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�����0ROHFXODU� 0XVLF� LV� DQ� RIIVKRRW� RI� D� ORQJ�WHUP� FROODERUDWLYH� SURMHFW�� WKH� PXOWL�DZDUG�
ZLQQLQJ� GDQFHURRP� 6SHFWURVFRS\� �G6��� G6� KDV� LWV� URRWV� LQ� FRPSXWDWLRQDO� PROHFXODU�
G\QDPLFV�� DQG�ZDV�RULJLQDOO\� FRQFHLYHG� WR� VHUYH� DV� DQ� LQWHUDFWLYH� SODWIRUP� IRU�PROHFXODU�
VLPXODWLRQ�� ,W� RIIHUV� D�PXOWLVHQVRU\� LPPHUVLYH� H[SHULHQFH� EDVHG� RQ� FXWWLQJ�HGJH� VFLHQFH�
IDFLOLWDWLQJ� DQ� XQGHUVWDQGLQJ� RI� WKH� SULQFLSOHV� RI� RXU� PLFURVFRSLF� ZRUOG� WKURXJK� GLUHFW�
H[SHULHQFH� UDWKHU� WKDQ� WUDGLWLRQDO� DFDGHPLF� OHDUQLQJ�� ,W� FRQVLVWV� RI� V\VWHP� RI� SDUWLFOHV��
VLPXODWHG� DFFRUGLQJ� WR� VWULFW� VFLHQWLILF� SULQFLSOHV�� UHSUHVHQWHG� ERWK� YLVXDOO\� DQG� VRQLFDOO\��
ZKLFK� FDQ�EH� LQWHUDFWHG�ZLWK� WKURXJK�KXPDQ�PRYHPHQW�� 7KH�SURMHFW� FRQVLVWV� RI� D�SXEOLF�
LQVWDOODWLRQ��DQG�DOVR�D�FRQWHPSRUDU\�GDQFH�SLHFH��+LGGHQ�)LHOGV��ZKLFK�LV�SHUIRUPHG�XVLQJ�
WKH� V\VWHP�� +\GH¶V� FRQWULEXWLRQ� WR� WKH� SURMHFW� FRQVLVWV� RI� WKH� VRQLILFDWLRQ� �LQWHUDFWLYH�
V\VWHPV�DQG�VRXQG�GHVLJQ��IRU�WKH�LQVWDOODWLRQ��DQG�WKH�FRPSRVLWLRQ�RI�DQ�LQWHUDFWLYH�VFRUH�
IRU�WKH�GDQFH�SLHFH��
�����0ROHFXODU� 0XVLF� LV� LQWHQGHG� WR� IDFLOLWDWH� IXUWKHU� H[SORUDWLRQ� RI� WKH� DXGLRYLVXDO�
UHODWLRQVKLSV� DW� SOD\� LQ� G6� DQG�+LGGHQ� )LHOGV� DQG� WR� H[SORUH�PRUH� GHHSO\� KRZ� WR� VRQLI\�
YLEUDWLRQV�RQ�D�PLFUR�VFDOH� �ZKHUH�VRXQG�GRHV�QRW��DV�VXFK��H[LVW��� �:H�KDYH�EXLOW�VRPH�
KLJKO\�GHYHORSHG�DOJRULWKPV�EDVHG�RQ�))7�DQDO\VLV�RI�PROHFXODU�YLEUDWLRQ�GDWD�RXWVLGH�WKH�
UDQJH�RI�KXPDQ�KHDULQJ�WR�\LHOG�VXEKDUPRQLFV�RQ�ZKLFK�VRQLF�PDWHULDO�FDQ�EH�EDVHG���:H�
DOVR�KDYH� LQ�SODFH�D�VRSKLVWLFDWHG�V\VWHP�ZKHUHE\�VRXQG�FDQ�FRQWURO� WKH�SDUWLFOH�V\VWHP�
DQG� WKH� SDUWLFOH� V\VWHP� FDQ� LQ� WXUQ� FRQWURO� WKH� VRXQG�� � :H� DUH� H[SORULQJ� KRZ� WKLV�
FRPELQDWLRQ�FDQ�EH�XVHG� WR�PDNH�D�QRYHO� NLQG�RI� IHHGEDFN� ORRS�� DQG�D�QHWZRUN�RI� QRQ�
WULYLDO�DXGLRYLVXDO�UHODWLRQVKLSV�ZKHUHE\�WKH�LQIOXHQFH�RI�VRXQG�RQ�LPDJH�DQG�YLFH�YHUVD�LV�
PHGLDWHG� YLD� WKH� PHGLXP� RI� DQ� DGYDQFHG� PL[HG� TXDQWXP�FODVVLFDO� PRGHO�� 8VLQJ� WKHVH�
WRROV�ZH�FDQ�XVH�G6�DV�D�KLJKO\�HYROYHG�µYLVXDO�PXVLF¶�LQVWUXPHQW��
�����7KH� SHUIRUPDQFH� FRQVLVWV� RI� D� VROR� DXGLRYLVXDO� SHUIRUPDQFH� RI� DURXQG� ��� PLQXWHV�
GXUDWLRQ���7KH�SDSHU�RXWOLQHV�WKH�DOJRULWKPV�DW�WKH�KHDUW�RI�WKH�G6�V\VWHP�DQG�WKHLU�EURDGHU�
LPSOLFDWLRQV� IRU� 6FL�$UW� YLVXDOLVDWLRQ�VRQLILFDWLRQ� DQG� XQGHUVWDQGLQJ�� EHIRUH� PRYLQJ� RQ� WR�
H[DPLQH� KRZ� WKHVH� DOJRULWKPV� KDYH� EHHQ� DGDSWHG� DV� DQ� DXGLRYLVXDO� LQVWUXPHQW�� � 7KH�
KLVWRU\� RI� WKH� SURMHFW�� LQFOXGLQJ� LQVWDOODWLRQV�� GDQFH� SHUIRUPDQFHV� DQG� PXVLF�EDVHG�
FROODERUDWLRQV�� ZLOO� EH� H[DPLQHG� IROORZHG� E\� D� ORRN� WR� WKH� IXWXUH� ±� LQ� SDUWLFXODU� WKH�
GHYHORSPHQW� RI� G6� DV� D� ODUJH�VFDOH� SHUPDQHQW� H[KLELW� IRU� =.0� LQ� .DUOVUXKH� WR� RSHQ� LQ�
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0ROHFXODU� 0XVLF� LV� DQ� RIIVKRRW� RI� D� ORQJ�WHUP� FROODERUDWLYH� SURMHFW�� WKH� PXOWL�
DZDUG�ZLQQLQJ�GDQFHURRP�6SHFWURVFRS\��G6�>�@��G6�ZDV�RULJLQDOO\�WKH�EUDLQFKLOG�
RI� &RPSXWDWLRQDO� &KHPLVW� 'DYLG� *ORZDFNL� �6WDQIRUG� 8QLYHUVLW\��� ,W� RIIHUV� D�
PXOWLVHQVRU\� LPPHUVLYH� H[SHULHQFH� EDVHG� RQ� FXWWLQJ�HGJH� TXDQWXP�PHFKDQLFV�
IDFLOLWDWLQJ� DQ� XQGHUVWDQGLQJ� RI� WKH� SULQFLSOHV� RI� RXU� PLFURVFRSLF� ZRUOG� WKURXJK�
GLUHFW�H[SHULHQFH�UDWKHU� WKDQ�WUDGLWLRQDO�DFDGHPLF� OHDUQLQJ�� ,W�FRQVLVWV�RI�V\VWHP�
RI� SDUWLFOHV�� VLPXODWHG� DFFRUGLQJ� WR� VWULFW� VFLHQWLILF� SULQFLSOHV�� UHSUHVHQWHG� ERWK�
YLVXDOO\� DQG� VRQLFDOO\�� ZKLFK� FDQ� EH� LQWHUDFWHG�ZLWK� WKURXJK� KXPDQ�PRYHPHQW��
7KH�SURMHFW�FRQVLVWV�RI�D�SXEOLF�LQVWDOODWLRQ��DQG�DOVR�D�FRQWHPSRUDU\�GDQFH�SLHFH��
+LGGHQ�)LHOGV��ZKLFK� LV� SHUIRUPHG�XVLQJ� WKH� V\VWHP��+\GH¶V� FRQWULEXWLRQ� WR� WKH�
SURMHFW�FRQVLVWV�RI�WKH�VRQLILFDWLRQ��LQWHUDFWLYH�V\VWHPV�DQG�VRXQG�GHVLJQ��IRU�WKH�
LQVWDOODWLRQ��DQG�WKH�FRPSRVLWLRQ�RI�DQ�LQWHUDFWLYH�VFRUH�IRU�WKH�GDQFH�SLHFH��
�
0ROHFXODU� 0XVLF� LV� LQWHQGHG� WR� IDFLOLWDWH� IXUWKHU� H[SORUDWLRQ� RI� WKH� DXGLRYLVXDO�
UHODWLRQVKLSV�DW�SOD\�LQ�G6�DQG�+LGGHQ�)LHOGV�DQG�WR�H[SORUH�PRUH�GHHSO\�KRZ�WR�
VRQLI\�YLEUDWLRQV�RQ�D�TXDQWXP�VFDOH��ZKHUH�VRXQG�GRHV�QRW��DV�VXFK��H[LVW����:H�
KDYH�EXLOW�VRPH�KLJKO\�GHYHORSHG�DOJRULWKPV�EDVHG�RQ�))7�DQDO\VLV�RI�PROHFXODU�
YLEUDWLRQ�GDWD�RXWVLGH�WKH�UDQJH�RI�KXPDQ�KHDULQJ�WR�\LHOG�VXEKDUPRQLFV�RQ�ZKLFK�
VRQLF� PDWHULDO� FDQ� EH� EDVHG�� � :H� DOVR� KDYH� LQ� SODFH� D� VRSKLVWLFDWHG� V\VWHP�
ZKHUHE\�VRXQG�FDQ�FRQWURO�WKH�SDUWLFOH�V\VWHP�DQG�WKH�SDUWLFOH�V\VWHP�FDQ�LQ�WXUQ�
FRQWURO�WKH�VRXQG���:H�DUH�H[SORULQJ�KRZ�WKLV�FRPELQDWLRQ�FDQ�EH�XVHG�WR�PDNH�D�
QRYHO�NLQG�RI�IHHGEDFN�ORRS��DQG�D�QHWZRUN�RI�QRQ�WULYLDO�DXGLRYLVXDO�UHODWLRQVKLSV�
ZKHUHE\� WKH� LQIOXHQFH� RI� VRXQG� RQ� LPDJH� DQG� YLFH� YHUVD� LV� PHGLDWHG� YLD� WKH�
PHGLXP�RI�DQ�DGYDQFHG�TXDQWXP�PRGHO��8VLQJ�WKHVH�WRROV�ZH�FDQ�XVH�G6�DV�D�
KLJKO\�HYROYHG�µYLVXDO�PXVLF¶�LQVWUXPHQW��
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7KH� SHUIRUPDQFH� FRQVLVWV� RI� D� VROR� DXGLRYLVXDO� SHUIRUPDQFH� RI� DURXQG� ���
PLQXWHV�GXUDWLRQ���7KH�SDSHU�RXWOLQHV�WKH�DOJRULWKPV�DW�WKH�KHDUW�RI�WKH�G6�V\VWHP�
DQG� WKHLU� EURDGHU� LPSOLFDWLRQV� IRU� 6FL�$UW� TXDQWXP� YLVXDOLVDWLRQ�VRQLILFDWLRQ� DQG�
XQGHUVWDQGLQJ�� EHIRUH� PRYLQJ� RQ� WR� H[DPLQH� KRZ� WKHVH� DOJRULWKPV� KDYH� EHHQ�
DGDSWHG� DV� DQ� DXGLRYLVXDO� LQVWUXPHQW�� � 7KH� KLVWRU\� RI� WKH� SURMHFW�� LQFOXGLQJ�
LQVWDOODWLRQV�� GDQFH� SHUIRUPDQFHV� DQG� PXVLF�EDVHG� FROODERUDWLRQV�� ZLOO� EH�
H[DPLQHG�IROORZHG�E\�D�ORRN�WR�WKH�IXWXUH�±�LQ�SDUWLFXODU�WKH�GHYHORSPHQW�RI�G6�DV�
D�ODUJH�VFDOH�SHUPDQHQW�H[KLELW�IRU�=.0�LQ�.DUOVUXKH�WR�RSHQ�LQ�������
�
�
���7KH�GDQFHURRP�6SHFWURVFRS\�SURMHFW�±�EDFNJURXQG�
�
GDQFHURRP�6SHFWURVFRS\� LV�DQ� LQGLUHFW�RXWFRPH�RI� WKH�VFLHQWLILF� UHVHDUFK�RI�'U��
'DYLG�*ORZDFNL�� �*ORZDFNL�ZRUNV� LQ� WKH� ILHOG�RI�&RPSXWDWLRQDO�&KHPVLWU\��XVLQJ�
FRPSOH[� DOJRULWKPV� WR� PRGHO� WKH� EHKDYLRXUV� RI� PDWWHU� DQG� HQHUJ\� �D� GHWDLOHG�
H[SRVLWLRQ�RI�WKH�DOJRULWKPLF�EDVLV�RI�G6�LV�RXWOLQHG�LQ�VHFWLRQ���EHORZ���,Q�������
ZLWK�SURJUDPPHU�3KLOO�7HZ��KH�EHJDQ�WR�H[SORUH�WKH�LGHD�RI�D�YLVXDOLVDWLRQ�V\VWHP�
ZKLFK� ZRXOG� DIIRUG� QRQ�VSHFLDOLVWV� DQ� LQVLJKW� LQWR� WKH� SULQFLSOHV� DW� ZRUN� LQ�
*ORZDFNL¶V�UHVHDUFK��DQG�DQ�LQVWLQFWLYH�XQGHUVWDQGLQJ�RI�WKH�LQQHU�ZRUNLQJV�RI�RXU�
ZRUOG�RQ�D�QDQR�VFDOH��
�
,Q� LWV� LQLWLDO� IRUP��F��PLG������� WKH�SURMHFW�FRQVLVWHG�RI�D�VLPSOH�SDUWLFOH�V\VWHP��
EXW� RQH�ZKHUH� WKH�PRYHPHQW� RI� WKH� SDUWLFOHV� LV� JRYHUQHG� E\� WKH� DOJRULWKPV� DW�
ZRUN�LQ�*ORZDFNL¶V�UHVHDUFK��7KHVH�SDUWLFOHV�LQKDELW�ZKDW�*ORZDFNL�DQG�RWKHUV�LQ�
KLV� ILHOG� UHIHU� WR� DV� DQ� µHQHUJ\� ODQGVFDSH¶��2QH�PLJKW� VLPSO\� WKLQN� RI� WKLV� DV� D�
FRQWRXUHG�ODQGVFDSH�LQ�ZKLFK�µKLJKHU¶�DUHDV��KLOOV��PRXQWDLQV��ULGJHV��DUH�µKRWWHU¶�
�LH�� RI� KLJKHU� HQHUJ\�� DQG� µORZHU¶� DUHDV� �YDOOH\V�� GLSV�� FUDWHUV�� DUH� µFROGHU¶� DQG�
KDYH�ORZHU�HQHUJ\��
�

�
�
)LJXUH����$�UHSUHVHQWDWLRQ�RI�DQ�HQHUJ\�µODQGVFDSH¶�
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$�FUXFLDO� IHDWXUH�RI� WKH�HQHUJ\� ODQGVFDSH�DW�SOD\� LQ�G6� LV� WKDW�VRPHRQH�YLHZLQJ�
WKH� SDUWLFOH� V\VWHP� FDQ� DFWXDOO\� EHFRPH� SDUW� RI� WKLV� HQHUJ\� ODQGVFDSH�� 7KLV� LV�
DFKLHYHG� LQ� D� UHODWLYHO\� VWUDLJKWIRUZDUG� PDQQHU� E\� LQWHUSUHWLQJ� WKHLU� ERG\� DV� D�
SHDN�� RU� D� WURXJK� �ERWK� DUH� SRVVLEOH�ZLWK� WKH� V\VWHP�� LQ� WKH�HQHUJ\� ODQGVFDSH��
9DULRXV� LQWHUDFWLYH� WHFKQRORJLHV� KDYH� EHHQ� H[SORUHG� LQ� RUGHU� WR� PDNH� WKLV�
SRVVLEOH��EXW�HDUO\�RQ�LQ�WKH�SURMHFW�WKH�0LFURVRIW�.LQHFW�VHQVRU�ZDV�DGRSWHG�DV�D�
FKHDS�DQG�UHODWLYHO\�VLPSOH�VROXWLRQ��
�
7KH�.LQHFW��LQWURGXFHG�LQ�1RYHPEHU�������ZDV�UHOHDVHG�DV�D�JDPHV�FRQWUROOHU�IRU�
WKH� ;ER[� ���� JDPHV� FRQVROH�� EXW� ZDV� UDSLGO\� µKDFNHG¶� DQG� DGRSWHG� IRU� PDQ\�
EURDGHU�SXUSRVHV��LQFOXGLQJ�D�QXPEHU�RI�DUWV�SURMHFWV��7KH�FRQWUROOHU�FRQVLVWV�RI�D�
VWDQGDUG�GHILQLWLRQ� FRORXU� FDPHUD� �EURDGO\� HTXLYDOHQW� WR� D� ZHEFDP� LQ� WHUPV� RI�
IXQFWLRQDOLW\�DQG�TXDOLW\���DQ�LQIUD�UHG�FDPHUD��DQ�LQIUD�UHG�ODVHU�SURMHFWRU��VWULFWO\�
VSHDNLQJ��ERWK�DUH�QHDU�LQIUDUHG��DQG�D�PLFURSKRQH�DUUD\��7KH�LQIUD�UHG�SURMHFWRU�
DQG� FDPHUD��ZRUNLQJ� LQ� WDQGHP�� FRQVWLWXWH� D� VR�FDOOHG� ³VWUXFWXUHG� OLJKW´� V\VWHP�
ZKLFK� DOORZV� WKH� GHYLFH� WR� \LHOG� D� GHSWK� YDOXH� IRU� HYHU\� SL[HO� RI� WKH� FDPHUD�
LPDJH��7KLV�³GHSWK�PDS´�LV�SURGXFHG�E\�FRPSDULQJ�WKH�SDWWHUQ�RI�GRWV�SURMHFWHG�
ZLWK� WKH� SDWWHUQ� SLFNHG� XS� E\� WKH� FDPHUD�� DQG� H[WUDSRODWLQJ� GHSWK� YDOXHV� IURP�
GLVWRUWLRQV� GHWHFWHG� LQ� WKLV� SDWWHUQ�� )RU� PRVW� DSSOLFDWLRQV�� WKH� SXUSRVH� RI� WKLV�
GHSWK�PDS�LV�VLPSO\�WR�VHSDUDWH�IRUHJURXQG�IURP�EDFNJURXQG��DQG�VSHFLILFDOO\�WR�
VHSDUDWH� KXPDQ� IRUPV� IURP� ZKDW� ±� LQ� WKH� GRPHVWLF� VHWWLQJ� HQYLVLRQHG� IRU� WKLV�
GHYLFH� ±� PLJKW� EH� TXLWH� D� FOXWWHUHG� DQG� FKDRWLF� HQYLURQPHQW�� G6� XVHV� WKLV�
EDFNJURXQG� VHSDUDWLRQ�� EXW� DOVR�PDNHV� IXOO� XVH� RI� WKH� GHSWK�PDS� WR� DOORZ� WKH�
VKDSH�RI�KXPDQ�ERGLHV��FDSWXUHG�LQ�UHDO�WLPH��WR�EHFRPH�FRQWRXUV�LQ�WKH�HQHUJ\�
ODQGVFDSH��
�
(DUO\� YHUVLRQV� RI� G6� ZHUH� HVVHQWLDOO\� PDQLIHVWHG� DV� VPDOO�VFDOH� SXEOLF�
LQVWDOODWLRQV� IRU� GHPRQVWUDWLRQ� SXUSRVHV�� XVLQJ� D� VLQJOH�.LQHFW��+RZHYHU�� WKHVH�
UDSLGO\� JDUQHUHG� FRQVLGHUDEOH� LQWHUHVW� DQG� LQ� OLJKW� RI� WKLV� WKH� VFRSH� RI� WKH�
LQVWDOODWLRQ�ZDV�H[SDQGHG��7KH�JUDSKLFV�ZHUH�LPSURYHG��PRUH�.LQHFWV�ZHUH�XVHG�
WR�DOORZ�WKH�V\VWHP�WR�ZRUN�LQ�ODUJHU�VSDFHV��DQ�DUUD\�RI�XS�WR����RI�WKH�GHYLFHV�
FDQ�EH�XVHG�ZLWK�WKH�ODWHVW�YHUVLRQ��DQG�±�FUXFLDOO\�IRU�WKH�SXUSRVHV�RI�WKLV�SDSHU��
D� VRQLF� FRPSRQHQW� RI� WKH� SURMHFW� EHJDQ� WR� EH� GHYHORSHG�� 7KH� ODWWHU� ZLOO� EH�
GLVFXVVHG�LQ�GHWDLO�EHORZ��
�
���+LGGHQ�)LHOGV�
�
%\������� WKH� LQVWDOODWLRQ�KDG�JURZQ� LQWR�D�KLJKO\�VXFFHVVIXO�DQG�SRSXODU�6FL�$UW�
LQVWDOODWLRQ�VXIILFLHQWO\�IOH[LEOH�WR�EH�LQVWDOOHG�LQ�D�ZLGH�YDULHW\�RI�VSDFHV��LQFOXGLQJ�
D� GRPH� HQYLURQPHQW�ZLWK� IXOO� ����GHJUHH� FDSWXUH� DQG� SURMHFWLRQ� �VHH� ILJXUHV� ��
DQG� ���� $W� WKLV� SRLQW� D� ODUJH� WHDP� RI� FROODERUDWRUV� KDG� JDWKHUHG� DURXQG� WKH�
SURMHFW�� LQFOXGLQJ�3URIHVVRU� -RVHSK�+\GH� DQG�'U� 7RP�0LWFKHOO�� $� GHFLVLRQ�ZDV�
PDGH�DW�WKLV�SRLQW�WR�IXUWKHU�H[SORUH�WKH�DHVWKHWLF�SRVVLELOLWLHV�RI�WKH�V\VWHP�XVLQJ�
D�VPDOO�QXPEHU�RI�µH[SHUW�XVHUV¶��7UDLQHG�GDQFHUV�VHHPHG�WKH�REYLRXV�FKRLFH�IRU�
VXFK�D�UROH��$SSOLFDQWV�IURP�WKH�FRQWHPSRUDU\�GDQFH�FRPPXQLW\�ZHUH� LQYLWHG�WR�
DSSO\� WR� WDNH�SODFH� LQ�D�VSHFLDOLVW�ZRUNVKRS�XVLQJ� WKH�V\VWHP�DW� WKH�$UQROILQL� LQ�
%ULVWRO� LQ� -XQH� ������ )ROORZLQJ� WKH� VXFFHVV� RI� WKLV� D� GHFLVLRQ� ZDV� PDGH� WR�
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GHYHORS�D�IXOO\�IOHGJHG�GDQFH�ZRUN��NQRZQ�DV�+LGGHQ�)LHOGV��VHH�ILJXUH�����7KLV�
ZHQW� WKURXJK� D� QXPEHU� RI� LWHUDWLRQV� WKURXJKRXW� ������ ZLWK� GHYHORSPHQW�
VXSSRUWHG� E\� D� JUDQW� IURP� WKH� $UWV� &RXQFLO� RI� (QJODQG�� DQG� D� QXPEHU� RI�
SHUIRUPDQFHV�LQ�WKH�8.�DQG�(XURSH��
�

�
�
)LJXUH���±�WKH�,JORR�����GRPH�EHLQJ�LQVWDOOHG�IRU�WKH�G6�IHVWLYDO��7KH�3DVVHQJHU�
6KHG��%ULVWRO��2FWREHU������
�

�
�
)LJXUH���±�WKH�G6�LQVWDOODWLRQ�LQ�GRPH�IRUPDWLRQ�
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�
)LJXUH�����+LGGHQ�)LHOGV�SHUIRUPDQFH�LQ�6HHLQJ�6RXQG�>�@��1RYHPEHU������
�
+LGGHQ�)LHOGV�RIIHUHG�D�WUHPHQGRXV�RSSRUWXQLW\�WR�GHYHORS�WKH�VRQLF�DQG�PXVLFDO�
GLPHQVLRQV� RI� WKH� SURMHFW�� 'XULQJ� WKLV� SHULRG�� +\GH� DQG� 0LWFKHOO�� EURDGO\�
RSHUDWLQJ� LQ� WKH� UROHV� RI� FRPSRVHU� DQG� PXVLF� WHFKQRORJLVW�� HYROYHG� WKH� EURDG�
SDOHWWH�RI�VRXQGV�DQG�WHFKQLTXHV�RXWOLQHG�EHORZ��7KH�FRQWUROOHG�HQYLURQPHQW�RI�D�
GDQFH�SHUIRUPDQFH�DQG�DQ�H[WHQVLYH�UHKHDUVDO�SURFHVV�LQFRUSRUDWLQJ�GDQFHUV��DV�
H[SHUW�XVHUV��DOORZHG� IRU�DQ�H[SORUDWLRQ�RI�H[WUHPHV��:KLOVW�D�SXEOLF� LQVWDOODWLRQ�
QHHGV�LQ�VRPH�UHVSHFWV�WR�µSOD\�LW�VDIH¶��WR�DOORZ�IRU�D�ZLGH�UDQJH�LQ�WHUPV�RI�WKH�
QXPEHUV� RI� XVHUV� DQG� WKH� ZD\V� LQ� ZKLFK� WKH\� PLJKW� LQWHUDFW� ZLWK� WKH� V\VWHP��
+LGGHQ� )LHOGV� DOORZHG� XV� WR� GHFLGH� ZKDW� ZH� ZDQWHG� WKH� V\VWHP� WR� GR�� DQG� WR�
HYROYH�ZD\V�RI�DFKLHYLQJ�WKLV�HQG��,Q�WKLV�ZD\��WKH�DHVWKHWLFV�RI�WKH�SURMHFW�ZHUH�
DOORZHG�WR�HYROYH��YLVXDOO\�DQG�VRQLFDOO\��
�
$V� WKH�SLHFH�HYROYHG� WRZDUGV� LWV� FXUUHQW�GXUDWLRQ�RI�DURXQG�DQ�KRXU�� LW�ZDV� IHOW�
QHFHVVDU\� WR� ILUP�XS�D�TXDVL�QDUUDWLYH�VWUXFWXUH� IRU� WKH�SLHFH�� �7KLV�ZDV� ODUJHO\�
GULYHQ�E\�WKH�PXVLF��DQG�ZH�IHOW� WKH�QHHG�WR�KDYH�FHUWDLQ�SRLQWV� LQ� WKH�VWUXFWXUH�
ZKHUH� WKH� VRXQG�PXVLF� ZDV� QRW� IXOO\� GULYHQ� E\� WKH� SDUWLFOH� V\VWHP� �ZLWK� WKH�
FKDRWLF� EHKDYLRXU� WKDW� SDUDGLJP� SURGXFHV�� EXW� UDWKHU� DOORZHG� WR� RSHUDWH�
DFFRUGLQJ� WR�D�PRUH� WUDGLWLRQDOO\�PXVLFDO�FRPSRVLWLRQDO� ORJLF��5DWKHU� WKDQ�EUHDN�
WKH�FRQQHFWLRQ�EHWZHHQ�WKH�SDUWLFOH�V\VWHP�DQG�WKH�VRXQG�DW�WKHVH�MXQFWXUHV��ZH�
HYROYHG�D�VHW�RI�WHFKQLTXHV�ZKHUHE\�WKH�VRXQG�FRXOG�FRQWURO�WKH�SDUWLFOH�V\VWHP�
DV�RSSRVHG� WR�YLFH�YHUVD��7KLV�RSHQHG�XS�D�VHW�RI�SRVVLELOLWLHV�RQO\�H[SORUHG� LQ�
HPEU\RQLF� IRUP� LQ� +LGGHQ� )LHOGV�� DQG� ZDV� DUJXDEO\� WKH� RULJLQ� RI� ZKDW� ZRXOG�
EHFRPH�0ROHFXODU�0XVLF�� ,W� DOORZHG� WKH� SRVVLELOLW\� RI� D� FRPSOH[� IHHGEDFN� ORRS�
ZKHUH�WKH�SDUWLFOH�V\VWHP�DQG�VRXQG�RSHUDWH�XSRQ�HDFK�RWKHU��:H�RQO\�VFUDWFKHG�
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�

WKH�VXUIDFH�RI�ZKDW�VXFK�D�V\VWHP�PDNHV�SRVVLEOH�ZLWKLQ� WKH�FRQWH[W�RI�+LGGHQ�
)LHOGV�DQG�WKLV�OHG�XV�WR�DFWLYHO\�VHHN�DQRWKHU�DYHQXH�ZLWKLQ�ZKLFK�WR�GR�VR��
�
���6FLHQWLILF�8QGHUSLQQLQJV�
�
$V�VWDWHG�DERYH��WKH�.LQHFW�VHQVRU��RU�DUUD\��\LHOGV�D�GHSWK�PDS�ZKHUHE\�IRU�HYHU\�
SL[HO� LQ� DQ� [�\� DUUD\�� D� YDOXH� LV� JLYHQ� IRU� ]� �GHSWK��� 7KH� SORW� LQ� ILJXUH� �� VKRZV� D�
KXPDQ�IRUP�LQFRUSRUDWLQJ�GDWD�GHULYHG�IURP�WKLV�GHSWK�PDS���KHUH�WKH�LQWHQVLW\�RI�WKH�
FRORXUV� LV� OLQNHG� WR� WKH� PDJQLWXGH� RI� WKH� ORFDO� JUDGLHQW� YHFWRU� RQ� WKH� LPDJH�� 7KH�
PDQQHU� LQ� ZKLFK� LW� LV� SORWWHG� VXJJHVWV� DQDORJ\� ZLWK� WKH� FRQFHSW� RI� DQ� HQHUJ\�
ODQGVFDSH�� ZKLFK� KDV� EHFRPH� D� IXQGDPHQWDO� LGHD� JXLGLQJ� KRZ� FKHPLVWV� DQG�
SK\VLFLVWV� WKLQN� DERXW� ERWK� NLQHWLFV� DQG�G\QDPLFV� LQ� D� UDQJH�RI� FKHPLFDO� V\VWHPV��
IURP� VPDOO� PROHFXOHV� WR� FRPSOH[� PDWHULDOV� DQG� ELRFKHPLFDO� V\VWHPV� >��� �@�� $Q�
HQHUJ\�ODQGVFDSH�LV�HIIHFWLYHO\�D�WRSRORJLFDO�PDS�RI�D�V\VWHP¶V�SRWHQWLDO�HQHUJ\��9��
DW� D� UDQJH� RI� GLIIHUHQW� FRQILJXUDWLRQV�� :LWKLQ� DQ\� ORFDOL]HG� UHJLRQ� RI� WKH� HQHUJ\�
ODQGVFDSH�� WKH� JUDGLHQW� RI� WKH� HQHUJ\�� G9�GT�� UHODWHV� WKH� WRSRORJ\� RI� WKH� HQHUJ\�
ODQGVFDSH� WR� WKH� FODVVLFDO� IRUFHV� IHOW� E\� D� SDUWLFXODU� PROHFXODU� FRQILJXUDWLRQ�� G6�
LQWHUSUHWV�SHRSOH¶V�PRYHPHQWV�DV�SHUWXUEDWLRQV�RQ�D�YLUWXDO�HQHUJ\�ODQGVFDSH���
�

�
�
)LJXUH�����)RUFH�WRSRORJ\�PDS�RI�WKH�KXPDQ�IRUP��*UD\�LQGLFDWHV�D�JUDGLHQW�RI�]HUR��
7KH�LQWHQVLW\�RI�HDFK�FRORU�LV�UHODWHG�WR�WKH�PDJQLWXGH�RI�WKH�ORFDO�IRUFH�YHFWRU�RQ�WKH�
GHSWK�LPDJH��&RORU�FKRLFH�KDV�EHHQ�VHOHFWHG�WR�HIIHFWLYHO\�LOOXVWUDWH�GHSWK�

,Q�LWV�SUHVHQW�IRUP��G6�FDUULHV�RXW�DQ�0'�VLPXODWLRQ�LQYROYLQJ�1�DWRPV��HDFK�RI�ZKLFK�
PD\�PRYH�LQ�D�YLUWXDO�FRRUGLQDWH�V\VWHP�GHILQHG�E\�&DUWHVLDQ�[��\��DQG�]�GLUHFWLRQV��
+DPLOWRQ¶V� HTXDWLRQV� RI� PRWLRQ�� FRPPRQO\� XVHG� WR� GLVFXVV� WKH� G\QDPLFV� RI�
PROHFXODU� V\VWHPV� LQ� ERWK� FODVVLFDO� DQG� TXDQWXP� IUDPHZRUNV�� SURYLGH� D� XVHIXO�
YDQWDJH�SRLQW�IRU�GHVFULELQJ�KRZ�WKH�V\VWHP�ZRUNV��7KH\�DUH�DV�IROORZV��

�
dp / dt = �dH / dq
dq / dt =   dH / dp

� � � � � � ����

�
ZKHUH�S�DQG�T�DUH�WKH�PRPHQWXP�DQG�FRRUGLQDWH�YHFWRUV�RI�HDFK�DWRP�LQ�WKH�
HQVHPEOH��DQG�+�LV�WKH�VR�FDOOHG�+DPLOWRQLDQ�IXQFWLRQ�GHVFULELQJ�WKH�WRWDO�V\VWHP�
HQHUJ\���L�H���
�
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�

H = mivi
2

2
+V

i=1

N

� � � � � � � ����

�
ZKHUH�L�LV�DQ�LQGH[�WKDW�UXQV�RYHU�D�FROOHFWLRQ�RI�1�WRWDO�DWRPV��P�LV�WKH�PDVV�RI�DQ�
DWRP��DQG�Y�LV�LWV�YHORFLW\��7KH�ILUVW�WHUP�LQ�(T�����GHVFULEHV�WKH�WRWDO�NLQHWLF�HQHUJ\�RI�
WKH�V\VWHP�ZKLOH�WKH�VHFRQG��9��GHVFULEHV�WKH�WRWDO�SRWHQWLDO�HQHUJ\��:LWKLQ�G6��WKHUH�
DUH�WZR�GLIIHUHQW�FRQWULEXWRUV�WR�9��

�
V =Vint +Vext � � � � � � � ����

�
ZKHUH� WKH� WRWDO�SRWHQWLDO�HQHUJ\��9�� LV�FDOFXODWHG�DV� WKH�VXP�RI� WZR� WHUPV��9LQW�DQG�
9H[W��ZKLFK�FRUUHVSRQG� WR� WKH�SRWHQWLDO�HQHUJ\�RZLQJ� WR� LQWHUQDO�DQG�H[WHUQDO� ILHOGV��
UHVSHFWLYHO\��/LNH�PDQ\�0'�SURJUDPV��WKH�PRVW�H[SHQVLYH� ORRS�LQ�G6�LV�DVVRFLDWHG�
ZLWK�FDOFXODWLQJ�9LQW��DQG�LQYROYHV�VXPPLQJ�RYHU�DOO�SRVVLEOH�SDLUZLVH�LQWHUDFWLRQV��
�

Vint = V (rij )
j=i+1

N

�
i=1

N

� � � � � � � ����

�
ZKHUH� ULM� LV� WKH� GLVWDQFH� EHWZHHQ� DWRPV� L� DQG� M�� 'XULQJ� LQLWLDO� SURWRW\SLQJ� DQG�
EHQFKPDUNLQJ�RI� WKH�G6�V\VWHP��9LQW� LQFOXGHG�RQO\�QRQ�ERQGHG�/HQQDUG�-RQHV�W\SH�
LQWHUDFWLRQV� ZLWK� SDUDPHWHUV� GHULYHG� IURP� HOHFWURQLF� VWUXFWXUH� FDOFXODWLRQV� >�@��
+RZHYHU��DV�GLVFXVVHG�IXUWKHU�EHORZ��ZH�KDYH�UHFHQWO\�LPSOHPHQWHG�D�VHW�RI�IDVW�&��
ZUDSSHUV�ZKLFK�DOORZ�G6�WR�FDOO�WKH�*38�DFFHOHUDWHG�2SHQ00�SURJUDP�ZKHQHYHU�D�
IRUFH�HYDOXDWLRQ� LV� UHTXLUHG��2SHQ00�DOORZV� IRU�D�ZLGH� UDQJH�RI� IRUFH� LQWHUDFWLRQV��
LQFOXGLQJ� ERQGV�� DQJOHV�� WRUVLRQV�� QRQ�ERQGHG� /HQQDUG� -RQHV� LQWHUDFWLRQV� DQG�
HOHFWURVWDWLF�LQWHUDFWLRQV�>�@���
�
7KH�9H[W�WHUP�LQ�(T�����LV�FDOFXODWHG�DV�D�VXP�RYHU�WKH�GLIIHUHQFH�EHWZHHQ�D�UDZ�
GHSWK�PDWUL[�DW�WLPH�W�� ��DQG�DQ�DYHUDJH�EDFNJURXQG�GHSWK�LPDJH��

�DV�IROORZV��DQJOHG�EUDFNHWV�LQGLFDWH�DQ�DYHUDJH���
�

Vext =Ci [Vext (xi, yi, t)� Vext (xi, yi, 0) ]
i=1

N

� � � � ����

�
ZKHUH� WKH� WHUP� LQ� VTXDUH� EUDFNHWV� UHSUHVHQWV� WKH� SRWHQWLDO� HQHUJ\� WKDW� DQ� DWRP�
µIHHOV¶� DV� D� FRQVHTXHQFH� RI� SHRSOH¶V�PRWLRQ�� DQG�&L� LV� D� YDULDEOH� VFDOLQJ� FRQVWDQW�
DSSOLHG� WR� D� VSHFLILF� DWRP�� ,QWHUDFWLYH� FRQWURO� RYHU�&L� DOORZV� WKH� XVHU� WR� GHWHUPLQH�
KRZ� VWURQJO\� DQ\� JLYHQ� DWRP� µIHHOV¶� IRUFHV� IURP� WKH� XVHUV¶� ILHOGV�� DQG� ZKHWKHU� D�
SHUVRQ¶V� ILHOG� LV� µDWWUDFWLYH¶� RU� µUHSXOVLYH¶�� (T� ���� LV� UHVSRQVLEOH� IRU� FRXSOLQJ� KXPDQ�
PRWLRQ� WR� WKH� DWRPLF� G\QDPLFV�� DOORZLQJ� KXPDQV� WR� VFXOSW� WKH� SRWHQWLDO� HQHUJ\�
ODQGVFDSH�IHOW�E\�WKH�DWRPLF�HQVHPEOH��DQG�WKHUHE\�FKDSHURQH�WKH�V\VWHP�G\QDPLFV��
�
,Q�+DPLOWRQLDQ�PHFKDQLFV�� WKH� HQHUJ\� IXQFWLRQ��+�� VKRXOG� UHPDLQ� FRQVWDQW� IRU� DQ\�
FORVHG�G\QDPLFDO�V\VWHP��LQ�OLQH�ZLWK�WKH�FRQVHUYDWLRQ�RI�HQHUJ\�UHTXLUHG�E\�WKH�ILUVW�
ODZ� RI� WKHUPRG\QDPLFV� >�@�� +RZHYHU�� WKH� (T� ���� +DPLOWRQLDQ� LV� QRW� VXEMHFW� WR� WKLV�
FRQVWUDLQW�EHFDXVH�RI�WKH�9H[W�WHUP��ZKLFK�HIIHFWLYHO\�PDNHV�WKH�V\VWHP�RSHQ�UDWKHU�
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�

WKDQ�FORVHG��)OXFWXDWLRQV� LQ� WKH�GHSWK�GDWD�DULVH�DV�D�FRQVHTXHQFH�RI�QRLVH� LQ� WKH�
GHSWK� LPDJHV�� RU� SHRSOH¶V�PRWLRQ�ZLWKLQ� WKH� VSDFH�PDSSHG� E\� WKH� GHSWK� VHQVRUV��
%RWK� RI� WKHVH� HIIHFWV� HIIHFWLYHO\� UHVXOW� LQ� IOXFWXDWLRQV� RI� WKH� WRWDO� V\VWHP� HQHUJ\��
LQWURGXFLQJ� VLJQLILFDQW� LQVWDELOLWLHV� LQWR� WKH� 9HORFLW\� 9HUOHW� >�@� VFKHPH� XVHG� WR�
SURSDJDWH�WKH�WLPH�GHSHQGHQW�V\VWHP�G\QDPLFV�LQ�(T������7R�DGGUHVV�WKLV��DQG�DYRLG�
WKH� FUDVKHV� DVVRFLDWHG� ZLWK� VXFK� LQVWDELOLWLHV�� ZH� KDYH� LPSOHPHQWHG� D� PRGLILHG�
YHORFLW\� UHVFDOLQJ� %HUHQGVHQ� WKHUPRVWDW�� LQ� ZKLFK� WKH� LQVWDQWDQHRXV� V\VWHP�
WHPSHUDWXUH�7W�DSSURDFKHV�VRPH�GHVLUHG�WHPSHUDWXUH�7��ZLWK�D�ILUVW�RUGHU�UDWH�
�

dTt
dt

= 1
�
� (T0 �Tt ) � � � � � � ����

�
WKDW�GHSHQGV�RQ�D�XVHU�VSHFLILHG�UDWH�FRHIILFLHQW����W��DQG�KRZ�IDU�WKH�V\VWHP�LV�IURP�
7���5HDUUDQJLQJ�����JLYHV�DQ�H[SUHVVLRQ� IRU� WKH� WHPSHUDWXUH�FKDQJH�G7W�RYHU�VRPH�
WLPH�VWHS�GW��
�

dTt =
dt
�
� (T0 �Tt ) � � � � � � ����

�
ZKHUH�W�LV�D�ILUVW�RUGHU�WLPH�FRQVWDQW��DQG�
�

Tt =
1

d �N � kB
mivi

2

i=1

N

� � � � � � � ����

�
ZLWK�G�WKH�QXPEHU�RI�GLPHQVLRQV�LQ�ZKLFK�HDFK�DWRP�FDQ�PRYH��WKUHH���1�WKH�QXPEHU�
RI� DWRPV� LQ� WKH� VLPXODWLRQ�� DQG� N%� WKH� %ROW]PDQQ� FRQVWDQW�� 7KH� YHORFLW\� UHVFDOLQJ�
FRQVWDQW� O� LV� GHWHUPLQHG� YLD� GHILQLWLRQ� RI�7�O���ZKLFK� LV� WKH� WHPSHUDWXUH� WKDW� UHVXOWV�
ZKHQ�DOO�WKH�DWRPLF�YHORFLWLHV�DUH�VFDOHG�E\�O��L�H���
�

T (�) = 1
df �N � kB

mi (�vi )
2

i=1

N

�
�

�
�

�

�
�= � 2Tt �� � � ����

�
:H�HYDOXDWH�O�E\�VSHFLI\LQJ�WKDW�G7W� �7�O��±�7W��DQG�VXEVWLWXWLQJ�(T�����DQG�����WR�JLYH��
�

dt
�
� (T0 �Tt ) = �

2Tt �Tt � � � � � �����

�
ZKLFK�PD\�EH�VROYHG�WR�\LHOG�
�

� = 1+ dt
�

T0
Tt
�1

�

�
�

�

�
� � � � � � � �����

�
3ULRU�WR�GHWHUPLQLQJ�WKH�YDOXH�RI�7W�UHTXLUHG�IRU�FDOFXODWLQJ�WKDW�DWRPLF�YHORFLW\�VFDOH�
IDFWRU� O�� WKHUH� LV� DQ� DGGHG� VWDELOLW\�PHDVXUH��ZH� ORRS� RYHU� WKH� DWRPLF� YHORFLWLHV� WR�
HQVXUH� WKDW�QRQH�RI� WKH�DWRPV�ZLWKLQ� WKH�VLPXODWLRQ�KDYH�D�YHORFLW\�PRUH� WKDQ� WZR�
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VWDQGDUG� GHYLDWLRQV� ODUJHU� WKDQ� WKH� DYHUDJH� DWRPLF� YHORFLW\�� :H� KDYH� IRXQG� WKH�
SURFHGXUH� RXWOLQHG� DERYH� JLYHV� D� JRRG� FRPSURPLVH� EHWZHHQ� FRPSXWDWLRQDO�
HIILFLHQF\��LQWHUDFWLYH�IOXLGLW\��DQG�V\VWHP�VWDELOLW\��0RUHRYHU��LW�LV�H[WUHPHO\�UREXVW�WR�
QXPHULFDO�LQVWDELOLWLHV�WKDW�FDQ�DULVH�ZKHQ�XVHU�PRWLRQ�VXGGHQO\�µLQMHFWV¶�HQHUJ\�LQWR�
WKH�V\VWHP�+DPLOWRQLDQ��
�
���7HFKQRORJ\�
�
7KH� SULPDU\� G6� VRIWZDUH� FRQVLVWV� RI� D� EHVSRNH� DSSOLFDWLRQ� FRGHG� LQ� &��� /DWHU�
YHUVLRQV�RI�WKH�VRIWZDUH�DUH�KLJKO\�&38�RSWLPLVHG��DQG�PDNH�IXOO�XVH�RI�WRS�HQG�
19,',$�JUDSKLFV�FDUGV�±�WKH�SULPDU\�V\VWHP�FXUUHQWO\�LQ�XVH�FRQWDLQV�D�GXDO�FDUG�
V\VWHP�ZLWK�RYHU������FRUHV��DOO�RI�ZKLFK�DUH�FR�RSWHG�E\�WKH�VRIWZDUH��7KDQNV�WR�
WKH�ZRUN�RI�D� WHDP�RI�SURJUDPPHUV�VSHFLDOLVLQJ� LQ�FRGH� IRU�*38V�� WKHVH�FRUHV�
DUH�XVHG�QRW�RQO\�WR�SURGXFH�WKH�JUDSKLFV�IRU�WKH�V\VWHP��DOWKRXJK�DW�XS�WR��[+'�
UHVROXWLRQ���������[������SL[HOV�±�VHH�ILJXUH����WKH�UHQGHULQJ�LV�D�QRQ�WULYLDO�WDVN��
�

�
�

�
�
)LJXUH���±��������[������SL[HO�UHQGHUV�FDSWXUHG�GLUHFWO\�IURP�G6�VRIWZDUH�
�
7KH�*38�FRUHV�DUH�DOVR�XVHG�WR�UHVROYH�WKH�HTXDWLRQV�RXWOLQHG�DERYH�±�D�XQLTXH�
DVSHFW�RI�WKH�SURMHFW�ZKLFK�KDV�DWWUDFWHG�FRQVLGHUDEOH�LQWHUHVW�IURP�WKH�VFLHQWLILF�
FRPPXQLW\��VLQFH�LW�HVVHQWLDOO\�DOORZV�D�GRPHVWLF�3&��DOEHLW�D�YHU\�KLJK�HQG�RQH��
WR� IXQFWLRQ� DV� D� PDVVLYHO\� SDUDOOHOL]HG� VXSHUFRPSXWHU� IRU� WKH� VROYLQJ� RI� PDQ\�
VLPXOWDQHRXV�TXDQWXP�G\QDPLFV�DOJRULWKPV�LQ�UHDO�WLPH��)RU�WKH�SXUSRVHV�RI�G6��
LW�KDV�DOORZHG�XV�WR�PDVVLYHO\�LQFUHDVH�WKH�SDUWLFOH�FRXQW��
�
7KH� DXGLR� FRPSRQHQW� RI� G6� UXQV� RQ� D� VHSDUDWH� PDFKLQH�� DQG� LV� EXLOW� XVLQJ�
&\FOLQJ��¶V� 0D[� HQYLURQPHQW� >�@�� )RU� WKH� SXUSRVHV� RI� +LGGHQ� )LHOGV� DQG�
VXEVHTXHQWO\� 0ROHFXODU� 0XVLF�� WKH� 0D[� VRIWZDUH� KDV� EHHQ� GHYROYHG� LQWR� D�
QXPEHU� RI� 0D[� IRU� /LYH� >�@� SOXJLQV�� � 7KH� DGYDQWDJH� RI� WKLV� DSSURDFK� LV� WKDW� LW�
DOORZV�$EOHWRQ�/LYH�WR�IXQFWLRQ�DV�D�WLPHOLQH�IRU�GXUDWLRQDO�VWUXFWXUHV�±�ZKLOVW�WKH�
PLFUR�OHYHO� HOHPHQWV� RI� ERWK� VRXQG� DQG� LPDJH�ZLOO� EH� DOHDWRULF� DQG� LQWHUDFWLYH��
WKH�RYHUDOO�EHKDYLRXU�RI�WKH�V\VWHP�FDQ�EH�FRQWUROOHG�ZLWK�WKH�VRSKLVWLFDWLRQ�DQG�
UHOLDELOLW\� WKDW� D� PRGHUQ� 'LJLWDO� $XGLR� :RUNVWDWLRQ� �DQG� LQ� WKLV� FDVH�� RQH�
VSHFLILFDOO\�GHVLJQHG�IRU�OLYH�SHUIRUPDQFH��DIIRUGV��
�
&RPPXQLFDWLRQ� EHWZHHQ� WKH� WZR�PDFKLQHV� LV� DFKLHYHG� XVLQJ� WKH�2SHQ� 6RXQG�
&RQWURO� �26&�� SURWRFRO�� GHYHORSHG� E\� 0DUWLQ� )UHHG� DQG� KLV� WHDP� DW� &10$7��
8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\� >��@��7KLV�SURWRFRO�RIIHUV�PDQ\�DGYDQWDJHV� IRU�
XV� LQ� WKLV�FRQWH[W�±�SULPDULO\�E\�YLUWXH�RI� LWV� IOH[LELOLW\�DQG�VSHHG��:H�KDYH�EHHQ�
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DEOH�WR�GHYHORS�D�V\VWHP�ZKHUH�ZKDW�PXOWLSOH�VWUHDPV�RI�LQIRUPDWLRQ�DUH�VHQW�LQ�
ERWK�GLUHFWLRQV�±�WKHVH�FDQ�EH�PDVVLYHO\�SDUDOOHO��IRU�H[DPSOH��FROOLVLRQ�GDWD�IURP�
HYHU\� VLQJOH� SDUWLFOH� LQ� WKH� V\VWHP�� DQG�RU� H[WUHPHO\� IDVW� ±�ZH� DUH� DEOH� WR� XVH�
GDWD� VWUHDPV� DW� FORVH� WR� DXGLR� UDWHV�� ZKLFK� PDNHV� WKH� V\VWHP� LQFUHGLEO\�
UHVSRQVLYH�DQG�RSHQV�XS�PDQ\�FUHDWLYH�DYHQXHV��
�
$OWKRXJK� WKH�26&� SURWRFRO� RSHUDWHV� HVVHQWLDOO\� DV� D� QHWZRUN�� DOORZLQJ� GDWD� WR�
WUDYHO�LQ�DQ\�GLUHFWLRQ�EHWZHHQ�PXOWLSOH�PDFKLQHV��G6�±�DW�OHDVW�DV�XVHG�LQ�+LGGHQ�
)LHOGV�DQG�0ROHFXODU�0XVLF�±�RSHUDWHV� LQ�D�FRQILJXUDWLRQ�ZKHUH� WKH�3&�UXQQLQJ�
WKH�PDLQ�G6�VRIWZDUH��TXDQWXP�VLPXODWLRQ��SDUWLFOH�GLVSOD\��GHSWK�PDS�DFTXLVLWLRQ�
HWF��� LV� HVVHQWLDOO\� µVODYHG¶� WR� RU� FRQWUROOHG� E\� WKH� DXGLR� PDFKLQH�� � 7KLV� LV�
PHQWLRQHG�KHUH�EHFDXVH�LW�LV�RQH�RI�WKH�IDFWRUV�WKDW�PDNHV�WKH�V\VWHP�VR�VXLWDEOH�
DV� D� FRPSRVLWLRQDO� RU� DXGLRYLVXDO� SHUIRUPDQFH� WRRO� ±� WKLV� LV� GLVFXVVHG� LQ�PRUH�
GHSWK�EHORZ��
�
���6RQLILFDWLRQ�±�JHQHUDO�SULQFLSOHV�
�
:H�ZLOO�GLVFXVV�LQ�WXUQ�WKH�WZR�SULPDU\�FDWHJRULHV�RI�LQWHUDFWLRQ�LQYROYHG�LQ�WKH�
V\VWHP��ILUVWO\�LQWHUDFWLRQ�ZKHUH�GDWD�LV�EHLQJ�VHQW�IURP�WKH�SULPDU\�G6�PDFKLQH�WR�
WKH�DXGLR�PDFKLQH�DQG�VHFRQGO\�ZKHUH�GDWD�LV�VHQW�LQ�WKH�RSSRVLWH�GLUHFWLRQ��,Q�
UHDOLW\�ERWK�DUH�RSHUDWLQJ�FRQWLQXRXVO\�DQG�VLPXOWDQHRXVO\��DV�ZLOO�EH�GLVFXVVHG�
EHORZ��
�
7KH�VLPSOHVW�W\SH�RI�LQWHUDFWLYLW\��DQG�WKH�ILUVW�WR�EH�GHYHORSHG��LV�FROOLVLRQ�GHWHFWLRQ���
'DWD�LV�SURGXFHG�ZKHQ�SDUWLFOHV�FROOLGH��DW�ZKLFK�SRLQW�WKH�V\VWHP�\LHOGV�WKH�
FRRUGLQDWHV�DW�ZKLFK�WKH�FROOLVLRQ�WDNHV�SODFH��DQG�WKH�VSHHG�DW�ZKLFK�WKH�SDUWLFOHV�
FROOLGH���7KH�FDSDELOLWLHV�RIIHUHG�E\�WKH�W\SH�RI�LQWHUDFWLRQ�ZLOO�YDU\�DFFRUGLQJ�WR�WKH�
SK\VLFDO�SURSHUWLHV�RI�WKH�V\VWHP�EHLQJ�VLPXODWHG��WKLV�LV�VRPHWKLQJ�RI�D�XQLYHUVDO�
SULQFLSOH�LQ�WHUPV�RI�G6��DQG�LV�VRPHWKLQJ�ZH�GLVFXVV�IXUWKHU�EHORZ���:KHUH�SDUWLFOHV�
DQG�HQHUJ\�ILHOGV�DUH�
DWWUDFWLYH
��LH�ZKHUH�VLPXODWHG�SK\VLFDO�IRUFHV�ZLOO�GUDZ�WKHP�
WRJHWKHU��XVLQJ�WKH�HQHUJ\�ODQGVFDSH�PHWDSKRU��WKLV�ZRXOG�EH�HTXLYDOHQW�WR�D�
µWURXJK¶���SDUWLFOHV�ZLOO�WHQG�WR�EH�GUDZQ�WRJHWKHU�WR�IRUP�FOXVWHUV��DQG�WKH�FROOLVLRQ�
GDWD�±�ZKHQ�VRQLILHG�±�ZLOO�WHQG�WR�\LHOG�UHFRJQLVDEOH�SDWWHUQV��QRW�HQWLUHO\�UHJXODU�EXW�
QRQHWKHOHVV�ZLWK�D�FOHDU�FRQWRXU��7KHVH�FDQ�IXQFWLRQ�ZHOO�DV�VWRFKDVWLF�UK\WKPV�RU�
PHORGLHV��
�
:KHUH�VLPSOH�SDUWLFOH�FROOLVLRQ�GDWD�LV�FRPELQHG�ZLWK�D�PRGHO�ZKHUHE\�SDUWLFOHV�DQG�
HQHUJ\�ILHOGV�UHSXOVH�HDFK�RWKHU��PRGHOOLQJ�µSHDNV¶�RQ�DQ�HQHUJ\�ODQGVFDSH���D�
GLIIHUHQW�VHW�RI�SRVVLELOLWLHV�LV�DIIRUGHG��:LWK�QR�H[WHUQDO�VWLPXOL�WKH�V\VWHP�LQ�WKLV�
VWDWH�ZLOO�EHFRPH�HQWLUHO\�FKDRWLF��EXW�ZLWK�DQ�H[WHUQDO�VRXUFH��WKH�SDUWLFOHV�ZLOO�WHQG�
WR�EH�GULYHQ�E\�ERXQGDU\�FRQGLWLRQV�LQ�WKH�VRXUFH��HGJHV�EHWZHHQ�DUHDV�RI�GLIIHUHQW�
KXH�RU�OXPLQDQFH��IRU�H[DPSOH��DQG�WR�IRUP�ZDYH�OLNH�VWUXFWXUHV�DW�WKHVH�SRLQWV���
:LWKLQ�WKH�VRQLILFDWLRQ��WKLV�ZLOO�WHQG�WR�\LHOG�JUDQXODU�W\SH�WH[WXUHV�ZKHUH�WKH�VRXQGV�
DVVRFLDWHG�ZLWK�LQGLYLGXDO�SDUWLFOHV�JHW�ORVW�SHUFHSWXDOO\��EXW�RYHUDOO�FRQWRXUV�RI�
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SDUWLFOH�ZDYHV�DUH�SHUFHSWLEOH�DQG�VWUXFWXUDOO\�XVHIXO��7KH�IDFW�WKDW�WKLV�W\SH�RI�
VRQLILFDWLRQ�RQO\�EHFRPHV�SHUFHSWXDOO\�LQWHUHVWLQJ�ZLWK�VRPH�NLQG�RI�H[WHUQDO�VWLPXOL�
LV�ZK\�D�YLGHR�VRXUFH�LV�VWLOO�XVXDOO\�XVHG�ZLWK�0ROHFXODU�0XVLF�SHUIRUPDQFHV�DV�D�
µVXEVWLWXWH¶�RI�VRUWV�IRU�WKH�.LQHFW�GHULYHG�GHSWK�PDS�XVHG�LQ�WKH�RULJLQDO�G6�
LQVWDOODWLRQ��7KH�FRQWHQW�RI�WKH�YLGHR�VRXUFH�LV�DOPRVW�LUUHOHYDQW�±�LW�FDQ�VLPSO\�VHUYH�
WR�SURYLGH�VRPH�NLQG�RI�LUUHJXODULW\�RU�JUDQXODULW\�LQ�DQ�HQHUJ\�ODQGVFDSH�WKDW�ZRXOG�
RWKHUZLVH�EH�HQWLUHO\�XQLIRUP��
�
2QFH�D�ODUJH�QXPEHU�RI�SDUWLFOHV�DUH�LQWURGXFHG�LW�FDQ�EH�YHU\�KDUG�WR�SURGXFH�
VWUXFWXUHV�DQG�VRXQGV�ZKLFK�DUH�PHDQLQJIXO�XVLQJ�FROOLVLRQ�GDWD�±�DV�PLJKW�EH�
LPDJLQHG��LI�WHQV�RI�WKRXVDQGV�RI�SDUWLFOHV�DQG�WKH�FROOLVLRQV�EHWZHHQ�WKHP�DUH�
VRQLILHG�WKH�UHVXOW�ZLOO�WHQG�WR�DSSURDFK�QRLVH��$W�WKLV�SRLQW�WKHUH�DUH�WZR�RWKHU�
PRGHOV�RI�LQWHUDFWLYLW\�WKDW�FDQ�EH�HPSOR\HG���7KH�ILUVW�RI�WKHVH�KDV�EHFRPH�NQRZQ�
DV�
JURXS�GDWD
���7KLV�GDWD�ZLOO�JHQHUDOO\�RQO\�EH�SURGXFHG��RU�DW�OHDVW�PHDQLQJIXO��
XQGHU�FHUWDLQ�FRQGLWLRQV���7KHUH�ZLOO�QHHG�WR�EH�D�UHODWLYHO\�ODUJH�QXPEHU�RI�SDUWLFOHV��
DQG�WKH\�ZLOO�QHHG�WR�EH�
DWWUDFWLYH
��LH�DWWUDFWHG�WR�HQHUJ\�ILHOGV����,Q�WKLV�VHW�RI�
FLUFXPVWDQFHV��WKH�SDUWLFOHV�ZLOO�WHQG�WR�
VZDUP
��WR�IRUP�LQWR�ODUJH�JURXSV����,Q�WKH�
LQVWDOODWLRQ�RU�GDQFH�SHUIRUPDQFH��WKHVH�JURXSV�ZLOO�WHQG�WR�FRUUHVSRQG�WR�LQGLYLGXDO�
XVHUV����7KH�V\VWHP�KDV�WKH�FDSDELOLW\�WR�WUHDW�VXFK�JURXSV�DV�
VXSHU�SDUWLFOHV
��DQG�
WKH�V\VWHP�FDQ�SURYLGH�FRUUHVSRQGLQJ�GDWD�WR�WKDW�ZKLFK�LW�SURYLGHV�IRU�LQGLYLGXDO�
SDUWLFOHV���VSDWLDO�FRRUGLQDWHV�DQG�VSHHG�GDWD���7KLV�DOORZV�WKH�SURGXFWLRQ�RI�
UHODWLYHO\�VLPSOH��RU�DW�OHDVW�SHUFHSWXDOO\�µGLJHVWLEOH¶�PXVLFDO�SDWWHUQV�DQG�FRQWRXUV�
XVLQJ�YHU\�ODUJH�QXPEHUV�RI�SDUWLFOHV��+RZHYHU��LW�LV�GHSHQGHQW�RQ�D�IDLUO\�VSHFLILF�VHW�
RI�FRQGLWLRQV�LQ�WHUPV�RI�WKH�SK\VLFDO�VLPXODWLRQ�±�ZLWKRXW�WKHVH�WKH�JURXSV�ZLOO�QRW�
HYHQ�IRUP��
��
:KHUH�ODUJH�QXPEHUV�RI�SDUWLFOHV�DUH�XVHG�LQ�PRUH�FKDRWLF�IRUPDWLRQV��ZLWKRXW�WKH�
JURXSLQJ�PHQWLRQHG�DERYH��D�WKLUG�W\SH�RI�GDWD�EHFRPHV�SDUWLFXODUO\�XVHIXO��7KLV�GDWD�
LQYROYHV�D�)DVW�)RXULHU�7UDQVIRUP��))7��DQDO\VLV�RI�WKH�YLEUDWLRQDO�HQHUJ\�RI�WKH�
SDUWLFOH�V\VWHP��WKH�IUHTXHQFLHV�\LHOGHG�E\�WKH�WUDQVIRUP�IXQFWLRQ�DUH�VXE�DXGLR��
EHORZ���+]��EXW�DUH�HIIHFWLYHO\�WUDQVSRVHG�XS�LQWR�WKH�DXGLR�GRPDLQ���7KLV�LV�RI�
LQWHUHVW�EHFDXVH�LW�ZLOO�WHQG�WR�KLJKOLJKW�RYHUDOO�SURSHUWLHV�RI�WKH�SDUWLFOH�V\VWHP��LQ�
SDUWLFXODU�DQ\�NLQG�RI�FRKHUHQFH�LQ�WKH�PRYHPHQW�RI�WKH�SDUWLFOHV�LQ�WKH�V\VWHP��
�
6XFK�FRKHUHQW�PRYHPHQW�ZLOO�UHVXOW�LQ�PHDVXUDEOH�SHDNV�LQ�WKH�))7�GDWD��ZKLFK�FDQ�
EH�PDGH�WR�\LHOG�SHUFHSWLEOH�VRQLF�IHHGEDFN�ZKHQ�WUDQVSRVHG�XS�LQWR�DXGLEOH�
IUHTXHQF\�VSDFH���,Q�WKH�FDVH�RI�LQVWDOODWLRQ�RU�GDQFH�SHUIRUPDQFH��WKHVH�SHDNV�ZLOO�
EH�SURGXFHG�ZKHQ�D�VLJQLILFDQW�QXPEHU�RI�WKH�XVHUV�LQ�WKH�VSDFH�PRYH�LQ�WKH�VDPH�
GLUHFWLRQ��RU�LQ�WKH�VDPH�PDQQHU��,Q�WKH�FDVH�RI�0ROHFXODU�0XVLF��LQ�WKH�DEVHQFH�RI�
VXFK�VWLPXOL��WKH�RQO\�ZD\�WR�SURGXFH�VXFK�FRKHUHQW�PRWLRQ�LV�E\�XVLQJ�VRXQG�LWVHOI�WR�
VWLPXODWH�WKH�SDUWLFOHV�WR�PRYH�LQ�DQ�RUGHUHG�IDVKLRQ�±�WKLV�IRUPV�WKH�EDVLV�RI�D�NLQG�
RI�IHHGEDFN�ORRS�ZKLFK�KDV�EHFRPH�FRUH�WR�WKH�SURMHFW��
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�
$W�WKH�VDPH�WLPH�DV�WKHVH�PHWKRGV�DUH�SURYLGHG�ZKHUHE\�WKH�SDUWLFOH�V\VWHP�FDQ�
FRQWURO�WKH�VRXQG��DV�RI�ODWWHU�YHUVLRQV�RI�G6��WKH�VRXQG�FDQ�DOVR�FRQWURO�WKH�SDUWLFOH�
V\VWHP�±�ZH�KDYH�H[SORUHG�PHWKRGV�ZKHUHE\�DPSOLWXGH��IUHTXHQF\�DQG�PRUH�
FRPSOH[�))7�GHULYHG�GDWD�FDQ�EH�XVHG�WR�FRQWURO�DOO�DVSHFWV�RI�WKH�VLPXODWLRQ��:KDW�
LV�SDUWLFXODUO\�LQWHUHVWLQJ�LV�WKDW�WKH�VRXQG�LV�FRQWUROOLQJ�SK\VLFDO�UDWKHU�WKDQ�JUDSKLFDO�
SURSHUWLHV��VR�WKDW��IRU�H[DPSOH��D�PDSSLQJ�RI�VRXQG�LQWHQVLW\�RQWR�WHPSHUDWXUH�ZLOO�
PDQLIHVW�LWVHOI�DV�FRPSOH[�DQG�PXOWLIDULRXV��DQG�VRPHWLPHV�XQSUHGLFWDEOH��FKDQJHV�
WR�WKH�YLVXDOLVDWLRQ��
�
,Q�DGGLWLRQ�WR�PDSSLQJ�VRXQG�GHULYHG�GDWD�RQWR�SK\VLFDO�SURSHUWLHV��ZH�KDYH�DOVR�
EXLOW�LQ�IXQFWLRQDOLW\�ZKHUHE\�WKH�VRXQG�PDFKLQH�DQG�VRIWZDUH�FDQ�FRQWURO�WKH�G6�
PDFKLQH�GLUHFWO\�WKURXJK�26&��7KLV�LV�ODUJHO\�XVHG�WR�DFKLHYH�ORQJ�WLPHVFDOH�
FKDQJHV�XVLQJ�WKH�WLPHOLQH�IXQFWLRQDOLW\�RI�$EOHWRQ�/LYH��DQG�0D[�IRU�/LYH���,W�DOORZV�
XV�WR�VKDSH�WKH�V\VWHP�LQWR�WLPH�EDVHG�VWUXFWXUHV�±�HVVHQWLDOO\��WR�µFRPSRVH¶�LW��7KLV�
KDV�SURYHG�LQYDOXDEOH�LQ�WKH�+LGGHQ�)LHOGV�GDQFH�SURMHFW�DQG�0ROHFXODU�0XVLF��
�
2I�FRXUVH��DOO�WKHVH�W\SHV�RI�VRQLILFDWLRQ�DQG�YLVXDOLVDWLRQ��LQ�WKLV�FRQWH[W�WKHVH�
WHUPV��SDUWLFXODUO\�WKH�ODWWHU��FRXOG�EH�VHHQ�DV�VRPHWKLQJ�RI�D�VLPSOLILFDWLRQ��DUH�XVHG�
LQ�YDULRXV�SHUPXWDWLRQV��RIWHQ�DOO�WRJHWKHU���5HFHQW�YHUVLRQV�RI�WKH�G6�V\VWHP�DOORZ�
WKH�FRPELQDWLRQ�RI�µDWWUDFWLYH¶�DQG�µUHSXOVLYH¶�EHKDYLRXUV��ZKHUH�VRPH�W\SHV�RI�
SDUWLFOHV�H[KLELW�WKH�IRUPHU�SDWWHUQ�RI�EHKDYLRXU�DQG�VRPH�WKH�ODWWHU���7KH�
SHUPXWDWLRQV�EHWZHHQ�WKHVH�W\SHV�RI�EHKDYLRXU�DQG�WKH�WKUHH�W\SHV�RI�GDWD�RIIHU�D�
SOHWKRUD�RI�SRVVLELOLWLHV��DQG�PDNH�WKH�G6�V\VWHP�XQLTXHO\�IOH[LEOH�LQ�WHUPV�RI�
VRQLILFDWLRQ��
�
���0ROHFXODU�0XVLF�±�,QWURGXFWLRQ�
�
0ROHFXODU�0XVLF�VWDUWHG�OLIH�WKURXJK�WKH�DJHQF\�RI�D�VSHFLILF�RSSRUWXQLW\��7KH�G6�
WHDP�ZHUH�RIIHUHG�WKH�FKDQFH�WR�SHUIRUP�ZLWK�YLROLQ�YLUWXRVR�1LFROD�%HQHGHWWL�DQG�
KHU�VWULQJ�WULR��DV�SDUW�RI�WKH�ILUVW�HYHU�%ULVWRO�3URPV�VHDVRQ�DW�WKH�%ULVWRO�2OG�9LF�
LQ�$XJXVW������ �ILJXUH�����*LYHQ� OLPLWHG� UHKHDUVDO� WLPH� IRU� WKLV�SHUIRUPDQFH��ZH�
XVHG�VRPHWKLQJ�FORVH�WR�WKH�H[LVWLQJ�G6�VHWXS��EXW�ZLWK�DGGLWLRQDO�ZHLJKW�JLYHQ�WR�
VRXQG�SDUWLFOH� V\VWHP� LQWHUDFWLYLW\�� :H� XVHG� WKH� V\VWHP� ZLWK� D� PXOWLFKDQQHO�
LQWHUIDFH�IRU�WKH�ILUVW�WLPH��DQG�XVHG�VHSDUDWH�IHHGV�IURP�YLROLQ��FHOOR�DQG�SLDQR�WR�
GULYH�LQGLYLGXDO�HOHPHQWV�RI�WKH�VLPXODWLRQ��
�
7KLV� SHUIRUPDQFH� ZDV� FRQVLGHUHG� VXIILFLHQWO\� VXFFHVVIXO� WKDW� ZH� ZHUH� LQYLWHG�
EDFN�WR�SDUWLFLSDWH�LQ�WKH������%ULVWRO�3URPV��7RP�0RUULV��WKH�IHVWLYDO¶V�'LUHFWRU��
DJUHHG� WKDW� LW� ZRXOG� EH� LQWHUHVWLQJ� WR� H[SORUH� D�PRUH� IOH[LEOH� DQG� FROODERUDWLYH�
IUDPHZRUN� LQ� WKLV� VHFRQG� LWHUDWLRQ�� DQG� WR� KDYH�PRUH� WLPH� WR� GHYHORS� D� XQLTXH�
ZRUNLQJ�PHWKRGRORJ\��,Q�WKLV�LQVWDQFH�ZH�ZRUNHG�ZLWK�WKH�&KDUOHV�+D]OHZRRG�$OO�
6WDU�&ROOHFWLYH�� D� ORRVH� FRQIHGHUDWLRQ� RI�PXVLFLDQV�PRVWO\� EDVHG� LQ�%ULVWRO� DQG�
WKH�6RXWK�:HVW��7KH�FUXFLDO�GLIIHUHQFH�EHWZHHQ�WKLV�SHUIRUPDQFH�DQG�WKH�RQH�WKDW�
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SUHFHGHG� LW� ZDV� WKDW� ZKHUHDV� WKH� %HQHGHWWL� WULR� SHUIRUPHG� IURP� WKH� &ODVVLFDO�
PXVLF� UHSHUWRLUH�� +D]OHZRRG� DQG� KLV� HQVHPEOH� ZRUNHG� XS� DQ� LQWHUSUHWDWLRQ� RI�
7HUU\�5LOH\¶V�µ5DLQERZ�LQ�&XUYHG�$LU¶��7KLV�ZRUN�KDV�PXFK�LQ�FRPPRQ�ZLWK�5LOH\¶V�
ZRUN� µ,Q�&¶� LQ�VWUXFWXUH��EXW�DFWXDOO\�KDV�QR�VFRUH�±�RXU�SHUIRUPDQFH�ZDV�EDVHG�
RQ� DQ� LQWHUSUHWDWLRQ� RI� WKH� ����� DOEXP� �UHFRUGHG� E\� WKH� FRPSRVHU�� DQG� WKH�
µ5DLQERZ� LQ� &XUYHG� $LU� &DOOLJUDSKLHV¶� ±� DEVWUDFW� UHSUHVHQWDWLRQV� WKDW� 5LOH\�
UHOHDVHG�PRUH�DV�LQWHUSUHWDWLRQV�RI�WKH�PXVLF�WKDQ�DV�SHUIRUPDQFH�LQVWUXFWLRQV��
�

�
�
)LJXUH�����7KH�1LFROD�%HQHGHWWL�WULR�DW�WKH�%ULVWRO�3URPV�ZLWK�G6�YLVXDOLVDWLRQV�
�

�
�
)LJXUH���±�%ULVWRO�3URPV�SHUIRUPDQFH�ZLWK�&KDUOHV�+D]OHZRRG�$OO�6WDU�&ROOHFWLYH�
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7KLV�WLPH�ZH�ZHUH�DEOH�WR�HQWHU�D�PRUH�FROODERUDWLYH�SURFHVV�ZKHUH�LPSURYLVLQJ�
PXVLFLDQV�ZHUH�DEOH�WR�UHVSRQG�WR�WKH�YLVXDO�VWLPXOL�\LHOGHG�E\�G6�DV�PXFK�DV�G6�
ZDV� LQ� WXUQ� UHVSRQGLQJ� WR� WKHLU� SOD\LQJ��$OWKRXJK� WKLV�ZDV�VRPH�ZD\�VKRUW� RI�D�
IHHGEDFN�ORRS���G6�RQO\�SURYLGLQJ�WKH�YLVXDO�GLPHQVLRQ�WR�WKH�SHUIRUPDQFH�UDWKHU�
WKDQ�GULYLQJ�DQ\�VRQLF�HOHPHQWV�� LW�SURYLGHG� WKH�FORVHVW�DQDORJ\� WR�VRPH�RI� WKH�
SULQFLSOHV� WKDW� ZRXOG� EHFRPH� FRUH� WR� WKH� 0ROHFXODU� 0XVLF� HQGHDYRXU�� ,W� DOVR�
DOORZHG�XV�WR�GHYHORS�FRQVLGHUDEO\�PRUH�VRSKLVWLFDWHG�VRQLILFDWLRQ�DOJRULWKPV�±�LQ�
WKLV� LQVWDQFH�ZH�KDG�VHSDUDWH�DXGLR� IHHGV� IURP���PXVLFLDQV��DV�ZHOO�DV�VHYHUDO�
FKDQQHOV�RI�0,',��DQG�D�UHVHDUFK�DQG�GHYHORSPHQW�SHULRG�DW�%DWK�6SD�8QLYHUVLW\�
ZLWK� VRPH�RI� WKH�PXVLFLDQV� DOORZHG�XV� ERWK� WR� HYROYH� WKHVH� WHFKQLTXHV� DQG� WR�
JLYH�WKH�PXVLFLDQV�WLPH�WR�OHDUQ�KRZ�WR�µSOD\¶�WKH�V\VWHP�WR�DQ�H[WHQW��
�
2QH� RI� WKH� PRVW� LPSRUWDQW� GHSDUWXUHV� LQ� WKH� 5DLQERZ� SHUIRUPDQFH� ZDV� WKH�
GHFLVLRQ�WR�MHWWLVRQ�WKH�.LQHFW�DUUD\��7KLV�SXW�WKH�HPSKDVLV�ILUPO\�RQ�VRQLILFDWLRQ�±�
DOWKRXJK�ZH�GLG�DFWXDOO\�XVH�D�VWDQGDUG�FDPHUD� IHHG��D�PRYLQJ�FDPHUD� WUDLQHG�
RQ� WKH� PXVLFLDQV�� WR� SURYLGH� VRPH� WH[WXUH� WR� WKH� VLPXODWLRQ� LQ� WKH� PDQQHU�
RXWOLQHG� DERYH�� WKLV� ZDV� WKRURXJKO\� DEVWUDFWHG� DQG� KDG� QR� GHSWK� PDS� ±� WKH�
HQHUJ\� ODQGVFDSH� HPSOR\HG� E\� WKH� VLPXODWLRQ� ZDV� WKHUHIRUH� HQWLUHO\� GULYHQ� E\�
VRXQG�UDWKHU�WKDQ�LPDJH��
�
���0ROHFXODU�0XVLF�±�$HVWKHWLF�&RQVLGHUDWLRQV�
�
0ROHFXODU� 0XVLF� HVVHQWLDOO\� UHLPDJLQHV� GDQFHURRP� 6SHFWURVFRS\� DV� DQ�
DXGLRYLVXDO� LQVWUXPHQW��:H� VHH� LW� DV� VLWHG� EURDGO\� DV� ZLWKLQ� WKH� ILHOG� RI� 9LVXDO�
0XVLF�� GHILQHG� E\� +\GH� WKXV�� 9LVXDO� 0XVLF� LQYROYHV� WKH� DUWLVWLF� H[SUHVVLRQ� RI�
PXVLFDO� LGHDV� RU� PDWHULDO� WKURXJK� RFXODU� PHGLD� >��@�� $OWKRXJK� WKLV� WHUP� LV�
JHQHUDOO\�DSSOLHG� WR� IL[HG�PHGLD�DUWZRUNV��ZKHWKHU� WKH\�EH�SDLQWLQJV��FLQHPD�RU�
YLGHR�DUW��PDQ\�LQWHUDFWLYH�DQG�RU�SHUIRUPDWLYH�H[DPSOHV�FDQ�EH�IRXQG��GDWLQJ�DV�
IDU� EDFN� DV� 2VNDU� )LVFKLQJHU¶V� /XPLJUDSK� LQ� ����� �DQG� RI� FRXUVH� HDUOLHU� µOLJKW�
RUJDQ¶�LQVWUXPHQWV���DQG�IDU�PRUH�SUHYDOHQW�LQ�PRUH�UHFHQW�WLPHV���7KHVH�WHQG�WR�
EH� LQWHUDFWLYH� ±� WKDW� LV� WR� VD\� XVHU� FRQWUROOHG�� RU� WR� EH� EDVHG� SULPDULO\� RQ�
YLVXDOLVDWLRQ� �YLVXDO� HOHPHQWV� GULYHQ� E\� VRXQG�� RU� VRQLILFDWLRQ� �YLFH� YHUVD���
$OWKRXJK�H[DPSOHV� FDQ�EH� IRXQG� WKDW� FRPELQH�PRUH� WKDQ�RQH�RI� WKHVH�PRGHV��
0ROHFXODU� 0XVLF� LV� XQXVXDO� LQ� WKDW� LW� FRPELQHV� DOO� WKUHH�� DQG� XQLTXH� �WR� RXU�
NQRZOHGJH�� LQ� WKDW� WKH� LQWHUDFWLRQ�EHWZHHQ� WKHVH�PRGHV� LV�YLD� WKH�PHGLXP�RI�D�
TXDQWXP�PROHFXODU�VLPXODWLRQ��
�
7KLV� IDFWRU� LV� FUXFLDO� LQ� GHWHUPLQLQJ� WKH� FKDUDFWHULVWLFV� RI�0ROHFXODU�0XVLF� DV� D�
YLVXDO�PXVLF�LQVWUXPHQW��,Q�WKH�GHVLJQ�RI�DQ\�LQWHUDFWLYH�V\VWHP�LW�FDQ�EH�KDUG�WR�
ILQG�WKH�VZHHW�VSRW�EHWZHHQ�µPLFNH\�PRXVLQJ¶��ZKHUH�PDSSLQJV�DQG�UHODWLRQVKLSV�
DUH� KLJKO\� SHUFHSWLEOH� EXW� WRR� IDFLOH� WR� EH� RI� ODVWLQJ� LQWHUHVW�� DQG� FRPSOH[�
LQWHUDFWLRQV�ZKHUH�WKHVH�UHODWLRQVKLSV�PD\�EH�WRR�LQGLUHFW�WR�EH�HDVLO\�SHUFHLYHG��
8VLQJ�WKH�VLPXODWLRQ�DV�D�PHGLXP�DOORZV�IRU�D�FHUWDLQ�DPRXQW�RI�XQFHUWDLQW\�WR�EH�
LQWURGXFHG�ZKLFK�JLYHV�D�SOHDVLQJO\�RUJDQLF�FKDUDFWHULVWLF� WR�PRGDO� LQWHUDFWLRQV��
:H� PLJKW� XVH� WKH� PHWDSKRU� RI� D� YDFWURO�� D� FRPSRQHQW� SRSXODU� LQ� PRGHUQ�
DQDORJXH�V\QWKHVL]HU�GHVLJQV��$�YDFWURO�FRQWDLQV�DQ�/('�DQG�D� OLJKW�GHSHQGHQW�
UHVLVWRU�±�D�YDU\LQJ�YROWDJH��RU�VRXQG��DW�WKH�LQSXW�FRQWUROOLQJ�WKH�EULJKWQHVV�RI�WKH�
/('�ZLOO�SURGXFH�D�YDULDEOH�UHVLVWDQFH�IURP�WKH�UHVLVWRU��XVXDOO\�FRQYHUWHG�EDFN�
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WR� D� YROWDJH� YDULDWLRQ� YLD� D� YROWDJH� GLYLGHU� FLUFXLW�� 7KH� LQGLUHFW� QDWXUH� RI� WKH�
FRQQHFWLRQ� EHWZHHQ� LQSXW� DQG� RXWSXW� �DFWXDOO\�� LQ� HOHFWULFDO� WHUPV�� WKH\� DUH�
FRPSOHWHO\� GLVFRQQHFWHG�� UHVXOWV� LQ� D� FHUWDLQ� DPRXQW� RI� YDULDELOLW\� WKDW� LV� KLJKO\�
SUL]HG�DV�LPSDUWLQJ�D�NLQG�RI�PXVLFDOLW\��
�
7KLV�LV�D�IXQFWLRQ�RI�SULQFLSOH�WKDW�WKH�V\VWHP�LV�SUHGLFWDEOH�EXW�DOVR�FKDRWLF��7KLV�
LV�HYLGHQW�HYHQ� LQ� WKH�VLPSOHVW� LQVWDQFHV��)LJXUH���VKRZV� WZR�UXQV�RI� WKH�VDPH�
VLPXODWLRQ��DQG�WKH�PRVW�EDVLF�WKDW�G6�FDQ�RIIHU��,Q�WKLV�LQVWDQFH��D�VLQJOH�SDUWLFOH�
LV�UHOHDVHG�DQG�JLYHQ�DQ�LQLWLDO�YHORFLW\�E\�D�VKRUW�EXUVW�RI�D������+]�VLQH�ZDYH��
�SURGXFLQJ�D�VKRUW�µVSLNH¶�LQ�WKH�VLPXODWLRQ�WHPSHUDWXUH���,W�ORRSV�EDFN�RQ�LWVHOI�E\�
YLUWXH�RI� LWV�RZQ�PDVV�DQG��DV�FDQ�EH�VHHQ�� WKH�EDVLF� IRUP� LQ�HDFK�FDVH� LV� WKH�
VDPH�EXW�WKH�H[DFW�GHWDLOV�RI�WKH�IRUP�GLIIHU���(YHU\�WLPH�WKLV�VLPXODWLRQ�LV�UXQ�WKH�
UHVXOWV� DUH� UHFRJQLVDEOH� EXW� XQLTXH�� 7KLV� LV� SHUKDSV� QRW� VXUSULVLQJ� IURP� D�
VFLHQWLILF� SHUVSHFWLYH�� EXW� IURP� DQ� DUWLVWLF� YLHZSRLQW� LW� KDV� JUHDW� SRWHQWLDO� LQ�
LQMHFWLQJ�D�µPXVLFDO¶�YDULDWLRQ�LQWR�WKH�LQWHUDFWLRQ�EHWZHHQ�VRXQG�DQG�LPDJH��
�

�
�
)LJXUH����WZR�LQVWDQFHV�RI�D�RQH�SDUWLFOH�VLPXODWLRQ�
�
$V�WKH�FRPSOH[LW\�RI�WKH�V\VWHP�LQFUHDVHV��VR�GR�WKH�FUHDWLYH�SRVVLELOLWLHV�RI�WKLV�
FKDRWLF�EHKDYLRXU��)LJXUH����VKRZV�D�YHU\�VLPLODU�VLWXDWLRQ�WR�WKDW�VHHQ�LQ�ILJXUH���
DERYH�� �� DJDLQ� D� VKRUW� VLQH� WRQH� EXUVW� LV� FRQWUROOLQJ� WKH� WHPSHUDWXUH� RI� WKH�
VLPXODWLRQ��EXW�LQ�WKLV�FDVH�ZLWK�PDQ\�PRUH�SDUWLFOHV�RI�VHYHUDO�W\SHV��
�

�
�
)LJXUH�����D�VLPLODU�VLPXODWLRQ�ZLWK�PXOWLSOH�SDUWLFOHV�RI�GLIIHUHQW�W\SHV�
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7KLV� LV� SDUWLFXODUO\� WKH� FDVH� ZKHUH� D� IHHGEDFN� ORRS� LV� HVWDEOLVKHG�� 7KH� EDVLF�
PHWKRGRORJ\�RI�VXFK�D�IHHGEDFN�ORRS�LV�WR�VHW�XS�FRQGLWLRQV�LQ�ZKLFK�WKH�SDUWLFOHV�
FRQWURO� WKH� VRXQG�DQG� WKH� VRXQG� FRQWUROV� WKH� SURSHUWLHV� RI� WKH� VLPXODWLRQ� �QRWH�
WKDW�WKLV�LV�QRW�GLUHFWO\�HTXLYDOHQW�WR�VRXQG�FRQWUROOLQJ�LPDJH�DQG�LPDJH�FRQWUROOLQJ�
VRXQG���7KLV�DPSOLILHV�WKH�FKDRWLF�TXDOLWLHV�RI�WKH�V\VWHP��7KH�UHVXOWV�DUH�IDU�OHVV�
SUHGLFWDEOH�� EXW� DUH� QRQHWKHOHVV� UHSHDWDEOH�� � :LWK� H[SORUDWLRQ� DHVWKHWLFDOO\�
SOHDVLQJ�UHVXOWV�FDQ�EH�IRXQG��6RPH�H[DPSOHV�DUH�VKRZQ�KHUH��
�
�

�
�
�

�
�
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)LJXUH����±�&RPSOH[�IRUPV�PDGH�WKURXJK�IHHGEDFN�YLD�WKH�G6�VLPXODWLRQ�
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���1H[W�6WHSV�
�
7KH� GDQFHURRP� 6SHFWURVFRS\� SURMHFW� DQG� LWV� µVDWHOOLWHV¶� +LGGHQ� )LHOGV� DQG�
0ROHFXODU� 0XVLF� FRQWLQXH� WR� HQMR\� JUHDW� VXFFHVV� DQG� H[SRVXUH�� 7KH� VFLHQWLILF�
EDVLV�RI� WKH�VLPXODWLRQ� LV�EHLQJ�FRQWLQXRXVO\�GHYHORSHG�E\�'U�*ORZDFNL�DQG�KLV�
FROOHDJXHV�DW�6WDQIRUG�8QLYHUVLW\��7KH�G6�V\VWHP�GHVFULEHG�KHUH��DQG�XVHG� IRU�
0ROHFXODU� 0XVLF� SHUIRUPDQFHV� WR� GDWH�� RQO\� VLPXODWHV� VLQJOH� DWRPV�� ZKHUHDV�
YHUVLRQV� RI� WKH� VRIWZDUH� KDYH� VLQFH� EHHQ� SURGXFHG� WR� VLPXODWH� PRUH� FRPSOH[�
PROHFXOHV��HYHQ�SURWHLQ�VWULQJV��VHH�ILJXUH����EHORZ��
�

�
�
)LJXUH����±�,QWHUDFWLYH�SURWHLQ�IROGLQJ�XVLQJ�D�G6�EDVHG�VLPXODWLRQ�
�
:RUN� LV�DOVR�EHLQJ�FDUULHG�RXW� WR�DOORZ�PRUH�FRPSOH[�HQHUJ\� µODQGVFDSHV¶� WR�EH�
H[SORUHG�XVLQJ�WKH�V\VWHP���$�UHFHQW�H[SHULPHQW��VKRZ�LQ�ILJXUH�����DOORZV�XVHUV�
WR� OLWHUDOO\� VFXOSW� VXFK� D� ODQGVFDSH� XVLQJ� D� VDQGER[�� DQG� WKHQ� WR� VHH� KRZ�
SDUWLFOHV�RI�PDWWHU� �OLWHUDOO\�SURMHFWHG�RQWR� WKH�VDQG� ODQGVFDSH��ZRXOG�EHKDYH� LQ�
WKH�ODQGVFDSH�FUHDWHG��1HLWKHU�RI�WKHVH�UHFHQW�GHYHORSPHQWV�KDV�LQFRUSRUDWHG�D�
VRQLF�HOHPHQW�DV�\HW��DQG�WKH�SRVVLELOLWLHV�IRU�VRQLILFDWLRQ�VHHP�YHU\�SURPLVLQJ��
�

�
)LJXUH����±�VFXOSWLQJ�DQ�HQHUJ\�ODQGVFDSH�LQ�VDQG�
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$� JUHDW� RSSRUWXQLW\� ZLOO� EH� RIIHUHG� E\� WKH� EXLOGLQJ� RI� G6� DV� D� SHUPDQHQW�
LQVWDOODWLRQ��DW�=.0�LQ�.DUOVUXKH��*HUPDQ\��7KHUH�DUH�PDQ\�FKDOOHQJHV�LQYROYHG�
LQ�VXFK�DQ�XQGHUWDNLQJ�±� UHOLDELOLW\�DQG�VXVWDLQDELOLW\� WR�QDPH�EXW� WZR��$PRQJVW�
WKH�PRUH�FUHDWLYH�FKDOOHQJHV�ZLOO�EH� WKH�VRQLF�DVSHFWV�RI� WKH� LQVWDOODWLRQ��$V�DQ�
LQVWDOODWLRQ�� G6� KDV� WR� GDWH� XVXDOO\� LQYROYHG� D� VLQJOH� µVWDWH¶� �PRGHO� RI� VRXQG�
VLPXODWLRQ� LQWHUDFWLRQ��� 7KLV� KDV� EHHQ� VHHQ� DV� GHVLUDEOH� LQ� D� VLWXDWLRQ� ZKHUH�
PDQ\�SDUDPHWHUV�DUH�RXWVLGH�RI�RXU�FRQWURO�±�WKH�PRVW� LQIOXHQWLDO�SHUKDSV�EHLQJ�
WKH�QXPEHU�RI�SHRSOH�SUHVHQW�LQ�WKH�VSDFH��7KH�VWDWH�WKDW�ZH�KDYH�LV�FDSDEOH�RI�
VXUSULVLQJ�YDULHW\��EXW�QRQHWKHOHVV�LQ�DQ�LQVWDOODWLRQ�WKDW�PD\�EH�LQ�SODFH�IRU�\HDUV�
UDWKHU� WKDQ� GD\V�ZH� IHHO� WKH� QHHG� WR� DOORZ� IRU�PRUH� ORQJ� WHUP� HYROXWLRQ� RI� WKH�
VRXQG��DPRQJVW�RWKHU� WKLQJV���7KLV�ZLOO�JLYH�XV� WKH�FUHDWLYH� LPSHWXV��DQG�VSDFH�
DQG�WLPH��WR�WDNH�WKH�VRQLF�DVSHFWV�RI�WKH�SURMHFW�WR�WKH�QH[W�OHYHO��
�
5HIHUHQFHV��
�
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�
>�@�KWWS���ZZZ�VHHLQJVRXQG�FR�XN�
�
>�@�'��5��*ORZDFNL��-��1��+DUYH\�DQG�$��-��0XOKROODQG��1DW��&KHP����������������
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�
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�
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�
>��@� .HHIHU��&�� DQG�*XOGHPRQG�� -�� HGV�� �������2VNDU� )LVFKLQJHU� ����� ±� ������
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