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/DZUHQFH�7HFKQRORJLFDO�8QLYHUVLW\

$EVWUDFW
2QH�GUDZEDFN�RI�PDQ\�FRPSXWHU�JUDSKLFV�UHQGHULQJ�HQJLQHV��LQFOXGLQJ�PRVW�UD\�WUDFHUV��LV�WKH
LQDELOLW\�WR�FRUUHFWO\�UHQGHU�UHIOHFWLYH�DQG�UHIUDFWLYH�FDXVWLFV���:KLOH�PDQ\�WHFKQLTXHV�KDYH�EHHQ
GHYHORSHG�WR�RYHUFRPH�WKLV�OLPLWDWLRQ��RQH�WHFKQLTXH�VWDQGV�RXW���7KH�SKRWRQ�PDS��GHYHORSHG
E\�+HQULN�:DQQ�-HQVHQ��SURYLGHV�DQ�LQGLUHFW�OLJKWLQJ�PRGHO�IRU�UHIOHFWLYH�DQG�UHIUDFWLYH
FDXVWLFV�WKDW�LV�VWRUHG�VHSDUDWHO\�IURP�WKH�VFHQH�JHRPHWU\���+HUH��WKH�DGDSWDWLRQ�RI�WKH�SKRWRQ
PDS�IRU�XVH�LQ�WKH�SRSXODU�IUHHZDUH�UD\�WUDFHU��329�5D\��LV�H[SODLQHG���$Q�DGDSWLYH�UDQJH
VHDUFK�WHFKQLTXH�LV�GHVFULEHG�ZKLFK�LQFUHDVHV�ERWK�WKH�VSHHG�RI�WKH�NG�WUHH�VHDUFKHV�DQG�UHGXFHV
EOXUULQJ�DW�ERXQGDULHV�EHWZHHQ�DUHDV�RI�KLJK�DQG�ORZ�SKRWRQ�GHQVLW\���7KLV�LPSOHPHQWDWLRQ�RI
WKH�SKRWRQ�PDS�DOORZV�WKH�UHQGHULQJ�RI�WUXH�FDXVWLFV�DW�D�UHODWLYHO\�ORZ�FRVW�WR�PHPRU\�DQG
VSHHG�LQ�D�SRSXODU�IUHHZDUH�UD\�WUDFLQJ�SDFNDJH�

3UREOHP�+LVWRU\
5D\�WUDFLQJ�LV�D�FRPPRQO\�XVHG�WHFKQLTXH�WR�FUHDWH�SKRWR�UHDOLVWLF�LPDJHV�IURP��'�FRPSXWHU
PRGHOV���$�UD\�WUDFHU�WUDFHV�OLJKW�UD\V�IURP�D�YLUWXDO�FDPHUD�LQWR�WKH�VFHQH��DQG�ORFDWHV�DOO
LQWHUVHFWLRQV�ZLWK�WKH�VFHQH�JHRPHWU\���7KH�VXUIDFH�QRUPDO��WH[WXUH�LQIRUPDWLRQ��DQG�ORFDWLRQ�RI
DQ�LQWHUVHFWHG�REMHFW�DUH�XVHG�WR�FRPSXWH�WKH�FRORU�RI�WKH�SL[HO�WKDW�FRUUHVSRQGV�WR�WKH
LQWHUVHFWLQJ�UD\���7KH�UD\�WUDFLQJ�DOJRULWKP�LV�LQKHUHQWO\�UHFXUVLYH��DOORZLQJ�UD\V�WR�EH�VSDZQHG
IURP�WKH�LQWHUVHFWLRQ�SRLQW�WR�FUHDWH�UHDOLVWLF�UHIOHFWLRQV�DQG�UHIUDFWLRQV�
2QH�OLPLWDWLRQ�RI�WKH�UD\�WUDFLQJ�DOJRULWKP�LV�WKH�ODFN�RI�DQ�LQGLUHFW�OLJKWLQJ�PRGHO���7KH�DPRXQW
RI�OLJKW�LOOXPLQDWLQJ�D�SRLQW�LQ�WKH�VFHQH�LV�GHWHUPLQHG�E\�WUDFLQJ�VKDGRZ�UD\V�IURP�WKDW�SRLQW�WR
DOO�RI�WKH�OLJKW�VRXUFH�SRLQWV�LQ�WKH�VFHQH���,I�D�VKDGRZ�UD\�GRHV�QRW�LQWHUVHFW�DQ\�REMHFWV�LQ�WKH
VFHQH��WKH�IXOO�LQWHQVLW\�DQG�FRORU�RI�WKH�OLJKW�VRXUFH�DUH�XVHG�WR�LOOXPLQDWH�WKH�SRLQW�LQ�TXHVWLRQ��
,I�DQ�REMHFW�LV�IRXQG�ZKLFK�EORFNV�WKH�VKDGRZ�UD\��WKH�EULJKWQHVV�RI�WKH�OLJKW�LV�ILOWHUHG�E\�WKH
REMHFW©V�PDWHULDO�SURSHUWLHV���8QIRUWXQDWHO\��WKLV�PRGHO�GRHV�QRW�VLPXODWH�LQGLUHFW�OLJKWLQJ
FDXVHG�E\�UHIOHFWLRQ�RU�UHIUDFWLRQ��RU�DQ\�LQGLUHFW�OLJKWLQJ��IRU�WKDW�PDWWHU���$OWKRXJK�LPDJHV�RI
REMHFWV�VHHQ�WKURXJK�D�SULVP�E\�WKH�YLUWXDO�FDPHUD�ZLOO�EH�GLVWRUWHG�E\�UHIUDFWLRQ��OLJKW�UD\V
SDVVLQJ�WKURXJK�D�SULVP�WR�LOOXPLQDWH�RWKHU�REMHFWV�ZLOO�EH�ILOWHUHG��EXW�ZLOO�QRW�FKDQJH
GLUHFWLRQ�
5HIUDFWHG�DQG�UHIOHFWHG�SDWWHUQV�RI�LQGLUHFW�OLJKW�DUH�JHQHUDOO\�UHIHUUHG�WR�DV�FDXVWLFV���&DXVWLF
SDWWHUQV�WKDW�DUH�HDVLO\�YLVLEOH�LQ�WKH�UHDO�ZRUOG�LQFOXGH�WKH�SDWWHUQV�RI�FRQYHUJHQW�DQG�GLYHUJHQW



OLJKW�RQ�WKH�ERWWRP�RI�D�VZLPPLQJ�SRRO��OLJKW�UHIOHFWHG�IURP�D�PLUURUHG�VXUIDFH��DQG�OLJKW
UHIUDFWHG�WKURXJK�D�GULQNLQJ�JODVV�RQWR�D�WDEOH���7KHVH�SDWWHUQV�RI�OLJKW�FDQ�EH�TXLWH�VWXQQLQJ�DQG
WKXV�LW�LV�GHVLUDEOH�WKDW�D�UHQGHULQJ�SURJUDP�EH�DEOH�WR�VLPXODWH�WKHP�
)RU�WKLV�GLUHFWHG�VWXG\��,�FKRVH�WR�LPSOHPHQW�DQ�DOJRULWKP�IRU�UHQGHULQJ�VSHFXODU�LQGLUHFW
OLJKWLQJ��FDXVWLFV��E\�DGGLQJ�WKLV�IHDWXUH�WR�329�5D\��D�IUHHO\�DYDLODEOH�UD\�WUDFHU���1RW�RQO\�LV
329�5D\�IUHHZDUH��EXW�LWV�VRXUFH�LV�DOVR�IUHHO\�DYDLODEOH��DQG�WKH�OLFHQVH�DOORZV�DQ\RQH�WR
PRGLI\�WKH�VRXUFH�FRGH���329�5D\�LV�DOVR�VXSSRUWHG�E\�D�FRPPXQLW\�RI�XVHUV�ZKR�FDQ�ERWK
KHOS�ZLWK�GHYHORSPHQW�DQG�DOVR�DSSUHFLDWH�WKH�ILQLVKHG�SURGXFW���$OVR��,�KDYH�GRQH�SUHYLRXV
ZRUN�ZLWK�329�5D\��VXFK�DV�DGGLQJ�89�VXUIDFH�PDSSLQJ�IRU�WH[WXUHV�DQG�LPSOHPHQWLQJ�D
VSKHULFDO�FDPHUD���%\�PDNLQJ�WKHVH�SUHYLRXV�PRGLILFDWLRQV��,�OHDUQHG�D�ORW�DERXW�WKH�VRXUFH
FRGH��ZKLFK�LV��IRU�WKH�PRVW�SDUW��FOHDQ�EXW�JHQHUDOO\�QRW�ZHOO�FRPPHQWHG���,�DOVR�KDYH�KDG
FRQWDFW�ZLWK�WKH�SURJUDP©V�GHYHORSHUV��NQRZQ�DV�WKH�329�5D\�WHDP��ZKLOH�PDNLQJ�WKHVH
PRGLILFDWLRQV���$OO�RI�WKHVH�DVSHFWV�ZRUNHG�WRJHWKHU�WR�PDNH�329�5D\�D�JRRG�FKRLFH�IRU
LPSOHPHQWLQJ�WKH�UHQGHULQJ�RI�FDXVWLFV�
7KHUH�KDYH�EHHQ�TXLWH�D�IHZ�LGHDV�SUHVHQWHG�IRU�UHQGHULQJ�FDXVWLF�HIIHFWV�LQ�D�UD\�WUDFLQJ
UHQGHUHU���0XFK�RI�P\�LQLWLDO�UHVHDUFK�ZDV�GRQH�E\�UHDGLQJ�VHFWLRQV�RI�$GYDQFHG�$QLPDWLRQ�DQG
5HQGHULQJ�7HFKQLTXHV�E\�$ODQ�:DWW�DQG�0DUN�:DWW����7KH�DXWKRUV�RI�WKLV�ERRN�H[SODLQ�$UYR©V
PHWKRG�IRU�UHQGHULQJ�FDXVWLFV�DQG�DOVR�SUHVHQW�WKHLU�RZQ�PHWKRG���$UYR©V�PHWKRG�LQYROYHV
WUDFLQJ�UD\V�IURP�WKH�OLJKW�VRXUFHV�WKURXJK�WKH�VFHQH���7KHVH�UD\V�DUH�GLUHFWHG�RQO\�DW�VSHFXODU
VXUIDFHV��VXUIDFHV�ZKLFK�SURGXFH�VSHFXODU�UHIOHFWLRQV�RU�UHIUDFWLRQV����$UYR�VXJJHVWV�VWRULQJ�WKH
GDWD�IURP�UD\�LQWHUVHFWLRQV��LJQRULQJ�WKH�WRS�OHYHO�LQWHUVHFWLRQ��LQ�¨LOOXPLQDWLRQ�PDSV©�DWWDFKHG
WR�HDFK�REMHFW���$Q�LOOXPLQDWLRQ�PDS�LV�D�JULG�RI�GDWD�SRLQWV��VXFK�DV�D�ELW�PDSSHG�LPDJH���$ODQ
DQG�0DUN�:DWW�VXJJHVW�D�PHWKRG�RI�¨OLJKW�EHDP�WUDFLQJ�©��7KLV�PHWKRG��ZKLFK�KDV�LW©V�URRWV�LQ
+HFNEHUW©V�¦EHDP�WUDFLQJ§��GHVFULEHG�LQ�WKH�ERRN�E\�$ODQ�DQG�0DUN�:DWW���WUDFHV�EHDPV
LQVWHDG�RI�UD\V�WKURXJK�WKH�VFHQH���$�EHDP�LV�D�EXQGOH�RI�UD\V��LQVWHDG�RI�D�VLQJOH�UD\���,Q
EDFNZDUGV�EHDP�WUDFLQJ��HDFK�EHDP�FRQVLVWV�RI�WKUHH�UD\V��PDNLQJ�D�WULDQJXODU�VKDSHG�EHDP��
:KHQ�WKLV�EHDP�LQWHUVHFWV�WKH�VFHQH�EH\RQG�WKH�WRS�OHYHO�LQWHUVHFWLRQ��VSHFLDO�SRO\JRQV��FDOOHG
¨FDXVWLF�SRO\JRQV�©�DUH�VWRUHG�LQ�WKH�VFHQH�JHRPHWU\���7KHVH�FDXVWLF�SRO\JRQV�DUH�XVHG�RQO\�IRU
VKDGLQJ�SXUSRVHV�DQG�GR�QRW�FKDQJH�WKH�VKDSH�RI�REMHFWV���5HFHQWO\��6WHYHQ�&ROOLQV�KDV
VXJJHVWHG�D�PHWKRG�ZKLFK�KH�FDOOV�VSODWWLQJ����6SODWWLQJ�LV�DQ�H[WHQVLRQ�RI�$UYR©V�LOOXPLQDWLRQ
PDSV��DQG�EDVLFDOO\�DWWHPSWV�WR�GHDO�ZLWK�DOLDVLQJ�SUREOHPV�WKDW�DIIHFW�$UYR©V�PHWKRG��
6SODWWLQJ�DOORZV�LOOXPLQDWLRQ�PDSV�WR�EH�G\QDPLFDOO\�UHVL]HG�EDVHG�RQ�DQ�H[WHQVLYH�ZDYHIURQW�
WUDFNLQJ�DOJRULWKP�ZKLFK�HVWLPDWHV�WKH�GHQVLW\�RI�LQFRPLQJ�UD\V�WR�GHWHUPLQH�WKH�GHVLUHG�OHYHO
RI�GHWDLO�LQ�WKH�LOOXPLQDWLRQ�PDS���$�UHFHQW�DGGLWLRQ�WR�WKLV�VXLWH�RI�DOJRULWKPV�LV�SKRWRQ
PDSSLQJ����7KH�SKRWRQ�PDS�ZDV�LQWURGXFHG�E\�+HQULN�:DQQ�-HQVHQ��ZKR�FXUUHQWO\�ZRUNV�DW
0,7���/LNH�$UYR©V�PHWKRG��SKRWRQ�PDSSLQJ�WUDFHV�UD\V���+RZHYHU��LW�VWRUHV�WKH�GDWD�IURP�WKH
OLJKW�UD\�WUDFLQJ�VWHS�LQ�D�GDWD�VWUXFWXUH�LQGHSHQGHQW�IURP�WKH�VFHQH�JHRPHWU\��ZKLFK�OHDGV�WR
VRPH�JUHDW�DGYDQWDJHV�RYHU�RWKHU�PHWKRGV�
8QIRUWXQDWHO\��QRQH�RI�WKHVH�PHWKRGV�DUH�SHUIHFW���1RQH�RI�WKHP�FRPSOHWHO\�VROYH�WKH�SUREOHP
RI�HIILFLHQW�UHQGHULQJ�RI�UHDOLVWLF�LQGLUHFW�LOOXPLQDWLRQ���(DFK�KDV�LWV�SRVLWLYH�DQG�QHJDWLYH
DVSHFWV���)RU�H[DPSOH��ZKLOH�:DWW©V�FDXVWLF�WULDQJOH�PHWKRG�DOORZV�TXLFN�UHQGHULQJ�LQ�VFDQ�OLQH
DQG�UD\�WUDFLQJ�UHQGHUHUV��WKH�PHWKRG�UHTXLUHV�WKDW�WKH�HQWLUH�VFHQH�EH�UHSUHVHQWHG�DV�WULDQJOHV��



*
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329�5D\�DQG�RWKHU�UD\�WUDFHUV�RIWHQ�XVH�QRQ�WULDQJXODU�REMHFWV��VXFK�DV�SHUIHFW�VSKHUHV��IRU
ERWK�DFFXUDF\�DQG�HIILFLHQF\���$V�PHQWLRQHG�SUHYLRXVO\��$UYR©V�PHWKRG�VXIIHUV�IURP�DOLDVLQJ
SUREOHPV���:KLOH�WKHVH�SUREOHPV�DUH�VRPHZKDW�DOOHYLDWH�E\�&ROOLQV©�VSODWWLQJ�DSSURDFK��WKH�XVH
RI�WKH�LOOXPLQDWLRQ�PDS�UHVWULFWV�WKH�UHQGHULQJ�RI�FDXVWLFV�WR�REMHFWV�WKDW�VXSSRUW�VXUIDFH
PDSSLQJ���6RPH�REMHFWV��VXFK�DV�PHWDEDOOV��FHUWDLQ�LVRVXUIDFHV��DQG�IUDFWDOV�WR�QRW�VXSSRUW
SDUDPHWULF�VXUIDFH�PDSSLQJ�
-HQVHQ©V�SKRWRQ�PDSSLQJ�WHFKQLTXH�ORRNHG�WKH�PRVW�SURPLVLQJ�IRU�329�5D\���,W�VWRUHV�GDWD�LQ�D
WUHH�GDWD�VWUXFWXUH�ZKLFK�LV�LQGHSHQGHQW�RI�VFHQH�JHRPHWU\��ZKLFK�DLGV�ERWK�LQ�HDVH�RI
LPSOHPHQWDWLRQ�DQG�LQ�WKH�W\SHV�RI�VXSSRUWHG�REMHFWV���-HQVHQ©V�PHWKRG�FDQ�DOVR�EH�H[WHQGHG�IRU
XVH�ZLWK�DWPRVSKHULF�HIIHFWV��ZKLFK�QRQH�RI�WKH�RWKHU�FDXVWLF�UHQGHULQJ�WHFKQLTXHV�FDQ�GR���7KH
SKRWRQ�PDS�FDQ�DOVR�EH�XVHG�WR�GHFUHDVH�WKH�QXPEHU�RI�VKDGRZ�UD\V�XVHG�E\�WKH�UD\�WUDFHU�
LPSURYH�WKH�VSHHG�RI�0RQWH�&DUOR�UHQGHULQJ��DQG�LPSURYH�WKH�VSHHG�RI�329�5D\©V�LQGLUHFW
OLJKWLQJ��UDGLRVLW\��PRGHO���7KHUHIRUH��WKH�SKRWRQ�PDS�ZDV�FKRVHQ�DV�WKH�PHWKRG�RI�VROXWLRQ�
%HIRUH�,�H[SODLQ�P\�ZRUN��,�ZDQW�WR�SRLQW�RXW�WKH�H[WHQW�RI�-HQVHQ©V�ZRUN���+HQULN�:DQQ�-HQVHQ
KDV�VSHQW�PDQ\�\HDUV�ZRUNLQJ�RQ�WKH�SKRWRQ�PDS�WHFKQLTXH���+H�SXEOLVKHG�KLV�ILUVW�SDSHU�RQ�WKH
WRSLF�LQ��������+H�KDV�VSHQW�WKH�\HDUV�VLQFH�WKHQ�ZRUNLQJ�RQ�YDULRXV�DVSHFWV�RI�WKH�WHFKQLTXH
IRU�KLV�3K'�VWXGLHV�DQG�DOVR�IRU�SRVW�3K'�ZRUN�DW�0,7���,Q�IDFW��KH�RQO\�LPSOHPHQWHG�PHGLD
LQWHUDFWLRQ�LQ���������7KHUHIRUH��,�RQO\�FRQFHQWUDWHG�RQ�UHQGHULQJ�FDXVWLFV�IRU�WKLV�GLUHFWHG
VWXG\���,�GLG�GR�VRPH�ZRUN�RQ�GLIIXVH�LQGLUHFW�OLJKWLQJ��ZKLFK�ZDV�RULJLQDOO\�D�IHDWXUH�,�ZDQWHG
WR�LPSOHPHQW���+RZHYHU��,�UDQ�LQWR�VRPH�GLIILFXOWLHV�LQ�P\�LPSOHPHQWDWLRQ��ZKLFK�ZLOO�EH
GHWDLOHG�ODWHU���$IWHU�GRLQJ�PRUH�UHVHDUFK�RQ�WKDW�WRSLF��,�OHDUQHG�MXVW�KRZ�GLIILFXOW�LW�ZRXOG�EH
WR�LPSOHPHQW�WKDW�DVSHFW�RI�WKH�SKRWRQ�PDS��VR�,�GHFLGHG�WR�FRQFHQWUDWH�RQ�VSHHG�DQG�PHPRU\
RSWLPL]DWLRQV�RI�WKH�UHQGHULQJ�RI�FDXVWLFV���$OVR��329�5D\©V�FXUUHQW�DWPRVSKHUH�DQG�UDGLRVLW\
IHDWXUHV�QHHG�LPSURYHPHQW�EHIRUH�SKRWRQ�PDSSLQJ�FDQ�EH�DGGHG�WR�WKHP�
7KHUHIRUH��P\�JRDO�IRU�WKLV�SURMHFW�ZDV�WR��LPSOHPHQW�UHQGHULQJ�RI�UHIOHFWLYH�DQG�UHIUDFWLYH
FDXVWLFV�RQ�VXUIDFHV�LQ�329�5D\�XVLQJ�D�SKRWRQ�PDS���2WKHU�DVSHFWV�RI�WKH�SKRWRQ�PDS�FRXOG
ODWHU�EH�DGGHG��EXW�,�GHWHUPLQHG�WKDW�WKH\�ZHUH�EH\RQG�WKH�VFRSH�RI�D����ZHHN�SURMHFW�

,PSOHPHQWDWLRQ
,QLWLDO�.G�WUHH�:RUN
6KRUWO\�DIWHU�,�EHJDQ�ZRUN�RQ�WKH�SURMHFW��,�ZDV�FRQWDFWHG�E\�0LNH�*LEVRQ��ZKR�OHDUQHG�RI�P\
SURMHFW�WKURXJK�WKH�329�5D\�SURJUDPPLQJ�QHZVJURXS���0U��*LEVRQ�KDG�UHFHQWO\�FUHDWHG�D�UD\�
WUDFHU�FDOOHG�06*7UDFHU����,Q�KLV�UD\�WUDFHU��KH�KDG�LPSOHPHQWHG�WKH�SKRWRQ�PDS��DQG�DOWKRXJK
LW�ZDV�QRW�FRPSOHWHO\�EXJ�IUHH��WKH�VRXUFH�FRGH�ZDV�DYDLODEOH���%\�WKLV�WLPH��,�KDG�DOUHDG\
FUHDWHG�P\�RZQ�NG�WUHH�FRGH��VR�,�RQO\�XVHG�KLV�DV�D�UHIHUHQFH���+LV�NG�WUHH�ZDV�QRW�PXFK�OLNH
WKH�FRGH�,�KDG�DW�WKH�WLPH���+H�XVHG�D�PHGLDQ�VSOLW�NG�WUHH�EDODQFLQJ�WHFKQLTXH��DQG�,�ZDV�XVLQJ



D�PHDQ�VSOLW�WHFKQLTXH���7KH�GLIIHUHQFHV�EHWZHHQ�WKHVH�ZLOO�EH�H[SODLQHG�ODWHU���$V�,�PHQWLRQHG�
KLV�LPSOHPHQWDWLRQ�KDG�VRPH�SUREOHPV��VXFK�DV�RYHUO\�EULJKW�FDXVWLFV��EXW�LW�SURYLGHG�D�JRRG
UHIHUHQFH�
,�ZDV�DOVR�JLYHQ�D�UHIHUHQFH�WR�DQRWKHU�NG�WUHH�LPSOHPHQWDWLRQ���5RQ�3DUNHU��DQRWKHU�329�5D\
SURJUDPPHU��VXJJHVWHG�WKDW�,�ORRN�DW�D�SURJUDP�FDOOHG�5DQJHU����0U��3DUNHU�VHQW�PH�WKH�VRXUFH
FRGH�WR�WKH�SURJUDP���7KH�NG�WUHH�LPSOHPHQWDWLRQ�LQ�5DQJHU�ZDV�PXFK�PRUH�OLNH�WKH
LPSOHPHQWDWLRQ�WKDW�,�ZDV�XVLQJ�DW�WKH�WLPH��VLQFH�LW�XVHG�FKLOG�SRLQWHUV�WR�FUHDWH�WKH�WUHH
VWUXFWXUH�
3ULRU�WR�YLHZLQJ�WKHVH�WZR�LPSOHPHQWDWLRQV�RI�WKH�NG�WUHH��,�ZRUNHG�RXW�WKH�FRGH�IRU�LW�P\VHOI��
:KHQ�,�ILUVW�WDFNOHG�WKH�SUREOHP��,�IRXQG�DQ�DPD]LQJ�ODFN�RI�LQIRUPDWLRQ�RQ�NG�WUHHV�RQ�WKH
,QWHUQHW���,W�ZDV�QRW�XQWLO�PXFK�ODWHU�WKDW�,�ZDV�VKRZQ�D�WH[WERRN�WKDW�PHQWLRQHG�WKHP���,�ZDV
DOVR�XQDEOH�WR�ILQG�WKH�UHVRXUFH�FLWHG�E\�-HQVHQ�ZKLFK�VXSSRVHGO\�GHVFULEHG�WKH�NG�WUHH�LQ
GHWDLO����,�VWLOO�ZDQW�WR�ILQG�WKDW�UHIHUHQFH�WR�WU\�WR�IXUWKHU�RSWLPL]H�P\�FRGH����)RUWXQDWHO\��,�ZDV
DEOH�WR�ILQG�D�-DYD�NG�WUHH�YLVXDOL]DWLRQ�SURJUDP����7KLV�SURJUDP�DOORZHG�PH�WR�YLVXDOL]H�WKH
EXLOGLQJ�RI�D�.'�WUHH�DQG�WKXV�FUHDWH�WKH�FRGH�P\VHOI�
%HIRUH�VWDUWLQJ�ZRUN�RQ�WKH�NG�WUHH��,�FRQVLGHUHG�XVLQJ�RWKHU�GDWD�VWUXFWXUHV�WR�VWRUH�WKH�GDWD��
)RU�H[DPSOH��329�5D\�DOUHDG\�FRQWDLQHG�FRGH�IRU�D�RFWUHH�GDWD�VWUXFWXUH���7KHUHIRUH��,�GLG�D
VPDOO�DPRXQW�RI�UHVHDUFK�UHJDUGLQJ�RFWUHHV����GLPHQVLRQDO�U�WUHHV��DQG�YLHZ�SRLQW�WUHHV�
8QIRUWXQDWHO\��WKHVH�WUHHV�SURYLGHG�QR�DSSDUHQW�DGYDQWDJHV�RYHU�D�EDODQFHG�NG�WUHH���1RQH�RI
WKHVH�GDWD�VWUXFWXUHV�ZHUH�DV�FRPSDFW�DV�D�PHGLDQ�EDODQFHG�NG�WUHH��DQG�PRVW�EDVHG�RQ�UDWKHU
FRPSOLFDWHG�DOJRULWKPV���)LQDOO\��,�PDGH�WKH�DVVXPSWLRQ�WKDW�-HQVHQ�KDG�SUREDEO\�DOUHDG\�GRQH
D�VLJQLILFDQW�DPRXQW�RI�UHVHDUFK�EHIRUH�FKRRVLQJ�WKH�NG�WUHH�WR�UHSUHVHQW�WKH�SKRWRQ�PDS��VR�,
GHFLGHG�WR�IROORZ�KLV�OHDG�

%DFNZDUG�5D\�7UDFLQJ
7KH�ILUVW�VWHS�LQ�LPSOHPHQWLQJ�WKH�SKRWRQ�PDS�ZDV�WR�LQFRUSRUDWH�D�EDFNZDUGV�UD\�WUDFLQJ�VWHS
LQWR�WKH�H[LVWLQJ�329�5D\�UHQGHUHU���7KH�ILUVW�SUREOHP�,�IDFHG�ZDV�WKH�TXHVWLRQ�RI�KRZ�WR�VKRRW
SKRWRQV�IURP�WKH�OLJKW�VRXUFHV���0\�ILUVW�DSSURDFK�ZDV�WR�XVH�SXUH�0RQWH�&DUOR�VDPSOLQJ���7KLV
VHHPHG�WR�EH�ZKDW�-HQVHQ�VXJJHVWHG�LQ�KLV�SDSHU���8QIRUWXQDWHO\��WKH�LQLWLDO�UHVXOWV�ZHUH
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Figure 1 Visualization of the spiral pattern

used for shooting photons.
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7KH�SKRWRQ�GHQVLW\��Z��LV�DQ�HVWLPDWH�RI�WKH�VSDFLQJ�EHWZHHQ�SKRWRQV�DW�D�GLVWDQFH�RI�RQH�XQLW
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REMHFW�LQ�WKH�DEVHQFH�RI�UHIOHFWLRQ�DQG�UHIUDFWLRQ���&RPSXWDWLRQ�IRU�WKLV�SUHGLFWHG�VSDFLQJ�LV
IRXQG�E\�UHDUUDQJLQJ�WKH�ILUVW�SDUW�RI�HTXDWLRQ�����DERYH�
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DXWRPDWLF�ZD\�WKDW�SKRWRQ�VSDFLQJ�LQFUHDVHV�DV�WKH�LQFLGHQW Figure 3 Incoming angle affects

photon spacing.
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Figure 4 Adaptive search problem.
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LV�IXQFWLRQLQJ�SURSHUO\���7KH�GLIIHUHQFHV�LQ�¦*DWKHU�&RXQW§�EHWZHHQ�WKH�WZR�UHQGHULQJV�DUH
FDXVHG�E\�329©V�DGDSWLYH�DQWL�DOLDVLQJ�VXSHU�VDPSOLQJ�DOJRULWKP���7KLV�WHVW�ZDV�UXQ�XVLQJ�WKH
VDPH�FRPSLOH�RI�WKH�SURJUDP�E\�VSHFLI\LQJ�GLIIHUHQW�RSWLRQV�LQ�WKH�VFULSW�ILOH��VHH�DSSHQGL[�$��

6LQJOH�6HDUFK $GDSWLYH�6HDUFK
&DXVWLF�3KRWRQV ������ ������
6HDUFK�5DGLXV ������ ������
([WHQGHG�6HDUFK�5DGLXV � ������
*DWKHU�&RXQW ������� �������
5DGLXV�([SDQVLRQ�&RXQW � �������
/LJKW�5D\�7UDFH�7LPH ��PLQ�����VHF ��PLQ�����VHF
(\H�5D\�7UDFH�7LPH ��PLQ�����VHF ��PLQ�����VHF

7DEOH����5HQGHU�WLPHV�IRU�WKH�6SKHUH�DQG�&\OLQGHU�6FHQH�����[����$$������FRPSDULQJ
DGDSWLYH�VHDUFK�YHUVXV�D�VLQJOH�VHDUFK�RI�WKH�NG�WUHH���7KH�VRXUFH�IRU�WKLV�VFHQH�LV�LQ�DSSHQGL[�$�

3ULRULW\�4XHXH�7\SHV
6HDUFKLQJ�WKH�NG�WUHH�XWLOL]HV�D�UDQJH�VHDUFK�WHFKQLTXH�ZKLFK�XVHV�D�SULRULW\�TXHXH�WR�NHHS�RQO\
WKH�FORVHVW�SKRWRQV�ZLWKLQ�WKH�JLYHQ�UDQJH���7KUHH�GLIIHUHQW�SULRULW\�TXHXHV�ZHUH�WHVWHG�WR



GHWHUPLQH�WKHLU�VSHHG���7KLV�DQDO\VLV�ZDV�GRQH�EHFDXVH�WKH�¦LQVHUW§�RSHUDWLRQ�LV�XVHG
VXEVWDQWLDOO\�PRUH�WKDQ�WKH�¦UHPRYH�ODUJHVW§�RSHUDWLRQ�LQ�WKH�SULRULW\�TXHXH���7KH�WKUHH
LPSOHPHQWDWLRQV�RI�WKH�SULRULW\�TXHXH�WKDW�ZHUH�WHVWHG�ZHUH�WKH�XQRUGHUHG�DUUD\��LQVHUW�2����
UHPRYH�2�Q����WKH�RUGHUHG�DUUD\��LQVHUW�2�Q���UHPRYH�2������DQG�WKH�KHDS��LQVHUW�2�ORJ�Q��UHPRYH�2�ORJ�Q�����7DEOH���VKRZV�WKH�UHVXOWV�IURP�WHVWLQJ�WKHVH�ZLWK�WKUHH�WHVW�VFHQHV���7KUHH
VFHQHV�LQVWHDG�RI�RQO\�RQH�ZHUH�XVHG�VLQFH�GLIIHUHQW�VFHQHV�ZLOO�KDYH�GLIIHUHQW�FKDUDFWHULVWLFV�IRU
SKRWRQ�JDWKHULQJ���7KH�WKUHH�VFHQHV�XVHG��RQH�RI�ZKLFK�LV�VKRZQ�LQ�ILJXUH����SURYLGH�D�YDULHW\�RI
HQYLURQPHQWV�IRU�WHVWLQJ���$OWKRXJK�WKH�QXPEHU�RI�LQVHUWV�RI�WKH�SULRULW\�TXHXH��DV�VKRZQ�LQ
WDEOH����ZDV�JHQHUDOO\�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�WKH�QXPEHU�RI�UHPRYHV��WKH�FKRLFH�RI
SULRULW\�TXHXH�LPSOHPHQWDWLRQ�GLG�QRW�JUHDWO\�DIIHFW�WKH�UHQGHU�WLPH���+RZHYHU��LQ�JHQHUDO��WKH
KHDS�LPSOHPHQWDWLRQ�ZDV�WKH�IDVWHVW��VR�LW�ZDV�XVHG�
7KHVH�UHVXOWV�ZHUH�DFWXDOO\�XQH[SHFWHG���,�KDG�H[SHFWHG�WKH�XQRUGHUHG�DUUD\�LPSOHPHQWDWLRQ�WR
EH�WKH�IDVWHVW��GXH�WR�WKH�KLJK�QXPEHU�RI�LQVHUWV�FRPSDUHG�WR�UHPRYHV���6XUSULVLQJO\��LQ�WZR�RI
WKH�WKUHH�WHVW�VFHQHV��WKH�XQRUGHUHG�DUUD\�ZDV�WKH�VORZHVW���,Q�RQH�VFHQH��WKH�¦7KUHH�/HQVHV§
VFHQH��WKH�KHDS�LPSOHPHQWDWLRQ�ZDV�QRW�WKH�IDVWHVW���7KLV�LV�SUREDEO\�FDXVHG�E\�D�GLIIHUHQW
SURSRUWLRQV�RI�LQVHUW�DQG�UHPRYH�LQ�WKLV�VFHQH��RQO\�DERXW�WZR�WLPHV�WKH�QXPEHU�RI�LQVHUWV�DV
UHPRYHV��FRPSDUHG�WR�RWKHU�VFHQHV��ZKLFK�KDG�FORVH�WR�WHQ�WLPHV�PRUH�LQVHUWV�WKDQ�UHPRYHV��

6FHQH 7KUHH
/HQVHV

3RRO�8QGHUZDWHU 6SKHUH�DQG
&\OLQGHU

QXPEHU�RI��SKRWRQV ������ ������� ������
SULRULW\�TXHXH�LQVHUWV ���������� ���������� ���������
SULRULW\�TXHXH�UHPRYH ��������� ��������� �������
SDUVH�WLPH ���VHF ���VHF ���VHF
WUDFH�WLPH��KHDS� ��PLQ����

VHF
��PLQ�����VHF ��PLQ�����VHF

WUDFH�WLPH��RUGHUHG�DUUD\� ��PLQ����
VHF

��PLQ�����VHF ��PLQ�����VHF

WUDFH�WLPH��XQRUGHUHG�DUUD\� ��PLQ����
VHF

��PLQ�����VHF ��PLQ�����VHF

7DEOH���7UDFH�WLPHV�ZLWK�WKH�YDULRXV�SULRULW\�TXHXH�LPSOHPHQWDWLRQV�IRU�WKUHH�WHVW�VFHQHV���7KH
6SKHUH�DQG�&\OLQGHU�VFHQH�LV�VKRZQ�LQ�ILJXUH�����$JDLQ��WKLV�ZDV�UHQGHUHG�RQ�D�3���00;�ZLWK

��0%�5$0�UXQQLQJ�:LQGRZV����



0HPRU\�2SWLPL]DWLRQV
)RU�SKRWRQ�PDSSLQJ�LQ�329�5D\��PHPRU\�FRQVLGHUDWLRQV�DUH�YHU\�LPSRUWDQW���329�5D\�XVHUV
ZLOO�OLNHO\�EH�XVLQJ�WKLV�IHDWXUH�RQ�ORZ�HQG�FRPSXWHUV�ZLWK�OLPLWHG�PHPRU\���$OVR��ZKHQ�D
VFHQH�XVHV�WKRXVDQGV��RU�HYHQ�KXQGUHGV�RI�WKRXVDQGV��RI�SKRWRQV��WKH�VL]H�RI�WKH�SKRWRQ�GDWD
VWUXFWXUH�LV�YHU\�LPSRUWDQW�

6KULQNLQJ�WKH�3KRWRQ
$�SKRWRQ�FRQWDLQV�IRXU�SDUWV��IOX[��ORFDWLRQ��GLUHFWLRQ��DQG�DQ�LQIR�E\WH���7KH�ORFDWLRQ�LV�VWRUHG
DV�D�YHFWRU�RI�WKUHH�¨IORDW©�YDOXHV���7KLV��GXH�WR�QHFHVVLWLHV�LQ�SUHFLVLRQ��FDQQRW�EH�FRPSUHVVHG��
7KH�IOX[�DQG�GLUHFWLRQ�RI�D�SKRWRQ��RQ�WKH�RWKHU�KDQG��FDQ�EH�VWRUHG�LQ�D�YHU\�VPDOO�DPRXQW�RI
VSDFH�
)OX[�6WRUDJH
7KH�IOX[�RI�D�SKRWRQ�FDQ�EH�VWRUHG�DV�RQO\�IRXU�E\WHV��LQVWHDG�RI�WKH����E\WHV�QHHGHG�WR�VWRUH
WKUHH�IORDWLQJ�SRLQW�YDOXHV��RQH�IRU�HDFK�RI�WKH�UHG��JUHHQ��DQG�EOXH�FRORU�FKDQQHOV����7KHUH�DUH
WZR�WHFKQLTXHV�XVHG�IRU�VWRULQJ�D�FRORU�LQ�RQO\�IRXU�E\WHV���-HQVHQ�XVHV�D�WHFKQLTXH�NQRZQ�DV
UJEH��IRU�UHG�JUHHQ�EOXH�H[SRQHQW���ZKLFK�ZDV�GHYHORSHG�E\�*UHJ�:DUG���8QIRUWXQDWHO\��,�ZDV
XQDEOH�WR�ILQG�D�UHIHUHQFH�WR�WKLV�PHWKRG�DW�ILUVW���/DWHU��,�OHDUQHG�WKDW�WKH�UJEH�IRUPDW�LV
GHVFULEHG�E\�:DUG�XQGHU�WKH�KHDGLQJ�¦5HDO�3L[HOV§�LQ�WKH�ERRN�*UDSKLFV�*HPV�,,���,QVWHDG��,
GHYHORSHG�D�PHWKRG�WKDW�,�FDOO�UJEL��ZKLFK�VWDQGV�IRU�UHG�JUHHQ�EOXH�LQWHQVLW\���(TXDWLRQ����
VKRZV�WKH�FRPSXWDWLRQ�RI�U��J��E��DQG�L��ZKLFK�HDFK�UHSUHVHQW�RQH�E\WH�LQ�WKH�UJEL�GDWD�VWUXFWXUH��
7KH�YDULDEOHV�5��%��DQG�%�UHSUHVHQW�WKH�UHG��JUHHQ��DQG�EOXH�YDOXHV�IURP�WKH�LQLWLDO�WKUHH�
FRPSRQHQW�FRORU���7KH�YDOXH�RI�D��WKH�UDQJH�VHOHFWRU��FDQ�EH�VHW�E\�WKH�XVHU��EXW�WKH�GHIDXOW
YDOXH�RI������DOORZV�IRU�D�ODUJH�UDQJH�RI�YDOXHV�
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'LUHFWLRQ�6WRUDJH
'LUHFWLRQ�RI�WKH�LQFRPLQJ�IOX[�IRU�D�SKRWRQ�FDQ�DOVR�EH�VWRUHG�XVLQJ�YHU\�OLWWOH�VSDFH���,Q�IDFW�
WKLV�FDQ�EH�VWRUHG�XVLQJ�RQO\�WZR�E\WHV��RQH�IRU�HDFK�RI�WKH�WZR�DQJOHV�QHHGHG�WR�VSHFLI\�D
GLUHFWLRQ�LQ��'�VSDFH���7KLV�JLYHV�D�UHVROXWLRQ�RI�DSSUR[LPDWHO\�����GHJUHHV�LQ�WKH�ZRUVW�FDVH�
ZKLFK�LV�DGHTXDWH�IRU�D�OLJKWLQJ�DSSUR[LPDWLRQ���(TXDWLRQ������VKRZV�KRZ�WR�FRQYHUW�WKH�RULJLQ
DQG�LQWHUVHFWLRQ�SRLQW�RI�D�UD\�LQWR�D�T�I�SDLU���7KHVH�DQJOHV�DUH�WKHQ�FRQYHUWHG�WR�D�����������
UDQJH�DQG�VWRUHG�LQ�VLJQHG�E\WHV�
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7KHVH�WZR�FRPSUHVVLRQ�WHFKQLTXHV�GHFUHDVH�WKH�VL]H�RI�WKH�SKRWRQ�GDWD�VWUXFWXUH�E\����E\WHV�
ZKLFK�KDV�D�VLJQLILFDQW�LPSDFW�RQ�WRWDO�PHPRU\�XVDJH�

0HGLDQ�YV��0HDQ�6SOLW�IRU�.'�7UHH
7ZR�DSSURDFKHV�ZHUH�WULHG�IRU�EXLOGLQJ�D�EDODQFHG�NG�WUHH�WR�VWRUH�WKH�SKRWRQV���7KH�ILUVW
DSSURDFK�XVHG�ZDV�D�PHDQ�VSOLW���:LWK�WKLV�DSSURDFK��WKH�QRGH�FORVHVW�WR�WKH�PHDQ�RI�DOO�QRGHV
LQ�D�VXE�WUHH�ZDV�FKRVHQ�DV�WKH�URRW�IRU�WKDW�VXE�WUHH���7KLV�DSSURDFK�JDYH�WKH�DGYDQWDJH�RI�D
FRPSXWDWLRQDO�WLPH�RI�2�Q�ORJ�Q��IRU�EDODQFLQJ�WKH�WUHH��DQG�UHTXLUHG�D�PLQLPXP�DPRXQW�RI�GDWD
PRYHPHQW�IRU�WKH�EDODQFLQJ���8QIRUWXQDWHO\��LW�DOVR�UHTXLUHG�WZR�SRLQWHUV�SHU�QRGH�ZLWK�DQ
DGGLWLRQDO�DUUD\�RI�SRLQWHUV�WR�HDFK�RI�WKH�QRGHV�IRU�D�WRWDO�RI�WKUHH�SRLQWHUV�IRU�HDFK�QRGH�
%HFDXVH�RI�WKLV��D�PHGLDQ�VSOLW�DSSURDFK�ZDV�XVHG�LQVWHDG���7KLV�DSSURDFK�XVHG�PXFK�PRUH�GDWD
PRYHPHQW�DQG�D�FRPSXWDWLRQDO�WLPH�RI�2�Q�ORJ�Q�ORJ�Q��WR�EDODQFH�WKH�WUHH���+RZHYHU��LW
HOLPLQDWHG�DOO�QHHG�IRU�SRLQWHUV�LQ�WKH�GDWD�VWUXFWXUH��VDYLQJ����E\WHV�SHU�SKRWRQ���7KH�WUDGH�RII
RI�VRUW�WLPH��ZKLFK�LV�RQO\�D�PDWWHU�RI�VHFRQGV�IRU�PRVW�UHQGHULQJV��LQ�H[FKDQJH�IRU�VXFK�D



VLJQLILFDQW�PHPRU\�UHGXFWLRQ�VHHPHG�DFFHSWDEOH��VR�WKH�PHGLDQ�VSOLW�EDODQFLQJ�DSSURDFK�ZDV
NHSW�
8VLQJ�PHGLDQ�VSOLW�FOHDQHG�XS�WKH�FRGH��WRR���7KH�HOLPLQDWLRQ�RI�FKLOG�SRLQWHUV�LQ�WKH�GDWD
VWUXFWXUH�LQFUHDVHG�FRGH�UHDGDELOLW\���7KH�PHPRU\�DOORFDWLRQ�VWUDWHJ\�WKDW�,�XVH�UHTXLUHV�D
VRPHZKDW�FRQIXVLQJ�DUUD\�PDSSLQJ�IXQFWLRQ��KRZHYHU���0HPRU\�IRU�SKRWRQV�LV�DOORFDWHG�LQ
EORFNV���$Q�DUUD\�RI�SRLQWHUV�SRLQWV�WR�WKHVH�EORFNV���7KLV�EDVLFDOO\�FUHDWHV�D�WZR�GLPHQVLRQDO
DUUD\�RI�SKRWRQV�ZKLFK�G\QDPLFDOO\�JURZV�LQ�RQH�GLUHFWLRQ��ZKLOH�WKH�RWKHU�GLPHQVLRQ�VWD\V
FRQVWDQW���$�VSHFLDO�DUUD\�PDSSLQJ�IXQFWLRQ�FRQYHUWV�D�RQH�GLPHQVLRQDO�LQGH[�DQG�LQWR�D�WZR�
GLPHQVLRQDO�DGGUHVV�FRQVLVWLQJ�RI�D�EORFN�LQGH[�DQG�DQ�RIIVHW�ZLWKLQ�WKDW�EORFN���1RWH�WKDW�
ZKLOH�WKLV�GDWD�VWUXFWXUH�DOORZV�HDV\�DOORFDWLRQ�RI�SKRWRQV��LW
GRHV�QRW�HDVLO\�SHUPLW�GHDOORFDWLRQ�RI�SKRWRQV���2QFH�SKRWRQV
DUH�SODFHG�LQWR�WKH�SKRWRQ�PDS��WKH\�DUH�QRW�UHPRYHG�
)LJXUH���VKRZV�D�YLVXDO�UHSUHVHQWDWLRQ�RI�WKH�WZR�GLPHQVLRQDO
SKRWRQ�PHPRU\�DOORFDWLRQ�VFKHPH���7KH�EDVH�DUUD\�FRQWDLQV
SRLQWHUV�WR�EORFNV�RI�SKRWRQV���(DFK�EORFN�LV�DQ�DUUD\�RI�IL[HG
VL]H���7KH�¨&©�FRGH�EHORZ�LV�XVHG�WR�GHWHUPLQH�WKH�WZR�
GLPHQVLRQDO�DGGUHVV���,Q�WKLV�FRGH��LQGH[�LV�WKH�RQH�GLPHQVLRQDO
LQGH[�RI�WKH�SKRWRQ��EDVH�LV�WKH�LQGH[�LQ�WKH�EDVH�DUUD\��DQG
RIIVHW�LV�WKH�LQGH[�LQ�WKH�SKRWRQ�EORFN�
����RIIVHW �LQGH[�	�3+2721B%/2&.B0$6.��
����EDVH �LQGH[�!!��3+2721B%/2&.B32:(5���

7KH�FRQVWDQW�3+2721B%/2&.B6,=(�LV�WKH�QXPEHU�RI�SKRWRQV�VWRUHG�LQ�RQH�EORFN���7KH
FRQVWDQW�3+2721B%/2&.B32:(5�LV�HTXDO�WR�ORJ��3+2721B%/2&.B6,=(����7KH�ILQDOFRQVWDQW��3+2721B%/2&.B0$6.�LV�VHW�WR�3+2721B%/2&.B6,=(�����DQG�UHSUHVHQWV�WKH
PDVN�XVHG�WR�ILQG�WKH�LQGH[�

2WKHU�'HWDLOV
7KH�3DUVHU
%HFDXVH�RI�NH\ZRUG�FKDQJHV�DQG�FKDQJHV�WR�WKH�WHFKQLTXHV�XVHG��WKH�SDUVHU�IRU�SKRWRQ�PDSSLQJ
ZHQW�WKURXJK�PDQ\�UHYLVLRQV���)RU�H[DPSOH��ZKHQ�,�LPSOHPHQWHG�PXOWLSOH�SKRWRQ�PDSV
�PXOWLSOH�WUHHV���WKH�SDUVHU�QHHGHG�WR�UHDG�YDULRXV�RSWLRQV���:KHQ�,�ODWHU�DGGHG�DGDSWLYH
VHDUFKLQJ�DQG�UHPRYHG�WKH�PXOWLSOH�PDSV��,�QHHGHG�WR�UHYLVH�WKH�SDUVHU�DJDLQ�WR�UHDG�D�GLIIHUHQW
VHW�RI�RSWLRQV���)RUWXQDWHO\��WKH�GHVLJQ�RI�329�5D\©V�SDUVHU�PDGH�LW�UHODWLYHO\�WULYLDO�WR�DGG�DQG
UHPRYH�NH\ZRUGV���8QIRUWXQDWHO\��,�GR�QRW�IHHO�WKDW�,�FRXOG�GR�MXVWLFH�LQ�H[SODLQLQJ�GHWDLOV�DERXW
WKH�SDUVHU�KHUH��H[FHSW�IRU�WKH�VWDWHPHQW�WKDW�PDNLQJ�VPDOO�FKDQJHV�LV�UDWKHU�HDV\�
.H\ZRUGV�IRU�WKH�SDUVHU�ZHUH�VXJJHVWHG�E\�SHRSOH�LQ�WKH�329�5D\�XQRIILFLDO�SDWFKHV
QHZVJURXS�DIWHU�,�VROLFLWHG�VXJJHVWLRQV���)RU�H[DPSOH��LQ�RUGHU�WR�UHPRYH�WR�UHPRYH�VRPH

Figure 8 Photon memory allocation.



FRQIXVLRQ��WKH�NH\ZRUG�¦GHQVLW\§�ZDV�FKDQJHG�WR�¦VHSDUDWLRQ§�DV�SHU�VXJJHVWLRQ�RI�D�PHPEHU�RI
WKH�JURXS�
7KLV�LPSOHPHQWDWLRQ�RI�WKH�SKRWRQ�PDS�LQ�329�5D\�LQFOXGHV�VSHFLILF�UXOHV�WKDW�DOORZ�WKH�XVHU
WR�VSHFLI\�ZKLFK�REMHFWV�UHFHLYH�SKRWRQV��ZKLFK�REMHFWV�GR�QRW��DQG�ZKLFK�REMHFWV�SKRWRQV�DUH
DOORZHG�WR�SDVV�WKURXJK���7KHVH�UXOHV�ZHUH�FUHDWHG�WR�PLQLPL]H�WKH�QXPEHU�RI�SKRWRQV�XVHG�E\�D
VFHQH�WR�LPSURYH�PHPRU\�XVDJH���,PSOHPHQWLQJ�WKHVH�UXOHV�UHTXLUHG�D�FKDQJH�WR�WKH�7UDFH��
IXQFWLRQ�LQ�WKH�ILOH�UHQGHU�F��VR�WKDW�LW�ZRXOG�VWRS�WKH�UD\�WUDFLQJ�SURFHVV�LI�WKH�SURSHU�FRQGLWLRQV
ZHUH�QRW�PHW�
6LQFH�QR�JOREDO�SKRWRQ�PDS�LV�XVHG��SKRWRQV�DUH�VKRW�LQWR�WKH�VFHQH�RQ�D�SHU�REMHFW�EDVLV��
3KRWRQV�WKDW�DUH�VKRW�WRZDUG�DQ�REMHFW�DQG�GR�QRW�KLW�LW��EHFDXVH�WKH\�PLVV�LW�RU�KLW�DQRWKHU
REMHFW�LQVWHDG��DUH�GLVFDUGHG���7KH�XVHU�LV�DEOH�WR�VSHFLI\�WKH�GHQVLW\�RI�WKH�SKRWRQV�IRU�HDFK
REMHFW�XVLQJ�WKH�¦VHSDUDWLRQ§�NH\ZRUG���8VHUV�FDQ�DOVR�WXUQ�RQ�SKRWRQ�UHIOHFWLRQ�DQG�UHIUDFWLRQ
LQGLYLGXDOO\�IRU�HDFK�REMHFW�DV�ZHOO�DV�IRU�HDFK�OLJKW���%\�GHIDXOW��QR�SKRWRQV�DUH�XVHG���,I
SKRWRQV�DUH�WXUQHG�RII�IRU�D�OLJKW��QR�SKRWRQV�ZLOO�EH�VKRW�IURP�WKH�OLJKW�WR�DQ\�REMHFWV���,I
SKRWRQV�DUH�WXUQHG�RII�IRU�DQ�REMHFW��QR�SKRWRQV�ZLOO�EH�VKRW�WR�WKH�REMHFW�IURP�DQ\�OLJKWV���2Q
WKH�RWKHU�KDQG��WR�WXUQ�SKRWRQV�RQ��UHIUDFWLRQ�RU�UHIOHFWLRQ�QHHG�RQO\�WR�EH�VSHFLILHG�LQ�HLWKHU�WKH
OLJKW�RU�WKH�REMHFW��QRW�ERWK���$SSHQGL[�%�FRQWDLQV�SDUW�RI�WKH�SKRWRQ�PDSSLQJ�GRFXPHQWDWLRQ
ZKLFK�IXUWKHU�H[SODLQV�WKH�V\QWD[�
3KRWRQ�VWRULQJ�DQG�JDWKHULQJ�FDQ�EH�FRPSOHWHO\�WXUQHG�RII�IRU�DQ�REMHFW�DV�ZHOO�WKURXJK�WKH�XVH
RI�WKH�¦LJQRUHBSKRWRQV§�NH\ZRUG���8VLQJ�WKH�¦LJQRUHBSKRWRQV§�NH\ZRUG�RQ�JODVV�REMHFWV�FDQ
VLJQLILFDQWO\�VSHHG�XS�D�UHQGHU�ZLWKRXW�PXFK�RI�D�QRWLFHDEOH�GLIIHUHQFH�LQ�WKH�LPDJH�TXDOLW\��
6LPLODUO\��VRPH�REMHFWV�FDQ�EH�IODJJHG�DV�SDVV�WKURXJK�REMHFWV�XVLQJ�WKH
¦SKRWRQVBSDVVBWKURXJK§�NH\ZRUG���3KRWRQV�RQ�WKHLU�ZD\�WR�D�WDUJHW�REMHFW�DUH�DOORZHG�WR�JR
WKURXJK�D�SDVV�WKURXJK�REMHFW�DV�LI�LW�ZDV�QRW�WKHUH���$Q�H[DPSOH�RI�D�SDVV�WKURXJK�REMHFW�LV�D
SODWH�JODVV�ZLQGRZ��ZKHUH�WKH�WDUJHW�REMHFW�LV�D�JODVV�RI�ZDWHU�LQVLGH�WKH�ZLQGRZ�DQG�WKH�OLJKW
VRXUFH�LV�WKH�VXQ�RXWVLGH�WKH�ZLQGRZ���,Q�VXFK�D�VLWXDWLRQ��ZH�GR�QRW�ZDQW�WR�XVH�SKRWRQV�IRU�WKH
ZLQGRZ��EXW�ZH�GR�ZDQW�WR�XVH�SKRWRQV�ZKLFK�KLW�WKH�JODVV�DIWHU�SDVVLQJ�WKURXJK�WKH�ZLQGRZ�
3KRWRQ�JDWKHULQJ�RSWLRQV�DUH�VSHFLILHG�LQ�WKH�¦JOREDO�VHWWLQJV§�VHFWLRQ�RI�D�329�5D\�VFHQH
VFULSW�ILOH���7KHVH�RSWLRQV�DUH�¦UDGLXV�§�ZKLFK�FRQWUROV�WKH�VL]H�RI�WKH�JDWKHULQJ�UDGLXV��¦JDWKHU�§
ZKLFK�FRQWUROV�WKH�QXPEHU�RI�SKRWRQV�WR�JDWKHU��DQG�¦MLWWHU�§�ZKLFK�FRQWUROV�D�UDQGRP�MLWWHULQJ
HIIHFW���$QRWKHU�RSWLRQ��¦DXWRVWRS�§�DOORZV�WKH�XVHU�WR�VSHFLI\�DQ�WKH�¦DXWR�VWRS�DQJOH�§��7R
PLQLPL]H�WKH�QXPEHU�RI�UD\V�VKRW�LQ�D�VSLUDO�SDWWHUQ�DW�DQ�REMHFW©V�ERXQGLQJ�ER[��WKH�V\VWHP�ZLOO
VWRS�VKRRWLQJ�UD\V�LI�RQH�UHYROXWLRQ�RI�WKH�VSLUDO�LV�FRPSOHWHG�ZLWK�QR�UD\V�KLWWLQJ�WKH�REMHFW�
PDNLQJ�WKH�DVVXPSWLRQ�WKDW�WKH�HQWLUH�REMHFW�KDV�DOUHDG\�EHHQ�FRYHUHG�ZLWK�SKRWRQV���)RU�VRPH
REMHFWV��VXFK�DV�D�PHWDO�ULQJ��WKLV�ZLOO�FDXVH�WKH�V\VWHP�WR�VWRS�SUHPDWXUHO\���7KHUHIRUH��WKH�XVHU
FDQ�VSHFLI\�DQ�DQJOH��VXFK�WKDW�WKH�DXWR�VWRSSLQJ�IHDWXUH�LV�GLVDEOHG�XQWLO�WKH�VSLUDO�SDWWHUQ�KDV
UHDFKHG�WKLV�DQJOH��DQJOH�WKHWD�LQ�ILJXUH������7KH�XVHU�FDQ�DOVR�VSHFLI\�¦PD[BWUDFHBOHYHO§�DQG
¦DGFBEDLORXW§�WR�WHOO�WKH�UHQGHULQJ�HQJLQH�KRZ�PDQ\�OHYHOV�RI�UHFXUVLRQ�DUH�WR�EH�XVHG�



'LVSHUVLRQ
2QH�IHDWXUH�WKDW�,�WKRXJK�ZRXOG�UHDOO\�PDNH�WKLV�LPSOHPHQWDWLRQ�RI�WKH�SKRWRQ�PDS�SURGXFH
EHDXWLIXO�SLFWXUHV�LV�WKH�SKHQRPHQRQ�NQRZQ�DV�GLVSHUVLRQ���'LVSHUVLRQ�LV�WKH�UHVXOW�RI�WKH
VSOLWWLQJ�RI�ZDYHOHQJWKV�RI�OLJKW�DV�WKH\�SDVV�WKURXJK�D�ERXQGDU\�EHWZHHQ�WZR�PDWHULDOV���7KH
UHIUDFWLRQ�HIIHFW�EHQGV�GLIIHUHQW�ZDYHOHQJWKV�RI�OLJKW�WR�GLIIHUHQW�GHJUHHV��FDXVLQJ�ZKLWH�OLJKW�WR
VHSDUDWH�LQWR�D�EHDXWLIXO�VSHFWUXP�RI�FRORU�
3ULRU�WR�WKLV�SKRWRQ�PDSSLQJ�ZRUN��'DUHQ�6FRW�:LOVRQ�SURGXFHG�D�PRGLILHG�YHUVLRQ�RI�329�
5D\��FDOOHG�'6:�3RY��WKDW�VXSSRUWHG�GLVSHUVLRQ�RI�UHIUDFWHG�LPDJHV�����0U��:LOVRQ©V
LPSOHPHQWDWLRQ�ZRUNV�E\�GLYLGLQJ�WKH�FRORU�VSHFWUXP�LQWR�GLVFUHWH�ZDYHOHQJWKV�DQG�LWHUDWLQJ
WKURXJK�WKLV�GLVFUHWL]HG�FRORU�VSHFWUXP���(DFK�SDUW�RI�WKH�FRORU�VSHFWUXP�LV�UHIOHFWHG�EDVHG�RQ
WKH�IUHTXHQF\�RI�WKH�OLJKW�EHLQJ�WUDFHG�DQG�WKH�PDWHULDO©V�,25���7KHVH�YDULRXV�UHIUDFWHG�UD\V�DUH
UHFRPELQHG�WR�SURGXFH�WKH�WRWDO�FRORU���0U��:LOVRQ©V�PRGLILFDWLRQ�ZRUNV�ZLWK�H\H�UD\V�RQO\��VR
P\�JRDO�ZDV�WR�XVH�D�VLPLODU�FRQFHSW�ZLWK�OLJKW�UD\V�
7KH�RWKHU�UD\�WUDFHU�WKDW�,�KDG�ORRNHG�DW�ZKLFK�VXSSRUWHG�SKRWRQ�PDSSLQJ��06*7UDFHU��DOVR
LQFOXGHG�WKH�GLVSHUVLRQ�HIIHFW���0LNH�*LEVRQ�LQFOXGHG�D�SULVP�GHPRQVWUDWLRQ�VFHQH�ZLWK�KLV�UD\�
WUDFHU�ZKLFK�GHPRQVWUDWHG�GLVSHUVLRQ�LQ�DFWLRQ���,Q�06*7UDFHU��HDFK�WLPH�D�SKRWRQ�KLWV�DQ
REMHFW�WKDW�KDV�WKH�GLVSHUVLRQ�RSWLRQ�HQDEOHG��WKH�UD\�WUDFHU�FKRRVHV�D�UDQGRP�ZDYHOHQJWK�IRU
WKH�SKRWRQ�DQG�XVHV�WKLV�ZDYHOHQJWK�WR�GHWHUPLQH�WKH�UHIUDFWLRQ�DQJOH�DQG�WKH�FRORU�RI�WKH
SKRWRQ���7KLV�DSSURDFK��XQIRUWXQDWHO\��SURGXFHV�VSORWFK\�UHVXOWV�VLPLODU�WR�WKH�SUREOHPV�FDXVHG
E\�SXUH�0RQWH�&DUOR�VDPSOLQJ�
0\�LPSOHPHQWDWLRQ�LV�D�PL[WXUH�RI�06*7UDFHU�DQG�'6:�3RY���,�DFWXDOO\�XVHG�FRGH�IURP�ERWK
LPSOHPHQWDWLRQV��ZLWK�SHUPLVVLRQ��LQ�P\�ZRUN���:KHQ�D�SKRWRQ�KLWV�D�VXUIDFH�WKDW�ZLOO�FDXVH
GLVSHUVLRQ��LW�LV�VSOLW�LQWR�PXOWLSOH�SKRWRQV���7KH�FRORUV�RI�WKHVH�VSDZQHG�SKRWRQV�DUH�GHWHUPLQHG
E\�D�FRORU�VSHFWUXP�WKDW�LV�GHILQHG�IRU�WKH�OLJKW�VRXUFH�WKDW�HPLWWHG�WKH�SKRWRQ���7KLV�SURFHVV
DFWXDOO\�FUHDWHV�PRUH�SKRWRQV��XQOLNH�0U��*LEVRQ©V�LPSOHPHQWDWLRQ���ZKLFK�OHDGV�WR�VORZHU
UHQGHULQJ�WLPHV���+RZHYHU��WKH�UHVXOWV�ORRN�JRRG�DQG�GR�QR�VXIIHU�IURP�VSORWFKLQHVV�OLNH
06*7UDFHU���,�XWLOL]HG�FRGH�IURP�06*7UDFHU�WR�FRQYHUW�WKH�5*%�FRORU�YDOXH�LQWR�D�KXH���7KH
KXH�LV�WKHQ�XVHG�WR�HVWLPDWH�ZDYHOHQJWK���7KLV�HVWLPDWLRQ�LV�DOVR�GRQH�ERWK�LQ�06*7UDFHU�DQG
'6:�3RY���&RGH�IURP�'6:�3RY�ZDV�HPSOR\HG�WR�GHWHUPLQH�WKH�UHIUDFWLRQ�DQJOH���%HFDXVH�DOO
RI�WKH�FRGH�IRU�WKLV�VHFWLRQ�FRPHV�IURP�HLWKHU�0LNH�*LEVRQ�RU�'DUHQ�6FRW�:LOVRQ��,�DP�QRW
LQFOXGLQJ�WKH�HTXDWLRQV�KHUH��VLQFH�,�GLG�QRW�GHULYH�WKHP����,Q�IDFW��,�GR�QRW�FODLP�WR�IXOO\
XQGHUVWDQG�DOO�RI�WKH�HTXDWLRQV�WKDW�DUH�XVHG��

(UURU�$QDO\VLV
7KURXJKRXW�WKLV�SURFHVV��,�EDVLFDOO\�LJQRUHG�PRVW�HUURU�DQDO\VLV���7KHUH�LV�D�JRRG�UHDVRQ�IRU
WKLV���)LUVW��OHW�PH�H[SODLQ�ZKDW�,�PHDQ�E\�HUURU�DQDO\VLV���0DQ\�OLJKWLQJ�PRGHOV�DUH�DQDO\]HG�IRU
HUURU�E\�FRPSDULQJ�UHQGHUHG�VFHQHV�WR�UHDO�OLIH�VFHQHV���9DULRXV�UDGLRVLW\�DOJRULWKPV��IRU
H[DPSOH��KDYH�EHHQ�WHVWHG�XVLQJ�WKH�QRZ�IDPRXV�¦&RUQHOO�ER[§�VFHQH���+RZHYHU��WKH�329�5D\
SKLORVRSK\�KDV�DOZD\V�EHHQ��¦LI�LW�ORRNV�JRRG��LW�LV�ULJKW�§��7KLV�PHDQV�WKDW�YHU\�IHZ�RI�WKH
H[LVWLQJ�IHDWXUHV�RI�329�5D\�KDYH�EHHQ�DQDO\]HG���,Q�IDFW��329�5D\�FRQWDLQV�D�ORW�RI



DSSUR[LPDWLRQV�DQG�KHXULVWLFV��PDNLQJ�WUXH�HUURU�WHVWLQJ�QH[W�WR�LPSRVVLEOH���,�GLG�PDLQWDLQ�WKH
VSLULW�RI�329�5D\�E\�GRLQJ�D�QXPEHU�RI�YLVXDO�WHVWV�XVLQJ�D�IHZ�H[DPSOH�VFHQHV��GHVFULEHG
EHORZ��WR�VHH�LI�WKLQJV�¨ORRNHG�ULJKW�©��7KLV�¨ORRNV�ULJKW©�SKLORVRSK\�ZDV�XVHG�IRU�GHWHUPLQLQJ
WKH�EULJKWQHVV�IXGJH�IDFWRUV�H[SODLQHG�SUHYLRXVO\��DQG�IRU�GHWHUPLQLQJ�WKDW�WKH�SUREOHP�FRXOG�EH
IL[HG�ZLWKRXW�IXGJH�IDFWRUV�

'HPR�6FHQHV
7KH�IROORZLQJ�GHPR�VFHQHV�ZHUH�FUHDWHG�IRU�WHVWLQJ�SKRWRQ�PDSSLQJ�LQ�329�5D\�
6SKHUH�DQG�&\OLQGHU
7KLV�VFHQH�ZDV�PRGHOHG�DIWHU�D�VFHQH�,�KDG�VFHQH�RQ�WKH�ZHE�SDJH�RI�DQRWKHU�UHQGHUHU�WKDW
UHQGHUHG�FDXVWLFV���,W�FRQVLVWV�RI�D�WUDQVSDUHQW�F\OLQGHU�DQG�VSKHUH��,25�RI�����IRU�HDFK���D�VPDOO
UHIOHFWLYH�VSKHUH��DQG�WZR�ER[HV�WR�FROOHFW�WKH�UHIUDFWHG�OLJKW�DQG�VKRZ�WKH�FDXVWLFV���7KLV�VFHQH
ZDV�WKH�PRVW�XVHG�VFHQH�IRU�WHVWLQJ�DQG�WKXV�,�KDYH�IRXQG�JUHDW�UHQGHULQJ�RSWLRQV�WR�PDNH�WKLV
VFHQH�UHQGHU�IDVW�ZLWK�KLJK�TXDOLW\���7KH�329�VFULSW�VRXUFH�LV�SURYLGHG�LQ�DSSHQGL[�$�
8QGHUZDWHU�3RRO
7KH�XQGHUZDWHU�SRRO�VFHQH�ZDV�XVHG�WR�WHVW�EULJKWQHVV�DV�ZHOO�DV�WHVW�FDXVWLF�HIIHFWV�RI�ZDWHU���,
UHQGHUHG�WKH�VFHQH�ZLWK�DQG�ZLWKRXW�SKRWRQV�ZLWK�DQ�,25�RI�����WR�WHVW�EULJKWQHVV���7KH�VFHQH
FRQWDLQV�WKUHH�REMHFWV�VXVSHQGHG�XQGHU�WKH�ZDWHU�LQ�D�SRRO���7KH�FDPHUD�LV�DOVR�XQGHU�WKH�VXUIDFH
RI�WKH�ZDWHU���7KH�ILUVW�REMHFW�LV�D�ZRRGHQ�VXSHU�TXDGUDWLF�HOOLSVRLG��WKH�VHFRQG�LV�D�JODVV�&6*
REMHFW��DQG�WKH�WKLUG�LV�D�%H]LHU�SDWFK�REMHFW�
7KUHH�/HQVHV
7KLV�VFHQH�ZDV�FUHDWHG�WR�GHPRQVWUDWH�WKH�HIIHFWV�RI�WXUQLQJ�SKRWRQV�RQ�DQG�RII�IRU�OLJKW�VRXUFHV
DQG�REMHFWV���,W�FRQWDLQV�WKUHH�OHQVHV�DQG�WKUHH�OLJKW�VRXUFHV�
%ULJKWQHVV
7KH�EULJKWQHVV�VFHQH�ZDV�XVHG�IRU�WHVWLQJ�EULJKWQHVV��DV�GHVFULEHG�SUHYLRXVO\���,W�FRQWDLQV�WKUHH
ULQJV�ZKLFK�DUH�OLW�KDOI�E\�SKRWRQV�DQG�KDOI�E\�GLUHFW�OLJKWLQJ���7KH�ULQJV�FDQ�EH�URWDWHG�WR
FKDQJH�WKH�LQFRPLQJ�DQJOH�RI�WKH�OLJKW�
6SKHULFDO�&DPHUD
7KLV�LV�D�VLPSOH�VFHQH�FRQVLVWLQJ�RI�D�OLJKW�VRXUFH�DQG�FDPHUD�DW�WKH�RULJLQ�DQG�D�VSKHUH�FHQWHUHG
RQ�WKH�RULJLQ���7KH�FDPHUD�WDNHV�D�IXOO����R�SLFWXUH�RI�WKH�HQWLUH�VFHQH���,�FUHDWHG�WKH�VSKHULFDO
FDPHUD�HDUOLHU�IRU�FUHDWLQJ�LPDJHV�IRU�VN\�VSKHUHV�
&U\VWDO�'UHDPV
7KLV�ZDV�P\�,57&��,QWHUQHW�5D\�7UDFLQJ�&RPSHWLWLRQ��IRU�WKH�-DQXDU\�)HEUXDU\������FRQWHVW��
,W�FRQWDLQV�D�FU\VWDO�ELUG�ZKLFK�FUHDWHV�FDXVWLF�SDWWHUQV�RQ�WKH�VXUIDFH�RI�WKH�JURXQG�



329�5D\�&RPPXQLW\
7KLV�UHSRUW�ZRXOG�QRW�EH�FRPSOHWH�ZLWKRXW�DQRWKHU�PHQWLRQ�RI�WKH�329�5D\�FRPPXQLW\���7KH
FRPPXQLW\�JDYH�VXJJHVWLRQV�IRU�WKH�V\QWD[��DV�PHQWLRQHG�EHIRUH���0HPEHUV�DOVR�VXJJHVWHG
IHDWXUHV��VXFK�DV�DGGLQJ�PD[BWUDFHBOHYHO�DQG�DGFBEDLORXW�RSWLRQV�WKDW�DUH�VSHFLILF�WR�WKH�SKRWRQ
SUH�SURFHVVLQJ�VWHS���6RPHRQH�LQ�RQH�RI�WKH�QHZVJURXSV�DOVR�VXJJHVWHG�DGGLQJ�DQ�RSWLRQ�WR
VSHFLI\�LI�D�&6*�XQLRQ�VKRXOG�EH�VSOLW���3UHYLRXVO\��,�KDG�ZDQWHG�WR�WHVW�WR�VHH�LI�LW�ZDV�PRUH
HIILFLHQW�WR�VSOLW�XS�XQLRQV�EHIRUH�VKRRWLQJ�SKRWRQV�DW�WKHP�RU�LI�LW�ZDV�EHWWHU�WR�NHHS�WKHP
WRJHWKHU���$IWHU�WKLV�VXJJHVWLRQ�DQG�VRPH�IXUWKHU�WKRXJKW��,�UHDOL]HG�WKDW�QHLWKHU�RSWLRQ�ZDV
QHFHVVDULO\�EHWWHU�IRU�DOO�VFHQHV���7KHUHIRUH��,�GHFLGHG�WR�XVH�WKH�VXJJHVWLRQ�DQG�LPSOHPHQWHG�WKH
RSWLRQDO�VSOLWWLQJ�RI�XQLRQV���7KH�329�5D\�FRPPXQLW\�DOVR�KHOSHG�PH�ILQG�EXJV��VXFK�DV�D
KDUG�FRGHG�DUUD\�OHQJWK�DQG�D�PHPRU\�GHDOORFDWLRQ�SUREOHP���7KH\�DOVR�XWLOL]HG�WKH�QHZ
IHDWXUHV��SRVWLQJ�RYHU�WZHQW\�FUHDWLYH�SLFWXUHV�XVLQJ�SKRWRQ�PDSSLQJ�WR�DQ�LPDJHV�QHZVJURXS�

&RQFOXVLRQV
7KH�SKRWRQ�PDSSLQJ�WHFKQLTXH�ZRUNV�YHU\�ZHOO�IRU�UHQGHULQJ�FDXVWLFV�LQ�329�5D\���,W�LV�QRW
WRR�EDG�LQ�WHUPV�RI�PHPRU\�FRQVXPSWLRQ��DV�LW�ZDV�GHYHORSHG�DQG�WHVWHG�RQ�D�3����ZLWK�RQO\
���0%�RI�5$0�UXQQLQJ�:LQGRZV������7HVWLQJ�ZDV�GRQH�ZLWK�06�9LVXDO�&����ZKLFK�LV�YHU\
PHPRU\�KXQJU\��UXQQLQJ�LQ�WKH�EDFNJURXQG�DQG�PRVW�WHVW�VFHQHV�GLG�QRW�VZDS�WR�GLVN�DW�DOO��
7KH�FDXVWLF�HIIHFWV�DUH�YHU\�SOHDVLQJ�WR�WKH�H\H�DQG�FDQ�DGG�D�ORW�WR�WKH�UHDOLVP�RI�VFHQHV�WKDW
FRQWDLQ�WUDQVSDUHQW�REMHFWV���,I�RSWLRQV�DUH�VHW�FRUUHFWO\��WKH�SKRWRQ�PDS�DOVR�GRHV�QRW�JUHDWO\
LQFUHDVH�UHQGHU�WLPH�RI�PRVW�LPDJHV��PDNLQJ�LW�IHDVLEOH�IRU�XVH�HYHQ�RQ�ORZ�HQG�V\VWHPV���,W�LV
QRW�DV�IDVW�DV�VRPH�RWKHU�WHFKQLTXHV��VXFK�DV�WKH�LOOXPLQDWLRQ�PDSV�XVHG�LQ�&ROOLQV©�ZRUN��
KRZHYHU���7KH�ELJJHVW�DGYDQWDJH�WKDW�WKH�SKRWRQ�PDS�KDV�RYHU�RWKHU�WHFKQLTXHV�ZKHQ
LPSOHPHQWHG�LQ�329�5D\�LV�LWV�GHWDFKPHQW�IURP�WKH�VFHQH�JHRPHWU\�
$QRWKHU�FRQFOXVLRQ�WKDW�,�UHJUHW�WR�UHSRUW�LV�WKDW�GLUHFWO\�YLVXDOL]LQJ�JOREDO�SKRWRQ�PDS�IRU
LQGLUHFW�GLIIXVH�LOOXPLQDWLRQ�LV�QRW�D�JRRG�LGHD���5HVXOWV�ORRN�YHU\�VSORWFK\�DQG�UHQGHU�WLPHV�DUH
YHU\�KLJK���7KH�WHFKQLTXH�PD\�VRXQG�JRRG�DW�ILUVW��LQ�IDFW��VRPHRQH�HOVH�HYHQ�VXJJHVWHG�LW�LQ�WKH
329�QHZVJURXS�EHIRUH�,�UHSRUWHG�P\�ILQGLQJV���EXW�LQ�DFWXDOLW\�LW�GRHV�QRW�ZRUN�ZHOO�DW�DOO�
)LQDOO\��WKLV�SKRWRQ�PDS�LPSOHPHQWDWLRQ�FDQ�DQG�VKRXOG�EH�H[WHQGHG�DV�-HQVHQ�KDV�GRQH�ZLWK
KLV�UD\�WUDFHU��0,52����$�JOREDO�SKRWRQ�PDS�VKRXOG�EH�LPSOHPHQWHG�ZKLFK�ZLOO�EH�XVHG�WR
GHFUHDVH�VKDGRZ�UD\V�DQG�DLG�LQ�WKH�UHQGHULQJ�RI�JOREDO�LOOXPLQDWLRQ���$GGLQJ�WKHVH�IHDWXUHV
ZLOO�UHTXLUH�IXUWKHU�VWXG\�RI�329�5D\©V�IHDWXUHV��EXW�ZLOO�EH�JUHDWO\�EHQHILFLDO�WR�WKH�IXWXUH�RI
WKH�VRIWZDUH�



*ORVVDU\
FDXVWLFV��SDWWHUQV�RI�OLJKW�FUHDWHG�E\�LQGLUHFW�OLJKW�UHIUDFWHG�WKURXJK�RU�UHIOHFWHG�IURP�DQ�REMHFW��
5HIUDFWHG�DQG�UHIOHFWHG�OLJKW�RIWHQ�FRQYHUJHV�RU�GLYHUJHV�EDVHG�RQ�YDULDWLRQV�LQ�WKH�VXUIDFH
QRUPDO�RI�WKH�REMHFW�
UDGLRVLW\��D�WHFKQLTXH�ZKLFK�UHQGHUV�LQGLUHFW�GLIIXVH�LOOXPLQDWLRQ�E\�VROYLQJ�D�ODUJH�V\VWHP�RI
OLQHDU�HTXDWLRQV���7KH�WHUP�UDGLRVLW\�LV�VRPHWLPHV�XVHG�WR�UHIHU�WR�DQ\�DOJRULWKP�ZKLFK�UHQGHUV
LQGLUHFW�GLIIXVH�LOOXPLQDWLRQ��VXFK�DV�WKH�FDFKHG�0RQWH�&DUOR�VFKHPH�XVHG�E\�329�5D\�
0RQWH�&DUOR��0&��UD\�WUDFLQJ��D�SURFHVV�ZKLFK�XVHV�PXOWLSOH�UD\V�VWDWLVWLFDOO\�FKRVHQ�IRU
HDFK�SL[HO�LQ�WKH�LPDJH���0&�UD\�WUDFLQJ��DOVR�NQRZQ�DV�GLVWULEXWHG�UD\�WUDFLQJ��LV�XVHG�WR�UHQGHU
EOXUUHG�UHIOHFWLRQV�DQG�UHIUDFWLRQV��DV�ZHOO�DV�LQGLUHFW�OLJKWLQJ�
PHGLD��LQ�WKH�329�5D\�ZRUOG��PHGLD��RU�¦SDUWLFLSDWLQJ�PHGLD§��UHIHUV�WR�DWPRVSKHULF�HIIHFWV
VLPXODWHG�E\�UD\�PDUFKLQJ�DOJRULWKPV���0HGLD�UHQGHULQJ�LV�VRPHWLPHV�FDOOHG�YROXPHWULF
UHQGHULQJ�
UHIOHFWLRQ��VSHFXODU�UHIOHFWHG�OLJKW�RU�LPDJHV�WKDW�DUH�UHIOHFWHG�FOHDUO\�IURP�DQ�REMHFW��DV
RSSRVHG�WR�GLIIXVH�UHIOHFWLRQ��
UHIUDFWLRQ��WKH�EHQGLQJ�RI�OLJKW�DV�LW�SDVVHV�IURP�D�PDWHULDO�ZLWK�RQH�LQGH[�RI�UHIUDFWLRQ��,25�
WR�D�PDWHULDO�RI�DQRWKHU�,25�
GLIIXVH��LQ�329�5D\��WKH�WHUP�RI�WKH�UHQGHULQJ�HTXDWLRQ�WKDW�UHSUHVHQWV�OLJKW�EHLQJ�VFDWWHUHG
IURP�WKH�VXUIDFH���'LIIXVH�LQWHUDFWLRQ�UHIHUV�WR�LQGLUHFW�OLJKWLQJ�FUHDWHG�ZKHQ�WKLV�VFDWWHUHG�OLJKW
FRQWULEXWHV�WR�WKH�OLJKW�KLWWLQJ�RWKHU�VXUIDFHV�LQ�WKH�VFHQH�
VSHFXODU��LQ�329�5D\��WKH�WHUP�RI�WKH�UHQGHULQJ�HTXDWLRQ�WKDW�UHSUHVHQWV�VSHFXODU�UHIOHFWLRQ�RI
WKH�OLJKW�VRXUFH���7KLV�LV�YHU\�VLPLODU�WR�SKRQJ��EXW�XVHV�D�GLIIHUHQW�%5')���6SHFXODU�DOVR�UHIHUV
WR�VSHFXODU�UHIOHFWLRQV��VHH�UHIOHFWLRQ��
SKRQJ��LQ�329�5D\��WKH�WHUP�RI�WKH�UHQGHULQJ�HTXDWLRQ�WKDW�UHSUHVHQWV�VSHFXODU�UHIOHFWLRQ�RI
WKH�OLJKW�VRXUFH���7KLV�LV�YHU\�VLPLODU�WR�VSHFXODU��EXW�XVHV�WKH�XVXDO�SKRQJ�%5')�
%5')��%L�GLUHFWLRQDO�5HIOHFWDQFH�'LVWULEXWLRQ�)XQFWLRQ���7KLV�IXQFWLRQ�VSHFLILHV�WKH
SUREDELOLW\�WKDW�D�OLJKW�UD\�KLWWLQJ�WKH�REMHFW�LQ�D�VSHFLILF�GLUHFWLRQ�ZLOO�EH�UHIOHFWHG�DW�VRPH
RWKHU�GLUHFWLRQ���,W�LV�XVHG�WR�VSHFLI\�WKH�¨ILQLVK©�RI�D�VXUIDFH�WR�GHWHUPLQH�KRZ�VKLQ\�RU�GXOO�WKH
VXUIDFH�ORRNV�
&6*��&RQVWUXFWLYH�VROLG�JHRPHWU\���,Q�329�5D\��WKLV�FRQVLVWV�RI�XQLRQ��LQWHUVHFWLRQ�
GLIIHUHQFH��DQG�PHUJH��ZKLFK�ZRUN�VLPLODUO\�WR�PDWKHPDWLFDO�VHW�RSHUDWLRQV�
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$SSHQGL[�%���'RFXPHQWDWLRQ�([FHUSW

2YHUYLHZ
3KRWRQ�PDSSLQJ�LV�D�WHFKQLTXH�ZKLFK�XVHV�D�EDFNZDUGV�UD\�WUDFLQJ�SUH�SURFHVVLQJ�VWHS�WR
UHQGHU�UHIUDFWLYH�DQG�UHIOHFWLYH�FDXVWLFV�UHDOLVWLFDOO\���7KLV�PHDQV�WKDW�PLUURUV�FDQ�UHIOHFW�OLJKW
UD\V�DQG�OHQVHV�FDQ�IRFXV�OLJKW�
3KRWRQ�PDSSLQJ�ZRUNV�E\�VKRRWLQJ�SDFNHWV�RI�OLJKW��SKRWRQV��IURP�OLJKW�VRXUFHV�LQWR�WKH�VFHQH��
7KH�SKRWRQV�DUH�GLUHFWHG�WRZDUGV�VSHFLILF�REMHFWV���:KHQ�D�SKRWRQ�KLWV�DQ�REMHFW�DIWHU�SDVVLQJ
WKURXJK��RU�ERXQFLQJ�RII�RI��WKH�WDUJHW�REMHFW��WKH�UD\�LQWHUVHFWLRQ�LV�VWRUHG�LQ�PHPRU\���7KLV
GDWD�LV�ODWHU�XVHG�WR�HVWLPDWH�WKH�DPRXQW�RI�OLJKW�FRQWULEXWHG�E\�UHIOHFWLYH�DQG�UHIUDFWLYH
FDXVWLFV�
/LPLWDWLRQV
3KRWRQ�PDSSLQJ�FDQ�UHTXLUH�D�VLJQLILFDQW�DPRXQW�RI�PHPRU\�
3KRWRQ�PDSSLQJ�FDQ�VORZ�GRZQ�WKH�UHQGHU��EXW�QRW�PXFK�PRUH�WKDQ�DQ�DGGLWLRQDO�OLJKW�VRXUFH��
3KRWRQ�PDSSLQJ�GRHV�QRW�ZRUN�ZLWK�DWPRVSKHUH�\HW�

8VLQJ�3KRWRQ�0DSSLQJ�LQ�<RXU�6FHQH
7R�XVH�SKRWRQ�PDSSLQJ�LQ�\RXU�VFHQH��\RX�QHHG�WR�SURYLGH�329�ZLWK�WZR�SLHFHV�RI�LQIRUPDWLRQ��
)LUVW��\RX�QHHG�WR�VSHFLI\�GHWDLOV�DERXW�SKRWRQ�JDWKHULQJ�DQG�VWRUDJH���6HFRQG��\RX�QHHG�WR
VSHFLI\�ZKLFK�REMHFWV�UHFHLYH�SKRWRQV��ZKLFK�OLJKWV�VKRRW�SKRWRQV��DQG�KRZ�FORVH�WKH�SKRWRQV
VKRXOG�EH�VSDFHG�
*OREDO�6HWWLQJV
7R�VSHFLI\�SKRWRQ�JDWKHULQJ�DQG�VWRUDJH�RSWLRQV�\RX�QHHG�WR�DGG�D�SKRWRQV�EORFN�WR�WKH
JOREDOBVHWWLQJV�VHFWLRQ�RI�\RXU�VFHQH���+HUH©V�DQ�H[DPSOH�
�GHFODUH�SKG ��
JOREDOBVHWWLQJV^
��SKRWRQV^
����JDWKHU��������
����UDGLXV����SKG�����������SKG
����DXWRVWRS��
����MLWWHU���
����H[SDQGBWKUHVKROGV��������
��`
`



