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7KH� WUDFH� FDFKH� LV� EHFRPLQJ� DQ� LPSRUWDQW� EXLOGLQJ�

EORFN� RI� PRGHUQ�� ZLGH�LVVXH�� SURFHVVRUV�� 6R� IDU�� WUDFH�

FDFKH� UHODWHG� UHVHDUFK� KDV� EHHQ� IRFXVHG� RQ� LQFUHDVLQJ�

IHWFK� EDQGZLGWK�� 7UDFH�FDFKHV� KDYH� EHHQ� VKRZQ� WR�

HIIHFWLYHO\� LQFUHDVH� WKH� QXPEHU� RI� ³XVHIXO´� LQVWUXFWLRQV�

WKDW�FDQ�EH�IHWFKHG�LQWR�WKH�PDFKLQH��WKXV�HQDEOLQJ�PRUH�

LQVWUXFWLRQV� WR� EH� H[HFXWHG� HDFK� F\FOH�� +RZHYHU�� WUDFH�

FDFKH�KDV�DQRWKHU�LPSRUWDQW�EHQHILW�WKDW�JRW�OHVV�DWWHQWLRQ�

LQ� UHFHQW� UHVHDUFK�� HVSHFLDOO\� IRU� YDULDEOH� OHQJWK� ,6$��

VXFK� DV� ,QWHO¶V� ,$���� DUFKLWHFWXUH� �;����� UHGXFLQJ�

LQVWUXFWLRQ� GHFRGLQJ� SRZHU� LV� SDUWLFXODUO\� DWWUDFWLYH��

.HHSLQJ�WKH�LQVWUXFWLRQ�WUDFHV�LQ�GHFRGHG�IRUPDW��LPSOLHV�

WKH�GHFRGLQJ�SRZHU�LV�RQO\�SDLG�XSRQ�WKH�EXLOG�RI�D�WUDFH��

WKXV� UHGXFLQJ� WKH� RYHUDOO� SRZHU� FRQVXPSWLRQ� RI� WKH�

V\VWHP���

7KLV� SDSHU� KDV� WKUHH�PDLQ� FRQWULEXWLRQV�� LW� LQGLFDWHV�

WKDW�WUDFH�FDFKH�RSWLPL]DWLRQV�GLUHFWHG�WR�UHGXFLQJ�SRZHU�

FRQVXPSWLRQ� DUH� GR� QRW� QHFHVVDULO\� FRLQFLGH� ZLWK�

RSWLPL]DWLRQV� GLUHFWHG� WR� LQFUHDVLQJ� IHWFK� EDQGZLGWK�� LW�

H[WHQGV� RXU� XQGHUVWDQGLQJ� RQ� KRZ� ZHOO� WKH� WUDFH� FDFKH�

XWLOL]HV� LWV� UHVRXUFHV� DQG� LQWURGXFHV� D� QHZ� WUDFH�FDFKH�

RUJDQL]DWLRQ� EDVHG� RQ� ILOWHULQJ� WHFKQLTXHV�� 7KH�

NQRZOHGJH� REWDLQHG� IURP� WKH� DQDO\VLV� RI� WKH� WUDFHV¶�

EHKDYLRUDO� SDWWHUQV� PRWLYDWHV� WKH� XVH� RI� ILOWHULQJ�

WHFKQLTXHV�� 7KH� QHZ� WUDFH�FDFKH� RUJDQL]DWLRQ� LQFUHDVHV�

WKH� HIIHFWLYH� LQVWUXFWLRQ�IHWFK� EDQGZLGWK� LQ� FRQMXQFWLRQ�

ZLWK� UHGXFLQJ� WKH�SRZHU� FRQVXPSWLRQ�RI� WKH� WUDFH�FDFKH�

V\VWHP���

:H� REVHUYH� WKDW� ���� WKH� PDMRULW\� RI� WUDFHV� WKDW� DUH�

LQVHUWHG�LQWR�WKH�WUDFH�FDFKH�DUH�UDUHO\�XVHG�DJDLQ�EHIRUH�

EHLQJ� UHSODFHG�� ���� WKH� PDMRULW\� RI� WKH� LQVWUXFWLRQV�

GHOLYHUHG� IRU� H[HFXWLRQ� RULJLQDWH� IURP� WKH� IHZHU� WUDFHV�

WKDW� DUH� KHDYLO\� DQG� UHSHDWHGO\� XVHG�� DQG� WKDW� ����

WHFKQLTXHV� WKDW� DLP� WR� LPSURYH� LQVWUXFWLRQ�IHWFK�

EDQGZLGWK�PD\�LQFUHDVH�WKH�QXPEHU�RI�WUDFHV�EXLOW�GXULQJ�

SURJUDP� H[HFXWLRQ�� %DVHG� RQ� WKHVH� REVHUYDWLRQV�� ZH�

SURSRVH� VSOLWWLQJ� WKH� WUDFH� FDFKH� LQWR� WZR� FRPSRQHQWV��

WKH� ILOWHU� WUDFH�FDFKH� �)7&�� DQG� WKH� PDLQ� WUDFH�FDFKH�
�07&���7UDFHV�DUH�ILUVW�LQVHUWHG�LQWR�WKH�)7&�WKDW�LV�XVHG�

WR�ILOWHU�RXW�WKH�LQIUHTXHQWO\�XVHG�WUDFHV��WUDFHV�WKDW�SURYH�

³XVHIXO´� DUH� ODWHU� PRYHG� LQWR� WKH� 07&� LWVHOI�� 7KH�

)7&�07&� RUJDQL]DWLRQ� H[KLELWV� DQ� LPSRUWDQW� EHQHILW�� LW�

GHFUHDVHV�WKH�QXPEHU�RI�WUDFHV�EXLOW��WKXV�UHGXFLQJ�SRZHU�

FRQVXPSWLRQ� ZKLOH� LPSURYLQJ� RYHUDOO� SHUIRUPDQFH�� )RU�

PHGLXP�VL]H�DSSOLFDWLRQV��WKH�)7&�07&�SDLU�UHGXFHV�WKH�

QXPEHU�RI�WUDFH�EXLOGV�E\�����LQ�DYHUDJH��

$Q�H[WHQVLRQ�RI�WKH�ILOWHULQJ�FRQFHSW�LQYROYHV�DGGLQJ�D�

VHFRQG� OHYHO� �/��� WUDFH�FDFKH� WKDW� VWRUHV� OHVV� IUHTXHQW�

WUDFHV�WKDW�DUH�UHSODFHG�LQ�WKH�)7&�RU�WKH�07&��7KH�H[WUD�

OHYHO�RI�FDFKLQJ�DOORZV� IRU�RUGHU�RI�PDJQLWXGH�UHGXFWLRQ�

LQ� WKH� QXPEHU� RI� WUDFH� EXLOGV�� 6HFRQG� OHYHO� WUDFH� FDFKH�

SURYHV� SDUWLFXODUO\� XVHIXO� IRU� DSSOLFDWLRQV� ZLWK� ODUJH�

LQVWUXFWLRQ�IRRWSULQWV��

���,QWURGXFWLRQ�

0RGHUQ� KLJK�HQG� SURFHVVRUV� UHTXLUH� KLJK� WKURXJKSXW�
IURQW�HQGV� LQ� RUGHU� WR� FRSH�ZLWK� LQFUHDVLQJ� SHUIRUPDQFH�
GHPDQG�� )HWFKLQJ� D� ODUJH� QXPEHU� RI� XVHIXO� LQVWUXFWLRQV�
�LQVWUXFWLRQV� UHVLGLQJ� RQ� WKH� FRUUHFW� SDWK�� SHU� F\FOH� LV� D�
QRQ�WULYLDO�WDVN�VLQFH��RQ�DYHUDJH��HYHU\�ILIWK�LQVWUXFWLRQ�LV�
D� EUDQFK�� ,Q� WKH� FXUUHQW� LQVWUXFWLRQ�FDFKH� RUJDQL]DWLRQ��
IHWFKLQJ� D� ODUJH� QXPEHU� RI� XVHIXO� LQVWUXFWLRQV� SHU� F\FOH�
UHTXLUHV�DFFXUDWH�SUHGLFWLRQ�RI�PXOWLSOH�EUDQFK�WDUJHWV�DQG�
WKH� DVVHPEO\� RI� LQVWUXFWLRQV� IURP� PXOWLSOH� QRQ�
FRQWLJXRXV�FDFKH�EORFNV��

2QH� ZD\� RI� LQFUHDVLQJ� WKH� HIIHFWLYHQHVV� RI�
FRQYHQWLRQDO� IHWFK� LV� UHGXFLQJ� WKH� QXPEHU� RI� IHWFK�
GLVFRQWLQXLWLHV� DORQJ� WKH� H[HFXWLRQ� SDWK� RI� WKH� SURJUDP��
/RRS�XQUROOLQJ� �>�@��FRGH�PRWLRQ� �>��@��EUDQFK�DOLJQPHQW� �
>��@� DQG� VRIWZDUH� WUDFH� FDFKHV� �>��@� DUH� DOO� H[DPSOHV� RI�
FRPSLOHU� WHFKQLTXHV� WKDW� UHGXFH� WKH� QXPEHU� RI� WDNHQ�
EUDQFKHV� DQG�� VXEVHTXHQWO\�� UHGXFH� WKH� DPRXQW� RI�
LQVWUXFWLRQ�VWUHDP�GLVFRQWLQXLWLHV�LQ�SURJUDPV�H[HFXWLRQV��
6SHFLDO� ,6$¶V� �,QVWUXFWLRQ� 6HW� $UFKLWHFWXUHV�� �>��@�>��@�
KDYH� DOVR�EHHQ�SURSRVHG� WR�EHWWHU� H[SUHVV� VXFK�FRPSLOHU�
RSWLPL]DWLRQV� WR� WKH� KDUGZDUH�� +RZHYHU�� WKH� LOOXVLRQ� RI�
FRQWLQXRXV�IHWFK�FDQ�DOVR�EH�FRQVWUXFWHG�DW�UXQ�WLPH��7KH�
WUDFH�FDFKH� �>��@�>��@�>��@�>��@�>��@� LV� DQ� LQVWUXFWLRQ�
PHPRU\� FRPSRQHQW� WKDW� VWRUHV� LQVWUXFWLRQV� LQ� WKH� RUGHU�
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WKH\� DUH� H[HFXWHG� UDWKHU� WKDQ� LQ� WKHLU� VWDWLF� RUGHU� DV�
GHILQHG�E\�WKH�SURJUDP�H[HFXWDEOH���

7DNLQJ�DGYDQWDJH�RI�WKH�IDFW�WKDW�SURJUDPV�H[HFXWH�WKH�
VDPH� LQVWUXFWLRQ� SDWKV� UHSHDWHGO\�� WKH� WUDFH� FDFKH� VWRUHV�
IUHTXHQWO\�H[HFXWHG�QRQ�FRQWLJXRXV� LQVWUXFWLRQ�EORFNV�DV�
VWUDLJKWHQHG� RXW� UXQV� FDOOHG� WUDFHV�� :KHQ� WKHVH�
LQVWUXFWLRQV�VXEVHTXHQWO\�QHHG�WR�EH�IHWFKHG��WKH�FRPSOH[�
RSHUDWLRQ� RI� PXOWLSOH� EUDQFK� SUHGLFWLRQ� FDQ� EH� GRQH� LQ�
SDUDOOHO� WR� WKH� IHWFK��DVVXPLQJ�VSHFXODWLYHO\� WKH� UHSHDWHG�
H[HFXWLRQ� RI� D� SUHYLRXV� WUDFH� �>��@�� ,Q� DGGLWLRQ��PXOWLSOH�
EORFN� DVVHPEO\� FDQ� EH� VNLSSHG� EHFDXVH� WKH� UHVXOWV� RI�
WKHVH�DFWLRQV�DUH�DOUHDG\�LPSOLFLW�LQ�WKH�WUDFH�LWVHOI���

7KH� SHUIRUPDQFH� EHQHILW� RI� WKH� WUDFH� FDFKH� H[WHQGV�
EH\RQG� IHWFK� FRQYHQLHQFH�� KRZHYHU�� &RQVLGHU� WKH�
SURFHVVRU� QRQ�VSHFLILF� VWDJHV�� L�H�� VWDJHV� LQ� ZKLFK�
SURFHVVLQJ�GHSHQGV�RQ� WKH�VWDWLF� LQVWUXFWLRQ�RQO\�DQG�QRW�
RQ� LWV� G\QDPLF� LQVWDQFH�� OLNH� LQVWUXFWLRQ� GHFRGH�� 7KH�
SUHVHQFH�RI�DQ�LQWHULP�IRUP�RI�WKH�LQVWUXFWLRQV��DV�H[LVW�LQ�
D� WUDFH�FDFKH�� IDFLOLWDWHV�GHFRXSOLQJ�RI� WKHVH�VWDJHV� IURP�
WKH� FRPPRQ�FDVH� SURFHVVLQJ� SDWK�� E\� VWRULQJ� SUH�
SURFHVVHG�WUDFHV�WKDW�DOUHDG\�UHIOHFW�WKH�RSHUDWLRQ�RI�WKHVH�
VWDJHV��(VVHQWLDOO\��WKHVH�SLSHOLQH�VWDJHV�FDQ�EH�PRYHG�LQ�
IURQW� RI� WKH� WUDFH� FDFKH� VR� WKDW� WKHLU� ODWHQF\� LV� RQO\�
REVHUYHG�RQ�D�WUDFH�FDFKH�PLVV��7KLV�IHDWXUH�LV�HVSHFLDOO\�
XVHIXO� ZKHQ� WKH� SLSHOLQH� VWDJH� LQ� TXHVWLRQ� LV� ORQJ��
FRPSOH[� DQG� SRZHU�KXQJU\�� OLNH� WKH� GHFRGLQJ� VWDJH� IRU�
,QWHO¶V�,$���DUFKLWHFWXUH��>��@�>��@�>��@��

7KH�IXQFWLRQDOLW\�RI�WKH�WUDFH�FDFKH�FDQ�EH�GLYLGHG�LQWR�
WUDFH�EXLOGLQJ� WKDW� H[DPLQHV� WKH� G\QDPLF� LQVWUXFWLRQ�
VWUHDP�� VHOHFWV� DQG� FROODWHV� FRPPRQ� LQVWUXFWLRQ�
VHTXHQFHV�� DQG� WUDFH�ERRNNHHSLQJ�� ZKLFK� DWWHPSWV� WR�
PDLQWDLQ� WKH� WUDFH� ZRUNLQJ� VHW� LQ� WKH� WUDFH� FDFKH� DQG�
DYRLG�XQQHFHVVDU\�UH�EXLOGV��0RVW�UHFHQW�UHVHDUFK�RQ�WUDFH�
FDFKHV� KDV� IRFXVHG� RQ� SHUIRUPDQFH� DVSHFWV� ±�
LPSURYHPHQWV� WR� WKH� WUDFH�EXLOG� SURFHVV� �>�@�>��@�>��@�>��@��
WKH�IRUPDW�³FRQYHQLHQFH´�RI�WKH�RXWSXW�LQVWUXFWLRQ�VWUHDP��
>�@�>�@�>�@�>��@�RU�RQ�ILQGLQJ�QHZ�VWUXFWXUHV�IRU�WKH�WUDFH��>�@�
>�@�>��@�� $� SHUIRUPDQFH�SHUVSHFWLYH� VWXG\� RI� WUDFH� FDFKH�
OLPLWDWLRQV�FDQ�EH�IRXQG�LQ��>��@��

+RZHYHU��WUDFH�FDFKHV�PD\�SOD\�DQRWKHU�LPSRUWDQW�UROH�
LQ� WKH� V\VWHP�E\� UHGXFLQJ� WKH�SRZHU�FRQVXPSWLRQ�RI� WKH�
SURFHVVRU��3RZHU�DQG�HQHUJ\�FRQVXPSWLRQ�DUH�EHFRPLQJ�D�
PDMRU�FRQFHUQ�RI�SURFHVVRUV�DW�DOO�SHUIRUPDQFH�OHYHOV��QRW�
MXVW� DW� WKH� ORZ� HQG�� 0RGHUQ� LPSOHPHQWDWLRQV� RI� &,6&�
DUFKLWHFWXUHV�SRVH�D�SDUWLFXODU�FKDOOHQJH�RQ�WKH�GHVLJQ�RI�
WKH� SURFHVVRU¶V� IURQW�HQG� �LQVWUXFWLRQ� IHWFK� DQG� GHFRGH��
ZKRVH�SRZHU�FRQVXPSWLRQ�PD\�JHW�DV�KLJK�DV�����RI�WKH�
RYHUDOO� SURFHVVRU� SRZHU� �>��@�� 2XU� VWXG\� IRFXVHV� RQ�
DVSHFWV�RI� WUDFH�FDFKHV� WKDW�PD\�FRQWULEXWH� WR�SRZHU�DQG�
HQHUJ\�VDYLQJ�E\�WKH�SURFHVVRU���

7KLV� SDSHU� H[DPLQHV� WUDFH�FDFKHV� IURP� VHYHUDO�
YLHZSRLQWV�� :H� VWDUW� E\� VWXG\LQJ� WKH� EDVLF� EHKDYLRUDO�
SDWWHUQV�RI�WKH�WUDFHV�ZLWKLQ�WKH�WUDFH�FDFKH��:H�PHDVXUH�
VHYHUDO� IXQGDPHQWDO� FKDUDFWHULVWLFV� RI� WKH� WUDFHV�

LQFOXGLQJ�� WKH� IUHTXHQF\� DW� ZKLFK� WUDFHV� DUH� XVHG�� WKHLU�
OLIHWLPH�ZLWKLQ� WKH�FDFKH�� WKHLU�VSDFH�XWLOL]DWLRQ�DQG�KRZ�
ORQJ� LW� WDNHV� EHIRUH� D� UHSODFHG� WUDFH� LV� UH�EXLOW��:H� DOVR�
H[DPLQH� KRZ� WKH� SK\VLFDO� FKDUDFWHULVWLFV� RI� WKH� FDFKH�
DIIHFW�WKHVH�SDUDPHWHUV�DQG�XVH�D�QHDU�SHUIHFW�DOJRULWKP�WR�
H[DPLQH�WKH�LPSDFW�RI�WKH�UHSODFHPHQW�PHFKDQLVP��7KHVH�
REVHUYDWLRQV� KHOS� XV� FRQYHUJLQJ� RQ� WKH� LGHD� WKDW� WUDFHV�
VKRXOG� EH� ILOWHUHG� LQ� RUGHU� WR� LPSURYH� WKH� WUDFH�FDFKH�
XWLOL]DWLRQ���

%DVHG� RQ� WKH� DERYH� REVHUYDWLRQV�� ZH� SURSRVH� D� QHZ�
WUDFH� FDFKH� RUJDQL]DWLRQ��:H� VSOLW� WKH� WUDFH� FDFKH� �7&��
LQWR� WZR� VHFWLRQV�� WKH� )LOWHU� 7UDFH� &DFKH� �)7&�� WKDW�
ILOWHUV� RXW� WKH� LQIUHTXHQW� WUDFHV�� DQG� WKH� 0DLQ� 7UDFH�

&DFKH��07&��WKDW�NHHSV�WKH�IUHTXHQW�RQHV��

)LOWHULQJ� WHFKQLTXHV� KDYH� DOUHDG\� EHHQ� SURSRVHG� WR�
LPSURYH�WKH�SHUIRUPDQFH�RI�FDFKH�EDVHG�V\VWHPV��,Q��>��@�
LW�LV�SURSRVHG�WR�XVH�D�ILOWHU�FDFKH�LQ�RUGHU�WR�LPSURYH�WKH�
SHUIRUPDQFH� RI� GDWD� FDFKH�� DQG� �>��@� VXJJHVWV� WR� ³ILOWHU´�
WUDFHV�WKDW�GR�QRW�FRQWDLQ�WDNHQ�EUDQFKHV�VLQFH�WKH\�GR�QRW�
FRQWULEXWH� WR� WKH� LQVWUXFWLRQ�IHWFK� EDQGZLGWK�� ,Q� WKLV�
SDSHU��ZH�SURSRVH�ILOWHULQJ�WHFKQLTXHV�EDVHG�RQ�WKH�XVDJH�
IUHTXHQF\�RI�WUDFHV�DLPHG�DW�UHGXFLQJ�WKH�WUDFHV�EXLOG�UDWH�
LQ� WKH� V\VWHP�� 7KH� QHZ� WUDFH� FDFKH� RUJDQL]DWLRQ� LV�
H[DPLQHG� IRU� LWV� LPSDFW� RQ� WKH� LQVWUXFWLRQ�IHWFK�
EDQGZLGWK� DQG� RQ� WKH�SRZHU� VDYLQJ��:H� VKRZ� WKDW� WKH�
RSWLPL]DWLRQ�SRLQWV�IRU�SRZHU�VDYLQJ�LV�GLIIHUHQW�WKDQ�WKDW�
IRU�IHWFK�EDQGZLGWK���

:H� REVHUYH� WKDW� IRU� PHGLXP� VL]H� DSSOLFDWLRQV�� WKH�
)7&�07&�RUJDQL]DWLRQ�UHGXFHV�WKH�EXLOG�UDWH�E\�����LQ�
DYHUDJH�� DFKLHYLQJ� LQFUHDVHG� SHUIRUPDQFH� DQG� UHGXFHG�
SRZHU�FRQVXPSWLRQ��6HYHUDO� DSSOLFDWLRQV�� W\SLFDOO\� WKRVH�
ZLWK� ODUJH� LQVWUXFWLRQ� IRRWSULQWV�� H[KLELW� VPDOOHU�
LPSURYHPHQW��)RU� WKHVH� DSSOLFDWLRQV�ZH�SURSRVH�XVLQJ� D�
VHFRQG�OHYHO� WUDFH�FDFKH� �/��� LQ� RUGHU� WR� VWRUH� HYLFWHG�
WUDFHV�� :H� VKRZ� WKDW� IRU� DSSOLFDWLRQV� ZLWK� ODUJH�
LQVWUXFWLRQ� IRRWSULQWV�� WKLV� WUDFH�FDFKH� RUJDQL]DWLRQ�
HIIHFWLYHO\� UHGXFHV� WKH� QXPEHU� RI� EXLOGV� E\� D� IDFWRU� RI�
WKUHH��FRPSDUHG�WR�WKH�EDVLF�)7&�07&�RUJDQL]DWLRQ��

7KH�UHVW�RI�WKH�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���
GHWDLOV� WKH� WUDFH�FDFKH� PRGHO� DQG� WKH� VLPXODWLRQ�
HQYLURQPHQW�� 6HFWLRQ� �� GHVFULEHV� YDULRXV� WUDFH�
FKDUDFWHULVWLFV��IRFXVLQJ�PDLQO\�RQ�WKH�FKDUDFWHULVWLFV�RI�D�
VLQJOH� H[DPSOH� �� WKH� JFF� DSSOLFDWLRQ�� 6HFWLRQ� �� SUHVHQWV�
WKH� ILOWHULQJ� PHFKDQLVP� DQG� H[WHQGV� WKH� FDFKH�
RUJDQL]DWLRQ� ZLWK� D� VHFRQG�OHYHO� WUDFH�FDFKH�� )LQDOO\��
6HFWLRQ���FRQFOXGHV�WKH�SDSHU��

���7UDFH�&DFKH�0RGHO�

:H�DVVXPH� DQ� DEVWUDFW�PRGHO� RI� D�PDFKLQH� LQ�ZKLFK�
LQVWUXFWLRQ�SURFHVVLQJ�RFFXUV�LQ�WKUHH�PDMRU�VXE�V\VWHPV��

x� 7KH� WUDFH�EXLOGLQJ� VXE�V\VWHP� IHWFKHV� LQVWUXFWLRQV�
IURP� FRQYHQWLRQDO� LQVWUXFWLRQ� PHPRU\�� GHFRGHV�
WKHP� DQG� JURXSV� GHFRGHG� LQVWUXFWLRQV� LQWR� WUDFHV��
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7UDFHV� DUH� VWRUHG� LQ� D� WUDFH�PHPRU\�� ZKLFK� LV�
W\SLFDOO\� VWUXFWXUHG� DV� D� WUDFH�FDFKH�� ,Q� RXU�PRGHO��
HYHU\� H[HFXWHG� LQVWUXFWLRQ� FRPHV� IURP� D� WUDFH� WKDW�
KDV�EHHQ�EXLOW�DQG�VWRUHG�LQ�WKH�WUDFH�FDFKH�PHPRU\��

x� 7KH� WUDFH�PDQDJHPHQW� VXE�V\VWHP� IHWFKHV� ZKROH�
WUDFHV� IURP� WUDFH�PHPRU\�� FUHDWHV� D� FRQWLQXRXV�
VWUHDP�RI� WKHLU� LQFOXGHG�LQVWUXFWLRQV��DQG� IHHGV� WKDW�
VWUHDP�WR�WKH�H[HFXWLRQ�VXE�V\VWHP��

x� 7KH� H[HFXWLRQ� VXE�V\VWHP� FRQVXPHV� WKH� LQVWUXFWLRQ�
VWUHDP��

7KH� WUDFH�PDQDJHPHQW� VXE�V\VWHP�SOD\V� FULWLFDO� UROHV�
LQ� ERWK� WKH� SHUIRUPDQFH� DQG� SRZHU� GRPDLQV�� 2Q� RQH�
KDQG�� LW� LV� H[SHFWHG� WR� SURYLGH� KLJK� WKURXJKSXW� DQG� D�
FRUUHFW�VWUHDP�RI�LQVWUXFWLRQV�WR�WKH�H[HFXWLRQ�VXE�V\VWHP��
2Q� WKH� RWKHU� KDQG�� LW� LV� H[SHFWHG� WR� OLPLW� WKH� XVH� RI� WKH�
WUDFH�EXLOGLQJ� VXEV\VWHP�� ZKLFK� W\SLFDOO\� LPSRVHV� ORQJ�
GHOD\V� DQG� FRQVXPHV� SRZHU� DW� D� KLJK� UDWH�� 2QH� ZD\� WR�
DFKLHYH� ERWK� JRDOV� LV� WR� NHHS� WKH� ³ULJKW´� WUDFHV� LQ� WUDFH�
PHPRU\� VR� WKDW� WKH� UHTXLUHG� WUDFHV� DUH� DYDLODEOH� IRU� IDVW�
GHOLYHU\�DV�RIWHQ�DV�SRVVLEOH��DQG�H[SHQVLYH�UH�EXLOGV�DQG�
UH�GHFRGHV�DUH�DYRLGHG�DV�PXFK�DV�SRVVLEOH��

�����/LPLWDWLRQV�RI�WKH�IUDPHZRUN�

7KH� SUHVHQWHG� VWXG\� ZDV� SHUIRUPHG� ZLWK� D� FHUWDLQ�
DEVWUDFWLRQ� OHYHO� LQ� PLQG�� ,W� ZDV� GHVLJQHG� WR� HYDOXDWH�
VHYHUDO� QHZ� FRQFHSWV� DW� D� UDWKHU� KLJK� DEVWUDFWLRQ� OHYHO��
:H� SUHVHQW� RXU� VLPSOLI\LQJ� DVVXPSWLRQV�� GLVFXVV� WKHLU�
LPSOLFDWLRQV��DQG�SURYLGH�VRPH�MXVWLILFDWLRQV��

6LQFH�WKH�SHQDOW\�IRU�IDLOLQJ�WR�VXSSO\�D�WUDFH�ZKHQ�RQH�
UHTXLUHG� LV� YHU\� KLJK�� WKH� PHFKDQLVP� IRU� SUHGLFWLQJ� WKH�
QH[W�WUDFH�WR�EH�IHWFKHG�IURP��DQG�LQWR��WKH�WUDFH�PHPRU\�
LV� FULWLFDO�� ,Q� WKLV� VWXG\�� ZH� DVVXPH� SHUIHFW� �RUDFOH��
SUHGLFWLRQ�WKDW�JXDUDQWHHV�ZH�DOZD\V�IHWFK�LQ�DGYDQFH�DQG�
VXSSO\� WKH� ³ULJKW´� QH[W� WUDFH� IRU� H[HFXWLRQ�� 7KH�
PHFKDQLVPV� WKDW� ZH� HYDOXDWH� LQ� WKLV� VWXG\� DUH� TXLWH�
RUWKRJRQDO�WR�WKH�SUREOHP�RI�WUDFH�SUHGLFWLRQ�VR�LW�LV�VDIH�
WR�DVVXPH�WKDW�WKH�WUDGH�RIIV�ZH�HVWDEOLVK�UHPDLQ�YDOLG�LQ�
WKH�SUHVHQFH�RI�UHDOLVWLF�WUDFH�SUHGLFWLRQ��7KLV�DVVXPSWLRQ�
LV�VXSSRUWHG�E\�WKH�OLPLW�VWXGLHV�UHSRUWHG�LQ��>��@���

,W� VKRXOG� EH� QRWHG� WKDW� IRU� VLPSOLFLW\� ±� LQ� RUGHU� WR�
DEVWUDFW� DZD\� IURP� ORZHU�OHYHO� GHWDLOV� RI� PLFUR�
DUFKLWHFWXUH� LPSOHPHQWDWLRQ�±�FXUUHQW�UHVXOWV�DQG�GHILQHG�
PHWULFV�UHIHU�WR�WUDFHV�EXLOW�RXW�RI�,$���LQVWUXFWLRQV�UDWKHU�
WKDQ� PLFUR�RSHUDWLRQV�� 7KLV� DEVWUDFWLRQ� LV� VXSSRUWHG� E\�
WKH� IDFW� WKDW� W\SLFDO� ,$���DSSOLFDWLRQV�H[KLELW�DQ�DYHUDJH�
RI� DERXW� ����PLFUR� RSHUDWLRQV� SHU� HDFK� ,$��� LQVWUXFWLRQ�
�FI�� �>��@��� 2XU� GHILQLWLRQV� DQG� PHWULFV� ZLOO� UHWDLQ� WKHLU�
XVHIXOQHVV� ZKHQ� DSSOLHG� WR� WKH� PRUH� DFFXUDWH� OHYHO� RI�
PLFUR�RSHUDWLRQV�� :H� DOVR� H[SHFW� WKDW� WKH� WUHQGV� DQG�
WUDGH�RIIV� SUHVHQWHG� KHUHDIWHU�ZLOO� UHWDLQ� WKHLU� YDOLGLW\� LQ�
WKH�PRUH�VSHFLILF�FRQWH[W���

�����7UDFH�GHILQLWLRQV�

)RU�EUHYLW\�RI�GHVFULSWLRQ�ZH� OD\�GRZQ� WKH� IROORZLQJ�
VHW�RI�WUDFH�UHODWHG�GHILQLWLRQV��$Q�DGGUHVV�LV�D�ORFDWLRQ�LQ�
WKH� DSSOLFDWLRQ� H[HFXWDEOH� LPDJH� DW� ZKLFK� D� EDVLF� EORFN�
EHJLQV�� $� WUDFH� PD\� FRQWDLQ� PXOWLSOH� EDVLF� EORFNV� DQG�
PXOWLSOH� WUDFHV� PD\� EHJLQ� DW� WKH� VDPH� EDVLF�EORFN�
DGGUHVV�� $� WUDFH� LV� XQLTXHO\� LGHQWLILHG� E\� D� WDJ� �� D�
FRPSRVLWH� LGHQWLILHU� WKDW� QDPHV� DOO� WKH� FRQGLWLRQDO�
EUDQFKHV� DORQJ� D� WUDFH�� +RZHYHU�� IRU� FRPSDFWQHVV� RI�
UHSUHVHQWDWLRQ� D� WDJ� LV� QRW� D� OLVW� RI� WKH� LQVWUXFWLRQ�
DGGUHVVHV� LQ� D� WUDFH��5DWKHU�� LW� LV� WKH� DGGUHVV� RI� WKH� ILUVW�
EDVLF�EORFN� DQG� D� OLVW� RI� Q� GHVFULSWRUV� WKDW� VSHFLI\� WKH�
EUDQFK� WUDQVLWLRQ� IURP� RQH� EDVLF�EORFN� WR� DQRWKHU� IRU� D�
PD[LPXP� RI� Q� EUDQFKHV� LQ� WKH� WUDFH�� 7UDQVLWLRQ�
GHVFULSWRUV� DUH� WZR� ELWV� ORQJ� WR� VSHFLI\� WKH� WKUHH� EORFN�
WUDQVLWLRQ� SRVVLELOLWLHV�� WUDQVLWLRQ� YLD� D� WDNHQ� EUDQFK��
WUDQVLWLRQ�YLD�D�QRW�WDNHQ�EUDQFK�DQG�WKH�HQG�RI�WKH�WUDFH���

$�WUDFH�IUDPH�LV�WKH�VSDFH�LQ�D�WUDFH�FDFKH�UHTXLUHG�WR�
VWRUH� D�PD[LPDO�VL]H� WUDFH��$�EXLOG� LV� WKH� RSHUDWLRQ� WKDW�
FRQVXPHV�LQVWUXFWLRQV�IHWFKHG�IURP�WKH�LQVWUXFWLRQ�FDFKH��
GHFRGHV� WKHP��DQG�SODFHV� WKH�GHFRGHG�LQVWUXFWLRQV� LQWR�D�
WUDFH�IUDPH��$Q�DFFHVV�LV�DQ�LQVWDQFH�DW�ZKLFK�D�WUDFH�WKDW�
LV�SUHVHQW�LQ�WKH�WUDFH�PHPRU\�LV�H[WUDFWHG�IRU�H[HFXWLRQ��
:H� PDNH� WKH� VLPSOLI\LQJ� DVVXPSWLRQ� WKDW� WKH� VL]H� RI� D�
WUDFH��DQG�WKDW�RI�D�WUDFH�IUDPH��LV�GLUHFWO\�SURSRUWLRQDO�WR�
WKH�QXPEHU�RI�LQVWUXFWLRQV�LW�HQFDSVXODWHV��

�����7UDFH�EXLOGLQJ�

7UDFH� EXLOGLQJ� LV� DQ� LWHUDWLYH� SURFHVV� LQ� ZKLFK�
LQVWUXFWLRQV�DUH�IHWFKHG��GHFRGHG��DQG�DGGHG�WR� WKH� WUDFH��
$�WUDFH�DOZD\V�VWDUWV�DW�DQ�DGGUHVV�RI�D�EUDQFK�WDUJHW��DQG�
HQGV� ZKHQ� D� WHUPLQDWLRQ� FRQGLWLRQ� LV� PHW�� 7KH�
WHUPLQDWLRQ� FULWHULRQ� LV� WKH� IDFWRU� WKDW� PRVW� GLUHFWO\�
FRQWUROV� WKH� TXDOLW\� DQG� XWLOLW\� RI� FUHDWHG� WUDFHV�� ,Q�
JHQHUDO�� WUDFHV� DUH� FRPSRVHG� RI� DQ� LQWHJUDO� QXPEHU� RI�
EDVLF� EORFNV��:H� GR� QRW� DOORZ� EUHDNLQJ� EDVLF� EORFNV� RU�
VSOLWWLQJ� WKHP� EHWZHHQ� GLIIHUHQW� WUDFHV�� H[FHSW� YHU\�
H[FHSWLRQDO�FDVHV�VXFK�DV�D�VLQJOH�YHU\�ORQJ�EDVLF�EORFN��

,Q� WKH� FXUUHQW� VWXG\� ZH� DSSO\� D� FRPSRVLWH� FULWHULRQ�
FRQVLVWLQJ� RI� VHYHUDO� IL[HG� FRQGLWLRQV� DQG� D� IHZ�
FRQILJXUDEOH�SDUDPHWHUV��7KH�IL[HG�FRQGLWLRQV�DUH��

x� 0D[LPDO� QXPEHU� RI� EUDQFKHV�� $� WUDFH� FDQQRW�
FRQWDLQ� PRUH� WKDQ� �� FRQGLWLRQDO� EUDQFKHV�� (DFK�
FRQGLWLRQDO�EUDQFK�DORQJ� WKH� WUDFH� FRQWULEXWHV� WR� WKH�
WUDFH� WDJ�� DQG� WKH� WDJ� LV� OLPLWHG� WR� ��EUDQFKHV�� �7KH�
QXPEHU� RI� EUDQFKHV� LV� URXJKO\� WKH� QXPEHU� RI� EDVLF�
EORFNV��LI�ZH�LJQRUH�XQGHWHFWHG�EUDQFK�WDUJHWV�LQVLGH�
WKH� WUDFH�� �$FWXDOO\�� WKH� DYHUDJH� QXPEHU� RI� EDVLF�
EORFNV� SHU� WUDFH� LV� PXFK� VPDOOHU�� 2XU� GHWDLOHG�
REVHUYDWLRQV�RQ�VXFK�W\SH�RI�WUDFH�FKDUDFWHULVWLFV�ZLOO�
EH�SXEOLVKHG�HOVHZKHUH���

x� &DOO�� $Q\� SURFHGXUH�FDOO� LQVWUXFWLRQ� WHUPLQDWHV� D�
WUDFH��
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x� 5HW�� $Q\� UHWXUQ� IURP� SURFHGXUH� LQVWUXFWLRQ�
WHUPLQDWHV�D�WUDFH���

x� ,QWHUUXSW�� $Q\� DV\QFKURQRXV� HYHQW� WKDW� LQWHUUXSWV�
WKH� QRUPDO� H[HFXWLRQ� RI� WKH� SURJUDP� �H�J�� D� SDJH�
IDXOW��WHUPLQDWHV�D�WUDFH��

7KH�FRQILJXUDEOH�FRQGLWLRQV�DUH��

x� 7UDFH�FDSDFLW\��$�WUDFH�FDQQRW�FRQWDLQ�PRUH� WKDQ�D�
SUHGHILQHG�� IL[HG� QXPEHU� RI� ,$��� LQVWUXFWLRQV�� 7KH�
FRQVLGHUHG� FRQILJXUDWLRQV� DOORZ� D� PD[LPXP� RI� ���
�WKHVH� FRQILJXUDWLRQV� DUH� GHQRWHG� E\� ,���� RU� ���
�GHQRWHG�E\�,����LQVWUXFWLRQV���

x� %DFNZDUGV�%UDQFK� 7HUPLQDWLRQ� 7HVW�� KHUH� ZH� KDYH�
WKUHH�RSWLRQV�
R� %DVLF� �%���$� WUDFH� WHUPLQDWHV� RQ� DQ\� EDFNZDUG�

EUDQFK�� WKLV� FKRLFH� FUHDWHV� WUDFHV� WKDW� DUH� VLQJOH�
ORRS�LWHUDWLRQV��

R� 1RQ�%DFNZDUG� �Q%���$� WUDFH� LV� QRW� WHUPLQDWHG�
RQ� EDFNZDUG� EUDQFKHV�� WKLV� FKRLFH� DOORZV� WKH�
FUHDWLRQ� RI� ORQJHU� WUDFHV� WKDW�PD\� FRQWDLQ�PRUH�
LQVWUXFWLRQV� WKDQ� WKRVH� FRQWDLQHG� LQ� D� VLQJOH�
LWHUDWLRQ�RI�D�VKRUW�ORRS��

R� /RRS� 8QUROOLQJ� �/8��� WKH� EXLOG� PHFKDQLVP�
HPSOR\V�VLPSOH� ORRS�XQUROOLQJ�KHXULVWLFV�DQG� LWV�
RUDFOH� NQRZOHGJH� RI� VLPSOH�WR�GHWHFW� ORRSV� LQ�
RUGHU� WR� RSWLPL]H� WKH� ZD\� FHUWDLQ� ORRSV� DUH�
XQUROOHG�LQWR�WUDFHV���

7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKH�ODVW�WZR�PHFKDQLVPV�
LV�WKDW�WKH�/8�PHFKDQLVPV�WULHV�WR�ILW�D�PD[LPDO�QXPEHU�
RI� ZKROH� ORRS�LWHUDWLRQV� LQWR� D� VLQJOH� WUDFH�� ZKLOH� WKH�
VLPSOHU�Q%� PHFKDQLVP�� EHLQJ� LJQRUDQW� RI� LWHUDWLRQV�� ILWV�
WKH�PD[LPDO�QXPEHU�RI�LQVWUXFWLRQV�LQWR�D�WUDFH��

�����7UDFH�&DFKH�2UJDQL]DWLRQ�

$� WUDFH� FDFKH� FRQVLVWV� RI� FRQWUROV� DQG� GDWD� DUHD��7KH�
FRQWURO� RI� HDFK� FDFKH� HQWU\� KROGV� D� WUDFH� LGHQWLILHU�
LQFOXGLQJ� WKH� VWDUWLQJ� DGGUHVV� DQG� EUDQFK� FRQGLWLRQV�� ,Q�
DGGLWLRQ�� WKH� FRQWURO� NHHSV� VWDWLVWLFV� RQ� WUDFH� XVDJH��7KH�
GDWD� DUHD� LV� FDSDEOH� RI� VWRULQJ� RQH� WUDFH� SHU� HQWU\�� :H�
FRQVLGHU� WUDFH� FDFKHV� WKDW� DUH� ��ZD\� VHW�DVVRFLDWLYH��
H[FHSW� IRU� WKH� FDVHV� ZKHUH� ZH� VWXG\� WKH� LPSDFW� KLJKHU�
DVVRFLDWLYLW\��$�VHW�LV�PDQDJHG�XVLQJ�DQ�/58�UHSODFHPHQW�
SROLF\�� 7KH� PDSSLQJ� RI� D� WUDFH� LQWR� LWV� KRVWLQJ� VHW� LV� D�
IXQFWLRQ�RI�LWV�FRPSOHWH�WDJ��

)RU�WKH�SXUSRVH�RI�OLPLW�VWXGLHV��ZH�DOVR�FRQVLGHU�OHVV�
SUDFWLFDO� RUJDQL]DWLRQV�� VXFK� DV� ���ZD\� VHW�DVVRFLDWLYH�
DQG�IXOO\�DVVRFLDWLYH�FDFKHV��DQG�ZLOO�DOVR�H[DPLQH�QHDU�
SHUIHFW�UHSODFHPHQW�SROLF\��

,Q�WKLV�VWXG\�ZH�FRQVLGHU�V\VWHPV�FRPSRVHG�RI�RQH�RU�
PRUH� WUDFH� FDFKHV�� )RU� H[DPSOH�� ZKHQ� D� ILOWHU� FDFKH� LV�
XVHG�� WKH� HYLFWHG� WUDFHV� DUH� GLUHFWHG� WR� D� FDFKH�
PDQDJHPHQW� ORJLF� WRJHWKHU�ZLWK� WKHLU� XVDJH� FRXQWHUV� IRU�
IXUWKHU� SURFHVVLQJ�� DV� GHVFULEHG� LQ� VXEVHTXHQW� VHFWLRQV��
$Q� LPSRUWDQW� IXQFWLRQDOLW\� RI� WKH� FDFKH�PDQDJHPHQW�

ORJLF� LV� WKDW� RI� ILOWHULQJ� WUDFHV� DFFRUGLQJ� WR� D� VWDWLF� RU�
G\QDPLF� FULWHULRQ��:H� FDOO� VXFK� D� FULWHULRQ� D� ILOWHU�� ,Q� D�
ODWHU� VHFWLRQ��ZH� VKDOO� GHILQH� VHYHUDO� W\SHV� RI� ILOWHUV� DQG�
LQYHVWLJDWH�WKHLU�EHKDYLRU��

:H�GHILQH�D� WUDFH�FDFKH� WR�EH�H[HFXWLQJ� LI� LW�GHOLYHUV�
LQVWUXFWLRQ� IURP� WUDFHV� GLUHFWO\� WR� WKH� H[HFXWLRQ� VXE�
V\VWHP�� $QRWKHU� W\SH� RI� WUDFH� FDFKH� ZH� LQYHVWLJDWH� LV� D�
VWRUDJH� WUDFH� FDFKHV�� ZKLFK� LV� XVHG� DV� VHFRQGDU\� WUDFH�
VWRUDJH� �H�J��� VHFRQG� OHYHO� WUDFH� FDFKH��� 7KH� SURFHVVRU�
FDQQRW� IHWFK� LQVWUXFWLRQV� IURP�WKH�VWRUHG� WUDFHV�GLUHFWO\� ��
WUDFHV�QHHG� WR�EH� WUDQVIHUUHG� WR� DQ� H[HFXWLQJ� WUDFH� FDFKH�
EHIRUH�WKHLU�LQVWUXFWLRQV�FDQ�EH�LVVXHG�IRU�H[HFXWLRQ��

�����'DWD�&ROOHFWLRQ�DQG�(YDOXDWLRQ�&ULWHULD�

,Q� WKH� IROORZLQJ� IHZ� VHFWLRQV�� ZH� LQYHVWLJDWH� VHYHUDO�
RUJDQL]DWLRQV� IRU� WKH� WUDFH� FDFKH�� 7KURXJKRXW� WKHVH�
VWXGLHV��ZH�DVVXPH�D�PD[LPXP�GDWD�DUHD�RI����.%�IRU�DOO�
WKH� H[HFXWLQJ� FDFKHV� LQ� WKH� V\VWHP�� $OWHUQDWLYH�
RUJDQL]DWLRQ� WHFKQLTXHV� DUH� FRPSDUHG� DFFRUGLQJ� WR� WKH�
HIIHFWLYHQHVV� RI� WKHLU� H[SORLWDWLRQ� RI� D� JLYHQ� DUHD�� 7KH�
DUHD�UHTXLUHG�IRU�D�FDFKH�HTXDOV��

��RI�VHWV��
���RI�ZD\V��
�0$;B,167B,1B75$&(�
�

,167B6,=(�

+HUH�0$;B,167B,1B75$&(�HTXDOV�HLWKHU����RU����
�,���RU�,���FRQILJXUDWLRQV��UHVSHFWLYHO\���DQG�,167B6,=(�
KDV�D� IL[HG� VL]H�RI���E\WHV��7KXV�� IRU� LQVWDQFH�� LQ�DQ� ,���
FRQILJXUDWLRQ� ZLWK� D� VLQJOH� ��ZD\� DVVRFLDWLYH� FDFKH�� WKH�
QXPEHU� RI� VHWV� LV� ����� ,Q� DQ� ,��� FRQILJXUDWLRQ�ZLWK� WZR�
HTXDO�VL]HG�H[HFXWLRQ�FDFKHV�� WKH�QXPEHU�RI� VHWV� LQ�HDFK�
FDFKH� LV� ���� 1RWH� WKDW� VWRULQJ� GHFRGHG� LQVWUXFWLRQV�
LPSOLHV�DQ�DUHD�LQFUHDVH��ZKLFK�LV�DSSUR[LPDWHG�E\�XVLQJ�
WKH�ORQJHU�,167B6,=(����E\WHV���

/DWHU� RQ�� ZH� H[WHQG� WKH� VWXG\� E\� FRQVLGHULQJ� WKH�
DGGLWLRQ� RI� VHFRQG�OHYHO�� RU� VWRUDJH�� FDFKHV�� 7KHQ�� ZH�
FRQVLGHU� VHYHUDO� DOWHUQDWLYHV� RI� DOORFDWLQJ� DUHD� IRU� WKH�
FDFKHV�LQ�WKH�V\VWHP���

2XU� HYDOXDWLRQ� UHOLHV� RQ� FRXQWLQJ� WKUHH� NLQGV� RI�
HYHQWV�� EXLOGV�� DFFHVVHV� DQG� WUDQVIHUV� �WUDQVIHU� LV� WKH�
HYHQW� LQ� ZKLFK� D� WUDFH� LV� FRSLHG� IURP� RQH� FDFKH� WR�
DQRWKHU��� 2XU� PDLQ� SHUIRUPDQFH� DQG� SRZHU� UHODWHG�
PHWULFV�DUH��

x� 7KH�WUDFH�FDFKH�LQVWUXFWLRQ�IHWFK�EDQGZLGWK���RU��MXVW�
IHWFK�EDQGZLGWK� LQ� VKRUW�� FRPSXWHG� E\� GLYLGLQJ� WKH�
QXPEHU�RI� LQVWUXFWLRQV�E\� WKH�QXPEHU�RI� WUDFH�FDFKH�
DFFHVVHV��

x� 7KH� EXLOG�UDWH�� GHILQHG� DV� WKH� DYHUDJH� QXPEHU� RI�
WUDFH�EXLOGV�SHU�N�LQVWUXFWLRQV��

x� 7KH� WUDQVIHU�UDWH��GHILQHG�DV� WKH�DYHUDJH�QXPEHU�RI�
LQWHU�FDFKH�PRYHV�SHU�N�LQVWUXFWLRQV���

+LJKHU� IHWFK�EDQGZLGWK� FRUUHODWHV� ZLWK� KLJKHU�
SHUIRUPDQFH�� %XLOG�UDWH� DIIHFWV� ERWK� SHUIRUPDQFH� DQG�
SRZHU��%XLOGLQJ�D�WUDFH�LQYROYHV�IHWFKLQJ�DQG�GHFRGLQJ�RI�
UDZ� LQVWUXFWLRQV� �� LW� KDV� KLJKHU� ODWHQF\� DQG� ORZHU� IHWFK�
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EDQGZLGWK� WKDQ� IHWFKLQJ� GHFRGHG� LQVWUXFWLRQV� IURP� WKH�
WUDFH�FDFKH�DQG�LW�FRQVXPHV�D�ORW�RI�SRZHU��&RQVHTXHQWO\��
KLJKHU� EXLOG� UDWH� LPSOLHV� ORZHU� SHUIRUPDQFH� DQG� KLJKHU�
SRZHU� FRQVXPSWLRQV�� 7UDQVIHU�UDWH� DOVR� DIIHFWV� ERWK�
SHUIRUPDQFH� DQG� SRZHU� �� EXW� WR� D� PXFK� OHVVHU� H[WHQW� ��
WUDQVIHUULQJ� DQ� DOUHDG\� EXLOW� WUDFH� LV� EDVLFDOO\� D� VLPSOH�
FRS\� DQG� LW� LV� D� PXFK� IDVWHU� DQG� OHVV� SRZHU� FRQVXPLQJ�
RSHUDWLRQ� WKDQ� EXLOGLQJ� D� WUDFH�� $V� ZH� ZLOO� VKRZ�� WKH�
WHFKQLTXHV�GHVFULEHG�LQ�WKLV�SDSHU�DIIHFW�PDLQO\�WKH�EXLOG�
UDWH�DQG�WKH�WUDQVIHU�UDWH��7R�JDLQ�SHUIRUPDQFH�DQG�UHGXFH�
SRZHU�� ZH� VWULYH� WR� PDLQO\� GHFUHDVH� WKH� EXLOG�UDWH��
'HFUHDVLQJ�WKH�WUDQVIHU�UDWH�GRHV�KHOS��EXW�LW�LV�PXFK�OHVV�
FUXFLDO��

�����6LPXODWLRQ�(QYLURQPHQW�

2XU�VLPXODWLRQ�HQYLURQPHQW�LV�FRPSRVHG�RI�IRXU�W\SHV�
RI�FRPSRQHQWV��DV�GHSLFWHG�LQ�)LJXUH�������

x� 7UDFH� %XLOGHU�� *HQHUDWHV� WUDFHV� RXW� RI� D� G\QDPLF�
H[HFXWLRQ� VWUHDP�� DFFRUGLQJ� WR� WKH� WUDFH�EXLOG�
RSWLRQV���

x� &DFKH� 0DQDJHU�� &RQWUROV� WKH� WUDQVIHU� RI� WUDFHV�
EHWZHHQ� WKH� GLIIHUHQW� FDFKHV�� DFFRUGLQJ� WR� WKH�
GLIIHUHQW�ILOWHULQJ�SROLFLHV�DQG�FDFKH�RUJDQL]DWLRQV���

x� &DFKH��0DQDJHV� WKH� VWRUDJH� DQG� VXSSO\� RI� WUDFHV�
DFFRUGLQJ�WR�LWV�FRQILJXUDWLRQ���RI�VHWV��DVVRFLDWLYLW\��
/58�SROLF\��HWF���2XU�HQYLURQPHQW�PD\�FRQWDLQ�RQH�
RU�PRUH�FDFKHV���

x� 6WDWLVWLFV�0DQDJHU��*DWKHUV� GDWD�RQ� WKH� LQWHUHVWLQJ�
HYHQWV� LQ� WKH� V\VWHP� DQG� RXWSXWV� WKH� UHTXHVWHG�
KLVWRJUDPV��
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�XZY\[^] R _`T�a bdc�R eUfhgifZj�R V eUfk_lWmfZc�npoUqrWtsdbrskqrW Y R fkumWkvrWmfkumWmfZcsZew_`vkewfrWmfZcxR yhV Wdy�vkeUfZymR zma W|{\eUV}c�V brsdW~sZeUfZyZc�V�Tks�c�R eUf~eUTZc�ek{}c�qrW
R fZyZc�V�Tks�c�R ewf�yZc�V WZbk_���bmfku�R y�bd{ { Wrs�c Wru�zr��z�T�R a u�sdeUfZ{�R SwT�V bdc�R eUf
vrbmV bk_lWdc WmV y�n�oUqrW^sdbrskqrW Y umWmvrWmfkukWmfZc�sZew_`vkeUfrWkfZc y�y�R _`Tma bdc W�c�qrWWd{ { Wrs�c y�ek{wc�qrWluUR { { WmV WmfZc�sdbrskqrW�a emSUR sxbmfkulyZc\eUV brSmW�R f�c�qrW�yr��yZc Wk_`n
oUqrWr�|bmV W�bd{ { Wks�c Wru�zr�|c�qrW~uUR { { WmV WmfZc�sdbrskqrW~eUV\Smbmf�R ��bdc�R eUfk��y�R ��Wk�
bdyZyke�skR bdc�R j�R c �Z�kV Wmv�a brsdWk_lWmfZcwbkfkul{�R a c WmV�R frS`vrbmV bk_lWdc WmV yxyZc�TkuwR Wruwn

2XU�VHW�RI�EHQFKPDUNV�LV�FRPSRVHG�RI�WHQ�DSSOLFDWLRQ�
WUDFHV� FRQVLVWLQJ� RI� ��� PLOOLRQ� LQVWUXFWLRQV� HDFK�� 7KH�
LQVWUXFWLRQ�WUDFHV�FRQVLVW�RI�UHSUHVHQWDWLYH�SRUWLRQV�RI�WKH�
DSSOLFDWLRQV� VDPSOHG� ZLWKLQ� WKHLU� H[HFXWLRQ�� 7KH�
DSSOLFDWLRQV�EHORQJ�WR�VHYHUDO�EHQFKPDUNV��

x� 63(&�&38�,17�������JFF��YRUWH[��FUDIW\��

x� 00PDUN���:LQ����YLGHR���

x� 6<6PDUN���17���PSHJ��SKRWRVKRS��SSW��

x� 6<6PDUN���:LQ�N��H[FHO��ZRUG���

x� 6SHHFK�UHFRJQLWLRQ��

���$�6WXG\�RI�7UDFH�%HKDYLRU��

,Q�WKLV�VHFWLRQ�ZH�FKDUDFWHUL]H�GLIIHUHQW�WUDFH�EHKDYLRUV�
ZLWKLQ�WKH�WUDFH�FDFKH��,Q�RUGHU�WR�JXDUDQWHH�WKH�JHQHUDOLW\�
RI� RXU� UHVXOWV�� ZH� GR� QRW� OLPLW� WKH� VWXG\� WR� DQ\� VSHFLILF�
LPSOHPHQWDWLRQ� �VXFK� DV� WKH� WUDFH� FDFKH� RI� WKH� ,QWHO�
3HQWLXP

�
���3URFHVVRU��>��@�>��@�RU�WKH�6SDUF���9��>�@���)RU�

H[DPSOH��RXU�WUDFH�EXLOGLQJ�PHFKDQLVP�DOORZV�WUDFHV�ZLWK�
WKH� VDPH� VWDUWLQJ� DGGUHVV� EXW� GLIIHULQJ� LQ� LQWHUQDO�
EUDQFKHV� RXWFRPH� WR� FRH[LVW� LQ� WKH� WUDFH� FDFKH�� 7KLV�
WHFKQLTXH�PDNHV�RXU�UHVXOWV�OHVV�VHQVLWLYH�WR�WKH�TXDOLW\�RI�
D� FHUWDLQ� EUDQFK� SUHGLFWRU� DQG� WR� WKH� HIIHFWV� RI� PLVV�
VSHFXODWHG�SDWKV���

5HVXOWV� LQ� WKH� SDSHU� DUH� SUHVHQWHG� LQ� WZR� PDQQHUV��
:KHQ�D�EURDGHU�XQGHUVWDQGLQJ�LV�UHTXLUHG��ZH�SUHVHQW�WKH�
UHVXOWV� IURP� WKH� FRPSOHWH� EHQFKPDUN� VXLWH�� )RU� RWKHU�
H[SHULPHQWV�� PDLQO\� ZKHQ� D� GHHSHU� DQDO\VLV� RI� WKH�
EHKDYLRU� LV� UHTXLUHG�� ZH� GHPRQVWUDWH� WKH� UHVXOWV� XVLQJ� D�
VLQJOH�SURJUDP��JFF���

�����,QFUHDVLQJ� ,QVWUXFWLRQ�)HWFK� %DQGZLGWK�
YV��5HGXFLQJ�%XLOG�5DWH�

2SWLPL]LQJ� WUDFH� FDFKH� IRU� SHUIRUPDQFH� LV� GLIIHUHQW�
WKDQ� RSWLPL]LQJ� LW� IRU� SRZHU� UHGXFWLRQ�� 3HUIRUPDQFH�
RSWLPL]DWLRQV� DUH� PDLQO\� FRQFHUQHG� ZLWK� LQFUHDVLQJ� WKH�
QXPEHU� RI� ³XVHIXO´� LQVWUXFWLRQV� VXSSOLHG� WR� WKH� FRUH��
ZKLOH�SRZHU�DZDUH�RSWLPL]DWLRQV�DUH�GLUHFWHG�DW�UHGXFLQJ�
WKH� IUHTXHQF\�DW�ZKLFK�QHZ� WUDFHV�QHHG� WR�EH�EXLOW��7KLV�
VHFWLRQ� IRFXVHV� RQ� WKH� WUDGHRIIV� EHWZHHQ� WKHVH� WZR�
RSWLPL]DWLRQ� SRLQWV�� 5HFDOO� WKDW� IHWFK�EDQGZLGWK� ZDV�
GHILQHG� DV� � WKH� DYHUDJH� QXPEHU� RI� LQVWUXFWLRQ� IHWFKHG�
IURP�D�WUDFH�WKURXJKRXW�WKH�H[HFXWLRQ�RI�DQ�DSSOLFDWLRQ��

�
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)LJXUH������VKRZV�WKH�IHWFK�EDQGZLGWK��FRUUHODWHG�ZLWK�
SHUIRUPDQFH�� DQG� WKH� EXLOG�UDWH� �FRUUHODWHG� ZLWK� SRZHU��
RI� D� V\VWHP�� ZKHQ� UXQQLQJ� WKH� *&&� EHQFKPDUN� DQG�



�
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FRPSDULQJ�WZR�GLIIHUHQW�RSWLPL]DWLRQV������LQFUHDVLQJ�WKH�
WUDFH� VL]H� �ZKLOH� NHHSLQJ� WKH� FDSDFLW\� RI� WKH� FDFKHV� IL[��
DQG� ���� XVLQJ� PRUH� VRSKLVWLFDWHG� WUDFH�WHUPLQDWLRQ�
FRQGLWLRQV��

$V� H[SHFWHG�� ERWK� WUDFH� VL]H� DQG� WKH� GHJUHH� RI� ORRS�
XQUROOLQJ� LQFUHDVH� WKH� QXPEHU� RI� LQVWUXFWLRQV� SURGXFHG�
IURP� D� WUDFH�� H[SODLQLQJ� WKH� LPSDFW� RQ� IHWFK� EDQGZLGWK��
1RWH� WKDW� WKH� EHQHILW� RI� XQUROOLQJ� �/8� YV�� %�� LV�
VLJQLILFDQWO\�KLJKHU�IRU�ODUJHU�WUDFHV��,���YV��,������

7KH�HIIHFW�RI�EDFNZDUG�EUDQFK�SROLF\�DQG�WUDFH�VL]H�RQ�
WKH� EXLOG�UDWH� LV� OHVV� LQWXLWLYH�� 7KH� QXPEHU� RI� EXLOGV�
LQFUHDVH� ZLWK� WUDFH� VL]H� GXH� WR� DQ� HIIHFWLYH� GHFUHDVH� LQ�
WUDFH� FDFKH� FDSDFLW\�� 5HFDOO�� WUDFHV� FDQ� RYHUODS�� DQG�
ORQJHU� WUDFHV� LQFUHDVH� WKH� OLNHOLKRRG� RI� RYHUODS�� $W� WKH�
VDPH�WLPH��ORQJHU�WUDFHV�UHGXFH�WKH�QXPEHU�RI�WUDFHV�DQG�
WKH�IOH[LELOLW\�LQ�PDQDJLQJ�WKH�LQFUHDVHG�RYHUODS��7KH�HQG�
UHVXOW� LV� WKDW� WKH� FDFKH� FRQWDLQV� PRUH� UHGXQGDQF\��
UHGXFLQJ�LWV�HIIHFWLYH�FDSDFLW\�DQG�UHTXLULQJ�PRUH�EXLOGV��
7KH�LQWHUDFWLRQ�ZLWK�ORRS�XQUROOLQJ�LV�QHJOLJLEOH�IRU�VKRUW�
WUDFHV�� EXW� VLJQLILFDQW� IRU� ORQJHU� RQHV�� H[FOXGLQJ� ORRS�
XQUROOLQJ� GUDPDWLFDOO\� LQFUHDVHV� WKH� QXPEHU� RI� EXLOGV��
7KH� UHDVRQ� IRU� WKLV� LV� VLPSOH� DV� ZHOO�� )RUFLQJ� WUDFHV� WR�
WHUPLQDWH� DW� HYHU\� EDFNZDUG� EUDQFK� �%�� FUHDWHV� PDQ\�
VKRUW� WUDFHV� DQG� GUDVWLFDOO\� UHGXFHV� WKH� XWLOL]DWLRQ� RI�
LQGLYLGXDO� WUDFHV�� $JDLQ�� WKLV� HIIHFW� LV� PDJQLILHG� IRU� WKH�
ORQJHU�WUDFHV��

�����/LIHWLPH�FKDUDFWHUL]DWLRQ�RI�WUDFHV�

$QRWKHU� LPSRUWDQW�PHWULF� LV� WKH� OLIHWLPH� RI� D� WUDFH� LQ�
WKH�FDFKH��6SHFLILFDOO\��ZH�DUH�LQWHUHVWHG�LQ�WKH�GXUDWLRQ�DW�
ZKLFK� D� WUDFH� UHVLGHV� LQ� WKH� FDFKH� DQG� WKH� UHQHZ� WLPH��
ZKLFK�LV�WKH�WLPH�IURP�LWV�UHSODFHPHQW�XQWLO�WKH�QH[W�WLPH�
LW�LV�EURXJKW�LQWR�WKH�FDFKH��7KH�UHVLGHQFH�SHULRG�LV�IXUWKHU�
SDUWLWLRQHG�� DV� IROORZV�� 7KH� WUDFH� OLYH� WLPH� LV� PHDVXUHG�
IURP�LWV�HQWUDQFH�WR�WKH�FDFKH�XQWLO� WKH�ODVW�DFFHVV�WR�WKLV�
SDUWLFXODU�RFFXUUHQFH��DQG� WKH�GHFD\� WLPH� LV�PHDVXUHG�DV�
WKH� WLPH� IURP� WKH� ODVW� DFFHVV� WR� WKH� WUDFH� XQWLO� LW� LV�
UHSODFHG��7KH�GHFD\�WLPH�UHSUHVHQWV�WKH�GXUDWLRQ�DW�ZKLFK�
WKH� WUDFH�ZDV�GHDG� LQ� WKH� FDFKH��)LJXUH� �����GLVSOD\V� WKH�
WUDFH�OLIHWLPH�IRU�GLIIHUHQW�FRQILJXUDWLRQV��
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:H�QRWLFH� WKDW� WKH� WLPH� WKH� WUDFH�VSHQW� LQ� WKH� WUDFH� LV�
DOPRVW�HTXDOO\�GLYLGHG�EHWZHHQ�LWV�OLYH�WLPH�DQG�LWV�GHFD\�
WLPH��7KLV� LQGLFDWHV� WKDW� D�GLIIHUHQW� UHSODFHPHQW� VWUDWHJ\�
FRXOG�SRWHQWLDOO\�LPSURYH�WKH�XWLOL]DWLRQ�RI�WKH�WUDFH�FDFKH�
V\VWHP��$QRWKHU� LPSRUWDQW� REVHUYDWLRQ� LV� WKDW� WKH� UHQHZ�
WLPH�� L�H��� WKH� WLPH�D� WUDFH�VWD\V�RXWVLGH� WKH�FDFKH�EHIRUH�
EHLQJ�QH[W�FRQVXPHG��LV�UHODWLYHO\�ORQJ��7KLV�REVHUYDWLRQ�
ZLOO�VXSSRUW�RXU�SURSRVHG�WHFKQLTXHV��DV�GHVFULEHG�LQ�WKH�
QH[W�VHFWLRQ��

$�FORVHU�ORRN�DW�)LJXUH������UHYHDOV�WKDW������WKH�OLIHWLPH�
RI�ODUJHU�WUDFHV�LV�VLJQLILFDQWO\�ORQJHU�WKDQ�WKH�OLIHWLPH�RI�
WKH� VKRUWHU� WUDFHV�� ���� XQUROOLQJ� HQODUJHV� WKH� OLIHWLPH� RI�
WUDFHV�� DQG� ���� Q%� DQG� /8� XQUROOLQJ� WHFKQLTXHV� KDYH�
VLPLODU� HIIHFW� RQ� WKH� UHVLGHQF\� GXUDWLRQ� IRU� ERWK� WUDFH�
OHQJWKV���

�µ br¶UÈ [�É µ\zk¶UÈ �ZX
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$� ILQDO� VHW� RI� GDWD� WKDW� PRWLYDWH� RXU� SURSRVHG�
RUJDQL]DWLRQ�LV�WKH�FRQWULEXWLRQ�WR�WRWDO�DFFHVVHV�DQG�WRWDO�
LQVWUXFWLRQV� IHWFKHG� EURNHQ� GRZQ� E\� WUDFH�EXLOGV�� ZKHUH�
WUDFH�EXLOGV�DUH�JURXSHG�E\�WKH�QXPEHU�RI�DFFHVVHV�EHIRUH�
UHSODFHPHQW��)LJXUH� �����VKRZV�WZR�FKDUWV��RQH� IRU� WUDFHV�
RI�OHQJWK�����WKH�RWKHU�IRU�WUDFHV�RI�OHQJWK�����(DFK�FKDUW�
KDV�WZR�SDUWV��WKH�OHIW�LV�D�EUHDNGRZQ�RI�WKH�SHUFHQWDJH�RI�
WRWDO�DFFHVVHV��7KH�JURXS�RI�EDUV�RQ�WKH�OHIW�UHSUHVHQWV�WKH�
IUDFWLRQ� RI� WRWDO� DFFHVVHV� FRQWULEXWHG� WR� WUDFHV� WKDW� ZHUH�
DFFHVVHG� RQO\� RQH� WLPH� EHIRUH� WKH\� ZHUH� HYLFWHG�� 7KH�
VHFRQG�JURXS�LV� WKH� IUDFWLRQ�RI� WRWDO�DFFHVVHV�FRQWULEXWHG�
E\� WUDFHV� WKDW� ZHUH� DFFHVVHG� WZLFH�� WKUHH�� RU� IRXU� WLPHV�
EHIRUH�WKH\�ZHUH�HYLFWHG�DQG�VR�RQ��7KH�VHFRQG�SDUW�RI�WKH�
FKDUW�EUHDNV�GRZQ�WKH�WRWDO�QXPEHU�RI�LQVWUXFWLRQV�IHWFKHG�
LQ�WKH�VDPH�ZD\��7KH�WUHQG�RI�WKHVH�JUDSKV�LV�YHU\�FOHDU�±�
DOWKRXJK�����RI�WKH�WUDFHV�DUH�UHIHUHQFHG�MXVW�RQFH�EHIRUH�
HYLFWLRQ� �DQG� DURXQG� ���� DUH� DFFHVVHG� DW� PRVW� IRXU�
WLPHV��� WKH�YDVW�PDMRULW\�RI� LQVWUXFWLRQV�FRPH�IURP�WKRVH�
IHZ� WUDFHV� WKDW� DUH� H[HFXWHG� PDQ\� WLPHV�� :H� REVHUYHG�
VLPLODU�EHKDYLRU�LQ�DOO�WKH�SURJUDPV�ZH�H[DPLQHG��

�����/LPLW�VWXG\�

,Q� WKLV� VHFWLRQ� ZH� HYDOXDWH� WKH� LPSDFW� RI� FORVH� WR�

RSWLPDO�UHSODFHPHQWV�DOJRULWKPV��FI���>�@���DQG�WKH�LPSDFW�
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RI� WKH� GHJUHH� RI� DVVRFLDWLYLW\� RI� WKH� FDFKH� RQ� WKH�
XWLOL]DWLRQ�RI� WUDFHV�ZLWKLQ�WKH�WUDFH�FDFKH��7KLV�EHKDYLRU�
PD\�VXJJHVW�GLUHFWLRQV�IRU�SRWHQWLDO�LPSURYHPHQW�WR�WUDFH�
FDFKH�XWLOL]DWLRQ��

:H�GHILQH�SHUIHFW� FDFKH� UHSODFHPHQW� DV� WKH�SROLF\�RI�
UHSODFLQJ�WKH�WUDFH�ZKRVH�QH[W�DFFHVV�LV�WKH�ODWHVW��DPRQJ�
WKH� WUDFHV� LQ� WKH� VHW�� 1HDU�SHUIHFW� UHSODFHPHQW� LV� WKH�
SROLF\�RI�UHSODFLQJ� WKH� WUDFH�ZKRVH�QH[W�DFFHVV��ZLWKLQ�D�
JLYHQ� ORRN�DKHDG�ZLQGRZ�LQWR�WKH�IXWXUH��LV�WKH�ODWHVW��,Q�
WKH�HYHQW�WKDW�VHYHUDO�WUDFHV�KDYH�WKHLU�QH[W�DFFHVV�EH\RQG�
WKH� ORRN�DKHDG� ZLQGRZ�� ZH� HPSOR\� WKH� VWDQGDUG� /58�
PHFKDQLVP�WR�VHOHFW�DPRQJ�WKHVH�WUDFHV��

,Q� WKLV� VWXG\�ZH�FRQVLGHU� ORRN�DKHDG�ZLQGRZV�RI��N�
WUDFHV�� ���N�WUDFHV� DQG� �0�WUDFHV�� $V� FDQ� EH� VHHQ� IURP�
WKH�GDWD�EHORZ��WKH�SKHQRPHQD�ZH�LQYHVWLJDWH�FRQYHUJH�DW�
ORRN�DKHDG�RI����.�RU��0��VR�WKHUH�LV�QR�SUDFWLFDO�UHDVRQ�
WR�JR�EH\RQG� WKHVH� OLPLWV�RU� WR�FRQVLGHU�DEVROXWH�SHUIHFW�
UHSODFHPHQW��

7R� H[DPLQH� WKH� LPSDFW� RI� LQFUHDVHG� DVVRFLDWLYLW\�� ZH�
FRQVLGHU� WZR� HQKDQFHG� FDVHV�� GRXEOH� DVVRFLDWLYLW\�� L�H��
XVLQJ� ��� ZD\V� LQVWHDG� RI� ��� DQG� IXOO� DVVRFLDWLYLW\�� 1RWH�
WKDW�ZH�DUH�XVLQJ�D�IL[HG�GLH�VL]H��PHDQLQJ�WKDW�WZLFH�WKH�
DVVRFLDWLYLW\�LPSOLHV�KDOI�WKH�QXPEHU�RI�VHWV��
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,Q�RUGHU�WR�H[SRVH�WKH�IXOO�SLFWXUH�RI�OLPLWV��ZH�SUHVHQW�
WKH� UHVXOWV� RI� FURVV�XVLQJ� QHDU�SHUIHFW� DQG� LPSURYHG�
DVVRFLDWLYLW\�� )LJXUH� ����� SUHVHQWV� WKH� UHVXOWV� RI� WKHVH�
H[SHULPHQWV� LQ� WHUPV� RI� EXLOG�UDWH�� ZKLOH� )LJXUH� �����
SUHVHQWV�WKH�LPSDFW�RQ�WKH�DYHUDJH�WUDFH�OLIHWLPH��

:H�REVHUYH� WKDW�DOWKRXJK�ERWK� LQFUHDVHG�DVVRFLDWLYLW\�
DQG� SHUIHFWLRQ� RI� WKH� UHSODFHPHQW� SROLF\� LPSURYH� WKH�
EXLOG�UDWH�� WKH� LPSDFW� RI� WKH� UHSODFHPHQW� SROLF\� LV�PXFK�
VWURQJHU�� 8QIRUWXQDWHO\�� SHUIHFW� UHSODFHPHQW� DOJRULWKPV�
DUH� QRW� LPSOHPHQWDEOH�� +RZHYHU�� WKHVH� UHVXOWV� LQGLFDWH�
WKDW� WHFKQLTXHV� WKDW� PD\� H[WHQG� WKH� DYHUDJH� WLPH� D�
µXVHIXO¶� WUDFH� UHVLGHV� ZLWKLQ� D� FDFKH�� PD\� LPSURYH� WKH�
RYHUDOO�SHUIRUPDQFH�RI�WKH�V\VWHP��
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������&RQFOXVLRQV�DQG�2EVHUYDWLRQV�

2XU�ILQGLQJV�LQ�WKLV�VHFWLRQ�FDQ�EH�VXPPDUL]HG�E\�WKH�
IROORZLQJ�REVHUYDWLRQV��

x� )RU� D�JLYHQ�EXLOG�SROLF\��RSWLPL]LQJ� WKH� WUDFH� FDFKH�
IRU�LQVWUXFWLRQ�IHWFK�EDQGZLGWK�LQFUHDVHV�WKH�QXPEHU�
RI� EXLOGV� DW� UXQ� WLPH�� 7KDW� LV�� SHUIRUPDQFH� RULHQWHG�
RSWLPL]DWLRQV� �KLJKHU� EDQGZLGWK�� PD\� UHVXOW� LQ�
KLJKHU�SRZHU�FRQVXPSWLRQV��PRUH�EXLOGV����

x� 7KH�PDMRULW\�RI�WUDFHV�DUH�XVHG�RQO\�IHZ�WLPHV�EHIRUH�
EHLQJ�HYLFWHG��

x� 7KH� PDMRULW\� RI� LQVWUXFWLRQV� FRPH� IURP� WUDFHV� WKDW�
KDYH� EHHQ� XVHG� PDQ\� WLPHV� EHIRUH� EHLQJ� UHSODFHG�
IURP�WKH�WUDFH�FDFKH���

x� ,Q� DYHUDJH�� D� UHODWLYHO\� ORQJ� WLPH� SDVVHV� EHIRUH� DQ�
HYLFWHG�WUDFH�LV�QHHGHG�DJDLQ��

$� QHZ� WUDFH�FDFKH� RUJDQL]DWLRQ� WKDW� H[SORLWV� WKHVH�
REVHUYDWLRQV�LQ�RUGHU�WR�LPSURYH�WUDFH�FDFKH�HIIHFWLYHQHVV�
LV�SURSRVHG�LQ�WKH�QH[W�VHFWLRQ��

���)LOWHULQJ�

�����&RQFHSW�

7KH�ODVW�VHW�RI�REVHUYDWLRQV�PDGH�LQ�VHFWLRQ����OHDG�XV�
WR� WKH�FRQFOXVLRQ� WKDW�D� ILOWHULQJ�PHFKDQLVP� LV�QHHGHG�LQ�
RUGHU� WR� VHSDUDWH� WUDFHV� WKDW� DUH�KHDYLO\�XVHG� IURP� WKRVH�
WKDW� GR� QRW� VKRZ� ORFDOLW\� �LQ� WLPH�� RI� UHIHUHQFH�� 7R�
LPSOHPHQW� WKLV� ILOWHULQJ��ZH�VHSDUDWH� WKH� WUDFH�FDFKH� LQWR�
WZR� SDUWV�� 7KH� )LOWHU� 7UDFH� &DFKH� �)7&�� LV� XVHG� IRU�
ILOWHULQJ�� WKH�0DLQ�7UDFH�&DFKH� �07&��VWRUHV� WUDFHV� WKDW�
KDYH� EHHQ� VHOHFWHG� E\� WKH� ILOWHULQJ� SURFHVV�� 7KLV�
RUJDQL]DWLRQ� LV� VKRZQ� LQ� )LJXUH� ������ %RWK� WKH� )7&� DQG�
07&� DUH� ��ZD\� DVVRFLDWLYH�� DQG� HDFK� RQH� RI� WKHP� KDV�
KDOI� WKH� QXPEHU� RI� VHWV� RI� WKH� RULJLQDO�� 07&�RQO\�
FRQILJXUDWLRQ��
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,QVWUXFWLRQV� DUH� IHWFKHG� IURP� WKH� LQVWUXFWLRQ� FDFKH��
GHFRGHG��DQG�EXLOW�LQWR�WUDFHV��%XLOW�WUDFHV�DUH�HQWHUHG�LQWR�
WKH�)7&��7UDFHV�WKDW�DUH�HYLFWHG�IURP�WKH�)7&�DUH�HLWKHU�
GLVFDUGHG�RU�PRYHG� WR� WKH�07&�IRU� ORQJHU� WHUP�VWRUDJH��
7KH� GHFLVLRQ� WR� GLVFDUG� RU� WR� SURPRWH� D� WUDFH� LV� PDGH�
EDVHG�RQ�D�ILOWHU�WKDW�LPSOHPHQWV�VRPH�KHXULVWLF��$�QDwYH�
ILOWHU�PD\�EH�EDVHG�GLUHFWO\�RQ�WKH�GDWD�VKRZQ�LQ�)LJXUH��
����� 1DPHO\�� LI� D� WUDFH� KDV� EHHQ� DFFHVVHG� PRUH� WKDQ� D�
VPDOO�FRQVWDQW��H�J���WZLFH��SULRU�WR�LW¶V�)7&�HYLFWLRQ��ZH�
DVVXPH� WKDW� LW� LV� D� XVHIXO� WUDFH�� RQH�ZH�ZLOO� FRQWLQXH� WR�
DFFHVV� DJDLQ� DQG� DJDLQ�� WKHUHIRUH� LW� JHWV� SURPRWHG��
2WKHUZLVH��ZH�GLVFDUG� WKH� WUDFH�RQ� WKH�JURXQGV� WKDW� LW� LV�
OLNHO\�WR�EH�RQH�RI�WKH�����RI�WUDFHV� WKDW�RQFH�SURPRWHG�
ZLOO� MXVW� EH� HYLFWHG� IURP� WKH� 07&� EHIRUH� EHLQJ� XVHG�
DJDLQ��

,Q�WKH�QH[W�VHFWLRQ�ZH�FRQVLGHU�VHYHUDO�VXFK�ILOWHUV��DQG�
SUHVHQW� FRPSDUDWLYH� UHVXOWV� LQGLFDWLQJ� WKDW� WKHUH� LV� URRP�
IRU�LPSURYHPHQW�EH\RQG�WKH�QDwYH�ILOWHU�SUHVHQWHG�DERYH��

�����$OWHUQDWLYH�)LOWHUV�

,Q�WKLV�VHFWLRQ�ZH�SUHVHQW�WKH�LPSDFW�RI�XVLQJ�GLIIHUHQW�
ILOWHUV� LQ� WKH� )7&�07&� WUDFH�FDFKH� RUJDQL]DWLRQ�� 7KH�
ILOWHU�PHFKDQLVP�GHFLGHV��XSRQ�WKH�UHSODFHPHQW�RI�D�WUDFH�
IURP� WKH� )7&�� ZKHWKHU� WR� LQVHUW� LW� LQWR� WKH� 07&� RU� WR�
GLVFDUG� LW�� 7KLV� PHFKDQLVP� FDQ� EH� HLWKHU� VWDWLF� RU�
G\QDPLF�� $� VWDWLF� ILOWHU� VLPSO\� FRPSDUHV� WKH� QXPEHU� RI�
DFFHVVHV�RI� D� WUDFH� WR� D� IL[HG�FRQVWDQW�� DQG�GLVFDUGV� LW� LI�
WKH�DFFHVV�FRXQW�LV�VPDOOHU�WKDQ�WKLV�WKUHVKROG��:H�GHQRWH�
E\�&���&���&�� WKH� ILOWHU�ZKRVH�DVVLJQHG�FRQVWDQW� LV������
DQG����UHVSHFWLYHO\��&��LV�D� ILOWHU�WKDW�DOORZV�DOO� WUDFHV�WR�
SDVV��DVVXPLQJ�DOO�WUDFHV�LQ�WKH�FDFKH�KDYH�EHHQ�DFFHVVHG�
DW�OHDVW�RQFH��WKLV�DVVXPSWLRQ�ZRXOG�QR�ORQJHU�EH�WUXH�KDG�
ZH� XVHG� DQ\� WUDFH� SUHIHWFKLQJ� PHFKDQLVP��� 1RWH� WKDW� D�
ILOWHU�V\VWHP�ZLWK�&��LV�VRPHZKDW�GLIIHUHQW�WKDQ�DQ�07&�
RQO\�V\VWHP��D� WUDFH� WUDQVIHUUHG� WR� WKH�07&�LV�QR� ORQJHU�
VXEMHFW�WR�WKH�/58�SROLF\�RI�WKH�)7&��
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$�G\QDPLF�ILOWHU�UHSUHVHQWV�D�VHOI�DGMXVWLQJ�V\VWHP�WKDW�
PRGLILHV�LWV�ILOWHULQJ�FULWHULRQ�EDVHG�RQ�SDVW�IHHGEDFN��:H�
ZLOO� SUHVHQW�RQH� VLPSOH� W\SH� RI�G\QDPLF� ILOWHU�ZKLFK�ZH�
FDOO� /2*� ILOWHU�� 7KH� /2*� ILOWHU� /2*�� FRQWDLQV� ��
UHJLVWHUV��G���G��DQG�G���)RU�HDFK�VWDWH�RI�WKH�UHJLVWHUV�ZH�
GHILQH�D�EDUULHU�E��GHILQHG�DV�WKH�ODUJHVW�M��VXFK�WKDW�GM�!����
�LI� QR� UHJLVWHU� LV� SRVLWLYH�� WKH� EDUULHU� LV� E ���� 7KH�
IXQFWLRQDOLW\� LV� VHSDUDWHG� LQWR� WZR� SKDVHV�� ILOWHULQJ� DQG�
XSGDWH��*LYHQ�WKH�WUDFH�DFFHVV�FRXQW�1�DV�LQSXW��WKH�WUDFH�
LV�DOORZHG�WR�SDVV�LI�1�LV�ODUJHU�WKDQ�WKH�EDUULHU��)ROORZLQJ�
HDFK� ILOWHULQJ� SKDVH� FRPHV� DQ� XSGDWH� SKDVH�� DW� ZKLFK�1�
DIIHFWV�WKH�QH[W�EDUULHU��(DFK�UHJLVWHU�GM�LV�LQFUHPHQWHG�E\�
ORJ ä �1���� LI�1!M��RU�GHFUHPHQWHG�E\� WKLV�DPRXQW� LI�1�M��
,QWXLWLYHO\��WKH�EDUULHU�UHSUHVHQWV�DQ�DSSUR[LPDWLRQ�WR�WKH�
DYHUDJH�DPRQJ�DOO�WKH�SDVW�WUDFHV��7KH�WUDFHV�DUH�ZHLJKWHG�
LQWR� WKLV� DYHUDJH� E\� WKH� ORJDULWKP� RI� WKHLU� WKH� DFFHVV�
FRXQWV��)LJXUH������SUHVHQWV�WKH�EXLOG�UDWH�IRU�VHYHUDO�VWDWLF�
DQG� G\QDPLF� ILOWHUV� RQ� WKH� IXOO� VHW� RI� EHQFKPDUNV�� ZLWK�
WUDFHV�RI�OHQJWK�,����

7KH� EXLOG� EHKDYLRUV� REVHUYHG� LQ� )LJXUH� ����� VHSDUDWH�
WKH�EHQFKPDUNV�LQWR�WKUHH�FDWHJRULHV��,Q�DSSOLFDWLRQV�ZLWK�
VPDOO� WUDFH� IRRWSULQWV�� OLNH�PSHJ�� VSHHFK� DQG� YLGHR�� WKH�
ZRUNLQJ� VHW� LV� VR� VPDOO� WKDW� WUDFHV� DUH� HVVHQWLDOO\� QHYHU�
HYLFWHG�DQG�RQO\�FROG��ILUVW�WLPH��EXLOGV�DUH�UHTXLUHG��1R�
RSWLPL]DWLRQ� ZLOO� UHGXFH� WKH� QXPEHU� RI� WKHVH� EXLOGV��
$SSOLFDWLRQV� ZLWK� PHGLXP� WUDFH� IRRWSULQWV� OLNH� FUDIW\��
JFF�� SKRWRVKRS� DQG� 9RUWH[�� KDYH� VRPH� HYLFWLRQ� PLVVHV�
DQG� SUHVHQW� DQ� RSSRUWXQLW\� IRU� VPDUWHU� WUDFH�FDFKH�
PDQDJHPHQW�SURYLGHG�E\�WKH�)7&�07&�RUJDQL]DWLRQ��:H�
FDOO� WKHP�PHGLXP�VL]H� DSSOLFDWLRQV�� 7KH� WKLUG� FDWHJRU\�
FRQWDLQV� SURJUDPV� ZLWK� ODUJH� WUDFH� ZRUNLQJ� VHWV� OLNH�
H[FHO�� SSW� DQG� ZRUG�� 7KH� RSSRUWXQLW\� IRU� VPDUW�
PDQDJHPHQW�KHUH�LV�JUHDW�EXW�VR�LV�WKH�OLNHOLKRRG�WKDW�WKH�
WRWDO�FDSDFLW\�RI�WKH�)7&�07&�LV�VLPSO\�QRW�ODUJH�HQRXJK�
WR� KROG� WKH� HQWLUH� ZRUNLQJ� VHW�� DQG� WKDW� WKH� RSWLPDO�
QXPEHU� RI� PLVVHV� �EXLOGV�� HYHQ� IRU� SHUIHFW� WUDFH�
UHSODFHPHQW� ZLOO� EH� KLJK��:H� FDOO� WKHVH� ODUJH� IRRWSULQW�
DSSOLFDWLRQV��
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*LYHQ�WKH�DERYH�FODVVLILFDWLRQ��)LJXUH������SUHVHQWV�WKH�
ILQDO� ³VFRUH´�RI� WKH� ILOWHULQJ� WHFKQLTXHV��PHDVXUHG�DV� WKH�
LPSURYHPHQW� UDWLR� RI� HDFK� ILOWHU� RYHU� WKH� EDVLF� 07&�
FRQILJXUDWLRQ��KLJKHU�UDWLR�LV�EHWWHU����

)LUVWO\��ZH�REVHUYH� WKDW� WKH�)7&�07&�RUJDQL]DWLRQ� LV�
PRVW� EHQHILFLDO� IRU� WKH� PHGLXP�VL]H� DSSOLFDWLRQV�� ZKLOH�
IRU� WKH� ODUJH�IRRWSULQW� DSSOLFDWLRQV� WKH� LPSURYHPHQWV� DUH�
PRUH�PRGHVW��:KHQ� WKH� WUDFH� ZRUNLQJ� VHW� LV� ODUJHU� WKDQ�
WKH� WUDFH� FDFKH�� PDQ\� RI� WKH� PLVVHV� ZH� VHH� DUH� WUXH�
FDSDFLW\�PLVVHV��QRW�UHSODFHPHQW�SROLF\�VHQVLWLYH�FRQIOLFW�
PLVVHV�� ,Q� RUGHU� WR� LPSURYH� WUDFH�FDFKH� SHUIRUPDQFH� IRU�
WKHVH�DSSOLFDWLRQV��LQ�WKH�QH[W�VHFWLRQ�ZH�SURSRVH�WR�DGG�D�
VHFRQG�OHYHO� WUDFH�FDFKH� WKDW� VWRUHV� WUDFHV� HYLFWHG� IURP�
WKH�)7&�07&��

6HFRQGO\�� ZH� REVHUYH� WKDW� WKH� )7&�07&� SDUWLWLRQ� RI�
WKH� V\VWHP� KDV� D� JUHDWHU� LPSDFW� WKDQ� PHUH� LQFUHDVH� LQ�
DVVRFLDWLYLW\�� ([FHSW� IRU� SKRWRVKRS� DQG� H[FHO�� WKH�
LPSURYHPHQW� JDLQHG� E\� GRXEOH�DVVRFLDWLYLW\� LV� VPDOOHU�
WKDQ�WKDW�REWDLQHG�E\�PRVW�ILOWHUV��,Q�RWKHU�ZRUGV��WZR���
ZD\�DVVRFLDWLYH�FDFKHV�ZLWK�/58�UHSODFHPHQW�DQG�D�ILOWHU�
LQ�EHWZHHQ� DUH� D� EHWWHU� FDFKH� RUJDQL]DWLRQ�� LQ� WHUPV� RI�
EXLOG�UDWH��EXW�DOVR�LQ�WHUPV�RI�VPDOOHU�/58�ORJLF��WKDQ�D�
VLQJOH����ZD\�DVVRFLDWLYH�FDFKH���

)RFXVLQJ�RQ�WKH�PHGLXP�VL]H�DSSOLFDWLRQV��ZH�REVHUYH�
VLJQLILFDQW� LPSURYHPHQW� WR� WKH� EXLOG�UDWH� E\� XS� WR� ����
RYHU� WKH� FRQYHQWLRQDO� 7&� RUJDQL]DWLRQ�� &RPSDULQJ� WKH�
EHKDYLRU� RI� GLIIHUHQW� ILOWHUV�� ZH� QRWH� WKDW� WKH� G\QDPLF�
ILOWHU� /2*�� �IRU� ,��/8�� SHUIRUPV� WKH� EHVW�� VFRULQJ� DQ�
DYHUDJH�LPSURYHPHQW�RI������$V�WKHVH�ILOWHUV�DUH�JOREDO��
WKH\�DUH�PXFK�VLPSOHU� WR�GHVLJQ�DQG�FKHDSHU� LQ� WHUPV�RI�
GLH�VL]H� WKDQ� DQ\� UHSODFHPHQW� SROLF\� LPSURYHPHQW� WKDW�

KDV�WR�EH�ORFDOO\� LPSOHPHQWHG�IRU�HDFK�RI�WKH�FDFKH�VHWV��
&RPSDUHG�WR�WKH�UHVXOWV�RI�WKH�OLPLW�VWXG\�SUHVHQWHG�LQ�WKH�
SUHYLRXV� VHFWLRQ�� ZH� FRQFOXGH� WKDW� WKH� GHPRQVWUDWHG�
LPSURYHPHQW� LV� VXE�RSWLPDO�� OHDYLQJ� URRP� IRU� IXUWKHU�
LPSURYHPHQW�RI�WKH�ILOWHULQJ�WHFKQLTXHV��
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�����$QDO\VLV�RI�)7&�%HKDYLRU�

$GGLWLRQDO�LQGLFDWLRQ�RQ�WKH�VSHFLDO�UROH�SOD\HG�E\�WKH�
)7&�FDQ�EH�REWDLQHG�E\�REVHUYLQJ�WKH�OLIHWLPH�RI�WUDFHV�LQ�
WKH� )7&�07&� V\VWHP�� )LJXUH� ����� SUHVHQWV� WKH� OLIHWLPH�
EUHDNGRZQ�RI�DQ�07&�RQO\�V\VWHP�YV��WKH�FRPSRQHQWV�RI�
DQ� )7&�07&� V\VWHP�� 7KH� GDWD� SUHVHQWHG� LQ� )LJXUH� �����
VKRZV� WKH�VLJQLILFDQW� LPSURYHPHQW� LQ� WKH�DYHUDJH�SHULRG�
WUDFHV� OLYH� LQ� WKH� )7&�07&� V\VWHP�� LQ� SDUWLFXODU�� WKH�
LPSURYHPHQW�LV�H[KLELWHG�E\�WKH�07&��7KLV�VKRXOG�EH�RI�
QR� VXUSULVH� VLQFH� DIWHU� SURSHU� ILOWHULQJ�� WKH� 07&� LV�
H[SHFWHG� WR� FRQWDLQ� PRUH� RI� WKH� ³KRW´� WUDFHV�� 7KLV�
SKHQRPHQRQ� LV� FOHDUO\� REVHUYHG� LQ� WKH� GLVWULEXWLRQ� RI�
H[HFXWLRQ�DQG�EXLOGV�SUHVHQWHG��>�@��
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$QRWKHU� LPSRUWDQW� DVSHFW� RI� WKH� )7&�07&�
RUJDQL]DWLRQ�LV�WKH�IDFW�WKDW�WKH�LPSURYHPHQW�LQ�EXLOG�UDWH�
LV�DFKLHYHG�LQ�WKH�FRVW�RI�PRUH�GDWD�WUDQVIHUV�EHWZHHQ�WKH�
)7&� DQG� WKH� 07&�� 7KH� GDWD� LQ� )LJXUH� ����� VKRZV� WKH�
WUDQVIHU�UDWH� IRU�GLIIHUHQW� ILOWHUV��GHPRQVWUDWLQJ� WKDW� WKHUH�
DUH� DGGLWLRQDO� FRQVLGHUDWLRQV� WR� EH� HYDOXDWHG� ZKHQ� D�
FKRLFH�RI� ILOWHU� KDV� WR�EH�PDGH��)RU� H[DPSOH�� DQ\� ,$����
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GHVLJQ�ZRXOG� DSSUHFLDWH� WKH� UHGXFWLRQ� LQ� WKH� YHU\� FRVWO\�
EXLOGV�� ZKLOH� D� 5,6&� GHVLJQ� PD\� SUHIHU� D� GLIIHUHQW�
WUDGHRII��
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�����+LHUDUFK\�

$V� VKRZQ� DERYH�� WKH� WUDFH� ILOWHU� PHFKDQLVP� UHGXFHV�
WKH� QXPEHU� RI� WUDFH� EXLOGV� E\� LPSURYLQJ� WKH� WUDFH�
UHSODFHPHQW� SROLF\�� 6WLOO�� WKH� QXPEHU� RI� WUDFH� EXLOGV��
HVSHFLDOO\� IRU� WKH� ODUJH�IRRWSULQW� DSSOLFDWLRQV� UHPDLQV�
KLJK�� PDLQO\� GXH� WR� OLPLWHG� FDSDFLW\�� 5HGXFLQJ� WKH�
QXPEHU� RI� WUDFH� EXLOGV� IRU� VXFK� FDSDFLW\� OLPLWHG�
DSSOLFDWLRQV� FDQ� EH� DFKLHYHG� E\� HQODUJLQJ� WKH� WUDFH�
VWRUDJH�� 8QIRUWXQDWHO\�� ELJJHU� )7&�07&� SDLU� LQYROYHV�
KLJKHU� ODWHQF\� DQG� KLJKHU� SRZHU�� WKHUHIRUH�� WKLV� VHFWLRQ�
H[DPLQHV� WKH�EHQHILW�RI�DGGLQJ�D� VHFRQG� OHYHO� �/��� WUDFH�
FDFKH��7KH�SURSRVHG�/��FDFKH�DLPV�WR�HQODUJH�WKH�RYHUDOO�
VSDFH� GHYRWHG� WR� NHHSLQJ� GHFRGHG� WUDFH� FDFKHV�� 7KH� /��
FDFKH�LV�DVVXPHG�WR�EH�VORZHU�WKDQ�WKH�/��WUDFH�FDFKH��EXW�
DOVR� WR�FRQVXPH�VLJQLILFDQWO\� OHVV�SRZHU�SHU�E\WH��8VLQJ�
VHYHUDO�OHYHOV�RI�WUDFH�FDFKHV�HQDEOHV�XV�WR�WUDGH�EHWZHHQ�
DUHD��SHUIRUPDQFH�DQG�SRZHU�FRQVXPSWLRQ��:H�VKRZ�WKDW�
/�� WUDFH� FDFKH� VLJQLILFDQWO\� UHGXFHV� WKH� QXPEHU�RI� WUDFH�
EXLOGV� UHODWLYH� WR� WKH� )7&�07&� RQO\� FRQILJXUDWLRQ�� ,Q�
SDUWLFXODU�� DSSOLFDWLRQV� ZLWK� ODUJH� IRRWSULQW� HQMR\�
VLJQLILFDQW�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�DEVROXWH�EXLOGV��

,Q� WHUPV� RI� FDFKH�VL]H�� ZH� LQYHVWLJDWH� WKH� IROORZLQJ�
FRQILJXUDWLRQV�� 7KH� EDVH� OLQH� LV� WKH� ���.%� )7&�07&�
V\VWHP�� :H� LQYHVWLJDWH� WKH� RSWLRQ� RI� SURJUHVVLYHO\�
H[WHQGLQJ� LW� ZLWK� ODUJHU� /�� FDFKHV�� 6SHFLILFDOO\�� ZH� DGG�
/�� RI� VL]HV� WKDW� DUH� PXOWLSOHV� RI� WKH� RULJLQDO� ���.%�
)7&�07&��DQG�GHQRWHG�E\��
/���IRU�WKH����.%�/���DQG�
WRWDO�RI����.%�WUDFH�FDFKH�PHPRU\��DQG��
/���IRU�WKH����
.%�/���DQG�WRWDO�RI����.%�WUDFH�FDFKH�PHPRU\���$OO�WKH�
/��FRQILJXUDWLRQV�DUH���ZD\�DVVRFLDWLYH��

$JDLQ�� ZH� IRFXV� RXU� PHDVXUHPHQWV� DW� WKH� LPSDFW� RQ�
EXLOG�UDWH�� :H� DVVXPH� WKDW� WKH� RSHUDWLRQ� RI� WUDFH�EXLOG�
IURP� FRQYHQWLRQDO� PHPRU\� LV� IDU� PRUH� H[SHQVLYH� WKDQ�
ERRNNHHSLQJ�RSHUDWLRQV�VXFK�DV�WKH�WUDQVIHU�RI�WUDFHV�IURP�
RQH� OHYHO� LQ� WKH� KLHUDUFK\� WR� DQRWKHU�� ERWK� LQ� WHUPV� RI�
SRZHU� FRQVXPSWLRQ� DQG� LQ� WHUPV� RI� DGGHG� GHOD\V�� :H�
WKHUHIRUH� DUJXH� WKDW� WKH� SRZHU� DQG� SHUIRUPDQFH� JDLQ�

UHODWHG� WR� UHGXFWLRQ� LQ� WKH� QXPEHU� RI� EXLOGV� GXH� WR� WKH�
LQWURGXFWLRQ�RI�DQ�/��WUDFH�FDFKH�DUH�VLJQLILFDQWO\�KLJKHU�
WKDQ� WKH� ORVV� GXH� WKH� H[WUD� ERRNNHHSLQJ� RYHUKHDG�
PHDVXUHG�E\�D�PXFK�ODUJHU�QXPEHU�RI�WUDQVIHUV��

������� 5HVXOWV�

7KH� UHVXOWV� RI� WKH� /�� WUDFH� FDFKH� H[SHULPHQW� DUH�
SUHVHQWHG� LQ� )LJXUH� ������ :H� REVHUYH� WKDW� WKH� /�� WUDFH�
FDFKH�VLJQLILFDQWO\�LPSURYHV�WKH�EXLOG�UDWH��XS�WR���WLPHV�
UHGXFWLRQ� ZLWK� WKH� ODUJHVW� /�� FRQVLGHUHG�� 7KLV� WUHQG� LV�
FRQVLVWHQW� IRU� DOO� DSSOLFDWLRQV�� +RZHYHU�� WKH� DEVROXWH�
UHGXFWLRQ�LQ�EXLOG�UDWH�LV�IDU�ELJJHU�IRU�WKH�ODUJH�IRRWSULQW�
DSSOLFDWLRQV�� ,Q� YLHZ�RI� WKH� SUHYLRXV� UHVXOWV�RQ� ILOWHULQJ��
WKH�/��WUDFH�FDFKH�HQDEOHV�WKHVH�DSSOLFDWLRQV�WR�RYHUFRPH�
WKH� LQKHUHQW� FDSDFLW\� OLPLWDWLRQV� RI� WKH� RUGLQDU\� WUDFH�
FDFKH�V\VWHP��&RPSDULQJ�)LJXUH������WR�)LJXUH������ZH�FDQ�
VHH� WKDW� HYHQ� WKH� EXLOG�UDWH� RI� H[FHO� DSSOLFDWLRQ�� ZKLFK�
FRXOG�QRW�EH�LPSURYHG�E\�DQ\�RI�WKH�VXJJHVWHG�ILOWHUV��JHWV�
ILQDOO\�UHGXFHG�E\�WKH�/��WUDFH�FDFKH��
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7KH� LPSURYHPHQW� UDWLRV� LQ�EXLOG� UDWH� DUH�SUHVHQWHG� LQ�
)LJXUH� ������ :H� REWDLQ� D� UHGXFWLRQ� RI� RYHU� �;� IRU� WKH�
ODUJH�IRRWSULQW� DSSOLFDWLRQV�� DQG� HYHQ� ODUJHU� UHGXFWLRQ�
UDWLR�IRU�WKH�PHGLXP�VL]H�RQHV���

$� FRPSOHWH� WUDGH�RII� DQDO\VLV� VKRXOG� LQFOXGH� WKH�
LPSDFW�RI�WKH�DGGLWLRQDOO\� LQWURGXFHG�WUDQVIHUV��,Q�D�WUDFH�
PHPRU\�ZLWK�/��FDFKH�WKHUH�LV�GLIIHUHQW�SULFH�LQ�WHUPV�RI�
SRZHU�FRQVXPSWLRQ�WR�WUDQVIHUV�IURP�)7&�WR�07&�DQG�WR�
WUDQVIHUV� IURP� 07&� WR� /�� �RU� YLFH� YHUVD��� 7KHVH�
SDUDPHWHUV�DUH�GHVLJQ�UHODWHG�DQG�DUH�QRW�DYDLODEOH�WR�XV�DW�
WKLV� SRLQW�� )XWXUH� ZRUN� VKRXOG� H[WHQG� WKH� FXUUHQW� VWXG\�
ZLWK� D�GHWDLOHG� DQDO\VLV�RI� WKH� WUDGH�RIIV�EHWZHHQ�SRZHU�
FRQVXPSWLRQ�� FRVW� RI� H[WUD� DUHD� DQG� WKH� SHUIRUPDQFH�
LPSDFW�RI�DGGLQJ�/��WUDFH�FDFKH�ZKLOH�UHGXFLQJ�WKH�VL]H�RI�
WKH�/��WUDFH�FDFKH��



�

�

�
Q�R SUT�V W
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���&RQFOXVLRQV�DQG�)XWXUH�:RUN�

7KLV�SDSHU�KDV� WKUHH�PDLQ�FRQWULEXWLRQV�� LW� VKRZV�WKDW�
RSWLPL]LQJ� WUDFHV� IRU� UHGXFHG� SRZHU� LV� GLIIHUHQW� WKDQ�
RSWLPL]LQJ�WKHP�IRU�KLJK�IHWFK�EDQGZLGWK��LW�SURYLGHV�LQ�
GHSWK� LQIRUPDWLRQ� RQ� KRZ� WUDFHV� DUH� XWLOL]HG� ZLWKLQ� WKH�
WUDFH� FDFKH�� DQG� LW� SUHVHQWV� QHZ�PLFURDUFKLWHFWXUDO� LGHDV�
IRU� LPSURYLQJ� WKH� SRZHU� FRQVXPSWLRQ� RI� WUDFH�FDFKH�
EDVHG�V\VWHPV��,Q�WKH�ILUVW�SDUW�RI�WKH�SDSHU�ZH�DQDO\]H�WKH�
EHKDYLRUDO�SDWWHUQV�RI� WUDFHV�ZLWKLQ� WKH� WUDFH�FDFKH��7KH�
DQDO\VLV�LQGLFDWHV�WKDW��

x� 'LIIHUHQW� WHFKQLTXHV� DUH� QHHGHG� IRU� RSWLPL]LQJ� WKH�
WUDFH� FDFKH� IRU� SRZHU� UHGXFWLRQ� �PLQLPL]LQJ� WKH�
WUDFHV� EXLOG�UDWH�� DQG� IRU� SHUIRUPDQFH� �PD[LPL]LQJ�
WKH�LQVWUXFWLRQ�IHWFK�EDQGZLGWK���$�WUDFH�FDFKH�WKDW�LV�
RSWLPL]HG� IRU� KLJK� LQVWUXFWLRQ�IHWFK� EDQGZLGWK�
UHTXLUHV�FRPSOLFDWHG�DQG�SRZHU�KXQJU\�IURQW�HQGV�LQ�
RUGHU� WR� FRSH� ZLWK� LQFUHDVLQJ� SHUIRUPDQFH� GHPDQG��
6XFK� WUDFH�FDFKHV� WHQG� WR� HQODUJH� WKH� VL]H� RI� WKH�
WUDFH�OLQH� DQG� XVH� VRSKLVWLFDWHG� ORRS� XQUROOLQJ�
PHFKDQLVPV�� 8QIRUWXQDWHO\�� WKHVH� WHFKQLTXHV� PD\�
UHVXOW�LQ�LQFUHDVHG�EXLOG�UDWH�DQG�ORZHU�XWLOL]DWLRQ�RI�
WKH� WUDFH�FDFKH�� &RQVHTXHQWO\�� WKH� SRZHU�
FRQVXPSWLRQ� RI� WKH� IURQW�HQG� PD\� VLJQLILFDQWO\�
LQFUHDVH�� 1RWH� WKDW� D� ODUJH� QXPEHU� RI� EXLOGV� PD\�
KDUP� WKH� SHUIRUPDQFH� DV� ZHOO�� XQOHVV� H[SHQVLYH�
KDUGZDUH� �LQ� WHUP� RI� GHVLJQ� FRVW� DQG� SRZHU�
GLVVLSDWLRQ��LV�EHLQJ�XVHG��

x� 7KH� PDMRULW\� RI� WKH� WUDFHV� DUH� UDUHO\� XVHG�� 0DQ\�
WUDFHV�DUH�EXLOW�RQO\�RQFH��

x� 7KH�PDMRULW\�RI�WKH�H[HFXWHG�LQVWUXFWLRQV�FRPH�IURP�
WKH�PRUH�IUHTXHQWO\�XVHG�WUDFHV��

x� *RRG�UHSODFHPHQW�PHFKDQLVP�KDV�D�VLJQLILFDQW�HIIHFW�
RQ�UHGXFLQJ�WKH�EXLOG�UDWH��

7KHVH� EHKDYLRUDO� SDWWHUQV� LQGLFDWH� WKDW� ILOWHULQJ�
WHFKQLTXHV� FDQ� LQFUHDVH� WKH�XWLOL]DWLRQ�RI� WKH� WUDFH� FDFKH�
E\�SUHYHQWLQJ�WKH�LQIUHTXHQWO\�XVHG�WUDFHV�IURP�SROOXWLQJ�
WKH� WUDFH�FDFKH��$QRWKHU�REVHUYDWLRQ� LV� WKDW� ILOWHULQJ�DOVR�

HQODUJHV�WKH�OLIHWLPH�RI�WKH�WUDFHV��WKXV�FRQWULEXWLQJ�WR�WKH�
RYHUDOO�SHUIRUPDQFH���

:H�SURSRVH� D� QHZ� WUDFH� FDFKH� RUJDQL]DWLRQ� EDVHG� RQ�
WKH� SDUWLWLRQ� RI� WKH� WUDFH� FDFKH� LQWR� )7&� DQG�07&�� $V�
PHDVXUHG� RQ� PHGLXP� VL]H� DSSOLFDWLRQV�� WKH� )7&�07&�
RUJDQL]DWLRQ� LPSURYHV� WKH�EXLOG�UDWH�E\����� LQ� DYHUDJH��
DFKLHYLQJ� LQFUHDVHG� SHUIRUPDQFH� DQG� UHGXFHG� SRZHU�
FRQVXPSWLRQ�� :H� DOVR� HYDOXDWHG� WKH� LPSDFW� RI� DGGLQJ�
VHFRQG�OHYHO� WUDFH�FDFKH� �/��� WKDW� VWRUHV� WUDFHV� HYLFWHG�
IURP� WKH�)7&�DQG�07&��:H� IRXQG� WKDW� IRU� DSSOLFDWLRQV�
ZLWK� ODUJH� LQVWUXFWLRQ� IRRWSULQWV�� WKLV� WUDFH�FDFKH�
RUJDQL]DWLRQ�HIIHFWLYHO\�UHGXFHV�WKH�QXPEHU�RI�EXLOGV�E\�D�
IDFWRU�RI���FRPSDUHG�WR�WKH�EDVLF�)7&�07&�RUJDQL]DWLRQ��

,Q� YLHZ� RI� WKH� HQFRXUDJLQJ� UHVXOWV� RI� WKH� ILOWHULQJ�
WHFKQLTXHV� SUHVHQWHG� LQ� WKLV� SDSHU��ZH� EHOLHYH� WKDW� RWKHU�
ILOWHULQJ� DOJRULWKPV� VKRXOG� EH� LQYHVWLJDWHG��2QH� SRVVLEOH�
GLUHFWLRQ�LV�WR�FKDQJH�WKH�KDUGZDUH�VRIWZDUH�LQWHUIDFH�DQG�
XVH� VRIWZDUH� GLUHFWHG� ³KRW� SDWK´� VHOHFWLRQ� WHFKQLTXHV�
VLPLODUO\� WR� WKH� SURSRVDOV� LQ� �>�@�� $GGLWLRQDO� PLFUR�
DUFKLWHFWXUDO�DVSHFWV�RI�WKH�PHPRU\�V\VWHP�UHFRPPHQGHG�
IRU� IXWXUH� UHVHDUFK� LQFOXGH� WKH� LPSDFW� RI� WUDFH� VHOHFWLRQ�
DQG� EUDQFK� SUHGLFWLRQ� RQ� WKH� RYHUDOO� SHUIRUPDQFH� DQG�
HQHUJ\� FRQVXPSWLRQ� RI� WKH� SURFHVVRU�� 6WXG\LQJ� GLIIHUHQW�
DOWHUQDWLYH� RUJDQL]DWLRQV� DQG� SDUDPHWHUV� UHODWHG� WR� WKH�
LQWURGXFWLRQ� RI� D� ODUJH� /�� WUDFH� FDFKH�PD\� DOVR� SURYLGH�
LPSRUWDQW�LQVLJKW�LQWR�WKH�V\VWHP¶V�DUHD��SHUIRUPDQFH�DQG�
SRZHU�WUDGHRIIV���

$FNQRZOHGJHPHQWV�

7KH� DXWKRUV� ZRXOG� OLNH� WR� WKDQN� $PLU� 5RWK� IRU� KLV�
FDUHIXO� UHYLHZ�RI� DQ� HDUOLHU� YHUVLRQ� RI� WKH� SDSHU� DQG� IRU�
KLV�YHU\�XVHIXO�FRPPHQWV�DQG�VXJJHVWLRQV��
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>�@� '��)ULHQGO\��6��3DWHO�DQG�<��3DWW��³3XWWLQJ�WKH�)LOO�8QLW�WR�
:RUN�� '\QDPLF� 2SWLPL]DWLRQV� IRU� 7UDFH� &DFKH�
0LFURSURFHVVRUV´�� LQ� 3URF�� ��VW� � ,QWHUQ�� 6\PS�� RQ�
0LFURDUFKLWHFWXUH��1RY���������
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0HWKRG�IRU�3URJUDP�6SHHGXS´��LQ�3URF��,(((�6\PS��RQ�
$SSOLFDWLRQ�6SHFLILF� 6\VWHPV� DQG� 6RIWZDUH� (QJLQHHULQJ�

DQG�7HFKQRORJ\��������

>�@� 4�� -DFREVRQ�� ³+LJK�3HUIRUPDQFH� )URQWHQGV� IRU� 7UDFH�
3URFHVVRUV´�� 3K�'�� 7KHVLV�� 'HSDUWPHQW� RI� (OHFWULFDO� 	�
&RPSXWHU�(QJLQHHULQJ��8QLY��RI�:LVFRQVLQ� ±�0DGLVRQ��
$XJ���������

>�@� 4��-DFREVRQ�DQG�-�(��6PLWK��³7UDFH�3UHFRQVWUXFWLRQ´��LQ�
3URF�� ��WK� � ,QWHUQ�� 6\PS�� RQ� &RPSXWHU� $UFKLWHFWXUH��
-XQH��������

>��@� 4�� -DFREVRQ��(��5RWHQEHUJ�DQG�-�(��6PLWK��³3DWK�%DVHG�
1H[W�7UDFH�3UHGLFWLRQ´�� LQ�3URF����WK� �,QWHUQ��6\PS��RQ�
0LFURDUFKLWHFWXUH��'HF���������

>��@� 4��-DFREVRQ�DQG�-�(��6PLWK��³,QVWUXFWLRQ�3UH�3URFHVVLQJ�
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>��@� 6��-RXUGDQ��/��5DSSRSRUW��<��$OPRJ��0��(UH]��$��<RD]��
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,QWHUQ�� 6\PS�� RQ� +LJK� 3HUIRUPDQFH� &RPSXWHU�

$UFKLWHFWXUH��-DQ���������

>��@� .�� .UHZHOO�� ³4XLFNWDNH�� :LOODPHWWH� 5HYHDOHG´��
0LFURSURFHVVRU�5HSRUW��)HE���������
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/DUJH� ([HFXWLRQ� $WRPLF� 8QLWV� LQ� '\QDPLFDOO\�
6FKHGXOHG� 0DFKLQHV´�� LQ� 3URF�� ,QWHUQ�� &RQI�� RQ�
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5HJDUGLQJ�WKH�7UDFH�&DFKH�)HWFK�0HFKDQLVP´��8QLY��RI�
0LFKLJDQ�7HFKQLFDO�5HSRUW�&6(�75�����������������
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&DFKH� 0HPRU\� 2UJDQL]HG� $URXQG� 7UDFH� 6HJPHQWV�
,QGHSHQGHQW� RI� 9LUWXDO� $GGUHVV� /LQH´�� 8�6�� 3DWHQW�
�����������-DQ��������
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,QWHUQ�� 6\PS�� RQ� +LJK�3HUIRUPDQFH� &RPSXWHU�

$UFKLWHFWXUH���SS�����������������

>��@� (�� 5RWHQEHUJ�� ³7UDFH� 3URFHVVRUV�� ([SORLWLQJ� +LHUDUFK\�
DQG� 6SHFXODWLRQ´�� 3K�'�� 7KHVLV�� 8QLY�� RI� :LVFRQVLQ��
�������

>��@� (��5RWHQEHUJ��6��%HQQHWW�DQG�-�(��6PLWK��³7UDFH�&DFKH��D�
/RZ� /DWHQF\� $SSURDFK� WR� +LJK� %DQGZLGWK� ,QVWUXFWLRQ�
)HWFKLQJ´�� LQ� 3URF�� ��WK� � ,QWHUQ�� 6\PS�� RQ�
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