
$SSOLFDWLRQ�RI�WKH�QHXUDO�QHWZRUNV�LQ�HYHQWV�FODVVLILFDWLRQ�LQ�WKH�
PHDVXUHPHQW�RI�VSLQ�VWUXFWXUH�RI�WKH�GHXWHURQ�
5 6XOHM�� .�=DUHPED�� .�.XUHN� DQG�(�5RQGLR�

� ,QVWLWXWH�RI�5DGLRHOHFWURQLFV��:DUVDZ�8QLYHUVLW\�RI�7HFKQRORJ\��:DUVDZ��3RODQG�
� 6ROWDQ�,QVWLWXWH�IRU�1XFOHDU�6WXGLHV��:DUVDZ��3RODQG�
$EVWUDFW�� ,Q� WKLV� SDSHU�� ZH� SUHVHQW� WKH� DSSOLFDWLRQ� RI� D� QHXUDO� QHWZRUN� IRU� HYHQWV� FODVVLILFDWLRQ� LQ� KLJK� HQHUJ\�
SK\VLFV�H[SHULPHQW��$V�D�QHWZRUN�PRGHO�ZH�XVH�PXOWL�OD\HU�SHUFHSWURQ��0/3��ZLWK�D�G\QDPLF�WRSRORJ\�DGMXVWPHQW�
DOJRULWKP�� 2XU� VROXWLRQ� FRYHUV� ERWK� DGGLQJ� QHZ� KLGGHQ� QHXURQ� XQLWV� DQG� UHPRYLQJ� XQQHFHVVDU\� XQLWV�� 1HXUDO�
QHWZRUN�UHVXOWV�DUH�FRPSDUHG�WR�WKH�VWDQGDUG�NLQHPDWLFDO�FXWV�WHFKQLTXH�DQG�WR�WKH�ZHOO�NQRZQ�N�QHDUHVW�QHLJKERU�
�N11��FODVVLILHU��

���,QWURGXFWLRQ��
&203$66��&2PPRQ�0XRQ�3URWRQ�$SSDUDWXV�IRU�6WUXFWXUH�DQG�6SHFWURVFRS\��LV�D�KLJK�HQHUJ\�SK\VLFV�
H[SHULPHQW�DW�WKH�6XSHU�3URWRQ�6\QFKURWURQ��636��DW�&(51�LQ�*HQHYD��6ZLW]HUODQG�>�@��7KH�SXUSRVH�RI�
WKLV� H[SHULPHQW� LV� WKH� VWXG\�RI�KDGURQ� VWUXFWXUH� DQG�KDGURQ� VSHFWURVFRS\�ZLWK� KLJK� LQWHQVLW\�PXRQ� DQG�
KDGURQ�EHDPV��7KLV�H[SHULPHQW�LV�D�FRQWLQXDWLRQ�RI�WKH�SURJUDP�WKDW�ZDV�LQLWLDWHG�E\�WKH�REVHUYDWLRQ�WKDW�
RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�SURWRQ�VSLQ�RULJLQDWHV�IURP�WKH�VSLQ�RI�WKH�TXDUNV��(0&�H[SHULPHQW�>�@���2QH�
RI�WKH�K\SRWKHVLV� WR�EH�WHVWHG�� LV�WKDW�D�VLJQLILFDQW� IUDFWLRQ�RI�WKH�QXFOHRQ�VSLQ�RULJLQDWHV� IURP�SRODUL]HG�
JOXRQV��$QDO\VLV�RI�WKH�SURFHVV�WKDW�LQYROYHV�JOXRQV��VR�FDOOHG�SKRWRQ�JOXRQ�IXVLRQ��3*)���LV�UHTXLUHG�WR�
PHDVXUH� WKH�JOXRQ�SRODUL]DWLRQ��7KLV�SURFHVV�RFFXUV� LQ�D�GHHS�LQHODVWLF� OHSWRQ�QXFOHRQ�VFDWWHULQJ�DPRQJ�
WKH�RWKHU�SURFHVVHV��WKDW�ZH�FRQVLGHU�DV�D�EDFNJURXQG��ZKHQ�PXRQ�EHDP�KLWV�WKH�QXFOHRQV�RI�WKH�WDUJHW��
'LDJUDPV�RI�WKH�3*)�DQG�WKH�WZR�ORZHVW�RUGHU�SURFHVVHV��PRVW�SUREDEOH��DUH�SUHVHQWHG�LQ�ILJXUH����$V�ZH�
FDQQRW�REVHUYH�TXDUNV�DQG�JOXRQV�GLUHFWO\�� LW� LV�QRW�HDV\� WR�GLVWLQJXLVK�ZKLFK�SURFHVV�ZDV� WKH�RULJLQ�RI�
ILQDO�SDUWLFOHV��;� WKDW�DSSHDU�LQ�WKH�GHWHFWRUV�DIWHU�VFDWWHULQJ��7ZR�DSSURDFKHV�DUH�XVHG�WR�VHOHFW�3*)�IURP�
WKH�EDFNJURXQG��7KH�ILUVW�RQH�LV�ORRNLQJ�IRU�SDLUV�RI�KDGURQV�ZLWK�KLJK�WUDQVYHUVH�PRPHQWXP��SW� ZKLFK�
DUH� OLNHO\� WR� DSSHDU� DV� D� SURGXFW� RI� TT � SDLUV� SURGXFHG� LQ� 3*)�� 7KLV� VXSSUHVVHV� VLJQLILFDQWO\� WKH�
GRPLQDQW� FRQWULEXWLRQ� IURP� WKH� YLUWXDO� SKRWRQ� DEVRUSWLRQ� SURFHVV� �/2���ZKHUH� WKH� RQO\� VRXUFH� RI�SW LV�
UHODWLYHO\� VPDOO�PRPHQWXP� RI� TXDUNV� LQVLGH� WKH� QXFOHRQ� >�@�� 7KH� RWKHU� DSSURDFK� LV� WR� ORRN� IRU� FKDUP�
SDUWLFOHV��FRQWDLQLQJ�F�TXDUN��ZKLFK�PD\�EH�SURGXFHG�LQ�3*)�DQG�QRW�LQ�/2�DQG�&RPSWRQ�SURFHVVHV��DV�
WKH\� DUH� LQWHUDFWLRQV�ZLWK� TXDUNV� H[LVWLQJ� LQ� QXFOHRQ� �SUDFWLFDOO\� RQO\� X� DQG� G� TXDUNV��� 8QIRUWXQDWHO\��
KHDY\�F�TXDUNV�DUH�DOVR�UDUHO\�SURGXFHG��



)LJXUH����6FDWWHULQJ�RQ�D�QXFOHRQ�DQG�GLDJUDPV�RI�3*)�DQG�WZR�ORZHVW�RUGHU�SURFHVVHV��V\PEROV�LQ�WKH�
GLDJUDPV��*�±�JOXRQ��T�±�TXDUN��J ±�YLUWXDO�SKRWRQ��P ± VFDWWHUHG�PXRQ��; ± KDGURQV�LQ�WKH�ILQDO�VWDWH��

,Q� WKLV�ZRUN��ZH� SUHVHQW� WKH�PHWKRG�RI� VHOHFWLRQ� RI�3*)� HYHQWV� IURP�KLJK�SW VDPSOH�XVLQJ�0/3�
QHWZRUN�PRGHO��ZLWK�VLJPRLG�DFWLYDWLRQ�IXQFWLRQ��ZLWK�DXWRPDWHG�FRQWURO�RI�WKH�QHWZRUN�VWUXFWXUH��)L[HG�
VWUXFWXUH�0/3�QHWZRUNV�KDYH�EHHQ�XVHG�LQ�+(3�SDWWHUQ�UHFRJQLWLRQ�SUREOHPV�IRU�GHFDGHV�>����@�DQG�KDYH�
EHHQ� VKRZQ� WR� EH� D� SRZHUIXO� WRRO� LQ� WKLV� ILHOG�� +RZHYHU�� PDQ\� SDUDPHWHUV� OLNH� WUDLQLQJ� DOJRULWKP�
SDUDPHWHUV�RU�QXPEHU�RI� WKH�KLGGHQ�XQLWV�KDYH� WR�EH� WXQHG�PDQXDOO\�ZLWK�QR�SULRU� LQGLFDWLRQ�DERXW� WKH�
FRUUHFW�YDOXHV��7RR�VPDOO�DQG�WRR�ODUJH�QHWZRUN�VWUXFWXUHV�OHDG�WR�GHFUHDVHG�SHUIRUPDQFH�RI�WKH�QHWZRUN�
GXH�WR�WKH�ODFN�RI�FDSDFLW\�DQG�SRRU�JHQHUDOL]DWLRQ�FDSDELOLWLHV�UHVSHFWLYHO\��2XU�DSSURDFK�HOLPLQDWHV�WKH�
QHHG� IRU� PDQXDO� WULDO�DQG�HUURU� DGMXVWPHQW� RI� WKH� QHWZRUN� VL]H��0RUHRYHU�� WKH� VWUXFWXUH� PRGLILFDWLRQV�
FKDQJH�WKH�SDUDPHWHU�VSDFH�ZKLFK�LV�PRUH�IDYRUDEOH�IRU�EDFN�SURSDJDWLRQ�RSWLPL]DWLRQ�DOJRULWKPV��JLYLQJ�
D FKDQFH�RI�HVFDSLQJ�IURP�SRVVLEOH�ORFDO�PLQLPXPV��7KH�SUHVHQWHG�WHFKQLTXH�LV�JHQHUDO�DQG�PD\�EH�XVHG�
LQ�WKH�0/3�QHWZRUN�SUHSDUDWLRQ�IRU�DQ\�WDVN��

7KH�DSSOLFDWLRQ�RI�D�QHXUDO�QHWZRUN�HYHQW�FODVVLILFDWLRQ�LV�WHVWHG�KHUH�RQ�WKH�VDPSOH�RI�0RQWH�&DUOR�
VLPXODWHG� HYHQWV� REWDLQHG� ZLWK� WKH� /(372� JHQHUDWRU� >�@�� 2EWDLQHG� UHVXOWV� DUH� FRPSDUHG� WR� N�QHDUHVW�
QHLJKERUV� FODVVLILHU� DQG� WR� WKH� VWDQGDUG� WHFKQLTXH� XVHG� IRU�3*)� HYHQWV� VHOHFWLRQ� ±�PDQXDOO\� RSWLPL]HG�
FXWV� DSSOLHG� LQGHSHQGHQWO\� WR� PHDVXUHG� YDULDEOHV� �GHVSLWH� REYLRXV� OLPLWDWLRQV�� WKLV� WHFKQLTXH� LV� VWLOO�
SRSXODU� GXH� WR� WKH� SRVVLEOH� UHODWLRQVKLS� EHWZHHQ� FKRVHQ� FXWV� DQG� WKH� NQRZOHGJH� DERXW� WKH� LQWHUDFWLRQ�
PRGHO���
���$OJRULWKP��
7KHUH�LV�QR�D SULRUL�NQRZOHGJH�IRU�3*)�VHOHFWLRQ��DV�IRU�PRVW�RI�WKH�UHDO�OLIH�WDVNV�WKDW�QHXUDO�QHWZRUNV�
DUH�IDFHG�ZLWK��JLYLQJ�LQGLFDWLRQV�IRU�WKH�VL]H�RI�WKH�QHWZRUN��7KH�DLP�RI�WKH�DOJRULWKP�LV�WR�HVWDEOLVK�WKH�
VL]H�RI�HDFK�KLGGHQ�OD\HU�E\�DGGLQJ�DQG�UHPRYLQJ�QHXURQV�GXULQJ�WKH�VLQJOH�UXQ�RI�WKH�QHWZRUN�WUDLQLQJ��



%HWZHHQ� WKH� VWUXFWXUH�PRGLILFDWLRQV�� WKH� QHWZRUN� LV� WUDLQHG�ZLWK� D�EDFN�SURSDJDWLRQ� DOJRULWKP� �ZH� XVH�
TXLFN�SURS�>�@��EXW�RWKHU�DOJRULWKPV�DUH�DOVR�DSSOLFDEOH���
�����,QVHUWLRQ�RI�QHZ�KLGGHQ�XQLWV��
7KH�LGHD�RI�WKH�QHWZRUN�JURZWK�LV�VLPLODU�WR�WKH�RQH�XVHG�LQ�&DVFDGH�&RUUHODWLRQ�QHWZRUN�>�@��/LNH�LQ�WKLV�
PRGHO�� D� SRRO� RI� QHXURQ� FDQGLGDWHV� LV� XVHG��&DQGLGDWH� LQSXW�ZHLJKWV� DUH� LQLWLDOL]HG� DV� D� VPDOO� UDQGRP�
YDOXHV��UDQJH�IRU�WKH�LQLWLDOL]DWLRQ�RI�WKH�FDQGLGDWH�RXWSXW�ZHLJKWV�LV�FKRVHQ�DV�FRPSDUDEOH�WR�WKH�RXWSXW�
ZHLJKWV� UDQJH� RI� WKH� RWKHU� QHXURQV� LQ� WKH� OD\HU�� &DQGLGDWHV� DUH� WUDLQHG� ZKLOH� WKH� UHVW� RI� WKH� QHWZRUN�
ZHLJKWV�DUH� IUR]HQ��:KHQ�WUDLQLQJ� LV�FRPSOHWHG�� WKH�EHVW�FDQGLGDWH� �UHVXOWLQJ�ZLWK� WKH�VPDOOHVW�QHWZRUN�
HUURU��LV�FKRVHQ�WR�H[WHQG�WKH�QHWZRUN�VWUXFWXUH��,W�LV�GRQH�RQO\�LI�WKLV�QHXURQ�GHFUHDVHV�WKH�QHWZRUN�HUURU��
RWKHUZLVH�WKH�QHWZRUN�UHPDLQV�XQFKDQJHG��1HZ�QHXURQV�LQ�&DVFDGH�&RUUHODWLRQ�PRGHO�EHFRPH�D�SDUW�RI�
WKH� IL[HG� VWUXFWXUH�� ,Q� FRQWUDU\�� LQ� RXU� DOJRULWKP� DOO� QHWZRUN� ZHLJKWV� DUH� UHWUDLQHG� DIWHU� VXFFHVVIXO�
LQVHUWLRQ�RI�QHZ�QHXURQ��1HZ�QHXURQV�DUH�QRW�IL[HG�RQ�SDUWLFXODU�IHDWXUHV�RI�WKH�WUDLQLQJ�GDWD��WKH\�DUH�MXVW�
SUH�WUDLQHG�WR�ILW�LQWR�WKH�H[LVWLQJ�VWUXFWXUH�LQ�WKH�EHVW�SRVVLEOH�ZD\��7KLV�DOORZV�D�EHWWHU�LQWHJUDWLRQ�RI�WKH�
QHZ� QHXURQ� ZLWK� WKH� QHWZRUN� VWUXFWXUH� DQG� LW� UHVXOWV� LQ� D� VPRRWKHU� QHWZRUN� UHVSRQVH� WKDQ� LQ� FDVH� RI�
&DVFDGH�&RUUHODWLRQ�QHWZRUN��
�����3UXQLQJ�UHGXQGDQW�QHXURQV��
7UDLQLQJ� DOJRULWKPV� XVXDOO\� VWDUW� IURP� D� UDQGRP� QHXURQ� ZHLJKWV��:H� HLWKHU� XVH� WKH� IL[HG� VWUXFWXUH� RU�
GHFLGH�WR�DGG�QHZ�QHXURQV�GXULQJ� WKH�WUDLQLQJ�� WKHUH�LV�D�FKDQFH�WKDW�QRW�IXOO\�XWLOL]HG�KLGGHQ�XQLWV�ZLOO�
DSSHDU�� 7KH� SUHVHQWHG� WHFKQLTXHV� DOVR� PD\� UHFRJQL]H� QHXURQV� UHVSRQVLEOH� IRU� RYHUWUDLQLQJ� HIIHFW�� :H�
GLVWLQJXLVK�WKUHH�W\SHV�RI�UHGXQGDQW�QHXURQV�WKDW�FDQ�EH�VDIHO\�UHPRYHG��7KH\�ZLOO�EH�GHQRWHG�DV�³WZLQ´��
³FRQVWDQW´�DQG�³GHDG´�QHXURQV��$IWHU�SUXQLQJ�QHWZRUN�LV�UHWUDLQHG��LW�XVXDOO\�WDNHV�RQO\�IHZ�LWHUDWLRQV�WR�
HOLPLQDWH�LQIOXHQFH�RI�VWUXFWXUH�UHGXFWLRQ��ZKHQ�WKH�HUURU�FKDQJH�SHU�LWHUDWLRQ�UHWXUQV�WR�WKH�OHYHO�VLPLODU�
DV�EHIRUH�WKH�PRGLILFDWLRQ��ILJXUH�����

)LJXUH����1HWZRUN�HUURU�DV�D�IXQFWLRQ�RI�WKH�LWHUDWLRQV�±�ODWH�WUDLQLQJ�VWDJH�VHFWLRQ��VPDOO�HUURU�GHFUHDVH��ZLWK�VKRUW�VSLNHV�DIWHU�SUXQLQJ�RI�WKH�WZR�QHXURQV�LV�VKRZQ��YHUWLFDO�VFDOH�VWUHWFKHG�VWURQJO\�����



�������Ä7ZLQ´�QHXURQV��1HXURQV�ZKLFK�UHVSRQG� WR�DQ\�H[FLWDWLRQ�ZLWK�QHDUO\� WKH�VDPH�RXWSXW�YDOXH�DUH�
OLNHO\�WR�EH�MRLQHG�LQWR�D�QHZ�VLQJOH�XQLW��7KLV�REVHUYDWLRQ�KDV�EHHQ�XVHG�LQ�>�@�IRU�MRLQLQJ�QHXURQV�LQ�D�
UDGLDO� EDVLV� IXQFWLRQ� �5%)�� QHWZRUN�� ZKHUH� WKH� GLIIHUHQFH� EHWZHHQ� DFWLYDWLRQ� YDOXHV� LQ� WKH� ZKROH�
DFWLYDWLRQ�IXQFWLRQ�GRPDLQ�LV�XVHG�IRU�WKH�GHWHFWLRQ�RI�WKH�QHXURQ�SDLUV��7KLV�UHTXLUHV�DFWLYDWLRQ�IXQFWLRQ�
WR� EH� ORFDO� �OLNH� JDXVVLDQ� IXQFWLRQ��� ,Q� FDVH� RI� VLJPRLG� DFWLYDWLRQ� IXQFWLRQV� XVHG� LQ�0/3� QHWZRUN�� WKH�
GHWHFWLRQ� RI� WKH� WZLQ� QHXURQ� SDLUV�PXVW� WDNH� LQWR� DFFRXQW� WKH� GLVWULEXWLRQ� RI� WKH� QHXURQ� LQSXW� YHFWRUV��
ZKLFK�PXVW� OLPLW� WKH� HIIHFWLYH� UDQJH� RI� WKH� DFWLYDWLRQ� IXQFWLRQ� GRPDLQ�� 7KLV� LV� DOZD\V� WUXH� IRU� OD\HUV�
SUHFHGHG�ZLWK�KLGGHQ� OD\HU�ZKLFK� UHVSRQGV�ZLWK� WKH� OLPLWHG� DFWLYDWLRQ� YDOXHV�� DOVR� IRU� WKH� ILUVW� KLGGHQ�
OD\HU�WKLV�FRQGLWLRQ�LV�PHW�LQ�PRVW�UHDO�OLIH�FDVHV��7KH�PHDVXUH�RI�VLPLODULW\�RI�WKH�$ DQG�% QHXURQV�FDQ�EH�
FDOFXODWHG�XVLQJ�WUDLQLQJ�GDWD��
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ZKHUH�RL LV�WKH�QHXURQ�RXWSXW�IRU�L�WK�WUDLQLQJ�SDWWHUQ�DQG�V� LV�WKH�QHXURQ�RXWSXW�YDULDQFH�IRU�WKH�WUDLQLQJ�
SDWWHUQV��$V�ZH�REVHUYHG��QHXURQV�ZLWK�W � �����PD\�EH�MRLQHG�ZLWK�QR�VLJQLILFDQW�LQFUHDVH�RI�WKH�QHWZRUN�
HUURU�� 1HZ� QHXURQ� FRQQHFWLRQ� ZHLJKWV� WR� WKH� VXEVHTXHQW� OD\HU� VKRXOG� EH� FDOFXODWHG� DV� VXPV� RI� WKH�
FRUUHVSRQGLQJ�ZHLJKWV�RI�WKH�UHPRYHG�SDLU��9HFWRU�RI�WKH�LQSXW�ZHLJKWV�IRU�WKH�QHZ�QHXURQ�LV�FDOFXODWHG�
DV�ò�Z� � Z����ZKHUH�Z� DQG�Z� DUH�WKH�LQSXW�ZHLJKWV�YHFWRUV�RI�WKH�MRLQHG�SDLU��
������� Ä&RQVWDQW´� QHXURQV�� 6RPH� QHXURQV� OHDUQ� LUUHOHYDQW� VWDWLVWLFDO� IOXFWXDWLRQV�� RU� SURGXFH� QHDUO\�
FRQVWDQW�RXWSXW� IRU� DOO� WUDLQLQJ�YHFWRUV��7KHVH�QHXURQV� DUH�GHWHFWHG�E\� D� VPDOO� VWDQGDUG�GHYLDWLRQ�VR RI�
WKHLU�DFWLYDWLRQ�IRU�WUDLQLQJ�YHFWRUV��ZKHQ�FRPSDUHG�WR�WKH�IXOO�SRVVLEOH�UDQJH�U RI�DFWLYDWLRQ�YDOXHV��

UF RV � ������
1HXURQV�ZLWK�F � �����XVXDOO\�PD\�EH�UHPRYHG��:KHQ�FRQVWDQW�QHXURQ�LV�UHPRYHG��LWV�PHDQ�RXWSXW�YDOXH�
VKRXOG� EH� LQFOXGHG� LQ� WKH� ELDV� RI� QHXURQV� LQ� WKH� IROORZLQJ� OD\HU�� 1HXURQV� RI� WKLV� W\SH� FRUUHVSRQG� WR�
QHXURQV� WKDW� DSSHDU� LQ� WKH� QHWZRUN� WUDLQHG� ZLWK� WKH� HUURU� IXQFWLRQ� H[WHQGHG� E\� D� IXQFWLRQ� RI� VTXDUHG�
DFWLYDWLRQ� RI� WKH� KLGGHQ� XQLWV� �QHXURQ� HQHUJ\� WHUP�� >��@�� EXW� RXU� DOJRULWKP� GR� QRW� PRGLI\� WKH� HUURU�
IXQFWLRQ�DQG�WKH�QHWZRUN�LV�QRW�IRUFHG�WR�SURGXFH�VXFK�D�QHXURQV��
�������Ä'HDG´�QHXURQV��7KH�VLPSOHVW��EXW�DOVR�D�IUHTXHQW�VFHQDULR��LV�WKDW�DOO�ZHLJKWV�FRQQHFWLQJ�QHXURQ�
ZLWK� XQLWV� LQ� WKH� VXEVHTXHQW� OD\HU� DUH� GHFUHDVHG� E\� WKH� WUDLQLQJ� DOJRULWKP� WR� LQVLJQLILFDQW� OHYHO�� ,I� WKH�
QRUP�RI�QHXURQ�RXWSXW�ZHLJKWV�YHFWRU�_Z_ LV�PXFK�EHORZ�WKH�PHDQ�YDOXH�IRU�DOO�QHXURQV�LQ�WKH�OD\HU�P_Z_�
WKH�WHVWHG�QHXURQ�FDQ�VLPSO\�EH�UHPRYHG�ZLWKRXW�WKH�LQIOXHQFH�RQ�IXQFWLRQLQJ�RI�WKH�ZKROH�QHWZRUN��)RU�
PHDVXUH�H[SUHVVHG�DV��
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VDIH�YDOXH�WR�UHPRYH�GHDG�QHXURQ�LV�G � ������
7UDLQLQJ�VWRSV�ZKHQ�WKH�QHWZRUN�VWUXFWXUH�EHFRPHV�VWDEOH�RU�WKH�IXUWKHU�JURZWK�GRHV�QRW�FKDQJH�WKH�

HUURU�VLJQLILFDQWO\��3UXQLQJ�WHFKQLTXHV�PD\�EH�FRPELQHG�ZLWK�ZHLJKW�HOLPLQDWLRQ�DOJRULWKPV�OLNH�RSWLPDO�
EUDLQ�VXUJHRQ�>��@��

3UHVHQWHG�VWUXFWXUH�PRGLILFDWLRQV�GR�QRW�ZDVWH�HIIRUWV�RI�SUHYLRXVO\�GRQH�WUDLQLQJ��7UDLQLQJ�RI�WKH�
VPDOO�LQLWLDO�VWUXFWXUH�WDNHV�VLJQLILFDQW�SDUW�RI�WKH�SURFHVV��WKHQ�JUDGXDOO\�JURZLQJ�QHWZRUN�LV�WUDLQHG�LQ�D�
UHODWLYHO\�VKRUW�WLPH��7UDLQLQJ�SURFHVV�LV�PRUH�UHSHDWDEOH�WKDQ�WUDLQLQJ�WKH�ELJ��IL[HG�VL]HG�QHWZRUN��$OO�RI�
WKLV� FDXVHV� WKDW� DOWKRXJK� WKH� QXPEHU� RI� WUDLQLQJ� LWHUDWLRQV� LV� ELJJHU� WKDQ� LQ� FDVH� RI� WKH� IL[HG� VWUXFWXUH�
QHWZRUN��WLPH�VSHQW�RQ�WKH�QHWZRUN�SUHSDUDWLRQ�LV�PXFK�VKRUWHU�IRU�SURSRVHG�DOJRULWKP��
���5HVXOWV��
&ODVVLILFDWLRQ� WRRO� IRU� 3*)� VHOHFWLRQ� ZDV� SUHSDUHG� XVLQJ� WKH�0RQWH�&DUOR� VLPXODWHG� GDWD�� WKHQ� LW� ZDV�
WHVWHG�RQ�DQRWKHU�VHW�RI�VLPXODWHG�HYHQWV�EHIRUH�DSSO\LQJ�WR�UHDO�GDWD�±�LW�LV�HLWKHU�WKH�QHXUDO�QHWZRUN��FXWV�
RU�DQ\�RWKHU�WHFKQLTXH��7R�PHDVXUH�WKH�TXDOLW\�RI�FODVVLILFDWLRQ�ZH�XVH�WKH�IROORZLQJ�YDULDEOHV��

SXULW\� ������� 1VLJ�2XWSXW6HW� ����1ENJ�2XWSXW6HW� ��1VLJ�2XWSXW6HW� ��� �����
HIILFLHQF\� ������� 1VLJ�2XWSXW6HW� ��1VLJ�,QSXW6HW��� �����

ZKHUH�1VLJ�6HW� DQG�1ENJ�6HW� DUH�WKH�QXPEHUV�RI�WKH�VLJQDO�DQG�EDFNJURXQG�HYHQWV�LQ�WKH�6HW� ,QSXW6HW� LV�
WKH�VHW�RI�HYHQWV�ZKLFK�ZH�FODVVLI\�DQG�2XWSXW6HW�LV�WKH�VHW�RI�HYHQWV�ZLWK�WKH�FODVVLILHU�DQVZHU�DERYH�D�
JLYHQ�WKUHVKROG��7KH�IXOO�LQIRUPDWLRQ�DERXW�WKH�VLJQDO�EDFNJURXQG�VHSDUDWLRQ�FDSDELOLWLHV�LV�FRQWDLQHG�RQ�D�
SORW��ZKHUH�SXULW\�HIILFLHQF\�FXUYH�LV�FRQVWUXFWHG�IURP�SRLQWV�REWDLQHG�IRU�GLIIHUHQW�WKUHVKROG�YDOXHV��

7KHUH�DUH����NLQHPDWLFDO�YDULDEOHV�DYDLODEOH�DV�DQ�LQSXW�IHDWXUH�YHFWRUV��6LPSOH�QRUPDOL]DWLRQ�WR���
PHDQ�DQG�XQLWDU\�VWDQGDUG�GHYLDWLRQ�ZDV�DSSOLHG�EHIRUH�FODVVLILFDWLRQ��$V�WKH�EDFNJURXQG�DQG�3*)�HYHQWV�
KDYH� DOPRVW� WKH� VDPH� SUREDELOLW\� GLVWULEXWLRQV�� LW� LV� QRW� VLPSOH� WR� LQFUHDVH� WKH� IUDFWLRQ� RI� 3*)� LQ� WKH�
VHOHFWHG� VDPSOH��&RQFXUUHQWO\�� HYHQ� D� VPDOO� JDLQ� LQ� WKH�SXULW\�HIILFLHQF\� �HTXDWLRQV� ������� ������� RI� WKH�
3*)� VHOHFWLRQ� FDQ� VLJQLILFDQWO\� LPSURYH� WKH� DFFXUDF\� RI� IXUWKHU� GDWD� DQDO\VLV�� )LJXUH� �� SUHVHQWV� WKH�
FODVVLILFDWLRQ�UHVXOWV�REWDLQHG�IRU�FXWV�WHFKQLTXH��SHUIRUPHG�RQ�D�FRPELQDWLRQ�RI�WKH�WZR�PRVW�LQIRUPDWLYH�
YDULDEOHV��KDQGOLQJ� ORQJHU�IHDWXUH�YHFWRUV�LV�GLIILFXOW�ZLWK� WKLV� WHFKQLTXH���QHXUDO�QHWZRUN�SUHSDUHG�ZLWK�
G\QDPLF� VL]H� DGMXVWPHQW� DOJRULWKP� DQG� N�QHDUHVW� QHLJKERU� FODVVLILHU�� 7KH� N11� FODVVLILHU� DQVZHU� LV�
FDOFXODWHG� DV� D� UDWLR� RI�3*)� HYHQWV� DPRQJ� WKH�N WUDLQLQJ� YHFWRUV� QHDUHVW� WR� WKH� FODVVLILHG� HYHQW� IHDWXUH�
YHFWRU� �(XFOLGHDQ�PHDVXUH�RI�GLVWDQFH�LV�XVHG���(UURU�EDUV�PDUNHG�RQ�WKH�FXUYHV�LQ�ILJXUH���LQGLFDWH�WKH�
SRVVLEOH�VWDWLVWLFDO�IOXFWXDWLRQ�RI�WKH�UHVXOWV�UHODWHG�WR�WKH�FKRVHQ�WHVWLQJ�VDPSOH��)OXFWXDWLRQ�RI�WKH�PHWKRG�



LWVHOI�PD\�EH�DSSUR[LPDWHG�RQO\�E\�UHSHDWHG�WUDLQLQJ��DV�LW�LV�VKRZQ�LQ�ILJXUH���WKLV�HIIHFW�LV�DW�WKH�OHYHO�RI�
�V RI� WKH� VWDWLVWLFDO� IOXFWXDWLRQV�� 3DUWLFXODU� SXULW\�HIILFLHQF\� EDODQFH� �WKUHVKROG� DSSOLHG� WR� WKH� QHWZRUN�
RXWSXW�� DSSURSULDWH� IRU� IXUWKHU�GDWD�DQDO\VLV� LV� VHOHFWHG�E\�PLQLPL]DWLRQ�RI� VWDWLVWLFDO�HUURU�RI� WKH�JOXRQ�
SRODUL]DWLRQ�HYDOXDWLRQ��ERWK� WKH�QXPEHU�RI� WKH�VHOHFWHG�3*)�HYHQWV�DQG� WKH� UDWLR�RI�3*)�HYHQWV� LQ� WKH�
VHOHFWHG�VDPSOH�DIIHFWV�WKH�DFFXUDF\�RI�WKH�FDOFXODWLRQV����

7KH�V\VWHPDWLF�HUURUV�DUH�UHODWHG�WR�D�0RQWH�&DUOR�GHVFULSWLRQ�RI�WKH�GDWD�DQG�WR�WKH�DSSOLFDWLRQ�RI�
WKH�SUHVHQWHG�11�EDVHG�PHWKRG�RI�FODVVLILFDWLRQ��$�JRRG�GHVFULSWLRQ�RI�WKH�UHDO�GDWD�E\�WKH�0RQWH�&DUOR�
JHQHUDWRU� �WRJHWKHU� ZLWK� IXOO� VLPXODWLRQ� RI� WKH� H[SHULPHQW¶V� DSSDUDWXV� DQG� UHFRQVWUXFWLRQ�� LV� D� FUXFLDO�
SRLQW�LQ�WKLV�W\SH�RI�DQDO\VLV��DOVR�IRU�FXWV�EDVHG�PHWKRG����(VSHFLDOO\�DOO�SDUDPHWHUV�XVHG�DV�DQ�LQSXW�IRU�
QHWZRUN� WUDLQLQJ� VKRXOG� EH�ZHOO� UHSURGXFHG� E\� VLPXODWHG� RQHV��7R� HVWLPDWH� WKLV� SDUW� RI� WKH� V\VWHPDWLF�
HUURU� WKH� VHW� RI� 0RQWH�&DUOR� JHQHUDWRU� SDUDPHWHUV� FDQ� EH� FKDQJHG� �H�J�� VHWV� RI� SDUWRQ� GLVWULEXWLRQ�
IXQFWLRQV��LQWHUQDO�JHQHUDWRU�UHJXODWRUV��VFDOHV�HWF���VHH�>�@��DQG�WKH�HYDOXDWLRQ�RI�WKH�JOXRQ�SRODUL]DWLRQ�LV�
UHSHDWHG�WR�HVWLPDWH�WKH�SRVVLEOH�GLIIHUHQFHV���7KH�V\VWHPDWLF�HUURU�LQWURGXFHG�E\�WKH�FODVVLILFDWLRQ�PHWKRG�
FDQ�EH�HVWLPDWHG�E\�FKDQJLQJ�WKH�SXULW\�HIILFLHQF\�EDODQFH��QHWZRUN�RXWSXW�WKUHVKROG���DURXQG�RSWLPL]HG��
YDOXH���

&RPSDULVRQ�VKRZQ�LQ�ILJXUH���LQGLFDWHV�WKDW�WKHUH�LV�D�VLJQLILFDQW�DPRXQW�RI�LQIRUPDWLRQ�FRQWDLQHG�
LQ�DOO�DYDLODEOH�YDULDEOHV��DQG�LQ�WKHLU�PXWXDO�FRUUHODWLRQV��ZKLFK�FDQQRW�EH�IXOO\�H[SORUHG�ZLWK�D�VLPSOH�
PDQXDO�WHFKQLTXH��$OVR��WKH�JHQHUDOL]DWLRQ�FDSDELOLWLHV�RI�WKH�QHXUDO�QHWZRUN�DOORZ�LW�WR�FODVVLI\�EHWWHU�LQ�D�
PXOWL�GLPHQVLRQDO�IHDWXUH�VSDFH�WKDQ�LW�LV�SRVVLEOH�ZLWK�ZHOO�NQRZQ�N11�WHFKQLTXH��

7KH�GLVWULEXWLRQ�RI�WKH�QHWZRUN�RXWSXW��ILJXUH����FRQILUPV�WKH�H[SHFWDWLRQV�PHQWLRQHG�LQ�VHFWLRQ����
WKDW�3*)�SURFHVV�LV�UHODWLYHO\�HDV\�WR�EH�VHSDUDWHG�IURP�/2�HYHQWV��ZKLOH�&RPSWRQ�HYHQWV�DUH�PXFK�PRUH�
GLIILFXOW�WR�EH�FODVVLILHG�FRUUHFWO\�GXH�WR�WKH�VLPLODULW\�RI�SURFHVV�SURGXFWV�WR�WKH�SURGXFWV�RI�3*)��TXDUN�
DQG�HPLWWHG�JOXRQ�LQ�&RPSWRQ�SURFHVV�DUH�WKH�VRXUFHV�RI�KLJK�SW KDGURQV�OLNH� TT � SDLU�LQ�3*)�SURFHVV��
VHH�ILJXUH�����

�



)LJXUH���� 6HOHFWLRQ� UHVXOWV� IRU� GLIIHUHQW�FODVVLILHUV�� )LJXUH����6HOHFWLRQ�UHVXOWV�IRU���DWWHPSWV�RI�WUDLQLQJ�WKH�QHWZRUN�XVLQJ�WKH�VDPH�VHW�RI�HYHQWV��

)LJXUH���� 'LVWULEXWLRQV� RI� WKH� QHWZRUN� RXWSXW� YDOXHV� IRU� /2��&RPSWRQ�DQG�3*)�SURFHVVHV��

���&RQFOXVLRQV��
7KH�SUHVHQWHG�DOJRULWKP�HVWDEOLVKHV�WKH�0/3�QHWZRUN�VWUXFWXUH�DGHTXDWH�WR�WKH�JLYHQ�SUREOHP��1HWZRUN�
JURZV� LQ� D� FRQWUROOHG� ZD\� ±� QHZ� QHXURQV� DUH� DFFHSWHG� RQO\� LI� WKH\� FRQWULEXWH� WR� WKH� HUURU� GHFUHDVH��
5HGXQGDQW� QHXURQV� DUH� GHWHFWHG� DQG� UHPRYHG� ZLWKRXW� WKH� QRWLFHDEOH� LQIOXHQFH� RQ� WKH� ZKROH� QHWZRUN�
IXQFWLRQLQJ��7KLV�SURFHVV�DOVR�KHOSV�WR�NHHS�WKH�JHQHUDOL]DWLRQ�FDSDELOLWLHV�RI�WKH�QHWZRUN�DQG�WR�HVFDSH�
IURP�SRVVLEOH�ORFDO�PLQLPXPV��7UDLQLQJ�VWRSV�ZKHQ�WKH�QHWZRUN�VWUXFWXUH�EHFRPHV�VWDEOH��RU�WKH�IXUWKHU�
JURZWK�GRHV�QRW� FKDQJH� WKH� QHWZRUN�HUURU��$OJRULWKP�KDV�EHHQ�H[DPLQHG�RQ� WKH�3*)�HYHQWV� VHOHFWLRQ��



UHVXOWLQJ� ZLWK� VLJQLILFDQW� LPSURYHPHQW� RI� FODVVLILFDWLRQ�� DQG� FRQVHTXHQWO\� WKH� KLJKHU� SUHFLVLRQ� RI� WKH�
JOXRQ�SRODUL]DWLRQ� DQDO\VLV�±� VWDWLVWLFDO�HUURU�PD\�EH� VLJQLILFDQWO\�GHFUHDVHG�ZKHQ�VHOHFWLRQ�ZLWK�QHXUDO�
QHWZRUN�LV�FRPSDUHG�WR�WKH�FXWV�PHWKRG��3UHVHQWHG�WHFKQLTXHV�DUH�QRW�OLPLWHG�WR�FODVVLILFDWLRQ�WDVNV�DQG�
PD\�EH�XVHG�LQ�WKH�SUHSDUDWLRQ�RI�WKH�0/3�QHXUDO�QHWZRUN�IRU�DQ\�DSSOLFDWLRQ��
$FNQRZOHGJHPHQWV��
7KLV�ZRUN�ZDV�VXSSRUWHG�E\�.%1��
����(�����63%�&(51�3����':0��������������
����(����63%�&(51�3����':0���������������
5HIHUHQFHV��

��� $JHHY� (� 6� HW� DO�� �WKH� &203$66� FROODERUDWLRQ�� ����� &RPPRQ� 0XRQ� DQG� 3URWRQ� $SSDUDWXV� IRU�
6WUXFWXUH�DQG�6SHFWURVFRS\�&(51�636/&��636&�3������������

��� $VKPDQ�-�HW�DO���WKH�(0&�FROODERUDWLRQ�������$Q�LQYHVWLJDWLRQ�RI�WKH�VSLQ�VWUXFWXUH�RI�WKH�SURWRQ�LQ�
GHHS�LQHODVWLF�VFDWWHULQJ�RI�SRODUL]HG�PXRQV�RQ�SRODUL]HG�SURWRQV�1XFO��3K\V��% ����� �����

��� $GHYD�%�HW�DO���WKH�60&�FROODERUDWLRQ�������6SLQ�DV\PPHWULHV�IRU�HYHQWV�ZLWK�KLJK�S7 KDGURQV�LQ�',6�
DQG�DQ�HYDOXDWLRQ�RI�WKH�JOXRQ�SRODUL]DWLRQ�3K\VLFDO�5HYLHZ�' ����������

��� 'HQE\�%������1HXUDO�QHWZRUNV�DQG�FHOOXODU�DXWRPDWD�LQ�H[SHULPHQWDO�KLJK�HQHUJ\�SK\VLFV�&RPSXWHU�
3K\VLFV�&RPPXQLFDWLRQV������������

��� 'HQE\�%��6KSDNRY�'�DQG�:\VV�/�-������$SSOLFDWLRQV�RI�QHXUDO�QHWZRUNV�LQ�KLJK�HQHUJ\�SK\VLFV�3URF��
RI�WKH�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$UWLILFLDO�1HXUDO�1HWZRUNV�,&$11
���3DULV��)UDQFH�� ��������

��� ,QJHOPDQ�*��(GLQ�$� DQG�5DWKVPDQ� -� �����/HSWR� ���� ��$�0RQWH�&DUOR� JHQHUDWRU� IRU� GHHS� LQHODVWLF�
OHSWRQ�QXFOHRQ�VFDWWHULQJ�&RPSXW��3K\V��&RPPXQ���������������

��� )DKOPDQ�6������$Q�HPSLULFDO�VWXG\�RI�OHDUQLQJ�VSHHG�LQ�EDFN�SURSDJDWLRQ�QHWZRUNV�&08�&6��������
UHSRUW�&DUQHJLH�0HOORQ�8QLYHUVLW\�

��� )DKOPDQ�6�DQG�/HELHUH�&������7KH�FDVFDGH�FRUUHODWLRQ�OHDUQLQJ�DUFKLWHFWXUH�&08�&6��������UHSRUW�
&DUQHJLH�0HOORQ�8QLYHUVLW\�

��� -DQNRZVNL� 1� DQG� .DGLUNDPDQWKDQ� 9� ����� 6WDWLVWLFDO� FRQWURO� RI� JURZLQJ� DQG� SUXQLQJ� LQ� 5%)�OLNH�
QHXUDO�QHWZRUNV�3URF��UG�&RQI��1HXUDO�1HWZRUNV�DQG�7KHLU�$SSOLFDWLRQV�.XOH��3RODQG���������

���� &KDXYLQ�<������$�EDFN�SURSDJDWLRQ�DOJRULWKP�ZLWK�RSWLPDO�XVH�RI�KLGGHQ�XQLWV�$GYDQFHV�LQ�1HXUDO�
,QIRUPDWLRQ�3URFHVVLQJ�6\VWHPV���&$�0RUJDQ�.DXIPDQQ��6DQ�0DWHR����������

���� +DVVLEL� %� DQG� 6WRUN� '� ����� 6HFRQG� RUGHU� GHULYDWLYHV� IRU� QHWZRUN� SUXQLQJ�� 2SWLPDO� EUDLQ� VXUJHRQ�
$GYDQFHV�LQ�1HXUDO�,QIRUPDWLRQ�3URFHVVLQJ�6\VWHPV���&$��0RUJDQ�.DXIPDQQ��6DQ�0DWHR���������


