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7KLV�SDSHU�SUHVHQWV� WKH�PRGHOOLQJ�RI�D�1HZWRQ� WHOHVFRSH�� LQFOXGLQJ� LWV��'�UHSUHVHQWDWLRQ�DQG� WKH

VLPXODWLRQ� RI� LWV� RSWLFDO� SURSHUWLHV� E\� UD\� WUDFLQJ��7KH�PRGHOOLQJ� RI� WKH� OHQV� V\VWHP� LV� EDVHG� RQ

&RQVWUXFWLYH�6ROLG�*HRPHWU\��7KH� VLPXODWLRQ�DOVR�FRYHUV� VSHFLDO� RSWLFDO� SKHQRPHQD�� VXFK� DV� WKH

GLIIUDFWLRQ�

.H\ZRUGV�� -DYD�� UD\� WUDFLQJ�� 0RQWH�&DUOR� UD\� WUDFLQJ�� FRQVWUXFWLYH� VROLG� JHRPHWU\� �&6*��

1HZWRQ�WHOHVFRSH��GLIIUDFWLRQ�

�� ,QWURGXFWLRQ

2XU�REMHFWLYH�LV�WR�FUHDWH�DQ�DVVLVWDQW��RU�WRRO��IRU�WKH�FRQVWUXFWLRQ�RI�D�1HZWRQLDQ�WHOHVFRSH��DQG

WKH�LPSOHPHQWDWLRQ�RI�D�UD\�WUDFLQJ�DOJRULWKP�WR�PRGHO�WKH�OLJKW�HIIHFWV�DQG�RSWLFDO�DEHUUDWLRQV��7KLV

WRRO� DOORZV� XV� WR� GHVLJQ� D� FHUWDLQ� RSWLFDO� FRQILJXUDWLRQ�� DV� ZHOO� DV� WR� YHULI\� WKH� SK\VLFDO

FKDUDFWHULVWLFV�DQG�RSWLFDO�SURSHUWLHV�RI�WKH�VSHFLILHG�GHVLJQ�

,Q�WKH�IROORZLQJ�VHFWLRQV�ZH�ZLOO�SUHVHQW�WKH�1HZWRQ�WHOHVFRSH��DQG�D�WHFKQLTXH�IRU�LWV�PRGHOOLQJ

LQ� D� ZRUOG� �'��:H� LQWHQG� WR� PDNH� D� FRPSOHWH� DQG� ZHOO� GRFXPHQWHG� ODUJH� OLEUDU\� RI� �'� ZRUOG

SULPLWLYHV� DQG� UD\�WUDFLQJ� WHFKQLTXHV�� LQ� RUGHU� WR� DOORZ� WKDW� WKHVH� OLEUDULHV� VHUYH� OLNH� VXSSRUW

WHDFKLQJ�RU� WR�PDNH�RWKHU��'�DSSOLFDWLRQV��/DWHU�ZH�ZLOO�PDNH�D�VWXG\�RI�KRZ�DSSO\LQJ�GLIIHUHQW

UHQGHULQJ� WHFKQLTXHV�� OLNH�VLPSOH�UD\� WUDFLQJ�DQG�0RQWH�&DUOR�UD\� WUDFLQJ�� WR�VLPXODWH� WKH�RSWLFDO

EHKDYLRXU�RI�WKH�WHOHVFRSH��$V�ZH�VKDOO�VHH��WKHVH�WHFKQLTXHV�DUH�QRW�VXIILFLHQW�IRU�XV��WKXV�ZH�ZLOO

SURSRVH�H[WHQVLRQV�WR�WKHVH�WHFKQLTXHV�

�� 7KH�1HZWRQLDQ�WHOHVFRSH

,Q�RUGHU�WR�FRQWHPSODWH�WKH�VN\��WKH�DVWURQRPHUV�DOZD\V�XVHG�WKHLU�EHVW�YLVXDO�LQVWUXPHQWV��WKHLU

RZQ� H\HV��%XW�� WR� RXU� JULHI�� WKH� KXPDQ� H\HV� KDYH� VRPH� OLPLWDWLRQV�� IRU� H[DPSOH�� WKH� FDSDFLW\� WR

JDWKHU�OLJKW��7KH�DELOLW\�WR�JDWKHU�PRUH�OLJKW�PHDQV�DOVR�WKH�DELOLW\�WR�VHH�IDUWKHU��*DOLOHR�ZDV�WKH

ILUVW� DVWURQRPHU� ZKR� XVHG� DQ� RSWLFDO� LQVWUXPHQW� LQ� KLV� REVHUYDWLRQV�� 7KLV� LQVWUXPHQW� LV� WKH

WHOHVFRSH��DQ�LQVWUXPHQW�WKDW�LV�DEOH�WR�JDWKHU�OLJKW�WKDW�FRPHV�IURP�GLVWDQW�VWDUV�



%DVLFDOO\�� WKH�WHOHVFRSHV�DUH�GHQRPLQDWHG�DFFRUGLQJ�WR�WKHLU�PDLQ�FRPSRQHQWV�ZKLFK�KDYH�WZR

W\SHV�� WKH� UHIUDFWRUV� �OHQVHV�� DQG� WKH� UHIOHFWRUV� �PLUURUV��� 7KH�1HZWRQLDQ� WHOHVFRSH� IDOOV� LQWR� WKH

VHFRQG�FDWHJRU\��LW�LV�D�UHIOHFWRU�WHOHVFRSH��+RZHYHU��WKH�H\HSLHFH�LV�FRPSRVHG�RI�UHIUDFWLQJ�OHQV�

��� 7KH�1HZWRQLDQ�WHOHVFRSH

$W�WKH�WLPH�RI�6LU�,VDDF�1HZWRQ�������������WKH�RQO\�DYDLODEOH�DVWURQRPLFDO�WHOHVFRSHV�ZHUH�WKH

*DOLOHDQ� UHIUDFWRUV�� 7KLV� GHVLJQ� KDG� JUHDW� FKURPDWLF� DEHUUDWLRQ�� 1HZWRQ�� QRW� UHVLVWLQJ� WR� KLV

HDJHUQHVV�WR�VXUSDVV�WKLV�DEHUUDWLRQ���XVHG�D�SUHYLRXV�SXEOLFDWLRQ�RI�1LFRODV�=XFFKL�ZKR�SUHVHQWHG

WKH� FRQFHSW� RI� D� IUHH� OHQVHV� WHOHVFRSH�ZKLFK� ZDV� FRPSRVHG� RI� RQO\� UHIOHFWLQJ� VXUIDFHV�� VXFK� DV

PLUURUV��,Q������1HZWRQ�FRQVWUXFWHG�WKH�ILUVW�WHOHVFRSH�RI�WKLV�FODVV�XVLQJ�D�VSKHULFDO�PLUURU��WKXV�LW

KDG� VSKHULFDO� DEHUUDWLRQ�� ,Q������ -RKQ�+DGOH\�SUHVHQWHG� D�1HZWRQLDQ� WHOHVFRSH�ZLWK� D�SDUDEROLF

SULPDU\�PLUURU��DQG�VROYHG�WKH�VSKHULFDO�DEHUUDWLRQ�

)LJXUH����7KH�1HZWRQLDQ�WHOHVFRSH

7KH�ILQDO�GHVLJQ�LV�PDGH�XS�RI�D�FRQFDYH�SDUDEROLF�SULPDU\�PLUURU�DQG�D�IODW�VHFRQGDU\�PLUURU�

6LQFH�WKHQ�WKH�GHVLJQ�KDV�QRW�UHDOO\�FKDQJHG��7KLV�GHVLJQ��XVLQJ�D�SDUDEROLF�PLUURU��HOLPLQDWHV�ERWK

WKH�FKURPDWLF�DEHUUDWLRQ�DQG�WKH�VSKHULFDO�DEHUUDWLRQ��EXW�LQWURGXFHV�D�PRGHUDWH�FRPPD�DEHUUDWLRQ

QHDU�WKH�ILHOG�HGJHV��DQG�D�VOLJKW�DVWLJPDWLVP�DQG�ILHOG�FXUYDWXUH�

��� 2SWLFDO�DEHUUDWLRQV

1RWH��WKH�GLDJUDPV�DUH�H[DJJHUDWHG�IRU�EHWWHU�LQWHUSUHWDWLRQ�

����� &KURPDWLF�DEHUUDWLRQ�

$�OHQV�KDV�GLIIHUHQW� LQGH[�RI�UHIUDFWLRQ�IRU�GLIIHUHQW�ZDYHOHQJWKV��7KLV�FDXVHV� WKH� OLJKW� UD\V� WR

SDVV�WKURXJK�GLIIHUHQW�IRFDO�SRLQWV�DFFRUGLQJ�WR�WKH�ZDYHOHQJWK�

)LJXUH����&KURPDWLF�DEHUUDWLRQ��WKH�WZR�YHUWLFDO�OLQHV�PDUNV�WKH�GLIIHUHQW�IRFDO�SRLQW�



����� 6SKHULFDO�DEHUUDWLRQ�

7KH�OLJKW�LQFLGHQW�DW�WKH�HGJH�RI�D�VSKHULFDO�PLUURU�LV�EURXJKW�WR�D�GLIIHUHQW�IRFXV�IURP�WKH�OLJKW

LQFLGHQW�FORVHU�WR�WKH�FHQWUH�

)LJXUH����6SKHULFDO�DEHUUDWLRQ�

����� &RPPD�DEHUUDWLRQ�

7KLV� KDSSHQV� ZKHQ� ZH� REVHUYHG� REMHFWV� QHDU� WKH� HGJH� RI� WKH� ILHOG�� 7KH� REOLTXH� UD\V� IDLO� WR

LQWHUVHFW�RQ�WKH�REOLTXH�D[LV��7KH�UHVXOW�LV�FDOOHG�&RPPD��7KLV�FDXVHV�WKDW�WKH�VWDUV�WKDW�DUH�FORVH�WR

WKH�HGJH�RI�ILHOG�VHHP�VPDOO�FRPHWV�

)LJXUH����&RPPD�DEHUUDWLRQ��WKH�FLUFOH�PDUNV�WKH�EHVW�IRFXV��DQG�WKH�VHJPHQW�VKRZV�WKH�FRPHW�WDLO�

����� $VWLJPDWLVP�DEHUUDWLRQ��

7KLV�LV�FDXVHG�EHFDXVH�WKH�IRFDO�OHQJWK�DORQJ�RQH�GLDPHWHU�GLIIHUV�IURP�WKDW�DORQJ�DQRWKHU��:KHQ

WKH�REMHFW�LV�RQ�WKH�D[LV��WKH�WZR�SODQHV�DUH�LGHQWLFDO��VR�WKHUH�LV�QR�DVWLJPDWLVP��:KHQ�WKH�REMHFW�LV

QRW�IRFXVHG��LW�LV�VHHQ�OLNH�DQ�HOOLSVH��QR�PDWWHU�ZKHWKHU�RU�QRW�LW�LV�LQ�IRFXV�

)LJXUH����$VWLJPDWLVP�DEHUUDWLRQ��IURP�OHIW�WR�ULJKW���LQVLGH�IRFXV��EHVW�IRFXV��RXWVLGH�IRFXV�



����� )LHOG�FXUYDWXUH�

7KLV�KDSSHQV�ZKHQ�D�WHOHVFRSH�IRUPV�DQ�LPDJH��QRW�RQ�D�IRFDO�SODQH��EXW�RQ�D�FXUYHG�IRFDO�SODQH�

8VXDOO\�LW�LV�RQ�WKH�HGJH�RI�WKH�ILHOG��7HFKQLFDOO\�LW�LV�QRW�DQ�DEHUUDWLRQ��LW�LV�D�IHDWXUH�GHULYHG�IURP

WKH�WHOHVFRSH�GHVLJQ�

)LJXUH����)LHOG�FXUYDWXUH�

����� 2WKHU�DEHUUDWLRQV�

6RPH� DXWKRUV� >$VWUR��@>2[IRU��@>$WPSD��@� WDON� DERXW� RWKHU� DEHUUDWLRQV�� OLNH� SLQFXVKLRQ�

GLVWRUWLRQV�� IRFDO� SODQH� WLOW�� HWF�� ����� EXW� ZH� DUH� QRW� JRLQJ� WR� FRQVLGHU� WKHP�� EHFDXVH� WKH\� DUH

SURGXFHG�E\�WKH�EDG�TXDOLW\�RI�WKH�RSWLFDO�FRPSRQHQWV��DQG�QRW�E\�WKH�WHOHVFRSH�GHVLJQ�

��� 'LIIUDFWLRQ

7KH�TXHVW�IRU�UHDOLVP�LV�WKH�PDMRU�JRDO�RI�WKH�UHQGHULQJ�FRPPXQLW\��WKXV�WR�DFKLHYH�WKLV�JRDO�WKH

UHVHDUFKHUV� KDYH� DGGHG� SK\VLFDOO\� EDVHG� HIIHFWV� WR� WKH� UHQGHULQJ� PHWKRGV�� LI� LW� LV� SRVVLEOH�

3DUWLFXODUO\��WKH�WHOHVFRSH�LQWURGXFHV�DQRWKHU�SK\VLFDOO\�EDVHG�HIIHFW��WKH�GLIIUDFWLRQ��ZKLFK�VKRXOG

DOVR�EH�VLPXODWHG�E\�UHQGHULQJ�DOJRULWKPV�

7KH� GLIIUDFWLRQ� LV� WKH� VOLJKW� EHQGLQJ� RI� WKH� OLJKW� DURXQG� WKH� HGJH� RI� DQ� REVWDFOH� LQ� LWV� SDWK

>2[IRU��@��7KH�GLIIUDFWLRQ�LV�RQH�RI�WKH�OLJKW�LQWHUIHUHQFH�HIIHFWV��/RUG�5D\OHLJK�������������ZDV

WR�ILUVW�IURP�WKRVH�ZKR�DSSOLHG�WKH�GLIIUDFWLRQ�WKHRU\�WR�WKH�WHOHVFRSHV��,Q�D�1HZWRQLDQ�WHOHVFRSH�WKH

GLIIUDFWLRQ�LV�SURGXFHG�E\�WKH�HGJHV�RI�WKH�OHQV�RU�WKH�PLUURU��DQG�E\�WKH�WZR��WKUHH�RU�IRXU�DUPV�WKDW

VXSSRUW�WKH�VHFRQGDU\�KROGHU��7KH�GLIIUDFWLRQ�SURGXFHG�E\�WKH�HGJHV�RI�WKH�PLUURU��FDXVHV�WKDW�ZH

VHH�VWDUV�RI�D�QRQ�SRLQW�IRUP��EXW�DV�D�GLVF��WKH�$LU\�GLVN�>9LROD��@��ZLWK�D�VHULHV�RI�FRQFHQWULF�ULQJV

FDOOHG� GLIIUDFWLRQ� ULQJV�� 7KH� $LU\� GLVN� GHWHUPLQHV� RQH� RI� WKH� PDLQ� IHDWXUHV� RI� D� WHOHVFRSH�� WKH

UHVROYLQJ�SRZHU�RU� UHVROXWLRQ��7KH� UHVROYLQJ�SRZHU� >2[IRU��@� LV� WKH� VPDOOHVW� VHSDUDWLRQ�EHWZHHQ

WZR�REMHFWV�ZKLFK�DOORZV�WKHP�MXVW�WR�EH�GLVWLQJXLVKHG�DV�VHSDUDWH��*HRUJH�%LGGHOO�$LU\�JDYH�XV�WKH

ZD\�WR�FDOFXODWH�WKH�GLIIUDFWLRQ�ULQJ�QXPEHU�]HUR��7KH�$LU\�GLVN�LV�GHWHUPLQHG�E\�WKH�QH[W�IRUPXOD��

ZKHUH�=�LV�WKH�DQJXODU�VL]H�RI�WKH�$LU\�GLVN�LQ�UDGLDQV��'�WKH�GLDPHWHU�RI�WKH�PDLQ�OHQV�RU�PLUURU�DQG

λ�LV�WKH�ZDYHOHQJWK�
7KH� GLIIUDFWLRQ� SURGXFHG� E\� WKH� VSLGHU� LV� PRUH� YLVLEOH� WKDQ� WKH� GLIIUDFWLRQ� SURGXFHG� E\� WKH

PLUURU��EXW�LV�QRW�VR�LPSRUWDQW��VRPHWLPHV�LW�LV�YHU\�QLFH���:H�FDQ�VHH�WKH�HIIHFWV�LQ�WKH�QH[W�LPDJH�

SURYLGHG�E\�WKH�676F,��6SDFH�7HOHVFRSH�6FLHQFH�,QVWLWXWH��



,PDJH����7KH�GLIIUDFWLRQ�VSLNHV�LQ�WKH�+XEEOH�WHOHVFRSH�

��� -XVWLILFDWLRQ

'XH� WR� LWV� QLFH� SURSHUWLHV�� WKH� 1HZWRQLDQ� GHVLJQ� LV� WKH� FKHDSHVW� WHOHVFRSH� SHU� PLOOLPHWUH� RI

DSHUWXUH�>2GHQZ��@�>/XJW��@��DQG�RIIHUV�WKH�EHVW�DOO�URXQG�SHUIRUPDQFH�SRVVLEOH�>/XJW��@��'XH�WR

WKLV�� WKH�1HZWRQ
V�GHVLJQ�KDV�EHFRPH�WKH�PRVW�SRSXODU�DPRQJ�WKH�DPDWHXU�DVWURQRPHUV��7KXV�WKH

ILQDO�DSSOLFDWLRQ�FDQ�EH�XVHIXO�WR�WKH�FRPPXQLW\�RI�DPDWHXU�DVWURQRPHUV�

�� 0RGHOOLQJ�RI�WKH�WHOHVFRSH�

$W�WKH�WLPH�RI�GHVLJQLQJ�D�WHOHVFRSH�WKH�IROORZLQJ�TXHVWLRQV�VKRXOG�EH�DQVZHUHG�

• +RZ�ZLOO�WKH�UHDO�H[LW�SXSLO�EH�ORRN�OLNH"

• +RZ�ZLOO�WKH�IXOO\�LOOXPLQDWHG�DUHD�ORRN�OLNH"

• +RZ�ELJ�ZLOO�EH�WKH�FRPPD�DEHUUDWLRQ�"

• ,I�ZH�XVH�D�VSLGHU�ZLWK�WKUHH�DUPV��ZRXOG�ZH�KDYH�WKH�VDPH�GLIIUDFWLRQ"

7KH�DQVZHUV�WR�WKHVH�TXHVWLRQV�GHSHQG�RQ�WKH�RSWLFDO�EHKDYLRXU�RI�WKH�WHOHVFRSH��WKXV�WKH\�FDQ

RQO\�EH�JLYHQ�ZKHQ� WKH� WHOHVFRSH�KDV�DOUHDG\�EHHQ�FRQVWUXFWHG��5D\�WUDFLQJ�PHWKRGV�DOORZ�XV� WR

UHVSRQG�WR�WKHVH�TXHVWLRQV��7KLV�DOVR�DOORZV�XV�WR�PDNH�DGMXVWPHQWV�WR�RXU�GHVLJQ��ZLWKRXW�KDYLQJ

WR�EXLOG�WKH�WHOHVFRSH�

'XH� WR� WKH� QDWXUH� RI� WKH� OLJKW� DQG� WKH� SKHQRPHQD� WKDW�ZH�ZDQW� WR� VLPXODWH�� IRU� H[DPSOH� WKH

FKURPDWLF� DEHUUDWLRQ�� UD\� WUDFLQJ� KDV� WR� ZRUN� VHSDUDWHO\� ZLWK� WKH� GLIIHUHQW� VSHFWUDO� FRPSRQHQWV�

IURP�ZKLFK�WKH�ILQDO�LPDJH�VKRXOG�EH�REWDLQHG�>6]LUPD��@�

��� &ODVVLFDO�UD\�WUDFLQJ

,I�ZH�GR�D�SUHOLPLQDU\�VWXG\�RI�WKH�GLIIHUHQW�UHQGHULQJ�WHFKQLTXHV��ZH�FDQ�VHH�WKDW�WKH�YLVLELOLW\

UD\�WUDFLQJ�LV�QRW�XVHIXO�WR�XV��VLQFH�UD\V�DUH�WUDFHG�EDFNZDUG�IURP�WKH�YLHZSRLQW�WKURXJK�WKH�SL[HOV

RI�WKH�LPDJH�SODQH�DVVXPLQJ�LGHDO�UHIOHFWLRQ�DQG�UHIUDFWLRQ�>6]LUP����&VpEI��@��7KH�FRORXU�RI�WKH

DSSURSULDWH�SL[HO�LV�FRPSXWHG�DFFRUGLQJ�WR�WKH�UD\�REMHFW�LQWHUVHFWLRQV��7KHVH�UD\�WUDFLQJ�PHWKRGV

FDOFXODWH�WKH�OLJKW�FRQWULEXWLRQ�WR�D�SRLQW��EXW�GR�QRW�FDOFXODWH�WKH�GLIIUDFWLRQ�OLJKW�FRQWULEXWLRQ�

��� 0RQWH�&DUOR�SDWK�WUDFLQJ

$� 0RQWH�&DUOR� UD\�WUDFLQJ� DSSURDFK� LV� SDWK� WUDFLQJ� >6]LUP���� &VpEI��@�� ,Q� WKLV� UD\�WUDFLQJ

PHWKRG� WKH� UD\V� DUH� WUDFHG� EDFNZDUG� IURP� WKH� YLHZSRLQW� WKURXJK� WKH� SL[HOV� RI� WKH� LPDJH� SODQH�

PRUH� WKDQ� RQH� WLPHV� IRU� HDFK� SL[HO�� 7KHQ� WKH� DOJRULWKP� FRPSXWHV� WKH� OLJKW� FRQWULEXWLRQ� WR� WKH

YLVLEOH�SRLQW��DQG�IURP�WKLV�SRLQW�FKRRVHV�D�UDQGRP�GLUHFWLRQ�ZLWK�D�VXEFULWLFDO�SUREDELOLW\�GHQVLW\

WKDW� LV� HTXDO� WR� � WKH� %L�GLUHFWLRQDO� 5HIOHFWDQFH� 'LVWULEXWLRQ� )XQFWLRQ� �%5')�� PXOWLSOLHG� E\� WKH

FRVLQH�RI�WKH�RXWJRLQJ�DQJOH��8VLQJ�WKLV�GLUHFWLRQ�DQG�WKH�LQWHUVHFWLRQ�SRLQW�D�QHZ�UD\�LV�GHILQHG�DQG



LV�WKHQ�IROORZHG�UHFXUVLYHO\��7KH�WHUP�VXEVFULWLFDO�SUREDELOLW\�GHQVLW\�PHDQV�WKDW�LW�LQWHJUDWHV�WR�D

YDOXH�WKDW�LV�OHVV�WKDQ����DQG�WKH�ÄPLVVLQJ�SUREDELOLW\´�XV�XVHG�WR�WHUPLQDWH�WKH�ZDON��7KLV�WHFKQLTXH

LV�FDOOHG�DV�WKH�5XVVLDQ�URXOHWWH�

7KH�FRORXU�RI�WKH�DSSURSULDWH�SL[HO�LV�FRPSXWHG�GRLQJ�WKH�DYHUDJH�FRQWULEXWLRQ�RI�DOO�UD\�SDWKV

WKDW� KDYH�EHHQ� WKURZQ� IRU� WKLV� SL[HO��7KH� FRQWULEXWLRQ�RI� D� VLQJOH� UD\�SDWK� LV� WKH� UDGLDQFH�RI� WKH

YLVLWHG�SRLQWV�PXOWLSOLHG�E\�WKH�SURGXFW�RI�WKH�%5')V�DQG�WKH�FRVLQH�DQJOHV�GLYLGHG�E\�WKH�VHOHFWLRQ

SUREDELOLWLHV�� ,I� WKH� LGHDO� FDVH� WKH� SURGXFW� RI� WKH� %5')V� DQG� WKH� FRVLQH� DQJOHV� LV� HTXDO� WR� WKH

VHOHFWLRQ� SUREDELOLW\� WKXV� WKHVH� IDFWRUV� FRPSHQVDWH� HDFK� RWKHU�� DQG� UHVXOWV� LQ� D� ORZ�YDULDQFH

HVWLPDWRU��7KLV�WHFKQLTXH�LV�FDOOHG�WKH�LPSRUWDQFH�VDPSOLQJ�

��� 0RGHOOLQJ�WKH�GLIIUDFWLRQ

$YHQHDX�DQG�0pULDX[�SUHVHQWHG�D�PHWKRG�>$YHQH��@�WR� LQFOXGH� WKH�GLIIUDFWLRQ� LQWR�D�FODVVLFDO

UD\� WUDFLQJ�� /DWHU� WKH\� LPSURYHG� WKH� DSSURDFK� WR� UHQGHU� SRO\JRQDO� VFHQHV� ZLWK� GLIIUDFWLRQ

>$YHQH��@�� ZKLFK� ZDV� EDVHG� RQ� WKH� JHRPHWULFDO� WKHRU\� RI� WKH� GLIIUDFWLRQ�� SUHVHQWHG� E\� -RVHSK

.HOOHU�>.HOOH��@��XVLQJ�WKH�NQRZQ�GLKHGUDO�GLIIUDFWLRQ�FRHIILFLHQWV��)LUVW�WKH\�GR�DQ�DSSUR[LPDWLRQ

WR�WKH�ERXQGDU\�HGJHV�RI�D�SRO\JRQ��XVLQJ�D�GLKHGUDO��DQG�WKHQ�GR�D�JHRPHWULFDO�VROXWLRQ�WR�ILQG�WKH

GLIIUDFWLRQ�SDWK��SURGXFHG�E\�D�GLKHGUDO�HGJH��EHWZHHQ�WKH�OLJKW�VRXUFH�DQG�D�VXUIDFH�SRLQW��%XW�WKH\

FRQFOXGHG�WKDW�WKLV�PHWKRG�UHTXLUHV�WKH�VHDUFK�IRU�FRPSUHKHQVLYH�GLIIUDFWLRQ�FRHIILFLHQWV�IRU�HDFK

QHZ�VKDSH�

'XH�WKH�FRQFHSW�RI�0RQWH�&DUOR�SDWK�WUDFLQJ��ZH�FDQ�UHDOLVH� WKDW� LQFOXGLQJ�WKH�ZDYH�QDWXUH�RI

OLJKW� LQ� WKH�FDOFXOXV�RI�UDGLDQFH��ZH�FDQ�UHSURGXFH� WKH� LQWHUIHUHQFH�HIIHFW�RI� WKH� OLJKW�� ,Q�RUGHU� WR

LQFRUSRUDWH� WKH�ZDYH� SURSHUWLHV��ZH� LQWURGXFH� WKH� SKDVH� RI� HDFK� UD\� LQ� WKH� UDGLDQFH� FDOFXODWLRQ�

)LUVW�RI�DOO��ZH�REVHUYH� WKDW� WKH� LQFRPLQJ� OLJKW� WR�RXU�RSWLFDO� V\VWHP�FRPHV� IURP�D�YHU\�GLVWDQFH

SRLQW��7KXV�ZH�FDQ�VXSSRVH�WKDW�WKH�LQFRPLQJ�UD\V�KDYH�WKH�VDPH�SKDVH��LQ�RWKHU�ZRUGV��ZH�VKDOO

XVH�FRKHUHQFH�OLJKW�

)LJXUH����3DWK�7UDFLQJ�LQFOXGLQJ�WKH�SKDVH�DQJOH�

7KH�UD\�ZLOO�EH�FRQVLGHUHG�DV�D�SODQDU�ZDYH�RI�LQWHQVLW\�/L�DQG�SKDVH�DQJOH

δ
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M

X G

=
∑�

ZKHUH�δL� LV� WKH�SKDVH�DQJOH��XM� WKH�UHIUDFWLRQ�LQGH[�RI� WKH�PDWHULDO�RI�VWHS�M�RI� WKH�UD\�SDWK��GM� WKH

GLVWDQFH�RI�VWHS�M�RI�WKH�UD\�SDWK��λ�WKH�ZDYHOHQJWK��:KHQ�DGGLQJ�WKH�FRQWULEXWLRQ�RI�GLIIHUHQW�UD\

SDWKV��ZH�FDQ�QR� ORQJHU�DVVXPH� WKDW� WKH� UDGLDQFHV�FDQ� VLPSO\�EH�DGGHG�� VLQFH� WKH� UD\�SDWKV�PD\

KDYH�GLIIHUHQW� SKDVH� DQJOHV�� ,QVWHDG�� WKH� FRQWULEXWLRQV� VKRXOG�EH� DGGHG� DV� YHFWRUV��7KH� OHQJWK�RI

