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$FNQRZOHGJPHQWV
:KHQ�, DUULYHG�DW�:LVFRQVLQ� P\�SODQ�ZDV�WR�OHDYH�ZLWK�RQO\�D�0DVWHUV� +RZHYHU�

D�IXQ�DQG�SURGXFWLYH�VXPPHU�LQ������DV�D�UHVHDUFK�DVVLVWDQW�ZLWK�0LNH�FKDQJHG�DOO�WKDW� ,
FKDQJHG�P\�GHJUHH�JRDO�WR�3K' XQGHU�KLV�VXSHUYLVLRQ� +RZHYHU� PRUH�WKDQ�WKH�GHJUHH� ,
ZDV�ORRNLQJ�IRUZDUG�WR�WKH�HGXFDWLQJ�DQG�HQMR\DEOH�FROODERUDWLRQ�ZLWK�KLP� 2YHU�WKH�QH[W
ÀYH�\HDUV� , OHDUQW�KRZ�WR�HVWLPDWH�WKH�LPSRUWDQFH�RI�UHVHDUFK�SUREOHPV� KRZ�WR�VLPSOLI\
WKH�DUW�RI�EXLOGLQJ�FRPSOH[�V\VWHPV�DQG�KRZ�WR�GLVWLOO�WKLV�H[SHULHQFH�LQ�FOHDU�WHFKQLFDO
ZULWLQJ� , KRSH�WR�FRQWLQXH�WR�EXLOG�XSRQ�WKHVH�YDOXDEOH�VNLOOV�LQ�P\�FDUHHU�DQG�ZRXOG�OLNH
WR�WKDQN�0LNH�IRU�KLV�NQRZOHGJH� JXLGDQFH�DQG�SDWLHQFH�

, DP�DOVR�JUDWHIXO�WR�WKH�PHPEHUV�RI�P\�WKHVLV�FRPPLWWHH� 5HP]L�$USDFL�'XVVHDX�
6RPHVK�-KD� %HQ�/LEOLW� 3DUPHVK�5DPDQDWKDQ�DQG�7RP�5LVWHQSDUW� 0\�MRXUQH\�LQ�RSHU�
DWLQJ�V\VWHPV�UHVHDUFK�VWDUWHG�ZLWK�5HP]L·V�&6 ����FODVV� ZKLFK�, JUHDWO\�HQMR\HG� , KDYH
DOZD\V�HQMR\HG�WKH�VKRUW�DQG�FDVXDO�FRQYHUVDWLRQV�RQ�WKH�VHYHQWK�ÁRRU�RI�WKH�&6 GHSDUW�
PHQW�ZLWK�5HP]L� 6RPHVK�DQG�7RP� , VWDUWHG�ZRUNLQJ�RQ�DSSO\LQJ�SURJUDPPLQJ�ODQJXDJH
WHFKQLTXHV�IRU�LPSURYLQJ�GULYHU�UHOLDELOLW\�ZLWK�%HQ·V�&6 ���� , UHDOO\�HQMR\HG�KLV�FODVV�DQG
UHFRPPHQG�LW�WR�QHZ�VWXGHQWV�ZKHQHYHU�WKH\�KDYH�DVNHG�PH�IRU�DGYLFH��VRPHWLPHV�HYHQ
ZKHQ�WKH\�GLGQ·W�� , DP�DOVR�WKDQNIXO�WR�3DUPHVK�IRU�DJUHHLQJ�WR�EH�D�SDUW�RI�P\�FRPPLWWHH
DW�VXFK�D�VKRUW�QRWLFH� , ZRXOG�OLNH�WR�WKDQN�DOO�RI�WKHP�IRU�WKH�XVHIXO�IHHGEDFN�

'XULQJ�P\�3K'��, GLG�WKUHH�LQWHUQVKLSV�DW�0LFURVRIW�5HVHDUFK� 0\�ÀUVW�LQWHUQVKLS
ZDV�DW�WKH�6LOLFRQ�9DOOH\�/DE� ZKHUH�, KDG�D�JUHDW�WLPH�ZLWK�0DKHVK�%DODNULVKQDQ� 9LMD\DQ
3UDEKDNDUDQ�DQG�'DKOLD�0DONKL�ZRUNLQJ�RQ�WKH�'LIIHUHQWLDO�5$,' SURMHFW� 'XULQJ�P\
VHFRQG�LQWHUQVKLS� , ZRUNHG�ZLWK�(G�1LJKWLQJDOH�RQ�WKH�7KLQ&ORXG�SURMHFW� , UHWXUQHG�D
WKLUG�WLPH�WR�ZRUN�ZLWK�(G�DQG�-DPHV�0LFNHQV�RQ�WKH�VDPH�SURMHFW� , HQMR\HG�ZRUNLQJ
FORVHO\�ZLWK�HDFK�RQH�RI�WKHP�DQG�WKHLU�DSSURDFK�WR�SUREOHPV�KDV�KDG�D�VLJQLÀFDQW�LPSDFW
RQ�P\�UHVHDUFK�VNLOOV� , DP�JUDWHIXO�WR�DOO�RI�WKHP�IRU�WKLV�RSSRUWXQLW\�WR�FROODERUDWH� ,
ZRXOG�DOVR�OLNH�WR�WKDQN�0DKHVK�%DODNULVKQDQ� 7KHR�%HQVRQ� +DU\DGL�*XQDZL�DQG�(G
1LJKWLQJDOH�IRU�WKHLU�XVHIXO�DGYLFH�GXULQJ�P\�MRE�KXQW�
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\HDUV� PHPEHUV�RI�WKH�621$5 V\VWHP�JURXS�DQG�WKH�$'6/ ODE�ZHUH�DOZD\V�DYDLODEOH�WR
VKDUH�P\�MR\V� IUXVWUDWLRQV�DQG�WKH�IUHH�IRRG�WKDW�JUDGXDWH�VFKRRO�RIIHUV� , DP�HVSHFLDOO\
WKDQNIXO�WR�0DWW�5HQ]HOPDQQ�IRU�FROODERUDWLQJ�ZLWK�PH�RQ�VHYHUDO�SURMHFWV� +LV�TXDOLW\�RI
WKRURXJKQHVV�LPSURYHG�RXU�SURMHFWV�DQG�DOVR�DOORZHG�PH�WR�OHDUQ�WKLV�YDOXDEOH�VNLOO�

, DP�DOVR�WKDQNIXO�WR�P\�IULHQGV�DW�YDULRXV�GHSDUWPHQWV�DW�:LVFRQVLQ� P\�XQGHU�
JUDGXDWH�IULHQGV��VRPH�RI�ZKRP�YLVLWHG�PH�GXULQJ�WKH�FRXUVH�RI�P\�3K'� DQG�WKH�QHZ
RQHV�, PDGH�GXULQJ�P\�LQWHUQVKLSV� , UHDOO\�DSSUHFLDWH�WKHLU�IULHQGVKLS�DQG�DIIHFWLRQ� 7KH\
JDYH�PH�D�PXFK�QHHGHG�UHDOLW\�FKHFN�DERXW�WKH�RXWVLGH�ZRUOG�HVSHFLDOO\�ZKHQ�, JRW�WRR
EXV\�ZLWK�P\�JUDGXDWH�VWXGLHV�RU�ZKHQ�, RFFDVLRQDOO\�WRRN�OLIH�WRR�VHULRXVO\�

)LQDOO\� , ZRXOG�OLNH�WR�WKDQN�P\�IDPLO\� P\�SDUHQWV� VLVWHU�DQG�EURWKHU�LQ�ODZ�IRU
WKHLU�ORYH�DQG�VXSSRUW�DOO�WKHVH�\HDUV� :LWKRXW�WKHLU�VXSSRUW�DQG�HQFRXUDJHPHQW� PDQ\
DFFRPSOLVKPHQWV�LQ�P\�OLIH�LQFOXGLQJ�WKLV�GLVVHUWDWLRQ�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�
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��� 5HODWHG�ZRUN�IRU�)*)7 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� /HVVRQV�DQG�)XWXUH�:RUN ���

��� /HVVRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� +\EULG�6WDWLF�5XQ�7LPH�&KHFNLQJ � � � � � � � � � � � � � � � � � � ���

����� ,PSOLFDWLRQV�IRU�GULYHU�GHVLJQ � � � � � � � � � � � � � � � � � � � � � ���

����� ([SHULHQFH�ZLWK�WKH�NHUQHO�FRPPXQLW\ � � � � � � � � � � � � � � � � ���

����� 6XPPDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )XWXUH�:RUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &DUEXUL]HU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 'ULYHU�6WXG\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� )*)7 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 6XPPDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

%LEOLRJUDSK\ ���
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/LVW�RI�)LJXUHV

��� 7KH�&DUEXUL]HU�DUFKLWHFWXUH� ([LVWLQJ�NHUQHO�GULYHUV�DUH�FRQYHUWHG�WR�KDUGHQHG
GULYHUV�DQG�H[HFXWH�ZLWK�UXQWLPH�VXSSRUW�IRU�IDLOXUH�GHWHFWLRQ�DQG�UHFRYHU\� � � � ��

��� 7KH�$0' ����H�QHWZRUN�GULYHU��DPG����H�F��FDQ�KDQJ�LI�WKH�UHDGO���FDOO�LQ�OLQH��
DOZD\V�UHWXUQV�WKH�VDPH�YDOXH� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH�3UR�$XGLR�6RXQG�GULYHU��SDV�BFDUG�F��XVHV�WKH SDVBPRGHO YDULDEOH�DV�DQ�DUUD\
LQGH[�LQ�OLQH���ZLWKRXW�DQ\�FKHFNV� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH S6FE,G[ YDULDEOH�LV�XVHG�LQ�SRLQWHU�DULWKPHWLF�LQ�OLQH����ZLWKRXW�DQ\�FKHFN�LQ
WKH�D����6&6, GULYHU��D���X�Z�F�� � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH�+LJK3RLQW�55�[[[�6&6, GULYHU��KSWLRS�F��UHDGV DUJ IURP�WKH�FRQWUROOHU�LQ�OLQH
��DQG�GHUHIHUHQFHV�LW�DV�D�SRLQWHU�LQ�OLQH��� � � � � � � � � � � � � � � � � � � � � ��

��� 7KH�FRGH�IURP�)LJXUH ����À[HG�E\�&DUEXUL]HU�ZLWK�D�WLPHRXW�FRXQWHU� � � � � � � � ��

��� 7KH�FRGH�IURP�)LJXUH ����À[HG�E\�&DUEXUL]HU�ZLWK�D�ERXQGV�FKHFN� � � � � � � � � ��

��� 7KH�FRGH�IURP�)LJXUH ����DIWHU�UHSDLU� &DUEXUL]HU�LQVHUWV�D�QXOO�SRLQWHU�FKHFN�LQ�OLQH��� ��

��� 7KH�IRUFHGHWK�QHWZRUN�GULYHU�SROOV�WKH�%0&5B5(6(7GHYLFH�UHJLVWHU�XQWLO�LW�FKDQJHV
VWDWH�RU�XQWLO�D�WLPHRXW�RFFXUV� 7KH�GULYHU�UHSRUWV�RQO\�D�JHQHULF�HUURU�PHVVDJH�DW
D�KLJKHU�OHYHO�DQG�QRW�WKH�VSHFLÀF�IDLOXUH�ZKHUH�LW�RFFXUUHG� � � � � � � � � � � � � ��

���� &DUEXUL]HU�LQVHUWV�D�UHSRUWLQJ�VWDWHPHQW�DXWRPDWLFDOO\�LQ�WKH�FDVH�RI�D�WLPHRXW�
ZKLFK�LQGLFDWHV�WKH�GHYLFH�LV�QRW�RSHUDWLQJ�DFFRUGLQJ�WR�VSHFLÀFDWLRQ� � � � � � � � ��
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��� 7KH�/LQX[�GULYHU�WD[RQRP\�LQ�WHUPV�RI�EDVLF�GULYHU�W\SHV� FKDU� EORFN�DQG�QHW� 7KH
ÀJXUH�VKRZV�GLIIHUHQW�GULYHU�FODVVHV�RULJLQDWLQJ�IURP�WKHVH�EDVLF�W\SHV� 7KH�GULYHU
VXE�FODVVHV�DUH�UHSUHVHQWHG�LQ�GRXEOH�ERUGHUHG�ER[HV� 7KH�VL]H��LQ�SHUFHQWDJH�RI
OLQHV�RI�FRGH��LV�PHQWLRQHG�IRU���ELJJHVW�FODVVHV� 1RW�DOO�GULYHU�FODVVHV�DUH�PHQWLRQHG� ��

��� 7KH�SHUFHQWDJH�RI�GULYHU�FRGH�DFFHVVHG�GXULQJ�GLIIHUHQW�GULYHU�DFWLYLWLHV�DFURVV
GULYHU�FODVVHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH�FKDQJH�LQ�GULYHU�FRGH�LQ�WHUPV�RI�/2& DFURVV�GLIIHUHQW�GULYHU�FODVVHV�EHWZHHQ
WKH�/LQX[�������DQG�/LQX[��������NHUQHO� � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH�,'( &'�520 GULYHU�SURFHVVHV�WDEOH�RI�FRQWHQWV�HQWULHV�LQWR�D�QDWLYH�IRUPDW� � ��

��� 7KH�DYHUDJH�QXPEHU�RI�FKLSVHWV�VXSSRUWHG�E\�GULYHUV�LQ�HDFK�FODVV� � � � � � � � � ��

��� 7KH�F\FODGHV�FKDUDFWHU�GULYHUV�VXSSRUWV�HLJKW�FKLSVHWV�WKDW�EHKDYHV�GLIIHUHQWO\�DW
HDFK�SKDVH�RI�H[HFXWLRQ� 7KLV�PDNHV�GULYHU�FRGH�VSDFH�HIÀFLHQW�EXW�H[WUHPHO\�FRP�
SOH[�WR�XQGHUVWDQG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH�DYHUDJH�NHUQHO�OLEUDU\� PHPRU\� V\QFKURQL]DWLRQ� NHUQHO�GHYLFH�OLEUDU\� DQG
NHUQHO�VHUYLFHV�OLEUDU\�FDOOV�SHU�GULYHU��ERWWRP�WR�WRS�LQ�ÀJXUH��IRU�DOO�HQWU\�SRLQWV� ��

��� 7KH�GHYLFH�LQWHUDFWLRQ�SDWWHUQ�UHSUHVHQWLQJ�SRUW�,�2��PHPRU\�PDSSHG�,�2��EXV
UHVRXUFHV��ERWWRP�WR�WRS��LQYRNHG�YLD�DOO�GULYHU�HQWU\�SRLQWV� � � � � � � � � � � � ��

��� 7KH�SHUFHQWDJH�RI�GULYHU�HQWU\�SRLQWV�XQGHU�FRYHUDJH�RI�WKUHDGHG�DQG�HYHQW�IULHQGO\
V\QFKURQL]DWLRQ�SULPLWLYHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 6LPLODU�FRGH�EHWZHHQ�WZR�GLIIHUHQW�+37 $7$ FRQWUROOHU�GULYHUV�HVVHQWLDOO\�SHU�
IRUPLQJ�WKH�VDPH�DFWLRQ� 7KHVH�DUH�DPRQJ�WKH�OHDVW�VLPLODU�IXQFWLRQV�WKDW�'U&RPS
LV�DEOH�WR�GHWHFW�WKHVH�IXQFWLRQV�DV�UHODWHG� 7KH�ER[HV�VKRZ�GLIIHUHQWLDWLQJ�VWDWH�
PHQWV�LQ�WKH�WZR�IXQFWLRQV�WKDW�DFFRXQW�IRU�WKH�FORVH�VLJQDWXUH�YDOXHV� � � � � � � ��

���� 7KH�DERYH�ÀJXUH�VKRZV�LGHQWLFDO�FRGH�WKDW�FRQVXPHV�GLIIHUHQW�UHJLVWHU�YDOXHV� 6XFK
FRGH�LV�SUHVHQW�LQ�GULYHUV�ZKHUH�PXOWLSOH�FKLSVHWV�DUH�VXSSRUWHG�DV�ZHOO�DV�DFURVV
GULYHUV�RI�GLIIHUHQW�GHYLFHV� 7KH�IXQFWLRQV�DUH�FRSLHV�H[FHSW�IRU�WKH�FRQVWDQWV�DV
VKRZQ�LQ�WKH�ER[HV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0RGHUQ�GHYLFHV�SHUIRUP�PDQ\�RSHUDWLRQV�GXULQJ�LQLWLDOL]DWLRQ�VXFK�DV�VHWWLQJ�XS
NHUQHO�DQG�GHYLFH�VWUXFWXUHV�EDVHG�RQ�FKLSVHW�DQG�GHYLFH�IHDWXUHV� FKHFNVXPPLQJ
GHYLFH�520 GDWD� YDULRXV�GHYLFH�WHVWV�IROORZHG�E\�GULYHU�LQLWLDOL]DWLRQ�DQG�FRQÀJ�
XUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )*)7 UHSOLFDWHV�GULYHU�HQWU\�SRLQWV�LQWR�D�QRUPDO�GULYHU�DQG�DQ 6), GULYHU�PRGXOH�
$ UXQWLPH�VXSSRUW�PRGXOH�SURYLGHV�FRPPXQLFDWLRQ�DQG�UHFRYHU\�VXSSRUW� � � � ��
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��� 2XU�GHYLFH�VWDWH�FKHFNSRLQWLQJ�PHFKDQLVP�UHIDFWRUV�FRGH�IURP�H[LVWLQJ�VXVSHQG�
UHVXPH�URXWLQHV�WR�FUHDWH�FKHFNSRLQW�DQG�UHVWRUH�IRU�GULYHUV�DV�VKRZQ�LQ�)LJXUH��D��
7KH�FKHFNSRLQW�URXWLQH�RQO\�VWRUHV�D�FRQVLVWHQW�GHYLFH�VQDSVKRW�WR�PHPRU\�ZKLOH
WKH�UHVWRUH�ORDGV�WKH�VDYHG�VWDWH�DQG�UH�LQLWLDOL]HV�WKH�GHYLFH� )LJXUHV��E��DQG��F�
VKRZ�FKHFNSRLQW�DQG�UHVWRUH�URXWLQHV�LQ�WKH�UWO�����GULYHU� � � � � � � � � � � � � ��

��� )*)7�EHKDYLRU�GXULQJ�VXFFHVVIXO�DQG�IDLOHG�HQWU\�SRLQW�H[HFXWLRQV� � � � � � � � � ���



[

/LVW�RI�7DEOHV

��� 9HQGRU�UHFRPPHQGDWLRQV�IRU�KDUGHQLQJ�GULYHUV�DJDLQVW�KDUGZDUH�IDLOXUHV� 5HFRP�
PHQGDWLRQV�DGGUHVVHG�E\�&DUEXUL]HU�DUH�PDUNHG�ZLWK�D!� � � � � � � � � � � � � ��

��� ,QVWDQFHV�RI�KDUGZDUH�GHSHQGHQFLHV�E\�PRGHUQ�/LQX[�GHYLFH�GULYHUV�����������NHU�
QHO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ,QVWDQFHV�RI�GHYLFH�UHSRUWLQJ�FRGH�LQVHUWHG�E\�&DUEXUL]HU� (DFK�HQWU\�VKRZV�WKH
QXPEHU�RI�GHYLFH�IDLOXUHV�GHWHFWHG�E\�WKH�GULYHU� IROORZHG�E\�WKH�QXPEHU�ZKHUH
WKH�GULYHU�GLG�QRW�UHSRUW�IDLOXUHV�DQG�&DUEXUL]HU�LQVHUWHG�UHSRUWLQJ�FRGH� � � � � � ��

��� ,QVWDQFHV�RI�IDXOW�UHSRUWLQJ�FRGH�LQVHUWHG�E\�&DUEXUL]HU�FRPSDUHG�DJDLQVW�DOO�HUURUV
GHWHFWHG�LQ�WKH�GULYHU� (DFK�HQWU\�VKRZV�WKH�DFWXDO�QXPEHU�RI�HUURUV�GHWHFWHG�LQ�WKH
GULYHU�IROORZHG�E\�WKH�QXPEHU�RI�HUURUV�UHSRUWHG�XVLQJ�&DUEXUL]HU� � � � � � � � � ��

��� 7&3 VWUHDPLQJ�VHQG�SHUIRUPDQFH�ZLWK�QHWSHUI�IRU�UHJXODU�DQG�FDUEXUL]HG�GULYHUV
ZLWK�DXWRPDWLF�UHFRYHU\�PHFKDQLVP�IRU�WKH�(�����DQG�IRUFHGHWK�GULYHUV� � � � � � ��

��� 7&3 VWUHDPLQJ�DQG�8'3 UHTXHVW�UHVSRQVH�UHFHLYH�SHUIRUPDQFH�FRPSDULVRQ�RI�WKH
(�����EHWZHHQ�WKH�QDWLYH�/LQX[�NHUQHO�DQG�D�NHUQHO�ZLWK�WKH�&DUEXUL]HU�UXQWLPH
PRQLWRULQJ�WKH�GULYHU·V�LQWHUUXSWV� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVHDUFK�SURMHFWV�RQ�GULYHUV� WKH�LPSURYHPHQW�W\SH� DQG�WKH�QXPEHU�DQG�FODVV�RI
GULYHUV�XVHG�WR�VXSSRUW�WKH�FODLP HQG�WR�HQG� )HZ�SURMHFWV�WHVW�DOO�GULYHU�LQWHUIDFHV
WKRURXJKO\� 6WDWLF�DQDO\VLV�WRROV�WKDW�GR�QRW�UHTXLUH�GULYHU�PRGLÀFDWLRQV�DUH�DYDLO�
DEOH�WR�FKHFN�PDQ\�PRUH�GULYHUV� $OVR� VRPH�VROXWLRQV� OLNH�&DUEXUL]HU >��@� DQG
68' >��@�VXSSRUW�WKH�SHUIRUPDQFH�FODLPV�RQ�IHZHU�GULYHUV� � � � � � � � � � � � ��

��� &RPPRQ�DVVXPSWLRQV�PDGH�LQ�GHYLFH�GULYHU�UHVHDUFK� � � � � � � � � � � � � � � ��
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��� &RPSDULVRQ�RI�PRGHUQ�EXVHV�RQ�GULYHUV�DFURVV�DOO�FODVVHV� ;HQ�DQG�86% GULYHUV
LQYRNH�WKH�EXV�IRU�WKH�GULYHU�ZKLOH�3&, GULYHUV�LQYRNH�WKH�GHYLFH�GLUHFWO\� � � � � ��

��� 7KH�WRWDO�QXPEHU�RI�VLPLODU�FRGH�IUDJPHQWV�DQG�IUDJPHQW�FOXVWHUV�DFURVV�GULYHU
FODVVHV�DQG�DFWLRQ�LWHPV�WKDW�FDQ�EH�WDNHQ�WR�UHGXFH�WKHP� � � � � � � � � � � � � ��

��� )DXOWV�LQMHFWHG�WR�WHVW�IDLOXUH�UHVLOLHQFH�UHSUHVHQW�UXQWLPH�DQG�SURJUDPPLQJ�HUURUV�
'\QDPLF�IDXOWV�DUH�LQYRNHG�XVLQJ LRFWOV� DQG�VWDWLF�IDXOWV�DUH�LQVHUWHG�ZLWK�DQ
DGGLWLRQDO�FRPSLOHU�SDVV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )DXOW�LQMHFWLRQ�WDEOH�ZLWK�QXPEHU�RI�XQLTXH�IDXOWV�LQMHFWHG�SHU�GULYHU� )*)7�LV�DEOH
WR�FRUUHFWO\�UHVWRUH�WKH�GULYHU�DQG�GHYLFH�VWDWH�LQ�HDFK�FDVH� � � � � � � � � � � � � ���

��� 7&3 VWUHDPLQJ�VHQG�SHUIRUPDQFH�ZLWK�QHWSHUI�IRU�UHJXODU�DQG�)*)7�GULYHUV�ZLWK
FKHFNSRLQW�EDVHG�UHFRYHU\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )*)7�DQG�UHVWDUW�EDVHG�UHFRYHU\�WLPHV� 5HVWDUW�EDVHG�UHFRYHU\�UHTXLUHV�DGGLWLRQDO
WLPH�WR�UHSOD\�ORJV�UXQQLQJ�RYHU�WKH�OLIHWLPH�RI�WKH�GULYHU� )*)7�GRHV�QRW�DIIHFW
RWKHU�WKUHDGV�LQ�WKH�GULYHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� /DWHQF\�IRU�GHYLFH�VWDWH�FKHFNSRLQW�UHVWRUH� � � � � � � � � � � � � � � � � � � � ���

��� 'ULYHUV�ZLWK�DQG�ZLWKRXW�SRZHU�PDQDJHPHQW�DV�PHDVXUHG�ZLWK�VWDWLF�DQDO\VLV
WRROV� 86% GULYHUV��DXGLR�DQG�VWRUDJH��VXSSRUW�KXQGUHGV�RI�GHYLFHV�ZLWK�D�FRPPRQ
GULYHU� DQG�VXSSRUW�VXVSHQG�UHVXPH� � � � � � � � � � � � � � � � � � � � � � � � ���

��� $QQRWDWLRQV�UHTXLUHG�E\�)*)7�LVRODWLRQ�PHFKDQLVPV�IRU�FRUUHFW�PDUVKDOLQJ� .HU�
QHO�DQQRWDWLRQV�DUH�FRPPRQ�WR�D�FODVV� DQG�GULYHU�DQQRWDWLRQV�DUH�VSHFLÀF�WR�D�VLQJOH
GULYHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 'HYHORSHU�HIIRUW�IRU�FKHFNSRLQW�UHVWRUH�GULYHU�FDOOEDFNV� � � � � � � � � � � � � � ���

��� 2WKHU�XVHV�IRU�IDVW�GHYLFH�VWDWH�FKHFNSRLQWLQJ� � � � � � � � � � � � � � � � � � � ���
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$EVWUDFW

3HULSKHUDO�GHYLFHV�H[WHQG�WKH�IXQFWLRQDOLW\�RI�FRPSXWHUV�DQG�PDNH�WKHP�PRUH�LQ�

WHUHVWLQJ�WR�XVH� +RZHYHU� WKHLU�WUHPHQGRXV�JURZWK�DQG�HYROXWLRQ�RYHU�WKH�\HDUV�KDV�OHG

WR�VLJQLÀFDQW�KDUGZDUH�DQG�VRIWZDUH�FRPSOH[LW\� +DUGZDUH�FRPSOH[LW\�PDNHV�WKH�26

XQUHOLDEOH�DQG�VORZV�26 RSHUDWLRQV�WKDW�UHTXLUH�UH�ORDGLQJ�GULYHUV�OLNH�UHERRW�DQG�IDLOXUH

UHFRYHU\� 6RIWZDUH�FRPSOH[LW\�OLPLWV�RXU�DELOLW\�WR�LPSURYH�GHYLFH�DFFHVV�FRGH�DQG�XQ�

GHUVWDQG�IXWXUH�UHVHDUFK�GLUHFWLRQV� )XUWKHUPRUH� OLWWOH�LV�NQRZQ�WKH�EUHDGWK�RI�WKH�GULYHU

FRGH�DQG�KRZ�LW�DSSOLHV�WR�PRGHUQ�UHVHDUFK�

,Q�WKLV�GLVVHUWDWLRQ� , DGGUHVV�WKH�FKDOOHQJHV�DULVLQJ�RXW�RI�GHYLFH�DQG�26 FRPSOH[�

LW\� )LUVW� , SUHVHQW�WKH�ÀUVW�UHVHDUFK�FRQVLGHUDWLRQ�RI�SHULSKHUDO�GHYLFH�IDLOXUHV� , GHVFULEH

&DUEXUL]HU� D�FRGH�UHZULWLQJ�WRRO�DQG�DVVRFLDWHG�UXQWLPH�WKDW�KDQGOHV�WKH�SUREOHPV�DULVLQJ

GXH�WR�GHYLFH�IDLOXUHV�DQG�DXWRPDWLFDOO\�UHFRYHUV�XVLQJ�UHVWDUW�UHSOD\� , WKHQ�GHPRQVWUDWH

WKH�EURDG�LPSOLFDWLRQV�RI�WKHVH�UHFRYHU\�WHFKQLTXHV�LQ�PRGHUQ�GULYHUV�E\�SHUIRUPLQJ�D

VXUYH\�RI�GHYLFH�GULYHUV� 7KH�JRDO�RI�WKLV�VWXG\�LV�WR�XQGHUVWDQG�H[LVWLQJ�UHVHDUFK�LQ�WKH

FRQWH[W�RI�WKH�UHDOLW\�RI�GULYHUV�DQG�WR�ÀQG�QHZ�RSSRUWXQLWLHV�IRU�IXWXUH�GULYHU�UHVHDUFK�

)LQDOO\� , GHVFULEH�KRZ�GULYHU�UHFRYHU\�FDQ�EH�LPSURYHG�E\�LQWURGXFLQJ�D�QRYHO�FKHFN�

SRLQW�UHVWRUH�PHFKDQLVP�IRU�GULYHUV�

&DUEXUL]HU�LGHQWLÀHG�����EXJV�LQ�/LQX[�GULYHUV�ZKHUH�WKH�V\VWHP�FDQ�FUDVK�LI�SH�

ULSKHUDO�GHYLFHV�PLVEHKDYH� :LWK�WKH�DLG�RI�VKDGRZ�GULYHUV�IRU�UHFRYHU\� &DUEXUL]HU�FDQ

DXWRPDWLFDOO\�UHSDLU�����RI�WKHVH�EXJV�ZLWK�QR�SURJUDPPHU�LQYROYHPHQW� 0\�VWXG\�RQ

GULYHUV�LGHQWLÀHG�VHYHUDO�QHZ�LPSOLFDWLRQV�IRU�GULYHU�UHVHDUFK�DQG�GULYHU�GHVLJQ� )RU�H[�

DPSOH� , ÀQG�WKDW�FRPPRQ�DVVXPSWLRQV�DERXW�GULYHU�UHVHDUFK� VXFK�DV�WKDW�GULYHUV�EHORQJ

WR�D�FODVV�DQG�SHUIRUP�OLWWOH�SURFHVVLQJ� DUH�JHQHUDOO\�EXW�QRW�DOZD\V�WUXH� +HQFH� H[LVWLQJ

GULYHU�UHVHDUFK�PD\�OHDYH�D�ORQJ�WDLO�RI�XQVXSSRUWHG�GHYLFHV� )LQDOO\� WR�LPSURYH�UHFRY�

HU\� , LQWURGXFH�IDVW�FKHFNSRLQW�VXSSRUW�LQ�GHYLFH�GULYHUV� DYHUDJLQJ�RQO\���µV� 8VLQJ�GH�

YLFH�FKHFNSRLQWV� , GHPRQVWUDWH�WKDW�D�QHZ�IXQFWLRQDOLW\� WUDQVDFWLRQDO�H[HFXWLRQ�RI�GHYLFH

GULYHUV�LV�PDGH�SRVVLEOH�
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&KDSWHU 1
,QWURGXFWLRQ

0\�GLVVHUWDWLRQ�DGGUHVVHV�WKH�FRPSOH[LW\�SUREOHP�RI�GHYLFH�DFFHVV�LQ�PRGHUQ�RSHUDWLQJ

V\VWHPV� , ORRN�DW�WKUHH�SUREOHPV�DULVLQJ�GXH�WR�ULVLQJ�KDUGZDUH�DQG�VRIWZDUH�FRPSOH[LW\�

���,PSURYLQJ�WKH�UHOLDELOLW\�RI�PRGHUQ�GHYLFH�GULYHUV�DJDLQVW�SHULSKHUDO�GHYLFH�IDLOXUHV�

���6XUYH\LQJ�WKH�EUHDGWK�RI�GULYHU�FRGH�WR�JDLQ�D�GHHSHU�XQGHUVWDQGLQJ�RI�GULYHU�FRGH

FRPSOH[LW\� DQG����5HGXFLQJ�WKH�GHYLFH�VWDUWXS�ODWHQF\�E\�LQWURGXFLQJ�IDVW�FKHFNSRLQW�

UHVWRUH�LQ�PRGHUQ�GULYHUV� , VWDUW�E\�PRWLYDWLQJ�GHYLFH�DFFHVV�LQ�PRGHUQ�FRPSXWHUV�

��� 0RWLYDWLRQ

&RPSXWHUV�DUH�LQFUHDVLQJO\�GHSHQGHQW�RQ�DWWDFKHG�GHYLFHV�IRU�WKH�VHUYLFHV�WKH\�SURYLGH�

8VHUV�DUH�DWWDFKLQJ�DQ�HYHU�JURZLQJ� FKDQJLQJ�DQG�HYROYLQJ�VHW�RI�GHYLFHV�WR�PDNH�WKH

FRPSXWHUV�PRUH�IXQFWLRQDO�DQG�LQWHUHVWLQJ� )XUWKHUPRUH� WKH�LQWURGXFWLRQ�RI�QHZ�IRUPV

RI�,�2��VXFK�DV�WRXFKVFUHHQV� DFFHOHURPHWHUV� DQG�QHZ�LQWHUIDFHV� VXFK�DV�WKXQGHUEROW�

KDYH�IXUWKHU�LQFUHDVHG�WKH�UHTXLUHG�26 DEVWUDFWLRQV� 7KHVH�GHYLFHV�DUH�DOVR�EHLQJ�DFFHVVHG

LQ�GLIIHUHQW�HQYLURQPHQWV�VXFK�DV�WKURXJK�K\SHUYLVRUV�RU�LQ�PRELOH�HQYLURQPHQWV� 7KXV�

QRW�RQO\�DUH�QXPEHU�RI�GHYLFHV�JURZLQJ�EXW�WKH�UHTXLUHPHQWV�SODFHG�RQ�VXSSRUWLQJ�WKHP
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DUH�DOVR�JURZLQJ�

'HYLFHV�DUH�VXSSRUWHG�LQ�RSHUDWLQJ�V\VWHPV�WKURXJK�GHYLFH�GULYHUV� 'ULYHUV�HQ�

FDSVXODWH�GHWDLOV�DERXW�RQH�RU�PRUH�GHYLFHV� DQG�H[SRUW�D�VWDQGDUG�LQWHUIDFH� 7KLV�DOORZV

DSSOLFDWLRQV�DQG�26 VHUYLFHV�WR�FRPPXQLFDWH�ZLWK�D�ZLGH�YDULHW\�RI�GHYLFHV�ZLWKRXW�DQ\

NQRZOHGJH�RI�KRZ�D�VSHFLÀF�GHYLFH�ZRUNV� 6XSSRUWLQJ�QHZ�DQG�FRPSOH[�GHYLFHV�EXUGHQV

WKH�RSHUDWLQJ�V\VWHP�LQ�PDQ\�ZD\V� )LUVW� WKHUH�LV�WUHPHQGRXV�JURZWK�LQ�QXPEHU�DQG

W\SH�RI�GHYLFHV�WKDW�DUH�VXSSRUWHG�E\�D�PRGHUQ�26��)RU�H[DPSOH� /LQX[�VXSSRUWV�DOPRVW

�����GULYHUV�LQ����GLIIHUHQW�FODVVHV�DQG�HDFK�FODVV�LPSRVHV�XQLTXH�GHYLFH�VXSSRUW�UHTXLUH�

PHQWV�RQ�WKH�26��7KLV�UHTXLUHV�ORWV�RI�FRPSOLFDWHG�VXSSRUW�FRGH�LQ�WKH�26��)XUWKHUPRUH�

WKHVH�GHYLFHV�KDYH�KHWHURJHQHRXV�UHTXLUHPHQWV�IURP�WKH�RSHUDWLQJ�V\VWHP� $V�DQ�H[DP�

SOH� D���* HWKHUQHW�FDUG�DQG�D�FUHGLW�FDUG�UHDGHU� ERWK�UHFHQW�GHYLFHV� KDYH�YHU\�GLIIHUHQW

UHTXLUHPHQWV�RI�SHUIRUPDQFH�DQG�VHFXULW\�IURP�WKH�GHYLFH�VWDFN�VXSSRUWHG�LQ�WKH�26�

6HFRQG� GHYLFHV�DUH�SURQH�WR�KDUGZDUH�IDLOXUHV�GXH�WR�GHVLJQ�IDXOWV� ZHDU�RXW�RU

H[WHUQDO�FRQGLWLRQV��VXFK�DV�GLUW�DQG�KHDW�� %\�VXSSRUWLQJ�PXOWLSOH�FRPSOH[�GHYLFHV� WKH

26 QHHGV�WR�HQVXUH�WKDW�SHULSKHUDO�GHYLFH�IDLOXUHV�GRHV�QRW�KXUW�WKH�UHOLDELOLW\�RI�WKH�RYHUDOO

V\VWHP�

7KLUG� DV�GHYLFHV�DUH�JHWWLQJ�PRUH�VRSKLVWLFDWHG� ZLWK�FRPSOH[�ÀUPZDUH�DQG�FRQ�

ÀJXUDWLRQ�RSWLRQV� WKH�GHYLFH�VWDUWXS�ODWHQF\�WLPH�KDV�EHFRPH�VLJQLÀFDQW� WDNLQJ�XS�WR

PXOWLSOH�VHFRQGV >��@� 7KLV�DIIHFWV�26 IXQFWLRQV�OLNH�UHERRW� XSJUDGH�DQG�OLYH�PLJUDWLRQ�RI

GLUHFW�DWWDFKHG�GHYLFHV� 7KH�UHDVRQ�LV�WKDW�WKHVH�26 IXQFWLRQV�UHVHW�WKH�GHYLFH�VXEV\VWHP

DQG�ZDLW�IRU�GHYLFHV�WR�UH�LQLWLDOL]H� ZKLFK�FDQ�EH�VORZ�

)LQDOO\� ZLWK�WKH�WUHPHQGRXV�JURZWK�RI�GHYLFHV� WKH�QXPEHU�RI�GULYHUV�KDYH�DOVR

LQFUHDVHG�WUHPHQGRXVO\� 7KLV�DGGV�WR�WKH�VRIWZDUH�FRPSOH[LW\�LQ�WKH�26��'HYLFH�GULYHUV

FRQVWLWXWH�����RI�WKH�/LQX[�FRGH�EDVH >��@� DQG�DUH�OLNHO\�D�JUHDWHU�IUDFWLRQ�RI�WKH�FRGH

ZULWWHQ�IRU�WKH�:LQGRZV�NHUQHO� ZKLFK�VXSSRUWV�PDQ\�PRUH�GHYLFHV� )RU�H[DPSOH� LI�ZH

ORRN�DW�D�UHFHQW�NHUQHO� /LQX[������0DUFK������� GULYHUV�FRQWULEXWH�����PLOOLRQ�/2& FRGH�

2WKHU�FRPSOH[�V\VWHPV�OLNH�PHPRU\�PDQDJHPHQW�RU�ÀOH�V\VWHP�FRGH�DUH�DOPRVW�DQ�RUGHU

RI�PDJQLWXGH�VPDOOHU�WKDQ�GULYHUV� %HFDXVH�WKLV�LV�WKH�EXON�RI�WKH�NHUQHO� DQG�LW�LV�JURZLQJ
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YHU\�UDSLGO\� LW�LV�GLIÀFXOW�WR�XQGHUVWDQG�KRZ�WKH�H[LVWLQJ�GULYHU�DUFKLWHFWXUH�DGDSWV�WR

WKHVH�QHZ�GHYLFHV� ,I�ZH�XQGHUVWDQG�GULYHU�FRGH�EHWWHU� ZH�FDQ�LPSURYH�GHYLFH�DFFHVV�

KDYH�OHVV�GULYHU�FRGH� DQG�ÀQG�PRUH�RSSRUWXQLWLHV�IRU�UHVHDUFK� 7R�DGGUHVV�WKH�FRPSOH[LW\

SUREOHP� , EULHÁ\�UH�YLVLW�WKH�H[LVWLQJ�ERG\�RI�ZRUN�RQ�GULYHU�NHUQHO�UHOLDELOLW\�UHVHDUFK�DQG

LGHQWLI\�ZKDW�VROXWLRQV�DUH�PRVW�HIIHFWLYH�

'ULYHUV�DUH�WKH�GRPLQDQW�FDXVH�RI�26 FUDVKHV�LQ�GHVNWRS�3&V >��� ��@� 7KH�UHDVRQ�LV

WKDW�WKH�GULYHU�GHYHORSPHQW�PRGHO�FRQVLVWV�RI�KXQGUHGV�RI�GHYHORSHUV�DGGLQJ�WKRXVDQGV

RI�OLQHV�RI�SULYLOHJHG�FRGH�LQ�D�UDWKHU�XQVDIH�ODQJXDJH�GLUHFWO\�LQWR�WKH�NHUQHO� 7KLV�LV�D

UHFLSH�IRU�FRPSOH[�V\VWHP�ZLWK�UHOLDELOLW\�SUREOHPV� &RQVHTXHQWO\� GULYHU�UHVHDUFK�RYHU

WKH�SDVW�GHFDGH�KDV�VLJQLÀFDQWO\�IRFXVHG�RQ�UHOLDELOLW\�SUREOHPV�XVLQJ�VRIWZDUH�KDUGZDUH

IDXOW�LVRODWLRQ�WHFKQLTXHV� EXJ�GHWHFWLRQ�WRROV� XVLQJ�VSHFLDO�SURJUDPPLQJ�ODQJXDJHV�RU

HQYLURQPHQWV�IRU�VXUYLYLQJ�FUDVKHV�LQ�PRGHUQ�RSHUDWLQJ�V\VWHPV�GXH�WR�IDXOW\�RU�PDOL�

FLRXV�GHYLFH�GULYHUV >�� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���� ���� ���@�

$PRQJ�WKH�GULYHU�UHOLDELOLW\�VROXWLRQV�GHYHORSHG� WKHUH�LV�OLPLWHG�DGRSWLRQ�RI�FRP�

SOHWH�V\VWHPV�WKDW�FDQ�GHWHFW�DQG�À[�GULYHU�SUREOHPV�DW�UXQWLPH�EHFDXVH�WKH\�LQWURGXFH�D

ODUJH�ERG\�RI�FRGH�WR�WKH�NHUQHO�DQG�YDOLGDWH�WKHLU�UHVXOWV�RQ�OLPLWHG�QXPEHU�RI�GULYHUV�

)RU�H[DPSOH� 1RRNV >���@�UHTXLUHV���. OLQHV�RI�FRGH�EXW�RQO\�WHVWHG�RQ�VL[�GULYHUV� )XU�

WKHUPRUH� 1RRNV�GLG�QRW�GHPRQVWUDWH�KRZ�LWV�DSSURDFK�DSSOLHV�WR�RWKHU�GULYHUV� 6ROXWLRQV

WKDW�KDYH�KDG�VLJQLÀFDQW�LPSDFW�LQ�LPSURYLQJ�WKH�GULYHU�NHUQHO�LQWHUIDFH�VXFK�DV�:LQGRZV

6'9��&RYHULW\� DQG�&RFLQHOOH >�� ��� ��@�DSSO\�WR�D�ORW�RI�GULYHUV� +RZHYHU� WKH\�VWLOO�UH�

TXLUH�VRPHRQH�WR�JR�DQG�À[�WKH�EXJV�DQG�DUH�QRW�FRPSOHWH�V\VWHPV� 0\�SODQ�WR�DGGUHVV

WKH�FRPSOH[LW\�SUREOHP�LV�WR�UH�XVH�OHVVRQV�IURP�UHOLDELOLW\�UHVHDUFK�DQG�GHYHORS�FRPSOHWH

VROXWLRQV�WKDW�OLPLW�FKDQJHV�WR�26 DQG�DSSO\�WR�ODUJH�QXPEHU�RI�GULYHUV�

��� 7KHVLV

7KH�JRDO�RI�P\�GLVVHUWDWLRQ�UHVHDUFK�LV�WR�ORRN�DW�LPSRUWDQW�SUREOHPV�FDXVHG�E\�KDUGZDUH

DQG�VRIWZDUH�FRPSOH[LW\� , VSHFLÀFDOO\�ORRN�DW� �L��:LWK�WKH�LQFUHDVH�LQ�KDUGZDUH�FRPSOH[�

LW\� KRZ�UHVLOLHQW�DUH�PRGHUQ�RSHUDWLQJ�V\VWHPV�DJDLQVW�KDUGZDUH�IDLOXUHV" �LL��+RZ�FDQ
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26 IXQFWLRQV�OLNH�IDXOW�WROHUDQFH� XSJUDGH� UHERRW� WKDW�UHTXLUH�UHVHWWLQJ�WKH�GHYLFH�VXE�

V\VWHP�EH�PDGH�IDVW�ZLWKRXW�DGGLQJ�ODUJH�NHUQHO�VXEV\VWHPV" DQG�ÀQDOO\��LLL��+RZ�FDQ

ZH�EHWWHU�XQGHUVWDQG�DQG�UHGXFH�WKH�VRIWZDUH�FRPSOH[LW\�RI�GULYHUV�DQG�LPSURYH�GHYLFH

VXSSRUW" , ZLOO�GLVFXVV�WKHVH�SUREOHPV�LQ�WKH�RUGHU�, VWXGLHG�WKHP�LQ�JUDGXDWH�VFKRRO�DQG

SURSRVH�WKH�WKHVLV�RI�P\�GLVVHUWDWLRQ�

'HYLFH�)DLOXUHV 7KH�GHYLFH�DQG�GULYHU�LQWHUDFW�WKURXJK�D�SURWRFRO�VSHFLÀHG�E\�WKH�KDUG�

ZDUH� )DLOXUH�LQ�DGKHUHQFH�WR�WKLV�SURWRFRO�FDQ�OHDG�WR�VHULRXV�VHFXULW\�DQG�UHOLDELOLW\�LV�

VXHV�VLQFH�GULYHUV�RSHUDWH�LQ�D�SULYLOHJHG�GRPDLQ�LQ�PRGHUQ�RSHUDWLQJ�V\VWHPV� 7KHVH

KDUGZDUH�IDLOXUHV�PDQLIHVW�GXH�WR�GHYLFH�FRPSOH[LW\� ZHDU�RXW� PDQXIDFWXULQJ�IDXOWV�DQG

H[WHUQDO�HQYLURQPHQWDO�FRQGLWLRQV� ,W�LV�GLIÀFXOW�WR�YHULI\�WKDW�FRPSOH[�GHYLFHV�GR�QRW�KDYH

ODWHQW�SUREOHPV�LQ�WKHP�WKDW�FDQ�PDQLIHVW�DV�KDUGZDUH�IDLOXUHV >��@� )XUWKHUPRUH� LQWHUQDO

VRIWZDUH�IDLOXUHV�FDQ�RFFXU�LQ�GHYLFHV�WKDW�H[HFXWH�HPEHGGHG�ÀUPZDUH� VRPHWLPHV�XS�WR

PLOOLRQV�RI�OLQHV�RI�FRGH >���@� :HDU�RXW�RU�HOHFWULFDO�LQWHUIHUHQFH >��@�FDQ�FDXVH�ELW�ÁLSV

DQG�VWXFN�DWV�LQ�KDUGZDUH�LQSXWV�IURP�WKH�GHYLFH� )LQDOO\� HQYLURQPHQWDO�FRQGLWLRQV�VXFK

DV�KHDW� GLUW� UDGLDWLRQ� LQWHUIHUHQFH�FDQ�FDXVH�WUDQVLHQW�RU�SHUPDQHQW�HUURUV�LQ�GHYLFHV�

$SSO\LQJ�WKH�VDPH�VROXWLRQV�DV�WKRVH�XVHG�IRU�GULYHU�VRIWZDUH�EXJV�PD\�QRW�DGGUHVV�UHOL�

DELOLW\�GXH�WR�XQUHOLDEOH�KDUGZDUH� 7KLV�LV�EHFDXVH�VRIWZDUH�VWUHVV�WHVWLQJ�FDQQRW�VLPXODWH

KDUGZDUH�IDLOXUHV�DQG�RQO\�WHVWV�GULYHU�EHKDYLRU�E\�SURYLGLQJ�GLIIHUHQW�VRIWZDUH�LQSXWV�

+HQFH� LW�LV�LPSRUWDQW�WR�DVVHVV�WKH�QDWXUH�RI�KDUGZDUH�XQUHOLDELOLW\�LVVXHV�WKDW�SODJXH

PRGHUQ�GULYHUV�DQG�GHVLJQ�PHFKDQLVPV�WR�DGGUHVV�WKHVH�LVVXHV�

8QGHUVWDQGLQJ�0RGHUQ�'HYLFH�'ULYHUV ,Q�RUGHU�WR�LPSURYH�GHYLFH�DFFHVV� , ORRNHG�DW

WKH�UDQJH�RI�SUREOHPV�WKDW�DIIHFW�GHYLFH�GULYHUV� +RZHYHU� , UHDOL]HG�WKDW�RQO\�OLPLWHG

LQIRUPDWLRQ�DERXW�WKH�EUHDGWK�RI�GULYHUV�LV�DYDLODEOH� )RU�H[DPSOH� PRVW�UHVHDUFK�SURMHFWV

FRQVLGHU�RQO\�D�VPDOO�VHW�RI�3&, GHYLFHV� DQG�WKHQ�JHQHUDOL]H�WR�DOO�GULYHU�FODVVHV� +RZHYHU�

PDQ\�GHYLFHV�IRU�FRQVXPHU�3&V�DUH�FRQQHFWHG�RYHU�86%��DQG�KHQFH�WKHVH�GHVLJQV�PD\�QRW

DSSO\� 7KHUH�LV�D�VHFRQG�FODVV�RI�UHVHDUFK�WKDW�ORRNV�DW�PDQ\�GULYHUV�XVLQJ�VWDWLF�DQDO\VLV

WRROV�EXW�LV�IRFXVHG�WRZDUGV�ÀQGLQJ�VRIWZDUH�EXJV� 7KHVH�WRROV�GR�D�JUHDW�MRE�RI�ÀQGLQJ

EXJV�EXW�LJQRUH�QRUPDO�IXQFWLRQLQJ�FRGH�DQG�GULYHU�FRGH�SURSHUWLHV� )XUWKHUPRUH� VRPH
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WLPHV�EXJV�GR�QRW�FRUUHFWO\�UHSUHVHQW�WKH�SUREOHPV�EXW�DUH�PHUH�V\PSWRPV�RI�EURDGHU

LVVXHV >��@�

7KH�UHVXOW�LV�WKDW�RXU�UHVHDUFK�YLHZ�LV�OLPLWHG�WR�VPDOO�VHW�RI�GULYHUV�RU�D�OLVW�RI�EXJV�

DQG�PXFK�RI�GULYHU�FRGH�KDV�QHYHU�EHHQ�ORRNHG�DW� 7KH�ODUJH� XQNQRZQ�FRGH�EDVH�PDNHV

LW�KDUG�WR�JHQHUDOL]H�DERXW�GULYHUV�DQG�DOVR�GLVFRXUDJHV�PDMRU�FKDQJHV�WR�GULYHU�PRGHO�

+HQFH� LW�LV�QHFHVVDU\�WR�UHYLHZ�WKH�GULYHU�FRGH�LQ�PRGHUQ�VHWWLQJV�VXFK�DV�DGYDQFHPHQWV

LQ�KDUGZDUH�DQG�SURJUDPPLQJ�ODQJXDJH�WHFKQLTXHV�ZLWK�D�EURDGHU�OHQV� )XUWKHUPRUH�

WKH�LPSOLFDWLRQV�RI�EURDG�LQIRUPDWLRQ�DERXW�GULYHUV�XVHG�LQ�SUDFWLFH�H[WHQG�EH\RQG�WKH

DSSOLFDELOLW\�RI�H[LVWLQJ�UHVHDUFK� 7KH\�KHOS�JXLGH�WKH�IXQGDPHQWDO�W\SH�RI�UHVHDUFK�WKDW

ZH�VKRXOG�SHUIRUP�DV�D�FRPPXQLW\�

'HYLFH�&KHFNSRLQW�5HVWRUH 6XSSRUW�IRU�GHYLFH�FKHFNSRLQW�DQG�UHVWRUH�KDV�ORQJ�EHHQ

UHJDUGHG�DV�D�XVHIXO�IHDWXUH�IRU�IDXOW�WROHUDQFH� +RZHYHU� WR�GDWH�LW�KDV�QRW�EHHQ�SRVVLEOH

IRU�GHYLFH�GULYHUV�EHFDXVH�WKH\�VKDUH�VWDWH�ZLWK�WKHLU�GHYLFHV�WKDW�LV�QRW�DYDLODEOH�WKURXJK

PHPRU\� $V�D�UHVXOW� FDSWXULQJ�HQRXJK�VWDWH�WR�UHVWRUH�GULYHU�IXQFWLRQDOLW\�IROORZLQJ�D

IDLOXUH�LV�GLIÀFXOW�

3DVW�DSSURDFKHV�WR�GULYHU�UHFRYHU\�LQVWHDG�UHO\�RQ�UHVWDUW�UHSOD\� ZKLFK�FDQ�EH�VORZ

VLQFH�WKH�GHYLFH�QHHGV�WR�EH�FROG�ERRWHG� 7KH\�DOVR�UHTXLUH�ZULWLQJ�ZUDSSHU�FRGH�WR�ORJ

DOO�GULYHU�NHUQHO�LQWHUDFWLRQV�WKDW�LQFUHDVHV�RYHUKHDG�RQ�KLJK�SHUIRUPDQFH�GHYLFHV�VXFK

DV�VROLG�VWDWH�GULYHV�DQG�KLJK�VSHHG�1,&V� (YHQ�ORJJLQJ�PD\�EH�LQVXIÀFLHQW� WKRXJK� LI

WKH�VHPDQWLFV�RI�UHTXHVWV�DUH�DPELJXRXV� 'XULQJ�P\�VWXG\�RI�GULYHUV� , IRXQG�WKDW����

RI�GULYHUV�FRQWDLQ�VXFK�VHPDQWLFV�DQG�UHVWDUW�EDVHG�UHFRYHU\�PD\�QRW�ZRUN�FRUUHFWO\�IRU

WKHVH�GULYHUV� ,Q�DGGLWLRQ� H[LVWLQJ�DSSURDFKHV�HLWKHU�UHTXLUH�ODUJH�VXEV\VWHPV�WKDW�PXVW

EH�NHSW�XS�WR�GDWH�DV�WKH�NHUQHO�FKDQJHV� RU�UHTXLUH�VXEVWDQWLDO�UHZULWLQJ�RI�GULYHUV�

7KXV� D�EHWWHU�DSSURDFK�LV�QHHGHG� ,Q�RUGHU�WR�UH�LQLWLDOL]H�GHYLFHV�FRUUHFWO\�DQG

TXLFNO\� , DUJXH�WKDW�GULYHUV�VKRXOG�H[SRUW�FKHFNSRLQW�DQG�UHVWRUH�RSHUDWLRQV� :KHQ�XVHG

IRU�IDXOW�WROHUDQFH� FKHFNSRLQWV�FDQ�UHGXFH�WKH�ODWHQF\�RI�UHFRYHU\�E\�UHVWDUWLQJ�GULYHUV

PRUH�TXLFNO\�DQG�UHGXFH�WKH�FRVW�DQG�FRPSOH[LW\�RI�ORJJLQJ� )XUWKHUPRUH� FKHFNSRLQWV

DOVR�VROYH�WKH�SUREOHPV�RI�UHSOD\LQJ�YHQGRU�VSHFLÀF�VHPDQWLFV�VLQFH�XSRQ�IDLOXUH� WKH
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GULYHU�DQG�GHYLFH�FDQ�EH�UHVWRUHG�WR�WKH�FKHFNSRLQWHG�VWDWH�

%DVHG�RQ�WKHVH�SUREOHPV� , SURSRVH�WKH�IROORZLQJ�WKUHH�SDUW�WKHVLV�IRU�LPSURYLQJ

WKH�VWDWH�RI�DUW�LQ�GHYLFH�DFFHVV�

)LUVW� PDQ\�GULYHUV�PDNH�LQFRUUHFW �DVVXPSWLRQV�DERXW�KDUGZDUH�EHKDYLRU� 7KH\

XVH�KDUGZDUH�YDOXHV�LQ�FULWLFDO�FRQWURO�DQG�GDWD�SDWKV� )XUWKHUPRUH� WKHVH�GULYHUV

DOVR�PLVV�UHSRUWLQJ�GHYLFH�IDLOXUHV�DQG�GR�QRW�SURYLGH�DQ\�SURYLVLRQV�IRU�UHFRYHU\�

8VLQJ�VWDWLF�DQDO\VHV�DQG�UXQWLPH�ZDWFKGRJ�VXSSRUW� SUREOHPV�ZLWK�GULYHU�KDUGZDUH

DEVWUDFWLRQV�FDQ�EH�LPSURYHG�ZLWK�OLWWOH�QR�UXQWLPH�FRVWV�

6HFRQG� RXU�H[SRVXUH�WR�GULYHUV�LV�OLPLWHG�WR�EXJV�DQG�RXU�YLHZ�LV�ODUJHO\�UHOLDELOLW\

FHQWULF� $ VWXG\�WR�HYDOXDWH�GULYHU�FRGH�IXQFWLRQV� LQWHUDFWLRQV�DQG�DEVWUDFWLRQV�FDQ

SURYLGH�YDOXDEOH�QHZ�LQVLJKWV�DERXW�GULYHU�FRGH� 7KH�VWXG\�FDQ�KHOS�WHVW�UHVHDUFK

DVVXPSWLRQV� DQG�XQGHUVWDQG�GULYHU�FRGH�EHKDYLRU� GHYLFH�NHUQHO�LQWHUDFWLRQV�DQG

PHDVXUH�UHGXQGDQW�DEVWUDFWLRQV�LQ�GHYLFH�GULYHUV�

7KLUG� WKH�GHFDGH�ROG�GULYHU�UHVWDUW�PHFKDQLVPV�IRU�GULYHU�UHFRYHU\�DUH�VORZ� 7KLV

KDPSHUV�WKH�DYDLODELOLW\�RI�PDQ\�26 IXQFWLRQV�VXFK�DV�IDXOW�WROHUDQFH� 26 UHVWDUW�DQG

900LJUDWLRQ� 5H�IDFWRULQJ�WKH�H[LVWLQJ�SRZHU�PDQDJHPHQW�FRGH�FDQ�SURYLGH�GHYLFH

FKHFNSRLQW�IXQFWLRQDOLW\�ZKLFK�LPSURYHV�WKH�VSHHG�RI�GULYHU�UHFRYHU\� )XUWKHUPRUH�

LW�HQDEOHV�QHZ�DSSOLFDWLRQV�OLNH�WROHUDWLQJ�IDXOWV�LQ�VSHFLÀF�SRUWLRQV�RI�GULYHU�FRGH�

��� &RQWULEXWLRQV

, QRZ�EULHÁ\�GHVFULEH�WKH�WKUHH�PDMRU�V\VWHPV�WKDW�, KDYH�GHYHORSHG�WKDW�FRQWULEXWH�WR�

ZDUGV�WKLV�WKHVLV� 7KHVH�V\VWHPV�DGGUHVV�WKH�WKUHH�SUREOHPV�, GHVFULEH�LQ�P\�WKHVLV�

7ROHUDWLQJ�KDUGZDUH�GHYLFH�IDLOXUHV�LQ�VRIWZDUH , UHYLHZHG�WKH�KDUGZDUH�DEVWUDFWLRQV

LQ�GHYLFH�GULYHUV�DQG�IRXQG�WKDW�KDUGZDUH�GHYLFHV�FDQ�IDLO� EXW�PDQ\�GULYHUV�DVVXPH�WKH\

GR�QRW� :KHQ�FRQIURQWHG�ZLWK�UHDO�GHYLFHV�WKDW�PLVEHKDYH� WKHVH�DVVXPSWLRQV�FDQ�OHDG�WR

GULYHU�RU�V\VWHP�IDLOXUHV� (YHQ�WKRXJK�PDMRU�RSHUDWLQJ�V\VWHP�DQG�GHYLFH�YHQGRUV�UHF�
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RPPHQG�WKDW�GULYHUV�GHWHFW�DQG�UHFRYHU�IURP�KDUGZDUH�IDLOXUHV� , ÀQG�WKDW�WKHUH�DUH�PDQ\

GULYHUV�WKDW�ZLOO�FUDVK�RU�KDQJ�ZKHQ�D�GHYLFH�IDLOV� 6XFK�EXJV�FDQQRW�HDVLO\�EH�GHWHFWHG�E\

UHJXODU�VWUHVV�WHVWLQJ�EHFDXVH�WKH�IDLOXUHV�DUH�LQGXFHG�E\�WKH�GHYLFH�DQG�QRW�WKH�VRIWZDUH

ORDG�

7R�DGGUHVV�WKH�DERYH�SUREOHP� , GHYHORSHG�&DUEXUL]HU� D�FRGH�PDQLSXODWLRQ�WRRO

DQG�DVVRFLDWHG�UXQWLPH�WKDW�LPSURYHV�V\VWHP�UHOLDELOLW\�LQ�WKH�SUHVHQFH�RI�IDXOW\�GHYLFHV�

&DUEXUL]HU�DQDO\]HV�GULYHU�VRXUFH�FRGH�WR�ÀQG�ORFDWLRQV�ZKHUH�WKH�GULYHU�LQFRUUHFWO\�WUXVWV

WKH�KDUGZDUH�WR�EHKDYH� &DUEXUL]HU�LGHQWLÀHG�DOPRVW������VXFK�EXJV�LQ�/LQX[�GULYHUV�ZLWK

D�IDOVH�SRVLWLYH�UDWH�RI�OHVV�WKDQ���SHUFHQW� :LWK�WKH�DLG�RI�VKDGRZ�GULYHUV�IRU�UHFRYHU\�

&DUEXUL]HU�FDQ�DXWRPDWLFDOO\�UHSDLU�����RI�WKHVH�EXJV�ZLWK�QR�SURJUDPPHU�LQYROYHPHQW�

7R�IDFLOLWDWH�SUR�DFWLYH�PDQDJHPHQW�RI�GHYLFH�IDLOXUHV� &DUEXUL]HU�FDQ�DOVR�ORFDWH�H[LVWLQJ

GULYHU�FRGH�WKDW�GHWHFWV�GHYLFH�IDLOXUHV�DQG�LQVHUWV�PLVVLQJ�IDLOXUH�UHSRUWLQJ�FRGH� )LQDOO\�

WKH�&DUEXUL]HU�UXQWLPH�FDQ�GHWHFW�DQG�WROHUDWH�LQWHUUXSW�UHODWHG�EXJV� VXFK�DV�VWXFN�RU

PLVVLQJ�LQWHUUXSWV�

8QGHUVWDQGLQJ�DQG�LPSURYLQJ�PRGHUQ�GULYHU�FRGH 7R�EURDGHQ�RXU�LQVLJKWV�DERXW�WKH

UHDOLW\�RI�GULYHUV� , SHUIRUPHG�WKH�ODUJHVW�HYHU�VWXG\�RI�/LQX[�GULYHU�VRXUFH�FRGH >��@� ,

GHYHORSHG�D�VHW�RI�VWDWLF�DQDO\VLV�WRROV�WR�DQDO\]H�����PLOOLRQ�OLQHV�RI�GULYHU�FRGH�DFURVV

YDULRXV�D[HV� %URDGO\� P\�VWXG\�ORRNV�DW�WKUHH�DVSHFWV�RI�GULYHU�FRGH��L��ZKDW�DUH�WKH�FKDU�

DFWHULVWLFV�RI�GULYHU�FRGH�IXQFWLRQDOLW\�DQG�KRZ�DSSOLFDEOH�LV�GULYHU�UHVHDUFK�WR�DOO�GULYHUV"

�LL��KRZ�GR�GULYHUV�LQWHUDFW�ZLWK�WKH�NHUQHO� GHYLFHV� DQG�EXVHV� DQG�KRZ�FDQ�ZH�DFKLHYH

GULYHU�FRGH�VWDQGDUGL]DWLRQ" �LLL��DUH�WKHUH�VLPLODULWLHV�EHWZHHQ�GULYHUV�WKDW�FDQ�EH�DE�

VWUDFWHG�LQWR�OLEUDULHV�WR�UHGXFH�GULYHU�VL]H�DQG�FRPSOH[LW\"

0\�VWXG\�SURGXFHG�VHYHUDO�LQWHUHVWLQJ�UHVXOWV�ZLWK�VHYHUDO�LPSRUWDQW�LPSOLFDWLRQV

DQG�, ZLOO�PHQWLRQ�WKH�WRS�WKUHH� )LUVW� PDMRULW\�RI�WKH�GULYHU�FRGH�LV�GHGLFDWHG�WR�GULYHU

LQLWLDOL]DWLRQ�DQG�FOHDQXS��DERXW������DQG�RQO\�����LV�GHGLFDWHG�WR�KDQGOLQJ�,�2 DQG�LQ�

WHUUXSWV� 7KHVH�UHVXOWV�LQGLFDWH�WKDW�HIIRUWV�DW�UHGXFLQJ�WKH�FRPSOH[LW\�RI�GULYHUV�VKRXOG

QRW�RQO\�IRFXV�RQ�UHTXHVW�KDQGOLQJ� EXW�DOVR�RQ�EHWWHU�PHFKDQLVPV�IRU�LQLWLDOL]DWLRQ� 6HF�

RQG� , IRXQG�WKDW�PDQ\�DVVXPSWLRQV�PDGH�E\�GULYHU�UHVHDUFK�GR�QRW�DSSO\�WR�DOO�GULYHUV�
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)RU�H[DPSOH� GULYHUV�DUH�FDWHJRUL]HG�LQWR�GLIIHUHQW�FODVVHV�EDVHG�RQ�WKHLU�IXQFWLRQDOLW\�VXFK

DV�QHWZRUN� GLVN�HWF� +RZHYHU� , IRXQG�WKDW�DW�OHDVW�����RI�GULYHUV�KDYH�IXQFWLRQDOLW\�RXW�

VLGH�WKLV�FODVV�GHÀQLWLRQ� +HQFH� H[LVWLQJ�GULYHU�UHFRYHU\�WHFKQLTXHV�ZLOO�IDLO�WR�FRUUHFWO\

UHFRYHU�IURP�IDLOXUHV�IRU�����RI�WKH�GHYLFHV� )LQDOO\� IURP�WKH�VLPLODULW\�VWXG\� , IRXQG���

�RU�DERXW�����./R&� RI�DOO�GULYHU�FRGH�LV�VXEVWDQWLDOO\�VLPLODU�WR�FRGH�IRU�RWKHU�GULYHUV�DQG

DGGV�XQQHFHVVDU\�FRPSOH[LW\�WR�GULYHUV� 7KLV�FRGH�FDQ�EH�UHPRYHG�ZLWK�QHZ�DEVWUDFWLRQV�

OLEUDULHV�RU�SURJUDPPLQJ�WHFKQLTXHV� 0\�VWXG\�KDV�SURYLGHG�WKH�FRPPXQLW\�ZLWK�D�EHWWHU

XQGHUVWDQGLQJ�RI�GULYHU�EHKDYLRU� RI�WKH�DSSOLFDELOLW\�RI�H[LVWLQJ�UHVHDUFK�WR�WKHVH�GULYHUV�

DQG�RI�WKH�RSSRUWXQLWLHV�WKDW�H[LVW�IRU�IXWXUH�UHVHDUFK�VXFK�DV�GULYHU�V\QWKHVLV�DQG�UHPRWH

GULYHU�H[HFXWLRQ�

)LQH�*UDLQHG�)DXOW�7ROHUDQFH 7R�DGGUHVV�WKH�SUREOHP�RI�ORZ�ODWHQF\�GHYLFH�UHFRYHU\� ,

GHYHORSHG�D�QRYHO�FKHFNSRLQWLQJ�PHFKDQLVP�WKDW�UH�XVHV�H[LVWLQJ�VXVSHQG�UHVXPH�FRGH

LQ�GULYHUV�DQG�GHVFULEHG�D�SULQFLSOHG�ZD\�WR�UH�IDFWRU�H[LVWLQJ�GULYHUV�WR�H[SRUW�WKH�FKHFNSRLQW�

UHVWRUH�LQWHUIDFH� , GHPRQVWUDWH�LWV�XWLOLW\�E\�EXLOGLQJ�)LQH�*UDLQHG�)DXOW�7ROHUDQFH��)*)7��

D�V\VWHP�WKDW�SURYLGHV�ÀQH�JUDLQHG�FRQWURO�RYHU�WKH�FRGH�SURWHFWHG >��@� )*)7 VKLIWV�WKH

EXUGHQ�RI�IDXOW�WROHUDQFH�WR�IDXOW\�FRGH� ,QVWHDG�RI�LQWURGXFLQJ�D�ODUJH�IDXOW�WROHUDQFH�VXE�

V\VWHP�LQ�WKH�26��)*)7 XVHV�VWDWLF�DQDO\VLV�DQG�FRGH�JHQHUDWLRQ�WR�SURYLGH�LVRODWLRQ�DQG

IDXOW�GHWHFWLRQ�LQ�H[LVWLQJ�GULYHU�FRGH� ,W�H[HFXWHV�GULYHU�HQWU\�SRLQWV�DV�D�WUDQVDFWLRQ�DQG

XVHV�VRIWZDUH�IDXOW�LVRODWLRQ�WR�SUHYHQW�FRUUXSWLRQ�DQG�GHWHFW�IDLOXUHV� :KHQ�D�FDOO�IDLOV�

)*)7 GLVFDUGV�WKH�VRIWZDUH�VWDWH�DQG�UHVWRUHV�WKH�GHYLFH�IURP�D�FKHFNSRLQW� )XUWKHUPRUH�

)*)7 FDQ�EH�LQWHJUDWHG�ZLWK�VWDWLF�DQDO\VLV�WRROV��VXFK�DV�&DUEXUL]HU�� WR�SURYLGH�IDXOW

WROHUDQFH�IRU�VSHFLÀF�HQWU\�SRLQWV�VWDWLFDOO\�RU�GXULQJ�UXQWLPH� ZKHQ�VSHFLÀF�LQSXWV�RFFXU�

5HVXOWV�IURP�)*)7 DUH�HQFRXUDJLQJ� )LUVW� WDNLQJ�D�FKHFNSRLQW�LV�IDVW� DYHUDJLQJ�RQO\

��µV� 6HFRQG� FKHFNSRLQWV�UHPRYH�WKH�QHHG�IRU�ORJJLQJ�DQG�KHQFH�UHPRYH�WKH�SUREOHP�RI

LQFRPSOHWH�UHFRYHU\�DULVLQJ�IURP�XQLTXH�GHYLFH�VHPDQWLFV� 7KLUG� WKH�LPSOHPHQWDWLRQ

HIIRUW�RI�)*)7 LV�VPDOO� , DGGHG����OLQHV�RI�FRGH�WR�WKH�NHUQHO�WR�WUDS�SURFHVVRU�H[FHSWLRQV�

DQG�IRXQG�WKDW�GHYLFH�FKHFNSRLQW�FRGH�FDQ�EH�FRQVWUXFWHG�ZLWK�OLWWOH�HIIRUW�IURP�SRZHU�

PDQDJHPHQW�FRGH� )XUWKHUPRUH� WKLV�FRGH�LV�SUHVHQW�LQ�����RI�GULYHUV�LQ�FRPPRQ�FODVVHV�
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7KURXJK�IDXOW�LQMHFWLRQ�H[SHULPHQWV�, GHPRQVWUDWH�WKDW�)*)7 LV�DEOH�WR�WROHUDWH�D�UDQJH�RI

GULYHU�IDLOXUHV� :KLOH�, DSSOLHG�FKHFNSRLQWV�WR�IDXOW�WROHUDQFH� WKHUH�DUH�PRUH�RSSRUWXQLWLHV

WR�XVH�WKHP� VXFK�DV�LQ�26 PLJUDWLRQ� IDVW�UHERRW� DQG�SHUVLVWHQW�RSHUDWLQJ�V\VWHPV�

7R�VXPPDUL]H�WKH�RYHUDOO�FRQWULEXWLRQV� P\�GLVVHUWDWLRQ�SUHVHQWV�WKH�ÀUVW�UHVHDUFK

FRQVLGHUDWLRQ�RI�WKH�LPSOLFDWLRQV�RI�KDUGZDUH�XQUHOLDELOLW\�SUREOHPV�RQ�GULYHUV� ,W�DOVR

LQWURGXFHV�WKH�WHUP�´KDUGZDUH�GHSHQGHQFH�EXJVµ� ZKLFK�UHSUHVHQWV�D�QHZ�FODVV�RI�EXJV

UHSUHVHQWLQJ�LQVWDQFHV�ZKHUH�GULYHUV�PDNH�LQFRUUHFW�DVVXPSWLRQV�DERXW�KDUGZDUH�EHKDY�

LRU� 1H[W� P\�GLVVHUWDWLRQ�LQFOXGHV�WKH�ÀUVW�HYHU�ODUJH�VFDOH�VWXG\�RI�GHYLFH�GULYHUV� WR�XQ�

GHUVWDQG�ZKDW�WKH\�DUH�DFWXDOO\�GRLQJ� KRZ�PRGHUQ�UHVHDUFK�DSSOLHV�WR�WKHP�DQG�ZKDW�DUH

WKH�RSSRUWXQLWLHV�IRU�IXWXUH�UHVHDUFK� )LQDOO\� , LQWURGXFHG�D�QRYHO�FKHFNSRLQW�UHVWRUH�ID�

FLOLW\�LQ�PRGHUQ�GULYHUV�IRU�ORZ�ODWHQF\�UHFRYHU\� 0\�GLVVHUWDWLRQ�KDV�UHVXOWHG�LQ�PXOWLSOH

NHUQHO�SDWFKHV�DQG�DQ�DUWLFOH�DLPHG�DW�LQIRUPLQJ�/LQX[�NHUQHO�GHYHORSHUV�DERXW�KDUGZDUH

GHSHQGHQFH�EXJV�LQ�/LQX[�:HHNO\�1HZV >��@�

��� 7KHVLV�2UJDQL]DWLRQ

7KH�GLVVHUWDWLRQ�LV�RUJDQL]HG�DV�IROORZV� &KDSWHU���GHVFULEHV�WKH�SUREOHP�RI�KDUGZDUH

IDLOXUHV�DQG�KRZ�GULYHUV�FDQ�WROHUDWH�WKHVH�IDLOXUHV�XVLQJ�&DUEXUL]HU� &KDSWHU���SUHVHQWV

P\�FRPSUHKHQVLYH�VWXG\�RQ�GULYHUV�DQG�GHVFULEHV�LWV�UHVXOWV� &KDSWHU���DOVR�LQFOXGHV

D�EULHI�EDFNJURXQG�RQ�GHYLFH�GULYHUV� &KDSWHU���GHVFULEHV�KRZ�FKHFNSRLQW�UHVWRUH�FDQ

EH�LQWURGXFHG�LQ�PRGHUQ�GULYHUV�DQG�KRZ�LW�LPSURYHV�UHFRYHU\�XVLQJ�)*)7��&KDSWHU��

SUHVHQWV�UHODWHG�ZRUN�IRU�&DUEXUL]HU�DQG�)*)7��)LQDOO\� , GHVFULEH�OHVVRQV� IXWXUH�ZRUN

DQG�FRQFOXGH�LQ�&KDSWHU���



��

&KDSWHU 2
7ROHUDWLQJ�+DUGZDUH�'HYLFH�)DLOXUHV

LQ�6RIWZDUH

5HOLDELOLW\�UHPDLQV�D�SDUDPRXQW�SUREOHP�IRU�RSHUDWLQJ�V\VWHPV� $V�FRPSXWHUV�DUH�IXU�

WKHU�HPEHGGHG�ZLWKLQ�RXU�OLYHV� ZH�GHPDQG�KLJKHU�UHOLDELOLW\�EHFDXVH�WKHUH�DUH�IHZHU�RS�

SRUWXQLWLHV�WR�FRPSHQVDWH�IRU�WKHLU�IDLOXUH� $W�WKH�VDPH�WLPH� FRPSXWHUV�DUH�LQFUHDVLQJO\

GHSHQGHQW�RQ�DWWDFKHG�GHYLFHV�IRU�WKH�VHUYLFHV�WKH\�SURYLGH�

$SSOLFDWLRQV�LQYRNH�GHYLFHV�WKURXJK�GHYLFH�GULYHUV� 7KH�GHYLFH�DQG�GULYHU�LQWHUDFW

WKURXJK�D�SURWRFRO�VSHFLÀHG�E\�WKH�KDUGZDUH� :KHQ�WKH�GHYLFH�REH\V�WKH�VSHFLÀFDWLRQ� D

GULYHU�PD\�WUXVW�DQ\�LQSXWV�LW�UHFHLYHV�IURP�WKH�GHYLFH� 7KHVH�DUH�LQSXWV�UHVSRQVHV�IURP

WKH�GHYLFH�EDVHG�RQ�LWV�LQWHUDFWLRQ�ZLWK�WKH�GHYLFH�DQG�QRW�WKH�XVHU�GDWD�VXFK�DV�SDFNHWV�RU

GLVN�EORFNV� 8QIRUWXQDWHO\� GHYLFHV�GR�QRW�DOZD\V�EHKDYH�DFFRUGLQJ�WR�WKHLU�VSHFLÀFDWLRQ�

6RPH�IDLOXUHV�DUH�FDXVHG�E\�ZHDU�RXW�RU�HOHFWULFDO�LQWHUIHUHQFH >��@� ,Q�DGGLWLRQ� LQWHUQDO

VRIWZDUH�IDLOXUHV�FDQ�RFFXU�LQ�GHYLFHV�WKDW�H[HFXWH�HPEHGGHG�ÀUPZDUH� VRPHWLPHV�XS�WR

PLOOLRQV�RI�OLQHV�RI�FRGH >���@�

6WXGLHV�RI�:LQGRZV�VHUYHUV�DW�0LFURVRIW�GHPRQVWUDWH�WKH�VFRSH�RI�WKH�SUREOHP >�@�
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,Q�RQH�VWXG\�RI�:LQGRZV�VHUYHUV� HLJKW�SHUFHQW�RI�V\VWHPV�VXIIHUHG�IURP�D�VWRUDJH�RU�QHW�

ZRUN�DGDSWHU�IDLOXUH >�@� 0DQ\�RI�WKHVH�IDLOXUHV�DUH�WUDQVLHQW� KDUGZDUH�YHQGRUV�UHSHDW�

HGO\�UHSRUW�WKDW�WKH�PDMRULW\�RI�UHWXUQHG�GHYLFHV�RSHUDWH�FRUUHFWO\�DQG�UHWU\LQJ�DQ�RSHUD�

WLRQ�RIWHQ�VXFFHHGV >�� �� ��@� ,Q�WRWDO� ���RI�DOO�XQSODQQHG�UHERRWV�RI�VHUYHUV�DW�0LFURVRIW

GXULQJ�D�VHSDUDWH�VWXG\�ZHUH�FDXVHG�E\�DGDSWHU�RU�KDUGZDUH�IDLOXUHV� 0RVW�LPSRUWDQWO\�

ZKHQ�UXQQLQJ�SODWIRUPV�ZLWK WKH�VDPH�DGDSWHUV DQG�VRIWZDUH�WKDW�WROHUDWHV�KDUGZDUH�IDXOWV�

UHSRUWHG�GHYLFH�IDLOXUHV�UDWHV�GURS�IURP���SHUFHQW�WR���SHUFHQW >�@� 7KLV�HYLGHQFH�VXJJHVWV

WKDW���� GHYLFH�IDLOXUH�LV�D�PDMRU�FDXVH�RI�V\VWHP�FUDVKHV� ��� WUDQVLHQW�GHYLFH�IDLOXUHV�DUH�FRPPRQ�

DQG���� GULYHUV�WKDW�WROHUDWH�GHYLFH�IDLOXUHV�FDQ�LPSURYH�UHOLDELOLW\� :LWKRXW�DGGUHVVLQJ�WKLV�SURE�

OHP� WKH�UHOLDELOLW\�RI�RSHUDWLQJ�V\VWHPV�LV�OLPLWHG�E\�WKH�UHOLDELOLW\�RI�GHYLFHV�

'HYLFH�KDUGZDUH�IDLOXUHV�FDXVH�V\VWHP�KDQJV�RU�FUDVKHV�ZKHQ�GULYHUV�FDQQRW�GHWHFW

RU�WROHUDWH�WKH�IDLOXUH� 7KH�/LQX[�NHUQHO�PDLOLQJ�OLVW�FRQWDLQV�QXPHURXV�UHSRUWV�RI�GULYHUV

ZDLWLQJ�IRUHYHU�DQG�UHPLQGHUV�IURP�NHUQHO�H[SHUWV�WR�DYRLG�LQÀQLWH�ZDLWV >��@� 1HYHUWKH�

OHVV� WKLV�FRGH�SHUVLVWV� )RU�H[DPSOH� WKH�FRGH�EHORZ�IURP�WKH��F��[�F�QHWZRUN�GULYHU�LQ

WKH�/LQX[����������NHUQHO�ZLOO�ORRS�IRUHYHU�LI�WKH�GHYLFH�QHYHU�UHWXUQV�WKH�ULJKW�YDOXH�

ZKLOH �LRUHDG���LRDGGU � :Q�B0DVWHU6WDWXV��

	 �[�����

�

7R�DGGUHVV�WKLV�SUREOHP�PDMRU�26 YHQGRUV�KDYH�LVVXHG�UHFRPPHQGDWLRQV�RQ�KRZ�WR

KDUGHQ�GULYHUV�WR�GHYLFH�IDLOXUHV >��� ��� ��@� 7KHVH�UHFRPPHQGDWLRQV�LQFOXGH�YDOLGDWLQJ

DOO�LQSXWV�IURP�D�GHYLFH� HQVXULQJ�WKDW�DOO�FRGH�ZDLWLQJ�IRU�D�GHYLFH�ZLOO�WHUPLQDWH� DQG

UHSRUWLQJ�DOO�KDUGZDUH�IDLOXUHV� 'HVSLWH�WKHVH�UHFRPPHQGDWLRQV� ZH�IRXQG�WKDW�D�ODUJH

QXPEHU�RI�/LQX[�GULYHUV�GR�QRW�SURSHUO\�WROHUDWH�KDUGZDUH�IDLOXUHV� , VHH�WZR�UHDVRQV�IRU

WKLV� ����WHVWLQJ�GULYHUV�DJDLQVW�KDUGZDUH�IDLOXUHV�LV�GLIÀFXOW� DQG�����KDUGHQLQJ�GULYHUV�E\

KDQG�LV�FKDOOHQJLQJ� &RPPRQ�WHVWLQJ�SURFHGXUHV� VXFK�DV�VWUHVV�WHVWLQJ� ZLOO�QRW�GHWHFW

IDLOXUHV�UHODWHG�WR�KDUGZDUH� ,QVWHDG� IDXOW�LQMHFWLRQ�WHVWLQJ�LV�UHTXLUHG >�� ��� ���@� 8QOLNH

RWKHU�VRIWZDUH�WHVWLQJ� GHYLFH�GULYHUV�UHTXLUH�WKDW�DQ�LQVWDQFH�RI�WKH�GHYLFH�EH�SUHVHQW�

ZKLFK�OLPLWV�WKH�QXPEHU�RI�PDFKLQHV�WKDW�FDQ�UXQ�WHVWV�
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3UHYLRXV�ZRUN�RQ�GULYHU�IDXOW�WROHUDQFH�KDV�FRQFHQWUDWHG�RQ�WZR�PDMRU�DSSURDFKHV�

VWDWLF�EXJ�ÀQGLQJ >�� �� ��� ��@�DQG�UXQ�WLPH�IDXOW�WROHUDQFH >���� ���� ��� ���� ���@� 6WDWLF

DSSURDFKHV�FKHFN�IRU�EXJV�LQ�WKH�LQWHUIDFH�EHWZHHQ�WKH�GULYHU�DQG�WKH�NHUQHO�WR�HQVXUH�WKDW

WKH�GULYHU�GRHV�QRW�YLRODWH�NHUQHO�SURJUDPPLQJ�UXOHV� VXFK�DV�E\�IDLOLQJ�WR�UHOHDVH�D�ORFN�

%XW� WKHVH�WRROV�GR�QRW�YHULI\�WKDW�WKH�GULYHU�YDOLGDWHV�LQSXWV�UHFHLYHG�IURP�WKH�GHYLFH�

6\VWHPV�WKDW�WROHUDWH�IDXOWV�DW�UXQ�WLPH� VXFK�DV�6DIH'ULYH >���@�DQG�1RRNV >���@� HL�

WKHU�LQVWUXPHQW�GULYHU�FRGH�RU�H[HFXWH�LW�LQ�DQ�LVRODWHG�HQYLURQPHQW� 7KHVH�V\VWHPV�GHWHFW

IDXOWV� LQFOXGLQJ�KDUGZDUH�LQGXFHG�IDXOWV� G\QDPLFDOO\�DQG�WULJJHU�D�UHFRYHU\�PHFKDQLVP�

+RZHYHU� WKHVH�V\VWHPV�KDYH�KDG�OLPLWHG�GHSOR\PHQW� SHUKDSV�GXH�WR�WKH�KHDY\ZHLJKW

QDWXUH�RI�WKH�VROXWLRQ�

7KLV�FKDSWHU�SUHVHQWV�&DUEXUL]HU�� D�FRGH�PDQLSXODWLRQ�WRRO�DQG�DVVRFLDWHG�UXQWLPH

WKDW�DXWRPDWLFDOO\ KDUGHQV GULYHUV� $ KDUGHQHG�GULYHU�LV�RQH�WKDW�FDQ�VXUYLYH�WKH�IDLOXUH�RI

LWV�GHYLFH�DQG�LI�SRVVLEOH� UHWXUQ�WKH�GHYLFH�WR�LWV�IXOO�IXQFWLRQ� &DUEXUL]HU�LPSOHPHQWV�WKUHH

PDMRU�KDUGHQLQJ�UHFRPPHQGDWLRQV� ����YDOLGDWH�LQSXWV�IURP�WKH�GHYLFH� ����YHULI\�GHYLFH

UHVSRQVLYHQHVV� DQG�����UHSRUW�KDUGZDUH�IDLOXUHV�VR�WKDW�DQ�DGPLQLVWUDWRU�FDQ�SURDFWLYHO\

PDQDJH�WKH�IDLOLQJ�KDUGZDUH >�� ��� ��� ��@�

&DUEXUL]HU�DQDO\]HV�GULYHU�FRGH�WR�ÀQG�ZKHUH�LW�DFFHSWV�LQSXW�IURP�WKH�GHYLFH� ,I�WKH

GULYHU�XVHV�GHYLFH�GDWD�ZLWKRXW�FKHFNLQJ�LWV�FRUUHFWQHVV� &DUEXUL]HU�PRGLÀHV�WKH�GULYHU�WR

LQVHUW�YDOLGDWLRQ�FRGH� ,I�WKH�GULYHU�FKHFNV�GHYLFH�GDWD�IRU�FRUUHFWQHVV� &DUEXUL]HU�LQVHUWV

FRGH�WR�UHSRUW�D�IDLOXUH�LI�WKH�GDWD�LV�LQFRUUHFW� )LQDOO\� WKH�&DUEXUL]HU�UXQWLPH�GHWHFWV

VWXFN�LQWHUUXSWV�DQG�QRQ�UHVSRQVLYH�GHYLFHV�DQG�FDXVHV�WKH�GULYHU�WR�SROO�WKH�GHYLFH� 7R

DXWRPDWLFDOO\�UHSDLU�EXJV� &DUEXUL]HU�DOVR�LQYRNHV�D�JHQHULF�UHFRYHU\�VHUYLFH�WKDW�FDQ�UHVHW

WKH�GHYLFH� , UHO\�RQ�VKDGRZ�GULYHUV >���@�WR�SURYLGH�WKLV�UHFRYHU\�VHUYLFH�

'HVSLWH�WKH�FRPPRQ�DSSOLFDWLRQ�RI�VWDWLF�DQDO\VLV�WRROV�WR�WKH�/LQX[�NHUQHO >��@�

&DUEXUL]HU�XQFRYHUV�D�ODUJH�QXPEHU�RI�SUREOHPV� &DUEXUL]HU�LGHQWLÀHG�����EXJV�LQ�H[LVW�

LQJ�/LQX[�GULYHUV�ZKHUH�D�KDUGZDUH�IDLOXUH�PD\�FDXVH�WKH�GULYHU�WR�FUDVK�RU�KDQJ� :LWK

PDQXDO�LQVSHFWLRQ�RI�D�VXEVHW� , GHWHUPLQHG�WKDW�WKH�IDOVH�SRVLWLYH�UDWH�LV������ IRU�DSSUR[�

�&DUEXUL]LQJ�LV�D�SURFHVV�RI�KDUGHQLQJ�VWHHO�WKURXJK�KHDW�WUHDWPHQW�
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LPDWHO\�����WUXH�EXJV�IRXQG� 'LVFRXQWLQJ�IRU�IDOVH�SRVLWLYHV� &DUEXUL]HU�UHSDLUV�DSSUR[L�

PDWHO\�����UHDO�EXJV�E\�LQVHUWLQJ�FRGH�WR�GHWHFW�KDUGZDUH�IDLOXUHV�DQG�UHFRYHU�DW�UXQWLPH�

:KHQ�UXQ�ZLWK�FRPPRQ�,�2ZRUNORDGV� GULYHUV�PRGLÀHG�E\�&DUEXUL]HU�SHUIRUP�VLPLODUO\

WR�QDWLYH�GULYHUV�

,Q�WKH�UHPDLQGHU�RI�WKLV�FKDSWHU� , ÀUVW�GLVFXVV�KDUGZDUH�IDLOXUHV�DQG�26 YHQGRU

JXLGHOLQHV�IRU�KDUGHQLQJ�GULYHUV� , WKHQ�SUHVHQW�WKH�WKUHH�PDMRU�IXQFWLRQV�RI�&DUEXUL]HU

LQ�6HFWLRQV ���� ��� DQG ���� 6HFWLRQ ��� SUHVHQWV�WKH�RYHUKHDG�RI�RXU�FRGH�FKDQJHV� DQG�,

ÀQLVK�ZLWK�D�VXPPDU\�

��� 'HYLFH�+DUGZDUH�)DLOXUHV

,Q�WKLV�VHFWLRQ� , GHVFULEH�WKH�SUREOHP�RI�KDUGZDUH�GHYLFH�IDLOXUHV�DQG�YHQGRU�UHFRPPHQ�

GDWLRQV�RQ�KRZ�WR�WROHUDWH�DQG�PDQDJH�GHYLFH�IDLOXUHV�

����� )DLOXUHV�7\SHV

0RGHUQ�&026GHYLFHV�DUH�SURQH�WR�LQWHUQDO�IDLOXUHV�DQG�ZLWKRXW�VLJQLÀFDQW�GHVLJQ�FKDQJHV�

WKLV�SUREOHP�LV�H[SHFWHG�WR�ZRUVHQ�DV�WUDQVLVWRUV�VKULQN� 3ULRU�VWXGLHV�LQGLFDWH�WKDW�WKHVH

GHYLFHV�H[SHULHQFH�WUDQVLHQW ELW�ÁLS IDXOWV� ZKHUH�D�VLQJOH�ELW�FKDQJHV�YDOXH� SHUPDQHQW

VWXFN�DW IDXOWV� ZKHQ�D�ELW�DVVXPHV�D�À[HG�YDOXH�IRU�DQ�H[WHQGHG�SHULRG� DQG EULGJLQJ�IDXOWV

ZKHQ�DQ�DGMDFHQW�SDLU�RI�ELWV�DUH�HOHFWULFDOO\�PDWHG� FDXVLQJ�D�ORJLFDO�DQG�RU�ORJLFDO�RU�JDWH

EHWZHHQ�WKH�ELWV >���� ��@� (QYLURQPHQWDO�FRQGLWLRQV�VXFK�DV�HOHFWURPDJQHWLF�LQWHUIHUHQFH

DQG�UDGLDWLRQ�FDQ�FDXVH�WUDQVLHQW�IDXOWV� :HDU�RXW�DQG�LQVXIÀFLHQW�EXUQ�LQ�PD\�UHVXOW�LQ

VWXFN�DW�DQG�EULGJLQJ�IDXOWV�LQ�WKH�GHYLFHV�

,Q�DGGLWLRQ� ZKHQ�D�GHYLFH�FRQWDLQV�HPEHGGHG�ÀUPZDUH� RU�HYHQ�DQ�HPEHGGHG�RS�

HUDWLQJ�V\VWHP >���@� DQ\�VRIWZDUH�UHODWHG�IDLOXUH�LV�SRVVLEOH� VXFK�DV�RXW�RI�UHVRXUFH�HUURUV

IURP�PHPRU\�OHDNV�RU�FRQFXUUHQF\�EXJV�
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)DLOXUH�PDQLIHVWDWLRQV 'HYLFH�GULYHUV�REVHUYH�IDLOXUHV�ZKHQ�WKH\�DFFHVV�GDWD�JHQHUDWHG

E\�WKH�GHYLFH� )RU�3&, GULYHUV� ZKLFK�SHUIRUP�,�2 WKURXJK�PHPRU\�RU�,�2 SRUWV� WKH

GULYHU�UHDGV�LQFRUUHFW�YDOXHV�IURP�WKH�GHYLFH� )RU�86% GULYHUV� ZKLFK�XVH�D�UHTXHVW�UH�

VSRQVH�SURWRFRO� D�GHYLFH�IDLOXUH�PD\�FDXVH�D�UHVSRQVH�SDFNHW�WR�FRQWDLQ�LQFRUUHFW�GDWD >��@�

6RXUFHV�DW�0LFURVRIW�UHSRUW�WKDW�GHYLFH�KDQJV�DQG�LQWHUUXSW�VWRUPV�DUH�FRPPRQ�PDQLIHV�

WDWLRQV�RI�IDXOW\�KDUGZDUH >��@�

0DQ\�KDUGZDUH�IDLOXUHV�DUH�OLNHO\�WR�PDQLIHVW�DV�FRUUXSW�YDOXHV�LQ�GHYLFH�UHJLVWHUV�

$ VLQJOH�ELW�ÁLS�LQWHUQDO�WR�D�GHYLFH�FRQWUROOHU�PD\�SURSDJDWH�WR�RWKHU�LQWHUQDO�UHJLVWHUV

EHIRUH�WKH�GHYLFH�GULYHU�UHDGV�D�JDUEOHG�YDOXH�H[SRVHG�WKURXJK�D�GHYLFH�UHJLVWHU� 6LPLODUO\�

DQ�LQWHUQDO�VWXFN�DW�IDLOXUH�PD\�UHVXOW�LQ�D�WUDQVLHQW�FRUUXSWLRQ�LQ�D�GHYLFH�UHJLVWHU� D�VWXFN

YDOXH�LQ�D�UHJLVWHU� D�VWXFN�LQWHUUXSW�UHTXHVW�OLQH� RU�XQSUHGLFWDEOH�'0$ DFFHVVHV� %XJV�LQ

GHYLFH�ÀUPZDUH�PD\�PDQLIHVW�DV�LQFRUUHFW�RXWSXW�YDOXHV�RU�WLPLQJ�IDLOXUHV� ZKHQ�D�GHYLFH

GRHV�QRW�UHVSRQG�ZLWKLQ�WKH�VSHFLÀHG�WLPH�SHULRG�

����� 9HQGRU�5HFRPPHQGDWLRQV

0DMRU�26 YHQGRUV�SURYLGH�UHFRPPHQGDWLRQV�WR�GULYHU�ZULWHUV�RQ�KRZ�WR�WROHUDWH�GHYLFH

IDLOXUHV >�� ��� ��� ��@� 7DEOH ��� VXPPDUL]HV�WKH�UHFRPPHQGDWLRQV�RI�0LFURVRIW� ,%0��,QWHO�

DQG�6XQ�RQ�KRZ�WR�SUHYHQW�IDXOW\�KDUGZDUH�IURP�FDXVLQJ�V\VWHP�IDLOXUHV� 7KH�DGYLFH�FDQ

EH�FRQGHQVHG�WR�IRXU�PDMRU�DFWLRQV�

�� 9DOLGDWH� $OO�LQSXW�IURP�D�GHYLFH�VKRXOG�EH�WUHDWHG�DV�VXVSLFLRXV�DQG�YDOLGDWHG�WR

PDNH�VXUH�WKDW�YDOXHV�OLH�ZLWKLQ�UDQJH�

�� 7LPHRXW� $OO�LQWHUDFWLRQ�ZLWK�D�GHYLFH�VKRXOG�EH�VXEMHFW�WR�WLPHRXWV�WR�SUHYHQW�ZDLW�

LQJ�IRUHYHU�ZKHQ�WKH�GHYLFH�LV�QRW�UHVSRQVLYH�

�� 5HSRUW� $OO�VXVSHFW�EHKDYLRU�VKRXOG�EH�UHSRUWHG�WR�DQ�26 VHUYLFH� DOORZLQJ�FHQWUDO�

L]HG�GHWHFWLRQ�DQG�PDQDJHPHQW�RI�KDUGZDUH�IDLOXUHV�

�� 5HFRYHU� 7KH�GULYHU�VKRXOG�UHFRYHU�IURP�DQ\�GHYLFH�IDLOXUH� LI�QHFHVVDU\�E\�UHVWDUW�

LQJ�WKH�GHYLFH�
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9DOLGDWLRQ
,QSXW�YDOLGDWLRQ� &KHFN�SRLQWHUV� DUUD\�LQGH[HV� SDFNHW�OHQJWKV� DQG�VWDWXV�GDWD
UHFHLYHG�IURP�KDUGZDUH >��� ��� ��@� !
8QUHSHDWDEOH�UHDGV� 5HDG�GDWD�IURP�KDUGZDUH�RQFH� 'R�QRW�UHUHDG�DV�LW�PD\�EH
FRUUXSW�ODWHU >��@
'0$ SURWHFWLRQ� (QVXUH�WKDW�WKH�GHYLFH�RQO\�ZULWHV�WR�YDOLG�'0$PHPRU\ >��� ��@
'DWD�FRUUXSWLRQ� 8VH�&5&V�WR�GHWHFW�GDWD�FRUUXSWLRQ�LI�KLJKHU�OD\HUV�ZLOO�QRW�DOVR
FKHFN >��� ��@
7LPLQJ
,QÀQLWH�SROOLQJ� (QVXUH�WKDW�VSLQQLQJ�ZKLOH�ZDLWLQJ�RQ�WKH�KDUGZDUH�FDQ�WLPH�RXW�
DQG�ERXQG�DOO�ORRSV >��� ��� ��@� !
6WXFN�LQWHUUXSWV� +DQGOH�LQWHUUXSWV�WKDW�FDQQRW�EH�GLVPLVVHG >��� ��@!
/RVW�UHTXHVW� 8VH�D�ZDWFKGRJ�WR�YHULI\�KDUGZDUH�UHVSRQVLYHQHVV >�� ��@!
([FHVVLYH�GHOD\� $YRLG�GHOD\LQJ�WKH�26��EXV\�ZDLWLQJ� DQG�KROGLQJ�ORFNV�IRU�H[�
WHQGHG�SHULRGV >�� ��@
8QH[SHFWHG�HYHQWV� +DQGOH�RXW�RI�VHTXHQFH�HYHQWV >��� ��@
5HSRUWLQJ
5HSRUW�KDUGZDUH�IDLOXUHV� 1RWLI\�WKH�RSHUDWLQJ�V\VWHP�RI�HUURUV� ORJ�DOO�XVHIXO�LQIRU�
PDWLRQ >�� ��� ��� ��@!
5HFRYHU\
+DQGOH�DOO � IDLOXUHV� +DQGOH�HUURU�FRQGLWLRQV� LQFOXGLQJ�JHQHULF�DQG�KDUGZDUH�
VSHFLÀF�HUURUV >�� ��� ��@!
&OHDQXS�SURSHUO\� (QVXUH�WKH�GULYHU�FOHDQV�XS�UHVRXUFHV�DIWHU�D�IDXOW >��� ��@!
&RQFHDO�IDLOXUH� +LGH�UHFRYHUDEOH�IDXOWV�IURP�DSSOLFDWLRQV >��@!
'R�QRW�FUDVK� $YRLG�KDOWLQJ�WKH�V\VWHP >�� ��� ��� ��@!
7HVW�GULYHUV� 7HVW�GULYHU�XVLQJ�IDXOW�LQMHFWLRQ >���� ��� ��@
:UDS � ,�2 PHPRU\ � DFFHVV� 8VH � RQO\ � ZUDSSHU � IXQFWLRQV � WR � SHUIRUP

SURJUDPPHG�PHPRU\�PDSSHG�,�2 >��� ��� ��@

7DEOH ���� 9HQGRU�UHFRPPHQGDWLRQV�IRU�KDUGHQLQJ�GULYHUV�DJDLQVW�KDUGZDUH�IDLOXUHV� 5HFRPPHQGDWLRQV�DG�
GUHVVHG�E\�&DUEXUL]HU�DUH�PDUNHG�ZLWK�D!�

7KH�JRDO�RI�P\�ZRUN�LV�WR DXWRPDWLFDOO\�LPSOHPHQW WKHVH�UHFRPPHQGDWLRQV� )LUVW� ,

VHHN�WR�PDNH�GULYHUV�WROHUDWH�DQG�UHFRYHU�IURP�GHYLFH�IDLOXUHV� VR�GHYLFH�IDLOXUHV�GR�QRW

OHDG�WR�V\VWHP�IDLOXUHV� )RU�WKLV�DVSHFW�RI�P\�ZRUN� , IRFXV�RQ�WUDQVLHQW�IDLOXUHV�WKDW�GR�QRW

UHFXU�DIWHU�WKH�GHYLFH�LV�UHVHW� 6HFRQG� , VHHN�WR�PDNH�GULYHUV�UHSRUW�GHYLFH�IDLOXUHV�VR�WKDW

DGPLQLVWUDWRUV�OHDUQ�RI�WUDQVLHQW�IDLOXUHV�DQG�FDQ�SURDFWLYHO\�UHSODFH�IDXOW\�GHYLFHV�

&DUEXUL]HU�DGGUHVVHV DOO IRXU�DVSHFWV�RI�YHQGRU�UHFRPPHQGDWLRQV�GHVFULEHG�DERYH�

6HFWLRQ ��� DGGUHVVHV�EXJV�WKDW�FDQ�EH�IRXQG�WKURXJK�VWDWLF�DQDO\VLV� LQFOXGLQJ�LQÀQLWH

SROOLQJ�DQG�LQSXW�YDOLGDWLRQ� 6HFWLRQ ��� DGGUHVVHV�UHSRUWLQJ�KDUGZDUH�IDLOXUHV�WR�D�FHQ�

WUDOL]HG�VHUYLFH� 6HFWLRQ ��� DGGUHVVHV�UXQWLPH�VXSSRUW�IRU�WROHUDWLQJ�GHYLFH�IDLOXUHV� LQ�

FOXGLQJ�UHFRYHU\� VWXFN�LQWHUUXSWV� DQG�ORVW�UHTXHVWV� 7KH�UHFRPPHQGDWLRQV�WKDW�&DUEXU�
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)LJXUH ���� 7KH�&DUEXUL]HU�DUFKLWHFWXUH� ([LVWLQJ�NHUQHO�GULYHUV�DUH�FRQYHUWHG�WR�KDUGHQHG�GULYHUV�DQG�H[HFXWH
ZLWK�UXQWLPH�VXSSRUW�IRU�IDLOXUH�GHWHFWLRQ�DQG�UHFRYHU\�

L]HU�FDQ�DSSO\�DXWRPDWLFDOO\�DUH�PDUNHG�LQ�7DEOH ���� 7KH�UHPDLQLQJ�UHFRPPHQGDWLRQV

FDQ�EH�DGGUHVVHG�ZLWK�RWKHU�WHFKQLTXHV� VXFK�DV�DQ�,2008 IRU�'0$PHPRU\�SURWHFWLRQ�

RU�FDQQRW�EH�DSSOLHG�ZLWKRXW�VHPDQWLF�LQIRUPDWLRQ�DERXW�WKH�GHYLFH�

��� +DUGHQLQJ�'ULYHUV

7KLV�VHFWLRQ�GHVFULEHV�KRZ�&DUEXUL]HU�ÀQGV�DQG�À[HV�LQÀQLWH�SROOLQJ�DQG�LQSXW�YDOLGDWLRQ

EXJV�IURP�7DEOH ���� 7KHVH�DUH KDUGZDUH�GHSHQGHQFH EXJV�WKDW�DULVH�EHFDXVH�WKH�VRIWZDUH

GHSHQGV�RQ�WKH�KDUGZDUH·V�FRUUHFWQHVV�IRU�LWV�RZQ�FRUUHFWQHVV� 7KH�JRDO�RI�P\�ZRUN�LV�WR

����ÀQG�SODFHV�ZKHUH�GULYHU�FRGH�XVHV�GDWD�RULJLQDWLQJ�IURP�D�GHYLFH� ����YHULI\�WKDW�WKH

GULYHU�FKHFNV�WKH�GDWD�IRU�YDOLGLW\�EHIRUH�SHUIRUPLQJ�DFWLRQV�WKDW�FRXOG�OHDG�WR�D�FUDVK�RU

KDQJ� DQG�LI�QRW� ����DXWRPDWLFDOO\�LQVHUW�YDOLGLW\�RU�WLPLQJ�FKHFNV�LQWR�WKH�FRGH� 7KHVH

FKHFNV�LQYRNH�D�JHQHULF�UHFRYHU\�PHFKDQLVP� ZKLFK�, GHVFULEH�LQ�6HFWLRQ ���� :KHQ�XVHG

ZLWKRXW�D�UHFRYHU\�VHUYLFH� &DUEXUL]HU�LGHQWLÀHV�EXJV�IRU�D�SURJUDPPHU�WR�À[�

)LJXUH ��� VKRZV�WKH�RYHUDOO�DUFKLWHFWXUH�RI�RXU�V\VWHP� &DUEXUL]HU�WDNHV�XQPRGL�

ÀHG�GULYHUV�DV�LQSXW�DQG�ZLWK�D�VHW�RI�VWDWLF�DQDO\VHV�SURGXFHV�����D�OLVW�RI�SRVVLEOH�EXJV

DQG�����D�GULYHU�ZLWK�WKHVH�EXJV�UHSDLUHG� L�H� GULYHUV�WKDW�YDOLGDWH�DOO�LQSXW�FRPLQJ�IURP

KDUGZDUH�EHIRUH�XVLQJ�LW�LQ�FULWLFDO�FRQWURO�RU�GDWD�ÁRZ�SDWKV� 7KH�&DUEXUL]HU�UXQWLPH�GH�

WHFWV�DGGLWLRQDO�KDUGZDUH�IDLOXUHV�DW�UXQWLPH�DQG�FDQ�UHVWRUH�IXQFWLRQDOLW\�DIWHU�D�KDUGZDUH

IDLOXUH�
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, LPSOHPHQW�&DUEXUL]HU�ZLWK�&,/ >��@� &,/ UHDGV�LQ�SUH�SURFHVVHG�& FRGH�DQG�SUR�

GXFHV�DQ�LQWHUQDO�UHSUHVHQWDWLRQ�RI�WKH�FRGH�VXLWDEOH�IRU�VWDWLF�DQDO\VLV� 7RROV�EXLOW�ZLWK

&,/ FDQ�WKHQ�PRGLI\�WKH�FRGH�DQG�SURGXFH�D�QHZ�SUH�SURFHVVHG�VRXUFH�ÀOH�DV�RXWSXW�

, QH[W�GHVFULEH�WKH�DQDO\VHV�IRU�KDUGHQLQJ�GULYHUV�LQ�&DUEXUL]HU�DQG�P\�VWUDWHJLHV

IRU�DXWRPDWLFDOO\�UHSDLULQJ�WKHVH�EXJV� , H[SHULPHQW�ZLWK�GHYLFH�GULYHUV�IURP�WKH�/LQX[

���������NHUQHO�

����� )LQGLQJ�6HQVLWLYH�&RGH

&DUEXUL]HU�ORFDWHV�FRGH�WKDW�LV�GHSHQGHQW�RQ�LQSXWV�IURP�WKH�GHYLFH� :KHQ�D�GULYHU�PDNHV

D�FRQWURO�GHFLVLRQ� VXFK�DV�D�EUDQFK�RU�IXQFWLRQ�FDOO� EDVHG�RQ�GDWD�IURP�WKH�GHYLFH� WKH

FRQWURO�FRGH�LV VHQVLWLYH EHFDXVH�LW�LV�GHSHQGHQW�RQ�WKH�FRUUHFW�IXQFWLRQLQJ�RI�WKH�GHYLFH� ,I

FRGH�XVHV�D�YDOXH�RULJLQDWLQJ�IURP�D�GHYLFH�LQ�DQ�DGGUHVV�FDOFXODWLRQ� IRU�H[DPSOH�DV�DQ

DUUD\�LQGH[� XVH�RI�WKH�DGGUHVV�LV�GHSHQGHQW�RQ�WKH�GHYLFH� &DUEXUL]HU�ÀQGV�KDUGZDUH�

GHSHQGHQW�FRGH�WKDW�LV�LQFRUUHFW�IRU�VRPH�GHYLFH�LQSXWV�

&DUEXUL]HU·V�DQDO\VHV�DUH�SHUIRUPHG�LQ�WZR�SDVVHV� 7KH�ÀUVW�SDVV�LV�FRPPRQ�WR�DOO

DQDO\VHV�DQG�LGHQWLÀHV�YDULDEOHV�WKDW�DUH WDLQWHG� RU�GHSHQGHQW�RQ�LQSXW�IURP�WKH�GHYLFH�

&DUEXUL]HU�FRQVXOWV�D�WDEOH�RI�IXQFWLRQV�NQRZQ�WR�SHUIRUP�,�2��VXFK�DV UHDGO IRU�PHPRU\�

PDSSHG�,�2 RU LQE IRU�SRUW�,�2��,QLWLDOO\� &DUEXUL]HU�PDUNV�DOO�KHDS�DQG�VWDFN�YDULDEOHV

WKDW�UHFHLYH�UHVXOWV�IURP�WKHVH�IXQFWLRQV�DV�WDLQWHG� &DUEXUL]HU�WKHQ�SURSDJDWHV�WDLQW�WR

YDULDEOHV�WKDW�DUH�FRPSXWHG�IURP�RU�DOLDVHG�WR�WKH�WDLQWHG�YDULDEOHV� &DUEXUL]HU�FRQVLGHUV

WKH�VWDWLF�YLVLELOLW\�RI�YDULDEOHV�EXW�GRHV�QRW�FRQVLGHU�SRVVLEOH�FDOOLQJ�FRQWH[WV� )RU�FRP�

SRXQG�YDULDEOHV�VXFK�DV�VWUXFWXUHV�DQG�DUUD\V� WKH�DQDO\VLV�LV�ÀHOG�LQVHQVLWLYH�DQG�DVVXPHV

WKDW�WKH�HQWLUH�VWUXFWXUH�LV�WDLQWHG�LI�DQ\�ÀHOG�FRQWDLQV�D�YDOXH�UHDG�IURP�WKH�GHYLFH� , ÀQG

WKDW�LQ�SUDFWLFH�WKLV�RFFXUV�UDUHO\� DQG�WKHUHIRUH�\LHOGV�D�VLPSOHU�DQDO\VLV�WKDW�LV�DOPRVW�DV

SUHFLVH�DV�EHLQJ�VHQVLWLYH�WR�ÀHOGV�

7KH�RXWSXW�RI�WKH�ÀUVW�SDVV�LV�D�WDEOH�FRQWDLQLQJ�DOO�YDULDEOHV�LQ�DOO�IXQFWLRQV�LQGLFDW�

LQJ�LI�WKH�YDULDEOH�LV�WDLQWHG� &DUEXUL]HU�DOVR�VWRUHV�D�OLVW�RI�WDLQWHG�IXQFWLRQV�WKDW�UHWXUQ

YDOXHV�FDOFXODWHG�IURP�GHYLFH�LQSXWV� 7KH�WDEOH�IURP�WKH�ÀUVW�SDVV�LV�XVHG�E\�VHFRQG�SDVV
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)LJXUH ���� 7KH�$0' ����H�QHWZRUN�GULYHU��DPG����H�F��FDQ�KDQJ�LI�WKH�UHDGO���FDOO�LQ�OLQH���DOZD\V�UHWXUQV
WKH�VDPH�YDOXH�

DQDO\VHV�GHVFULEHG�EHORZ�

,QÀQLWH�3ROOLQJ

'ULYHUV�RIWHQ�ZDLW�IRU�D�GHYLFH�WR�HQWHU�D�JLYHQ�VWDWH�E\�SROOLQJ�D�GHYLFH�UHJLVWHU� &RP�

PRQO\� WKH�GULYHU�VLWV�LQ�D�WLJKW�ORRS�UHDGLQJ�WKH�GHYLFH�UHJLVWHU�XQWLO�D�ELW�LV�VHW�WR�WKH

SURSHU�YDOXH� DV�VKRZQ�LQ�)LJXUH ���� ,I�WKH�GHYLFH QHYHU�VHWV WKH�SURSHU�YDOXH� WKLV�ORRS

ZLOO�FDXVH�WKH�V\VWHP�WR�KDQJ� 'ULYHU�GHYHORSHUV�DUH�H[SHFWHG�WR�HQVXUH�WKHVH�ORRSV�ZLOO

WLPHRXW�HYHQWXDOO\� , ÀQG� WKRXJK� WKDW�LQ�PDQ\�FDVHV�GHYLFH�GULYHUV�RPLW�WKH�WLPHRXW�FRGH

DQG�ORRSV�WHUPLQDWH�RQO\�LI�WKH�GHYLFH�IXQFWLRQV�FRUUHFWO\�

7R�LGHQWLI\�WKHVH�XQERXQGHG�ORRSV� , LPSOHPHQW�DQ�DQDO\VLV�WR�GHWHFW�FRQWURO�SDWKV

WKDW�ZDLW�IRUHYHU�IRU�D�SDUWLFXODU�LQSXW�IURP�WKH�GHYLFH� &DUEXUL]HU�ORFDWHV�DOO�ORRSV�ZKHUH

WKH�WHUPLQDWLQJ�FRQGLWLRQV�DUH�WDLQWHG��L�H�� GHSHQGHQW�RQ�WKH�GHYLFH�� )RU�HDFK�ORRS� &DU�

EXUL]HU�FRPSXWHV�WKH�VHW�RI�FRQGLWLRQV�WKDW�FDXVH�WKH�ORRS�WR�WHUPLQDWH�WKURXJK ZKLOH

FODXVHV�DV�ZHOO�DV�FRQGLWLRQDO EUHDN� UHWXUQ DQG JRWR VWDWHPHQWV� ,I�DOO�WKH�WHUPLQDWLQJ

FRQGLWLRQV�IRU�D�ORRS�DUH�KDUGZDUH�GHSHQGHQW� WKH�ORRS�PD\�LWHUDWH�LQÀQLWHO\�ZKHQ�WKH

GHYLFH�PLVEHKDYHV� )LJXUH ��� VKRZV�D�EXJ�GHWHFWHG�E\�P\�DQDO\VLV� 7KH�FRGH�LQ�OLQHV����

FDQ�ORRS�LQÀQLWHO\�LI UHDGO� D�IXQFWLRQ�WR�UHDG�D�GHYLFH�UHJLVWHU� QHYHU�UHWXUQV�WKH�FRUUHFW

YDOXH� :KLOH�WKLV�LV�D�VLPSOH�H[DPSOH� P\�DQDO\VLV�FDQ�GHWHFW�FRPSOH[�FDVHV� VXFK�DV�ORRSV

WKDW�FRQWDLQ FDVH VWDWHPHQWV�RU�WKDW�FDOO�IXQFWLRQV�SHUIRUPLQJ�,�2�
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)LJXUH ���� 7KH�3UR�$XGLR�6RXQG�GULYHU��SDV�BFDUG�F��XVHV�WKH SDVBPRGHO YDULDEOH�DV�DQ�DUUD\�LQGH[�LQ�OLQH
��ZLWKRXW�DQ\�FKHFNV�

&KHFNLQJ�$UUD\�$FFHVVHV

0DQ\�GULYHUV�XVH�LQSXWV�IURP�D�GHYLFH�WR�LQGH[�LQWR�DQ�DUUD\� :KHQ�WKH�UDQJH�RI�WKH

YDULDEOH��H�J�� ������IRU�D����ELW�VKRUW��LV�ODUJHU�WKDQ�WKH�DUUD\� DQ�LQFRUUHFW�LQGH[�FDQ�OHDG

WR�UHDGLQJ�DQ�XQPDSSHG�DGGUHVV��IRU�ODUJH�LQGLFHV��RU�FRUUXSWLQJ�DGMDFHQW�GDWD�VWUXFWXUHV�

)LJXUH ��� VKRZV�D�ORRS�LQ�WKH�3UR�$XGLR�VRXQG�GULYHU��SDV�BFDUG�F��WKDW�GRHV�QRW�FKHFN�IRU

ERXQGV�ZKLOH�DFFHVVLQJ�DQ�DUUD\� :KLOH�PDQ\�GULYHUV�DOZD\V�FKHFN�DUUD\�ERXQGV� VRPH

GULYHUV�DUH�QRW�DV�FRQVFLHQWLRXV� )XUWKHUPRUH� D�VLQJOH�GULYHU�PD\�EH�LQFRQVLVWHQW�LQ�LWV

FKHFNV�

, LPSOHPHQW�DQ�DQDO\VLV�LQ�&DUEXUL]HU�WR�GHWHUPLQH�ZKHWKHU�WDLQWHG�YDULDEOHV�DUH

XVHG�DV�DUUD\�LQGLFHV�LQ�VWDWLF�DUUD\V� ,I�WKH�DUUD\�LV�DFFHVVHG�XVLQJ�D�WDLQWHG�YDULDEOH� &DU�

EXUL]HU�ÁDJV�WKH�DFFHVV�DV�D�SRWHQWLDO�KDUGZDUH�GHSHQGHQFH�EXJ� 7KH�DQDO\VLV�FDQ�GHWHFW

ZKHQ�YDOXHV�UHWXUQHG�E\�RQH�IXQFWLRQ�DUH�XVHG�DV�DUUD\�LQGLFHV�LQ�DQRWKHU� ,Q�DGGLWLRQ�

ZKHQ�DQ�DUUD\�LQGH[�LV�FRPSXWHG�IURP�PXOWLSOH�YDULDEOHV� &DUEXUL]HU�FKHFNV�ZKHWKHU�DOO

WKH�LQSXW�YDULDEOHV�DUH�XQWDLQWHG�

&DUEXUL]HU�DOVR�GHWHFWV�G\QDPLF��YDULDEOH�VL]HG��DUUD\�GHUHIHUHQFLQJ�ZLWK�WDLQWHG

YDULDEOHV� &,/ FRQYHUWV�DOO�G\QDPLF�DUUD\�DFFHVVHV�LQWR�SRLQWHU�DULWKPHWLF�DQG�PHPRU\

GHUHIHUHQFLQJ� VR�LW�UHTXLUHV�D�VHSDUDWH�DQDO\VLV�IURP�VWDWLF�DUUD\V��WKRVH�GHFODUHG�DV�DU�

UD\V�ZLWK�D�À[HG�VL]H�� ,Q�WKH�VHFRQG�DQDO\VLV�SDVV� &DUEXUL]HU�GHWHFWV�ZKHWKHU�D�WDLQWHG
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)LJXUH ���� 7KH S6FE,G[ YDULDEOH�LV�XVHG�LQ�SRLQWHU�DULWKPHWLF�LQ�OLQH����ZLWKRXW�DQ\�FKHFN�LQ�WKH�D����6&6,
GULYHU��D���X�Z�F��
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)LJXUH ���� 7KH�+LJK3RLQW�55�[[[�6&6, GULYHU��KSWLRS�F��UHDGV DUJ IURP�WKH�FRQWUROOHU�LQ�OLQH���DQG�GHUHI�
HUHQFHV�LW�DV�D�SRLQWHU�LQ�OLQH���

YDULDEOH�LV�XVHG�IRU�SRLQWHU�DULWKPHWLF�RU�DV�WKH�DGGUHVV�RI�D�PHPRU\�GHUHIHUHQFH� ,Q�ERWK

FDVHV� &DUEXUL]HU�GHWHFWV�D�SRWHQWLDOO\�XQVDIH�PHPRU\�UHIHUHQFH� , UHSRUW�D�EXJ�ZKHUH�WKH

SRLQWHU�DULWKPHWLF�LV�SHUIRUPHG�UDWKHU�WKDQ�ZKHUH�D�GHUHIHUHQFH�RFFXUV� WKLV�LV�WKH�ORFD�

WLRQ�ZKHUH�D�ERXQGV�FKHFN�LV�UHTXLUHG� DV�WKH�RIIVHW�PD\�QRW�EH�DYDLODEOH�ZKHQ�PHPRU\�LV

DFWXDOO\�GHUHIHUHQFHG� ,I�WKH�SRLQWHU�LV�QHYHU�XVHG� WKLV�PD\�UHVXOW�LQ�D�IDOVH�SRVLWLYH�

)LJXUH ��� VKRZV�GULYHU�FRGH�ZKHUH�XQVDIH�GDWD�IURP�GHYLFH�LV�XVHG�IRU�SRLQWHU

DULWKPHWLF� $W�OLQH��� E6FE,G[ LV�DVVLJQHG�YDOXH�IURP�WKH 25&B5'PDFUR� ZKLFK�UHDGV�D����ELW

YDOXH�IURP�WKH�GHYLFH� $W�OLQH��� WKLV�YDOXH�LV�XVHG�DV�DQ�RIIVHW�IRU�SRLQWHU S6FE� ,I�D�VLQJOH

ELW�RI�WKH�LQFRPLQJ�GDWD�LV�ÁLSSHG� WKH�SRLQWHU�GHUHIHUHQFH�LQ�OLQH����FRXOG�FDXVH�PHPRU\

FRUUXSWLRQ�RU� LI�WKH�DGGUHVV�LV�XQPDSSHG� D�V\VWHP�FUDVK�

:KLOH�UDUH� GULYHUV�PD\�DOVR�UHDG�D�SRLQWHU�GLUHFWO\�IURP�D�GHYLFH� )LJXUH ��� VKRZV



��

DQ�H[DPSOH�IURP�D�6&6, GULYHU�ZKHUH�WKH�GULYHU�UHDGV�D����ELW�SRLQWHU�LQ�OLQHV���DQG���DQG

GHUHIHUHQFHV�LW�LQ�OLQH��� &DUEXUL]HU�DOVR�ÁDJV�WKLV�XVH�RI�SRLQWHUV�DV�D�EXJ�

5HPRYLQJ�)DOVH�3RVLWLYHV

)DOVH�SRVLWLYHV�PD\�DULVH�ZKHQ�WKH�GULYHU�KDV�D�WLPHRXW�LQ�D�ORRS�RU�YDOLGDWHV�LQSXW�WKDW

P\�DQDO\VLV�GRHV�QRW�GHWHFW� )URP�WKH�VXVSHFW�ORRSV� &DUEXUL]HU�GHWHUPLQHV�ZKHWKHU�WKH

SURJUDPPHU�KDV�DOUHDG\�LPSOHPHQWHG�D�WLPHRXW�PHFKDQLVP�E\�ORRNLQJ�IRU�WKH�XVH�RI�D

WLPHRXW�FRXQWHU� $ WLPHRXW�FRXQWHU�LV�D�YDULDEOH�WKDW�LV�����HLWKHU�LQFUHPHQWHG�RU�GHFUH�

PHQWHG�LQ�WKH�ORRS� ����QRW�XVHG�DV�DQ�DUUD\�LQGH[�RU�LQ�SRLQWHU�DULWKPHWLF� DQG�����XVHG

LQ�D�WHUPLQDWLQJ�FRQGLWLRQ�IRU�WKH�ORRS� VXFK�DV�D ZKLOH FODXVH�RU�LQ�DQ LI EHIRUH�D EUHDN�

JRWR� RU UHWXUQ VWDWHPHQW� ,I�D�ORRS�FRQWDLQV�D�FRXQWHU� &DUEXUL]HU�GHWHUPLQHV�WKDW�LW�ZLOO

QRW�ORRS�LQÀQLWHO\� , DOVR�GHWHFW�WKH�XVH�RI�WKH�NHUQHO MLIILHV FORFN�DV�D�FRXQWHU�

)DOVH�SRVLWLYHV�IRU�XQVDIH�SRLQWHU�GHUHIHUHQFLQJ�DQG�DUUD\�LQGH[LQJ�PD\�RFFXU�LI

WKH�GULYHU�DOUHDG\�YDOLGDWHV�WKH�SRLQWHU�RU�LQGH[�ZLWK�D�FRPSDULVRQ�WR�18// RU�D�VKLIW��

PDVN�RSHUDWLRQ�RQ�WKH�LQFRPLQJ�SRLQWHU�GDWD�IURP�WKH�GHYLFH� &DUEXUL]HU�GRHV�QRW�ÁDJ�D

EXJ�ZKHQ�WKHVH�RSHUDWLRQV�RFFXU�EHWZHHQ�WKH�,�2 RSHUDWLRQ�DQG�WKH�SRLQWHU�DULWKPHWLF�RU

SRLQWHU�GHUHIHUHQFH�

&DUEXUL]HU�UHPRYHV�IDOVH�SRVLWLYHV�WKDW�RFFXU�ZKHQ�D�WDLQWHG�YDULDEOH�LV�XVHG�PXOWL�

SOH�WLPHV�ZLWKRXW�DQ�LQWHUYHQLQJ�,�2 RSHUDWLRQ�DQG�ZKHQ�D�WDLQWHG�YDULDEOH�LV�UH�DVVLJQHG

ZLWK�DQ�XQWDLQWHG�YDOXH� , NHHS�WUDFN�RI�ZKHUH�LQ�WKH�FRGH�D�YDULDEOH�EHFRPHV�WDLQWHG� DQG

RQO\�GHWHFW�D�EXJ�LI�WKH�SRLQWHU�GHUHIHUHQFH�RU�DUUD\�LQGH[�RFFXUV�DIWHU�WKH�WDLQW�

, ÀQG�WKDW�WKH�IDOVH�SRVLWLYH�WHFKQLTXHV�KDYH�EHHQ�KHOSIXO� ,GHQWLI\LQJ�YDOLGLW\�FKHFNV

DQG�UHSHDWHG�XVH�RI�D�YDULDEOH�UHGXFHG�WKH�QXPEHU�RI�GHWHFWHG�G\QDPLF�DUUD\�DFFHVV�EXJV

IURP�����WR����� DQG�WKH�RWKHU�WHFKQLTXHV�IXUWKHU�UHGXFHG�LW�E\�DOPRVW�KDOI� )RU�LQÀQLWH

SROOLQJ� WKHVH�WHFKQLTXHV�LGHQWLÀHG�KDOI�WKH�UHVXOWV�DV�IDOVH�SRVLWLYHV�ZKHUH�WKH�GULYHU�FRU�

UHFWO\�EURNH�RXW�RI�WKH�ORRS�
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)LJXUH ���� 7KH�FRGH�IURP�)LJXUH ��� À[HG�E\�&DUEXUL]HU�ZLWK�D�WLPHRXW�FRXQWHU�

����� 5HSDLULQJ�6HQVLWLYH�&RGH

)LQGLQJ�GULYHU�EXJV�DORQH�LV�YDOXDEOH� EXW�UHOLDELOLW\�GRHV�QRW�LPSURYH�XQWLO�WKH�EXJ�LV

À[HG� $IWHU�ÀQGLQJ�D�EXJ� &DUEXUL]HU�LQ�PDQ\�FDVHV�FDQ�JHQHUDWH�D�À[� 5HSDLULQJ�VHQVLWLYH

FRGH�FRQVLVWV�RI�LQVHUWLQJ�D�WHVW�WR�GHWHFW�ZKHWKHU�D�IDLOXUH�RFFXUUHG�DQG�FRGH�WR�KDQGOH

WKH�IDLOXUH� 7R�UHFRYHU� &DUEXUL]HU�LQVHUWV�FRGH�WKDW�LQYRNHV�D�JHQHULF�UHFRYHU\�IXQFWLRQ

FDSDEOH�RI�UHVHWWLQJ�WKH�KDUGZDUH� :KLOH�UHSHDWLQJ�D�GHYLFH�UHDG�RSHUDWLRQ�PD\�À[�WKH�EXJ�

WKLV�LV�QRW�VDIH�LQ�JHQHUDO�EHFDXVH�GHYLFH�UHJLVWHU�UHDGV�FDQ�KDYH�VLGH�HIIHFWV� $V�UHFRYHU\

DIIHFWV�SHUIRUPDQFH� , HQVXUH�LW�ZLOO�QRW�EH�LQYRNHG�XQOHVV�DQ�XQKDQGOHG�IDLOXUH�RFFXUV�DQG

WKH�GULYHU�FRXOG�RWKHUZLVH�FUDVK�RU�KDQJ�

&DUEXUL]HU�UHOLHV�RQ�D�JHQHULF�UHFRYHU\�IXQFWLRQ�FRPPRQ�WR�DOO�GULYHUV� +RZHYHU�

VRPH�GULYHUV�DOUHDG\�LPSOHPHQW�UHFRYHU\�IXQFWLRQDOLW\� )RU�H[DPSOH� WKH�(�����JLJDELW

(WKHUQHW�GULYHU�SURYLGHV�D�IXQFWLRQ�WR�VKXWGRZQ�DQG�UHVXPH�WKH�GULYHU�ZKHQ�LW�GHWHFWV�DQ

HUURU� )RU�VXFK�GULYHUV� LW�PD\�EH�KHOSIXO�WR�PRGLI\�&DUEXUL]HU�WR�JHQHUDWH�FRGH�LQYRNLQJ

D�GULYHU�VSHFLÀF�IXQFWLRQ�LQVWHDG�

)L[LQJ�LQÀQLWH�SROOLQJ :KHQ�&DUEXUL]HU�LGHQWLÀHV�D�ORRS�ZKHUH�D�GULYHU�PD\�ZDLW�LQ�

ÀQLWHO\� LW�JHQHUDWHV�FRGH�WR�EUHDN�RXW�RI�WKH�ORRS�DIWHU�D�À[HG�GHOD\� , VHOHFWHG�PD[LPXP
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)LJXUH ���� 7KH�FRGH�IURP�)LJXUH ��� À[HG�E\�&DUEXUL]HU�ZLWK�D�ERXQGV�FKHFN�

GHOD\V�EDVHG�RQ�WKH�GHOD\V�XVHG�LQ�RWKHU�GULYHUV� )RU�ORRSV�WKDW�GR�QRW�VOHHS� , IRXQG�WKDW

PRVW�GULYHUV�ZDLW�IRU�WZR�WLPHU�WLFNV�EHIRUH�WLPLQJ�RXW� , FKRVH�ÀYH�WLFNV� D�VOLJKWO\�ORQJHU

GHOD\� WR�DYRLG�LQFRUUHFWO\�EUHDNLQJ�RXW�RI�ORRSV� )RU�ORRSV�WKDW�LQYRNH�D�VOHHS�IXQFWLRQ

VXFK�DV PVOHHS� , LQVHUW�FRGH�WKDW�EUHDNV�RXW�RI�ORRSV�DIWHU�ÀYH�VHFRQGV� EHFDXVH�WKH�GHOD\

GRHV�QRW�LPSDFW�WKH�UHVW�RI�WKH�V\VWHP� 7KLV�LV�IDU�ORQJHU�WKDQ�PRVW�GHYLFHV�UHTXLUH�DQG

HQVXUHV�WKDW�LI�P\�DQDO\VLV�GRHV�UDLVH�IDOVH�SRVLWLYHV� WKH�UHSDLU�ZLOO�QRW�EUHDN�WKH�GULYHU�

$V�VKRZQ�LQ�)LJXUH ���� IRU�WLJKW�ORRSV�&DUEXUL]HU�JHQHUDWHV�FRGH�WR�UHDG�WKH�SURFHVVRU

WLPHVWDPS�FRXQWHU�EHIRUH�WKH�ORRS�DQG�EUHDNV�RXW�RI�WKH�ORRS�DIWHU�WKH�VSHFLÀHG�WLPH�GH�

OD\� :KHQ�WKH�ORRS�WLPHV�RXW� WKH�GULYHU�LQYRNHV�D�JHQHULF�UHFRYHU\�IXQFWLRQ� 7KLV�UHSDLU

ZLOO�RQO\�EH�LQYRNHG�DIWHU�D�SUHYLRXVO\�LQÀQLWH�ORRS�WLPHV�RXW� HQVXULQJ�WKDW�WKHUH�ZLOO�QRW

EH�DQ\�IDOVHO\�GHWHFWHG�IDLOXUHV�

)L[LQJ�LQYDOLG�DUUD\�LQGLFHV :KHQ�DUUD\�ERXQGV�DUH�NQRZQ� &DUEXUL]HU�FDQ�LQVHUW�FRGH

WR�GHWHFW�LQYDOLG�DUUD\�LQGLFHV�ZLWK�D�VLPSOH�ERXQGV�FKHFN�EHIRUH�WKH�DUUD\�LV�DFFHVVHG�

&DUEXUL]HU�FRPSXWHV�WKH�VL]H�RI�VWDWLF�DUUD\V�DQG�LQVHUWV�ERXQGV�FKHFNV�RQ�DUUD\�LQGLFHV

ZKHQ�WKH�LQGH[�FRPHV�IURP�WKH�GHYLFH� :KHQ�DQ�DUUD\�LQGH[�LV�XVHG�UHSHDWHGO\� &DUEXUL]HU

RQO\�LQVHUWV�D�ERXQGV�FKHFN�EHIRUH�WKH�ÀUVW�XVH�RI�WKH�WDLQWHG�DUUD\�LQGLFH�

)RU�G\QDPLFDOO\�VL]HG�DUUD\V� WKH�ERXQG�LV�QRW�DYDLODEOH� &DUEXUL]HU�UHSRUWV�WKH

EXJ�EXW�GRHV�QRW�JHQHUDWH�D�UHSDLU� :LWK�SURJUDPPHU�DQQRWDWLRQV�LQGLFDWLQJ�ZKHUH�DU�
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)LJXUH ���� 7KH�FRGH�IURP�)LJXUH ��� DIWHU�UHSDLU� &DUEXUL]HU�LQVHUWV�D�QXOO�SRLQWHU�FKHFN�LQ�OLQH���

UD\�ERXQGV�DUH�VWRUHG >��� ���@� &DUEXUL]HU�FRXOG�DOVR�JHQHUDWH�FRGH�IRU�G\QDPLF�ERXQGV

FKHFNLQJ�

)LJXUH ��� VKRZV�WKH�FRGH�IURP�)LJXUH ��� DIWHU�UHSDLU� ,Q�WKLV�FRGH� WKH�DUUD\�VL]H

LV�GHFODUHG�VWDWLFDOO\�DQG�&DUEXUL]HU�DXWRPDWLFDOO\�JHQHUDWHV�WKH�DSSURSULDWH�UDQJH�FKHFN�

7KLV�FKHFN�ZLOO�RQO\�WULJJHU�D�UHFRYHU\�LI�WKH�LQGH[�LV�RXWVLGH�WKH�DUUD\�ERXQGV� VR�LW�QHYHU

IDOVHO\�GHWHFWV�D�IDLOXUH�

:KHQ�UHSDLULQJ�FRGH�WKDW�UHDGV�D�SRLQWHU�GLUHFWO\�IURP�D�GHYLFH� &DUEXUL]HU�GRHV�QRW

NQRZ�OHJDO�YDOXHV�IRU�WKH�SRLQWHU� $V�UHVXOW� LW�RQO\�HQVXUHV�WKDW�WKH�SRLQWHU�LV�QRQ�18//�

8QOLNH�RWKHU�À[HV� WKLV�RQO\�SUHYHQWV�D�VXEVHW�RI�FUDVKHV� EHFDXVH�OHJDO�YDOXHV�RI�WKH�SRLQWHU

DUH�QRW�NQRZQ� )LJXUH ��� VKRZV�UHSDLUHG�FRGH�ZKHUH�GDWD�IURP�GHYLFH�LV�GHUHIHUHQFHG�

)L[LQJ�GULYHU�SDQLFV &DUEXUL]HU�FDQ�DOVR�À[�GULYHU�FRGH�WKDW�LQWHQWLRQDOO\�FUDVKHV�WKH

V\VWHP�ZKHQ�KDUGZDUH�IDLOV� 0DQ\�GULYHUV�LQYRNH SDQLF ZKHQ�WKH\�HQFRXQWHU�DEQRUPDO

KDUGZDUH�VLWXDWLRQV� :KLOH�26 YHQGRUV�GLVFRXUDJH�WKLV�SUDFWLFH� LW�LV�XVHG�ZKHQ�GULYHU

GHYHORSHUV�GR�QRW�NQRZ�KRZ�WR�UHFRYHU�DQG�HQVXUHV�WKDW�HUURUV�GR�QRW�SURSDJDWH�DQG�FRU�

UXSW�WKH�V\VWHP� ,I�D�UHFRYHU\�IDFLOLW\�LV�DYDLODEOH�WKHQ�FUDVKLQJ�WKH�V\VWHP�LV�QRW�QHFHVVDU\�

&DUEXUL]HU�LQFRUSRUDWHV�D�VLPSOH�DQDO\VLV�WR�LGHQWLI\�FDOOV�WR SDQLF� %8*� $66(57 DQG�RWKHU

V\VWHP�KDOWLQJ�IXQFWLRQV�DQG�UHSODFH�WKHP�ZLWK�FDOOV�WR�WKH�UHFRYHU\�IXQFWLRQ�



��

����� 6XPPDU\

7KH�VWDWLF�DQDO\VLV�SHUIRUPHG�E\�&DUEXUL]HU�ÀQGV�PDQ\�EXJV�EXW�LV�QHLWKHU�VRXQG�QRU

FRPSOHWH� LW�PD\�SURGXFH�IDOVH�SRVLWLYHV� DQG�LGHQWLI\�FRGH�DV�QHHGLQJ�D�À[�ZKHQ�LW�LV�LQ

IDFW�FRUUHFW� DQG�IDOVH�QHJDWLYHV�E\�PLVVLQJ�VRPH�EXJV� 1RQHWKHOHVV� , ÀQG�WKDW�LW�LGHQWLÀHV

PDQ\�WUXH�EXJV�

)DOVH�SRVLWLYHV�PD\�RFFXU�ZKHQ�WKH�GULYHU�DOUHDG\�FRQWDLQV�D�YDOLGLW\�FKHFN�WKDW

&DUEXUL]HU�GRHV�QRW�UHFRJQL]H� )RU�H[DPSOH� LI�WKH�WLPHRXW�PHFKDQLVP�IRU�D�ORRS�LV�LPSOH�

PHQWHG�LQ�D�VHSDUDWH�IXQFWLRQ� &DUEXUL]HU�ZLOO�QRW�ÀQG�LW�DQG�ZLOO�IDOVHO\�PDUN�WKH�ORRS

DV�D�EXJ� &DUEXUL]HU�RQO\�GHWHFWV�FRXQWHUV�LPSOHPHQWHG�DV�VWDQGDUG�LQWHJHU�W\SHV� :KHQ

GULYHUV�XVH�FXVWRP�GDWD�W\SHV� &DUEXUL]HU�GRHV�QRW�GHWHFW�WKH�FRXQWHU�DQG�DJDLQ�IDOVHO\

PDUNV�WKH�ORRS�DV�DQ�HUURU� )RU�DUUD\�LQGH[LQJ� &DUEXUL]HU�GRHV�QRW�FRQVLGHU�VKLIW�RSHU�

DWLRQV�DV�D�YDOLGLW\�FKHFN�EHFDXVH� LI�WKH�DUUD\�LV�QRW�D�SRZHU�RI�WZR�LQ�VL]H� VRPH�LQGH[

YDOXHV�ZLOO�FDXVH�DFFHVVHV�SDVW�WKH�HQG�RI�WKH�DUUD\�

)DOVH�QHJDWLYHV�FDQ�RFFXU�EHFDXVH�P\�LQWHUSURFHGXUDO�DQDO\VLV�RQO\�SDVVHV�WDLQW

WKURXJK�UHWXUQ�YDOXHV� :KHQ�D�WDLQWHG�YDULDEOH�LV�SDVVHG�DV�DQ�DUJXPHQW� &DUEXUL]HU�GRHV

QRW�GHWHFW�LWV�XVH�DV�VHQVLWLYH�FRGH� &DUEXUL]HU�DOVR�FDQQRW�GHWHFW�VLOHQW�IDLOXUHV�WKDW�RFFXU

ZKHQ�WKH�KDUGZDUH�SURGXFHV�D�OHJDO�EXW�ZURQJ�YDOXH� VXFK�DV�LQ�LQFRUUHFW�LQGH[�WKDW�OLHV

ZLWKLQ�WKH�ERXQGV�RI�WKH�DUUD\�

����� $QDO\VLV�5HVXOWV

, UDQ�&DUEXUL]HU�DFURVV�DOO�GULYHUV�LQ�WKH�/LQX[����������NHUQHO�GLVWULEXWLRQ� ,Q�WRWDO� , DQD�

O\]HG������VRXUFH�ÀOHV�DFURVV�WKH GULYHUV DQG VRXQG GLUHFWRULHV� )RU�PDMRU�GULYHU�FODVVHV�

7DEOH ��� VKRZV�WKH�QXPEHU�RI�EXJV�IRXQG�RI�HDFK�W\SH� 'HVSLWH�DQDO\]LQJ�RYHU�����PLOOLRQ

OLQHV�RI�FRGH� RQ�D�����*+]�&RUH���SURFHVVRU�WKH�DQDO\VLV�RQO\�WDNHV�WKLUW\�VHYHQ�PLQXWHV

WR�UXQ� RXWSXW�UHSDLUHG�VRXUFH�ÀOHV�DQG�FRPSLOH�WKH�GULYHU�ÀOHV�

7KH�UHVXOWV�VKRZ�WKDW�KDUGZDUH�GHSHQGHQFH�EXJV�DUH�ZLGHVSUHDG� ZLWK�����EXJV

IRXQG�DFURVV�YDULRXV�GULYHU�FODVVHV� 2I�WKHVH� &DUEXUL]HU�FDQ�DXWRPDWLFDOO\�UHSDLU�WKH����
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'ULYHU ,QÀQLWH�3ROOLQJ 6WDWLF�$UUD\ '\QDPLF�$UUD\ 3DQLF
&ODVV )RXQG )RXQG )RXQG )L[HG
QHW ��� � �� �
VFVL ��� �� �� ���
VRXQG �� � � �
YLGHR ��� � �� ��
RWKHU ��� � �� ��
7RWDO ��� �� �� ���

7DEOH ���� ,QVWDQFHV�RI�KDUGZDUH�GHSHQGHQFLHV�E\�PRGHUQ�/LQX[�GHYLFH�GULYHUV�����������NHUQHO�

LQÀQLWH�ORRS�DQG�VWDWLF�DUUD\�LQGH[�EXJV� 2QO\�WKH����G\QDPLF�DUUD\�GHUHIHUHQFHV�UHTXLUH

SURJUDPPHU�LQYROYHPHQW�

, HVWLPDWH�WKH�IDOVH�SRVLWLYH�UDWH�E\�PDQXDOO\�VDPSOLQJ�EXJV�DQG�LQVSHFWLQJ�WKH�FRGH�

:LWK�ZHLJKWHG�VDPSOLQJ�DFURVV�DOO�FODVVHV�RI�EXJV� , FRPSXWH�WKDW�&DUEXUL]HU�LV�DEOH�WR

GHWHFW�EXJV�DW�D�IDOVH�SRVLWLYH�UDWH�RI����� ± �����ZLWK�����FRQÀGHQFH�)RU�WKH�LQÀQLWH

ORRS�EXJV� , LQVSHFWHG�����FDVHV�DQG�IRXQG�RQO\���IDOVH�SRVLWLYHV� ,Q�WKHVH�FDVHV� WKH�WLPHRXW

PHFKDQLVP�ZDV�LPSOHPHQWHG�LQ�D�IXQFWLRQ�VHSDUDWH�IURP�WKH�ORRS� ZKLFK�&DUEXUL]HU�GRHV

QRW�GHWHFW� +RZHYHU� &DUEXUL]HU·V�WLPHRXW�ZDV PRUH�UHOD[HG�WKDQ�WKH�GULYHU·V� DQG�DV�D�UHVXOW

GLG�QRW�KDUP�WKH�GULYHU� 7KLV�ORZ�IDOVH�SRVLWLYH�UDWH�GHPRQVWUDWHV�WKDW�D�IDLUO\�VLPSOH�DQG

IDVW�DQDO\VLV�FDQ�GHWHFW�LQÀQLWH�ORRSV�ZLWK�KLJK�DFFXUDF\�

)RU�VWDWLF�DUUD\V� , PDQXDOO\�VDPSOHG����LGHQWLÀHG�EXJV�DQG�IRXQG���WUXH�EXJV�WKDW

FRXOG�FDXVH�D�V\VWHP�FUDVK�LI�WKH�KDUGZDUH�H[SHULHQFHG�D�WUDQVLHQW�IDLOXUH� VXFK�DV�D�VLQJOH

ELW�ÁLS�LQ�D�GHYLFH�UHJLVWHU� 0RVW�RI�WKH�UHPDLQLQJ�IDOVH�SRVLWLYHV�RFFXUUHG�EHFDXVH�WKH

DUUD\�ZDV�H[DFWO\�WKH�VL]H�RI�WKH�LQGH[·V�UDQJH� IRU�H[DPSOH�����HQWULHV�IRU�DQ�XQVLJQHG

E\WH�LQGH[� +RZHYHU� HYHQ�LQ�WKH�FDVH�RI�IDOVH�SRVLWLYHV� WKH�FRGH�DGGHG�E\�&DUEXUL]HU

FRUUHFWO\�FKHFNHG�DUUD\�ERXQGV�DQG�GRHV�QRW�IDOVHO\�GHWHFW�D�IDLOXUH� 7KH�RQO\�KDUP�GRQH

WR�WKH�GULYHU�LV�WKH�RYHUKHDG�RI�DQ�XQQHFHVVDU\�ERXQGV�FKHFN� 0RUH�DGYDQFHG�DQDO\VLV

FRXOG�UHPRYH�WKHVH�IDOVH�SRVLWLYHV�

)RU�G\QDPLF�DUUD\V�DQG�PHPRU\�GHUHIHUHQFLQJ� , VDPSOHG����EXJV�DQG�IRXQG����UHDO

EXJV�IRU�D�SURJUDPPHU�WR�À[� 0RVW�IDOVH�SRVLWLYHV�PDQLIHVWHG�LQ�GULYHUV�WKDW�XVH�PHFK�

DQLVPV�RWKHU�WKDQ�D�PDVN�RU�FRPSDULVRQ�IRU�YHULI\LQJ�DQ�LQGH[� )RU�H[DPSOH� WKH�,QWHO

L���BDXGLR�GULYHU�XVHV�WKH�PRGXOR�RSHUDWLRQ�RQ�D�G\QDPLF�DUUD\�RIIVHW� 7KH�6,6 JUDSKLF
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GULYHU�FDOOV�D�IXQFWLRQ�WR�YDOLGDWH�DOO�LQSXWV� DQG�&DUEXUL]HU·V�DQDO\VLV�FDQQRW�GHWHFW�YDO�

LGDWLRQ�GRQH�LQ�D�VHSDUDWH�IXQFWLRQ� %HWWHU�LQWHUSURFHGXUDO�DQDO\VLV�LV�QHHGHG�WR�SUHYHQW

WKHVH�IDOVH�SRVLWLYHV�

2YHUDOO� , IRXQG�WKDW�����GULYHU�PRGXOHV�RXW�RI�WKH������DQDO\]HG�FRQWDLQHG�EXJV�

7KH�EXJV�IROORZHG�WZR�GLVWULEXWLRQV� 0DQ\�GULYHUV�KDG�RQO\�RQH�RU�WZR�KDUGZDUH�GH�

SHQGHQFH�EXJV� 7KH�GHYHORSHUV�RI�WKHVH�GULYHUV�ZHUH�W\SLFDOO\�YLJLODQW�DERXW�YDOLGDWLQJ

GHYLFH�LQSXW�EXW�IRUJRW�LQ�D�IHZ�SODFHV� $ VPDOO�QXPEHU�RI�GULYHUV�SHUIRUPHG�YHU\�OLWWOH

YDOLGDWLRQ�DQG�KDG�D�ODUJH�QXPEHU�RI�EXJV� )RU�H[DPSOH� &DUEXUL]HU�GHWHFWHG����LQÀQLWH

ORRSV�LQ�WKH�WHOHVSFL�,6'1 GULYHU�DQG����LQ�WKH�$73 ����6&6, GULYHU�

7KHVH�EXJV�GHPRQVWUDWH�WKDW�ODQJXDJH�RU�OLEUDU\�FRQVWUXFWV�FDQ�LPSURYH�WKH�TXDOLW\

RI�GULYHU�FRGH� )RU�H[DPSOH� FRQVWUXFWV�WR�ZDLW�IRU�D�GHYLFH�FRQGLWLRQ�VDIHO\� ZLWK�LQWHUQDOO\

LPSOHPHQWHG�WLPHRXWV� UHGXFH�WKH�SUREOHP�RI�KXQJ�V\VWHPV�GXH�WR�GHYLFHV� 3DVW�ZRUN�RQ

ODQJXDJH�VXSSRUW�IRU�FRQFXUUHQF\�LQ�GULYHUV�KDV�LQYHVWLJDWHG�SURYLGLQJ�VLPLODU�ODQJXDJH

IHDWXUHV�WR�DYRLG�FRUUHFWQHVV�YLRODWLRQV >��@�� )XUWKHUPRUH� ZKHQ�UH�UXQQLQJ�&DUEXUL]HU

RQ�D�QHZHU�NHUQHO������������ , IRXQG�IRXQG������SROOLQJ� ����DUUD\�GHUHIHUHQFH�DQG����

SDQLF�FDOOV� 7KLV�LQGLFDWHV�WKDW�WKLV�SUREOHPV�FRQWLQXH�WR�LQFUHDVH�XQDEDWHG� ,Q�&KDSWHU

""� , GHVFULEH�P\�HIIRUWV�WRZDUGV�JHWWLQJ�WKH�DWWHQWLRQ�RI�/LQX[�NHUQHO�FRPPXQLW\�WRZDUGV

WKLV�SUREOHP�

����� ([SHULPHQWDO�5HVXOWV

, YHULI\�WKDW�WKH�&DUEXUL]HU·V�UHSDLU�WUDQVIRUPDWLRQ�ZRUNV�E\�WHVWLQJ�LW�RQ�WKUHH�(WKHUQHW

GULYHUV� 7HVWLQJ�HYHU\�GULYHU�UHSDLU�LV�QRW�SUDFWLFDO�EHFDXVH�LW�ZRXOG�UHTXLUH�REWDLQLQJ

KXQGUHGV�RI�GHYLFHV� :H�IRFXV�RQ�QHWZRUN�GULYHUV�EHFDXVH�, KDYH�RQO\�LPSOHPHQWHG�WKH

UHFRYHU\�PHFKDQLVP�IRU�WKLV�GULYHU�FODVV� , WHVW�ZKHWKHU�FDUEXUL]HG�GULYHUV� WKRVH�PRGLÀHG

E\�&DUEXUL]HU� FDQ�GHWHFW�DQG�UHFRYHU\�IURP�KDUGZDUH�IDXOWV�

2I�WKH�GHYLFHV�DW�P\�GLVSRVDO� WKURXJK�SK\VLFDO�KDUGZDUH�RU�HPXODWLRQ�LQ�D�YLUWXDO

PDFKLQH� RQO\�WZR����0ESV�QHWZRUN�LQWHUIDFH�FDUGV�XVH�GULYHUV�WKDW�KDG�EXJV�DFFRUGLQJ

WR�P\�DQDO\VLV� D�'(&'&��[�[�FDUG�XVLQJ�WKH�GH�[��GULYHU� DQG�D��&RP��&����FDUG�XVLQJ
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WKH��F��[�GULYHU� , DOVR�WHVWHG�WKH�IRUFHGHWK�GULYHU�IRU�19,',$ 0&3���3UR�JLJDELW�GHYLFHV

EHFDXVH�LW�SODFHV�KLJK�SHUIRUPDQFH�GHPDQGV�RQ�WKH�V\VWHP��VHH�6HFWLRQ ����� ,Q�WKH�FDVH�RI

IRUFHGHWK� VLQFH�WKHUH�DUH�QR�EXJV�LQ�WKH�GULYHU� , HPXODWH�SUREOHPDWLF�FRGH�E\�PDQXDOO\

LQVHUWLQJ�EXJV� UXQQLQJ�&DUEXUL]HU�RQ�WKH�GULYHU� DQG�WHVWLQJ�WKH�UHVXOWLQJ�FRGH�

, LQMHFW�KDUGZDUH�IDXOWV�ZLWK�D�VLPSOH�IDXOW�LQMHFWLRQ�WRRO�WKDW�PRGLÀHV�WKH�UHWXUQ

YDOXHV�RI�WKH UHDG�E�Z�O� DQG LQ�E�Z�O� ,�2 IXQFWLRQV� , PRGLÀHG�WKH�IRUFHGHWK�GULYHU�E\

LQVHUWLQJ�FRGH�WKDW�UHWXUQV�LQFRUUHFW�RXWSXW�IRU�D�VSHFLÀF�GHYLFH�UHDG�RSHUDWLRQ�RQ�D�GHYLFH

UHJLVWHU� , WKHQ�VLPXODWHG�D�VHULHV�RI�WUDQVLHQW�IDXOWV�LQ�WKH�UHJLVWHU�RI�LQWHUHVW� , LQMHFWHG

KDUGZDUH�UHDG�IDXOWV�DW�WKUHH�ORFDWLRQV�LQ�WKH�GH�[��GULYHU�WR�LQGXFH�DQ�LQÀQLWH�ORRS�LQ

LQWHUUXSW�FRQWH[W� 7KH�ORRS�FRQWLQXHG�HYHQ�LI�WKH�KDUGZDUH�UHWXUQHG��[IIIIIIII� D�FRGH�XVHG

WR�LQGLFDWH�WKDW�WKH�KDUGZDUH�LV�QR�ORQJHU�SUHVHQW�LQ�WKH�V\VWHP� , LQMHFWHG�D�VLPLODU�VHW�RI

IDXOWV�LQWR�WKH��F��[�GULYHU�WR�FUHDWH�DQ�LQÀQLWH�ORRS�LQ�WKH�LQWHUUXSW�KDQGOHU�DQG�WULJJHU

UHFRYHU\� , GLG�QRW�WHVW�DOO�WKH�EXJV�LQ�HDFK�GULYHU� EHFDXVH�D�VLQJOH�GULYHU�PD\�VXSSRUW

PDQ\�GHYLFHV� DQG�VRPH�EXJV�RQO\�RFFXU�IRU�D�VSHFLÀF�GHYLFH� $V�D�UHVXOW� , FRXOG�QRW

IRUFH�WKH�GULYHU�WKURXJK�DOO�EXJJ\�FRGH�SDWKV�ZLWK�D�VLQJOH�GHYLFH�

,Q�HDFK�WHVW� , IRXQG�WKDW�WKH�GULYHU�TXLFNO\�GHWHFWHG�WKH�IDLOXUH�ZLWK�WKH�JHQHUDWHG

FRGH�DQG�WULJJHUHG�WKH�UHFRYHU\�PHFKDQLVP� $IWHU�D�VKRUW�GHOD\�ZKLOH�WKH�GULYHU�UHFRY�

HUHG� LW�UHWXUQHG�WR�QRUPDO�IXQFWLRQ�ZLWKRXW�LQWHUIHULQJ�ZLWK�DSSOLFDWLRQV� , VWRSSHG�LQ�

MHFWLQJ�IDXOWV�LQ�WKH�GH�[��DQG��F��[�GULYHUV�DIWHU�WKH\�HDFK�UHFRYHUHG�IRXU�WLPHV� 7KH

IRUFHGHWK�GULYHU�VXFFHVVIXOO\�UHFRYHUHG�IURP�PRUH�WKDQ�WHQ�RI�WKHVH�WUDQVLHQW�IDXOWV� 7KHVH

WHVWV�GHPRQVWUDWH�WKDW�DXWRPDWLF�UHFRYHU\�FDQ�UHVWDUW�GULYHUV�DIWHU�KDUGZDUH�IDLOXUHV�

��� 5HSRUWLQJ�+DUGZDUH�)DLOXUHV

$ WUDQVLHQW�KDUGZDUH�IDLOXUH� HYHQ�ZKLOH�UHFRYHUDEOH� UHGXFHV�SHUIRUPDQFH�DQG�PD\�SRU�

WHQG�IXWXUH�IDLOXUHV >��@� $V�D�UHVXOW� 26 DQG�KDUGZDUH�YHQGRUV�UHFRPPHQG�PRQLWRULQJ

KDUGZDUH�IDLOXUHV�WR�DOORZ�SURDFWLYH�GHYLFH�UHSDLU�RU�UHSODFHPHQW� )RU�H[DPSOH� WKH�6R�

ODULV�)DXOW�0DQDJHPHQW�$UFKLWHFWXUH >��@�IHHGV�HUURUV�UHSRUWHG�E\�GHYLFH�GULYHUV�DQG�RWKHU

V\VWHP�FRPSRQHQWV�LQWR�D�GLDJQRVLV�HQJLQH� 7KH�HQJLQH�FRUUHODWHV�IDLOXUHV�IURP�GLIIHUHQW
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)LJXUH ���� 7KH�IRUFHGHWK�QHWZRUN�GULYHU�SROOV�WKH�%0&5B5(6(7 GHYLFH�UHJLVWHU�XQWLO�LW�FKDQJHV�VWDWH�RU
XQWLO�D�WLPHRXW�RFFXUV� 7KH�GULYHU�UHSRUWV�RQO\�D�JHQHULF�HUURU�PHVVDJH�DW�D�KLJKHU�OHYHO�DQG�QRW�WKH�VSHFLÀF
IDLOXUH�ZKHUH�LW�RFFXUUHG�

FRPSRQHQWV�DQG�FDQ�UHFRPPHQG�D�KLJK�OHYHO�DFWLRQ� VXFK�DV�GLVDEOLQJ�RU�UHSODFLQJ�D�GH�

YLFH� ,Q�UHDGLQJ�GULYHU�FRGH� , IRXQG�/LQX[�GULYHUV�RQO\�UHSRUW�D�VXEVHW�RI�HUURUV�DQG�RIWHQ

RPLW�WKH�IDLOXUH�GHWDLOV�

:KHQ�&DUEXUL]HU�UHSDLUV�D�KDUGZDUH�GHSHQGHQFH�EXJ� LW�DOVR�LQVHUWV�HUURU�UHSRUWLQJ

FRGH� 7KXV� D�FHQWUDOL]HG�IDXOW�PDQDJHPHQW�V\VWHP�FDQ�WUDFN�KDUGZDUH�HUURUV�DQG�FRUUH�

ODWH�KDUGZDUH�IDLOXUHV�WR�RWKHU�V\VWHP�UHOLDELOLW\�RU�SHUIRUPDQFH�SUREOHPV� &XUUHQWO\� ,

XVH SULQWN WR�ZULWH�WR�WKH�V\VWHP�ORJ� DV�/LQX[�GRHV�QRW�KDYH�D�IDLOXUH�PRQLWRULQJ�VHUYLFH�

7R�VXSSRUW�DGPLQLVWUDWLYH�PDQDJHPHQW�RI�KDUGZDUH�IDLOXUHV� &DUEXUL]HU�ZLOO�DOVR

LQVHUW�PRQLWRULQJ�FRGH�LQWR�H[LVWLQJ�GULYHUV�ZKHUH�WKH�GULYHU�LWVHOI�GHWHFWV�D�IDLOXUH� &DU�

EXUL]HU�LQ�WKLV�FDVH�UHOLHV�RQ�WKH�GULYHU�WR�GHWHFW�KDUGZDUH�IDLOXUHV� WKURXJK�WKH�WLPHRXWV

DQG�VDQLW\�FKHFNV� )LJXUH ��� VKRZV�FRGH�ZKHUH�WKH�GULYHU�GHWHFWV�D�IDLOXUH�ZLWK�D�WLPHRXW

DQG�UHWXUQV�DQ�HUURU� EXW�GRHV�QRW�UHSRUW�DQ\�IDLOXUH� ,Q�WKLV�FDVH� &DUEXUL]HU�ZLOO�LQVHUW�ORJ�

JLQJ�FRGH�ZKHUH�WKH�HUURU�LV�UHWXUQHG�DQG�LQFOXGH�VWDQGDUG�LQIRUPDWLRQ� VXFK�DV�WKH�GULYHU

QDPH� ORFDWLRQ�LQ�WKH�FRGH� DQG�HUURU�W\SH��WLPHRXW�RU�FRUUXSWLRQ�� ,I�WKH�GULYHU�DOUHDG\

UHSRUWV�DQ�HUURU� WKHQ�, DVVXPH�LWV�UHSRUW�LV�VXIÀFLHQW�DQG�&DUEXUL]HU�GRHV�QRW�LQWURGXFH

DGGLWLRQDO�UHSRUWLQJ�

, LPSOHPHQW�DQDO\VHV�LQ�&DUEXUL]HU�WR�GHWHFW�ZKHQ�WKH�GULYHU�HLWKHU�GHWHFWV�D�IDLOXUH

RI�WKH�KDUGZDUH�RU�UHWXUQV�DQ�HUURU�VSHFLÀFDOO\�EHFDXVH�RI�D�YDOXH�UHDG�IURP�WKH�KDUGZDUH�

7KHVH�DQDO\VHV�GHSHQG�RQ�WKH�EXJ�ÀQGLQJ�FDSDELOLWLHV�IURP�WKH�SUHFHGLQJ�VHFWLRQ�WR�ÀQG

VHQVLWLYH�FRGH� ,Q�WKLV�FDVH� WKH�LQÀQLWH�SROOLQJ�ORRSV�WKDW�ZRXOG�KDYH�EHHQ�IDOVH�SRVLWLYHV�

EHFDXVH�WKH�IDLOXUH LV KDQGOHG�E\�WKH�GULYHU� EHFRPHV�WKH�FRQGLWLRQ�WR�VHDUFK�
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)LJXUH ����� &DUEXUL]HU�LQVHUWV�D�UHSRUWLQJ�VWDWHPHQW�DXWRPDWLFDOO\�LQ�WKH�FDVH�RI�D�WLPHRXW� ZKLFK�LQGLFDWHV
WKH�GHYLFH�LV�QRW�RSHUDWLQJ�DFFRUGLQJ�WR�VSHFLÀFDWLRQ�

����� 5HSRUWLQJ�'HYLFH�7LPHRXWV

&DUEXUL]HU�GHWHFWV�ORFDWLRQV�ZKHUH�D�GULYHU�FRUUHFWO\�WLPHV�RXW�RI�D�SROOLQJ�ORRS� 7KLV�FRGH

LQGLFDWHV�WKDW�D�GHYLFH�IDLOXUH�KDV�RFFXUUHG�EHFDXVH�WKH�GHYLFH�GLG�QRW�RXWSXW�WKH�FRUUHFW

YDOXH�ZLWKLQ�WKH�VSHFLÀHG�WLPH� 7KLV�DQDO\VLV�LV�WKH�VDPH�DV�WKH�IDOVH�SRVLWLYH�DQDO\VLV

XVHG�IRU�SUXQLQJ�UHVXOWV�IRU�LQÀQLWH�ORRSV� H[FHSW�WKDW�WKH�IDOVH�SRVLWLYHV�DUH�QRZ�WKH�FRGH

, VHHN� )LJXUH ��� VKRZV�DQ�H[DPSOH�RI�FRGH�WKDW�ORRSV�XQWLO�HLWKHU�D�WLPHRXW�LV�UHDFKHG�RU

WKH�GHYLFH�SURGXFHV�WKH�QHFHVVDU\�YDOXH� &DUEXUL]HU�GHWHFWV�ZKHWKHU�D�ORJJLQJ�VWDWHPHQW�

ZKLFK�ZH�FRQVLGHU�D�IXQFWLRQ�WDNLQJ�D�VWULQJ�DV�D�SDUDPHWHU� RFFXUV�HLWKHU�EHIRUH�EUHDNLQJ

RXW�RI�WKH�ORRS�RU�MXVW�DIWHU�EUHDNLQJ�RXW� ,I�VR� &DUEXUL]HU�GHWHUPLQHV�WKDW�WKH�GULYHU

DOUHDG\�UHSRUWV�WKH�IDLOXUH�

2QFH�ORRSV�WKDW�WLPHRXW�DUH�GHWHFWHG� &DUEXUL]HU�LGHQWLÀHV�WKH�SUHGLFDWH�WKDW�KROGV

ZKHQ�WKH�ORRS�EUHDNV�GXH�RI�D�WLPHRXW� &DUEXUL]HU�LGHQWLÀHV�DQ\�UHWXUQ�VWDWHPHQWV�EDVHG

RQ�VXFK�SUHGLFDWHV�DQG�SODFHV�D�UHSRUWLQJ�VWDWHPHQW�MXVW�EHIRUH�WKH�UHWXUQ� 7KH�UHVXOWLQJ

FRGH�LV�VKRZQ�LQ�)LJXUH ����� ,I�WKH�WHVW�LV�LQFRUSRUDWHG�LQWR ZKLOH RU IRU ORRS�SUHGLFDWH

WKHQ�&DUEXUL]HU�LQVHUWV�FRGH�LQWR�WKH�ORRS�WR�UHSRUW�D�IDLOXUH�LI�WKH�H[SUHVVLRQ�KROGV� &,/

FRQYHUWV IRU ORRSV�LQWR ZKLOH��� ORRSV�ZLWK EUHDN VWDWHPHQWV�VR�WKDW�FRGH�FDQ�EH�LQVHUWHG

EHWZHHQ�WKH�YDULDEOH�XSGDWH�DQG�WKH�FRQGLWLRQ�HYDOXDWLRQ� 7KXV� WKH�GULYHU�ZLOO�WHVW�WKH

H[SUHVVLRQ� UHSRUW�D�IDLOXUH� WHVW�WKH�H[SUHVVLRQ�DJDLQ� DQG�EUHDN�RXW�RI�WKH�ORRS�



��

'ULYHU 'HYLFH�7LPHRXW ,QFRUUHFW�2XWSXW
&ODVV IRXQG�À[HG IRXQG�À[HG
QHW ������� ������
VFVL ������� �������
VRXQG ������� �����
RWKHU ������� �������
7RWDO ��������� �������

7DEOH ���� ,QVWDQFHV�RI�GHYLFH�UHSRUWLQJ�FRGH�LQVHUWHG�E\�&DUEXUL]HU� (DFK�HQWU\�VKRZV�WKH�QXPEHU�RI�GHYLFH
IDLOXUHV�GHWHFWHG�E\�WKH�GULYHU� IROORZHG�E\�WKH�QXPEHU�ZKHUH�WKH�GULYHU�GLG�QRW�UHSRUW�IDLOXUHV�DQG�&DUEXUL]HU
LQVHUWHG�UHSRUWLQJ�FRGH�

����� 5HSRUWLQJ�,QFRUUHFW�'HYLFH�2XWSXWV

&DUEXUL]HU�DQDO\]HV�GULYHU�FRGH�WR�ÀQG�GULYHU�IXQFWLRQV�WKDW�UHWXUQ�HUURUV�GXH�WR�KDUGZDUH

IDLOXUHV� 7KLV�FRYHUV�UDQJH�WHVWV�RQ�DUUD\�LQGLFHV�DQG�H[SOLFLW�FRPSDULVRQV�RI�VWDWXV�RU�VWDWH

YDOXHV� &DUEXUL]HU�LGHQWLÀHV�WKDW�D�KDUGZDUH�IDLOXUH�KDV�RFFXUUHG�ZKHQ�WKH�GULYHU�UHWXUQV

DQ�HUURU�DV�D�UHVXOW�RI�UHDGLQJ�GDWD�IURP�D�GHYLFH� 6SHFLÀFDOO\� LW�LGHQWLÀHV�FRGH�ZKHUH

WKUHH�FRQGLWLRQV�KROG� �D��D�GULYHU�IXQFWLRQ�UHWXUQV�D�QHJDWLYH�LQWHJHU�FRQVWDQW� �E��WKH�HUURU

UHWXUQ�YDOXH�LV�RQO\�UHWXUQHG�EDVHG�RQ�WKH�HYDOXDWLRQ�RI�D�FRQGLWLRQDO�H[SUHVVLRQ� DQG��F��

WKH�H[SUHVVLRQ�UHIHUHQFHV�YDULDEOHV�WKDW�ZHUH�UHDG�IURP�WKH�GHYLFH� , IXUWKHU�H[SDQG�WKH

DQDO\VLV�WR�GHWHFW�VLWHV�ZKHUH�DQ�HUURU�YDULDEOH�LV�VHW� VXFK�DV�ZKHQ�WKH�GULYHU�VHWV�WKH�UHWXUQ

YDOXH�DQG�MXPSV�WR�FRPPRQ�FOHDQXS�FRGH� ,I�WKHVH�FRQGLWLRQV�KROG� &DUEXUL]HU�LQVHUWV�D

FDOO�WR�WKH�UHSRUWLQJ�IXQFWLRQ�MXVW�EHIRUH�WKH�UHWXUQ�VWDWHPHQW�WR�VLJQLI\�D�KDUGZDUH�IDLOXUH�

����� 5HVXOWV

7DEOH ��� VKRZV�WKH�UHVXOW�RI�RXU�DQDO\VLV� ,Q�WRWDO� &DUEXUL]HU�LGHQWLÀHG������ORFDWLRQV

ZKHUH�GULYHUV�GHWHFW�D�WLPHRXW� 2I�WKHVH� GULYHUV�UHSRUWHG�HUURUV�RQO\�����WLPHV� DQG�&DU�

EXUL]HU�LQVHUWHG�HUURU�UHSRUWLQJ�FRGH������WLPHV� &DUEXUL]HU�GHWHFWHG�����ORFDWLRQV�ZKHUH

WKH�GULYHU�GHWHFWHG�D�IDLOXUH�ZLWK�FRPSDULVRQV�RU�UDQJH�WHVWV� 2I�WKHVH� WKH�GULYHU�UHSRUWHG

D�IDLOXUH�����WLPHV�DQG�&DUEXUL]HU�LQVHUWHG�DQ�HUURU�UHSRUW�����WLPHV�

, HYDOXDWH�WKH�HIIHFWLYHQHVV�RI�&DUEXUL]HU�DW�LQWURGXFLQJ�HUURU�UHSRUWLQJ�FRGH�E\�SHU�

IRUPLQJ�WKH�VDPH�DQDO\VLV�E\�KDQG�WR�VHH�ZKHWKHU�LW�ÀQGV�DOO�WKH�ORFDWLRQV�ZKHUH�GULYHUV

GHWHFW�D�KDUGZDUH�IDLOXUH� )RU�WKH�GULYHUV�OLVWHG�LQ�7DEOH ���� , LGHQWLÀHG�HYHU\�ORFDWLRQ



��

'ULYHU &ODVV $FWXDO�HUURUV 5HSRUWHG�(UURUV
EQ[� QHW �� ��
PSWEDVH VFVL �� ��
HQV���� VRXQG �� �

7DEOH ���� ,QVWDQFHV�RI�IDXOW�UHSRUWLQJ�FRGH�LQVHUWHG�E\�&DUEXUL]HU�FRPSDUHG�DJDLQVW�DOO�HUURUV�GHWHFWHG�LQ�WKH
GULYHU� (DFK�HQWU\�VKRZV�WKH�DFWXDO�QXPEHU�RI�HUURUV�GHWHFWHG�LQ�WKH�GULYHU�IROORZHG�E\�WKH�QXPEHU�RI�HUURUV
UHSRUWHG�XVLQJ�&DUEXUL]HU�

ZKHUH�WKH�RULJLQDO�GULYHU�GHWHFWV�D�IDLOXUH�DQG�ZKHWKHU�LW�UHSRUWV�WKH�IDLOXUH�WKURXJK�ORJ�

JLQJ�

, PDQXDOO\�H[DPLQHG�WKH�WKUHH�GULYHUV� RQH�IURP�HDFK�PDMRU�FODVV� DQG�FRXQWHG�DV�DQ

HUURU�DQ\�FRGH�WKDW�FOHDUO\�LQGLFDWHG�WKH�KDUGZDUH�ZDV�RSHUDWLQJ�RXWVLGH�RI�VSHFLÀFDWLRQ�

7KLV�FRGH�SHUIRUPV�DQ\�RI�WKH�IROORZLQJ�DFWLRQV�RQ�WKH�EDVLV�RI�D�YDOXH�UHDG�IURP�WKH�GHYLFH�

����UHWXUQLQJ�D�QHJDWLYH�YDOXH� ����SULQWLQJ�DQ�HUURU�PHVVDJH�LQGLFDWLQJ�D�KDUGZDUH�IDLOXUH�

RU�����GHWHFWLQJ�D�IDLOHG�VHOI�WHVW� , GLG�QRW�FRXQW�HUURUV�IRXQG�LQ�DQ\�FRGH�UHPRYHG�GXULQJ

SUHSURFHVVLQJ� VXFK�DV $66(57 VWDWHPHQWV�

7DEOH ��� VKRZV�WKH�QXPEHU�RI�IDLOXUHV�WKH�GULYHU�GHWHFWV��DFFRUGLQJ�WR�P\�PDQXDO

DQDO\VLV�� ZKHWKHU�UHSRUWHG�RU�QRW� FRPSDUHG�ZLWK�WKH�QXPEHU�RI�HUURUV�UHSRUWHG�E\�&DU�

EXUL]HU� ,Q�WKHVH�WKUHH�GULYHUV� &DUEXUL]HU�GLG�QRW�SURGXFH�DQ\�IDOVH�SRVLWLYHV� DOO�RI�WKH

HUURUV�UHSRUWHG�GLG�LQGLFDWH�D�GHYLFH�PDOIXQFWLRQ� +RZHYHU� &DUEXUL]HU�PLVVHG�VHYHUDO

SODFHV�ZKHUH�WKH�GULYHU�GHWHFWHG�D�IDLOXUH� 2XW�RI����ORFDWLRQV�ZKHUH�WKH�GULYHU�GHWHFWHG�D

IDLOXUH� &DUEXUL]HU�LGHQWLÀHG����

, IRXQG�WKUHH�UHDVRQV�IRU�WKHVH�IDOVH�QHJDWLYHV� )LUVW� VRPH�GULYHUV� VXFK�DV�WKH�EQ[�

QHWZRUN�GULYHU� ZUDS�VHYHUDO�ORZ�OHYHO�UHDG�RSHUDWLRQV�LQ�D�VLQJOH�IXQFWLRQ� DQG�UHWXUQ

WKH�WDLQWHG�GDWD�YLD�DQ�RXW�SDUDPHWHU� &DUEXUL]HU�GRHV�QRW�SURSDJDWH�WDLQW�WKURXJK�RXW

SDUDPHWHUV� 6HFRQG� &DUEXUL]HU·V�DQDO\VLV�LV�QRW�VRSKLVWLFDWHG�HQRXJK�WR�WUDFN�WDLQWHG

VWUXFWXUH�PHPEHUV�DFURVV�SURFHGXUH�ERXQGDULHV� 7KH�PSWEDVH�6&6, GULYHU�UHDGV�GDWD�LQWR

D�PHPEHU�YDULDEOH�LQ�RQH�SURFHGXUH�DQG�UHWXUQV�DQ�HUURU�EDVHG�RQ�LWV�YDOXH�LQ�DQRWKHU� DQG

, GR�QRW�GHWHFW�WKH�PHPEHU�DV�WDLQWHG�ZKHUH�WKH�IDLOXUH�LV�UHWXUQHG� )LQDOO\� VRPH�GULYHUV

GHWHFW�D�KDUGZDUH�IDLOXUH�DQG�SULQW�D�PHVVDJH�EXW�GR�QRW�VXEVHTXHQWO\�UHWXUQ�DQ�HUURU�

7KXV� &DUEXUL]HU�GRHV�QRW�LGHQWLI\�WKDW�D�KDUGZDUH�IDLOXUH�ZDV�GHWHFWHG�



��

7R�YHULI\�WKH�RSHUDWLRQ�RI�WKH�UHSRUWLQJ�VWDWHPHQWV� , LQMHFWHG�WDUJHWHG�IDXOWV�GH�

VLJQHG�WR�FDXVH�WKH�FDUEXUL]HG�GULYHU�WR�UHSRUW�D�IDLOXUH� , WHVWHG�IRXU�GULYHUV�ZLWK�IDXOW

LQMHFWLRQ�WR�HQVXUH�WKH\�UHSRUWHG�IDLOXUHV� , LQMHFWHG�V\QWKHWLF�IDXOWV�LQWR�WKH�HQV�����VRXQG

GULYHU�DQG�WKH�GH�[�� ����FS� DQG�����WRR�QHWZRUN�GULYHUV�XVLQJ�WKH�WRRO�IURP�6HFWLRQ ����

, YHULÀHG�WKDW�WDUJHWHG�IDXOW�LQMHFWLRQ�WULJJHUHG�HYHU\�UHSRUWLQJ�VWDWHPHQW�WKDW�DSSOLHV�WR

WKHVH�KDUGZDUH�GHYLFHV�

7KH�RQO\�IDOVH�SRVLWLYH�, IRXQG�RFFXUUHG�LQ�WKH�����WRR�QHWZRUN�GULYHU�GXULQJ�GXULQJ

GHYLFH�LQLWLDOL]DWLRQ� 7KLV�GULYHU�H[HFXWHV�D�ORRS�WKDW�LV�H[SHFWHG�WR�WLPH�RXW� DQG�&DUEXU�

L]HU�IDOVHO\�FRQVLGHUV�WKLV�D�KDUGZDUH�IDXOW� 7KH�RWKHU�FDUEXUL]HG�GULYHUV�GR�QRW�UHSRUW�DQ\

IDOVH�SRVLWLYHV� , LQMHFWHG�IDXOWV�ZLWK�D�À[HG�SUREDELOLW\�HYHU\�WLPH�WKH�GULYHU�LQYRNHG�D

SRUW�RU�,�2 PHPRU\�UHDG�RSHUDWLRQ� ERWK�GXULQJ�GULYHU�LQLWLDOL]DWLRQ�DQG�ZKLOH�UXQQLQJ

D�ZRUNORDG� 7KH�GULYHUV�GLG�QRW�UHSRUW�DQ\�DGGLWLRQDO�HUURUV�FRPSDUHG�WR�XQPRGLÀHG

GULYHUV�XQGHU�WKHVH�FRQGLWLRQV� ODUJHO\�EHFDXVH�QRQH�RI�WKH�LQMHFWHG�IDXOWV�ZRXOG�OHDG�WR�D

V\VWHP�FUDVK�

2YHUDOO� , IRXQG�WKDW�&DUEXUL]HU�ZDV�HIIHFWLYH�DW�LQWURGXFLQJ�DGGLWLRQDO�HUURU�ORJ�

JLQJ�WR�GULYHUV�ZKHUH�ORJJLQJ�GLG�QRW�SUHYLRXVO\�H[LVW� :KLOH�LW�GRHV�QRW�GHWHFW�HYHU\

KDUGZDUH�IDLOXUH� &DUEXUL]HU�LQFUHDVHV�WKH�QXPEHU�RI�IDLOXUHV�ORJJHG�DQG�FDQ�WKHUHIRUH�LP�

SURYH�DQ�DGPLQLVWUDWRU·V�DELOLW\�WR�GHWHFW�ZKHQ�KDUGZDUH�LV�IDLOLQJ� DV�FRPSDUHG�WR�GULYHU

IDLOXUHV�FDXVHG�E\�VRIWZDUH�

��� 5XQWLPH�)DXOW�7ROHUDQFH

7KH�&DUEXUL]HU�UXQWLPH�SURYLGHV�WZR�NH\�VHUYLFHV� )LUVW� LW�SURYLGHV�DQ�DXWRPDWLF�UHFRYHU\

VHUYLFH�WR�UHVWRUH�GULYHUV�DQG�GHYLFHV�WR�D�IXQFWLRQLQJ�VWDWH�ZKHQ�D�IDLOXUH�RFFXUV� 6HFRQG�

LW�GHWHFWV�FODVVHV�RI�IDLOXUHV�WKDW�FDQQRW�EH�DGGUHVVHG�E\�VWDWLF�DQDO\VLV�DQG�PRGLÀFDWLRQ�RI

GULYHU�FRGH� VXFK�DV�WROHUDWLQJ�VWXFN�LQWHUUXSWV�



��

����� $XWRPDWLF�5HFRYHU\

6WDWLF�DQDO\VLV�WRROV�KDYH�SURYHG�XVHIXO�DV�EXJ�ÀQGLQJ�WRROV� %XW� SURJUDPPHUV�PXVW�VWLOO

ZULWH�FRGH�WR�UHSDLU�WKH�EXJV�WKDW�DUH�IRXQG� &DUEXUL]HU�FLUFXPYHQWV�WKLV�OLPLWDWLRQ�E\

UHO\LQJ�RQ DXWRPDWLF�UHFRYHU\ WR�UHVWRUH�GULYHUV�DQG�GHYLFHV�WR�D�IXQFWLRQLQJ�VWDWH�ZKHQ�D

IDLOXUH�LV�GHWHFWHG� 7KH�GULYHU�PD\�LQYRNH�D�UHFRYHU\�IXQFWLRQ�DW�DQ\�WLPH� ZKLFK�ZLOO�UHVHW

WKH�GULYHU�WR�D�NQRZQ�JRRG�VWDWH� )RU�VWXFN�DW�KDUGZDUH�IDLOXUHV� UHVHWWLQJ�WKH�GHYLFH�FDQ

RIWHQ�FRUUHFW�WKH�SUREOHP� , UHO\�RQ�WKH�VDPH�PHFKDQLVP�WR�UHFRYHU�IURP�WUDQVLHQW�IDLOXUHV�

DOWKRXJK�D�IXOO�UHVHW�PD\�QRW�EH�UHTXLUHG�LQ�HYHU\�FDVH�

, OHYHUDJH�VKDGRZ�GULYHUV >���@�WR�SURYLGH�DXWRPDWLF�UHFRYHU\�EHFDXVH�WKH\�FRQFHDO

IDLOXUHV�IURP�DSSOLFDWLRQV�DQG�WKH�26��$ VKDGRZ�GULYHU�LV�D�NHUQHO�DJHQW�WKDW�PRQLWRUV�DQG

VWRUHV�WKH�VWDWH�RI�D�GULYHU�E\�LQWHUFHSWLQJ�IXQFWLRQ�FDOOV�EHWZHHQ�WKH�GULYHU�DQG�WKH�NHUQHO�

'XULQJ�QRUPDO�RSHUDWLRQ� WKH�VKDGRZ�GULYHU WDSV DOO�IXQFWLRQ�FDOOV�EHWZHHQ�WKH�GULYHU�DQG

WKH�NHUQHO� ,Q�WKLV SDVVLYH�PRGH� WKH�VKDGRZ�GULYHU�UHFRUGV�RSHUDWLRQV�WKDW�FKDQJH�WKH�VWDWH

RI�WKH�GULYHU� VXFK�DV�FRQÀJXUDWLRQ�RSHUDWLRQV�DQG�UHTXHVWV�FXUUHQWO\�EHLQJ�SURFHVVHG�E\

WKH�GULYHU�

6KDGRZ�GULYHUV�DUH�FODVV�GULYHUV� LQ�WKDW�WKH\�DUH�FXVWRPL]HG�WR�WKH�GULYHU�LQWHUIDFH

EXW�QRW�WR�LWV�LPSOHPHQWDWLRQ� 7KXV� D�VHSDUDWH�VKDGRZ�GULYHU�LV�QHHGHG�WR�UHFRYHU�IURP

IDLOXUHV�LQ�HDFK�XQLTXH�FODVV� VXFK�DV�QHWZRUN� VRXQG� RU�6&6,��, KDYH�RQO\�LPSOHPHQWHG

UHFRYHU\�IRU�QHWZRUN�GULYHUV�VR�IDU� DOWKRXJK�RWKHU�ZRUN�VKRZV�WKDW�WKH\�ZRUN�HIIHFWLYHO\

IRU�VRXQG� VWRUDJH >���@�DQG�YLGHR�GULYHUV >��@��

:KHQ�WKH�GULYHU�LQYRNHV�WKH�UHFRYHU\�IXQFWLRQ� WKH�VKDGRZ�GULYHU�WUDQVLWLRQV�LQWR

DFWLYH�PRGH� ZKHUH�LW�SHUIRUPV�WZR�IXQFWLRQV� )LUVW� LW�SUR[LHV�IRU�WKH�GHYLFH�GULYHU� ÀHOGLQJ

UHTXHVWV�IURP�WKH�NHUQHO�XQWLO�WKH�GULYHU�UHFRYHUV� 7KLV�SURFHVV�HQVXUHV�WKDW�WKH�NHUQHO�DQG

DSSOLFDWLRQ�VRIWZDUH�LV�XQDZDUH�WKDW�WKH�GHYLFH�IDLOHG� 6HFRQG� VKDGRZ�GULYHUV�XQORDG

DQG�UHOHDVH�WKH�VWDWH�RI�WKH�GULYHU�DQG�WKHQ�UHVWDUW�WKH�GULYHU� FDXVLQJ�LW�WR�UHLQLWLDOL]H�WKH

GHYLFH� :KHQ�VWDUWLQJ�WKLV�GULYHU� WKH�VKDGRZ�GULYHU�XVHV�LWV�ORJ�WR�FRQÀJXUH�WKH�GULYHU�WR

LWV�VWDWH�SULRU�WR�UHFRYHU\� LQFOXGLQJ�UHVXEPLWWLQJ�SHQGLQJ�UHTXHVWV� 2QFH�WKLV�LV�FRPSOHWH�

WKH�VKDGRZ�GULYHU�WUDQVLWLRQV�EDFN�WR�SDVVLYH�PRGH� DQG�WKH�GULYHU�LV�DYDLODEOH�IRU�XVH�



��

7KH�VKDGRZ�GULYHU�UHFRYHU\�PRGHO�ZRUNV�ZKHQ�UHVHWWLQJ�WKH�GHYLFH�FOHDUV�D�GHYLFH

IDLOXUH� )RU�GHYLFHV�WKDW�IDLO�SHUPDQHQWO\�RU�UHTXLUH�D�IXOO�SRZHU�F\FOH�WR�UHFRYHU� VKDGRZ

GULYHUV�ZLOO�GHWHFW�WKDW�WKH�IDLOXUH�LV�QRW�WUDQVLHQW�ZKHQ�UHFRYHU\�IDLOV�DQG�FDQ�QRWLI\�D

PDQDJHPHQW�DJHQW�

, REWDLQHG�WKH�VKDGRZ�GULYHU�LPSOHPHQWDWLRQ�XVHG�IRU�YLUWXDO�PDFKLQH�PLJUDWLRQ >��@

DQG�SRUWHG�WKH�UHFRYHU\�IXQFWLRQV�IRU�QHWZRUN�GHYLFH�GULYHUV�WR�WKH����������NHUQHO� +RZ�

HYHU� , GLG�QRW�SRUW�WKH�HQWLUH�1RRNV�GULYHU�LVRODWLRQ�VXEV\VWHP >���@� 1RRNV�SUHYHQWV

PHPRU\�FRUUXSWLRQ�DQG�GHWHFWV�IDLOXUHV�WKURXJK�KDUGZDUH�WUDSV� ZKLFK�DUH�XQQHFHVVDU\

IRU�WROHUDWLQJ�KDUGZDUH�IDLOXUHV� 1RRNV·�LVRODWLRQ�DOVR�FDXVHV�D�SHUIRUPDQFH�GURS�IURP

VZLWFKLQJ�SURWHFWLRQ�GRPDLQV� ZKLFK�&DUEXUL]HU�DYRLGV� 7KH�UHPDLQLQJ�FRGH�FRQVLVWV�RI

ZUDSSHUV�DURXQG�WKH�NHUQHO�GULYHU�LQWHUIDFH� FRGH�WR�ORJ�GULYHU�UHTXHVWV� DQG�FRGH�WR

UHVWDUW�DQG�UHVWRUH�GULYHU�VWDWH�DIWHU�D�IDLOXUH� ,Q�DGGLWLRQ� , H[SRUW�WKH BBVKDGRZBUHFRYHU

IXQFWLRQ�IURP�WKH�NHUQHO� ZKLFK�D�GULYHU�PD\�FDOO�WR�LQLWLDWH�UHFRYHU\�DIWHU�D�KDUGZDUH

IDLOXUH�

����� 7ROHUDWLQJ�0LVVLQJ�,QWHUUXSWV

,Q�DGGLWLRQ�WR�SURYLGLQJ�D�UHFRYHU\�VHUYLFH� WKH�&DUEXUL]HU�UXQWLPH�DOVR�GHWHFWV�IDLOXUHV

WKDW�FDQQRW�EH�GHWHFWHG�WKURXJK�VWDWLF�PRGLÀFDWLRQV�RI�GULYHU�FRGH� 'HYLFHV�PD\�IDLO�E\

JHQHUDWLQJ�WRR�PDQ\�LQWHUUXSWV�RU�E\�QRW�JHQHUDWLQJ�DQ\� 7KH�ÀUVW�FDVH�FDXVHV�D�V\VWHP

KDQJ� EHFDXVH�QR�XVHIXO�ZRUN�FDQ�RFFXU�ZKLOH�WKH�LQWHUUXSW�KDQGOHU�LV�UXQQLQJ� ZKLOH�WKH

VHFRQG�FDVH�FDQ�UHVXOW�LQ�DQ�LQRSHUDEOH�GHYLFH�

7R�DGGUHVV�WKH�VFHQDULR�LQ�ZKLFK�WKH�GHYLFH�VWRSV�JHQHUDWLQJ�LQWHUUXSWV� &DUEXUL]HU

PRQLWRUV�WKH�GULYHU�DQG�LQYRNHV�WKH�LQWHUUXSW�KDQGOHU�DXWRPDWLFDOO\�LI�QHFHVVDU\� :LWK

PRQLWRULQJ� DQ�RWKHUZLVH�RSHUDWLYH�GHYLFH�QHHG�QRW�JHQHUDWH�LQWHUUXSWV�WR�SURYLGH�VHUYLFH�

8QOLNH�RWKHU�KDUGZDUH�HUURUV� &DUEXUL]HU�GRHV�QRW�IRUFH�WKH�GULYHU�WR�UHFRYHU�LQ�WKLV�FDVH

EHFDXVH�, FDQQRW�GHWHFW�SUHFLVHO\�ZKHWKHU�DQ�LQWHUUXSW�LV�PLVVLQJ� ,QVWHDG� WKH�&DUEXUL]HU

UXQWLPH�SUR�DFWLYHO\�FDOOV�WKH�GULYHU·V�LQWHUUXSW�KDQGOHU�WR�SURFHVV�DQ\�SHQGLQJ�UHTXHVWV

7KH�&DUEXUL]HU�UXQWLPH�LQFUHPHQWV�D�FRXQWHU�HDFK�WLPH�D�GULYHU·V�LQWHUUXSW�KDQGOHU
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LV�FDOOHG� 3HULRGLFDOO\� D�ORZ�SULRULW\�NHUQHO�WKUHDG�FKHFNV�WKLV�FRXQWHU� ,I�WKH�FRXQWHU�YDOXH

KDV�FKDQJHG� &DUEXUL]HU�GRHV�QRWKLQJ�VLQFH�WKH�GHYLFH�DSSHDUV�WR�EH�ZRUNLQJ�QRUPDOO\�

,I� KRZHYHU� WKH�LQWHUUXSW�KDQGOHU�KDV�QRW�EHHQ�H[HFXWHG� WKH�GHYLFH�PD\�QRW�EH�GHOLYHULQJ

LQWHUUXSWV�

7KH�&DUEXUL]HU�UXQWLPH�GHWHFWV�ZKHWKHU�WKHUH�KDV�EHHQ�UHFHQW�GULYHU�DFWLYLW\�WKDW

VKRXOG�KDYH�FDXVHG�DQ�LQWHUUXSW�E\�WHVWLQJ�ZKHWKHU�GULYHU�FRGH�KDV�EHHQ�H[HFXWHG� 5DWKHU

WKDQ�UHFRUGLQJ�HYHU\�GULYHU�LQYRFDWLRQ� &DUEXUL]HU�SROOV�WKH�UHIHUHQFH�ELWV�RQ�WKH�GULYHU·V

FRGH�SDJHV� ,I�DQ\�RI�WKH�FRGH�SDJHV�KDYH�EHHQ�UHIHUHQFHG� &DUEXUL]HU�DVVXPHV�WKDW�D

UHTXHVW�PD\�KDYH�EHHQ�PDGH�DQG�WKDW�WKH�LQWHUUXSW�KDQGOHU�VKRXOG�EH�FDOOHG�VRRQ�

%HFDXVH�HYHU\�GULYHU�LV�GLIIHUHQW� &DUEXUL]HU�LPSOHPHQWV�D�G\QDPLF�DSSURDFK�WR

LQFUHDVH�RU�GHFUHDVH�WKH�SROOLQJ�LQWHUYDO�H[SRQHQWLDOO\� GHSHQGLQJ�RQ�ZKHWKHU�SUHYLRXV

FDOOV�ZHUH�SURGXFWLYH�RU�QRW� %\�GHIDXOW� &DUEXUL]HU�FKHFNV�WKH�UHIHUHQFHG�ELWV�HYHU\���PV�

, FKRVH�WKLV�YDOXH�EHFDXVH�LW�SURYLGHV�D�UHODWLYHO\�JRRG�UHVSRQVH�WLPH�LQ�WKH�HYHQW�RI�D�VLQJOH

PLVVLQJ�LQWHUUXSW� ,I�&DUEXUL]HU·V�FDOO�WR�WKH�LQWHUUXSW�KDQGOHU�UHWXUQV ,54B121(��LQGLFDWLQJ

WKH�LQWHUUXSW�ZDV�VSXULRXV� WKHQ�&DUEXUL]HU�GRXEOHV�WKH�SROOLQJ�LQWHUYDO� XS�WR�D�PD[LPXP

RI�RQH�VHFRQG� &RQYHUVHO\� LI�WKH�LQWHUUXSW�KDQGOHU�UHWXUQV ,54B+$1'/('��LQGLFDWLQJ�WKDW

WKHUH�ZDV�ZRUN�IRU�WKH�GULYHU� WKHQ�&DUEXUL]HU�GHFUHDVHV�WKH�SROOLQJ�LQWHUYDO�WR�D�PLQLPXP

RI��PV� 7KXV� &DUEXUL]HU�FDOOV�WKH�LQWHUUXSW�KDQGOHU�UHSHDWHGO\�RQO\�LI�LW�GHWHFWV�WKDW�WKH

GULYHU�LV�GRLQJ�XVHIXO�ZRUN�GXULQJ�WKH�KDQGOHU�

5HO\LQJ�RQ�WKH�KDQGOHU�UHWXUQ�YDOXH�WR�GHWHFW�ZKHWKHU�WKH�KDQGOHU�ZDV�SURGXFWLYH

ZRUNV�IRU�GHYLFHV�WKDW�VXSSRUW�VKDUHG�LQWHUUXSWV� 6SXULRXV�LQWHUUXSW�KDQGOHU�LQYRFDWLRQV

FDQ�RFFXU�ZLWK�VKDUHG�LQWHUUXSWV�EHFDXVH�WKH�NHUQHO�FDQQRW�GHWHFW�ZKLFK�RI�WKH�GHYLFHV

VKDULQJ�WKH�LQWHUUXSW�OLQH�QHHGV�VHUYLFH� +RZHYHU� VRPH�GULYHUV�UHSRUW ,54B+$1'/(' HYHQ�LI

WKH�GHYLFH�GRHV�QRW�UHTXLUH�VHUYLFH� OHDGLQJ�&DUEXUL]HU�WR�IDOVHO\�GHWHFW�WKDW�LW�KDV�PLVVHG

DQ�LQWHUUXSW�

&DUEXUL]HU·V�SROOLQJ�PHFKDQLVP�DGGV�VRPH�RYHUKHDG�ZKHQ�WKH�NHUQHO�LQYRNHV�D

GULYHU�EXW�GRHV�QRW�FDXVH�WKH�GHYLFH�WR�JHQHUDWH�DQ�LQWHUUXSW� )RU�QHWZRUN�GULYHUV� WKLV

RFFXUV�ZKHQ�WKH�NHUQHO�LQYRNHV�DQ�HWKWRRO�PDQDJHPHQW�IXQFWLRQ� 7KH�&DUEXUL]HU�UXQWLPH
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ZLOO�FDOO�WKH�LQWHUUXSW�KDQGOHU�HYHQ�WKRXJK�LW�LV�QRW�QHFHVVDU\�IRU�FRUUHFW�RSHUDWLRQ� 7KH

GULYHU�WUHDWV�WKLV�FDOO�WR�LWV�LQWHUUXSW�KDQGOHU�DV�VSXULRXV� %HFDXVH�&DUEXUL]HU�GHFUHDVHV�WKH

SROOLQJ�LQWHUYDO�LQ�WKHVH�FDVHV� WKHUH�LV�OLWWOH�XQQHFHVVDU\�SROOLQJ�HYHQ�ZKHQ�PDQ\�UHTXHVWV

DUH�PDGH�RI�D�GULYHU�WKDW�GR�QRW�JHQHUDWH�LQWHUUXSWV�

6RPH�/LQX[�QHWZRUN�GULYHUV� WKURXJK�WKH QDSL LQWHUIDFH� DOUHDG\�VXSSRUW�SROOLQJ� ,Q

DGGLWLRQ� PDQ\�QHWZRUN�GULYHUV�LPSOHPHQW�D�ZDWFKGRJ�IXQFWLRQ�WR�GHWHFW�ZKHQ�WKH�GHYLFH

VWRSV�ZRUNLQJ� )RU�WKHVH�GULYHUV� LW�PD\�EH�VXIÀFLHQW�WR�GLUHFW�WKH�NHUQHO�WR�SROO�UDWKHU�WKDQ

UHO\LQJ�RQ�D�VHSDUDWH�PHFKDQLVP� +RZHYHU� WKLV�DSSURDFK�RQO\�ZRUNV�IRU�QHWZRUN�GULYHUV�

ZKLOH�WKH�&DUEXUL]HU�UXQWLPH�DSSURDFK�ZRUNV�DFURVV�DOO�GULYHU�FODVVHV�

����� 7ROHUDWLQJ�6WXFN�,QWHUUXSWV

7KH�&DUEXUL]HU�UXQWLPH�GHWHFWV�VWXFN�LQWHUUXSWV�DQG�UHFRYHUV�E\�FRQYHUWLQJ�WKH�GHYLFH

IURP�LQWHUUXSWV�WR�SROOLQJ�E\�SHULRGLFDOO\�FDOOLQJ�WKH�GULYHU·V�H[SRUWHG�LQWHUUXSW�IXQFWLRQ�

$ VWXFN�LQWHUUXSW�RFFXUV�ZKHQ�WKH�GHYLFH�GRHV�QRW�ORZHU�WKH�LQWHUUXSW�UHTXHVW�OLQH�HYHQ

ZKHQ�GLUHFWHG�WR�GR�VR�E\�WKH�GULYHU� 7KH�&DUEXUL]HU�UXQWLPH�GHWHFWV�WKLV�IDLOXUH�ZKHQ

D�GULYHU·V�LQWHUUXSW�KDQGOHU�KDV�EHHQ�FDOOHG�PDQ\�WLPHV�ZLWKRXW�LQWHUYHQLQJ�SURJUHVV�RI

RWKHU�V\VWHP�IXQFWLRQV� VXFK�DV�WKH�UHJXODU�WLPHU�LQWHUUXSW� 7KH�/LQX[�NHUQHO�FDQ�GHWHFW

XQKDQGOHG�LQWHUUXSWV >��@� EXW�LW�UHFRYHUV�E\�GLVDEOLQJ�WKH�GHYLFH�UDWKHU�WKDQ�HQDEOLQJ�LW

WR�PDNH�SURJUHVV�

6LPLODU�WR�PLVVLQJ�LQWHUUXSWV� WKH�&DUEXUL]HU�UXQWLPH�GRHV�QRW�WULJJHU�IXOO�UHFRY�

HU\�KHUH��DOWKRXJK�WKDW�LV�SRVVLEOH�� EXW�LQVWHDG�GLVDEOHV�WKH�LQWHUUXSW�UHTXHVW�OLQH�ZLWK

GLVDEOHB,54��,W�WKHQ�UHOLHV�RQ�WKH�SROOLQJ�PHFKDQLVP�SUHYLRXVO\�GHVFULEHG�WR�SHULRGLFDOO\

FDOO�WKH�GULYHU·V�LQWHUUXSW�KDQGOHU�

����� 5HVXOWV

, H[SHULPHQW�ZLWK�VWXFN�DQG�PLVVLQJ�LQWHUUXSWV�XVLQJ�IDXOW�LQMHFWLRQ�RQ�WKH�(�����JLJDELW

(WKHUQHW�GULYHU� WKH�HQV�����VRXQG�GULYHU� DQG�D�FROOHFWLRQ�RI�LQWHUGHSHQGHQW�VWRUDJH�GULY�

HUV� LGH�FRUH� LGH�JHQHULF� DQG�LGH�GLVN� 2Q�DOO�WKUHH�GHYLFHV� , VLPXODWH�PLVVLQJ�LQWHUUXSWV
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E\�GLVDEOLQJ�WKH�GHYLFH·V�LQWHUUXSW�UHTXHVW�OLQH� , VLPXODWH�VWXFN�LQWHUUXSWV�ZLWK�WKH�(����

E\�LQVHUWLQJ�D�FRPPDQG�WR�JHQHUDWH�DQ�LQWHUUXSW�IURP�LQVLGH�WKH�LQWHUUXSW�KDQGOHU� )RU

(����� , FRPSDUH�WKURXJKSXW�DQG�&38 XWLOL]DWLRQ�EHWZHHQ�DQ�XQPRGLÀHG�GULYHU� D�GULYHU

XQGHUJRLQJ�PRQLWRULQJ�IRU�VWXFN�GLVDEOHG�LQWHUUXSWV� DQG�D�GULYHU�ZKRVH�LQWHUUXSW�OLQH

KDV�EHHQ�GLVDEOHG�

,Q�WKH�FDVH�RI�(����� , IRXQG�WKDW�WKH�&DUEXUL]HU�UXQWLPH�ZDV�DEOH�WR�GHWHFW�ERWK�IDLO�

XUHV�SURPSWO\� DQG�WKDW�WKH�GULYHU�FRQWLQXHG�UXQQLQJ�LQ�SROOLQJ�PRGH� %HFDXVH�LQWHUUXSWV

RFFXU�RQO\�RQFH�HYHU\��PV�LQ�WKH�VWHDG\�VWDWH� UHFHLYH�WKURXJKSXW�GURSV�IURP�����0E�V�WR

����0E�V� :LWK�PRUH�IUHTXHQW�SROOLQJ� WKH�WKURXJKSXW�ZRXOG�EH�KLJKHU� 6LPLODUO\� &DU�

EXUL]HU�GHWHFWHG�ERWK�IDLOXUHV�IRU�WKH�,'( GULYHU� 7KH�,'( GLVN�RSHUDWHG�FRUUHFWO\�LQ�SROOLQJ

PRGH�EXW�WKURXJKSXW�GHFUHDVHG�E\����� 7KH�HQV�����GULYHU�LQ�SROOLQJ�PRGH�SOD\HG�EDFN

VRXQG�ZLWK�D�OLWWOH�GLVWRUWLRQ� EXW�RWKHUZLVH�RSHUDWHG�QRUPDOO\� 7KHVH�WHVWV�GHPRQVWUDWH

WKDW�&DUEXUL]HU·V�VWXFN�DQG�PLVVLQJ�LQWHUUXSW�GHWHFWLRQ�PHFKDQLVP�ZRUNV�DQG�FDQ�NHHS

GHYLFHV�IXQFWLRQLQJ�LQ�WKH�SUHVHQFH�RI�D�IDLOXUH�

��� 2YHUKHDG�(YDOXDWLRQ

7KH�SULPDU\�FRVW�RI�XVLQJ�&DUEXUL]HU�LV�WKH�WLPH�VSHQW�UXQQLQJ�WKH�WRRO�DQG�À[LQJ�EXJV

WKDW�FDQQRW�EH�DXWRPDWLFDOO\�UHSDLUHG� +RZHYHU� WKH�FRGH�WUDQVIRUPDWLRQV�LQWURGXFHG�E\

&DUEXUL]HU� VKDGRZ�GULYHU�UHFRYHU\� DQG�LQWHUUXSW�PRQLWRULQJ�LQWURGXFH�D�VPDOO�UXQWLPH

FRVW� ,Q�WKLV�VHFWLRQ�, PHDVXUH�WKH�RYHUKHDG�RI�UXQQLQJ�FDUEXUL]HG�GULYHUV�

, PHDVXUH�WKH�SHUIRUPDQFH�RYHUKHDG�RQ�JLJDELW�(WKHUQHW�GULYHUV� DV�WKH\�DUH�WKH

PRVW�SHUIRUPDQFH�LQWHQVLYH�RI�RXU�GHYLFHV� D�GULYHU�PD\�UHFHLYH�PRUH�WKDQ��������SDFNHWV

WR�GHOLYHU�SHU�VHFRQG� 7KXV� DQ\�RYHUKHDG�RI�&DUEXUL]HU·V�PHFKDQLVPV�ZLOO�VKRZ�XS�PRUH

FOHDUO\�WKDQ�RQ�ORZHU�EDQGZLGWK�GHYLFHV� 3DVW�ZRUN�RQ�1RRNV�DQG�VKDGRZ�VWRUDJH�GULYHUV

VKRZHG�D�JUHDWHU�GLIIHUHQFH�LQ�SHUIRUPDQFH�WKDQ�IRU�WKH�QHWZRUN� EXW�WKH�&38 XWLOL]DWLRQ

GLIIHUHQFHV�ZHUH�IDU�JUHDWHU�IRU�QHWZRUN�GULYHUV >���@�

,PHDVXUH�SHUIRUPDQFH�ZLWK�QHWSHUI >��@�EHWZHHQ�WZR�6XQ�8OWUD����ZRUNVWDWLRQ�ZLWK
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19,',$ 0&3���3UR�JLJDELW�1,& �IRUFHGHWK�
6\VWHP 7KURXJKSXW &38 8WLOL]DWLRQ

/LQX[����������.HUQHO ����0E�V ���
&DUEXUL]HU�.HUQHO ����0E�V ���

�ZLWK�VKDGRZ�GULYHU�

,QWHO�3UR������JLJDELW�1,& �(�����
6\VWHP 7KURXJKSXW &38 8WLOL]DWLRQ

1DWLYH�.HUQHO ����0E�V ���
&DUEXUL]HU�.HUQHO ����0E�V ���

�ZLWK�VKDGRZ�GULYHU�

7DEOH ���� 7&3 VWUHDPLQJ�VHQG�SHUIRUPDQFH�ZLWK�QHWSHUI�IRU�UHJXODU�DQG�FDUEXUL]HG�GULYHUV�ZLWK�DXWRPDWLF
UHFRYHU\�PHFKDQLVP�IRU�WKH�(�����DQG�IRUFHGHWK�GULYHUV�

,QWHO�3UR������JLJDELW�1,& �(�����
6\VWHP 7KURXJKSXW &38 �

1DWLYH�.HUQHO���7&3 ����0E�V ���
&DUEXUL]HU�0RQLWRUHG���7&3 ����0E�V ���
1DWLYH�.HUQHO���8'3�55 �����7[�V ��

&DUEXUL]HU�0RQLWRUHG���8'3�55 �����7[�V ��

7DEOH ���� 7&3 VWUHDPLQJ�DQG�8'3 UHTXHVW�UHVSRQVH�UHFHLYH�SHUIRUPDQFH�FRPSDULVRQ�RI�WKH�(�����EHWZHHQ
WKH�QDWLYH�/LQX[�NHUQHO�DQG�D�NHUQHO�ZLWK�WKH�&DUEXUL]HU�UXQWLPH�PRQLWRULQJ�WKH�GULYHU·V�LQWHUUXSWV�

���*K]�$0' 2SWHURQ�SURFHVVRUV�DQG��*% RI�5$0 FRQQHFWHG�YLD�D�FURVVRYHU�FDEOH� ,

FRQÀJXUH�QHWSHUI�WR�UXQ�HQRXJK�H[SHULPHQWV�WR�UHSRUW�UHVXOWV�DFFXUDWH�WR������ZLWK����

FRQÀGHQFH�

7DEOH ��� VKRZV�WKH�WKURXJKSXW�DQG�&38 XWLOL]DWLRQ�IRU�VHQGLQJ�7&3 GDWD�ZLWK�D

QDWLYH�/LQX[�NHUQHO�DQG�RQH�ZLWK�WKH�&DUEXUL]HU�UXQWLPH�ZLWK�VKDGRZ�GULYHU�UHFRYHU\

HQDEOHG�DQG�D�FDUEXUL]HG�QHWZRUN�GULYHU� 7KH�QHWZRUN�WKURXJKSXW�ZLWK�&DUEXUL]HU�LV

ZLWKLQ�RQH�KDOI�SHUFHQW�RI�QDWLYH�SHUIRUPDQFH� DQG�&38 XWLOL]DWLRQ�LQFUHDVHV�RQO\�ÀYH

SHUFHQWDJH�SRLQWV�IRU�IRUFHGHWK�DQG�QRW�DW�DOO�IRU�WKH�(�����GULYHU� 7KHVH�UHVXOWV�GHPRQ�

VWUDWH�WKDW�VXSSRUWLQJ�WKH�JHQHULF�UHFRYHU\�VHUYLFH� HYHQ�IRU�KLJK�WKURXJKSXW�GHYLFHV� KDV

YHU\�OLWWOH�UXQWLPH�FRVW�

7DEOH ��� VKRZV�SHUIRUPDQFH�RYHUKHDG�RI�LQWHUUXSW�PRQLWRULQJ�EXW�ZLWK�QR�VKDGRZ

GULYHU�UHFRYHU\� 7KH�WDEOH�VKRZV�WKH�7&3 UHFHLYH�WKURXJKSXW�DQG�&38 XWLOL]DWLRQ�IRU�WKH

(�����GULYHU�RQ�WKH�QDWLYH�/LQX[�NHUQHO� DQG�RQ�D�NHUQHO�ZLWK�&DUEXUL]HU�LQWHUUXSW�PRQL�

WRULQJ�HQDEOHG� 7KH�7&3 UHFHLYH�DQG�WUDQVPLW�VRFNHW�EXIIHUV�ZHUH�OHIW�DW�WKHLU�GHIDXOW�VL]HV

RI��������DQG���������E\WHV� UHVSHFWLYHO\� 7KH�WDEOH�DOVR�VKRZV�8'3 UHTXHVW�UHVSRQVH�SHU�

IRUPDQFH�ZLWK���E\WH�SDFNHWV� D�WHVW�GHVLJQHG�WR�KLJKOLJKW�GULYHU�ODWHQF\� :KLOH�WKHVH�UH�



��

VXOWV�DUH�IRU�UHFHLYLQJ�SDFNHWV� , DOVR�FRPSDUHG�SHUIRUPDQFH�ZLWK�7&3 DQG�8'3�55 WUDQV�

PLW�EHQFKPDUNV�DQG�IRXQG�VLPLODU�UHVXOWV� WKH�SHUIRUPDQFH�RI�WKH�QDWLYH�NHUQHO�DQG�WKH

NHUQHO�ZLWK�PRQLWRULQJ�DUH�LGHQWLFDO�

7KHVH�WZR�VHWV�RI�H[SHULPHQWV�GHPRQVWUDWH�WKDW�WKH�FRVW�RI�WROHUDWLQJ�KDUGZDUH�IDLO�

XUHV�LQ�VRIWZDUH� HLWKHU�WKURXJK�H[SOLFLW�LQYRFDWLRQ�RI�D�JHQHULF�UHFRYHU\�VHUYLFH�RU�WKURXJK

UXQ�WLPH�LQWHUUXSW�PRQLWRULQJ� LV�ORZ� *LYHQ�WKLV�ORZ�RYHUKHDG� &DUEXUL]HU�LV�D�SUDFWLFDO

DSSURDFK�WR�WROHUDWH�HYHQ�LQIUHTXHQW�KDUGZDUH�IDLOXUHV�

��� 6XPPDU\

6\VWHP�UHOLDELOLW\�LV�OLPLWHG�E\�WKH�UHOLDELOLW\�RI�GHYLFHV� (YLGHQFH�VXJJHVWV�WKDW�GHYLFH�IDLO�

XUHV�FDXVH�D�PHDVXUDEOH�IUDFWLRQ�RI�V\VWHP�IDLOXUHV� DQG�WKDW�PRVW�KDUGZDUH�IDLOXUHV�DUH

WUDQVLHQW�DQG�FDQ�EH�WROHUDWHG�LQ�VRIWZDUH� &DUEXUL]HU�LPSURYHV�UHOLDELOLW\�E\ DXWRPDWLFDOO\

KDUGHQLQJ GULYHUV�DJDLQVW�GHYLFH�IDLOXUHV�ZLWKRXW�QHZ�SURJUDPPLQJ�ODQJXDJHV� SURJUDP�

PLQJ�PRGHOV� RSHUDWLQJ�V\VWHPV� RU�H[HFXWLRQ�HQYLURQPHQWV� &DUEXUL]HU�ÀQGV�DQG�UHSDLUV

KDUGZDUH�GHSHQGHQFH�EXJV�LQ�GULYHUV� ZKHUH�WKH�GULYHU�ZLOO�KDQJ�RU�FUDVK�LI�WKH�KDUGZDUH

IDLOV� ,Q�DGGLWLRQ� &DUEXUL]HU�LQVHUWV�ORJJLQJ�FRGH�VR�WKDW�V\VWHP�DGPLQLVWUDWRUV�FDQ�SURDF�

WLYHO\�UHSDLU�RU�UHSODFH�KDUGZDUH�WKDW�IDLOV�

,Q�DQ�DQDO\VLV�RI�WKH�/LQX[�NHUQHO� &DUEXUL]HU�LGHQWLÀHG�RYHU�����KDUGZDUH�GHSHQ�

GHQFH�EXJV�ZLWK�IHZHU�WKDQ����IDOVH�SRVWLYHV� 'LVFRXQWLQJ�IRU�IDOVH�SRVLWLYHV� &DUEXUL]HU

FRXOG�DXWRPDWLFDOO\�UHSDLU�DSSUR[LPDWHO\�����UHDO�EXJV�E\�LQVHUWLQJ�FRGH�WR�GHWHFW�ZKHQ

D�IDLOXUH�RFFXUV�DQG�LQYRNH�D�UHFRYHU\�VHUYLFH� :KHQ�UH�UXQQLQJ�WKHVH�UHVXOWV�RQ�D�QHZHU

/LQX[�NHUQHO������������ , IRXQG�DERXW������LQVWDQFHV�RI�KDUGZDUH�GHSHQGHQFH�EXJV�LQGLFDW�

LQJ�WKDW�WKLV�SUREOHP�FRQWLQXHV�WR�SHUVLVW� 5HSDLUV�PDGH�WR�IDOVH�SRVLWLYHV�KDYH�QR�FRUUHFW�

QHVV�LPSDFW� ,Q�SHUIRUPDQFH�WHVWV� KDUGHQLQJ�GULYHUV�KDG�DOPRVW�QR�YLVLEOH�SHUIRUPDQFH

RYHUKHDG�

7KHUH�DUH�VWLOO�PRUH�RSSRUWXQLWLHV�WR�LPSURYH�GHYLFH�GULYHUV� &DUEXUL]HU�DVVXPHV

WKDW�LI�D�GULYHU�GHWHFWV�D�KDUGZDUH�IDLOXUH� LW�FRUUHFWO\�UHVSRQGV�WR�WKDW�IDLOXUH� ,Q�SUDFWLFH�
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, ÀQG�WKLV�LV�RIWHQ�QRW�WKH�FDVH� ,Q�DGGLWLRQ� &DUEXUL]HU�GRHV�QRW�DVVLVW�GULYHUV�LQ�KDQGOLQJ

XQH[SHFWHG�HYHQWV� , KDYH�VHHQ�FRGH�WKDW�FUDVKHV�ZKHQ�WKH�GHYLFH�UHWXUQV�D�ÁDJ�EHIRUH�WKH

GULYHU�LV�SUHSDUHG� 7KXV� WKHUH�DUH�\HW�PRUH�RSSRUWXQLWLHV�WR�LPSURYH�GULYHU�TXDOLW\�
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&KDSWHU 3
8QGHUVWDQGLQJ�0RGHUQ�'HYLFH�'ULYHUV

0RGHUQ�FRPSXWHU�V\VWHPV�DUH�FRPPXQLFDWLQJ�ZLWK�DQ�LQFUHDVLQJ�QXPEHU�RI�GHYLFHV� HDFK

RI�ZKLFK�UHTXLUHV�D�GULYHU� )RU�H[DPSOH� D�PRGHUQ�GHVNWRS�3& PD\�KDYH�WHQV�RI�GHYLFHV�

LQFOXGLQJ�NH\ERDUG� PRXVH� GLVSOD\� VWRUDJH� DQG�86% FRQWUROOHUV� 'HYLFH�GULYHUV�FRQVWL�

WXWH�����RI�WKH�/LQX[�FRGH�EDVH >��@� DQG�OLNHO\�DUH�D�JUHDWHU�IUDFWLRQ�RI�WKH�FRGH�ZULWWHQ�IRU

WKH�:LQGRZV�NHUQHO� ZKLFK�VXSSRUWV�PDQ\�PRUH�GHYLFHV� 6HYHUDO�VWXGLHV�KDYH�VKRZQ�WKDW

GULYHUV�DUH�WKH�GRPLQDQW�FDXVH�RI�26 FUDVKHV�LQ�GHVNWRS�3&V >��� ��@� $V�D�UHVXOW� WKHUH�KDV

EHHQ�D�UHFHQW�VXUJH�RI�LQWHUHVW�LQ�WHFKQLTXHV�WR�WROHUDWH�IDXOWV�LQ�GULYHUV >��� ���� ���� ���@�

WR�LPSURYH�WKH�TXDOLW\�RI�GULYHU�FRGH >��@� DQG�LQ�FUHDWLQJ�QHZ�GULYHU�DUFKLWHFWXUHV�WKDW

LPSURYH�UHOLDELOLW\�DQG�VHFXULW\ >��� ��� ��� ��� ��� ��� ���@�

+RZHYHU� PRVW�UHVHDUFK�RQ�GHYLFH�GULYHUV�IRFXVHV�RQ�D�VPDOO�VXEVHW�RI�GHYLFHV� W\S�

LFDOO\�D�QHWZRUN�FDUG� VRXQG�FDUG� DQG�VWRUDJH�GHYLFH� DOO�XVLQJ�WKH�3&, EXV� 7KHVH�DUH�EXW

D�VPDOO�VXEVHW�RI�DOO�GULYHUV� DQG�UHVXOWV�IURP�WKHVH�GHYLFHV�PD\�QRW�JHQHUDOL]H�WR�WKH�IXOO

VHW�RI�GULYHUV� )RU�H[DPSOH� PDQ\�GHYLFHV�IRU�FRQVXPHU�3&V�DUH�FRQQHFWHG�RYHU�86%��6LP�

LODUO\� WKH�GHYLFHV�VWXGLHG�DUH�IDLUO\�PDWXUH�DQG�KDYH�VWDQGDUGL]HG�LQWHUIDFHV� EXW�PDQ\

RWKHU�GHYLFHV�PD\�KDYH�VLJQLÀFDQW�IXQFWLRQDOLW\�GLIIHUHQFHV�

7KXV� LW�LV�LPSRUWDQW�WR�VWXG\�DOO�GULYHUV�WR�UHYLHZ�KRZ�WKH�GULYHU�UHVHDUFK�VROXWLRQV
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EHLQJ�GHYHORSHG�DUH�DSSOLFDEOH�WR�DOO�FODVVHV�RI�GULYHUV� ,Q�DGGLWLRQ� D�EHWWHU�XQGHUVWDQGLQJ

RI�GULYHU�FRGH�FDQ�OHDG�WR�QHZ�DEVWUDFWLRQV�DQG�LQWHUIDFHV�WKDW�FDQ�UHGXFH�GULYHU�FRPSOH[LW\

DQG�LPSURYH�UHOLDELOLW\�

7KLV�FKDSWHU�SUHVHQWV�D�FRPSUHKHQVLYH�VWXG\�RI�DOO�WKH�GULYHUV�LQ�WKH�/LQX[�NHUQHO

LQ�RUGHU�WR�EURDGO\�FKDUDFWHUL]H�WKHLU�FRGH� , IRFXV�RQ��L��ZKDW�GULYHU�FRGH�GRHV� LQFOXGLQJ

ZKHUH�GULYHU�GHYHORSPHQW�ZRUN�LV�FRQFHQWUDWHG� �LL��WKH�LQWHUDFWLRQ�RI�GULYHU�FRGH�ZLWK�GH�

YLFHV� EXVHV� DQG�WKH�NHUQHO� DQG��LLL��QHZ�RSSRUWXQLWLHV�IRU�DEVWUDFWLQJ�GULYHU�IXQFWLRQDOLW\

LQWR�FRPPRQ�OLEUDULHV�RU�VXEV\VWHPV� , XVH�WZR�VWDWLF�DQDO\VLV�WRROV�WR�DQDO\]H�GULYHU�FRGH�

7R�XQGHUVWDQG�SURSHUWLHV�RI�GULYHU�FRGH� , GHYHORSHG�'U0LQHU� ZKLFK�SHUIRUPV�GDWD�ÁRZ

DQDO\VHV�WR�GHWHFW�SURSHUWLHV�RI�GULYHUV�DW�WKH�JUDQXODULW\�RI�IXQFWLRQV� , DOVR�GHYHORSHG

WKH�'U&RPS�WRRO� ZKLFK�XVHV�JHRPHWULF�VKDSH�DQDO\VLV >��@�WR�GHWHFW�VLPLODU�FRGH�DFURVV

GULYHUV� 'U&RPS�PDSV�FRGH�WR�SRLQWV�LQ�FRRUGLQDWH�VSDFH�EDVHG�RQ�WKH�VWUXFWXUH�RI�LQGL�

YLGXDO�GULYHU�IXQFWLRQV� DQG�VLPLODU�IXQFWLRQV�DUH�DW�QHDUE\�FRRUGLQDWHV�

7KH�FRQWULEXWLRQV�RI�WKLV�FKDSWHU�DUH�DV�IROORZV�

� )LUVW� , DQDO\]H�ZKDW�GULYHU�FRGH�GRHV�LQ�RUGHU�WR�YHULI\�FRPPRQ�DVVXPSWLRQV�DERXW

GULYHU�FRGH�PDGH�E\�GULYHU�UHVHDUFK� , VKRZ�WKDW�ZKLOH�WKHVH�DVVXPSWLRQV�KROG�IRU

PRVW�GULYHUV� WKHUH�DUH�D�VLJQLÀFDQW�QXPEHU�RI�GULYHUV�WKDW�YLRODWH�WKHVH�DVVXPS�

WLRQV� , DOVR�ÀQG�WKDW�VHYHUDO�UDSLGO\�JURZLQJ�GULYHU�FODVVHV�DUH�QRW�EHLQJ�DGGUHVVHG

E\�GULYHU�UHVHDUFK�

� 6HFRQG� , VWXG\�GULYHU LQWHUDFWLRQVZLWK�WKH�NHUQHO�DQG�GHYLFHV� WR�ÀQG�KRZ�H[LVWLQJ

GULYHU�DUFKLWHFWXUH�FDQ�DGDSW�WR�D�ZRUOG�RI�PXOWLFRUH�SURFHVVRUV� GHYLFHV�ZLWK�KLJK�

SRZHU�SURFHVVRUV�DQG�YLUWXDOL]HG�,�2��, ÀQG�WKDW�GULYHUV�YDU\�ZLGHO\�E\�FODVV� DQG

WKDW�86% GULYHUV�DUH�PRUH�HIÀFLHQW�LQ�VXSSRUWLQJ�PXOWLSOH�FKLSVHWV�WKDQ�3&, GULYHUV�

)XUWKHUPRUH� , ÀQG�WKDW�;HQ%XV�GULYHUV�PD\�SURYLGH�D�SDWK�WR�H[HFXWLQJ�GULYHUV

RXWVLGH�WKH�NHUQHO�DQG�SRWHQWLDOO\�RQ�WKH�GHYLFH�LWVHOI�

� 7KLUG� , VWXG\�GULYHU�FRGH FRQWHQWV WR�ÀQG�RSSRUWXQLWLHV�WR�UHGXFH�RU�VLPSOLI\�GULYHU

FRGH� , GHYHORS�QHZ�DQDO\VLV�WRROV�IRU�GHWHFWLQJ�VLPLODU�FRGH�VWUXFWXUHV�DQG�WKHLU

W\SHV�WKDW�GHWHFW�RYHU����RI�/LQX[�GULYHU�FRGH�LV�YHU\�VLPLODU�WR�RWKHU�GULYHU�FRGH�

DQG�RIIHU�LQVLJKWV�RQ�KRZ�WKLV�FRGH�FDQ�EH�UHGXFHG�
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,Q�WKH�UHPDLQGHU�RI�WKLV�FKDSWHU� , ÀUVW�GLVFXVV�GHYLFH�GULYHU�EDFNJURXQG�DQG�GH�

YHORS�D�WD[RQRP\�RI�GULYHUV� , WKHQ�SUHVHQW�WKH�WKUHH�EURDG�FODVVHV�RI�UHVXOWV�RQ�GULYHU

EHKDYLRU�LQ�6HFWLRQV ��� DQG ���� ,Q�6HFWLRQ ��� , SUHVHQW�UHVXOWV�VKRZLQJ�WKH�H[WHQW�RI

UHSHDWHG�FRGH�LQ�GULYHUV� 6HFWLRQ ��� GLVFXVVHV�P\�ÀQGLQJV�

��� %DFNJURXQG

$ GHYLFH�GULYHU�LV�D�VRIWZDUH�FRPSRQHQW�WKDW�SURYLGHV�DQ�LQWHUIDFH�EHWZHHQ�WKH�26 DQG

D�KDUGZDUH�GHYLFH� 7KH�GULYHU�FRQÀJXUHV�DQG�PDQDJHV�WKH�GHYLFH� DQG�FRQYHUWV�UHTXHVWV

IURP�WKH�NHUQHO�LQWR�UHTXHVWV�WR�WKH�KDUGZDUH� 'ULYHUV�UHO\�RQ�WKUHH�LQWHUIDFHV� �L��WKH

LQWHUIDFH�EHWZHHQ�WKH�GULYHU�DQG�WKH�NHUQHO� IRU�FRPPXQLFDWLQJ�UHTXHVWV�DQG�DFFHVVLQJ�26

VHUYLFHV� �LL��WKH�LQWHUIDFH�EHWZHHQ�WKH�GULYHU�DQG�WKH�GHYLFH� IRU�H[HFXWLQJ�RSHUDWLRQV� DQG

�LLL��WKH�LQWHUIDFH�EHWZHHQ�WKH�GULYHU�DQG�WKH�EXV� IRU�PDQDJLQJ�FRPPXQLFDWLRQ�ZLWK�WKH

GHYLFH�

����� 'ULYHU�'HYLFH�7D[RQRP\

7KH�FRUH�RSHUDWLQJ�V\VWHP�NHUQHO�LQWHUDFWV�ZLWK�GHYLFH�GULYHUV�WKURXJK�D�VHW�RI�LQWHUIDFHV

WKDW�DEVWUDFW�WKH�IXQGDPHQWDO�QDWXUH�RI�WKH�GHYLFH� ,Q�/LQX[� WKH�WKUHH�FDWHJRULHV�RI�GULYHUV

DUH FKDUDFWHU GULYHUV� ZKLFK�DUH�E\WH�VWUHDP�RULHQWHG� EORFN GULYHUV� ZKLFK�VXSSRUW�UDQGRP�

DFFHVV�WR�EORFNV� DQG QHWZRUN GULYHUV� ZKLFK�VXSSRUW�VWUHDPV�RI�SDFNHWV� %HORZ�WKHVH�WRS�

OHYHO�LQWHUIDFHV� VXSSRUW�OLEUDULHV�SURYLGH�FRPPRQ�LQWHUIDFHV�IRU�PDQ\�RWKHU�IDPLOLHV�RI

GHYLFHV� VXFK�DV�NH\ERDUGV�DQG�PLFH�ZLWKLQ�FKDUDFWHU�GULYHUV�

,Q�RUGHU�WR�XQGHUVWDQG�WKH�NLQGV�RI�GULYHUV�/LQX[�VXSSRUWV� , EHJLQ�E\�WD[RQRPL]LQJ

GULYHUV�DFFRUGLQJ�WR�WKHLU�LQWHUIDFHV� , FRQVLGHU�D�VLQJOH�GULYHU�DV�D�PRGXOH�RI�FRGH�WKDW

FDQ�EH�FRPSLOHG�LQGHSHQGHQWO\�RI�RWKHU�FRGH� +HQFH� D�VLQJOH�GULYHU�FDQ�VSDQ�PXOWLSOH

ÀOHV� :H�FRQVLGHU�DOO�GHYLFH�GULYHUV� EXV�GULYHUV�DQG�YLUWXDO�GULYHUV�WKDW�FRQVWLWXWH�WKH

GULYHU�GLUHFWRULHV���VRXQG DQG �GULYHUV��LQ�WKH�/LQX[����������NHUQHO� GDWHG�$SULO� ����� ,

SHUIRUP�P\�DQDO\VHV�RQ�DOO�GULYHUV�WKDW�FRPSLOH�RQ�WKH�[���SODWIRUP� XVLQJ�WKH�NHUQHO�EXLOG
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ata (1%)

cdrom

ide

md (RAID)

mmc

network RAID

mtd (1.5%)
scsi (9.6%)floppy

tape

acpi
blue tooth

crypto

fire wire

gpu (3.9%)

input
joy stick

key board

mouse

touch screentablet game port

serio

leds

media (10.5%)

isdn (3.4%)

sound (10%)

pcm

midi

mixer

thermal

tty

char (52%)

block (16%)
net (27%)

other (5%)

atm

ethernet

infiniband 

wireless

wimax

token ring

Linux

 Device  Drivers

gpio

tpm
serial

display

lcd

back light

video (5.2%)

pata

disk

sata

disk

   fiber channel

iscsi

usb-storageosd

raid

drm

vga

bus drivers

xen/lguest

dma/pci libs

video

radio

digital video broadcasting

wan

uwb

driver libraries

)LJXUH ���� 7KH�/LQX[�GULYHU�WD[RQRP\�LQ�WHUPV�RI�EDVLF�GULYHU�W\SHV� FKDU� EORFN�DQG�QHW� 7KH�ÀJXUH�VKRZV
GLIIHUHQW�GULYHU�FODVVHV�RULJLQDWLQJ�IURP�WKHVH�EDVLF�W\SHV� 7KH�GULYHU�VXE�FODVVHV�DUH�UHSUHVHQWHG�LQ�GRXEOH�
ERUGHUHG�ER[HV� 7KH�VL]H��LQ�SHUFHQWDJH�RI�OLQHV�RI�FRGH��LV�PHQWLRQHG�IRU���ELJJHVW�FODVVHV� 1RW�DOO�GULYHU�FODVVHV
DUH�PHQWLRQHG�

RSWLRQ�WR�FRPSLOH�DOO�GULYHUV� 2YHUDOO� , FRQVLGHU�������GLVWLQFW�GULYHUV� :KLOH�WKHUH�DUH�D

VLJQLÀFDQW�QXPEHU�RI�/LQX[�GULYHUV�WKDW�DUH�GLVWULEXWHG�VHSDUDWHO\�IURP�WKH�NHUQHO� , GR

QRW�FRQVLGHU�WKHP�IRU�WKLV�ZRUN�

, GHWHFW�WKH�FODVV�RI�D�GULYHU�QRW�E\�WKH�ORFDWLRQ�RI�LWV�FRGH� EXW�E\�WKH�LQWHUIDFHV

LW�UHJLVWHUV� H�J�� UHJLVWHUBQHWGHY LQGLFDWHV�D�GULYHU�LV�D�QHWZRUN�GHYLFH� , IXUWKHU�FODVVLI\

WKH�FODVVHV�LQWR�VXE�FDWHJRULHV�WR�XQGHUVWDQG�WKH�UDQJH�RI�DFWXDO�GHYLFH�W\SHV�VXSSRUWHG

E\�WKHP�WKURXJK�PDQXDO�FODVVLÀFDWLRQ� XVLQJ�WKH�GHYLFH�RSHUDWLRQV�WKH\�UHJLVWHU� WKH�GH�

YLFH�EHKDYLRU�DQG�WKHLU�ORFDWLRQ� :KLOH�/LQX[�RUJDQL]HV�UHODWHG�GULYHUV�LQ�GLUHFWRULHV� WKLV

WD[RQRP\�LV�QRW�WKH�VDPH�DV�WKH�/LQX[�GLUHFWRU\�RUJDQL]DWLRQ� QHWZRUN�GULYHUV�DUH�VSOLW

XQGHU GULYHUV�QHW� GULYHUV�DWP DQG�RWKHU�GLUHFWRULHV� +RZHYHU� EORFN�GULYHUV�DUH�VSOLW�E\

WKHLU�LQWHUIDFHV�XQGHU GULYHUV�VFVL� GULYHUV�LGH DQG�RWKHU�GLUHFWRULHV
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,PSURYHPHQW�W\SH 6\VWHP 'ULYHU�FODVVHV�WHVWHG 'ULYHUV
WHVWHG

1HZ�IXQF�
WLRQDOLW\

6KDGRZ�GULYHU �PLJUD�
WLRQ >��@

QHW �

5HY1,& >��@ QHW �

5HOLDELOLW\��+�:
3URWHFWLRQ�

&XUL26 >��@ VHULDO�SRUW� 125 ÁDVK �
1RRNV >���@ QHW� VRXQG �
3DOODGLXP >��@ FXVWRP�SDFNHW�ÀOWHU �
;HQ >��@ QHW� VRXQG �

5HOLDELOLW\��,VRODWLRQ�

%*, >��@ QHW� VRXQG� VHULDO� UDPGLVN�
OLEV

��

6KDGRZ�'ULYHUV >���@ QHW� VRXQG� ,'( ��
;), >���@ UDP�GLVN� GXPP\ �

6SHFLÀFDWLRQ

'HYLO >��@ VFVL� YLGHR �
'LQJR >��@ QHW �
/DGGLH >���@ QHW� 8$57��UWF �
1H[XV >���@ QHW� VRXQG� 86%�PRXVH�

86%�VWRUDJH
�

7HUPLWH >��@ QHW� PPF �

6WDWLF�DQDO\VLV�WRROV

&DUEXUL]HU >��@ $OO�QHW $OO��
&RFLQHOOH >��@ 9DULRXV $OO
6'9 >�@ EDVLF � SRUWV� VWRUDJH� 86%�

�����LQWHUIDFH�
���

PRXVH� NH\ERDUG� 3&, EDW�
WHU\

7\SH�VDIHW\
'HFDI�'ULYHUV >��@ QHW� VRXQG� 86% FRQWUROOHU�

PRXVH
�

6DIHGULYH >���@ QHW� 86%��VRXQG� YLGHR �
6LQJXODULW\ >��@ 'LVN �

8VHU�OHYHO�GHYLFH
GULYHUV

0LFURGULYHUV >��@ QHW� VRXQG� 86% FRQWUROOHU �
68' >��@ QHW� ZLUHOHVV� VRXQG� 86%

FRQWUROOHUV� 86%
���

8VHU�OHYHO�GULYHUV >��@ QHW� GLVN��DWD� �

7DEOH ���� 5HVHDUFK�SURMHFWV�RQ�GULYHUV� WKH�LPSURYHPHQW�W\SH� DQG�WKH�QXPEHU�DQG�FODVV�RI�GULYHUV�XVHG
WR�VXSSRUW�WKH�FODLP HQG�WR�HQG� )HZ�SURMHFWV�WHVW�DOO�GULYHU�LQWHUIDFHV�WKRURXJKO\� 6WDWLF�DQDO\VLV�WRROV
WKDW�GR�QRW�UHTXLUH�GULYHU�PRGLÀFDWLRQV�DUH�DYDLODEOH�WR�FKHFN�PDQ\�PRUH�GULYHUV� $OVR� VRPH�VROXWLRQV� OLNH
&DUEXUL]HU >��@� DQG�68' >��@�VXSSRUW�WKH�SHUIRUPDQFH�FODLPV�RQ�IHZHU�GULYHUV�

)LJXUH ��� VKRZV�WKH�KLHUDUFK\�RI�GULYHUV�LQ�/LQX[�DFFRUGLQJ�WR�WKHLU�LQWHUIDFHV� VWDUW�

LQJ�IURP�EDVLF�GULYHU�W\SHV�L�H� FKDU� EORFN�DQG�QHW� , LGHQWLI\����XQLTXH�FODVVHV�RI�GULYHUV�

7KH�PDMRULW\�������RI�GULYHU�FRGH�LV�LQ�FKDUDFWHU�GULYHUV� VSUHDG�DFURVV����FODVVHV� 1HWZRUN

GULYHUV�DFFRXQW�����RI�GULYHU�FRGH� EXW�KDYH�RQO\���FODVVHV� ,Q�FRQWUDVW�WR�WKH�ULFK�GLYHU�

VLW\�RI�)LJXUH ���� 7DEOH ��� OLVWV�WKH�GULYHU�W\SHV�XVHG�LQ�UHVHDUFK� 0RVW�GULYHU�UHVHDUFK

�VWDWLF�DQDO\VLV�WRROV�H[FHSWHG��QHJOHFWV�WKH�KHDY\�WDLO�RI�FKDUDFWHU�GHYLFHV� )RU�H[DPSOH�

YLGHR�DQG�*38 GULYHUV�FRQWULEXWH�VLJQLÀFDQWO\�WRZDUGV�GULYHU�FRGH��DOPRVW�����GXH�WR

FRPSOH[�GHYLFHV�ZLWK�LQVWUXFWLRQ�VHWV�WKDW�FKDQJH�HDFK�JHQHUDWLRQ� EXW�WKHVH�GHYLFHV�DUH
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'ULYHU�LQWHUDFWLRQV
&ODVV�PHPEHUVKLS� 'ULYHUV�EHORQJ�WR�FRPPRQ�VHW�RI�FODVVHV� DQG�WKH�FODVV�FRPSOHWHO\
GHWHUPLQHV�WKHLU�EHKDYLRU�
3URFHGXUH�FDOOV� 'ULYHUV�DOZD\V�FRPPXQLFDWH�ZLWK�WKH�NHUQHO�WKURXJK�SURFHGXUH
FDOOV�
'ULYHU�VWDWH� 7KH�VWDWH�RI�WKH�GHYLFH�LV�FRPSOHWHO\�FDSWXUHG�E\�WKH�GULYHU�
'HYLFH�VWDWH� 'ULYHUV�PD\�DVVXPH�WKDW�GHYLFHV�DUH�LQ�WKH�FRUUHFW�VWDWH�
'ULYHU�DUFKLWHFWXUH
,�2� 'ULYHU�FRGH�IXQFWLRQDOLW\�LV�RQO\�GHGLFDWHG�WR�FRQYHUWLQJ�UHTXHVWV�IURP�WKH
NHUQHO�WR�WKH�GHYLFH�
&KLSVHWV� 'ULYHUV�W\SLFDOO\�VXSSRUW�RQH�RU�D�IHZ�GHYLFH�FKLSVHWV�
&38 %RXQG� 'ULYHUV�GR�OLWWOH�SURFHVVLQJ�DQG�PRVWO\�DFW�DV�D�OLEUDU\�IRU�ELQGLQJ
GLIIHUHQW�LQWHUIDFHV�WRJHWKHU�
(YHQW�GULYHQ� 'ULYHUV�H[HFXWH�RQO\�LQ�UHVSRQVH�WR�NHUQHO�DQG�GHYLFH�UHTXHVWV� DQG
WR�QRW�KDYH�WKHLU�RZQ�WKUHDGV�

7DEOH ���� &RPPRQ�DVVXPSWLRQV�PDGH�LQ�GHYLFH�GULYHU�UHVHDUFK�

ODUJHO\�LJQRUHG�E\�GULYHU�UHVHDUFK�GXH�WR�WKHLU�FRPSOH[LW\�

, DOVR�ORRNHG�DW�ORZ�OHYHO�EXVHV� ZKLFK�SURYLGH�FRQQHFWLYLW\�WR�GHYLFHV�DQG�GLVFRYHU

WKH�GHYLFHV�DWWDFKHG�WR�D�V\VWHP� 7KH�PDMRULW\�RI�GHYLFHV�DUH�HLWKHU�3&, �����RI�DOO�GH�

YLFH�LGHQWLÀHUV��RU�86% ������ ZKLOH�RWKHU�EXVHV�VXSSRUW�IDU�IHZHU� ,�& UHSUHVHQWV����RI

GHYLFHV� 3&0&,$ LV����DQG�+,' LV�������PRVWO\�86% GHYLFHV�� 7KH�UHPDLQLQJ�GHYLFHV

ZHUH�VXSSRUWHG�E\�OHVV�SRSXODU�RU�OHJDF\�EXVHV�VXFK�DV�,6$ RU�SODWIRUP�GHYLFHV� , DOVR

IRXQG�WKDW����RI�GHYLFHV�SHUIRUP�ORZ�OHYHO�,�2 ZLWKRXW�XVLQJ�D�EXV� LQWHUFRQQHFW� RU�VXS�

SRUW�YLUWXDO�GHYLFHV� +LJKHU�OHYHO�SURWRFROV�VXFK�DV�6&6, �������DQG�,'( �����XVH�RQH�RI

WKHVH�XQGHUO\LQJ�ORZ�OHYHO�EXVHV�VXFK�DV�3&, DQG�86%��:KLOH�3&, GULYHUV�VWLOO�FRQVWLWXWH

WKH�JUHDWHVW�IUDFWLRQ�RI�GULYHUV� WKH�QXPEHU�RI�GHYLFHV�VXSSRUWHG�E\�86% LV�VLPLODU�WR�3&,�

+HQFH� GULYHU�UHVHDUFK�VKRXOG�YDOLGDWH�WKHLU�SHUIRUPDQFH�DQG�UHOLDELOLW\�FODLPV�RQ�86%

GHYLFHV�DV�ZHOO�

����� 'ULYHU�5HVHDUFK�$VVXPSWLRQV

0RVW�UHVHDUFK�PDNHV�VRPH�VLPSOLI\LQJ�DVVXPSWLRQV�DERXW�WKH�SUREOHP�EHLQJ�VROYHG� DQG

GULYHU�UHVHDUFK�LV�QR�GLIIHUHQW� )RU�H[DPSOH� 6KDGRZ�'ULYHUV >���@�DVVXPH�WKDW�DOO�GULYHUV

DUH�PHPEHUV�RI�D�FODVV�DQG�WKHUH�DUH�QR�XQLTXH�LQWHUIDFHV�WR�D�GULYHU� 6LPLODUO\� WKH�7HUPLWH
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GULYHU�V\QWKHVLV�V\VWHP�DVVXPHV�WKDW�GULYHUV�DUH�VWDWH�PDFKLQHV�DQG�SHUIRUP�QR�FRPSX�

WDWLRQV >��@� 7DEOH ��� OLVWV�WKH�DVVXPSWLRQV�PDGH�E\�UHFHQW�UHVHDUFK�LQWR�GHYLFH�GULYHUV�

, VHSDUDWH�WKHVH�DVVXPSWLRQV�LQWR�WZR�FDWHJRULHV� �L� LQWHUDFWLRQV UHIHUV�WR�DVVXPS�

WLRQV�DERXW�KRZ�GULYHUV�LQWHUDFW�ZLWK�WKH�NHUQHO� DQG��LL� DUFKLWHFWXUH UHIHUV�DVVXPSWLRQV

DERXW�WKH�UROH�RI�WKH�GULYHU� LV�LW�D�FRQGXLW�IRU�GDWD� RU�GRHV�LW�SURYLGH�PRUH�VXEVWDQ�

WLDO�SURFHVVLQJ�RU�VHUYLFHV" ,QWHUDFWLRQ�DVVXPSWLRQV�UHODWH�WR�KRZ�WKH�NHUQHO�DQG�GULYHU

LQWHUDFW� )RU�H[DPSOH� V\VWHPV�WKDW�LQWHUSRVH�RQ�GULYHU�GHYLFH�FRPPXQLFDWLRQ� VXFK�DV

1RRNV >���@� W\SLFDOO\�DVVXPH�WKDW�FRPPXQLFDWLRQ�RFFXUV�RYHU�SURFHGXUH�FDOOV�DQG�QRW

VKDUHG�PHPRU\� 1RRNV·�LVRODWLRQ�PHFKDQLVP�ZLOO�QRW�ZRUN�RWKHUZLVH� 6LPLODUO\� 6KDGRZ

'ULYHUV�DVVXPH�WKDW�WKH�FRPSOHWH�VWDWH�RI�WKH�GHYLFH�LV�DYDLODEOH�LQ�WKH�GULYHU�E\�FDSWXULQJ

NHUQHO�GULYHU�LQWHUDFWLRQV >���@� +RZHYHU� QHWZRUN�FDUGV�WKDW�GR�7&3�RIÁRDG�PD\�KDYH

VLJQLÀFDQW�SURWRFRO�VWDWH�WKDW�LV�RQO\�DYDLODEOH�LQ�WKH�GHYLFH� DQG�FDQQRW�EH�FDSWXUHG�E\

PRQLWRULQJ�WKH�NHUQHO�GULYHU�LQWHUIDFH�

6HYHUDO�UHFHQW�SURMHFWV�DVVXPH�WKDW�GULYHUV�VXSSRUW�D�VLQJOH�FKLSVHW� VXFK�DV�HIIRUWV

DW�V\QWKHVL]LQJ�GULYHUV�IURP�D�IRUPDO�VSHFLÀFDWLRQ >��@� +RZHYHU� PDQ\�GULYHUV�VXSSRUW

PRUH�WKDQ�RQH�FKLSVHW� +HQFH� V\QWKHVL]LQJ�WKH�UHSODFHPHQW�IRU�D�VLQJOH�GULYHU�PD\�UHTXLUH

PDQ\�PRUH�GULYHUV� 6LPLODUO\� HQIRUFLQJ�VDIHW\�SURSHUWLHV�IRU�VSHFLÀF�GHYLFHV >���@�PD\�EH

FXPEHUVRPH�LI�PDQ\�FKLSVHWV�PXVW�EH�VXSSRUWHG�IRU�HDFK�GULYHU� 2WKHU�HIIRUWV�DW�UHYHUVH

HQJLQHHULQJ�GULYHUV >��@�VLPLODUO\�PD\�EH�FRPSOLFDWHG�E\�WKH�VXSSRUW�RI�PDQ\�FKLSVHWV

ZLWK�GLIIHUHQW�KDUGZDUH�LQWHUIDFHV� )XUWKHUPRUH� WKHVH�V\QWKHVLV�DQG�YHULÀFDWLRQ�V\VWHPV

DVVXPH�WKDW�GHYLFHV�DOZD\V�EHKDYH�FRUUHFWO\� DQG�WKHLU�GULYHUV�PD\�IDLO�XQSUHGLFWDEO\�ZLWK

IDXOW\�KDUGZDUH�

$QRWKHU�DVVXPSWLRQ�PDGH�E\�GULYHU�UHVHDUFK�LV�WKDW�GULYHUV�DUH�ODUJHO\�D�FRQGXLW�IRU

FRPPXQLFDWLQJ�GDWD�DQG�IRU�VLJQDOLQJ�WKH�GHYLFH� DQG�WKDW�WKH\�SHUIRUP�OLWWOH�SURFHVVLQJ�

1HLWKHU�5HY1,& >��@��QRU�7HUPLWH >��@�VXSSRUW�GDWD�SURFHVVLQJ�ZLWK�WKH�GULYHU� EHFDXVH�LW

LV�WRR�FRPSOH[�WR�PRGHO�DV�D�VLPSOH�VWDWH�PDFKLQH�

:KLOH�WKHVH�DVVXPSWLRQV�DOO�KROG�WUXH�IRU�PDQ\�GULYHUV� WKLV�UHVHDUFK�VHHNV�WR�TXDQ�

WLI\�WKHLU�UHDO�JHQHUDOLW\� ,I�WKHVH�DVVXPSWLRQV�DUH�WUXH�IRU�DOO�GULYHUV� WKHQ�WKHVH�UHVHDUFK



��

LGHDV�KDYH�EURDG�DSSOLFDELOLW\� ,I�QRW� WKHQ�QHZ�UHVHDUFK�LV�QHHGHG�WR�DGGUHVV�WKH�RXWOLHUV�

��� :KDW�'R�'ULYHUV�'R"

'HYLFH�GULYHUV�DUH�FRPPRQO\�DVVXPHG�WR�SULPDULO\�SHUIRUP�,�2��$ VWDQGDUG�XQGHUJUDG�

XDWH�26 WH[WERRN�VWDWHV�

´$ GHYLFH�GULYHU�FDQ�EH�WKRXJKW�RI�D�WUDQVODWRU� ,WV�LQSXW�FRQVLVWV�RI�KLJK�OHYHO�FRP�

PDQGV�VXFK�DV�́ UHWULHYH�EORFN�����µ ,WV�RXWSXW�FRQVLVWV�RI�ORZ�OHYHO� KDUGZDUH�VSHFLÀF

LQVWUXFWLRQV�WKDW�DUH�XVHG�E\�WKH�KDUGZDUH�FRQWUROOHU� ZKLFK�LQWHUIDFHV�WKH�,�2 GHYLFH

WR�WKH�UHVW�RI�WKH�V\VWHP�µ

2SHUDWLQJ�6\VWHPV�&RQFHSWV >��@

+RZHYHU� WKLV�SDVVDJH�GHVFULEHV�WKH�IXQFWLRQV�RI�RQO\�WKH�VPDOO�SRUWLRQ�RI�GULYHU�FRGH�WKDW

ZKLFK�DFWXDOO\�SHUIRUPV�,�2��3DVW�ZRUN�UHYHDOHG�WKDW�WKH�EXON�RI�GULYHU�FRGH�LV�GHGLFDWHG

WR�LQLWLDOL]DWLRQ�DQG�FRQÀJXUDWLRQ�IRU�D�VDPSOH�RI�QHWZRUN� 6&6, DQG�VRXQG�GULYHUV >��@�

, VHHN�WR�GHYHORS�D�FRPSUHKHQVLYH�XQGHUVWDQGLQJ�RI�ZKDW�GULYHU�FRGH�GRHV� ZKDW

DUH�WKH�WDVNV�GULYHUV�SHUIRUP� ZKDW�DUH�WKH�LQWHUIDFHV�WKH\�XVH� DQG�KRZ�PXFK�FRGH�GRHV

WKLV�DOO�WDNH� 7KH�JRDO�RI�WKLV�VWXG\�LV�WR�YHULI\�WKH�GULYHU�DVVXPSWLRQV�GHVFULEHG�LQ�WKH

SUHYLRXV�VHFWLRQ� DQG�WR�LGHQWLI\�PDMRU�GULYHU�IXQFWLRQV�WKDW�FRXOG�EHQHÀW�IURP�DGGLWLRQDO

UHVHDUFK�

����� 0HWKRGRORJ\

7R�VWXG\�WKH�GULYHU�FRGH� , GHYHORSHG�WKH'U0LQHU VWDWLF�DQDO\VLV�WRRO�XVLQJ�&,/ >��@�WR�GH�

WHFW�FRGH�SURSHUWLHV�LQ�LQGLYLGXDO�GULYHUV� 'U0LQHU�WDNHV�DV�LQSXW�XQPRGLÀHG�GULYHUV�DQG

D�OLVW�RI�GULYHU�GDWD�VWUXFWXUH�W\SHV�DQG�GULYHU�HQWU\�SRLQWV� $V�GULYHUV�RQO\�H[HFXWH�ZKHQ

LQYRNHG�IURP�WKH�NHUQHO� WKHVH�HQWU\�SRLQWV�DOORZ�XV�WR�GHWHUPLQH�WKH�SXUSRVH�RI�SDUWLFXODU

GULYHU�IXQFWLRQV� )RU�H[DPSOH� , ÀQG�WKH�GLIIHUHQW�GHYLFHV�DQG�FKLSVHWV�VXSSRUWHG�E\�DQ�

DO\]LQJ�WKH GHYLFHBLG VWUXFWXUHV�UHJLVWHUHG��H�J�� SFLBGHYLFHBLG� DFSLBGHYLFHBLG HWF�� ZLWK
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WKH�NHUQHO� , DOVR�LGHQWLI\�WKH�GULYHU�HQWU\�SRLQWV�IURP�WKH�GULYHU�VWUXFWXUH�UHJLVWHUHG��H�J��

SFLBGULYHU� SQSBGHYLFH��DQG�WKH�GHYLFH�RSHUDWLRQV�VWUXFWXUH�UHJLVWHUHG��H�J�� QHWBGHYLFH��

'U0LQHU�DQDO\]HV�WKH�IXQFWLRQ�SRLQWHUV�UHJLVWHUHG�E\�WKH�GULYHU�WR�GHWHUPLQH�WKH�IXQFWLRQ�

DOLW\�RI�HDFK�GULYHU� , WKHQ�FRQVWUXFW�D�FRQWURO�ÁRZ�JUDSK�RI�WKH�GULYHU�WKDW�DOORZV�XV�WR

GHWHUPLQH�DOO�WKH�IXQFWLRQV�UHDFKDEOH�WKURXJK�HDFK�HQWU\�SRLQW� LQFOXGLQJ�WKURXJK�IXQFWLRQ

SRLQWHUV�

, XVH�D WDJJLQJ DSSURDFK�WR�ODEHOLQJ�GULYHU�FRGH� 'U0LQHU�WDJV�D�IXQFWLRQ�ZLWK�WKH

ODEHO�RI�HDFK�HQWU\�SRLQW�IURP�ZKLFK�LW�LV�UHDFKDEOH� 7KXV� D�IXQFWLRQ�FDOOHG�RQO\�GXULQJ

LQLWLDOL]DWLRQ�ZLOO�EH�ODEHOHG�LQLWLDOL]DWLRQ�RQO\� ZKLOH�FRGH�FRPPRQ�WR�LQLWLDOL]DWLRQ�DQG

VKXWGRZQ�ZLOO�UHFHLYH�ERWK�ODEHOV� ,Q�DGGLWLRQ� 'U0LQHU�LGHQWLÀHV�VSHFLÀF�FRGH�IHDWXUHV�

VXFK�DV�ORRSV�LQGLFDWLQJ�FRPSXWDWLRQ�

, UXQ�WKHVH�DQDO\VHV�RYHU�WKH�HQWLUH�/LQX[�GULYHU�VRXUFH�DQG�VWRUH�WKH�RXWSXW�LQ�D

64/ GDWDEDVH� 7KH�GDWDEDVH�VWRUHV�LQIRUPDWLRQ�DERXW�HDFK�GULYHU�DV�ZHOO�DV�HDFK�IXQF�

WLRQ�LQ�WKH�GULYHU� 7KH�LQIRUPDWLRQ�DERXW�WKH�GULYHU�FRQVLVWV�RI�QDPH� SDWK� VL]H� FODVV�

QXPEHU�RI�FKLSVHWV� PRGXOH�SDUDPHWHUV� DQG�LQWHUIDFHV�UHJLVWHUHG�ZLWK�WKH�NHUQHO� 7KH

LQIRUPDWLRQ�DERXW�HDFK�GULYHU�IXQFWLRQ�FRQVLVWV�RI�IXQFWLRQ�QDPH� VL]H� ODEHOV� UHVRXUFHV

DOORFDWHG��PHPRU\� ORFNV�HWF��� DQG�KRZ�LW�LQWHUDFWV�ZLWK�WKH�NHUQHO�DQG�WKH�GHYLFH� )URP

WKH�GDWDEDVH� GHWHUPLQLQJ�WKH�DPRXQW�RI�FRGH�GHGLFDWHG�WR�DQ\�IXQFWLRQ�LV�D�VLPSOH�TXHU\�

,Q�WKH�UHVXOWV� , SUHVHQW�GDWD�IRU�DERXW����FODVVHV�ZLWK�WKH�PRVW�FRGH�

����� :KDW�LV�WKH�IXQFWLRQ�EUHDNGRZQ�RI�GULYHU�FRGH"

'ULYHUV�YDU\�ZLGHO\�LQ�KRZ�PXFK�FRGH�WKH\�XVH�IRU�GLIIHUHQW�SXUSRVHV� D�VLPSOH�GULYHU

IRU�D�VLQJOH�FKLSVHW�PD\�GHYRWH�PRVW�RI�LWV�FRGH�WR�SURFHVVLQJ�,�2 UHTXHVWV�DQG�KDYH�D

VLPSOH�LQLWLDOL]DWLRQ�URXWLQH� ,Q�FRQWUDVW� D�FRPSOH[�GULYHU�VXSSRUWLQJ�GR]HQV�RI�FKLSVHWV

PD\�KDYH�PRUH�FRGH�GHYRWHG�WR�LQLWLDOL]DWLRQ�DQG�HUURU�KDQGOLQJ�WKDQ�WR�UHTXHVW�KDQGOLQJ�

)LJXUH ��� VKRZV�WKH�EUHDNGRZQ�RI�GULYHU�FRGH�DFURVV�GULYHU�FODVVHV� 7KH�ÀJXUH

VKRZV�WKH�IUDFWLRQ�RI�GULYHU�FRGH�LQYRNHG�GXULQJ�GULYHU�LQLWLDOL]DWLRQ� FOHDQXS� LRFWO�SUR�

FHVVLQJ� FRQÀJXUDWLRQ� SRZHU�PDQDJHPHQW� HUURU�KDQGOLQJ� �SURF DQG �V\V KDQGOLQJ� DQG
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)LJXUH ���� 7KH�FKDQJH�LQ�GULYHU�FRGH�LQ�WHUPV�RI�/2& DFURVV�GLIIHUHQW�GULYHU�FODVVHV�EHWZHHQ�WKH�/LQX[������
DQG�/LQX[��������NHUQHO�

PRVW�LPSRUWDQWO\� FRUH�,�2 UHTXHVW�KDQGOLQJ��H�J�� VHQGLQJ�SDFNHW�IRU�QHWZRUN�GHYLFHV� RU

SOD\LQJ�DXGLR�IRU�VRXQG�FDUG��DQG�LQWHUUXSW�KDQGOLQJ�DFURVV�GLIIHUHQW�GULYHU�FODVVHV�

7KH�ODUJHVW�FRQWULEXWRUV�WR�GULYHU�FRGH�DUH�LQLWLDOL]DWLRQ�DQG�FOHDQXS� FRPSULVLQJ

DOPRVW�����RI�GULYHU�FRGH�RQ�DYHUDJH� HUURU�KDQGOLQJ������ FRQÀJXUDWLRQ������� SRZHU

PDQDJHPHQW��������DQG�LRFWO�KDQGOLQJ�������� 2Q�DYHUDJH� RQO\�������RI�WKH�FRGH�LQ�D

GULYHU�LV�GHGLFDWHG�WR�UHTXHVW�KDQGOLQJ�DQG�LQWHUUXSWV�

,PSOLFDWLRQV� 7KHVH�UHVXOWV�LQGLFDWH�WKDW�HIIRUWV�DW�UHGXFLQJ�WKH�FRPSOH[LW\�RI�GULYHUV

VKRXOG�QRW�RQO\�IRFXV�RQ�UHTXHVW�KDQGOLQJ� ZKLFK�DFFRXQWV�IRU�RQO\�RQH�IRXUWK�RI�WKH

WRWDO�FRGH� EXW�RQ�EHWWHU�PHFKDQLVPV�IRU�LQLWLDOL]DWLRQ�DQG�FRQÀJXUDWLRQ� )RU�H[DPSOH�

DV�GHYLFHV�EHFRPH�LQFUHDVLQJO\�YLUWXDOL]DWLRQ�DZDUH� TXLFN�ZD\V�WR�LQLWLDOL]H�RU�UHVHW�DUH

FULWLFDO�IRU�LPSRUWDQW�YLUWXDOL]DWLRQ�IHDWXUHV�VXFK�DV�UH�DVVLJQPHQW�RI�GHYLFHV�DQG�OLYH�PL�

JUDWLRQ >��@� 'ULYHUV�FRQWDLQ�VLJQLÀFDQW�FRQÀJXUDWLRQ�FRGH������� VSHFLÀFDOO\�LQ�QHWZRUN

������DQG�YLGHR�������GULYHUV� $V�GHYLFHV�FRQWLQXH�WR�EHFRPH�PRUH�FRPSOH[� GULYHU�DQG

26 UHVHDUFK�VKRXOG�ORRN�DW�HIÀFLHQW�DQG�RUJDQL]HG�ZD\V�RI�PDQDJLQJ�GHYLFH�FRQÀJXUD�

WLRQ >��@�
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����� :KHUH�LV�WKH�GULYHU�FRGH�FKDQJLQJ"

2YHU�WLPH� WKH�IRFXV�RI�GULYHU�GHYHORSPHQW�VKLIWV�DV�QHZ�GHYLFH�FODVVHV�EHFRPH�SRSX�

ODU� , FRPSDUHG�WKH�EUHDNGRZQ�RI�GULYHU�FRGH�EHWZHHQ�WKH�������DQG��������IRU�QHZ�VRXUFH

OLQHV�RI�FRGH�DGGHG�DQQXDOO\�WR�GLIIHUHQW�GULYHU�FODVVHV� , REWDLQ�WKH�VRXUFH�OLQHV�RI�FRGH

DFURVV�GLIIHUHQW�FODVVHV�LQ���LQWHUPHGLDWH�UHYLVLRQV��HYHU\�'HFHPEHU�VLQFH��������XVLQJ�VORF�

FRXQW >���@�

)LJXUH ��� VKRZV�WKH�JURZWK�LQ�GULYHU�DFURVV�VXFFHVVLYH�\HDUV�IURP�WKH�������EDVHOLQH

IRU���PDMRU�GULYHU�FODVVHV� 2YHUDOO� GULYHU�FRGH�KDV�LQFUHDVHG�E\������RYHU�WKH�ODVW�HLJKW

\HDUV� :H�LGHQWLI\�WKUHH�VSHFLÀF�WUHQGV�LQ�WKLV�JURZWK� )LUVW� WKHUH�LV�DGGLWLRQDO�FRGH�IRU

QHZ�KDUGZDUH� 7KLV�FRGH�LQFOXGHV�ZLPD[� *38��PHGLD� LQSXW�GHYLFHV�DQG�YLUWXDOL]DWLRQ

GULYHUV� 6HFRQG� WKHUH�LV�LQFUHDVLQJ�VXSSRUW�IRU�FHUWDLQ�FODVV�RI�GHYLFHV� LQFOXGLQJ�QHWZRUN

�GULYHQ�E\�ZLUHOHVV�� PHGLD� *38 DQG�6&6,��)URP��������WR�������� WKH�GHYLFHV�VXSSRUWHG

E\�D�YHQGRU��4/RJLF��LQFUHDVHG�VLJQLÀFDQWO\� 6LQFH� WKH\�ZHUH�YHU\�ODUJH�PXOWL�ÀOH�6&6,

GULYHUV� WKH�GULYHUV�ZKHUH�FRDOHVFHG�WR�D�VLQJOH�GULYHU� UHGXFLQJ�WKH�VL]H�RI�6&6, GULYHUV

LQ�WKH�GULYHU�WUHH� ,Q�6HFWLRQ ���� , LQYHVWLJDWH�ZKHWKHU�WKHUH�DUH�RSSRUWXQLWLHV�WR�UHGXFH

GULYHU�FRGH�LQ�WKH�H[LVWLQJ�FRGH�EDVH� 7KLUG� WKHUH�LV�PLQRU�FRGH�UHIDFWRULQJ� )RU�H[DPSOH�

SHULRGLFDOO\� GULYHU�FRGH�LV�PRYHG�DZD\�IURP�WKH�GULYHU�RU�EXV�OLEUDU\�FRGH�LQWR�WKH�UH�

VSHFWLYH�FODVVHV�ZKHUH�WKH\�EHORQJ� )RU�H[DPSOH� GULYHUV�IURP�WKH�L�F�EXV�GLUHFWRU\�ZHUH

PRYHG�WR�PLVF�GLUHFWRU\�

,PSOLFDWLRQV� :KLOH�(WKHUQHW�DQG�VRXQG� WKH�FRPPRQ�GULYHU�FODVVHV�IRU�UHVHDUFK� DUH

LPSRUWDQW� UHVHDUFK�VKRXOG�ORRN�IXUWKHU�LQWR�RWKHU�UDSLGO\�FKDQJLQJ�GULYHUV� VXFK�DV�PHGLD�

*38 DQG�ZLUHOHVV�GULYHUV�

����� 'R�GULYHUV�EHORQJ�WR�FODVVHV"

0DQ\�GULYHU�UHVHDUFK�SURMHFWV�DVVXPH�WKDW�GULYHUV�EHORQJ�WR�D�FODVV� )RU�H[DPSOH� 6KDGRZ

'ULYHUV >���@�PXVW�EH�FRGHG�ZLWK�WKH�VHPDQWLFV�RI�DOO�FDOOV�LQWR�WKH�GULYHU�VR�LW�FDQ�UHSOD\

WKHP�GXULQJ�UHFRYHU\� +RZHYHU� PDQ\�GULYHUV�VXSSRUW�SURSULHWDU\�H[WHQVLRQV�WR�WKH�FODVV



��

LQWHUIDFH� ,Q�/LQX[�GULYHUV� WKHVH�PDQLIHVW�DV�SULYDWH LRFWO RSWLRQV� �SURF RU �V\V HQWULHV�

DQG�DV�ORDG�WLPH�SDUDPHWHUV� ,I�D�GULYHU�KDV�RQH�RI�WKHVH�IHDWXUHV� LW�PD\�KDYH�DGGLWLRQDO

EHKDYLRUV�QRW�FDSWXUHG�E\�WKH�FODVV�

, XVH�'U0LQHU�WR�LGHQWLI\�GULYHUV�WKDW�KDYH�EHKDYLRU�RXWVLGH�WKH�FODVV�E\�ORRNLQJ�IRU

ORDG�WLPH�SDUDPHWHUV�DQG�FRGH�WR�UHJLVWHU �SURF RU �V\V HQWULHV� , GR�QRW�LGHQWLI\�XQLTXH

LRFWO RSWLRQV� 2YHUDOO� , ÀQG�WKDW�PRVW�GULYHU�FODVVHV�KDYH�VXEVWDQWLDO�DPRXQWV�RI�GHYLFH�

VSHFLÀF�IXQFWLRQDOLW\� &RGH�VXSSRUWLQJ �SURF DQG �V\V LV�SUHVHQW�LQ�������RI�GULYHUV� $OVR�

����RI�GULYHUV�KDYH�ORDG�WLPH�SDUDPHWHUV�WR�FRQWURO�WKHLU�EHKDYLRU�DQG�FRQÀJXUH�RSWLRQV

QRW�DYDLODEOH�WKURXJK�WKH�FODVV�LQWHUIDFH� 2YHUDOO� ����RI�GULYHUV�XVH�DWOHDVW�RQH�RI�WKH

WZR�QRQ�FODVV�IHDWXUHV� $GGLWLRQDOO\� LRFWO FRGH�FRPSULVHV������RI�GULYHU�FRGH� 7KLV�FRGH

LQFOXGHV�FODVV�GHÀQHG�LRFWOV�DQG�SULYDWH�LRFWOV�DQG�WKH�ODWWHU�FRQWULEXWHV�WRZDUGV�QRQ�FODVV

EHKDYLRU�LQ�GULYHU�FRGH�

$V�DQ�H[DPSOH�RI�KRZ�WKHVH�FODVV�H[WHQVLRQV�DUH�XVHG� WKH�H�����JLJDELW�QHWZRUN

GULYHU�KDV����ORDG�WLPH�SDUDPHWHUV�WKDW�DOORZ�FRQWURO�RYHU�LQWHUUXSW�SURFHVVLQJ�DQG�WUDQV�

PLW�UHFHLYH�ULQJ�VL]LQJ� DQG�LQWHUUXSW�WKURWWOLQJ�UDWH� 7KLV�IHDWXUH�LV�QRW�SDUW�RI�DQ\�VWDQ�

GDUG�QHWZRUN�GHYLFH�LQWHUIDFH�DQG�LV�LQVWHDG�VSHFLÀF�WR�WKLV�GHYLFH� 6LPLODUO\� WKH�L���

'50 *38 GULYHU�VXSSRUWV�ORDG�SDUDPHWHUV�IRU�GRZQ�FORFNLQJ�WKH�*38��DOWHULQJ�JUDSKLF

UHVSRQVLELOLWLHV�IURP�;�RUJ�WR�WKH�NHUQHO� DQG�SRZHU�VDYLQJ� 7KHVH�SDUDPHWHUV�FKDQJH�WKH

FRGH�SDWK�RI�WKH�GULYHU�GXULQJ�LQLWLDOL]DWLRQ�DV�ZHOO�DV�GXULQJ�UHJXODU�GULYHU�RSHUDWLRQV�

:KLOH�WKH�LQWURGXFWLRQ�RI�WKHVH�SDUDPHWHUV�GRHV�QRW�DIIHFW�WKH�LVRODWLRQ�SURSHUWLHV�RI�WKH

UHOLDELOLW\�VROXWLRQV� DV�WKH�LQWHUIDFHV�IRU�VHWWLQJ�DQG�UHWULHYLQJ�WKHVH�RSWLRQV�DUH�VWDQGDUG�

LW�OLPLWV�WKH�DELOLW\�WR�UHVWDUW�DQG�UHVWRUH�WKH�GULYHU�WR�D�SUHYLRXV�VWDWH�VLQFH�WKH�VHPDQWLFV

RI�WKHVH�RSWLRQV�DUH�QRW�VWDQGDUGL]HG�

,PSOLFDWLRQV� :KLOH�PRVW�GULYHU�IXQFWLRQDOLW\�IDOOV�LQWR�WKH�FODVV�EHKDYLRU� PDQ\�GULYHUV

KDYH�VLJQLÀFDQW�H[WHQVLRQV�WKDW�GR�QRW� $WWHPSWV�WR�UHFRYHU�GULYHU�VWDWH�EDVHG�VROHO\�RQ�WKH

FODVV�LQWHUIDFH >���@�RU�WR�V\QWKHVL]H�GULYHUV�IURP�FRPPRQ�GHVFULSWLRQV�RI�WKH�FODVV >��� ��@

PD\�QRW�ZRUN�IRU�D�VXEVWDQWLDO�QXPEHU�RI�GULYHUV� 7KXV� IXWXUH�UHVHDUFK�VKRXOG�H[SOLFLWO\

FRQVLGHU�KRZ�WR�DFFRPPRGDWH�XQLTXH�EHKDYLRUV�HIÀFLHQWO\�
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)LJXUH ���� 7KH�,'( &'�520 GULYHU�SURFHVVHV�WDEOH�RI�FRQWHQWV�HQWULHV�LQWR�D�QDWLYH�IRUPDW�

����� 'R�GULYHUV�GR�VLJQLÀFDQW�SURFHVVLQJ"

$V�GHYLFHV�EHFRPH�PRUH�SRZHUIXO�DQG�IHDWXUH�SURFHVVRUV�RI�WKHLU�RZQ� LW�LV�RIWHQ�DVVXPHG

WKDW�GULYHUV�SHUIRUP�OLWWOH�SURFHVVLQJ�DQG�VLPSO\�VKXWWOH�GDWD�EHWZHHQ�WKH�26 DQG�WKH�GH�

YLFH� +RZHYHU� LI�GULYHUV�UHTXLUH�VXEVWDQWLDO�&38 SURFHVVLQJ� IRU�H[DPSOH�WR�FRPSXWH

SDULW\�IRU�5$,'��FKHFNVXPV�IRU�QHWZRUNLQJ� RU�GLVSOD\�GDWD�IRU�YLGHR�GULYHUV� WKHQ�SUR�

FHVVLQJ�SRZHU�PXVW�EH�UHVHUYHG� )XUWKHUPRUH� LQ�D�YLUWXDOL]HG�VHWWLQJ� KHDY\�,�2 IURP

RQH�JXHVW�90 FRXOG�VXEVWDQWLDOO\�UHGXFH�&38 DYDLODELOLW\�IRU�RWKHU�JXHVW�90V�

'U0LQHU�GHWHFWV�SURFHVVLQJ�LQ�GULYHUV�E\�ORRNLQJ�IRU�ORRSV�WKDW��L��GR�QR�,�2���LL�

GR�QRW�LQWHUDFW�ZLWK�WKH�NHUQHO� DQG��LLL��DUH�RQ�FRUH�GDWD�SDWKV� VXFK�DV�VHQGLQJ�UHFHLY�

LQJ�SDFNHWV�RU�UHDGLQJ�ZULWLQJ�GDWD� 7KLV�HQVXUHV�WKDW�SROOLQJ�ORRSV� FRPPRQ�LQ�PDQ\

GULYHUV� DUH�QRW�LGHQWLÀHG�DV�SHUIRUPLQJ�SURFHVVLQJ�

, ÀQG�WKDW�����RI�GULYHUV�KDYH�DW�OHDVW�RQH�IXQFWLRQ�WKDW�SHUIRUPV�SURFHVVLQJ� DQG

WKDW�SURFHVVLQJ�RFFXUV�LQ����RI�DOO�GULYHU�IXQFWLRQV� $Q�HYHQ�KLJKHU�IUDFWLRQ�������RI�VRXQG

DQG�QHWZRUN�GULYHUV�GR�SURFHVVLQJ� :LUHOHVV�GULYHUV� VXFK�DV�$7+��SHUIRUP�SURFHVVLQJ�WR

LQWHUSRODWH�SRZHU�OHYHOV�RI�WKH�GHYLFH�XQGHU�GLIIHUHQW�IUHTXHQFLHV�DQG�RWKHU�FRQGLWLRQV�

0DQ\�QHWZRUN�GULYHUV�SURYLGH�WKH�RSWLRQ�RI�FRPSXWLQJ�FKHFNVXPV�RQ�WKH�RXWJRLQJ�LQ�
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)LJXUH ���� 7KH�DYHUDJH�QXPEHU�RI�FKLSVHWV�VXSSRUWHG�E\�GULYHUV�LQ�HDFK�FODVV�

FRPLQJ�SDFNHWV� )LQDOO\� HYHQ�&'�520 GULYHUV� ZKLFK�ODUJHO\�UHDG�GDWD�RII�WKH�GHYLFH�

GR�FRPSXWDWLRQ�WR�DQDO\]H�WKH�WDEOH�RI�FRQWHQW�LQIRUPDWLRQ�IRU�&'�520V� DV�VKRZQ�LQ

)LJXUH ����

,PSOLFDWLRQV� $ VXEVWDQWLDO�IUDFWLRQ�RI�GULYHUV�GR�VRPH�IRUP�RI�GDWD�SURFHVVLQJ� 7KXV�

HIIRUWV�WR�JHQHUDWH�GULYHU�FRGH�DXWRPDWLFDOO\�PXVW�LQFOXGH�PHFKDQLVPV�IRU�GDWD�SURFHVV�

LQJ� QRW�MXVW�FRQYHUWLQJ�UHTXHVWV�IURP�WKH�26 LQWR�UHTXHVWV�WR�WKH�GHYLFH� )XUWKHUPRUH�

YLUWXDOL]HG�V\VWHPV�VKRXOG�DFFRXQW�IRU�WKH�&38 WLPH�VSHQW�SURFHVVLQJ�GDWD�ZKHQ�WKLV�SUR�

FHVVLQJ�LV�SHUIRUPHG�RQ�EHKDOI�RI�D�JXHVW�90��7KHVH�UHVXOWV�DOVR�SRLQW�WR�QHZ�RSSRUWXQLWLHV

IRU�GULYHU�DQG�GHYLFH�GHVLJQ� JLYHQ�WKH�ORZ�FRVW�RI�HPEHGGHG�SURFHVVRUV� FDQ�DOO�WKH�FRP�

SXWDWLRQ�EH�RIÁRDGHG�WR�WKH�GHYLFH� DQG�LV�WKHUH�D�SHUIRUPDQFH�RU�SRZHU�EHQHÀW�WR�GRLQJ

VR"

����� +RZ�PDQ\�GHYLFH�FKLSVHWV�GRHV�D�VLQJOH�GULYHU�VXSSRUW"

6HYHUDO�GULYHU�UHVHDUFK�SURMHFWV�UHTXLUH�RU�JHQHUDWH�FRGH�IRU�D�VSHFLÀF�GHYLFH�FKLSVHW� )RU

H[DPSOH� 1H[XV�UHTXLUHV�D�VDIHW\�VSHFLÀFDWLRQ�WKDW�LV�XQLTXH�WR�HDFK�GHYLFH�LQWHUIDFH >���@�
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,I�D�GULYHU�VXSSRUWV�RQO\�D�VLQJOH�GHYLFH� WKLV�UHTXLUHPHQW�PD\�QRW�LPSRVH�PXFK�EXUGHQ�

+RZHYHU� LI�D�GULYHU�VXSSRUWV�PDQ\�GHYLFHV� HDFK�ZLWK�D�GLIIHUHQW�LQWHUIDFH�RU�EHKDYLRU�

WKHQ�PDQ\�VSHFLÀFDWLRQV�DUH�QHHGHG�WR�IXOO\�SURWHFW�D�GULYHU�

, PHDVXUH�WKH�QXPEHU�RI�FKLSVHWV�RU�KDUGZDUH�SDFNDJLQJV�VXSSRUWHG�E\�HDFK�/LQX[

GULYHU�E\�FRXQWLQJ�WKH�QXPEHU�RI�3&,��86% RU�RWKHU�EXV�GHYLFH�,'V��L�H�� L�F� LHHH������WKDW

WKH�GULYHU�UHFRJQL]HV� 7KHVH�VWUXFWXUHV�DUH�XVHG�DFURVV�EXVHV�WR�LGHQWLI\��DQG�PDWFK��GLIIHU�

HQW�GHYLFHV�RU�SDFNDJLQJV�WKDW�DUH�VXSSRUWHG�E\�WKH�GULYHU� )LJXUH ��� VKRZV�WKH�DYHUDJH

QXPEHU�RI�FKLSVHWV�VXSSRUWHG�E\�HDFK�GULYHU�LQ�HDFK�GULYHU�FODVV� :KLOH�PRVW�GULYHUV�VXS�

SRUW�RQO\�D�IHZ�GLIIHUHQW�GHYLFHV� VHULDO�GULYHUV�VXSSRUW�DOPRVW����FKLSVHWV�RQ�DYHUDJH� DQG

QHWZRUN�GULYHUV�DYHUDJH��� 7KH�5DGHRQ�'50 GULYHU�VXSSRUWV�RYHU�����FKLSVHWV� DOWKRXJK

PDQ\�RI�WKHVH�PD\�LQGLFDWH�GLIIHUHQW�SDFNDJLQJV�RI�WKH�VDPH�LQWHUQDO�FKLSVHW� *HQHULF

86% GULYHUV�VXFK�DV�XVE�VWRUDJH�DQG�XVE�DXGLR�VXSSRUW�RYHU�����FKLSVHWV�HDFK� DQG�WKH

XVE�VHULDO�GULYHU�VXSSRUWV�PRUH�WKDQ�����FKLSVHWV� :KLOH�QRW�HYHU\�FKLSVHW�UHTXLUHV�GLIIHU�

HQW�WUHDWPHQW�E\�WKH�GULYHU� PDQ\�GR� )RU�H[DPSOH� WKH �F��[ ����PHJDELW�(WKHUQHW�GULYHU

VXSSRUWV����FKLSVHWV� ���VHWV�RI�IHDWXUHV�WKDW�YDU\�EHWZHHQ�FKLSVHWV� DQG�WZR�FRPSOHWH�LP�

SOHPHQWDWLRQV�RI�WKH�FRUH�VHQG�UHFHLYH�IXQFWLRQDOLW\� 2YHUDOO� , ÀQG�WKDW�����RI�GULYHUV

VXSSRUW�PRUH�WKDQ�RQH�FKLSVHW�DQG�WKHVH�GULYHUV�VXSSRUW�����RI�WKH�WRWDO�GHYLFHV�

,Q�RUGHU�WR�PHDVXUH�WKH�HIIHFWV�RI�QXPEHU�RI�FKLSVHWV�RQ�GULYHU�FRGH�VL]H� , PHDVXUHG

WKH�OHDVW�VTXDUH�FRUUHODWLRQ�FRHIÀFLHQW�EHWZHHQ�WKH�QXPEHU�RI�FKLSVHWV�VXSSRUW�E\�D�GULYHU

DQG�WKH�DPRXQW�RI�FRGH�LQ�WKH�GULYHU�DQG�IRXQG�WKHP�WR�EH�ZHDNO\�FRUUHODWHG�������� LQ�

GLFDWLQJ�WKDW�GULYHUV�VXSSRUWLQJ�PRUH�FKLSVHWV�ZHUH�RQ�DYHUDJH�ODUJHU�WKDQ�WKRVH�WKDW�GLG

QRW� +RZHYHU� WKLV�GRHV�QRW�FRPSOHWHO\�H[SODLQ�WKH�DPRXQW�RI�LQLWLDOL]DWLRQ�FRGH� DV�WKH

FRUUHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI�FKLSVHWV�DQG�WKH�SHUFHQWDJH�RI�LQLWLDOL]DWLRQ�FRGH�ZDV

����� LQGLFDWLQJ�WKDW�WKH�DGGLWLRQDO�FKLSVHWV�LQFUHDVHG�WKH�DPRXQW�RI�FRGH�WKURXJKRXW�WKH

GULYHU�

,PSOLFDWLRQV� 7KHVH�UHVXOWV�LQGLFDWH�WKDW�/LQX[�GULYHUV�VXSSRUW�PXOWLSOH�FKLSVHWV�SHU

GULYHU�DQG�DUH�UHODWLYHO\�HIÀFLHQW� VXSSRUWLQJ��������GHYLFHV�ZLWK�������GHYLFH�DQG�EXV

GULYHUV� IRU�DQ�DYHUDJH�RI�DSSUR[LPDWHO\�����OLQHV�RI�FRGH�SHU�GHYLFH� $Q\�V\VWHP�WKDW�JHQ�
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)LJXUH ���� 7KH�F\FODGHV�FKDUDFWHU�GULYHUV�VXSSRUWV�HLJKW�FKLSVHWV�WKDW�EHKDYHV�GLIIHUHQWO\�DW�HDFK�SKDVH�RI
H[HFXWLRQ� 7KLV�PDNHV�GULYHU�FRGH�VSDFH�HIÀFLHQW�EXW�H[WUHPHO\�FRPSOH[�WR�XQGHUVWDQG�

HUDWHV�XQLTXH�GULYHUV�IRU�HYHU\�FKLSVHW�RU�UHTXLUHV�SHU�FKLSVHW�PDQXDO�VSHFLÀFDWLRQ�PD\

OHDG�WR�D�JUHDW�H[SDQVLRQ�LQ�GULYHU�FRGH�DQG�FRPSOH[LW\� )XUWKHUPRUH� WKHUH�LV�VXEVWDQWLDO

FRPSOH[LW\�LQ�VXSSRUWLQJ�PXOWLSOH�FKLSVHWV� DV�VHHQ�LQ�)LJXUH ���� VR�EHWWHU�SURJUDPPLQJ

PHWKRGRORJLHV� VXFK�DV�REMHFW�RULHQWHG�SURJUDPPLQJ >��@�DQG�DXWRPDWLF�LQWHUIDFH�JHQHU�

DWLRQ� VLPLODU�WR�'HYLO >��@� VKRXOG�EH�LQYHVWLJDWHG�

����� 'LVFXVVLRQ

7KH�UHVXOWV�LQ�WKLV�VHFWLRQ�LQGLFDWH�WKDW�ZKLOH�FRPPRQ�DVVXPSWLRQV�DERXW�GULYHUV�DUH�JHQ�

HUDOO\�WUXH� JLYHQ�WKH�ZLGH�GLYHUVLW\�RI�GULYHUV� RQH�FDQQRW�DVVXPH�WKH\�DOZD\V�KROG�

6SHFLÀFDOO\� PDQ\�GULYHUV�FRQWDLQ�VXEVWDQWLDO�DPRXQWV�RI�FRGH�WKDW�PDNH�VRPH�RI�WKH�H[�

LVWLQJ�UHVHDUFK�VXFK�DV�DXWRPDWLF�JHQHUDWLRQ�RI�GULYHUV�GLIÀFXOW� GXH�WR�FRGH�XQLTXH�WR�WKDW

GULYHU�DQG�QRW�SDUW�RI�WKH�FODVV� FRGH�WKDW�SURFHVVHV�GDWD� DQG�FRGH�IRU�PDQ\�FKLS�VHWV�

��� 'ULYHU�,QWHUDFWLRQV

7KH�SUHFHGLQJ�VHFWLRQ�IRFXVHG�RQ�WKH IXQFWLRQ RI�GULYHU�FRGH� DQG�KHUH�, WXUQ�WR�WKH LQWHU�

DFWLRQV RI�GULYHU�FRGH� KRZ�GR�GULYHUV�XVH�WKH�NHUQHO� DQG�KRZ�GR�GULYHUV�FRPPXQLFDWH
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ZLWK�GHYLFHV" , VHH�WKUHH�UHDVRQV�WR�VWXG\�WKHVH�LQWHUDFWLRQV� )LUVW� H[WUD�SURFHVVLQJ�SRZHU

RQ�GHYLFHV�RU�H[WUD�FRUHV�RQ�WKH�KRVW�&38 SURYLGH�DQ�RSSRUWXQLW\�WR�UHGHVLJQ�WKH�GULYHU

DUFKLWHFWXUH�IRU�LPSURYHG�UHOLDELOLW\�DQG�SHUIRUPDQFH� )RU�H[DPSOH� LW�PD\�EH�SRVVLEOH�WR

PRYH�PDQ\�GULYHU�IXQFWLRQV�RXW�RI�WKH�NHUQHO�DQG�RQWR�WKH�GHYLFH�LWVHOI� 2U� LQ�YLUWXDOL]HG

V\VWHPV� GULYHU�IXQFWLRQDOLW\�PD\�H[HFXWH�RQ�D�GLIIHUHQW�FRUH�LQ�D�GLIIHUHQW�YLUWXDO�PDFKLQH�

6HFRQG� PXFK�RI�WKH�GLIÀFXOW\�LQ�PRYLQJ�GULYHUV�EHWZHHQ�RSHUDWLQJ�V\VWHPV�FRPHV�IURP

WKH�GULYHU�NHUQHO�LQWHUIDFH� VR�LQYHVWLJDWLQJ�ZKDW�GULYHUV�UHTXHVW�RI�WKH�NHUQHO�FDQ�DLG�LQ

GHVLJQLQJ�PRUH�SRUWDEOH�GULYHUV� 7KLUG� WKH�FRVW�RI�LVRODWLRQ�DQG�UHOLDELOLW\�DUH�SURSRU�

WLRQDO�WR�WKH�VL]H�RI�WKH�LQWHUIDFH�DQG�WKH�IUHTXHQF\�RI�LQWHUDFWLRQV� VR�XQGHUVWDQGLQJ�WKH

LQWHUIDFH�FDQ�OHDG�WR�PRUH�HIÀFLHQW�IDXOW�WROHUDQFH�PHFKDQLVPV�

, H[DPLQH�WKH�SDWWHUQV�RI�LQWHUDFWLRQ�EHWZHHQ�WKH�GULYHU� WKH�NHUQHO�DQG�WKH�GHYLFH�

ZLWK�D�IRFXV�RQ��L��ZKLFK�NHUQHO�UHVRXUFHV�GULYHUV�FRQVXPH� �LL��KRZ�DQG�ZKHQ�GULYHUV

LQWHUDFW�ZLWK�GHYLFHV� �LLL��WKH�GLIIHUHQFHV�LQ�GULYHU�VWUXFWXUH�DFURVV�GLIIHUHQW�,�2 EXVHV�

DQG��LY��WKH�WKUHDGLQJ�V\QFKURQL]DWLRQ�PRGHO�XVHG�E\�GULYHU�FRGH�

����� 0HWKRGRORJ\

, DSSO\�WKH�'U0LQHU�WRRO�IURP�6HFWLRQ ��� WR�SHUIRUP�WKLV�DQDO\VLV� +RZHYHU� UDWKHU�WKDQ

SURSDJDWLQJ�ODEHOV�GRZQ�WKH�FDOO�JUDSK�IURP�HQWU\�SRLQWV�WR�OHDI�IXQFWLRQV� KHUH�, VWDUW�DW

WKH�ERWWRP�ZLWK�NHUQHO�DQG�GHYLFH�LQWHUDFWLRQV� 8VLQJ�D�OLVW�RI�NQRZQ�NHUQHO�IXQFWLRQV�

EXV�IXQFWLRQV� DQG�,�2 IXQFWLRQV� , ODEHO�GULYHU�IXQFWLRQV�DFFRUGLQJ�WR�WKH�VHUYLFHV�RU�,�2

WKH\�LQYRNH� $GGLWLRQDOO\� , FRPSXWH�WKH�QXPEHU�RI�LQYRFDWLRQV�RI�EXV� GHYLFH�DQG�NHUQHO

LQYRFDWLRQV�IRU�HDFK�IXQFWLRQ�LQ�D�GULYHU� 7KHVH�FDOO�FRXQWV�DUH�DOVR�SURSDJDWHG�WR�GHWHU�

PLQH�KRZ�PDQ\�VXFK�VWDWLF�FDOOV�FRXOG�EH�LQYRNHG�ZKHQ�D�SDUWLFXODU�GULYHU�HQWU\�SRLQW�LV

LQYRNHG�

����� 'ULYHU�.HUQHO�,QWHUDFWLRQ

'ULYHUV�YDU\�ZLGHO\�LQ�KRZ�WKH\�XVH�NHUQHO�UHVRXUFHV� VXFK�DV�PHPRU\� ORFNV� DQG�WLPHUV�

+HUH� , LQYHVWLJDWH�KRZ�GULYHUV�XVH�WKHVH�UHVRXUFHV� , FODVVLI\�DOO�NHUQHO�IXQFWLRQV�LQWR�RQH
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)LJXUH ���� 7KH�DYHUDJH�NHUQHO�OLEUDU\� PHPRU\� V\QFKURQL]DWLRQ� NHUQHO�GHYLFH�OLEUDU\� DQG�NHUQHO�VHUYLFHV
OLEUDU\�FDOOV�SHU�GULYHU��ERWWRP�WR�WRS�LQ�ÀJXUH��IRU�DOO�HQWU\�SRLQWV�
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RI�ÀYH�FDWHJRULHV�

�� .HUQHO�OLEUDU\��H�J�� JHQHULF�VXSSRUW�URXWLQHV�VXFK�DV�UHSRUWLQJ�IXQFWLRQV�� WLPHUV�

VWULQJ�PDQLSXODWLRQ� FKHFNVXPV� VWDQGDUG�GDWD�VWUXFWXUHV�

�� 0HPRU\�PDQDJHPHQW��H�J�� DOORFDWLRQ�

�� 6\QFKURQL]DWLRQ��H�J�� ORFNV�

�� 'HYLFH�OLEUDU\��H�J�� VXEV\VWHP�OLEUDULHV�VXSSRUWLQJ�D�FODVV�RI�GHYLFH�DQG�RWKHU�,�2

UHODWHG�IXQFWLRQV�

�� .HUQHO�VHUYLFHV��H�J�� DFFHVV�WR�RWKHU�VXEV\VWHPV�LQFOXGLQJ�ÀOHV� PHPRU\� VFKHGXO�

LQJ�

7KH�ÀUVW�WKUHH�DUH�JHQHULF�OLEUDU\�URXWLQHV�WKDW�KDYH�OLWWOH�LQWHUDFWLRQ�ZLWK�RWKHU�NHUQHO

VHUYLFHV� DQG�FRXOG�EH�UH�LPSOHPHQWHG�LQ�RWKHU�H[HFXWLRQ�FRQWH[WV� 7KH�IRXUWK�FDWHJRU\�

GHYLFH�OLEUDU\� SURYLGHV�,�2 URXWLQHV�VXSSRUWLQJ�WKH�GULYHU�EXW�GRHV�QRW�UHO\�RWKHU�NHUQHO

VHUYLFHV� DQG�LV�YHU\�26 GHSHQGHQW� 7KH�ÀQDO�FDWHJRU\�SURYLGHV�DFFHVV�WR�RWKHU�NHUQHO

VXEV\VWHPV� DQG�LV�DOVR�26 GHSHQGHQW�

)LJXUH ��� VKRZV� IRU�HDFK�FODVV�RI�GULYHUV� WKH�WRWDO�QXPEHU�RI�IXQFWLRQ�FDOOV�PDGH�E\

GULYHUV�LQ�HYHU\�FODVV� 7KH�UHVXOWV�GHPRQVWUDWH�VHYHUDO�LQWHUHVWLQJ�IHDWXUHV�RI�GULYHUV� )LUVW�

WKH�PDMRULW\�RI�NHUQHO�LQYRFDWLRQV�DUH�IRU�NHUQHO�OLEUDU\�URXWLQHV� PHPRU\�PDQDJHPHQW�DQG

V\QFKURQL]DWLRQ� 7KHVH�IXQFWLRQV�DUH�SULPDULO\ ORFDO WR�D�GULYHU� LQ�WKDW�WKH\�GR�QRW�UHTXLUH

LQWHUDFWLRQ�ZLWK�RWKHU�NHUQHO�VHUYLFHV� 7KXV� D�GULYHU�H[HFXWLQJ�LQ�D�VHSDUDWH�H[HFXWLRQ

FRQWH[W� VXFK�DV�LQ�XVHU�PRGH�RU�D�VHSDUDWH�YLUWXDO�PDFKLQH� QHHG�QRW�FDOO�LQWR�WKH�NHUQHO

IRU�WKHVH�VHUYLFHV� 7KHUH�DUH�YHU\�IHZ�FDOOV�LQWR�NHUQHO�VHUYLFHV� DV�GULYHUV�UDUHO\�LQWHUDFW

ZLWK�WKH�UHVW�RI�WKH�NHUQHO�

7KH�QXPEHU�RI�FDOOV�LQWR�GHYLFH�OLEUDU\�FRGH�YDULHV�ZLGHO\�DFURVV�GLIIHUHQW�FODVVHV

DQG�LOOXVWUDWHV�WKH�DEVWUDFWLRQ�OHYHO�RI�WKH�GHYLFHV� WKRVH�ZLWK�ULFKHU�OLEUDU\�VXSSRUW� VXFK

DV�QHWZRUN�DQG�6&6, GULYHUV� KDYH�D�VXEVWDQWLDO�QXPEHU�RI�FDOOV�LQWR�GHYLFH�OLEUDULHV� ZKLOH

GULYHUV�ZLWK�OHVV�OLEUDU\�VXSSRUW� VXFK�DV�*38 GULYHUV� SULPDULO\�LQYRNH�PRUH�JHQHULF�NHU�

QHO�URXWLQHV�

�, OHDYH�RXW SULQWN WR�DYRLG�VNHZLQJ�WKH�QXPEHUV�IURP�FDOOV�WR�LW�
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)LQDOO\� D�QXPEHU�RI�GULYHUV�PDNH�YHU\�OLWWOH�XVH�RI�NHUQHO�VHUYLFHV� VXFK�DV�$7$�

,'(��$&3,��DQG�8:% GULYHUV� 7KLV�DSSURDFK�GHPRQVWUDWHV�DQRWKHU�PHWKRG�IRU�DEVWUDFW�

LQJ�GULYHU�IXQFWLRQDOLW\�ZKHQ�WKHUH�LV�OLWWOH�YDULDWLRQ�DFURVV�GULYHUV� UDWKHU�WKDQ�KDYLQJ�D

GULYHU�WKDW�LQYRNHV�VXSSRUW�OLEUDU\�URXWLQHV� WKHVH�GULYHUV�DUH�WKHPVHOYHV�D�VPDOO�VHW�RI

GHYLFH�VSHFLÀF�URXWLQHV�FDOOHG�IURP�D�PXFK�ODUJHU�FRPPRQ�GULYHU� 7KLV�GHVLJQ�LV�WHUPHG

D�´PLQLSRUWµ�GULYHU�LQ�:LQGRZV� 7KXV� WKHVH�GULYHUV�EHQHÀW�IURP�D�FRPPRQ�LPSOHPHQ�

WDWLRQ�RI�PRVW�GULYHU�IXQFWLRQDOLW\� DQG�RQO\�WKH�FRGH�GLIIHUHQFHV�DUH�LPSOHPHQWHG�LQ�WKH

GHYLFH�VSHFLÀF�FRGH� 7KHVH�GULYHUV�DUH�RIWHQ�TXLWH�VPDOO�DQG�KDYH�OLWWOH�FRGH�WKDW�LV�QRW

GHYLFH�VSHFLÀF�

7KHVH�UHVXOWV�GHPRQVWUDWH�D�YDULHW\�RI�LQWHUDFWLRQ�VW\OHV�EHWZHHQ�GULYHUV�DQG�WKH

NHUQHO� GULYHUV�ZLWK�OLWWOH�VXSSRUWLQJ�LQIUDVWUXFWXUH�GHPRQVWUDWH�IUHTXHQW�LQWHUDFWLRQV�ZLWK

WKH�NHUQHO�IRU�DFFHVV�WR�NHUQHO�VHUYLFHV�EXW�IHZ�FDOOV�WR�GHYLFH�VXSSRUW�FRGH� 'ULYHUV�ZLWK

D�KLJK�OHYHO�RI�DEVWUDFWLRQ�GHPRQVWUDWH�IHZ�FDOOV�WR�WKH�NHUQHO�RYHU�DOO� 'ULYHUV�ZLWK�D

VXSSRUW�OLEUDU\�GHPRQVWUDWH�IUHTXHQW�FDOOV�WR�NHUQHO�JHQHULF�URXWLQHV�DV�ZHOO�DV�FDOOV�WR

GHYLFH�VXSSRUW�URXWLQHV�

,PSOLFDWLRQV� 'ULYHUV�ZLWK�IHZ�FDOOV�LQWR�GHYLFH�OLEUDULHV�PD\�KDYH�ORZ�OHYHOV�RI�DEVWUDF�

WLRQ� DQG�WKXV�DUH�FDQGLGDWHV�IRU�H[WUDFWLQJ�FRPPRQ�IXQFWLRQDOLW\� 6LPLODUO\� GULYHUV�ZLWK

PDQ\�NHUQHO�LQWHUDFWLRQV�DQG�GHYLFH�OLEUDU\�LQWHUDFWLRQ�PD\�EHQHÀW�IURP�FRQYHUWLQJ�WR�D

OD\HUHG�´PLQLSRUWµ�DUFKLWHFWXUH� ZKHUH�PRUH�GULYHU�IXQFWLRQDOLW\�LV�H[WUDFWHG�LQWR�D�FRP�

PRQ�OLEUDU\�

)XUWKHUPRUH� D�ODUJH�IUDFWLRQ�RI�GULYHU�NHUQHO�LQWHUDFWLRQV�DUH�IRU�JHQHULF�URXWLQHV

�PHPRU\� V\QFKURQL]DWLRQ� OLEUDULHV��WKDW�GR�QRW�LQYROYH�RWKHU�NHUQHO�VHUYLFHV� 7KXV� WKH\

FRXOG�EH�LPSOHPHQWHG�E\�D�UXQWLPH�HQYLURQPHQW�ORFDO�WR�WKH�GULYHU� )RU�H[DPSOH� D�GULYHU

H[HFXWLQJ�LQ�D�VHSDUDWH�YLUWXDO�PDFKLQH�RU�RQ�WKH�GHYLFH�LWVHOI�FDQ�PDNH�XVH�RI�LWV�ORFDO�26

IRU�WKHVH�URXWLQHV� DQG�GULYHUV�LQ�XVHU�VSDFH�FDQ�VLPLODUO\�LQYRNH�XVHU�VSDFH�YHUVLRQV�RI

WKHVH�URXWLQHV� VXFK�DV�WKH�80/ HQYLURQPHQW�LQ�68' >��@�
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)LJXUH ���� 7KH�GHYLFH�LQWHUDFWLRQ�SDWWHUQ�UHSUHVHQWLQJ�SRUW�,�2��PHPRU\�PDSSHG�,�2��EXV�UHVRXUFHV��ERWWRP
WR�WRS��LQYRNHG�YLD�DOO�GULYHU�HQWU\�SRLQWV�

.HUQHO�,QWHUDFWLRQV 'HYLFH�,QWHUDFWLRQV
%86 PHP V\QF GHY�OLE� NHUQ OLE� NHUQ�VHUYLFHV SRUW�PPLR GPD EXV DYJ�GHYLFHV�GULYHU
3&, ���� ���� ���� ���� ��� ����� ��� ���� ���
86% ��� ���� ��� ��� ��� ��� ���� ���� ����
;HQ ���� ��� ��� ��� ���� ��� ��� ���� ��$OO

7DEOH ���� &RPSDULVRQ�RI�PRGHUQ�EXVHV�RQ�GULYHUV�DFURVV�DOO�FODVVHV� ;HQ�DQG�86% GULYHUV�LQYRNH�WKH�EXV�IRU
WKH�GULYHU�ZKLOH�3&, GULYHUV�LQYRNH�WKH�GHYLFH�GLUHFWO\�

����� 'ULYHU�'HYLFH�,QWHUDFWLRQ

, QH[W�ORRN�DW�LQWHUDFWLRQ�EHWZHHQ�WKH�GULYHU�DQG�WKH�GHYLFH� , DQDO\]HG�DOO�IXQFWLRQV�LQ�DOO

GULYHUV� DQG�LI�D�IXQFWLRQ�GRHV�,�2 LWVHOI� RU�FDOOV�D�IXQFWLRQ�WKDW�UHVXOWV�LQ�DQ�,�2��, ODEHO�LW�DV

SHUIRUP�,�2��, FDWHJRUL]H�GULYHU�GHYLFH�LQWHUDFWLRQV�DURXQG�WKH�W\SH�RI�LQWHUDFWLRQ� DFFHVV�WR

PHPRU\�PDSSHG�,�2 �00,2� UHJLRQV�RU�[���,�2 SRUWV��SRUW�,2� DUH�ODEHOHG PPLR�SRUWLR�

'0$ LV�'0$ DFFHVV� HLWKHU�LQLWLDWHG�E\�WKH�GULYHU�RU�HQDEOHG�E\�WKH�GULYHU�FUHDWLQJ�D�'0$

PDSSLQJ�IRU�D�PHPRU\�UHJLRQ� DQG�FDOOV�WR�D�EXV� VXFK�DV�86% RU�3&, �EXV�� , FRXOG�QRW

GHWHUPLQH�VWDWLFDOO\�ZKHQ�D�GHYLFH�LQLWLDWHV�'0$��DOWKRXJK�, GR�FRXQW�FDOOV�WR�PDS�D�SDJH

IRU�IXWXUH�'0$ �H�J�� SFLBPDSBVLQJOH��DV�D�'0$ DFWLRQ� 0\�DQDO\VLV�FDQ�GHWHFW�PHPRU\
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PDSSHG�,�2 WKURXJK�DFFHVVRU�URXWLQHV�VXFK�DV UHDG�ZULWH; IDPLO\� LRUHDG�LRZULWH IDPLO\

RI�URXWLQHV�DQG�SRUW�,�2 XVLQJ�WKH LQ�RXW; IDPLO\� 'U0LQHU�FDQQRW�LGHQWLI\�GLUHFW�GHUHI�

HUHQFHV�RI�SRLQWHUV�LQWR�PHPRU\�PDSSHG�DGGUHVV�UDQJHV� +RZHYHU� GLUHFW�GHUHIHUHQFH�RI

,�2 DGGUHVVHV�LV�VWURQJO\�GLVFRXUDJHG�DQG�PRVW�QRQ�FRQIRUPLQJ�GULYHUV�KDYH�EHHQ�FRQ�

YHUWHG�WR�XVH�DFFHVVRU�URXWLQHV�LQVWHDG� , DOVR�QRWH�WKDW�DOO�,�2 URXWLQHV�RQ�[���HYHQWXDOO\

PDS�GRZQ�WR�HLWKHU�SRUW�RU�00,2��+HUH� WKRXJK� , IRFXV�RQ�WKH�,�2 DEVWUDFWLRQV�XVHG�E\

WKH�GULYHU�

)LJXUH ��� VKRZV� IRU�HDFK�FODVV�RI�GHYLFH� WKH�QXPEHU�RI�GHYLFH�LQWHUDFWLRQV�LQ�WKH

HQWLUH�GULYHU� 7KH�UHVXOWV�GHPRQVWUDWH�WKDW�GULYHU�FODVVHV�YDU\�ZLGHO\�LQ�WKHLU�XVH�RI�GLI�

IHUHQW�,�2 PHFKDQLVPV� ,'( DQG�$7$ GULYHUV� ERWK�EORFN�GHYLFHV� VKRZ�YHU\�GLIIHUHQW

SDWWHUQV�RI�LQWHUDFWLRQ� ,'( GULYHUV�GR�YHU\�OLWWOH�SRUW�RU�00,2��EHFDXVH�WKH\�UHO\�RQ�WKH

3&, FRQÀJXUDWLRQ�VSDFH�IRU�DFFHVVLQJ�GHYLFH�UHJLVWHUV� +HQFH� WKH\�VKRZ�D�JUHDWHU�SUR�

SRUWLRQ�RI�EXV�RSHUDWLRQV� $GGLWLRQDOO\� YLUWXDO�GHYLFH�FODVVHV�VXFK�DV�PG��5$,'���GR

SDJH�OHYHO�ZULWHV�E\�FDOOLQJ�WKH�EORFN�VXEV\VWHP�WKURXJK�URXWLQHV�OLNH VXEPLWBELR UDWKHU

WKDQ�E\�DFFHVVLQJ�D�GHYLFH�GLUHFWO\�

6HFRQG� WKHVH�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�FRVW�RI�LVRODWLQJ�GULYHUV�FDQ�YDU\�ZLGHO\

EDVHG�RQ�WKHLU�LQWHUDFWLRQ�VW\OH� 'LUHFW�LQWHUDFWLRQV� VXFK�DV�WKURXJK�SRUWV�RU�00,2��FDQ

XVH�KDUGZDUH�SURWHFWLRQ� VXFK�DV�YLUWXDO�PHPRU\� 7KXV� DQ�LVRODWHG�GULYHU�FDQ�EH�DOORZHG

WR�DFFHVV�WKH�GHYLFH�GLUHFWO\� ,Q�FRQWUDVW� FDOOV�WR�VHW�XS�'0$ RU�XVH�EXV�URXWLQHV�UHO\

RQ�VRIWZDUH�LVRODWLRQ� DQG�QHHG�WR�FURVV�SURWHFWLRQ�GRPDLQV� 7KXV� GULYHUV�XVLQJ�KLJKHU�

OHYHO�EXVHV� OLNH�86%��FDQ�EH�OHVV�HIÀFLHQW�WR�LVRODWH� DV�WKH\�FDQ�LQFXU�D�SURWHFWLRQ�GRPDLQ

WUDQVLWLRQ�WR�DFFHVV�WKH�GHYLFH� +RZHYHU� DV�, VKRZ�LQ�WKH�QH[W�VHFWLRQ� DFFHVV�GHYLFHV

WKURXJK�D�EXV�FDQ�RIWHQ�UHVXOW�LQ�IDU�IHZHU�RSHUDWLRQV�

,PSOLFDWLRQV� 7KH�QXPEHU�DQG�W\SH�RI�GHYLFH�LQWHUDFWLRQV�YDU\�ZLGHO\�DFURVV�GHYLFHV�

7KXV� WKH�FRVW�RI�LVRODWLQJ�GULYHUV� RU�YHULI\LQJ�WKDW�WKHLU�,�2 UHTXHVWV�DUH�FRUUHFW��DV�LQ

1H[XV >���@��FDQ�YDU\�ZLGHO\�DFURVV�GULYHUV� 7KXV� DQ\�V\VWHP�WKDW�LQWHUSRVHV�RU�SURWHFWV

WKH�GULYHU�GHYLFH�LQWHUDFWLRQ�PXVW�FRQVLGHU�WKH�YDULHW\�RI�LQWHUDFWLRQ�VW\OHV� 6LPLODUO\�

V\PEROLF�H[HFXWLRQ�IUDPHZRUNV�IRU�GULYHUV >��@�PXVW�JHQHUDWH�DSSURSULDWH�V\PEROLF�GDWD
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IRU�HDFK�LQWHUDFWLRQ�VW\OH�

����� 'ULYHU�%XV�,QWHUDFWLRQ

7KH�SOXUDOLW\�RI�GULYHUV�LQ�/LQX[�DUH�IRU�GHYLFHV�WKDW�DWWDFK�WR�VRPH�NLQG�RI�3&, EXV��H�J��

3&,H�RU�3&,�;���+RZHYHU� VHYHUDO�RWKHU�EXVHV�DUH�LQ�FRPPRQ�XVH� WKH�86% EXV�IRU�UHPRY�

DEOH�GHYLFHV�DQG�;HQ%XV�IRU�YLUWXDO�GHYLFHV >���@� $UFKLWHFWXUDOO\� 86% DQG�;HQ�GULYHUV

DSSHDU�WR�KDYH�DGYDQWDJHV� DV�WKH\�LQWHUDFW�ZLWK�GHYLFHV�RYHU�D�PHVVDJH�SDVVLQJ�LQWHU�

IDFH� :LWK�86% ����VXSSRUWLQJ�VSHHGV�XS�WR���*ESV >���@�DQG�;HQ�VXSSRUWLQJ����*ESV

QHWZRUNV >��@� LW�LV�SRVVLEOH�WKDW�PRUH�GHYLFHV�ZLOO�EH�DFFHVVHG�YLD�86% RU�;HQ%XV�

,Q�WKLV�VHFWLRQ� , VWXG\�WKH�VWUXFWXUDO�SURSHUWLHV�RI�GULYHUV�IRU�GLIIHUHQW�EXVHV�WR�LGHQ�

WLI\�VSHFLÀF�GLIIHUHQFHV�EHWZHHQ�WKH�EXVHV� , DOVR�ORRN�IRU�LQGLFDWLRQV�WKDW�GULYHUV�IRU�D�EXV

PD\�KDYH�EHWWHU�DUFKLWHFWXUDO�FKDUDFWHULVWLFV� VXFK�DV�HIÀFLHQF\�RU�VXSSRUW�IRU�LVRODWLRQ� ,

IRFXV�RQ�WZR�TXHVWLRQV� �L��GRHV�WKH�EXV�VXSSRUW�D�YDULHW\�RI�GHYLFHV�HIÀFLHQWO\� �LL��ZLOO�LW

VXSSRUW�QHZ�VRIWZDUH�DUFKLWHFWXUHV�WKDW�PRYH�GULYHU�IXQFWLRQDOLW\�RXW�RI�WKH�NHUQHO�RQWR�D

GHYLFH�RU�LQWR�D�VHSDUDWH�YLUWXDO�PDFKLQH" +LJKHU�HIÀFLHQF\�RI�D�EXV�LQWHUIDFH�UHVXOWV�IURP

VXSSRUWLQJ�JUHDWHU�QXPEHU�RI�GHYLFHV�ZLWK�VWDQGDUGL]HG�FRGH� *UHDWHU�LVRODWLRQ�UHVXOWV

IURP�KDYLQJ�OHVV�GHYLFH�GULYHU�VSHFLÀF�FRGH�LQ�WKH�NHUQHO� ,I�D�EXV�RQO\�H[HFXWHV�VWDQ�

GDUGL]HG�FRGH�LQ�WKH�NHUQHO� WKHQ�LW�ZRXOG�EH�HDVLHU�WR�LVRODWH�GULYHUV�DZD\�IURP�NHUQHO�

DQG�H[HFXWH�WKHP�LQVLGH�D�VHSDUDWH�YLUWXDO�PDFKLQH�RU�RQ�WKH�GHYLFH�LWVHOI�VXFK�DV�RQ�DQ

HPEHGGHG�SURFHVVRU�

7DEOH ��� FRPSDUHV�FRPSOH[LW\�PHWULFV�DFURVV�DOO�GHYLFH�FODVVHV�IRU�3&,��86%��DQG

;HQ%XV� )LUVW� , ORRN�DW�WKH�HIÀFLHQF\�RI�VXSSRUWLQJ�PXOWLSOH�GHYLFHV�E\�FRPSDULQJ�WKH

QXPEHU�RI�FKLSVHWV�VXSSRUWLQJ�E\�D�GULYHU� 7KLV�LQGLFDWHV�WKH�FRPSOH[LW\�RI�VXSSRUWLQJ�D

QHZ�GHYLFH� DQG�WKH�OHYHO�RI�DEVWUDFWLRQ�RI�GULYHUV� $ GULYHU�WKDW�VXSSRUWV�PDQ\�FKLSVHWV

IURP�GLIIHUHQW�YHQGRUV�LQGLFDWHV�D�VWDQGDUGL]HG�LQWHUIDFH�ZLWK�D�KLJK�OHYHO�RI�FRPPRQ

IXQFWLRQDOLW\� ,Q�FRQWUDVW� GULYHUV�WKDW�VXSSRUW�D�VLQJOH�FKLSVHW�LQGLFDWH�OHVV�HIÀFLHQF\� DV

HDFK�GHYLFH�UHTXLUHV�D�VHSDUDWH�GULYHU�

�86% GULYHUV�LQYRNH�'0$ YLD�WKH�EXV�
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7KH�HIÀFLHQF\�RI�GULYHUV�YDULHG�ZLGHO\�DFURVV�WKH�WKUHH�EXVHV� 3&, GULYHUV�VXSSRUW

����FKLSVHWV�SHU�GULYHU� DOPRVW�DOZD\V�IURP�WKH�VDPH�YHQGRU� ,Q�FRQWUDVW� 86% GULYHUV

DYHUDJH������ RIWHQ�IURP�PDQ\�YHQGRUV� $ ODUJH�SDUW�RI�WKH�GLIIHUHQFH�LV�WKH�HIIRUW�DW�VWDQ�

GDUGL]DWLRQ�RI�86% SURWRFROV� ZKLFK�GRHV�QRW�H[LVW�IRU�PDQ\�3&, GHYLFHV� )RU�H[DPSOH�

86% VWRUDJH�GHYLFHV�LPSOHPHQW�D�VWDQGDUG�LQWHUIDFH >���@� 7KXV� WKH�PDLQ�86% VWRUDJH

GULYHU�FRGH�LV�ODUJHO\�FRPPRQ� EXW�LQFOXGHV�FDOO�RXWV�WR�GHYLFH�VSHFLÀF�FRGH� 7KLV�FRGH�LQ�

FOXGHV�GHYLFH�VSHFLÀF�LQLWLDOL]DWLRQ� VXVSHQG�UHVXPH��QRW�SURYLGHG�E\�86%�VWRUDJH�DQG

OHIW�DV�DQ�DGGLWLRQDO�IHDWXUH�UHTXLUHPHQW��DQG�RWKHU�URXWLQHV�WKDW�UHTXLUH�GHYLFH�VSHFLÀF

FRGH� :KLOH�WKHUH�DUH�JUHDWHU�VWDQGDUGL]DWLRQ�HIIRUWV�IRU�86% GULYHUV� LW�LV�VWLOO�QRW�FRP�

SOHWH

8QOLNH�3&, DQG�86% GULYHUV� ;HQ%XV�GULYHUV�GR�QRW�DFFHVV�GHYLFHV�GLUHFWO\� EXW�FRP�

PXQLFDWH�ZLWK�D�EDFN�HQG�GULYHU�H[HFXWLQJ�LQ�D�VHSDUDWH�YLUWXDO�PDFKLQH�WKDW�XVHV�QRUPDO

/LQX[�NHUQHO�LQWHUIDFHV�WR�WDON�WR�DQ\�GULYHU�LQ�WKH�FODVV� 7KXV� D�VLQJOH�;HQ%XV�GULYHU�ORJ�

LFDOO\�VXSSRUWV DOO GULYHUV�LQ�WKH�FODVV� LQ�D�VHSDUDWH�GRPDLQ�VR�ZH�UHSRUW�WKHP�DV�D�VLQJOH

FKLSVHW� +RZHYHU� GHYLFH�VSHFLÀF�EHKDYLRU� GHVFULEHG�DERYH�LQ�6HFWLRQ ������ LV�QRW�DYDLO�

DEOH�RYHU�;HQ%XV� WKHVH�IHDWXUHV�PXVW�EH�DFFHVVHG�IURP�WKH�GRPDLQ�KRVWLQJ�WKH�UHDO�GULYHU�

;HQ%XV�IRUPV�DQ�LQWHUHVWLQJ�EDVLV�IRU�FRPSDULVRQ�EHFDXVH�LW�SURYLGHV�WKH�PLQLPXP�IXQF�

WLRQDOLW\�WR�VXSSRUW�D�FODVV�RI�GHYLFHV� ZLWK�QRQH�RI�WKH�GHWDLOV�VSHFLÀF�WR�WKH�GHYLFH� 7KXV�

LW�UHSUHVHQWV�D�´EHVW�FDVHµ�GULYHU�

, LQYHVWLJDWH�WKH�DELOLW\�RI�D�EXV�WR�VXSSRUW�QHZ�GULYHU�DUFKLWHFWXUHV�WKURXJK�LWV�LQ�

WHUDFWLRQ�ZLWK�WKH�NHUQHO�DQG�GHYLFH� $ GULYHU�ZLWK�IHZ�NHUQHO�LQWHUDFWLRQV�PD\�UXQ�PRUH

HDVLO\�LQ�RWKHU�H[HFXWLRQ�HQYLURQPHQWV� VXFK�DV�RQ�WKH�GHYLFH�LWVHOI� 6LPLODUO\� D�GULYHU�ZLWK

IHZ�GHYLFH�RU�EXV�LQWHUDFWLRQV�PD\�VXSSRUW�DFFHVVLQJ�GHYLFHV�RYHU�RWKHU�FRPPXQLFDWLRQ

FKDQQHOV� VXFK�DV�QHWZRUN�DWWDFKHG�GHYLFHV >��@� , ÀQG�WKDW�3&, GULYHUV�LQWHUDFW�KHDYLO\

ZLWK�WKH�NHUQHO�XQOHVV�NHUQHO�UHVRXUFHV�DUH�SURYLGHG�E\�DQ�DGGLWLRQDO�KLJKHU�OHYHO�YLUWXDO

EXV��H�J�� $7$���,Q�FRQWUDVW� ;HQ�GULYHUV�KDYH�OLWWOH�NHUQHO�LQWHUDFWLRQ� DYHUDJLQJ�RQO\����FDOO

VLWHV�FRPSDUHG�WR�����IRU�3&, GULYHUV� $ ODUJH�SRUWLRQ�RI�WKH�GLIIHUHQFH�LV�WKDW�;HQ�GULYHUV

QHHG�OLWWOH�LQLWLDOL]DWLRQ�RU�HUURU�KDQGOLQJ� VR�WKH\�SULPDULO\�FRQVLVW�RI�FRUH�,�2 UHTXHVW

KDQGOLQJ�
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7KH�GULYHU�GHYLFH�LQWHUDFWLRQV�DOVR�YDU\�ZLGHO\�DFURVV�EXVHV� GXH�WR�WKH�ÀQH�JUDQX�

ODULW\�RIIHUHG�E\�3&, �LQGLYLGXDO�E\WHV�RI�PHPRU\�� 3&, GULYHUV�DYHUDJH�PRUH�GHYLFH�LQWHU�

DFWLRQV�������WKDQ�86% RU�;HQ%XV�GHYLFHV��������� 7KXV� 86% GULYHUV�DUH�PRUH�HFRQRPLFDO

LQ�WKHLU�LQWHUDFWLRQV� DV�WKH\�EDWFK�PDQ\�RSHUDWLRQV�LQWR�D�VLQJOH�UHTXHVW�SDFNHW� ;HQ%XV

GULYHUV�DUH�HYHQ�PRUH�HFRQRPLFDO� DV�WKH\�QHHG�IHZHU�EXV�UHTXHVWV�GXULQJ�LQLWLDOL]DWLRQ

DQG�DV�PDQ\�RSHUDWLRQV�DV�86% IRU�,�2 UHTXHVWV� 7KXV� 86% DQG�;HQ%XV�GULYHUV�PD\�HI�

ÀFLHQWO\�VXSSRUW�DUFKLWHFWXUHV�WKDW�DFFHVV�GULYHUV�RYHU�D�QHWZRUN� EHFDXVH�DFFHVV�LV�OHVV

IUHTXHQW�DQG�FRDUVH�JUDLQHG�

,PSOLFDWLRQV� 7KHVH�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�ÁH[LELOLW\�DQG�SHUIRUPDQFH�RI�3&, GH�

YLFHV�FRPHV�ZLWK�D�FRVW� LQFUHDVHG�GULYHU�FRPSOH[LW\� DQG�OHVV�LQWHUIDFH�VWDQGDUGL]DWLRQ�

7KXV� IRU�GHYLFHV�WKDW�FDQ�OLYH�ZLWKLQ�WKH�SHUIRUPDQFH�OLPLWDWLRQV�RI�86% RU�LQ�D�YLUWXDO�

L]HG�HQYLURQPHQW�IRU�;HQ%XV� WKHVH�EXVHV�RIIHU�UHDO�DUFKLWHFWXUDO�DGYDQWDJHV�WR�WKH�GULYHUV�

:LWK�86%��VLJQLÀFDQW�VWDQGDUGL]DWLRQ�HQDEOHV�OHVV�XQLTXH�FRGH�SHU�GHYLFH� DQG�FRDUVH�

JUDLQHG�DFFHVV�DOORZV�HIÀFLHQW�UHPRWH�DFFHVV�WR�GHYLFHV >�� ��� ��@�

;HQ%XV�GULYHUV�SXVK�VWDQGDUGL]DWLRQ�IXUWKHU�E\�UHPRYLQJ DOO GHYLFH�VSHFLÀF�FRGH

IURP�WKH�GULYHU�DQG�H[HFXWLQJ�LW�HOVHZKHUH� )RU�H[DPSOH� LW�PD\�EH�SRVVLEOH�WR�XVH�;HQ%XV

GULYHUV�WR�DFFHVV�D�GULYHU�UXQQLQJ�RQ�WKH�GHYLFH�LWVHOI�UDWKHU�WKDQ�LQ�D�VHSDUDWH�YLUWXDO

PDFKLQH� WKLV�FRXOG�LQ�HIIHFW�UHPRYH�PDQ\�GULYHUV�IURP�WKH�NHUQHO�DQG�KRVW�SURFHVVRU�

7KH�PHFKDQLVP�IRU�VXSSRUWLQJ�QRQ�VWDQGDUG�IXQFWLRQDOLW\�DOVR�GLIIHUV�DFURVV�WKHVH

EXVHV� IRU�3&,��D�YHQGRU�PD\�ZULWH�D�QHZ�GULYHU�IRU�WKH�GHYLFH�WR�H[SRVH�LWV�XQLTXH�IHD�

WXUHV� )RU�86%��D�YHQGRU�FDQ�DGG�IXQFWLRQDOLW\�WR�WKH�H[LVWLQJ�FRPPRQ�GULYHUV�MXVW�IRU�WKH

IHDWXUHV� )RU�;HQ%XV� WKH�IHDWXUHV�PXVW�EH�DFFHVVHG�IURP�WKH�GRPDLQ�H[HFXWLQJ�WKH�GULYHU

DQG�DUH�QRW�DYDLODEOH�WR�D�JXHVW�26�

����� 'ULYHU�&RQFXUUHQF\

$QRWKHU�NH\�UHTXLUHPHQW�RI�GULYHUV�LQ�DOO�PRGHUQ�RSHUDWLQJ�V\VWHPV�LV�WKH�QHHG�WR�PXOWL�

SOH[�DFFHVV�WR�WKH�GHYLFH� )RU�H[DPSOH� D�GLVN�FRQWUROOHU�GULYHU�PXVW�DOORZ�PXOWLSOH�DSSOL�
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FDWLRQV�WR�UHDG�DQG�ZULWH�GDWD�DW�WKH�VDPH�WLPH� HYHQ�LI�WKHVH�DSSOLFDWLRQV�DUH�QRW�RWKHUZLVH

UHODWHG� 7KLV�UHTXLUHPHQW�FDQ�FRPSOLFDWH�GULYHU�GHVLJQ� DV�LW�LQFUHDVHV�WKH�QHHG�IRU�V\Q�

FKURQL]DWLRQ�DPRQJ�PXOWLSOH�LQGHSHQGHQW�WKUHDGV� , LQYHVWLJDWH�KRZ�GULYHUV�PXOWLSOH[

DFFHVV�DFURVV�ORQJ�ODWHQF\�RSHUDWLRQV� GR�WKH\�WHQG�WRZDUGV�WKUHDGHG�FRGH� VDYLQJ�VWDWH

RQ�WKH�VWDFN�DQG�EORFNLQJ�IRU�HYHQWV� RU�WRZDUG�HYHQW�GULYHQ�FRGH� UHJLVWHULQJ�FDOOEDFNV

HLWKHU�DV�FRPSOHWLRQ�URXWLQHV�IRU�86% GULYHUV�RU�LQWHUUXSW�KDQGOHUV�DQG�WLPHUV�IRU�3&, GH�

YLFHV� ,I�GULYHUV�DUH�PRYHG�RXWVLGH�WKH�NHUQHO� WKH�GULYHU�DQG�NHUQHO�ZLOO�FRPPXQLFDWH�ZLWK

HDFK�RWKHU�XVLQJ�D�FRPPXQLFDWLRQ�FKDQQHO�DQG�VXSSRUWLQJ�HYHQW�GULYHQ�FRQFXUUHQF\�PD\

EH�PRUH�QDWXUDO�

, GHWHUPLQH�WKDW�D�GULYHU�HQWU\�SRLQW�UHTXLUHV�D�WKUHDGHG�SURJUDPPLQJ�VW\OH�LI�LW

PDNHV�EORFNLQJ�FDOOV�LQWR�WKH�NHUQHO� RU�EXV\�ZDLWV�IRU�D�GHYLFH�UHVSRQVH�XVLQJ PVOHHS��

ZKLFK�HQDEOHV�EORFNLQJ� $OO�RWKHU�HQWU\�SRLQWV�DUH�FRQVLGHUHG�´HYHQW�IULHQGO\µ� LQ�WKDW�WKH\

GR�QRW�VXVSHQG�WKH�FDOOLQJ�WKUHDG� , GLG�QRW�GHWHFW�VSHFLÀF�URXWLQHV�WKDW�XVH�HYHQW�EDVHG

V\QFKURQL]DWLRQ� DV�WKH\�RIWHQ�UHO\�RQ�WKH�GHYLFH�WR�JHQHUDWH�WKH�FDOOEDFN�YLD�DQ�LQWHUUXSW

UDWKHU�WKDQ�H[SOLFLWO\�UHJLVWHULQJ�ZLWK�WKH�NHUQHO�IRU�D�FDOOEDFN��

7KH�UHVXOWV� VKRZQ�LQ�)LJXUH ��� LQ�WKH�EDUV�ODEHOHG HYHQW�IULHQGO\ DQG WKUHDGHG� VKRZ

WKDW�WKH�VSOLW�RI�WKUHDGHG�DQG�HYHQW�IULHQGO\�FRGH�YDULHV�ZLGHO\�DFURVV�GULYHU�FODVVHV� 2YHU�

DOO� GULYHUV�H[WHQVLYHO\�XVH�ERWK�PHWKRGV�RI�V\QFKURQL]DWLRQ�IRU�GLIIHUHQW�SXUSRVHV� 'ULYHUV

XVH�WKUHDGHG�SULPLWLYHV�WR�V\QFKURQL]H�GULYHU�DQG�GHYLFH�RSHUDWLRQV�ZKLOH�LQLWLDOL]LQJ�WKH

GULYHU� DQG�XSGDWLQJ�GULYHU�JOREDO�GDWD�VWUXFWXUHV� ZKLOH�HYHQW�IULHQGO\�FRGH�LV�XVHG�IRU

FRUH�,�2 UHTXHVWV� ,QWHUHVWLQJO\� QHWZRUN�GULYHUV�DQG�EORFN�GULYHUV� ZKLFK�DUH�QRW�LQYRNHG

GLUHFWO\�E\�XVHU�OHYHO�FRGH� KDYH�D�VLPLODU�VSOLW�RI�FRGH�WR�VRXQG�GULYHUV� ZKLFK�DUH�LQYRNHG

GLUHFWO\�IURP�DSSOLFDWLRQ�WKUHDGV� 7KLV�DULVHV�EHFDXVH�RI�WKH�IXQFWLRQ�RI�PRVW�GULYHU�FRGH�

DV�UHSRUWHG�LQ�6HFWLRQ ������ LQLWLDOL]DWLRQ�DQG�FRQÀJXUDWLRQ� 7KLV�FRGH�H[HFXWHV�RQ�WKUHDGV�

RIWHQ�EORFNLQJ�IRU�ORQJ�ODWHQF\�LQLWLDOL]DWLRQ�RSHUDWLRQV�VXFK�DV�GHYLFH�VHOI�WHVW�

,PSOLFDWLRQV� 7KUHDGHG�FRGH�LV�GLIÀFXOW�WR�UXQ�RXWVLGH�WKH�NHUQHO� ZKHUH�WKH�LQYRNLQJ

WKUHDG�LV�QRW�DYDLODEOH� )RU�H[DPSOH� 0LFURGULYHUV >��@�H[HFXWHV�DOO�GULYHU�FRGH�LQ�DQ�HYHQW�

OLNH�IDVKLRQ� UHVWULFWLQJ�LQYRFDWLRQ�WR�D�VLQJOH�UHTXHVW�DW�D�WLPH� &RQYHUWLQJ�GULYHUV�IURP
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)LJXUH ���� 7KH�SHUFHQWDJH�RI�GULYHU�HQWU\�SRLQWV�XQGHU�FRYHUDJH�RI�WKUHDGHG�DQG�HYHQW�IULHQGO\�V\QFKURQL]D�
WLRQ�SULPLWLYHV�

WKUHDGV�WR�XVH�HYHQW�EDVHG�V\QFKURQL]DWLRQ�LQWHUQDOO\�ZRXOG�VLPSOLI\�VXFK�FRGH� )XUWKHU�

PRUH� HYHQWV�DUH�D�PRUH�QDWXUDO�ÀW�ZKHQ�H[HFXWLQJ�GULYHU�FRGH�HLWKHU�LQ�VHSDUDWH�YLUWXDO

PDFKLQH�RU�RQ�D�GHYLFH�LWVHOI� DV�WKH\�QDWXUDOO\�PDS�WR�D�VWUHDP�RI�UHTXHVWV�DULVLQJ�RYHU�D

FRPPXQLFDWLRQ�FKDQQHO >��@�

��� 'ULYHU�5HGXQGDQF\

*LYHQ�WKDW�DOO�WKH�GULYHUV�IRU�D�FODVV�SHUIRUP�HVVHQWLDOO\�WKH�VDPH�WDVN� RQH�PD\�DVN�ZK\

VR�PXFK�FRGH�LV�QHHGHG� ,Q�VRPH�FDVHV� VXFK�DV�,'( GHYLFHV� UHODWHG�GHYLFHV�VKDUH�PRVW�RI

WKH�FRGH�ZLWK�D�VPDOO�DPRXQW�RI�SHU�GHYLFH�FRGH� 0RVW�GHYLFH�FODVVHV� WKRXJK� UHSOLFDWH

IXQFWLRQDOLW\�IRU�HYHU\�GULYHU� 7KH�SUREOHP�RI�ZULWLQJ�UHSHDWHG�UHGXQGDQW�FRGH�LV�ZHOO

GRFXPHQWHG� ,W�FDXVHV�PDLQWDLQDELOLW\�LVVXHV�LQ�VRIWZDUH�GHYHORSPHQW >��@� DQG�LV�DOVR�D

VLJQLÀFDQW�FDXVH�RI�EXJV�LQ�WKH�/LQX[�NHUQHO >��� ��� ��@� 3URYLGLQJ�WKH�ULJKW�DEVWUDFWLRQV

DOVR�KHOSV�LQ�FRGH�VWDQGDUGL]DWLRQ�DQG�LQWHJUDWLQJ�NHUQHO�VHUYLFHV�VXFK�DV�SRZHU�PDQDJH�
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)LJXUH ����� 6LPLODU�FRGH�EHWZHHQ�WZR�GLIIHUHQW�+37 $7$ FRQWUROOHU�GULYHUV�HVVHQWLDOO\�SHUIRUPLQJ�WKH�VDPH
DFWLRQ� 7KHVH�DUH�DPRQJ�WKH�OHDVW�VLPLODU�IXQFWLRQV�WKDW�'U&RPS�LV�DEOH�WR�GHWHFW�WKHVH�IXQFWLRQV�DV�UHODWHG�
7KH�ER[HV�VKRZ�GLIIHUHQWLDWLQJ�VWDWHPHQWV�LQ�WKH�WZR�IXQFWLRQV�WKDW�DFFRXQW�IRU�WKH�FORVH�VLJQDWXUH�YDOXHV�

)LJXUH ����� 7KH�DERYH�ÀJXUH�VKRZV�LGHQWLFDO�FRGH�WKDW�FRQVXPHV�GLIIHUHQW�UHJLVWHU�YDOXHV� 6XFK�FRGH�LV
SUHVHQW�LQ�GULYHUV�ZKHUH�PXOWLSOH�FKLSVHWV�DUH�VXSSRUWHG�DV�ZHOO�DV�DFURVV�GULYHUV�RI�GLIIHUHQW�GHYLFHV� 7KH
IXQFWLRQV�DUH�FRSLHV�H[FHSW�IRU�WKH�FRQVWDQWV�DV�VKRZQ�LQ�WKH�ER[HV�

PHQW�LQ�D�FRUUHFW�IDVKLRQ�DFURVV�DOO�GULYHUV� :LWKRXW�D�JOREDO�YLHZ�RI�GULYHUV� LW�FDQ�EH

GLIÀFXOW�WR�WHOO�ZKHWKHU�WKHUH�DUH�RSSRUWXQLWLHV�WR�VKDUH�FRPPRQ�FRGH�

7R�DGGUHVV�WKLV�TXHVWLRQ� , GHYHORSHG�D�VFDODEOH� FRGH�VLPLODULW\�WRRO�IRU�GLVFRYHULQJ

VLPLODU�FRGH�SDWWHUQV�DFURVV�UHODWHG�GULYHUV�DQG�DSSOLHG�LW�WR�/LQX[�GULYHUV� 7KH�JRDO�RI

WKLV�ZRUN�LV�WR�ÀQG�GULYHU�IXQFWLRQV�ZLWK�VXEVWDQWLDOO\�VLPLODU�FRGH� LQGLFDWLQJ�WKDW�WKH

FRPPRQ�FRGH�FRXOG�EH�DEVWUDFWHG�DQG�UHPRYHG�IURP�DOO�GULYHUV�WR�UHGXFH�GULYHU�FRGH�VL]H

DQG�FRPSOH[LW\�
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����� 0HWKRGRORJ\

, GHYHORSHG�D�QHZ�FRGH�VLPLODULW\�WRRO�WR�KDQGOH�WKH�QXPEHU�RI�/LQX[�GULYHUV�WR�ÀQG�VLP�

LODULWLHV�UDWKHU�WKDQ�H[DFW�FRSLHV� , QHHGHG�WR�SDUVH�WKURXJK�WKH�HQWLUH�GULYHU�VRXUFH�WUHH

FRQVLVWLQJ�RI���PLOOLRQ�OLQHV�RI�FRGH� ZLWK�FORVH�WR�D�PLOOLRQ�OLQHV�RI�FRGH�LQ�ODUJH�FODVVHV

OLNH�QHWZRUN�GULYHUV� 0RVW�H[LVWLQJ�FORQH�GHWHFWLRQ�WRROV�GHYHORS�D�VWUHDP�RI�WRNHQV�RU

WUHH�JUDSKV�DQG�SHUIRUP�DQ Q x Q FRPSDULVRQ�RI�DOO�FRGH�VQLSSHWV�WR�GHWHFW�FORQHV� ZKLFK

JLYHQ�WKH�VL]H�RI�WKH�GULYHU�FODVVHV� LV�QRW�SRVVLEOH� ,Q�DGGLWLRQ� , QHHGHG�D VLPLODULW\ GH�

WHFWRU�IRU�ÀQGLQJ�FRGH�WKDW�WKDW�LV�FORVHO\�UHODWHG�EXW�QRW�LGHQWLFDO� ([LVWLQJ�VFDODEOH�WRROV�

OLNH�&3�0LQHU >��@� FRQYHUW�FRGH�IUDJPHQWV�WR�WRNHQV�DQG�KHQFH�ODFN�WKH�DELOLW\�WR�DGG

GULYHU�VSHFLÀF�LQIRUPDWLRQ� :LWK�PRUH�FRQWURO�RYHU�KRZ�VLPLODU�UHJLRQV�DUH�GHWHFWHG�XV�

LQJ�LQIRUPDWLRQ�IURP�WKH�VHPDQWLFV�RI�GULYHUV� , DP�DEOH�WR�GHWHFW�PRUH�XVHIXO�VLPLODU�FRGH�

)RU�H[DPSOH� ZKLOH�SDUVLQJ�IXQFWLRQ�FDOOV� , WUHDW�FDOOV�WR�WKH�GHYLFH�DQG�NHUQHO�GLIIHUHQWO\�

LPSURYLQJ�WKH�DFFXUDF\�RI�P\�VLPLODULW\�GHWHFWLRQ�WRRO�

0\�VLPLODULW\�WRRO� 'U&RPS� LV�EDVHG�RQ VKDSH�DQDO\VLV� >��@� 7KLV�LV�D�PHWKRG�WR�GH�

WHUPLQH�ZKHWKHU�FOXVWHUV�RI�SRLQWV�KDYH�D�VLPLODU�VKDSH�DQG�YDULDQWV�RI�WKHVH�WHFKQLTXH�DUH

RIWHQ�XVHG�WR�FOXVWHU�GDWD� WR�GHWHUPLQH�QDWXUH�RI�GDWD�GLVWULEXWLRQ� DQG�WR�GHWHFW�LGHQWLFDO

VKDSHV�LQ�FRPSXWHU�YLVLRQ >��@�

'U&RPS�JHQHUDWHV�D�VHW�RI�PXOWLGLPHQVLRQDO�FRRUGLQDWHV�IRU�HYHU\�IXQFWLRQ�LQ�HYHU\

GULYHU� ,W�WKHQ�GHWHFWV�DV�VLPLODU�WZR�IXQFWLRQV�ZKRVH�FRRUGLQDWH�VHWV��VKDSH��DUH�VLPLODU�

'U&RPS�SURFHVVHV�D�GULYHU�IXQFWLRQ�DQG�DGGV�D�SRLQW�WR�WKH�IXQFWLRQ·V�VKDSH�IRU�HYHU\

VWDWHPHQW�RU�DFWLRQ�LQ�VWDWHPHQW�IRU�ORRS� NHUQHO�LQWHUDFWLRQ� FRQGLWLRQDOV� GHYLFH�LQWHUDF�

WLRQ� YDULDEOH�DVVLJQPHQW� EUHDN�DQG�UHWXUQ�VWDWHPHQWV� 7KH�FRRUGLQDWHV�RI�WKH�SRLQW�DUH

WKH�RIIVHW�LQWR�WKH�IXQFWLRQ��OLQH�QXPEHU��DQG�WKH�VWDWHPHQW�W\SH� 7R�LPSURYH�DFFXUDF\� LW

LV�LPSRUWDQW�WKDW�WKH�JHQHUDWHG�VKDSH�RI�WKH�FRGH�HPSKDVL]HV�WKH�LPSRUWDQW�FKDUDFWHULVWLFV

RI�WKH�IXQFWLRQ� +HQFH� , DOVR�UHLQIRUFH�WKH�VKDSH�RI�WKH�IXQFWLRQ�E\�ZHLJKWLQJ�VWDWHPHQWV

WKDW�DUH�LPSRUWDQW�\HW�VSDUVH� VXFK�DV�D�IXQFWLRQ�UHWXUQV�DQG�FDOOV�WR�NHUQHO�IXQFWLRQV� 7KH

VKDSH�RI�HDFK�GULYHU�IXQFWLRQ�LV�D�FORXG�RI�SRLQWV�RQ�SODQH�UHSUHVHQWLQJ�WKH�VWUXFWXUH�RI

�, SHUIRUP�JHRPHWULF�VKDSH�DQDO\VLV� QRW�WKH�SURJUDP�DQDO\VLV�WHFKQLTXH�RI�WKH�VDPH�QDPH�
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WKH�SURJUDP� :KLOH�, FRQVLGHU�RQO\�WZR�GLPHQVLRQV�RI�WKH�FRGH� WKH�VWDWHPHQW�W\SH�DQG

HGLW�GLVWDQFH�WR�JHQHUDWH�WKH�SRLQWV� 'U&RPS�FDQ�HDVLO\�EH�H[WHQGHG�WR�LQFOXGH�DGGLWLRQDO

GLPHQVLRQV�EDVHG�RQ�FRGH�IHDWXUHV��VXFK�DV�QHVWLQJ�GHSWK��RU�GULYHU�IHDWXUHV��VXFK�DV�LQ�

WHUUXSW�IUHTXHQF\��

7R�HOLPLQDWH�FRPSOH[�FRPSDULVRQ�RI�WZR�GULYHU�IXQFWLRQV� , IXUWKHU�UHGXFH�WKH�VKDSH

RI�D�GULYHU�GRZQ�WR�D�VLQJOH VLJQDWXUH YDOXH� , FRPSXWH�WKH�VLJQDWXUH�DV�D�IXQFWLRQ�RI�(X�

FOLGHDQ�GLVWDQFH�EHWZHHQ�DOO�WKH�SRLQWV�LQ�WKH�FRGH�FOXVWHU�REWDLQHG�DERYH� 7KH�RXWSXW�RI

'U&RPS�LV�D�VLJQDWXUH�IRU�HYHU\�IXQFWLRQ�LQ�HYHU\�GULYHU� 7KXV� WZR�IXQFWLRQV�ZLWK�LGHQ�

WLFDO�FRGH�ZLOO�KDYH�LGHQWLFDO�VLJQDWXUHV� )XUWKHUPRUH� FRGH�WKDW�LV�VLPLODU� LQ�WKDW�LW�KDV�D

VLPLODU�VWUXFWXUH�RI�ORRSV�DQG�,�2 RSHUDWLRQV� ZLOO�KDYH�VLPLODU�VLJQDWXUHV�

)LJXUH ���� VKRZV�DQ�H[DPSOH�RI�VRPH�RI�WKH OHDVW�VLPLODU UHODWHG�FRGH�LQ�GULYHUV�,

IRXQG� 7KHVH�WZR�IXQFWLRQV�KDYH�VLJQDWXUHV�ZLWKLQ�������RI�HDFK�RWKHU� 'U&RPS�RQO\

ORRNV�IRU�WKH�FRGH�VWUXFWXUH�IURP�VWDWHPHQW�W\SHV��DOVR�GLVWLQJXLVKLQJ�NHUQHO�DQG�GHYLFH

LQYRFDWLRQV��DQG�HGLW�GLVWDQFH� VR�IXQFWLRQV�PD\�XVH�GLIIHUHQW�DUJXPHQWV��UHJLVWHU�YDOXHV��

FRPSDUH�DJDLQVW�GLIIHUHQW�YDOXHV�RU�ORRS�RQ�GLIIHUHQW�FRQGLWLRQV� DQG�VWLOO�EH�JURXSHG�DV

VLPLODU�FRGH�

����� 5HGXQGDQF\�5HVXOWV

'U&RPS�GHWHFWHG�WKDW����RI�DOO�GULYHU�FRGH�LV�YHU\�VLPLODU�WR�RWKHU�GULYHU�FRGH� 7KH�UHVXOWV

RI�WKH�VLPLODULW\�VWXG\�DUH�VKRZQ�LQ�7DEOH ���� )RU�FODVVHV�ZLWK�PDQ\�VLPLODULWLHV� , VKRZ�WKH

QXPEHU�RI�IUDJPHQW�FOXVWHUV��VHWV�RI�VLPLODU�FRGH�� DV�ZHOO�DV�WKH�WRWDO�QXPEHU�RI�IXQFWLRQV

WKDW�DUH�VLPLODU�WR�DQRWKHU�IXQFWLRQ� )RU�WKH�UHVXOWV�LQ�DERYH�WDEOH� , VKRZ�UHVXOWV�ZLWKLQ

LQGLYLGXDO�GULYHU�FODVVHV�DQG�QRW�DFURVV�FODVVHV� DV�WKH\�DUH�OHVV�OLNHO\�WR�EHQHÀW�IURP�D

VKDUHG�DEVWUDFWLRQ�

2YHUDOO� , LGHQWLÀHG�VLPLODULWLHV�ZLWKLQ�D�VLQJOH�GULYHU� DFURVV�D�VXEVHW�RI�GULYHUV�LQ�D

FODVV� DQG�LQ�VRPH�FDVHV�DFURVV�PRVW�GULYHUV�LQ�D�FODVV� :LWKLQ�D�VLQJOH�GULYHU� , IRXQG�WKDW

WKH�PRVW�FRPPRQ�IRUP�RI�UHSHDWHG�FRGH�ZDV�ZUDSSHUV�DURXQG�GHYLFH�,�2��GULYHU�OLEUDU\

RU�NHUQHO�IXQFWLRQV� 7KHVH�ZUDSSHUV�HLWKHU�FRQYHUW�GDWD�LQWR�WKH�DSSURSULDWH�IRUPDW�RU
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&ODVV 6XEFODVV 7RWDO�FRGH
IUDJPHQWV

1R� RI
FOXVWHUV

)UDJPHQW
/2& $FWLRQ�LWHPV�WR�UHPRYH�UHGXQGDQW�FRGH

DFSL �� �� ����

3URFHGXUDO�DEVWUDFWLRQ�IRU�FHQWUDOL]HG�DFFHVV�WR
NHUQHO�UHVRXUFHV�DQG�SDVVLQJ�JHW�VHW�FRQÀJXUD�
WLRQ�LQIRUPDWLRQ�DV�DUJXPHQWV�IRU�ODUJH�IXQFWLRQ
SDLUV�

JSX ��� ��� ����

3URFHGXUDO�DEVWUDFWLRQV�IRU�GHYLFH�DFFHVV� &RGH
UHSOLFDWHG �DFURVV �GULYHUV� OLNH � LQ �'0$ EXIIHU
FRGH�IRU�VDYDJH� UDGHRQ� UDJH�GULYHUV� FDQ�EH�UH�
PRYHG�E\�VXSSRUWLQJ�PRUH�GHYLFHV�SHU�GULYHU�

LVGQ ��� ��� ����
3URFHGXUDO � DEVWUDFWLRQ � IRU � NHUQHO � ZUDSSHUV�
'ULYHU � DEVWUDFWLRQ�FRPPRQ � OLEUDU\ � IRU � ,6'1
FDUGV�LQ�KLVD[�GLUHFWRULHV�

FKDU LQSXW ��� �� �����

3URFHGXUDO � DEVWUDFWLRQ � IRU � NHUQHO � ZUDSSHUV�
'ULYHU�DEVWUDFWLRQ�FRPPRQ�GULYHU�IRU�DOO�WRXFK�
VFUHHQ�GULYHUV� 3URFHGXUDO�DEVWUDFWLRQ�LQ�$LSWHN
WDEOHW�GULYHU�

PHGLD ���� ��� ����
&ODVV � OLEUDULHV � IRU � DOO � 0LFURQ � LPDJH � VHQVRU
GULYHUV� 3URFHGXUDO�DEVWUDFWLRQ�LQ�VDD������$�9
GHFRGHU�GULYHU�DQG�$/, �����ZHEFDP�GULYHU�

YLGHR ��� �� ��

&ODVV � OLEUDULHV � IRU � $5.����39� � 6�7ULR� 9,$
97����GULYHUV�LQ�LQLW�FOHDQXS� SRZHU�PDQDJH�
PHQW�DQG�IUDPH�EXIIHU�RSHUDWLRQV� 3URFHGXUDO
DEVWUDFWLRQ�LQ�9(6$ 9*$ GULYHUV�IRU�DOO�GULYHU
LQIRUPDWLRQ�IXQFWLRQV�

VRXQG ���� ��� ����

6LQJOH �GULYHU � IRU � ,&(���� �DQG� ,&(���� �$/6$
GULYHUV� 3URFHGXUDO � DEVWUDFWLRQ � IRU � LQYRNLQJ
VRXQG�OLEUDULHV� LQVWHDG�RI�UHSHDWHG�FRGH�ZLWK
GLIIHUHQW�ÁDJV� 3URFHGXUDO�DEVWUDFWLRQ�IRU�$&��
GULYHU�DQG�$/6$ GULYHU�IRU�50( +'630 DXGLR
LQWHUIDFH�

DWD �� �� ����

&RPPRQ �SRZHU �PDQDJHPHQW � OLEUDU\ � IRU �$/,
��[�� &0'����3&,��+LJKSRLQW�$7$ FRQWUROOHUV�
1LQMD��� &,/ ���� $5723 ���;� � +37�[��
16����� � 3$7$ GULYHUV � DQG � 6,6 $7$ GULYHU�
7DEOH�GULYHQ�SURJUDPPLQJ�IRU�GHYLFH�DFFHVV�LQ
WKHVH�GULYHUV�

EORFN LGH �� � ���� 3URFHGXUDO � DEVWUDFWLRQ � IRU � WKH � IHZ �ZUDSSHUV
DURXQG�SRZHU�PDQDJHPHQW�URXWLQHV�

VFVL ��� ��� ����

6KDUHG � OLEUDU\ � IRU � NHUQHO�VFVL � ZUDSSHUV � IRU
4ORJLF �+%$ GULYHUV� SPF � VLHUUD � DQG �PDUYHOO
PYVDV�GULYHUV� /DUJH�UHGXQGDQW �ZUDSSHUV � LQ
PS�VDV�ÀUPZDUH� %URFDGH�)& SRUW�DFFHVV�FRGH�

QHW HWKHUQHW�
ZLUHOHVV ���� ��� ����

6KDUHG�OLEUDU\�IRU�ZLUHOHVV�GULYHUV�IRU�WDONLQJ�WR
GHYLFH�NHUQHO�DQG�ZLUHOHVV�URXWLQHV� /RW�RI�1,&V
VKDUH�FRGH�IRU�PRVW�URXWLQHV�OLNH�FRQÀJXUDWLRQ�
UHVRXUFH�DOORFDWLRQ�DQG�FDQ�EH�PRYHG�WR�D�VLQ�
JOH�GULYHU�ZLWK�VXSSRUW�IRU�PXOWLSOH�FKLSVHWV� $
GULYHU�VXE�FODVV�OLEUDU\�IRU�DOO�RU�YHQGRU�VSHFLÀF
(WKHUQHW�GULYHUV�

LQÀQLEDQG ��� �� ���� 3URFHGXUDO�DEVWUDFWLRQ�IRU�,QWHO�QHV�GULYHU�

7DEOH ���� 7KH�WRWDO�QXPEHU�RI�VLPLODU�FRGH�IUDJPHQWV�DQG�IUDJPHQW�FOXVWHUV�DFURVV�GULYHU�FODVVHV�DQG�DFWLRQ
LWHPV�WKDW�FDQ�EH�WDNHQ�WR�UHGXFH�WKHP�
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SHUIRUP�DQ�DVVRFLDWHG�VXSSRUW�RSHUDWLRQ�WKDW�LV�UHTXLUHG�EHIRUH�FDOOLQJ�WKH�URXWLQHV�EXW

GLIIHU�IURP�RQH�DQRWKHU�EHFDXVH�WKH\�OLH�RQ�D�GLIIHUHQW�FRGH�SDWK� 7KHVH�ZUDSSHUV�FRXOG�EH

UHPRYHG�LI�WKH�NHUQHO�LQWHUIDFH�VXSSRUWHG�WKH�VDPH�GDWD�W\SHV�DV�WKH�GHYLFH�RU�LI�GULYHUV

SURYLGHG�DSSURSULDWH�DEVWUDFWLRQV�WR�DYRLG�VXFK�UHSHDWHG�FRGH�

, DOVR�ÀQG�VZDWKV�RI�VLPLODU�IXQFWLRQV�DFURVV�HQWLUH�FODVVHV�RI�GULYHUV� 7KH�PDMRU�GLI�

IHUHQFH�EHWZHHQ�GULYHUV�IRU�GLIIHUHQW�FKLSVHWV�RI�WKH�VDPH�GHYLFH�DUH�RIWHQ�FRQVWDQW�YDOXHV�

VXFK�DV�GHYLFH�UHJLVWHUV�RU�ÁDJ�YDOXHV� )RU�H[DPSOH� $7$ GLVN�GULYHUV�DEVWUDFW�PRVW�RI�WKH

FRGH�LQWR�D�FRUH�OLEUDU\� OLEDWD� DQG�HDFK�GULYHU�LPSOHPHQWV�D�VPDOO�VHW�RI�D�GHYLFH�VSHFLÀF

IXQFWLRQDOLW\� &RPPRQO\� WKHVH�IXQFWLRQV�DUH�VKRUW�DQG�SHUIRUP�RQH�RU�WZR�PHPRU\�

PDSSHG�,�2 UHDGV�RU�ZULWHV� EXW�ZLWK�GLIIHUHQW�YDOXHV�IRU�HYHU\�GULYHU� )LJXUH ���� VKRZV

WZR�IXQFWLRQV�IURP�GLIIHUHQW�$7$ GULYHUV�ZLWK�VXEVWDQWLDOO\�VLPLODU�FRGH� 7KLV�SUDFWLFH

JHQHUDWHV�ODUJH�ERGLHV�RI�YHU\�VLPLODU�GULYHUV�ZLWK�VPDOO�GLIIHUHQFHV� )XUWKHU�DEVWUDFWLRQ

FRXOG�DGGLWLRQDOO\�VLPSOLI\�WKHVH�GULYHUV� IRU�H[DPSOH� UHSODFLQJ�WKHVH�URXWLQHV�ZLWK�WDEOHV

HQFRGLQJ�WKH�GLIIHUHQW�FRQVWDQWV� 6LPLODUO\� D�KDUGZDUH�VSHFLÀFDWLRQ�ODQJXDJH >��@�PD\�EH

DEOH�WR�DEVWUDFW�WKH�GLIIHUHQFHV�EHWZHHQ�UHODWHG�GHYLFHV�LQWR�D�PDFKLQH�JHQHUDWHG�OLEUDU\�

)LQDOO\� , QRWH�VLPLODULWLHV�DFURVV�VXEVHWV�RI�GULYHUV�LQ�D�FODVV� )RU�H[DPSOH� DQRWKHU

FRPPRQ�FODVV�RI�VLPLODULWLHV�LV�ZUDSSHUV�DURXQG�NHUQHO�IXQFWLRQV�DQG�GULYHU�OLEUDULHV�IRU

WKDW�FODVV� WKH UHOHDVH PHWKRG�IRU�IUDPH�EXIIHUV�LV�YLUWXDOO\�LGHQWLFDO�DFURVV�PDQ\�RI�WKH

GULYHUV� LQ�WKDW�LW�FKHFNV�D�UHIHUHQFH�FRXQW�DQG�UHVWRUHV�WKH�9*$ JUDSKLFV�PRGH� 7KHUH�DUH

D�IHZ�VPDOO�GLIIHUHQFHV� EXW�UHIDFWRULQJ�WKLV�LQWHUIDFH�WR�SXOO�FRPPRQ�IXQFWLRQDOLW\�LQWR�D

OLEUDU\�FRXOG�DJDLQ�VLPSOLI\�WKHVH�GULYHUV�

,PSOLFDWLRQV� 2YHUDOO� WKHVH�UHVXOWV�GHPRQVWUDWH�WKDW�WKHUH�DUH�PDQ\�RSSRUWXQLWLHV�IRU

UHGXFLQJ�WKH�YROXPH�RI�GULYHU�FRGH�E\�DEVWUDFWLQJ�VLPLODU�FRGH�LQWR�OLEUDULHV�RU�QHZ�DE�

VWUDFWLRQV� , YLVXDOO\�LQVSHFWHG�DOO�IXQFWLRQ�FOXVWHUV�WR�GHWHUPLQH�KRZ�D�SURJUDPPHU�FRXOG

OHYHUDJH�WKH�VLPLODULW\�E\�KDYLQJ�D�VLQJOH�YHUVLRQ�RI�WKH�FRGH� , VHH�WKUHH�PHWKRGV�IRU

DFKLHYLQJ�WKLV�UHGXFWLRQ� �L��SURFHGXUDO�DEVWUDFWLRQV�IRU�GULYHU�VXE�FODVVHV� �LL��EHWWHU�PXO�

WLSOH�FKLSVHW�VXSSRUW�DQG��LLL��WDEOH�GULYHQ�SURJUDPPLQJ�

7KH�PRVW�XVHIXO�DSSURDFK�LV SURFHGXUDO�DEVWUDFWLRQ� ZKLFK�PHDQV�WR�PRYH�WKH�VKDUHG
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FRGH�WR�D�OLEUDU\�DQG�SURYLGH�SDUDPHWHUV�FRYHULQJ�WKH�GLIIHUHQFHV�LQ�LPSOHPHQWDWLRQ� 7KHUH

LV�VLJQLÀFDQW�FRGH�LQ�VLQJOH�GULYHUV�RU�IDPLOLHV�RI�GULYHUV�ZLWK�URXWLQHV�SHUIRUPLQJ�VLPL�

ODU�IXQFWLRQV�RQ�GLIIHUHQW�FRGH�SDWKV� &UHDWLQJ�GULYHU�FODVV�RU�VXE�FODVV�OLEUDULHV�ZLOO�VLJ�

QLÀFDQWO\�UHGXFH�WKLV�FRGH� 6HFRQG� H[LVWLQJ�GULYHU�OLEUDULHV�FDQ�EH�HQKDQFHG�ZLWK�QHZ

DEVWUDFWLRQV�WKDW�FRYHU�WKH�VLPLODU�EHKDYLRU� 7KHUH�DUH�PDQ\�IDPLOLHV�RI�GULYHUV�WKDW�UHSOL�

FDWH�FRGH�KHDYLO\� DV�SRLQWHG�RXW�LQ�7DEOH ���� $EVWUDFWLQJ�PRUH�FRGH�RXW�WKHVH�IDPLOLHV�E\

FUHDWLQJ�QHZ�GULYHU�DEVWUDFWLRQV�WKDW�VXSSRUW�PXOWLSOH�FKLSVHWV�FDQ�VLPSOLI\�GULYHU�FRGH

VLJQLÀFDQWO\� )LQDOO\� IXQFWLRQV�WKDW�GLIIHU�RQO\�E\�FRQVWDQW�YDOXHV�FDQ�EH�UHSODFHG�E\�WDEOH�

GULYHQ�FRGH� 7KLV�PD\�DOVR�EH�DSSOLFDEOH�WR�GULYHUV�ZLWK�ODUJHU�GLIIHUHQFHV�EXW�IXQGDPHQ�

WDOO\�VLPLODU�VWUXFWXUHV� VXFK�DV�QHWZRUN�GULYHUV�WKDW�XVH�ULQJ�EXIIHUV�WR�VHQG�DQG�UHFHLYH

SDFNHWV� %\�SURYLGLQJ�WKHVH�DEVWUDFWLRQV� , EHOLHYH�WKHUH�LV�DQ�RSSRUWXQLW\�WR�UHGXFH�WKH

DPRXQW�RI�GULYHU�FRGH� FRQVHTXHQWO\�UHGXFLQJ�WKH�LQFLGHQFH�RI�EXJV�DQG�LPSURYLQJ�WKH

GULYHU�GHYHORSPHQW�SURFHVV�E\�SURGXFLQJ�FRQFLVH�GULYHUV�LQ�WKH�IXWXUH�

��� 6XPPDU\

7KH�SXUSRVH�RI�WKLV�VWXG\�LV�WR�LQYHVWLJDWH�WKH�FRPSOHWH�VHW�RI�GULYHUV�LQ�/LQX[� WR�DYRLG

JHQHUDOL]LQJ�IURP�WKH�VPDOO�VHW�RI�GULYHUV�FRPPRQO\�XVHG�IRU�UHVHDUFK� DQG�WR�IRUP�QHZ

JHQHUDOL]DWLRQV�

2YHUDOO� , ÀQG�VHYHUDO�UHVXOWV�WKDW�DUH�VLJQLÀFDQW�WR�IXWXUH�UHVHDUFK�RQ�GULYHUV� )LUVW� D

VXEVWDQWLDO�QXPEHU�RI�DVVXPSWLRQV�DERXW�GULYHUV� VXFK�DV�FODVV�EHKDYLRU� ODFN�RI�FRPSXWD�

WLRQ� DUH�WUXH�IRU�PDQ\�GULYHUV�EXW�E\�QR�PHDQV�DOO�GULYHUV� )RU�H[DPSOH� LQVWHDG�RI�UHTXHVW

KDQGOLQJ� WKH�EXON�RI�GULYHU�FRGH�LV�GHGLFDWHG�WR�LQLWLDOL]DWLRQ�FOHDQXS�DQG�FRQÀJXUDWLRQ�

WRJHWKHU�DFFRXQWLQJ�IRU�����RI�GULYHU�FRGH� $ VXEVWDQWLDO�IUDFWLRQ�������RI�GULYHUV�KDYH

EHKDYLRU�RXWVLGH�WKH�FODVV�GHÀQLWLRQ� DQG�����SHUIRUP�VLJQLÀFDQW�FRPSXWDWLRQV�RYHU�GDWD�

7KXV� UHO\LQJ�RQ�D�JHQHULF�IURQWHQG�QHWZRUN�GULYHU� DV�LQ�;HQ�YLUWXDOL]DWLRQ� FRQFHDOV�WKH

XQLTXH�IHDWXUHV�RI�GLIIHUHQW�GHYLFHV� 6LPLODUO\� V\QWKHVL]LQJ�GULYHU�FRGH�PD\�EH�GLIÀFXOW�

DV�WKLV�SURFHVVLQJ�FRGH�PD\�QRW�EH�SRVVLEOH�WR�V\QWKHVL]H� 7RROV�IRU�DXWRPDWLF�V\QWKHVLV�RI

GULYHU�FRGH�VKRXOG�DOVR�FRQVLGHU�GULYHU�VXSSRUW�IRU�PXOWLSOH�FKLSVHW�DV�, ÀQG�WKDW�/LQX[



��

VXSSRUWV�RYHU��������GHYLFHV�ZLWK�MXVW�������EXV�DQG�GHYLFH�GULYHUV�

6HFRQG� WKH�VWXG\�RI�GULYHU�GHYLFH�NHUQHO�LQWHUDFWLRQV�VKRZHG�ZLGH�YDULDWLRQ�LQ

KRZ�GULYHUV�LQWHUDFW�ZLWK�GHYLFHV�DQG�WKH�NHUQHO� $W�RQH�HQG� PLQLSRUW�GULYHUV�FRQWDLQ

DOPRVW�H[FOXVLYHO\�GHYLFH�VSHFLÀF�FRGH�WKDW�WDONV�WR�WKH�GHYLFH� OHDYLQJ�NHUQHO�LQWHUDFWLRQV

WR�D�VKDUHG�OLEUDU\� $W�WKH�RWKHU�HQG� VRPH�GULYHUV�PDNH�H[WHQVLYH�FDOOV�WR�WKH�NHUQHO�DQG

YHU\�IHZ�LQWR�VKDUHG�GHYLFH�OLEUDULHV� 7KLV�ODWWHU�FDWHJRU\�PD\�EH�D�JRRG�FDQGLGDWH�IRU

LQYHVWLJDWLRQ� DV�WKHUH�PD\�EH�VKDUHG�IXQFWLRQDOLW\�WKDW�FDQ�EH�UHPRYHG� 2YHUDOO� WKHVH

UHVXOWV�DOVR�VKRZ�WKDW�WKH�FRVW�RI�LVRODWLQJ�GULYHUV�PD\�QRW�EH�FRQVWDQW�DFURVV�DOO�GULYHU

FODVVHV�

7KLUG� WKH�LQYHVWLJDWLRQ�RI�GULYHU�GHYLFH�LQWHUDFWLRQ�VKRZHG�WKDW�86% DQG�;HQ%XV

GULYHUV�SURYLGH�PRUH�HIÀFLHQW�GHYLFH�DFFHVV�WKDQ�3&, GULYHUV� LQ�WKDW�D�VPDOOHU�DPRXQW�RI

GULYHU�FRGH�VXSSRUWV�DFFHVV�WR�PDQ\�PRUH�GHYLFHV� DQG�WKDW�FRDUVH�JUDLQHG�DFFHVV�PD\

VXSSRUW�PRYLQJ�PRUH�GULYHU�IXQFWLRQDOLW\�RXW�RI�WKH�NHUQHO� HYHQ�RQ�WKH�GHYLFH�LWVHOI� )XU�

WKHUPRUH� PDQ\�GULYHUV�UHTXLUH�YHU\�OLWWOH�DFFHVV�WR�KDUGZDUH�DQG�LQVWHDG�LQWHUDFW�DOPRVW

H[FOXVLYHO\�ZLWK�WKH�EXV� $V�D�UHVXOW� VXFK�GULYHUV�FDQ�HIIHFWLYHO\�EH�UXQ�ZLWKRXW�SULYL�

OHJHV� DV�WKH\�QHHG�QR�VSHFLDO�KDUGZDUH�DFFHVV� , ÀQG�WKDW�86% DQG�;HQEXV�SURYLGH�WKH

RSSRUWXQLW\�WR�XWLOL]H�WKH�H[WUD�F\FOHV�RQ�GHYLFHV�E\�H[HFXWLQJ�GULYHUV�RQ�WKHP�DQG�FDQ

HIIHFWLYHO\�EH�XVHG�WR�UHPRYH�GULYHUV�IURP�WKH�NHUQHO�OHDYLQJ�RQO\�VWDQGDUGL]HG�EXV�FRGH

LQ�WKH�NHUQHO�

)LQDOO\� , ÀQG�VWURQJ�HYLGHQFH�WKDW�WKHUH�DUH�VXEVWDQWLDO�RSSRUWXQLWLHV�WR�UHGXFH�WKH

DPRXQW�RI�GULYHU�FRGH� 7KH�VLPLODULW\�DQDO\VLV�VKRZV�WKDW�WKHUH�DUH�PDQ\�LQVWDQFHV�RI

VLPLODU�FRGH�SDWWHUQV�WKDW�FRXOG�EH�UHSODFHG�ZLWK�EHWWHU�OLEUDU\�DEVWUDFWLRQV� RU�LQ�VRPH

FDVHV�ZLWK�WDEOHV� )XUWKHUPRUH� WKH�GULYHU�IXQFWLRQ�EUHDNGRZQ�LQ�6HFWLRQ ��� VKRZV�WKDW

KXJH�DPRXQWV�RI�FRGH�DUH�GHYRWHG�WR�LQLWLDOL]DWLRQ� WKLV�FRGH�RIWHQ�GHWHFWV�WKH�IHDWXUH�VHW

RI�GLIIHUHQW�FKLSVHWV� $JDLQ� WKLV�FRGH�LV�ULSH�IRU�LPSURYHPHQW�WKURXJK�EHWWHU�DEVWUDFWLRQV�

VXFK�DV�REMHFW�RULHQWHG�SURJUDPLQJ�WHFKQLTXH�DQG�LQKHULWDQFH >��@�

:KLOH�WKLV�VWXG\�ZDV�SHUIRUPHG�IRU�/LQX[�RQO\� , EHOLHYH�PDQ\�VLPLODU�SDWWHUQV� DO�

WKRXJK�IRU�GLIIHUHQW�FODVVHV�RI�GHYLFHV� ZLOO�VKRZ�LQ�RWKHU�RSHUDWLQJ�V\VWHPV� ,W�PD\�DOVR
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EH�LQWHUHVWLQJ�WR�FRPSDUH�WKH�GLIIHUHQFHV�LQ�GULYHU�FRGH�DFURVV�RSHUDWLQJ�V\VWHPV� ZKLFK

PD\�GHPRQVWUDWH�VXEWOH�GLIIHUHQFHV�LQ�HIÀFLHQF\�RU�FRPSOH[LW\� 0\�VWXG\�LV�RUWKRJRQDO�WR

PRVW�VWXGLHV�RQ�EXJ�GHWHFWLRQ� +RZHYHU� FRUUHODWLQJ�EXJV�ZLWK�GLIIHUHQW�GULYHU�DUFKLWHF�

WXUHV�FDQ�SURYLGH�LQVLJKW�RQ�WKH�UHOLDELOLW\�RI�WKHVH�DUFKLWHFWXUHV�LQ�UHDO�OLIH�
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&KDSWHU 4
)LQH�*UDLQHG�)DXOW�7ROHUDQFH�8VLQJ

'HYLFH�&KHFNSRLQWV

,Q�PRVW�FRPPRGLW\�RSHUDWLQJ�V\VWHPV� WKLUG�SDUW\�GULYHU�FRGH�H[HFXWHV�LQ�SULYLOHJHG�PRGH�

)DXOW\�GHYLFH�GULYHUV�FDXVH�PDQ\�UHOLDELOLW\�LVVXHV�LQ�WKHVH�V\VWHPV >��� ��@� +HQFH� WKHUH

KDV�EHHQ�VLJQLÀFDQW�UHVHDUFK�WR�WROHUDWH�GULYHU�IDLOXUHV�XVLQJ�SURJUDPPLQJ�ODQJXDJH�DQG

KDUGZDUH�SURWHFWLRQ�WHFKQLTXHV >��� ��� ��� ��� ��� ��� ���@� 7KHVH�V\VWHPV�H[HFXWH�WKH�HQWLUH

GULYHU�DV�D�VLQJOH�LVRODWHG�FRPSRQHQW� +RZHYHU� PXFK�RI�WKLV�ZRUN�IRFXVHV�RQ GHWHFWLQJ

IDLOXUHV�DQG LVRODWLQJ GULYHUV�IURP�WKH�UHVW�RI�WKH�V\VWHP� )HZ�RI�WKHVH�V\VWHPV�DGGUHVV

KRZ�WR UHVWRUH GULYHU�IXQFWLRQDOLW\�EH\RQG�VLPSO\�UHORDGLQJ�WKH�GULYHU� ZKLFK�PD\�OHDYH

DSSOLFDWLRQV�QRQ�IXQFWLRQLQJ�

0RVW�GULYHU�UHOLDELOLW\�V\VWHPV�GR�QRW�WU\�WR�UHVWRUH�GHYLFH�VWDWH�DQG�LQVWHDG�FRP�

SOHWHO\�UHVWDUW�IDLOHG�GULYHUV >���� ���� ��@� HIIHFWLYHO\�UHVHWWLQJ�GHYLFH�VWDWH�WR�D�NQRZQ�

JRRG�FRQÀJXUDWLRQ� 7KH�VWDWH�RI�WKH�DUW�PHFKDQLVP�IRU�UHVWRULQJ�GULYHU�IXQFWLRQDOLW\� VKDGRZ

GULYHUV >���@� ORJV�VWDWH�FKDQJLQJ�RSHUDWLRQV�DW�WKH�GULYHU�NHUQHO�LQWHUIDFH� )ROORZLQJ�D

IDLOXUH� VKDGRZ�GULYHUV�UHVWDUW�WKH�GULYHU�DQG�UHSOD\�WKH�ORJ�LQ�RUGHU�WR�UHVWRUH�LQWHUQDO

GULYHU�DQG�GHYLFH�VWDWH� 7KLV�UHVHWV�WKH�GULYHU�DQG�GHYLFH�WR�D�VWDWH�IXQFWLRQDOO\�HTXLYDOHQW
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WR�LWV�SUH�IDLOXUH�VWDWH� 7KLV�DSSURDFK� FRPSOHWH�GULYHU�LVRODWLRQ�DQG�ORJJLQJ�IRU�UHFRYHU\�

SRVHV�IRXU�SUREOHPV�

�� 7RR�KDUG� 6KDGRZ�GULYHUV�PXVW�EH�ZULWWHQ�IRU�HYHU\�FODVV�RI�GULYHU�DQG�PXVW�EH

XSGDWHG�ZKHQ�WKH�LQWHUIDFH�FKDQJHV� 7KLV�DGGV�D�ODUJH�ERG\�RI�FRGH�WR�WKH�NHUQHO

UHTXLULQJ�FRQVWDQW�PDLQWHQDQFH� ZKLFK�LV�D�KLJK�EDUULHU�WR�DGRSWLRQ� 2WKHU�V\VWHPV

UHTXLUH�VXEVWDQWLDOO\�UHZULWLQJ�GULYHUV� ZKLFK�LV�DOVR�D�EDUULHU�

�� 1RW�HQRXJK� 6KDGRZ�GULYHUV�PXVW�HQFRGH�WKH�VHPDQWLFV�RI�WKH�NHUQHO�GULYHU�LQWHU�

IDFH� +RZHYHU� PDQ\�GULYHUV�KDYH�SURSULHWDU\�FRPPDQGV�WKDW�FDQQRW�EH�FDSWXUHG

E\�D�VKDGRZ�GULYHU�FRPPRQ�WR�DQ�HQWLUH�FODVV� OHDGLQJ�WR�LQFRPSOHWH�UHFRYHU\� 5H�

FHQW�ZRUN�VKRZHG�WKDW�XS�WR�����RI�GULYHUV�KDYH�QRQ�FODVV�EHKDYLRU >��@�

�� 7RR�H[SHQVLYH� 6KDGRZ�GULYHUV�PXVW�LQWHUSRVH�RQ�DQG�ORJ DOO LQYRFDWLRQV�RI�D�GULYHU�

&RQWLQXRXV�PRQLWRULQJ�LPSRVHV�D�SHUIRUPDQFH�FRVW� SDUWLFXODUO\�RQ�KLJK�SHUIRUPDQFH

GHYLFHV�VXFK�DV�66'V�DQG�1,&V�HYHQ�ZKHQ�WKH�FULWLFDO�,�2 SDWK�LV�EXJ�IUHH�

�� 7RR�VORZ� 5HVWDUWLQJ�D�GULYHU� WKH�ÀUVW�VWHS�RI�ORJ�UHSOD\� FDQ�EH�VORZ��PXOWLSOH�VHF�

RQGV��GXH�WR�FRPSOH[�LQLWLDOL]DWLRQ�FRGH�DQG�WKHUHIRUH�PD\�QRW�EH�XVHIXO�LQ�ODWHQF\�

VHQVLWLYH�HQYLURQPHQWV�

$ NH\�VRXUFH�RI�WKHVH�SUREOHPV�LV�WKDW�SULRU�V\VWHPV�VHHN FRPSOHWHQHVV� DSSO\LQJ

WR DOO GULYHU�FRGH�DW DOO WLPHV� :KLOH�WKLV�UHGXFHV�WKH�SHU�GULYHU�FRVW� LW�SXVKHV�XS�ERWK

GHYHORSPHQW�DQG�UXQWLPH�FRVWV�

, GHYHORSHG�D�QHZ�GULYHU�IDXOW�WROHUDQFH�PHFKDQLVP�WR�DGGUHVV�WKHVH�VKRUWFRPLQJV

FDOOHG )LQH�JUDLQHG�)DXOW�7ROHUDQFH �)*)7���5DWKHU�WKDQ�LVRODWLQJ�DQG�UHFRYHULQJ�IURP�WKH

IDLOXUH�RI�DQ�HQWLUH�GULYHU� )*)7�H[HFXWHV�D�GULYHU HQWU\�SRLQW DV�D�WUDQVDFWLRQ�DQG�XVHV

VRIWZDUH�IDXOW�LVRODWLRQ�WR�SUHYHQW�FRUUXSWLRQ�DQG�GHWHFW�IDLOXUHV� 2Q�HQWU\�WR�D�GULYHU� D

VWXE�FRSLHV�SDUDPHWHUV�WR�WKH�GULYHU�FRGH� 2QO\�LI�WKH�GULYHU�H[HFXWHV�FRUUHFWO\�DUH�WKH

UHVXOWV�FRSLHG�EDFN� ,I�WKH�FDOO�IDXOWV� )*)7�GHVWUR\V�WKH�FRS\�WR�UROO�EDFN�GULYHU�VWDWH�DQG

IDLOV�WKH�FDOO�

,Q�RUGHU�WR�UHVWRUH�GHYLFH�VWDWH�PRGLÀHG�E\�D�GULYHU�EHIRUH�IDXOWLQJ� , GHYHORSHG�D

QRYHO GHYLFH�VWDWH�FKHFNSRLQWLQJPHFKDQLVP�WKDW�FDQ�FDSWXUH�WKH�GHYLFH�VWDWH� 7KH�VWXE�FDS�



��

WXUHV�D�FKHFNSRLQW�EHIRUH�LQYRNLQJ�WKH�GULYHU� DQG�UHVWRUHV�WKH�FKHFNSRLQW�RQ�IDLOXUH� 7KLV

PHFKDQLVP�OHYHUDJHV�H[LVWLQJ�SRZHU�PDQDJHPHQW�FRGH�SUHVHQW�LQ�PRVW�GULYHUV� ZKLFK

JUHDWO\�UHGXFHV�WKH�GHYHORSPHQW�FRVW�RI�DGRSWLQJ�)*)7�

)*)7�VKLIWV�WKH�FRVW�RI�GULYHU�IDXOW�WROHUDQFH�WR�WKH�IDXOW\�FRGH� :KLOH�VKDGRZ

GULYHUV�DQG�ZKROH�GULYHU�LVRODWLRQ�UHTXLUH�XS�IURQW�FRGH�IRU�DQ\�LQVWDQFH�RI�D�FODVV�RI

GULYHUV� )*)7�LQVWHDG�UHTXLUHV�VPDOO�FKDQJHV�WR�WKH�GULYHU�LWVHOI�WR�VXSSRUW�LVRODWLRQ�DQG

LPSOHPHQW�FKHFNSRLQWLQJ� :KHUH�SDVW�LVRODWLRQ�PHFKDQLVPV�LQWHUSRVH�RQ DOO GULYHU�FRGH

DQG�UHGXFH�LWV�SHUIRUPDQFH�XQLIRUPO\� )*)7 RQO\ LPSRVHV�D�FRVW�RQ�HQWU\�SRLQWV�VHOHFWHG

IRU�LVRODWLRQ� 7KXV� WKH�FRVW�RI�H[HFXWLQJ�D�VLQJOH�FDOO�ZLWK�IDXOW�WROHUDQFH�PD\�EH�KLJKHU

ZLWK�)*)7�WKDQ�RWKHU�V\VWHPV� EXW�ZKHQ�DSSOLHG�RQO\�WR�FRGH�RII�WKH�FULWLFDO�SDWK�LW�KDV

PXFK ORZHU RYHUKHDG�EHFDXVH�WKH�FULWLFDO�FRGH�LV�OHIW�XQFKDQJHG� 7KXV� RQH�SRVVLEOH�XVH

IRU�)*)7�LV�WR�DSSO\�LW�VHOHFWLYHO\�WR�YXOQHUDEOH�FRGH�VXVSHFWHG�RU�NQRZQ�WR�KDYH�EXJV�

7KH�FRQWULEXWLRQV�RI�WKLV�FKDSWHU�DUH�

� , GHVFULEH�)LQH�*UDLQHG�)DXOW�7ROHUDQFH� D�V\VWHP�FRQVLVWLQJ�RI�D�VWDWLF�DQDO\VLV�DQG

FRGH�JHQHUDWLRQ�WRRO�WKDW�SURYLGHV�LVRODWLRQ�E\�H[HFXWLQJ�HDFK�GULYHU�UHTXHVW�RQ�D

PLQLPDO�FRS\�RI�UHTXLUHG�GULYHU�VWDWH� )*)7�FDQ�EH�XVHG�WR�LVRODWH�VSHFLÀF�UHTXHVWV

DQG�, VKRZ�IURP�D�VWXG\�RI�SXEOLVKHG�EXJV�WKDW�ÀQH�JUDLQHG�LVRODWLRQ�LV�SUDFWLFDO

VLQFH�EXJV�RQO\�DIIHFW�����RI�DOO�HQWU\�SRLQWV�LQ�EXJJ\�GULYHUV�

� , GHPRQVWUDWH�D�QRYHO�PHFKDQLVP�WR�FUHDWH�GHYLFH�FKHFNSRLQWV�RQ�D�UXQQLQJ�V\VWHP�

,Q�D�VWXG\�RI�VL[�GULYHUV� , VKRZ�WKDW�WDNLQJ�D�FKHFNSRLQW�LV�IDVW� DYHUDJLQJ�RQO\���

µV�

� , VKRZ�KRZ�WR�XVH�FKHFNSRLQWV�DQG�WUDQVDFWLRQDO�H[HFXWLRQ�RI�GULYHU�FRGH�WR�SURYLGH

IDVW�UHFRYHU\�DQG�UHPRYH�WKH�SHUPDQHQW�RYHUKHDG�RI�PRQLWRULQJ DOO UHTXHVWV�

� , VKRZ�WKDW�WKH�LPSOHPHQWDWLRQ�HIIRUW�RI�)*)7�LV�VPDOO� , DGGHG����OLQHV�RI�FRGH

WR�WKH�NHUQHO�WR�WUDS�SURFHVVRU�H[FHSWLRQV� DQG�IRXQG�WKDW�GHYLFH�FKHFNSRLQW�FRGH

FDQ�EH�FRQVWUXFWHG�ZLWK�OLWWOH�HIIRUW�IURP�SRZHU�PDQDJHPHQW�FRGH�SUHVHQW�LQ����

RI�GULYHUV�LQ�FRPPRQ�GULYHU�FODVVHV�

, EHJLQ�ZLWK�DQ�RYHUYLHZ�RI�WKH�)*)7�GHVLJQ�
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��� 'HVLJQ�2YHUYLHZ

)*)7 LV�D�V\VWHP�WR�WROHUDWH�IDXOWV�LQ�GULYHUV�XVLQJ�D SD\�DV�\RX�JR PRGHO�EDVHG�RQ�FKHFN�

SRLQWV�IRU�UHFRYHU\� 7KLV�V\VWHP�SURWHFWV�FRGH�IURP�IDXOWV�DW�WKH�JUDQXODULW\�RI�D�VLQJOH

WKUHDG�H[HFXWLQJ�D�VLQJOH�HQWU\�SRLQW� )*)7�UHFRYHUV�IURP�DQ\�IDLOXUHV�WKDW�RFFXU�GXULQJ

WKH�IXQFWLRQ� 7KLV�FDQ�JUHDWO\�UHGXFH�WKH�FRVW�RI�LVRODWLQJ�DQG�WROHUDWLQJ�IDXOWV�EHFDXVH�IDU

OHVV�FRGH�LV�DIIHFWHG�

, OLVW�IRXU�JRDOV�RI�SURYLGLQJ�ÀQH�JUDLQHG�IDXOW�WROHUDQFH�

�� &ODVV�LQGHSHQGHQW� ,VRODWLRQ�DQG�UHFRYHU\�VKRXOG�EH�LQGHSHQGHQW�RI�WKH�GULYHU�NHUQHO

LQWHUIDFH�DQG�VKRXOG�EH�DEOH�WR�UHFRYHU�GULYHU�DFWLRQV�IURP�SURSULHWDU\�FRPPDQGV�

�� /RZ�LQIUDVWUXFWXUH� /LWWOH�QHZ�FRGH�VKRXOG�EH�DGGHG�WR�WKH�NHUQHO�LQ�VXSSRUW�RI�)*)7�

�� 3D\�DV�\RX�JR� )*)7�VKRXOG�QRW�KDYH�D�À[HG�PLQLPXP�RYHUKHDG�RI�LVRODWLRQ�RU

PRQLWRULQJ�GULYHU�EHKDYLRU� )XUWKHUPRUH� SURJUDPPHU�HIIRUW�VKRXOG�RQO\�EH�UH�

TXLUHG�ZKHQ�IDXOW�WROHUDQFH�LV�GHVLUHG�

�� )DVW�UHFRYHU\� )*)7�VKRXOG�UHVWRUH�GULYHU�IXQFWLRQV�TXLFNO\�DIWHU�D�IDLOXUH�ZLWKRXW

UHVHWWLQJ�RWKHU�WKUHDGV�FRQFXUUHQWO\�H[HFXWLQJ�LQ�WKH�GULYHU�

7KH�ÀUVW�JRDO�HQDEOHV�)*)7�WR�DSSO\�WR�D�EURDG�UDQJH�RI�GULYHUV� DQG�WKH�VHFRQG�UHGXFHV�WKH

DGRSWLRQ�FRVW�IRU�DQ�RSHUDWLQJ�V\VWHP� 3D\�DV�\RX�JR�HQVXUHV�WKDW�IRU�KLJK�SHUIRUPDQFH

GULYHUV� WROHUDWLQJ�IDXOWV�LQ�FRGH�RII�WKH�FULWLFDO�SDWK�KDV�OLWWOH�FRVW� )DVW�UHFRYHU\�HQDEOHV

LWV�XVH�LQ�ODWHQF\�VHQVLWLYH�HQYLURQPHQWV�

7KH�WZR�PDMRU�FRPSRQHQWV�RI�)*)7�DUH�DQ�LVRODWLRQ�PHFKDQLVP�WR�SUHYHQW�D�IDXOW\

GULYHU�IURP�FRUUXSWLQJ�WKH�26 DQG�WR�GHWHFW�IDLOXUHV� DQG�D�UHFRYHU\�PHFKDQLVP�WR�UHVWRUH

WKH�GULYHU�WR�D�IXQFWLRQLQJ�VWDWH�DIWHU�D�IDLOXUH� , EHJLQ�D�GLVFXVVLRQ�RI�WKH�IDXOW�PRGHO�WR

PRWLYDWH�P\�GHVLJQ�FKRLFHV�

����� )DXOW�0RGHO

$ GULYHU�HQWU\�SRLQW�LV�D�GULYHU�IXQFWLRQ�LQYRNHG�E\�WKH�NHUQHO�RU�DSSOLFDWLRQV�WR�DFFHVV

VSHFLÀF�GULYHU�IXQFWLRQDOLW\� (DFK�GULYHU�UHJLVWHUV�D�VHW�RI�IXQFWLRQV�DV�HQWU\�SRLQWV� VXFK
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DV�WR�LQLWLDOL]H�WKH�GHYLFH�RU�WUDQVPLW�D�SDFNHW� 'ULYHU�HQWU\�SRLQWV�FDQ�EH�LQYRNHG�E\�DS�

SOLFDWLRQV�PXOWLSOH�WLPHV�LQ�DUELWUDU\�RUGHU� +HQFH� GULYHUV�VKRXOG�QRW�PDNH�DVVXPSWLRQV

DERXW�WKH�RUGHU�RU�SDVW�KLVWRU\�RI�WKHVH�LQYRFDWLRQV� )*)7�SURYLGHV�IDXOW�WROHUDQFH�DW�WKH

JUDQXODULW\�RI�D�VLQJOH�HQWU\�SRLQW�LQWR�D�GULYHU� ,Q�FRQWUDVW� SDVW�V\VWHPV�WUHDW�WKH�HQWLUH

GULYHU�DV�D�FRPSRQHQW�ZLWK�LQWHUQDO�VWDWH�

$V�WKH�GULYHU�H[HFXWHV� WKH�)*)7�LVRODWLRQ�PHFKDQLVP�HQIRUFHV�ÀQH�JUDLQHG�PHP�

RU\�VDIHW\� ,W�HQVXUHV�WKDW�WKH�GULYHU�HQWU\�SRLQW�LV�RQO\�DOORZHG�WR�DFFHVV�GDWD�SDVVHG�WR

WKH�GULYHU�DQG�LWV�VWDFN� DFFHVV�WR�DQ\WKLQJ�HOVH�ZLOO�EH�WUHDWHG�DV�D�IDXOW� )*)7�GHWHFWV

IDXOWV�LQ�GULYHU�HQWU\�SRLQWV�LQ�WKUHH�ZD\V� )LUVW� )*)7�GHWHFWV�PHPRU\�IDLOXUHV��VXFK�DV

QXOO�SRLQWHU�GHUHIHUHQFHV��DQG�UHDGLQJ�ZULWLQJ�XQLQWHQGHG�NHUQHO�DQG�GULYHU�VWUXFWXUHV�

6HFRQG� )*)7�XVHV�PDUVKDOLQJ�WR�FRS\�GDWD�LQ�DQG�RXW�RI�WKH�GULYHU� 7\SH�HUURUV�DQG

PDOIRUPHG�VWUXFWXUHV�WKDW�FDXVH�WKH�PDUVKDOLQJ�WR�IDLO�ZLOO�EH�GHWHFWHG� DOWKRXJK�HUURUV

ZLWK�FRPSDWLEOH�W\SHV��VXFK�DV�WUHDWLQJ�DQ�DUUD\�RI�E\WHV�DV�DQ�DUUD\�RI�ORQJV�� ZLOO�QRW�EH�

)*)7�RQ�LWV�RZQ�GRHV�QRW�SURYLGH�DQ\�VHPDQWLF�FKHFNV�WR�HQIRUFH�GULYHU�LQYDULDQWV� +HQFH�

GULYHU�IDXOWV�PXVW�EH�GHWHFWHG�ZLWKLQ�WKH�HQWU\�SRLQW�ZKHUH�WKH\�RFFXU� 2WKHUZLVH� IDLO�

XUHV�WKDW�WKDW�DUH�WULJJHUHG�ZKHQ�RQH�HQWU\�SRLQW�LPSURSHUO\�VHWV�D�ÁDJ�WKDW�DQRWKHU�UHDG

DQG�IDXOWV�FDQQRW�EH�WROHUDWHG� 7KLUG� )*)7�FDWFKHV�SURFHVVRU�H[FHSWLRQV�VXFK�DV�18//

SRLQWHU�H[FHSWLRQ� JHQHUDO�SURWHFWLRQ�IDXOW� DOLJQPHQW�IDXOW� GLYLGH�HUURU��GLYLGH�E\�]HUR��

PLVVLQJ�VHJPHQWV� DQG�VWDFN�IDXOWV� ,W�WULJJHUV�UHFRYHU\�LI�DQ�H[FHSWLRQ�DULVHV�ZLWKLQ�DQ

LVRODWHG�GULYHU�HQWU\�SRLQW�

, GHVLJQ�IRU�DQ�RSHQ�VRXUFH�HQYLURQPHQW� DQG�WKHUHIRUH�WUXVW�WKH�FRPSLOHU�WR�SUR�

GXFH�FRGH�WKDW�FRUUHFWO\�DFFHVVHV�WKH�VWDFN� , DOVR�DVVXPH�WKDW�WKH�GULYHU�LV�XQDEOH�WR�KDQJ

RU�GDPDJH�WKH�GHYLFH� DOWKRXJK�LW�PD\�PLVFRQÀJXUH�WKH�GHYLFH�

$ NH\�EHQHÀW�RI�)*)7�LV�WKDW�E\�RSHUDWLQJ�RQ�VSHFLÀF�HQWU\�SRLQWV�LW�FDQ�EH�VHOHFWLYH

DERXW�ZKDW�FRGH�VKRXOG�EH�KDUGHQHG�DJDLQVW�IDXOWV� , FDOO�WKH�HQWU\�SRLQWV�WR�EH�LVRODWHG

VXVSHFW� 7KH�VXVSHFW�FRGH�FDQ�H[HFXWH�LQ�LVRODWLRQ�ZKLOH�WKH�UHPDLQGHU�RI�WKH�GULYHU�H[H�

FXWHV�LQ�WKH�NHUQHO�DW�IXOO�VSHHG� +HQFH� )*)7�LV�XVHIXO�ZKHQ�VSHFLÀF�GULYHU�FRGH�LV�NQRZQ

WR�KDYH�SUREOHPV� VXFK�DV�MXVW�SDWFKHG�FRGH�RU�FRGH�ZLWK�NQRZQ�EXW�XQ�SDWFKHG�YXOQHU�

DELOLWLHV� , LGHQWLI\�DW�OHDVW�WKUHH�FDVHV�ZKHUH�D�ÀQH�JUDLQHG�PRGHO�LV�XVHIXO�
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�� 8QWHVWHG�FRGH� 'HYLFH�GULYHUV�RIWHQ�FRQWDLQ�XQWHVWHG�FRGH�VXFK�DV�FKLSVHW�VSHFLÀF

FRGH�RU�UHFRYHU\�FRGH�WKDW�FDQ�EH�LQYRNHG�VDIHO\�XVLQJ�)*)7�

�� 6WDWLFDOO\�IRXQG�EXJV� 2IWHQ�VWDWLF�DQDO\VLV�WRROV�LGHQWLI\�KDUG�WR�ÀQG�WULJJHU�GULYHU

EXJV�ZLWK�VXEVWDQWLDO�IDOVH�SRVLWLYH�UDWHV� )*)7�FDQ�EH�LQWHJUDWHG�ZLWK�H[LVWLQJ

VWDWLF�DQDO\VLV�WRROV�XQWLO�D�À[�LV�LVVXHG� ZKLFK�RIWHQ�WDNHV�FRQVLGHUDEOH�WLPH� 7KLV

DSSURDFK�OLPLWV�WKH�RYHUKHDG�WR�MXVW�WKH�EXJJ\�FRGH� MXVW�ZKHQ�LW�FRQWDLQV�NQRZQ

EXJV�

�� 5XQWLPH�PRQLWRULQJ�WRROV� 5XQWLPH�PRQLWRULQJ�WRROV�ÁDJ�LQFRPLQJ�UHTXHVWV�EDVHG

RQ�WKHLU�SDUDPHWHUV� VXFK�DV�D�VSHFLÀF LRFWO FRPPDQG�FRGH� RU�DUH�HQDEOHG�DW�UXQ

WLPH�WKURXJK�PRGXOH�SDUDPHWHUV >��@�RU�VHFXULW\�WRROV >��@� )*)7�FDQ�G\QDPLFDOO\

GHFLGH�ZKHWKHU�WR�H[HFXWH�FRGH�LQ�LVRODWLRQ�RU�XQVDIHO\�DW�IXOO�VSHHG�

,Q�HYDOXDWLRQ�RI�)*)7 , DQDO\]H�D�OLVW�RI�EXJV�DQG�ÀQG�WKDW�WKH\�RQO\�DIIHFW�����RI

DOO�GULYHU�HQWU\�SRLQWV� +HQFH� OLPLWLQJ�WKH�FRVW�RI�IDXOW�WROHUDQFH�WR�DIIHFWHG�HQWU\�SRLQWV

FDQ�EH�XVHIXO� , QRZ�GHVFULEH�WKH�WZR�PDMRU�FRPSRQHQWV�RI�)*)7��LVRODWLRQ�DQG�UHFRYHU\�

����� )LQH�*UDLQHG�,VRODWLRQ

)*)7�SURYLGHV�LVRODWLRQ�E\�IRUFLQJ�VXVSHFW�FRGH�WR�RSHUDWH�RQ�D FRS\ RI�GULYHU�DQG�NHUQHO

GDWD� 7KLV�HQVXUHV�WKDW�DQ\WKLQJ�WKH�HQWU\�SRLQW�GRHV�ZLOO�QRW�EH�VHHQ�E\�RWKHU�WKUHDGV

RU�WKH�NHUQHO�XQWLO�LW�VXFFHVVIXOO\�FRPSOHWHV� DQG�DOORZV�TXLFN�UHFRYHU\�DIWHU�D�IDLOXUH�E\

GHOHWLQJ�WKH�FRS\� 7KXV� )*)7�FUHDWHV�D�FOHDQ�FRS\�RI�GDWD�QHHGHG�IRU�D�GULYHU�HQWU\�SRLQW

RQ�HYHU\�LQYRFDWLRQ� ZKLFK�FRQVLVWV�RI�DOO�GDWD�UHIHUHQFHG�E\�WKH�HQWU\�SRLQW� SDUDPHWHUV�

JOREDO�GULYHU�YDULDEOHV� DQG�JOREDO�NHUQHO�YDULDEOHV�

, XVH�HQWU\�SRLQWV�DV�WKH�JUDQXODULW\�RI�LVRODWLRQ�EHFDXVH�LW�FORVHO\�PDWFKHV�LQWHUQDO

GULYHU�VWUXFWXUH� WKH\�SURYLGH�D�QDWXUDO�ERXQGDU\�IRU�UHWXUQLQJ�HUURUV�DIWHU�D�IDXOW� DQG

GULYHUV�DOUHDG\�V\QFKURQL]H�FRQFXUUHQW�LQYRFDWLRQ�RI�HQWU\�SRLQWV� ,I�WZR�GULYHU�WKUHDGV

FDQQRW�UXQ�FRQFXUUHQWO\�LQ�WKH�GULYHU� WKHQ�GULYHU�V\QFKURQL]DWLRQ�HQVXUHV�WKDW�RQH�RI�WKHP

EORFNV�XQWLO�WKH�RWKHU�VXFFHVVIXOO\�FRPSOHWHV� 7KXV� )*)7�UHXVHV�H[LVWLQJ�V\QFKURQL]DWLRQ

PHFKDQLVPV�WR�HQVXUH�WKDW�ZKHQ�VXVSHFW�FRGH�UXQV� QR�RWKHU�WKUHDGV�DUH�DFWLYH�LQ�WKH
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GULYHU� 7KLV�HQVXUHV�WKDW�DQ\�FKDQJHV�WR�GHYLFH�VWDWH�ZLOO�QRW�EH�VHHQ�XQWLO�WKH�HQWU\�SRLQW

FRPSOHWHV�VXFFHVVIXOO\�RU�LW�IDLOV�DQG�UHFRYHU\�FRPSOHWHV�

)*)7�SURYLGHV�HQWU\�SRLQW�LVRODWLRQ�ZLWK�D�FRS\�LQ�RXW�PRGHO�RI�GULYHU�DQG�NHU�

QHO�VWDWH�ZKHQ�VXVSLFLRXV�HQWU\�SRLQWV�DUH�LQYRNHG� )*)7�XVHV�VWDWLF�DQDO\VLV�DQG�FRGH�

JHQHUDWLRQ�WR�JHQHUDWH�DQRWKHU�NHUQHO�PRGXOH�WKDW�FRQWDLQV�VXVSHFW�HQWU\�SRLQWV�LQVWUX�

PHQWHG�IRU�PHPRU\�VDIHW\� )*)7�DOVR�JHQHUDWHV�FRPPXQLFDWLRQ�FRGH�FRQWDLQLQJ�PDU�

VKDOLQJ�URXWLQHV�WR�FRS\�GULYHU�DQG�NHUQHO�VWDWH�QHFHVVDU\�IRU�H[HFXWLQJ�WKHVH�HQWU\�SRLQWV

LQ�LVRODWLRQ� 6LQFH�WKH�VWDWLF�DQDO\VLV�WR�PDUVKDO�WKH�GDWD�VWUXFWXUHV�UHTXLUHG�E\�WKH�LVRODWHG

FRS\�FDQ�EH�LPSUHFLVH� )*)7�UHTXLUHV�D�SURJUDPPHU�WR�DQQRWDWH�DPELJXRXV�GDWD�W\SHV�LQ

WKH�GULYHU�FRGH� ,Q�RUGHU�WR�SURYLGH�HYHQ�ÀQHU�FRQWURO�RYHU�ZKHQ�WR�SURYLGH�IDXOW�WROHUDQFH�

)*)7�DXWRPDWLFDOO\�LQVHUWV�WDSV� ZKLFK�DUH�SUHGLFDWHV�WKDW�FDQ�GHFLGH�DW�UXQWLPH�ZKHWKHU

WR�LQYRNH�WKH�QRUPDO�RU�IDXOW�WROHUDQW�YHUVLRQ�RI�DQ�HQWU\�SRLQW�

)*)7�GHWHFWV�IDXOWV�WKURXJK�UXQ�WLPH�PHPRU\�VDIHW\�FKHFNV�WKDW�GHWHFW�DFFHVV�WR�XQ�

UHDFKDEOH�DGGUHVVHV�²�PHPRU\�QRW�SDVVHG�DV�D�SDUDPHWHU�RU�DOORFDWHG�E\�WKH�HQWU\�SRLQW�

6LQFH� )*)7�JHQHUDWHV�WKH�FRGH�IRU�FRS\�LQ�RXW� LW�LV�DEOH�WR�SURYLGH�ÀQH�JUDLQHG�PHPRU\

VDIHW\��EDVH�DQG�ERXQG�YDOLGDWLRQ >��@�� )XUWKHUPRUH� IRU�IDLOXUH�GHWHFWLRQ� )*)7�LQWHU�

SRVHV�RQ�NHUQHO�WUDS�KDQGOHUV�DQG�GHWHFWV�LI�WKH�IDXOWV�RULJLQDWH�IURP�WKH�VXVSLFLRXV�HQWU\�

SRLQWV�DQG�DFFRUGLQJO\�WULJJHUV�UHFRYHU\�

����� &KHFNSRLQW�EDVHG�5HFRYHU\

)*)7�UHOLHV�RQ�FKHFNSRLQWV�SULRU�WR�D�GULYHU�HQWU\�SRLQW�IRU�UHFRYHU\� 8QOLNH�ORJ�EDVHG

UHFRYHU\� ZKLFK�UHTXLUHV�NQRZLQJ�KRZ�WR�UHSOD\�UHTXHVWV� FKHFNSRLQWV�FDQ�UHVWRUH�VWDWH

LQGHSHQGHQW�RI�KRZ�D�IXQFWLRQ�PRGLÀHV�GULYHU�VWDWH� )RU�H[DPSOH� D�FKHFNSRLQW�RI�D�GHYLFH

SULRU�WR�DQ LRFWO FDOO�DOORZV�LWV�VWDWH�WR�EH�UHFRYHUHG�QR�PDWWHU�ZKDW�WKH�FDOO�GRHV�

/RJ�EDVHG�UHFRYHU\�LV�DOVR�VORZ�HQRXJK�WKDW�WKH�WHFKQLTXH�PD\�QRW�EH�XVHIXO�LQ

ODWHQF\�VHQVLWLYH�HQYLURQPHQWV� 7KH�SULPDU\�GHOD\�FRPHV�IURP�SURELQJ�WKH�GHYLFH�DOO�RYHU

DJDLQ� ZKLFK�FROG�ERRWV�WKH�GHYLFH�DQG�SHUIRUPV�WKH�LQLWLDOL]DWLRQ�VWHSV�DV�VKRZQ�LQ�)LJ�

XUH ���� )RU�H[DPSOH� GXULQJ�LQLWLDOL]DWLRQ�D�QHWZRUN�GULYHU�SUREHV�IRU�WKH�GHYLFH� YHULÀHV
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Allocate device structures

Module registration

Map BAR and I/O ports

Register device operations

Detect chipset capabilities

Self test?
Self test on boot
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Set chipset specific ops

Allocate driver structures

Configure device

Device ready 
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)LJXUH ���� 0RGHUQ�GHYLFHV�SHUIRUP�PDQ\�RSHUDWLRQV�GXULQJ�LQLWLDOL]DWLRQ�VXFK�DV�VHWWLQJ�XS�NHUQHO�DQG
GHYLFH�VWUXFWXUHV�EDVHG�RQ�FKLSVHW�DQG�GHYLFH�IHDWXUHV� FKHFNVXPPLQJ�GHYLFH�520 GDWD� YDULRXV�GHYLFH�WHVWV
IROORZHG�E\�GULYHU�LQLWLDOL]DWLRQ�DQG�FRQÀJXUDWLRQ�

((3520 FRQWHQWV� WHVWV�WKH�GHYLFH� DQG�UHJLVWHUV�WKH�GHYLFH�ZLWK�WKH�NHUQHO�

7KH�FKHFNSRLQW�RI�WKH�GULYHU·V�VWDWH�LQ�PHPRU\�LV�FDSWXUHG�DXWRPDWLFDOO\�WKURXJK

WKH�FRS\�LQ�RXW�PRGHO�RI�LQYRFDWLRQ� 6XVSHFW�FRGH�DOZD\V�H[HFXWHV�RQ�D�FRS\�RI�WKH�GULYHU

VWDWH� VR�WKH�RULJLQDO�GDWD�LV�XQPRGLÀHG�DQG�QHHG�QRW�EH�UHVWRUHG� 7KH�PDMRU�FKDOOHQJH�

WKRXJK� LV�WKH GHYLFH�VWDWH� ZKLFK�PD\�EH�PRGLÀHG�XQSUHGLFWDEO\�E\�WKH�GULYHU� , WKHUHIRUH

UHTXLUH�WKDW�GULYHUV�SURYLGH�D�IDFLOLW\�IRU�FDSWXULQJ�DQG�UHVWRULQJ�GHYLFH�VWDWH� 3ULRU�WR

LQYRNLQJ�VXVSHFW�FRGH� )*)7�FDQ�WDNH�D�FKHFNSRLQW� DQG�IROORZLQJ�D�IDLOXUH� LW�FDQ�UHVWRUH

WKH�FKHFNSRLQW�

$Q�DSSHDOLQJ�DSSURDFK�LV�WR�WUHDW�GHYLFHV�OLNH�PHPRU\�DQG�FRS\�PHPRU\�PDSSHG

,�2 UHJLRQV� +RZHYHU� UHDGLQJ�UHJLVWHUV�PD\�KDYH�VLGH�HIIHFWV�VXFK�DV�FOHDULQJ�FRXQWHUV�

,Q�DGGLWLRQ� VRPH�GHYLFHV�RYHUOD\�WZR�ORJLFDO�UHJLVWHUV� RQH�IRU�UHDG�DQG�RQH�IRU�ZULWH� DW

WKH�VDPH�DGGUHVV� ,QVWHDG� , WDNH�LQVSLUDWLRQ�IURP�FRGH DOUHDG\�SUHVHQW LQ�PDQ\�GULYHUV�WKDW

PXVW�SHUIRUP QHDUO\�WKH�VDPH WDVN�DV�FKHFNSRLQW�UHVWRUH� SRZHU�PDQDJHPHQW�

7KH�IXQFWLRQDOLW\�SURYLGHG�E\�SRZHU�PDQDJHPHQW� WR�VXVSHQG�D�GHYLFH�EHIRUH�HQ�

WHULQJ�D�ORZ�SRZHU�PRGH�DQG�UHVWRULQJ�LW�ZKHQ�WUDQVLWLRQLQJ�WR�KLJK�SRZHU�PRGH�LV�VLPLODU
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WR�ZKDW�LV�UHTXLUHG�WR�VXSSRUW�GHYLFH�FKHFNSRLQWV� , UHXVH�WKH�VXVSHQG�UHVXPH�FRGH�E\

VHSDUDWLQJ�FRGH�WKDW�VXSSRUWV�VDYLQJ�VWDWH�WR�PHPRU\�IURP�WKH�FRGH�WKDW�DFWXDOO\�VXVSHQGV

WKH�GHYLFH� 6LPLODUO\� , LGHQWLI\�FRGH�UHTXLUHG�IRU�UHVWRULQJ�WKLV�VWDWH� ,Q�6HFWLRQ ���� , GH�

VFULEH�LQ�GHWDLO�KRZ�SRZHU�PDQDJHPHQW�FRGH�FDQ�EH�UH�IDFWRUHG�WR�VXSSRUW�FKHFNSRLQW�UH�

VWRUH�LQ�GHYLFH�GULYHUV�DQG�KRZ�H[LVWLQJ�GULYHU�V\QFKURQL]DWLRQ�FDQ�EH�XVHG�WR�DUELWUDWH

GHYLFH�DFFHVV�

����� 'HVLJQ�6XPPDU\

)*)7�LPSURYHV�WKH�VWDWH�RI�DUW�LQ�GULYHU�UHFRYHU\�DQG�PHHWV�LWV�JRDOV� )*)7�SURYLGHV�FODVV�

LQGHSHQGHQW�GULYHU�UHFRYHU\�ZLWK�FKHFNSRLQWV�DV�RSSRVHG�WR�UHVWDUWLQJ�WKH�GULYHU� +HQFH�

)*)7�GLVFDUGV�IDLOHG�UHTXHVWV�DQG�UHWDLQV�SURSULHWDU\�GULYHU�VWDWH�VXFK�DV LRFWOV WKDW�ZHUH

LVVXHG�EHIRUH�WKH�IDLOXUH�

)*)7�UHTXLUHV�YHU\�OLWWOH�NHUQHO�FRGH� DV�WKH�FRGH�IRU�LVRODWLRQ�LV�JHQHUDWHG�DXWRPDW�

LFDOO\�DQG�WKH�UHFRYHU\�FRGH�UHTXLUHV�RQO\�VPDOO�PRGLÀFDWLRQV�WR�H[LVWLQJ�GULYHU�FRGH� 7KH

DQQRWDWLRQ�FRVW�IRU�LVRODWLRQ�DQG�UHFRYHU\�LV�RQO\�UHTXLUHG�ZKHQ�D�GULYHU�QHHGV�IDXOW�WROHU�

DQFH� 2QO\�ZKHQ�D�VXVSLFLRXV�UHTXHVW�H[HFXWHV�GRHV�)*)7 H[HFXWH�LW�LQ�LVRODWLRQ� WKXV�OLP�

LWLQJ�LVRODWLRQ�RYHUKHDG�WR�WKHVH�UHTXHVWV� &RPSDUHG�WR�)*)7��1RRNV >���@�DQG�68' >��@

UHTXLUH�D�QHZ�NHUQHO�VXEV\VWHP�DQG�ZULWLQJ�DQG�PDLQWDLQLQJ�ZUDSSHUV�DURXQG�WKH�GULYHU�

NHUQHO�LQWHUIDFH�

7KHUH�LV�DOVR�QR�UHFRYHU\�RYHUKHDG�RI�PRQLWRULQJ�FRUUHFWO\�H[HFXWLQJ�UHTXHVWV�DW DOO

WLPHV�VLQFH�GULYHU�UHFRYHU\�LV�EDVHG�RQ�FKHFNSRLQWV� )LQDOO\� )*)7�SURYLGHV�IDVW�UHFRYHU\

VLQFH�LW�GRHV�QRW�UHVWDUW�WKH�GULYHU�DQG�UH�H[HFXWH�WKH�FRPSOLFDWHG�GHYLFH�SUREH�URXWLQHV�

7KH�GHYLFH�VWDWH�LV�UHVWRUHG�IURP�D�FKHFNSRLQW� VR�UHFRYHU\�LV�DQ�RUGHU�RI�PDJQLWXGH�IDVWHU

DV�, GHPRQVWUDWH�LQ�WKH�HYDOXDWLRQ�LQ�6HFWLRQ ����
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��� )LQH�*UDLQHG�,VRODWLRQ

,VRODWLRQ�HQVXUHV�WKDW�WKH�GULYHU�DQG�NHUQHO�VWDWH�FKDQJHV�PDGH�E\�D�UHTXHVW�DUH�QRW�SURS�

DJDWHG�LI�WKH�UHTXHVW�IDLOV� , QHHG�WKH�IROORZLQJ�SURSHUWLHV�IURP�DQ�LVRODWLRQ�PHFKDQLVP�

�� 7UDQVDFWLRQDO�H[HFXWLRQ� , QHHG�WR�H[HFXWH�WKH�GULYHU�HQWU\�SRLQWV�LQ�D�WUDQVDFWLRQDO

IDVKLRQ�WR�NHHS�D�FOHDQ�FRS\�RI�DOO�GDWD�PRGLÀHG�E\�WKH�GULYHU�

�� 0HPRU\�VDIHW\�DQG�IDXOW�GHWHFWLRQ� , QHHG�WR�HQVXUH�D�GULYHU�FDQQRW�FRUUXSW�WKH�NHUQHO

RU�RWKHU�WKUHDGV�LQ�WKH�GULYHU�DQG�SURYLGH�PHFKDQLVPV�WKDW�GHWHFW�ZKHQ�D�GULYHU

KDV�IDLOHG�

�� 6\QFKURQL]DWLRQ� 7KUHDGV�H[HFXWLQJ�LQ�WKH�GULYHU�QHHG�WR�V\QFKURQL]H�ZLWK�RWKHU

WKUHDGV�WR�HQVXUH�WKH\�GR�QRW�FRUUXSW�VKDUHG�VWDWH�LQ�WKH�NHUQHO� GULYHU� RU�GHYLFH�

7R�DFKLHYH�WKHVH�JRDOV� , UHO\�RQ�ZHOO�XQGHUVWRRG�FRPSLOH�WLPH�VRIWZDUH�IDXOW�LVROD�

WLRQ��6),� >���@� $V�D�GULYHU�HQWU\�SRLQW�RSHUDWHV�RQ�GDWD�VKDUHG�ZLWK�WKH�UHVW�RI�WKH�GULYHU�

WKH�6), PHFKDQLVP�PXVW�DOORZ�DFFHVV�WR�VXFK�GDWD�EXW�SUHYHQW�LWV�FRUUXSWLRQ� )*)7�WKHUH�

IRUH�H[HFXWHV�LVRODWHG�FRGH�RQ�D PLQLPDO�FRS\ RI�WKH�GULYHU�DQG�NHUQHO� ZKLFK�LV�D�FRS\�RI

GDWD�UHIHUHQFHG�IURP�DQ�HQWU\�SRLQW�EXW�QRW�HQWLUH�VWUXFWXUHV� )RU�H[DPSOH� ZKHQ�D�QHWZRUN

GULYHU�LVVXHV�DQ�LRFWO�WR�XSGDWH�LWV�WUDQVPLW�ULQJ�SDUDPHWHUV� )*)7 XVHV�SRLQWV�WR�DQDO\VLV

DQG�SUH�GHWHUPLQHV�WKH�ÀHOGV�DQ�HQWU\�SRLQW�FDQ�DFFHVV� VXFK�DV QHWGHY→SULY→W[BULQJ

DQG QHWGHY→SULY→U[BULQJ� DQG�ZLOO�RQO\�JHQHUDWH�PDUVKDOLQJ�FRGH�WR�FRS\�LQ�RXW�RQO\

WKHVH�ÀHOGV�WR�UHGXFH�WKH�JHQHUDWHG�FRGH�DQG�WKH�XQQHFHVVDU\�FRS\LQJ�RI�XQXVHG�ÀHOGV� ,I

WKH�HQWU\�SRLQW�GRHV�QRW�IDLO� )*)7�PHUJHV�WKH�FRS\�EDFN�LQWR�WKH�UHDO�GULYHU�DQG�NHUQHO

VWUXFWXUHV� 2Q�D�IDLOXUH� WKH�FRS\�LV�GLVFDUGHG� ,Q�HIIHFW� )*)7 H[HFXWHV�WKH�VXVSHFW�HQWU\

SRLQW�DV�D�WUDQVDFWLRQ�XVLQJ�OD]\�YHUVLRQ�PDQDJHPHQW >��@�

+RZHYHU� QRW�DOO�GDWD�FDQ�EH�FRSLHG� 6WUXFWXUHV�VKDUHG�ZLWK�WKH�GHYLFH� VXFK�DV

QHWZRUN�WUDQVPLW�DQG�UHFHLYH�ULQJV� FDQQRW�EH�FRSLHG�EHFDXVH�WKH�GHYLFH�ZLOO�QRW�VKDUH

WKH�FRSLHG�VWUXFWXUH� ,QVWHDG� )*)7�JUDQWV�VXVSHFW�FRGH�GLUHFW�UHDG�DQG�RU�ZULWH�DFFHVV

WR�WKHVH�VWUXFWXUHV�DQG�UHOLHV�RQ�GHYLFH�VWDWH�FKHFNSRLQWLQJ�WR�UHVWRUH�WKHVH�VWUXFWXUHV�IRO�

ORZLQJ�D�IDLOXUH� )XUWKHUPRUH� GULYHU�FRGH�XVHG�IRU�UHFRYHU\�FDQQRW�EH�LVRODWHG�DQG�PXVW

EH�WUXVWHG�



��

Execution ComponentsCompile-time Components

Original 
Driver 
Source

Main driver module

FGFT 
Isolator

Static Analysis and 
Code Generation

Communication & 
recovery support

User supplied 
Annotations

SFI driver module

Marshaling/
Demarshaling

Object 
tracking

Kernel 
Undo Log

Stubs

)LJXUH ���� )*)7 UHSOLFDWHV�GULYHU�HQWU\�SRLQWV�LQWR�D�QRUPDO�GULYHU�DQG�DQ 6), GULYHU�PRGXOH� $ UXQWLPH
VXSSRUW�PRGXOH�SURYLGHV�FRPPXQLFDWLRQ�DQG�UHFRYHU\�VXSSRUW�

, LPSOHPHQWHG�)*)7�IRU�WKH�/LQX[��������NHUQHO� )LJXUH ��� VKRZV�WKH�FRPSRQHQWV

RI�)*)7��, GHVFULEH�KRZ�)*)7�SURYLGHV�LVRODWLRQ� FRPPXQLFDWHV�ZLWK�LVRODWHG�FRGH� DQG

GHWHFWV�IDLOXUHV�

����� 6RIWZDUH�)DXOW�,VRODWLRQ

$V�)*)7�WDUJHWV�RSHQ�VRXUFH�/LQX[�GHYLFH�GULYHUV� , LPSOHPHQW�6), XVLQJ�D�VRXUFH�FRGH

UHZULWLQJ�WRRO�FDOOHG )*)7�,VRODWRU ZULWWHQ�XVLQJ�&,/ >��@� ,W�JHQHUDWHV�LVRODWLRQ�FRGH�LQWR

WKH�GULYHU�DQG�SURGXFHV�FRPPXQLFDWLRQ�FRGH� GHVFULEHG�EHORZ� IRU�FRPPXQLFDWLQJ�ZLWK

WKH�LVRODWHG�FRGH�

,VRODWRU�JHQHUDWHV�DQ�DGGLWLRQDO�GULYHU�PRGXOH�FDOOHG�WKH 6), PRGXOH WKDW�FRQWDLQV

D�FRS\�RI�DOO�VXVSHFW�HQWU\�SRLQWV�DQG�DOO�GULYHU�IXQFWLRQV�WUDQVLWLYHO\�FDOOHG�IURP�WKRVH

IXQFWLRQV� LQVWUXPHQWHG�IRU�6),��,Q�DGGLWLRQ� ,VRODWRU�JHQHUDWHV�D�QHZ�YHUVLRQ�RI�WKH�GULYHU

WKDW�LQYRNHV�WKH�6), PRGXOH�HQWU\�SRLQWV� $W�WKH�WRS�RI�WKH�H[LVWLQJ�HQWU\�SRLQWV� ,VRODWRU

LQVHUWV�D�WHVW�WR�VHH�ZKHWKHU�WR�H[HFXWH�QRUPDOO\�RU�LQ�LVRODWLRQ� DQG�LI�VR�LQYRNHV�WKH�6),

PRGXOH�

7KH�GHFLVLRQ�WR�LQYRNH�D�JLYHQ�HQWU\�SRLQW�LQ�LVRODWLRQ�FDQ�EH�PDGH�LQ�RQH�RI�WKUHH

ZD\V� )LUVW� D�GHYHORSHU�FDQ�XVH�WKH�DWWULEXWH BBDWWULEXWHBB��LVRODWH�� WR�PDQXDOO\

VSHFLI\�ZKLFK�IXQFWLRQV�WR�LVRODWH� 7KLV�FDXVHV�WKH�IXQFWLRQ�WR�DOZD\V�H[HFXWH�ZLWK�LVROD�

WLRQ� 6HFRQG� )*)7�FDQ DXWRPDWLFDOO\ XVH�DQ\�VWDWLF�DQDO\VLV�WRRO�WR�LGHQWLI\�EXJJ\�FRGH
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DQG�ZKLFK�HQWU\�SRLQWV�DUH�DIIHFWHG� 7KHVH�HQWU\�SRLQWV�DUH�WKHQ�DOZD\V�H[HFXWHG�ZLWK�LVR�

ODWLRQ� )LQDOO\� WKH�GHFLVLRQ�FDQ�EH�PDGH�DW�UXQ�WLPH� $ IDXOW�PDQDJHPHQW�V\VWHP� VXFK�DV

WKH�6RODULV�)DXOW�PDQDJHPHQW�'DHPRQ >��@� FDQ�FDOO�LQWR�WKH�6), PRGXOH�DQG�VSHFLI\�ZKLFK

IXQFWLRQV�WR�H[HFXWH�ZLWK�LVRODWLRQ� )XUWKHUPRUH� LW�FDQ�UHJLVWHU�D�IXQFWLRQ�SRLQWHU�DW�UXQ

WLPH�WKDW�WDNHV�WKH�VDPH�DUJXPHQWV�DV�WKH�VXVSLFLRXV�IXQFWLRQ�DQG�UHWXUQV�D�GHFLVLRQ�RI

ZKHWKHU�WR�LVRODWH�RU�QRW�

,Q�DGGLWLRQ�WR�SURGXFLQJ�WKH�6), GULYHU�FRGH� ,VRODWRU�SURGXFHV�FRPPXQLFDWLRQ�FRGH

WKDW�LQYRNHV�WKH�6), GULYHU�DQG�FRSLHV�LQ�WKH�PLQLPDO�GULYHU�DQG�NHUQHO�VWDWH�QHHGHG�E\�WKH

VXVSHFW�HQWU\�SRLQWV� FRSLHV�RXW�DQ\�FKDQJHV�PDGH�E\�WKH�6), GULYHU� DQG�LQLWLDWHV�UHFRYHU\

IROORZLQJ�D�GHWHFWHG�IDLOXUH� ,VRODWRU�PDQDJHV�UHVRXUFH�DOORFDWLRQ� V\QFKURQL]DWLRQ�DQG

,�2 DFURVV�WKH�WZR�FRSLHV� ,VRODWRU�RQO\�GHWHFWV�PHPRU\�IDLOXUHV� )RU�RWKHU�IDLOXUHV� VXFK

DV�DULWKPHWLF�H[FHSWLRQV� , WUDS�SURFHVVRU�H[FHSWLRQV�DQG�FKHFN�LI�WKH\�RULJLQDWH�IURP�6),

PRGXOH�

,VRODWRU�XVHV�&,/·V�PHPRU\�WUDFNLQJ�PRGXOH >��@�WR�LQVWUXPHQW�DOO�PHPRU\�UHIHU�

HQFHV�LQ�WKH�GULYHU� ,W�LQVHUWV�D�FDOO�WR�RXU PHPFKHFN IXQFWLRQ�WKDW�YHULÀHV�WKH�WDUJHW�RI�D�ORDG�

�VWRUH�LV�YDOLG� ,I�QRW� LW�GHWHFWV�D�IDLOXUH�DQG�LQYRNHV�WKH�UHFRYHU\�PHFKDQLVP� 7KH PHPFKHFN

URXWLQH�FRQVXOWV�D UDQJH�WDEOH WR�YHULI\�PHPRU\�UHIHUHQFHV�DQG�SURYLGH�ÀQH�JUDLQHG�PHP�

RU\�SURWHFWLRQ�E\�RQO\�DOORZLQJ�DFFHVV�WR�GULYHU�DQG�NHUQHO�GDWD�DV�LGHQWLÀHG�DW�FRPSLOH

WLPH� 7KLV�WDEOH�FRQWDLQV�WKH�DGGUHVVHV�DQG�OHQJWKV�RI�FRSLHG�GDWD�VWUXFWXUHV�DQG�EXIIHUV

VKDUHG�ZLWK�WKH�GHYLFH� 7KH�UDQJH�WDEOH�LV�FUHDWHG�RQ�HYHU\�LQYRFDWLRQ�RI�D�VXVSHFW�HQWU\

SRLQW�DQG�ÁXVKHG�RQ�UHWXUQ�

, GR�QRW�DGG�DOO�ORFDO�YDULDEOHV�WR�WKH�UDQJH�WDEOH�EHFDXVH�, WUXVW�WKH�FRPSLOHU�WR

JHQHUDWH�FRUUHFW�FRGH�IRU�PRYLQJ�YDULDEOHV�EHWZHHQ�UHJLVWHUV�DQG�WKH�VWDFN� +RZHYHU� LI�WKH

GULYHU�HYHU�WDNHV�WKH�DGGUHVV�RI�D�ORFDO�YDULDEOH� RU�FUHDWHV�DQ�DUUD\�DV�D�ORFDO�YDULDEOH� WKHQ

,VRODWRU�DGGV�D�FDOO�LQ�WKH�LQVWUXPHQWHG�6), GULYHU�WR�DGG�WKH�YDULDEOH·V�DGGUHVV�DQG�OHQJWK

WR�WKH�UDQJH�WDEOH�DQG�UHPRYH�LW�IURP�WKH�UDQJH�WDEOH�ZKHQ�WKH�YDULDEOH�JRHV�RXW�RI�VFRSH�

6LPLODUO\� , WUXVW�WKH�FRPSLOHU�WR�SURGXFH�YDOLG�FRQWURO�WUDQVIHUV�DQG�GR�QRW�LQVWUXPHQW

EUDQFK�RU�FDOO�LQVWUXFWLRQV�
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&RPPXQLFDWLRQ�&RGH�IRU�(QWU\�3RLQWV

)*)7�,VRODWRU�JHQHUDWHV VWXE�FRGH WR�LQYRNH�VXVSHFW�HQWU\�SRLQWV�WKDW�FRSLHV�GDWD�LQWR�DQG

RXW�RI�WKH�GULYHU� 6LPLODU�WR�53& VWXEV� WKHVH�VWXEV�FUHDWH�D�FRS\�RI�WKH�SDUDPHWHUV�SDVVHG

WR�WKH�VXVSHFW�FRGH� EXW�DOVR�FRS\�DQ\�GULYHU�RU�NHUQHO�JOREDO�YDULDEOHV�LW�XVHV� :KHQ�WKH

VXVSHFW�HQWU\�SRLQW�FRPSOHWHV� VWXE�FRGH�FRSLHV�PRGLÀHG�GDWD�VWUXFWXUHV�DQG�UHWXUQ�YDOXHV

EDFN�WR�WKH�UHJXODU�GULYHU�DQG�NHUQHO�LQ�WKH�FXUUHQW�WKUHDG� $Q�DOWHUQDWLYH�DSSURDFK�ZRXOG

EH�WR�UHO\�RQ�WUDQVDFWLRQDO�PHPRU\�WHFKQLTXHV�WR�G\QDPLFDOO\�FUHDWH�D�FRS\�RI�GDWD�DV�LW�LV

UHIHUHQFHG� ZKLFK�PD\�KDYH�ORZHU�FRS\LQJ�FRVWV�EXW�KLJKHU�UXQ�WLPH�FRVWV >��@�

,VRODWRU�DXWRPDWLFDOO\�LGHQWLÀHV�WKH�PLQLPDO�GDWD�QHHGHG�IRU�DQ�HQWU\�SRLQW�WKURXJK

VWDWLF�DQDO\VLV� 7KLV�GDWD�LQFOXGHV�WKH�VWUXFWXUH�ÀHOGV�IURP�SDUDPHWHUV�UHIHUHQFHG�E\�WKH

HQWU\�SRLQW�RU�IXQFWLRQV�LW�FDOOV�SOXV�ÀHOGV�RI�JOREDO�YDULDEOHV�UHIHUHQFHG� $V�WKH\�FRS\�GDWD�

VWXEV�XSGDWH�WKH�UDQJH�WDEOH�ZLWK�WKH�DGGUHVV�DQG�OHQJWK�RI�HDFK�REMHFW� )RU�REMHFWV�WKDW

FDQQRW�EH�FRSLHG��VXFK�DV�WKRVH�VKDUHG�ZLWK�WKH�GHYLFH�� VWXEV�ÀOO�LQ�WKH�H[LVWLQJ�DGGUHVV�RI

WKH�ÀHOG� LWV�OHQJWK� DQG�ZKHWKHU�WKH�HQWU\�SRLQW�QHHGV�UHDG� ZULWH� RU�UHDG�ZULWH�DFFHVV�

,I�VXVSHFW�FRGH�LQYRNHV�WKH�NHUQHO� ,VRODWRU�JHQHUDWHV�VWXEV�IRU�NHUQHO�IXQFWLRQV�WKDW

FRS\�SDUDPHWHUV�WR�WKH�NHUQHO�DQG�FRSLHV�NHUQHO�UHWXUQ�YDOXHV�EDFN�WR�VXVSHFW�FRGH� 7KH�6),

GULYHU�PD\�SDVV�LQ�ÀHOGV�IURP�LWV�SDUDPHWHUV�WR�WKH�NHUQHO�DV�DUJXPHQWV� 7R�DYRLG�FUHDWLQJ

D�QHZ�FRS\�RI�WKHVH�ÀHOGV� DV�ZRXOG�EH�GRQH�E\�53&��)*)7�PDLQWDLQV�DQ REMHFW�WUDFNHU

WKDW�PDSV�WKH�DGGUHVV�RI�NHUQHO�DQG�UHJXODU�GULYHU�REMHFWV�WR�WKH�DGGUHVV�RI�REMHFWV�LQ�WKH

6), GULYHU� 6WXE�FRGH�FRQVXOWV�WKH�REMHFW�WUDFNHU�ZKHQ�FDOOLQJ�LQWR�WKH�NHUQHO�WR�GHWHUPLQH

ZKHWKHU�DUJXPHQWV�UHIHU�WR�D�QHZ�RU�H[LVWLQJ�REMHFW� ,I�DQ�REMHFW�H[LVWV� VWXEV�FRS\�WKH

DUJXPHQW�EDFN�WR�WKH�H[LVWLQJ�REMHFW�DQG�RWKHUZLVH�WHPSRUDULO\�DOORFDWH�D�QHZ�REMHFW� 7R

VXSSRUW�UHFRYHU\� VWXEV�PD\�JHQHUDWH�D FRPSHQVDWLRQ�HQWU\ LQ�D NHUQHO�XQGR�ORJ� 7KLV�ORJ

UHFRUGV�RSHUDWLRQV�WKDW�PXVW�EH�UHYHUVHG�RQ�IDLOXUH� VXFK�DV�IUHHLQJ�PHPRU\�DOORFDWLRQV�

7KH�VWXE�FRGH�PXVW�NQRZ�WKH�OD\RXW�RI�GDWD�VWUXFWXUHV�DQG�ZKHWKHU�GDWD�LV�VKDUHG

ZLWK�WKH�GULYHU�LQ�RUGHU�WR�FRUUHFWO\�FRS\�GDWD� $V�GULYHU�FRGH�RIWHQ�FRQWDLQV�DPELJXRXV

GDWD�VWUXFWXUHV�VXFK�DV YRLG�
 SRLQWHUV�RU�OLVW�SRLQWHUV��H�J�� VWUXFW�OLVWBKHDG�� , UHO\�RQ

SURJUDPPHU�SURYLGHG�DQQRWDWLRQV�WR�GLVDPELJXDWH�VXFK�FRGH >���@� 7KHVH�DQQRWDWLRQV
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DOVR�GHFODUH�ZKLFK�VWUXFWXUH�ÀHOGV�RU�SDUDPHWHUV�DUH�VKDUHG�ZLWK�WKH�GHYLFH�DQG�VKRXOG

QRW�EH�FRSLHG� ,Q�6HFWLRQ ���� , HYDOXDWH�WKH�GLIÀFXOW\�RI�SURYLGLQJ�DQQRWDWLRQV�

6RPH�GULYHU�IXQFWLRQV�WULJJHU�V\QFKURQRXV�FDOOEDFNV� )RU�H[DPSOH� WKH SFLBUHJLVWHUBGULYHU

IXQFWLRQ�FDXVHV�D�FDOOEDFN�RQ�WKH�VDPH�WKUHDG�WR�WKH�GULYHU·V SUREH IXQFWLRQ� )*)7�WUHDWV

WKH�FDOOEDFN�DV�D QHVWHG�WUDQVDFWLRQ� LW�FDXVHV�DQRWKHU�LVRODWHG�FDOO�RSHUDWLQJ�RQ�D�VHFRQG

FRS\�RI�WKH�GDWD�

5HVRXUFH�$FFHVV�IURP�6), PRGXOH

6RPH�UHVRXUFHV�FDQQRW�EH�FRSLHG�LQWR�WKH�GULYHU�EHFDXVH�WKH\�DWWDFK�DGGLWLRQDO�VHPDQWLFV

RU�EHKDYLRU�WR�PHPRU\�

,�2 PHPRU\� 'ULYHU�HQWU\�SRLQWV�PD\�FRPPXQLFDWH�ZLWK�WKH�GHYLFH�E\�ZULWLQJ�WR�,�2

PHPRU\� 6WXEV�JUDQW�WKH�6), GULYHU�UHDG�ZULWH�DFFHVV�WR�PHPRU\�PDSSHG�,�2 UHJLRQV�DQG

PHPRU\�VKDUHG�ZLWK�WKH�GHYLFH�YLD GPDBDOORFBFRKHUHQW� ,VRODWRU�LGHQWLÀHV�WKHVH�UHJLRQV

ZLWK�DQQRWDWLRQV�DQG�FUHDWHV�VWXEV�WKDW�JUDQW�GULYHUV�GLUHFW�UHDG�ZULWH�DFFHVV�

/RFNV� 'ULYHUV�V\QFKURQL]H�ZLWK�RWKHU�WKUHDGV�XVLQJ�GULYHU�VSLQ�ORFNV�DQG�PXWH[HV� +HQFH�

6), JUDQWV�UHDG�DFFHVV�WR�GULYHU�ORFNV�DQG�FDOOV�WKH�ORFNLQJ�$3, WR�DFTXLUH�UHOHDVH�WKH�ORFNV�

7KH�VWXE�FRGH�IRU�NHUQHO�ORFNLQJ�URXWLQHV�DGG�D�FRPSHQVDWLRQ�HQWU\�WR�WKH�NHUQHO�XQGR�ORJ

WR�UHOHDVH�WKH�ORFN�DIWHU�D�IDLOXUH� 7R�HQVXUH�WKDW�FKDQJHV�PDGH�E\�VXVSHFW�FRGH�DUH�QRW�VHHQ

E\�WKH�UHVW�RI�WKH�NHUQHO� WKH�ORFN�VWXEV�GHIHU�UHOHDVLQJ�GULYHU�ORFNV�XQWLO�DIWHU�WKH�HQWU\�SRLQW

UHWXUQV�WR�WKH�NHUQHO� $SDUW�IURP�GULYHU�ORFNV� GULYHUV�PD\�DFTXLUH�NHUQHO�GHÀQHG�ORFNV

LQGLUHFWO\�WKURXJK�NHUQHO�FDOOV� )*)7 GRHV�QRW�H[SDQG�WKH�VFRSH�RI�WKHVH�ORFNV�DQG�UHOHDVHV

WKHP�XSRQ�IDLOXUH�WKURXJK�FRPSHQVDWLRQ�HQWULHV�LQ�WKH�NHUQHO�XQGR�ORJ� 'ULYHUV�FDQ�DOVR

GLUHFWO\�PDQLSXODWH�NHUQHO�GDWD�VWUXFWXUHV�ZKLOH�KROGLQJ�NHUQHO�GHÀQHG�ORFNV� )*)7 ZLOO

QRW�UHFRYHU�FRUUHFWO\�IRU�VXFK�HQWU\�SRLQWV� +RZHYHU� WKLV�LV�LQFUHDVLQJO\�UDUH�LQ�/LQX[�DQG

WKHUH�LV�DQ�HIIRUW�WR�HQVXUH�WKDW�NHUQHO�GDWD�VWUXFWXUHV�DUH�QRW�GLUHFWO\�H[SRVHG�WR�GULYHUV�

7KH�DERYH�PHFKDQLVP�SURWHFWV�VKDUHG�VWUXFWXUHV�DFURVV�GULYHU�WKUHDGV� +RZHYHU�
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WKH�VXVSLFLRXV�WKUHDG�FDQ�DOVR�EORFN�ZDLWLQJ�IRU�GDWD�WR�DUULYH�RQ�VKDUHG�VWUXFWXUHV�WKDW

KDYH�EHHQ�FRSLHG�RYHU�IURP�RWKHU�GULYHU�WKUHDGV� )RUWXQDWHO\� UHV\QFKURQL]DWLRQ�DFURVV

GULYHU�WKUHDGV�LV�XQFRPPRQ� 8VLQJ�VWDWLF�DQDO\VLV� , PHDVXUH�KRZ�RIWHQ�GULYHU�WKUHDGV

ZDLW�IRU�RWKHU�WKUHDGV�XVLQJ�WKH�/LQX[·V FRPSOHWLRQ IDPLO\�RI�IXQFWLRQV�RU�E\�SROOLQJ�LQ�D

ORRS�

2YHUDOO� , ÀQG�GULYHU�UHV\QFKURQL]DWLRQ�RFFXUV�LQ������RI�GULYHUV�DQG������RI�DOO�HQ�

WU\�SRLQWV� 0RVW�UH�V\QFKURQL]DWLRQV�RFFXU�GXULQJ�FRPPXQLFDWLRQ�ZLWK�WKH�GHYLFH� GULYHUV

ZDLW�IRU�D�GHYLFH�RSHUDWLRQ�WR�ÀQLVK�DQG�D�FDOOEDFN�VHWV�WKH�FRPSOHWLRQ�VWUXFWXUH� ,Q�PRVW

FDVHV� RQO\�WKH�FRPSOHWLRQ�VWUXFWXUH�UHVSRQVLEOH�IRU�GHYLFH�QRWLÀFDWLRQV�QHHGV�WR�EH�DQQR�

WDWHG� +RZHYHU� FRPSOH[�GULYHUV�WKDW�FRPPXQLFDWH�ZLWK�GHYLFHV�XVLQJ�D�OD\HUHG�LQWHUIDFH�

VXFK�DV�6&6, RU�:,),��PD\�ZDLW�IRU�ORZHU�OD\HUV�WR�FRPPXQLFDWH�ZLWK�GHYLFH�DQG�XSGDWH

WKH�DSSURSULDWH�GULYHUV�VWUXFWXUHV�ZLWK�WKH�UHVXOW�RI�WKH�RSHUDWLRQ� ,Q�VXFK�FDVHV� DQQRWD�

WLRQV�DUH�UHTXLUHG�IRU�FRPSOHWLRQ�VWUXFWXUHV�DQG�VKDUHG�GHYLFH�VWUXFWXUHV�IRU�WKH�GULYHU�WR

ZRUN�FRUUHFWO\� )LQDOO\� GULYHU�WKUHDGV�DOVR�VOHHS�LQVLGH�ORRSV�ZDLWLQJ�IRU�RWKHU�WKUHDGV�WR

ÀQLVK�E\�SROOLQJ�UHIHUHQFH�FRXQWV�RU�GULYHU�VWUXFWXUHV� ,I�WKHVH�WKUHDGV�PRGLI\�VWDWH�DFURVV

WKUHDGV� WKHQ�)*)7 ZLOO�QRW�UHFRYHU�FRUUHFWO\�IRU�WKLV�IUDFWLRQ�RI�GULYHUV�HQWU\SRLQWV�

0HPRU\�DOORFDWLRQ� 6WXEV�IRU�DOORFDWRUV�LQYRNH�WKH�NHUQHO�DOORFDWRU� DGG�WKH�UHWXUQHG

PHPRU\�UHJLRQ�WR�WKH�UDQJH�WDEOH�DQG�JHQHUDWH�D�FRPSHQVDWLRQ�HQWU\�WR�IUHH�WKH�PHPRU\

RQ�IDLOXUH� 7KH�QHZO\�DOORFDWHG�PHPRU\�LV�QRW�FRSLHG�LQWR�WKH�GULYHU�EHFDXVH�LWV�FRQWHQWV

GR�QRW�QHHG�WR�EH�SUHVHUYHG� )RU�NHUQHO�FDOOEDFNV�WKDW�LPSOLFLWO\�DOORFDWH�PHPRU\�DQ�DS�

SURSULDWH�FRPSHQVDWLRQ�HQWU\�LV�JHQHUDWHG�

����� )DLOXUH�'HWHFWLRQ

,Q�DGGLWLRQ�WR�SURWHFWLQJ�WKH�NHUQHO�DQG�UHJXODU�GULYHU�FRGH�IURP�FRUUXSWLRQ� LVRODWLRQ

SURYLGHV�WKH�SULPDU\�PHDQV�WR�GHWHFW�IDLOXUHV� )*)7·V�6), PHFKDQLVP�LPSOHPHQWV VSD�

WLDO�PHPRU\�VDIHW\ >��@� HYHU\�PHPRU\�UHIHUHQFH�PXVW�EH�ZLWKLQ�DQ�REMHFW�PDGH�DFFHVVLEOH

GXULQJ�WKH�FRS\�SURFHVV� 7KXV� UHIHUHQFHV�RXWVLGH�WKH�UDQJH�WDEOH�LQGLFDWH�D�IDLOXUH�
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6WXEV�FDQ�GHWHFW�DGGLWLRQDO�IDLOXUHV�ZKHQ�FRS\LQJ�GDWD�EDFN�WR�WKH�NHUQHO� )RU�H[�

DPSOH� LI�WKH�GULYHU�ZULWHV�DQ�LQYDOLG�DGGUHVV�LQWR�D�GDWD�VWUXFWXUH� WKH�FRS\LQJ�FRGH�ZLOO

GHUHIHUHQFH�WKDW�DGGUHVV�DQG�JHQHUDWH�DQ�H[FHSWLRQ� , DOVR�PRGLÀHG�WKH�/LQX[�NHUQHO�H[�

FHSWLRQ�KDQGOHUV�WR�GHWHFW�XQH[SHFWHG�WUDSV�IURP�WKH�6), GULYHU�DV�IDLOXUHV� ,I�RQH�RFFXUV�

WKH�WUDS�KDQGOHU�VHWV�WKH�LQVWUXFWLRQ�SRLQWHU�WR�WKH�UHFRYHU\�URXWLQH� 7KLV�LV�WKH�RQO\�FKDQJH

WR�WKH�/LQX[�NHUQHO� DQG�UHTXLUHG����OLQHV�RI�FRGH�

7KH�GHWHFWLRQ�PHFKDQLVPV�PD\�PLVV�VHYHUDO�FDWHJRULHV�RI�IDLOXUHV� )LUVW� LI�WKH�GULYHU

YLRODWHV�LWV�RZQ�GDWD�VWUXFWXUH�LQYDULDQWV� VWXEV�PD\�QRW�GHWHFW�WKH�SUREOHP� 5HFHQW�ZRUN

RQ�LGHQWLI\LQJ�DQG�YHULI\LQJ�GDWD�VWUXFWXUH�LQYDULDQWV�FRXOG�GHWHFW�WKHVH�IDXOWV >��@� )RU

H[DPSOH� LI�D�VXVSHFW�HQWU\�SRLQW�VHWV�D�ÁDJ�LQGLFDWLQJ�WKDW�D�ÀHOG�LV�YDOLG�EXW�GRHV�QRW

VHW�WKH�ÀHOG� WKHQ�FRUUXSWLRQ�ZLOO�OHDN�RXW�RI�WKH�6), GULYHU� 6HFRQG� WKH�GULYHU�GRHV�QRW

SURYLGH�VWURQJ�W\SH�VDIHW\� VR�WKH�GULYHU�PD\�DVVLJQ�D�VWUXFWXUH�ÀHOG�WR�WKH�ZURQJ�W\SH�RI

GDWD� :KLOH�WKLV�PD\�EH�GHWHFWHG�ZKHQ�WKH�VWXE�FRSLHV�GDWD� LW�LV�QRW�JXDUDQWHHG� )LQDOO\�

)*)7�GRHV�QRW�HQIRUFH�NHUQHO�UHVWULFWLRQV�RQ�WKH�UDQJH�RI�VFDODU�YDOXHV� VXFK�DV�YDOLG�SDFNHW

OHQJWKV�

��� &KHFNSRLQW�EDVHG�UHFRYHU\

)*)7�LV�EXLOW�DURXQG�FKHFNSRLQW�EDVHG�UHFRYHU\� :KLOH�FKHFNSRLQWLQJ�DQG�UHVWRULQJ�PHP�

RU\�VWDWH�LV�VLPSOH�XVLQJ�WHFKQLTXHV�VXFK�DV�WUDQVDFWLRQDO�PHPRU\�RU�FRS\�RQ�ZULWH� LW

KDV�QRW�SUHYLRXVO\�EHHQ�SRVVLEOH�WR�FDSWXUH�WKH�VWDWH�RI�D�GHYLFH� :LWKRXW�WKLV� UHVWRULQJ

PHPRU\�VWDWH�ZLOO�OHDG�WR�D�GULYHU�WKDW�LV�LQFRQVLVWHQW�ZLWK�UHVSHFW�WR�LWV�GHYLFH� EHOLHYLQJ

LQFRUUHFWO\�WKDW�LW�KDV�SHUIRUPHG�DQ�DFWLRQ�RU�LV�RSHUDWLQJ�LQ�D�GLIIHUHQW�PRGH� , ÀUVW�GH�

VFULEH�GHYLFH�VWDWH�FKHFNSRLQWLQJ� ZKLFK�LV�WKH�EDVLV�RI�)*)7·V�UHFRYHU\�PHFKDQLVP� , WKHQ

GHVFULEH�KRZ�)*)7�XVHV�GHYLFH�FKHFNSRLQWV�WR�UHFRYHU�LQ�FDVH�RI�D�IDLOXUH�

����� 'HYLFH�VWDWH�FKHFNSRLQWLQJ

7R�EH�XVHIXO� D�GHYLFH�FKHFNSRLQW�PHFKDQLVP�VKRXOG�IXOÀOO�WKH�IROORZLQJ�JRDOV�
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(a) (b) (c)

int rtl8139_suspend ( ... )

/* save PCI config state */
pci_save_state (pdev);

/* disable device */
if (!netif_running (dev))

return 0;
netif_device_detach (dev);

spin_lock_irqsave
(&tp->lock, flags);

/* Disable interrupts,
stop Tx/Rx. */

RTL_W16 (IntrMask, 0);
RTL_W8 (ChipCmd, 0);

/* Copy out device state. */
dev->stats.rx_missed_errors +=

RTL_R32 (RxMissed);
RTL_W32 (RxMissed, 0);
spin_unlock_irqrestore

(&tp->lock, flags);

/* Suspend device */
pci_set_power_state (pdev, PCI_D3hot);

int rtl8139_checkpoint ( ... )

spin_lock_irqsave
(&tp->lock, flags);

/* save PCI config state */
pci_save_state (pdev);

/* Copy out device state. */
dev->stats.rx_missed_errors +=

RTL_R32 (RxMissed);

spin_unlock_irqrestore
(&tp->lock, flags);

int rtl8139_restore (...)

spin_lock_irqsave
(&tp->lock, flags);

/* disable device */
netif_device_detach (dev);

/* restore bus state */
pci_restore_state (pdev);

/* restart device */
if (!netif_running (dev))

return 0;
rtl8139_init_ring (dev);
rtl8139_hw_start (dev);

RTL_W32 (RxMissed, 0);

/* re-enable device */
netif_device_attach (dev);
spin_unlock_irqrestore

(&tp->lock, flags);

Figure 1: The above figures show the original suspend routine and refactored checkpoint and restore routines in rtl8139
driver. Driver checkpoint a consistent snapshot, while the heavy work of stopping and starting the device is moved to
restore.Drivers may also save non-standard registers during suspend which should be done during checkpoint.

4. Addresses of memory bu↵ers shared with the driver,
such as the DMA ring bu↵ers use by network
drivers to send or receive packets.

We note that a checkpoint may not actually contain the
full state of the device. Rather, it must contain enough
information that functionality can later be restored with-
out a↵ecting applications. Thus, device state that can
be recreated or recomputed need not be saved. Further-
more, the checkpoint only contains the device state. To
be restored properly, it requires a consistent copy of the
driver state taken at the same. Thus, it must be paired
with mechanisms such as transactional memory or copy-
on-write to save the driver’s state.
The configuration state is the easiest to save. Most

buses provide a method to save configuration infor-
mation. For example, PCI drivers in Linux use
pci save state, save includes a set of standard registers
and the base address registers (BARs). The remaining
state, though, must be handled separately by each driver.
The driver explicitly saves register contents and coun-

ters in an internal driver structure. The di↵erence be-
tween registers and counters arises during recovery, de-
scribed below, because counter values cannot be written
back to the device.
Memory bu↵ers shared with the device can be recre-

ated. As a result, most device drivers do not include the
address of these bu↵ers in a checkpoint. Instead, they
free bu↵ers during suspend and re-allocates them during
resume.

Figure 2(a) diagrams the tasks performed by suspend
and resume, and shows how that code is shu✏ed to cre-
ate checkpoint and restore functionality. Of the suspend
code, checkpointing reuses all the functionality except
detaching the device with the kernel and suspending the
device. As an example, Figure 2(b) shows the code to
checkpoint the 8139too driver.
It may be necessary to checkpoint a driver while it is

in use. Existing suspend routines assume the device is
quiescent when the device state is saved. Checkpoint,
though, may be called at any time. Thus, it must be syn-
chronized with other threads using the driver. However,
because device state checkpointing must be coordinated
with other mechanisms for capturing driver state, we do
put synchronization code in checkpoint. Instead, we re-
quire that the caller of checkpoint synchronize with other
threads. In Section 4 we show how this can be done with
existing driver locks.
3.3 Restore
The restore operation can be constructed from a mix of
suspend and resume code. Normally the resume function
is invoked when the device just returned to full power
needs to be re-configured. In the case of a checkpoint,
though, the device is already running at full power. Thus,
resume invokes the bottom half of the suspend routine to
disable the device before restoring state.
The restore operation proceeds in four steps:

4

Device suspend
Save configuration state

Save device registers

Disable device

Copy s/w device state

Suspend device

Device resume

Restore config state

Restore device registers

Restore s/w state & reset

Attach device

Device ready

Device checkpoint

Save configuration state

Save device registers

Lock device 

Unlock device

Device restore

Restore config state

Restore device registers

Lock device 

Unlock device

Copy s/w device state

Disable device

Re-start/enable device

)LJXUH ���� 2XU�GHYLFH�VWDWH�FKHFNSRLQWLQJ�PHFKDQLVP�UHIDFWRUV�FRGH�IURP�H[LVWLQJ�VXVSHQG�UHVXPH�URXWLQHV
WR�FUHDWH�FKHFNSRLQW�DQG�UHVWRUH�IRU�GULYHUV�DV�VKRZQ�LQ�)LJXUH��D�� 7KH�FKHFNSRLQW�URXWLQH�RQO\�VWRUHV�D
FRQVLVWHQW�GHYLFH�VQDSVKRW�WR�PHPRU\�ZKLOH�WKH�UHVWRUH�ORDGV�WKH�VDYHG�VWDWH�DQG�UH�LQLWLDOL]HV�WKH�GHYLFH�
)LJXUHV��E��DQG��F��VKRZ�FKHFNSRLQW�DQG�UHVWRUH�URXWLQHV�LQ�WKH�UWO�����GULYHU�

�� /LJKWZHLJKW� 7KHUH�VKRXOG�EH�QR�FRQWLQXRXV�PRQLWRULQJ�RU�ORQJ�ODWHQF\�RSHUDWLRQV�

�� %URDG� 7KH�PHFKDQLVP�PXVW�ZRUN�ZLWK�D�ZLGH�UDQJH�RI�GHYLFHV�GULYHUV� LQFOXGLQJ

WKRVH�ZLWK�XQLTXH�EHKDYLRU�

�� &RQVLVWHQW� 'ULYHUV�DUH�RIWHQ�LQYRNHG�RQ�PXOWLSOH�WKUHDGV� DQG�FKHFNSRLQWV�PXVW�EH

D�FRQVLVWHQW�YLHZ�RI�GHYLFH�VWDWH�

, LGHQWLÀHG�WKH�VXVSHQG�UHVXPH�FRGH�DOUHDG\�SUHVHQW�LQ�PDQ\�GULYHUV�DV�KDYLQJ

PXFK�RI�WKH�IXQFWLRQDOLW\�QHHGHG�WR�LPSOHPHQW�FKHFNSRLQW�DQG�UHVWRUH� , QH[W�GHVFULEH�KRZ

SRZHU�PDQDJHPHQW�IRU�GULYHUV�ZRUNV� DQG�WKHQ�GHVFULEH�KRZ�WR�UHXVH�WKH�IXQFWLRQDOLW\

IRU�GULYHU�UHFRYHU\�ZLWK�FKHFNSRLQWV�

6XVSHQG�5HVXPH�%DFNJURXQG

0RGHUQ�RSHUDWLQJ�V\VWHPV�FDQ�G\QDPLFDOO\�UHGXFH�WKHLU�SRZHU�FRQVXPSWLRQ�WR�SURYLGH

D�KRW VWDQGE\PRGH� DOVR�FDOOHG VXVSHQG�WR�5$0��ZKLFK�GLVDEOHV�SURFHVVRUV�DQG�GHYLFHV�EXW

OHDYHV�VWDWH�LQ�PHPRU\� 2QH�PDMRU�FRPSRQHQW�RI�UHGXFLQJ�SRZHU�LV�WR�GLVDEOH�GHYLFHV�

7KXV� RSHUDWLQJ�V\VWHPV�GLUHFW�GHYLFHV�WR�VZLWFK�WR�D�ORZ�SRZHU�VWDWH�ZKHQ�WKH�V\VWHP

JRHV�LQWR�VWDQGE\�PRGH� 7KH�EHKDYLRU�RI�GHYLFHV�LV�VSHFLÀHG�E\�WKH�$&3, VSHFLÀFDWLRQ�IRU

WKH�SODWIRUP�DQG�E\�EXVHV� VXFK�DV�3&, DQG�86%�

,Q�RUGHU�WR�WUDQVLWLRQ�TXLFNO\�EHWZHHQ�VWDQGE\�DQG�IXOO�SRZHU�PRGH� GULYHUV�LPSOH�
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PHQW�D�SRZHU�PDQDJHPHQW�LQWHUIDFH�WR�VDYH�GHYLFH�VWDWH�EHIRUH�HQWHULQJ�VWDQGE\�PRGH�

DQG�WR�UHVWRUH�GHYLFH�VWDWH�ZKHQ�OHDYLQJ�VWDQGE\�PRGH >��� ��@� 7KHVH�RSHUDWLRQV�PXVW

EH�TXLFN�WR�DOORZ�IDVW�WUDQVLWLRQV� 7KH�V\VWHP�ZLGH�VXVSHQG�WR�5$0 PHFKDQLVP�VDYHV

WKH�PHPRU\�VWDWH�RI�WKH�GULYHU� DQG�WKH�GULYHU�LV�UHVSRQVLEOH�IRU�VDYLQJ�DQG�UHVWRULQJ�DQ\

YRODWLOH�GHYLFH�VWDWH� 'ULYHUV�LPSOHPHQW�D�SRZHU�PDQDJHPHQW�LQWHUIDFH�ZLWK�PHWKRGV�WR

VDYH�DQG�UHVWRUH�VWDWH� )RU�H[DPSOH� /LQX[�3&, GHYLFHV�LPSOHPHQW�WKHVH�WZR�PHWKRGV�

LQW��
VXVSHQG���VWUXFW�SFLBGHY�
GHY�

SPBPHVVDJHBW�VWDWH��

LQW��
UHVXPH���VWUXFW�SFLBGHY�
GHY��

:KHQ�VDYLQJ�GHYLFH�VWDWH�WR�PHPRU\� WKH�GULYHU�PD\�LQYRNH�WKH�EXV�WR�VDYH�EXV

FRQÀJXUDWLRQ�GDWD� DV�ZHOO�DV�H[SOLFLWO\�VDYH�WKH�FRQWHQWV�RI�VHOHFW�GHYLFH�UHJLVWHUV�WKDW�DUH

QRW�FDSWXUHG�E\�WKH�FRQÀJXUDWLRQ�VWDWH� 7KH�GULYHU�WKHQ�LQVWUXFWV�WKH�GHYLFH�WR�VXVSHQG

LWVHOI� 6LPSOH�GHYLFHV�WKDW�KDYH�QR�VWDWH�VLPSO\�GLVDEOH�WKH�GHYLFH�

8SRQ�UHVXPH� GULYHUV�ZDNH�WKH�GHYLFH� RSWLRQDOO\�SHUIRUP�D�VRIW�UHVHW� UHVWRUH�WKHLU

VDYHG�VWDWH� 6LQFH�WKH�ODWHQF\�RI�D�V\VWHP�WR�UHVSRQG�SRVW�UHVXPH�LV�FULWLFDO� WKH�LQLWLDO�

L]DWLRQ�LV�OLJKWZHLJKW�FRPSDUHG�WR�UHVWDUWLQJ�WKH�GULYHU� DV�LW�DVVXPHV�WKH�GHYLFH�KDV�QRW

FKDQJHG� 6LPLODU�WR�VXVSHQG� VLPSOH�GHYLFHV�PD\�MXVW�UH�HQDEOH�WKH�GHYLFH�ZLWKRXW�UHVWRU�

LQJ�VWDWH�

)RU�D�V\VWHP�WR�VXSSRUW�VWDQGE\�PRGH� DOO�GULYHUV�PXVW�VXSSRUW�SRZHU�PDQDJH�

PHQW� :KLOH�QRW�DOO�GULYHUV�GR��/LQX[�LV�QRWRULRXV�IRU�LQFRPSOHWH�VXSSRUW >��@�� LW�LV�ZLGHO\

LPSOHPHQWHG�E\�:LQGRZV�DQG�0DF26 GULYHUV� DQG�VXSSRUW�LQ�/LQX[�GULYHUV�LV�LPSURYLQJ�

7KH�IXQFWLRQDOLW\�SURYLGHG�E\�GULYHU�SRZHU�PDQDJHPHQW�LV�YHU\�VLPLODU�WR�ZKDW�LV

QHHGHG�IRU�GHYLFH�VWDWH�FKHFNSRLQWLQJ� )LUVW� LW�SURYLGHV�WKH�DELOLW\�WR�VDYH�GHYLFH�VWDWH�WR

PHPRU\�LQ�D�ZD\�WKDW�DOORZV�DSSOLFDWLRQV�WR�FRQWLQXH�IXQFWLRQLQJ� 6HFRQG� HYHQ�WKRXJK

WKH�GHYLFH�PD\�FRQWLQXH�WR�UHFHLYH�SRZHU� WKH�VRIW�UHVHW�WKDW�RFFXUV�ZKHQ�UH�HQDEOLQJ�D

GHYLFH�HQVXUHV�WKDW�DQ\�SUHYLRXV�VWDWH�LV�UHSODFHG�E\�WKH�UHVWRUHG�VWDWH� )LQDOO\� SRZHU

PDQDJHPHQW�LV�LPSOHPHQWHG�E\�PRVW�FRPPRQO\�XVHG�GULYHUV� +RZHYHU� LW�LV�QRW�GLUHFWO\

XVDEOH�IRU�FKHFNSRLQWLQJ� SRZHU�PDQDJHPHQW�URXWLQHV�ODFN�WKH�DELOLW\�WR�FRQWLQXH�H[HFXW�
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LQJ�DIWHU�VXVSHQGLQJ�D�GHYLFH�EHFDXVH�WKH�GHYLFH�KDV�EHHQ�GLVDEOHG�

&KHFNSRLQW

'HYLFH�VWDWH�FKHFNSRLQWLQJ�LV�FRQVWUXFWHG�IURP�D�VXEVHW�RI�WKH�GHYLFH�VXVSHQG�VXSSRUW

DOUHDG\�SUHVHQW�LQ�GULYHUV� $ GHYLFH�PD\�KDYH�PDQ\�GLVWLQFW�IRUPV�RI�VWDWH� HDFK�RI�ZKLFK

UHTXLUH�D�GLIIHUHQW�PHFKDQLVP�IRU�FKHFNSRLQW�

�� 'HYLFH�FRQÀJXUDWLRQ�LQIRUPDWLRQ�SXEOLVKHG�WKURXJK�WKH�EXV�FRQÀJXUDWLRQ�VSDFH�

�� 'HYLFH�UHJLVWHUV�ZLWK�FRQÀJXUDWLRQ�GDWD�VSHFLÀF�WR�WKH�GHYLFH�

�� &RXQWHUV�DQG�VWDWLVWLFV�H[SRUWHG�E\�WKH�GHYLFH�DQG�DJJUHJDWHG�E\�WKH�GULYHU�

�� $GGUHVVHV�RI�PHPRU\�EXIIHUV�VKDUHG�ZLWK�WKH�GULYHU� VXFK�DV�WKH�'0$ ULQJ�EXIIHUV

XVHG�E\�QHWZRUN�GULYHUV�WR�VHQG�RU�UHFHLYH�SDFNHWV�

, QRWH�WKDW�D�FKHFNSRLQW�PD\�QRW�DFWXDOO\�FRQWDLQ�WKH�IXOO�VWDWH�RI�WKH�GHYLFH� 5DWKHU� LW

PXVW�FRQWDLQ HQRXJK LQIRUPDWLRQ�WKDW�IXQFWLRQDOLW\�FDQ�ODWHU�EH�UHVWRUHG�ZLWKRXW�DIIHFWLQJ

DSSOLFDWLRQV� 7KXV� GHYLFH�VWDWH�WKDW�FDQ�EH�UHFUHDWHG�RU�UHFRPSXWHG�QHHG�QRW�EH�VDYHG�

)XUWKHUPRUH� WKH�FKHFNSRLQW�RQO\�FRQWDLQV�WKH�GHYLFH�VWDWH� 7R�EH�UHVWRUHG�SURSHUO\� LW

UHTXLUHV�D�FRQVLVWHQW�FRS\�RI�WKH�GULYHU�VWDWH�WDNHQ�DW�WKH�VDPH�WLPH� 7KXV� LW�PXVW�EH�SDLUHG

ZLWK�PHFKDQLVPV�VXFK�DV�WUDQVDFWLRQDO�PHPRU\�RU�FRS\�RQ�ZULWH�WR�VDYH�WKH�GULYHU·V�VWDWH�

7KH�FRQÀJXUDWLRQ�VWDWH�LV�WKH�HDVLHVW�WR�VDYH� 0RVW�EXVHV�SURYLGH�D�PHWKRG�WR�VDYH

FRQÀJXUDWLRQ�LQIRUPDWLRQ� )RU�H[DPSOH� 3&, GULYHUV�LQ�/LQX[�XVH SFLBVDYHBVWDWH� WKDW

VDYHV�D�VHW�RI�VWDQGDUG�UHJLVWHUV�DQG�WKH�EDVH�DGGUHVV�UHJLVWHUV��%$5V��WR�PHPRU\� (DFK

GULYHU� WKRXJK� PXVW�KDQGOH�WKH�UHPDLQLQJ�VWDWH� VHSDUDWHO\�

7KH�GULYHU�H[SOLFLWO\�VDYHV�UHJLVWHU�FRQWHQWV�DQG�FRXQWHUV�LQ�DQ�LQWHUQDO�GULYHU�VWUXF�

WXUH� 7KH�GLIIHUHQFH�EHWZHHQ�UHJLVWHUV�DQG�FRXQWHUV�DULVHV�GXULQJ�UHFRYHU\� GHVFULEHG�EH�

ORZ� EHFDXVH�FRXQWHU�YDOXHV�FDQQRW�EH�ZULWWHQ�EDFN�WR�WKH�GHYLFH�

0HPRU\�EXIIHUV�VKDUHG�ZLWK�WKH�GHYLFH�FDQ�EH�UHFUHDWHG� $V�D�UHVXOW� PRVW�GHYLFH

GULYHUV�GR�QRW�LQFOXGH�WKH�DGGUHVV�RI�WKHVH�EXIIHUV�LQ�D�FKHFNSRLQW� ,QVWHDG� WKH\�IUHH

EXIIHUV�GXULQJ�VXVSHQG�DQG�UH�DOORFDWH�WKHP�GXULQJ�UHVXPH�
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)LJXUH ����D��GLDJUDPV�WKH�WDVNV�SHUIRUPHG�E\�VXVSHQG�DQG�UHVXPH� DQG�VKRZV�KRZ

WKDW�FRGH�LV�VKXIÁHG�WR�FUHDWH�FKHFNSRLQW�DQG�UHVWRUH�IXQFWLRQDOLW\� 2I�WKH�VXVSHQG�FRGH�

FKHFNSRLQWLQJ�UHXVHV�DOO�WKH�IXQFWLRQDOLW\�H[FHSW�GHWDFKLQJ�WKH�GHYLFH�ZLWK�WKH�NHUQHO�DQG

VXVSHQGLQJ�WKH�GHYLFH� $V�DQ�H[DPSOH� )LJXUH ����E��VKRZV�WKH�FRGH�WR�FKHFNSRLQW�WKH

����WRR�GULYHU�

,W�PD\�EH�QHFHVVDU\�WR�FKHFNSRLQW�D�GULYHU�ZKLOH�LW�LV�LQ�XVH� ([LVWLQJ�VXVSHQG�URX�

WLQHV�DVVXPH�WKH�GHYLFH�LV�TXLHVFHQW�ZKHQ�WKH�GHYLFH�VWDWH�LV�VDYHG� &KHFNSRLQW� WKRXJK�

PD\�EH�FDOOHG�DW�DQ\�WLPH� 7KXV� LW�PXVW�EH�V\QFKURQL]HG�ZLWK�RWKHU�WKUHDGV�XVLQJ�WKH

GULYHU� %HFDXVH�GHYLFH�VWDWH�FKHFNSRLQWLQJ�PXVW�EH�FRRUGLQDWHG�ZLWK�RWKHU�PHFKDQLVPV

IRU�FDSWXULQJ�GULYHU�VWDWH� , GR�QRW�SXW�P\�RZQ�V\QFKURQL]DWLRQ�FRGH�LQ�WKH�FKHFNSRLQW

URXWLQH�EXW�UH�XVH�H[LVWLQJ�GHYLFH�ORFNV�LQ�WKH�GULYHU� 'HYLFH�ORFNV�SURWHFW�DJDLQVW�FRQÁLFW�

LQJ�FRQÀJXUDWLRQ�RSHUDWLRQV� RU�RSHUDWLRQV�OLNH�UHVHWWLQJ�WKH�GHYLFH�ZKHQ�,�2 RSHUDWLRQV

DUH�LQ�SURJUHVV� 7KLV�HQVXUHV�WKDW�)*)7�GRHV�QRW�FRUUXSW�GHYLFH�VWDWH�DVVXPHG�E\�DQRWKHU

WKUHDG�LQ�SURJUHVV�ZKHQ�LW�UHVHWV�GHYLFH�VWDWH�LQ�FDVH�RI�D�IDLOXUH�

5HVWRUH

7KH�UHVWRUH�RSHUDWLRQ�FDQ�EH�FRQVWUXFWHG�IURP�D�PL[�RI�VXVSHQG�DQG�UHVXPH�FRGH� 1RU�

PDOO\�WKH�UHVXPH�IXQFWLRQ�LV�LQYRNHG�ZKHQ�WKH�GHYLFH�UHWXUQV�WR�IXOO�SRZHU�DQG�QHHGV�WR

EH�UHFRQÀJXUHG� ,Q�WKH�FDVH�RI�D�FKHFNSRLQW� WKRXJK� WKH�GHYLFH�LV�DOUHDG\�UXQQLQJ�DW�IXOO

SRZHU� 7KXV� UHVXPH�LQYRNHV�WKH�ERWWRP�KDOI�RI�WKH�VXVSHQG�URXWLQH�WR�GLVDEOH�WKH�GHYLFH

EHIRUH�UHVWRULQJ�VWDWH�

7KH�UHVWRUH�RSHUDWLRQ�SURFHHGV�LQ�IRXU�VWHSV�

�� 'LVDEOH�WKH�GHYLFH�WR�SXW�LW�LQ�D�TXLHVFHQW� NQRZQ�VWDWH�

�� 5HVWRUH�EXV�FRQÀJXUDWLRQ�VWDWH�

�� 5H�HQDEOH�WKH�GHYLFH�

�� 5HVWRUH�GHYLFH�VSHFLÀF�VWDWH�

)LJXUH ����F��VKRZV�WKH�FRGH�WR�UHVWRUH�VWDWH�IRU�D�VLPSOH�QHWZRUN�GULYHU� 2I�WKH

IRXU�FDWHJRULHV�RI�GULYHU�VWDWH� RQO\�FRQÀJXUDWLRQ�VWDWH�DQG�VDYHG�GHYLFH�UHJLVWHUV�FDQ�EH
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UHORDGHG� &RXQWHUV� ZKLFK�FDQQRW�EH�ZULWWHQ�EDFN�WR�WKH�GHYLFH� DUH�UHVWRUHG�E\�DGMXVWLQJ

WKH�GULYHU·V�YHUVLRQ�RI�WKH�FRXQWHU� 7\SLFDOO\� WKH�GULYHU�ZLOO�UHDG�WKH�GHYLFH�FRXQWHU�DQG

XSGDWH�D�FRS\�LQ�PHPRU\� DQG�UHVHW�WKH�GHYLFH·V�FRXQWHU� 7R�UHVWRUH�WKH�GHYLFH·V�FRXQWHU

VWDWH� WKH�GULYHU�RQO\�UHVHWV�WKH�GHYLFH·V�FRXQWHU� WKH�LQ�PHPRU\�FRS\�RI�WKH�FRXQWHU�PXVW

EH�VDYHG�DV�SDUW�RI�WKH�GULYHU·V�PHPRU\�VWDWH�

7R�UHVWRUH�VKDUHG�EXIIHUV� WKH�GULYHU�UHOHDVHV�H[LVWLQJ�VKDUHG�EXIIHUV�DIWHU�GLVDEOLQJ

WKH�GHYLFH� $V�SDUW�RI�UH�HQDEOLQJ�WKH�GHYLFH� LW�UHFUHDWHV�VKDUHG�EXIIHUV�DQG�QRWLÀHV�WKH

GHYLFH�RI�WKHLU�QHZ�DGGUHVVHV� :KLOH�WKLV�VORZV�UHVWRUH� LW�PDNHV�FKHFNSRLQW�YHU\�HIÀFLHQW

EHFDXVH�RQO\�LUUHWULHYDEOH�VWDWH�LV�VDYHG�

8QOLNH�VXVSHQG�UHVXPH� LW�PD\�EH�XVHIXO�WR�XVH�GHYLFH�VWDWH�FKHFNSRLQWLQJ�IURP

LQWHUUXSW�FRQWH[WV�ZKHUH�VOHHSLQJ�LV�QRW�DOORZHG� $V�D�UHVXOW� FKHFNSRLQW�DQG�UHVWRUH�FRGH

PXVW�FRQYHUW�VOHHSV�WR�EXV\�ZDLWV��XGHOD\ LQ�/LQX[��DQG�XVH�PHPRU\�DOORFDWLRQ�ÁDJV�VDIH

IRU�LQWHUUXSW�FRQWH[W��*)3B$720,& LQ�/LQX[��

&RPSDUHG�WR�IXOO�GULYHU�UHVWDUW� UHVXPH�LPSURYHV�SHUIRUPDQFH�EHFDXVH�LW�GRHV�QRW

UH�LQYRNH�GHYLFH�SUREH� RIWHQ�WKH�OHQJWKLHVW�SDUW�RI�VWDUWLQJ�D�GHYLFH�QRUPDOO\� )XUWKHU�

PRUH� GULYHUV�IRU�QHZHU�EXVHV�VXFK�DV�86% DQG�,(((�����GR�QRW�UHVWDUW�WKH�GHYLFH�EHFDXVH

WKH�EXV�KDQGOHV�WKLV�RSHUDWLRQ� 7KLV�IXUWKHU�UHGXFHV�UHVWRUH�WLPHV� )RU�3&, GHYLFHV� D�IXU�

WKHU�RSWLPL]DWLRQ�LV�WR�DYRLG�FKDQJLQJ�WKH�SRZHU�PRGH�RI�WKH�GHYLFH� +RZHYHU� , REVHUYHG

WKDW�PDQ\�GULYHUV�GR�QRW�UHTXLUH�DFWXDOO\�SRZHULQJ�GRZQ�WKH�GHYLFH�EHIRUH�SHUIRUPLQJ

UHVWRUH� )RU�WKHVH�GULYHUV� UHVWRUH�FDQ�EH�VSHG�XS�E\�VNLSSLQJ�WKHVH�XQQHFHVVDU\�SRZHU

PRGH�FKDQJHV�

'LVFXVVLRQ

'HYLFH�VWDWH�FKHFNSRLQWLQJ�SURYLGHV�VHYHUDO�EHQHÀWV�FRPSDUHG�ZLWK�D�ORJJLQJ�DSSURDFK

WR�FDSWXULQJ�GULYHU�GHYLFH�VWDWH� )LUVW� LW�FDQ�EH�LQYRNHG�DW�DQ\�WLPH�DQG�KDV�QR�FRVW�XQWLO

LQYRNHG� 7KXV� LW�KDV�QR�RYHUKHDG�IRU�LQIUHTXHQW�XVHV� 6HFRQG� LW�KDQGOHV�VWDWH�XQLTXH

WR�D�GHYLFH� VXFK�DV�FRQÀJXUDWLRQ�RSWLRQV� &RUUHFW�VWDQGE\�RSHUDWLRQ�GHPDQGV�WKDW�GH�

YLFHV�UHPDLQ�FRUUHFWO\�FRQÀJXUHG�DFURVV�VWDQGE\� DQG�KHQFH�GULYHUV�PXVW�DOUHDG\�VDYH
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DQG�UHVWRUH�DQ\�UHTXLUHG�VWDWH� +RZHYHU� GHYLFH�VWDWH�FKHFNSRLQWLQJ�UHOLHV�RQ�SRZHU�PDQ�

DJHPHQW�FRGH� ZKLFK�PD\�QRW�EH�SUHVHQW�LQ�DOO�GHYLFHV� ,W�DOVR�UHTXLUHV�D�SURJUDPPHU�WR

LPSOHPHQW�FKHFNSRLQW�UHVWRUH�IRU�HYHU\�GULYHU� :H�HYDOXDWH�WKHVH�FRQFHUQV�LQ�6HFWLRQ ����

/LPLWDWLRQV� 7KHUH�LV�D�ULVN�LQ�XWLOL]LQJ�D�PHFKDQLVP�IRU�DQ�XQLQWHQGHG�SXUSRVH� WKH

GULYHU�FRQWLQXHV�UXQQLQJ�IROORZLQJ�D�FKHFNSRLQW�DQG�PD\�WKXV�IXUWKHU�PRGLI\�WKH�GHYLFH

VWDWH� ,Q�FRQWUDVW� GHYLFHV�DUH�QRUPDOO\�LGOH�EHWZHHQ�VXVSHQG�DQG�UHVXPH� 7KXV� LW�LV

SRVVLEOH�WKDW�WKH�VWDWH�VDYHG�LV�LQVXIÀFLHQW�WR�IXOO\�UHVWRUH�WKH�GHYLFH�WR�FRUUHFW�RSHUDWLRQ�

+RZHYHU� WKH�SRZHU�PDQDJHPHQW�VSHFLÀFDWLRQV�UHTXLUH�GULYHUV�WR�IXOO\�FDSWXUH�GHYLFH

VWDWH�LQ�VRIWZDUH�VLQFH�GHYLFHV�FDQ�WUDQVLWLRQ�WR�DQ�HYHQ�ORZHU�SRZHU�VWDWH�ZKHUH�WKH�GH�

YLFH�LV�SRZHUHG�RII� ,Q�VXFK�FDVHV� GULYHUV�PXVW�EH�DEOH�WR�EH�UHVWRUH�WKHLU�RULJLQDO�VWDWH�

IROORZLQJ�D�IXOO�UHVHW� 7KXV� VXVSHQG�PXVW�VWRUH�HQRXJK�LQIRUPDWLRQ�WR�UHVWRUH�IURP�DQ\

VWDWH�

)*)7 GRHV�QRW�ZRUN�ZLWK�GHYLFHV�ZLWK�SHUVLVWHQW�LQWHUQDO�VWDWH� VXFK�DV�GLVNV�DQG

RWKHU�VWRUDJH�GHYLFHV� VLQFH�UHVWRUH�ZLOO�RQO\�UHVWRUH�WKH�WUDQVLHQW�GHYLFH�VWDWH�DQG�QRW�WKH

SHUVLVWHQW�VWDWH� VXFK�DV�WKH�FRQWHQWV�RI�ÀOHV� $V�D�UHVXOW� XVH�RI�FKHFNSRLQWV�PXVW�EH�FRRUGL�

QDWHG�ZLWK�KLJKHU�OHYHO�UHFRYHU\�PHFKDQLVPV� VXFK�DV�0HPEUDQH >���@� WR�NHHS�SHUVLVWHQW

GDWD�FRQVLVWHQW�

����� 5HFRYHU\�ZLWK�FKHFNSRLQWV

, QRZ�GHVFULEH�KRZ�)*)7�XVHV�LVRODWLRQ�DQG�GHYLFH�FKHFNSRLQWV�WR�SHUIRUP�UHFRYHU\�IURP

IDLOXUHV� :KHQ�D�IDLOXUH�LV�GHWHFWHG� FRPPXQLFDWLRQ�VWXEV�FDOO�D�UHFRYHU\�URXWLQH�WKDW�LV

UHVSRQVLEOH�IRU�UHVWRULQJ�FRUUHFW�GULYHU�RSHUDWLRQ�

)DLOXUH�DQWLFLSDWLRQ� 7R�SUHSDUH�IRU�DQ�HYHQWXDO�UHFRYHU\� JHQHUDWHG�VWXEV�FUHDWH�D�GHYLFH

FKHFNSRLQW�EHIRUH�LQYRNLQJ�D�VXVSHFW�HQWU\�SRLQW� 7KH\�LQYRNH�WKH FKHFNSRLQW URXWLQH� ,Q

DGGLWLRQ� VWXEV�IRU�NHUQHO�IXQFWLRQV�ORJ�FRPSHQVDWLRQ�HQWULHV�WR�XQGR�WKHLU�HIIHFWV�LQ�WKH

NHUQHO�XQGR�ORJ� 'ULYHU�VWDWH�LV�QRW�H[SOLFLWO\�FKHFNSRLQWHG� LQVWHDG� VXVSHFW�FRGH�RSHUDWHV

RQ�D�FRS\�RI�GULYHU�VWDWH�DV�GHVFULEHG�LQ�6HFWLRQ ���� ,Q�DGGLWLRQ� WKH�VWXE�VDYHV�LWV�SURFHVVRU
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Fine-grained fault tolerance 
selects requests to run in SFI if 
they meets certain static or 
dynamic predicates using taps 
over entry points.!

Main 
Module!

SUCCESS: EXECUTION OF UNSAFE REQUEST IN SFI!

X!

X!

 FAILURE: REQUEST FAILS AND TRAPS IN SFI!

Notation Used: !

 !   Control Flow!

     ! Application process!

4. De-marshal result and updated 
drivers structures back to main 
module. Release all locks.!

 App      Checkpoint device !!

N dir       Restore device!

Kernel undo log to 
compensate kernel calls!

             !
REQUEST ARRIVES:!
ISOLATE ONDEMAND!

Main module! SFI module!

App!

Demarshal!

C

R 

K log!
!

K log!
!

Main module! SFI module!

K log!
!

R

1. Checkpoint 
device state.!

2. Replay kernel 
log to restore 
kernel state.!

3. Restore device state using 
our fast device resume.!

4. Return error to main 
module w/o de-marshaling. 
Release all locks.!

C 

Marshal! 2. Marshal minimal data 
required by request into 
SFI module.!

3. Execute request in SFI. Kernel 
undo log updated to record kernel 
calls such as locks, other resources.!

1. Trap on fault, restore CPU 
registers to recovery routine,  
unwind stack and start recovery.!

SFI module!
Request runs within software fault isolated part of 
kernel module with spatial type checking and 
hardware fault detectors (processor exceptions).!

App! App!
App!

5. Return error to 
app. for this request!

App!

)LJXUH ���� )*)7�EHKDYLRU�GXULQJ�VXFFHVVIXO�DQG�IDLOHG�HQWU\�SRLQW�H[HFXWLRQV�

UHJLVWHU�VWDWH� DOORZLQJ�D�MXPS�ULJKW�LQWR�WKH�VWXE�LI�WKH�GULYHU�IDLOV�

5HFRYHU\�VWHSV� ,Q�FDVH�D�IDLOXUH�LV�GHWHFWHG�E\�6), RU�SURFHVVRU�H[FHSWLRQV�RULJLQDWLQJ

IURP�D�VXVSHFW�PRGXOH� WKH�UHFRYHU\�URXWLQH�UHVWRUHV�GULYHU�RSHUDWLRQ�WKURXJK�D�VHTXHQFH

RI�VWHSV�DV�VKRZQ�LQ�)LJXUH ����

�� 8QZLQG�WKUHDG� ,I�QRW�DOUHDG\�LQ�WKH�VWXE� WKH�LQVWUXFWLRQ�SRLQWHU�LV�VHW�WR�WKH�DGGUHVV

RI�WKH�UHFRYHU\�FRGH�LQ�WKH�HQWU\�SRLQW·V�VWXE� ZKLFK�UHORDGV�WKH�VDYHG�UHJLVWHUV�

1HVWHG�FDOOV�WR�GULYHUV�DUH�ORJLFDOO\�KDQGOHG�DV�VHSDUDWH�WUDQVDFWLRQV� VR�WKHUH�LV�QR

QHHG�WR�XQZLQG�WKH�WKUHDG�WR�WKH�RXWHUPRVW�HQWU\�SRLQW�

�� 5HVWRUH�GHYLFH�VWDWH�FKHFNSRLQW� 7KH�VWXE�UHFRYHU\�FRGH�FDOOV�WKH�GULYHU·V UHVWRUH URX�

WLQH�WR�UHVWRUH�WKH�GHYLFH�VWDWH�

�� )UHH�FDOO�VWDWH� $OO�WHPSRUDU\�VWUXFWXUHV�FUHDWHG�IRU�WKH�VXVSHFW�HQWU\�SRLQW�FDOO�VXFK

DV�WKH�UDQJH�WDEOH� REMHFW�WUDFNHU� DQG�FRSLHV�RI�NHUQHO�GULYHU�VWUXFWXUHV�DUH�UH�

OHDVHG�

�� 5HOHDVH�ORFNV� $Q\�ORFNV�DFTXLUHG�EHIRUH�RU�GXULQJ�WKH�FDOO�WR�WKH�6), GULYHU�DUH�UH�

OHDVHG� DOORZLQJ�RWKHU�WKUHDGV�WR�H[HFXWH�

,I�D�GULYHU�HQWU\�SRLQW�IDLOV� WKH�VWXE�UHWXUQV�DQ�DSSURSULDWH�HUURU�LQGLFDWRU� VXFK�DV

D�18// SRLQWHU�RU�DQ�HUURU�FRGH� DQG�UHOLHV�RQ�KLJKHU�OHYHO�FRGH�WR�KDQGOH�WKH�IDLOXUH� $V

RQO\�WKH�VLQJOH�HQWU\�SRLQW�IDLOV� WKLV�IDLOXUH�KDV�OLWWOH�LPSDFW�RQ�DSSOLFDWLRQV� $OO�DSSOLFD�

WLRQ�VWDWH�UHODWLQJ�WR�WKH�GHYLFH� VXFK�DV�RSHQ�KDQGOHV� UHPDLQ�YDOLG� )XUWKHUPRUH� RWKHU

WKUHDGV�LQ�WKH�GULYHU�FRQWLQXH�WR�UXQ�DV�VRRQ�DV�WKH�UHFRYHU\�SURFHVV�FRPSOHWHV�DQG�UHOHDVHV

DOO�DFTXLUHG�ORFNV�
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&RPSDUHG�WR�RWKHU�GULYHU�LVRODWLRQ�V\VWHPV� WKH�UHFRYHU\�SURFHVV�LV�PXFK�VLPSOHU

EHFDXVH�RQO\�RQH�WKUHDG�LV�DIIHFWHG� VR�RWKHU�WKUHDGV�DUH�QRW�XQZRXQG� ,Q�DGGLWLRQ� WKH

GULYHU�VWDWH�LV�OHIW�XQPRGLÀHG� VR�LW�LV�QRW�VDYHG�DQG�UHVWRUHG� )LQDOO\� GHYLFH�VWDWH�LV�UH�

VWRUHG�TXLFNO\�IURP�D�FKHFNSRLQW�UDWKHU�WKDQ�E\�UHSOD\LQJ�D�ORJ� +HQFH� ZH�VHH�WKDW�FKHFN�

SRLQWLQJ�GHYLFH�VWDWH�UHVXOWV�LQ�TXLFNHU�DQG�VLPSOHU�UHFRYHU\�VHPDQWLFV�IRU�GULYHU�UHFRYHU\�

����� ,PSOHPHQWDWLRQ�HIIRUW

$ NH\�JRDO�IRU�)*)7�LV�WR�UHGXFH�WKH�LPSOHPHQWDWLRQ�HIIRUW�WR�LVRODWH�D�GULYHU� )*)7�FRQ�

VLVWV�RI�PLQLPDO�PRGLÀFDWLRQV�WR�WKH�NHUQHO�H[FHSWLRQ�KDQGOHUV�����OLQHV�RI�FRGH�� D�NHUQHO

PRGXOH�FRQWDLQLQJ�WKH�REMHFW�WUDFNHU� UDQJH�WDEOH� DQG�UHFRYHU\�VXSSRUW� DQG�WKH�,VRODWRU

WRRO�LQ�2&DPO� 7KH�PRGXOH�LV�������OLQHV�RI�& FRGH� DQG�,VRODWRU�LV������OLQHV�RI�2&DPO�WKDW

LPSOHPHQW� 6), LVRODWLRQ������OLQHV�� VWXE�JHQHUDWLRQ��������OLQHV�� DQG�VWDWLF�DQDO\VLV�RI�UHI�

HUHQFHV�WR�SDUDPHWHU�ÀHOGV��������OLQHV�� ,Q�FRPSDULVRQ� 1RRNV�DGGV��������OLQHV�RI NHUQHO

FRGH ���[�PRUH�WKDQ�)*)7� WR�LVRODWH�DQG�UHORDG�GHYLFH�GULYHUV�DQG�VKDGRZ�GULYHUV�DGG

DQRWKHU�������OLQHV�RI�FRGH�IRU�UHFRYHU\� )*)7�DOVR�GRHV�QRW�UHTXLUH�DQ\�ZUDSSHUV�DURXQG

WKH�GULYHU�LQWHUIDFH� 1RRNV�UHTXLUHG��������OLQHV�RI�PDQXDOO\�ZULWWHQ�ZUDSSHUV� ZKLFK

DUH�KDUG�WR�PDLQWDLQ�DV�WKH�NHUQHO�LQWHUIDFH�FKDQJHV� )*)7·V�LVRODWRU�WRRO�DXWRPDWLFDOO\

JHQHUDWHV�VLPLODU�FRGH�IRU�VWXEV�

��� (YDOXDWLRQ

, LPSOHPHQWHG�GHYLFH�VWDWH�FKHFNSRLQW�DQG�ÀQH�JUDLQHG�IDXOW�WROHUDQFH�IRU�WKH�/LQX[�������

NHUQHO�IRU�VL[�GULYHUV�DFURVV�WKUHH�EXVHV� 7KH�HYDOXDWLRQ�H[DPLQHV�WKH�IROORZLQJ�DVSHFWV�RI

)*)7�

�� )DXOW�5HVLOLHQFH� :KDW�IDLOXUHV�FDQ�ÀQH�JUDLQHG�IDXOW�WROHUDQFH�KDQGOH" , HYDOXDWH

)*)7�XVLQJ�D�VHULHV�RI�IDXOW�LQMHFWLRQ�H[SHULPHQWV�DQG�UHSRUW�WKH�UHVXOWV�

�� 3HUIRUPDQFH� :KDW�LV�WKH�SHUIRUPDQFH�ORVV�RI�ÀQH�JUDLQHG�IDXOW�WROHUDQFH�RQ�VWHDG\�

VWDWH�RSHUDWLRQ" , UHSRUW�WKH�SHUIRUPDQFH�FRVW�IRU�DSSO\LQJ�)*)7�RQ�VXSSRUW�DQG
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)DXOW�7\SH 'HVFULSWLRQ�RI�IDXOW
&RUUXSW�SRLQWHUV '\QDPLF� &RUUXSW � DOO � SRLQWHUV � UHIHU�

HQFHG�LQ�D�IXQFWLRQ�WR�UDQGRP�YDOXHV�
&RUUXSW�VWDFN '\QDPLF� FRUUXSW � H[HFXWLRQ � VWDFN �E\

FRS\LQJ�ODUJH�FKXQNV�RI�GDWD�RYHU�VWDFN
YDULDEOH�DGGUHVVHV�

&RUUXSW�H[SUHVVLRQV 6WDWLF� FRUUXSW �DULWKPHWLF � LQVWUXFWLRQV
E\�DGGLQJ� LQYDOLG�RSHUDWLRQV��OLNH�GL�
YLGH�E\�]HUR��

6NLS�DVVLJQPHQW 6WDWLF� UHPRYH�DVVLJQPHQW�RSHUDWLRQV�LQ
D�IXQFWLRQ�

6NLS�SDUDPHWHUV '\QDPLF� ]HUR�LQFRPLQJ�SDUDPHWHUV�LQ
D�IXQFWLRQ�

7DEOH ���� )DXOWV�LQMHFWHG�WR�WHVW�IDLOXUH�UHVLOLHQFH�UHSUHVHQW�UXQWLPH�DQG�SURJUDPPLQJ�HUURUV� '\QDPLF
IDXOWV�DUH�LQYRNHG�XVLQJ LRFWOV� DQG�VWDWLF�IDXOWV�DUH�LQVHUWHG�ZLWK�DQ�DGGLWLRQDO�FRPSLOHU�SDVV�

FRUH�,�2 URXWLQHV�

�� 5HFRYHU\�7LPH� :KDW�LV�WKH�GRZQWLPH�FDXVHG�E\�D�GULYHU�IDLOXUH" , FRPSDUH�WKH�WLPH

WDNHQ�E\�)*)7�WR�UHVWRUH�WKH�GHYLFH�DQG�FOHDQXS�WKH�IDLOHG�GULYHU�WKUHDG�VWDWH�ZLWK

WKH�WLPH�WDNHQ�WR�XQORDG�DQG�UHORDG�D�GULYHU�

�� 8VHIXOQHVV�RI�)*)7� ,V�VHOHFWLYHO\�LVRODWLQJ�HQWU\�SRLQWV�XVHIXO" , HYDOXDWH�ZKHWKHU

VXVSHFW�HQWU\�SRLQWV�FDQ�EH�LGHQWLÀHG�LQ�GULYHUV�DQG�ZKHWKHU�WKH\�UHGXFH�WKH�DPRXQW

RI�FRGH�LVRODWHG�

�� 'HYLFH�&KHFNSRLQW�6XSSRUW� ,V�UH�XVLQJ�H[LVWLQJ�SRZHU�PDQDJHPHQW�IXQFWLRQDOLW\�UHD�

VRQDEOH" , H[DPLQH�WKH�IUHTXHQF\�RI�SRZHU�PDQDJHPHQW�VXSSRUW�LQ�H[LVWLQJ�GULYHUV

WKDW�IDFLOLWDWHV�GHYLFH�FKHFNSRLQWV�

�� 'HYHORSHU�(IIRUW� :KDW�LV�WKH�RYHUKHDG�WR�WKH�GHYHORSHU�WR�HQIRUFH�LVRODWLRQ�LQ�WKH

V\VWHP" , PHDVXUH�WKH�HIIRUW�QHHGHG�WR�DQQRWDWH�D�GULYHU�IRU�LVRODWLRQ�DQG�WR�DGG

FKHFNSRLQWLQJ�FRGH�

8QOHVV�RWKHUZLVH�VSHFLÀHG� , FRPSDUH�)*)7�DJDLQVW�XQPRGLÀHG�GULYHUV�UXQQLQJ�RQ�DQ

XQPRGLÀHG��������/LQX[�NHUQHO�

����� )DXOW�5HVLOLHQFH

, ÀUVW�HYDOXDWH�KRZ�ZHOO�)*)7�FDQ�KDQGOH�GULYHU�EXJV�XVLQJ�D�FRPELQDWLRQ�RI�G\QDPLF

DQG�VWDWLF�IDXOW�LQMHFWLRQ�RYHU�VL[�GULYHUV� 7KHVH�WHVWV�HYDOXDWH�ERWK�WKH�DELOLW\�RI�ÀQH�

JUDLQHG�IDXOW�WROHUDQFH�WR�LVRODWH�DQG�UHFRYHU�GULYHU�VWDWH�DV�ZHOO�DV�WKH�DELOLW\�RI�GHYLFH
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'ULYHU ,QMHFWHG
)DXOWV

%HQLJQ
)DXOWV

1DWLYH
FUDVKHV

)*)7
FUDVKHV

����WRR �� � �� 121(
H���� �� � �� 121(
HQV���� �� � �� 121(
SHJDVXV �� � �� 121(
SVPRXVH �� � �� 121(
U���� �� � �� 121(
7RWDO ��� � ��� 121(

7DEOH ���� )DXOW�LQMHFWLRQ�WDEOH�ZLWK�QXPEHU�RI�XQLTXH�IDXOWV�LQMHFWHG�SHU�GULYHU� )*)7�LV�DEOH�WR�FRUUHFWO\
UHVWRUH�WKH�GULYHU�DQG�GHYLFH�VWDWH�LQ�HDFK�FDVH�

VWDWH�FKHFNSRLQWLQJ�WR�UHVWRUH�GHYLFH�IXQFWLRQDOLW\� 7DEOH ��� GHVFULEHV�WKH�W\SHV�RI�IDXOWV

LQVHUWHG�LQ�WKH�6), PRGXOH� 6WDWLF�IDXOW�LQMHFWLRQ�PRGLÀHV�WKH�GULYHU�VRXUFH�FRGH�WR�HPXODWH

SURJUDPPLQJ�EXJV� ZKLOH�G\QDPLF�IDXOW�LQMHFWLRQ�PRGLÀHV�GULYHU�GDWD�ZKLOH�UXQQLQJ�WR

HPXODWH�UXQ�WLPH�HUURUV� , SHUIRUP�D�VHTXHQFH�RI�WULDOV�WKDW�WHVW�HDFK�IDXOW�VLWH�VHSDUDWHO\�

'XULQJ�HDFK�H[SHULPHQW� , UXQ�DSSOLFDWLRQV�WKDW�XVH�WKH�GULYHU�WR�GHWHFW�ZKHWKHU

D�GULYHU�IDLOXUH�FDXVHV�WKH�DSSOLFDWLRQ�WR�IDLO� )RU�QHWZRUN� , XVH VVK� DQG QHWSHUI� DQG

IRU�VRXQG�, XVH DSOD\ DQG DUHFRUG IURP�WKH�$/6$ VXLWH� , WHVWHG�WKH�PRXVH�E\�VFUROOLQJ

WKH�GHYLFH�PDQXDOO\�DV�, SHUIRUPHG�WKH�IDXOW�LQMHFWLRQ�H[SHULPHQWV� $IWHU�HDFK�LQMHFWLRQ

H[SHULPHQW� , GHWHUPLQH�LI�WKHUH�LV�DQ�26�GULYHU�FUDVK�RU�WKH�DSSOLFDWLRQ�PDOIXQFWLRQV� :H

UH�LQYRNH�WKH�IDLOHG�HQWU\�SRLQW�ZLWKRXW�WKH�IDXOW�WR�HQVXUH�WKDW�LW�FRQWLQXHV�WR�ZRUN� DQG

WKDW�UHVRXUFHV�VXFK�DV�ORFNV�KDYH�EHHQ�UHOHDVHG�

, LQMHFWHG�D�WRWDO�RI�����XQLTXH�IDXOWV�LQ�WKH�QDWLYH�DQG�)*)7�GULYHUV� 7DEOH ��� VKRZV

WKH�QXPEHU�RI�IDXOWV�LQMHFWHG�IRU�HYHU\�GULYHU�DQG�WKH�RXWFRPH� )RU�WKH�QDWLYH�GULYHU� DOO

EXW�WZR�IDXOWV�FUDVKHG�WKH�GULYHU�RU�UHVXOWHG�LQ�NHUQHO�SDQLFV� 7KH�WZR�EHQLJQ�IDXOWV�ZHUH

PLVVLQJ�DVVLJQPHQWV�

,Q�FRQWUDVW� ZKHQ�, LQMHFWHG�IDXOWV�LQWR�GULYHU�HQWU\�SRLQWV�SURWHFWHG�E\�)*)7��WKH

GULYHU�DQG�WKH�26 UHPDLQ�DYDLODEOH�IRU�HYHU\�VLQJOH�IDXOW� )XUWKHUPRUH� LQ�HYHU\�FDVH�

DSSOLFDWLRQV�FRQWLQXH�WR�H[HFXWH�FRUUHFWO\�IROORZLQJ�WKH�IDXOW� )RU�H[DPSOH� WKH�VRXQG

DSSOLFDWLRQ DSOD\ VNLSV�IRU�D�IHZ�PLOOLVHFRQGV�GXULQJ�GULYHU�UHFRYHU\�EXW�FRQWLQXHG�WR

SOD\�QRUPDOO\� 7KH�VKHOO�QRWHV�WKLV�GLVUXSWLRQ�ZLWK�WKH�PHVVDJH�´$/6$ EXIIHU�XQGHUUXQ�µ

, DOVR�YHULI\�WKDW�LQWHUQDO�GULYHU�DQG�GHYLFH�VWDWH�LV�FRUUHFWO\�UHFRYHUHG�XVLQJ�WKH

HWKWRRO LQWHUIDFH�IRU�QHWZRUN�GULYHUV� :H�ÀQG�WKDW�ZKHQ�IDLOXUHV�KDSSHQ�ZKLOH�FKDQJLQJ
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FRQÀJXUDWLRQ�VHWWLQJV� UH�UHDGLQJ�VHWWLQJV�DIWHU�D�FUDVK�DOZD\V�UHWXUQV�FRUUHFW�YDOXHV�

)LQDOO\� , YHULI\�WKDW�FKDQJHV�WR�GULYHUV�PDGH�XVLQJ�QRQ�FODVV�LQWHUIDFHV� VXFK�DV

WKH SURF DQG V\V ÀOH�V\VWHPV� EHIRUH�LQMHFWLQJ�IDLOXUHV�DQG�SUHVHQW�IROORZLQJ�UHFRYHU\� ,Q

FRQWUDVW� VKDGRZ�GULYHUV�FDQQRW�UHSOD\�WKHVH�DFWLRQV�VLQFH�WKH\�FDQQRW�FDSWXUH�QRQ�FODVV

GULYHU�LQWHUDFWLRQV�

����� 3HUIRUPDQFH

7KH�SULPDU\�FRVW�RI�XVLQJ�)*)7�LV�WKH�WLPH�VSHQW�FRS\LQJ�GDWD�LQ�DQG�RXW�RI�WKH�6),PRGXOH

DQG�FUHDWLQJ�GHYLFH�FKHFNSRLQWV� , PHDVXUH�SHUIRUPDQFH�ZLWK�D�JLJDELW�(WKHUQHW�GULYHU� DV

LW�PD\�VHQG�RU�UHFHLYH�UHFHLYH�PRUH�WKDQ��������SDFNHWV�SHU�VHFRQG� 7KXV� WKH�RYHUKHDG�RI

)*)7�ZLOO�VKRZ�XS�PRUH�FOHDUO\�WKDQ�RQ�ORZ�EDQGZLGWK�GHYLFHV� , HYDOXDWH�WKH�UXQWLPH

FRVWV�RI�XVLQJ�)*)7�DQG�UHJXODU�YHUVLRQV�RI�GULYHUV�LQ�IRXU�FRQÀJXUDWLRQV�

�� 1DWLYH� 8QPRGLÀHG�H�����GULYHU�

�� )*)7 VWDWLF� 6WDWLFDOO\�LVRODWH�����RI�FRGH��DOO�RII�,�2�SDWK��

�� )*)7 G\Q����� '\QDPLFDOO\�LVRODWH�HYHU\�RWKHU�SDFNHW�LQ�,�2 SDWK�

�� )*)7 G\Q�DOO� '\QDPLFDOO\�LVRODWH�HYHU\�SDFNHW�LQ�,�2 SDWK�

7KH G\QDPLF H[SHULPHQW�PHDVXUHV�WKH�DGGLWLRQDO�FRVW�RI�FKRRVLQJ�DW�UXQWLPH�ZKHWKHU�WR

LQYRNH�WKH�UHJXODU�RU�6), YHUVLRQ�RI�D�IXQFWLRQ� )LQDOO\� WKH G\Q�DOO WHVW�UHSUHVHQWV�WKH�ZRUVW

FDVH�RI�LQYRNLQJ�WKH�6), PRGXOH�RQ�WKH�,�2 SDWK�IRU�D�KLJK�EDQGZLGWK�GHYLFH�

0\�WHVW�PDFKLQH�FRQVLVWV�RI�D�����*+]�,QWHO�&RUH���4XDG�V\VWHP�FRQÀJXUHG�ZLWK��

*% ''5��'5$0 DQG�DQ�,QWHO������3, JLJDELW�1,& UXQQLQJ�)*)7��, PHDVXUH�SHUIRUPDQFH

ZLWK�QHWSHUI >��@�E\�FRQQHFWLQJ�WKH�WHVW�PDFKLQH�WR�DQRWKHU�PDFKLQH�ZLWK�����*+]�,QWHO

&HOHURQ�SURFHVVRU�DQG�D�%HONLQ�1,& ZLWK�D�FURVVRYHU�FDEOH� 7DEOH ��� UHSRUWV�WKH�DYHUDJH

RI���UXQV�

,Q�WKH VWDWLF WHVW�ZKHUH�FRGH�RII�WKH�,�2�SDWK�FRGH�LV�LVRODWHG� SHUIRUPDQFH�DQG�&38

XWLOL]DWLRQ�DUH�XQDIIHFWHG� 7KHVH�UHVXOWV�GHPRQVWUDWH�WKDW�)*)7�DFKLHYHV�WKH�JRDO�RI�RQO\

LPSRVLQJ�D�FRVW�RQ�LVRODWHG�FRGH�



���

2QH�WKUHDG
6\VWHP 7KURXJKSXW &38

1DWLYH ������0E�V ����
)*)7 VWDWLF ������0E�V ����
)*)7 G\Q���� ������0E�V ����
)*)7 G\Q�DOO ������0E�V ����

0XOWLSOH�WKUHDGV
7KUHDGV 6\VWHP 7KURXJKSXW &38

�� 1DWLYH ������0E�V ����
)*)7 G\Q�DOO ������0E�V ����

��� 1DWLYH ������0E�V ����
)*)7 G\Q�DOO ������0E�V �����

7DEOH ���� 7&3 VWUHDPLQJ�VHQG�SHUIRUPDQFH�ZLWK�QHWSHUI�IRU�UHJXODU�DQG�)*)7�GULYHUV�ZLWK�FKHFNSRLQW�EDVHG
UHFRYHU\�

)RU�WKH G\Q���� WHVW�WKDW�LVRODWHV�DW�UXQWLPH� HQWU\�SRLQWV�RQ�WKH�,�2 SDWK��WKH�SDFNHW

VHQG�URXWLQH��IRU�HYHU\�RWKHU�SDFNHW� EDQGZLGWK�GURSSHG����DQG�&38XWLOL]DWLRQ�LQFUHDVHG

����� 7KXV� VHOHFWLYHO\�DSSO\LQJ�LVRODWLRQ� HYHQ�RQ�FULWLFDO�,�2 SDWKV� KDV�D�VPDOO�LPSDFW�

7KH�SHUIRUPDQFH�GURSV�IXUWKHU�ZKHQ�, LVRODWH�FULWLFDO�SDWK�FRGH�RQ�HYHU\�UHTXHVW

VLQFH�, FRS\�VKDUHG�GULYHU�DQG�NHUQHO�GDWD�DFURVV�PRGXOHV�IRU HDFK SDFNHW�EHLQJ�WUDQVPLW�

WHG� , ÀQG�D������SHUIRUPDQFH�GURS�DQG����KLJKHU�&38 XWLOL]DWLRQ� )*)7�LV�GHVLJQHG�WR

OLPLW�LVRODWLRQ�FRVWV�WR�VSHFLÀF�UHTXHVWV�DQG�KHQFH�SD\V�D�FRVW�RI�LVRODWLRQ�EHFDXVH�LW�QHHGV

WR�VHWXS�LVRODWLRQ��FUHDWH�FRSLHV��DV�HDFK�SDFNHW�UHTXHVWV�LVRODWLRQ� 2YHUDOO� WKHVH�UHVXOWV

VKRZ�WKDW�)*)7�FDQ�EH�DSSOLHG�DW�QR�FRVW�WR�KLJK�EDQGZLGWK�GHYLFHV�RII�WKH�,�2 SDWK�DQG

DW�PDUJLQDO�FRVW�RQ�WKH�,�2 SDWK�

'HYLFH�/RFNLQJ� , UXQ�QHWSHUI�XVLQJ�PXOWLSOH�WKUHDGV�WR�PHDVXUH�WKH�RYHUKHDG�IURP

GHYLFH�ORFNV�LQWURGXFHG�DW�LVRODWHG�HQWU\�SRLQWV� , ÀQG�WKDW�EDQGZLGWK�GURSV�DQ�DGGLWLRQDO

�����DQG������ZLWK����DQG�����WKUHDGV�UHVSHFWLYHO\� DV�FRPSDUHG�WR�)*)7 UXQQLQJ�LQ�D�VLQ�

JOH�WKUHDG� , DOVR�WHVW�WKH HQV���� VRXQG�GULYHU�DQG�ÀQG�WKDW�SOD\LQJ�PXOWLSOH�RYHUODSSLQJ

VRXQG�ÀOHV�GRHV�QRW�UHVXOW�LQ�DQ\�ODJV�RU�GLVWRUWLRQV� 7KHVH�UHVXOWV�VKRZ�WKDW�)*)7�LQWUR�

GXFHV�ORZ�RYHUKHDG�ZLWK�KLJK�EDQGZLGWK�GHYLFHV�UXQQLQJ�PXOWLSOH�WKUHDGV�

����� 5HFRYHU\�7LPH

$ PDMRU�EHQHÀW�RI�FKHFNSRLQW�EDVHG�UHFRYHU\�LV�WKH�VSHHG�RI�UHVWRULQJ�VHUYLFH� 7DEOH ���

OLVWV�WKH�WLPH�WDNHQ�E\�WKH�GULYHU�WR�UHFRYHU�XVLQJ�)*)7�DQG�E\�XQORDGLQJ�DQG�UHORDGLQJ



���

'ULYHU &ODVV %XV 5HVWDUW
UHFRYHU\

)*)7
UHFRYHU\ 6SHHGXS

����WRR QHW 3&, ����V ��µV ����
H���� QHW 3&, ����V ���PV �
U���� QHW 3&, ����V ��µV ����
SHJDVXV QHW 86% ����V �PV ��
HQV���� VRXQG 3&, ����V ���PV �
SVPRXVH LQSXW VHULR ����V ���PV ����

7DEOH ���� )*)7�DQG�UHVWDUW�EDVHG�UHFRYHU\�WLPHV� 5HVWDUW�EDVHG�UHFRYHU\�UHTXLUHV�DGGLWLRQDO�WLPH�WR�UHSOD\
ORJV�UXQQLQJ�RYHU�WKH�OLIHWLPH�RI�WKH�GULYHU� )*)7�GRHV�QRW�DIIHFW�RWKHU�WKUHDGV�LQ�WKH�GULYHU�

'ULYHU &ODVV %XV &KHFNSRLQW
WLPHV

5HVWRUH
WLPHV

����WRR QHW 3&, ��µV ��µV
H���� QHW 3&, ��µV ���PV
U���� QHW 3&, ��µV ��µV
SHJDVXV QHW 86% �µV �PV
HQV���� VRXQG 3&, ��µV ���PV
SVPRXVH LQSXW VHULR �µV ���PV

7DEOH ���� /DWHQF\�IRU�GHYLFH�VWDWH�FKHFNSRLQW�UHVWRUH�

WKH�GULYHU� , PHDVXUH�UHFRYHU\�WLPHV�E\�UHFRUGLQJ�WKH�WLPH�IURP�GHWHFWLRQ�RI�IDLOXUH�WR

FRPSOHWLRQ�RI�WKH�UHVWRUH�URXWLQH� 2YHUDOO� )*)7�LV�EHWZHHQ�����DQG�������WLPHV�IDVWHU�WKDQ

UHVWDUW�UHFRYHU\� DQG�EHWZHHQ����PV�DQG����V�IDVWHU� 7KH�GULYHUV�ZLWK�WKH�ODUJHVW�VSHHGXS

KDYH�FRPSOLFDWHG�SUREH�URXWLQHV�WKDW�DUH�DYRLGHG�E\�UHVWRULQJ�IURP�D�FKHFNSRLQW� +HQFH�

)*)7�SURYLGHV�ORZ�ODWHQF\�UHFRYHU\�DQG�IUHTXHQWO\�RIIHUV�DQ�RUGHU�RI�PDJQLWXGH�ORZHU

UHFRYHU\�ODWHQFLHV�

&KHFNSRLQW�UHVWRUH�ODWHQF\� , H[DPLQH�WKH�GHYLFH�FKHFNSRLQW�ODWHQFLHV�WR�XQGHUVWDQG�WKH

VRXUFH�RI�UHFRYHU\�SHUIRUPDQFH�LQ�WKH�SUHYLRXV�VHFWLRQ� 7DEOH ��� VKRZV�WKH�ODWHQF\�RI�D

FKHFNSRLQW�RU�UHVWRUH�IRU�WKH�VDPH�VL[�GULYHUV� &KHFNSRLQWLQJ�LV�YHU\�IDVW� WDNLQJ�RQO\���µV

RQ�DYHUDJH�DQG���µV�DW�ZRUVW� 7KXV� LW�LV�IDVW�HQRXJK�WR�EH�FDOOHG�IUHTXHQWO\� VXFK�DV�EHIRUH

WKH�LQYRFDWLRQ�RI�PRVW�GULYHU�HQWU\�SRLQWV� 5HVWRUH�WLPHV�DUH�ORQJHU� ZLWK�D�UDQJH�IURP���µV

IRU�WKH�U�����QHWZRUN�GULYHU�WR����PV�IRU�SVPRXVH� 86% GULYHUV�VWRUH�OHVV�VWDWH�EHFDXVH

WKH�86% EXV�FRQWUROOHU�VWRUHV�FRQÀJXUDWLRQ�LQIRUPDWLRQ�LQVWHDG�RI�WKH�GULYHU� 7KXV� GXULQJ

D�QRUPDO�UHVXPH� WKH�EXV�UHVWRUHV�FRQÀJXUDWLRQ�VWDWH�EHIRUH�FDOOLQJ�WKH�GULYHU�WR�UHVXPH�

7KH�SVPRXVH�GULYHU�UHSUHVHQWV�D�OHJDF\�GHYLFH�DQG�GRHV�QRW�VXSSRUW�VXVSHQG�UHVXPH�

,QVWHDG� , UH�XVH�H[LVWLQJ�GULYHU�FRGH�WR�UHVHW�WKH�PRXVH�



���

&ODVV %XV 'ULYHUV
UHYLHZHG 'ULYHUV�ZLWK�30

QHW 3&, ��� �� ���
QHW 86% �� �� ���
QHW 3&0&,$ � � ����
VRXQG 3&, �� �� ���
VRXQG 86% � � ���
VRXQG 3&0&,$ � � ����
$7$ 3&, �� �� ���
6&6, 86% � � ����
6&6, 3&0&,$ � � ����
7RWDO � ��� ��� ���

7DEOH ���� 'ULYHUV�ZLWK�DQG�ZLWKRXW�SRZHU�PDQDJHPHQW�DV�PHDVXUHG�ZLWK�VWDWLF�DQDO\VLV�WRROV� 86% GULYHUV
�DXGLR�DQG�VWRUDJH��VXSSRUW�KXQGUHGV�RI�GHYLFHV�ZLWK�D�FRPPRQ�GULYHU� DQG�VXSSRUW�VXVSHQG�UHVXPH�

����� 8WLOLW\�RI�)LQH�*UDQXODULW\

, HYDOXDWH�ZKHWKHU�VHOHFWLYHO\�LVRODWLQJ�VSHFLÀF�HQWU\�SRLQWV�LV�XVHIXO�E\�ORRNLQJ�IRU�HYL�

GHQFH�WKDW�GULYHU�EXJV�DUH�FRQÀQHG�WR�RQH�RU�D�IHZ�HQWU\�SRLQWV� ,I�WKH�IXQFWLRQV�ZLWK�EXJV

DUH�UHDFKDEOH�WKURXJK�D�ODUJH�QXPEHU�RI�HQWU\�SRLQWV� WKHQ�IXOO�GULYHU�LVRODWLRQ�LV�PRUH�XVH�

IXO�WKDQ�SHU�HQWU\�SRLQW�LVRODWLRQ� )RU�H[DPSOH� LI�D�EXJ�RFFXUV�LQ�D�ORZ�OHYHO�UHDG�URXWLQH�

WKHQ�WKH�EXJ�ZLOO�DIIHFW�D�ODUJH�QXPEHU�RI�HQWU\�SRLQWV�

,Q�RUGHU�WR�KDYH�D�ODUJH�GDWD�VHW� , XVH�D�SXEOLVKHG�OLVW�RI�KDUGZDUH�GHSHQGHQFH

EXJV >��@�WKDW�UHSUHVHQW�RQH�RI�WKH�ODUJHU�QXPEHU�RI�XQÀ[HG�EXJV�LQ�WKH�GULYHUV >��@� ,

ZHUH�DEOH�WR�PDS�WKHVH�EXJV�LQ�����GULYHUV������WRWDO�EXJV��WR�WKH�NHUQHO�XQGHU�DQDO\VLV�

)RU�HDFK�GULYHU� , FDOFXODWH�WKH�QXPEHU�RI�HQWU\�SRLQWV�DQG�WKH�IUDFWLRQ�RI�FRGH�LQ�WKH�GULYHU

WKDW�PXVW�EH�LVRODWHG�

, ÀQG�WKDW�WKH�EXJV�DUH�UHDFKDEOH�WKURXJK�����HQWU\�SRLQWV� IRU�DQ�DYHUDJH�RI���SHU

GULYHU� $V�D�FRPSDULVRQ� WKHVH�GULYHUV�KDYH�D�WRWDO�RI�������HQWU\�SRLQWV�����SHU�GULYHU��

VR�RQO\�����RI�HQWU\�SRLQWV�PXVW�EH�LVRODWHG� 7KH�FRGH�UHDFKDEOH�IURP�WKHVH�HQWU\�SRLQWV

FRPSULVHV�RQO\�����RI�WKH�FRGH�LQ�WKHVH�GULYHUV� 7KHVH�UHVXOWV�LQGLFDWH�WKDW�DW�OHDVW�VRPH

FODVVHV�RI�GULYHU�EXJV�DUH�FRQÀQHG�WR�D�VLQJOH�HQWU\�SRLQW� DQG�WKHUHIRUH�)*)7 FDQ�UHGXFH

WKH�FRVW�RI�IDXOW�WROHUDQFH�DV�FRPSDUHG�WR�LVRODWLQJ�WKH�HQWLUH�GULYHU�



���

'ULYHU 'ULYHU�/R&
,VRODWLRQ�DQQRWDWLRQV

'ULYHU�$Q�
QRWDWLRQV

.HUQHO�$Q�
QRWDWLRQV

����WRR ����� ��
��H���� ������ ��

U���� ����� ��
SHJDVXV ����� �� ��
HQV���� ����� �� ��
SVPRXVH ����� �� ��

7DEOH ���� $QQRWDWLRQV�UHTXLUHG�E\�)*)7�LVRODWLRQ�PHFKDQLVPV�IRU�FRUUHFW�PDUVKDOLQJ� .HUQHO�DQQRWDWLRQV
DUH�FRPPRQ�WR�D�FODVV� DQG�GULYHU�DQQRWDWLRQV�DUH�VSHFLÀF�WR�D�VLQJOH�GULYHU�

����� 'HYLFH�&KHFNSRLQW�6XSSRUW

'HYLFH�VWDWH�FKHFNSRLQWLQJ�UHOLHV�RQ�H[LVWLQJ�SRZHU�PDQDJHPHQW�FRGH� , PHDVXUH�KRZ

EURDGO\�LW�DSSOLHV�WR�/LQX[�GULYHUV�E\�FRXQWLQJ�WKH�QXPEHU�RI�GULYHUV�ZLWK�SRZHU�PDQDJHPHQW

VXSSRUW� :KLOH�PRGHUQ�$&3,�FRPSOLDQW�V\VWHPV�UHTXLUH�WKDW�DOO�GHYLFHV�VXSSRUW�SRZHU

PDQDJHPHQW� PDQ\�OHJDF\�GULYHUV�GR�QRW�

, SHUIRUP�D�VLPSOH�VWDWLF�DQDO\VLV�RYHU�DOO�QHWZRUN� VRXQG� DQG�VWRUDJH�GULYHUV�XV�

LQJ�WKH�3&,��86%��DQG�3&0&,$ EXV�LQ�/LQX[���������� 7KH�DQDO\VLV�VFDQV�GULYHU�HQWU\

SRLQWV�DQG�LGHQWLÀHV�SRZHU�PDQDJHPHQW�FDOOEDFNV� 7DEOH ��� VKRZV�WKH�QXPEHU�RI�GULYHUV

VFDQQHG�E\�FODVV�DQG�EXV�DQG�WKH�QXPEHU�WKDW�VXSSRUW�SRZHU�PDQDJHPHQW� 2YHUDOO� ZH

IRXQG�WKDW�����RI�WKH�GULYHUV�VXSSRUW�SRZHU�PDQDJHPHQW� 2I�WKH�GULYHUV�WKDW�GR�QRW�VXS�

SRUW�SRZHU�PDQDJHPHQW� PRVW�ZHUH�HLWKHU�YHU\�ROG� IURP�EHIRUH�/LQX[�VXSSRUWHG�SRZHU

PDQDJHPHQW� RU�ZRUNHG�ZLWK�YHU\�VLPSOH�GHYLFHV� 2QO\�WZR�PRGHUQ�GHYLFHV� ERWK�,QWHO

��JE�(WKHUQHW�FDUGV� GLG�QRW�SURYLGH�VXVSHQG�UHVXPH� 7KXV� , ÀQG�WKDW�QHDUO\�DOO�PRGHUQ

GHYLFHV�VXSSRUW�SRZHU�PDQDJHPHQW�DQG�FDQ�WKHUHIRUH�VXSSRUW�GHYLFH�VWDWH�FKHFNSRLQWLQJ�

����� 'HYHORSHU�HIIRUW

7KH�SULPDU\�GHYHORSPHQW�FRVW�LQ�XVLQJ�)*)7�LV�DGGLQJ�DQQRWDWLRQV� ZKLFK�GHVFULEH�KRZ

WR�FRS\�GDWD�EHWZHHQ�WKH�NHUQHO�DQG�WKH�6), PRGXOH� 7DEOH ��� VKRZV�WKH�QXPEHU�RI�DQ�

QRWDWLRQV�QHHGHG�WR�DSSO\�)*)7�WR�HYHU\�IXQFWLRQ�LQ�HDFK�RI�WKH�WHVWHG�GULYHUV� , VHSDUDWH

DQQRWDWLRQV�LQWR GULYHU�DQQRWDWLRQV� ZKLFK�DUH�PDGH�WR�WKH�GULYHU�FRGH� DQG NHUQHO�KHDGHU�DQ�

QRWDWLRQV� ZKLFK�DUH�D�RQH�WLPH�HIIRUW�FRPPRQ�WR�DOO�GULYHUV�LQ�WKH�FODVV� 7KHVH�DQQRWDWLRQV

DUH�WKH�LQFUHPHQWDO�FRVW�RI�PDNLQJ�D�GULYHU�IDXOW�WROHUDQW� DQG�WKH�LPSOHPHQWDWLRQ�HIIRUW



���

'ULYHU 5HFRYHU\�DGGLWLRQV
/2&

0RYHG
/2&

$GGHG
����WRR �� �
H���� �� ��
U���� �� �

SHJDVXV �� �
HQV���� �� �
SVPRXVH �� �

7DEOH ���� 'HYHORSHU�HIIRUW�IRU�FKHFNSRLQW�UHVWRUH�GULYHU�FDOOEDFNV�

RI�,VRODWRU�DQG�WKH�NHUQHO�FRGH�GHVFULEHG�LQ�6HFWLRQ ��� DUH�WKH�XS�IURQW�FRVW�

2YHUDOO� GULYHUV�DYHUDJHG����DQQRWDWLRQV� ZLWK�PRUH�DQQRWDWLRQV�IRU�GULYHUV�ZLWK

PRUH�FRPSOH[�GDWD�VWUXFWXUHV� 0RVW�GULYHU�FODVVHV�UHTXLUHG����RU�IHZHU�NHUQHO�KHDGHU

DQQRWDWLRQV�H[FHSW�IRU�VRXQG�GULYHUV� ZKLFK�KDYH�D�PRUH�FRPSOH[�LQWHUIDFH�DQG�UHTXLUHG

���DQQRWDWLRQV� 7KXV� WKH�HIIRUW�WR�DQQRWDWH�D�GULYHU�LV�RQO\�PRGHVW� DV�DQQRWDWLRQV�WRXFK

RQO\�D�VPDOO�IUDFWLRQ�RI�GULYHU�FRGH� ,Q�FRPSDULVRQ� 6DIH'ULYH >���@�FKDQJHG�����OLQHV

RI�FRGH�LQ�WKH�H�����GULYHU�IRU�LVRODWLRQ�DQG�DQRWKHU�����OLQHV�IRU�UHFRYHU\� 1RRNV >���@

UHTXLUHG��������OLQHV�RI�FRGH�WR�LVRODWH�DQG�UHORDG�GULYHUV� 7KXV� WKHVH�VPDOO�DQQRWDWLRQV

WR�GULYHUV�PD\�EH�PXFK�VLPSOHU�WKDQ�DGGLQJ�D�ODUJH�QHZ�VXEV\VWHP�WR�WKH�NHUQHO�

&KHFNSRLQWLQJ�LPSOHPHQWDWLRQ� , HYDOXDWHG�WKH�HDVH�RI�LPSOHPHQWLQJ�GHYLFH�VWDWH�FKHFN�

SRLQWLQJ�E\�DGGLQJ�VXSSRUW�WR�WKH�VL[�GULYHUV�OLVWHG�LQ�7DEOH ���� )RU�HDFK�GULYHU�, VKRZ

WKH�DPRXQW�RI�FRGH�, FRSLHG�IURP�VXVSHQG�UHVXPH�WR�FUHDWH�FKHFNSRLQW�UHVWRUH�DV�ZHOO

DV�WKH�QXPEHU�RI�QHZ�OLQHV�DGGHG� 2Q�DYHUDJH� , PRYHG����OLQHV�RI�FRGH�DQG�DGGHG�VL[

OLQHV� 7KH�QHZ�FRGH�DGGV�VXSSRUW�IRU�FKHFNSRLQW�UHVWRUH�LQ�LQWHUUXSW�FRQWH[WV�DQG�DYRLGV

QHVWHG�ORFNV�ZKHQ�WKH�URXWLQHV�DUH�LQYRNHG�ZLWK�D�ORFN�KHOG� (YHQ�WKRXJK�GHYLFH�VWDWH

FKHFNSRLQWLQJ�UHTXLUHV�DGGLQJ�QHZ�FRGH� WKH�HIIRUW�LV�PRVWO\�PRYLQJ�H[LVWLQJ�FRGH� ,Q

FRPSDULVRQ� LPSOHPHQWLQJ�D�VKDGRZ�GULYHU�UHTXLUHV��L��EXLOGLQJ�D�PRGHO�RI�GULYHU�EHKDY�

LRU�DQG��LL��ZULWLQJ�D�ZUDSSHU�IRU�HYHU\�IXQFWLRQ�LQ�WKH�GULYHU�NHUQHO�LQWHUIDFH�WR�ORJ�VWDWH

FKDQJHV�



���

��� 6XPPDU\

7KH�SHUIRUPDQFH�DQG�GHYHORSPHQW�FRVWV�RI�H[LVWLQJ�GULYHU�IDXOW�WROHUDQFH�PHFKDQLVPV

KDYH�UHVWULFWHG�WKHLU�DGRSWLRQ� ,Q�WKLV�FKDSWHU� , SUHVHQWHG�ÀQH�JUDLQHG�IDXOW�WROHUDQFH�

D SD\�DV�\RX�JR PRGHO�IRU�WROHUDWLQJ�GULYHU�IDLOXUHV�WKDW�FDQ�EH�G\QDPLFDOO\�LQYRNHG�IRU

VSHFLÀF�UHTXHVWV� )LQH�JUDLQHG�IDXOW�WROHUDQFH�LV�PDGH�SRVVLEOH�GXH�WR�GHYLFH�FKHFNSRLQWV�

7KLV�IXQFWLRQDOLW\�LV�RIWHQ�FRQVLGHUHG�WR�UHTXLUH�D�VLJQLÀFDQW�UH�HQJLQHHULQJ�RI�GHYLFH�GULYHUV�

+RZHYHU� , GHPRQVWUDWH�WKDW�FKHFNSRLQW�IXQFWLRQDOLW\�LV�DOUHDG\�SURYLGHG�E\�H[LVWLQJ�VXV�

SHQG�UHVXPH�FRGH� :KLOH�, RQO\�DSSOLHG�FKHFNSRLQWV�WR�IDXOW�WROHUDQFH� WKHUH�DUH�PRUH

RSSRUWXQLWLHV�WR�XVH�GHYLFH�FKHFNSRLQW�UHVWRUH� VXFK�DV�26 PLJUDWLRQ� IDVW�UHERRW� DQG

SHUVLVWHQW�RSHUDWLQJ�V\VWHPV�WKDW�VKRXOG�EH�H[SORUHG�



���

&KDSWHU 5
5HODWHG�:RUN

7R�WKH�EHVW�RI�P\�NQRZOHGJH� &DUEXUL]HU�LV�WKH�ÀUVW�UHVHDUFK�FRQVLGHUDWLRQ�RI�KDUGZDUH

IDLOXUHV�LQ�GHYLFH�GULYHUV� )*)7 LV�WKH�ÀUVW�V\VWHP�WR�IRFXV�RQ�WKH�SUREOHP�RI�GHYLFH�VWDUWXS

ODWHQF\�DQG�RQO\�WKH�VHFRQG�V\VWHP�WR�LPSURYH�UHFRYHU\�LQ�GHYLFH�GULYHUV� 6HFWLRQ ���

GLVFXVVHV�SDVW�ZRUN�FRPSDULVRQV�ZLWK�&DUEXUL]HU� 6HFWLRQ ��� FRPSDUHV�SDVW�ZRUN�ZLWK

)*)7�

��� 5HODWHG�ZRUN�IRU�&DEXUL]HU

&DUEXUL]HU�GUDZV�LQVSLUDWLRQ�IURP�SDVW�SURMHFWV�RQ�GULYHU�UHOLDELOLW\� EXJ�ÀQGLQJ� DXWR�

PDWLF�SDWFK�JHQHUDWLRQ� GHYLFH�LQWHUIDFH�VSHFLÀFDWLRQ� DQG�UHFRYHU\�

'ULYHU�UHOLDELOLW\ 3DVW�ZRUN�RQ�GULYHU�UHOLDELOLW\�KDV�IRFXVHG�RQ�SUHYHQWLQJ�GULYHU�EXJV

IURP�FUDVKLQJ�WKH�V\VWHP� 0XFK�RI�WKLV�ZRUN�FDQ�DSSO\�WR�KDUGZDUH�IDLOXUHV� DV�WKH\�PDQ�

LIHVW�DV�D�EXJ�FDXVLQJ�WKH�GULYHU�WR�DFFHVV�LQYDOLG�PHPRU\�RU�FRQVXPH�WRR�PXFK�&38��,Q

FRQWUDVW�WR�&DUEXUL]HU� WKHVH�WRROV�DUH�DOO�KHDY\ZHLJKW� WKH\�UHTXLUH�QHZ�RSHUDWLQJ�V\VWHPV

�6LQJXODULW\ >��@� 0LQL[ >��@� 1H[XV >���@�� QHZ�GULYHU�PRGHOV��:LQGRZV�80') >��@� /LQX[



���

XVHU�PRGH�GULYHUV >��@�� UXQWLPH�LQVWUXPHQWDWLRQ�RI�ODUJH�DPRXQWV�RI�FRGH��;), >���@�DQG

6DIH'ULYH >���@�� DGRSWLRQ�RI�D�K\SHUYLVRU��;HQ >��@�DQG�L.HUQHO >���@�� RU�D�QHZ�VXEV\VWHP

LQ�WKH�NHUQHO��1RRNV >���@�� &DUEXUL]HU�LQVWHDG�À[HV�VSHFLÀF�EXJV� ZKLFK�UHGXFHV�WKH�FRGH

QHHGHG�LQ�WKH�NHUQHO�WR�MXVW�UHFRYHU\�DQG�QRW�IDXOW�GHWHFWLRQ�RU�LVRODWLRQ� 7KXV� &DUEXU�

L]HU�PD\�EH�HDVLHU�WR�LQWHJUDWH�LQWR�H[LVWLQJ�NHUQHO�GHYHORSPHQW�SURFHVVHV� )XUWKHUPRUH�

&DUEXUL]HU�GHWHFWV�KDUGZDUH�IDLOXUHV�EHIRUH�WKH\�FDXVH�FRUUXSWLRQ� ZKLOH�GULYHU�UHOLDELOLW\

V\VWHPV�XVLQJ�PHPRU\�GHWHFWLRQ�PD\�QRW�GHWHFW�LW�XQWLO�PXFK�ODWHU� DIWHU�WKH�FRUUXSWLRQ

SURSDJDWHV�WKURXJK�WKH�V\VWHP�

%XJ�ÀQGLQJ 7RROV�IRU�ÀQGLQJ�EXJV�LQ�26 FRGH�WKURXJK�VWDWLF�DQDO\VLV >�� �� ��@�KDYH�IR�

FXVHG�RQ�HQIRUFLQJ�NHUQHO�SURJUDPPLQJ�UXOHV� VXFK�DV�SURSHU�PHPRU\�DOORFDWLRQ� ORFNLQJ

DQG�HUURU�KDQGOLQJ� +RZHYHU� WKHVH�WRROV�HQIRUFH�NHUQHO�$3, SURWRFROV� EXW�GR�QRW�DGGUHVV

WKH�KDUGZDUH�SURWRFRO� )XUWKHUPRUH� WKHVH�WRROV�RQO\�ÀQG�EXJV�EXW�GR�QRW�DXWRPDWLFDOO\

À[�WKHP�

+DUGZDUH�GHSHQGHQFH�HUURUV�DUH�FRPPRQO\�IRXQG�WKURXJK�V\QWKHWLF�IDXOW�LQMHF�

WLRQ >�� ��� ��� ���@� 7KLV�DSSURDFK�UHTXLUHV�D�PDFKLQH�ZLWK�WKH�GHYLFH�LQVWDOOHG� ZKLOH

&DUEXUL]HU�RSHUDWHV�RQO\�RQ�VRXUFH�FRGH� )XUWKHUPRUH� IDXOW�LQMHFWLRQ�LV�WLPH�FRQVXPLQJ�

DV�LW�UHTXLUHV�LQMHFWLRQ�RI�PDQ\�SRVVLEOH�IDXOWV�LQWR�HDFK�,�2 RSHUDWLRQ�PDGH�E\�D�GULYHU�

$XWRPDWLF�SDWFK�JHQHUDWLRQ &DUEXUL]HU�LV�FRPSOHPHQWDU\�WR�SULRU�ZRUN�RQ�UHSDLULQJ

EURNHQ�HUURU�KDQGOLQJ�FRGH�IRXQG�WKURXJK�IDXOW�LQMHFWLRQ >���@� (UURU�KDQGOLQJ�UHSDLU�LV

DQ�DOWHUQDWH�PHDQV�RI�UHFRYHULQJ�ZKHQ�D�KDUGZDUH�IDLOXUH�RFFXUV�E\�UH�XVLQJ�H[LVWLQJ�HUURU

KDQGOLQJ�FRGH�LQVWHDG�RI�LQYRNLQJ�D�JHQHULF�UHFRYHU\�IXQFWLRQ� 2WKHU�ZRUN�RQ�DXWRPDW�

LFDOO\�SDWFKLQJ�EXJV�KDV�IRFXVHG�RQ�VHFXULW\�H[SORLWV >��� ��� ��@� 7KHVH�V\VWHPV�DOVR�DG�

GUHVV�KRZ�WR�JHQHUDWH�UHSDLU�FRGH�DXWRPDWLFDOO\� EXW�IRFXV�RQ�EXJV�XVHG�IRU�DWWDFNV� VXFK

DV�EXIIHU�RYHUUXQV� DQG�QRW�WKH�LQÀQLWH�ORRS�SUREOHPV�FDXVHG�E\�GHYLFHV�

+DUGZDUH�,QWHUIDFH�VSHFLÀFDWLRQ 6HYHUDO�SURMHFWV� VXFK�DV�'HYLO >��@� 'LQJR >��@� +$,/ >��@�

1H[XV >���@� /DGGLH >���@�DQG�RWKHUV� KDYH�IRFXVHG�RQ�UHGXFLQJ�IDXOWV�RQ�WKH�GULYHU�GHYLFH
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LQWHUIDFH�E\�VSHFLI\LQJ�WKH�KDUGZDUH�LQWHUIDFH�WKURXJK�D�GRPDLQ�VSHFLÀF�ODQJXDJH� 7KHVH

ODQJXDJHV�LPSURYH�GULYHU�UHOLDELOLW\�E\�HQVXULQJ�WKDW�WKH�GULYHU�IROORZV�WKH�FRUUHFW�SUR�

WRFRO�IRU�WKH�GHYLFH� +RZHYHU� WKHVH�V\VWHPV�DOO�DVVXPH�WKDW�WKH�KDUGZDUH�LV�SHUIHFW�DQG

QHYHU�PLVEHKDYHV� :LWKRXW�UXQWLPH�FKHFNLQJ�WKH\�FDQQRW�YHULI\�WKDW�WKH�GHYLFH�SURGXFHV

FRUUHFW�RXWSXW�

5HFRYHU\ &DUEXUL]HU�UHOLHV�RQ�VKDGRZ�GULYHUV >���@�IRU�UHFRYHU\� +RZHYHU� VLQFH�P\�LP�

SOHPHQWDWLRQ�RI�VKDGRZ�GULYHUV�GRHV�QRW�LQWHJUDWH�DQ\�LVRODWLRQ�PHFKDQLVP� WKH�RYHUKHDG

RI�UHFRYHU\�VXSSRUW�LV�YHU\�ORZ� 2WKHU�V\VWHPV�WKDW�UHFRYHU�IURP�GULYHU�IDLOXUH� LQFOXGLQJ

6DIH'ULYH >���@� DQG�0LQL[ >��@� UHO\�RQ�VLPLODU�PHFKDQLVPV�WR�UHVWRUH�WKH�NHUQHO�WR�D�FRQ�

VLVWHQW�VWDWH�DQG�UHOHDVH�UHVRXUFHV�DFTXLUHG�E\�WKH�GULYHU�FRXOG�EH�XVHG�DV�ZHOO� &XUL26

SURYLGHV�WUDQVSDUHQW�UHFRYHU\�DQG�IXUWKHU�HQVXUHV�WKDW�FOLHQW�VHVVLRQ�VWDWH�FDQ�EH�UHFRY�

HUHG >��@� +RZHYHU� &XUL26 LV�D�QHZ�RSHUDWLQJ�V\VWHP�DQG�UHTXLUHV�VSHFLDOO\�ZULWWHQ�FRGH

WR�WDNH�DGYDQWDJH�RI�LWV�UHFRYHU\�V\VWHP� ZKLOH�&DUEXUL]HU�ZRUNV�ZLWK�H[LVWLQJ�GULYHU�FRGH

LQ�H[LVWLQJ�RSHUDWLQJ�V\VWHPV�

7R�DFKLHYH�KLJK�UHOLDELOLW\�LQ�WKH�SUHVHQFH�RI�KDUGZDUH�IDLOXUHV� IDXOW�WROHUDQW�V\VWHPV

RIWHQ�XVH�PXOWLSOH�LQVWDQFHV�RI�D�KDUGZDUH�GHYLFH�DQG�VZLWFK�WR�D�QHZ�GHYLFH�ZKHQ�RQH

IDLOV >�� ��� ��@� 7KHVH�V\VWHPV�SURYLGH�DQ�DOWHUQDWH�UHFRYHU\�PHFKDQLVP�WR�VKDGRZ�GULYHUV�

+RZHYHU� WKLV�DSSURDFK�VWLOO�UHOLHV�RQ�GULYHUV�WR�GHWHFW�IDLOXUHV� DQG�&DUEXUL]HU�LPSURYHV

WKDW�DELOLW\�

��� 5HODWHG�ZRUN�IRU�)*)7

)*)7 GUDZV�LQVSLUDWLRQ�IURP�SDVW�SURMHFWV�RQ�GULYHU�UHOLDELOLW\� SURJUDP�SDUWLWLRQLQJ�DQG

VRIWZDUH�IDXOW�LVRODWLRQ�V\VWHPV�

'HYLFH�GULYHU�UHFRYHU\� 3ULRU�GULYHU�UHFRYHU\�V\VWHPV� LQFOXGLQJ�1RRNV >���@� 6KDGRZ

GULYHUV >���@� 6DIH'ULYH >���@�DQG�0LQL[�� >��@�DOO�XQORDG�DQG�UHVWDUW�D�IDLOHG�GULYHU� ,Q�FRQ�

WUDVW� )*)7�WDNHV�D�FKHFNSRLQW�SULRU�WR�LQYRNLQJ�WKH�GULYHU� DQG�WKHQ�UROOV�EDFN�WR�WKH�PRVW



���

UHFHQW�FKHFNSRLQW� ZKLFK�LV�PXFK�IDVWHU� &XUL26 SURYLGHV�WUDQVSDUHQW�UHFRYHU\�DQG�IXU�

WKHU�HQVXUHV�WKDW�FOLHQW�VHVVLRQ�VWDWH�FDQ�EH�UHFRYHUHG >��@� +RZHYHU� &XUL26 LV�D�QHZ�RSHU�

DWLQJ�V\VWHP�DQG�UHTXLUHV�VSHFLDOO\�ZULWWHQ�FRGH�WR�WDNH�DGYDQWDJH�RI�LWV�UHFRYHU\�V\VWHP�

ZKLOH�)*)7�ZRUNV�ZLWK�H[LVWLQJ�GULYHU�FRGH�LQ�H[LVWLQJ�RSHUDWLQJ�V\VWHPV� 5H9LYH,�2 >��@�

DQG�VLPLODU�V\VWHPV >��@�SURYLGH�ZKROH�V\VWHP�FKHFNSRLQW�UHVWRUH�E\�EXIIHULQJ�,�2 DQG

RQO\�OHWWLQJ�LW�UHDFK�WKH�GHYLFH�DIWHU�WKH�QH[W�PHPRU\�FKHFNSRLQW� +RZHYHU� WKLV�DSSURDFK

GRHV�QRW�ZRUN�ZLWK�SROOLQJ� ZKHUH�,�2 RSHUDWLRQV�FDQQRW�EH�EXIIHUHG�DQG�DSSOLHG�ODWHU�

'ULYHU�LVRODWLRQ�V\VWHPV� 'ULYHU�LVRODWLRQ�V\VWHPV�UHO\�RQ�KDUGZDUH�SURWHFWLRQ��1RRNV >���@

DQG�;HQ >��@��RU�VWURQJ�LQ�VLWX�GHWHFWLRQ�PHFKDQLVPV��%*, >��@� /;), >��@� 0RQGUL[ >���@

DQG�;), >���@��WR�GHWHFW�IDLOXUHV�LQ�GULYHU�H[HFXWLRQ� +RZHYHU� LQ�ODWWHU�V\VWHPV�LI�WKH�IDLO�

XUH�LV�GHWHFWHG DIWHU DQ\�VWDWH�VKDUHG�ZLWK�WKH�NHUQHO�KDV�EHHQ�PRGLÀHG�WKHQ�WKHVH�V\VWHPV

FDQQRW�UROOEDFN�WR�D�ODVW�JRRG�VWDWH� 2WKHU�GULYHU�LVRODWLRQ�V\VWHPV�VXFK�DV�68' >��@�DQG

/LQX[�XVHU�PRGH�GULYHUV >��@� UHTXLUH�ZULWLQJ�FODVV�VSHFLÀF�ZUDSSHUV�LQ�WKH�NHUQHO�WKDW

DUH�KDUG�WR�PDLQWDLQ�DV�WKH�NHUQHO�HYROYHV� )*)7�GLIIHUV�IURP�H[LVWLQJ�LVRODWLRQ�V\VWHPV�E\

SURYLGLQJ�WUDQVDFWLRQDO�VHPDQWLFV�DQG�OLPLWV�WKH�UXQWLPH�RYHUKHDGV�RQO\�WR�VXVSHFW�FRGH�

6RIWZDUH�IDXOW�WROHUDQFH� ([LVWLQJ�6), WHFKQLTXHV�XVH�SURJUDPPHU�DQQRWDWLRQV��6DIH'ULYH >���@�

RU�$3, FRQWUDFWV��/;), >��@��WR�SURYLGH�W\SH�VDIHW\� ;), >���@�WUDQVIRUPV�FRGH�ELQDULHV�WR

SURYLGH�LQOLQH�VRIWZDUH�JXDUGV�DQG�VWDFN�SURWHFWLRQ� ,Q�FRQWUDVW� )*)7�RSHUDWHV�RQ�VRXUFH

FRGH�DQG�DOORZV�GULYHUV�WR�RSHUDWH�RQ�D�FRS\�RI�VKDUHG�GDWD� )*)7�PDUVKDOV�WKH�PLQLPXP

UHTXLUHG�GDWD�DQG�XVHV�D�UDQJH�KDVK�WR�SURYLGH�VSDWLDO�VDIHW\�

7UDQVDFWLRQDO�NHUQHOV� )*)7�H[HFXWHV�GULYHUV�DV�D�WUDQVDFWLRQ�E\�EXIIHULQJ�WKHLU�VWDWH

FKDQJHV�XQWLO�WKH\�FRPSOHWH� 9,12 >��@�VLPLODUO\�HQFDSVXODWHG�H[WHQVLRQV�ZLWK�6), DQG

XVHG�D�FRPSHQVDWLRQ�ORJ�WR�XQGR�NHUQHO�FKDQJHV� +RZHYHU� 9,12 DSSOLHG�WR�DQ�HQWLUH

H[WHQVLRQ�DQG�GLG�QRW�DGGUHVV�UHFRYHULQJ�GHYLFH�VWDWH� ,Q�DGGLWLRQ� LW�WHUPLQDWHG�IDXOW\

H[WHQVLRQV� ZKLOH�PRVW�XVHUV�ZDQW�WR�FRQWLQXH�XVLQJ�GHYLFHV�IROORZLQJ�D�IDLOXUH� )*)7

LV�FRPSOHPHQWDU\�WR�RWKHU�WUDQVDFWLRQDO�V\VWHPV� VXFK�DV�7[26 >��@� WKDW�SURYLGH�WUDQVDF�

WLRQDO�VHPDQWLFV�IRU�V\VWHP�FDOOV� 7KHVH�WHFKQLTXHV�FRXOG�EH�DSSOLHG�WR�GULYHU�FDOOV�LQWR�WKH
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NHUQHO�LQVWHDG�RI�XVLQJ�D�NHUQHO�XQGR�ORJ�RI�FRPSHQVDWLRQ�UHFRUGV� &XUUHQWO\� WKHVH�V\V�

WHPV�GR�QRW�SHUIRUP�GHYLFH�,�2 WUDQVDFWLRQDOO\�DQG�HLWKHU�UHO\�RQ�KLJKHU�OHYHO�DWRPLFLW\

WHFKQLTXHV��7[26 >��@�DQG�[&DOOV >���@��RU�VHULDOL]H�WUDQVDFWLRQV�ZLWK�D�ORFN��7[/LQX[ >��@��

3URJUDP�3DUWLWLRQLQJ 3URJUDP�SDUWLWLRQLQJ�KDV�EHHQ�XVHG�IRU�VHFXULW\ >��� ��@�DQG�UH�

PRWH�FRGH�H[HFXWLRQ >��@� ([LVWLQJ�SURJUDP�SDUWLWLRQLQJ�WRROV�VWDWLFDOO\�SDUWLWLRQ�XVHU

PRGH�FRGH�RU�PRYH�GULYHU�FRGH�WR�XVHU�PRGH >��@� )*)7�LV�WKH�ÀUVW�V\VWHP�WR�SDUWLWLRQ�SUR�

JUDPV�ZLWKLQ�WKH�NHUQHO�DQG�LV�KHQFH�DEOH�WR�SURYLGH�SDUWLWLRQLQJ�EHQHÀWV�WR�NHUQHO�VSHFLÀF

FRPSRQHQWV�VXFK�DV�LQWHUUXSW�GHOLYHU\�DQG�FULWLFDO�,�2 SDWK�FRGH� )XUWKHUPRUH� LQVWHDG

RI�SDUWLWLRQLQJ�FRGH�LQ�DQ\�RQH�GRPDLQ� )*)7�UHSOLFDWHV�LWV�HQWU\�SRLQWV�DQG�GHFLGHV�RQ�D

UXQWLPH�EDVLV�ZKHWKHU�D�SDUWLFXODU�WKUHDG�VKRXOG�UXQ�LQ�LVRODWLRQ�
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&KDSWHU 6
/HVVRQV�DQG�)XWXUH�:RUN

,Q�WKLV�FKDSWHU� , GHVFULEH�WKH�OHVVRQV�IURP�P\�H[SHULHQFH�RQ�ZRUNLQJ�ZLWK�GULYHUV� , WKHQ

GLVFXVV�IXWXUH�ZRUN�DQG�FRQFOXGH�WKH�GLVVHUWDWLRQ�

��� /HVVRQV

, ÀUVW�GHVFULEH�WKH�OHVVRQV�IURP�P\�GLVVHUWDWLRQ� , GHVFULEH�WKH�DGYDQWDJHV�RI�WKH�IDXOW

LVRODWLRQ�WHFKQLTXHV�XVHG� WKH�LPSOLFDWLRQV�IRU�UHOLDEOH�GULYHU�GHVLJQ�DQG�P\�H[SHULHQFH

ZLWK�WKH�/LQX[�NHUQHO�FRPPXQLW\�

����� +\EULG�6WDWLF�5XQ�7LPH�&KHFNLQJ

&DUEXUL]HU�DQG�)*)7 DUH�FRPSOHWH�IDXOW�LVRODWLRQ�V\VWHPV�EHFDXVH�WKH\�GHWHFW�IDXOWV�DQG

DOVR�SURYLGH�ERWK�LVRODWLRQ�DQG�UHFRYHU\� %RWK�V\VWHPV�XVH�D�FRPELQDWLRQ�RI�ODQJXDJH

DQG�V\VWHP�UXQWLPH�WHFKQLTXHV�WR�SURYLGH�IDXOW�WROHUDQFH� ,Q�WKLV�VXEVHFWLRQ� , GLVFXVV�WKH

DGYDQWDJHV�RI�WKLV�DSSURDFK�

7KH�K\EULG�DSSURDFK�SURYLGHV�FRPPRQ�DGYDQWDJHV�RI�WKH�VWDWLF�DQG�UXQWLPH�DS�
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SURDFK�DQG�KLGH�RQH�DQRWKHU·V�VKRUWFRPLQJV� 7KH�ÀUVW�DGYDQWDJH�LV�WR�WHVW�WKH�YDOLGLW\

RI�WKH�DSSURDFK�RYHU�ZLGH�YDULHW\�RI�GULYHUV� 6WDWLF�DQDO\VLV�WHFKQLTXHV�FDQ�EH�YDOLGDWHG

DJDLQVW�ORWV�RI�GULYHUV�ZLWKRXW�UHTXLULQJ�UHDO�KDUGZDUH� , UDQ�&DUEXUL]HU�RQ�DOO�GULYHUV

RYHU�/LQX[�NHUQHO� :LWK�)*)7��, ZDV�DEOH�WR�PHDVXUH�XVLQJ�VWDWLF�DQDO\VLV�WRROV� IRU�ZKDW

IUDFWLRQ�RI�GULYHUV� P\�DSSURDFK�PD\�QRW�ZRUN� )XUWKHUPRUH� DXWRPDWLF�FRGH�JHQHUDWLRQ

KHOSV�XV�DYRLG�ZULWLQJ�FODVV�VSHFLÀF�IDXOW�WROHUDQFH�FRGH�VXFK�DV�ZUDSSHUV� 'XH�WKH�ODUJH

QXPEHU�RI�FODVVHV�VXSSRUWHG�E\�/LQX[� WKLV�FRGH�FDQ�EH�VLJQLÀFDQW� $V�DQ�H[DPSOH� 1RRNV

UHTXLUHG�DERXW���. /R& RI�ZUDSSHU�FRGH >���@�ZKLFK�)*)7 DYRLGV�

6HFRQG� &DUEXUL]HU�DQG�)*)7 XVH�VWDWLF�DQDO\VLV�WR�ORZHU�WKH�SHUIRUPDQFH�RYHUKHDG

DQG�UHGXFH�WKH�FRPSOH[LW\�RI�WKH�26 UXQWLPH�UHTXLUHG� &DUEXUL]HU�LV�DEOH�WR�GHWHFW�KDUG�

ZDUH�IDLOXUHV�EHIRUH�WKH\�SURSDJDWH�WR�WKH�RSHUDWLQJ�V\VWHP� +HQFH� LW�LV�DEOH�WR�DYRLG�D

ODUJH�LVRODWLRQ�V\VWHP�LQ�WKH�NHUQHO�DQG�DQ\�RYHUKHDG�WKDW�LW�PD\�LPSRVH� 6LPLODUO\� )*)7

XVHV�VWDWLF�DQDO\VLV�WR�RQO\�LVRODWH�IDXOW\�FRGH�DQG�VHWV�XS�IDXOW�WROHUDQFH�G\QDPLFDOO\�

)DXOW�IUHH�FRGH�UXQV�ZLWKRXW�LVRODWLRQ� UHGXFLQJ�RYHUKHDG�LQ�WKH�FRPPRQ�FDVH� )XUWKHU�

PRUH� )*)7 VHWV�XS�IDXOW�WROHUDQFH�GXULQJ�WKH�FRPSLOH�SKDVH�DQG�UHGXFHV�WKH�UXQWLPH�FRP�

SOH[LW\�E\�UHPRYLQJ�FRGH�WR�SURYLGH�IDXOW�WROHUDQFH�IURP�WKH�26��7KLV�FRGH�SURYLGHV�WKH

IXQFWLRQDOLW\�WR�LQWHUSRVH�GULYHU�FRPPXQLFDWLRQ�WR�GHWHFW�IDLOXUHV�DQG�SURYLGH�LVRODWLRQ

DQG�LV�JHQHUDWHG�DXWRPDWLFDOO\�XVLQJ�WKH�FRGH�JHQHUDWLRQ�WRROV�LQ�)*)7�

7KLUG� VWDWLF�DQDO\VLV�FDQ�EH�XVHG�WR�H[WUDFW�GULYHU�VSHFLÀF�LQIRUPDWLRQ�DQG�SURYLGH

VWURQJHU�UHOLDELOLW\�JXDUDQWHHV�WKDQ�D�UXQWLPH�RQO\�DSSURDFK� )RU�H[DPSOH� VWDWLF�DQDO\VLV

FDQ�EH�XVHG�WR�LQWHUSUHW�WKH�GLIIHUHQW�W\SHV�RI�GDWD�VWUXFWXUHV�EHLQJ�SDVVHG�DURXQG� , XVH

WKLV�WHFKQLTXH�LQ�)*)7 WR�LPSOHPHQW�EDVH�DQG�ERXQGV�PHPRU\�SURWHFWLRQ�WKDW�SURYLGHV

ÀQH�JUDLQHG�PHPRU\�SURWHFWLRQ�WR�GHWHFW�PHPRU\�HUURUV�

)LQDOO\� WKH�UXQWLPH�WHFKQLTXHV�FRPSOHPHQW�WKH�LQDGHTXDFLHV�RI�VWDWLF�DQDO\VLV�WRROV�

6WDWLF�DQDO\VLV�WRROV�FDQQRW�UHDVRQ�DERXW�FHUWDLQ�SURJUDP�SURSHUWLHV�WKDW�DUH�HLWKHU�YHQGRU

VSHFLÀF�RU�FDQQRW�WROHUDWH�IDOVH�SRVLWLYHV�WR�UHPDLQ�XVHIXO� $V�DQ�H[DPSOH�RI�WKH�IRUPHU�

VWDWLF�DQDO\VLV�FDQQRW�GHWHFW�ZKHQ�DQ�LQWHUUXSW�KDV�EHHQ�ÀUHG�RU�ZKHQ�D�'0$ RFFXUV� 7KH

UHDVRQV�LV�WKDW�WKH�GULYHU�DQG�GHYLFH�KDYH�SULYDWH�SURWRFROV�WR�WULJJHU�WKHVH�DFWLRQV�DQG�LW

LV�QRW�SRVVLEOH�WR�GHWHFW�WKHVH�DFWLRQV�DFURVV�GULYHUV�ZLWK�D�FRPPRQ�DQDO\VLV� +HQFH� &DU�
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EXUL]HU�XVHV�D�UXQWLPH�NHUQHO�PRGXOH�WR�SURYLGH�IDXOW�WROHUDQFH�DJDLQVW�LQWHUUXSW�IDLOXUHV�

)XUWKHUPRUH� VWDWLF�DQDO\VLV�LV�SURQH�WR�IDOVH�SRVLWLYHV�DQG�WKLV�FDQ�EH�SUREOHPDWLF�LQ�FDVHV

VXFK�DV�ERJXV�LQYRFDWLRQ�RI�UHFRYHU\�FRGH� LI�WKH�GHWHFWHG�IDXOW�LV�D�IDOVH�SRVLWLYH� )RU

LQYDOLG�YDOXHV�IURP�KDUGZDUH� &DUEXUL]HU�FKHFNV�DJDLQVW�WKH�IDLOXUH�LQGXFLQJ�FRQGLWLRQ

EHIRUH�LQYRNLQJ�WKH�UHFRYHU\�FRGH�WR�DYRLG�WKLV�VLWXDWLRQ�

7R�VXPPDUL]H� ZLWK�&DUEXUL]HU�DQG�)*)7��, ÀQG�WKDW�WKH�K\EULG�ODQJXDJH�UXQWLPH

DSSURDFK�ZRUNV�ZHOO�DQG�SURYLGHV�WKH�EHVW�RI�ERWK�ZRUOGV� ,W�SURYLGHV�ORZ�RYHUKHDG� ORZ

26 FRPSOH[LW\� ZLGH�DSSOLFDELOLW\�WR�PDQ\�GULYHUV�DQG�WKH�DELOLW\�WR�H[WUDFW�GULYHU�DQG�26

EHKDYLRU�LQ�D�SUHFLVH�DQG�DFFXUDWH�PDQQHU�

����� ,PSOLFDWLRQV�IRU�GULYHU�GHVLJQ

, QRZ�GHVFULEH�WKH�LPSOLFDWLRQV�IRU�UHOLDEOH�GULYHU�GHVLJQ�EDVHG�RQ�P\�H[SHULHQFH�RQ�GH�

YHORSLQJ�IDXOW�WROHUDQFH�PHFKDQLVPV�IRU�GHYLFH�GULYHUV� 7KHVH�LPSOLFDWLRQV�DUH�FRPSOL�

PHQWDU\�WR�ZKDW�DXWRPDWLF�SDWFKLQJ�WRROV�VXFK�DV�&DUEXUL]HU�FDQ�DFKLHYH� )URP�P\�H[�

SHULHQFHV� , ÀQG�WKDW�D�GULYHU�DUFKLWHFWXUH�WKDW�SURYLGHV����FRDUVH�JUDLQHG�FRPPXQLFDWLRQ

PHFKDQLVPV� ���OLPLWV�GULYHU�FRGH�WR�GHYLFH�VSHFLÀF�FRGH�DQG����SURYLGHV�DEVWUDFWLRQV�IRU

GULYHU�FRGH�UH�XVH� LPSURYHV�GULYHU�FRGH�UHOLDELOLW\�

&RDUVH�JUDLQHG�LQWHUIDFH , ÀQG�WKDW�KDYLQJ�D�FRDUVH�JUDLQHG�LQWHUDFWLRQ�EHWZHHQ�WKH

GULYHU�DQG�WKH�KDUGZDUH�DQG�WKH�GULYHU�DQG�WKH�NHUQHO�DLGV�LQ�D�PRUH�UHOLDEOH�GULYHU�GH�

VLJQ� $V�DQ�H[DPSOH� 86% GULYHUV�LQWHUDFW�ZLWK�WKH�GHYLFH�KDUGZDUH�XVLQJ�D�FRDUVH�JUDLQHG

LQWHUIDFH�WKDW�LV�YHU\�VLPLODU�WR�KRZ�QHWZRUNLQJ�ZRUNV� 86% GULYHUV�FUHDWH�D�SDFNHW�ZLWK

WKH�GDWD�SD\ORDG�DQG�VHQG�LW�WR�WKH�ORZHU�OD\HUV��WKH�86% EXV��WR�FRPPXQLFDWH�ZLWK�WKH

KDUGZDUH� 7KH�GULYHUV�IURP�WKH�YHQGRU�DUH�QRW�UHVSRQVLEOH�IRU�GHYLFH�VSHFLÀF�LVVXHV�OLNH

WLPHRXWV�DQG�RYHUÁRZ�DQG�WKH�86% EXV�OLEUDU\�SURYLGHV�WKHVH�JXDUDQWHHV� 6LQFH�DOO�GULYHUV

FRPPXQLFDWH�XVLQJ�WKLV�EXV� WKHVH�FKHFNV�DUH�QHFHVVDULO\�HQIRUFHG� $ OLPLWDWLRQ�RI�VXFK

DQ�LQWHUIDFH�LV�WKDW�VXSSRUWLQJ�KLJK�SHUIRUPDQFH�GHYLFHV�FDQ�EH�FRPSOLFDWHG�GXH�WKH�ODFN

RI�D�ÀQH�JUDLQHG�FRPPXQLFDWLRQ�LQWHUIDFH�ZLWK�WKH�GHYLFH�
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$SDUW�IURP�WKH�GULYHU�KDUGZDUH�FRPPXQLFDWLRQ� WKH�GULYHU�NHUQHO�FRPPXQLFDWLRQ

VKRXOG�DOVR�EH�FRDUVH�JUDLQHG� 'ULYHUV�VKRXOG�UHTXHVW�NHUQHO�VHUYLFHV�WKURXJK�VWDQGDUG�

L]HG�$3,V�LQVWHDG�RI�GLUHFWO\�PRGLI\LQJ�NHUQHO�VWUXFWXUHV�DQG�ORFNV� 7KLV�DYRLGV�DFFLGHQWDO

RYHUZULWLQJ�RI�NHUQHO�VWUXFWXUHV�DQG�UHGXFHV�WKH�SRVVLELOLW\�RI�GHDGORFNV�

'HYLFH�VSHFLÀF�FRGH 'ULYHU�FRGH�VWDQGDUGL]DWLRQ�FDQ�EHQHÀW�GULYHUV�VLQFH�GULYHUV�UH�XVH

D�FRPPRQ�LPSOHPHQWDWLRQ� +HQFH� WKH�YHQGRU�VSHFLÀF�FRGH�LPSOHPHQWDWLRQ�RQO\�LPSOH�

PHQWV�GHYLFH�VSHFLÀF�QXDQFHV�WKDW�WKH�GHYLFH�VXSSRUWV� 7KLV�FRGH�LV�PRUH�UHOLDEOH�EHFDXVH

RI�WZR�UHDVRQV� )LUVW� WKH�FRPPRQ�FRGH�LV�XVXDOO\�ZULWWHQ�E\�26 GHYHORSHUV�LQVWHDG�RI

GHYLFH�YHQGRUV�DQG�LW�LV�ZHOO�WHVWHG�EHFDXVH�LW�LV�XVHG�E\�D�YDULHW\�RI�GHYLFHV� 6HFRQG�

WKH�YHQGRU�VSHFLÀF�FRGH�UDUHO\�LQYRNHV�WKH�NHUQHO�DQG�KHQFH�DYRLGV�DQ\�NHUQHO�$3, PLV�

XVH� 0RVW�GHYLFH�VSHFLÀF�FRGH�RQO\�SURYLGHV�GHYLFH�VSHFLÀF�GHWDLOV�OLNH�GHYLFH�UHJLVWHU

DGGUHVVHV�WKDW�LV�XQLTXH�WR�WKH�GHYLFH�EHLQJ�VXSSRUWHG�

,Q�H[LVWLQJ�/LQX[�NHUQHO� RQO\�VRPH�H[LVWLQJ�GULYHUV�VXSSRUW�WKLV�GHYLFH�VSHFLÀF�GH�

VLJQ�DQG�WKHLU�ZLGHVSUHDG�XVH�VKRXOG�EH�HQFRXUDJHG� &XUUHQWO\� GHYLFH�FODVVHV�VXFK�DV

$7$ DQG�,'( DQG�WKH�86% EXV�W\SH�VXSSRUW�D�GHVLJQ�ZKHUH�YHQGRUV�RQO\�DGG�GHYLFH�VSH�

FLÀF�FRGH� +HUH� WKH�NHUQHO�VXSSRUWV�D�ODUJH�FRPPRQ�GULYHU�DQG�YHQGRUV�VXSSRUW�GHYLFH

VSHFLÀF�URXWLQHV� LI�QHFHVVDU\� $V�DQ�H[DPSOH� WKH�PDLQ�86% VWRUDJH�GULYHU�FRGH�LV�ODUJHO\

FRPPRQ� EXW�LQFOXGHV�FDOO�RXWV�WR�GHYLFH�VSHFLÀF�FRGH� 7KLV�FRGH�LQFOXGHV�GHYLFH�VSHFLÀF

LQLWLDOL]DWLRQ� VXVSHQG�UHVXPH��QRW�SURYLGHG�E\�86%�VWRUDJH�DQG�OHIW�DV�DQ�DGGLWLRQDO�IHD�

WXUH�UHTXLUHPHQW��DQG�RWKHU�URXWLQHV�WKDW�UHTXLUH�GHYLFH�VSHFLÀF�FRGH� 6LPLODUO\� D�QXP�

EHU�RI�RWKHU�GULYHUV�VXFK�DV�$7$��,'( DQG�$&3, GULYHUV�DEVWUDFW�GULYHU�IXQFWLRQDOLW\�ZKHQ

WKHUH�LV�OLWWOH�YDULDWLRQ�DFURVV�GULYHUV� UDWKHU�WKDQ�KDYLQJ�D�GULYHU�WKDW�LQYRNHV�VXSSRUW�OL�

EUDU\�URXWLQHV� WKHVH�GULYHUV�DUH�WKHPVHOYHV�D�VPDOO�VHW�RI�GHYLFH�VSHFLÀF�URXWLQHV�FDOOHG

IURP�D�PXFK�ODUJHU�FRPPRQ�GULYHU� 7KLV�GHVLJQ�LV�WHUPHG�D�´PLQLSRUWµ�GULYHU�LQ�:LQGRZV�

7KXV� WKHVH�GULYHUV�EHQHÀW�IURP�D�FRPPRQ�LPSOHPHQWDWLRQ�RI�PRVW�GULYHU�IXQFWLRQDOLW\�

DQG�RQO\�WKH�FRGH�GLIIHUHQFHV�DUH�LPSOHPHQWHG�LQ�WKH�GHYLFH�VSHFLÀF�FRGH� 7KHVH�GULYHUV

DUH�RIWHQ�TXLWH�VPDOO�DQG�KDYH�OLWWOH�FRGH�WKDW�LV�QRW�GHYLFH�VSHFLÀF�

7KHVH�GULYHUV�DUH�DEOH�WR�VXSSRUW�VXFK�D�GHVLJQ�GXH�WR�GHYLFH�LQWHUIDFH�VWDQGDUG�
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L]DWLRQ� )RU�H[DPSOH� 86% VWRUDJH�GHYLFHV�LPSOHPHQW�D�VWDQGDUG�LQWHUIDFH >���@� 3XVK�

LQJ�VXFK�VWDQGDUGL]DWLRQ�PRUH�DJJUHVVLYHO\�FDQ�LPSURYH�RYHUDOO�GULYHU�RUJDQL]DWLRQ�DQG

UHOLDELOLW\� :KLOH�WKHUH�DUH�JUHDWHU�VWDQGDUGL]DWLRQ�HIIRUWV�IRU�86% GULYHUV� LW�LV�VWLOO�QRW

FRPSOHWH� 2WKHU�GHYLFH�FODVVHV�VXFK�DV�QHWZRUN�GULYHUV�VKRXOG�DOVR�VXSSRUW�VLPLODU�VWDQ�

GDUGL]DWLRQ�WR�OLPLW�GULYHUV�WR�GHYLFH�VSHFLÀF�FRGH� 0RVW�QHWZRUN�LQWHUIDFHV�VXSSRUW�D

ULQJ�EXIIHU�LQWHUIDFH�WR�VHQG�UHFHLYH�SDFNHWV� 0RVW�GULYHUV�UH�LPSOHPHQW�WKH�FRGH�RI�SODF�

LQJ�DQG�UHWULHYLQJ�SDFNHWV�IURP�WKLV�EXIIHU�ZKLOH�VHQGLQJ�UHFHLYLQJ�QHWZRUN�SDFNHWV� ,W

PD\�EH�SRVVLEOH�WR�VLPSOLI\�WKHVH�GULYHUV�E\�SURYLGLQJ�VWDQGDUG�DEVWUDFWLRQV�RI�KDUGZDUH

GDWD�VWUXFWXUHV�ZKLOH�SURYLGLQJ�PHFKDQLVPV�WR�H[WHQG�GULYHU�GHYLFH�VSHFLÀF�GHWDLOV�VXFK

DV�ULQJ�EXIIHU�VWUXFWXUHV�

'ULYHU�FRGH�UHGXFWLRQ , ÀQDOO\�ORRN�DW�KRZ�EHWWHU�DEVWUDFWLRQV�HQFRXUDJH�GULYHU�FRGH

UH�XVH�DQG�UHGXFH�WKH�DPRXQW�RI�GULYHU�FRGH� 0\�VWXG\�RI�GULYHUV�ORRNV�DW�WKH�TXHVWLRQ

RI�GR�ZH�UHDOO\�QHHG�VHYHQ�PLOOLRQ�OLQHV�RI�FRGH�DQG�, ÀQG�WKDW����RI�DOO�GULYHU�FRGH��RU

��������/2&� LV�UHSHWLWLYH�DQG�FDQ�EH�LPSURYHG�WKURXJK�EHWWHU�DEVWUDFWLRQV�RU�OLEUDULHV�

%HWWHU�DEVWUDFWLRQV�IRU�FRGH�UHXVH�FDQ�UHGXFH�WKH�VL]H�RI�WKH�UDSLGO\�JURZLQJ�FRGHEDVH�DQG

UHGXFH�LQFLGHQFH�RI�EXJV >��@�

$V�GHVFULEHG�LQ�&KDSWHU��� , VHH�WKUHH�PHWKRGV�IRU�DFKLHYLQJ�WKLV�UHGXFWLRQ� �L��SUR�

FHGXUDO�DEVWUDFWLRQV�IRU�GULYHU�VXE�FODVVHV� �LL��EHWWHU�PXOWLSOH�FKLSVHW�VXSSRUW�DQG��LLL��WD�

EOH�GULYHQ�SURJUDPPLQJ� )LUVW� SURFHGXUDO�DEVWUDFWLRQ�PHDQV�PRYLQJ�VKDUHG�FRGH�ZLWKLQ

GULYHU�VXE�FODVVHV�WR�D�OLEUDU\�DQG�WR�SURYLGH�SDUDPHWHUV�FRYHULQJ�WKH�GLIIHUHQFHV�LQ�LP�

SOHPHQWDWLRQ� :LWKLQ�D�VLQJOH�GULYHU� ZH�IRXQG�WKDW�WKH�PRVW�FRPPRQ�IRUP�RI�UHSHDWHG

FRGH�ZDV�ZUDSSHUV�DURXQG�GHYLFH�,�2��GULYHU�OLEUDU\�RU�NHUQHO�IXQFWLRQV� 7KHVH�ZUDSSHUV

HLWKHU�FRQYHUW�GDWD�LQWR�WKH�DSSURSULDWH�IRUPDW�RU�SHUIRUP�DQ�DVVRFLDWHG�VXSSRUW�RSHUD�

WLRQ�WKDW�LV�UHTXLUHG�EHIRUH�FDOOLQJ�WKH�URXWLQHV�EXW�GLIIHU�IURP�RQH�DQRWKHU�EHFDXVH�WKH\

OLH�RQ�D�GLIIHUHQW�FRGH�SDWK� ,PSURYLQJ�GULYHU�FODVV�RU�VXE�FODVV�OLEUDULHV�ZLOO�VLJQLÀFDQWO\

UHGXFH�WKLV�FRGH�

6HFRQG� H[LVWLQJ�GULYHU�OLEUDULHV�FDQ�EH�HQKDQFHG�ZLWK�QHZ�DEVWUDFWLRQV�WKDW�FRYHU

WKH�VLPLODU�EHKDYLRU� 7KHUH�DUH�PDQ\�IDPLOLHV�RI�GULYHUV�WKDW�UHSOLFDWH�FRGH�KHDYLO\� $E�
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VWUDFWLQJ�PRUH�FRGH�RXW�WKHVH�IDPLOLHV�E\�FUHDWLQJ�QHZ�GULYHU�DEVWUDFWLRQV�WKDW�VXSSRUW

PXOWLSOH�FKLSVHWV�FDQ�VLPSOLI\�GULYHU�FRGH�VLJQLÀFDQWO\� )LQDOO\� IXQFWLRQV�WKDW�GLIIHU�RQO\

E\�FRQVWDQW�YDOXHV�FDQ�EH�UHSODFHG�E\�WDEOH�GULYHQ�FRGH� 7KLV�PD\�DOVR�EH�DSSOLFDEOH�WR�UH�

GXFLQJ�GULYHUV�WR�MXVW�GHYLFH�VSHFLÀF�FRGH�DV�GHVFULEHG�LQ�WKH�SUHYLRXV�SDUDJUDSK� 'ULYHUV

ZLWK�ODUJHU�GLIIHUHQFHV�EXW�IXQGDPHQWDOO\�VLPLODU�VWUXFWXUHV� VXFK�DV�QHWZRUN�GULYHUV�WKDW

XVH�ULQJ�EXIIHUV�WR�VHQG�DQG�UHFHLYH�SDFNHWV�FDQ�XVH�VXFK�SDUDGLJP�WR�UHGXFH�GULYHU�FRGH�

%\�SURYLGLQJ�WKHVH�DEVWUDFWLRQV� , EHOLHYH�WKHUH�LV�DQ�RSSRUWXQLW\�WR�UHGXFH�WKH�DPRXQW�RI

GULYHU�FRGH� FRQVHTXHQWO\�UHGXFLQJ�WKH�LQFLGHQFH�RI�EXJV�DQG�LPSURYLQJ�WKH�GULYHU�GHYHO�

RSPHQW�SURFHVV�E\�SURGXFLQJ�FRQFLVH�GULYHUV�LQ�WKH�IXWXUH�

����� ([SHULHQFH�ZLWK�WKH�NHUQHO�FRPPXQLW\

, ZLOO�QRZ�GHVFULEH�P\�HIIRUWV�WR�LQIRUP�WKH�/LQX[�NHUQHO�GHYHORSHUV�DERXW�WKH�SUREOHP

RI�KDUGZDUH�GHSHQGHQFH�EXJV�LQ�/LQX[�DQG�P\�VROXWLRQ�²�&DUEXUL]HU� :LWK�&DUEXUL]HU�

, GLVFRYHUHG�DQ�H[WUHPHO\�ODUJH�QXPEHU�RI�KDUGZDUH�GHSHQGHQFH�EXJV�LQ������ )XUWKHU�

PRUH� WKLV�FRXQW�FRQWLQXHG�WR�LQFUHDVH�ZKHQ�, UDQ�&DUEXUL]HU�WRRO�LQ�D�QHZHU�NHUQHO�DIWHU

���PRQWKV� , IRXQG�RYHU������KDUGZDUH�GHSHQGHQFH�EXJV�LQ�/LQX[���������� , VXEVHTXHQWO\

FRQWDFWHG�WKH�NHUQHO�GHYHORSHUV�WKURXJK�/LQX[�PDLOLQJ�OLVWV�LQIRUPLQJ�WKHP�DERXW�WKH

ZLGHVSUHDG�RI�QDWXUH�KDUGZDUH�GHSHQGHQFH�EXJV�LQ�/LQX[� 7KH�IHHGEDFN�ZDV�HQFRXU�

DJLQJ�DQG�, VXEVHTXHQWO\�SUHVHQWHG�D�WDON�DW�/LQX[�3OXPEHUV�&RQIHUHQFH� �����DQG�PDGH

WKH�WRRO�DYDLODEOH�IRU�GRZQORDG� /LQX[�:HHNO\�1HZV�DOVR�IHDWXUHG�DQ�DUWLFOH�RQ�&DUEXU�

L]HU�LQ�)HEUXDU\� �����DORQJ�ZLWK�D�OLVW�RI�EXJV�LGHQWLÀHG�E\�&DUEXUL]HU� , DOVR�VXEPLWWHG

SDWFKHV�WR�WKH�/LQX[�NHUQHO�WR�À[�WKHVH�EXJV� , QRZ�GHVFULEH�OHVVRQV�IURP�WKLV�H[SHULHQFH�

7KLV�H[SHULHQFH�LV�/LQX[�VSHFLÀF�EXW�VKRXOG�DSSO\�WR�RWKHU�ODUJH�RSHQ�VRXUFH�SURMHFWV�

, OHDUQHG�WZR�OHVVRQV�ZKLOH�LQWHUDFWLQJ�ZLWK�NHUQHO�GHYHORSHUV� )LUVW� GHYHORSHUV

DUH�XQOLNHO\�WR�XVH�D�WRRO�RU�UHYLHZ�D�OLVW�RI�EXJV�WKDW�KDV�D�KLJK�IDOVH�SRVLWLYH�UDWH� 7KH

GHYHORSHUV�SUHIHUUHG�D�WRRO�ZLWK�QR�IDOVH�SRVLWLYHV� 7KLV�REVHUYDWLRQ�LV�FRQVLVWHQW�ZLWK

GHYHORSHUV�RI�&RYHULW\ >��@� ZKR�H[SHULHQFHG�WKDW�IDOVH�SRVLWLYHV�LQ�WKHLU�UHSRUWV�GHFUHDVHG

WKH�SUREDELOLW\�RI�WULDJLQJ�WKHLU�IXWXUH�UHSRUWV� 7KLV�FDQ�EH�FKDOOHQJLQJ�ZLWK�VWDWLF�DQDO\VLV

WRROV�ZKLFK�FDQ�KDYH�KLJK�IDOVH�SRVLWLYH�UDWHV� 6LPSOLI\LQJ�DQDO\VHV�WR�LPSURYH�DFFXUDF\
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RI�WKH�UHVXOWV�IRXQG�FDQ�EH�EHQHÀFLDO�EXW�LW�PD\�UHGXFH�WKH�WRWDO�QXPEHU�RI�EXJV�IRXQG�

7KH�VHFRQG�OHVVRQ�RQ�ZKHUH�WR�VXEPLW�EXJ�UHSRUWV� HVSHFLDOO\�D�ODUJH�OLVW�RI�EXJV

VXFK�DV�WKDW�SURGXFHG�E\�&DUEXUL]HU� $ ODUJH�OLVW�RI�SURJUDPPLQJ�HUURUV�VXFK�DV�PHP�

RU\�DQG�SRLQWHU�PLVXVH�RU�NHUQHO�$3, PLVXVH�LV�EHVW�SUHVHQWHG�WR�/LQX[�NHUQHO�MDQLWRU

SURMHFWV� ZKHUH�PDQ\�NHUQHO�GHYHORSHUV�DUH�RQ�WKH�DFWLYH�ORRNRXW�WR�À[�SUREOHPV�LQ�/LQX[

NHUQHO� 0RUH�FRPSOH[�EXJ�UHSRUWV�VXFK�DV�GULYHU�VSHFLÀF�EXJV�DUH�PRUH�OLNHO\�WR�JHW

D�UHVSRQVH�LI�WKH�UHSRUWV�DUH�SUHVHQWHG�GLUHFWO\�WR�WKH�PDLQWDLQHUV�RI�WKH�VSHFLÀF�GULYHU

RU�VSHFLÀF�VXEV\VWHP� , IRXQG�PRVW�VXFFHVV�ZLWK�&DUEXUL]HU�LQ�JHWWLQJ�P\�EXJ�UHSRUWV

WULDJHG�E\�GLUHFWO\�VXEPLWWLQJ�SDWFKHV�WR�PDLQWDLQHUV� /LQX[�NHUQHO�SURYLGHV�D�KHOSIXO

VFULSW��JHWBPDLQWDLQHU�SO��LQ�LWV�VRXUFH�WUHH�WR�JHW�WKLV�LQIRUPDWLRQ�IRU�HDFK�ÀOH�

����� 6XPPDU\

,Q�VXPPDU\� WKH�ÀUVW�OLQH�RI�GHIHQVH�LQ�LPSURYLQJ�GULYHU�UHOLDELOLW\�LV�E\�LPSURYLQJ�GULYHU

GHVLJQ�WKURXJK�EHWWHU�DUFKLWHFWXUHV�DQG�SURJUDPPLQJ�SDUDGLJPV� , ÀQG�WKDW�ZULWLQJ�GULYHUV

WKDW�OLPLW�WKHPVHOYHV�WR�GHYLFH�VSHFLÀF�FRGH�DQG�FRPPXQLFDWH�ZLWK�WKH�NHUQHO�DQG�KDUG�

ZDUH�XVLQJ�FRDUVH�JUDLQHG�WRROV�LPSURYH�UHOLDELOLW\� 1H[W� IURP�P\�H[SHULHQFH�LQ�GHYHO�

RSLQJ�IDXOW�LVRODWLRQ�PHFKDQLVPV� , ÀQG�WKDW�K\EULG�ODQJXDJH�UXQWLPH�DSSURDFK�DOORZV

XV�WR�SURYLGH�UHOLDELOLW\�VROXWLRQV�DW�ORZ�RYHUKHDG� )LQDOO\� , VKDUH�P\�H[SHULHQFHV�RQ�KRZ

WR�JHW�EXJ�À[HV�XSVWUHDPHG�LQ�/LQX[�NHUQHO�VXFFHVVIXOO\�

��� )XWXUH�:RUN

,Q�WKLV�VHFWLRQ� , GLVFXVV�IXWXUH�ZRUN� GHVFULELQJ�H[WHQVLRQV�WR�&DUEXUL]HU� WKH�GULYHU�VWXG\

DQG�ÀQH�JUDLQHG�IDXOW�WROHUDQFH�

����� &DUEXUL]HU

&DUEXUL]HU�DVVXPHV�WKDW�LI�D�GULYHU�GHWHFWV�D�KDUGZDUH�IDLOXUH� LW�FRUUHFWO\�UHVSRQGV�WR�WKDW

IDLOXUH� ,Q�SUDFWLFH� , ÀQG�WKLV�LV�RIWHQ�QRW�WKH�FDVH� ,Q�DGGLWLRQ� &DUEXUL]HU�GRHV�QRW�DVVLVW
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GULYHUV�LQ�KDQGOLQJ�XQH[SHFWHG�HYHQWV� ZH�KDYH�VHHQ�FRGH�WKDW�FUDVKHV�ZKHQ�WKH�GHYLFH

UHWXUQV�D�ÁDJ�EHIRUH�WKH�GULYHU�LV�SUHSDUHG� 2QH�RI�WKH�UHDVRQV�WKLV�FDQ�KDSSHQ�LV�EHFDXVH

EHFDXVH�WKH�GULYHU�GRHV�QRW�IROORZ�WKH�SURWRFRO�RI�WKH�VSHFLÀF�GHYLFH�RU�GHYLFH�FODVV�VXFK

DV�6&6,�

'HYLFH�SURWRFRO�YLRODWLRQV 'HYLFH�SURWRFRO�YLRODWLRQV�RFFXU�ZKHQ�GULYHUV�LQFRUUHFWO\�LQ�

WHUDFW�ZLWK�GHYLFHV� 2IWHQ� GULYHUV�DUH�ZULWWHQ�IURP�KDUGZDUH�VSHFLÀFDWLRQV�ZLWK�SRRU�PLVV�

LQJ�GRFXPHQWDWLRQ� 7KHVH�SUREOHPV�DUH�GLIÀFXOW�WR�GHWHFW�VLQFH�WKH\�UHTXLUH�D�ZRUNLQJ

GHYLFH�LQ�RUGHU�WR�YHULI\�WKDW�GHYLFH�SURWRFROV�KDYH�EHHQ�LPSOHPHQWHG�FRUUHFWO\� 2QH�SRV�

VLEOH�ZD\�WR�GHWHFW�WKHVH�YLRODWLRQV�LV�WR�DXWRPDWLFDOO\�LQIHU�GHYLFH�EHKDYLRU�IURP�H[LVWLQJ

GULYHU�FRGH�DQG�GHWHFW�LWV�LQFRQVLVWHQW�XVH�ZLWKLQ�GULYHUV�XVLQJ�VWDWLF�DQDO\VLV� &DUEXUL]HU

DOUHDG\�GHWHFWV�KRZ�GULYHUV�LQWHUDFW�ZLWK�GHYLFHV�VXFK�DV�ZKHQ�LW�SHUIRUPV�D�VHTXHQFH�RI

RSHUDWLRQV�DQG�IDLOV� 'HWHFWLQJ�LQFRQVLVWHQFLHV�LQ�VXFK�GULYHU�GHYLFH�LQWHUDFWLRQV�FDQ�KHOS

XV�GHWHFW�WKHVH�SUREOHPV� +RZHYHU� À[LQJ�WKHVH�EXJV�ZLOO�VWLOO�UHTXLUH�DFFHVV�WR�WKH�FRUUHFW

GHYLFH�RU�GHYLFH�FODVV�VSHFLÀFDWLRQV�

����� 'ULYHU�6WXG\

0\�VWXG\�RQ�GULYHUV�VKRZHG�GLIIHUHQW�ZD\V�LQ�ZKLFK�GULYHU�UHVHDUFK�FDQ�EH�LPSURYHG�H[�

WHQGHG�DQG�, ZLOO�GLVFXVV�WZR�RI�WKRVH�LQ�WKLV�VHFWLRQ� )LUVW� , UHYLHZ�KRZ�GULYHU�FRGH�V\Q�

WKHVLV�VKRXOG�EH�LPSURYHG�WR�PDNH�LW�DSSOLFDEOH�WR�D�YDULHW\�RI�GULYHUV� 1H[W� , UHYLHZ�KRZ

GULYHU�FRGH�FDQ�EH�UXQ�RXWVLGH�WKH�26 IRU�LPSURYHG�UHOLDELOLW\�

,PSURYLQJ�GULYHU�V\QWKHVLV 5HFHQWO\� GULYHU�UHVHDUFK�KDV�ORRNHG�KRZ�WR�JHQHUDWH�GULYHU

FRGH�DXWRPDWLFDOO\� $XWRPDWLF�GULYHU�FRGH�JHQHUDWLRQ�LPSURYHV�GULYHU�FRGH�UHOLDELOLW\

EHFDXVH�WKH�FRGH�LV�DXWR�JHQHUDWHG�LQVWHDG�RI�KDQG�ZULWWHQ�E\�GHYLFH�YHQGRUV�ZKR�PD\

LQWURGXFH�EXJV� ,Q�P\�VWXG\�RI�GULYHUV� , ORRN�DW�KRZ�GR�WKHVH�H[LVWLQJ�WHFKQLTXHV�ZRUN

LQ�SUDFWLFH�DQG�KRZ�FDQ�WKH\�EH�LPSURYHG�

, ÀQG�WKDW�PRVW�GULYHU�FODVVHV�KDYH�VXEVWDQWLDO�DPRXQWV�RI�GHYLFH�VSHFLÀF�IXQFWLRQ�

DOLW\�RXWVLGH�FODVV�GHÀQLWLRQ�L�H� VWDQGDUG�LQWHUIDFHV� &RGH�VXSSRUWLQJ��SURF�DQG��V\V
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LV�SUHVHQW�LQ�������RI�GULYHUV�DQG�FRPSULVHV�RYHU������RI�WRWDO�GULYHU�FRGH� $OVR� ���

RI�GULYHUV�KDYH�ORDG�WLPH�SDUDPHWHUV�WR�FRQWURO�WKHLU�EHKDYLRU�DQG�FRQÀJXUH�RSWLRQV�QRW

DYDLODEOH�WKURXJK�WKH�FODVV�LQWHUIDFH� $GGLWLRQDOO\� LRFWO�FRGH�FRPSULVHV������RI�GULYHU

FRGH� FDQ�DOVR�FDXVH�QRQ�FODVV�EHKDYLRU�RI�GULYHUV� +HQFH� IRU�����RI�GULYHUV� DWWHPSWV�WR

V\QWKHVL]H�GULYHUV�IURP�FRPPRQ�GHVFULSWLRQV�RI�WKH�FODVV� OLNH�7HUPLWH >��@� PD\�QRW�ZRUN

IRU�D�VXEVWDQWLDO�QXPEHU�RI�GULYHUV� 7KXV� IXWXUH�UHVHDUFK�VKRXOG�H[SOLFLWO\�FRQVLGHU�KRZ

WR�DFFRPPRGDWH�XQLTXH�EHKDYLRUV�HIÀFLHQWO\�

, DOVR�ÀQG�WKDW�����RI�GULYHUV�VXSSRUW�PRUH�WKDQ�RQH�FKLSVHW�DQG�WKHVH�GULYHUV�VXS�

SRUW�����RI�WKH�WRWDO�GHYLFHV� $Q\�V\VWHP�WKDW�JHQHUDWHV�XQLTXH�GULYHUV�IRU�HYHU\�FKLSVHW

RU�UHTXLUHV�SHU�FKLSVHW�PDQXDO�VSHFLÀFDWLRQ�PD\�OHDG�WR�D�JUHDW�H[SDQVLRQ�LQ�GULYHU�FRGH

DQG�FRPSOH[LW\�

+HQFH� WKHUH�LV�DQ�RSSRUWXQLW\�IRU�IXWXUH�DXWRPDWLF�GULYHU�FRGH�V\QWKHVLV�UHVHDUFK�WR

����GHYHORS�PHFKDQLVPV�WR�JHQHUDWH�FRGH�IRU�QRQ�FODVV�EHKDYLRU�DQG�����HIÀFLHQWO\�VXSSRUW

PXOWLSOH�FKLSVHWV�E\�PHUJLQJ�VWDWHV�LQ�GHYLFH�VWDWH�PDFKLQHV�WKDW�SHUIRUP�FRPPRQ�WDVNV�

5HPRYLQJ�GULYHUV�IURP�26 :LWK�WKH�GULYHU�VWXG\� , PHDVXUH�WKH�EHQHÀWV�DQG�IHDVLELOLW\

RI�UHPRYLQJ�GULYHUV�IURP�/LQX[�DQG�UXQQLQJ�HOVHZKHUH�VXFK�DV�GLUHFWO\�RQWR�WKH�GHYLFH�

5HPRYLQJ�GULYHUV�IURP�WKH�26 LPSURYHV�LWV�UHOLDELOLW\�VLQFH�WKH�XQUHOLDEOH�GULYHU�FRGH�QRZ

H[HFXWHV�RXWVLGH�WKH�26��7KH�IROORZLQJ�WUHQGV�LQ�YLUWXDOL]HG�HQYLURQPHQWV�LQGLFDWH�WKDW

D�QHZ�GHYLFH�DUFKLWHFWXUH�ZKHUH�GULYHU�FRGH�H[HFXWHV�RXWVLGH�WKH�26 FDQ�EH�EHQHÀFLDO�

)LUVW� GHYLFHV�RWKHU�WKDQ�&38 DQG�PHPRU\�DUH�LQFUHDVLQJO\�EHLQJ�DFFHVVHG�UHPRWHO\��VXFK

DV�$PD]RQ·V�(%6 >�@�� 6HFRQG� PLFUR�VHUYHUV��VXFK�DV�VLQJOH�IDEULF�FRPSXWHUV��WKDW�SHU�

IRUP�DOO�WKHLU�,�2 RYHU�WKH�QHWZRUN�DUH�EHLQJ�XVHG >��@� 7KLUG� WKHUH�LV�DQ�LQFUHDVH�LQ�WKH

SURFHVVLQJ�SRZHU�RI�GHYLFHV�PDNLQJ�WKHP�FDSDEOH�HQRXJK�WR�H[HFXWH�GULYHU�FRGH�RQ�WKHP�

:LWK�WKH�GULYHU�VWXG\� , ÀQG�WKDW�WKLV�DUFKLWHFWXUH�LV�EHQHÀFLDO�DQG�IHDVLEOH�

)LUVW� LW�LV�EHQHÀFLDO�EHFDXVH�LW�SXVKHV�WRZDUGV�GULYHU�FRGH�VWDQGDUGL]DWLRQ�DQG�UH�

PRYHV�YHQGRU�FRGH�IURP�WKH�26��, HYDOXDWH�H[LVWLQJ�EXVHV�WKDW�FDQ�EH�DGDSWHG�WR�WKLV�DUFKL�

WHFWXUH�DQG�ÀQG�WKDW�86% DQG�;HQ�VXSSRUW�GHYLFH�VWDQGDUGL]DWLRQ� 7KHVH�GULYHUV�VXSSRUW



���

PXOWLSOH�GHYLFHV�ZLWK�D�VLQJOH�GULYHU�DQG�PHGLDWH�FRPPXQLFDWLRQ�WKURXJK�WKLV�GULYHU�

;HQ%XV�GULYHUV�SXVK�VWDQGDUGL]DWLRQ�IXUWKHU�E\�UHPRYLQJ�DOO�GHYLFH�VSHFLÀF�FRGH�IURP

WKH�GULYHU�DQG�H[HFXWLQJ�LW�HOVHZKHUH� 7KLV�DSSURDFK�FDQ�EH�H[WHQGHG�WR�UXQ�GULYHU�FRGH

UHPRWHO\� 6SHFLÀFDOO\� LW�PD\�EH�SRVVLEOH�WR�XVH�;HQ%XV�GULYHUV�WR�DFFHVV�D�GULYHU�UXQQLQJ

RQ�WKH�GHYLFH�LWVHOI�UDWKHU�WKDQ�LQ�D�VHSDUDWH�YLUWXDO�PDFKLQH� WKLV�FRXOG�LQ�HIIHFW�UHPRYH

PDQ\�GULYHUV�IURP�WKH�NHUQHO�DQG�KRVW�SURFHVVRU� )XUWKHUPRUH� WKH�NHUQHO�QR�ORQJHU�UH�

TXLUHV�GHYLFH�VSHFLÀF�FRGH� DV�LW�LV�UHOHJDWHG�WR�WKH�FRPPRQ�WDVN�RI�FKDQQHO�HVWDEOLVKPHQW�

'HYLFHV�ZLWK�FRPPRQ�GULYHU�LQWHUIDFHV� VXFK�DV�QHWZRUN�DGDSWHUV� FDQ�VKDUH�GULYHU�OL�

EUDULHV� 'HYLFHV�ZLWK�XQLTXH�LQWHUIDFHV�UHTXLUH�VHSDUDWH�GULYHU�OLEUDULHV� EXW�WKH�FRGH�FDQ

H[HFXWHV�LQ�XVHU�PRGH�DQG�PD\�KDYH�IHZ�26 GHSHQGHQFLHV�

6HFRQG� , ÀQG�WKDW�VXFK�D�GHYLFH�DUFKLWHFWXUH�LV�IHDVLEOH� 0\�UHVXOWV�GHPRQVWUDWH

WKDW�PRVW�RI�WKH�GULYHU�FRPPXQLFDWLRQ�LV�IRU�PHPRU\�DQG�V\QFKURQL]DWLRQ�FDOOV�DFURVV�DOO

GULYHUV� VR�WKH�NHUQHO�VXSSRUW�UHTXLUHG�LV�VPDOO�IRU�PRVW�GULYHUV� :LWK�P\�VWXG\� , DOVR

ÀQG�WKDW�D�ODUJH�IUDFWLRQ�RI�GULYHU�NHUQHO�LQWHUDFWLRQV�DUH�IRU�JHQHULF�URXWLQHV��PHPRU\�

V\QFKURQL]DWLRQ� OLEUDULHV��WKDW�GR�QRW�LQYROYH�RWKHU�NHUQHO�VHUYLFHV� 7KXV� WKH\�FRXOG�EH

LPSOHPHQWHG�E\�D�UXQWLPH�HQYLURQPHQW�ORFDO�WR�WKH�GULYHU� )RU�H[DPSOH� D�GULYHU�H[HFXW�

LQJ�LQ�D�VHSDUDWH�YLUWXDO�PDFKLQH�RU�RQ�WKH�GHYLFH�LWVHOI�FDQ�PDNH�XVH�RI�LWV�ORFDO�26 IRU

WKHVH�URXWLQHV� DQG�GULYHUV�LQ�XVHU�VSDFH�FDQ�VLPLODUO\�LQYRNH�XVHU�VSDFH�YHUVLRQV�RI�WKHVH

URXWLQHV� VXFK�DV�WKH�80/ HQYLURQPHQW�LQ�68' >��@�

:LWK�WKHVH�HQFRXUDJLQJ�UHVXOWV� , ÀQG�WKDW�WKHUH�LV�DQ�RSSRUWXQLW\�WR�UH�YLVLW�WKH�H[�

LVWLQJ�,�2 VWDFN�DQG�����'HVLJQ�UHPRWH�,�2 FRPPXQLFDWLRQ�EHWZHHQ�GHYLFH�DQG�26 WKDW

UHPRYHV�LQHIÀFLHQFLHV�RI�FXUUHQW�ÀQH�JUDLQHG�DFFHVV� ����,PSURYH�GULYHU�FRGH�VWDQGDUGL]D�

WLRQ�E\�UHPRYLQJ�GHYLFH�VSHFLÀF�FRGH�IURP�WKH�NHUQHO� ����6XSSRUW�DFFHVV�WR�SURSULHWDU\

GHYLFH�IHDWXUHV�XVLQJ�KLJKHU�OHYHO�FRPPXQLFDWLRQ�PHFKDQLVPV�DQG�����6XSSRUW�ORZ�OD�

WHQF\�GHYLFH�DFFHVV�IRU�DSSOLFDWLRQV� VXFK�DV�JLYLQJ�D�GDWDEDVH�GLUHFW�DFFHVV�WR�D�GLVN�
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)DXOW�7ROHUDQFH
'HYLFH�UHFRYHU\� &XUUHQW�UHFRYHU\�PHFKDQLVPV�UHTXLUH�ZULWLQJ�ZUDSSHUV�WR�WUDFN�DOO�GHYLFH�VWDWH�DQG
IXOO�GHYLFH�UHVWDUW�UHVXOWV�LQ�ORQJ�ODWHQF\�
26 IXQFWLRQDOLW\
)DVW�UHERRW� 5HVWDUWLQJ�WKH�26 UHTXLUHV�SURELQJ�DOO�EXV�DQG�GHYLFH�GULYHUV�
190 RSHUDWLQJ�V\VWHPV� 3URYLGLQJ�SHUVLVWHQW�VWDWH�RI�D�UXQQLQJ�V\VWHP�UHTXLUHV�DELOLW\�WR�FKHFNSRLQW
D�UXQQLQJ�GHYLFH�
,�2 9LUWXDOL]DWLRQ
'HYLFH�FRQVROLGDWLRQ� 5H�DVVLJQPHQW�RI�SDVVWKURXJK�GHYLFHV�DFURVV�GLIIHUHQW�90V�QHHGV�WR�ZDLW�IRU
GHYLFH�LQLWLDOL]DWLRQ�
/LYH�PLJUDWLRQ� /LYH�PLJUDWLRQ�RI�SDVV�WKURXJK�GHYLFHV�FRQYHUWV�WKH�PLOOLVHFRQG�ODWHQF\�RI�PLJUD�
WLRQV�WR�PXOWLSOH�VHFRQGV�GXH�WR�GHYLFH�LQLWLDOL]DWLRQ�
&ORQH�90V� $ELOLW\�WR�ODXQFK�PDQ\�FORQHG�90V�YHU\�TXLFNO\�LV�OLPLWHG�E\�GHYLFH�LQLWLDOL]DWLRQ�

7DEOH ���� 2WKHU�XVHV�IRU�IDVW�GHYLFH�VWDWH�FKHFNSRLQWLQJ�

����� )*)7

)*)7GHPRQVWUDWHV�KRZ�WR�SURYLGH�IDVW�UHFRYHU\�IURP�GULYHU�IDLOXUHV�E\�XVLQJ�QRYHO�FKHFN�

SRLQW�DQG�UHVWRUH�PHFKDQLVPV� )DVW�FKHFNSRLQW�DQG�UHVWRUH�HQDEOHV�QHZ�DSSOLFDWLRQV�DQG

FDQ�EH�XVHG�WR�LPSURYH�WKH�ODWHQF\�RI�H[LVWLQJ�26 DSSOLFDWLRQV� :LWK�)*)7��, GHPRQVWUDWH

D�QHZ�DSSOLFDWLRQ�RI�G\QDPLF�IDXOW�WROHUDQFH�DW�ÀQH�JUDQXODULW\�WKDW�ZDV�QRW�SUHYLRXVO\

SRVVLEOH�

,Q�WKH�IXWXUH� WKHUH�LV�DQ�RSSRUWXQLW\�WR�DSSO\�IDVW�GHYLFH�FKHFNSRLQWV�LQ�RWKHU�DUHDV�

7DEOH ��� OLVWV�ÀYH�SRVVLEOH�XVHV� :LWKLQ�DQ�RSHUDWLQJ�V\VWHP� FKHFNSRLQWV�VXSSRUW�IDVW�UH�

ERRW�DIWHU�XSJUDGLQJ�V\VWHP�VRIWZDUH�E\�UHVWRULQJ�GHYLFH�VWDWH�IURP�D�FKHFNSRLQW�UDWKHU

WKDQ�UHLQLWLDOL]LQJ�WKH�GULYHU� 6LPLODUO\� RSHUDWLQJ�V\VWHPV�XVLQJ�QRQ�YRODWLOH�PHPRU\�WR

VXUYLYH�SRZHU�IDLOXUHV >�� ��@�FDQ�UHVWDUW�GULYHUV�IURP�D�FKHFNSRLQW�UDWKHU�WKDQ�UHLQLWLDOL]�

LQJ�WKH�GHYLFH� ,Q�YLUWXDOL]HG�VHWWLQJV� SDVV�WKURXJK�DQG�YLUWXDOL]DWLRQ�DZDUH�GHYLFHV >��@

DOORZ�GULYHUV�LQ�JXHVW�RSHUDWLQJ�V\VWHPV�WR�LQWHUDFW�ZLWK�SK\VLFDO�KDUGZDUH� 'HYLFH�VWDWH

FKHFNSRLQWV�HQDEOH�YLUWXDO�PDFKLQH�FKHFNSRLQWV�WR�D�SDVV�WKURXJK�GHYLFH >��@�DQG�OLYH�PL�

JUDWLRQ� EHFDXVH�WKH�GHYLFH�VWDWH�IURP�WKH�VRXUFH�FDQ�EH�H[WUDFWHG�DQG�UHVWRUHG�RQ�LGHQWLFDO

KDUGZDUH�DW�WKH�GHVWLQDWLRQ� :LWK�YLUWXDO�GHYLFHV� WKH�ODWHQF\�RI�OLYH�PLJUDWLRQ�FDQ�EH�DV

ORZ�DV���PV >��@� VR�D���VHFRQG�GHOD\�WR�LQLWLDOL]H�D�SDVV�WKURXJK�GHYLFH�DGGV�VLJQLÀFDQW

GRZQWLPH >��@� +RZHYHU� IRU�XVHV�RI�FKHFNSRLQW�WKDW�PRYH�VWDWH�DFURVV�PDFKLQHV� VXFK�DV

YLUWXDO�PDFKLQH�PLJUDWLRQ� WKH�DELOLW\�WR�UHVWRUH�IURP�IXOO\�SRZHUHG�RII�PD\�EH�QHFHVVDU\

DV�GHYLFHV�PD\�EH�DWWDFKHG�DW�GLIIHUHQW�,�2 PHPRU\�DGGUHVVHV�
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����� 6XPPDU\

7R�VXPPDUL]H� LQ�WKLV�VHFWLRQ� , SUHVHQW�WZR�EURDG�DSSURDFKHV�WRZDUGV�IXWXUH�ZRUN� 7KH

ÀUVW�DSSURDFK�LV�WR�LPSURYH�H[WHQG�DQG�LPSURYH�H[LVWLQJ�WRROV�DQG�DSSO\�WKHP�WR�QHZ

SUREOHPV�VXFK�DV�GHYLFH�SURWRFRO�YLRODWLRQV�DQG�QHZ�DSSOLFDWLRQV�RI�FKHFNSRLQW��UHVWRUH�

7KH�VHFRQG�DSSURDFK�LV�WR�UH�GHVLJQ�KRZ�GULYHUV�FRPPXQLFDWH�ZLWK�WKH�RSHUDWLQJ�V\VWHP

DQG�GHYHORS�SURWRFROV�IRU�UHPRWH�GULYHU�LQYRFDWLRQ�

��� &RQFOXVLRQV

$V�FRPSXWHUV�HYROYH�DQG�SURYLGH�JUHDWHU�IXQFWLRQDOLW\�LQ�RXU�OLYHV� XQGHUVWDQGLQJ�DQG

LPSURYLQJ�WKHLU�FRPSOH[LW\�DQG�UHOLDELOLW\�EHFRPHV�LPSRUWDQW� 0\�GLVVHUWDWLRQ�GHYHORSV

WRROV�DQG�PHFKDQLVPV�WR�LPSURYH�UHOLDELOLW\�DQG�LPSURYHV�RXU�XQGHUVWDQGLQJ�RI�GHYLFH

GULYHUV�LQ�PRGHUQ�RSHUDWLQJ�V\VWHPV�

,Q�WKLV�GLVVHUWDWLRQ� , KDYH�DGGUHVVHG�WKUHH�SUREOHPV�WR�LPSURYH�GHYLFH�DFFHVV� )LUVW�

, UHYLHZ�D�QHZ�IDLOXUH�PRGH�LQ�GHYLFH�GULYHUV�DQG�UHYLHZ�KRZ�GULYHUV�EHKDYH�ZKHQ�GH�

YLFHV�IDLO� , LQYHVWLJDWH�KRZ�WKLV�FDQ�DIIHFW�26 UHOLDELOLW\� , KDYH�ORRNHG�DW�KRZ�WR�DGGUHVV

FUDVKHV�FDXVHG�E\�KDUGZDUH�GHSHQGHQFH� KRZ�WR�UHSRUW�D�IDLOLQJ�GHYLFH�DQG�ÀQDOO\�KRZ

WR�UHFRYHU�IURP�WUDQVLHQW�IDLOXUHV� 7KH�UHVXOWLQJ�V\VWHP� &DUEXUL]HU LV�D�VWDWLF�DQDO\VLV�UXQ�

WLPH�IUDPHZRUN�WKDW�DGGUHVVHV�WKHVH�LVVXHV� &DUEXUL]HU·V�VWDWLF�DQDO\VLV�LV�IDVW� VFDQQLQJ

XSZDUGV�RI������GULYHUV�LQ�OHVV�WKDQ����PLQXWHV�ZKLOH�DOVR�JHQHUDWLQJ�KDUGHQHG�ELQDU\

GULYHUV� 8VLQJ�&DUEXUL]HU� , ZDV�DEOH�WR�ÀQG�����KDUGZDUH�GHSHQGHQFH�EXJV�LQ�WKH�/LQX[

��������� $GGLWLRQDOO\� , IRXQG�DSSUR[LPDWHO\������FDVHV�ZKHUH�WKH�GULYHU�ZDV�PLVVLQJ�HU�

URU�UHSRUWLQJ�LQIRUPDWLRQ�DERXW�GHYLFH�IDLOXUHV� &DUEXUL]HU�KDUGHQHG�GULYHU�DQG�UXQWLPH

LPSRVHG�DOPRVW�QR�SHUIRUPDQFH�RU�&38 RYHUKHDGV�

1H[W� , WRRN�D�KROLVWLF�YLHZ�RI�DOO�GULYHU�FRGH�WR�XQGHUVWDQG�KRZ�PRGHUQ�GULYHU�UH�

VHDUFK�DSSOLHV�WR�/LQX[�GULYHUV�DQG�ZKDW�DUH�WKH�RSSRUWXQLWLHV�IRU�IXWXUH�UHVHDUFK� 7KURXJK

WKLV�VWXG\� , KDYH�DWWHPSWHG�WR�EUHDN�RXW�RI�WKH�RQH�GULYHU�DW�D�WLPH�PROG�RI�UHVHDUFK� DQG

LQVWHDG�WU\�WR�VHH�WKH�IRUHVW�RI�GULYHUV� , ÀQG�WKDW�FRPPRQ�DVVXPSWLRQV�DERXW�GULYHUV� VXFK
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DV�WKDW�WKH\�EHORQJ�WR�D�FODVV�DQG�SHUIRUP�OLWWOH�SURFHVVLQJ� DUH�JHQHUDOO\�EXW�QRW�DOZD\V

WUXH� 7KXV� UHVHDUFK�WKDW�UHOLHV�RQ�WKHVH�DVVXPSWLRQV�FDQ�FKLS�DZD\�DW�WKH�SUREOHPV�GULYHUV

FDXVH� EXW�PD\�OHDYH�EHKLQG�D�ORQJ�WDLO�RI�VSHFLDO�FDVHV�DQG�WKH�UHVXOWLQJ�LQIUDVWUXFWXUH�WR

VXSSRUW�WKHVH�GULYHUV�SUHYHQWLQJ�WKH�ZLGHVSUHDG�DGRSWLRQ�RI�VXFK�VROXWLRQV� 0\�VWXG\

KDV�SURYLGHG�D�EHWWHU�XQGHUVWDQGLQJ�RI�GULYHU�EHKDYLRU� RI�WKH�DSSOLFDELOLW\�RI�H[LVWLQJ�UH�

VHDUFK�WR�WKHVH�GULYHUV� DQG�RI�WKH�RSSRUWXQLWLHV�WKDW�H[LVW�IRU�IXWXUH�UHVHDUFK�VXFK�DV�GULYHU

V\QWKHVLV�DQG�UHPRWH�GULYHU�H[HFXWLRQ�

)LQDOO\� , DGGUHVV�RQH�RI�WKH�LPSOLFDWLRQV�IURP�WKLV�VWXG\� FRPSOH[�DQG�LQFRPSOHWH

GULYHU�UHFRYHU\�ZLWK�H[LVWLQJ�IDXOW�WROHUDQFH�V\VWHPV� , EXLOW� )LQH�*UDLQHG�)DXOW�7ROHUDQFH

�)*)7���D�FRGH�JHQHUDWLRQ�DQG�UXQWLPH�UHFRYHU\�V\VWHP�WR�SURYLGH�IDVW�GHYLFH�GULYHU�UH�

FRYHU\� :LWK�)*)7��, GHPRQVWUDWH�WKUHH�LPSRUWDQW�UHVXOWV� )LUVW� , GHPRQVWUDWH�D�QRYHO

PHFKDQLVP�WKDW�SURYLGHV�FKHFNSRLQW�UHVWRUH�VXSSRUW�LQ�PRGHUQ�GULYHUV�E\�UH�XVLQJ�H[�

LVWLQJ�SRZHU�PDQDJHPHQW�FRGH�DOUHDG\�SUHVHQW�LQ�PDQ\�GULYHUV� 6HFRQG� )*)7 VKLIWV�WKH

EXUGHQ�RI�IDXOW�WROHUDQFH�IURP�D�ODUJH�PRQROLWKLF�SDWFK�WR�LQFUHPHQWDOO\�GHSOR\DEOH�GULYHU

FKDQJHV�UHGXFLQJ�VRIWZDUH�PDLQWHQDQFH� 7KLUG� )*)7 GHPRQVWUDWHV�KRZ�WR�H[HFXWH�GULYHU

FRGH�DV�WUDQVDFWLRQV�DQG�GHPRQVWUDWHV�KRZ�WR�WROHUDWH�IDXOWV�LQ�VSHFLÀF�SRUWLRQV�RI�GULYHU

FRGH�

7KH�JUHDW�VWUHQJWK�RI�SRSXODU�RSHUDWLQJ�V\VWHPV�LV�WKHLU�DELOLW\�WR�IXQFWLRQ�ZLWK�D

KXJH�YDULHW\�RI�GLIIHUHQW�GHYLFHV� +RZHYHU� PDQ\�RI�WKH�SUREOHPV�ZLWK�GULYHUV�DULVH�EH�

FDXVH�RI�WKLV�GLYHUVLW\� EHFDXVH�LW�UHGXFHV�WKH�UHVRXUFHV�DYDLODEOH�WR�WHVW�HYHU\�GULYHU�DQG

LQFUHDVHV�WKH�GLIÀFXOW\�RI�UHYDPSLQJ�WKH�GULYHU�DUFKLWHFWXUH� 0\�GLVVHUWDWLRQ�LPSURYHV

GHYLFH�DFFHVV�ZKLOH�DFNQRZOHGJLQJ�WKLV�GLYHUVLW\�
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%LEOLRJUDSK\

>�@ $PD]RQ�&RUSRUDWLRQ� $PD]RQ�(%6 VHUYLFH� KWWS���DZV�DPD]RQ�FRP�HEV� �����

>�@ -� $QGUXV� &� 'DOO� $� 9��+RI� 2� /DDGDQ� DQG�-� 1LHK� &HOOV� D�YLUWXDO�PRELOH�VPDUWSKRQH

DUFKLWHFWXUH� ,Q 3URFHHGLQJV�RI�WKH�7ZHQW\�7KLUG�$&06\PSRVLXP�RQ�2SHUDWLQJ�6\VWHPV�3ULQFLSOHV�

�����

>�@ 5� +��$USDFL�'XVVHDX�DQG�$� &��$USDFL�'XVVHDX� )DLO�VWXWWHU�IDXOW�WROHUDQFH� ,Q 3URFHHGLQJV

RI�WKH��WK�,((( +2726��0D\������

>�@ 6� $UWKXU� )DXOW�UHVLOLHQW�GULYHUV�IRU�/RQJKRUQ�VHUYHU� 0D\������ 0LFURVRIW�&RUSRUDWLRQ�

:LQ+HF������3UHVHQWDWLRQ�':������

>�@ .� %DLOH\� /� &H]H� 6� '��*ULEEOH� DQG�+� 0��/HY\� 2SHUDWLQJ�V\VWHP�LPSOLFDWLRQV�RI�IDVW�

FKHDS� QRQ�YRODWLOH�PHPRU\� ,Q 3URFHHGLQJV�RI�WKH���WK�,((( +2726�������

>�@ /� 1��%DLUDYDVXQGDUDP� *� 5��*RRGVRQ� 6� 3DVXSDWK\� DQG�-� 6FKLQGOHU� $Q�$QDO\VLV�RI�/DWHQW

6HFWRU�(UURUV�LQ�'LVN�'ULYHV� ,Q 3URFHHGLQJV�RI�WKH��WK�6,*0(75,&6�������

>�@ 7� %DOO� (� %RXQLPRYD� %� &RRN� 9� /HYLQ� -� /LFKWHQEHUJ� &� 0F*DUYH\� %� 2QGUXVHN� 6� .�

5DMDPDQL� DQG�$� 8VWXQHU� 7KRURXJK�VWDWLF�DQDO\VLV�RI�GHYLFH�GULYHUV� ,Q 3URFHHGLQJV�RI�WKH��VW

$&0 (XURV\V� �����

>�@ 7� %DOO�DQG�6� .��5DMDPDQL� 7KH�6/$0SURMHFW� 'HEXJJLQJ�V\VWHP�VRIWZDUH�YLD�VWDWLF�DQDO\VLV�

,Q 3URFHHGLQJV�RI�WKH���WK�323/�������

>�@ -� )��%DUWOHWW� $ 1RQ6WRS�NHUQHO� ,Q 3URFHHGLQJV�RI�WKH��WK�$&0 6263��'HF�������
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