JOREDOBSKRWRQBEORFN��  
SKRWRQV�^
��JDWKHU��PLQBJDWKHU!���PD[BJDWKHU!
��UDGLXV��JDWKHUBUDGLXV!���JDWKHUBFRXQW!�>���H[SDQGBVWHS!@
��>DXWRVWRS��DXWRVWRSBDQJOH!@
��>MLWWHU��MLWWHUBDPRXQW!@
��>H[SDQGBWKUHVKROGV��SHUFHQWBLQFUHDVH!���H[SDQGBPLQ!@
��>PD[BWUDFHBOHYHO��SKRWRQBWUDFHBOHYHO!@
��>DGFBEDLORXW��SKRWRQBDGFBEDLORXW!@
`
7KH�NH\ZRUG�JDWKHU�DOORZV�\RX�WR�VSHFLI\�KRZ�PDQ\�SKRWRQV�DUH�JDWKHUHG�DW�HDFK�SRLQW�GXULQJ
WKH�UHJXODU�UHQGHULQJ�VWHS���7KH�ILUVW�QXPEHU�����LQ�WKLV�H[DPSOH��LV�WKH�PLQLPXP�QXPEHU�WR
JDWKHU��ZKLOH�WKH�VHFRQG�QXPEHU������KHUH��LV�WKH�PD[LPXP�QXPEHU�WR�JDWKHU���7KHVH�DUH�JRRG
YDOXHV�DQG�\RX�VKRXOG�RQO\�XVH�GLIIHUHQW�RQHV�LI�\RX�NQRZ�ZKDW�\RX©UH�GRLQJ���6HH�WKH
DGYDQFHG�RSWLRQV�VHFWLRQ�IRU�PRUH�LQIRUPDWLRQ�
7KH�NH\ZRUG�UDGLXV�VSHFLILHV�WKH�VHDUFK�UDGLXV�IRU�SKRWRQV���:KHQ�VHDUFKLQJ�IRU�SKRWRQV��WKH
V\VWHP�ILQGV�DOO�SKRWRQV�ZLWKLQ�WKLV�VHDUFK�UDGLXV�DQG�KDV�WR�VRUW�WKURXJK�WKHP�WR�ILQG�RQO\�WKH
FORVHVW�RQHV���7KXV��LI�WKH�UDGLXV�LV�WRR�ODUJH��WKH�UHQGHU�ZLOO�EH�YHU\�VORZ��VLQFH�WKH�V\VWHP�KDV
WR�VLIW�WKURXJK�ORWV�RI�SKRWRQV�WR�JHW�WKH�RQHV�LW�QHHGV���+RZHYHU��LI�WKH�UDGLXV�LV�WR�VPDOO��WKH
V\VWHP�ZLOO�QRW�ILQG�HQRXJK�SKRWRQV�DQG�WKH�LPDJH�ZLOO�ORRN�VSORWFK\���7KH�YDULDEOH�¦SKG§�LV
XVHG�KHUH�WR�DOORZ�WKH�XVHU�WR�TXLFNO\�FKDQJH�WKH�RYHUDOO�TXDOLW\�RI�WKH�SKRWRQ�PDSSLQJ�XVHG��
0RUH�RQ�WKLV�ODWHU���7KH�RWKHU�YDOXHV�IROORZLQJ�UDGLXV�DUH�H[SODLQHG�ODWHU�
MLWWHU�VSHFLILHV�WKH�DPRXQW�RI�MLWWHU�XVHG�LQ�WKH�VDPSOLQJ�RI�OLJKW�UD\V�LQ�WKH�SUH�SURFHVVLQJ�VWHS��
7KH�GHIDXOW�YDOXH�LV�JRRG�DQG�XVXDOO\�GRHV�QRW�QHHG�WR�EH�FKDQJHG���%RWK�DXWRVWRS�DQG
H[SDQGBWKUHVKROGV�ZLOO�EH�H[SODLQHG�ODWHU�
6KRRWLQJ�3KRWRQV�DW�DQ�2EMHFW
7R�VKRRW�SKRWRQV�DW�DQ�REMHFW��\RX�QHHG�WR�WHOO�329�WKDW�WKH�REMHFW�UHFHLYHV�SKRWRQV���7R�GR
WKLV��FUHDWH�D�SKRWRQV�EORFN�ZLWKLQ�WKH�REMHFW���+HUH�LV�DQ�H[DPSOH�
REMHFW^
��0\2EMHFW
��SKRWRQV�^
����VHSDUDWLRQ�����SKG
����UHIUDFWLRQ�RQ
����UHIOHFWLRQ�RQ
����LJQRUHBSKRWRQV
��`
`



REMHFWBSKRWRQBEORFN��  
SKRWRQV^
��>VHSDUDWLRQ��VHSDUDWLRQBGLVWDQFH!@
��>UHIUDFWLRQ�RQ_RII@
��>UHIOHFWLRQ�RQ_RII@
��>LJQRUHBSKRWRQV@
`
,Q�WKLV�H[DPSOH��WKH�REMHFW�ERWK�UHIOHFWV�DQG�UHIUDFWV�SKRWRQV���(LWKHU�RI�WKHVH�RSWLRQV�FRXOG�EH
WXUQHG�RII��E\�VSHFLI\LQJ�UHIOHFWLRQ�RII��IRU�H[DPSOH����%\�XVLQJ�WKLV��\RX�FDQ�KDYH�DQ�REMHFW
ZLWK�D�UHIOHFWLYH�ILQLVK�ZKLFK�GRHV�QRW�UHIOHFW�SKRWRQV�IRU�VSHHG�DQG�PHPRU\�UHDVRQV�
7KH�GHQVLW\�RI�WKH�SKRWRQV�LV�VSHFLILHG�XVLQJ�WKH�VHSDUDWLRQ�NH\ZRUG���7KH�QXPEHU�DIWHU
VHSDUDWLRQ�LV�WKH�VSDFLDO�VHSDUDWLRQ�RI�SKRWRQV�DW�WKH�FHQWHU�RI�WKH�REMHFW©V�ERXQGLQJ�ER[���7KH
SKRWRQV�DUH�DFWXDOO\�VKRW�XVLQJ�D�VSLUDO�SDWWHUQ�ZLWK�XQLIRUP�DQJXODU�VSDFLQJ��EXW�WKLV�DQJXODU
VSDFLQJ�LV�GLIILFXOW�WR�HVWLPDWH��DQG�WKHUHIRUH�LV�FRPSXWHG�LQWHUQDOO\�IURP�WKH�VSDFLDO�VSDFLQJ
VSHFLILHG�E\�VHSDUDWLRQ�
7KH�¦SKG§�YDULDEOH�LV�XVHG�KHUH�DJDLQ���$V�\RX�FDQ�JXHVV��WKH�VHSDUDWLRQ�RI�SKRWRQV�DQG�JDWKHU
UDGLXV�DUH�GLUHFWO\�UHODWHG���$V�ORQJ�DV�ERWK�DUH�NHSW�LQ�SURSHU�SURSRUWLRQ��WKH\�FDQ�EH�VFDOHG�XS
DQG�GRZQ�WR�TXLFNO\�FKDQJH�WKH�WRWDO�QXPEHU�RI�SKRWRQV�XVHG���7KLV�LV�YHU\�XVHIXO�IRU�FUHDWLQJ
WHVW�UHQGHUV�DQG�DOVR�IRU�GHWHUPLQLQJ�WKH�FRUUHFW�UDWLR�RI�VHSDUDWLRQ�DQG�JDWKHU�UDGLXV�
1RWH��3KRWRQV�ZLOO�QRW�EH�VKRW�DW�DQ�REMHFW�XQOHVV�\RX�VSHFLI\�D�SRVLWLYH�VHSDUDWLRQ�GLVWDQFH��
6LPSO\�WXUQLQJ�UHIUDFWLRQ�RQ�ZLOO�QRW�VXIILFH�
3KRWRQV�DQG�/LJKW�6RXUFHV
6RPHWLPHV��\RX�ZDQW�SKRWRQV�WR�EH�VKRW�IURP�RQH�OLJKW�VRXUFH�DQG�QRW�DQRWKHU���,Q�WKDW�FDVH�
\RX�FDQ�WXUQ�SKRWRQV�RQ�IRU�DQ�REMHFW��EXW�VSHFLI\�¦SKRWRQV�^UHIOHFWLRQ�RII�UHIUDFWLRQ�RII`§�LQ
WKH�OLJKW�VRXUFH©V�GHILQLWLRQ���<RX�FDQ�DOVR�WXUQ�RII�RQO\�UHIOHFWLRQ�RU�RQO\�UHIUDFWLRQ�IRU�DQ\
OLJKW�VRXUFH�

)$4
0\�VFHQH�WDNHV�IRUHYHU�WR�UHQGHU�
:KHQ�329�5D\�EXLOGV�WKH�SKRWRQ�PDSV��LW�FRQWLQXDOO\�GLVSOD\V�LQ�WKH�VWDWXV�EDU�WKH�QXPEHU�RI
SKRWRQV�WKDW�KDYH�EHHQ�VKRW���,V�329�5D\�VWXFN�LQ�WKLV�VWHS�DQG�GRHV�LW�NHHS�VKRRWLQJ�ORWV�DQG
ORWV�RI�SKRWRQV"
\HV
� ,I�\RX�DUH�VKRRWLQJ�SKRWRQV�DW�DQ�LQILQLWH�REMHFW��OLNH�D�SODQH���WKHQ�\RX�VKRXOG�H[SHFW

WKLV���(LWKHU�EH�SDWLHQW�RU�GR�QRW�VKRRW�SKRWRQV�DW�LQILQLWH�REMHFWV�
� $UH�\RX�VKRRWLQJ�REMHFWV�DW�D�&6*�GLIIHUHQFH"��6RPHWLPHV�329�5D\�GRHV�D�EDG�MRE

FUHDWLQJ�ERXQGLQJ�ER[HV�IRU�WKHVH�REMHFWV���$QG�VLQFH�SKRWRQV�DUH�VKRW�DW�WKH�ERXQGLQJ



ER[��\RX�FRXOG�JHW�EDG�UHVXOWV���7U\�PDQXDOO\�ERXQGLQJ�WKH�REMHFW���<RX�FDQ�DOVR�WU\�WKH
DXWRVWRS�IHDWXUH��WU\�¦DXWRVWRS�������6HH�WKH�GRFV�IRU�PRUH�LQIR�RQ�DXWRVWRS�

QR
� 'RHV�\RXU�VFHQH�KDYH�ORWV�RI�JODVV"��*ODVV�LV�VORZ�DQG�\RX�QHHG�WR�EH�SDWLHQW�
� 'RHV�WKH�UHQGHU�VORZ�GRZQ�DW�LQ�SODFHV�WKDW�KDYH�ORWV�RI�SKRWRQV��EULJKW�FDXVWLFV�"�,I�VR�

\RX�VKRXOG�GHFUHDVH�JDWKHU�UDGLXV�DQG�RU�XVH�DGDSWLYH�VHDUFK�UDGLXV�

0\�VFHQH�KDV�SROND�GRWV�EXW�UHQGHUV�UHDOO\�TXLFNO\�
<RX�QHHG�WR�LQFUHDVH�WKH�GHQVLW\�RI�WKH�SKRWRQV�E\�GHFUHDVLQJ�WKH�VHSDUDWLRQ�EHWZHHQ�WKHP�
,I�\RX�DOUHDG\�KDYH�SOHQW\�RI�SKRWRQV��PRUH�WKDQ����������WU\�LQFUHDVLQJ�WKH�JDWKHU�UDGLXV�

$GGLQJ�SKRWRQV�VORZHG�GRZQ�P\�VFHQH�D�ORW��DQG�,�VHH�SROND�GRWV�
7KLV�LV�XVXDOO\�FDXVHG�E\�KDYLQJ�ERWK�KLJK��DQG�ORZ��GHQVLW\�SKRWRQV�LQ�WKH�VDPH�VFHQH���7KH
ORZ�GHQVLW\�RQHV�FDXVH�SROND�GRWV��ZKLOH�WKH�KLJK�GHQVLW\�RQHV�VORZ�GRZQ�WKH�VFHQH���,W�LV
XVXDOO\�EHVW�LI�WKH�DOO�SKRWRQV�DUH�RQ�WKH�VDPH�RUGHU�RI�PDJQLWXGH�IRU�VSDFLQJ�DQG�EULJKWQHVV��
%H�FDUHIXO�LI�\RX�DUH�VKRRWLQJ�SKRWRQV�REMHFWV�FORVH�WR�DQG�IDU�IURP�D�OLJKW�VRXUFH���7KH
VHSDUDWLRQ�NH\ZRUG�VSHFLILHV�WKH�VHSDUDWLRQ�DW�WKH�WDUJHW�REMHFW��EXW�WKH�JDWKHULQJ�VWHS�LV
FRQFHUQHG�ZLWK�VHSDUDWLRQ�DW�WKH�SKRWRQV©�ILQDO�GHVWLQDWLRQV���7KH�WDUJHW�REMHFW�XVXDOO\�IRFXVHV
RU�GLYHUJHV�WKH�SKRWRQV��VR�WKHLU�VHSDUDWLRQ�ZLOO�FKDQJH�GHSHQGLQJ�RQ�GLVWDQFHV�LQ�WKH�VFHQH�

,�DGGHG�SKRWRQV��EXW�,�GRQ©W�VHH�DQ\�FDXVWLFV�
:KHQ�329�5D\�EXLOGV�WKH�SKRWRQ�PDSV��LW�FRQWLQXDOO\�GLVSOD\V�LQ�WKH�VWDWXV�EDU�WKH�QXPEHU�RI
SKRWRQV�WKDW�KDYH�EHHQ�VKRW���:KHUH�DQ\�SKRWRQV�VKRW"
QR
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