
Chapter 1 − Introduction and Literature Review 1

1.  Introduction and Literature Review

7KLV� UHVHDUFK� FRQFHUQV� D� XQLTXH� FODVV� RI� PRELOH� URERWLF� YHKLFOH� FDOOHG� WKH

§PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH¨��7KLV�FODVV�RI�YHKLFOH�KDV�WKH�SRWHQWLDO�RI

KDYLQJ� EHWWHU� URXJK� WHUUDLQ� PRELOLW\� WKDQ� DQ\� SUHYLRXV� W\SH� RI� PDQ�PDGH� ODQG

YHKLFOH�

1.1 The All-Terrain Mobility Problem

0DQNLQG�KDV� ORQJ�VRXJKW� LPSURYHG�PHWKRGV�RI� ODQG�WUDQVSRUW��2YHU� WKH�FHQWXULHV�

WKHVH�ODQG�ORFRPRWLRQ�PHWKRGV�KDYH�LQFOXGHG�WUDYHOLQJ�RQ�IRRW��ULGLQJ�RQ�WKH�EDFNV

RI� KRUVHV� RU� RWKHU� DQLPDOV�� XVLQJ� FDUWV� DQG� ZDJRQV� GUDZQ� E\� ERWK� KXPDQV� DQG

DQLPDOV��DQG�XVLQJ�D�YDULHW\�RI�YHKLFOHV�SRZHUHG�E\�VWHDP�� LQWHUQDO�FRPEXVWLRQ��RU

RWKHU�HQJLQHV��:LWK�WKH�DGYHQW�RI�DXWRPDWLRQ�DQG�URERWV�LQ�WKH���WK�FHQWXU\��D�QHZ

OHYHO�RI�VRSKLVWLFDWLRQ�KDV�EHHQ�DGGHG�WR�WKHVH�PHWKRGV��QDPHO\��WKH�GHYHORSPHQW

RI�DXWRPDWHG�YHKLFOHV��RU�PRELOH�URERWV��ZKLFK�FDQ�EH�VHQW�WR�SHUIRUP�WKHVH�WDVNV

ZLWK�OLWWOH�RU�QR�KXPDQ�LQWHUYHQWLRQ�

,Q� UHFHQW� \HDUV�� SUDFWLFDO�PRELOH� URERWV� KDYH� EHHQ� VXFFHVVIXOO\� XVHG� LQ� FRQWUROOHG

HQYLURQPHQWV� VXFK� DV� IDFWRULHV�� RIILFHV�� DQG� KRVSLWDOV�� DV� ZHOO� DV� RXWGRRUV� RQ

SUHSDUHG� VXUIDFHV� DQG� WHUUDLQ� ZLWK� PLQRU� LUUHJXODULWLHV�� +RZHYHU�� WKXV� IDU�� WKH

(YHQ�WKH�ORQJHVW�MRXUQH\�EHJLQV�ZLWK�WKH�ILUVW�VWHS�

¦�$QFLHQW�&KLQHVH�SURYHUE
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RSHUDWLRQ�RI�PRELOH�URERWV�LQ�H[WUHPHO\�URXJK��XQHYHQ�WHUUDLQ�KDV�EHHQ�LPSRVVLEOH

RU�XQUHOLDEOH�DW�EHVW��1HYHUWKHOHVV��PDQ\�EHQHILWV�ZRXOG�UHVXOW�LI�URERWLF�PRELOLW\�§LQ

WKH�ILHOG¨�ZHUH�PDGH�SUDFWLFDO��:KLWWDNHU���������+HQFH��WKH�VWXG\�RI�§ILHOG�URERWLFV¨

KDV�EHFRPH�DQ�DFWLYH�DUHD�RI�UHVHDUFK�

1.2 Research Approach

6HYHUDO�SUHYLRXV�SXEOLFDWLRQV�� LQFOXGLQJ�SDSHUV�E\�0F*KHH� ��������)LFKWHU��)LFKWHU

DQG�$OEULJKW���������%DUHV�DQG�:KLWWDNHU���������DQG�2UDO������D��KDYH�QRWHG�WKDW

DSSUR[LPDWHO\�����RI�WKH�(DUWK
V�ODQG�VXUIDFH�LV�LQDFFHVVLEOH�WR�ZKHHOHG�RU�WUDFNHG

YHKLFOHV�� EXW� WKDW�� LQ� FRQWUDVW��PRVW� DQLPDOV� FDQ� FURVV� URXJK� WHUUDLQ� LQ� DQ� HIILFLHQW

DQG� IDLUO\� UDSLG� IDVKLRQ�� 7KXV�� LW� LV� GHVLUDEOH� WR� FUHDWH� OHJJHG� PDFKLQHV� WKDW� ZLOO

LPLWDWH�WKH�H[FHOOHQW�PRELOLW\�RI�DQLPDOV�

5HVHDUFKHUV�KDYH�WKHUHIRUH�ORRNHG�WR�WKH�DQLPDO�ZRUOG�IRU�LQVSLUDWLRQ��DWWHPSWLQJ�WR

GHYHORS�ZDONLQJ�YHKLFOHV�WR�LPLWDWH�WKH�ERG\�VWUXFWXUH�DQG�PHWKRGV�RI� ORFRPRWLRQ

RI� PDPPDOV�� DGXOW� LQVHFWV�� KXPDQ� EHLQJV�� DQG� RWKHU� DUWKURSRGV� �OLIH� IRUPV� ZLWK

MRLQWHG� OHJV��� +RZHYHU�� UHOLDEOH� PRELOLW\� RQ� H[WUHPHO\� XQHYHQ� WHUUDLQ� UHPDLQV� DQ

HOXVLYH�JRDO�IRU�PDQ�PDGH�GHYLFHV�

7HFKQRORJLFDO� FKDOOHQJHV� DERXQG� LQ� DOPRVW� DOO� DVSHFWV� RI� PRELOH� URERW� UHVHDUFK�

+RZHYHU�� WKH� PRVW� FULWLFDO� IDFWRU� WKDW� LPSHGHV� FUHDWLQJ� OHJJHG� YHKLFOHV� WKDW� FDQ

VDIHO\�RSHUDWH�RQ�URXJK��XQHYHQ�WHUUDLQ�KDV�EHHQ�WKH�QHHG�IRU�WKH�URERW�WR�UHOLDEO\

GHWHFW�DQG�UHDFK�HQRXJK�VHFXUH�IRRWKROGV��,I�WKH�OHJV�RI�D�ZDONLQJ�YHKLFOH�DUH�XQDEOH

WR�UHDFK�D�VXIILFLHQW�QXPEHU�RI�VDIH�IRRWKROGV��WKH�URERW�ZLOO�EH�XQVWDEOH�DQG�ZLOO�IDOO

RYHU�� SRVVLEO\� GDPDJLQJ� LWVHOI�� ([DFHUEDWLQJ� WKH� SUREOHP� DUH� IRRWKROG� DUHDV� WKDW

DSSHDU�VDIH�WR�WKH�VHQVRUV�RI�WKH�URERW��\HW��EHFDXVH�RI�KLGGHQ�KROHV��ORRVH�URFNV��RU

VRIW� VRLO�� IDLO� WR� VXSSRUW� WKH� ZHLJKW� RI� WKH� YHKLFOH� ZKHQ� LW� SODFHV� D� OHJ� LQ� WKRVH

ORFDWLRQV�� 7KLV� SUREOHP� LV� V\PSWRPDWLF� RI� WKH� XQGHUO\LQJ� LQDGHTXDFLHV� LQ� WHUUDLQ
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VHQVLQJ� DQG� FRQWUROV�� DQG� WKH� ODFN� RI� D� VDIHW\� IDFWRU� LQ� WKH� IRUP� RI� UHGXQGDQW

VXSSRUWLQJ� OHJV�� 6WDWH�RI�WKH�DUW� VHQVLQJ� DQG� FRQWUROV� WHFKQRORJ\� VWLOO� FDQQRW

GXSOLFDWH�WKH�DELOLWLHV�RI�PRVW�DUWKURSRGLF�DQLPDOV�

7KHUHIRUH�� UDWKHU� WKDQ� WU\LQJ� WR� UXQ� RU� ZDON� OLNH� §KLJKHU¨� OLIH� IRUPV�� WKLV� UHVHDUFK

VHHNV�WR�VROYH�WKH�DOO�WHUUDLQ�PRELOLW\�SUREOHP�E\�HPXODWLQJ�WKH�FUDZOLQJ�ORFRPRWLRQ

RI� D� FRPSDUDWLYHO\� VLPSOH� OLIH� IRUP¦D� EDE\� LQVHFW�� 6SHFLILFDOO\�� WKH� ELRORJLFDO

FRXQWHUSDUW�IRU�WKH�YHKLFOH�FRQFHSW�GHVFULEHG�LQ�WKLV�UHVHDUFK� LV� WKH�FDWHUSLOODU�� WKH

ODUYD� RI� D� PRWK� RU� EXWWHUIO\�� &DWHUSLOODUV� KDYH� IOH[LEOH�� ORQJLWXGLQDOO\� VHJPHQWHG

ERGLHV�ZLWK����VWXEE\�OHJV��7KH\�PRYH�YLD�ZDYHV�RI�PXVFXODU�FRQWUDFWLRQV�WKDW�VWDUW

DW� WKH� SRVWHULRU� DQG� SURJUHVV� IRUZDUG� WR� WKH� DQWHULRU�� &DWHUSLOODUV� DUH� QHDUO\� EOLQG

DQG�SUHVXPDEO\�KDYH�YHU\�OLWWOH�LQWHOOLJHQFH��\HW�WKH\�H[KLELW�VXSHUE�DOO�WHUUDLQ�PRELOLW\

UHODWLYH�WR�WKHLU�VL]H�

7KHUHIRUH��WKH�DSSURDFK�WDNHQ�LQ�WKLV�UHVHDUFK�ZDV�WR�DGYDQFH�WKH�GHYHORSPHQW�RI�D

QHZ�FDWHJRU\�RI�YHKLFOH�WKDW�ZRXOG�EH�DEOH�WR�FUDZO�RYHU�GLIILFXOW��XQHYHQ�WHUUDLQ�LQ

D� PDQQHU� VLPLODU� WR� FDWHUSLOODUV�� 7R� DFKLHYH� WKLV� DLP�� 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��$V�ZLOO� EH� VKRZQ� ODWHU� LQ� WKLV�ZRUN�� WKLV

K\SRWKHVLV�LV�WUXH�

1.3 Classification of Vehicles

7R� GDWH�� YLUWXDOO\� DOO� OHJJHG� YHKLFOH� UHVHDUFK� KDV� FRQFHQWUDWHG� RQ� HPXODWLQJ� WKH

ORFRPRWLRQ�RI�DQLPDOV�E\�FUHDWLQJ�PDFKLQHV�ZLWK�D�VLQJOH�ULJLG�ERG\�DQG�DUWLFXODWHG

OHJV� RU� OLPEV�� 7KH� IROORZLQJ� LQWURGXFWRU\� VHQWHQFH�� WDNHQ� IURP� D� SDSHU� RQ� LQVHFW

ZDONLQJ� E\� :LOVRQ� �������� OHDGV� XV� WR� FRQVLGHU� DQRWKHU� SRVVLEOH� PHDQV� RI

ORFRPRWLRQ�
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7KH�PHFKDQLFV� RI� YDULRXV� W\SHV� RI� DQLPDO� ORFRPRWLRQ� IDOO� LQWR� WZR�PDMRU
FDWHJRULHV�� ORFRPRWLRQ� LQYROYLQJ� DSSHQGDJHV� DQG� ORFRPRWLRQ� LQYROYLQJ
RQO\�PRYHPHQWV�RI�WKH�WUXQN�

'HYLFHV�EDVHG�RQ�WKH�ILUVW�FDWHJRU\�ZLOO�KHUHDIWHU�EH�UHIHUUHG�WR�DV�§ZDONLQJ¨�YHKLFOHV

DQG�GHYLFHV�EDVHG�RQ�WKH�VHFRQG�FDWHJRU\�DV�§FUDZOLQJ¨�YHKLFOHV�

0RVW� W\SHV� RI� DQLPDO� DQG� OHJJHG� PDFKLQH� ORFRPRWLRQ� IDOO� LQWR� RQH� RI� WKH� WZR

FDWHJRULHV�GHVFULEHG�DERYH��)XUWKHU�GLVWLQFWLRQV�FDQ�EH�PDGH�ZKHQ�GHVFULELQJ� WKH

ORFRPRWLRQ�RI�PDQ�PDGH�ODQG�YHKLFOHV�LQ�JHQHUDO��7KH�FODVVLILFDWLRQV�DUH�HQXPHUDWHG

LQ�)LJ������

 Figure 1.1 — Types of Land Vehicles

7KH�PRVW�FRPPRQ�W\SH�RI�YHKLFOH��VKRZQ�LQ�)LJ�����D��KDV�D�ULJLG�ERG\�DQG�LV�GULYHQ

RQ�ZKHHOV� RU� WUDFNV�� VXFK� DV� DQ� DXWRPRELOH�� D� ELF\FOH� RU� D� EXOOGR]HU�� 7UDLQV� DQG

WUROOH\V�DUH�H[DPSOHV�RI�PXOWLERG\�YHKLFOHV�WKDW�UXQ�RQ�ZKHHOV�RU�WUDFNV��DV�LQGLFDWHG
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LQ�)LJ�����E��0RVW�OHJJHG�YHKLFOHV�KDYH�EHHQ�EDVHG�RQ�WKH�FRQFHSW�RI�D�VLQJOH�ULJLG

ERG\�KDYLQJ�DUWLFXODWHG�OHJV��ZKLFK�LV�LOOXVWUDWHG�LQ�)LJ�����F��)LQDOO\��)LJ�����G�VKRZV

D�PXOWLERG\�OHJJHG�YHKLFOH��6XFK�D�YHKLFOH�FDQ�SURGXFH�FRQWUROOHG�UHODWLYH�PRWLRQ�RI

LWV�PXOWLSOH�ERGLHV�� ,W�FRXOG�KDYH� OHJV�ZLWK�DFWLYH��DFWXDWHG� MRLQWV��RU� LW�FRXOG�KDYH

SDVVLYH�� QRQ�DFWXDWHG� OHJV�� 7KH� FUDZOLQJ� YHKLFOH� SUHVHQWHG� LQ� WKLV� GLVVHUWDWLRQ

EHORQJV�WR�WKLV�ILQDO�FODVV�

1.4 The Advantages of Legged Vehicles on Rough Terrain

:KHHOHG� YHKLFOHV� H[FHO� ZKHQ� XVHG� RQ� SUHSDUHG� VXUIDFHV�� VXFK� DV� URDGV� DQG

UDLOZD\V��7KH\�DUH�FRVW�HIIHFWLYH��HIILFLHQW��DQG�FDSDEOH�RI�DFKLHYLQJ�KLJKHU�YHORFLWLHV

WKDQ� DQ\� OHJJHG� YHKLFOHV� RU� DQLPDOV�� (QKDQFHPHQWV� WR� ZKHHOHG� YHKLFOHV�� VXFK� DV

WUDFN�OD\LQJ�DSSDUDWXV�DQG�LQQRYDWLYH�VXVSHQVLRQV�OLNH�WKH�URFNHU�ERJLHV�XVHG�RQ�WKH

6RMRXUQHU�DQG�WKH�5RFN\�VHULHV�RI�URERWV��*DW�HW��DO��������DQG�%LFNOHU���������KDYH

H[WHQGHG�WKH�URXJK�WHUUDLQ�PRELOLW\�RI�ZKHHOHG�YHKLFOHV�FRQVLGHUDEO\��+RZHYHU��DV

WKH� WHUUDLQ� EHFRPHV� LQFUHDVLQJO\� GLIILFXOW�� D� SRLQW� FRPHV� ZKHUH� ZKHHOHG� YHKLFOHV

SURYH�LQIHULRU�WR�OHJJHG�YHKLFOHV�

2UDO� �����D�� VWDWHV� WKDW� SDGG\� ILHOGV�� VDQG\� VRLOV�� DQG� XQGXODWLQJ� WHUUDLQ� DUH

WURXEOHVRPH� IRU� ZKHHOHG� YHKLFOHV� WR� FURVV�� DQG� VSHFLILFDOO\�� WKDW� WUDYHOLQJ� RYHU

XQGXODWLQJ�QDWXUDO�WHUUDLQV�LQYROYHV�GLIILFXOW�WDVNV�IRU�ZKHHOHG�YHKLFOHV��VXFK�DV�VWHS

FOLPELQJ��JDS�FURVVLQJ��JUDGLHQWV��VLGH�VORSHV��DQG�ZDWHU�FURVVLQJ�

6LPLODUO\�� WUDYHUVLQJ�PDQ\�PDQ�PDGH�§WHUUDLQV¨� LV�DOVR�GLIILFXOW� IRU�ZKHHOHG�YHKLFOHV

EHFDXVH� RI� QDUURZ� GRRUZD\V�� QDUURZ� KDOOZD\V�� VKDUS� WXUQV�� IORRU� LUUHJXODULWLHV�

UDPSV��VWHSV��VWDLUFDVHV��DQG�ODGGHUV�

6HYHUDO�UHVHDUFKHUV�KDYH�GHVFULEHG�WKH�LQIHULRULW\�RI�ZKHHOV�IURP�WKH�VRLO�PHFKDQLFV

YLHZSRLQW��0F*KHH� �������DQG�2UDO� �����D��ZULWH� WKDW��ZKHQ� WUDYHUVLQJ�VRIW� VRLOV�
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ZKHHOV� VLQN� GRZQ� DQG� PXVW� HIIHFWLYHO\� EH� FRQWLQXRXVO\� FOLPELQJ� RXW� RI� D� KROH

DQG�RU� H[SHQGLQJ� HQHUJ\� WR� FRPSDFW� WKH� VRLO� �VHH� )LJ�� ������ $FFRUGLQJ� WR� %HNNHU

�������� §$�ZKHHO�GULYHQ� LQ� D� VRIW� WHUUDLQ�PD\�QRW�EH�DV�HFRQRPLFDO� DV�ZDONLQJ�RU

UXQQLQJ�� LW� UHTXLUHV�PRUH� SRZHU� SHU� XQLW� RI� ZHLJKW¨�� 7RGG� ������� ZULWHV� WKDW� WKH

IRRWªV� §PRVW� IXQGDPHQWDO� DGYDQWDJH� RYHU� WKH� ZKHHO¨� LV� WKDW� WKH� FRPSDFWLRQ

UHVLVWDQFH�RI� WKH�VRLO�FDQ�FRQWULEXWH� WR� LWV� IRUZDUG� WKUXVW��ZKHUHDV� LQ� WKH�FDVH�RI�D

ZKHHO��FRPSDFWLRQ�UHVLVWDQFH�UHGXFHV�WKH�IRUZDUG�WKUXVW�

Direction
of Motion

Compaction
Resistance

Figure 1.2 — Compaction Resistance of a Wheel in Soft Soil

(After Bekker (1956) and Todd (1985))

6RQJ� DQG� :DOGURQ� ������� OLVW� ILYH� SRWHQWLDO� DGYDQWDJHV� RI� OHJJHG� YHKLFOHV� RYHU

ZKHHOHG�RU�WUDFNHG�YHKLFOHV�ZKHQ�PRYLQJ�RYHU�URXJK�WHUUDLQ�

�� +LJKHU�VSHHG�

�� %HWWHU�IXHO�HFRQRP\�

�� *UHDWHU� PRELOLW\�� >7KLV� LQFOXGHV� WKH� DELOLW\� WR� VWHS� RYHU� REVWDFOHV� DQG

WUDYHO�DFURVV�WHUUDLQ�WKDW�LV�LPSRVVLEOH�IRU�ZKHHOHG�DQG�WUDFNHG�YHKLFOHV�@
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�� %HWWHU�LVRODWLRQ�IURP�WHUUDLQ�LUUHJXODULWLHV��>7KLV�HQDEOHV�D�VPRRWKHU�ULGH�@

�� /HVV� HQYLURQPHQWDO� GDPDJH�� >:KHHOHG� DQG� WUDFNHG� YHKLFOHV� OHDYH

FRQWLQXRXV�UXWV� LQ�VRIW�VRLOV��ZKHUHDV� OHJJHG�YHKLFOHV� OHDYH�RQO\�GLVFUHWH

IRRWSULQWV�@

,Q�JHQHUDO�� OHJJHG�YHKLFOHV�EHFRPH�DWWUDFWLYH�IRU�DQ\�DSSOLFDWLRQ�UHTXLULQJ�WUDYHUVDO

RI�WHUUDLQ�WKDW�LV�WRR�GLIILFXOW�IRU�ZKHHOHG�DQG�WUDFNHG�YHKLFOHV��DQG�LV�WRR�H[SHQVLYH

RU� GDQJHURXV� IRU� KXPDQV�� ,Q� KLV� H[FHOOHQW� LQWURGXFWLRQ� WR�ZDONLQJ�PDFKLQHV��'�� -�

7RGG� ������� OLVWV� D� QXPEHU� RI� SRVVLEOH� DSSOLFDWLRQV� WKDW� DUH� VXLWDEOH� IRU� OHJJHG

YHKLFOHV��$PRQJ�WKHP�DUH�

���SODQHWDU\�H[SORUDWLRQ�

���QXFOHDU�PDLQWHQDQFH�

���PLOLWDU\�WUDQVSRUW�

���PLQLQJ�

���KD]DUGRXV�PDWHULDO�KDQGOLQJ�

���FRQVWUXFWLRQ�DQG�UHODWHG�DFWLYLWLHV�

���DJULFXOWXUH�DQG�IRUHVWU\�

���UHVFXH�DQG�ILUHILJKWLQJ�

���WKH�VWXG\�RI�ORFRPRWLRQ��]RRORJ\�DQG�HQJLQHHULQJ��

����RUWKRWLF�DQG�SURVWKHWLF�DLGV�

����DUWLILFLDO�LQWHOOLJHQFH�UHVHDUFK�

����HGXFDWLRQ��DUW��DQG�HQWHUWDLQPHQW�

7KH� FUDZOLQJ� YHKLFOH� SURSRVHG� LQ� WKLV� UHVHDUFK� FRXOG� EH� DGDSWHG� IRU� DOO� RI� WKH

DSSOLFDWLRQV�OLVWHG�DERYH�
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1.5 The Advantages of Multibody Vehicles on Rough Terrain

%HNNHU��������GHVFULEHV�IRXU�PDLQ�W\SHV�RI�ORFRPRWLRQ�IDLOXUHV�IRU�ZKHHOHG�YHKLFOHV

DWWHPSWLQJ� WR� FURVV� URXJK� WHUUDLQ�� FOHDUDQFH� IDLOXUHV�� YLEUDWLRQ� IDLOXUHV�� WUDFWLRQ

IDLOXUHV�� DQG� VWDELOLW\� IDLOXUHV�� &OHDUDQFH� IDLOXUH� PRGHV� LQFOXGH� KDQJ�XS� IDLOXUHV�

§ZKHQ�WKH�ERWWRP�RI�WKH�YHKLFOH� LQWHUIHUHV�ZLWK�WKH�REVWDFOH¨��DQG�QRVH�LQ� IDLOXUHV�

§ZKHQ�WKH�IURQW�HQG�>RU�UHDU�HQG�LI�JRLQJ�LQ�UHYHUVH@�RI�WKH�YHKLFOH�LQWHUIHUHV�ZLWK�WKH

REVWDFOH¨�� 9LEUDWLRQ� IDLOXUHV� UHVXOW� IURP� H[FHVVLYH� ERXQFLQJ� DQG� YLEUDWLRQV� WKDW

UHGXFH� WKH� FRQWUROODELOLW\� RU� ULGH� FRPIRUW� RI� D� YHKLFOH� EHORZ� D� WROHUDEOH� OHYHO�

7UDFWLRQ� IDLOXUHV�DUH�FDXVHG�E\� WKH�VOLSSHULQHVV�RU� ORRVHQHVV�RI� WKH�JURXQG��)LQDOO\�

VWDELOLW\� IDLOXUHV� RFFXU� ZKHQ� WUDQVYHUVH� RU� ORQJLWXGLQDO� VORSHV� FDXVH� D� YHKLFOH� WR

RYHUWXUQ��:KLOH�%HNNHU�ZDV�FRQVLGHULQJ�ZKHHOHG�YHKLFOHV� LQ� WKH�DERYH�GHVFULSWLRQ

RI�IDLOXUH�PRGHV��WKH�VDPH�GLVFXVVLRQ�JHQHUDOO\�DSSOLHV�WR�OHJJHG�YHKLFOHV�DV�ZHOO�

0XOWLERG\� YHKLFOHV�� ERWK�ZKHHOHG� DQG� OHJJHG�� KDYH� VHYHUDO� DGYDQWDJHV� RYHU� WKHLU

VLQJOH�ERG\� FRXQWHUSDUWV� ZKHQ� RSHUDWLQJ� RQ� URXJK� WHUUDLQ�� )LUVW�� WKH� IOH[LELOLW\

SURYLGHG�E\� WKHLU�PXOWLSOH�ERGLHV�DOORZV� WKHP� WR�DYRLG�PDQ\�FOHDUDQFH� IDLOXUHV� WR

ZKLFK�ULJLG�ERG\�YHKLFOHV�DUH�SURQH��)XUWKHUPRUH��E\�SURSHU�FRQWURO�RI�WKHLU�YDULRXV

ERGLHV��PXOWLERG\�YHKLFOHV�FDQ�VHOHFW�ZKHUH�WKH\�FRQWDFW�WKH�JURXQG��WKXV�UHGXFLQJ

WKHLU� YXOQHUDELOLW\� WR� WUDFWLRQ� IDLOXUHV�� )LQDOO\�� IRU� WKH� VDPH� VL]H� JURXQG� FRQWDFWLQJ

PHPEHUV� �EH� WKH\� ZKHHOV� RU� OHJV��� PXOWLERG\� YHKLFOHV� SURYLGH� JUHDWHU� HIIHFWLYH

ZRUNVSDFHV�� HQDEOLQJ� WKHP� WR� UHDFK� VDIH� VXSSRUW� DUHDV�RQ�PRUH�H[WUHPH�� XQHYHQ

WHUUDLQ�� WKXV� UHGXFLQJ� WKH� SRVVLELOLW\� RI� VWDELOLW\� IDLOXUHV�� $OVR�� EHFDXVH� WKHLU

PXOWLERG\� VWUXFWXUH� DOORZV� WKHP� WR� FRQIRUP� PRUH� FORVHO\� WR� XQGXODWLQJ� WHUUDLQ�

PXOWLERG\� YHKLFOHV� FDQ� PDLQWDLQ� D� ORZHU� FHQWHU� RI� JUDYLW\� WKDQ� WKHLU� ULJLG� ERG\

FRXQWHUSDUWV��RQFH�DJDLQ�PDNLQJ�WKHP�OHVV�YXOQHUDEOH�WR�VWDELOLW\�IDLOXUHV�
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1.6 Stability The Key to Rough Terrain Mobility

5RXJK�WHUUDLQ�PRELOLW\� LV� WKH�DELOLW\�RI�D�YHKLFOH� WR� WUDYHUVH�XQHYHQ� WHUUDLQ�ZLWKRXW

KDYLQJ� WR�KDOW� LQ� RUGHU� WR� DYRLG� DQ� HPLQHQW� ORFRPRWLRQ� IDLOXUH� DQG�ZLWKRXW� EHLQJ

KDOWHG�E\�D�ORFRPRWLRQ�IDLOXUH�WKDW�KDV�DFWXDOO\�RFFXUUHG��6HFWLRQ�����SUHVHQWHG�WKH

IRXU�PRGHV�RI� ORFRPRWLRQ� IDLOXUH� IRU�ZKHHOHG�YHKLFOHV�RQ�URXJK�WHUUDLQ�DV�GHILQHG

E\� %HNNHU� �������� 7KHVH� IDLOXUH� PRGHV� DOVR� DSSO\� WR� OHJJHG� YHKLFOHV�� EXW� ZLWK� D

GLIIHUHQW�GLVWULEXWLRQ�RI� ULVN��6SHFLILFDOO\��ZLWK�ZKHHOHG�YHKLFOHV�RSHUDWLQJ�RQ� URXJK

WHUUDLQ�� WKH� JURXQG� FOHDUDQFH� FRQFHUQV� RI� DYRLGLQJ� KDQJ�XS� IDLOXUHV� DQG� QRVH�LQ

IDLOXUHV�DUH�JHQHUDOO\�WKH�PRVW�FULWLFDO�EHFDXVH�RI�WKH�UHODWLYHO\�OLPLWHG�ZRUNVSDFH�RI

PRVW� ZKHHO� VXVSHQVLRQV�� ,Q� FRQWUDVW�� ZLWK� OHJJHG� YHKLFOHV�� WKH� PRVW� FRPPRQ

OLPLWLQJ� IDLOXUH� PRGH� LV� QRW� FOHDUDQFH�� VLQFH� WKHLU� OHJ� PHFKDQLVPV� XVXDOO\� KDYH

UHODWLYHO\�ODUJH�ZRUNVSDFHV�� LQVWHDG��WKH�PRVW�FULWLFDO�FRQFHUQ�IRU� OHJJHG�YHKLFOHV� LV

WKH�VWDELOLW\�IDLOXUH�PRGH��7KXV��WKH�PRVW�LPSRUWDQW�HQDEOLQJ�IDFWRU�WKDW�GHWHUPLQHV

WKH�URXJK�WHUUDLQ�PRELOLW\�RI�D�OHJJHG�YHKLFOH�LV�LWV�DELOLW\�WR�UHPDLQ�VWDEOH�DQG�DYRLG

WLSSLQJ�RYHU�RU�IDOOLQJ�GRZQ�ZKHQ�LW�FRQIURQWV�GLIILFXOW�SK\VLFDO�REVWDFOHV�

1.6.1 Defining Stability

7KH� VWDELOLW\� RI� D� YHKLFOH� FDQ� WDNH� VHYHUDO� IRUPV�� %HFDXVH� RI� LWV� LPSRUWDQFH� WR

ORFRPRWLRQ��LW�LV�ZRUWKZKLOH�WR�FRQVLGHU�WKH�VXEMHFW�RI�VWDELOLW\�LQ�JUHDWHU�GHWDLO��7KH

VWDELOLW\�RI�D�YHKLFOH�FDQ�EH�GHILQHG�DV�ERWK�D�VWDWH�� WKH� LQVWDQWDQHRXV�VWDELOLW\��DQG

PRUH� EURDGO\�� DV� DQ� RYHUDOO� SHUIRUPDQFH� JRDO� IRU� D� SHULRG� RI� WLPH�� WKH� HIIHFWLYH

VWDELOLW\�

7KH�LQVWDQWDQHRXV�VWDELOLW\�VWDWH�RI�D�YHKLFOH�LQGLFDWHV��DW�D�SDUWLFXODU�LQVWDQW�LQ�WLPH�

ZKHWKHU� WKH� YHKLFOH� LV� VDIHO\� VXSSRUWHG� RQ� WKH� JURXQG� RU� LV� LQ� WKH� DFW� RI� EDOOLVWLF

IOLJKW�RU�IDOOLQJ��7KH�LQVWDQWDQHRXV�VWDELOLW\�LV�GHWHUPLQHG�E\�WKH�UHODWLRQVKLS�EHWZHHQ

WKH� VXP�RI� WKH� IRUFHV� DQG�PRPHQWV� DFWLQJ�RQ� WKH�YHKLFOH� DQG� WKH�SRVLWLRQV�RI� LWV
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ORDG�EHDULQJ� IHHW�� 6SHFLILFDOO\�� DW� DQ\� SRLQW� LQ� WLPH�� WKH� IHHW� RQ� WKH� JURXQG� WKDW

VXSSRUW�WKH�YHKLFOH�GHILQH�WKH�EDVH�RI�VXSSRUW�RU�DUHD�RI�VXSSRUW�IRU�WKH�YHKLFOH��$

YHKLFOH� LV� LQVWDQWDQHRXVO\� VWDEOH�ZKHQ� WKH� OLQH� RI� DFWLRQ�RI� WKH� YHFWRU� VXP�RI� WKH

JUDYLWDWLRQDO�DQG�LQHUWLDO� IRUFHV�SDVVHV�WKURXJK�WKH�YHKLFOH
V�DUHD�RI�VXSSRUW��7KLV� LV

LOOXVWUDWHG�LQ�)LJ�������ZKHUH�D�OHJJHG�URERW�LV�VKRZQ�VXSSRUWHG�E\�WKUHH�RI�LWV�OHJV�DV

LW� RSHUDWHV� RQ� D� VORSH�� ,Q� WKLV� H[DPSOH�� WKH� VXP� RI� WKH� LQHUWLDO� IRUFHV� LV� UHODWLYHO\

VPDOO�DQG�LWV�IRRWKROGV�DUH�SRVLWLRQHG�ZLWK�UHVSHFW�WR�WKH�FHQWHU�RI�JUDYLW\�VR�WKDW�WKH

URERW�LV�VWDEOH�DW�WKDW�SRLQW�LQ�WLPH�

mg

ma

Figure 1.3 — Example of an Instantaneously Stable  Vehicle

,Q� FRQWUDVW�� D� YHKLFOH� LV� LQVWDQWDQHRXVO\� XQVWDEOH�� DQG� WKXV� HLWKHU� IDOOLQJ� RU� LQ� D

EDOOLVWLF� IOLJKW� WUDMHFWRU\�� ZKHQ� WKH� §WKH� UHVXOWDQW� YHFWRU� RI� WKH� JUDYLWDWLRQDO� DQG

LQHUWLDO� IRUFHV� PHHWV� WKH� JURXQG� RXWVLGH� WKH� EDVH� RI� VXSSRUW§� �7RGG�� ������� 7KLV

VLWXDWLRQ� LV� LOOXVWUDWHG� LQ� )LJ�� ���� IRU� D� OHJJHG� YHKLFOH�RQ� OHYHO� WHUUDLQ�� ,Q� WKLV� FDVH�

EHFDXVH�WKH�OLQH�RI�DFWLRQ�RI�WKH�UHVXOWDQW�YHFWRU�OLHV�RXWVLGH�WKH�VXSSRUW�DUHD�RI�WKH

YHKLFOH�� WKH� YHKLFOH� ZLOO� WLS� RYHU�� URWDWLQJ� DERXW� DQ� D[LV� WKDW� SDVVHV� WKURXJK� WKH

ORFDWLRQV�RI�WKH�WZR�OHIWPRVW�IHHW��7KH�H[DPSOH�VKRZV�WKDW�ODUJH�LQHUWLDO�IRUFHV��VXFK
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DV�WKRVH�WKDW�RFFXU�GXULQJ�VXGGHQ�GHFHOHUDWLRQV��FDQ�GHVWDELOL]H�D�YHKLFOH�WKDW�ZRXOG

KDYH� RWKHUZLVH� EHHQ� VWDEOH� LI� WKH� JUDYLWDWLRQDO� IRUFH� KDG� EHHQ� WKH� RQO\

FRQVLGHUDWLRQ�

mg

ma

Figure 1.4 — Example of an Instantaneously Unstable  Vehicle

(After Todd (1985))

1RWH� WKDW�� DOWKRXJK� WKHVH� H[DPSOH� ILJXUHV� VKRZ� OHJJHG� URERWV�� WKLV� GHILQLWLRQ� RI

LQVWDQWDQHRXV� VWDELOLW\� DOVR� DSSOLHV� WR� ZKHHOHG� YHKLFOHV�� ZLWK� WKH� RQO\� GLIIHUHQFH

EHLQJ�WKDW�WKH�VXSSRUW�PHPEHUV�DUH�ZKHHOV�UDWKHU�WKDQ�IHHW�

7KH�HIIHFWLYH�VWDELOLW\�RI�D�YHKLFOH�LV�D�FULWLFDO�SHUIRUPDQFH�LVVXH��,W�LV�WKH�UHVXOWDQW�RI

WKH� WRWDO� YHKLFOH�WHUUDLQ� V\VWHP�� LQFOXGLQJ� WKH� LQIOXHQFH� RI� WKH� HQWLUH� ORFRPRWLRQ

FRQWURO� V\VWHP� �L�H�� WHUUDLQ� VHQVLQJ�� SDWK� SODQQLQJ�� ERG\� DWWLWXGH� VHQVLQJ�� DFWXDWRU

RXWSXWV�� HWF���� WKHUHIRUH�� LW� LV� GLIILFXOW� WR� GHILQH� PDWKHPDWLFDOO\�� +RZHYHU�� VLPSO\

VWDWHG��D�YHKLFOH� LV�HIIHFWLYHO\�VWDEOH� LI� LW�QHYHU�§ORVHV�FRQWURO¨�DQG�DFFLGHQWDOO\�KLWV

WKH�JURXQG��DQG�LW�LV�HIIHFWLYHO\�XQVWDEOH�LI�LW�HYHU�GRHV�

0RUH�SUHFLVHO\��D�YHKLFOH�LV�VWDEOH��LQ�WKH�HIIHFWLYH�VHQVH��VR�ORQJ�DV�LW�GRHV�QRW�IDOO�LQ

DQ�XQUHFRYHUDEOH�PDQQHU��&RQVHTXHQWO\��ZKHQHYHU� LW�FRQWDFWV� WKH�JURXQG�� LW�GRHV

VR� XVLQJ� LWV� LQWHQGHG� JURXQG� FRQWDFW�PHPEHUV� �W\SLFDOO\� LWV� IHHW� RU�ZKHHOV�� UDWKHU
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WKDQ� RWKHU� SDUWV� RI� LWV� VWUXFWXUH� �L�H�� LWV� VLGH�� EDFN�� HWF���� &RQYHUVHO\�� D� YHKLFOH� LV

XQVWDEOH�� LQ� WKH� HIIHFWLYH� VHQVH�� ZKHQ� LW� EHJLQV� WR� IDOO� LQ� D� PDQQHU� WKDW� LV

XQUHFRYHUDEOH�� VR� WKDW�� GHVSLWH� WKH� EHVW� FRQWURO� UHDFWLRQV� RI� WKH� V\VWHP�� LW

QHYHUWKHOHVV�ZLOO�FRQWDFW� WKH�JURXQG�ZLWK�SRUWLRQV�RI� LWV�VWUXFWXUH�RWKHU� WKDQ� WKRVH

GHVLJQHG�IRU�WHUUDLQ�FRQWDFW���7KLV�LPSOLHV�WKDW�D�YHKLFOH�FDQ�UHPDLQ�HIIHFWLYHO\�VWDEOH

HYHQ�WKRXJK�LW�XQGHUJRHV�LQVWDQWDQHRXVO\�XQVWDEOH�VWDWHV�DQG�EHJLQV�WR�IDOO��VR�ORQJ

DV�WKH�FRQWURO�V\VWHP�RI�WKH�YHKLFOH�HQDEOHV�LW�WR�UHFRYHU�IURP�WKH�IDOO�EHIRUH�KLWWLQJ

WKH�JURXQG��

0DLQWDLQLQJ�HIIHFWLYH�VWDELOLW\� LV�FUXFLDO�WR�WKH�RSHUDWLRQ�RI�D�PRELOH�URERW�EHFDXVH

IDOOV�FDQ�RIWHQ�GDPDJH�WKH�URERW�DQG�FULSSOH�LWV�SHUIRUPDQFH��(YHQ�LI�D�URERW�VXUYLYHV

D�IDOO�XQVFDWKHG��LW�PXVW�VWLOO�KDYH�WKH�DELOLW\�WR�ULJKW�LWVHOI�DQG�JHW�EDFN�RQ�LWV�IHHW�WR

DYRLG�QHHGLQJ�RXWVLGH�LQWHUYHQWLRQ�WR�UHVFXH�WKH�YHKLFOH��,Q�WKH�FDVH�RI�VRPH�ORQJ�

UDQJH�H[SORUDWLRQ�PLVVLRQV��WKH�DOWHUQDWLYHV�DUH�VHOI�UHFRYHU\�RU�WRWDO�PLVVLRQ�IDLOXUH�

(YHQ�ZKHQ�VXUYLYDEOH��WKH�DFW�RI�IDOOLQJ�DQG�JHWWLQJ�XS�DJDLQ�VORZV�WKH� ORFRPRWLRQ

SURJUHVV�RI�WKH�YHKLFOH�

7KHUH�DUH�WZR�PDLQ�DSSURDFKHV�XVHG�IRU�SUHVHUYLQJ�HIIHFWLYH�VWDELOLW\��2QH�PHWKRG

LV� WR� FRQWLQXRXVO\� PDLQWDLQ� LQVWDQWDQHRXV� VWDELOLW\� DW� DOO� WLPHV� GXULQJ� ORFRPRWLRQ�

7KH� RWKHU� LV� WR� DOORZ� LQVWDQWDQHRXVO\� XQVWDEOH� VWDWHV�� EXW� WR� UHFRYHU� IURP� WKHVH

VWDWHV�EHIRUH�DFWXDOO\�KLWWLQJ� WKH�JURXQG�E\�XVH�RI�D�FRQWURO� V\VWHP�WKDW� WDNHV� LQWR

DFFRXQW�WKH�G\QDPLFV�RI�WKH�V\VWHP�

%DVHG�XSRQ�WKHVH�WZR�JHQHUDO�DSSURDFKHV��D�YHKLFOH�FDQ�PDLQWDLQ�HIIHFWLYH�VWDELOLW\

WKURXJK� IRXU� EDVLF� RSHUDWLQJ� PRGHV�� VWDWLF� VWDELOLW\�� TXDVL�VWDWLF� VWDELOLW\�� TXDVL�

G\QDPLF� VWDELOLW\�� DQG� G\QDPLF� VWDELOLW\�� 1RWH� WKDW� WKH� GHILQLWLRQV� RI� WKH� VWDELOLW\

PRGHV� WKDW� IROORZ�DUH�JHQHULF� LQ� WKDW� WKH\�FDQ�DSSO\� WR�ERWK�ZKHHOHG�DQG� OHJJHG

YHKLFOHV�
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1.6.2 Static Stability

6WDWLFDOO\� VWDEOH� ORFRPRWLRQ� LV� EDVHG�RQ� WKH� DSSURDFK�RI� FRQWLQXRXVO\�PDLQWDLQLQJ

LQVWDQWDQHRXV� VWDELOLW\�� ,W� LV� UHIHUUHG� WR� DV� §VWDWLFDOO\¨� VWDEOH� EHFDXVH� WKH� LQHUWLDO

IRUFHV�DFWLQJ�RQ�WKH�URERW�DUH�DVVXPHG�WR�EH�QHJOLJLEOH��WKXV�UHGXFLQJ�WKH�HYDOXDWLRQ

RI�WKH�LQVWDQWDQHRXV�VWDELOLW\�WR�D�VWDWLFV�SUREOHP�FRQFHUQLQJ�WKH�UHODWLYH�SRVLWLRQV�RI

WKH�YHKLFOH�FHQWHU�RI�JUDYLW\�DQG� LWV�VXSSRUWLQJ�PHPEHUV��6WDELOLW\� LV� WKXV�DFKLHYHG

E\�PDLQWDLQLQJ�DQ�DUHD�RI�VXSSRUW�EHQHDWK�WKH�FHQWHU�RI�JUDYLW\�DW�DOO�WLPHV��9HKLFOHV

WKDW�KDYH�DFWXDWHG�VXSSRUW�PHPEHUV��H�J��OHJV��PXVW�FDUHIXOO\�SODQ�WKH�VHTXHQFH�RI

PRWLRQ�IRU�WKHVH�PHPEHUV��H�J��WKH�JDLW��VR�DV�WR�HQVXUH�WKH�FRQWLQXLW\�RI�LWV�EDVH�RI

VXSSRUW� GXULQJ� ORFRPRWLRQ�� 6WDWLFDOO\� VWDEOH� ORFRPRWLRQ� XVXDOO\� UHTXLUHV� KDYLQJ� DW

OHDVW� �� VXSSRUW�PHPEHUV�RQ� WKH� JURXQG� DW� D� WLPH� �H[FHSW� VRPHWLPHV� IRU� YHKLFOHV

ZLWK� IHHW� RU� ZKHHOV� KDYLQJ� YHU\� ODUJH� JURXQG� FRQWDFW� DUHDV��� $� OHJJHG� YHKLFOH

JHQHUDOO\�UHTXLUHV�D�PLQLPXP�RI���OHJV�WR�PRYH�LQ�D�VWDWLFDOO\�VWDEOH�PDQQHU��VR�WKDW

RQH� OHJ� FDQ�PRYH�ZKLOH� WKH� RWKHU� WKUHH� OHJV� SURYLGH� VXSSRUW�� 1RWH� WKDW� YHKLFOHV

RSHUDWLQJ�LQ�VWDWLF�VWDELOLW\�PRGH�PXVW�OLPLW�WKHLU�VSHHGV�WR�HQVXUH�WKDW�DFFHOHUDWLRQV�

DQG�KHQFH�LQHUWLDO�IRUFHV��DUH�LQVLJQLILFDQW�UHODWLYH�WR�WKH�JUDYLWDWLRQDO�IRUFH�DFWLQJ�RQ

WKH�YHKLFOH�

1.6.3 Quasi-Static Stability

4XDVL�VWDWLFDOO\� VWDEOH� ORFRPRWLRQ� LV� DOVR� EDVHG� RQ� WKH� DSSURDFK� RI� FRQWLQXRXVO\

PDLQWDLQLQJ� LQVWDQWDQHRXV�VWDELOLW\��+RZHYHU�� LW�GLIIHUV� IURP�VWDWLF�VWDELOLW\� LQ� WKDW� LW

WDNHV�LQWR�DFFRXQW�LQHUWLDO�IRUFHV��6SHFLILFDOO\��LQVWDQWDQHRXV�VWDELOLW\�LV�QRW�HYDOXDWHG

LQ�DEEUHYLDWHG�IRUP��DV�ZLWK�VWDWLF�VWDELOLW\��EXW�LV�GHWHUPLQHG�XVLQJ�WKH�YHFWRU�VXP�RI

WKH�JUDYLWDWLRQDO�DQG� LQHUWLDO� IRUFHV�DFWLQJ�RQ�WKH�YHKLFOH��7KHQ��GXULQJ� ORFRPRWLRQ�

WKH�PRWLRQV�RI� WKH� VXSSRUWLQJ�PHPEHUV�RI� URERW� DUH� SODQQHG� FDUHIXOO\� VR� WKDW� DQ

DUHD�RI�VXSSRUW�LV�DOZD\V�PDLQWDLQHG�ZKHUH�WKH�OLQH�RI�DFWLRQ�RI�WKH�QHW�IRUFH�YHFWRU

PHHWV� WKH� JURXQG�� $V�ZLWK� VWDWLF� VWDELOLW\�� WKH� FRQWLQXRXV�PDLQWHQDQFH� RI� VWDELOLW\



Chapter 1 − Introduction and Literature Review 14

JHQHUDOO\�UHTXLUHV���VXSSRUWLQJ�PHPEHUV����IRU�OHJJHG�YHKLFOHV�VR�WKDW�RQH�OHJ�FDQ

PRYH��

1.6.4 Quasi-Dynamic Stability

4XDVL�G\QDPLFDOO\� VWDEOH� ORFRPRWLRQ� LV� EDVHG� RQ� WKH� DSSURDFK� RI� LQWHUPLWWHQWO\

HQWHULQJ� LQWR� DQG� UHFRYHULQJ� IURP� VWDWHV� RI� LQVWDQWDQHRXV� LQVWDELOLW\�� 7RGG� ������

GHVFULEHG�WKLV�LW�DV�§DOWHUQDWLQJ�EDODQFH�VWDELOLW\¨��7KLV�ORFRPRWLRQ�LQYROYHV�G\QDPLF

WUDQVIHUV� IURP� RQH� VWDEOH� EDVH� RI� VXSSRUW� WR� DQRWKHU�� 7KDW� LV�� VWDUWLQJ� IURP� DQ

LQVWDQWDQHRXVO\�VWDEOH�SRVLWLRQ��WKH�URERW�HLWKHU�MXPSV�RYHU�WR��RU�IDOOV�RQWR��D�QHZ

LQVWDQWDQHRXVO\�VWDEOH�SRVLWLRQ�

)RU� H[DPSOH�� D� ��ZKHHOHG� YHKLFOH�PRYLQJ� UDSLGO\� RYHU� URXJK� WHUUDLQ�PD\� ERXQFH

DURXQG�DQG�WHPSRUDULO\�ULGH�RQ�MXVW���RI�LWV�ZKHHOV��%XW�VR�ORQJ�DV�WKLV�GHVWDELOL]DWLRQ

GRHVQ
W�IOLS�LW�RYHU�RQWR�LWV�VLGH�� LW�ZLOO� IDOO�EDFN�GRZQ�RQWR�DOO���ZKHHOV�DJDLQ��WKXV

UHJDLQLQJ� VWDELOLW\� ZLWKRXW� DFWLYH� FRQWURO�� 5DLEHUW� ������� DQG� 7RGG� ������� ERWK

GHVFULEH�WKH�ZRUN�RI�.DWR�DQG�KLV�FROOHDJXHV��LQ�ZKLFK�D�ELSHG�URERW�XVHG�D�TXDVL�

G\QDPLF� VWDELOLW\� PRGH� WR� ZDON�� 6SHFLILFDOO\�� HDFK� IRRW� RI� WKH� URERW� ZDV� ODUJH

HQRXJK�WR�VXSSRUW�WKH�URERW�LQ�D�VWDWLFDOO\�VWDEOH�PDQQHU��7R�ZDON��WKH�URERW�VWRRG

RQ� RQH� IRRW� DQG� WKHQ� PRYHG� LWV� §FDWFKLQJ¨� IRRW� LQWR� SRVLWLRQ� DKHDG� RI� WKH

VXSSRUWLQJ�IRRW��7KHQ��RQFH�SHU�ORFRPRWLRQ�F\FOH��WKH�PDFKLQH�WLSSHG�IRUZDUG�DQG

IHOO�RQWR� WKH�FDWFKLQJ� IRRW��ZKLFK� WKHQ�EHFDPH� WKH� VXSSRUWLQJ� IRRW��DQG� WKH�F\FOH

UHSHDWHG�� 7KXV�� LQ� FHUWDLQ� FDVHV�� D� G\QDPLFDOO\� PRYLQJ� YHKLFOH� PD\� QRW� QHHG� WR

SHUIRUP�DQ\�DFWLYH�UHVSRQVH�WR�UHPDLQ�HIIHFWLYHO\�VWDEOH�

1.6.5 Dynamic Stability

'\QDPLFDOO\�VWDEOH�ORFRPRWLRQ�LV�EDVHG�RQ�WKH�DSSURDFK�RI�UHFRYHULQJ�IURP�QHDUO\

FRQWLQXRXV�VWDWHV�RI�LQVWDQWDQHRXV�LQVWDELOLW\��%HFDXVH�RI�WKH�PHWKRGV�LW�HPSOR\V�WR
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PDLQWDLQ� HIIHFWLYH� VWDELOLW\�� WKLV� PRGH� RI� RSHUDWLRQ� KDV� DOVR� EHHQ� UHIHUUHG� WR� DV

§DFWLYH�EDODQFH¨�DQG�§G\QDPLF�EDODQFH¨� �5DLEHUW���������7KH� ORFRPRWLRQ�F\FOHV�RI

G\QDPLFDOO\� VWDEOH� YHKLFOHV� LQFOXGH� LQVWDELOLWLHV� RI� WZR� EDVLF� W\SHV�� IDOOLQJ�PRWLRQV

OLNH�WKDW�RI�DQ�LQYHUWHG�SHQGXOXP��ZKHQ�RQH�RU�PRUH�VXSSRUW�PHPEHUV� LQ�FRQWDFW

ZLWK� WKH�JURXQG�DFW�DV�SLYRWV��DQG�EDOOLVWLF� IOLJKW� �ZKHQ�QR�VXSSRUWV�DUH� LQ�FRQWDFW

ZLWK�WKH�JURXQG��

,Q� WKH� FDVH� RI� LQYHUWHG� SHQGXOXP� LQVWDELOLW\�� WKH� URERW� FDQ� PDLQWDLQ� LWV� HIIHFWLYH

VWDELOLW\�E\�VHYHUDO�PHWKRGV��2QH�PHWKRG�RI�UHFRYHULQJ�LQYROYHV�TXLFNO\�PRYLQJ�VR

DV�WR�DOWHU�LWV�VKDSH��L�H��FKDQJLQJ�LWV�SRVWXUH�RU�WKH�SRVLWLRQV�RI�LWV�OLPEV��LQ�RUGHU�WR

VKLIW� LWV� FHQWHU� RI� JUDYLW\� UHODWLYH� WR� LWV� VXSSRUWLQJ� PHPEHUV�� $OWHUQDWLYHO\�� LW� FDQ

PRYH�SDUWV�RI�LWV�VWUXFWXUH��L�H��UDSLGO\�VZLQJ�LWV�DSSHQGDJHV�LQ�DSSURSULDWH�GLUHFWLRQV

RU�XVH�D�J\URVFRSH��LQ�RUGHU�WR�LQGXFH�LQHUWLDO� IRUFHV�WKDW�WHQG�WR�ULJKW� LWVHOI��2U�� LW

FDQ�SRVLWLRQ�RQH�RU�PRUH�RI� LWV�VXSSRUW�PHPEHUV�VR�WKDW��DV� WKH�YHKLFOH� IDOOV�RYHU�

WKH\�ZLOO� FRQWDFW� WKH�JURXQG� LQ�D� VDIH�SODFH�DQG�FDWFK� WKH� URERW�EHIRUH� LW�KLWV� WKH

JURXQG� ZLWK� SRUWLRQV� RI� LWV� VWUXFWXUH� QRW� LQWHQGHG� IRU� JURXQG� FRQWDFW�� 1RWH� WKDW

WKHVH� PHWKRGV� FDQ� EH� XVHG� LQ� FRPELQDWLRQ� WR� PDLQWDLQ� HIIHFWLYH� VWDELOLW\�� :LWK

OHJJHG� YHKLFOHV�� WKLV� LQYHUWHG� SHQGXOXP� VLWXDWLRQ� DQG� LWV� FRQWURO� UHVSRQVHV� UHVXOW

GXULQJ� G\QDPLFDOO\� VWDEOH� VWDQGLQJ�� ZDONLQJ�� DQG� WKH� VWDQFH�� RU� VXSSRUW�� SKDVH� RI

UXQQLQJ��5DLEHUW���������$�ZKHHOHG�YHKLFOH�H[DPSOH�ZRXOG�EH�D�XQLF\FOH�

)RU� WKH� XQVWDEOH� FDVH� RI� ZKHQ� QR� VXSSRUWLQJ� PHPEHUV� DUH� LQ� FRQWDFW� ZLWK� WKH

JURXQG�DQG�WKH�YHKLFOH�FHQWHU�RI�JUDYLW\� IROORZV�D�EDOOLVWLF� IOLJKW� WUDMHFWRU\��VXFK�DV

ZKHQ�D�OHJJHG�YHKLFOH�UXQV���WKH�URERW�QHHGV�WR�DFWLYHO\�RU�SDVVLYHO\�FRQWURO�VHYHUDO

SDUDPHWHUV� LQ� RUGHU� WR� PDLQWDLQ� HIIHFWLYH� VWDELOLW\�� 6SHFLILFDOO\�� WKHVH� SDUDPHWHUV

LQFOXGH� WKH� OLIW�RII� WKUXVW� DQG� GLUHFWLRQ� DW� VWDUW� RI� WKH� OHDS� RU� VWULGH�� WKH� ERG\

RULHQWDWLRQ� GXULQJ� IOLJKW�� VHOHFWLQJ� VDIH� §ODQGLQJ� DUHDV¨� IRU� LWV� VXSSRUW� PHPEHUV�

JXLGLQJ�VXSSRUW�PHPEHUV� WR�WKHVH�VDIH�DUHDV�DV� LW� IDOOV��DQG�UHJXODWLQJ� WRXFK�GRZQ

IRUFHV�



Chapter 1 − Introduction and Literature Review 16

$Q�H[DPSOH�RI�ZKHHOHG�YHKLFOHV�RSHUDWLQJ�LQ�D�G\QDPLFDOO\�VWDEOH�PRGH�ZRXOG�EH�D

PRWRFURVV�UDFH�ZKHUH�WKH�ULGHUV�RQ�WKHLU�§GLUW�ELNH¨�PRWRUF\FOHV� IUHTXHQWO\� ODXQFK

KLJK� LQWR� WKH� DLU� RII� RI� UDPSV� LQ� WKH� UDFHWUDFN�� 7KHUH� DUH� QXPHURXV� H[DPSOHV� RI

G\QDPLFDOO\�VWDEOH�OHJJHG�ORFRPRWLRQ�LQ�WKH�DQLPDO�ZRUOG��VXFK�DV�WKH�JDOORSLQJ�RI

KRUVHV�LQ�ZKLFK�QRQH�RI�WKHLU�KRRIV�DUH�LQ�FRQWDFW�ZLWK�WKH�JURXQG�GXULQJ�SRUWLRQV�RI

WKHLU�ORFRPRWLRQ�F\FOH�

'\QDPLFDOO\�VWDEOH�UXQQLQJ�RIWHQ�LQYROYHV�VHYHUDO�IRUPV�RI�HQHUJ\�WUDQVIHU��ZKHWKHU

SHUIRUPHG�E\�PDPPDOV� �$OH[DQGHU��������RU�PDFKLQHV� �5DLEHUW���������$V�5DLEHUW

�������H[SODLQV�LW�

�WKHUH� LV�D�F\FOH�RI�DFWLYLW\� LQ� UXQQLQJ� WKDW�FKDQJHV� WKH� IRUP�RI� WKH�VWRUHG
HQHUJ\� VHYHUDO� WLPHV�� WKH� ERG\
V� SRWHQWLDO� HQHUJ\� RI� HOHYDWLRQ� FKDQJHV� WR
NLQHWLF� HQHUJ\� GXULQJ� IDOOLQJ�� WKHQ� WR� VWUDLQ� HQHUJ\� ZKHQ� SDUWV� RI� WKH� OHJ
GHIRUP�HODVWLFDOO\�GXULQJ�UHERXQG�ZLWK�WKH�JURXQG��WKHQ�LQWR�NLQHWLF�HQHUJ\
DJDLQ�DV�WKH�ERG\�DFFHOHUDWHV�XSZDUG��DQG�ILQDOO\�EDFN�LQWR�SRWHQWLDO�HQHUJ\
RI�HOHYDWLRQ�

,Q� WKH� IROORZLQJ� VHFWLRQ�� YDULRXV� H[DPSOHV� RI� YHKLFOHV� WKDW� XWLOL]H� WKHVH� VWDELOLW\

PRGHV�ZLOO�EH�GHVFULEHG�

1.7 Review of Mobile Robot Morphology

0RELOH�URERWLFV�KDV�EHFRPH�D�YHU\�DFWLYH�DUHD�RI�UHVHDUFK�LQ�UHFHQW�\HDUV��$�VHDUFK

RI� WKH� &RPSUHKHQVLYH� (QJLQHHULQJ� ,QGH[� GDWDEDVH� IRU� SDSHUV� ZLWK� WKH� VXEMHFW

§URERW
¨�FRPSDUHG�WR�D�VHDUFK�ZLWK�WKH�VXEMHFW�§URERW
�$1'��PRELOH�RU�YHKLFOH�RU

URYHU�¨�UHYHDOHG�WKDW�PRELOH�URERW�UHVHDUFK�SXEOLFDWLRQ�LV�JURZLQJ�ERWK�LQ�QXPHULFDO

WHUPV� DQG� DV� D� SURSRUWLRQ� RI� DOO� URERWLFV� UHVHDUFK�� �(QJLQHHULQJ� ,QIRUPDWLRQ�� ,QF��

������������)LJXUH�����SUHVHQWV�D�\HDU�E\�\HDU�FRPSDULVRQ�RI�WKH�QXPEHU�RI�SDSHUV

DERXW�PRELOH� URERWV� DQG� WKH� WRWDO� QXPEHU�RI� SDSHUV� FRQFHUQLQJ� URERWV� JHQHUDOO\�

)RU�H[DPSOH��GXULQJ������WKHUH�ZHUH�����SDSHUV�SHUWDLQLQJ�WR�PRELOH�URERWV�RXW�RI
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D� WRWDO� RI� ����� SDSHUV� SXEOLVKHG� RQ� URERWLFV� LQ� JHQHUDO�� ,Q� FRQWUDVW�� ����PRELOH

URERW�SDSHUV�RXW�RI�D�WRWDO�RI������JHQHUDO�URERWLFV�SDSHUV�ZHUH�SXEOLVKHG�LQ������

7KXV�� EHWZHHQ� ����� DQG� ������ WKH� DQQXDO� QXPEHU� RI� PRELOH� URERW� SDSHUV

SXEOLVKHG�LQFUHDVHG�E\�������$OVR��WKH�DQQXDO�QXPEHU�RI�PRELOH�URERW�SDSHUV�DV�D

SURSRUWLRQ�RI�WKH�WRWDO�QXPEHU�RI�URERWLFV�UHVHDUFK�SDSHUV�ZHQW�IURP������LQ������

WR�����LQ������

1987 1988 1990 1991 1992* 1993 1994* 1995

Mobile Robots

All Robots
0

500

1000

1500

2000

2500

3000

Mobile Robots

All Robots

Note: Data was extracted from the EI COMPENDEX database.
* Data was unavailable for December 1992, December 1994, and all of 1989.