WKHVH�YHFWRUV�LV�WKH�DPSOLWXGH�RI�WKH�ZDYH��ZKLFK�LV�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�WKH�UDGLDQFH�



)LQDOO\�WKH�FRORXU�RI�WKH�SL[HO�LV�

3L[HO�� ( ), ,[ \�

ZKHUH�,[�DQG�,\�DUH�WKH�FRPSRQHQWV�IRU�DOO�UD\�FRQWULEXWLRQV�WKUHZ�IRU�WKLV�SL[HO��DQG�1�LV�WKH�VDPSOH

QXPEHU�IRU�SL[HO�

�� �'�:RUOG�UHSUHVHQWDWLRQ

,Q� RUGHU� WR� JHQHUDWH� WKH� UD\�WUDFHG� LPDJHV�� VLPXODWH� WKH� WHOHVFRSH� DQG� GR� VRPH� VLPXODWLRQ� RI

VSDWLDO� REMHFWV� �VXQ�� SODQHWV�� HWF���� ZH� QHHG� D� �'� ZRUOG� UHSUHVHQWDWLRQ�� 7KH� �'� ZRUOG� VKRXOG

LQYROYH�EDVLF�REMHFWV� OLNH� VSKHUHV�� FXEHV�� FRQHV�� F\OLQGHUV�� DQG�DOVR�FRPSRVLWH�REMHFWV�EXLOW� IURP

WKHVH� EDVLF� REMHFWV� DSSO\LQJ� VHW� RSHUDWLRQ�� 2Q� WKH� RWKHU� KDQG�� ZH� DOVR� QHHG� D� UHSUHVHQWDWLRQ� RI

OLJKWV��DQG�UHIOHFWLYH��UHIUDFWLYH��GLIIXVH��VSHFXODU�PDWHULDOV�

7KH�UHDVRQ�RI�WKH�QHFHVVLW\�RI�EDVLF�REMHFWV�DUH�ORJLFDO��EXW�ZK\�ZH�QHHG�FRPSRVLWH�REMHFWV"�7KH

ILUVW�UHDVRQ�LV�WKDW�WKH�PLUURU�UHSUHVHQWDWLRQ�LQ�D�1HZWRQLDQ�WHOHVFRSH�LV�D�FRQFDYH�REMHFW�ZKLFK�FDQ

VLPSO\�EH�GHILQHG�DV�D�GLIIHUHQFH��DQRWKHU�UHDVRQ�LV�WKDW�WKH�OHQV�DUH�QRW�VLPSOH�SULPDU\�REMHFWV�EXW

FDQ�DOVR�EH�EXLOW� IURP�WKHVH�HDVLO\��2QH�DGYDQWDJH� LV� WKDW� LI� VRPH�GD\�ZH�ZDQW� WR�PRGHO�DQRWKHU

W\SH� RI� WHOHVFRSH�� WKHQ� ZH� DOPRVW� VXUHO\� QHHG� WKH� VDPH� FRPSRVHG� REMHFWV�� 7KH� VROXWLRQ� IRU� WKH

UHSUHVHQWDWLRQ� RI� FRPSRVLWH� REMHFWV� LV� WKH� &RQVWUXFWLYH� 6ROLG� *HRPHWU\� �&6*�� >6]LUP��@�� 7KLV

VROXWLRQ�VROYHV�WKH�SUHYLRXV�SUREOHPV�DQG�DOORZV�XV�WR�VLPXODWH�SHUIHFW�PLUURUV�XQOLNH�D�SRO\JRQ�

EDVHG� ERXQGDU\� UHSUHVHQWDWLRQ� ZKLFK� GRHV� QRW��� &RQFHUQLQJ� WKH� UHSUHVHQWDWLRQ� RI� WKH� OLJKWV�� ZH

VKDOO�XVH�SRLQW�DQG�DUHD�OLJKW�VRXUFHV��7KH�UHIOHFWLYH��UHIUDFWLYH��GLIIXVH�DQG�VSHFXODU�PDWHULDOV�DUH

UHSUHVHQWHG�E\�NQRZQ�%5')��VXFK�DV�WKH�FRQVWDQW�GLIIXVH�%5')�DQG�WKH�UHFLSURFDO�3KRQJ�%5')

>6]LUP��@��5HIOHFWLYH�DQG�UHIUDFWLYH�PDWHULDOV�DUH�XVHG�IRU�WKH�PLUURUV�DQG�OHQV��DQG�WKH�RWKHUV�DUH

IRU�WKH�UHVW�RI�WKH�REMHFWV��DQG�WR�PDNH�D�UHDO�ZRUOG�VLPXODWLRQ��)LQDOO\�DQ�VLPSOLILHG�RYHUYLHZ�RI

WKH�ZRUOG�UHSUHVHQWDWLRQ�LV�WKH�QH[W�RQH�207��5XPEDXJK¶V�2EMHFW�0RGHOOLQJ�7HFKQLTXH��GLDJUDP�

)LJXUH����207�PRGHO�RI�WKH�UHSUHVHQWDWLRQ�RI�RXU��'�ZRUOG�
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��� &RQVWUXFWLYH�6ROLG�*HRPHWU\

7KH� &6*� LV� D� UHSUHVHQWDWLRQ� RI� VROLG� REMHFWV�� 7KRVH� VROLG� REMHFWV� DUH� FRPSRVHG� RI� D� VHW� RI

UHJXODULVHG�RSHUDWLRQV��%RROHDQ�RSHUDWLRQV��DQG�WKH�SRVVLELOLW\�RI�WUDQVIRUP�RSHUDWLRQV��DQG�D�VHW�RI

SULPLWLYHV��7KH�&6*�UHSUHVHQWDWLRQ�LV�D�WUHH�ZKHUH�WKH�RSHUDWLRQV�DUH�LQ�WKH�QRQ�WHUPLQDO�QRGHV�DQG

WKH�SULPLWLYHV�DUH�WKH�WUHH�OHDYHV�

7KH�UHJXODULVHG�RSHUDWLRQV�DUH�IXQFWLRQV�WKDW��JXDUDQWHH�WKDW�WKH�UHVXOW�RI�DSSO\LQJ�WKH�RSHUDWLRQ

RQ�YDOLG��'�REMHFWV�LV�DOVR�D�YDOLG��'�REMHFW��7KH�YDOLGLW\�PHDQV�WKDW�WKH�REMHFW�GRHV�QRW�KDYH�ORZHU

GLPHQVLRQDO�SDUWV��7KH�EDVLF�UHJXODULVHG�RSHUDWLRQV��IRU�WKH�&6*��DUH�WKH�QH[W�%RROHDQ�RSHUDWLRQV�

• ∪8QLRQ�RI�WZR�SULPLWLYHV�

• ∩ ,QWHUVHFWLRQ�RI�WZR�SULPLWLYHV�

• � 'LIIHUHQFH�RI�WZR�SULPLWLYHV�

• F &RPSOHPHQWDU\�RI�RQH�REMHFW�

DQG� WKHQ� \RX� FDQ� H[WHQG� WKLV� VHW� RI� RSHUDWLRQV� ZLWK� VFDOLQJ�� WUDQVODWLRQ� RU� DQ\� RWKHU� JHRPHWULF

RSHUDWLRQ�

7KH� SULPLWLYHV� DUH� FODVVLFDO� �'� REMHFWV�� LQFOXGLQJ� VSKHUH�� FXEH�� SDUDERORLG�� HWF�� +DYLQJ� DQ

RYHUYLHZ�RI�&6*��ZH�FDQ�PDNH�RQH�H[DPSOH�RI�D�&6*�ZLWK�D� WKUHH�VLPSOH��'�3ULPLWLYHV� �FXEH�

FRQH�DQG�VSKHUH��DQG�WZR�UHJXODULVHG�%RROHDQ�RSHUDWLRQV��8����

)LJXUH����&6*�UHSUHVHQWDWLRQ�RI�D�VROLG�REMHFW�



�� ,PSOHPHQWDWLRQ

:H� KDYH� GHFLGHG� WR� LPSOHPHQW� WKH� DOJRULWKPV� LQ� -DYD�� EHFDXVH� RI� WKH� IROORZLQJ� DGYDQWDJHV

>)URXI��@�

• 7KH� FRGH�ZLOO� EH� SRUWDEOH� WR� DQ\� FRPSXWHU�� �HYHQ� WR� D� ´WRDVWHU´� LI� LW� KDV�9LUWXDO� -DYD

0DFKLQH�LQWHUSUHWHU���ZLWKRXW�UHFRPSLOLQJ�RU�GRLQJ�DQ\�FKDQJHV�LQ�WKH�FRGH��:H�FDQ�VD\

WKDW�WKH�FRGH�LV�WRWDOO\�LQGHSHQGHQW�RI�WKH�PDFKLQH�RQ�ZKLFK��LW�LV�FRPSLOHG�RU�H[HFXWHG�

• 7KH�FRGH�ZLOO�EH�DEOH�WR�EH�H[HFXWHG�RQ�DQ\RQH¶V�FRPSXWHU�ZKLFK�KDV�D�VLPSOH�,QWHUQHW

EURZVHU� WKDW� VXSSRUWV� -DYD� ����� ,Q� WKLV� PRPHQW� WKH� PRVW� FRPPRQO\� XVHG� QDYLJDWRUV

VXSSRUWV�LW�

• -DYD�LV�D�REMHFW�RULHQWHG�ODQJXDJH�WKDW�HDVLO\�DOORZV�WR�FRQVWUXFW� WKH�FODVV�KLHUDUFK\�RI

WKH��'�ZRUOG��UD\�WUDFLQJ�DQG�RWKHU�IHDWXUHV�IRU�D�IXWXUH�H[WHQVLRQ�

• <RX�GR�QRW�QHHG�WR�KDYH�WKH�DSSOLFDWLRQ�RQ�\RXU�FRPSXWHU�

• ,W�DOORZV�XV�WR�PDNH�WKH�GRFXPHQWDWLRQ�RI�OLEUDULHV�HDVLO\�YLD�+70/��RQO\�PDNLQJ�JRRG

FRPPHQWV�LQ�WKH�FRUUHVSRQGLQJ�SRVLWLRQV�RI�WKH�FRGH�

• -DYD�HOLPLQDWHV�WKH�PRVW�FRPPRQ�SURJUDPPLQJ�HUURUV��OLNH�SRLQWHUV�DQG�LWV�DULWKPHWLF�RU

QHFHVVLW\�WR�UHOHDVH�PHPRU\��WKDQNV�WR�WKH�JDUEDJH�FROOHFWRU��

• -DYD� LV� PXOWLWKUHDGHG�� LQ� RWKHU� ZRUGV�� -DYD� DOORZV� XV� WR� PDNH� GLIIHUHQW� VLPXOWDQHRXV

WDVNV�� OLNH� UHQGHULQJ�ZKLOH�ZH� DUH� VSHFLI\LQJ� D� QHZ� WHOHVFRSH� IHDWXUHV�� RU�PDNH� VRPH

QHZ�DOJRULWKP�WKDW�WDNHV�DGYDQWDJH�RI�WKLV�FDSDFLW\�

7KH�UHDOO\�SHQGLQJ�VXEMHFW�RI�-DYD�LV�WKH�HIILFLHQF\�ZKLFK�LV�DERXW��������OHVV�WKDQ�RI�D�VDPH

SURJUDP� ZULWWHQ� LQ� D� YHU\� HIILFLHQW� ODQJXDJH� OLNH� &�� 'HVSLWH� WKLV� ZH� KDYH� WR� FRQVLGHU� WKDW� WKH

FRPSOH[LW\�RI�WKH�DOJRULWKPV�LV� WKH�VDPH��LQGHSHQGHQWO\�RI�WKH�LPSOHPHQWDWLRQ�ODQJXDJH�� WKXV� WKH

´LQHIILFLHQF\�� RI� -DYD� LV� D�PXOWLSOLFDWLYH� IDFWRU�� ZKLFK� FDQ� RIWHQ� EH� GLVFDUGHG��:H� DOVR� KDYH� WR

PHQWLRQ�WKDW�WKH�QHZ�YHUVLRQV�RI�-DYD�ZLOO�EH�PRUH�HIILFLHQW��OLNH�WKH�-DYD��WKDW�XVHV�D�-XVW�,Q�7LPH

FRPSLOHU��

�� &RQFOXVLRQV�DQG�IXWXUH�ZRUN

:H�SUHVHQWHG� WKH�1HZWRQLDQ� WHOHVFRSH�� DQG� D� WHFKQLTXH� WR�PRGHO� LW� LQ� D� �'�ZRUOG�� 7KHQ�ZH

LQWURGXFHG�WKH�GLIIUDFWLRQ�SKHQRPHQD�DQG�SURSRVHG�D�PHWKRG�WR�LQFRUSRUDWH�LW�LQWR�WKH�UD\�WUDFLQJ

PHWKRG��IRU�LWV�VLPXODWLRQ��7KH�LPSOHPHQWDWLRQ�RI�WKH�DOJRULWKPV�KDV�DOUHDG\�EHHQ�VWDUWHG��DQG�WKH

ZRUOG� UHSUHVHQWDWLRQ� DQG� WKH� VWDQGDUG� DQG� 0RQWH�&DUOR� UD\�WUDFLQJ� SDUWV� KDYH� DOUHDG\� EHHQ

HODERUDWHG��$W�WKH�PRPHQW��WKLV�LV�D�ZRUN�LQ�SURJUHVV��ZKLFK�DLPV�DW�WKH�DGGLWLRQ�WR�GLIIUDFWLRQ�WR

WKH�UD\�WUDFLQJ�LPSOHPHQWDWLRQ��DQG�WKH�WHOHVFRSH�JHQHUDWRU�

)XWXUH� ZRUN� FDQ� DGG� QHZ� GHVLJQV� RI� WHOHVFRSHV� OLNH� UHIUDFWRU� RU� FDWDGLRSWULF� V\VWHPV� OLNH

6FKPLGW�&DVVHJUDLQ�V\VWHP��2WKHU�SRVVLELOLWLHV�DUH�WR�LPSURYH�WKH�UD\�WUDFLQJ�PHWKRGV�WR�VLPXODWH

WKH�DWPRVSKHUH�SKHQRPHQD��$QRWKHU�UHDOO\� LQWHUHVWLQJ�IHDWXUH�FRXOG�EH� WKH�DXWR�JHQHUDWLRQ�RI� WKH

VWDUV�WR�EH�UHQGHUHG�E\�WKH�SURJUDP�IURP�H[LVWLQJ�RQ�OLQH�VWDU�FDWDORJXHV�



�� $FNQRZOHGJPHQWV

:H� ZRXOG� OLNH� WR� JLYH� RXU� VLQFHUH� JUDWLWXGH� WR� /iV]Oy� 6]LUPD\�.DORV� IRU� LQWURGXFLQJ� WKH

UHQGHULQJ��:H�ZRXOG� OLNH� WR� JLYH� WKDQNV� WR�0DWHX�6EHUW�&DVDVD\DV� WR�PDNH� RXU� VWD\� SRVVLEOH� LQ

%XGDSHVW�ZLWK�D�62&5$7(6�SURJUDP��WR�PDNH�RXU�ILQDO�SURMHFW��7KH�SURMHFW�ZDV�DOVR�VXSSRUWHG�E\

WKH�6SDQLVK�+XQJDULDQ�)XQG�UHI��1R��(��DQG�E\�27.$�SURMHFW��UHI��1R��7�������

�� 5HIHUHQFHV

>$VWUR��@ $VWUR5HG�3iJLQD�GH�UHFXUVRV�DVWURQyPLFRV��KWWS���ZZZ�DVWURUHG�RUJ��LQ�VSDQLVK�

>$WPSD��@$PDWHXU�WHOHVFRSH�PDNLQJ�SDJH��KWWS���ZZZ�DWPSDJH�FRP

>$YHQH��@ /LOLDQ�$YHQHDX�DQG�0LFKHO�0pULDX[��3KpQRPqQHV�RQGXODWRLUHV�HQ�V\QWKqVHV�G
LPDJHV�

5HYXH�LQWHUQDWLRQDOH�GH�&)$2�HW�G
LQIRUPDWLTXHJUDSKLTXH���������LQ�IUHQFK���

>$YHQH��@ /LOLDQ�$YHQHDX�DQG�0LFKHO�0pULDX[��7KH�GLVFUHWH�WXEH���D�VSDWLDO�DFFHOHUDWLRQ�WKHFQLTXH

IRU�HIILFLHQW�GLIIUDFWLRQ�FRPSXWDWLRQ��3URFHHGLQJV�RI�'*&,
���1RLV\�OH�*UDQG��0DUFK

�����

>&VpEI��@ &VpEIDOYL�%DOi]V�$�5HYLHZ�RI�0RQWH�&DUOR�5D\�7UDFLQJ�0HWKRGV��&HQWUDO�(XURSHDQ

6HPLQDU�RQ�&RPSXWHU�*UDSKLFV��$SULO������

>)URXI��@ $JXVWtQ�)URXIH��7XWRULDO�GH�-DYD�KWWS���ZZZ�GFHQ�XVRQ�P[�-DYD7XW�LQGH[�KWPO���LQ

VSDQLVK��

>.HOOH��@ -RVHSK�%��.HOOHU��*HRPHWULFDO�WKHRU\�RI�GLIIUDFWLRQ��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI

$PHULFD��)HEUXDU\������

>/XJW��@ 0DULQXV�/XJW��7KH�1HZWRQLDQ�SDJHV��KWWS���PHPEHUV�DRO�FRP�DWPOXJW�

>2GHQZ��@'U��6WHQ�2GHQZDOG��$VN�WKH�DVWURQRPHU�

KWWS���LPDJH�JVIF�QDVD�JRY�SRHWU\�DVWUR�TDQGD�KWPO

>2[IRU��@ ,DQ�5LGSDWK��'LFWLRQDU\�RI�DVWURQRP\��2[IRUG�XQLYHUVLW\�SUHVV�

>6]LUP��@ /iV]Oy�6]LUPD\�.DORV�7KHRU\�RI�WKUHH�GLPHQVLRQDO�FRPSXWHU�JUDSKLFV�$NDGpPLDL

.LDGy��%XGDSHVW������

>6]LUP��@ /iV]Oy�6]LUPD\�.DORV�6WRFKDVWLF�0HWKRGV�LQ�*OREDO�,OOXPLQDWLRQ���6WDWH�RI�WKH�$UW

5HSRUW��7HFKQLFDO�5HSRUW��&RPSXWHU�*UDSKLFV�,QVWLWXWH�RI�WKH�9LHQQD�8QLYHUVLW\�RI

7HFKQRORJ\��75��������������ZZZ�FJ�WXZLHQ�DF�DW������

>9LROD��@ )UDQFLVFR�$��9LRODW�%RUGRQDX��3UREOHPDV�\�(MHUFLFLRV�GH�$VWURQRPtD�3ODQHWDULD�(TXLSR

6LULXV���������LQ�VSDQLVK��


