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7KH� WKUHDW� LQGXFHG� E\� ODUJH� VSDFH� GHEULV�� GHDG�

VDWHOOLWHV�RU�URFNHW�ERGLHV��LQ�/RZ�(DUWK�2UELW�KDV�EHHQ�

LGHQWLILHG�\HDUV�DJR��$�ILUVW�SDUW�RI�WKH�2UELWDO�7UDQVIHU�

9HKLFOH��279��VWXG\�ZDV�GHGLFDWHG�WR�LGHQWLI\�PLVVLRQ�

DUFKLWHFWXUHV�WKDW�FDQ�IXOILO�WKH�REMHFWLYH�WR�HOLPLQDWH�WKH�

QHFHVVDU\� QXPEHU� RI� FULWLFDO� GHEULV�� 7KRVH� SRWHQWLDO�

VROXWLRQV� DQG� DUFKLWHFWXUHV� KDYH� EHHQ� FRPSDUHG� WDNLQJ�

LQWR�DFFRXQW�FRVW�FRQVLGHUDWLRQV���

7KH�SUHVHQW�SDSHU�UHSRUWV�WKH�ILUVW�UHVXOWV�RI�WKH�279�

VWHS�� VWXG\� IXQGHG� E\� &1(6� WKDW� DGGUHVVHV� GLIIHUHQW�

VROXWLRQV�IRU�ODUJH�GHEULV�UHPRYDO��,W�FRPSDUHV�GLIIHUHQW�

GHVRUELWLQJ� FRQFHSWV� IURP� VHOHFWHG� VLQJOH� WR� PXOWLSOH�

GHEULV� FRPSO\LQJ� ZLWK� WKH� � 6SDFH� /DZ�� L�H�� DEOH� WR�

HQVXUH�FRQWUROOHG�UH�HQWULHV���

'LIIHUHQW� FDSWXUH� RSWLRQV� DUH� SUHVHQWHG�� LQFOXGLQJ�

VHQVRUV�QHHGV�DQG�DQ�DQDO\VLV�RI�WKH�SUREOHPV�SRVHG�E\�

GLIIHUHQW�VROXWLRQV��

7KH� RYHUDOO� SHUIRUPDQFHV� RI� WKH� FRQFHSWV� DUH�

FRPSDUHG�� VKRZLQJ� WKH� DGHTXDF\�� WKH� OLPLWV� RI� HDFK�

VROXWLRQV�DQG�DSSOLFDWLRQ�GRPDLQV��

�

,� ,1752'8&7,21�

�

6LQFH�PRUH� WKDQ� ��� \HDUV��PDQ\� VWXGLHV� OHG� E\� WKH�

��� DJHQFLHV� PHPEHU� RI� WKH� ,QWHU� $JHQF\� 'HEULV�

&RPPLWWHH� �,$'&��ZRUNHG� RQ� ULVN� LGHQWLILFDWLRQ� IURP�

VSDFH� GHEULV� DQG� SRVVLEOH� RSWLPDO� VROXWLRQV� WR� UHGXFH�

WKLV� ULVN�� 6HYHUDO� WHFKQRORJLFDO� FRQFHSWV� KDYH� EHHQ�

LGHQWLILHG�� 1HYHUWKHOHVV�� QRQH� RI� WKRVH� FRQFHSWV� KDV�

EHHQ� IXOO\� YDOLGDWHG� DQG� HYHQ� FRPSDUHG� LQ� WHUP� RI�

DGHTXDWLRQ�WR�WKH�UHDO�QHHG��DYDLODELOLW\�RI�WHFKQRORJLHV�

LQ�WKH�DLPHG�VFKHGXOH�DQG�LQ�WHUP�RI�RSHUDWLRQDO�FRVW�IRU�

WKH�JOREDO�VSDFH�V\VWHP��

$� ILUVW� 279� VWXG\�� SHUIRUPHG� LQ� ����� E\� 7KDOHV�

$OHQLD�6SDFH�WKURXJK�&1(6�279��IRU�2UELWDO�7UDQVIHU�

9HKLFOH��FRQWUDFW��>5'�@���KHOSV�WR�DQVZHU�WR�WKH�JOREDO�

DSSURDFK�� ,W� DOORZHG� LGHQWLI\LQJ� PRVW� SURPLVLQJ�

FRQFHSWV� LQ� WHUP� RI� WHFKQLFDO� FUHGLELOLW\� DQG� FRVW� SHU�

GHVRUELWHG�GHEULV��7KH�SXUSRVH�RI�WKH�FXUUHQW�VWXG\�LV�WR�

FRQVROLGDWH� SUHOLPLQDU\� FKRLFHV�� WR� VWDWH� RQ� FUHGLEOH�

SHUIRUPDQFHV� DQG� WR� HVWDEOLVK� PDWXUDWLRQ� ORJLF� RI�

LQQRYDWLYH�WHFKQRORJLHV���

7KH�GLVWULEXWLRQ�RI�WKH�GHEULV�DURXQG�WKH�(DUWK�LV�QRW�

XQLIRUP� DQG� SUHYLRXV� VWXGLHV� KLJKOLJKW� WKH� SHFXOLDU�

FULWLFDOLW\� RI� WKH� /RZ� (DUWK� 2UELWV�� 7KH� H[SRQHQWLDO�

LQFUHDVH� LQ� WKH� FRPLQJ� \HDUV� SUHGLFWHG� E\� WKH� 1$6$�

/(*(1'� VRIWZDUH� LV� NQRZQ� DV� WKH�.HVVOHU� V\QGURPH�

DQG� LV� GXH� WR� WKH� JURZLQJ� QXPEHU� RI� FROOLVLRQV� LQ�

EHWZHHQ�ODUJH�GHEULV���

7KH� )LJXUH� ,��� VKRZV� WKH� WDUJHWHG� GHEULV� SRSXODWLRQ��

DERYH� ����NJ�� DW� KLJK� LQFOLQDWLRQ� IURP� ��� WR� ���� GHJ�

ZKLFK�FRQWDLQV�YDULRXV�GHEULV�DPRQJ�VDWHOOLWHV�LQ�HQG�RI�

OLIH�RU�ODUJH�ODXQFKHU�XSSHU�VWDJHV��

�

)LJXUH�,����7DUJHW�GHEULV�SRSXODWLRQ�LQ�/(2�LQFOXGHV�

DURXQG�����GHEULV��

�

$PRQJ� WKLV�SRSXODWLRQ�� WZR�YHKLFOHV�DUH�VHOHFWHG�DV�

³UHIHUHQFH� GHEULV´� IRU� WKH� VWXG\� �)LJXUH� ,����� RQH�

UHIHUHQFH�REVHUYDWLRQ�VDWHOOLWH�ZLWK�D�PDVV�RI������NJ��

RQ�D�����NP�DOWLWXGH� �������� LQFOLQDWLRQ�662�RUELW�� WKH�

VHFRQG� LV� D� &26026� �0� XSSHU� VWDJH� ZLWK� ����� NJ�

PDVV�DQG�ZLWK�D� LQ�RUELW�SRVLWLRQ�GLVWULEXWLRQ�DV�VKRZQ�

LQ�)LJXUH�,�����
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)LJXUH�,����³UHIHUHQFH´�GHEULV�FRQVLGHUHG�LQ�WKH�FXUUHQW�

VWXG\�

�

�

)LJXUH�,����&26026��0�LQ�RUELW�GLVWULEXWLRQ�

�

7ZR�PLVVLRQ�FRQFHSWV�DUH�DVVHVVHG��

� &RQFHSW� �� FRQVLVWV� LQ� D� ODUJH� PXOWL� GHEULV�

FKDVHU��EDVHG�RQ�D�VLQJOH�$ULDQH���ODXQFK��'XH�

WR� $ULDQH� �� ODXQFK� FDSDFLW\� LQ� /(2�� WKH�

VSDFHFUDIW� ODXQFK� PDVV� LV� ERXQGHG� WR� DURXQG�

��� WRQV�� $� KLJK� UHOLDELOLW\� GHVLJQ� LV� QHHGHG�

GXH� WR� PLVVLRQ� DPELWLRQ� DQG� WR� DQWLFLSDWH� D�

KLJK�FKDVHU�UHFXUULQJ�FRVW�

� &RQFHSW� �� LV� D� VPDOO� PRQR� GHEULV� FKDVHU��

EDVHG�RQ�D�PXOWLSOH�6R\X]�ODXQFK��'XH�WR�WKH�

ODXQFK� FRQFHSW�� DQ� DUFKLWHFWXUH� EDVHG� RQ�

VDWHOOLWHV� &RQVWHOODWLRQ� KHULWDJH� LV� FKRVHQ� WR�

WDUJHW� D� ORZ� FRVW� VROXWLRQ�� 7KLV� LQGXFHV� D�

WDLORULQJ� RI� WKH� UHGXQGDQF\� DSSURDFK� WR� WKH�

YHU\�VKRUW�PLVVLRQ�GXUDWLRQ��

�

:KLFK� VWUDWHJ\� LV� PRUH� HIILFLHQW� IRU� GH�RUELWLQJ� RU�

UH�RUELWLQJ"�:KDW�LV�WKH�EHVW�FRVW�SHU�GHEULV�"�ZLOO�EH�WKH�

ILQDO� SXUSRVH� RI� WKH� VWXG\�ZKHUHDV� FRVW� HVWLPDWLRQ� IRU�

ERWK� FRQFHSWV� LV� VWLOO� LQ� SURJUHVV�� :KDW� DUH� WKH� NH\�

WHFKQLFDO� SRLQWV� IRU� HDFK� FRQFHSW� DQG� WKH� DVVRFLDWHG�

WHFKQRORJ\�LVVXH�"�7KLV�LV�DOO�ZKDW�WKH�VWXG\�UHSRUWHG�LQ�

WKLV�SDSHU�LV�DERXW���

�

,,��&21&(37���

�

,,�,�3ULQFLSOHV�

7R� RSWLPL]H� WKH� ODXQFK� PDVV�� WKH� FKDVHU� PDVV� LV�

DURXQG���� WRQV��7KH� ODXQFKHU�ZLOO� VHSDUDWH� WKH�VDWHOOLWH�

LQWR�D�VSHFLILF�/(2�RUELW��7KLV�YHKLFOH�VKDOO�PDLQWDLQ�D�

KLJK� UHOLDELOLW\� OHYHO� DV� UHFXUULQJ� FRVW� ZRXOG� EH�

FRQVHTXHQW��7KLV� UHTXLUHPHQW�ZLOO�EH�DGGUHVVHG�PDLQO\�

IRU�IROORZLQJ�IXQFWLRQV��

� )LQDO� UHQGH]YRXV� ZLWK� D� GHGLFDWHG�

UHGXQGDQW�SURSXOVLRQ�VXEV\VWHP�

� &DSWXUH� DQG� URERWLF� DVSHFWV� WR� JXDUDQWHH�

IDLO�VDIH�RSHUDWLRQV�

� &RQWUROOHG�ILQDO�GHVRUELWDWLRQ�RI�WKH�279���

�

)URP� WKH� DUFKLWHFWXUH� LOOXVWUDWHG� LQ� )LJXUH� ,,��� DQG�

)LJXUH� ,,���� WKH� FRPSOHWH� FDSWXUH� DQG� GHVRUELWDWLRQ�

SURFHVV�FRPSULVHV�WKH�IROORZLQJ�VWHSV��

�

6WHS���������	�����7KH�NLW�LV�H[WUDFWHG�IURP�RQH�RI�WKH����

FRQWDLQHUV�E\�WKH�URERWLF�DUP��)LJXUH�,,���DQG�)LJXUH�,,�

����WKHQ�ORFNHG�LQWR�WKH�DUFKLWHFWXUH�DW�WKH�FHQWUH�RI�WKH�

FKDVHU�XSSHU�SODWIRUP�

�

6WHS� �� 	� �� �� �DIWHU� IL[DWLRQ� RI� WKH� NLW�� WKH� FKDVHU��

SHUIRUPV� D� UHQGH]� YRXV� SUHIHUDEO\� DORQJ� WKH� 9�EDU��

V\QFKURQL]LQJ�WKH�FKDVHU�DQG�GHEULV�DQJXODU�UDWHV�ZLWKLQ�

���V��7KHQ� WKH� VDPH� URERWLF� DUP� FDSWXUHV� WKH� GHEULV� DW�

WKH�OHYHO�RI�WKH�SD\ORDG�LQWHUIDFH�DQG�ULJLGLILHV�WKH�OLQN�

�)LJXUH�,,�����

�

6WHS� �� �� �WKH� URERWLF� DUP� EULQJV� WKH� GHEULV� LQ� FRQWDFW�

ZLWK�WKH�NLW�IL[DWLRQ�VWUXFWXUH��

�

6WHS������DIWHU�WKH�GHEULV�LV�SURSHUO\�IL[HG�DQG�DOLJQHG�RQ�

WRS�RI�WKH�FKDVHU�WKURXJK�WKH�NLW�VWUXFWXUH��WKH�FRPSRVLWH�

QHHGV� WR� EH� VSLQQHG� DW� DERXW� ����V� E\� WKH� FKDVHU�

SURSXOVLRQ�V\VWHP��

�

6WHS� �� �� �DIWHU� SURSHU� J\URVFRSLF� VWDELOL]DWLRQ� RI� WKH�

GHEULV�DQG�DW�WKH�FRUUHFW�WLPLQJ�LQ�WKH�RUELW��WKH�NLW�ZLWK�

WKH�GHEULV�DWWDFKHG�WR�LW�LV�VHSDUDWHG��

�

6WHS������DIWHU�7%'�VHFRQGV�� WKH�FKDVHU�LV�GHVSXQ��DQG�

WKH� NLW� LV� ILUHG� IURP� WKH� FKDVHU� DW� D� SUHFLVH� WLPH� WR�

HQDEOH� D� UH� HQWU\� DW� WKH� SODQQHG� ORFDWLRQ�� $IWHU� DERXW�

��V��WKH�GHEULV�UH�HQWHUV�LQWR�WKH�DWPRVSKHUH��

�

� �

�

)LJXUH�,,����URERWLF�DUP�JUDSSLQJ�VWUDWHJ\�IRU�GHEULV�DQG�

IRU�VROLG�NLW�

�
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)LJXUH�,,����URERWLF�DUP�0'$�FRQFHSW�

�

,,���GHVRUELWDWLRQ�NLW�

$�VROLG�SURSXOVLRQ�NLW�LV�FKRVHQ�IRU�GHVRUELWDWLRQ�NLW�IRU�

VDIHW\�DQG�FRVW�DVSHFWV��7KH�GHILQLWLRQ�RI�WKLV�NLW�LV�

GULYHQ�E\�WKH�����P�V�'HOWD9�LPSXOVH�QHFHVVDU\�IRU�

VDIH�GLUHFW�UH�HQWU\�RI�WKH�ODUJHVW�GHEULV�FRQVLGHUHG�DV�

&RVPRV��0��LQFOXGLQJ�DGGLWLRQDO�UHVLGXDO�SURSHOODQWV���

,W�KDV�WR�EH�XQGHUOLQHG�WKDW�GLUHFW�UH�HQWU\�IURP�WKH�

LQLWLDO�RUELW�LV�SRVVLEOH�WR�JXDUDQWHH�D�VDIH�VORSH�LQWR�

DWPRVSKHUH�DV�ILJXUH�LQ�)LJXUH�,,�����

�

)LJXUH�,,����GHOWD9�IRU�VROLG�NLWV�

�

$� VROLG� URFNHW� GHULYHG� IURP� $7.� 6WDU� ��� HQJLQH� LV�

FRQVLGHUHG�� ZLWK� D� JOREDO� PDVV� RI� ���� NJ� LQFOXGLQJ�

SURSHOODQW�PDVV��PRXQWLQJ�VWUXFWXUH� �JUDSSLQJ�V\VWHP���

LJQLWLRQ�IHDWXUH�DQG�HOHFWURQLFV�WR�DOORZ�LJQLWLRQ�E\�WKH�

279�IURP�D�FHUWDLQ�GLVWDQFH��

7KRVH� SURSXOVLRQ� NLWV� DUH� LQVWDOOHG� RQ� WKH� FKDVHU� RQ� D�

FHQWUDO�� H[WHUQDO� SRVLWLRQ� WR� HDVH� JUDSSLQJ� ZLWK� WKH�

URERWLF�DUP��7KH�NLWV�QXPEHU�LV�DGDSWHG�IURP�WKH�FKDVHU�

FDSDFLW\� RI� GHEULV� WKDW� FDQ� EH� WUHDWHG�� $Q� HOHYDWRU�

SURFHVV�PRYHV�WKH�NLW�XS�WR�WKH�VXUIDFH�IRU�JUDSSLQJ�DV�

VKRZQ�LQ�)LJXUH�,,�����

�

�

�

�

)LJXUH�,,����SURSXOVLRQ�NLW�LQVWDOODWLRQ�RQ�279�

�

$IWHU�FDSWXUH�E\�WKH�URERWLF�DUP��WKH�NLW�LV�LQVWDOOHG�ZLWK�

WKH� KHOS� RI� WKH� URERWLF� DUP� RQ� WKH� WRS� RI� WKH� YHKLFOH�

EHIRUH�GHEULV�FDSWXUH��

�

,,���279�DUFKLWHFWXUH�

7KH� PHFKDQLFDO� DUFKLWHFWXUH� LV� EDVHG� RQ� D� ���� P�

GLDPHWHU� DQG� D� ���� P� KLJK� F\OLQGULFDO� YHKLFOH�� $�

����PP�FHQWUDO� WXEH�KRXVHV� ODUJH� WDQN�DEOH� WR�FRQWDLQ�

WKH� EL�SURSHOODQW� PDVV� WR� SHUIRUP� RUELWDO� PDQRHXYUHV��

UHQGH]YRXV�DQG�VHOI�GHVRUELWLQJ�GHOWD9V���

�

�
�

)LJXUH�,,����FRQFHSW���DUFKLWHFWXUH�

�

7KH�SURSXOVLRQ�VXEV\VWHP�LV�VL]HG�IRU�HIILFLHQW�RUELW�

FKDQJHV�DQG�UHQGH]�YRXV��$����1�%L�SURSHOODQW�HQJLQH�

LV� FKRVHQ� ZLWK� DGGLWLRQDO� ���1� WKUXVWHUV� IRU� WKH�

UHQGH]YRXV�SKDVH�DQG�DWWLWXGH�FRQWURO��7ZR�ODUJH������

OLWHUV� SURSHOODQW� WDQNV� ��� 021�� �� 00+�� DUH�

LPSOHPHQWHG��

$� ERG\� PRXQWHG� VRODU� DUUD\� LV� SUHIHUUHG� WR� ORZHU�

LQHUWLD� DQG� VWLOO� FRPSOLHV� ZLWK� WKH� SRZHU� EXGJHW�

HVWLPDWHV�� 7KLV� FRQILJXUDWLRQ� HDVHV� NLW� LQVWDOODWLRQ� DQG�

JOREDO� YHKLFOH� DUFKLWHFWXUH� ZLWK� D� F\OLQGULFDO� FHQWUDO�

WXEH� ZKLFK� FRQWDLQV� WKH� WZR� SURSHOODQW� WDQNV�� 7KH�

EDWWHU\� LV� VL]HG� LQ� WKH� ZRUVW� FDVH� ZKHUH� WKH� 279�

ORQJLWXGLQDO�D[LV� LV�FROOLQHDU� WR� WKH�YHORFLW\�YHFWRU�DQG�

RQO\�UHFHLYHV�OLPLWHG�VRODU�HQHUJ\��

�



�

,,���$2&6�DQDO\VLV�

7ZR� FRQWURO� DVSHFWV� DUH� FRQVLGHUHG� FULWLFDO� DQG� DUH�

DQDO\VHG�IXUWKHU��

� FRQWURO�RI�WKH�FRPSOHWH�VWDFN��279���GHEULV��

� FRQWURO�RI� WKH� GHEULV� DIWHU� VHSDUDWLRQ�ZLWK� WKH�

VROLG�SURSXOVLRQ�NLW�LQVWDOOHG��

�

7R�PLQLPL]H�WKH�HIIHFW�RI�WKH�PLVDOLJQPHQW�EHWZHHQ�WKH�

NLW� WKUXVW� D[LV� DQG� WKH� &R*� ORFDWLRQ�� WKH� VWDFN� VKDOO�

LQLWLWH�D�VSLQ�PRWLRQ�EHIRUH�VHSDUDWLRQ�RI�WKH�NLW�GHEULV��

$� VHQVLELOLW\� WR� WKH� GHEULV� VSLQ� LV� SUHVHQWHG� LQ� WKH�

IROORZLQJ�)LJXUH�,,����

)LJXUH�,,����FRQFHSW����NLW�WKUXVW�HIILFLHQF\�YV�VSLQ�UDWH�

�

$FFRUGLQJ� WR� D� UHDOLVWLF� GLVSHUVLRQ� RI� GHEULV� &R*��

DURXQG� ��� GHJ�V� LV� QHFHVVDU\� WR� HQVXUH� D� UHOLDEOH�

&RVPRV��0�XSSHU�VWDJH�FRQWUROOHG�UH�HQWU\��

�

,,���$SSOLFDELOLW\�DQG�GHEULV�WUHDWHG�

7KH� FRQFHSW� �� KDV� EHHQ� RSWLPLVHG� ZUW� WKH�

GHVRUELWLQJ�RI�WKH�&RVPRV��0�XSSHU�VWDJHV��LW�KDV�EHHQ�

VKRZQ� WR� EH� FDSDEOH� UHPRYLQJ� W\SLFDOO\� ��� &26026�

�0�OLNH�GHEULV�IURP�RUELWV��

�

�

�

�

�

�

�

�

�

�

�

�

�

)LJXUH�,,����&RQFHSW���SHUIRUPDQFH�IRU�&RVPRV��0�

GHEULV�

�

,W� VKDOO�KRZHYHU�EH� VWDWHG� WKDW� WKLV� FRQFHSW� LV�127�

FRPSDWLEOH� ZLWK� WKH� W\SLFDO� /(2� VDWHOOLWHV� GHEULV� IRU�

WZR�PDLQ�UHDVRQV��

� VDWHOOLWH� &R*� LV� JHQHUDOO\� IDU� IURP� WKH� NLW�

WKUXVW� D[LV� LQ� VDWHOOLWH� (QG� RI� /LIH�

FRQILJXUDWLRQ�DQG� WKHUHIRUH�� WKH�GHVRUELWLQJ� LV�

XQVWDEOH�

� WKH� VDWHOOLWH� DSSHQGLFHV� DUH� QRW� GHVLJQHG� WR�

VXVWDLQ� ��WK� RI� N1� WKUXVW� LQGXFHG� E\� VROLG�

SURSXOVLRQ�NLWV��

�

7KLV� FRQFHSW� LV� ZHOO� DGDSWHG� WR� WKH� GHVRUELWDWLRQ� RI�

KHDY\�XSSHU�VWDJHV�RI�FORVH�RUELWDO�SDUDPHWHUV��7KH�FRVW�

HYDOXDWLRQ� LV� LQ� SURJUHVV� DQG� ZRXOG� DOORZ� RIIHULQJ� D�

FRVW�HIILFLHQW�PHDQ�LQ�WHUP�RI�FRVW�SHU�GHEULV��

�

,,,��&21&(37���

�

,,,���3ULQFLSOHV�

7KLV� PRQR� GHEULV� FKDVHU� LPSOHPHQWV� RUELWDO�

PDQRHXYUHV� WR� UHDFK� WKH� GHEULV� XVLQJ� IRUFHG� 5$$1�

GULIW�� 7KH� FDSWXUH� D[LV� LV� GHWHUPLQHG� DIWHU� LQ� VLWX�

PHDVXUHPHQWV� RI� WKH� GHEULV� WXPEOLQJ� UDWH� DQG� D[LV�

WDNLQJ� LQWR� DFFRXQW� WKH� SODQQHG� FDSWXUH� DUHD� RQ� WKH�

GHEULV��7KHQ��WKH�FKDVHU�FDSWXUHV�WKH�GHEULV�E\�WKH�PHDQ�

RI�D�KDUSRRQ�DQG�SHUIRUPV�ILQDOO\�D�FRQWUROOHG�UH�HQWU\�

WRJHWKHU�ZLWK�WKH�GHEULV�WRZHG�ZLWK�D�FDEOH���

7R� RSWLPL]H� 6R\X]� ODXQFK�PDVV� FDSDFLW\� RI� a�����

NJ� LQ� /(2�� D� PXOWLSOH� ODXQFK� LV� FRQVLGHUHG� ZLWK� WKH�

FKDVHU� LQVWDOOHG� DURXQG� D� GLVSHQVHU� LQVLGH� WKH� IDLULQJ��

7KLV� FRQFHSW� DOORZV� WDUJHWLQJ� D� ORZ� FRVW� VROXWLRQ� DV�

GHVLJQ� DQG� DUFKLWHFWXUH� LV� EDVHG� RQ� FRQVWHOODWLRQ�

KHULWDJH���

7KH�RYHUDOO�GHVRUELWLQJ�SURFHVV�FRPSULVHV�WKH�IROORZLQJ�

VWHSV���

�

6WHS����DW�D�SURSHU�WLPH�DORQJ�WKH�GHEULV�RUELW��WKH�FKDVHU�

SHUIRUPV� D� UHQGH]�YRXV� DORQJ� WKH�9�EDU� V\QFKURQL]LQJ�

WKH�FKDVHU�DQG�GHEULV�DQJXODU�UDWHV�ZLWKLQ����V��7%&���,W�

VWD\V� DW� D� SUH� GHILQHG� VWD\�RXW� ]RQH�� �P� RXWVLGH� WKH�

VZHSW�YROXPH�RI�WKH�GHEULV���
�

6WHS� ��� WKH� FKDVHU� SRLQWV� WRZDUG� WKH� FDOFXODWHG� DQG�

LGHQWLILHG� FDSWXUH� ORFDWLRQ� WKHQ� DXWRQRPRXVO\� ILUHV� WKH�

KDUSRRQ�V\VWHP��VHH�)LJXUH�,,,�����

�

6WHS� ��� 7KH� FDEOH� LV� LPPHGLDWHO\� XQZLQGHG� DIWHU� WKH�

FDSWXUH� E\� WKH� FKDVHU� XVLQJ� VPDOO� WKUXVWV� WR� VWUHWFK� LW�

�VHH�)LJXUH�,,,�����

�

6WHS����DIWHU���P�WR����P�RI�FDEOH�DUH�XQZLQGHG�DQG�DW�

WKH� FRUUHFW� WLPLQJ�� ���1� WKUXVW� LV� DSSOLHG� WR� WKH�

FRPSRVLWH�WKURXJK�K\GUD]LQH�WKUXWHUV��7KH�FRQWUROOHG�UH�

HQWU\�RFFXUV�DIWHU�D� W\SLFDOO\���PQ�ORQJ� WKUXVW��'XULQJ�

WKUXVW� WKH� FDEOH� JHWV� DQ� RVFLOODWLRQ� PRWLRQ�� ZKLFK�

GHSHQGV� RQ� WKH� FDEOH� OHQJWK� DQG� LQLWLDO� WKUXVW� D[LV�ZUW�

9EDU�� D� ORQJ� FDEOH� DQG� JRRG� DOLJQPHQW�ZLWK�9EDU� DUH�

QHFHVVDU\��

)LJXUH� ,,,��� LOOXVWUDWHV� WKH� EHKDYLRXU� IRU� D� ���P� FDEOH�

DQG�DQ�LGHDO�FDSWXUH�DORQJ�WKH�9EDU��

�

Evolution  of chaser mass  vs  debris number
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Chaser pitch angle

Chaser pitch control torque

Link vec tor direction wrt chaser orbital frame

Cond itions: 100m cable and 0°wrt Vbar

Chaser pitch angle

Chaser pitch control torque

Link vec tor direction wrt chaser orbital frame

Cond itions: 100m cable and 0°wrt Vbar

�
)LJXUH�,,,����URERWLF�DUP�JUDSSLQJ�VWUDWHJ\�IRU�GHEULV�

DQG�IRU�VROLG�NLW�

�

,,,���+DUSRRQ�V\VWHP�

0DQ\�RSWLRQV�UHJDUGLQJ�WKH�FDSWXUH�PHWKRG��VHH�)LJXUH�

,,,�����WKH�DQFKRUDJH�WHFKQLTXH�DQG�WKH�279�GHEULV�OLQN�

KDYH�EHHQ�WUDGHG��

�

� �
�

�
�

�

6SULQJV� 3\UR� +\GUDXOLF� (OHFWULF� 3URMHFWLOH� 0DJQHWLF�

)LJXUH�,,,����KDUSRRQ�SURSXOVLRQ�FDSWXUH�PHWKRG�RSWLRQV�
�

3UHOLPLQDU\� EDVHOLQH� LV� EDVHG� RQ� D� SURMHFWLOH� HMHFWHG�

ZLWK� D� FRPSUHVVHG� VSULQJ�� 7KLV� DOORZV� WKH� FKDVHU� WR�

UHPDLQ� DW� D� VDIHW\� GLVWDQFH� IURP� WKH� GHEULV� DQG�

SRWHQWLDOO\�FRSHV�ZLWK�KLJKHU�GHEULV�WXPEOLQJ�UDWHV��

7KH� DQFKRUDJH� WHFKQLTXH� FRQVLVWV� LQ� D� NLQHWLF�

SHUIRUDWLRQ� RI� WKH� GHEULV� �VHH� )LJXUH� ,,,����� 7KLV�

WHFKQLTXH�LV�FRQVLGHUHG�DV�WKH�VLPSOHVW�VROXWLRQ�OLNHO\�WR�

FUHDWH�D�PLQLPXP�RI�VHFRQGDU\�GHEULV��7KH�OLQN�ZLWK�WKH�

GHEULV� LV� D� PHWDOOLF� FDEOH� IOH[LEOH�� ,W� IHDWXUHV� VXLWDEOH�

HODVWLFLW\�FKDUDFWHULVWLFV��

7KH� FULWLFDO� LVVXH� LV� WKH� HQHUJ\� QHFHVVDU\� WR� SHUIRUDWH�

WKH� WDUJHWHG� GHEULV� HQYHORS� �KRQH\FRPE� SDQHOV��

DOXPLQLXP�� «�� �� D� PLQLPXP� RI� ���-� DUH� W\SLFDOO\�

QHHGHG�IRU��PP�DOXPLQLXP��

�
�

)LJXUH�,,,����KDUSRRQ�WHFKQLTXH�

�

,,,���279�DUFKLWHFWXUH�

7KH�PHFKDQLFDO�DUFKLWHFWXUH�RI�WKH�YHKLFOH�LV�EDVHG�RQ�D�

���P� ORQJ�� ���P� ZLGH�� ���NJ� YHKLFOH� GHULYHG� IURP�

FRQVWHOODWLRQ� VROXWLRQV�� 7KH� VWUXFWXUH� FRQVLVWV� LQ� D�

VLPSOH� FDVH� EXLOW� DURXQG� D� ODUJH� PRQRSURSHOODQW� WDQN��

7KLV�DUFKLWHFWXUH�DOORZV���FKDVHUV�WR�EH�DFFRPPRGDWHG�

LQ�D�6R\X]� ODXQFKHU�DURXQG�D�VWDQGDUG�GLVSHQVHU�� IRU�D�

WRWDO�PDVV�RI�����NJ��

�

�

)LJXUH�,,,����FRQFHSW���DUFKLWHFWXUH�

�

7KH� PRQRSURSHOODQW� SURSXOVLRQ� V\VWHP� XVHV� �[�1�

WKUXVWHUV�LQ�SXUH�WRUTXH�IRU�WKH�UHQGH]�YRXV�DQG��[���1�

WKUXVWHUV� RSHUDWLQJ� LQ� EORZ� GRZQ� IRU� WKH� GHVRUELWLQJ�

IXQFWLRQ�� $� ���/� WDQN� LV� QHFHVVDU\� WR� LPSOHPHQW� WKH�

UHTXLUHG����� WR����P�V�GHVRUELWLQJ�GHOWD�9��7KH����1�

WKUXVWHUV�VXUURXQG�WKH�KDUSRRQ�PHFKDQLVP�DW�D�GLVWDQFH�

ZKLFK�PLQLPL]HV�WKH�SOXPH�WKHUPDO�HIIHFW�RQ�WKH�FDEOH�

GXULQJ�GHVRUELWLQJ��

�

S-band Antenna

X-bande antenna

Sensor sys tem

2 axis solar array

)LJXUH�,,,����FRQFHSW���LQ�GHSOR\HG�FRQILJXUDWLRQ�

�



�

7KH� VRODU� DUUD\� LPSOHPHQWDWLRQ� FRQVLVWV� LQ� WZR� ��D[LV�

VWHHUDEOH�����Pð�ZLQJV��VHH�)LJXUH�,,,������7KH�GHVLJQ�LV�

LQKHULWHG� IURP� ,ULGLXP� �� FRQVWHOODWLRQ�� �7KH\� DOORZ� DQ�

RSWLPXP� LOOXPLQDWLRQ� GXULQJ� GHVRUELWLQJ� LQ� DOO� RUELWV�

FRQGLWLRQV�� ZKLFK� DXWKRULVHV� D� YHU\� VLPSOH� SRZHU�

UHJXODWLRQ� WHFKQLTXH� DQG� DYRLGV� LPSOHPHQWLQJ� UHDFWLRQ�

ZKHHOV��QR�UROO�VWHHULQJ�QHFHVVDU\����

�

,,,���$2&6�DQDO\VLV�

6HYHUDO� DQDO\VHV� KDYH� PRGHOOHG� WKH� 279�GHEULV�

EHKDYLRXU� GXULQJ� WKH� GHVRUELWLQJ�� $V� PHQWLRQHG� WKH�

FDEOH�JHWV�RQ�DQ�RVFLOODWLQJ�PRWLRQ��

- 6RPH� DEVRUSWLRQ� FRXOG� EH� PDQDJHG� WKURXJK�

WKUXVW�PRGXODWLRQ���

- 2VFLOODWLRQ� DPSOLWXGH� LV� IXQFWLRQ� RI� FDEOH�

OHQJWK�DQG�LQFUHDVHV�ZLWK���

o FDEOH�OHQJWK�GHFUHDVH�

o KDUSRRQ�GLUHFWLRQ�IDU�IRUP�9EDU�

o WKUXVW�LV�ORZ�

7KH� FRQWLQXRXV� WKUXVW� DOVR� QHHGV� WR� EH� DGDSWHG� WR�

GHFUHDVH�JUDYLW\�ORVV��7KUXVW�WLPH�GXUDWLRQ�GHFUHDVHV�LQ�

SURSRUWLRQ� DW� KLJKHU� RUELW� DOWLWXGH� �� IRU� LQVWDQFH� LW�

UHSUHVHQWV� ���� RI� RUELWDO� SHULRG� IRU� DQ� LQLWLDO� RUELW� DW�

�����NP�DOWLWXGH��

�

�
)LJXUH�,,,����GHRUELWLQJ�FDSDFLW\�RI�FRQFHSW���

��

'HEULV� DQJXODU�YHORFLW\� LV� WR�EH� VWXGLHG�FDUHIXOO\�� DV� LW�

FRQVWUDLQWV��

- WKH�FDEOH�GHSOR\PHQW�WLPH��

- WKH� WLPH� VORW� IRU� FRUUHFW� WDUJHWLQJ� DQG�

KDUSRRQLQJ��

�

,,,���$SSOLFDELOLW\�DQG�GHEULV�WUHDWHG�

$V�LOOXVWUDWHG�LQ�)LJXUH�,,,����&RQFHSW���DV�VL]HG�� LV�

FRPSDWLEOH�ZLWK� D�PDMRULW\� WKH� WDUJHW� GHEULV�� LQFOXGLQJ�

XSSHU�VWDJHV�DQG�VDWHOOLWHV��SURYLGHG�WKH�FDSWXUH�FDQ�EH�

SHUIRUPHG� LQ� JRRG� FRQGLWLRQV� �WKUXVW� D[LV� QRW� IDU� IURP�

9EDU���

�

�

�

�

�

�

� Concept 2 applicabili ty domain

500
700

900
1100

1300
1500

1700
1900

2100
2300

1000 1500 2000 2500 3000 3500 4000 4500 5000

debris max mass

D
eb

ri
s 

ap
og

ee
   

(k
m

)

Domain of applicabili ty

Target debris popu lation

�
)LJXUH�,,,����FRQFHSW���DSSOLFDELOLW\�GRPDLQ�

�

7KLV� OLIHWLPH�RI� WKH�&RQFHSW���VSDFHFUDIW� LV�YHU\�VKRUW��

W\SLFDOO\����GD\V��DQG�LV�WKHUHIRUH�YHU\�UHOLDEOH�ZLWKRXW�

QHHG�IRU�D�FODVVLFDO�UHGXQGDQW�GHVLJQ��$�IDLOXUH�LV�LQGHHG�

FRQVLGHUHG� FULWLFDO� LI� LW� XOWLPDWHO\� OHDGV� WR� DQ�

XQFRQWUROOHG�UH�HQWU\�RI�WKH�GHEULV�DQG��RU�WKH�FKDVHU��,W�

ERLOV�GRZQ�WR�D�IDLOXUH�RI�VRPH�FULWLFDO�HOHPHQWV�RI� WKH�

FKDVHU� RYHU� ��� GD\V�� :LWK� RQO\� VLQJOH� VWULQJ�� L�H�� QR�

UHGXQGDQF\�LPSOHPHQWHG�LQ�WKH�DYLRQLFV�DQG�SURSXOVLRQ�

HOHPHQWV�� WKH� UHOLDELOLW\� ILJXUH� LV� ������� WKXV� W\SLFDOO\�

RQH�IDLOXUH�HYHU\�����FKDVHUV���

�

'HVLJQHG� ZLWK� ORZ� FRVW� DV� PDLQ� GULYHU�� WKLV� FRQFHSW�

ZRXOG� DOORZ� RIIHULQJ� D� FRVW� HIILFLHQW� PHDQ� LQ� WHUP� RI�

FRVW� SHU� GHEULV�� +DUSRRQ� FDSDELOLWLHV� DQG� DVVRFLDWHG�

UHODWLYH�PRWLRQV� EHWZHHQ� FKDVHU� DQG� GHEULV� DUH� VWLOO� WR�

EH�FRQVROLGDWHG�DQG�HYDOXDWHG��

�

,9��620(�&21&/86,216�

�

7KH� DQDO\VHV� SHUIRUPHG� KDYH� PDGH� FOHDU� WKH�

IHDVLELOLW\� RI� WKH� WZR� VWXGLHG� FRQFHSWV�� ERWK� FRQVLVWHQW�

ZLWK�WKH�UHTXLUHPHQW�RI�WR�SHUIRUP�D�FRQWUROOHG�UH�HQWU\�

RI�WKH�GHEULV����

� D� ODUJH� ��� WRQV� DEOH� WR� WUHDW� PRUH� WKDQ� ���

GHEULV��

� D� VPDOO� FKDVHU� GHGLFDWHG� WR� PRQR� GHEULV�

GHVRUELWLQJ��

�

,Q�WKH�QH[W�VWHS�RI� WKLV�VWXG\�� WKH�WZR�FRQFHSWV�ZLOO�

EH� FRVW� HYDOXDWHG�� 3UHOLPLQDU\� GHYHORSPHQW� ORJLF� ZLOO�

EH� SURSRVHG� WR� VWDWH� RQ� WKH� EHVW� FRPSURPLVH� FRQFHSW�

DQG�WR�KHOS�PDWXUDWLRQ�RI�WKH�WHFKQRORJLHV���

�

�

$&.12:/('*0(176�

�

7KH� ZRUN� UHSRUWHG� LQ� WKLV� SDSHU� ZDV� VXSSRUWHG� DQG�

IXQGHG�E\� WKH�)UHQFK�6SDFH�$JHQF\�� WKH�&1(6��XQGHU�

WKH�FRQWUDFW�Q�����������³0DWXUDWLRQ�GH�FRQFHSWV�SRXU�

WUDLWHPHQW�GHV�GpEULV�VSDWLDX[´��,W�ZDV�SHUIRUPHG�XQGHU�

WKH� OHDG� RI� 7KDOHV� $OHQLD� 6SDFH�� &DQQHV�� LQ�



�

FROODERUDWLRQ�ZLWK�0'$��&DQDGD�� LQ� FKDUJH� RI� URERWLF�

DUP�GHVLJQ�DQG�FRQFHSWLRQ���

�

�

5()(5(1&(6�

�

�� &��%RQQDO�� -0�5XDXOW��0&�'HVMHDQ��$FWLYH�'HEULV�
5HPRYDO��5HFHQW�SURJUHVV�DQG�FXUUHQW�WUHQGV��$VFWD�

$VWURQDXWLFD�������

�� 3�� &RX]LQ� �� ;�� 5RVHU�� /�� 6WULSSROL�� &RPSDULVRQ� RI�
DFWLYH�GHEULV�UHPRYDO�PLVVLRQ�DUFKLWHFWXUHV��,$&����

$������

�� -��&�� /LRX�� 1�/�� -RKQVRQ�� 5LVNV� LQ� VSDFH� IURP�
RUELWLQJ�GHEULV��6FLHQFH���������������±�����

�� -��&�� /LRX�� 1�/�� -RKQVRQ�� ,QVWDELOLW\� RI� WKH� SUHVHQW�
/(2� VDWHOOLWH� SRSXODWLRQV�� $GY�� 6SDFH� 5HV�� ���

�����������±������

�� -��&��/LRX��1�/��-RKQVRQ��1�0��+LOO��&RQWUROOLQJ�WKH�
JURZWK�RI�IXWXUH�/(2�GHEULV�SRSXODWLRQV�ZLWK�DFWLYH�

GHEULV�UHPRYDO��,Q�$FWD�$VWURQDXWLFD���������������

������

��� &��%RQQDO��$FWLYH�'HEULV�5HPRYDO��$Q�RYHUYLHZ�RI�

SRWHQWLDO� VROXWLRQV� DQG� DVVRFLDWHG� FRQVWUDLQWV��

(8&$66� ������ ���� -XO\� ������ 6W� 3HWHUVEXUJ��

5XVVLD��
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