Figure 1.5 — Year by Year Comparison of the Number of Mobile Robotics Papers to the

Total Number of Robotics Papers

7KH� GHVLJQ� RI� PRELOH� URERWV� UDLVHV� WHFKQRORJLFDO� LVVXHV� QRW� IRXQG� LQ� WUDGLWLRQDO

LQGXVWULDO�URERWLFV��,Q�FRQYHQWLRQDO�URERWLFV��WKH�EDVH�RI�WKH�PDQLSXODWRU�LV�EROWHG�WR

WKH� IORRU� DQG� WKH� ORFDWLRQ� DQG� RULHQWDWLRQ� RI� HYHU\� REMHFW� RI� WKH� V\VWHP� DQG� LWV
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HQYLURQPHQW� DUH� NQRZQ� SUHFLVHO\�� ,Q� FRQWUDVW�� PRELOH� URERWV� XVXDOO\� ZRUN� LQ

XQSUHGLFWDEOH�� XQVWUXFWXUHG� HQYLURQPHQWV�� ZLWK� PRYLQJ� IUDPHV� RI� UHIHUHQFH�� $V� D

UHVXOW�� WHFKQRORJLFDO� FKDOOHQJHV� DERXQG� LQ� DOPRVW� HYHU\� DVSHFW� RI� URERW� YHKLFOH

GHVLJQ�� SK\VLFDO� GHVLJQ�� NLQHPDWLFV�� VHQVLQJ�� REVWDFOH� GHWHFWLRQ�� WHUUDLQ�PDS� GDWD

VWUXFWXUHV�� VHQVRU� IXVLRQ��QDYLJDWLRQ��SDWK�SODQQLQJ�� WUDMHFWRU\� VSHFLILFDWLRQ�� FRQWURO

KDUGZDUH�� FRQWURO� VRIWZDUH�� SRZHU� PDQDJHPHQW�� DQG� WKH� LQWHJUDWLRQ� RI� DOO� WKHVH

FRPSRQHQWV�DQG�VXEV\VWHPV��(DFK�RI�WKHVH�FKDOOHQJHV�KDV�IRVWHUHG�D�ODUJH�ERG\�RI

UHVHDUFK�� 7KLV� GLVVHUWDWLRQ�� KRZHYHU�� LV� FKLHIO\� FRQFHUQHG�ZLWK� WKH�PRUSKRORJ\� RI

PRELOH�URERWV�DQG�LWV�HIIHFW�RQ�PRWLRQ�SURJUDPPLQJ�DQG�URXJK�WHUUDLQ�PRELOLW\�

7KH�UHPDLQGHU�RI�WKLV�VHFWLRQ�FRQFHQWUDWHV�RQ�WKH�PRUSKRORJ\�RI�PRELOH�URERWV�DQG

LQFOXGHV�OLWHUDWXUH�FRQFHUQLQJ�URERWLF�YHKLFOHV�WKDW�DUH�HLWKHU�PXOWLERG\�RU�KDYH�OHJV�

6LQJOH�ERG\� ZKHHOHG� YHKLFOHV� DUH� H[FOXGHG� IURP� WKLV� GLVFXVVLRQ�� )RU� WKH� VDNH� RI

EUHYLW\�� RQO\� D� VDPSOLQJ� RI� WKH� DYDLODEOH� OLWHUDWXUH� LV� SUHVHQWHG� KHUH�� IRFXVLQJ� RQ

SURMHFWV�IRU�ZKLFK�SURWRW\SH�KDUGZDUH�ZDV�DFWXDOO\�FRQVWUXFWHG�

1.7.1 Multibody Wheeled Robots

7KH� PXOWLERG\� ZKHHOHG� YHKLFOHV� UHYLHZHG� KHUH� SRVVHVV� DFWXDWHG� GHJUHHV� RI

IUHHGRP�EHWZHHQ�WKHLU�LQGLYLGXDO�ERGLHV��XQOLNH�WUDLQV�DQG�WUROOH\V��ZKLFK�KDYH�RQO\

SDVVLYH�DUWLFXODWLRQ�EHWZHHQ� LQGLYLGXDO�FDUV��$V�D� UHVXOW��PXOWLERG\�ZKHHOHG� URERWV

FDQ�SRWHQWLDOO\�WUDYHUVH�GLIILFXOW�WHUUDLQ��VXFK�DV�VWDLUZD\V�DQG�FUDPSHG�SDVVDJHV�

:DOGURQ��.XPDU��DQG�%XUNDW� �������GHVFULEHG�D���ERGLHG����ZKHHOHG�DXWRQRPRXV

URERW�ZLWK�WKUHH�URWDU\�DQG�RQH�WUDQVODWLRQDO�IUHHGRP�EHWZHHQ�WKH�IURQW�DQG�PLGGOH

ERGLHV��DQG� WKUHH� URWDU\�GHJUHHV�RI� IUHHGRP��'2)ªV��EHWZHHQ� WKH�PLGGOH�DQG� ODVW

ERGLHV�� 7KH� YHKLFOH� ZDV� GHVLJQHG� WR� EH� DEOH� WR� VHOI�UHFRYHU� IURP� DQ� RYHUWXUQHG

SRVLWLRQ�
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+LURVH�DQG�KLV�FROOHDJXHV�DW�7RN\R�,QVWLWXWH�RI�7HFKQRORJ\�KDYH�FRQVWUXFWHG�VHYHUDO

§DFWLYH�FRUG�PHFKDQLVPV¨�RU�$&0
V��+LURVH�DQG�0RULVKLPD��������7RGG���������7KH

$&0�,,,�KDV����ERGLHV�FRQQHFWHG�LQ�D�OHQJWKZLVH�FKDLQ�ZLWK���URWDU\�'2)�EHWZHHQ

WKHP��+RZHYHU�� WKH�SLWFK� DQG� UROO� IUHHGRPV�DUH�SDVVLYH��RQO\� WKH� \DZ� IUHHGRP� LV

DFWXDWHG��(DFK�ERG\�RI�WKH�URERW�KDV�XQ�SRZHUHG�ZKHHOV�DWWDFKHG�WR�LWV�ERWWRP��7KH

$&0� ,,,� DFKLHYHV� ORFRPRWLRQ� LQ� D�PDQQHU� VLPLODU� WR� WKDW� RI� VQDNHV�� 6SHFLILFDOO\�� D

VHULHV�RI�\DZLQJ�§ZDYH¨�PRWLRQV�VWDUWLQJ�DW� WKH� IRUH�DQG�SURFHHGLQJ�WR�WKH�UHDU�RI

WKH� URERW� JHQHUDWHV� WKH� SURSHOOLQJ� IRUFH�� 7KH� $&0� ,,,� LV� FDSDEOH� RI� ORFRPRWLRQ

WKURXJK� PD]HV� DQG� RWKHU� FRPSOH[� SODQDU� WHUUDLQ�� EXW� LV� HVVHQWLDOO\� OLPLWHG� WR

RSHUDWLQJ�RQ���'� WHUUDLQ��+LURVH�DOVR�FRQVWUXFWHG� WKH�$&0� ,9� URERW��ZKLFK�KDV��

ERGLHV� FRQQHFWHG� LQ� D� OHQJWKZLVH� FKDLQ��ZLWK� MRLQWV� KDYLQJ� �� DFWLYH� URWDU\�'2)ªV�

7KH� GHVLJQ� IHDWXUHV� DQ� §H[RVNHOHWRQ� IUDPHZRUN� FRQVWUXFWLRQ¨� �+LURVH� DQG

0RULVKLPD��������WKDW�JLYHV�WKH�URERW�D�KLJK�ORDG�FDSDFLW\�DQG��LQ�DGGLWLRQ��\LHOGV�D

VPRRWKHU�H[WHULRU�VKDSH�IRU�WKH�RYHUDOO�URERW�

7KH� .RU\X�� RU� .5� ��� ZDV� FRQVWUXFWHG� E\� +LURVH� DQG� 0RULVKLPD� ������� DQG� ZDV

LQWHQGHG�IRU�XVH�LQ�LQVSHFWLQJ�QXFOHDU�IDFLOLWLHV��7KH�.RU\X�KDV�VL[�ERGLHV�FRQQHFWHG

WRJHWKHU� LQ� D� OHQJWKZLVH� FKDLQ�� ,W� KDV� �� '2)ªV� EHWZHHQ� FRQVHFXWLYH� ERGLHV�

FRQVLVWLQJ�RI�D�SRZHUHG�\DZ�DQG�D�SRZHUHG�Z�D[LV�IUHHGRP��(DFK�ERG\�LV�VXSSRUWHG

E\�D�VPDOO�WUDFN�OD\LQJ�FKDVVLV��ZKLFK�LV�SRZHUHG�E\�D�'&�PRWRU��&ROOHFWLYHO\��WKHVH

FUDZOHU�WUDFNV�SURSHO�WKH�URERW��(DFK�FUDZOHU�WUDFN�KDV�ERWK�D�SDVVLYH�SLWFK�IUHHGRP

DQG�D�GHSHQGHQW�\DZ�IUHHGRP�WKDW�LV�D�IXQFWLRQ�RI�WKH�\DZ�IUHHGRP�RI�WKH�ERG\�LW

VXSSRUWV�� 7KH�.5���FDQ�FOLPE� VKDOORZ� VWDLUV�� WUDYHO� DFURVV�PRGHUDWH� ODWHUDO� VORSHV�

§VWULGH¨�RYHU�REVWDFOHV��DQG�FURVV�RYHU�ODUJH�GLWFK�REVWDFOHV��+LURVH�DQG�0RULVKLPD

REVHUYHG� WKDW� URERWV� ZLWK� VQDNH�OLNH� DUWLFXODWHG� ERGLHV� FDQ� KDYH� KLJKHU� UDWLRV� RI

SD\ORDG�ZHLJKW� WR� IURQWDO�FURVV�VHFWLRQDO�DUHD��PDNLQJ� WKHP�SULPDU\�FDQGLGDWHV� IRU

XVH�LQ�WKH�QDUURZ�SDWKZD\V�RI�D�QXFOHDU�UHDFWRU�HQYLURQPHQW�

7KH� 8�6�� 'HSDUWPHQW� RI� (QHUJ\� IXQGHG� D� VLPLODU� SURMHFW� WR� FUHDWH� D� PXOWLERG\

ZKHHOHG� URERW� WKDW� ZDV� DOVR� LQWHQGHG� IRU� LQVSHFWLQJ� DQG� PDLQWDLQLQJ� QXFOHDU
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IDFLOLWLHV��7KH�$UWLFXODWHG�7UDQVSRUWHU�0DQLSXODWLRQ�6\VWHP���$706���LV�WKH�ZRUN�RI�D

FRQVRUWLXP� RI� IRXU� XQLYHUVLWLHV� DQG� 2GHWLFV� ,QFRUSRUDWHG�� �&UDQH�� 7XOHQNR�� DQG

%DUWKROHW�� ������� /LNH� WKH� .RU\X� PHQWLRQHG� DERYH�� LW� KDV� �� '2)ªV� EHWZHHQ

FRQVHFXWLYH� ERGLHV�� KRZHYHU�� LWV� IUHHGRPV� DUH� SLWFK� DQG� \DZ��ZKHUHDV� WKH� .RU\X

XVHV�YHUWLFDO�WUDQVODWLRQ�DQG�\DZ�

7KH� -HW� 3URSXOVLRQ� /DERUDWRU\� EXLOW� D� 0DUV� 5RYHU� SURWRW\SH� EDVHG� RQ� D� ��ERG\

FRQILJXUDWLRQ��3XWWUH���������7KH�YHKLFOH�KDV�VL[�LQGHSHQGHQW�ZKHHO�GULYHV��WZR�SHU

ERG\��� 7KH� URERW� LV� DUWLFXODWHG�E\�SRZHUHG�SLWFK�DQG� UROO� IUHHGRPV� ORFDWHG�DW� WKH

FRQQHFWLRQV�EHWZHHQ�WKH�ERGLHV�

&KLULNMLDQ�DQG�%XUGLFN�������DQG�����D��FRQVWUXFWHG�D����'2)�URERW�WKDW�WKH\�XVHG

WR�WHVW�VHYHUDO� IRUPV�RI� ORFRPRWLRQ��7KH�URERW� LV�FRPSRVHG�RI��� LGHQWLFDO�PRGXOHV

DWWDFKHG�HQG�WR�HQG��(DFK�PRGXOH�LV�D�SODQDU�SDUDOOHO�PHFKDQLVP�ZLWK���'2)��8Q�

DFWXDWHG�� UDWFKHWHG� ZKHHOV� ZHUH� DWWDFKHG� EHWZHHQ� WKH� PRGXOHV�� 7KH� UDWFKHWHG

ZKHHOV� ZHUH� LQWHQGHG� WR� §SHUIRUP� WKH� VDPH� IXQFWLRQ� DV� VFDOHV� RQ� D� VQDNH¦WKH\

SUHYHQW�UHWURJUDGH�PRWLRQ�ZKLOH�HDVLO\�SHUPLWWLQJ�IRUZDUG�PRWLRQ¨������D���+HQFH�

DOWKRXJK� WKH� YHKLFOH� XVHG� ZKHHOV�� WKHVH� WHVWV� GHPRQVWUDWHG� ORFRPRWLRQ� PHWKRGV

VLPLODU� WR� WKRVH� H[KLELWHG� E\� LQFKZRUPV�� HDUWKZRUPV�� FDWHUSLOODUV�� DQG� VQDNHV�

%HFDXVH�WKHLU�ZRUN�FRQVLGHUHG�PXOWLERG\�OHJJHG�ORFRPRWLRQ��LW�ZLOO�EH�GLVFXVVHG�LQ

JUHDWHU�GHWDLO�ODWHU�LQ�6HFWLRQ�������

1.7.2 Single-Body Legged Robots

7RGG
V� ERRN� ������� SURYLGHV� D� JRRG�� JHQHUDO� LQWURGXFWLRQ� WR� WKH� ILHOG� RI� OHJJHG

URERWV��5DLEHUW� ������� DQG�6RQJ�DQG�:DOGURQ� ������� JLYH� FKURQRORJLHV�RI� OHJJHG

YHKLFOH�UHVHDUFK��$OO�WKUHH�ERRNV�SURYLGH�ODUJH�ELEOLRJUDSKLHV��2UDO������D��UHYLHZHG

OHJJHG� ORFRPRWLRQ�� FRQFHQWUDWLQJ� OHVV� RQ� FKURQLFOLQJ�PDMRU� SURMHFWV� DQG�PRUH�RQ

SURYLGLQJ�D�FRQFLVH�GLVFXVVLRQ�RI�WKH�VDOLHQW�UHVHDUFK�LVVXHV�
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6HYHUDO� PDMRU� ZDONLQJ� PDFKLQH� SURMHFWV� KDYH� EHHQ� EDVHG� RQ� D� VL[�OHJJHG

FRQILJXUDWLRQ�� 0DUF� 'RQQHU� ������� GHVFULEHG� D� KH[DSRG� FDOOHG� WKH� 66$� ZDONLQJ

PDFKLQH�WKDW�ZDV�GHVLJQHG�DQG�FRQVWUXFWHG�E\�,YDQ�6XWKHUODQG��'RQQHU�DOVR�JDYH�D

VKUHZGO\�ZULWWHQ�LQ�GHSWK�ORRN�DW�UHDO�WLPH�GLVWULEXWHG�FRQWURO�IRU�WKLV�KH[DSRG��7KH

URERW� LV�VHOI�FRQWDLQHG��EHLQJ�SRZHUHG�E\�DQ�RQ�ERDUG����KS�JDVROLQH�HQJLQH��7KLV

HQJLQH�GULYHV� IRXU� YDULDEOH�GLVSODFHPHQW�K\GUDXOLF�SXPSV��ZKLFK�� E\�PHDQV�RI� ��

K\GUDXOLF�YDOYHV��FRQWURO�WKH�VL[�OHJV�RI�WKH�URERW��(DFK�RI�WKH�OHJV�KDV���'2)�

2GHWLFV�� ,QFRUSRUDWHG� GHYHORSHG� VHYHUDO� KH[DSRG� ZDONLQJ� URERWV� WKDW� KDYH� EHHQ

SURSRVHG� IRU� XVH� LQ� LQVSHFWLQJ� DQG� PDLQWDLQLQJ� QXFOHDU� IDFLOLWLHV� �&DUOWRQ� DQG

%DUWKROHW��������%\UG�DQG�'H9ULHV���������7KH�2'(;�,��2'(;�,,��DQG�WKH�5RELQ�HDFK

KDYH����HOHFWULFDOO\�SRZHUHG�'2)�DQG�FDQ�FOLPE�VWDLUV��7KH�YHKLFOHV�FDQ� VTXDW� WR

HQODUJH� WKHLU�EDVHV�RI� VXSSRUW� DQG� LQFUHDVH� WKHLU� VWDELOLW\�� DQG� WKH\�FDQ�DOVR� VWDQG

KLJKHU�DQG�GUDZ� WKHLU� OHJV� LQZDUG� LQ�RUGHU� WR� UHGXFH� WKHLU� ODWHUDO�FURVV�VHFWLRQV� VR

WKH\�FDQ�SDVV�WKURXJK�GRRUZD\V�

5HVHDUFKHUV� DW� 2KLR� 6WDWH� 8QLYHUVLW\� KDYH� EXLOW� DW� OHDVW� WZR� KH[DSRGV�� 7KH� ILUVW�

FDOOHG�WKH�268�+H[DSRG��FDQ�WUDYHUVH�PRGHUDWHO\�XQHYHQ�WHUUDLQ�E\�FRQWUROOLQJ�WKH

URERWªV�ERG\�WLOW�DQG�E\�XVLQJ�DFWLYH�FRPSOLDQFH�FRQWURO�IRU�WKH�URERWªV� OHJV��.OHLQ�

2OVRQ��DQG�3XJK���������$�YHUWLFDO�J\URVFRSH�LV�XVHG�WR�PHDVXUH�WKH�YHKLFOH�DWWLWXGH

DQG� SLH]RHOHFWULF� ORDG� FHOOV� DUH� XVHG� WR� PHDVXUH� WKH� OHJ� D[LDO� IRUFHV�� 7KH� DFWLYH

FRPSOLDQFH�FRQWURO�HQDEOHV�WKH�EDODQFLQJ�RI�IRUFHV�LQ�WKH�OHJV�ZKLOH�PDLQWDLQLQJ�WKH

URERWªV�RULHQWDWLRQ��7KH�268�+H[DSRG�FDQ�DGDSW� WR� LUUHJXODU� WHUUDLQ�ZLWKRXW�XVLQJ

DQ�LQWHUQDO�WHUUDLQ�PRGHO�

1XPHURXV� SXEOLFDWLRQV�� WKH� PRVW� FRPSUHKHQVLYH� EHLQJ� D� ERRN� E\� 6RQJ� DQG

:DOGURQ���������KDYH�EHHQ�ZULWWHQ�FRQFHUQLQJ�D�VHFRQG�2KLR�6WDWH�URERW�FDOOHG�WKH

$GDSWLYH� 6XVSHQVLRQ�9HKLFOH� �$69��� 7KH�$69� LV� D� ODUJH�VFDOH� ���P� ORQJ�� ����� NJ�

KH[DSRG� GHVLJQHG� WR� RSHUDWH� LQ� FRPSOHWHO\� XQVWUXFWXUHG� WHUUDLQ�� 7KH� OHJV� XVH

KLQJHG�SODQDU�SDQWRJUDSK�PHFKDQLVPV��(DFK�OHJ�KDV���DFWXDWHG�'2)�SOXV�D�SDVVLYH



Chapter 1 − Introduction and Literature Review 22

DQJXODU�IUHHGRP�DW�WKH�DQNOH��7KUHH�OHJV�DUH�PRXQWHG�RQ�HDFK�VLGH�RI�WKH�PDFKLQHªV

ORQJLWXGLQDO� D[LV�� 7KH� $69� SRZHU� WUDQVPLVVLRQ� DQG� DFWXDWLRQ� V\VWHP� GHVLJQV� DUH

HVSHFLDOO\�QRWDEOH�EHFDXVH�WKH�YHKLFOH�KDV�D�VHOI�FRQWDLQHG�SRZHU�VRXUFH��$�����FF

PRWRUF\FOH�HQJLQH�VXSSOLHV�WKH�SRZHU��ZKLFK�GULYHV�DQ�HQHUJ\�VWRUDJH�IO\ZKHHO��/LQH

VKDIWV�GULYHQ�E\� WKH� IO\ZKHHO� UXQ�GRZQ�ERWK�VLGHV�RI� WKH�YHKLFOH� WRZDUGV� WKH� OHJV�

7KH�OHJ�'2)ªV�DUH�DFWXDWHG�E\�D�IXOO\�K\GURVWDWLF�SRZHU�WUDQVPLVVLRQ�V\VWHP��(DFK

DFWXDWRU�LV�FRXSOHG�WR�D�YDULDEOH�GLVSODFHPHQW�SXPS�SRZHUHG�IURP�WKH�OLQH�VKDIW�E\

D� WRRWKHG� EHOW� �:DOGURQ�� HW�� DO��� ������ 6RQJ� DQG� :DOGURQ�� ������ :DOGURQ� DQG

0F*KHH��������

$� JRDO� IRU� WKH� SURMHFW�ZDV� WKDW� WKH�$69�ZRXOG� H[KLELW� §KRUVH� LQWHOOLJHQFH¨� LQ� WKH

SODFHPHQW� RI� LWV� IHHW�� $Q� RQ�ERDUG� RSHUDWRU� FRQWUROV� GLUHFWLRQ�� RULHQWDWLRQ�� DQG

YHORFLW\�RI�WKH�YHKLFOH��EXW�QRW�WKH�LQGLYLGXDO�IRRW�SODFHPHQWV��7KH�FRQWURO�V\VWHP�LV

RSHUDWHG�LQ�D�ERG\�IRUFH�PRGH�LQ�ZKLFK�VHQVHG�ERG\�PRWLRQ�LV�FRQYHUWHG�LQWR�IRUFH

FRPPDQGV�IRU�WKH�DFWXDWRUV�RI�WKH�VXSSRUWLQJ�OHJV��,Q�RUGHU�WR�SUHVHUYH�VWDELOLW\��WKH

YHKLFOH�PXVW�PDLQWDLQ�DW� OHDVW��� IHHW�RQ� WKH�JURXQG��7KHUHIRUH��GXULQJ� ORFRPRWLRQ�

WKH�W\SLFDO�VWDQFH�RI�WKH�YHKLFOH�LQYROYHV�FRQWUROOLQJ�WKH�IRUFHV�LQ���'2)����OHJV��WR

VXSSRUW�WKH�ULJLG�ERG\�RI�WKH�YHKLFOH�ZKLFK�KDV���'2)��7KLV�UHGXQGDQF\�UHVXOWV�LQ�D

VWDWLFDOO\�LQGHWHUPLQDQW�V\VWHP�ZKHUH�WKH�EHVW�GLVWULEXWLRQ�RI�OHJ�IRUFHV�LV�QRW�HDVLO\

GHWHUPLQHG��5HFRJQL]LQJ�WKLV��WKH�UHVHDUFKHUV��:DOGURQ��������.XPDU�DQG�:DOGURQ�

������*DUGQHU�HW��DO���������*DUGQHU��������GHYHORSHG�VHYHUDO�DOJRULWKPV�IRU�VROYLQJ

WKH�IRUFH�GLVWULEXWLRQ�SUREOHP��LQFOXGLQJ�DSSUR[LPDWH�PHWKRGV�WKDW�DUH�DSSURSULDWH

IRU� UHDO�WLPH� FRQWURO�� 7KH� YHKLFOH� LV� FDSDEOH� RI�PDLQWDLQLQJ� HIIHFWLYH� VWDELOLW\� XVLQJ

ERWK�VWDWLF�DQG�TXDVL�VWDWLF�VWDELOLW\�PRGHV�

7KH�&DUQHJLH�0HOORQ�$0%/(5�URERW�ZDV�GHVLJQHG�IRU�SODQHWDU\�URYHU�DSSOLFDWLRQV�

VXFK� DV� WKH� H[SORUDWLRQ� RI�0DUV� �0DKDOLQJDP�� ������ %DUHV� DQG�:KLWWDNHU�� �����

'ZLYHGL�DQG�0DKDOLQJDP��������6LPPRQV�DQG�.URWNRY���������7KH�$0%/(5�KDV��

OHJV��HDFK�RI�ZKLFK�KDV���'2)�DQG�D�GHVLJQ�WKDW�GHFRXSOHV�KRUL]RQWDO�DQG�YHUWLFDO

PRWLRQV� IRU� LQFUHDVHG� HQHUJ\� HIILFLHQF\�� 7KH� $0%/(5� VWD\V� UHGXQGDQWO\�� VWDWLFDOO\
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VWDEOH�DW�DOO�WLPHV��WKDW�LV��LW�KDV�HQRXJK�VXSSRUWLQJ�OHJV�LQ�WKH�SURSHU�SODFHV��VR�WKDW�

HYHQ�LI�RQH�OHJ�IDLOV��WKH�URERW�ZLOO�QRW�IDOO�RYHU��8QOLNH�PRVW�HDUOLHU�ZDONLQJ�YHKLFOHV�

WKH� OHJV�RI� WKH�$0%/(5�KDYH�ZRUNVSDFHV� WKDW�RYHUODS� WR�D�JUHDW�GHJUHH��DOORZLQJ

WKH�URERW� WR�RSHUDWH�HYHQ�ZKHQ�VRPH� OHJV�EHFRPH�GDPDJHG��7KH�$0%/(5�URERW

ZDV�GHVFULEHG�LQ�WZR�FRQILJXUDWLRQV��2QH�FRQILJXUDWLRQ�KDV�DOO���OHJV�PRXQWHG�VR�DV

WR�URWDWH�DERXW�D�FHQWUDO��YHUWLFDO�VKDIW��7KH�VHFRQG�FRQILJXUDWLRQ�KDV���OHJV�PRXQWHG

RQ� HDFK� RI� �� VLGH� E\� VLGH� YHUWLFDO� VKDIWV� ZLWK� D� FHQWUDO� ERG\� FDYLW\� EHWZHHQ� WKH

§VWDFNV¨�� 7KLV� DUUDQJHPHQW� HQDEOHV� WKH�$0%/(5� WR�XVH� DQ�XQXVXDO� FLUFXODWLQJ�JDLW

ZLWK�ORQJ�VWULGHV��§ZKHUH�WUDLOLQJ� OHJV�UHFRYHU�WKURXJK�WKH�ERG\�WR�EHFRPH�OHDGLQJ

OHJV¨��6LPPRQV�DQG�.URWNRY���������7KH�URERW�KDV�D�GLVWULEXWHG�FRQWURO�V\VWHP�ZLWK

��&38V� SOXV� ��PRWLRQ� FRQWURO� ERDUGV� IRU� WKH� DFWXDWRUV�� DQG� XVHV� REMHFW� RULHQWHG

FRQWURO�VRIWZDUH��,W�VHQVHV�WKH�WHUUDLQ�XVLQJ�D�ODVHU�UDQJH�VFDQQHU��OLNH�WKH�$69��DQG

FUHDWHV�DQG�VWRUHV�D�ORFDO�WHUUDLQ�HOHYDWLRQ�PDS�XVHG�IRU�PRWLRQ�SODQQLQJ�

5HVHDUFKHUV�DW�7RN\R� ,QVWLWXWH�RI�7HFKQRORJ\�KDYH�FRQVWUXFWHG�D� VHULHV�RI�ZDONLQJ

URERWV�� LQFOXGLQJ� WKH� 39,,�� 7KH� 39,,� URERW� KDV� IRXU� OHJV� DWWDFKHG� WR� D� FHQWUDO�

§IORDWLQJ¨� ERG\� �+LURVH� DQG� 8PHWDQL�� ������ +LURVH�� ������� 7KH� OHJV� ZHUH

FRQVWUXFWHG� IURP� ��'� &DUWHVLDQ� SDQWRJUDSK� PHFKDQLVPV� �3$1720(&
V��� ZKLFK

LPSURYH�ZDONLQJ�HIILFLHQF\�EHFDXVH� WKH\�GHFRXSOH�YHUWLFDO� DQG�KRUL]RQWDO�PRWLRQV

DQG�GR�QRW�ZDVWH� HQHUJ\� YLD� §JHRPHWULF�ZRUN¨�� 7KH� DGGLWLRQ�RI� D� URWDWLRQDO�'2)

DERXW�WKH�SDQWRJUDSK
V�YHUWLFDO�D[LV�DOORZV���'�PRELOLW\��$Q�LQWULFDWH�FRQWURO�V\VWHP

VWUXFWXUH�ZDV�GHYHORSHG�IRU�WKH�URERW�� LQ�ZKLFK�D�FRQWURO�KLHUDUFK\�GHVFHQGV�IURP

QDYLJDWLRQ� DQG� SODQQLQJ� WKURXJK� JDLW� FRQWURO� WR� EDVLF� PRWLRQ� UHJXODWLRQ�� %DVLF

PRWLRQ� UHJXODWLRQ� UHIHUV� WR� WKH� LQGLYLGXDO� IRRW�PRYHPHQWV�DQG�SODFHPHQWV��6HDUFK

VWUDWHJLHV�ZHUH�GHYHORSHG�IRU�WKH�UHFWDQJXODU�DUHD�DYDLODEOH�IRU�D�IRRW�SODFHPHQW��$

YHU\� HODERUDWH� VHDUFK� VHTXHQFH� JLYHV� WKH� YHKLFOH� KLJK� WHUUDLQ� DGDSWDELOLW\�� *DLW

FRQWURO�ZDV�IXUWKHU�VXEGLYLGHG�LQWR�WZR�OHYHOV��7KH�KLJKHU� OHYHO�SURGXFHV�D�PRWLRQ

WUDFH�RI�WKH�ERG\
V�FHQWHU�RI�JUDYLW\�IRU�D�SDUWLFXODU�WDVN��7KH�ORZHU�OHYHO��FDOOHG�WKH

DGDSWLYH� JDLW� FRQWUROOHU�� VHOHFWV� D� JDLW� IRU� ERWK� KLJK� HIILFLHQF\� DQG� DGDSWDELOLW\� RI
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ZDONLQJ��&RQWURO�GHVLJQ�EHJDQ�DW�WKH�ORZHVW�OHYHO�DQG�ZDV�UHSRUWHG�WR�EH�FRPSOHWH

