�GHVFHQW�DQG�1HZWRQ�

5DSKVRQ��EORFN�GLDJRQDO��PHWKRGV�ZHUH�FDUULHG�RXW�WR������

NFDO�PRO� JUDGLHQW�� )LQDOO\� $0�� VHPL�HPSLULFDO� TXDQWXP

PHFKDQLFV�FDOFXODWLRQV�ZHUH�FDUULHG�RXW�IRU�HDFK�RI�WKH�FRQH�

SDFR������DOWHUQDWH�FRQIRUPHUV�RI����00�DQG�DEVROXWH�IUHH

HQHUJ\�FDOFXODWLRQV�ZHUH�DOVR�FDUULHG�RXW�RQ�6*,�,5,6�XVLQJ

WKH�,QVLJKW,,�'LVFRYHU�SURJUDP�

$V�RQH�VHHV�WKH�UHVXOWV�LQ�7DEOH����WKH�FRQH�FRQIRUPDWLRQ

LV�FDOFXODWHG�WR�EH�WKH�PRVW�VWDEOH�UHJDUGOHVV�RI�FDOFXODWLRQ

PHWKRGV�HPSOR\HG�H[FHSW�IRU�WKH�,QVLJKW,,�'LVFRYHU��,Q�WKH

+\SHU&KHP�FDOFXODWLRQ��WKH�FRQH�FRQIRUPDWLRQ�LV�PRUH�VWD�

EOH� WKDQ� WKH�SDUWLDO� FRQH� DERXW�������NFDO�PRO� LQ� HQWKDOS\

�$0���DQG�������NFDO�PRO�LQ�00��HQHUJ\��00��FDOFXOD�

WLRQ�XVLQJ�&KHP�'�VKRZV�VLPLODU�GLIIHUHQFH�EHWZHHQ�FRQH

DQG�SDUWLDO�FRQH�FRQIRUPDWLRQV��7KH�HUURU�OLPLWV�LQ�7DEOHV��

WKURXJK���DUH�WKH�RXWSXWV�IURP�WKH�PROHFXODU�PRGHOLQJ�SUR�

JUDPV��7KH�SUREDEOH�HUURUV�PLJKW�EH�VHYHUDO�WLPHV�RI�WKHVH

HUURU�OLPLWV�ZKHQ�RQH�FDOFXODWHV�WKH�HQHUJLHV�UHSHDWHGO\��7KH

GHWDLOHG�H[SODQDWLRQ�DERXW�HUURUV� LQ�IUHH�HQHUJ\�FDOFXODWLRQ

LV�ZULWWHQ�LQ�FRPSXWDWLRQDO�VHFWLRQ�

7R�FRPSDUH�WKH�VWUXFWXUDO�FKDUDFWHULVWLFV�RI�WKH�KRVW���ZLWK

WKH�H[SHULPHQWDO�FU\VWDO�VWUXFWXUH��ZH�VHDUFKHG�WKH�VWUXFWXUH

��LQ�&DPEULGJH�6WUXFWXUH�'DWDEDVH��7KH�FDOFXODWHG�VWUXFWXUH

REWDLQHG�LQ�WKLV�VWXG\��)LJXUH���E���KDV�VLPLODU�FRQIRUPDWLRQ

DQG� VWUXFWXUH� IHDWXUHV� DV� WKH� UHSRUWHG� ;�UD\� FU\VWDO

VWUXFWXUH����)LJXUH���D���RI�WKH�KRVW�PROHFXOH����7KH�FDOFX�

ODWHG� VWUXFWXUH� H[KLELWHG� VRPHZKDW� H[SDQGHG� XSSHU� ULP

VWUXFWXUH� LQ� XQGHULYDWL]HG� SKHQRO� ULQJV� DQG�PRUH� IODWWHQHG

FURZQ� HWKHU� PRLHW\� FRPSDUHG� WR� WKH� SOHDWHG� IRUP� RI� WKH

FU\VWDO�VWUXFWXUH�

$OWKRXJK�WKH�UHSUHVHQWDWLYH�FRQIRUPHUV�LQ�)LJXUHV�����DUH

FDUHIXOO\�FKRVHQ�� WKH\�PLJKW�QRW�EH�PRVW� VWDEOH� VWUXFWXUHV�

7KHUH� FRXOG� EH� ORWV� RI� VLPLODU� FRQIRUPDWLRQV� LQ� WKH� HUURU

UDQJH�RI�WKH�PLQLPXP�HQHUJ\�

&RPSOH[� )RUPDWLRQ� RI� +RVW� ZLWK� $ON\ODPPRQLXP

*XHVWV��7KH�PROHFXODU�G\QDPLFV��PROHFXODU�PHFKDQLFV��DQG

$0��VHPL�HPSLULFDO�TXDQWXP�PHFKDQLFV�FDOFXODWLRQV�ZHUH

FDUULHG�RXW�IRU�HDFK�RI�WKH�IRXU�NLQGV�RI�FRPSOH[DWLRQ�PRGH

RI�KRVW�SDUWLDO� FRQH��JXHVW�FU��� KRVW�����DOWHUQDWH��JXHVW�FU��

KRVW�FRQH��JXHVW�FU���DQG�KRVW�FRQH��JXHVW�E]��FRPSOH[HV�RI

��DQG�DON\O�DPPRQLXP�LRQV���6HH�7DEOH���DQG�)LJXUHV����

IRU�QRWDWLRQV���)RU�HDFK�FRPSOH[�ZH�KDYH�SHUIRUPHG�00�

0'�FDOFXODWLRQV�IRU�����SV�DW�����.�FRQVWDQW�WHPSHUDWXUH�

6WHHSHVW�GHVFHQW�DQG�1HZWRQ�5DSKVRQ��EORFN�GLDJRQDO��PHWK�

RGV�ZHUH� FDUULHG� RXW� WR� ������ NFDO�PRO� JUDGLHQW� IRU�00�

PLQLPL]DWLRQ� ZLWK� HOHFWURVWDWLF� LQWHUDFWLRQ� XVLQJ� WKH� ILQDO

VWUXFWXUH�REWDLQHG�IURP�0'��,Q�$0��FDOFXODWLRQV��VWHHSHVW

GHVFHQW�DQG�3RODN�5HYLHUH��FRQMXJDWH�JUDGLHQW��PHWKRGV�ZHUH

DOVR�FDUULHG�RXW�WR�������NFDO�PRO�JUDGLHQW�

00�FDOFXODWLRQV�ZHUH�DOVR�FDUULHG�RXW�RQ�6*�,5,6�XVLQJ

WKH� ,QVLJKW,,�'LVFRYHU� SURJUDP�SDFNDJH��:H� KDYH� DGDSWHG

&9))� IRUFHILHOG� WR� H[SUHVV� WKH� FRPSOH[�� ([FHSW� DV� QRWHG

EHORZ�� WKH� GHIDXOW� SDUDPHWHUV� VXSSOLHG� ZLWK� WKH� SURJUDP

7DEOH �� (QHUJLHV��NFDO�PRO��RI�7KUHH�'LIIHUHQW�+RVW�&RQIRUPDWLRQV�RI�&DOL[>�@FURZQ���HWKHU

0ROHFXODU�PRGHOLQJ�VRIWZDUH

+\SHU&KHPD &KHP�'D ΙQVLJKW,,�'LVFRYHU

+RVW��

&RQIRUPDWLRQ

∆+E

�$0��

5HODWLYH�∆+
�$0��

%LQGLQJ�HQHUJ\F

�$0��

00�

�00��

00�

�00��

00

�&9))�G
∆*H

�&RQH ������� ���� ���������� ������� ������ ������ ������

3DUWLDO�FRQH ������� ������ ���������� ������� ������ ������ ������

����$OWHUQDWH ������� ������ ���������� ������� ������ ������� ������

D(UURU� OLPLWV� LQ� $0�� DQG�00� FDOFXODWLRQV� DUH� ������ NFDO�PRO�� E(QWKDS\� RI� IRUPDWLRQ� FDOFXODWHG� E\� VHPL�HPSLULFDO� TXDQWXP�PHFKDQLFV� �$0��
FDOFXODWLRQ�� F%LQGLQJ� (QHUJ\� RI� WKH� $0�� FDOFXODWLRQ�� 5HODWLYH� ELQGLQJ� HQHUJLHV� DUH� VDPH� DV� UHODWLYH� HQWKDOSLHV�� G(UURU� OLPLWV� LQ� 00� �&9))�
FDOFXODWLRQV�DUH������NFDO�PRO��H(UURU�OLPLWV�LQ�DEVROXWH�IUHH�HQHUJ\�FDOFXODWLRQV�DUH������NFDO�PRO�

)LJXUH �� �D��;�UD\�FU\VWDO�VWUXFWXUH�RI�������E��&DOFXODWHG�VWDEOH
FRQH�FRQIRUPDWLRQ�RI���IURP�PROHFXODU�PRGHOLQJ�

)LJXUH �� &DOFXODWHG� VWUXFWXUHV� RI� �D�� SDUWLDO� FRQH� FRQIRUPDWLRQ
RI���DQG��E������DOWHUQDWH�FRQIRUPDWLRQ�RI���



��������%XOO��.RUHDQ�&KHP��6RF��������9RO������1R��� -RQJ�,Q�&KRH�HW�DO�

ZHUH�XVHG��7KH�UHVXOWLQJ�VWUXFWXUH�ZDV�VXEMHFWHG�WR�D�FRQIRU�

PDWLRQDO� VHDUFK� LQ�ZKLFK�����.�FRQVWDQW� WHPSHUDWXUH�0'

ZDV�FDUULHG�RXW�IRU���QV��6QDSVKRWV�ZHUH�VDYHG�IRU�HYHU\���

SV�GXULQJ�WKH���QV��DQG�WKH�HQHUJLHV�RI�WKHVH�FRQIRUPHUV�ZHUH

IXUWKHU�PLQLPL]HG��7KH� HQHUJ\� DQG� VWUXFWXUH� RI� WKH� ORZHVW

HQHUJ\�FRQIRUPHU�IURP�HDFK�VHDUFK�ZDV�WKHQ�XVHG�IRU�FRP�

SDULVRQ�ZLWK�RWKHU�FRQIRUPHUV�

7KH�UHVXOWV�RI�VHPL�HPSLULFDO�$0��ELQGLQJ�HQHUJLHV�DQG

HQWKDOSLHV��NFDO�PRO��RI�FRPSOH[HV�RI�FDOL[>�@FURZQ���HWKHU

ZLWK�DON\O�DPPRQLXP�LRQV�DUH�OLVWHG�LQ�7DEOH���DQG����

,Q�7DEOHV���DQG����WKH�UHODWLYH�GLIIHUHQFHV�RI�ELQGLQJ�HQHU�

JLHV�DQG�HQWKDOSLHV�ZLWKLQ�LGHQWLFDO�JXHVW�FDWLRQV�DUH�H[DFWO\

VDPH��)RU�H[DPSOH�� WKH�GLIIHUHQFH� LV������������������DQG

�����������NFDO�PRO�IRU�$0��ELQGLQJ�HQHUJLHV��DQG�WKH�GLI�

IHUHQFH�LQ�HQWKDOSLHV�LV�DOVR����������������DQG����������IRU

1+�
�� �DPPRQLXP� LRQ�� FDVHV�� 7KH� HQWKDOS\� RI� IRUPDWLRQ

�∆+�� LV� GLUHFWO\� FRQQHFWHG�ZLWK� WKH� ELQGLQJ� HQHUJ\� FDOFX�
ODWHG�IURP�VHPL�HPSLULFDO�TXDQWXP�PHFKDQLFV�

:KHQ�RQH�FRPSDUHV� WKH�FRPSOH[DWLRQ�HQWKDOSLHV� IRU� WKH

GLIIHUHQW� W\SHV�RI�FRPELQDWLRQ� LQ�7DEOH���� WKH�KRVW� LQ�FRQH

FRQIRUPDWLRQ�KDV� WKH�EHWWHU�FRPSOH[DWLRQ�HIILFLHQFLHV�ZLWK

WKH�JXHVW�LQ�WKH�FURZQ�HWKHU�PRLHW\��JXHVW�FU��PRGH��IRU�DOO

NLQGV�RI�WKH�DON\O�DPPRQLXP�LRQV�WKDQ�ZLWK�WKH�JXHVW�LQ�WKH

FDOL[>�@DUHQH�FDYLW\��JXHVW�E]��PRGH��FRPSOH[��7KH�UHDVRQ

ZK\�ZH�FRPSDUH�WKH�FRPSOH[DWLRQ�HQWKDOSLHV�LQVWHDG�RI�∆+
LV�WR�FDQFHO�RXW�WKH�LQGLYLGXDO�JXHVW�HIIHFWV�IRU�WKH�GLIIHUHQW

DON\O� DPPRQLXP� FDWLRQV�� 7KH� KRVW�FRQH� � JXHVW�FU�� FRP�

SOH[�DOVR�IRXQG�WR�EH�PRVW�VWDEOH�DPRQJ�WKH�WKUHH�NLQGV�RI

FRQIRUPDWLRQV� �FRQH�� SDUWLDO� FRQH�� DQG� ����DOWHUQDWH��� 7KLV

UHVXOW�VXJJHVWV�WKDW�WKH�KRVW�FRQH� � JXHVW�FU��FRPELQDWLRQ�LV

WKH�PRVW�SUREDEOH�FRQIRUPDWLRQ�IRU�WKH�FRPSOH[�IRUPDWLRQ

�)LJXUH�����7KLV�UHVXOW�DJUHHV�ZHOO�ZLWK�WKH�H[SHULPHQWDO�GDWD

IRU� WKH� WZR� SKDVH� VROYHQW� H[WUDFWLRQ� RI� DON\O� DPPRQLXP

SLFUDWHV�������7KHVH�VWXGLHV�VKRZHG�WKDW�FRPSOH[DWLRQ�RFFXUV

LQ� WKH� FHQWUDO� SDUW� RI� FURZQ� SHULSKHU\� DQG� WKDW� VLJQLILFDQW

FRQIRUPDWLRQDO�UHRUJDQL]DWLRQ�RI�WKH�FDOL[DUHQH�PRLHW\�ZDV

LQGXFHG� XSRQ� FRPSOH[DWLRQ� ZLWK� EXW\ODPPRQLXP� JXHVWV�

DQG�WKDW�Q�EXW\ODPPRQLXP�FDWLRQ�KDV�PXFK�EHWWHU�FRPSOH[�

DWLRQ� DELOLW\�ZLWK� FDOL[>�@FURZQ���HWKHU� ���� WKDQ� WHUW�EXW\�

ODPPRQLXP�LRQV��&DOL[>�@�FURZQ���HWKHU�LV�NQRZQ�WR�KDYH

WKH�FKDUDFWHULVWLF�LRQRSKRULF�SURSHUWLHV�WKDW�FRPSOH[HV�HIIL�

FLHQWO\�ZLWK�DON\O�DPPRQLXP�LRQV�E\�XVLQJ�VXLWDEOH�FRPSOH�

PHQWDULWLHV�EHWZHHQ�KRVW�DQG�JXHVWV��,Q�WKLV�FDOFXODWLRQ��WKH

VWDELOL]DWLRQ�E\�WKH�HOHFWURVWDWLF�LQWHUDFWLRQ�RI�FURZQ�PRLHW\

RI�FDOL[>�@�FURZQ���HWKHU�ZLWK�DON\O�DPPRQLXP�FDWLRQ�DOVR

VHHPHG� WR� EH� WKH� SULQFLSOH� IDFWRU� RI� FRPSOH[DWLRQ� RI� KRVW

ZLWK�JXHVW��

:KHQ�RQH�FRPSDUHV�WKH�FDOFXODWHG�FRPSOH[DWLRQ�HQWKDOS�

LHV� RI���FRQH��E\� WZR� EXW\ODPPRQLXP� JXHVWV� LQ� 7DEOH� ���Q�

EXW\ODPPRQLXP� JXHVW� �������� NFDO�PRO�� KDV� PXFK� EHWWHU

FRPSOH[DWLRQ� DELOLW\�RYHU�WHUW�EXW\ODPPRQLXP� LRQ� �������

NFDO�PRO��� ZKLFK� KDV� D� VLPLODU� WUHQG� DV� WKH� H[SHULPHQWDO

7DEOH �� $0��%LQGLQJ�(QHUJLHV��NFDO�PRO�D�RI�&RPSOH[HV�RI�&DOL[>�@FURZQ���HWKHU�ZLWK�$ON\O�$PPRQLXP�,RQV

6HPL�HPSLULFDO

$0��ELQGLQJ�HQHUJ\

XVLQJ�+\SHU&KHP

$ON\O�DPPRQLXP�JXHVWE

1+�
� 0H (W Q�3U Q�%X WHUW�%X

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

+RVW &RPSOH[HV�ZLWK�KRVW

���������� +RVW�FRQH��*XHVW�FU�F ���������� ���������� ���������� ���������� ���������� ����������

+RVW�FRQH��*XHVW�E]�G ���������� ���������� ���������� ���������� ���������� ����������

���������� +RVW�SDFR��*XHVW�FU� ���������� ���������� ���������� ���������� ���������� ����������

���������� +RVW�����DOW��*XHVW�FU� ���������� ���������� ���������� ���������� ���������� ����������

D(UURU� OLPLWV� LQ� WKHVH� FDOFXODWLRQV� DUH� ������ NFDO�PRO�� E0H  PHWK\ODPPRQLXP�� ( W HWK\ODPPRQLXP�� Q�3U  Q�SURS\ODPPRQLXP�� Q�%X  Q�
EXW\ODPPRQLXP�FDWLRQ��F*XHVW�FU��FRQIRUPDWLRQ�GHQRWHV�WKDW�DON\O�DPPRQLXP�LRQ�LV�FRQWDLQHG�LQVLGH�RI�WKH�FURZQ�HWKHU�ULQJ�� G*XHVW�E]��PHDQV�WKDW�DON\O
DPPRQLXP�LRQ�LV�FRQWDLQHG�LQVLGH�RI�WKH�EHQ]HQH�ULQJV�

7DEOH �� (QWKDOSLHV��NFDO�PRO��RI�'LIIHUHQW�&RPSOH[HV�RI�&DOL[>�@FURZQ���HWKHU�ZLWK�$ON\O�$PPRQLXP�,RQV

(QWKDOSLHV��∆+�D�FDOFXODWHG
IURP�+\SHU&KHP�$0��PHWKRG

$ON\O�$PPRQLXP�JXHVW

1+�
� 0H (W Q�3U Q�%X WHUW�%X

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

+RVW &RPSOH[HV�ZLWK�KRVW

������� +RVW�FRQH�� *XHVW�FU� �������� �������� �������� �������� �������� ��������

+RVW�FRQH�� *XHVW�E]� �������� �������� �������� �������� �������� ��������

������� +RVW�SDFR�� *XHVW�FU� �������� �������� �������� ������� �������� ��������

������� +RVW�����DOW� *XHVW�FU� �������� �������� �������� �������� �������� ��������

+RVW�FRQH��*XHVW��FU��FRPSOH[DWLRQE ������� ������� ������� ������� ������� �������

+RVW�FRQH��*XHVW��E]��FRPSOH[DWLRQE ������� ������� ������� ������� ������� �������

+RVW�SDFR��*XHVW��FU��FRPSOH[DWLRQE ������� ������� ������� ������ ������� �������

+RVW�����DOW��*XHVW��FU��FRPSOH[DWLRQE ������� ������� ������� ������� ������ �������

D(UURU�OLPLWV�LQ�WKHVH�FDOFXODWLRQV�DUH�������NFDO�PRO� E&RPSOH[DWLRQ�HQWKDOSLHV� �∆+&RPSOH[ −�∆++RVW�FRQH� −�∆+*XHVW�



&RPSOH[DWLRQ�RI�$ON\O�$PPRQLXP�,RQV�E\�S�WHUW�%XW\OFDOL[>�@FURZQ���HWKHU �%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

UHVXOWV����,Q�WKDW�H[SHULPHQW����H[KLELWHG�SURQRXQFHG�GLVFUL�

PLQDWLRQ� EHKDYLRU� EHWZHHQ� YDU\LQJ� VWUXFWXUHV� RI� EXW\ODP�

PRQLXP�SLFUDWHV��7KDW�LV�WKH�H[WUDFWLRQ�HIILFLHQF\�GHFUHDVHV

LQ�WKH�VHTXHQFH�Q�%X�!�LVR�%X�!�VHF�%X�!�WHUW�%X��,Q�7DEOH

���$0��VHPL�HPSLULFDO�TXDQWXP�PHFKDQLFV�FDOFXODWLRQV�KDYH

DOUHDG\�VKRZQ�WKDW�FRQH�FRQIRUPDWLRQ�LV�PRVW�VWDEOH�DPRQJ

WKUHH� W\SHV�RI�FRQIRUPHU��7KHUHIRUH��ZH�KDYH�FRQFHQWUDWHG

RXU� HIIRUW� WR� WKH�FRQH�FRQIRUPHU�RI���REWDLQHG� IURP�$0�

PHWKRG�IRU�WKH�IROORZLQJ�&9))�IRUFHILHOG�FDOFXODWLRQV�

00�HQHUJLHV�DQG�DEVROXWH�*LEEV�HQHUJLHV�FDOFXODWHG�IURP

,QVLJKW,,�'LVFRYHU� RI� GLIIHUHQW� FRPSOH[HV� RI��� �FRQH�� DUH

UHSRUWHG� LQ�7DEOHV� �� DQG����:KHQ�RQH� FRPSDUHV� WKH� FRP�

SOH[DWLRQ�*LEEV�HQHUJLHV�IRU�WKH�GLIIHUHQW�W\SHV�RI�FRPSOH[HV

IRU� EXW\ODPPRQLXP� JXHVWV� LQ� 7DEOH� ���Q�EXW\ODPPRQLXP

JXHVW���������NFDO�PRO��H[KLELWHG�DJDLQ�PXFK�ODUJHU�ELQGLQJ

DIILQLW\� RYHU� WHUW�EXW\ODPPRQLXP� LRQ� �������� NFDO�PRO��

7KLV�UHVXOW�LV�DJDLQ�LQ�SDUDOOHO�ZLWK�WKH�FDOFXODWHG�UHVXOWV�RI

HQWKDOSLHV�LQ�7DEOH���DQG�WKH�H[SHULPHQWDO�H[WUDFWLRQ�*LEEV

HQHUJLHV��∆*������DOWKRXJK�WKH�PDJQLWXGHV�RI�IUHH�HQHUJ\�GLI�

IHUHQFH�DUH�QRW�FRPSDUDEOH�GXH�WR�GLIIHUHQW�FDOFXODWLRQ�HQYL�

URQPHQW� �LQ� YDFXXP�� DQG� H[SHULPHQWDO� �LQ� VROXWLRQ��� 7KH

WUHQG�LQ�GLIIHUHQW�OHQJWK�RI�OLQHDU�DON\O�DPPRQLXP�LRQV�IURP

PHWK\O�WR�Q�EXW\O�LV�QRW�FRQVLVWHQW�ZLWK�WKH�UHVXOW�IURP�$0�

FDOFXODWLRQ��2QH�RI�WKH�UHDVRQV�IRU�WKH�GLVFUHSDQF\�PLJKW�EH

WKDW� QR� SURSHU� IRUFHILHOG� SDUDPHWHU� LQ� &9))� FRXOG� EH

DVVLJQHG�RQ�WKH�FURZQ�HWKHU�PRLHW\�RQ�WKLV�PROHFXOH�

$V�KDV�EHHQ�DOUHDG\�GLVFXVVHG��S�WHUW�%XW\OFDOL[>�@�FURZQ�

��HWKHU� KDV� WKH� FKDUDFWHULVWLF� LRQRSKRULF� SURSHUWLHV� WRZDUG

RUJDQLF�DPPRQLXP�LRQV�E\�XWLOL]LQJ�WKH�FRPSOHPHQWDULWLHV

RI� K\GURJHQ� ERQGLQJ� DQG� VWHULF� LQWHUDFWLRQ�RI� FURZQ� HWKHU

PRLHW\� DQG� FDOL[>�@DUHQH� IUDPHZRUN�� 7KH� VWDELOL]DWLRQ� E\

WKH�HOHFWURVWDWLF�LQWHUDFWLRQ�VHHPHG�WR�EH�WKH�SULQFLSOH�IDFWRU

IRU� WKH� FRPSOH[DWLRQ� RI� WKH� FDOL[>�@FURZQ��� KRVW�ZLWK� WKH

DPPRQLXP�JXHVWV��7R�KDYH�DQ�LQVLJKW�WR�WKLV�W\SH�RI�LQWHUDF�

WLRQ�LQ�WKH�SUHVHQW�V\VWHP��WKH�&KHP�'�PROHFXODU�VWUXFWXUHV

IRU�WKH�FRPSOH[HV�DUH�GHSLFWHG�LQ�)LJXUH����ZLWKRXW�K\GUR�

JHQ�DWRPV�IRU�WKH�VDNH�RI�FODULW\��$V�RQH�ORRNV�DW�WKH�JXHVW

LRQV� LQ� WKH� FRPSOH[HV�� WKH� DPPRQLXP�SDUW� RI� OLQHDU� DON\O

)LJXUH �� &DOFXODWHG� VWUXFWXUHV�RI� FRQH�FRQIRUPDWLRQ�RI��� FRP�
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