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&RPSDULQJ�/RJV�DQG�0RGHOV�RI�3DUDOOHO�:RUNORDGV
8VLQJ�WKH�&R�SORW�0HWKRG

'DYLG�7DOE\ � ��'URU�*��)HLWHOVRQ � ��$GL�5DYHK �

�,QVWLWXWH�RI�&RPSXWHU�6FLHQFH� �'HSDUWPHQW�RI�%XVLQHVV�$GPLQLVWUDWLRQ
7KH�+HEUHZ�8QLYHUVLW\��-HUXVDOHP��,VUDHO

^GDYLGW�IHLW`#FV�KXML�DF�LO

$EVWUDFW��:H� SUHVHQW� D�PXOWLYDULDWH� DQDO\VLV� WHFKQLTXH� FDOOHG�&R�SORW� WKDW� LV
HVSHFLDOO\� VXLWDEOH� IRU� VDPSOHV� ZLWK� PDQ\� YDULDEOHV� DQG� UHODWLYHO\� IHZ
REVHUYDWLRQV��DV� WKH�GDWD�DERXW�ZRUNORDGV�RIWHQ� LV��2EVHUYDWLRQV�DQG�YDULDEOHV
DUH�DQDO\]HG�VLPXOWDQHRXVO\��:H�ILQG�WKUHH�VWDEOH�FOXVWHUV�RI�KLJKO\�FRUUHODWHG
YDULDEOHV�� EXW� WKDW� WKH� ZRUNORDGV� WKHPVHOYHV�� RQ� WKH� RWKHU� KDQG�� DUH� UDWKHU
GLIIHUHQW�IURP�RQH�DQRWKHU��6\QWKHWLF�PRGHOV�IRU�ZRUNORDG�JHQHUDWLRQ�DUH�DOVR
DQDO\]HG��DQG�IRXQG�WR�EH�UHDVRQDEOH��KRZHYHU��HDFK�PRGHO�XVXDOO\�FRYHUV�ZHOO
RQH� PDFKLQH� W\SH�� 7KLV� OHDGV� XV� WR� FRQFOXGH� WKDW� D� SDUDPHWHUL]HG� PRGHO� RI
SDUDOOHO�ZRUNORDGV�VKRXOG�EH�EXLOW��DQG�ZH�GHVFULEH�JXLGHOLQHV�IRU�VXFK�D�PRGHO�
$QRWKHU� IHDWXUH� WKDW� WKH� PRGHOV� ODFN� LV� VHOI�VLPLODULW\�� :H� GHPRQVWUDWH� WKDW
SURGXFWLRQ�ORJV�H[KLELW�WKLV�SKHQRPHQRQ�LQ�VHYHUDO�DWWULEXWHV�RI� WKH�ZRUNORDG�
DQG�LQ�FRQWUDVW�WKDW�WKH�QRQH�RI�WKH�V\QWKHWLF�PRGHOV�GR�

��� ,QWURGXFWLRQ

$� QRWLRQ� RI� WKH� ZRUNORDG� D� V\VWHP� ZLOO� IDFH� LV� QHFHVVDU\� LQ� RUGHU� WR� HYDOXDWH
VFKHGXOHUV��SURFHVVRU�DOORFDWRUV��RU�PDNH�PRVW�RWKHU�GHVLJQ�GHFLVLRQV��7ZR�NLQGV�RI
ZRUNORDGV�DUH�W\SLFDOO\�XVHG��$�WUDFH�RI�D�UHDO�SURGXFWLRQ�ZRUNORDG��RU�WKH�RXWSXW�RI�D
V\QWKHWLF�VWDWLVWLFDO�PRGHO�

3URGXFWLRQ�ORJV�KDYH�WKH�DGYDQWDJH�RI�EHLQJ�PRUH�UHDOLVWLF��DQG�DEVWDLQ�DV�PXFK�DV
SRVVLEOH� IURP� PDNLQJ� DVVXPSWLRQV� DERXW� WKH� PRGHOHG� V\VWHP�� $W� OHDVW� WKUHH
DVVXPSWLRQV�� KRZHYHU�� DUH� DOZD\V� WKHUH�� )LUVW�� ZH� EHOLHYH� WKDW� ZH� FDQ� GUDZ
FRQFOXVLRQV�IURP�SDVW�ZRUNORDGV�DQG�OHDUQ�DERXW�IXWXUH�RQHV��6HFRQG��ZH�EHOLHYH�WKDW
ZH� FDQ� LQIHU� IURP� RQH� LQVWDOODWLRQ� ±� RQH� VFKHGXOHU�� XVHUV� VHW�� DQG� KDUGZDUH
FRQILJXUDWLRQ�±�DERXW�RWKHU�RQHV��$QG�WKLUG��ZH�EHOLHYH�WKDW�WKH�ORJ�FRQWDLQV�QR�HUURUV�

,Q� RUGHU� WR� XVH� D� SURGXFWLRQ� ORJ� DV� D� PRGHO�� ZH� PXVW� DQVZHU� \HV� WR� DOO� WKUHH
TXHVWLRQV�� ,Q� UHDOLW\�� WKH� WKLUG� LVVXH� ±� FRUUHFWQHVV� RI� WKH� ORJ� ±� LV� DOPRVW� DOZD\V
TXHVWLRQHG� E\� P\VWHULRXV� MREV� WKDW� H[FHHGHG� WKH� V\VWHP
V� OLPLWV�� XQGRFXPHQWHG
GRZQWLPH��GHGLFDWLRQ�RI�WKH�V\VWHP�WR�FHUWDLQ�XVHUV��DQG�RWKHU� 
PLQRU
�XQGRFXPHQWHG
DGPLQLVWUDWLYH� FKDQJHV� ZKLFK� GLVWRUW� WKH� XVHUV
� WUXH� ZLVKHV� >����@�� 7KH� ILUVW� WZR
DVVXPSWLRQV�±� VLPLODULW\�EHWZHHQ�FRQILJXUDWLRQV� DQG� DORQJ� WLPH�±�ZLOO� EH� VKRZQ� LQ
WKLV�SDSHU�WR�EH�JHQHUDOO\�XQMXVWLILDEOH�DV�ZHOO�
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6LQFH�XVLQJ�SURGXFWLRQ� WUDFHV� VXIIHUV� IURP�DSSDUHQW� VHYHUH�SUREOHPV�� UHVHDUFKHUV
KDYH� WXUQHG� WR� WKH� RWKHU� DOWHUQDWLYH�� DQG� KDYH� RIIHUHG� VHYHUDO� V\QWKHWLF� PRGHOV� RI
SDUDOOHO�ZRUNORDGV�>�����������@��7KH� LGHD�RI�EDVLQJ�PRGHOV�RQ�PHDVXUHPHQWV� LV�QRW
QHZ�>����@��EXW�SUDFWLFDO�ZRUN�LQ�WKH�DUHD�ZDV�YHU\�OLWWOH�>�@�XQWLO�������0RGHOV�KDYH
DGYDQWDJHV�RYHU�SURGXFWLRQ�ORJV�E\�SXWWLQJ�DOO�WKH�DVVXPSWLRQV��RQ�WKH�WDEOH���DQG�E\
DOORZLQJ� WKHLU� XVHU� WR� HDVLO\� YDU\� WKH� PRGHO
V� SDUDPHWHUV� LQ� RUGHU�� IRU� H[DPSOH�� WR
JHQHUDWH�D�ZRUNORDG�IRU�D�PDFKLQH�ZLWK�D�JLYHQ�QXPEHU�RI�SURFHVVRUV�

7KH�SUREOHP�ZLWK�PRGHOV�LV��RI�FRXUVH��WKH�QHHG�WR�FRUUHFWO\�EXLOG�WKHP��7KLV�SDSHU
FRPSDUHV� WHQ� SURGXFWLRQ� ZRUNORDGV� ZLWK� WKH� JHQHUDWHG� RXWSXW� RI� ILYH� V\QWKHWLF
PRGHOV�� DQG�PDSV�HDFK�PRGHO� WR� WKH�SURGXFWLRQ� HQYLURQPHQW� WR�ZKLFK� LW� LV� FORVHVW�
%XW� ZH� DOVR� JR� IXUWKHU�� DQG� WU\� WR� LGHQWLI\� GHVLUHG� SURSHUWLHV� RI� SDUDOOHO� ZRUNORDG
PRGHOV� IRU� WKH�PRGHOV�\HW� WR�FRPH��:KLFK�YDULDEOHV� VKRXOG�EH�PRGHOHG��DQG�ZKLFK
VKRXOG�QRW"�:KDW�FDQ�ZH�WHOO�DERXW�WKH�GLVWULEXWLRQ�RI�WKHVH�YDULDEOHV"�:KDW�FDQ�ZH
WHOO�DERXW�WKH�FRUUHODWLRQ�RI�WKHVH�YDULDEOHV�DQG�WKH�XQPRGHOHG�RQHV"�6KRXOG�ZH�FUHDWH
D�VLQJOH�PRGHO��RU�D�FXVWRPL]DEOH�RQH"�$QG�KRZ�VKRXOG�WKH�PRGHO�EH�DOWHUHG�WR�PDWFK
D�QHHGHG�QXPEHU�RI�SURFHVVRUV��WKH�ORDG��DQG�VR�IRUWK"

,Q� RUGHU� WR� UHDFK� WKH� DQVZHUV�� ZH� XVH� D� QHZ� VWDWLVWLFDO� PHWKRG� FDOOHG� &R�3ORW�
ZKLFK� LV� WDLORUHG� IRU� VLWXDWLRQV� LQ�ZKLFK� IHZ�REVHUYDWLRQV�EXW�PDQ\� YDULDEOHV� DERXW
WKHP�DUH�DYDLODEOH��6HFWLRQ���SUHVHQWV�&R�SORW��DQG�VHFWLRQ���SUHVHQWV�WKH�GDWD�VHW�XVHG
IRU�WKH�DQDO\VLV��6HFWLRQV������DQG���DQDO\]H�WKH�SURGXFWLRQ�ORJV�IURP�VHYHUDO�DQJOHV�
ZKLFK�DOORZV�IRU�D�FRPSDULVRQ�ZLWK�V\QWKHWLF�PRGHOV�DYDLODEOH�WRGD\�LQ�VHFWLRQ����DQG
D�GLVFXVVLRQ�DERXW�WKH�LPSOLFDWLRQV�LQ�VHFWLRQ����6HFWLRQ���GHDOV�ZLWK�VHOI�VLPLODULW\�
ZKLFK�LV�VKRZQ�WR�GLIIHUHQWLDWH�EHWZHHQ�WKH�SURGXFWLRQ�ORJV�DQG�WKH�V\QWKHWLF�PRGHOV�

��� &R�3ORW

&ODVVLFDO� PXOWLYDULDWH� DQDO\VLV� PHWKRGV�� VXFK� DV� FOXVWHU� DQDO\VLV� DQG� SULQFLSDO
FRPSRQHQW�DQDO\VLV��DQDO\]H�YDULDEOHV�DQG�REVHUYDWLRQV�VHSDUDWHO\��&R�3ORW�LV�D�QHZ
WHFKQLTXH�ZKLFK�DQDO\]HV� WKHP�VLPXOWDQHRXVO\��7KLV�ZRXOG�PHDQ�� IRU�H[DPSOH�� WKDW
ZH
OO�EH�DEOH�WR�VHH��LQ�WKH�VDPH�DQDO\VLV��FOXVWHUV�RI�REVHUYDWLRQV��ZRUNORDGV� LQ�RXU
FDVH��� FOXVWHUV� RI� YDULDEOHV�� WKH� UHODWLRQV� EHWZHHQ� FOXVWHUV� �FRUUHODWLRQ� EHWZHHQ
YDULDEOHV��IRU�H[DPSOH��DQG�D�FKDUDFWHUL]DWLRQ�RI�REVHUYDWLRQV��DV�EHLQJ�DERYH�DYHUDJH
LQ�FHUWDLQ�YDULDEOHV�DQG�EHORZ�LQ�RWKHUV���7KH�WHFKQLTXH�KDV�EHHQ�XVHG�EHIRUH�PRVWO\
LQ�WKH�DUHD�RI�HFRQRPLFV�>�����@�

&R�SORW� LV� HVSHFLDOO\� VXLWDEOH� IRU� WDVNV� LQ� ZKLFK� WKHUH� DUH� IHZ� REVHUYDWLRQV� DQG
UHODWLYHO\�PDQ\�YDULDEOHV�±�DV�RSSRVHG� WR�UHJUHVVLRQ�EDVHG� WHFKQLTXHV�� LQ�ZKLFK� WKH
QXPEHU� RI� REVHUYDWLRQV� PXVW� EH� DQ� RUGHU� RI� PDJQLWXGH� ODUJHU� WKDQ� WKH� QXPEHU� RI
YDULDEOHV�� 7KLV� LV� FUXFLDO� LQ� RXU� FDVH�� LQ� ZKLFK� WKHUH� DUH� IHZ� ZRUNORDGV� �WHQ
SURGXFWLRQ�RQHV�DQG�ILYH�V\QWKHWLF�RQHV���DQG�MXVW�DV�PDQ\�YDULDEOHV�

&R�SORW
V�RXWSXW�LV�D�YLVXDO�GLVSOD\�RI�LWV�ILQGLQJV��,W�LV�EDVHG�RQ�WZR�JUDSKV�WKDW�DUH
VXSHULPSRVHG� RQ� HDFK� RWKHU�� 7KH� ILUVW� JUDSK� PDSV� WKH� Q� REVHUYDWLRQV� LQWR� D
WZR�GLPHQVLRQDO�VSDFH��7KLV�PDSSLQJ��LI�LW�VXFFHHGV��FRQVHUYHV�GLVWDQFH��REVHUYDWLRQV
WKDW�DUH�FORVH�WR�HDFK�RWKHU�LQ�S�GLPHQVLRQV�DUH�DOVR�FORVH�LQ�WZR�GLPHQVLRQV��DQG�YLFH
YHUVD��7KH�VHFRQGV�JUDSK�FRQVLVWV�RI�S�DUURZV��UHSUHVHQWLQJ�WKH�YDULDEOHV��DQG�VKRZV
WKH�GLUHFWLRQ�RI�WKH�JUDGLHQW�DORQJ�HDFK�RQH�
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*LYHQ�DQ�LQSXW�PDWUL[�<QuS�RI�S�YDULDEOH�YDOXHV�IRU�HDFK�RI�Q�REVHUYDWLRQV��VHH�IRU
H[DPSOH�7DEOH����� WKH� DQDO\VLV� FRQVLVWV� RI� IRXU� VWDJHV��7KH� ILUVW� LV� WR� QRUPDOL]H� WKH
YDULDEOHV��ZKLFK�LV�QHHGHG�LQ�RUGHU�WR�EH�DEOH� WR�UHODWH� WKHP�WR�HDFK�RWKHU��DOWKRXJK
HDFK� KDV� GLIIHUHQW� XQLWV� DQG� VFDOH�� 7KLV� LV� GRQH� LQ� WKH� XVXDO� ZD\�� ,I� <� � LV� WKH� M¶WK
YDULDEOH¶V�PHDQ��DQG�'� �LV�LWV�VWDQGDUG�GHYLDWLRQ��WKHQ�< � � �LV�QRUPDOL]HG�LQWR�= � � �E\�

��� �� � ���� '<<= � ���

,Q�WKH�VHFRQG�VWDJH��ZH�FKRRVH�D�PHDVXUH�RI�GLVVLPLODULW\�6 � � �t���EHWZHHQ�HDFK�SDLU
RI� REVHUYDWLRQV� �URZV� RI� =QuS��� $� V\PPHWULF� QuQ� PDWUL[� LV� SURGXFHG� IURP� DOO� WKH
GLIIHUHQW�SDLUV�RI�REVHUYDWLRQV��7R�PHDVXUH�6 � � ��ZH�XVH�FLW\�EORFN�GLVWDQFH�±�WKH�VXP
RI�DEVROXWH�GHYLDWLRQV�±�DV�D�PHDVXUH�RI�GLVVLPLODULW\�
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,Q� VWDJH� WKUHH�� WKH�PDWUL[�6 � � � LV� PDSSHG� E\�PHDQV� RI� D�PXOWLGLPHQVLRQDO� VFDOLQJ
�0'6��PHWKRG�� 6XFK� DQ� DOJRULWKP�PDSV� WKH�PDWUL[�6 � � � LQWR� DQ�(XFOLGHDQ� VSDFH�� RI
WZR�GLPHQVLRQV�LQ�RXU�FDVH��VXFK�WKDW� 
FORVH
�REVHUYDWLRQV��ZLWK�D�VPDOO�GLVVLPLODULW\
EHWZHHQ�WKHP��DUH�FORVH�WR�HDFK�RWKHU�LQ�WKH�PDS��ZKLOH�
GLVWDQW
�RQHV�DUH�DOVR�GLVWDQW
LQ�WKH�PDS��)RUPDOO\�WKH�UHTXLUHPHQW�LV�DV�IROORZV��&RQVLGHU�WZR�REVHUYDWLRQV��L�DQG
N�� WKDW� DUH� PDSSHG� D� GLVWDQFH� RI� G � � � IURP� HDFK� RWKHU�� :H� ZDQW� WKLV� WR� UHIOHFW� WKH
GLVVLPLODULW\�6 � � ��%XW�WKLV�LV�DFWXDOO\�D�UHODWLYH�PHDVXUH��DQG�WKH�LPSRUWDQW�WKLQJ�LV�WKDW�

6 � � ���6 � � ��LII��G � � ���G � �
7KH�0'6�ZH�XVH�LV�*XWWPDQ
V�6PDOOHVW�6SDFH�$QDO\VLV��RU�66$�>��@��66$�XVHV�WKH

FRHIILFLHQW�RI�DOLHQDWLRQ�4�DV�D�PHDVXUH�RI�JRRGQHVV�RI�ILW��7KH�VPDOOHU�LW�LV��WKH�EHWWHU
WKH� RXWSXW�� DQG� YDOXHV� EHORZ� ����� DUH� FRQVLGHUHG� JRRG�� 7KH� LQWXLWLRQ� IRU�4� FRPHV
GLUHFWO\�IURP�WKH�DERYH�0'6�UHTXLUHPHQW��$�VXFFHVV�RI� IXOILOOLQJ� LW� LPSOLHV� WKDW� WKH
SURGXFW�RI�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�GLVVLPLODULW\�PHDVXUHV�DQG� WKH�PDS�GLVWDQFHV
DUH�SRVLWLYH��,Q�D�QRUPDOL]HG�IRUP��ZH�GHILQH�
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7KXV�P�FDQ�DWWDLQ�WKH�PD[LPDO�YDOXH�RI����7KLV�LV�WKHQ�XVHG�WR�GHILQH�4�DV�IROORZV�
�� P� 4 ���

7KH�GHWDLOV�RI�WKH�66$�DOJRULWKP�DUH�EH\RQG�WKH�VFRSH�RI�WKLV�SDSHU��DQG�SUHVHQWHG
LQ�>��@��,W�LV�D�ZLGHO\�XVHG�PHWKRG�LQ�VRFLDO�VFLHQFHV��DQG�VHYHUDO�H[DPSOHV�DORQJ�ZLWK
LQWXLWLYH�GHVFULSWLRQV�FDQ�EH�IRXQG�LQ�>��@�

,Q� WKH� IRXUWK� VWDJH� RI� WKH�&R�SORW�PHWKRG��S� DUURZV� DUH� GUDZQ� RQ� WKH� (XFOLGHDQ
VSDFH� REWDLQHG� LQ� WKH� SUHFLRXV� VWDJH�� (DFK� YDULDEOH� M� LV� UHSUHVHQWHG� E\� DQ� DUURZ� M�
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HPHUJLQJ� IURP� WKH� FHQWHU�RI� JUDYLW\�RI� WKH�Q� SRLQWV��7KH�GLUHFWLRQ�RI� HDFK� DUURZ� LV
FKRVHQ� VR� WKDW� WKH� FRUUHODWLRQ� EHWZHHQ� WKH� DFWXDO� YDOXHV� RI� WKH� YDULDEOH� M� DQG� WKHLU
SURMHFWLRQV� RQ� WKH� DUURZ� LV� PD[LPDO� �WKH� DUURZV
� OHQJWK� LV� XQGHILQHG��� 7KHUHIRUH�
REVHUYDWLRQV�ZLWK�D�KLJK�YDOXH�LQ�WKLV�YDULDEOH�VKRXOG�EH�LQ�WKH�SDUW�RI�WKH�VSDFH�WKH
DUURZ�SRLQWV� WR��ZKLOH� REVHUYDWLRQV�ZLWK� D� ORZ� YDOXH� LQ� WKLV� YDULDEOH�ZLOO� EH� DW� WKH
RWKHU�VLGH�RI�WKH�PDS�

0RUHRYHU�� DUURZV� DVVRFLDWHG�ZLWK� KLJKO\� FRUUHODWHG� YDULDEOHV� ZLOO� SRLQW� LQ� DERXW
WKH� VDPH�GLUHFWLRQ��DQG�YLFH�YHUVD��$V�D� UHVXOW�� WKH� FRVLQHV�RI� DQJOHV�EHWZHHQ� WKHVH
DUURZV� DUH� DSSUR[LPDWHO\� SURSRUWLRQDO� WR� WKH� FRUUHODWLRQV� EHWZHHQ� WKHLU� DVVRFLDWHG
YDULDEOHV�

7KH�JRRGQHVV�RI�ILW�RI�WKH�&R�SORW�WHFKQLTXH�LV�DVVHVVHG�E\�WZR�W\SHV�RI�PHDVXUHV�
RQH�IRU�VWDJH���DQG�DQRWKHU�IRU�VWDJH����,Q�VWDJH����D�VLQJOH�PHDVXUH�±�WKH�FRHIILFLHQW
RI� DOLHQDWLRQ� LQ� RXU� FDVH� ±� LV� XVHG� WR� GHWHUPLQH� WKH� TXDOLW\� RI� WKH� WZR�GLPHQVLRQDO
PDS��,Q�VWDJH����S�VHSDUDWH�PHDVXUHV�±�RQH�IRU�HDFK�YDULDEOH�±�DUH�JLYHQ��7KHVH�DUH�WKH
PDJQLWXGHV�RI� WKH�S�PD[LPDO�FRUUHODWLRQV�� WKDW�PHDVXUH� WKH�JRRGQHVV�RI� ILW�RI� WKH�S
UHJUHVVLRQV��7KHVH�FRUUHODWLRQV�KHOS�LQ�GHFLGLQJ�ZKHWKHU�WR�HOLPLQDWH�RU�DGG�YDULDEOHV�
9DULDEOHV� WKDW� GR� QRW� ILW� LQWR� WKH� JUDSKLFDO� GLVSOD\�� QDPHO\�� KDYH� ORZ� FRUUHODWLRQV�
VKRXOG�LQ�RXU�RSLQLRQ�EH�UHPRYHG��7KHUHIRUH��WKHUH�LV�QR�QHHG�WR�ILW�DOO�WKH��� �VXEVHWV
RI�YDULDEOHV�DV�LQ�RWKHU�PHWKRGV�WKDW�XVH�D�JHQHUDO�FRHIILFLHQW�RI�JRRGQHVV�RI�ILW��7KH
KLJKHU�WKH�YDULDEOH
V�FRUUHODWLRQ��WKH�EHWWHU�WKH�YDULDEOH
V�DUURZ�UHSUHVHQWV�WKH�FRPPRQ
GLUHFWLRQ�DQG�RUGHU�RI�WKH�SURMHFWLRQV�RI�WKH�Q�SRLQWV�DORQJ�WKH�D[LV�LW�LV�RQ�

��� 7KH�'DWD�6HW

2YHU� VHYHUDO� \HDUV�ZH�KDYH�REWDLQHG�ERWK�D� VHW� RI�SURGXFWLRQ�ZRUNORDGV� DQG� WKH
VRXUFH� FRGHV� WR� JHQHUDWH� D� QXPEHU� RI� V\QWKHWLF� ZRUNORDGV�� $V� SDUW� RI� WKH� FXUUHQW
VWXG\��DOO�ZRUNORDGV�ZHUH� WUDQVODWHG� WR� WKH� VWDQGDUG�ZRUNORDG�IRUPDW��DQG�DUH� IUHHO\
DYDLODEOH� WR� DOO� UHVHDUFKHUV� LQ� WKH� ILHOG� IURP� WKH� SDUDOOHO� ZRUNORDGV� DUFKLYH� DW
85/�KWWS���ZZZ�FV�KXML�DF�LO�ODEV�SDUDOOHO�ZRUNORDG��:H�ZRXOG�DOVR�OLNH�WR�HQFRXUDJH
RWKHUV� WR�SURGXFH� ORJV� DQG� VRXUFH� FRGHV�ZKRVH�RXWSXW� LV� LQ� WKLV� IRUPDW�� LQ�RUGHU� WR
FUHDWH� D� JURZLQJ� OLEUDU\� RI� TXLFNO\� DFFHVVLEOH� DQG� UHOLDEOH� GDWD�� WKDW� ZRXOG� HDVH
YDOLGDWLQJ�D�UHVHDUFK�RQ�PDQ\�ZRUNORDGV�DW�RQFH�

7UDFHV�RI�UHDO�SURGXFWLRQ�ZRUNORDGV�ZHUH�DYDLODEOH�IURP�VL[�PDFKLQHV��7KH�1$6$
$PHV� L36&����� >����@�� WKH� 6DQ� 'LHJR� 6XSHUFRPSXWLQJ� &HQWHU� 3DUDJRQ� >��@�� WKH
&RUQHOO�7KHRU\�&HQWHU�63��>��@��7KH�6ZHGLVK�,QVWLWXWH�RI�7HFKQRORJ\�63��� WKH�/RV
$ODPRV�1DWLRQDO�/DE�&0����DQG� WKH�/DZUHQFH�/LYHUPRUH�1DWLRQDO�/DE�&UD\�7�'�
7KH�/RV�$ODPRV�DQG�6DQ�'LHJR�ORJV�DUH�GLVSOD\HG�DV�WKUHH�REVHUYDWLRQV��7KH�HQWLUH
ORJ�� WKH� LQWHUDFWLYH� MREV� RQO\�� DQG� WKH� EDWFK� MREV� RQO\�� 7KLV� JLYHV� D� WRWDO� RI� WHQ
REVHUYDWLRQV� RI� SURGXFWLRQ� ZRUNORDGV�� 7KH� FKDUDFWHULVWLFV� RI� WKHVH� ZRUNORDGV� DUH
JLYHQ�LQ�WDEOH���

$V�&R�SORW�HQFRXUDJHV�LW��WKH�ORJV�ZHUH�WHVWHG�IRU�DV�PDQ\�YDULDEOHV��DWWULEXWHV�RI
WKH� ZRUNORDGV�� DV� SRVVLEOH�� 7KH� IROORZLQJ� YDULDEOHV� ZHUH� PHDVXUHG� IRU� HDFK
ZRUNORDG�
���7KH�QXPEHU�RI�SURFHVVRUV�LQ�WKH�V\VWHP�
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���6FKHGXOHU�)OH[LELOLW\��7KHUH�ZHUH�HVVHQWLDOO\�WKUHH�VFKHGXOHUV�LQ�WKLV�VDPSOH�� WKH
146�EDWFK�TXHXLQJ�V\VWHP��WKH�($6<�VFKHGXOHU�ZKLFK�XVHV�EDFNILOOLQJ��DQG�JDQJ
VFKHGXOHUV��:H�UDQNHG�WKHP�LQ�WKLV�DVFHQGLQJ�RUGHU��IURP���WR���

���3URFHVVRU� $OORFDWRU� )OH[LELW\�� 7KHUH� ZHUH� DJDLQ� WKUHH� UDQNV�� LQ� WKLV� RUGHU� RI
LQFUHDVLQJ� IOH[LELOLW\�� $OORFDWLRQ� RI� SDUWLWLRQV� ZLWK� SRZHU�RI��� QRGHV�� OLPLWHG
DOORFDWLRQ� �PHVKHV�� HWF���� DQG� XQOLPLWHG� DOORFDWLRQ� �ZKHUH� DQ\� DUELWUDU\� VXEVHW� RI
WKH�QRGHV�FDQ�EH�XVHG��

���5XQWLPH� /RDG�� RU� WKH� SHUFHQW� RI� DYDLODEOH� QRGH� VHFRQGV� WKDW� ZHUH� DFWXDOO\
DOORFDWHG�WR�MREV��7KLV�LV�FDOFXODWHG�DV�WKH�VXP�RI�UXQWLPH�PXOWLSOLHG�E\�QXPEHU�RI
SURFHVVRUV�RYHU�DOO�MREV��GLYLGHG�E\�WKH�SURGXFW�RI�WKH�QXPEHU�RI�SURFHVVRUV�LQ�WKH
PDFKLQH�PXOWLSOLHG�E\�WKH�ORJ�GXUDWLRQ�

���&38�/RDG��ZKLFK�LV�WKH�SHUFHQW�RI�DFWXDO�&38�ZRUN�RXW�RI�WKH�WRWDO�DYDLODEOH�&38
WLPH�GXULQJ�WKH�ORJ¶V�OLIHWLPH��&38�WLPHV�DUH�WKH�SDUW�RI�UXQWLPH�LQ�ZKLFK�WKH�MRE
DFWXDOO\� SURFHVVHG�� WKLV� KRZHYHU� ZDV� PLVVLQJ� IURP� WZR� ZRUNORDGV�� DQG� LWV
GHILQLWLRQ�LV�YDJXH�LQ�VRPH�RI�WKH�RWKHUV��VR�IRFXV�ZDV�JLYHQ�WR�WKH�UXQWLPH�ORDG�

���1RUPDOL]HG�QXPEHU�RI�H[HFXWDEOHV��$V�VRPH�ORJV�DUH�PXFK�ORQJHU�WKDQ�RWKHUV��LW
LV� QRW� VXUSULVLQJ� WKDW� PRUH� H[HFXWDEOHV� DUH� UHSUHVHQWHG� LQ� WKHP�� :H� WKHUHIRUH
QRUPDOL]H�E\�GLYLGLQJ�WKH�QXPEHU�RI�REVHUYHG�H[HFXWDEOHV�E\�WKH�WRWDO�QXPEHU�RI
MREV�LQ�WKH�ORJ��$�ORZHU�QXPEHU�LQGLFDWHG�PRUH�UHSHDWHG�UHTXHVWV�WR�UXQ�WKH�VDPH
H[HFXWDEOH�

���1RUPDOL]HG�QXPEHU�RI�XVHUV��$V�DERYH�
����3HUFHQW�RI�VXFFHVVIXOO\�FRPSOHWHG�MREV�
����0HGLDQ�DQG�����LQWHUYDO�RI�WKH�GLVWULEXWLRQ�RI�UXQWLPHV�RI�MREV�
����0HGLDQ� DQG� ���� LQWHUYDO� RI� WKH� GLVWULEXWLRQ� RI� GHJUHH� RI� SDUDOOHOLVP�� L�H�� WKH

QXPEHU�RI�SURFHVVRUV�XVHG�E\�HDFK�MRE�
����0HGLDQ� DQG� ���� LQWHUYDO� RI� WKH� GLVWULEXWLRQ� RI� QRUPDOL]HG� GHJUHHV� RI

SDUDOOHOLVP�� 7KLV� JLYHV� WKH� QXPEHU� RI� SURFHVVRUV� WKDW� ZRXOG� EH� XVHG� RXW� RI� D
����SURFHVVRU�PDFKLQH��,W� LV�FDOFXODWHG�DV�WKH�SHUFHQW�RI�DYDLODEOH�SURFHVVRUV�WKDW
MREV� XVHG��PXOWLSOLHG� E\� ����� ,W� HQDEOHV� WKH� GHFRXSOLQJ� RI� FRQFOXVLRQV� DERXW� WKH
HIIHFW�RI�PDFKLQH�VL]H�DQG�WKH�HIIHFW�RI�SDUDOOHOLVP�

����0HGLDQ� DQG� ���� LQWHUYDO� RI� WKH� GLVWULEXWLRQ� RI� WRWDO� &38� ZRUN� �RYHU� DOO
SURFHVVRUV�RI�WKH�MRE��

����0HGLDQ�DQG�����LQWHUYDO�RI�WKH�GLVWULEXWLRQ�RI�LQWHU�DUULYDO�WLPHV�

$V�VKRZQ�LQ�>�@�� WKH�DYHUDJH�DQG�VWDQGDUG�GHYLDWLRQ�RI�WKHVH�ILHOGV�DUH�H[WUHPHO\
XQVWDEOH�GXH� WR� WKH�YHU\� ORQJ� WDLO�RI� WKH� LQYROYHG�GLVWULEXWLRQV��5HPRYLQJ� WKH�����

WDLO\
�MREV�IURP�D�ZRUNORDG��IRU�H[DPSOH��FRXOG�FKDQJH�WKH�DYHUDJH�E\����DQG�WKH�&9
E\������7KHVH�ILQGLQJV�IROORZ�VLPLODU�RQHV�LQ�>��@��DQG�PHDQ�WKDW�WKH�YHU\�ELJ�MREV
PXVW�QHYHU�EH�UHPRYHG�IURP�ZRUNORDGV�DV�RXWOLHUV��2Q�WKH�RWKHU�KDQG��PRVW�HUURUV�LQ
WUDFHV�DUH�RIWHQ�LQ�WKLV�DUHD�RI�WKH�GLVWULEXWLRQ��ZKDW�GR�\RX�GR�ZLWK�D�MRE�WKDW�ODVWHG
PRUH�WKDQ�WKH�V\VWHP�DOORZV"���7KHUHIRUH��LW�LV�SUHIHUDEOH�WR�XVH�RUGHU�PRPHQWV��VXFK
DV� WKH�PHGLDQ�DQG� LQWHUYDOV�� ,Q� WKLV�FDVH�� WKH����� LQWHUYDO�±�GLIIHUHQFH�EHWZHHQ� WKH
���� DQG� ��� SHUFHQWLOHV� ±� ZDV� XVHG�� WKH� ���� LQWHUYDO� ZDV� DOVR� WHVWHG�� DQG� JDYH
YLUWXDOO\�WKH�VDPH�UHVXOWV�

8VLQJ� QRUPDOL]HG� GHJUHH� RI� SDUDOOHOLVP� LV� SUHIHUDEOH� ZKHQHYHU� SRVVLEOH�� VLQFH� LW
HQDEOHV�WKH�GHFRXSOLQJ�RI�FRQFOXVLRQV�DERXW�WKH�HIIHFW�RI�PDFKLQH�VL]H�DQG�WKH�HIIHFW
RI�SDUDOOHOLVP��,Q�RXU�FDVH�ZH�WUHDW�MREV�DV�LI�WKH\�UHTXHVWHG�IURP�D�����QRGH�PDFKLQH�
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FHGJILKJM NLOQPJR SJI<OUT<T6S�R TVF.WYX�Z8[ Z<\U\ Z<\U[U]^Z<\U[U]_Z<\U[U] [JXU` Z<[Ua ];Z8` ];Z8` ];Z8`
b ILKLOUcedJf O�RUg f OUhUM iJM f M j k b?l [ [ m m m m Z Z Z Z
n$f f SJI<GUj M SeNog f OUhUM iJM f M j k0n$p m m Z Z Z [ Z [ [ [
q$dUN6j M rHOsf SJGUc q$pt\�u XU` \�u `Uv \�u `U` \�u \U[ \�u `UX \�u `U[ wyx n \�u z \�u \�Z \�u `Uv
{ W;|}f SJGUc { pt\�u ]Jz \�u `Uv \�u ]J[ \ \�u ]J[ wyx n \�u ]Jz \�u `Ua \�u \�Z \�u `Uz
w?S�R rQu6~�h6OJILd6j GeiJf OUT@~ wyx n wyx n�\�u \U\J\Ua0\�u \U\�Z8v@\�u \U\�Z8[@\�u \UmJ[Uv@\�u \UmJXU[�wyx n wyx n wyx n
w?S�R rQu6|yT6O�R T |�\�u \U\JaU`@\�u \U\JzUX@\�u \U\�Z8v0\�u \U\U]Jv@\�u \U\JmU[@\�u \U\JzU[@\�u \U\�Z8`0\�u \U\�Z8[@\�u \U\J[�Z�\�u \U\J[Uv
��{ Ser.PJf OUj OUco� Sei6T { \�u zUv \�u zU[ \�u v�Z \�u vUv \�u aUX wyx n wyx n \�u vUv ZUu \U\ \�u vUz
q$dUN6j M rHOQrHOUc�M GeN q$r�vJ`U\ aU]Ja `Ja XJz mJzU`�u \U\ mJ` Z<v ]eX Z<[ Z<a�Z<[
q$dUN6j M rHOsM N6j O�R �6G�f�q$M�XJzU[�Z8`�]ezUaJzUXtvJ\U`U] [J`Uz_ZJZUZ<mU`tv�Z�]em�ZJZ8`JaY[JaL]evUa�]eaL]�mJvU[JvU\
WyR SJI<OUT<T6S�R T#rHOUc�M GeN�Wyr [ m `U] mJ[ `U]�u \J\ a Z X ] a
WyR SJI<OUT<T6S�R T#M N6j O�R �6G�f�WyM mJz m�Z [J[L] vJ` ]eaU\�u \U\ `J[ m�Z `Jm m�Z `Jm
w?S�R rQu6PJR SJIUuLFHOUc�M GeN�w$rt\�u zU` m�u aL] a�u \U\ ]�u \U\ a�u \U\ ]�u \U\ ZUu \U\ ZUu XL] ZUu [Um [�u ]J`
w?S�R rQu6PJR SJIUuU� N6j O�R �6G�f�w$M�Z8]�u Z<\tmJv�u `Jat[Ja�u \J\�Z<[�u \J\t`J\�u \J\tm�ZUu \J\tm�ZUu \J\�Z<v�u mJa�v�u XL]_Z<v�u mJa
{ W;|��$S�R ��rHOJc�M GeN { r�[�Z8a�Z�[JaUaJ\ [JXU` Z<[Ua [JvL]J] mJaL] Z<v [J\Uv aJ` vU]JzJ[
{ Wy|/��S�R ��M N6j O�R �<G�f { M�mJ[U`J\UXUz�mJXUX�Z�]J\�XJXUv�Z8\L]�[JXU`J\�Z<XUaJ[U\UaJ\ ]eXUXJXUaU[�Z<vUzJzL]0v�Z8aJXL]U]�mJvU`J\¡Z<zUXU]J[�Z<[
� N6j O�R ¢ G�R R M �6G�f<rHOUc�M GeN£� r `U] Z<vU[ Z<`U[ Z<` Z<`Uv ZJZ8v XJ` Z<zU\ `Ja [J\Ua
� N6j O�R ¢ G�R R M �6G�f<M N6j O�R �6G�f¤� M^Z8]JzJ[�mJaU\J`�Z<vU`Ja [JzU` [J\U`U]_Z<`U`J\ ]J]Jm ]e[U`JX�[J\UzJ`�XJaUaU]

7DEOH����'DWD�RI�SURGXFWLRQ�ZRUNORDGV
6LQFH� QRW� DOO� ZRUNORDG� WUDFHV� KDG� DOO� WKH� UHTXLUHG� ILHOGV�� PLVVLQJ� YDOXHV� ZHUH

DSSUR[LPDWHG��7KHVH�DUH�DOO�WKH�DVVXPSWLRQV�WKDW�ZHUH�PDGH�
����,I�RQH�RI�&38�ORDG�DQG�UXQWLPH�ORDG�ZHUH�PLVVLQJ��WKH�RWKHU�RI�WKH�WZR�ILHOGV�ZDV
XVHG��7KLV�ZDV�GRQH�LQ�WKH�1$6$�DQG�//1/�ZRUNORDGV�

����,I�WKH�VXEPLW�WLPH�RI�MREV�ZDV�QRW�NQRZQ�EXW�WKH�WLPH�WKH�MRE�VWDUWHG�UXQQLQJ��DIWHU
SRVVLEO\�EHLQJ�LQ�D�TXHXH��ZDV��WKH�LQWHU�DUULYDO�WLPH�ZDV�EDVHG�RQ�WKLV�VWDUW�WLPH�
7KLV�ZDV�QHFHVVDU\�LQ�1$6$��//1/��DQG�WKH�LQWHUDFWLYH�ZRUNORDGV�

���� ,Q� WKH� 1$6$� ORJ�� WRWDO� &38�ZRUN� ZDVQ
W� JLYHQ� DQG� ZDV� DSSUR[LPDWHG� E\� WKH
SURGXFW�RI� UXQWLPH�DQG�GHJUHH�RI�SDUDOOHOLVP�� ,Q� WKH�//1/� ORJ�� WKH�RSSRVLWH�ZDV
GRQH��7KH�UXQWLPH�ZDV�DSSUR[LPDWHG�E\�WKH�WRWDO�ZRUN�GLYLGHG�E\�SDUDOOHOLVP�
7KH�V\QWKHWLF�PRGHOV�XVXDOO\�RQO\�RIIHU�YDOXHV�IRU�WKH�LQWHU�DUULYDO�WLPHV��UXQWLPHV

DQG�GHJUHH�RI�SDUDOOHOLVP��7KH\�ZHUH�RQO\�FRPSDUHG�WR�WKH�SURGXFWLRQ�ZRUNORDGV�LQ
WKHVH�ILHOGV��RI�FRXUVH��DQG�WKH�UHPDLQLQJ�YDULDEOHV�ZHUH�GLVFDUGHG�

��� 3URGXFWLRQ�:RUNORDGV��9DULDEOHV

5XQQLQJ�&R�SORW�RQ�DOO�YDULDEOHV�UHVXOWHG�LQ�VRPH�RI�WKHP�KDYLQJ�ORZ�FRUUHODWLRQV�
DQG� WKH\� ZHUH� UHPRYHG�� 7KHVH� YDULDEOHV� ZHUH� WKH� QXPEHU� RI� SURFHVVRUV� LQ� WKH
PDFKLQH�� WKH� VFKHGXOHU� IOH[LELOLW\�� WKH� QRUPDOL]HG� QXPEHU� RI� XVHUV�� WKH� QRUPDOL]HG
QXPEHU�RI�H[HFXWDEOHV��DQG�WKH�SHUFHQW�RI�FRPSOHWHG�MREV��7KLV�EDVLFDOO\�PHDQV�WKDW
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WKHVH�DWWULEXWHV�RI�D�ZRUNORDG�QHLWKHU�VXSSRUW�QRU�UHIXWH�WKH�LQIRUPDWLRQ�GHULYHG�IURP
RWKHU� YDULDEOHV�� 7KH\� DUH� HLWKHU� LUUHOHYDQW� RU� EHORQJ� WR� D� GLIIHUHQW� H[SODQDWLRQ
XQLYHUVH�

7ZR�RWKHU� YDULDEOHV�� WKH�&38� ORDG� DQG� WKH� SURFHVVRU� DOORFDWLRQ� IOH[LELOLW\�� ZHUH
DOVR� UHPRYHG� IURP� WKH� ILQDO� PDS� �)LJXUH� ���� EXW� ZLOO� VWLOO� EH� DQDO\]HG�� 7KH
FRUUHODWLRQV� RI� WKHVH� YDULDEOHV� ZDV� VOLJKWO\� ORZHU� WKDQ� WKDW� RI� WKH� RWKHUV�� WKHUHIRUH
UHPRYLQJ� WKHP� LPSURYHG� WKH� RXWSXW� �LQ� WKH� JRRGQHVV� RI� ILW� VHQVH��� EXW�ZH� FDQ� VWLOO
GHGXFH� DERXW� WKHP� IURP� WKHLU� ZRXOG�EH� GLUHFWLRQ� LI� WKH\� ZHUHQ
W� UHPRYHG�� 7R
UHSUHVHQW� WKH� GHJUHH� RI� SDUDOOHOLVP�� WKH� QRUPDOL]HG� YDULDQW� ZDV� XVH�� DOWKRXJK� WKH
XQ�QRUPDOL]HG�RQH�JLYHV�DOPRVW�H[DFWO\�WKH�VDPH�UHVXOW��$V�GLVFXVVHG�LQ�WKH�SUHYLRXV
VHFWLRQ��LQ�VXFK�D�FDVH�WKH�QRUPDOL]HG�YDULDQW�LV�SUHIHUDEOH��7KH�PDS�LQ�)LJXUH���KDV�D
FRHIILFLHQW�RI�DOLHQDWLRQ�RI������DQG�DQ�DYHUDJH�RI�YDULDEOH�FRUUHODWLRQV�RI������ZLWK�D
PLQLPXP�RI�������7KHVH�DUH�JHQHUDOO\�FRQVLGHUHG�DV�H[FHOOHQW�JRRGQHVV�RI�ILW�YDOXHV�

)LJ�����&R�SORW�RXWSXW�RI�DOO�SURGXFWLRQ�ZRUNORDGV
6HH�7DEOH���IRU�YDULDEOH�VLJQV

)LUVW�� LW� LV� FOHDU� WKDW� WKHUH� DUH� IRXU� FOXVWHUV� RI� KLJKO\� FRUUHODWHG� YDULDEOHV�
&ORFNZLVH�
����7KH�PHGLDQ�DQG�LQWHUYDO�RI�WKH�QRUPDOL]HG�GHJUHH�RI�SDUDOOHOLVP�
����7KH�PHGLDQ�RI�LQWHU�DUULYDO�WLPHV��LQWHUYDO�RI�WRWDO�&38�ZRUN��DQG�UXQWLPH�ORDG�
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��� 7KH�PHGLDQ�RI� WRWDO�&38�ZRUN� DQG� WKH� LQWHUYDO� RI� LQWHU�DUULYDO� WLPHV��7KH�&38
ORDG��XQFKDUWHG�KHUH��DOVR�EHORQJV�WR�WKLV�FOXVWHU�

��� 7KH� PHGLDQ� DQG� LQWHUYDO� RI� MRE� UXQWLPHV�� 7KH� SURFHVVRU� DOORFDWLRQ� IOH[LELOLW\
�XQFKDUWHG�KHUH��DOVR�EHORQJV�WR�WKLV�FOXVWHU�
,W� VKRXOG�EH�QRWHG��KRZHYHU�� WKDW� LQ� VRPH�RI� WKH�RWKHU� UXQV� �ZLWK�PRUH�YDULDEOHV

LQFOXGHG��RU�VRPH�ZRUNORDGV�H[FOXGHG��� WKH� WKLUG�FOXVWHU�GLVDSSHDUV��7KH�&38�ZRUN
PHGLDQ��&P��MRLQV�WKH�IRXUWK�FOXVWHU��DQG�WKH�LQWHU�DUULYDO�WLPHV�LQWHUYDO��,L��MRLQV�WKH
VHFRQG�

7KH� PDS� WHOOV� D� ORW� DERXW� WKH� W\SHV� RI� GLVWULEXWLRQV� WKDW� VKRXOG� EH� XVHG� IRU
PRGHOLQJ� ZRUNORDGV�� %RWK� UXQWLPHV� DQG� WKH� GHJUHH� RI� SDUDOOHOLVP� H[KLELW� D� KLJK
SRVLWLYH�FRUUHODWLRQ�EHWZHHQ� WKH�PHGLDQ�DQG� LQWHUYDO�RI� WKH�GLVWULEXWLRQ��7KLV�PHDQV
WKDW� V\VWHPV� WKDW� DOORZ� KLJKHU� UXQWLPHV� DQG� SDUDOOHOLVP� DOVR� H[KLELW� D� PRUH� YDULHG
VWUHDP�RI�UHTXHVWV��7KLV�SUREDEO\�RFFXUV�EHFDXVH�FRPPRQ�DGPLQLVWUDWLYH�WRROV��VXFK
DV�OLPLWLQJ�WKH�PD[LPDO�UXQWLPH��DIIHFW�ERWK�WKH�PHGLDQ�DQG�LQWHUYDO�RI�WKH�REVHUYHG
UXQWLPH�LQ�WKH�VDPH�ZD\��:H�VXVSHFW�WKHVH�SKHQRPHQD�WR�EH�OLQNHG�WR�DGPLQLVWUDWLYH
FRQVWUDLQWV�LQ�JHQHUDO��EXW�WKLV�FRXOG�QRW�EH�TXDQWLWDWLYHO\�FKHFNHG�

,QWHU�DUULYDO� WLPHV� DQG� WRWDO� &38� ZRUN�� KRZHYHU�� UHTXLUH� D� GLIIHUHQW� WUHDWPHQW�
$OWKRXJK� WKHLU� PHGLDQ� DQG� LQWHUYDO� DUH� SRVLWLYHO\� FRUUHODWHG�� WKH� FRUUHODWLRQ� LV� IDU
IURP�EHLQJ� IXOO��7KLV�UHVXOW� UHSHDWV� IRU�RWKHU�DQDO\VHV� IRU� WKHVH� WZR�YDULDEOHV��6LQFH
QRQH� RI� WKH� V\QWKHWLF�PRGHOV� SXEOLVKHG� VR� IDU�PRGHO� UXQWLPH� DQG� DFWXDO� &38� WLPH
VHSDUDWHO\��WKH�IRFXV�KDV�EHHQ�SXW�RQ�UXQWLPHV�

7KH� IDFW� WKDW� WKH� SURFHVVRU� DOORFDWLRQ� IOH[LELOLW\� PHDVXUH� DQG� WKH� PHGLDQ� DQG
LQWHUYDO�RI�UXQWLPHV�IDOO�LQ�WKH�VDPH�FOXVWHU�KLQWV�WKDW�V\VWHPV�ZKLFK�DUH�PRUH�IOH[LEOH
LQ�WKHLU�DOORFDWLRQ�DWWUDFW��RQ�DYHUDJH��ORQJHU�MREV��1RWH�WKDW�WKH�VFKHGXOHU��LQ�FRQWUDVW�
ZDV�QRW�IRXQG�WR�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�RWKHU�YDULDEOHV��7KLV�LV�D�ILUVW�PRYH
WRZDUGV� D� KLJKO\� QHHGHG� UHVHDUFK� DERXW� WKH� FKDQJHV� LQ� XVHUV
� UHTXHVWV� GXH� WR� WKHLU
V\VWHP
V� FRQVWUDLQWV� ±� XVHUV� OHDUQ� WKH� V\VWHP� RYHU� WLPH�� DQG� FKDQJH� WKHLU� EHKDYLRU
DFFRUGLQJO\�� :KHQ� ORRNLQJ� DW� SURGXFWLRQ� ZRUNORDGV�� ZH� RQO\� VHH� WKH� GLVWRUWHG
SLFWXUH��QRW�WKH��WUXH�ZRUNORDG��E\�ZKLFK�ZH�ZLVK�WR�GHVLJQ�IXWXUH�V\VWHPV�>��@�

$SDUW� IURP� GHILQLQJ� YDULDEOH� FOXVWHUV�� ZH� FDQ� DOVR� LQIHU� DERXW� WKH� FRUUHODWLRQ
EHWZHHQ� FOXVWHUV�� 7KH� ILUVW� FOXVWHU�� IRU� H[DPSOH�� LV� SRVLWLYHO\� FRUUHODWHG� ZLWK� WKH
VHFRQG�FOXVWHU��KDV�D�VPDOO�QHJDWLYH�FRUUHODWLRQ�ZLWK�WKH�WKLUG��DQG�D�VWURQJ�QHJDWLYH
RQH�ZLWK�WKH�IRXUWK��7KH�VHFRQG�FOXVWHU�LV�SRVLWLYHO\�FRUUHODWHG�ZLWK�WKH�WKLUG�FOXVWHU�
EXW� QRW� FRUUHODWHG� ZLWK� WKH� IRXUWK� RQH�� 7KH� WKLUG� DQG� IRXUWK� FOXVWHUV� DUH� SRVLWLYHO\
FRUUHODWHG�

2QH�VKRXOG�EH�FDUHIXO�QRW�WR�PLVLQWHUSUHW�WKHVH� ILQGLQJV�±�QRWH� WKDW� WKH\�UHODWH� WR
ZKROH� ZRUNORDGV�� QRW� MREV�� )RU� H[DPSOH�� WKH� QHJDWLYH� FRUUHODWLRQ� EHWZHHQ� UXQWLPH
�IRXUWK�FOXVWHU��DQG�GHJUHH�RI�SDUDOOHOLVP��ILUVW�FOXVWHU��PHDQV�WKDW�V\VWHPV�ZLWK�KLJK
DYHUDJH� SDUDOOHOLVP� H[KLELW� ORZHU� DYHUDJH� UXQWLPHV�� QRW� WKDW� MREV� WKDW� XVH� PDQ\
SURFHVVRUV�DUH�VKRUWHU��LQ�IDFW�� WKH�RSSRVLWH�RI�WKLV�ZDV�GHPRQVWUDWHG�LQ�>����@���7KH
UHDVRQ� IRU� WKLV� PD\�� IRU� H[DPSOH�� EH� WKDW� V\VWHPV� ZLWK� PRUH� SURFHVVRUV� WHQG� WR
HQIRUFH� WLJKWHU� UXQWLPH� OLPLWV�RQ� MREV��7KLV� LV�PHUHO\�D�K\SRWKHVLV�� WULJJHUHG�E\� WKH
REVHUYDWLRQ� WKDW� V\VWHPV�ZLWK� IHZHU� SURFHVVRUV� RIWHQ� WU\� WR� FRPSHQVDWH� IRU� WKLV� E\
RIIHULQJ�PRUH�IOH[LEOH�SROLFLHV�

$QRWKHU�VLJQLILFDQW�ILQGLQJ� IURP�WKH�FRUUHODWLRQV�EHWZHHQ�YDULDEOH�FOXVWHUV� LV� WKDW
WKH�SURFHVVRU�DOORFDWLRQ�IOH[LELOLW\�RI�D�V\VWHP�LV�SRVLWLYHO\�FRUUHODWHG� WR� WKH�PHGLDQ
RI�WKH�WRWDO�&38�ZRUN�GRQH�LQ�LW��DQG�LV�XQFRUUHODWHG�WR�LWV�UXQWLPH�ORDG��2U��LQ�VKRUW�
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V\VWHPV�ZKRVH�DOORFDWLRQ�VFKHPHV�DUH�PRUH�IOH[LEOH�DOORZ�ELJJHU�MREV�WR�UXQ�ZLWKRXW
DIIHFWLQJ� WKH� DYHUDJH� ORDG�� ,Q� FRQWUDVW�� QHLWKHU� WKH� VFKHGXOHU� QRU� WKH� QXPEHU� RI
SURFHVVRUV�LQ�WKH�V\VWHP�VHHPV�WR�KDYH�VXFK�DQ�HIIHFW�

7KHUH� LV�PRUH�GDWD� WR�EH� VWXGLHG� IURP� WKH� FRUUHODWLRQV�EHWZHHQ� WKH� VHFRQG�� WKLUG
DQG� IRXUWK� FOXVWHU�� EXW� VLQFH� DV�PHQWLRQHG� EHIRUH� WKH� WKLUG� FOXVWHU� VRPHWLPHV�PHOWV
LQWR� WKH� RWKHU� WZR�� DQ\� VXFK� FRQFOXVLRQV� DUH� GDQJHURXV�� 2QO\� VWDEOH� ILQGLQJV� DUH
UHSRUWHG�

��� 3URGXFWLRQ�:RUNORDGV��2EVHUYDWLRQV

7ZR�ZRUNORDGV�LQ�)LJXUH���VHHP�WR�EH�RXWOLHUV��ZKLFK�
VWUHWFK
�WKH�PDS�LQ�RUGHU�WR
DFFRPPRGDWH� WKHP� ±� WKH� EDWFK� MREV� RI� /$1/� DQG� 6'6&�� PDUNHG� 
/$1/E
� DQG

6'6&E
�UHVSHFWLYHO\��7KH�/$1/�EDWFK�MREV�DUH�ZD\�DERYH�DYHUDJH�LQ�WKH�QRUPDOL]HG
QXPEHU�RI�XVHG�SURFHVVRUV�� DQG� DOVR� H[KLELW� KLJK� LQWHU�DUULYDO� WLPHV� FRPELQHG�ZLWK
ORZ� UXQWLPHV� DQG� UXQWLPH� LQWHUYDOV�� 7KH� KLJK� GHJUHH� RI� SDUDOOHOLVP� LV� SUREDEO\� D
UHVXOW�RI�WKH�IDFW�WKDW�WKH�V\VWHP�KDG�VWDWLF�SDUWLWLRQV��DOO�SRZHUV�RI�WZR��RI�ZKLFK�WKH
VPDOOHVW�RQH�KDV����SURFHVVRUV��7KH�6'6&�ZRUNORDG�KDV�YHU\�ORQJ�UXQWLPH�DQG�WRWDO
&38�ZRUN�DYHUDJHV��DQG�DQ�H[WUHPH�LQWHUYDO�RI�LQWHU�DUULYDO�WLPHV�DV�ZHOO��7KH�6'6&
LV�DOVR�UHODWLYHO\�LQIOH[LEOH�LQ�LWV�SURFHVVRU�DOORFDWLRQ�

,Q�RUGHU�WR�XQGHUVWDQG�WKH�UHODWLRQV�EHWZHHQ�WKH�RWKHU�ZRUNORDGV��DQG�JHW�DQRWKHU
SLFWXUH� RI� WKH� YDULDEOHV� DUHQD�� DQRWKHU� DQDO\VLV� LV� SUHVHQWHG� KHUH� WKDW� LQFOXGHV� WKH
VDPH�ZRUNORDGV�DV�WKRVH�XVHG�LQ�ILJXUH����EXW�ZLWKRXW�WKH�WZR�EDWFK�ZRUNORDGV��7KH
YDULDEOHV� DUH� DOVR� WKH� VDPH�� H[FHSW� WKH� GHJUHH� RI� SDUDOOHOLVP� ZKLFK� LV� QRZ� QRW
QRUPDOL]HG�±�WKH�QRUPDOL]HG�YDULDEOHV�KDG�WRR�ORZ�FRUUHODWLRQV��7KH�)LJXUH���PDS�KDV
D�FRHIILFLHQW�RI�DOLHQDWLRQ�RI������DQG�DQ�DYHUDJH�RI�YDULDEOH�FRUUHODWLRQV�RI������

&RPSDULQJ� WKH� YDULDEOH� FOXVWHUV� KHUH� WR� WKRVH� RI� )LJXUH� �� VKRZV� WKDW� ZKDW� ZDV
WKHUH�WKH�WKLUG�FOXVWHU�LQGHHG�EURNH��WKH�LQWHUYDO�RI�LQWHU�DUULYDO�WLPHV�YDULDEOH�MRLQHG
WKH�VHFRQG�FOXVWHU�� DQG� WKH�PHGLDQ�RI�&38�ZRUN�YDULDEOH� MRLQHG� WKH� IRXUWK��$OO�RXU
FRQFOXVLRQV�UHPDLQ�WKH�VDPH�

$W�WKH�ORZHU�OHIW�SDUW�RI�WKH�PDS�DUH�WKH�WZR�LQWHUDFWLYH�ZRUNORDGV��DJDLQ�RI�/$1/
DQG� 6'6&� UHVSHFWLYHO\�� $ORQJ� ZLWK� WKH� 1$6$� $PHV� ORJ ¥ �� WKHVH� WKUHH� ZRUNORDGV
VHHP�WR�IRUP�WKH�RQO\�QDWXUDO�REVHUYDWLRQV�FOXVWHU�LQ�WKLV�PDS��$OO�RWKHU�REVHUYDWLRQV
DUH�HYHQO\�VSUHDG�RXW�DFURVV� WKH�PDS��7KLV�PHDQV� WKDW�DSDUW� IURP�D�JURXSLQJ�RI� WKH
LQWHUDFWLYH�ZRUNORDGV�±�EDVHG�RQ�WZR�REVHUYDWLRQV�RQO\�±�WKH�ZRUNORDGV�H[KLELWHG�E\
GLIIHUHQW�V\VWHPV�DUH�YHU\�GLIIHUHQW�IURP�RQH�DQRWKHU�

6LQFH�&R�SORW�DQDO\]HV�REVHUYDWLRQV�DQG�YDULDEOHV�WRJHWKHU��LW�LV�QRW�RQO\�SRVVLEOH
WR� VHH� FOXVWHUV� RI� REVHUYDWLRQV�� EXW� DOVR� WR� LGHQWLI\� WKHLU� QDWXUH�� )RU� H[DPSOH�� WKH
LQWHUDFWLYH�MREV�DUH�FKDUDFWHUL]HG�E\�EHLQJ�ZD\�EHORZ�DYHUDJH�RQ�DOO�YDULDEOHV��7KH\
KDYH� D� VKRUWHU� DYHUDJH� LQWHU�DUULYDO� WLPH�� DQG� DOVR� VKRUWHU� UXQWLPHV� DQG� GHJUHHV� RI
SDUDOOHOLVP��6XFK�IDFWV�DUH�GHGXFHG� LQ�&R�SORW� IURP� WKH�DUURZV��7KH�SURMHFWLRQ�RI�D
SRLQW� �ZRUNORDG�� LQ� RXU� FDVH�� RQ� D� YDULDEOH
V� DUURZ� VKRXOG� EH� SURSRUWLRQDO� WR� LWV

����������������������������������������������������������
¥ �$�FDYHDW�LV�WKDW�����RI�WKH�MREV�LQ�WKH�1$6$�ORJ�ZHUH�VPDOO�MREV�XVHG�WR�SHULRGLFDOO\�FKHFN
WKH�V\VWHP�DYDLODELOLW\��ZKLFK�REYLRXVO\�FDXVHV�D�VWURQJ�ELDV�WRZDUGV�ORZ�YDUXDEOH�YDOXHV�
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GLVWDQFH� IURP� WKH�YDULDEOH
V� DYHUDJH��ZKHUH� DERYH� DYHUDJH� LV� LQ� WKH�GLUHFWLRQ�RI� WKH
DUURZ�DQG�YLFH�YHUVD�

)LJ�����3URGXFWLRQ�ZRUNORDGV�RI�DOO�H[FHSW�WKH�EDWFK�ZRUNORDGV

,Q� WKH� VDPH�PDQQHU�� WKH�&7&�ZRUNORDG� �LQ� WKH� ORZHU� ULJKW� VLGH� RI� WKH�PDS�� KDV
YHU\�ORQJ�UXQWLPHV�EXW�OLWWOH�SDUDOOHOLVP��ZKLOH�WKH�/$1/�ZRUNORDG��XSSHU�OHIW��KDV�D
YHU\� KLJK� GHJUHH� RI� SDUDOOHOLVP�� EXW� EHORZ� DYHUDJH� UXQWLPHV�� 7KH� //1/�ZRUNORDG
VHHPV� WR� EH� WKH� DYHUDJH� ±� LW� LV� YHU\� FORVH� WR� WKH� FHQWHU� RI� JUDYLW\� LQ� DOPRVW� DOO
YDULDEOHV�

1RWH� WKDW� DOWKRXJK�ZH�FDQ� VHH� WKDW� WKH� ZRUNORDGV� DUH� µIDU¶� IURP� HDFK� RWKHU�� WKLV
QRWLRQ�RI�GLVWDQFH� LV� DOZD\V� UHODWLYH� WR� WKH� RWKHU� REVHUYDWLRQV� LQ� WKLV� DQDO\VLV��7KLV
KDSSHQV� EHFDXVH� DOO� YDULDEOHV� PXVW� EH� QRUPDOL]HG� ±� RWKHUZLVH� ZH� FDQ¶W� FRPSDUH
UHODWLRQV�EHWZHHQ�WKHP�±�DQG�PHDQV�WKDW�ZH�VKRXOG�EHZDUH�LI�DWWDFKLQJ�µUHDO¶�GLVWDQFH
WR�&R�SORW¶V�RXWSXW�

��� 3URGXFWLRQ�:RUNORDGV�2YHU�7LPH

/RJV�RI�SURGXFWLRQ�ZRUNORDGV�IURP�SUHYLRXV�\HDUV�DUH�W\SLFDOO\�XVHG�DV�D�PRGHO�RI
WKH�SDWWHUQ�RI�UHTXHVWV�IRU�QH[W�\HDU��%XW�VLQFH�XVHUV�OHDUQ�WKH�V\VWHP�DV�WLPH�SDVVHV
DQG� DGMXVW� WKHLU� EHKDYLRU� DFFRUGLQJO\�� DGPLQLVWUDWRUV� ILQH�WXQH� WKH� V\VWHP
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FRQWLQXRXVO\��DQG�WKH�GRPLQDQW�SURMHFWV�RQ�PDFKLQHV�FKDQJH�HYHU\�IHZ�PRQWKV��LW�LV
XQFOHDU�ZKHWKHU�WKLV�LV�MXVWLILHG�

&R�SORW� DOORZV� XV� WR� WHVW� MXVW� WKDW�� E\� PDSSLQJ� VHYHUDO� FRQVHFXWLYH� SHULRGV� RI
ORJJHG� ZRUN� RQ� WKH� VDPH� PDFKLQH�� DQG� PDSSLQJ� WKHP� WRJHWKHU� ZLWK� WKH� RWKHU
ZRUNORDGV�� ,I� SDVW� ZRUNORDGV� ZHUH� LQGHHG� JRRG� LQGLFDWLRQV� RI� WKH� QHDU� IXWXUH�� ZH
ZRXOG�H[SHFW�FRQVHFXWLYH�ZRUNORDGV�RQ�WKH�VDPH�PDFKLQH�WR�EH�PDSSHG�FORVH�WR�HDFK
RWKHU��2QO\� WZR�ZRUNORDGV�LQ�RXU�VDPSOH�ZHUH�ORQJ�HQRXJK�WR�WHVW� WKLV�±�WKH�/$1/
DQG�WKH�6'6&�ORJV�ZHUH�HDFK�GLYLGHG�WR�IRXU�SHULRGV�RI�VL[�PRQWKV�HDFK��7KH�GDWD�IRU
WKHVH�SDUWLDO�ORJV�LV�JLYHQ�LQ�7DEOH���
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7DEOH����'DWD�RI�SURGXFWLRQ�ZRUNORDGV�GLYLGHV�WR�VL[�PRQWKV

)LJXUH� �� LQFOXGHV� WKH� VDPH�ZRUNORDGV� DV� )LJXUH� ��� H[FHSW� WKH� DGGLWLRQ� RI� WKH� HLJKW
QHZ�ZRUNORDGV��7KH�IRXU�SDUWV�RI�WKH�/$1/�ZRUNORDG�DUH�PDUNHG�/��WKURXJK�/���DQG
WKH�IRXU�SDUWV�RI�WKH�6'6&�ZRUNORDG�DUH�PDUNHG�6��WKURXJK�6���7KH�IXOO��LQWHUDFWLYH
DQG� EDWFK� ZRUNORDGV� RI� ERWK� VLWHV� ZHUH� DOVR� NHSW�� 7ZR� YDULDEOHV� ZHUH� UHPRYHG
EHFDXVH� RI� ORZ� FRUUHODWLRQ�� 7KH� UXQWLPH� ORDG�� DQG� WKH� LQWHUYDO� RI� WKH� LQWHU�DUULYDO
WLPHV��7KLV�GRHV�QRW�PHDQ�WKDW�WKH\�VKRXOGQ
W�EH�XVHG�LQ�JHQHUDO�±�LW�PD\�YHU\�ZHOO�EH
WKH� FDVH� WKDW� WKH\� GR� QRW� ILW� ZHOO� RQO\� ZLWK� WKH� /$1/� RU� 6'6&� ORJV�� ZKLFK� DUH
WRJHWKHU����RXW�RI�WKH����REVHUYDWLRQV�LQ�)LJXUH���

,W� LV� FOHDU� WKDW� WKH� 6'6&� MREV� DUH� UDWKHU� FOXVWHUHG�� DSDUW� SRVVLEO\� IURP� WKH� ODVW
ZRUNORDG� 6��� ZKLFK� KDV� VOLJKWO\� KLJKHU� UXQWLPHV�� GHJUHHV� RI� SDUDOOHOLVP�� DQG
LQWHU�DUULYDO� WLPHV��7KH�RULJLQDO� IXOO�6'6&�ZRUNORDG� LV� VRPH�NLQG�RI� DYHUDJH�RI� LWV
IRXU�SDUWV��DV�ZDV�H[SHFWHG��2Q�WKH�RWKHU�KDQG��WKH�/$1/�ZRUNORDGV�KDYH�D�TXLHW�ILUVW
\HDU��ZRUNORDGV�/��DQG�/���FORVH�WR�WKH�RULJLQDO�IXOO�/$1/�ZRUNORDG���EXW�WKH�VHFRQG
\HDU�LV�ZLOGO\�GLIIHUHQW�ZLWK�/��DQG�/���ZKLFK�DUH�GHILQLWH�RXWOLHUV�
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)LJ�����3URGXFWLRQ�ZRUNORDGV�FKDQJH�RYHU�WLPH

$�FODULILFDWLRQ�ZLWK�&XUW�&DQDGD�RI�/$1/�LQGHHG�UHYHDOHG�WKDW�DW�WKH�HQG�RI�����
WKHUH�ZDV�D�VLJQLILFDQW�FKDQJH�RI�XVDJH�RI�WKH�&0����,W�DSSURDFKHG�WKH�HQG�RI�LWV�OLIH
IRU�JUDQG�FKDOOHQJH� MREV��DQG�RQO\�D�FRXSOH�RI�JURXSV� UHPDLQHG�RQ� WKH�PDFKLQH� IRU
VSHFLDO�SURMHFWV�WKDW�ZHUH�WU\LQJ�WR�ILQLVK��)HZHU�MREV�RI�IHZHU�XVHUV��PRVWO\�YHU\�ORQJ
RQHV��ZHUH�UXQ�LQ������

&R�3ORW�FRXOG�EH�XVHG�LQ�WKLV�PDQQHU�WR�WHVW�DQ\�QHZ�ORJ��E\�GLYLGLQJ�LW�LQWR�VHYHUDO
SDUWV�DQG�PDSSLQJ�LW�ZLWK�DOO�WKH�RWKHU�ZRUNORDGV��7KLV�VKRXOG�WHOO�ZKHWKHU�WKH�ORJ�LV
KRPRJHQHRXV�� DQG�ZKHWKHU� LW� FRQWDLQV� WLPH� LQWHUYDOV� LQ� ZKLFK� ZRUN� RQ� WKH� ORJJHG
PDFKLQH�KDG�XQXVXDO�SDWWHUQV�

��� 6\QWKHWLF�:RUNORDGV

+DYLQJ�WDNHQ�D�VHULRXV�ORRN�DW�WKH�UDZ�GDWD�IURP�SURGXFWLRQ�ORJV��ZH�QRZ�WXUQ�WR
LQVSHFW�ZKDW�UHVHDUFK�KDV�GRQH�VR�IDU��QDPHO\�WKH�V\QWKHWLF�PRGHOV�WKDW�DUH�FXUUHQWO\
DYDLODEOH�� 7R� PDNH� D� ORQJ� VWRU\� VKRUW�� WKH� PRGHOV� DUH� TXLWH� JRRG� ±� QRQH� LV� DQ
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RXWUDJHRXV�RXWOLHU�±�EXW�HDFK�RQH�LV�PRUH�UHSUHVHQWDWLYH�RI�RQH�RU�WZR�SURGXFWLRQ�ORJV
WKDQ�RI� WKH�RWKHUV��8VXDOO\�HYHU\�UHVHDUFKHU�EDVHG�KLV�RU�KHU�PRGHO�RQ�RQH� ORJ��DQG
WKH�PRGHO�UHIOHFWV�WKLV�

7KH� ILYH� V\QWKHWLF� PRGHOV� DYDLODEOH� DUH� WKH� IROORZLQJ�� 7KH� ILUVW� PRGHO� ZDV
SURSRVHG�E\�)HLWHOVRQ� LQ� 
��� >�@��7KLV�PRGHO� LV� EDVHG�RQ� REVHUYDWLRQV� IURP� VHYHUDO
ZRUNORDG�ORJV��,WV�PDLQ�IHDWXUHV�DUH�WKH�KDQG�WDLORUHG�GLVWULEXWLRQ�RI�MRE�VL]HV��L�H��WKH
QXPEHU�RI�SURFHVVRUV�XVHG�E\�HDFK�MRE���ZKLFK�HPSKDVL]HV�VPDOO�MREV�DQG�SRZHUV�RI
WZR�� WKH� FRUUHODWLRQ� EHWZHHQ� MRE� VL]H� DQG� UXQQLQJ� WLPH�� DQG� WKH� UHSHWLWLRQ� RI� MRE
H[HFXWLRQV�� ,Q�SULQFLSOH� VXFK� UHSHWLWLRQV� VKRXOG� UHIOHFW� IHHGEDFN� IURP� WKH� VFKHGXOHU�
DV�MREV�DUH�DVVXPHG�WR�EH�UH�VXEPLWWHG�RQO\�DIWHU� WKH�SUHYLRXV�H[HFXWLRQ� WHUPLQDWHV�
+HUH� ZH� GHDO� ZLWK� D� SXUH� PRGHO�� VR� ZH� DVVXPH� WKH\� UXQ� LPPHGLDWHO\� DQG� DUH
UHVXEPLWWHG�DIWHU�WKHLU�UXQQLQJ�WLPH��7KH�VHFRQG�PRGHO�LV�D�PRGLILFDWLRQ�IURP�
���>�@�

7KH�PRGHO�E\�'RZQH\� LV� EDVHG�PDLQO\�RQ� DQ� DQDO\VLV�RI� WKH�6'6&� ORJ� >���@�� ,W
XVHV� D� QRYHO� ORJ�XQLIRUP� GLVWULEXWLRQ� WR� PRGHO� VHUYLFH� WLPHV� �WKDW� LV�� WKH� WRWDO
FRPSXWDWLRQ� WLPH�DFURVV� DOO� QRGHV�� DQG� DYHUDJH� SDUDOOHOLVP��7KLV� LV� VXSSRVHG� WR� EH
XVHG�WR�GHULYH�WKH�DFWXDO�UXQWLPH�EDVHG�RQ�WKH�QXPEHU�RI�SURFHVVRUV�DOORFDWHG�E\�WKH
VFKHGXOHU�� $JDLQ�� DV� ZH� DUH� GHDOLQJ� ZLWK� D� SXUH� PRGHO� KHUH�� ZH� LQVWHDG� XVH� WKH
DYHUDJH�SDUDOOHOLVP�DV�WKH�QXPEHU�RI�SURFHVVRUV��DQG�GLYLGH� WKH�VHUYLFH� WLPH�E\� WKLV
QXPEHU�WR�GHULYH�WKH�UXQQLQJ�WLPH�

-DQQ
V�PRGHO� LV� EDVHG� RQ� D� FDUHIXO� DQDO\VLV� RI� WKH�&7&�ZRUNORDG� >��@��%RWK� WKH
UXQQLQJ�WLPH�DQG�LQWHU�DUULYDO�WLPHV�DUH�PRGHOHG�XVLQJ�K\SHU�(UODQJ�GLVWULEXWLRQV�RI
FRPPRQ� RUGHU�� ZKHUH� WKH� SDUDPHWHUV� IRU� HDFK� UDQJH� RI� QXPEHU� RI� SURFHVVRUV� DUH
GHULYHG�E\�PDWFKLQJ�WKH�ILUVW���PRPHQWV�RI�WKH�GLVWULEXWLRQ�

7KH� ODVW� PRGHO�� E\� /XEOLQ� >��@�� LV� EDVHG� RQ� D� VWDWLVWLFDO� DQDO\VLV� RI� �� ORJV�� ,W
LQFOXGHV�D�PRGHO�RI�WKH�QXPEHU�RI�SURFHVVRUV�XVHG�ZKLFK�HPSKDVL]HV�SRZHUV�RI�WZR�
D�PRGHO�RI�UXQQLQJ�WLPHV�WKDW�FRUUHODWHV�ZLWK�WKH�QXPEHU�RI�SURFHVVRUV�XVHG�E\�HDFK
MRE�� DQG� D�PRGHO� RI� LQWHU�DUULYDO� WLPHV��:KLOH� VXSHUILFLDOO\� VLPLODU� WR� WKH� )HLWHOVRQ
PRGHOV�� /XEOLQ� EDVHG� WKH� FKRLFH� RI� GLVWULEXWLRQV� DQG� WKHLU� SDUDPHWHUV� RQ� EHWWHU
VWDWLVWLFDO�SURFHGXUHV�LQ�RUGHU�WR�DFKLHYH�D�EHWWHU�UHSUHVHQWDWLRQ�RI�WKH�RULJLQDO�GDWD�

)LJXUH� �� LV� WKH� &R�3ORW� RXWSXW� RI� DOO� WKH� SURGXFWLRQ� ZRUNORDGV� DQG� WKH� ILYH
V\QWKHWLF�PRGHOV�WKDW�ZHUH�WHVWHG��6LQFH�DOO�PRGHOV�RQO\�PRGHO�WKH�LQWHU�DUULYDO�WLPHV�
UXQWLPHV�� DQG�GHJUHHV�RI�SDUDOOHOLVP�� WKHQ� WKH�PHGLDQ� DQG� LQWHUYDO� RI� HDFK� RI� WKHVH
DORQJ� ZLWK� WKH� LPSOLHG� XVHG� &38� WLPHV� �UXQWLPHV� PXOWLSOLHG� E\� WKH� GHJUHH� RI
SDUDOOHOLVP��ZHUH�WKH�RQO\�HLJKW�YDULDEOHV�WKDW�FRXOG�EH�XVHG��$OO�HLJKW�VKRZHG�KLJK
FRUUHODWLRQV� WR� WKH� PDS�� WKH� DYHUDJH� FRUUHODWLRQ� LV� ����� DQG� WKH� FRHIILFLHQW� RI
DOLHQDWLRQ�LV������

)LUVW��8UL�/XEOLQ
V�PRGHO�SODFHV�LWVHOI�DV�WKH�XOWLPDWH�DYHUDJH��7KLV�UHVXOW�UHSHDWHG
LQ�DQDO\VHV�XQGHU�GLIIHUHQW�YDULDEOHV�DQG�REVHUYDWLRQV��6R�WKLV�PRGHO�UHSUHVHQWV��WKH
ZRUNORDG�RQ�WKH�VWUHHW���DQG�ZKHQ�XVHG�WR�FRPSDUH�VFKHGXOHUV��IRU�H[DPSOH��ZH�FDQ
EH�VXUH�WKDW�UHVXOWV�ZLOO�QRW�EH�GLVWRUWHG�E\�RQH�RXW�RI�OLQH�IHDWXUH�RI�WKH�ZRUNORDG��RI
WKH� YDULDEOHV� DQDO\]HG� KHUH��� +RZHYHU�� PRVW� RI� WKH� SURGXFWLRQ� ZRUNORDGV� GR� KDYH
VXFK� RXW�RI�OLQH� IHDWXUHV�� DQG� DUH� IDU� IURP� WKH� FHQWHU� RI� JUDYLW\�� 2QO\� WKH� //1/
ZRUNORDG�LV�FORVH�HQRXJK�DV�WR�DFFHSW�WKH�PRGHO�DV�D�PDWFK�
'RZQH\
V�PRGHO�� DV� ZHOO� DV� WKH� WZR� YHUVLRQV� RI� )HLWHOVRQ
V� PRGHO�� PDWFK�ZHOO� WKH
LQWHUDFWLYH�ZRUNORDGV� DQG� WKH�1$6$� RQH�� 7KLV� LV� SUREDEO\� GXH� WR� WKH� IDFW� WKDW� WKH
1$6$�ORJ�ZDV�WKH�ILUVW�WR�EH�SXEOLVKHG�DQG�VHULRXVO\�DQDO\]HG��DQG�KDG�D�PDMRU�HIIHFW
RQ� WKH� FUHDWLRQ�RI� WKH� HDUOLHU� �H�J�� ������PRGHOV�� ,Q�RUGHU� WR� WU\� WR� GLIIHUHQWLDWH� WKH
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WKUHH�PRGHOV�� WKH�EDWFK�ZRUNORDGV��ZKLFK�ZHUH� WKH�RXWOLHUV� UHPRYHG� LQ�)LJXUH� �� DV
ZHOO��ZHUH�UHPRYHG�DQG�WKH�DQDO\VLV�ZDV�UH�UXQ��7KH�UHVXOW�ZDV�HVVHQWLDOO\�WKH�VDPH�
ZLWK�D��]RRP�LQ��RQ�WKH�ORZHU�OHIW�SDUW�RI�)LJXUH����)HLWHOVRQ
V������PRGHO�UHPDLQHG
WKH�FORVHVW�WR�WKH�LQWHUDFWLYH�DQG�1$6$�ZRUNORDGV��ZKLOH�KLV������PRGHO�ZDV�FORVHU
WR�WKH�FHQWHU�RI�JUDYLW\�DQG�'RZQH\
V�PRGHO�ZDV�IXUWKHU�RXW�IURP�LW�

)LJ�����&RPSDULVRQ�RI�SURGXFWLRQ�DQG�V\QWKHWLF�ZRUNORDGV
-DQQ
V�PRGHO�ZDV�GHVLJQHG�VSHFLILFDOO\�WR�PDWFK�WKH�&7&�ZRUNORDG��,W�LV�LQGHHG�WKH

FORVHVW� WR� LW�� EXW� LV� DOVR� FORVH� WR� WKH�.7+�ZRUNORDG��7KH�&7&�DQG�.7+�RIIHU� YHU\
VLPLODU�HQYLURQPHQWV��%RWK�DUH�,%0�63��PDFKLQHV��ZLWK�VOLJKWO\�GLIIHUHQW�YHUVLRQV�RI
WKH�56������SURFHVVRU��XVLQJ�/RDG/HYHOHU�ZLWK�($6<�IRU�VFKHGXOLQJ��DQG�RIIHULQJ�D
WRWDOO\�IOH[LEOH�SURFHVVRU�DOORFDWLRQ�VFKHPH��:LWK�D�OLPLWHG�ZDUUDQW\�±�VLQFH�RQO\�WZR
REVHUYDWLRQV�VXSSRUW�WKLV�±�LW�VHHPV�WKDW�-DQQ
V�PRGHO� LV�DSSURSULDWH� IRU� WKLV�NLQG�RI
HQYLURQPHQW�

7KH� /$1/� DQG� 6'6&� ZRUNORDGV� KDYH� QR� PRGHO� FORVH� WR� WKHP�� DQG� WKH� EDWFK
ZRUNORDGV�RI� WKHVH� WZR� V\VWHPV�DUH� VWLOO� ORQHO\�RXWOLHUV�DV�ZHOO��7KLV�PHDQV� WKDW� QR
ZRUNORDG�PRGHO�DV�LW�VWDQGV�WRGD\�PRGHOV�ZHOO�WKH�KHDYLHU�EDWFK�MREV�WKDW�WKHVH�ODUJH
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PDFKLQHV�VHH��7KH�IRFXV�VHHPV�WR�EH�WKH�LQWHUDFWLYH�MREV��ZKLFK��DFFRUGLQJ�WR�7DEOH���
SURYLGH�RQO\�D�IUDFWLRQ�RI�WKH�WRWDO�ORDG�D�SDUDOOHO�V\VWHP�KDV�WR�KDQGOH�

$�TXLFN�ORRN�DW�WKH�YDULDEOH�DUURZV�RI�)LJXUH���LV�DOVR�ZRUWK\��,W�LV�DOPRVW�WKH�VDPH
DV�WKDW�RI�)LJXUH����ZKLFK�LV�JRRG�QHZV��7KH�V\QWKHWLF�ZRUNORDG�PRGHOV�GR�QRW�GLVWRUW
WKH�
UHDO�ZRUOG
�SLFWXUH�E\�DVVXPLQJ�ZLOGO\�LQFRUUHFW�GLVWULEXWLRQV�RU�FRUUHODWLRQV�

��� ,PSOLFDWLRQV�IRU�0RGHOLQJ

)URP�ZKDW� ZH� KDYH� VHHQ� VR� IDU�� WKUHH� PDMRU� FRQFOXVLRQV� FRQFHUQLQJ� WKH� FRUUHFW
PRGHOLQJ�RI�SDUDOOHO�ZRUNORDGV�FDQ�EH�VWDWHG�
���0RGHO� WKH� UXQWLPH�DQG�GHJUHH�RI�SDUDOOHOLVP�E\�D�GLVWULEXWLRQ� WKDW�KDV�DQ�DOPRVW

IXOO�FRUUHODWLRQ�EHWZHHQ�WKH�PHGLDQ�DQG�LQWHUYDO��$�KLJK�SRVLWLYH�VXFK�FRUUHODWLRQ
DOVR�H[LVWV�IRU�WKH�LQWHU�DUULYDO�WLPH�

���$� VLQJOH�PRGHO� FDQQRW� WUXO\� UHSUHVHQW� DOO� V\VWHPV�� ,W� LV� EHWWHU� WR� SDUDPHWUL]H� E\
WKUHH� YDULDEOHV�� 7KH� PHGLDQV� RI� WRWDO� &38� ZRUN�� GHJUHH� RI� SDUDOOHOLVP�� DQG
LQWHU�DUULYDO�WLPH�

���,Q�RUGHU� WR� DOWHU� WKH� DYHUDJH� ORDG� RI� D�PRGHOHG�ZRUNORDG�� GR� QRW� XVH� DQ\� RI� WKH
FRPPRQ�WHFKQLTXHV�RI�PXOWLSO\LQJ� WKH� LQWHU�DUULYDO� WLPH�� UXQWLPHV��RU�SDUDOOHOLVP
E\�D�IDFWRU��RU�FKDQJLQJ�WKH�ODPEGD�RI�DQ�H[SRQHQWLDO�GLVWULEXWLRQ�
7KH�ILUVW�VWDWHPHQW�LV�VXSSRUWHG�E\�WKH�PDS�RI�)LJXUH����ZKLFK�VD\V�PXFK�DERXW�WKH

W\SHV�RI�GLVWULEXWLRQV�WKDW�VKRXOG�EH�XVHG�IRU�PRGHOLQJ�ZRUNORDGV��%RWK�UXQWLPHV�DQG
WKH�GHJUHH�RI�SDUDOOHOLVP�DUH�FKDUDFWHUL]HG�E\�WKH�IDFW�WKDW�WKH�PHGLDQ�DQG�LQWHUYDO�RI
WKH�GLVWULEXWLRQ�DUH�KLJKO\�FRUUHODWHG��$Q�DQDORJRXV�IHDWXUH�LV�IRXQG�LQ�WKH�H[SRQHQWLDO
GLVWULEXWLRQ�� LQ� ZKLFK� WKH� PHDQ� DQG� YDULDQFH� DUH� HTXDO�� $OWKRXJK� WKH� H[SRQHQWLDO
GLVWULEXWLRQ� ODFNV� WKH� YHU\� ORQJ� WDLO� SURSHUW\� ZRUNORDG� PRGHOLQJ� UHTXLUHV�� YDULDQWV
VXFK�DV�WZR��DQG�WKUHH�VWDJH�K\SHU�H[SRQHQWLDO�GLVWULEXWLRQV�KDYH�EHHQ�XVHG�LQ�VHYHUDO
UHFHQW�PRGHOV�>����@��ZKLFK�VHHPV�WR�EH�UDWLRQDOL]HG�KHUH�

8VLQJ� DQ� H[SRQHQWLDO� GLVWULEXWLRQ� IRU� WKH� LQWHU�DUULYDO� WLPH� LV� DOVR� SRSXODU�� EXW� LW
VHHPV�WKDW�DOWKRXJK�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�PHGLDQ�DQG�LQWHUYDO�RI�LW�LV�SRVLWLYH��LW
LV�QRW�IXOO�DQG�D�PRUH�VRSKLVWLFDWHG�PRGHO�LV�UHTXLUHG�

7KH� VHFRQG� VWDWHPHQW� LV� FOHDU� IURP� )LJXUH� ��� $SDUW� IURP� WKH� 1$6$� ZRUNORDG
EHLQJ�VLPLODU�WR�WKH�LQWHUDFWLYH�RQHV��DOO�WKH�ZRUNORDGV�DUH�VFDWWHUHG�DFURVV�WKH�VSDFH
WKDW� WKH\� GHILQH��:KLOH� /XEOLQ¶V� PRGHO� UHSUHVHQWV� WKH� DYHUDJH�� LW� GRHV� QRW� FORVHO\
UHSUHVHQW�DQ\�VLQJOH�PRGHO��%XW�WKHUH�DUH�JRRG�QHZV�DV�ZHOO��%H\RQG�WHOOLQJ�XV�WKDW�D
JHQHULF�PRGHO�PXVW� EH� D� SDUDPHWHUL]HG� RQH�� WKH�&R�SORW�PHWKRG� DOVR� KHOSV� XV� ILQG
XSRQ� ZKLFK� YDULDEOHV� ZH� VKRXOG� SDUDPHWHUL]H�� :H� VKRXOG� WDNH� RQH� UHSUHVHQWDWLYH
IURP� HDFK� YDULDEOHV� FOXVWHU�� VXFK� WKDW� WKH� UHSUHVHQWDWLYHV� FRQVHUYH� WKH� SUHYLRXVO\
NQRZQ�PDS��DQG�WKDW�WKHLU�FRUUHODWLRQ�LV�KLJKHVW�

,Q�RXU�FDVH��WKH�EHVW�UHVXOWV��ZLWK�D�FRHIILFLHQW�RI�DOLHQDWLRQ�RI������DQG�DQ�DYHUDJH
FRUUHODWLRQ�RI�������ZHUH�DFKLHYHG�E\�XVLQJ�WKH�SURFHVVRU�DOORFDWLRQ�IOH[LELOLW\�DQG�WKH
PHGLDQV� RI� WKH� �XQ�QRUPDOL]HG�� GHJUHH� RI� SDUDOOHOLVP� DQG� WKH� LQWHU�DUULYDO� WLPH
�)LJXUH� ����7KH� SURFHVVRU� DOORFDWLRQ� IOH[LELOLW\� FRXOG� EH� UHSODFHG� E\� WKH� PHGLDQ� RI
WRWDO�&38�ZRUN��WR�JLYH�D�VOLJKWO\�ORZHU�EXW�VWLOO�H[FHOOHQW�JRRGQHVV�RI�ILW�

6R�� D� JHQHUDO� PRGHO� RI� SDUDOOHO� ZRUNORDGV� ZLOO� DFFHSW� WKHVH� WKUHH� SDUDPHWHUV� DV
LQSXW�� ,W� ZRXOG� XVH� WKH� KLJKO\� SRVLWLYH� FRUUHODWLRQV� ZLWK� RWKHU� YDULDEOHV� WR� DVVXPH
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WKHLU�GLVWULEXWLRQV��%XW�ZKDW�VKRXOG�ZH�JLYH�LW"�7KH�SURFHVVRU�DOORFDWLRQ�IOH[LELOLW\�LV
XVXDOO\� NQRZQ�� VLQFH� LW� LV� RQH� RI� WKH� SXEOLVKHG� FKDUDFWHULVWLFV� RI� WKH� PRGHOHG
FRPSXWHU��7KHUHIRUH�LW�VHHPV�OLNH�WKH�EHVW�HVWLPDWRU�IRU�WKH�OHYHO�RI�WRWDO�&38�ZRUN�LQ
WKH� PRGHOHG� V\VWHP�� $V� IRU� WKH� WZR� RWKHU� PHGLDQV�� D� ZD\� LV� QHHGHG� WR� GHWHUPLQH
ZKHWKHU� LW� ZRXOG� EH� DERYH�� EHORZ� RU� DURXQG� DYHUDJH�� :KLOH� ZH� FDQ� RIIHU� OLWWOH
JXLGDQFH�RQ�KRZ� WKDW�FRXOG�EH�GRQH�� DSDUW� IURP�XVLQJ�SDVW� NQRZOHGJH� DV� VHFWLRQ��
VXJJHVWV��ZH�FDQ�WHOO�ZKDW�WKH�DYHUDJHV�DUH�±�WKH�//1/�ORJ�VHHPV�WR�UHSUHVHQW�LW��DQG
/XEOLQ
V�PRGHO�ORRNV�OLNH�DQ�HYHQ�PRUH�DFFXUDWH�FKRLFH��)LJXUH����

7KH� WKLUG� VWDWHPHQW�ZH�PDNH�GHDOV�ZLWK� WKH�SUHIHUDEOH�ZD\� WR� DOWHU� D�ZRUNORDG
V
ORDG��7KHUH�DUH�EDVLFDOO\�WKUHH�ZD\V�WR�UDLVH�WKH�ORDG��/RZHULQJ�WKH�LQWHU�DUULYDO�WLPH�
UDLVLQJ�WKH�UXQWLPHV��DQG�UDLVLQJ�WKH�GHJUHH�RI�SDUDOOHOLVP��7KH�PRVW�FRPPRQ�>������@
WHFKQLTXH�LV�WR�H[SDQG�RU�FRQGHQVH� WKH�GLVWULEXWLRQ�RI�RQH�RI� WKHVH� WKUHH�ILHOGV�E\�D
FRQVWDQW� IDFWRU��1RWH� WKDW�E\�GRLQJ�VR� WKH�PHGLDQ�DQG� LQWHUYDO� �DQ\� LQWHUYDO�� LV�DOVR
PXOWLSOLHG�E\�WKH�VDPH�IDFWRU�

2XU�FKRLFH��RI�ZKLFK�ILHOG�WR�DOWHU��VKRXOG�EH�GHULYHG�IURP�WKH�FRUUHODWLRQV�EHWZHHQ
WKH� UXQWLPH� ORDG�DQG� WKH� WKUHH�YDULDEOHV� WKDW�DUH�FDQGLGDWHV� WR�FKDQJH� LW��:H�ZRXOG
FKRRVH� ORZHULQJ� LQWHU�DUULYDO� WLPHV� LI� LW� ZHUH� QHJDWLYHO\� FRUUHODWHG� ZLWK� ORDG�� DQG
UDLVLQJ�UXQWLPHV�RU�SDUDOOHOLVP�LI�WKH\�ZHUH�SRVLWLYHO\�FRUUHODWHG�ZLWK�LW��%\�GRLQJ�VR�
ZH�PLQLPL]H�WKH�VLGH�HIIHFWV�RI�UDLVLQJ�WKH�ORDG�RQ�RWKHU�IHDWXUHV�RI�WKH�ZRUNORDG�

8VLQJ� WKLV� ORJLFDO� FULWHULRQ��ZH� KDYH�PRVWO\� EDG� QHZV�� )LUVW�� IURP�)LJXUH� �� LW� LV
FOHDU�WKDW�V\VWHPV�ZLWK�D�KLJKHU�DYHUDJH�ORDG�KDYH�D�KLJKHU�LQWHU�DUULYDO�WLPH�PHGLDQ�
QRW�D�ORZHU�RQH��6HFRQG��WKH�UXQWLPHV�RI�MRE�DUH�QRW�FRUUHODWHG�WR�WKH�ORDG��$QG�WKLUG�±
WKLV� LV� WKH� RQO\� RSWLPLVWLF� SDUW� ±� WKH� GHJUHH� RI� SDUDOOHOLVP� LV� LQGHHG� SRVLWLYHO\
FRUUHODWHG�ZLWK�ORDG��EXW�WKH�FRUUHODWLRQ�LV�IDU�IURP�IXOO�

7KLV�PHDQV� WKDW�D�FRUUHFW�ZD\� WR� UDLVH�D� V\VWHP
V� ORDG�ZRXOG�HQG�XS�ZLWK�KLJKHU
LQWHU�DUULYDO�WLPHV��DERXW�WKH�VDPH�UXQWLPHV��DQG�VRPHZKDW�PRUH�SDUDOOHOLVP��1RQH�RI
WKH�WKUHH�VLPSOLVWLF�ZD\V�WR�DOWHU�WKH�ORDG�VDWLVI\�WKHVH�FRQGLWLRQV�±�WKH\�DOO�FRQWUDGLFW
LW��&RUUHFWO\� YDU\LQJ� D� JLYHQ�ZRUNORDG�PRGHO
V� ORDG� LV� QRW� DV� VLPSOH� DV� LW� ORRNV�� LW
VHHPV� WR� UHTXLUH� FKDQJHV� WR� WKH� GLVWULEXWLRQV� RI� WKH� LQWHU�DUULYDOV�� UXQWLPHV�� DQG
SDUDOOHOLVP�WKDW�WKH�YDULDEOHV�ZH�FKRVH�IRU�RXU�DQDO\VLV�GR�QRW�H[SRVH�

6XFK�ILQGLQJV��LQ�WKLV�FDVH�DERXW�WKH�ULJKW�PHWKRG�WR�FKDQJH�D�ZRUNORDG
V�DYHUDJH
ORDG��FDOO�IRU�D�JHQHUDOL]DWLRQ�WR�D�PHWKRGRORJLFDO�UXOH��6LQFH�PRVW�PRGHOHG�YDULDEOHV
DUH� FRUUHODWHG� WR� HDFK� RWKHU�� DQ\� DVVXPSWLRQ� RI� WKH� NLQG� �LQ� RUGHU� WR� FKDQJH�;� ,
OO
FKDQJH�<��DQG�HYHU\WKLQJ�HOVH�ZLOO�UHPDLQ�WKH�VDPH��LV�ERXQG�WR�EH�ZURQJ�

��� 6HOI�6LPLODULW\

5HFHQW� VWXGLHV�RI� WUDFHV�RI�(WKHUQHW� QHWZRUN� WUDIILF� >��@��ZHE� VHUYHU� WUDIILF� >��@�
DQG� ILOH� V\VWHP� UHTXHVWV� >��@�KDYH� UHYHDOHG� DQ�XQH[SHFWHG�SURSHUW\� RI� WKHVH� WUDFHV�
QDPHO\� WKDW� WKH\� DUH� VHOI�VLPLODU� LQ� QDWXUH�� ,QWXLWLYHO\�� VHOI�VLPLODU� VWRFKDVWLF
SURFHVVHV�ORRN�VLPLODU�DQG�EXUVW\�DFURVV�DOO�WLPH�VFDOHV��3K\VLFDO�OLPLWDWLRQV��VXFK�DV
WKH� ILQLWH� EDQGZLGWK� DQG� OLIHWLPH� RI� DQ\� QHWZRUN� RU� VHUYHU�� LQKLELW� WUXH� VHOI�VLPLODU
EHKDYLRU��EXW�WKH�SUHVHQFH�RI�VHOI�VLPLODULW\�RYHU�FRQVLGHUDEO\� ORQJ�DPRXQWV�RI� WLPH
�PRQWKV�� LQ� WKH� FDVH� RI� PXOWL�FRPSXWHUV��� PDNHV� WKLV� SKHQRPHQRQ� RI� SUDFWLFDO
LPSRUWDQFH�
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7KH� PDMRU� FRQVHTXHQFHV� RI� VHOI�VLPLODULW\� DUH� LQ� WKH� DUHD� RI� VFKHGXOLQJ�� 7KH
FRPPRQ� WKHRU\�RI�ZRUNORDG�PRGHOLQJ�XVXDOO\�DVVXPHV� WKDW�ZKLOH� D� VLQJOH� UHVRXUFH
PD\� H[FHHG� LWV� UHVRXUFH� FRQVXPSWLRQ� DYHUDJH�� LWV� DJJUHJDWH� UHVRXUFH� UHTXLUHPHQWV
RYHU� WLPH� ZLOO� KDYH� D� ORZ� YDULDQFH�� ,Q� D� VHOI�VLPLODU� V\VWHP�� WKLV� LV� QRW� WKH� FDVH�
7KHUHIRUH�� WKH� GLVFRYHU\� RI� VHOI�VLPLODULW\� LQ� SDUDOOHO� ZRUNORDGV� VKRXOG� OHDG� WR� D
UHDVVHVVPHQW�RI� NQRZQ� VFKHGXOHUV�� WR�GHWHUPLQH� WKHLU� FRPSDWLELOLW\�ZLWK� ORQJ�UDQJH
GHSHQGHQFH�DQG�KLJKO\�YDULDQW�ZRUNORDGV�

:H� KDYH� WHVWHG� ERWK� WKH� SURGXFWLRQ� DQG� V\QWKHWLF� ZRUNORDGV� IRU� VHOI�VLPLODULW\
XVLQJ� WKUHH� GLIIHUHQW� PHWKRGV�� $� GHVFULSWLRQ� RI� WKHVH� PHWKRGV� ±� 5�6� DQDO\VLV�
9DULDQFH�WLPH� SORWV� DQG� 3HULRGRJUDP� DQDO\VLV� ±� LV� JLYHQ� LQ� WKH� DSSHQGL[�� WRJHWKHU
ZLWK� D� IRUPDO� GHILQLWLRQ� RI� VHOI�VLPLODULW\�� )RU� D� PRUH� WKRURXJK� WKHRUHWLFDO
SUHVHQWDWLRQ�RI�WKH�LVVXH��VHH�>��@�

7KH� UHVXOWV� DUH� VXPPDUL]HG� LQ� 7DEOH� ��� 7KH� YDOXH� JLYHQ� IRU� HDFK� WHVW� DQG� HDFK
YDULDEOH� LV� WKH�+XUVW�SDUDPHWHU�HVWLPDWLRQ� IRU� WKDW� YDULDEOH�E\� WKH� WHVW�� ,Q� VKRUW�� WKH
+XUVW�SDUDPHWHU�PHDVXUHV�WKH�GHJUHH�RI�VHOI�VLPLODULW\�LQ�D�WLPH�VHULHV��,W�LV�����LI�WKH
VHULHV�LV�QRW�VHOI�VLPLODU��DQG�LV�FORVHU�WR�����WKH�PRUH�VHOI�VLPLODU�LW� LV��$OWKRXJK�DOO
WKUHH�WHVWV�DUH�RQO\�DSSUR[LPDWLRQV�DQG�GR�QRW�JLYH�FRQILGHQFH�LQWHUYDOV�WR�WKH�YDOXH
RI�WKH�+XUVW�SDUDPHWHU��LW�VHHPV�FHUWDLQ�WKDW�PRVW�ZRUNORDGV�DUH�VHOI�VLPLODU�LQ�DOO�RI
WKH� WHVWHG� YDULDEOHV�� 7KLV� QHZ� UHVXOW� DGGV� WR� VLPLODU� ILQGLQJV� LQ� QHWZRUNV� DQG� ILOH
V\VWHPV��DQG�KLQWV�WKDW�PRVW�³KXPDQ�JHQHUDWHG´�ZRUNORDGV��LQ�ZKLFK�WHQV�RU�PRUH�RI
SHRSOH�DUH�LQYROYHG�LQ�FUHDWLQJ��ZLOO�H[KLELW�VHOI�VLPLODULW\�WR�VRPH�GHJUHH�

|yT6OJcQWyR SJI<OUT<T6S�R T q$dUNoÑyM roO Ñ�SUj G�f { W;|�ÑyM rHO � N6j O�R ¢ n$R R M �6G�f´ÑyM roO
qyx bÓÒ ¢ ÑÔW�O�R u�qyx bÓÒ ¢ ÑÕW�O�R uÏqyx bÓÒ ¢ ÑÕW�O�R u�qyx bÖÒ ¢ ÑÕW�O�R u
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{ Ñ { \�u z�ZÞ\�u z�Zß\�u `Ua0\�u XUXà\�u zUXà\�u zU`�\�u [Uv0\�u `UXà\�u XU`à\�u ]J[á\�u `Umà\�u `Ua
â�Ñ;ã \�u zL]á\�u aUzá\�u `Uz0\�u `Uaà\�u XUaà\�u zUv�\�u `�ZÏ\�u `Uzà\�u XU`à\�u ]Jaá\�u `Uvà\�u z�Z
p6n)w$p \�u `U\à\�u vU\á\�u aU[0\�u zL]á\�u vU\à\�u zUz�\�u `UX0\�u aUaà\�u zU`à\�u `Uzá\�u v�ZÞ\�u `Ua
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pJpUw$p \�u aL]á\�u zL]�\�u aL]à\�u aUaà\�u zL]á\�u `Uv�\�u zUz0\�u `Uvà\�u zU[à\�u XU`á\�u ]Jmà\�u z�Z
wyn b n \�u `�ZÞ\�u `Uaá\�u aL]à\�u XUmà\�u `U`à\�u XU`�\�u ]Jm0\�u `U\à\�u XUXà\�u `U\á\�u mUXà\�u X�Z
b?ä?by{ \�u XU\à\�u zUzá\�u `Ua0\�u XL]á\�u aUXà\�u zU\�\�u XUm0\�u aUmà\�u `U\à\�u `U`á\�u vU`à\�u `Uz
b?ä?by{ M \�u `�ZÞ\�u XUvá\�u vL]à\�u aUmà\�u `�ZÞ\�u XUa�\�u `U[0\�u XUvà\�u XU`à\�u aU\á\�u zL]á\�u `L]
b?ä?by{ i \�u `Uaà\�u aUmá\�u zU[0\�u aL]á\�u zU`à\�u `Ua�\�u aUm0\�u zUvà\�u XUaà\�u aU[á\�u aL]á\�u XU`
pJdUiJf M N \�u ]Jzà\�u ]Jzá\�u ]Ja0\�u XUXà\�u aU\à\�u `Uz�\�u XUX0\�u aU\à\�u `Uzà\�u ]JXá\�u ]Jvà\�u ]Jz
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ä SL�oN6OUk \�u ]J`à\�u ]Jvá\�u XU\0\�u XL]á\�u ]Jaà\�u ]Jv�\�u `U\0\�u ]Jzà\�u ]Jvà\�u XUXá\�u ]J`à\�u ]Jv
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7DEOH����(VWLPDWLRQV�RI�6HOI�6LPLODULW\
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$V�VHOI�VLPLODULW\�ZDV�XQNQRZQ�ZKHQ�WKH�V\QWKHWLF�PRGHOV�ZH�XVH�ZHUH�FUHDWHG��LW
LV�SODXVLEOH� WKDW� WKH\�ZLOO�QRW�H[KLELW� WKH�SKHQRPHQRQ��:H� UDQ�&R�SORW� RQ�7DEOH���
ZLWKRXW�DQ\�RI�WKH�YDULDEOHV�XVHG�LQ�WKH�HDUOLHU�VHFWLRQV��$GGLQJ�WKH�SUHYLRXV�JURXS�RI
YDULDEOHV� UHVXOWHG� LQ� D� KLJK� GHJUHH� RI� DOLHQDWLRQ� DQG� ORZ� FRUUHODWLRQV� IRU� PDQ\
YDULDEOHV�� LQ� ERWK� YDULDEOH� JURXSV�� 7KLV� KDSSHQV� EHFDXVH� RI� WKH� WZR� GLPHQVLRQDO
QDWXUH�RI�&R�SORW��:KHQ�XVLQJ� WRR�PDQ\�YDULDEOHV� WKDW� DUH�QRW�ZHOO� FRUUHODWHG�� WZR
GLPHQVLRQV�DUH� MXVW�QRW�HQRXJK� WR�SUHVHQW�D�FRKHUHQW�SLFWXUH�� ,W� LV� WKHQ�QHFHVVDU\� WR
XVH�OHVV�YDULDEOHV��RU�VSOLW�WKH�DYDLODEOH�YDULDEOHV�LQWR�JURXSV�WKDW�EHORQJ�WR�GLIIHUHQW
³H[SODQDWLRQ�XQLYHUVHV´�

)LJXUH���GRHV�QRW�LQFOXGH�WKUHH�HVWLPDWRUV�RXW�RI�WKH�WZHOYH�JLYHQ�LQ�7DEOH����7KH
5�6�DQDO\VLV�HVWLPDWLRQ�RI�WKH�GHJUHH�RI�SDUDOOHOLVP�DQG�RI�WKH�WRWDO�XVHG�&38�WLPH�
DQG� WKH� SHULRGRJUDP� HVWLPDWRU� RI� WKH� WRWDO� XVHG� &38� WLPH�� 7KHVH� YDULDEOHV� ZHUH
UHPRYHG�EHFDXVH�RI�UHODWLYHO\�ORZ�FRUUHODWLRQV��KRZHYHU��WKH\�DOVR�SRLQWHG�WR�WKH�OHIW
GLUHFWLRQ� RI� WKH� PDS�� DV� GR� DOO� WKH� RWKHU� YDULDEOHV�� $OO� HVWLPDWRUV� RI� WKH� GHJUHH� RI
SDUDOOHOLVP�DUH�HTXDO�E\�GHILQLWLRQ�RI� VHOI�VLPLODULW\� IRU� WKH�DEVROXWH�DQG�QRUPDOL]HG
YHUVLRQV��VR�WKHUH�ZDV�QR�QHHG�WR�WHVW�ERWK�YDULDEOHV�VHSDUDWHO\�

)LJ�����6HOI�6LPLODULW\�(VWLPDWLRQV�RI�/RJV�DQG�0RGHOV



��

7KHUH�DUH� WZR�FOHDU� UHVXOWV��)LUVW�� DOO� WKH�SURGXFWLRQ�ZRUNORDGV�H[FHSW� IRU�1$6$
$PHV�VKRZ�VRPH�GHJUHH�RI�VHOI�VLPLODULW\��ZKLOH�DOO�WKH�V\QWKHWLF�PRGHOV�GR�QRW��8UL
/XEOLQ¶V�PRGHO��RQ�WKH�XSSHU�ULJKW�FRUQHU��LV�DSDUW�IURP�WKH�RWKHU�PRGHOV��EXW�WKLV�LV
QRW�EHFDXVH�RI�KLJK�+XUVW�SDUDPHWHU�HVWLPDWRUV�EXW�EHFDXVH�RI�YHU\�ORZ�RQHV��ZKLFK
JRHV� DJDLQVW� ZKDW� LV� VHHQ� LQ� WKH� SURGXFWLRQ� ORJV�� 7KH� )HLWHOVRQ� ¶��� PRGHO� KDV� WKH
KLJKHVW� VHOI�VLPLODULW\�� SRVVLEO\� GXH� WR� WKH� LQFOXVLRQ� RI� UHSHDWHG� MRE� H[HFXWLRQV�� ,Q
JHQHUDO�� LW� LV� FOHDU� WKDW� WKH�PRGHOV� GR� QRW� FDSWXUH� WKH� VHOI�VLPLODU� QDWXUH� RI� SDUDOOHO
FRPSXWHU�ZRUNORDGV�

6HFRQG�� WKH� WKUHH� GLIIHUHQW� HVWLPDWRUV� IRU� WKH� +XUVW� SDUDPHWHU� KDYH� PDMRU
GLIIHUHQFHV��:H�H[SHFWHG�WKH�WKUHH�HVWLPDWRUV�RI�HDFK�YDULDEOH�WR�EH�KLJK�FRUUHODWHG�
EXW� WKLV� KDSSHQV� RQO\� RFFDVLRQDOO\�� )RU� H[DPSOH�� ZKLOH� WKH� 9DULDQFH�7LPH� DQG
3HULRGRJUDP� HVWLPDWRUV� IRU� UXQ� WLPH� VHOI�VLPLODULW\� DUH� KLJKO\� FRUUHODWHG�� WKH� 5�6
DQDO\VLV�HVWLPDWRU� IRU� WKH�VDPH�YDULDEOH� LV�XQFRUUHODWHG� WR� WKHP��7KH� WZR�HVWLPDWRUV
IRU� LQWHU�DUULYDO� WLPH� DUH� DOPRVW� XQFRUUHODWHG�� DQG� WKH� VDPH� JRHV� IRU� WKH� GHJUHH� RI
SDUDOOHOLVP�

7KHUHIRUH�� LW� LV� EHVW� WR� UHIUDLQ� IURP�FRQFOXVLRQV� LQ� WKH� VSLULW� RI� ³ZRUNORDG�;�KDV
KLJK�UXQ�WLPH�VHOI�VLPLODULW\�EXW�ORZ�LQWHU�DUULYDO�VHOI�VLPLODULW\´��7KH�RQO\�FRQFOXVLRQ
WKDW� LV� VXSSRUWHG� E\� DOO� HVWLPDWRUV� LV� WKH� IDFW� WKDW� WKH� SURGXFWLRQ� ZRUNORDGV� DUH
VHOI�VLPLODU�ZKLOH�WKH�V\QWKHWLF�PRGHOV�DUH�QRW��EHFDXVH�DOO�WKH�DUURZV�SRLQW�OHIWZDUGV
±�ZKHUH�WKH�SURGXFWLRQ�ZRUNORDGV�DUH�

$OWKRXJK� IXUWKHU� FKHFNLQJ� LV� UHTXLUHG�� LW� VHHPV� WKDW� FRPSXWHUV� ZLWK� VLPLODU
DWWULEXWHV�SURGXFH�VLPLODU�VHOI�VLPLODULW\�OHYHOV��)RU�H[DPSOH��WKH�&7&�DQG�.7+�ORJV�
ZKLFK�DUH�ERWK�63��PDFKLQHV� VFKHGXOHG�ZLWK�($6<��DUH�YHU\�FORVH� WR�RQH�DQRWKHU�
DQG� WKH�EDWFK� MREV�RI�/$1/�DQG�6'6&�DUH� DOVR�QHLJKERUV��:H�GHIHU� WKLV� LVVXH� IRU
QRZ��VLQFH�ILQGLQJ�RXW�WKH�GHILQLWH�FDXVHV�RI�VHOI�VLPLODULW\�UHTXLUHV�PRUH�ZRUNORDGV�
SDUWLFXODUO\�RQHV�FRPLQJ�IURP�VLPLODU�FRPSXWHUV�

���� &RQFOXVLRQV�DQG�)XWXUH�5HVHDUFK

7KLV� SDSHU� PDNHV� WZR� LPSRUWDQW� FRQWULEXWLRQV�� )LUVW�� LW� SUHVHQWV� WKH� &R�SORW
WHFKQLTXH��D�PXOWLYDULDWH� VWDWLVWLFDO�PHWKRG� WDLORUHG� WR� WKH�GHPDQGV�RI� WKH�ZRUNORDG
PRGHOLQJ�ILHOG��,W�ZRUNV�ZHOO�JLYHQ�IHZ�REVHUYDWLRQV�DQG�PDQ\�YDULDEOHV��GHSHQGHQW
RU�QRW��6HFRQG��LW�SURYLGHV�QHZ�LQVLJKWV�DERXW� WKH�PDMRULW\�RI�SURGXFWLRQ�ZRUNORDGV
DQG�V\QWKHWLF�PRGHOV�DYDLODEOH� WRGD\�� JLYLQJ�D�FOHDU�YLHZ�RI�ZKDW� QHHGV� WR�EH�GRQH
QH[W�

2QH�SDWK�WR�FRQWLQXH�E\�LV�WR�ILQG�PRUH�YDULDEOHV�WKDW�FRUUHODWH�ZHOO�ZLWK�WKH�RQHV
DOUHDG\� IRXQG��DQG�DUH�NQRZQ� IRU� WKH�PRGHOHG�V\VWHP��7KH�PDMRU�SUREOHP�ZLWK� WKH
SDUDPHWULF�PRGHO�DSSURDFK�VXJJHVWHG�LQ�VHFWLRQ���LV�WKH�QHHG�WR�HVWLPDWH�WKH�PHGLDQV
RI�WKH�GHJUHH�RI�SDUDOOHOLVP�DQG�LQWHU�DUULYDO�WLPHV��:H�ZLVK�WR�PRGHO�D�IXWXUH�V\VWHP�
VR�WKHVH�DUH�QRW�NQRZQ�LQ�DGYDQFH��7KH\�VKRXOG�EH�UHSODFHG�E\�NQRZQ�YDULDEOHV�±�ZH
KDYH� WULHG� WKH� SURFHVVRU� DOORFDWLRQ� VFKHPH�� VFKHGXOHU�� QXPEHU� RI� SURFHVVRUV� LQ� WKH
V\VWHP�� DQG� WKH� H[SHFWHG� QXPEHU� RI� XVHUV�� :H� LQWHQG� WR� ORRN� IXUWKHU� LQWR� UREXVW
HVWLPDWRUV�RI� WKH� WKLUG�PRPHQW�� XVHU� RU�PXOWL�FODVV�PRGHOLQJ� DWWULEXWHV� >�@�� DQG� WKH
VHOI�VLPLODULW\�RI�WKH�GLVWULEXWLRQV�>��@�



��

$� VHFRQG� SDWK� WR� EH� WDNHQ� VKRXOG� WU\� WR� HVWLPDWH� WKHVH� XQNQRZQ� PHGLDQV� RI� D
IXWXUH�V\VWHP�EDVHG�RQ�VLPLODU�V\VWHPV�IURP�WKH�SDVW��$V�ZH�KDYH�VHHQ��WKLV�DSSURDFK
VHHPV� WR� ZRUN� LQ� VRPH� FDVHV� EXW� EUHDNV� GRZQ� LQ� RWKHUV�� DQG� LW� UHPDLQV� WR� EH
GLVFRYHUHG� ZKLFK� FKDQJHV� PDGH� WR� D� V\VWHP� ±� DGGLQJ� SURFHVVRUV�� UHSODFLQJ� WKH
VFKHGXOHU�� FKDQJLQJ� SROLFLHV� DQG� VR� IRUWK� ±� FDXVH� ZKLFK� FKDQJHV� WR� WKH� UHVXOWLQJ
ZRUNORDG�

$� WKLUG� TXHVWLRQ� UDLVHG� LV� WKH� LVVXH� RI� FKDQJLQJ� WKH� ORDG� RI� D� ZRUNORDG�� ,W� ZDV
VKRZQ�WKDW�WKH�FXUUHQWO\�XVHG�WHFKQLTXHV�FDXVH�KDUPIXO��LQ�WKH�PRGHOLQJ�VHQVH��VLGH
HIIHFWV�WR�WKH�ZRUNORDG��E\�FRQWUDGLFWLQJ�WKH�H[SHFWHG�FRUUHODWLRQV�EHWZHHQ�WKH�DOWHUHG
YDULDEOHV�� )LQGLQJ� WKH� ULJKW� ZD\� WR� FRQWURO� ORDG� LV� RI� SUDFWLFDO� FRQFHUQ� WR� PDQ\
H[SHULPHQWV�DQG�VWDWLVWLFDO�WHVWV�LQ�WKLV�ILHOG�RI�UHVHDUFK�

6HOI�VLPLODULW\�LV�H[SHFWHG�WR�SOD\�D�VLJQLILFDQW�UROH�LQ�IXWXUH�V\QWKHWLF�PRGHOV��QRW
RQO\� LQ� WKH� DUHD� RI� SDUDOOHO� FRPSXWHU� ZRUNORDGV�� 7KH� ODFN� RI� D� VXLWDEOH�PRGHO� WKDW
UHSUHVHQWV�VHOI�VLPLODULW\� LV�DSSDUHQW��DQG�D�QHZ�PRGHO� LV�D� QHDU� IXWXUH� UHTXLUHPHQW�
+RZHYHU��DOWKRXJK�LW�LV�FOHDU�WKDW�QRQH�RI�WKH�PRGHOV�H[KLELW�VHOI�VLPLODULW\��WKH�HIIHFW
RI�WKLV�DEVHQFH�KDV�QRW�\HW�EHHQ�GHWHUPLQHG��DQG�WKLV�QHHGV�WR�EH�GRQH�DV�ZHOO�

:H
G�EH�PRUH�WKDQ�KDSS\�WR�VKDUH�WKH�GDWD�VHWV�DQG�WRROV�ZH�XVHG��7KH�SURGXFWLRQ
ZRUNORDGV�LQ�VWDQGDUG�ZRUNORDG�IRUPDW�DQG�WKH�VRXUFH�FRGHV�RI�V\QWKHWLF�PRGHOV�DUH
DYDLODEOH� IURP� WKH� RQOLQH� DUFKLYH� DW� KWWS���ZZZ�FV�KXML�DF�LO�ODEV�SDUDOOHO�ZRUNORDG�
7KH� &R�3ORW� SURJUDP� DQG� ZRUNORDG� DQDO\VLV� SURJUDP� �ERWK� XQGHU� :LQGRZV�� DUH
DYDLODEOH�IURP�WKH�DXWKRUV�

���� $FNQRZOHGJHPHQWV

7KLV�ZRUN�ZRXOG�QRW�EH�SRVVLEOH�ZLWKRXW� WKH� KHOS�RI�PDQ\�SHRSOH�ZKR� VXSSOLHG
ORJV�� VRXUFH� FRGHV�� DQG� H[SODQDWLRQV�� :H
G� OLNH� WR� SHUVRQDOO\� WKDQN� %LOO� 1LW]EHUJ�
5HDJDQ� 0RRUH�� $OOHQ� 'RZQH\�� /DUV� 0DOLQRZVN\�� &XUW� &DQDGD�� 0RH� -HWWH�� DQG
-RHIRQ�-DQQ�

7KH�WKLUG�DXWKRU�ZDV�SDUWLDOO\�VXSSRUWHG�E\�WKH�5DFDQQDWL�)RXQGDWLRQ�

5HIHUHQFHV
���$�.��$JUDZDOD��-�0��0RKU�DQG�5�0��%\UDQW���$Q�DSSURDFK�WR�WKH�ZRUNORDG�FKDUDFWHUL]DWLRQ

SUREOHP���&RPSXWHU�������SS��������-XQH������
��� 0DULD� &DO]DURVVD� DQG� *LXVHSSH� 6HUD]]L�� �&RQVWUXFWLRQ� DQG� 8VH� RI� 0XOWLFODVV� :RUNORDG

0RGHOV

��3HUIRUPDQFH�(YDOXDWLRQ��������SS����������������
��� 0DULD� &DO]DURVVD� DQG� *LXVHSSH� 6HUD]]L�� �:RUNORDG� &KDUDFWHUL]DWLRQ�� $� 6XUYH\

�� 3URF�
,(((��������SS�������������$XJ������

��� $OOHQ� %�� 'RZQH\�� �$� 3DUDOOHO� :RUNORDG� 0RGHO� DQG� ,WV� ,PSOLFDWLRQV� IRU� 3URFHVVRU
$OORFDWLRQ

���WK�,QWO��6\PS��+LJK�3HUIRUPDQFH�'LVWULEXWHG�&RPSXW���$XJ������

��� $OOHQ� %�� 'RZQH\�� �8VLQJ� 4XHXH� 7LPH� 3UHGLFWLRQV� IRU� 3URFHVVRU� $OORFDWLRQ

�� ,Q� -RE
6FKHGXOLQJ� 6WUDWHJLHV� IRU� 3DUDOOHO� 3URFHVVLQJ�� '�� *�� )HLWHOVRQ� DQG� /�� 5XGROSK� �(GV���
6SULQJHU�9HUODJ��������/HFW��1RWHV�&RPSXW��6FL��YRO��������SS��������

��� $OOHQ�%��'RZQH\�DQG�'URU�*��)HLWHOVRQ���7KH�(OXVLYH�*RDO�RI�:RUNORDG�&KDUDFWHUL]DWLRQ´�
3HUI��(YDO��5HY���������SS���������0DU������



��

��� '��*��)HLWHOVRQ���3DFNLQJ�VFKHPHV�IRU�JDQJ�VFKHGXOLQJ

�� ,Q�-RE�6FKHGXOLQJ�6WUDWHJLHV� IRU
3DUDOOHO�3URFHVVLQJ��'��*��)HLWHOVRQ� DQG�/��5XGROSK� �(GV���� 6SULQJHU�9HUODJ�� ������/HFW�
1RWHV�&RPSXW��6FL��YRO��������SS���������

��� 'URU� *�� )HLWHOVRQ� DQG� 0RUULV� $�� -HWWH�� �,PSURYHG� 8WLOL]DWLRQ� DQG� 5HVSRQVLYHQHVV� ZLWK
*DQJ� 6FKHGXOLQJ

�� ,Q� -RE� 6FKHGXOLQJ� 6WUDWHJLHV� IRU� 3DUDOOHO� 3URFHVVLQJ�� '�� *�� )HLWHOVRQ
DQG� /�� 5XGROSK� �(GV���� 6SULQJHU�9HUODJ�� ������ /HFW�� 1RWHV� &RPS�� 6FL�� YRO�� ������ SS�
��������

��� '�� *�� )HLWHOVRQ� DQG� %�� 1LW]EHUJ�� �-RE� FKDUDFWHULVWLFV� RI� D� SURGXFWLRQ� SDUDOOHO� VFLHQWLILF
ZRUNORDG� RQ� WKH� 1$6$� $PHV� L36&����

�� ,Q� -RE� 6FKHGXOLQJ� 6WUDWHJLHV� IRU� 3DUDOOHO
3URFHVVLQJ�� '�� *�� )HLWHOVRQ� DQG� /�� 5XGROSK� �(GV���� 6SULQJHU�9HUODJ�� ������ /HFW�� 1RWHV
&RPSXW��6FL��YRO�������SS����������

����'URU� *�� )HLWHOVRQ� DQG� /DUU\� 5XGROSK�� �0HWULFV� DQG� %HQFKPDUNLQJ� IRU� 3DUDOOHO� -RE
6FKHGXOLQJ

�� ,Q�-RE�6FKHGXOLQJ�6WUDWHJLHV� IRU�3DUDOOHO�3URFHVVLQJ��'��*��)HLWHOVRQ�DQG�/�
5XGROSK��(GV����6SULQJHU�9HUODJ��������/HFW��1RWHV�&RPSXW��6FL��YRO��������SS�������

����'�� )HUUDL�� �:RUNORDG� FKDUDFWHUL]DWLRQ� DQG� VHOHFWLRQ� LQ� FRPSXWHU� SHUIRUPDQFH
PHDVXUHPHQW���&RPSXWHU�������SS���������-XO�$XJ������

����*XWWPDQ�� /��� �$� JHQHUDO� QRQ�PHWULF� WHFKQLTXH� IRU� ILQGLQJ� WKH� VPDOOHVW� VSDFH� IRU� D
FRQILJXUDWLRQ�RI�SRLQWV���3V\FKRPHWULFD�����SS����������������

����6WHYHQ� +RWRY\�� �:RUNORDG� (YROXWLRQ� RQ� WKH� &RUQHOO� 7KHRU\� &HQWHU� ,%0� 63�

�� ,Q� -RE
6FKHGXOLQJ� 6WUDWHJLHV� IRU� 3DUDOOHO� 3URFHVVLQJ�� '�� *�� )HLWHOVRQ� DQG� /�� 5XGROSK� �(GV���
6SULQJHU�9HUODJ��������/HFW��1RWHV�&RPSXW��6FL��YRO��������SS��������

����-RHIRQ� -DQQ�� 3UDWDS�3DWWQDLN��+XEHUWXV� )UDQNH�� )DQJ�:DQJ�� -RVHSK� 6NRYLUD�� DQG� -RVHSK
5LRGDQ�� �0RGHOLQJ� RI� :RUNORDG� LQ� 033V

�� ,Q� -RE� 6FKHGXOLQJ� 6WUDWHJLHV� IRU� 3DUDOOHO
3URFHVVLQJ�� '�� *�� )HLWHOVRQ� DQG� /�� 5XGROSK� �(GV���� 6SULQJHU�9HUODJ�� ������ /HFW�� 1RWHV
&RPSXW��6FL��YRO��������SS���������

����(�-��.ROGLQJHU��6�-��(JJHUV��DQG�+�0��/HY\���2Q�WKH�YDOLGLW\�RI�WUDFH�GULYHQ�VLPXODWLRQ�IRU
PXOWLSURFHVVRUV���,Q��� æ ç �$QQ��,QWO��6\PS��&RPSXWHU�$UFKLWHFWXUH�&RQI��3URF���SS����������
0D\������

����(�'��/D]RZVND�� �7KH� XVH� RI� SHUFHQWLOHV� LQ�PRGHOLQJ�&38� VHUYLFH� WLPH� GLVWULEXWLRQV��� ,Q
&RPSXWHU�3HUIRUPDQFH��.�0��&KDQG\�DQG�0��5HLVHU��HGV�����������1RUWK�+ROODQG�������

����:�(��/HODQG��0�6��7DTTX��:��:LOOLQJHU��DQG�'�9��:LOVRQ���2Q� WKH�VHOI�VLPLODU�QDWXUH�RI
(WKHUQHW�WUDIILF���,(((�$&0�7UDQV��1HWZRUNLQJ�������SS��������)HE������

����*�� /LSVKLW]�� DQG� $�� 5DYHK�� �$SSOLFDWLRQV� RI� WKH� &R�SORW� PHWKRG� LQ� WKH� VWXG\� RI
VRFLRHFRQRPLF� GLIIHUHQFHV� DPRQJ� FLWLHV�� $� EDVLV� IRU� D� GLIIHUHQWLDO� GHYHORSPHQW� SROLF\��
8UEDQ�6WXGLHV�����SS����������������

����9�� /R�� -�� 0DFKH�� DQG� .�� :LQGLVFK�� �$� FRPSDUDWLYH� VWXG\� RI� UHDO� ZRUNORDG� WUDFHV� DQG
V\QWKHWLF� ZRUNORDG�PRGHOV� IRU� SDUDOOHO� MRE� VFKHGXOLQJ

�� ,Q� -RE� 6FKHGXOLQJ� 6WUDWHJLHV� IRU
3DUDOOHO�3URFHVVLQJ��'��*��)HLWHOVRQ� DQG�/��5XGROSK� �(GV���� 6SULQJHU�9HUODJ�� ������/HFW�
1RWHV�&RPSXW��6FL��YRO��������SS��������

����8UL�/XEOLQ��³$�:RUNORDG�0RGHO�IRU�3DUDOOHO�&RPSXWHU�6\VWHPV´��0DVWHU�7KHVLV��+HEUHZ
8QLYHUVLW\�RI�-HUXVDOHP��������LQ�SUHSDUDWLRQ�

����6�� 0DLWDO�� �0XOWLGLPHQVLRQDO� 6FDOLQJ�� 6RPH� (FRQRPHWULF� $SSOLFDWLRQV��� -RXUQDO� RI
(FRQRPHWULFV����SS��������������

����6�� 0DMXPGDU�� '�/�� (DJHU�� DQG� 5�%�� � %XQW�� �6FKHGXOLQJ� LQ� PXOWLSURJUDPPHG� SDUDOOHO
V\VWHPV���,Q�6LJPHWULFV�&RQI��0HDVXUHPHQW�	�0RGHOLQJ�RI�&RPSXWHU�6\VWHPV��SS����������
0D\������

����$��5DYHK���7KH�*UHHN�EDQNLQJ�V\VWHP��5HDQDO\VLV�RI�SHUIRUPDQFH���(XURSHDQ�-RXUQDO�RI
2SHUDWLRQDO�5HVHDUFK���IRUWKFRPLQJ��

����.��:LQGLVFK��9��/R��5��0RRUH��'��)HLWHOVRQ��DQG�%��1LW]EHUJ���$�FRPSDULVRQ�RI�ZRUNORDG
WUDFHV� IURP� WZR�SURGXFWLRQ�SDUDOOHO�PDFKLQHV��� ,Q��WK�6\PS��)URQWLHUV�0DVVLYHO\�3DUDOOHO
&RPSXW���SS����������2FW������
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����0�(��&URYHOOD� DQG�$��%HVWDYURV�� �6HOI�6LPLODULW\� LQ�:RUOG�:LGH�:HE�7UDIILF�� (YLGHQFH
DQG�3RVVLEOH�&DXVHV����,Q�6LJPHWULFV�&RQI��0HDVXUHPHQW�	�0RGHOLQJ�RI�&RPSXWHU�6\VWHPV�
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����6�'�� *ULEEOH�� *�6�� 0DQNX�� '�� 5RVHOOL�� (�$�� %UHZHU�� 7�-�� *LEVRQ� DQG� (�/�� 0LOOHU�
�6HOI�6LPLODULW\�LQ�)LOH�6\VWHPV���3HUIRUPDFH�(YDOXDWLRQ�5HYLHZ���������SS����������������

����-DQ�%HUDQ��6WDWLVWLFV� IRU� /RQJ�0HPRU\�3URFHVVHV��0RQRJUDSKV� RQ�6WDWLVWLFV� DQG�$SSOLHG
3UREDELOLW\��&KDSPDQ�DQG�+DOO��1HZ�<RUN��1<�������

$SSHQGL[��7KHRU\�RI�6HOI�6LPLODULW\
7KLV�VHFWLRQ�EULHIO\�GHVFULEHV�WKH�WKHRU\�EHKLQG�VHOI�VLPLODULW\��DQG�WKUHH�PHWKRGV

IRU�ILQGLQJ�LW�LQ�D�JLYHQ�WLPH�VHULHV��)RU�D�WKRURXJK�LQWURGXFWLRQ��VHH�>��@�
&RQVLGHU�D�VWRFKDVWLF�SURFHVV�;� ��; è ��; é ��«��ZLWK�PHDQ� � �(>; ê @��YDULDQFH� é � 
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7KH�SURFHVV�LV�VDLG�WR�H[KLELW�ORQJ�UDQJH�GHSHQGHQFH�LI�
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ZKHUH�/�W��LV�D�VORZO\�YDU\LQJ�IXQFWLRQ�ZLWK�WKH�SURSHUW\�
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6HOI�VLPLODU� SURFHVVHV� SRVVHVV� ORQJ�UDQJH� GHSHQGHQFH�� EXW� DOVR� VDWLVI\� VWURQJHU
FRQVWUDLQWV�RQ�WKH�IRUP�RI�WKH�DXWR�UHJUHVVLRQ�IXQFWLRQ��WR�EH�GHILQHG�QRZ��)RU�D�WLPH
VHULHV�^;`��$�QHZ�DJJUHJDWHG�VHULHV�; ð ñoò � ��; ó6ð ñ�ò ���N� �������«��IRU�HDFK�P� ��������«
LV�REWDLQHG�E\�DYHUDJLQJ�QRQ�RYHUODSSLQJ�EORFNV�RI�VL]H�P�IURP�WKH�RULJLQDO�VHULHV�
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7KH�SURFHVV�;�LV�VDLG�WR�EH�H[DFWO\�VHFRQG�RUGHU�VHOI�VLPLODU�LI�WKHUH�H[LVWV����� ��
��VXFK�WKDW�WKH�IROORZLQJ�WZR�FRQGLWLRQV�KROG�

9DU�; ð û)ò ��v�P ü IRU�DOO�P� ����������«
U ý ûJþ �N�� �U�N� IRU�DOO�N� ����������« ���

7KH�SURFHVV�LV�VDLG�WR�EH�DV\PSWRWLFDOO\�VHFRQG�RUGHU�VHOI�VLPLODU�LI�WKH�IROORZLQJ
ZHDNHU�FRQGLWLRQV�KROGV�LQVWHDG��QRWH�WKDW�RQO\�WKH�VHFRQG�FRQGLWLRQ�FKDQJHV��

9DU�; ð û)ò ��v�P ü IRU�DOO�P� ����������«
U ý ûJþ �N��o�U�N� DV�P�o�f ����
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)RU� KLVWRULF� UHDVRQV�� 6HOI�VLPLODU� SURFHVVHV� DUH� FKDUDFWHUL]HG� E\� WKHLU� +XUVW
SDUDPHWHU��GHILQHG�
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7KH�UHVFDOHG�DGMXVWHG�UDQJH��5�6��VWDWLVWLF�IRU�D�VHULHV�;�KDYLQJ�DYHUDJH�$�Q��DQG
VDPSOH�YDULDQFH�6 é �Q��LV�JLYHQ�E\�
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:KHUH�

: ó � ��; è ���; é ���«���; ó ��±�N$�Q���������N�t��� ����
6KRUW�UDQJH�GHSHQGHQW�REVHUYDWLRQV�VHHP�WR�VDWLVI\�(>�5�Q����6�Q��@�|�F ÿ Q ÿ�� � ��ZKLOH

ORQJ�UDQJH�GHSHQGHQW�GDWD��VXFK�DV�VHOI�VLPLODU�SURFHVVHV��DUH�REVHUYHG�WR�IROORZ�
(�>�5�Q����6�Q��@�|�F ÿ Q � ���������+����� ����

7KLV� LV� NQRZQ� DV� 7KH�+XUVW� (IIHFW�� DQG� FDQ� EH� XVHG� WR� GLIIHUHQWLDWH� VHOI�VLPLODU
IURP�QRQ�VHOI�VLPLODU�SURFHVVHV��,Q�JHQHUDO��WKH�+XUVW�SDUDPHWHU�FDQ�EH�LQ�RQH�RI�WKUHH
FDWHJRULHV��+��������+� �����DQG�+�!������:KHQ�+� �����D�UDQGRP�ZDON�LV�SURGXFHG�
DQG�QR� ORQJ�UDQJH�GHSHQGHQFH� LV� REVHUYHG��:KHQ�+�!������ WKH�YDOXHV�SURGXFHV� DUH
VHOI�VLPLODU� ZLWK� SRVLWLYH� FRUUHODWLRQ�� RU� SHUVLVWHQW�� ZKHQ� +� �� ���� WKH� YDOXHV� DUH
VHOI�VLPLODU� ZLWK� QHJDWLYH� FRUUHODWLRQ�� DOVR� FDOOHG� DQWL�SHUVLVWHQW�� 0RVW� REVHUYHG
VHOI�VLPLODU�GDWD�WR�GDWH�LV�SHUVLVWHQW�

(TXDWLRQ����FDQ�EH�XVHG�WR�SURGXFH�DQ�HVWLPDWH�RI�WKH�+XUVW�SDUDPHWHU�RI�D�JLYHQ
WUDFH��REVHUYLQJ�WKDW�WKH�IROORZLQJ�LV�GHULYHG�IURP�LW�

ORJ�>�5�Q����6�Q��@� �F è ���+�ORJ�Q� ����
3ORWWLQJ�5�Q��6�Q��DJDLQVW�ORJ�Q��IRU�LQFUHDVLQJ�YDOXHV�RI�Q�VKRXOG�WKHUHIRUH�UHVXOW

LQ�D�URXJKO\�OLQHDU�OLQH��ZLWK�D�VORSH�HTXDO�WR�WKH�HVWLPDWHG�+XUVW�SDUDPHWHU��6XFK�D
JUDSK�LV�FDOOHG�D�3R[�3ORW��DQG�WKH�WHFKQLTXH�LV�FDOOHG�5�6�DQDO\VLV�

$V�\RX�UHFDOO�IURP�WKHLU�GHILQLWLRQ��VHOI�VLPLODU�SURFHVVHV�PXVW�VDWLVI\�
9DU�; ð û)ò ��v�P ü IRU�DOO�P� ����������« ����

7DNLQJ�WKH�ORJDULWKP�RI�ERWK�VLGHV�RI�WKH�HTXDWLRQ�JLYHV�
ORJ�>�9DU�; ð ñ�ò ��@� �F é ���E�ORJ�P� ����

$JDLQ�� SORWWLQJ� ORJ�9DU�; ð ñ�ò ��� DJDLQVW� ORJ�P�� IRU� D� VHOI�VLPLODU� SURFHVV� VKRXOG
UHVXOW�LQ�D�OLQHDU�VHULHV�RI�SRLQWV�ZLWK�D�VORSH�RI��E��7KH�+XUVW�SDUDPHWHU�HVWLPDWH�LV�+
 ��±�E���� WKHUHIRUH�D�VORSH�EHWZHHQ�±��DQG���LQGLFDWHV�VHOI�VLPLODULW\��������+������
7KLV�SORW�LV�NQRZQ�DV�D�9DULDQFH�7LPH�3ORW�
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)LQDOO\�� WKH�3HULRGRJUDP� LV�D� VWDWLVWLFDO�PHWKRG� WR�GLVFRYHU� F\FOHV� LQ� WLPH� VHULHV�
7KH�SHULRGRJUDP�RI�D�WLPH�VHULHV�^;` è�� � � �IRU�D�JLYHQ�IUHTXHQF\�� ��� ��� �LV�GHILQHG
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7KH�SHULRGRJUDP�JUDSK�RI� D� WLPH� VHULHV� LV� FRPSXWHG�E\�SORWWLQJ� D� ORJ�ORJ�JUDSK�RI
3HU� ê ��DJDLQVW�WKH�IROORZLQJ�IUHTXHQFLHV�
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)RU�D�VHOI�VLPLODU�WLPH�VHULHV��WKH�VORSH�RI�WKH�SHULRGRJUDP�LV�D�VWUDLJKW�OLQH�ZLWK�VORSH
�±��� ���±��+�FORVH�WR�WKH�RULJLQ�


