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$EVWUDFW�
7KLV�SDSHU�SURYLGHV�D�VXUYH\�RI�PHWKRGV�DQG�WHFKQLTXHV�IRU�IOH[LEOH�RQ�FKLS� LQWHU�SURFHVVRU�
FRPPXQLFDWLRQV� IRU� 6\VWHPV�RQ�D�&KLS� �6R&�� FRPSRQHQWV�� 7KHVH� GHYLFHV� DUH� DSSOLHG� LQ�
EDWWHU\�SRZHUHG� PRELOH� PXOWLPHGLD� GHYLFHV�� $� FODVVLILFDWLRQ� LV� PDGH� RI� WKH� PRVW� SRSXODU�
LQWHUFRQQHFWLRQ� PHWKRGV�� WHFKQLTXHV� DQG� PHFKDQLVPV� XVHG� IRU� WKH� LQWHU�SURFHVVRU�
FRPPXQLFDWLRQV� LQFOXGLQJ� LQWHUFRQQHFWLRQ� QHWZRUN� WRSRORJLHV�� VZLWFKLQJ� WHFKQLTXHV�� IORZ�
FRQWURO�� URXWLQJ��GHDGORFN�DYRLGDQFH� DQG�TXHXLQJ� WHFKQLTXHV��6HYHUDO� SURMHFWV�GHDOLQJ�ZLWK�
RQ�FKLS� LQWHUFRQQHFWLRQ� QHWZRUNV� DUH� UHYLHZHG�� $V� PRELOH� PXOWLPHGLD� GHYLFHV� DUH� EDWWHU\�
SRZHUHG�VSHFLDO�DWWHQWLRQ� LV�SDLG�WR�HQHUJ\�HIILFLHQF\��WKH�ZD\V� LW�FDQ�EH�DFKLHYHG�DQG�KRZ�
WKH�GLIIHUHQW�WHFKQLTXHV�FRQWULEXWH�WR�LW��

�� ,QWURGXFWLRQ�
$�YDULHW\�RI�SRUWDEOH�HTXLSPHQW�KDV� IRXQG� LWV�ZD\� LQWR�RXU�GDLO\� OLYHV��0RVW� WKLQJV�ZH�FDUU\�
ZLWK� XV� WKHVH� GD\V� DUH� GLJLWDO� RU� KDYH� GLJLWDO� DOWHUQDWLYHV�� 7KHUH� LV� D� FOHDU� WUHQG� WR� PDNH�
SRUWDEOH�GHYLFHV�GLJLWDO��'LJLWDO�SKRWR�DQG�YLGHR�FDPHUDV��GLJLWDO�SHUVRQDO�PXVLF�SOD\HUV�DQG�
GLJLWDO� JDPLQJ� GHYLFHV� DUH� DOO� JDLQLQJ� SRSXODULW\� RQ� WKHLU� DQDORJXH� DQFHVWRUV�� 7KH� QH[W�
JHQHUDWLRQ� RI� WKHVH� GHYLFHV�ZLOO� KDYH� WR�EH�DEOH� WR�SHUIRUP�PRUH�DQG�PRUH�FRPSOH[� WDVNV�
XQGHU�DOPRVW�WKH�VDPH�HQHUJ\�FRQVWUDLQV�DV�WRGD\��7KLV�PDNHV�WKHLU�HQHUJ\�HIILFLHQF\�RQH�RI�
WKH�PRVW� LPSRUWDQW�GHVLJQ�FULWHULD��7KH�KDUGZDUH�SODWIRUP�ZH�IRUHVHH�IRU� WKHVH�GHYLFHV� LV�D�
WLOHG�KHWHURJHQHRXV� UHFRQILJXUDEOH�6\VWHP�RQ�D�&KLS� �+56R&��� ,Q�VXFK�D�V\VWHP� WZR�PDLQ�
FRPSRQHQWV�FDQ�EH�UHFRJQL]HG�±�SURFHVVLQJ�HQWLWLHV�DQG�FRPPXQLFDWLRQ�HQWLWLHV��:KLOH� WKH�
SURFHVVLQJ�HQWLWLHV�GHDO�ZLWK�GDWD�SURFHVVLQJ�DQG�FRPSULVH�DOO�FRPSXWDWLRQ�UHVRXUFHV�RI�WKH�
V\VWHP��WKH�FRPPXQLFDWLRQ�HQWLWLHV�SURYLGH�DQ�LQIUDVWUXFWXUH�IRU�GDWD�H[FKDQJH�EHWZHHQ�WKH�
SURFHVVLQJ� UHVRXUFHV�� ,Q� WKLV� SDSHU� DQ� RYHUYLHZ� RI� PHWKRGV� DQG� WHFKQLTXHV� IRU� RQ�FKLS�
LQWHUFRQQHFWLRQ�V\VWHPV�LV�JLYHQ��
,Q�WKH�& ���������	��
��� �SURMHFW�D�WLOHG�KHWHURJHQHRXV�UHFRQILJXUDEOH�6\VWHP�2Q�D�&KLS��+56R&��
IRU�IXWXUH�ORZ�SRZHU�PRELOH�PXOWL�PHGLD�GHYLFHV�LV�SURSRVHG��7KLV�+56R&�LV�EXLOW�XS�IURP�RI�D�
VHW�RI�KHWHURJHQHRXV�SURFHVVLQJ�WLOHV�WKDW�PD\�FRQWDLQ�JHQHUDO�SXUSRVH�SURFHVVLQJ�HOHPHQWV�
�*33��� ELW�OHYHO� UHFRQILJXUDEOH� XQLWV� �H�J�� HPEHGGHG� )3*$V��� GRPDLQ� VSHFLILF� ZRUG�OHYHO�
UHFRQILJXUDEOH�XQLWV��'65&��RU�DSSOLFDWLRQ�VSHFLILF��$6,&��XQLWV��VHH�)LJXUH�����,Q�WKLV�VHFWLRQ�
ZH� ZLOO� ILUVW� GLVFXVV� ZK\� D� WLOHG� RUJDQLVDWLRQ� LV� FKRVHQ� DQG� WKHQ� ZH� ZLOO� LQWURGXFH� WKH�
DVVRFLDWHG�FRPPXQLFDWLRQ�LVVXHV���

���� 7LOHG�RUJDQLVDWLRQ�
7RGD\¶V�VHPLFRQGXFWRU�PDQXIDFWXULQJ�WHFKQLTXHV�SURYLGH�D�KXJH�WUDQVLVWRU�EXGJHW�DQG�DOORZ�
SXWWLQJ� GLIIHUHQW� W\SHV� RI� IXQFWLRQV� RQ� WKH� VDPH� FKLS�� $V� D� UHVXOW� LW� LV� SRVVLEOH� WR� EXLOG� D�
FRPSOHWH� V\VWHP�� LQFOXGLQJ� SURFHVVRUV��PHPRU\� DQG� DQDORJXH� SDUWV� RQ� D� VLQJOH� FKLS�� 7KH�
ODWWHU� LV� FDOOHG� D� V\VWHP�RQ�FKLS� �6R&��� )OH[LEOH� DQG� DGDSWLYH� 6R&V� FDQ� EH� UHDOL]HG� E\�
LQWHJUDWLQJ� UHFRQILJXUDEOH� KDUGZDUH� SDUWV� RI� GLIIHUHQW� JUDQXODULWLHV� LQWR� KHWHURJHQHRXV�
�������������������������������������������������������
�7KLV�UHVHDUFK�LV�VXSSRUWHG�E\�352*5(66��WKH�HPEHGGHG�V\VWHPV�UHVHDUFK�SURJUDP�RI�WKH�'XWFK�
RUJDQLVDWLRQ�IRU�6FLHQWLILF�5HVHDUFK�1:2��WKH�'XWFK�0LQLVWU\�RI�(FRQRPLF�$IIDLUV�DQG�WKH�7HFKQRORJ\�
)RXQGDWLRQ�67:��
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UHFRQILJXUDEOH�6R&V��+56R&V���5HXVDEOH�+56R&V�DUH�HYHU�PRUH�DSSHDOLQJ�WR�LQGXVWU\�GXH�
WR� WKH� H[SRQHQWLDOO\� LQFUHDVLQJ� PDVN� FRVWV� IRU� DQ� $6,&� >��@�� 6XFK� D� +56R&� ZLWK�
UHFRQILJXUDEOH� KDUGZDUH� SDUWV� RI� GLIIHUHQW� JUDQXODULWLHV� LV� LQ� OLQH� ZLWK� WKH� LGHD� WR�PDWFK� DQ�
DOJRULWKP�ZLWK�KDUGZDUH�WKDW�FDQ�H[HFXWH�LW�HIILFLHQWO\��,Q�RXU�YLHZ��VXFK�D�+56R&�IRU�PRELOH�
GHYLFHV� VKRXOG� FRQWDLQ� GRPDLQ� VSHFLILF� SURFHVVRU� WLOHV� FRQQHFWHG� E\� DQ� RQ�FKLS�
LQWHUFRQQHFWLRQ�QHWZRUN��,Q�WKLV�VHFWLRQ�WKH�EHQHILWV�RI�VXFK�D�WLOHG�DUFKLWHFWXUH�DUH�GLVFXVVHG��

�
)LJXUH���� +HWHURJHQHRXV�WLOHG�RUJDQLVDWLRQ�

:KHQ�D� SURFHVVLQJ� HQWLW\� LV� UHSOLFDWHG� D� QXPEHU� RI� WLPHV� RQ� D� FKLS�� D� WLOHG� DUFKLWHFWXUH� LV�
REWDLQHG�� $� IHDVLEOH� WHPSODWH� IRU� D� IXWXUH�SURRI� DUFKLWHFWXUH� LV� FRQVWUXFWHG� IURP�SURFHVVLQJ�
WLOHV�WKDW�GR�QRW�JURZ�LQ�FRPSOH[LW\�ZLWK�WHFKQRORJ\��
,QVWHDG�� DV� WHFKQRORJ\� VFDOHV� WKH� QXPEHU� RI� WLOHV� RQ� WKH� FKLS� JURZV�� $Q� RQ�FKLS�
FRPPXQLFDWLRQ�QHWZRUN�WKHQ�FRPELQHV�WKH�WLOHV�LQWR�D�+56R&�>��@��$Q�RQ�FKLS�QHWZRUN�WKDW�
URXWHV�SDFNHWV�KDV�D�KLJKHU�EDQGZLGWK�WKDQ�DQ�RQ�FKLS�EXV��DV�LW�VXSSRUWV�PXOWLSOH�FRQFXUUHQW�
FRPPXQLFDWLRQV�� 7KH� ZHOO�FRQWUROOHG� HOHFWULFDO� SDUDPHWHUV� RI� DQ� RQ�FKLS� LQWHUFRQQHFWLRQ�
QHWZRUN� HQDEOH� WKH� XVH� RI� KLJK�SHUIRUPDQFH� FLUFXLWV� WKDW� UHVXOW� LQ� VLJQLILFDQWO\� ORZHU� SRZHU�
GLVVLSDWLRQ�� KLJKHU� SURSDJDWLRQ� YHORFLW\� DQG� KLJKHU� EDQGZLGWK� WKDQ� LV� SRVVLEOH� ZLWK�
FRQYHQWLRQDO�FLUFXLWV��
$Q� DUFKLWHFWXUH� LQ� ZKLFK� SURFHVVRU� WLOHV� DUH� FRQQHFWHG� E\� DQ� RQ�FKLS� QHWZRUN� KDV� D� YHU\�
PRGXODU�GHVLJQ��7KH�PRGXODULW\�UHGXFHV�GHVLJQ�FRPSOH[LW\�DQG�PDNHV�LW�SRVVLEOH�WR�HPSOR\�
WKH�HQRUPRXV�WUDQVLVWRU�EXGJHW�WKDW�ZLOO�EH�DYDLODEOH�LQ�IXWXUH�LQWHJUDWHG�FLUFXLWV��7KH�GHVLJQ�
RI� D� VLQJOH� WLOH� LV� UHODWLYHO\� VLPSOH� DQG� WKHUHIRUH� D� ORW� RI� HIIRUW� FDQ� EH� SXW� LQ� SRZHU�
RSWLPLVDWLRQV�RQ� WKH�SK\VLFDO� OHYHO� RI� LQWHJUDWHG�FLUFXLW� GHVLJQ��$� WLOHG�DSSURDFK�DOVR�HDVHV�
YHULILFDWLRQ�RI� DQ� LQWHJUDWHG�FLUFXLW� GHVLJQ�� VLQFH� WKH� GHVLJQ�RI� LGHQWLFDO� WLOHV� RQO\� KDV� WR� EH�
YHULILHG�RQFH��7KH�FRPSXWDWLRQDO�SRZHU�LQ�D�WLOHG�DUFKLWHFWXUH�VFDOHV�OLQHDUO\�ZLWK�WKH�QXPEHU�
RI� WLOHV��7KH�PRUH� WLOHV� WKHUH�DUH�RQ�D�FKLS�� WKH�PRUH�FRPSXWDWLRQV�FDQ�EH�GRQH� LQ�SDUDOOHO�
�SURYLGLQJ�WKDW�WKH�QHWZRUN�FDSDFLW\�VFDOHV�ZLWK�WKH�QXPEHU�RI�WLOHV���
$FFHVVHV�WR�PHPRU\�GLVSOD\�D�KLJK�GHJUHH�RI�ORFDOLW\��7HPSRUDO�ORFDOLW\�RI�UHIHUHQFH�UHIHUV�WR�
WKH� REVHUYDWLRQ� WKDW� DFFHVVHG� GDWD� LV� RIWHQ� UHIHUHQFHG� DJDLQ� LQ� WKH� QHDU� IXWXUH�� 6SDWLDO�
ORFDOLW\� RI� UHIHUHQFH� UHIHUV� WR� WKH� REVHUYDWLRQ� WKDW� RQFH� D� SDUWLFXODU� PHPRU\� ORFDWLRQ� LV�
DFFHVVHG�� D� QHDUE\� ORFDWLRQ� LV� RIWHQ� UHIHUHQFHG� LQ� WKH� QHDU� IXWXUH�� $FFHVVLQJ� D� VPDOO� DQG�
ORFDO�PHPRU\� LV�PXFK�PRUH� HQHUJ\�HIILFLHQW� WKDQ� DFFHVVLQJ� D� ELJ� DQG� IDU� GLVWDQW�PHPRU\��
7UDQVSRUWLQJ� D� VLJQDO� RYHU� D� �PP�ZLUH� LQ� D� ����µP� WHFKQRORJ\� ZLOO� UHTXLUH�PRUH� WKDQ� ���
WLPHV�WKH�HQHUJ\�RI�D����ELW�RSHUDWLRQ�LQ�WKH�VDPH�WHFKQRORJ\�>��@���7KH�RII�FKLS�LQWHUFRQQHFW�
ZLOO�FRQVXPH�PRUH� WKDQ�D������ WLPHV� WKH�HQHUJ\�RI�D����ELW�RSHUDWLRQ���$� WLOHG�DUFKLWHFWXUH�
LQWULQVLFDOO\�HQFRXUDJHV�WKH�XVDJH�RI�VPDOO�DQG�ORFDO�LQ�WLOH�PHPRULHV��([SORLWLQJ�WKH�ORFDOLW\�RI�
UHIHUHQFH�SULQFLSOH�H[WHQVLYHO\�ZLOO�LPSURYH�WKH�HQHUJ\�HIILFLHQF\�VXEVWDQWLDOO\��7KH�SURFHVVRU�
WLOHV�LQ�D�WLOHG�DUFKLWHFWXUH�FDQ�EH�YLHZHG�DV�D�SRRO�RI�UHVRXUFHV��
6RPH�DOJRULWKPV�PLJKW�ILW�LQ�D�VLQJOH�SURFHVVRU�WLOH��ZKLOH�RWKHUV�PLJKW�UHTXLUH�PXOWLSOH�WLOHV�WR�
DFKLHYH� WKH� UHTXLUHG�SHUIRUPDQFH��$OWKRXJK� WLOHV�RSHUDWH� WRJHWKHU� LQ�D�FRPSOH[�V\VWHP��DQ�
LQGLYLGXDO� WLOH� RSHUDWHV� TXLWH� DXWRQRPRXVO\�� ,Q� D� WLOHG� DUFKLWHFWXUH� HYHU\� SURFHVVRU� WLOH� LV�
FRQILJXUHG� LQGHSHQGHQWO\�� ,Q� IDFW�� D� WLOH� LV� D� QDWXUDO� XQLW� IRU� SDUWLDO� UHFRQILJXUDWLRQ�� 8QXVHG�
WLOHV�FDQ�EH�FRQILJXUHG�IRU�D�QHZ�WDVN��ZKLOH�DW�WKH�VDPH�WLPH�RWKHU�WLOHV�DUH�SHUIRUPLQJ�RWKHU�
WDVNV��7KDW�LV�WR�VD\��D�WLOHG�DUFKLWHFWXUH�FDQ�EH�UHFRQILJXUHG�G\QDPLFDOO\��
$� WLOH�SURFHVVRU�PLJKW�QRW�QHHG� WR� UXQ�DW� IXOO�FORFN�VSHHG� WR�DFKLHYH� WKH�UHTXLUHG�4R6�DW�D�
SDUWLFXODU� PRPHQW� LQ� WLPH�� $OVR�� ZKHQ� D� WDVN� LV� SLSHOLQHG� RQ� PXOWLSOH� SURFHVVRU� WLOHV� LW� LV�
SODXVLEOH�WKDW�QRW�DOO�SURFHVVRU�WLOHV�LQ�WKH�SLSHOLQH�UHTXLUH�UXQQLQJ�DW�WKH�VDPH�FORFN�VSHHG��
$Q�HQHUJ\�DGYDQWDJH�FDQ�EH�JDLQHG�ZKHQ�WKH�SURFHVVRU�WLOHV�HDFK�KDYH�D�FRQILJXUDEOH�FORFN�
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IUHTXHQF\��7KH�SRZHU�FRQVXPSWLRQ�RI�D�FLUFXLW�YDULHV� OLQHDUO\�ZLWK� LWV�FORFN�IUHTXHQF\��VLQFH�
SRZHU�FRQVXPSWLRQ�LV�WKH�WLPH�UDWH�RI�HQHUJ\�FRQVXPSWLRQ��$�ILUVW�RUGHU�DSSUR[LPDWLRQ�RI�WKH�
G\QDPLF�SRZHU�FRQVXPSWLRQ�3�LQ�D�FLUFXLW� LV�JLYHQ�E\�WKH�IRUPXOD��3 �ò�&9 � I�ZKHUH�I� LV�WKH�
RSHUDWLQJ� IUHTXHQF\�RI� WKH�FLUFXLW��&� WKH� WRWDO� FDSDFLWDQFH�DQG�9� WKH�SRZHU� VXSSO\� YROWDJH��
3RZHU�FRQVXPSWLRQ�YDULHV� OLQHDUO\�ZLWK�FORFN�VSHHG�DQG�E\�WKH�VTXDUH�RI�YROWDJH��5HGXFLQJ�
WKH�VXSSO\�YROWDJH�LV�IDU�PRUH�OXFUDWLYH�WKDQ�UHGXFLQJ�WKH�FORFN�IUHTXHQF\��7KH�VXSSO\�YROWDJH�
RI�D�FLUFXLW�FDQQRW�EH�UHGXFHG�DUELWUDULO\��7KH�GHOD\�RI�D�FLUFXLW� LQFUHDVHV�VLJQLILFDQWO\�ZKHQ�
WKH�VXSSO\�YROWDJH�LV�UHGXFHG��:KHQ�WKH�FORFN�IUHTXHQF\� LV� ORZHUHG��WKH�VXSSO\�YROWDJH�FDQ�
EH� ORZHUHG� DV� ZHOO�� $� FRQILJXUDEOH� FORFN� LQ� FRPELQDWLRQ� ZLWK� G\QDPLF� YROWDJH� VFDOLQJ�
SURGXFHV�FXELF�UHGXFWLRQV�LQ�G\QDPLF�HQHUJ\�FRQVXPSWLRQ��

���� ,QWHUFRQQHFWLRQ�QHWZRUNV�
,QWHU�SURFHVVRU� FRPPXQLFDWLRQ� LV� D� FULWLFDO� LVVXH� LQ� D� WLOHG� +56R&� DUFKLWHFWXUH��
&RPPXQLFDWLRQ� SURSHUWLHV� �H�J�� HQHUJ\� FRVW�� ODWHQF\�� EDQGZLGWK�� HWF��� GHWHUPLQH� WKH�
JUDQXODULW\�RI�WKH�WDVNV�WKDW�FDQ�EH�UXQ�RQ�WKH�SURFHVVLQJ�WLOHV��7KH�LQWHUFRQQHFWLRQ�QHWZRUN�LV�
D�NH\�FRPSRQHQW�IRU�SURYLGLQJ�IOH[LELOLW\�LQ�UHFRQILJXUDEOH�V\VWHPV��2Q�WKH�RWKHU�KDQG�WKH�KLJK�
HQHUJ\� FRQVXPSWLRQ� DQG� WKH� UHTXLUHG� FKLS� DUHD� RI� WKH� LQWHUFRQQHFWLRQV� LQ� UHODWHG�
WHFKQRORJLHV��VXFK�DV�)3*$V��LQGLFDWHV�WKDW�IOH[LELOLW\�RIWHQ�FRPHV�DW�D�KLJK�FRVW��7KHUHIRUH��
FDUHIXO�GHVLJQ�RI�WKH�LQWHUFRQQHFW�DUFKLWHFWXUHV�LV�QHHGHG�WR�HQVXUH�ORZ�HQHUJ\�FRQVXPSWLRQ�
DQG�KLJK�IOH[LELOLW\��2QH�RI�WKH�SUREOHPV�LV�WKDW�WKH�FRPPXQLFDWLRQ�DUFKLWHFWXUH�KDV�D�QXPEHU�
RI� FRQIOLFWLQJ� UHTXLUHPHQWV� H�J�� PLQLPDO� HQHUJ\� FRQVXPSWLRQ�� WKH� DSSOLFDWLRQ¶V� WDVN� JUDSK�
VKRXOG�PDS�WR�WKH�SK\VLFDO�FRPPXQLFDWLRQ�WRSRORJ\�RI�WKH�RQ�FKLS�QHWZRUN��IOH[LEOH�HQRXJK�WR�
KDQGOH�\HW�XQNQRZQ�DSSOLFDWLRQ��VFDODEOH�IURP�D�VPDOO� WR�D� ODUJH�QXPEHU�RI�SURFHVVRUV�DQG�
SURYLGH�VXSSRUW�IRU�UHDO�WLPH�PXOWLPHGLD�WUDIILF��
7KLV� UHVHDUFK� DUHD� FDQ� PDNH� XVH� RI� WKH� PHWKRGV� DQG� WHFKQLTXHV� IRU� WKH� LQWHU�SURFHVVRU�
FRPPXQLFDWLRQ�QHWZRUNV�IRU�SDUDOOHO�V\VWHPV��+RZHYHU��LQ�SDUDOOHO�V\VWHPV�KLJK�SHUIRUPDQFH�
LV�WKH�RQH�DQG�RQO\�SULRULW\��,Q�WKLV�UHVHDUFK�SHUIRUPDQFH�LV�QRW�WKH�RQO\�JRDO��WKHUH�DUH�RWKHU�
DGGLWLRQDO� UHTXLUHPHQWV�� L�H�� PLQLPDO� HQHUJ\� FRQVXPSWLRQ�� DQG� VPDOO� VL]H� �UHDOL]DEOH� LQ� D�
VPDOO� VLOLFRQ� DUHD��� %HFDXVH� FRPPXQLFDWLRQ� LV� H[SHQVLYH� LQ� WHUPV� RI� HQHUJ\�� ORFDOLW\� RI�
UHIHUHQFH� LV� DQ� LPSRUWDQW� FRQFHSW� LQ� WKHVH� V\VWHPV�� VR� WKH� PDLQ� VWUDWHJ\� LV� WR� ORFDWH�
IUHTXHQWO\�UHIHUHQFHG�GDWD�FORVH�WR�WKH�SURFHVVRU���
,Q� WKH�QH[W�VHFWLRQ�ZH�FROOHFW� WKH�PRVW� LPSRUWDQW�GHVLJQ�FULWHULD�RI� LQWHUFRQQHFWLRQ�QHWZRUNV�
IRU�+56R&��,Q�WKH�WKLUG�VHFWLRQ�VHYHUDO�UHODWHG�SURMHFWV�WKDW�FRQFHUQ�LQWHUFRQQHFWLRQ�QHWZRUNV�
IRU� 6R&� DUH� SUHVHQWHG�� 6HFWLRQ� IRXU� LV� D� FODVVLILFDWLRQ� RI� WKH� LQWHUFRQQHFWLRQ� QHWZRUNV� DQG�
SUHVHQWV� FKDUDFWHULVWLFV� DQG� WHFKQLTXHV� XVHG�� 6HFWLRQ� ILYH� FRQWDLQV� FRQFOXVLRQV� DQG� VRPH�
LGHDV�IRU�IXWXUH�ZRUN��

�� 5HTXLUHPHQWV�
7KLV� VHFWLRQ� VXPPDULVHV� WKH� PRVW� LPSRUWDQW� UHTXLUHPHQWV� DQG� FULWHULD� IRU� RQ�FKLS�
LQWHUFRQQHFWLRQ� QHWZRUNV� IRU� KHWHURJHQHRXV� UHFRQILJXUDEOH� 6R&� GHVLJQV� �+56R&�� XVHG� LQ�
PRELOH�GHYLFHV��

���� (QHUJ\�HIILFLHQF\�
$V�HQHUJ\�HIILFLHQF\� LV�D�PDMRU�GHVLJQ�FULWHULRQ� IRU�PRELOH�V\VWHPV�ZH�EULHIO\� UHYLHZ� LQ� WKLV�
VHFWLRQ� WKH� PRVW� LPSRUWDQW� GHVLJQ� SULQFLSOHV� IRU� HQHUJ\�HIILFLHQW� GHVLJQ�� $OWKRXJK� WKHVH�
SULQFLSOHV� DUH� TXLWH� JHQHUDO�� WKH\� DUH� DOVR� DSSOLFDEOH� IRU� GHVLJQLQJ� HQHUJ\�HIILFLHQW� RQ�FKLS�
FRPPXQLFDWLRQ� QHWZRUNV�� 7KH� IROORZLQJ� EDVLF� SULQFLSOHV� FDQ� EH� XVHG� WR� GHVLJQ� HIILFLHQW�
V\VWHPV��
��� ,QYROYH� DOO� OD\HUV�� (QHUJ\� HIILFLHQF\� LV� DQ� LVVXH� LQYROYLQJ� DOO� OD\HUV� RI� WKH� V\VWHP�� LWV�

SK\VLFDO� OD\HU�� LWV� FRPPXQLFDWLRQ� SURWRFRO� VWDFN�� LWV� V\VWHP� DUFKLWHFWXUH�� LWV� RSHUDWLQJ�
V\VWHP�� DQG� WKH� HQWLUH� DSSOLFDWLRQ�� 'HVLJQLQJ� DQ� HQHUJ\�HIILFLHQW� V\VWHP� UHTXLUHV� WKH�
V\VWHP�WR�EH�RSWLPLVHG�IRU�HQHUJ\� LQ�DQ� LQWHJUDO�ZD\��$�V\VWHP�EXLOW�RXW�RI�FRPSRQHQWV�
WKDW� KDYH� LQGLYLGXDOO\� EHHQ� RSWLPLVHG� IRU� ORZ� SRZHU� GRHV� QRW� QHFHVVDULO\� UHVXOW� LQ� WKH�
PRVW�HQHUJ\�HIILFLHQW�V\VWHP��



���

��� 0DSSLQJ�DSSOLFDWLRQ� WDVNV�RQWR� WKH�PRVW� VXLWDEOH�SURFHVVLQJ�HQWLW\��$V� LQGLFDWHG�DERYH�
WKUHH�EDVLF�SURFHVVRU�W\SHV�FDQ�EH�GLVWLQJXLVKHG��

D�� *HQHUDO�SXUSRVH�SURFHVVLQJ�XQLWV�±�WKDW�FDQ�EH�SURJUDPPHG�WR�SHUIRUP�YLUWXDOO\�
DQ\� FRPSXWDWLRQDO� WDVN�� EXW� KDYH� VLJQLILFDQW� RYHUKHDG� IRU� LQVWUXFWLRQ� VWUHDP�
SURFHVVLQJ�DQG�DUH�TXLWH�HQHUJ\�KXQJU\��+RZHYHU��WKH\�DUH�YHU\�JRRG�LQ�FRQWURO�
W\SH� RI� DSSOLFDWLRQV� �ZLWK� IUHTXHQW� FRQWURO� FRQVWUXFWLRQV�� LI�WKHQ�HOVH� RU� ZKLOH�
ORRSV���

E�� %LW�OHYHO� UHFRQILJXUDEOH� XQLWV� ±� WKDW� RIIHU� ILQH�JUDLQ� SURJUDPPDEOH� UHVRXUFHV��
XVHIXO� IRU� DSSOLFDWLRQ� ZLWK� ELW�OHYHO� RSHUDWLRQV� �H�J�� 31�FRGH� JHQHUDWLRQ�� WXUER�
HQFRGLQJ���

F�� :RUG�OHYHO� UHFRQILJXUDEOH� XQLWV� ±� WKDW� RIIHU� UHVRXUFHV� ZLWK� ZRUG�OHYHO�
UHFRQILJXUDEOH� GDWD� SDWKV�� GHVLJQHG� IRU� HIILFLHQW� SURFHVVLQJ� RI� '63�OLNH�
DOJRULWKPV� �H�J�� ))7�� ),5� ILOWHUV��� ,Q� WKH� & ���������	��
�� � SURMHFW� D� ZRUG�OHYHO�
UHFRQILJXUDEOH� WLOH� FDOOHG� 0 
����� ��� � LV� EHLQJ� GHYHORSHG� >��@�� 7KH� KDUGZDUH�
RUJDQLVDWLRQ� RI� VXFK� D� WLOH� LV� YHU\� UHJXODU� DQG� UHVHPEOHV� YHU\� ORQJ� LQVWUXFWLRQ�
ZRUG��9/,:��DUFKLWHFWXUH��7KH�WDUJHWHG�DOJRULWKP�GRPDLQ�RI�WKH�WLOH�FRPSULVHV����
ELW� GLJLWDO� VLJQDO� SURFHVVLQJ� DOJRULWKPV� WKDW� FRQWDLQ� PXOWLSO\� DFFXPXODWH�
RSHUDWLRQV�VXFK�DV�))7��),5�DQG� OLQHDU� LQWHUSRODWLRQV��+RZHYHU��WKH�0 
����� ��� � LV�
QRW�OLPLWHG�WR�WKHVH�DOJRULWKPV�>��@��

)RU� DQ� HQHUJ\�HIILFLHQW� V\VWHP� WKH� W\SH� RI� SURFHVVLQJ� VKRXOG� EH� FKRVHQ� LQ�
DFFRUGDQFH�ZLWK� WKH�FRPSXWDWLRQDO� FKDUDFWHULVWLFV�RI� WKH� WDVN� WR�EH�SHUIRUPHG��7KH�
PDLQ�SKLORVRSK\� LV� WKDW�RSHUDWLRQV�RQ�GDWD� VKRXOG�EH�GRQH�DW� WKH� SODFH�ZKHUH� LW� LV�
PRVW�HQHUJ\�HIILFLHQW�DQG�ZKHUH�LW�PLQLPL]HV�WKH�UHTXLUHG�FRPPXQLFDWLRQ��

��� $SSO\LQJ�ORFDOLW\�RI�UHIHUHQFH��/RFDOLW\�RI�UHIHUHQFH�UHIHUV�WR�ORFDWLQJ�IUHTXHQWO\�XVHG�GDWD�
FORVH� WR� WKH� SURFHVVLQJ� HQWLWLHV�� $FFHVVLQJ� D� VPDOO� DQG� ORFDO� PHPRU\� LV� PXFK� PRUH�
HQHUJ\�HIILFLHQW�WKDQ�DFFHVVLQJ�D�ELJ�DQG�IDU�GLVWDQW�PHPRU\���

��� 4XDOLW\�RI�6HUYLFH� LV�DQ�HVVHQWLDO�PHFKDQLVP�IRU�PRELOH�PXOWLPHGLD�V\VWHPV�QRW�RQO\� WR�
JLYH�XVHUV�DQ�DGHTXDWH�OHYHO�RI�VHUYLFH��EXW�DOVR�DV�D�WRRO�WR�DFKLHYH�DQ�HQHUJ\�HIILFLHQW�
V\VWHP��,Q�D�PRELOH�PXOWLPHGLD�HQYLURQPHQW��PRELOLW\�DQG�WKH�QHHG�IRU�HIILFLHQW�UHVRXUFH�
XWLOLVDWLRQ�UHTXLUH�WKH�XVH�RI�D�
VRIW
�4R6�PRGHO��7\SLFDOO\��WKH�PLQLPXP�4R6�UHTXLUHPHQW�
IRU�PXOWLPHGLD� DSSOLFDWLRQV� KDV� D� ZLGH� G\QDPLF� UDQJH� GHSHQGLQJ� RQ� WKH� XVHU
V� TXDOLW\�
H[SHFWDWLRQV��DSSOLFDWLRQ�XVDJH�PRGHOV��DQG�DSSOLFDWLRQ
V�WROHUDQFH�WR�GHJUDGDWLRQ��,I�WKH�
V\VWHP� ZRXOG� DGDSW� WR� WKH� UHTXLUHG� 4R6� DQG� FXUUHQW� HQYLURQPHQW�� WKHQ� WKH� HQHUJ\�
HIILFLHQF\�FDQ�EH�LPSURYHG�FRQVLGHUDEO\��

��� $YRLG� XVHOHVV� DFWLYLW\�� 7KLV� LV� WKH� PDLQ� GULYLQJ� IRUFH� RI� IRU� LQVWDQFH� G\QDPLF� SRZHU�
PDQDJHPHQW�� OLQN� OD\HU� SURWRFROV� DQG� DGDSWLYH� HUURU� FRQWURO�� 8VHOHVV� DFWLYLW\� FDQ� EH�
FDXVHG�E\� YDULRXV� IDFWRUV�DW� DOO� OHYHOV�RI� WKH�V\VWHP� �H�J�� EHLQJ�XQQHFHVVDU\� LQ�D�KLJK�
SRZHU�RSHUDWLRQDO�PRGH��DSSO\LQJ�HUURU�FRQWURO�WR�HUURU�UHVLOLHQW�GDWD��WU\LQJ�WR�WUDQVPLW�D�
YLGHR�IUDPH�WKDW�LV�DOUHDG\�RXW�GDWHG����

��� 5HGXFH�WKH�DPRXQW�RI�FRPPXQLFDWLRQ��7KLV�LV�TXLWH�REYLRXV�DV�FRPPXQLFDWLRQ�FRQVXPHV�
D� ODUJH� SRUWLRQ�RI� WKH�HQHUJ\� EXW� WKLV�SULQFLSOH� LV�DSSOLFDEOH� LQ�DOO� OD\HUV� RI� WKH� V\VWHP��
7KLV�DOVR�UHIHUV�WR�WKH�WUDGH�RII�EHWZHHQ�FRPPXQLFDWLRQ�DQG�FRPSXWDWLRQ��([DPSOHV�DUH�
DGDSWLYH� HUURU� FRQWURO� WKDW� DGDSWV� LWV� HUURU� FRGLQJ� DFFRUGLQJ� WR� WKH� FXUUHQW� FKDQQHO�
FRQGLWLRQV�DQG�WKH�UHTXLUHG�TXDOLW\��YLGHR�WUDQVPLVVLRQ�V\VWHPV�WKDW�DGDSW�WKH�TXDOLW\�WR�
WKH�H[SHFWDWLRQV�RI�WKH�XVHUV��WKH�DYDLODEOH�UHVRXUFHV��DQG�WKH�FKDQQHO�FRQGLWLRQV��$JDLQ��
4R6�FDQ�EH�XVHG�WR�GHWHUPLQH�ZKHWKHU�LW�LV�UHDOO\�QHFHVVDU\�WR�WUDQVSRUW�WKH�GDWD��

��� 5HGXFH� HQHUJ\� GLVVLSDWHG� LQ� ZLULQJ��:KHUHDV� WKH� HQHUJ\� QHHGHG� IRU� FRPSXWDWLRQ� DQG�
VWRUDJH�JUHDWO\�EHQHILWV�IURP�WHFKQRORJ\�LPSURYHPHQW�DQG�GHYLFH�VFDOLQJ��WKH�HQHUJ\�IRU�
RQ�FKLS� FRPPXQLFDWLRQ� GRHV� QRW� VFDOH� GRZQ� >��@�� 3URMHFWLRQV� EDVHG� RQ� FXUUHQW�
RSWLPLVDWLRQ� WHFKQLTXHV� IRU� JOREDO� ZLUHV� VKRZ� WKDW� JOREDO� RQ�FKLS� FRPPXQLFDWLRQ� ZLOO�
UHTXLUH�PRUH� DQG�PRUH� HQHUJ\� >��@��+HQFH��PLQLPLVDWLRQ� RI� WKH� FRPPXQLFDWLRQ� HQHUJ\�
ZLOO�EH�D�JURZLQJ�FRQFHUQ� LQ� IXWXUH�V\VWHPV��0LQLPLVDWLRQ�RI� WKH�FRPPXQLFDWLRQ�HQHUJ\�
GLVVLSDWHG� LQ� ZLUHV� FDQ� EH� DFKLHYHG� E\� ��� SK\VLFDO� RSWLPLVDWLRQ� RI� WKH� RQ�FKLS�
LQWHUFRQQHFWLRQV�� DQG� ��� E\� HIILFLHQW� XVDJH� RI� WKHVH� LQWHUFRQQHFWLRQV�� )RU� SK\VLFDO�
RSWLPLVDWLRQ�RI�WKH�RQ�FKLS�LQWHUFRQQHFWLRQV��L�H��UHGXFLQJ�WKH�HQHUJ\�IRU�WUDQVPLVVLRQ�RI�D�
GDWD� XQLW� RQ� WKH� LQWHUFRQQHFWLRQ�ZLUHV�� WKHUH� DUH� WZR�ZD\V��VWUXFWXUHG�ZLULQJ� DQG�VKRUW�
ZLUHV��
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6WUXFWXUHG�ZLULQJ�
:H�FDOO�D�ZLULQJ�VWUXFWXUHG�ZKHQ�WKH�LQWHUFRQQHFWLRQ�ZLUHV�DUH�RI�HTXDO�OHQJWK��RU�WKHUH�LV�RQO\�
D�VPDOO�VHW�RI�GLIIHUHQW�ZLUH�OHQJWKV��DQG�DUH�DUUDQJHG�LQ�D�VLPSOH��UHJXODU�SDWWHUQ��6WUXFWXUHG�
ZLULQJ�HQVXUHV� LQWHUFRQQHFWLRQ�ZLUHV�ZLWK�SUHGLFWDEOH� HOHFWULFDO� SDUDPHWHUV� WKDW� FDQ�EH�ZHOO�
FRQWUROOHG� DQG� RSWLPL]HG�� 7KHVH� SDUDPHWHUV�� LQ� SDUWLFXODU� ORZ� DQG� SUHGLFWDEOH� FURVV�WDON��
HQDEOHV� WKH� XVH� RI� DJJUHVVLYH� VLJQDOOLQJ� FLUFXLWV� WKDW� FDQ� UHGXFH� SRZHU� GLVVLSDWLRQ� DQG�
LQFUHDVH�SURSDJDWLRQ�YHORFLW\��UHGXFH�ZLUH�ODWHQF\���([DPSOHV�RI�VXFK�RSWLPL]HG�FLUFXLWV�DUH�
SXOVHG�ORZ�VZLQJ�GULYHUV�DQG�UHFHLYHUV��&RPSDUHG�ZLWK�D�IXOO�VZLQJ�GULYHU��WKH\�UHGXFH�SRZHU�
GLVVLSDWLRQ�E\�IDFWRU�RI�WHQ�DQG�LQFUHDVH�SURSDJDWLRQ�YHORFLW\�E\�WKUHH�WLPHV�>��@��
6KRUW�ZLUHV�
$� PDMRU� SDUW� RI� WKH� SRZHU� FRQVXPSWLRQ� LQ� WKH� &026� GHVLJQ� LV� GXH� WR� G\QDPLF� SRZHU�
FRQVXPSWLRQ�� 7KLV� SRZHU� LV� SURSRUWLRQDO� WR� WKH� ORDG� FDSDFLWDQFH� >��@�� )RU� DQ� LQWHUFRQQHFW�
GULYHU� LWV� ORDG� FDSDFLWDQFH� LV� GHWHUPLQHG� PDLQO\� E\� WKH� GULYHQ� ZLUH� FDSDFLWDQFH� DQG� LV�
SURSRUWLRQDO�WR�WKH�ZLUH�OHQJWK��7KHUHIRUH��WKH�HQHUJ\�GLVVLSDWLRQ�GXH�WR�WKH�LQWHUFRQQHFW�ZLUHV�
LV�SURSRUWLRQDO�WR�WKH�ZLUHV�OHQJWK��DQG�NHHSLQJ�ZLUHV�VKRUWHU�ZLOO�VDYH�HQHUJ\��.HHSLQJ�ZLUHV�
VKRUWHU� LV� SRVVLEOH� E\� FKRRVLQJ� DQ� DSSURSULDWH� LQWHUFRQQHFWLRQ� WRSRORJ\� DQG� E\� H[SORLWLQJ�
ORFDOLW\� RI� FRPPXQLFDWLRQ�� 0DQ\� DOJRULWKPV� GLVSOD\� ORFDOLW\� DQG� UHJXODULW\� LQ� WKH� UHTXLUHG�
LQWHUFRQQHFW� SDWWHUQV� >�@�� ,Q� D� V\VWHP� SHUIRUPLQJ� VXFK� DQ� DOJRULWKP� ZH� H[SHFW� QRW� DOO�
FRPSRQHQWV�FRPPXQLFDWH�DFWLYHO\� WR�HDFK�RWKHU��EXW�DFWLYH�FRPPXQLFDWLRQ�ZLOO�EH�UHVWULFWHG�
WR�VHYHUDO�JURXSV�RI�FRPSRQHQWV��3ODFLQJ�FRPSRQHQWV�RI�VXFK�D�JURXS�FORVH� WR�HDFK�RWKHU�
ZLOO�UHVWULFW�LQWHQVLYH�FRPPXQLFDWLRQ�RQ�VKRUW�FRQQHFWLRQV�EHWZHHQ�QHLJKERXUV��2I�FRXUVH��WR�
DFKLHYH�WKLV��WKH�LQWHUFRQQHFWLRQ�WRSRORJ\�KDV�WR�VXSSRUW�VXFK�QRGH�JURXSLQJ��

���� &RVW�
7KH�GLIIHUHQW�GHVLJQ�GHFLVLRQV� WKDW�ZH�FDQ� WDNH� UHJDUGLQJ� WKH� LQWHUFRQQHFWLRQ�QHWZRUN�PD\�
OHDG�WR�GLIIHUHQW�DUHD�DQG�HQHUJ\�RYHUKHDG�RI�WKH�QHWZRUN��7KH�VSDFH�DQG�HQHUJ\�RYHUKHDG�LQ�
DQ�RQ�FKLS�QHWZRUN�FRPH�IURP�DFWLYLWLHV�RQ�WKH�LQWHUFRQQHFWLRQ�ZLUHV��WKH�PHPRU\�QHHGHG�IRU�
WKH�TXHXHV��WKH�VZLWFKLQJ�IDEULF�DQG�WKH�URXWLQJ�DQG�DUELWUDWLRQ�ORJLF��
$FFRUGLQJ�WR�HVWLPDWLRQV�PDGH�LQ�>��@��DUHD�RYHUKHDG�GXH�WR�WKH�QHWZRUN�LQWHUIDFH�LQ�WKHLU�RQ�
FKLS�LQWHUFRQQHFWLRQ�QHWZRUN�LV������LQ�HDFK�WLOH��ZKLFK�LV�PRGHVW��7KH�DXWKRUV�RI�>��@�PDNH�D�
FRPSDULVRQ�EHWZHHQ�WKH�DYDLODEOH�ZLULQJ�UHVRXUFHV�LQ�WKH�LQWHU�FKLS�QHWZRUNV�DQG�LQ�WKH�RQ�
FKLS�QHWZRUNV��:KLOH�WKH�LQWHU�FKLS�QHWZRUNV�DUH�SLQ�OLPLWHG��OHVV�WKHQ������SLQV�IRU�D�URXWLQJ�
FKLS���LQ�WKH�RQ�FKLS�QHWZRUNV�WKH\�DVVHUW�LW�LV�HDV\�WR�DFKLHYH�RYHU�������µSLQV¶��RQ�WKH�IRXU�
HGJHV� RI� �[�PP� WLOH�� ���XP� &026� ZLWK� ���XP�PLQ�� ZLUH� SLWFK��� 7KLV� LV� D� ����� GLIIHUHQFH�
VKRZLQJ�WKDW�RQ�FKLS�QHWZRUNV�KDYH�DQ�HQRUPRXV�ZLULQJ�UHVRXUFH�SRWHQWLDO�DW�WKHLU�GLVSRVDO��
$OVR�LQ�>��@�DQ�HVWLPDWLRQ�LV�PDGH�DERXW�WKH�HQHUJ\�RYHUKHDG�GXH�WR�ZLUHV�DQG�LQWHUIDFHV��,W�
KDV�EHHQ�VKRZQ�WKDW�WKH�ZLUH�WUDQVLWLRQ�SRZHU�LV�VLJQLILFDQWO\�JUHDWHU�WKDQ�WKH�SRZHU�XVHG�LQ�
WKH�QHWZRUN�LQWHUIDFH�ORJLF��
$V� D� VXPPDU\� ZH� FRXOG� VD\� WKDW� LW� LV� DFFHSWDEOH� WR� WUDGH� ZLULQJ� UHVRXUFHV� IRU� QHWZRUN�
SHUIRUPDQFH�� DQG� XVH� PRUH� FRPSOH[� DQG� FOHYHU� URXWLQJ� DQG� IORZ�FRQWURO� PHFKDQLVPV� IRU�
VDYLQJ�ZLUH�WUDQVPLVVLRQ�SRZHU��

���� 6FDODELOLW\�
6FDODELOLW\� UHIHUV� WR� WKH� SRVVLELOLW\� WR� H[WHQG� WKH� QHWZRUN�� ZKLOH� NHHSLQJ� WKH� QHWZRUN¶V�
FKDUDFWHULVWLFV� XQFKDQJHG�� $GGLQJ� QHWZRUN¶V� QRGHV� �H�J�� ZKHQ� WKH� QH[W� VHPLFRQGXFWRU�
WHFKQRORJ\�LV�LQWURGXFHG��VKRXOG�QRW�DIIHFW�WKH�UHPDLQLQJ�QRGHV�LQ�WKH�QHWZRUN��,W�VKRXOG�QRW�
FKDQJH� WKH� WKURXJKSXW� RI� WKH� SURFHVVLQJ� WLOHV�� QRU� UHTXLUH� PRGLILFDWLRQV� RI� WKH� URXWLQJ�
DOJRULWKP� RU� WKH� IORZ� FRQWURO� PHFKDQLVP� XVHG�� 2I� FRXUVH�� LW� LV� QRW� UHDOLVWLF� WR� H[SHFW� LW� LV�
SRVVLEOH�WR�NHHS�DOO�QHWZRUN�SDUDPHWHUV�FRQVWDQW��ZKLOH�FKDQJLQJ�WKH�QHWZRUN�VL]H��&KDQJLQJ�
WKH�VL]H�RI� WKH�QHWZRUN�ZLOO�SUREDEO\�PRGLI\� WKH�SDWK�DQG� WKH�GLVWDQFH� WKDW�VRPH�PHVVDJHV�
KDYH� WR� WUDYHO� DQG� WKLV� PD\� LQIOXHQFH� WKH� PHVVDJH� ODWHQF\�� +RZHYHU�� ZH� ZRXOG� OLNH� WKH�
YDULDWLRQV�LQ�WKH�QHWZRUN�SHUIRUPDQFH�FDXVHG�E\�WKH�QHWZRUN�VFDOLQJ�WR�EH�PLQLPDO��



���

���� 5HDO�WLPH�EHKDYLRXU�
$V�+56R&�DUH�XVHG�IRU�PXOWLPHGLD�DSSOLFDWLRQV�SUHGLFWDEOH�UHDO�WLPH�EHKDYLRXU�LV�LPSRUWDQW��
$�UHOLDEOH�UHDO�WLPH�QHWZRUN�VKRXOG�GLVSOD\�ERXQGHG�DQG�NQRZQ�PHVVDJH�GHOLYHU\�GHOD\�LQ�WKH�
SUHVHQFH�RI�GLVWXUELQJ�IDFWRUV�VXFK�DV�RYHUKHDG�RU�IDXOWV��$Q�DGGLWLRQDO�IXQFWLRQDO�DWWULEXWH�RI�
VXFK�D�QHWZRUN�FRXOG�EH�WKH�VXSSRUW�IRU�XUJHQW�PDVVDJHV��ZKLFK�LV�DOORZLQJ�VRPH�PHVVDJHV�
WR�JHW�WKURXJK�DKHDG�RI�RWKHUV��([DPSOH�RI�XUJHQF\�FODVVHV�FRXOG�EH�>��@��FULWLFDO�RU�KDUG�UHDO�
WLPH��EHVW�HIIRUW�RU�VRIW�UHDO�WLPH��DQG�EDFNJURXQG�RU�QRQ�UHDO�WLPH��

���� (IILFLHQW�OD\RXW�
:KHQ� FKRRVLQJ� WKH� QHWZRUN� WRSRORJ\� ZH� VKRXOG� WDNH� LQWR� DFFRXQW� WKDW� LW� ZLOO� KDYH� WR� EH�
LPSOHPHQWHG� LQ� D� WZR�GLPHQVLRQDO� SODQH�� ,W� LV� SUHIHUDEOH�� LQ� WKLV� LPSOHPHQWDWLRQ�� WR� SODFH�
QHLJKERXU�QRGHV�FORVH�WR�HDFK�RWKHU� LQ�RUGHU� WR�NHHS�WKH� LQWHUFRQQHFWLRQ�FKDQQHOV�DV�VKRUW�
DV� SRVVLEOH�� $WWHQWLRQ� VKRXOG� DOVR� EH� SDLG� WR� WKH� UHVXOWLQJ� ZLUH� GHQVLW\�� ZKLFK� KDV� WR� EH�
XQLIRUPO\�GLVWULEXWHG�RYHU�WKH���'�SODQH��ZLWKRXW�SODFHV�RI�ZLUH�FRQJHVWLRQV���

���� 0DSSLQJ�RI�DOJRULWKPV�
,Q�WKLV�FRQWH[W�ZH�UHSUHVHQW�D�GLVWULEXWHG�DOJRULWKP�DV�D�VHW�RI�SURFHVVHV�WKDW�DUH�FRQQHFWHG�
E\� FRPPXQLFDWLRQ� FKDQQHOV�� $� SURFHVV� LV� GHILQHG� DV� D� FRPSXWDWLRQ�� GHVFULEHG� E\� D�
VHTXHQWLDO� SURJUDP�� DQG� FRPPXQLFDWLRQ� DFWLRQV� �H�J�� VHQG� DQG� UHFHLYH�� RQ� FKDQQHOV�� 7KLV�
UHSUHVHQWDWLRQ� RI� D� GLVWULEXWHG� DOJRULWKP� FDQ� EH�PRGHOOHG� E\� D� JUDSK��ZH� FDOO� WKLV� JUDSK� D�
FRPSXWDWLRQ�JUDSK�� ,Q� WKLV�JUDSK�SURFHVVHV�DUH� UHSUHVHQWHG�E\� WKH�QRGHV�RI� WKH�JUDSK�DQG�
FRPPXQLFDWLRQ� FKDQQHOV� DUH� UHSUHVHQWHG� E\� WKH� HGJHV� RI� WKH� JUDSK� �.DKQ� FRPSXWDWLRQ�
PRGHO�>��@��>��@���
7KH� IXQFWLRQDOLW\�RI�D�FRPSXWDWLRQ�JUDSK� LV� UHIHUUHG�DV�D� WDVN��7KH�FRPSXWDWLRQ�JUDSK�PD\�
LQFOXGH�KLHUDUFKLFDO�QRGHV��ZKLFK�PHDQV�WKDW�RQ�D�ORZHU�OHYHO�D�QRGH�FDQ�EH�UHSUHVHQWHG�E\�D�
FRPSXWDWLRQDO� JUDSK� WRR�� ,Q� WKLV� ZD\� WKH� FRPSXWDWLRQ� JUDSK� UHSUHVHQWV� D� V\VWHP� DV� DQ�
DVVHPEO\�RI�WDVNV�DQG�WKH�URRW�RI�VXFK�D�KLHUDUFK\�RI�WDVNV�LV�FDOOHG�DSSOLFDWLRQ��
7R�HQULFK�WKH�VHPDQWLFV�RI�WKLV�PRGHO�ZH�FDQ�ODEHO�WKH�QRGHV�DQG�HGJHV�RI�WKH�FRPSXWDWLRQDO�
JUDSK��7KH�HGJH�ODEHOV�FDQ�UHSUHVHQW�UHTXLUHPHQWV�RI�WKH�FRPPXQLFDWLRQ�FKDQQHOV�VXFK�DV�
EDQGZLGWK�� ODWHQF\�� HWF��� ZKLOH� WKH� QRGH� ODEHOV� FDQ� UHSUHVHQW� SURFHVVHV¶� FRPSXWDWLRQDO�
UHTXLUHPHQWV��
7KH� RQ�FKLS� LQWHUFRQQHFWLRQ� QHWZRUN� VKRXOG� IDFLOLWDWH� DQ� HIILFLHQW� PDSSLQJ� RI� WKH�
FRPPXQLFDWLRQ� SDUW� RI� WKH� FRPSXWDWLRQ� JUDSKV�� ,W� VKRXOG� SURYLGH� FRPPXQLFDWLRQ� FKDQQHOV�
WKDW� PHHW� WKH� FRPSXWDWLRQ� JUDSK� HGJHV¶� FRPPXQLFDWLRQ� UHTXLUHPHQWV�� 7R� EH� HIILFLHQW� D�
PDSSLQJ�KDV�WR�FRPH�DW�D�UHDVRQDEOH�SULFH� L�H�� LGHDOO\�HDFK�HGJH�RI� WKH�FRPSXWDWLRQ�JUDSK�
VKRXOG�PDS� WR� RQH� FKDQQHO� RI� WKH� 6R&� LQWHUFRQQHFWLRQ� QHWZRUN�� 8QIRUWXQDWHO\�� LQ� SUDFWLVH�
VRPH� QRGHV� PLJKW� KDYH� WR� IRUZDUG� PHVVDJHV� RQ� EHKDOI� RI� RWKHU� QRGHV�� 7KH� FRVW� RI� WKH�
PDSSLQJ�FDQ�EH�GLYLGHG�LQWR�FRPPXQLFDWLRQ�FRVW�EHWZHHQ�SURFHVVHV��WKH�FRVW�RI�IRUZDUGLQJ�
PHVVDJHV� DQG� LQLWLDOLVDWLRQ� FRVWV�� 7KH� FRVWV� FDQ� EH� H[SUHVVHG� LQ� HQHUJ\� FRQVXPSWLRQ��
UHVRXUFH�XVDJH��DQG�DVSHFWV�RI�WLPH��ODWHQF\��MLWWHU��HWF���>��@��
$V�D�VXPPDU\�RI�WKLV�VHFWLRQ�ZH�FDQ�VD\�WKDW�IRU�EXLOGLQJ�DQ�RQ�FKLS�LQWHUFRQQHFWLRQ�QHWZRUN�
ZH�KDYH�PXFK�PRUH�ZLULQJ�UHVRXUFHV�DW�RXU�GLVSRVDO�FRPSDUHG�ZLWK�WKH�LQWHU�FKLS�QHWZRUNV��
7R� EH� HQHUJ\� HIILFLHQW� ZH� KDYH� WR� FKRRVH� DQ� LQWHUFRQQHFWLRQ� WRSRORJ\� WKDW� NHHSV� WKH�
LQWHUFRQQHFWLRQ�ZLUHV�VWUXFWXUHG�DQG�VKRUW��DQG�DOORZV�H[SORLWLQJ�WKH�FRPPXQLFDWLRQ� ORFDOLW\��
7KLV�WRSRORJ\�KDV�WR�EH�VXLWDEOH�IRU�PDSSLQJ�FRPSXWDWLRQDO�JUDSKV�RI�WKH�WDUJHWHG�DSSOLFDWLRQ�
GRPDLQ��6LQFH� WKH�HQHUJ\�VSHQW� IRU�GULYLQJ� WKH�QHWZRUN�ZLUHV�VHHPV� WR�EH�PXFK�PRUH� WKDQ�
WKH� HQHUJ\� XVHG� IRU� SURWRFRO� SURFHVVLQJ�� ZH� FDQ� DIIRUG� WR� XVH� PRUH� FRPSOH[� QHWZRUN�
WHFKQLTXHV��IORZ�FRQWURO��URXWLQJ��VZLWFKLQJ��HWF��� LI� WKH\� OHDG�WR�EHWWHU�DQG�HIILFLHQW�XWLOLVDWLRQ�
RI�WKH�ZLULQJ�UHVRXUFHV��)RU�GLPLQXWLRQ�RI�WKH�GHVLJQ�FRPSOH[LW\�RXU�QHWZRUN�KDV�WR�SRVVHVV�
SURSHUWLHV�OLNH�VFDODELOLW\�DQG�UHXVDELOLW\��)RU�VXSSRUWLQJ�PXOWLPHGLD�DSSOLFDWLRQV�LW�DOVR�KDV�WR�
GLVSOD\�UHDO�WLPH�EHKDYLRXU��
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�� 5HODWHG�SURMHFWV�
,Q� WKLV� VHFWLRQ� ZH� JLYH� D� VXPPDU\� IRU� VHYHUDO� SURMHFWV� WKDW� DGGUHVV� WKH� GHVLJQ� RI� RQ�FKLS�
FRPPXQLFDWLRQ�QHWZRUNV��

���� 3OHLDGHV�
7KH� 3OHLDGHV� SURMHFW� DW� 8&� %HUNHOH\� VHHNV� WR� DFKLHYH� XOWUD�ORZ� SRZHU� KLJK�SHUIRUPDQFH�
PXOWLPHGLD� FRPSXWLQJ� WKURXJK� WKH� UHFRQILJXUDWLRQ� RI� KHWHURJHQHRXV� V\VWHP� PRGXOHV��
$FKLHYLQJ� KLJK�HQHUJ\� HIILFLHQF\� UHTXLUHV� WKH� HOLPLQDWLRQ� XQQHFHVVDU\� DFWLRQV� WKDW� W\SLFDOO\�
GRPLQDWH� WKH� HQHUJ\� FRQVXPSWLRQ� LQ� JHQHUDO�SXUSRVH� SURJUDPPDEOH� HQJLQHV�� 3URYLGLQJ�
SURJUDPPDELOLW\�DW�MXVW�WKH�ULJKW�JUDQXODULW\��LQVWUXFWLRQ��IXQFWLRQDO�PRGXOH��GDWD�SDWK�RU�JDWH��
PDNHV� LW� SRVVLEOH� WR� HOLPLQDWH� YLUWXDOO\� DOO� RYHUKHDG�� ZKLOH� DOORZLQJ� WR� H[SORLW� RWKHU� HQHUJ\�
UHGXFLQJ�WHFKQLTXHV��VXFK�DV�SDUDOOHOLVP��SLSHOLQLQJ�DQG�G\QDPLF�YROWDJH�VFDOLQJ�>�@��
2QH� LQVWDQFH�RI�3OHLDGHV�DUFKLWHFWXUHV� LV� WKH�0DLD�FKLS�� ,W� LV�D�GRPDLQ�VSHFLILF�DUFKLWHFWXUH�
WKDW� LQWHJUDWHV� SURFHVVRUV� RI� GLIIHUHQW� JUDQXODULW\� �PLFURSURFHVVRU�� UHFRQILJXUDEOH� 'DWDIORZ�
DQG�)3*$���DQG�LV�WDUJHWHG�WRZDUGV�WKH�9RLFH�&RGLQJ�GRPDLQ�>�@��
7KH� SURFHVVRUV� DUH� SDUWLWLRQHG� LQWR� FOXVWHUV� RI� WLJKWO\� LQWHUFRQQHFWHG� FRPSRQHQWV�� ,Q� HDFK�
FOXVWHU�D� JHQHUDOL]HG�PHVK�QHWZRUN�SURYLGHV� WKH� LQWUD�FOXVWHU� FRQQHFWLRQV��$�VHFRQG�� ODUJH�
JUDQXODULW\�PHVK�QHWZRUN� LV� XVHG� IRU� LQWHU�FOXVWHU� FRPPXQLFDWLRQ��1HWZRUN� FRQQHFWLRQV� DUH�
VHW�XS�DW��UH�FRQILJXUDWLRQ�WLPH��3URFHVVRUV��QRGHV��RSHUDWH�RQ�D�ORFDO�FORFN�DQG�WKH�LQWHUIDFH�
EHWZHHQ�WKHP�LV�VHOI�WLPHG�ZLWK�WZR�SKDVH�DV\QFKURQRXV�KDQG�VKDNLQJ�>��@��
6HYHUDO� LQWHUFRQQHFWLRQ� DUFKLWHFWXUHV� ZHUH� HYDOXDWHG� IRU� FRPSDULVRQ� �PXOWL�EXV�� PHVK��
KLHUDUFKLFDO�PHVK���7KH�UHVXOWV� LQGLFDWH�WKDW� WKH�KLHUDUFKLFDO�JHQHUDOL]HG�PHVK�GHOLYHUV�EHVW�
HQHUJ\�HIILFLHQF\� ZKLOH� PDLQWDLQLQJ� IOH[LELOLW\� IRU� KHWHURJHQHRXV� UHFRQILJXUDEOH� V\VWHPV�� $�
KLHUDUFKLFDO� PHVK� UHGXFHV� WKH� HQHUJ\� FRQVXPSWLRQ� E\� ���� WR� ���� RYHU� D� IODW� PHVK�
LQWHUFRQQHFWLRQ�DQG���WR����WLPHV�FRPSDUHG�WR�PXOWL�EXV�DUFKLWHFWXUH�>�@��

���� 0RUSKR6\V�
0RUSKR6\V� UHVHDUFK� SURMHFW� DW� WKH� 8QLYHUVLW\� RI� &DOLIRUQLD�� ,UYLQH� SUHVHQWV� D� FRDUVH�JUDLQ��
LQWHJUDWHG�� UHFRQILJXUDEOH� V\VWHP�RQ�FKLS� WDUJHWHG� DW� KLJK�WKURXJKSXW� DQG� GDWD�SDUDOOHO�
DSSOLFDWLRQV�� ,W� FRPSULVHV� D� UHFRQILJXUDEOH� DUUD\� RI� SURFHVVLQJ� FHOOV�� D� PRGLILHG� 5,6&�
SURFHVVRU�FRUH��DQG�DQ�HIILFLHQW�PHPRU\�LQWHUIDFH�XQLW�>�@��
7KH�UHFRQILJXUDEOH�DUUD\� LV�FRPSRVHG�RI����ZRUG�FRQILJXUDEOH�SURFHVVLQJ�FHOOV��DUUDQJHG� LQ�
��'���[��PDWUL[��7KH�DUUD\�FRPSULVHV�D�WKUHH�OHYHO�KLHUDUFKLFDO� LQWHUFRQQHFWLRQ�QHWZRUN��7KH�
ORZHVW� OHYHO� RI� WKLV� QHWZRUN� LV� D� ��'� PHVK�� ZKLFK� SURYLGHV� FRQQHFWLRQ� WR� WKH� QHDUHVW�
QHLJKERXUV��IRU�HYHU\�FHOO��7KHQ�WKH��[��PDWUL[� LV�GLYLGHG�LQ���TXDGUDQWV�RI��[��FHOOV��:LWKLQ�
HDFK�TXDGUDQW��HDFK�FHOO�FDQ�DFFHVV�WKH�RXWSXW�RI�DQ\�RWKHU�FHOO�LQ�LWV�URZ�FROXPQ�LQ�WKH�VDPH�
TXDGUDQW�� HQVXUHG� E\� WKH� VHFRQG� OHYHO� RI� WKH� KLHUDUFKLFDO� QHWZRUN�� ,Q� WKH� WKLUG� OHYHO� RI� WKH�
QHWZRUN� �LQWHU�TXDGUDQW��� WKHUH� DUH� EXVHV� EHWZHHQ� DGMDFHQW� TXDGUDQWV�� 7KHVH� EXVHV� UXQ�
DFURVV�URZV�DQG�FROXPQV�DQG�SURYLGH�GDWD�IURP�DQ\�RQH�FHOO�LQ�WKH�URZ�FROXPQ�RI�D�TXDGUDQW�
WR�RWKHU�FHOOV�LQ�WKH�DGMDFHQW�TXDGUDQW�EXW�LQ�WKH�VDPH�URZ�FROXPQ���
'DWD�SURFHVVHG�LQ�WKH�UHFRQILJXUDEOH�DUUD\�DUH�VXSSOLHG�E\�D�)UDPH�%XIIHU��ZKLFK�VHUYHV�DV�D�
GDWD� FDFKH�� %HFDXVH� WKHUH� DUH� WZR� VHWV� RI� )UDPH� %XIIHUV�� LW� LV� SRVVLEOH� WR� RYHUODS�
FRPSXWDWLRQ�LQ�WKH�DUUD\�DQG�GDWD�ORDG�LQ�WKH�LGOH�)UDPH�%XIIHU��
&RQILJXUDWLRQ�RI�WKH�DUUD\�LV�VWRUHG�LQ�WKH�&RQWH[W�0HPRU\��$OO�FHOOV�LQ�WKH�URZ�FROXPQ�VKDUH�
RQH� FRQWH[W� �6,0'��� 7KH� &RQWH[W� 0HPRU\� FRQWDLQV� ��� ZRUGV�� &RQILJXUDWLRQ� GDWD� FDQ� EH�
ORDGHG�LQWR�D�QRQ�DFWLYH�SDUW�RI�WKLV�PHPRU\�ZLWKRXW�LQWHUUXSWLQJ�WKH�DUUD\�RSHUDWLRQ�>�@��>�@��
:KLOH� WKLV�DUFKLWHFWXUH�H[SORLWV�GDWD�SDUDOOHOLVPV�DQG� ORFDOLW\�RI� UHIHUHQFH�� LW� LV�QRW�VFDODEOH��
EHFDXVH�WKH�LQWHUFRQQHFWLRQ�QHWZRUN�LV�ILWWHG�IRU�WKLV�DUUD\�VL]H��

���� 1X0HVK�
1X0HVK��0,7��/DERUDWRU\�IRU�&RPSXWHU�6FLHQFH��LV�D�SDFNDJLQJ�DQG�LQWHUFRQQHFW�WHFKQRORJ\�
VXSSRUWLQJ� KLJK�EDQGZLGWK� V\VWROLF� FRPPXQLFDWLRQV� RQ� D� �'� QHDUHVW�QHLJKERXU� ODWWLFH�� 7KH�



���

JRDO� LV� WR� FRPELQH� /HJR�OLNH� PRGXODULW\� ZLWK� VXSHUFRPSXWHU� SHUIRUPDQFH�� 7R� GDWH�� WKH�
SULPDU\� IRFXV�RI� WKH�SURMHFW�KDV�EHHQ� WKH�FODVV�RI�DSSOLFDWLRQV�ZKRVH�VWDWLF�FRPPXQLFDWLRQ�
SDWWHUQV�FDQ�EH�SUHFRPSLOHG�LQWR�LQGHSHQGHQW�ILQLWH�VWDWH�PDFKLQHV�UXQQLQJ�RQ�HDFK�QRGH�>�@��
,Q� WKH� RQ�FKLS� QHWZRUN� HYHU\� QRGH� FRQWDLQV� D� SURFHVVLQJ� HOHPHQW� DQG� D� FRPPXQLFDWLRQ�
LQWHUIDFH��7KH�FRPPXQLFDWLRQ�LQWHUIDFH�LV�FRQWUROOHG�E\�D�5$0�SURJUDPPDEOH�&RPPXQLFDWLRQ�
)LQLWH� 6WDWH� 0DFKLQH� �&)60��� ,W� DOORZV� WZR� SK\VLFDO� SLSHOLQHV� WR� RSHUDWH� FRQFXUUHQWO\�� DV�
HDFK�SLSHOLQH�VXSSRUWV����LQGHSHQGHQW�YLUWXDO�WKUHDGV��
7KH�VFKHGXOLQJ�LV�VWDWLF��DW�FRPSLOH�WLPH��$OWKRXJK�FRPPXQLFDWLRQ�SDWKV�DUH�VFKHGXOHG��GDWD�
QHHG� QRW� EH� VHQW� GXULQJ� HYHU\� VFKHGXOHG� F\FOH�� $� IORZ� FRQWURO� SURWRFRO� DOORZV� HPSW\�
FRPPXQLFDWLRQ�F\FOHV�DV�ZHOO�DV�GDWD�EHLQJ�EXIIHUHG�LQ�WKH�QHWZRUN����ZRUG�IRU�HYHU\�WKUHDG�
LQ�WKH�QRGH���7KH�ODVW�RQH�LV�IRU�ZRUPKROH�URXWLQJ�VXSSRUW�>�@��

���� D62&�
,Q� WKLV�ZRUN� �8QLYHUVLW\�RI�0DVVDFKXVHWWV��$PKHUVW���D�VLQJOH�FKLS� LQWHUFRQQHFW�DUFKLWHFWXUH��
DGDSWLYH�6\VWHP�2Q�D�&KLS��D62&��� LV�GHVFULEHG��,W�SURYLGHV�VFDODEOH�GDWD�WUDQVIHU�DQG�FDQ�
EH�UHFRQILJXUHG�DV�DSSOLFDWLRQ�OHYHO�FRPPXQLFDWLRQ�SDWWHUQV�FKDQJH��$Q� LPSRUWDQW�DVSHFW�RI�
WKH�DUFKLWHFWXUH�LV�LWV�VXSSRUW�IRU�FRPSLOH�WLPH�VFKHGXOHG�FRPPXQLFDWLRQ�>�@��
,Q�WKLV�DSSURDFK�HDFK�,3�&RUH�LV�VXSSOHPHQWHG�ZLWK�D�VPDOO��KLJKO\�RSWLPL]HG�FRPPXQLFDWLRQ�
LQWHUIDFH�� 7KH� &RUH� DQG� DVVRFLDWHG� LQWHUIDFH� IRUP� D� FRPSXWDWLRQDO� QRGH�� 1RGHV� DUH�
FRQQHFWHG�LQ�D�PHVK��&RPPXQLFDWLRQV�EHWZHHQ�QRGHV�WDNH�SODFH�YLD�SLSHOLQHG��SRLQW�WR�SRLQW�
FRQQHFWLRQV��
7KH� FRPPXQLFDWLRQ� FRQILJXUDWLRQ� FRQVLVWV� RI� ORDGLQJ� DQ� ,QWHUFRQQHFWLRQ� 0HPRU\� LQ� HYHU\�
QRGH�ZLWK�VHWWLQJV� IRU� WKH�FRQQHFWLRQ�PXOWLSOH[HUV�� ,Q� WKH�RSHUDWLRQ�PRGH�� IRU�HYHU\�F\FOH�D�
&RQILJXUDWLRQ� 3RLQWHU� VHOHFWV� IURP� WKH� ,QWHUFRQQHFWLRQ� 0HPRU\� WKH� FXUUHQW� LQWHUIDFH�
FRQILJXUDWLRQ��
7KUHH� '63� EHQFKPDUNV� KDYH� EHHQ� PDSSHG� WR� FDQGLGDWH� 6R&� GHYLFHV�� 7KH� GHVFULEHG�
LQWHUFRQQHFW� DUFKLWHFWXUH� LV� VKRZQ� WR� EH� XS� WR� �� WLPHV�PRUH� HIILFLHQW� WKDQ� EXV�EDVHG� 6R&�
LQWHUFRQQHFW�DUFKLWHFWXUHV�>�@��
7KH� SURSRVHG� LQWHUFRQQHFWLRQ� DUFKLWHFWXUH� LV� HDVLO\� H[WHQGDEOH�� %HFDXVH� LW� OLPLWV� LQWHU�FRUH�
FRPPXQLFDWLRQ�WR�VKRUW�ZLUHV�DQG�DOORZV�H[SORLWDWLRQ�RI�ORFDOLW\�RI�UHIHUHQFH�LQ�LQWHUFRQQHFWLRQ�
SDWWHUQV��ZH�PD\�H[SHFW�LW�WR�EH�HQHUJ\�HIILFLHQW���

���� 5DZ�$UFKLWHFWXUH�:RUNVWDWLRQ��5DZ��
7KH�5DZ�$UFKLWHFWXUH�:RUNVWDWLRQ��0,7��/DERUDWRU\�IRU�&RPSXWHU�6FLHQFH��LV�D�VLPSOH��ZLUH�
HIILFLHQW�DUFKLWHFWXUH�WKDW�VFDOHV�ZLWK� LQFUHDVLQJ�9/6,�JDWH�GHQVLWLHV��7KH�5DZ�DUFKLWHFWXUH
V�
JRDO� LV� WR�SURYLGH�SHUIRUPDQFH� WKDW� LV�DW� OHDVW�FRPSDUDEOH� WR�H[LVWLQJ�DUFKLWHFWXUHV��EXW� WKDW�
FDQ�DFKLHYH�RUGHUV�RI�PDJQLWXGH�PRUH�SHUIRUPDQFH�IRU�DSSOLFDWLRQV�LQ�ZKLFK�WKH�FRPSLOHU�FDQ�
GLVFRYHU�DQG�VWDWLFDOO\�VFKHGXOH�ILQH�JUDLQ�SDUDOOHOLVP��,QVWUXFWLRQ�/HYHO�3DUDOOHOLVP��>��@��
7KH� DSSURDFK� WR� DFKLHYLQJ� WKHVH� JRDOV� LV� WR� LPSOHPHQW� D� VLPSOH�� KLJKO\� SDUDOOHO� 9/6,�
DUFKLWHFWXUH�� DQG� WR� IXOO\� H[SRVH� WKH� ORZ�OHYHO� GHWDLOV� RI� WKH� KDUGZDUH� DUFKLWHFWXUH� WR� WKH�
FRPSLOHU� VR� WKDW� WKH� FRPSLOHU� RU� WKH� VRIWZDUH� FDQ� GHWHUPLQH�� DQG� LPSOHPHQW�� WKH� EHVW�
DOORFDWLRQ� RI� UHVRXUFHV� IRU� HDFK� DSSOLFDWLRQ�� (OLPLQDWLQJ� D� IL[HG� LQVWUXFWLRQ�VHW� LQWHUIDFH�
EHWZHHQ� WKH�FRPSLOHU�DQG� WKH�KDUGZDUH��5DZ� LV�FRPSRVHG�RI�D�VHW�RI� LQWHUFRQQHFWHG� WLOHV��
HDFK� WLOH� FRPSULVLQJ� DQ� LQVWUXFWLRQ�PHPRU\�� D� VZLWFK�LQVWUXFWLRQ�PHPRU\�� GDWD�PHPRU\�� DQ�
$/8��)38��UHJLVWHUV��DQG�D�SURJUDPPDEOH�VZLWFK�>��@��
7KH� WLOHV� LQWHUFRQQHFW�XVH� IRXU����ELW� IXOO� GXSOH[�RQ�FKLS�QHWZRUNV��7ZR�QHWZRUNV�DUH� VWDWLF�
�URXWHV�VSHFLILHG�DW�FRPSLOH�WLPH��DQG�WZR�DUH�G\QDPLF��URXWHV�VSHFLILHG�DW�UXQ�WLPH���(DFK�WLOH�
RQO\�FRQQHFWV�WR�LWV�IRXU�QHLJKERXUV��(YHU\�ZLUH�LV�UHJLVWHUHG�DW�WKH�LQSXW�WR�LWV�GHVWLQDWLRQ�WLOH��
7KLV�PHDQV�WKDW�WKH�OHQJWK�RI�WKH�ORQJHVW�ZLUH�LQ�WKH�V\VWHP�LV�QR�JUHDWHU�WKDQ�WKH�OHQJWK�RU�
ZLGWK� RI� D� WLOH�� 7KLV� SURSHUW\� HQVXUHV� KLJK� FORFN� VSHHG�� DQG� WKH� FRQWLQXH� VFDODELOLW\� RI� WKH�
V\VWHP�>��@��
7KH�VWDWLF�QHWZRUNV�SURYLGH�VLQJOH�F\FOH�SHU�KRS�ODWHQFLHV�DQG�FDQ�URXWH�WZR�YDOXHV�LQ�HDFK�
GLUHFWLRQ�SHU�F\FOH��7KH�G\QDPLF�QHWZRUNV�XVH�GLPHQVLRQDO�RUGHUHG��ZRUPKROH� URXWLQJ��7KH�
PHVVDJHV�FRQVLVW�RI�D�VLQJOH�ZRUG�KHDGHU��GHVWLQDWLRQ��XVHU� ILHOG�DQG�PHVVDJH� OHQJWK��DQG�
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XS�WR����GDWD�ZRUGV��7UDYHOOLQJ�WKURXJK�WKH�QHWZRUN�WDNHV�RQH�F\FOH�SHU�KRS�IRU�D�ZRUG��SOXV�
DQ� H[WUD� F\FOH� IRU� HYHU\� KRS� LQ� ZKLFK� WKH� PHVVDJH� PDNHV� D� WXUQ�� %HFDXVH� GHDGORFN�
DYRLGDQFH� DOJRULWKPV� DUH� EDVHG� RQ� UHVWULFWLRQ� RI� QHWZRUN� XVDJH� KHUH� D� GHDGORFN� UHFRYHU\�
DSSURDFK�KDV�EHHQ�SUHIHUUHG��

�� (IILFLHQW�RQ�FKLS�LQWHUFRQQHFWLRQ�QHWZRUNV�
7KLV� VHFWLRQ� SURYLGHV� DQ� RYHUYLHZ� RI� LVVXHV� UHODWHG� WR� RQ�FKLS� FRPPXQLFDWLRQV� IRU�+56R&�
V\VWHPV�� 7KH� IROORZLQJ� QHWZRUN� DVSHFWV� DUH� UHYLHZHG�� LQWHUFRQQHFWLRQ� QHWZRUN� WRSRORJ\��
VZLWFKLQJ��URXWLQJ��IORZ�FRQWURO��TXHXLQJ�DQG�VFKHGXOLQJ��

���� ,QWHUFRQQHFWLRQ�QHWZRUN�WRSRORJLHV�
7KH� WRSRORJ\� RI� DQ� LQWHUFRQQHFWLRQ� QHWZRUN� GHILQHV� KRZ� WKH� QRGHV� �SURFHVVLQJ� WLOHV�� DUH�
LQWHUFRQQHFWHG�YLD�FKDQQHOV�WR�RWKHU�QRGHV��8VXDOO\�WKH�WRSRORJ\�LV�UHSUHVHQWHG�DV�D�JUDSK��
:H� VWDUW� ZLWK� VRPH� GHILQLWLRQV� XVHG� IRU� FKDUDFWHULVLQJ� DQG� FRPSDULQJ� RI� WKH� QHWZRUN�
WRSRORJLHV��

•� 1RGH�GHJUHH�±�WKH�QXPEHU�RI�FKDQQHOV�WKDW�FRQQHFW�WKH�QRGH�ZLWK�RWKHU�QRGHV��LI�DOO�
QRGHV�KDYH�WKH�VDPH�GHJUHH�WKH�QHWZRUN�JUDSK�LV�FDOOHG�GHJUHH�UHJXODU��

•� 3DWK�LQ�WKH�JUDSK�±�D�VHW�RI�FRQVHFXWLYHO\�FRQQHFWHG�QRGHV�LQ�WKH�JUDSK��
•� 5RXWH�±�D�SDWK�EHWZHHQ�WZR�QRGHV��
•� 'LVWDQFH� EHWZHHQ� QRGHV� ±� WKH� OHQJWK� RI� WKH� VKRUWHVW� SDWK� EHWZHHQ� WKH� QRGHV� �LQ�

QXPEHU�RI�FKDQQHOV�WKDW�KDYH�WR�EH�SDVVHG���
•� 'LDPHWHU� RI� WKH� QHWZRUN� ±� WKH� PD[LPXP� GLVWDQFH� RYHU� DOO� SDLU� RI� QRGHV� LQ� WKH�

QHWZRUN��
•� %LVHFWLRQ� ZLGWK� RI� WKH� QHWZRUN� ±� WKH� PLQLPXP� QXPEHU� RI� FKDQQHOV� WKDW� PXVW� EH�

UHPRYHG��RU�FXW��WR�SDUWLWLRQ�WKH�QHWZRUN�LQWR�WZR�VXE�QHWZRUNV��HDFK�FRQWDLQLQJ�KDOI�
WKH�QRGHV�LQ�WKH�QHWZRUN��

•� &KDQQHO�ZLGWK�±� WKH�QXPEHU�RI�ELWV� WKDW�FDQ�EH�WUDQVPLWWHG� LQ�SDUDOOHO�RQ�D�SK\VLFDO�
FKDQQHO�EHWZHHQ�WZR�DGMDFHQW�QRGHV��

•� %LVHFWLRQ�GHQVLW\�±�WKH�SURGXFW�RI�ELVHFWLRQ�ZLGWK�DQG�WKH�FKDQQHO�ZLGWK��XVXDOO\�XVHG�
DV�D�PHDVXUH�RI�WKH�QHWZRUN�FRVW��

%HORZ� ZH� JLYH� D� FODVVLILFDWLRQ� WUHH� RI� WKH� PRVW� SRSXODU� LQWHUFRQQHFWLRQ� WRSRORJLHV� IRU�
PXOWLSURFHVVRU�DUFKLWHFWXUHV��

7RSRORJLHV

,UUHJXODU 5HJXODU

7UHHV 0HVKHV &XEHV

N�DU\�Q�FXEHV
+\SHU�FXEHV
�N ��
7RUXV�)ROGHG
WRUXV��Q ��

Q�GLPHQVLRQDO
PHVKHV

�'�0HVKHV

)DW�7UHH

2WKHUV
&XEH�FRQQHFWHG
F\FOHV

�������! "$#!%'&( �)%�*)+-,.�0/1�!+ �	2! #3&
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)LJXUH���� 7RSRORJLHV�FODVVLILFDWLRQ�
1H[W��VHYHUDO�EDVLF��RIWHQ�XVHG�DQG�ZHOO�XQGHUVWRRG�QHWZRUN�WRSRORJLHV�DUH�UHYLHZHG��
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������ 3RLQW�WR�3RLQW�
,Q�WKLV�LQWHUFRQQHFWLRQ�VFKHPH�D�SK\VLFDO�FRQQHFWLRQ�EHWZHHQ�WZR�QRGHV�LV�PDGH�LI�WKHUH�LV�D�
QHHG� RI� FRPPXQLFDWLRQ� EHWZHHQ� WKHP� LQ� WKH� FRPSXWDWLRQ� JUDSK�� 7KH� VFKHPH� LV� IUHH� RI�
SUREOHPV� OLNH� DUELWUDWLRQ�� FRQJHVWLRQV� DQG� VR� RQ��:KLOH� WKLV� LV� D� JRRG� DSSURDFK� IRU� VLPSOH�
GHVLJQV��IRU�QRQ�WULYLDO�GHVLJQV�URXWLQJ�FRPSOH[LW\�EHFRPHV�XQPDQDJHDEOH�DQG�OHDGV�WR�ZLUH�
FRQJHVWLRQV��%HFDXVH�HYHU\�FRQQHFWLRQ�LV�GHGLFDWHG�WR�RQH�FRPPXQLFDWLRQ�FKDQQHO�RQO\�DQG�
XVXDOO\� PRVW� RI� WKH� FRPPXQLFDWLRQ� FKDQQHOV� DUH� QRW� XVHG� SHUPDQHQWO\�� FRQQHFWLRQV� DUH�
ZHDNO\� XWLOLVHG�� $GGLWLRQDO� GLVDGYDQWDJHV� DUH� WKH� LUUHJXODU� WRSRORJ\�� XQSUHGLFWDEOH� ZLUHV�
�XQNQRZQ� DW� GHVLJQ� WLPH�� GHSHQGHQW� RQ� WKH� OD\RXW�� ZLWK� GLIIHUHQW� OHQJWK� DQG� QRQ�FRQVWDQW�
QRGH�GHJUHH��

� �

� � �
�

)LJXUH���� 3RLQW�WR�3RLQW�LQWHUFRQQHFWLRQ�

������ %XV�
7KH�EXV�FRQFHSW�IDFLOLWDWHV�PRGXODULW\�E\�GHILQLQJ�D�VWDQGDUG�LQWHUFRQQHFWLRQ�LQWHUIDFH��,W�KDV�
D� VLPSOH� WRSRORJ\� DQG� LV� URXWDEOH�� VLQFH� RQO\� D� VPDOO� EXQGOH� RI� ZLUHV� QHHG� WR� WUDYHUVH� WKH�
HQWLUH� FKLS�� %HFDXVH� WKH� FRPPXQLFDWLRQ� PHGLXP� LV� VKDUHG� EHWZHHQ� DOO� QRGHV�� LW� LV� ZHOO�
XWLOLVHG��%XW�LW�DOVR�KDV�VHYHUH�GLVDGYDQWDJHV���
)LUVW�� LW� LV�QRQ�VFDODEOH��EHFDXVH�LWV�EDQGZLGWK� LV�VKDUHG�EHWZHHQ�DOO�QRGHV�DQG�DGGLQJ�QHZ�
QRGHV�ZLOO� GHFUHDVH�FRPPXQLFDWLRQ� WKURXJKSXW�RI� WKH�RWKHU�QRGHV� >��@��$GGLQJ� QHZ�QRGHV�
ZLOO� DOVR� FKDQJH� WKH� HOHFWULFDO� SDUDPHWHUV� RI� WKH� PHGLXP�� EHFDXVH� RI� WKH� FKDQJLQJ�
GULYHUV�UHFHLYHUV�FDSDFLWDQFHV��
6HFRQG�� LW�GRHV�QRW�VXSSRUW�PXOWLSOH�FRQFXUUHQW�FRPPXQLFDWLRQV�DQG� LW�ZRXOG�EH�GLIILFXOW� IRU�
EXV�EDVHG�V\VWHPV�WR�H[SORLW�DOJRULWKPV¶�SDUDOOHOLVPV�>��@��
7KLUG�� LW� LV�QRW�HQHUJ\�HIILFLHQW��$�EXV�FRQVLVWV�RI� ORQJ�ZLUHV�VSDQQLQJ�WKH�HQWLUH�FKLS�DQG�WR�
GULYH�WKHP�ZH�QHHG�PXFK�HQHUJ\��DQG�LW�GHFUHDVHV�WKH�VSHHG��,Q�DGGLWLRQ�DOO�PHVVDJHV�DUH�
WUDQVPLWWHG� WR�DOO�FRQQHFWHG�QRGHV��DOWKRXJK� LQ�PRVW�RI� WKH�FDVHV� WKH\�DUH�GHVWLQHG� WR�RQO\�
RQH� RI� WKHP�� 7KLV� EURDGFDVW� PHFKDQLVP� GRHV� QRW� H[SORLW� FRPPXQLFDWLRQ� ORFDOLW\� WR� VDYH�
HQHUJ\��

� � �

� �
�

)LJXUH���� %XV�WRSRORJ\�

������ 0XOWL�EXV�
7KH� 0XOWL�%XV� SDUWO\� VROYHV� VRPH� RI� WKH� SUREOHPV� RI� WKH� EXV�� 7KH� 0XOWL�EXV� FRQVLVWV� RI�
VHYHUDO� LQGHSHQGHQW� ORFDO� EXVHV� LQWHUFRQQHFWHG� WKURXJK� EULGJHV�� 6XFK� D� EXV� SDUWLWLRQLQJ�
NHHSV�ZLUHV�UHODWLYHO\�VKRUW�DQG�VR�UHGXFHV�WKH�FRQVXPHG�SRZHU��,Q�>��@�LW�LV�DVVHUWHG�WKDW�D�
PXOWL�EXV�FRXOG�VDYH� IURP�����WR�����SRZHU�FRPSDUHG� WR�D�JOREDO�EXV��GHSHQGLQJ�RQ� WKH�
FKDUDFWHULVWLFV� RI� WKH� GDWD� WUDQVIHU� DPRQJ� WKH� QRGHV� DQG� FRQILJXUDWLRQ� RI� WKH� PXOWL�EXV��
6HSDUDWHG�ORFDO�EXVHV�DOVR�H[SORLW�FRPPXQLFDWLRQ�ORFDOLW\�DQG�WKH�XVH�RI�PXOWLSOH�FRQFXUUHQW�
FRPPXQLFDWLRQV��
$OWKRXJK� WKH�PXOWL�EXV� KDV� VRPH� DGYDQWDJHV�ZLWK� UHVSHFW� WR� WKH� JOREDO� EXV�� LW� LV� VWLOO� QRQ�
VFDODEOH��HQHUJ\� LQHIILFLHQW�DQG�VXIIHUV�IURP�DUELWUDWLRQ�SUREOHPV�ZKHQ�WKH�QXPEHU�RI�QRGHV�
LQFUHDVHV��
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)LJXUH���� 0XOWL�EXV�WRSRORJ\�

7\SLFDOO\�PRVW� RI� WKH� QHWZRUN� QRGHV� XQGHU�XWLOLVH� WKH� EDQGZLGWK� RI� WKHLU� QHWZRUN� LQWHUIDFHV�
DQG�WKHLU�ORFDO�LQWHUFRQQHFWLRQV��+HQFH��LW�FDQ�EH�UHDVRQDEOH�WR�XVH�D�FKHDSHU�QRGHV¶�QHWZRUN�
LQWHUIDFH�DQG�VKDUHG�PHGLXP�IRU� WKH� ORFDO� LQWHUFRQQHFWLRQV��$Q�RSWLRQ� LV� WR�XVH� ORFDO�EXVHV�
WKDW� RIIHU� D� VLPSOH� QHWZRUN� LQWHUIDFH� �LQ� WHUP� RI� DUHD�� DQG� VKDUHG� FRPPXQLFDWLRQ� PHGLD��
6PDOO� ORFDO�EXVHV�FDQ�EH�XVHG�DV�D�ILUVW� OHYHO�RI�D�KLHUDUFKLFDO� LQWHUFRQQHFWLRQ�QHWZRUN��DQG�
RQ� WKLV� OHYHO� WKH\� FDQ� LQWUD�FRQQHFW� JURXSV� RI� QRGHV�� ,Q� WKH� VHFRQG� OHYHO� RI� WKH� QHWZRUN�
KLHUDUFK\�D�VZLWFKHG�QHWZRUN�LQWHUFRQQHFWV�WKH�ORFDO�EXVVHV��,Q�WKLV�ZD\�DUHD�FDQ�EH�VDYHG�
E\� XVLQJ� VLPSOH� QHWZRUN� LQWHUIDFHV�� ZHOO� XWLOLVH� WKH� ORFDO� EXVHV¶� EDQGZLGWK� DQG� JDLQ� D�
VLJQLILFDQW�UHGXFWLRQ�RI�WKH�QXPEHU�RI�QHWZRUN�VZLWFKHV�>��@��

������ 7UHHV�
7UHH�QHWZRUNV�KDYH�D�QLFH�SURSHUW\�WKDW�WKH�GLDPHWHU�LV�2�ORJ�Q���8QIRUWXQDWHO\�WKH�ELVHFWLRQ�
ZLGWK� LV� VPDOO� � ���� 7KLV�PHDQV� WKDW� D� WUHH� LV� QRW� IDXOW�WROHUDQW� DQG� SHUIRUPDQFH� SUREOHPV�
FRXOG�EH�H[SHFWHG�LQ�WKH�URRW�RI�WKH�WUHH��7R�DYRLG�WKHVH�SUREOHPV�VRPH�LPSURYHPHQWV�RI�WKH�
WUHH�QHWZRUNV�DUH�VXJJHVWHG��IDW�WUHH��IXOO�ULQJ�ELQDU\�WUHHV��;�WUHH�>��@��
,Q�WKH�IDW�WUHH�IRU�H[DPSOH��JRLQJ�WRZDUGV�URRW�WKH�OLQN�FDSDFLW\�LV�GRXEOHG�LQ�HYHU\�OHYHO��7KLV�
VROYHV� WKH�SHUIRUPDQFH�SUREOHP��EXW� LQWURGXFHV�VZLWFKHV�ZLWK�GLIIHUHQW�VL]H�DQG�PDNHV� WKH�
SODFHPHQW�LUUHJXODU��
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)LJXUH���� )DW�WUHH�WRSRORJ\�

������ Q�GLPHQVLRQDO�0HVKHV�
0RVW� RI� WKH� SRSXODU� GLUHFW� QHWZRUN� WRSRORJLHV� IDOO� LQ� WKH� FDWHJRU\� RI� HLWKHU� Q�GLPHQVLRQDO�
PHVKHV�RU�N�DU\�Q�FXEHV�EHFDXVH�WKHLU�UHJXODU�WRSRORJLHV�VLPSOLI\�URXWLQJ��
,Q�Q�GLPHQVLRQDO�PHVK�WKH�QRGHV�DUH�DUUDQJHG�LQ�Q�GLPHQVLRQDO�DUUD\��$ORQJ�HDFK�GLPHQVLRQ�
WKHUH�DUH�N I �QRGHV��N I������ZKHUH�����L���Q���LV�WKH�GLPHQVLRQ�QXPEHU��6R�WKH�WRWDO�QXPEHU�RI�
QRGHV�LQ�WKH�PHVK�ZLOO�EH�N J î�N K î«î�N LNM � î�N LNM.K=O �(DFK�QRGH�[�LV�GHILQHG�E\�Q�FRRUGLQDWHV�� LNM
K �[��� LNM � �[��«� �� K �[��� J �[���ZKHUH� ������ I �[�� �� N I ��� IRU����� L� �Q����7ZR�QRGHV�[� DQG�\� DUH�
QHLJKERXUV�LII� I �[�� � I �\��IRU�HYHU\�L������L���Q����H[FHSW�RQH��M��ZKHUH� P �[�� � P �\�������7KXV��
QRGHV� KDYH� IURP�Q� WR�Q� QHLJKERXUV�� GHSHQGLQJ�RQ� WKHLU� ORFDWLRQ� LQ� WKH�PHVK�� ,Q� WKH�PHVK�
WKHUH�LV�D�GLUHFW�FRQQHFWLRQ�RQO\�EHWZHHQ�QHLJKERXUV�>��@��
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)LJXUH���� $Q�H[DPSOH�RI���GLPHQVLRQDO�PHVK�
$� SUREOHP� LQ� WKH� PHVK� QHWZRUNV� LV� WKDW� LI� DVVXPLQJ� XQLIRUP� WUDIILF� EHWZHHQ� QRGHV�� WKH�
FKDQQHOV� QHDU� WKH� FHQWUH� RI� WKH� PHVK� DUH� OLNHO\� WR� H[SHULHQFH� KLJKHU� WUDIILF� GHQVLW\� WKDQ�
FKDQQHOV�LQ�WKH�SHULSKHU\���

������ N�DU\�Q�FXEH�
,Q�N�DU\�Q�FXEHV� WKH�QRGHV�DUH�DUUDQJHG� LQ�Q�GLPHQVLRQDO�DUUD\� WRR��EXW�KHUH��DV� WKH�QDPH�
´FXEH´�KLQWV��LQ�HDFK�GLPHQVLRQ�WKHUH�LV�DQ�HTXDO�QXPEHU�RI�QRGHV�N��VR�N J � �N K  « �N LNM � � �N LNM.K �
 �N��7KH�WRWDO�QXPEHU�RI�QRGHV�LV�N L ��$QRWKHU�GLIIHUHQFH�ZLWK�WKH�Q�GLPHQVLRQDO�PHVKHV�LV�WKH�
GHILQLWLRQ� IRU� QHLJKERXU� QRGHV� �KHUH� DJDLQ� WKH� GLUHFW� FRQQHFWLRQV� DUH� RQO\� EHWZHHQ�
QHLJKERXUV���,Q�N�DU\�Q�FXEHV�WZR�QRGHV�DUH�QHLJKERXUV�LII� I �[�� � I �\��IRU�HYHU\�L������L���Q����
H[FHSW�RQH�� M��ZKHUH� P �[�� �� P �\�������PRG�N��7KH�XVH�RI�PRGXODU�DULWKPHWLF�LQ�WKH�GHILQLWLRQ�
UHVXOWV� LQ�ZUDSDURXQG� FKDQQHOV�� ZKLFK� DUH� QRW� SUHVHQWHG� LQ� WKH� Q�GLPHQVLRQDO�PHVK��7KH\�
GRXEOH�WKH�ELVHFWLRQ�ZLGWK�DQG�UHGXFH�WKH�QHWZRUN�GLDPHWHU�LQ�UHVSHFW�WR�WKH�PHVK��,I�N�!����
WKHQ�HYHU\�QRGH�KDV��Q�QHLJKERXUV��LI�N� ����WKHQ�HYHU\�QRGH�KDV�Q�QHLJKERXUV�>��@��
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)LJXUH���� $Q�H[DPSOH�RI���DU\���FXEH�

7KLV�WRSRORJ\�JLYHV�D�JRRG�FRPSURPLVH�EHWZHHQ�GLIIHUHQW�JRDOV�DQG�LV�ZHOO�XQGHUVWRRG��0DQ\�
JUDSKV� H�J�� ULQJ�� PHVK�� EXWWHUIO\� QHWZRUN� FDQ� EH� HPEHGGHG� LQ� D� N�DU\� Q�FXEH� DQG� DV� D�
FRQVHTXHQFH� WKHUH� LV� D� ODUJH� FODVV� RI� DOJRULWKPV� WKDW� KDYH� RQH�WR�RQH� PDSSLQJ� RQWR� WKLV�
WRSRORJ\��,W�KDV�D�UHFXUVLYH�VWUXFWXUH�DV�ZHOO�>��@��
8QIRUWXQDWHO\���'�LPSOHPHQWDWLRQ�RI�VXFK�D�WRSRORJ\�OHDGV�WR�LQHIILFLHQW�OD\RXW�ZLWK�PDQ\�KLJK�
ZLUH� GHQVLW\� VSRWV� >��@�� ,Q� DGGLWLRQ�� WKH� GHSHQGHQF\� RI� WKH� QRGH� GHJUHH� RQ� WKH� QXPEHU� RI�
FXEH�GLPHQVLRQV��Q��PDNHV�WKLV�W\SH�RI�QHWZRUNV�QRW�VFDODEOH��

������ +\SHUFXEH�
7KH�K\SHUFXEH��RU�ELQDU\�ERROHDQ�FXEH��LV�D�V\PPHWULF�QHWZRUN�DQG�D�VSHFLDO�FDVH�RI�ERWK�Q�
GLPHQVLRQDO�PHVK�DQG�N�DU\�Q�FXEH��$�K\SHUFXEH�LV�DQ�Q�GLPHQVLRQDO�PHVK�LQ�ZKLFK�N I ��IRU�
DOO�L������L���Q����WKDW�LV��D���DU\�Q�FXEH��

{;{={ {={A�
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�

)LJXUH���� ��GLPHQVLRQDO�K\SHUFXEH�



� ���

0DQ\�JUDSKV�H�J��ULQJ��PHVK��EXWWHUIO\�QHWZRUN�FDQ�EH�HPEHGGHG� LQ�D�K\SHU�FXEH�DQG�DV�D�
FRQVHTXHQFH�WKHUH� LV�D� ODUJH�FODVV�RI�DOJRULWKPV�WKDW�KDYH�RQH�WR�RQH�PDSSLQJ�RQWR�K\SHU�
FXEHV��,W�KDV�D�UHFXUVLYH�VWUXFWXUH�DV�ZHOO�>��@��
$� GLVDGYDQWDJH� RI� WKH� Q�GLPHQVLRQDO� PHVK�� N�DU\� Q�FXEH� DQG� K\SHUFXEH�� DV� WKHLU� VSHFLDO�
FDVH�� LV� WKH� YDULDWLRQ� RI� WKH�QRGH�GHJUHH�ZLWK� YDULDWLRQ� RI� WKH� QXPEHU�RI� GLPHQVLRQV�Q��7R�
UHVROYH�WKLV�SUREOHP�IRU�D�K\SHUFXEH��VHYHUDO�FRQVWDQW�GHJUHH�QHWZRUNV�ZKLFK�FDQ�HPXODWH�LW�
DUH�SURSRVHG��&XEH�&RQQHFWHG�&\FOHV��%XWWHUIO\�1HWZRUN�DQG�6KXIIOH�H[FKDQJH�QHWZRUN�>��@��

�
)LJXUH����� &XEH�FRQQHFWHG�F\FOHV�

$� GLVDGYDQWDJH� LV� WKDW� KLJK� GLPHQVLRQDO� PHVKHV� DQG� FXEHV� DUH� LQFRQYHQLHQW� IRU� �'�
LPSOHPHQWDWLRQ���

������ /RZ�GLPHQVLRQDO�QHWZRUNV�
:KHQ�Q ��Q�GLPHQVLRQDO�PHVK�UHGXFHV� WR��'�PHVK�DQG�N�DU\�Q�FXEH�UHGXFHV� WR��'� WRUXV��
7KLV� GLPHQVLRQ� QXPEHU� LV� FRQYHQLHQW� IRU� SODQDU� LPSOHPHQWDWLRQV�� 7R� UHPRYH� ZUDSDURXQG�
FRQQHFWLRQ�LQ�WKH�WRUXV�D�IROGHG�WRUXV�LV�SUHVHQWHG�>��@��:KHQ�Q ���WKH�N�DU\�Q�FXEH�FROODSVHV�
WR�D�ULQJ�ZLWK�N�QRGHV��

�'�PHVK WRUXV IROGHG�WRUXV �
)LJXUH����� ([DPSOHV�IRU��'�WRSRORJLHV�

,Q�>��@�D�SHUIRUPDQFH�DQDO\VLV�LV�PDGH�RI�KLJK�GLPHQVLRQDO�FXEHV�ZLWK�QDUURZ�LQWHUFRQQHFWLRQ�
FKDQQHOV�DJDLQVW�ORZ�GLPHQVLRQDO�FXEHV�ZLWK�ZLGH�LQWHUFRQQHFWLRQ�FKDQQHOV��7KH�UHVXOWV�DUH�
LQ�IDYRXU�RI�WKH�ORZ�GLPHQVLRQDO�FXEHV��ZKLFK�VKRZ�OHVV�ZLUH�GHQVLW\��ORZ�ODWHQF\��HVSHFLDOO\�
ZKHQ�FRPPXQLFDWLRQ�ORFDOLW\�LV�H[SORLWHG��DQG�KLJKHU�KRW�VSRW�WKURXJKSXW��
,Q�>��@�WKH�VDPH�DXWKRU�SUHVHQWV�DQ�RQ�FKLS�LQWHUFRQQHFWLRQ�QHWZRUN�WKDW�LPSOHPHQWV�VXFK�D�
ORZ� GLPHQVLRQDO� WRSRORJ\� ZLWK� ZLGH� LQWHUFRQQHFWLRQ� FKDQQHOV�� ,Q� WKLV� GHVLJQ� ��� WLOHV� DUH�
LQWHUFRQQHFWHG�LQ�D�IROGHG�WRUXV�RI�VL]H��[���DQG�LQWHUFRQQHFWLRQ�FKDQQHOV�DUH�����ELW�ZLGH��



����

�
)LJXUH����� )ROGHG�WRUXV��[��

:KHQ� WKH� IROGHG� WRUXV� LV� RI� VL]H� �[�� ZH� KDYH� IRU� HYHU\� QRGH� WZR� FRQQHFWLRQV� ZLWK� QHDU�
QHLJKERXUV�DQG�WZR�FRQQHFWLRQV�ZLWK�IDU�QHLJKERXUV��7KLV�DOORZV�IRU�FRPPXQLFDWLRQ� ORFDOLW\��
8QIRUWXQDWHO\��ZKHQ�WKH�QHWZRUN�VFDOHV�XS��WKH�QXPEHU�RI�QRGHV�WKDW�KDYH�FRQQHFWLRQV�ZLWK�
WZR�QHDU�QHLJKERXUV�VWD\V�D�FRQVWDQW�������DQG�LQFUHDVHV�WKH�QXPEHU�RI�QRGHV�WKDW�KDYH�RQH�
RU�GR�QRW�KDYH�FRQQHFWLRQ�ZLWK�QHDU�QHLJKERXUV��

�
)LJXUH����� )ROGHG�WRUXV��[��

$�FRPSDULVRQ�EHWZHHQ�SRZHU�HIILFLHQF\�RI�WKH�IROGHG�WRUXV�WRSRORJ\�DQG�WKH�PHVK�WRSRORJ\�LV�
PDGH� LQ� >��@�� ,Q� WKLV� SDSHU� WKH� WRWDO� SRZHU� UHTXLUHG� WR� VHQG� D� IOLW� WKURXJK� WKH� QHWZRUN� LV�
GHFRPSRVHG�LQWR�WZR�SDUWV�±�QRGHV�SRZHU�DQG�ZLUHV�SRZHU��7KH�QRGHV�SRZHU�H[SUHVVHV�WKH�
SRZHU� FRQVXPHG� IRU� SDVVLQJ� D� IOLW� WKURXJK� WKH� QRGHV� RQ� LWV� SDWK� �IRU� D� IOLW� SDVVLQJ� IURP� D�
QRGH¶V� LQSXW� WR� D� QRGH¶V� RXWSXW��� DQG� WKH� ZLUHV� SRZHU� H[SUHVVHV� WKH� SRZHU� GLVVLSDWHG� IRU�
SDVVLQJ�D� IOLW� WKURXJK� WKH�ZLUHV�RQ� LWV�SDWK��7KH�PHVK� LV� VKRZQ� WR�EH�PRUH�SRZHU�HIILFLHQW�
WKDQ� WKH� IROGHG� WRUXV� LI� ZLUH� WUDQVPLVVLRQ� SRZHU� GRPLQDWHV� RYHU� SRZHU� GLVVLSDWHG� LQ� WKH�
QRGHV��
,Q� PRVW� RI� WKH� SURMHFWV� WKDW� WDUJHW� +56R&� D� PHVK� WRSRORJ\� LV� FKRVHQ� DV� DQ� RQ�FKLS�
LQWHUFRQQHFWLRQ� WRSRORJ\�� $�PHVK� WRSRORJ\� DOORZV� H[SORLWLQJ� ORFDOLW\� RI� FRPPXQLFDWLRQ�� LW� LV�
VFDODEOH��UHJXODU�DQG�LV�VKRZQ�WR�EH�HQHUJ\�HIILFLHQW�>�@��

$V� D� VXPPDU\� RI� WKLV� VHFWLRQ� WKH� QH[W� WDEOH� VKRZV� KRZ� HDFK� RI� WKH� WRSRORJLHV� SUHVHQWHG�
IXOILOV�RXU�FULWHULD��7KHVH�FULWHULD�DUH��VFDODELOLW\�RI�WKH�WRSRORJ\��HIILFLHQF\�RI�WKH�WRSRORJ\�IRU�D�
�'�SODQH�OD\RXW��DYDLODELOLW\�RI�DOJRULWKPV�ZKRVH�SURFHVV�JUDSKV�DUH�QDWXUDOO\�PDSSHG�RQ�WKH�
WRSRORJ\�DQG�HQHUJ\�HIILFLHQF\�RI�WKH�WRSRORJ\��
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�
$PRQJ�WKH�LQWHUFRQQHFWLRQ�WRSRORJLHV�UHYLHZHG�DERYH�WKH�/RZ�GLPHQVLRQDO�WRSRORJLHV�VHHP�
WR�EH�PRVW�VXLWDEOH�IRU�RQ�FKLS�LPSOHPHQWDWLRQ��7KH\�DUH�WKH�RQHV�WKDW�IXOILO�WKH�UHTXLUHPHQWV�
GHILQHG� LQ� WKH� SUHYLRXV� VHFWLRQ� EHVW� ±� WKH\� UHVXOW� LQ� DQ� DUHD�HIILFLHQW� DQG� HQHUJ\�HIILFLHQW�
QHWZRUN�OD\RXW�DQG�DUH�HDVLO\�VFDODEOH��$�GLVDGYDQWDJH�LV�WKH�ODFN�RI�V\PPHWU\�DQG�WKH�VPDOO�
VHW�RI�FRPSXWDWLRQ�JUDSKV�WKDW�FDQ�EH�PDSSHG�QDWXUDOO\�RQ�WKHP��EXW�ZH�EHOLHYH�WKDW�WKLV�FDQ�
EH� RYHUFRPH� E\� DGGLQJ� PRUH� IOH[LELOLW\� LQ� WKH� QHWZRUN� URXWHUV�� )RU� H[DPSOH� XVLQJ� YLUWXDO�
FKDQQHOV�ZLOO� DOORZ� D� SK\VLFDO� FKDQQHO� WR� EH� VKDUHG� EHWZHHQ� VHYHUDO� DSSOLFDWLRQ� FKDQQHOV��
ZKLFK�VLPSOLI\�WKH�DSSOLFDWLRQ�PDSSLQJ��

���� 6ZLWFKLQJ�WHFKQLTXHV�
6ZLWFKLQJ� LV� WKH�EDVLF�PHFKDQLVP� WR�PRYH�GDWD� IURP�D�VRXUFH�QRGH� WR�D�GHVWLQDWLRQ�QRGH��
7KHUH� DUH� D� QXPEHU� RI� VZLWFKLQJ� WHFKQLTXHV� WKDW� FDQ� YDU\� EHWZHHQ� WZR� H[WUHPH� FDVHV� ±�
FLUFXLW�VZLWFKLQJ�DQG�SDFNHW�VZLWFKLQJ��

}1~ � �N�;~ ��A�!~ � �N�[~ ��� �'� �N���=��A�!~ � �N�[~ ���� �[� � ~ � � � � �}1~ � �;�[~ ��A�!~ � �;�[~ ���
� �=� �}	~ � �[�[~ ��A�(~ � �[�[~ �=�

� ��� ���[�;� �[�=�[� �� � � � ��� �;�� �=�;�
� �=� ��'� �N���=� �A�!~ � �;�[~ ���

� � �;� �� �N� �=� ~ �;�
� � �[� ��A�!~ � �N�;~ �=�

�=� �N�;�1 ;� ¡ ¢�£=¡ �
¤ � ¥�¦=§ � ¨[� ¡ ©

ª	£[¢`� £; [§ �; ;� ¡ ¢�£�¡ �
«�¬ ¥¦;§ �=�A� ¡ ©

�
)LJXUH����� 6ZLWFKLQJ�WHFKQLTXHV�GLVWULEXWLRQ�

������ &LUFXLW�VZLWFKLQJ�
,Q�FLUFXLW�VZLWFKLQJ��RU�6\QFKURQRXV�7UDQVIHU�0RGH���670���DOO�VZLWFKHV�PXOWLSOH[�FRQQHFWLRQV�
EHWZHHQ� WKHP� V\QFKURQRXVO\�� 7R� SURYLGH� D� FKDQQHO� EHWZHHQ� WKH� HQG� QRGHV� WKH� QHWZRUN�
VZLWFKHV��ZKLFK�DUH�LQ�EHWZHHQ�VRXUFH�DQG�GHVWLQDWLRQ��FRQQHFW�WKHLU�UHVSHFWLYH�LQSXW�WR�WKHLU�
UHVSHFWLYH�RXWSXW��:KHQ�FRQQHFWLRQ�EHWZHHQ�QRGHV� LV�PDGH� LW� VWD\V�DFWLYH� IRU�D� IL[HG� WLPH�
SHULRG�FDOOHG�WLPH�VORW��)RU�D�FLUFXLW�VZLWFKLQJ�QHWZRUN�WLPH�LV�D�VHTXHQFH�RI�WLPHVORWV�DQG�IRU�
HYHU\�WLPH�VORW�WKH�QHWZRUN�SURYLGHV�FRQQHFWLRQV�EHWZHHQ�GLIIHUHQW�HQG�QRGHV��6R�HYHU\�WLPH�
VORW�WKH�QHWZRUN�DSSOLHV�D�GLIIHUHQW�LQWHUFRQQHFW�SDWWHUQ��$IWHU�D�FRQVWDQW�QXPEHU�RI�WLPH�VORWV�
WKH�SDWWHUQ�VHTXHQFH�VWDUWV�IURP�WKH�EHJLQQLQJ�DQG�UHSHDWV��7KH�VHTXHQFH�RI�UHSHDWHG�WLPH�
VORWV�LV�FDOOHG�IUDPH��7KXV��FRQQHFWLRQ�EHWZHHQ�D�SDLU�RI�HQG�QRGHV�LV�PDGH�F\FOLFDOO\�HYHU\�
IUDPH���HDFK�FRQQHFWLRQ�KDV�LWV�RZQ�WLPH�VORW�WKDW�DUULYHV�DW�FHUWDLQ�IUHTXHQF\�� ,Q�WKH�IUDPH�
VHYHUDO� FRQQHFWLRQV� FDQ� XVH� GLIIHUHQW� VORWV� FRQFXUUHQWO\��$� FRQQHFWLRQ� XVHV� WKH� VDPH� WLPH�
VORW�LQ�HDFK�IUDPH�F\FOH�>��@��
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�
)LJXUH����� ([DPSOH�IRU�FLUFXLW�VZLWFKLQJ�

7KLV�V\VWHP�KDV�VPDOO�DQG�ERXQGHG�FRQQHFWLRQ�GHOD\�DQG�ORZ�MLWWHU��&RQQHFWLRQ�EDQGZLGWK�LV�
IL[HG�DQG�JXDUDQWHHG��'LVDGYDQWDJHV�DUH� WKH� ORQJ�VHW�XS� WLPH�� WKH�QHHG�RI�D�JOREDO� WLPH�RU�
IUDPH�UHIHUHQFH��ZDVWH�RI�XQXVHG�FKDQQHO�EDQGZLGWK�DQG�LQIOH[LELOLW\��

������ 0XOWL�VORW�FLUFXLW�VZLWFKLQJ�
0XOWL�VORW�FLUFXLW�VZLWFKLQJ�RSHUDWHV�LQ�DOPRVW�VDPH�ZD\�DV�FLUFXLW�VZLWFKLQJ��7KH�GLIIHUHQFH�LV�
WKDW�KHUH�DSSOLFDWLRQV�DUH�DOORZHG�WR�FODLP�IRU�PRUH�WKDQ�RQH�VORW�IRU�D�VLQJOH�FRQQHFWLRQ��,Q�
WKLV� ZD\� WKH� EDVLF� UDWH� FDQ� EH� NHSW� ORZHU�� ZKLFK� LV� PRUH� HIILFLHQW�� 2I� FRXUVH� WKLV� DGGV�
FRPSOH[LW\�WR�WKH�VZLWFKHV�>��@��

������ 0XOWL�UDWH�FLUFXLW�VZLWFKLQJ�
+HUH��LQ�WKH�IUDPH�WKHUH�DUH�VHYHUDO�VHWV�RI�WLPH�VORWV�ZLWK�GLIIHUHQW�VL]H��,QVWHDG�RI�FODLPLQJ�
IRU� VHYHUDO� VORWV�� DSSOLFDWLRQ� FODLPV� IRU� D� VORW� ZLWK� D� VL]H� WKDW� VDWLVILHV� LWV� EDQGZLGWK�
UHTXLUHPHQWV��$OWKRXJK�WKLV�LV�D�VROXWLRQ�WR�WKH�LQHIILFLHQF\�SUREOHP��WKH�SUREOHP�RI�IL[HG�VL]H�
RI�WLPH�VORWV�VWLOO�H[LVWV�>��@��

������ )DVW�FLUFXLW�VZLWFKLQJ�
7KLV�LV�D�FLUFXLW�VZLWFKLQJ�VFKHPH�DJDLQ��EXW�KHUH�QHWZRUN�UHVRXUFHV�DUH�DOORFDWHG�RQO\�ZKHQ�
LQIRUPDWLRQ�QHHGV� WR� EH�VHQW�� DQG� UHOHDVHG�DJDLQ�DIWHU� WKH� LQIRUPDWLRQ�EXUVW� LV�RYHU��:KHQ�
FRQQHFWLRQ� LV� EHLQJ� HVWDEOLVKHG�� WKH� XVHU� FODLPV� D� SDUW� RI� WKH� DYDLODEOH� EDQGZLGWK�� 7KH�
V\VWHP�ZLOO� QRW� DOORFDWH� WKH� UHVRXUFHV� QHHGHG�DW� WKDW� WLPH�� EXW� ZLOO� VWRUH� LQIRUPDWLRQ� DERXW�
WKHP��:KHQ�WKH�VRXUFH�VWDUWV�VHQGLQJ�LQIRUPDWLRQ��VZLWFKHV�DORQJ�WKH�SDWK�DUH�UHTXHVWHG�WR�
DOORFDWH� WKH�DJUHHG�UHVRXUFHV� LPPHGLDWHO\��5HVRXUFHV�GR�QRW�VWD\�SHUPDQHQWO\�DOORFDWHG�WR�
WKH�FRQQHFWLRQ��EXW�RQO\�XQWLO�WKH\�DUH�QHHGHG�>��@��
)DVW�FLUFXLW�VZLWFKLQJ� LV�PRUH�DGHTXDWH� IRU�GHDOLQJ�ZLWK� IOXFWXDWLQJ�DQG�EXUVW�GDWD� WUDQVIHUV��
%XW� WKH�G\QDPLF�DOORFDWLRQ�RI� UHVRXUFHV�GRHV�QRW�JLYH�JXDUDQWHHV� WKDW� UHTXHVWHG�UHVRXUFHV�
ZLOO�EH�DYDLODEOH�DW�WKH�PRPHQW�RI�VWDUW�RI�VHQGLQJ�GDWD��6R�WKHUH�FRXOG�EH�D�VLWXDWLRQ�LQ�ZKLFK�
WKH�VRXUFH�ZLOO�KDYH�WR�ZDLW��$QRWKHU�GUDZEDFN�LV�GHVLJQ�FRPSOH[LW\�DQG�WKH�VLJQDOOLQJ�QHHGHG�
IRU�DOORFDWLRQ�RI�UHVRXUFHV��

������ 3DFNHW�VZLWFKLQJ�
,Q�WKH�3DFNHW�VZLWFKLQJ��GDWD�LV�WUDQVSRUWHG�IURP�VRXUFH�WR�GHVWLQDWLRQ�LQ�WKH�IRUP�RI�SDFNHWV��
7KH�XVHU¶V�GDWD�WKDW�ZLOO�EH�WUDQVIHUUHG�LV�HQFDSVXODWHG�LQ�SDFNHWV��JHQHUDOO\�RI�YDULDEOH�VL]H��
$SDUW�IURP�WKH�XVHU¶V�GDWD�WKHVH�SDFNHWV�FRQWDLQ�DGGLWLRQDO� LQIRUPDWLRQ��ZKLFK�LV�XVHG�LQ�WKH�
QHWZRUN� IRU� URXWLQJ�� IORZ� FRQWURO�� HUURU� FRUUHFWLRQ�� HWF�� 7KH� SDFNHWV� DUH� WUDQVIHUUHG�
DV\QFKURQRXVO\�LQ�WKH�QHWZRUN��ZKLFK�PHDQV�WKDW�HYHU\�QRGH�PDNHV�LWV�RZQ�GHFLVLRQ�ZKHQ�WR�
VHQG�D�SDFNHW��:KHQ�D�SDFNHW� LV� UHDG\� WR�EH�VHQW� WKH�VRXUFH� WULHV� WR� DFFHVV� WKH�FKDQQHO��
:KHQ�WKH�FKDQQHO�LV�REWDLQHG�DOO�EDQGZLGWK�LV�XVHG�WR�WUDQVPLW�WKH�SDFNHW�>��@��
7KLV� VZLWFKLQJ� VFKHPH� LV�PRUH� IOH[LEOH�ZLWK� UHVSHFW� WR� EDQGZLGWK� DOORFDWLRQ�� ,W� FDQ� VXSSRUW�
G\QDPLFDOO\�YDU\LQJ�EDQGZLGWK�UHTXLUHPHQWV�XS�WR�PD[LPXP�FKDQQHO�FDSDFLW\��%DQGZLGWK�LV�
DOORFDWHG�RQO\�ZKHQ� WKH�SDFNHW� LV� UHDG\� IRU� WUDQVPLVVLRQ�DQG�UHPDLQV�DOORFDWHG�RQO\� IRU� WKH�
WLPH�QHHGHG�IRU�SDFNHW�WUDQVIHU���
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$OO� WKHVH� DGYDQWDJHV� FRPH� DW� WKH� SULFH� RI� KLJKHU� FRPSOH[LW\� RI� WKH� SURWRFRO� DQG� SURWRFRO�
SURFHVVLQJ��7KH�KLJKHU�FRPSOH[LW\� LQFUHDVHV� WKH�DUHD�DQG� ORZHUV� WKH�VSHHG�RI� WKH�SURWRFRO�
SURFHVVLQJ�FLUFXLWV��EXW�WKH�WHFKQRORJ\�DGYDQFHV�PDNH�WKLV�GLVDGYDQWDJH�OHVV�FULWLFDO�DQG�WKH�
DGYDQWDJHV�RI�WKLV�WHFKQLTXH�RXW�ZHLJKWHG�LW��$�PRUH�FULWLFDO�ZHDNQHVV�RI�WKH�SDFNHW�VZLWFKLQJ�
LV� WKH� DEVHQFH� RI� EDQGZLGWK� JXDUDQWHHV��5HTXLUHG� EDQGZLGWK� LV� QRW� JXDUDQWHHG� DQG� VRPH�
WLPHV�D�UHTXHVW�KDV�WR�ZDLW��ZKLFK�OHDGV�WR�YDU\LQJ�GHOD\��

������ '\QDPLF�7'0�
7KH�FRQFHSW�RI�'\QDPLF�7LPH�'LYLVLRQ�0XOWLSOH[LQJ��'7'0��LV�D�FRPELQDWLRQ�RI�FRQYHQWLRQDO�
7'0� DQG� SDFNHW� WUDQVPLVVLRQ� WHFKQLTXHV�� ,W� FDQ� EH� YLHZHG� DV� D� WUDQVPLVVLRQ� IRUPDW� IRU�
VORWWHG�SDFNHWV�WR�WUDYHUVH�V\QFKURQRXV�GLJLWDO�SLSHV��,Q�FRQWUDVW�WR�7'0�WKH�VORWV�GR�QRW�KDYH�
D�VSHFLILF�SRVLWLRQ� LQ� WKH�'7'0�IUDPH��7KH�IL[HG� OHQJWK�VORWV�SHUPLW�D�VLPSOLILHG�EXIIHULQJ� LQ�
WKH�VZLWFKHV�DQG�HDVH�WKH�EDQGZLGWK�DOORFDWLRQ�DPRQJ�GLIIHUHQW�XVHUV��'7'0�RYHUFRPHV�WKH�
LQHIILFLHQF\�RI�7'0�E\�DOORFDWLQJ�WLPH�VORWV�RQO\�IRU�DFWLYH�FDQQHOV�>��@��

������ $V\QFKURQRXV�7UDQVIHU�0RGH�
7KH�$70�VZLWFKLQJ�LV�DQ�DGYDQFHG�YHUVLRQ�RI�SDFNHW�VZLWFKLQJ��+HUH��GDWD� LV�WUDQVSRUWHG� LQ�
VPDOO��IL[HG�VL]H�SDFNHWV��FDOOHG�FHOOV��7KH�FHOOV�DUH�WUDQVIHUUHG�IURP�QRGH�WR�QRGH�RQ�ORJLFDO�
OLQNV�FDOOHG�YLUWXDO�FDQQHOV��9&���2Q�RQH�SK\VLFDO�OLQN�PDQ\�ORJLFDO�OLQNV�UHVLGH��(DFK�FHOO�KDV�
D� KHDGHU� WKDW� FRQWDLQV� D� ILHOG�� FDOOHG� 9LUWXDO� &DQQHO� ,GHQWLILHU� �9&,��� ZKLFK� GHWHUPLQHV� WR�
ZKLFK�9&�WKH�FHOO�EHORQJV���
$70�VZLWFKLQJ�LV�EDVHG�RQ�D�FRQQHFWLRQ�RULHQWHG�VHUYLFH��,Q�D�FRPPXQLFDWLRQ�VHVVLRQ�WKHUH�
DUH�WKUHH�SKDVHV��FRQQHFWLRQ�VHW�XS��FRPPXQLFDWLRQ�DQG�FRQQHFWLRQ�UHOHDVH��
,Q� WKH� FRQQHFWLRQ� VHW�XS� SKDVH� D� SDWK� EHWZHHQ� VRXUFH� DQG� GHVWLQDWLRQ� LV� GHWHUPLQHG� DQG�
EDQGZLGWK� DORQJ� WKH� SDWK� LV� UHVHUYHG��2Q� HDFK� OLQN�� D� YLUWXDO� FDQQHO� QXPEHU� LGHQWLILHV� WKH�
FRQQHFWLRQ�� 7KXV�� WKH� SDWK� EHWZHHQ� VRXUFH� DQG� GHVWLQDWLRQ� LV� GHVFULEHG� E\� D� VHTXHQFH� RI�
YLUWXDO�FKDQQHO�QXPEHUV�EHWZHHQ�WKH�KRSV��,I�D�ELGLUHFWLRQDO�SDWK�LV�QHHGHG��WZR�VHSDUDWH�9&�
KDYH�WR�EH�UHVHUYHG��,I�WKH�UHTXHVWHG�EDQGZLGWK�LV�QRW�DYDLODEOH��WKH�FRQQHFWLRQ�LV�UHIXVHG��
,Q�WKH�FRPPXQLFDWLRQ�SKDVH�D�QRGH�LV�DOORZHG�WR�VHQG�FHOOV�RQ�WKH�YLUWXDO�FDQQHO��7KH�QXPEHU�
RI�FHOOV�WKDQ�FDQ�EH�VHQW�LV�OLPLWHG�WR�UHVHUYHG�WKH�EDQGZLGWK��,Q�HDFK�KRS�WKH�FHOO�LV�EXIIHUHG�
DQG� LWV� KHDGHU� LV� SURFHVVHG��ZKLFK� FDXVH� VOLJKW� WLPH�GHOD\��+HDGHU� SURFHVVLQJ� FRQVLVWV� RI�
KHDGHU�H[DPLQDWLRQ�DQG�KHDGHU�WUDQVODWLRQ��WKH�LQFRPLQJ�9&,�LV�UHSODFHG�E\�RXWJRLQJ�9&,�IRU�
QH[W�WKH�KRS���
,Q� WKH�FRQQHFWLRQ�UHOHDVH�SKDVH�EDQGZLGWK�DQG�9&�QXPEHUV�DUH�UHOHDVHG�WR�EH�UH�XVHG�E\�
RWKHU�FRQQHFWLRQV��
$70�LV�D�KLJK�VSHHG�SDFNHW�VZLWFKLQJ�PHWKRG��ZKLFK�KDV�WKH�DELOLW\�WR�VXSSRUW�FRPELQDWLRQ�RI�
FRQVWDQW�DQG�YDULDEOH�ELW�UDWH�WUDIILF��,W�KDV�ORZ�SHU�KRS�GHOD\��
&HOOV� FRQWHQGLQJ� IRU� DQ� RXWSXW� OLQN� KDYH� WR� EH� EXIIHUHG�� ZKLFK� EULQJV� SUREOHPV� DV� EXIIHU�
RYHUIORZ� DQG� TXHXLQJ� GHOD\�� +RZHYHU� WKHVH� SUREOHPV� FRXOG� EH� UHGXFHG� ZLWK� VXLWDEOH�
EDQGZLGWK�DOORFDWLRQ�PHFKDQLVP�DQG�D�FHOO�SULRULW\�VFKHPH�>��@��

7KH�QH[W� WDEOH�JLYHV�D�VXPPDU\�RI� WKH�VZLWFKLQJ� WHFKQLTXHV�SUHVHQWHG��7KH�FULWHULD� WRZDUG�
ZKLFK�WKHVH�WHFKQLTXHV�DUH�FRPSDUHG�DUH��

�� )OH[LELOLW\�RI�WKH�WHFKQLTXH�WR�KDQGOH�G\QDPLF�YDULDWLRQV�LQ�WKH�GDWD�IORZ��
�� 7\SH�RI�EDQGZLGWK�DOORFDWLRQ�±�VWDWLF��LQ�FRPSLOH�WLPH��RI�G\QDPLF��LQ�UXQ�WLPH���
�� ,V�WKH�EDQGZLGWK�DOORFDWHG�JXDUDQWHHG��
�� 5HODWLYH�FRPSOH[LW\�RI�WKH�LPSOHPHQWDWLRQ�RI�WKH�WHFKQLTXHV��
�
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)OH[LELOLW\ ORZ ORZ ORZ PHGLXP KLJK KLJK KLJK
%DQGZLGWK�DOORFDWLRQ VWDWLF VWDWLF VWDWLF " G\QDPLF G\QDPLF G\QDPLF
%DQGZLGWK�JXDUDQWLHV \HV \HV \HV \HV QR " \HV
6ZLWFK�FRPSOH[LW\ ORZ ORZ ORZ KLJK KLJK KLJK KLJK&U

LWH
ULD

6ZLWFKLQJ�WHFKQLTXH

�
�
1RQH� RI� WKH� RYHUYLHZHG� VZLWFKLQJ� WHFKQLTXHV� VHHPV� WR� EH� DQ� RSWLPDO� VROXWLRQ� IRU� RXU�
QHWZRUN�� 7KH� FLUFXLW� VZLWFKLQJ� EDVHG� WHFKQLTXHV� DUH� VLPSOH�� IDVW�� JXDUDQWHH� WKH� EDQGZLGWK�
DOORFDWHG�DQG�QHHG�PLQLPXP�SURWRFRO�RYHUKHDG��EXW�LQ�JHQHUDO�DUH�TXLWH�LQIOH[LEOH�DQG�XQGHU�
XWLOLVH� WKH� QHWZRUN� UHVRXUFHV�� 7KLV� WHFKQLTXH� LV� TXLWH� ZHOO� VXLWDEOH� IRU� VWUHDPLQJ�
FRPPXQLFDWLRQ�SDWWHUQV��7KH�EDQGZLGWK�JXDUDQWHHV�KLJKO\�VLPSOLI\�WKH�UHDOL]DWLRQ�RI�UHDO�WLPH�
QHWZRUN� EHKDYLRXU�� EXW� WKH� LQIOH[LELOLW\� PD\� UHVWULFW� WKH� VHW� RI� VXLWDEOH� DSSOLFDWLRQV� DQG�
FRPSOLFDWH� WKH� FRPSLOHU� LI� DOO� LQWHU�SURFHVV� FRPPXQLFDWLRQV� KDYH� WR� EH� UHGXFHG� WR� VWDWLF�
FRPPXQLFDWLRQ�SDWWHUQV��VFKHGXOHG�RQ�EHIRUH�KDQG�DW�FRPSLOH�WLPH���
1RW� OHVV� LPSRUWDQW� LV� WKH� IDFW� WKDW� DOO� URXWHUV� LQ� D� FLUFXLW� VZLWFKLQJ� QHWZRUN� KDYH� WR� ZRUN�
V\QFKURQRXVO\�� :LWK� WKH� DGYDQFH� RI� WKH� WHFKQRORJ\� HQVXULQJ� VLJQDO� LQWHJULW\� EHFRPHV�
SRVVLEOH�RQO\�IRU�VKRUW�GLVWDQFHV��$V�WKH�RQ�FKLS�QHWZRUN�VSDQV�RYHU�WKH�HQWLUH�6R&�WR�HQVXUH�
FORFN�GLVWULEXWLRQ�WR�DOO�URXWHUV�XQGHU�WKHVH�FRQGLWLRQV�ZLOO�EH�YHU\�GLIILFXOW�WDVN��
7KH�SDFNHW�VZLWFKLQJ�RULHQWHG�WHFKQLTXHV��RQ�WKH�RWKHU�KDQG��RIIHU�KLJK�IOH[LELOLW\��G\QDPLVP�
DQG� PXFK� EHWWHU� XWLOLVDWLRQ� RI� WKH� QHWZRUN� UHVRXUFHV�� EXW� DUH� PRUH� FRPSOH[�� DGG� PRUH�
SURWRFRO�RYHUKHDG�DQG�PRVW�LPSRUWDQW��GR�QRW�DOORZ�EDQGZLGWK�UHVHUYDWLRQ��7KH�ODVW�SUREOHP�
FDQ�EH�SDUWO\�VROYHG�XVLQJ�SULRULWLHV��'HILQLQJ�D�FODVV�RI�KLJK�SULRULW\�PHVVDJHV�ZLOO�JLYH�VRPH�
SUHIHUHQFHV�WR�WKH�PHPEHUV�RI�WKLV�FODVV�DQG�WKHLU�SULRULW\�ZLOO�VHUYH�DV�D�JXDUDQWHH��%HFDXVH�
WKH�WDUJHWHG�6R&�LV�VXSSRVHG�WR�ZRUN�LQ�D�KLJKO\�G\QDPLF�DQG�XQSUHGLFWDEOH�HQYLURQPHQW�DQG�
RIWHQ�DSSOLFDWLRQV�QDWXUDOO\�FRPPXQLFDWH�YLD�PHVVDJHV�LW�VHDPV�PRUH�UHDVRQDEOH�WR�FKRRVH�
D�SDFNHW�VZLWFKLQJ�DSSURDFK��

���� )ORZ�FRQWURO�PHFKDQLVPV�
)ORZ�FRQWURO�GHDOV�ZLWK�WKH�DOORFDWLRQ�RI�FKDQQHO�DQG�EXIIHU�UHVRXUFHV�WR�D�SDFNHW�DV�LW�WUDYHOV�
IURP� VRXUFH� WR� GHVWLQDWLRQ��&ROOLVLRQV�PLJKW� RFFXU�ZKHQ� D� SDFNHW� FDQQRW� SURFHHG� EHFDXVH�
VRPH�UHVRXUFH�LW�QHHGV�LV�KHOG�E\�DQRWKHU�SDFNHW��,Q�WKLV�FDVH�WKH�SDFNHW�FDQ�EH�EORFNHG�LQ�
SODFH�� EXIIHUHG� RU� URXWHG� WKURXJK� DQRWKHU� FKDQQHO�� 7KLV� GHFLVLRQ� GHSHQGV� RQ� IORZ� FRQWURO�
SROLF\�>��@��%HORZ�ZH�SUHVHQW�VRPH�SRSXODU�IORZ�FRQWURO�PHFKDQLVPV��

������ 6WRUH�DQG�)RUZDUG�
,Q�WKH�FDVH�RI�6WRUH�DQG�)RUZDUG�IORZ�FRQWURO�D�PHVVDJH�LV�ILUVW�UHFHLYHG�LQ�HDFK�LQWHUPHGLDWH�
QHWZRUN� QRGH� LQ� LWV� IXOO� OHQJWK� EHIRUH� WUDQVPLVVLRQ� WR� WKH� QH[W� QRGH� LV� VWDUWHG�� ,I� /� LV� WKH�
PHVVDJH� OHQJWK�� :� LV� WKH� FKDQQHO� ZLGWK� DQG� 7 â � LV� WKH� FKDQQHO� F\FOH� WLPH�� WKHQ� WKH�
WUDQVPLVVLRQ�WLPH�IRU�VLQJOH�PHVVDJH�WKURXJK�Q�FRQVHFXWLYH�FKDQQHOV�LV��
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)LJXUH����� 6WRUH�DQG�)RUZDUG�URXWLQJ�ODWHQF\�

7KLV�PHWKRG�KDV�D�ODWHQF\�WKDW�LV�SURSRUWLRQDO�WR�WKH�SDFNHW�VL]H��,W�DOVR�LPSRVHV�VLJQLILFDQW�
EXIIHU�VSDFH�UHTXLUHPHQWV��

������ :RUPKROH�URXWLQJ�
:RUPKROH�URXWLQJ�GLYLGHV�D�PHVVDJH�LQWR�IL[HG�VL]H�SRUWLRQV��FDOOHG�IOLWV��IORZ�FRQWURO�GLJLWV���
,QVWHDG�RI�VWRULQJ�WKH�IXOO�SDFNHW�LQ�HDFK�LQWHUPHGLDWH�QRGH�DQG�WKHQ�IRUZDUGLQJ�LW��KHUH�RQO\�
RQH��RU�D�IHZ��IOLW�LV�VWRUHG�DQG�IRUZDUGHG��$V�IOLWV�DUH�IRUZDUGHG��WKH�SDFNHW�LV�SLSHOLQHG�RYHU�
WKH�FKDQQHOV�EHWZHHQ�WKH�VRXUFH�DQG�WKH�GHVWLQDWLRQ��
)OLWV�DUH�VPDOOHU�WKHQ�D�SDFNHW��ZKLFK�OHDGV�WR�LPSURYHPHQWV�LQ�VWRUDJH�DQG�EDQGZLGWK�
DOORFDWLRQ��%XIIHUV�DUH�VPDOOHU�HYHQ�IRU�ODUJH�SDFNHW�VL]HV���
+HUH�WKH�WUDQVPLVVLRQ�WLPH�IRU�VLQJOH�PHVVDJH�WKURXJK�Q�OLQNV�ZLOO�EH��

( )  7
:
/Q ⋅





 +−� �

äçåçæ
è é.ê

÷'ÿ �)ù
	 è���

ëNì í7îðïjíAñAò�óô í�ïjíAñAòöõ

ëNì í7îðïjíAñAòöõô í�ïjíAñAò��

ëNì í7îðïjíAñAò��ô í�ïjíAñAò��

÷'ø�ùöý ÿ ü��!ÿ �þ=ù[ÿ ü�����û����-ù��

è é-ê�� ÷�ø=ù�� ÿ �)ù�� ������û;ú��.ù���� ���=û������ ø�� �
���[ø�� ø�� ù;ùú��;ü��-ù;ú���� ÿ �|ùöý ÿ ü����
�

)LJXUH����� :RUPKROH�URXWLQJ�ODWHQF\�
7KH�GLVDGYDQWDJH�RI�ZRUPKROH�URXWLQJ�LV�WKH�LQHIILFLHQW�XVH�RI�WKH�FKDQQHO�EDQGZLGWK��7KH�
SK\VLFDO�FKDQQHOV�WKURXJK�WKH�SDWK�RI�WKH�SDFNHW�DUH�KHOG�IRU�WKH�GXUDWLRQ�RI�WKH�HQWLUH�SDFNHW�
WUDQVPLVVLRQ��,I�WKH�SDFNHW�LV�EORFNHG��DOO�WKHVH�SK\VLFDO�FKDQQHOV�DUH�LGOH�DQG�RWKHU�SDFNHWV�
FDQQRW�XVH�WKHP��7KHUHIRUH�WKURXJKSXW�GHFUHDVHV��

������ 9LUWXDO�&XW�7KURXJK�
9LUWXDO�&XW�7KURXJK�LV�D�PHWKRG�VLPLODU�WR�ZRUPKROH�URXWLQJ��,W�EHKDYHV�LQ�WKH�VDPH�ZD\�DV�
ZRUPKROH� URXWLQJ� LQ� WKH� DEVHQFH� RI� FRQWHQWLRQ�� ,W� GLIIHUV� IURP� ZRUPKROH� URXWLQJ� LQ� WKDW� LW�
EXIIHUV�PHVVDJHV�ZKHQ�WKH\�DUH�EORFNHG��UHPRYLQJ�WKHP�IURP�WKH�QHWZRUN��7KLV�LPSURYHV�WKH�
KRW�VSRW�SHUIRUPDQFH�RI� WKH�QHWZRUN�DQG� LQFUHDVHV�WKH�WKURXJKSXW��+RZHYHU��PHVVDJH�IORZ�
FRQWURO� LV�SHUIRUPHG�DW� WKH�SDFNHW� OHYHO�DQG�VWRUDJH�DQG�EDQGZLGWK�DUH�DOORFDWHG� LQ�SDFNHW�
VL]HG�XQLWV�>��@��
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������ 1RV\�ZRUPV�
,Q� WKLV� PHWKRG� HDFK� PHVVDJH� DWWHPSWV� WR� HVWDEOLVK� D� FRQQHFWLRQ� ZLWK� WKH� GHVWLQDWLRQ� E\�
IRUPLQJ�DQ�XQEURNHQ�SDWK�DFURVV� LQWHUPHGLDWH�QRGHV�� ,I�D�EORFN�RU�D� IDLOXUH� LV�HQFRXQWHUHG�
DORQJ� WKH� URXWH�� WKH� PHVVDJH� ZLOO� JLYH� XS� E\� UHFDOOLQJ� EDFN� WR� WKH� VHQGHU�� WKXV� DYRLGLQJ�
GHDGORFN�� $IWHU� D� QRQ�GHWHUPLQLVWLF� GHOD\� WKH� PHVVDJH� WULHV� DJDLQ�� 2QFH� D� FRQQHFWLRQ� LV�
PDGH��WKH�HQWLUH�PHVVDJH�LV�WUDQVIHUUHG�IURP�VRXUFH�WR�GHVWLQDWLRQ��
7KH�PHWKRG�VHDPV�WR�EH�H[SHQVLYH�LQ�WHUPV�RI�FRPPXQLFDWLRQ�FRVW�DQG�LW�ZLOO�JR�ZRUVH�ZLWK�
LQFUHDVLQJ� WKH� QHWZRUN� GLDPHWHU�� 5HSHWLWLYH� FRQQHFWLRQ� DWWHPSWV� DUH� LQHIILFLHQW� LQ� WHUPV� RI�
HQHUJ\�WRR��,W�LV�DOVR�GLIILFXOW�WR�SUHGLFW�KRZ�LQ�WKH�QHWZRUN�ZLWK�ODUJH�GLDPHWHU�WKH�GHOLYHU\�RI�D�
SDFNHW�PD\� EH� JXDUDQWHHG�� $� SDFNHW�PD\� LQGHILQLWHO\� WU\� WR� ILQG� LWV� ZD\� WR� WKH� GHVWLQDWLRQ�
QRGH�DQG�DOZD\V�IDLO�KDOI�WKURXJK�>��@��

������ 9LUWXDO�FKDQQHO�IORZ�FRQWURO�
,Q�WKH�PHWKRGV�SUHVHQWHG�DERYH��WR�HDFK�SK\VLFDO�FKDQQHO�D�EXIIHU�LV�DVVRFLDWHG�ZLWK�D�),)2�
RUJDQL]DWLRQ�WR�VWRUH�LQSXW�IOLWV��)OLWV�GR�QRW�FRQWDLQ�URXWLQJ�DQG�VHTXHQFLQJ�LQIRUPDWLRQ��7KLV�
LQIRUPDWLRQ� LV�NHSW� LQ� WKH�VRXUFH�QRGH�IRU� WKH�SDFNHW�XVLQJ� WKH�FKDQQHO��7KHUHIRUH�WKH� LQSXW�
EXIIHU�FDQ�FRQWDLQ�RQO\�IOLWV�IURP�D�VLQJOH�SDFNHW��,I�WKLV�SDFNHW�EHFRPHV�EORFNHG��WKH�SK\VLFDO�
FKDQQHO� LV� LGOH� EHFDXVH� QR� RWKHU� SDFNHW� LV� DEOH� WR� DFTXLUH� WKH� EXIIHU� UHVRXUFHV� QHHGHG� WR�
DFFHVV�WKH�FKDQQHO��
9LUWXDO� FKDQQHO� IORZ� FRQWURO� >��@� RYHUFRPHV� WKLV� SUREOHP�� ,W� GHFRXSOHV� DOORFDWLRQ� RI� EXIIHUV�
IURP� DOORFDWLRQ� RI� FKDQQHOV� E\� SURYLGLQJ� PXOWLSOH� EXIIHUV� IRU� HDFK� FKDQQHO� LQ� WKH� QHWZRUN��
(DFK�RI�WKHVH�EXIIHUV�FDQ�KROG�RQH�RU�PRUH�IOLWV�RI�D�SDFNHW�DQG�KDV�DVVRFLDWHG�SDFNHW�VWDWH�
LQIRUPDWLRQ��,I�D�SDFNHW�FXUUHQWO\�XVLQJ�WKH�SK\VLFDO�FKDQQHO�EHFRPHV�EORFNHG�RWKHU�SDFNHWV�
FDQ� DOORFDWH� DQRWKHU� LQSXW� EXIIHU� DQG� VWDUW� XVLQJ� WKH� SK\VLFDO� FKDQQHO�� WKXV� E\SDVVLQJ� WKH�
EORFNHG�PHVVDJH��,Q�WKLV�ZD\�VHYHUDO�SDFNHWV�FDQ�XVH�D�SK\VLFDO�FKDQQHO�VLPXOWDQHRXVO\�DQG�
VKDUH� LWV� EDQGZLGWK�� (DFK� RI� WKHVH� SDFNHWV� LV� DVVRFLDWHG� ZLWK� D� ORJLFDO� OLQN� FDOOHG� 9LUWXDO�
&DQQHO� �9&���6R�VHYHUDO�9&�FDQ� UHVLGH�RQ�RQH� SK\VLFDO� OLQN�DQG� WKH�QXPEHU�RI� WKLV�9&� LV�
VPDOOHU�RU�HTXDO�WR�WKH�QXPEHU�RI�EXIIHUV�DVVRFLDWHG�WR�WKH�SK\VLFDO�FRQQHFWLRQ��
$GGLQJ�YLUWXDO�FDQQHO�IORZ�FRQWURO�WR�WKH�QHWZRUN�PDNHV�PRUH�HIILFLHQW�XVH�RI�WKH�PRVW�FRVWO\�
UHVRXUFHV� LQ� DQ� LQWHUFRQQHFWLRQ� QHWZRUN�� WKH� FKDQQHO� EDQGZLGWK�� 7KH� FRVW� SDLG� LV� D� VPDOO�
DPRXQW�RI�DGGLWLRQDO�ORJLF�DQG�EXIIHU�VSDFH��

������ :DYH�VZLWFKLQJ�
:DYH�VZLWFKLQJ� >��@� LV�D�K\EULG�EHWZHHQ�FLUFXLW�VZLWFKLQJ�DQG�ZRUPKROH� IORZ�FRQWURO��(YHU\�
QRGH� LQ� WKH�QHWZRUN�FRQWDLQV�VHYHUDO�VHSDUDWH�VZLWFKHV��DOO�RI� WKHP�ZRUNLQJ� LQGHSHQGHQWO\��
LPSOHPHQWLQJ� WKH�VDPH� WRSRORJ\�DQG�KDYLQJ� WKHLU�RZQ�VHW�SK\VLFDO�FKDQQHOV��$FWXDOO\� WKHUH�
DUH� VHYHUDO�� SDUDOOHO� H[LVWLQJ� QHWZRUNV� DQG� HYHU\� VZLWFK� LQ� WKH� QRGH� EHORQJV� WR� D� GLIIHUHQW�
QHWZRUN�� 2QH� RI� WKHVH� QHWZRUNV� �VZLWFKHV� LQ� WKH� QRGH�� LPSOHPHQWV� ZRUPKROH� URXWLQJ� ZLWK�
YLUWXDO� FKDQQHOV� IORZ� FRQWURO�� 7KH� UHVW� RI� WKH� QHWZRUNV� �VZLWFKHV� LQ� WKH� QRGH�� LPSOHPHQW�
SLSHOLQHG� FLUFXLW� VZLWFKLQJ�� )RU� HYHU\� FLUFXLW� VZLWFK� LQ� WKH� QRGH� WKHUH� LV� D� GHGLFDWHG� YLUWXDO�
FKDQQHO�LQ�WKH�ZRUPKROH�VZLWFK�FDOOHG�FRQWURO�FKDQQHO��6HWWLQJ�XS�RU�WHDUGRZQ�D�FRQQHFWLRQ�LQ�
D�FLUFXLW�VZLWFK� LV�PDGH�E\�VHQGLQJ�D�VSHFLDO�FRQWURO�IOLW�RQ�WKH�UHVSHFWLYH�FRQWURO�FKDQQHO�RI�
WKH�ZRUPKROH�VZLWFK��
7KH�FLUFXLW�VZLWFKLQJ�QHWZRUNV�DUH�XVHG�IRU�SUH�HVWDEOLVKHG�FRQQHFWLRQV��VFKHGXOHG�LQ�FRPSLOH�
WLPH��ZKLOH�WKH�ZRUPKROH�QHWZRUN�LV�XVHG�IRU�VSRUDGLF�DQG�XQSUHGLFWDEOH�PHVVDJH�H[FKDQJH��
&RQQHFWLRQV� LQ� WKH� FLUFXLW� VZLWFKLQJ� QHWZRUNV� DUH� GHGLFDWHG� RQO\� WR� RQH� FRPPXQLFDWLRQ�
FKDQQHO�� WKH\� RIIHU� KLJK� EDQGZLGWK�� ORZ� ODWHQF\� FRPPXQLFDWLRQ� HQG� DUH� GHDGORFN� DQG�
FRQJHVWLRQ�IUHH��
7KLV�PHWKRG� LQ� IDFW�FRPELQHV� WZR�QHWZRUN� W\SHV�±�FLUFXLW� VZLWFKLQJ�DQG�ZRUPKROH�QHWZRUN��
%HFDXVH�WKH�FLUFXLW�VZLWFKHG�FKDQQHOV�DUH�GHGLFDWHG�RQO\�WR�D�VLQJOH�GDWD�OLQN��ZH�FDQ�H[SHFW�
WKHVH�FKDQQHOV� WR�EH�XQGHU�XWLOL]HG��$OVR� WKH�SUHVHQFH�RI�VHYHUDO�VZLWFKHV� LQ�D�VLQJOH�QRGH�
ZLOO� UDLVH� WKH�QRGH�FRPSOH[LW\��7KH� IOH[LELOLW\�SURYLGHG�E\� WKLV�DSSURDFK�FRPHV�DW�D�SULFH�RI�
LQHIILFLHQW�XVDJH�RI�ORW�RI�UHVRXUFHV��

������ )OLW�5HVHUYDWLRQ�IORZ�FRQWURO�
7KH� LGHD� RI� WKLV� PHWKRG� >��@� LV� WR� VFKHGXOH� WKH� EXIIHUV� DQG� FKDQQHOV� RI� WKH� QHWZRUN�
G\QDPLFDOO\��EXW�LQ�DGYDQFH��7R�DFKLHYH�WKLV��WKH�SDFNHW�FRQWURO�LQIRUPDWLRQ�LV�VHSDUDWHG�IURP�
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WKH�SDFNHW�GDWD�DQG� WUDYHOV�RQ�D�VHSDUDWH�QHWZRUN� �FRQWURO�QHWZRUN��ZKLFK� LV��� WLPHV�IDVWHU�
WKDQ�WKH�GDWD�QHWZRUN��LQ�IRUP�RI�FRQWURO�IOLWV��7KH�FRQWURO�IOLW�WUDYHOV�DKHDG�LQ�DGYDQFH�RI�WKH�
GDWD� IOLWV��$�FRQWURO� IOLW� UHFHLYHG� LQ�D� URXWHU�FDUULHV� LQIRUPDWLRQ�DERXW� WKH�GHVWLQDWLRQ�DQG� WKH�
DUULYDO� WLPH� RI� XS� WR� 1� GDWD� IOLWV�� ZKLFK� DUH� H[SHFWHG� WR� DUULYH�� 7KLV� LQIRUPDWLRQ� DOORZV� WKH�
URXWHU� WR�VFKHGXOH� LQ�DGYDQFH�EXIIHUV�DQG�FKDQQHOV� IRU�GDWD� IOLWV��'DWD� IOLWV� WUDYHO�RQ�D�GDWD�
QHWZRUN�DQG�WKH\�FRQWDLQ�RQO\�SD\ORDG��

!#" $&%
')(+* ,.-
'/" 0 1 2�354�(76�3�8�8�%
4�* 9�%�8�1 " : " %
0

9�; 9�< 9�= 9�> 9�?

@ AB CD
D
EFGIH G�JK L AB CD G�JM G�JN G�JO G�JP()Q
8�1 0 Q
4RS%�1 T�Q�0 U

,)3�1 3RS%�1 T�Q�0 U
1 V ; 1 V < 1 V = 1 V > 1 V ?

()Q
8�1 0 Q54WS%�3�9�%
0�XI4 " 1 ()Q
8�1 0 Q54Y�Q�9�Z[XI4 " 1

,S%�\�1 ]�-^,S%�\�1 " 8�3�1 " Q
8&_)9�9�0 %�\�\
1 V `�-5_)0 0 " a�354�1 " $&%�: Q
0�,S3�1 3�XI4 " 1
b
9�`^-^,S3�1 3cXI4 " 1�b �

)LJXUH����� )OLW�5HVHUYDWLRQ�IORZ�FRQWURO�
:KHQ� D� FRQWURO� IOLW� DUULYHV� DW� D� URXWHU�� LW� LV� SURFHVVHG� LQ� WKUHH� SKDVHV�� URXWLQJ�� RXWSXW�
VFKHGXOLQJ�DQG�LQSXW�VFKHGXOLQJ��
,Q� WKH� URXWLQJ�SKDVH� WKH�RXWSXW�SRUW� WR�ZKLFK� WKH�H[SHFWHG�GDWD� IOLWV�VKRXOG�EH� IRUZDUGHG� LV�
GHWHUPLQHG��
,Q� WKH�RXWSXW�VFKHGXOLQJ�SKDVH�� IRU� WKDW�RXWSXW�SRUW�� LW� LV�GHFLGHG�DW�ZKDW� WLPH� WKH�H[SHFWHG�
GDWD� IOLWV� ZLOO� EH� IRUZDUGHG� WR� WKH� QH[W� QRGH�� $� FUHGLW� EDVHG� VFKHGXOLQJ� LV� XVHG�� )RU� HDFK�
RXWSXW�WKH�RXWSXW�VFKHGXOHU�NQRZV��

�� 7KH�DUULYDO� WLPH�RI� WKH�GDWD� IOLW� WKDW�ZLOO�EH� IRUZDUGHG��WKLV� LQIRUPDWLRQ� LV� WDNHQ� IURP�
WKH�FRQWURO�IOLW���

�� 7KH�FORFN�F\FOHV��IURP�WKH�SUHVHQW��DKHDG�WR�WKH�VFKHGXOLQJ�KRUL]RQ��IRU�ZKLFK�RXWSXW�
FKDQQHO�LV�DOUHDG\�UHVHUYHG�DQG�IRU�ZKLFK�LW�LV�IUHH��

�� 7KH� DYDLODEOH� EXIIHU� VSDFH� LQ� WKH� QH[W� QRGH� IURP� QRZ� WR� WKH� VFKHGXOLQJ� KRUL]RQ�
�FUHGLWV�EDFN�DUH�VHQW�LQ�DGYDQFH���

$�GDWD�IOLW� LV�VFKHGXOHG�WR� OHDYH�D�QRGH�DV�VRRQ�DV�SRVVLEOH��ZKLFK�PHDQV�DW� WKH�ILUVW�FORFN�
F\FOH�DIWHU�LWV�DUULYDO��IRU�ZKLFK�WKH�RXWSXW�FKDQQHO�LV�IUHH�DQG�WKHUH�LV�DYDLODEOH�EXIIHU�VSDFH�LQ�
WKH�QH[W�QRGH��
:KHQ� DOO� H[SHFWHG� GDWD� IOLWV�� IRU� ZKLFK� D� FRQWURO� IOLW� KDV� QRWLILHG�� DUH� VFKHGXOHG� DQG� WKHLU�
GHSDUWXUH�WLPH�LV�NQRZQ��WKH�FRQWURO�IOLW�LV�XSGDWHG�ZLWK�WKH�QHZ�GDWD�IOLWV¶�DUULYDO�WLPHV��LQ�WKH�
QH[W�QRGH��DQG� IRUZDUGHG� WR� WKH�QH[W�QRGH��7KH�QHZ�DUULYDO� WLPH� LQ� WKH�QH[W�QRGH�� W d �� IRU�D�
GDWD�IOLW�LV��

efg WWW += �
:KHUH��

W h �LV�GDWD�IOLW�GHSDUWXUH�WLPH��
Wi �LV�GDWD�IOLW�SURSDJDWLRQ�WLPH�WR�WKH�QH[W�QRGH��

,QSXW� VFKHGXOLQJ� LV� WKH� QH[W� SKDVH� RI� WKH� FRQWURO� IOLW� SURFHVVLQJ�� 1RZ�� IRU� HYHU\� GDWD� IOLW�
H[SHFWHG�WKH�DUULYDO�WLPH�DQG�GHSDUWXUH�WLPH�DUH�NQRZQ��7KHVH�WZR�PRPHQWV�GHWHUPLQH�WKH�
SHULRG�RI�WLPH�IRU�ZKLFK�D�GDWD�IOLW�LV�JRLQJ�WR�EH�EXIIHUHG�LQ�WKH�QRGH��%XIIHU�VSDFH�LV�UHVHUYHG�
IRU�WKLV�SHULRG�DQG�D�FUHGLW�LV�VHQG�EDFN�WR�WKH�SUHYLRXV�QRGH�WR�XSGDWH�WKH�EXIIHU�DYDLODELOLW\�
LQ�LWV�RXWSXW�VFKHGXOHU��
7KLV�PHWKRG�XVHV�EXIIHU�VSDFH�HIILFLHQWO\�EHFDXVH�EXIIHUV�DUH�KHOG�RQO\�GXULQJ�DFWXDO�EXIIHU�
XVDJH��,W�DOVR�HOLPLQDWHV�URXWLQJ�DQG�DUELWUDWLRQ�ODWHQF\�GXH�WR�WKH�DGYDQFH�VFKHGXOLQJ��7KHVH�
DGYDQWDJHV�FDQ�EH�DFKLHYHG�E\�XVLQJ�RI�VWDWLFDOO\�VFKHGXOHG�IORZ�FRQWURO��EXW�WKH�GLIIHUHQFH�LV�
WKDW�KHUH�IOH[LELOLW\�RI�WKH�G\QDPLF�URXWLQJ�LV�VDYHG��
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7KH�IORZ�FRQWURO�PHFKDQLVPV�SUHVHQWHG�DUH�VXPPDULVHG�LQ�WKH�WDEOH�EHORZ��7KH�FRPSDULVRQ�
FULWHULD�DUH��

�� 5HODWLYH�PHVVDJH�ODWHQF\�DFKLHYHG�E\�WKH�PHFKDQLVP��
�� 8WLOLVDWLRQ�RI�WKH�TXHXHV¶�EXIIHU�VSDFH��
�� 8WLOLVDWLRQ�RI�WKH�QHWZRUN¶V�LQWHUFRQQHFWLRQ�FKDQQHOV��
�� 5HODWLYH�FRPSOH[LW\�RI�WKH�PHFKDQLVP�LPSOHPHQWDWLRQ��
�
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)ORZ�&RQWURO�PHFKDQLVP

�
�
)RUP� WKH� IORZ� FRQWURO� PHFKDQLVPV� UHYLHZHG� DERYH� ZH� EHOLHYH� WKDW� D� FRPELQDWLRQ� RI�
ZRUPKROH�URXWLQJ�DQG�YLUWXDO�FKDQQHOV�IORZ�FRQWURO� LV�PRVW�VXLWDEOH�IRU�DQ�RQ�FKLS�QHWZRUN��,W�
RIIHUV� KLJK� IOH[LELOLW\� DQG� JRRG� UHVRXUFHV� XWLOLVDWLRQ� ZKLOH� WKH� VZLWFK� FRPSOH[LW\� VWD\V�
PRGHUDWH��7KH�IOH[LELOLW\�RI�ZRUPKROH�URXWLQJ�LV�H[SUHVVHG�LQ�WKH�DELOLW\�WR�KDQGOH�GDWD�RQ�D�IOLW�
OHYHO��ZKLFK�IDFLOLWDWHV�WKH�GHVLJQ�RI�ILQH�JUDLQ�FRPPXQLFDWLRQV�PHFKDQLVPV��7KHVH�ILQH�JUDLQ�
FRPPXQLFDWLRQ�PHFKDQLVPV�LQ�FRPELQDWLRQ�ZLWK�ORZ�GDWD�ODWHQF\��GXH�WR�WKH�YLUWXDO�FKDQQHOV��
DQG�D�SRVVLEOH�DOORFDWLRQ�RI�SULRULWLHV� WR�YLUWXDO�FKDQQHOV�ZLOO� DOVR�KHOS� LQ�DSSURYLQJ� WKH� UHDO�
WLPH�EHKDYLRXU�RI�WKH�QHWZRUN��

���� 5RXWLQJ�
,Q�D�QHWZRUN�HYHU\�QRGH�PXVW�EH�DEOH� WR�VHQG�PHVVDJHV� WR�HYHU\�RWKHU�QRGH��7KH� URXWLQJ�
DOJRULWKP� VSHFLILHV� ZKDW� SDWK� D� SDFNHW� WDNHV� DV� LW� WUDYHOV� IURP� WKH� VRXUFH� QRGH� WR� WKH�
GHVWLQDWLRQ�QRGH��(IILFLHQW�URXWLQJ�LV�FULWLFDO�IRU�WKH�HQHUJ\�SHUIRUPDQFH�RI�QHWZRUNV��
/RRNLQJ� DW� URXWLQJ� DOJRULWKPV� ZH� FDQ� GLVWLQFW� VHYHUDO� FKDUDFWHULVWLFV� WKDW� FDQ� EH� XVHG� IRU�
URXWLQJ�FODVVLILFDWLRQ��:H�SUHVHQW�WKHVH�FKDUDFWHULVWLFV�EHORZ��

��� 'HSHQGLQJ�RQ�ZKHUH�WKH�URXWLQJ�GHFLVLRQ� LV�WDNHQ�ZH�FDQ�KDYH�WZR�W\SHV�RI�URXWLQJ�
>��@��

•� 6RXUFH�URXWLQJ�±�WKH�VRXUFH�QRGH�VHOHFWV�WKH�HQWLUH�SDWK�EHIRUH�VHQGLQJ�WKH�
SDFNHW��(DFK�SDFNHW�KDV�WR�FDUU\� WKLV�URXWLQJ� LQIRUPDWLRQ�DQG�WKLV� LQFUHDVHV�
WKH� SDFNHW� VL]H�� 7KH� SDWK� FDQQRW� EH� FKDQJHG�DIWHU� WKH� SDFNHW� KDV� HQWHUHG�
WKH�QHWZRUN��

•� 'LVWULEXWHG�URXWLQJ�±�HDFK�URXWHU�WDNHV�WKH�GHFLVLRQ�ZKHUH�D�UHFHLYHG�SDFNHW�
KDV�WR�EH�VHQW� WR��WR� WKH� ORFDO�SURFHVVRU�RU� WR�RQH�RI� WKH�QRGH�QHLJKERXUV���
7KH� WLPH� IRU� WDNLQJ� WKH�URXWLQJ�GHFLVLRQ�VWURQJO\� LQIOXHQFHV�QHWZRUN� ODWHQF\��
,Q�WKLV�DSSURDFK�HDFK�QRGH�QHHGV�D�URXWLQJ�WDEOH��RU�URXWLQJ�DOJRULWKP��

��� 'HSHQGLQJ�RQ�ZKDW�WKH�URXWLQJ�GHFLVLRQ�LV�EDVHG�RQ��ZKDW�LQIRUPDWLRQ�LV�XVHG�WR�WDNH�
D� URXWLQJ� GHFLVLRQ�� ZH� FDQ� KDYH� GHWHUPLQLVWLF� �RU� REOLYLRXV�� URXWLQJ� DQG� DGDSWLYH�
URXWLQJ�>��@��

•� 'HWHUPLQLVWLF��REOLYLRXV��URXWLQJ�±�WKH�SDWK�LV�FRPSOHWHO\�GHWHUPLQHG�RQO\�E\�
WKH�VRXUFH�DQG�GHVWLQDWLRQ�DGGUHVVHV��

•� $GDSWLYH� URXWLQJ� ±� WKH� SDWK� IRU� D� SDUWLFXODU� SDFNHW� LV� GHWHUPLQHG� E\� WKH�
VRXUFH�DGGUHVV��GHVWLQDWLRQ�DGGUHVV�DQG�WKH�G\QDPLF�QHWZRUN�FRQGLWLRQV��IRU�
H[DPSOH� SUHVHQFH� RI� IDXOW\� RU� FRQJHVWHG� FKDQQHOV�� 6R�� ZKLFK� SDWK� ZLOO� EH�
FKRVHQ�IRU�D�SDFNHW�GHSHQGV�RI�WKH�FXUUHQW�FRQGLWLRQ�LQ�WKH�QHWZRUN��7R�WDNH�



� ���

VXFK� D� GHFLVLRQ� URXWHUV� QHHG� JOREDO� QHWZRUN� LQIRUPDWLRQ�� 3URYLGLQJ� WKLV�
LQIRUPDWLRQ� WR� HDFK� URXWHU� FUHDWHV� DGGLWLRQDO� WUDIILF� DQG� UHTXLUHV� DGGLWLRQDO�
VWRUDJH�VSDFH�LQ�HDFK�URXWHU���

��� 'HSHQGLQJ�RQ�WKH�SDWK�FKRVHQ�ZH�FDQ�KDYH�PLQLPDO�URXWLQJ�DQG�QRQ�PLQLPDO�URXWLQJ�
>��@��

•� 0LQLPDO�URXWLQJ�±�WKH�VHOHFWHG�SDWK�LV�RQH�RI�WKH�VKRUWHVW�SDWKV�EHWZHHQ�WKH�
VRXUFH� DQG� GHVWLQDWLRQ� QRGHV� �WKHUH� FRXOG� H[LVW� VHYHUDO� VKRUWHVW� SDWKV��� ,Q�
WKLV�SDWK�HYHU\�QH[W�FKDQQHO�EULQJV�WKH�SDFNHW�FORVHU�WR�WKH�GHVWLQDWLRQ��

•� 1RQ�PLQLPDO� URXWLQJ� ±� DOJRULWKP� DOORZV� SDFNHWV� WR� IROORZ� D� ORQJHU� SDWK��
XVXDOO\� LQ� UHVSRQVH� WR� FXUUHQW� QHWZRUN� FRQGLWLRQV�� ,I� QRQ�PLQLPDO� URXWLQJ� LV�
XVHG�� FDUH� PXVW� EH� WDNHQ� WR� DYRLG� D� VLWXDWLRQ� LQ� ZKLFK� WKH� SDFNHW� ZLOO�
FRQWLQXH� WR� EH� URXWHG� WKURXJK� WKH� QHWZRUN� EXW� QHYHU� UHDFK� WKH� GHVWLQDWLRQ�
�OLYHORFN���

7KHVH�WKUHH�FKDUDFWHULVWLFV�RI� WKH�URXWLQJ�DOJRULWKP�FDQ�EH�VHHQ�DV�WKUHH�GLPHQVLRQV� LQ� WKH�
VSDFH� RI� URXWLQJ� DOJRULWKPV�� DOWKRXJK� VRPH� FRPELQDWLRQV� DUH� KLJKO\� LPSUREDEOH� �H�J��
GHWHUPLQLVWLF�� QRQ�PLQLPDO��� $� VFKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� FODVVLILFDWLRQ� LV� SUHVHQWHG� LQ�
WKH�QH[W�ILJXUH��

5RXWLQJ

6RXUFH 'LVWULEXWHG

0LQLPDO 1RQ�PLQ

$GDSWLYH

0LQLPDO 1RQ�PLQ

'HWHUPLQLVWLF

0LQLPDO 1RQ�PLQ

$GDSWLYH

0LQLPDO 1RQ�PLQ

'HWHUPLQLVWLF

�
)LJXUH����� 5RXWLQJ�FODVVLILFDWLRQ�

������ 5RXWLQJ�SUREOHPV�
'XULQJ�WKH�URXWLQJ�SURFHVV�VHYHUDO�SUREOHPDWLF�VLWXDWLRQV�PLJKW�RFFXU��
•� 'HDGORFN� ±� RFFXUV� ZKHQ� D� SDFNHW� ZDLWV� IRU� DQ� HYHQW� WKDW� FDQQRW� KDSSHQ� �XVXDOO\� IRU�

IUHHLQJ�QHWZRUN�UHVRXUFHV���
•� /LYHORFN� ±� RFFXUV�ZKHQ� WKH� URXWLQJ� RI� D� SDFNHW� QHYHU� OHDGV� LW� WR� LWV� GHVWLQDWLRQ� �WKLV� LV�

SRVVLEOH�RQO\�ZKHQ�URXWLQJ�LV�DGDSWLYH�DQG�QRQ�PLQLPDO���
•� ,QGHILQLWH� SRVWSRQHPHQW� �IDLUQHVV�� ±� RFFXUV�ZKHQ� D� SDFNHW�ZDLWV� IRU� DQ� HYHQW� WKDW� FDQ�

KDSSHQ� EXW� QHYHU� GRHV�� )RU� H[DPSOH�� D� SDFNHW�PD\�ZDLW� IRUHYHU� WR� DFTXLUH� D� QHWZRUN�
UHVRXUFH�IRU�ZKLFK�RWKHU�SDFNHWV�DUH�DOZD\V�FRPSHWLQJ�VXFFHVVIXOO\���

$� URXWLQJ� DOJRULWKP� PXVW� EH� FRQVWUXFWHG� LQ� VXFK� D� ZD\� WKDW� LW� DYRLGV� DERYH� XQIRUWXQDWH�
VLWXDWLRQV� ±� KHQFH� LW�PXVW� EH�GHDGORFN� IUHH�� OLYHORFN� IUHH�� LQGHILQLWH� SRVWSRQHPHQW� IUHH�� $V�
RWKHU� FRPPRQ� UHTXLUHPHQWV� WRZDUG� WKH� URXWLQJ� DOJRULWKPV� ZH� FDQ� PHQWLRQ� WKH� ORZ�
FRPPXQLFDWLRQ�ODWHQF\��KLJK�QHWZRUN�WKURXJKSXW�DQG�HDV\�WR�LPSOHPHQW��
'HDGORFN�
,Q� WKLV� VHFWLRQ� ZH� ZLOO� JLYH� DQ� RYHUYLHZ� RI� PHFKDQLVPV� WR� WDFNOH� WKH� GHDGORFN� SUREOHP��
'HDGORFN� LV� D� VLWXDWLRQ� WKDW� FDQ� RFFXU� GXH� WR� GLVWULEXWLRQ� RI� VKDUHG� UHVRXUFHV�� ,Q� DQ�
LQWHUFRQQHFWLRQ� QHWZRUN� H[DPSOHV� RI� VKDUHG� UHVRXUFHV� DUH� EXIIHUV� RU� SK\VLFDO� OLQNV�� ,Q� WKH�
QRGHV�PHVVDJHV�DUH�VWRUHG�LQ�EXIIHUV��)RU�D�PHVVDJH�WR�EH�WUDQVIHUUHG�IURP�QRGH�$�WR�QRGH�
%�LW�QHHGV��WR�DOORFDWH�EXIIHU�VSDFH�LQ�%��WR�FURVV�WKH�FKDQQHO�EHWZHHQ�QRGH�$�DQG�QRGH�%��
DQG�WR�IUHH�EXIIHU�VSDFH�LQ�QRGH�$��:H�FDQ�H[SUHVV�WKLV�LQ�D�JUDSKLFDO�IRUP��FDOOHG�UHVRXUFH�
GHSHQGHQF\�JUDSK��
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�
)LJXUH����� ([DPSOH�UHVRXUFH�GHSHQGHQF\�JUDSK�

,Q�D�QHWZRUN�D�FLUFXODU�VLWXDWLRQ�FDQ�DULVH�OLNH�VKRZQ�EHORZ��
|S}�~���� |S}�~����

|S}�~����

|S}�~���� |S}�~����

|S}�~����

�
)LJXUH����� ([DPSOH�GHDGORFN�VLWXDWLRQV�

7KHVH� ILJXUHV� VKRZ� FLUFXODU� GHSHQGHQFLHV� EHWZHHQ� UHVRXUFH� UHTXHVWV�� 7KLV� LV� D� GHDGORFN�
VLWXDWLRQ��,W�LV�H[SUHVVHG�LQ�D�SHUPDQHQW�LPSRVVLELOLW\�IRU�DOORFDWLRQ�RI�UHTXLUHG�UHVRXUFHV��,Q�D�
JUDSK�UHSUHVHQWDWLRQ�D�GHDGORFN�LV�VHHQ�DV�D�F\FOH�LQ�WKH�JUDSK�>��@��7KHUH�DUH�WZR�ZD\V�WR�
VROYH�WKH�GHDGORFN�SUREOHP�±�GHDGORFN�SUH�HPSWLRQ�DQG�GHDGORFN�DYRLGDQFH�>��@��
•� 'HDGORFN� SUH�HPSWLRQ� ±� LQ� WKH� VFHQDULR� LW� LV� DOORZHG� WR� SUH�HPSW� SDFNHWV� LQYROYHG� LQ� D�

SRWHQWLDO�GHDGORFN�VLWXDWLRQ��3UH�HPSWHG�SDFNHWV�FDQ�EH�HLWKHU�UHURXWHG�RU�GLVFDUGHG��7KH�
IRUPHU� SROLF\� JLYHV� ULVH� WR� DGDSWLYH� QRQ�PLQLPDO� URXWLQJ� WHFKQLTXHV�� 7KH� ODWHU� SROLF\�
UHTXLUHV� WKDW� WKH� SDFNHWV� EH� UHFRYHUHG� DW� WKH� VRXUFH� DQG� UHWUDQVPLWWHG� �HQHUJ\�
LQHIILFLHQW���%HFDXVH�RI�UHTXLUHPHQWV�IRU�ORZ�ODWHQF\�DQG�UHOLDELOLW\��SDFNHW�SUH�HPSWLRQ�LV�
QRW�XVHG�LQ�PRVW�GLUHFW�QHWZRUN�DUFKLWHFWXUHV��

•� 'HDGORFN� DYRLGDQFH� ±� LQ� WKLV� DSSURDFK� GHDGORFN� LV� DYRLGHG� E\� WKH� URXWLQJ� DOJRULWKP�
�PRUH� FRPPRQ��� 7KH�PHWKRGV� IRU� GHDGORFN� DYRLGDQFH�� SUHVHQWHG� EHORZ� DUH� EDVHG� RQ�
SUHYHQWLQJ�F\FOHV�LQ�WKH�UHVRXUFH�GHSHQGHQF\�JUDSK���

'HDGORFN� VROXWLRQ

3UH�HPSWLRQ $YRLGDQFH

3DFNHWV
UHURXWLQJ

3DFNHWV
GLVFDUGLQJ

([WUD
FKDQQHOV

7XUQV
UHVWULFWLRQV

'LPHQVLRQDO�RUGHUHG
URXWLQJ
7XUQ�PRGHO

6WUXFWXUHG
EXIIHU�SRRO

9LUWXDO�JUDSKV
0LQLPDO

DGDSWLYH�URXWLQJ
1RQPLQLPDO

DGDSWLYH�URXWLQJ �
)LJXUH����� &ODVVLILFDWLRQ�RI�WKH�VROXWLRQV�IRU�WKH�GHDGORFN�SUREOHP�

,Q� WKH� IROORZLQJ�VHFWLRQ� WKH� IROORZLQJ�GHDGORFN�DYRLGDQFH�PHWKRGV�DUH� UHYLHZHG��VWUXFWXUHG�
EXIIHU�SXOO��YLUWXDO�JUDSKV��GLPHQVLRQ�RUGHUHG�URXWLQJ��DQG�WKH�WXUQ�PRGHO��

������ 6WUXFWXUHG�%XIIHU�3RRO�
/HW�D�QHWZRUN�JUDSK�KDYH� D�GLDPHWHU�0�DQG�HYHU\�QRGH� LV�DVVLJQHG�0���EXIIHUV�� ,I� LQ� WKH�
UHVRXUFH� GHSHQGHQF\� JUDSK� HDFK� HGJH� FRQQHFWV� EXIIHU� QXPEHU�Q� LQ� WKH� VRXUFH� QRGH� ZLWK�
EXIIHU�QXPEHU�Q���LQ�WKH�GHVWLQDWLRQ�QRGH�WKHQ�WKLV�QHWZRUN�LV�GHDGORFN�IUHH�>��@��
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|S}�~���� |S}�~����

|S}�~����

� �

�

�

�

�

�
)LJXUH����� 6WUXFWXUHG�%XIIHU�3RRO�±�GHDGORFN�IUHH�IORZ�FRQWURO�VROXWLRQ�

1RWH��EXIIHU�QXPEHU���FDQ�EH�XVHG�WR� LQMHFW�PHVVDJHV� LQ� WKH�QHWZRUN��DQG�EXIIHU�QXPEHU���
FDQ�EH�XVHG�WR�H[WUDFW�PHVVDJHV�IURP�WKH�QHWZRUN��

������ 9LUWXDO�*UDSKV�
7KLV�PHWKRG� LV� EDVHG� RQ� FRQVWUXFWLRQ� RI� VHWV� RI� LQGHSHQGHQW� DF\FOLF� JUDSKV�� FDOOHG� YLUWXDO�
JUDSKV�� (DFK� SDWK� LQ� WKH� QHWZRUN� JUDSK� FDQ� EH�PDSSHG� RQWR� D� SDWK� LQ� RQH� RI� WKH� YLUWXDO�
JUDSKV�� 7KH� VRXUFH� VHOHFWV� D� SDUWLFXODU� YLUWXDO� JUDSK� WKDW� FRQWDLQV� SDWK� IURP� VRXUFH� WR�
GHVWLQDWLRQ��5RXWLQJ�LV�GRQH�YLD�WKLV�SDWK��,Q�HDFK�QRGH�DGGLWLRQDO�LQIRUPDWLRQ�LV�QHFHVVDU\�IRU�
VHOHFWLQJ� DQ� DSSURSULDWH� YLUWXDO� JUDSK� >��@�� 7KH� YLUWXDO� JUDSKV� PHWKRG� LV� SDUWLFXODUO\� ZHOO�
VXLWHG�WR�WKH�PHVK�WRSRORJ\��,Q�WKLV�FDVH�RQO\�IRXU�YLUWXDO�JUDSKV�DUH�UHTXLUHG��

�
)LJXUH����� 0HVK�DQG�LWV�IRXU�YLUWXDO�JUDSKV�

������ 'LPHQVLRQ�RUGHUHG�URXWLQJ�
2QH�DSSURDFK�WR�DYRLG�F\FOHV�LQ�WKH�UHVRXUFH�GHSHQGHQF\�JUDSK�LV�WR�DVVLJQ�HDFK�FKDQQHO�D�
XQLTXH�QXPEHU�DQG�DOORFDWH�FKDQQHOV� WR�SDFNHWV� LQ�VWULFWO\�DVFHQGLQJ��RU�GHVFHQGLQJ��RUGHU�
>��@>��@�� ,Q� WKLV� FODVV�RI� URXWLQJ�DOJRULWKPV� WKH�FKDQQHO� QXPEHULQJ�VFKHPH� LV�EDVHG�RQ� WKH�
GLPHQVLRQ�RI�FKDQQHOV��(DFK�SDFNHW�LV�URXWHG�LQ�RQH�GLPHQVLRQ�DW�D�WLPH�XQWLO�LW�DUULYHV�DW�WKH�
SURSHU� SRVLWLRQ� LQ� WKLV� GLPHQVLRQ�� 7KHQ� LW� LV� URXWHG� WR� WKH� QH[W� GLPHQVLRQ�� %\� HQIRUFLQJ� D�
VWULFWO\�PRQRWRQLF�RUGHU�RQ�WKH�GLPHQVLRQV�WUDYHUVHG��GHDGORFN�IUHH�URXWLQJ�LV�JXDUDQWHHG��
([DPSOH����(�FXEH�URXWLQJ��IRU�ELQDU\�Q�FXEH��
7KH�(�FXEH�URXWLQJ�DOJRULWKP�JXDUDQWHHV�GHDGORFN�IUHH�URXWLQJ�LQ�ELQDU\�Q�FXEHV��,Q�D�ELQDU\�
FXEH�RI�GLPHQVLRQ�G�D�QRGH� LV�GHQRWHG�ZLWK�G�GLJLW�ELQDU\�QXPEHU��(DFK�QRGH�KDV�G�RXWSXW�
FKDQQHOV��RQH� IRU�HDFK�GLPHQVLRQ��:KHQ�D�QRGH� LQ� WKH�FXEH�UHFHLYHV�D�SDFNHW�� WKH� URXWLQJ�
DOJRULWKP�FRPSDUHV�WKH�SDFNHW¶V�GHVWLQDWLRQ�DGGUHVV�ZLWK�WKH�DGGUHVV�RI�WKH�FXUUHQW�QRGH��,I�
WZR�DGGUHVVHV�GLIIHU�� WKH�SDFNHW� LV�IRUZDUGHG�RQ�WKH�FKDQQHO� LQ� WKH�GLPHQVLRQ�N��ZKHUH�N� LV�
WKH�SRVLWLRQ�RI�WKH�ULJKWPRVW��DOWHUQDWLYHO\��OHIWPRVW��ELW�LQ�ZKLFK�WKH�DGGUHVVHV�GLIIHU�>��@>��@��
7KLV�DOJRULWKP�LV�PLQLPDO�DQG�GHWHUPLQLVWLF��
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)LJXUH����� ([DPSOH�IRU�(�FXEH�URXWLQJ�LQ�ELQDU\���FXEH�
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([DPSOH����;<�URXWLQJ��IRU�PHVKHV��
7KLV�LV�D�GLPHQVLRQDO�URXWLQJ�DOJRULWKP�IRU�D��'�PHVK��7KH�SDFNHWV�DUH�ILUVW�VHQG�DORQJ�WKH�;�
GLPHQVLRQ�DQG�WKHQ�DORQJ�WKH�<�GLPHQVLRQ��$W�PRVW�RQH�WXUQ�LV�DOORZHG�DQG�WKLV�WXUQ�PXVW�EH�
IURP� WKH�;� GLPHQVLRQ� WR� WKH�<� GLPHQVLRQ�� ,Q� D� �'�PHVK� HDFK� QRGH� LV� UHSUHVHQWHG� E\� LWV�
SRVLWLRQ��[��\���/HW��V§ ��V̈ ��DQG��G§ ��G ¨ ��GHQRWH�WKH�DGGUHVVHV�RI�D�VRXUFH�DQG�GHVWLQDWLRQ�QRGH��
UHVSHFWLYHO\��/HW��J§ ��J ¨ �� ��G§ �±�V§ ��G ¨ ���V ¨ ���;<�URXWLQJ�FDQ�EH�LPSOHPHQWHG�E\�SODFLQJ�J§ �DQG�
J ¨ � LQ� WKH� KHDGHU� RI� WKH� SDFNHW��'XULQJ� WKH� WUDYHOOLQJ� RI� WKH� SDFNHW� DORQJ� WKH�;� GLUHFWLRQ�� LQ�
HYHU\�QRGH�J§ �LV�GHFUHPHQWHG�RU�LQFUHPHQWHG��GHSHQGLQJ�RQ�ZKHWKHU�LW�LV�JUHDWHU�RU�OHVV�WKDQ�
���:KHQ�J§ �EHFRPHV���WKLV�PHDQV�WKDW�WKH�SDFNHW�LV�DW�WKH�ULJKW�SRVLWLRQ�LQ�;�GLPHQVLRQ�DQG�LW�
LV� IRUZDUGHG� WR� WKH�<� GLPHQVLRQ��$ORQJ�<� GLPHQVLRQ� WKH� SDFNHW� WUDYHOV� XQWLO�J ¨ � EHFRPHV���
>��@��7KLV�PHWKRG� LV�DJDLQ�GHWHUPLQLVWLF�DQG�PLQLPDO�� �J[�� J\�� LV� WKH� UHODWLYH�DGGUHVV� LQ� WKH�
PHVK�RI�WKH�GHVWLQDWLRQ�QRGH�LQ�UHVSHFW�WR�VRXUFH�QRGH��7KH�XVH�RI�UHODWLYH�DGGUHVVHV�PDNHV�
WKH� FRPPXQLFDWLRQ� LQGHSHQGHQW� RI� WKH� ULJKW� SRVLWLRQ� ZKHUH� DQ� DOJRULWKP� LV�PDSSHG� LQ� WKH�
PHVK���
([DPSOH����5RXWLQJ�LQ�N�DU\�Q�FXEHV�
8VLQJ� WKH� WHFKQLTXH� RI� YLUWXDO� FKDQQHOV�� WKH� (�FXEH� URXWLQJ� DOJRULWKP� FDQ� EH� H[WHQGHG� WR�
KDQGOH�DOO�N�DU\�Q�FXEHV��FXEHV�ZLWK�GLPHQVLRQ�Q�DQG�N�QRGHV�LQ�HDFK�GLPHQVLRQ���(DFK�QRGH�
LQ�N�DU\�Q�FXEH�LV�LGHQWLILHG�E\�DQ�Q�GLJLW�UDGL[�N�QXPEHU��7KH�L © ª �GLJLW�RI�WKH�QXPEHU�UHSUHVHQWV�
WKH�QRGH¶V�SRVLWLRQ� LQ� WKH� L © ª �GLPHQVLRQ��$���DU\���FXEH�LV�JLYHQ�DV�DQ�H[DPSOH�EHORZ��+HUH�
WKH� QRGH� Q «
¬ � LV� DW� SRVLWLRQ� �� LQ� GLPHQVLRQ� �� �KRUL]RQWDO�� DQG� DW� SRVLWLRQ� �� LQ� GLPHQVLRQ� ��
�YHUWLFDO���7KH�FKDQQHOV�DUH�LGHQWLILHG�E\�WKH�QXPEHU�RI�WKHLU�VRXUFH�QRGH�DQG�WKHLU�GLPHQVLRQ��
)RU�H[DPSOH��WKH�FKDQQHO�IURP�Q 5 �WR�Q  «�® �ZKLFK�LV�LQ�WKH�GLPHQVLRQ����KRUL]RQWDO���LV�F « 5�¯ �
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)LJXUH����� ��DU\���FXEH�
7R�EUDNH�F\FOHV��HDFK�FKDQQHO�LV�GLYLGHG�LQWR�DQ�XSSHU�DQG�ORZHU�YLUWXDO�FKDQQHO��7KH�XSSHU�
YLUWXDO� FKDQQHO� RI� F ¸ 5 � LV� F ¸#¹ 5 � DQG� ORZHU� YLUWXDO� FKDQQHO� LV� F ¸5¸ 5�¯ � 7R� JLYH� LQWHUQDO� FKDQQHOV�
�FKDQQHOV� WR�IURP�WKH� ORFDO�SURFHVVRU�� WKH� ORZHVW�SULRULW\� WKH\�DUH� ODEHOOHG�ZLWK�D�GLPHQVLRQ�
KLJKHU�WKDQ�GLPHQVLRQ�RI�WKH�FXEH��5RXWLQJ�LV�UHVWULFWHG�WR�URXWH�WKURXJK�FKDQQHOV�LQ�RUGHU�RI�
GHVFHQGLQJ�VXEVFULSW��3ULRULW\� LV�DOZD\V�JLYHQ�WR�WKH�PHVVDJH�IURP�WKH�FKDQQHO�ZLWK�D�ORZHU�
VXEVFULSW��5RXWLQJ�LV�PDGH�LQ�RUGHU�RI�GLPHQVLRQ��,Q�HDFK�GLPHQVLRQ�L��D�PHVVDJH�LV�URXWHG�LQ�
WKDW�GLPHQVLRQ�XQWLO�LW�UHDFKHV�D�QRGH�ZKRVH�VXEVFULSW�PDWFKHV�WKH�GHVWLQDWLRQ�DGGUHVV�LQ�WKH�
L
© ª � SRVLWLRQ� �WKH� SRVLWLRQ� ZKHUH� LV� WKH� GHVWLQDWLRQ� QRGH� LQ� WKLV� GLPHQVLRQ��� 7KH�PHVVDJH� LV�
URXWHG�RQ� WKH�KLJKHU�FKDQQHO� LI� WKH� L © ª �GLJLW� RI� WKH�GHVWLQDWLRQ�DGGUHVV� LV�JUHDWHU� WKDQ� WKH� L © ª �
GLJLW�RI�WKH�SUHVHQW�QRGH¶V�DGGUHVV��2WKHUZLVH�WKH�PHVVDJH�LV�URXWHG�RQ�WKH�ORZ�FKDQQHO�>��@��
7KLV�URXWLQJ�DOJRULWKP�LV�QRQ�PLQLPDO�DQG�GHWHUPLQLVWLF��

������ 0LQLPDO�DGDSWLYH�URXWLQJ�
7KLV�LV�D�JHQHUDO�DGDSWLYH�URXWLQJ�WHFKQLTXH��ZKLFK�UHTXLUHV�WKH�XVH�RI�DGGLWLRQDO�FKDQQHOV��,W�
ZRUNV� E\� SDUWLWLRQLQJ� WKH� FKDQQHOV� LQWR� GLVMRLQHG� VXEVHWV�� (DFK� VXEVHW� FRQVWLWXWHV� D�
FRUUHVSRQGLQJ�VXE�QHWZRUN��3DFNHWV�DUH�URXWHG�WKURXJK�GLIIHUHQW�VXE�QHWZRUNV��GHSHQGLQJ�RQ�
WKH�ORFDWLRQ�RI�GHVWLQDWLRQ�QRGHV��7KH�DGGLWLRQDO�FKDQQHOV�FDQ�EH�UHDOL]HG��HLWKHU�DV�SK\VLFDO�
RU�YLUWXDO�FKDQQHOV��
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([DPSOH��'RXEOH�<�FKDQQHO�URXWLQJ�DOJRULWKP�
7KLV�DOJRULWKP� LV�DQ�DSSOLFDWLRQ�RI� WKH�0LQLPDO�$GDSWLYH�5RXWLQJ� IRU�D��'�PHVK��7KH�PHVK�
FRQWDLQV� DQ� DGGLWLRQDO� SDLU� RI� FKDQQHOV� DGGHG� WR� WKH� <� GLPHQVLRQ�� 7KH� QHWZRUN� FDQ� EH�
SDUWLWLRQHG� LQWR� WZR� VXE�QHWZRUNV� FDOOHG� WKH� �;� VXE�QHWZRUN� DQG� ±;� VXE�QHWZRUN�� HDFK�
KDYLQJ�D�SDLU�RI�FKDQQHOV�LQ�WKH�<�GLPHQVLRQ�DQG�D�XQLGLUHFWLRQDO�FKDQQHO�LQ�WKH�;�GLPHQVLRQ��
$Q�H[DPSOH�LV�VKRZQ�LQ�WKH�ILJXUH�EHORZ��
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�
)LJXUH����� 'RXEOH�<�FKDQQHO�URXWLQJ�

,I� WKH�GHVWLQDWLRQ�QRGH�LV�WR�WKH�ULJKW�RI�WKH�VRXUFH��WKH�SDFNHW�ZLOO�EH�URXWHG�WKURXJK�WKH��;�
VXE�QHWZRUN��,I�WKH�GHVWLQDWLRQ�QRGH�LV�WR�WKH�OHIW�RI�WKH�VRXUFH��WKH��;�VXE�QHWZRUN�LV�XVHG��,I�
VRXUFH� DQG� GHVWLQDWLRQ� QRGH� DUH� DW� WKH� VDPH�;� SRVLWLRQ�� HLWKHU� QHWZRUN� FDQ� EH� XVHG��7KLV�
DOJRULWKP� FDQ� EH� SURYHQ� WR� EH� GHDGORFN�IUHH� E\� RUGHULQJ� WKH� FKDQQHOV� DSSURSULDWHO\�� ,W� LV�
PLQLPDO�DQG�IXOO\�DGDSWLYH�±�D�SDFNHW�FDQ�EH�GHOLYHUHG�WKURXJK�DQ\�RI�WKH�VKRUWHVW�SDWKV�>��@��
3URYLGLQJ�GHDGORFN�IUHH�PLQLPDO��IXOO\�DGDSWLYH�URXWLQJ�DOJRULWKP�IRU�K\SHUFXEH��WRUXV��RU�PRUH�
JHQHUDO�N�DU\�Q�FXEH�WRSRORJLHV�UHTXLUH�DGGLWLRQDO�FKDQQHOV��,W�LV�VKRZQ�WKDW�N�DU\�Q�FXEH�FDQ�
EH�SDUWLWLRQHG�LQWR�� Ý5Þ  �VXE�QHWZRUNV��Q���OHYHOV�SHU�VXEQHWZRUN��DQG�N Ý �FKDQQHOV�SHU�OHYHO��

������ 1RQ�PLQLPDO�DGDSWLYH�URXWLQJ�
'HDGORFN�IUHH�QRQ�PLQLPDO�DGDSWLYH� URXWLQJ�FDQ�EH�SURYLGHG�XVLQJ� IHZHU�DGGLWLRQ�FKDQQHOV��
7KH� IROORZLQJ�QRQ�PLQLPDO�DGDSWLYH� URXWLQJ�DOJRULWKPV��SURSRVHG�E\�'DOO\�DQG�$RNL��FDQ�EH�
DSSOLHG�WR�N�DU\�Q�FXEH�DQG�PHVK�WRSRORJ\� LQ�ZKLFK� U����U��SDLUV�RI�FKDQQHOV�FRQQHFW�HYHU\�
SDLU�RI�DGMDFHQW�QRGHV�>��@��
6WDWLF�GLPHQVLRQ�UHYHUVDO�URXWLQJ�DOJRULWKP�
7R�DSSO\� WKLV�DOJRULWKP�ZH�QHHG� U� SDLUV�RI�FKDQQHOV�EHWZHHQ�DQ\� WZR�DGMDFHQW�QRGHV��7KH�
QHWZRUN�LV�SDUWLWLRQHG�LQWR�U�VXE�QHWZRUNV��7KH�FODVV�L�VXE�QHWZRUN�FRQVLVWV�RI�DOO�WKH�L

© ª
�SDLUV�

RI� FKDQQHOV� ����� L� �� U�����7KH�SDFNHW�KHDGHU� FDUULHV�DQ�DGGLWLRQDO� ILHOG�F�� FDOOHG�FODVV� ILHOG��
ZKLFK� LV� LQLWLDOO\�VHW� WR���� ,W�VKRZV�WKH�FODVV�VXE�QHWZRUN� LQ�ZKLFK�WKH�SDFNHW� LV�QRZ�URXWHG��
)RU�F���U�����WKH�SDFNHW�FDQ�EH�URXWHG�LQ�DQ\�GLUHFWLRQ�LQ�FODVV�F�VXE�QHWZRUN��+RZHYHU��HDFK�
WLPH�D�SDFNHW� LV� URXWHG� IURP�D�KLJK�GLPHQVLRQ�FKDQQHO� WR�D� ORZ�GLPHQVLRQ�FKDQQHO�� WKDW� LV��
UHYHUVH�WR�WKH�GLPHQVLRQ�RUGHULQJ��WKH�F�ILHOG�LV�LQFUHDVHG�E\����WKH�SDFNHW�HQWHUV�LQ�WKH�QH[W�
FODVV� VXE�QHWZRUN��� 2QFH� WKH� YDOXH� RI� F� UHDFKHV� U��� DQG� D� SDFNHW� HQWHUV� FODVV��U���� VXE�
QHWZRUN�� LW�PXVW�XVH�GHWHUPLQLVWLF�GLPHQVLRQDO�RUGHUHG�URXWLQJ��7KH�SDUDPHWHU�U�GLFWDWHV�WKH�
GHJUHH�RI�DGDSWLYLW\�RI� WKH� URXWLQJ�DOJRULWKP�� ,Q� IDFW�� LQ�HYHU\�FODVV�VXE�QHWZRUN�D�SDFNHW� LV�
URXWHG�IROORZLQJ�WKH�GLPHQVLRQ�RUGHU��LI�WKH�GLPHQVLRQ�RUGHU�LV�YLRODWHG��WKH�SDFNHW�HQWHUV�WKH�
QH[W�FODVV�VXE�QHWZRUN��6R�WKH�SDUDPHWHU�U��WKDW�LV�WKH�QXPEHU�RI�VXE�QHWZRUNV��GHWHUPLQHV�
KRZ�PDQ\�WLPHV�WKH�GLPHQVLRQ�RUGHULQJ�FDQ�EH�YLRODWHG�>��@��
'\QDPLF�GLPHQVLRQ�UHYHUVDO�URXWLQJ�DOJRULWKP�
,Q� WKLV� URXWLQJ�DOJRULWKP� WKH�FKDQQHOV�DUH�GLYLGHG� LQWR� WZR�QRQHPSW\� FODVVHV�� DGDSWLYH� DQG�
GHWHUPLQLVWLF�� 3DFNHWV� RULJLQDWH� LQ� WKH� DGDSWLYH� FKDQQHOV�� 7KHUH� WKH\� FDQ� EH� URXWHG� LQ� DQ\�
GLUHFWLRQ�ZLWK�QR�OLPLW�RQ�WKH�QXPEHU�RI�WLPHV�WKH�SDFNHW�FDQ�EH�URXWHG�LQ�UHYHUVH�GLPHQVLRQDO�
RUGHU��+HUH��DJDLQ��WKH�SDFNHW�KHDGHU�FDUULHV�WKH�FODVV�ILHOG��F��7KH�URXWLQJ�DOJRULWKP�GHILQHV�
WKDW�D�SDFNHW�ZLWK�F� �S� LV�QRW�DOORZHG� WR�ZDLW�RQ�D�FKDQQHO�FXUUHQWO\�RFFXSLHG�E\�D�SDFNHW�
ZLWK� F�  � T� LI�S� �� T�� ,I� D� SDFNHW� UHDFKHV� D� QRGH� ZKHUH� DOO� SHUPLVVLEOH� RXWSXW� FKDQQHOV� DUH�



����

RFFXSLHG� E\� SDFNHWV� ZKRVH� F� YDOXH� LV� OHVV� RU� HTXDO� WR� LWV� RZQ�� LW� PXVW� VZLWFK� WR� WKH�
GHWHUPLQLVWLF� FODVV� RI� FKDQQHOV��:KHQ� D� SDFNHW� HQWHUV� WKH� GHWHUPLQLVWLF� FKDQQHOV�� LW� PXVW�
IROORZ� WKH� GLPHQVLRQDO�RUGHUHG� URXWLQJ� DQG� FDQQRW� UH�HQWHU� WKH� DGDSWLYH� FKDQQHOV�� +HUH� D�
FLUFXODU�ZDLWLQJ�RQ�FKDQQHOV�LW�LV�LPSRVVLEOH�WR�RFFXU�DQG�WKHUHIRUH�WKH�DOJRULWKP�LV�GHDGORFN�
IUHH��$Q�LPSRUWDQW�GHVLJQ�LVVXH�FRQFHUQV�KRZ�PDQ\�FKDQQHOV�DUH�FODVVLILHG�DV�DGDSWLYH�DQG�
KRZ�PDQ\�DUH�GHWHUPLQLVWLF�EHWZHHQ�HDFK�SDLU�RI�DGMDFHQW�QRGHV�>��@��

������ 7XUQ�PRGHO�
7KLV� LV� D�PRGHO� IRU� GHVLJQLQJ� ZRUPKROH� URXWLQJ� DOJRULWKPV� WKDW� DUH� GHDGORFN� IUHH�� OLYHORFN�
IUHH�� PLQLPDO� RU� QRQ�PLQLPDO�� DQG� PD[LPDOO\� DGDSWLYH� IRU� WKH� QHWZRUNV�� $� IHDWXUH� RI� WKLV�
PRGHO� LV� WKDW� LW� LV� QRW� EDVHG� RQ� DGGLQJ� SK\VLFDO� RU� YLUWXDO� FKDQQHOV� WR� QHWZRUN� WRSRORJLHV��
,QVWHDG�� WKH�PRGHO� LV� EDVHG�RQ� DQDO\VLQJ� WKH�GLUHFWLRQV� LQ�ZKLFK� WKH�SDFNHWV� FDQ� WXUQ� LQ�D�
QHWZRUN�DQG� WKH�F\FOHV� WKDW� WKH� WXUQV�FDQ� IRUP�� ,W� ORRNV� IRU�D�PLQLPDO�QXPEHU�RI� WXUQV� WKDW�
PXVW�EH�SURKLELWHG�WR�EUHDN�DOO�WKH�F\FOHV��
+HUH�ZH�ZLOO�SUHVHQW�WKLV�PRGHO�XVLQJ�DQ�H[DPSOH�ZLWK��'�PHVK��)RU�PRUH�GHWDLOV�VHH�>��@��,Q�
D�PHVK� WRSRORJ\�ZH�KDYH� IRXU�GLUHFWLRQV�� IURP�ZKLFK�HLJKW����GHJUHH� WXUQV�FDQ�EH� IRUPHG��
7KHVH�HLJKW�WXUQV�IRUP�WZR�DEVWUDFW�F\FOHV��

�
)LJXUH����� 7KH�SRVVLEOH�WXUQV�DQG�DEVWUDFW�F\FOHV�LQ��'�PHVK�

7R�DYRLG�D�GHDGORFN�VLWXDWLRQ�WKHVH� WZR�F\FOHV�PXVW�EH�EURNHQ�� ,Q� WKH�;<� URXWLQJ�DOJRULWKP�
WKH�F\FOHV�DUH�EURNHQ�E\�SURKLELWLQJ�IRXU� WXUQV��WZR�WXUQV�LQ�HDFK�F\FOH���ZKLFK�LV�KDOI�RI�WKH�
WXUQV��DQG�GRHV�QRW�DOORZ�DQ\�DGDSWLYHQHVV��

�
)LJXUH����� $OORZHG�WXUQV�VROLG�OLQHV��LQ�WKH�;<�URXWLQJ�DOJRULWKP�

2Q�ILUVW�LQVWDQFH�ZH�PLJKW�FRQFOXGH�WKDW�RQO\�WZR�WXUQV�QHHG�WR�EH�SURKLELWHG��RQH�IURP�HDFK�
DEVWUDFW� F\FOH�� 7KLV� ZLOO� DOORZ� VRPH� DGDSWLYHQHVV�� %XW� SURKLELWLQJ� DQ\� WZR� WXUQV� ZLOO� QRW�
SUHYHQW�GHDGORFN��2XW�RI� WKH����SRVVLEOH�FRPELQDWLRQV�RI�SDLUV�RI� WXUQV��IRXU�GR�QRW�SUHYHQW�
GHDGORFN��EHFDXVH�WKH\�DOORZ�VLWXDWLRQV�OLNH�WKRVH�VKRZQ�RQ�WKH�ILJXUH�EHORZ��
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�
)LJXUH����� 6L[�WXUQV�WKDW�FRPSOHWH�WKH�DEVWUDFW�F\FOH�DQG�DOORZ�GHDGORFN�

7KH�UHPDLQLQJ����FRPELQDWLRQV�SUHYHQW�GHDGORFN�DQG�WKUHH�DUH�XQLTXH�LI�V\PPHWU\�LV�WDNHQ�
LQWR�DFFRXQW��7KHVH�WKUHH�XQLTXH�FRPELQDWLRQV�SURGXFH�WKUHH�URXWLQJ�DOJRULWKPV�EDVHG�RQ�WKH�
WXUQ� PRGHO� ±�:HVW�)LUVW� URXWLQJ� DOJRULWKP��1RUWK�/DVW� URXWLQJ� DOJRULWKP� DQG�1HJDWLYH�)LUVW�
URXWLQJ�DOJRULWKP��
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�
)LJXUH����� 7KH�WKUHH�XQLTXH�FRPELQDWLRQV��ZKLFK�SURGXFH�WKUHH�URXWLQJ�DOJRULWKPV�

:HVW�)LUVW�URXWLQJ�DOJRULWKP�
,Q�WKLV�URXWLQJ�DOJRULWKP�WKH�SURKLELWHG�WXUQV�DUH�WKH�WZR�WR�WKH�ZHVW��7KHUHIRUH��WR�WUDYHO�ZHVW��
WKH�SDFNHW�PXVW�VWDUW�RXW� LQ� WKDW�GLUHFWLRQ�� µURXWH�D�SDFNHW� ILUVW�ZHVW�� LI�QHFHVVDU\��DQG� WKHQ�
DGDSWLYHO\�VRXWK��HDVW�DQG�QRUWK¶��
1RUWK�/DVW�URXWLQJ�DOJRULWKP�
,Q�WKLV�FDVH�WKH�SURKLELWHG�WXUQV�DUH�WKH�WZR�ZKHQ�WUDYHOOLQJ�QRUWK��7KHUHIRUH��D�SDFNHW�VKRXOG�
RQO\� WUDYHO� QRUWK� ZKHQ� WKDW� LV� WKH� ODVW� GLUHFWLRQ� LW� QHHGV� WR� WUDYHO�� µURXWH� D� SDFNHW� ILUVW�
DGDSWLYHO\�ZHVW��VRXWK�DQG�HDVW��DQG�WKHQ�QRUWK¶��
1HJDWLYH�)LUVW�URXWLQJ�DOJRULWKP�
+HUH� WKH� SURKLELWHG� WXUQV� DUH� WKH� WZR� IURP� D� SRVLWLYH� GLUHFWLRQ� WR� D� QHJDWLYH� GLUHFWLRQ��
7KHUHIRUH�� WR� WUDYHO� LQ� D� QHJDWLYH� GLUHFWLRQ�� D� SDFNHW�PXVW� VWDUW� RXW� LQ� D� QHJDWLYH� GLUHFWLRQ��
µURXWH� SDFNHWV� ILUVW� DGDSWLYHO\� ZHVW� DQG� VRXWK�� DQG� WKHQ� DGDSWLYHO\� QRUWK� DQG� HDVW¶�� ,Q� >��@�
WKHVH�WKUHH�DOJRULWKPV�DUH�SURYHQ�WR�EH�GHDGORFN�IUHH��
7KH�WXUQ�PRGHO�LQ�Q�GLPHQVLRQDO�PHVK��N�DU\�Q�FXEH�DQG�+\SHUFXEH�
6LPLODU�DOJRULWKPV�FDQ�EH�DSSOLHG� WR�D�Q�GLPHQVLRQDO�PHVK��7KHLU�QDPHV�DUH� UHVSHFWLYHO\�±�
DOO�EXW�RQH�SRVLWLYH�URXWLQJ�DOJRULWKP��DOO�EXW�RQH�SRVLWLYH�ODVW�URXWLQJ�DOJRULWKP�DQG�QHJDWLYH�
ILUVW� URXWLQJ� DOJRULWKP�� $OO� WKHVH� DOJRULWKPV� DUH� GHDGORFN� IUHH�� 7KH� SDUWO\� DGDSWLYH� URXWLQJ�
DOJRULWKPV�IRU�WKH�PHVK�FDQ�EH�H[WHQGHG�IRU�N�DU\�Q�FXEH��7KH�QHZ�DOJRULWKPV�DUH�GHDGORFN�
IUHH� EXW� DUH� VWULFWO\� QRQ�PLQLPDO�� )RU� N�DU\� Q�FXEH� ZLWK� N� !� ��� LW� LV� LPSRVVLEOH� WR� FRQVWUXFW�
GHDGORFN�IUHH�URXWLQJ�DOJRULWKPV�WKDW�DUH�PLQLPDO�ZLWKRXW�DGGLQJ�H[WUD�FKDQQHOV�>��@��
7KH�SDUWO\�DGDSWLYH�URXWLQJ�DOJRULWKPV�IRU�WKH�K\SHUFXEH�DUH�VSHFLDO�FDVHV�RI�WKH�DOJRULWKPV�
IRU�Q�GLPHQVLRQDO�PHVK�DQG�N�DU\�Q�FXEH���
7KH�WDEOH�EHORZ�VXPPDULVH�WKH�SUHVHQWHG�FODVVHV�RI�URXWLQJ�DOJRULWKPV��7KH�FULWHULD�DUH��

�� :KLFK�WRSRORJLHV�DUH�VXLWDEOH�IRU�LPSOHPHQWDWLRQ�RI�WKLV�FODVV�RI�URXWLQJ�DOJRULWKPV��
�� :KDW�LQ�WKH�GHDGORFN�DYRLGDQFH�PHWKRG�XVHG��
�� %DVLF�FODVVLILFDWLRQ�FKDUDFWHULVWLFV�RI�WKH�FODVV��
�

'LPHQVLRQ�RUGHUHG�
URXWLQJ

0LQLPDO�DGDSWLYH�
URXWLQJ

1RQPLQLPDO�
DGDSWLYH�URXWLQJ 7XUQ�PRGHO

6XLWDEOH�
WRSRORJLHV

�'�0HVK��+\SHUFXEHV��N�
DU\�Q�FXEHV

�'�0HVK��
+\SHUFXEH��N�DU\�
Q�FXEHV

N�DU\�Q�FXEHV
�'�0HVK��
+\SHUFXEH��N�
DU\�Q�FXEH

'HDGORFN�
DYRLGDQFH�
PHWKRG

WXUQV�UHVWULFWLRQV��SOXV�
DGGLWLRQDO�FKDQQHOV�IRU�
WKH�N�DU\�Q�FXEHV�

DGGLWLRQDO�
FKDQQHOV

DGGLWLRQDO�
FKDQQHOV

WXUQV�
UHVWULFWLRQV

&KDUDFWHULVWLFV
PLQLPDO��GHWHUPLQLVWLF�
�H[FHSW�IRU�WKH�N�DU\�Q�
NXEHV���QRQPLQLPDO�

0LQLPDO��DGDSWLYH QRQPLQLPDO��
DGDSULYH

PLQLPDO�RU�
QRQPLQLPDO��
DGDSWLYH

&U
LWH
ULD

&ODVV�URXWLQJ�DOJRULWKPV

�
�
7R�EH�HQHUJ\�HIILFLHQW�WKH�URXWLQJ�DOJRULWKP�VKRXOG�DOZD\V�WDNH�WKH�VKRUWHVW�SDWK�RU� LQ�RWKHU�
ZRUGV� LW� KDV� WR� EH�PLQLPDO�� )URP� WKH�PLQLPDO� GHDGORFN� IUHH� URXWLQJ� DOJRULWKPV� GLPHQVLRQ�
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RUGHUHG�URXWLQJ�LV�WKH�VLPSOHVW�RQH��EXW�LW�KDV�D�GLVDGYDQWDJH�RI�XQIDLU�ORDG�GLVWULEXWLRQ�RYHU�
WKH� FKDQQHOV� RI� GLIIHUHQW� GLPHQVLRQV�� 7KH� 7XUQ� PRGHO� UHGXFHV� WKLV� HIIHFW� EXW� GRHV� QRW�
HOLPLQDWH� WKLV� SUREOHP�� 7KH� 0LQLPDO� DGDSWLYH� URXWLQJ� DOJRULWKPV� GR� QRW� VXIIHU� IURP� WKDW�
SUREOHP�� EXW� QHHG� PRUH� UHVRXUFHV�� +HUH� WKH� H[WUD� FKDQQHOV� FRPSOLFDWH� WKH� UHVRXUFHV�
DUELWUDWLRQ� ZKLOH� WKHVH� UHVRXUFHV� VWD\� XQGHU� XWLOLVHG�� 7R� VHOHFW� RQH� RI� WKH� DOJRULWKPV� D�
FRPSDULVRQ� VKRXOG� EH�PDGH� EHWZHHQ� WKH� QHWZRUN� TXDOLW\� LPSURYHPHQWV� GXH� WR� WKH� XVH� RI�
0LQLPDO�DGDSWLYH�URXWLQJ�DQG�WKH�DUELWUDWLRQ�FRPSOH[LW\�RI�WKH�DOJRULWKP��

���� 5RXWHU�DUFKLWHFWXUHV�
7KH� LQWHUFRQQHFWLRQ� QHWZRUNV¶� SHUIRUPDQFH� FULWLFDOO\� GHSHQGV� RQ� WKH� SHUIRUPDQFH� RI� WKH�
URXWHUV� IURP�ZKLFK� WKH\� DUH� FRQVWUXFWHG�� 7R� VWXG\� WKH� URXWHU¶V� SHUIRUPDQFH� ZH� XVH� URXWHU�
SHUIRUPDQFH� PRGHOV�� 6XFK� D� URXWHU� PRGHO� KDV� EHHQ� SURSRVHG� E\� &KLHQ� >��@�� ,W� LV� D�
SDUDPHWHUL]HG�SHUIRUPDQFH�PRGHO�RI�D�ZRUPKROH�URXWHU�ZLWK�YLUWXDO�FKDQQHOV�DQG�LV�EDVHG�RQ�
WKH�FDQRQLFDO�DUFKLWHFWXUH�RI�D�ZRUPKROH�URXWHU�VKRZQ�RQ�WKH�SLFWXUH�EHORZ��
&KLHQ� XVHG� WKH� PRGHO� WR� VWXG\� WKH� LPSOHPHQWDWLRQ� FRPSOH[LW\� RI� VRPH� DGYDQFHG� URXWHUV¶�
IHDWXUHV�VXFK�DV�DGDSWLYLW\�DQG�YLUWXDO�FKDQQHOV��+LV�JHQHUDO�FRQFOXVLRQ� LV� WKDW� WKH�DGDSWLYH�
URXWLQJ� DQG� YLUWXDO� FKDQQHOV� UDLVH� WKH� LPSOHPHQWDWLRQ� FRPSOH[LW\�� LQFUHDVH� WKH� URXWHU� GHOD\�
DQG�WKLV�HOLPLQDWHV�WKH�SHUIRUPDQFH�DGYDQWDJHV�WKDW�WKH\�DUH�VXSSRVH�WR�KDYH���
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)LJXUH����� $�FDQRQLFDO�DUFKLWHFWXUH�IRU�D�ZRUPKROH�URXWHU�

,Q� WKH� &KLHQ¶V� PRGHO� WKH� LPSOHPHQWDWLRQ� FRPSOH[LW\� LV� VWXGLHG� ZLWKRXW� FRQVLGHULQJ� WKH�
SRVVLELOLWLHV�RI� SLSHOLQLQJ��$V�PRVW� FRQWHPSRUDU\� URXWHUV�DUH� KHDYLO\� SLSHOLQHG� WKLV�PRGHO� LV�
LQFRQVLVWHQW�ZLWK�WKH�UHDOLW\���
$�PRUH� UHDOLVWLF� URXWHU� GHOD\�PRGHO� ZDV� LQWURGXFHG� E\� 3HK� >��@�� ,W� WDNHV� LQWR� DFFRXQW� WKH�
SLSHOLQHG� QDWXUH� RI� WKH� URXWHUV� DQG� SURSRVHV� SLSHOLQHV�PDWFKHG� WR� WKH� VSHFLILF� IORZ� FRQWURO�
PHWKRG� HPSOR\HG��7KH� UHVXOWV� VKRZ� WKDW� WKH� ODWHQF\� RI� WKH� YLUWXDO�FKDQQHO� URXWHU� GRHV� QRW�
LQFUHDVH� DV� WKH� QXPEHU� RI� YLUWXDO� FKDQQHOV� LV� VFDOHG� XS� WR� �� SHU� SK\VLFDO� FKDQQHO�� ZKLOH�
WKURXJKSXW�RI�XS�WR�����RYHU�D�ZRUPKROH�URXWHU�FDQ�EH�JDLQHG���
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)LJXUH����� 7KH�FDQRQLFDO�YLUWXDO�FKDQQHO�URXWHU�DUFKLWHFWXUH�XVHG�E\�3HK��ZLWK�S�

SK\VLFDO�FKDQQHOV�DQG�Y�YLUWXDO�FKDQQHOV�
,Q�WKH�SLSHOLQHG�PRGHO�VHYHUDO�W\SLFDO�SLSHOLQH�VWDJHV��FDOOHG�DWRPLF�PRGXOHV��DUH�SURSRVHG��
GHFRGLQJ� DQG� URXWLQJ� WKH� SDFNHW� KHDGHU�� DOORFDWLRQ� RI� YLUWXDO� FKDQQHO�� DOORFDWLRQ� RI� D� SDWK�
WKURXJK� WKH� FURVVEDU��SDVVLQJ� WKH� FURVVEDU�� 7KH�9&� DOORFDWLRQ� VWDJH� GRHV� QRW� H[LVW� LQ� WKH�
ZRUPKROH� URXWHU� EHFDXVH� WKHUH� DUH� QR� YLUWXDO� FKDQQHOV�� 7KH� 9&� DOORFDWLRQ� DQG� VZLWFK�
DOORFDWLRQ�VWDJH�FRQFHUQ�VFKHGXOLQJ�EHWZHHQ�VHYHUDO�FKDQQHOV�DQG� LW� LV�QRW�JXDUDQWHHG�WKDW�
WKHLU�UHTXHVWV�IRU�VFKHGXOLQJ�ZLOO�EH�JUDQWHG�LQ�WKH�VDPH�F\FOH��7KXV��DIWHU�D�SDFNHW�KDV�EHHQ�
URXWHG�LW�KDV�WR�VWD\�LQ�WKH�9&�DOORFDWLRQ�VWDJH�XQWLO�D�JUDQW�IRU�WKH�9&�DUULYHV��7KHQ�LW�HQWHUV�
WKH�VZLWFK�DUELWUDWLRQ�ZKHUH�LW�UHTXHVWV�D�FKDQQHO�WKURXJK�WKH�FURVVEDU���
,Q�>��@�D�VSHFXODWLYH�YLUWXDO�FKDQQHO�URXWHU�LV�SURSRVHG�LQ�ZKLFK�WKH�SDFNHW�HQWHUV�ERWK�VWDJHV�
9&� DOORFDWLRQ� DQG� VZLWFK� DOORFDWLRQ� DW� WKH� VDPH� WLPH� VSHFXODWLYHO\� DVVXPLQJ� WKDW� LW� ZLOO�
VXFFHHG�LQ�WKH�ILUVW�RQH��,I�LW�GRHV�QRW�VXFFHHG�WKH�UHVHUYHG�FURVVEDU�DOORFDWLRQ�ZLOO�EH�ZDVWHG��
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)LJXUH����� $WRPLF�PRGXOHV��SLSHOLQH�VWDJHV��DQG�GHSHQGHQFLHV�RI�D��ZRUPKROH�URXWHU�

�D���YLUWXDO�FKDQQHO�URXWHU��E���VSHFXODWLYH�YLUWXDO�FKDQQHO�URXWHU��F��
,W� LV�UHSRUWHG�WKDW�WKLV�VSHFXODWLYH�DUFKLWHFWXUH�ODUJHO\�HOLPLQDWHV�WKH�ODWHQF\�SHQDOW\�RI�XVLQJ�
YLUWXDO�FKDQQHO� IORZ� FRQWURO�� UHGXFLQJ� WKH� ODWHQF\� RI� D� YLUWXDO�FKDQQHO� URXWHU� WR� WKDW� RI� D�
ZRUPKROH� URXWHU�� 7KH� VKRUWHU� SLSHOLQH� DOVR� UHVXOWV� LQ� LQFUHDVHG� WKURXJKSXW� IRU� URXWHUV� ZLWK�
VPDOO�QXPEHU�RI�EXIIHUV�DV�LW�UHGXFH�FUHGLW�UHJHQHUDWLRQ�WLPH��

���� 4XHXLQJ�
,Q� D� URXWHU� LW� LV� SRVVLEOH� IRU� VHYHUDO� LQSXW� FKDQQHOV� WR� UHFHLYH� SDFNHWV� JRLQJ� WR� WKH� VDPH�
RXWSXW�FKDQQHO��,Q�WKLV�VLWXDWLRQ�DQ�RXWSXW�FRQWHQWLRQ�RFFXUV��$V�WKH�SK\VLFDO�RXWSXW�FKDQQHO�
�XVXDOO\��FDQ�DFFHSW�RQO\�RQH�SDFNHW�DW�D�WLPH�RQO\�RQH�RI�WKH�UHFHLYHG�SDFNHWV�ZLOO�DGYDQFH�
ZKLOH�WKH�RWKHUV�ZLOO�KDYH�WR�ZDLW� LQ�WKH�VZLWFK��7KHVH�SDFNHWV�DUH�VWRUHG� LQ�EXIIHUV�DQG�WKLV�
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SURFHGXUH�LV�NQRZQ�DV�TXHXLQJ��'LIIHUHQW�TXHXLQJ�VWUDWHJLHV�H[LVW�RI�ZKLFK�WKH�PRVW�FRPPRQ�
RQH¶V�DUH��RXWSXW�TXHXLQJ��LQSXW�TXHXLQJ��DQG�FHQWUDO�EXIIHULQJ��

������ 2XWSXW�4XHXLQJ�
,Q�DQ�RXWSXW�TXHXHG�VZLWFK�SDFNHWV�DUH�TXHXHG�DW�WKH�VZLWFK¶V�RXWSXW�TXHXHV��:KHQ�D�SDFNHW�
DUULYHV�DW�DQ�LQSXW�� LW� WUDYHUVHV�WKH�VZLWFK�IDEULF�WR�WKH�UHTXLUHG�RXWSXW�DQG�HQWHUV�LWV�TXHXH��
:KHQ�SDFNHWV�DUULYH�DW�WKH�KHDG�RI�D�TXHXH�WKH\�DUH�VHQW�RQ�WR�WKH�RXWSXW�FKDQQHO��$V�LW� LV�
SRVVLEOH� IRU� DOO� WKH� 1� LQSXWV� WR� UHFHLYH� SDFNHWV� VLPXOWDQHRXVO\� WR� WKH� VDPH� RXWSXW�� WKH�
VZLWFKLQJ�IDEULF�PXVW�EH�DEOH�WR�VZLWFK�XS�WR�1�SDFNHWV�WR�RQH�RXWSXW�LQ�D�VLQJOH�FKDQQHO�F\FOH�
�LW�VKRXOG�UXQ�DW�UDWH�1�WLPHV�KLJKHU� WKDQ�WKH�FKDQQHO�UDWH���7KH�QXPEHU�RI�EXIIHUV�UHTXLUHG�
HTXDOV�WKH�QXPEHU�RI�RXWSXW�SRUWV�1��7KH�IORZ�FRQWURO�ZRUNV�RQ�D�SDFNHW�OHYHO�DQG�GRHV�QRW�
DOORZ�ILQH�JUDLQ�FRPPXQLFDWLRQ��
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)LJXUH����� 2XWSXW�TXHXHG�VZLWFK�

2XWSXW� TXHXLQJ� KDV� EHWWHU� SHUIRUPDQFH� WKDQ� LQSXW� TXHXLQJ�� $VVXPLQJ� XQLIRUP� ORDG�
GLVWULEXWLRQ� WKH� RXWSXW� TXHXHV� VDWXUDWH� RQO\� ZKHQ� WKH� LQSXW� WUDIILF� UDWH� DSSURDFKHV� ��� VR�
WKURXJKSXW�RI������FDQ�EH�DFKLHYHG�>��@��$�GLVDGYDQWDJH� LV� WKDW� WKH�VZLWFKLQJ� IDEULF�KDV�D�
KLJK�FRPSOH[LW\��$Q�H[DPSOH�RI�DQ�RXWSXW�TXHXHG�VZLWFK�LV�WKH�.QRFNRXW�6ZLWFK�>��@��

������ ,QSXW�4XHXLQJ�
,Q� DQ� LQSXW� TXHXHG� VZLWFK� SDFNHWV� DUH� EXIIHUHG� DW� WKH� VZLWFK¶V� LQSXWV�� (DFK� LQSXW� KDV� D�
TXHXH��:KHQ�D�SDFNHW�DUULYHV�DW� DQ� LQSXW�� LW� HQWHUV� LWV�TXHXH��:KHQ�D�SDFNHW� UHDFKHV� WKH�
KHDG� RI� D� TXHXH� LW� LV� VFKHGXOHG� IRU� DWWDLQLQJ� WKH� UHTXLUHG� RXWSXW� FKDQQHO�� 7KH� QXPEHU� RI�
EXIIHUV�UHTXLUHG�HTXDOV�WKH�QXPEHU�RI�VZLWFK¶V�LQSXWV�1���
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)LJXUH����� ,QSXW�TXHXHG�VZLWFK�

7KH�PD[LPXP�DFKLHYDEOH�FKDQQHO�XWLOLVDWLRQ�XVLQJ�LQSXW�TXHXLQJ�ZLWK�UDQGRP�VHOHFWLRQ�SROLF\�
DQG� DVVXPLQJ� XQLIRUP� WUDIILF� DQG� ODUJH� QXPEHU� RI� LQSXWV� LV� DSSUR[LPDWHO\� ������ >��@�� 7KH�
FDXVH�IRU�WKLV�OLPLWDWLRQ�LV�WKH�+HDG�RI�/LQH��+2/��EORFNLQJ�SUREOHP��:KHQ�WKH�ILUVW�SDFNHW�RI�
D�TXHXH��KHDG�RI�WKH�TXHXH��LV�EORFNHG�DOO� WKH�RWKHU�SDFNHWV�TXHXLQJ�EHKLQG�LW�KDYH�WR�ZDLW�
HYHQ�LI�VRPH�RI�WKHP�DUH�GHVWLQHG�IRU�FXUUHQWO\�LGOH�RXWSXWV��7KLV�LV�D�GLUHFW�UHVXOW�RI�WKH�),)2�
TXHXLQJ�SROLF\��7KH�+2/�SUREOHP�FDQ�EH�UHGXFHG�E\�XVLQJ�QRQ�),)2�TXHXHV�>��@>��@>��@�RU�
DYRLGHG�E\�XVLQJ�PXOWLSOH�TXHXHV�DW�HDFK�LQSXW���
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9LUWXDO�2XWSXW�4XHXLQJ��,QVWHDG�RI�RQO\�RQH�TXHXH��HDFK�LQSXW�PDLQWDLQV�D�VHSDUDWH�TXHXH�IRU�
HDFK� RXWSXW� FKDQQHO�� ,Q� WKLV� ZD\� WKH� +2/� SUREOHP� LV� DYRLGHG�� EXW� WKH� QXPEHU� RI� EXIIHUV�
UHTXLUHG� LV�1[1� �WKH�QXPEHU�RI� LQSXWV�DQG� WKH�QXPEHU�RI�RXWSXWV� LV�HTXDO�1���8VLQJ�YLUWXDO�
RXWSXW�TXHXLQJ�DQG�DSSURSULDWH�VFKHGXOLQJ�DOJRULWKPV��/RQJHVW�4XHXH�)LUVW��/4)��RU�2OGHVW�
&HOO�)LUVW��2&)��������WKURXJKSXW�FDQ�EH�DFKLHYHG�>��@��
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)LJXUH����� 9LUWXDO�2XWSXW�TXHXLQJ�

7KH�YLUWXDO�RXWSXW�TXHXLQJ�XVHV�D�VWDWLF�EXIIHU�DOORFDWLRQ�RU�WKHUH�LV�GHGLFDWHG�EXIIHU�IRU�HDFK�
TXHXH��7KH�VWDWLF�DOORFDWLRQ�UHVXOWV�LQ�XQGHU�XWLOLVDWLRQ�RI�WKH�EXIIHU�VSDFH��)RU�EHWWHU�D�EXIIHU�
VSDFH� XWLOLVDWLRQ� VHYHUDO� G\QDPLF� EXIIHU� DOORFDWLRQ� SROLFLHV� KDYH� EHHQ� SURSRVHG�� :KHQ�
G\QDPLF�EXIIHU�DOORFDWLRQ�LV�XVHG�IRU�HDFK�LQSXW�WKHUH�LV�D�PHPRU\�SRRO��$�EXIIHU�VSDFH�IRU�DQ�
LQSXW� TXHXH� LV� DOORFDWHG� LQ� WKLV� SRRO� RQO\�ZKHQ�DQG� IRU� WKH� WLPH� LW� LV� QHHGHG�� 6RPH�RI� WKH�
SURSRVHG� PDQDJHPHQW� SROLFLHV� DUH�� OLQNHG� OLVW� EXIIHU� PDQDJHPHQW� >��@�� VHOI�FRPSDFWLQJ�
EXIIHU�PDQDJHPHQW�>��@��DQG�FLUFXODU�EXIIHU�PDQDJHPHQW�>��@��

������ &HQWUDO�%XIIHU�
,Q� VZLWFKHV� XVLQJ� WKLV� W\SH� RI� EXIIHUV� RUJDQLVDWLRQ� WKH� GDWD� LV� EXIIHUHG� LQ� D� ODUJH� FHQWUDO�
VKDUHG�PHPRU\��,Q�WKLV�PHPRU\�D�EXIIHU�VSDFH�LV�DOORFDWHG�IRU�HDFK�GDWD�OLQN�EHWZHHQ� LQSXW�
DQG�RXWSXW�SRUW�� (DFK�VZLWFK¶V� LQSXW� FDQ�EH�FRQQHFWHG� WR� WKH� LQSXW� RI� WKH�PHPRU\�DQG� WKH�
RXWSXW� RI� WKH� PHPRU\� FDQ� EH� FRQQHFWHG� WR� HYHU\� VZLWFK¶V� RXWSXW�� 7KH� EXIIHUV� VSDFH�
DOORFDWLRQ��ZKLFK�GHWHUPLQHV�WKH�VZLWFK�HIILFLHQF\��FDQ�EH�SHUIRUPHG�DFFRUGLQJ�GLIIHUHQW�EXIIHU�
PDQDJHPHQW� VFKHPHV�� FRPSOHWH� VKDULQJ� �&6��� FRPSOHWH� SDUWLWLRQLQJ� �&3��� VKDULQJ� ZLWK�
PLQLPDO�DOORFDWLRQ��60$���VKDULQJ�ZLWK�PD[LPXP�TXHXH��60;4���KRW�VSRW�SXVK�RXW��+632���
HWF�>��@��
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)LJXUH����� &HQWUDO�%XIIHUHG�6ZLWFK�
7KH�WKURXJKSXW�RI�WKLV�W\SH�RI�VZLWFKHV�LV�PD[LPL]HG�DQG�OLNH�WKH�RXWSXW�TXHXHG�VZLWFKHV�WKH\�
FDQ� DFKLHYH� ����� WKURXJKSXW� >��@�� 7KH�PHPRU\� UHTXLUHG� LV� VLJQLILFDQWO\� OHVV� WKDQ� IRU� WKH�
RWKHUV�TXHXLQJ�VWUDWHJLHV�DQG�WKH�GLIIHUHQFH�JURZV�DV�WKH�QXPEHU�RI�LQSXW�DQG�RXWSXW�FKDQQHO�
LQFUHDVHV�� ,Q� W\SLFDO�FDVHV�� WKH�DPRXQW�RI�PHPRU\�QHHGHG� LQ�D�VKDUHG�EXIIHU�V\VWHP�LV� MXVW�
WZR� WR� WUHH� WLPHV� ODUJHU� WKDQ� WKH� DPRXQW� QHHGHG� IRU� D� VLQJOH� RXWSXW� SRUW� LQ� WKH� FDVH� RI�
GHGLFDWHG�EXIIHULQJ�>��@���
)URP� LPSOHPHQWDWLRQ� SRLQW� RI� YLHZ� D� SUREOHP� RI� WKH� FHQWUDO� EXIIHU� VZLWFK� LV� WKH� KLJK�
EDQGZLGWK�UHTXLUHG�IRU�WKH�VKDUHG�EXIIHU�PHPRU\��7KLV�PHPRU\�KDV�WR�DFFHSW�DOO�GDWD�IURP�DOO�
WKH�LQSXWV�DQG�WR�ZULWH�DOO�GDWD�WR�DO�WKH�RXWSXWV��,Q�RWKHU�ZRUGV��WKH�VKDUHG�PHPRU\�IRU�VZLWFK�
ZLWK�1�LQSXWV��1�RXWSXWV�DQG�FKDQQHO�UDWH�5�PXVW�KDYH�EDQGZLGWK�RI��15���
$Q�H[DPSOH�RI�UHDO�FHQWUDO�EXIIHUHG�VZLWFK�LV�WKH�,%0¶V�63��>��@�
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���� 6FKHGXOLQJ�
6FKHGXOLQJ�LV�WKH�SURFHVV�RI�WDNLQJ�WKH�GHFLVLRQ�DERXW�ZKHQ�GDWD�LV�VHQW�IURP�SDUWLFXODU�LQSXWV�
WR� WKHLU� GHVLUHG� RXWSXWV�� 7KLV� GHFLVLRQ� LV� WDNHQ� E\� D� V\VWHP� EORFN� FDOOHG� VFKHGXOHU�� 6RPH�
GHVLUDEOH�SURSHUWLHV�RI�D�VFKHGXOHU�DUH��WR�EH�IDVW��WR�EH�IDLU�DQG�WR�EH�HDV\�WR�LPSOHPHQW��
*HQHUDOO\�WKHUH�DUH�WZR�W\SHV�RI�VFKHGXOLQJ��VWDWLF�VFKHGXOLQJ�DQG�G\QDPLF�VFKHGXOLQJ��
6WDWLF� VFKHGXOLQJ�� 6WDWLF� VFKHGXOLQJ� LV� VWURQJO\� UHODWHG� WR� WLPH� GLYLVLRQ� PXOWLSOH[LQJ� DQG� LV�
SHUIRUPHG�DW�FRPSLOH� WLPH��%DQGZLGWK�DOORFDWLRQ� LV�PDGH�RQ� WKH�EDVLV�RI� WLPHVORWV�ZLWKLQ� LQ�
IUDPHV�� 7KH� VFKHGXOHU� LV� EDVHG� RQ� D� WDEOH�� ,Q� HDFK� QRGH� WKHUH� LV� D� VFKHGXOLQJ� WDEOH� WKDW�
GHVFULEHV�IRU�HDFK� LQSXW�RI� WKH�URXWHU� IRU�HDFK�WLPHVORW� LQ� WKH�IUDPH�ZKLFK� LV� WKH�GHVWLQDWLRQ�
RXWSXW��$GYDQWDJHV�RI�WKH�PHWKRG�DUH�LWV�ERXQGHG�ODWHQF\�DQG�JXDUDQWHHG�EDQGZLGWK��ZKLFK�
VLPSOLI\� WKH� LPSOHPHQWDWLRQ� RI� UHDO�WLPH� SURSHUWLHV�� 'LVDGYDQWDJH� LV� LWV� LQIOH[LELOLW\� DQG� LWV�
LQDELOLW\�WR�UHDFW�G\QDPLFDOO\�WR�FKDQJHV�RI�WKH�ORDG���
'\QDPLF� VFKHGXOLQJ�� 7KLV� W\SH� RI� VFKHGXOLQJ� LV� SHUIRUPHG� DW� UXQ�WLPH�� ,Q� FRQWUDVW� RI� WKH�
SUHYLRXV�RQH�� LW�GRHV�QRW�UHO\�RQ� LQIRUPDWLRQ�SUHOLPLQDU\�VWRUHG� LQ�D� WDEOH��EXW� WKH�VFKHGXOHU�
KDV�WR�WDNH�GHFLVLRQ�HYHU\�F\FOH��1RUPDOO\��ZKHQ�GDWD�DUULYHV�DW�D�JLYHQ�LQSXW�WKLV�LQSXW�VHQGV�
D�UHTXHVW�WR�WKH�VFKHGXOHU��)URP�DOO�UHTXHVWV�UHFHLYHG�LQ�HDFK�F\FOH�WKH�VFKHGXOHU�VHOHFWV�D�
FRQIOLFW�IUHH�VXEVHW�DQG�WULHV�WR�VDWLVI\�WKHP��7KH�PHWKRG�HQVXUHV�KLJK�IOH[LELOLW\�EXW�GRHV�QRW�
JLYH�EDQGZLGWK�DQG�ODWHQF\�JXDUDQWLHV��
7KHUH� DUH� QXPEHU� RI� VFKHGXOLQJ� DOJRULWKPV�� 0D[LPXP� 6L]H� 0DWFKLQJ�� 0D[LPXP� :HLJKW�
0DWFKLQJ��3DUDOOHO�,WHUDWLYH�0DWFKLQJ��3,0���,WHUDWLYH�5RXQG�5RELQ�0DWFKLQJ�ZLWK�6OLS��6/,3���
DQG�/HDVW�5HFHQWO\�8VHG��/58���+HUH�ZH�RQO\�HQXPHUDWH�WKHP��0RUH�LQIRUPDWLRQ�DQG�VRPH�
SHUIRUPDQFH�DQDO\VLV�FDQ�EH�IRXQG�LQ�>��@��>��@��

�� &RQFOXVLRQ�
7KH� QH[W� JHQHUDWLRQV� RI� VHPLFRQGXFWRU� WHFKQRORJ\� LV� JRLQJ� WR� OHDG� WR� D� FKLS� GHVLJQ�
FRPSOH[LW\� WKDW� LV� XQPDQDJHDEOH� ZLWK� WKH� FXUUHQW� GHVLJQ� PHWKRGV� DQG� WRROV�� $� SRVVLEOH�
VROXWLRQ� RI� WKLV� SUREOHP� LV� D� GHVLJQ� PHWKRGRORJ\� EDVHG� RQ� D� WLOHG� KHWHURJHQHRXV�
UHFRQILJXUDEOH� 6\VWHP� RQ� D� &KLS� �+56R&��� ,Q� VXFK� DQ� DSSURDFK� WZR� EDVLF� V\VWHP�
FRPSRQHQWV� FDQ� EH� UHFRJQL]HG� ±� UHFRQILJXUDEOH� FRPSXWDWLRQ� FRPSRQHQWV� DQG�
FRPPXQLFDWLRQ� FRPSRQHQWV��:KLOH� WKH� FRPSXWDWLRQ� FRPSRQHQWV� SHUIRUP� WKH� UHTXLUHG� GDWD�
SURFHVVLQJ�� WKH�FRPPXQLFDWLRQ�FRPSRQHQWV�KDYH� WR� SURYLGH�D�XQLILHG�� UHOLDEOH� DQG�HIILFLHQW�
FRPPXQLFDWLRQ�HQYLURQPHQW�IRU�GDWD�H[FKDQJH��6WXGLHV�KDYH�VKRZQ�WKDW�WKH�FRPPXQLFDWLRQ�
EHWZHHQ� WKH� FRPSXWDWLRQ� FRPSRQHQWV� LV� DV� LPSRUWDQW� IRU� WKH� V\VWHP� SHUIRUPDQFH� DQG� WKH�
V\VWHP�HIILFLHQF\�DV�WKH�FRPSXWDWLRQ�FRPSRQHQWV��'HILQLQJ�D�FRPPXQLFDWLRQ�QHWZRUN�LV�QRW�D�
WULYLDO� WDVN� EHFDXVH� WKHUH� DUH� PDQ\� FRQWUDGLFWLQJ� UHTXLUHPHQWV� ±� SHUIRUPDQFH�� IOH[LELOLW\��
VFDODELOLW\��FRVW��HQHUJ\��HWF��
7KH� SUREOHP� RI� LQWHU�QRGH� FRPPXQLFDWLRQ� LV� QRW� QHZ�� LW� LV� NQRZQ� IURP� WKH�PXOWL�SURFHVVRU�
V\VWHPV�GRPDLQ�DQG�D� ORW� RI�ZRUN�KDV�EHHQ�GRQH� LQ� WKDW�DUHD��:KLOH� WKH�PDLQ�JRDO� IRU� WKH�
PXOWLSURFHVVRUV¶� LQWHU�FKLS� LQWHUFRQQHFWLRQ� QHWZRUNV� LV� KLJK� SHUIRUPDQFH�� IRU� WKH� RQ�FKLS�
LQWHUFRQQHFWLRQ� QHWZRUNV� RWKHU� LVVXHV� DUH� LPSRUWDQW�� HQHUJ\�HIILFLHQF\�� IOH[LELOLW\� DQG�
UHXVDELOLW\��7KH�FKLS�VRFNHW¶V�SLQ� OLPLWDWLRQ� LV�QRW�D�IDFWRU� IRU�QRGHV� LQ�RQ�FKLS�QHWZRUN��� WKH�
WHFKQRORJ\�DOORZV�XVLQJ�D�ODUJHU�DPRXQW�RI�ZLUHV�FRPSDUHG�WR�LQWHU�FKLS�QHWZRUNV��
,Q� WKH�&KDPHOHRQ�SURMHFW�ZH�DUH�DGGUHVVLQJ� WKH�GHVLJQ�RI�D�KHWHURJHQHRXV�� UHFRQILJXUDEOH�
6\VWHP�RQ�D�&KLS��%HFDXVH�RI� WKH� WDUJHWHG�DSSOLFDWLRQ�GRPDLQ� �IXWXUH� ORZ�SRZHU�KDQG�KHOG�
V\VWHPV�� WKH� HPSKDVLV� LV� RQ� SDLULQJ� KLJK�SHUIRUPDQFH� ZLWK� ORZ� SRZHU� FRQVXPSWLRQ�� 7KLV�
UHIOHFWV� RQ� WKH� LQWHUFRQQHFWLRQ� QHWZRUN� UHTXLUHPHQWV�� 7KH� ORZ� SRZHU� FRQVXPSWLRQ�
UHTXLUHPHQW� DGGV� D� QHZ� DVSHFW� WR� WKH� GHVLJQ� RI� DQ� LQWHUFRQQHFWLRQ� QHWZRUN� ±� HQHUJ\�
HIILFLHQF\���
7KH�WRSRORJ\�
,Q�QHDUO\�DOO�SURMHFWV�FRQFHUQLQJ�6R&�D��'�PHVK�LV�XVHG�DV�D�WRSRORJ\�IRU�WKH�LQWHUFRQQHFWLRQ�
QHWZRUN�� 7KH� �'� PHVK� PHHWV� PRVW� GHVLJQ� FULWHULD� RI� DQ� HQHUJ\�HIILFLHQW� RQ�FKLS�
LQWHUFRQQHFWLRQ�QHWZRUN�WRSRORJ\�DQG�VHHPV�WR�EH�D�JRRG�FKRLFH�IRU�D�6R&�QHWZRUN��%HLQJ�D�
ORZ�GLPHQVLRQDO�WRSRORJ\��LW�LV�QRW�GLIILFXOW�WR�LPSOHPHQW�WKH��'�PHVK�LQ�D�SODQH��,WV�OD\RXW�LV�
HIILFLHQW��ZLWKRXW�ZLUH�FRQJHVWLRQV�� WKH�ZLUHV�DUH�VKRUW�DQG�VWUXFWXUHG��ZKLFK� LV�DQ� LPSRUWDQW�
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IDFWRU� IRU� UHDFKLQJ� HQHUJ\�HIILFLHQF\�� 7KH� PHVK¶V� VWUXFWXUH� LV� UHJXODU� DQG� LW� LV� HDV\�
H[WHQGDEOH��%HFDXVH�RI� LWV�FRQQHFWLRQV�EHWZHHQ�QHDUHVW�QHLJKERXUV� LW�DOORZV�H[SORLWLQJ� WKH�
FRPPXQLFDWLRQ� ORFDOLW\� HIIHFWLYHO\�� ZKLFK� LV� DQRWKHU� SUHFRQGLWLRQ� IRU� HQHUJ\�HIILFLHQF\�� 7KH�
PHVK�WRSRORJ\�KDV�EHHQ�XVHG�LQ�FRQYHQWLRQDO�LQWHUFRQQHFWLRQ�QHWZRUNV��LW�LV�ZHOO�XQGHUVWRRG�
DQG�PDQ\�GHDGORFN�IUHH�URXWLQJ�DOJRULWKPV�FDQ�EH�IRXQG�IRU� LW��$QRWKHU�SRSXODU�ZHOO�VWXGLHG�
ORZ� GLPHQVLRQDO� WRSRORJ\� LV� IROGHG� WRUXV�� ,W� RXWSHUIRUPV� WKH� PHVK� ZLWK� D� ORZHU� GLDPHWHU��
KLJKHU� FRQQHFWLYLW\� DQG� V\PPHWU\�� %XW� ZKHQ� WKH� QXPEHU� RI� QRGHV� LQ� WKH� QHWZRUN� LQFUHDVH�
�DERYH�����ODFN�RI�³QHDUHVW�QHLJKERXU´�FRQQHFWLRQV�LV�VHHQ�LQ�WKH�FHQWUH�RI�WKH�QRGH�DUUD\���
5RXWLQJ�
)RU�D�URXWLQJ�DOJRULWKP�WR�EH�HQHUJ\�HIILFLHQW�WKH�ILUVW�SURSHUW\� LW�PXVW�REH\�LV�WKDW�LW�PXVW�EH�
PLQLPDO��$�PLQLPDO�URXWLQJ�DOJRULWKP�URXWHV�D�SDFNHW�WKURXJK�WKH�VKRUWHVW�SDWK�EHWZHHQ�WKH�
VRXUFH� DQG� GHVWLQDWLRQ� QRGH�� ZKLFK� PHDQV� WKDW� WKH� SDFNHW� ZLOO� SDVV� WKURXJK� D� PLQLPDO�
QXPEHU�RI�FKDQQHOV��7KH�HQHUJ\�VSHQW�IRU�FRPPXQLFDWLRQ�LV�PDLQO\�GHWHUPLQHG�E\�WKH�HQHUJ\�
GLVVLSDWHG�LQ�WKH�ZLUHV��7KHUHIRUH�PLQLPL]LQJ�WKH�QXPEHU�RI�KRSV�UHGXFHV�WKH�FRPPXQLFDWLRQ�
HQHUJ\� FRVW�� &RQVLGHULQJ� WKH� FRPPXQLFDWLRQ� ODWHQF\�� WKH� URXWLQJ� GHFLVLRQ� PXVW� QRW� EH�
FRPSOH[�DQG�PXVW�EH� WDNHQ� IRU�DV�TXLFN�DV�SRVVLEOH��7KH� WLPH� WR� WDNH�D� URXWLQJ�GHFLVLRQ� LV�
RQH� RI� WKH� IDFWRUV� WKDW� GHWHUPLQH� WKH� SDFNHW� SHU�KRS� GHOD\� DQG� WKHUHIRUH� WKH� WRWDO� SDFNHW�
ODWHQF\���
7KHUH� DUH� WZR� W\SHV� RI� URXWLQJ� DOJRULWKPV� WKDW� HQVXUH� GHDGORFN� IUHHGRP� ±� WKH� ILUVW� W\SH� LV�
EDVHG� RQ� XVLQJ� DGGLWLRQDO� �YLUWXDO�� FKDQQHOV� DQG� WKH� VHFRQG� W\SH� LV� EDVHG� RQ� WXUQV�
UHVWULFWLRQV�� 7KH� DOJRULWKPV� EDVHG� RQ� WXUQV� UHVWULFWLRQ� KDYH� VHYHUDO� DGYDQWDJHV�� HDV\�
LPSOHPHQWDWLRQ��WKH�URXWLQJ�GHFLVLRQV�DUH�VLPSOH��DQG�WKH\�GR�QRW�UHTXLUH�DGGLWLRQDO�FKDQQHOV��
([DPSOHV�RI�VXFK�NLQG�RI�DOJRULWKPV�DUH�WKH�'LPHQVLRQDO�2UGHUHG�URXWLQJ�DOJRULWKPV�DQG�WKH�
DOJRULWKPV�GHULYHG� IURP�WKH�7XUQ�0RGHO��8QIRUWXQDWHO\�� WKHVH�URXWLQJ�DOJRULWKPV�GHVWUR\� WKH�
QRGHV¶�FKDQQHOV�ORDG�EDODQFH��EHFDXVH�WKH�WXUQ�UHVWULFWLRQV�OHDG�WR�UHVWULFWLRQV�LQ�WKH�FKDQQHO�
XVDJH���
7KH� GHDGORFN�IUHH� URXWLQJ� DOJRULWKPV� EDVHG� RQ� XVDJH� RI� DGGLWLRQDO� FKDQQHOV� JLYH� PRUH�
IUHHGRP� ZKHQ� WDNLQJ� URXWLQJ� GHFLVLRQV�� EXW� WKH\� UHTXLUH� DGGLWLRQDO� UHVRXUFHV�� &RQVLGHULQJ�
WKHVH�DOJRULWKPV�� WKH�'RXEOH�<�FKDQQHO� URXWLQJ� LV� WKH�RQH� WKDW� UHTXLUHV� WKH� OHDVW�DGGLWLRQDO�
FKDQQHOV� LQ� D� �'� PHVK� WRSRORJ\� ±� LW� RQO\� QHHGV� D� GRXEOLQJ� RI� WKH� FKDQQHOV� LQ� WKH� <�
GLPHQVLRQ�� 7KHVH� FKDQQHOV� FDQ� EH� LPSOHPHQWHG� DV� YLUWXDO� FKDQQHOV�� ZKLFK�PHDQ� WKDW� WKH�
DGGHG�UHVRXUFHV�DUH�YLUWXDO�FKDQQHOV¶�FRQWURO�ORJLF�DQG�EXIIHULQJ�VSDFH��+RZHYHU��GHFLGLQJ�WR�
VDYH� FRQWURO� ORJLF� DQG� XVH� D� URXWLQJ� DOJRULWKP� EDVHG� RQ� WXUQV� UHVWULFWLRQV��PLJKW� LQWURGXFH�
FKDQQHOV� FRQJHVWLRQV�� LQHIILFLHQW� FKDQQHO� XVDJH� DQG� DV� D� FRQVHTXHQFH� EDG� QHWZRUN�
SHUIRUPDQFH��
)ORZ�FRQWURO�
7KH� FRQWULEXWLRQV� WKDW� D� IORZ� FRQWURO� FDQ� PDNH� WR� WKH� HQHUJ\�HIILFLHQF\� DUH� WR� UHGXFH� WKH�
FRQWURO�VLJQDOV�DFWLYLWLHV�DQG� WR�DYRLG�GDWD� UHWUDQVPLVVLRQV��7KH� ODWHU�RQH� LV�HQVXUHG�E\� WKH�
FUHGLW�EDVHG�IORZ�FRQWURO��VLPLODU� WR� WKH�7&3�,3�ZLQGRZLQJ�PHFKDQLVP��� ,Q�JHQHUDO� WKH�PRVW�
SRSXODU�IORZ�FRQWURO�PHWKRG�LV�ZRUPKROH��ZKLFK�LQ�FRPELQDWLRQ�ZLWK�YLUWXDO�FKDQQHOV�HQVXUHV�
IOH[LELOLW\��KLJK�QHWZRUN�WKURXJKSXW��JRRG�FKDQQHO�XWLOL]DWLRQ�DQG�HIILFLHQW�XVDJH�RI�WKH�QRGH¶V�
EXIIHU�VSDFH�>��@��
4XHXLQJ�
,QSXW� TXHXHG� VZLWFKHV� DUH� WKH� PRVW� SRSXODU� DW� WKH� PRPHQW�� ,Q� FRPELQDWLRQ� ZLWK� VRPH�
WHFKQLTXH�IRU�DYRLGLQJ�WKH�+HDG�2II�/LQH�SUREOHP�LW�EHFRPHV�D�VROXWLRQ�ZLWK�TXLWH�UHDVRQDEOH�
FRVW�SHUIRUPDQFH�UDWLR��:H�WKLQN�WKDW� LQSXW�TXHXLQJ�FRPELQHG�ZLWK�YLUWXDO�FKDQQHOV�ZLOO�EH�D�
JRRG�VROXWLRQ�WKDW�RIIHUV�KLJK�SHUIRUPDQFH�DQG�KLJK�IOH[LELOLW\��ZKLOH�NHHSV�WKH�LPSOHPHQWDWLRQ�
FRPSOH[LW\�PDQDJHDEOH��

$FNQRZOHGJHPHQWV�
7KLV� UHVHDUFK� LV� VXSSRUWHG� E\�352*UDP� IRU�5HVHDUFK� RQ�(PEHGGHG�6\VWHPV�	�6RIWZDUH�
�352*5(66�� RI� WKH� 1HWKHUODQGV� 2UJDQL]DWLRQ� IRU� 6FLHQWLILF� 5HVHDUFK� 1:2�� WKH� 'XWFK�
0LQLVWU\�RI�(FRQRPLF�$IIDLUV�DQG�WKH�WHFKQRORJ\�IRXQGDWLRQ�67:��
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