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,PSURYLQJ�WKH�UREXVWQHVV�RI�D�JHQHWLF�SURJUDPPLQJ�OHDUQLQJ�PHWKRG�E\
IXQFWLRQ�VHW�WXQLQJ

0DULD�3UDWHHSWRQJNXP��DQG�3UDEKDV�&KRQJVWLWYDWDQD�

'HSDUWPHQW�RI�FRPSXWHU�HQJLQHHULQJ
&KXODORQJNRUQ�8QLYHUVLW\

3KD\DWKDL�URDG��%DQJNRN�������7KDLODQG
3KRQH�����������������)D[���������������

��PDULD#QFVWF�PXD�JR�WK���SUDEKDV#FKXOD�DF�WK�

$EVWUDFW

7KLV�SDSHU�SUHVHQWV�UREXVWQHVV�LPSURYHPHQW�RI�URERW�SURJUDPV�JHQHUDWHG�E\�JHQHWLF
SURJUDPPLQJ��7KH� WHFKQLTXH� WR� ILQG�D� UREXVWQHVV�VROXWLRQ� LV�E\� IXQFWLRQ�VHW� WXQLQJ�
7KH� PDLQ� K\SRWKHVLV� LV� D� SURJUDP� WKDW� FDQ� H[SUHVV� D� ZLGH� YDULHW\� RI� EHKDYLRUV
DFFRUGLQJ�WR�GLIIHUHQW�VLWXDWLRQV�VKRXOG�EH�PRUH�UREXVW��%DVHG�RQ�WKLV�LGHD��D�VSHFLDO
SUREDELOLVWLF�IXQFWLRQ������ZD\�VHOHFWLRQ����LV�GHILQHG��7KH�H[SHULPHQW�LV�SHUIRUPHG�RQ
URERW� QDYLJDWLRQ� SUREOHPV�PRYLQJ� IURP� D� VWDUWLQJ� SRLQW� WR� D� WDUJHW� SRLQW� ZLWKLQ� D
FORVHG�DUHD�HQYLURQPHQW�ZKLFK�FRQWDLQV�REVWDFOHV��7KH�UHVXOW�VXSSRUWV�WKH�K\SRWKHVLV�
,W� FDQ� EH� VKRZQ� WKDW� D� SURJUDP� ZLWK� D� VSHFLDO� IXQFWLRQ� H[WHQVLRQ� EHKDYHV� PRUH
UREXVWO\�

���,QWURGXFWLRQ

*HQHWLF�3URJUDPPLQJ� �*3�� LV� D�SUREOHP� VROYLQJ�PHWKRG� WKDW� LV� LQVSLUHG�E\�QDWXUDO
HYROXWLRQ�� 5HFHQWO\�� LW� KDV� EHHQ� DSSOLHG� WR� YDULRXV� SUREOHP� GRPDLQV�� *3� KDV� EHHQ
XVLQJ�DV�D�PHWKRG�IRU�URERW� OHDUQLQJ�� ,Q�>�@��*3�LV�XVHG� WR�JHQHUDWH� URERW�SURJUDPV
WKDW� VROYH� YLVXDO� UHDFKLQJ� WDVNV�� 7KH� VROXWLRQ� LV� HYROYHG� XQGHU� D� VLPXODWHG� ZRUOG
EHFDXVH�RI�WKH�WLPH�FRQVWUDLQW�LQ�XVLQJ�D�UHDO�URERW��$�SUREOHP�WKDW�RIWHQ�DULVHV�LV�WKH
IDLOXUH� WR� WUDQVIHU� WKH� VXFFHVV� RI� D� VROXWLRQ� LQ� D� VLPXODWHG� ZRUOG� WR� WKH� UHDO�ZRUOG
EHFDXVH� VXFK� VROXWLRQV� DUH� IUDJLOH�� :H� FDQ� QRW� HVWDEOLVK� DOO� HQYLURQPHQWV� DQG
RSHUDWLRQV�LQ�D�UHDO�ZRUOG�VLWXDWLRQ�FRPSOHWHO\�VLPLODU�WR�WKRVH�LQ�D�VLPXODWHG�ZRUOG�

7R� UHGXFH� IDLOXUH�RI� WUDQVIHUULQJ� VROXWLRQV� IURP� VLPXODWHG�ZRUOG� WR� H[HFXWH� LQ� UHDO�
ZRUOG��LW�LV�HVVHQWLDO�WR�JHQHUDWH�UREXVW�VROXWLRQV�ZKLFK�DUH�VWURQJ�HQRXJK�WR�ZLWKVWDQG
HUURUV� LQ� WKH� UHDO�ZRUOG� WKDW�PD\� KDSSHQ�� $WWHPSW� WR� LPSURYH� VROXWLRQ� WR� EH� PRUH
UREXVW��VRPH�*3�UHVHDUFKHUV� LQMHFWHG�QRLVH� LQWR�V\VWHP�GXULQJ�SURFHVV�RI�HYROXWLRQ�
1RLVH� FRXOG� EH� GLVWXUEDQFH� LQ� HQYLURQPHQW�� FKDQJLQJ� LQLWLDO� FRQGLWLRQV� RU� HUURUV� LQ
VHQVRU�DQG�DFWXDWRU��>�@�KDG�OLPLW�VXFFHVV�UHVXOW�LQ�WKH�ER[�PRYLQJ�SUREOHP��ZKHUHDV
>�@� IRXQG� XQVXFFHVVIXO� VROXWLRQ� IRU� FRUULGRU�IROORZLQJ� WDVN�� $QRWKHU� DSSURDFK� WR
LPSURYH� UREXVWQHVV� RI� WKH� VROXWLRQ� LV� WR� JHQHUDWH� VROXWLRQV� XQGHU� VHYHUDO� WUDLQLQJ
HQYLURQPHQWV�ZLWKRXW�SXWWLQJ�DQ\�QRLVH�LQWR�V\VWHP�DQG�>�@�VKRZQ�WKDW�VROXWLRQ�ZKLFK
WDNH�PRUH�WUDLQLQJ�HQYLURQPHQW�KDV�PRUH�UREXVW�UHVXOW�

7KLV� SDSHU� H[DPLQHV� UREXVWQHVV� LPSURYHPHQW� RI� URERW� SURJUDPV� XVLQJ� IXQFWLRQ� VHW
WXQLQJ�� :H� FRQVWUXFWHG� D� VSHFLDO� SUREDELOLVWLF� IXQFWLRQ� LQ� RUGHU� WR� VXSSRUW� RXU
K\SRWKHVLV� WKDW� FODLPV� D� SURJUDP� ZKLFK� FDQ� H[SUHVV� D� ZLGH� YDULHW\� RI� EHKDYLRXUV
DFFRUGLQJ�WR�GLIIHUHQW�VLWXDWLRQV�VKRXOG�EH�PRUH�UREXVW��7KH�VSHFLDO�IXQFWLRQ�LV�D�NLQG
RI���ZD\�VHOHFWLRQ�IXQFWLRQ��([HFXWLQJ�WKLV�IXQFWLRQ�UHVXOWLQJ�LQ�D�UDQGRP�VHOHFWLRQ�RI
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WKH�SDWK��7KH�UHVXOW�VKRZV�WKDW�D�SURJUDP�ZLWK�D�VSHFLDO�IXQFWLRQ�H[WHQVLRQ�EHKDYHV
PRUH� UREXVWO\�� 7KH� H[SHULPHQW� LV� SHUIRUPHG� RQ� URERW� QDYLJDWLRQ� SUREOHPV�� 5RERW
SURJUDPV� DUH� JHQHUDWHG� E\� *3� WR� QDYLJDWH�PRELOH� URERW� IURP� D� VWDUWLQJ� SRLQW� WR� D
WDUJHW�SRLQW�DPRQJ�VSUHDG�REVWDFOHV�ZLWKLQ�D�FORVHG�DUHD�HQYLURQPHQW��7KH�UHVW�RI�WKLV
SDSHU�GHVFULEHV�WKH�H[SHULPHQW�DQG�WKH�UHVXOW�

���7KH�H[SHULPHQW

7KH�WHVW�FDVH�RI�RXU�PHWKRG�LV�WKH�URERW�QDYLJDWLRQ�SUREOHP��$�PRELOH�URERW�OHDUQV�WR
WUDYHO� IURP� D� VWDUWLQJ� SRLQW� WR� D� WDUJHW� SRLQW� LQ� D� FOXWWHUHG� HQYLURQPHQW� �ILJ�� ��
QHJRWLDWLQJ�REVWDFOHV��*3�LV�XVHG�DV�WKH�URERW�OHDUQLQJ�PHWKRG��7KH�DLP�LV�WR�JHQHUDWH
URERW� SURJUDPV� WKDW� VXFFHVVIXOO\� SHUIRUP� WKH� WDVN� ZLWK� KLJK� UREXVWQHVV�� 7KH
UREXVWQHVV� LV�GHILQHG�DV� WKH� DELOLW\� WR�SHUIRUP�ZHOO� �DFKLHYLQJ� WKH� JRDO�� GHVSLWH� WKH
GLVWXUEDQFH�

)LJXUH�����WKH�HQYLURQPHQW�RI�URERW�QDYLJDWLRQ�SUREOHP

7KH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�XQGHU�D�VLPXODWLRQ��WKH�GHWDLOV�DUH�DV�IROORZV��7KH
URERW�EDVH� LV�D�FLUFXODU� VKDSH�ZLWK� WKH� UDGLXV���XQLWV��7KH� URERW� FDQ�PRYH� IRUZDUG�
WXUQ� OHIW� DQG� ULJKW�� ,WV� VHQVRU� FDQ� UHSRUW� ZKHWKHU� WKH� URERW� LV� JHWWLQJ� QHDUHU� WR� WKH
WDUJHW�� 7KHUH� DUH� EXPSHUV� VXUURXQGLQJ� WKH� EDVH� ZKLFK� FDQ� GHWHFW� FROOLVLRQ� ZLWK
REVWDFOHV��7KH�VWHS�VL]H�RI�IRUZDUG�PRWLRQ�LV���XQLW�DQG� WKH� WXUQLQJ� LV������GHJUHHV�
7KH�URERW�HQYLURQPHQW�LV�WKH�JULG�RI�VL]H�����[�����XQLWV��7KH�REVWDFOHV�KDYH�VHYHUDO
VKDSHV�ZLWK�WKH�DYHUDJH�VL]H�RI����[����XQLWV�DQG�DUH�SODFHG�UDQGRPO\�LQ�WKH�URERW¶V
ZRUOG��7KH�WRWDO�DUHD�RI�WKH�REVWDFOHV�LV�����RI�WKH�URERW�ZRUOG�

WDUJHW

VWDUW
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����7HUPLQDO�VHW

7KH�WHUPLQDO�VHW�LQ�WKLV�H[SHULPHQW�LV�^IRUZDUG��OHIW��ULJKW��LVQHDUHU`�ZKHUH�IRUZDUG��OHIW��ULJKW
DUH� WKH� URERW�PRWLRQ� FRPPDQGV�� LVQHDUHU� LV� WKH� VHQVLQJ� FRPPDQG�ZKLFK� UHSRUWV� WKH
LPSURYHPHQW�RI�WKH�URERW�SURJUHVV�

����)XQFWLRQ�VHW

2XU�ZRUN�IRFXV�RQ�WKH�IXQFWLRQ�VHW��7KH�EDVLF�IXQFWLRQ�VHW�FRPSRVHG�RI�^LI�DQG��LI�RU��LI�
QRW`��7KH�IXQFWLRQV�WKDW�DUH�YDULHG�LQ�WKH�H[SHULPHQW�DUH�^SURJ���SURJ���SURJ���HLR�`��7KH
VHPDQWLF�RI�WKHVH�IXQFWLRQV�DUH�DV�IROORZV��LI�DQG�KDV���SDUDPHWHUV��S���S���LI�WKH�UHWXUQ
YDOXHV�IURP�ERWK�S��DQG�S��DUH�WUXH�WKHQ�SHUIRUPV�S��HOVH�SHUIRUPV�S���LI�RU�LV�VLPLODU
EXW�S���S��LV�25�LQJ��LI�QRW�KDV���SDUDPHWHUV��S���S���LI�WKH�UHWXUQ�YDOXH�IURP�S��LV�QRW
WUXH�WKHQ�SHUIRUP�S��HOVH�SHUIRUP�S���SURJ��SHUIRUPV�LWV�WZR�SDUDPHWHUV�LQ�VHTXHQFH�
SURJ��LV�VLPLODU�EXW�ZLWK���SDUDPHWHUV��SURJ��LV�VLPLODU�EXW�ZLWK���SDUDPHWHUV�DQG�HLR�
KDV���SDUDPHWHUV��S���S���DQG�SHUIRUP�HLWKHU�S��RU�S��EDVHG�RQ� UDQGRP�FKRLFH��7KH
PDLQ� K\SRWKHVLV� LV� WKDW� D� SURJUDP�ZKLFK� FDQ� H[SUHVV� D�ZLGH� YDULHW\� RI� EHKDYLRXUV
DFFRUGLQJ� WR� GLIIHUHQW� VLWXDWLRQV� VKRXOG� EH�PRUH� UREXVW�� 7KLV� HLR�� ���ZD\�(LWKHU�2U
IXQFWLRQ��LV�GHILQHG�WR�WHVW�WKLV�K\SRWKHVLV�

����)LWQHVV�IXQFWLRQ

)LWQHVV� IXQFWLRQ� LV� XVHG� WR� HYDOXDWH� HDFK� RI� URERW� SURJUDP�� 7KH� ILWQHVV�PHDVXUH� LV
EDVHG�RQ� WKH�GLVWDQFH�RI� WKH� ILQDO�SRVLWLRQ�RI� URERW� WR� WKH� WDUJHW� DQG� WKH�QXPEHU� RI
H[HFXWHG�WHUPLQDOV��6PDOOHU�YDOXH�LV�EHWWHU�IRU�WKLV�H[SHULPHQW��7KH�ILWQHVV�IXQFWLRQ�LV

��������������������������������������������I� ���������u�IG����W ���

ZKHUH� IG� LV�(XFOLGHDQ�GLVWDQFH�RI� WKH� ILQDO�SRVLWLRQ� WR� WKH� WDUJHW�SRLQW�� IG� ��� LI� WKH
URERW�UHDFKHV�WKH�WDUJHW�DQG�W�LV�WKH�QXPEHU�RI�H[HFXWHG�WHUPLQDOV�

����*HQHWLF�3DUDPHWHUV

7KH�SDUDPHWHUV�IRU�*3�ZHUH�VHW�DV�IROORZV��SRSXODWLRQ�VL]H�������PD[LPXP�QXPEHU
RI� JHQHUDWLRQ� ���� WKH� DYHUDJH� LQLWLDO� VL]H� RI� DQ� LQGLYLGXDO� LV� ����� UHSURGXFWLRQ� UDWH
�����FURVVRYHU�UDWH������PD[LPXP�VWHSV�H[HFXWLQJ�LQ�WKH�VLPXODWLRQ�EHIRUH�WLPH�RXW
LV� ������ 7ZR� JHQHWLF� RSHUDWLRQV� ZH� XVH� DUH� UHSURGXFWLRQ� DQG� FURVVRYHU�� $OO
H[SHULPHQWV�DUH�UHSHDWHG����WLPHV�WR�DUULYH�DW�WKH�UHSRUWHG�VWDWLVWLFV�

����5REXVWQHVV�WHVW�SKDVH

5REXVWQHVV� LV� PHDVXUHG� E\� VHOHFWLQJ� WKH� EHVW� LQGLYLGXDO� IURP� WKH� PD[LPXP
JHQHUDWLRQ�DQG�HYDOXDWHV�LW�XQGHU�QHZ�SHUWXUEHG�HQYLURQPHQWV�WKDW�DUH�YDULDQW�RI�WKH
RULJLQDO��3HUWXUEHG�HQYLURQPHQW�ZDV�EXLOW�XS�IURP�RULJLQDO�HQYLURQPHQW�E\�VHOHFWLQJ
REVWDFOHV�UDQGRPO\�DQG�PRYLQJ�WKHP�LQ�UDQGRP�GLUHFWLRQ�RI�XS��GRZQ��OHIW�DQG�ULJKW
E\���XQLWV��7KH�SHUFHQW�RI�GLVWXUEDQFH�LV�WKH�QXPEHU�RI�REVWDFOHV�WKDW�LV�PRYHG�E\�WKH
WRWDO�QXPEHU�RI�WRWDO�REVWDFOHV�
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5REXVWQHVV�YDOXH�LV�FDOFXODWHG�E\�HYDOXDWLQJ�WKH�EHVW�URERW�SURJUDP�XQGHU�WKHVH�����
SHUWXUEHG�HQYLURQPHQWV��7KH�SHUFHQW�RI�GLVWXUEDQFH�LV�YDULHG�IURP��������

���5HVXOW�DQG�GLVFXVVLRQ

5REXVWQHVV�RI�SURJUDP�FRPSRVHG�RI�YDULHW\�RI�IXQFWLRQ� W\SH� LV�VKRZQ�LQ�ILJ���� ,W� LV
REYLRXV� WKDW� SURJUDPV� ZLWK� HLR�� IXQFWLRQ� H[WHQVLRQ� EHKDYH� PRUH� UREXVWO\� DW� HYHU\
OHYHO�RI�GLVWXUEDQFH�

)LJXUH�����UREXVWQHVV�RI�URERW�SURJUDP�ZLWK�YDULRXV�IXQFWLRQ�VHW

:H�DQDO\VH�WKH�UHVXOW�RI�UREXVWQHVV�RI�SURJUDP�ZLWK�D�VSHFLDO�IXQFWLRQ�H[WHQVLRQ�E\
FRXQWLQJ�WKH�³SDWK�YDULHW\´�RI�SURJUDP�ZKLOH�H[HFXWH�LQ�VLPXODWLRQ�GXULQJ�UREXVWQHVV
WHVW�SKDVH��2Q�WKH�DVVXPSWLRQ�WKDW�WKHUH�LV�FRUUHVSRQGHQFH�EHWZHHQ�WKH�ZLGH�YDULHW\
RI�EHKDYLRXUV�DQG�WKH�SDWK�YDULHW\�RI�D�SURJUDP��$�SDWK�LV�D�SUHRUGHU�WUDYHUVDO�QRGH
VWULQJ�IURP�URRW�WR�OHDYH�RI�D�SURJUDP�WUHH��([HFXWLQJ�D�SURJUDP�LQ�VLPXODWLRQ�EHIRUH
DFKLHYLQJ�D�JRDO�RU�WLPH�RXW�RFFXUV�WDNH�VHYHUDO�WLPHV�LQ�H[HFXWLQJ�WUHH�UHSHDWHGO\�DQG
SURGXFHV�PDQ\�SDWKV��$�SDWK�YDULHW\� LV� WKH� QXPEHU� RI� XQLTXH�SDWK� LQ� WKH� VHW� RI� DOO
SDWKV�

7R� ILQG�SDWK�YDULHW\�RI�SURJUDPV��ZH�SHUIRUP�H[SHULPHQW�YDU\LQJ�GLVWXUEDQFH� IURP
����WR�����EHFDXVH�WKH�UREXVWQHVV�YDOXH�GRQ¶W�FKDQJH�PXFK�DIWHU������7KH�UHVXOW�LV
VKRZQ� LQ� ILJ����$�SURJUDP�ZLWK�KLJK� UREXVWQHVV� DOVR�KDV�KLJKHU�SDWK�YDULHW\�YDOXH�
WKHUHIRUH��RXU�K\SRWKHVLV�LV�FRQILUPHG�
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)LJXUH�����SDWK�YDULHW\�RI�URERW�SURJUDP�ZLWK�YDULRXV�IXQFWLRQ�VHW

���&RQFOXVLRQ

7KLV� SDSHU� H[SORUHV� DQ� DSSURDFK� WR� LPSURYH� UREXVWQHVV� RI� URERW� SURJUDPV� XVLQJ
IXQFWLRQ�VHW�WXQLQJ�RQ�URERW�QDYLJDWLRQ�SUREOHPV��7KH�UHVXOW�LQGLFDWHV�WKDW�IXQFWLRQ�VHW
DIIHFWV� UREXVWQHVV� RI� SURJUDPV��7KH� SURJUDP�ZLWK� D� VSHFLDO� IXQFWLRQ� EHKDYHV�PRUH
UREXVWO\�WKDQ�RWKHU�W\SH�RI�SURJUDPV��7KH�DQDO\VLV�VKRZV�WKDW�UREXVWQHVV�LV�DVVRFLDWHG
ZLWK� WKH� SDWK� YDULHW\�� 7KH� IXWXUH� ZRUN� ZLOO� VWXG\� HIIHFWLYH� RI� WUDQVIHUULQJ� UREXVW
VROXWLRQ� IURP� VLPXODWHG�ZRUOG� WR� UHDO�ZRUOG� DQG� DGDSW� IXQFWLRQ� VHW� WXQLQJ� WR� RWKHU
SUREOHPV�

5HIHUHQFHV

>�@� &KRQJVWLWYDWDQD�� 3�� DQG� 3ROYLFKDL�� -��� ³/HDUQLQJ� D� YLVXDO� E\� JHQHWLF
SURJUDPPLQJ´�� 3URF�� RI� ,(((�56-� ,QWHU�� &RQI�� RQ� ,QWHOOLJHQW� 5RERWV� DQG
6\VWHPV��2VDND��-DSDQ�������

>�@� &KRQJVWLWYDWDQD�� 3��� ³,PSURYLQJ� UREXVWQHVV� RI� URERW� SURJUDPV� JHQHUDWHG� E\
JHQHWLF� SURJUDPPLQJ� IRU� G\QDPLF� HQYLURQPHQWV´�� 3URF�� RI� ,(((�$VLD�3DFLILF
&RQI��RQ�&LUFXLWV�DQG�6\VWHPV��$3&&$6�����&KLDQJPDL��������SS����������

>�@� ,WR��+��,ED�DQG�0��.LPXUD��³5REXVWQHVV�RI�URERW�SURJUDPV�JHQHUDWHG�E\�JHQHWLF
SURJUDPPLQJ´��3URF��RI�&RQI��*HQHWLF�3URJUDPPLQJ�����0,7�3UHVV��������SS�
��������

>�@� -��5��.R]D���*HQHWLF�SURJUDPPLQJ���0,7�3UHVV�������
>�@� 5H\QROGV��&��:��� ³(YROXWLRQ� RI�2EVWDFOH�%HKDYLRXUV�� XVLQJ� QRLVH� WR� SURPRWH

UREXVW� VROXWLRQV´�� $GYDQFHV� LQ� *HQHWLF� 3URJUDPPLQJ�� 0,7� 3UHVV�� ������ SS�
��������
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