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2.  Conceptual Design

8OWLPDWHO\��GHVLJQ�LV�D�VHOHFWLRQ�SURFHVV��$W�WKH�EDVLF�FRQFHSWXDO�OHYHO��GHVLJQLQJ�WKH

FUDZOLQJ� YHKLFOH� FRQVLVWHG� RI� VHOHFWLQJ� WKH� SK\VLFDO� VWUXFWXUH� RI� WKH� URERW� DQG

GHWHUPLQLQJ�KRZ�WKDW�SK\VLFDO�VWUXFWXUH�ZRXOG�PRYH� LQ�RUGHU� WR�DFFRPSOLVK�VRPH

GHVLUHG� ORFRPRWLRQ�� 7KHVH� VHOHFWLRQ�GHFLVLRQV�ZHUH�PDGH�ZLWK� WKH�RYHUDOO� JRDO� RI

GHYHORSLQJ�D�QHZ�FDWHJRU\�RI�YHKLFOH�WKDW�ZRXOG�EH�DEOH�WR�WUDYHUVH�GLIILFXOW��XQHYHQ

WHUUDLQ�LQ�D�PDQQHU�VLPLODU�WR�FDWHUSLOODUV��6SHFLILFDOO\��LQ�RUGHU�WR�DFKLHYH�WKLV�GHVLJQ

JRDO��WKH�GHVLJQ�FKRLFHV�IRU�WKH�FUDZOLQJ�YHKLFOH�ZHUH�JXLGHG�E\�WKH�K\SRWKHVLV�WKDW

WKH�URERW�ZRXOG�DFKLHYH�FDWHUSLOODU�OLNH�PRELOLW\�LI�LWV�ERG\�VWUXFWXUH�DQG�PHWKRGV�RI

ORFRPRWLRQ�FRXOG�EH�PDGH�WR�HPXODWH�WKRVH�RI�WKH�FDWHUSLOODU�

7KH� UHVXOWLQJ� FRQFHSWXDO� GHVLJQ� KDV� ERWK� D� ERG\� VWUXFWXUH� DQG� PHWKRG� RI

ORFRPRWLRQ�WKDW�DUH�UDGLFDOO\�GLIIHUHQW�IURP�PRVW�SUHYLRXV�OHJJHG�YHKLFOHV��+RZHYHU�

LQ� VRPH� RWKHU� UHVSHFWV�� VXFK� DV� VHQVRUV�� WHUUDLQ� SHUFHSWLRQ�� DQG� QDYLJDWLRQ�� WKLV

GHVLJQ� ZLOO� VWLOO� UHO\� KHDYLO\� RQ� WHFKQRORJLHV� GHYHORSHG� E\� SUHYLRXV� PRELOH� URERW

UHVHDUFKHUV�� 7KLV� FKDSWHU� H[SODLQV� WKH� FRQFHSWXDO� GHVLJQ�RI� WKH�PXOWLERG\�SDVVLYH�

OHJJHG� FUDZOLQJ� YHKLFOH�� IRFXVLQJ� RQ� WKH� PRUSKRORJ\� DQG� PRWLRQ� SURJUDPPLQJ

DVSHFWV� RI� WKH� GHVLJQ�� ,Q� DGGLWLRQ�� LW� JLYHV� DQ� RYHUYLHZ� RI� GHVLJQ� LVVXHV� WKDW� DUH

FRPPRQ�WR�DOO�OHJJHG�PRELOH�URERWV��LQFOXGLQJ�EULHI�LQWURGXFWLRQV�WR�SRZHU�VXSSOLHV�

7KURXJK�FDUHIXO�VWXG\��VFLHQWLVWV�FDQ�XQGHUVWDQG�WKH�GHVLJQV�DQG
DOJRULWKPV�XVHG�LQ�FUHDWLRQ����(QJLQHHUV�FDQ�HPXODWH�WKHVH

GHVLJQV�DQG�DOJRULWKPV�LQ�WKH�PDFKLQHV�WKH\�GHYHORS�

¦�3KLOOLS�-RKQ�0F.HUURZ�������
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VHQVRUV��QDYLJDWLRQ��DQG�FRQWUROV�VR�WKDW�WKH�UHDGHU�ZLOO�KDYH�DQ�DSSUHFLDWLRQ�IRU�WKH

RYHUDOO�GHVLJQ�RI�OHJJHG�YHKLFOHV�

2.1 Basic Components of a Legged Robot

:KLOH�WKH�YHKLFOHªV�ERG\�VWUXFWXUH�DQG�PHWKRG�RI�PRYLQJ�DUH�WKH�PRVW�EDVLF�SDUWV�RI

LWV�FRQFHSWXDO�GHVLJQ��WR�FRPSOHWH�D�ZRUNLQJ�GHVLJQ��RWKHU�FRPSRQHQWV�DUH�UHTXLUHG

WR� VXSSRUW� WKH� ORFRPRWLRQ� IXQFWLRQ�� 7KH� IXQGDPHQWDO� EXLOGLQJ� EORFNV� RI� D

IXQFWLRQLQJ�DXWRQRPRXV�OHJJHG�YHKLFOH�LQFOXGH�

�� 3K\VLFDO�VWUXFWXUH��LQFOXGLQJ�DFWXDWLRQ�V\VWHP��

�� 0RWLRQ�SURJUDP�V��

�� 3RZHU�VRXUFH�V��

�� 6HQVRUV�

�� 1DYLJDWLRQ�DQG�&RQWURO�V\VWHP�V��

1RWH�WKDW�WKHVH�VXEGLYLVLRQV�RI�WKH�GHVLJQ�DUH�LQWLPDWHO\�UHODWHG�DQG�LQWHUGHSHQGHQW�

(DFK�VXEGLYLVLRQ�SXWV�GHVLJQ�FRQVWUDLQWV�RQ� WKH�RWKHUV��7KXV�� LQ�RUGHU� WR�FRPSOHWH

WKH� GHVLJQ� RI� D� VXFFHVVIXO� URERW�� $//� RI� WKH� GHVLJQ� FRQVWUDLQWV� ZLOO� QHHG� WR� EH

XQGHUVWRRG�DQG� WDNHQ� LQWR�DFFRXQW� VLPXOWDQHRXVO\��7KLV� LQWHUGHSHQGHQF\�PDNHV� LW

GLIILFXOW� WR� ILQG� D� VLPSOH�� ORJLFDO� VHTXHQFH� LQ� ZKLFK� WR� GHVFULEH� WKH� FRQFHSWXDO

GHVLJQ��7KLV�FKDSWHU�ZLOO�WDNH�D�JHQHUDOO\�ERWWRP�XS�DSSURDFK�LQ�LWV�GLVFXVVLRQ�RI�WKH

EDVLF�FRPSRQHQWV�LQ�WKH�RYHUDOO�GHVLJQ�RI�WKH�FUDZOLQJ�YHKLFOH�
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2.2 Physical Structure

7KH� VWUXFWXUH�RI� WKLV� URERWLF� YHKLFOH� HYROYHG� IURP� UHVHDUFK�RQ�9DULDEOH�*HRPHWU\

7UXVVHV� �9*7ªV��FRQGXFWHG�DW�9LUJLQLD�3RO\WHFKQLF� ,QVWLWXWH�DQG�6WDWH�8QLYHUVLW\�� ,Q

IDFW�� WKH� LPSHWXV� IRU� WKLV�HQWLUH�SURMHFW�ZDV� WKH�VXJJHVWLRQ�PDGH�E\�'U��&KDUOHV�)�

5HLQKROW]�WR�WKH�DXWKRU�LQ�6HSWHPEHU������WKDW�D�ORQJ�FKDLQ�9*7�PDQLSXODWRU�FRXOG

EH� GLVFRQQHFWHG� IURP� LWV� JURXQG� OLQN� DQG� XVHG� WR� PDNH� D� VQDNH� RU� ZRUP�OLNH

YHKLFOH�� 'XULQJ� WKLV� VDPH� EUDLQVWRUP� PHHWLQJ�� WKH� DXWKRU� SURSRVHG� XVLQJ� WKH

FDWHUSLOODU� DV� WKH� QDWXUDO� DQDORJXH� IRU� VXFK� D� YHKLFOH�� FLWLQJ� LWV� PRELOLW\� DQG� WKH

EHQHILW�RI�DYRLGLQJ�WKH�IULFWLRQ�DQG�ZHDU�WKDW�ZRXOG�RFFXU�ZLWK�D�OHJOHVV�YHKLFOH�

/RRNLQJ�DW�WKH�FDWHUSLOODU�DV�D�SURWRW\SH�IRU�WKH�SK\VLFDO�VWUXFWXUH�RI�WKH�URERW��ZH

QRWH�WKDW�WKH�FDWHUSLOODU�KDV�D�ORQJ��VOHQGHU��DQG�JHQHUDOO\�F\OLQGULFDO�ERG\�VWUXFWXUH

WKDW�LV�GLYLGHG�XS�LQWR�VHYHUDO�VHJPHQWV��7KHVH�VHJPHQWV�FDQ�FRQWUDFW��H[SDQG��DQG

WLOW�LQGHSHQGHQWO\�RI�HDFK�RWKHU��0RVW�RI�WKH�VHJPHQWV�KDYH�D�ODWHUDO�SDLU�RI�OHJV��H�J�

SODFHG� VLGH� E\� VLGH� UHODWLYH� WR� WKH� ORQJLWXGLQDO� D[LV� RI� WKH� FDWHUSLOODU� ERG\��� $V� D

UHVXOW��ERWK�WKH�PDVV�RI�WKH�FDWHUSLOODU�DQG�LWV�OHJV�DUH�GLVWULEXWHG�DORQJ�LWV�OHQJWK�

7KHUHIRUH�� WR� HQDEOH� FDWHUSLOODU�OLNH�PRELOLW\�� WKH� URERW� SK\VLFDO� VWUXFWXUH� QHHGV� WR

KDYH� SODFHV� GLVWULEXWHG� DORQJ� LWV� OHQJWK� IRU� PRXQWLQJ� WKH� ODWHUDO� SDLUV� RI� OHJV�

)XUWKHUPRUH�� HDFK� SDLU� RI� OHJV� PXVW� EH� DEOH� WR� FRQWUDFW�� H[SDQG�� DQG� WLOW

LQGHSHQGHQWO\�RI�WKH�SDLUV�DKHDG�RI�DQG�EHKLQG�LW��7KLV� OHDGV�WR�D�UHSHWLWLYH�GHVLJQ

WKDW� LPLWDWHV� WKH� OHQJWKZLVH� XQLIRUPLW\� RI� WKH� FDWHUSLOODU� ERG\� VWUXFWXUH�� 6XFK� DQ

DUUDQJHPHQW� LV� VKRZQ� LQ� )LJXUH� ����� 6SHFLILFDOO\�� WKH� FRQFHSWXDO� GHVLJQ� RI� WKH

FUDZOLQJ� YHKLFOH� ERG\� VWUXFWXUH� LV� EDVHG� RQ� WKH� LGHD� RI� XVLQJ� DQ� DOWHUQDWLQJ

ORQJLWXGLQDO� VHTXHQFH� RI� §OHJ� SDLU� DVVHPEOLHV¨� FRQQHFWHG� WR� HDFK� RWKHU� E\

§DFWXDWLRQ�XQLWV¨��7KH�OHJ�SDLU�DVVHPEOLHV�DUH�WKH�SRLQWV�RI�DWWDFKPHQW�IRU�WKH�SDLUV

RI�OHJV��WKH�DFWXDWLRQ�XQLWV�DUH�IOH[LEOH��DFWXDWHG�VHFWLRQV�WKDW�FDQ�FRQWUDFW��H[SDQG�

DQG�WLOW�LQ�D�FRQWUROOHG�PDQQHU�
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Figure 2.1 — The Basic Physical Structure of the Crawling Vehicle: An Alternating

Sequence of Leg Pair Assemblies and Actuation Units

+DYLQJ� WKLV�EDVLF� WRSRORJ\��ZKDW� UHPDLQV�RI� WKH�FRQFHSWXDO�GHVLJQ�RI� WKH�SK\VLFDO

VWUXFWXUH�RI� WKH� YHKLFOH� LV� WR�GHWHUPLQH� WKH�FKDUDFWHULVWLFV�RI� WKHVH�DFWXDWLRQ�XQLWV

DQG�OHJ�SDLU�DVVHPEOLHV�

2.2.1 Actuation Units

7KH� VHOHFWLRQ� RI� WKH� DFWXDWLRQ� XQLWV� LV� IXQGDPHQWDO� WR� WKH� GHVLJQ� RI� WKH� YHKLFOH

VWUXFWXUH�EHFDXVH�WKH\�SURYLGH�WKH�PHFKDQLFDO�PHDQV� IRU�SURGXFLQJ�WKH�QHFHVVDU\

UHODWLYH�PRWLRQ�EHWZHHQ�WKH�OHJ�SDLU�DVVHPEOLHV��7KLV�GHVLJQ�GHFLVLRQ�GHWHUPLQHV�WKH

PRELOLW\�RI�WKH�YHKLFOH�DQG�LWV�VXFFHVV�ZKHQ�RSHUDWLQJ�RYHU�H[WUHPH�WHUUDLQ�

2.2.1.1 Selection Criteria for the Actuation Unit Mechanisms

,Q�RUGHU�WR�KDYH�WKH�QHFHVVDU\�PRELOLW\�WR�HQDEOH�PRWLRQ�VLPLODU�WR�WKDW�RI�FDWHUSLOODU

VHJPHQWV�� WKH�DFWXDWLRQ�XQLW�PHFKDQLVP�GHVLJQ�PXVW�KDYH�D�QXPEHU�RI� LPSRUWDQW

DWWULEXWHV� �PDQ\� RI� ZKLFK� DUH� GHULYHG� IURP� FDWHUSLOODU� FKDUDFWHULVWLFV�� DV� ZLOO� EH

GLVFXVVHG�LQ�&K�����

Leg Pair Assemblies

Actuation Units
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)LUVW�� LW� LV� GHVLUDEOH� IRU� WKH� DFWXDWLRQ� XQLWV� RI� WKH� YHKLFOH� WR� DOO� KDYH� LGHQWLFDO

ZRUNVSDFHV�� 6XFK� DQ� DUUDQJHPHQW� DVVXUHV� WKDW� LI� WKH� IURQW� RI� WKH� URERW� FDQ� WUDYHO

DORQJ� D� SDUWLFXODU� SDWK�� WKHQ� WKH� WUDLOLQJ� �VHJPHQWV�� RI� WKH� URERW� ZLOO� EH� DEOH� WR

IROORZ��WKXV�VLPSOLI\LQJ�SDWK�SODQQLQJ��WUDMHFWRU\�SODQQLQJ��DQG�FRQWUROV�

6HFRQG�� LW� LV�GHVLUDEOH� IRU� HDFK�DFWXDWLRQ�XQLW� WR�KDYH�D� ODUJH�ZRUNVSDFH� VR� DV� WR

DOORZ�ODUJH�UHODWLYH�PRWLRQV�EHWZHHQ�LWV�DGMDFHQW�OHJ�SDLU�DVVHPEOLHV��7KLV�ZLOO�HQDEOH

ORQJHU� VWULGHV�� UHVXOWLQJ� LQ� JUHDWHU� PRELOLW\�� KLJKHU� VSHHGV�� DQG� EHWWHU� HQHUJ\

HIILFLHQF\�

7KLUG�� LW� LV� GHVLUDEOH� IRU� WKH� VHOHFWHG� DFWXDWLRQ� XQLW� PHFKDQLVP� GHVLJQ� WR� KDYH� D

ZRUNVSDFH� WKDW� LV� V\PPHWULF� DERXW� LWV� ORQJLWXGLQDO� FHQWHUOLQH�� 7KLV� LV� LPSRUWDQW

EHFDXVH� LW�ZLOO�DOORZ�WKH�URERW� WR�WUDYHO� LQ�RQH�GLUHFWLRQ�DV�ZHOO�DV� LW� WUDYHOV� LQ� WKH

RSSRVLWH�GLUHFWLRQ��6SHFLILFDOO\��WKH�URERW�VKRXOG�EH�DEOH�WR�\DZ�WR�WKH�OHIW�RU�\DZ�WR

WKH�ULJKW�� UROO�FORFNZLVH�RU�FRXQWHUFORFNZLVH��SLWFK�XSZDUGV�RU�GRZQZDUGV��H[WHQG

OHIW�RU�ULJKW��DQG�H[WHQG�XS�RU�GRZQ��DOO�ZLWK�HTXDO�IDFLOLW\��UHVSHFWLYHO\�

,Q�DGGLWLRQ�WR�WKHVH�ZRUNVSDFH�UHTXLUHPHQWV��WKH�DFWXDWLRQ�XQLW�PHFKDQLVP�VKRXOG

EH� VLPSOH� IURP� WKH� NLQHPDWLFV� DQDO\VLV� YLHZSRLQW�� ,GHDOO\�� WKH� PHFKDQLVP� VKRXOG

KDYH� VLPSOH�� FORVHG�IRUP� VROXWLRQV� IRU� ERWK� LWV� IRUZDUG� DQG� LQYHUVH� NLQHPDWLFV

SUREOHPV��:KHUH�WKHVH�EDVLF�NLQHPDWLFV�DQDO\VLV�SUREOHPV�FDQ�EH�GHILQHG�VLPSO\�DV�

• 7KH� IRUZDUG� NLQHPDWLFV� SUREOHP� �VRPHWLPHV� FDOOHG� WKH� GLUHFW� NLQHPDWLFV

SUREOHP��LV�WKH�WDVN�RI�GHWHUPLQLQJ�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�WKH�RXWSXW�OLQN

RI�D�PHFKDQLVP�UHODWLYH�WR�LWV�EDVH��ZKHQ�JLYHQ�WKH�VHW�RI�LQSXW�MRLQW�YDOXHV��H�J�

MRLQW�DQJOHV�RU�RIIVHWV�GHSHQGLQJ�RQ�WKH�W\SH�RI�MRLQWV��

• 7KH� LQYHUVH�NLQHPDWLFV�SUREOHP�HQWDLOV�GHWHUPLQLQJ� WKH�VHW�RI� MRLQW�YDOXHV� WKDW

ZLOO�SODFH�WKH�RXWSXW�OLQN�RI�D�PHFKDQLVP�DW�D�VSHFLILHG�SRVLWLRQ�DQG�RULHQWDWLRQ

UHODWLYH�WR�WKH�PHFKDQLVP�EDVH�IUDPH�RI�UHIHUHQFH�
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�,W� VKRXOG� EH� QRWHG� WKDW� LW� LV� RIWHQ� GHVLUDEOH� WR� REWDLQ� KLJKHU�RUGHU� GHULYDWLYHV� IRU

ERWK�WKH�IRUZDUG�DQG�LQYHUVH�FDVHV�DQG�WKDW�VRPHWLPHV�PXOWLSOH�FRUUHFW�DQVZHU�VHWV

H[LVW��ZKLFK�LQGLFDWH�DOWHUQDWH�DVVHPEOLHV�RI�WKH�PHFKDQLVP��

:KLOH� VLPSOH� FORVHG�IRUP� VROXWLRQV� WR� WKHVH� NLQHPDWLFV� DQDO\VLV� SUREOHPV� DUH

GHVLUDEOH� IRU� WKH� DFWXDWLRQ� XQLW� PHFKDQLVPV�� PRUH� FRPSOLFDWHG� FORVHG�IRUP

VROXWLRQV� RU� HYHQ� LWHUDWLYH� QXPHULFDO� VROXWLRQV� DUH� DFFHSWDEOH� LI� WKH\� FDQ� EH

FRPSXWHG�ZLWK�VXIILFLHQW�UHVROXWLRQ�DQG�UDSLGO\�HQRXJK�WR�VXSSRUW�UHDO�WLPH�FRQWURO

IXQFWLRQV��'RQQHU��������GHVFULEHV�DGHTXDWH�UHDO�WLPH�SHUIRUPDQFH�DV�IROORZV�

$GHTXDWH�UHDO�WLPH�SHUIRUPDQFH�SURGXFHV�ODWHQF\�VPDOO�HQRXJK�IRU�WKH�WDVN
DW�KDQG��/DWHQF\�LV�WKH�DPRXQW�RI�WLPH�WKDW�HODSVHV�EHWZHHQ�WZR�VXFFHVVLYH
RSSRUWXQLWLHV� IRU�DQ\�VSHFLILF�SURFHVV� WR�UHFHLYH�&38�F\FOHV�DQG�DIIHFW� WKH
EHKDYLRU�RI�WKH�V\VWHP�

7KH�VHOHFWHG�DFWXDWLRQ�XQLW�PHFKDQLVP�VKRXOG�DOVR�EH�ERWK�VWLII�DQG�OLJKWZHLJKW��7KH

VWLIIQHVV�LV�QHFHVVDU\�WR�HQDEOH�FDQWLOHYHU�DQG�EULGJLQJ�PDQHXYHUV�IRU�FURVVLQJ�ODUJH

GLWFK�OLNH� REVWDFOHV�� +DYLQJ� OLJKWZHLJKW� DFWXDWLRQ� XQLWV� LV� GHVLUDEOH� EHFDXVH� LW

UHGXFHV� WKH� RYHUDOO�ZHLJKW� RI� WKH� YHKLFOH� DQG� WKXV� JHQHUDOO\� LPSURYHV� WKH� HQHUJ\

HIILFLHQF\�RI�LWV�ORFRPRWLRQ�

)XUWKHUPRUH�� WKH� DFWXDWLRQ� XQLW� PHFKDQLVP� VKRXOG� EH� GHVLJQHG� ZLWK� UHJDUG� WR

PHFKDQLFDO�DGYDQWDJH�VR� WKDW�H[FHVVLYH�DPRXQWV�RI� WRUTXH�DQG�SRZHU�ZLOO�QRW�EH

UHTXLUHG�WR�FDXVH�WKH�YHKLFOH�WR�PRYH��7KLV�ZLOO�SUHYHQW�WKH�QHHG�IRU�XQQHFHVVDULO\

ODUJH�DFWXDWRUV�

)LQDOO\��ZKLOH� VHHNLQJ� WR�DFKLHYH�DOO� WKHVH�GHVLJQ�JRDOV�� LW� LV� LPSRUWDQW� WR� VHOHFW�DQ

DFWXDWLRQ�XQLW�PHFKDQLVP�GHVLJQ�WKDW�LV�DV�VLPSOH�DV�SRVVLEOH�
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2.2.1.2 Variable Geometry Truss Technology

-XGJLQJ� IURP� WKH� FULWHULD� GLVFXVVHG� LQ� WKH� SULRU� VXE�VHFWLRQ�� LW� LV� FOHDU� WKDW� WKH

PHFKDQLVPV�XVHG�IRU�WKH�DFWXDWLRQ�XQLWV�ZLOO�HDFK�UHTXLUH�PRUH�WKDQ�RQH�GHJUHH�RI

IUHHGRP� RI� PRELOLW\�� 7KXV�� WKHVH� §PHFKDQLVPV¨� DUH� PRUH� SURSHUO\� WHUPHG

PDQLSXODWRUV�� VLQFH� WKH� WHUP�� PHFKDQLVP�� LQ� LWV� VWULFWHVW� VHQVH�� PHDQV� D� GHYLFH

KDYLQJ�RQO\�RQH�GHJUHH�RI�IUHHGRP�

0DQLSXODWRUV�DUH�FRPSULVHG�RI�WZR�RU�PRUH�JHQHUDOO\�ULJLG�OLQNV�WKDW�DUH�FRQQHFWHG

WR� HDFK� RWKHU� E\� DFWXDWHG� MRLQWV�� %\� FRQWUROOLQJ� WKH� DFWXDWRUV�� SUHVFULEHG� UHODWLYH

PRWLRQ� FDQ� EH� SURGXFHG� EHWZHHQ� WKH� PDQLSXODWRU� EDVH�IUDPH� RI� UHIHUHQFH� DQG

HLWKHU�DQ�HQG�HIIHFWRU�OLQN�RU�D�SODWIRUP��0DQLSXODWRUV�FDQ�EH�FDWHJRUL]HG�DV�VHULDO�

SDUDOOHO��RU�DV�D�K\EULG�RI�WKH�WZR��$V�WKHLU�QDPH�LPSOLHV��VHULDO�PDQLSXODWRUV�FRQVLVW

RI�OLQNV�WKDW�DUH�FRQQHFWHG�LQ�VHULHV�E\�WKHLU�MRLQWV�VR�DV�WR�PDNH�DQ�RSHQ�ORRS�FKDLQ�

,Q� FRQWUDVW�� SDUDOOHO�PDQLSXODWRUV� KDYH� OLQNV� WKDW� DUH� FRQQHFWHG� LQ� SDUDOOHO�� VR� WKDW

RQH� RU� PRUH� FORVHG�ORRS� FKDLQV� DUH� IRUPHG�� +\EULG� PDQLSXODWRUV� SRVVHVV� ERWK

RSHQ��DQG�FORVHG�ORRS�FKDLQV�

6HULDO� PDQLSXODWRUV� ZHUH� HOLPLQDWHG� IURP� FRQVLGHUDWLRQ� DV� FDQGLGDWHV� IRU� WKH

DFWXDWLRQ�XQLW�PHFKDQLVPV�EHFDXVH��DV�6DOHUQR��������H[SODLQV�LW�

(DFK� OLQN�RI� WKH� >VHULDO@�PDQLSXODWRU� LV�� LQ�HIIHFW��D�FDQWLOHYHU�EHDP�FDUU\LQJ
WKH�IXOO�ORDG�RI�DOO�WKH�OLQNV�IXUWKHU�RXW�LQ�WKH�FKDLQ��7KH�LQGLYLGXDO�PHPEHUV
RI� VXFK� D� FKDLQ�PD\� EH� VXEMHFWHG� WR� DOO� SRVVLEOH� W\SHV� RI� ORDGV�� EHQGLQJ�
WRUVLRQDO�� D[LDO�� DQG� VKHDU�� 2I� WKHVH� SRVVLEOH� ORDGV�� WKH� GHVLJQ� LV� XVXDOO\
OLPLWHG� E\� WKH� HIIHFWV� RI� WRUVLRQDO� DQG� EHQGLQJ� ORDGV�� &RQVHTXHQWO\�� PRVW
SXUHO\�VHULDO�PDQLSXODWRUV�DUH�LQKHUHQWO\�FRPSOLDQW�DQG�KDYH�UHODWLYHO\�SRRU
ORDG�FDUU\LQJ�FDSDFLWLHV�FRPSDUHG�WR�WKHLU�RYHUDOO�ZHLJKW�

7KXV�� VHULDO� PDQLSXODWRUV� IDLO� WR� PHHW� WKH� VWLIIQHVV�WR�ZHLJKW� UHTXLUHPHQWV� IRU� WKH

DFWXDWLRQ� XQLW� PHFKDQLVPV�� 7KHUHIRUH�� WKH� VHDUFK� IRU� DQ� DSSURSULDWH� PHFKDQLVP

IRFXVHG� RQ� SDUDOOHO� PDQLSXODWRUV�� 7KH� SDUDOOHO� OLQNV� RI� VXFK� PDQLSXODWRUV� FUHDWH

PXOWLSOH�ORDG�SDWKV��UHVXOWLQJ�LQ�D�QXPEHU�RI�DGYDQWDJHV��$V�7VDL��������VWDWHV�LW�
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,Q� JHQHUDO�� D� SDUDOOHO� PDQLSXODWRU� KDV� WKH� DGYDQWDJHV� RI� KLJKHU� VWLIIQHVV�
KLJKHU�SD\ORDG�FDSDFLW\��DQG�ORZHU�LQHUWLD�WR�WKH�PDQLSXODWLRQ�SUREOHP�WKDQ
D� FRPSDUDEOH� VHULDO� PDQLSXODWRU�� DW� WKH� SULFH� RI� D� VPDOOHU� ZRUNVSDFH� DQG
PRUH�FRPSOH[�PHFKDQLVP�

&RQVLGHULQJ� WKHVH� IDFWV��D�FODVV�RI�SDUDOOHO�PDQLSXODWRU�FDOOHG�D�9DULDEOH�*HRPHWU\

7UXVV�� RU� 9*7�� ZDV� LQLWLDOO\� FKRVHQ� DV� WKH� SULPH� FDQGLGDWH� IRU� WKH� DFWXDWLRQ� XQLW

PHFKDQLVPV� EHFDXVH� RI� LWV� VXSHULRU� VWLIIQHVV�WR�ZHLJKW� UDWLR� DQG� LWV� SRWHQWLDO

PRELOLW\�

$V�WKHLU�QDPH�LPSOLHV��9DULDEOH�*HRPHWU\�7UXVV�PDQLSXODWRUV�DUH�EDVHG�XSRQ�WUXVV

VWUXFWXUHV�� )RU�PDQ\� \HDUV�� HQJLQHHUV� DQG� VFLHQWLVWV� KDYH� UHFRJQL]HG� WKH� H[FHOOHQW

VWUHQJWK� DQG� VWLIIQHVV� SURSHUWLHV� RI� VWDWLF� WUXVVHV� �:LOOLDPV�� ������� $� WUXVV�PD\� EH

GHILQHG�DV�D�GHYLFH�ZKRVH�OLQNV�FDUU\�RQO\�D[LDO��SXUH�WHQVLRQ�RU�FRPSUHVVLRQ��ORDGV�

7R�DFKLHYH�WKLV� ORDG�FDUU\LQJ�SURSHUW\��DOO� WKH�OLQNV�WKDW�FRPSULVH�WKH�WUXVV�PXVW�EH

MRLQHG� WRJHWKHU� LQ� VXFK�D�ZD\� WKDW�QR�EHQGLQJ�PRPHQWV� FDQ�EH� WUDQVPLWWHG� IURP

RQH� OLQN� WR� WKH� QH[W�� 7KHVH� UHTXLUHPHQWV� OHDG� WR� D� YDULHW\� RI� GHOWDKHGURQ�EDVHG

VWUXFWXUHV�ZKRVH�OLQNV�DOZD\V�IRUP�D�VHW�RI�WULDQJXODU�IDFHV��VHH�)LJ��������$OWKRXJK�D

YDULHW\� RI� WUXVV� FRQILJXUDWLRQV� DUH� SRVVLEOH�� PRVW� FRPPRQ� VWDWLFDOO\�GHWHUPLQDWH

WUXVVHV� DUH� IRUPHG� IURP� WHWUDKHGURQV�� RFWDKHGURQV�� GHFDKHGURQV�� GRGHFDKHGURQV�

RU�VRPH�FRPELQDWLRQ�RI�WKHVH��$UXQ��5HLQKROW]��DQG�:DWVRQ���������7KHVH�XQLW�FHOOV

FDQ�EH�FRQFDWHQDWHG�WR�PDNH�ODUJHU�VWUXFWXUHV�

$�9*7� UHVXOWV�ZKHQ� RQH� RU�PRUH� OLQNV� RI� D� VWDWLFDOO\� GHWHUPLQDWH� WUXVV� DUH�PDGH

H[WHQVLEOH���.LQHPDWLFDOO\�VSHDNLQJ��ZKHQ�D�WUXVV�OLQN�LV�PDGH�H[WHQVLEOH�LW�EHFRPHV

D�NLQHPDWLF�RU�SULVPDWLF�SDLU��WKDW�LV��WZR�ULJLG�OLQNV�FRQQHFWHG�E\�D�SULVPDWLF�MRLQW�

+RZHYHU��EHFDXVH�WKH�PHFKDQLVPV�GHVFULEHG�LQ�WKLV�ZRUN�DUH�GHULYHG�IURP�WUXVVHV

DQG�IRU�WKH�VDNH�RI�VLPSOLFLW\�� LQ�WKLV�ZRUN�� WKHVH�H[WHQVLEOH�PHPEHUV�ZLOO�RIWHQ�EH

UHIHUUHG�WR�DV�VLPSO\�§OLQNV¨��§H[WHQVLEOH� OLQNV¨��§YDULDEOH� OHQJWK�OLQNV¨��RU�§SULVPDWLF

OLQNV¨���&RQWUROOLQJ�WKH�OHQJWK�RI�WKHVH�H[WHQVLEOH�PHPEHUV�HQDEOHV�WKH�VKDSH�RI�WKH

WUXVV�WR�EH�PDQLSXODWHG��)RU�H[DPSOH��D�WHWUDKHGUDO�WUXVV�FRPSRVHG�RI�VL[�OLQNV�FDQ
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EH� SURYLGHG� ZLWK� DV� PDQ\� DV� VL[� '2)ªV� ZLWKRXW� DOWHULQJ� LWV� EDVLF� WUXVV� VWUXFWXUH�

&OHDUO\��PDQ\�FRPELQDWLRQV�RI�EDVLF�WUXVV�XQLWV�DQG�DFWXDWLRQ�VFKHPHV�DUH�SRVVLEOH�

)XUWKHUPRUH�� ZKHQ� WZR� RU� PRUH� RI� WKHVH� XQLW� FHOOV� DUH� FRQQHFWHG� DORQJ� WKHLU

ORQJLWXGLQDO�D[HV�WR�SURGXFH�D� ORQJ�FKDLQ�9*7�� WKH� WRWDO�QXPEHU�RI�YDULDEOH�OHQJWK

PHPEHUV� LV� HTXDO� WR� WKH� QXPEHU� RI� GHJUHHV� RI� IUHHGRP� RI� WKH� 9*7�� 1RWH� WKDW

PDNLQJ�VRPH�OLQNV�YDULDEOH�LQ�OHQJWK�GRHV�QRW�FKDQJH�WKH�EDVLF�JHRPHWULF�VWUXFWXUH

RI�WKH�WUXVV��7KXV��WKH�OLQNV�RI�D�SURSHUO\�GHVLJQHG�9*7�ZLOO�VWLOO�EH�SULPDULO\�ORDGHG

LQ� WHQVLRQ�RU�FRPSUHVVLRQ��DQG� WKH�9*7�ZLOO� UHWDLQ� WKH�H[FHOOHQW� VWLIIQHVV�WR�ZHLJKW

FKDUDFWHULVWLFV�RI�VWDWLF�WUXVVHV�

0XFK� RI� WKH� HDUO\� ZRUN� LQ� DGDSWLYH� �YDULDEOH� JHRPHWU\�� WUXVVHV� ZDV� VSDUNHG� E\

1$6$
V� LQWHUHVW� LQ� IROGDEOH�� GHSOR\DEOH� VSDFH� VWUXFWXUHV� �6DOHUQR�� ������� 0DQ\

VFKHPHV� ZHUH� GHYLVHG� WR� HQDEOH� WKH� WUXVVHV� WR� FROODSVH� IRU� FRPSDFW� VWRUDJH�

)XUWKHUPRUH��9*7ªV�KDYH�DOVR�EHHQ�SUHYLRXVO\�XVHG�IRU�DFWLYHO\�GDPSHG�VWUXFWXUHV�

Figure 2.2 — Basic Truss Unit Cells

TetrahedronTriangle
(Planar Truss)

Octahedron

Decahedron Dodecahedron
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URERWLF� PDQLSXODWRUV�� DQG� DQWHQQD� FRQWUROOHUV� �:\QQ�� ������ :DUULQJWRQ�� �����

5HLQKROW]� DQG� *RNKDOH�� ������ 3DGPDQDEKDQ�� ������ 6DOHUQR�� ����� DQG� �����

7LGZHOO��������

2.2.1.3 Candidate VGT Unit Cells

$V�ZDV�VKRZQ�LQ�)LJ�������LW�LV�UHTXLUHG�WKDW�HDFK�DFWXDWLRQ�XQLW�PHFKDQLVP�EH�ULJLGO\

DWWDFKHG�DW� WZR�RSSRVLWH�HQGV� WR� LWV� DGMDFHQW� OHJ�SDLU� DVVHPEOLHV�� )RU� WKH� VDNH�RI

VWLIIQHVV�� WKHVH� FRQQHFWLRQV� VKRXOG� FRQVLVW� RI� WKUHH� WUXVV� OLQNV� FRPSRVLQJ� RQH

WULDQJXODU� IDFH� RI� D� 9*7� FHOO�� UDWKHU� WKDQ� WKH� VWUXFWXUDOO\� OHVV� VWLII� RSWLRQV� RI

FRQQHFWLQJ�DW�D�VLQJOH�MRLQW�RU�YLD�D�VLQJOH�WUXVV�OLQN��&RQVHTXHQWO\��WZR�SODQDU�IDFHV

RI�WKH�9*7�PXVW�EH�DOORFDWHG�IRU�XVH�DV�FRQQHFWLRQV�WR�WKH�OHJ�SDLU�DVVHPEOLHV�

:KHQ� WKH\� DUH� HYDOXDWHG� LQ� WKH� OLJKW� RI� WKHVH� FRQQHFWLRQ� UHTXLUHPHQWV� DQG� WKH

ZRUNVSDFH�UHTXLUHPHQWV�GHVFULEHG� LQ�VXE�VHFWLRQ����������VHYHUDO�RI� WKH�EDVLF� WUXVV

XQLW�FHOOV�FDQ�EH�HOLPLQDWHG�DV�WKH�SRVVLEOH�EDVLV�IRU�D�9*7�W\SH�DFWXDWLRQ�XQLW�

$�9*7�PHFKDQLVP�EDVHG�XSRQ�D�VLPSOH�WULDQJXODU�WUXVV�PLJKW�EH�DGHTXDWH�IRU�VRPH

ODERUDWRU\� WHVWV� DQG� SURRIV� RI� FRQFHSW�� EXW� LW� LV� ZKROO\� LQDGHTXDWH� IRU� XVH� RQ� D

YHKLFOH� LQWHQGHG� WR�PRYH�RYHU���'�XQGXODWLQJ� WHUUDLQ��EHFDXVH� VXFK�D�PHFKDQLVP

ZRXOG�RQO\�DOORZ�SODQDU�PRWLRQV�

:KLOH�WHWUDKHGUDO�9*7ªV�FDQ�EH�YHU\�VWLII��WKH\�DUH�HOLPLQDWHG�IURP�FRQVLGHUDWLRQ�IRU

WZR� UHDVRQV�� )LUVW�� WKH\� KDYH� DQ� LQVXIILFLHQW� QXPEHU� RI� OLQNV�� 7KXV�� WKH\� FDQQRW

VXSSRUW�HQRXJK�DFWXDWRUV� WR� VDWLVI\� WKH�PRELOLW\� UHTXLUHPHQWV�� 6HFRQG�� WHWUDKHGUDO

FHOOV�ODFN�WKH�V\PPHWU\�QHHGHG�WR�PDNH�WKHP�XVHIXOO\�VWDFNDEOH��7KDW�LV��WKH\�FDQQRW

EH�VWDFNHG�LQ�D�PDQQHU�WKDW�PDNHV�LW�FRQYHQLHQW�WR�DWWDFK�WKHP�WR�WKHLU�DGMDFHQW�OHJ

SDLU�DVVHPEOLHV�
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7KH� GHFDKHGURQ� DQG� GRGHFDKHGURQ� FHOOV� KDYH�PRUH� OLQNV� WKDQ� DUH� GHVLUDEOH� DQG

ZRXOG�QRW�KDYH�WKH�GHVLUHG�ZRUNVSDFH�V\PPHWU\��+HQFH��WKH\�ZRXOG�EH�DZNZDUG

DQG�XQQHFHVVDULO\�FRPSOLFDWHG�IRU�XVH�ZLWK�WKH�DFWXDWLRQ�XQLWV�

$Q�RFWDKHGUDO� FHOO�KDV� WZHOYH� OLQNV� WKDW� IRUP�HLJKW� WULDQJXODU� IDFHV��+HQFH�� WZR�RI

WKHVH�IDFHV�FDQ�EH�ULJLGO\�DWWDFKHG�WR�OHJ�SDLU�DVVHPEOLHV��DQG�VL[�OLQNV�ZLOO�VWLOO�EH�OHIW

RYHU� WKDW� FRXOG� EH� PDGH� WR� EH� H[WHQVLEOH�� )XUWKHUPRUH�� WKH� RFWDKHGUDO� FHOO� LV

V\PPHWULF�VR�WKDW�ORQJ�FKDLQ�VWUXFWXUHV�FDQ�EH�IRUPHG�E\�VLPSO\�VWDFNLQJ�XQLWV�HQG�

WR�HQG��DV�VKRZQ�LQ�)LJ������

Figure 2.3 — A Long-Chain Truss Structure Based Upon Six Octahedral Unit Cells

7KXV�� DQ�RFWDKHGUDO� FHOO� LV� WKH� EHVW� FDQGLGDWH� IRU� XVH� DV� WKH� EDVLV� IRU� D�9*7�W\SH

DFWXDWLRQ� XQLW� PHFKDQLVP� IRU� WKH� FUDZOLQJ� YHKLFOH�� 2WKHU� UHVHDUFKHUV� KDYH� DOVR

VHOHFWHG�WKH�RFWDKHGUDO�FHOO�IRU�WKHLU�RZQ�DSSOLFDWLRQV��0LXUD��HW��DO���������6LQFDUVLQ

DQG�+XJKHV��������

2.2.1.4 Candidate Octahedral VGT’s

+DYLQJ� VHOHFWHG� WKH�EDVLF�9*7�XQLW� FHOO�� WKH� QH[W� VWHS� LV� WR� GHWHUPLQH�KRZ�PDQ\

RFWDKHGUDO�FHOOV�ZLOO�EH�XVHG�IRU�HDFK�DFWXDWLRQ�XQLW�DQG�ZKLFK�RI�WKHLU�ULJLG�OLQNV�ZLOO

EH� UHSODFHG� ZLWK� SULVPDWLF� MRLQWV�� /RRNLQJ� DW� RFWDKHGUDO�EDVHG� 9*7� GHVLJQV� DQG

OLPLWLQJ� WKH� VHOHFWLRQ� WR� IDLUO\� VLPSOH� GHVLJQV� WKDW� KDYH� WKH� UHTXLUHG� ZRUNVSDFH
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V\PPHWU\��WZR�OHDGLQJ�FRQFHSWV�HPHUJH��WKH�GRXEOH�RFWDKHGURQ�9*7�DQG�WKH�VLQJOH

RFWDKHGURQ� 9*7�� 7KHVH� FRQFHSWV� DUH� LOOXVWUDWHG� LQ� )LJ�� ����� ZKHUH� WKH� WKLFNHQHG

VHFWLRQV�RQ�WKH�OLQNV�LQGLFDWH�WKH�SUHVHQFH�RI�OLQHDU�DFWXDWRUV�WKDW�HQDEOH�WKRVH�OLQNV

WR�H[WHQG�DQG�FRQWUDFW�

7KH� ILUVW� 9*7� FRQFHSW� LV� UHIHUUHG� WR� DV� WKH� GRXEOH�RFWDKHGURQ� 9*7� EHFDXVH� LWV

RYHUDOO�JHRPHWU\�LV�IRUPHG�E\�FRPELQLQJ�WZR�RFWDKHGUDO�XQLW�FHOOV��7KHVH�WZR�FHOOV

VKDUH�D� FRPPRQ� ODWHUDO� WULDQJXODU� IDFH��7KH� WKUHH� OLQNV� WKDW� IRUP� WKLV� LQWHUPHGLDWH

WULDQJXODU�WUXVV�DUH�WKH�YDULDEOH� OHQJWK�PHPEHUV� LQ�WKLV�GHVLJQ��ZKLOH�WKH� OHQJWKV�RI

WKH� UHPDLQLQJ� OLQNV�DUH�DOO� IL[HG� �VHH�)LJ��������7KH�GRXEOH�RFWDKHGURQ�9*7�FDQ�EH

XVHG�DV�DQ�DFWXDWLRQ�XQLW�PHFKDQLVP�E\�DWWDFKLQJ�D� OHJ�SDLU�DVVHPEO\� WR� WKH� ULJLG

WULDQJXODU�WUXVVHV�RQ�HLWKHU�HQG��7KLV�GHVLJQ�IRU�ZRXOG�HQDEOH�WKH�DFWXDWLRQ�XQLWV�WR

SURGXFH�WKUHH�'2)ªV�RI�PRELOLW\�EHWZHHQ�VXFFHVVLYH�OHJ�SDLU�DVVHPEOLHV�

Figure 2.4 — A Comparison of the Double Octahedral and Single Octahedral VGT’s

7KXV�� ZKHQ� XVLQJ� WKLV� 9*7� WR� PDQLSXODWH� WKH� SRVLWLRQ� RI� RQH� OHJ� SDLU� DVVHPEO\

UHODWLYH�WR�DQRWKHU��D�PRWLRQ�SODQQHU�FDQ�VSHFLI\�WKH�ORFDWLRQ��x��y��z��RI�WKH�OHJ�SDLU

DVVHPEO\�WR�EH�FRQWUROOHG��WKH�SRVLWLRQ�SUREOHP��RU�WKH�UHODWLYH�DQJOH��α��β��γ��RI�WKH

OHJ�SDLU�DVVHPEO\��WKH�JLPEDO�SUREOHP���7KH�QHFHVVDU\�OHQJWKV�RI�WKH�SULVPDWLF�OLQNV

WKDW�ZLOO�DFKLHYH�D�JLYHQ�VHW�RI�GHVLUHG�LQSXWV��ORFDWLRQ�DQG�RU�DQJOH��DUH�GHWHUPLQHG

Double Octahedral VGT Single Octahedral VGT
(a subclass of the

Stewart-Gough Platform)
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E\�PHDQV�RI�WKH�LQYHUVH�NLQHPDWLFV��)RU�WKH�GRXEOH�RFWDKHGUDO�9*7��WKH�VROXWLRQV�WR

ERWK� WKH� SRVLWLRQ� SUREOHP� LQYHUVH� NLQHPDWLFV� DQG� WKH� JLPEDO� SUREOHP� LQYHUVH

NLQHPDWLFV� DUH� DYDLODEOH� LQ� FORVHG�IRUP�� VR� ORQJ�DV� WKH� WZR�RFWDKHGUDO� FHOOV� RI� WKH

9*7�DUH�LGHQWLFDO��3DGPDQDEKDQ��HW��DO����������7KHVH�LQYHUVH�NLQHPDWLFV�SUREOHPV

FDQ�KDYH�XS�WR���GLIIHUHQW�VROXWLRQV�WKDW�UHSUHVHQW�GLIIHUHQW�DVVHPEOLHV�RI� WKH�9*7

PDQLSXODWRU��7KH�IRUZDUG�NLQHPDWLFV�VROXWLRQV�IRU�WKH�SRVLWLRQ�DQG�JLPEDO�SUREOHPV

LQYROYH� LWHUDWLYH� FDOFXODWLRQV� XVLQJ� D� TXDVL�1HZWRQ�PHWKRG� �3DGPDQDEKDQ�� HW�� DO��

������ 5HLQKROW]� DQG� *RNKDOH�� ������� +RZHYHU�� WKHVH� FDQ� EH� FRPSXWHG� UDSLGO\

HQRXJK�WR�HQDEOH�UHDO�WLPH�FRQWURO�

,Q� WKH� 9*7� LOOXVWUDWLRQV� SUHVHQWHG� VR� IDU�� WKH� QRGHV� RI� WKH� WUXVVHV� KDYH� EHHQ

UHQGHUHG�DV�VLPSO\�PHHWLQJ�DW�D�SRLQW��+RZHYHU��IRU�DQ�LGHDO�WUXVV�WR�EH�IRUPHG��QR

EHQGLQJ�PRPHQWV�RU� WRUTXHV�FDQ�EH� WUDQVPLWWHG� WKURXJK� WKHVH�QRGHV��+HQFH�� WKH

QRGHV�RI� LGHDO� WUXVVHV�DOORZ�UHODWLYH�URWDWLRQ�EHWZHHQ�WKHLU�FRQQHFWHG� OLQNV�VR�WKDW

WKH�OLQNV�ZLOO�FDUU\�RQO\�SXUH�WHQVLRQ�DQG�FRPSUHVVLRQ�ORDGV��)RU�D�IXQFWLRQLQJ�9*7�

WKH�FRQQHFWLQJ�QRGHV�UHTXLUH�ODUJH�DQJOHV�RI�UHODWLYH�URWDWLRQ�EHWZHHQ�PDQ\�RI�WKH

OLQNV�� +HQFH�� RQ� 9*7ªV�� VRPH� RI� WKH� QRGH� FRQQHFWLRQV� PXVW� EH� UHSODFHG� ZLWK

UHYROXWH� MRLQWV�� )LJXUH� ���� VKRZV� D� GRXEOH�RFWDKHGUDO� 9*7� WKDW�ZDV� GHVLJQHG� DQG

FRQVWUXFWHG�E\�3DXO�7LGZHOO���������/RRNLQJ�FORVHO\�DW�WKH�ILJXUH��LW�FDQ�EH�VHHQ�WKDW

WKHUH�DUH�UHYROXWH�MRLQWV�ORFDWHG�DW�PRVW�RI�WKH�OLQN�FRQQHFWLRQ�QRGHV��$OVR�VHHQ�LQ

WKH� ILJXUH�DUH� WKH�'&�PRWRU�SRZHUHG� OHDG�VFUHZV� WKDW�DFWXDWH� WKH� WKUHH�SULVPDWLF

MRLQWV�RI�WKLV�9*7�GHVLJQ�

$V� WKH� WKUHH� ODWHUDO� MRLQWV�RI� D�GRXEOH�RFWDKHGUDO�9*7�DUH� H[WHQGHG�� WKH� WUXVV�ZLOO

EHFRPH�SURJUHVVLYHO\�ZLGHU�DQG�VKRUWHU��%\�GRLQJ�VR��D�SURSHUO\�GHVLJQHG�GRXEOH�

RFWDKHGUDO� 9*7� FDQ� IROG� LQWR� D� QHDUO\� IODW� FRQILJXUDWLRQ�� 7KLV� FROODSVLELOLW\� IHDWXUH

ZRXOG�KHOS�PDNH�WKH�FUDZOLQJ�YHKLFOH�HDVLHU�WR�VWRUH�LQ�FRQILQHG�VSDFHV�
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7KH�ZRUNVSDFH� RI� WKH� GRXEOH�RFWDKHGURQ� DOVR� HQDEOHV� LW� WR� SURGXFH� ORQJ� VWURNHV

DORQJ� LWV� ORQJLWXGLQDO� D[LV�� ZKLFK� ZRXOG� DOORZ� WKH� YHKLFOH� WR� PDNH� ORQJ� VWULGHV�

)XUWKHUPRUH��LWV�ZRUNVSDFH�DOVR�HQDEOHV�ODUJH�\DZLQJ�DQG�SLWFKLQJ�DQJOHV�WKDW�FRXOG

KHOS�WKH�YHKLFOH�SHUIRUP�VKDUS�WXUQV�

+RZHYHU��GHVSLWH�LWV�H[FHOOHQW�ZRUNVSDFH�LQ�VRPH�UHVSHFWV�DQG�LWV�FROODSVLELOLW\��WKH

GRXEOH�RFWDKHGUDO� 9*7� GHVLJQ� ZDV� IRXQG� WR� EH� LQDGHTXDWH�� 6SHFLILFDOO\�� KDYLQJ

DFWXDWLRQ� XQLWV� EDVHG� RQ� WKLV� GHVLJQ� ZRXOG� SUREDEO\� EH� VXIILFLHQW� WR� HQDEOH

Figure 2.5 — A Functional Double-Octahedral VGT
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HDUWKZRUP�W\SH�ORFRPRWLRQ��EXW�D�VWXG\�RI�FDWHUSLOODU�ORFRPRWLRQ��GHVFULEHG�LQ�WKH

QH[W� FKDSWHU�� LQGLFDWHG� WKDW� WKH� �� '2)ªV� SURYLGHG� E\� WKLV� GHVLJQ� ZRXOG� EH

LQVXIILFLHQW�WR�HQDEOH�WKH�URERW�WR�HPXODWH�WKH�PRELOLW\�RI�FDWHUSLOODUV�

7KHUHIRUH�� EHFDXVH� PRELOLW\� FRQVLGHUDWLRQV� DUH� SUHHPLQHQW� LQ� WKLV� FRQFHSWXDO

GHVLJQ��WKH�VHFRQG�9*7�FRQFHSW�ZDV�GHHPHG�WR�KDYH�EHWWHU�SRWHQWLDO�IRU�XVH�LQ�WKH

DFWXDWLRQ�XQLWV�

7KH� VHFRQG� FRQFHSW� IRU� D� 9*7�EDVHG� DFWXDWLRQ� XQLW� PHFKDQLVP� XVHV� RQO\� RQH

RFWDKHGUDO�XQLW�FHOO�DQG�LV�WKHUHIRUH�UHIHUUHG�WR�DV�WKH�VLQJOH�RFWDKHGURQ�9*7��,Q�WKLV

GHVLJQ��WKH�WULDQJXODU�WUXVV�IDFHV�RQ�ERWK�HQGV�RI�WKH�RFWDKHGUDO�XQLW�FHOO�DUH�ULJLGO\

DWWDFKHG� WR� LWV� DGMDFHQW� OHJ� SDLU� DVVHPEOLHV��$OO� VL[� RI� WKH� ORQJLWXGLQDO� OLQNV� RI� WKH

WUXVV�DUH�PDGH�WR�EH�YDULDEOH� OHQJWK� OLQNV� �VHH�)LJ��������7KH�SULVPDWLF� MRLQWV�RI� WKH

YDULDEOH� OHQJWK� PHPEHUV� DUH� SRZHUHG� E\� OLQHDU� DFWXDWRUV�� 7KLV� DUUDQJHPHQW

SURGXFHV�VL[�'2)ªV�FRQWDLQHG�ZLWKLQ�D�VLQJOH�RFWDKHGUDO�FHOO�

7KH�VLQJOH�RFWDKHGUDO�9*7�FDQ�DOVR�EH�FRQVLGHUHG�DV�D�VSHFLDO�WUXVV�OLNH�FDVH�RI�WKH

JHQHUDO�6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVP��6WHZDUW������������,Q�WKLV�DFWXDWLRQ�XQLW

DSSOLFDWLRQ��WKH�EDVH�DQG�WKH�PRYLQJ�SODWIRUP�RI�WKH�6WHZDUW�*RXJK�PHFKDQLVP�DUH

WKH� OHJ� SDLU� DVVHPEOLHV� DWWDFKHG� WR� ERWK� RI� LWV� HQGV��:LWKLQ� D� OLPLWHG�ZRUNVSDFH�

HDFK�OHJ�SDLU�DVVHPEO\�RI�WKH�URERW�FDQ�WDNH�DQ\�DUELWUDU\�SRVLWLRQ�DQG�RULHQWDWLRQ

UHODWLYH�WR�LWV�DGMDFHQW�OHJ�SDLU�DVVHPEOLHV��WKXV�JLYLQJ�WKH�FUDZOLQJ�YHKLFOH�LQFUHDVHG

UDQJH�RI�PRWLRQ�DQG�WHUUDLQ�DGDSWDELOLW\�

7KXV�� ZKHQ� XVLQJ� WKLV� PHFKDQLVP� WR� PDQLSXODWH� WKH� SRVLWLRQ� RI� RQH� OHJ� SDLU

DVVHPEO\�UHODWLYH�WR�DQRWKHU��D�PRWLRQ�SODQQHU�FDQ�VLPXOWDQHRXVO\�VSHFLI\�ERWK�WKH

ORFDWLRQ� �x�� y�� z�� DQG� UHODWLYH� RULHQWDWLRQ� �α�� β�� γ�� RI� WKH� OHJ� SDLU� DVVHPEO\� WR� EH

FRQWUROOHG��6ROYLQJ�WKH�LQYHUVH�NLQHPDWLFV�WR�GHWHUPLQH�WKH�OHQJWKV�RI�WKH�SULVPDWLF

OLQNV� UHTXLUHG� WR� SURGXFH� D� VSHFLILHG� UHODWLYH� SRVLWLRQ� LV� D� UHPDUNDEO\� VLPSOH

FRPSXWDWLRQ� IRU� WKH� VLQJOH� RFWDKHGURQ� 9*7� DQG� DOO� IRUPV� RI� WKH� 6WHZDUW�*RXJK

SODWIRUP��6SHFLILFDOO\��WKH�LQYHUVH�NLQHPDWLFV�VROXWLRQ�LV�DYDLODEOH�LQ�FORVHG�IRUP�DQG
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FDQ�EH� FRPSXWHG� YHU\� UDSLGO\� IRU� XVH� LQ� UHDO�WLPH� FRQWURO� �6WHZDUW�� ��������� 7VDL�

��������1RWH�WKDW�WKH�LQYHUVH�NLQHPDWLFV�VROXWLRQ�ZLOO�EH�SUHVHQWHG�LQ�&K�����

,Q�FRQWUDVW��WKH�IRUZDUG�NLQHPDWLFV�SUREOHP��WKDW�LV��GHWHUPLQLQJ�WKH�SRVLWLRQ�RI�WKH

PRYLQJ� SODWIRUP� UHODWLYH� WR� WKH� EDVH� ZKHQ� JLYHQ� WKH� OHQJWKV� RI� WKH� VL[� SULVPDWLF

OLQNV�� FDQ� RQO\� EH� VROYHG� E\� LWHUDWLYH� PHDQV� �3DGPDQDEKDQ�� HW�� DO��� ������� 7KH

JHQHUDO� FDVH� 6WHZDUW�*RXJK� SODWIRUP� KDV� ��� IRUZDUG� NLQHPDWLFV� VROXWLRQV

�5DJKDYDQ�� ������� :HQ� DQG� /LDQJ� ������� SUHVHQWHG� D� FORVHG�IRUP� JRYHUQLQJ

SRO\QRPLDO� HTXDWLRQ� IRU� WKH� IRUZDUG� NLQHPDWLFV�� EXW� EHFDXVH� LW� LV� D� ��WK� GHJUHH

SRO\QRPLDO�� LW� LV� LWVHOI� QRW� VROYDEOH� LQ� FORVHG� IRUP�� :HQ� DQG� /LDQJ� ������� KDYH

GHYHORSHG�D�SURJUDP�WKDW�FDQ�VROYH� WKLV�HTXDWLRQ� WR���GLJLWV�RI�DFFXUDF\�ZLWKLQ��

VHFRQGV�ZKHQ�UXQ�RQ�D�SHUVRQDO�FRPSXWHU�WKDW�XVHV�DQ�������&38��,Q�YLHZ�RI�WKLV

FRPSXWDWLRQDO�EXUGHQ�� LW�PD\�EH�SUHIHUDEOH� WR� VROYH� WKH� IRUZDUG�SUREOHP�XVLQJ� D

QXPHULFDO� PHWKRG� WKDW� LWHUDWHV� XSRQ� LQYHUVH� NLQHPDWLFV� VROXWLRQ� �KHQFH�� WDNLQJ

DGYDQWDJH�RI�WKH�UDSLG��FORVHG�IRUP�LQYHUVH���6DOHUQR�DQG�5HLQKROW]��������GHVFULEHG

VXFK� DQ� LWHUDWLYH� DSSURDFK�� ZKLFK� XVHG� D� TXDVL�1HZWRQ�PHWKRG� WR� VROYH� WKH� ���

FDVH� RI� WKH� 6WHZDUW�*RXJK� 3ODWIRUP�� 6LPLODUO\�� 1JX\HQ� DQG� KLV� FROOHDJXHV� ������

GHVFULEHG�DQ�LWHUDWLYH�IRUZDUG�VROXWLRQ�WKDW�XVHG�WKH�3RZHOO�'LUHFWLRQ�6HW�0HWKRG�WR

VROYH� WKH� ���� FDVH� RI� WKH� 6WHZDUW�*RXJK� 3ODWIRUP�� +RZHYHU�� DW� WKLV� VWDJH� RI� WKH

UHVHDUFK�� LW� DSSHDUV� XQOLNHO\� WKDW� WKH� IRUZDUG� VROXWLRQ� ZLOO� QHHG� WR� EH� GRQH� YHU\

RIWHQ��,W�PD\�RQO\�EH�XVHG�WR�UHFDOLEUDWH�WKH�DFWXDWRUV�DIWHU�LQLWLDOO\�SRZHULQJ�XS�WKH

URERW��DIWHU�DQ�XQXVXDO�PRYHPHQW��VXFK�DV�D�IDOO���RU�LI�HUURUV�DFFXPXODWH�GXULQJ�WKH

URERW
V�RSHUDWLRQ��+HQFH��UDSLG�FDOFXODWLRQ�RI�WKH�IRUZDUG�SUREOHP�LV�QRW�DV�FULWLFDO

DV�LW�LV�IRU�WKH�LQYHUVH�SUREOHP�

,Q�)LJ�������SDLUV�RI�ORQJLWXGLQDO�PHPEHUV�DUH�VKRZQ�PHHWLQJ�DW�SRLQWV��0HFKDQLFDOO\�

WKLV� FRXOG� EH� UHDOL]HG� E\� KDYLQJ� FRLQFLGHQW� VSKHULF� MRLQWV� �H�J�� RQH� VSKHULF� MRLQW

ZRXOG�EH�PRXQWHG�LQVLGH�DQRWKHU�DQG�WKH\�ZRXOG�KDYH�WKH�VDPH�FHQWHU�RI�URWDWLRQ��

6XFK� DQ� DUUDQJHPHQW� ZRXOG� PDNH� WKH� VLQJOH�RFWDKHGUDO� 9*7� DQ� LGHDO� WUXVV�

+RZHYHU��KDYLQJ�FRLQFLGHQW�VSKHULF�MRLQWV�OLPLWV�WKH�DQJOHV�RI�URWDWLRQ�IRU�WKH�OLQNV�
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ZKLFK�LQ�WXUQ�OLPLWV�WKH�ZRUNVSDFH�RI�WKH�9*7��7KHUHIRUH��DV�D�SUDFWLFDO�PDWWHU��LW�LV

RIWHQ�EHVW�WR�XVH�D�VHSDUDWH�VSKHULF�MRLQW�IRU�FRQQHFWLQJ�HDFK�RI�WKH�YDULDEOH�OHQJWK

PHPEHUV� WR� WKH� ULJLG� HQG�SODQHV� RI� WKH� WUXVV�� 7KHVH� QRQ�FRLQFLGHQW� VSKHULF� MRLQWV

DOORZ� VRPH�QRQ�D[LDO� ORDGV� WR� EH� WUDQVPLWWHG� WKURXJK� WKH� ULJLG� OLQNV� RI� WKH� VLQJOH�

RFWDKHGUDO�9*7�� WKXV�SUHYHQWLQJ� LW� IURP�EHLQJ�DQ� LGHDO� WUXVV��+RZHYHU��E\�SODFLQJ

WKH�VSKHULF�MRLQWV�FORVH�WRJHWKHU��WKHVH�QRQ�LGHDO�HIIHFWV�FDQ�EH�PLQLPL]HG��DQG�WKH

9*7�ZLOO�VWLOO�UHWDLQ�PRVW�RI�WKH�KLJK�VWLIIQHVV�SHU�XQLW�ZHLJKW�RI�VWDWLF�WUXVVHV�

)LJXUH�����H[SOLFLWO\�VKRZV�WKH�MRLQW�DUUDQJHPHQW�XVHG�ZLWK�D�VLQJOH�RFWDKHGUDO�9*7

RU� WUXVV�OLNH� 6WHZDUW�*RXJK� SODWIRUP�� $V� VKRZQ� LQ� WKH� ILJXUH�� HDFK� RI� WKH� VL[

NLQHPDWLF�FKDLQV�FRQQHFWLQJ�WKH�EDVH�DQG�WKH�PRYLQJ�SODWIRUP�LV�D�VSKHULF�SULVPDWLF�

VSKHULF� �636�� OLPE�� +RZHYHU�� EHFDXVH� WKLV� FRQVWUXFWLRQ� SRVVHVVHV� D� SDVVLYH

URWDWLRQDO� IUHHGRP� DERXW� WKH� OLPE� D[LV�� WKH� VDPH� HIIHFWLYH� PRELOLW\� FDQ� EH� DOVR

REWDLQHG�E\�XVLQJ�D�VSKHULF�SULVPDWLF�XQLYHUVDO�OLPE��638��DUUDQJHPHQW�

7KH� DFWXDWHG� SULVPDWLF� MRLQWV� FDQ� EH� UHDOL]HG� E\� XVLQJ� HLWKHU� K\GUDXOLFDOO\� RU

SQHXPDWLFDOO\�GULYHQ�F\OLQGHUV�RU�PRWRU�GULYHQ�OHDG�VFUHZV�RU�EDOO�VFUHZV��,I�VFUHZV

Figure 2.6 — A Stewart-Gough Platform
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DUH�FKRVHQ�� LW�FDQ�EH�KHOSIXO� WR�XVH�GRXEOH�QXWV�SUHORDGHG�ZLWK�VSULQJ�ZDVKHUV� WR

HOLPLQDWH�EDFNODVK��)LFKWHU��������

%HFDXVH�XQLYHUVDO�MRLQWV��L�H��+RRNH�MRLQWV�RU�JLPEDOV��JHQHUDOO\�KDYH�JUHDWHU�DQJXODU

ZRUNVSDFH� WKDQ� VSKHULF� �EDOO�� MRLQWV�� LW�PD\� EH� GHVLUDEOH� WR� KDYH�8�MRLQWV� RQ� ERWK

HQGV�RI�WKH�OLPEV��)RU�WKH�FDVH�RI�K\GUDXOLF�RU�SQHXPDWLF�SLVWRQ�SULVPDWLF�MRLQWV��WKLV

FRXOG� EH� DFFRPSOLVKHG� E\� XVLQJ� D� XQLYHUVDO�SULVPDWLF�UHYROXWH�XQLYHUVDO� �8358�

FKDLQ��ZKHUH� WKH�DGGLWLRQDO�QRQ�DFWXDWHG� UHYROXWH� URWDWHV�DERXW� WKH�SULVPDWLF�D[LV�

2U��LQ�WKH�FDVH�RI�OHDG�VFUHZ�RU�EDOO�VFUHZ�SULVPDWLF�MRLQWV��D�8658�FKDLQ�FRXOG�EH

XVHG��ZKHUH�DJDLQ�WKH�DGGLWLRQDO�UHYROXWH�MRLQW�KDV�WKH�VDPH�D[LV�DV�WKH�VFUHZ�VR�DV

WR�GHFRXSOH�WKH�VFUHZ�DQJOH�DQG�H[WHQVLRQ��DQG�WKXV�DYRLG�KDYLQJ�WR�FRPSOLFDWH�WKH

NLQHPDWLFV� E\� DFFRXQWLQJ� IRU� H[WHQVLRQ�URWDWLRQ� FRXSOLQJ� ZKHQ� WKH� SODWIRUPV� UROO

UHODWLYH�WR�RQH�DQRWKHU��

2.2.1.5 Alternate Stewart-Gough Platform Mechanisms

+DYLQJ�GHFLGHG�XSRQ�WKH�VLQJOH�RFWDKHGURQ�9*7��D�VXEFODVV�RI� WKH�6WHZDUW�*RXJK

SODWIRUP�� IRU� XVH� DV� WKH� DFWXDWLRQ� XQLW� PHFKDQLVPV�� WKH� VHOHFWLRQ� RI� WKH� VSHFLILF

FRQILJXUDWLRQ� RI� WKH� MRLQWV� VWLOO� UHPDLQV�� $V� GLVFXVVHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� WKH

MRLQWV� FRXOG� EH� SODFHG� FORVH� WRJHWKHU� WR� SUHVHUYH� WUXVV�OLNH� VWLIIQHVV�� ZKLFK� LV

LPSRUWDQW� IRU� FDQWLOHYHULQJ� DQG� EULGJLQJ� DFURVV� ODUJH� GLWFK�OLNH� REVWDFOHV� �WKHVH

RSHUDWLRQV�ZHUH�VKRZQ�LQ�)LJ������DQG�)LJ��������+RZHYHU�� LW�VKRXOG�EH�UHFRJQL]HG

WKDW� RWKHU�� OHVV� WUXVV�OLNH� 6WHZDUW�*RXJK� SODWIRUP� GHVLJQV� FDQ� DOVR� KDYH� WKH

QHFHVVDU\� PRELOLW\� DQG� WKDW� PHFKDQLFDO� DGYDQWDJH� LV� DOVR� DQ� LPSRUWDQW� IDFWRU�

7KHUHIRUH�� UDWKHU� WKDQ� OLPLWLQJ� WKH�GHVLJQ� WR�RQO\� WKH� WUXVV�OLNH� VXEFODVV�RI�6WHZDUW�

*RXJK�SODWIRUPV��WKH�PRUH�JHQHUDO�FDVHV�RI�WKH�6WHZDUW�*RXJK�SODWIRUP�VKRXOG�DOVR

EH�FRQVLGHUHG�

&RQVLGHUDEOH�IUHHGRP�H[LVWV�LQ�WKH�FKRLFH�RI�WKH�VSHFLILF�FRQILJXUDWLRQ�RI�WKH�VSKHULF

MRLQWV��(YHQ�LI�ZH�OLPLW�WKH�ORFDWLRQV�RI�WKH�VSKHULF�MRLQWV�RQ�HDFK�HQG�RI�WKH�6WHZDUW�
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*RXJK� SODWIRUP� WR� EH� FR�SODQDU� �ZKLFK� VLPSOLILHV� WKH� IRUZDUG� NLQHPDWLFV� �7VDL�

��������WKHUH�VWLOO�UHPDLQ�WZR�LQILQLWLHV��RQH�IRU�[�DQG�RQH�IRU�\��RI�SRVVLEOH�ORFDWLRQV

IRU� HDFK� VSKHULF� MRLQW�� IRU� D� WRWDO� RI� ��� LQILQLWLHV� RI� SRVVLEOH� FRQILJXUDWLRQV� IRU� WKH

6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVP��+RZHYHU�� VRPH� FDUH�PXVW� EH� WDNHQ� LQ� WKHVH

MRLQW�ORFDWLRQ�VHOHFWLRQV�WR�DYRLG�GHVLJQLQJ�LQ�WKH�DUFKLWHFWXUDO�VLQJXODULWLHV�GHVFULEHG

E\�0D�DQG�$QJHOHV��������

7KH� DFWXDWLRQ� XQLW� GHVLJQ� WKDW� ZDV� LQLWLDOO\� FRQVLGHUHG� LV� D� WUXVV�OLNH� GHVLJQ� WKDW

VHSDUDWHV�WKH�VL[�VSKHULF�MRLQWV�RQ�HDFK�VLGH�RI�WKH�DFWXDWLRQ�XQLW� LQWR�WKUHH�ZLGHO\

VHSDUDWHG�SDLUV��7KH�WZR�MRLQWV�LQ�HDFK�SDLU�DUH�SODFHG�DV�FORVH�DV�SRVVLEOH�WR�HDFK

RWKHU�ZLWKRXW�FDXVLQJ�LQWHUIHUHQFH�EHWZHHQ�WKH�DWWDFKHG�OLQNV�VR�DV�WR�DSSUR[LPDWH

PHHWLQJ�DW�D�VLQJOH�SRLQW��7KXV��WKLV�GHVLJQ�DSSUR[LPDWHV�DQ�RFWDKHGUDO�9*7�FHOO�DQG

FRQVHTXHQWO\� UHWDLQV� PXFK� RI� WKH� KLJK� VWLIIQHVV� WR� ZHLJKW� UDWLR� RI� DQ� LGHDO� WUXVV�

)LJXUHV�����DQG�����LOOXVWUDWH�WKLV�MRLQW�FRQILJXUDWLRQ�

7KH�ORFDWLRQV�RI�WKH�MRLQW�SDLUV�ZHUH�FKRVHQ�VR�DV�WR�PDNH�WKH�ERWWRP�DQG�WRS�OLQNV

SDUDOOHO�WR�WKH�JURXQG�ZKHQ�WKH�YHKLFOH�LV�LQ�D�QHXWUDO�VWDQFH��7KLV�FRQVWDQW�JURXQG

FOHDUDQFH�GHVLJQ� UHTXLUHV� WKH� WZR�GLDJRQDO� OLQNV� �VHHQ� LQ� )LJ�� ����� WR� KDYH� ORQJHU�

PRUH�SRZHUIXO�DFWXDWLRQ�VWURNHV�WKDQ�WKH�RWKHU�IRXU�SULVPDWLF�OLQNV�

$QRWKHU�FDQGLGDWH�DFWXDWLRQ�XQLW�ZDV�GHYHORSHG�E\�3DXO�0HOH��������LQ�KLV�EDVHOLQH

GHWDLO�GHVLJQ�RI�WKH�SK\VLFDO�VWUXFWXUH�RI�D�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH�

7KH�UHVXOWLQJ�§0HOH�FRQILJXUDWLRQ¨�GHVLJQ�LV�VKRZQ�LQ�)LJ������DQG�)LJ�������

,Q�KLV�GHVLJQ��SULRULW\�LV�JLYHQ�WR�XVLQJ�WKH�VDPH�FRPSRQHQWV�IRU�DOO�RI�WKH�SULVPDWLF

OLQNV��ZKLOH�DWWHPSWLQJ�WR�PD[LPL]H�WKH�PHFKDQLFDO�DGYDQWDJH�DQG�WKH�ZRUNVSDFH�RI

WKH� PHFKDQLVP�� 7KHUHIRUH�� WKH� YDULDEOH� OHQJWK� OLQNV� RI� WKH� DFWXDWLRQ� XQLWV� ZHUH

FRQVWUDLQHG�WR�KDYH�WKH�VDPH�UDQJH�RI�PRWLRQ�
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Figure 2.7 — Side View of the Initial Configuration of the Stewart-Gough Platform Spheric
Joints (Illustration after Mele (1991))

Figure 2.8 — Section A-A View of the Initial Configuration of the Stewart-Gough Platform

Spheric Joints (Illustration after Mele (1991))

%\�FDUHIXO�SODFHPHQW�RI�WKH�VSKHULF�MRLQWV��WKH�0HOH�FRQILJXUDWLRQ�DOORZV�WKH�XVH�RI

LQWHUFKDQJHDEOH� OLQHDU� DFWXDWRU� FRPSRQHQWV� ZKLOH� KDYLQJ� EHWWHU� PHFKDQLFDO

DGYDQWDJH� ZKHQ� LQLWLDWLQJ� OLIWLQJ� PRWLRQV� DQG� VDFULILFLQJ� OLWWOH�� LI� DQ\�� RI� WKH

ZRUNVSDFH�RU�VWLIIQHVV�RI�WKH�LQLWLDO�MRLQW�FRQILJXUDWLRQ�GHVLJQ��0HOH��������

A

A



Chapter 2 – Conceptual Design   79

Figure 2.9 — Side View of the “Mele Configuration” of the Stewart-Gough Platform Spheric

Joints (After Mele (1991))

Figure 2.10 — Section A-A View of the “Mele Configuration” of the Stewart-Gough Platform

Spheric Joints (After Mele (1991))

2.2.2 Leg Pair Assemblies

5HFDOO�IURP�6HFWLRQ�����WKDW�WKH�OHJ�SDLU�DVVHPEOLHV�DUH�LQWHQGHG�WR�SURYLGH�SODFHV

IRU�DWWDFKLQJ�ODWHUDO�SDLUV�RI�OHJV�DQG�IHHW�DQG�DOVR�D�PHDQV�RI�FRQQHFWLQJ�VXFFHVVLYH

DFWXDWLRQ�XQLWV�RI�WKH�YHKLFOH�ERG\�WR�HDFK�RWKHU��5HFRJQL]LQJ�WKDW�WKH�YHKLFOH�DOVR

UHTXLUHV� FRQWDLQHUV� IRU� FDUU\LQJ� DQG� SURWHFWLQJ� SRZHU� FRPSRQHQWV�� VHQVRUV�

A

A
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FRQWUROV�� DQG�SD\ORDG� �ZKLFK�FRXOG�EH�FDUJR�� LQVWUXPHQWV��PDQLSXODWRUV�� HWF���� DQG

WKDW� WKH� YHKLFOH� PDVV� VKRXOG� EH� GLVWULEXWHG� DORQJ� LWV� OHQJWK�� LW� VHHPV� ORJLFDO� WR

FRPELQH�DOO�WKHVH�IXQFWLRQV�LQWR�WKH�GHVLJQ�RI�WKH�OHJ�SDLU�DVVHPEOLHV�

7KHUHIRUH��HDFK�OHJ�SDLU�DVVHPEO\�FRQVLVWV�RI� WKH�IROORZLQJ�FRPSRQHQWV��D�SD\ORDG

ER[�� WZR� OHJV�� WZR� IHHW�� DQG� HLWKHU� VL[� RU� WZHOYH� VSKHULF� MRLQWV� �GHSHQGLQJ� XSRQ

ZKHWKHU� WKH� OHJ� SDLU� DVVHPEO\� LV� PRXQWHG� DW� RQH� RI� WKH� HQGV� RI� WKH� URERW� RU

EHWZHHQ�WZR�RWKHU�OHJ�SDLU�DVVHPEOLHV���6HH�)LJ�������

$V�VKRZQ�LQ�WKH�ILJXUH��WKH�WZR�OHJV�DUH�DWWDFKHG�WR�WKH�ERWWRP�RI�WKH�SD\ORDG�ER[�

RQH� QHDU� HDFK� ODWHUDO� HGJH� �IRU� JUHDWHU� ODWHUDO� VWDELOLW\��� $OVR�� VL[� VSKHULF� MRLQWV

�UHSUHVHQWHG�LQ�WKH�)LJ�������E\�VPDOO�HOOLSVHV��DUH�DWWDFKHG�WR�ERWK�WKH�IURQW�DQG�WKH

UHDU�VLGHV�RI�WKH�SD\ORDG�ER[�

Figure 2.11 — A Leg Pair Assembly

7KH�SD\ORDG�ER[HV�DUH�FUXFLDO�WR�WKH�GHVLJQ�RI�WKH�OHJ�SDLU�DVVHPEO\�EHFDXVH�DOO�RI

WKH� RWKHU� FRPSRQHQWV� DUH� HLWKHU� PRXQWHG� RQWR� WKHP� RU� FDUULHG� LQVLGH� RI� WKHP�

6WUXFWXUDOO\��WKH�SD\ORDG�ER[HV�PXVW�EH�VWLII�DQG�VWURQJ�WR�SURYLGH�WKH�KDUG�SRLQWV�IRU
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PRXQWLQJ�WKH�OHJV�DQG�DOVR�WR�VXSSRUW�WKH�ZHLJKW�RI�QHLJKERULQJ�DFWXDWLRQ�XQLWV�DQG

OHJ�SDLU�DVVHPEOLHV�GXULQJ�FDQWLOHYHU�DQG�EULGJLQJ�PDQHXYHUV�

7KH� SD\ORDG� ER[� FRQVLVWV� RI� D� IUDPHZRUN� RYHUODLG� E\� D� VNLQ�PDWHULDO�� ,W�PD\� DOVR

KDYH�DQ�LQWHUQDO�WUXVV�IRU�UHLQIRUFHPHQW��+RZHYHU��WKH�ORFDWLRQV�IRU�WKH�WUXVV�QRGHV�

DQG� KHQFH�� WKH� RYHUDOO� VKDSH� RI� VXFK� D� WUXVV�� DUH� GHSHQGHQW� XSRQ� WKH� ILQDO

FRQILJXUDWLRQ�RI�WKH�6WHZDUW�*RXJK�SODWIRUP�VSKHULF�MRLQWV�WKDW�DUH�PRXQWHG�WR�WKH

SD\ORDG� ER[�� �1RWH� WKDW�� VLQFH� WKH� SD\ORDG� ER[� ZLOO� EH� D� ULJLG� IUDPH� LQ� RUGHU� WR

SURWHFW� LWV� FRQWHQWV�� WKH� QRQ�LGHDO� WUXVV� FKDUDFWHULVWLFV� UHVXOWLQJ� IURP� WKH� QRQ�

FRLQFLGHQW�VSKHULF�MRLQWV�EHFRPH�OHVV�LPSRUWDQW��

7KH�WZR�OHJV�DUH�QRW�DFWXDWHG��$GGLWLRQDO�DFWXDWLRQ�IRU� WKH� OHJV� LV�QRW�UHTXLUHG�IRU

PRELOLW\�EHFDXVH�WKH�IOH[LEOH�§ERG\¨�RI�WKH�YHKLFOH�FDQ�DOUHDG\�SRVLWLRQ�WKH�OHJ�SDLU

DVVHPEO\�ZLWK���'2)ªV��)RU�WKH�VDNH�RI�HQHUJ\�HIILFLHQF\��DW�VRPH�IXWXUH�GDWH�LW�PD\

EH� GHVLUDEOH� WR� DGG� D� VLQJOH� '2)� WR� HDFK� OHJ� SDLU� DVVHPEO\� IRU� OLIWLQJ� WKH� OHJV

LQGHSHQGHQWO\� RI� WKH� SD\ORDG� ER[HV�� +RZHYHU�� WKLV� GLVVHUWDWLRQ� DVVXPHV� D

FRQFHSWXDO�GHVLJQ�ZLWK�QRQ�DFWXDWHG�OHJV�

'XULQJ� ORFRPRWLRQ� WKHUH� ZLOO� EH� LQHYLWDEOH� XQFHUWDLQWLHV� FRQFHUQLQJ� WKH� UHODWLYH

SRVLWLRQV� RI� WKH� IHHW� DQG� WKH� WHUUDLQ�� 7KHUHIRUH�� WKH� OHJ� GHVLJQ� VKRXOG� LQFOXGH� D

YHUWLFDOO\�DOLJQHG��VSULQJ�ORDGHG�VKRFN�DEVRUELQJ� WUDQVODWLRQDO� IUHHGRP��7KH�JRDO�RI

WKLV� IHDWXUH� LV� WR�SURWHFW� WKH�YHKLFOH� LQ�FDVHV�ZKHQ��DW� WKH�HQG�RI�D�VWULGH�� WKH� IHHW

FRQWDFW�WKH�JURXQG�VRRQHU��DQG�KHQFH�DW�D�KLJKHU�YHORFLW\��WKDQ�DQWLFLSDWHG�E\�WKH

FRQWURO�V\VWHP��6SHFLILFDOO\��VXFK�D�GHVLJQ�VKRXOG�ORZHU�WKH�IRUFH�RI�LPSDFW�WR�D�VDIH

OHYHO��GHFHOHUDWH� WKH� IDOOLQJ� OHJ�SDLU� DVVHPEO\�� DQG�JLYH� WKH�FRQWURO� V\VWHP� WLPH� WR

UHDFW�DQG�DGDSW�WR�DQ\�WHUUDLQ�LUUHJXODULWLHV�

7KH�VLPSOHVW�ZD\�RI�DFFRPSOLVKLQJ�WKLV�LV�WR�DGG�VSULQJ�ORDGHG�SULVPDWLF�MRLQWV�WR�WKH

OHJV�� 6SHFLILFDOO\�� WKLV� FDQ� EH� LPSOHPHQWHG� E\� FRQVWUXFWLQJ� HDFK� OHJ� XVLQJ� WZR

KROORZ�� WHOHVFRSLQJ� VHFWLRQV�� 7KH� SURWHFWHG� FDYLW\� IRUPHG� ZLWKLQ� WKHVH� VHFWLRQV

ZRXOG� FRQWDLQ� DQ� DSSURSULDWHO\� VL]HG� FDSWLYH� F\OLQGULFDO� KHOLFDO� VSULQJ�� ,Q� RUGHU� WR
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DYRLG�ODUJH�OHJ�EHQGLQJ�PRPHQWV�DQG�IRRW�VKHDU�IRUFHV�ZKHQ�WKH�OHJ�SDLU�DVVHPEO\

