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$XWRQRPRXV�5RYHU�7HFKQRORJLHV�7DVN�

:H�SURSRVH�D�UHVHDUFK�HIIRUW�WR�DGYDQFH�WKH�URERWLF�FDSDELOLWLHV�RI�SODQHWDU\�URYHUV�WKURXJK�WKH�FUHDWLRQ

DQG�YDOLGDWLRQ�RI�PHFKDWURQLF��SHUFHSWLRQ��DQG�FRJQLWLRQ�WHFKQRORJLHV��7KLV�UHVHDUFK�ZLOO�SXUVXH

EUHDNWKURXJKV�DQG�LQVLJKWV�LQWR�DVSHFWV�RI�URERWLF�QDYLJDWLRQ��SODQQLQJ��DQG�OHDUQLQJ�IRU�DXWRQRPRXV

H[SORUDWLRQ��SUHFLVLRQ�SRVLWLRQLQJ�IURP�WUDFNLQJ�QDWXUDO�IHDWXUHV��UREXVW�UDGDU�SHUFHSWLRQ�IRU�PDSSLQJ

DQG�VDIHJXDUGLQJ��DQG�V\QWKHVLV�RI�UHFRQILJXUDEOH�URERWLF�PRELOLW\�IRU�FKDOOHQJLQJ�SODQHWDU\�WHUUDLQV�

���2EMHFWLYHV

7KH�SULPDU\�JRDO�RI�WKLV�WDVN�LV�WR�JHQHUDWH�URERWLF�WHFKQRORJLHV�WR�HQDEOH�DXWRQRPRXV�UHJLRQDO

H[SORUDWLRQ�E\�SODQHWDU\�URYHUV��7KH�VSHFLILF�UHVHDUFK�DUHDV�IRU�)<����DUH�

� 1DYLJDWLRQ��SODQQLQJ��DQG�OHDUQLQJ�IRU�DXWRQRPRXV�([SORUDWLRQ
� 3UHFLVH�SRVLWLRQLQJ�IURP�YLVXDO�WUDFNLQJ�RI�QDWXUDO�IHDWXUHV
� 5REXVW�UDGDU�SHUFHSWLRQ�IRU�PDSSLQJ�DQG�VDIHJXDUGLQJ
� 6\QWKHVLV�RI�UHFRQILJXUDEOH�URERWLF�PRELOLW\�IRU�DOO�WHUUDLQ�H[SORUDWLRQ

���-XVWLILFDWLRQ

$PELWLRXV�SODQHWDU\�H[SORUDWLRQ�DJHQGD�FDQ�EH�XQGHUWDNHQ�ZLWK�FDSDEOH�DQG�KLJKO\�DXWRQRPRXV�URERWV�

8SFRPLQJ�PLVVLRQV�WR�RXU�VRODU�V\VWHP�DQG�LQ�SDUWLFXODU�0DUV�H[SORUDWLRQ�FDOO�IRU�LQWUD�VLWH�WUDYHUVHV�LQ

XQNQRZQ�HQYLURQPHQWV��DQG�H[HFXWLRQ�RI�FRPSOH[�VFLHQFH�PLVVLRQV�LQFOXGLQJ�VDPSOLQJ�DQG�JHRORJLFDO

FODVVLILFDWLRQ��7KLV�SURJUDP�GHYHORSV�WKH�IXQGDPHQWDO�WHFKQRORJLHV�WR�HQDEOH�VXFK�FKDOOHQJLQJ�PLVVLRQV�

5RERW�WHFKQRORJLHV�GHYHORSHG�E\�WKLV�HIIRUW�FRXOG�EHQHILW�VWUDWHJLF�SODQHWDU\�URYHU�FRQFHSWV��VXFK�DV�WKH

³URYHU�JHRORJLVW´�DQG�³DXWRQRPRXV�SODQHWDU\�URERWLF�V\VWHPV�´�7KH�SURJUDP�ZLOO�GHYHORS�LQVLJKWV�WKDW�DUH

FUXFLDO�WR�WKH�UHDOL]DWLRQ�RI�1$6$¶V�ORQJ�WHUP�REMHFWLYHV�DQG�ZLOO�SURGXFH�WHFKQRORJLHV�WR�PDNH�URERWV

PRUH�UREXVW�DQG�FRVW�HIIHFWLYH��ERWK�LQ�VSDFH�DQG�RQ�(DUWK��7KLV�SURJUDP��DV�SDVW�DQG�FXUUHQW�1$6$

SURJUDPV�DW�&DUQHJLH�0HOORQ��HQFRXUDJHV�DQ�H[FKDQJH�RI�WHFKQRORJ\�EHWZHHQ�UHVHDUFK�FHQWHUV�DQG

XQLYHUVLWLHV��3XEOLFDWLRQV�RI�DUWLFOHV��FRQIHUHQFH�SDSHUV��DQG�WHFKQLFDO�UHSRUWV�VSUHDG�RXU�LGHDV�DQG

WHFKQRORJLHV�WR�1$6$�DQG�EH\RQG��,Q�DGGLWLRQ��ZH�DUH�QRZ�HQJDJHG�LQ�SDUWQHUVKLSV�ZLWK�SURMHFWV�DW�1$6$

FHQWHUV�WKDW�ZLOO�ILHOG�WHFKQRORJ\�GHYHORSHG�LQ�WKH�FRXUVH�RI�WKH�SURSRVHG�ZRUN�LQ�GHPRQVWUDWLRQV�OHDGLQJ

WR�QHDU�WHUP�VSDFH�PLVVLRQV��6SHFLILFDOO\��ZH�DUH�SODQQLQJ�WR�SRUW�RXU�WHFKQRORJ\�WR�GHPRQVWUDWLRQ

SURJUDPV�DW�1$6$�$PHV�DQG�-3/��

���7HFKQLFDO�$SSURDFK

7KH�PDLQ�IRFXV�RI�WKH�$XWRQRPRXV�5RYHU�7HFKQRORJLHV�LV�WR�LQQRYDWLYH�DQG�DGYDQFH�WKH�VWDWH�RI�WKH�DUW

LQ�SODQHWDU\�URYHU�DXWRQRPRXV�PRELOLW\��SHUFHSWLRQ��SRVLWLRQ�HVWLPDWLRQ��QDYLJDWLRQ��DQG�LQWHJUDWHG

H[SORUDWRU\�VFLHQFH�IURP�D�URERW��WR�WKH�SRLQW�ZKHUH�FRPSOH[�SODQHWDU\�PLVVLRQV�FDQ�EH�DFKLHYHG��2XU

DSSURDFK�LV�WR�LGHQWLI\�FXVWRPHU�QHHGV�IURP�1$6$�HQWHUSULVH�UHTXLUHPHQWV�DQG�WR�LQWURGXFH�QRYHO

FRQFHSWV�ZLWK�PHULW�WR�IXQGDPHQWDO�SUREOHPV�LQ�URERWLF�VXUIDFH�V\VWHPV��7KLV�WDVN�ZLOO�SURGXFH�WKH

WHFKQLTXHV��PRGHOV��SURWRW\SHV��DQG�YDOLGDWLRQ�WKDW�ZLOO�EULQJ�WKH�SURSRVHG�WHFKQRORJLHV�WR�KLJKHU

UHDGLQHVV�OHYHOV�

���� 1DYLJDWLRQ��3ODQQLQJ��DQG�/HDUQLQJ�IRU�$XWRQRPRXV�([SORUDWLRQ�

([SORUDWLRQ�LQYHVWLJDWHV�DQ�DUHD�WR�GLVFRYHU�DQG�UHFRUG�QHZ�LQIRUPDWLRQ��,W�LV�D�G\QDPLF�SURFHVV�ZKHUH

DQ�H[SORUHU�FRQWLQXDOO\�PDNHV�GHFLVLRQV�EDVHG�RQ�LWV�JDWKHUHG�LQIRUPDWLRQ�IRU�WKH�SXUSRVH�RI�JDWKHULQJ
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URYHU�DV�LW�H[SORUHV�VXFK�WKDW�LW�VWD\V�EHVW�ORFDOL]HG��,W�LV�SUHVXPHG�WKDW�D�URYHU�ZLOO�FRQWLQXDOO\

ORFDOL]H�LWVHOI�XVLQJ�IHDWXUHV�WKDW�LW�FDQ�GHWHFW�YLVXDOO\��6RPH�RI�WKHVH�IHDWXUHV�DUH�NQRZQ�DKHDG�RI

WLPH�ZKLOH�RWKHUV�DUH�GLVFRYHUHG�DV�WKH�URYHU�GLVFRYHUV�LWV�HQYLURQPHQW��6XFK�D�PHWKRG�ZLOO�WUDGH�

RII�WKH�UHTXLUHPHQW�WR�VWD\�ORFDOL]HG�YHUVXV�RWKHU�UHTXLUHPHQWV�VXFK�DV�WKH�QHHG�WR�H[SORUH�DQG

UHDFK�D�JRDO�ORFDWLRQ��7KH�VHFRQG�PHWKRG�XVHV�D�ERXQG�RQ�WKH�HVWLPDWH�RI�SRVLWLRQ�XQFHUWDLQW\�WR

SODQ�SDWKV�WKDW�VXFFHHG�LQ�WKH�IDFH�RI�SRVLWLRQ�GULIW��,Q�HVVHQFH��WKLV�NLQG�RI�D�PHWKRG�LV�DEOH�WR

FDQFHO�VRPH�RI�WKH�HIIHFWV�RI�WKH�GULIW��&XUUHQWO\��WKHVH�PHWKRGV�DUH�IRUPXODWHG�VHSDUDWHO\��,W�LV

GHVLUDEOH�WKDW�LI�SRVVLEOH��WKH�WZR�JRDOV�EH�PHUJHG�LQWR�D�VLQJOH�IRUPXODWLRQ�

3.1.3 Exploration

5RERW�H[SORUHUV�FDQQRW�OLPLW�WKHPVHOYHV�WR�VLPSOH��EHQLJQ�WHUUDLQV�EXW�PXVW�EH�FDSDEOH�RI�PDNLQJ

GLVFRYHULHV�LQ�UXJJHG�WHUUDLQ�ZLWK�PDQ\�REVWDFOHV��6RPH�DUHDV�DUH�QHDU�WKH�OLPLWV�RI�PRELOLW\�

PDNLQJ�WKHP�H[SHQVLYH�WR�GULYH�RYHU��RWKHUV�PD\�EH�VPRRWK�DQG�LQH[SHQVLYH�WR�GULYH�WKURXJK

ZKLOH�VWLOO�RWKHUV�DUH�LPSRVVLEOH�WR�GULYH�RYHU��2EVWDFOHV�FDQ�DIIHFW�VHQVRU�FRYHUDJH��FUHDWLQJ�KROHV

LQ�WKH�YLHZHG�DUHD��&RQYHUVHO\��KLJK�JURXQG�FDQ�RIIHU�EHWWHU�YLHZV�RI�ODUJH�DUHDV��7R�HIILFLHQWO\

H[SORUH��URERWLF�H[SORUHUV�PXVW�WDNH�WKH�HIIHFW�RI�WHUUDLQ��ERWK�RQ�H[SORUDWLRQ�FRVW�DV�ZHOO�DV

LQIRUPDWLRQ�JDLQ��LQWR�DFFRXQW�

([SORUDWLRQ�ZKLFK�FRQVLGHUV�PXOWLSOH�FULWHULD�RI�LQIRUPDWLRQ�DQG�WHUUDLQ�HIIHFWV�OHDGV�WR�D�PDUNHG

LPSURYHPHQW�LQ�FRPSOH[�H[SORUDWLRQ�WDVNV�RYHU�FRPSHWLQJ�DSSURDFKHV��%\�LQYHVWLJDWLQJ

H[SORUDWLRQ�SODQQLQJ�WHFKQLTXHV�WKDW�PD[LPL]H�LQIRUPDWLRQ�JDLQ�IURP�PXOWLSOH�VRXUFHV�ZKLOH

PLQLPL]LQJ�GULYLQJ�DQG�FRPSXWDWLRQ�FRVWV��WKLV�UHVHDUFK�ZLOO�VKRZ�WKH�EHQHILWV�RI�LQIRUPDWLRQ

JDLQ�H[SORUDWLRQ�IRU�FRPSOH[�WDVNV��7R�LQYHVWLJDWH�WKH�H[SORUDWLRQ�SUREOHP��WKLV�UHVHDUFK�ZLOO�XVH

D�PRGHO�VKRZQ�EHORZ��'HSHQGLQJ�RQ�WKH�H[SORUDWLRQ�WDVN�WKH�URERW�FDQ�KDYH�GLIIHUHQW�QXPEHUV

DQG�W\SHV�RI�VHQVRUV��(DFK�RI�WKHVH�VHQVRUV�IHHG�LQIRUPDWLRQ�LQWR�WKH�.QRZOHGJH�'DWDEDVH�ZKLFK

LV�WKH�UHSRVLWRU\�RI�DOO�WKH�LQIRUPDWLRQ�JDWKHUHG�E\�WKH�H[SORUHU�

)LJXUH����$UFKLWHFWXUH�IRU�DXWRQRPRXV�H[SORUDWLRQ
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7KH�QXPEHU�DQG�IRUP�RI�WKH�IHDWXUH�PRGXOHV�DOVR�GHSHQGV�RQ�WKH�H[SORUDWLRQ�WDVN�DW�KDQG��(DFK

RI�WKHVH�PRGXOHV�WDNHV�GDWD�IURP�WKH�NQRZOHGJH�EDVH�DQG�XVHV�WKLV�WR�DVVLJQ�YDOXHV�RI�LQIRUPDWLRQ

JDLQ�WR�VSHFLILF�DUHDV�RI�WKH�UHJLRQ�EHLQJ�H[SORUHG��(DFK�PRGXOH�XVHV�D�GLIIHUHQW�FULWHULRQ�WR�DVVLJQ

DQ�LQIRUPDWLRQ�JDLQ��)RU�H[DPSOH�D�URERW�H[SORULQJ�IRU�OXQDU�LFH�PLJKW�KDYH�IRXU�IHDWXUH�PRGXOHV�

2QH�PRGXOH�ZRXOG�ORRN�DW�WKH�ODWLWXGH�DQG�ORFDO�WHUUDLQ�WR�GHWHUPLQH�ZKLFK�DUHDV�DUH�OLNHO\�WR�EH

SHUPDQHQWO\�GDUN��,W�ZRXOG�WKHQ�DVVLJQ�KLJK�YDOXHV�RI�LQIRUPDWLRQ�JDLQ�WR�WKRVH�UHJLRQV�ZKLFK�DUH

SHUPDQHQWO\�GDUN�DQG�ORZ�YDOXHV�WR�UHJLRQV�ZLWK�ORQJ�H[SRVXUH�WR�VXQOLJKW��7KH�RWKHU�WKUHH

IHDWXUH�PRGXOHV�ZRXOG�ORRN�DW�URFN�W\SHV�ZKLFK�GHWHUPLQH�GULOOLQJ�FRQGLWLRQV��FUDWHU�DJHV�DQG

ORFDWLRQ�RI�SRWHQWLDO�VLWHV�LQVLGH�D�FUDWHU�UHVSHFWLYHO\�DQG�DVVLJQ�DQ�DSSURSULDWH�LQIRUPDWLRQ�JDLQ

YDOXH��7KH�LQIRUPDWLRQ�JDLQV�GHWHUPLQHG�E\�WKH�IHDWXUH�PRGXOHV�DUH�WKHQ�VWRUHG�LQ�WKH�NQRZOHGJH

GDWDEDVH�

7KH�H[SORUDWLRQ�SODQQHU�ER[�WHOOV�WKH�URERW�ZKHUH�WR�JR��8VLQJ�WKH�WHUUDLQ�DQG�LQIRUPDWLRQ�JDLQV

IRXQG�LQ�WKH�NQRZOHGJH�GDWDEDVH��WKH�SODQQHU�PXVW�FUHDWH�H[SORUDWLRQ�SDWKV�ZKLFK�PD[LPL]H

LQIRUPDWLRQ�JDLQ��FDXVLQJ�WKH�URERW�WR�H[SORUH��ZKLOH�PLQLPL]LQJ�WKH�FRVW�RI�WUDYHOOLQJ��6LQFH�WKH

UHJLRQDO�WHUUDLQ�IHDWXUH�EHLQJ�H[SORUHG�LV�XQNQRZQ�EHIRUH�H[SORUDWLRQ��WKH�H[SORUDWLRQ�SODQQHU

PXVW�FRQWLQXDOO\�UHYLVH�WKH�H[SORUDWLRQ�URXWH�DV�QHZ�LQIRUPDWLRQ�EHFRPHV�DYDLODEOH�

(VVHQWLDOO\�WKH�SDWK�SODQQLQJ�VWHS�UHTXLUHV�WKH�URERW�WR�FKRRVH�D�VHTXHQFH�RI�DUHDV�WR�YLVLW��$W�HDFK

DUHD�LW�JHWV�D�SUL]H��LQIRUPDWLRQ�JDLQ��EXW�WKHUH�LV�DOVR�D�FRVW�WR�WUDYHO�IURP�RQH�DUHD�WR�DQRWKHU��,I

WKH�LQIRUPDWLRQ�JDLQ�LQ�HDFK�DUHD�LV�LQGHSHQGHQW�WKHQ�WKLV�LV�WKH�3UL]H�&ROOHFWLQJ�7UDYHOOLQJ

6DOHVPDQ��3&76��SUREOHP�ZKLFK�LV�13�FRPSOHWH�VR�WKH�EHVW�WKDW�FDQ�EH�KRSHG�IRU�LV�D�VXE�RSWLPDO

VROXWLRQ��+RZHYHU��WKH�H[SORUDWLRQ�SODQQLQJ�SUREOHP�LV�PRUH�GLIILFXOW�WKDQ�WKH�3&76�EHFDXVH�WKH

LQIRUPDWLRQ�JDLQV�RI�DUHDV�DUH�QRW�LQGHSHQGHQW�DQG�WKH�DPRXQW�RI�LQIRUPDWLRQ�WR�EH�JDLQHG�DW�D

ORFDWLRQ�LV�VXEMHFW�WR�VRPH�OHYHO�RI�XQFHUWDLQW\��7KH�GHYHORSPHQW�RI�HIILFLHQW�VROXWLRQV�WR�WKH

H[SORUDWLRQ�SODQQLQJ�SUREOHP�ZLOO�EH�D�FHQWUDO�SDUW�RI�WKLV�UHVHDUFK�

7KH�WDVN�ZLOO�LQYHVWLJDWH�WKH�IROORZLQJ�LVVXHV�

� $� JHQHUDO� IUDPHZRUN� IRU� WKH� VROXWLRQ� RI� H[SORUDWLRQ� SODQQLQJ� SUREOHPV� XVLQJ� WKH
SUHPLVH�RI�FKRRVLQJ�SDWKV�RI�JUHDWHVW�LQIRUPDWLRQ�JDLQ�

� 7KH�LQYHVWLJDWLRQ�RI�HIILFLHQW�VROXWLRQV�WR�WKH�H[SORUDWLRQ�SDWK�SODQQLQJ�SUREOHP�
� $� VLPXODWLRQ� RI� DQ� RXWGRRU�PRELOH� URERW� H[SORULQJ� DQ� XQNQRZQ� DUHD� XVLQJ�PXOWLSOH

VRXUFHV�RI�LQIRUPDWLRQ�JDLQ�

����3UHFLVLRQ�3RVLWLRQLQJ�IURP�9LVXDO�7UDFNLQJ�RI�1DWXUDO�)HDWXUHV

0DQ\�RI�WKH�DXWRQRPRXV�PLVVLRQV�FXUUHQWO\�HQYLVLRQHG�IHDWXUH� OLPLWHG�FRPPXQLFDWLRQV

RSSRUWXQLWLHV�DQG�EDQGZLGWK��7KH�DELOLW\�WR�DXWRPDWH�SUHFLVLRQ�QDYLJDWLRQ�ZLWKLQ�WKH�FRQILQHV�RI

D�VFLHQFH�VLWH�DQG�IURP�VFLHQFH�VLWH�WR�VFLHQFH�VLWH�ZLOO�WKXV�GUDPDWLFDOO\�LQFUHDVH�WKH�VFLHQFH�UHWXUQ

RI�WKHVH�PLVVLRQV��PRUH�RI�WKH�DYDLODEOH�FRPPXQLFDWLRQ�EDQGZLGWK�DQG�URYHU�OLIH�FDQ�EH�XWLOL]HG

IRU�VFLHQFH�WHOHPHWU\�UDWKHU�WKDQ�URYHU�FRQWURO�WHOHPHWU\�

7KH�SURSRVHG�UHVHDUFK�DGGUHVVHV�D�PRGH�RI�SUHFLVLRQ�QDYLJDWLRQ�DQG�SRVLWLRQLQJ�EDVHG�RQ�QDWXUDO

ODQGPDUN��LQ�ZKLFK�WKH�SRVLWLRQ�RI�QDWXUDO�IHDWXUHV�LQ�LPDJHV�LV�WUDFNHG�RYHU�WLPH�DQG�LQWHJUDWHG

WR�SURGXFH�DQ�DFFXUDWH�HVWLPDWH�RI�WKH�URYHU¶V�SRVLWLRQ��7KH�SURSRVHG�ZRUN�EXLOGV�XSRQ�SULRU�MRLQW

ZRUN�EHWZHHQ�1$6$�$PHV�DQG�&08�LQ�WKH�DUHD�RI�WUDFNLQJ�DQG�SRVLWLRQ�HVWLPDWLRQ��7KH�REMHFWLYH

RI�WKH�SURSRVHG�ZRUN�LV�WR�H[WHQG�DQG�LQWHJUDWH�WKH�H[LVWLQJ�WHFKQLTXHV�LQWR�D�V\VWHP�OHDGLQJ�WR�D

ILHOGDEOH�DSSURDFK�WR�SRVLWLRQ�HVWLPDWLRQ�
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7KH�SUHVHQW�SURSRVDO�EXLOGV�XSRQ�WKH�UHVXOWV�RI�WKH�)<���*UDQW�1$*��������7KRVH�UHVXOWV�LQFOXGH

WKH�GHYHORSPHQW�RI�DQ� LQWHJUDWHG�DSSURDFK� WR� UHODWLYH�SRVLWLRQLQJ�DQG�PDSSLQJ�� LWV

LPSOHPHQWDWLRQ��SDUWLDO�GHOLYHU\�RI�WKH�VRIWZDUH�WR�1$6$�$PHV��7KH�ZRUN�SURSRVHG�KHUH�LQYROYHV

WKH�FRQWLQXDWLRQ�RI�WKH�GHYHORSPHQW�RI�WKH�SRVLWLRQLQJ�DQG�PDSSLQJ�WHFKQLTXHV��DV�ZHOO�DV�WKH

LQWHJUDWLRQ�LQWR�WKH�1$6$�$PHV�V\VWHP�

,Q�QDWXUDO�ODQGPDUN�QDYLJDWLRQ��IHDWXUHV�DUH�ORFDWHG�DQG�WUDFNHG�IURP�WKH�URYHU¶V�RQERDUG

FDPHUDV��DQG�WKH�URYHU¶V�SRVLWLRQ�LV�GHWHUPLQHG�WKURXJK�WULDQJXODWLRQ�DQG�ILOWHULQJ�DJDLQVW�GHDG�

UHFNRQHG�HVWLPDWHV�RI�YHKLFOH�PRWLRQ��3UHFLVH�UHODWLYH�QDYLJDWLRQ�DERXW�D�VFLHQFH�VLWH�LV�DFKLHYHG

E\�WUDFNLQJ�GLVWLQFW�LPDJH�IHDWXUHV��VXFK�DV�SURPLQHQW�URFNV�RU�OHGJHV��DQG�FRPSXWLQJ�YHKLFOH

SRVLWLRQ�LQ�D�ORFDO�FRRUGLQDWH�IUDPH��*LYHQ�XQFHUWDLQW\�UHSUHVHQWDWLRQ�RQ�WKH�GHWHFWLRQ�RI�WKH

IHDWXUHV��WKHLU�SRVLWLRQ�DQG�WKH�SRVLWLRQ�RI�WKH�URYHU��/RFDO�QDYLJDWLRQ�HVWLPDWHV�IURP�PDWFKLQJ

DQG�WUDFNLQJ�ZLOO�EH�FRPELQHG�E\�D�SRVH�ILOWHU�WR�\LHOG�DQ�RYHUDOO�HVWLPDWH�RI�YHKLFOH�SRVLWLRQ�DQG

RULHQWDWLRQ�

7KH�PDLQ�FRPSRQHQWV�RI�WKH�ODQGPDUN�QDYLJDWLRQ�V\VWHP�DUH�

� /DQGPDUN�GHWHFWLRQ
� /DQGPDUN�WUDFNLQJ
� 5HODWLYH�SRVLWLRQ�HVWLPDWLRQ

:H�ZLOO�DGGUHVV�WKRVH�WKUHH�DVSHFWV�ZLWK�DQ�HPSKDVLV�RQ�WKH�WUDFNLQJ�DQG�SRVLWLRQ�HVWLPDWLRQ

DVSHFWV��VLQFH�WKH\�DUH�PRVW�FULWLFDO�LQ�DFKLHYLQJ�WKH�GHVLUHG�SUHFLVLRQ��,Q�DGGLWLRQ�WR�GHWHFWLQJ�DQG

WUDFNLQJ�IHDWXUHV� LQ�FRORU�&&'�FDPHUDV��ZH�ZLOO�DOVR�GHPRQVWUDWH�WKRVH�DOJRULWKPV�XVLQJ

RPQLGLUHFWLRQDO�FDPHUDV�DQG�SDQRUDPLF�FDPHUDV�DV�DQ�DOWHUQDWLYH��([SHULPHQWDWLRQ�DORQJ�WKRVH

OLQHV�ZLOO�EH�FRQGXFWHG�XVLQJ�WKH�UHVXOWV�REWDLQHG�E\�&08�LQ�WKLV�DUHD�XQGHU�SULRU�1$6$�JUDQWV�

:H�KDYH�GHYHORSHG�WHFKQLTXHV�IRU�GHWHFWLQJ�ODQGPDUNV�LQ�QDWXUDO�LPDJHV��%HFDXVH�WKH�ODQGPDUNV

DUH�GHWHFWHG�LQ�VWDWLF�LPDJHV��WKH\�PD\�QRW�EH�VXLWDEOH�IRU�WUDFNLQJ��WKLV�LV�WKH�SUREOHP�RI�³IHDWXUH

VHOHFWLRQ´��0RUH�SUHFLVHO\��WKH�SUREOHP�LV�WR�XVH�RQO\�WKRVH�IHDWXUHV�WKDW�FDQ�EH�UHOLDEO\�WUDFNHG

EHWZHHQ�LPDJHV�DQG�WKDW�FDQ�EH�HDVLO\�GLVFULPLQDWHG�DJDLQ�WKH�RWKHU�SDUWV�RI�WKH�LPDJH��$V�SDUW�RI�

7KH�ILUVW�SUREOHP�IDFHG�LQ�QDWXUDO�ODQGPDUN�QDYLJDWLRQ�LV�WR�GHWHFW�ODQGPDUNV�LQ�LPDJHV��,Q

1$*��������ZH�KDG�GHYHORSHG�DQ�DSSURDFK�LQ�ZKLFK�DWWULEXWHV�VXFK�DV�GLVFULPLQDELOLW\�

WUDFNDELOLW\��DQG�VDOLHQF\��ZKLFK�FKDUDFWHUL]H�WKH�VXLWDELOLW\�RI�D�IHDWXUH��DUH�FRPSXWHG�RYHU�WKH

HQWLUH�LPDJH��7KH�DWWULEXWH�LPDJHV�DUH�WKHQ�FRPELQHG�WR�IRUP�D�IHDWXUH�SUHIHUHQFH�LPDJH�

)HDWXUHV�ZLWK�WKH�ODUJHVW�FRQILGHQFH�DUH�VHOHFWHG�DV�WKH�RSWLPDO�IHDWXUHV�WR�VHOHFW�IRU�WUDFNLQJ��

3UHOLPLQDU\�UHVXOWV�IURP�1$*�������VKRZ�WKDW�WKLV�DOJRULWKP�GRHV�VHOHFW�WKH�SUHIHUUHG�IHDWXUHV

LQ�W\SLFDO�QDWXUDO�HQYLURQPHQW��)RU�H[DPSOH��)LJXUH���VKRZV�WZR�RI�WKH�IHDWXUH�VHOHFWLRQ�PDSV�WKDW

DUH�FRPSXWHG�IURP�DQ�LQSXW�LPDJH��WKH�WUDFNDELOLW\�DQG�GLVFULPLQDELOLW\�PDSV��7KH�WZR�PDSV�DUH

FRPELQHG�LQWR�D�VLQJOH�FRQILGHQFH�PDS�ZKLFK�LV�XVHG�IRU�WKH�ILQDO�IHDWXUH�VHOHFWLRQ�

7KH�SURSRVHG�ZRUN�LQ�WKLV�DUHD�LQFOXGHV�WKH�UHILQHPHQW�RI�WKH�VWUDWHJ\�IRU�FRPELQLQJ�IHDWXUH

FRQILGHQFH�PDSV��WKH�DGGLWLRQ�RI�RWKHU�FXHV�VXFK�DV�FRORU�GLVFULPLQDELOLW\��DQG�WKH�LQWHJUDWLRQ�RI

WKH�IHDWXUH�VHOHFWLRQ�ZLWK�WKH�PDSSLQJ�V\VWHP��7KLV�SDUW�RI�WKH�ZRUN�ZLOO�EH�FRQGXFWHG�DW�&08�E\

D�JUDGXDWH�VWXGHQW��ZLWK�LQSXW�IURP�D�VWXGHQW�DW�/$$6��)UDQFH��ZKR�ZDV�VXSSRUWHG�DV�D�YLVLWLQJ

VFLHQWLVW�GXULQJ�1$*�������
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)LJXUH����([DPSOH�RI�IHDWXUH�FRQILGHQFH�PDS�JHQHUDWHG�E\�FRPELQLQJ�PXOWLSOH�FULWHULD�IRU�
IHDWXUH�VHOHFWLRQ�

/RFDO�YHKLFOH�SRVLWLRQ�ZLOO�EH�HVWLPDWHG�EDVHG�RQ�WZR�VRXUFHV�RI�LQIRUPDWLRQ��WULDQJXODWLRQ�RQ�WKH

FXUUHQWO\�WUDFNHG�IHDWXUHV��DQG�ILOWHULQJ�RI�SUHYLRXV�SRVLWLRQ�HVWLPDWHV��7KH�FKDOOHQJH�LQ�WKLV

SUREOHP�LV�WKDW�WKH�HUURUV�LQ�URERW�SRVH�DQG�LQ�ODQGPDUN�SRVLWLRQV�DUH�VWURQJO\�FRXSOHG��7KLV�LV

NQRZQ�DV�WKH�6/$0��6LPXOWDQHRXV�/RFDOL]DWLRQ�DQG�0DSSLQJ��SUREOHP��,Q�RXU�FDVH��WKH�LVVXH�LV

FRPSOLFDWHG�E\�WKH�IDFW�WKDW�ZH�KDYH�RQO\�EHDULQJ�PHDVXUHPHQWV�WR�WKH�ODQGPDUNV��DQG�WKHUHIRUH

WKH�DFWXDO�SRVLWLRQV�RI�WKH�ODQGPDUN�FDQQRW�EH�PHDVXUHG�GLUHFWO\��

$�VROXWLRQ�WR�WKH�6/$0�SUREOHP�ZDV�GHYHORSHG�GXULQJ�)<���DQG�ZLOO�EH�H[WHQGHG�DQG�LQWHJUDWHG

DV�SDUW�RI�WKLV�)<���SURSRVDO��7KH�EDVLF�DSSURDFK�LV�WR�XVH�YLUWXDO�PHDVXUHPHQWV�WKDW�DUH

LQGHSHQGHQW�RI�WKH�URERW�SRVLWLRQ��VXFK�DV�PXWXDO�GLVWDQFHV�DQG�DQJOHV�EHWZHHQ�ODQGPDUNV��6XFK

YLUWXDO�PHDVXUHPHQWV�FDQ�EH�XVHG�WR�EXLOG�D�UHODWLYH�PDS�RI�WKH�ODQGPDUNV�WKDW�LV�LQGHSHQGHQW�RI

WKH�URERW�SRVH��7KH�UHODWLYH�PDS�PD\�EH�FRQYHUWHG�WR�DQ�DEVROXWH�PHWULF�PDS�XVLQJ�D�VWDQGDUG

LWHUDWLYH�SURFHVV�

2QH�DGGLWLRQDO�LVVXH�LV�WKDW�WKH�PHDVXUHPHQW�HUURUV�PD\�QRW�EH�QRUPDOO\�GLVWULEXWHG��DV�LV

W\SLFDOO\�DVVXPHG�LQ�WUDGLWLRQDO�HVWLPDWLRQ�WHFKQLTXHV�VXFK�DV�.DOPDQ�ILOWHUV��7KH�LQYDULDQW

6/$0�DSSURDFK�GHVFULEHG�DERYH� LV�DXJPHQWHG�E\�XVLQJ�D�SDUWLFOH�EDVHG�DSSURDFK� IRU

UHSUHVHQWLQJ�DQG�HVWLPDWLQJ� WKH�URERW�SRVH��6XFK�DQ�DSSURDFK�FDQ�UHSUHVHQW�DUELWUDU\

GLVWULEXWLRQV�RI�XQFHUWDLQW\��7KH�SDUWLFOH�DSSURDFK�KDV�EHHQ�GHPRQVWUDWHG�LQ�)<���DQG�ZLOO�EH

LQWHJUDWHG�ZLWK�WKH�LQYDULDQW�6/$0�DOJRULWKP�DV�SDUW�RI�WKH�SURSRVHG�ZRUN�IRU�)<���

feature confidence map
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trackability
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)LJXUH����7\SLFDO�H[DPSOH�RI�EHDULQJ�PHDVXUHPHQWV�IURP�URERW�WR�IHDWXUHV�

)LJXUH����([DPSOH�RI�URERW�WUDMHFWRU\�DQG�IHDWXUH�PDS�UHFRYHUHG�IURP�EHDULQJ�
PHDVXUHPHQWV�

7KH�FXUUHQW�YHUVLRQ�RI�WKH�6/$0�VRIWZDUH�KDV�EHHQ�GHOLYHUHG�WR�$5&��7KH�PDLQ�JRDOV�RI�WKH

SURSRVHG�ZRUN�LQ�WKLV�DUHD�LQFOXGH�IXUWKHU�GHYHORSPHQW�RI�WKH�LQYDULDQW�ORFDOL]DWLRQ�DQG�PDSSLQJ

DOJRULWKPV�WR�KDQGOH�ODUJH�PDSV�DQG�ORQJ�WUDMHFWRULHV��WKH�LQWHJUDWLRQ�RI�SDUWLFOH�EDVHG�PHWKRGV

DQG�LQYDULDQW�ILOWHULQJ�PHWKRGV��WKH�RSWLPDO�VHOHFWLRQ�RI�FRQVWUDLQWV�IRU�HVWLPDWLRQ��DQG�WKH

LQWHJUDWLRQ�ZLWK�YLVXDO�WUDFNLQJ��DQG�WKH�16$6�$PHV�0DUV�V\VWHP�

$�FULWLFDO�DVSHFW�RI�HVWLPDWLQJ�SRVLWLRQ�IURP�IHDWXUH�WUDFNLQJ�LV�WKH�GHWHUPLQDWLRQ�RI�WKH

XQFHUWDLQW\�LQ�H[WUDFWLQJ�DQG�WUDFNLQJ�IHDWXUHV�LQ�LPDJHV��6SHFLILFDOO\��WKH�GHWHFWLRQ�DQG�WUDFNLQJ

XQFHUWDLQW\�PD\�YDU\�JUHDWO\�GHSHQGLQJ�RQ�WKH�IHDWXUH��$V�D�UHVXOW��WKH�DFFXUDF\�RI�WKH�SRVLWLRQ

HVWLPDWH�PD\�YDU\�GHSHQGLQJ�RQ�WKH�XQFHUWDLQW\�PRGHO�XVHG�IRU�HDFK�IHDWXUH��:H�ZLOO�GHYHORS�DQ

XQFHUWDLQW\�PRGHO�WKDW�WDNHV�LQWR�DFFRXQW�WKH�HUURU�LQ�IHDWXUH�WUDFNLQJ�EDVHG�RQ�WKH�PDWFKLQJ
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HUURU�EHWZHHQ�WKH�FXUUHQW� LPDJH�DQG�WKH�IHDWXUH�WHPSODWH�IURP�WKH�SUHYLRXV�LPDJH��7KH

DSSURDFKHV�EDVHG�RQ�SDUWLFOH�ILOWHUV�GHYHORSHG�LQ�1$*�������ZLOO�EH�XVHG�IRU�UHSUHVHQWLQJ

DUELWUDU\�XQFHUWDLQW\�GLVWULEXWLRQV��,Q�SDUWLFXODU��GLVWULEXWLRQV�WKDW�DUH�QRQ�*DXVVLDQ�RU�PXOWL�

PRGDO�ZLOO�EH�UHSUHVHQWHG�DFFXUDWHO\�

����5REXVW�5DGDU�3HUFHSWLRQ�IRU�0DSSLQJ�DQG�6DIHJXDUGLQJ

5DGDU�WHFKQRORJ\�RIIHUV�XQLTXH�IHDWXUHV�IRU�SODQHWDU\�QDYLJDWLRQ�DQG�VDIHJXDUGLQJ�SXUSRVHV�IRU

URERWLFV�DSSOLFDWLRQV��,W�LV�QRW�DIIHFWHG�E\�OLJKW�OHYHOV�DQG�WKHUHIRUH�FDQ�EH�XVHG�DW�DQ\�WLPH��'XVW

FOLQJLQJ�WR�WKH�VXUIDFH�RI�WKH�DQWHQQD�GRHV�QRW�DIIHFW�UDGDU�SHUIRUPDQFH��7KLV�LV�PRVW�UHOHYDQW�LQ

SODQHWDU\�H[SORUDWLRQ�ZKHUH�GXVW�DFFXPXODWLRQ�DQG�GDUNQHVV�DUH�WKH�EDQH�RI�ORQJ�WHUP�PLVVLRQV�

0LOOLPHWHU�ZDYH��00:��UDGDU�KDV�D�QXPEHU�RI�XQLTXH�IHDWXUHV�WKDW�PDNH�LW�DQ�LGHDO�URERWLF

VHQVRU�IRU�REVWDFOH�GHWHFWLRQ��PDSSLQJ��DQG�VXEVXUIDFH�REMHFW�GHWHFWLRQ��HYHQ�LQ�GXVW\

HQYLURQPHQWV��$�UDGDU�XQLW�FRXOG�PRXQW�RQ�WKH�IURQW�RI�D�URYHU�DQG�E\�SKDVHG�DUUD\�FRXOG

HOHFWURQLFDOO\�VWHHU�LWV�ILQH�EHDP�LQ�WZR�GLPHQVLRQV��,PPHGLDWH�UDGDU�UHWXUQV�FRXOG�EH�XVHG�WR

SHUIRUP�REVWDFOH�GHWHFWLRQ��6XFFHVVLYH�VFDQV�RYHU�WKH�VDPH�DUHD�FRXOG�SURYLGH�D�GHWDLOHG�WHUUDLQ

PDS�WKDW�FRXOG�EH�XVHG�IRU�SODQQLQJ�DQG�VDIHJXDUGLQJ��)LQDOO\��LI�WKH�UDGDU�LV�SRLQWHG�QRUPDO�WR

WKH�SODQHW¶V�VXUIDFH��VRPH�VXUIDFH�SHQHWUDWLRQ�FDQ�EH�DFKLHYHG��

7KH�JHQHUDWLRQ�RI�VKRUW�UDQJH�SHUFHSWLRQ�PRGHOV�IURP�UDGDU�LV�EH\RQG�WKH�VWDWH�RI�DUW��+LJK

DQJXODU�UHVROXWLRQ�FDQ�RQO\�EH�REWDLQHG�ZLWK�LQFRQYHQLHQWO\�ODUJH�DQWHQQD�DSHUWXUHV��0HFKDQLFDO�

VFDQQLQJ�HTXLSPHQW�LV�KHDY\�DQG�XQUHOLDEOH��6LPLODUO\��URERW�SRVLWLRQ�HVWLPDWLRQ�DQG�QDYLJDWLRQ

EDVHG�RQ�UDGDU�VXFFHHG�RQO\�ZKHQ�UHO\LQJ�RQ�DUWLILFLDO�ODQGPDUNV��QDWXUDO�ODQGPDUNV�DUH�KDUG�WR

GLVWLQJXLVK�IURP�QRLVH�DQG�IDOVH�WDUJHWV��)XUWKHUPRUH��WKH�LQFRUSRUDWLRQ�RI�PRWLRQ�IUHH�VFDQQLQJ

DQWHQQDH�FRPSOLFDWHV�WKH�DSSOLFDELOLW\�RI�UDGDU�EHFDXVH�WKH�DQWHQQDV�SURMHFW�GLIIHUHQW�EHDP

SURSHUWLHV�DV�WKH\�VFDQ��(DUO\�DWWHPSWV�WR�EXLOG�PRGHOV�XVLQJ�VKRUW�UDQJH�UDGDU�FRPSDUH�SRRUO\

ZLWK�WKH�SHUFHSWLRQ�PRGHOV�EXLOW�IURP�VRQDU��ODVHU�DQG�VWHUHR�VHQVRUV��&XUUHQW�VKRUW�UDQJH�UDGDU

SHUFHSWLRQ�ODFNV�DGHTXDWH�GDWD�LQWHUSUHWDWLRQ�FDSDELOLWLHV��5DGDU�LQWHUSUHWDWLRQ�VKRXOG�DFFRXQW

IRU�SURSHUWLHV�VXFK�DV�VLGHOREHV��UHIOHFWLRQ��DQWHQQD�UDGLDWLRQ�SDWWHUQ�YDULDWLRQ�DQG�QRLVH

GLVWULEXWLRQ��7KLV�SUHVHQWV�D�UHVHDUFK�RSSRUWXQLW\�WKDW�FRXOG�EHQHILW�URERWLFV�ZLWK�UHOLDEOH

SHUFHSWLRQ�LQ�FRPSURPLVHG�YLVLELOLW\�FRQGLWLRQV�

7KLV�WDVN�ZLOO�LQYHVWLJDWH�UDGDU�VHQVLQJ�WR�FUHDWH�D�QHZ�LQWHUSUHWDWLRQ�PHWKRG�WR�DGGUHVV�UDGDU�

VHQVRU�VKRUWFRPLQJV��5DGDU�GDWD�KHXULVWLFV�ZLOO�SURYLGH�HDUO\�IHDWXUH�LGHQWLILFDWLRQ��(YLGHQFH

JULGV��VXJJHVWHG�E\�ZLGH�EHDP�VHQVLQJ�GHYHORSPHQWV��ZLOO�SURYLGH�D�UHSUHVHQWDWLRQ�WRRO

DSSURSULDWH�IRU�UDGDU�VHQVLQJ�UHVHDUFK��$�VHQVRU�SURILOH�ZLOO�FDSWXUH�UDGDU�PXOWLOREH�VHQVLQJ��DQG

YDU\LQJ�UDGLDWLRQ�SDWWHUQV�FKDUDFWHULVWLF�RI�D�PRWLRQ�IUHH�VFDQQLQJ�DQWHQQD��(VWLPDWLRQ�RI�VXUIDFH

SURSHUWLHV�ZLOO�DOORZ�IRU�DFFXUDWH�LQWHUSUHWDWLRQ�RI�UDGDU�GDWD��7KH�LQWHUSUHWHU�ZLOO�LQWHJUDWH�WKHVH

WHFKQLTXHV��DQG�H[SHULPHQWDO�WHVWLQJ�ZLOO�GHPRQVWUDWH�HQKDQFHPHQW�RI�WKH�SHUFHSWLRQ�PRGHOV�

7KLV�UHVHDUFK�ZLOO�SURFHHG�DV�IROORZV�

� ,QWHUSUHWHU�GHVLJQ��'HVLJQ�DQ�LQWHUSUHWHU�WKDW�DFFHSWV�D�UDZ�UDGDU�VLJQDO��QRUPDOL]HV�LW
DQG�DSSOLHV�KHXULVWLF�UXOHV��7KH�LQWHUSUHWHU�ZLOO�DOVR�LQFRUSRUDWH�PXOWLOREH�GDWD�LQWR�DQ
HYLGHQFH�JULG�DQG�ZLOO�UHFRJQL]H�VXUIDFHV��7KH�UHVXOW�ZLOO�EH�D�WHPSODWH�WR�VHUYH�DV�WKH
FRQWH[W�IRU�FRPSRQHQW�UHVHDUFK�DQG�DV�WKH�PRGHO�IRU�LQWHJUDWLQJ�FRPSRQHQWV�LQWR�D
FXOPLQDWLQJ�FDSDELOLW\�RI�UDGDU�PRGHOLQJ�

� 5DGDU�GDWD�KHXULVWLFV��'HYHORS�UXOHV�IRU�H[WUDFWLQJ�IHDWXUHV�VXFK�DV�SRLQWV�DQG�SODQHV
IURP�UDGDU�VLJQDOV��7KH�H[WUDFWLRQ�RI�IHDWXUHV�FRQVLGHUV�LQFUHDVHG�UHVROXWLRQ�WHFKQLTXHV
WR�LGHQWLI\�VLQJOH�WDUJHWV�DQG�JURXSV�RI�FORVH�WDUJHWV�
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� 'HWDLOHG�UDGDU�SURILOH�PRGHOLQJ��'HYLVH�D�PHWKRGRORJ\� IRU� LQFRUSRUDWLQJ�WKH�PXOWLSOH
OREHV�RI�UDGDU�VHQVRU�GDWD�LQWR�DQ�HYLGHQFH�JULG��7KH�GHYHORSPHQW�ZLOO�FRQVLGHU
YDULDWLRQ�RI�WKH�DQWHQQD�UDGLDWLRQ�SDWWHUQ�DQG�UHIOHFWLRQ�H[WHQVLRQV�LQ�WKH�VHQVRU
SURILOH��7KH�WDVN�ZLOO�UHVXOW�LQ�D�G\QDPLF�PXOWLOREH�VHQVRU�SURILOH�IRU�UDGDU�GDWD
LQFRUSRUDWLRQ�LQWR�WKH�HYLGHQFH�JULG�

� 6XUIDFH�H[WUDFWLRQ�� 'HYHORS� D� WHFKQLTXH� IRU� H[WUDFWLQJ� VXUIDFH� SURSHUWLHV� IURP� WKH
HYLGHQFH�JULG��WKDW�DUH�UHOHYDQW�IRU�PRGHOLQJ�WKH�VSHFXODU�UHIOHFWLRQ�W\SLFDO�RI�UDGDU
VHQVLQJ��7KH�RXWFRPH�ZLOO�EH�D�FRPSRQHQW�WKDW�HQKDQFHV�DQ�HQYLURQPHQWDO
UHSUHVHQWDWLRQ�HVWLPDWLQJ�VXUIDFH�JHRPHWU\�DQG�UHIOHFWLRQ�SURSHUWLHV�

� ,QWHJUDWLRQ�RI�LQWHUSUHWHU�FRPSRQHQWV��7KLV�WDVN�ZLOO� LQWHJUDWH�SUHYLRXV�GHYHORSPHQWV
UDGDU�GDWD�KHXULVWLFV��UDGDU�VHQVRU�SURILOHV��DQG�VXUIDFH�H[WUDFWLRQ�FRPSRQHQWV�LQWR�D
IXQFWLRQDO�LQWHUSUHWDWLRQ�WHFKQLTXH�WKDW�UHFHLYHV�UDGDU�GDWD�DQG�EXLOGV�D�SHUFHSWLRQ
PRGHO�

����6\QWKHVLV�RI�5HFRQILJXUDEOH�0RELOLW\�IRU�$OO�7HUUDLQ�([SORUDWLRQ

7KLV�WDVN�ZLOO�FUHDWH�D�QRYHO�UHFRQILJXUDEOH�URERWLF�VXUIDFH�V\VWHP��5�6���HQDEOLQJ�DFFHVV�DQG�LQ

VLWX�VFLHQFH�DW�KLJK�YDOXH��KLJK�ULVN�SODQHWDU\�ORFDWLRQV�VXFK�DV�HVFDUSPHQWV��ILVVXUHV��EUHDNRXW

FKDQQHOV��7KH�WHFKQRORJ\�FRQFHSW�LV�D�PRGXODU�V\VWHP��DV�FRQILJXUHG�IURP�D�UHXVDEOH��IL[HG�SDUWV

LQYHQWRU\��7KH�V\VWHP�FDQ�DXWRQRPRXVO\�FKDQJH�VKDSH��PHFKDQLFDO�IXQFWLRQV��DQG�FRQWURO�DFWLRQV

LQ�UHVSRQVH�WR�VHQVHG�LQWHUQDO�VWDWH�RU�H[WHUQDO�REVHUYDWLRQV��&ULWHULD�IRU�VXFFHVV�DUH�V\VWHP�DELOLW\

WR�VHOI�DGDSW�WR�FKDQJLQJ�WHUUDLQ�FKDUDFWHULVWLFV��DFKLHYH�KLJK�WHUUDLQDELOLW\�UHODWLYH�WR�PDVV�VFDOH�

DQG�DW�WKH�H[WUHPH��GLVFUHWHO\�UHFRQILJXUH�LWV�IXQFWLRQV�WR�HVFDSH�UHFRYHU�IURP�HQWUDSPHQW�RU

RWKHU�PDMRU�RSHUDWLRQDO�DQRPDOLHV��5�6��KDV�D�IXUWKHU�SRZHUIXO�SURSHUW\�RI�EHLQJ�SK\VLFDOO\

VHSDUDEOH� LQWR�WZR��RU�PRUH��FRRSHUDWLQJ�DJHQWV�GXULQJ�XVH��DOORZLQJ�H[WHQGHG�EDVHOLQH

REVHUYDWLRQV��QHWZRUNHG�LQVWUXPHQW�DFWLYLWLHV��RU�HYHQ�FRRUGLQDWHG�URERWLF�ZRUN��H�J���RQH�URERWLF

DJHQW�DQFKRUV��WKH�RWKHU�UDSSHOV���0DQ\�GLIIHUHQW�LQLWLDO�V\VWHP�FRQILJXUDWLRQV�DUH�SRVVLEOH��EDVHG

RQ�WKH�WDUJHW�WDVN��7KLV�³UHXVDEOH´FRPELQDWRULDO�GHVLJQ�DQG�IL[HG�LQYHQWRU\�JUHDWO\�EHQHILWV

PLVVLRQ�FRVW��ODXQFK�DFFHVV��DQG�VXUYLYDELOLW\��DQG�KDV�EURDG�DSSOLFDWLRQ�WR�URERWLF�RXWSRVWV�

7HFKQLFDO�SURGXFWV�LQFOXGH�D�YLUWXDO�SURWRW\SLQJ�HQYLURQPHQW��VHQVRU�EDVHG�DXWRQRPRXV�FRQWURO

VRIWZDUH��DQG�WDVN�OHYHO�PRELOLW\�V\QWKHVLV�DQG�LQYHQWRU\�RSWLPL]DWLRQ�WRROV�

&08�ZLOO�FROODERUDWH�ZLWK�-3/��WDVN�OHDG���0,7��DQG�8QLYHUVLW\�RI�1HEUDVND�WR�VROYH�VHYHUDO

IXQGDPHQWDO�SUREOHPV�UHODWHG�WR�WKH�GHVLJQ�RI�UHFRQILJXUDEOH�DQG�PRGXODU�5�6��PRELOLW\��)LUVW

LV�WKH�FUHDWLRQ�RI�D�PXOWLIXQFWLRQ�V\VWHP�GHVLJQ�VSHFLI\LQJ�WKH�NLQHPDWLFV��G\QDPLFDO��VWUXFWXUDO�

DFWXDWLRQ�DQG�VHQVLQJ�FRQILJXUDWLRQ�WR�PHHW�JLYHQ�WDVN�SHUIRUPDQFH�FRQVWUDLQWV�DQG�GHVLJQ

YDULDEOH�OLPLWDWLRQV��$XWRPDWHG�V\QWKHVLV�DQG�YDOLGDWLRQ�IRU�5�6��LV�HVVHQWLDO�EHFDXVH�WKH�GHVLJQ

VSDFH�LV�HQRUPRXV�DQG�SRRUO\�XQGHUVWRRG��$�VHFRQG�SUREOHP�LV�WHUUDLQ�DGDSWLYH�PRWLRQ�FRQWURO�

7KH�SULPDU\�LVVXH�KHUH�LV�FRQWUROOHG�UHDFWLRQ�DQG�UHFRQILJXUDWLRQ�WR�LQWHUQDOO\�VHQVHG�YHKLFXODU

VWDWH�DQG�H[WHUQDOO\�HVWLPDWHG�WHUUDLQ�SDUDPHWHUV��ERWK�YLVXDO�DQG�G\QDPLFDO��HQYLURQPHQWDO

FRQWDFW�IRUFHV��VRLO�WLUH�LQWHUDFWLRQV���$V�D�JHQHUDOL]DWLRQ��WKLV�WDVN�ZLOO�LQYHVWLJDWH�FDVHV�ZKHUH�WKH

URERW��EDVHG�RQ�VHQVHG�REVHUYHG�FRQVWUDLQWV��LV�DW�SDWKRORJLFDO� OLPLWV�DQG�PXVW�GLVFUHWHO\

UHFRQILJXUH�LWV�PHFKDQLFDO�GHJUHHV�RI�IUHHGRP�DQG�DFWXDWLRQ�WR�HVFDSH�HQWUDSPHQWV��UH�HVWDEOLVK

D�VWDEOH�EDVH��HYHQ�SURYLGH�D�QHZ�URERWLF�IXQFWLRQ��HIIHFWRU�PDVW�DQFKRU��HWF��
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Product
Milestones

Product Performance Achievement Significance & Impact of Product to
Missions

FY 00
LEVEL 1 Demonstrate software to estimate accurately

(i.e., within tens of cm) the robot’s position
and the position of features in its
environment, permitting accurate
simultaneous mapping and positioning.
Use feature detection in images of
unstructured terrain to build a landmark map
and to do position estimation.

Product enables a level of accurate
positioning and mapping for
autonomous explorer not possible
with the sensor suite envisioned for
those missions.

Remaining work: Integrate in
navigation and mapping systems.
Test with long distance travel and
long image sequences.

FY 00
LEVEL 2 Produce software for simultaneous mapping

and localization from natural landmarks
based on the relative filter developed during
FY99. This approach is the only that permits
mapping and localization in the case of:
- Bearing only measurements to

landmarks (e.g., feature locations in
images)

- Noisy pose estimate
- Non-Gaussian and multi-modal noise

models

Produce algorithms for automatic selection of
natural features based on the saliency
algorithms developed in FY99. Those
algorithms select landmarks by combining
several criteria
- Discriminability of the landmark in

images
- Trackability of the landmark over

sequences of images

Test and integrate in the ARC navigation
system. Partial delivery of the software took
place in FY99.

Permits the use of cameras for
localization without requiring
additional instrumentation, e.g., range
sensors, over the sensor suite
envisioned for the autonomous
exploration robots.
General noise model applicable to
typical platforms envisioned for
autonomous exploration.
Automatic system for mapping and
localization as required by
autonomous exploration missions.
&08 $XWRQRPRXV 5RYHU 7HFKQRORJLHV � ��
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Product
Milestones

Product Performance Achievement Significance & Impact of Product to
Missions

FY 00
LEVEL 1
Milestone

Produce accurate terrain-perception models from
millimeter-wave radar. Achieve 20 cm resolution
and 5 cm accuracy at 20 m.

Radar perception will enable rovers to map
and operate through planetary environments
cluttered with dust and with low visibility.
Missions such as Robotic Outposts for In-Situ
Measurement and Communication, as well as
Robotic Outposts for Heavy Duty Science
Operations will benefit from reliable and
accurate radar perception, as an alternative to
stereo vision and laser perception.

FY 00
LEVEL 2
Milestone

Demonstrate robust radar perception with a novel
data interpretation method that combines sensor
and surface models. The interpreter consists of:
* Heuristics for early feature identification
* Radar evidence grids
* A sensor profile that captures radar multi-lobe
sensing and varying-radiation patterns
*Estimation of surface properties for refinement of
radar data
The interpreter will integrate these techniques and
experimental testing will demonstrate enhancement
of perception models.

The proposed interpretation methods will
improve the accuracy of radar data, produce
rich terrain perception models, and enable
reduction of radar size and weight.

Product
Milestones

Product Performance Achievement Significance & Impact of Product to Missions

FY 00
LEVEL 1
Milestone

Produce a virtual prototyping environment to
derive R2S2 designs and perform comparative
analysis of candidate configurations.

R2S2 will enable access and in-situ science at
high value, high risk planetary locations such as
escarpments, fissures, channels, etc.
This capability is essential for Space Science
and robotic precursor to HEDS surface missions.

FY 00
LEVEL 2
Milestone

Design R2S2 control architecture, mechanization
concepts and models, and perform task motion
synthesis studies.

The design of robotic component technologies
for R2S2 will facilitate the production of the
virtual prototyping environment of modular
rovers for all-terrain exploration.

FY 01
LEVEL 1
Milestone

Develop, test, and validate component
technologies of R2S2, including actuation
modules and control software.

Introduce advanced R2S2 mobility concepts to
the planetary science community. Augment
expected return missions through the use of
more capable robotic mobility.

FY 02
LEVEL 1
Milestone

Produce an R2S2 prototype and evaluate its
performance in real environments. Test R2S2
adaptation and reconfiguration across broadly
representative, repeated examples to establish
system performance benchmarks.

Establish a new class of planetary rovers for
challenging surface missions, such as
exploration of Martian canyons and volcanoes.
&08 $XWRQRPRXV 5RYHU 7HFKQRORJLHV � ��
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LQFOXGHV�SHUFHSWLRQ�DQG�QDYLJDWLRQ�IRU�SODQHWDU\�URYHUV��VHQVRUV�IRU�PRGHOLQJ�
QDYLJDWLRQ�VFLHQFH��URERWV�IRU�ILHOG�DSSOLFDWLRQV��
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