XS�WR�WKH�OHYHO�RI�WKH�DGDSWLYH�JDLW�FRQWUROOHU���+LURVH��������

0RUH� UHFHQWO\��+LURVH� DQG� KLV� FROOHDJXHV� KDYH� FRQVWUXFWHG� WKH� 7LWDQ�9,,,� �$ULNDZD

DQG�+LURVH���������$�VSHFLDO�HPSKDVLV�RI�WKLV�YHKLFOH�GHVLJQ�ZDV�WR�PDNH�LW�ORZ�FRVW

DQG�VLPSOH�VR�WKDW�LW�FRXOG�EH�XVHG�DV�D�WHVW�EHG�IRU�PDQ\�UHVHDUFKHUV��(DFK�OHJ�KDV

��'2)�DQG�XVHV�D�FDEOH�DQG�SXOOH\�DUUDQJHPHQW�WR�DYRLG�WKH�ZHLJKW�DQG�H[SHQVH�RI

EDOO�VFUHZV��OLQHDU�JXLGHV��DQG�KHDY\�WRRWKHG�EHOWV�

5DLEHUW� DQG� KLV� FR�ZRUNHUV� FRQVWUXFWHG� D� TXDGUXSHG� WKDW� FRXOG� WUDYHO� XVLQJ� D

G\QDPLF� WURWWLQJ� JDLW� �5DLEHUW� ������ 5DLEHUW�� &KHSSRQLV�� DQG� %URZQ�� ������� 7KLV

ZRUN�LV�D�GHULYDWLYH�RI�HDUOLHU�UHVHDUFK�WKH�DXWKRUV�KDG�SHUIRUPHG�FRQFHUQLQJ�D�RQH�

OHJJHG� KRSSLQJ� PDFKLQH�� 7KH� DSSOLFDWLRQ� RI� WZR� VLJQLILFDQW� LQVLJKWV� DLGHG� WKH

H[WHQVLRQ�RI�WKH�HDUOLHU�ZRUN�WR�WKLV���OHJJHG�FDVH��)LUVW�� WKH�FRQWURO�DOJRULWKPV�WKH

DXWKRUV� GHYHORSHG� IRU� WKHLU� RQH�OHJJHG� URERW� FDQ� EH� DSSOLHG� WR� PXOWL�OHJ� URERWV

ZKHQHYHU�WKH\�XVH�§RQH�IRRW�JDLWV¨��WKDW�LV��JDLWV�ZKHUH�WKH�OHJV�DOWHUQDWH�VR�WKDW�QR

PRUH�WKDQ�RQH�OHJ�SURYLGHV�VXSSRUW�DW�D�WLPH��6HFRQG��WZR�OHJV�DFWLQJ�LQ�XQLVRQ�DQG

FRQWUROOHG�WR�HTXDOL]H�WKHLU�D[LDO�IRUFHV�FDQ�EH�PDGH�WR�SHUIRUP�OLNH�D�VLQJOH�YLUWXDO

OHJ��%HFDXVH�WKDW�WURWWLQJ�JDLW� LQYROYHV�V\QFKURQL]HG�SDLUV�RI� OHJV��HDFK�SDLU�RI� OHJV

FDQ�EH�UHGXFHG�WR�D�YLUWXDO�OHJ��6LQFH�WKH�WZR�YLUWXDO�OHJV�SHUIRUP�D�ELSHG�RQH�IRRW

JDLW��WKH�SURFHVV�FDQ�WKHQ�EH�FRQWUROOHG�LQ�D�PDQQHU�VLPLODU�WR�WKHLU�VXFFHVVIXO�RQH�

OHJJHG�KRSSLQJ�PDFKLQH��7KH�DXWKRUV�VXJJHVW� WKDW� WZR�RWKHU�TXDGUXSHG�JDLWV�� WKH

SDFH�DQG�WKH�ERXQG��FRXOG�DOVR�EH�LPSOHPHQWHG�XVLQJ�WKLV�WHFKQLTXH�EHFDXVH��OLNH

WKH�WURW��WKH\�XVH�SDLUV�RI�OHJV�LQ�XQLVRQ�

6RQ\�&RUSRUDWLRQ�GHYHORSHG�D�TXDGUXSHG�URERW�PRGHOHG�DIWHU�KRXVHKROG�SHWV�VXFK

DV� GRJV� DQG� FDWV� �.LWDQR� HW�� DO��� ������� 7KHLU� JRDO� ZDV� WR� HVWDEOLVK� D� §URERW

HQWHUWDLQPHQW� LQGXVWU\¨��DQG� WKLV� URERW�ZDV�GHYHORSHG�VSHFLILFDOO\� WR�SDUWLFLSDWH� LQ

WKH�5RER&XS����3DULV�VRFFHU�FRPSHWLWLRQ��(DFK�OHJ�KDV���'2)��$V�SDUW�RI�WKLV�ZRUN�

6RQ\� KDV� GHYHORSHG� D� PRGXODU� VWDQGDUG� FDOOHG� 23(15� WKDW� §HQDEOHV
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UHFRQILJXUDWLRQ� RI� URERW� VWUXFWXUH�� DV� ZHOO� DV� HDV\� UHSODFHPHQW� RI� VRIWZDUH� DQG

KDUGZDUH�FRPSRQHQWV�¨

%LSHGDO� ZDONLQJ� URERWV� KDYH� EHHQ� VWXGLHG� H[WHQVLYHO\� LQ� DQ� HIIRUW� WR� XQGHUVWDQG

KXPDQ�ORFRPRWLRQ�DQG�WR�H[SORUH�WKH�SRVVLELOLW\�RI�XVLQJ�WKHP�DV�SURVWKHWLF�GHYLFHV

�7RGG�� ������� $OVR�� )XUXVKR� DQG� 6DQR� ������� KDYH� VWDWHG� WKDW� ELSHGDO� URERWV� DUH

§H[SHFWHG� WR� EH� YHU\� XVHIXO� LQ� KRXVHV� DQG� IDFWRULHV� GHVLJQHG� IRU� VPRRWK� KXPDQ

ORFRPRWLRQ¨��,Q�JHQHUDO��ELSHG�GHVLJQV�KDYH�SURJUHVVHG�IURP�VWDWLFDOO\�VWDEOH�PRWLRQ

WR�PRUH�KXPDQ�OLNH�G\QDPLFDOO\�EDODQFHG�ORFRPRWLRQ�

-DSDQHVH� XQLYHUVLWLHV� KDYH� EHHQ� YHU\� DFWLYH� LQ� ELSHGDO� ZDONLQJ� URERW� UHVHDUFK�

)XUXVKR� DQG� 6DQR� ������� OLVWHG� ��� VHSDUDWH� -DSDQHVH� ELSHG� UHVHDUFK� SURMHFWV�

:DVHGD�8QLYHUVLW\�KDV�HVWDEOLVKHG�WKH�+8PDQRLG�5(VHDUFK�/DERUDWRU\��+85(/��IRU

SHUIRUPLQJ�VWXGLHV�RQ�ELSHG�URERWV��<DPDJXFKL��HW��DO���������

$�VHULHV�RI�ELSHG�URERWV�KDYH�EHHQ�FRQVWUXFWHG�DW�:DVHGD�8QLYHUVLW\��2QH�RI�WKHLU

PRUH�UHFHQW�HIIRUWV�UHVXOWHG�LQ�D�URERW�DEOH�WR�ZDON�DQG�DGDSW�WR�D�JURXQG�VXUIDFH

UHIHUUHG� WR� DV� D� §KRUL]RQWDOO\� FRPSRVHG� SODQH� ZKRVH� VWHSVª� KHLJKW� LV� XQNQRZQ¨

�<DPDJXFKL��HW��DO����������6XFK�D�VXUIDFH�LV�RIWHQ�IRXQG�LQ�XQHYHQ�IORRULQJ��,Q�WKHLU

H[SHULPHQWV�WKH�URERW�WRRN�VWHS�OHQJWKV�RI�XS�WR�����P�ZKLOH�KDQGOLQJ�D�VWHS�KHLJKW

RI����PP�

5DLEHUW� ������� DQG� KLV� FROOHDJXHV� DW� &DUQHJLH�0HOORQ� 8QLYHUVLW\� KDYH� WHVWHG� D

WHWKHUHG��SODQDU�ELSHG�FDSDEOH�RI�G\QDPLF�UXQQLQJ�DW�XS�WR�����P�V�RYHU�IODW��VPRRWK

IORRULQJ�� /LNH� WKH� TXDGUXSHG� GHVFULEHG� HDUOLHU�� WKLV� SURMHFW� ZDV� EDVHG� RQ� D� SULRU

VXFFHVVIXO� RQH�OHJJHG� KRSSLQJ� PDFKLQH�� 7KH� ELSHG� GHPRQVWUDWHG� WKDW� WKH

DOJRULWKPV�XVHG�IRU�FRQWUROOLQJ�WKH�KRSSLQJ�PDFKLQH�FRXOG�EH�H[WHQGHG�WR�PXOWL�OHJ

URERWV�VR�ORQJ�DV�§RQH�IRRW¨�JDLWV�ZHUH�XVHG�

0RUH� UHFHQWO\�� WKH�+RQGD�5	'�&RPSDQ\�GHYHORSHG� WZR� §KXPDQRLG¨� URERWV�� WKH

3��DQG�WKH�3���LQWHQGHG�DV�SURWRW\SHV�IRU�D�JHQHUDO�SXUSRVH�§GRPHVWLF�URERW¨��+LUDL�
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HW��DO���������+LUDL���������$V� WKH�QDPH� LPSOLHV�� WKH\�DUH�DQWKURSRPRUSKLF��KDYLQJ

WZR�OHJV��WZR�DUPV��DQG�D�KHDG��7KH�3��LV�HVVHQWLDOO\�DQ�XSJUDGHG�YHUVLRQ�RI�WKH�3��

:KLOH� WKH� 3�� LV� ���� VKRUWHU� WKDQ� WKH� 3��� LW� LV� DSSUR[LPDWHO\� KDOI� WKH� ZHLJKW�

FRQVXPHV�RQH�WKLUG�WKH�SRZHU��RSHUDWHV�RQ�EDWWHU\�SRZHU�IRU�WZLFH�DV�ORQJ��DQG�KDV

PRUH� UHOLDEOH�HOHFWURQLFV� WKDQ� WKH�3���7KH�GHVLJQHUV�FDUHIXOO\�SDWWHUQHG� WKH� URERWV

DIWHU�KXPDQV��)RU�H[DPSOH�� WKH\�WULHG�WR�PDNH�WKH� OHJ� OLQN�GLPHQVLRQV�� WKH� OHJ� OLQN

FHQWHUV�RI�JUDYLW\��WKH�MRLQW�ORFDWLRQV��DQG�WKH�MRLQW�UDQJHV�RI�PRWLRQ�FRUUHVSRQG�DV

FORVHO\�DV�SRVVLEOH�WR�WKRVH�RI�D�KXPDQ��(DFK�OHJ�RI�WKH�WZR�URERWV�KDV���'2)��7KH

URERWV�DUH�DEOH� WR�PDLQWDLQ�D�KXPDQ�OLNH�SRVWXUH�E\� VLPXOWDQHRXVO\�XVLQJ�§JURXQG

UHDFWLRQ� IRUFH� FRQWURO¨�� §PRGHO� =03� �=HUR� 0RPHQW� 3RLQW�� FRQWURO¨�� DQG� §IRRW

ODQGLQJ� SRVLWLRQ� FRQWURO¨�� $FFRUGLQJ� WR� WKH� DXWKRUV�� WKH� URERWV� FDQ�ZDON� IRUZDUG�

EDFNZDUG��VLGHZD\V��DQG�GLDJRQDOO\��DV�ZHOO�DV�ZDON�RQ���°�VORSHV��DQG�FOLPE�XS�DQG

GRZQ�VWDLUFDVHV�ZLWK�VWHS�KHLJKWV�RI�XS�WR�����PP�

$� ��'� RQH�OHJJHG� §KRSSLQJ¨� URERW� ZLWK� �� '2)
V� ZDV� EXLOW� DW� &DUQHJLH�0HOORQ

8QLYHUVLW\� �5DLEHUW�� %URZQ�� DQG� &KHSSRQLV�� ������ 5DLEHUW� DQG� :LPEHUO\�� �����

5DLEHUW���������7KLV�JURXQGEUHDNLQJ�UHVHDUFK�IRFXVHG�RQ�FRQWUROOLQJ�WKH�URERW�WR�EH

G\QDPLFDOO\� VWDEOH�� 7KH�PRQRSRG� FRQVLVWHG� RI� DQ� DOXPLQXP� IUDPH� ERG\�� VHQVRUV�

DQG�D�SQHXPDWLF�F\OLQGHU�OHJ��7KH�OHJ�ZDV�DWWDFKHG�WR�WKH�ERG\�E\�D�JLPEDO�W\SH�KLS

KDYLQJ� WZR�'2)��KHQFH�JLYLQJ� WKH� OHJ�D� WRWDO�RI���'2)��7KH�PRQRSRG� WUDYHOV�E\

KRSSLQJ��6SHFLILFDOO\��LWV�ORFRPRWLRQ�F\FOH�DOWHUQDWHV�EHWZHHQ�D�EDOOLVWLF�IOLJKW�SKDVH

GXULQJ�DSSUR[LPDWHO\�����RI�WKH�F\FOH�DQG�D�VXSSRUW�SKDVH��GXULQJ�ZKLFK�WKH�OHJ�LV

RQ�WKH�JURXQG��IRU�WKH�UHPDLQGHU�RI�WKH�F\FOH�

(IIHFWLYH�VWDELOLW\�IRU�WKH�KRSSLQJ�URERW�LV�PDLQWDLQHG�YLD�G\QDPLF�VWDELOLW\��&RQWUROV

IRU� WKLV� FRQGLWLRQ�ZHUH�GHFRPSRVHG� LQWR� WKUHH� VHSDUDWH�� VLPSOH�SDUWV��PDLQWDLQLQJ

WKH� ERG\� LQ� DQ� HUHFW� SRVWXUH�� UHJXODWLQJ� KRSSLQJ� KHLJKW�� DQG� FRQWUROOLQJ� IRUZDUG

UXQQLQJ� YHORFLW\�� 7KHVH� WKUHH� SDUWV� ZHUH� WKHQ� V\QFKURQL]HG� WR� RSHUDWH� WKH� URERW

XVLQJ� D� WDEXODU� DSSURDFK�� 6SHFLILFDOO\�� WKH� FRPSXWDWLRQDOO\� LQWHQVLYH� G\QDPLFV

HTXDWLRQV� ZHUH� SUHFRPSXWHG� DQG� VWRUHG� LQ� WDEXODU� IRUP�� 7KHQ�� LQ� RUGHU� WR� VDYH
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FRPSXWHU� PHPRU\�� WKHVH� WDEOHV� ZHUH� DSSUR[LPDWHG� XVLQJ� ��� DQG� ���WHUP

SRO\QRPLDO�VXUIDFHV��ZKLFK�ZHUH�WKHQ�FDOFXODWHG�DW�UXQ�WLPH��5DLEHUW�DQG�:LPEHUO\�

������� 7KH�PDFKLQH� RSHUDWHV�ZHOO� RQ� VPRRWK�� OHYHO� IORRUV�� DQG� GHPRQVWUDWHV� WKDW

HIIHFWLYH� VWDELOLW\� FDQ� EH� PDLQWDLQHG� E\� DFWLYH� EDODQFLQJ�� 2QH� YHUVLRQ� RI� WKH

PDFKLQH� ZDV� SURJUDPPHG� WR� OHDS� RYHU� REVWDFOHV�� 7KHVH� OHDSLQJ� WHVWV� ZHUH

VXFFHVVIXO�LQ�DSSUR[LPDWHO\�KDOI�RI�WKH�WULDOV��EHFDXVH��ZKLOH�WKH�FRQWURO�V\VWHP�FRXOG

FRQWURO�WKH�KHLJKW�DQG�VSDQ�RI�KRSV��LW�ZDV�QRW�PDGH�WR�FRQWURO�WKH�WDNH�RII�IRRWKROG

SRVLWLRQ��5DLEHUW��������

5HIHUULQJ� WR� VLQJOH�ERG\� DFWLYH�OHJJHG� URERWV�� 6RQJ� DQG�:DOGURQ� ������� VWDWH� WKDW

§ERWK�HQHUJ\�HIILFLHQF\�DQG�PRELOLW\�DUH�FORVHO\�UHODWHG�WR�OHJ�JHRPHWU\¨��,Q�DGGLWLRQ

WR�WKH�DOO�LQFOXVLYH�VLQJOH�ERG\�OHJJHG�SURMHFWV�OLVWHG�DERYH��VHYHUDO�UHVHDUFKHUV�KDYH

FRQFHQWUDWHG� VSHFLILFDOO\�RQ� OHJ�PHFKDQLVPV�� )RU� H[DPSOH��5\DQ� DQG�+XQW� ������

GLVFXVV�ERWK�H[DFW�DQG�DSSUR[LPDWH� VWUDLJKW�OLQH�SODQDU� OLQNDJHV�DQG� VXJJHVW� WKRVH

WKDW� KDYH� SRWHQWLDO� IRU� XVH� LQ� OHJJHG� YHKLFOH� DSSOLFDWLRQV�� /HH� DQG� 5DLEHUW� ������

FRQVWUXFWHG� D� SODQDU� DUWLFXODWHG� OHJ� VLPLODU� WR� WKRVH� RI� KRRIHG� PDPPDOV� VXFK� DV

KRUVHV��7KH�OHJ�ZDV�WHVWHG�LQ�D�WHWKHUHG�DUUDQJHPHQW�LQ�RUGHU�WR�VROYH�WKH�SUREOHP

RI� XQZDQWHG� KRRI� UROOLQJ��2UDO� UHYLHZHG� OHJ� GHVLJQV� LQ� WZR� SDSHUV� �2UDO�� ����D�

����E���,Q�WKH�VHFRQG�SDSHU��2UDO�����E��KH�SURSRVHG�D�QHZ�OHJ�PHFKDQLVP�FDOOHG

WKH�%XUDT��ZKLFK�FDQ�UHVHPEOH�HLWKHU� LQVHFW�RU�PDPPDO� OHJV��GHSHQGLQJ�RQ�ZKLFK

DOWHUQDWH� YHUVLRQ� LV� XVHG�� ,W� LV� EDVHG� XSRQ� WKH� SDQWRJUDSK� OHJ� PHFKDQLVP� DQG

LQKHULWV�PXFK�RI�LWV�DGYDQWDJHV��+RZHYHU��2UDO�SRLQWHG�RXW�WKDW�WKH�%XUDT�LV�VXLWDEOH

RQO\� IRU� ORFRPRWLRQ� RQ� REVWDFOH� IUHH� WHUUDLQV� EHFDXVH� LW� FDQQRW� RXWSXW� DQ� H[DFW

VWUDLJKW� OLQH� DQG� LV� §QRW� IXOO\� FRQWUROODEOH� LQ� WKH� ORQJLWXGLQDO� GLUHFWLRQ¨�� $OH[DQGHU

�������KDV�FRQGXFWHG�H[WHQVLYH�VWXGLHV�RQ�WKH�XVH�RI�WHQGRQV�LQ�DQLPDOV�DQG�VSULQJV

LQ�PHFKDQLFDO�OHJV�IRU�LQFUHDVLQJ�WKH�HQHUJ\�HIILFLHQF\�RI�ORFRPRWLRQ��6SHFLILFDOO\��KH

VKRZHG� WKDW� WHQGRQV� DQG�RU� VSULQJV� FDQ� EH� XVHG� IRU� WHPSRUDU\� HQHUJ\� VWRUDJH�

HQHUJ\�WUDQVIHU�DW�WKH�HQGV�RI�VWULGHV��DQG�DV�FRPSOLDQFH�IRU�WKH�IHHW�
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1.7.3 Multibody Legged Robots

0XOWLERG\� OHJJHG�YHKLFOHV� LQFOXGH� WZR� VXE�W\SHV��GHVLJQV� WKDW�� LQ� DGGLWLRQ� WR� WKHLU

DFWXDWHG� PXOWLERG\� VWUXFWXUHV�� KDYH� DFWXDWHG� OHJV�� DQG� GHVLJQV� WKDW� KDYH� QRQ�

DFWXDWHG��SDVVLYH�RU�ULJLG��OHJV��'HVLJQV�WKDW�KDYH�QR�OHJV�DQG�UHVW�RQ�WKHLU�§EHOOLHV¨

DUH�LQFOXGHG�LQ�WKH�ODWWHU�VXE�W\SH�

1.7.3.1 Multibody Active-Legged Robots

7RGG��������GHVFULEHV�WZR�RFWRSRGV�RI�VLPLODU�JHRPHWU\��7KH�URERWV�DUH�FRPSRVHG

RI� WZR� ULJLG� ERGLHV�� HDFK� RI� ZKLFK� KDV� IRXU� YHUWLFDOO\� WHOHVFRSLQJ� OHJV�� 7KH� WZR

ERGLHV�DUH�FDSDEOH�RI�PRYLQJ�UHODWLYH�WR�RQH�DQRWKHU�ZLWK�WZR�GHJUHHV�RI�IUHHGRP�

D�KRUL]RQWDO�WUDQVODWLRQ�DQG�D�URWDWLRQ�DERXW�WKH�YHUWLFDO�D[LV��2QH�RI�WKH�URERWV�KDV

PDJQHWLF� IHHW� DQG� LV� XVHG� IRU� XOWUDVRQLFDOO\� LQVSHFWLQJ� VWHHO� SUHVVXUH� YHVVHOV�� 7KH

RWKHU�� FRQVWUXFWHG� E\� .RPDWVX� /WG��� LV� FDOOHG� 5H&86� �5HPRWHO\� &RQWUROOHG

8QGHUZDWHU�6XUYH\RU��

7KH�'DQWH�,,�URERW�ZDV�XVHG�WR�H[SORUH�WKH�0RXQW�6SXUU�YROFDQR�LQ�$ODVND�IRU�QHDUO\

D� ZHHN� EHIRUH� IDOOLQJ� RYHU� DV� LW� ZDV� FOLPELQJ� EDFN� RXW� RI� WKH� FUDWHU� �%DUHV� DQG

:HWWHUJUHHQ�� ������� /LNH� WKH� WZR� RFWRSRGV� GHVFULEHG� DERYH� DQG� LWV� SUHGHFHVVRU�

WKH�'DQWH��:HWWHUJUHHQ�HW��DO����������WKH�'DQWH�,,�KDV�WZR�ERGLHV�RU�§IUDPHV¨��HDFK

KDYLQJ�IRXU�OHJV��(DFK�RI�WKH�HLJKW�OHJV�LV�D�SDQWRJUDSK�PHFKDQLVP�FDSDEOH�RI�UDLVLQJ

DQG�ORZHULQJ�LWV�DVVRFLDWHG�IRRW��7KH�WZR�IUDPHV�DUH�DFWXDWHG�VR�DV�WR�PRYH�UHODWLYH

WR� HDFK� RWKHU� ZLWK� ERWK� D� KRUL]RQWDO� WUDQVODWLRQDO� IUHHGRP� DQG� D� YHUWLFDO� D[LV� RI

URWDWLRQ�RI�±��°�

,Q�RUGHU�IRU�WKH�'DQWH�,,�WR�FUDZO�RU�§IUDPH�ZDON¨��DV�WKH�DXWKRUV�UHIHU�WR�LW��WKH�OHJV

RI�RQH� IUDPH� OLIW�RII� WKH�JURXQG�ZKLOH� WKH� IRXU� OHJV�RI� WKH�RWKHU� IUDPH�VXSSRUW� WKH

ZHLJKW� RI� WKH� URERW�� 7KH� IUDPH� ZLWK� WKH� OLIWHG� OHJV� WKHQ� PRYHV� UHODWLYH� WR� WKH

VXSSRUWLQJ� IUDPH� E\� WUDQVODWLQJ�� URWDWLQJ�� RU� ERWK�� )LQDOO\�� WKH� OHJV� RI� WKH� PRYLQJ
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IUDPH�ORZHU�WR�WKH�JURXQG��HDFK�DGMXVWLQJ�WR�WKH�XQGHUO\LQJ�WHUUDLQ��$W�WKLV�SRLQW��WKH

IUDPHV�UHYHUVH�UROHV�DQG�WKH�LQLWLDOO\�VXSSRUWLQJ�IUDPH�OLIWV�LWV�OHJV�DQG�PRYHV�IRUZDUG

ZKLOH� WKH� LQLWLDOO\�PRYLQJ� IUDPH� QRZ� VXSSRUWV� WKH�ZHLJKW� RI� WKH� URERW��8VLQJ� WKLV

FUDZOLQJ�PRWLRQ��WKH�'DQWH�,,�ZDV�GHVLJQHG�WR�FOLPE�VORSHV�RI�XS�WR���°�

,Q�DGGLWLRQ�WR�WKLV�EDVLF�FUDZOLQJ�PRWLRQ��WKH�ORFRPRWLRQ�RI�WKH�'DQWH�,,�LV�HQKDQFHG

E\�WKH�XVH�RI�D� WHWKHU�PHFKDQLVP��ZKLFK�HQDEOHV� LW� WR� UDSSHO�XS�DQG�GRZQ�QHDUO\

YHUWLFDO�VORSHV�VXFK�DV�WKRVH�RI�WKH�6SXUU�0RXQWDLQ�FUDWHU�

1.7.3.2 Multibody Passive-Legged Robots

&KLULNMLDQ� DQG� %XUGLFN� �����D�� ����E�� FRLQHG� WKH� WHUP� §K\SHU�UHGXQGDQW¨� WR

GHVFULEH� URERWV� KDYLQJ� §D� ODUJH�RU� LQILQLWH� GHJUHH�RI� NLQHPDWLF� UHGXQGDQF\¨�� 7KH\

VWDWH�WKDW�VXFK�URERWV�§DUH�DQDORJRXV� LQ�VKDSH�DQG�RSHUDWLRQ� WR�VQDNHV��HOHSKDQW
V

WUXQNV��DQG�WHQWDFOHV¨��������

&KLULNMLDQ�DQG�%XUGLFN�SURGXFHG�D�ODUJH�QXPEHU�RI�SXEOLFDWLRQV�LQWHQGHG�WR�FRYHU�D

EUHDGWK� RI� LVVXHV� FRQFHUQLQJ� JHQHUDO� K\SHU�UHGXQGDQW� URERWV�� 7KH\� FODVVLI\� K\SHU�

UHGXQGDQW�PRUSKRORJLHV�LQWR�WKUHH�W\SHV��������

�� 'LVFUHWH��VHULDO�URERWV�PDGH�XS�RI�§D�ODUJH��EXW�ILQLWH�QXPEHU�RI�ULJLG�OLQNV¨

�� 5RERW
V� ZLWK� DFWXDWLRQ� §GLVWULEXWHG� RYHU� WKH� URERW
V� OHQJWK¨� DQG� LQ� ZKLFK� WKH

§VKDSH�LV�FRQWLQXRXVO\�GHIRUPDEOH¨

�� 'LVFUHWH��SDUDOOHO� URERWV�PDGH�XS�RI�D�§FDVFDGH�RI�SDUDOOHO�SODWIRUPV¨�VXFK�DV�D

9DULDEOH�*HRPHWU\�7UXVV��9*7��

0RVW� RI� WKHLU� ZRUN� FRQVLGHUV� K\SHU�UHGXQGDQW� PDQLSXODWRUV�� EXW� LQ� DQ� LQWHUQDO

&DOLIRUQLD� ,QVWLWXWH� RI� 7HFKQRORJ\� UHSRUW� WKH\� DOVR� SURSRVHG� WKH� XVH� RI� K\SHU�

UHGXQGDQW� URERWV� IRU� ORFRPRWLRQ� §ZLWKRXW� ZKHHOV�� WUDFNV�� RU� OHJV¨� �&KLULNMLDQ� DQG

%XUGLFN������D��
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7KH\� GHILQH� WZR� PDLQ� W\SHV� RI� ORFRPRWLRQ� IRU� K\SHU�UHGXQGDQW� PHFKDQLVPV�

QDPHO\�� 6WDWLRQDU\� :DYH� $PSOLWXGH� 9DU\LQJ� �6:$9�� ORFRPRWLRQ�� ZKLFK� LV

LGHDOL]DWLRQ�RI� WKH� LQFKZRUP� ORFRPRWLRQ��DQG�7UDYHOLQJ�:DYH�$PSOLWXGH�&RQVWDQW

�7:$&�� ORFRPRWLRQ�� ZKLFK� LV� VLPLODU� WR� FDWHUSLOODU� ORFRPRWLRQ� �&KLULNMLDQ� DQG

%XUGLFN������D������E������D��� ,Q�DQRWKHU�SDSHU��%XUGLFN��5DGIRUG�� DQG�&KLULNMLDQ

�������GHVFULEH�D�VLGHZLQGLQJ�ORFRPRWLRQ�JDLW�EDVHG�RQ�PRWLRQ�RI�GHVHUW�VQDNHV�

&KLULNMLDQ� DQG� %XUGLFN� �����D�� ����E�� DSSURDFK� WKH� NLQHPDWLFV� DQG� PRWLRQ

SURJUDPPLQJ� RI� K\SHU�UHGXQGDQW� ORFRPRWLRQ� EDVHG� RQ� D� FRQWLQXXP� PRGHO� RI� D

EDFNERQH� FXUYH�� §ZKLFK� FDSWXUHV� WKH� URERW
V� PDFURVFRSLF� JHRPHWU\¨�� 8VLQJ� WKLV

PHWKRG��ORFRPRWLRQ�LV�GHILQHG�E\�ILUVW�ILWWLQJ�D�VPRRWKHG���'�FXUYH�RYHU�WKH�WHUUDLQ

SDWK�WKH�URERW�LV�WR�IROORZ��7KLV�WHUUDLQ�SDWK�FXUYH�LV�WKHQ�RIIVHW�WR�GHILQH�WKH�§VSLQDO

FXUYH¨� IRU� WKH� URERW�� ZKLFK� GHVFULEHV� WKH� FURVV�VHFWLRQDO� FHQWURLG� RI� WKH� URERW�

6:$9�ORFRPRWLRQ�FDQ�WKHQ�EH�SURGXFHG�E\�VXSHULPSRVLQJ�RQH�RU�PRUH�FXUYHV�WKDW

YDU\� LQ� DPSOLWXGH� RQWR� WKH� VSLQDO� FXUYH�� 7:$&� ORFRPRWLRQ� LV� SURGXFHG� E\

§WUDQVPLWWLQJ� D� ZDYH¨� RI� EHQGLQJ� DQG�RU� H[WHQVLRQ� DQG� FRQWUDFWLRQ� DORQJ� WKH

EDFNERQH� FXUYH� �&KLULNMLDQ� DQG� %XUGLFN�� ����D�� ����E�� ����D��� 7KLV� DSSURDFK

UHVXOWV� LQ� DQ� HOHJDQW� PHWKRG� RI� SODQQLQJ� FROOLVLRQ�IUHH� SDWKV� RYHU� URXJK� WHUUDLQ

�DVVXPLQJ�WKH�WHUUDLQ�SHUFHSWLRQ�LV�FRUUHFW���&KLULNMLDQ�DQG�%XUGLFN� � �����D������E�

����D�� DOVR� GHYHORSHG� PDWKHPDWLFDO� IRUPXODWLRQV� IRU� DSSO\LQJ� WKHVH� ORFRPRWLRQ

W\SHV� WR� ERWK� LQH[WHQVLEOH� �IL[HG�OHQJWK�� URERWV� DQG� WR� H[WHQVLEOH

�H[SDQGDEOH�FRQWUDFWLEOH��URERWV�

:KDW�&KLULNMLDQ�DQG�%XUGLFN������D��WHUP�WKH�§WHUUDLQ�PDWFKLQJ�SUREOHP¨�UHIHUV�WR

GHWHUPLQLQJ�WKH�WLPH�YDU\LQJ�EDFNERQH�FXUYH�EHKDYLRU�WR�DFFRPSOLVK�ORFRPRWLRQ��,Q

YDULRXV�SDSHUV�WKH\�KDYH�SURSRVHG�D�QXPEHU�RI�DOWHUQDWLYH�PHWKRGV�IRU�VROYLQJ�WKLV

SUREOHP�IRU�ERWK�WKH�LQH[WHQVLEOH�DQG�H[WHQVLEOH�FDVHV�

)RU� WKH� LQH[WHQVLEOH� FDVH�� WKH� FRQWLQXXP�EDFNERQH� FXUYH�PRGHO� LV� SDUDPHWHUL]HG

XVLQJ�D�W\SH�RI�LQWULQVLF�JHRPHWU\��5DWKHU�WKDQ�XVLQJ�WKH�FODVVLFDO�LQWULQVLF�JHRPHWU\
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PHWKRG�ZKHUH���'�VSDFH�FXUYHV�DUH�GHILQHG�EDVHG�XSRQ�WKH�LQWULQVLF�SURSHUWLHV�RI

FXUYDWXUH� DQG� WRUVLRQ� VSHFLILHG� DV� IXQFWLRQV� RI� DUF� OHQJWK�� &KLULNMLDQ� DQG� %XUGLFN

������� ����D�� SURSRVHG� VSHFLI\LQJ� ERWK� FXUYH� WDQJHQF\�� XVLQJ� (XOHU� DQJOHV� �WZR

DQJOHV�GHILQHG�LQ�RUWKRJRQDO�SODQHV���DQG�UROO�DV�IXQFWLRQV�RI�DUF�OHQJWK��7KLV�PHWKRG

HQDEOHV�GHWHUPLQDWLRQ�RI�SRLQWV�RQ�WKH�EDFNERQH�FXUYH�ZLWKRXW�KDYLQJ�WR�VROYH�WKH

FODVVLFDO� )UHQHW�6HUUHW� HTXDWLRQV�� IRU�ZKLFK� WKHUH� LV� QR� FORVHG�IRUP� VROXWLRQ� LQ� WKH

VSDWLDO�FDVH��6WUXLN��������

&KLULNMLDQ� DQG� %XUGLFN� KDYH� SURSRVHG� WZR� SULPDU\� DSSURDFKHV� IRU� VROYLQJ� WKH

WHUUDLQ�PDWFKLQJ�SUREOHP�IRU�WKH�FDVH�RI�LQH[WHQVLEOH�PRWLRQ��D�PRGDO�DSSURDFK�DQG

D�FDOFXOXV�RI�YDULDWLRQV�DSSURDFK��&KLULNMLDQ�DOVR�UHYLHZV�VRPH�DGGLWLRQDO�PHWKRGV�RI

VROYLQJ� WKH� LQYHUVH� NLQHPDWLFV� EDVHG�RQ� WKH� FRQWLQXXP�PRGHO� EDFNERQH� FXUYH� LQ

DQRWKHU�SXEOLFDWLRQ��������

:LWK�WKH�PRGDO�DSSURDFK��WKH�FRQILJXUDWLRQ�RI�WKH�EDFNERQH�FXUYH� LV�GHILQHG�DV�D

IXQFWLRQ�RI� WLPH�E\� VFDOLQJ� D� SUHGHILQHG� VHW� RI� §FXUYDWXUH�PRGH� IXQFWLRQV¨� E\� DQ

DQDORJRXV�VHW�RI� WLPH�YDU\LQJ�§PRGDO�SDUWLFLSDWLRQ�IDFWRUV¨� �&KLULNMLDQ�DQG�%XUGLFN�

����D������E���������+HQFH�WKH�WHUUDLQ�PDWFKLQJ�SUREOHP�DPRXQWV�WR�GHWHUPLQLQJ

WKH�PRGDO�SDUWLFLSDWLRQ�IDFWRUV�DW�HDFK�WLPH�VWHS��7KH\�GLVFXVV�KRZ�WR�VHOHFW�WKH�VHW

RI�PRGH�IXQFWLRQV�WR�DYRLG�PRGDO�VLQJXODULWLHV�DQG�GHJHQHUDF\������E���������$OVR�

EHFDXVH� WKH�XVH�RI�PRGH� IXQFWLRQV�PD\� UHVWULFW� WKH�ZRUNVSDFH�RI� WKH� URERW� WR�EH

§VPDOOHU� WKDQ� GLFWDWHG� E\� SK\VLFDO� OLPLWDWLRQV¨� RQ� WKH� YHKLFOH�� WKH� DXWKRUV� H[SODLQ

KRZ�WKH�VHW�RI�PRGH�IXQFWLRQV�FDQ�EH�VZLWFKHG�DW�UXQ�WLPH������E���������,Q�VRPH

VLPSOH� FDVHV�� VXFK� DV� VWUDLJKW�OLQH� ORFRPRWLRQ�� VROYLQJ� IRU� WKH�PRGDO� SDUWLFLSDWLRQ

IDFWRUV�DW�HDFK�WLPH�VWHS�FDQ�EH�GRQH�LQ�FORVHG�IRUP��+RZHYHU�� IRU�VSDWLDO�PRWLRQ

RYHU�XQHYHQ�WHUUDLQ��LW� LV�JHQHUDOO\�QRW�SRVVLEOH�WR�VROYH�IRU�WKH�PRGDO�SDUWLFLSDWLRQ

IDFWRUV� LQ� FORVHG� IRUP�� 7R� VROYH� WKH� QRQ�OLQHDU� HTXDWLRQV�� &KLULNMLDQ� DQG� %XUGLFN

�����D�� SURSRVHG� XVLQJ� D� YDULHW\� RI� PHWKRGV�� 7KHVH� VROXWLRQV� UHTXLUH� LWHUDWLYH

FRPSXWDWLRQV�� DQG� LQ� VRPH� FDVHV�� QHVWHG� LWHUDWLYH� FRPSXWDWLRQV� LQYROYLQJ

HYDOXDWLRQV�RI�WKH�HOHPHQWV�RI�D�§PRGDO�-DFRELDQ¨�PDWUL[�
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&KLULNMLDQ� DQG� %XUGLFN� DOVR� SURSRVHG� D� VHFRQG� PHWKRG� IRU� VROYLQJ� WKH� WHUUDLQ�

PDWFKLQJ� SUREOHP� IRU� LQH[WHQVLEOH� URERWV�� ,Q� WKLV� DSSURDFK�� §WKH� FDOFXOXV� RI

YDULDWLRQV�LV�XVHG�WR�ILQG�WKH�VKDSH�IXQFWLRQV�ZKLFK�FDXVH�WKH�PDQLSXODWRU��KHUH�WKH

ORFRPRWLRQ� ZDYH� VHJPHQW�� WR� VDWLVI\� QHFHVVDU\� ERXQGDU\� FRQGLWLRQV� �WKH� WHUUDLQ

ERXQGDU\�SUREOHP��ZKLOH�DOVR�PLQLPL]LQJ�D�XVHU�GHILQHG�FULWHULD�� VXFK�DV� WKH� WRWDO

EHQGLQJ�RI�WKH�EDFNERQH�FXUYH¨������D��

&KLULNMLDQ�DQG�%XUGLFN������������E��DSSHDU�WR�VHWWOH�XSRQ�WKH�PRGDO�DSSURDFK�DV

EHLQJ�WKH�PRVW�FRPSXWDWLRQDOO\�HIILFLHQW�DQG�SUDFWLFDO� IRU�XVH�ZLWK�D�PRELOH�URERW�

ZKLOH� WKH� FDOFXOXV� RI� YDULDWLRQV� DSSURDFK� LV� FRQVLGHUHG� PRVW� DGYDQWDJHRXV� IRU

GHWHUPLQLQJ�RSWLPDO�EDFNERQH�VKDSHV�

)RU� WKH� H[WHQVLEOH� FDVH�� LQ� ZKLFK� WKH� URERW� LV� GHVLUHG� WR� SHUIRUP� HORQJDWLRQ� DQG

FRQWUDFWLRQ�PRWLRQV��WKH�SDUDPHWHUL]DWLRQ�RI�WKH�EDFNERQH�FXUYH�FDQQRW�WR�EH�WUXO\

LQWULQVLF�EHFDXVH�ORFDO�DUF�OHQJWK�YDULHV��)RU�WKLV�FDVH��&KLULNMLDQ�DQG�%XUGLFN�GHILQH

WKH�NLQHPDWLFV�RI�WKH�URERW�UHODWLYH�WR�WKH�WHUUDLQ�SDWK�FXUYH��ZKLFK�ZDV�ILWWHG�WR�WKH

XQGHUO\LQJ� WHUUDLQ� RYHU� WKH� LQWHQGHG� SDWK� RI� WKH� URERW�� 6SHFLILFDOO\�� WKH� URERW

EDFNERQH�FXUYH�LV�SDUDPHWHUL]HG�E\�WKH�DUF�OHQJWK�RI�WKH�WHUUDLQ�SURILOH�FXUYH��UDWKHU

WKDQ� LWV� RZQ� DUF� OHQJWK� �����E�� ����D��� 7KH� EDFNERQH� FXUYH� GLVSODFHPHQWV� DQG

WKHLU�WLPLQJV�WR�SURGXFH�ORFRPRWLRQ�DUH�WKHQ�GHILQHG�E\�VSHFLI\LQJ�IXQFWLRQV�RI�WLPH

IRU��WKH�ZDYH�VKDSH��WKH�ZDYH�KHLJKW��WKH�DUF�OHQJWK�SRVLWLRQV�RI�WKH�IURQW�DQG�EDFN

RI� WKH� ORFRPRWLRQ�ZDYH��DQG� WKH�DUF� OHQJWK�SRVLWLRQV�RI� WKH� IURQW�DQG�EDFN�RI� WKH

EDFNERQH�FXUYH������E���,Q�D�ODWHU�SDSHU������D��WKH\�JLYH�WZR�RWKHU�PHWKRGV�IRU

VSHFLI\LQJ� PRWLRQ�� 7KH\� VSHFLI\� ORQJLWXGLQDO� VWDWLRQDU\� ZDYH� ORFRPRWLRQ� RQ� DQ

H[WHQVLEOH�URERW�E\�GHILQLQJ�D�IXQFWLRQ�IRU�WKH�ORFDWLRQ�RI�WKH�UHDU�RI�WKH�URERW�DQG�D

SHULRGLF�IXQFWLRQ�EDVHG�XSRQ�DQ�HORQJDWLRQ�GLVWULEXWLRQ�IXQFWLRQ�WKDW�XVHV�YDOXHV�IRU

WKH� JDLW� SHULRG� DQG� VWULGH� OHQJWK�� $QG� WKH\� VSHFLI\� D� WUDYHOLQJ� ZDYH� JDLW� IRU� DQ

H[WHQVLEOH� URERW� WKDW� FRPELQHV� FRQWUDFWLRQ� DQG� EHQGLQJ� E\� GHILQLQJ� IXQFWLRQV� IRU

WKH� ORFDWLRQ�RI� WKH� UHDU� RI� WKH� URERW�� WKH� HORQJDWLRQ�GLVWULEXWLRQ�� DQG� WKH� EHQGLQJ

GLVWULEXWLRQ�� DQG� E\� GHILQLQJ� YDOXHV� IRU� WKH� VWULGH� OHQJWK�� WKH� ZDYH� VSHHG�� WKH
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UHIHUHQFH� OHQJWK� RI� WKH� DFWLYH� VHJPHQW�� WKH� HORQJDWLRQ� IDFWRU�� DQG� WKH� EHQGLQJ

IDFWRU�

5HJDUGOHVV�RI�WKH�DSSURDFK�XVHG�WR�GHILQH�WKH�EDFNERQH�FXUYH�DW�D�SDUWLFXODU�WLPH��D

§ILWWLQJ¨� DOJRULWKP� LV� WKHQ� XVHG� WR� PDWFK� WKH� JHRPHWU\� RI� GLVFUHWH� PRUSKRORJ\

URERWV��VXFK�DV�9*7V��WR�WKH�VKDSH�RI�WKH�FRQWLQXXP�EDFNERQH�FXUYH��&KLULNMLDQ�DQG

%XUGLFN�� ����E�� ����D�� ������ ����E��� 2QFH� WKH� ILWWLQJ� LV� GRQH�� WKH� LQYHUVH

NLQHPDWLFV� FDQ�EH� VROYHG� IRU� HDFK�GLVFUHWH�PRGXOH�RI� WKH� URERW� WR� GHWHUPLQH� WKH

DFWXDWRU�MRLQW�GLVSODFHPHQWV�QHHGHG�WR�DFFRPSOLVK�WKH�VKDSH��&KLULNMLDQ�DQG�%XUGLFN

�����D������E��QRWH�WKDW�WKH� LQYHUVH�NLQHPDWLFV� IRU� WKH� LQGLYLGXDO�PRGXOHV�FDQ�EH

FRPSXWHG�LQ�SDUDOOHO�

&KLULNMLDQ� DQG� %XUGLFN� ������� ����D�� FRQVWUXFWHG� D� ���'2)� SODQDU� YDULDEOH

JHRPHWU\� WUXVV� URERW� WR� WHVW� WKHLU� K\SHU�UHGXQGDQW� DOJRULWKPV�� 7KH� URERW� LV� D

PRGXODU�GHVLJQ�PDGH�RI���� WUXVV�ED\V��HDFK�KDYLQJ���'2)��8VLQJ� WKLV� URERW�� WKH\

GHPRQVWUDWHG� WUDYHOLQJ� IRUZDUG� RYHU� IODW�� OHYHO� WHUUDLQ� XVLQJ� VHYHUDO� RI� WKH

ORFRPRWLRQ�JDLWV�GHVFULEHG�DERYH��$OO�RI�WKH�KDUGZDUH�GHPRQVWUDWLRQV�SUHVHQWHG�LQ

WKH�SDSHUV�VKRZ�ORFRPRWLRQ�WKDW�UHTXLUHV�FRQWLQXRXV�VOLGLQJ�RI�SRUWLRQV�RI�WKH�URERW

VWUXFWXUH�DJDLQVW�WKH�JURXQG��7KLV�VOLGLQJ�LV�LPSOHPHQWHG�ZLWK�UDWFKHWHG�ZKHHOV�WKDW

DOORZ� IRUZDUG� PRWLRQ� EXW� KDOW� UHWURJUDGH� PRWLRQ�� &KLULNMLDQ� DQG� %XUGLFN� �����D�

VWDWH� WKDW� WKH� UHDO� WLPH� FRQWURO� RI� DOO� ��� DFWXDWRUV� ZDV� VXFFHVVIXOO\� LPSOHPHQWHG

XVLQJ�D�VLQJOH�0RWRUROD�������SURFHVVRU�

,Q�D�GLIIHUHQW�SURMHFW��.HYLQ�'RZOLQJ��������FRQVWUXFWHG�D����'2)�URERW�SDWWHUQHG

DIWHU�VQDNHV��,W�KDV����ERGLHV��RU�OLQNV��FRQQHFWHG�LQ�VHULHV�ZLWK�D�SLWFK�IUHHGRP�DQG

D�\DZ�IUHHGRP�EHWZHHQ�WKH�DGMDFHQW�OLQNV��7KH�URERW�KDV�QR�UROO�IUHHGRP�EHWZHHQ

LWV� OLQNV�� MXVW�DV� LWV�QDWXUDO�FRXQWHUSDUW�� WKH� VQDNH��KDV�QR� UROO� IUHHGRP�EHWZHHQ� LWV

YHUWHEUDH��7KH�SLWFK�DQG�\DZ�IUHHGRPV�DUH�SRZHUHG�E\�DFWXDWRUV�PDGH�IURP�VHUYRV

RI�WKH�W\SH�XVHG�LQ�UDGLR�FRQWUROOHG�PRGHOV��'RZOLQJ�DOVR�SHUIRUPHG�PRGHOLQJ�DQG

VLPXODWLRQ� RI� WKLV� URERW�� LQFOXGLQJ� D� OHDUQLQJ� WHFKQLTXH� WKDW� RSWLPL]HG� WKH� URERW
V
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PRWLRQV� XVLQJ� D� JHQHWLF� DOJRULWKP� DQG� D� SUREDELOLVWLF�EDVHG� LQFUHPHQWDO� OHDUQLQJ

PHWKRG��ZLWK� WKH� JRDO� RI� ILQGLQJ� WKH� JDLWV� WKDW� RSWLPL]HG� WKH� §VSHFLILF� UHVLVWDQFH¨

PHWULF�IRU�YHKLFOHV�SURSRVHG�E\�*DEULHOOL�DQG�YRQ�.DUPDQ���������7KLV�SURFHVV� OHG

WR�WKH�GLVFRYHU\�RI�VHYHUDO�VQDNH�OLNH�JDLWV�DV�ZHOO�DV�D�QXPEHU�RI�QHZ�ORFRPRWLRQ

JDLWV�QRW�REVHUYHG�LQ�WKH�DQLPDO�ZRUOG�

$� PXOWLERG\� FUDZOLQJ� GHYLFH� ZDV� GHVLJQHG� DQG� FRQVWUXFWHG� E\� VWXGHQWV� DW� %HQ

*XULRQ� 8QLYHUVLW\� XQGHU� WKH� VXSHUYLVLRQ� RI� %HQ�=LRQ� 6DQGOHU� �������� 7KH

§FDWHUSLOODU¨�GHYLFH�KDV�D�VHULHV�RI�VHYHQ�ERG\�VWUXFWXUHV�WKDW�DUH�FRQQHFWHG�HQG�WR�

HQG�� 7KH� DGMRLQLQJ� ERG\� VWUXFWXUHV� DUH� FRQQHFWHG� E\� D� VLQJOH� GHJUHH� RI� IUHHGRP

UHYROXWH� MRLQW� WKDW�HQDEOHV� WKHP�WR�SLWFK�UHODWLYH�WR�HDFK�RWKHU��7KH�YHKLFOH��ZKLFK

KDV�QR�IHHW��LV�VDLG�WR�EH�DEOH�WR�PRYH�XVLQJ�VHYHUDO�§EHQGLQJ�PRGHV¨�

1.8 Relating the Literature to the Present Work

6ROYLQJ�WKH�DOO�WHUUDLQ�PRELOLW\�SUREOHP�LQYROYHV�FUHDWLQJ�D�URERW�WKDW�PLQLPL]HV�WKH

RFFXUUHQFHV� RI� WKH� YDULRXV�PRGHV� RI� ORFRPRWLRQ� IDLOXUH� GHVFULEHG� LQ� 6HFWLRQ� ����

/RRNLQJ�DW�WKH�ORFRPRWLRQ�IDLOXUH�PRGHV�LQ�UHYHUVH��ZKDW�SHUIRUPDQFH�IHDWXUHV�PXVW

D�YHKLFOH�SRVVHVV�WR�HQDEOH�VXFFHVVIXO�ORFRPRWLRQ�RYHU�H[WUHPH��URXJK�WHUUDLQ"

7KH�JUDSK�LQ�)LJ������VKRZV�VRPH�RI�WKH�VLJQLILFDQW�LQWHUGHSHQGHQFLHV�EHWZHHQ�WKH

GHVLUDEOH�SHUIRUPDQFH�IHDWXUHV��VKRZQ�DW�WKH�ERWWRP�RI�WKH�JUDSK��DQG�WKH�HQDEOLQJ

WHFKQRORJLHV�XSRQ�ZKLFK�WKH\�GHSHQG�

7KH� URXJK� WHUUDLQ� PRELOLW\� RI� D� YHKLFOH� LV� GHWHUPLQHG� E\� VHYHUDO� UHODWHG� IDFWRUV�

DPRQJ� ZKLFK� DUH�� LWV� WHUUDLQ� VHQVLQJ� DFFXUDF\� LQ� GHWHUPLQLQJ� VDIH� SDWKV�� RU� IRU

OHJJHG� YHKLFOHV�� ERWK� VDIH� SDWKV� DQG� VDIH� IRRWKROGV�� WKH� DYDLODEOH� WUDFWLRQ� RI� LWV

JURXQG�FRQWDFW�PHPEHUV� �EH� WKH\�ZKHHOV�RU� IHHW��� WKH�HIIHFWLYH�ZRUNVSDFH�RI� WKH

JURXQG�FRQWDFWLQJ�PHPEHUV�VR�WKDW�WKH�ZKHHOV�RU�IHHW�FDQ�UHDFK�WKH�VDIH�SDWKV�RU
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IRRWKROGV�ZKHUH�WKH\�ZLOO�REWDLQ�ERWK�VXIILFLHQW�VXSSRUW�DQG�WUDFWLRQ�IRU�WKH�YHKLFOH�

KDYLQJ� DSSURSULDWH� FRQWURO� DOJRULWKPV� IRU� DVVHVVLQJ� DQG� SUHVHUYLQJ� WKH� HIIHFWLYH

VWDELOLW\� RI� WKH� YHKLFOH�� DQG� KDYLQJ� VXIILFLHQW� FRQWURO� EDQGZLGWK� WR� ERWK� VHQVH� WKH

VWDELOLW\�VWDWH�DQG�UHDFW�ZLWK�SURSHU�DFWXDWLRQ�WR�SUHVHUYH� LW�ZLWKLQ�WKH��RIWHQ�EULHI�

DPRXQW�RI�WLPH�DYDLODEOH�IRU�UHVSRQGLQJ�

Control BandwidthWorkspace of 
Supporting Members

Available Power

Effective StabilityTraction Smoothed Motion Trajectory 
(to prevent vibration failures)

Terrain Perception

Clearance to Move (allows 
motion relative to the terrain)

Figure 1.6 — Enabling Technologies for Rough Terrain Mobility and Their

Interdependencies

:KLOH� WKH� JUDSK� LQ� )LJ�� ���� GHSLFWV� WKH� EDVLF� GHVLJQ� IXQFWLRQV� WKDW� GHWHUPLQH� WKH

HVVHQWLDO� URXJK� WHUUDLQ� ORFRPRWLRQ�SHUIRUPDQFH�DWWULEXWHV�RI� D� YHKLFOH�� LW� LV� FOHDUO\

QRW�H[KDXVWLYH��)RU�H[DPSOH�� ORRNLQJ�DW�WKH�GHVLUHG�DWWULEXWHV��D�WUDFWLRQ�IDLOXUH�ZLOO

RIWHQ�KDYH�D�QHJDWLYH�HIIHFW�RQ� WKH� VWDELOLW\�RI� D�YHKLFOH��2WKHU� LQWHUGHSHQGHQFLHV

DOVR� H[LVW�� IRU� H[DPSOH�� IRRW� GHVLJQV� DIIHFW� WKH� WUDFWLRQ� RI� WKH� URERW�� DQG� WKH

PHFKDQLVP�GHVLJQV�WKDW�GHWHUPLQH�WKH�VXSSRUW�PHPEHU�ZRUNVSDFHV�DOVR� LQIOXHQFH

WKH�DFWXDWLRQ�EDQGZLGWK�RI�WKH�URERW��$OVR�QRW�VKRZQ�LV�WKH�HQDEOLQJ�WHFKQRORJ\�RI

DQ�DSSURSULDWH�VHW�RI�FRQWURO�DOJRULWKPV�WKDW�PXVW�RSHUDWH�WR�RUFKHVWUDWH�DOO�RI�WKHVH

PRELOLW\�DVVHWV�LQ�RUGHU�WR�DFFRPSOLVK�WKH�ORFRPRWLRQ�JRDOV��)LQDOO\��DW�D�PRUH�EDVLF

OHYHO�� URXJK� WHUUDLQ� PRELOLW\� DOVR� UHTXLUHV� WKDW� D� YHKLFOH� KDYH� VXIILFLHQW� SRZHU� WR

SURSHO�LWVHOI�XS�VWHHS�LQFOLQHV�
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:KDW� LV� FOHDU� LV� WKDW� WKH� URXJK� WHUUDLQ�PRELOLW\�SUREOHP� LV� YHU\� FRPSOH[� DQG�KRZ

EHVW� WR� DFKLHYH� URXJK� WHUUDLQ� PRELOLW\� UHPDLQV� D� VXEMHFW� RI� GHEDWH�� 7KH� UHVHDUFK

FLWHG�LQ�WKH�OLWHUDWXUH�XVHG�D�YDULHW\�RI�PHWKRGV�LQ�DWWHPSWLQJ�WR�DFFRPSOLVK�URXJK

WHUUDLQ�ORFRPRWLRQ��IRFXVLQJ�SULPDULO\�RQ�VLQJOH�ERG\��DFWLYH�OHJ�GHVLJQV�WKDW�LPLWDWH

WKH�ORFRPRWLRQ�RI�DGXOW�DUWKURSRGV��:KLOH�JUHDW�SURJUHVV�KDV�EHHQ�PDGH�RQ�OHDUQLQJ

WR� ZDON� DQG� HYHQ� UXQ� RYHU� IODW�� VPRRWK� VXUIDFHV� DQG� JHQWOH� WHUUDLQ�� UHOLDEOH

ORFRPRWLRQ� RYHU� H[WUHPH� URXJK� WHUUDLQ� UHPDLQV� DQ� XQUHDOL]HG� JRDO� IRU�PDQ�PDGH

YHKLFOHV�� UHJDUGOHVV� RI� ZKHWKHU� ZKHHOV� RU� OHJV� DUH� HPSOR\HG�� 7KHUHIRUH�� LQ� WKLV

UHVHDUFK��D�GLIIHUHQW�DOWHUQDWLYH�IRU�D�OHJJHG�YHKLFOH�ZLOO�EH�H[SORUHG�

1.8.1 Dynamic Stability Versus Static Stability

7KH� PHWKRG� FKRVHQ� WR� PDLQWDLQ� VWDELOLW\� LV� VLJQLILFDQW� EHFDXVH� RI� LWV� FUXFLDO

LPSRUWDQFH� WR� PRELOLW\�� 7R� D� VLJQLILFDQW� GHJUHH�� WKH� PRGH�V�� RI� VWDELOLW\� WKDW� DUH

HPSOR\HG�UHVWULFW�WKH�FKRLFH�RI�URERW�PRUSKRORJ\�

:LWK�PDQ\� DQLPDOV�� GLIIHUHQW� VWDELOLW\�PRGHV� DUH�RIWHQ�XVHG� LQ� GLIIHUHQW� VLWXDWLRQV�

)RU�H[DPSOH��WKH�VDPH�DQLPDO�ZLOO�XVH�VWDWLF�VWDELOLW\��TXDVL�VWDWLF�VWDELOLW\��RU�G\QDPLF

VWDELOLW\� GHSHQGLQJ� RQ� LWV� UHODWLYH� GHVLUH� IRU� ORFRPRWLRQ� VSHHG�� ORFRPRWLRQ

HIILFLHQF\�� DQG� VWDELOLW\� PDUJLQ� RI� VDIHW\�� +RZHYHU�� PHFKDQLFDO� YHKLFOHV� PD\� QRW

KDYH� WKH� VDPH� IOH[LELOLW\� LQ� FKRRVLQJ� ZKLFK� VWDELOLW\� PRGH� WR� XVH� EHFDXVH� RI

OLPLWDWLRQV� WKDW�PD\� EH� LQKHUHQW� LQ� WKH� GHVLJQ� RI� WKHLU� FRQWURO� V\VWHPV� DQG� LQ� WKH

RYHUDOO�GHVLJQ�FKRLFH�RI�WKHLU�PRUSKRORJ\�

7KH�WZR�SULPDU\�VWDELOLW\�PRGH�FKRLFHV�DUH�VWDWLF�VWDELOLW\�DQG�G\QDPLF�VWDELOLW\��(DFK

PHWKRG�KDV�LWV�SRWHQWLDO�DGYDQWDJHV��%XW�ZKLFK�VWDELOLW\�PRGH�LV�WKH�EHVW�FKRLFH�IRU

PRELOLW\�RYHU�H[WUHPH�URXJK�WHUUDLQ�FRQVLGHULQJ�WKH�OLPLWDWLRQV�RI�FXUUHQWO\�DYDLODEOH

WHFKQRORJ\"
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1.8.1.1 Advantages of Dynamic Stability vs. Static Stability

&RPSDUHG�WR�VWDWLF�VWDELOLW\��G\QDPLF�VWDELOLW\�RIIHUV�WKUHH�EDVLF�SRWHQWLDO�DGYDQWDJHV

IRU�OHJJHG�YHKLFOHV��JUHDWHU�ODWLWXGH�LQ�WKH�VHOHFWLRQ�RI�IRRWKROG�ORFDWLRQV��WKH�DELOLW\

WR� PDLQWDLQ� HIIHFWLYH� VWDELOLW\� XVLQJ� LQWHUPLWWHQW� VXSSRUW�� DQG� VLJQLILFDQWO\� KLJKHU

ORFRPRWLRQ�VSHHGV��$OO�RI�WKHVH�DGYDQWDJHV�DUH�LQWHUUHODWHG�

7KH� JUHDWHU� IUHHGRP� LQ� IRRW� SODFHPHQW� SURYLGHV� VHYHUDO� EHQHILWV�� 5DLEHUW� ������

H[SODLQV� WKDW�� LQ� D� VHQVH�� G\QDPLF� VWDELOLW\� FDQ� LPSURYH� WKH� PRELOLW\� RI� URERWV

EHFDXVH�LW�UHOD[HV�WKH�FRQVWUDLQW�LPSRVHG�ZKHQ�XVLQJ�VWDWLF�VWDELOLW\�PRGH�RI�KDYLQJ

WR�FRQWLQXRXVO\�PDLQWDLQ�VWDWLF�HTXLOLEULXP��7KXV��G\QDPLF�VWDELOLW\�HQDEOHV�URERWV�WR

WROHUDWH�VRPH�LQVWDQWDQHRXV�LQVWDELOLW\�DQG�\HW�VWLOO�UHPDLQ�HIIHFWLYHO\�VWDEOH��7KLV�FDQ

DOORZ�G\QDPLFDOO\�VWDEOH�ZDONLQJ�YHKLFOHV�WR�XVH�IRRWKROGV�WKDW�DUH�ZLGHO\�VHSDUDWHG

IURP� WKHLU� FHQWHUV� RI� JUDYLW\�� ,W� DOVR� SHUPLWV� VXFK� YHKLFOHV� WR� RSHUDWH� XVLQJ� IHZHU

OHJV�� LQ� IDFW�� WKH\� ZRUN� EHVW� ZLWK� �� RU� IHZHU� OHJV�� %HFDXVH� G\QDPLF� VWDELOLW\� FDQ

PDLQWDLQ�WKH�HIIHFWLYH�VWDELOLW\�RI�URERWV�ZLWKRXW�UHTXLULQJ�ODUJH�EDVHV�RI�VXSSRUW�� LW

FDQ�HQDEOH�URERWV�WR�WUDYHO�EHWZHHQ�FORVHO\�VSDFHG�REVWDFOHV�

0XFK� RI� WKH� IRRWKROG� IOH[LELOLW\� GHVFULEHG� DERYH� LV� IDFLOLWDWHG� E\� WKH� DELOLW\� RI

G\QDPLFDOO\� VWDEOH� URERWV� WR�PDLQWDLQ�HIIHFWLYH� VWDELOLW\� YLD� LQWHUPLWWHQW� VXSSRUW�� ,Q

DGGLWLRQ�� ZLWK� SURSHU� PRWLRQ� SURJUDPPLQJ�� VXFK� YHKLFOHV� FDQ� H[SORLW� EDOOLVWLF

PRWLRQV�WR�OHDS�RYHU�REVWDFOHV�LQ�WKHLU�SDWK��5DLEHUW��������

5DLEHUW��������SRLQWHG�RXW�WKDW�G\QDPLF�VWDELOLW\�FDQ�HQDEOH�YHKLFOHV�WR�WUDYHO�IDVWHU

WKDQ� YHKLFOHV� RSHUDWLQJ� LQ� VWDWLF� VWDELOLW\�PRGH�� 6SHFLILFDOO\�� WKH� IDFW� WKDW� G\QDPLF

VWDELOLW\� SURYLGHV� HIIHFWLYH� VXSSRUW� IRU� WKH� URERW� XVLQJ� IHZHU� OHJV� FDQ� UHGXFH� WKH

VXSSRUW�SKDVH�§GXW\� IDFWRU¨�RI� WKH� OHJV��7KXV�� OHJV�FDQ� VSHQG� OHVV� WLPH� VXSSRUWLQJ

WKH�ZHLJKW�RI� WKH� URERW�DQG�PRUH� WLPH�PRYLQJ� IRUZDUG�� ,Q�DGGLWLRQ�� VXFK�YHKLFOHV

FDQ�UXQ�E\�XVLQJ�SKDVHV�RI�EDOOLVWLF�IOLJKW�EHWZHHQ�ORQJ�VWULGHV��WKXV�DFKLHYLQJ�JUHDWHU

ORFRPRWLRQ�VSHHGV�
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1.8.1.2 Disadvantages of Dynamic Stability vs. Static Stability

:KLOH� G\QDPLFDOO\� VWDEOH� OHJJHG� PDFKLQHV� KROG� IDEXORXV� ORQJ�WHUP� SRWHQWLDO� �DV

GHPRQVWUDWHG�E\� WKH�H[FHOOHQW� URXJK� WHUUDLQ�PRELOLW\�RI�PDQ\� YHUWHEUDWH� DQLPDOV��

WKHLU� SHUIRUPDQFH� RYHU� H[WUHPH� WHUUDLQ� LV� GHSHQGHQW� XSRQ� KDYLQJ� DFFXUDWH

NQRZOHGJH� RI� WKH� WHUUDLQ�� PDLQWDLQLQJ� VXIILFLHQW� VHQVLQJ�� FRQWURO�� DQG� DFWXDWLRQ

EDQGZLGWK�� DQG� WKHLU� DELOLW\� WR� KDQGOH� XQIRUHVHHQ� HYHQWV� LQ� D� UREXVW� IDVKLRQ

�LQFOXGLQJ�WKH�LGHDV�RI�SDVVLYH�VDIHW\�IDFWRUV�DQG�DFWLYH�UHIOH[LYH�FRQWUROV��

Terrain Perception

5DLEHUW� ������� UHFRJQL]HG� WKH� FULWLFDO� LPSRUWDQFH�RI� WHUUDLQ� NQRZOHGJH� IRU� OHJJHG

ORFRPRWLRQ��KH�VWDWHG�

7KH�VLQJOH�PRVW�LPSRUWDQW�EDUULHU�WR�DFKLHYLQJ�XVHIXO�OHJJHG�V\VWHPV�WKDW�GR
QRW�KDYH�GLUHFW�KXPDQ�FRQWURO�LV�WKH�WDVN�RI�GHWHUPLQLQJ�WKH�GHWDLOHG�VKDSH
RI� WKH� WHUUDLQ� DORQJ� SDWKV� RI� LQWHUHVW�� 7KLV� SUREOHP� LQYROYHV� VHQVLQJ�
SHUFHSWLRQ�� DQG� VSDWLDO� UHSUHVHQWDWLRQ�� 7KH� GLIILFXOW\� RI� WKLV� SUREOHP� LV
UHODWHG� WR� WKH� JHQHUDOLW\� RI� WKH� VLWXDWLRQV� LQ� ZKLFK� WKH� V\VWHP� ZLOO� EH
H[SHFWHG�WR�ZRUN��7KH�VSHHG�RI�ORFRPRWLRQ�PD\�DOVR�EH�D�IDFWRU>-56��@�

7KH�SUREOHP�RI�REWDLQLQJ�DFFXUDWH�DQG�WLPHO\�WHUUDLQ�LQIRUPDWLRQ�LV�H[DFHUEDWHG�E\

WKH�FRPSXWDWLRQDO�GLIILFXOW\�RI�WHUUDLQ�SHUFHSWLRQ��$FFRUGLQJ�WR�%DUHV�DQG�:KLWWDNHU

������� §,W� LV� RXU� H[SHULHQFH� WKDW� SHUFHSWLRQ� FDQ� FRQVXPH� ����RI� WKH� FRPSXWLQJ

FDSDFLW\�RI�DQ�DXWRQRPRXV�PRELOH�YHKLFOH¨��(YHQ�ORFRPRWLRQ�RYHU�WZR�GLPHQVLRQDO

WHUUDLQ� VWLOO� UHTXLUHV� FDUHIXO� GHYHORSPHQW� RI� SHUFHSWLRQ� DOJRULWKPV� DQG� OLPLWLQJ

ORFRPRWLRQ�WR�VORZ�VSHHGV��5RPDQ�DQG�5HLQKROW]��������

7KH�QHHG� IRU� DFFXUDWH� WHUUDLQ�SHUFHSWLRQ� LV� D�ERWWOHQHFN� OLPLWLQJ� WKH� URXJK� WHUUDLQ

PRELOLW\� RI� UDSLGO\�PRYLQJ� URERWV�� (UURUV� LQ� SHUFHSWLRQ� FDQ� GHFHLYH� WKH� FRQWUROOHU

LQWR� VHOHFWLQJ� XQVDIH� IRRWKROG� ORFDWLRQV�� OHDGLQJ� WR� LQVWDELOLW\� DQG� IDLOXUH�� 9HKLFOHV

XWLOL]LQJ�G\QDPLFDOO\�VWDEOH�ORFRPRWLRQ�ZRXOG�DFKLHYH�WKHLU�KLJKHVW�VSHHGV�E\�XVLQJ

SHULRGV� RI� EDOOLVWLF� IOLJKW�� +RZHYHU�� WKH� G\QDPLF� QDWXUH� RI� EDOOLVWLF� IOLJKW� SKDVHV
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PDNHV� WKHP� LQKHUHQWO\� QRQ�UHYHUVLEOH�� RQFH� LQ� PLG�DLU�� D� URERW� FDQQRW� WXUQ� EDFN�

+HQFH��VXFK�ORFRPRWLRQ�LV�JHQHUDOO\�QRW�VDIH�XQOHVV�PRYLQJ�RYHU�D�NQRZQ�SDWK��)RU

H[DPSOH��LI�D�URERW�FDQQRW�VHH�EH\RQG�WKH�REVWDFOH�RYHU�ZKLFK�LW�LV�MXPSLQJ�WR�WKH

QH[W�IRRWKROG�ORFDWLRQ�V��RQ�WKH�RWKHU�VLGH��LW�LV�OLWHUDOO\�WDNLQJ�D�OHDS�RI�IDLWK�WKDW�PD\

HQG� LQ� D� GDPDJLQJ� IDOO� LI� WKHUH� LV�� LQ� IDFW�� QR� VDIH� IRRWKROG� DW� WKH� §ODQGLQJ� ]RQH¨�

+HQFH�� WKH� DELOLW\� WR� VWHS� RU� OHDS� RYHU� REVWDFOHV� LV� OLPLWHG� E\� WKH� QHHG� WR� §VHH¨

EH\RQG�WKH�REVWDFOH�

7KH�QHHG�IRU�WLPHO\�WHUUDLQ�SHUFHSWLRQ�LV�D�ERWWOHQHFN�OLPLWLQJ�WKH�ORFRPRWLRQ�VSHHGV

RI� URERWV�� %HFDXVH� RI� WKHLU� KLJKHU� SRWHQWLDO� VSHHGV�� WKLV� DIIHFWV� G\QDPLFDOO\� VWDEOH

URERWV�PRUH�WKDQ�VWDWLFDOO\�VWDEOH�URERWV��6SHFLILFDOO\��VDIH�RSHUDWLRQ�DW�KLJKHU�VSHHGV

ZLOO� UHTXLUH� PRUH� IUHTXHQW� XSGDWHV� RI� WHUUDLQ� JHRPHWU\�� +RZHYHU�� WKLV� KLJKHU

IUHTXHQF\�UHVXOWV�LQ�KDYLQJ�D�VKRUWHU�SHULRG�RI�WLPH�DYDLODEOH�IRU�VHQVLQJ�DQG�DQDO\VLV

RI� HDFK� XSGDWH�� 0RUHRYHU�� IRU� G\QDPLFDOO\� VWDELOL]HG� URERWV�� WHUUDLQ� VHQVLQJ� ZLOO

JHQHUDOO\� UHTXLUH� PHDVXULQJ� WHUUDLQ� JHRPHWU\� IURP� D� UDSLGO\� PRYLQJ� SODWIRUP�

&RQVHTXHQWO\�� HDFK� WHUUDLQ� JHRPHWU\�PHDVXUHPHQW� ZLOO� EH� WDNHQ� IURP� D� GLIIHUHQW

IUDPH� RI� UHIHUHQFH�� IXUWKHU� FRPSOLFDWLQJ� WKH� WDVNV� RI� VHQVRU� IXVLRQ� DQG� VSDWLDO

UHSUHVHQWDWLRQ�

,Q�FRQWUDVW��WKH�JHQHUDOO\�VORZHU�PRYHPHQWV�RI�VWDWLF�VWDELOLW\�SODWIRUPV�ZLOO�VLPSOLI\

WKHVH� SUREOHPV�� ,Q� IDFW�� VRPH� VWDWLFDOO\� VWDEOH� URERWV�PRYH� LQWHUPLWWHQWO\� VR� DV� WR

UHGXFH�WKH�GLIILFXOW\�RI�WHUUDLQ�PHDVXUHPHQW�DQG�IXVLRQ�RI�PXOWLSOH�VHQVRU�UHDGLQJV�

Bandwidth

$� NH\� GLIIHUHQFH� EHWZHHQ� VWDWLF� VWDELOLW\� DQG� G\QDPLF� VWDELOLW\� LV� WKH� WLPH� IDFWRU

FRQVWUDLQWV� HDFK� LPSRVHV� RQ� D� ORFRPRWLRQ� V\VWHP�� )RU� VWDWLF� VWDELOLW\� RI� D� OHJJHG

URERW�� WKH� VHTXHQFH� RI� PRYHPHQW� HYHQWV�� HVSHFLDOO\� OHJ� VWHSV�� LV� LPSRUWDQW� IRU

SURGXFLQJ� DQ� DSSURSULDWH� JDLW� WKDW� ZLOO� PRYH� WKH� YHKLFOH� IRUZDUG� ZKLOH� DYRLGLQJ

WLSSLQJ� RYHU�� +RZHYHU�� WKH� UDWH� DW� ZKLFK� WKLV� VHTXHQFH� RI� HYHQWV� LV� SHUIRUPHG
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PDWWHUV�YHU\�OLWWOH�IURP�WKH�VWDELOLW\�YLHZSRLQW��,Q�IDFW��LI�D�VWDWLFDOO\�VWDEOH�URERW�ZHUH

WR� EH� IUR]HQ� DW� DQ\� WLPH� GXULQJ� LWV� ORFRPRWLRQ�� HYHQ� PLG�VWULGH�� LW� ZRXOG� UHPDLQ

VWDEOH�

,Q�FRQWUDVW��IRU�D�URERW�WR�EH�G\QDPLFDOO\�VWDEOH��QRW�RQO\�LV�WKH�VHTXHQFH�RI�DFWLRQV

LPSRUWDQW�� EXW� WKH� SUHFLVH� WLPLQJ� RI� PRWLRQV�� HVSHFLDOO\� WKH� OHJV�� LV� FULWLFDO� IRU

SUHYHQWLQJ�HIIHFWLYH�VWDELOLW\�IDLOXUHV��,I�D�G\QDPLFDOO\�VWDEOH�URERW�ZHUH�WR�IUHH]H�LWV

ERG\�PRWLRQV�LW�ZRXOG�JHQHUDOO\�EHFRPH�HIIHFWLYHO\�XQVWDEOH�RQ�WKH�YHU\�QH[W�VWULGH�

)DLOXUH�WR�DQDO\]H�WKH�VLWXDWLRQ��VHQG�RXW�WKH�SURSHU�FRQWURO�LQSXWV�WR�WKH�DFWXDWRUV�

DQG� WKHQ�PRYH� WKH�ERG\� DQG� OHJV�RI� WKH� URERW� LQWR�SRVLWLRQ� LQ� VXIILFLHQW� WLPH�ZLOO

UHVXOW� LQ�DQ�XQUHFRYHUDEOH�IDOO�� LPSDFW�ZLWK�WKH�JURXQG��DQG�SRVVLEOH��SHUKDSV�HYHQ

SUREDEOH�� GDPDJH� WR� WKH� URERW�� +HQFH�� WKHUH� DUH� FULWLFDO� UHTXLUHPHQWV� RQ� WKH

UHVSRQVH� WLPH� DQG� WKH� SURFHVVLQJ� YROXPH� RI� WKH� VHQVLQJ�SHUFHSWLRQ�� FRQWURO

GHFLVLRQ��DQG�PHFKDQLFDO�DFWXDWLRQ�WDVNV�RI�WKH�URERW��7KHVH�ODWHQF\�DQG�WKURXJKSXW

UHTXLUHPHQWV�FDQ�EH�UHIHUUHG�WR�DV�WKH�RSHUDWLRQDO�EDQGZLGWK�RI�WKH�YHKLFOH�V\VWHP�

$FKLHYLQJ� WKH� VHQVLQJ�� FRQWURO�� DQG� DFWXDWLRQ� EDQGZLGWK� QHFHVVDU\� WR� DFFRPSOLVK

G\QDPLFDOO\� VWDELOL]HG� URXJK� WHUUDLQ� ORFRPRWLRQ� LV� D� VLJQLILFDQW� WHFKQRORJLFDO

FKDOOHQJH�� 5HFDOO� IURP� 6HFWLRQ� ������ WKDW� G\QDPLF� VWDELOLW\� LQYROYHV� §LQYHUWHG

SHQGXOXP�EDODQFLQJ¨�DQG�EDOOLVWLF�IOLJKW�FRQWURO��)RU�WKH�FDVH�RI�LQYHUWHG�SHQGXOXP

IDOOLQJ��'RQQHU��������VWDWHV�WKDW�§WKH�PLQLPXP�UHVSRQVH�WLPH�UHTXLUHG�WR�PDLQWDLQ

EDODQFH�LV�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�VL]H¨��+H�JRHV�RQ�WR�VD\�WKDW�D���P�WDOO

KXPDQ�ZRXOG�UHTXLUH�D�UHVSRQVH�WLPH�RI�EHWZHHQ��������PV�WR�UHPDLQ�ZLWKLQ����

RI�XSULJKW��6KRUWHU�DQLPDOV�DQG�YHKLFOHV�UHTXLUH�HYHQ�TXLFNHU�UHVSRQVH�WLPHV��)RU�WKH

FDVH�RI�EDOOLVWLF�IOLJKW��LI�ZH�GLVUHJDUG�WKH�FDVH�RI�RSHUDWLQJ�LQ�D�ORZ�J�HQYLURQPHQW��LW

LV� KDUG� WR� LPDJLQH� D� WUDMHFWRU\� DOORZLQJ�PRUH� WKDQ� �� VHFRQGV� RU� VR� IRU� D� FRQWURO

UHVSRQVH�� ,I� DGGLWLRQDO� MXPSLQJ� KHLJKW� LV� DGGHG� WR� FUHDWH� ORQJHU� IOLJKW� WLPHV�� WKH

UHVXOWLQJ�LPSDFW�IRUFHV�XSRQ�ODQGLQJ�ZRXOG�PDNH�SUHFLVLRQ�FRQWURO�UHVSRQVHV�HYHQ

PRUH�FULWLFDO�IRU�DYRLGLQJ�GDPDJH�WR�WKH�YHKLFOH�
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7KXV�� WKH� VHQVLQJ�� FRQWURO�� DQG� DFWXDWLRQ� EDQGZLGWK� UHTXLUHPHQWV� DUH� VLJQLILFDQWO\

KLJKHU�IRU�URERWV�RSHUDWLQJ�LQ�G\QDPLF�VWDELOLW\�PRGH�WKDQ�IRU�URERWV�XVLQJ�WKH�VWDWLF

VWDELOLW\� PRGH�� )XUWKHUPRUH�� EHFDXVH� RI� WKH� JHQHUDOO\� IDVWHU� ORFRPRWLRQ� VSHHGV

LQYROYHG� ZLWK� G\QDPLF� VWDELOLW\� PRGH�� VWDELOLW\� IDLOXUHV� FDQ� KDYH� PRUH� VHYHUH

FRQVHTXHQFHV�

:KLOH� D� ZHOO�GHVLJQHG� KLJK�EDQGZLGWK� FRQWUROOHU� FRXOG� FRQFHLYDEO\� UHMHFW

GHVWDELOL]LQJ� GLVWXUEDQFHV� WKDW� ZRXOG� GHIHDW� WKH� VLPSOHU� FRQWUROOHUV� QHHGHG� IRU

SXUHO\� VWDWLFDOO\� VWDEOH� ORFRPRWLRQ�� WKHUH� LV� QRWKLQJ� WR� SUHYHQW� D� VWDWLFDOO\� VWDEOH

YHKLFOH� IURP� DOVR� KDYLQJ� D� KLJK� EDQGZLGWK� FRQWUROOHU� WKDW�ZRXOG� WDNH� RYHU� LQ� WKH

XQOLNHO\�HYHQW�RI�LQVWDELOLW\��7KXV��IRU�PD[LPXP�HIIHFWLYH�VWDELOLW\�DQG�VDIHW\��WKH�LGHDO

LV�SUREDEO\�WR�KDYH�D�KLJK�EDQGZLGWK��G\QDPLFDOO\�DZDUH�FRQWUROOHU��EXW�WR�RUGLQDULO\

RSHUDWH� WKH� URERW� LQ� VWDWLF� RU� TXDVL�VWDWLF� VWDELOLW\�PRGH�� 7KHQ�� LI� WKH� YHKLFOH� HYHU

EHFRPHV�XQVWDEOH�� WKH�FRQWUROOHU�ZLOO� VZLWFK� WR�XVH�G\QDPLF�VWDELOLW\� WHFKQLTXHV� WR

UHFRYHU� IURP� WKH� IDOO� EHIRUH� WKH� URERW� LPSDFWV� WKH� JURXQG� DQG� SRVVLEO\� JHWV

GDPDJHG�

Handling of Unforeseen Events

$Q�DOO�WHUUDLQ�YHKLFOH�PXVW�EH�SUHSDUHG�WR�KDQGOH�XQIRUHVHHQ�HYHQWV��8QFHUWDLQWLHV�LQ

WKH� SHUFHSWLRQ� RI� WHUUDLQ�� WKH� NLQHPDWLF� PRGHO� RI� WKH� URERW�� WKH� ORDG�EHDULQJ

FDSDFLW\�RI� WKH� VRLO� XQGHUIRRW�� DQG� YDULRXV� UDQGRP�GLVWXUEDQFHV�PDNH�XQIRUHVHHQ

HYHQWV�LQHYLWDEOH�

7KHVH�XQH[SHFWHG�RFFXUUHQFHV�FDQ�GHVWDELOL]H�D�URERW��)RU�H[DPSOH��ZKLOH�D�OHJJHG

YHKLFOH�LV�WUDYHOLQJ�LW�FRXOG�KDYH�D�SDWFK�RI�JURXQG�IDLO�WR�VXSSRUW�RQH�RU�PRUH�RI�LWV

IHHW��D�OHJ�VOLS�RXW�IURP�XQGHU�LW��D�OHJ�EUHDN��RQH�RU�PRUH�RI�LWV�IHHW�KLW�WKH�JURXQG�DW

D�SRVLWLRQ�DQG�WLPH�XQDQWLFLSDWHG�E\�WKH�FRQWURO�V\VWHP��H�J��WULS�RYHU�VRPHWKLQJ���RU

LW�FRXOG�VLPSO\�ORVH�LWV�EDODQFH�GXH�WR�HUURUV�LQ�PRWLRQ�SODQQLQJ�RU�FRQWURO��$Q\�RI

WKHVH� HYHQWV� FRXOG� FDXVH� WKH� YHKLFOH� WR� JR� LQWR� DQ� XQUHFRYHUDEOH� IDOO� DQG� KHQFH
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EHFRPH�HIIHFWLYHO\�XQVWDEOH��&RQIURQWHG�ZLWK�VXFK�XQFHUWDLQWLHV��ZKDW�LV�QHHGHG�DUH

HLWKHU� UHIOH[LYH�FRQWURO�DOJRULWKPV� WR�FRPSHQVDWH� IRU�XQH[SHFWHG� VLWXDWLRQV�DQG�RU

VDIHW\�IDFWRUV�LQ�WHUPV�RI�YHKLFOH�VWDELOLW\�

5HFRJQL]LQJ� WKLV� QHHG�� %RRQH� DQG� +RGJLQV� KDYH� ZRUNHG� RQ� UHIOH[LYH� FRQWURO

PHWKRGV��7KHVH�PHWKRGV�SURYLGH�PRUH�UREXVW�FRQWURO�RI�IRRW�FRQWDFW�E\�RSHUDWLQJ

ZLWKRXW� UHIHUHQFH� WR� WHUUDLQ� JHRPHWU\�� EXW� LQVWHDG�� ZLWK� RQO\� UHIHUHQFH� WR

SURSULRFHSWLYH� MRLQW� LQIRUPDWLRQ� DQG� IRRW� FRQWDFW� IRUFHV�� 6SHFLILFDOO\�� %RRQH� DQG

+RGJLQV��������������KDYH�ZRUNHG�RQ�UHIOH[LYH�PHWKRGV� IRU�VWDELOLW\�PDLQWHQDQFH

DQG� UHFRYHU\� ZKHQ� D� URERW� LV� VXEMHFWHG� WR� IRRW� VOLSSDJH� RQ� VXUIDFHV� RI� YDU\LQJ

FRHIILFLHQWV� RI� IULFWLRQ� DQG� WR� WULSSLQJ� RYHU� REVWDFOHV� RI� YDU\LQJ� KHLJKWV�� 7KH\

SUHVHQWHG� LPSUHVVLYH� VLPXODWLRQ� UHVXOWV� VKRZLQJ� WKDW� WKHVH� UHIOH[LYH� VWUDWHJLHV� FDQ

VLJQLILFDQWO\�UHGXFH�WKH�IUHTXHQF\�RI�HIIHFWLYH�LQVWDELOLW\�

'HVSLWH� WKLV� VXEVWDQWLDO� SURJUHVV�� KRZHYHU�� OLNH� WKHLU� QDWXUDO� FRXQWHUSDUWV� �VXFK� DV

PDPPDOV���ZKLFK�KDYH�XOWUD�SHUIRUPDQFH�VHQVRUV�DQG�FRQWUROOHUV��G\QDPLFDOO\�VWDEOH

YHKLFOHV�ZLOO�LQHYLWDEO\�VRPHWLPHV�IDOO��$QG�EHFDXVH�RI�WKH�RSHUDWLQJ�VSHHGV�DQG�WKH

LQHUWLDV�RI�VXFK�YHKLFOHV��WKH\�PD\�IDOO�KDUG�DQG�EHFRPH�GDPDJHG�XQOHVV�VRPH�ZD\

FDQ� EH� GHVLJQHG� WR� PDNH� WKHP� LQYXOQHUDEOH� WR� VXFK� LPSDFWV� ZLWKRXW� DGGLQJ

H[FHVVLYH�ZHLJKW�� 6XFK� GHVLJQV� DUH� GLIILFXOW� EHFDXVH�� DV�'RQQHU� ������� H[SODLQHG�

VPDOO�� OLJKWZHLJKW� GHVLJQV� UHTXLUH� PXFK� KLJKHU� EDQGZLGWK� FRQWURO� V\VWHPV� WR

PDLQWDLQ� EDODQFH�� +RZHYHU�� ODUJHU� URERWV�� ZLWK� PRUH� UHDVRQDEOH� FRQWURO� V\VWHP

VSHHG�UHTXLUHPHQWV��PXVW�VXUYLYH�PXFK�KLJKHU�LPSDFW�IRUFHV�EHFDXVH�WKH�SRWHQWLDO

HQHUJ\�GXH�WR�JUDYLW\�IRU�D�YHKLFOH��RU�DQLPDO��VFDOHV�ZLWK��WK�SRZHU�RI�VL]H�

,Q� KLV�ZRUN� FRQFHUQLQJ� WKH�$0%/(5� URERW��0DKDOLQJDP� ������� REVHUYHG� WKDW�� QR

PDWWHU� KRZ� DFFXUDWH� WKH� WHUUDLQ� ��'� PRGHO�� UHOLDEOH� GHWHUPLQDWLRQ� RI� WKH� ORDG

EHDULQJ�FDSDFLW\�RI�D�IRRWKROG�DUHD�LV�QRW�SRVVLEOH�XQWLO�ZHLJKW�LV�DFWXDOO\�SODFHG�RQ

D� IRRW� DW� WKDW� ORFDWLRQ�� 7R� GHDO� ZLWK� WKLV� XQFHUWDLQW\�� KH� SURSRVHG� FRQWLQXRXVO\

PDLQWDLQLQJ�VXSSRUW�YLD�D�§FRQVHUYDWLYH�VXSSRUW�SRO\JRQ¨�VR�WKDW� LI�DQ\�RQH� OHJ�RU
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IRRWKROG�ZHUH�WR�IDLO��WKH�YHKLFOH�ZRXOG�VWLOO�PDLQWDLQ�VWDWLF�HTXLOLEULXP��&OHDUO\��WKLV

PHWKRG�RI�SURYLGLQJ�D�VDIHW\�IDFWRU�UHTXLUHV�RQH�RU�PRUH�UHGXQGDQW�OHJV�

%HFDXVH� G\QDPLFDOO\� VWDEOH� OHJJHG� URERWV� XVXDOO\� KDYH� IHZHU� OHJV� WKDQ� VWDWLFDOO\

VWDEOH� OHJJHG� URERWV�� LW� LV� JHQHUDOO\� QRW� SRVVLEOH� IRU� WKHP� WR� XVH� UHGXQGDQW

VXSSRUWLQJ� OHJV� IRU� D� VDIHW\� IDFWRU�� +HQFH�� HDFK� IRRWKROG� EHFRPHV� PXFK� PRUH

FULWLFDO� IRU� SURYLGLQJ� WUDFWLRQ� DQG� VXSSRUW�� :LWKRXW� WKLV� VDIHW\� IDFWRU�� G\QDPLFDOO\

VWDEOH�OHJJHG�URERWV�KDYH�OHVV�WROHUDQFH�IRU�WHUUDLQ�SHUFHSWLRQ�DQG�PRGHOLQJ�HUURUV�

NLQHPDWLF�PRGHO�HUURUV��LQFOXGLQJ�WKRVH�FDXVHG�E\�EDQGZLGWK�LQDGHTXDFLHV���JURXQG

VXSSRUW�IDLOXUHV��DQG�RWKHU�XQIRUHVHHQ�FLUFXPVWDQFHV�

1.8.1.3 Static Stability: A More Reliable Choice Using Current Technology

'XH�WR�WKH�FXUUHQW�LQDGHTXDFLHV�LQ�VHQVLQJ�DQG�FRQWUROV�WHFKQRORJ\�DQG�WKH�ODFN�RI

VDIHW\� IDFWRUV� LQ� WKH� IRUP� RI� UHGXQGDQW� OHJV� LQ� G\QDPLFDOO\� VWDEOH� GHVLJQV�� VWDWLF

VWDELOLW\� HPHUJHV� DV� WKH� SUHIHUUHG� PRGH� RI� PDLQWDLQLQJ� HIIHFWLYH� VWDELOLW\� ZKHQ

RSHUDWLQJ� RYHU� H[WUHPH� URXJK� WHUUDLQ�� 7KHUHIRUH�� WKH� GHVLJQ� SUHVHQWHG� LQ� WKLV

GLVVHUWDWLRQ� GRHV� QRW� SXUVXH� D� G\QDPLFDOO\� EDODQFHG� VROXWLRQ� EHFDXVH�� ZKLOH

G\QDPLFDOO\�VWDEOH�PRELOH�URERWV�KDYH�WUHPHQGRXV�SRWHQWLDO�IRU�XVH�RQ�URXJK�WHUUDLQ

ZKHQ�WKH\�FDQ�EH�PDGH�WR�SHUIRUP��IRU�H[DPSOH��OLNH�GRJV�RU�PRXQWDLQ�JRDWV��VWDWH�

RI�WKH�DUW�G\QDPLFDOO\�VWDEOH�URERWV�DUH�VWLOO��DV�RI�WKLV�ZULWLQJ��ODERUDWRU\�H[SHULPHQWV

XVHG� WR� H[SORUH� WKH� FRQFHSWV� RI� G\QDPLF� EDODQFLQJ� DQG� UHIOH[LYH� FRQWUROV�� 7KLV

UHVHDUFK�VHHNV�D�SUDFWLFDO�VROXWLRQ�WR�WKH�DOO�WHUUDLQ�PRELOLW\�SUREOHP�LQ�D�OHVV�GLVWDQW

IXWXUH��+HQFH�� WKH� VWDELOLW\�PRGH� DQG� WKH� URERW�PRUSKRORJ\� FRQFHSWV� SXUVXHG� LQ

WKLV�ZRUN�DUH�EDVHG�RQ�D�VLPSOH�OLIH�IRUP��WKH�FDWHUSLOODU�� WKDW�VXFFHVVIXOO\�WUDYHUVHV

URXJK�WHUUDLQ�XVLQJ�YHU\�OLWWOH�WHUUDLQ�SHUFHSWLRQ��,W� LV�KRSHG�WKDW�WKLV�ZLOO�SURGXFH�D

§EHVW�RI�EUHHG¨�VWDWLFDOO\�VWDEOH�VROXWLRQ�WR�WKH�DOO�WHUUDLQ�PRELOLW\�SUREOHP�
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1.8.2 Multibody Passive-Legged Morphology

)URP�WKH�OLWHUDWXUH�UHYLHZ�SUHVHQWHG�LQ�6HFWLRQ������LW�LV�FOHDU�WKDW�WKH�YDVW�PDMRULW\

RI�SULRU�OHJJHG�YHKLFOH�UHVHDUFK�KDV�IRFXVHG�RQ�VLQJOH�ERG\��DFWLYH�OHJ�GHVLJQV�WKDW

LPLWDWH� WKH� ORFRPRWLRQ� RI� PDPPDOV� DQG� DGXOW� DUWKURSRGV�� ,Q� FRQWUDVW�� WKH

PRUSKRORJ\�RI�WKH�YHKLFOH�FRQFHSW�SUHVHQWHG�LQ�WKLV�GLVVHUWDWLRQ��DQG�SURSRVHG�DQG

GHVFULEHG� HDUOLHU� LQ� 6WXOFH�� %XUJRV�� 'KDQGH�� DQG� 5HLQKROW]� �������� 6WXOFH� DQG

5HLQKROW]���������DQG�0HOH���������LV�EDVHG�XSRQ�D�PXOWLERG\�SDVVLYH�OHJJHG�GHVLJQ

WKDW� LPLWDWHV� WKH� ERG\� VWUXFWXUH� DQG� ORFRPRWLRQ� PHWKRGV� RI� D� EDE\� LQVHFW�� WKH

FDWHUSLOODU�

:KLOH�WKH�YHKLFOH�FRQFHSW�SUHVHQWHG�KHUH�GLIIHUV�IURP�SULRU�PRELOH�URERW�GHVLJQV��LW

DOVR� HPERGLHV� PDQ\� FKDUDFWHULVWLFV� WKDW� RWKHU� UHVHDUFKHUV� KDYH� UHFRJQL]HG� DV

DGYDQWDJHRXV� IRU� URXJK� WHUUDLQ� VWDELOLW\� DQG� PRELOLW\�� 6SHFLILFDOO\�� EHFDXVH� WKH

FUDZOLQJ� YHKLFOH� KDV� D� ORQJ�FKDLQ� PXOWLERG\� VWUXFWXUH� VLPLODU� WR� WKH� ERG\� RI� D

FDWHUSLOODU�� LW� KDV� WKH� FOHDUDQFH�� WUDFWLRQ�� DQG� VWDELOLW\� DGYDQWDJHV� RI� PXOWLERG\

YHKLFOHV� WKDW�ZHUH� RXWOLQHG� LQ� 6HFWLRQ� ����� )XUWKHUPRUH�� WKH� SURSRVHG� YHKLFOH� KDV

OHJV� DQG� IHHW�� ZKLFK� DUH� UHFRJQL]HG� E\� VHYHUDO� UHVHDUFKHUV�� LQFOXGLQJ� %HNNHU�

0F*KHH�� 7RGG��:DOGURQ�� 6RQJ�� DQG� 2UDO�� DV� KDYLQJ� WKH� QXPHURXV� URXJK� WHUUDLQ

PRELOLW\�DGYDQWDJHV�WKDW�ZHUH�OLVWHG�LQ�6HFWLRQ�����

2WKHU� PXOWLERG\� YHKLFOH� GHVLJQV� KDYH� HLWKHU� EHHQ� IUDPH�ZDONHUV� RU� VHUSHQWLQH

GHVLJQV�� 7KH� IUDPH�ZDONHUV� GHVFULEHG� E\� 7RGG�� %DUHV�� :HWWHUJUHHQ�� 7KRUSH�� DQG

:KLWWDNHU� KDYH� RQO\� WZR� ERGLHV� ZLWK� OLPLWHG� ZRUNVSDFH� EHWZHHQ� WKHP�� ZKLFK� LV

FRPSHQVDWHG�IRU�E\�WKH�DGGLWLRQ�RI�DFWLYH�OHJV��7KH�VHUSHQWLQH�URERWV�SURSRVHG�E\

&KLULNMLDQ�� %XUGLFN�� DQG� 'RZOLQJ� KDYH� VHYHUDO� VHULDOO\� FRQQHFWHG� ERGLHV� DQG

FRQVLGHUDEOH� IOH[LELOLW\�� EXW� QR� OHJV�� 7KH� FUDZOLQJ� YHKLFOH� GHVLJQ� SUHVHQWHG� KHUH

�6WXOFH�� HW�� DO��� ������ SRVVHVVHV� VRPH� WUDLWV� RI� ERWK� RI� WKH� RWKHU� PXOWLERG\

PRUSKRORJLHV��EXW�LV�LWVHOI�XQLTXH�
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/LNH� WKH� IUDPH�ZDONHU� URERWV�� WKH�FUDZOLQJ�YHKLFOH�KDV� OHJV�DQG� IHHW��+RZHYHU�� WKH

PRUSKRORJ\�RI�WKH�YHKLFOH�SUHVHQWHG�KHUH�LV�D�SDVVLYH�OHJJHG�GHVLJQ��,WV�OHJV�DUH�QRW

DFWXDWHG�� ZKLOH� WKH\� PD\� KDYH� VRPH� SDVVLYH� IUHHGRP� RI� PRWLRQ� IRU� VKRFN

DEVRUSWLRQ�DQG�HQHUJ\�VWRUDJH��WKH\�GR�QRW�PRYH�LQ�DQ�DFWLYHO\�FRQWUROOHG�PDQQHU�

7KH� FRQFHSWXDO� GHVLJQ� RI� WKH� YHKLFOH� PXOWLERG\� VWUXFWXUH� LQFOXGHV� VXIILFLHQW

ZRUNVSDFH� VXFK� WKDW� WKH� DGGLWLRQDO� ZRUNVSDFH� SURYLGHG� E\� DFWLYH� OHJV� ZRXOG� EH

XQQHFHVVDU\�DQG�KHQFH�ZRXOG�VLPSO\�DGG�QHHGOHVV�FRPSOH[LW\�DQG�ZHLJKW�

/LNH�WKH�VHUSHQWLQH�URERWV��WKLV�GHVLJQ�KDV�D�UHGXQGDQWO\�DFWXDWHG��VHULDOO\�FRQQHFWHG

PXOWLERG\� VWUXFWXUH�� 7KLV� VWUXFWXUH� JLYHV� WKH� YHKLFOH� D� VPDOO� IURQWDO� FURVV�VHFWLRQDO

DUHD�SHU�XQLW�PDVV��DQ�DWWULEXWH�FLWHG�E\�5DLEHUW��+LURVH��0RULVKLPD��DQG�'RZOLQJ�DV

HQDEOLQJ� ORFRPRWLRQ� EHWZHHQ� FORVHO\� VSDFHG� REVWDFOHV� DQG� WKURXJK� QDUURZ

SDWKZD\V�� /DVWO\�� WKH� OHQJWKZLVH� VHTXHQWLDO� PXOWLERG\� VWUXFWXUH� RI� WKH� FUDZOLQJ

YHKLFOH�FDQ��ZLWK�SURSHU�SURJUDPPLQJ��HQDEOH�LW�WR�SHUIRUP�FDQWLOHYHU�DQG�EULGJLQJ

PDQHXYHUV�LQ�RUGHU�WR�VSDQ�ODUJH�GLWFK�OLNH�REVWDFOHV��DV�LOOXVWUDWHG�LQ�)LJ������DQG�)LJ�

����� +LURVH� DQG� 0RULVKLPD� DOVR� H[SORUHG� WKH� SRWHQWLDO� RI� XVLQJ� FDQWLOHYHU� DQG

EULGJLQJ�PDQHXYHUV�ZLWK�WKHLU�PXOWLERG\�ZKHHOHG�URERW��WKH�.RU\X�

Figure 1.7 — A Multibody Passive-Legged Vehicle Performing a Cantilever Maneuver
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Figure 1.8 — A Multibody Passive-Legged Vehicle Performing a Bridging Maneuver Across

a Ditch-Like Obstacle

+RZHYHU�� XQOLNH� WKH� GHVLJQV� RI� &KLULNMLDQ�� %XUGLFN�� DQG� 'RZOLQJ�� WKH� GHVLJQ

SUHVHQWHG�KHUH�KDV�OHJV�DQG�IHHW��+DYLQJ�OHJV�SURYLGHV�JURXQG�FOHDUDQFH��ZKLFK��LQ

WXUQ�� SURYLGHV� IRU� FRQWDFWLQJ� WKH� JURXQG� DW� NQRZQ� SRLQWV�� QDPHO\�� WKH� IHHW�� ,Q

FRQWUDVW�� OHJOHVV�URERWV�XVH�SODWH�OLNH�VWUXFWXUHV�ZKHUH�WKH�H[DFW�SRLQW�V��RI�FRQWDFW

PD\�QRW�EH�HDVLO\�GHWHUPLQHG�ZKHQ�RSHUDWLQJ�RYHU�XQHYHQ��URFN\�WHUUDLQ��$OWKRXJK

XVLQJ�IHHW�JHQHUDOO\�UHTXLUHV�OLIWLQJ�WKHP�RII�WKH�JURXQG�WR�PRYH�WKHP�IRUZDUG��WKH\

SURYLGH�H[FHOOHQW�WUDFWLRQ�DQG�DYRLG�WKH�QHFHVVLW\�RI�GUDJJLQJ�VQDNH�VFDOH�OLNH�SODWHV

DFURVV�WKH�JURXQG��ZLWK�WKHLU�IULFWLRQ�DQG�ZHDU�GLIILFXOWLHV��RU�KDYLQJ�WR�XVH�UDWFKHWHG

ZKHHOV�WR�SURYLGH�IRUZDUG�RQO\�UROOLQJ�FRQWDFW�ZLWK�WKH�JURXQG�

7KH�FUDZOLQJ�YHKLFOH�ZLOO�KDYH�D�PLQLPXP�RI�HLJKW�IHHW��SUHIHUDEO\�WZHOYH�RU�PRUH�

7KLV�ZLOO�UHGXFH�WKH�FRQVHTXHQFHV�RI�WHUUDLQ�PLVSHUFHSWLRQ�DQG�IRRW�VXSSRUW�IDLOXUHV�

DQG� ZLOO� JLYH� WKH� YHKLFOH� WKH� VDIHW\� IDFWRU� GHVFULEHG� E\� 0DKDOLQJDP� ������� DV

UHGXQGDQW�VWDWLF�VWDELOLW\�
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1.8.3 Similar Work

%\� IDU� WKH� PRVW� FORVHO\� UHODWHG� UHVHDUFK� WR� WKLV� GLVVHUWDWLRQ�� ERWK� WRSLFDOO\� DQG

WHPSRUDOO\�� LV� WKH�ZRUN� DXWKRUHG� E\�*UHJRU\�&KLULNMLDQ� DQG� -RHO� %XUGLFN� WKDW�ZDV

UHYLHZHG� LQ� VXE�VHFWLRQV� ������ DQG� ��������� &KLULNMLDQ� DQG� %XUGLFN� SHUIRUPHG

UHVHDUFK� RQ� K\SHU�UHGXQGDQW� PDQLSXODWRUV� DQG� YHKLFOHV�� LQFOXGLQJ� PRWLRQ

VSHFLILFDWLRQ�� LQYHUVH� NLQHPDWLFV�� REVWDFOH� DYRLGDQFH� DOJRULWKPV�� WUDMHFWRU\

JHQHUDWLRQ�� DQG� FRQVWUXFWLRQ� DQG� WHVWLQJ� RI� D� SODQDU� PDQLSXODWRU�YHKLFOH�� 7KH

ORFRPRWLRQ�PHWKRGV�GHVFULEHG�E\�&KLULNMLDQ�DQG�%XUGLFN�DUH�PRUH�JHQHUDO�WKDQ�WKH

DSSURDFK� GHVFULEHG� LQ� WKLV� GLVVHUWDWLRQ�� ZKLFK� LV� VSHFLDOL]HG� IRU� WKH� FRQFHSWXDO

GHVLJQ� SUHVHQWHG� KHUHLQ�� 1HYHUWKHOHVV�� WKHLU� ZRUN� LQFOXGHV� D� QXPEHU� RI� FRQFHSWV

VLPLODU� WR� WKRVH� SUHVHQWHG� LQ� WKH� SDSHUV� WKDW� IRUPHG� WKH� EDVLV� RI� WKLV� GLVVHUWDWLRQ

�6WXOFH��%XUJRV��'KDQGH��DQG�5HLQKROW]��������6WXOFH�DQG�5HLQKROW]��������DQG�DOVR

LQ�RWKHU�SDSHUV�ZULWWHQ�E\� WKH�DXWKRUªV�9LUJLQLD�7HFK�FROOHDJXHV�&KDUOHV�5HLQKROW]�

6DQMD\� 'KDQGH�� +DUU\� 5REHUWVKDZ�� 5REHUW� 6DOHUQR�� 6KDKULDU� 7DYDNNROL�� DQG� 3DXO

0HOH�� ,Q� DGGLWLRQ� WR� WKHVH� WRSLFDO� VLPLODULWLHV�� WKH� ILUVW� SXEOLF� SUHVHQWDWLRQ� RI� WKHLU

§K\SHU�UHGXQGDQW¨� UHVHDUFK� RFFXUUHG� LQ� WKH� VDPH� \HDU�� ������ DV� WKH� ILUVW� SXEOLF

SUHVHQWDWLRQ�RI�WKH�§PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH¨�UHVHDUFK��6WXOFH��HW�

DO����������ZKLFK�ODLG�WKH�JURXQGZRUN�IRU�WKLV�GLVVHUWDWLRQ�

&KLULNMLDQ� DQG� %XUGLFNªV� UHVHDUFK� RQ� K\SHU�UHGXQGDQW� ORFRPRWLRQ� ZDV� EDVHG� RQ

XVLQJ� D� FRQWLQXXP� PRGHO� RI� D� EDFNERQH� FXUYH� §ZKLFK� FDSWXUHV� WKH� URERW
V

PDFURVFRSLF� JHRPHWU\¨�� DQG� WKHQ�� IRU� WKH� FDVH� RI� D� GLVFUHWHO\� VHJPHQWHG� URERW�

SDUWLWLRQLQJ� DQG� ILWWLQJ� LWV� VXE�DVVHPEOLHV� WR� WKLV� FRQWLQXRXV� FXUYH� �����D�� ����E�

����D������E���7KLV�ZDV�DOVR�WKH�EDVLF�DSSURDFK�XVHG�LQ�WKH�ZRUN�RI�9LUJLQLD�7HFK

UHVHDUFKHU�5REHUW�-��6DOHUQR��IURP�ZKLFK�WKLV�GLVVHUWDWLRQ�ZRUN�HYROYHG���6DOHUQR�DQG

KLV� FROOHDJXHVª� UHVHDUFK� FRQFHUQHG� ORQJ�FKDLQ� 9DULDEOH� *HRPHWU\� 7UXVV� �9*7�

PDQLSXODWRUV�� ZKLFK� DUH� D� W\SH� RI� K\SHU�UHGXQGDQW� PDQLSXODWRU�� 7KH\� GHYHORSHG

PHWKRGV� IRU� PRWLRQ� VSHFLILFDWLRQ� DQG� FRPSXWDWLRQ� RI� WKH� LQYHUVH� NLQHPDWLFV� IRU

WKHVH� PDQLSXODWRUV� EDVHG� RQ� WKH� §VKDSH� FRQWURO� FRQFHSW¨�� 7KLV� PHWKRG� LQYROYHV
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VSHFLI\LQJ� WKH� EDVLF� VKDSH� RI� WKH� URERW� XVLQJ� SDUDPHWULF� FXELF� FXUYHV� DQG� WKHQ

SDUWLWLRQLQJ� DQG� ILWWLQJ� WKH� GLVFUHWH� WUXVV� ED\V� �PRGXOHV�� RI� WKH� 9*7� WR� WKH� FXUYH

�6DOHUQR�� 5HLQKROW]�� DQG� 5REHUWVKDZ�� ������ 6DOHUQR�� ������ 6DOHUQR�� 'KDQGH�� DQG

5HLQKROW]��������6DOHUQR��5HLQKROW]��DQG�'KDQGH��������

&KLULNMLDQ� DQG� %XUGLFN� GHILQHG� WKH� §EDFNERQH¨� FXUYH� RI� K\SHU�UHGXQGDQW

PDQLSXODWRUV�DQG�YHKLFOHV�XVLQJ�D�QRQ�FODVVLFDO�IRUP�RI�LQWULQVLF�JHRPHWU\��&KLULNMLDQ

DQG�%XUGLFN������������������D���6LPLODUO\��9LUJLQLD�7HFK�UHVHDUFKHUV�7DYDNNROL�DQG

'KDQGH�GHYHORSHG�FRPSXWDWLRQDO�PHWKRGRORJLHV�IRU�VKDSH�V\QWKHVLV�XVLQJ�FODVVLFDO

LQWULQVLF� JHRPHWU\� IRU� SODQDU� FXUYHV� DQG� D� SVHXGR�LQWULQVLF� IRUP� IRU� VSDWLDO� FXUYHV�

7KHLU�SXEOLFDWLRQV�JDYH�H[DPSOHV�RI� ILWWLQJ�ERWK�SODQDU�DQG� VSDWLDO� ORQJ�FKDLQ�9*7

PDQLSXODWRUV� WR� LQWULQVLFDOO\� DQG� SVHXGR�LQWULQVLFDOO\� GHILQHG� FXUYHV�� UHVSHFWLYHO\

�7DYDNNROL�DQG�'KDQGH��������DQG�ODWHU�SXEOLVKHG�LQ�MRXUQDO�IRUP���������7DYDNNROL�

������

0DQ\�RI� WKH�JDLWV�&KLULNMLDQ� DQG�%XUGLFN�GLVFXVV� UHTXLUH� JURXQG�FRQWDFW�PHPEHUV

ZLWK� ODUJH� IULFWLRQDO� FRHIILFLHQWV� LQ� WKH� UHDUZDUG� GLUHFWLRQ� DQG� ORZ� IULFWLRQ� LQ� WKH

IRUZDUG� GLUHFWLRQ� �����D��� ,Q� WKHLU� ORFRPRWLRQ� H[SHULPHQWV�� WKH� URERW� UROOHG� RQ

UDWFKHWHG�ZKHHOV�WR�DFFRPSOLVK�WKHVH�FRQGLWLRQV��&KLULNMLDQ�DQG�%XUGLFN������D���,Q

RUGHU� WR�DYRLG� WKH�QHHG� IRU� UDWFKHWHG�ZKHHOV�RU�RWKHU�PHFKDQLVPV� WR�HQIRUFH� WKH

QHHGHG�IULFWLRQDO�FRQGLWLRQV��WKH\�VXJJHVWHG�D�W\SH�RI�JDLW�§FRPELQLQJ�V\QFKURQRXV

WUDYHOLQJ�ZDYHV�RI�HORQJDWLRQ�DQG�EHQGLQJ¨������D���7KLV�DSSURDFK�ZDV�DOVR�VKRZQ

LQ� WKH� LOOXVWUDWLRQV�RI� WKH�DXWKRUªV� ILUVW�SDSHU� �6WXOFH��HW�� DO��� ������DQG�XVHG� LQ� WKH

ZRUN�SUHVHQWHG�LQ�WKLV�GRFXPHQW�

&KLULNMLDQ�DQG�%XUGLFN������D������E������D��DOVR�PHQWLRQHG�WKH�SRVVLELOLW\�RI�XVLQJ

PXOWLSOH�VLPXOWDQHRXV�ZDYHV�WR�DFKLHYH�JUHDWHU� ORFRPRWLRQ�VSHHGV��7KLV� WHFKQLTXH

ZDV�DOVR�VXJJHVWHG�E\�WKH�DXWKRU��6WXOFH��HW��DO���������DQG�ZDV�REVHUYHG�EHLQJ�XVHG

E\�FDWHUSLOODU�VSHFLPHQV��6WXOFH�DQG�5HLQKROW]��������
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,Q� VRPH�RI� WKHLU� GLVFXVVLRQV� RQ� WKH� LQYHUVH� NLQHPDWLFV� RI� K\SHU�UHGXQGDQW� URERWV�

&KLULNMLDQ�DQG�%XUGLFN� �����D������E��H[SODLQHG� WKDW� D�SRUWLRQ�RI� WKH�FDOFXODWLRQV

DUH� SDUDOOHOL]DEOH�� DQG� WKXV� GLIIHUHQW� VHFWLRQV� RI� WKH� RYHUDOO� LQYHUVH� NLQHPDWLFV

SUREOHP� FDQ� EH� VLPXOWDQHRXVO\� FRPSXWHG� XVLQJ� VHYHUDO� SURFHVVRUV�� 7KH� XVH� RI

SDUDOOHO� SURFHVVLQJ� IRU� WKH� NLQHPDWLFV� RI� ORQJ�FKDLQ� �9*7�� PDQLSXODWRUV� ZDV� DOVR

SURSRVHG�E\�VHYHUDO�9LUJLQLD�7HFK�UHVHDUFKHUV��6DOHUQR��������6DOHUQR��'KDQGH��DQG

5HLQKROW]��������DQG�ODWHU�SXEOLVKHG�LQ�MRXUQDO�IRUP���������

$OWKRXJK�PDQ\�VLPLODULWLHV�H[LVW�EHWZHHQ�WKH�ZRUN�RI�&KLULNMLDQ�DQG�%XUGLFN�DQG�WKH

ZRUN� SUHVHQWHG� KHUH�� WKHUH� DUH� DOVR� VRPH� LPSRUWDQW� GLIIHUHQFHV�� 7KH� SULPDU\

GLIIHUHQFHV� VWHP� IURP� WKH� IDFW� WKDW� &KLULNMLDQ� DQG� %XUGLFNªV� UHVHDUFK� DGGUHVVHG

JHQHUDO� PHWKRGV� RI� ORFRPRWLRQ� IRU� OHJOHVV� K\SHU�UHGXQGDQW� URERWV� RSHUDWLQJ� LQ

NQRZQ� HQYLURQPHQWV��ZKLOH� WKLV� UHVHDUFK� IRFXVHV� RQ� D� VSHFLILF� FODVV� RI�PXOWLERG\

SDVVLYH�OHJJHG�URERWV�RSHUDWLQJ�LQ�XQFHUWDLQ�DQG�YDULDEOH�HQYLURQPHQWV�

&KLULNMLDQ�DQG�%XUGLFN�GHYHORSHG�WKHLU�PRWLRQ�SURJUDPPLQJ�PHWKRGV�IRU�D�YDULHW\�RI

OHJOHVV�URERWV��$V�VXFK��LW�LV�XQFOHDU�ZKHWKHU�WKHLU�PHWKRGV�ZRXOG�IXQFWLRQ�ZHOO�ZLWK

WKH�SDVVLYH�OHJJHG�GHVLJQ�SXUVXHG�LQ�WKLV�UHVHDUFK��7KH�XVH�RI�OHJV�DQG�IHHW�SURYLGHV

JURXQG�FOHDUDQFH�DQG�KHQFH�UHGXFHV�FRQFHUQV�DERXW�FDXVLQJ�GDPDJH�WR�WKH�WHUUDLQ

DQG�DERXW�QHHGLQJ� WR�DUPRU� WKH�ERWWRP�RI� WKH�YHKLFOH� WR�ZLWKVWDQG� IULFWLRQ��ZHDU�

SXQFWXULQJ��DQG�RWKHU� WHUUDLQ�FRQWDFW� ORDGV�DQG�VWUHVVHV��+RZHYHU�� WKH�XVH�RI� OHJV

DQG�IHHW�DOVR�UHTXLUHV�WKH�VSHFLILFDWLRQ�DQG�XVH�RI�SDUWLFXODU�IRRWKROG�SRVLWLRQV�WR�EH

PRVW�HIIHFWLYH�

7KH� YDULRXV� PHWKRGV� SURSRVHG� E\� &KLULNMLDQ� DQG� %XUGLFN� SURYLGH� QR� PRWLRQ

SURJUDPPLQJ�PHFKDQLVP�IRU�WKH�SUHFLVH�SODFHPHQW�RI�DUELWUDU\�VHFWLRQV�RI�WKH�URERW

RQ�VSHFLILF�VDIH�WHUUDLQ�DUHDV�DQG�KHQFH�FDQQRW�VSHFLI\�H[DFW� IRRWKROG� ORFDWLRQV�RU

OHJ�DQJOHV�RI�FRQWDFW�UHODWLYH�WR�WKH�JURXQG�VXUIDFH��$OWKRXJK�&KLULNMLDQ�DQG�%XUGLFN

GHYHORSHG�DQ�LQQRYDWLYH�PHWKRG�RI�REVWDFOH�DYRLGDQFH�YLD�§WXQQHOLQJ¨��WKLV�PHWKRG

LV� RQO\� DSSURSULDWH� IRU� §WLPH� LQGHSHQGHQW� ZRUNVSDFH� HQYLURQPHQWV¨� ZKHUH� WKH
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§OD\RXW�RI�REVWDFOHV�LQ�WKH�ZRUNVSDFH�LV�ZHOO�NQRZQ¨��&KLULNMLDQ�DQG�%XUGLFN��������

:KHUHDV�� WKH� SUREOHP� KHUH� VSHFLILFDOO\� LQYROYHV� DQ� DSSUR[LPDWHO\� NQRZQ

HQYLURQPHQW�WKDW�PD\�HIIHFWLYHO\�VKLIW�DV�WKH�SHUFHSWLRQ�RI�LW�FKDQJHV�RU�DV�WKH�VRLO

GHIRUPV�XQGHU�ORDG�

5DWKHU�WKDQ�XVLQJ�D�EDFNERQH�FXUYH�EDVHG�RU�VKDSH�FRQWURO�DSSURDFK�WR�GHILQH�WKH

RYHUDOO�JHRPHWU\�RI�D�ORQJ�FKDLQ�PXOWLERG\�URERW�DV�&KLULNMLDQ��%XUGLFN��6DOHUQR��DQG

7DYDNNROL� KDG� GRQH�� WKLV� UHVHDUFK�� IURP� WKH� EHJLQQLQJ�� KDV� SXUVXHG� D� ERWWRP�XS

DSSURDFK�PRUH� DNLQ� WR� WKH� VWHSZLVH�PRWLRQ� VSHFLILFDWLRQ� RI� RWKHU� OHJJHG� YHKLFOH

SURMHFWV�� 7KH� WKHRU\� EHKLQG� WKLV� GHFLVLRQ�ZDV� WKDW� WKLV� DSSURDFK�ZRXOG� DOORZ� WKH

FXVWRPL]DWLRQ�RI�IRRWKROGV�VR�DV�WR�EHWWHU�DGDSW�WR�WKH�WHUUDLQ�

&KLULNMLDQ� DQG� %XUGLFN� GHYHORSHG� DQ� HOHJDQW� KLJK�OHYHO� PHWKRG� RI� VSHFLI\LQJ

FROOLVLRQ�IUHH� WUDMHFWRULHV� IRU� VHUSHQWLQH� URERWV� RSHUDWLQJ� RYHU� XQGXODWLQJ� WHUUDLQ�

+RZHYHU�� WKLV�PHWKRG�GRHV�QRW�SURYLGH�DQ�DGDSWDWLRQ� VWUDWHJ\� WR�DFFRXQW� IRU� WKH

UHDOLWLHV� RI� DQ� XQFHUWDLQ� HQYLURQPHQW� FDXVHG� E\� HUURUV� LQ� WKH� NLQHPDWLF� PRGHO�

HQYLURQPHQW�PRGHO��DQG�VRLO�IDLOXUHV��7KH�PHWKRG�RI�PRWLRQ�SURJUDPPLQJ�SUHVHQWHG

LQ�WKLV�ZRUN� LQFOXGHV�WKH�VHDPOHVV� LQWHJUDWLRQ�RI�§JXDUGHG�PRWLRQV¨�WR�SURYLGH�WKH

DGDSWDELOLW\�UHTXLUHG�IRU�RSHUDWLRQ�LQ�XQFHUWDLQ�HQYLURQPHQWV�

8VLQJ�&KLULNMLDQ�DQG�%XUGLFNªV�PRGDO�DSSURDFK��LW�LV�XQFOHDU�ZKHWKHU�D�VLQJOH�VHW�RI

PRGH� IXQFWLRQV� FDQ� EH� FKRVHQ� WR� GHVFULEH� DOO� WKH� SRVVLEOH� PRWLRQV� UHTXLUHG� WR

RSHUDWH� RYHU� URXJK� WHUUDLQ�� RU� ZKHWKHU� WKH� §PRGH� VZLWFKLQJ¨� WHFKQLTXH� WKH\

GHVFULEHG��&KLULNMLDQ�DQG�%XUGLFN������E��������ZLOO�EH�UHTXLUHG��:LWK�WKH�PHWKRG

SUHVHQWHG� LQ� WKLV� ZRUN�� WKHUH� DUH� QR� PDWKHPDWLFDOO\� LQGXFHG� UHGXFWLRQV� RI

ZRUNVSDFH��+HQFH�� WKH�PHWKRG�HPSOR\HG� LQ� WKLV�ZRUN�GRHV�QRW� UHTXLUH� VZLWFKLQJ

FXUYH�IXQFWLRQV�WR�UHDFK�GLIIHUHQW�SRUWLRQV�RI�ZRUNVSDFHV�

7KH� ZRUN� RI� &KLULNMLDQ� DQG� %XUGLFN� FDQ� SUREDEO\� EH� DGDSWHG� WR� WKH� FRQFHSWXDO

GHVLJQ� SUHVHQWHG� LQ� WKLV� UHVHDUFK� DQG� PDGH� WR� VHUYH� DV� DQ� DOWHUQDWLYH� PRWLRQ

SURJUDPPLQJ�PHWKRG�IRU�WKLV�FODVV�RI�URERW��$W�WKLV�VWDJH�RI�UHVHDUFK�LW�DSSHDUV�WKDW
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D�EDFNERQH�FXUYH�RU�VKDSH�FRQWURO�DSSURDFK�ZRXOG�SUREDEO\�EH�EHVW� IRU�XVH�ZLWK

OHJOHVV�� VHUSHQWLQH�YHKLFOHV��ZKLOH� WKH�PHWKRG�SURSRVHG� LQ� WKLV� UHVHDUFK�ZRXOG�EH

EHVW� IRU� WKH� FDWHUSLOODU�OLNH� SDVVLYH�OHJJHG� FRQFHSW� GHVFULEHG� KHUH�� +RZHYHU�� WKLV

MXGJHPHQW�PD\�FRPH� LQWR�TXHVWLRQ�GHSHQGLQJ�RQ� WKH� ILQDO� LPSOHPHQWDWLRQ�RI� WKH

DOJRULWKPV��WKH�ILQDO�URERW�GHVLJQ��DQG�WKH�VSHFLILF� ORFRPRWLRQ�WDVNV�WKH�URERW� LV�WR

EH�SURJUDPPHG�WR�DFFRPSOLVK�

1.8.4 Other Contributions from the Literature

/RRNLQJ�EH\RQG�PRUSKRORJ\�DQG�PRWLRQ�SURJUDPPLQJ�LVVXHV��WKH�UHVHDUFK�SURMHFWV

UHIHUHQFHG�LQ�WKH�SUHYLRXV�VHFWLRQV�LQFOXGH�D�JUHDW�GHDO�RI�ZRUN�WKDW�LV�DSSOLFDEOH�WR

PRELOH�URERWV�LQ�JHQHUDO��7KHUHIRUH��WKH�FRQWULEXWLRQV�RI�WKHVH�SURMHFWV�LQ�DUHDV�VXFK

DV� FRQWURO� V\VWHP� KDUGZDUH� DQG� VRIWZDUH�� VHQVRUV�� VHQVRU� IXVLRQ�� PDS� GDWD

VWUXFWXUHV��QDYLJDWLRQ��SDWK�SODQQLQJ��VRPH�RI�WKHLU�WHUPLQRORJ\�DQG�PHWKRGV�RI�JDLW

VWXG\�� DQG� PHWKRGV� RI� GHYHORSPHQW� DQG� WHVWLQJ� FDQ� EH� DSSOLHG� WR� WKH� GHWDLOHG

GHVLJQ�RI�IXWXUH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOHV�

1.9 Objectives and Scope

7KLV� UHVHDUFK� VHHNV� WR� DGGUHVV� WKH� DOO�WHUUDLQ� PRELOLW\� SUREOHP� E\� LQWURGXFLQJ� D

YHKLFOH� WKDW� LPLWDWHV� WKH� UHPDUNDEOH� URXJK� WHUUDLQ� DGDSWDELOLW\� DQG� VWDELOLW\� RI

FDWHUSLOODUV��)XUWKHUPRUH��WKLV�ZRUN�H[SORUHV�ZD\V�RI�GHYHORSLQJ�WKLV�FRQFHSW�LQWR�D

IHDVLEOH� WHFKQRORJ\�� 6SHFLILFDOO\�� WKLV� GLVVHUWDWLRQ� GHVFULEHV� WKH� FRQFHSWXDO� GHVLJQ�

PRWLRQ� SURJUDPPLQJ�� DQG� FUHDWLRQ� RI� VLPXODWLRQ�EDVHG� FRQILJXUDWLRQ� GHVLJQ� WRROV

IRU�WKLV�XQLTXH�FODVV�RI�PRELOH�URERWLF�YHKLFOH��WHUPHG�WKH�PXOWLERG\�SDVVLYH�OHJJHG

FUDZOLQJ�YHKLFOH�
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1.9.1 Stages of Design

'HVLJQ� LV� D� VHOHFWLRQ� SURFHVV�� 7KLV� SURFHVV� FDQ� EH� GLYLGHG� LQWR� VHYHUDO� VWDJHV�

QDPHO\��WKH�FRQFHSWXDO�GHVLJQ��WKH�FRQILJXUDWLRQ�GHVLJQ��DQG�WKH�GHWDLO�GHVLJQ�

$W�WKH�FRQFHSWXDO�GHVLJQ�VWDJH��GHVLJQHUV�VHHN�WR�DQVZHU�WKH�TXHVWLRQV��§:KDW�LV�WKH

GHYLFH"�:KDW�WDVNV�GRHV�LW�GR"�:KDW�FRPSRQHQWV�GRHV�LW�QHHG�WR�DFFRPSOLVK�WKHVH

WDVNV"¨�7KXV��DW�WKLV�VWDJH��WKH�EDVLF�PRUSKRORJ\�RI�WKH�GHYLFH�LV�VHOHFWHG��ERWK�LQ�WKH

VWUXFWXUDO�VHQVH�DQG�LQ�D�IXQFWLRQDO�VHQVH��7KH�EDVLF�FRPSRQHQW�W\SHV�DUH�VHOHFWHG

DQG�WKH�FRQQHFWLRQV�EHWZHHQ�WKHP�DUH�GHWHUPLQHG��7KH�WDVNV� WR�EH�SHUIRUPHG�E\

HDFK�FRPSRQHQW�DUH�VHOHFWHG�DQG�WKH�EDVLF� IXQFWLRQDO�UHODWLRQVKLSV�EHWZHHQ�WKHVH

WDVNV�DUH�GHILQHG�

$W� WKH� FRQILJXUDWLRQ� GHVLJQ� VWDJH�� GHVLJQHUV� VHHN� WR� DQVZHU� WKH� TXHVWLRQV�� §:KDW

VSHFLILF�NLQGV�RI�FRPSRQHQWV�DUH�QHHGHG"�+RZ�PDQ\�RI�WKHP�ZLOO�EH�UHTXLUHG"�+RZ

VKRXOG�WKH\�EH�PRXQWHG�XSRQ�RU�ZLWKLQ�WKH�GHYLFH"¨�7KH�PRVW�LPSRUWDQW�DWWULEXWHV

RI� WKH� FRPSRQHQWV� DUH� VHOHFWHG� �IRU� H[DPSOH�� FHUWDLQ� FULWLFDO� GLPHQVLRQV��� WKH

QXPEHU� RI� HDFK� W\SH� RI� EDVLF� FRPSRQHQW� LV� HQXPHUDWHG�� DQG� WKH� DSSUR[LPDWH

UHODWLYH�SRVLWLRQV�RI�FRPSRQHQWV�ZLWKLQ�WKH�SURGXFW�DUH�GHFLGHG��7KXV��FRQILJXUDWLRQ

GHVLJQ�LV�JHQHUDOO\�FRQFHUQHG�ZLWK�VHOHFWLQJ�WKH�TXDOLWDWLYH�DWWULEXWHV�WKDW�WKH�GHYLFH

DQG�LWV�FRPSRQHQWV�VKRXOG�KDYH�WR�EHVW�DFFRPSOLVK�WKH�GHVLJQ�JRDO�V��

)LQDOO\�� DW� WKH� GHWDLO� GHVLJQ� VWDJH�� GHVLJQHUV� DQVZHU� TXHVWLRQV� RI�� §:KDW� SUHFLVH

VSHFLILFDWLRQV� VKRXOG� WKH� FRPSRQHQWV� DQG� SDUWV� RI� WKH� GHYLFH� KDYH� WR� EHVW

DFFRPSOLVK�WKH�GHVLJQ�JRDO�V�"¨�$W�WKLV�VWDJH��WKH�H[DFW�GLPHQVLRQV�DQG�PDWHULDOV�IRU

WKH�FRPSRQHQWV�DQG�WKHLU�FRQVWLWXHQW�SDUWV�DUH�VHOHFWHG�VR�WKDW�WKH\�KDYH�VXIILFLHQW

VWUHQJWK�� VWLIIQHVV�� WKHUPDO� FRQGXFWLYLW\�� RSWLFDO� WUDQVPLWWDQFH�� RU� ZKDWHYHU� RWKHU

SURSHUWLHV� DUH� QHFHVVDU\� IRU� SURSHU� IXQFWLRQLQJ�� 7ROHUDQFHV� DUH� VSHFLILHG� IRU� WKH

SDUWV� VR� DV� WR� HQVXUH� SURSHU� FOHDUDQFHV� DQG� ILW� EHWZHHQ� WKHP�� $OJRULWKPV� DQG

FRQWURO�ODZV�DUH�HQFRGHG�IRU�WKH�VHOHFWHG�FRQWURO�KDUGZDUH��,Q�VKRUW��GHVLJQHUV�PDNH

DOO�WKH�UHPDLQLQJ�FKRLFHV�UHTXLUHG�WR�PDNH�EOXHSULQWV�IRU�PDQXIDFWXULQJ�WKH�GHYLFH�
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7KXV�� WKH� GHWDLO� GHVLJQ� VWDJH� LV� PDLQO\� FRQFHUQHG� ZLWK� VHOHFWLQJ� TXDQWLWDWLYH

DWWULEXWHV�RI�WKH�FRPSRQHQWV�DQG�SDUWV��VXFK�DV�VL]H��LQ�RUGHU�IRU�WKH�GHYLFH�WR�EHVW

DFFRPSOLVK�WKH�GHVLJQ�JRDO�V��

)RU�H[DPSOH�� LQ� WKH�FRQFHSWXDO�GHVLJQ�� LW�FRXOG�EH�GHFLGHG� WKDW� WKH�GHYLFH�VKRXOG

KDYH�DQ�DFWXDWRU��$W�WKH�FRQILJXUDWLRQ�GHVLJQ�VWDJH��WKLV�DFWXDWRU�LV�VHOHFWHG�WR�EH�D

'&� HOHFWULF� PRWRU� UDWKHU� WKDQ� DQ� $&� HOHFWULF� PRWRU�� K\GUDXOLF� PRWRU�� SQHXPDWLF

SLVWRQ�� RU� LQWHUQDO� FRPEXVWLRQ� HQJLQH�� )LQDOO\�� DW� WKH� GHWDLO� GHVLJQ� VWDJH�� WKH� '&

HOHFWULF�PRWRU� LV� VHOHFWHG� WR� EH� DQ�$%&�EUDQG��0RGHO� ������� ��9�� EUXVKOHVV�'&

PRWRU�

7KH� GHVLJQ� SURFHVV� GRHV� QRW� QHFHVVDULO\� SURJUHVV� WKURXJK� WKHVH� WKUHH� VWDJHV� LQ

VHTXHQWLDO� PDQQHU�� )RU� PDQ\� GHVLJQV� WKHUH� DUH� QXPHURXV� IHHGEDFN� ORRSV� DQG

UHWUDFHPHQWV� RI� WKH� SURFHVV� DV� IXUWKHU� DOWHUQDWLYHV� DUH� H[SORUHG� DQG� GHVLJQ

DGMXVWPHQWV�DUH�PDGH��+RZHYHU��LW�LV�ZHOO�GRFXPHQWHG�WKDW�WKH�ODWHU�GHVLJQ�FKDQJHV

DUH�PDGH�LQ�WKH�SURGXFWLRQ�SURFHVV�� WKH�JUHDWHU� WKH�FRVW� LQ�ERWK�WLPH�DQG�PRQH\�

7KHUHIRUH�� LW� LV� FULWLFDO� WR� PDNH� ZLVH� GHVLJQ� GHFLVLRQV� DW� WKH� FRQFHSWXDO� DQG

FRQILJXUDWLRQ�GHVLJQ�VWDJHV�

1.9.2 Configuration Design Tools

:LWK�PDWXUH� WHFKQRORJLHV�� WKH�FRQILJXUDWLRQ�GHVLJQ� IRU�D�QHZ�SURGXFW� LV�JHQHUDOO\

FRSLHG� IURP� VRPH� SULRU� VXFFHVVIXO� YHUVLRQ� RI� WKDW� W\SH� RI� SURGXFW�� )RU� H[DPSOH�

ZKHQ� GHVLJQLQJ� DQRWKHU� SDVVHQJHU� DXWRPRELOH�� GHVLJQHUV� DOUHDG\� NQRZ� IURP

SUHYLRXV�H[SHULHQFH�WKDW��IRU�WKH�YDVW�PDMRULW\�RI�DSSOLFDWLRQV��LW�LV�EHVW�IRU�WKH�FDU�WR

KDYH� ��ZKHHOV�� %XW�ZKHQ� GHDOLQJ�ZLWK� QRYHO� WHFKQRORJLHV�� WKH� LQLWLDO� GHVLJQV� RI� D

QHZ�FODVV�RI�SURGXFW��FRQILJXUDWLRQ�GHVLJQ�LVVXHV�DUH�SDUWLFXODUO\�FULWLFDO��6XFK�LV�WKH

FDVH�ZLWK�WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOHU�FRQFHSW�SUHVHQWHG�LQ�WKLV�UHVHDUFK�
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:KLOH�WKLV�UHVHDUFK�SUHVHQWV�D�FRQFHSWXDO�GHVLJQ��D�QXPEHU�RI�FRQILJXUDWLRQ�GHVLJQ

LVVXHV�DUH�VWLOO�LQ�TXHVWLRQ��)RU�H[DPSOH��KRZ�PDQ\�VHSDUDWH�ERGLHV�DQG�OHJV�VKRXOG

WKH�YHKLFOH�KDYH"�:LWK�ZKDW�VHTXHQFH�DQG�WLPLQJV�VKRXOG�WKH�OHJV�PRYH�WR�DFKLHYH

WKH�EHVW�PRELOLW\��ZKHUH�§EHVW¨�FDQ�PHDQ�JUHDWHVW�VSHHG��JUHDWHVW�VWDELOLW\��JUHDWHVW

HIILFLHQF\�� RU� VRPH� RSWLPDO� FRPELQDWLRQ� RI� WKRVH� DWWULEXWHV"� +RZHYHU�� DW� WKH

FRQILJXUDWLRQ� VWDJH�� WKH� ILQDO� SURGXFW� GLPHQVLRQV� DUH� XQNQRZQ��&RQVHTXHQWO\�� WKH

SDUW�YROXPHV��SDUW�PDVVHV��IRUFHV�H[HUWHG��DQG�RWKHU�GHULYHG�SDUDPHWHUV�FDQ�RQO\�EH

URXJKO\�HVWLPDWHG��&RQIURQWHG�ZLWK�VXFK�XQFHUWDLQWLHV�� LW� LV�FUXFLDO� IRU�GHVLJQHUV� WR

KDYH�DSSURSULDWH�WRROV�WR�DLG�LQ�WKH�VHOHFWLRQ�GHFLVLRQV�RI�WKH�FRQILJXUDWLRQ�GHVLJQ�

)RUWXQDWHO\��LW�LV�SRVVLEOH�WR�GLVFULPLQDWH�EHWZHHQ�DOWHUQDWLYH�GHVLJQV�E\�SHUIRUPLQJ

TXDOLWDWLYH� DQDO\VHV�� LQ� ZKLFK� QXPHULFDO� DQVZHUV� PD\� QRW� KDYH� KLJK� DEVROXWH

DFFXUDF\�� EXW� QRQHWKHOHVV� KDYH� DPSOH� UHVROXWLRQ� WR� GLIIHUHQWLDWH� EHWZHHQ� WKH

UHODWLYH�SHUIRUPDQFHV�RI�FRPSHWLQJ�FRQILJXUDWLRQV��+D]HOULJJ��������

4XDOLWDWLYH� DQDO\VLV� WRROV� DUH� XVHIXO�� FRVW�HIIHFWLYH� PHDQV� RI� RSWLPL]LQJ� WKH

FRQILJXUDWLRQ�GHVLJQV�RI� D� QHZ�SURGXFW�� 7KH\�HQDEOH�GHVLJQHUV� WR� VLIW� WKURXJK� WKH

PDMRU�FRQILJXUDWLRQ�GHVLJQ�DOWHUQDWLYHV�HDUO\�LQ�WKH�GHYHORSPHQW�SURFHVV��UDWKHU�WKDQ

SURFHHGLQJ� WR� WKH�GHWDLO� GHVLJQ� VWDJH�RU� HYHQ� WKH�SURWRW\SH� VWDJH�RI� WKH�SURFHVV�

RQO\� WR� ILQG� WKDW� WKH� FKRVHQ� FRQILJXUDWLRQ� LV� XQIHDVLEOH� RU� KDV� LQDGHTXDWH

SHUIRUPDQFH��7KHVH�WRROV�VDYH�WLPH�DQG�PRQH\�EHFDXVH�WKH\�HQDEOH�D�IDVWHU��ORZHU�

FRVW�VHDUFK�RI�WKH�GHVLJQ�VSDFH�WKDQ�PRUH�FRPSOH[�TXDQWLWDWLYH�DQDO\VLV�WRROV��7KXV�

WKH\�IDFLOLWDWH�D�PRUH�WKRURXJK�LQYHVWLJDWLRQ�RI�DOWHUQDWLYHV�EHIRUH�SURFHHGLQJ�WR�WKH

H[SHQVLYH�GHWDLOHG�GHVLJQ�VWDJH��JHQHUDOO\�LPSURYLQJ�GHVLJQ�TXDOLW\�

7KXV�� WKH� VLPXODWLRQ� GHVLJQ� WRROV� GHYHORSHG� LQ� WKLV� ZRUN� DUH� SULPDULO\� TXDOLWDWLYH�

DQVZHULQJ�TXHVWLRQV�FRQFHUQLQJ�WKH�UHODWLYH�HIILFDF\�RI�FRPSHWLQJ�URERW�DQG�PRWLRQ

SURJUDP� GHVLJQV� UDWKHU� WKDQ� EHLQJ� TXDQWLWDWLYH� DQG� DWWHPSWLQJ� WR� JLYH� DFFXUDWH

DEVROXWH�TXDQWLWLHV�IRU�HDFK�FRPSHWLQJ�GHVLJQ��,Q�DGGLWLRQ��UDWKHU�WKDQ�VLPSO\�JXHVV

DW� YHKLFOH� GLPHQVLRQV� DQG� WKHQ� FKHFN� WR�GHWHUPLQH� LI� WKH\�ZRUN�� WKH� GHVLJQ� WRROV
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FUHDWHG�KHUH� DOVR� LQFRUSRUDWH� V\QWKHVLV� WR� GHULYH� VRPH�RI� WKH� QHHGHG�GLPHQVLRQV

IURP�WKH�PRUH�EDVLF�JLYHQ�GLPHQVLRQV�DQG�PRWLRQV�WKH�URERW�LV�GHVLUHG�WR�SHUIRUP�

1.9.3 Scope of This Research

$V� QRWHG� HDUOLHU�� WKH�PXOWLERG\� SDVVLYH�OHJJHG� FUDZOLQJ� YHKLFOH� LV� GHVLJQHG� WR� EH

VLPLODU�WR�FDWHUSLOODUV��7KHUHIRUH��WKH�JDLWV�DQG�PRWLRQ�SURJUDPV�LQYHVWLJDWHG�KHUH�ZLOO

EH�OLPLWHG�WR�WKRVH�WKDW�DUH�FDWHUSLOODU�OLNH��7KXV��RWKHU�SRVVLEOH�ORFRPRWLRQ�PHWKRGV�

VXFK� DV� VLGHVWHSSLQJ� DQG� VRPH� RI� WKH� JDLWV� GLVFRYHUHG� E\� 'RZOLQJ� �������� DUH

H[FOXGHG�

'XH�WR�WKH�VLPLODULW\�RI�WKH�FUDZOLQJ�URERW�WR�ORQJ�FKDLQ�9DULDEOH�*HRPHWU\�7UXVVHV

�9*7ªV��� WKH� DELOLW\� WR� SHUIRUP� EULGJLQJ� DQG� FDQWLOHYHU� PDQHXYHUV� VKRXOG� EH

DFKLHYDEOH� E\� FRPELQLQJ� WKLV� UHVHDUFK� ZLWK� WKH� ZRUN� RI� 6DOHUQR� �RU� SHUKDSV� WKH

ZRUN� RI� 7DYDNNROL� RU� &KLULNMLDQ� DQG� %XUGLFN��� 7KH� VSHFLILFV� RI� SURGXFLQJ� VXFK

PDQHXYHUV�ZLOO�QRW�EH�FRYHUHG�KHUH�

7KH�VSHFLILF�JRDOV�RI�WKLV�UHVHDUFK�DUH�DV�IROORZV�

• WR�FUHDWH�D�FRQFHSWXDO�GHVLJQ�RI�D�QHZ�FODVV�RI�YHKLFOH��QDPHO\�� WKH�PXOWLERG\

SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH

• WR� VWXG\� WKH� ORFRPRWLRQ� RI� FDWHUSLOODUV� LQ� RUGHU� WR� OHDUQ� IURP� WKRVH� VXFFHVVIXO

GHVLJQV��EHFDXVH�WKHLU�ERG\�VWUXFWXUH�DQG� ORFRPRWLRQ�DUH�VLPLODU� WR�WKH�YHKLFOH

FRQFHSW

• WR�GHYHORS�PDWKHPDWLFDO�PRGHOV�IRU�XVH�LQ�WKH�NLQHPDWLFV��PRWLRQ�SURJUDPPLQJ�

VWDELOLW\�DQDO\VLV��GHVLJQ�VWXGLHV��DQG�YLVXDOL]DWLRQ�RI�WKH�URERW

• WR� GHYHORS� D� IOH[LEOH� PHWKRG� IRU� SURJUDPPLQJ� WKH� PRWLRQV� RI� WKH� FUDZOLQJ

YHKLFOH��VR�WKDW�D�YDULHW\�RI�ORFRPRWLRQ�PHWKRGV�FRXOG�EH�WHVWHG
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• DQG�ILQDOO\��WR�FUHDWH�VRIWZDUH�VLPXODWLRQ�WRROV�WR�DLG�LQ�WKH�FRQILJXUDWLRQ�GHVLJQ

RI� WKH� URERW� DQG� LWV� PRWLRQ� SURJUDPV�� LQFOXGLQJ� WKH� DELOLW\� WR� SURGXFH� YLVXDO

UHQGHULQJV� DQG� DQLPDWLRQV� RI� D� YDULHW\� RI� FUDZOLQJ� YHKLFOH�PRWLRQ� SURJUDP

FRPELQDWLRQV�

1.10   Overview

)LQGLQJ�D�FRQVLVWHQW��LQWXLWLYH�VHW�RI�WHUPV�WR�GHVFULEH�WKLV�YHKLFOH�DQG�LWV�PRWLRQ�KDV

EHHQ�WURXEOHVRPH��HYHQ�WR�WKH�SRLQW�RI�PDNLQJ�FRQYHUVDWLRQ�ZLWK�RWKHU�UHVHDUFKHUV

GLIILFXOW�� 7KLV� LV� PDLQO\� EHFDXVH� WKLV� UHVHDUFK� LV� D� FRPELQDWLRQ� RI� VHYHUDO� RWKHU

SUHYLRXVO\�HVWDEOLVKHG��EXW�XQWLO�UHFHQWO\��XQUHODWHG�ILHOGV�RI�VWXG\��7KXV��LW�FRXOG�EH

DSSURSULDWH� WR�XVH�VRPH�RI� WKH� WHUPLQRORJ\�RI�NLQHPDWLFV�� VWDWLF� WUXVVHV��ELRORJLFDO

VWXGLHV� RI� DQLPDO� ORFRPRWLRQ�� DQG� VLQJOH�ERG\� VHULDO�OHJJHG� ZDONLQJ� URERWV� WR

GHVFULEH�PDQ\�DVSHFWV�RI� WKH�SURSRVHG�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ�YHKLFOH�

)RU�WKLV�GLVVHUWDWLRQ��LQ�JHQHUDO��WKH�WHUPLQRORJ\�RI�SUHYLRXV�OHJJHG�URERW�VWXGLHV�KDV

EHHQ�XVHG�ZKHUH�LW�DSSOLHV�WR�WKLV�QHZ�IRUP�RI�OHJJHG�YHKLFOH�

7KH�IROORZLQJ�SDUDJUDSKV�SURYLGH�DQ�RYHUYLHZ�RI�WKH�UHPDLQGHU�RI�WKLV�GLVVHUWDWLRQ�

&KDSWHU���GHVFULEHV�WKH�FRQFHSWXDO�GHVLJQ�RI�WKH�PXOWLERG\�SDVVLYH�OHJJHG�FUDZOLQJ

YHKLFOH�� IRFXVLQJ� RQ� WKH� UDWLRQDOH� XVHG� WR� FKRRVH� IURP� DPRQJ� WKH� FDQGLGDWH

DFWXDWLRQ�PHFKDQLVPV�DQG�VWUXFWXUHV�IRU�UHDOL]LQJ�WKH�IOH[LEOH�ERG\�RI�WKH�URERW��7KH

FKDSWHU� DOVR� LQFOXGHV� FRQFHSWXDO� GLVFXVVLRQV� RI� SRZHU� VRXUFHV�� VHQVRUV�� PRWLRQ

SURJUDPPLQJ��DQG�DOWHUQDWLYH�FRQWURO�V\VWHP�PHWKRGRORJLHV�

$V� PHQWLRQHG� HDUOLHU�� WKH� QDWXUDO� FRXQWHUSDUW� PRVW� VLPLODU� WR� WKLV� URERW� LV� WKH

FDWHUSLOODU�� &KDSWHU� �� GHVFULEHV� D� VWXG\� RI� FDWHUSLOODUV� FRQGXFWHG� ZLWK� WKH� DLG� RI

VORZ�PRWLRQ�YLGHRWDSH�IRRWDJH��7KLV�VWXG\�LQFOXGHV�REVHUYDWLRQV�RI�FDWHUSLOODU�ERG\

GLPHQVLRQV��UDQJH�RI�PRWLRQ��JDLWV�XVHG�IRU�WUDYHOLQJ�RYHU�OHYHO�WHUUDLQ�DQG�FURVVLQJ
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REVWDFOHV��DQG�PHWKRGV�RI�UROOLQJ�RYHU��6HYHUDO�OHVVRQV�RI�VLJQLILFDQFH�ZHUH�OHDUQHG

IURP�WKHVH�WLQ\�DQLPDOV�DQG�ZHUH�DSSOLHG�WR�WKH�FUDZOLQJ�YHKLFOH�GHVLJQ��SDUWLFXODUO\

LQ�WKH�DUHDV�RI�RYHUDOO�ERG\�VKDSH��JDLWV��DQG�PRWLRQ�SURJUDPPLQJ�

&KDSWHU���GHVFULEHV�WKH�PDWKHPDWLFDO�EDVLV�IRU�D�FRPSXWHU�SURJUDP�WR�VLPXODWH�DQG

RSWLPL]H� YDULRXV� FRPELQDWLRQV� RI� FUDZOLQJ� YHKLFOH� GHVLJQV� DQG�PRWLRQ� SURJUDPV�

7KLV�PRGHO�LQFOXGHV�SDUDPHWULF�JHRPHWU\�WR�GHVFULEH�YDULRXV�SK\VLFDO�GHVLJQV�IRU�WKH

URERW�� D� V\VWHP� RI� FRRUGLQDWH� IUDPHV� RI� UHIHUHQFH� DQG� WUDQVIRUPDWLRQV�� D� UDSLG

FDOFXODWLRQ� WHFKQLTXH� IRU� WKH� LQYHUVH� NLQHPDWLFV�� DQ� DOJRULWKP� IRU� GHWHUPLQLQJ

ZKHWKHU� WKH� URERW� ZLOO� IDOO� RYHU� GXULQJ� LWV� ORFRPRWLRQ�� DQG� D� WHFKQLTXH� IRU

FRPSXWLQJ�WKH�YHORFLW\�DQG�DFFHOHUDWLRQ�RI�DOO�RI�WKH�URERWªV�DFWXDWRUV�

&KDSWHU���SUHVHQWV�D�YHUVDWLOH�PHWKRG�RI�SURJUDPPLQJ�WKH�PRWLRQV�RI�WKH�FUDZOLQJ

YHKLFOH�� 7KLV�PHWKRG� XVHV� VL[� GLPHQVLRQDO� SDUDPHWULF� FXELF� FXUYH� WUDMHFWRULHV� DQG

DOORZV� D� YDULHW\� RI� ORFRPRWLRQ� WHFKQLTXHV� �JDLWV� DQG� PRWLRQ� WUDMHFWRULHV�� WR� EH

SURJUDPPHG�� 1HZ� SDUDPHWHUV� IRU� GHILQLQJ� JDLWV� IRU� WKLV� FODVV� RI� URERW� DQG� QHZ

HTXDWLRQV�IRU�FDOFXODWLQJ�WKH�ORFRPRWLRQ�VSHHGV�RI�WKHVH�JDLWV�DUH�DOVR�SUHVHQWHG��DV

ZHOO�DV�JXLGHOLQHV�IRU�PRWLRQ�SURJUDPPLQJ�

&KDSWHU���GHVFULEHV� WKH�VLPXODWLRQ� WRROV�GHYHORSHG�DV�SDUW�RI� WKLV� UHVHDUFK��ZKLFK

HPERG\�WKH�PRGHOLQJ��V\QWKHVLV��DQG�DQDO\VLV�WHFKQLTXHV�IURP�&K����DQG�WKH�PRWLRQ

SURJUDPPLQJ� PHWKRGV� IURP� &K�� ��� WRJHWKHU� ZLWK� D� XVHU� LQWHUIDFH� DQG� FRGH� IRU

GLVSOD\LQJ� UHQGHULQJV� DQG� DQLPDWLRQV� RI� URERW� PRWLRQ�� 7KH� FKDSWHU� LQFOXGHV� D

GLVFXVVLRQ� RI� WKH� EDVLF� VRIWZDUH� PRGXOHV�� DQG� H[SODLQV� WKHLU� DSSOLFDWLRQ� WR� WKH

FRQILJXUDWLRQ�GHVLJQ�RI�FUDZOLQJ�YHKLFOHV�

,Q� &KDSWHU� ��� WKH� HIIHFWLYHQHVV� RI� WKH� VLPXODWLRQ� WRROV� IRU� UHVROYLQJ� FRQILJXUDWLRQ

GHVLJQ� LVVXHV� LV� GHPRQVWUDWHG� E\� WKH� UHVXOWV� RI� VHYHUDO� H[DPSOHV�� 7KHVH� H[DPSOHV

LQFOXGH���'�UHQGHULQJV�RI� VHYHUDO�SDUDPHWULF�JHRPHWU\�GHVLJQV�� VWDELOLW\�DQDO\VLV�RI

WZR�JDLWV�DV� WKH\�DUH�SXW� WR�XVH�ZLWK�VHYHUDO� URERWV�RI�GLIIHUHQW� OHQJWKV��DQG� WKUHH
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PRWLRQ�SURJUDP�WHVW�FDVHV�WKDW�FRPSDUH�FDWHUSLOODU�OLNH�JDLWV�ZLWK�WKH�DXWKRUªV�LQLWLDO

JDLW�FRQFHSW�

)LQDOO\��&KDSWHU���GLVFXVVHV�IXWXUH�H[WHQVLRQV�RI�WKLV�UHVHDUFK��DQG�VXPPDUL]HV�DQG

FRQFOXGHV�WKLV�GRFXPHQW�


