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$EVWUDFW� ²� &RPPXQLFDWLQJ� ZLWK� VHQVRUV� KDV� ORQJ�
EHHQ� OLPLWHG� HLWKHU� WR� ZLUHG� FRQQHFWLRQV� RU� WR�
SURSULHWDU\�ZLUHOHVV�FRPPXQLFDWLRQ�SURWRFROV��8VLQJ�
D�XELTXLWRXV�DQG�LQH[SHQVLYH�ZLUHOHVV�FRPPXQLFDWLRQ�
WHFKQRORJ\� WR� FUHDWH� 6HQVRU� $UHD� 1HWZRUNV� �6$1V��
ZLOO� DFFHOHUDWH� WKH� H[WHQVLYH� GHSOR\PHQW� RI� VHQVRU�
WHFKQRORJ\�� %OXHWRRWK�� DQ� HPHUJLQJ�� ZRUOGZLGH�
VWDQGDUG� IRU� LQH[SHQVLYH�� ORFDO� ZLUHOHVV�
FRPPXQLFDWLRQ�LV�D�YLDEOH�FKRLFH�IRU�6$1V�EHFDXVH�RI�
LWV� LQKHUHQW� VXSSRUW� IRU� VRPH� RI� WKH� LPSRUWDQW�
UHTXLUHPHQWV���ORZ�SRZHU��VPDOO�IRUP�IDFWRU��ORZ�FRVW�
DQG�VXIILFLHQW�FRPPXQLFDWLRQ�UDQJH��

,Q�WKLV�SDSHU�ZH�RXWOLQH�DQ�DSSURDFK��FHQWHUHG�RQ�
WKH� %OXHWRRWK� WHFKQRORJ\�� WR� VXSSRUW� D� VHQVRU�
QHWZRUN�FRPSRVHG�RI�IL[HG�ZLUHOHVV�VHQVRUV�IRU�KHDOWK�
PRQLWRULQJ� RI� KLJKZD\V�� EULGJHV� DQG� RWKHU� FLYLO�
LQIUDVWUXFWXUHV�� :H� SUHVHQW� D� WRSRORJ\� IRUPDWLRQ�
VFKHPH� WKDW� QRW� RQO\� WDNHV� LQWR� DFFRXQW� WKH� WUDIILF�
JHQHUDWHG�E\�GLIIHUHQW�VHQVRUV�EXW�DOVR�WKH�DVVRFLDWHG�
OLQN� VWUHQJWKV�� EXIIHU� FDSDFLWLHV� DQG� HQHUJ\�
DYDLODELOLW\�� 7KH� DOJRULWKP� PDNHV� QR� SDUWLFXODU�
DVVXPSWLRQV�DV�WR�WKH�SODFHPHQW�RI�QRGHV��DQG�QRW�DOO�
QRGHV� QHHG� WR� EH� LQ� UDGLR� SUR[LPLW\� RI� HDFK� RWKHU��
7KH� RXWSXW� LV� D� WUHH� VKDSHG� VFDWWHUQHW� URRWHG�DW� WKH�
VHQVRU�KXE��GDWD�ORJJHU��WKDW�LV�EDODQFHG�LQ�WHUPV�RI�
WUDIILF� FDUULHG�RQ� HDFK�RI� WKH� OLQNV��:H�DOVR�DQDO\]H�
WKH� VFKHGXOLQJ�� URXWLQJ� DQG� KHDOLQJ� DVSHFWV� RI� WKH�
UHVXOWLQJ�VHQVRU�QHW�WRSRORJ\��

.H\ZRUGV� ±� %OXHWRRWK�� VFDWWHUQHW�� WRSRORJ\� GHVLJQ��
ORDG� EDODQFLQJ�� VLPXODWHG� DQQHDOLQJ�� OLQN� VWUHQJWK��
VFKHGXOLQJ��WLPLQJ�DFFXUDF\��SRZHU�FRQVXPSWLRQ��

�� �,1752'8&7,21�
6HQVRU�$UHD�1HWZRUNV��6$1V��ZLOO�SOD\�DQ�LPSRUWDQW�

UROH� LQ� WKH� GHSOR\PHQW� RI� QH[W�JHQHUDWLRQ�� KHDOWK�
PRQLWRULQJ� V\VWHPV� IRU� KLJKZD\V�� EULGJHV� DQG� FLYLO�
LQIUDVWUXFWXUHV��,Q�VXFK�D�IUDPHZRUN��GDWD�IURP�WKRXVDQGV�
RI�VHQVRUV�ZLOO�EH�DQDO\]HG�ZLWK�ORQJ�WHUP�DQG�UHDO�WLPH�
DVVHVVPHQW�GHFLVLRQ�PDNLQJ�LPSOLFDWLRQV��$�IOH[LEOH�DQG�
VFDODEOH�DUFKLWHFWXUH�ZLOO�EH�QHHGHG�WR�LQWHJUDWH�UHDO�WLPH�
KHWHURJHQHRXV� VHQVRU� GDWD�� GDWDEDVH� DQG� DUFKLYLQJ�
V\VWHPV�� DQG� UDWLRQDO� VWDWLVWLFDO� GHFLVLRQ�PDNLQJ�
SURFHGXUHV�� $SSOLFDWLRQV� LQFOXGH� ORQJ�WHUP� FRQGLWLRQ�
DVVHVVPHQW�DQG�HPHUJHQF\�UHVSRQVH�DIWHU�QDWXUDO�RU�PDQ�
PDGH�GLVDVWHUV�DQG�DFWV�RI�WHUURULVP��IRU�DOO�W\SHV�RI�ODUJH�
FRQVWUXFWHG�IDFLOLWLHV��

�5HFHQW�DGYDQFHV�LQ�PLFUR�HOHFWURPHFKDQLFDO�V\VWHPV�
�0(06��WHFKQRORJ\�KDYH�UHVXOWHG�LQ�FKHDS�DQG�SRUWDEOH�
GHYLFHV� ZLWK� LQWHJUDWHG� VHQVLQJ�� FRPSXWLQJ� DQG�
FRPPXQLFDWLRQ� FDSDELOLWLHV��$� QHWZRUN� RI� WKHVH� GHYLFHV�
FDQ� EH� XVHG� IRU� DXWRPDWHG� LQIRUPDWLRQ� JDWKHULQJ� DQG�
GLVWULEXWHG�PLFUR�VHQVLQJ�LQ�PDQ\�FLYLO�DSSOLFDWLRQV�VXFK�
DV� KRPH� HQHUJ\�PDQDJHPHQW�� FLYLO� LQIUDVWUXFWXUH� KHDOWK�
PRQLWRULQJ�� HWF�� )RU� WKH� ODWWHU� DSSOLFDWLRQ� LQ� SDUWLFXODU��
&LYLO� (QJLQHHUV� QHHG� WKH� IOH[LELOLW\� WR� SODFH� VHQVRUV� LQ�
ORFDWLRQV� WKDW� DUH� FULWLFDO� IRU� KHDOWK�PRQLWRULQJ� EXW� WKDW�
PD\� QRW� EH� FRQYHQLHQW� IRU� H[LVWLQJ� ZLULQJ� VFKHPHV�� ,Q�
PDQ\� VLWXDWLRQV� LW� LV� GLIILFXOW� WR� UHZLUH� WKH� H[LVWLQJ�
LQIUDVWUXFWXUH�� 2QH� SRVVLELOLW\� LV� WR� XVH� SRZHU� OLQH�
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FRPPXQLFDWLRQV� WR� SURYLGH� WKH� UHTXLUHG� QHWZRUN�
FRQQHFWLYLW\�� 7KLV� LQWURGXFHV� DGGLWLRQDO� FRPSOH[LW\� DQG�
FRQVWUDLQWV� LQ� WHUPV� RI� VFDODELOLW\� DQG� WKH� DYDLODEOH�
WKURXJKSXW�� 3RZHUOLQH� QHWZRUNLQJ� KDV� QRW� EHHQ� EURDGO\�
DFFHSWHG� DQG� LV� FXUUHQWO\� RQO\� EHLQJ� RIIHUHG� DV� D� KRPH�
QHWZRUNLQJ�VROXWLRQ�� ,Q�DGGLWLRQ� WKH�SRZHUOLQHV�PD\�QRW�
JLYH� DGHTXDWH� FRYHUDJH� HLWKHU��0DQ\� RI� WKHVH� VFHQDULRV�
WKXV� FDOO� IRU� ZLUHOHVV� VHQVRU� QHWZRUNV� DV� RSSRVHG� WR�
ZLUHG� RQHV��:LUHOHVV� QHWZRUNV� FDQ� EH� PXFK� PRUH� FRVW�
DQG�WLPH�HIIHFWLYH�DQG�DUH�DOVR�HDVLHU�WR�GHSOR\�HVSHFLDOO\�
LQ� UHPRWH� ORFDWLRQV�� ,Q� VRPH� DSSOLFDWLRQ� VFHQDULRV�� D�
ZLUHOHVV� VROXWLRQ� FDQ� YDVWO\� UHGXFH� WKH� PRQLWRULQJ�
LQVWDOODWLRQ� FRVW�� ZKHUH� WKH� FDEOLQJ� DORQH� JHQHUDOO\�
FRQVWLWXWHV��������RI�WKH�WRWDO�FRVW��

,Q� WKLV� SDSHU�ZH� DGGUHVV� WKH� SUREOHP�RI� GHVLJQLQJ� D�
6$1�FRPSRVHG�RI�IL[HG�ZLUHOHVV�VHQVRUV��IRU�GHSOR\PHQW�
LQ� H[LVWLQJ� FLYLO� LQIUDVWUXFWXUHV� VXFK� DV� EULGJHV�� DQG�
KLJKZD\V�� WR� PRQLWRU� VWUHVV�� YLEUDWLRQ�� WHPSHUDWXUH��
KXPLGLW\�� HWF�� $OWKRXJK� WKH� VHQVRUV� DUH� IL[HG�� WKH\� DUH�
GHSOR\HG�LQ�DQ�DG�KRF�IDVKLRQ��GHSHQGHQW�XSRQ�QHHG�DQG�
DFFHVVLELOLW\��DQG�VHQVRUV�FDQ�GLH�DQG�EH�UHSODFHG��RU�QHZ�
RQHV� DGGHG�� DW� DQ\� WLPH�� *LYHQ� FXUUHQW� ZLUHOHVV�
QHWZRUNLQJ� WHFKQRORJLHV�� WKH� VSHFLILF� QHHGV� RI� VXFK�
VHQVRU� QHWZRUNV� DQG� WKH� GHVLUH� IRU� D� QHDU� WHUP�
GHSOR\PHQW�� ZH� SURSRVH� D� VROXWLRQ� EDVHG� RQ� WKH�
%OXHWRRWK� VWDQGDUG�� ,Q� VHFWLRQ� �� ZH� KLJKOLJKW� WKH�
QHWZRUNLQJ� LVVXHV� DQG� DGGUHVV� WKH� VXLWDELOLW\� RI� XVLQJ�
%OXHWRRWK� WHFKQRORJ\� IRU� WKLV� VSHFLILF� DSSOLFDWLRQ�� ,Q�
VHFWLRQ� ��� ZH� GLVFXVV� RXU� SURSRVHG� VROXWLRQ�� 6HFWLRQ� ��
SUHVHQWV�VRPH�RI�WKH�LPSRUWDQW�DVSHFWV�RI�WKH�WRSRORJ\�±�
VFKHGXOLQJ�� URXWLQJ�� KHDOLQJ�� GHOD\�� GDWD� GLVVHPLQDWLRQ�
DQG�WLPLQJ�DFFXUDF\��,Q�6HFWLRQ����VRPH�UHVXOWV��UHODWHG�WR�
WKH�FRPSDULVRQ�RI�WRSRORJ\�VHOHFWLRQ�SKDVHV�EHWZHHQ�WZR�
GLIIHUHQW� DSSURDFKHV��KDYH�EHHQ�GLVFXVVHG��:H�FRQFOXGH�
LQ�VHFWLRQ���ZLWK�VRPH�REVHUYDWLRQV�DQG�IXWXUH�SURVSHFWV�

��%/8(7227+�7(&+12/2*<�
$OWKRXJK� %OXHWRRWK� ZDV� QRW� RULJLQDOO\� FRQFHLYHG� WR�

EH�XVHG� IRU� WKHVH�SXUSRVHV�� WKHUH� LV�JRRG�RYHUODS�RI� WKH�
IHDWXUHV� VXSSRUWHG� E\� LW� �DGGUHVVHG� LQ� GHWDLO� EHORZ�� DQG�
WKH� UHTXLUHPHQWV� IRU� IL[HG� ODUJH� VHQVRU� QHWZRUNV�� 7KH�
RQO\� NH\� H[LVWLQJ� WHFKQRORJLHV� LQ� WKLV� VSDFH� DUH� WKH�
%HUNHOH\� PRWHV� >��@� DQG� WKH� XSFRPLQJ� ,(((� ���������
VWDQGDUG� >��@�� 7KHUH� LV� DQ� RQJRLQJ� HIIRUW� WR� GHYHORS�
QHWZRUNLQJ� SURWRFROV� WKDW� ZLOO� DOORZ� WKH� GHSOR\PHQW� RI�
%HUNHOH\�PRWHV�LQ�ODUJHU�QXPEHUV��([WHQVLYH�VWXGLHV�QHHG�
WR� EH� FRQGXFWHG� RQ� WKHLU� EDWWHU\� OLIH�� HDUO\� WHVWV� VKRZ� D�
ORQJHYLW\�LQ�WKH�UDQJH�RI�����GD\V��VRPH�FODLP���PRQWKV�
DW�D�H[WUHPHO\�ORZ�VDPSOLQJ�UDWHV��7KH�DSSOLFDWLRQ�ZH�DUH�
DGGUHVVLQJ� UHTXLUHV� FRQWLQXRXV� VDPSOLQJ�� H�J���
DFFHOHURPHWHUV� PHDVXULQJ� YHKLFOH� VSHHGV� RQ� D� EULGJH��
7KH� ,(((� ��������� VWDQGDUG� LV� QRW� GHVLJQHG� IRU� VHQVRU�
QHWZRUNV� DQG� DV� VXFK� GRHV� QRW� DGGUHVV� VRPH� RI� WKH�
XQLTXH�IHDWXUHV�RI�WKLV�W\SH�RI�DSSOLFDWLRQ��7RGD\��ZLWK�D�

EURDGHU� VSHFLILFDWLRQ� DQG� D� UHQHZHG� FRQFHQWUDWLRQ� RQ�
LQWHURSHUDELOLW\��PDQXIDFWXUHUV� DUH� UHDG\� WR� IRUJH� DKHDG�
DQG�WDNH�%OXHWRRWK�SURGXFWV�WR�WKH�PDUNHWSODFH��$�VLQJOH�
FKLS� HPEHGGHG� %OXHWRRWK� GHVLJQ� IRU� VXFK� VHQVRUV� FDQ�
PHHW� WKH� JURZLQJ� GHPDQG� IRU� FRQQHFWHG� LQIRUPDWLRQ�
DSSOLDQFHV�ZKHUH�FRVW�DQG�IOH[LELOLW\�DUH�WKH�NH\�IHDWXUHV�
IRU�PDVVLYH� GHSOR\PHQW��7KH� DXWKRUV� DUH� DZDUH� WKDW� WKH�
GHSOR\PHQW� RI� %OXHWRRWK� QRGHV� LQ� ODUJH� QXPEHUV� LQ� D�
VFDWWHUQHW�IRUPDWLRQ�KDV�QRW�\HW�EHHQ�IXOO\�WHVWHG�EXW�WKH�
EDVLF� %OXHWRRWK� QRGHV� DUH� UHDGLO\� DYDLODEOH� DQG� WKH�
VSHFLILFDWLRQV�IRU�QHWZRUNLQJ�DUH�ZHOO�ODLG�RXW��

*HQHUDOO\�� D� ZLUHOHVV� VHQVRU� QHWZRUN� LV� HQHUJ\�
FRQVWUDLQHG��KDV�ORZ�EDQGZLGWK��DQG�FRQWDLQV�KXQGUHGV�WR�
WKRXVDQGV�RI�VHQVRUV��%OXHWRRWK��ZLWK�LWV�LQKHUHQW�VXSSRUW�
IRU� ORZ� SRZHU� PRGHV�� VPDOO� IRUP� IDFWRU� DQG� PLQLPDO�
DVVRFLDWHG� FRVWV�� HPHUJHV� DV� D� QDWXUDO� FKRLFH� IRU�
VDWLVI\LQJ� WKH� UHTXLUHPHQWV� RI� D� IL[HG� 6$1�� $� OLVW� RI�
IHDWXUHV� SURYLGHG� E\� %OXHWRRWK� UHOHYDQW� WR� ZLUHOHVV�
VHQVRU�QHWZRUNV�FDQ�EH�VXPPDUL]HG�DV�IROORZV���

��� /RZ�FRVW��VXE����WDUJHW�SULFH��
��� /RZ� SRZHU� ����P� DW� ���� G%P� ZLWK� &ODVV� ��

UDGLR� RSHUDWLRQ�� ��� G%P� SRZHU� ZLWK� &ODVV� ��
UDGLR� RSHUDWLRQ�� ��P� DW� �� G%P� ZLWK� &ODVV� ��
RSHUDWLRQ��

��� 6PDOO� IRUP� IDFWRU� �+LJKO\� ,QWHJUDWHG� $6,&V��
H�J��� 0RWRUROD� %70&0���� %OXHWRRWK� PRGXOH�
FRQWDLQLQJ�DOO�WKH�UHTXLUHG�KDUGZDUH�DQG�VRIWZDUH�
FRPSRQHQWV�LQ�D�VLQJOH����[����[���PP�SDFNDJH���

��� )UHTXHQF\�+RSSLQJ��7LPH�'LYLVLRQ�'XSOH[��)+�
7''�� VFKHPH� XVLQJ� WKH� ,60� EDQG� ����� �� ������
*+]� UDQJH�� WR� PLQLPL]H� WKH� VFRSH� IRU�
LQWHUIHUHQFH� DQG� DOORZLQJ� QRQ� OLQH� RI� VLJKW�
FRPPXQLFDWLRQ���

��� 3RZHU� VDYLQJ� PRGHV� �� 3DUN�� +ROG�� 6QLII��
6WDQGE\��

��� $V\PPHWULF�'DWD�UDWHV�DOORZLQJ�WKH�SURYLVLRQ�WR�
DOORFDWH� DQ� XSOLQN� EDQGZLGWK� �IURP� VODYH� WR�
PDVWHU�� RI�������.ESV� DQG�GRZQOLQN�EDQGZLGWK�
RI������.ESV��

��� 6XSSRUW�IRU�ERWK�$V\QFKURQRXV�&RQQHFWLRQ�/HVV�
�$&/�� DQG� 6\QFKURQRXV� &RQQHFWLRQ� 2ULHQWHG�
�6&2���FDQ�EH�XVHG� IRU� WUDQVPLWWLQJ�YRLFH�DXGLR�
IURP�WKH�VHQVRU�QRGH�LWVHOI��FKDQQHOV��

%OXHWRRWK� LV� D� IUHTXHQF\� KRSSLQJ� �)+�� V\VWHP� WKDW�
GHILQHV� PXOWLSOH� FKDQQHOV� IRU� FRPPXQLFDWLRQ� �HDFK�
FKDQQHO� GHILQHG� E\� D� GLIIHUHQW� IUHTXHQF\� KRSSLQJ�
VHTXHQFH���$�JURXS�RI�GHYLFHV�VKDULQJ�D�FRPPRQ�FKDQQHO�
FRQVWLWXWH�D�SLFRQHW��(DFK�SLFRQHW�KDV�D�PDVWHU�XQLW� WKDW�
VHOHFWV�D�IUHTXHQF\�KRSSLQJ�VHTXHQFH�IRU�WKH�SLFRQHW�DQG�
FRQWUROV� WKH� DFFHVV� WR� WKH� FKDQQHO��2WKHU� SDUWLFLSDQWV� RI�
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WKH�JURXS��NQRZQ�DV�VODYH�XQLWV��DUH�V\QFKURQL]HG�WR�WKH�
KRSSLQJ� VHTXHQFH� RI� WKH� SLFRQHW� PDVWHU�� :LWKLQ� D�
SLFRQHW�� WKH� FKDQQHO� LV� VKDUHG� XVLQJ� D� VORWWHG� WLPH�
GLYLVLRQ� GXSOH[� �7''�� SURWRFRO� ZKHUH� D� PDVWHU� XVHV� D�
SROOLQJ� VW\OH� SURWRFRO� WR� DOORFDWH� WLPH�VORWV� WR� VODYH�
QRGHV�� 7KH� PD[LPXP� QXPEHU� RI� VODYHV� WKDW� FDQ�
VLPXOWDQHRXVO\� EH� DFWLYH� LQ� D� SLFRQHW� LV� VHYHQ��0XOWLSOH�
SLFRQHWV� FDQ� FR�H[LVW� LQ� D� FRPPRQ� DUHD� EHFDXVH� HDFK�
SLFRQHW� XVHV� D� GLIIHUHQW� KRSSLQJ� VHTXHQFH�� 3LFRQHWV� FDQ�
DOVR�EH�LQWHUFRQQHFWHG�YLD�EULGJH�QRGHV�WR�IRUP�D�ELJJHU�
DG�KRF�QHWZRUN�NQRZQ�DV�D�VFDWWHUQHW��$�EULGJH�QRGH�FDQ�
EH�D�PDVWHU�LQ�RQH�SLFRQHW�DQG�D�VODYH�LQ�RWKHUV��WHUPHG�
DV�DQ�0�6�EULGJH��RU�D�VODYH�LQ�DOO�WKH�SLFRQHWV��WHUPHG�DV�
DQ�6�6�EULGJH���

��$1�,17(*5$7('�62/87,21�
$Q�LQWHJUDWHG�VROXWLRQ�FDQ�EH�UHDOL]HG��ZKHUHLQ�XVLQJ�

WKH� 6PDUW� 7UDQVGXFHU� ,QWHUIDFH� 0RGXOH� �67,0��
VSHFLILFDWLRQV� DV� GHVFULEHG� E\� WKH� ,(((�3�������
VWDQGDUG�� WKH�PRGXOH�FDQ�EH�GLUHFWO\�LQWHJUDWHG�ZLWK�DQ\�
DYDLODEOH� RII� WKH� VKHOI� %OXHWRRWK� PRGXOH� WR� DFKLHYH� D�
ZLUHOHVV�VHQVRU�QRGH�>�@��$�FOXVWHU�RI�VXFK�QRGHV�FDQ�WKHQ�
EH�WLHG�WRJHWKHU�XVLQJ�D�%OXHWRRWK�VFDWWHUQHW� WRSRORJ\�WR�
IRUP�D�IXOO\�IXQFWLRQDO�6$1��%HVLGHV�SURYLGLQJ�D�IOH[LEOH�
ZLUHOHVV�WUDQVSRUW�PHGLXP��VXFK�DQ�DUUDQJHPHQW�ZLOO�DOVR�
DOORZ�IRU���
L�� 6FDODELOLW\� WR� LQFOXGH� DQ\� QXPEHU� RI� VHQVRUV� DW�

DQ\�SRLQW�RI�WLPH��
LL�� 5REXVWQHVV� DJDLQVW� OLQN� EUHDNGRZQV� DQG� QRGH�

IDLOXUHV��DQG�
LLL�� 6HOI�+HDOLQJ��UH�FRQILJXUDWLRQ�RI�WKH�V\VWHP���
�
(YHU\� VXFK� VFDWWHUQHW� IRUPDWLRQ� VKDOO� EH� URRWHG� DW� D�

VHQVRU� KXE� WKDW� ZLOO� DFW� ERWK� DV� D� ORFDO� ORJJHU� IRU� WKH�
V\VWHP� DQG� DV� DQ� DUELWUDWRU� GXULQJ� WKH� NQRZOHGJH�
GLVFRYHU\�DQG�WRSRORJ\�IRUPDWLRQ�SKDVH��GHVFULEHG�LQ�WKH�
VHFWLRQV�EHORZ���,W�DFWV�DV�DQ�LQWHUIDFH�EHWZHHQ�WKH�6$1�
DQG�WKH�,QWHUQHW�LQIUDVWUXFWXUH�DQG�FDQ�EH�UHDOL]HG�YLD�DQ\�
RI� WKH� DYDLODEOH� WHFKQRORJLHV�� VXFK� DV� ������ RU� ��������
7KLV�VHQVRU�KXE�LV�FDOOHG�WKH�6XSHU�0DVWHU��60���DQG�LV�
UHVSRQVLEOH�IRU�WKH�IRUPDWLRQ�RI�WKH�VFDWWHUQHW��7KH�60�LV�
UHVSRQVLEOH�IRU��
L�� 7RSRORJ\�RU�VFDWWHUQHW�IRUPDWLRQ��
LL�� 6FKHGXOLQJ��DFFHVV�DQG�EDQGZLGWK�DOORFDWLRQ���
LLL�� 5RXWLQJ��WZR�ZD\�FRPPXQLFDWLRQ�FDSDELOLW\��
LY�� +HDOLQJ��FRQQHFWLYLW\�PDLQWHQDQFH��

�����������������������������������������������������������
��:H�VKDOO�XVH�WKH�ZRUGV�VHQVRU�KXE�DQG�60�LQWHUFKDQJHDEO\�
WKURXJKRXW�WKH�WH[W��

%HFDXVH� RI� LWV� LPSRUWDQFH� LQ� WKH� FHQWUDOL]HG� VFKHPH�ZH�
DUH�SURSRVLQJ�KHUH��LW�LV�DVVXPHG�WKDW�WKH�6XSHU�0DVWHU�LV�
IXOO\�UHSOLFDWHG�WR�SURYLGH�IDXOW�WROHUDQFH��
���� 6FDWWHUQHW�)RUPDWLRQ�

$�QXPEHU�RI�DOJRULWKPV�KDYH�EHHQ�SURSRVHG�WR�IRUP�D�
VHQVRU�QHWZRUN�WRSRORJ\��,Q�>��@��WKH�DXWKRU�FRPSXWHV�DQ�
HQHUJ\�HIILFLHQW�VXE�QHWZRUN��QDPHO\�WKH�0(&1��ZKHQ�D�
FRPPXQLFDWLRQ�QHWZRUN�LV�JLYHQ��60(&1�LV�SURSRVHG�E\�
>��@� WR� DOVR� SURYLGH� VXFK� D� VXE�QHWZRUN�� 6LPLODUO\�
H[WHQVLYH� OLWHUDWXUH� FDQ� EH� IRXQG� RQ� URXWLQJ� WHFKQLTXHV�
IURP� FRQYHQWLRQDO� IORRGLQJ� WR� PRUH� VRSKLVWLFDWHG�
VFKHPHV� VXFK� DV� JRVVLSLQJ� >��@�� 63,1� >��@�� 6$5� >��@��
/($&+� >��@� DQG� 'LUHFWHG� GLIIXVLRQ� >��@�� 6LPLODUO\�� D�
QXPEHU�RI�0$&�SURWRFROV�KDYH�EHHQ�SURSRVHG�ERWK� IRU�
IL[HG�DOORFDWLRQ�DQG�UDQGRP�DFFHVV�PHFKDQLVPV�>������@��
WKH�60$&.6�DQG�($5�SURWRFRO�>��@��&60$�EDVHG�>��@�
DQG�D�K\EULG�7'0$�)'0$�VFKHPH�>��@��$OWKRXJK�WKHVH�
GLIIHUHQW� SURWRFROV� DGDSW� ZHOO� WR� WKH� XQGHUO\LQJ�
DSSOLFDWLRQ� UHTXLUHPHQWV�� WKHLU�PDLQ�GLVDGYDQWDJH� LV� WKDW�
WKH\�RSHUDWH� LQ�D�QRQ�VWDQGDUGL]HG�DQG�RIWHQ�SURSULHWDU\�
LQIUDVWUXFWXUH�� ZKLFK� PDNHV� WKHLU� GHSOR\PHQW� DQG�
LQWHURSHUDELOLW\�D�FDXVH�RI�FRQFHUQ��

:H� SURSRVH� D� WRSRORJ\� IRUPDWLRQ� VFKHPH� IRU� D�
ZLUHOHVV� VHQVRU�QHWZRUN�EDVHG�RQ�%OXHWRRWK� WHFKQRORJ\��
WKH� UDGLR� DQG� 0$&� IRU� ZKLFK� KDV� DOUHDG\� EHHQ�
VWDQGDUGL]HG�DQG� WKRURXJKO\� WHVWHG��:H�DOVR� LQWURGXFH�D�
]HUR�RYHUKHDG�URXWLQJ�PHFKDQLVP�WKDW�FRPPXQLFDWHV�DQG�
URXWHV� WKH�GDWD� WR�DQG� IURP� WKH�VHQVRU�QRGHV�RQ� WKH� IO\��
7KH� 60� LV� UHVSRQVLEOH� IRU� FUHDWLQJ� D� QHLJKERU� QRGH�
PDWUL[�� ZKLFK� LW� WKHQ� XVHV� WR� FUHDWH� WKH� VFDWWHUQHW� WUHH��
7KH�HQWULHV� LQ� WKH�QHLJKERU�QRGH�PDWUL[�FRQVLVWV�RI�GDWD�
FROOHFWHG�E\�HDFK�QRGH�IURP�WKHLU�QHLJKERULQJ�QRGHV��7KH�
HQWLUH�DSSURDFK�LV�FHQWUDOL]HG�LQ�QDWXUH�SULPDULO\�EHFDXVH�
LW�QRW�RQO\�DOORZV�IRU�D�PRUH�RSWLPXP�QHWZRUN�WRSRORJ\�
JHQHUDWLRQ� XVLQJ� JOREDO� LQIRUPDWLRQ�� DYDLODEOH� DW� WKH�
VHQVRU� KXE�� EXW� DOVR� PDNHV� WKH� VFKHGXOLQJ�� EDQGZLGWK�
DOORFDWLRQ�DQG�URXWLQJ�RI�WKH�WUDIILF�HDVLHU��,Q�DGGLWLRQ��WKH�
LQGLYLGXDO� VHQVRU� QRGHV� PLJKW� QRW� EH� HQGRZHG� ZLWK� D�
VXIILFLHQWO\�KLJK�DPRXQW�RI�SURFHVVLQJ�DQG�EDWWHU\�SRZHU�
WR�EH�DEOH�WR�WDNH�RQ�VXFK�D�ORDG��7KH�60�WKXV�H[HFXWHV�
WKH�FRPSOHWH�DOJRULWKP�ZKLOH�WKH�UHVW�RI�WKH�QRGHV�MXVW�DFW�
RQ�WKH�GHFLVLRQV�WDNHQ�E\�WKH�VHQVRU�KXE��7KH�SURFHVV�FDQ�
EH�GLYLGHG�LQWR�WZR�SKDVHV��QDPHO\��

D�� .QRZOHGJH�'LVFRYHU\�SKDVH��DQG�
E�� &RQQHFWLRQ�6HWXS�SKDVH�

%HIRUH� SURFHHGLQJ� ZLWK� D� GHVFULSWLRQ� RI� WKH�
DIRUHPHQWLRQHG� VWDJHV� DQG� WKHLU� UROH� LQ� WKH� WRSRORJ\�
IRUPDWLRQ� RI� DQ� 6$1�� ZH� ZRXOG� OLNH� WR� LQWURGXFH� WKH�
IROORZLQJ�WHUPV��
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L�� /RDG�)DFWRU��$�PHDVXUH� RI� WKH� DYHUDJH� DPRXQW�
RI� WUDIILF� JHQHUDWHG� E\� D� SDUWLFXODU� QRGH� RYHU� D�
SHULRG�RI�WLPH��

LL�� 'HJUHH��1XPEHU�RI�QRGHV�LQ�UDGLR�SUR[LPLW\�WR�D�
VHQVRU� QRGH� �L�H�� DOVR� UHIHUUHG� WR� DV�QHLJKERULQJ�
QRGHV���

LLL�� %XIIHU� &DSDFLW\�� 7KH� DPRXQW� RI� VWRUDJH� VSDFH�
DYDLODEOH� LQ� D� VHQVRU� QRGH� IRU� VWRULQJ� LWV� RZQ�
VHQVRU�GDWD� DQG� WKH� VHQVRU�GDWD�JHQHUDWHG�E\� LWV�
VODYHV�� DV� ZHOO� DV� WKH� GDWD� FROOHFWHG�� GXULQJ� WKH�
.QRZOHGJH�'LVFRYHU\�SKDVH��E\�WKH�VHQVRU�IURP�
LWV�QHLJKERULQJ�QRGHV��GHILQLQJ�WKHLU�FDSDELOLWLHV��

LY�� /LQN� 6WUHQJWK�� 7KH� VWUHQJWK� RI� WKH� UDGLR� OLQN�
EHWZHHQ�WZR�QHLJKERULQJ�VHQVRU�QRGHV��

Y�� (QHUJ\�� 7KH� DPRXQW� RI� HQHUJ\� DYDLODEOH� WR� WKH�
QRGH�IURP�WKH�HQHUJ\�VRXUFH�DW�DQ\�WLPH��

YL�� &ORFN�9DOXH��5HIHUV�WR�WKH�QDWLYH�FORFN�YDOXH�RI�D�
QRGH� UHVSRQGLQJ� WR� DQ� LQTXLU\� PHVVDJH�� 7KH�
YDOXH� LV� H[FKDQJHG� GXULQJ� WKH� .QRZOHGJH�
'LVFRYHU\� SKDVH� DQG� LV� XVHG� WR� H[SHGLWH� WKH�
FRQQHFWLRQ� VHWXS� EHWZHHQ� WZR� VHQVRU� QRGHV�
GXULQJ�WKH�&RQQHFWLRQ�6HWXS�3KDVH��

�
������ .QRZOHGJH�'LVFRYHU\�3KDVH�

7KH�.QRZOHGJH�'LVFRYHU\� SKDVH� LV� FKDUDFWHUL]HG� E\�
KDYLQJ�HDFK�QRGH�FROOHFW� LQIRUPDWLRQ�DERXW�DOO� WKH�RWKHU�
QRGHV� WKDW�DUH� LQ�UDGLR�SUR[LPLW\� WR� LWVHOI�DQG�XOWLPDWHO\�
FRPPXQLFDWH� WKLV� GDWD� WR� WKH� 60� WR� FUHDWH� WKH�
QHLJKERUKRRG� PDWUL[�� 'XULQJ� WKLV� SKDVH� HDFK� QRGH�� LQ�
WXUQ�� TXHULHV� LWV� QHLJKERUV� GXULQJ� DQ� ,QTXLU\� SKDVH�� LQ�
ZKLFK�WKH�QRGH�LWVHOI�LV�LQ�,QTXLU\�PRGH�DQG�DOO�WKH�RWKHU�
QRGHV� DUH� LQ� ,QTXLU\� 6FDQ� PRGH�� ,Q� FRQWUDVW� WR� WKH�
DSSURDFKHV�SURSRVHG�E\�6DORQLGLV�HW�DO�� �V\PPHWULF� OLQN�
IRUPDWLRQ�� >�@� DQG� /DZ� HW� DO�� �UDQGRPL]HG� GLVWULEXWHG�
VFDWWHUQHW� IRUPDWLRQ�� >�@� RQO\� RQH� QRGH� DW� D� WLPH� LV�
DOORZHG� WR� EH� LQ� WKH� ,QTXLU\� PRGH� DQG� WKH� UHVW� RI� WKH�
QRGHV� DUH� LQ� WKH� ,QTXLU\� 6FDQ� PRGH�� $� QRGH� ZLOO�
GHWHUPLQH� WKH� HQG�RI� LWV� ,QTXLU\�SKDVH�ZKHQ� LW�GRHV�QRW�
KHDU� IURP� DQ\� QHZ� QHLJKERUV� IRU� D� JLYHQ� LQWHUYDO�� 7KH�
CEDWRQ¶��L�H���WKH�ULJKW�WR�VWDUW�DQ�,QTXLU\�SKDVH��RU�LQ�RWKHU�
ZRUGV� EH� LQ� ,QTXLU\�PRGH�� LV� WKHQ� SDVVHG� RQWR� DQRWKHU�
QRGH� WKDW� KDV� QRW� \HW� LQLWLDWHG� LWV� RZQ� ,QTXLU\� SKDVH� WR�
FROOHFW� QHLJKERU� LQIRUPDWLRQ�� 7KH� WLPH� GXUDWLRQ� RI� WKH�
.QRZOHGJH� 'LVFRYHU\� SKDVH� ZLOO� EH� D� IXQFWLRQ� RI�
QHWZRUN� GHQVLW\�� 7KLV� SDUWLFXODU� DUUDQJHPHQW� KDV� WKH�
EHQHILWV�RI�H[WUDFWLQJ�WKH�PD[LPXP�SRVVLEOH�LQIRUPDWLRQ�
DERXW� WKH� LQWHUFRQQHFWLYLW\� DPRQJ� GLIIHUHQW� QRGHV� WKDW�
ZLOO� EH� XVHG� VXEVHTXHQWO\� GXULQJ� WKH� &RQQHFWLRQ� 6HWXS�
SKDVH�ZKHQ�PDVWHUV�KDYH�WR�VHOHFW�D�PD[LPXP�RI�N�VODYHV�
RXW� RI� VHYHUDO� SRVVLEOH� QHLJKERU� QRGHV�� 7KH� DOJRULWKP�
HPSOR\V� D� EDFNWUDFNLQJ� PHWKRGRORJ\� WR� WUDYHUVH� WKH�

HQWLUH� VHW� RI� QRGHV� UHFXUVLYHO\� LQ� D� 'HSWK� )LUVW� 6HDUFK�
�')6��IDVKLRQ�WLOO�LW�KLWV�WKH�WHUPLQDWLQJ�FRQGLWLRQ���

7KH� .QRZOHGJH� 'LVFRYHU\� SKDVH� LV� LQLWLDWHG� E\� WKH�
VHQVRU�KXE� WKDW�JRHV� LQWR� ,QTXLU\�PRGH� WKXV�VWDUWLQJ� WKH�
ILUVW� ,QTXLU\� 3KDVH�� +HQFHIRUWK� ZH� ZLOO� UHIHU� WR� D� QRGH�
WKDW� LV� LQ�,QTXLU\�PRGH�DV�WKH� LQTXLU\�QRGH��7KH�SURFHVV�
FDQ�EH�VXPPDUL]HG�DV�IROORZV���
L�� ,QTXLU\� SKDVH�� (YHU\� QRGH�� LQFOXGLQJ� WKH� 60��

PDLQWDLQV�D�GDWDEDVH�RI�RQH�KRS�DZD\�QRGHV��L�H���
QRGHV� WKDW� DUH� LQ� UDGLR� SUR[LPLW\��:KHQHYHU� DQ�
LQTXLU\� QRGH� JHWV� D� UHVSRQVH� WR� LWV� LQTXLU\�
PHVVDJH�� LW� FKHFNV� LWV� GDWDEDVH� WR� YHULI\� LI� DQ�
HQWU\�IRU�WKLV�QHLJKERU�QRGH�DOUHDG\�H[LVWV��,I�QR�
HQWU\� LV� IRXQG�� LW� LQFUHDVHV� LWV� FRQQHFWLYLW\�
FRXQWHU�� GHJUHH�� E\� RQH�� DQG� HVWDEOLVKHV� D�
FRQQHFWLRQ� ZLWK� WKH� QHLJKERU� WR� H[FKDQJH� ORDG�
IDFWRU�� EXIIHU� FDSDFLW\�� DQG� WKH� FRUUHVSRQGLQJ�
OLQN� VWUHQJWK� LQIRUPDWLRQ� XVLQJ� WKH� %OXHWRRWK�
GHILQHG� 6HUYLFH� 'LVFRYHU\� $SSOLFDWLRQ� 3URILOH�
�6'$3�� SULPLWLYHV�� :KHQ� QR� QHZ� QRGHV� DUH�
GLVFRYHUHG� LQ� D� VSHFLILHG� LQWHUYDO�� WKH� LQTXLU\�
QRGH�WHUPLQDWHV�LWV�,QTXLU\�SKDVH��

LL�� 3DVVLQJ�WKH�EDWRQ��7KH�LQTXLU\�QRGH�WKHQ�SDVVHV�
WKH� EDWRQ� WR� RQH� RI� WKH� QHLJKERU� QRGHV� WKDW� LW�
GLVFRYHUHG� GXULQJ� LWV� ,QTXLU\� SKDVH�� 7KH� µQHZ¶�
LQTXLU\� QRGH� UHSHDWV� WKH� VDPH� SURFHGXUH� DV� LQ�
VWHS��L���$IWHU�SDVVLQJ�WKH�EDWRQ��WKH�µROG¶�LQTXLU\�
QRGH�GRHV�QRW�JR�EDFN�LQWR�,QTXLU\�6FDQ�PRGH��LW�
HQWHUV� D� VWDQG� E\� VWDWH� LQ� ZKLFK� LW� GRHV� QRW�
UHVSRQG� WR� ,QTXLU\� PHVVDJHV�� %HFDXVH� RI� WKH�
V\PPHWULF� QDWXUH� RI� WKH� QHLJKERU� QRGH� PDWUL[��
WKH� 60� FDQ� H[WUDSRODWH� QHLJKERU� LQIRUPDWLRQ�
ZLWKRXW� KDYLQJ� HDFK� QRGH� FROOHFW� UHYHUVH�
LQIRUPDWLRQ��7KLV�ZLOO�UHGXFH�WKH�WUDIILF�ORDG�DQG�
VKRUWHQ� WKH� GLVFRYHU\� SHULRG�� 2QO\� QRGHV� WKDW�
KDYH� QRW� H[SHULHQFHG� DQ� ,QTXLU\� SKDVH� DUH� LQ�
,QTXLU\�6FDQ�PRGH��

LLL�� 7HUPLQDWLQJ�� 7KH� WHUPLQDWLQJ� FRQGLWLRQ� DORQJ�
DQ\�EUDQFK� LV� VDWLVILHG�ZKHQ� WKH� FXUUHQW� LQTXLU\�
QRGH�KDV�QR�RWKHU�QRGH�WR�SDVV�WKH�EDWRQ�WR��7KLV�
KDSSHQV� ZKHQ� QR� QHLJKERU� UHVSRQGV� WR� LWV�
LQTXLU\� SDFNHW� WKXV� LW� KDV� QR� HQWULHV� LQ� LWV�
GDWDEDVH��7KH�FXUUHQW� LQTXLU\�QRGH� WKHQ� LQIRUPV�
LWV�CSDUHQW¶��L�H���WKH�QRGH�WKDW�SDVVHG�WKH�EDWRQ�WR�
LW��WKDW�WKH�HQG�KDV�EHHQ�UHDFKHG��7KH�SDUHQW�WKHQ�
HLWKHU� SLFNV� DQRWKHU� QHLJKERU� QRGH� IURP� LWV�
GDWDEDVH� WR� SDVV� WKH� EDWRQ� WRR�� RU�� LI� QR� RWKHU�
FDQGLGDWH� QHLJKERU� �L�H��� QRGH� WKDW� KDV� QRW� \HW�
KDG�LWV�,QTXLU\�SKDVH��LV�IRXQG�LQ�LWV�GDWDEDVH��LW�
VLJQDOV� LQ� WXUQ� LWV� SDUHQW�� ZKLFK� UHSHDWV� WKH�
SURFHVV�� 7KLV� EDFNWUDFNLQJ� WHFKQLTXH� LV� XVHG�
XQWLO� QR� QHZ� QHLJKERUV� DUH� IRXQG� WKDW� KDYH� QRW�
\HW� EHHQ� LQ� WKH� ,QTXLU\� SKDVH�� :LWK� HDFK�
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EDFNWUDFN� VWHS�� WKH� FKLOG� QRGH� SDVVHV� DOO� LWV�
GDWDEDVH�LQIRUPDWLRQ�WR�WKH�SDUHQW�QRGH�ZKLFK�LQ�
WXUQ�VWRUHV�LW�DQG�WKHQ�SDVVHV�LW�DORQJ�WR�LWV�SDUHQW�
ZKHQ�LW�FRPHV�WLPH�IRU�LW�WR�EDFNWUDFN�WR�WKH�QH[W�
OHYHO�XS��

$W� WKH�HQG�RI� WKH� WHUPLQDWLQJ�SURFHVV��DOO�QRGHV�KDYH�
SDVVHG�WKHLU�GDWDEDVH�FRQWHQWV�XS�WKH�WUHH�WR�WKH�60��7KH�
60�WKHQ�SURFHHGV�WR�FUHDWH�WKH�QHLJKERU�QRGH�PDWUL[�E\�
XVLQJ� DOO� WKH� FROOHFWHG� GDWD�� 7KH� .QRZOHGJH� 'LVFRYHU\�
3KDVH� HQDEOHV� WKH� 60� WR� GHWHUPLQH� WKH� IROORZLQJ�
FKDUDFWHULVWLFV�DERXW�WKH�VHQVRU�QRGHV�SDUWLFLSDWLQJ�LQ�WKH�
VFDWWHUQHW��
L�� %OXHWRRWK�GHYLFH�DGGUHVV��
LL�� &ORFN� YDOXHV� WKDW� ZLOO� EH� XVHG� WR� H[SHGLWH� WKH�

FRQQHFWLRQ�VHWXS�SKDVH�
LLL�� 1XPEHU� RI� RQH� KRS� QHLJKERUV� IRU� DOO� WKH� QRGHV�

�DOVR�UHIHUUHG�WR�DV�WKHLU�GHJUHH��
LY�� /LQN�VWUHQJWK�RI�WKRVH�RQH�KRS�QHLJKERUV�
Y�� 7KHLU�ORDG�IDFWRUV�
YL�� $PRXQW�RI�HQHUJ\�DYDLODEOH�WR�WKHP�
YLL�� 7KHLU�EXIIHU�FDSDFLWLHV�
�
������ &RQQHFWLRQ�6HWXS�3KDVH�

7KLV� SKDVH� LV� HQWLUHO\� RUFKHVWUDWHG� E\� WKH� 60� XVLQJ�
WKH� LQIRUPDWLRQ� JDWKHUHG� GXULQJ� WKH� .QRZOHGJH�
'LVFRYHU\� SKDVH�� 7KH� 60� VWDUWV� E\� VHOHFWLQJ� N� VODYHV�
IURP�LWV�OLVW�RI�RQH�KRS�QHLJKERUV��7KH�FKRLFH�RI�WKHVH�N�
VODYHV�� WR� \LHOG� D� EDODQFHG� FRQILJXUDWLRQ�� EHFRPHV�
LQFUHDVLQJO\�GLIILFXOW�WR�SLFN�DV�ZH�JR�GRZQ�WKH�KLHUDUFK\�
DQG� DOVR� DV� WKH� QHWZRUN� GHQVLW\� LQFUHDVHV�� $IWHU� WKH�
VODYHV�DUH�VHOHFWHG��WKH\�DFW�DV�PDVWHUV�IRU�WKH�QH[W�OHYHO�
RI�WKH�WUHH�KLHUDUFK\�EXW�WKH�SURFHVV�LV�VWLOO�FRRUGLQDWHG�E\�
WKH�60�RQO\��7KH�HQWLUH�DOJRULWKP�SURFHHGV�LQ�D�%UHDGWK�
)LUVW�6HDUFK��%)6��IDVKLRQ�LQ�FRQWUDVW�WR�WKH�')6�QDWXUH�
RI�WKH�.QRZOHGJH�'LVFRYHU\�SKDVH��

7KH�VODYH�QRGHV�DUH�VHOHFWHG�EDVHG�XSRQ�WKH�N�KLJKHVW�
6ODYH�$GPLVVLELOLW\�)DFWRUV��6$)�V��7KH�6$)�GHWHUPLQHV�
WKH� VXLWDELOLW\� RI� RQH� VODYH� RYHU� DQRWKHU� ZKLOH� EHLQJ�
DVVLJQHG�WR�D�SDUWLFXODU�PDVWHU��7KLV�JRYHUQV�WKH�VHOHFWLRQ�
RI�VODYHV�RXW�RI�WKH�RQH�KRS�QHLJKERU�SRRO�ZKRVH�QXPEHU�
PD\� EH� FRQVLGHUDEO\� ODUJHU� WKDQ� N�� )RU� DQ\� QRGH�� WKH�
LPSRUWDQW� IDFWRUV�FRQWULEXWLQJ� WRZDUGV� WKH�GHWHUPLQDWLRQ�
RI�6$)�DUH��
L�� 6WUHQJWK�RI� WKH� OLQN�EHWZHHQ� WKH�PDVWHU� DQG� WKH�

VODYH��/LQN�6WUHQJWK���
LL�� 1XPEHU�RI�RQH�KRS�QHLJKERUV�WR�WKH�PDVWHU�RU�LWV�

�'HJUHH���

LLL�� $PRXQW� RI� HQHUJ\� DYDLODEOH� RU� UHPDLQLQJ� ZLWK�
WKH�QRGH��(QHUJ\��

LY�� $PRXQW�RI� WUDIILF�JHQHUDWHG�E\� WKH�QRGHV� �/RDG�
)DFWRU���

%HORZ��ZH� GLVFXVV� HDFK� RQH� RI� WKH� IDFWRUV� LQ� GHWDLO�
DQG�KRZ�WKH\�ILJXUH�LQ�WKH�H[SUHVVLRQ�RI�WKH�6$)��)���

/LQN� 6WUHQJWK� �/��� 7KH� ZHLJKW� FRQWULEXWHG� E\� OLQN�
VWUHQJWK�LV�GLUHFWO\�SURSRUWLRQDO�WR�LWV�YDOXH�DERYH�D�SUH�
GHWHUPLQHG�WKUHVKROG��L�H����

)�v��/���/7���������������������������������������������������
ZKHUH�/7�� �7KUHVKROG�/LQN�6WUHQJWK�

$�JRRG�HVWLPDWH�RI�OLQN�VWUHQJWK�FDQ�EH�REWDLQHG�
XVLQJ� WKH� *HWB/LQNB4XDOLW\� SULPLWLYH� ZKLFK� LV�
LPSOHPHQWDWLRQ�GHSHQGHQW�DQG�FDQ�EH�EDVHG�RQ�6LJQDO�WR�
1RLVH�UDWLRQ�FDOFXODWLRQV�DW�WKH�UHFHLYHU�FRUUHVSRQGLQJ�WR�
HDFK�RI�WKH�VHQGHUV�DVVXPLQJ�WKDW�WKH\�DUH�WUDQVPLWWLQJ�DW�
WKH� VDPH� SRZHU�� 8VLQJ� WKH� OLQN� VWUHQJWK� VHUYHV� D� GXDO�
SXUSRVH��)LUVWO\�LW�PDNHV�VHQVH�WR�ILOWHU�RXW�WKH�QRGHV�ZLWK�
ORZHU� OLQN� VWUHQJWK�� 6HFRQGO\�� WKH� WKUHVKROG� DOVR� DOORZV�
XV� WR� UHGXFH� WKH� OLNHOLKRRG� RI� LQWHUPLWWHQW� OLQN� ORVV� DQG�
KLJK�HUURU�UDWHV�E\�VHOHFWLQJ�VODYHV�ZLWK�VXIILFLHQWO\�KLJK�
OLQN�VWUHQJWKV��

'HJUHH� �T��� 7KH� ZHLJKW� FRQWULEXWHG� E\� WKH� GHJUHH�
FRXQWHU� LV� LQYHUVHO\� SURSRUWLRQDO� WR� LWV� DGMXVWHG� YDOXH�
PLQXV�RQH��L�H����

)�v��T���T$��������������������������������������������������
ZKHUH�T$�� DQ� µDGMXVWPHQW¶�SDUDPHWHU�� WDNHV� LQWR�DFFRXQW�WKH�QHLJKERULQJ�QRGHV�WKDW�KDYH�DOUHDG\�EHHQ�VHOHFWHG�DV�
D�SDUW�RI�WKH�WRSRORJ\�LQ�WKH�XSSHU�OHYHOV�RI�WKH�KLHUDUFK\��

7KLV�HQVXUHV�WKDW�D�QRGH�KDYLQJ�D�GHJUHH�RI�RQO\�RQH�
DW� DQ\� VWDJH� KDV� WKH� KLJKHVW� SRVVLEOH� OLNHOLKRRG� WR� EH�
VHOHFWHG� DV� D� VODYH�� ,I� XQVHOHFWHG�� LW� ZLOO� EH� OHIW� DV� DQ�
RUSKDQ�� 7KHUHIRUH� QR� QRGH� RU� FOXVWHU�ZLOO� HPHUJH� DV� DQ�
LQGHSHQGHQW�HQWLW\��GLVFRQQHFWHG��VR�ORQJ�DV�LW�LV�LQ�UDGLR�
SUR[LPLW\�RI�DQ\�RI�WKH�QRGHV�LQ�WKH�PDLQ�WUHH���

(QHUJ\� �H��� 7KH�ZHLJKW� FRQWULEXWHG� E\� WKH� DYDLODEOH�
HQHUJ\�LV�GLUHFWO\�SURSRUWLRQDO�WR�LWV�YDOXH��L�H���

)�v�H�������������������������������������������������������������
7KH� QRWLRQ� RI� µDYDLODEOH� HQHUJ\¶� SOD\LQJ� D� UROH� LQ� WKH�
WRSRORJ\�GHWHUPLQDWLRQ� LV�SDUWLFXODUO\� LPSRUWDQW�EHFDXVH�
GLIIHUHQW� QRGHV� PD\� EH� KDYLQJ� YDULHG� HQHUJ\� OHYHOV�
�SRVVLEO\� EHFDXVH� RI� WKHLU� VSDWLDO� RULHQWDWLRQ� LQ� WKH� FDVH�
RI�VRODU�SRZHUHG�QRGHV���$QG�VLQFH� WKH�QRGHV�KLJKHU�XS�
LQ�WKH�KLHUDUFK\�H[SHQG�FRQVLGHUDEOH�DPRXQW�RI�HQHUJ\�LQ�
URXWLQJ�WKH�QHWZRUN�WUDIILF�RI�RWKHU�QRGHV��WKH\�QHHG�WR�EH�
SRVLWLRQHG�DSSURSULDWHO\��
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/RDG�)DFWRU��O���7KH�ZHLJKW�FRQWULEXWHG�E\�WKH�ORDG�
IDFWRU�LV�GLUHFWO\�SURSRUWLRQDO�WR�LWV�YDOXH��L�H���

)�v�O��������������������������������������������������������������
7KLV� DOORZV� WKH� DOJRULWKP� WR� FDSWXUH� WKH� QRGHV� ZLWK�

WKH�KLJKHVW�ORDG�ILUVW�DV�WKH\�KDYH�WKH�SRWHQWLDO�RI�FUHDWLQJ�
PD[LPXP� LPEDODQFH� LI� DOORZHG� WR� SHUFRODWH� GRZQ� WKH�
KLHUDUFK\� �H�J��� D� VLQJOH� OHDI� ZLWK� D� KHDY\� ORDG� RQ� D�
EUDQFK��� $QRWKHU� UHDVRQ� IRU� XVLQJ� WKLV� VWUDWHJ\� LV� WKH�
UHGXFHG� HQHUJ\� FRQVXPSWLRQ� RI� WKH� VHQVRU� QHWZRUN� DV�
ZLOO� EH� VKRZQ� ODWHU� LQ� VHFWLRQ�9�� ,QWXLWLYHO\�� WKH� WUDIILF�
IURP� WKH�QRGHV�DW� WKH� ORZHU� OHYHOV�RI� WKH�KLHUDUFK\� WDNH�
SURJUHVVLYHO\� ODUJHU� QXPEHU� RI� KRSV� WR� UHDFK� WKH� 60��
+HQFH� LI� WKH� QRGHV�ZLWK� KLJK� ORDG� IDFWRUV� DUH� SODFHG� LQ�
WKH� ORZHU� OHYHOV� WKHQ� WKH� WUDIILF� IURP� WKHP�KDV� WR� FRYHU�
PRUH� GLVWDQFH� WKXV� H[SHQGLQJ� D� FRQVLGHUDEO\� KLJKHU�
DPRXQW�RI�HQHUJ\�MXVW�IRU�URXWLQJ�WKH�WUDIILF��

7KH�6$)�FDQ�WKXV�EH�VXPPDUL]HG�XVLQJ�WKH�IROORZLQJ�
HTXDWLRQ��
)� �>�/���/7���/0@D��>�T���T$������T0�����@��E��>H�H0@J��>O�O0@G������
ZKHUH� /0�� T0�� H0�� O0� DUH� PD[LPXP� OLQN� VWUHQJWK��PD[LPXP� QXPEHU� RI� VHQVRU� QRGHV�� LQLWLDO� HQHUJ\� DQG�
PD[LPXP�ORDG�IDFWRU��UHVSHFWLYHO\�DQG�D��E��J�DQG�G�DUH�
WXQDEOH�SDUDPHWHUV��(DFK�RI� WKHVH� IDFWRUV� FDQ�� WKHUHIRUH��
EH� PDGH� WR� YDU\� WKHLU� FRQWULEXWLRQ� E\� WXQLQJ� WKHLU�
UHVSHFWLYH� H[SRQHQWV�� 7KLV� JLYHV� WKH� DSSOLFDWLRQ� D�
VLJQLILFDQW� FRQWURO� RYHU� WKH� FULWHULD� IRU� VHOHFWLQJ� WKH�
WRSRORJ\�DQG�ZKLFK�RI�WKH�IDFWRUV�VKRXOG�FRQWULEXWH�PRUH�
ZHLJKW���

%HVLGHV� 6$)�� ORDG� EDODQFLQJ� LV� DOVR� DQ� LPSRUWDQW�
FULWHULRQ� LQ� VHOHFWLQJ� WKH� VODYHV� DW� DQ\� SRLQW� LQ� WKH�
KLHUDUFK\��,Q�D�SUDFWLFDO�VLWXDWLRQ�ZH�ZLOO�KDYH�D�QXPEHU�
RI� GLIIHUHQW� W\SHV� RI� VHQVRUV� ZLWK� YDU\LQJ� ORDG� IDFWRUV��
7KHUH�VKRXOG�EH�DQ�HFOHFWLF�PL[�RI�WKHLU�SODFHPHQW�LQ�WKH�
KLHUDUFK\�WR�DYRLG�WKHLU�FOXVWHULQJ�LQ�D�VLQJOH�SLFRQHW�WKDW�
PLJKW�XQGXO\� ORDG�RQH�SDUWLFXODU�EUDQFK�RI� WKH� WUHH� WKXV�
FUHDWLQJ�D�SRWHQWLDO�WKUHDW�WR�WKH�VWDELOLW\�RI�WKH�OLQN�RU�WKH�
QRGH��:LWK�VLPLODU�DPRXQW�RI�WUDIILF�RQ�WKH�GLIIHUHQW�OLQNV�
DW�WKH�VDPH�OHYHO�LQ�WKH�KLHUDUFK\��WKH�HQHUJ\�JHWV�GUDLQHG�
DOPRVW�HTXDOO\�IURP�WKH�VLEOLQJV�WKXV�DOORZLQJ�D�JUDFHIXO�
GHJUDGDWLRQ� RI� WKH� VHQVRU� QHWZRUN� VHUYLFHV�� :H� XVH� D�
QRYHO�FRPSXWDWLRQ�WHFKQLTXH�WR�UHDOL]H�WKLV��:H�FRQVLGHU�
WKH�VHOHFWLRQ�RI�QRGHV�EDVHG�RQ�WKH�KLJKHVW�6$)V��DW� WKH�
VDPH�WLPH�RSWLPL]LQJ�WKHLU�SODFHPHQW�IRU�ORDG�EDODQFLQJ��
6LQFH�WKH�QXPEHU�RI�SRVVLELOLWLHV�RI�DVVLJQLQJ�VODYHV�WR�D�
PDVWHU�LQFUHDVHV�H[SRQHQWLDOO\�ZLWK�WKH�QXPEHU�RI�VODYHV��
HVSHFLDOO\�ZKHQ�WKH�QHWZRUN�GHQVLW\�LV�KLJK��WKH�VHOHFWLRQ�
SUREOHP� FDQ� EH� IRUPXODWHG� DV� D� FRPELQDWRULDO�
RSWLPL]DWLRQ�SUREOHP�DQG�FDQ�WKXV�EH�VROYHG�E\�XVLQJ�DQ�
HYROXWLRQDU\� FRPSXWDWLRQ� WHFKQLTXH�� :H� KDYH� DGRSWHG�
6LPXODWHG� $QQHDOLQJ� �6$�>�@� IRU� WKLV� SXUSRVH� DQG� ZH�
FRPSDUH� LW� DJDLQVW� DQRWKHU� DSSURDFK� FDOOHG� *UHHG\�
6HDUFK��*6���

:H� EHJLQ� E\� GHILQLQJ� WKH� WHUPV� WKDW�ZLOO� EH� XVHG� WR�
GHVFULEH�ERWK�WKH�DOJRULWKPV��
L�� (OHPHQW�� $Q\� RQH�KRS� QHLJKERU� WR� WKH� QRGH�

EHLQJ�FRQVLGHUHG�DV�PDVWHU��
LL�� 'RPDLQ��$�VHW�FRQVLVWLQJ�RI�D�FOXVWHU�RI�RQH�KRS�

QHLJKERU�HOHPHQWV�KHDGHG�E\�D�PDVWHU��
``^�^ ���� �QM

K
LM

K
L

K
L VP'   ��

ZKHUH� K� LQGLFDWHV� WKH� OHYHO� RI� KLHUDUFK\�� L�
LQGLFDWHV�WKH�LWK�GRPDLQ�LQ�WKH�KLHUDUFK\��P�UHIHUV�
WR� WKH�PDVWHU� RI� WKH� GRPDLQ�� V� UHIHUV� WR� WKH� RQH�
KRS�QHLJKERU�HOHPHQWV�WR�WKH�PDVWHU��QV�UHIHUV�WR�WKH�QXPEHU�RI�VXFK�HOHPHQWV��

LLL�� &RQILJXUDWLRQ�� $� FROOHFWLRQ� RI� VHYHUDO� GRPDLQV�
KHDGHG� E\� WKHLU� PDVWHUV�� &RQVLVWV� RI� D� YDULDEOH�
DQG� D� IL[HG� SRUWLRQ�� 7KH� IL[HG� SRUWLRQ� LV�
FRQWULEXWHG�E\�WKH�VODYHV�WKDW�ZHUH�VHOHFWHG�LQ�WKH�
SUHYLRXV�FRQILJXUDWLRQ�DQG�DUH�QRZ�JRLQJ�WR�DFW�
DV� PDVWHUV� LQ� WKH� FXUUHQW� KLHUDUFK\� OHYHO�� 7KH�
YDULDEOH� SRUWLRQ� LV� FRQVWLWXWHG� E\� WKH� GRPDLQV�
FRUUHVSRQGLQJ� WR� HDFK� RI� WKHVH� PDVWHUV�� ZKLFK�
FDQ�NHHS�FKDQJLQJ�DV�VODYHV�DUH�WUDQVIHUUHG�IURP�
RQH� GRPDLQ� WR� DQRWKHU� WR� JHQHUDWH� UDQGRP�
FRQILJXUDWLRQV��

K
PQL

K
L

K '& ����`^   ���

ZKHUH� K
PQ � GHQRWHV� WKH� QXPEHU� RI� GRPDLQV� �RU�

PDVWHUV��LQ�D�FRQILJXUDWLRQ��
LY�� &RYDOHQF\�� 7KH� QXPEHU� RI�PDVWHUV� WKDW� VKDUH� D�

SDUWLFXODU�HOHPHQW�LQ�WKH�FXUUHQW�FRQILJXUDWLRQ�LV�
WKH�FRYDOHQF\�RI� WKDW�HOHPHQW�� ,W� LV�EDVLFDOO\� WKH�
QXPEHU�RI�GRPDLQV�DQ�HOHPHQW�FDQ�EH�D�SDUW�RI��

�������� 6LPXODWHG�$QQHDOLQJ�
:H�QRZ�GHVFULEH� WKH�6$�SURFHVV� LQ�GHWDLO��$� W\SLFDO�

6$� SURFHVV� FDQ� EH� GHILQHG� XVLQJ� WKH� IROORZLQJ� IRXU�
FRPSRQHQWV��
L�� 5RRW�&RQILJXUDWLRQ��$�EDVH�OHYHO�FRQILJXUDWLRQ�LV�

JHQHUDWHG�E\� UDQGRPO\�GLVWULEXWLQJ� WKH�HOHPHQWV�
DPRQJ�GLIIHUHQW�GRPDLQV��

LL�� 5HDUUDQJHPHQWV�� $Q� HIILFLHQW� JHQHUDWLRQ� RI�
VXFFHVVLYH�FRQILJXUDWLRQV�ZLOO�LQFUHDVH�WKH�UDWH�RI�
FRQYHUJHQFH�RI� WKH�VROXWLRQ�DQG�DOVR� WKH�TXDOLW\�
RI� WKH� VROXWLRQ� LWVHOI�� :H� UHVRUW� WR� D� SURFHVV�
FDOOHG� 
7RVVLQJ� RI� 6ODYH
� ZKLFK� IROORZV� DQ�
DGDSWLYH�SUREDELOLW\�GLVWULEXWLRQ�SURILOH��

,GHDOO\�� D� QRGH� VKRXOG� QRW� KDYH� DQ\�
SUHIHUHQFH� IRU� EHLQJ� DQ� HOHPHQW� LQ� DQ\� RI� WKH�
GRPDLQV� LQ� D� JLYHQ� FRQILJXUDWLRQ�� %XW�
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VLPXODWLRQV� VKRZ� WKDW� LI� WKH\� DUH� DOORZHG� WR�
VHOHFW� DQ\� GRPDLQ� ZLWK� D� XQLIRUP� SUREDELOLW\�
GLVWULEXWLRQ� SURILOH� WKHQ� VRPH� RI� WKH� PDVWHUV�
PLJKW�HQG�XS�KDYLQJ�PRUH�WKDQ�N�HOHPHQWV�ZKLOH�
VRPH� KDYH� WR� EH� FRQWHQW� ZLWK� D� QXPEHU�
VXEVWDQWLDOO\� OHVV� WKDQ� N�� 7KH� 6$� DOJRULWKP� LQ�
VXFK�FDVHV� LV�QRW�DEOH� WR�EDODQFH� WKH� ORDG� IDFWRU�
HIIHFWLYHO\� DV� WKH� ERWWOHQHFN� LV� FUHDWHG� E\� WKH�
GRPDLQ�KDYLQJ�WKH�OHDVW�QXPEHU�RI�HOHPHQWV��7R�
FRXQWHU� WKLV� HIIHFW�� WKH� SUREDELOLW\� WKDW� DQ�
HOHPHQW�ZLOO�IDOO�XQGHU�DQ\�PDVWHU�LV�SURSRUWLRQDO�
WR� WKH� GHILFLHQF\� RI� WKDW� SDUWLFXODU� PDVWHU� WR�
UHDFK� DQ� HOHPHQW� FRXQW� RI� N���� $OVR�� WKH� RQHV�
WKDW� KDYH� DOUHDG\� UHDFKHG� WKH� FRXQW� RI� N� DUH�
FRQVLGHUHG�WR�VDWXUDWH�DW�WKDW�QXPEHU�LUUHVSHFWLYH�
RI�WKH�QXPEHU�RI�HOHPHQWV�WKH\�KDYH�LQ�H[FHVV�WR�
N�� 7KLV� HQDEOHV� D�PDVWHU�ZLWK� D� FXUUHQW� HOHPHQW�
FRXQW� RI� N
� WR� DWWUDFW� DQ� HOHPHQW� ZLWK� D�
SUREDELOLW\� S�v� �N� �� �� �� N
��� 7KH� DGYDQWDJH� RI�
VXFK�D�GLVWULEXWLRQ�LV�WKDW�DOWKRXJK�LW�HQDEOHV�WKH�
HOHPHQWV� WR� SUHIHU� WKH� PDVWHUV� KDYLQJ� D� OHVVHU�
QXPEHU�RI� HOHPHQWV�� LW� DOVR� OHWV� WKH�PDVWHUV� WKDW�
KDYH� UHDFKHG� DQ� HOHPHQW� FRXQW� RI� N� WR� KDYH� D�
ILQLWH�SUREDELOLW\�RI� DWWUDFWLQJ�GLIIHUHQW�HOHPHQWV�
DQG� WKXV� DOORZLQJ� WKH� IOH[LELOLW\� WKDW� WKH� 6$�
DOJRULWKP� QHHGV� WR� JHQHUDWH� VXIILFLHQWO\� UDQGRP�
FRQILJXUDWLRQV� DQG� VHOHFW� WKH� EHVW� RXW� RI� WKHP��
$OVR�� LQVWHDG� RI� KROGLQJ� WKH� WHPSHUDWXUH� IRU� D�
IL[HG� QXPEHU� RI� FRQILJXUDWLRQ� FKDQJHV� DV� LQ� D�
W\SLFDO� 6$� SURFHVV� ZH� DOORZ� LW� WR� YDU\� VR� WKDW�
HDFK�RI�WKH�HOHPHQWV�KDYLQJ�D�FRYDOHQF\�RI�PRUH�
WKDQ� RQH� LV� DEOH� WR� FRQWULEXWH� LWV� SDUW� LQ�
FRQYHUJLQJ� WR� D� FRQILJXUDWLRQ� ZLWK� PLQLPXP�
HQHUJ\��

LLL�� 2EMHFWLYH� IXQFWLRQ�� 7KH� REMHFWLYH� IXQFWLRQ� LV�
FKRVHQ� WR� PLQLPL]H� WKH� ORDG� YDULDWLRQ� DFURVV�
GLIIHUHQW� SLFRQHWV� DW� D� SDUWLFXODU� OHYHO� RI� WKH�
KLHUDUFK\�� &RQVLGHULQJ� LWV� DJJUHJDWH� HIIHFW�� RQH�
FDQ� FOHDUO\� VHH� WKDW� VXFK� DQ� DSSURDFK� ZRXOG�
EDODQFH� WKH�EDQGZLGWK�GLVWULEXWLRQ�DFURVV�DOO� WKH�
OLQNV�IRU�DQ\�PDVWHU�DW�DQ\�SDUWLFXODU�OHYHO�LQ�WKH�
WRSRORJ\��$� SRVVLEOH� FKRLFH� WKDW�ZH� XVHG� LV� WKH�
YDULDQFH�RI�WKH�ORDG�GLVWULEXWLRQ��$QRWKHU�FKRLFH�
WKDW� FRXOG� EH� HTXDOO\� HIIHFWLYH� ZRXOG� EH� WR�
PLQLPL]H� WKH� GLIIHUHQFH� EHWZHHQ� WKH� PD[LPXP�
DQG�PLQLPXP�ORDG�IDFWRU��
$�SLFRQHW� LV�D�VXEVHW�RI� WKH�GRPDLQ�� K
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K
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DQG�FDQ�EH�GHILQHG�DV�
K
L3 ``^�^ ��PLQ����� NQM
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VP   ��
ZKHUH� WKH� UDQJH�RI� M� LQFOXGHV�PLQ�QV�� N��QXPEHU�
RI� HOHPHQWV� ZLWK� KLJKHVW� 6$)V�� ,I� K

LZ � GHQRWHV�

WKH�WRWDO�EDQGZLGWK�JHQHUDWHG�E\�SLFRQHW� K
L3 �DQG�

K
LMO � GHQRWHV� WKH� ORDG� IDFWRU� RI� WKH� HOHPHQW� K
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ZKHUH� KY �LV�WKH�DYHUDJH�ORDG�IDFWRU��7KH�HQHUJ\�
RI�D�FRQILJXUDWLRQ�FDQ�WKXV�EH�GHILQHG�DV�
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LY�� $QQHDOLQJ� 6FKHGXOH�� 7KH� DQQHDOLQJ� VFKHGXOH� LV�
VHOHFWHG� VR� WKDW� LW� LV� D�PRQRWRQLFDOO\�GHFUHDVLQJ�
IXQFWLRQ� RI� WHPSHUDWXUH�� 7KH� PD[LPXP� DQG�
PLQLPXP�YDOXHV�DUH�FKRVHQ�NHHSLQJ�LQ�PLQG�WKH�
UDQJH� RI� '(� YDOXHV� HQFRXQWHUHG� GXULQJ� WKH�
FU\VWDOOL]DWLRQ�SKDVH�
��� Ku � LL 77 � ����ZKHUH�µK ¶��������������������������������

7KH� DOJRULWKP� VWDUWV� ZLWK� WKH� 60� VHOHFWLQJ� N� RI� LWV�
VODYHV�EDVHG�RQ�WKH�KLJKHVW�6$)V��7KH�DQQHDOLQJ�SURFHVV�
LV�WKHQ�DSSOLHG�WR�HDFK�OHYHO�RI�WKH�KLHUDUFK\�WR�FRQYHUJH�
WR� WKH� EHVW� SRVVLEOH� FRQILJXUDWLRQ� IRU� WKDW� OHYHO�� 7KH�
QRGHV� WKDW� FRXOG� QRW� EH� VHOHFWHG� DUH� VHW� IUHH� DQG� WKH�
SURFHVV� LV� UHSHDWHG� IRU� HYHU\� OHYHO�� (YHU\� OHYHO� RI� WKH�
KLHUDUFK\� WKXV� XQGHUJRHV� D� FU\VWDOOL]DWLRQ� SKDVH� WR�
JHQHUDWH� WKH� QHWZRUN� WRSRORJ\�� OHYHO� E\� OHYHO�� 7KH�
DOJRULWKP�FDQ�EULHIO\�EH�VXPPDUL]HG�DV�IROORZV��
 
Procedure Create Topology() 
{ 
    nodes left = Max Sensor Nodes 
    while (nodes left) 
    { 
        configuration Å Crystallize() 
        nodes left Å Update the  

       topology(configuration) 
    } 
} 
 
Procedure Crystallize() 
{ 
    configuration Å Generate a random  

config(nodes left) 
    temperature = Tmax 
    while (temperature > Tmin) 
    { 
        while (repeat) 
        { 
            repeat Å Modify the  

   config(configuration) 
            energy Å Evaluate the  

   config(configuration) 
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            'E Å energy(current configuration)   –  
         energy(last accepted configuration) 

                   acceptable Å Metropolis('E,  
                           temperature) 

                        if (!acceptable) 

            { 

                configuration Å Restore  

    the earlier config() 

            } 

        }  

        temperature ÅAnnealing Schedule() 

    } 

    return configuration 

} 

�
/HWV� WDNH� D� VQDS� VKRW� YLHZ� RI� WKH� DOJRULWKP� DW� D�

SDUWLFXODU�OHYHO�RI�WKH�KLHUDUFK\��,W�VWDUWV�E\�JHQHUDWLQJ�D�
UDQGRP�FRQILJXUDWLRQ�WKDW�DVVLJQV�WKH�HOHPHQWV�UDQGRPO\�
WR� WKH� DYDLODEOH� PDVWHU� GRPDLQV�� 7KH� DOJRULWKP� WKHQ�
PRGLILHV� WKH� FRQILJXUDWLRQ� E\� WRVVLQJ� RQH� HOHPHQW� DW� D�
WLPH� IURP� WKH� GRPDLQ� RI� RQH�PDVWHU� WR� WKDW� RI� DQRWKHU��
)RU� HYHU\� GRPDLQ�� WKH� VODYHV� DUH� VHOHFWHG� EDVHG� XSRQ�
WKHLU� 6$)V�� 7KH� FRQILJXUDWLRQ� LV� WKHQ� HYDOXDWHG� E\�
VXPPLQJ� XS� WKH� EDQGZLGWK� FRQWULEXWHG� E\� HDFK� RI� WKH�
GRPDLQV� RU� SLFRQHWV� �VHOHFWHG� VODYHV� �� PDVWHU��� 7KH�
HQHUJ\� RI� WKH� HQWLUH� FRQILJXUDWLRQ� LV� GHWHUPLQHG� E\�
FDOFXODWLQJ�WKH�YDULDQFH�RI�WKH�ORDG�GLVWULEXWLRQ�REWDLQHG�
DERYH��7KH�FKDQJH�LQ�HQHUJ\�LV�FDOFXODWHG�ZLWK�UHIHUHQFH�
WR� WKH� SUHYLRXV� DFFHSWHG� FRQILJXUDWLRQ�� 7KH�'(� LV� WKHQ�
IHG�LQWR�WKH�0HWURSROLV�IXQFWLRQ��H�'(�7���ZKLFK�GHFLGHV�RQ�
WKH� DFFHSWDELOLW\� RI� WKH� FRQILJXUDWLRQ� EDVHG� RQ�
WHPSHUDWXUH�DQG� WKH�GLIIHUHQFH� LQ� WKH�DPRXQW�RI�HQHUJ\��
7KLV� PRGLILFDWLRQ�HYDOXDWLRQ� SKDVH� LV� FRQWLQXHG� WLOO� WKH�
WHPSHUDWXUH�IDOOV�EHORZ�D�WKUHVKROG��
�������� *UHHG\�6HDUFK�

7KH� EDVLF� IRUPXODWLRQ� RI� WKH� SUREOHP� UHPDLQV� WKH�
VDPH��:H�JHQHUDWH� WKH�QHWZRUN� WRSRORJ\� OHYHO�E\� OHYHO��
$W�HDFK�OHYHO��H[FHSW�WKH�ODVW�� WKH�VODYHV�RI�WKH�SUHYLRXV�
KLHUDUFK\� DFW� DV� PDVWHUV� LQ� WKH� FXUUHQW� RQH�� $� URRW�
FRQILJXUDWLRQ� LV� JHQHUDWHG� E\� UDQGRPO\� GLVWULEXWLQJ� WKH�
HOHPHQWV� DPRQJ� GLIIHUHQW� GRPDLQV�� 7KH� UHDUUDQJHPHQWV�
WR� WKH� FRQILJXUDWLRQ� DUH� DSSOLHG� DV� IROORZV��$Q� HOHPHQW�
KDYLQJ� D� FRYDOHQF\� RI�PRUH� WKDQ� RQH� LV� VHOHFWHG� DQG� LV�
UHSHDWHGO\�PDGH�WR�IDOO�LQ�DOO�WKH�GRPDLQV�LW�FDQ�EH�D�SDUW�
RI�� 7KH� SURFHVV� LV� UHSHDWHG� IRU� HYHU\� HOHPHQW� ZLWKLQ� D�
FRQILJXUDWLRQ�� 7KH� DOJRULWKP� WKXV� RSHUDWHV� LQ� D� WZR�WLHU�
IDVKLRQ�� ,Q� WKH� ILUVW� VWDJH� D� SDUWLFXODU� HOHPHQW� IURP� WKH�
FXUUHQW�FRQILJXUDWLRQ�LV�VHOHFWHG��,Q� WKH�VHFRQG�VWDJH�WKH�
VODYH� LV� PDGH� WR� WDNH� WKH� PHPEHUVKLS� YDOXH� RI� HYHU\�
GRPDLQ� WR� ZKLFK� LW� FDQ� EHORQJ�� 7KH� REMHFW� IXQFWLRQ�
UHPDLQV� WKH� VDPH� DV� LQ� ����� $� VLJQLILFDQW� GLIIHUHQFH�
EHWZHHQ�6$� DQG�*6� LV� WKH� DFFHSWDQFH� FULWHULD��ZKLFK� LV�
VLPSO\�EDVHG�RQ�WKH�FKDQJH�LQ�HQHUJ\��,I�LWV�QHJDWLYH�WKHQ�
WKH�FRQILJXUDWLRQ�LV�DFFHSWHG�RWKHUZLVH�LW�LV�UHMHFWHG��7KH�
DOJRULWKP�FDQ�EH�VXPPDUL]HG�DV�XQGHU��

�
Procedure Create Topology() 

{ 

    nodes left = Max Sensor Nodes 

    while(nodes left) 

    { 

        configuration Å GSearch() 

        nodes left Å Update the  

topology(configuration); 

    } 

} 

 

Procedure GSearch() 

{ 

    configuration Å Generate a random  

  config (nodes left) 

    num_elements Å Get number of  

 elements(configuration) 

    while (num_elements) 

    { 

        element Å Select a new element  

(configuration) 

        iterations Å Get covalency  

(element) 

        while (iterations) 

        { 

             repeat Å Modify the  

   config(configuration) 

             energy Å Evaluate the  

   config(configuration) 

             'E Å energy(current configuration)  -         

   energy(last accepted configuration) 

             acceptable Å ('E < 0) ?  
     TRUE : FALSE 

             if (!acceptable) 

             { 

                  configuration Å Restore  

   the earlier config () 

             } 

             iterations – 

         } 

         num_elements – 

     } 

     return configuration 

} 

�
2QFH� WKH� HQWLUH� QHWZRUN� WRSRORJ\� LV� GHWHUPLQHG�� WKH�

60� LQVWUXFWV� WKH� QRGHV� WR� VWDUW� WKH� DFWXDO� FRQQHFWLRQ�
SURFHVV� E\� FRPPXQLFDWLQJ� WKH� WRSRORJ\� LQIRUPDWLRQ�
GRZQ� WKH� WUHH�KLHUDUFK\��7KH� LPSRUWDQW� LVVXH�KHUH� LV� WKH�
WLPH�FRPSOH[LW\�RI� WKH�VFDWWHUQHW�IRUPDWLRQ�SKDVH�ZKLFK�
FDQ� EH� RQ� WKH� KLJK� VLGH��%XW� VLQFH� WKH� VHQVRU� QRGHV� DUH�
IL[HG� LQ� WKHLU� EHKDYLRUDO� FKDUDFWHULVWLFV� LQ� WKH� VHQVH� WKDW�
WKH\� GR� QRW� PRYH�� VR� WKH� WLPH� FRVW� LQFXUUHG� LV� ZRUWK�
HVWDEOLVKLQJ� D� QHWZRUN� WKDW� LV� RSWLPL]HG� RQ� DOO� RI� WKH�
IROORZLQJ�IURQWV���OLQN�VWUHQJWK��FOXVWHU�FRQQHFWLYLW\��L�H���
DQ\� QRGH� WKDW� LV� LQ� UDGLR� SUR[LPLW\� RI� DQ\� RI� WKH� RWKHU�
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QRGH� VKRXOG� DXWRPDWLFDOO\� IDOO� LQWR� WKH� WUHH� KLHUDUFK\�
URRWHG�DW�WKH�60��DQG�EDODQFHG�ORDGLQJ��

�� 7232/2*<�$1$/<6,6�
7KLV� VHFWLRQ� FRYHUV� VRPH� RI� WKH� LPSRUWDQW� DVSHFWV�

UHOHYDQW�WR�WKH�VHQVRU�QHWZRUNV�DQG�DQDO\VLV�RI�WKH�VDPH�
LQ�WKH�FRQWH[W�RI�WKH�SURSRVHG�WRSRORJ\��
���� 6FKHGXOLQJ�

$� WUHH� WRSRORJ\� VLPSOLILHV� WKH� VFKHGXOLQJ� RI� WKH�
FRPPXQLFDWLRQ�OLQNV�LQ�WKH�UHVXOWLQJ�VHQVRU�QHWZRUN��7KH�
KLHUDUFKLFDO�QDWXUH�RI�D�WUHH�DOORZV�OLQNV�DW�WKH�VDPH�OHYHO�
WR� EH� VFKHGXOHG� LQ� D� WLPH� GLYLVLRQ� PXOWLSOH[HG� IDVKLRQ�
ZLWKRXW� FRQIOLFWV�� )XUWKHUPRUH�� OLQNV� DW� QRQ�FRQVHFXWLYH�
OHYHOV� FDQ� DOVR� RSHUDWH� VLPXOWDQHRXVO\� UHVXOWLQJ� LQ� DQ�
DOWHUQDWH� OD\HU� IXQFWLRQLQJ� WRSRORJ\� WKHUHE\� LQFUHDVLQJ�
WKH� WKURXJKSXW� RI� WKH� RYHUDOO� V\VWHP�� &RQVLGHU� D� VLQJOH�
SLFRQHW�LQ�WKH�VFDWWHUQHW��7KH�PDVWHU�RI�WKH�SLFRQHW�SROOV�
WKH�VODYHV�ZLWK�D�7''�VFKHGXOH��,W�FROOHFWV�WKH�GDWD�IURP�
DOO� WKHVH� QRGHV� RQH� E\� RQH� DORQJ� ZLWK� WKH� VHQVRU� GDWD�
HDFK�RQH�RI�WKHP�FROOHFWHG�IURP�WKH�WUHH�EHORZ�GXULQJ�WKH�
SUHYLRXV�HSRFK��2QFH�LW�KDV�JDWKHUHG�WKH�GDWD��LW�SXWV�WKH�
VODYH�QRGHV� LQ�6QLII�PRGH� >�@� WLOO� D� WLPH�GXUDWLRQ� µ7V¶� LV�H[KDXVWHG���7KLV�RSHUDWLRQ�LV�SHUIRUPHG�LQ�SDUDOOHO�E\�DOO�
WKH�SLFRQHWV�SUHVHQW�DW�WKH�VDPH�OHYHO�LQ�WKH�KLHUDUFK\��$W�
WKH�HQG�RI� µ7V¶� WKH�PDVWHU�SXWV� WKH� VODYHV� LQ�+ROG�PRGH�>�@� IRU� WKH� VDPH� GXUDWLRQ� µ7V¶� WR� DOORZ� WKHP� WR� DFW� DV�PDVWHUV� LQ� WKHLU� RZQ� UHVSHFWLYH� SLFRQHWV�� $W� WKH� HQG� RI�
µ7V¶� WKH�FXUUHQW�PDVWHUV�SXW� WKHLU� VODYHV� LQWR�+ROG�PRGH�DQG�UHWXUQ�WR�WKHLU�RULJLQDO�PDVWHUV�DV�VODYHV�WR�UHSRUW�WKH�
GDWD�� 7KLV� FRPSOHWHV� RQH� SKDVH� RI� GDWD� FROOHFWLRQ� DQG�
UHSRUWLQJ��7KH�SURFHVV� WKXV� UHSHDWV�ZLWK�D�SHULRGLFLW\�RI�
�
µ7V¶��$�JRRG�FKRLFH�RI��µ7V¶�LV�JXLGHG�E\�WKH�DPRXQW�RI�GDWD�LQGLYLGXDO�QRGHV�FDQ�EXIIHU�DQG�WKH�GDWD�LQFLGHQW�DW�
WKRVH�QRGHV��7KXV��

`�^PLQ
������ LL1LV &%7
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ZKHUH� µ%L¶� LV� WKH� EXIIHU� FDSDFLW\� DW� QRGH� µL¶� DQG� µ&L¶�GHQRWHV� WKH� QHW� WKURXJKSXW� DW� WKDW� QRGH�� µ1¶� EHLQJ� WKH�
WRWDO� QXPEHU�RI�QRGHV��7KLV�ZLOO� DYRLG�EXIIHU�RYHUIORZV�
DQG�WKH�UHVXOWLQJ�ORVV�RI�GDWD�DVVRFLDWHG�ZLWK�LW��
����5RXWLQJ�DQG�$GGUHVVLQJ�

$�WUHH�WRSRORJ\�VLPSOLILHV�URXWLQJ�EHFDXVH�RI�VRPH�LI�
LWV�LQKHUHQW�SURSHUWLHV��
L�� QR�URXWLQJ�ORRSV�FDQ�H[LVW��
LL�� WKHUH�H[LVWV�D�XQLTXH�SDWK�EHWZHHQ�DQ\�QRGH�DQG�

WKH� VHQVRU� KXE�� 1RGHV� FDQ� EH� DVVLJQHG� XQLTXH�
DGGUHVVHV�EDVHG�XSRQ�WKHLU�SRVLWLRQ�LQ�WKH�WUHH��$�
KLJKHU�OD\HU�GHVWLQDWLRQ� LGHQWLILHU� �HJ� ,3�DGGUHVV�
RI�WKH�VHQVRU�KXE��LQ�FRQMXQFWLRQ�ZLWK�WKH�XQLTXH�
QRGH� DGGUHVV� FDQ� EH� XVHG� WR� DGGUHVV� DQ\�

SDUWLFXODU� QRGH� IURP� WKH� QHWZRUN� PDQDJHPHQW�
SHUVSHFWLYH��

8VLQJ�WKHVH�SURSHUWLHV��ZH�SURSRVH�D�QRYHO�DGGUHVVLQJ�
VFKHPH� WKDW� QRW� RQO\� UHGXFHV� WKH� RYHUKHDG� DVVRFLDWHG�
ZLWK�FDUU\LQJ�WKH�%OXHWRRWK�'HYLFH�DGGUHVVHV�����ELWV��DOO�
WKH� ZD\� EXW� DOVR� DYRLGV� PDLQWDLQLQJ� WDEOHV� RU� FRPSOH[�
URXWLQJ�LQIRUPDWLRQ�DQ\ZKHUH�LQ�WKH�VHQVRU�QHWZRUN��7KH�
ODWWHU� LV� RI� VLJQLILFDQW� LPSRUWDQFH� DV� WKH� QRGHV� KDYH� D�
YHU\� OLPLWHG� DPRXQW� RI� PHPRU\�� 6LQFH� WKHUH� LV� DQ�
DGGLWLRQDO�FRVW�LQYROYHG�LQ�WUDQVPLWWLQJ�HYHU\�H[WUD�ELW�RI�
LQIRUPDWLRQ�ZKHQ�WKH�60�KDV�WR�DGGUHVV�D�VSHFLILF�QRGH�
LQ� WKH� VHQVRU�QHWZRUN�� WKH� VFKHPH� UHGXFHV� WKH� OHQJWK�RI�
WKH�DGGUHVVLQJ�SRUWLRQ�WR�MXVW����ELWV�DQG�DOVR�DYRLGV�WKH�
RYHUKHDG�RI� WKH�PHVVDJH� H[FKDQJHV�QRUPDOO\� DVVRFLDWHG�
ZLWK�FROOHFWLQJ�DQG�FROODWLQJ�WKH�URXWLQJ�LQIRUPDWLRQ��7KH�
LQTXLU\�SDFNHW�KHDGHU�KDV�WKH�IROORZLQJ�VWUXFWXUH��

�����������������������������������������������������������������������������
�

�
)LJXUH����4XHU\�3DFNHW�+HDGHU�

7KH� WKUHH� OHDVW� VLJQLILFDQW� ELWV� UHIHU� WR� WKH� KRS� FRXQW�
IURP� WKH� 60�� WKH� 60� EHLQJ� DW� OHYHO� ]HUR�� :KHQ� WKH�
VHQVRU�KXE�KDV� WR�DGGUHVV�DQ\�QRGH� LQ�SDUWLFXODU�� LW� ILOOV�
XS� WKH� µKRS� FRXQW¶� ILHOG� HTXDO� WR� WKH� KLHUDUFK\� OHYHO� DW�
ZKLFK� WKH�QRGH� OLHV��$W� HYHU\�KRS� WKH� µKRS�FRXQW¶� ILHOG�
JHWV�GHFUHPHQWHG�E\�RQH�VR�WKDW�WKH�SDFNHW�LV�GHOLYHUHG�WR�
WKH�SLFRQHW�ZKHQ� WKH�KRS�FRXQW� UHDFKHV�D�YDOXH�RI�]HUR��
(YHU\� WKUHH� ELWV�� VWDUWLQJ� IURP� WKH� SRVLWLRQ� LPPHGLDWHO\�
DIWHU� WKH�KRS�FRXQW� ILHOG�� LV�XVHG� WR�VHOHFW�D�QRGH�ZLWKLQ�
WKH�FXUUHQW�SLFRQHW��6LQFH�WKHUH�FDQ�RQO\�EH�VHYHQ�VODYHV�
WR�D�JLYHQ�PDVWHU��WKH�WKUHH�ELWV�DUH�VXIILFLHQW�WR�XQLTXHO\�
LGHQWLI\� D� QRGH� ZLWKLQ� WKH� SLFRQHW�� 7KH� FRQYHQWLRQ�
IROORZHG�KHUH� LV� WKDW� WKH�QHWZRUN�DGGUHVVHV�DUH�DVVLJQHG�
LQ� WKH� LQFUHDVLQJ� RUGHU� RI� WKH� FRUUHVSRQGLQJ� SK\VLFDO�
GHYLFH� DGGUHVV�� 7KH� DOO� RQHV� DGGUHVV� LV� UHVHUYHG� IRU�
EURDGFDVWLQJ�LQ�WKH�SLFRQHW��7KLV�LV�KHOSIXO�SDUWLFXODUO\�LQ�
UHJLRQ� EDVHG� DGGUHVVLQJ� DV� ZLOO� EH� GLVFXVVHG� ODWHU��
6WDUWLQJ� IURP� WKH� ILUVW� ELW� DW� WKH� HQG� RI� WKH� µKRS� FRXQW¶�
ILHOG�� D� EORFN� RI� WKUHH� ELWV� LV� URWDWHG� LQ� D� FORFNZLVH�
GLUHFWLRQ�DW�HYHU\�KRS��7KLV�DOORZV�D�PDVWHU�DW�DQ\�OHYHO�
WR� REWDLQ� LWV� SLFRQHW� VSHFLILF� DGGUHVV� IURP� WKH� ILUVW�
DGGUHVV� ILHOG� GLUHFWO\� UDWKHU� WKDQ� DFWXDOO\� JRLQJ� WR� DQ�
RIIVHW� WKDW� ZRXOG� KDYH� FRQWDLQHG� WKH� DGGUHVV� LI� WKH�
VKLIWLQJ�RSHUDWLRQ�ZHUH�QRW�GRQH�DW�HYHU\�KRS��7KH�DGGHG�
DGYDQWDJH�LV�WKDW�ZH�GR�QRW�QHHG�DQ\�RIIVHW�LQIRUPDWLRQ��
7KH� 60� JHQHUDWHV� D� WDEOH� EDVHG� RQ� WKH� DERYH� VFKHPH�
GXULQJ� WKH� WRSRORJ\� IRUPDWLRQ� SKDVH�� $W� HYHU\� VWHS� RI�
FU\VWDOOL]DWLRQ��WKH�60�DVVLJQV�WKH�DGGUHVVHV�RI�WKH�QRGHV�
LW� KDV� GHFLGHG� XSRQ� DQG� XSGDWHV� LWV� %OXHWRRWK� 'HYLFH�
DGGUHVV�WR�QHWZRUN�DGGUHVV�PDSSLQJ���

$�������$���������������������������������������������������$�����+&
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7KH� DUFKLWHFWXUH� DOVR� VXSSRUWV� DWWULEXWH� EDVHG� DQG�
UHJLRQ� EDVHG� DGGUHVVLQJ�� ,Q� WKH� FDVH� RI� DQ� 6$1�� WKH�
SK\VLFDO�SRVLWLRQ�RI�QRGHV�FDQ�EH�DVVXPHG� WR�EH�NQRZQ�
WR� WKH� 60� ZKLFK� PDLQWDLQV� D� WDEOH� WKDW� GHVFULEHV� D�
PDSSLQJ� EHWZHHQ� WKH� %OXHWRRWK� 'HYLFH� DGGUHVV� DQG� LWV�
SK\VLFDO� ORFDWLRQ� LQ� WKH� QHWZRUN�� 7KH� PDVWHU� FDQ� WKHQ�
DGGUHVV�D�SDUWLFXODU�UHJLRQ�E\�XVLQJ�WKH�%OXHWRRWK�'HYLFH�
DGGUHVV�±!�SK\VLFDO� ORFDWLRQ�±!�QHWZRUN�DGGUHVV� ORRNXS�
WDEOH�� 7KH�PDVWHU� ILUVW� LGHQWLILHV� DOO� VXFK� QRGHV� DQG� FDQ�
WKHQ�DGGUHVV� WKHP�GLUHFWO\�E\�ILJXULQJ�RXW� WKHLU�QHWZRUN�
DGGUHVV�DQG�SXWWLQJ�LW�LQ�WKH�KHDGHU�RI�WKH�4XHU\�SDFNHW���
7KH�DWWULEXWH�EDVHG�DGGUHVVLQJ�VFKHPH�VKDOO�EH�LOOXVWUDWHG�
LQ� WKH� QH[W� VHFWLRQ�� 7KH� 5HVSRQVH� SDFNHW� WKDW� LV�
FRQVWUXFWHG� UHODWHG� WR� DQ\� RI� WKH� TXHULHV� IROORZV� WKH�
UHYHUVH�SDWK��6LQFH�WKHUH�LV�RQO\�D�VLQJOH�SDWK�WR�WKH�60��
QR� URXWLQJ� LV� UHTXLUHG� RQ� WKH� LQYHUVH� SDWK�� 7KH� KHDGHU�
KRZHYHU� VWLOO� UHWDLQV� WKH� µKRS� FRXQW¶� ILHOG�� ZKLFK� LV�
LQFUHPHQWHG�DW�HYHU\�KRS�RQ�WKH�ZD\�EDFN��DQG�WKH�ORFDO�
DGGUHVV� LQ� WKH� SLFRQHW�� 7KLV� DOORZV� WKH� 60� WR� H[DFWO\�
LVRODWH�IURP�ZKHUH�WKH�SDFNHW�KDV�FRPH�LQ�WKH�QHWZRUN��
�

����'DWD�'LVVHPLQDWLRQ�
$QRWKHU� LPSRUWDQW� LVVXH� LQ� URXWLQJ�� SDUWLFXODUO\� LQ�

VHQVRU� QHWZRUNV�� LV� WKDW� RI� GDWD� GLVVHPLQDWLRQ�� 6HQVRU�
QHWZRUNV� DUH� PRVWO\� GDWD�FHQWULF� LQ� ZKLFK� WKH� LQWHUHVW�
GLVVHPLQDWLRQ�LV�SHUIRUPHG�WR�DVVLJQ�WKH�VHQVLQJ�WDVNV�WR�
VHQVRU� QRGHV�� 7KHUH� DUH� WZR� DSSURDFKHV� XVHG� IRU� WKLV��
HLWKHU� WKH� µVLQNV¶� EURDGFDVW� WKH� LQWHUHVW� >��@�� RU� WKH�
µVRXUFHV¶� EURDGFDVW� DQ� DGYHUWLVHPHQW� IRU� WKH� DYDLODEOH�
GDWD�DQG�ZDLW�IRU�D�UHTXHVW�IURP�WKH�LQWHUHVWHG�VLQNV�>��@��
7KH�GDWD�DJJUHJDWLRQ�FDQ�EH�SHUIRUPHG�E\�XVLQJ�HLWKHU�RI�
WKH�IROORZLQJ�GHSHQGLQJ�XSRQ�WKH�W\SH�RI�DSSOLFDWLRQ��

L�� ORFDWLRQ�RU�UHJLRQ�EDVHG�
LL�� DWWULEXWH�EDVHG�

7KH� IRUPHU� KDV� EHHQ� GLVFXVVHG� LQ� WKH� SUHYLRXV� VHFWLRQ��
7KH�ODWWHU�FDQ�EH�UHDOL]HG�E\�KDYLQJ�WKH�60�EURDGFDVW�WKH�
WDVN� GHVFULSWRUV� WKDW� DUH� QDPHG� E\� DVVLJQLQJ� DWWULEXWH�
YDOXH� SDLUV� WKDW� GHVFULEH� WKH� WDVN�� $V� WKH� LQWHUHVW� LV�
SURSDJDWHG� WKURXJKRXW� WKH� VHQVRU� QHWZRUN�� HDFK� QRGH�
FKHFNV� LI� LW�KDV�DQ\�GDWD�FRUUHVSRQGLQJ� WR� LW�� ,I� WKHUH� LV��
WKHQ�LW�FRQVWUXFWV�D�5HVSRQVH�SDFNHW�ZLWK�WKH�GDWD�DQG�WKH�
DVVRFLDWHG� WLPH� VWDPS� LQIRUPDWLRQ� LV� LQFOXGHG�� %HVLGHV�
WKLV��ZKLOH�WKH�UHTXHVWHG�GDWD�LV�RQ�LWV�ZD\�EDFN��D�FHUWDLQ�
DPRXQW�RI�LQ�QHWZRUN�SURFHVVLQJ�FDQ�DOVR�EH�GRQH��
����+HDOLQJ�

$QRWKHU� LPSRUWDQW� SURSHUW\� LV� WKDW� RI� VHOI�KHDOLQJ� VR�
WKDW�D�QHWZRUN�EHFRPHV�WROHUDQW�WR�DQ\�XQH[SHFWHG�QRGH�
RU� OLQN� IDLOXUHV�� ,W� LV� WKXV� LPSRUWDQW� IRU�PDLQWDLQLQJ� WKH�
UHTXLUHG�QHWZRUN�FRQQHFWLYLW\��:H�SURSRVH�WKH�IROORZLQJ�
DSSURDFK�� 7KH� 60� UHVRUWV� WR� RIIOLQH� SURFHVVLQJ� IRU�

FDOFXODWLQJ� DOWHUQDWH� WRSRORJ\� FRQILJXUDWLRQV� DVVXPLQJ�
WKH�IDLOXUH�RI�HYHU\�QRGH�OLQN�LQ�WKH�6$1��RQH�E\�RQH��:H�
RQO\�FRQVLGHU�VLQJOH�QRGH�IDLOXUHV�KHUH��7KH�WRSRORJ\�DV�D�
UHVXOW�RI�VLPXOWDQHRXV�IDLOXUH�RI�QRGHV�PXVW�EH�FRPSXWHG�
RQOLQH� UHDO� WLPH� DV� WKH� UHVXOWLQJ� SRVVLEOH� FRQILJXUDWLRQV�
DUH� H[SRQHQWLDO� LQ� QXPEHU� DQG� KHQFH� LPSRVVLEOH� WR�
SUHGLFW�� FRPSXWH� DQG� VWRUH� DKHDG� RI� WLPH�� 7KH�
LQIRUPDWLRQ� FDQ� EH� XVHG� WR� LQVWDQWDQHRXVO\� UHFRQVWUXFW�
WKH� WRSRORJ\� LQ� FDVH� RI� XQH[SHFWHG� EUHDNGRZQV�� 7R�
GHWHFW� WKHVH� QRGH� IDLOXUHV� RU� OLQN� ORVVHV�� VSHFLILF�
%OXHWRRWK�SULPLWLYHV�DUH�DOUHDG\�GHILQHG�LQ�>�@�ZKLFK�ZLOO�
EH�XVHG��7KH� µ/LQNB6XSHUYLVLRQB7LPHRXW¶�YDOXH� LV�XVHG�
E\�WKH�0DVWHU�RU�6ODYH�%OXHWRRWK�GHYLFH�WR�PRQLWRU� OLQN�
ORVV��,I��IRU�DQ\�UHDVRQ��QR�EDVHEDQG�SDFNHWV�DUH�UHFHLYHG�
IRU� DQ\� SDUWLFXODU� &RQQHFWLRQ� +DQGOH� IRU� D� GXUDWLRQ�
ORQJHU� WKDQ� WKH� VHW� WLPHRXW� YDOXH� WKHQ� WKH� OLQN� LV�
GLVFRQQHFWHG�FDXVLQJ�D�µ'LVFRQQHFWLRQB&RPSOHWHB(YHQW¶�
ZLWK� DQ� HUURU� FRGH� RI� �[���� 7KH� PRPHQW� D� SDUWLFXODU�
VHQVRU�QRGH�DW�DQ\�OHYHO�GHWHFWV�WKH�SUHVHQFH�RI�OLQN�ORVV�
RU�QRGH�IDLOXUH��LW�WULHV�WR�SDJH�LWV�VODYH�QRGH�DJDLQ��,I�LW�LV�
DEOH� WR� UHFRQQHFW� WR� WKH� QRGH� ZLWKLQ� D� SUHGHWHUPLQHG�
QXPEHU�RI� µ3DJHB7LPHRXWV¶� WKHQ� LW� LPSOLHV� WKDW� LW�ZDV�D�
OLQN�ORVV�GXH�WR�VRPH�WUDQVLHQW�FRQGLWLRQ��H�J���D�SDVVLQJ�
YHKLFOH� RQ� D� EULGJH��� ,I� QRW�� WKHQ� LW� LV� DVVXPHG� WR� EH� D�
QRGH�IDLOXUH�DQG�WKH�LQIRUPDWLRQ�LV�FRPPXQLFDWHG�WR�WKH�
60�� ZKLFK� WKHQ� WDNHV� DSSURSULDWH� DFWLRQ�� 7KH� 60� ILUVW�
ILJXUHV�RXW� WKH� OHYHO� LQ� WKH�KLHUDUFK\�ZKHUH� WKH�OLQN�ORVV�
RU� QRGH� IDLOXUH� KDV� RFFXUUHG�� ,W� WKHQ� GLVPDQWOHV� DOO� WKH�
QRGHV� DW� WKDW� OHYHO� DQG� UHFRQVWUXFWV� WKH� KLHUDUFK\� IURP�
WKDW� SRLQW� RQZDUGV�� 7KH� SURFHVV� LV� IDVW� HQRXJK� EHFDXVH�
WKH�60�DOUHDG\�KDV�WKH�UHTXLUHG�WRSRORJ\�FDOFXODWHG�DQG�
WKH�FORFN�YDOXHV�RI�HDFK�VHQVRU�QRGH�DUH�NQRZQ��

,I� D� QHZ� QRGH� UDQGRPO\� MRLQV� WKH� 6$1�� LW� ZLOO� EH�
GLVFRYHUHG� E\� VHYHUDO� QRGHV� WKDW� DUH� H[HFXWLQJ� WKH�
%OXHWRRWK� GHILQHG� µ+&,B3HULRGLFB,QTXLU\¶� SULPLWLYH� LQ�
WKHLU� LGOH� WLPH� �LI� WKH\� DUH� FRQILJXUHG� WR� GR� VR��� 7KH�
LQIRUPDWLRQ�LV�WKHQ�UHOD\HG�WR�WKH�60�ZKLFK�WKHQ�GHFLGHV�
ZKLFK�RI�WKH�QHLJKERULQJ�QRGHV�VKRXOG�EH�DOORZHG�WR�DFW�
DV� WKH�PDVWHU�RI� WKH�QHZ�QRGH�EDVHG�RQ�WKH�HDFK�QRGH¶V�
FXUUHQW� VODYH� GHQVLW\�� LWV� EXIIHU� FDSDFLW\� DQG� WKH� OLQN�
VWUHQJWK� RI� WKH� OLQN� ZLWK� WKH� QHZ� QRGH�� ,I� WKH� DGGLWLRQ�
FDXVHV� D� PDMRU� ORDG� LPEDODQFH�� GHWHUPLQHG� E\� WKH�
YDULDQFH�RI� WKH�QHW� WUDIILF�FRQYHUJLQJ�DW� WKH�QRGH� WKHQ�D�
QHZ�WRSRORJ\�ZLOO�KDYH�WR�EH�FDOFXODWHG��
���� 7LPLQJ�$FFXUDF\�

,Q� VHYHUDO� VLWXDWLRQV� WLPH� VWDPSLQJ� RI� HYHQWV� LV�
UHTXLUHG�ZLWK�D�KLJK�GHJUHH�RI�DFFXUDF\�2QH�H[DPSOH�RI�
WKLV� FRXOG� EH� SRVLWLRQ� HVWLPDWLRQ� XVLQJ� .DOPDQ� ILOWHUV��
$QRWKHU� H[DPSOH�� ZKLFK� PLJKW� KDYH� D� VLPLODU�
UHTXLUHPHQW�� FRXOG� EH� WKH� MRLQW� DQDO\VLV� RI� YLGHR� DQG�
VRPH� RWKHU� VHQVRU� GDWD� VXFK� DV� WKH� VWUDLQ� VHQVRU�� 7KH�
LPDJHV� FDSWXUHG� WKURXJK� WKH� FDPHUD� DUH� VRPHWLPHV�
UHTXLUHG�WR�EH�FRUUHODWHG�ZLWK�WKH�VWUDLQ�PHDVXUHPHQWV�WR�
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DVFHUWDLQ�WKH�HIIHFW�RI�FHUWDLQ�NLQG�RI�WUDIILF�RYHU�D�EULGJH��
$V�VRRQ�DV�WKH�VHQVRU�QRGH�GHWHFWV�DQ�HYHQW�IRU�ZKLFK�LW�
LV� HLWKHU� UHTXHVWHG� RU� SURJUDPPHG� IRU�� LW� WLPHVWDPSV� LW�
ZLWK� WKH� FORFN� YDOXH� RI� LWV� QDWLYH� FORFN�� 7R� FRQVWUXFW� D�
FRPSOHWH� SLFWXUH�� GDWD� DVVRFLDWHG� ZLWK� DQ\� VXFK� HYHQW�
VKDOO�EH�UHJLVWHUHG�ZLWK�VHYHUDO�QRGHV��'DWD�IURP�DOO�WKHVH�
QRGHV� WUDYHUVH� XSZDUGV� ZLWK� WKH� XOWLPDWH� REMHFWLYH� WR�
UHDFK� WKH� GDWD� ORJJHU� IRU� IXUWKHU� DQDO\VLV� RU� SURFHVVLQJ��
7R�WKLV�HIIHFW��WKH�60�UHTXLUHV�WR�FRUUHODWH�WKH�VHQVRU�GDWD�
EDVHG� RQ� D� FRPPRQ� UHIHUHQFH� SRLQW�� 2QH� FDQ� VDIHO\�
FRQVLGHU�WKH�60¶V�QDWLYH�FORFN�IRU�WKLV�SXUSRVH��$OVR��WKH�
%OXHWRRWK� VSHFLILFDWLRQV� >�@� DOORZ� WKH� FORFN� RIIVHW�
EHWZHHQ� DQ\� SDLU� RI� PDVWHU�VODYH� QRGHV� WR� EH� UHWULHYHG�
IURP� WKH� EDVHEDQG� XVLQJ� 5HDGB&ORFNB2IIVHW� SULPLWLYH��
7KXV� DV� WKH� LQIRUPDWLRQ� SURSDJDWHV� XSZDUGV�� WKH� WLPH�
VWDPS�JHWV�XSGDWHG�DW�HYHU\�KRS�E\�XVLQJ�WKH�FORFN�RIIVHW�
LQIRUPDWLRQ�� 7KH� VSHFLILFDWLRQV� DOORZ� D� SRVLWLYH� RU�
QHJDWLYH�FORFN�GULIW�RI�µU¶����SSP���7KH�DPRXQW�RI�HUURU�
WKDW� DFFXPXODWHV� GHSHQGV� RQ� WKH� IUHTXHQF\� RI� µFORFN�
RIIVHW�LQIRUPDWLRQ¶�XSGDWHV��,I�ZH�PDNH�WKLV�XSGDWH�D�SDUW�
RI� WKH�VFKHGXOLQJ�SURFHVV� WKHQ� WKH�PD[LPXP�DPRXQW�E\�
ZKLFK� WKH� FORFNV� FDQ� GULIW� UHODWLYH� WR� HDFK� RWKHU� LQ� DQ\�
WZR� DGMDFHQW� KLHUDUFK\� OHYHO� ZRXOG� EH� µ�7V
�U¶�� 7KH�DJJUHJDWH� HUURU�� E\� WKH� WLPH� WKH�SDFNHW� UHDFKHV� WKH�60��
ZRXOG� WKHQ� EH� µ�7V
�U
K¶�� ZKHUH� µK¶� LV� WKH� OHYHO� IURP�ZKLFK� WKH�SDFNHW� KDG�RULJLQDWHG��7KLV� TXDQWLW\� LV� RI� WKH�
RUGHU� RI� PLFURVHFRQGV�� $OVR� WKH� FORFN� GULIWV� DUH�
FDOFXODWHG� SDLU� ZLVH� DQG� WKH� DFFXPXODWHG� GULIW� GRHVQ¶W�
DIIHFW�WKH�DFFXUDF\�RI�WKH�UHVXOWV�DV�ORQJ�DV�DOO�WKH�LQSXWV�
DUH�FRPSDUHG�DJDLQVW�D�FRPPRQ�UHIHUHQFH�FORFN�� WKDW�RI�
WKH� 60�� DQG� WKH� EDVHEDQG� LPSOHPHQWDWLRQ� RI� LQGLYLGXDO�
QRGHV� FDQ� NHHS� WUDFN� RI� WKH� FORFN� RIIVHW� LQIRUPDWLRQ� RI�
WKH� GHYLFH� ZLWK� ZKLFK� LW� LV� LQWHUDFWLQJ�� +HQFH� RQH� FDQ�
DFKLHYH�D�VXIILFLHQW�OHYHO�RI�DFFXUDF\��PLFURVHFRQG�OHYHO��
XVLQJ�WKH�SURSRVHG�WRSRORJ\��

%HVLGHV�WLPH�VWDPS�DFFXUDF\��WKH�DPRXQW�RI�GHOD\�DQ\�
SDFNHW�VXIIHUV�LQ�WKH�WRSRORJ\�LV�DOVR�YHU\�LPSRUWDQW���,Q�
RXU�PRGHO��WKLV�ILJXUH�LV�GLUHFWO\�SURSRUWLRQDO�WR�WKH�OHYHO�
DW� ZKLFK� WKH� SDFNHW� ZDV� JHQHUDWHG�� $VVXPLQJ� WKDW� WKH�
SDFNHW�ZDV�JHQHUDWHG� DW� OHYHO� µK¶�� WKH� DPRXQW�RI� WLPH� LW�
WDNHV� WR� UHDFK� WKH� 60� LV� VLPSO\� WZLFH� WKH� VFKHGXOLQJ�
SHULRG�WLPHV�WKH�GLVWDQFH�WUDYHOHG��L�H���µ�7VK¶��
����(QHUJ\�0RGHO�

/RZ� SRZHU� FRQVXPSWLRQ� LV� WKH� PRVW� VWULQJHQW�
UHTXLUHPHQW� RQ� D� VHQVRU� QRGH�� :H� DQDO\]H�� LQ� WKLV�
VHFWLRQ��KRZ�WKH�SRZHU�FRQVXPHG�E\�D�QRGH�YDULHV�ZLWK�
WKH� VFKHGXOLQJ� SHULRG� RI� WKH� DOWHUQDWH� OD\HUV� RI� WKH�
SURSRVHG� QHWZRUN� KLHUDUFK\�� 7KH� PRGHO� XVHG� IRU�
GHWHUPLQLQJ�WKH�DYHUDJH�SRZHU�FRQVXPSWLRQ�RI�WKH�UDGLR�
KDV�EHHQ�DGDSWHG�IURP�>��@�DQG�LV�JLYHQ�E\�WKH�IROORZLQJ�
HTXDWLRQ��
�
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ZKHUH�17�5�LV�WKH�QXPEHU�RI�WLPHV�WUDQVPLWWHU�UHFHLYHU�LV�
VZLWFKHG�RQ�SHU�XQLW�WLPH�DQG�LV�HTXDO�WR���7V�����UHIHU�WR�
VHFWLRQ� ������ 3287�� WKH� RXWSXW� SRZHU� RI� WKH� WUDQVPLWWHU��
�7�5�21�� WKH� WUDQVPLWWHU� DQG� UHFHLYHU� RQ� WLPH�� �7�5�67��
WKH�WUDQVPLWWHU�DQG�UHFHLYHU�VWDUW�XS�WLPH�DQG�37�5��LV�WKH�
SRZHU� FRQVXPHG� E\� WUDQVPLWWHU�UHFHLYHU�� $� GHWDLOHG�
DQDO\VLV� KDV� EHHQ� SUHVHQWHG� LQ� WKH� QH[W� VHFWLRQ� DORQJ�
ZLWK�WKH�UHVXOWV�DQG�REVHUYDWLRQV��
�

�� 6,08/$7,21�5(68/76�
:H� FDUULHG� RXW� VLPXODWLRQV� WR� YHULI\� RXU� SURSRVHG�

VFKHPH��7KHUH�DUH�WZR�SDUWV�WR�WKH�VLPXODWLRQ��,Q�WKH�ILUVW�
SDUW�ZH�FRPSDUH�WKH�WZR�DOJRULWKPV�SURSRVHG�LQ�6HFWLRQ�
,,,�IRU�WKHLU�HIIHFWLYHQHVV�LQ�WKH�WRSRORJ\�IRUPDWLRQ��7KH�
PHWULFV�RI�FRPSDULVRQ�WKDW�ZH�XVHG�DUH�WKH�GHJUHH�RI�ORDG�
EDODQFH�� GHQRWHG� E\� EDODQFH� LQGH[�� WKH� VODYH� GHQVLW\�
DFKLHYHG� E\� HDFK� RQH� RI� WKHP� DQG� WKH� QXPEHU� RI�
LWHUDWLRQV�WDNHQ�WR�FRQYHUJH�WR�DQ�RSWLPXP�VROXWLRQ��7KH�
VHFRQG� SDUW� LQYHVWLJDWHV� WKH� UHODWLRQVKLS� EHWZHHQ� WKH�
SRZHU� H[SHQGHG� LQ� WKH� SLFRQHW� YV� WKH� SHULRGLFLW\� ZLWK�
ZKLFK�WKH�VFKHGXOLQJ�LV�SHUIRUPHG�EHWZHHQ�WZR�DGMDFHQW�
KLHUDUFK\�OHYHOV�LQ�WKH�WRSRORJ\��:H�WKHQ�DOVR�GLVFXVV�DQ�
RSWLPDO� SRLQW� RI� RSHUDWLRQ� EDVHG� RQ� EXIIHU�
FRQVLGHUDWLRQV���

7R� HYDOXDWH� WKH� HIIHFWLYHQHVV� RI� RXU� VROXWLRQ�� WKH�
HQWLUH� VHW� RI� VLPXODWLRQV� ZDV� FDUULHG� RXW� RQ� D� VHW� RI�
UHFWDQJXODU�VHQVRU�JULGV�±�PRGHOHG�WR�VSDQ�D�SRUWLRQ�RI�D�
EULGJH�� 7KH� WKUHH� JULGV� �RQH� IRU� WHPSHUDWXUH�� RQH� IRU�
SUHVVXUH�DQG�RQH�IRU�YLEUDWLRQ��ZHUH�SODFHG�WRJHWKHU�ZLWK�
D� VOLJKW� RIIVHW� EHWZHHQ� WKHP� VR� WKDW� WKH� QRGHV� DUH�
XQLIRUPO\� VSUHDG� DFURVV� WKH� DUHD�� 7R� PRGHO� WKH� OLQN�
VWUHQJWK� FDOFXODWLRQ�� ZH� DVVXPHG� D� OLQHDU� UHODWLRQVKLS�
ZLWK� WKH� GLVWDQFH�� EXW� WKH� VDPH� FDQ� EH� H[WHQGHG� WR� DQ\�
IXQFWLRQDO� UHODWLRQVKLS� ZLWKRXW� WKH� ORVV� RI� JHQHUDOLW\� DV�
ORQJ�DV�WKH�OLQN�VWUHQJWK�GHFUHDVHV�ZLWK�WKH�GLVWDQFH�DQG�
YLFH�YHUVD��:H� DOVR� DVVXPH� WKDW�D�  �E�  � J� �  �G�  � �� WR�
KDYH� HTXDO� FRQWULEXWLRQ� IURP�GLIIHUHQW� FRPSRQHQWV��7KH�
VLPXODWLRQV� ZHUH� FDUULHG� RXW� ZLWK� WKH� IROORZLQJ� YDOXHV�
DVVLJQHG� WR� HDFK� RI� WKH� SDUDPHWHUV��:H� GLG� QRW� GR� DQ\�
VHQVLWLYLW\� DQDO\VLV� RI� WKH� SURSRVHG� YDOXHV� IRU� WKH�
GLIIHUHQW� SDUDPHWHUV�� :H� WULHG� GLIIHUHQW� FRQILJXUDWLRQV�
DQG�LQ�DOO�WKH�FDVHV�WKH�VDPH�VROXWLRQ�ZDV�UHDFKHG�DV�ZLWK�
WKH� YDOXHV� KLJKOLJKWHG� KHUH�� 7KH� RQO\� GLIIHUHQFH�ZDV� LQ�
WKH�WLPH�WKDW�LW�WRRN�WR�FRQYHUJH��
L�� 7KH� WRWDO� QXPEHU� RI� QRGHV� SDUWLFLSDWLQJ� LQ� WKH�

QHWZRUN�ZDV�YDULHG�IURP�����WR������ZLWK�D�VWHS�
VL]H�RI�����ZLWK�SRUWLRQ�RI�EULGJH�RQ�ZKLFK�WKH\�
ZHUH�SODFHG�WR�EH�RI�GLPHQVLRQV����P�[���P��
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LL�� 7KH� ORDG� IDFWRUV� IRU� WKH� WHPSHUDWXUH�� SUHVVXUH�
DQG� YLEUDWLRQ� VHQVRU� JULG� ZHUH� DVVXPHG� WR�
XQLIRUPO\�VSUHDG�DFURVV� WKH� LQWHUYDO������������
����DQG���������ELWV�SHU�VHF��UHVSHFWLYHO\��

LLL�� 7KH� FRPPXQLFDWLRQ� UDQJH� RI� D� QRGH� ZDV�
DVVXPHG� WR� EH� ��P��ZKLFK� LPSOLHV� WKDW� WKH� OLQN�
VWUHQJWK�JRHV�WR�]HUR�DW�WKDW�GLVWDQFH��

LY�� $OO�WKH�QRGHV�ZHUH�DVVXPHG�WR�KDYH�DQ�LGHQWLFDO�
EXIIHU�FDSDFLW\�RI�WKDW�RI��.%��

Y�� )RU� WKH� 6LPXODWHG� $QQHDOLQJ� DOJRULWKP�� WKH�
WHPSHUDWXUH� ZDV� YDULHG� IURP� ����� WR� �� ZLWK� D�
VFDOLQJ� IDFWRU� RI� ����� 7KLV� FKRLFH� UHVXOWHG� IURP�
VHYHUDO�WHVW�UXQV�WKDW�VKRZHG�VLPLODU�UHVXOWV�ZLWK�
IDVWHU�FRQYHUJHQFH�IRU�WKLV�YDOXH��

YL�� )RU�FRPSXWLQJ�WKH�HQHUJ\�H[SHQGHG�E\�WKH�HQWLUH�
SLFRQHW� WKH� WUDIILF� LQFLGHQW� DQG� OHDYLQJ� HDFK� RI�
WKH� QRGHV� LQ� WKH� ILQDO� WRSRORJ\� ZDV� WDNHQ� LQWR�
FRQVLGHUDWLRQ�� %DVHG� RQ� WKLV� DQG� WKH� PD[LPXP�
DV\PPHWULF� GDWD� UDWH� RI� ���� .E�V� XVLQJ� '+��
SDFNHW��WKH�µ2Q¶�WLPH�RI�ERWK�WKH�WUDQVPLWWHU�DQG�
UHFHLYHU�ZDV�FDOFXODWHG��7KH�YDOXHV�JLYHQ� WR�37��3287�� 35�� 767�� 567�ZHUH� ��P:�� �P:�� ���P:��
���XV�DQG����XV�UHVSHFWLYHO\��

YLL�� 7KH� ORDG� EDODQFLQJ� DW� DQ\� QRGH� LV�PHDVXUHG� E\�
WDNLQJ� WKH� YDULDQFH� �EDODQFH� LQGH[�� RI� WKH�
DJJUHJDWH�EDQGZLGWK�DW�HDFK�RI�WKH�OLQNV�WKDW�DUH�
LQFLGHQW�RQ�WKH�QRGH��

YLLL�� 7KH� VODYH� GHQVLW\�� PHQWLRQHG� EHIRUH�� ZDV�
FDOFXODWHG�XVLQJ�WKH�H[SUHVVLRQ�
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ZKHUH� SNQ � UHIHUV� WR� WKH� QXPEHU� RI� SLFRQHWV�

KDYLQJ�N�VODYHV�DQG� SQ �LV�JLYHQ�E\� ¦
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$OVR�� LW� ZDV� DVVXPHG� WKDW� DOO� WKH� QRGHV� ZHUH�
SUHVHQW�DW�WKH�WLPH�RI�H[HFXWLRQ�RI�WKH�DOJRULWKP��

7DEOH� ,� VKRZV� WKH� OLQN� ORDG�GLVWULEXWLRQ�DW� WKH� WRS�RI�
WKH� WUHH� KLHUDUFK\� �OHYHO� ��� IURP� OLQN� RQH� WKURXJK� OLQN�
VHYHQ� �N ��� DFKLHYHG� WKURXJK� 6$�� )URP� WKH� VWDQGDUG�
GHYLDWLRQ�RI�WKH�OLQN�EDQGZLGWKV�ZH�FDQ�VHH�WKDW�WKH�ORDG�
LV�UHDVRQDEO\�ZHOO�GLVWULEXWHG�RYHU�WKH���OLQNV�IRU�PRVW�RI�
WKH�VFHQDULRV������WR������QRGHV���

)LJ�� �� JLYHV� D� FRPSDULVRQ� EHWZHHQ� WKH� ORDG�EDODQFH�
DFKLHYHG�E\�XVLQJ�WKH�WZR�DOJRULWKPV�SURSRVHG�LQ�VHFWLRQ�
��� 7KH� ORDG� EDODQFH� LV� HVWLPDWHG� XVLQJ� D� PHWULF� FDOOHG�
µEDODQFH�LQGH[¶�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�H[SUHVVLRQ�

�%�,�� ������VG���������������������������������������������������������������������������������������

ZKHUH� µVG¶� LV� WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH� OLQN�EDQGZLGWKV�FRQYHUJLQJ�LQWR�WKH�QRGH�LQ�FRQVLGHUDWLRQ��$V�
HYLGHQW� IURP� WKH� ILJXUH��6$� LV� DEOH� WR�GR� D�PXFK�EHWWHU�
MRE�EHFDXVH�RI� LWV�DELOLW\� WR� MXPS�RXW�IURP�ORFDO�PLQLPV�
RQ�DQ�Q�GLPHQVLRQDO� WHUUDLQ��7KH�*6�DOJRULWKP�VHDUFKHV�
WKH�WHUUDLQ�TXLWH�DJJUHVVLYHO\�DQG�KDV�D�KLJKHU�SUREDELOLW\�
RI�JHWWLQJ� VWXFN� LQ� D� ORFDO�PLQLPXP��$OVR�� WKH�*6�GRHV�
QRW� WDNH� LQWR� FRQVLGHUDWLRQ� WKH� QRQ�OLQHDULW\� LQWURGXFHG�
E\�WKH�VHOHFWLRQ�FULWHULRQ�RI�WKH�HOHPHQWV�ZKLFK�IDYRUV�WKH�
HOHPHQWV� ZLWK� µN¶� KLJKHVW� 6$)V�� 7KH� HQHUJ\� RI� D�
FRQILJXUDWLRQ�QRW�RQO\�GHSHQGV�RQ�WKH�PRYHPHQW�RI�RQH�
SDUWLFXODU� HOHPHQW�EXW� DOVR� WKH� UHODWLYH�SODFHPHQW�RI� WKH�
UHPDLQLQJ�HOHPHQWV��7KH�*6�RQ�WKH�FRQWUDU\�LQYROYHV�WKH�
PRYHPHQW�RI�HOHPHQWV�LQ�D�OLQHDU�IDVKLRQ�DQG�WKHQ��RQO\�
RQH�DW�D�WLPH���)RU�ERWK��)LJ����DQG�)LJ�����WKH�UHJUHVVLRQ�
OLQHV� IRU� 6$� DQG� *6� VKRZ� WKH� DYHUDJH� FDVH� EHKDYLRU�
FRQVLGHUHG� RYHU� D� QXPEHU� RI� VLPXODWLRQV� ZLWK� GLIIHUHQW�
LQLWLDO� VHHGV�� 7KH� FXUYHV� SORWWHG� UHIHU� WR� MXVW� RQH� VXFK�
VLPXODWLRQ���

)LJ�� �� FRPSDUHV� WKH� VODYH� GHQVLW\� EHWZHHQ� 6$� DQG�
*6�� ZKLFK� LV� GLUHFWO\� GHSHQGHQW� RQ� WKH� QXPEHU� RI�
SLFRQHWV�LQ�WKH�ILQDO�WRSRORJ\��:H�FDQ�REVHUYH�WKDW�DV�WKH�
QXPEHU�RI�QRGHV�LQFUHDVHV��WKH�VODYH�GHQVLW\�RI�6$�VWDUWV�
WR�FDWFK�XS�ZLWK�WKDW�RI�*6�DQG�WKH�DV\PSWRWLF�EHKDYLRU�
RI�6$�LV�VOLJKWO\�EHWWHU�WKDQ�*6��

)LJ����VKRZV�WKH�WUHQG�RI�SRZHU�H[SHQGHG�ZLWKLQ�WKH�
VHQVRU�QHWZRUN�LQ�WHUPV�RI�WKH�SHULRGLFLW\�ZLWK�ZKLFK�WKH�
DOWHUQDWH� OHYHOV� RI� WKH� WRSRORJ\� DUH� VFKHGXOHG�� $V� WKH�
SHULRG�LQFUHDVHV�WKH�QHW�SRZHU�FRQVXPHG�FRPHV�GRZQ��,W�
WKXV� SUHVHQWV� D� GLUHFW� WUDGH�RII� EHWZHHQ� WKH� GHOD\�
UHTXLUHPHQWV� �VHFWLRQ������ DQG� WKH� HQHUJ\�GUDLQDJH��7KH�
UHDVRQ� IRU� WKLV� EHKDYLRU� LV� WKDW� DV� WKH� IUHTXHQF\� RI�
VZLWFKLQJ�LQFUHDVHV��WKH�SRZHU�FRQVXPHG�E\�WKH�UDGLR�WR�
VZLWFK�RQ�DQG�VZLWFK�RII��LQFUHDVHV�ZKLOH�WKDW�RI�WKH�GDWD�
WUDQVPLVVLRQ� UHPDLQV� WKH� VDPH�� 7KH� KHDY\� OLQH� �OHJHQG�
2SWLPDO�� VKRZV� D� VHTXHQFH� RI� WKH� LGHDO� SRLQWV� RI�
RSHUDWLRQ� IRU� GLIIHUHQW� QRGH� GHQVLWLHV�� 7KH� FULWHULRQ� RI�
VHOHFWLQJ�WKRVH�YDOXHV�FRPHV�IURP�WKH�EXIIHU�OLPLWDWLRQ�DW�
HDFK� RI� WKH� QRGHV�� 6LQFH� DOO� WKH� QRGHV� DUH� DVVXPHG� WR�
KDYH�HTXDO�EXIIHU�FDSDFLWLHV��KHQFH�WR�DYRLG�EXIIHU�IORZV�
DW� DQ\� RI� WKH� QRGHV� LQ� WKH� WRSRORJ\�� ZH� FRQVLGHU� WKH�
QRGHV�DW�OHYHO���ZKLFK�FDUU\�WKH�KLJKHVW�DPRXQW�RI�WUDIILF�
�HT��������7KH�OLPLW�LV�EDVHG�RQ�WKH�CWLPH¶�LW�WDNHV�IRU�WKH�
EXIIHU�WR�RYHUIORZ�ZKLFK�LV�HTXDO�WR�WZLFH�WKH�VFKHGXOLQJ�
SHULRG�� 7KH� H[HUFLVH�ZDV� SHUIRUPHG� IRU� WRSRORJLHV�ZLWK�
GLIIHUHQW� QRGH� GHQVLWLHV� DQG� WKH� SURILOH� ZDV� REWDLQHG�
ZKLFK� DOVR� JLYHV� D� PLQLPXP� ERXQG� RQ� WKH� SRZHU�
FRQVXPSWLRQ�LQ�D�WRSRORJ\�IRU�D�JLYHQ�EXIIHU�FDSDFLW\���,W�
VKRXOG� EH� QRWHG� WKDW� LQWHUIHUHQFH� DPRQJ� GLIIHUHQW�
SLFRQHWV�KDV�QRW�EHHQ�WDNHQ�LQWR�DFFRXQW� LQ� WKLV�DQDO\VLV�
DQG�UHPDLQV�WR�EH�DQDO\]HG�LQ�GHWDLO�LQ�WKH�IXWXUH�ZRUN���

�
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��&21&/86,216�
7KH� SURSRVHG� VROXWLRQ� WDNHV� LQWR� DFFRXQW� VHYHUDO�

IDFWRUV� WKDW� SOD\� D� NH\� UROH� LQ� WKH� GHSOR\PHQW� DQG�
SHUIRUPDQFH� RI� D� 6$1�� 7KH� WRSRORJ\� GLVFXVVHG� DERYH�
UHSUHVHQWV�D�ORJLFDO�RUJDQL]DWLRQ�RI�WKH�VHQVRU�QRGHV�DQG�
DOVR� SURYLGHV� D� IUDPHZRUN� IRU� PDQDJLQJ� VHQVRU�
QHWZRUNV��:H�DOVR�REVHUYHG�WKH�HIIHFWV�RI�WKH�VFKHGXOLQJ�
SHULRG�RQ�WKH�RYHUDOO�SHUIRUPDQFH�LQ�WHUPV�RI�HQHUJ\�DQG�
EXIIHU� XVDJH�� )XWXUH� ZRUN� ZLOO� IRFXV� RQ� DQDO\]LQJ� WKH�
HIIHFWV� RI� LQWHU�SLFRQHW� LQWHUIHUHQFH� RQ� WKH� UHVW� RI� WKH�
V\VWHP�PHWULFV� VXFK� DV� HQHUJ\� FRQVXPSWLRQ�� WKURXJKSXW�
DQG�GHOD\��:H�DOVR�SODQ�WR�LQYHVWLJDWH�WKH�GHSOR\PHQW�RI�
PXOWLSOH� VHQVRU� KXEV� DQG� IRUPLQJ� D� WUHH� RI� VPDOOHU�
VFDWWHUQHWV� ZLWK� VLPLODU� FULWHULD� EHLQJ� XVHG� WR� IRUP� WKH�
WUHH� EXW� DW� D� PDFUR� OHYHO�� 7KH� PRELOLW\� RI� WKH� 6XSHU�
0DVWHU� FDQ� DOVR� EH� FRQVLGHUHG� ZKLFK� ZRXOG� DOORZ� WKH�
FROOHFWLRQ� RI� GDWD� IURP� D� ODUJHU� JHRJUDSKLF� UHJLRQ�ZLWK�
WKH�VDPH�QXPEHU�RI�UHVRXUFHV��

7KH� GHSOR\PHQW� RI� VHQVRU� QHWZRUNV� EDVHG� RQ�
%OXHWRRWK� WHFKQRORJ\� ZLOO� PRVWO\� GHSHQG� XSRQ� WKH�
LPSOHPHQWDWLRQ�DQG�VXSSRUW�RI�VFDWWHUQHWV�E\�FRPPHUFLDO�
YHQGRUV�� ,Q� WKH� FXUUHQW� VFHQDULR�� WKHUH� LV� D� FRQVLGHUDEOH�
ODFN� RI� HIIRUW� LQ� WKLV� GLUHFWLRQ� DV� WKH� LQGXVWU\� LV�
FRQFHQWUDWLQJ� PRUH� WR� FDSLWDOL]H� RQ� WKH� H[LVWLQJ� PDUNHW�
VHJPHQWV�ZKLFK� OLPLW� WKHPVHOYHV� WR�HLWKHU�SRLQW� WR�SRLQW�
FRQQHFWLRQ� RU� DW� PRVW� WKH� SLFRQHW� IXQFWLRQDOLW\� VHUYLQJ�
GLIIHUHQW�SURILOHV�VXFK�DV�D�3$1�DQG�ZLUHOHVV�+HDGVHWV��
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>�@� �%OXHWRRWK� VSHFLILFDWLRQV� YHUVLRQ� ������KWWS���ZZZ�EOXHWRRWK�FRP�GHY�VSHFLILFDWLRQV�DVS�
>�@� �'HYHORSPHQW� RI� :LUHOHVV� 6HQVRU� 7HFKQRORJ\� IRU�0DFKLQH� 0RQLWRULQJ���KWWS���LHHH�����QLVW�JRY�:RUNVKRSB��-XQH���%RFNR�SGI��
>�@� 7KHRGRURV� 6DORQLGLV�� 3UDYLQ� %KDJZDW�� /HDQGURV�7DVVLXODV�� DQG� 5LFKDUG� /D0DLUH�� �'LVWULEXWHG�WRSRORJ\� FRQVWUXFWLRQ� RI� %OXHWRRWK� SHUVRQDO� DUHD�QHWZRUNV��� 3URFHHGLQJV� RI� ,(((� ,1)2&20� ������$QFKRUDJH��$ODVND��$SULO�������
>�@� &KLQJ� /D�� DQG� .DL�<HXQJ� 6LX�� �$� %OXHWRRWK�6FDWWHUQHW� )RUPDWLRQ� $OJRULWKP��� 3URFHHGLQJV� RI�,(((� 6\PSRVLXP� RQ� $G� +RF� :LUHOHVV� 1HWZRUNV�������6DQ�$QWRQLR��7H[DV��1RYHPEHU�������
>�@� *RGIUH\� 7DQ�� $OOHQ� 0LX�� -RKQ� *XWWDJ� DQG� +DUL�%DODNULVKQDQ�� �)RUPLQJ� 6FDWWHUQHWV� IURP� %OXHWRRWK�3HUVRQDO� $UHD� 1HWZRUNV��� 0,7� 7HFKQLFDO� 5HSRUW��0,7�/&6�75������2FWREHU�������
>�@� *HUJHO\� 9�� =DUXED�� 6WHIDQR� %DVDJQL�� DQG� ,PULFK�&KDODPWDF�� �%OXHWUHHV� �� 6FDWWHUQHW� )RUPDWLRQ� WR�(QDEOH� %OXHWRRWK�%DVHG� $G� +RF� 1HWZRUNV���3URFHHGLQJV� RI� ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�&RPPXQLFDWLRQV��,&&¶�����SS�����������
>�@� /DNVKPL� 5DPDFKDQGUDQ�� 0DQLND� .DSRRU��$EKLQDQGD� 6DUNDU�� $ORN� $JJDUZDO�� �&OXVWHULQJ�$OJRULWKPV� IRU� :LUHOHVV� $G� +RF� 1HWZRUNV���3URFHHGLQJV� RI� WKH� �WK� ,QWHUQDWLRQDO� :RUNVKRS� RQ�

'LVFUHWH� $OJRULWKPV� DQG� 0HWKRGV� IRU� 0RELOH�&RPSXWLQJ� DQG� &RPPXQLFDWLRQV�� %RVWRQ�� 0$��$XJXVW�������SS��������
>�@� 0DULR� *HUOD�� 5RKLW� .DSRRU�� 0DQWKRV� .D]DQW]LGLV��3HU� -RKDQVVRQ�� �$G� +RF� 1HWZRUNLQJ� ZLWK�%OXHWRRWK���3URFHHGLQJV� RI�:0,�DW�$&0�0RELFRP�������5RPH��,WDO\��-XO\�������
>�@� .LUNSDWULFN�� 6��� *HODWW�� &�'��� DQG� 9HFFKL��³2SWLPL]DWLRQ� E\� 6LPXODWHG� $QQHDOLQJ�´� 6FLHQFH��YRO�������SS�����������
>��@� 9��5RGRSOX��7�+��0HQJ�� ³0LQLPXP�HQHUJ\�PRELOH�ZLUHOHVV�QHWZRUNV�´�,(((�-RXUQDO�RI�6HOHFWHG�$UHDV�LQ�&RPPXQLFDWLRQV�����������������SS�������������
>��@� /�� /L�� -�<�� +DOSHUQ�� ³0LQLPXP�HQHUJ\� PRELOH�ZLUHOHVV� QHWZRUNV� UHYLVLWHG�´� 3URFHHGLQJV� RI� ,(((�,QWHUQDWLRQDO� &RQIHUHQFH� RQ� &RPPXQLFDWLRQV��,&&¶�����+HOVLQNL��)LQODQG��-XQH�������
>��@� .�� 6RKUDEL�� -�� *DR�� 9�� $LODZDGKL�� *�-�� 3RWWLH��³3URWRFROV�IRU�VHOI�RUJDQL]DWLRQ�RI�D�ZLUHOHVV�VHQVRU�QHWZRUN�´�,(((�3HUVRQDO�&RPPXQLFDWLRQV��2FWREHU�������SS��������
>��@� :�5�� +HLQ]HOPDQ�� $�� &KDQGUDNDVDQ�� +��%DODNULVKQDQ�� ³(QHUJ\�HIILFLHQW� FRPPXQLFDWLRQ�SURWRFRO�IRU�ZLUHOHVV�VHQVRU�QHWZRUNV�´�3URFHHGLQJV�RI� WKH� ,(((� +DZDLL� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�6\VWHP�6FLHQFHV��-DQXDU\�������SS����±�����
>��@� �&�� ,QWDQDJRQZLZDW�� 5�� *RYLQGDQ�� '�� (VWULQ��³'LUHFWHG� GLIIXVLRQ�� D� VFDODEOH� DQG� UREXVW�FRPPXQLFDWLRQ� SDUDGLJP� IRU� VHQVRU� QHWZRUNV�´�3URFHHGLQJV� RI� $&0� 0REL&RP� ¶���� %RVWRQ�� 0$��������SS���������
>��@� $��:RR��'��&XOOHU��³$�WUDQVPLVVLRQ�FRQWURO�VFKHPH�IRU� PHGLD� DFFHVV� LQ� VHQVRU� QHWZRUNV�´�3URFHHGLQJV�RI�$&0�0REL&RP�¶����5RPH�� ,WDO\�� -XO\�������SS�����������
>��@� (�� 6KLK�� 6�� &KR�� 1�� ,FNHV�� 5�� 0LQ�� $�� 6LQKD�� $��:DQJ�� $�� &KDQGUDNDVDQ�� ³3K\VLFDO� OD\HU� GULYHQ�SURWRFRO� DQG� DOJRULWKP� GHVLJQ� IRU� HQHUJ\�HIILFLHQW�ZLUHOHVV� VHQVRU� QHWZRUNV�´� 3URFHHGLQJV� RI� $&0�0REL&RP�¶����5RPH��,WDO\��-XO\�������SS�����������
>��@� 6��+HGHWQLHPL��$��/LVWPDQ�� ³$� VXUYH\�RI�JRVVLSLQJ�DQG� EURDGFDVWLQJ� LQ� FRPPXQLFDWLRQ� QHWZRUNV�´�,(((�1HWZRUNV�������������������������
>��@� :�5�� +HLQ]HOPDQ�� -�� .XOLN�� +�� %DODNULVKQDQ��³$GDSWLYH�SURWRFROV�IRU�LQIRUPDWLRQ�GLVVHPLQDWLRQ�LQ�ZLUHOHVV� VHQVRU� QHWZRUNV�´� 3URFHHGLQJV� RI� $&0�0REL&RP� ¶���� 6HDWWOH��:DVKLQJWRQ�� ������ SS�� ���������
>��@� KWWS���WRGD\�FV�EHUNHOH\�HGX�WRV��
>��@� KWWS���ZZZ�LHHH����RUJ����SXE�7*��KWPO�
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6$ *6 5HJUHVVLRQ��6$� 5HJUHVVLRQ��*6�

3RZHU�&RQVXPSWLRQ�YV�6FKHGXOLQJ�3HULRG

�

���

���

���

���

���

���

� � � � � � � � �
WLPH��VHF�

3R
ZH

U��
P:

�

��� ��� ��� ��� ���� 2SWLPDO


