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6LPXODWLRQ�RI�DOWHUDWLRQ�JHO�IRUPDWLRQ�RQ�VLPSOLILHG�JODVVHV�E\�

WKH�JHRFKHPLFDO�PRGHO�NLQGLV��

,VDEHOOH�0XQLHU��-HDQ�/RXLV�&URYLVLHU�DQG�$ODLQ�$UWK�
(FROH�HW�2EVHUYDWRLUH�GHV�6FLHQFHV�GH�OD�7HUUH���8/3�&156���&HQWUH�GH�*pRFKLPLH�GH�OD�6XUIDFH���805�

��������UXH�%OHVVLJ�������6WUDVERXUJ���
�

:LWKLQ� WKH� IUDPHZRUN� RI� (XURSHDQ� SURJUDP� */$67$%�� DQ� H[SHULPHQWDO� VWXG\� RI� DOWHUDWLRQ� LQ�
DTXHRXV�SKDVH�RI�WZR�VLPSOLILHG�JODVVHV��VLPLODU�WR�5�7��JODVV��ZDV�XQGHUWDNHQ�LQ�SDUDOOHO�WR�DQ�DWWHPSW�RI�

PRGHOOLQJ�WKH�SURFHVVHV�REVHUYHG��7ZR�JODVVHV��6L�$O�%�1D�DQG�6L�$O�%�1D�&D�=U��ZHUH�SODFHG�DW����&�LQ�

SXUH�ZDWHU�ZLWK�WZR�GLIIHUHQW�6�9�UDWLRV����DQG����FP
��
��IRU�OHQJWKV�RI�WLPH�VSUHDGLQJ�RXW�EHWZHHQ����DQG�

����GD\V��7KH�VROXWLRQV�REWDLQHG�ZHUH�WKHQ�DQDO\]HG�DV�ZHOO�DV�WKH�DOWHUDWLRQ�JHOV�IRUPV�REVHUYHG�RQ�JODVV�

VXUIDFHV��7KH�SURFHVVHV�RI�JODVV� DOWHUDWLRQ�XQGHU� WKHVH� H[SHULPHQWDO� FRQGLWLRQV�ZHUH�PRGHOOHG�XVLQJ� WKH�

JHRFKHPLFDO�FRGH�.,1',6��7KH�IRUPDWLRQ�RI�WKH�DOWHUDWLRQ�JHO�ZDV�UHSUHVHQWHG�LQ�.,1',6�E\�WKH�ZD\�RI�
SUHFLSLWDWLRQ�RI�D�DQ�LGHDO�VROLG�VROXWLRQ��7KH�FDVHV�RI�R[LGHV��K\GUR[LGHV�DQG�PHWDVLOLFDWH�DV�HQG�PHPEHUV�

ZDV� WHVWHG�� ,Q� DOO� WKH� FDVHV�� WKH� FRQVLGHUHG� VROLG� VROXWLRQ� DOZD\V� FRQWDLQV� D� VLOLFHRXV� HQG�PHPEHU�6L2���

7KLV�HQG�PHPEHU�PD\�FRQVLVWV�RI�DPRUSKRXV�VLOLFD��FKDOFHGRQ\�RU�TXDUW]��,W�LV�WR�QRWH�WKDW�WKH�FKRLFH�RI�WKH�

HQG�PHPEHUV� RI� WKH� VHOHFWHG� VROLG� VROXWLRQ� LV� HVVHQWLDO� GXULQJ� VLPXODWLRQ�� ,QGHHG� WKH� UHODWLYH�

WKHUPRG\QDPLF�VWDELOLW\�RI�WKHVH�HQG�PHPEHUV�LQIOXHQFHV�GLUHFWO\�WKH�FRPSRVLWLRQ�RI�IRUPHG�JHO�DQG�WKXV�

WKH� FRPSRVLWLRQ� RI� WKH� VLPXODWHG� VROXWLRQ�� 7KH� UHVXOWV� REWDLQHG� VKRZ� D� JRRG� DJUHHPHQW� EHWZHHQ� WKH�

H[SHULPHQWDO�DQG�PRGHOOHG�VLOLFRQ�FRQWHQWV�LQ�VROXWLRQ��ZKDWHYHU�WKH�6�9�UDWLR��

�

,QWURGXFWLRQ�

7KH�TXHVWLRQ�RI�WKH�ORQJ�WHUP�VWRUDJH�RI�QXFOHDU�ZDVWH�KDV�JUHDWO\�VWLPXODWHG�WKH�VWXG\�
RI� JODVV�ZHDWKHULQJ��7KH� UHVHDUFKHV�PRYHG� ILUVW� WRZDUG� WKH� VWXG\�RI� JODVVHV� FRQVLGHUHG� DV�
QDWXUDO� DQDORJXHV� RI� QXFOHDU� JODVVHV� �EDVDOW� JODVVHV� HVVHQWLDOO\�������� ,Q� WKH� VDPH� WLPH�� WKH�
VWXG\�RI�GLVVROXWLRQ�PHFKDQLVP�RI�WKH�5�7��ERURVLOLFDWH��621����JODVV��XVHG�DV�WKH�)UHQFK�
FRQILQHPHQW�PDWUL[�IRU�WKH�OLJKW�ZDWHU�UHDFWRU��/:5��QXFOHDU�ZDVWH��GHYHORSHG�����

7KH�GLVVROXWLRQ�SURFHVV�RI� WKHVH�JODVVHV� LV� YHU\� VLPLODU� DQG� FDQ�EH�GHFRPSRVHG� LQWR� WKUHH�
VXFFHVVLYH�SKDVHV��)LUVW�� DQ� LRQ�H[FKDQJH�SURFHVV�ZKLFK� OHDGV�WR�WKH�UHOHDVH�RI�DONDOL�PHWDO�
DQG� DONDOLQH� HDUWK� FDWLRQV� DQG� WR� WKH� IRUPDWLRQ� RI� D� OHDFKHG� DQG� K\GUDWHG� OD\HU��
6LPXOWDQHRXVO\� WKH� JODVV� QHWZRUN� K\GURO\]HV�� 7KHQ�� VHFRQGDU\� DOWHUDWLRQ� SURGXFWV�
�DPRUSKRXV�JHO�DQG�PLQHUDO�SKDVHV��IRUP����������������

7KHVH� VWXGLHV� OHG� WR� WKH� QHFHVVLW\� RI� XVLQJ� PDWKHPDWLFDO� PRGHO� IRU� VLPXODWLQJ� ORQJ�WHUP�
JODVV�DOWHUDWLRQ��7KH�GHYHORSPHQW�RI�JHRFKHPLFDO�PRGHOV�KHOSHG�ZLGHO\�WKH�VLPXODWLRQ�RI�WKH�
DOWHUDWLRQ� SURGXFWV� IRUPDWLRQ� GXULQJ� JODVV� GLVVROXWLRQ�� $SSOLHG� WR� EDVDOWLF� DQG� QXFOHDU�
JODVVHV�� WKHVH�PRGHOV� �(4�����*/$662/��.,1',6«�� DOORZ� WR� VLPXODWH� WKH� VHTXHQFH�RI�
SUHFLSLWDWLRQ�RI�PLQHUDOV�����������%XW��WKH\�GR�QRW�FRQVLGHU�WKH�IRUPDWLRQ�RI�WKH�DPRUSKRXV�
DOWHUDWLRQ�JHO��

7KH� DLP� RI� WKLV� VWXG\� LV� WR� VLPXODWH� WKH� GLVVROXWLRQ� RI� JODVV� ZLWK� WKH� JHRFKHPLFDO�PRGHO�
.,1',6� E\� WDNLQJ� LQWR� DFFRXQW� WKH� LQFLGHQFH� RI� WKH� IRUPDWLRQ� RI� WKH� DOWHUDWLRQ� JHO� E\�
SUHFLSLWDWLRQ�RI�D�VROLG�VROXWLRQ�RQ�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�VROXWLRQ��

�



�

([SHULPHQWDO�SURFHGXUH�

7ZR�VLPSOLILHG�JODVVHV��GHWDLOV�RI�JODVV�PDNLQJ�DUH�UHSRUWHG�LQ�-pJRX���DQG�WKHLU�FKHPLFDO�
FRPSRVLWLRQ� LQ� 7DEOH� ��� KDYLQJ� D� FKHPLFDO� FRPSRVLWLRQ� FRUUHVSRQGLQJ� WR� WKH� HOHPHQWDO�
PRODU� UDWLRV� RI� WKH�)UHQFK� 621���QXFOHDU� JODVV�ZHUH� DOWHUHG� LQ� VWDWLF� FRQGLWLRQV�� LQ� SXUH�
ZDWHU� DW� ���&� �±� ��&��GXULQJ� ���� ���� ���� ����� ���� DQG�����GD\V��7ZR�VHWV�RI� H[SHULPHQWV�
ZHUH�FDUULHG�RXW�ZLWK�WZR�6XUIDFH�DUHD�RI�JODVV�9ROXPH�RI�VROXWLRQ��6�9��UDWLRV����FP���DQG�
���FP����

%RURQ� DQG� VLOLFRQ� FRQFHQWUDWLRQV� LQ� VROXWLRQ� ZHUH� DQDO\VHG� E\� &RORULPHWU\� �7HFKQLFRQ�
$XWRDQDO\VHU�,,���$O��1D��&D�DQG�=U�ZHUH�DQDO\VHG�E\�,QGXFWLYHO\�&RXSOHG�3ODVPD�²�$WRPLF�
(PLVVLRQ�6SHFWURPHWU\��,&3�$(6��-RELQ�<YRQ�-<�������7KH�JODVV�VDPSOHV�ZHUH�REVHUYHG�E\�
$QDO\WLFDO�6FDQQLQJ�(OHFWURQ�0LFURVFRS\��$6(0��-(2/�-60�����OLQN�ZLWK�DQ�('6�GHWHFWRU�
7UDFRU�71��������

([SHULPHQWDO�UHVXOWV�

7KH�S+�YDOXHV�RI�WKH�JODVV���OHDFKDWHV�DW���DQG����FP���VWDELOLVHG�DIWHU����GD\V�DURXQG����
SUREDEO\�GXH�WR�WKH�EXIIHU�HIIHFW�RI�ERURQ��7KHVH�ILQDO�YDOXHV�ZHUH�D�OLWWOH�KLJKHU�LQ�WKH�FDVH�
RI�H[SHULPHQWV�DW�6�9� ����FP���DV�LW�ZDV�RIWHQ�UHSRUWHG��7KHVH�GLIIHUHQFHV�FRXOG�EH�OLNHO\�
WR�EH�GXH�WR�KLJK�LRQ�H[FKDQJH�LQ�WKH�FDVH�RI�KLJK�6�9�UDWLR��&RQFHQWUDWLRQV�RI�%�DQG�1D�
LQFUHDVHG� UHJXODUO\� LQ� VROXWLRQ�� 6L� DQG� $O� FRQFHQWUDWLRQV� SUHVHQWHG� VLPLODU� EHKDYLRXUV�
DFFRUGLQJ�WR�WKH�6�9�UDWLR��WKH\�LQFUHDVHG�DQG�WKHQ�VWDELOL]HG�DIWHU����GD\V�IRU�6�9�UDWLR�RI���
FP���DQG�DIWHU����GD\V�IRU�6�9� ����FP����7KH�QRUPDOL]HG�PDVV�ORVV�RI�JODVVHV�HOHPHQWV�ZHUH�
SORWWHG�RQ�)LJ����D�DQG���E��%�ZDV�UHOHDVHG�SUHIHUHQWLDOO\��6L�DQG�$O�KDG�D�FRQJUXHQW�UHOHDVH�
DW���FP����EXW�DW����FP����6L�ZDV�SUHIHUHQWLDOO\�OHDFKHG�IURP�WKH�JODVV��

7KH�S+�RI�WKH�JODVV���OHDFKDWHV�DW���DQG����FP���KDG�WKH�VDPH�HYROXWLRQ�DV�IRU�WKH�JODVV����
&RQFHQWUDWLRQV� RI� %�� 1D� DQG� &D� LQFUHDVHG� UHJXODUO\� LQ� VROXWLRQ� IRU� 6�9�  � ��� FP��� DQG�
UHPDLQHG� FRQVWDQW� DIWHU� ��� GD\V� IRU� 6�9�  � �� FP���� 6L� DQG� $O� FRQFHQWUDWLRQV� UHPDLQHG�
FRQVWDQW�DIWHU����GD\V��ZKDWHYHU�WKH�6�9�UDWLR�YDOXHV��=U�FRQFHQWUDWLRQV�UHPDLQHG�JOREDOO\�
FRQVWDQW� DW� ��� FP��� DQG� YDULHG� KLJKO\� DW� �� FP���� 7KH� QRUPDOL]HG� PDVV� ORVVHV� RI� JODVV� ��
HOHPHQWV� ZHUH� SORWWHG� RQ� )LJ�� ��F� DQG� ��G�� (OHPHQWV� EHKDYLRXUV� ZHUH� YHU\� GLIIHUHQW�
DFFRUGLQJ�WR�WKH�6�9�UDWLR��%�ZDV�SUHIHUHQWLDOO\�UHOHDVHG�DW����FP���DQG�GLVVROYHG�FRQJUXHQWO\�
ZLWK�1D�DW���FP����$O��&D�DQG�=U�ZHUH�OLWWOH�OLEHUDWHG��

7KH�GLUHFW�REVHUYDWLRQ�RI�WKH�VXUIDFH�RI�DOWHUHG�JODVVHV�E\�$6(0�VKRZHG�WKH�SUHVHQFH�RI�DQ�
DOWHUDWLRQ�OD\HU��ZKDWHYHU�WKH�JODVV�RU�WKH�6�9�UDWLR��7KLV�OD\HU�VHHPHG�WR�EH�IRUPHG�WR�WKH�
GHWULPHQW� RI� JODVV� EXW� ZLWKRXW� WRWDO� GLVVROXWLRQ� RI� WKLV� ODVW� VLQFH� WKH� LQLWLDO� VXUIDFH� ZDV�
SUHVHUYHG�DQG�WUDFHV�RI�SROLVKLQJ�ZHUH�SHUIHFWO\�REVHUYHG��HYHQ�DIWHU�����GD\V��

'LVFXVVLRQ�DQG�FRQFOXVLRQ�

6LOLFRQ�FRQWHQW�LQ�VROXWLRQ�KDV�EHHQ�ZLGHO\�FRQVLGHUHG�DV�WKH�PDLQ�IDFWRU�LQIOXHQFLQJ�WKH�
GLVVROXWLRQ� UDWH� RI� QXFOHDU� JODVVHV� LQ� VROXWLRQ��:KHQ� FRQVLGHULQJ� WKH� DIILQLW\� RI� WKH� JODVV�
GLVVROXWLRQ� UHDFWLRQ�� VLOLFRQ� FRQFHQWUDWLRQ� LQ� VROXWLRQ� LV� GHWHUPLQHG� E\� WKH� DPRXQW� RI�
GLVVROYHG� JODVV� DQG� E\� WKH� IRUPDWLRQ�RI� VLOLFDWHG� VHFRQGDU\� SURGXFWV�� KDYLQJ� UHDFKHG� WKHLU�
VROXELOLW\� OLPLW�� 7KH� WKHUPRG\QDPLF� VWDELOLW\� RI� WKHVH� SURGXFWV� PD\� WKXV� KDYH� D� JUHDW�
LQIOXHQFH�RQ�VLOLFRQ�FRQFHQWUDWLRQ�LQ�VROXWLRQ��



�

,Q� RUGHU� WR� PHDVXUH� WKH� LQFLGHQFH� RI� WKH� WKHUPRG\QDPLF� VWDELOLW\� RI� VLOLFHRXV� VHFRQGDU\�
SURGXFWV��WKUHH�GLIIHUHQW�VLOLFHRXV�HQG�PHPEHUV�FRQVWLWXWLQJ�WKH�VROLG�VROXWLRQ�UHSUHVHQWLQJ�
WKH� DOWHUDWLRQ� JHO� KDYH� EHHQ� WHVWHG��2Q� )LJ�� ��D� DQG� �E�� ZHUH� SORWWHG� WKH� WKUHH� VLPXODWHG�
FXUYHV�FRUUHVSRQGLQJ�WR�WKH�WKUHH�WHVWHG�VLOLFHRXV�HQG�PHPEHUV��DPRUSKRXV�VLOLFD� �WKH� OHVV�
WKHUPRG\QDPLFDOO\�VWDEOH���TXDUW]��WKH�PRVW�VWDEOH��DQG�FKDOFHGRQ\��RI�PHGLXP�VWDELOLW\���IRU�
ERWK� JODVVHV� FRQVLGHUHG�� 7KH� RWKHU� HQG�PHPEHUV� DUH� FRQVWLWXWHG� E\� $O�2+���� 1D2+��
&D�2+��� RU�=U�2+����9HU\� VLPLODU� FXUYHV� �QRW� VKRZQ��ZHUH� REWDLQHG� E\�XVLQJ� RWKHU� HQG�
PHPEHUV� �PHWDVLOLFDWHV� DQG� R[LGHV��7KH� H[SHULPHQWDO� YDOXHV� ZHUH� UHSUHVHQWHG� E\� HPSW\�
PDUNV��2Q�WKLV�)LJ�����WKH�UHDFWLRQ�SURJUHVV�FRUUHVSRQGV�WR�ERURQ�FRQFHQWUDWLRQ�LQ�VROXWLRQ��
VLQFH� LW� LQFUHDVHV� ZLWK� WKH� DOWHUDWLRQ� WLPH� ZLWKRXW� EHLQJ� UHLQFRUSRUDWHG� LQ� VHFRQGDU\�
SURGXFWV��

7KH�VLPXODWHG�FXUYHV�UHQGHU�WKH�WKHUPRG\QDPLF�VWDELOLW\�RI�WKH�VLOLFHRXV�SROH�VLQFH�PRUH�WKH�
HQG�PHPEHU�LV�VWDEOH��PRUH�WKH�JHO�LV�VWDEOH�DQG�ORZHU�LV�WKH�VLOLFRQ�FRQWHQW�LQ�VROXWLRQ��7KH�
UHODWLYH�VWDELOLW\�RI�WKH�HQG�PHPEHUV�LV�DPRUSKRXV�VLOLFD�!�FKDOFHGRQ\�!�TXDUW]�DQG�WKXV�WKH�
VLOLFRQ� FRQFHQWUDWLRQ� LQ� VROXWLRQ� IROORZV� WKH� VDPH� RUGHU�� ZKDWHYHU� WKH� JODVV� GLVVROXWLRQ�
VLPXODWHG��

)RU�WKH�JODVV����)LJ����D��� WKH�EHVW�DJUHHPHQW�ZDV�REWDLQHG�IRU�TXDUW]�DQG�FKDOFHGRQ\�DW���
FP���� $W� ��� FP���� WKH� H[SHULPHQWDO� YDOXHV� DUH� VOLJKWO\� KLJKHU� WKDQ� WKRVH� VLPXODWHG� E\�
FKDOFHGRQ\�DV�HQG�PHPEHU��&RQFHUQLQJ�WKH�JODVV����)LJ����E���PRVW�RI�H[SHULPHQWDO�YDOXHV�
ZHUH�ORFDWHG�MXVW�DERYH�WKH�VLPXODWHG�FXUYH�E\�FKDOFHGRQ\��

)RU� WKH� VLPSOHVW� JODVV�� VLOLFRQ� FRQFHQWUDWLRQ� LQ� VROXWLRQ� VWDELOL]HG� FORVH� WR� WKH� FXUYH�
VLPXODWHG�ZLWK�TXDUW]�ZKHQ� WKH�6�9�UDWLR� LV� VPDOO�ZKHUHDV�� DW� KLJK�6�9�UDWLR�� LW� VWDELOL]HG�
DERYH� FKDOFHGRQ\� FXUYH�� 7KH� DOWHUDWLRQ� RI� WKH� JODVV� ��� ZKLFK� KDV� D� PRUH� FRPSOH[�
FRPSRVLWLRQ��OHG�WR�VLOLFRQ�FRQFHQWUDWLRQ�FORVH�WR�EXW�VOLJKWO\�KLJKHU�WKDQ�WKH�RQH�REWDLQHG�
ZLWK�FKDOFHGRQ\�VLPXODWLRQ��ZKDWHYHU�WKH�6�9�UDWLR��

2Q�)LJ����ZHUH�DOVR�UHSRUWHG�VLPXODWHG�FXUYHV�REWDLQHG�ZKHQ�QR�VROLG�VROXWLRQ�FDQ�IRUP�DQG�
ZKLFK�WKXV�FRUUHVSRQG�RQO\�WR�WKH�LQFUHDVH�RI�VLOLFRQ�FRQFHQWUDWLRQ�LQ�VROXWLRQ�GXH�WR�JODVV�
GLVVROXWLRQ�� :KHQ� WKH� JODVV� GLVVROYHV� ZLWKRXW� WKH� IRUPDWLRQ� RI� PLQHUDOV� RU� JHO�� VLOLFRQ�
FRQFHQWUDWLRQ� LQ� VROXWLRQ� LQFUHDVHV� VKDUSO\� DQG� WKH� GLIIHUHQFH� LQ� FRQFHQWUDWLRQ��
FRUUHVSRQGLQJ�WR�VLPXODWLRQ�ZLWK�DQG�ZLWKRXW�DOWHUDWLRQ�JHO�IRUPDWLRQ��FDQ�H[FHHG�RQH�RUGHU�
RI�PDJQLWXGH��HVSHFLDOO\�DW�KLJK�6�9�UDWLR��7KHUHIRUH��WKHVH�FXUYHV�LQGLFDWH�WKH�IXQGDPHQWDO�
LQFLGHQFH�RI�WKH�JHO�IRUPDWLRQ�RQ�WKH�HYROXWLRQ�RI�VLOLFRQ�FRQFHQWUDWLRQ�LQ�VROXWLRQ��

7KHVH�UHVXOWV�LOOXVWUDWH�WKH�FRPSOH[LW\�RI�SKHQRPHQD����ZKLFK�FDQ�WDNH�SODFH�ZKHQ�WKH�6�9�
UDWLR�YDULHV��JODVV����EXW� WKH\�DOVR�VKRZ�WKDW� LW� LV�FOHDUO\�SRVVLEOH�WR�UHSURGXFH�ZLWK�D�JRRG�
DJUHHPHQW� WKH� H[SHULPHQWDO� VLOLFRQ� FRQFHQWUDWLRQV� E\� XVLQJ� D� VROLG� VROXWLRQ� PRGHO� WR�
VLPXODWH� WKH� JHO� IRUPDWLRQ�� %HVLGH�� WKLV� JHO� LV� VLPXODWHG� E\� D� VROLG� VROXWLRQ� XVLQJ� RQO\�
WKHUPRG\QDPLF�GDWD�FRPLQJ�IURP�OLWHUDWXUH��L��H��QRW�ILWWHG���)XUWKHUPRUH��LW�LV�IXQGDPHQWDO�
WR�QRWH�WKDW�WKH�DJUHHPHQW�EHWZHHQ�H[SHULPHQWV�DQG�VLPXODWLRQ�MXVWLI\�WKH�GHVFULSWLRQ�RI�WKH�
DOWHUDWLRQ�JHO�LQ�VLPXODWLRQ�E\�FRQVLGHULQJ�D�WRWDO�GLVVROXWLRQ�SURFHVV�IROORZHG�E\�DQ�LQ�VLWX�
SUHFLSLWDWLRQ�RI�WKH�JHO�DW�HTXLOLEULXP�ZLWK�WKH�VROXWLRQ��
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