LV� ORZHUHG� WR� WKH� JURXQG�� WKH� SRUWLRQV� RI� WKH� WZR� OHJV� WKDW� WHOHVFRSH� PXVW� EH

SDUDOOHO�

$V� D� OHJ� SDLU� DVVHPEO\� LV� ORZHUHG� WR� WKH� JURXQG�� WKH� OHJ� SULVPDWLF� MRLQWV� ZLOO� EH

SURJUHVVLYHO\�FRPSUHVVHG�DQG�WKH�VKRFN�DEVRUELQJ�VSULQJV�ZLOO�FRQYHUW�VRPH�RI�WKH

OHJ�SDLU�DVVHPEO\�JUDYLWDWLRQDO�SRWHQWLDO�HQHUJ\�DQG�VWRUH�LW�DV�VWUDLQ�HQHUJ\��%HFDXVH

RI�WKH�GDPSHUOHVV�VSULQJ�ORDGHG�SULVPDWLF� OHJ�GHVLJQ��YLUWXDOO\�DOO�RI�WKLV�HQHUJ\�ZLOO

ODWHU�EH�UHOHDVHG�ZKHQ�OLIWLQJ�D�OHJ�SDLU�DVVHPEO\�DW�WKH�EHJLQQLQJ�RI�WKH�QH[W�VWULGH�

7KXV�� WKH� VSULQJ� IRUFHV� UHGXFH� WKH� LQLWLDO� OLIWLQJ� IRUFH� UHTXLUHG� DQG� DFFHOHUDWH� WKH

VWULGH�PRWLRQ�

+RZHYHU��VRPH�FRQVWUDLQWV�PXVW�EH� LPSRVHG�RQ�WKH�DOORZDEOH�VSULQJ�VWLIIQHVV�DQG

VWURNH� OHQJWK� RI� WKH� VKRFN� DEVRUEHUV�� )LUVW�� LI� WKH� VSULQJ� IRUFHV� DUH� WRR� KLJK�� LW� LV

SRVVLEOH�WKDW��ZKHQ�VXSSRUWLQJ�OHJ�SDLU�DVVHPEOLHV�DUH�VXSSRVHG�WR�EH�ILUPO\�SODQWHG

RQ� WKH� JURXQG�� WKHLU� XSSHU� OHJV� DQG� SD\ORDG� ER[HV� FRXOG� ERXQFH� EHFDXVH� WKH\

ZRXOG�EH�VXVSHQGHG�E\�WKH�VSULQJV��7KHVH�RVFLOODWLRQV�FRXOG�FDXVH�GLIILFXOWLHV�LQ�WKH

WUDMHFWRU\� H[HFXWLRQ� RI� WKH� QHLJKERULQJ� OHJ� SDLU� DVVHPEOLHV�� ,QVWHDG�� WKH� VKRFN

DEVRUEHUV�VKRXOG�EHFRPH�ULJLG�ZKHQHYHU�WKH�IXOO�ZHLJKW�RI�WKH�OHJ�SDLU�DVVHPEO\�LV

XSRQ�WKHP�

7KHUHIRUH��WKH�SULVPDWLF�MRLQW�GHVLJQ�ZLOO�XVH�D�VSULQJ�ZLWK�DQ�DSSURSULDWH�RSHUDWLQJ

VWURNH�OHQJWK�DQG�VSULQJ�FRQVWDQW�VR�WKDW�LWV�SHDN�IRUFH��F k x= ��ZLOO�EH�OHVV�WKDQ�WKH

PLQLPXP�ZHLJKW� WKDW� ZLOO� EH� H[HUWHG� XSRQ� WKH� OHJ� ZKHQ� LWV� OHJ� SDLU� DVVHPEO\� LV

SODFHG�RQ� WKH�JURXQG��)XUWKHUPRUH�� WKH�GHVLJQ�ZLOO� IHDWXUH�D�PHFKDQLFDO� VWRS� WKDW

KDOWV� WKH� FRPSUHVVLYH� VWURNHV� DQG� ORFNV� WKH� SULVPDWLF� MRLQW� WR�PDNH� WKH� OHJ� ULJLG�

5DWKHU� WKDQ�VLPSO\�XVLQJ�D�SLQ�RU� IODW�SODWH� IRU� WKH�VWRSV� �ZKLFK�FRXOG�DOORZ�VRPH

XQZDQWHG�WUDQVODWLRQ�RI�WKH�ORZHU�OHJ�ZLWKLQ�WKH�XSSHU�OHJ��WKXV�UHGXFLQJ�ULJLGLW\���D

PHFKDQLFDO� VWRS� GHVLJQ� WKDW� LQFOXGHV�PDWLQJ� FRQLFDO� VXUIDFHV� �KHQFH� UHVWUDLQLQJ� �

'2)�� VKRXOG� EH� XVHG�� )LQDOO\�� WKH� PHFKDQLFDO� VWRSV� VKRXOG� EH� GHVLJQHG� ZLWK
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VXIILFLHQW� VWUHQJWK� WR� ZLWKVWDQG� WKH� ODUJH� ZHLJKW� IRUFHV� WKH\� ZLOO� EH� UHTXLUHG� WR

VXSSRUW�

6HFRQG�� WKHUH� QHHGV� WR� EH� VRPH�PHDQV� RI� OLPLWLQJ� WKH� VWURNH� OHQJWK� VR� WKDW� WKH

ORZHU�OHJ�GRHV�QRW�H[WHQG�LQGHILQLWHO\�DQG�SRVVLEO\�DOORZ�WKH�IRRW�WR�FROOLGH�ZLWK�WKH

WHUUDLQ�ZKHQ�LW�LV�VXSSRVHG�WR�EH�RII�RI�WKH�JURXQG��7KLV�LV�DFFRPSOLVKHG�E\�KDYLQJ�D

VHFRQG�PHFKDQLFDO�VWRS�WKDW�KDOWV�WKH�H[WHQVLRQ�VWURNH�RI�WKH�OHJ�ZKHQ�WKH�OHJ�SDLU

DVVHPEO\�LV�OLIWHG�RII�RI�WKH�JURXQG�

7KLUG��ZKHQ�WKH�IHHW�DUH� OLIWHG�RII�RI� WKH�JURXQG�ZKLOH�D� OHJ�SDLU�DVVHPEO\� LV�EHLQJ

PRYHG��LQHUWLDO�IRUFHV�PLJKW�LQGXFH�IRRW�ERXQFLQJ��UHVXOWLQJ�LQ�XQZDQWHG�YLEUDWLRQV�

7KLV� FDQ�EH�SUHYHQWHG�E\� VL]LQJ� WKH� UHODWLYH� OHQJWKV�RI� WKH� FDSWLYH� VSULQJ� DQG� WKH

FDYLW\� LW�RSHUDWHV�ZLWKLQ� VR� WKDW� WKH� VSULQJ�ZLOO� H[HUW� D�PRGHUDWH� IRUFH�DJDLQVW� WKH

VHFRQG�PHFKDQLFDO�VWRS�ZKHQ�WKH�ORZHU�OHJ�LV�IXOO\�H[WHQGHG�

)LQDOO\��WKH�VWURNH�OHQJWK�RI�SULVPDWLF�MRLQW�VKRXOG�EH�OLPLWHG�EHFDXVH�WKH�ORQJHU�WKH

MRLQW�VWURNH��WKH�KLJKHU�WKH�OHJ�SDLU�DVVHPEO\�PDVV�PXVW�EH�OLIWHG�LQ�RUGHU�WR�SUHYHQW

WKH�IHHW�IURP�FROOLGLQJ�ZLWK�WKH�JURXQG�XQLQWHQWLRQDOO\��:KLOH�WKH�VSULQJV�VWRUH�VRPH

HQHUJ\�WKDW�KHOS�OLIW�WKH�OHJ�SDLU�DVVHPEO\�RQ�HDFK�VWULGH��WKH\�GR�QRW�SURYLGH�DOO�RI

WKH�HQHUJ\�QHFHVVDU\� IRU� OLIWLQJ�� 7KHUHIRUH�� WKH�XVH�RI� WKH� VKRFN� DEVRUELQJ� VSULQJV

GRHV�FRVW�VRPH�HQHUJ\�LQ�WHUPV�RI�ZRUN�DJDLQVW�JUDYLW\��VR�WKH\�VKRXOG�QRW�EH�PDGH

ORQJHU�WKDQ�QHFHVVDU\�WR�SHUIRUP�WKHLU�VKRFN�SURWHFWLRQ�IXQFWLRQ�

1RWH�WKDW�PDQ\�RI�WKH�SURSRVHG�DSSOLFDWLRQV�RI�WKH�FUDZOLQJ�YHKLFOH�HQWDLO�RSHUDWLQJ

ZLWKLQ� §GLUW\¨� HQYLURQPHQWV� LQYROYLQJ� H[SRVXUH� WR� GXVW��PRLVWXUH�� DQG� UDGLRDFWLYH�

WR[LF��DQG�FRUURVLYH�VXEVWDQFHV��7KHUHIRUH��ZKHQ�RSHUDWLQJ�LQ�VXFK�HQYLURQPHQWV��LW

PD\�EH�GHVLUDEOH�WR�DGG�IOH[LEOH��SURWHFWLYH�UXEEHU�ERRWV�WR�VHDO�WKH�DQQXODU�RSHQLQJ

RI�WKH�SULVPDWLF�MRLQWV��7KHVH�F\OLQGULFDO�ERRWV�VKRXOG�EH�PROGHG�ZLWK�D�EHOORZV�OLNH

VKDSH�WR�DOORZ�WKH�IUHH�PRYHPHQW�RI�WKH�MRLQWV�
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7KH�WZR�IHHW�DUH�FRQQHFWHG�WR�WKH�OHJV�E\�DQNOH� MRLQWV�KDYLQJ�WZR�UHODWLYH��SDVVLYH

URWDWLRQDO�'2)ªV� WR� DFFRPPRGDWH� VXUIDFH� LUUHJXODULWLHV�� 7KHVH� DQNOH� MRLQWV� FDQ� EH

VSULQJ�ORDGHG� VR� DV� WR� UHVWRUH� WKH� IHHW� WR� D� QHXWUDO� RULHQWDWLRQ�ZKHQHYHU� WKH\� DUH

OLIWHG�RII�RI�WKH�JURXQG��7KLV�ZLOO�KHOS�HQDEOH�WKH�IHHW�WR�DGDSW�WR�WHUUDLQ�LUUHJXODULWLHV

DW�WKH�QH[W� IRRWKROG��2QFH�DJDLQ��ZKHQ�RSHUDWLQJ� LQ�GLUW\�HQYLURQPHQWV�� LW�PD\�EH

GHVLUDEOH�WR�DGG�IOH[LEOH��SURWHFWLYH�UXEEHU�ERRWV�WR�FRYHU�WKH�DQNOH�MRLQWV�

)RU�PRVW�RSHUDWLQJ�HQYLURQPHQWV�LW�ZLOO�EH�GHVLUDEOH�WR�LPLWDWH�DQLPDOV�E\�LQFOXGLQJ

FRPSOLDQW� VROHV� LQ� WKH� GHVLJQ� RI� WKH� IHHW�� 3URSHUO\� VSHFLILHG�� WKLV� FRPSOLDQFH� ZLOO

KHOS�UHGXFH�VKRFN�DQG�ZLOO�GDPS�RXW�FKDWWHU�ZKHQHYHU�WKH�IHHW�LPSDFW�WKH�JURXQG�

7KH�ILQDO�IRRW�GHVLJQ�ZLOO�GHSHQG�XSRQ�WKH�WHUUDLQ�RYHU�ZKLFK�WKH�YHKLFOH�LV�H[SHFWHG

WR�RSHUDWH��,I�LQGRRUV��WKHQ�WKH�IHHW�PD\�KDYH�QRQ�PDUNLQJ�V\QWKHWLF�UXEEHU�WUHDGV��LI

RSHUDWHG�PRVWO\� RYHU� SDYHPHQW�� FRQFUHWH�� RU� VPRRWK� URFN\� JURXQG�� WKHQ� FDUERQ

UXEEHU� VROHV� ZRXOG� SUREDEO\� EH� DSSURSULDWH�� RQ� FRPPRQ� VRLOV� DQG� WXUI�� UXEEHU

FOHDWV� VKRXOG�ZRUN�ZHOO��DQG�RQ�VQRZ�DQG�YHU\� VRIW� VDQG��HDFK� IRRW�FRXOG�KDYH�D

VLQJOH��ODUJH��VSDGH�OLNH�FOHDW�IRU�ORQJLWXGLQDO�WUDFWLRQ�ZLWK�D�KRUL]RQWDO�GLVN�PRXQWHG

MXVW�DERYH�LW�WR�SUHYHQW�WKH�IRRW�IURP�VLQNLQJ�GRZQ�WRR�GHHSO\��VHH�)LJ��������

Figure 2.12 — A Foot Design for use on Soft Sand or Snow

Soft Terrain such as Sand or Snow

Leg

Disk

Cleat
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7KLV�DVVHPEO\�RI�SD\ORDG�ER[�� WZR� OHJV�DQG� IHHW� LV� ULJLG�� DQG�PRYHV�DV� D�XQLW�� IRU

FRQYHQLHQFH��LW�ZLOO�EH�UHIHUUHG�WR�DV�D��OHJ�SDLU�DVVHPEO\���RU�VLPSO\��D��OHJ�SDLU��

2.2.3 Summary of the Physical Structure

7KH�SULPDU\�GLIIHUHQFH�EHWZHHQ� WKLV�YHKLFOH�DQG�RWKHU� OHJJHG� URERWV� LV� WKDW��ZKLOH

PRVW� OHJJHG� URERWV� KDYH� D� VLQJOH� ULJLG� ERG\�ZLWK� DFWXDWHG� OHJV�� WKLV� URERW� KDV� DQ

DFWXDWHG�PXOWLERG\�VWUXFWXUH�ZLWK�SDVVLYH� OHJV��7KLV�DUUDQJHPHQW� LPLWDWHV�WKH�ERG\

VWUXFWXUH�RI�FDWHUSLOODUV��6SHFLILFDOO\��WKH�SURSRVHG�FUDZOLQJ�YHKLFOH�LV�FRQVWUXFWHG�RI

D� OHQJWKZLVH� FKDLQ� RI� DW� OHDVW� �� §OHJ� SDLU� DVVHPEOLHV¨� WKDW� DUH� FRQQHFWHG� WR� HDFK

RWKHU�E\�§DFWXDWLRQ�XQLWV¨�FRPSRVHG�RI�6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVPV��7KHVH

6WHZDUW�*RXJK� SODWIRUPV� HQDEOH� HDFK� OHJ� SDLU� WR� PRYH� LQGHSHQGHQWO\� RI� WKH� OHJ

SDLUV�DKHDG�RI�DQG�EHKLQG�LW�ZLWK���GHJUHHV�RI�IUHHGRP��7KLV�UHODWLYH�PRWLRQ�RI�WKH

OHJ�SDLUV�FDQ�EH�XVHG�WR�EULQJ�DERXW�ORFRPRWLRQ�

:KHQ�RSHUDWLQJ�RQ�URXJK�WHUUDLQ�� WKLV�GHVLJQ�EHQHILWV� IURP�EHLQJ�D� OHJJHG�YHKLFOH

�DV�GHVFULEHG�LQ�6HFWLRQ������DQG�IURP�KDYLQJ�D�PXOWLERG\�VWUXFWXUH��DV�GHVFULEHG�LQ

6HFWLRQ�������7KLV�FRQFHSW�DOVR�KDV�D�QXPEHU�RI�RWKHU�DGYDQWDJHV��/LNH�LWV�ELRORJLFDO

FRXQWHUSDUW�� WKH� FDWHUSLOODU�� WKH� YHKLFOH� KDV� DQ� DSSUR[LPDWHO\� HYHQ� OHQJWKZLVH

GLVWULEXWLRQ�RI�ERWK� LWV�PDVV�DQG� LWV� VXSSRUWLQJ� OHJV��7KLV� UHGXFHV� WKH�SHDN�JURXQG

SUHVVXUH�DQG� VRLO�GDPDJH�� VLPSOLILHV�SDWK�SODQQLQJ�� DQG�KHOSV�HQDEOH�EULGJLQJ�DQG

FDQWLOHYHU�PDQHXYHUV� IRU�FURVVLQJ� ODUJH�REVWDFOHV��7KH� OHQJWKZLVH�XQLIRUPLW\�RI� WKH

GHVLJQ� VLPSOLILHV� WKH� PDQXIDFWXUH� RI� WKH� KDUGZDUH�� DOORZV� SDUWV� WR� EH

LQWHUFKDQJHDEOH�� DQG� UHVXOWV� LQ� WKH� DFWXDWLRQ� XQLWV� KDYLQJ� LGHQWLFDO� ZRUNVSDFHV�

ZKLFK�� LQ� WXUQ�� VLPSOLILHV� WKH� PRWLRQ� SODQQLQJ� DQG� FRQWURO� RI� WKH� YHKLFOH�� 7KHVH

DFWXDWLRQ�XQLW�ZRUNVSDFHV�DUH�V\PPHWULF�DERXW�WKHLU�ORQJLWXGLQDO�FHQWHUOLQHV�DQG�DUH

VLPLODU� WR� WKH�§ZRUNVSDFHV¨�RI� FDWHUSLOODU� VHJPHQWV� �DV�ZLOO�EH�GLVFXVVHG� LQ�&K�����

7KH�6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVPV� WKDW� DUH�XVHG� IRU� WKH� DFWXDWLRQ�XQLWV� DUH

VWLII�� OLJKWZHLJKW��DQG�SRVVHVV�DQ� LQYHUVH�NLQHPDWLFV�VROXWLRQ�WKDW�FDQ�EH�FRPSXWHG
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YHU\�UDSLGO\��)XUWKHUPRUH��WKH�GHVLJQ�KDV�D�VPDOO�IURQWDO�FURVV�VHFWLRQDO�DUHD�UHODWLYH

WR� LWV� PDVV�� HQDEOLQJ� LW� WR� WUDYHO� WKURXJK� QDUURZ� SDVVDJHV� DQG� FORVHO\� VSDFHG

REVWDFOHV�

)LJXUHV� ����� DQG� ����� VKRZ� FRQFHSWXDO� PRGHOV� RI� WKH� PXOWLERG\� SDVVLYH�OHJJHG

FUDZOLQJ� YHKLFOH� XVLQJ� WZR� GLIIHUHQW� FRQILJXUDWLRQV� RI� WKH� 6WHZDUW�*RXJK� SODWIRUP

PHFKDQLVP��,Q�)LJ�������WKH�URERW�XVHV�D�FRQILJXUDWLRQ�ZKHUH�WKH�GLDJRQDO� OLQNV�RI

HDFK� DFWXDWLRQ�XQLW� DUH� ORQJHU� WKDQ� WKH�RWKHU� IRXU�SULVPDWLF� OLQNV�� ,Q� )LJ�� ����� WKH

URERW�XVHV�WKH�§0HOH�FRQILJXUDWLRQ¨�IRU�WKH�VSKHULF�MRLQWV��ZKLFK�HQDEOHV�WKH�XVH�RI

LGHQWLFDO� DFWXDWHG� OLQNV� WKURXJKRXW� WKH� URERW� DQG� UHVXOWV� LQ� JUHDWHU� PHFKDQLFDO

DGYDQWDJH�IRU�OLIWLQJ�OHJ�SDLUV��0HOH��������

:KHQ�RSHUDWLQJ�LQ�GLUW\�HQYLURQPHQWV��LW�PD\�EH�GHVLUDEOH�WR�DGG�IOH[LEOH�FRYHULQJV

�H�J��EHOORZV�OLNH� FRYHULQJV�� RU� ERRWV�� SHUKDSV�PDGH�RI� UXEEHU�� WR� FRYHU� DOO� RI� WKH

VSKHULF�� UHYROXWH�� DQG� SULVPDWLF� MRLQWV� LQGLYLGXDOO\�� $OWHUQDWLYHO\�� D� ODUJH�� IOH[LEOH�

WXEXODU�ERRW�FRXOG�EH�DWWDFKHG�IURP�HDFK�OHJ�SDLU�WR�WKH�QH[W�VR�DV�WR�VXUURXQG�DQG

SURWHFW�WKH�HQWLUH�DFWXDWLRQ�XQLW�EHWZHHQ�WKHP���6XFK�D�§VNLQ¨�DUUDQJHPHQW�ZRXOG

PDNH�WKH�YHKLFOH�UHVHPEOH�LWV�QDWXUDO�FRXQWHUSDUW�HYHQ�PRUH�VWURQJO\��

,Q�DGGLWLRQ� WR� WKH�H[DPSOHV�VKRZQ� LQ�)LJ�������DQG�)LJ��������PDQ\�RWKHU�6WHZDUW�

*RXJK�FRQILJXUDWLRQV�DUH�DOVR�SRVVLEOH��7KH�H[DFW�VSHFLILFDWLRQ�RI�ZKLFK�SDUWLFXODU

6WHZDUW�*RXJK�SODWIRUP�ZRXOG�EH�EHVW�IRU�D�SDUWLFXODU�DSSOLFDWLRQ�RI�WKH�PXOWLERG\

SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH� LV� ZLWKLQ� WKH� GRPDLQV� RI� WKH� FRQILJXUDWLRQ� DQG

GHWDLOHG�GHVLJQ�VWDJHV�UDWKHU�WKDQ�WKH�FRQFHSWXDO�GHVLJQ�DGGUHVVHG�KHUH��0DNLQJ�DQ

LQIRUPHG� GHVLJQ� GHFLVLRQ� RQ� WKLV� PDWWHU� UHTXLUHV� H[WHQVLYH� DQDO\VLV�� :KLOH� QRW

VHOHFWLQJ� D� SDUWLFXODU� 6WHZDUW�*RXJK� SODWIRUP� FRQILJXUDWLRQ� IURP� WKH� P\ULDG� RI

SRVVLELOLWLHV�� WKLV�ZRUN� VXSSRUWV� WKH� FRQILJXUDWLRQ� GHVLJQ� IXQFWLRQ� E\� FUHDWLQJ� WRROV

IRU� V\QWKHVL]LQJ�� DQDO\]LQJ�� DQG� VLPXODWLQJ� D� YLUWXDOO\� OLPLWOHVV� YDULHW\� RI�PXOWLERG\

SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH� GHVLJQV�� 7KHVH� FRQILJXUDWLRQ� GHVLJQ� WRROV� ZLOO� EH

GHVFULEHG�LQ�GHWDLO�LQ�&KDSWHUV�������DQG���
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Figure 2.13 — A Multibody Passive-Legged Crawling Vehicle using a VGT-like

Configuration for the Spheric Joints of the Stewart-Gough Platform Mechanisms

Figure 2.14 — A Multibody Passive-Legged Crawling Vehicle using the “Mele

Configuration” for the Spheric Joints of the Stewart-Gough Platform Mechanisms
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2.3 Introductory Motion Programming

%H\RQG� VHOHFWLQJ� WKH� SK\VLFDO� VWUXFWXUH� RI� WKH� URERW�� WKH� RWKHU� PDMRU� FRQFHSWXDO

GHVLJQ�LVVXH�LQYROYHV�GHFLGLQJ�KRZ�WKDW�SK\VLFDO�VWUXFWXUH�VKRXOG�PRYH�WR�SURGXFH

HIIHFWLYH� ORFRPRWLRQ�� 7KLV� VHFWLRQ� JLYHV� DQ� RYHUYLHZ� RI� WKLV� WRSLF� DQG� LQWURGXFHV

VRPH� QRPHQFODWXUH� IRU� GHVFULELQJ� WKH� URERW
V� PRWLRQV�� $� VSHFLILF� DOJRULWKP� IRU

PRWLRQ�SURJUDPPLQJ�ZLOO�EH�SUHVHQWHG�LQ�&K����

$V�GLVFXVVHG�LQ�6HFWLRQ��������WKHUH�DUH�WZR�PDLQ�DSSURDFKHV�IRU�SURJUDPPLQJ�WKH

PRWLRQV� D� FDWHUSLOODU�OLNH� IOH[LEOH� URERW� VXFK� DV� WKH� PXOWLERG\� SDVVLYH�OHJJHG

FUDZOLQJ�YHKLFOH��PRWLRQ�SURJUDPPLQJ�EDVHG�XSRQ�VKDSH�FRQWURO�PHWKRGV��VXFK�DV

WKRVH� GHYHORSHG� IRU� ORQJ�FKDLQ� 9*7�K\SHU�UHGXQGDQW� URERW� UHVHDUFK�� DQG� VWULGH�

RULHQWHG�PRWLRQ�SURJUDPPLQJ�PHWKRGV�VLPLODU�WR�WKRVH�XVHG�E\�ZDONLQJ�PDFKLQHV�

7KLV�UHVHDUFK�ZLOO�SXUVXH�WKH�ODWWHU�DSSURDFK�

2.3.1 Hierarchy of Motion

7KH�IROORZLQJ��KLHUDUFK\�RI�PRWLRQ��LV�D�VHW�RI�XVHIXO�GHILQLWLRQV�IRU�GHVFULELQJ�OHJJHG

URERW� ORFRPRWLRQ��1RWH� WKDW� WKHUH� LV�DQ�DQDORJRXV�KLHUDUFKLFDO�DUUDQJHPHQW� LQ� WKH

FRQWURO�V\VWHP��DV�ZLOO�EH�VKRZQ�LQ�6HFWLRQ�����

7KH� PRWLRQ� KLHUDUFK\� DVFHQGV� IURP� DQ� LQGLYLGXDO� PRYHPHQW�� WKURXJK� D� OHJ� VWHS�

WKURXJK� D� ORFRPRWLRQ� F\FOH�� DQG� XS� WR� D� JDLW�� $Q� LQGLYLGXDO� PRYHPHQW� LV� DQ

LQFUHPHQWDO�GLVSODFHPHQW�RI�D�OHJ�SDLU��$�OHJ�VWHS�LV�WKH�FRPSOHWLRQ�RI�D�VHTXHQFH�RI

LQGLYLGXDO�PRYHPHQWV�WKDW�PRYHV�D�OHJ�SDLU�RQH�VWHS�IRUZDUG��$�ORFRPRWLRQ�F\FOH�

RU�PDFKLQH�VWHS�� LV�ZKHQ�DOO�RI� WKH�PDFKLQH
V� OHJV�KDYH�HDFK�FRPSOHWHG�D� VWHS��$

JDLW�LV�RQH�RU�PRUH�ORFRPRWLRQ�F\FOHV�WKDW�XVH�WKH�VDPH�GLVWLQFW�OHJ�VWHS�VHTXHQFH�
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2.3.2 Basic Maneuvers

7KH� SK\VLFDO� VWUXFWXUH� RI� WKH� PXOWLERG\� SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH� LV

JHRPHWULFDOO\�FDSDEOH�RI�SHUIRUPLQJ�PDQ\�W\SHV�RI�JDLWV��7ZR�RI�WKH�FODVVHV�RI�JDLWV�

ZDYH�JDLWV�DQG�VLGHVWHSSLQJ�JDLWV��DUH�LQWURGXFHG�YLD�VHYHUDO�H[DPSOHV��)RU�WKH�VDNH

RI� VLPSOLFLW\�� WKH� H[DPSOH� OHJ� VWHSV� DUH� EURNHQ� GRZQ� LQWR� D� VHTXHQFH� RI� WKUHH

UXGLPHQWDU\�PRYHPHQWV��OLIWLQJ�D�OHJ�SDLU��PRYLQJ�LW�IRUZDUG��DQG�ORZHULQJ�LW�WR�WKH

JURXQG��VHH�)LJ��������

Figure 2.15 — A Simplified Leg Step

0DQ\�DQLPDOV��LQFOXGLQJ�WKH�FDWHUSLOODU��XVH�ZDYH�JDLWV��:DYH�JDLWV�KDYH�EHHQ�VKRZQ

WR�KDYH�RSWLPDO�ORQJLWXGLQDO�VWDELOLW\�IRU�KH[DSRG�YHKLFOHV��0F*KHH��������6RQJ�DQG

:DOGURQ���������7KH�IROORZLQJ�WKUHH�H[DPSOHV�GHPRQVWUDWH�EDVLF�PDQHXYHUV�XVLQJ�D

YHU\�VLPSOH�ZDYH�W\SH�JDLW�



Chapter 2 – Conceptual Design   90

)RUZDUG� PRWLRQ�� VKRZQ� LQ� )LJ�� ������ LV� LQLWLDWHG� E\� OLIWLQJ� WKH� UHDUPRVW� OHJ� SDLU�

PRYLQJ� LW� IRUZDUG�D� VSHFLILHG� VWHS� OHQJWK�� DQG� WKHQ� ORZHULQJ� LW��$V� WKH� IHHW�RI� WKH

UHDUPRVW� OHJ�SDLU� WRXFK�WKH�JURXQG�� WKH�VHFRQG� OHJ�SDLU� IURP�WKH� UHDU� LV� OLIWHG�DQG

JRHV�WKURXJK�WKH�PRYHPHQWV�RI� LWV� OHJ�VWHS��7KHQ�WKH�WKLUG� OHJ�SDLU�PRYHV��DQG�VR

RQ��7R�DQ�REVHUYHU��WKLV�PRWLRQ� ORRNV� OLNH�DQ�DFWXDO�ZDYH�WUDYHOLQJ�XS�WKH�ERG\�RI

WKH�YHKLFOH�

 Figure 2.16 — Forward Motion Using a Simple Wave Gait
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5HYHUVH�PRWLRQ� FDQ� EH� LPSOHPHQWHG� LQ� D� VLPLODU�PDQQHU�� RQO\� WKH� OHJ� VWHSV� VWDUW

ZLWK� WKH� IURQW� OHJ� SDLU� DQG� SURJUHVV� WRZDUGV� WKH� UHDU� RI� WKH� YHKLFOH�� 7R� DFKLHYH

KLJKHU� VSHHGV�� WKH� FRQWUROOHU� FRXOG� LQLWLDWH� QHZ� ORFRPRWLRQ� F\FOHV� EHIRUH� WKH� ILUVW

ORFRPRWLRQ� F\FOH� LV� FRPSOHWHG�� FDXVLQJ� VHYHUDO� �ZDYHV�� WR� SURJUHVV� DORQJ� WKH

YHKLFOH�VLPXOWDQHRXVO\�

7XUQLQJ�PRWLRQ��VKRZQ�LQ�)LJ��������FDQ�EH�XVHG�WR�QDYLJDWH�FXUYHG�SDWKV��:KHQ�D

OHJ�SDLU�UHDFKHV�D�FXUYH�LQ�WKH�YHKLFOH�SDWK��LWV�OHJ�VWHS�LV�PRGLILHG�

 Figure 2.17 — A Simple Turning Maneuver

6SHFLILFDOO\��WXUQLQJ�PRWLRQ�LV�SURGXFHG�E\�OLIWLQJ�WKH�OHJ�SDLU��URWDWLQJ�LW�WKURXJK�DQ

DQJOH��WUDQVODWLQJ�LW�DORQJ�D�FKRUGDO�GLUHFWLRQ��DQG�WKHQ�ORZHULQJ�LW�
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&OLPELQJ�XS�DQG�GRZQ�RYHU�VPRRWK�VORSHV� LV�DFFRPSOLVKHG�LQ�DQ� LGHQWLFDO� IDVKLRQ

WR�IRUZDUG�PRWLRQ��+RZHYHU��ZKHQ�VPDOO�VWHS�REVWDFOHV�PXVW�EH�FURVVHG��D�VLPSOH

FOLPELQJ�PRWLRQ�FDQ�EH�XVHG��DV�VKRZQ�LQ�)LJ�������

 Figure 2.18 — Climbing Over a Small Obstacle
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7KLV�VLPSOH�FOLPELQJ�PRWLRQ�LV�SURGXFHG�E\�EULQJLQJ�WKH�UHDU�OHJ�SDLUV�IRUZDUG��OLIWLQJ

WKH�IURQW�OHJ�SDLU�DQG�H[WHQGLQJ�LW�RYHU�WKH�REVWDFOH��DQG�WKHQ�UHSHDWLQJ�WKLV�SDWWHUQ

XQWLO�DOO� WKH� OHJ�SDLUV�KDYH�FOHDUHG� WKH�REVWDFOH��7KHVH�VWHSV�DUH� IXQGDPHQWDOO\� WKH

VDPH� DV� WKH� IRUZDUG� PRWLRQ� VHTXHQFH� H[FHSW� ZKHQ� WKH� OLIW� PRYHPHQW� PXVW� EH

LQFUHDVHG�WR�FOHDU�WKH�REVWDFOH�

7KH�YHKLFOH�VKRXOG�DOVR�EH�FDSDEOH�RI�WUDYHUVLQJ�ODUJHU�REVWDFOHV�E\�H[WHQGLQJ�WZR

RU�PRUH�FRQVHFXWLYH�OHJ�SDLUV�RII�RI�WKH�JURXQG�DW�WKH�VDPH�WLPH��7KHVH�EULGJLQJ�DQG

FDQWLOHYHU� PDQHXYHUV� ZHUH� LOOXVWUDWHG� LQ� )LJ�� ���� DQG� )LJ�� ����� +RZHYHU�� VXFK

DGYDQFHG�PDQHXYHUV�PD\�UHTXLUH�WKH�XVH�RI�VKDSH�FRQWURO�PHWKRGV� LQ�DGGLWLRQ�WR

WKH�VWULGH�RULHQWHG�PRWLRQ�SURJUDPPLQJ�PHWKRGV�SUHVHQWHG�LQ�WKLV�ZRUN�

$OWKRXJK� WKH� DXWKRU� KDV� QRW� REVHUYHG� WKH� FDWHUSLOODUV� GRLQJ� VR�� WKH� SURSRVHG

FUDZOLQJ� YHKLFOH� ZRXOG� DOVR� EH� FDSDEOH� RI� SHUIRUPLQJ� VLGHVWHSSLQJ� JDLWV�

6LGHVWHSSLQJ� ORFRPRWLRQ�� VKRZQ� LQ� )LJ�� ������ FDQ� EH� SURGXFHG� E\� VLPXOWDQHRXVO\

OLIWLQJ�WKH�WZR�LQQHU�OHJ�SDLUV��VZLQJLQJ�WKHP�WR�WKH�VLGH��ORZHULQJ�WKHP��WKHQ�OLIWLQJ

WKH� WZR� RXWHU� OHJ� SDLUV�� VZLQJLQJ� WKHP� WR� WKH� VLGH�� ORZHULQJ� WKHP�� DQG� WKHQ

UHSHDWLQJ� WKH� VHTXHQFH�� 1RWH� WKDW� RWKHU� W\SHV� RI� VLGHVWHSSLQJ� JDLWV� DUH� DOVR

SRVVLEOH�

2QH�DSSOLFDWLRQ�ZKHUH�WKLV�GHVLJQ�KDV�D�GLVDGYDQWDJH�UHODWLYH� WR�ZKHHOHG�YHKLFOHV

DQG�RWKHU�ZDONLQJ�PDFKLQH�GHVLJQV�LV�LQ�SDVVHQJHU�WUDQVSRUW��)RU�H[DPSOH��ZLWK�PRVW

VLQJOH�ERG\�ZDONLQJ�URERWV��RQH�RI�WKH�PRWLRQ�SURJUDPPLQJ�REMHFWLYHV�LV�WR�VPRRWK

IOXFWXDWLRQV�LQ�WKH�YHORFLW\�RI�LWV�ULJLG�ERG\�VR�DV�WR�UHGXFH�SRZHU�UHTXLUHPHQWV�DQG

PDNH�D�PRUH�FRPIRUWDEOH�ULGH��+HQFH��WKH�YHORFLW\�RI�WKHLU�ULJLG�ERG\�FDQ�EH�PRUH

RU� OHVV�FRQWLQXRXV�� ,Q�FRQWUDVW�� WKH� LQGLYLGXDO�ERGLHV�RI�D�PXOWLERG\� OHJJHG�YHKLFOH

KDYH�� E\� GHILQLWLRQ�� DQ� LQWHUPLWWHQW� IRUZDUG�PRWLRQ�� ,Q� DGGLWLRQ�� LI� WKH� OHJV� RI� WKH

PXOWLERG\� YHKLFOH� DUH� SDVVLYH�� HDFK� RI� WKH� ERGLHV� PXVW� DOVR� EH� OLIWHG� IURP� WKH

JURXQG�ZLWK�HYHU\�VWHS�
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 Figure 2.19 — The Sidestepping Gait

7KXV�� D�SDVVHQJHU�RFFXS\LQJ�RQH�RI� WKH� LQGLYLGXDO�ERGLHV�ZRXOG�EH�H[SRVHG� WR�D

SRVVLEO\�GLVFRQFHUWLQJ�LQWHUPLWWHQW�PRWLRQ�DV�WKH�ERG\�ULVHV�IURP�WKH�JURXQG��VZLQJV

IRUZDUG��DQG�WKHQ�UHWXUQV�WR�WKH�JURXQG�ZLWK�HDFK�VWHS��+HQFH��ZKLOH�WKH�FUDZOLQJ

YHKLFOH�PLJKW�EH�DSSURSULDWH�IRU�DQ�DPXVHPHQW�SDUN�ULGH��LW�LV�DQ�XQOLNHO\�FDQGLGDWH

IRU�VHULRXV�SDVVHQJHU�WUDQVSRUW��1RWH��KRZHYHU��WKDW�WKLV�LQWHUPLWWHQW�PRWLRQ�DOVR�KDV

VRPH�FRPSHQVDWLQJ�DGYDQWDJHV�IRU�VHQVLQJ�ZKHQ�WKH�URERW�RSHUDWHV�DXWRQRPRXVO\

�WKHVH�ZLOO�EH�GLVFXVVHG�LQ�6HFWLRQ������
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2.4 Power Source

,Q� RUGHU� IRU� WKH� FUDZOLQJ� YHKLFOH� WR� RSHUDWH�� SRZHU� LQ� HOHFWULFDO� IRUP� PXVW� EH

SURYLGHG� IRU� WKH�RQ�ERDUG� VHQVRUV� DQG� FRQWURO� SURFHVVRUV�� )XUWKHUPRUH�� SRZHU�� LQ

VRPH�IRUP��PXVW�DOVR�EH�SURYLGHG�IRU�WKH�YHKLFOH�DFWXDWRUV��$V�H[SODLQHG�LQ�6HFWLRQ

���������HLWKHU�HOHFWULF�PRWRUV��K\GUDXOLF�SLVWRQV��RU�SQHXPDWLF�SLVWRQV�FRXOG�EH�XVHG

WR�DFWXDWH�WKH�SULVPDWLF�MRLQWV�RI�WKH�YHKLFOHªV�6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVPV�

,Q�D�ODERUDWRU\�HQYLURQPHQW��D�WHVW�YHKLFOH�FRXOG�EH��WHWKHUHG��WR�D�SRZHU�VXSSO\�E\

DQ�HOHFWULFDO�FDEOH�RU�SHUKDSV�K\GUDXOLF�RU�SQHXPDWLF�KRVHV��6XFK�DQ�DUUDQJHPHQW

PD\� DOVR� EH� VXIILFLHQW� IRU� VRPH� SUDFWLFDO� DSSOLFDWLRQV�� VXFK� DV� ILUH�� PLQH�� RU

HDUWKTXDNH�GLVDVWHU� UHVFXH��ZKHUH� WKH�FUDZOHU�FRXOG�RSHUDWH�ZKLOH� WHWKHUHG�E\�DQ

XPELOLFDO�FDEOH�UHHOHG�RXW�IURP�D�§PRWKHU¨�WUDQVSRUW�YHKLFOH�

7R� WUDYHO� ORQJ� GLVWDQFHV�� KRZHYHU�� DQ� RQ�ERDUG� SRZHU� VRXUFH� LV� UHTXLUHG�� )RU

WHUUHVWULDO�DSSOLFDWLRQV��DQ�DLU�EUHDWKLQJ�HQJLQH�FDQ�EH�XVHG�DV� WKH�SULPH�PRYHU� WR

GULYH�HLWKHU�DQ�HOHFWULF�JHQHUDWRU��IRU�HOHFWULF�PRWRUV���D�SXPS��IRU�K\GUDXOLF�SLVWRQV��

RU�D�FRPSUHVVRU� �IRU�SQHXPDWLF�SLVWRQV���)RU�QRQ�WHUUHVWULDO� DSSOLFDWLRQV�� VXFK�DV�D

SODQHWDU\�H[SORUDWLRQ� URYHU��DLU�EUHDWKLQJ�HQJLQHV�PD\�QRW�EH�D�SRVVLELOLW\� �DW� OHDVW

QRW�LQ�RXU�VRODU�V\VWHP���5DGLRLVRWRSH�7KHUPRHOHFWULF�*HQHUDWRUV��57*
V��KDYH�EHHQ

VXFFHVVIXOO\�XVHG�RQ�QXPHURXV� LQWHUSODQHWDU\�PLVVLRQV�� LQFOXGLQJ� WKH�$SROOR�0RRQ

ODQGHUV�DQG�9LNLQJ�0DUV�ODQGHUV��DPRQJ�RWKHUV��&DVVLQL�3XEOLF�,QIRUPDWLRQ�>,QWHUQHW@�

�������+RZHYHU��DFFRUGLQJ�WR�D�VWXG\�E\�WKH�6SDFH�([SORUDWLRQ�,QLWLDWLYH�6\QWKHVLV

*URXS� �������� SOXWRQLXP� KDV� EHFRPH� VR� VFDUFH� WKDW� XVLQJ� IXHO� FHOOV� PD\� EH

SUHIHUDEOH��:LWK�VXFK�D� V\VWHP�� WKH� URYHU�YHKLFOH�ZLOO� QHHG� WR�SHULRGLFDOO\�JR� WR�D

EDVH�FDPS�WR�UHWXUQ� LWV�H[KDXVW�SURGXFW� �ZDWHU��VR�WKDW� LW�FDQ�EH�UHJHQHUDWHG� LQWR

R[\JHQ�DQG�K\GURJHQ�IXHO�

)RU� PRVW� SRZHU� V\VWHPV�� VRPH�PHDQV� RI� WHPSRUDULO\� VWRULQJ� HQHUJ\� ZLOO� DOVR� EH

QHHGHG�� 7KLV� FRXOG� WDNH� WKH� IRUP� RI� RQH� RI� WKH� YDULRXV� W\SHV� RI� HOHFWURFKHPLFDO
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EDWWHULHV��IO\ZKHHOV��K\GUDXOLF�DFFXPXODWRUV��RU�SQHXPDWLF�DFFXPXODWRUV��GHSHQGLQJ

XSRQ�WKH�DFWXDWLRQ�V\VWHP�FKRVHQ�

7KH�SHUIRUPDQFH�RI� WKH�FUDZOLQJ�YHKLFOH�ZLOO�GHSHQG�VLJQLILFDQWO\�XSRQ� WKH�SRZHU

FDSDFLW\�SHU�XQLW�RI�ZHLJKW��DYDLODEOH�SHDN�SRZHU�RXWSXW��HQHUJ\�HIILFLHQF\��HQHUJ\

VWRUDJH� FDSDFLW\� SHU� XQLW� RI� YROXPH�� SK\VLFDO� VL]H�� ZHLJKW�� DQG� UHOLDELOLW\� RI� WKH

SRZHU�V\VWHP��+RZHYHU�� VSHFLILFDWLRQ�RI� WKH�SRZHU�VRXUFH�GHSHQGV�XSRQ��DPRQJ

RWKHU�WKLQJV��WKH�VSHFLILF�YHKLFOH�DSSOLFDWLRQ��WKH�YHKLFOH�PDVV�DQG�YROXPH��DQG�WKH

W\SH�RI�DFWXDWRUV�FKRVHQ��DQG�LV�WKHUHIRUH�EH\RQG�WKH�VFRSH�RI�WKLV�GLVVHUWDWLRQ�

2.5 Sensors

$V� GLVFXVVHG� LQ� 6HFWLRQ� ����� WHUUDLQ� VHQVLQJ� KDV� EHHQ� RQH� RI� WKH� SULPDU\

LPSHGLPHQWV� WR�DXWRQRPRXV� ORFRPRWLRQ�RYHU�H[WUHPH�WHUUDLQ��7KLV�ZRUN�GRHV�QRW

SURSRVH�QHZ�VHQVLQJ�WHFKQRORJLHV��LQVWHDG��LW�SURSRVHV�D�QHZ�FRQFHSWXDO�GHVLJQ�LQ

ZKLFK�PRELOLW\�SHUIRUPDQFH� LV�PRUH�WROHUDQW�RI�VHQVLQJ�HUURUV�� �,QGHHG��RQH�RI� WKH

PDLQ�UHDVRQV�IRU�XVLQJ�WKH�FDWHUSLOODU�DV�D�QDWXUDO�DQDORJXH�IRU�DQ�DOO�WHUUDLQ�YHKLFOH

ZDV�LWV�VXSHUE�DOO�WHUUDLQ�PRELOLW\�GHVSLWH�LWV�OLPLWHG�VHQVRU\�DELOLW\��

6HQVRUV� HQDEOH� D�PRELOH� URERW� WR�PHDVXUH� LWV� RZQ� RSHUDWLQJ� SDUDPHWHUV� DQG� WKH

DWWULEXWHV�RI�LWV�HQYLURQPHQW��7KXV��VHQVRUV�DUH�D�QHFHVVLW\�LI�D�URERW�LV�WR�XVH�FORVHG�

ORRS�FRQWUROV�RU�UHDFW�WR�LWV�HQYLURQPHQW��7KH�VHQVRUV�RI�D�URERW�FDQ�EH�FODVVLILHG�DV

HLWKHU�§LQWHUQDO¨�RU�§H[WHUQDO¨��GHSHQGLQJ�XSRQ�WKHLU�UROH��0F.HUURZ���������,QWHUQDO

VHQVRUV�PHDVXUH�WKH�RSHUDWLQJ�SDUDPHWHUV�RI� WKH�URERW� LWVHOI��VXFK�DV�WKH�SRVLWLRQV

RI�DOO�RI�LWV�ERG\�PHPEHUV��WKXV�DSSUR[LPDWLQJ�WKH�SURSULRFHSWLYH�VHQVLQJ�DQG�VHQVH

RI� EDODQFH� RI� OLYLQJ� RUJDQLVPV�� ([WHUQDO� VHQVRUV� PHDVXUH� WKH� DWWULEXWHV� RI� WKLQJV

RXWVLGH� RI� WKH� URERW�� WKDW� LV�� WKH� RSHUDWLQJ� HQYLURQPHQW� RI� WKH� URERW�� VXFK� DV� WKH

JHRPHWU\�RI�WKH�VXUURXQGLQJ�WHUUDLQ�� WKXV�PLPLFNLQJ�WKH�WRXFK��HFKRORFDWLRQ� �XVHG

E\�EDWV�DQG�SRUSRLVHV���DQG�YLVLRQ�VHQVLQJ�RI�RUJDQLVPV�
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2.5.1 Internal Sensors

$W� WKH�PRVW�EDVLF� OHYHO�RI� WKH�FUDZOLQJ�YHKLFOH� FRQWURO� V\VWHP��DOO�RI� WKH�SULVPDWLF

MRLQW� DFWXDWRUV� PXVW� EH� DFFXUDWHO\� FRQWUROOHG�� 7KHUHIRUH�� LQ� RUGHU� WR� H[HFXWH

SURJUDPPHG�PRWLRQV�FRUUHFWO\��HDFK�DFWXDWRU�QHHGV�VRPH�VRUW�RI�IHHGEDFN�VHQVLQJ�

7KH� W\SH�RI� VHQVRUV� XVHG�GHSHQGV�XSRQ� WKH� IRUP�RI� FRQWURO� VHOHFWHG�� 6HQVRUV� IRU

SRVLWLRQ��YHORFLW\��DQG� IRUFH��RU�VRPH�K\EULG�RU�FRPELQDWLRQ�RI� WKHVH�PHWKRGV�DUH

OLNHO\� FDQGLGDWHV�� 7KLV� W\SH� RI� DFWXDWRU� IHHGEDFN� FRQWURO�� HQWDLOLQJ� WKH� XVH� RI

HQFRGHUV��UHVROYHUV��WDFKRPHWHUV��DQG�VWUDLQ�JDJHV��LV�ZHOO�XQGHUVWRRG�DQG�KDV�EHHQ

VXFFHVVIXOO\� LPSOHPHQWHG� LQ� PDQ\� LQGXVWULDO� URERWV� DQG� PRWLRQ� FRQWURO� V\VWHPV�

6RPH�GLIILFXOWLHV�DULVH�IRU�WKLV�YHKLFOH�EHFDXVH��HYHQ�IRU�WKH�VLPSOHVW�ORFRPRWLRQ��LW�LV

QHFHVVDU\�WR�FRQWURO�WZHOYH�DFWXDWRUV�VLPXOWDQHRXVO\��7KXV��WKHUH�QHHGV�WR�EH�D�ODUJH

QXPEHU�RI�LQSXW�FKDQQHOV�IRU�WKH�VHUYRPHFKDQLVP�IHHGEDFN�VHQVRUV�

-XVW�DV�DQLPDOV�DQG�KXPDQV�DUH�DZDUH�RI�WKH�PDJQLWXGH�RI�WKHLU�SK\VLFDO�H[HUWLRQV��LW

PD\�EH�GHVLUDEOH�WR�DGG�VXFK�D�VHQVH�WR�WKH�FUDZOLQJ�YHKLFOH��)RU�H[DPSOH��HOHFWULF

FXUUHQW�VHQVLQJ�FRXOG�EH�XVHG�WR�GHWHUPLQH�ZKHQ�DQ�DFWXDWRU�RU�DPSOLILHU�ZDV�QHDU

VDWXUDWLRQ�

/HJ� IRUFH� VHQVRUV�FDQ�EH�XVHG� WR�PHDVXUH� WKH�ZHLJKW� VXSSRUWHG�E\�HDFK� OHJ�� WKH

ODWHUDO� IRUFHV� RQ� WKH� OHJV�� DQG� WKH� IRUFHV� RI� IRRW� LPSDFW�� DV� ZHOO� DV� WR� GHWHUPLQH

ZKHWKHU�D�OHJ�LV� LQ�FRQWDFW�ZLWK�WKH�JURXQG��)RU�H[DPSOH�� LQ�WKH�FDVHV�RI�WKH�268

+H[DSRG��.OHLQ��HW��DO���������DQG�WKH�'DQWH�,,�URERW��%DUHV�DQG�:HWWHUJUHHQ��������

ODWHUDO� OHJ� IRUFHV�ZHUH� VHQVHG� XVLQJ� WZR� VWUDLQ� JDJHV� RQ� HDFK� OHJ��ZKLOH� D[LDO� OHJ

IRUFHV� ZHUH� PHDVXUHG� E\� SLH]RHOHFWULF� ORDG� FHOOV�� 6WUDLQ� JDJHV� DUH� FRPSDFW� DQG

KDYH� QR� PRYLQJ� SDUWV� �DOWKRXJK� WKH\� VWUDLQ� DORQJ� ZLWK� WKH� XQGHUO\LQJ� SDUW��

3LH]RHOHFWULF� ORDG� FHOOV� DUH� DOVR� FRPSDFW� DQG� FDQ� KDQGOH� KLJK� LPSDFW� ORDGV�

+RZHYHU�� WKH� ORDG� FHOO� XVHG� ZLWK� WKH� 268� +H[DSRG� QHHGHG� WR� EH� UHFDOLEUDWHG

RIWHQ��/HJ�IRUFH�LQIRUPDWLRQ�JDWKHUHG�ZLWK�WKHVH�VHQVRUV�LV�XVHIXO�IRU�EDODQFLQJ�WKH

YHKLFOHªV�ZHLJKW�EHWZHHQ�WKH�VXSSRUWLQJ�IHHW��HVWLPDWLQJ�WKH�VKHDU�IRUFHV�DFWLQJ�RQ
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WKH�IRRW�JURXQG�LQWHUIDFH��GHWHFWLQJ�OHJ�FROOLVLRQV��DQG�LPSOHPHQWLQJ�UHDFWLYH�FRQWURO

WR�OLPLW�WKH�FRQWDFW�IRUFHV�

$WWLWXGH�VHQVRUV�HQGRZ�WKH�YHKLFOH�ZLWK�WKH�DELOLW\�WR�VHQVH�WKH�GLUHFWLRQ�RI�JUDYLW\

UHODWLYH�WR�WKH�URERW��7KLV�LQIRUPDWLRQ�KHOSV�WKH�FRQWUROOHU�SUHGLFW�ZKHWKHU�D�FHUWDLQ

PRYH� ZRXOG� FDXVH� WKH� YHKLFOH� WR� WLS� RYHU�� )RU� H[DPSOH�� .OHLQ�� 2OVRQ�� DQG� 3XJK

������� XVHG� ERWK� RLO�GDPSHG� SHQGXOXPV� DQG� D� YHUWLFDO� J\URVFRSH� IRU� DWWLWXGH

VHQVLQJ�RI�WKH�268�+H[DSRG�

$GGLWLRQDO� LQWHUQDO� VHQVRUV� FRXOG� EH� XVHG� WR� GHWHUPLQH� WKH� KHDGLQJ� GLUHFWLRQ

�FRPSDVV��� UHPDLQLQJ� IXHO� RU� EDWWHU\� FKDUJH� OHYHO�� DQG� WR� WHVW� DQG� YHULI\� WKH

RSHUDWLRQ�RI�YDULRXV�V\VWHP�FRPSRQHQWV�

2.5.2 External Sensors

,Q� DGGLWLRQ� WR� XVLQJ� LQWHUQDO� VHQVRUV� WR� PRQLWRU� WKH� RSHUDWLQJ� SDUDPHWHUV� RI� WKH

URERW�LWVHOI��LW�LV�DOVR�XVHIXO�WR�SHUFHLYH�WKH�DWWULEXWHV�RI�WKH�VXUURXQGLQJ�HQYLURQPHQW

DQG� WKH� UHODWLYH� SRVLWLRQ� RI� WKH� URERW� ZLWKLQ� LW�� 7KH� URERW� FRXOG� PHDVXUH� WKH

VXUURXQGLQJ�WHUUDLQ�UHODWLYH�WR�LWVHOI�YLD�FRQWDFW�RU�QRQ�FRQWDFW�VHQVRUV�

&RQWDFW�VHQVLQJ�FDQ�EH�XVHG�WR�GHWHUPLQH�ZKLFK�SDUWV�RI�WKH�URERW�DUH�WRXFKLQJ�WKH

JURXQG�RU�EUXVKLQJ�XS�DJDLQVW�VRPH�REVWDFOH��)RRW�FRQWDFW�VHQVRUV�DOORZ�WKH�URERW

WR�FRQILUP�ZKHQ�D�IRRW�OHDYHV�WKH�JURXQG�RU�WRXFKHV�EDFN�GRZQ��$�FRQWDFW�VHQVRU

FDQ�EH�DV�VLPSOH�DV�D�VSULQJ�ORDGHG�VZLWFK�RQ�WKH�VROH�RI�HDFK�IRRW���1RWH�WKDW�WKLV

FDQ� DOVR� EH� DFFRPSOLVKHG� XVLQJ� WKH� OHJ� IRUFH� VHQVRUV� GLVFXVVHG� LQ� WKH� SUHYLRXV

VHFWLRQ���+LURVH�DQG�8PHWDQL��������SXW�FRQWDFW�VZLWFKHV�RQ�WKH�VLGHV�RI�WKHLU�39�,,

URERWªV�IHHW�IRU�GHWHFWLQJ�ZKHQ�WKH�URERW�§VWXEEHG¨�LWV�IRRW��-XVW�DV�VRPH�FDWHUSLOODUV

KDYH�ZKLVNHUV�SURWUXGLQJ�IURP�WKHLU�ERGLHV�WR�HQDEOH�WKHP�WR�GHWHFW�QHDUE\�REMHFWV�

LW�PD\�EH�GHVLUDEOH�WR�DWWDFK�§ZKLVNHUV¨�WR�WKH�FUDZOLQJ�YHKLFOH�LQ�WKH�IRUP�RI�OLPLW

VZLWFKHV�ZLWK�IOH[LEOH�DFWXDWLRQ�OHYHUV�WKDW�SURWUXGH�IURP�WKH�URERW�



Chapter 2 – Conceptual Design   99

,W�PD\�DOVR�EH�EHQHILFLDO�WR�EH�DEOH�WR�GHWHFW�REMHFWV�WKDW�DUH�LQ�FORVH�SUR[LPLW\�WR

WKH� URERW�ZLWKRXW� DFWXDOO\� KDYLQJ� WR� FRPH� LQWR� FRQWDFW�ZLWK� WKHP��+RZHYHU�� WKH

YDULRXV� RSWLFDO� SUR[LPLW\� VHQVLQJ� PHWKRGV� DUH� SUREDEO\� QRW� DSSURSULDWH� IRU� WKH

FUDZOLQJ� YHKLFOH�EHFDXVH�RI� WKH�XQVWUXFWXUHG�� GLUW\�RXWGRRU� HQYLURQPHQW� LQ�ZKLFK

WKH�URERW�LV�H[SHFWHG�WR�RSHUDWH��6SHFLILFDOO\��WKH�SUR[LPLW\�VHQVRUV�ZRXOG�QHHG�WR

EH� PRXQWHG� QHDU� WKH� JURXQG� WR� GHWHFW� PRVW� REVWDFOHV�� EXW� GXVW� RU� PXG� ZRXOG

SUREDEO\�RFFOXGH� WKHLU� OHQVHV�� /LNHZLVH�� WKH� YDULRXV�SUR[LPLW\� VHQVRUV�EDVHG�XSRQ

HOHFWURPDJQHWLF�LQGXFWLRQ�DQG�PDJQHWLVP�ZRXOG�EH�XQOLNHO\�FDQGLGDWHV�EHFDXVH�RI

WKHLU�LQDELOLW\�WR�GHWHFW�QRQ�PHWDOOLF�REVWDFOHV�DQG�REMHFWV�WKDW�GR�QRW�KDYH�PDJQHWLF

ILHOGV��UHVSHFWLYHO\�

7R�DYRLG� WKH�QHFHVVLW\�RI� WUDYHOLQJ� VORZO\�DQG�§IHHOLQJ¨� LWV�ZD\�DORQJ�� LW�ZRXOG�EH

EHVW� WR� SUH�SODQ� WKH� YHKLFOH� ORFRPRWLRQ� EDVHG� XSRQ� DQ� DFFXUDWH� PRGHO� RI� WKH

WHUUDLQ��)RU�VLPSOH��ZHOO�NQRZQ�RSHUDWLQJ�HQYLURQPHQWV��D�SUHFLVH�PDS�RI�WKH�WHUUDLQ

FRXOG� EH� SUHSURJUDPPHG�� +RZHYHU�� EHFDXVH� PRVW� DSSOLFDWLRQV� ZLOO� LQYROYH

H[SORULQJ�QHZ�WHUUDLQ�RU�RSHUDWLQJ�ZLWKLQ�HQYLURQPHQWV�WKDW�FDQ�FKDQJH�RYHU�WLPH��LW

ZLOO�EH�GHVLUDEOH� WR�JLYH� WKH�URERW� WKH�HTXLYDOHQW�RI�D�VHQVH�RI�VLJKW�VR� WKDW� LW�FDQ

PDNH�LWV�RZQ�PHDVXUHPHQWV�RI�WKH�VXUURXQGLQJ�WHUUDLQ�

7KHUH� DUH� VHYHUDO� DOWHUQDWH� WHFKQRORJLHV� IRU� SURGXFLQJ� URXJK� DSSUR[LPDWLRQV� RI

KXPDQ�§YLVLRQ¨�IRU�URERWV��7KHVH�UHO\�RQ�WULDQJXODWLRQ�RI�WHUUDLQ�IHDWXUHV�IURP�WZR�RU

PRUH�SRLQWV�RI�YLHZ��WLPH�RI�IOLJKW�PHDVXUHPHQWV�RI�UHIOHFWHG�VLJQDOV��RU�SKDVH�VKLIW

PHDVXUHPHQWV� RI� UHIOHFWHG� VLJQDOV�� 0RUH� VSHFLILFDOO\�� WKHVH� WHFKQRORJLHV� LQFOXGH

XOWUDVRQLF�HFKRORFDWLRQ��PRQR�DQG� VWHUHR�YLGHR��RPQLGLUHFWLRQDO� YLGHR�� UDGDU�� DQG

VFDQQLQJ�ODVHU�UDQJH�ILQGHUV�

0RVW� UHVHDUFKHUV� XVLQJ� XOWUDVRQLF� HFKRORFDWLRQ� KDYH� XVHG� D� WUDQVGXFHU� PDGH� E\

3RODURLG�� 7KLV� WHFKQLTXH� KDV� HQMR\HG� LWV� JUHDWHVW� VXFFHVV� ZKHQ� EDQNV� RI� WKHVH

WUDQVGXFHUV�DUH�XVHG�ZLWKLQ�LQGRRU�HQYLURQPHQWV�
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0RQR�DQG�VWHUHR�YLGHR�FDPHUDV�KDYH�EHFRPH�FRPPRQSODFH�SHULSKHUDOV�RQ�PRELOH

URERW� SURWRW\SHV� VLQFH� ORZ�FRVW� &&'� �&KDUJH� &RXSOHG� 'HYLFH�� FDPHUDV� EHFDPH

FRPPHUFLDOO\�DYDLODEOH��2PQLGLUHFWLRQDO�YLGHR�KDV�EHHQ�LPSOHPHQWHG�XVLQJ�URWDWLQJ

FDPHUDV�� ILVK�H\H� OHQVHV�� VSKHULFDO� PLUURUV�� DQG� FRQLF� PLUURUV� �<DJL�� HW�� DO��� ������

+RZHYHU�� ZKLOH� YLGHR� GHYLFHV� PLPLF� YLVLRQ� PRVW� FORVHO\�� WKH� DXWRPDWHG

LQWHUSUHWDWLRQ�RI�WKH�LPDJHV�SURGXFHG�LV�DQRWKHU�PDMRU�DUHD�RI�UHVHDUFK��DV�ZLOO�EH

EULHIO\�GLVFXVVHG�LQ�6HFWLRQ��������

6FDQQLQJ� ODVHU� UDQJHILQGHUV�KDYH�EHHQ�XVHG�E\�D�QXPEHU�RI� UHVHDUFKHUV� LQ�VHYHUDO

PDMRU� SURMHFWV� �:DOGURQ� DQG�0F*KHH�� ������ 6LPPRQV� DQG� .URWNRY�� ������ +RUQ

DQG�5XVV��������.URWNRY� DQG�+RIIPDQ�� ������%DUHV� DQG�:HWWHUJUHHQ�� ������� 7KLV

VHQVRU�FRQVLVWV�RI�D�ODVHU�UDQJHILQGHU�DQG�D�PRWRUL]HG�PLUURU�V\VWHP�WKDW�FDXVHV�WKH

ODVHU�EHDP�WR�VFDQ�DFURVV�WKH�WHUUDLQ�DKHDG�RI�WKH�URERW��$V�WKH�ODVHU�VFDQV��GLVFUHWH

UDQJH�PHDVXUHPHQWV� DUH� WDNHQ�� 7KHVH�FDQ� WKHQ�EH� WUDQVIRUPHG� LQWR� D���'�JULG�RI

WHUUDLQ�HOHYDWLRQV�WR�IRUP�D�PDS��.URWNRY�DQG�+RIIPDQ���������7KH�PRVW�FDSDEOH�RI

WKHVH�V\VWHPV��+RUQ�DQG�5XVV��������LV�VDLG�WR�GHWHFW�UDQJH�DQG�VXUIDFH�UHIOHFWDQFH

RXW�WR�D�UDQJH�RI����P��ZLWK�D�UDQJH�UHVROXWLRQ�RI������PP�

2.5.3 Sensor Fusion

7HUUDLQ� SHUFHSWLRQ� DQG�PRGHOLQJ� LQYROYHV�PRUH� WKDQ� MXVW� WDNLQJ�PHDVXUHPHQWV� RI

WKH�WHUUDLQ��7KH�VHQVRU�GDWD�PXVW�EH�§GLJHVWHG¨�VR�DV�WR�SURGXFH�D�WHUUDLQ�PRGHO�WKDW

LV� XVHIXO� IRU�PRWLRQ� SODQQLQJ�� 6SHFLILFDOO\�� GLIIHUHQW� WHUUDLQ�PHDVXUHPHQWV�PXVW� EH

FRPELQHG��RU�IXVHG��WRJHWKHU�WR�IRUP�D�WHUUDLQ�PDS�WKDW�HPERGLHV�WKH�EHVW�HVWLPDWHV

RI�WKH�WHUUDLQ�JHRPHWU\�

7KLV�SURFHVV�RI�VHQVRU�IXVLRQ�FDQ�LQYROYH�RQH�RU�PRUH�RI�WKH�IROORZLQJ�FKDOOHQJHV�

�� FRPELQLQJ�WKH�WHUUDLQ�PHDVXUHPHQWV�IURP�GLIIHUHQW�VHQVRUV

�� FRPELQLQJ�WHUUDLQ�PHDVXUHPHQWV�WKDW�ZHUH�WDNHQ�DW�GLIIHUHQW�WLPHV
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�� FRPELQLQJ� WHUUDLQ� PHDVXUHPHQWV� WKDW� ZHUH� WDNHQ� IURP� GLIIHUHQW� YDQWDJH

SRLQWV�

&RPELQLQJ� WKHVH� GLIIHUHQW� PHDVXUHPHQWV� LQWR� D� FRPPRQ� IUDPH� RI� UHIHUHQFH� FDQ

HQWDLO� FRQYHUWLQJ� EHWZHHQ� GLIIHUHQW� V\VWHPV� RI� FRRUGLQDWHV� �H�J�� UDGLDO� YHUVXV

&DUWHVLDQ��� PDJQLWXGHV� RI� XQFHUWDLQW\�� UHVROXWLRQV�� VDPSOLQJ� UDWHV�� ILHOGV� RI� YLHZ�

SHUVSHFWLYHV��DQG�GHSWKV�RI�ILHOG��0F.HUURZ���������'XH�WR�WKH�GLIILFXOWLHV�RI�VHQVRU

IXVLRQ�� WKH� WRS� ORFRPRWLRQ� VSHHG�RI�PDQ\�PRELOH� URERW�GHVLJQV�KDV�EHHQ� OLPLWHG�

QRW�E\�G\QDPLF�PHFKDQLFDO�FRQVLGHUDWLRQV��EXW�E\�WKH�VSHHG�RI�§YLVLRQ¨�SURFHVVLQJ

�%DUHV�DQG�:KLWWDNHU��������5RPDQ�DQG�5HLQKROW]��������

+RZHYHU�� LQ� WKH� FDVH� RI� WKH� FUDZOLQJ� YHKLFOH�� WKH� §KHDG¨� OHJ� SDLU� LV� H[SHFWHG� WR

PRYH� LQWHUPLWWHQWO\��7KXV��GXULQJ�SDUW�RI�HDFK� ORFRPRWLRQ�F\FOH�� WKH�YLVLRQ�V\VWHP

DQG�RU� RWKHU� ��'�PDSSLQJ� VHQVRU�V�� ZLOO� KDYH� D� VWDWLRQDU\� IUDPH� RI� UHIHUHQFH� IRU

WKHLU�PHDVXUHPHQWV�RI�WKH�WHUUDLQ�DKHDG�RI�WKH�URERW��7KLV�ZLOO�VLPSOLI\�VHQVRU�IXVLRQ

EHFDXVH� WKHUH� ZLOO� EH� IHZHU� WHPSRUDO� DQG� VSDWLDO� GLIIHUHQFHV� LQ� WKH� IUDPHV� RI

UHIHUHQFH�RI�WKH�YDULRXV�PHDVXUHPHQWV��DQG�EHFDXVH�WKH�FRQWUROOHU�ZLOO�KDYH�PRUH

WLPH�WR�DQDO\]H�WKH�VHQVRU�GDWD�EHIRUH�PRYLQJ�DFURVV�LW��LQ�FRQWUDVW�WR�FRQWLQXRXVO\

PRYLQJ�YHKLFOHV�

2.5.4 Mapping

:KHQ�QHZO\� DFTXLUHG� WHUUDLQ� GDWD� LV� IXVHG�ZLWK� SULRU� NQRZOHGJH� RI� WKH� WHUUDLQ�� LW

PXVW�EH�LQFRUSRUDWHG�LQWR�D�WHUUDLQ�PRGHO��RU�PDS��IRU�ODWHU�UHIHUHQFH��7KLV�PDS�LV�LQ

DFWXDOLW\� D� FRPSXWHU� VRIWZDUH� GDWD� VWUXFWXUH�� $FFRUGLQJ� WR�0F.HUURZ� �������� WKH

GDWD� VWUXFWXUH� FKRVHQ� LV� FUXFLDO� WR� RSHUDWLRQ� RI� WKH� YHKLFOH� EHFDXVH�� WR� D� JUHDW

GHJUHH��LW�GHWHUPLQHV�ZKLFK�VHQVRU�IXVLRQ�DQG�SDWK�SODQQLQJ�DOJRULWKPV�FDQ�EH�XVHG

HIILFLHQWO\��DV�ZHOO�DV�WKH�DPRXQW�RI�VWRUDJH�DQG�SURFHVVLQJ�SRZHU�UHTXLUHG�IRU�WKHVH

WDVNV��0F.HUURZ��������FODVVLILHV�WKHVH�DOJRULWKPV�LQWR�IRXU�EURDG�W\SHV��SDWK�PDSV�

IUHH�VSDFH� PDSV�� REMHFW�RULHQWHG� PDSV�� DQG� FRPSRVLWH� VSDFH� PDSV�� +H� OLVWV� ��
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FKDUDFWHULVWLFV�RI�DQ�LGHDO�PDS�GDWD�VWUXFWXUH��EXW�FRQFOXGHV�WKDW��§QR�GDWD�VWUXFWXUH

KDV�\HW�EHHQ�IRXQG�WKDW�PHHWV�DOO� WKHVH�FULWHULD��+HQFH��GDWD�VWUXFWXUH�GHVLJQ� LV�DQ

H[HUFLVH�LQ�WUDGLQJ�RII�WDVN�UHTXLUHPHQWV�DJDLQVW�LPSOHPHQWDWLRQ�HIILFLHQF\�¨�$�PRUH

UHFHQW�UHYLHZ�RI�WKHVH�LVVXHV�LV�SUHVHQWHG�E\�'DYLG�&RQQHU��������

)RU� LPPHGLDWH� SDWK� SODQQLQJ�� WKH� URERW� RQO\� QHHGV� KLJK�UHVROXWLRQ� LQIRUPDWLRQ

DERXW�WKH�WHUUDLQ�XQGHUIRRW�DQG�GLUHFWO\�DKHDG�DORQJ�WKH�SDWK�RI�WUDYHO��%HFDXVH�WKH

GDWD�VWUXFWXUHV�IRU�VXFK�LQIRUPDWLRQ�FRQVXPH�D�ODUJH�DPRXQW�RI�FRPSXWHU�PHPRU\�

WKH�URERW�PXVW��IRUJHW��WKH�GHWDLOV�RI�ZKDW�LW�KDV�DOUHDG\�ZDONHG�RYHU�VR�LW�FDQ�KDYH

HQRXJK� DYDLODEOH� PHPRU\� WR� VWRUH� WKH� QHZ� LQIRUPDWLRQ� DERXW� WKH� WHUUDLQ� LW� LV

DSSURDFKLQJ��7KXV��UHVHDUFKHUV�VXFK�DV�%DUHV�DQG�:KLWWDNHU��������KDYH�VHSDUDWHG

WKH� PDSSLQJ� WDVN� LQWR� WKH� FUHDWLRQ� DQG� XVH� RI� WZR� PDSV� RI� GLIIHUHQW� VFDOH� DQG

VWUXFWXUH��D�JOREDO�PDS�DQG�D� ORFDO�PDS��3RLQWV�RI� LQWHUHVW�DQG� ODQGPDUNV�XVHG�IRU

ODUJH�VFDOH�QDYLJDWLRQ�DUH�VWRUHG�LQ�WKH�JOREDO�PDS��7HUUDLQ�GDWD�XVHG�IRU�LPPHGLDWH

SDWK�SODQQLQJ��DV�GLVFXVVHG�DERYH��DUH�VWRUHG�LQ�WKH�§/RFDO�7HUUDLQ�0DS¨�

&RPSRVLWH� VSDFH� PDSV� DSSHDU� WR� EH� WKH� ORJLFDO� FKRLFH� IRU� PRGHOLQJ� WKH

XQVWUXFWXUHG��QDWXUDO�WHUUDLQ�RI�WKH�ORFDO�PDSV��+RZHYHU��D�YDULHW\�RI�GDWD�VWUXFWXUHV

FDQ�EH�XVHG� IRU� VWRULQJ� WKHP��$FFRUGLQJ� WR�0F.HUURZ� �������� GDWD� VWUXFWXUHV� IRU

VWRULQJ�FRPSRVLWH�VSDFH�PDSV� LQFOXGH�SRLQW�JULGV��DUHD�JULGV��TXDG�WUHHV��DQG� UXOH�

EDVHG�PDSV�� ,I�PRGHOLQJ�YROXPHWULF�VSDFH�LV�GHVLUHG��H�J�� LQFOXGLQJ�GDWD� IRU�FHLOLQJ

KHLJKWV��� WKHQ�D�FHOO�GHFRPSRVLWLRQ�PHWKRG�� VXFK�DV� WKH�RFW�WUHH� UHSUHVHQWDWLRQ�RU

RQH�RI�LWV�GHULYDWLYHV��PD\�EH�WKH�SUHIHUUHG�PHWKRG��=KX�DQG�/DWRPEH��������5DR

DQG�$UNLQ���������6HYHUDO�UHVHDUFKHUV�KDYH�DGYRFDWHG�VWRULQJ�WKH�/RFDO�7HUUDLQ�0DS

DV���GLPHQVLRQDO�DUUD\V�RI�HOHYDWLRQ�YDOXHV��:X��������.URWNRY�DQG�+RIIPDQ��������

FLWLQJ�WKH�VLPSOLFLW\�RI�WKH�PHWKRG��LWV�UHODWLYH�HDVH�RI�VHQVRU�IXVLRQ��DQG�WKH�DELOLW\

WR�GHULYH�WHUUDLQ�VORSHV�DQG�FXUYDWXUHV�IURP�WKLV�UHSUHVHQWDWLRQ�
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2.6 Navigation and Controls

$Q�DXWRQRPRXV�URERW�PXVW�VLPXOWDQHRXVO\�FRQWURO�D�QXPEHU�RI�GLIIHUHQW�RSHUDWLRQV�

+XPDQV�DQG�DQLPDOV�SODQ�URXWHV�RI�WUDYHO��XVH�YLVLRQ�DQG�IRUFH�VHQVLQJ�WR�SHUFHLYH

WKH� WHUUDLQ�� FRQWURO� WKHLU� PXVFOHV� WR� SURGXFH� ORFRPRWLRQ�� DQG� UHJXODWH� WKHLU

GLJHVWLRQ��UHVSLUDWLRQ��DQG�KHDUW�UDWH�LQ�RUGHU�WR�VXSSO\�WKH�QHFHVVDU\�SRZHU�IRU�WKHLU

QHUYRXV�V\VWHP�DQG�PXVFOHV��6LPLODUO\��PRELOH�URERWLF�V\VWHPV�PXVW�QRW�RQO\�FRQWURO

WKHLU� DFWXDWRUV��EXW� DOVR�QHHG� WR�PDNH�QDYLJDWLRQ� FKRLFHV�� VHQVH�DQG�HYDOXDWH� WKH

LPPHGLDWH� WHUUDLQ� DKHDG�� DQG� SURYLGH� WKHPVHOYHV� ZLWK� WKH� SRZHU� QHFHVVDU\� WR

DFFRPSOLVK� WKHLU� DFWLRQV�� 7KXV�� WKH� FRQWURO� RI� D� ORFRPRWLRQ� V\VWHP� LV� LQKHUHQWO\

KLHUDUFKLFDO��RU�OD\HUHG�

5HFHQW� UHVHDUFK�FRQFHUQLQJ� WKH�FRQWURO�RI� DXWRQRPRXV� URERWV� LV�GLYLGHG� LQWR� WZR

VFKRROV�RI� WKRXJKW��ZLWK�D� VSHFWUXP�RI�K\EULGV�EHWZHHQ� WKHP��6HFWLRQ������� WDNHV

WKH�PRUH�WUDGLWLRQDO�DSSURDFK�RI�GHVFULELQJ�WKH�QDYLJDWLRQ�DQG�FRQWUROV�V\VWHPV�RI

WKH�FUDZOLQJ�YHKLFOH�DV�D�KLHUDUFK\�RI�IXQFWLRQDO�PRGXOHV��6HFWLRQ�������GLVFXVVHV�WKH

DOWHUQDWH�DSSURDFK�RI�GHILQLQJ�WKH�QDYLJDWLRQ�DQG�FRQWUROV�V\VWHPV�IRU�WKH�YHKLFOH�DV

OD\HUV� RI� EHKDYLRUV�� )LQDOO\�� 6HFWLRQ� ������ SUHVHQWV� D� FRQFHSWXDO� GLVFXVVLRQ� RI� WKH

FRQWUROV�KDUGZDUH�

2.6.1 A Functional Decomposition of the Crawling Vehicle Controls

9DULRXV� RWKHU� UHVHDUFKHUV�� LQFOXGLQJ� 7RGG� ������� DQG� 0F.HUURZ� ������� KDYH

GHVFULEHG� WKH� DUFKLWHFWXUHV� RI� PRELOH� URERW� FRQWURO� V\VWHPV� DV� KLHUDUFKLHV� RI

IXQFWLRQV�� $SSO\LQJ� WKLV� PHWKRG� WR� WKH� PXOWLERG\� SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH

\LHOGV�WKH�IXQFWLRQDO�GHFRPSRVLWLRQ�GLDJUDP�VKRZQ�LQ�)LJ�������
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2.6.1.1 Destination Selection

7KH�WRSPRVW�IXQFWLRQDO�PRGXOH�VKRZQ�LQ�)LJ�������FRQFHUQV�WKH�WDVN�RI�GHVWLQDWLRQ

VHOHFWLRQ��7KH�DUWLILFLDO�LQWHOOLJHQFH�WHFKQRORJ\�IRU�IXOO\�DXWRQRPRXV�GHVWLQDWLRQ�JRDO

VHOHFWLRQ� LV� LQ� LWV� LQIDQF\�� $� EDVLF�PHDQV� RI� DFKLHYLQJ� WKLV� LV� YLD� SUH�SURJUDPPHG

PRWLYHV�DQG�UXOHV��)RU�H[DPSOH�

• 7R�PDLQWDLQ�LWV�RSHUDWLRQDO�VWDWXV��WKH�FUDZOLQJ�YHKLFOH�FRXOG�EH�SURJUDPPHG�WR

UHWXUQ�WR�LWV�UHIXHOLQJ�VWDWLRQ�ZKHQHYHU�LW�JHWV�ORZ�RQ�IXHO�

• 7R�PDS� D� UHJLRQ�� WKH� FUDZOLQJ� YHKLFOH� FRXOG� EH� SURJUDPPHG� WR� V\QWKHVL]H� D

ORFRPRWLRQ� SDWK� �L�H�� VHOHFW� D� VHULHV� RI� GHVWLQDWLRQV��� ZKLFK� ZKHQ� IROORZHG�

ZRXOG�FDXVH�LW�WR�FDUU\�LWV�VHQVRUV�WR�ZLWKLQ��VD\����PHWHUV�RI�HYHU\�SRLQW�ZLWKLQ

WKH�DUHD�RI�LQWHUHVW�

• 7R�ORFDWH�D�VRXUFH�RI�UDGLDWLRQ��WKH�URERW�FRXOG�EH�SURJUDPPHG�WR�VHHN�KLJKHU

OHYHOV�RI�UDGLDWLRQ�E\�WDNLQJ�D�VHULHV�RI�PHDVXUHPHQWV�RYHU�DQ�DUHD��FRPSXWLQJ�D

JUDGLHQW�ILHOG�RI�WKH�UDGLDWLRQ��DQG�WKHQ�VWHHULQJ�WR�PRYH�WRZDUG�WKH�KLJKHU�OHYHOV

RI�UDGLDWLRQ��VLPLODU�WR�VRPH�RSWLPL]DWLRQ�DOJRULWKPV��

)RU� UHDVRQV� RI� WDVN� IOH[LELOLW\� DQG� VDIHW\�� KRZHYHU�� LW� LV� GHEDWDEOH� ZKHWKHU

DXWRQRPRXV�JRDO�VHOHFWLRQ�LV�WUXO\�GHVLUDEOH�

2Q�WKH�RWKHU�KDQG��XVLQJ�DQ�RQ�ERDUG�KXPDQ�GULYHU�ZLWK�WKH�FUDZOLQJ�YHKLFOH�ZRXOG

EH�ERWK�GLVFRQFHUWLQJ�IRU�WKH�GULYHU��EHFDXVH�RI�WKH�LQWHUPLWWHQW�PRWLRQ��DQG�ZRXOG

GHIHDW� WKH� SXUSRVH� RI� KDYLQJ� D� YHKLFOH� WKDW� FRXOG� JR� SODFHV� WRR� GDQJHURXV� IRU

SHRSOH��7KXV��WKLV�YHKLFOH�ZRXOG�PRVW�OLNHO\�EH�WHOHRSHUDWHG��DW�OHDVW�LQLWLDOO\�

6WLOO�� EHFDXVH� RI� LWV� QXPHURXV� DFWXDWRUV�� LW� ZRXOG� EH� ERWK� WHGLRXV� DQG� GLIILFXOW� WR

PDQXDOO\�FRQWURO��7KXV��WKH�EHVW�PHWKRG�RI�RSHUDWLQJ�WKH�YHKLFOH�ZRXOG�SUREDEO\�EH

DV�D�§WHOHURERW¨��$V�GHVFULEHG�LQ�6KHULGDQ��������
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$GG� VRPH� DXWRQRP\� WR� WKH� UHPRWH� WHOHRSHUDWRU� DQG� WKH� UHVXOW� LV� WKH
WHOHURERW�� ,QVWHDG� RI� FRQWUROOLQJ� D� WHOHURERWªV� HYHU\� PRYH�� D� KXPDQ
VXSHUYLVRU�FDQ�VLPSO\�VWDWH�DQ�REMHFWLYH��7KH�WHOHURERW�WKHQ�PDNHV�GHFLVLRQV
DQG�DFWV�EDVHG�RQ�DQ�RQ�ERDUG�FRPSXWHU�DQG�VLJQDOV�IURP�LWV�RZQ�VHQVRUV���

2.6.1.2 Global Path Selection

*LYHQ�WKH�FXUUHQW�ORFDWLRQ�RI�WKH�URERW�DQG�LWV�VHOHFWHG�GHVWLQDWLRQ��WKH�JOREDO�SDWK

VHOHFWLRQ�WDVN�RI�WKH�FRQWUROV�KLHUDUFK\�GHWHUPLQHV�WKH�EDVLF�URXWH�WR�EH�WDNHQ�WR�JHW

WKHUH��+HQFH��WKLV�VWDJH�HPERGLHV�WKH�WUDGLWLRQDO�QRWLRQ�RI�QDYLJDWLRQ�

6\QWKHVL]LQJ�D� §JOREDO¨�SDWK�JHQHUDOO\� LQYROYHV�SODQQLQJ�D�SDWK� WKDW� LV�EH\RQG� WKH

UDQJH�RI�WKH�URERWªV�RZQ�WHUUDLQ�VHQVRUV��7KHUHIRUH��LW�PXVW�UHO\�XSRQ�VRPH�IRUP�RI

PDS��H�J��WKH�JOREDO�PDS�PHQWLRQHG�LQ�6HFWLRQ��������WR�PDNH�LWV�VHOHFWLRQ�

$VVXPLQJ�WKHUH�DUH�QR�REVWDFOHV�EHWZHHQ�WKH�FXUUHQW�SRVLWLRQ�RI�WKH�YHKLFOH�DQG�LWV

GHVWLQDWLRQ��DQG�DOVR�WKDW�WKH�LQWHUYHQLQJ�VORSH�LV�QRW�H[FHVVLYH��WKHQ�D�§ELUGªV�H\H¨

YLHZ�RI�WKH�RSWLPDO�SDWK�ZRXOG�EH�D�VWUDLJKW�OLQH�EHWZHHQ�WKHP��+RZHYHU��LQ�PDQ\

FDVHV�WKHUH�ZLOO�EH�REVWDFOHV�DQG�YDU\LQJ�VORSHV��VR�WKH�VKRUWHVW�SDWK�ZLOO�QRW�EH�WKH

VDIHVW��+HQFH��SDWK�V\QWKHVLV�LV�XVXDOO\�D�FKDOOHQJLQJ�GHVLJQ�SUREOHP��$V�ZLWK�RWKHU

GHVLJQ�SUREOHPV��WKHUH�DUH�XVXDOO\�QXPHURXV��HYHQ�LQILQLWH��IHDVLEOH�VROXWLRQV�

%\� D� IHDVLEOH� URXWH�� LW� LV� PHDQW� D� SDWK� IURP� WKH� FXUUHQW� SRVLWLRQ� WR� WKH� VHOHFWHG

GHVWLQDWLRQ�SRVLWLRQ�DORQJ�ZKLFK�WKH�YHKLFOH�ZLOO�QRW�FROOLGH�ZLWK�DQ\WKLQJ�DQG�DORQJ

ZKLFK� WKH�YHKLFOH�FDQ�FRQWLQXRXVO\�VXSSRUW� LWVHOI�XVLQJ�D� VXIILFLHQW�QXPEHU�RI� VDIH

IRRWKROGV� WKDW�DUH�ZLWKLQ� LWV� UHDFK��7R�DFKLHYH� WKLV�� WKH�JOREDO�SDWK�SODQ�PXVW� WDNH

LQWR� DFFRXQW� WKH� DQWLFLSDWHG� WHUUDLQ� JHRPHWU\�� WKH� YHKLFOH�PRELOLW\� �DFWXDWLRQ� XQLW

ZRUNVSDFHV��DQG�YHKLFOH�VWDELOLW\�� ,Q�DGGLWLRQ��GHSHQGLQJ�XSRQ�WKH�YHKLFOH�PLVVLRQ�

WKHUH�PD\�DOVR�EH�D�WUDQVLW�WLPH�FRQVWUDLQW�

$V�LQ�RWKHU�GHVLJQ�SUREOHPV��ZKLOH�WKHUH�PD\�EH�PDQ\�IHDVLEOH�VROXWLRQV��LQ�JHQHUDO�

VRPH�RI� WKHP�ZLOO�EH�PXFK�EHWWHU� WKDQ�RWKHUV��7KHUHIRUH�� LW� LV�GHVLUDEOH� WR�FKRRVH
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ZLVHO\� IURP� DPRQJ� WKH� IHDVLEOH� SDWKV� LQ� RUGHU� WR� RSWLPL]H� FHUWDLQ� FULWHULD�

'HSHQGLQJ� XSRQ� WKH� PLVVLRQ� UHTXLUHPHQWV�� WKHVH� FULWHULD� FDQ� LQFOXGH� VRPH

FRPELQDWLRQ� RI� WKH� IROORZLQJ�� PLQLPL]LQJ� HQHUJ\� FRQVXPSWLRQ�� PLQLPL]LQJ� SHDN

SRZHU�UHTXLUHPHQWV��PLQLPL]LQJ�WUDQVLW�WLPH��DQG�RU�PLQLPL]LQJ�WKH�ULVN�RI�LQVWDELOLW\�

1RWH� WKDW�� LQGLYLGXDOO\�� WKHVH�FULWHULD�RIWHQ�FRQIOLFW�ZLWK�RQH�DQRWKHU�� )RU�H[DPSOH�

PLQLPL]LQJ� WKH� WUDQVLW� WLPH� ZLOO� RIWHQ� HQWDLO� FKRRVLQJ� SDWKV� WKDW� GR� QRW� PLQLPL]H

LQVWDELOLW\� ULVN� DQG� PRYLQJ� DW� VSHHGV� WKDW� GR� QRW� PLQLPL]H� WKH� SHDN� SRZHU

UHTXLUHPHQWV��$OVR��QRWH�WKDW�WKLV�RSWLPL]DWLRQ�SURFHVV�PD\�LWVHOI�KDYH�D�PD[LPXP

DOORZDEOH�WLPH�FRQVWUDLQW�

2.6.1.3 Local Path Selection

%DVHG� XSRQ� WKH� RYHUDOO� URXWH� GHFLGHG� LQ� WKH� QDYLJDWLRQ� SODQQHU�� WKH� ORFDO� SDWK

VHOHFWLRQ�VWDJH�RI�WKH�FRQWUROV�KLHUDUFK\�VHOHFWV�DQG�WKHQ�VSHFLILHV�WKH�SUHFLVH�SDWK

RYHU�ZKLFK�WKH�FUDZOLQJ�YHKLFOH�LV�WR�WUDYHO��,Q�PDQ\�ZD\V��WKLV�WDVN�LV�VLPLODU�WR�WKH

JOREDO� SDWK� VHOHFWLRQ� GLVFXVVHG� SUHYLRXVO\�� +RZHYHU�� DW� WKLV� OHYHO�� WKH� SDWK� LV

VHOHFWHG� XVLQJ� GHWDLOHG� WHUUDLQ� JHRPHWU\� LQIRUPDWLRQ� JDWKHUHG� IURP� WKH� YHKLFOH
V

RZQ�RQ�ERDUG�VHQVRUV�DQG�VWRUHG�LQ�WKH�/RFDO�7HUUDLQ�0DS�

:KHQHYHU�SRVVLEOH��WKH�SDWK�VKRXOG�EH�FKRVHQ�WR�DYRLG�WHUUDLQ�IHDWXUHV�WKDW�ZRXOG

LQFUHDVH�WKH�SUREDELOLW\�RI�KDYLQJ�WKH�YHKLFOH�XQGHUJR�DQ\�RI�WKH�ORFRPRWLRQ�IDLOXUHV

GLVFXVVHG�LQ�6HFWLRQV�����DQG������)RU�H[DPSOH��WR�PD[LPL]H�VWDELOLW\��DQ�LGHDO�SDWK

ZRXOG�SDVV�D�VDIH�GLVWDQFH�IURP�ZDOO�OLNH�REVWDFOHV��ILVVXUHV��DQG�VWHHS�ODWHUDO�VORSHV�

3DWK�RSWLPL]DWLRQ�DW�WKH�ORFDO�SDWK�OHYHO�LV�VLPLODU�WR�WKDW�RI�WKH�JOREDO�SDWK�OHYHO��7KH

EHVW� SDWK� WR� VDWLVI\� WKH� PLVVLRQ� UHTXLUHPHQWV� LV� VHOHFWHG� EDVHG� XSRQ� D� WUDGH�RII

EHWZHHQ�GHVLUHG�VSHHG��HIILFLHQF\��DQG�PDUJLQ�RI�VDIHW\��H�J��IRU�HIILFLHQF\��WKH�SDWK

LV� FKRVHQ� WR�PLQLPL]H� XQQHFHVVDU\� FOLPELQJ�� HWF���� %XW� LI� QR� IHDVLEOH� SDWK� FDQ� EH

IRXQG��WKH�ORFDO�SDWK�SODQQHU�FDQ�UHTXHVW�WKDW�D�QHZ�JOREDO�SDWK�EH�VHOHFWHG�DW�WKH

SULRU�VWDJH�RI�WKH�KLHUDUFK\��VHH�)LJ��������
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7KH�SDWK�SODQ�FDQ�EH�VSHFLILHG�E\�D�VHW�RI�FXUYHV�WKDW�PDUN�WKH�GHVLUHG�SDWK�RI�WKH

YHKLFOH
V� FHQWHUOLQH�� 7KHVH� FXUYHV� FRXOG� EH� HLWKHU� ��'� SODQDU� FXUYHV� WKDW� DUH

VXSHULPSRVHG�RQWR�WKH���'�WHUUDLQ��RU���'�VSDFH�FXUYHV�WKDW�WUDFH�WKH�SDWK�DORQJ�WKH

WHUUDLQ� VXUIDFH�� 7KH� LQLWLDO� HOHYDWLRQ�PHDVXUHPHQWV� RI� D� SDWFK� RI� WHUUDLQ� DORQJ� WKH

SDWK�RI�WUDYHO�ZLOO�JHQHUDOO\�QRW�EH�DV�DFFXUDWH�DV�PHDVXUHPHQWV�WDNHQ�ODWHU��DIWHU�WKH

URERW�KDV�JRWWHQ�FORVHU��7KDW�LV��DV�WKH�URERW�WUDYHOV��LW�FDQ�SURJUHVVLYHO\�PHDVXUH�WKH

WHUUDLQ� HOHYDWLRQV� DORQJ� WKH� SDWK� PRUH� DFFXUDWHO\�� HQDEOLQJ� WKH� SURJUHVVLYH� UH�

HYDOXDWLRQ�RI�WKH�SURMHFWHG�ORFDO�SDWK�SODQ��$V�D�UHVXOW����'�FXUYH�SDWK�SODQV�ZRXOG

QHHG�WR�EH�UHFRPSXWHG�DQG�XSGDWHG�LQ�OLJKW�RI�WKH�QHZ�HOHYDWLRQ�LQIRUPDWLRQ��7KXV�

WKH�XVH�RI���'�SDWK�SODQV�PD\�EH�SUHIHUDEOH�

0RELOH� URERW�QDYLJDWLRQ� DQG�SDWK�SODQQLQJ� LV� D� YDVW� DUHD�RI� UHVHDUFK�� %RWK� /DUNLQ

������� DQG� 0F.HUURZ� ������� �LQ� &KDSWHU� �� RI� KLV� ERRN�� SURYLGH� LQWHUHVWLQJ

RYHUYLHZV�RI� WKH� VXEMHFW��+RZHYHU�� WKH� VSHFLILFV�RI�SDWK� VHOHFWLRQ�DUH�EH\RQG� WKH

VFRSH�RI�WKLV�ZRUN�

2.6.1.4 Gait Selection

+DYLQJ� GHWHUPLQHG� WKH� ORFDO� SDWK�� WKH� QH[W� WDVN� LV� WR� VHOHFW� ZKLFK� JDLW� WR� XVH� WR

WUDYHO�DFURVV�WKH�QH[W�VHJPHQW�RI�WKDW�SDWK�

$QLPDOV�XVH�D�YDULHW\�RI�JDLWV��)RU�H[DPSOH��KRUVHV�FDQ�ZDON�� WURW��FDQWHU�RU�JDOORS�

6LPLODUO\�� PRVW� OHJJHG� YHKLFOHV� FDQ� SHUIRUP� D� KXJH� QXPEHU� RI� SRVVLEOH� JDLWV

�0F*KHH�� ������� /LNHZLVH�� WKH� PXOWLERG\� SDVVLYH�OHJJHG� FUDZOHU� LV� FDSDEOH� RI

WUDYHOLQJ� XVLQJ� D� YDULHW\� RI� JDLWV�� 'LIIHUHQW� JDLWV� KDYH� GLIIHUHQW� SHUIRUPDQFH

DWWULEXWHV��6RPH�JDLWV�HQDEOH� IDVWHU� ORFRPRWLRQ� WKDQ�RWKHUV�� VRPH�DUH�PRUH� VWDEOH

WKDQ�RWKHUV�� DQG� VRPH�DUH�PRUH�HIILFLHQW��2IWHQ� WKHVH�SHUIRUPDQFH�JRDOV� FRQIOLFW�

DQG�D�WUDGH�RII�GHFLVLRQ�PXVW�EH�PDGH�WR�VHOHFW�WKH�JDLW��)RU�H[DPSOH��JDLWV�ZLWK�WKH

EHVW�VWDELOLW\�JHQHUDOO\�PD[LPL]H�WKH�QXPEHU�RI�OHJV�RQ�WKH�JURXQG�LQ�VXSSRUW�SKDVH�

*DLWV�ZLWK�WKH�EHVW�VSHHG�JHQHUDOO\�PD[LPL]H�WKH�QXPEHU�RI�OHJV�PRYLQJ�IRUZDUG�LQ
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VZLQJ�SKDVH��7KXV��KLJKHU�VSHHG�JDLWV�DUH�W\SLFDOO\� OHVV�VWDEOH�EHFDXVH�WKH\�UHTXLUH

PRUH�RI�WKH�IHHW�WR�EH�VLPXOWDQHRXVO\�PRYLQJ��DQG�KHQFH��RII�RI�WKH�JURXQG�

,Q�RUGHU�WR�VHOHFW�D�SDUWLFXODU�JDLW�IURP�WKH�DYDLODEOH�FKRLFHV��WKH�ULVN�DVVRFLDWHG�ZLWK

WUDYHOLQJ�RYHU�WKH�SDWK�VHJPHQW�PXVW�EH�EDODQFHG�ZLWK�WKH�QHHGV�RI�WKH�PLVVLRQ��)RU

H[DPSOH�� LI� WKH�PLVVLRQ� LV� WR�H[SORUH�DQ�DUHD�DQG� WKHUH� LV�SOHQW\�RI� WLPH�DYDLODEOH�

WKHQ�RQO\�VPDOO�ULVNV�DUH�WROHUDEOH��,I��KRZHYHU��WKH�PLVVLRQ�LV�WR�UHVFXH�SHRSOH�ZKR

DUH�VXIIRFDWLQJ�GXH�WR�D�PLQLQJ�DFFLGHQW��WKHQ�PXFK�KLJKHU�ULVNV�DUH�WROHUDEOH�LQ�WKH

LQWHUHVW�RI�ORFRPRWLRQ�VSHHG�

%\� §ULVN¨� LW� LV�PHDQW� WKH�SUREDELOLW\�RI� ORFRPRWLRQ� IDLOXUH��$V�GLVFXVVHG� LQ� 6HFWLRQ

����� WKH�SULPDU\� IRUP�RI� ORFRPRWLRQ� IDLOXUH� §ULVN¨� IRU� WKH�PXOWLERG\�SDVVLYH�OHJJHG

FUDZOLQJ�YHKLFOH�LV�LQVWDELOLW\��$�WLS�RYHU�HYHQW�ZLOO�GHILQLWHO\�VORZ�WKH�YHKLFOH�GRZQ�

$QG�GHSHQGLQJ�XSRQ�WKH�VL]H�RI�WKH�URERW�DQG�LWV�GHVLJQ��D�WLS�RYHU�PD\�ZHOO�FDXVH

PHFKDQLFDO�IDLOXUH�RI�WKH�YHKLFOH�DQG�WKXV�IDLOXUH�WR�SHUIRUP�LWV�PLVVLRQ��VLQFH�LW�ZLOO

QHYHU�UHDFK�LWV�GHVWLQDWLRQ��&OHDUO\��WHUUDLQ�UXJJHGQHVV�LV�D�NH\�IDFWRU�LQ�GHWHUPLQLQJ

ULVN��+RZHYHU��GHWHUPLQLQJ�ULVN� LQYROYHV�XQFHUWDLQW\��VXFK�DV�WKH�WHUUDLQ�SHUFHSWLRQ

XQFHUWDLQW\�DQG�WKH�XQIRUHVHHQ�HYHQWV�GLVFXVVHG�LQ�6HFWLRQ���������

+RZ�URXJK�FDQ�WKH�WHUUDLQ�EH�IRU�D�SDUWLFXODU�JDLW"�7ZR�PHWKRGV�VHHP�SRVVLEOH�IRU

HVWLPDWLQJ�WKH�ULVN��UXQ�WLPH�VLPXODWLRQ�DQG�UXOH�EDVHG�HVWLPDWLRQ�

:LWK� UXQ�WLPH� VLPXODWLRQ�� WKH� FRQWUROOHU� ZRXOG� WHVW� D� JDLW� E\� VLPXODWLQJ� WKH� QH[W

VXEVHTXHQW� ORFRPRWLRQ� F\FOH� EDVHG� XSRQ� WKH� YHKLFOHªV� SHUFHSWLRQ� RI� WKH� WHUUDLQ

LPPHGLDWHO\�DKHDG�DQG�XQGHUIRRW��DQG�WKHQ�GHWHUPLQH�ZKHWKHU�WKH�URERW�ZRXOG�EH

LQ� WRR�PXFK�GDQJHU�RI� JHWWLQJ� VWXFN�RU� WLSSLQJ�RYHU�� �$�PHWKRG�RI� GHWHUPLQLQJ� D

§VWDELOLW\� PDUJLQ¨� ZLOO� EH� GHVFULEHG� LQ� GHWDLO� LQ� &K�� �� DQG� RWKHU� PHWKRGV� ZLOO� EH

GLVFXVVHG�LQ�&K������,I�WKH�JDLW�WHVWHG�ZLWK�WKH�VLPXODWLRQ�SURYHG�WR�EH�WRR�ULVN\��WKHQ�

WKH�SODQQHU�FRXOG�FKRRVH�D�PRUH�VWDEOH�JDLW�RU� UHTXHVW�D�QHZ�SDWK� IURP�WKH� ORFDO

SDWK�SODQQHU���1RWH�WKDW�WKH�VLPXODWLRQ�WRROV�GLVFXVVHG�ODWHU�LQ�WKLV�ZRUN�ZRXOG�IRUP

WKH�IRXQGDWLRQ�RI�WKLV�WHFKQLTXH��
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:LWK�UXOH�EDVHG�HVWLPDWLRQ��WKH�FRQWUROOHU�ZRXOG�DQDO\]H�WKH�/RFDO�7HUUDLQ�0DS�DQG

WKHQ�DSSO\�D� VHW�RI� UXOHV� WR�GHWHUPLQH� WKH� ULVN�UHZDUG�RI�XVLQJ�HDFK�SRVVLEOH�JDLW�

6XFK�UXOHV�PLJKW�EH�EDVHG�XSRQ�WKH�UDWLR�RI�WKH�DUHD�ZLWKRXW�IHDVLEOH�IRRWKROGV�WR

WKH�WRWDO�DUHD�DORQJ�WKH�SDWK��7KH�VLPXODWLRQ�WRROV�GLVFXVVHG�ODWHU� LQ�WKLV�ZRUN�PD\

EH�KHOSIXO�LQ�GHWHUPLQLQJ�WKH�DSSURSULDWH�FULWHULD�IRU�VXFK�UXOHV�

2.6.1.5 Gait Generation

*DLW� JHQHUDWLRQ� LQYROYHV� WLPLQJ�� :KLOH� WKH� VHTXHQFH� RI� OHJ� SDLU� VWDWHV� �L�H�

VXSSRUWLQJ� RU� VWULGLQJ�� LV� GHILQHG� E\� WKH� JDLW� VHOHFWLRQ�� WKH� UDWH� DW� ZKLFK� WKH� JDLW

VHTXHQFH� LV� SHUIRUPHG� FDQ� EH� YDULHG�� *DLW� JHQHUDWLRQ� WLPLQJ� YDULDWLRQV� FDQ� EH

XVHIXO�IRU�§SDFLQJ¨�WKH�URERW�LQ�D�QXPEHU�RI�VLWXDWLRQV��)RU�H[DPSOH��WKH�URERW�PD\

QHHG� WR� UHGXFH� WKH�JDLW�H[HFXWLRQ�VSHHG� LQ�RUGHU� WR� OLPLW�SRZHU�FRQVXPSWLRQ��2U

DOWHUQDWLYHO\�� LW� PD\� QHHG� WR� GHOD\� ZKHQ� XQXVXDOO\� ORQJ� VHQVRU� SURFHVVLQJ

FRPSXWDWLRQV�RFFXU��ZKHQ�GLIILFXOWLHV�DFKLHYLQJ�VHFXUH�IRRWKROGV�FDXVH�DQ�H[WHQGHG

SHULRG�RI� JXDUGHG�PRWLRQV�� RU�ZKHQ�RQH�RU�PRUH� DFWXDWRUV� H[SHULHQFH� WRUTXH�RU

VSHHG�VDWXUDWLRQ��ZKLFK�PLJKW�RFFXU�ZKHQ�WKH�URERW�LV�FOLPELQJ�D�VWHHS�VORSH�

2.6.1.6 Foothold Selection

$V�VHHQ� LQ�)LJ�������� WKH� IRRWKROG� VHOHFWLRQ� WDVN�RI� WKH�FRQWUROV�KLHUDUFK\� LV�D� WDVN

WKDW�PXVW�EH�SHUIRUPHG�IRU�HDFK�OHJ�SDLU��,Q�RUGHU�WR�WUDYHO�DORQJ�WKH�VHOHFWHG�SDWK

XVLQJ�WKH�VHOHFWHG�JDLW��VSHFLILF�IRRWKROG�ORFDWLRQV�IRU�HDFK�OHJ�SDLU�PXVW�EH�GHILQHG�

:KLOH�WKHVH�DUH�GLVWLQFW�WDVNV��WKH\�DUH�QRW�IXOO\�SDUDOOHO�EHFDXVH��GXH�WR�ZRUNVSDFH

FRQVLGHUDWLRQV�� WKH� IRRWKROG� VHOHFWLRQV� RI�PRVW� OHJ� SDLUV� DUH� GHSHQGHQW� XSRQ� WKH

IRRWKROG�ORFDWLRQV�VHOHFWHG�IRU�WKH�DGMDFHQW�OHJ�SDLU�WKDW�VWULGHV�EHIRUH�WKH\�GR�

$Q� DFFHSWDEOH� IRRWKROG� LV� D� VDIH� ORFDWLRQ�RQ� WKH� JURXQG� WR� SODFH� D� IRRW� VR� DV� WR

SURYLGH� ILUP�� VHFXUH� VXSSRUW� DQG� JRRG� WUDFWLRQ�� WKHUHIRUH�� KROHV�� ORRVH� URFNV�� DQG

VOLSSHU\�VORSHV�PXVW�EH�DYRLGHG��,Q�RUGHU�WR�VHOHFW�WKH�WZR�IRRWKROGV�IRU�D�SDUWLFXODU



Chapter 2 – Conceptual Design   111

OHJ�SDLU��WKH�URERW�FRQWUROOHU�VHDUFKHV�WKH�/RFDO�7HUUDLQ�0DS�RI�WKH�JURXQG�VXUIDFH

LPPHGLDWHO\�DKHDG�RI�WKH�OHJ�SDLUªV�FXUUHQW�SRVLWLRQ��6SHFLILFDOO\��LW�VHDUFKHV�IRU�WZR�

VDIH��DFFHSWDEOH�IRRWKROGV�WKDW�DUH�ZLWKLQ�WKH�ZRUNVSDFHV�RI�WKH�WZR�6WHZDUW�*RXJK

SODWIRUP� PHFKDQLVPV� WKDW� DUH� FRQQHFWHG� WR� WKH� IURQW� DQG� EDFN� RI� WKH� OHJ� SDLU�

7\SLFDOO\��WKH�H[SHFWHG�DUHD�LV�ORFDWHG�DW�DSSUR[LPDWHO\�����RI�WKH�PD[LPXP�VWULGH

OHQJWK�DORQJ�WKH�ORFDO�SDWK��,I�IRRWKROGV�WKHUH�DUH�XQDFFHSWDEOH��WKHQ�WKH�FRQWUROOHU

FDQ�VHDUFK�DKHDG�XS�WR�WKH�PD[LPXP�VWULGH�OHQJWK��,I�DFFHSWDEOH�IRRWKROGV�DUH�VWLOO

QRW� IRXQG�� WKH� VHDUFK� WKHQ� SURFHHGV� EDFNZDUGV� IURP� WKH� ���� DUHD� WRZDUG� WKH

PLQLPXP�VWULGH�OHQJWK�

6RPH� JDLWV� PD\� DOORZ� PRUH� OHHZD\� LQ� FKRRVLQJ� WKH� ORFDWLRQV� RI� IRRWKROGV� WKDQ

RWKHUV��2QH�DGYDQWDJH�RI�KDYLQJ�D�ORQJ�YHKLFOH�ZLWK�PDQ\�IHHW�LV�WKDW�IRRWKROGV�DUH

QRW�DEVROXWHO\�UHTXLUHG�IRU�DOO�WKH�IHHW��,Q�IDFW��GXULQJ�VRPH�ORFRPRWLRQ�F\FOHV��HQWLUH

OHJ� SDLUV� FDQ� EH� OHIW� §KDQJLQJ¨� ZLWKRXW� VXSSRUWLQJ� IRRWKROGV�� VR� ORQJ� DV� RWKHU

DSSURSULDWHO\�SODFHG�OHJ�SDLUV�DUH�NHHSLQJ�WKH�URERW�VWDEOH��6WDELOLW\�FDOFXODWLRQV�ZLOO

SUREDEO\�QHHG�WR�EH�GRQH�KHUH� WR�FRQILUP�WKDW� WKHUH� LV�HQRXJK�VXSSRUW��)RRWKROG

VHOHFWLRQV�PD\� QHHG� WR� EH� DOWHUHG� LI� WKH� IRRWKROGV� RI� DGMDFHQW� OHJ� SDLUV� PXVW� EH

VKLIWHG�IURP�WKHLU�H[SHFWHG�DUHDV�

2.6.1.7 Leg Pair Trajectory Specification

5RERW� PRWLRQV� DUH� GHILQHG� E\� WUDMHFWRULHV�� $� FRPSOHWH� WUDMHFWRU\� VSHFLILHV� DOO� �

GHJUHHV�RI�IUHHGRP�RI�D�ULJLG�ERG\�DV�IXQFWLRQV�RI�WLPH��7KDW�LV��LW�GHILQHV�ERWK�WKH���

GLPHQVLRQDO�SDWK��x��y��z��DQG�WKH�VSDWLDO�RULHQWDWLRQ��UROO��SLWFK��\DZ��RI�D�ULJLG�ERG\

DV� IXQFWLRQV�RI� WLPH�� ,Q� WKH�FDVH�RI� WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH�

WKH�ULJLG�ERGLHV�UHTXLULQJ�WUDMHFWRULHV�DUH�WKH�LQGLYLGXDO� OHJ�SDLUV��*LYHQ�WKH�FXUUHQW

SRVLWLRQ�RI�D� OHJ�SDLU�DW� LWV�SUHVHQW� IRRWKROGV�DQG�WKH�VHOHFWHG�GHVWLQDWLRQ�IRRWKROG

ORFDWLRQV�� WKH� WDVN� RI� WKH� OHJ� SDLU� WUDMHFWRU\� VSHFLILFDWLRQ� VWDJH� RI� WKH� FRQWUROV

KLHUDUFK\� LV� WR� WKH� V\QWKHVL]H� D� WUDMHFWRU\� WKDW� ZLOO� PRYH� HDFK� OHJ� SDLU� IURP� LWV

FXUUHQW�IRRWKROG�SRVLWLRQ�WR�LWV�VHOHFWHG�GHVWLQDWLRQ�IRRWKROG�SRVLWLRQ�



Chapter 2 – Conceptual Design   112

7KH� WUDMHFWRU\�SODQ� IRU� D� OHJ�SDLU� RI� WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ� YHKLFOH

ZLOO�� LQ� VRPH�ZD\V��EH� FRQVLGHUDEO\� VLPSOHU� WKDQ� WKH� WUDMHFWRU\�SODQ� IRU� D� OHJ�RI� D

VLQJOH�ERG\�DFWLYH�OHJJHG�ZDONLQJ�YHKLFOH�� 6SHFLILFDOO\�� WKH� OHJ�RI� D�ZDONLQJ� YHKLFOH

PXVW� OLIW� LWV� IRRW� DQG� UHFRYHU� IRUZDUG� UDSLGO\�� WKHQ� VWRS� WKH� IRRW� LQ� PLG�DLU� DQG

DFFHOHUDWH�LW�EDFNZDUGV�XQWLO�LW�KDV�PDWFKHG�WKH�YHORFLW\�RI�WKH�JURXQG�UHODWLYH�WR�WKH

PRYLQJ�YHKLFOH�FKDVVLV��2QFH�LW�KDV�PDWFKHG�YHORFLW\��VR�DV�WR�SUHYHQW�H[FHVV�VKHDU

IRUFHV�RQ�WKH�IRRW�DW�WKH�PRPHQW�RI�FRQWDFW���LW�FDQ�WKHQ�ORZHU�LWV�IRRW��$IWHU�LWV�IRRW

LV�RQ� WKH�JURXQG�� WKH� OHJ�FRQWLQXHV� WR�PRYH�DV� LW� VZHHSV�EDFNZDUG� WR�SURSHO� WKH

URERW�ERG\�IRUZDUG��,Q�FRQWUDVW��D�OHJ�SDLU�RI�WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ

YHKLFOH� VWDUWV� IURP� D� VWDWLRQDU\� SRVLWLRQ�� OLIWV� RII� RI� WKH� JURXQG�� PRYHV� IRUZDUG�

GHFHOHUDWHV� WR�]HUR�YHORFLW\� UHODWLYH� WR� WKH�JURXQG��DQG� WKHQ� ORZHUV� WR� WKH�JURXQG

XQWLO� LWV�IHHW�WRXFK��2QFH�EDFN�RQ�WKH�JURXQG��WKH�OHJ�SDLU� LV�QRW�UHTXLUHG�WR�PRYH

�DOWKRXJK�LQ�VRPH�FDVHV�LW�PLJKW�EH�GHVLUDEOH�WR�WLOW�VRPH���7KDW�VDLG��WKH�DFWXDWRUV

DWWDFKHG� WR� WKH� OHJ� SDLU� ZLOO� QHHG� WR� PRYH� ZKHQHYHU� DQ� DGMDFHQW� OHJ� SDLU� LV� LQ

PRWLRQ�

7KH� VSHFLILHG� OHJ� SDLU� WUDMHFWRU\� SODQ� LV� VXEMHFW� WR� WKH� IROORZLQJ� IXQFWLRQDO

FRQVWUDLQWV�

• ,W�PXVW�SURGXFH�PRWLRQV� WKDW�DYRLG�FROOLVLRQV�ZLWK� WHUUDLQ��VXFK�DV� UXQQLQJ� LQWR

DQ�REVWDFOH��VWXEELQJ�D�IRRW��RU�VFUDSLQJ�WKH�VLGH�RI�D�OHJ�SDLU�DJDLQVW�D�ZDOO�

• 7KH� OHJ�SDLU� SDWK�PXVW�EH� FRQWLQXRXVO\�ZLWKLQ� WKH�ZRUNVSDFHV�RI� WKH� DGMDFHQW

DFWXDWLRQ�XQLWV�

)XUWKHUPRUH�� DQ� LGHDO� V\QWKHVL]HG� WUDMHFWRU\� ZRXOG� DOVR� KDYH� WKH� IROORZLQJ

FKDUDFWHULVWLFV�

• ,W�VKRXOG�SURGXFH�VPRRWK��FRQWLQXRXV�FXUYH�SDWKV�LQ�&DUWHVLDQ�VSDFH�
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• 7KH�SDWK�FXUYH�VKRXOG�EH�PRQRWRQLF�VR�DV�WR�PLQLPL]H�YHUWLFDO�PRWLRQV��7KDW�LV�

LW�PD\�JR�XS�RQFH�DQG�WKHQ�GRZQ�RQFH��EXW�VKRXOG�QRW�RVFLOODWH�YHUWLFDOO\�GXULQJ

D�VLQJOH�OHJ�VWHS�WUDMHFWRU\�

• ,W� VKRXOG�EH�VPRRWK� LQ� WKH� WHPSRUDO� VHQVH��DYRLGLQJ�XQQHFHVVDU\�DFFHOHUDWLRQV

DQG�GHFHOHUDWLRQV�

• )RU� D� JLYHQ� YHKLFOH� VSHHG�� WKH� WUDMHFWRU\� VKRXOG� PLQLPL]H� WKH� UHTXLUHG� SHDN

DFWXDWRU�DFFHOHUDWLRQV�DQG�SHDN�DFWXDWRU�VSHHGV�

7UDMHFWRULHV�FDQ�EH�SODQQHG�DQG�VSHFLILHG�XVLQJ� WZR�EDVLF�DSSURDFKHV�� MRLQW� VSDFH

DQG� &DUWHVLDQ� VSDFH� �VRPHWLPHV� FDOOHG� WDVN� VSDFH��� (DFK� KDV� LWV� RZQ� EDVLF

DGYDQWDJHV�DQG�GLVDGYDQWDJHV�

2.6.1.7.1 Joint Space Trajectory Specification

8VLQJ� WKH� MRLQW� VSDFH� UHSUHVHQWDWLRQ�� WUDMHFWRULHV� DUH� VSHFLILHG� LQ� WHUPV� RI� WKH

SRVLWLRQV�RI�HDFK�RI�WKH�MRLQWV�DV�IXQFWLRQV�RI�WLPH��$V�D�SUDFWLFDO�PDWWHU��ZLWK�MRLQW

VSDFH� SODQQLQJ�� WKH� EHJLQQLQJ� DQG� HQGLQJ� SRVLWLRQV� RI� WKH� WUDMHFWRU\� DUH� LQLWLDOO\

GHILQHG�LQ�&DUWHVLDQ�VSDFH��DQG�DUH�WKHQ�FRQYHUWHG�LQWR�WKHLU�MRLQW�VSDFH�HTXLYDOHQWV

XVLQJ�LQYHUVH�NLQHPDWLFV��7KHQ��DOO�WKH�LQWHUPHGLDWH�SRVLWLRQV�DORQJ�WKH�WUDMHFWRU\�DUH

VSHFLILHG� ZLWKRXW� UHIHUHQFH� WR� WKH� URERWªV� HQYLURQPHQW� DQG� ZLWKRXW� WKH� XVH� RI

LQYHUVH� NLQHPDWLFV�� ,QVWHDG�� WKH� LQWHUPHGLDWH� MRLQW� SRVLWLRQV� DUH� GHWHUPLQHG� E\� DQ

DOJRULWKP��VXFK�DV�VSOLQLQJ�FXELF�SRO\QRPLDOV�RU� OLQHDU� LQWHUSRODWLRQ�RI�HDFK�D[LV�RI

PRWLRQ��VR�WKDW�WKH�LQLWLDO�MRLQW�VSDFH�VROXWLRQ�LV�VPRRWKO\�WUDQVLWLRQHG�WR�WKH�HQGLQJ

MRLQW�VSDFH�VROXWLRQ��7KXV��D�MRLQW�VSDFH�WUDMHFWRU\�LV�VSHFLILHG�DV�FRHIILFLHQWV�IRU�WKH

VSOLQH� FXUYHV� WKDW� GHILQH� WKH� SRVLWLRQV� DQG� YHORFLWLHV� RI� WKH� MRLQWV� DV� IXQFWLRQV� RI

WLPH�� )RU� WKH� FDVH� RI� WKH� PXOWLERG\� SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH�� WKHVH� MRLQW

SRVLWLRQV� DUH� WKH� WUDQVODWLRQV� RI� HDFK� RI� WKH� SULVPDWLF� OLQNV� RI� WKH� 6WHZDUW�*RXJK

SODWIRUP� PHFKDQLVPV�� 'XULQJ� H[HFXWLRQ�� WKH� VSOLQH� FXUYHV� IRU� DOO� WKH� MRLQWV� DUH
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SURJUHVVLYHO\�HYDOXDWHG�DW�WKH�XSGDWH�UDWH�RI�WKH�DFWXDWRU�FRQWUROOHUV��(DFK�QHZ�VHW

RI� WKH� UHVXOWLQJ� SULVPDWLF� MRLQW� SDUDPHWHUV� LV� IHG� WR� WKH� FRUUHVSRQGLQJ� DFWXDWRU

FRQWUROOHUV�DV� UHIHUHQFH� LQSXWV��)LQDOO\�� WKH�PRWLRQV�RI� WKH�DFWXDWRUV�SURGXFH� WKH��

'2)��x��y��z��UROO��SLWFK��DQG�\DZ��WUDMHFWRU\�WKURXJK�&DUWHVLDQ�VSDFH�

-RLQW�VSDFH�VSHFLILFDWLRQ�LV�DGYDQWDJHRXV�LQ�WKDW�LQYHUVH�NLQHPDWLFV�LV�QRW�QHHGHG�IRU

LQWHUPHGLDWH�SRVLWLRQV��LW�PD\�OHQG�LWVHOI�WR�D�OHVV�FHQWUDOL]HG�FRQWURO�V\VWHP��DQG�DQ\

FRQWLQXRXV� MRLQW�VSDFH�SDWK�ZLWKLQ�WKH�ZRUNVSDFH�RI�WKH�URERW�FDQ�EH�VXFFHVVIXOO\

H[HFXWHG� �L�H�� VLQJXODULWLHV�DUH�QRW�D�SUREOHP���)XUWKHUPRUH�� MRLQW� VSDFH� WUDMHFWRULHV

FDQ� EH� UDSLGO\� H[HFXWHG� EHFDXVH� WKH\� LQYROYH� FRPSXWLQJ� UHODWLYHO\� VLPSOH� FXUYH

IXQFWLRQV�� ZLWK� UHVXOWV� WKDW� DUH� GLUHFWO\� IHG� DV� UHIHUHQFH� LQSXWV� WR� WKH� DFWXDWRU

FRQWUROOHUV�RI�HDFK�FRUUHVSRQGLQJ�MRLQW�

7KH�PDMRU�SUREOHP�ZLWK� MRLQW� VSDFH�SODQQLQJ�DQG�VSHFLILFDWLRQ� LV� WKDW� WKHUH� LV�12

JXDUDQWHH�WKDW�WKH�UHVXOWLQJ�OHJ�SDLU�WUDMHFWRULHV�ZLOO�EH�DFFXUDWH�RU�UHDVRQDEOH�LQ�WKH

UHDO� ZRUOG�� 7KH� UHVXOWLQJ� WUDMHFWRULHV�PD\� QRW� VWD\� RQ� WKH� LQWHQGHG� SDWK� �SRVVLEO\

FDXVLQJ�FROOLVLRQV�ZLWK�WKH�WHUUDLQ���DQG�PD\�SURGXFH�H[FHVVLYH�ZDVWHG�PRWLRQ��HWF�

7KXV��WKH\�PD\�YLRODWH�WKH�GHVLUHG�FKDUDFWHULVWLFV�DQG�HYHQ�WKH�IXQFWLRQDO�FRQVWUDLQWV

IRU�WUDMHFWRULHV�GHVFULEHG�DW�WKH�EHJLQQLQJ�RI�6HFWLRQ���������

2.6.1.7.2 Cartesian Space Trajectory Specification

&DUWHVLDQ� VSDFH� WUDMHFWRULHV�DUH�GHILQHG�GLUHFWO\� LQ� WHUPV�RI���'�SDWKV� WKURXJK� WKH

ZRUNLQJ�HQYLURQPHQW�RI�WKH�URERW��L�H��&DUWHVLDQ�RU�WDVN�VSDFH��DV�IXQFWLRQV�RI�WLPH�

7KXV�� D� &DUWHVLDQ� VSDFH� WUDMHFWRU\� LV� VSHFLILHG� DV� FRHIILFLHQWV� RI� WKH� FXUYHV� WKDW

GHILQH�WKH���'�SDWKV��+RZHYHU��LQ�SUDFWLFH��PRVW�DFWXDWRUV�DUH�FRQWUROOHG�XVLQJ�MRLQW

VSDFH�SDUDPHWHUV�IRU�WKHLU�UHIHUHQFH�LQSXWV��IHHGEDFN�VLJQDOV��DQG�HUURU�VLJQDOV��7KXV�

GXULQJ�UXQWLPH�H[HFXWLRQ��WKH�SDWK�FXUYHV�IRU�HDFK�LQGHSHQGHQWO\�PRYLQJ�ULJLG�ERG\

DUH� SURJUHVVLYHO\� HYDOXDWHG�� DQG� WKHQ� HDFK� QHZ� &DUWHVLDQ� FRRUGLQDWH� IUDPH� LV

WUDQVIRUPHG�YLD� WKH� LQYHUVH� NLQHPDWLFV� FRPSXWDWLRQ� LQWR� LWV� HTXLYDOHQW� MRLQW� VSDFH
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UHSUHVHQWDWLRQ�� 7KHVH� MRLQW� VSDFH� UHVXOWV� DUH� WKHQ� IHG� WR� WKH� DFWXDWRU� FRQWUROOHUV�

ZKLFK�� LQ� WXUQ��FDXVH� WKH�URERW� WR�PRYH�WKURXJK�&DUWHVLDQ�VSDFH�DFFRUGLQJ� WR� WKH

SURVFULEHG�WUDMHFWRU\�

&DUWHVLDQ� VSDFH� VSHFLILFDWLRQ� LV� DGYDQWDJHRXV� EHFDXVH� WKH� HQWLUH� WUDMHFWRU\� LV

SODQQHG� DQG� VSHFLILHG� IURP� WKH� PHDVXUHG� WHUUDLQ� GDWD�� UHVXOWLQJ� LQ� OHJ� SDLU

WUDMHFWRULHV� WKDW�VKRXOG�EH�DFFXUDWH� LQ� WKH� UHDO�ZRUOG��7KXV�� VPRRWK��HIILFLHQW��ZHOO�

FRRUGLQDWHG��FROOLVLRQ�IUHH�WUDMHFWRULHV�VKRXOG�EH�DFKLHYDEOH�

2QH�GLVDGYDQWDJH�RI�&DUWHVLDQ�VSDFH�VSHFLILFDWLRQ�LV�WKDW�LW�UHTXLUHV�WKDW�WKH�LQYHUVH

NLQHPDWLFV� FRPSXWDWLRQV� EH� SHUIRUPHG� PDQ\� WLPHV� WR� WUDQVIRUP� WKH� &DUWHVLDQ

WUDMHFWRULHV�LQWR�WKH�MRLQW�VSDFH�WUDMHFWRULHV�XVDEOH�E\�WKH�ORZ�OHYHO�FRQWUROV��$OVR��IRU

VRPH� PHFKDQLVPV� DQG� FHUWDLQ� LQYHUVH� NLQHPDWLFV� VROXWLRQV�� D� FRQWLQXRXV� SDWK

VSHFLILHG� LQ�&DUWHVLDQ� VSDFH�ZLOO� EHFRPH�GLVFRQWLQXRXV�ZKHQ� FRQYHUWHG� LQWR� MRLQW

VSDFH��SURGXFLQJ�HUUDWLF�PRWLRQV�GXULQJ�H[HFXWLRQ���7KLV�KDSSHQV�ZKHQ�WKH�LQYHUVH

NLQHPDWLFV�VROXWLRQ�EHFRPHV�LPDJLQDU\�GXH�WR�D�-DFRELDQ�VLQJXODULW\��&UDLJ���������

2.6.1.7.3 Selecting the Basic Trajectory Specification Method

6R�IDU��ORRNLQJ�DW�MRLQW�VSDFH�DQG�&DUWHVLDQ�VSDFH�WUDMHFWRU\�VSHFLILFDWLRQ�LQ�JHQHUDO

WHUPV��LW�LV�XQFOHDU�ZKLFK�ZRXOG�EH�EHVW�IRU�WKH�FUDZOLQJ�YHKLFOH��7KHUH�DUH�SRWHQWLDO

SUREOHPV�ZLWK�ERWK�RSWLRQV��7KHUHIRUH��WKHLU�XVH�PXVW�EH�HYDOXDWHG�EDVHG�XSRQ�WKH

SDUWLFXODUV� RI� WKH� FRQFHSWXDO� GHVLJQ�� 7KH� ORJLF� IRU� FKRRVLQJ� WKH� EDVLV� IRU� WKH

WUDMHFWRU\�VSHFLILFDWLRQ�VFKHPH�ZLOO�EH�SUHVHQWHG�DV�D�SURJUHVVLYH�VHULHV�RI�TXHVWLRQV

DQG�DQVZHUV�

�� :KHQ� WKH� VSHFLILHG� WUDMHFWRULHV� DUH� JHQHUDWHG� DW� UXQWLPH�� ZKDW� IRUP� RI� RXWSXW

VKRXOG�EH�VHQW�WR�WKH�DFWXDWRU�FRQWUROV"

6R�IDU��LW�KDV�EHHQ�DVVXPHG�WKDW�WKH�DFWXDWRU�FRQWUROV�RI�WKH�URERW�ZRXOG�IROORZ�WKH

PRUH�FRPPRQ�SUDFWLFH�RI�XVLQJ�MRLQW�VSDFH�FRQWURO��WKDW�LV��WKH�DFWXDWRU�FRQWUROOHUV
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ZRXOG� XVH� MRLQW� VSDFH� SDUDPHWHUV� �W\SLFDOO\� MRLQW� SRVLWLRQ� DQG� YHORFLW\�� IRU� WKH

UHIHUHQFH�LQSXWV��IHHGEDFN��DQG�HUURU�VLJQDOV�WR�FRQWURO�HDFK�DFWXDWRU���+RZHYHU��LQ

OLJKW�RI� WKLV�GLIILFXOW�GHVLJQ�GHFLVLRQ��ZH�QRZ� ORRN�DW� WKH�DOWHUQDWLYH� WR� MRLQW� VSDFH

FRQWUROV�� QDPHO\�� &DUWHVLDQ� VSDFH� FRQWUROV�� 8VLQJ� &DUWHVLDQ�EDVHG� FRQWUROV� ZRXOG

UHTXLUH�WKDW�WKH�IRUZDUG�NLQHPDWLFV�EH�HYDOXDWHG�LQVLGH�WKH�VHUYR�FRQWURO�ORRS��L�H��DW

WKH�XSGDWH�UDWH�RI� WKH�FRQWUROOHUV�� �&UDLJ���������+RZHYHU��DV�GLVFXVVHG� LQ�6HFWLRQ

��������� WKH� IRUZDUG� NLQHPDWLFV� RI� WKH� 6WHZDUW�*RXJK� SODWIRUP� LV� DQ� LWHUDWLYH

FDOFXODWLRQ�� 7KXV�� &DUWHVLDQ� EDVHG� FRQWURO� ZRXOG� VORZ� WKH� XSGDWH� UDWH� RI� WKH

DFWXDWRU�FRQWUROOHUV��OLPLWLQJ�WKHLU�HIIHFWLYHQHVV��+HQFH��LW�LV�SUREDEO\�QRW�DSSURSULDWH

IRU� WKLV� URERW� DQG� ZH� DUH� EDFN� WR� WKH� RULJLQDO� DVVXPSWLRQ� RI� XVLQJ� MRLQW� VSDFH

FRQWURO�

�� 0XVW�WUDMHFWRULHV�EH�VSHFLILHG�WR�DYRLG�REVWDFOHV"

5RGQH\� %URRNV� ������� DQG� KLV� FROOHDJXHV� FRQVWUXFWHG� D� VPDOO� ZDONLQJ� URERW� WKDW

VXFFHVVIXOO\� WUDYHOHG� RYHU� PRGHUDWHO\� URXJK� WHUUDLQ� ZLWKRXW� WKH� XVH� RI� WUDMHFWRU\

SODQV�WKDW�LQFOXGHG�REVWDFOH�DYRLGDQFH��7KH�LQHYLWDEOH�FROOLVLRQV�ZLWK�XQHYHQ�WHUUDLQ

IHDWXUHV�ZHUH�KDQGOHG�E\�XVLQJ�UHIOH[LYH��RU�UHDFWLYH��FRQWUROV�DQG�DLGHG�E\�WKH�IDFW

WKDW�OLJKWZHLJKW�URERWV��LQ�WKLV�FDVH����NJ��FDQQRW�HDVLO\�GDPDJH�WKHPVHOYHV�DQ\ZD\�

+RZHYHU�� LW� ZRXOG� EH� H[WUHPHO\� GLIILFXOW� WR� FRQVWUXFW� WKH� FUDZOLQJ� YHKLFOH� RQ� D

VLPLODUO\� VPDOO� VFDOH��HVSHFLDOO\� LI� LW� LV�PDGH� WR�FDUU\� VLJQLILFDQW�SD\ORDGV��6LQFH� WKH

LPSDFW� IRUFHV� RQ� D� YHKLFOH� VFDOH� ZLWK� WKH� �WK� SRZHU� RI� LWV� VL]H� �'RQQHU�� ������

XQZDQWHG� FROOLVLRQV� ZLWK� WKH� WHUUDLQ� FRXOG� EH� GDPDJLQJ� IRU� D� ODUJHU� YHKLFOH�

)XUWKHUPRUH��D�PDMRU�GHVLJQ�JRDO�IRU�WKLV�FRQFHSWXDO�GHVLJQ�LV�WR�PDNH�D�URERW�WKDW

FDQ�WUDYHUVH�PRUH�WKDQ�MXVW�PRGHUDWHO\�URXJK�WHUUDLQ��7KXV��IRU�WKH�FUDZOLQJ�YHKLFOH

GHVLJQ��REVWDFOH�DYRLGDQFH�LV�QHFHVVDU\�

�� ,V�WKHUH�D�YLDEOH�DOWHUQDWLYH�WR�XVLQJ�&DUWHVLDQ�VSDFH�SODQQLQJ�DQG�VSHFLILFDWLRQ�WR

DFFRPSOLVK�REVWDFOH�DYRLGDQFH"



Chapter 2 – Conceptual Design   117

7R� LPSOHPHQW� REVWDFOH� DYRLGDQFH�� HLWKHU� WKH� WUDMHFWRULHV� PXVW� EH� VSHFLILHG� LQ

&DUWHVLDQ�VSDFH��ZKHUH�WKH\�FDQ�XVH�WKH�/RFDO�7HUUDLQ�0DS�WR�DYRLG�FROOLVLRQV��RU�WKH

WHUUDLQ�REVWDFOHV�PXVW�EH�FRQYHUWHG�LQWR�VRPH�W\SH�RI�MRLQW�VSDFH�UHSUHVHQWDWLRQ�VR

WKDW�FROOLVLRQ�IUHH�SDWK�SODQV�FDQ�EH� V\QWKHVL]HG�HQWLUHO\� LQ� MRLQW� VSDFH�� �6XFK� MRLQW

VSDFH�PDSSLQJ�PHWKRGV�KDYH�EHHQ�SURSRVHG�E\�7VDL�DQG�KLV�FROOHDJXHV��������DQG

6HOHQVN\� ������ >21/,1(@����+RZHYHU��EHFDXVH� WKLV�DSSOLFDWLRQ� �XQOLNH�PDQLSXODWRUV�

LQYROYHV�WKH�PRYHPHQW�RI�D�YHKLFOH�UHODWLYH�WR�WKH�WHUUDLQ��WKH�YHKLFOH�ZLOO��LQ�HIIHFW�

EH� FRQWLQXRXVO\� FRQIURQWHG� E\� QHZ� HQYLURQPHQWV� DV� LW� WUDYHOV�� 7KXV�� LW� VHHPV

FXPEHUVRPH�WR�WUDQVIRUP�WKH�HYHU�FKDQJLQJ�ODQGVFDSH�DKHDG�RI�LW�LQWR�D�MRLQW�VSDFH

UHSUHVHQWDWLRQ��+HQFH�� WKH� WUDGLWLRQDO�DSSURDFK�RI�KDQGOLQJ�REVWDFOH�DYRLGDQFH�E\

XVLQJ�&DUWHVLDQ� VSDFH� WUDMHFWRU\� VSHFLILFDWLRQ� VHHPV� WR� EH� WKH� EHWWHU� FKRLFH� KHUH�

$OVR�� DV�ZLOO� EH� H[SODLQHG� LQ� 6HFWLRQ����������� DFFXUDWH� UHDO�ZRUOG� SRVLWLRQ� FRQWURO

ZLOO� EH� UHTXLUHG� IRU� FRRUGLQDWLQJ� WKH� PRWLRQV� RI� FRQVHFXWLYH� 6WHZDUW�*RXJK

SODWIRUPV�

�� :LOO�VLQJXODULWLHV�FDXVH�VLJQLILFDQW�SUREOHPV�ZKHQ�XVLQJ�&DUWHVLDQ�VSDFH�WUDMHFWRU\

VSHFLILFDWLRQ"

7KH� SULPDU\� GUDZEDFNV� RI� XVLQJ� &DUWHVLDQ� VSDFH� WUDMHFWRU\� VSHFLILFDWLRQ� DUH� WKH

SRVVLELOLWLHV�RI�VLQJXODULWLHV�DQG�RI�ORQJ�FRPSXWDWLRQ�WLPHV�IRU�WKH�LQYHUVH�NLQHPDWLFV

VROXWLRQV�� +RZHYHU�� ERWK� RI� WKHVH� GLIILFXOWLHV� DUH� KLJKO\� GHSHQGHQW� XSRQ� WKH

PHFKDQLVPV�IRU�ZKLFK�WKH�WUDMHFWRULHV�DUH�WR�EH�VSHFLILHG�

$FFRUGLQJ�WR�0D�DQG�$QJHOHV� �������� WKH�VLQJXODULWLHV�RI�SDUDOOHO�PDQLSXODWRUV�FDQ

EH� FODVVLILHG� LQWR� WKUHH� FDWHJRULHV�� DUFKLWHFWXUDO�� FRQILJXUDWLRQ�� DQG� IRUPXODWLRQ�� ,Q

WKH�FDVH�RI� WKH�6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVPV��DUFKLWHFWXUDO� VLQJXODULWLHV�FDQ

EH�DYRLGHG�DW�WKH�GHVLJQ�VWDJH�E\�SURSHU�VHOHFWLRQ�RI�WKH�VSKHULF�MRLQW�ORFDWLRQV��0D

DQG�$QJHOHV�� ������� 7KH� FRQILJXUDWLRQ� VLQJXODULWLHV� RI� WKH� 6WHZDUW�*RXJK� SODWIRUP

GHVFULEHG�E\�)LFKWHU��������ZRXOG�DOO�LQYROYH�ODUJH�DQJXODU�PRWLRQV�RI�RQH�OHJ�SDLU

UHODWLYH�WR�WKH�QH[W��6XFK�H[WUHPH�PRWLRQV�DUH�QRW�QHFHVVDU\�IRU� ORFRPRWLRQ��HYHQ
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RQ�URXJK�WHUUDLQ��DQG�VSHFLILFDWLRQV�RI�VXFK�DQJOHV�FDQ�EH�DYRLGHG�DW�WKH�WUDMHFWRU\

SODQQLQJ�VWDJH��)LQDOO\��WR�WKH�EHVW�RI�WKH�DXWKRUªV�NQRZOHGJH��WKH�LQYHUVH�NLQHPDWLFV

DOJRULWKP� WR� EH� GHVFULEHG� LQ� &K�� �� GRHV� QRW� H[KLELW� DQ\� IRUPXODWLRQ� VLQJXODULWLHV�

7KXV��VLQJXODULWLHV�DUH�QRW�H[SHFWHG�WR�FDXVH�VLJQLILFDQW�GLIILFXOWLHV�IRU�WKLV�URERW�

�� :LOO�WKH�LQYHUVH�NLQHPDWLFV�EH�WRR�FRPSXWDWLRQDOO\�LQWHQVLYH"

$V�ZLOO� EH� VKRZQ� LQ� &KDSWHU� ��� WKH� LQYHUVH� NLQHPDWLFV� DOJRULWKP� IRU� WKH� 6WHZDUW�

*RXJK�SODWIRUP�PHFKDQLVP�LV�UHPDUNDEO\�VLPSOH�DQG�HIILFLHQW��7KXV��XVLQJ�&DUWHVLDQ

VSDFH�WUDMHFWRU\�VSHFLILFDWLRQ�ZLWK�MRLQW�VSDFH�FRQWURO�VHHPV�SDUWLFXODUO\�ZHOO�VXLWHG

IRU� WKH� FUDZOLQJ� YHKLFOH� FRQFHSW� EHFDXVH� LW� XVHV� 6WHZDUW�*RXJK� SODWIRUPV� IRU� LWV

DFWXDWLRQ�XQLWV��7KLV�VKRXOG�SURYLGH�WKH�EHVW�RI�ERWK�RSWLRQV��WUDMHFWRU\�VSHFLILFDWLRQ

ZLWK�HIIHFWLYH�REVWDFOH�DYRLGDQFH�LQ�WKH�UHDO�ZRUOG��DQG�KLJK�IUHTXHQF\�FRQWURO�ORRSV

IRU�WKH�DFWXDWRUV��ZKLFK�ZLOO�HQDEOH�WKH�DFFXUDWH�WUDFNLQJ�UHTXLUHG�IRU�FRRUGLQDWLQJ

WKH�PXOWLSOH�DFWXDWRUV�

+DYLQJ� GHFLGHG� XSRQ�&DUWHVLDQ� VSDFH� WUDMHFWRU\� SODQQLQJ� DQG� VSHFLILFDWLRQ�� RWKHU

TXHVWLRQV�FRQFHUQLQJ� WKH�DSSURDFK�DQG� WKH�PDWKHPDWLFV� WR�XVH� WR� VSHFLI\�PRWLRQ

WUDMHFWRULHV� VWLOO� UHPDLQ��5HFDOO� IURP� WKH� LQ�GHSWK�GLVFXVVLRQ� LQ� 6HFWLRQ������� WKDW� D

VWHSZLVH�SODQQLQJ�DQG�VSHFLILFDWLRQ�PHWKRG�ZLOO�EH�XVHG�LQ�WKLV�ZRUN�UDWKHU�WKDQ�WKH

PRUH� VHUSHQWLQH� VKDSH� FRQWURO�� RU� EDFNERQH�� PHWKRGV� SURSRVHG� E\� 6DOHUQR�

&KLUNMLDQ�� %XUGLFN�� 7DYDNNROL�� DQG� 'RZOLQJ�� 1RWH� WKDW� WKLV� VWHSZLVH� PHWKRG� RI

WUDMHFWRU\�VSHFLILFDWLRQ�PXVW�EH�SHUIRUPHG�IRU�HDFK�PRYLQJ�OHJ�SDLU��DQG�LV�WKHUHIRUH

RIWHQ� D� SDUDOOHO� WDVN�� �6HFWLRQ� ���������� GLVFXVVHV� WKH� XVH� RI� SDUDOOHO� FRPSXWLQJ� WR

DGGUHVV�WKHVH�WDVNV��

)XUWKHU� GHVFULSWLRQ� RI� WKH� WUDMHFWRU\� VSHFLILFDWLRQ� PHWKRG� ZLOO� EH� FXUWDLOHG� KHUH�

EHFDXVH�LW�LV�D�SULPDU\�WRSLF�RI�&K����¥�0RWLRQ�3URJUDPPLQJ�
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2.6.1.8 Trajectory Generation

%DVHG�XSRQ�WKH�WUDMHFWRU\�SODQV�VSHFLILHG�DW� WKH�SUHYLRXV� OHYHO�RI� WKH�FRQWURO� WDVNV

KLHUDUFK\��WUDMHFWRU\�JHQHUDWLRQ�HQWDLOV�FRPSXWLQJ�WKH�GHVLUHG�&DUWHVLDQ�ORFDWLRQ�DQG

RULHQWDWLRQ�RI�HDFK�OHJ�SDLU��7KHVH�OHJ�SDLU�WUDMHFWRULHV�DUH�JHQHUDWHG�DW�UXQ�WLPH�

5DSLG� H[HFXWLRQ� DW� WKLV� OHYHO� GHSHQGV� XSRQ� ZKHWKHU� WKH� WUDMHFWRU\� VSHFLILFDWLRQ

DOORZV�IRU�DQ�HIILFLHQW�DOJRULWKP��VXFK�DQ�DOJRULWKP�ZLOO�EH�SUHVHQWHG�LQ�&K������/LNH

WKH�SUHFHGLQJ�OHYHO��LW�LV�FRPSRVHG�RI�SDUDOOHO�WDVNV�VLQFH�LW�LV�SHUIRUPHG�VHSDUDWHO\

IRU�HDFK�OHJ�SDLU�

2.6.1.9 Inverse Kinematics

7KH�LQYHUVH�NLQHPDWLFV�FRPSXWDWLRQ�FRQYHUWV�WKH�&DUWHVLDQ�VSDFH�UHSUHVHQWDWLRQ�RI

GLVFUHWH� SRVLWLRQV� DORQJ� WKH� WUDMHFWRU\� LQWR� WKHLU� FRUUHVSRQGLQJ� MRLQW� VSDFH

UHSUHVHQWDWLRQV��6SHFLILFDOO\��JLYHQ�WKH�UHODWLYH�SRVLWLRQV�RI�WKH�OHJ�SDLUV��WKH�WDVN�RI

WKH�LQYHUVH�NLQHPDWLFV�OHYHO�RI�WKH�FRQWUROV�KLHUDUFK\�LV�WR�GHWHUPLQH�WKH�OLQN�OHQJWKV

DQG�YHORFLWLHV�RI�DOO�WKH�OLQHDU�DFWXDWRUV�WKDW�FRPSULVH�WKH�LQWHUYHQLQJ�DFWXDWLRQ�XQLW

PHFKDQLVPV�� $V� GLVFXVVHG� LQ� 6HFWLRQ� ��������� WKLV� LV� D� VLPSOH� FDOFXODWLRQ� IRU� WKH

6WHZDUW�*RXJK� SODWIRUP� PHFKDQLVP�� �$Q� DOJRULWKP� IRU� FRPSXWLQJ� WKLV� ZLOO� EH

SUHVHQWHG� LQ�&K�� ���� 7KH� LQYHUVH� NLQHPDWLFV� OHYHO� RI� WKH� FRQWURO� WDVNV� KLHUDUFK\� LV

FRPSRVHG�RI�SDUDOOHO�WDVNV��EHFDXVH�LW�LV�SHUIRUPHG�IRU�HDFK�DFWXDWLRQ�XQLW�

2.6.1.10 Actuator Controls

)URP�WKH�GLVFXVVLRQV�VR�IDU�LQ�6HFWLRQV������LW�LV�FOHDU�WKDW�WKH�FRQWURO�IXQFWLRQV�RI�WKH

FUDZOLQJ�YHKLFOH�DUH�LQKHUHQWO\�ERWK�KLHUDUFKLFDO�DQG�FRQFXUUHQW��,W�LV�KLHUDUFKLFDO�LQ

WKDW� HDFK� IXQFWLRQDO� OHYHO� LV� GHSHQGHQW� XSRQ� WKH� UHVXOWV� RI� LWV� §SDUHQW¨� OHYHO�� ,W

H[KLELWV�FRQFXUUHQF\�LQ�WZR�IRUPV��LQWHU�OHYHO�DQG�LQWUD�OHYHO�
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,QWHU�OHYHO� FRQFXUUHQF\� RFFXUV� EHFDXVH� WKH� GLIIHUHQW� OHYHOV� RI� WKH� KLHUDUFK\� ZRUN

WRJHWKHU�DV�D�SLSHOLQHG�SURFHVV��:KLOH� D� §FKLOG¨� OHYHO� LQ� WKH�KLHUDUFK\� LV�XVLQJ� WKH

PRVW�UHFHQW�VROXWLRQ�SURGXFHG�E\�LWV�SDUHQW��WKH�SDUHQW�OHYHO� LV�EXV\�FRPSXWLQJ�LWV

QH[W�VROXWLRQ��+HQFH��DOO� WKH�OHYHOV�RI�WKH�KLHUDUFK\�DUH�DFWLQJ�VLPXOWDQHRXVO\��(DFK

OHYHO�RI� WKH�KLHUDUFK\�KDV�D�FRQWURO�XSGDWH� UDWH��JHQHUDOO\�� WKH� IXUWKHU�GRZQ� LQ� WKH

KLHUDUFK\��WKH�IDVWHU�WKH�XSGDWH�UDWH�PXVW�EH�

,Q�FRQWUDVW�� LQWUD�OHYHO�FRQFXUUHQF\�RFFXUV�DW�VRPH�VWDJHV�RI�WKH�KLHUDUFK\�EHFDXVH

WKHUH� DUH� SDUDOOHO� WDVNV� WR� EH� SHUIRUPHG�� 7KH� PRVW� REYLRXV� FDVH� RI� IXOO\� SDUDOOHO

FRQFXUUHQF\� LV� KHUH� ZLWK� WKH� FRQWURO� RI� WKH� DFWXDWRUV�� (DFK� 6WHZDUW�*RXJK

PHFKDQLVP� UHTXLUHV� WKH� VLPXOWDQHRXV� FRQWURO� RI� �� DFWXDWRUV�� 0RVW� PRYHPHQWV

DVVRFLDWHG�ZLWK�ORFRPRWLRQ�ZRXOG�UHTXLUH�WKH�VLPXOWDQHRXV�DFWLRQ�RI���RU�PRUH�RI

WKHVH�DFWXDWLRQ�XQLWV�� DQG�KHQFH����DFWXDWRUV�� 7KXV�� OLNH�PRVW�ZDONLQJ� URERWV�� WKH

FUDZOLQJ�YHKLFOH�ZRXOG�UHTXLUH�FRQWUROOLQJ�VHYHUDO�DFWXDWRUV�VLPXOWDQHRXVO\�

7KH�DFWXDWRU�FRQWUROV�DUH�DW�WKH�ORZHVW�OHYHO�RI�WKH�FRQWUROV�KLHUDUFK\��VKRZQ�DW�WKH

ERWWRP�RI�WKH�GLDJUDP�LQ�)LJ���������*LYHQ�WKH�GHVLUHG�OLQN�OHQJWKV�DQG�YHORFLWLHV�RI

DOO� WKH� URERW� OLQHDU� DFWXDWRUV�� WKH� IXQFWLRQ�RI� WKH�DFWXDWRU� FRQWUROV� LV� WR� FDXVH� WKH

OLQHDU�DFWXDWRUV� WR� WUDFN� WKHVH�SRVLWLRQV�DV�DFFXUDWHO\�DV�SRVVLEOH��7KDW� LV�� WKH� MRLQW

VSDFH� SRVLWLRQV� DQG� YHORFLWLHV� RXWSXW� E\� WKH� LQYHUVH� NLQHPDWLFV� DUH� WKH� UHIHUHQFH

LQSXWV�WR�WKH�DFWXDWRU�FRQWUROV��7KHVH�FRQWUROOHG�DFWXDWRUV�WKHQ�PRYH�WKH�SULVPDWLF

MRLQWV� RI� WKH� 6WHZDUW�*RXJK�SODWIRUPV�� DQG� KHQFH�� FROOHFWLYHO\�� FDXVH� WKH� URERW� WR

PRYH�

7KH�SRVLWLRQ�FRQWURO�RI�WKH�LQGLYLGXDO�DFWXDWRUV�FDQ�EH�DFFRPSOLVKHG�E\�HPSOR\LQJ

WKH�FRQWURO� ODZV�XVHG� LQ� LQGXVWULDO�PRWLRQ�FRQWUROV�� VXFK�DV�3URSRUWLRQDO�'HULYDWLYH

�3'�� RU� 3URSRUWLRQDO�,QWHJUDO�'HULYDWLYH� �3,'��� 7KXV�� WR� DFKLHYH� VPRRWK�� UHDO�WLPH

SHUIRUPDQFH��DQG�FRRUGLQDWHG�PRWLRQ�� LW� LV�H[SHFWHG� WKDW� WKH�XSGDWH� IUHTXHQF\�RI

WKH�DFWXDWRU
V�FRQWUROOHUV�PXVW�EH�RQ�WKH�RUGHU�RI�KXQGUHGV�RI�XSGDWHV�SHU�VHFRQG�

ZKLFK�LV�W\SLFDO�IRU�PDQ\�LQGXVWULDO�PRWLRQ�FRQWURO�WDVNV�
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&RQWUROOLQJ�PDQ\�DFWXDWRUV�VLPXOWDQHRXVO\�ZLOO�SURYLGH�VRPH�HQJLQHHULQJ�FKDOOHQJHV

EHFDXVH�RI�WKH�PXOWLSOH�LQSXW��PXOWLSOH�RXWSXW�QDWXUH�RI�WKH�SUREOHP��WKH�FRPSOH[LW\

RI� ZLULQJ� WKH� FRQWUROV� KDUGZDUH�� DQG� WKH� H[LVWHQFH� RI� DFWXDWRU� UHGXQGDQF\� �WKH

VXEMHFW�RI�WKH�QH[W�VHFWLRQ��

2.6.1.11 The Contention Problem

)LJXUH������VKRZV�DQ�H[DPSOH� LQ�ZKLFK�DFWXDWRU� UHGXQGDQF\�RFFXUV�� ,Q� WKH� ILJXUH�

ORRNLQJ�DW�HLWKHU�WKH�OHJ�VWHS�RI�WKH��QG�RU��UG� OHJ�SDLUV��ZH�VHH�WKDW�WKH�VWULGLQJ�OHJ

SDLU�VWUXFWXUH�LV�VXSSRUWHG�DQG�PRYHG�E\�WKH�DFWXDWLRQ�XQLWV�RQ�HLWKHU�VLGH��DQG�WKDW

WKHVH�DFWXDWLRQ�XQLWV�DUH�DWWDFKHG�WR�WKH�DGMDFHQW�VWDWLRQDU\�OHJ�SDLUV��ZKLFK�DUH�RQ

WKH�JURXQG� LQ� VXSSRUW�SKDVH��7KH�VWULGLQJ� OHJ�SDLU�KDV���'2)�EHFDXVH� LW� LV�D� ULJLG

ERG\��+RZHYHU�� LWV�SRVLWLRQ�PXVW�EH�FRQWUROOHG�E\�WKH�6WHZDUW�*RXJK�PHFKDQLVPV

LQ�IURQW�RI�DQG�EHKLQG�LW��7KXV�������� ����DFWXDWRUV�DUH�FRQWUROOLQJ���'2)��DQG�VL[�RI

WKH�DFWXDWRUV�FDQ�EH�VDLG�WR�EH�UHGXQGDQW��/DWHU�LQ�WKLV�ZRUN�LW�ZLOO�EH�VKRZQ�WKDW�LW

LV�RIWHQ�GHVLUDEOH�WR�KDYH�WZR�DGMDFHQW�OHJ�SDLUV�VWULGLQJ�IRUZDUG�VLPXOWDQHRXVO\��7KLV

ZRXOG� UHVXOW� LQ� KDYLQJ� ���'2)� ��� OHJ� SDLUV�� EHLQJ� FRQWUROOHG� E\� ��� DFWXDWRUV� ��

DFWXDWLRQ�XQLWV���7KXV��WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH� LV�UHGXQGDQWO\

DFWXDWHG�� �1RWH� WKDW� WKLV� DFWXDWRU� UHGXQGDQF\� LV� QRW� WKH� VDPH� DV� WKH� NLQHPDWLF

UHGXQGDQF\� WKDW� LV� RIWHQ� GHVLUHG� ZLWK� PDQLSXODWRUV� �&ROEDXJK� DQG� *ODVV�� ������

,QVWHDG� RI� SURYLGLQJ� WKH� IOH[LELOLW\� RI� PXOWLSOH� NLQHPDWLFV� DVVHPEO\� VROXWLRQV� IRU� D

VSHFLILHG� SRVLWLRQ�� DFWXDWRU� UHGXQGDQF\� GHPDQGV� SUHFLVH� FRRSHUDWLRQ� EHWZHHQ

DFWXDWRUV�WR�DFKLHYH�WKH�VSHFLILHG�SRVLWLRQ��

7KH� QHHG� WR� FRQWURO� UHGXQGDQW� DFWXDWLRQ� V\VWHPV� LV� QRW� XQLTXH� WR� WKH�PXOWLERG\

SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH�� ,W� LV� FRPPRQ� WR� VWDWLFDOO\� VWDEOH� OHJJHG� YHKLFOHV�

EHFDXVH� WKHLU� OHJV� IRUP� FORVHG� NLQHPDWLF� FKDLQV�ZLWK� WKH� JURXQG� �*DUGQHU�� �����

.XPDU� DQG�:DOGURQ�� ������ .OHLQ� DQG� &KXQJ�� ������� )RU� H[DPSOH�� D� VLQJOH�ERG\

URERW� ZLWK� �� OHJV� WKDW� HDFK� KDV� �� '2)� ZRXOG� UHVXOW� LQ� D� WRWDO� RI� ��� DFWXDWRUV

FRQWUROOLQJ� WKH� �� '2)� RI� WKH� URERW� FKDVVLV�� (YHQ� ZKHQ� RQH� RI� WKH� OHJV� VWULGHV
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IRUZDUG�DQG�LWV�IRRW�LV�RII�RI�WKH�JURXQG��WKHUH�ZLOO�VWLOO�EH���DFWXDWRUV�FRQWUROOLQJ�WKH

��'2)�RI�WKH�URERW�

:KHQHYHU�WKH�QXPEHU�RI�DFWXDWRUV� LQ�D� OLQNDJH�H[FHHGV�WKH�QXPEHU�RI�GHJUHHV�RI

IUHHGRP� WKDW� WKH\� FROOHFWLYHO\� FRQWURO�� FRXSOLQJ� EHWZHHQ� WZR� RU� PRUH� RI� WKH

DFWXDWRUV�RFFXUV��FUHDWLQJ�D�VLWXDWLRQ�FDOOHG�DQWDJRQLVP�

$QWDJRQLVP� FDQ� EH� XVHIXO� EHFDXVH� LW� IDFLOLWDWHV� FRQWUROODEOH� FRPSOLDQFH�� ,Q� IDFW�

YHUWHEUDWH�DQLPDOV�DQG�KXPDQV�KDYH�PDQ\�PXVFOHV� WKDW�DFW� LQ� DQWDJRQLVP� WR�RQH

DQRWKHU��)RU�H[DPSOH�� LQ� WKH�FDVH�RI�KXPDQ�DUPV��DQWDJRQLVP�HQDEOHV�XV� WR�PRYH

VWLIIO\� VR� DV� WR� KDYH� KLJK� SUHFLVLRQ� SDWKV� DQG� KLJK� GLVWXUEDQFH� UHMHFWLRQ�� RU

DOWHUQDWLYHO\�� ZH� FDQ� FKRRVH� WR� PRYH� ZLWK� FRPSOLDQFH�� VR� DV� WR� VOLGH� DURXQG

REVWDFOHV�RU�ERXQFH�RII�REVWUXFWLRQV�

$�QXPEHU�RI�UHVHDUFKHUV�KDYH�UHFRJQL]HG�WKH�SRWHQWLDO�RI�XVLQJ�DQWDJRQLVWLF�V\VWHPV

WR�DFKLHYH�LPSURYHG�SHUIRUPDQFH�E\�SURYLGLQJ�YDULDEOH�VWLIIQHVV��UHPRYLQJ�EDFNODVK

DQG�GHDG�]RQHV��WKXV�HQDEOLQJ�KLJK�SUHFLVLRQ�SRVLWLRQ�FRQWURO���DQG�UHGXFLQJ�SHDN

WRUTXHV� E\� DOORFDWLQJ� WRUTXH� EHWZHHQ� DFWXDWRUV� �=HQJ� DQG� +HPDPL�� �����

1DNDPXUD�� ������+RJDQ�� �������+RZHYHU�� DQWDJRQLVP� EHWZHHQ� DFWXDWRUV� LV� RQO\

XVHIXO�ZKHQ�WKH�FRQWURO�V\VWHP�LV�VRSKLVWLFDWHG�HQRXJK�WR�PDNH�XVH�RI�LW�

,Q�KLV�0DVWHUªV�ZRUN�DW�9LUJLQLD�7HFK��3DWULFN�%UHQQDQ�FRLQHG�WKH�WHUP�§FRQWHQWLRQ¨

WR�GHVFULEH�D�VSHFLDO�VXEFODVV�RI�DQWDJRQLVP��%\�FRQWHQWLRQ�LW�LV�PHDQW�DQWDJRQLVWLF

DFWXDWRUV�ZKHUH�WKH�DFWXDWRUV�DUH�QRW�EDFNGULYDEOH��L�H��WKH\�DUH�VHOI�ORFNLQJ���,Q�WKLV

FDVH��ZKHQ�FRXSOHG�UHGXQGDQW�DFWXDWRUV�GR�QRW�FRRSHUDWH�WR�PDWFK�SRVLWLRQV�DW�DQ\

SRLQW�LQ�WLPH��KLJK�VWUHVVHV�DQG�KLJK�IULFWLRQ�ZLOO�UHVXOW��ZDVWLQJ�HQHUJ\�DQG�SRVVLEO\

ORFNLQJ�XS�RU�HYHQ�GDPDJLQJ�RQH�RU�PRUH�DFWXDWRUV�

%UHQQDQ� GLVFXVVHG� IRXU� SRVVLEOH� VROXWLRQ� VWUDWHJLHV� IRU� WKH� SUREOHP� RI� DFWXDWRU

FRQWHQWLRQ�

�� 3UHFLVLRQ�NLQHPDWLFV�VROXWLRQV��QR�IRUFH�IHHGEDFN�
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�� %XLOGLQJ�SDVVLYH�FRPSOLDQFH�LQWR�WKH�V\VWHP

�� 3DVVLYH�PHFKDQLVPV��EDFNGULYLQJ�

�� )RUFH�IHHGEDFN�FRQWURO�RI�WKH�DFWXDWRUV

%\�LWVHOI��REWDLQLQJ�SUHFLVLRQ�NLQHPDWLFV�VROXWLRQV�PD\�QRW�EH�VXIILFLHQW�WR�VROYH�WKH

FRQWHQWLRQ�SUREOHP��%XW�FOHDUO\�ZH�VKRXOG�WU\�WR�PLQLPL]H�&DUWHVLDQ�VSDFH�SRVLWLRQ

HUURUV�E\�HYHU\� IHDVLEOH�PHDQV�� LQFOXGLQJ�KDYLQJ�ERWK� LQYHUVH�NLQHPDWLFV�DQG� MRLQW

VSDFH� FRQWUROV� WKDW� DUH� DFFXUDWH� DQG� UDSLGO\� XSGDWHG�� 7KLV� VKRXOG� VLJQLILFDQWO\

UHGXFH�FRQWHQWLRQ�LQGXFHG�VWUHVVHV�

6RPH�SDVVLYH�FRPSOLDQFH�DOUHDG\�H[LVWV�LQ�WKH�IRUP�RI�EDFNODVK�LQ�WKH�VSKHULF�MRLQWV�

8�MRLQWV��DQG�OLQHDU�DFWXDWRUV��DV�ZHOO�DV�LQ�WKH�HODVWLFLW\�RI�WKH�SULVPDWLF�OLQNV�DQG�OHJ

SDLU� VWUXFWXUHV�� +RZHYHU�� LW� LV� XQOLNHO\� WKDW� WKLV� ZRXOG� SURYLGH� HQRXJK� UDQJH� RI

FRPSOLDQW� GHIOHFWLRQ�� 7KHUHIRUH��PRUH� FRPSOLDQFH� FRXOG� EH� DGGHG� WR� DEVRUE� DQ\

UHODWLYH� SRVLWLRQ� HUURUV� EHWZHHQ� FRXSOHG� DFWXDWRUV�� 7KLV� FRXOG� WDNH� WKH� IRUP� RI

VSULQJ�GDPSHUV� PRXQWHG� LQ�OLQH� ZLWK� WKH� SULVPDWLF� MRLQWV� RU� WR� WKH� EDVHV� RI� WKH

VSKHULF� MRLQWV��+RZHYHU�� WKHUH� LV�D� OLPLW� WR� WKH�DSSOLFDWLRQ�RI� WKLV� VROXWLRQ�EHFDXVH

WRR� PXFK� FRPSOLDQFH� ZRXOG� SUHYHQW� DFFXUDWH� SRVLWLRQ� FRQWURO�� 6SHFLILFDOO\�� WKH

URERW�ZRXOG�VDJ�ZKHQHYHU�OHJ�SDLUV�ZHUH�KHOG�RII�RI�WKH�JURXQG��HVSHFLDOO\�GXULQJ

FDQWLOHYHU� PDQHXYHUV��� $OVR�� WRR� PXFK� FRPSOLDQFH� PLJKW� DOORZ� XQGHVLUDEOH

YLEUDWLRQV��+RZHYHU�� LW�PD\� EH� XVHIXO� WR� DGG� D� VPDOO� DPRXQW� RI� FRPSOLDQFH� DV� D

VDIHW\�IDFWRU�

7KH�QH[W�SRVVLEOH�VROXWLRQ�LQYROYHV�WKH�XWLOL]DWLRQ�RI�EDFNGULYDEOH�PHFKDQLVPV��WKDW

LV��DYRLGLQJ�WKH�XVH�RI�VHOI�ORFNLQJ�OLQHDU�DFWXDWRUV��)RU�H[DPSOH��UHFDOO�WKDW�LQ�6HFWLRQ

���������WKDW�OHDGVFUHZV�DQG�EDOO�VFUHZV��DPRQJ�RWKHUV��ZHUH�SURSRVHG�DV�SRVVLEOH

DFWXDWRUV� IRU� WKH� SULVPDWLF� MRLQWV�� 7KH� VHOI�ORFNLQJ� IHDWXUH� RI� PRVW� OHDGVFUHZV� LV

DWWUDFWLYH�EHFDXVH�QR�SRZHU�ZRXOG�EH�UHTXLUHG�WR�KROG�WKH�DFWXDWRUV��DQG�KHQFH�WKH

URERW�� LQ� GHVLUHG� SRVLWLRQV�� +RZHYHU�� WKLV� VHOI�ORFNLQJ� IHDWXUH�ZRXOG� DOVR� UHVXOW� LQ

KLJK�VWUHVVHV�LQ�FRQWHQWLRQ��,Q�FRQWUDVW��PRVW�EDOO�VFUHZ�GULYHV�DUH�EDFNGULYDEOH��DQG
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PDQ\� FRPPHUFLDOO\� DYDLODEOH� EDOO� VFUHZV� LQFOXGH� EUDNHV� WKDW� HQDEOH� ORFNLQJ�ZKHQ

UHTXLUHG�� )XUWKHUPRUH�� EHFDXVH� EDOO� VFUHZV� JHQHUDOO\� KDYH� PXFK� ORZHU� VWDUWLQJ

WRUTXH��KLJKHU�SHDN�VSHHG��DQG�KLJKHU�HIILFLHQF\�WKDQ�OHDGVFUHZV��WKH\�DUH�WKH�EHWWHU

FKRLFH�

7KH�ODVW�SURSRVHG�VROXWLRQ�PHWKRG�ZDV�WR�XVH�DFWLYH�IRUFH�IHHGEDFN�FRQWURO��(YHQ�LI

EDFNGULYDEOH� DFWXDWRUV� DUH� DGRSWHG�� LW� PD\� EH� GHVLUDEOH� WR� XVH� IRUFH� IHHGEDFN

FRQWURO�PHWKRGV�LQ�RUGHU�WR�PLQLPL]H�WKH�HQHUJ\�ORVVHV�WKDW�UHVXOW�IURP�EDFNGULYLQJ�

,Q� UHVSRQVH� WR� D� UHODWHG� UHGXQGDQW� FRQWUROV� SUREOHP�� .OHLQ� DQG� &KXQJ� ������

SURSRVHG�SDUWLWLRQLQJ�WKH�FRQWUROV�VR�WKDW�VRPH�DFWXDWRUV�RSHUDWH�LQ�SRVLWLRQ�FRQWURO

ZKLOH�VRPH�RSHUDWH� LQ� IRUFH�FRQWURO��6LPLODUO\��%UHQQDQ�DGYRFDWHG�DQ�DUUDQJHPHQW

ZKHUH� WKH�DFWXDWRUV�RI�D�6WHZDUW�*RXJK�SODWIRUP�RQ�RQH�VLGH�RI�D� OHJ�SDLU�ZRXOG

RSHUDWH�LQ�SRVLWLRQ�FRQWURO�DQG�WKH�DFWXDWRUV�RI�WKH�6WHZDUW�*RXJK�SODWIRUP�RQ�WKH

RWKHU�VLGH�RI�WKH�OHJ�SDLU�ZRXOG�RSHUDWH�LQ�IRUFH�FRQWURO��:LWK�WKLV�DUUDQJHPHQW��WKH

SRVLWLRQ�FRQWUROOHG�DFWXDWRUV�RSHUDWH�DV�WKH�§PDVWHU�VLGH¨�RI�WKH�OHJ�SDLU�DQG�VLPSO\

SHUIRUP�WKHLU�SODQQHG�WUDMHFWRULHV��ZKLOH�WKH�DFWXDWRUV�RQ�WKH�§VODYH�VLGH¨�RI�WKH�OHJ

SDLU�XVH�IRUFH�FRQWURO�WR�VWD\�RXW�RI�WKHLU�ZD\�DQG�UHPRYH�DQ\�FRQWHQWLRQ�VWUHVVHV�

/RZ�OHYHO� FRQWURO� RI� WKHVH� UHGXQGDQW� DFWXDWRUV� ZLOO� UHTXLUH� VRPH� IRUP� RI� IRUFH

FRQWURO��7KH�SRVVLEOH�DOJRULWKPV�LQFOXGH��DFWLYH�VWLIIQHVV�FRQWURO��LPSHGDQFH�FRQWURO�

DGPLWWDQFH�FRQWURO��K\EULG�SRVLWLRQ�IRUFH�FRQWURO��K\EULG�LPSHGDQFH�FRQWURO��LPSOLFLW

IRUFH�FRQWURO��RU�H[SOLFLW�IRUFH�FRQWURO��=HQJ�DQG�+HPDPL��������

5HJDUGOHVV� RI�ZKLFK� IRUFH� FRQWURO� DOJRULWKP� LV� XVHG�� LW� VHHPV� OLNHO\� WKDW� IHHGEDFN

VHQVRUV� LQ� WKH� IRUP� RI� VWUDLQ� JDJHV� PRXQWHG� WR� HDFK� OLQHDU� DFWXDWRU� ZRXOG� EH

UHTXLUHG�
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2.6.2 Control Behaviors

7KH�KLHUDUFKLFDO�EUHDNGRZQ�VKRZQ�LQ�)LJ�������LV�D�WUDGLWLRQDO�GHFRPSRVLWLRQ�RI�WKH

FUDZOLQJ�YHKLFOH�FRQWURO�V\VWHP�LQWR�IXQFWLRQDO�PRGXOHV��,W�LV�D�XVHIXO�ZD\�RI�ORRNLQJ

DW� WKH�SUREOHPV�RI� FRQWUROOLQJ� WKLV� FRPSOH[�� OD\HUHG��PXOWLSOH�LQSXW�PXOWLSOH�RXWSXW

V\VWHP��6LPLODU� IXQFWLRQDO�PRGXOH�KLHUDUFKLHV�KDYH�EHHQ�XVHG�DV� WKH�EDVHV� IRU� WKH

FRQWURO� V\VWHPV� RI� VHYHUDO� SUHYLRXV� PRELOH� URERW� SURMHFWV� �+LURVH�� ������ 7RGG�

������%DUHV�DQG�:KLWWDNHU��������

$�ZRUNLQJ�FRQWURO� V\VWHP� IRU� WKH�PXOWLERG\�FUDZOHU�FDQ�EH�FRQVWUXFWHG�EDVHG�RQ

WKH� IXQFWLRQDO�PRGXOHV� LOOXVWUDWHG� LQ� )LJ�� ������ +RZHYHU�� EDVLQJ� D� FRQWURO� V\VWHP�

SDUWLFXODUO\� WKH� RSHUDWLQJ� V\VWHP� VRIWZDUH� RI� D�PRELOH� URERW�� XSRQ� WKH� IXQFWLRQDO

PRGXOH�GHFRPSRVLWLRQ�LV�QRW�QHFHVVDULO\�WKH�EHVW�DSSURDFK�

$Q�DOWHUQDWLYH�DSSURDFK��WHUPHG�§EHKDYLRU�EDVHG�FRQWURO¨��ZDV� LQWURGXFHG�LQ�WKUHH

SDSHUV� SXEOLVKHG� LQ� WKH� �������� WLPH� IUDPH�� WKH� EHVW� NQRZQ� EHLQJ� D� SDSHU� E\

5RGQH\�%URRNV���������,Q�WKLV�SDSHU��KH�GHVFULEHV�WKH��VXEVXPSWLRQ�DUFKLWHFWXUH��RU

66$��%ULHIO\�� LQVWHDG�RI�GHFRPSRVLQJ�WKH�SUREOHP�RI�FRQWUROOLQJ�D�PRELOH�URERW�RQ

WKH�EDVLV�RI�WKH��LQWHUQDO�ZRUNLQJV�RI�WKH�VROXWLRQ���WKH�66$�GHFRPSRVHV�WKH�SUREOHP

RQ�WKH�EDVLV�RI�WKH��GHVLUHG�H[WHUQDO�PDQLIHVWDWLRQV�RI�WKH�URERW�FRQWURO�V\VWHP��

$V� DQ� H[DPSOH� RI� WKH� 66$�� %URRNV� ������� OLVWV� VHYHUDO� �OD\HUV� RI� FRQWURO��� HDFK� RI

ZKLFK� FRQWUROV� DQ� LQFUHDVLQJ� �OHYHO� RI� FRPSHWHQFH��� IRU� D� ZKHHOHG� PRELOH� URERW�

6SHFLILFDOO\��KH� OLVWV� WKH� IROORZLQJ� �JRLQJ� IURP�WKH�PRVW� IXQGDPHQWDO�FRPSHWHQFLHV

WR�WKH�PRUH�VRSKLVWLFDWHG��

�� $YRLG� FRQWDFW� ZLWK� REMHFWV� �ZKHWKHU� REMHFWV� PRYH� RU� DUH

VWDWLRQDU\��

�� :DQGHU�DLPOHVVO\�DURXQG�ZLWKRXW�KLWWLQJ�WKLQJV�
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�� �([SORUH�� WKH� ZRUOG� E\� VHHLQJ� SODFHV� LQ� WKH� GLVWDQFH� WKDW� ORRN

UHDFKDEOH�DQG�KHDGLQJ�IRU�WKHP�

�� %XLOG�D�PDS�RI�WKH�HQYLURQPHQW�DQG�SODQ�URXWHV�IURP�RQH�SODFH�WR

DQRWKHU�

�� 1RWLFH�FKDQJHV�LQ�WKH��VWDWLF��HQYLURQPHQW�

�� 5HDVRQ� DERXW� WKH� ZRUOG� LQ� WHUPV� RI� LGHQWLILDEOH� REMHFWV� DQG

SHUIRUP�WDVNV�UHODWHG�WR�FHUWDLQ�REMHFWV�

�� )RUPXODWH�DQG�H[HFXWH�SODQV�WKDW�LQYROYH�FKDQJLQJ�WKH�VWDWH�RI�WKH

ZRUOG�LQ�VRPH�GHVLUDEOH�ZD\�

�� 5HDVRQ� DERXW� WKH� EHKDYLRU� RI� REMHFWV� LQ� WKH� ZRUOG� DQG� PRGLI\

SODQV�DFFRUGLQJO\�

,Q� WKLV� OLVW�� �HDFK� OHYHO� RI� FRPSHWHQFH� LQFOXGHV� DV� D� VXEVHW� HDFK� HDUOLHU� OHYHO� RI

FRPSHWHQFH��� (DFK� OD\HU� RI� FRQWURO� GHDOV� ZLWK� DQ� LQGLYLGXDO� FRPSHWHQF\�� DQG� LV

GHYHORSHG�DQG�WHVWHG��VWDUWLQJ�IURP�WKH�ORZHVW�OHYHO�DQG�SURFHHGLQJ�WR�WKH�KLJKHVW�

$W� UXQWLPH�� WKH� KLJKHU�OHYHO� FRQWURO� OD\HUV� FDQ� �VXEVXPH�� WKH� LQSXWV� WR� WKH� ORZHU

OHYHOV� ZKHQ� QHFHVVDU\�� +LJKHU�OHYHO� FRQWURO� EHKDYLRUV� FDQ� WKXV� EH� DGGHG� ZLWKRXW

PRGLI\LQJ�WKH�ORZHU� OHYHO�RQHV��7KH�66$�DSSURDFK�LV�VDLG�WR�\LHOG�D�PRUH�PRGXODU

FRQWURO� V\VWHP�� RIIHULQJ� DGYDQWDJHV� RI� LPSURYHG� �UREXVWQHVV�� EXLOGDELOLW\�� DQG

WHVWDELOLW\���%URRNV���������7KXV��WKHVH�DGYDQWDJHV�DUH��LQ�PDQ\�ZD\V��VLPLODU�WR�WKRVH

WKDW� VWUXFWXUHG� DQG� REMHFW�RULHQWHG� VRIWZDUH� SURJUDPPLQJ� RIIHUHG� RYHU� SUHYLRXV

SDUDGLJPV�

,Q� WKHLU� RYHUYLHZ� RI� EHKDYLRU� FRQWURO�� *DW� DQG� KLV� FROOHDJXHV� ������� H[SODLQ� WKDW

PRGXOHV� IRU� WDVN�DFKLHYLQJ� EHKDYLRUV� DUH� �FRQQHFWHG� GLUHFWO\� WR� VHQVRUV� DQG

DFWXDWRUV� DQG� RSHUDWH� LQ� SDUDOOHO��� 7KLV� UHVXOWV� LQ� �WZR� VLJQLILFDQW� DGYDQWDJHV� WR

EHKDYLRU�FRQWURO�RYHU� WUDGLWLRQDO� IXQFWLRQDO�GHFRPSRVLWLRQ���)LUVW�� IDVW�EHKDYLRUV�GR
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QRW� KDYH� WR� ZDLW� IRU� VORZ� RQHV�� WKXV� LPSURYLQJ� UHDO� WLPH� UHVSRQVH�� $QG� VHFRQG�

EHFDXVH�EHKDYLRUV�DUH�WDVN�VSHFLILF��GHVLJQHUV�FDQ�WDNH�DGYDQWDJH�RI� WKH�VWUXFWXUHV

RI�WDVNV�WR�PDNH�EHKDYLRU�PRGXOHV�VXUSULVLQJO\�VLPSOH��*DW�HW��DO���������

$W� WKH� V\VWHP� OHYHO�� WDVN�DFKLHYLQJ�EHKDYLRUV� GHDOLQJ�ZLWK�ZRUOG� SHUFHSWLRQ�� URXWH

SODQQLQJ�� DQG�QDYLJDWLRQ�FDQ�EH�XVHG� IRU� HVVHQWLDOO\� DOO�PRELOH� URERWV�� 7KXV��ZKLOH

WKH� WDVN�DFKLHYLQJ� EHKDYLRUV� OLVWHG� DERYH� ZHUH� GHYHORSHG� IRU� D� WKUHH�ZKHHOHG

PRELOH� URERW� XVHG� IRU� H[SORUDWLRQ�� WKH\� FRXOG� DOVR� EH� XVHG� ZLWK� WKH� PXOWLERG\

SDVVLYH�OHJJHG�YHKLFOH��+RZHYHU��GXH�WR�WKH�DGGLWLRQDO�NLQHPDWLFV�FRPSOH[LW\�RI�WKH

PXOWLERG\� SDVVLYH�OHJJHG� FUDZOHU� UHODWLYH� WR� WKH� WKUHH�ZKHHOHG� URERW� VWXGLHG� E\

%URRNV��LW�PD\�EH�XVHIXO�WR�DGG�VHYHUDO�ORZHU�OHYHOV�RI�FRPSHWHQF\�

7KHUHIRUH��ZLWK� WKH�FUDZOLQJ�YHKLFOH�� WKH� IROORZLQJ� ORZHU� OHYHO�FRPSHWHQFLHV� ���� WR

����DUH�VXJJHVWHG�IRU�XVH�DORQJ�ZLWK�WKH�KLJKHU�OHYHO�RQHV����WR����SUHYLRXVO\�OLVWHG�

��� &RRUGLQDWH� WKH� SULVPDWLF� OLQNV� WKDW� DUH� LQ� FRQWHQWLRQ� VR� WKDW� QR� ORFN�XSV� RU

DVVHPEO\�IDLOXUHV�RFFXU���$�FRQWURO�ODZ�WR�DFFRPSOLVK�WKLV�PD\�EH�WR�KDYH�VRPH

DFWXDWRUV�PRYH�WR�PLQLPL]H�VWUHVV�DQG�VWUDLQ� LQ� WKH� OLQNV��2QH� LPSOHPHQWDWLRQ

RI�WKLV�ZRXOG�LQYROYH�KDYLQJ�WKH�DFWXDWRUV�RQ�RQH�VLGH�RI�D�PRYLQJ�OHJ�SDLU�DFW

DV�WKH��PDVWHU�VLGH���ZLWK�WKH�DFWXDWRUV�RQ�WKH�RSSRVLWH�VLGH�RI�WKH�OHJ�SDLU�EHLQJ

WKH� �VODYH�VLGH���7KH�PDVWHU�VLGH�ZRXOG�PRYH� WKH� OHJ�SDLU�ZKLOH� WKH�VODYH�VLGH

ZRXOG�PRYH� WR�VWD\� �RXW�RI� WKH�ZD\��DFFRUGLQJ� WR� WKH�FRQWURO� ODZ�PHQWLRQHG

DERYH��

��� &RRUGLQDWH�UHGXQGDQW�DFWXDWRUV�VR�WKDW�WKH\�ZRUN�FRRSHUDWLYHO\�WR�EULQJ�DERXW

OHJ� SDLU� PRWLRQV�� �7KH� FRQWURO� ODZ� PD\� EH� WR� HTXDOL]H� WKH� FRPSUHVVLYH

VWUHVV�VWUDLQ� RQ� WKH� SXVKLQJ� VLGH� RI� D� PRYLQJ� OHJ� SDLU� ZLWK� WKH� WHQVLOH

VWUHVV�VWUDLQ�RQ�WKH�SXOOLQJ�VLGH��7KXV�� UDWKHU� WKDQ� OLPLWLQJ�PRWLRQ�SHUIRUPDQFH

WR�MXVW�WKDW�ZKLFK�FRXOG�EH�SURGXFHG�E\�WKH�DFWXDWLRQ�XQLW�RQ�WKH��PDVWHU�VLGH�

RI�WKH�OHJ�SDLU��ZKLOH�KDYLQJ�WKH��VODYH�VLGH��VLPSO\�PRYH�WR�VWD\�RXW�RI�WKH�ZD\
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ZLWKRXW� FRQWULEXWLQJ� IRUFHV� WR� KHOS�PRYH� WKH� OHJ� SDLU��� WKLV�PHWKRG�ZLOO� EULQJ

DERXW�KLJKHU�SHUIRUPDQFH�WKURXJK�FRRSHUDWLYH�PRWLRQ��

��� 0DLQWDLQ� JURXQG� FRQWDFW� ZLWK� DV� PDQ\� IHHW� DV� SRVVLEOH�� 7KDW� LV�� FRQWURO� WKH

VWDQFH�RI�WKH�URERW�WR�FRPSHQVDWH�IRU�WKH�FROODSVH�RI�IRRW�VXSSRUWV��VXFK�DV�E\

VLQNLQJ�VRLOV��VKLIWLQJ�URFNV��RU�EURNHQ�OHJV�

��� 0DLQWDLQ� WKH� OHJ�SDLU�SLWFK�RULHQWDWLRQ� WR�EH�QRUPDO� WR� WKH�QRPLQDO� VXUIDFH�RI

WKH� WHUUDLQ� GLUHFWO\� XQGHUIRRW�ZLWKRXW� H[FHHGLQJ� D� WKUHVKROG� EHQGLQJ� ORDG� RQ

WKH�OHJV�

��� 0DLQWDLQ� WKH� DSSUR[LPDWH� ORQJLWXGLQDO� VSDFLQJ� RI� OHJ� SDLUV� �DFFRPSOLVKHG� E\

VXEVXPLQJ�SRVLWLRQ�FRQWURO�RYHU�VRPH�OHJ�SDLUV�ZKHQ�QHFHVVDU\��

��� 3ODQ�DQG�H[HFXWH�D�ORFRPRWLRQ�F\FOH�

��� 6HOHFW�DQ�DSSURSULDWH�JDLW�IRU�WKH�JLYHQ�WHUUDLQ�FRQGLWLRQV�

7KH�ZRUN�RI�%URRNV�DQG�RWKHU�SLRQHHUV�RI�WKLV�SDUDGLJP�VHW�LQ�PRWLRQ�D�JUHDW�GHDO�RI

UHVHDUFK� FRQFHUQLQJ� VXEVXPSWLRQ� DUFKLWHFWXUHV�� UHDFWLYH� FRQWUROV�� DQG� RWKHU

LQVWDQFHV� RI� EHKDYLRU�EDVHG� FRQWUROV�� 1XPHURXV� UHVHDUFK� HIIRUWV� KDYH� EHHQ

FRPSOHWHG��0DHV��������0DWDULF��������*DW�HW��DO���������&URZOH\��������)HUQDQGH]

HW��DO���������$UNLQ�DQG�0DF.HQ]LH��������%URRNV��������DQG�RWKHUV�DUH�XQGHUZD\

H[SORULQJ� WKH� SHUPXWDWLRQV� RI� �DV� %URRNV� FKDUDFWHUL]HV� LW�� �JRRG� ROG� IDVKLRQHG

DUWLILFLDO� LQWHOOLJHQFH� �*2)$,���� �EHKDYLRU�EDVHG� URERWLFV��� DQG� WKH� UDQJH� RI� K\EULG

SRVVLELOLWLHV�EHWZHHQ�WKHP��,Q�JHQHUDO��WKH�WUHQG�RI�UHFHQW�\HDUV�KDV�EHHQ�DZD\�IURP

SXUH��*2)$,��DQG�LQFUHDVLQJO\�WRZDUGV�EHKDYLRU�EDVHG�FRQWUROV��,QRXH��������

7KH� FRQWURO� V\VWHP� IXQFWLRQDO� PRGXOHV� DQG� ORZ�OHYHO� EHKDYLRUV� GHVFULEHG� IRU� WKH

FUDZOLQJ� YHKLFOH� LQ� WKLV� VHFWLRQ� VKRXOG� EH� KHOSIXO� IRU� IXWXUH� UHVHDUFKHUV� DQG

GHVLJQHUV�� EXW� WKH� GHWHUPLQDWLRQ� RI� WKH� LGHDO� FRQWURO� V\VWHP� IRU� WKH� PXOWLERG\

SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH�LV�ZHOO�EH\RQG�WKH�VFRSH�RI�WKLV�UHVHDUFK�
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2.6.3 Control Hardware Architecture

+DYLQJ�GLVFXVVHG� WKH� IXQFWLRQV� WR�EH�SHUIRUPHG�DQG� WKH�EHKDYLRUV� WR�HPHUJH��ZH

QRZ�FRPH�WR�WKH�FRQFHSWXDO�GHVLJQ�RI�WKH�EDVLF�FRQWURO�KDUGZDUH�DUFKLWHFWXUH��$V

WKH� SULRU� GLVFXVVLRQV� KDYH� VKRZQ�� ERWK� WKH� PRWLRQ� SURJUDPPLQJ� DQG� FRQWURO

IXQFWLRQV�DUH�LQKHUHQWO\�KLHUDUFKLFDO�DQG�FRQFXUUHQW��)XUWKHUPRUH��IRU�WKH�YHKLFOH�WR

RSHUDWH�FRQWLQXRXVO\�� WKHVH� WDVNV�PXVW�EH�SHUIRUPHG� LQ� UHDO�WLPH��7KHVH� IXQFWLRQDO

LQWHUGHSHQGHQFLHV� DQG� FRQVWUDLQWV� RQ� FRQWURO� ODWHQF\� PDNH� WKH� GHVLJQ� FKRLFH� RI

FRQWURO�KDUGZDUH�DUFKLWHFWXUHV�GLIILFXOW�

2.6.3.1 Centralized Control Versus Distributed Control

7KHUH� VHHP� WR� EH� WZR� EDVLF� SKLORVRSKLHV� IRU� WKH� FRQWURO� RI� FRPSOH[� V\VWHPV�

UHJDUGOHVV�RI�WKH�V\VWHP�W\SH��:KHWKHU�WKH�FRPSOH[�V\VWHP�LV�D�QDWLRQ
V�HFRQRP\��D

JRYHUQPHQW�� DQ� RUJDQLVP�� D� IDFWRU\�� RU� D� PRELOH� URERW�� WKH� FRPSRQHQWV� RI� WKH

V\VWHP�FDQ�HLWKHU�EH�RUFKHVWUDWHG�E\�D�FHQWUDOL]HG�FRQWURO� V\VWHP�RU�D�GLVWULEXWHG

FRQWURO�V\VWHP�

7KHUH�DUH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�IRU�HDFK�RI�WKHVH�PHWKRGV�GHSHQGLQJ�XSRQ

WKH� V\VWHP� WR� EH� FRQWUROOHG� DQG� LWV� FRPSOH[LW\�� WDVN� XQLIRUPLW\�� WDVN

LQWHUGHSHQGHQFLHV��DQG�PHWKRG�RI�FRPPXQLFDWLQJ�VHQVRU�DQG�FRQWURO�VLJQDOV��ZKLFK

GHWHUPLQHV�WKH�WUDQVPLVVLRQ�WLPH�ODJV�DQG�HUURU�UDWHV��

2.6.3.1.1 Advantages of Centralized Control Relative to Distributed Control

$VVXPLQJ� LQVLJQLILFDQW� WLPH� GHOD\V� LQ� SURFHVVLQJ� DQG� FRPPXQLFDWLRQ�� FHQWUDOL]HG

FRQWURO�V\VWHPV�KDYH�VRPH�DGYDQWDJHV�RYHU�GLVWULEXWHG�FRQWURO�V\VWHPV��)LUVW��LI�WKH

V\VWHP�LV�IXOO\�XQGHUVWRRG��LW�LV�SRVVLEOH�WR�FRQWURO�LW�EHWWHU�ZLWK�D�FHQWUDOL]HG�FRQWURO

V\VWHP�EHFDXVH�LWV�FRQWURO�ODZV�FDQ�VLPXOWDQHRXVO\�FRQVLGHU�DOO�RI�WKH�V\VWHP�LQSXWV

DQG�RXWSXWV��6HFRQG��EHFDXVH�WKH�FHQWUDO�FRQWUROOHU�KDV�WKH��ELJ�SLFWXUH���LW�LV�JRRG
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IRU�DUELWUDWLQJ�EHWZHHQ�WKH�VXEJRDOV�RI�LWV�VXEV\VWHPV��)LQDOO\��D�FHQWUDOL]HG�V\VWHP�LV

FRQFHSWXDOO\� VLPSOHU�� EHFDXVH� GHFLVLRQV� ZLOO� DOZD\V� EH� PDGH� E\� WKH� FHQWUDO

FRPSXWHU��,Q�FRQWUDVW��D�GLVWULEXWHG�V\VWHP�UHTXLUHV�FDUHIXO�GHVLJQ�WR�PDNH�VXUH�WKDW

WKH� VXEV\VWHPV� VKDUH� HQRXJK� LQIRUPDWLRQ� DQG� FRRUGLQDWH�ZLWK� HDFK�RWKHU� VR� WKDW

WKH\�ZRUN�WRJHWKHU�LQVWHDG�RI�DJDLQVW�HDFK�RWKHU�

2.6.3.1.2 Disadvantages of Centralized Control Relative to Distributed Control

&HQWUDOL]HG� FRQWURO� V\VWHPV� DOVR� KDYH� GLVDGYDQWDJHV� FRPSDUHG� WR� GLVWULEXWHG

FRQWURO� V\VWHPV�� )LUVW�� IRU� YHU\� FRPSOH[� V\VWHPV�� LW� LV� H[WUHPHO\� GLIILFXOW� WR

XQGHUVWDQG�WKH�SUREOHP�VXIILFLHQWO\�WR�GHVLJQ�D�FHQWUDO�FRQWUROOHU�WKDW�FDQ�VDWLVI\�WKH

YDULRXV� VXEJRDOV� RI� D� PXOWLSOH�LQSXW�� PXOWLSOH�RXWSXW� V\VWHP�� 7KHUHIRUH�� PXOWLSOH

VXEJRDOV� FDQ� RIWHQ� EH� VDWLVILHG� EHWWHU� ZLWK� PXOWLSOH� VLQJOH�LQSXW�� VLQJOH�RXWSXW

FRQWUROOHUV��6HFRQG��D� ODUJH�FHQWUDO�FRPSXWHU� LV�RIWHQ�PRUH�H[SHQVLYH� WKDQ�VHYHUDO

OHVV� SRZHUIXO� FRPSXWHUV� XVHG� LQ� D� GLVWULEXWHG� FRQWURO� V\VWHP�� 7KLUG�� IRU� PDQ\

SUREOHPV�� D� FHQWUDO� SURFHVVRU� LV� VORZHU� FRPSXWDWLRQDOO\� WKDQ� D� SDUDOOHO� SURFHVVRU

DUUDQJHPHQW�� )RXUWK�� LI� WKH� FHQWUDO� FRPSXWHU� IDLOV�� WKH� V\VWHP� ZLOO� EH� HVVHQWLDOO\

LQRSHUDEOH��+RZHYHU��LI�RQH�RI�WKH�FRPSXWHUV�RI�D�GLVWULEXWHG�V\VWHP�IDLOV��WKH�RWKHUV

ZLOO� SUREDEO\� EH� DEOH� WR� FRQWLQXH�� DQG� �ZLWK� SURSHU� GHVLJQ��PD\� HYHQ� EH� DEOH� WR

DVVXPH� WKH� IXQFWLRQV� RI� WKH� PDOIXQFWLRQLQJ� FRPSXWHU�� )LIWK�� DQG� SHUKDSV� PRVW

LPSRUWDQWO\��FHQWUDOL]HG�FRQWURO�V\VWHPV�XVXDOO\�UHTXLUH�ORQJHU�FRPPXQLFDWLRQ�OLQHV

IURP� WKH� VHQVRUV� WR� WKH� FRPSXWHU�� DQG� IURP� WKH� FRPSXWHU� EDFN� WR� WKH� DFWXDWRUV�

7KHVH�ORQJHU�,�2�OLQHV�FDXVH�D�QXPEHU�RI�GHWULPHQWDO�HIIHFWV�RQ�WKH�FRQWURO�V\VWHP�

• 7LPH�ODJV��ZKLFK�FDQ�JUHDWO\�UHGXFH�WKH�HIIHFWLYHQHVV�DQG�RXWSXW�VWDELOLW\�RI�WKH

FRQWURO�V\VWHP��HYHQ�ZKHQ�WKH�SUREOHP�LV�ZHOO�XQGHUVWRRG�

• 6LJQDO�DWWHQXDWLRQ�FDXVHG�E\�WKH� ORQJHU�WUDQVPLVVLRQ�GLVWDQFHV�PHDQ�WKDW�ZHDN

VHQVRU�VLJQDOV��VXFK�DV�WKRVH�IURP�VWUDLQ�JDJHV��PXVW�EH�DPSOLILHG�EHIRUH�EHLQJ
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WUDQVPLWWHG� EDFN� WR� WKH� FHQWUDO� FRPSXWHU�� 7KLV� DGGLWLRQDO� VLJQDO� FRQGLWLRQLQJ

LQWURGXFHV�HUURUV�LQ�WKH�VLJQDOV�DQG�LQFUHDVHV�WKH�FRVW�RI�WKH�FRQWURO�KDUGZDUH�

• /RQJHU�,�2�OLQHV�KDYH�D�JUHDWHU�WHQGHQF\�WR�SLFN�XS�HOHFWURPDJQHWLF�LQWHUIHUHQFH

�(0,���HVSHFLDOO\�LQ�WKH�UDGLR�IUHTXHQF\�VSHFWUXP��5),���ZKLFK�FDQ�SURGXFH�HUURUV

LQ� WKH� VHQVRU� UHDGLQJV�� 7KHVH� PLVFRQFHSWLRQV� RI� WKH� WUXH� VLWXDWLRQ� FDXVH� WKH

FHQWUDO�FRQWUROOHU�WR�RXWSXW�HUURQHRXV�FRQWURO�VLJQDOV�

• /RQJHU� ,�2� OLQHV� DOVR� PHDQ� PRUH� OLQHV� WR� IDLO�� &DEOLQJ� DQG� FRQQHFWRUV� DUH

SUREDEO\� WKH� PRVW� IDLOXUH�SURQH� SDUWV� RI� URERWLF� V\VWHPV�� )DWLJXH� IDLOXUHV� RI

FDEOLQJ�DUH� WKH�EDQH�RI� URERWLFV��QRQ�IHUURXV�FDEOHV�ZHDU�RXW�EHFDXVH� WKH\�DUH

IOH[HG�ZKHQ�URERWV�PRYH�

2.6.3.2 Control Hardware Architecture Examples

%HFDXVH� RI� WKH� FRQVLGHUDWLRQV� H[SODLQHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� IDFWRU\� SURFHVV

FRQWURO�V\VWHPV�PRYHG�DZD\�IURP�XVLQJ�'LUHFW�'LJLWDO�&RQWURO��''&��WRZDUGV�XVLQJ

'LVWULEXWHG�&RPSXWHU�&RQWURO��'&&���ZKHUH�D�VXSHUYLVRU\�FRPSXWHU� LQWHUDFWV�ZLWK

QXPHURXV�LQGLYLGXDO�FRQWUROOHUV��.LOLDQ��������

:LWK� YHUWHEUDWH� DQLPDOV�� ZKLOH� YLVLRQ�� PHPRU\�� DQG� SODQQLQJ� IXQFWLRQV� DUH

FHQWUDOL]HG�LQ�WKH�EUDLQ��WKH�FRQWURO�RI�UHIOH[HV�DQG�VLPSOH�ORFRPRWLRQ�FDQ�EH�GRQH

XVLQJ�QHXURQV�DQG�JDQJOLD�GLVWULEXWHG�WKURXJKRXW�WKH�ERG\��7KLV�IDFW�LV�HYLGHQFHG�E\

H[SHULPHQWV�ZLWK� KHDGOHVV� FKLFNHQV� DQG� WKH� VSLQDO� FDW� H[SHULPHQWV� SHUIRUPHG� E\

*ULOOQHU�DQG�=DQJJHU��'RQQHU���������,Q�WKHVH�H[SHULPHQWV��WKH�DQLPDOV�ZHUH�DEOH�WR

ZDON�GHVSLWH��LQ�RQH�FDVH��KDYLQJ�FRPSOHWHO\�VHYHUHG�KHDGV��DQG��LQ�WKH�RWKHU�FDVH�

KDYLQJ�WKH�VSLQDO�FRUG�VHYHUHG�DW�WKH�QHFN�

:KLOH� WKH� KLHUDUFKLFDO� SURFHVVHV� QHFHVVDU\� IRU� D� PRELOH� URERW� KDYH� EHHQ

VXFFHVVIXOO\� UXQ� RQ� WLPH�VKDUHG� VLQJOH� SURFHVVRU� FRPSXWHUV� �7RGG�� ������� PRUH

RIWHQ�� OHJJHG�YHKLFOH� UHVHDUFKHUV�KDYH� VRXJKW� WR�PDNH� WKH� IRUP�RI� WKH�FRPSXWLQJ
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KDUGZDUH� UHVHPEOH� WKH� KLHUDUFK\� RI� FRQWURO� IXQFWLRQV�� 7RGG� ������� GLVFXVVHV� D

YDULHW\�RI�GLIIHUHQW�PXOWLSURFHVVRU�FRQQHFWLRQ� VFKHPHV� VXFK�DV� WUHH�� EXV�� DQG� ULQJ

FRQILJXUDWLRQV�� 6RPH� IXQFWLRQLQJ� H[DPSOHV� LQFOXGH�� D� KH[DSRG� FRQWUROOHG� E\� WZR

0RWRUROD� ������ SURFHVVRUV�� �'RQQHU�� ������� WKH�268�+H[DSRG��ZKLFK� XVHG� ILYH

SURFHVVRUV� �7RGG��������� WKH�$GDSWLYH�6XVSHQVLRQ�9HKLFOH
V� WKUHH�OD\HU�KLHUDUFKLFDO

RUJDQL]DWLRQ�RI�VHYHQWHHQ�VLQJOH�ERDUG�FRPSXWHUV��LQFOXGLQJ�RQH�IRU�HDFK�RI�LWV�VL[

OHJV� �:DOGURQ� DQG� 0F*KHH�� ������� WKH� $PEOHU� SURMHFW�� ZKLFK� XVHG� WKUHH� &38

ERDUGV�DQG�QLQH�PRWLRQ�FRQWURO�ERDUGV�FRQQHFWHG�WRJHWKHU�LQ�D�90(�EDFNSODQH�DQG

FRPPXQLFDWLQJ�YLD�VKDUHG�PHPRU\��6LPPRQV�DQG�.URWNRY���������DQG�WKH�'DQWH�,,

�%DUHV� DQG�:HWWHUJUHHQ�� ������� ZKLFK� XVHG� D� 6SDUF�� &38� ERDUG� IRU� SHUFHSWLRQ

SURFHVVLQJ��SOXV� WKUHH�0RWRUROD�������&38�FDUGV�� DQG� VHYHUDO� FXVWRP�ERDUGV� IRU

,�2��DOO�FRQQHFWHG�LQ�D�90(�EXV�EDFNSODQH�

$� VWURQJ� FDVH� IRU� GLVWULEXWHG� FRQWURO� KDUGZDUH� LV� PDGH� IURP� REVHUYLQJ� WKH

H[SHULHQFHV�RI�WKH�+RQGD�5	'�&RPSDQ\��6SHFLILFDOO\��ZKHQ�WKH\�UHGHVLJQHG�WKH�3�

KXPDQRLG�URERW�WR�FUHDWH�WKH�3��URERW��WKH\�VZLWFKHG�IURP�XVLQJ�D�VLQJOH�FRPSXWHU

WR�XVLQJ�D�GLVWULEXWHG�FRQWURO�V\VWHP�PDGH�XS�RI�VHYHUDO�VPDOOHU�FRPSXWHUV��7KHVH

VPDOO�FRPSXWHUV�ZHUH� ORFDWHG�DW� WKH� MRLQWV�RI� WKH� URERW�DQG�ZHUH�FRQQHFWHG�E\�D

/$1� �/RFDO� $UHD�1HWZRUN��� $V� D� UHVXOW� RI� WKLV� UHGHVLJQ�� WKH� QXPEHU� RI�ZLUHV�ZDV

UHGXFHG� IURP�����GRZQ� WR�����DQG� WKH�QXPEHU�RI�FRQQHFWRUV�DQG�FRQWDFWV�ZHUH

UHGXFHG�IURP������GRZQ�WR������WKXV�JUHDWO\�LPSURYLQJ�WKH�§SUDFWLFDO�UHOLDELOLW\¨�RI

WKH�3��URERW��+LUDL��������

2Q� WKH� RWKHU� KDQG�� OHJJHG� URERW� SURMHFWV� VXFK� DV� WKH� $PEOHU� �6LPPRQV� DQG

.URWNRY��������DQG�'DQWH�,,��%DUHV�DQG�:HWWHUJUHHQ��������KDYH�IRXQG�LW�EHQHILFLDO

WR� KDYH� VRPH� FHQWUDOL]DWLRQ� LQ� WKH� IRUP�RI� D� §WDVN� FRQWUROOHU¨�� 7KH� WDVN� FRQWUROOHU

RUFKHVWUDWHV� WKH� RWKHU� FRQFXUUHQWO\� H[HFXWLQJ� SURFHVVHV� E\� FRRUGLQDWLQJ

§LQWHUSURFHVV� FRPPXQLFDWLRQV�� WDVN� V\QFKURQL]DWLRQ�� DQG� UHVRXUFH� PDQDJHPHQW¨

�6LPPRQV�DQG�.URWNRY��������
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%DVHG� XSRQ� WKH� SUHFHGLQJ� UHDVRQLQJ� DQG� H[DPSOHV�� WKH� FRQWURO� KDUGZDUH� IRU� WKH

PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH�VKRXOG�EH�GHVLJQHG�WR�EH�DV�GLVWULEXWHG�DV

SRVVLEOH�� EXW� FHQWUDOL]HG� ZKHUH� QHFHVVDU\� WR� HQVXUH� WKDW� VXE�SURFHVVHV� GR� QRW

FRQIOLFW�ZLWK�RQH�DQRWKHU�

2.6.3.3 Proposed Control Hardware Architecture

7KH� FDSDELOLWLHV� RI� FRPPHUFLDOO\� DYDLODEOH� FRQWUROV� FRPSRQHQWV� DQG� HYHQ� WKHLU

XQGHUO\LQJ� WHFKQRORJLHV� DUH� UDSLGO\�PRYLQJ� WDUJHWV�� 7KHUHIRUH�� VSHFLILF� SURFHVVRUV�

EXVVHV�� DQG� RWKHU� FRPSRQHQWV� ZLOO� QRW� EH� VHOHFWHG� DW� WKLV� VWDJH�� &RPSRQHQW

VSHFLILFDWLRQ� LV� D� WDVN� IRU� WKH� GHWDLO� GHVLJQ� VWDJH�� +HUH� DW� WKH� FRQFHSWXDO� GHVLJQ

VWDJH��ZH�ZLOO� DGGUHVV� DUFKLWHFWXUDO� LVVXHV� FRQFHUQLQJ� WKUHH� LPSRUWDQW�� LQWHUUHODWHG

TXHVWLRQV�

• :KHUH� VKRXOG� WKH� PDMRU� FRPSRQHQWV� RI� WKH� FRQWURO� V\VWHP� KDUGZDUH� EH

PRXQWHG"

• +RZ�PDQ\�VHSDUDWH�SURFHVVLQJ�SDFNDJHV�VKRXOG�EH�XVHG�WR�FRQWURO�WKH�URERW"

• +RZ� VKDOO� WKH� WDVNV� RI� WKH� FRQWUROV� KLHUDUFK\� �)LJ�� ������ EH� DOORFDWHG� EHWZHHQ

WKHVH�VHSDUDWH�SURFHVVLQJ�XQLWV"

2.6.3.3.1 Control System Hardware Requirements

7KH� ILUVW� VWHS� LQ� DQVZHULQJ� WKHVH� TXHVWLRQV� LV� WR� UHFDOO� WKH� UHTXLUHPHQWV� RI� WKH

FRQWURO�V\VWHP�KDUGZDUH�GHVLJQ��6SHFLILFDOO\�� LW�PXVW�VXSSRUW� WKH�UHOLDEOH�H[HFXWLRQ

RI�WKH�IXQFWLRQV�GHVFULEHG�LQ�6HFWLRQ�������DQG�LOOXVWUDWHG�LQ�)LJ��������7R�DFFRPSOLVK

WKLV�� WKH� FRQWUROV� KDUGZDUH�PXVW� LQWHUDFW�ZLWK� DOO� WKH� VHQVRUV� DQG� DFWXDWRUV� RI� WKH

URERW��+RZHYHU�� WKH�H[DFW� FRPSRQHQWV� WR�EH�XVHG�ZLWK� WKH� URERW� KDYH�QRW� EHHQ

VSHFLILHG� DW� WKLV� VWDJH�� 7KHUHIRUH�� ZH�PXVW� EDVH� RXU� FRQFHSWXDO� GHVLJQ� GHFLVLRQV
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XSRQ�DVVXPSWLRQV�RI�ZKLFK�VHQVRUV�DQG�DFWXDWRUV�DUH�PRVW�OLNHO\�EH�XVHG�LQ�WKH�ILQDO

GHVLJQ��+HQFH��ZH�VKDOO�DVVXPH�WKH�IROORZLQJ�UHTXLUHPHQWV�

• 7KH� FRQWUROV� KDUGZDUH� PXVW� LQWHUIDFH� ZLWK� D� VFDQQLQJ� ODVHU� UDQJH� ILQGHU�� WZR

YLGHR� FDPHUDV� �IRU� VWHUHR��� DV�ZHOO� DV� VHQVRUV� IRU� IRRW� IRUFH�FRQWDFW�� SULVPDWLF

OLQN�SRVLWLRQ��YHORFLW\��DQG� IRUFH��:LWK� WKH�H[FHSWLRQ�RI� WKH� ILUVW� WZR� W\SHV�� WKH

VHQVRUV�ZLOO�EH�GLVWULEXWHG�HYHQO\�WKURXJKRXW�WKH�URERW�VWUXFWXUH�

• 7KH�FRQWUROV�PXVW�DOVR�LQWHUIDFH�ZLWK�DFWXDWRUV�LQ�WKH�IRUP�RI���PRWRUV�RU�FRQWURO

YDOYHV� �GHSHQGLQJ� XSRQ� WKH� W\SHV� RI� DFWXDWRUV� XVHG�� IRU� HDFK� 6WHZDUW�*RXJK

SODWIRUP�PHFKDQLVP�

• $GGLWLRQDOO\�� WKH�FRQWURO� V\VWHP�ZLOO� QHHG� WR� UHSRUW� LWV� DFWLYLWLHV� WR� DQG� UHFHLYH

LQVWUXFWLRQV� IURP� LWV� KXPDQ� WHOHRSHUDWRUV�� 7KXV�� LW� ZLOO� OLNHO\� UHTXLUH

FRPPXQLFDWLRQV�YLD�GLJLWDO�UDGLR�RU�VDWHOOLWH�

2.6.3.3.2 Selecting the Number of Controls Processing Packages and Their
Mounting Locations

&RQVLGHULQJ� WKH� LQLWLDO� TXHVWLRQ� RI� ZKHUH� WR� PRXQW� WKH� FRQWURO� V\VWHP� KDUGZDUH

FRPSRQHQWV��ZH�PXVW� ILUVW� FKRRVH� EHWZHHQ�PRXQWLQJ� WKHP�RXWVLGH� RI� WKH� URERW�

RQWR� WKH� URERW�� RU� LQVLGH� RI� WKH� URERW�� :KLOH� LW� LV� SRVVLEOH� WR� FRQQHFW� H[WHUQDO

FRQWUROV�KDUGZDUH�WR�WKH�URERW�YLD�D�WHWKHU��WKLV�LV�QRW�D�SUDFWLFDO�ORQJ�WHUP�VROXWLRQ

EHFDXVH� WKH� QXPHURXV� ZLUHV� ZRXOG� PDNH� WKH� ZLUH� EXQGOHV� ODUJH�� XQZLHOG\�� DQG

XQUHOLDEOH�� &RQFHUQLQJ� WKH� UHPDLQLQJ� WR� RSWLRQV�� LW� LV� FOHDU� WKDW� LQWHUQDO�PRXQWLQJ

ZRXOG�SURYLGH�EHWWHU�SURWHFWLRQ�IRU�WKH�HOHFWURQLF�FRPSRQHQWV�WKDQ�PRXQWLQJ�WKHP

WR�WKH�H[WHULRU�RI�WKH�YHKLFOH�

+DYLQJ� FKRVHQ� LQWHUQDO�PRXQWLQJ��PDQ\� DOWHUQDWLYHV� VWLOO� UHPDLQ�� ,W� LV� LPSRUWDQW� WR

QRWH�WKDW�VXLWDEOH�HQFORVXUHV�IRU�WKH�FRQWUROV�KDUGZDUH�FDQ�EH�IRXQG�LQ�WKH�SD\ORDG

ER[HV�WKDW�DUH�D�SDUW�RI�HDFK�OHJ�SDLU�DVVHPEO\��7KXV��DOO�WKH�SURFHVVLQJ�SRZHU�FRXOG
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EH�VDIHO\�PRXQWHG�ZLWKLQ�RQH�RI� WKH� OHJ�SDLUVª�SD\ORDG�ER[HV��GLVWULEXWHG� LQ�HTXDO

SURSRUWLRQV�WR�DOO�RI�WKH�OHJ�SDLUV��RU�DQ\�FRPELQDWLRQ�EHWZHHQ�WKHVH�WZR�H[WUHPHV�

7KH�FKRLFH�RI�SURFHVVLQJ�KDUGZDUH�ORFDWLRQ�LV�JRYHUQHG�E\�WKH�GHVLUH�WR�PD[LPL]H

UHOLDELOLW\�E\�DGKHULQJ�WR�IRXU�SULPDU\�GHVLJQ�JRDOV�

�� 0LQLPL]H�WKH�,�2�OLQH�OHQJWK

�� 0LQLPL]H�WKH�QXPEHU�RI�GDWD�OLQH�FRQQHFWRUV

�� 0LQLPL]H� WKH� UHTXLUHG� GDWD� WUDQVPLVVLRQ� EDQGZLGWK� �GRQªW� VHQG� GDWD� LI� LW� FDQ

EHWWHU�EH�XVHG�LQ�VLWX�

�� .HHS�WKLQJV�VLPSOH

7KH� PHWKRG� DSSOLHG� KHUH� ZDV� WR� QDUURZ� WKH� GHVLJQ� VSDFH� E\� UHFRJQL]LQJ� WKH

ORFDWLRQV�RI� WKH� VHQVRUV�DQG�DFWXDWRUV�DQG� WKHQ�DSSO\LQJ� WKH� VKRUW� ,�2� OLQH� OHQJWK

FRQVWUDLQW�

/RRNLQJ� ILUVW� DW� WKH� VFDQQLQJ� ODVHU� UDQJHILQGHU� DQG� VWHUHR� YLGHR�FDPHUDV��ZH�QRWH

WKDW�LQ�RUGHU�WR�JHW�DQ�XQREVWUXFWHG�YLHZ��WKH\�PXVW�RI�QHFHVVLW\�EH�ORFDWHG�DW�WKH

IURQW�RI�WKH�URERW��%HFDXVH�WKH�VSHHG�RI�VDIH�ORFRPRWLRQ�LV�FORVHO\�WLHG�WR�VSHHG�RI

SURFHVVLQJ� WHUUDLQ� SHUFHSWLRQ� GDWD� DQG� EHFDXVH� RI� WKH� ODUJH� DPRXQW� RI� GDWD

LQYROYHG�� WKH� WHUUDLQ� SHUFHSWLRQ� SURFHVVRUV� VKRXOG� EH� ORFDWHG� QHDU� WKH� §YLVLRQ¨

VHQVRUV�ZLWKLQ�WKH�SD\ORDG�ER[�RI�WKH�IURQW�OHJ�SDLU�

7KH� YDULRXV� VHQVRU� IXVLRQ�� JOREDO� DQG� ORFDO� SDWK� VHOHFWLRQ�� DQG� RWKHU� ORFRPRWLRQ

SODQQLQJ� IXQFWLRQV� DOO� UHTXLUH�KLJK� VSHHG�DFFHVV� WR� WKH� /RFDO� 7HUUDLQ�0DS�GDWD��$

ORFDO� WHUUDLQ�PDS�ZLWK� VXIILFLHQW� UHVROXWLRQ� IRU� ORFRPRWLRQ� SODQQLQJ� ZLOO� UHTXLUH� D

ODUJH�DPRXQW�RI�FRPSXWHU�PHPRU\�VWRUDJH�IRU�LWV�GDWD�VWUXFWXUHV��)XUWKHUPRUH��WKH

PDS� LV� DOPRVW� FRQWLQXRXVO\� EHLQJ� XSGDWHG� ZLWK� QHZ� LQIRUPDWLRQ�� 7KXV�� D� ODUJH

DPRXQW�RI�EDQGZLGWK�ZRXOG�EH�UHTXLUHG�WR�UHSHDWHGO\�WUDQVPLW�WKH�PDS�GDWD�RYHU�D

QHWZRUN�WR�RWKHU�SURFHVVRUV��7KHUHIRUH��EHFDXVH�RI� WKLV�GLIILFXOW\�� LW�VHHPV�SUXGHQW
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WR�DYRLG�WUDQVPLWWLQJ�WKH�/RFDO�7HUUDLQ�0DS��DQG�LQVWHDG��WR�OHW�LW�VLW�LQ�WKH�EORFN�RI

PHPRU\�ZKHUH�LW�ZDV�LQLWLDOO\�VWRUHG�

7KLV�OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�LW�ZRXOG�EH�EHVW�IRU�WKH�SURFHVVRUV�UHVSRQVLEOH�IRU

WHUUDLQ� SHUFHSWLRQ� SURFHVVLQJ�� VHQVRU� IXVLRQ�� PDSSLQJ�� DQG� ORFRPRWLRQ� SODQQLQJ

IXQFWLRQV� WR� DOO� EH� FRPELQHG� LQWR� D� VKDUHG�PHPRU\� DUFKLWHFWXUH�� 6XFK� D� VFKHPH

ZRXOG� HQDEOH� DOO� RI� WKH� SURFHVVRUV� GHYRWHG� WR� WKHVH� WDVNV� WR� KDYH� DFFHVV� WR� WKH

PHPRU\� WKDW� VWRUHV� WKH� /RFDO� 7HUUDLQ� 0DS�� +HQFH�� WKHVH� SURFHVVRUV� ZRXOG� EH

SDFNDJHG� VR� WKDW� WKH\� VKDUH� WKH� VDPH� KLJK�VSHHG� EXV�� )XUWKHUPRUH�� LW� LV

UHFRPPHQGHG� WKDW� WKHVH� SURFHVVRUV� EH� FRQVROLGDWHG� LQWR� D� VLQJOH� FDUG� FDJH

PRXQWHG�LQ�D�VKRFNSURRI��ZDWHUSURRI��WHPSHUDWXUH�FRQWUROOHG�HQFORVXUH��$FFRUGLQJ

WR�%DUHV�DQG�:HWWHUJUHHQ���������VXFK�DQ�DUUDQJHPHQW�SURYLGHV�HIIHFWLYH�SURWHFWLRQ

DQG�LV�FRQYHQLHQW�IRU�ERWK�GHYHORSPHQW�DQG�PDLQWHQDQFH��)RU�VLPSOLFLW\��WKLV�FOXVWHU

RI�FRQWUROV�SURFHVVRUV�ZLOO�EH�UHIHUUHG�WR�DV�WKH�§KHDG¨�SURFHVVRUV�

([WHUQDO� FRPPXQLFDWLRQV� ZLWK� WKH� URERW� ZRXOG� JHQHUDOO\� FRQFHUQ� KLJK�OHYHO

RSHUDWLRQV� VXFK� DV� WHOHRSHUDWRU� LQVWUXFWLRQV� DERXW� GHVWLQDWLRQ� VHOHFWLRQ� DQG� YLGHR

IHHGEDFN� RI� ZKDW� WKH� URERW� ZDV� §VHHLQJ¨�� 7KHUHIRUH�� LI� VSDFH� SHUPLWV�� WKH� ORJLFDO

SODFH� IRU� WKH�FRPPXQLFDWLRQ�SURFHVVLQJ�KDUGZDUH� LV�QHDU� WKH�SODQQLQJ�SURFHVVRUV

DQG� YLGHR� VHQVRUV�ZLWKLQ� WKH� §KHDG¨� OHJ� SDLU�� 7KLV�ZRXOG� VKRUWHQ� WKH� OLQH� OHQJWKV

EHWZHHQ�WKH�WUDQVPLWWHUV�UHFHLYHUV�DQG�WKH�SODQQLQJ�SURFHVVRUV�

+DYLQJ�ORRNHG�DW�WKH�FRQWUROV�KDUGZDUH�SHUWDLQLQJ�WR�WKH�WHUUDLQ�SHUFHSWLRQ�VHQVRUV�

SODQQLQJ�UHODWHG� IXQFWLRQV�� DQG� FRPPXQLFDWLRQV� HTXLSPHQW��ZH� QRZ� IRFXV� RQ� WKH

UHPDLQLQJ�VHQVRUV�RI�WKH�URERW��)LUVW��QRWH�WKDW�WKH�DFWXDWRU�IHHGEDFN�VHQVRUV�DUH�DOO

ORFDWHG�RQ�WKH�6WHZDUW�*RXJK�SODWIRUPV��DQG�WKDW�WZR�OHJ�SDLU�DVVHPEOLHV�IODQN�HDFK

RI�WKHVH�SODWIRUP�PHFKDQLVPV��)XUWKHUPRUH��WKH�IRRW�FRQWDFW�DQG�OHJ�IRUFH�VHQVRUV

DUH�DWWDFKHG�WR�WKH�ORZHU�SDUW�RI�HDFK�OHJ�SDLU�

,Q�RUGHU�WR�DYRLG�DOO�WKH�QRLVH�DQG�ODJ�SUREOHPV�HOXFLGDWHG�LQ�6HFWLRQ������������ZH

VWURQJO\� GHVLUH� WR�PLQLPL]H� WKH� OHQJWK� RI� ,�2� OLQHV� EHWZHHQ� WKH� VHQVRUV� DQG� WKHLU
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$�'�KDUGZDUH�� ,Q� OLJKW� RI� WKLV�� DQG� E\� YLUWXH� RI� WKH� OHJ� SDLU� SD\ORDG� ER[HVª� FORVH

SUR[LPLW\� WR�ERWK� WKH� OLQHDU� DFWXDWRU� IHHGEDFN� VHQVRUV� DQG� WKH� IRRW� FRQWDFW�IRUFH

VHQVRUV��WKHUH�VKRXOG�EH��DW�D�PLQLPXP��DQ�,�2�SURFHVVRU�ORFDWHG�LQVLGH�RI�HDFK�OHJ

SDLU�SD\ORDG�ER[�

5HFRJQL]LQJ�WKDW�DOO�WKH�OHJ�SDLUV�DQG�DOO�WKH�6WHZDUW�*RXJK�SODWIRUPV�KDYH�WKH�VDPH

EDVLF� VWUXFWXUHV� DQG� VDPH� EDVLF� IXQFWLRQV� WR� SHUIRUP�� LW� LV� WKHUHIRUH� SRVVLEOH� WR

PDLQWDLQ�XQLIRUPLW\�DQG�VLPSOLI\� WKH�FRQWUROV�GHVLJQ�E\�PDNLQJ�DOO�RI� WKH� OHJ�SDLUVª

FRQWUROV� KDUGZDUH� FRQIRUP� WR� WKH� VDPH� GHVLJQ�� &RQWURO� IXQFWLRQV� WKDW� DUH� QRW

JHQHUDO�WR�DOO�WKH�OHJ�SDLUV�ZRXOG�EH�SHUIRUPHG�RQ�DGGLWLRQDO�SURFHVVRUV�WKDW�PLJKW

DOVR� EH� PRXQWHG� LQVLGH� RQH� RU� PRUH� RI� WKH� OHJ� SDLUV�� ZKHUH� DSSURSULDWH�� �)RU

H[DPSOH��WKH�IURQW�OHJ�SDLU�ZRXOG�FRQWDLQ�ERWK�D�JHQHULF�OHJ�SDLU�SURFHVVLQJ�SDFNDJH

DQG�WKH�§KHDG¨�SURFHVVRUV��

2.6.3.3.3 The Robot Control Processor Network

7KH�QHWZRUN�FRQQHFWLRQ�GLDJUDP�LQ�)LJ�������LOOXVWUDWHV�WKH�DUFKLWHFWXUH�FRQFHSW�WKDW

UHVXOWV� IURP� WKH� IRUHJRLQJ�GLVFXVVLRQV��1RWH� WKDW� VRPH� FRQQHFWLRQV� GHSLFWHG� DV� D

VLQJOH�§ZLUH¨� LQ�WKLV� LOOXVWUDWLRQ�PD\�� LQ�IDFW��EH�EXQGOHV�RI�VHYHUDO�ZLUHV�GHSHQGLQJ

RQ�WKH�UHTXLUHPHQWV�RI�WKH�PRWRUV�DQG�VHQVRUV�

:LWK� WKLV� GHVLJQ�� HDFK� OHJ�SDLU� SURFHVVRU�ZRXOG� VHQG�FRQWURO� RXWSXWV� DQG� UHFHLYH

IHHGEDFN�LQSXWV�WKH�6WHZDUW�*RXJK�SODWIRUP�DKHDG�RI�LW��7KH�UDWLRQDOH�IRU�WKLV�GHVLJQ

VWHPV�IURP�WKH�UHFRJQLWLRQ�WKDW�WKHUH�DUH� 1n− �6WHZDUW�*RXJK�SODWIRUP�PHFKDQLVPV

DQG� n� OHJ� SDLUV��:KLOH� LW� ZRXOG� DOVR� EH� SRVVLEOH� IRU� HDFK� OHJ� SDLU� WR� FRQWURO� WKH

SODWIRUP�PHFKDQLVP�EHKLQG�LW��EHFDXVH�WKH�IURQW�OHJ�SDLU�DOUHDG\�FRQWDLQV�WKH�KHDG

SURFHVVRUV� DQG� VHQVRUV�� LW� LV� DGYDQWDJHRXV� WR� UHGXFH� VRPH� RI� LWV� OHJ� SDLU� FRQWURO

UHVSRQVLELOLWLHV�E\�XVLQJ�WKH�PHWKRG�FKRVHQ�
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7KH�XVH�RI� FRQWUROV� SURFHVVRUV�GLVWULEXWHG� WKURXJKRXW� WKH� URERW� VWUXFWXUH� UHTXLUHV

VRPH� VRUW� RI� ORFDO� DUHD� QHWZRUN� �/$1�� WR� FRQYH\� WKH� FRPPDQGV� DQG� GDWD� RI

LQWHUSURFHVV�FRPPXQLFDWLRQV��,Q�)LJ�������WKHVH�GLJLWDO�FRQQHFWLRQV�DUH�GHQRWHG�E\

GDVKHG�OLQHV�

6RPH�FDQGLGDWH�EXVVHV�SURWRFROV� IRU� WKH� URERW� FRQWURO�SURFHVVRU�QHWZRUN� LQFOXGH

�DPRQJ� RWKHUV��� 56������ ,(((������ 86%�� ,(((� ������ (WKHUQHW�� 56������ DQG� YDULRXV

LQGXVWULDO� §ILHOGEXVVHV¨�� ,Q� DGGLWLRQ� WR� WKH� QXPHURXV� ZLUHG� /$1� DOWHUQDWLYHV�� LW� LV

SRVVLEOH� WR� WUDQVPLW� QHWZRUN�GDWD�ZLWKRXW� SK\VLFDO�ZLUHV��2QH�ZD\� WR� DFFRPSOLVK

WKLV� LV� YLD� LQIUDUHG� OLJKW� WUDQVPLVVLRQV� IURP� RQH� OHJ� SDLU� WR� WKH� QH[W�� ,QIUDUHG

WUDQVPLWWHUV�DQG�UHFHLYHUV�PRXQWHG�RQ�WKH�EDFN�VLGH�RI�D�OHJ�SDLU�FRXOG�SRLQW�DW�WKHLU

FRXQWHUSDUWV�PRXQWHG�WR�WKH� IURQW�VLGH�RI� WKH� OHJ�SDLU�EHKLQG��2QH�ZD\�WR�HQVXUH

WKH�FRQWLQXLQJ�RSWLFDO�DOLJQPHQW�RI�WKH�WUDQVPLWWHUV�DQG�UHFHLYHUV�ZRXOG�EH�WR�DWWDFK

WKHP�DW�RSSRVLWH�HQGV�RI�RQH�RI�WKH�LQWHUYHQLQJ�SULVPDWLF�OLQNV��DOLJQHG�SDUDOOHO�WR�LWV

OHQJWKZLVH�D[LV�� 7KXV��ZKHQ�RQH� OHJ�SDLU� WXUQV� VKDUSO\� UHODWLYH� WR�DQRWKHU� OHJ�SDLU�

WKH�RSWLFDO�WUDQVPLVVLRQ�ZRXOG�FRQWLQXH�XQDEDWHG�

$� VHFRQG�ZLUHOHVV�PHWKRG� RI� WUDQVPLWWLQJ� QHWZRUN� GDWD� IRU� WKH� URERW� LV� YLD� UDGLR

ZDYHV��IRU�H[DPSOH��E\�XVLQJ�VWDQGDUGV�VXFK�DV�%OXHWRRWK��+LSHU/$1���RU�RQH�RI�WKH

,(((�������� VWDQGDUGV��:LUHOHVV� GDWD� WUDQVPLVVLRQ� FRXOG� EH� DQ� LPSRUWDQW� HQDEOLQJ

WHFKQRORJ\�IRU�URERWV�EHFDXVH�LW�FRPELQHV�WKH�ZLULQJ�VLPSOLFLW\�RI�QHWZRUNV�ZLWK�WKH

PHFKDQLFDO�UREXVWQHVV�RI�KDYLQJ�QR�IOH[LQJ�ZLUHV�WR�EUHDN�

7KH� VSHFLILF� EXVVHV� DQG� SURWRFROV� DUH� QRW� FKRVHQ� KHUH� EHFDXVH� RI� WKH� H[WUHPH

SURJUHVVLRQ�RI�WKHVH�GHVLJQV�LQ�UHFHQW�\HDUV��ZKHUH�D�VLJQLILFDQW�QHZ�FRPPXQLFDWLRQ

SURWRFRO� VHHPV� WR�EH� LQYHQWHG�HYHU\� IHZ�PRQWKV�� )XUWKHUPRUH�� DW� WKLV� FRQFHSWXDO

VWDJH�RI�WKH�UHVHDUFK��D�GHILQLWLYH�QHWZRUN�EDQGZLGWK�UHTXLUHPHQW�LV�QRW�NQRZQ�
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2.6.3.3.4 Allocating Functions to the Processors

+DYLQJ� GHWHUPLQHG� WKH� QXPEHU� RI� VHSDUDWH� SURFHVVLQJ� SDFNDJHV� WR� EH� XVHG� DQG

WKHLU� PRXQWLQJ� ORFDWLRQV�� ZH� FRPH� WR� WKH� ILQDO� DUFKLWHFWXUDO� LVVXH� RI� KRZ� WKH

FRQWUROV�IXQFWLRQ�UHVSRQVLELOLWLHV�ZLOO�EH�DOORFDWHG�EHWZHHQ�WKH�SURFHVVRU�SDFNDJHV�

0RVW�RI�WKH�FRQWUROV�IXQFWLRQ�DOORFDWLRQ�GHFLVLRQV�FDQ�EH�LQIHUUHG�IURP�GLVFXVVLRQ�RI

WKH�GHVLJQ�ORJLF�WR�WKLV�SRLQW��+RZHYHU��ORRNLQJ�DW�WKH�FRQWUROV�KLHUDUFK\�LQ�)LJ�������

LW�LV�XQFOHDU�ZKHWKHU�LW�ZRXOG�EH�EHVW�WR�SHUIRUP�OHJ�SDLU�WUDMHFWRU\�VSHFLILFDWLRQ�RQ

WKH�KHDG�SURFHVVRUV�RU�RQ�WKH�OHJ�SDLU�SURFHVVRUV��2Q�WKH�RQH�KDQG��LW�LV�D�SDUDOOHO

WDVN� WKDW�PXVW� EH� SHUIRUPHG� IRU� HDFK� OHJ� SDLU��ZLWK� UHVXOWV� WKDW� DUH� WKHQ� XVHG� E\

HDFK�OHJ�SDLU�WR�JHQHUDWH�LWV�OHJ�VWHS�WUDMHFWRULHV��+HQFH��LW� LV�LQWULJXLQJ�WR�FRQVLGHU

SHUIRUPLQJ� WKHVH�SDUDOOHO� WDVNV�RQ� WKH� LQGLYLGXDO� OHJ�SDLU�SURFHVVRUV�� FRPSXWLQJ� LQ

SDUDOOHO��DQG�WKHQ�KDYLQJ�WKH�UHVXOWV�LPPHGLDWHO\�DYDLODEOH�IRU�WKH�QH[W�RSHUDWLRQ�

2Q�WKH�RWKHU�KDQG��WKH�XVH�RI�SDUDOOHO�SURFHVVLQJ�LV�OLPLWHG�E\�WKH�QHHG�IRU�WKH�OHJ

VWHS�WUDMHFWRU\�VSHFLILFDWLRQ�SURFHVV�WR�DFFHVV�WKH�/RFDO�7HUUDLQ�0DS�GDWD��7KLV�GDWD

LV�VL]HDEOH�DQG�ZRXOG�SUREDEO\�EH�WLPH�SURKLELWLYH�WR�WUDQVPLW�WR�DOO�RI�WKH�OHJ�SDLU

SURFHVVRUV��(YHQ�VR��LW�LV�SRVVLEOH�WR�HQYLVLRQ�D�VFKHPH�ZKHUH�WKH�OHJ�SDLU�SURFHVVRUV

HDFK� UHFHLYH� D� VXEVHW� RI� WKH� /RFDO� 7HUUDLQ� 0DS� WKDW� UHSUHVHQWV� RQO\� WKH� WHUUDLQ

HQYLURQPHQW�IRU�WKHLU�QH[W�VWULGH��2QFH�WKH\�KDYH�SODQQHG�XVLQJ�LW��WKH\�FRXOG�SDVV

WKH�WHUUDLQ�SDWFK�EDFN�WR�WKH�QH[W�OHJ�SDLU�SURFHVVRU�EHKLQG�WKHP�VR�LW�FRXOG�XVH�WKH

GDWD� IRU� LWV�QH[W� VWULGH��+RZHYHU��HYHQ� WUDQVIHUULQJ�RQO\�SDUW�RI� WKH� WHUUDLQ�PDS� WR

HDFK�OHJ�SDLU�SURFHVVRU�ZRXOG�VWLOO� OLNHO\�RYHUEXUGHQ�WKH�OHJ�SDLU�SURFHVVRUV��7KLV�LV

EHFDXVH��XQOLNH�VRPH�RI�WKH�SODQQLQJ�SURFHVVRUV�WKDW�PD\�KDYH�WKH�OX[XU\�WR�§VWRS

DQG�WKLQN¨��WKH�OHJ�SDLU�SURFHVVRUV�PXVW�IXQFWLRQ�ZLWK�YHU\�ORZ�ODWHQF\���L�H��LQ�UHDO�

WLPH���6LQFH�WKH�LWHUDWLYH�QDWXUH�RI�VHDUFK�DOJRULWKPV�PDNHV�WKHLU�FRPSXWDWLRQ�WLPHV

XQSUHGLFWDEOH�� LW� LV� OLNHO\� WKDW� H[HFXWLQJ� WKHP� ZRXOG� LQWHUIHUH� ZLWK� WKH� OHJ� SDLU

SURFHVVRUVª�PRUH�XUJHQW�UHDO�WLPH�IXQFWLRQV�
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,I�OHJ�VWHS�VSHFLILFDWLRQ�ZDV�GRQH�RQ�WKH�OHJ�SDLU�SURFHVVRUV��LW�LV�FHUWDLQ�WKDW�D�ODUJH

DPRXQW� RI� PDS� GDWD� ZRXOG� QHHG� WR� EH� WUDQVPLWWHG�� ,Q� FRQWUDVW�� LI� WKH� OHJ� VWHS

VSHFLILFDWLRQ�ZDV�GRQH�ZLWK�D�KHDG�SURFHVVRU��WKH�UHVXOWLQJ�WUDMHFWRU\�GDWD�FRXOG�EH

VHQW�WR�WKH�OHJ�SDLUV�ZLWK�UHODWLYH�HDVH��6SHFLILFDOO\��WKH�PRWLRQ�SURJUDPPLQJ�PHWKRG

GHYHORSHG� LQ� &K�� �� ZLOO� HQDEOH� WKH� WUDQVPLVVLRQ� RI� D� VPRRWK� OHJ� VWHS� WUDMHFWRU\

VSHFLILFDWLRQ�XVLQJ�DV�IHZ�DV����QXPEHUV��7KXV��DIWHU�HYDOXDWLQJ�WKH�WZR�DOWHUQDWLYHV

EDVHG� XSRQ� ERWK� WKH� FRPSXWDWLRQDO� ODWHQF\� DQG� QHWZRUN� EDQGZLGWK� LVVXHV�� LW� LV

FOHDU�WKDW� OHJ�SDLU�WUDMHFWRU\�VSHFLILFDWLRQ�VKRXOG�EH�SHUIRUPHG�RQ�RQH�RI�WKH�KHDG

SURFHVVRUV�� )LJXUH� ����� VKRZV� WKH� DOORFDWLRQ� RI� WKH� FRQWUROV� KLHUDUFK\� IXQFWLRQV

EHWZHHQ�WKH�§KHDG¨�SURFHVVRUV�DQG�WKH�OHJ�SDLU�SURFHVVRUV�

1RWH� WKDW�� DV� ZLWK� D� QXPEHU� RI� SULRU� PRELOH� URERW� SURMHFWV� GLVFXVVHG� LQ� 6HFWLRQ

���������WKH�§KHDG�SURFHVVRU¨�ZLOO�PRVW�OLNHO\�EH�VHYHUDO�VHSDUDWH�&38ªV�VKDULQJ�WKH

VDPH�EDFNSODQH��)RU�H[DPSOH��LW�ZLOO�SUREDEO\�EH�GHVLUDEOH�WR�KDYH�D�VHSDUDWH�&38

GHYRWHG� H[FOXVLYHO\� WR� YLVLRQ� SURFHVVLQJ� DQG�PDSSLQJ� IXQFWLRQV�� /LNHZLVH�� LW� PD\

DOVR� EH� GHVLUDEOH� WR� SDUWLWLRQ� WKH� SODQQLQJ� OHYHOV� RI� WKH� FRQWUROV� KLHUDUFK\� RQWR

VHSDUDWH�SURFHVVRUV�WR�HQVXUH�UHDO�WLPH�SHUIRUPDQFH�IRU�WKH�ORZ�ODWHQF\�RSHUDWLRQV

UHTXLUHG�IRU�WDVN�FRQWURO�DQG�JHQHUDWLQJ�WKH�JDLWV�

:LWK�WKH�SDUWLDO�H[FHSWLRQ�RI�WKH�OHJ�SDLU�SURFHVVRU�LQ�WKH�IURQW�OHJ�SDLU��HDFK�RI�WKH

JHQHULF�OHJ�SDLU�SURFHVVRUV�LV�UHVSRQVLEOH�IRU�UHFHLYLQJ�GDWD��SHUIRUPLQJ�RSHUDWLRQV�

DQG�VHQGLQJ�RXWSXW�DV�IROORZV�

• (DFK�OHJ�SDLU�SURFHVVRU�UHFHLYHV�WKH�OHJ�VWHS�WUDMHFWRU\�VSHFLILFDWLRQ�IRU� LWV�QH[W

VWULGH� DQG� FORFN� V\QFKURQL]DWLRQ� VLJQDOV� IURP� WKH� KHDG� SURFHVVRU�� OHJ� SDLU

SRVLWLRQ�GDWD� IURP� WKH� OHJ�SDLU� DKHDG�RI� LW�� OLQHDU�DFWXDWRU� IHHGEDFN� VLJQDOV� IRU

SRVLWLRQ��YHORFLW\��DQG�IRUFH�IRU�HDFK�RI�WKH���DFWXDWRUV�WKDW�PDNH�XS�WKH�6WHZDUW�

*RXJK�SODWIRUP�DKHDG�RI� LW��DQG�VHQVRU�GDWD�UHJDUGLQJ�WKH�FRQWDFW�VWDWXV�RI� LWV

WZR�IHHW�DQG�WKH�D[LDO�IRUFH�LQ�HDFK�OHJ�
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• ,Q�DGGLWLRQ��HDFK�OHJ�SURFHVVRU�JHQHUDWHV�WKH�OHJ�VWHS�WUDMHFWRU\�IRU�WKH�OHJ�SDLU�LQ

ZKLFK�LW�LV�PRXQWHG�DQG�FRPSXWHV�WKH�LQYHUVH�NLQHPDWLFV�IRU�WKH���DFWXDWRUV�

• )LQDOO\��HDFK�OHJ�SURFHVVRU�VHQGV�FRQWURO�VLJQDOV��MRLQW�OHQJWK�DQG�YHORFLW\�LQSXWV�

WR�WKH�OLQN�OHQJWK�FRQWUROOHUV�IRU�WKH���DFWXDWRUV��LWV�RZQ�OHJ�SDLU�SRVLWLRQ�WR�WKH

OHJ� SDLU� EHKLQG� LW�� DQG� LWV� OHJ� SDLU� SRVLWLRQ�� IRRW� FRQWDFW� VWDWXV� FKDQJHV� �DQG

SHUKDSV�OHJ�IRUFH�YDOXHV�DV�ZHOO���DQG�HUURU�IODJ�VLJQDOV�WR�WKH��KHDG��SURFHVVRU��,Q

YLHZ�RI� WKHVH�PDQ\� WDVNV�� LW� VHHPV� OLNHO\� WKDW� VXE�SURFHVVRUV� IRU� WKH� LQGLYLGXDO

DFWXDWRU� FRQWUROOHUV� ZLOO� EH� UHTXLUHG� WR� DFKLHYH� WKH� GHVLUHG� UHDO�WLPH

SHUIRUPDQFH�

1RWH�WKDW��DOWKRXJK�WKH�OHJ�SDLU�SURFHVVRU�LQ�WKH�IURQW�OHJ�SDLU�ZLOO�QRW�EH�UHTXLUHG�WR

FRQWURO� D� 6WHZDUW�*RXJK� SODWIRUP� DKHDG� RI� LW�� LW� LV� VWLOO� QHHGHG� WR� JHQHUDWH� LWV

WUDMHFWRU\��VKDUH�LWV�SRVLWLRQ�ZLWK�WKH�VHFRQG�OHJ�SDLU�DQG�WKH�JDLW�FRQWUROOHU�OHJ�VWHS

SODQQHU��DQG�WR�KDQGOH�DOO�RI�WKH�IXQFWLRQV�UHODWHG�WR�LWV�IRRW�DQG�OHJ�VHQVRUV�

2.6.3.3.5 Controls Hardware Architecture Summary

6R� WR� VXPPDUL]H�� WKH� §KHDG¨�SURFHVVRUV��PRXQWHG� LQVLGH� WKH� IURQW� OHJ�SDLU� RI� WKH

URERW��ZRXOG� FRQWURO� WKH� IXQFWLRQV� LQ� WKH� FRQWUROV� KLHUDUFK\�GRZQ� WR� WKH� OHJ� VWHS

WUDMHFWRU\� VSHFLILFDWLRQ�� WKH� OHJ� SDLU� SURFHVVRUV� ZRXOG� FRQWURO� WKH� ORZHU� OHYHO

IXQFWLRQV� IURP� WKH� WUDMHFWRU\� JHQHUDWLRQ� RQ� GRZQZDUGV� WR� WKH� DFWXDWRU� FRQWUROV�

�7KH�VKDGLQJ�LQ�)LJ�������LQGLFDWHV�WKLV�GLYLVLRQ�RI�UHVSRQVLELOLWLHV��

%DVHG�XSRQ�WKLV�RYHUDOO�KDUGZDUH�DUFKLWHFWXUH��HDFK�RI�WKH�FRQWUROV�SDFNDJHV�RI�WKH

URERW�VKRXOG�EH�GHVLJQHG�LQ�YLHZ�RI�WKH�WKHUPDO��YLEUDWLRQ��VKRFN��KXPLGLW\��SRZHU�

(0,�5),�� DQG� HOHFWURVWDWLF� GLVFKDUJH� �(6'�� FKDUDFWHULVWLFV� RI� WKH� RSHUDWLQJ

HQYLURQPHQW��)RU�H[DPSOH��LI�WKH�RSHUDWLRQDO�HQYLURQPHQW�ZLOO�H[SRVH�WKH�YHKLFOH�WR

OLTXLGV� DQG� GXVW�� WKHQ�ZHOO� VHDOHG� HQFORVXUHV� VKRXOG� EH� XVHG�� �1RWH� WKDW� XWLOL]LQJ
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KLJK� TXDOLW\� HQFORVXUHV� FDQ� HQDEOH� WKH� XVH� RI� ORZHU�FRVW�� RII�WKH�VKHOI� FRQWUROV

HOHFWURQLFV�FRPSRQHQWV�LQ�D�PRELOH�URERW��%DUHV�DQG�:HWWHUJUHHQ���������

2.7 Chapter Summary

6HFWLRQ� ������ GHVFULEHG� D� EDVLF� WKUHH�VWDJH� PRGHO� RI� GHVLJQ�� 7KLV� FKDSWHU� KDV

DGGUHVVHG� WKH� ILUVW� RI� WKHVH� VWDJHV�� FRQFHSWXDO� GHVLJQ�� IRU� WKH� SURSRVHG� FUDZOLQJ

YHKLFOH�� 6SHFLILFDOO\�� WKH� REMHFWLYH� RI� WKLV� FKDSWHU� KDV� EHHQ� WR� GHVFULEH� WKH�PDMRU

FRPSRQHQWV� WKDW� ZRXOG�PDNH� XS� D�PXOWLERG\� SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH�� WR

GLVFXVV�WKH�DOWHUQDWLYH�GHVLJQV�WKDW�DUH�SRVVLEOH�IRU�HDFK�RI�WKHVH�FRPSRQHQWV��DQG

WR�H[SODLQ�WKH�UDWLRQDOH�IRU�VHOHFWLQJ�EHWZHHQ�WKHVH�DOWHUQDWLYHV��&HUWDLQ�IXQGDPHQWDO

EXLOGLQJ�EORFNV�RI�WKH�SURSRVHG�YHKLFOH�ZHUH�VHOHFWHG��ZKLOH�WKH�ILQDO�VHOHFWLRQV�RI

RWKHU� DVSHFWV� RI� WKH� GHVLJQ� ZHUH� QRW� SRVVLEOH� DW� WKH� FRQFHSWXDO� GHVLJQ� VWDJH�

EHFDXVH�HLWKHU�IXUWKHU�DQDO\VLV�ZDV�QHHGHG�RU�RWKHU�SUHUHTXLVLWH�GHVLJQ�IHDWXUHV�KDG

\HW�WR�EH�GHWHUPLQHG��,Q�VXFK�FDVHV��WKH�ILHOG�RI�DOWHUQDWLYHV�ZDV�QDUURZHG�DV�PXFK

DV�SRVVLEOH�

7KH�FKDSWHU�EHJDQ�E\�GHILQLQJ�WKH�SK\VLFDO�VWUXFWXUH�RI�WKH�YHKLFOH�DV�DQ�DOWHUQDWLQJ

VHTXHQFH�RI�OHJ�SDLU�DVVHPEOLHV�DQG�DFWXDWLRQ�XQLWV��$�SDUDOOHO�PHFKDQLVP�NQRZQ�DV

WKH� 6WHZDUW�*RXJK� SODWIRUP� ZDV� VHOHFWHG� IRU� WKH� DFWXDWLRQ� XQLWV� EHFDXVH� RI� LWV

VWLIIQHVV�� VWUHQJWK�� PLQLPDO� VLQJXODULWLHV�� VLPSOH� LQYHUVH� NLQHPDWLFV�� DQG� VLPLODU

ZRUNVSDFH� WR� WKDW� RI� FDWHUSLOODU� VHJPHQWV�� $IWHU� GLVFXVVLQJ� WKH� URERW� VWUXFWXUDO

FRQILJXUDWLRQ�� WKH� EDVLF� W\SHV� RI� PRWLRQV� WKDW� WKH� URERW� ZRXOG� SHUIRUP� ZHUH

LQWURGXFHG��1H[W��GHVLJQ�DOWHUQDWLYHV�IRU�SRZHU�VRXUFHV�DQG�VHQVRUV�ZHUH�H[DPLQHG�

LQFOXGLQJ� D� GLVFXVVLRQ� RI� VHQVRU� IXVLRQ� DQG� WHUUDLQ� PDSSLQJ�� )LQDOO\�� WKH� FKDSWHU

SUHVHQWHG�DQ�H[WHQVLYH�ORRN�DW�QDYLJDWLRQ�DQG�FRQWUROV��VWDUWLQJ�ZLWK�D�GHVFULSWLRQ�RI

WKH�KLHUDUFK\�RI�IXQFWLRQV�WKDW�PXVW�UXQ�FRQFXUUHQWO\�WR�FRQWURO�WKH�FUDZOLQJ�YHKLFOH�

)XUWKHU�GLVFXVVLRQV�HQFRPSDVVHG�HDFK�OHYHO�RI�WKH�KLHUDUFK\��WKH�SRVVLELOLW\�RI�XVLQJ
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EHKDYLRUDO� FRQWUROV� WR� DFFRPSOLVK� ORZHU� OHYHO� IXQFWLRQV�� DQG� D� GHVFULSWLRQ� RI� WKH

FRQWUROV� KDUGZDUH� DUFKLWHFWXUH� GHVLJQ�� $PRQJ� WKH� UHVXOWV� RI� WKLV� VHFWLRQ� DUH� WKH

GHFLVLRQV� WR� XVH� &DUWHVLDQ� VSDFH� WUDMHFWRU\� SODQQLQJ� ZLWK� MRLQW� VSDFH� DFWXDWRU

FRQWUROV� DQG� WR� GLYLGH� WKH� FRQWUROV� SURFHVVLQJ� IXQFWLRQV� VR� WKDW� IXQFWLRQV� IURP

WUDMHFWRU\� JHQHUDWLRQ� DQG� EHORZ� ZRXOG� EH� H[HFXWHG� LQ� SDUDOOHO� RQ� LGHQWLFDO

SURFHVVRUV� ORFDWHG� ZLWKLQ� WKH� OHJ� SDLUV�� ZKLOH� KLJKHU� OHYHO� SODQQLQJ� IXQFWLRQV� DQG

WHUUDLQ� SHUFHSWLRQ� SURFHVVLQJ� ZRXOG� EH� SHUIRUPHG� RQ� D� FOXVWHU� RI� SURFHVVRUV

ORFDWHG�LQVLGH�WKH�IURQW�OHJ�SDLU�RI�WKH�URERW�

7KXV�� D� EDVLF� FRQFHSWXDO� GHVLJQ� RI� WKH� URERW� YHKLFOH� KDV� EHHQ� SUHVHQWHG�ZLWK� DQ

HPSKDVLV�RQ� WKH�SK\VLFDO� VWUXFWXUH�DQG�PRELOLW\�� DQG�PRVW�RI� WKH�JURXQGZRUN�KDV

EHHQ� ODLG� IRU� WKH� FRQILJXUDWLRQ� GHVLJQ� VWDJH�� +RZHYHU�� WKH� FRQFHSWXDO� GHVLJQ

SUHVHQWHG� LQ� WKLV� FKDSWHU� KDV� EHHQ� EDVHG� XSRQ� D� UXGLPHQWDU\� NQRZOHGJH� RI� WKH

FDWHUSLOODU��7KHUHIRUH��EHIRUH�SURFHHGLQJ�WR�GHYHORS�V\QWKHVLV�DQG�DQDO\VLV�WRROV�IRU

WKH� FRQILJXUDWLRQ� GHVLJQ� VWDJH�� ZH� VKDOO� ILUVW�� LQ� WKH� QH[W� FKDSWHU�� LQYHVWLJDWH� D

VSHFLHV�RI�FDWHUSLOODU�LQ�RUGHU�WR�FRQILUP�DQG�UHILQH�WKH�FRQFHSWXDO�GHVLJQ��DQG�WKXV

DLG� LQ� DFFRPSOLVKLQJ� WKH� JRDO� RI� SURGXFLQJ� D� YHKLFOH� FDSDEOH� RI� HPXODWLQJ� WKH

H[FHOOHQW�PRELOLW\�RI�FDWHUSLOODUV�


