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7KLV�SURMHFW�ZDV�IXQGHG�E\�WKH�1DWLRQDO�7UDQVSRUWDWLRQ�&HQWHU�#�0DU\ODQG��17&#0DU\ODQG���
RQH�RI�WKH�ILYH�1DWLRQDO�&HQWHUV�WKDW�ZHUH�VHOHFWHG�LQ�WKLV�QDWLRQZLGH�FRPSHWLWLRQ��E\�WKH�2IILFH�
RI� WKH� $VVLVWDQW� 6HFUHWDU\� IRU� 5HVHDUFK� DQG� 7HFKQRORJ\� �267�5��� 8�6�� 'HSDUWPHQW� RI�
7UDQVSRUWDWLRQ��86�'27���
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7KH�FRQWHQWV�RI�WKLV�UHSRUW�UHIOHFW�WKH�YLHZV�RI�WKH�DXWKRUV��ZKR�DUH�VROHO\�UHVSRQVLEOH�IRU�WKH�IDFWV�
DQG�WKH�DFFXUDF\�RI�WKH�PDWHULDO�DQG�LQIRUPDWLRQ�SUHVHQWHG�KHUHLQ��7KLV�GRFXPHQW�LV�GLVVHPLQDWHG�
XQGHU�WKH�VSRQVRUVKLS�RI�WKH�8�6��'HSDUWPHQW�RI�7UDQVSRUWDWLRQ�8QLYHUVLW\�7UDQVSRUWDWLRQ�&HQWHUV�
3URJUDP�LQ�WKH�LQWHUHVW�RI�LQIRUPDWLRQ�H[FKDQJH��7KH�8�6��*RYHUQPHQW�DVVXPHV�QR�OLDELOLW\�IRU�
WKH�FRQWHQWV�RU�XVH�WKHUHRI��7KH�FRQWHQWV�GR�QRW�QHFHVVDULO\�UHIOHFW�WKH�RIILFLDO�YLHZV�RI�WKH�8�6��
*RYHUQPHQW��7KLV�UHSRUW�GRHV�QRW�FRQVWLWXWH�D�VWDQGDUG��VSHFLILFDWLRQ��RU�UHJXODWLRQ��
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������ +XPDQ�LQ�WKH�/RRS�6LPXODWLRQ��������������������������������������������������������������������������������������
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7UDIILF� DFFLGHQWV� LQ� WKH�8�6�� KDYH� GHFOLQHG� RYHU� WKH� ODVW� WZR�GHFDGHV� EXW� FRQWLQXH� WR� FRVW� WKH�
FRXQWU\�ELOOLRQV�RI�8�6��GROODUV�HDFK�\HDU���,QWHUVHFWLRQ�FROOLVLRQV�DORQH�DFFRXQW�IRU�DERXW�����RI�
WKH�WRWDO�QXPEHU�RI�DQQXDO�DFFLGHQWV���$�VWXG\�RI�WKH�FKDUDFWHULVWLFV�RI�WKHVH�DFFLGHQWV�VKRZHG�WKDW�
���� RI� LQWHUVHFWLRQ� DFFLGHQWV� UHVXOWHG� IURP� GULYHU� HUURU� LQFOXGLQJ� GULYHU� LQDWWHQWLRQ�� IDXOW\�
SHUFHSWLRQ��DQG�YLVLRQ�LPSDLUHG�REVWUXFWLRQ���7KHUH�KDV�EHHQ�VLJQLILFDQW�HIIRUW�WR�RYHUFRPH�WKLV�
SUREOHP�RYHU�WKH�SDVW�IHZ�\HDUV�DQG�LW�LV�YLHZHG�WKDW�FRQQHFWHG�YHKLFOH�WHFKQRORJ\�PD\�RIIHU�D�
YHU\�SURPLVLQJ�PHDQV�WR�UHGXFH��DQG�PD\EH�WRWDOO\�RYHUFRPH��WKH�GULYHU�HUURU�IDFWRU�LQ�LQWHUVHFWLRQ�
FROOLVLRQV���3DUW�RI�WKLV�FDQ�EH�DFKLHYHG�WKURXJK�SURYLGLQJ�D�SURSHUO\�GHVLJQHG�V\VWHP�RI�FROOLVLRQ�
ZDUQLQJ�PHVVDJHV�WR�GULYHUV�DW�WKH�ULJKW�WLPH�WKDW�ZLOO�DOORZ�GULYHUV�D�VXLWDEOH�UHDFWLRQ�WLPH�WR�
DYRLG�DQ\�SRWHQWLDO�FROOLVLRQ����+RZHYHU��WKLV�LV�QRW�DOZD\V�WKH�FDVH�HVSHFLDOO\�ZLWK�WKH�FRPSOH[�
GULYLQJ�EHKDYLRU�WKDW�GLIIHUV�ZLWKLQ�DQ\�GULYHU�SRSXODWLRQ�EDVHG�RQ�IDFWRUV�VXFK�DV��PRRG��DJH��DQG�
JHQGHU�DPRQJ�RWKHUV���7KHVH�IDFWRUV�DIIHFW�WKH�ZD\�SHRSOH�GULYH�LQ�WHUPV�RI�WKH�KHDGZD\��VSHHG��
DQG� SHUFHLYHG� ULVN� WKDW� LV� WUDQVODWHG� LQWR� WKH� PLQLPXP� WLPH� WR� FROOLVLRQ� YDOXH�� � 'ULYHU�
DJJUHVVLYHQHVV�LV�WKH�PDLQ�DWWULEXWH�WKDW�FDSWXUHV�WKH�GLIIHUHQW�GULYLQJ�VW\OHV�RI�SHRSOH��WKHUHIRUH�
WZR�OHYHOV�RI�DJJUHVVLYHQHVV�ZHUH�WHVWHG�IRU�WKLV�VWXG\��

)URP� WKLV� SHUVSHFWLYH�� D� SUHOLPLQDU\� GULYLQJ� VLPXODWRU� WHVW� EHG� ZDV� GHYHORSHG� LQ� WKH� GULYLQJ�
VLPXODWRU� ODERUDWRU\� DW� /RXLVLDQD� 6WDWH� 8QLYHUVLW\� �/68�� VR� DV� WR� DOORZ� D� OHDG� YHKLFOH� WR�
FRPPXQLFDWH�ZDUQLQJ�PHVVDJHV�WR�WKH�VLPXODWRU�YHKLFOH��FRQQHFWHG�YHKLFOHV�WHFKQRORJ\��ZLWKLQ�
WKH�YLUWXDO�HQYLURQPHQW���7KH�PDLQ�IRFXV�LQ�WKLV�VWXG\�ZDV�RQ�GHVLJQLQJ�D�PHVVDJH�DOHUW�V\VWHP��
EDVHG�RQ�WLPH�WR�FROOLVLRQ�EHWZHHQ�WZR�YHKLFOHV��LQ�WKH�GULYLQJ�VLPXODWRU�HQYLURQPHQW���$�SLORW�
VWXG\�ZDV�WKHQ�XQGHUWDNHQ�ZLWK�D�JURXS�RI�DJJUHVVLYH�DQG�QRQ�DJJUHVVLYH�GULYHUV�WR�DVVHVV�ZKLFK�
JURXS�FRXOG�PRVW�EHQHILW�IURP�WKLV�WHFKQRORJ\�ZKHQ�DSSURDFKLQJ�LQWHUVHFWLRQ�VWRS�OLQHV��

7KH�WHVW�EHG�ZDV�GHVLJQHG�LQ�WZR�VWDJHV��VLPXODWLRQ�QHWZRUN�GHVLJQ�DQG�YLVXDO�DOHUWV�GHVLJQ���7KH�
VLPXODWLRQ�QHWZRUN�ZDV�GHVLJQHG�DV�DQ�XQGLYLGHG�XUEDQ�IRXU�ODQH�URDGZD\��,W�KDG�D�VROLG�GRXEOH�
\HOORZ�OLQH�GRZQ�WKH�FHQWHU��VROLG�ZKLWH�OLQHV�RQ�WKH�RXWVLGH�HGJHV��GDVKHG�ZKLWH�OLQHV�VHSDUDWLQJ�
WKH�WZR�ODQHV�WKDW�JR�LQ�HDFK�GLUHFWLRQ��DQG�RQ�D�IODW�JUDGH�ZLWK�D�SRVWHG�VSHHG�OLPLW�RI����PSK���$�
ILQH�ZHDWKHU�FRQGLWLRQ�ZDV�VHOHFWHG�WR�DYRLG�DQ\�H[WHUQDO���7KH�DOHUWV�ZHUH�GHVLJQHG�DV�YLVXDO�WH[W�
PHVVDJHV�WKDW�ZDUQHG�WKH�GULYHU�RI�LPPLQHQW�SRWHQWLDO�FUDVK�ZLWK�WKH�OHDG�YHKLFOH���,W�ZDV�GHFLGHG�
WR� RPLW� DXGLWRU\�ZDUQLQJV� EHFDXVH�GULYHUV�ZHUH� DOORZHG� WR� EHFRPH� IDPLOLDU�ZLWK� WKH� VFHQDULR�
VXUURXQGLQJV�EHIRUH�WKH�DFWXDO�WHVW���7KH�ILUVW�RI�WZR�YLVXDO�ZDUQLQJ�PHVVDJHV�ZDV�SURMHFWHG�RQWR�
WKH� GULYHU¶V� VFUHHQ� LQ� D� \HOORZ� IRQW� DV� ³6/2:�'2:1´�ZKHQ� WKH� GULYHU¶V�PLQLPXP� WLPH�WR�
FROOLVLRQ��77&��ZDV�GRZQ�WR���VHFRQGV���7R�GHWHUPLQH�ZKLFK�ORFDWLRQ�LQ�WKH�VLPXODWRU�WKDW�WKH�
DOHUW�PHVVDJHV�ZLOO�EH�GLVSOD\HG�WR�WKH�GULYHUV��D�VHSDUDWH�VXUYH\�ZDV�XQGHUWDNHQ�ZLWK�WKH�YLHZ�RI�
LGHQWLI\LQJ� WKH� SUHIHUUHG� ORFDWLRQ� HPSLULFDOO\�� � $� VLPSOH� TXHVWLRQQDLUH� ZDV� GHVLJQHG� RQ�
³6XUYH\0RQNH\´�ZHEVLWH� DQG� WKH�/68�&LYLO� (QJLQHHULQJ� SRRO� RI� JUDGXDWH� DQG� XQGHUJUDGXDWH�
VWXGHQWV�ZHUH�DVNHG�WR�FKRRVH�WKHLU�SUHIHUUHG�ORFDWLRQ��

7KLUW\�SDUWLFLSDQWV�DJHG�EHWZHHQ����DQG����\HDUV�RI�DJH��PHDQ� �������VWDQGDUG�GHYLDWLRQ� ��������
DQG� FRQVLVWLQJ� RI� ILYH� IHPDOHV� DQG� WZHQW\�ILYH�PDOHV�ZHUH� UHFUXLWHG� IURP� WKH�/RXLVLDQD�6WDWH�
8QLYHUVLW\¶V�FRPPXQLW\�RI�VWXGHQWV�DQG�VWDII�� �7KH\�ZHUH�DOO�RI�JRRG�JHQHUDO�KHDOWK��DQG�ZHUH�
DFWLYH�GULYHUV�ZLWK�D�YDOLG�GULYHU¶V� OLFHQVH�� �%DVHG�RQ�WKH�SDUWLFLSDQWV¶�UHVSRQVHV� WR� WKH�/DUVRQ�
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'ULYHU¶V�6WUHVV�3URILOH��/'63��TXHVWLRQQDLUH��WKH\�ZHUH�FODVVLILHG�LQWR����QRQ�DJJUHVVLYH�GULYHUV�
DQG����DJJUHVVLYH�GULYHUV���(DFK�SDUWLFLSDQW�ZDV�WKHQ�UHTXLUHG�WR�SHUIRUP�WKUHH�VLPXODWRU�GULYHV��
�D��WHVW�GULYH�WR�JHW�IDPLOLDU�ZLWK�WKH�QHWZRUN�DQG�WKH�VLPXODWRU�YHKLFOH���E��RQH�GULYH�ZLWK�WKH�DOHUW�
PHVVDJHV��DQG��F��D�WKLUG�GULYH�ZLWKRXW�WKH�DOHUW�PHVVDJHV���7KH�UDQN�RI�WKH�ODWWHU�WZR�GULYHV�ZDV�
UDQGRPO\�GHWHUPLQHG�LQ�RUGHU�WR�QXOOLI\�DQ\�OHDUQLQJ�HIIHFW���9HKLFOH�WUDMHFWRU\�GDWD�ZDV�FROOHFWHG�
IRU� HDFK� GULYH� DQG� WKH� WLPH�WR�FROOLVLRQ� �77&�� ZDV� FDOFXODWHG�� � &RPSDUDWLYH� W�WHVW� ZDV� WKHQ�
SHUIRUPHG�RQ�WKH�FDOFXODWHG�77&�YDOXHV�IRU�HDFK�GULYHUV¶�JURXS��

)RU�QRQ�DJJUHVVLYH�GULYHUV��WKH�UHVXOW�>W������ ��������S� �������@�VXJJHVWV�WKDW�WKH�QXOO�K\SRWKHVLV�
FDQQRW�EH�UHMHFWHG�DW�D����OHYHO�RI�VLJQLILFDQFH���2Q�WKH�RWKHU�KDQG��IRU�DJJUHVVLYH�GULYHUV��WKH�
UHVXOW�>W����� �������S� �������@�VXJJHVWV�WKDW�WKH�QXOO�K\SRWKHVLV�FDQ�EH�UHMHFWHG�DW�WKH����OHYHO�RI�
VLJQLILFDQFH��OHDGLQJ�WR�WKH�FRQFOXVLRQ�WKDW�WKDW�WKH�GLVSOD\�RI�DOHUW�PHVVDJHV�FDXVHG�D�VLJQLILFDQW�
GLIIHUHQFH�LQ�WKH�GULYLQJ�EHKDYLRU�RI�DJJUHVVLYH�GULYHUV���7KH�ILQGLQJV�QRW�RQO\�OHQG�FUHGHQFH�WR�
WKH�VDIHW\�EHQHILWV�RI�WKH�FRQQHFWHG�YHKLFOHV�WHFKQRORJ\��EXW�DOVR�PHDQV�WKDW�D�GULYLQJ�VLPXODWRU�
WHVW� EHG� FDQ� EH� KDUQHVVHG� WR� DFKLHYH� VLPLODU� JRDOV� DV� SK\VLFDO� WHVW� EHGV�� � � � 7KH� VXFFHVVIXO�
GHYHORSPHQW�RI� WKH�SUHOLPLQDU\�GULYLQJ�VLPXODWRU� WHVW�EHG�PHDQV�IXWXUH�VHQVLWLYLW\�WHVWV�FDQ�EH�
XQGHUWDNHQ�WR�DVFHUWDLQ�WKH�RSWLPDO�PRPHQW�WR�SURPSW�WKH�DFWLYDWLRQ�RI�WKH�DOHUW�PHVVDJHV���7KH�
DGGLWLRQ�RI� DXGLR�SURPSWV� WR� WKH� FXUUHQW�YLVXDO� DOHUW� V\VWHP�FDQ�DOVR�EH� H[SORUHG� DQG�D� ODUJHU�
VDPSOH�VL]H�FDQ�EH�XWLOL]HG�WR�DQDO\]H�GHPRJUDSKLF�HIIHFWV�RI�VXFK�WHFKQRORJ\���,W�LV�DFNQRZOHGJHG�
WKDW�WKH�SUHVHQW�VDPSOH�VL]H�LV�D�OLPLWDWLRQ�RI�WKH�VWXG\���,Q�DGGLWLRQ��RWKHU�GULYLQJ�FKDUDFWHULVWLFV�
VXFK�DV�VSHHG��DFFHOHUDWLRQ�DQG�WLPH�KHDGZD\V�FRXOG�EH�DQDO\]HG�EHIRUH�DQG�DIWHU�WKH�DOHUW�PHVVDJH�
LQ� RUGHU� WR� LQYHVWLJDWH� SRWHQWLDO� DGDSWDWLRQ� HIIHFWV� LQ� GULYLQJ� EHKDYLRU�� � )XUWKHUPRUH�� WKH�
SUHOLPLQDU\�WHVW�EHG�FDQ�EH�HQKDQFHG�WR�DOORZ�PRUH�YHKLFOHV�WR�FRPPXQLFDWH�ZLWKLQ�WKH�JHQHUDWHG�
QHWZRUN� RI� WKH� GULYLQJ� VLPXODWRU� HQYLURQPHQW�� DQG� IXUWKHU� EHQHILWV� RI� WKH� 9�9� WHFKQRORJ\�
H[SORUHG��
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�)RRWQRWHV����SRLQW�7LPHV�1HZ�5RPDQ�IRQW���
0DQXVFULSW�UHFHLYHG�-XO\����������UHYLVHG�$XJXVW����������DFFHSWHG�6HSWHPEHU����������
&RS\ULJKW�FUHGLW��SURMHFW�QXPEHU��FRUUHVSRQGLQJ�DXWKRU��HWF��
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5HFHQWO\�� WKH� GHYHORSPHQW� RI� D� IXOO\� FRQQHFWHG� WUDQVSRUWDWLRQ� QHWZRUN� KDV� UHFHLYHG� VSHFLDO�
DWWHQWLRQ� IURP� UHVHDUFKHUV�� IHGHUDO� DQG� VWDWH� JRYHUQPHQW� DJHQFLHV�� DQG� SXEOLF� DQG� SULYDWH�
VWDNHKROGHUV��7KH�FRQFHSW�RI�FRQQHFWHG�YHKLFOHV�UHOLHV�RQ�YHKLFOH�WR�YHKLFOH��9�9��DQG�YHKLFOH�
WR�LQIUDVWUXFWXUH��9�,��FRPPXQLFDWLRQ�WHFKQRORJLHV��ZKLFK�UHTXLUHV�D�UREXVW�SODWIRUP�WR�DOORZ�IRU�
QRW�RQO\�FUHDWLYLW\�DQG�LQWHURSHUDELOLW\��EXW�DOVR�WKH�DELOLW\�WR�LQWHUDFW�ZLWK�WKH�FRPSOH[�KXPDQ�
EHKDYLRU��&RQQHFWHG�YHKLFOHV� UHVHDUFK� UHOLHV�RQ� WKH�XVDJH�RI� WHVW� EHGV� WR� DGGUHVV� WKH�SRWHQWLDO�
SUREOHPV�DVVRFLDWHG�ZLWK�WKH�GHYHORSPHQW�DQG�GHSOR\PHQW�RI�9�9�DQG�9�,�WHFKQRORJLHV��7HVW�
EHGV� IRU� FRQQHFWHG� YHKLFOHV� UHVHDUFK� FDQ� DOVR� EH� XVHG� IRU� WHVWLQJ� UHDO� WLPH� GDWD� FDSWXUH� DQG�
PDQDJHPHQW� V\VWHPV�� DV� ZHOO� DV� WHVWLQJ� WKH� LQWHJUDWLRQ� DQG� LQWHURSHUDELOLW\� RI� WKH� FRQQHFWHG�
YHKLFOHV��PRELOH�GHYLFHV��DQG�KLJKZD\�LQIUDVWUXFWXUH���$ORQJ�ZLWK�WKH�SK\VLFDO�SODWIRUPV�IRU�WHVW�
EHGV��GULYLQJ�VLPXODWRU�WHVW�EHGV�IRU�WKH�FRQQHFWHG�YHKLFOHV�HQYLURQPHQW�FDQ�DOVR�EH�KDUQHVVHG�WR�
DFKLHYH�VLPLODU�JRDOV���0RUH�VSHFLILFDOO\��GULYLQJ�VLPXODWRUV�DUH�D�KLJK�ILGHOLW\�KXPDQ�LQ�WKH�ORRS�
VLPXODWLRQ�SODWIRUP�WKDW�KDV�D�JUHDW�SRWHQWLDO�WR�VHUYH�DV�D�FRQQHFWHG�YHKLFOHV�WHVW�EHG���

7KH�DELOLW\�RI�GULYLQJ�VLPXODWLRQ�WHFKQRORJ\�WR�LQWHUDFW�ZLWK�WKH�FRPSOH[�KXPDQ�EHKDYLRU�LV�RI�
JUHDW� LQWHUHVW�� � +RZHYHU�� WR� IXOO\� LQYHVWLJDWH� WKH� EHQHILWV� RI� FRQQHFWHG� YHKLFOHV� XVLQJ� WKLV�
WHFKQRORJ\��D�FRQQHFWHG�YHKLFOH�HQYLURQPHQW�LV�WR�EH�GHILQHG�DQG�FRGHG�LQ�WKH�VLPXODWRU��7KH�XVH�
RI�D�GULYLQJ�VLPXODWRU�WHVW�EHG�IRU�FRQQHFWHG�YHKLFOHV�DOORZV�IRU�D�FRQWUROOHG�HQYLURQPHQW�WR�WHVW�
UHDO�WLPH�GDWD�FDSWXUH�DQG�WKH�LQWHJUDWLRQ�DQG�RSHUDELOLW\�RI�FRQQHFWHG�YHKLFOHV���:LWK�WKH�GULYLQJ�
VLPXODWRU��WKH�GHYHORSPHQW�RI�D�VLPXODWLRQ�WHVW�EHG�IRU�FRQQHFWHG�YHKLFOHV�LV�QRZ�SRVVLEOH��

7UDIILF� DFFLGHQWV� LQ� WKH�8�6�� KDYH� GHFOLQHG� RYHU� WKH� ODVW� WZR�GHFDGHV� EXW� FRQWLQXH� WR� FRVW� WKH�
FRXQWU\�ELOOLRQV�RI�8�6��GROODUV�HDFK�\HDU���,QWHUVHFWLRQ�FROOLVLRQV�DORQH�DFFRXQW�IRU�DERXW�����RI�
WKH� WRWDO� QXPEHU� RI� DQQXDO� DFFLGHQWV� �%OLQFRH� ������� $� VWXG\� RI� WKH� FKDUDFWHULVWLFV� RI� WKHVH�
DFFLGHQWV�VKRZHG�WKDW�����RI�LQWHUVHFWLRQ�DFFLGHQWV�UHVXOWHG�IURP�GULYHU�HUURU� LQFOXGLQJ�GULYHU�
LQDWWHQWLRQ��IDXOW\�SHUFHSWLRQ��DQG�YLVLRQ�LPSDLUHG�REVWUXFWLRQ��7KHUH�KDV�EHHQ�VLJQLILFDQW�HIIRUW�WR�
RYHUFRPH�WKLV�SUREOHP��RYHU�WKH�SDVW�IHZ�\HDUV�DQG�LW�LV�YLHZHG�WKDW�FRQQHFWHG�YHKLFOH�WHFKQRORJ\�
PD\�RIIHU�D�YHU\�SURPLVLQJ�PHDQV�WR�UHGXFH��DQG�PD\EH�WRWDOO\�RYHUFRPH��WKH�GULYHU�HUURU�IDFWRU�
LQ�LQWHUVHFWLRQ�FROOLVLRQV��/OR\G��������3DUW�RI�WKLV�FDQ�EH�DFKLHYHG�WKURXJK�SURYLGLQJ�D�SURSHUO\�
GHVLJQHG�V\VWHP�RI�FROOLVLRQ�ZDUQLQJ�PHVVDJHV�WR�GULYHUV�DW�WKH�ULJKW�WLPH�WKDW�ZLOO�DOORZ�GULYHUV�
D�VXLWDEOH�UHDFWLRQ�WLPH�WR�RYHUFRPH�DQ\�SRWHQWLDO�FROOLVLRQ��+RZHYHU��WKLV�LV�QRW�DOZD\V�WKH�FDVH�
HVSHFLDOO\�ZLWK�WKH�FRPSOH[�GULYLQJ�EHKDYLRU�WKDW�GLIIHUV�ZLWKLQ�DQ\�GULYHU�SRSXODWLRQ�EDVHG�RQ�
IDFWRUV�VXFK�DV��PRRG��DJH��DQG�JHQGHU��7KHVH�IDFWRUV�DIIHFW�WKH�ZD\�SHRSOH�GULYH�LQ�WHUPV�RI�WKH�
KHDGZD\��VSHHG��DQG�SHUFHLYHG�ULVN�WKDW�LV�WUDQVODWHG�LQWR�WKH�PLQLPXP�WLPH�WR�FROOLVLRQ�YDOXH���
'ULYHU� DJJUHVVLYHQHVV� LV� WKH�PDLQ� DWWULEXWH� WKDW� FDSWXUHV� WKH�GLIIHUHQW�GULYLQJ� VW\OHV�RI�SHRSOH��
WKHUHIRUH�WZR�OHYHOV�RI�DJJUHVVLYHQHVV�ZHUH�WHVWHG�IRU�WKLV�VWXG\���

)URP�WKLV�SHUVSHFWLYH��D�SUHOLPLQDU\�FRQQHFWHG�YHKLFOH�HQYLURQPHQW�ZDV�GHYHORSHG�LQ�WKH�GULYLQJ�
VLPXODWRU�ODERUDWRU\�DW�/RXLVLDQD�6WDWH�8QLYHUVLW\��/68��DV�WR�DOORZ�D�OHDG�YHKLFOH�WR�FRPPXQLFDWH�
ZDUQLQJ�PHVVDJHV�WR�WKH�VLPXODWRU�YHKLFOH�ZLWKLQ�WKH�YLUWXDO�HQYLURQPHQW��$�SLORW�VWXG\�ZDV�WKHQ�
XQGHUWDNHQ�ZLWK�D�JURXS�RI�DJJUHVVLYH�DQG�QRQ�DJJUHVVLYH�GULYHUV� WR�DVVHVV�ZKLFK�JURXS�FRXOG�
PRVW�EHQHILW�IURP�WKLV�WHFKQRORJ\�ZKHQ�DSSURDFKLQJ�LQWHUVHFWLRQ�VWRS�OLQHV���,W�ZDV�DQWLFLSDWHG�
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WKDW�D�VXFFHVVIXO�GULYLQJ�VLPXODWRU�WHVW�EHG�PD\�LPSDFW�RQ�WKH�GULYLQJ�EHKDYLRU�RI�WKH�DJJUHVVLYH�
GULYHUV��DQG�WKHUHE\�UHGXFH�WKH�QXPEHU�RI�SRWHQWLDO�FROOLVLRQV�DW�LQWHUVHFWLRQV��

���� /,7(5$785(�5(9,(:�

2YHU� WKH� SDVW� IHZ� \HDUV�� WKHUH� KDV� EHHQ� DQ� LQFUHDVLQJ� HPSKDVLV� RQ� XVLQJ� FRQQHFWHG� YHKLFOH�
WHFKQRORJ\�WR�LPSURYH�VDIHW\�DQG�HIILFLHQF\�RI�URDGZD\V���6LPXODWLRQ�DQG�SK\VLFDO�WHVW�EHGV�KDYH�
EHHQ�DFNQRZOHGJHG�DV�WKH�PHDQV�WR�WHVW�WKH�EHQHILWV�RI�VXFK�WHFKQRORJ\���6LPXODWLRQ�WHVW�EHGV�DUH�
RI�WZR�PDLQ�W\SHV��FRPSXWHU�VLPXODWLRQ�DQG�KXPDQ�LQ�WKH�ORRS�VLPXODWLRQ�WHVW�EHGV���7KH�IRUPHU�
LQFRUSRUDWHV�WKH�XVH�RI�VLPXODWLRQ�VRIWZDUH�VXFK�DV�&256,0��3$5$0,&6��9,66,0��6802��DQG�
$LPVXP�� � ,Q� DGGLWLRQ��QHWZRUN� VLPXODWRUV� DUH�XVHG� WR� VLPXODWH�9HKLFOH� WR�9HKLFOH� �9�9�� DQG�
9HKLFOH�WR�,QIUDVWUXFWXUH��9�,��FRPPXQLFDWLRQV��H[DPSOHV�LQFOXGH�QHWZRUN�VLPXODWRU����QV����QV�
���DQG�201H7���7KH�ODWWHU��RQ�WKH�RWKHU�KDQG��LQFRUSRUDWH�XVLQJ�GULYLQJ�VLPXODWRUV�VR�WKDW�UHDOLVWLF�
KXPDQ�IDFWRUV�FDQ�EH�VWXGLHG�LQ�D�VDIH�DQG�QRQ�GHVWUXFWLYH�HQYLURQPHQW���3K\VLFDO�WHVW�EHGV�DUH�
HYHQ�PRUH�UHDOLVWLF�DV�WKH\�LQFRUSRUDWH�XVLQJ�FDUV�HTXLSSHG�ZLWK�WKH�WHFKQRORJ\�WR�EH�GULYHQ�RQ�
URDGZD\V��H�J��0FLW\����6LQFH�WKH�GULYLQJ�VLPXODWRU�LV�XVHG�LQ�WKLV�VWXG\��WKH�PDLQ�IRFXV�LQ�WKH�UHVW�
RI�WKH�EDFNJURXQG�LV�JLYHQ�WR�GULYLQJ�VLPXODWRU�EDVHG�FRQQHFWHG�YHKLFOH�WHVW�EHGV��

�
������ +XPDQ�LQ�WKH�/RRS�6LPXODWLRQ�

7KH� -�-�6ORE¶V�'&7� UHSRUW� �6ORE�� -�-��� �������6WDWH�RI�WKH�$UW�'ULYLQJ�6LPXODWRUV�� D�/LWHUDWXUH�
6XUYH\�SURYLGHV�DQ�LQ�GHSWK�UHYLHZ�RI�WKH�KLVWRU\�RI�GULYLQJ�VLPXODWRUV��7KH�UHSRUW�VWDWHV�WKDW�WKH�
RULJLQ�RI�PRWLRQ�VLPXODWLRQ�GDWHV�EDFN�WR�WKH�HDUO\���WK�FHQWXU\��ZKHQ�WKH�$QWRLQHWWH�IOLJKW�VFKRRO�
ILUVW�GHYHORSHG�D�IOLJKW�VLPXODWRU��,W�ZDVQ¶W�XQWLO�WKH�HDUO\�����V�WKDW�VLPXODWRUV�ZHUH�SURGXFHG�WR�
WHVW� DXWRPRELOHV��7KH� ILUVW� FRPSDQLHV� WR� DWWHPSW� GULYLQJ� VLPXODWLRQ�ZHUH�9RONVZDJHQ� DQG� WKH�
6ZHGLVK� 5RDG� DQG� 7UDIILF� 5HVHDUFK� ,QVWLWXWH�� 7KHVH� RULJLQDO� GHVLJQV� ZHUH� VLPSOH� DQG� RQO\�
FRQVLVWHG�RI�WKUHH�GHJUHHV�RI�IUHHGRP��/DWHU�GHVLJQV�SURGXFHG�LQ�WKH�����V�E\�0D]GD�EHJDQ�WR�
LQFRUSRUDWH� D� IRXUWK� GHJUHH� RI� IUHHGRP��7KH� VL[� GHJUHHV� RI� IUHHGRP�ZHUH� QRW� XVHG� LQ� GULYLQJ�
VLPXODWRU�WHVW�EHGV�XQWLO�������ZKHQ�'DLPOHU�%HQ]�FUHDWHG�WKHLU�ILUVW�GULYLQJ�VLPXODWRU���6LQFH�WKHQ��
WKHUH�KDYH�EHHQ�VHYHUDO�GULYLQJ�VLPXODWRUV�GHYHORSHG�ZLWK�WKH�VL[�GHJUHHV�RI�IUHHGRP�LQFOXGLQJ�
KHDYH��VXUJH��VZD\��\DZ��UROO��DQG�SLWFK���

'ULYLQJ�VLPXODWRUV�FDQ�YDU\�LQ�UHDOLVP�DQG�FRVW�EDVHG�RQ�WKH�IXQGV�DYDLODEOH�DQG�WKH�QHHGV�RI�WKH�
UHVHDUFK�SURMHFW���'�JDPLQJ�HQJLQHV�FDQ�EH�FUHDWHG�DV�ORZ�FRVW�GULYLQJ�VLPXODWRUV�XVLQJ�SURJUDPV�
VXFK�DV�676,0�'ULYH�DQG�2SHQ(QHUJ\6LP�WR�RSHUDWH�WKH�VLPXODWLRQ�RQ�D�3&��7KHVH�HQJLQHV�DUH�
FKHDS�DQG�FRQYHQLHQW��EXW�ODFN�WKH�UHDOLVP�RI�DQ�DGYDQFHG�VLPXODWRU�WKDW�LV�QHFHVVDU\�WR�SHUIRUP�
PRVW� FRQQHFWHG� YHKLFOH� WHVWV��0HGLXP� FRVW� VLPXODWRUV� LQFOXGH� ODUJH� FXUYHG� VFUHHQV� DQG�PRUH�
UHDOLVWLF� YLEUDWLRQV� LQWHQGHG� WR� UHSOLFDWH� WKH� IHHO� RI� DQ� DFWXDO� YHKLFOH�� ([LVWLQJ� PHGLXP� FRVW�
VLPXODWRUV�FDQ�EH�IRXQG�DW�8QLYHUVLW\�RI�%XIIDOR��8QLYHUVLW\�RI�3RUWR��DQG�RWKHU�XQLYHUVLWLHV�DURXQG�
WKH�ZRUOG��7KH�SUHIHUUHG�VW\OH�RI�GULYLQJ�VLPXODWRU�WHVW�EHGV�XWLOL]HV�KLJK�FRVW�IXQFWLRQV�LQFOXGLQJ�
D�IXOO�VL]HG�YHKLFOH������GHJUHHV¶�ILHOG�RI�YLHZ��ZLWK�UHDOLVWLF�GULYLQJ�FRQWUROV��([DPSOHV�RI�KLJK�
FRVW�VLPXODWRUV�FDQ�EH�IRXQG�DW�8�6��DXWRPRWLYH�PDQXIDFWXUHUV� LQFOXGLQJ�7R\RWD��*0��+RQGD��
)RUG��DQG�%0:��8QLYHUVLW\�RI�,RZD�KDV�DOVR�FUHDWHG�D�0LQL6LP�YHUVLRQ�RI�WKHVH�VLPXODWRUV�WKDW�
XVHV�FKHDSHU�KDUGZDUH��+RX�HW�DO���������,Q�WKH�IROORZLQJ�VHFWLRQV��GLIIHUHQW�GULYLQJ�VLPXODWRU�WHVW�
EHGV�ZLOO�EH�SUHVHQWHG�WR�VKRZ�WKH�HIIHFWLYHQHVV�RI�XVLQJ�GULYLQJ�VLPXODWRUV�DV�WHVW�EHGV���
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������ &RQQHFWHG�9HKLFOH�7HVW�%HGV�

7KH�8QLYHUVLW\�RI�,RZD¶V�1DWLRQDO�$GYDQFHG�'ULYLQJ�6LPXODWRU��1$'6����ZDV�ILUVW�LQWURGXFHG�
GXULQJ�WKH�1RUWK�$PHULFDQ�'ULYLQJ�6LPXODWLRQ�&RQIHUHQFH�LQ������DIWHU�EHLQJ�XVHG�LQ�D�VWXG\�
WLWOHG�'HYHORSPHQW�RI�DQ�2II�5RDG�$JULFXOWXUH�9LUWXDO�3URYLQJ�*URXQG��6FKZDU]�HW�DO���������
7KHLU�VLPXODWRU�ZDV�H[WUHPHO\�DGYDQFHG�IRU�WKH�WLPH���7KH�VLPXODWRU�FRQVLVWV�RI�D�FRPSOHWH�FDU��
����GHJUHHV�RI�VFHQHU\�DQG���DFWXDWRUV��ZLWK����GHJUHHV�RI�IUHHGRP��7KHVH����GHJUHHV�RI�IUHHGRP�
DOORZ�IRU�WKH�ODUJHVW�PRWLRQ�HQYHORSH�LQ�WKH�8QLWHG�6WDWHV�DQG�WKH�VHFRQG�ODUJHVW�LQ�WKH�ZRUOG��:LWK�
DOO�RI�WKH�DGYDQFHG�VHQVRU\�VWLPXOL��WKH�1$'6���LV�WKH�KLJKHVW�ILGHOLW\�UHDO�WLPH�GULYLQJ�VLPXODWRU��
7KH�FXUUHQW�YHKLFOH�VHOHFWLRQ�LQFOXGHV�D�SDVVHQJHU�VHGDQ��D�PLGVL]HG�VSRUWV�XWLOLW\�YHKLFOH��D�KHDY\�
WUXFN� VLQJOH� FDE�� DQG� DQ� DJULFXOWXUDO� WUDFWRU� FDE�� 7KHVH� YHKLFOHV� DUH� VXUURXQGHG� E\� ��� KLJK�
GHILQLWLRQ�SURMHFWRUV��FUHDWLQJ�D����GHJUHH�YHUWLFDO�YLHZ�DORQJ�ZLWK�����GHJUHHV�RI�YLVLRQ��7KH�
VWHHULQJ�ZKHHO��SHGDOV��DQG�VHDW�KDYH�WKH�DELOLW\�WR�VHQG�IHHGEDFN�DQG�VLPXODWH�ZDUQLQJ�V\VWHPV��
ZKLFK�LV�H[WUHPHO\�XVHIXO�LQ�FRQQHFWHG�YHKLFOH�VWXGLHV��7KH�VLPXODWRU�LV�SURJUDPPHG�WR�PHDVXUH�
GLVSODFHPHQW�� YHORFLW\�� DFFHOHUDWLRQ�� WKH� PDLQ� �� GHJUHHV� RI� IUHHGRP� IRU� PRWLRQ�� YLEUDWLRQ�
GLVSODFHPHQW�� DQG�QRLVH��7KHQ� WKH�8QLYHUVLW\�RI� ,RZD¶V�1DWLRQDO�$GYDQFHG�'ULYLQJ�6LPXODWRU�
�1$'6����LV�LQWURGXFHG��7KH�1$'6���VLPXODWRU�LV�VLPLODU�WR�WKH�1$'6����EXW�LW�XWLOL]HV�D�IL[HG�
EDVH�� PDNLQJ� LW� XVHIXO� IRU� WHVWV� WKDW� GRQ¶W� UHTXLUH� PRWLRQ�� 7KH��
1$'6�0LQLVLP� LV� D� VPDOOHU�� SRUWDEOH�� ORZ� FRVW� YHUVLRQ� RI� WKH�1$'6���ZKLFK� XVHV� D� ��� LQFK�
GLVSOD\�DQG�D�TXDUWHU�FDE�FRQILJXUDWLRQ��$ORQJ�ZLWK�DQ�H[LVWLQJ�OLEUDU\�RI�VFHQDULRV��UHVHDUFKHUV�
DUH�DEOH�WR�FUHDWH�WKHLU�RZQ�VFHQDULRV�IRU�WKH�0LQLVLP�XVLQJ�WKH�,QWHUDFWLYH�6FHQDULR�$XWKRULQJ�
7RRO��7KH�PDLQ�UHDVRQ�WR�XVH�0LQLVLP�UDWKHU�WKDQ�1$'6���LV�WKDW�LW�LV�HDVLO\�VHWXS��FRQILJXUHG��
DQG�WDNHQ�GRZQ��7KH�1DWLRQDO�$GYDQFHG�'ULYLQJ�6LPXODWRU����

,Q�DGGLWLRQ��7KH�8QLYHUVLW\�DW�%XIIDOR�KDV�LQWHJUDWHG�WKHLU�GULYLQJ�VLPXODWRU�ZLWK�3$5$0,&6��
ZKLFK�LV�D�WUDIILF�VLPXODWRU��DQG�16����ZKLFK�LV�D�FRPPXQLFDWLRQV�1HWZRUN�6LPXODWRU�WR�FUHDWH�DQ�
HIIHFWLYH�FRQQHFWHG�YHKLFOH�WHVW�EHG��7KH�LQWHJUDWHG�WUDIILF�GULYLQJ�QHWZRUNLQJ�VLPXODWRU��,7'16��
DOORZV� UHVHDUFKHUV� WR� VWXG\� GULYHU¶V� UHVSRQVHV� WR� DGYLVRU\� PHVVDJHV� XVLQJ� FRQQHFWHG� YHKLFOH�
WHFKQRORJ\��0RVW�8QLYHUVLWLHV�XVH�WKH�WUDIILF�VLPXODWRU� WKDW� LV�SUH�SURJUDPPHG�LQWR�WKH�GULYLQJ�
VLPXODWRU�� EXW� WKLV� EDFNJURXQG� WUDIILF� LV� RIWHQ� QRQ�LQWHOOLJHQW� DQG� IDLOV� WR� DFFXUDWHO\� UHSUHVHQW�
KXPDQ�EDVHG�WUDIILF�GHFLVLRQV��$V�D�UHVXOW��8QLYHUVLW\�DW�%XIIDOR�LQFRUSRUDWHG�D�GULYLQJ�VLPXODWRU�
WR�FRPSOHPHQW�WKH�WUDIILF�VLPXODWLRQ�SURJUDP�DQG�PDNH�WKH�HQYLURQPHQW�PRUH�UHDO��7KH�WUDIILF�
VLPXODWRU�DW�8QLYHUVLW\�RI�%XIIDOR��8%��XVHV�3$5$0,&6�Y�����WR�VLPXODWH�PRGHOV�RI�IUHHZD\�DQG�
DUWHULDO�QHWZRUNV��7KH�GULYLQJ�VLPXODWRU�FRQVLVWV�RI�VL[�GHJUHHV�RI�IUHHGRP��D������)RUG�&RQWRXU��
D� VWHHULQJ�ZKHHO�� WKUHH� IORRU� SHGDOV�� D� VWDQGDUG�JHDU� VKLIWHU�� DQ� HPHUJHQF\� VWRS� VZLWFK�� GLJLWDO�
PLUURU�VFUHHQV��DQG�IURQWZDUG�VLPXODWLRQ�VFUHHQV��7KH�WKLUG�FRPSRQHQW�RI�WKH�FRQQHFWHG�YHKLFOH�
WHVW�EHG�LV�WKH�16���QHWZRUNLQJ�VLPXODWRU��ZKLFK�LV�XVHG�WR�PRGLI\�LQWHUQDO�FRPSRQHQWV�RI�WKH�
QHWZRUN��=KDR�HW�DO���������

7KH�,GDKR�1DWLRQDO�/DERUDWRU\��,1/��KDV�FUHDWHG�DQ�DGYDQFHG�KHDY\�YHKLFOH�GULYLQJ�VLPXODWRU��
ORFDWHG�DW�WKH�&HQWHU�IRU�$GYDQFHG�(QHUJ\�6WXGLHV��ZKLFK�FDQ�EH�XVHG�DV�D�SRWHQWLDO�WHVW�EHG�IRU�
FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV��,QLWLDOO\�WKH�,1/�XVHG�D�GULYLQJ�VLPXODWRU��+96����WKDW�FRQVLVWHG�
RI�D�UDFLQJ�VW\OH�VHDW��*����/RJLWHFK�VWHHULQJ�ZKHHO��SHGDOV��VKLIWHU��DQG�WKUHH����LQFK�WHOHYLVLRQ�
VFUHHQV��,Q������GUDVWLF�LPSURYHPHQWV�ZHUH�PDGH�WR�WKH�+96����WKXV�FUHDWLQJ�WKH�+96���PRGHO��
7KH�+96���XWLOL]HV�DQ�DFWXDO�VL]H�EXV�FDE�ZLWK� WKH�VDPH�IHDWXUHV�VHHQ� LQ�,1/¶V�FXUUHQW�PRWRU�
FRDFKHV��7KH�QHZ�VLPXODWRU�GLVSOD\V�D�����LQFK�SLFWXUH�DFURVV�WKH�IURQW�ZLQGVKLHOG�WKDW�VLPXODWHV�
WKH� DFWXDO� YLHZSRLQW� RI� D� EXV� GULYHU� LQ� UHDO� OLIH� FRQGLWLRQV�� ,1/� DOVR� LQFRUSRUDWHV� WKH� 1$'6�
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VRIWZDUH� PHQWLRQHG� SUHYLRXVO\� DW� 8QLYHUVLW\� RI� ,RZD�� 7KLV� DOORZV� WKHP� WR� GLVSOD\� UHDOLVWLF�
HQYLURQPHQWDO�FRQGLWLRQV�DQG�REVWDFOHV��$ORQJ�ZLWK�WKH�ZLQGVKLHOG�SURMHFWLRQ��WKHUH�DUH�WZR�VPDOO�
VLGH�PLUURU�SURMHFWRUV�XVHG�WR�VLPXODWH�WKH�YLHZ�EHKLQG�WKH�YHKLFOH�DQG�RQH�GLJLWDO�GDVK�SURMHFWRU�
XVHG�WR�GLVSOD\�FRPPXQLFDWLRQ�PHVVDJHV�WR�WKH�GULYHU��7KLV�LV�XVHIXO�IRU�SHUIRUPLQJ�FRQQHFWHG�
YHKLFOH�VWXGLHV�LQFOXGLQJ�9�9�FRPPXQLFDWLRQV��FROOLVLRQ�PLWLJDWLRQ��GULIW�IURP�ODQH�FHQWHU��DQLPDO�
ZDUQLQJ�V\VWHP��DQG�ZHDWKHU�KD]DUG�ZDUQLQJV��7KH�,1/�LV�FXUUHQWO\�XVLQJ�WKHLU�VLPXODWRU�WR�WHVW�
IOHHW�IXHO�FRQVXPSWLRQ�SDWWHUQV��DQG�KRSHV�WR�XVH�FRQQHFWHG�YHKLFOH�WHFKQRORJ\�WR�RSWLPL]H�IXHO�
XVH�GLYLQJ�SDWWHUQV��*HUWPDQ�HW�DO���������2WKHU�+9�VLPXODWRUV�WKDW�KDYH�EHHQ�LQVWDOOHG�LQFOXGH�
WKH�78725�PRGHO�LQ�6SDLQ�E\�/DQGHU�6LPXODWLRQ�DQG�7UDLQLQJ�6ROXWLRQV�DQG�WKH�0DUN�,,�IURP�
7UDQVLP��)RU� WKH�PRVW�SDUW� WKH�78725�WUXFN�VLPXODWRU� LV�XVHG�IRU�SURIHVVLRQDO�GULYHU� WUDLQLQJ�
UDWKHU�WKDQ�UHVHDUFK��6ORE��-�-����������

,Q� ������ WZR� VWDWH� RI� WKH� DUW� GULYLQJ� VLPXODWRUV�ZHUH� FUHDWHG�� LQFRUSRUDWLQJ� WKH� VL[� GHJUHHV� RI�
IUHHGRP��7KH�.DWHFK�$GYDQFHG�$XWRPRWLYH�6LPXODWRU��.$$6��DQG�WKH�&DU6LP�EDVHG�VLPXODWRU�
DW� WKH� *HUPDQ� $HURVSDFH� &HQWHU¶V� ,QVWLWXWH� IRU� 7UDQVSRUWDWLRQ� 6\VWHPV� �'/5�� DUH� DGYDQFHG�
VLPXODWRUV�ZLWK�SRWHQWLDO�XVH�IRU�FRQQHFWHG�YHKLFOHV�VWXGLHV��6ORE��-�-�����������.$$6�LV�FXUUHQWO\�
WKH�ODUJHVW�VLPXODWRU�LQ�.RUHD��DOORZLQJ�IRU�����GHJUHHV�ILHOG�RI�YLVLRQ�DQG�ZHLJKLQJ�ILYH�DQG�D�
KDOI�WRQV��7KH�.$$6�PRGHO�XVHV�UHDO�WLPH�FRPPXQLFDWLRQ��DOORZLQJ�VHYHUDO�KDUGZDUH�LQ�WKH�ORRS�
V\VWHPV�WR�EH�XVHG�ZLWK�WKH�PDLQ�GULYLQJ�VLPXODWRU�VFHQDULRV��7KH�VLPXODWLRQ�PRGHO�DOVR�LQFOXGHV�
DQ�LQ�YHKLFOH�QHWZRUN�VLPXODWLRQ�V\VWHP��ZLUHOHVV�FRPPXQLFDWLRQ�VLPXODWLRQ�V\VWHP��KLJK�VSHHG�
VLJQDO�DQDO\VLV�GHYLFHV��D�GULYHU�SHUFHSWLRQ�DQDO\VLV�V\VWHP��DQG�D�*36�VLJQDO�VLPXODWLRQ�V\VWHP�
�<X�HW�DO���������8QLTXH�IHDWXUHV�RI�WKH�.$$6�PRGHO�LQFOXGH�D����GHJUHHV�RI�IUHHGRP�YHKLFOH�
PRGHO��D��'�UHDO�FLW\�DQG�KLJKZD\�GDWDEDVH��D�VWHUHR�W\SH�H\H�WUDFNHU��DQG�D�GRPH�VWUXFWXUH�WKDW�
VXUURXQGV�WKH�YHKLFOH�DOORZLQJ�IRU�OLJKWLQJ�FRQWURO�DQG�����GHJUHHV�SURMHFWLRQ��7KH�VLPXODWRU�LQ�
*HUPDQ\�LQFRUSRUDWHV�WKH�DGYDQFHG�VLPXODWLRQ�DQG�PRWLRQ�WHFKQRORJ\�RI�&DU6LP�LQWR�D�6LPWHF�
VLPXODWLRQ� YHKLFOH��7KH�*HUPDQ�$HURVSDFH�&HQWHU� KDV� DOVR� GHYHORSHG� D�PXOWLGULYHU� VLPXODWRU�
ODERUDWRU\�WKDW�DOORZV�UHVHDUFKHUV�WR�VWXG\�WKH�EHKDYLRUV�DQG�LQWHUDFWLRQV�RI�PXOWLSOH�FRQQHFWHG�
YHKLFOHV�RSHUDWHG�E\�DFWXDO�KXPDQ�SDUWLFLSDQWV��7KLV�0RGXODU�DQG�6FDODEOH�$SSOLFDWLRQ�SODWIRUP�
IRU� ,76� &RPSRQHQWV� �0R6$,&�� KDV� VHYHUDO� DGYDQWDJHV� DQG� DQ� DODUPLQJ� DPRXQW� RI� UHVHDUFK�
SRWHQWLDO�IRU�FRQQHFWHG�YHKLFOH�VWXGLHV��7KH�PDLQ�OLPLWDWLRQV�UHVHDUFKHUV�DW�'/5�KDYH�IRXQG�LV�WKH�
ODFN�RI�HIIHFWLYH�PHWKRGV�WR�VWXG\�PXOWLGULYHUV��DORQJ�ZLWK�WKH�LVVXH�WKDW�GULYHUV�NQRZ�WKH\�DUH�
EHLQJ�VWXGLHG��VR�WKH\�WHQG�WR�H[KLELW�PRUH�FRRSHUDWLYH�GULYLQJ�EHKDYLRU�WKDQ�QRUPDO��2HOW]�HW�DO��
�������

%XLOW� LQ� ����� E\� WKH� (QJLQHHULQJ� 5HVHDUFK� &RXQFLO� �(365&��� WKH� /HHGV� $GYDQFHG� 'ULYLQJ�
6LPXODWRU� �/$'6�� EHJDQ� DV� D� PHGLXP� FRVW� GULYLQJ� VLPXODWRU�� ,W� ZDV� FRQVWUXFWHG� LQLWLDOO\� WR�
SHUIRUP� UXUDO� VWXGLHV�� EXW� ZDV� ODWHU� LPSURYHG� LQWR� WR� KDQGOH� XUEDQ� HQYLURQPHQWV� DQG� YHKLFOH�
LQWHUDFWLRQ��%ODQD��(����������7KLV�/$'6�PRGHO�ZDV�XVHG�DV�D�VWDUWLQJ�SRLQW�IRU�RQH�RI�WKH�PRVW�
DGYDQFHG� VLPXODWRUV� LQ� H[LVWHQFH� WRGD\�� WKH�8QLYHUVLW\� RI� /HHGV�$GYDQFHG�'ULYLQJ� 6LPXODWRU�
�8R/$'6���7KH�8R/'6�KDV�EHHQ�IXOO\�IXQFWLRQLQJ�VLQFH������DQG�LV�D�FDSDEOH�FRQQHFWHG�YHKLFOHV�
WHVW�EHG��7KH�VLPXODWRU�IHDWXUHV�LQFOXGH���GHJUHHV�RI�IUHHGRP��UHDOLVWLF�FXHV�RI�FRUQHULQJ��EUDNLQJ�
DQG�URDG�URXJKQHVV��D�IXOO�VFDOH�-DJXDU�6�W\SH�YHKLFOH�FDE��D��P�GLDPHWHU�SURMHFWLRQ�GRPH��DQ�H\H�
WUDFNHU��DQG�D���'�SDVVLYH�VWHUHR�V\VWHP��$OO�RI�WKH�VRIWZDUH�XVHG�E\�WKH�VLPXODWRU�LV�FUHDWHG�LQ�
KRXVH� XVLQJ� &��� SURJUDPPLQJ� �1�� 5HVHDUFK� 3DUWQHUVKLS�� ������� 5HFHQWO\� UHVHDUFKHUV� DW�
8QLYHUVLW\� RI�/HHGV� KDYH� SULPDULO\� XVHG� WKH�8R/$'6� WR� UXQ� WHVWV� RQ� DXWRPDWHG� YHKLFOHV� DQG�
GULYHUV¶�UHVSRQVHV�WR�VZLWFKLQJ�EHWZHHQ�DXWRPDWLRQ�DQG�PDQXDO�FRQWURO��
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7KH�8QLYHUVLW\�RI�%HLMLQJ�SHUIRUPHG�PXOWLSOH�FRQQHFWHG�YHKLFOH�VWXGLHV�XVLQJ�D�GULYLQJ�VLPXODWRU�
IURP� WKH� 02(� .H\� /DERUDWRU\� IRU� 8UEDQ� 7UDQVSRUWDWLRQ� &RPSOH[� 6\VWHPV� 7KHRU\� DQG�
7HFKQRORJ\�� 7KH� UHVXOWV� RI� WKHVH� WHVWV� DUH� UHSRUWHG� LQ� ;XHGRQJ� <DQ¶V� SXEOLVKHG� ZRUN� ³7KH�
LQIOXHQFH� RI� LQ�YHKLFOH� VSHHFK�ZDUQLQJ� WLPLQJ� RQ� GULYHUV¶� FROOLVLRQ� DYRLGDQFH� SHUIRUPDQFH� DW�
VLJQDOL]HG� LQWHUVHFWLRQV´� DQG� ³'ULYLQJ�6LPXODWRU�%DVHG� 7HVW� RQ� WKH� (IIHFWLYHQHVV� RI�$XGLWRU\�
5HG�/LJKW� 5XQQLQJ�9HKLFOH�:DUQLQJ� 6\VWHP�%DVHG� RQ� 7LPH�7R�&ROOLVLRQ� 6HQVRU� �<DQ� HW� DO��
������´�7KH�VLPXODWRU�PHWKRG�ZDV�FKRVHQ�UDWKHU�WKDQ�ILHOG�WHVWLQJ�DV�WKH�FRQQHFWHG�YHKLFOH�WHVW�
EHG� EHFDXVH� LW� DOORZHG� IRU� KLJKHU� VDIHW\� FRQGLWLRQV� DQG� D� ORZHU� FRVW�� 7KH� VLPXODWRU� ZDV�
SURJUDPPHG�WR�XVH�DXGLWRU\�PHVVDJHV�WR�ZDUQ�WHVW�GULYHUV�RI�RQFRPLQJ�FROOLVLRQV�GXH�WR�FRQQHFWHG�
YHKLFOHV� UXQQLQJ� UHG� OLJKWV��7KH� WHVW� EHG� LV�GHVLJQHG� WR�GLVSOD\�ZDUQLQJV� DW� YDU\LQJ� WLPHV� DQG�
PHDVXUH� EUDNH� UHDFWLRQ� WLPH�� DODUP� WR� EUHDN� RQVHW� WLPH�� DQG� GHFHOHUDWLRQ� UDWH�� 7KH� VLPXODWRU�
FRQVLVWV� RI� D� IRUG� IRFXV�� VLPLODU� WR� WKH�RQH� DW�/RXLVLDQD�6WDWH�8QLYHUVLW\�� HQYLURQPHQWDO� QRLVH�
FRQWURO��YLEUDWLRQ�VLPXODWLRQ�V\VWHP��RQH�GHJUHH�RI�PRWLRQ�SODWIRUP��DQG�D�����GHJUHH�IURQW�YLHZ�
GLVSOD\��<DQ�HW�DO���������

7KH�&RPPHUFLDO�7UDLQLQJ�DQG�3URWRW\SLQJ� �&7$3��6LPXODWRU�DW�9LUJLQLD�7HFK� LV�DQ�DGYDQFHG�
GULYLQJ�VLPXODWRU�WKDW�LV�FXUUHQWO\�EHLQJ�XWLOL]HG�DV�D�FRQQHFWHG�YHKLFOH�WHVW�EHG��7KH\�GHYHORSHG�
D�UHVHDUFK�WHDP�ZLWKLQ�WKH�&HQWHU�IRU�$GYDQFHG�$XWRPRWLYH�5HVHDUFK��&$55��ZLWK�WKH�JRDO�RI�
LQFUHDVLQJ� GULYHU¶V� VDIHW\� WKURXJK� FUDVK� ZDUQLQJV�� YHKLFOH� DYRLGDQFH�� DQG� PLWLJDWLRQ� XVLQJ�
FRQQHFWHG�YHKLFOH�WHFKQRORJ\��7KH\�DUH�FXUUHQWO\�XVLQJ�WKH�WHVW�EHG�WR�VWXG\�YHKLFOH�EDVHG�EDVLF�
VDIHW\�PHVVDJH�GHSOR\PHQW�WR�VKRZ�WKH�EHQHILWV�RI�&9�WHFKQRORJ\�DQG�H[SHGLWH�WKH�SURFHVV�RI�
FRPPHUFLDOL]LQJ�&9�WHFKQRORJ\��7KH�&7$3�VLPXODWRU�XVHV�D�977,�'$6�GDWD�FROOHFWLRQ�SURJUDP�
WKDW�XVHV�WKH�VDPH�IRUPDW�LQVWDOOHG�LQ�PRGHUQ�WUXFNV��7KLV�DOORZV�IRU�DQ�HDV\�FRPSDULVRQ�EHWZHHQ�
ILHOG� GDWD� DQG� VLPXODWRU� GDWD��:LWKLQ� WKH� VLPXODWRU� LV� D� ���� GHJUHH� IURQWDO� YLHZ�� �� GHJUHHV� RI�
IUHHGRP��WKH�DELOLW\�WR�VZLWFK�IURP�DXWRPDWLF�WR�V\QFKURQL]HG�PDQXDO�RU����������RU�����VSHHG�QRQ�
V\QFKURQL]HG�PDQXDO� WUDQVPLVVLRQ��7KH�PRGHO� LV� DOVR�SURJUDPPHG� WR�XVH�JHR�VSHFLILF�GULYLQJ�
HQYLURQPHQWV��FUHDWLQJ�D�UHDOLVWLF�GULYLQJ�VHWWLQJ�IRU�D�&9�WHVW�EHG��%XVHV��VWUDLJKW�WUXFNV��WUDLOHU�
PRGHOV��HPHUJHQF\�YHKLFOHV��DQG�PLOLWDU\�YHKLFOHV�FDQ�DOVR�EH�WHVWHG�XVLQJ�WKH�&7$3�VLPXODWRU�
�9LUJLQLD�7HFK���������

�
������ &RQQHFWHG�9HKLFOHV�$SSOLFDWLRQV�

2YHU�WKH�SDVW�ILYH�\HDUV��WKH�GHYHORSPHQW�RI�WKH�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV�KDV�EHHQ�D�QDWLRQDO�
LQWHUHVW��)RU�HDFK�DSSOLFDWLRQ��WKH�DVVHVVPHQWV�RI�VDIHW\��PRELOLW\�DQG�HQYLURQPHQWDO�LPSDFWV�DUH�
FRQGXFWHG��7KRVH�UHDO�OLIH�H[SHULPHQWV�ZLOO�EH�XVHG�WR�HVWLPDWH�WKH�GLIILFXOWLHV�LQ�IXWXUH�LPSDFWV���
)RU�QRZ��WKH�86'27�KDV�VSRQVRUHG�VHYHUDO�UHVHDUFK�VWXGLHV�IRU�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV��
0DQ\�SXEOLVKHG�VWXGLHV�GHVFULEHG�DOO�WKH�UHVHDUFK�SURFHVV�LQFOXGLQJ�FRQFHSWV�RI�RSHUDWLRQ��V\VWHP�
UHTXLUHPHQWV��DQG�RWKHU�UHODWHG�VRXUFH��,Q�JHQHUDO��FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV�FDQ�EH�VHSDUDWHG�
LQWR� VHYHQ� DVSHFWV�� 9�,� �YHKLFOH�WR�LQIUDVWUXFWXUH��� 9�9� �YHKLFOH�WR�YHKLFOH��� DJHQF\� GDWD��
HQYLURQPHQW��URDG�ZHDWKHU��PRELOLW\�DQG�VPDUW�URDGVLGH��86�'27���������

$V�DQ�H[DPSOH�RI�9�,�FRQQHFWLYLW\��+ROPHV�HW�DO���������DVVHVVHG�WKUHH�GLIIHUHQW�SUHVHQWDWLRQV�RI�
FRQQHFWHG�YHKLFOH�VLJQDOL]HG�LQWHUVHFWLRQ�DSSOLFDWLRQV��LQWHJUDWHG��H�J���LQ�WKH�FHQWHU�FRQVROH���IL[HG�
WR� WKH�ZLQGVKLHOG��H�J���DQ�RII�WKH�VKHOI�QDYLJDWLRQ�GHYLFH���DQG�PRELOH��H�J���FHOO�SKRQH���(DFK�
GLVSOD\�GHYLFH�ZLOO�SUHVHQW�WZR�W\SHV�RI�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV��VDIHW\�UHODWHG�DQG�QRQ�



�

��
�

VDIHW\� UHODWHG�� 5HVHDUFK� H[SHULPHQWV� ZHUH� FRQGXFWHG� WR� HYDOXDWH� WKH� SHUIRUPDQFH� RI� WKH�
DSSOLFDWLRQ¶V�GLVSOD\�ORFDWLRQV�����

+ROPHV�HW�DO���������VWXG\�UHVXOWV�VKRZHG�WKDW�WKH�GULYHUV�XVLQJ�HLWKHU�WKH�IL[HG�RU�WKH�LQWHJUDWHG�
GLVSOD\�GHYLFH�ZLOO�KDYH�KLJKHU�FRPSOLDQFH�UDWH�WR�WKH�UHG�OLJKW�ZDUQLQJ�WKDQ�WKH�GULYHUV�XVLQJ�
PRELOH�GHYLFH�ZLWK�D�FRPSOLDQFH�UDWH�RI�����WR������)RU�WKH�QRQ�VDIHW\�UHODWHG�DSSOLFDWLRQV��WKH�
WHVWHG�GULYHUV�WDNH�VLJQLILFDQWO\�ORQJHU�WLPH�WR�UHDG�WKH�LQIRUPDWLRQ�RQ�WKH�GHYLFHV��$OVR��GULYHUV�
KDYH�H[WUHPHO\�ORZ�SUHIHUHQFH�UDWLQJ�LQ�QRQ�GULYLQJ�UHODWHG�LQIRUPDWLRQ��,Q�FRQFOXVLRQ��+ROPHV�
HW�DO���������VXJJHVWHG�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV�ZLWK�XQVHFXUHG�PRELOH�GHYLFH�PD\�FDXVH�
VDIHW\�DQG�DFFHSWDQFH�FRQFHUQV���

1RW�MXVW�WKH�GHYLFH�ORFDWLRQ�PDWWHUV��WKH�WLPH�XVHG�WR�GHOLYHU�WKH�ZDUQLQJ�PHVVDJH�LV�DOVR�D�FUXFLDO�
IDFWRU� LQ� WKH�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV¶�SHUIRUPDQFH��<DQ�HW�DO�� �������XVHG�H[SHULPHQWDO�
DQDO\VHV�E\�SURYLGLQJ�GLIIHUHQW�UDQJH�RI�GHOLYHU\�WLPHV�RI�ZDUQLQJV�DQG�IRXQG�WKH�PRVW�HIILFLHQW�
WLPH�UDQJHV��,Q�WKH�H[SHULPHQWDO�VFHQDULRV��WKH�UHG�OLJKW�YLRODWLRQ�ZDUPLQJ��5/9:��DSSOLFDWLRQ�
ZDV�XVHG�LQ�WKH�UHG�OLJKW�UXQQLQJ�HYHQWV�DW�LQWHUVHFWLRQV��$W�WKH�HQG�RI�WKH�WHVW��VHYHUDO�PHDVXUHV�
ZHUH�DGRSWHG�WR�UHIOHFW�KRZ�GULYHUV�SHUIRUP�DIWHU�UHFHLYLQJ�WKH�ZDUQLQJ��ZKLFK�DUH�EUDNH�UHDFWLRQ�
WLPH��DODUP�WR�EUDNH�RQVHW� WLPH�DQG�GHFHOHUDWLRQ��%DVHG�RQ� WKH�UHVHDUFK�UHVXOWV��<DQ�HW�DO� �����
FRQFOXGHG�WKDW�WKH�ZDUQLQJ�V\VWHP�FRXOG�UHGXFH�WKH�UHG�OLJKW�UXQQLQJ�FUDVKHV��DQG�����V�RU�����V�
GHOLYHU\�WLPH�ZRUNV�WKH�EHVW�LQ�WKLV�VWXG\��

$OVR� VRPH� QRQ�VLJQDOL]HG� LQWHUVHFWLRQ� DSSOLFDWLRQV�� XQGHU� WKH� FRQQHFWHG� YHKLFOH� HQYLURQPHQW��
ZHUH� WHVWHG�� 7KH� 6WRS� 6LJQ� *DS� $VVLVW� DSSOLFDWLRQ� LV� SURSRVHG� WR� LPSURYH� VDIHW\� DW� VLJQ�
LQWHUVHFWLRQV�ZKHUH�RQO\�WKH�PLQRU�URDG�KDV�SRVWHG�VWRS�VLJQV��7KH�LQIUDVWUXFWXUH�RQ�WKH�URDGVLGH�
ZLOO�HTXLSSHG�ZLWK�VLJQDJH�ZDUQLQJ�V\VWHPV�DQG�EURDGFDVW�WKH�WUDIILF�LQIRUPDWLRQ��6R�ZKHQ�GULYHUV�
UHDFK�WKH�LQWHUVHFWLRQ�RQ�D�PLQRU�URDG�� WKH�66*$�DSSOLFDWLRQ�ZLOO�SURYLGH�D�ZDUQLQJ�RI�XQVDIH�
JDSV�RQ�WKH�PDMRU�URDG�WR�KHOS�GULYHUV�VDIHO\�PDQHXYHU�WKURXJK�FURVV�WUDIILF��0DLOH�HW�DO����������

7R�HYDOXDWH�7KH�6WRS�6LJQ�*DS�$VVLVW�DSSOLFDWLRQ�SHUIRUPDQFH��(17(535,6(�3RROHG�)XQG�6WXG\�
³'HVLJQ� DQG� (YDOXDWLRQ� *XLGDQFH� IRU� ,QWHUVHFWLRQ� &RQIOLFW� :DUQLQJ� 6\VWHPV� �,&:6�´� ZDV�
FRQGXFWHG��&+�0+,//���������%DVHG�RQ�WKH�0Q'27�5,&:6�VDIHW\�UHSRUW��6WDWH�RI�0LQQHVRWD�
FRQGXFWHG� D� SLORW� VWXG\� WKDW� LQVWDOOHG� DQ� ,QWHUVHFWLRQ�&RQIOLFW�:DUQLQJ� 6\VWHPV� �,&:6�� RQ� D�
VSHFLILF�UHJLRQ�DQG�DQDO\]H�WKH�HIIHFWV�LQ�WUDIILF�FRQIOLFWV��$�UXUDO����ODQH�FRXQW\�URDG�LQWHUVHFWLRQ�
ZDV�VHOHFWHG��$�G\QDPLF�ZDUQLQJ�V\VWHP�ZDV�GHSOR\HG�RQ�WKH�PDMRU�DQG�PLQRU�GLUHFWLRQV��2Q�WKH�
PDMRU�URDG��WKH�VLJQV�ZHUH�SODFHG�����IW�DKHDG�RI�WKH�LQWHUVHFWLRQ��7KH�PLQRU�URDG�VLJQ�ZDV�SODFHG�
RQ� WKH�RWKHU� FRUQHU� DZD\� IURP� WKH� UHG�6723�VLJQ��$OVR�� WKH� UDGDU�GHWHFWLRQ�ZDV�XVHG� LQ�ERWK�
DSSURDFKHV�WR�ZDUQ�WKH�YHKLFOHV�RQ�WKH�PDMRU�URDG�ZKHQ�GHWHFWHG�YHKLFOHV�LQ�WKH�LQWHUVHFWLRQ��$IWHU�
DSSO\LQJ�WKH�,&:6�DSSOLFDWLRQ��WUDIILF�FRQIOLFWV�LQ�WKLV�LQWHUVHFWLRQ�GHFUHDVHG������7KH�FRQIOLFWV�
ZHUH�PHDVXUHG�EDVHG�RQ�WKH�RFFXUUHQFH�RI�VXGGHQ�EUDNLQJ��VXGGHQ�DFFHOHUDWLRQ�RU�VZHUYLQJ���

([FHSW�0LQQHVRWD��0LVVRXUL�DQG�1RUWK�&DUROLQD�DOVR�FRQGXFWHG�UHVHDUFK�VWXG\�RQ�,&:6�ZLWK���
DQG���H[SHULPHQWDO�VLWHV��UHVSHFWLYHO\��&+�0+,//���������6WXG\�UHVXOWV�RI�0LVVRXUL�VLWHV�UHYHDOHG�
D� ���� UHGXFWLRQ� LQ� DOO� FUDVKHV�� )RU� 1RUWK� &DUROLQD�� WKH� EHIRUH�DQG�DIWHU� VWXG\� DW� WKH� ��ODQH�
PDMRU���ODQH�PLQRU�URDG�VKRZHG�D�����UHGXFWLRQ�LQ�FUDVKHV�DQG�D�FORVHO\�����UHGXFWLRQ�LQ�FUDVKHV�
DW���ODQH�PDMRU���ODQH�PLQRU�URDG��
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$V�DQ� H[DPSOH�RI�9�9�FRPPXQLFDWLRQ��&UDVK�:DUQLQJ�6\VWHP� �&:6��DSSOLFDWLRQV� DUH�EHLQJ�
UHVHDUFKHG�DQG�GHYHORSHG�IRU�DXWRPRELOHV�DV�ZHOO�DV�PRWRUF\FOHV��6RQJ�HW�DO���������VWXGLHG�LVVXHV�
RI�,QWHUVHFWLRQ�0RYHPHQW�$VVLVW��,0$���)RUZDUG�&ROOLVLRQ�:DUQLQJ��)&:���DQG�/DQH�&KDQJH�
:DUQLQJ��/':��ZLWK�SURWRW\SHV�LQFRUSRUDWLQJ�YLVXDO��DXGLWRU\��DQG�KDSWLF�DOHUWV��

:KHQ�WKH�GULYHUV�SODQ�WR�FKDQJH�ODQH��/&:�DSSOLFDWLRQ�ZLOO�DOHUW�WKH�GULYHUV�ZKHQ�WKHUH�LV�D�EOLQG�
VSRW�LQ�WKH�VDPH�GLUHFWLRQ�WUDIILF��7KLV�V\VWHP�LV�DOVR�DSSOLFDEOH�ZKHQ�RWKHU�9�9�HTXLSSHG�YHKLFOH�
WU\� WR� FKDQJH� D� ODQH�� DQG� WKH� GULYHU� RI� KRVW� YHKLFOH� LV� LQ� WKH� RWKHU� FDU¶V� EOLQG� VSRW�� 7KH� ,0$�
DSSOLFDWLRQ�ZLOO�ZDUQ�WKH�GULYHUV�ZKHQ�LW�LV�XQVDIH�WR�HQWHU�DQ�LQWHUVHFWLRQ��2QH�RI�WKH�UHDVRQV�FRXOG�
EH�WKH�GULYHU¶V�YLHZ�LV�EORFNHG�RU�KLJK�SUREDELOLW\�RI�FROOLVLRQ��)RUZDUG�&ROOLVLRQ�:DUQLQJ�LV�XVHG�
WR�DOHUW�GULYHUV�WR�DYRLG�UHDU�HQG�FROOLVLRQ��7KLV�DSSOLFDWLRQ�ZLOO�UHVSRQG�WR�D�GLUHFW�WKUHDW�DKHDG�RI�
WKH�GULYHU�UHDOL]H���:KLOH�YLVXDO�DOHUWV�LQGLFDWHG�WKH�QHHG�IRU�IXUWKHU�ZRUN�WR�DYRLG�EHLQJ�GLVWUDFWLQJ��
WKH�FRPELQDWLRQ�RI�DXGLWRU\�DQG�KDSWLF�GLVSOD\V��ZLWK�ZULVWEDQGV��VKRZHG�VLJQLILFDQW�SRWHQWLDO�IRU�
DGRSWLRQ�E\�PRWRUF\FOH�ULGHUV��

&RQFHUQLQJ� WKH� HQYLURQPHQWDO� DVSHFW� IRU� WKH� FRQQHFWHG� YHKLFOHV� DSSOLFDWLRQ�� WKH� (FR�6LJQDO�
2SHUDWLRQV�7UDQVIRUPDWLYH�&RQFHSW�LV�LQWURGXFHG�LQ�WKH�FRQQHFWHG�YHKLFOH�WHFKQRORJLHV�WKDW�DUH�
DLPLQJ�WR�GHFUHDVH�IXHO�FRQVXPSWLRQ�DQG�HPLVVLRQ��7KH�DLU�SROOXWDQW�HPLVVLRQV�FRXOG�FRPH�IURP�
WKH�QXPEHU�RI�VWRSV��XQQHFHVVDU\�DFFHOHUDWLRQV�DQG�GHFHOHUDWLRQV�DQG�WKH�LQHIILFLHQW�WUDIILF�IORZ�DW�
VLJQDOL]HG�LQWHUVHFWLRQV��7KH�(FR�V\VWHP�LV�DFKLHYHG�E\�FROOHFWLQJ�FRQQHFWHG�YHKLFOH�WHFKQRORJLHV¶�
GDWD�IURP�YHKLFOHV��ZKLFK�LQFOXGHV�YHKLFOH�ORFDWLRQ��VSHHG��DQG�HPLVVLRQV�GDWD��7KHQ�WKH�V\VWHP�
GHWHUPLQHV�WKH�RSWLPDO�RSHUDWLRQ�RI�WKH�WUDIILF�VLJQDO�V\VWHP��6FKQHHEHUJHU�HW�DO����������

<DQJ�HW�DO���������VWXGLHG�(FR�&RRSHUDWLYH�$GDSWLYH�&UXLVH�&RQWURO��(FR�&$&&��V\VWHPV�DQG�
SUHVHQWHG�DQ�DOJRULWKP�WR�UHGXFH�IXHO�FRQVXPSWLRQ�LQ�YHKLFOHV��7KH�(FR�&$&&�DSSOLFDWLRQ�ZLOO�
FROOHFW� VSHHG�� DFFHOHUDWLRQ�� DQG� ORFDWLRQ� LQIRUPDWLRQ� RI� RWKHU� YHKLFOHV�� WKHQ� XVLQJ� FRQQHFWHG�
YHKLFOH�WHFKQRORJLHV�WR�LQWHJUDWH�WKHVH�GDWD�LQWR�D�YHKLFOH¶V�DGDSWLYH�FUXLVH�FRQWURO�V\VWHP��$V�D�
UHVXOW��WKH�DQDO\]HG�YHKLFOH�LV�QRW�RQO\�FDSDEOH�RI�DXWRPDWHG�ORQJLWXGLQDO�FRQWURO��EXW�DOVR�DEOH�WR�
UHGXFH�IXHO�FRQVXPSWLRQ�DQG�HPLVVLRQV���

,Q�<DQJ�HW�DO�¶�UHVHDUFK���������WKH�DOJRULWKP�XWLOL]HV�6LJQDO�3KDVLQJ�DQG�7LPLQJ��63D7��GDWD�DQG�
SURYLGHV�GULYHUV�RI�WKH�FRQQHFWHG�YHKLFOHV�ZLWK�RSWLPDO�VSHHGV��)RU�VLQJOH�ODQH�LQWHUVHFWLRQV��IXHO�
VDYLQJV�RI�XS�WR�����ZHUH�UHDOL]HG��ZKLOH�IRU�PXOWL�ODQH�LQWHUVHFWLRQV��VDYLQJV�ZHUH�JHQHUDWHG�RQO\�
ZKHQ�WKH�0DUNHW�3HQHWUDWLRQ�5DWHV��035��ZHUH�PRUH�WKDQ������

+XII� HW� DO�� ������� UHVHDUFKHG� WKH� DSSOLFDWLRQ� RI� YHKLFOH�WR�LQIUDVWUXFWXUH� �9�,�� DQG� YHKLFOH�WR�
YHKLFOH� �9�9�� WHFKQRORJLHV� WR� FRQQHFWHG� WUDQVLW� YHKLFOHV�� $SSOLFDWLRQV� LQFOXGLQJ� WUDQVLW� VWRS�
GHYLFHV��DQWL�EXQFKLQJ�FRPPXQLFDWLRQ��FUDVK�DYRLGDQFH��DQG�YHKLFOH�UH�URXWLQJ�ZHUH�VWXGLHG��$W�
EXV�VWRSV�VHUYLQJ�PXOWLSOH�URXWHV��FRQQHFWHG�GHYLFHV�DW�WUDQVLW�VWRSV�ZRXOG�HQDEOH�EXVHV�WR�E\SDVV�
WKH�VWRS�LI�QR�SDVVHQJHUV�UHTXHVWHG�SLFN�XS��LQFUHDVLQJ�WKH�WUDQVLW�V\VWHP�HIILFLHQF\��0DQDJHG�ODQHV��
LQFOXGLQJ� +LJK�2FFXSDQF\� 9HKLFOH� �+29�� DQG� +LJK�2FFXSDQF\� 7ROO� �+27�� ODQHV� FRXOG� EH�
FRQILJXUHG� EDVHG� RQ� UHDO�WLPH� LQIRUPDWLRQ�� ZLWK� QXPHURXV� SRWHQWLDO� EHQHILWV� UDQJLQJ� IURP�
LPSURYLQJ�PRYHPHQW�RI�HPHUJHQF\�YHKLFOHV�WR�UHGXFLQJ�DLU�SROOXWLRQ�³KRWVSRWV´��

6LQFH�PRELOLW\�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�DVSHFWV�WKDW�ZLOO�EH�DFKLHYHG�E\�WKH�FRQQHFWHG�YHKLFOH�
WHFKQRORJ\�� $KQ� HW� DO�� ������� FRQGXFWHG� D� VLPXODWLRQ� VWXG\� ZLWK� WKH�0XOWL�0RGDO� ,QWHOOLJHQW�
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���
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7UDQVSRUWDWLRQ�6LJQDO�6\VWHP��00,766���00,766�DSSOLFDWLRQV�DUH�XVHG�WR�PD[LPL]H�WKH�VLJQDO�
HIILFLHQF\�DQG�DUH�DLPHG�IRU�WUDQVLW��IUHLJKW��YLVXDOO\�LPSDLUHG�SHGHVWULDQV�RU�HPHUJHQF\�YHKLFOHV��

,Q�WKLV�UHVHDUFK�VWXG\��WZR�00,766�DSSOLFDWLRQV��,QWHOOLJHQW�7UDIILF�6LJQDO�6\VWHP��,�6,*��DQG�
)UHLJKW� 6LJQDO� 3ULRULW\� �)63��� DUH� HYDOXDWHG�� ,QWHOOLJHQW� 7UDIILF� 6LJQDO� 6\VWHP� �,�6,*�� ZLOO�
RSWLPL]H�WKH�VLJQDO�V\VWHP�E\�FRRSHUDWLQJ�WKH�VLJQDO�SULRULW\�DQG�SHGHVWULDQ�PRYHPHQWV��)UHLJKW�
6LJQDO�3ULRULW\��)63��DSSOLFDWLRQ�ZLOO�RIIHU�VLJQDO�ULJKW�RI�ZD\�IRU�IUHLJKW�YHKLFOHV�ZKHQ�QHDU�D�
IUHLJKW�IDFLOLW\�RU�RWKHU�DUWHULDO�FRUULGRU��$KQ�HW�DO�����������

$KQ�HW�DO���������IRXQG�WKDW�WKH�)UHLJKW�6LJQDO�3ULRULW\��)63��DQG�WKH�,QWHOOLJHQW�7UDIILF�6LJQDO�
6\VWHP� �,�6,*�� DSSOLFDWLRQV� UHGXFHG� YHKLFOH� GHOD\V� DQG� WUDYHO� WLPH� E\� ���� DQG� WUDYHO� WLPH�
YDULDELOLW\�E\�XS�WR�����IRU�FRQQHFWHG�WUXFNV��+RZHYHU��WKH�V\VWHP�ZLGH�GHOD\�LQFUHDVHG�GXH�WR�
UHGXFHG�JUHHQ�WLPH�RQ�VLGH�VWUHHWV���

2Q�WKH�RSHUDWLRQV�RI�WKH�URDGZD\�V\VWHP��ZHDWKHU�FRQGLWLRQ�ZLOO�VLJQLILFDQW�LQIOXHQFH�WKH�VDIHW\��
WUDYHO�UHOLDELOLW\��SURGXFWLYLW\�DQG�HIILFLHQF\�RI�WKH�WUDIILF�IORZ��$V�D�UHVXOW��FRRSHUDWLRQ�EHWZHHQ�
WKH�ZHDWKHU�VWDWLRQ�LQIRUPDWLRQ�DQG�YHKLFOH�UHDO�WLPH�ZHDWKHU�XSGDWH�ZLOO�SURYLGH�WKH�RSWLPXP�
V\VWHP�SHUIRUPDQFH��,W�LV�DFKLHYHG�E\�UHSRUWLQJ�WKH�ZHDWKHU�DQG�WUDIILF�LQIRUPDWLRQ�WR�WKH�GULYHUV�
DKHDG� RI� UHDFKLQJ� WKH� VSHFLILF� UHJLRQ�� SURYLGLQJ� WKH� EHVW� URXWH� LQ� DFFRUGDQFH� WR� WKH� ZHDWKHU�
FRQGLWLRQ�DQG�RWKHUV��2Q�WKH�RWKHU�KDQG��WKH�GDWD�IURP�FRQQHFW�YHKLFOHV�FDQ�DOVR�EH�XVHG�WR�IRUHFDVW�
DQG�DVVHVV�WKH�LPSDFWV�WKDW�ZHDWKHU�KDV�RQ�URDGV��7KLV�DSSOLFDWLRQ�ZLOO�GUDPDWLFDOO\�FKDQJH�WKH�
H[LVWLQJ�PDQDJHPHQW�V\VWHP�WR�D�ZHDWKHU�VHQVLWLYH�WUDQVSRUWDWLRQ�V\VWHP��+LOO���������

$�FDVH�VWXG\�ZDV�FRQGXFWHG�LQ�,QGLDQD�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��,1'27��E\�0F&XOORXFK�HW�
DO���������WR�GHYHORS�DQG�HYDOXDWH�D�ZLQWHU�RSHUDWLRQV�V\VWHP�LQ�WKH�VWDWHZLGH�ZLUHOHVV�QHWZRUN�
�6$)(�7��WKDW�KDV�EHHQ�PRVWO\�XVHG�E\�WKH�VWDWH�SROLFH��7KLV�QHWZRUN�RSHUDWHV�*36��VHQVRUV�WR�
SURGXFH�UHDO�WLPH�LQIRUPDWLRQ�URDG�DQG�ZHDWKHU�FRQGLWLRQV��)RU�H[DPSOH��WKH�PDLQWHQDQFH�YHKLFOH�
SURGXFHV� GHWDLOHG� LQIRUPDWLRQ� DERXW� FKHPLFDO� GLVWULEXWLRQ�RQ� LFLQJ� URDG� DQG� SORZ�SRVLWLRQ�� ,Q�
DGGLWLRQ��WKH�V\VWHP�FDQ�WUDQVIHU�WKH�GDWD�WR�D�PDLQWHQDQFH�GHFLVLRQ�VXSSRUW�V\VWHP��0'66���ZKLFK�
FDQ�SURYLGH�GULYHUV�WKH�SURSHU�UHDFWLRQV�WR�VQRZ�SORZ�RSHUDWRU�LQFOXGLQJ�UHFRPPHQGHG�WUHDWPHQW�
SODQV� DQG� ZHDWKHU� UHVSRQVH� SODQV�� ,Q� WKH� FDVH� VWXG\�� VHYHUDO� EXJV� DQG� VRIWZDUH� LVVXHV� ZHUH�
GLVFRYHUHG�DQG�XSGDWHG��8S�WR�������WKH�DSSOLFDWLRQ�ZDV�H[SDQGHG�XS�WR����VQRZSORZ�YHKLFOHV��
7KH�HYDOXDWLRQ�RI�WKH�EHQHILWV�DQG�WKH�HIIHFWV�LV�VWLOO�D�FRQWLQXLQJ�SURFHVV��

$V�DQ�DSSOLFDWLRQ�EHWZHHQ�WKH�FRRSHUDWLRQ�EHWZHHQ�URDGVLGH�LQIRUPDWLRQ��H�J���KRXUV�RI�VHUYLFH��
ORFDWLRQ� DQG� VXSSO\� RI� SDUNLQJ��ZLWK� FRPPHUFLDO� GULYHUV¶� LQIRUPDWLRQ� �H�J��� ORDGLQJ�XQORDGLQJ�
VFKHGXOLQJ��KRXUV�RI�VHUYLFH���KLJKHU�VDIHW\�RI�WUXFN�GULYHUV�FRXOG�EH�DFKLHYHG��6HYHUDO�UHVHDUFK�
VWXGLHV�UHODWHG�WR�VPDUW�URDGVLGH�DSSOLFDWLRQV�DUH�SURFHVVLQJ��2QH�RI�WKH�RQ�JRLQJ�UHVHDUFK�VWXGLHV�
LV�D�1&+53�SURMHFW��������OHDGHG�E\�5RIHUV�HW�DO����������7KH�REMHFWV�RI�WKH�UHVHDUFK�VWXG\�DUH�
LGHQWLI\LQJ�WKH�FXUUHQW�SROLF\�UHODWHG�WR�IUHLJKW�DQG�SURSRVLQJ�WKH�GHSOR\PHQW�RI�WKH�DSSOLFDWLRQV��

,Q� FRQFOXVLRQ�� WKH� UHVHDUFK� VWXGLHV� LQ� FRQQHFWHG� YHKLFOH� DUH� LQ� DQ� RQ�JRLQJ� SURFHVV�� ,Q� WKH�
PHDQWLPH��PRUH�WKDQ����FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV�FRQFHSWV�KDYH�EHHQ�GHYHORSHG��ZKLFK�FDQ�
EH�VHSDUDWHG�LQWR�VHYHQ�PDLQ�FDWHJRULHV��9�,��YHKLFOH�WR�LQIUDVWUXFWXUH���9�9��YHKLFOH�WR�YHKLFOH���
DJHQF\�GDWD��HQYLURQPHQW��URDG�ZHDWKHU��PRELOLW\�DQG�VPDUW�URDGVLGH��,Q�+ROPHV�HW�DO��UHVHDUFK�
VWXG\��WKH�UHVHDUFK�WHDP�VXJJHVWHG�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV�ZLWK�XQVHFXUHG�PRELOH�GHYLFH�
PD\�FDXVH�VDIHW\�DQG�DFFHSWDQFH�FRQFHUQV��$OVR��<DQ�HW�DO��FRQFOXGHG�WKDW�WKH�ZDUQLQJ�V\VWHP�
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FRXOG�UHGXFH�WKH�UHG�OLJKW�UXQQLQJ�FUDVKHV��DQG�����V�RU�����V�GHOLYHU\�WLPH�ZRUNV�WKH�EHVW�LQ�WKLV�
VWXG\��2Q�WKH�RWKHU�KDQG��WKH�FRQFHSW�RI�6WRS�6LJQ�*DS�$SSOLFDWLRQ�LV�DGRSWHG�LQ�DQ�(17(535,6(�
3RROHG�)XQG�6WXG\��7KH�VWXG\�VKRZHG�WKDW�66*$�FRXOG�UHGXFH�WKH�FUDVK�IURP����������GHSHQG�
RQ�WKH�ORFDWLRQ��$V�DQ�H[DPSOH�RI�9�9�FRPPXQLFDWLRQ��6RQJ�HW�DO��FRQFOXGHG�WKDW�ZKLOH�YLVXDO�
DOHUWV�LQGLFDWHG�WKH�QHHG�IRU�IXUWKHU�ZRUN�WR�DYRLG�EHLQJ�GLVWUDFWLQJ��WKH�FRPELQDWLRQ�RI�DXGLWRU\�
DQG�KDSWLF�GLVSOD\V� �ZLWK�ZULVWEDQGV�� VKRZHG� VLJQLILFDQW� SRWHQWLDO� IRU� DGRSWLRQ�E\�PRWRUF\FOH�
ULGHUV��,Q�HQYLURQPHQWDO�DVSHFW��<DQJ�HW�DO�¶�UHVHDUFK�VWXGLHG�(FR�&RRSHUDWLYH�$GDSWLYH�&UXLVH�
&RQWURO��(FR�&$&&��V\VWHPV��DQG�VKRZHG�IXHO�VDYLQJV�RI�XS�WR�����IRU�VLQJOH�ODQH�DQG�PRUH�
WKDQ�����IRU�PXOWL�ODQH��$V�IRU�PRELOLW\��$KQ�HW�DO��IRXQG�WKDW�WKH�)UHLJKW�6LJQDO�3ULRULW\��)63��
DQG�WKH�,QWHOOLJHQW�7UDIILF�6LJQDO�6\VWHP��,�6,*��DSSOLFDWLRQV�UHGXFHG�YHKLFOH�GHOD\V�DQG�WUDYHO�
WLPH�E\�����DQG�WUDYHO�WLPH�YDULDELOLW\�E\�XS�WR�����IRU�FRQQHFWHG�WUXFNV���

�
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���� 0(7+2'2/2*<�

7KH�IROORZLQJ�VHFWLRQV�GLVFXVV�WKH�WDVNV�SHUIRUPHG�E\�WKH�UHVHDUFK�WHDP�WKURXJKRXW�WKLV�VWXG\�WR�
GHYHORS� D� FRQQHFWHG� YHKLFOH� HQYLURQPHQW� ZLWKLQ� WKH� GULYLQJ� VLPXODWRU�� 7KLV� LQFOXGHV� DOVR� D�
GLVFXVVLRQ�DERXW�WKH�SURFHGXUHV�SHUIRUPHG�WR�WHVW�D�SRVVLEOH�GULYHU�DVVLVWDQFH�DSSOLFDWLRQ�LQ�WKH�
FRQQHFWHG� YHKLFOH� HQYLURQPHQW�� )LUVW�� WKH� UHVHDUFK� WHDP� ZHQW� WKURXJK� PRVW� UHFHQW� VWXGLHV�
LQYROYLQJ�FRQQHFWHG�YHKLFOHV�WHVW�EHG�LQ�GULYLQJ�VLPXODWRU�HQYLURQPHQW��7KLV�LV�LQ�DGGLWLRQ�WR�RWKHU�
VWXGLHV�DERXW�WKH�SRVVLEOH�DSSOLFDWLRQV�RI�FRQQHFWHG�YHKLFOHV��6HFRQG��WKH�VLPXODWLRQ�QHWZRUN�ZDV�
GHYHORSHG��7R�HQDEOH�FRPPXQLFDWLRQ�EHWZHHQ�YHKLFOHV��-DYD6FULSW�FRGLQJ�ZDV�SHUIRUPHG�WR�DOORZ�
FRPPXQLFDWLRQ�EHWZHHQ�WKH�VLPXODWRU�DQG�WKH� OHDG�FDU� LQ�WKH�VLPXODWLRQ�HQYLURQPHQW��7KLUG��D�
IRUZDUG�FROOLVLRQ�YLVXDO�DOHUWV�DSSOLFDWLRQ�ZDV�FRGHG�LQWR�WKH�VLPXODWRU�WR�WHVW�WKH�EHQHILWV�RI�WKDW�
DSSOLFDWLRQ��7KHQ��WHVW�DQG�H[SHULPHQWDO�GULYHV�ZHUH�FRQGXFWHG�ZLWK�DQG�ZLWKRXW�WKH�YLVXDO�DOHUWV�
WR� WHVW� WKH� VLJQLILFDQFH�RI� WKH� V\VWHP��7KH� UHTXLUHG�GDWD�ZHUH�FROOHFWHG� IURP� WKH� VLPXODWRU� IRU�
VWDWLVWLFDO� DQDO\VLV�� %DVHG� RQ� WKH� DQDO\VLV� UHVXOWV�� FRQFOXVLRQV� ZHUH� PDGH�� )LJXUH� �� VKRZV� D�
IORZFKDUW�VXPPDUL]LQJ�WKHVH�VWHSV��

5HYLHZ�RI�2WKHU�6WXGLHV

6LPXODWLRQ�1HWZRUN�'HYHORSPHQW

9LVXDO�$OHUWV�'HVLJQ

7HVW�DQG�([SHULPHQWDO�'ULYHV

'DWD�FROOHFWLRQ

6WDWLVWLFDO�$QDO\VLV

&RQFOXVLRQV�
�

)LJXUH����5HVHDUFK�PHWKRGRORJ\�

�
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���� 6,08/$7,21�1(7:25.�'(9(/230(17�

������ 'ULYLQJ�6LPXODWRU�)HDWXUHV�

7KH�GULYLQJ�VLPXODWRU�DW�/RXLVLDQD�6WDWH�8QLYHUVLW\��/68���VKRZQ�LQ�)LJXUH����FRQVLVWV�RI�D�IXOO�
VL]H�SDVVHQJHU�FDU�PRGHOHG�DIWHU�D�)RUG�)RFXV�DXWRPRELOH��7KH�VLPXODWRU�IHDWXUHV�FRPSOLFDWHG�
FRPSXWHU�SURJUDPLQJ�WKDW�FRPELQHV�ZLWK�D�VHULHV�RI�FDPHUDV��SURMHFWRUV�DQG�VFUHHQV�WR�SURYLGH�D�
KLJK�ILGHOLW\�YLUWXDO�HQYLURQPHQW��7KUHH�ODUJH�VFUHHQV�DUH�FRQQHFWHG�ZLWK�HDFK�RWKHU�SURYLGLQJ�D�
����GHJUHH�IURQW�YLHZ�GLVSOD\��7KH�WZR�VLGH�YLHZ�PLUURUV�RI�WKH�VLPXODWRU�DUH�HOHFWURQLF�FDPHUDV�
SURYLGLQJ� D� UHDO� WLPH� GLJLWDO� YLGHR� GLVSOD\� IRU� WKH� UHDU� VLGH� YLHZ� RI� WKH� FDU� LQ� WKH� VLPXODWLRQ�
HQYLURQPHQW��$Q�DGGLWLRQDO��WK�VFUHHQ�LV�ORFDWHG�EHKLQG�WKH�VLPXODWRU��WKLV�VFUHHQ�GLVSOD\V�D�UHDO�
WLPH�YLGHR�IRU�WKH�UHDU�YLHZ�RI�WKH�YHKLFOH�ZLWKLQ�WKH�VLPXODWLRQ�HQYLURQPHQW��7KH�UHDU�YLHZ�PLUURU�
LQ�WKH�GULYLQJ�VLPXODWRU�LV�DQ�RUGLQDU\�UHDU�YLHZ�PLUURU��WKDW�LV�PDQXDOO\�DGMXVWHG�WR�JHW�WKH�GHVLUHG�
DQJOH�RI�YLHZ�IURP�WKH�UHDU�VFUHHQ��7KH�VLPXODWRU�KDV�DQ�DXGLR�VRIWZDUH�DQG�KDUGZDUH�SOXV�UHDO�
WLPH�RQH�GHJUHH�RI� IUHHGRP�PRWLRQ� LQ� WKH� IRUZDUG�EDFNZDUG�GLUHFWLRQ�VR� WKDW�SDUWLFLSDQWV� FDQ�
GULYH�ZLWK�HQJLQH�VRXQG��WLUH�VRXQG�DQG�QRLVH�IURP�WKH�YHKLFOH���7KLV�DOORZV�WKH�GULYHUV�WR�LQWHUDFW�
ZLWK�WKH�VLPXODWRU�LQ�D�UHDOLVWLF�VLPXODWLRQ�HQYLURQPHQW���
�
5HVHDUFKHUV�FDQ�VHOHFW�IURP�D�YDULHW\�RI�ZHDWKHU�FRQGLWLRQV��URDG�VXUIDFHV��GULYLQJ�HQYLURQPHQWV�
DQG�RWKHU�RSWLRQV��)URP�WKHQ�RQ��WKH�GULYHU�LV�LPPHUVHG�LQ�D�ZRUOG�RI�WKH�UHVHDUFKHU¶V�FKRRVLQJ�±�
DQ\WKLQJ�IURP�D�UDLQ\��EXV\�LQWHUVWDWH�WR�D�VXQQ\�GD\�LQ�WKH�ELJ�FLW\���2QFH�WKH�3DUWLFLSDQWV�SXW�WKH�
FDU�LQ�PRWLRQ��GULYLQJ�WKH�VLPXODWLRQ�LV�LGHQWLFDO�WR�GULYLQJ�D�UHDO�FDU��7KH�SDUWLFLSDQWV�KDYH�WR�SXW�
WKH�FDU�LQ�JHDU��XVH�WKH�PLUURUV�IRU�EHWWHU�YLVXDO�DZDUHQHVV��DQG�UHDFWLRQ�WR�RWKHU�YHKLFOHV�LQ�WUDIILF��
7KH� UHDO� WLPH� RQH� GHJUHH� RI� IUHHGRP�PRWLRQ� LQ� WKH� IRUZDUG�EDFNZDUG� GLUHFWLRQ� LPLWDWHV� UHDO�
GULYLQJ�FRQGLWLRQV�E\�PRYLQJ�WKH�VLPXODWRU�D�OLWWOH�ELW�IRUZDUG�ZKHQHYHU�WKH�WKURWWOH�LV�DSSOLHG��
PDNLQJ�WKH�GULYHU�IHHOV�WKH�SUHVVXUH�RI�WKH�VHDW�EDFN�RQ�KLV�EDFN��6LPLODUO\��ZKHQ�DSSO\LQJ�EUDNHV�
EXW�LQ�WKH�RWKHU�GLUHFWLRQ��PDNLQJ�WKH�GULYHU�IHHO�D�OLWWOH�WKH�JULS�RI�WKH�VHDWEHOW��
�
'XH�WR�WKH�GLIIHUHQW�OHYHOV�RI�YLVXDO�VWLPXODWLRQ�DQG�VLPXODWHG�PRYHPHQW��YHUWLJR��GL]]LQHVV�DQG�
QDXVHD�DUH�FRPPRQ�DIWHU�WKH�ILUVW�GULYH��ZKLFK�LV�ZK\�SDUWLFLSDQWV�LQ�DQ\�VWXG\�ZLOO�KDYH�WR�RSHUDWH�
WKH�HTXLSPHQW�PXOWLSOH�WLPHV�EHIRUH�WKHLU�UHVXOWV�FDQ�EH�UHFRUGHG��7KHVH�DGYHUW�HIIHFWV�PLJKW�VWLOO�
SHUVLVW� IRU� VRPH� SDUWLFLSDQWV� HYHQ� DIWHU� VHYHUDO� GULYHV�� 7KHVH� SDUWLFLSDQWV� DUH� GLVFRXUDJHG� WR�
SDUWLFLSDWH� LQ� H[SHULPHQWV�� 7KH� VLPXODWRU� LV� DOVR� HTXLSSHG� ZLWK� DQ� HPHUJHQF\� UHG� EXWWRQ� WR�
WHUPLQDWH� WKH� H[SHULPHQW� LQVWDQWO\� E\� WKH� GULYHU�� ZKHQHYHU� WKH� GULYHU� H[SHULHQFHV� DQ\� KHDOWK�
SUREOHPV��7KLV�LV�H[WUHPHO\�FUXFLDO�IRU�WKH�H[SHULPHQWV�LQYROYLQJ�VHYHUH�ZHDWKHU�FRQGLWLRQV�DV�
GULYLQJ�GXULQJ�KXUULFDQH��ZKHUH�VRPH�RI�WKH�GULYHUV�PLJKW�H[SHULHQFHV�GL]]LQHVV�DQG�YRPLWLQJ���
�
�
�
�
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�D��6LPXODWRU�ERG\�

�

�E��7KH�FRPSXWHUV�FRQWURO�

)LJXUH����/68�GULYLQJ�VLPXODWRU�
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������ 'HYHORSLQJ�WKH�6LPXODWLRQ�1HWZRUN�

7KH�VLPXODWRU¶V�IOH[LEOH�VFHQDULR�FUHDWLRQ�LQWHUIDFH�DQG�FXVWRPL]DEOH�KLJKZD\�V\VWHP�GHVLJQ�WRROV�
DOORZ�IRU�WKH�GULYLQJ�VFHQDULRV�WR�EH�FKDQJHG�EDVHG�RQ�ZHDWKHU�FRQGLWLRQV��URDGZD\�VXUIDFHV�DQG�
HQYLURQPHQWV��DQG�DOVR�DOORZV�IRU�RWKHU�RSWLRQV�WR�EH�DGGHG�E\�WKH�DSSOLFDWLRQ�VRIWZDUH�6LP9LVWD��
7KH�G\QDPLFV�RI�WKH�VLPXODWRU�LWVHOI�FDQ�EH�PRGLILHG�E\�WKH�DSSOLFDWLRQ�VRIWZDUH�6LP&UHDWRU��D�
JUDSKLFDO�VLPXODWLRQ�DQG�PRGHOLQJ�V\VWHP��,Q�DGGLWLRQ�WR�WKRVH�SURJUDPV��WKHUH�H[LVW�WKH�-DYD6FULSW�
ILOHV��VFULSWHG�YHKLFOH�DFWLYLW\�LQ�&�&���FRGH�FRPSRQHQWV��DQG�FDQ�EH�XVHG�WR�FDOO�XS�IXQFWLRQV�
GXULQJ� WKH�VLPXODWLRQ� WR�HLWKHU�FRQWURO�DVSHFWV�RI�6LP&UHDWRU�RU� WKH�6LP9LVWD��)RXU�FRPSXWHUV�
FRQWURO�WKH�VLPXODWLRQ��RQH�IRU�VHWWLQJ�WKH�H[SHULPHQW�SDUDPHWHUV�DQG�FDOLEUDWLQJ�WKH�VWHHU�ZKHHO�
RI�WKH�VLPXODWRU�DQG�WKH�RWKHU�VFUHHQV�WKH�LPDJH�WKDW�LV�EHLQJ�FDSWXUHG�E\�WKH�FDPHUDV��DQG�WZR�
PRUH�DUH�XVHG�IRU�GDWD�DQDO\VLV��7KH�VLPXODWRU�LV�DEOH�WR�JDWKHU�VHQVLQJ�GDWD�VXFK�DV�YHKLFOH�VSHHG�
EXW� KDV� QRW� EHHQ� SURJUDPPHG� WR� FROOHFW� DQ\� GDWD� RQ� WKH� DPELHQW� WUDIILF�� �'LJLWDO� FDPHUDV� DUH�
LQVWDOOHG�ZLWKLQ�WKH�YHKLFOH��DUH�OLQNHG�WR�WKH�DSSOLFDWLRQ�VRIWZDUH��6LP2EVHUYHU��WR�FROOHFW�YLGHR�
WKDW�LV�WLPH�UHIHUHQFHG�ZLWK�WKH�VHQVLQJ�GDWD��)RXU�GLJLWDO�FDPHUDV�WKDW�IHHG�LQWR�WKH�6LP2EVHUYHU�
DUH�LQVWDOOHG�LQ�WKH�VLPXODWRU�FDU��DOORZLQJ�WKH�DELOLW\�RI�FDSWXULQJ�YLGHR�IURP�IRXU�GLIIHUHQW�DQJOHV�
LQVLGH�WKH�YHKLFOH�DQG�REVHUYH�WKH�GULYHU¶V�EHKDYLRU�PRUH�DFFXUDWHO\��$GGLWLRQDO�GDWD�FDQ�DOVR�EH�
FDSWXUHG�IRU�HYHU\�VLQJOH�IUDPH�RQ�WRS�RI�WKH�YLGHR�VWUHDP�VXFK�DV�WKH�YHKLFOH�FRRUGLQDWHV��VSHHG��
DFFHOHUDWLRQ��HWF���
�
7KH�UHVHDUFK�WHDP�XVHG�WKH�6LP9LVWD�DSSOLFDWLRQ�LQWHJUDWLQJ�ZLWK�WKH�GULYLQJ�VLPXODWRU�WR�GHYHORS�
D�VLPSOLVWLF�UHDOLVWLF�QHWZRUN�WKDW�FRQVLVWV�RI�DQ�XQGLYLGHG�XUEDQ�IRXU�ODQH�URDGZD\��,W�KDV�D�VROLG�
GRXEOH�\HOORZ� OLQH�GRZQ� WKH�FHQWHU�� VROLG�ZKLWH� OLQHV�RQ� WKH�RXWVLGH�HGJHV��GDVKHG�ZKLWH� OLQHV�
VHSDUDWLQJ�WKH�WZR�ODQHV�WKDW�JR�LQ�HDFK�GLUHFWLRQ��DQG�RQ�D�IODW�JUDGH�ZLWK�D�SRVWHG�VSHHG�OLPLW�RI�
���PSK��7KH�URDGZD\�VHJPHQW�ZDV�GHVLJQHG�WR�FURVV�VHYHUDO�VLJQDOL]HG�LQWHUVHFWLRQV��&OHDU�VXQQ\�
ZHDWKHU�FRQGLWLRQV�ZHUH�VHW�DV�WKH�HQYLURQPHQWDO�FRQGLWLRQV�DFFRPSDQ\LQJ�WKLV�URDG�QHWZRUN��

���� &211(&7('�9(+,&/(�7(67%('�'(9(/230(17�

,Q� WKH� IROORZLQJ�� D� SURIRXQG� GLVFXVVLRQ� RI� WKH� UHVHDUFK� WDVNV� LV� SUHVHQWHG�� � 7KH� WHVW� EHG�
GHYHORSPHQW��WKH�SHUIRUPHG�FRGLQJ��WKH�IRUZDUG�FROOLVLRQ�DOJRULWKP��WKH�H[SHULPHQWDO�GHVLJQ��DQG�
WKH�DQDO\VLV�DUH�GLVFXVVHG�� �%HIRUH�DOO�WKDW��LW�ZDV�LPSRUWDQW�WR�JHW�VRPH�LQVLJKW�DERXW�SHRSOH¶V�
H[SHFWDWLRQV�DQG�UHTXLUHPHQWV���7KXV��D�TXHVWLRQQDLUH�ZDV�GHVLJQHG�WR�LQYHVWLJDWH�ZKDW�DUH�SHRSOH�
H[SHFWLQJ� WR� JHW� RXW� RI� WKH� FRQQHFWHG� YHKLFOH� WHFKQRORJ\�� KRZ� WKH\� VKRXOG� GHDO� ZLWK� WKH�
WHFKQRORJ\�� DQG� KRZ� VKRXOG� WKH� LQ�YHKLFOH� DVVLVWDQFH� EH� GHVLJQHG� WR� PLQLPL]H� DQ\� SRVVLEOH�
GLVWUDFWLRQ��DPRQJ�RWKHU�LVVXHV�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ��
�
������ 3XEOLF�$FFHSWDQFH�DQG�([SHFWDWLRQV�6XUYH\�

3XEOLF�DFFHSWDQFH�LV�DQ�LPSHUDWLYH�IDFWRU�WKDW�PHDQV�WKDW�WKH�SXEOLF�DUH�VDWLVILHG�ZLWK�D�VSHFLILF�
WHFKQRORJ\�DQG�DFFHSWLQJ�LW��,W�LV�LPSRUWDQW�WR�HQVXUH�D�UHDVRQDEOH�SHUFHQWDJH�RI�SXEOLF�DFFHSWDQFH�
IRU� DQ\� WHFKQRORJ\� SULRU� LQYHVWLQJ� LQ� LW��+LJK� SHUFHQWDJH� YDOXHV� RI� SXEOLF� DFFHSWDQFH� LQGLFDWH�
KLJKHU�RSSRUWXQLWLHV�IRU�IXUWKHU�GHYHORSPHQW�LQ�WKH�WHFKQRORJ\�ZKLFK�PHDQV�KLJKHU�H[SHFWDWLRQV�
IURP�WKH�WHFKQRORJ\��,Q�YLHZ�RI�WKH�DERYH��D�VXUYH\�ZDV�FRQGXFWHG�WR�PHDVXUH�WKH�DFFHSWDQFH�RI�
WKH� SHRSOH� WR� WKH� WHFKQRORJ\�� +RZHYHU�� GXH� WR� WKH� SULRU� H[SHFWDWLRQV� RI� KDYLQJ� YHU\� KLJK�
DFFHSWDQFH�SHUFHQWDJH��WKH�VXUYH\�ZDV�H[WHQGHG�WR�PHDVXUH�WKH�SRWHQWLDO�H[SHFWDWLRQV�IURP�WKH�
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SHRSOH�IURP�VXFK�WHFKQRORJ\�DQG�WR�KDYH�D�FOHDU�LGHD�DERXW�WKH�GULYHUV¶�LQIRUPDWLRQ�UHTXLUHPHQWV�
WKDW�FDQ�KHOS� WKHP�GULYH� LQ�D� VDIHU�DQG�PRUH�RSHUDEOH�HQYLURQPHQW��7KH� VXUYH\� LV� LQWHQGHG� WR�
DGGUHVV� WKH� LQIRUPDWLRQ� UHTXLUHPHQWV� LQ� GLIIHUHQW� GULYLQJ� VLWXDWLRQV�� � ,W� LV� DOVR� DQWLFLSDWHG� WR�
DGGUHVV�WKH�EHVW�ZD\�IRU�LQIRUPDWLRQ�SUHVHQWDWLRQ�DQG�YLVXDOL]DWLRQ�IRU�WKH�GULYHU�WKDW�FDQ�GHFUHDVH�
WKH�LQIRUPDWLRQ�SURFHVVLQJ�WLPH�E\�WKH�GULYHU�� �$V�VXFK��D�TXHVWLRQQDLUH�ZLWK����TXHVWLRQV�ZDV�
GHVLJQHG� RQ� ³6XUYH\0RQNH\´� ZHEVLWH�� DQG� VHQW� RXW� WR� /68� FLYLO� HQJLQHHULQJ� JUDGXDWH� DQG�
XQGHUJUDGXDWH�VWXGHQWV��7KH�3XEOLF�$FFHSWDQFH�DQG�([SHFWDWLRQV�6XUYH\�LV�VKRZQ�LQ�$SSHQGL[�
$���7KH�UHVSRQVHV�RI����SDUWLFLSDQWV�WR�HDFK�TXHVWLRQ�DUH�DQDO\]HG�DQG�SUHVHQWHG�LQ�WKH�IROORZLQJ�
VHFWLRQ��

7KH� SDUWLFLSDQWV� ZHUH� DVNHG� DERXW� WKHLU� DFFHSWDQFH� WR� WKH� WHFKQRORJ\�� 7KH� ��� SDUWLFLSDQWV�
H[SUHVVHG�WKHLU�QHHG�WR�KDYH�WKH�FRQQHFWHG�YHKLFOH�WHFKQRORJ\�ZKLFK�LQGLFDWHV�WKH�LPSRUWDQFH�RI�
WKH� GLIIHUHQW� DSSOLFDWLRQV� WKH� WHFKQRORJ\� PD\� RIIHU�� 7KHQ�� WKH� SDUWLFLSDQWV¶� QHHG� WR� VSHFLILF�
WHFKQRORJ\�DSSOLFDWLRQV�ZHUH�LQYHVWLJDWHG���$V�VXFK��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKHLU�QHHG�
WR�WKH�VLJQDO�WLPLQJ�DV�DQ�LPSRUWDQW�LQIRUPDWLRQ�ZKLOH�DSSURDFKLQJ�D�WUDIILF�VLJQDO��:LWK�D������
UHVSRQVH�UDWH��������RI�WKH�SDUWLFLSDQWV�VKRZHG�WKHLU�QHHG�WR�KDYH�WKLV�SLHFH�RI�LQIRUPDWLRQ�LQ�WKHLU�
FDUV���%DVHG�RQ�WKH�SDUWLFLSDQWV¶�UHVSRQVHV��WKH�UHPDLQLQJ�JUHHQ�WLPH�LQIRUPDWLRQ�ZDV�IRXQG�WR�EH�
PRUH�LPSRUWDQW�WKDQ�WKH�UHPDLQLQJ�UHG�WLPH�LQIRUPDWLRQ��

:KLOH�DSSURDFKLQJ�DQ�LQWHUVHFWLRQ��VRPH�GULYHUV�PD\�EHFRPH�FRQIXVHG�DERXW�ZKHWKHU� WKH�ODQH�
WKH\�DUH�RFFXS\LQJ�LV�WKH�ULJKW�ODQH�IRU�WKHLU�SODQQHG�PRYHPHQW��7KLV�PD\�OHDG�WR�LPSURSHU�ODQH�
FKDQJLQJ�EHKDYLRU�DW�WKH�LQWHUVHFWLRQ�ZKLFK�FRXOG�FDXVH�XQQHFHVVDU\�GHOD\V��$V�VXFK��ZKHQ�WKH�
SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKHLU�QHHG�WR�WKH�ODQH�XVH�LQIRUPDWLRQ��ZKHWKHU�D�ODQH�LV�DVVLJQHG�WR�
OHIW�WXUQ�ODQH�RQO\��ULJKW�WXUQ�ODQH�RQO\�«�HWF��������VKRZHG�WKHLU�QHHG�WR�WKDW�SLHFH�RI�LQIRUPDWLRQ�
ZKLOH�WKH\�DUH�DSSURDFKLQJ�DQ�LQWHUVHFWLRQ��

'ULYHUV¶�LQDWWHQWLYHQHVV�LV�D�FULWLFDO�LVVXH�WKDW�FRXOG�UHVXOW�LQ�WUDIILF�YLRODWLRQV�DQG�OHDG�WR�WUDIILF�
DFFLGHQWV�LQ�PDQ\�FDVHV��8QOHVV�WKH�GLVWUDFWHG�GULYHUV�UHFHLYH�DOHUWV�� WKH\�PD\�UXQ�D�UHG�WUDIILF�
OLJKW��UXQ�D�VWRS�VLJQ�DW�DQ�LQWHUVHFWLRQ��RU�VSHHG�XS�WR�EH\RQG�WKH�VSHHG�OLPLW��7KHVH�ZDUQLQJ�DOHUWV�
DUH�RQH�RI�WKH�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV��$V�VXFK��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKH�VLJQV�
WKH\� XVXDOO\� GR� QRW� QRWLFH� DQG� QHHG� WR� KDYH� LQIRUPDWLRQ� DERXW� ZKLOH� WKH\� DUH� GULYLQJ�� � 7KH�
SDUWLFLSDQWV¶� UHVSRQVHV�� DV� VKRZQ� LQ� )LJXUH� ���'LVWULEXWLRQ� RI� FRQWUROOHU� LQIRUPDWLRQ� QHHGV�
VXUYH\�

��LQGLFDWHG�WKDW�WKH\�QHHG�WR�UHFHLYH�DOHUW�PHVVDJHV�DERXW�DOO�WKH�VLJQV�WKH\�ZHUH�DVNHG�DERXW�EXW�
ZLWK�GLIIHUHQW�UDWLQJV��7KH�SDUWLFLSDQWV�UDWHG�WKH�LPSRUWDQFH�RI�DOO� WKH�VLJQV�ZLWK�UDWLQJV�KLJKHU�
WKDQ���RXW�RI����7KH\�DOVR�SURSRVHG�WR�UHFHLYH�LQIRUPDWLRQ�DERXW�RWKHU�VLJQV�VXFK�DV��H[LW�UDPSV��
ZRUN�]RQHV��DQG�QR�WXUQ�RQ�UHG�VLJQV��

,Q�DGGLWLRQ�WR�WKH�GULYHUV¶�LQDWWHQWLYHQHVV��VKRUW�VLJKW�GLVWDQFHV�DW�WKH�LQWHUVHFWLRQV�LV�RQH�RI�WKH�
IDFWRUV�WKDW�FRXOG�FDXVH�WUDIILF�DFFLGHQWV��9HKLFOHV�WUDYHOLQJ�RQ�WZR�LQWHUVHFWLQJ�URDGV�PD\�UXQ�LQWR�
RQH� DQRWKHU� LI� WKH\� GR� QRW� KDYH� HQRXJK� WLPH� WR� VWRS��ZKLFK� FRXOG� UHVXOW� IURP� HLWKHU� GULYHU¶V�
LQDWWHQWLYHQHVV�RU�VKRUW�VLJKW�GLVWDQFH��,Q�VXFK�D�FRQIOLFWLQJ�PRYHPHQW�VFHQDULR��DQ�DOHUW�PHVVDJH�
DERXW�D�ULJKW�DQJOH�YHKLFOH�FRPLQJ�IURP�DQ�LQWHUVHFWLQJ�URDG�FDQ�KHOS�WR�UHGXFH�WKH�FUDVK�ULVN�DW�
LQWHUVHFWLRQV��7KHUHE\��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKH�LPSRUWDQFH�RI�VXFK�ZDUQLQJ�DOHUWV���
8QVXUSULVLQJO\�� ����RI� WKH�SDUWLFLSDQWV� VKRZHG� WKHLU� QHHG� WR� WKHVH� DOHUWV��ZKLFK� LQGLFDWHG� WKH�
LPSRUWDQFH�RI� WKHVH�PHVVDJHV�DV�D�VDIHW\�DSSOLFDWLRQ�RI� WKH�FRQQHFWHG�YHKLFOH� WHFKQRORJ\��7KH�
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ZDUQLQJ�DOHUWV�DERXW�DQRWKHU�FULWLFDO�FRQIOLFWLQJ�PRYHPHQW�WKDW�WDNH�SODFH�RQ�WKH�LQWHUVWDWHV�ZDV�
LQYHVWLJDWHG���7KH�SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKH�LPSRUWDQFH�RI�UHFHLYLQJ�LQIRUPDWLRQ�RQ�WKH�
VDIHW\�RI�D�PHUJLQJ�PDQHXYHU�WKH\�DUH�SODQQLQJ�WR�SHUIRUP�ZKLOH�WKH\�DUH�HQWHULQJ�WKH�LQWHUVWDWHV��
7KHLU�DQVZHUV�VKRZHG�WKDW�����RXW�RI����UHVSRQGHQWV�QHHG�VXFK�LQIRUPDWLRQ��LQGLFDWLQJ�WKDW�PRVW�
RI�WKH�GULYHUV�PD\�QHHG�DVVLVWDQFH�WR�SHUIRUP�WKH�PHUJLQJ�PDQHXYHUV�RQ�WKH�LQWHUVWDWHV��
�

�

)LJXUH����'LVWULEXWLRQ�RI�FRQWUROOHU�LQIRUPDWLRQ�QHHGV�VXUYH\�

,Q� DGGLWLRQ� WR� VDIHW\�� FRQQHFWHG� YHKLFOH� WHFKQRORJ\� LV� DLPLQJ� DW� LPSURYLQJ� WKH� RSHUDWLRQDO�
FKDUDFWHULVWLFV� RI� WKH� WUDQVSRUWDWLRQ� QHWZRUNV�� 2QH� RI� WKH� RSHUDWLRQDO� DSSOLFDWLRQV� RI� WKH�
WHFKQRORJ\� LV� WKH� LQFLGHQW�DKHDG� LQIRUPDWLRQ�� 'ULYHUV� VKRXOG� UHFHLYH� LQIRUPDWLRQ� DERXW� WKH�
LQFLGHQW�ORFDWLRQV�ZKLFK�FRXOG�KHOS�WKHP�PDNH�WKH�ULJKW�GHFLVLRQ��UH�URXWLQJ��VORZLQJ�GRZQ�«�
HWF���DW�WKH�ULJKW�WLPH��$V�VXFK��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKH�LPSRUWDQFH�RI�VXFK�LQFLGHQW�
DKHDG�LQIRUPDWLRQ��$OO�WKH�SDUWLFLSDQWV�IRXQG�WKLV�LQIRUPDWLRQ�WR�EH�YHU\�FULWLFDO�IRU�WKHP��QRW�RQO\�
WR�LPSURYH�WKH�PRELOLW\�EXW�DOVR��EHFDXVH�RI�WKH�DVVRFLDWHG�VDIHW\�EHQHILWV��
5HJDUGLQJ�WKHLU�DELOLW\�WR�SURFHVV�DQG�UHDFW�WR�WKH�UHOD\HG�LQIRUPDWLRQ��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�
DERXW�WKH�DPRXQW�RI�LQIRUPDWLRQ�WKH\�FDQ�KDQGOH�DW�D�WLPH���0RVW�RI�WKH�SDUWLFLSDQWV�H[SUHVVHG�
WKHLU�DELOLW\�WR�SURFHVV�PXOWLSOH�SLHFHV�RI�LQIRUPDWLRQ�DW�WKH�VDPH�WLPH��ZLWK�����RI�WKHP�WKRXJKW�
WKDW�WZR�WR�WKUHH�SLHFHV�RI�LQIRUPDWLRQ�DV�WKH�PD[LPXP�DPRXQW�WKH\�FDQ�KDQGOH�DW�D�WLPH���7KH\�
DOVR�WKRXJKW�WKDW�PRUH�WKDQ���SLHFHV�RI�LQIRUPDWLRQ�FRXOG�UHSUHVHQW�DQ�RYHUORDG�WKDW�PLJKW�UHVXOW�
LQ�XQVDIH�GULYLQJ�HQYLURQPHQW��7KH�GULYHUV�RI�WKH�HTXLSSHG�YHKLFOHV�ZLWK�WKH�FRQQHFWHG�YHKLFOH�
WHFKQRORJ\�VKRXOG�UHFHLYH�WKH�LQIRUPDWLRQ�RQ�D�GLVSOD\�LQ�WKHLU�FDUV��7KLV�LQIRUPDWLRQ�FRXOG�EH�
SUHVHQWHG�LQ�WKH�IRUP�RI�LPDJHV��WH[W��DXGLWRU\�DOHUWV��RU�FRPELQDWLRQ�RI�WZR�RU�PRUH�RI�WKH�SUHYLRXV�
IRUPV�� ,Q� RUGHU� WR� LQYHVWLJDWH� WKH� RSWLPDO� IRUP� WR� UHOD\� WKH� LQIRUPDWLRQ� WR� WKH� GULYHUV�� WKH�
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:KLOH�\RX�DUH�RQ�WKH�URDGZD\��ZKLFK�RI�WKH�IROORZLQJ�VLJQV�GR�\RX�IHHO�ZRXOG�
EH�EHQHILFLDO�WR�EH�GLVSOD\HG�DV�D�ZDUQLQJ�PHVVDJH�LQ�\RXU�YHKLFOH"

6WRS�6LJQ

<LHOG�6LJQ

0HUJLQJ�=RQH

6SHHG�/LPLW

6FKRRO�=RQH

5LJKW�7XUQ�2.

2WKHU
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SDUWLFLSDQWV�ZHUH�DVNHG�DERXW�WKHLU�DELOLW\�WR�SURFHVV�WKH�DIRUHPHQWLRQHG�IRUPV���7KHLU�UHVSRQVHV�
VKRZHG�WKDW�����RI�WKH�SDUWLFLSDQWV�IRXQG�WKH�LPDJHV�WR�EH�WKH�HDVLHVW�IRUP�WKDW�WKH\�FDQ�SURFHVV���
:KHUHDV�����IRXQG�WKH�DXGLWRU\�DOHUWV�WR�EH�WKH�VHFRQG�EHVW�IRUP��DQG�D�ORZ�SHUFHQWDJH�RI�����
IRXQG�WKH�WH[W�DV�D�JRRG�ZD\�IRU�SUHVHQWLQJ�WKH�LQIRUPDWLRQ��7KHVH�UHVXOWV�DUH�YHU\�UHDVRQDEOH�DV�
SHRSOH�DUH�EHWWHU�LQ�SURFHVVLQJ�LPDJHV�DQG�DXGLR�DOHUWV�PRUH�WKDQ�WKH�WH[W��HVSHFLDOO\�ZKLOH�GULYLQJ�
DW�KLJK�VSHHGV�ZKLFK�FDQ�PLQLPL]H�WKH�GULYHUV¶�GLVWUDFWLRQ����
,Q�DGGLWLRQ�WR�WKH�IRUP�LQ�ZKLFK�WKH�LQIRUPDWLRQ�FRXOG�EH�UHOD\HG�WR�WKH�GULYHUV�� WKH�LQ�YHKLFOH�
ORFDWLRQ�ZKHUH�WKLV�LQIRUPDWLRQ�VKRXOG�EH�UHOD\HG�FRXOG�FRQWULEXWH�WR�WKH�GULYHUV¶�GLVWUDFWLRQ���$V�
VXFK�� WKH� SDUWLFLSDQWV�ZHUH� DVNHG� WR� FKRRVH� WKH� EHVW� RXW� RI� WKUHH� ORFDWLRQV�ZKHUH� WKH� UHOD\HG�
LQIRUPDWLRQ� VKRXOG�EH�SUHVHQWHG�� �7KH� WKUHH� ORFDWLRQV�DUH� VKRZQ� LQ�)LJXUH����/RFDWLRQ�RI� WKH�
LQIRUPDWLRQ�GLVSOD\�
���7KH�SDUWLFLSDQWV¶�UHVSRQVHV�VKRZHG�WKDW�����SUHIHUUHG�ORFDWLRQ�RQH������WKRXJKW�WKDW�ORFDWLRQ�
WZR�LV�WKH�EHVW��DQG�RQO\�����IRXQG�WKDW�ORFDWLRQ�WKUHH�LV�EHWWHU�WR�UHOD\�WKH�LQIRUPDWLRQ���7KHVH�
UHVXOWV�DJUHHG�ZLWK�D�SUHYLRXV�VWXG\��+ROPHV�������WKDW�VXJJHVWHG�WKDW�PRVW�RI�WKH�GULYHUV�FRPSO\�
ZLWK�WKH�PHVVDJHV�GLVSOD\HG�DW�WKDW�ORFDWLRQ�RQH��7KH�VWXG\�DOVR�LGHQWLILHG�WKDW�ORFDWLRQ�WR�EH�WKH�
VDIHVW�IRU�GULYHUV�WR�PRXQW�RII�WKH�VKHOYH�*36�GHYLFHV�VR�DV�WR�PLQLPL]H�WKH�GULYHUV¶�GLVWUDFWLRQ��
�

�

)LJXUH����/RFDWLRQ�RI�WKH�LQIRUPDWLRQ�GLVSOD\�

�
�
�
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������ 'HVLJQ�RI�WKH�9LVXDO�$OHUWV�0HVVDJH�6\VWHP��

7KH�DOHUWV�ZHUH�GHVLJQHG�DV�YLVXDO�WH[W�PHVVDJHV�WKDW�ZDUQHG�WKH�GULYHU�RI�LPPLQHQW�SRWHQWLDO�FUDVK�
ZLWK�WKH�OHDG�YHKLFOH��7KH�DOHUW�PHVVDJHV�ZHUH�GHVLJQHG�XVLQJ�WKH�&���LQWHUIDFH�RI�WKH�VLPXODWRU�
DFFRUGLQJ�WR�WKH�ORJLF�VKRZQ�LQ�)LJXUH����

6WDUW

6XEMHFW�
9HKLFOH

���6SHHG
���$FFHOHUDWLRQ

,V�WKHUH�D�YHKLFOH�
DKHDG"

12

���6SHHG
���+HDGZD\�'LVWDQFH
���+HDGZD\�7LPH

<(6

&DOFXODWH�
77&

77&�!���VHF"

<(6

77&����VHF�
	�!�����VHF"

12

$OHUW�0HVVDJH
³�6ORZ�'RZQ´

77&�������
VHF"

<(6

12

<(6
$OHUW�0HVVDJH
³6ORZ�'RZQ�±�
3RWHQWLDO�&UDVK´

12

�

)LJXUH����$OHUW�PHVVDJHV�ORJLF�LQ�&���

%DVHG�RQ�<DQJ�DQG�)OLNHU¶V��<DQJ�	�)ULFNHU���������LW�ZDV�GHFLGHG�WR�RPLW�DXGLWRU\�ZDUQLQJV�
EHFDXVH�GULYHUV�ZHUH�DOORZHG�WR�EHFRPH�IDPLOLDU�ZLWK�WKH�VFHQDULR�VXUURXQGLQJV�EHIRUH�WKH�DFWXDO�
WHVW��7KH�ILUVW�RI�WZR�YLVXDO�ZDUQLQJ�PHVVDJHV�ZDV�SURMHFWHG�RQWR�WKH�GULYHU¶V�VFUHHQ�LQ�D�\HOORZ�
IRQW� DV� ³6/2:�'2:1´�ZKHQ� WKH� GULYHU¶V�PLQLPXP� WLPH�WR�FROOLVLRQ� �77&��ZDV� GRZQ� WR� ��
VHFRQGV�� �7KLV�LV�VKRZQ�)LJXUH���D��7KH�VHFRQG�YLVXDO�ZDUQLQJ�PHVVDJH��GLVSOD\HG�LQ�UHG�IRQW��
UHDG�³6/2:�'2:1��327(17,$/�&5$6+´�ZKHQ�WKH�77&�IXUWKHU�GURSSHG�WR�����VHFRQGV��WKH�
PLQLPXP�77&�UHTXLUHG�IRU�GULYHUV�WR�VDIHO\�UHDFW��:,1680�	�+(,12���������7KLV�LV�VKRZQ�LQ�
)LJXUH���E���7KH�JHQHUDWLRQ�RI�WKHVH�DOHUW�PHVVDJHV�ZHUH�SURJUDPPHG�XVLQJ�WKH�-DYD6FULSW�ILOHV�
DVVRFLDWHG�ZLWK�WKH�GULYLQJ�VFHQDULR���)RU�WKH�PHVVDJH�VL]H�WR�EH�UHDGDEOH��D��´�IUDPH�WKDW�PLUURUV�
D�+8'�ZDV�SURMHFWHG�RQWR�WKH�PLGGOH�RI�WKH�ZLQGVKLHOG���7KUHH�SDUWLFLSDQWV�ZHUH�DVNHG�WR�DVVHVV�
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WKH�UHDGDELOLW\�RI�WKH�SURMHFWHG�PHVVDJH�LQVLGH�WKH�IUDPH�DQG�WKH�WH[W�VL]H�ZDV�HGLWHG�XQWLO�WKH�WKUHH�
GULYHUV�DJUHHG�WKDW�LW�ZDV�FOHDU�DQG�UHDGDEOH�ZLWKLQ�WKH��´�IUDPH���7KLV�PDGH�WKH�WHVW�EHG�YHU\�FORVH�
WR�VLPXODWH�D�FRQQHFWHG�YHKLFOH�+8'��

�

�D��$W���VHFRQGV�WKUHVKROG�

�

�E��$W�����VHFRQGV�WKUHVKROG�

)LJXUH����$OHUW�PHVVDJHV�GLVSOD\�

�
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������ 3DUWLFLSDQWV�

7KLUW\�SDUWLFLSDQWV�DJHG�EHWZHHQ����DQG����\HDUV�RI�DJH��PHDQ� �������VWDQGDUG�GHYLDWLRQ� ��������
DQG� FRQVLVWLQJ� RI� ILYH� IHPDOHV� DQG� WZHQW\�ILYH�PDOHV�ZHUH� UHFUXLWHG� IURP� WKH�/RXLVLDQD�6WDWH�
8QLYHUVLW\¶V�FRPPXQLW\�RI�VWXGHQWV�DQG�VWDII�� �7KH\�ZHUH�DOO�RI�JRRG�JHQHUDO�KHDOWK��DQG�ZHUH�
DFWLYH�GULYHUV�ZLWK�D�YDOLG�GULYHU¶V�OLFHQVH��7KH\�ZHUH�UHFUXLWHG�XVLQJ�IO\HUV�RQ�XQLYHUVLW\�EXOOHWLQ�
ERDUGV�DQG�LQ�DFFRUGDQFH�ZLWK�WKH�XQLYHUVLW\¶V�,QVWLWXWLRQDO�5HYLHZ�%RDUG¶V��,5%��VWDQGDUGV���1R�
ILQDQFLDO�LQFHQWLYH�RU�FRXUVH�FUHGLW�ZDV�RIIHUHG�VR�DOO�VXEMHFWV�SDUWLFLSDWHG�RXW�RI�WKHLU�RZQ�LQWHUHVW��
7R�EH�DEOH�WR�FODVVLI\�WKHP�LQWR�DJJUHVVLYH�DQG�QRQ�DJJUHVVLYH�GULYHUV��SDUWLFLSDQWV�ZHUH�DVNHG�WR�
FRPSOHWH� WKH�/DUVRQ�'ULYHU¶V�6WUHVV�3URILOH� �/'63��TXHVWLRQQDLUH��/DUVRQ��������EXW�ZHUH�QRW�
LQIRUPHG�RI�WKH�FULWHULD�VR�DV�WR�QRW�LQIOXHQFH�WKH�VFRULQJ�RI�WKHLU�GULYLQJ�EHKDYLRU��7KH�/'63��
VKRZQ�LQ�$SSHQGL[�%��ZDV�GHYHORSHG�E\�SV\FKLDWULVW�'U��-RKQ�/DUVRQ�IRU�WKH�$$$�IRXQGDWLRQ�IRU�
7UDIILF�6DIHW\�DQG�LV�D����TXHVWLRQ�/LNHUW�VFDOH�LQVWUXPHQW��JURXSHG�LQWR�IRXU�VXE�JURXSV�RI����
TXHVWLRQV�HDFK��$QJHU��,PSDWLHQFH��&RPSHWLWLRQ��DQG�3XQLVKLQJ�%HKDYLRUV�� �3DUWLFLSDQWV�VFRUHG�
HDFK�TXHVWLRQ�RQ�D�����VFDOH���� �QHYHU���� �VRPHWLPHV���� �RIWHQ���� �DOZD\V���6FRUHV�ZHUH�WKHQ�
VXPPHG�XS�DQG�SDUWLFLSDQWV�ZLWK�D�VXPPHG�VFRUH�OHVV�WKDQ�RU�HTXDO�WR����ZHUH�FODVVLILHG�DV�QRQ�
DJJUHVVLYH�GULYHUV��ZKLOH� WKRVH�ZLWK�JUHDWHU� VFRUHV�ZHUH�FODVVLILHG� DV� DJJUHVVLYH�GULYHUV�� �7KLV�
FULWHULRQ�ZDV�VHOHFWHG�EDVHG�RQ�SUHYLRXV�VWXGLHV��%/$1&+$5'��������DQG��0DOWD��%ODQFKDUG��	�
)UHLGHQEHUJ���������&RQVHTXHQWO\��WKHUH�ZHUH����QRQ�DJJUHVVLYH�DQG����DJJUHVVLYH�GULYHUV�IURP�
WKH�VXEMHFW�SRRO��$SSHQGL[�&�SUHVHQWV�D�VXPPDU\�RI�WKH�UHVSRQVHV�RI�WKH�SDUWLFLSDQWV�WR�WKH�/DUVRQ�
'ULYHU¶V� 6WUHVV� 3URILOH� �/'63�� TXHVWLRQQDLUH�� 7KH� YDOLGLW\� RI� WKH� /'63� TXHVWLRQQDLUH� IRU�
GHWHUPLQLQJ� DJJUHVVLYH� DQG� QRQ�DJJUHVVLYH� GULYHUV� KDV� EHHQ� WKRURXJKO\� DQDO\]HG� E\�
%/$1&+$5'��������ZKR�IRXQG�WKH�LQVWUXPHQW�WR�EH�³VRXQG��UHOLDEOH��DQG�YDOLG�VFDOH�IRU�XVH�
ZLWK�DJJUHVVLYH�GULYLQJ´��
 
������ ([SHULPHQWDO�'ULYHV�'HVLJQ�DQG�3URFHGXUH�

7KH�H[SHULPHQW�ZDV�GHVLJQHG�DV�D�SUH�SRVW�WHVW�VWXG\�ZLWK�DOO�WKLUW\�SDUWLFLSDQWV�UHTXLUHG�WR�GULYH�
WKH�VLPXODWRU�ZLWK�WZR�WHVW�UXQV���)RU�WKH�EDVH�UXQ��HDFK�SDUWLFLSDQW�ZDV�LQVWUXFWHG�WR�IROORZLQJ�KLV�
W\SLFDO�GULYLQJ�EHKDYLRU���$V�IRU�WKH�VHFRQG�UXQ��WKH�SDUWLFLSDQWV�ZHUH�DVNHG�WR�SHUIRUP�WKH�WHVW�
ZLWK�WKH�DOHUW�PHVVDJH�V\VWHP�ZLWKLQ�WKH�GHYHORSHG�WHVW�EHG�VFHQDULR���$OVR�IRU�WKH�VHFRQG�UXQ��WKH�
SDUWLFLSDQWV�ZHUH�UHTXHVWHG�WR�UHVSRQG�WR�WKH�PHVVDJHV�GLVSOD\HG�DV�D�ZDUQLQJ�PHVVDJHV���'ULYHV�
ZLWK�DOHUW�PHVVDJHV�UHVXOWHG�LQ�WKH�ZDUQLQJ�PHVVDJHV�EHLQJ�JHQHUDWHG�DV�GHVFULEHG�XQGHU�µ'HVLJQ�
RI�$OHUW�0HVVDJH�6\VWHP¶��ZKLOH�GULYHV�ZLWKRXW�WKH�DOHUW�PHVVDJHV�GLG�QRW�SURGXFH�DQ\�ZDUQLQJ�
PHVVDJHV��
8SRQ�DUULYDO�DW�WKH�GULYLQJ�VLPXODWRU�ODE��SDUWLFLSDQWV�ZHUH�EULHIHG�RQ�WKH�H[SHULPHQW�DQG�DVNHG�WR�
UHYLHZ�WKH�XQLYHUVLW\¶V�,5%�DSSURYHG�FRQVHQW�VKHHW�EHIRUH�VLJQLQJ�LW���7KLV�ZDV�WKHQ�IROORZHG�E\�
FRPSOHWLQJ�WKH�/'63�TXHVWLRQQDLUH���3DUWLFLSDQWV�ZHUH�WKHQ�DVNHG�WR�GUDZ�D�FDUG�WR�GHWHUPLQH�WKH�
RUGHU�RI�WKHLU�GULYHV��ZLWK�RU�ZLWKRXW�DOHUW�PHVVDJHV���7KH�GULYHV�ZHUH�UDQGRPO\�GHWHUPLQHG�LQ�
RUGHU�WR�QXOOLI\�DQ\�OHDUQLQJ�HIIHFW���(DFK�SDUWLFLSDQW�ZDV�WKHQ�DOORZHG�WR�SUDFWLFH�ZLWK�WKH�GULYLQJ�
VLPXODWRU�XQWLO�VXFK�WLPH�WKDW�WKH\�EHFDPH�IDPLOLDU�ZLWK�WKH�FRQWUROV�DQG�LWV�RSHUDWLRQ���7KH�DFWXDO�
WHVW�WKHQ�IROORZHG�ZLWK�SDUWLFLSDQWV�EHLQJ�DVNHG�WR�GULYH�DV�WKH\�ZRXOG�QRUPDOO\�RQ�WKHLU�ZD\�WR�
ZRUN� RU� FROOHJH� EXW� WR� DOZD\V� VWD\� LQ� WKH� ULJKW�ODQH�� DYRLG� FKDQJLQJ� ODQHV� RU� RYHUWDNLQJ�� DQG�
PDLQWDLQ�D�FRQVLVWHQW�IROORZLQJ�GLVWDQFH�WKDW�WKH\�FRQVLGHUHG�DV�VDIH��
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���� '$7$�&2//(&7,21�$1'�67$7,67,&$/�$1$/<6,6�

'DWD� ZDV� FROOHFWHG� IRU� RQO\� ZKHQ� WKH� YHKLFOHV� ZHUH� ZLWKLQ� ��� VHFRQGV� RI� DSSURDFKLQJ� DQ�
LQWHUVHFWLRQ�VWRS�OLQH�GXH�WR�HDUOLHU�VWXGLHV��/OR\G��:LOVRQ��1RZDN��	�%LWWQHU��-U��������VXJJHVWLQJ�
���VHFRQGV�DV�WKH�PLQLPXP�WLPH�UHTXLUHG�IRU�GULYHUV�WR�UHDFW�WR�ZDUQLQJ�PHVVDJHV�DW�VWRS�OLQHV���
(DFK�SDUWLFLSDQW¶V�YHORFLW\��9���OHDG�YHKLFOH¶V�YHORFLW\��9O���DQG�KHDGZD\�GLVWDQFH��'K��EHWZHHQ�
WKH�SDUWLFLSDQW¶V�YHKLFOH�DQG�WKH�OHDG�YHKLFOH�IRU�ERWK�GULYHV�ZHUH�FROOHFWHG�DW����+]�IUHTXHQF\�
WKURXJK� WKH� SURSULHWDU\� VRIWZDUH� RI� WKH� GULYLQJ� VLPXODWRU�� � 7KH� WLPH�WR�FROOLVLRQ� IRU� HDFK�
SDUWLFLSDQW��77&L���GHILQHG�DV�WKH�WLPH�LQ�VHFRQGV�IRU�WKH�SDUWLFLSDQW¶V�YHKLFOH��RI�OHQJWK�O��WR�PDNH�
FRQWDFW�ZLWK�WKH�OHDG�YHKLFOH��ZDV�FDOFXODWHG�IRU�HDFK�GULYH�DQG�IRU�DOO�WKH�REVHUYDWLRQV�DV�IROORZV��

ܥܶܶ ൌ ି
ି

� ����

)RU�HDFK�SDUWLFLSDQW��WKH�PHDQ�YDOXH�RI�77&L�ZDV�WKHQ�FRPSXWHG�IRU�HDFK�GULYH�VR�WKDW�WKH�ILQDO�
GDWD�FRQVLVWHG�RI�RQH�URZ�RI�GDWD�IRU�HDFK�SDUWLFLSDQW�FRQWDLQLQJ�IRXU�FROXPQV��SDUWLFLSDQW�,'��
PHDQ�77&�IRU�WKH�GULYH�ZLWK�DOHUW�PHVVDJHV��PHDQ�77&�IRU�WKH�GULYH�ZLWKRXW�DOHUW�PHVVDJHV��DQG�
WKH�GLIIHUHQFH�LQ�PHDQV�EHWZHHQ�WKH�77&V�IRU�WKH�WZR�GULYHV���7KH�GDWD�ZHUH�WKHQ�RUJDQL]HG�LQWR�
WZR�VHSDUDWH�JURXSV�EDVHG�RQ�DJJUHVVLYH�DQG�QRQ�DJJUHVVLYH�GULYHUV�DQG�DQDO\]HG�VHSDUDWHO\���

%HFDXVH�WKH�VDPH�SDUWLFLSDQW�FDUULHG�RXW�ERWK�GULYHV��WKH�VDPSOHV�ZHUH�WUHDWHG�DV�GHSHQGHQW�DQG�
VXEMHFWHG�WR�D�GHSHQGHQW�W�WHVW�LQ�$129$�WR�ILQG�ZKHWKHU�WKHUH�ZHUH�DQ\�GLIIHUHQFHV�LQ�WKH�GULYLQJ�
EHKDYLRU�RI�WKH�VXEMHFWV�DV�WKH\�ZHUH�H[SRVHG�WR�WKH�DOHUW�PHVVDJHV���7KH�SDLUHG�VDPSOH�WHVW�ZDV�
DSSURSULDWH�DV�LW�GLG�QRW�LPSRVH�DQ�HTXDO�YDULDQFH�DVVXPSWLRQ�RQ�WKH�WZR�GULYHV��DQG�H[FOXVLYHO\�
DOORWV� DQ\� GLIIHUHQFH� EHWZHHQ� WKH�PHDQ� 77&V� IRU� WKH� WZR� GULYHV� WR� WKH� SUHVHQFH� RI� WKH� DOHUW�
PHVVDJHV��3ULRU�WR�WKH�W�WHVW��WKH�GDWD�ZDV�FKHFNHG�IRU�YLRODWLRQ�RI�WKH�QRUPDOLW\�DVVXPSWLRQ���$OO�
VWDWLVWLFDO�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�6$6�(QWHUSULVH�*XLGH������
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���� ',6&866,21�2)�5(68/76�

$�IRUPDO�WHVW�RI�WKH�QRUPDOLW\�DVVXPSWLRQ�ZDV�SHUIRUPHG�IRU�WKH�GLIIHUHQFH�LQ�PHDQV�EHWZHHQ�WKH�
77&V�IRU�WKH�WZR�GULYHV�IRU�DOO�SDUWLFLSDQWV�� �7KH�UHVXOW��6KDSLUR�:LON¶V�VWDWLVWLF� ���������S� �
��������ZDV�QRW�VLJQLILFDQW�DW������OHYHO�RI�VLJQLILFDQFH��DQG�KHQFH��IDLOHG�WR�UHMHFW�WKH�QRUPDOLW\�
DVVXPSWLRQ��7KLV�LV�D�UHTXLUHG�DVVXPSWLRQ�RI�WKH�W�WHVW�IRU�GHSHQGHQW�VDPSOHV���

7KH�W�WHVW�IRU�GHSHQGHQW�VDPSOHV�ZDV�SHUIRUPHG�VHSDUDWHO\�IRU�WKH�DJJUHVVLYH�DQG�QRQ�DJJUHVVLYH�
GULYHUV���7KH�QXOO�DQG�DOWHUQDWLYH�K\SRWKHVHV�WHVWHG�LQ�HDFK�FDVH�ZHUH��

+���7KHUH� LV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ� WKH�PHDQ�77&�REVHUYHG�ZLWKRXW�DQG�ZLWK�DOHUW�
PHVVDJHV��

+��� 7KHUH� LV� D� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� WKH�PHDQ�77&� REVHUYHG�ZLWKRXW� DQG�ZLWK� DOHUW�
PHVVDJHV��

'ULYLQJ� UXQV� ZHUH� GRQH� WZLFH� SHU� GULYHU�� )LUVWO\�� GULYHUV� DUH� FDWHJRUL]HG� LQWR� WZR� JURXSV��
DJJUHVVLYH�GULYHUV�DQG�QRQ�DJJUHVVLYH�GULYHUV���6HFRQGO\�HDFK�GULYHU�ZDV�UHTXHVWHG�WR�PDNH�D�EDVH�
UXQ�ZLWK�KLV� W\SLFDO� GULYLQJ�EHKDYLRU� DQG� D� WHVWLQJ� UXQ�ZLWK�ZDUQLQJ�PHVVDJHV� DOHUW�� )RU� QRQ�
DJJUHVVLYH� GULYHUV�� WKH� UHVXOW� >W� ����� � ������� S� � ������@� VXJJHVWLQJ�ZH� IDLO� WR� UHMHFW� WKH� QXOO�
K\SRWKHVLV�DW�D����OHYHO�RI�VLJQLILFDQFH���2Q�WKH�RWKHU�KDQG��IRU�DJJUHVVLYH�GULYHUV��WKH�UHVXOW�>W�����
 �������S� �������@�VXJJHVWV�WKDW�WKH�QXOO�K\SRWKHVLV�FDQ�EH�UHMHFWHG�DW�WKH����OHYHO�RI�VLJQLILFDQFH��
OHDGLQJ�WR�WKH�FRQFOXVLRQ�WKDW�WKDW�WKH�GLVSOD\�RI�DOHUW�PHVVDJHV�FDXVHG�D�VLJQLILFDQW�GLIIHUHQFH�LQ�
WKH�GULYLQJ�EHKDYLRU�RI�DJJUHVVLYH�GULYHUV��)XUWKHUPRUH��)LJXUH���VKRZV�WKH�SURILOH�SORWV�IRU�WKH�
WZR�JURXSV�RI�GULYHUV��77&�YDOXHV�IRU�WKH�GULYHV�ZLWK�DQG�ZLWKRXW�DOHUW�PHVVDJHV��

�
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�

�D��1RQ�DJJUHVVLYH�GULYHUV�

�

�E��$JJUHVVLYH�GULYHUV�

)LJXUH����77&�SURILOH�SORW�IRU�GULYHUV�ZLWK�DQG�ZLWKRXW�DOHUW�PHVVDJHV�

�
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7KH� SURILOH� SORW� IRU� WKH� QRQ�DJJUHVVLYH� GULYHUV� VXJJHVWV� WKDW�ZKLOH� WKH� GLIIHUHQFH� EHWZHHQ� WKH�
GULYHV�ZLWK�DQG�ZLWKRXW�DOHUW�PHVVDJHV�ZDV�QRW�VLJQLILFDQW��WKH�PHDQ�77&�IRU�WKH�GULYHV�ZLWK�DOHUW�
PHVVDJHV�ZDV�VOLJKWO\�ORZHU�WKDQ�WKH�GULYHV�ZLWKRXW�DOHUW�PHVVDJHV��7KLV�PHDQV�WKDW�IRU�GULYHUV�
ZLWKRXW� DOHUW�PHVVDJHV�� WKH� QRQ�DJJUHVVLYH� GULYHUV� GURYH�ZLWK� VOLJKWO\�PRUH� FDXWLRQ� WKDQ� WKH\�
ZRXOG�QRUPDOO\�GR��8SRQ�DQDO\VLQJ�WKHLU�YLGHR�GDWD��LW�ZDV�REYLRXV�WKDW�D�IHZ�RI�WKHP�WHQGHG�WR�
GULYH�FORVHU�WR�WKH�OHDG�YHKLFOH�GXULQJ�WKH�GULYH�ZLWK�WKH�DOHUW�PHVVDJHV���:KHQ�LQWHUYLHZHG��WKH\�
H[SUHVVHG�WKDW�WKH\�NQHZ�WKH\�ZRXOG�EH�SURPSWHG�E\�WKH�DOHUW�PHVVDJHV�ZKHQ�WKH\�ZHUH�WRR�FORVH�
WR�WKH�OHDG�YHKLFOH�DQG�WKDW�LQIOXHQFH�WKHLU�GULYLQJ�EHKDYLRXU��

�
� �
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���� &21&/86,216�

&RQQHFWHG�YHKLFOHV�WHFKQRORJ\�KDV�EHHQ�DFNQRZOHGJHG�WR�KDYH�RSHUDWLRQDO�EHQHILWV�LQ�WHUPV�RI�
UHGXFLQJ�WUDYHO�WLPHV�DQG�GHOD\V�IRU�WKH�WUDYHOLQJ�SXEOLF��DV�ZHOO�DV�OHVVHQLQJ�WKH�HQYLURQPHQWDO�
LPSDFW� LQ� WHUPV� RI� UHGXFLQJ� YHKLFOH� HPLVVLRQV� DQG� DLU� SROOXWLRQ�� � 7KH� GHSOR\PHQW� RI� VXFK�
WHFKQRORJ\�RIIHUV� DQ�RSSRUWXQLW\� IRU� HFRQRPLF�GHYHORSPHQW� E\� WDUJHWLQJ� LPSURYHPHQWV� LQ� WKH�
DUHDV�RI�WUDIILF�RSHUDWLRQ��VDIHW\��DQG�HQYLURQPHQWDO�LPSDFWV���+RZHYHU��WR�EH�DEOH�WR�IXOO\�DVVHVV�
LWV�UHOLDELOLW\�DQG�SRWHQWLDO�EHQHILWV��LW�UHTXLUHV�WKH�XVH�RI�WHVW�EHGV�ZKLFK�ZLOO�DGGLWLRQDOO\�DGGUHVV�
XQIRUHVHHQ� DQG� SRWHQWLDO� LVVXHV� DVVRFLDWHG� ZLWK� WKH� GHYHORSPHQW� DQG� GHSOR\PHQW� RI� WKH�
WHFKQRORJ\���6LPXODWLRQ�EDVHG�WHVW�EHGV��KDUQHVVLQJ�D�GULYLQJ�VLPXODWRU�SODWIRUP��FDQ�EH�XWLOL]HG�
WR�DFKLHYH�WKH�EHQHILWV�RI�D�SK\VLFDO�WHVW�EHG�DQG�LI�VXFFHVVIXO��ZLOO�SURYLGH�D�FKHDSHU�DOWHUQDWLYH�
WKDW�FDQ�EH�HDVLHU�FRQWUROOHG�IRU�GHVLUHG�HIIHFWV���

)RU� WKLV� VWXG\�� D� SUHOLPLQDU\� GULYLQJ� VLPXODWRU� WHVW� EHG�ZDV� GHYHORSHG� XVLQJ� WKH�/68�GULYLQJ�
VLPXODWRU�DQG�WKURXJK�PDQLSXODWLRQ�RI�DSSURSULDWH�SURSULHWDU\�VRIWZDUH��$�VXUYH\�ZDV�FRQGXFWHG�
WR� GHWHUPLQH�ZKHUH�EHVW� WR� GLVSOD\� WZR�GLIIHUHQW� DOHUW�PHVVDJHV�EDVHG�RQ� WKH� WLPH�WR�FROOLVLRQ�
EHWZHHQ�WKH�VLPXODWRU�DQG�WKH�OHDG�YHKLFOH��$�VDPSOH�RI�DJJUHVVLYH�DQG�QRQ�DJJUHVVLYH�GULYHUV�
ZHUH�UHFUXLWHG�DQG�WKHLU�GULYLQJ�SHUIRUPDQFH�DW�DSSURDFKHV�WR�LQWHUVHFWLRQ�VWRS�OLQHV�DQDO\]HG�IRU�
GLIIHUHQFHV�LQ�GULYHV�ZLWK�WKH�DOHUW�PHVVDJHV�DQG�GULYHV�ZLWKRXW��7KH�SHUIRUPDQFH�PHDVXUH�XVHG�
WR� DQDO\]H� WKH� GULYHV� ZDV� WLPH�WR�FROOLVLRQ� VLQFH� HPSKDVLV� ZDV� RQ� DYRLGLQJ� FROOLVLRQV� DW�
LQWHUVHFWLRQV�� �8SRQ�FDUU\LQJ�RXW� D� W�WHVW� IRU�GHSHQGHQW� VDPSOHV� IRU� HDFK�JURXS�RI�GULYHUV�� WKH�
UHVXOWV�VKRZHG�WKDW�WKH�QRQ�DJJUHVVLYH�GULYHUV�GLG�QRW�VLJQLILFDQWO\�FKDQJH�WKHLU�GULYLQJ�EHKDYLRU�
ZKHQ�H[SRVHG�WR�WKH�DOHUW�PHVVDJHV���2Q�WKH�RWKHU�KDQG��DJJUHVVLYH�GULYHUV�VLJQLILFDQWO\�FKDQJHG�
WKHLU�GULYLQJ�SHUIRUPDQFH�E\� VORZLQJ�GRZQ�PRUH�DW� LQWHUVHFWLRQV�DQG� LQFUHDVLQJ� WKHLU� WLPH�WR�
FROOLVLRQ�� � ,W� ZDV� DOVR� REVHUYHG� WKDW� DJJUHVVLYH� GULYHUV� DFWLYDWHG� PRUH� DOHUWV� WKDQ� WKH� QRQ�
DJJUHVVLYH�GULYHUV��LPSO\LQJ�WKH�DOHUW�PHVVDJH�V\VWHP�ZDV�VXFFHVVIXO�LQ�DOWHULQJ�WKHLU�GULYLQJ�VW\OH����

7KH�VXFFHVVIXO�GHYHORSPHQW�RI�WKH�SUHOLPLQDU\�GULYLQJ�VLPXODWRU�WHVW�EHG�PHDQV�IXWXUH�VHQVLWLYLW\�
WHVWV� FDQ� EH� XQGHUWDNHQ� WR� DVFHUWDLQ� WKH� RSWLPDO�PRPHQW� WR� SURPSW� WKH� DFWLYDWLRQ� RI� WKH� DOHUW�
PHVVDJHV���7KH�DGGLWLRQ�RI�DXGLR�SURPSWV�WR�WKH�FXUUHQW�YLVXDO�DOHUW�V\VWHP�FDQ�DOVR�EH�H[SORUHG�
DQG�D�ODUJHU�VDPSOH�VL]H�FDQ�EH�XWLOL]HG�WR�DQDO\]H�GHPRJUDSKLF�HIIHFWV�RI�VXFK�WHFKQRORJ\���,W�LV�
DFNQRZOHGJHG�WKDW�WKH�SUHVHQW�VDPSOH�VL]H�LV�D�OLPLWDWLRQ�RI�WKH�VWXG\���,Q�DGGLWLRQ��RWKHU�GULYLQJ�
FKDUDFWHULVWLFV�VXFK�DV�VSHHG��DFFHOHUDWLRQ�DQG�WLPH�KHDGZD\V�FRXOG�EH�DQDO\]HG�EHIRUH�DQG�DIWHU�
WKH� DOHUW� PHVVDJH� LQ� RUGHU� WR� LQYHVWLJDWH� SRWHQWLDO� DGDSWDWLRQ� HIIHFWV� LQ� GULYLQJ� EHKDYLRU���
)XUWKHUPRUH�� WKH�SUHOLPLQDU\�WHVW�EHG�FDQ�EH�HQKDQFHG�WR�DOORZ�PRUH�YHKLFOHV� WR�FRPPXQLFDWH�
ZLWKLQ� WKH�JHQHUDWHG�QHWZRUN�RI� WKH�GULYLQJ�VLPXODWRU�HQYLURQPHQW�� DQG� IXUWKHU�EHQHILWV�RI� WKH�
9�9�WHFKQRORJ\�H[SORUHG��
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�
%OLQFRH�/��-�� et al.������� 7KH�HFRQRPLF�LPSDFW�RI�PRWRU�YHKLFOH�FUDVKHV������, US Department 

of Transportation, National Highway Traffic Safety Administration Washington, DC, 2002��
�
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&+�0+,//��������0Q'27�5,&:6�VDIHW\�5HSRUW��0LQQHVRWD�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ���
�
*HUWPDQ�� '�,��� 6SLHOPDQ�� =��� %URZQ�� -�� DQG�:ROG�� 6��� ������ 7UDYHOLQJ� WR� WKH� )XWXUH�� +XPDQ�

)DFWRUV�DQG�(UJRQRPLFV�,QWHJUDWLRQ��6LPXODWLRQ��)LHOG�7HVWLQJ�DQG�6WUDWHJLF�3DUWQHUV� LQ�
6XSSRUW�RI�+HDY\�9HKLFOH�5HVHDUFK��3URFHGLD�0DQXIDFWXULQJ�����SS������������

�
+LOO��-���3K�'���������&RQFHSW�RI�2SHUDWLRQV�IRU�5RDG�:HDWKHU�&RQQHFWHG�9HKLFOH�$SSOLFDWLRQV��

)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ��
�
+ROPHV�� /��� +DUZRRG�� /��� .ODXHU�� 6�� DQG� 'RHU]DSK�� =��� ������ &RQQHFWHG� YHKLFOH� V\VWHPV��������

(YDOXDWLRQ� RI� GLVSOD\� ORFDWLRQ� DQG� DSSOLFDWLRQ� W\SH� RQ� GULYLQJ�
SHUIRUPDQFH��Transportation Research Record: Journal of the Transportation Research 
Board����������SS��������

�
+RX��<���=KDR��<���:DJK��$���=KDQJ��/���4LDR��&���+XOPH��.���:X��&���6DGHN��$��DQG�/LX��;���

������6LPXODWLRQ�%DVHG�7HVWLQJ�DQG�(YDOXDWLRQ�7RROV�IRU�7UDQVSRUWDWLRQ�&\EHU�3K\VLFDO�
6\VWHPV��

�
+XII��.�+���0DWXWH��-���*DUFLD��$��DQG�=KDR��'���������7UDQVLW�DSSOLFDWLRQV�RI�YHKLFOH�WR�YHKLFOH�

DQG� YHKLFOH�WR�LQIUDVWUXFWXUH� WHFKQRORJ\�� ,Q�Proceedings of TRB 94th Annual Meeting, 
Washington DC, 2015��
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,QWHOOLJHQW�7UDQVSRUWDWLRQ�6\VWHPV�-RLQW�3URJUDP�2IILFH��&RQQHFWHG�9HKLFOH�5HVHDUFK�LQ�WKH����
8QLWHG�6WDWHV��8QLWHG�6WDWHV�GHSDUWPHQW�RI�WUDQVSRUWDWLRQ��
KWWS���ZZZ�LWV�GRW�JRY�SLORWV�FYBSLORWBDSSV�KWP��

�
/DUVRQ��-��$����������Steering clear of highway madness: A driver’s guide to curbing stress & 

strain.�8QLWHG�6WDWHV��%RRNSDUWQHUV��
�
/OR\G�0���et al.������� �'ULYHU�YHKLFOH�LQWHUIDFH��'9,��GHVLJQ�LVVXHV�RI�DQ�LQWHUVHFWLRQ�FROOLVLRQ�

DYRLGDQFH� �,&$�� V\VWHP���3UHVHQWHG� DW�75th Annual Meeting of the Transportation Board��
:DVKLQJWRQ��'�&��

�
/OR\G��0���:LOVRQ��*���1RZDN��&���	�%LWWQHU��-U��$����������%UDNH�SXOVLQJ�DV�+DSWLF�ZDUQLQJ�IRU�

DQ� LQWHUVHFWLRQ� FROOLVLRQ� DYRLGDQFH� &RXQWHUPHDVXUH�� Transportation Research Record: 
Journal of the Transportation Research Board, 1694����±����GRL�����������������

�
0DOWD��/��6���%ODQFKDUG��(��%���	�)UHLGHQEHUJ��%��0����������3V\FKLDWULF�DQG�EHKDYLRUDO�SUREOHPV�

LQ� DJJUHVVLYH� GULYHUV�� Behaviour Research and Therapy�� �������� ����±������
GRL���������M�EUDW�������������

�
0DLOH��0���1HDOH��9���$KPHG�=DLG��)���HWF���������&RRSHUDWLYH�,QWHUVHFWLRQ�&ROOLVLRQ�$YRLGDQFH�

6\VWHP�/LPLWHG� WR�6WRS�6LJQ�DQG�7UDIILF�6LJQDO�9LRODWLRQV��&,&$6�9��±�3KDVH� ,�)LQDO�
5HSRUW��)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ���

�
0F&XOORXFK��%���/HH��-���.DQJ��:��DQG�/HXQJ��0���������8WLOL]LQJ�:LUHOHVV�'DWD�1HWZRUN�IRU�

$9/� DQG� 0RELOH� 5:,6�� ,Q�Proc., 2007 Mid-Continent Transportation Research 
Symposium��

�
�1�� 5HVHDUFK� 3DUWQHUVKLS��� /HHGV� $GYDQFHG� 'ULYLQJ� 6LPXODWRU��

KWWS���ZZZ�Q�HTXLSPHQW�RUJ�XN�LG��B���������W�/HHGV�$GYDQFHG�'ULYLQJ�6LPXODWRU���
>$FFHVVHG�)HEUXDU\���������@��

�
2HOW]H��.��	�'RW]DXHU��0���������7RZDUGV�$�%HVW�3UDFWLFH�)RU�0XOWL��'ULYHU�6LPXODWRU�6WXGLHV��

:RUNVKRS� RQ� 3UDFWLFDO� ([SHULHQFHV� LQ� 0HDVXULQJ� DQG� 0RGHOLQJ� 'ULYHUV� DQG� 'ULYHU�
9HKLFOH�,QWHUDFWLRQV�DW�$XWRPRWLYH8,¶����

�
5RJHUV�� Z��� HW� DO��� ������ &KDOOHQJHV� WR� 9� DQG� $9� DSSOLFDWLRQ� LQ� 7UXFN� )UHLJKW����

2SHUDWLRQV���National Cooperative Highway Research Program, NCHRP 20-102��
�
6FKQHHEHUJHU�� -�'��� +LFNV�� '��� *ODVVFR�� 5�� DQG� 'UXPZULJKW�� /��� ������ $SSOLFDWLRQV� IRU� WKH�

(QYLURQPHQW�� 5HDO�7LPH� ,QIRUPDWLRQ� 6\QWKHVLV� (FR�6LJQDO� 2SHUDWLRQV�� 2SHUDWLRQDO�
&RQFHSW��)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ���

�
6FKZDU]��&���+HQFK��6���*LOPRUH��%���5RPLJ��%���:DWVRQ��*���'RODQ��-���$OOHQ��6��DQG�&DEOH��6���

������'HYHORSPHQW�RI�DQ�2II�5RDG�$JULFXOWXUDO�9LUWXDO�3URYLQJ�*URXQG��,Q�Driving 
Simulation Conference, North America 2003 (DSC-NA 2003)���
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6ORE��-�-���������6WDWH�RI�WKH�$UW�GULYLQJ�VLPXODWRUV��D�OLWHUDWXUH�VXUYH\��'&7�5HSRUW�������
�
6RQJ��0���0F/DXJKOLQ��6��DQG�'RHU]DSK��=���������$Q�RQ�URDG�HYDOXDWLRQ�RI�FRQQHFWHG�

PRWRUF\FOH�FUDVK�ZDUQLQJ�LQWHUIDFH����,Q�Transportation Research Board 95th Annual 
Meeting��1R������������

�
7KH�1DWLRQDO�$GYDQFHG�'ULYLQJ�6LPXODWRU���7KH�1$'6����������7KH�1DWLRQDO�$GYDQFHG�'ULYLQJ�

6LPXODWRU���7KH�1$'6���� �$YDLODEOH�DW��KWWSV���ZZZ�QDGV�VF�XLRZD�HGX�VLPBQDGV��SKS��
>$FFHVVHG����)HEUXDU\�����@��

�
9LUJLQLD� 7HFK� 7UDQVSRUWDWLRQ� ,QVWLWXWH� _� 9LUJLQLD� 7HFK�� ������ 9LUJLQLD� 7HFK� 7UDQVSRUWDWLRQ�

,QVWLWXWH� _� 9LUJLQLD� 7HFK�� >21/,1(@� $YDLODEOH� DW��
KWWS���ZZZ�YWWL�YW�HGX�UHVHDUFK�FWEV�VLPXODWRU�KWPO��>$FFHVVHG����)HEUXDU\�����@��

�
:,1680��:��9���	�+(,12��$����������&KRLFH�RI�WLPH�KHDGZD\�LQ�FDU�IROORZLQJ�DQG�WKH�UROH�RI�

WLPH�WR�FROOLVLRQ� LQIRUPDWLRQ� LQ� EUDNLQJ�� Ergonomics�� ������� ���±�����
GRL���������������������������

�
<DQJ�� &��� DQG� )ULFNHU�� -�� �������� 8VLQJ� KXPDQ� LQIRUPDWLRQ� SURFHVVLQJ� SULQFLSOHV� WR� GHVLJQ�

DGYDQFHG�WUDYHOHU�LQIRUPDWLRQ�V\VWHPV��Transportation Research Record: Journal of the 
Transportation Research Board���������±���GRL�����������������

�
<DQ��;���;XH��4���0D��/��DQG�;X��<���������'ULYLQJ�VLPXODWRU�EDVHG�WHVW�RQ�WKH�HIIHFWLYHQHVV�RI�

DXGLWRU\� UHG�OLJKW� UXQQLQJ� YHKLFOH� ZDUQLQJ� V\VWHP� EDVHG� RQ� WLPH�WR�FROOLVLRQ� VHQVRU��
6HQVRUV���������SS�������������

<DQ��;��� =KDQJ��<�� DQG�0D�� /��� ������ 7KH� LQIOXHQFH� RI� LQ�YHKLFOH� VSHHFK�ZDUQLQJ� WLPLQJ� RQ�
GULYHUV¶� FROOLVLRQ� DYRLGDQFH� SHUIRUPDQFH� DW� VLJQDOL]HG� LQWHUVHFWLRQV��Transportation 
research part C: emerging technologies��51��SS����������

�
<X��6�%���/HH��6�<��DQG�.LP��0�6���������'HYHORSPHQW�RI�D�YLUWXDO�UHDOLW\�EDVHG�YHKLFOH�VLPXODWRU�

V\VWHP�IRU�WHVW�DQG�GHYHORSPHQW�RI�$69��WHOHPDWLFV�DQG�,76��1R�����������������6$(�
7HFKQLFDO�3DSHU���

�
=KDR��<���:DJK��$���+RX��<���+XOPH��.���4LDR��&�� DQG�6DGHN��$�:��������� ,QWHJUDWHG� WUDIILF�

GULYLQJ�QHWZRUNLQJ�VLPXODWRU�IRU�WKH�GHVLJQ�RI�FRQQHFWHG�YHKLFOH�DSSOLFDWLRQV��HFR�VLJQDO�
FDVH�VWXG\��-RXUQDO�RI�,QWHOOLJHQW�7UDQVSRUWDWLRQ�6\VWHPV��SS�������9DQFRXYHU��
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'ULYHU�
,'� ����� ������ ������ ������ $JH� *HQGHU $QJHU� &RPSHWLQJ� ,PSDWLHQFH 3XQLVKLQJ
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��� �� �� ��� �� ��� 0� /RZ� /RZ� 0HGLXP� /RZ�
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