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$NDGHPLVN�DYKDQGOLQJ� VRP�PHG� WLOOVWnQG�DY�.XQJOLJD�7HNQLVND�+|JVNRODQ� IUDPOlJJHV� WLOO�
RIIHQWOLJ�JUDQVNQLQJ�I|U�DYOlJJDQGH�DY� WHNQLVN�GRNWRUVH[DPHQ�RQVGDJHQ�GHQ���� MXQL������
NO��������L�VDO�(���/LQGVWHGWVYlJHQ����.7+��6WRFNKROP��
�
,6%1���������������
,661�����������
75,7$�70+��������
�
�-RQDV�%HVNRZ�������
�
&RYHU� SKRWRPRVDLF� FUHDWHG� XVLQJ�0HWDSL[HO� IURP� D� OLEUDU\� RI� ������ UDQGRPO\� JHQHUDWHG�
WDONLQJ�KHDG�VQDSVKRWV��
�
8QLYHUVLWHWVVHUYLFH�86�$%��6WRFNKROP�������
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� $EVWUDFW� L�� �

$%675$&7�
7KLV� WKHVLV� SUHVHQWV� ZRUN� LQ� WKH� DUHD� RI� FRPSXWHU�DQLPDWHG� WDONLQJ� KHDGV�� $� V\VWHP� IRU�
PXOWLPRGDO�VSHHFK�V\QWKHVLV�KDV�EHHQ�GHYHORSHG��FDSDEOH�RI�JHQHUDWLQJ�DXGLRYLVXDO�VSHHFK�
DQLPDWLRQV�IURP�DUELWUDU\� WH[W��XVLQJ�SDUDPHWULFDOO\�FRQWUROOHG��'�PRGHOV�RI� WKH�IDFH�DQG�
KHDG��$�VSHHFK�VSHFLILF�GLUHFW�SDUDPHWHULVDWLRQ�RI�WKH�PRYHPHQW�RI�WKH�YLVLEOH�DUWLFXODWRUV�
�OLSV�� WRQJXH� DQG� MDZ�� LV� VXJJHVWHG�� DORQJ�ZLWK� D� IOH[LEOH� VFKHPH� IRU�SDUDPHWHULVLQJ� IDFLDO�
VXUIDFH�GHIRUPDWLRQV�EDVHG�RQ�ZHOO�GHILQHG�DUWLFXODWRU\�WDUJHWV��

7R� LPSURYH� WKH� UHDOLVP� DQG� YDOLGLW\� RI� IDFLDO� DQG� LQWUD�RUDO� VSHHFK� PRYHPHQWV��
PHDVXUHPHQWV� IURP�UHDO� VSHDNHUV�KDYH�EHHQ� LQFRUSRUDWHG�IURP�VHYHUDO� W\SHV�RI�VWDWLF�DQG�
G\QDPLF� GDWD� VRXUFHV�� 7KHVH� LQFOXGH� XOWUDVRXQG� PHDVXUHPHQWV� RI� WRQJXH� VXUIDFH� VKDSH��
G\QDPLF� RSWLFDO� PRWLRQ� WUDFNLQJ� RI� IDFH� SRLQWV� LQ� �'�� DV� ZHOO� DV� HOHFWURPDJQHWLF�
DUWLFXORJUDSK\� �(0$�� SURYLGLQJ� G\QDPLF� WRQJXH�PRYHPHQW� GDWD� LQ� �'��8OWUDVRXQG� GDWD�
DUH� XVHG� WR� HVWLPDWH� WDUJHW� FRQILJXUDWLRQV� IRU� D� FRPSOH[� WRQJXH�PRGHO� IRU� D� QXPEHU� RI�
VXVWDLQHG� DUWLFXODWLRQV�� 6LPXOWDQHRXV� RSWLFDO� DQG� HOHFWURPDJQHWLF� PHDVXUHPHQWV� DUH�
SHUIRUPHG� DQG� WKH� GDWD� DUH� XVHG� WR� UHV\QWKHVLVH� IDFLDO� DQG� LQWUD�RUDO� DUWLFXODWLRQ� LQ� WKH�
PRGHO��$�UREXVW�UHV\QWKHVLV�SURFHGXUH��FDSDEOH�RI�DQLPDWLQJ�IDFLDO�JHRPHWULHV�WKDW�GLIIHU�LQ�
VKDSH�IURP�WKH�PHDVXUHG�VXEMHFW��LV�GHVFULEHG��

7R�GULYH� DUWLFXODWLRQ� IURP� V\PEROLF� �SKRQHWLF�� LQSXW�� IRU� H[DPSOH� LQ� WKH� FRQWH[W�RI� D�
WH[W�WR�VSHHFK� V\VWHP�� ERWK� UXOH�EDVHG� DQG� GDWD�GULYHQ� DUWLFXODWRU\� FRQWURO� PRGHOV� KDYH�
EHHQ� GHYHORSHG�� 7KH� UXOH�EDVHG� PRGHO� HIIHFWLYHO\� KDQGOHV� IRUZDUG� DQG� EDFNZDUG�
FRDUWLFXODWLRQ� E\� WDUJHW� XQGHU�VSHFLILFDWLRQ�� ZKLOH� WKH� GDWD�GULYHQ� PRGHO� XVHV� $11V� WR�
HVWLPDWH� DUWLFXODWRU\� SDUDPHWHU� WUDMHFWRULHV�� WUDLQHG� RQ� WUDMHFWRULHV� UHV\QWKHVLVHG� IURP�
RSWLFDO�PHDVXUHPHQWV��7KH�DUWLFXODWRU\�FRQWURO�PRGHOV�DUH�HYDOXDWHG�DQG�FRPSDUHG�DJDLQVW�
RWKHU�GDWD�GULYHQ�PRGHOV� WUDLQHG�RQ� WKH� VDPH�GDWD�� �([SHULPHQWV�ZLWK�$11V� IRU�GULYLQJ�
WKH�DUWLFXODWLRQ�RI�D�WDONLQJ�KHDG�GLUHFWO\�IURP�DFRXVWLF�VSHHFK�LQSXW�DUH�DOVR�UHSRUWHG��

$�IOH[LEOH�VWUDWHJ\�IRU�JHQHUDWLRQ�RI�QRQ�YHUEDO�IDFLDO�JHVWXUHV� LV�SUHVHQWHG��,W� LV�EDVHG�
RQ�D�JHVWXUH�OLEUDU\�RUJDQLVHG�E\�FRPPXQLFDWLYH�IXQFWLRQ��ZKHUH�HDFK�IXQFWLRQ�KDV�PXOWLSOH�
DOWHUQDWLYH�UHDOLVDWLRQV��7KH�JHVWXUHV�FDQ�EH�XVHG�WR�VLJQDO�H�J��WXUQ�WDNLQJ��EDFN�FKDQQHOOLQJ�
DQG�SURPLQHQFH�ZKHQ�WKH�WDONLQJ�KHDG�LV�HPSOR\HG�DV�RXWSXW�FKDQQHO�LQ�D�VSRNHQ�GLDORJXH�
V\VWHP��$�GHYLFH� LQGHSHQGHQW�;0/�EDVHG� IRUPDOLVP� IRU�QRQ�YHUEDO� DQG�YHUEDO�RXWSXW� LQ�
PXOWLPRGDO�GLDORJXH�V\VWHPV�LV�SURSRVHG��DQG�LW�LV�GHVFULEHG�KRZ�WKH�RXWSXW�VSHFLILFDWLRQ�LV�
LQWHUSUHWHG� LQ� WKH�FRQWH[W�RI� D� WDONLQJ�KHDG�DQG�FRQYHUWHG� LQWR� IDFLDO� DQLPDWLRQ�XVLQJ� WKH�
JHVWXUH�OLEUDU\����

7KURXJK�D�VHULHV�RI�DXGLRYLVXDO�SHUFHSWXDO�H[SHULPHQWV�ZLWK�QRLVH�GHJUDGHG�DXGLR��LW�LV�
GHPRQVWUDWHG� WKDW� WKH� DQLPDWHG� WDONLQJ� KHDG� SURYLGHV� VLJQLILFDQWO\� LQFUHDVHG� LQWHOOLJLELOLW\�
RYHU� WKH�DXGLR�RQO\�FDVH�� LQ�VRPH�FDVHV�QRW� VLJQLILFDQWO\�EHORZ�WKDW�SURYLGHG�E\�D�QDWXUDO�
IDFH��

)LQDOO\��VHYHUDO�SURMHFWV�DQG�DSSOLFDWLRQV�DUH�SUHVHQWHG��ZKHUH�WKH�GHVFULEHG�WDONLQJ�KHDG�
WHFKQRORJ\� KDV� EHHQ� VXFFHVVIXOO\� HPSOR\HG�� )RXU� GLIIHUHQW� PXOWLPRGDO� VSRNHQ� GLDORJXH�
V\VWHPV�DUH�RXWOLQHG��DQG�WKH�UROH�RI�WKH�WDONLQJ�KHDGV�LQ�HDFK�RI�WKH�V\VWHPV�LV�GLVFXVVHG��$�
WHOHFRPPXQLFDWLRQ� DSSOLFDWLRQ� ZKHUH� WKH� WDONLQJ� KHDG� IXQFWLRQV� DV� DQ� DLG� IRU� KHDULQJ�
LPSDLUHG�XVHUV�LV�DOVR�GHVFULEHG��DV�ZHOO�DV�D�VSHHFK�WUDLQLQJ�DSSOLFDWLRQ�ZKHUH�WDONLQJ�KHDGV�
DQG� ODQJXDJH� WHFKQRORJ\� DUH� XVHG� ZLWK� WKH� SXUSRVH� RI� LPSURYLQJ� VSHHFK� SURGXFWLRQ� LQ�
SURIRXQGO\�GHDI�FKLOGUHQ���



LL� � ��
�

�
�
�
�
�
�

�
�
�



� $FNQRZOHGJHPHQWV� LLL�� �

$&.12:/('*(0(176�
,�DP�WKDQNIXO�WR�D�QXPEHU�RI�SHRSOH�ZLWKRXW�ZKRP�WKLV�HQGHDYRXU�ZRXOG�KDYH�EHHQ�PXFK�
KDUGHU��WDNHQ�HYHQ�ORQJHU�WLPH��EHHQ�OHVV�IXQ��RU�HYHQ�EHHQ�GRZQULJKW�LPSRVVLEOH��)LUVW�RI�
DOO� ,� ZRXOG� OLNH� WR� WKDQN� P\� VXSHUYLVRU� %M|UQ� *UDQVWU|P� IRU� LQWURGXFLQJ� PH� WR�� DQG�
DOORZLQJ�PH�WR�ZRUN�LQ�� WKLV�G\QDPLF�DQG�IDVFLQDWLQJ�ILHOG��DQG�DOZD\V�IROORZLQJ�P\�ZRUN�
ZLWK� JUHDW� LQWHUHVW�� 5ROI� &DUOVRQ� DOVR� GHVHUYHV� FUHGLW� IRU� DOZD\V� EHLQJ� VXSSRUWLYH� DQG�
DYDLODEOH�IRU�GRZQ�WR�HDUWK�GLVFXVVLRQ���

,�DP�PXFK�JUDWHIXO�WR�P\�SDVW�DQG�SUHVHQW�URRPPDWHV�DW�70+��0DJQXV�/XQGHEHUJ�DQG�
7RELDV�gKPDQ�� IRU� JRRG� FROODERUDWLRQ� DQG� JUHDW� IXQ�� 6SHFLDO� FUHGLW� JRHV� WR�0DJQXV� IRU�
FRQWLQXRXV� DGGLWLRQV� WR� WKH� WDONLQJ� KHDG� JDOOHU\�� 7KDQNV� WR� 2ORY� (QJZDOO�� FR�DXWKRU� RQ�
SDSHU� ��� IRU� SURYLGLQJ� DQ� H[FHOOHQW� WRQJXH�PRGHO� DQG� D� ORW� RI� NQRZ�KRZ� RQ� DUWLFXODWRU\�
PRGHOOLQJ� DQG�PHDVXUHPHQWV��7KDQNV� DOVR� WR�0DJQXV�1RUGVWUDQG�� FR�DXWKRU�RQ�SDSHU� ���
IRU�ILOOLQJ�XS�WKH�JHVWXUH�OLEUDU\�ZLWK�FRPPXQLFDWLYH�JHVWXUHV�DQG�IRU�TXLFNO\�WXUQLQJ�LQWR�DQ�
H[SHUW� RQ� WKH� 4XDOLV\V� V\VWHP�� UHOLHYLQJ� PH� RI� D� ORW� RI� ZRUN� GXULQJ� WKH� KHFWLF� SDVW� VL[�
PRQWKV�� ,� DP� DOVR� JUDWHIXO� WR� /RUHGDQD� &HUUDWR�� IRU� FRQVWUXFWLYH� FULWLFLVP� RQ� WKH� WKHVLV�
GUDIW��SDSHU����DV�ZHOO�DV�RQ�P\�OXQFK�KDELWV��WR�%HDWD�0HJ\HVL�IRU�KHOS�DQG�SUDFWLFDO�DGYLFH�
GXULQJ�WKHVLV�ZUDS�XS�VWDJH��DQG�WR�*XQLOOD�6YDQIHOGW�IRU�WRXJK�IORRUEDOO�ILJKWV��

$�ORW�RI�SHRSOH�KDYH�SURYLGHG�WRROV��LQVSLUDWLRQ�DQG�JHQHUDOO\�JRRG�LGHDV�RYHU�WKH�\HDUV��
.nUH� 6M|ODQGHU� GHVHUYHV� FUHGLW� IRU� SURYLGLQJ� URFN�VROLG�� IHDWXUH�SDFNHG� DQG� FRQVWDQWO\�
LPSURYLQJ� VSHHFK� SURFHVVLQJ� FRPSRQHQWV�� DQG� VKDULQJ� WKH� YLVLRQ� RI� WKH� XOWLPDWH� VSHHFK�
WRRO� LQIUDVWUXFWXUH«�QR� GRXEW�:DYH6XUIHU�ZLOO� FRQTXHU� WKH�ZRUOG�� EXW�ZKHQ�ZLOO� SHRSOH�
VWDUW�FOLFNLQJ�WKH�3D\3DO�"�7KDQNV�WR�-RDNLP�*XVWDIVRQ�IRU�JUHDW�YLVLRQV��JUHDW�V\VWHPV�DQG�
PLQG�ERJJOLQJ�FRGH«�7KDQNV�WR�-HQV�(GOXQG��FR�DXWKRU�RQ�SDSHU����IRU�JRRG�LGHDV��;0/�
H[SHUWLVH�DQG�IRU�TXLFNO\�UHDOLVLQJ�WKH�YLUWXHV�RI�WKH�RPQLSRWHQW�7FO�ODQJXDJH��7KDQNV�DOVR�
WR�0LNDHO�1RUGHQEHUJ� IRU� IUXLWIXO�GLVFXVVLRQV�DQG� LQVLJKWIXO� FRPPHQWV�� DQG� IRU� VQDSSLQJ�
WKH�WDUJHW�SLFWXUH�IRU�WKH�FRYHU��

,� ZRXOG� OLNH� WR� H[SUHVV� SDUWLFXODUO\� ZDUP� WKDQNV� WR� 'RPLQLF� 0DVVDUR� DQG� 0LFKDHO�
&RKHQ�RI�WKH�3HUFHSWXDO�6FLHQFH�/DE�DW�8&6&��FR�DXWKRUV�RQ�SDSHUV���DQG����IRU�JLYLQJ�PH�
WKH�RSSRUWXQLW\�WR�VSHQG����PRQWKV�LQ�RQH�RI�WKH�SLRQHHULQJ�WDONLQJ�KHDG�ODEV�RI�WKH�ZRUOG��
DQG� IRU� PDNLQJ� P\� WLPH� WKHUH� VR� UHZDUGLQJ�� SURIHVVLRQDOO\� DV� ZHOO� DV� SHUVRQDOO\�� 1RW� D�
ZLQWHU�JRHV�E\�ZLWKRXW�PH�PLVVLQJ�6DQWD�&UX]«��

$�IHZ�H[WHUQDO�FROOHDJXHV�ZLWK�ZKRP�,�KDYH�HQMR\HG�IUXLWIXO�FROODERUDWLRQV�DOVR�GHVHUYH�
FUHGLW�� ,Q� WKH�6\QIDFH�SURMHFW�� WKDQNV� HVSHFLDOO\� WR�&DWKULQH� 6LFLOLDQR� DQG�*HRII�:LOOLDPV��
FR�DXWKRUV�RI�SDSHU���� IRU�VZLIWO\�SRUWLQJ� WKH�YLVXDO� VSHHFK�V\QWKHVLV� UXOHV� WR�(QJOLVK�DQG�
'XWFK��7KDQNV�DOVR�WR�P\�IRUPHU�FROOHDJXHV�LQ�WKH�2OJD�SURMHFW��HVSHFLDOO\�2OOH�6XQGEODG��
(YD�0DULH�:DGPDQ��FUHDWRU�RI�WKH�VWDWLF�2OJD�PRGHO��DQG�6FRWW�0F*ODVKDQ��

)XUWKHUPRUH�� ,� DP� LQGHEWHG� WR� $QQH�0DULH� gVWHU� IRU� D� KHURLF� FRQWULEXWLRQ� DV� WKH�
VXEMHFW�LQ�WKH�VWXG\�RI�SDSHU����

,�DP�JUDWHIXO�WR�0DWWLDV�+HOGQHU�IRU�KHOSLQJ�PH�ZLWK�VWDWLVWLFDO�DQDO\VHV�DQG�VKDULQJ�P\�
SDVVLRQ�IRU�ROG�V\QWKHVLVHUV��

'DYLG�+RXVH�GHVHUYHV�DSSUHFLDWLRQ�IRU�SURRIUHDGLQJ�WKLV�WKHVLV�LQ�D�JUHDW�UXVK��&UHGLWV�
DOVR�WR�0DJQXV�/XQGHEHUJ��DJDLQ��IRU�UHDGLQJ�DQG�FRPPHQWLQJ�RQ�WKH�WKHVLV�GUDIW��DQG�WR�
5HEHFFD�+LQFNV�DQG�0DULRQ�/LQGVH\�IRU�SURRIUHDGLQJ�SDSHU����

7KH� IORRUEDOO� SOD\HUV� RI� WKH� GHSDUWPHQW� DUH� KHUHE\� DFNQRZOHGJHG� IRU� SURYLGLQJ� WKH�
ZHHNO\�ILWQHVV�NHHSLQJ�RSSRUWXQLW\��,Q�IDFW��HYHU\ERG\�DW�WKH�FHQWUH�IRU�VSHHFK�WHFKQRORJ\�
DQG� WKH�GHSDUWPHQW� IRU� VSHHFK��PXVLF� DQG�KHDULQJ�GHVHUYH� FUHGLW� IRU� FROOHFWLYHO\� FUHDWLQJ�
VXFK�D�IULHQGO\�DQG�VWLPXODWLQJ�ZRUNSODFH�DWPRVSKHUH���

2Q�D�PRUH�SHUVRQDO�QRWH��,�ZRXOG�OLNH�WR�XVH�WKLV�VSDFH�WR�WKDQN�WKH�6ZHGLVK�+RW6\QWK�
4XLQWHW� �shotq.se�� IRU�SURYLGLQJ�RQH�RI�P\� IDYRXULWH� H[WUDFXUULFXODU� DFWLYLWLHV� DV�ZHOO� DV�



LY� $FNQRZOHGJHPHQWV� ��
�
RQH�RI�WKH�PRUH�H[RWLF�DSSOLFDWLRQV�IRU�YDULRXV�VSHHFK�WHFKQRORJ\�WRROV��7KH�UHFRUG�LV�ORQJ�
RYHUGXH«�

)LQDOO\�WKDQNV�WR�P\�IDPLO\��$�ORW�RI�ORYH�DQG�JUDWLWXGH�JRHV�WR�P\�SDUHQWV��*|UDQ�DQG�
.DDULQD��<RX�DOZD\V�VWLPXODWHG�P\�HQJLQHHULQJ�FXULRVLW\�DQG�HQVXUHG�WKDW�WKHUH�ZHUH�SOHQW\�
RI�HOHFWULFDO�FLUFXLWU\��OHJR�DQG�D�&���DURXQG�WR�SOD\�ZLWK��

0RVW�RI�DOO�WKDQNV�WR�&HFLOLD��ZLWKRXW�\RXU�ORYLQJ�VXSSRUW�DQG�QRQ�VHQWLPHQWDO�YLHZ�RI�
GRFWRUDO�HGXFDWLRQ��ZKR�NQRZV�ZKHQ�,�ZRXOG�KDYH�ZUDSSHG�WKLV�DOO�XS«�RFK�WLOO�(OOLRW��I|U�
DWW� GX� lU� HQ� VnQ� JXOONQRSS«� DQG� WR� WKH� SHQGLQJ� IRXUWK� IDPLO\�PHPEHU� IRU� JLYLQJ�PH� D�
QRQQHJRWLDEOH�GHDGOLQH�IRU�WKLV�SURMHFW��

�
3DUW�RI�WKH�SUHVHQWHG�UHVHDUFK�DFWLYLWLHV�KDYH�EHHQ�FDUULHG�DW�RXW�WKH�&HQWUH�IRU�6SHHFK�

7HFKQRORJ\� �&77��� VXSSRUWHG� E\� 9,1129$� �7KH� 6ZHGLVK� $JHQF\� IRU� ,QQRYDWLRQ�
6\VWHPV��� .7+� DQG� SDUWLFLSDWLQJ� 6ZHGLVK� FRPSDQLHV� DQG� RUJDQL]DWLRQV�� 7KH� UHVHDUFK�
DFWLYLWLHV�KDYH�DOVR�EHHQ�IXQGHG�E\�WKH�6ZHGLVK�1DWLRQDO�%RDUG�IRU�7HFKQLFDO�'HYHORSPHQW�
�187(.��� 6ZHGLVK�7UDQVSRUW� DQG�&RPPXQLFDWLRQV�5HVHDUFK�%RDUG� �.)%��� WKH�6ZHGLVK�
.QRZOHGJH� )RXQGDWLRQ� �..�VWLIWHOVHQ��� WKH� )XOEULJKW� &RPPLVVLRQ�� -RKQ� RFK� .DULQ�
(QJEORPV�VWLSHQGLHIRQG��8QLYHUVLW\�RI�&DOLIRUQLD��1DWLRQDO�6FLHQFH�)RXQGDWLRQ��16)��DQG��
(8·V�,QIRUPDWLRQ�6RFLHW\�7HFKQRORJ\�SURJUDPPH��,67�� 

�
�
�
-RQDV�%HVNRZ��0D\������
�
�



� ,QFOXGHG�3DSHUV� Y�� �

,1&/8'('�3$3(56�
3DSHU���� %HVNRZ�� -�� �������� 5XOH�EDVHG�9LVXDO� 6SHHFK� 6\QWKHVLV�� 3URFHHGLQJV� RI� WKH� �WK�

(XURSHDQ� &RQIHUHQFH� RQ� 6SHHFK� &RPPXQLFDWLRQ� DQG� 7HFKQRORJ\� �(XURVSHHFK·�����
0DGULG��6SDLQ��SS�����������

�
3DSHU���� %HVNRZ��-����������$QLPDWLRQ�RI�7DONLQJ�$JHQWV��,Q�%HQRvW��&��DQG�&DPSEHOO��

5���(GV���3URFHHGLQJV�RI�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ�
�$963·�����5KRGRV��*UHHFH��SS�����������

��
3DSHU���� &RKHQ��0��0���%HVNRZ�� -��0DVVDUR��'��:�� ��������5HFHQW�GHYHORSPHQWV� LQ�

IDFLDO� DQLPDWLRQ�� DQ� LQVLGH� YLHZ�� ,Q� '�� %XUQKDP�� -�� 5REHUW�5LEHV� 	� (��
9DWLNLRWLV�%DWHVRQ��(GV���3URFHHGLQJV�RI�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�
6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��SS����������

�
3DSHU���� 0DVVDUR�� '�:��� %HVNRZ�� -��� &RKHQ�� 0�0��� )U\� &�/��� 5RGULTXH]�� 7�� ��������

3LFWXUH�0\�9RLFH��$XGLR� WR�9LVXDO�6SHHFK�6\QWKHVLV�XVLQJ�$UWLILFLDO�1HXUDO�
1HWZRUNV�� ,Q� '�� :�� 0DVVDUR� �(G��� 3URFHHGLQJV� RI� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�
$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ��$963
�����6DQWD�&UX]��&$��SS�����������

�
3DSHU���� %HVNRZ�� -��� (GOXQG�� -��� DQG� 1RUGVWUDQG�� 0�� �VXEPLWWHG���� $� 0RGHO� IRU�

*HQHUDOLVHG�0XOWL�0RGDO�'LDORJXH�6\VWHP�2XWSXW�$SSOLHG� WR�DQ�$QLPDWHG�
7DONLQJ� +HDG�� 7R� DSSHDU� LQ�0LQNHU�� :��� %�KOHU�� '�� DQG� '\ENM U�� /�� �(GV��
6SRNHQ�0XOWLPRGDO�+XPDQ�&RPSXWHU�'LDORJXH�LQ�0RELOH�(QYLUQRQPHQWV��'RUGUHFK��
7KH�1HWKHUODQGV��.OXZHU�$FDGHPLF�3XEOLVKHUV��

�
3DSHU���� 6LFLOLDQR�� &��� :LOOLDPV�� *��� %HVNRZ�� -�� DQG� )DXONQHU�� $�� �VXEPLWWHG����

(YDOXDWLRQ�RI�D�0XOWLOLQJXDO�6\QWKHWLF�7DONLQJ�)DFH�DV�D�&RPPXQLFDWLRQ�$LG�
IRU� WKH� +HDULQJ� ,PSDLUHG�� WR� DSSHDU� LQ� 3URFHHGLQJV� RI� WKH� �� � � � ,QWHUQDWLRQDO�
&RQJUHVV�RI�3KRQHWLF�6FLHQFHV��,&3K6
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7KH�KXPDQ�IDFH��UHJDUGHG�DV�D�PHGLXP�IRU�YLVXDO�FRPPXQLFDWLRQ��LV�H[WUHPHO\�H[SUHVVLYH��
DQG�LQ�PDQ\�VLWXDWLRQV�DQ�LQYDOXDEOH�FRPSOHPHQW�WR�WKH�DFRXVWLF�VSHHFK�VLJQDO��6LQFH�ZH�DUH�
FRQIURQWHG� ZLWK� IDFHV� IURP� WKH� ILUVW� PRPHQWV� RI� RXU� OLYHV�� ZH� DUH� DOO� H[SHUWV� LQ� ERWK�
LQWHUSUHWLQJ� DQG� SURGXFLQJ� DOO� NLQGV� RI� VXEWOH� IDFLDO� FXHV�� 7KXV�� IDFHV� SOD\� D� QDWXUDO� DQG�
VLJQLILFDQW�UROH�LQ�HYHU\GD\�FRPPXQLFDWLRQ���

9DULRXV�W\SHV�RI�IDFLDO�FXHV�KDYH�GLIIHUHQW�UROHV� LQ�WKH�FRPPXQLFDWLRQ�SURFHVV��)LUVWO\��
IDFLDO�H[SUHVVLRQV�DUH�SHUKDSV�WKH�PRVW�LPSRUWDQW�ZD\�RI�VLJQDOOLQJ�HPRWLRQ��:H�FDQ�RIWHQ�
WHOO� LI� D� SHUVRQ� LV� KDSS\�� VDG�� VFDUHG�� DQJU\� HWF�� E\� ORRNLQJ� DW� KLV�KHU� IDFH�� � 6HFRQGO\�� LQ�
YHUEDO� FRPPXQLFDWLRQ� VLWXDWLRQV�� WKH� IDFH� H[SUHVVHV� LQIRUPDWLRQ� UHODWHG� WR� GLVFRXUVH��
SKUDVLQJ��HPSKDVLV�DQG�GLDORJXH�WXUQ�WDNLQJ�� ,Q� WKLV�VHQVH�IDFLDO�H[SUHVVLRQV�DUH� LQWLPDWHO\�
UHODWHG�� DQG� RIWHQ� FRPSOHPHQWDU\�� WR� LQWRQDWLRQDO� IHDWXUHV� RI� WKH� YRLFH��7KLUGO\�� WKH� IDFH�
UHYHDOV�YLVLEOH�DVSHFWV�RI�VSHHFK�SURGXFWLRQ�DQG�WKXV�FDUULHV�LQIRUPDWLRQ�DERXW�WKH�SKRQHWLF�
FRQWHQW� RI� D� VSRNHQ� XWWHUDQFH�� 9LVXDO� VSHHFK� LQIRUPDWLRQ� FDQ� JUHDWO\� LQFUHDVH� VSHHFK�
LQWHOOLJLELOLW\�� HVSHFLDOO\� GXULQJ� DFRXVWLFDOO\� GHJUDGHG� FRQGLWLRQV�� UHJDUGOHVV� RI�ZKHWKHU� WKH�
DFRXVWLF�GHJUDGDWLRQ�LV�GXH�WR�H[WHUQDO�QRLVH�RU�WR�KHDULQJ�LPSDLUPHQW��

7HFKQRORJLFDO�DQG�VFLHQWLILF�DGYDQFHV�KDYH�PDGH�LW�SRVVLEOH�WR�IDLWKIXOO\�V\QWKHVLVH�DQG�
DQLPDWH� KXPDQ� IDFHV� DQG� KHDGV� E\� FRPSXWHU�� &RPELQHG� ZLWK� DGYDQFHV� LQ� WKH� DUHD� RI�
VSRNHQ� GLDORJXH� V\VWHPV� IRU� KXPDQ�PDFKLQH� LQWHUDFWLRQ�� WKLV� RSHQV� XS� WKH� SRVVLELOLW\� RI�
OHYHUDJLQJ� WKH� EHQHILWV� RI� IDFH�WR�IDFH� FRPPXQLFDWLRQ� LQ� VHYHUDO� FRPSXWHU�EDVHG� RU�
FRPSXWHU�DVVLVWHG�VFHQDULRV�VXFK�DV�FRPSXWHU�JDPHV��H�OHDUQLQJ�DSSOLFDWLRQV��YLUWXDO�ZRUOGV�
DV�ZHOO�DV�KXPDQ�FRPSXWHU�LQWHUDFWLRQ�LQ�JHQHUDO��&RQVHTXHQWO\��D�ORW�RI�UHVHDUFK�KDV�EHHQ�
FRQGXFWHG� LQ� WKH�DUHD�RI� WDONLQJ�KHDG� V\QWKHVLV�GXULQJ� WKH�SDVW� WKUHH�GHFDGHV��7KLV� WKHVLV�
UHSUHVHQWV� D� SDUW� RI� WKLV� JOREDO� HIIRUW� XOWLPDWHO\� VWULYLQJ� WR� DOORZ� V\VWHPV� WR� XWLOLVH� WKH�
LQKHUHQW�FRPPXQLFDWLYH�SRZHU�RI� WKH�KXPDQ�IDFH� LQ�PHDQLQJIXO�ZD\V�� OHDGLQJ� WR�V\VWHPV�
WKDW�DUH�IULHQGOLHU��PRUH� LQWXLWLYH�DQG�HDVLHU�WR�XVH��DV�ZHOO�DV�RSHQLQJ�XS�QHZ�SRVVLELOLWLHV�
IRU�FRPPXQLFDWLRQ�EHWZHHQ�SHRSOH��

0RUH�VSHFLILFDOO\��WKH�WKHVLV�SUHVHQWV�WHFKQLTXHV�IRU�PRGHOOLQJ��DQLPDWLQJ�DQG�HYDOXDWLQJ�
V\QWKHWLF� WDONLQJ�KHDGV�� LQ� WKH� FRQWH[W�RI� VHYHUDO� DSSOLHG� VFHQDULRV� LQ� WKH�DUHDV�RI� VSRNHQ�
GLDORJXH� V\VWHPV�� FRPPXQLFDWLRQ� DLGV� DQG� ODQJXDJH� OHDUQLQJ�� 7KH� IRFXV� WKURXJKRXW� WKH�
SUHVHQWHG� UHVHDUFK� LV� RQ� FRPPXQLFDWLYH� IXQFWLRQ� UDWKHU� WKDQ� RQ� YLGHR� UHDOLVP�� ,Q� IDFW��
FRVPHWLF� UHDOLVP� DQG� FRPPXQLFDWLYH� UHDOLVP� DUH� UHJDUGHG� KHUH� DV� WZR� PRUH� RU� OHVV� XQUHODWHG�
YDULDEOHV��ZKLOH�WKH�IRUPHU� LV�PDLQO\�UHODWHG�WR�WKH�VWDWLF�DSSHDUDQFH�RI�D�IDFH��WKH� ODWWHU� LV�
HVVHQWLDOO\� GHILQHG� E\� WKH� G\QDPLFV� RI� IDFLDO� JHVWXUHV��:KLOH� FRVPHWLFDOO\� UHDOLVWLF� WDONLQJ�
KHDGV�UHSUHVHQW�D�ZRUWK\�UHVHDUFK�JRDO�LQ�WKHLU�RZQ�ULJKW��LW�LV�HYLGHQW�WKDW�FRVPHWLF�UHDOLVP�
LV� E\� QR� PHDQV� D� UHTXLUHPHQW� IRU� FRPPXQLFDWLRQ� �� ZH� RQO\� KDYH� WR� FRQVLGHU� DQLPDWHG�
FDUWRRQV�WR�UHDOLVH�WKLV�IDFW��ZKLOH�WKH�FKDUDFWHUV�DUH�W\SLFDOO\�XQUHDOLVWLF�� WKHUH� LV�QR�GRXEW�
WKDW� WKHLU� IDFHV� DQG�ERGLHV� FRPPXQLFDWH��$V� LV� VKRZQ� LQ� WKLV� WKHVLV�� WKLV� VLWXDWLRQ�KROGV� IRU�
FRPSXWHU�JHQHUDWHG�WDONLQJ�KHDGV�DV�ZHOO��
��� 7KHVLV�RYHUYLHZ�
7KLV� WKHVLV� FRQVLVWV� RI� WZR� SDUWV�� 7KH� ILUVW� SDUW� LV� D� VXPPDU\�� QRW� RQO\� GHVFULELQJ� WKH�
HVVHQWLDO�UHVXOWV�DQG�PHWKRGV�RI�WKH�WKHVLV��EXW�DOVR�UHYLHZLQJ�WKH�FXUUHQW�VWDWH�RI�WKH�DUW�LQ�
WKH�ILHOG�RI�WDONLQJ�KHDGV��DQG�SODFLQJ�WKH�UHVXOWV�LQ�UHODWLRQ�WR�WKLV�IUDPHZRUN��7KH�VHFRQG�
SDUW�LV�D�FROOHFWLRQ�RI�HLJKW�LQWHUQDWLRQDOO\�SXEOLVKHG�VFLHQWLILF�SDSHUV��

7KH�VXPPDU\�LV�RUJDQLVHG�DFFRUGLQJ�WR�D�QXPEHU�RI�GLVWLQFW�EXW�UHODWHG�UHVHDUFK�DUHDV��
$�QXPEHU�RI�WKH�LQFOXGHG�SDSHUV�VSDQ�VHYHUDO�RI�WKHVH�DUHDV��DQG�WKH\�DUH�UHIHUHQFHG�LQ�DOO�
UHOHYDQW�SODFHV�WKURXJKRXW�WKH�VXPPDU\��
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• &KDSWHU� �� GHDOV� ZLWK� IDFLDO� PRGHOOLQJ�� RXWOLQLQJ� DYDLODEOH� DSSURDFKHV� IRU� IDFLDO�
LPDJH� V\QWKHVLV� DQG� SDUDPHWHULVDWLRQ�� DQG� IRFXVLQJ� RQ� PRGHO�EDVHG� WHFKQLTXHV��
)XUWKHUPRUH��D�JHQHUDO�DSSURDFK� WR�IDFLDO�GHIRUPDWLRQ� LV�GHVFULEHG�DQG�D�VSHHFK�
RULHQWHG�SDUDPHWHULVDWLRQ�VWUDWHJ\�LV�SURSRVHG��5HODWHG�SDSHUV�������DQG����

• &KDSWHU���IRFXVHV�RQ�GDWD�DFTXLVLWLRQ��DQG�UHYLHZV�PHWKRGRORJLHV�IRU�VWDWLF�DV�ZHOO�
DV�G\QDPLF��LQWHUQDO�DV�ZHOO�DV�H[WHUQDO�GDWD�JDWKHULQJ�IRU�WDONLQJ�KHDG�PRGHOOLQJ��,W�
DOVR�GHVFULEHV�KRZ�GLIIHUHQW�W\SHV�RI�GDWD�VRXUFHV�FDQ�EH�LQWHJUDWHG�DQG�DSSOLHG�LQ�
WDONLQJ�KHDG�PRGHOOLQJ�XVLQJ�JHQHUDO�HUURU�PLQLPLVDWLRQ�WHFKQLTXHV��5HODWHG�SDSHUV�����
��DQG����

• ,Q� FKDSWHU� ��� WKH� WRSLF� LV� KRZ� WR� GULYH� WKH� DUWLFXODWLRQ� RI� WDONLQJ� KHDGV� IURP�
SKRQHWLF�LQSXW��IRU�H[DPSOH�LQ�RUGHU�WR�V\QFKURQLVH�LW�ZLWK�D�WH[W�WR�VSHHFK�V\VWHP��
,W�LV�GHVFULEHG�KRZ�FRDUWLFXODWRU\�HIIHFWV�DUH�DFFRXQWHG�IRU�LQ�GLIIHUHQW�DUWLFXODWRU\�
FRQWURO�PRGHOV��DQG�DQ�HYDOXDWLRQ�RI�D�QXPEHU�RI�GDWD�GULYHQ�DUWLFXODWRU\�FRQWURO�
PRGHOV�LV�SUHVHQWHG��5HODWHG�SDSHUV����DQG����

• &KDSWHU���GHDOV�ZLWK�GULYLQJ�WKH�DUWLFXODWRU\�PRWLRQ�RI�D�WDONLQJ�KHDG�GLUHFWO\�IURP�
WKH� DFRXVWLF� VSHHFK� ZDYHIRUP�� $IWHU� D� UHYLHZ� RI� H[LVWLQJ� PHWKRGRORJLHV�� DQ�
H[SHULPHQW�LV�GHVFULEHG�EDVHG�RQ�$UWLILFLDO�1HXUDO�1HWZRUNV��$11V���5HODWHG�SDSHU��
���

• &KDSWHU���GLVFXVVHV�QRQ�YHUEDO�DVSHFWV�RI�IDFLDO�PRWLRQ��ZKDW�WKHLU�IXQFWLRQ�LV�DQG�
KRZ� WKH\� FDQ� EH� PRGHOOHG� LQ� D� WDONLQJ� KHDG�� $� IRUPDOLVP� IRU� GHVFULELQJ� DQG�
JHQHUDWLQJ� VXFK� PRWLRQ� IRU� D� WDONLQJ� KHDG� LQ� WKH� FRQWH[W� RI� VSRNHQ� GLDORJXH�
V\VWHPV�LV�SUHVHQWHG��5HODWHG�SDSHU�����

• (YDOXDWLRQ�RI�WDONLQJ�KHDGV�LV�WKH�WRSLF�RI�FKDSWHU����WKH�IRFXV�EHLQJ�RQ�HYDOXDWLRQ�
RI� LQWHOOLJLELOLW\�� L�H�� WR�ZKDW�GHJUHH� D� WDONLQJ� KHDG� LPSURYHV� VSHHFK� SHUFHSWLRQ� LQ�
DFRXVWLFDOO\�FKDOOHQJLQJ�FRQGLWLRQV��LQFOXGLQJ�D�VXPPDU\�RI�SXEOLVKHG�WDONLQJ�KHDG�
LQWHOOLJLELOLW\�HYDOXDWLRQ�VWXGLHV�DQG�D�GHVFULSWLRQ�RI�HYDOXDWLRQV�RI�WKH�WDONLQJ�KHDGV�
GHYHORSHG�DV�SDUW�RI�WKLV�WKHVLV��5HODWHG�SDSHUV��������������

• &KDSWHU� �� GHVFULEHV� WKH� FRQWH[W� LQ�ZKLFK� HVVHQWLDO� SDUWV� RI� WKLV� ZRUN� KDYH� EHHQ�
FDUULHG� RXW�� QDPHO\� VHYHUDO� DSSOLHG� SURMHFWV� LQ� WKH� DUHD� RI� VSRNHQ� PXOWLPRGDO�
GLDORJXH�V\VWHPV��FRPPXQLFDWLRQ�DLGV�IRU�WKH�KHDULQJ�LPSDLUHG�DQG�VSHHFK�WUDLQLQJ�
V\VWHPV��5HODWHG�SDSHUV��DOO��

• )LQDOO\�� FKDSWHU� �� EULHIO\� VXPPDULVHV� WKH� LQGLYLGXDO� SDSHUV�� H[SOLFLWO\� VWDWLQJ� WKH�
RULJLQDO� VFLHQWLILF� FRQWULEXWLRQ�RI�HDFK�SDSHU�� DQG� LQ� WKH�FDVH�RI�PXOWLSOH� DXWKRUV��
DOVR�VWDWLQJ�WKH�UROH�RI�WKH�WKHVLV�DXWKRU��

�
7KH� PDLQ� SDUW� RI� WKH� ZRUN� UHSUHVHQWHG� E\� WKLV� WKHVLV� KDV� EHHQ� FDUULHG� RXW� DW� WKH�
'HSDUWPHQW� RI� 6SHHFK�� 0XVLF� DQG� +HDULQJ� DQG� WKH� &HQWUH� IRU� 6SHHFK� 7HFKQRORJ\�
�&77��� DW�.7+� LQ�6WRFNKROP��3DSHUV���DQG���GHVFULEH�ZRUN� WKDW�ZDV�GRQH�ZKHQ� WKH�
DXWKRU�ZDV�YLVLWLQJ� WKH�3HUFHSWXDO�6FLHQFH�/DE��36/��DW�8QLYHUVLW\�RI�&DOLIRUQLD��6DQWD�
&UX]��8&6&��RQ�D�)XOEULJKW�VFKRODUVKLS�GXULQJ������DQG�SDUW�RI�������

�
�
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+H�ZRXOG�VHH�IDFHV�LQ�PRYLHV��RQ�79��LQ�PDJD]LQHV��DQG�LQ�ERRNV��

+H�WKRXJKW�WKDW�VRPH�RI�WKHVH�IDFHV�PLJKW�EH�ULJKW�IRU�KLP��
DQG�WKURXJK�WKH�\HDUV��E\�NHHSLQJ�DQ�LGHDO�IDFLDO�VWUXFWXUH�IL[HG�LQ�KLV�PLQG��

RU�VRPHZKHUH�LQ�WKH�EDFN�RI�KLV�PLQG��WKDW�KH�PLJKW��E\�IRUFH�RI�ZLOO��
FDXVH�KLV�IDFH�WR�DSSURDFK�WKRVH�RI�KLV�LGHDO��

7KH�FKDQJH�ZRXOG�EH�YHU\�VXEWOH��,W�PLJKW�WDNH�WHQ�\HDUV�RU�VR����
*UDGXDOO\�KLV�IDFH�ZRXOG�FKDQJH�LWV
�VKDSH��

$�PRUH�KRRNHG�QRVH����ZLGHU��WKLQQHU�OLSV����EHDG\�H\HV����D�ODUJHU�IRUHKHDG��
�

'DYLG�%\UQH��7DONLQJ�+HDGV���6HHQ�DQG�QRW�VHHQ��������
�

� )$&,$/�02'(//,1*�
6\QWKHVLVLQJ� WKH� KXPDQ� IDFH� E\� FRPSXWHU� KDV� EHHQ� D� WRSLF� RI� UHVHDUFK� IRU� RYHU� WKUHH�
GHFDGHV�QRZ��([LVWLQJ�WHFKQLTXHV�FDQ�EH�EURDGO\�FDWHJRULVHG�LQWR�YLGHR�EDVHG�DQG�PRGHO�
EDVHG��ZKHUH�WKH�IRUPHU�IDPLO\�RI�WHFKQLTXHV�HVVHQWLDOO\�XVH��'�YLGHR�GDWD�DV�UDZ�PDWHULDO�
IRU�SURGXFLQJ�QHZ�LPDJHV��DQG�WKH�ODWWHU�XVH�VRPH�NLQG�RI�GHIRUPDEOH�PRGHO��RIWHQ�LQ��'��
DV�WKH�EDVLV�IRU�LPDJH�JHQHUDWLRQ��+RZHYHU��WKH�ERXQGDULHV�DUH�EOXUULQJ��VLQFH�YLGHR�EDVHG�
V\VWHPV�DUH�VWDUWLQJ�WR�LQFRUSRUDWH�HOHPHQWV�RI��'�WHFKQLTXHV�DQG�PRGHO�EDVHG�DSSURDFKHV�
PDNH�LQFUHDVLQJ�XVH�RI�WH[WXUHV�DQG�RWKHU�SL[HO�EDVHG�GDWD�VRXUFHV��

,W� LV� WHPSWLQJ� WR�PDNH� D� FRPSDULVRQ� EHWZHHQ� WKH� GHYHORSPHQW� LQ� IDFH� V\QWKHVLV� DQG�
DXGLWRU\� VSHHFK� V\QWKHVLV�� ,Q� WKH� DXGLWRU\� V\QWKHVLV� GRPDLQ�� DW� OHDVW� IRU� FRPPHUFLDO�
DSSOLFDWLRQV�� PRGHO�EDVHG� DSSURDFKHV� �IRUPDQW� V\QWKHVLV�� KDYH� EHHQ� DOPRVW� HQWLUHO\�
DEDQGRQHG� LQ� IDYRXU� RI� VDPSOH�EDVHG� PHWKRGV�� ZKHUH� XQLWV� RI� SUH�UHFRUGHG� VSHHFK� DUH�
GUDZQ�IURP�KXJH�GDWDEDVHV�DQG�VWUXQJ�WRJHWKHU�LQWR�QHZ�XWWHUDQFHV�ZLWK�PLQLPDO�DPRXQWV�
RI�VLJQDO�SURFHVVLQJ��

,Q�WKH�YLVXDO�GRPDLQ��KRZHYHU��WKHUH�LV�QR�REYLRXV�GRPLQDWLQJ�WHFKQRORJ\�DW�WKLV�SRLQW��
UDWKHU��WKHUH�VHHPV�WR�H[LVW�D�KHDOWK\�EDODQFH�EHWZHHQ�GLIIHUHQW�DSSURDFKHV�WR�IDFLDO�LPDJH�
JHQHUDWLRQ�� :KLOH� YLGHR�EDVHG� WHFKQLTXHV� DUH� JDLQLQJ� SRSXODULW\�� PRGHO�EDVHG� IDFLDO�
DQLPDWLRQ�VHHPV�WR�EH�PRUH�DFWLYH�WKDQ�HYHU�EHIRUH��QR�GRXEW�SDUWO\�GXH�WR�WKH�03(*���
IDFLDO� DQLPDWLRQ� VWDQGDUG� �3DQG]LF� DQG�)RUFKKHLPHU��������� IRU� WKH� ILUVW� WLPH�SURYLGLQJ�D�
´OLQJXD� IUDQFDµ� RI� IDFLDO� PRGHOOLQJ�� 6SHFXODWLQJ� IXUWKHU�� WKHUH� VHHPV� WR� EH� D� SRWHQWLDO�
DHVWKHWLF� DSSHDO� WR� PRGHO�EDVHG� YLVXDO� V\QWKHVLV� WKDW� LV� QRW� SUHVHQW� LQ� LWV� DFRXVWLF�
FRXQWHUSDUW�� ZKLOH� WKHUH� DUH� QRZ� VHYHUDO� IXOO�OHQJWK� IHDWXUH� ILOPV� IROORZLQJ� LQ� WKH� WUDLO� RI�
3L[DU�'LVQH\·V� VHPLQDO�7R\�6WRU\� RI� ������ZKHUH� WKH� HQWLUH� FDVW� RI� FKDUDFWHUV� LV� FRPSXWHU�
DQLPDWHG�IURP��'�PRGHOV��ILJXUH������ZH�KDYH�\HW�WR�KHDU�D�PRYLH�VRXQGWUDFN�FRPSRVHG�RI�
IRUPDQW�V\QWKHVLVHG�VSHHFK���
��� 9LGHR�EDVHG�V\QWKHVLV�
7KH� IXQGDPHQWDO� SUREOHP� WR� EH�RYHUFRPH� E\�PRVW� V\VWHPV� IRU� YLGHR�EDVHG� V\QWKHVLV� RI�
WDONLQJ�KHDGV�LV�KRZ�WR�VHDPOHVVO\�FRQFDWHQDWH�YLGHR�VHTXHQFHV��(YHQ�WKH�VOLJKWHVW�FKDQJH�
LQ�KHDG�SRVWXUH�RU�FKDQJH�LQ�IDFLDO�H[SUHVVLRQ�ZRXOG�EH�YHU\�QRWLFHDEOH� LI�RFFXUULQJ�IURP�
RQH� IUDPH� WR� WKH� QH[W�� 7KXV�� SUH�SURFHVVLQJ� VWHSV� SHUIRUPHG� E\� PRVW� V\VWHPV� LQFOXGH�
QRUPDOLVDWLRQ� RI� IDFH� SRVLWLRQ� DQG� RULHQWDWLRQ�� DV� ZHOO� DV� VHJPHQWDWLRQ� RI� WKH� IDFH� LQWR�
UHJLRQV�WKDW�FDQ�EH�WUHDWHG�VHSDUDWHO\��)RU�H[DPSOH��LQ�WKH�9LGHR�5HZULWH�V\VWHP�E\�%UHJOHU�
HW�DO����������RQO\�WKH�PRXWK�DUHD�LV�SURFHVVHG��DQG�ODWHU�UH�LPSRVHG��ZLWK�QHZ�DUWLFXODWLRQ��
LQWR�WKH�RULJLQDO�YLGHR�VHTXHQFH���
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&RVDWWR�DQG�*UDI� �������GLYLGHG� WKH�IDFH� LQWR� VHYHUDO� UHJLRQV��DV� VKRZQ� LQ�ILJXUH���E��
WKDW� DUH� VWRUHG� VHSDUDWHO\� DQG� FDQ� EH� FRPELQHG� ZLWK� D� EDVH� KHDG� WR� DVVHPEOH� QHZ�
DQLPDWLRQV�� ,PDJH� VHTXHQFHV� IRU� WKH� PRXWK� DUHD� DUH� JHQHUDWHG� XVLQJ� XQLW�VHOHFWLRQ�
WHFKQLTXHV� NQRZQ� IURP� DFRXVWLF� V\QWKHVLV� �+XQW� DQG� %ODFN�� ������ LQ� RUGHU� WR� DFKLHYH�
SKRWRUHDOLVWLF�YLVXDO� VSHHFK�V\QWKHVLV��7KH�UHVXOWLQJ�DQLPDWLRQV�DUH� LQ�JHQHUDO�RI�YHU\�KLJK�
TXDOLW\�� EXW� WKH� DSSURDFK� VXIIHUV� IURP� WKH� VDPH� GUDZEDFNV� DV� DFRXVWLF� XQLW� VHOHFWLRQ�
V\VWHPV�� L�H�� LW� FDQ�SURGXFH�XQGHVLUDEOH� UHVXOWV�ZKHQ� WKHUH�DUH�QR�DSSURSULDWH�XQLWV� LQ� WKH�
GDWDEDVH�� ,Q� DGGLWLRQ�� ZKHQ� WKH� V\VWHP� LV� FRPELQHG� ZLWK� DQ� DFRXVWLF� XQLW� VHOHFWLRQ�
V\QWKHVL]HU��WKH�V\VWHP�EHFRPHV�VHQVLWLYH�WR�PLVPDWFKHV�EHWZHHQ�DFRXVWLF�DQG�YLVXDO�XQLWV��
7KH�LQYHVWLJDWRUV�UHSRUW�DFFLGHQWDO�UHSURGXFWLRQ�RI�WKH�VR�FDOOHG�0F*XUN�HIIHFW � ��V\QWKHVLV�
RI� ´PLQHµ� ZDV� SHUFHLYHG� DV� ´QLQHµ� ZKHQ� WKH� VHOHFWHG� YLVXDO� XQLW� ODFNHG� SURSHU� ELODELDO�
FORVXUH�IRU�WKH� � ��� ��&RVDWWR���������

$Q� DOWHUQDWLYH� WR� UDZ� FRQFDWHQDWLRQ� RI� LPDJH� VHTXHQFHV� FDQ� EH� WR� EXLOG� VWDWLVWLFDO�
PRGHOV�RI�WKH�LPDJH�ELWPDSV��DOORZLQJ�LPDJH�JHQHUDWLRQ�WR�EH�FRQWUROOHG�E\�D�FRPSDFW�VHW�
RI� SDUDPHWHUV�� 6XFK� D� PRGHO� ZDV� SURSRVHG� E\� %URRNH� �������� ,W� LV� EDVHG� RQ� 3ULQFLSDO�
&RPSRQHQW�$QDO\VLV� �3&$��� D� WHFKQLTXH� IRU� UHGXFLQJ� WKH�GLPHQVLRQDOLW\� RI� D�GDWD� VHW� E\�
ILQGLQJ�D�VPDOO�VHW�RI�OLQHDU�FRPELQDWLRQV�RI�WKH�RULJLQDO�GLPHQVLRQV�WKDW�RSWLPDOO\�GHVFULEHV�
WKH�YDULDQFH�RI�WKH�RULJLQDO�GDWD��:KHQ�3&$�LV�DSSOLHG�WR�LPDJHV��WKH�JUD\VFDOH�OHYHO�RI�HDFK�
SL[HO� UHSUHVHQWV�RQH�GLPHQVLRQ�� WKXV� DQ�0�E\�1� JUD\VFDOH� LPDJH� FDQ�EH� UHSUHVHQWHG� DV� D�
YHFWRU� LQ� DQ� 01�GLPHQVLRQDO� VSDFH�� )RU� FRORXU� LPDJHV�� HDFK� SL[HO� UHSUHVHQWV� WKUHH�
GLPHQVLRQV�� UHG�� JUHHQ� DQG� EOXH�� %URRNH� DQG� 6FRWW� ������� DSSOLHG� D� WZR�OHYHO� 3&$� E\�
GLYLGLQJ�WKH�PRXWK�UHJLRQ�LQWR����VXE�EORFNV�RI���[���SL[HOV��HDFK�RI�ZKLFK�ZDV�VXEMHFW�WR�
3&$��7KHQ�D�VHFRQG��JOREDO�3&$�ZDV�SHUIRUPHG�RQ�WKH�ILUVW�������SULQFLSDO�FRPSRQHQWV�
�����������������������������������������������������������

� �&RQIOLFWLQJ�DXGLWRU\�DQG�YLVXDO�VWLPXOL�RIWHQ�OHDG�WR�D�SHUFHSWXDO�IXVLRQ�HIIHFW��NQRZQ�
DV� WKH� 0F*XUN� HIIHFW�� IRU� H[DPSOH� D� YLVXDO� >JD@� SDLUHG� ZLWK� DQ� DXGLWRU\� >ED@� LV� RIWHQ�
SHUFHLYHG�DV�>GD@��0F*XUN�DQG�0DF'RQDOG����������

�
)LJXUH���� $�PRGHO�EDVHG�WDONLQJ�KHDG��:RRG\�IURP�3L[DU�'LVQH\·V�7R\�6WRU\��:RRG\·V�DUWLFXODWLRQ�
DQG�IDFLDO�H[SUHVVLRQ�ZDV�FRQWUROOHG�E\�����SDUDPHWHUV��EXW�KH�VSRNH�ZLWK�D�QDWXUDO�YRLFH��SURYLGHG�
E\�WKH�DFWRU�7RP�+DQNV���3L[DU�'LVQH\�������
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RI�WKH�VXE�EORFNV��)LQDOO\�WKH�ILUVW����JOREDO�SULQFLSDO�FRPSRQHQWV�ZHUH�FKRVHQ�DV�FRQWURO�
SDUDPHWHUV�IRU�WKH�PRGHO���

7KHREDOG�HW�DO���������GHVFULEH�D�UHODWHG�DSSURDFK�XVLQJ�VHSDUDWH�PRGHOV�IRU�VKDSH�DQG�
DSSHDUDQFH��7KH�VKDSH�PRGHO� LV�D�ZLUHIUDPH�PHVK�FRQQHFWLQJ�KDQG�ODEHOOHG� ODQGPDUNV� LQ�
WKH�LPDJHV��8VLQJ�WKH�VKDSH�PRGHO��HDFK�LPDJH�LV�ZDUSHG�WR�D�PHDQ�VKDSH�EHIRUH�WKH�3&$�
LV�DSSOLHG�RQ�WKH�SL[HO�YDOXHV��WKH�DSSHDUDQFH�PRGHO���VHH�ILJXUH���F��

$QRWKHU�WHFKQLTXH�LV�WR�XVH�PRUSKLQJ��%HLHU�DQG�1HHO\��������WR�VLPXOWDQHRXVO\�ZDUS�
DQG� EOHQG� EHWZHHQ� SUH�GHILQHG� NH\� LPDJHV��0RUSKLQJ� UHTXLUHV� D� IHDWXUH� FRUUHVSRQGHQFH�
EHWZHHQ� WKH� LPDJHV� WR�EH� HVWDEOLVKHG��ZKLFK� LV� XVXDOO\� DFFRPSOLVKHG�E\�PDQXDO� ODEHOOLQJ��
(]]DW�DQG�3RJJLR� �������XVH�RSWLFDO�IORZ�WR�DXWRPDWLFDOO\�GHULYH�FRUUHVSRQGHQFHV�DW�SL[HO�
OHYHO� DQG� WKHQ�PRUSK�EHWZHHQ�D� VHW�RI�NH\�YLVHPH � � LPDJHV� WR� IRUP�QHZ�DQLPDWLRQV��7KH�
�����������������������������������������������������������

� �7KH�WHUP�YLVHPH�LV�XVHG�WR�UHSUHVHQW�D�JURXS�RI�SKRQHPHV�ZKRVH�YLVLEOH�DUWLFXODWRU\�
UHDOLVDWLRQ�LV�VLPLODU��VXFK�DV� � ������� ��� ��

�

��D��
�

��E��
�

�� ��F��
�

)LJXUH���� 7KUHH� YLGHR�EDVHG� V\VWHPV� IRU� YLVXDO� VSHHFK� JHQHUDWLRQ�� �D��0RUSKLQJ� EDVHG� V\VWHP�
0DU\� ���� IURP� 0,7�� �E�� &RQFDWHQDWLRQ�EDVHG� V\VWHP� IURP� $7	7� ZKHUH� WKH� IDFH� LV� GLYLGHG� LQWR�
VHSDUDWH�SDUWV�IRU�IOH[LEOH�UH�DVVHPEO\��&RVDWWR��������DQG��F��VWDWLVWLFDOO\�EDVHG�V\VWHP�IURP�8QLY��RI�
(DVW�$QJOLD�HPSOR\LQJ�VHSDUDWH�PRGHOV�IRU�VKDSH�DQG�DSSHDUDQFH��7KHREDOG�HW�DO����������

�
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WHFKQLTXH� LV� WDNHQ� D� VWHS� IXUWKHU� LQ� (]]DW� HW� DO�� ������� ZKHUH� WKH� VHW� RI� NH\� LPDJHV� LV�
GHWHUPLQHG�DXWRPDWLFDOO\�IURP�GDWD��DORQJ�ZLWK�D�GDWD�GULYHQ�WUDMHFWRU\�V\QWKHVLV�WHFKQLTXH�
IRU� FDOFXODWLQJ� PRUSK�SDUDPHWHUV� IURP� SKRQHPHV� �VHH� DOVR� SDUDJUDSK� ������� WR� JHQHUDWH�
YLGHR�UHDOLVWLF�DQLPDWLRQV��ILJXUH���D���
6HYHUDO�RI�WKH�DERYH�V\VWHPV��&RVDWWR��������6FRWW�DQG�%URRNH��������7KHREDOG�HW�DO���������
DOVR� LQFRUSRUDWH� D��'�PHVK�� RQWR�ZKLFK� WKH� V\QWKHVLVHG� IDFLDO� LPDJHV�DUH�SURMHFWHG��7KLV�
IXUWKHU� LQFUHDVHV� WKH� IOH[LELOLW\� RI� WKH�PRGHOV�� VLQFH� LW� DOORZV� IRU� LQGHSHQGHQW� FRQWURO� RI�
KHDG�PRYHPHQWV�DQG�URWDWLRQV��
��� 0RGHO�EDVHG�V\QWKHVLV�
,Q� PRGHO� EDVHG� V\QWKHVLV�� WKH� IDFLDO� VXUIDFH� LV� W\SLFDOO\� GHVFULEHG� DV� D� SRO\JRQDO� PHVK��
XVXDOO\� LQ� �'��'XULQJ� DQLPDWLRQ�� WKH� VXUIDFH� LV� GHIRUPHG� E\�PRYLQJ� WKH� YHUWLFHV� RI� WKH�
PHVK�� NHHSLQJ� WKH� WRSRORJ\� RI� WKH� QHWZRUN� FRQVWDQW�� 7KH� PRYHPHQW� RI� WKH� YHUWLFHV� LV�
JRYHUQHG�E\� D� VHW� RI� FRQWURO� SDUDPHWHUV��7KH�PDSSLQJ� IURP�FRQWURO� SDUDPHWHU� YDOXHV� WR�
YHUWH[� GLVSODFHPHQWV� FDQ� EH� EDVHG� RQ� D� QXPEHU� RI� WHFKQLTXHV�� LQFOXGLQJ� LQWHUSRODWLRQ��
GLUHFW� SDUDPHWHULVDWLRQ�� SVHXGR�PXVFXODU� GHIRUPDWLRQ�� SK\VLRORJLFDO� VLPXODWLRQ� RU� GDWD�
GULYHQ�WHFKQLTXHV��
����� ,QWHUSRODWLRQ�
,QWHUSRODWLRQ� LV� WKH� PRVW� VWUDLJKWIRUZDUG� DQG� SUREDEO\� WKH� PRVW� FRPPRQ� PHWKRG� RI�
DQLPDWLQJ��'�IDFH�PRGHOV��VLQFH�LW�LV�VXSSRUWHG�E\�DOO�PDMRU�FRPPHUFLDO��'�PRGHOOLQJ�DQG�
DQLPDWLRQ�SDFNDJHV��7KH�EDVLF�SULQFLSOH� LV� WKDW�D�QXPEHU�RI�NH\�VKDSHV�DUH�GHILQHG��RIWHQ�
FRUUHVSRQGLQJ�WR�YLVHPHV�RU�SURWRW\SLFDO�IDFLDO�H[SUHVVLRQV��)RU�HDFK�RI�WKH�NH\�VKDSHV��WKH�
YHUWH[� SRVLWLRQV� DUH� VWRUHG�� EXW� WKH� WRSRORJ\� UHPDLQV� FRQVWDQW��2QFH� WKH� NH\�VKDSHV� DUH�
GHILQHG�� WKH\� FDQ� EH� XVHG� DV� NH\�IUDPHV� LQ� DQ� DQLPDWLRQ�� DQG� LQ�EHWZHHQ� IUDPHV� FDQ� EH�
GHWHUPLQHG� E\� LQWHUSRODWLRQ�� $OWHUQDWLYHO\�� LI� RQH� NH\�VKDSH� LV� GHILQHG� DV� QHXWUDO��1� NH\�
VKDSHV� FDQ� EH� FRQVLGHUHG� WR� GHILQH� DQ� �1����GLPHQVLRQDO� SDUDPHWHU� VSDFH�� ZKHUH� HDFK�
SDUDPHWHU�FRQWUROV�WKH�DPRXQW�RI�D�FHUWDLQ�NH\�VKDSH�WR�EOHQG�ZLWK�WKH�QHXWUDO�VKDSH��7KXV�
WKH�FRQWURO�SDUDPHWHU� VSDFH� UHSUHVHQWV� DOO�SRVVLEOH� OLQHDU�FRPELQDWLRQV�RI� WKH�NH\�VKDSHV��
7KH�PDLQ�DWWUDFWLRQV�RI�WKH�LQWHUSRODWLRQ�PHWKRG�OLH�LQ�LWV�VLPSOLFLW\��DQG�WKH�KLJK�GHJUHH�RI�
VXSSRUW�LQ�FRPPHUFLDO�PRGHOOLQJ��DQG�DQLPDWLRQ�SDFNDJHV��

� � ��
)LJXUH�����3DUNH·V�PRGHO�DQG�VRPH�RI�LWV�GHVFHQGDQWV�XVHG�IRU�YLVXDO�VSHHFK�V\QWKHVLV��)URP�WKH�OHIW��
)LQQLVK�WDONLQJ�KHDG�IURP�+87��2OLYqV�HW�DO����������%DOGL�IURP�8&6&��&RKHQ�DQG�0DVVDUR���������
+ROJHU� IURP�.7+� �SDSHU� ��� DQG� WKH� RULJLQDO� ZLUHIUDPH� WRSRORJ\� LQ� VLGH� DQG� IURQWDO� YLHZ� �3DUNH��
��������
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2QH�GLVDGYDQWDJH�RI�LQWHUSRODWLRQ�LV�WKDW�WKH�VSDFH�RI�H[SUHVVLRQV�WKDW�FDQ�EH�JHQHUDWHG�
LV�OLPLWHG�E\�WKH�GHILQHG�NH\�VKDSHV��&RQVHTXHQWO\��D�ODUJH�QXPEHU�RI�NH\�VKDSHV�DUH�QHHGHG�
WR� SURYLGH� HQRXJK� IOH[LELOLW\�� ZKLFK� PDNHV� LW� D� UDWKHU� ODERXU�LQWHQVLYH� PHWKRG��
)XUWKHUPRUH�� IDFLDO� PRWLRQ� LV� W\SLFDOO\� QRQ�OLQHDU�� KHQFH� WKH� YHUWH[� WUDMHFWRULHV� REWDLQHG�
IURP� OLQHDU� LQWHUSRODWLRQ� EHWZHHQ� H[WUHPH� VKDSHV� FDQ� VRPHWLPHV� \LHOG� XQVDWLVIDFWRU\�
UHVXOWV��)RU�H[DPSOH�� WKH�PRYHPHQW�RI�FKLQ�SRLQWV�GXULQJ� MDZ�RSHQLQJ�LV�EHWWHU�GHVFULEHG�
E\� D� FXUYHG� SDWK� WKDQ� D� VWUDLJKW� OLQH�� 7KLV� FDQ� EH� UHPHGLHG� E\� LQWURGXFLQJ� LQ�EHWZHHQ�
VKDSHV� �H�J�� KDOI�RSHQ� MDZ��� DV� SURSRVHG� LQ� WKH�03(*��� )DFLDO� $QLPDWLRQ� 7DEOH� �)$7��
VSHFLILFDWLRQ��2VWHUPDQQ���������DW�WKH�SULFH�RI�LQFUHDVHG�NH\�VKDSH�FRXQW��
����� 'LUHFW�SDUDPHWHULVDWLRQ�
3DUNH� �������SURSRVHG� WKH�GLUHFW�SDUDPHWHULVDWLRQ�PHWKRG�WR�RYHUFRPH�WKH� OLPLWDWLRQV�RI�
WKH�LQWHUSRODWLRQ�PHWKRG��,Q�3DUNH·V�PRGHO��UDWKHU�WKDQ�VSHFLI\LQJ�WDUJHW�VKDSHV��WKH�YHUWH[�
GLVSODFHPHQWV� DUH� GHVFULEHG� H[SOLFLWO\� DV� EDVLF� JHRPHWULF� WUDQVIRUPDWLRQV�� VXFK� DV�
WUDQVODWLRQV�� URWDWLRQV�DQG�VFDOLQJV��DV�ZHOO�DV� LQWHUSRODWLRQ��DSSOLHG� WR� ORFDO� UHJLRQV�RI� WKH�
IDFH�� ,Q� WKH� GLUHFW� SDUDPHWHULVDWLRQ� WHFKQLTXH�� QR� DWWHPSW� LV� PDGH� DW� PRGHOOLQJ� WKH�
VWUXFWXUHV� DQG� PHFKDQLVPV� WKDW� OHDG� WR� VXUIDFH� GLVSODFHPHQWV�� LQVWHDG� WKH� REVHUYHG�
GLVSODFHPHQWV� DUH� PRGHOOHG� GLUHFWO\�� 7R� VLPXODWH� HODVWLFLW\� RI� WKH� VNLQ�� WKH� HIIHFW� RI� WKH�
WUDQVIRUPV� WDSHUV� DW� WKH� ERXQGDULHV� RI� WKH� UHJLRQV�� 3DUNH·V� RULJLQDO� SDUDPHWHU� VHW� ZDV�
GLYLGHG� LQWR� H[SUHVVLRQ� DQG� FRQIRUPDWLRQ� SDUDPHWHUV��7KH� IRUPHU�FDWHJRU\�FRQWUROV� WKH� IDFLDO�
H[SUHVVLRQ� DQG� LQFOXGHG� SDUDPHWHUV� VXFK� DV� H\HOLG� RSHQLQJ�� MDZ� URWDWLRQ�� PRXWK� ZLGWK�� XSSHU�OLS�
SRVLWLRQ�� PRXWK� FRUQHU� SRVLWLRQ�� H\H� JD]H� HWF�� � 7KH� ODWWHU� FDWHJRU\� RI� SDUDPHWHUV� FRQWUROV� WKH�
RYHUDOO�VKDSH�RI�WKH�IDFH�DQG�UHSUHVHQWV�LQWUD�SHUVRQ�YDULDWLRQV�ZLWK�SDUDPHWHUV�VXFK�DV�MDZ�
ZLGWK��IRUHKHDG�VKDSH��QRVH�OHQJWK�HWF��

6LQFH� GLUHFW� SDUDPHWHULVDWLRQ� LV� D� FRQFLVH�� HQFDSVXODWHG� DQG� FRPSXWDWLRQDOO\� HIILFLHQW�
ZD\�RI�GHVFULELQJ�PRYHPHQWV�RI� WKH� IDFH�� LW� KDV�EHHQ� D�SRSXODU� FKRLFH� IRU� YLVXDO� VSHHFK�
V\QWKHVLV�UHVHDUFK��DQG�VHYHUDO�V\VWHPV�EDVHG�RQ�GLUHFW�GHVFHQGDQWV�RI�3DUNH·V�PRGHO�KDYH�
EHHQ� GHVFULEHG�� RI�ZKLFK� WKH�PRVW�ZHOO�NQRZQ� LV� SHUKDSV�%DOGL� IURP�8&6&� �&RKHQ� DQG�
0DVVDUR���������ZKLFK�LV�WKH�PRGHO�XVHG�LQ�SDSHUV���DQG���LQ�WKLV�WKHVLV��/H*RII��������DQG�
2OLYqV�HW�DO���������DUH�RWKHU�H[DPSOHV��ILJXUH�����

3DUNH·V�PRGHO�ZDV�DOVR�FKRVHQ�DV�WKH�EDVLV�IRU�WKH�YLVXDO�VSHHFK�V\QWKHVLVHU�GHVFULEHG�LQ�
3DSHU� ��� ,Q� WKLV� V\VWHP�� VRPH� DGGLWLRQDO� FRQWURO� SDUDPHWHUV�ZHUH� LQWURGXFHG� WR� IDFLOLWDWH�
EHWWHU� PRGHOOLQJ� RI� DUWLFXODWRU\� PRYHPHQWV�� 7KHVH� DUH� GLVFXVVHG� LQ� VHFWLRQ� �����
)XUWKHUPRUH�D�VLPSOH�WRQJXH�PRGHO�ZDV�DGGHG��VHH�VHFWLRQ������
����� 0XVFXODU�DQG�SK\VLRORJLFDO�PRGHOV�
,Q�WKH�GLUHFW�SDUDPHWHULVDWLRQ�DSSURDFK��WKHUH�DUH�QR�UHVWULFWLRQV�RQ�WKH�W\SH�RI�GHIRUPDWLRQ�
WKDW�WKH�SDUDPHWHUV�PD\�H[HUW�RQ�WKH�PRGHO��VLQFH�WKH\�DUH�GHILQHG�E\�DUELWUDU\�JHRPHWULF�
WUDQVIRUPV��:KLOH�WKLV�LV�D�SRZHUIXO�DSSURDFK��LW�PXVW�EH�XVHG�ZLWK�FDUH�VLQFH�LW�HDVLO\�FDQ�
\LHOG� SK\VLRORJLFDOO\� LPSRVVLEOH� UHVXOWV�� 2QH� ZD\� RI� QDUURZLQJ� WKH� VSDFH� RI� DOORZDEOH�
FRQILJXUDWLRQV� LV� WR� VWXG\� WKH� QDWXUDO� DQDWRPLFDO� OLPLWDWLRQV� RI� WKH� KXPDQ� IDFH�� 0RUH�
SUHFLVHO\��E\�XVLQJ�WKH�IDFLDO�PXVFOH�VWUXFWXUH�DV�D�JXLGH��LW�LV�KRSHG�WKDW�D�VHQVLEOH�FRQWURO�
VFKHPH�FDQ�EH�REWDLQHG��2QH�FDWHJRU\�RI�PRGHOV�VRPHWLPHV�UHIHUUHG�WR�DV�SVHXGRPXVFXODU�
DUH�HVVHQWLDOO\�GLUHFW�SDUDPHWHULVHG�PRGHOV�WKDW�XVH�WKH�KXPDQ�IDFLDO�PXVFOH�VWUXFWXUH�DV�D�
EDVLV�IRU�PRGHOOLQJ�WKH�GHIRUPDWLRQV��3VHXGRPXVFXODU�PRGHOV�KDYH�EHHQ�GHVFULEHG�E\�H�J��
7KDOPDQQ�DQG�.DOUD���������ZKHUH�IUHH�IRUP�GHIRUPDWLRQV�EDVHG�RQ�UDGLDO�EDVLV�IXQFWLRQV�
DUH� XVHG� WR� VLPXODWH� PXVFOH� DFWLRQV�� DQG� 3HODFKDXG� ������� ZKR� GHVFULEHV� DQ� 03(*���
FRPSDWLEOH�SVHXGRPXVFXODU�PRGHO���

,Q�WKH�VLPSOHVW�FDVH��D�PXVFOH�FDQ�EH�DSSUR[LPDWHG�DV�D�OLQHDU�FRQWUDFWRU�ZLWK�RQH�HQG�
DIIL[HG� WR� WKH� ERQH� VWUXFWXUH� RI� WKH� VNXOO� DQG� RQH� HQG� DWWDFKHG� WR� WKH� VNLQ�� )RU� VXFK� D�
PXVFOH�� YHUWH[� GLVSODFHPHQWV� UHVXOWLQJ� IURP� PXVFOH� FRQWUDFWLRQ� FRXOG� EH� PRGHOOHG� DV�



�� )DFLDO�PRGHOOLQJ� ��
�
WUDQVODWLRQV� LQ�WKH�GLUHFWLRQ�RI�WKH�PXVFOH��,Q�WKH�*6'6�GHVFULEHG�DERYH��WKH�WDUJHW�SRLQW�
ZRXOG�UHSUHVHQW� WKH�ERQH�HQG�RI�WKH�PXVFOH�DQG�WKH�SURWRW\SH�SRLQW�ZRXOG�UHSUHVHQW�WKH�
VNLQ�HQG��,Q�SVHXGRPXVFOH�PRGHOV��WKH�ZHLJKW�IRU�HDFK�YHUWH[�LV�W\SLFDOO\�JLYHQ�DV�D�IXQFWLRQ�
RI�WKH�GLVWDQFH�IURP�WKH�PXVFOH�DWWDFKPHQW�SRLQW��

,Q�:DWHUV·��������PXVFOH�PRGHO��D�PRUH�GHWDLOHG�VLPXODWLRQ�RI�YHUWH[�PRYHPHQW�GXH�WR�
PXVFOH�FRQWUDFWLRQ�ZDV�XVHG��IRU�HDFK�YHUWH[��QRW�RQO\�WKH�GHJUHH�RI�PRYHPHQW��ZHLJKW��EXW�
DOVR�WKH�GLUHFWLRQ�RI�PRYHPHQW�LV�GHWHUPLQHG�DV�D�IXQFWLRQ�RI�YHUWH[�SRVLWLRQ�UHODWLYH�WR�WKH�
PXVFOH� DWWDFKPHQW� DUHD�� � 6HYHUDO� W\SHV� RI� PXVFOHV� ZHUH� XVHG� LQ� :DWHUV·� PRGHO�� OLQHDU�
PXVFOHV� WKDW�FRQWUDFW� OHQJWKZLVH�DQG�DWWDFK� WR�D�VLQJOH�SRLQW�� VKHHW�PXVFOHV� WKDW�DWWDFK� WR�
PXOWLSOH� SRLQWV� RQ� D� OLQH�� DV� ZHOO� DV� HOOLSWLFDO� VSKLQFWHU� PXVFOHV� WKDW� FRQWUDFW� DURXQG� DQ�
LPDJLQDU\�FHQWUH�SRLQW��7KH�ODWWHU�W\SH�RI�PXVFOH�FDQ�EH�XVHG�LQ�PRGHOOLQJ�IRU�H[DPSOH�WKH�
RUELFXODULV�RULV � �PXVFOH�WKDW�VXUURXQGV�WKH�RULILFH�RI�WKH�PRXWK��

(ODVWLFLW\�RI�WKH�VNLQ�LQ�WKH�DERYH�PRGHOV�ZDV�PRGHOOHG�LPSOLFLWO\�E\�JUDGXDO�WDSHULQJ�RI�
WKH�HIIHFW�RI�D�PXVFXODU�GLVSODFHPHQW�DV�D�IXQFWLRQ�RI�GLVWDQFH�IURP�WKH�PXVFOH�DWWDFKPHQW�
SRLQW�� $Q� DOWHUQDWH� DSSURDFK� ZDV� WDNHQ� E\� 3ODWW� DQG�%DGOHU� �FLWHG� E\� 3DUNH� DQG�:DWHUV��
������� ZKR� PRGHOOHG� WKH� VNLQ� VXUIDFH� DV� D� WHQVLRQ� QHW� �� D� QHWZRUN� RI� SRLQW� PDVVHV�
LQWHUFRQQHFWHG� E\� VSULQJV�� :KHQ� PXVFOH� IRUFHV� DUH� DSSOLHG� WR� RQH� QRGH� RI� WKH� QHW��
GLVSODFHPHQWV�DUH�DXWRPDWLFDOO\�SURSDJDWHG�WR�WKH�UHVW�RI�WKH�QHWZRUN��

:KLOH� WKH� WHQVLRQ� QHW� SURYLGHV� DQ� HOHJDQW� PRGHO� RI� VNLQ� HODVWLFLW\�� LW� LV� VWLOO� DQ�
RYHUVLPSOLILFDWLRQ�LQ�WKDW�LW�DVVXPHV�WKH�VNLQ�WR�EH�DQ�LQILQLWHVLPDOO\�WKLQ�VXUIDFH�ZLWK�RQO\�
WHQVLRQ� IRUFHV�� /HH� HW� DO�� ������� GHYHORSHG� D� PRUH� GHWDLOHG� SK\VLRORJLFDO� PRGHO� IRU�
VLPXODWLQJ�WKH�SURSHUWLHV�RI�IDFLDO� WLVVXH��7KHLU�VNLQ�PRGHO�ZDV�FRPSRVHG�RI�WKUHH�VSULQJ�
PDVV�OD\HUV��WKH�HSLGHUPDO�VXUIDFH��WKH�IDVFLD�VXUIDFH�DQG�WKH�VNXOO��ZLWK�GHUPDO�IDWW\�VSULQJV�
FRQQHFWLQJ�WKH�HSLGHUPDO�DQG�IDVFLD�QRGHV�DQG�PXVFOH�VSULQJV�DFWLQJ�EHWZHHQ�WKH�VNXOO�DQG�
WKH� IDVFLD� QRGHV� �VHH� ILJXUH� ���� ,Q� DGGLWLRQ� WR� VSULQJ� IRUFHV� EHWZHHQ� QRGHV�� WKH� PRGHO�
LQFOXGHG� VNXOO� SHQHWUDWLRQ� FRQVWUDLQW� IRUFHV�� HQVXULQJ� WKDW� WKH� WLVVXH�ZRXOG� VOLGH�RYHU� WKH�
VNXOO�UDWKHU�WKDQ�SHQHWUDWLQJ�LW��DQG�YROXPH�SUHVHUYDWLRQ�IRUFHV��VWULYLQJ�WR�NHHS�WKH�YROXPH�
RI�HDFK�WLVVXH�HOHPHQW�FRQVWDQW���

2QH� DGYDQWDJH� RI� WKH�PRGHO� RI� /HH� HW� DO�� LV� WKDW� LW� LV� FDSDEOH� RI� QDWXUDOO\� SUHGLFWLQJ�
ZULQNOHV�DQG�EXOJHV�GXH�WR�VNLQ�FRPSUHVVLRQ��SRWHQWLDOO\�UHVXOWLQJ� LQ�PRUH�QDWXUDO� ORRNLQJ�
IDFLDO� H[SUHVVLRQV�� 7KH� PDLQ� GLVDGYDQWDJH� LV� LWV� FRPSXWDWLRQDO� FRPSOH[LW\�� PDNLQJ� LW�
XQVXLWDEOH�IRU�UHDO�WLPH�DSSOLFDWLRQV��)XUWKHUPRUH��WKH�SDUDPHWHUV�GHWHUPLQLQJ�WKH�SK\VLFDO�
SURSHUWLHV�RI� WKH� WLVVXH�� VXFK�DV� WKLFNQHVV�RI� WKH� OD\HUV�DQG�VSULQJ�FRQVWDQWV��DUH�DVVXPHG�

�����������������������������������������������������������
� �6WULFWO\�DQDWRPLFDOO\��DFFRUGLQJ�WR�*UD\���������WKH�2UELFOXDULV�RULV�LV�QRW�D�VSKLQFWHU�

PXVFOH��EXW�UDWKHU�D�FROOHFWLRQ�RI�PXVFXODU�ILEUHV�ZLWK�GLIIHUHQW�GLUHFWLRQV�VXUURXQGLQJ�WKH�
PRXWK��

�)LJXUH���� 3K\VLRORJLFDOO\�EDVHG�PRGHO��ZKHUH�WKH�WLVVXH�LV�PRGHOOHG�DV�D�WKUHH�OD\HU�QHWZRUN�RI�VSULQJV�
DQG�SRLQW�PDVVHV���/HH�HW�DO�����������
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FRQVWDQW�RYHU� WKH� HQWLUH� IDFLDO� VXUIDFH��ZKLFK� LV� DQ�REYLRXV� VLPSOLILFDWLRQ��7KXV�� D� FUXFLDO�
SUREOHP� WKDW� UHPDLQV� WR� EH� VROYHG� IRU� WKLV� W\SH� RI�PRGHO� LV� KRZ� WR� JHW� GHWDLOHG� GDWD� WR�
HVWLPDWH�WKH�ODUJH�QXPEHU�RI�SDUDPHWHUV�GHILQLQJ�ORFDO�SURSHUWLHV�RI�WKH�WLVVXH��7KH�DXWKRUV�
SURSRVH�XVLQJ�05,�WR�HVWLPDWH�WLVVXH�WKLFNQHVV�DV�D�IXWXUH�H[WHQVLRQ��EXW�QR�UHVXOWV�RI�VXFK�
HIIRUWV�KDYH�EHHQ�UHSRUWHG��/XFHUR�DQG�0XQKDOO��������HVWLPDWHG�SDUDPHWHUV�VXFK�DV�OD\HU�
WKLFNQHVV�� QRGH� PDVV� �aVNLQ� GHQVLW\��� VSULQJ� FRPSUHVVLRQ� DQG� GDPSLQJ� FRHIILFLHQWV� DQG�
PXVFOH� IRUFHV� EDVHG� RQ� SXEOLVKHG� DQDWRPLFDO� GDWD�� )XUWKHUPRUH�� WKH\� XVHG� (0*�
PHDVXUHPHQWV�WR�FRQWURO�PXVFOH�H[FLWDWLRQ�IRU�DQLPDWLRQ��
����� 'DWD�GULYHQ�DSSURDFKHV�
,Q� WKH� GDWD�GULYHQ� �RU� SHUIRUPDQFH�GULYHQ�� DSSURDFKHV� RI� PRGHOOLQJ� RI� IDFLDO� VXUIDFH�
GHIRUPDWLRQ��OHVV�DWWHQWLRQ�LV�SDLG�WR�WKH�XQGHUO\LQJ�SK\VLRORJ\�RI�WKH�IDFH��5DWKHU��MXVW�DV�
ZLWK�WKH�GLUHFW�SDUDPHWHULVDWLRQ�PHWKRG��WKH�JRDO�LV�WR�PRGHO�VXUIDFH�GHIRUPDWLRQ�GLUHFWO\��
%XW�LQVWHDG�RI�UHO\LQJ�RQ�PDQXDO�REVHUYDWLRQV��SK\VLFDO�PHDVXUHPHQWV�IRUP�WKH�EDVLV�RI�WKH�
SDUDPHWHULVDWLRQ�WKDW�LV�GHULYHG�XVLQJ�VWDWLVWLFDO�PHWKRGV��XVXDOO\�VRPH�YDULDQW�RI�3ULQFLSDO�
&RPSRQHQW�$QDO\VLV��3&$���)XQGDPHQWDO�WR�WKHVH�PHWKRGV�DUH�WKH�GDWD�FDSWXUH�WHFKQLTXHV�
GLVFXVVHG�LQ�FKDSWHU����0RVW�LPSRUWDQWO\��GDWD�PXVW�KDYH�KLJK�VSDWLDO�UHVROXWLRQ�LQ�RUGHU�WR�
SURYLGH�UHOLDEOH�HVWLPDWHV�IRU�WKH�GLVSODFHPHQWV�RI�DOO�YHUWLFHV�LQ�WKH�WDUJHW��'�PHVK�PRGHO��
DW�OHDVW�VHYHUDO�KXQGUHG�YHUWLFHV�DUH�XVHG�LQ�PRVW�PRGHOV��RIWHQ�VHYHUDO�WKRXVDQGV��

.XUDWDWH� HW� DO�� ������� REWDLQHG� D� VHW� RI� HLJKW� KLJK�UHVROXWLRQ� �'� KHDG� VFDQV� ZLWK� D�
&\EHUZDUH� VFDQQHU� �VHH� VHFWLRQ� ������ UHSUHVHQWLQJ� GLIIHUHQW� VWDWLF� VSHHFK� DQG� QRQ�VSHHFK�
RURIDFLDO� FRQILJXUDWLRQV�� $� JHQHULF� �'� IDFLDO�PHVK� ZDV� ILW� WR� WKH� KLJK�UHVROXWLRQ� GDWD� RI�
HDFK�VFDQ��7KHQ�D�3&$�ZDV�DSSOLHG�WR�WKH�YHUWLFHV�RI�WKH�IDFLDO�PHVK��UHVXOWLQJ�LQ�ILYH�OLQHDU��
FRPSRQHQWV�DFFRXQWLQJ�IRU�����RI�WKH�YDULDQFH�EHWZHHQ�WKH�HLJKW�NH\�FRQILJXUDWLRQV��WKDW�
FDQ�EH�XVHG�WR�GHIRUP�WKH�PHVK�GXULQJ�DQLPDWLRQ��

(OLVHL�HW�DO���������XVHG�PDQXDO��'�SKRWRJUDPPHWU\�RQ�YLGHR�IUDPHV��VHH�VHFWLRQ������WR�
WUDFN�WKH�SRVLWLRQ�RI�����FRORXUHG�EHDGV�JOXHG�WR�D�VSHDNHU·V�IDFH��7KH�FRRUGLQDWHV�RI�WKH�
IOHVK� SRLQWV� ZHUH� VXEMHFW� WR� D� PRGLILHG� 3&$�� UHVXOWLQJ� LQ� VL[� OLQHDU� RURIDFLDO� FRQWURO�
SDUDPHWHUV�GHVFULELQJ�����RI�WKH�YDULDQFH�LQ����UHFRUGHG�NH\�SRVWXUHV���

$� VLPLODU� WHFKQLTXH�� EDVHG� RQ� 05,� VFDQV�� ZDV� XVHG� E\� (QJZDOO� ������� LQ� WKH�
GHYHORSPHQW�RI�WKH�WRQJXH�PRGHO�WKDW� LV�XVHG�LQ�SDSHU���DQG�IXUWKHU�GHVFULEHG�LQ�VHFWLRQ�
�����
��� 3DUDPHWHULVDWLRQ�

2QH� LPSRUWDQW� LVVXH� WKDW� KDV� WR� EH� DGGUHVVHG�ZKHQ� GHYHORSLQJ� D� WDONLQJ� KHDG� LV� WKH�
FKRLFH� RI� SDUDPHWHULVDWLRQ�� 3DUNH� �3DUNH� DQG�:DWHUV�� ������ OLVWV� D� QXPEHU� RI� IDFWRUV� WR�
FRQVLGHU� LQ�FKRRVLQJ�RU�GHYHORSLQJ�D� IDFLDO� FRQWURO� SDUDPHWHULVDWLRQ��7KHVH� LQFOXGH� FRQWURO�
UDQJH��L�H��DUH�DOO�H[SUHVVLRQV�SRVVLEOH"���FRPSOH[LW\��QXPEHU�RI�SDUDPHWHUV�DQG�LQWXLWLYHQHVV��3DQG]LF�
DQG�)RUFKKHLPHU� �����E�� DGG� D� IHZ� LWHPV� WR� WKLV� OLVW�� SRUWDELOLW\� �L�H�� DUH� WKH� HIIHFW� RI� WKH�
SDUDPHWHUV�ZHOO�GHILQHG�IRU�GLIIHUHQW� IDFH�PRGHOV"���DELOLW\� WR�PHDVXUH�SDUDPHWHUV�DQG� HIILFLHQF\�
�IRU�FRGLQJ��FRPSUHVVLRQ�DQG�ORZ�EDQGZLGWK�WUDQVPLVVLRQ���

7KHUH� LV� QR� LGHDO� SDUDPHWHULVDWLRQ� VDWLVI\LQJ� DOO� RI� WKHVH� FRQGLWLRQV�� EXW� LW� LV� DOVR�
LPSRUWDQW�WR�QRWH�WKDW�IRU�VSHFLILF�DSSOLFDWLRQV��QRW�DOO�GHPDQGV�DUH�UHOHYDQW��)RU�H[DPSOH��
LI� DQLPDWLRQ� LV� JRLQJ� WR� EH� FRQWUROOHG� E\� GDWD�GULYHQ� DSSURDFKHV�� PHDVXUDELOLW\� RI� WKH�
SDUDPHWHUV�LV�LPSRUWDQW��EXW�LQWXLWLYHQHVV�LV�OHVV�RI�DQ�LVVXH��

7UDGLWLRQDOO\�� IDFLDO�PRGHOV� KDYH�XVHG� D� YDULHW\�RI�GLIIHUHQW� SDUDPHWHULVDWLRQ� VFKHPHV��
RIWHQ� LQWLPDWHO\� DVVRFLDWHG�ZLWK� WKH� SDUWLFXODU� VXUIDFH� GHIRUPDWLRQ� WHFKQLTXH� XVHG�� 3DUNH�
�������GHYHORSHG�D�VHW�RI�DG�KRF�SDUDPHWHUV�EDVHG�RQ�REVHUYDWLRQ��DV�GLVFXVVHG�LQ�VHFWLRQ�
��������

6HYHUDO�RI�WKH�PXVFOH�RULHQWHG�PRGHOV�DGRSWHG�WKH�)DFLDO�$FWLRQ�&RGLQJ�6\VWHP��)$&6��
GHYHORSHG� E\� (NPDQ� DQG� )ULHVHQ� �������� )$&6� ZDV� FUHDWHG� IRU� SV\FKRORJLVWV� DV� D�
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�
GHVFULSWLYH� V\VWHP� IRU� FRGLQJ� RI� IDFLDO� H[SUHVVLRQV�� DQG� LV� EDVHG� DURXQG� ��� DFWLRQ� XQLWV�
�$8V��� HDFK� RI� ZKLFK� UHSUHVHQWV� DQ� REVHUYDEOH� LVRODWHG� IDFLDO� PXVFOH� DFWLRQ�� $V� VXFK�� LW�
UHSUHVHQWV� D�QDWXUDO�SDUDPHWHULVDWLRQ� IRU�PXVFOH�EDVHG�PRGHOV��6LQFH�)$&6�ZDV�SULPDULO\�
GHYHORSHG� IRU� FRGLQJ� RI� IDFLDO� H[SUHVVLRQV� DV� RSSRVHG� WR� DUWLFXODWRU\� PRYHPHQWV�� LW�
SURYLGHV�KLJKO\�GHWDLOHG�FRQWURO�RYHU�WKH�XSSHU�SDUWV�RI�WKH�IDFH��EXW�LW�KDV�EHHQ�DUJXHG�WKDW�
LW�PD\�QRW�SURYLGH�HQRXJK�GHWDLO�LQ�WKH�RUDO�UHJLRQ�IRU�SURSHU�VSHHFK�DUWLFXODWLRQ�PRGHOOLQJ�
�3HODFKDXG�HW�DO�����������
����� 7KH�03(*���)DFLDO�$QLPDWLRQ�6WDQGDUG�
,Q� DQ� HIIRUW� WR� VWDQGDUGLVH� IDFH� PRGHO� SDUDPHWHULVDWLRQ�� RULJLQDOO\� IRU� WKH� SXUSRVHV� RI�
HIILFLHQW� PRGHO�EDVHG� FRGLQJ� RI� PRYLQJ� LPDJHV�� WKH� 03(*� FRQVRUWLXP� GHYHORSHG� WKH�
03(*���)DFLDO�$QLPDWLRQ��)$��VWDQGDUG��3DQG]LF�DQG�)RUFKKHLPHU������D���7KLV�VWDQGDUG��
QRZ� UDSLGO\� JDLQLQJ�SRSXODULW\� QRW�RQO\� LQ� WKH� YLGHR� FRPSUHVVLRQ� ILHOG�� EXW� DOVR� LQ� IDFLDO�
DQLPDWLRQ� LQ� JHQHUDO�� GHILQHV� ��� IDFLDO� DQLPDWLRQ� SDUDPHWHUV� �)$3V�� DQG���� IDFLDO� IHDWXUH�
SRLQWV��)3V���7KH�)3V�DUH�ZHOO�GHILQHG�ODQGPDUN�SRLQWV�RQ�WKH�KXPDQ�IDFH��VXFK�DV�ERWWRP�RI�
WKH�FKLQ�DQG�PLGGOH�SRLQW�RI�LQQHU�XSSHU�OLS�FRQWRXU��7KH�)$3�VHW�FRQVLVWV�RI�WZR�KLJK�OHYHO�)$3V�
DQG����ORZ�OHYHO�)$3V��7KH�KLJK�OHYHO�)$3V��YLVHPH�DQG�H[SUHVVLRQ�DUH�LV�LQWHQGHG�IRU�VLPSOH�
VSHHFK�DQLPDWLRQ�DQG�GLVSOD\�RI�SURWRW\SLFDO�HPRWLRQV� �VHH�VHFWLRQ���������DQG�ZKLOH�WKHVH�
FDQ�EH�FRQYHQLHQW�VKRUWFXWV�IRU�VLPSOH�DSSOLFDWLRQV��LW�LV�WKH�ORZ�OHYHO�)$3V�WKDW�PDNH�WKH�
VWDQGDUG� WUXO\�XVHIXO��7KH� ORZ�OHYHO�)$3V� W\SLFDOO\�GHVFULEH� WKH�PRWLRQ�RI� LQGLYLGXDO�)3V��
VXFK�DV�RSHQ�MDZ�DQG�VWUHWFK�OHIW�LQQHU�OLS�FRUQHU�DQG�DUH�DV�VXFK�FRPSDUDEOH�WR�$8V�RU�3DUNH·V�DG�
KRF�SDUDPHWHUV��7KH�PRVW�LPSRUWDQW�GLIIHUHQFH�EHWZHHQ�)$3V�DQG�WKHVH�SDUDPHWHULVDWLRQV�
LV� KRZHYHU� WKH� LQKHUHQW� SRUWDELOLW\� FULWHULRQ� WKDW� LV� DQ� HVVHQWLDO� SDUW� RI� WKH� VWDQGDUG�� WKH�
VDPH� )$3� YDOXHV� PXVW� SURGXFH� D� VLPLODU� UHVXOW� ZLWK� GLIIHUHQW� 03(*��� FRPSOLDQW� IDFH�
PRGHOV��RWKHUZLVH�WKH�VWDQGDUG�ZRXOG�EH�XVHOHVV���7KLV�LV�DFKLHYHG�E\�H[SUHVVLQJ�WKH�)$3V�
LQ�WHUPV�RI�)DFLDO�$QLPDWLRQ�3DUDPHWHU�8QLWV��)$38V��WKDW�DUH�GHILQHG�E\�GLVWDQFHV�EHWZHHQ�
FHUWDLQ�)3V�RI�WKH�PRGHO�EHLQJ�DQLPDWHG��7KHUH�DUH�VL[�)$38V�GHILQHG�LQ�WKH�VSHFLILFDWLRQ��
LULV�GLDPHWHU��H\H�VHSDUDWLRQ��H\H�QRVH�VHSDUDWLRQ��PRXWK�QRVH�VHSDUDWLRQ��PRXWK�ZLGWK�DQG�DQJOH�XQLW��

$V�ZDV�FRQFOXGHG�SUHYLRXVO\��QR�SDUDPHWHULVDWLRQ�LV�LGHDO�IRU�DOO�FRQFHLYDEOH�WDVNV��7KH�
03(*���)$� VWDQGDUG� LV� QR� H[FHSWLRQ� WR� WKLV� UXOH� �LQGHHG�� VRPH� RI� LWV� VKRUWFRPLQJV� DUH�
GLVFXVVHG� LQ� WKH�IROORZLQJ� VHFWLRQ��EXW� WKH�IDFW� WKDW� WKHUH�QRZ�H[LVWV�D� VWDQGDUGLVHG�PRGHO�
LQGHSHQGHQW� SDUDPHWHULVDWLRQ� IRU� IDFLDO� DQLPDWLRQ� SUREDEO\� RXWZHLJKV� WKH� PLQRU�
VKRUWFRPLQJV��
��� $�VSHHFK�RULHQWHG�DSSURDFK�WR�GLUHFW�SDUDPHWHULVDWLRQ�
$V� ZDV� PHQWLRQHG�� 3DUNH·V� PRGHO� ZDV� DGRSWHG� IRU� WKH� YLVXDO� VSHHFK� V\QWKHVLV� V\VWHP�
GHVFULEHG� LQ� SDSHU� ���2QH� SUREOHP�ZLWK�3DUNH·V� LPSOHPHQWDWLRQ�� ZDV� WKDW� WKH� JHRPHWULF�
WUDQVIRUPV�DVVRFLDWHG�ZLWK�WKH�FRQWURO�SDUDPHWHUV��DV�ZHOO�DV�WKH�WRSRORJ\�RI�WKH�ZLUHIUDPH�
VWUXFWXUH�� ZHUH� LQWLPDWHO\� WLHG� LQWR� WKH� VRXUFH� FRGH� RI� WKH� DQLPDWLRQ� HQJLQH�� 7KXV�� WKH�
V\VWHP�ZDV�RQO\�FDSDEOH�RI� DQLPDWLQJ�RQH�SDUWLFXODU�PRGHO�� DQG�DQ\�PRGLILFDWLRQV� WR� WKH�
SDUDPHWHU�VHW� UHTXLUHG�UH�FRPSLODWLRQ�RI� WKH�DQLPDWLRQ�HQJLQH�VRXUFH�FRGH��$�UHPHG\�IRU�
WKLV�LQIOH[LELOLW\�LV�LQWURGXFHG�LQ�SDSHU����ZKHUH�D�JHQHUDOLVHG�VXUIDFH�GHIRUPDWLRQ�VFKHPH�LV�
LQWURGXFHG��
����� *HQHUDOLVHG�VXUIDFH�GHIRUPDWLRQ�VFKHPH�
7KH�PDLQ�JRDO�RI�WKH�JHQHUDOLVHG�VXUIDFH�GHIRUPDWLRQ�VFKHPH��*6'6��GHVFULEHG�LQ�SDSHU���
ZDV�WR�GH�FRXSOH�GHIRUPDWLRQ�SDUDPHWHULVDWLRQ�IURP�WKH�DQLPDWLRQ�HQJLQH��WKHUHE\�JUHDWO\�
LQFUHDVLQJ� IOH[LELOLW\�� DOORZLQJ� PRGHOV� ZLWK� GLIIHUHQW� WRSRORJLHV� WR� EH� SDUDPHWHULVHG� DQG�
DQLPDWHG��DQG� WKHLU�SDUDPHWHULVDWLRQ�GDWD� WR�EH�VWRUHG� WRJHWKHU�ZLWK� WKH�PRGHO�JHRPHWU\��
$Q�DGGLWLRQDO�JRDO�ZDV�WR�IDFLOLWDWH�HIILFLHQW�GHVFULSWLRQV�RI�DUWLFXODWRU\�WDUJHWV�WR�DOORZ�IRU�
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LQWXLWLYH� DUWLFXODWRU\� SDUDPHWHULVDWLRQV� WR� EH� GHYHORSHG�� DV� GLVFXVVHG� LQ� VHFWLRQ� �������
)XUWKHUPRUH��WKH�FRPSXWDWLRQDO�HIILFLHQF\�RI�WKH�3DUNH�DSSURDFK�VKRXOG�EH�UHWDLQHG���

7KH�IXQGDPHQWDO�HQWLW\�LQ�WKH�*6'6�LV�WKH�GHIRUPDWRU��$�IDFLDO�JHRPHWU\�LV�SDUDPHWHULVHG�
E\�GHILQLQJ�D�QXPEHU�RI�GHIRUPDWRUV��HDFK�RI�ZKLFK�DSSOLHV�VRPH�VSHFLILF�WUDQVIRUP�WR�D�
QXPEHU�RI�YHUWLFHV��FRQWUROOHG�E\�D�VFDODU�FRQWURO�SDUDPHWHU��7KH�DFWLRQ�RI�WKH�GHIRUPDWRU�
LV�GHWHUPLQHG�E\�WKH�IROORZLQJ�SURSHUWLHV��

• $FWLYDWLRQ�IDFWRU�²�D�GLPHQVLRQOHVV�FRQWURO�SDUDPHWHU�YDOXH�JRYHUQLQJ�WKH�GHJUHH�RI�
GHIRUPDWLRQ��

• 7UDQVIRUP�W\SH�²�RQH�RI�WUDQVODWLRQ��URWDWLRQ��VFDOLQJ�RU�SXOO��
• ,QIOXHQFH�GHILQLWLRQ�²�D� OLVW�RI�YHUWH[� LQGLFHV�ZLWK�DVVRFLDWHG�ZHLJKWV�WKDW�GHWHUPLQHV�

ZKLFK�YHUWLFHV�VKRXOG�EH�DIIHFWHG�E\�WKH�WUDQVIRUP�DQG�WR�ZKDW�H[WHQW��
• 7DUJHW�SRLQW�²�LQGH[�RI�D�YHUWH[�WKDW�UHSUHVHQWV�WKH�VSDWLDO�WDUJHW�RI�WKH�GHIRUPDWLRQ��
• 3URWRW\SH� SRLQW� ²� W\SLFDOO\� D� FHQWUDO� YHUWH[� LQ� WKH� LQIOXHQFH� GHILQLWLRQ� DUHD�� 7KH�

SURWRW\SH�SRLQW�LV�GUDZQ�WRZDUGV�WKH�WDUJHW��
• 3LYRW�SRLQW�²�VFDOLQJ�DQG�URWDWLRQ�WUDQVIRUPV�DUH�SHUIRUPHG�DURXQG�WKLV�SRLQW��
7KH� DFWLYDWLRQ� IDFWRU� GHVFULEHV� WKH� GLVSODFHPHQW� RI� WKH� SURWRW\SH� SRLQW� WRZDUGV� WKH�

WDUJHW�� $� YDOXH� RI� ]HUR� UHSUHVHQWV� QR� GLVSODFHPHQW�� DQG� D� YDOXH� RI� RQH� LPSOLHV� WKDW� WKH�
SURWRW\SH�PRYHV�DV�FORVH�WR�WKH�WDUJHW�DV�WKH�VSHFLILHG�WUDQVIRUP�DOORZV��7KXV�DOO�DFWLYDWLRQ�
IDFWRUV� DUH� LQKHUHQWO\� GLPHQVLRQOHVV�� 2QFH� WKH� WUDQVIRUP� WKDW� VKRXOG� EH� DSSOLHG� WR� WKH�
SURWRW\SH�LQ�RUGHU�WR�VDWLVI\�WKH�DFWLYDWLRQ�IDFWRU�KDV�EHHQ�GHWHUPLQHG��WKH�VDPH�WUDQVIRUP�
LV� DSSOLHG� WR� DOO� RWKHU� YHUWLFHV� LQFOXGHG� LQ� WKH� LQIOXHQFH� GHILQLWLRQ�� EXW� VFDOHG� ZLWK� WKHLU�
DVVRFLDWHG�ZHLJKW�YDOXHV���

7R�GDWH��D�QXPEHU�RI� WDONLQJ�KHDGV�KDYH�EHHQ�GHYHORSHG�DW�&77�EDVHG�RQ� WKH�*6'6�
IUDPHZRUN��6DPSOHV�IURP�WKLV�WDONLQJ�KHDG�JDOOHU\�FDQ�EH�VHHQ�LQ�ILJXUH����
����� 6SHHFK�RULHQWHG�SDUDPHWHULVDWLRQ�
2QH�LPSRUWDQW�FRQVLGHUDWLRQ�LQ�PRGHOOLQJ�VSHHFK�DUWLFXODWLRQ�LV�KRZ�WR�GHVFULEH�DUWLFXODWRU\�
WDUJHWV�� &RQVRQDQWDO� DUWLFXODWLRQV� DUH� RIWHQ� EDVHG� RQ� ZHOO�GHILQHG� WDUJHW� SRVLWLRQV� WKDW� D�
JLYHQ� DUWLFXODWRU� KDV� WR� UHDFK�� ,Q� D� PRGHO� IRU� YLVXDO� VSHHFK� V\QWKHVLV�� IDLOXUH� WR� DWWDLQ�
DUWLFXODWRU\� WDUJHWV�� HYHQ� E\� D� IHZ� PLOOLPHWUHV�� FDQ� EH� KLJKO\� YLVLEOH� DQG� UDGLFDOO\� DIIHFW�
SHUFHSWLRQ��,I�D�SDUDPHWHULVDWLRQ�LV�WR�EH�SRUWDEOH�DFURVV�GLIIHUHQW�IDFH�PRGHOV��DV�LV�WKH�JRDO�
RI� WKH� 03(*��� )$� VSHFLILFDWLRQ�� WKHUH� KDV� WR� EH� D� ZD\� RI� XQDPELJXRXVO\� H[SUHVVLQJ�
DUWLFXODWRU\�WDUJHWV��LQGHSHQGHQW�RI�PRGHO�JHRPHWU\��

$� YHU\� JHQHUDO� VROXWLRQ� WR� WKH� SUREOHP� LV� WKH� SDUDGLJP� XVHG� E\� %DLOO\� ������� IRU�
FRQWUROOLQJ� DQ� DUWLFXODWRU\� YRFDO� WUDFW� PRGHO� IRU� VSHHFK� V\QWKHVLV�� ZKLFK� LV� WR� XVH� WZR�
VHSDUDWH�SDUDPHWHU�VSDFHV��RQH�SURWRW\SLFDO�VSDFH�ZKHUH�DUWLFXODWRU\�WDUJHWV�DQG�FRQVWUDLQWV�
FDQ� EH� HDVLO\� DQG� XQDPELJXRXVO\� GHILQHG�� DQG� RQH� VSDFH� IRU� WKH� DFWXDO� PRGHO� FRQWURO�
SDUDPHWHUV�WKDW�JRYHUQ�WKH�DUWLFXODWRUV�PRYHPHQWV��FRUUHVSRQGLQJ�WR�H�J��03(*���)$3V��
7KLV�UHSUHVHQWDWLRQ�UHTXLUHV�D�PDSSLQJ�EHWZHHQ�WKH�WZR�VSDFHV�WR�EH�GHYHORSHG��FDSDEOH�RI�
GHDOLQJ�ZLWK�LQFRPSOHWH�WDUJHW�VSHFLILFDWLRQV��ZKLFK�UHVXOWV�LQ�D�YHU\�FRPSOH[�PRGHO��

$� PRUH� VWUDLJKWIRUZDUG� DSSURDFK� LV� WDNHQ� LQ� SDSHU� �� DQG� IXUWKHU� GHYHORSHG� LQ� WKH�
*6'6�LQ�SDSHU����QDPHO\�WR�GHFODUH�GHGLFDWHG�SDUDPHWHUV�IRU�SULPLWLYH�DUWLFXODWRU\�JHVWXUHV��
3DSHU� �� LQWURGXFHV� VXFK� SDUDPHWHUV� LQ� WKH� 3DUNH� PRGHO�� PRVW� QRWDEO\� ELODELDO� RFFOXVLRQ��
ODELRGHQWDO�RFFOXVLRQ�DQG�OLS�URXQGLQJ���

%LODELDO�RFFOXVLRQ�UHTXLUHV�DFFXUDWH�FRRUGLQDWLRQ�RI�MDZ��XSSHU�OLS�DQG�ORZHU�OLS��PDNLQJ�
LW�FXPEHUVRPH�WR�FRQWURO�LQ�D�SUHFLVH�ZD\�LQ�WUDGLWLRQDO�SDUDPHWHULVDWLRQV��VXFK�DV�3DUNH·V�
SDUDPHWHULVDWLRQ�RU�)$&6���,Q�WKH�03(*���)$�VWDQGDUG�WKLV�SUREOHP�LV�VROYHG�E\�GHILQLQJ�
MDZ�RSHQLQJ� LQ�VXFK�D�ZD\� WKDW� LW� �VRPHZKDW�FRXQWHULQWXLWLYH��GRHV�QRW�DIIHFW� OLS�RSHQLQJ��
DQG�SRVWXODWLQJ�WKDW� OLS�FORVXUH�RFFXUV�ZKHQ�WKH�XSSHU�DQG�ORZHU�YHUWLFDO� OLS�GLVSODFHPHQW�
SDUDPHWHUV�VXP�WR�]HUR��%\�LQWURGXFLQJ�D�VLQJOH�GHGLFDWHG�SDUDPHWHU�IRU�ELODELDO�FORVXUH��DV�
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LV�GRQH�LQ�SDSHU����WKH�ORZHU�OLS�FDQ�IROORZ�WKH�MDZ�RSHQLQJ�PRWLRQ��DV�RQH�ZRXOG�H[SHFW���
DQG� RFFOXVLRQ� LV� DOZD\V� JXDUDQWHHG� ZKHQ� WKH� ELODELDO� RFFOXVLRQ� SDUDPHWHU� LV� VHW� WR� RQH��
UHJDUGOHVV�RI�WKH�VWDWH�RI�WKH�MDZ��

)RU�ODELRGHQWDO�IULFDWLYHV��WKH�ORZHU�OLS�LV�SUHVVHG�DJDLQVW�WKH�XSSHU�IURQW�WHHWK�WR�IRUP�D�
FRQVWULFWLRQ��7KLV� LV� SUREOHPDWLF� LQ� WKH�03(*���)$� VWDQGDUG�� DV� WKHUH� LV� QR�)$38� WKDW�
VSHFLILHV� WHHWK�WR�OLS�GLVWDQFH��7KXV� WKH�GLVSODFHPHQW� UHTXLUHG� IRU� WKH� ORZHU� OLS� WR�PHHW� WKH�
XSSHU�IURQW�WHHWK�ZLOO�YDU\�IURP�PRGHO�WR�PRGHO��VR�WKH�SDUDPHWHULVDWLRQ�LV�QRQ�SRUWDEOH�LQ�
WKLV�UHVSHFW��$JDLQ��WKH�GHILQLWLRQ�RI�D�GHGLFDWHG�SDUDPHWHU�IRU�ODELRGHQWDO�RFFOXVLRQ�LV�D�UHOLDEOH�
ZD\�RI�HQVXULQJ�WDUJHW�DWWDLQPHQW�IRU�WKLV�DUWLFXODWLRQ��

/LS�URXQGLQJ� LV�DQRWKHU�FRPSOH[�DUWLFXODWRU\�JHVWXUH� WKDW� LV�GLIILFXOW� WR�DWWDLQ� LQ�PDQ\�
SDUDPHWHULVDWLRQ�VFKHPHV��,Q�WKH�03(*���)$�VSHFLILFDWLRQ��LW�FDQ�LQYROYH�DV�PXFK�DV����RI�
WKH����03(*���ORZ�OHYHO�)$3V � ��,QWURGXFLQJ�D�VLQJOH��QRUPDOLVHG�FRQWURO�SDUDPHWHU�IRU�OLS�
URXQGLQJ��WKDW�SXOOV�WKH�OLS�YHUWLFHV�WRZDUGV�DQ�LPDJLQDU\�FHQWUH�SRLQW�LQ�WKH�PRXWK�RULILFH��
JUHDWO\�VLPSOLILHV�DUWLFXODWRU\�WDUJHW�VSHFLILFDWLRQ��

7KH�GHILQLWLRQ�RI�WKLV�W\SH�RI�WDUJHW�RULHQWHG��QRUPDOLVHG�FRQWURO�SDUDPHWHU�LV�IDFLOLWDWHG�
E\� WKH� JHQHUDOLVHG� VXUIDFH�GHIRUPDWLRQ� VFKHPH� LQWURGXFHG� LQ�SDSHU� �� DQG� VXPPDULVHG� LQ�
VHFWLRQ� ������� ,Q� DGGLWLRQ� WR� IDFLOLWDWLQJ� PRGHOOLQJ� RI� DUWLFXODWRU\� PRYHPHQWV�� LW� KDV� WKH�
DGYDQWDJH�RI�EHLQJ�SRUWDEOH�DFURVV�GLIIHUHQW�PRGHOV��MXVW�DV�WKH�03(*���)$�VWDQGDUG���DV�
WKH�SDUDPHWHUV�DUH�QRUPDOLVHG�DQG�GLPHQVLRQOHVV��7KLV�IDFW�KDV�EHHQ�H[SORLWHG�WKURXJKRXW�
WKLV�WKHVLV�ZRUN��DV�D�ZLGH�UDQJH�RI�IDFH�PRGHOV�KDYH�VKDUHG�WKH�VDPH�SDUDPHWHULVDWLRQ�DQG�
EHHQ�GULYHQ�IURP�WKH�VDPH�DUWLFXODWRU\�FRQWURO�PRGHO��

,W� VKRXOG� EH� VWDWHG� WKDW� WKH� EHQHILW� RI� FRQWUROOLQJ� EDVLF� DUWLFXODWRU\� JHVWXUHV� ZLWK�
GHGLFDWHG� FRQWURO� SDUDPHWHUV� LV� PRVW� HYLGHQW� ZKHQ� ZRUNLQJ� ZLWK� UXOH�EDVHG� DUWLFXODWRU\�
FRQWURO�PRGHOV�RU�KDQG�HGLWHG�DQLPDWLRQV��$V�VRRQ�DV�GDWD�IURP�D�UHDO�VSHDNHU�DUH�XVHG�DV�D�
EDVLV�IRU�GULYLQJ�WKH�DUWLFXODWLRQ��WKH�LQWHUSUHWDWLRQ�RI�LQGLYLGXDO�SDUDPHWHUV�EHFRPHV�OHVV�RI�
DQ� LVVXH�� DV� ORQJ� DV� WKH� SDUDPHWHU� VHW� DV� VXFK� DOORZV� IRU� WKH� IXOO� DUWLFXODWRU\� UDQJH� WR� EH�
H[SUHVVHG��
��� 0RGHOV�RI�WKH�WRQJXH�
$Q\� PRGHO� DLPHG� DW� UHDOLVWLF� VSHHFK� DQLPDWLRQ� UHTXLUHV� D� WRQJXH� PRGHO�� 7KH� 6ZHGLVK�
DSLFDOO\�DUWLFXODWHG�FRQVRQDQWV� � � � ��� � ����� ��� ��� � ��	 � � �DUH�RIWHQ�DVVRFLDWHG�ZLWK�FOHDUO\�
YLVLEOH�WRQJXH�PRWLRQ�WKDW�LV�DQ�LPSRUWDQW�FXH�LQ�VSHHFKUHDGLQJ��$GGLWLRQDOO\��LI�WKH�PRGHO�
LV� WR� EH�XVHG� IRU�PXOWLPRGDO� VSHHFK� WUDLQLQJ�� D� UHDOLVWLF� WRQJXH�PRGHO� FDSDEOH�RI� WKH� IXOO�

�����������������������������������������������������������
� �7KHUH�DUH���� OLS�UHODWHG�)$3V�DIIHFWLQJ�GLIIHUHQW�VHJPHQWV�RI� WKH�RXWHU�DQG� LQQHU� OLS�

FRQWRXUV��DOO�RI�ZKLFK�ZRXOG�EH�GLVSODFHG�GXULQJ�H[WUHPH�OLS�URXQGLQJ��

�

�)LJXUH���� $� VHOHFWLRQ� RI� WKH� WDONLQJ� FKDUDFWHUV� GHYHORSHG� DW� &77� XVLQJ� WKH� JHQHUDOLVHG� VXUIDFH�
GHIRUPDWLRQ�VFKHPH��*6'6���)URP�WKH�OHIW��$XJXVW��.DWWLV��2OJD��6YHQ�DQG�9LNWKRU��

�
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DUWLFXODWRU\� UHJLVWHU� LV� OLNHO\� WR�EH�RI�JUHDW�SHGDJRJLFDO�YDOXH� LI� WRQJXH�PRYHPHQWV�FDQ�EH�
PDGH�YLVLEOH�E\�UHQGHULQJ�WKH�VNLQ�VHPL�WUDQVSDUHQW�RU�E\�UHPRYLQJ�SDUWV�RI�WKH�IDFH��

,Q� WKH�GRPDLQ�RI�DUWLFXODWRU\� V\QWKHVLV�� WRQJXH�PRGHOV�KDYH�EHHQ�GHYHORSHG� LQ��'�DV�
ZHOO�DV�LQ��'��WKH�UHDGHU�LV�UHIHUUHG�WR�(QJZDOO��������IRU�DQ�H[FHOOHQW�VXUYH\�RI�WKH�ILHOG��
+RZHYHU�� WKH�UHTXLUHPHQWV�RI�D�WRQJXH�PRGHO�IRU�DXGLWRU\�DUWLFXODWRU\�V\QWKHVLV�DUH�TXLWH�
GLIIHUHQW�IURP�WKRVH�SODFHG�RQ�D�PRGHO�IRU�YLVXDO�V\QWKHVLV��:KLOH�WKH�IRUPHU�PXVW�SURYLGH�
D� JRRG� DSSUR[LPDWLRQ� RI� YRFDO� WUDFW� JHRPHWU\�� WR� IDFLOLWDWH� FDOFXODWLRQ� RI� WKH� DFRXVWLF�
SURSHUWLHV��LW�GRHV�QRW�KDYH�WR�SURYLGH�D�YLVXDOO\�LQWHUSUHWDEOH�GLVSOD\��,Q�VR�FDOOHG�WXEH�OLNH�
PRGHOV�� IRU� H[DPSOH�� RQO\� WKH� VXUIDFH� GHOLPLWLQJ� WKH� DLU� FKDQQHO� LQ� WKH� YRFDO� WUDFW� LV�
PRGHOOHG�� ZKLFK� LV� DGHTXDWH� IRU� VRXQG� JHQHUDWLRQ�� EXW� OHVV� ZHOO� VXLWHG� IRU� YLVXDO�
SUHVHQWDWLRQ��

7RQJXH� PRGHOV� IRU� YLVXDO� V\QWKHVLV�� RQ� WKH� RWKHU� KDQG�� KDYH� W\SLFDOO\� EHHQ� OHVV�
DQDWRPLFDOO\� HODERUDWH�� VLQFH� LW� LV� RIWHQ� VXIILFLHQW� WR� SURYLGH� D� YLHZ� IURP� WKH� RXWVLGH��
WKURXJK�WKH�PRXWK�RSHQLQJ��ZKHUH�PDLQO\�WRQJXH�WLS�PRWLRQ�LV�YLVLEOH��&RKHQ�DQG��0DVVDUR�
�������PRGHOOHG�WKH�WRQJXH�DV�D�ULJLG�REMHFW�WKDW�FRXOG�EH�URWDWHG��WUDQVODWHG�DQG�VFDOHG�WR�
VLPXODWH� DSLFDO� DUWLFXODWLRQ�� 3HODFKDXG� HW� DO�� ������� GHVFULEHV� DQ� DUWLFXODWHG� WRQJXH�PRGHO�
EDVHG�RQ�LPSOLFLW�VXUIDFH�PRGHOOLQJ�DURXQG�D�MRLQWHG�VNHOHWRQ��

,Q� WKH� VWXGLHV� LQFOXGHG� LQ� WKLV� WKHVLV�� WKUHH�GLIIHUHQW� WRQJXH�PRGHOV� KDYH� EHHQ�SXW� WR�
XVH��RQH�VLPSOH�DQG�WZR�PRUH�FRPSOH[��3DSHU���GHVFULEHV�WKH�FUHDWLRQ�RI�D�WRQJXH�PRGHO�
IRU� DSLFDO� DUWLFXODWLRQ��7KH� WRQJXH�ZDV�FUHDWHG�DV� D� FRPSOHPHQW� WR� WKH�3DUNH�PRGHO�� DQG�
ZDV�UHXVHG�LQ�VXEVHTXHQW�PRGHOV�EDVHG�RQ�WKH�*6'6��SDSHU�����%DVHG�DURXQG�D�GHIRUPDEOH�
PHVK�FRPSULVHG�RI�D�PHUH����SRO\JRQV��WKH�GHVLJQ�ZDV�NHSW�VLPSOH�WR�DOORZ�IRU�UHDO�WLPH�
DQLPDWLRQ�RQ������\HDU
V�KDUGZDUH��7KH�SULPDU\�FRQWURO�SDUDPHWHUV�RI�WKH�PRGHO�DUH�DSH[�
HOHYDWLRQ�DQG�WRQJXH�OHQJWK��7KH�IRUPHU�FRQWUROV�WKH�YHUWLFDO�SRVLWLRQ�RI�WKH�WRQJXH�WLS�UHODWLYH�
WR� D� WDUJHW� FRUUHVSRQGLQJ� WR� WKH� DOYHRODU� ULGJH�� WR� VLPXODWH�GHQWDO� DUWLFXODWLRQV��7KH� ODWWHU�
SDUDPHWHU�LV�D�VFDOH�IDFWRU�WR�DWWDLQ�IRU�H[DPSOH�UHWURIOH[HG�WDUJHWV��

,Q� SDSHU� ��� D�PRUH� HODERUDWH� WRQJXH�PRGHO� LV� HPSOR\HG��ZLWK� WKH� JRDO� EHLQJ� UHDOLVWLF�
PRGHOOLQJ�RI�WKH�IXOO�WRQJXH�DUWLFXODWLRQ��DV�RSSRVHG�WR�RQO\�DSLFDO�DUWLFXODWLRQ��IRU�YLVLEOH�
VSHHFK�V\QWKHVLV��7KH�PRGHO�FRQVLVWV�RI�D�SRO\JRQ�VXUIDFH�GHILQHG�E\�IRXU�E�VSOLQH�FXUYHV � ��
RQH�FRQWUROOLQJ�WKH�VDJLWWDO�FRQWRXU�DQG�WKUHH�FRQWUROOLQJ�WKH�FRURQDO�FURVV�VHFWLRQV�DW�IURQW��
PLGGOH�DQG�EDFN��7KH�VKDSH�RI�WKH�FXUYHV�LV�GHWHUPLQHG�E\����SDUDPHWHUV����IRU�WKH�VDJLWWDO�
FXUYH�DQG���IRU�HDFK�RI�WKH�FRURQDO�FXUYHV���\LHOGLQJ�D�YHU\�IOH[LEOH�PRGHO��3URSHU�SDUDPHWHU�
YDOXHV�IRU�HDFK�SKRQHPH�ZHUH�HVWLPDWHG�E\�FRPSDULQJ� WKH�VXUIDFH�VKDSH�RI�WKH�PRGHO�WR�
WKUHH�GLPHQVLRQDO� XOWUDVRXQG� PHDVXUHPHQWV� DQG� HPSOR\LQJ� DQ� DXWRPDWLF� PLQLPLVDWLRQ�
SURFHGXUH��IXUWKHU�GHVFULEHG�LQ�VHFWLRQ������

,Q�SDSHU����WKH�WRQJXH�PRGHO�GHYHORSHG�E\�(QJZDOO��������LV�HPSOR\HG��7KLV�PRGHO�DOVR�
DLPV�DW�SURYLGLQJ�UHDOLVWLF�DUWLFXODWRU\�PRGHOOLQJ�RI�WKH�ZKROH�WRQJXH��EXW�UDWKHU�WKDQ�EHLQJ�
GHILQHG� E\� JHQHULF� FXUYHV�� LW� FRQVLVWV� RI� D� SRO\JRQ� PHVK� UH�FRQVWUXFWHG� IURP� 05,�
PHDVXUHPHQWV� RI� ��� VWDWLF� DUWLFXODWLRQV�� 8VLQJ� OLQHDU� FRPSRQHQW� DQDO\VLV�� VL[� FRQWURO�
SDUDPHWHUV� ZHUH� GHILQHG� WKDW� DFFRXQW� IRU� ���� RI� WKH� YDULDWLRQ� LQ� WKH� PHDVXUHG� WKUHH�
GLPHQVLRQDO�WRQJXH�VKDSHV��7KHVH�SDUDPHWHUV�FDQ�WKHQ�EH�XVHG�WR�GULYH�WKH�DUWLFXODWLRQ�IRU�
UXQQLQJ�VSHHFK��DV�LV�GHVFULEHG�LQ�VHFWLRQ������
��� 3K\VLRORJLFDO�FRQVWUDLQWV�
7R�PDLQWDLQ� WKH� UHDOLVP�RI� D� WKUHH�GLPHQVLRQDO� WDONLQJ�KHDG�PRGHO�GXULQJ�DQLPDWLRQ� LW� LV�
HVVHQWLDO� WR�FRQVLGHU�SK\VLFDO�FRQVWUDLQWV� LPSRVHG�E\� WKH� LPSHQHWUDEOH�FRPSRQHQWV�RI�WKH�
RUDO�FDYLW\��)RU�FHUWDLQ�SDUDPHWHU�YDOXH�FRPELQDWLRQV��DQ\�PRGHO�FDQ�EH�PDGH�WR�SURGXFH�
SK\VLRORJLFDOO\� XQUHDOLVWLF� VKDSHV�� 7\SLFDO� H[DPSOHV� RI� VXFK� PRGHO� PLVEHKDYLRXU� DUH� WKH�
�����������������������������������������������������������

� � %�VSOLQHV� DUH� VPRRWK� LQWHUSRODWLRQ� FXUYHV� FRPPRQO\� XVHG� LQ� FRPSXWHU� JUDSKLFV�
PRGHOOLQJ�RI�QDWXUDO�REMHFWV���
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WHHWK�DQG�JXPV� VKRZLQJ� WKURXJK� WKH� OLSV�ZKHQ� WKH\� UHWUDFW�� OLSV� WKDW� LQWHUVHFW� HDFK�RWKHU�
DQG� WKH� WRQJXH�SHQHWUDWLQJ� WKURXJK� FORVHG� WHHWK� DQG� OLSV��(YHQ� WKH�SK\VLRORJLFDOO\� EDVHG�
PRGHOV�GLVFXVVHG�LQ�VHFWLRQ�������VXIIHU�IURP�WKLV�SUREOHP��VLQFH�WKH\�W\SLFDOO\�RQO\�PRGHO�
WKH�IRUFHV�EHWZHHQ�WLVVXH�HOHPHQWV�WKDW�DUH�GLUHFWO\�FRQQHFWHG�WR�HDFK�RWKHU��/HH�HW�DO���������
VLPXODWH�IRUFHV�WR�SUHYHQW�WLVVXH�IURP�SHQHWUDWLQJ�WKH�VNXOO��EXW�QRW�IURP�SHQHWUDWLQJ�RWKHU�
WLVVXH�� 7KHUH� DUH� HVVHQWLDOO\� WZR� ZD\V� RI� GHDOLQJ� ZLWK� WKLV� SUREOHP�� 7KH� ILUVW� RQH� LV�
VWUDLJKWIRUZDUG�� DYRLG� DOO� SDUDPHWHU� FRPELQDWLRQV� UHVXOWLQJ� LQ� XQ�SK\VLRORJLFDO�
FRQILJXUDWLRQV�� ,Q� VSHHFK� SURGXFWLRQ�� WKLV� LV� RIWHQ� D� QDWXUDO� RXWFRPH� RI� DWWDLQLQJ�
DUWLFXODWRU\� WDUJHWV�� ZKLFK� FRPPRQO\� UHSUHVHQW� H[WUHPH� SRLQWV� LQ� WKH� DUWLFXODWRU\� VSDFH��
KHQFH�JRLQJ�EH\RQG�WKH�WDUJHWV�RIWHQ�UHVXOWV�LQ�GLVDOORZHG�FRQILJXUDWLRQV��7KXV�WKH�JRDOV�RI�
SODXVLEOH�SK\VLRORJ\�DQG�SURSHU�DUWLFXODWLRQ�DUH�LQWHUUHODWHG��7R�DFKLHYH�WKHVH�JRDOV��LW�KHOSV�
WR�DGRSW�D�SDUDPHWHULVDWLRQ�ZKHUH�LQGLYLGXDO�DUWLFXODWRU\�WDUJHWV�KDYH�GHGLFDWHG�SDUDPHWHUV��
VXFK�DV� WKH�SDUDPHWHUV� IRU�ELODELDO� DQG� ODELRGHQWDO�RFFOXVLRQ� WKDW� DUH�GLVFXVVHG� LQ� VHFWLRQ�
������� )XUWKHUPRUH�� ZKHQ� XVLQJ� GDWD�GULYHQ� FRQWURO� PRGHOV� WR� GULYH� WKH� DUWLFXODWLRQ� �VHH�
VHFWLRQ� ������ SURSHU� DUWLFXODWRU\� WDUJHWV� DQG� DYRLGDQFH� RI� XQ�SK\VLRORJLFDO� FRQILJXUDWLRQV�
FDQ�EH�OHDUQW�IURP�GDWD��PDNLQJ�WKH�FKRLFH�RI�SDUDPHWHULVDWLRQ�OHVV�FULWLFDO��
����� 0RGHOOLQJ�WRQJXH�SDODWH�FRQWDFW�
,Q�VRPH�FDVHV��KRZHYHU��WKHUH�PLJKW�VWLOO�EH�D�QHHG�IRU�H[SOLFLW�GHWHFWLRQ�DQG�FRUUHFWLRQ�RI�
SK\VLRORJLFDO� YLRODWLRQV�� 2QH� VXFK� FDVH� LV� LQ� VLPXODWLQJ� WKH� FRQWDFW� EHWZHHQ� WRQJXH� DQG�
SDODWH�� DV� LV� GRQH� SDSHU� ��� ,Q� WKLV� FDVH�� WKHUH� LV� VLJQLILFDQW� LQWHUDFWLRQ� EHWZHHQ� WKH� WZR�
VWUXFWXUHV�� L�H�� WKH� WRQJXH� LV� GHIRUPHG� DV� LW� LV� SUHVVHG� DJDLQVW� WKH� SDODWH�� 8QFRQVWUDLQHG�
FROOLVLRQ� GHWHFWLRQ� IRU� DUELWUDU\� SRO\JRQ�EDVHG� REMHFWV� LV� FRPSXWDWLRQDOO\� YHU\� H[SHQVLYH��
DQG� RQFH� D� FROOLVLRQ� KDV� EHHQ� GHWHFWHG� D� VWUDWHJ\� WR� FRUUHFW� WKH� FROOLGLQJ� VWUXFWXUHV� LV�
QHHGHG�� ZKLFK� LQ� WKH� JHQHUDO� FDVH� UHTXLUHV� DQ� LWHUDWLYH� VROXWLRQ� RI� FRQVWUDLQWV� LQ� D�
SK\VLRORJLFDOO\�EDVHG�PRGHO��

,Q�SDSHU����D�PRUH�VSHFLDOLVHG�DQG�VLJQLILFDQWO\�IDVWHU�DSSUR[LPDWH�PHWKRG�LV�SURSRVHG�
WR�GHDO�ZLWK�WKLV�SUREOHP��7KH�EDVLF�LGHD�LV�WR�SHUIRUP�WKH�FROOLVLRQ�GHWHFWLRQ�DQG�FRUUHFWLRQ�
DJDLQVW�D�VLPSOLILHG�UHJXODU�VWUXFWXUH�UDWKHU� WKDQ� WKH�DFWXDO�SRO\JRQV�PDNLQJ�XS� WKH�YLVXDO�
UHSUHVHQWDWLRQ�RI�WKH�SDODWH��3HODFKDXG��������XVHG�D�VHPL�VSKHUH�WR�DSSUR[LPDWH�WKH�SDODWH��
,Q�SDSHU� ��� D� UHJXODU� JULG� LV� FRQVWUXFWHG�GXULQJ� D� VHSDUDWH�SUH�SURFHVVLQJ� VWDJH��7KLV� JULG�
UHSUHVHQWV� WKH� ERXQGLQJ� VXUIDFH� RI� WKH� XSSHU� RUDO� FDYLW\�� ZLWK� WKH� JULG� SRLQWV� ORFDWHG� DW�
UHJXODU� LQWHUYDOV� LQ� D� VSKHULFDO� FRRUGLQDWH� V\VWHP� FHQWUHG� LQ� WKH� RUDO� FDYLW\�� 7KXV� E\�
WUDQVIRUPLQJ� WRQJXH� YHUWLFHV� WR� WKLV� FRRUGLQDWH� V\VWHP�� DQ� LQVWDQWDQHRXV� FRPSDULVRQ�
EHWZHHQ�JULG�DQG�YHUWH[�FDQ�EH�PDGH�WR�GHWHUPLQH�ZKHWKHU�WKH�YHUWH[�VKRXOG�EH�FRUUHFWHG��
&RUUHFWLRQ�LV�D�VLPSOH�PDWWHU�RI�DGMXVWLQJ�WKH�UDGLDO�FRPSRQHQW�RI�WKH�WUDQVIRUPHG�YHUWH[�LQ�
VXFK�D�ZD\�WKDW�LW�HQGV�XS�RQ�WKH�JULG�VXUIDFH��:KLOH�WKLV�REYLRXVO\�LV�DQ�DSSUR[LPDWLRQ�RI�
WKH� DFWXDO� GHIRUPDWLRQV� WKDW� WDNH� SODFH� DV� WKH� WRQJXH� LV� SUHVVHG� DJDLQVW� WKH� SDODWH�� LW�
SURYLGHV� YLVXDOO\� VDWLVI\LQJ� UHVXOWV� DQG� LV� VXIILFLHQWO\� IDVW� WR� SURYLGH� UHDO�WLPH� GLVSOD\� RQ�
VWDQGDUG�3&V��
����� 9ROXPH�SUHVHUYDWLRQ�
$QRWKHU� SK\VLFDO� FRQVWUDLQW� WKDW� LV� DGGUHVVHG� LQ� SDSHU� �� DV� ZHOO� DV� LQ� SDSHU� �� LV� WKDW� RI�
FRQVWDQW�WRQJXH�YROXPH��,W�LV�KRZHYHU�GLIILFXOW�WR�HQIRUFH�WKLV�FRQVWUDLQW�LQ�UHDO�WLPH�GXULQJ�
DQLPDWLRQ�� VLQFH� LW� UHTXLUHV� DQ� LWHUDWLYH� VROXWLRQ�� ZKHQ� RQH� SDUDPHWHU� FDXVHV� D� FKDQJH� LQ�
WRQJXH�YROXPH��WKHQ�WKH�RWKHU�SDUDPHWHUV�QHHG�WR�EH�LWHUDWLYHO\�DGMXVWHG�WR�FRPSHQVDWH�IRU�
WKLV� FKDQJH�� 'XULQJ� PRGHO� ILWWLQJ� RQ� WKH� RWKHU� KDQG�� ZKHQ� WRQJXH� SDUDPHWHUV� DUH�
DXWRPDWLFDOO\� DGMXVWHG� E\� D� PLQLPLVDWLRQ� DOJRULWKP� WR� ILQG� WKH� RSWLPDO� ILW� ZLWK� D� JLYHQ�
WDUJHW��WKHQ�WKH�WRQJXH�YROXPH�FULWHULRQ�FDQ�VWDELOLVH�WKH�ILWWLQJ�SURFHVV�WR�DYRLG�HQGLQJ�XS�
ZLWK�LPSRVVLEOH�WRQJXH�FRQILJXUDWLRQV��,QFOXGLQJ�WKH�YROXPH�FRQVWUDLQW�LQ�WKH�PLQLPLVDWLRQ�
LV� D� VLPSOH�PDWWHU�RI� DXJPHQWLQJ� WKH�HUURU� IXQFWLRQ�ZLWK�D� WHUP�UHSUHVHQWLQJ� WKH� VTXDUHG�
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GHYLDWLRQ� EHWZHHQ� FXUUHQW� YROXPH� DQG� WKH� UHIHUHQFH� YROXPH�� 7KH� YROXPH� HUURU� WHUP� LV�
JLYHQ�D�ZHLJKW��ZKLFK� LQ�ERWK� VWXGLHV�ZDV�GHWHUPLQHG�HPSLULFDOO\��6HWWLQJ� WKLV�ZHLJKW� WRR�
KLJK�FDXVHG�WKH�UHVXOWLQJ�WRQJXH�WR�DSSHDU�VWLII��LQ�WKH�H[WUHPH�FDVH�QHYHU�GHYLDWLQJ�IURP�LWV�
UHIHUHQFH�SRVLWLRQ��
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$QG�DOO�,�VHH��LV�OLWWOH�GRWV«�
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� '$7$�6285&(6�)25�7$/.,1*�+($'6�
$V� ZH� KDYH� VHHQ� LQ� WKH� SUHYLRXV� FKDSWHU�� D� �'� WDONLQJ� KHDG� LV� EDVHG� DURXQG� D� VWDWLF�
JHRPHWU\�� W\SLFDOO\� D� SRO\JRQ� PHVK�� WKDW� LV� GHIRUPHG� WR� SURGXFH� DQLPDWLRQ�� 7KHUH� DUH�
VHYHUDO�ZD\V�WR�REWDLQ�WKLV�LQLWLDO�PHVK��3DSHUV������DQG���LQ�WKLV�WKHVLV�XVH�WKH�3DUNH�PRGHO��
ZKRVH� JHRPHWU\� FDPH� IURP��'�SKRWRJUDPPHWU\� �VHH� EHORZ��� ,Q� SDSHU� ��� WKH� XQGHUO\LQJ�
JHRPHWU\� IRU� WKH�2OJD� FKDUDFWHU� ZDV� VFXOSWHG� XVLQJ� FRPPHUFLDO� �'�PRGHOOLQJ� WRROV� �E\�
JUDSKLFDO� DUWLVW� (YD�0DULH� :DGPDQ��� ,Q� SDSHUV� ���� IDFLDO� JHRPHWULHV� ZHUH� EDVHG� RQ� D�
JHQHULF�KHDG�PHVK�IURP�9LHZSRLQW�'DWDODEV � �WKDW�KDV�EHHQ�LQWHUDFWLYHO\�GHIRUPHG�DQG�UH�
PRGHOOHG� WR�SURGXFH� D� JDOOHU\�RI� FKDUDFWHUV�� VHH�/XQGHEHUJ� DQG�%HVNRZ� ������� IRU�PRUH�
GHWDLOV� RQ� WKLV� SURFHVV� �VHH� DOVR� ILJXUH� ���� $V�ZDV� DUJXHG� LQ� VHFWLRQ� ��� VWDWLF� JHRPHWU\� LV�
HVVHQWLDOO\� UHODWHG� WR� FRVPHWLF� YDOXHV�� DODV�� ZKLOH� WKH� PDLQ� IRFXV� KDV� EHHQ� RQ� WKH�
FRPPXQLFDWLYH� IXQFWLRQ� RI� WKH� PRGHOV�� D� FHUWDLQ� GHJUHH� RI� ´DUWLVWLF� IUHHGRPµ� KDV� EHHQ�
DOORZHG� LQ� VKDSLQJ� WKH� VWDWLF� JHRPHWULHV�� )RU� WKH� FRPPXQLFDWLYH� IXQFWLRQV�� KRZHYHU���
JURXQG�WUXWK�GDWD�IURP�VHYHUDO�VRXUFHV�KDV�EHHQ�DQ�LPSRUWDQW�LQJUHGLHQW�LQ�WKH�PRGHOOLQJ��
7KH� WRQJXH� VKDSH� LQ� SDSHU� �� LV�PRGHOOHG� IURP� VWDWLF� �'� XOWUDVRXQG�PHDVXUHPHQWV�� DQG�
G\QDPLFDO� DUWLFXODWRU\� PHDVXUHPHQWV� RI� WKH� IDFH� DQG� WKH� WRQJXH� DUH� XVHG� LQ� UHV\QWKHVLV�
�SDSHU� ��� DV� ZHOO� DV� WUDLQLQJ� RI�PRGHOV� IRU� FRDUWLFXODWLRQ� �SDSHU� ��� RQO\� IDFH� GDWD� LQ� WKLV�
FDVH���

'LIIHUHQW� NLQGV� RI� GDWD� DUH� QHHGHG� DW� GLIIHUHQW� VWDJHV� RI� WKH� PRGHOOLQJ� SURFHVV�� DQG�
GLIIHUHQW� WHFKQLTXHV� DUH� FDOOHG� IRU� WR� REWDLQ� WKHVH� GDWD�� WKHUH� LV� QR� VLQJOH� PHWKRG� WKDW�
SURYLGHV�HYHU\WKLQJ��2IWHQ� WKHUH� LV�D� WUDGH�RII� LV�EHWZHHQ� VSDWLDO�DQG� WHPSRUDO� UHVROXWLRQ��
%DVHG� RQ� WHPSRUDO� UHVROXWLRQ�� PHWKRGV� FDQ� EH� GLYLGHG� LQWR� VWDWLF� DQG� G\QDPLF�� ZKHUH�
G\QDPLF� LPSOLHV� WKDW� DW� OHDVW� YLGHR� IUDPH�UDWH� FDQ� EH� REWDLQHG� ������� +]�� IRU� FDSWXULQJ�
G\QDPLF�DVSHFWV�RI�DUWLFXODWLRQ��6WDWLF�GDWD�VRXUFHV�DUH�SULPDULO\�XVHG�LQ�LQLWLDO�FRQVWUXFWLRQ�

�����������������������������������������������������������
� �http://www.viewpoint.com�
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7DEOH���� 2YHUYLHZ�RI�GDWD�VRXUFHV�IRU�WDONLQJ�KHDG�PRGHOOLQJ��

� 7HPSRUDO�
UHVROXWLRQ�

'LPHQVLRQ�
DOLW\�

,QWHUQDO��
H[WHUQDO� 'DWD�W\SH� &RPPHQWV�

�'�SKRWR�
JUDPPHWU\�

VWDWLF�RU�
G\QDPLF� �'� H[WHUQDO� IOHVKSRLQWV�

���WH[WXUH��
5HTXLUHV�PDQXDO�
LQWHUYHQWLRQ�

&\EHUZDUH� VWDWLF� �'� H[WHUQDO� VKDSH���
WH[WXUH� �

8OWUDVRXQG� VWDWLF� �'� LQWHUQDO� VKDSH� &DQ�EH�XVHG�G\QDPLFDOO\�
LQ��'�

05,� VWDWLF� �'� LQWHUQDO� VKDSH��
YROXPH� �

9LGHR�WUDFNLQJ� G\QDPLF� �'� H[WHUQDO�
GLVWDQFH�
PHDVXUHV�
RU��'�
VKDSHV�

�

2SWLFDO�
PRWLRQ�
WUDFNLQJ�

G\QDPLF� �'� H[WHUQDO� IOHVKSRLQWV� �
(0$� G\QDPLF� �'� LQWHUQDO� IOHVKSRLQWV� �

�
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RI�D�PRGHO��DQG� LQ�VRPH�FDVHV� LQ�GHYHORSPHQW�RI� WKH�SDUDPHWHULVDWLRQ��'\QDPLF�GDWD��RQ�
WKH�RWKHU�KDQG��DUH�XVHG�LQ�PRGHOOLQJ�VSHHFK�DUWLFXODWLRQ�DQG�G\QDPLF�FRPPXQLFDWLYH�IDFLDO�
H[SUHVVLRQV��

$QRWKHU�GLVWLQFWLRQ�LV�PDGH�EHWZHHQ�H[WHUQDO�DQG�LQWHUQDO�PHWKRGV��:KLOH�WDONLQJ�KHDG�
PRGHOOLQJ� LQ� JHQHUDO� LV� FRQFHUQHG� ZLWK� WKH� H[WHUQDOO\� YLVLEOH� SDUWV� RI� WKH� IDFH� DQG� KHDG��
WRQJXH�PRGHOOLQJ�UHTXLUHV�PHDVXUHPHQWV�RI�WKH�LQWHUQDO�VWUXFWXUHV�DV�ZHOO��ZKLFK�FDOOV�IRU�D�
GLIIHUHQW�SDOHWWH�RI�WHFKQLTXHV��XVXDOO\�IURP�WKH�PHGLFDO�ILHOG���RQO\�SDUWLDOO\�FRYHUHG�LQ�WKLV�
RYHUYLHZ�� )RU� D� FRPSOHWH� VXUYH\� RI� LQWUD�RUDO� PHDVXUHPHQW� WHFKQLTXHV�� WKH� UHDGHU� LV�
UHIHUUHG�WR�(QJZDOO���������

2WKHU� DVSHFWV� WKDW� QHHG� WR� EH� FRQVLGHUHG� DUH�ZKHWKHU� D�PHWKRG� SURYLGHV� �'� RU� �'�
GDWD��DQG�ZKHWKHU�WKH�GDWD�VRXUFH�SURYLGHV�WKH�HQWLUH�VKDSH��DQG�RU�WH[WXUH��RI�REMHFWV��RU�
RQO\�WKH�FRRUGLQDWHV�RI�D�QXPEHU�RI�LQGLYLGXDO�IOHVKSRLQWV��

$Q�RYHUYLHZ�RI� VWDWLF�DQG�G\QDPLF�GDWD�VRXUFHV� LV�SUHVHQWHG� LQ� WKH�IROORZLQJ� VHFWLRQV�
DQG�VXPPDULVHG�LQ�WDEOH����2QFH�GDWD�KDV�EHHQ�REWDLQHG�� LW�QHHGV�WR�EH�SXW� LQ�UHODWLRQ�WR�
WKH�PRGHO�LQ�RUGHU�WR�EH�XVHIXO��7KLV�SURFHVV�LV�GLVFXVVHG�LQ�WKH�ILQDO�VHFWLRQ�RI�WKLV�FKDSWHU��
��� 6WDWLF�PHWKRGV�

����� �'�SKRWRJUDPPHWU\��
,Q� KLV� SLRQHHULQJ� IDFLDO� PRGHOOLQJ� ZRUN�� 3DUNH� ������� XVHG� D� VWDWLF� �'� SKRWRJUDPPHWU\�
PHWKRG�� ZKHUH� PDQXDO� PHDVXUHPHQWV� RQ� SKRWRJUDSKV� VKRZLQJ� PXOWLSOH� VLPXOWDQHRXV�
YLHZV� RI� D� KXPDQ� IDFH� ZHUH� FRPELQHG� WR� FDOFXODWH� �'� FRRUGLQDWHV� RI� WKH� YHUWLFHV� RI� D�
SRO\JRQDO� IDFH� PHVK� SDLQWHG� RQ� WKH� IDFH� RI� WKH� VXEMHFW�� $� PLUURU� ZDV� XVHG� WR� PDNH� LW�
SRVVLEOH� WR� FRQWDLQ� WKH� PXOWLSOH� YLHZV� LQ� WKH� VDPH� SKRWRJUDSK�� DQG� HQVXULQJ� SHUIHFW�
WHPSRUDO� V\QFKURQ\��7KLV�PHWKRG�UHTXLUHV�PDNHXS�RQ� WKH�IDFH� WR�HQDEOH� LGHQWLILFDWLRQ�RI�
WKH� SRLQWV� LQ� WKH� GLIIHUHQW� YLHZV�� ,W� LV� DOVR� ODERXU� LQWHQVLYH�� DV� LGHQWLILFDWLRQ� DQG�
PHDVXUHPHQW�RI�SRLQWV� LQ� WKH�GLIIHUHQW�YLHZV� LV� D�PDQXDO�SURFHVV��7KH�PDLQ�DGYDQWDJH� LV�
WKDW�QR�VSHFLDOLVHG�RU�H[SHQVLYH�KDUGZDUH�LV�UHTXLUHG��DQ�RUGLQDU\�FDPHUD�DQG�D�PLUURU�DUH�
VXIILFLHQW�� $QRWKHU� DGYDQWDJH� LV� WKDW� LW� FDQ� EH� XVHG� DV� D� G\QDPLF� PHWKRG� LI� YLGHR�
UHJLVWUDWLRQ� LV� PDGH�� DV� ZDV� GRQH� E\� (OLVHL� HW� DO�� ������� DOWKRXJK� WKH� GHJUHH� RI� UHTXLUHG�
PDQXDO�ODERXU�LQFUHDVHV�E\�VHYHUDO�RUGHUV�RI�PDJQLWXGH�LQ�WKLV�FDVH��

$�YDULDQW�RI�WKH�VWDQGDUG�SKRWRJUDPPHWULF�DSSURDFK��\LHOGLQJ�SKRWR�UHDOLVWLF�PRGHOV��LV�
SURSRVHG�E\�3LJKLQ� HW� DO�� �������� ,Q� WKHLU�ZRUN��QR�PDNHXS� LV�XVHG�RQ� WKH� VXEMHFW��ZKLFK�
PDNHV�LW�SRVVLEOH�WR�XVH�WKH�SKRWRJUDSKV�DV�WH[WXUHV�RQ�WKH�ILQDO�PRGHO��%DVHG�RQ�PDQXDO�
LGHQWLILFDWLRQ� RI� D� VPDOO� QXPEHU� RI� IHDWXUH� SRLQWV� RU� FXUYHV� LQ� HDFK� YLHZ�� D� JHQHULF� IDFH�
PHVK� LV� UHVKDSHG�XVLQJ�VFDWWHUHG�GDWD� LQWHUSRODWLRQ�DQG�ILWWHG�ZLWK�D� WH[WXUH�GHULYHG�IURP�
WKH�RULJLQDO�SKRWRJUDSKV��
����� /DVHU�EDVHG�VFDQQLQJ�
6SHFLDOLVHG��'�UDQJH�VFDQQLQJ�KDUGZDUH��VXFK�DV�WKDW�SURGXFHG�E\�&\EHUZDUH�,QF � �FDQ�EH�
XVHG� WR� REWDLQ� KLJKO\� GHWDLOHG� JHRPHWU\� DQG� WH[WXUH� LQIRUPDWLRQ� RI� D� VWDWLF� REMHFW�� IRU�
H[DPSOH� D�KXPDQ�KHDG��$� ODVHU�EDVHG� VFDQQHU� LV�PRYHG� DORQJ� D� FLUFXODU� SDWK� DURXQG� WKH�
VXEMHFW�� SURGXFLQJ� D� ODUJH� F\OLQGULFDO� UDQJH� PDS�� ZKHUH� HDFK� ´SL[HOµ� FRUUHVSRQGV� WR� WKH�
UDGLDO� GLVWDQFH� IURP� VFDQQLQJ� GHYLFH� WR� REMHFW� VXUIDFH� DQG� DQ� DVVRFLDWHG� WH[WXUH� PDS�
SURYLGHV� WKH� FRORXU� RI� HDFK� SL[HO�� 7KH� VFDQQLQJ� SURFHVV� W\SLFDOO\� WDNHV� D� IHZ� VHFRQGV��
$OWKRXJK�WKH�UHVXOWLQJ�GDWD�VHWV�DUH�WH[WXUHG��'�PRGHOV�LQ�WKHLU�RZQ�ULJKW��WKH\�DUH�VHOGRP�
XVHG� GLUHFWO\� IRU� DQLPDWLRQ�� VLQFH� WKH\� KDYH� D� UHJXODU� WRSRORJ\� WKDW� GRHV� QRW�PDWFK� WKH�
IHDWXUHV�RI� WKH� IDFH�� ,QVWHDG�� WKH�PRVW� FRPPRQ�DSSURDFK� LV� WR� ILW� D� JHQHULF� IDFH�RU�KHDG�
�����������������������������������������������������������

� �http://www.cyberware.com�
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PHVK� PRGHO� WR� WKH� UDQJH� PDS� DIWHU� DXWRPDWLF� RU� PDQXDO� LGHQWLILFDWLRQ� RI� D� QXPEHU� RI�
ODQGPDUN�SRLQWV�RU�FXUYHV��F�I��&RKHQ�HW�DO���������.XUDWDWH�HW�DO���������/HH�HW�DO����������
����� ,QWHUQDO�VWDWLF�PHWKRGV�
7R� JDWKHU� GHWDLOHG� GDWD� DERXW� WKH� VKDSH� RI� WKH� LQWHUQDO� DUWLFXODWRUV�� WKHUH� DUH� VHYHUDO�
WHFKQLTXHV�WKDW�FDQ�EH�XVHG��,Q�SDSHU���� WKH�WRQJXH�PRGHO�VKDSH�LV�WUDLQHG�E\�PDWFKLQJ�LW�
DJDLQVW��'�VXUIDFH�PHVKHV�REWDLQHG� IURP�XOWUDVRXQG�PHDVXUHPHQWV�RI� WKH� WRQJXH�GXULQJ�
VXVWDLQHG� DUWLFXODWLRQV�RI� ���(QJOLVK� SKRQHPHV� �6WRQH� DQG�/XQGEHUJ�� �������7KH� VXUIDFH�
PHVKHV�DUH�DVVHPEOHG�IURP�D�VHULHV�RI��'�VOLFHV�SURGXFHG�E\�D�URWDU\�XOWUDVRXQG�WUDQVGXFHU�
DWWDFKHG�XQGHU�WKH�FKLQ��7KH�GDWD�UHSUHVHQW�WKH�XSSHU�VXUIDFH�RI�WKH�WRQJXH��2QH�OLPLWDWLRQ�
RI�XVLQJ�XOWUDVRXQG�IRU�WRQJXH�PHDVXUHPHQWV� LV�WKDW�QRUPDOO\�WKH�WLS�RI�WKH�WRQJXH�LV�QRW�
FDSWXUHG�� 7KLV� LV� GXH� WR� WKH� IDFW� WKDW� WKH� DLU� FDYLW\� XQGHU� WKH� WRQJXH� WLS� FDXVHV� WKH�
XOWUDVRXQG�UD\V�WR�EH�UHIOHFWHG�EHIRUH�WKH\�UHDFK�WKH�WRQJXH���

(QJZDOO� ������� XVHG� 0DJQHWLF� 5HVRQDQFH� ,PDJLQJ� �05,�� VFDQV� WR� FRQVWUXFW� WKH� �'�
PRGHO�RI� WKH� WRQJXH�XVHG� LQ�SDSHU����7KH�05,�VFDQV�UHSUHVHQW�D�VHULHV�RI�FURVV�VHFWLRQDO�
VOLFHV�RI�WKH�YRFDO� WUDFW�� LQ�ZKLFK�WKH�WRQJXH�RXWOLQHV�ZHUH�PDQXDOO\�WUDFHG�DQG�FRPELQHG�
LQWR�D��'�PHVK��VHH�DOVR�VHFWLRQ������05,�GDWD�KDV�DOVR�EHHQ�SURSRVHG�DV�WKH�JHRPHWULFDO�
EDVLV�IRU�PXVFOH�EDVHG�IDFH�PRGHOOLQJ��6DPV�HW�DO����������7KH�DFTXLVLWLRQ�WLPH�UHTXLUHG�IRU�D�
FRPSOHWH� YRFDO� WUDFW� VFDQ� LV� IDU� EH\RQG� UHDO�WLPH�� WKH� VXEMHFW� LQ� (QJZDOO·V� VWXG\� KDG� WR�
VXVWDLQ�WKH�DUWLFXODWLRQV�IRU����VHFRQGV��
��� '\QDPLF�PHWKRGV�
:KLOH� VWDWLF� JHRPHWU\� GDWD� LV� PDLQO\� LPSRUWDQW� IRU� FUHDWLQJ� RU� UHVKDSLQJ� WKH� XQGHUO\LQJ�
JHRPHWU\� PRGHO�� DQG� LQ� VRPH� FDVHV� REWDLQLQJ� WKH� SDUDPHWHULVDWLRQ�� PRGHOOLQJ� IDFLDO�
PRYHPHQWV�VXFK�DV�VSHHFK�DUWLFXODWLRQ��UHTXLUHV�G\QDPLF�GDWD��
����� 9LGHR�EDVHG�PHWKRGV�
$�QXPEHU�RI�PHWKRGV�KDYH�EHHQ�SURSRVHG� WR�REWDLQ�G\QDPLF�IDFLDO�PHDVXUHPHQWV�EDVHG�
RQ�RUGLQDU\�YLGHR�LPDJHV��%HQRvW�HW�DO���������DQG�gKPDQ��������ERWK�DSSOLHG�EOXH�PDNHXS�
WR�WKH�OLSV�RI�D�VSHDNHU�DQG�XVHG�FKURPD�NH\�EDVHG�LPDJH�DQDO\VLV�WR�DXWRPDWLFDOO\�PHDVXUH�
D�QXPEHU�RI�SDUDPHWHUV�IURP�IURQWDO�DQG�SURILOH�YLHZV�RI�WKH�OLSV��$V�GLVFXVVHG�LQ�VHFWLRQ�
������� WKH��'�SKRWRJUDPPHWU\�PHWKRG�FDQ�DOVR�EH�XVHG�G\QDPLFDOO\��EXW� WKLV� LV�D� WHGLRXV�
PHWKRG�XQOHVV� DQ�DXWRPDWLF�SRLQW� WUDFNLQJ�DOJRULWKP� LV�XVHG��(OLVHL� HW� DO�� �������PDQXDOO\�
LGHQWLILHG�DQG�PHDVXUHG�����FRORXUHG�EHDGV�JOXHG�WR�WKH�IDFH�RI�D�VSHDNHU�LQ�WZR�YLHZV�IRU�
HDFK�IUDPH�LQ�WKH�UHFRUGHG�FRUSXV��

2WKHU�LQYHVWLJDWRUV�KDYH�GHYHORSHG�PHWKRGV�IRU�DXWRPDWLF�WUDFNLQJ�RI�XQPDUNHG�IDFHV��
ZKLFK�VLPSOLILHV�WKH�UHFRUGLQJ�SURFHVV��6XFK�WHFKQLTXHV�FDQ�HPSOR\�PRGHO�EDVHG�DQDO\VLV�
E\�V\QWKHVLV�� ZKHUH� DQ� XQGHUO\LQJ�PRGHO� RI� WKH� IDFH� RU� SDUW� RI� WKH� IDFH� LV� ILWWHG� WR� HDFK�
YLGHR� IUDPH� �$KOEHUJ�� ������ %DVX� HW� DO��� ������ 5HYHUHW� DQG� %HQRvW�� ������ RU� ERWWRP�XS�
KHXULVWLFDOO\� EDVHG� IHDWXUH� WUDFNLQJ� �3HWDMDQ� DQG� *UDI�� ������� :KLOH� WKHVH� PHWKRGV� FDQ�
SURYLGH�XVHIXO� GDWD� IRU� WDONLQJ�KHDG�PRGHOOLQJ�� WKHLU� SULPDU\� DUHD�RI� DSSOLFDWLRQ� LV�ZKHUH�
VSHFLDO� IDFH�PDNHXS� LV�QRW�SRVVLEOH�RU� UHDOLVWLF�� VXFK�DV� LQ� V\VWHPV� IRU� DXGLRYLVXDO� VSHHFK�
UHFRJQLWLRQ�RU�PRGHO�EDVHG�YLGHR�FRPSUHVVLRQ��,Q�PRGHOOLQJ�G\QDPLFV�RI�WDONLQJ�KHDGV��WKH�
RYHUVKDGRZLQJ�JRDO�RI�GDWD�FROOHFWLRQ�LV�RIWHQ�WR�REWDLQ�DV�DFFXUDWH�GDWD�DV�SRVVLEOH��HYHQ�LI�
WKDW�LPSOLHV�DSSO\LQJ�PDNH�XS�RU�RWKHU�DUWHIDFWV�WR�WKH�VSHDNHUV�IDFH�DQG�DUWLFXODWRUV��
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����� 6\VWHPV�IRU�RSWLFDO�WUDFNLQJ�
7KHUH�H[LVWV�VHYHUDO�V\VWHPV�IRU�RSWLFDO�PRWLRQ�WUDFNLQJ�HPSOR\LQJ�VSHFLDOLVHG�KDUGZDUH�DQG�
VRIWZDUH� WR� WUDFN� PDUNHUV� LQ� �'�� IRU� H[DPSOH�(/,7(� �IURP� %76 � ��237275$.� �IURP�
1RUWKHUQ�'LJLWDO � ���0DF5HIOH[�RU�3UR5HIOH[��IURP�4XDOLV\V � � ���

6XFK� V\VWHPV� DUH� JDLQLQJ� SRSXODULW\� LQ� DUHDV� UHODWHG� WR� YLVXDO� VSHHFK� DQG� WDONLQJ� KHDG�
UHVHDUFK��VLQFH�WKH\�SURYLGH�D�QXPEHU�RI�DGYDQWDJHV�RYHU�YLGHR�EDVHG�PHWKRGV��WKH�WUDFNLQJ�
LV�IXOO\�DXWRPDWLF��DFFXUDF\�LV�JRRG��W\SLFDOO\�ZHOO�EHORZ���PP��DQG�WKH�WHPSRUDO�UHVROXWLRQ�
LV� KLJK� ���� +]� RU� PRUH��� 7KH� SULQFLSOH� EHKLQG� WKHVH� V\VWHPV� LV� WKH� VDPH� DV� IRU� �'�
SKRWRJUDPPHWU\�� �'� FRRUGLQDWHV� DUH� UH�FRQVWUXFWHG� IURP� PXOWLSOH� YLHZV�� KRZHYHU�� WR�
HQVXUH� VWDEOH� DXWRPDWLF� WUDFNLQJ�� VSHFLDO� LQIUDUHG� �,5�� VHQVLWLYH� FDPHUDV� DUH�XVHG�� DQG� WKH�
PDUNHUV�DUH�HLWKHU�DFWLYH�OLJKW�HPLWWLQJ�GLRGHV��/('V��RU�SDVVLYH�UHIOHFWLYH�EHDGV��UHIOHFWLQJ�
WKH� OLJKW� HPLWWHG� IURP� ,5�IODVKHV�� 7KH� XVH� RI� ,5� HQVXUHV� KLJK�FRQWUDVW� LPDJHV�� ZKHUH�
PDUNHU�SRVLWLRQV�DSSHDU�DV�EULJKW�GRWV�RQ�D�GDUN�EDFNJURXQG��WKDW�FDQ�EH�UHOLDEO\�SURFHVVHG�
DXWRPDWLFDOO\�� 0DUNHU� SRVLWLRQV� DUH� HVWLPDWHG� ZLWK� VXE�SL[HO� DFFXUDF\� XVLQJ� D� FHQWUH�RI�
JUDYLW\�DSSURDFK�WDNLQJ�DGYDQWDJH�RI�WKH�JUH\VFDOH�OHYHO�RI�WKH�SL[HOV��
����� 1RQ�RSWLFDO�LQWHUQDO�G\QDPLFDO�PHWKRGV�
$OWHUQDWLYH�WHFKQLTXHV�IRU�PHDVXULQJ�WKH�G\QDPLFV�RI�DUWLFXODWLRQ�LQFOXGH�HOHFWURP\RJUDSK\�
�(0*��� HOHFWURSDODWRJUDSK\� �(3*�� DQG� HOHFWURPDJQHWLF� DUWLFXORJUDSK\� �(0$���7KH�PDLQ�
DGYDQWDJH�RI�WKHVH�PHWKRGV�LV�WKDW�WKH\�FDQ�SURYLGH�LQIRUPDWLRQ�DERXW�PRYHPHQWV�RI�WKH�
KLGGHQ�DUWLFXODWRU\�VWUXFWXUHV��

(0*� PHDVXUHV� PXVFXODU� DFWLYLW\� E\� LQVHUWLQJ� HOHFWURGHV� GLUHFWO\� LQWR� WKH� PXVFOHV��
/XFHUR� DQG�0XQKDOO� ������� UHSRUW� RQ� XVLQJ�(0*� WR� FRQWURO� WKH�PXVFOH� DFWLYDWLRQV� LQ� D�
SK\VLRORJLFDOO\�EDVHG�IDFH�PRGHO��DGDSWHG�IURP�WKH�PRGHO�RI�/HH�HW�DO����������

(3*� LV� D� WHFKQLTXH� IRU�G\QDPLFDOO\�PHDVXULQJ�SDWWHUQV�RI� WRQJXH�SDODWH� FRQWDFW��7KH�
PHWKRG�SURGXFHV�ELQDU\�PDSV� LQGLFDWLQJ�ZKHWKHU�RU�QRW� FRQWDFW� LV�PDGH� DW� D� QXPEHU�RI�
HOHFWURGHV�DIIL[HG�WR�D�SODVWLF�LQVHUW�LQ�WKH�SDODWH��(3*�GDWD�ZHUH�XVHG�E\�(QJZDOO��������WR�
ILQH�WXQH�DUWLFXODWRU\�WDUJHWV�LQ�D��'�WRQJXH�PRGHO���

(0$�LV�DQRWKHU�WHFKQLTXH�GHYHORSHG�VSHFLILFDOO\�IRU�DUWLFXODWRU\�PHDVXUHPHQWV��,Q�WKH�
0RYHWUDFN�V\VWHP��%UDQGHUXG���������WKH��'�SRVLWLRQ�RI�D�QXPEHU�RI�VPDOO�FRLOV�����[��PP��
JOXHG� WR� WKH� WRQJXH� FDQ� EH� PHDVXUHG�� 7ZR� VWDWLRQDU\� WUDQVPLWWHU� FRLOV� PRXQWHG� RQ� D�
OLJKWZHLJKW� KHDGPRXQW� ZRUQ� E\� WKH� VXEMHFW� SURGXFH� D� YDULDEOH� PDJQHWLF� ILHOG�� DQG� WKH�
FXUUHQWV� LQGXFHG�LQ�WKH�FRLOV�RQ�WKH�WRQJXH�FDQ�EH�XVHG�WR� LQIHU�WKHLU�SRVLWLRQV�UHODWLYH�WR�
WKH�WUDQVPLWWHU�FRLOV�RQ�WKH�KHDGPRXQW��2QH�OLPLWDWLRQ�LV�WKDW�WKH�V\VWHP�RQO\�ZRUNV�LQ�WZR�
GLPHQVLRQV��VR�DOO�FRLOV�PXVW�OLH�LQ�WKH�VDPH�SODQH��QRUPDOO\�WKH�PLG�VDJLWWDO�SODQH��
��� &RUSRUD�IRU�LQWHUQDO�DQG�H[WHUQDO�G\QDPLF�DUWLFXODWRU\�PRGHOOLQJ�

7ZR� SDSHUV� LQ� WKLV� VWXG\� DUH� EDVHG� RQ� G\QDPLF� GDWD� JDWKHUHG� XVLQJ� RSWLFDO� PRWLRQ�
WUDFNLQJ�DQG�(0$��,Q�SDSHU�������PDUNHUV�JOXHG�WR�WKH�IDFH�RI�D�QRQ�SURIHVVLRQDO�6ZHGLVK�
PDOH� VSHDNHU� ZHUH� WUDFNHG� XVLQJ� D� IRXU�FDPHUD� 4XDOLV\V� 0DF5HIOH[� �46�� V\VWHP� IRU� ����
SKRQHWLFDOO\� ULFK�6ZHGLVK� VHQWHQFHV� H[WUDFWHG� IURP�D� ODUJH�QHZVSDSHU� FRUSXV� WR�RSWLPLVH�
WULSKRQH� FRYHUDJH�� 7KH� GDWDEDVH� ZDV� VXEVHTXHQWO\� DQDO\VHG� DQG� DUWLFXODWRU\� SDUDPHWHUV�
ZHUH�H[WUDFWHG�XVLQJ�UHV\QWKHVLV� �VHH�VHFWLRQ��������DQG�XVHG� LQ� WKH� WUDLQLQJ�RI�DUWLFXODWRU\�
FRQWURO�PRGHOV��VHFWLRQ�������
7R� RYHUFRPH� WKH� OLPLWDWLRQV� WKDW� DUH� SUHVHQW� ZKHQ� HDFK� PHWKRG� LV� XVHG� LQ� LVRODWLRQ��
PXOWLSOH�GDWD� VRXUFHV�FDQ�EH�FRPELQHG�� ,Q�SDSHU���� VLPXOWDQHRXV� UHFRUGLQJV�ZHUH�FDUULHG�
�����������������������������������������������������������

� �http://www.bts.it�
� �http://www.ndigital.com�
� � �http://www.qualisys.se�
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RXW�ZLWK�WKH�46�DQG�0RYHWUDFN��07��V\VWHPV��7KH�46�V\VWHP�WUDFNHG����PDUNHUV�LQ�WKH�IDFH��
GHSLFWHG�LQ�ILJXUH����ZKLOH�WKH�07�V\VWHP�PHDVXUHG�WKH�SRVLWLRQV�RI�VL[�FRLOV�SODFHG�RQ�WKH�
WHHWK�� XSSHU� OLS�� DQG� IURQW�� PLGGOH� DQG� EDFN� RI� WKH� WRQJXH�� VHH� ILJXUH� ��� 7KH� UHFRUGHG�
VXEMHFW�ZDV�D�IHPDOH�QDWLYH�VSHDNHU�RI�6ZHGLVK��ZKR�KDV�UHFHLYHG�KLJK�LQWHOOLJLELOLW\�UDWLQJV�
LQ�DXGLR�YLVXDO�WHVWV��

7KH�UHFRUGHG�PDWHULDO�FRQVLVWHG�RI�DQ�XQEDODQFHG�&9&�FRUSXV��D�EDODQFHG�9&9�FRUSXV�
DQG�D�VHQWHQFH�FRUSXV��7KHUH�ZHUH����DV\PPHWULF�& � 9& � �ZRUGV��ZLWK� WKH�6ZHGLVK�YRZHOV�9 � ��� ����� � � ��� � ����� � � ��	�� � � ��
�� ��� � � ��	 � �LQ�& �  � � � ��& �  � � � �DQG�& �  � � � ��& �  � � � �FRQWH[W��7KH� � � � �DOORSKRQHV�9 � �
� ����� ��� ��� � �ZHUH�FROOHFWHG�ZLWK�& �  � � � �DQG�& �  � � � ���7KH�����9&9�DQG�9&&^&`9�ZRUGV�FRQVLVWHG�RI�WKH�FRQVRQDQWV� � ��� � ��� � � ��� � ��� � �
� � ��� � � 	 � ��� � � � ��� ��� � � ������� � �DQG�WKH�FRQVRQDQW�FOXVWHUV� � ��� � ��� � � 	 � � 	 ��� 	 ��� 	 � � � � � � ��� � �
� � ��� � � � � � � � � � � � � � � � ��� � � � � � � � � ��� ��� 	 ��� � � � 	 � ��� 	 � ��� � � �LQ�V\PPHWULF�YRZHO�FRQWH[W�ZLWK�9 � 
��� � ���

7KH�VHQWHQFH�FRUSXV�FRQVLVWHG�RI�����6ZHGLVK�HYHU\GD\�VHQWHQFHV�GHYHORSHG�VSHFLDOO\�
IRU�DXGLR�YLVXDO�VSHHFK�SHUFHSWLRQ�WHVWV��VHH�VHFWLRQ���������

,Q�RUGHU�WR�EH�DEOH�WR�FRPELQH�DQG�DOLJQ�WKH�WZR�GDWD�VHWV��RQH�SRLQW��PLG�SRLQW�RQ�WKH�
XSSHU�OLS��ZDV�FR�UHJLVWHUHG�ZLWK�WKH�WZR�V\VWHPV��$Q�DGGLWLRQDO�SRLQW��ORZHU�WHHWK��ZDV�FR�
UHJLVWHUHG�GXULQJ�D�VSHFLDO�DOLJQPHQW�UHFRUGLQJ��

������� �)LJXUH���� )RXU�FDPHUD�4XDOLV\V�PHDVXUHPHQW�VHWXS��OHIW��DQG�VXEMHFW�ZLWK�UHIOHFWLYH�PDUNHUV�JOXHG�WR�
WKH�IDFH��ULJKW����

������� �
)LJXUH���� (0$�FRLOV�JOXHG�WR�WKH�WRQJXH�RI�WKH�VXEMHFW��RQO\�WKH�WZR�IURQWPRVW�FRLOV�DUH�VHHQ��OHIW���
&RLO�SRVLWLRQLQJ�LQ�WKH�PLG�VDJLWWDO�SODQH�LV�VKRZQ�VFKHPDWLFDOO\�WR�WKH�ULJKW��

�
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6LQFH� WKH� 07� UHFHLYHU� FRLOV� DUH� IL[HG� ZLWK� UHVSHFW� WR� WKH� KHDG�� WKH� 07� GDWD� DUH�
LQGHSHQGHQW� RI� WKH� VXEMHFW·V� KHDG�PRYHPHQW�� 7KH�46� GDWD� RQ� WKH� RWKHU� KDQG� UHSUHVHQW�
DEVROXWH�FRRUGLQDWHV�UHODWLYH�WR�WKH�FDPHUDV��7R�EH�DEOH�WR�H[SUHVV�IDFLDO�PDUNHU�SRVLWLRQV�
LQGHSHQGHQWO\� RI� KHDG� PRYHPHQWV�� WKUHH� UHIHUHQFH� PDUNHUV� ZHUH� DIIL[HG� WR� D� SLHFH� RI�
FDUGERDUG�RQ� WKH�07�KHDGPRXQW��$�VLPLODU�VWUDWHJ\�ZDV�XVHG�LQ�SDSHU���ZKHUH�UHIHUHQFH�
PDUNHUV�ZHUH�JOXHG�WR�D�VSHFWDFOH�IUDPH�ZRUQ�E\�WKH�VXEMHFW��
����� 'DWD�DOLJQPHQW�DQG�V\QFKURQLVDWLRQ�

7R�FRPELQH�WKH�WZR�GDWD�VHWV��WKH�46�FRRUGLQDWHV�ZHUH�ILUVW�QRUPDOLVHG�ZLWK�UHVSHFW�WR�
JOREDO� KHDG� PRYHPHQWV� E\� SURMHFWLRQ� RQWR� WKH� D[HV� RI� D� KHDG�ORFDO� FRRUGLQDWH� V\VWHP�
H[SUHVVHG�E\�WKH�WKUHH�UHIHUHQFH�PDUNHUV�RQ�WKH�KHDGPRXQW��7KHQ�WKH\�ZHUH�URWR�WUDQVODWHG�
LQ�VXFK�D�ZD\�WKDW�WKH�PLG�VDJLWWDO�SODQH�FRLQFLGHG�ZLWK�WKH�;<�SODQH��

7KH�46�V\VWHP�HPLWV�D�V\QF�SXOVH�IRU�HDFK�IUDPH�WKDW�LV�FDSWXUHG��7KLV�V\QF�VLJQDO�ZDV�
UHFRUGHG�WRJHWKHU�ZLWK�WKH�0RYHWUDFN�GDWD�DQG�ZDV�XVHG�GXULQJ�SRVW�SURFHVVLQJ�WR�H[WUDFW�
RQH� IUDPH� RI�0RYHWUDFN� FRRUGLQDWHV� IRU� HDFK�4XDOLV\V� IUDPH�� 7KH�0RYHWUDFN� GDWD�ZHUH�
WKHQ�WUDQVODWHG�DQG�URWDWHG�LQ�WKH�;<�SODQH�WR�DOLJQ�WKH�FR�UHJLVWHUHG�SRLQWV�LQ�WKH�WZR�GDWD�
VHWV��HYHQWXDOO\�IRUPLQJ�D�FRKHUHQW�VHW�RI�IDFLDO�DQG�LQWUD�RUDO�PRYHPHQW�GDWD��
��� 0RGHO�ILWWLQJ�DQG�UHV\QWKHVLV�
2QFH�GDWD�KDV�EHHQ�FROOHFWHG��LW�KDV�WR�EH�SXW�LQ�UHODWLRQ�WR�WKH�PRGHO�LQ�RUGHU�WR�EH�XVHIXO��
,Q�WKH�FDVH�RI�3DUNH·V��'�SKRWRJUDPPHWU\��GDWD�ZHUH�XVHG�WR�DFWXDOO\�GHILQH�WKH�PRGHO��WKH�
PHDVXUHG� FRRUGLQDWHV� ZHUH� XVHG� GLUHFWO\� DV� YHUWLFHV� RI� WKH� PRGHO�� ,Q� RWKHU� FDVHV�� WKHUH�
DOUHDG\�H[LVWV�D�PRGHO��DQG�WKH�REMHFWLYH�LV�WR�XVH�WKH�GDWD�WR�WUDLQ�WKH�PRGHO�WR�LQFRUSRUDWH�
VRPH�DVSHFW�RI�WKLV�GDWD��7KH�JHQHUDO�VROXWLRQ�WR�WKLV�W\SH�RI�SUREOHP�LV�HUURU�PLQLPLVDWLRQ��
,I�ZH�FDQ�SURYLGH�DQ�HUURU�IXQFWLRQ��GHILQLQJ�KRZ�ZHOO�WKH�PRGHO�ILWV�WKH�GDWD��WKHQ�ZH�FDQ�
OHW�D�PLQLPLVDWLRQ�DOJRULWKP�LWHUDWLYHO\�DGMXVW�WKH�SDUDPHWHUV�RI�WKH�PRGHO�WR�REWDLQ�WKH�EHVW�
ILW�� 7KLV� LV� WKH� DSSURDFK� XVHG� LQ� SDSHUV� ��� �� DQG� ��� 7KHUH� DUH� VHYHUDO� JHQHUDO�SXUSRVH�
DOJRULWKPV� IRU� PLQLPLVDWLRQ� RI� PXOWLYDULDWH� IXQFWLRQV�� 3DSHU� �� XVHV� 67(3,7� �&KDQGOHU��
������ZKLOH�3RZHOO·V�GLUHFWLRQ�VHW�PHWKRG��3UHVV�HW�DO���������LV�XVHG�LQ�SDSHUV���DQG�����

7KH�PDLQ� SUREOHP�� WKHQ�� ERLOV� GRZQ� WR� KRZ� WR� GHILQH� WKH� HUURU� EHWZHHQ�PRGHO� DQG�
GDWD��7KHUH�DUH�RIWHQ�PDQ\�SRVVLEOH�ZD\V�WR�GR�WKLV��DQG�VRPHWLPHV�VHYHUDO�DOWHUQDWLYH�HUURU�
IXQFWLRQV� KDYH� WR� EH� HYDOXDWHG� EHIRUH� WKH�PRVW� VXLWDEOH� RQH� LV� IRXQG��7KH� QDWXUH� RI� WKH�
HUURU� IXQFWLRQ�ZLOO� EH� GLIIHUHQW� IURP� FDVH� WR� FDVH� GHSHQGLQJ� RQ� WKH� IRUPDWV� RI� GDWD� DQG�
PRGHO��%HORZ��WZR�H[DPSOHV�RI�HUURU�IXQFWLRQV�XVHG�LQ�WKH�SDSHUV�LQ�WKLV�WKHVLV�DUH�JLYHQ��
����� 6WDWLF�VKDSH�ILWWLQJ�
,Q� SDSHU� ��� XOWUDVRXQG� PHDVXUHPHQWV� RI� WKH� WRQJXH� DUH� XVHG� WR� HVWLPDWH� WRQJXH� PRGHO�
SDUDPHWHUV�IRU�D�QXPEHU�RI�VWDWLF�DUWLFXODWLRQV��ZLWK�WKH�JRDO�RI�XVLQJ�WKHVH�DV�WDUJHW�VKDSHV�
LQ� D� YLVXDO� VSHHFK� V\QWKHVLV� V\VWHP�� 7KH� XOWUDVRXQG� PHDVXUHPHQWV� UHSUHVHQW� WKH� XSSHU�
VXUIDFH�RI�WKH�PHDVXUHG�WRQJXH�ERG\�DV�UHJXODU�TXDGULODWHUDO�PHVK��7KHUH�LV�RQH�VXFK�PHVK�
IRU�HDFK�DUWLFXODWLRQ��7KH�WRQJXH�PRGHO�WR�EH�ILWWHG��GHVFULEHG�LQ�VHFWLRQ������LV�GHILQHG�E\�D�
WULDQJOH�PHVK�DQG�LWV�VKDSH�LV�FRQWUROOHG�E\����SDUDPHWHUV��7KH�HUURU�PHWULF�PXVW�FDSWXUH�
KRZ�FORVHO\�WKH�VXUIDFH�RI�WKH�PRGHO�PDWFKHV�WKH�XOWUDVRXQG�PHVK��)RU�HDFK�YHUWH[�LQ�WKH�
XOWUDVRXQG�PHVK��D�OLQH�LV�GUDZQ�WR�D�FRPPRQ�SRLQW�ORFDWHG�FHQWUDOO\�EHORZ�WKH�WRQJXH��7KH�
VTXDUHG� GLVWDQFHV� DORQJ� HDFK� RI� WKHVH� OLQHV� EHWZHHQ� WKH� XOWUDVRXQG� YHUWH[� DQG� WKH� SRLQW�
ZKHUH�WKH�OLQH�LQWHUVHFWV�WKH�WRQJXH�VXUIDFH�DUH�VXPPHG�WR�SURGXFH�WKH�WRWDO�HUURU��

)LQGLQJ� WKH� LQWHUVHFWLRQ� EHWZHHQ� HDFK� OLQH� DQG� WKH� WRQJXH� PHVK� UHTXLUHV� D� VHDUFK�
WKURXJK� WKH� SRO\JRQV� RI� WKH� WRQJXH�� ([KDXVWLYHO\� VHDUFKLQJ� WKH� HQWLUH� SRO\JRQ�PHVK� IRU�
HDFK� YHUWH[� LQ� WKH� XOWUDVRXQG� VXUIDFH� ZRXOG� KRZHYHU� PDNH� WKH� HUURU� FDOFXODWLRQ�
SURKLELWLYHO\�VORZ��$�QHLJKERXULQJ�SRO\JRQ�DOJRULWKP� LV�XVHG� WR�VSHHG�XS� WKH� VHDUFK��)RU�
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HDFK�WULDQJOH�LQ�WKH�WRQJXH�PHVK��LQGLFHV�DUH�VWRUHG�WR�LWV�QHLJKERXULQJ�WULDQJOHV��*LYHQ�DQ�
LQLWLDO�HVWLPDWH�RI�DW�ZKLFK�SRO\JRQ�WKH�LQWHUVHFWLRQ�PLJKW�RFFXU��WKH�SRLQW�RI�LQWHUVHFWLRQ�LQ�
WKH� SODQH� RI� WKLV� SRO\JRQ� LV� FDOFXODWHG�� ,I� WKH� LQWHUVHFWLRQ� RFFXUV� LQVLGH� WKH� SRO\JRQ�� WKH�
VHDUFK�LV�WHUPLQDWHG��2WKHUZLVH��WKH�VHDUFK�FRQWLQXHV�ZLWK�WKH�QHLJKERXULQJ�WULDQJOH�LQ�WKH�
GLUHFWLRQ� RI� WKH� LQWHUVHFWLRQ�� 7\SLFDOO\�� LI� WKH� LQLWLDO� HVWLPDWH� LV� UHDVRQDEOH�� RQO\� D� IHZ�
WULDQJOHV�QHHG�WR�EH�VHDUFKHG�EHIRUH�WKH�LQWHUVHFWLQJ�WULDQJOH�LV�ORFDWHG��

,Q�DGGLWLRQ��DV�GLVFXVVHG�LQ�VHFWLRQ��������D�WRQJXH�YROXPH�SUHVHUYDWLRQ�WHUP�LV�DGGHG�WR�
WKH� HUURU� IXQFWLRQ�� 7KLV� WHUP� UHSUHVHQWV� WKH� VTXDUHG� GLIIHUHQFH� EHWZHHQ� FXUUHQW� WRQJXH�
YROXPH�DQG�UHIHUHQFH��QHXWUDO��WRQJXH�YROXPH��
����� '\QDPLF�IOHVKSRLQW�ILWWLQJ�
,Q� SDSHU� ��� G\QDPLF� GDWD� IURP� RSWLFDO� PRWLRQ� WUDFNLQJ� DQG� (0$� DUH� XVHG� WR� GULYH� WKH�
WDONLQJ�KHDG�DQG�WRQJXH�WR�UHSURGXFH�WKH�DUWLFXODWRU\�PRYHPHQWV�RI�WKH�UHFRUGHG�VSHDNHU��
0HDVXUHPHQW�GDWD�DUH�RUJDQLVHG�LQWR�D�VHTXHQFH�RI�IUDPHV��HDFK�FRQWDLQLQJ��'�FRRUGLQDWHV�
RI�D�QXPEHU�RI�SRLQWV�LQ�WKH�IDFH�DQG�RQ�WKH�WRQJXH��VDPSOHG�DW�D�UDWH�RI����+]��VHH�VHFWLRQ�
������7KH�EDVLF�DSSURDFK�LV�WR�FDUU\�RXW�WKH�HUURU�PLQLPLVDWLRQ�RQ�D�IUDPH�E\�IUDPH�EDVLV�WR�
ILQG�WKH�YHFWRU�RI�DUWLFXODWRU\�SDUDPHWHUV�WKDW�EHVW�PDWFKHV�HDFK�IUDPH��

0DWFKLQJ�WKHVH�GDWD�DJDLQVW�WKH�PRGHO�ZRXOG�EH�VWUDLJKWIRUZDUG�LI�ZH�FRXOG�DVVXPH�WKDW�
��� HDFK� PDUNHU� FRUUHVSRQGHG� H[DFWO\� WR� RQH� YHUWH[� RQ� WKH� PRGHO�� DQG� ��� WKH� PRGHO�
JHRPHWU\�PDWFKHV� WKH�RYHUDOO� IDFLDO� VKDSH�RI� WKH� UHFRUGHG� VXEMHFW�� ,Q� WKDW� FDVH�� WKH� HUURU�
IXQFWLRQ� FRXOG� EH� FDOFXODWHG� DV� WKH� VXP� RI� WKH� VTXDUHG� GLVWDQFHV� EHWZHHQ� PDUNHUV� DQG�
FRUUHVSRQGLQJ� YHUWLFHV� RQ� WKH�PRGHO�� 8QIRUWXQDWHO\�� LI� WKHUH� DUH� VWDWLF� VKDSH� GLIIHUHQFHV�
EHWZHHQ� PRGHO� DQG� VXEMHFW� �DV� LV� WKH� FDVH� KHUH��� WKH� PLQLPLVDWLRQ� DOJRULWKP� ZLOO� WU\� WR�
FRPSHQVDWH� IRU� WKHVH� XVLQJ� DUWLFXODWRU\� SDUDPHWHUV�� OHDGLQJ� WR� LQDFFXUDWH� DUWLFXODWLRQ��
,QVWHDG��WKH�VWUDWHJ\�FKRVHQ�LV�WR�GHILQH�D�VHW�RI�SRLQWV���YLUWXDO�PDUNHUV���RQ�WKH�PRGHO��HDFK�
RI� ZKLFK� FRUUHVSRQGV� WR� RQH� PHDVXUHG� PDUNHU�� )RU� D� UHIHUHQFH� IUDPH�� WKH� PRGHO� LV�
PDQXDOO\�DGMXVWHG�WR�PDWFK�WKH�PHDVXUHG�VXEMHFW·V�IDFH�DQG�WRQJXH�FRQILJXUDWLRQ��DQG�WKH�
YLUWXDO�PDUNHUV�DUH�´ORFNHGµ�WR�WKH�PRGHO�E\�IUHH]LQJ�WKH�SRVLWLRQ�RI�D�UHDO�PDUNHU��7KLV�LV�
GRQH�E\�H[SUHVVLQJ�WKH�SRVLWLRQ�RI�HDFK�YLUWXDO�PDUNHU�LQ�WHUPV�RI�WKUHH�QRQ�FROLQHDU�PRGHO�
YHUWLFHV��VHH�ILJXUH�����7KXV��ZKHQ�WKH�PRGHO�PRYHV��WKH�YLUWXDO�PDUNHUV�PRYH�ZLWK�LW��7KH�
HUURU� IXQFWLRQ� LV� JLYHQ� DV� WKH� VXPPHG� VTXDUHG�GLVWDQFHV�EHWZHHQ� FRUUHVSRQGLQJ� UHDO� DQG�
YLUWXDO�PDUNHUV��7KH�PDLQ�DGYDQWDJHV�RI�WKLV�SURFHGXUH�DUH�WKDW����PDUNHU�SODFHPHQW�LV�OHVV�
FULWLFDO� WKDQ� LI� WKH� PDUNHUV� ZHUH� PDWFKHG� GLUHFWO\� DJDLQVW� H[LVWLQJ� YHUWLFHV�� DQG� ��� LW� LV�
SRVVLEOH�WR�GULYH�PRGHOV�ZKRVH�JHRPHWULHV�GLIIHU�IURP�WKH�UHFRUGHG�VXEMHFWV��IRU�H[DPSOH�
FDUWRRQ�OLNH�IDFHV���

$� VLPLODU� SURFHGXUH�� EXW�ZLWKRXW� WRQJXH� GDWD��ZDV� XVHG� LQ� SDSHU� �� WR� REWDLQ� WUDLQLQJ�
GDWD�IRU�WKH�DUWLFXODWRU\�FRQWURO�PRGHOV�GHVFULEHG�LQ�VHFWLRQ������
����� 'DWD�H[WUDSRODWLRQ�
7KHUH�DUH�FHUWDLQ�DSSDUHQW�OLPLWDWLRQV�WR�WKH�RSWLFDO�PRWLRQ�WUDFNLQJ�V\VWHPV�ZKHQ�DSSOLHG�
WR�DUWLFXODWRU\�PHDVXUHPHQWV��)RU�H[DPSOH��LW�LV�QRW�SRVVLEOH�WR�SODFH�PDUNHUV�RQ�WKH�LQQHU�
OLS� FRQWRXU�� VLQFH� WKH� PDUNHUV� ZRXOG� REVWUXFW� WKH� VXEMHFW·V� DUWLFXODWLRQ�� DQG� ELODELDO�
RFFOXVLRQ�ZRXOG�FDXVH�WKH�PDUNHUV�WR�EH�REVFXUHG��PDNLQJ�WKHP�GLIILFXOW�WR�WUDFN��6WLOO��OLS�
FORVXUH�LV�DQ�LPSRUWDQW�SURSHUW\�WR�PRGHO�FRUUHFWO\�LQ�D�WDONLQJ�KHDG��VLQFH�ELODELDO�RFFOXVLRQ�
LV�DPRQJ�WKH�PRVW�KLJKO\�YLVLEOH�DUWLFXODWRU\�PRYHPHQWV���

7KH� OLSV� DUH� KLJKO\� GHIRUPDEOH�� DQG� RXU� FXUUHQW�PRGHOV� DUH� QRW� DOZD\V� DEOH� WR� DWWDLQ�
FRUUHFW�OLS�FORVXUH�EDVHG�RQO\�RQ�WKH�RXWHU�OLS�FRQWRXU�PHDVXUHPHQWV��HVSHFLDOO\�LQ�URXQGHG�
DQG�SURWUXGHG�FRQWH[WV��7KHUHIRUH��LQ�SDSHU����D�SUH�SURFHVVLQJ�VWDJH�LV�SHUIRUPHG�SULRU�WR�
PRGHO�ILWWLQJ��ZKHUH�SRLQWV�RQ�WKH�LQQHU�OLS�FRQWRXU��L � �DQG�L � �LQ�ILJXUH����DUH�HVWLPDWHG�IURP�WKH�SRLQWV�PHDVXUHG�RQ�WKH�RXWHU�FRQWRXU��R � �WR�R � ���



� 'DWD�VRXUFHV�IRU�WDONLQJ�KHDGV� ���� �

7KH� HVWLPDWLRQ� LV� EDVHG� RQ� OLQHDU� UHJUHVVLRQ�� )LUVW� D� WUDLQLQJ� VHW� ZDV� DVVHPEOHG�� E\�
SLFNLQJ�DQ�HTXDO�QXPEHU�RI�IUDPHV�IURP�ELODELDO�VWRSV�DQG�IURP�QRQ�ODELDO�SKRQHPHV��IRU�
ZKLFK� WKH� SRVLWLRQV� RI� WKH� LQQHU� OLS� SRLQWV� ZHUH� HVWLPDWHG� XVLQJ� KHXULVWLFV� EDVHG� RQ� WKH�
SKRQHWLF�ODEHOOLQJ��VHH�SDSHU���IRU�GHWDLOV���7KHQ�D�OLQHDU�HVWLPDWRU�ZDV�WUDLQHG�RQ�WKLV�GDWD�
WR� SUHGLFW� WKH� SRVLWLRQV� RI� L � � DQG� L � � IURP� WKH�RXWHU� SRLQWV�� 7KH� UHDVRQ� IRU�XVLQJ� D� OLQHDU�HVWLPDWRU�DQG�QRW�XVLQJ�WKH�KHXULVWLF�PHWKRG�GLUHFWO\�WR�SUHGLFW�WKH�LQQHU�SRLQWV�LV�WKDW�WKH�
OLQHDU�HVWLPDWRU�SUHVHUYHV�WKH�G\QDPLFDO�SURSHUWLHV�RI�OLS�PRWLRQ���
��� &RUUHODWLQJ�WKH�GDWD�VRXUFHV�
:KHQ� VLPXOWDQHRXV� PHDVXUHPHQWV� RI� WRQJXH� DQG� IDFH�PRWLRQ� DUH�PDGH�� LW� LV� RI� JHQHUDO�
LQWHUHVW� WR� LQYHVWLJDWH� WKH�FRUUHODWLRQ�EHWZHHQ�WKH� WZR�GDWD�VHWV��)XUWKHUPRUH�� VLQFH�(0$�
PHDVXUHPHQWV� DUH� VRPHZKDW� LQYDVLYH� DQG� PD\� KDYH� D� VOLJKW� LPSDFW� RQ� DUWLFXODWLRQ�� WKH�
SURVSHFW�RI�SUHGLFWLQJ� WRQJXH�PRYHPHQWV� IURP�IDFLDO�GDWD� VHHPV� OLNH�DQ� LQWHUHVWLQJ�RSWLRQ��
<HKLD� HW� DO�� �������SURSRVHG�D�SURFHGXUH� WR�GHULYH�DQ�DVVRFLDWLRQ�EHWZHHQ�YRFDO�WUDFW� DQG�
IDFH� GDWD� IRU� RQH� (QJOLVK� DQG� RQH� -DSDQHVH� VXEMHFW�� IRU� ZKLFK� QRQ�VLPXOWDQHRXV�
237275$.� DQG� (0$� GDWD� KDG� EHHQ� UHFRUGHG� IRU� D� VPDOO� VHQWHQFH� PDWHULDO� �PXOWLSOH�
UHSHWLWLRQV� RI� WZR�(QJOLVK� DQG� ILYH� -DSDQHVH� VHQWHQFHV��� -LDQJ� HW� DO�� ������� UHSRUWHG� RQ� D�
VLPLODU� VWXG\�� ZKHUH� &9� V\OODEOHV� ZHUH� UHFRUGHG� ZLWK� VLPXOWDQHRXV� 46� DQG� (0$�
UHJLVWUDWLRQ�IRU�IRXU�VXEMHFWV��,Q�SDSHU����WKH�VLPXOWDQHRXVO\�UHFRUGHG�46�DQG�(0$�GDWDVHWV�
ZHUH� VXEMHFW� WR� WKH� VDPH� W\SH� RI� DQDO\VLV�� 7KH� SURFHGXUH� IROORZHG� LQ� DOO� WKHVH� VWXGLHV�
�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�SDSHU����LQYROYHV�SDUWLWLRQLQJ�WKH�PDWHULDO�LQWR�WUDLQLQJ�DQG�WHVW�
SDUWV��DQG�WKHQ�XVLQJ�PXOWLSOH�OLQHDU�UHJUHVVLRQ�WR�FRPSXWH�DQ�HVWLPDWRU�PDWUL[��WKDW�FDQ�EH�

��
)LJXUH���� (DFK�RI�WKH�YLUWXDO�PDUNHUV��OLJKW�EOXH�VSKHUHV�� LV�FRQQHFWHG�WR�WKUHH�PRGHO�YHUWLFHV��ZKLWH�
OLQHV�� DQG� PRYHV� ZLWK� WKH� PRGHO� DV� LW� GHIRUPV�� 7KH\� DUH� FRPSDUHG� DJDLQVW� WKH� SRVLWLRQ� RI�
FRUUHVSRQGLQJ�PHDVXUHG�PDUNHUV��GDUN�JUHHQ�VSKHUHV���
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�)LJXUH���� 7ZR� SRLQWV� RQ� WKH� LQQHU� OLS� FRQWRXU� DUH� SUHGLFWHG� IURP� WKH� PHDVXUHPHQWV� RQ� WKH� RXWHU�
FRQWRXU��
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�
XVHG� WR� H[SUHVV� WKH� YRFDO�WUDFW� SRLQW� FRRUGLQDWHV� DV� D� OLQHDU� FRPELQDWLRQ� RI� IDFH� SRLQW�
FRRUGLQDWHV��LQ�D�OHDVW�VTXDUHV�VHQVH��

$IWHU�SUHGLFWLQJ�YRFDO�WUDFW� IURP�IDFH� IRU� WKH� WHVW� SDUW� RI� WKH�PDWHULDO�� WKH�FRUUHODWLRQ�
EHWZHHQ� SUHGLFWHG� DQG� PHDVXUHG� WRQJXH� SRLQW� WUDMHFWRULHV� LV� FDOFXODWHG�� 7KLV� FRUUHODWLRQ�
JLYHV�D�PHDVXUH�RI�WR�ZKDW�GHJUHH�WKH�WRQJXH�GDWD�FDQ�EH�UHFRYHUHG�IURP�IDFH�PRYHPHQWV�
RQO\��7KH�LQYHUVH�DQDO\VLV��SUHGLFWLRQ�RI�IDFH�IURP�YRFDO�WUDFW�GDWD��ZDV�DOVR�FDUULHG�RXW�LQ�
WKH�PHQWLRQHG�VWXGLHV��DQG�LQ�<HKLD�HW�DO��DQG�-LDQJ�HW�DO���SUHGLFWLRQV�IURP�DQG�WR�DFRXVWLF�
IHDWXUHV�ZHUH�PDGH�DV�ZHOO��

7KH�FRUUHODWLRQ�PHDVXUHV�IRU�WKH�YRFDO�WUDFW�WR�IDFH�DQG�IDFH�WR�YRFDO�WUDFW�SUHGLFWLRQV�LQ�
WKH�GLIIHUHQW� VWXGLHV� DUH� VXPPDULVHG� LQ� WDEOH� ���2QH�REVHUYDWLRQ� WR�EH�PDGH� DERXW� WKHVH�
GDWD� LV� WKDW� WKH� QXPEHU� RI� FRLOV� �DQG� WKHLU� ORFDWLRQV�� KDYH� JUHDW� LPSDFW� RQ� WKH� UHVXOWLQJ�
FRUUHODWLRQV�� ,Q� SDSHU� ��� WKH� HVWLPDWLRQV� DQG� FRUUHODWLRQV� ZHUH� FDOFXODWHG� ZLWK� �� FRLOV�
�WRQJXH�RQO\�����FRLOV��WRQJXH���MDZ��DQG���FRLOV��WRQJXH��MDZ�DQG�XSSHU�OLS���VHH�ILJXUH���IRU�
DQ�LOOXVWUDWLRQ�RI�FRLO�SODFHPHQW��7KH�XSSHU� OLS�FRLO�ZDV�FR�UHJLVWHUHG�RSWLFDOO\��<HKLD�HW�DO��
XVHG�VHYHQ�FRLOV��IRXU�RQ� WKH�WRQJXH��WZR�RQ�WKH� OLSV�DQG�RQH�RQ�WKH� MDZ��ORZHU� LQFLVRUV���
%RWK�OLS�SRLQWV�ZHUH�UHJLVWHUHG�RSWLFDOO\�DV�ZHOO�DV�ZLWK�(0$��4XLWH�QDWXUDOO\��SRLQWV�WKDW�
DUH�GLUHFWO\�FR�UHJLVWHUHG�VKRZ�WKH� ODUJHVW�SUHGLFWDELOLW\�ZLWK�FRUUHODWLRQV�FORVH� WR������DQG�
WKHUHIRUH� WKH\� LPSURYH� WKH�PHDQ�FRUUHODWLRQ�YDOXHV� VLJQLILFDQWO\��7KH�VDPH� LV� WUXH�IRU� WKH�
MDZ�FRLO��ZKLFK�LV�KLJKO\�FRUUHODWHG�ZLWK�RSWLFDO�PDUNHUV�RQ�WKH�FKLQ��7KH�UHVXOWV�IURP�<HKLD�
HW�DO�DUH�SODFHG�LQ�WKH����FRLO�FROXPQ�LQ�WKH�WDEOH��EXW�LW�VKRXOG�EH�NHSW�LQ�PLQG�WKDW�WKH\�
LQFOXGH�WZR�FR�UHJLVWHUHG�SRLQWV��ZKHUHDV�SDSHU���XVHV�RQH��ZKLFK�LV�SDUW�RI�WKH�H[SODQDWLRQ�
IRU�WKH�GLIIHUHQFHV�LQ�FRUUHODWLRQ�REWDLQHG�LQ�WKH�VWXGLHV��-LDQJ�HW�DO��RQO\�XVHG�WKUHH�FRLOV��DOO�
RI�WKHP�RQ�WKH�WRQJXH��HTXLYDOHQW�WR�WKH���FRLO�FDVH�LQ�SDSHU����

:KHQ�WKUHH�FRLOV�DUH�XVHG��WRQJXH�LV�UHFRYHUHG�IURP�IDFH�EHWWHU�WKDQ�WKH�RSSRVLWH��EXW�
ZKHQ�OLSV�DQG�MDZ�DUH�LQFOXGHG�LQ�WKH�YRFDO�WUDFW�GDWD�VHW�����FRLOV���IDFH�GDWD�LV�UHFRYHUHG�
IURP�YRFDO�WUDFW�EHWWHU�WKDQ�YRFDO�WUDFW�IURP�IDFH��

$QRWKHU�REVHUYDWLRQ�UHJDUGV�WKH�GLIIHUHQW�W\SHV�RI�VSHHFK�WRNHQV�XVHG�LQ�WKH�VWXGLHV��,Q�
SDSHU� ��� 9&9� DQG� &9&� DV� ZHOO� DV� VHQWHQFHV� ZHUH� XVHG�� 9&9V� SURGXFH� PXFK� KLJKHU�
FRUUHODWLRQV�WKDQ�VHQWHQFHV�DQG�&9&V��2QH�SRVVLEOH�H[SODQDWLRQ�IRU�WKLV�FRXOG�EH�WKDW�WKH�
9&9V�DUH�WHPSRUDOO\�GRPLQDWHG�E\�WKUHH�FDUULHU�YRZHOV� � 
�� � � �IRU�ZKLFK�WKHUH�LV�OLNHO\�WR�
H[LVW�D�VWURQJ�DVVRFLDWLRQ�EHWZHHQ�IDFLDO�DQG�YRFDO�WUDFW�FRQILJXUDWLRQ��7KH�VDPH�LV�WUXH�RI�
WKH�&9�FRUSXV�XVHG�E\�-LDQJ�HW�DO��ZKHUH����FRQVRQDQWV�ZHUH�SDLUHG�ZLWK���YRZHOV���

$OVR�WKH�VL]HV�DQG�GLYHUVLW\�RI�WKH�FRUSRUD�GLIIHU�EHWZHHQ�WKH�VWXGLHV��:KLOH�<HKLD�HW�DO��
XVHG� ILYH� UHSHWLWLRQV� RI� D� VPDOO� QXPEHU� ������ RI� VHQWHQFHV�� DQG� -LDQJ� HW� DO�� XVHG� ��� &9�
V\OODEOHV��WKH�VWXG\�LQ�SDSHU���XVHG�����9&9V�����&9&V�DQG�����VHQWHQFHV��,W�LV�UHDVRQDEOH�
WR� DVVXPH� WKDW� D�PRUH� GLYHUVH� FRUSXV� H[KLELWV� OHVV� SUHGLFWDELOLW\�� HQWDLOLQJ� ORZHU� DYHUDJH�
FRUUHODWLRQV�EHWZHHQ�PHDVXUHPHQWV�DQG�SUHGLFWLRQV��

�
7DEOH���� 5HVXOWV� IURP� WKUHH� VWXGLHV� ZKHUH� YRFDO�WUDFW�PRWLRQ� LV� SUHGLFWHG� IURP� IDFLDO�PRWLRQ� DQG�
YLFH�YHUVD��FRUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ�PHDVXUHPHQW�DQG�SUHGLFWLRQ��
� � 9RFDO�WUDFW�IURP�IDFH� )DFH�IURP�YRFDO�WUDFW� &RPPHQW�
� &RUSXV� ��FRLOV�� ��FRLOV�� ���FRLOV� ��FRLOV� ��FRLOV� ���FRLOV� �

9&9� ������ ������� ������ ������ ������ ������ �
&9&� ������� ������� ������ ������ ������ ������ �
6HQWHQFHV� ������� ������� ������ ������ ������ ������ �3DSHU���
$OO� ������� ������� ������ ������ ������ ������ �

<HKLD�HW�DO��
������� 6HQWHQFHV� � � ����� � � ����� $YHUDJHG�RYHU�WZR�

VXEMHFWV����FRLOV�
-LDQJ�HW�DO��
������� &9� ����� � � ����� � � $YHUDJHG�RYHU�IRXU�

VXEMHFWV��
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� 3+21(0(�'5,9(1�$57,&8/$7,21�
*LYHQ�D�IDFH�PRGHO��DQG�D�ZD\�WR�DQLPDWH�WKH�PRGHO�WR�UH�V\QWKHVLVH�WKH�PRWLRQ�RI�D�UHDO�
VSHDNHU�� RQH� LPSRUWDQW� VWHS� UHPDLQV�� QDPHO\� WKDW� RI� DXWRPDWLFDOO\� JHQHUDWLQJ� DQLPDWLRQ�
IURP� VRPH� IRUP� RI� LQSXW� RWKHU� WKDQ� GLUHFW� PHDVXUHPHQWV�� ,Q� D� 7H[W�WR�$XGLR�9LVXDO�
6SHHFK��77$96��V\QWKHVLV�V\VWHP��WKHUH�LV�W\SLFDOO\�D�SUH�SURFHVVLQJ�VWDJH�FRPPRQ�WR�ERWK�
WKH� DFRXVWLF� DQG� YLVXDO� PRGDOLWLHV� WKDW� FRQYHUWV� RUWKRJUDSKLF� WH[W� LQWR� D� SKRQHWLF�
UHSUHVHQWDWLRQ�� $Q� DUWLFXODWRU\� FRQWURO� PRGHO� LV� UHVSRQVLEOH� IRU� SURGXFWLRQ� RI� YLVLEOH�
DUWLFXODWRU\� PRYHPHQWV� IURP� WKH� SKRQHWLF� UHSUHVHQWDWLRQ�� D� VHTXHQFH� RI� WLPH�ODEHOOHG�
SKRQHPHV��2WKHU� W\SHV� RI� FRQWURO�PRGHOV� IRU� JHQHUDWLQJ� DUWLFXODWRU\�PRYHPHQWV� GLUHFWO\�
IURP�VSHHFK�DV�ZHOO�DV�JHQHUDWLRQ�RI�QRQ�YHUEDO�JHVWXUHV�DUH�GLVFXVVHG�LQ�WKH�IROORZLQJ�WZR�
FKDSWHUV��

)RU�WKH�UHVXOWLQJ�DQLPDWLRQ�WR�DSSHDU�UHDOLVWLF��WKH�DUWLFXODWRU\�FRQWURO�PRGHO�KDV�WR�WDNH�
D�QXPEHU�RI�IDFWRUV�LQWR�DFFRXQW��FULWLFDO�DUWLFXODWRU\�WDUJHWV�KDYH�WR�EH�DWWDLQHG��G\QDPLFDO�
SURSHUWLHV�DQG�WKH�WLPLQJ�RI�WKH�DUWLFXODWRU�PRYHPHQWV�VKRXOG�EH�SURSHU��DQG�FRDUWLFXODWLRQ�
PXVW� VRPHKRZ� EH� WDNHQ� LQWR� DFFRXQW�� &RDUWLFXODWLRQ� UHIHUV� WR� WKH� ZD\� LQ� ZKLFK� WKH�
UHDOLVDWLRQ�RI�D�SKRQHWLF�VHJPHQW�LV�LQIOXHQFHG�E\�QHLJKERXULQJ�VHJPHQWV��

7ZR�SDSHUV� LQ� WKLV�VWXG\�GHDO�ZLWK� WKH� VXEMHFW�RI�DUWLFXODWRU\�FRQWURO�PRGHOV��3DSHU���
SUHVHQWV� D� UXOH�EDVHG� DSSURDFK�� EDVHG� RQ� LQWURVSHFWLRQ� DQG� SKRQHWLF� NQRZOHGJH�� ZKLOH�
SDSHU� �� GHDOV� ZLWK� GDWD�GULYHQ� DUWLFXODWRU\� FRQWURO�� HYDOXDWLQJ� D� QXPEHU� RI� GLIIHUHQW�
DSSURDFKHV��7KH� GLVWLQFWLRQ� RI� UXOH�EDVHG�� RU� NQRZOHGJH�EDVHG� YHUVXV� GDWD�GULYHQ� FDQ� EH�
DSSOLHG�WR�PRVW�DUWLFXODWRU\�FRQWURO�PRGHOV�SUHVHQWHG�LQ�WKH�OLWHUDWXUH���
��� 5XOH�EDVHG�PRGHOV�
3HODFKDXG� HW�DO�� �������GHVFULEH�D� UXOH�EDVHG�FRQWURO�PRGHO�ZKHUH�SKRQHPHV�DUH�FOXVWHUHG�
LQWR�YLVHPHV�WKDW�DUH�FODVVLILHG�LQWR�GLIIHUHQW�GHIRUPDELOLW\�UDQNV��ZKLFK�VHUYH�WR�LQGLFDWH�WR�
ZKDW� GHJUHH� HDFK� YLVHPH� VKRXOG� EH� LQIOXHQFHG� E\� LWV� FRQWH[W�� 9LVHPHV� ZLWK� ORZ�
GHIRUPDELOLW\�VHUYH�DV�NH\�VKDSHV�WKDW�LQIOXHQFH�WKH�VKDSH�RI�WKH�PRUH�GHIRUPDEOH�RQHV��

7KH� PRGHO� GHVFULEHG� E\� &RKHQ� DQG� 0DVVDUR� ������� LV� EDVHG� RQ� /|ITYLVW·V� �������
JHVWXUDO� WKHRU\�RI� VSHHFK�SURGXFWLRQ��+HUH�� WKH� WUDMHFWRU\�RI� DQ�DUWLFXODWRU� LV�PRGHOOHG�DV�
EHLQJ� FRPSRVHG� RI� RYHUODSSLQJ� DUWLFXODWRU\� JHVWXUHV�� (DFK� VHJPHQW� LV� DVVRFLDWHG� ZLWK� D�
WDUJHW� YDOXH� DQG� D� WHPSRUDO� EOHQGLQJ� IXQFWLRQ� ZLWK� H[SRQHQWLDO� ULVH� DQG� IDOO�� FDOOHG� WKH�
GRPLQDQFH�IXQFWLRQ�� WKDW�GLFWDWHV�WR�ZKDW�H[WHQW�WKH�WDUJHW� LQIOXHQFHV� LWV�VXUURXQGLQJV��$W�
HDFK�SRLQW�LQ�WLPH��WKH�YDOXH�RI�D�SDUDPHWHU�LV�JLYHQ�DV�WKH�QRUPDOLVHG�ZHLJKWHG�VXP�RI�DOO�
WDUJHW� YDOXHV� DQG� WKHLU� DVVRFLDWHG� GRPLQDQFH� OHYHOV� DW� WKDW� LQVWDQW�� 7KH� KHLJKW� RI� HDFK�
GRPLQDQFH�IXQFWLRQ�DW�WKH�SHDN�DQG�WKH�UDWH�RI�ULVH�DQG�IDOO�DUH�IUHH�SDUDPHWHUV�WKDW�FDQ�EH�
DGMXVWHG�IRU�HDFK�SKRQHPH�DQG�DUWLFXODWRU\�FRQWURO�SDUDPHWHU��

,Q�SDSHU���RI�WKLV�WKHVLV��D�UXOH�EDVHG�FRDUWLFXODWLRQ�PRGHO�LV�SUHVHQWHG��,Q�WKLV�PRGHO��
HDFK�SKRQHPH� LV� DVVLJQHG�D� WDUJHW�YHFWRU�RI� DUWLFXODWRU\�FRQWURO�SDUDPHWHUV��7R�DOORZ� WKH�
WDUJHWV�WR�EH�LQIOXHQFHG�E\�FRDUWLFXODWLRQ��WKH�WDUJHW�YHFWRU�PD\�EH�XQGHU�VSHFLILHG��L�H��VRPH�
SDUDPHWHU�YDOXHV�FDQ�EH�OHIW�XQGHILQHG��,Q�WKLV�FDVH��WKH�YDOXH�LV�LQIHUUHG�IURP�FRQWH[W�XVLQJ�
LQWHUSRODWLRQ�� IROORZHG� E\� VPRRWKLQJ� RI� WKH� UHVXOWLQJ� WUDMHFWRU\��$V� DQ� H[DPSOH�� FRQVLGHU�
WKH� OLS� URXQGLQJ� SDUDPHWHU� LQ� D� 9 � &&&9 � � XWWHUDQFH� ZKHUH� 9 � � LV� XQURXQGHG� DQG� 9 � � LV�URXQGHG��/LS�URXQGLQJ�ZRXOG�EH�XQVSHFLILHG�IRU�WKH�FRQVRQDQWV��OHDYLQJ�WKHVH�WDUJHWV�WR�EH�
GHWHUPLQHG�IURP�WKH�YRZHO�FRQWH[W�E\�OLQHDU�LQWHUSRODWLRQ�IURP�WKH�XQURXQGHG�9 � ��DFURVV�
WKH�FRQVRQDQW�FOXVWHU��WR�WKH�URXQGHG�9 � ��$Q�DOWHUQDWLYH�WR�XVLQJ�UXOHV�RU�PDWKHPDWLFDO�HTXDWLRQV�WR�FRPELQH�FRQWH[W�LQGHSHQGHQW�
SKRQHPH�GHVFULSWLRQV�LV�WR�FRQVLGHU�FRQWH[W�GLUHFWO\�LQ�WKH�XQLWV�XVHG�IRU�V\QWKHVLV��%UHHQ�HW�
DO�� ������� PDQXDOO\� DQDO\VHG� D� 9&9� YLGHR� FRUSXV� WR� GHWHUPLQH� D� VHW� RI� VWDWLF� FRQWH[W�
GHSHQGHQW�YLVHPHV�WKDW�ZHUH�XVHG�DV�LQWHUSRODWLRQ�WDUJHWV�GXULQJ�DQLPDWLRQ��)URP�FRQWH[W�
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GHSHQGHQW�VWDWLF�WDUJHWV��D�QDWXUDO�H[WHQVLRQ�LV�FRQFDWHQDWLRQ�RI�G\QDPLF�XQLWV��VHTXHQFHV�RI�
YLGHR�RU�WUDMHFWRULHV�EDVHG�RQ�PHDVXUHPHQWV�RI�D�UHDO�VSHDNHU��ZKLFK�LV�WKH�PRVW�GLUHFW�ZD\�
WR� LQFRUSRUDWH� VXEVWDQWLDO� DPRXQWV� RI� GDWD� LQWR� D� PRGHO�� LQ� SXUVXLW� RI� PRUH� QDWXUDO�
DQLPDWLRQV��
��� 'DWD�GULYHQ�PRGHOV�

����� &RQFDWHQDWLYH�DSSURDFKHV�
,Q� DQDORJ\� ZLWK� WKH� GHYHORSPHQW� LQ� DFRXVWLF� VSHHFK� V\QWKHVLV�� ZKHUH� FRQFDWHQDWLYH�
DSSURDFKHV� DUH� FXUUHQWO\� SUHGRPLQDQW�� D� QXPEHU� RI� UHVHDUFKHUV� KDYH� SURSRVHG�
FRQFDWHQDWLRQ� RI� G\QDPLF� FRQWH[W� GHSHQGHQW� XQLWV� RI� YLVXDO� VSHHFK�� 7KLV� WHFKQLTXH� LV�
PRVWO\�DSSOLHG�LQ�YLGHR�EDVHG�V\VWHPV��VXFK�DV�9LGHR�5HZULWH�E\�%UHJOHU�HW�DO���������ZKHUH�
WKH� XQLW� RI� FRQFDWHQDWLRQ� LV� WULSKRQHV�� &RVDWWR� DQG� *UDI� ������� LPSOHPHQWHG� DQ� DXGLR�
YLVXDO�YDULDQW�RI�WKH�XQLW�VHOHFWLRQ�VWUDWHJ\�NQRZQ�IURP�DFRXVWLF�VSHHFK�V\QWKHVLV��+XQW�DQG�
%ODFN���������ZKHUH�DUELWUDU\� VL]HG�XQLWV� DUH� VHOHFWHG� IURP�D� ODUJH�GDWDEDVH�RI�FRQWLQXRXV�
VSHHFK��WR�PLQLPLVH�FHUWDLQ�WDUJHW�DQG�FRQFDWHQDWLRQ�FRVWV��

&RQFDWHQDWLYH�DSSURDFKHV�KDYH�DOVR�EHHQ�DSSOLHG�WR�PRGHO�EDVHG�V\VWHPV��+lOOJUHQ�DQG�
/\EHUJ��������GHVFULEH�D�V\VWHP�ZKHUH�FRQWURO�SRLQW�WUDMHFWRULHV��PHDVXUHG�XVLQJ�DQ�RSWLFDO�
WUDFNLQJ� V\VWHP�� DUH� FRQFDWHQDWHG� RQ� D� GHPL�V\OODEOH� EDVLV� WR� GULYH� D� �'� WDONLQJ� KHDG��
(QJZDOO��������HPSOR\HG�XQLW�VHOHFWLRQ�RQ�DQ�(0$�GDWDEDVH�WR�GULYH�D��'�WRQJXH�PRGHO��
����� 7UDLQDEOH�FRDUWLFXODWLRQ�PRGHOV�
'LUHFW� FRQFDWHQDWLRQ� RI� SDUDPHWHU� WUDMHFWRULHV� LV� RQH� ZD\� WR� WDNH� DGYDQWDJH� RI� GDWD� LQ�
DUWLFXODWLRQ� PRGHOOLQJ�� 7UDLQDEOH� FRDUWLFXODWLRQ� PRGHOV� UHSUHVHQW� DQRWKHU�� &RDUWLFXODWLRQ�
PRGHOV� ZLWK� DQ\� QXPEHU� RI� IUHH� SDUDPHWHUV� FDQ� EH� DXWRPDWLFDOO\� WUDLQHG� WR� UHSURGXFH�
SDWWHUQV�REVHUYHG�LQ�GDWD��7KH�WHFKQLTXH�LV�WR�HPSOR\�RSWLPLVDWLRQ�WHFKQLTXHV�WR�PLQLPLVH�
WKH�HUURU�EHWZHHQ�WKH�SUHGLFWHG�WUDMHFWRU\�DQG�WKH�PHDVXUHPHQW�E\�DGMXVWLQJ�WKH�SDUDPHWHUV�
RI�WKH�PRGHO��7KLV�DSSURDFK�KDV�EHHQ�WDNHQ�E\�/H�*RII���������ZKR�WUDLQHG�WKH�GRPLQDQFH�
PRGHO�RI�&RKHQ�DQG�0DVVDUR��������IRU�)UHQFK��EDVHG�RQ�WUDMHFWRULHV�H[WUDFWHG�IURP�YLGHR�
UHFRUGLQJV� RI� D� VSHDNHU� XWWHULQJ� QRQVHQVH� ZRUGV�� &RVL� HW� DO�� ������� HPSOR\HG� D� VLPLODU�
SURFHGXUH� WR� WUDLQ� D� PRGLILHG� YHUVLRQ� RI� WKH� &RKHQ�0DVVDUR� PRGHO� RQ� DQ� ,WDOLDQ� 9&9�
FRUSXV� RI� RSWLFDO� WUDFNLQJ� GDWD��&RKHQ� HW� DO�� ������� DOVR� GHVFULEH� WUDLQLQJ� WKHLU�PRGHO� IRU�
(QJOLVK�EDVHG�RQ�D�VHQWHQFH�FRUSXV�UHFRUGHG�ZLWK�DQ�RSWLFDO�WUDFNLQJ�V\VWHP��

5HYHUHW� HW� DO�� ������� DGRSW� gKPDQ
V� ������� PRGHO� RI� FRDUWLFXODWLRQ�� ,Q� WKLV� PRGHO�
SDUDPHWHU� WUDMHFWRULHV� DUH�PRGHOOHG� DV� D� FRPSRVLWLRQ� RI� D� VORZO\� FKDQJLQJ� YRZHO� JHVWXUH�
DQG�PRUH�UDSLG�FRQVRQDQWDO�DUWLFXODWLRQV��&RQVRQDQWV�DUH�GHVFULEHG�E\�D�WDUJHW�YDOXH�DQG�DQ�
HPHUJHQFH�IXQFWLRQ��GLFWDWLQJ� WKH� WHPSRUDO�EOHQGLQJ�RI�YRZHO� WUDFN�DQG�FRQVRQDQW� WDUJHW��
7KH�IUHH�SDUDPHWHUV�RI�WKH�PRGHO�ZHUH�HVWLPDWHG�IURP�D�FRUSXV�GHULYHG�XVLQJ�YLGHR�DQDO\VLV�
RI����9&9�ZRUGV��
����� 7UDLQDEOH�JHQHUDO�SXUSRVH�PRGHOV��
7KH� FRDUWLFXODWLRQ� PRGHOV� GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ� KDYH� WKHLU� RULJLQ� LQ� VSHHFK�
SURGXFWLRQ�WKHRU\�DQG�ZHUH�RULJLQDOO\�FRQFHLYHG�DV�WRROV�IRU�JDLQLQJ�PRUH�LQVLJKW� LQWR�WKH�
SURFHVV� RI� KXPDQ� VSHHFK� SURGXFWLRQ�� ,Q�PRGHOOLQJ� DUWLFXODWRU\�PRYHPHQWV� IRU� D� WDONLQJ�
KHDG��WKHUH�LV�KRZHYHU�QR�D�SULRUL�UHDVRQ�WR�EH�UHVWULFWHG�WR�VSHHFK�VSHFLILF�PRGHOV��,I�ZH�
YLHZ� FRDUWLFXODWLRQ� DV� D� JHQHUDO� WUDMHFWRU\�PRGHOOLQJ� SUREOHP�� WKHUH� LV� D� ODUJH� WRROER[� RI�
PDWKHPDWLFDO� DQG� VWDWLVWLFDO� PHWKRGV� WKDW� FDQ� EH� DSSOLHG�� DV� KDV� EHHQ� VKRZQ� E\� VHYHUDO�
LQYHVWLJDWRUV���
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3HODFKDXG��������PRGHOV�WKH�WUDMHFWRULHV�RI�DUWLFXODWRU\�SDUDPHWHUV�IRU�9&9�ZRUGV�DV�D�
ZHLJKWHG� VXP�RI� UDGLDO� EDVLV� IXQFWLRQV� �5%)V���7KH�5%)V�XVHG�E\�3HODFKDXG� VKDUH� VRPH�
SURSHUWLHV� ZLWK� WKH� GRPLQDQFH� IXQFWLRQV� RI� WKH� &RKHQ�0DVVDUR� PRGHO�� LQ� WKDW� WKH\� DUH�
QHJDWLYH� H[SRQHQWLDO� IXQFWLRQV�� EXW� LQ� 3HODFKDXG·V� PRGHO� WKUHH� 5%)V� SHU� VHJPHQW� DQG�
SDUDPHWHU�DUH�XVHG�DV�RSSRVHG� WR�RQH�VLQJOH�GRPLQDQFH�IXQFWLRQ��7KH�IUHH�SDUDPHWHUV�RI�
WKH�5%)V�ZHUH�HVWLPDWHG�IURP�D�WUDLQLQJ�FRUSXV�RI�RSWLFDOO\�WUDFNHG�9&9�VHTXHQFHV��

+LGGHQ�0DUNRY�0RGHOV��+00V���D�VWRFKDVWLF�PRGHOOLQJ�WHFKQLTXH�PRVWO\�NQRZQ�IURP�
WKH� VSHHFK� UHFRJQLWLRQ� ILHOG�� KDV� EHHQ� DSSOLHG� WR� WKH� SUREOHP�RI� WUDMHFWRU\�PRGHOOLQJ� E\�
6FRWW� 	� %URRNH� ������� DQG� 7DPXUD� HW� DO�� �������� ,Q� WKH� ODWWHU� V\VWHP�� HDFK� V\OODEOH� LV�
PRGHOOHG� DV� D� VWDWH� VHTXHQFH� ZKHUH� HDFK� VWDWH� LV� DVVRFLDWHG� ZLWK� D� JDXVVLDQ� SUREDELOLW\�
GHQVLW\� IXQFWLRQ� IRU� HDFK�SDUDPHWHU� DQG� LWV� WLPH�GHULYDWLYH��7KH�RSWLPDO� �PRVW� SUREDEOH��
SDUDPHWHU�WUDMHFWRU\�LV�REWDLQHG�E\�VROYLQJ�D�VHW�RI�OLQHDU�HTXDWLRQV��

$� VLPLODU� DSSURDFK� LV� WDNHQ� LQ� WKH� SL[HO�EDVHG� V\VWHP� RI� (]]DW� HW� DO�� �������� ZKHUH�
SDUDPHWHU�WUDMHFWRU\�JHQHUDWLRQ�LV�SRVHG�DV�D�PDWKHPDWLFDO�UHJXODULVDWLRQ�SUREOHP��*LURVL�HW�
DO����������$�WUDMHFWRU\�LV�V\QWKHVLVHG�E\�ILQGLQJ�WKH�FXUYH�WKDW�RSWLPLVHV�D�FRPELQDWLRQ�RI�D�
WDUJHW�FRVW�DQG�D�VPRRWKQHVV�FULWHULRQ��7KH�WDUJHW�FRVW�LV�EDVHG�RQ�KRZ�FORVHO\�WKH�WUDMHFWRU\�
PDWFKHV� D� JDXVVLDQ� GLVWULEXWLRQ� RI� SDUDPHWHU� YDOXHV� IRU� HDFK� VHJPHQW�� 7KH� VPRRWKQHVV�
FULWHULRQ�LV�WR�PLQLPLVH�WKH�� �

� �RUGHU�GHULYDWLYH�RI�WKH�V\QWKHVLVHG�WUDMHFWRU\��7R�FRPSHQVDWH�
IRU�WDUJHW�XQGHUVKRRW�FDXVHG�E\�DYHUDJLQJ�DFURVV�SKRQHV��WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQV�
RI�WKH�JDXVVLDQ�GLVWULEXWLRQV�ZHUH�UH�WUDLQHG�E\�DQ�LWHUDWLYH�HUURU�PLQLPLVDWLRQ�SURFHGXUH��

*DODQHV�HW�DO���������UHSRUW�RQ�XVLQJ�UHJUHVVLRQ�WUHHV��WUDLQHG�WR�SUHGLFW�RQH�WDUJHW�YHFWRU�
SHU�VHJPHQW�E\�ORRNLQJ�DW�WKH�LPPHGLDWH�OHIW�DQG�ULJKW�FRQWH[WV���

,Q� JHQHUDO� LW� FDQ� EH� DUJXHG� WKDW� GDWD�GULYHQ� PHWKRGV� SURYLGH� VHYHUDO� VLJQLILFDQW�
DGYDQWDJHV� RYHU� WKH� UXOH�EDVHG� DSSURDFKHV�� :KLOH� PDQXDO� UXOH� EXLOGLQJ� RU� SDUDPHWHU�
WZHDNLQJ� LV�D�YHU\� WLPH�FRQVXPLQJ� WDVN��GDWD�GULYHQ�PHWKRGV�DUH�DXWRPDWLF��ZKLFK�PHDQV�
WKDW� UH�WUDLQLQJ� D� V\VWHP� WR� PRGHO� D� GLIIHUHQW� VSHDNHU� RU� HYHQ� D� QHZ� ODQJXDJH� FDQ� EH�
DFFRPSOLVKHG�ZLWK�OHVV�PDQXDO�ODERXU��0RUH�LPSRUWDQWO\��GDWD�GULYHQ�PHWKRGV�FDQ�FDSWXUH�
VXEWOH� GHWDLOV� DQG� SDWWHUQV� LQ� WKH� GDWD� WKDW� DUH� GLIILFXOW� WR� PRGHO� E\� UXOH�� UHVXOWLQJ� LQ� D�
�SRWHQWLDOO\��LQFUHDVHG�OHYHO�RI�QDWXUDOQHVV��2Q�WKH�RWKHU�KDQG��D�UXOH�EDVHG�V\VWHP�RIIHUV�D�
ZD\�WR�PDNH�LQFUHPHQWDO�LPSURYHPHQWV�E\�UHILQLQJ�WKH�DUWLFXODWLRQ�RI�LQGLYLGXDO�VHJPHQWV��
,Q� DGGLWLRQ�� DV� ZH� VKDOO� VHH� LQ� WKH� QH[W� VHFWLRQ�� WKH� LQFUHDVHG� QDWXUDOQHVV� RI� GDWD�GULYHQ�
V\VWHPV�GRHV�QRW�DXWRPDWLFDOO\�OHDG�WR�LQFUHDVHG�LQWHOOLJLELOLW\��
��� $Q�$11�EDVHG�FRQWURO�PRGHO�ZLWK�ORZ�ODWHQF\��
,Q�SDSHU���� DQ�DUWLFXODWRU\�FRQWURO�PRGHO�EDVHG�RQ�$UWLILFLDO�1HXUDO�1HWZRUNV� �$11V�� LV�
VXJJHVWHG��5HFXUUHQW�7LPH�'HOD\HG�$11V� �F�I�� 6WU|P�� ������ZHUH� WUDLQHG� RQ� WUDMHFWRULHV�
UHV\QWKHVLVHG�IURP�RSWLFDO�PHDVXUHPHQWV�IRU�D�FRUSXV�RI�����6ZHGLVK�VHQWHQFHV��,QSXW�WR�
WKH�QHWZRUNV�FRQVLVWHG�RI�D�VHULHV�RI�IHDWXUH�YHFWRUV��RQH�SHU�WLPH�IUDPH��ZKHUH�HDFK�YHFWRU�
FRQWDLQHG� ��� SKRQHWLF� IHDWXUHV� XQLTXHO\� GHVFULELQJ� WKH� SUHVHQW� SKRQH�� 7KH� WKUHH�OD\HU�
$11V�KDG�UHFXUVLYH�FRQQHFWLRQV�LQ�WKH�KLGGHQ�OD\HU�DQG����IUDPHV�IRUZDUG�DQG����IUDPHV�
EDFNZDUG�FRQWH[W�SURYLGHG�E\�WLPH�GHOD\�LQ�WKH�LQSXW�OD\HU�WR�PRGHO�WKH�G\QDPLF�SURSHUWLHV�
RI�DUWLFXODWLRQ��)UDPH�UDWH�ZDV����+]��ZKLFK�PDNHV�WKH�FRUUHVSRQGLQJ�FRQWH[W�ZLQGRZ����
���� PLOOLVHFRQGV�� )RXU� VHSDUDWH� $11V� ZHUH� XVHG�� HDFK� SUHGLFWLQJ� D� JURXS� RI� UHODWHG�
SDUDPHWHUV��)RU�H[DPSOH��RQH�$11�SUHGLFWHG�SDUDPHWHUV�UHODWHG�WR�ELODELDO�RFFOXVLRQ��MDZ�
URWDWLRQ��XSSHU�OLS�UDLVH�DQG�ORZHU�OLS�GHSUHVVLRQ���2QH�DGYDQWDJH�RI�WKH�$11�PHWKRG�RYHU�
WKH�RWKHU�PRGHOV�GHVFULEHG�DERYH��LV�WKDW�LW�RSHUDWHV�LQ�D�WLPH�V\QFKURQRXV�PRGH��L�H��LW�XVHV�
D� FRQVWDQW� QXPEHU� RI� WLPH� IUDPHV� ORRN�DKHDG�� ZKLFK� PDNHV� LW� VXLWDEOH� IRU� UHDO�WLPH�
DSSOLFDWLRQV�VXFK�DV�WKH�RQH�HQYLVLRQHG�LQ�WKH�6\QIDFH�SURMHFW�GLVFXVVHG�LQ�VHFWLRQ������ZKLOH�
RWKHU�PRGHOV�W\SLFDOO\�UHTXLUH�DFFHVV�WR�WKH�IXOO�XWWHUDQFH�EHIRUH�V\QWKHVLV�FDQ�EHJLQ��
6SHFLILFDOO\� ZLWK� WKLV� W\SH� RI� DSSOLFDWLRQ� LQ� PLQG�� D� VHFRQG� VHW� RI� $11V� ZDV� WUDLQHG��
LGHQWLFDO�WR�WKH�ILUVW�H[FHSW�WKDW�WKH�FRQWH[W�ZLQGRZ�ZDV�VKLIWHG�DV\QFKURQRXVO\�WR�SURYLGH�
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�� IUDPHV� IRUZDUG� DQG� ��� IUDPHV� EDFNZDUG� FRQWH[W�� \LHOGLQJ� D� ORZ�ODWHQF\� FRQWURO�PRGHO�
ZLWK�RQO\����PLOOLVHFRQGV�ORRN�DKHDG����
��� &RQWURO�PRGHO�FRPSDULVRQ�
*LYHQ�WKH�SOHWKRUD�RI�GLIIHUHQW�PRGHOV�IRU�DUWLFXODWRU\�FRQWURO��D�UHOHYDQW�TXHVWLRQ�WR�DVN�LV�
ZKLFK�RQH� WR�SUHIHU�� IDFHG�ZLWK� WKH� WDVN�RI�EXLOGLQJ�D� V\VWHP�IRU�YLVXDO� VSHHFK� V\QWKHVLV��
7KLV� LV� WKH�EDVLF�TXHVWLRQ�SRVHG� LQ�SDSHU����ZKHUH�D�KHDG�RQ�FRPSDULVRQ�RI�D�QXPEHU�RI�
GLIIHUHQW�DUWLFXODWRU\�FRQWURO�PRGHOV�LV�SHUIRUPHG���

$�GLUHFW�FRPSDULVRQ�RI�WKH�UHVXOWV�SUHVHQWHG�LQ�WKH�YDULRXV�VWXGLHV�PHQWLRQHG�DERYH�LV�
QRW�SRVVLEOH�WR�GR�IRU�VHYHUDO�UHDVRQV��,Q�PDQ\�RI�WKH�VWXGLHV��QR�HYDOXDWLRQ�RI�WKH�UHVXOWV�LV�
UHSRUWHG��,Q��&RKHQ�HW�DO���������WKH�JRRGQHVV�RI�ILW�RI�WKH�PRGHO�LV�UHSRUWHG�DV�WKH�DYHUDJH�
URRW� PHDQ� VTXDUHG� �506�� GLIIHUHQFH� EHWZHHQ� V\QWKHVLVHG� DQG� PHDVXUHG� WUDMHFWRULHV��
QRUPDOLVHG�E\�SDUDPHWHU� UDQJH��7KLV�PHDVXUH�FDQ�EH�XVHG� WR�FRPSDUH� WKH� ILW�RI�GLIIHUHQW�
PRGHOV��EXW�D�PHDQLQJIXO�FRPSDULVRQ�FDQQRW�EH�PDGH�XQOHVV�WKH�PRGHOV�DUH�WUDLQHG�RQ�WKH�
VDPH� FRUSXV�� $QG� ZKLOH� VHYHUDO� VWXGLHV� UHSRUW� UHVXOWV� IURP� SHUFHSWXDO� LQWHOOLJLELOLW\�
HYDOXDWLRQV��*HLJHU�HW�DO���������/H�*RII��������&RKHQ�HW�DO��������WKHVH�UHVXOWV�DUH�KDUG�WR�
FRPSDUH�VLQFH�WKH�H[SHULPHQWDO�FRQGLWLRQV�YDU\�JUHDWO\�EHWZHHQ�WKH�VWXGLHV��DV�LV�GLVFXVVHG�
IXUWKHU�LQ�VHFWLRQ�������

,Q�SDSHU����IRXU�GLIIHUHQW�FRQWURO�PRGHOV�ZHUH�WUDLQHG�RQ�DQ�LGHQWLFDO�FRUSXV�DQG�WKHQ�
HYDOXDWHG� REMHFWLYHO\� DV� ZHOO� DV� SHUFHSWXDOO\�� 7KH� IRXU�PRGHOV� ZHUH� FKRVHQ� WR� FRYHU� WKH�
GLIIHUHQW� FODVVHV� RI� WUDLQDEOH� DUWLFXODWRU\� FRQWURO� PRGHOV� SUHVHQWHG� DERYH�� WZR� VSHHFK�
VSHFLILF�FRDUWLFXODWLRQ�PRGHOV�UHSUHVHQWHG�E\�WKH�&RKHQ�0DVVDUR�DQG�gKPDQ�PRGHOV��DQG�
WZR�JHQHUDO�SXUSRVH�PRGHOV�EDVHG�RQ�$11V��ZKHUH�RQH�RI�WKH�$11�PRGHOV�XVHG�D�YHU\�
VKRUW�ORRN�DKHDG�WLPH�����PV��GHVLJQHG�VSHFLILFDOO\�WR�DOORZ�IRU�UHDO�WLPH�DSSOLFDWLRQV��
����� 7UDLQLQJ�
7UDLQLQJ� GDWD� FRQVLVWHG� RI� FRQWURO� SDUDPHWHU� WUDMHFWRULHV� IRU� D� ���SDUDPHWHU� WDONLQJ� KHDG�
PRGHO�IRU�D�FRUSXV�RI�����SKRQHWLFDOO\�ULFK�VHQWHQFHV��7KH�WUDMHFWRULHV�ZHUH�UHV\QWKHVLVHG�
IURP�RSWLFDO�WUDFNLQJ�RI����SRLQWV�RQ�WKH�IDFH�RI�D�QRQ�SURIHVVLRQDO�QDWLYH�6ZHGLVK�VSHDNHU��
,QSXW�WR�WKH�FRQWURO�PRGHOV�FRQVLVWHG�RI�WLPH�ODEHOOHG�SKRQH�VHTXHQFHV�ZLWK�D�SKRQH�VHW�RI�
���SKRQHV� FRPSRVHG�RI� ��� FRQVRQDQWV�� ���XQVWUHVVHG�YRZHOV� DQG���� VWUHVVHG�YRZHOV�� ,Q�
DGGLWLRQ�WR�WKH�����WUDLQLQJ�VHQWHQFHV�����VHQWHQFHV�ZHUH�VHW�DVLGH�IRU�WHVWLQJ��

,Q�WKH�&RKHQ�0DVVDUR�PRGHO��IRU�HDFK�RI�WKH�DUWLFXODWRU\�SDUDPHWHUV�HDFK�SKRQHPH�ZDV�
PRGHOOHG�XVLQJ�ILYH�IUHH�SDUDPHWHUV��D�WDUJHW�YDOXH�DQG�D�GRPLQDQFH�IXQFWLRQ�GHILQHG�E\�WKH�
IRXU�SDUDPHWHUV�KHLJKW��ULVH�WLPH��IDOO�WLPH�DQG�SHDN�VKDSH��*LYHQ����DUWLFXODWRU\�SDUDPHWHUV�
DQG����SKRQHPHV��WKH�PRGHO�KDV�D�WRWDO�RI������IUHH�SDUDPHWHUV�WR�EH�HVWLPDWHG��7KH�PRGHO�
ZDV� WUDLQHG�LQ�0DWODE�XVLQJ�WKH�*DXVV�1HZWRQ�HUURU�PLQLPLVDWLRQ�DOJRULWKP��7R�LPSURYH�
WUDLQLQJ�SHUIRUPDQFH��WKH�JUDGLHQW�RI�WKH�HUURU�IXQFWLRQ�ZDV�XVHG��$IWHU�HDFK�LWHUDWLRQ��WKH�
HUURU� RYHU� WKH� WHVW� VHW� ZDV� FRPSXWHG�� 7UDLQLQJ� ZDV� WHUPLQDWHG� ZKHQ� WKLV� HUURU� VWRSSHG�
GHFUHDVLQJ��WR�SUHYHQW�RYHU�WUDLQLQJ�DQG�ORVV�RI�JHQHUDOLVDWLRQ���

,Q�WKH�gKPDQ�PRGHO��IHZHU�IUHH�SDUDPHWHUV�ZHUH�XVHG��9RZHOV�ZHUH�FKDUDFWHULVHG�RQO\�
E\�WKHLU�WDUJHW�YDOXH��DQG�FRQVRQDQWV�E\�WDUJHW�YDOXH�DQG�D�FRDUWLFXODWLRQ�IDFWRU��FRPSDUDEOH�
WR� WKH� GRPLQDQFH� KHLJKW� LQ� WKH� &RKHQ�0DVVDUR� PRGHO�� \LHOGLQJ� D� WRWDO� RI� ����� IUHH�
SDUDPHWHUV��7UDLQLQJ�ZDV�FDUULHG�RXW�LQ�WKH�VDPH�ZD\�DV�IRU�WKH�&RKHQ�0DVVDUR�PRGHO��

7KH�WZR�$11�EDVHG�PRGHOV��DV�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��ZHUH�LGHQWLFDO�H[FHSW�
IRU�WKH�LQSXW�FRQWH[W�ZLQGRZ��7KH�ILUVW�PRGHO��$11����XVHG�D�V\PPHWULFDO�FRQWH[W�RI����
IUDPHV�IRUZDUG�DQG�EDFNZDUG��SOXV�FXUUHQW�IUDPH��7KH�RWKHU�PRGHO��$11�����ZDV�PRGLILHG�
WR�SURYLGH� ORZHU� ODWHQF\� WLPH� DQG�XVHG� DQ� DV\PPHWULFDOO\� VKLIWHG� FRQWH[W�ZLQGRZ�ZLWK� ��
IUDPHV�IRUZDUG�DQG����IUDPHV�EDFNZDUG�FRQWH[W��\LHOGLQJ� WKH�VDPH�WRWDO�QXPEHU�RI� LQSXW�
QRGHV�DV�IRU�$11���)UDPH�OHQJWK�ZDV����� �

� �VHFRQG��7KH�$11V�ZHUH�WUDLQHG�XVLQJ�HUURU�
EDFN�SURSDJDWLRQ�ZLWK�WKH�VDPH�WHUPLQDWLRQ�FULWHULRQ�DV�IRU�WKH�RWKHU�PRGHOV��



� 3KRQHPH�GULYHQ�DUWLFXODWLRQ� ���� �

����� 2EMHFWLYH�HYDOXDWLRQ�
$Q�REMHFWLYH�HYDOXDWLRQ�RI�WKH�IRXU�FRQWURO�PRGHOV�ZDV�FDUULHG�RXW�E\�FRPSDULQJ�WDUJHW�DQG�
SUHGLFWHG� SDUDPHWHU� WUDMHFWRULHV� RYHU� WKH� ���VHQWHQFH� WHVW� VHW�� 7KH� DYHUDJH� 506(� ZDV�
FDOFXODWHG� DV� SHUFHQWDJHV� RI� WKH� IXOO� SDUDPHWHU� UDQJH�� ,Q� DGGLWLRQ� WKH� 3HDUVRQ� SURGXFW�
PRPHQW�FRUUHODWLRQ�ZDV�FDOFXODWHG�EHWZHHQ�WDUJHWV�DQG�SUHGLFWLRQV��5HVXOWV�DUH�VXPPDULVHG�
LQ�WDEOH����$V�WKH�WDEOH�LQGLFDWHV��WKH�&RKHQ�0DVVDUR�PRGHO�SHUIRUPV�WKH�EHVW��KDYLQJ�WKH�
ORZHVW�DYHUDJH�506(��IROORZHG�E\�WKH�gKPDQ�PRGHO�DQG�WKH�WZR�$11�PRGHOV��5HJDUGLQJ�
FRUUHODWLRQ� FRHIILFLHQWV�� WKH�&RKHQ�0DVVDUR�PRGHO� JLYHV� WKH� KLJKHVW� FRUUHODWLRQ�� IROORZHG�
E\�$11���gKPDQ�DQG�$11���,W�KDV�EHHQ�VXJJHVWHG��<HKLD�HW�DO���������WKDW�FRUUHODWLRQ�LV�D�
PRUH�UHOHYDQW�PHDVXUH�ZKHQ�FRPSDULQJ�DUWLFXODWRU\�WUDMHFWRULHV��VLQFH�506(�LV�WRR�VWURQJO\�
LQIOXHQFHG�E\�DUHDV�RI�ODUJH�DPSOLWXGH��ZKHUH�ODUJHU�HUURUV�DUH�PRUH�OLNHO\�WR�RFFXU���(YHQ�
WKRXJK�WKH�&RKHQ�0DVVDUR�PRGHO�DSSHDUV�WR�EH�EHWWHU�DW�SUHGLFWLQJ�DUWLFXODWRU\�WUDMHFWRULHV��
WKH�GLIIHUHQFHV�EHWZHHQ�WKH�PRGHOV�DUH�UDWKHU�VPDOO��DQG�LW�LV�QRW�REYLRXV�KRZ�WKH�REMHFWLYH�
PHDVXUHV�UHODWH�WR�WKH�TXDOLW\�RI�WKH�UHVXOWLQJ�DQLPDWLRQV��,Q�RUGHU�WR�REWDLQ�D�UDWLQJ�RI�WKLV��
D�SHUFHSWXDO�HYDOXDWLRQ�ZDV�FDUULHG�RXW��
����� ,QWHOOLJLELOLW\�HYDOXDWLRQ�
$�SHUFHSWXDO� HYDOXDWLRQ�ZDV�FDUULHG�RXW�ZKHUH����QDWLYH�6ZHGLVK� VXEMHFWV�ZHUH�SUHVHQWHG�
ZLWK�DQLPDWLRQV�JHQHUDWHG�E\�WKH�IRXU�GDWD�GULYHQ�FRQWURO�PRGHOV��DV�ZHOO�DV�WKH�UXOH�EDVHG�
FRQWURO� PRGHO� GHVFULEHG� LQ� SDSHU� ��� ,Q� DGGLWLRQ�� WKHUH� ZDV� DQ� DXGLR�RQO\� FRQGLWLRQ� WR�
SURYLGH� D� EDVHOLQH� IRU� LQWHOOLJLELOLW\�� \LHOGLQJ� VL[� FRQGLWLRQV�� 7KH�PDWHULDO� FRQVLVWHG� RI� ���
QRLVH�GHJUDGHG� VHQWHQFHV� IURP� D� 6ZHGLVK� DXGLR�YLVXDO� WHVWLQJ� FRUSXV� GHVFULEHG� LQ� PRUH�
GHWDLO� LQ� VHFWLRQ� ����� (DFK� VXEMHFW� ZDV� SUHVHQWHG� ZLWK� ��� VHQWHQFHV� LQ� HDFK� RI� WKH� VL[�
FRQGLWLRQV�� WKH� WDVN� EHLQJ� WR� UHSHDW� ZKDW� WKH\� KDG� SHUFHLYHG�� 5HVXOWV� ZHUH� VFRUHG� E\�
FRXQWLQJ�SHUFHQWDJH�RI�FRUUHFWO\�LGHQWLILHG�NH\ZRUGV�ZLWKLQ�HDFK�FRQGLWLRQ��7KH�UHVXOWV�DUH�
VKRZQ� LQ� WKH� ORZHU� SDUW� RI� WDEOH� ��� $QDO\VLV� RI� YDULDQFH� �$129$�� DQG� SDLUZLVH�
FRPSDULVRQV�LQGLFDWHG�WKDW�DOO�IDFH�FRQGLWLRQV�JDYH�VLJQLILFDQWO\�KLJKHU�LQWHOOLJLELOLW\�WKDQ�WKH�
DXGLR�DORQH� FRQGLWLRQ� �S� �� ������� DQG� WKDW� WKH� UXOH�EDVHG� FRQWURO�PRGHO� SURYLGHG� KLJKHU�
LQWHOOLJLELOLW\� WKDQ� WKH� GDWD�GULYHQ� RQHV�� EXW� QR� VLJQLILFDQW� GLIIHUHQFH� FRXOG� EH� IRXQG�
EHWZHHQ�WKH�IRXU�GDWD�GULYHQ�PRGHOV��

7KH�SHUKDSV�XQLQWXLWLYH� UHVXOW� WKDW� WKH�GDWD�GULYHQ�PRGHOV� SURYLGH� ORZHU� LQWHOOLJLELOLW\�
WKDQ� WKH� UXOH�EDVHG�PRGHO� LV� OLNHO\� GXH� WR� WKH� IDFW� WKDW�ZKLOH� WKH� GDWD�GULYHQ�PRGHOV� DUH�
WUDLQHG� WR� UHSURGXFH� WKH� VSHDNLQJ� VW\OH� RI� WKH� WDUJHW� VSHDNHU�� WKDW� LQ� WKLV� FDVH� FRXOG� EH�
FKDUDFWHULVHG�DV�UDWKHU�UHOD[HG�� WKH�UXOH�EDVHG�PRGHO�ZDV�GHYHORSHG�ZLWK�FOHDU�DUWLFXODWLRQ�
DQG�KLJK�LQWHOOLJLELOLW\�DV�WKH�SULPDU\�JRDO��6R�ZKLOH�WKH�UXOH�EDVHG�PHWKRG�PD\�SURYLGH�OHVV�
QDWXUDOLVWLF�DUWLFXODWLRQ�� LWV�VW\OLVHG��VOLJKWO\�H[DJJHUDWHG�DUWLFXODWLRQ�DFWXDOO\� OHDGV�WR�KLJKHU�
DXGLRYLVXDO�LQWHOOLJLELOLW\�WKDQ�LWV�GDWD�GULYHQ�FRXQWHUSDUWV��

,W� LV� HQYLVLRQHG�� KRZHYHU�� WKDW� UH�WUDLQLQJ� WKH� GDWD�GULYHQ� PRGHOV� RQ� VSHHFK� IURP� D�
KLJKO\�LQWHOOLJLEOH�WDUJHW�VSHDNHU�FRXOG�PDNH�WKH�GDWD�GULYHQ�PRGHOV�HTXDO�WR�RU�EHWWHU�WKDQ�
WKH�UXOH�EDVHG��

7KH� IDFW� WKDW� QRQH� RI� WKH� GDWD�GULYHQ�PRGHOV� RXWSHUIRUPV� WKH� RWKHUV� LV� HQFRXUDJLQJ�
IURP�WKH�SRLQW�RI�YLHZ�RI�UHDO�WLPH�DSSOLFDWLRQV��VLQFH�LW�LQGLFDWHV�WKDW�WKH�ORZ�ODWHQF\�$11�
PRGHO�FDQ�EH�XVHG�ZLWKRXW�VDFULILFLQJ�SHUIRUPDQFH��

�
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7DEOH���� &RQWURO�PRGHO�FRPSDULVRQ�LQ�WHUPV�RI�REMHFWLYH�DQG�SHUFHSWXDO�PHDVXUHV��
� &RKHQ�

0DVVDUR� gKPDQ� $11��� $11����
�ORZ�ODWHQF\�� 5XOH�EDVHG� $XGLR�RQO\�

� 2EMHFWLYH�VFRUH�
506(���� ����� ����� ����� �����
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�
� 3HUFHSWXDO�VFRUH�
.H\ZRUGV�
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� $8',2�'5,9(1�$57,&8/$7,21�
,Q�VRPH�VLWXDWLRQV��D�SKRQHWLF�WUDQVFULSW�RI�WKH�DXGLR�VLJQDO�LV�QRW�DYDLODEOH��UDWKHU�WKH�JRDO�
LV�WR�GULYH�WKH�DUWLFXODWLRQ�RI�D�WDONLQJ�KHDG�GLUHFWO\�IURP�DQ�DFRXVWLF�VLJQDO��2QH�DSSOLFDWLRQ�
RI� VXFK� D� WHFKQLTXH� LV� GLVFXVVHG� LQ� VHFWLRQ� ����� WDONLQJ� KHDGV� SURYLGLQJ� DXWRPDWHG� OLS�
UHDGLQJ�VXSSRUW�IRU�KHDULQJ�LPSDLUHG�WHOHSKRQH�XVHUV��2WKHU�VFHQDULRV�ZKHUH�DXGLR�GULYHQ�
DQLPDWLRQ�LV�GHVLUDEOH�FDQ�EH�PXOWL�XVHU�FRPPXQLFDWLRQ�LQ�YLUWXDO�HQYLURQPHQWV��ZKHUH�HDFK�
XVHU�LV�UHSUHVHQWHG�E\�DQ�DYDWDU�FRQWUROOHG�IURP�KLV�KHU�RZQ�YRLFH��0RULVKLPD��������RU�LQ�
WUDGLWLRQDO�FRPSXWHU�DQLPDWLRQ��ZKHUH�OLS�V\QFKURQLVDWLRQ�LV�FRQVLGHUHG�D�WHGLRXV�DQG�WLPH�
FRQVXPLQJ�WDVN�DQG�DXWRPDWHG�SURFHGXUHV�FDQ�VLJQLILFDQWO\�HDVH�WKH�DQLPDWRU·V�EXUGHQ��

7KH�SUREOHP�RI�DXGLR�GULYHQ�DUWLFXODWLRQ�LV�VWXGLHG�LQ�SDSHU���RI�WKLV�WKHVLV��1XPHURXV�
UHVHDUFKHUV� KDYH� LQYHVWLJDWHG� WKH�PDSSLQJ� RI� DFRXVWLF� IHDWXUHV� LQWR� YLVXDO� SDUDPHWHUV� IRU�
IDFLDO�DQLPDWLRQ��$UVODQ�DQG�7DONLQ��������%UDQG�������+RQJ�HW�DO���������/DYDJHWWR��������
0F$OOLVWHU� HW� DO�� ������ 0RULVKLPD�� ������ 3DUNH� DQG� :DWHUV�� ������ 7DPXUD� HW� DO��� ������
<DPDPRWR� HW� DO��� ������ <HKLD� HW� DO��� ������gKPDQ� DQG� 6DOYL�� ������� 7KH� DSSURDFKHV� FDQ�
EURDGO\�EH�GLYLGHG� LQWR� WZR�FDWHJRULHV�� V\PERO�EDVHG�DQG�UHJUHVVLRQ�EDVHG�� ,Q� WKH�IRUPHU�
FDWHJRU\�� WKH� DXGLR� VLJQDO� LV� ILUVW� WUDQVODWHG� LQWR� DQ� LQWHUPHGLDWH� GLVFUHWH� UHSUHVHQWDWLRQ��
EHIRUH� LW� LV� FRQYHUWHG� WR� YLVXDO� SDUDPHWHUV�� ,Q� WKH� ODWWHU� FDWHJRU\�� LQWR� ZKLFK� SDSHU� ��
EHORQJV�� D� GLUHFW� FRQWLQXRXV� DVVRFLDWLRQ� LV� PDGH� EHWZHHQ� DFRXVWLF� DQG� YLVXDO� IHDWXUHV��
gKPDQ�DQG�6DOYL��������FRPSDUHG�WZR�DSSURDFKHV��RQH�V\PERO�EDVHG��XVLQJ�+00V��DQG�
RQH�UHJUHVVLRQ�EDVHG��XVLQJ�$11V���
��� 6\PERO�EDVHG�PDSSLQJ�
,Q� ������/HZLV� DQG�3DUNH� �DV� FLWHG� LQ�3DUNH� DQG�:DWHUV�� ������� FODVVLILHG� DFRXVWLF� IUDPHV�
LQWR�RQH�RI����YLVHPH�FODVVHV����YRZHOV�DQG���FRQVRQDQWV��E\�PDWFKLQJ�WKH�/3&�VSHFWUXP�
RI�WKH�LQFRPLQJ�IUDPH�DJDLQVW�WKDW�RI�YLVHPHV�SURWRW\SHV��HDFK�RI�ZKLFK�KDG�D�IDFLDO�PRGHO�
SDUDPHWHU�YHFWRU�DVVRFLDWHG�ZLWK�LW��

$UVODQ� DQG� 7DONLQ� ������� SURSRVHG� XVLQJ� DQ� DXGLRYLVXDO� FRGHERRN� DSSURDFK� IRU�
HVWLPDWLQJ� IDFH� SRLQW� WUDMHFWRULHV� IURP� VSHHFK��(DFK� FRGHERRN� HQWU\� FRQWDLQV� DFRXVWLF� DV�
ZHOO� DV� YLVXDO� IHDWXUHV�� ,QFRPLQJ� DFRXVWLF� IHDWXUH� YHFWRUV� DUH� UDWHG� LQ� WHUPV� RI� WKHLU�
VLPLODULW\�WR�WKH�DFRXVWLF�SDUWV�RI�WKH�FRGHERRN�HQWULHV��DQG�WKH�FRUUHVSRQGLQJ�YLVXDO�SDUWV�
DUH�FRPELQHG�DV�D�ZHLJKWHG�VXP��ZKHUH�WKH�ZHLJKW�RI�HDFK�HQWU\� LV�EDVHG�RQ�WKH�DFRXVWLF�
VLPLODULW\��WR�JHQHUDWH�YLVXDO�RXWSXW�YHFWRUV��
����� +00�EDVHG�PHWKRGV�
6HYHUDO� LQYHVWLJDWRUV� KDYH� SURSRVHG� VROXWLRQV� EDVHG� DURXQG� DQ� +LGGHQ� 0DUNRY� 0RGHO�
�+00�� IUDPHZRUN��+00V� DUH� D� QDWXUDO� FKRLFH� IRU� WKLV� W\SH� RI� SUREOHP�� ZKLFK� FDQ� EH�
YLHZHG� DV� D� IRUP� RI� DFRXVWLF� UHFRJQLWLRQ�� RXWSXWWLQJ� YLVXDO� IHDWXUHV� YDOXHV� UDWKHU� WKDQ�
ZRUGV��:KDW�GLIIHUV�EHWZHHQ�WKH�+00�EDVHG�DSSURDFKHV�DUH�PDLQO\�WZR�WKLQJV��ZKDW�WKH�
EDVLF� XQLW� IRU� UHFRJQLWLRQ� LV� �L�H� ZKDW� WKH� +00� VWDWHV� UHSUHVHQW��� DQG� KRZ� SDUDPHWHU�
WUDMHFWRULHV�DUH�V\QWKHVLVHG�IURP�WKH�UHFRJQLVHG�VWDWH�VHTXHQFH���

gKPDQ�DQG�6DOYL��������WUDLQHG�DQ�+00�WR�UHFRJQLVH�6ZHGLVK�SKRQHPHV��ZKLFK�ZHUH�
XVHG�DV� LQSXW� WR�D� UXOH�EDVHG� DUWLFXODWRU\�FRQWURO�PRGHO� �WKH�PRGHO�GHVFULEHG� LQ�SDSHU����
RXWOLQHG� LQ� VHFWLRQ� ������ 7KH� SHUIRUPDQFH� ZDV� HYDOXDWHG� IRU� WKUHH� GLIIHUHQW� V\PERO� VHWV��
PRQRSKRQHV� �FRQWH[W�LQGHSHQGHQW�SKRQHPHV���YLVHPHV�DQG� WULSKRQHV� �FRQWH[W�GHSHQGHQW�
SKRQHPHV���%HVW�SHUIRUPDQFH�ZDV�DFKLHYHG�ZLWK�WULSKRQHV���

<DPDPRWR� HW� DO� ������� XVHG� PRQRSKRQHV� DV� WKH� EDVLF� XQLW� IRU� UHFRJQLWLRQ�� )RU�
WUDMHFWRU\� V\QWKHVLV�� YLVXDO� SDUDPHWHU� YHFWRUV� IRU� HDFK� IUDPH� FDPH� IURP� WDEOH� ORRNXS�
LQGH[HG�E\�FRQWH[W�GHSHQGHQW�-DSDQHVH�YLVHPHV��
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7DPXUD�HW�DO���������PRGHOOHG�-DSDQHVH�V\OODEOHV�DV�+00�VWDWH�VHTXHQFHV��DQG�XVHG�DQ�
LQWHJUDWHG� V\QWKHVLV� SURFHGXUH� ZKHUH� HDFK� VWDWH� KDG� DQ� DVVRFLDWHG� JDXVVLDQ� SUREDELOLW\�
GLVWULEXWLRQ� IRU� HDFK� YLVXDO� SDUDPHWHU� DQG� LWV� WLPH� GHULYDWLYH�� IURP� ZKLFK� WKH� UHVXOWLQJ�
SDUDPHWHU�WUDMHFWRU\�ZDV�REWDLQHG�DV�WKH�VROXWLRQ�WR�D�OLQHDU�RSWLPLVDWLRQ�SUREOHP��

%UDQG� ������� XVHG� D� VLPLODU� WHFKQLTXH� IRU� WUDMHFWRU\� V\QWKHVLV�� EXW� WKH� EDVLF� XQLWV� LQ�
%UDQG·V�VWXG\�ZHUH�DXWRPDWLFDOO\�GHULYHG�GXULQJ�WUDLQLQJ�EDVHG�RQ�HQWURS\�PLQLPLVDWLRQ�LQ�
WKH�+00�PRGHOV��
��� 5HJUHVVLRQ�EDVHG�PDSSLQJ�
2QH�GLVDGYDQWDJH�RI�XVLQJ�DQ�LQWHUPHGLDWH�GLVFUHWH�UHSUHVHQWDWLRQ�LV�WKDW�HUURUV�SRWHQWLDOO\�
FDQ�EH�PRUH�VHYHUH��,I�D�YHODU�VWRS�LV�PLVUHFRJQLVHG�DV�D�ELODELDO��WKH�UHVXOWLQJ�DQLPDWLRQ�LV�
OLNHO\�WR�EH�YHU\�PLVOHDGLQJ��,I�WKH�LQWHUPHGLDWH�V\PEROLF�OHYHO�FDQ�EH�HOLPLQDWHG��WKHUH�LV�D�
SRVVLELOLW\�WKDW�HUURUV�FRXOG�EH�JUDGXDO��DOORZLQJ�IRU�JUDFHIXO�GHJUDGDWLRQ��

7KH�UHJUHVVLRQ�EDVHG�DSSURDFKHV�DUH�DOO�EDVHG�RQ�WKH�FRQFHSW�RI�WUDLQLQJ�VRPH�IRUP�RI�
FRQWLQXRXV�HVWLPDWLRQ�DOJRULWKP�WR�OHDUQ�WKH�FRPSOH[�UHODWLRQVKLS�EHWZHHQ�FRUUHVSRQGLQJ�
DFRXVWLF� DQG�YLVXDO�SDUDPHWHUV� LQ� WKH� VSHHFK� VLJQDO��<HKLD� HW� DO�� �������GHPRQVWUDWHG� WKDW��
IRU�D�OLPLWHG�QXPEHU�RI�VHQWHQFHV�IURP�WKH�VDPH�VSHDNHU��LQ�(QJOLVK�RU�-DSDQHVH���D�OLQHDU�
HVWLPDWRU�FRXOG�SUHGLFW�WKH�IDFLDO�PRYHPHQWV�IURP�DFRXVWLFV�IHDWXUHV��\LHOGLQJ�D�FRUUHODWLRQ�
EHWZHHQ�SUHGLFWLRQ�DQG�PHDVXUHPHQW�RI�DURXQG������,W�LV�QRW�FOHDU�ZKHWKHU�WKLV�SUHGLFWLYH�
SHUIRUPDQFH� ZRXOG� EH� HQRXJK� WR� GULYH� D� IDFH� PRGHO� ZLWK� VXIILFLHQW� TXDOLW\� IRU�
VSHHFKUHDGLQJ�� EXW� LW� LV� QRQHWKHOHVV� LQWHUHVWLQJ� WKDW� D� OLQHDU� DVVRFLDWLRQ� FDQ� UHFRYHU� D� IDLU�
DPRXQW�RI�WKH�LQIRUPDWLRQ��

0F$OOLVWHU�HW�DO�������HPSOR\HG�QRQ�OLQHDU�SUHGLFWRU�VXUIDFHV��WUDLQHG�RQ�D�VPDOO�(QJOLVK�
YRZHOV�RQO\�FRUSXV��WR�PDS�WKUHH�DFRXVWLF�IHDWXUHV�LQWR�WKUHH�YLVXDO�SDUDPHWHUV�IRU�YRZHOV���
����� $11�EDVHG�PHWKRGV�

$UWLILFLDO�1HXUDO�1HWZRUNV��$11V��SURYLGH�D�OHDUQLQJ�IUDPHZRUN�WKDW�LV�ZHOO�VXLWHG�IRU�
WKH�WDVN�RI�DFRXVWLF�WR�YLVXDO�IHDWXUH�PDSSLQJ��WKH\�FDQ�PRGHO�QRQ�OLQHDU�DVVRFLDWLRQV��DQG�
WKURXJK� WKH�XVH�RI�KLGGHQ�XQLWV� WKH\�DUH� DOVR�FDSDEOH�RI�PRGHOOLQJ�FRPSOH[� LQSXW�RXWSXW�
UHODWLRQVKLSV���

/DYDJHWWR� ������� XVHG� RQH� IRXU�OD\HUHG� 7LPH�GHOD\HG� 1HXUDO� 1HWZRUN� �7'11�� WR�
SUHGLFW�HDFK�RQH�RI�ILYH�DUWLFXODWRU\�SDUDPHWHUV�EDVHG�RQ�DFRXVWLF�IHDWXUH�LQSXW�����FHSVWUDO�
FRHIILFLHQWV���$�7'11�FRQVLGHUV�FRQWH[W�E\�QRW�RQO\�XVLQJ�WKH�FXUUHQW�IUDPH�DV�LQSXW��EXW�
DOVR�D�QXPEHU�RI�SUHYLRXV�DQG�VXFFHHGLQJ�IUDPHV��7KH�QHWZRUNV�ZHUH�WUDLQHG�RQ����PLQXWHV�
RI� ,WDOLDQ� VSHHFK�� 7KH� UHVXOWLQJ� DQLPDWLRQV� ZHUH� HYDOXDWHG� WKURXJK� D� VSHHFKUHDGLQJ�
H[SHULPHQW��0RULVKLPD��������WUDLQHG�DQ�$11�WR�PDS�/3&�FHSVWUXP�SDUDPHWHUV�WR�PRXWK�
VKDSH�SDUDPHWHUV�IRU�-DSDQHVH�YRZHOV��'LIIHUHQW�QHWZRUNV�ZHUH�WUDLQHG�RQ�VSHHFK�IURP����
GLIIHUHQW� WDONHUV�� )DFHG� ZLWK� D� QHZ� WDONHU� QRW� LQ� WKH� WUDLQLQJ� PDWHULDO�� WKH� V\VWHP�
DXWRPDWLFDOO\�SLFNHG�WKH�QHWZRUN�SURGXFLQJ�WKH�EHVW�RXWSXW�IRU�D�VPDOO�DGDSWDWLRQ�PDWHULDO�
RI�ILYH�YRZHOV��,Q�WKH�VWXG\�E\�gKPDQ�DQG�6DOYL���������YLVXDO�WUDLQLQJ�GDWD�ZDV�JHQHUDWHG�
IRU� D� ODUJH� SKRQHWLFDOO\� ODEHOOHG� DFRXVWLF� GDWDEDVH� XVLQJ� D� UXOH�EDVHG� DUWLFXODWRU\� FRQWURO�
PRGHO�� DIWHU�ZKLFK� VSHDNHU�LQGHSHQGHQW� UHFXUUHQW�$11V�ZHUH� WUDLQHG��+RQJ� HW� DO�� �������
XVHG�D�*DXVVLDQ�FODVVLILHU� WR�FODVVLI\�HDFK� IUDPH� LQWR�RQH�RI� ���JURXSV�EDVHG�RQ�DFRXVWLF�
SURSHUWLHV��HDFK�RI�ZKLFK�ZDV�PRGHOOHG�E\�D�VHSDUDWH�7'11��
��� ([SHULPHQWV�ZLWK�DQ�$11�EDVHG�PHWKRG�
7KH�VWXG\�FRYHUHG� LQ�SDSHU��� HPSOR\V�$11·V� WR�PDS�DFRXVWLF� IHDWXUHV� LQWR� WDONLQJ�KHDG�
FRQWURO� SDUDPHWHUV� IRU� %DOGL�� 7KH� SDUDGLJP� XVHG� LV� VLPLODU� WR� WKDW� RI� gKPDQ� DQG� 6DOYL�
������� LQ� WKDW� UDWKHU� WKDQ� XVLQJ� IDFLDO� PHDVXUHPHQWV�� WUDLQLQJ� GDWD� LV� JHQHUDWHG� XVLQJ� DQ�
DUWLFXODWRU\� FRQWURO� PRGHO� IURP� D� 77$96� V\VWHP�� 7KH� DGYDQWDJH� LV�PDLQO\� WKDW� H[LVWLQJ�
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DXGLR�RQO\�VSHHFK�FRUSRUD�FDQ�EH�XWLOLVHG��QRW�UHTXLULQJ�DQ\�WDVN�VSHFLILF�GDWD�FROOHFWLRQ��,Q�
SDSHU� ��� 7'11V� ZHUH� WUDLQHG� RQ� WZR� GLIIHUHQW� FRUSRUD�� LVRODWHG� PRQRV\OODELF� ZRUGV�
�VDPSOHG� ��� N+]�� DQG� H[WHPSRUDQHRXV� WHOHSKRQH� VSHHFK�� ERWK� LQ� (QJOLVK�� 7KH� ZRUG�
FRUSXV� ZDV� WDNHQ� IURP� DQ� DXGLRYLVXDO� VSHHFKUHDGLQJ� FRUSXV� �%HUQVWHLQ� DQG� (EHUKDUGW��
������� 7KH� DFRXVWLF� GDWD�ZHUH� SKRQHWLFDOO\� ODEHOOHG� XVLQJ�9LWHUEL�EDVHG� IRUFHG� DOLJQPHQW��
DQG����DUWLFXODWRU\�FRQWURO�SDUDPHWHUV�IRU�WKH�WDONLQJ�KHDG�ZHUH�JHQHUDWHG�IURP�WKH�WLPH�
DOLJQHG� SKRQHWLF� WUDQVFULSWLRQV� XVLQJ� WKH� &RKHQ�0DVVDUR� DUWLFXODWRU\� FRQWURO� PRGHO� �VHH�
VHFWLRQ�������7KHUH�ZHUH�����ZRUGV�IRU�WUDLQLQJ�DQG����IRU�WHVWLQJ��$FRXVWLF�IHDWXUH�YHFWRUV�
FRQVLVWLQJ�RI����FHSVWUDO�FRHIILFLHQWV�ZHUH�JHQHUDWHG�DW����IUDPHV�SHU�VHFRQG��7KH�7'11�
XVHG�DQ�LQSXW�FRQWH[W�ZLQGRZ�RI�HOHYHQ�IUDPHV��ILYH�IUDPHV�EDFN���FXUUHQW���ILYH�IUDPHV�
IRUZDUG��� \LHOGLQJ� ���� LQSXW�QRGHV� DQG����RXWSXW�QRGHV�� RQH�SHU� FRQWURO� SDUDPHWHU��7KH�
QHWZRUN�XVHG�����KLGGHQ�XQLWV�DQG�ZDV�DEOH�WR� OHDUQ�WKH�PDSSLQJ�IURP�DFRXVWLF�WR�YLVXDO�
IHDWXUHV�ZLWK� D� FRUUHODWLRQ� EHWZHHQ� WDUJHW� DQG� SUHGLFWLRQ� RI� ����� IRU� WKH� WUDLQLQJ� VHW� DQG�
�����IRU�WKH�WHVW�VHW���

$� SHUFHSWXDO� HYDOXDWLRQ�ZDV� FDUULHG� RXW�ZLWK� ��� VXEMHFWV�� XVLQJ� D� SDUDGLJP� VLPLODU� WR�
WKDW� RI�&RKHQ� HW� DO�� ����� �VHH� VHFWLRQ� ������ EXW�ZLWKRXW� WKH� QDWXUDO� IDFH� FRQGLWLRQ�� 6LOHQW�
DQLPDWLRQV�ZHUH�JHQHUDWHG�IRU����ZRUGV�QRW�LQFOXGHG�LQ�WKH�WUDLQLQJ�FRUSXV�E\�WKH�7'11�
�IURP� DFRXVWLFV�� DV� ZHOO� DV� E\� WKH� &RKHQ�0DVVDUR� FRQWURO� PRGHO� �IURP� SKRQHWLF� ODEHOV��
VHUYLQJ�DV�D�UHIHUHQFH�FRQGLWLRQ���$YHUDJH�SHUFHQWDJH�RI�FRUUHFW�YLVHPH�LGHQWLILFDWLRQ�IURP�
WKH�7'11�DQLPDWLRQV�ZDV������FRPSDUHG�WR�����IRU�WKH�SKRQHWLFDOO\�GULYHQ�V\VWHP��L�H��
ZHOO�DERYH�FKDQFH�OHYHO��

7KH�PRQRV\OODELF�ZRUG�FRUSXV�UHSUHVHQWV�D�ZHOO�VWUXFWXUHG�WDVN��DQG�LW�LV�UHDVRQDEOH�WR�
DVVXPH�WKDW�WKH�XQLIRUP�WHPSRUDO�FKDUDFWHULVWLFV�RI�WKH�ZRUGV�PDNHV�WKH�7'11�SHUIRUP�
EHWWHU�IRU�WKLV�WDVN�WKDQ�LW�ZRXOG�IRU�PRUH�GLYHUVH�SDWWHUQV��,Q�RUGHU�WR�HYDOXDWH�WKLV�DVSHFW��
D�PRUH�FKDOOHQJLQJ�FRUSXV�ZDV�FKRVHQ��FRQVLVWLQJ�RI�H[WHPSRUDQHRXV�VSHHFK�UHFRUGHG�RYHU�
WKH�WHOHSKRQH��ZKHUH�HDFK�VSHDNHU�VSHDNV�DERXW�D�WRSLF�RI�KLV�RU�KHU�FKRLFH�IRU�RQH�PLQXWH��
7KH�GDWD�ZDV�WDNHQ�IURP�WKH�&6/8�VWRULHV�FRUSXV � � ��6SHHFK�IURP�WHQ�VSHDNHUV�ZDV�XVHG�WR�
WUDLQ� WHQ�GLIIHUHQW� VSHDNHU�GHSHQGHQW�QHWZRUNV��'DWD� IURP�HDFK� VSHDNHU�ZDV� UHVWULFWHG� WR�
DERXW����VHFRQGV�����RI�ZKLFK�ZHUH�XVHG�IRU�WUDLQLQJ�DQG����IRU�WHVWLQJ��'XH�WR�WKH�SDXFLW\�
RI� WUDLQLQJ�GDWD�� IHZHU�KLGGHQ�QRGHV� ������ZHUH�XVHG� WKDQ� LQ� WKH�ZRUG� H[SHULPHQW� �������
8VLQJ�WKH�UHVWULFWHG�PDWHULDO��WKH�7'11V�ZHUH�DEOH�WR�OHDUQ�WR�UHSURGXFH�WKH�WUDLQLQJ�GDWD�
�DYHUDJH�FRUUHODWLRQ�EHWZHHQ�WDUJHW�DQG�SUHGLFWLRQ�DURXQG�������EXW�JHQHUDOLVDWLRQ�WR�XQVHHQ�
GDWD�ZDV�SRRU��DYHUDJH�FRUUHODWLRQ�DURXQG������FOHDUO\�LQGLFDWLQJ�WKDW�PRUH�GDWD�LV�UHTXLUHG�
IRU�WKLV�WDVN��

���
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:KHQ�,�KDYH�QRWKLQJ�WR�VD\��P\�OLSV�DUH�VHDOHG�
6D\�VRPHWKLQJ�RQFH���ZK\�VD\�LW�DJDLQ"�

�
'DYLG�%\UQH��7DONLQJ�+HDGV���3V\FKR�.LOOHU�������

� 121�9(5%$/�6,*1$/6�
:KLOH�PXFK�RI� WKH�GLVFXVVLRQ� LQ� WKLV� WKHVLV�VR�IDU�KDV�EHHQ�JHDUHG� WRZDUGV�YLVLEOH�VSHHFK�
DQG�PRGHOOLQJ� WKH�PRYHPHQWV�RI� WKH�YLVLEOH�DUWLFXODWRUV�� LW� LV� LPSRUWDQW� WR�FRQVLGHU�RWKHU�
UROHV� RI� WKH� IDFH� LQ� FRPPXQLFDWLRQ�� 6LJQDOV� VXFK� DV� H\HEURZ�PRYHPHQWV�� H\H� JD]H�� KHDG�
PRYHPHQWV� DQG� VPLOLQJ� DOO� KDYH� IXQGDPHQWDO� UROHV� LQ� FRPPXQLFDWLRQ�� DQG� DQ\�
FRPPXQLFDWLYHO\� UHDOLVWLF� WDONLQJ�KHDG� PRGHO� QHHGV� WR� WDNH� WKLV� LQWR� DFFRXQW�� ,Q� WKLV�
FKDSWHU�� ZH� ZLOO� FRQVLGHU� WKHVH� QRQ�YHUEDO� FXHV� �ZKHUH� WKH� WHUP� QRQ�YHUEDO� LV� XVHG� WR�
GHQRWH�DOO�PRYHPHQWV� WKDW�DUH�QRW�GLUHFWO\� OLQNHG� WR� WKH�SURGXFWLRQ�RI�VSHHFK�VRXQGV���$�
JHQHUDO� FDWHJRULVDWLRQ� RI� GLIIHUHQW� W\SHV� RI� QRQ�YHUEDO� VLJQDOV� LV� IROORZHG� E\� D� UHYLHZ� RI�
SURSRVHG�PHWKRGV�DQG�V\VWHPV�IRU�JHQHUDWLQJ�QRQ�YHUEDO�FRPPXQLFDWLYH�VLJQDOV�LQ�WH[W�WR�
VSHHFK�DQG�GLDORJXH� V\VWHPV��3DSHU��� LQ� WKLV� WKHVLV� SUHVHQWV� D�JHVWXUH�OLEUDU\�DSSURDFK� WR�
JHQHUDWLQJ�QRQ�YHUEDO�JHVWXUHV�LQ�WKH�FRQWH[W�RI�VSRNHQ�GLDORJXH�V\VWHPV��
��� 6LJQDO�FDWHJRULHV�

����� (PRWLRQ�
2QH�LPSRUWDQW�XVH�RI�IDFLDO�FXHV�LV�WR�VLJQDO�HPRWLRQ��(NPDQ�DQG�)ULHVHQ��������GHVFULEHG�
VL[�IDFLDO�H[SUHVVLRQV�RI�HPRWLRQ�WKDW�KDYH�EHHQ�FKDUDFWHULVHG�DV�XQLYHUVDO�LQ�WKDW�WKH\�RFFXU�
LQ�DOO�FXOWXUHV�RQ�HDUWK��KDSSLQHVV��VDGQHVV��IHDU��GLVJXVW��VXUSULVH�DQG�DQJHU���:KLOH�VXFK�D�
SURWRW\SLFDO�FDWHJRULVDWLRQ�RI�VWDWLF�GLVSOD\V�FDQ�EH�XVHIXO�LQ�VWXG\LQJ�WKH�SV\FKRORJLFDO�DQG�
HYROXWLRQDU\� DVSHFWV� RI� KXPDQ� HPRWLRQ�� LW� LV� OLNHO\� WKDW� WKH� SUDFWLFDO� XVH� RI� HPRWLRQ� LQ�
DSSOLFDWLRQV�RI�WDONLQJ�KHDGV�LQ�PDQ�PDFKLQH�FRPPXQLFDWLRQ�UHTXLUHV�D�PRUH�QXDQFHG�DQG�
G\QDPLF�HQFRGLQJ�RI�HPRWLRQDO�H[SUHVVLRQ��:KLOH�VXFK�D�GHVFULSWLRQ�LV�RXWVLGH�WKH�VFRSH�RI�
WKLV�WKHVLV��WKHUH�DUH�RWKHU�DUHDV�ZKHUH�IDFLDO�H[SUHVVLRQV�DQG�JHVWXUHV�FDQ�SOD\�DQ�LPSRUWDQW�
UROH�LQ�SUDFWLFDO�DSSOLFDWLRQV��
����� &RPPXQLFDWLYH�VLJQDOV�
$FFRUGLQJ�WR�(NPDQ��DV�FLWHG�E\�3HODFKDXG���������QRQ�HPRWLRQDO�IDFLDO�H[SUHVVLRQV�FDQ�EH�
GLYLGHG�LQWR�WKH�IROORZLQJ�FDWHJRULHV��PDQLSXODWRUV��HPEOHPV��LOOXVWUDWRUV��SXQFWXDWRUV�DQG�UHJXODWRUV���
:KLOH�PDQLSXODWRUV�DUH�JHVWXUHV�PRWLYDWHG�E\�GLUHFW�ELRORJLFDO�QHHGV��VXFK�DV�EOLQNLQJ�WR�ZHW�
WKH�H\H��WKH�RWKHU�FDWHJRULHV�DUH�FRPPXQLFDWLYH�VLJQDOV�UHODWHG�WR�FRQYHUVDWLRQ�DQG�IDFH�WR�
IDFH�LQWHUDFWLRQ��

(PEOHPV� DUH� YLVXDO� UHSODFHPHQWV� IRU�� RU� DXJPHQWDWLRQV� WR�� VSRNHQ� ZRUGV�� VXFK� DV�
QRGGLQJ�IRU�DJUHHPHQW��7KH�UROH�RI�LOOXVWUDWRUV�LV�WR�DXJPHQW�WKH�VSHHFK�VLJQDO��IRU�H[DPSOH�
E\� VRPH� PRYHPHQW� RQ� HPSKDVLVHG� ZRUGV�� ZKLOH� SXQFWXDWRUV� VLJQDO� SDXVHV� DQG� SKUDVH�
ERXQGDULHV� LQ� WKH� VSHHFK�� 7KHVH� VLJQDOV� DUH� W\SLFDOO\� LQVWDQWLDWHG� E\� H\HEURZ� RU� KHDG�
PRWLRQ�� EXW� LW� KDV� DOVR� EHHQ� VKRZQ� WKDW� H\H�EOLQNV� RIWHQ� WHQG� WR� EH� V\QFKURQLVHG� ZLWK�
HYHQWV�LQ�WKH�VSHHFK�VLJQDO��

5HJXODWRUV�DUH�VLJQDOV�XVHG�LQ�GLDORJXH�VLWXDWLRQV�WR�GLUHFW�WKH�IORZ�DQG�WXUQ�WDNLQJ�LQ�WKH�
FRQYHUVDWLRQ�� 6LJQDOV� IRU� WDNLQJ� DQG� JLYLQJ� XS� WKH� WXUQ� LQ� D� GLDORJXH�� DV� ZHOO� DV�
DFNQRZOHGJHPHQWV�DQG�EDFN�FKDQQHOOLQJ�ZKLOH�WKH�RWKHU�SDUW\� LV�VSHDNLQJ�DUH�H[DPSOHV�RI�
UHJXODWRUV��
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����� 9LVXDO�SURVRG\�
3URVRG\� UHIHUV� WR� VXSUDVHJPHQWDO� YDULDWLRQ� LQ� WKH� VSHHFK� VLJQDO� FRUUHODWHG� ZLWK� VWUHVV��
SURPLQHQFH�DQG�SKUDVLQJ��7\SLFDO�DFRXVWLF�FRUUHODWHV�RI�SURVRG\�DUH�)��FRQWRXU�� ORXGQHVV�
FRQWRXU�DQG�VHJPHQWDO�GXUDWLRQV��7KHUH�LV�D�FOHDU�DQDORJ\�EHWZHHQ�DFRXVWLF�SURVRG\�DQG�WKH�
YLVXDO�JHVWXUHV�FRUUHODWHG�ZLWK�VSHHFK��PDLQO\�LOOXVWUDWRUV�DQG�SXQFWXDWRUV���9LVXDO�SURVRG\�
KDV� EHHQ� VWXGLHG� WR� D� PXFK� OHVVHU� H[WHQW� WKDQ� DFRXVWLF� SURVRG\�� EXW� LW� LV� UHDVRQDEOH� WR�
DVVXPH�WKDW�SURVRG\�LQ�WKH�WZR�PRGDOLWLHV�PDQLIHVW�WKH�VDPH�XQGHUO\LQJ�FRGH��DQG�DV�VXFK�
DUH�KLJKO\�FRUUHODWHG��&DYp� HW� DO�� ������� VWXGLHG� WKH�RFFXUUHQFH�RI�H\HEURZ�PRYHPHQWV� LQ�
UHODWLRQ� WR� )�� YDULDWLRQ� IRU� WHQ� VSHDNHUV� UHFRUGHG� ZLWK� DQ� RSWLFDO� WUDFNLQJ� V\VWHP�� 7KH\�
IRXQG�WKDW�)��ULVHV�ZHUH�DFFRPSDQLHG�E\�UDSLG�H\HEURZ�PRYHPHQWV� LQ�����RI� WKH�FDVHV��
*UDI�HW�DO���������DXWRPDWLFDOO\�H[WUDFWHG�KHDG�PRYHPHQW�SDUDPHWHUV�IURP�VHYHUDO�KRXUV�RI�
YLGHR� UHFRUGHG� VSHHFK�� DQG� VWXGLHG� WKHLU� FRUUHODWLRQ� ZLWK� HYHQWV� RXWSXW� E\� D� SURVRGLF�
SUHGLFWLRQ� WRRO� IURP� D� WH[W�WR�VSHHFK� V\VWHP�� 7KH\� IRXQG� VHYHUDO� SDWWHUQV� RI� KHDG�
PRYHPHQWV�WKDW�IUHTXHQWO\�FR�RFFXUUHG�ZLWK�SURVRGLF�HYHQWV��

3HUFHSWLRQ� RI� YLVXDO� SURVRGLF� FXHV� KDV� EHHQ� VWXGLHG� XVLQJ� WKH� YLVXDO� VSHHFK� V\QWKHVLV�
WRROV� GHYHORSHG� DV� SDUW� RI� WKLV� WKHVLV� ZRUN�� ,Q� *UDQVWU|P� HW� DO�� ������� DQG� +RXVH� HW� DO��
������� LW� ZDV� VKRZQ� WKDW� WLPLQJ� RI� H\HEURZ� PRYHPHQWV� DIIHFWHG� WKH� SHUFHSWLRQ� RI�
SURPLQHQFH�LQ�D�VHQWHQFH���
��� *HVWXUH�JHQHUDWLRQ�
*LYHQ� WKH� SUHVXPHG� OLQN� EHWZHHQ� DFRXVWLF� DQG� YLVXDO� SURVRG\�� LW� VHHPV� QDWXUDO� WR� WUHDW�
JHQHUDWLRQ�RI�SURVRGLF�SDWWHUQV�LQ�WKH�WZR�PRGDOLWLHV�LQ�D�VLPLODU�ZD\��7KLV�LV�WKH�DSSURDFK�
WDNHQ�E\�3HODFKDXG�HW�DO����������$�FRPSOHWH�UXOH�V\VWHP�LV�GHYLVHG�IRU�DXWRPDWLF�JHQHUDWLRQ�
RI�YRLFH�LQWRQDWLRQ��DUWLFXODWLRQ�DQG�IDFLDO�H[SUHVVLRQ�IURP�DQ�XQGHUO\LQJ�UHSUHVHQWDWLRQ�RI�
WH[W� WKDW�KDV�EHHQ�EUDFNHWHG� LQWR�HOHPHQWV� DQG�ZLWK�DFFHQWV�PDUNHG��7KH� V\VWHP�SUHGLFWV�
RFFXUUHQFHV�RI�LOOXVWUDWRUV��SXQFWXDWRUV��PDQLSXODWRUV�DQG�UHJXODWRUV��

&DVVHO� HW� DO�� ������� GHVFULEH� %($7� �� D� WRRONLW� IRU� DXWRPDWLF� JHQHUDWLRQ� RI� IDFLDO� DQG�
ERGLO\�JHVWXUHV�IURP�WH[W��7R�REWDLQ�D�EDVLV�IRU�JHVWXUH�JHQHUDWLRQ�� LW� LQFOXGHV�D� ODQJXDJH�
WDJJLQJ�PRGXOH�WKDW�LGHQWLILHV�H�J��ROG�DQG�QHZ�LQIRUPDWLRQ��WKHPH�DQG�UKHPH��WKDW�FDQ�EH�
XVHG�WR�SURGXFH�FRQWUDVWLYH�HPSKDVLV���
����� *HVWXUHV�LQ�FRQYHUVDWLRQDO�V\VWHPV�
,QFRUSRUDWLQJ�WDONLQJ�KHDGV�DV�DQLPDWHG�DJHQWV�LQ�FRQYHUVDWLRQDO�GLDORJXH�V\VWHPV�RSHQV�XS�
QHZ�SRVVLELOLWLHV� LQ� WHUPV�RI� WKH�PRGHOOLQJ�RI�QRQ�YHUEDO�JHVWXUHV��ZKHQ�FRPSDUHG� WR� WKH�
SODLQ�WH[W�WR�VSHHFK�FDVH��)LUVWO\��D�ULFKHU�LQSXW�GHVFULSWLRQ�WKDQ�SODLQ�WH[W�FDQ�EH�XVHG��VLQFH�
WKH� V\VWHP� JHQHUDWLQJ� WKH� RXWSXW� KDV� NQRZOHGJH� DERXW� WKH� XQGHUO\LQJ� VHPDQWLFV� RI� WKH�
XWWHUDQFH� DV� ZHOO� DV� WKH� GLDORJXH� KLVWRU\�� ZKLFK� FDQ� EH� WDNHQ� DGYDQWDJH� RI� LQ� JHQHUDWLQJ�
DSSURSULDWH�JHVWXUHV��6HFRQGO\��SURSHU�XVH�RI� UHJXODWRU�JHVWXUHV� IRU� WXUQ�WDNLQJ�DQG�EDFN�
FKDQQHOOLQJ�KDV�WKH�SRWHQWLDO�RI�PDNLQJ�WKH�V\VWHP�DSSHDU�PRUH�UHVSRQVLYH�DQG�PDNLQJ�WKH�
GLDORJXH�UXQ�VPRRWKHU��

6HYHUDO� GLDORJXH� V\VWHPV� LQFRUSRUDWLQJ� IDFLDO� DQG�RWKHU� JHVWXUHV� DW� YDULRXV� OHYHOV� KDYH�
EHHQ� GHVFULEHG�� 1DJDR� DQG� 7DNHXFKL� ������� XVHG� VWDWLF� IDFLDO� GLVSOD\V� WR� FRQYH\�
FRQYHUVDWLRQDO� VLJQDOV� LQ� D� GLDORJXH� V\VWHP�� &DVVHOO� HW� DO�� ������� PRGHOOHG� D� YLUWXDO�
FRQYHUVDWLRQ�EHWZHHQ�WZR�YLUWXDO�FKDUDFWHUV��ZKHUH�HDFK�RI�WKH�FKDUDFWHUV·�VSHHFK��JHVWXUHV�
DQG�IDFLDO�H[SUHVVLRQV�ZHUH�DXWRPDWLFDOO\�JHQHUDWHG�XVLQJ�UXOHV�VLPLODU�WR�WKRVH�RI�3HODFKDXG�
HW�DO����������3RJJL�DQG�3HODFKDXG��������PRGHO�WKH�LQWHQWLRQ�DQG�FRPPXQLFDWLYH�JRDO�RI�D�
YLUWXDO� DJHQW� DQG� XVH� WKDW� LQIRUPDWLRQ� WR� JHQHUDWH� DSSURSULDWH� IDFLDO� GLVSOD\V�� 7KyULVVRQ�
������� DQG� &DVVHOO� HW� DO�� ������� ERWK� GHVFULEH� FRPSOHWH� IUDPHZRUNV� IRU� FRQYHUVDWLRQDO�
GLDORJXH� V\VWHPV� WKDW� LQFRUSRUDWH� DQLPDWHG� DJHQWV� FDSDEOH� RI� JHQHUDWLQJ� GHLFWLF� JHVWXUHV��
WXUQ�WDNLQJ�VLJQDOV��DQG�HPEOHPDWLF�JHVWXUHV��UHO\LQJ�RQ�LQSXW�IURP�VHYHUDO�VRXUFHV��
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����� 2XWSXW�PDUNXS�
7R�SDVV� LQIRUPDWLRQ� IURP� WKH� UHVSRQVH�JHQHUDWLQJ�PRGXOH�RI� D�GLDORJXH� V\VWHP� �W\SLFDOO\�
WKH�GLDORJXH�PDQDJHU�� WR� WKH� DQLPDWHG� DJHQW�� LW� LV� FRPPRQ� WR�XVH� D�PDUNXS� ODQJXDJH� WR�
DQQRWDWH�WKH�WH[W�WR�EH�VSRNHQ�ZLWK�RWKHU�LQIRUPDWLRQ�WKDW�FDQ�EH�UHOHYDQW�WR�WKH�DJHQW��7KH�
;0/�EDVHG�6SHHFK�6\QWKHVLV�0DUNXS�/DQJXDJH��660/���%XUQHWW�HW�DO���������RU�WKH�9LUWXDO�
+XPDQ�0DUNXS�/DQJXDJH��9+0/���*XVWDYVVRQ�HW�DO����������LQFOXGLQJ�WDJVHWV�IRU�VSHHFK�DV�
ZHOO�DV�IRU�IDFLDO�DQG�ERG\�DQLPDWLRQ��FDQ�EH�XVHG�WR�WKLV�HIIHFW��:LWK�WKHVH�ODQJXDJHV��LW�LV�
SRVVLEOH� WR� VSHFLI\� UHDOLVDWLRQ� RI� IDFLDO� H[SUHVVLRQV�� JHVWXUHV� DQG� LQWRQDWLRQ� DW� D� UDWKHU�
GHWDLOHG�OHYHO��2QH�SUREOHP�ZLWK�XVLQJ�VXFK�D�GHWDLOHG�PDUNXS�DV�RXWSXW�IURP�WKH�GLDORJXH�
PDQDJHU�LV�WKDW�LW�FDQ�OHDG�WR�ORVV�RI�JHQHUDOLW\�DQG�IOH[LELOLW\�LQ�WKH�GLDORJXH�V\VWHP��VLQFH�LW�
UHTXLUHV�WKH�GLDORJXH�PDQDJHU�WR�NQRZ�DERXW�WKH�IHDWXUHV�RI�WKH�RXWSXW�GHYLFH��+RZ�VKRXOG�
HPSKDVLV�EH�UHDOLVHG�LQ�WKLV�GHYLFH"�'RHV�LW�KDYH�H\HEURZV"�(WF��
��� *HQHULF�6\VWHP�2XWSXW�0DUNXS�
7R�DOORZ�IRU�D�KLJK�OHYHO�DEVWUDFW�HQFRGLQJ�RI�QRQ�YHUEDO�RXWSXW�IURP�WKH�GLDORJXH�V\VWHP��
WKH� *HQHULF� 6\VWHP� 2XWSXW� 0DUNXS� �*(620��� LV� SURSRVHG� LQ� SDSHU� ��� DORQJ� ZLWK� D�
PHWKRG�RI�FRQYHUWLQJ�VXFK�PDUNXS�LQWR�JHVWXUHV�IRU�D�WDONLQJ�KHDG��7KH�LQWHQW�RI�*(620�
LV� WR� VSHFLI\� FRPPXQLFDWLYH� IXQFWLRQV�� EXW� QRW� WKH� H[DFW� UHDOLVDWLRQ� RI� WKHVH� IXQFWLRQV��
,QVWHDG�� UHDOLVDWLRQ� LV� OHIW� WR� WKH� RXWSXW� GHYLFH�� IRU� H[DPSOH� DQ� DQLPDWHG� WDONLQJ� DJHQW��
,QGHHG��RQH�RI�WKH�JRDOV�LV�WR�SURYLGH�DQ�RXWSXW�VSHFLILFDWLRQ�WKDW�LV�YDOLG�IRU�PXOWLSOH�W\SHV�
RI�RXWSXW�GHYLFHV�H�J��ZHE�EURZVHUV��FHOO�SKRQHV�DV�ZHOO�DV�DQLPDWHG�WDONLQJ�FKDUDFWHUV���

,W�QHHGV� WR�EH� VWUHVVHG� WKDW� WKH� VFRSH�RI�*(620� LV� OLPLWHG� WR�SURYLGLQJ�D�KLJK�OHYHO�
DEVWUDFWLRQ�RI�GLDORJXH�V\VWHP�RXWSXW��QRW�DQ�DOWHUQDWLYH�WR�660/�RU�9+0/��,QGHHG�� LW� LV�
IXOO\� SRVVLEOH� WR� XVH� WKHVH� ODQJXDJHV� WR� UHDOLVH� *(620� RXWSXW� IRU� DQLPDWHG� WDONLQJ�
FKDUDFWHUV��
����� 6WDWHV��HYHQWV�DQG�EDFNJURXQG�DWWULEXWHV�
$W�GLIIHUHQW�WLPHV�GXULQJ�D�GLDORJXH��HDFK�SDUW\�FDQ�EH�VDLG�WR�EH�LQ�GLIIHUHQW�FRQYHUVDWLRQDO�
VWDWHV��ZDLWLQJ� IRU� VSHHFK�� OLVWHQLQJ�� WKLQNLQJ�� VSHDNLQJ��6XFK� VWDWHV� DUH� WKH� IRXQGDWLRQ� IRU�
*(620�HQFRGLQJ�RI�RXWSXW��$W�HDFK�SRLQW�LQ�WLPH��WKH�RXWSXW�GHYLFH�LV�LQ�D�VSHFLILF�VWDWH��
ZKLFK�FDQ�EH�FKDQJHG�WKURXJK�WKH�state�PDUNXS��2QH�VWDWH�ODVWV�XQWLO�DQRWKHU�VWDWH�EHJLQV��
7KXV�VWDWHV�FDQ�EH�XVHG�WR�HQFRGH�RXWSXW�RI�ZKLFK�WKH�GXUDWLRQ�LV�QRW�NQRZQ�EHIRUHKDQG��
VXFK�DV�OLVWHQLQJ�WR�D�XVHU��LW�LV�QRW�SRVVLEOH�WR�NQRZ�EHIRUHKDQG�ZKHQ�WR�VWRS�OLVWHQLQJ��RU�
VHDUFKLQJ�IRU� LQIRUPDWLRQ�RYHU�D�QHWZRUN�FRQQHFWLRQ��$W�RWKHU� WLPHV�� WKH�GXUDWLRQ�RI� WKH�
RXWSXW�LV�ILQLWH�DQG�SUHGLFWDEOH��VXFK�DV�DQ�HPSKDVLV�VLJQDO�DVVRFLDWHG�ZLWK�D�SDUWLFXODU�ZRUG�
RU�SKUDVH��7KLV�W\SH�RI�RXWSXW�LV�PDUNHG�DV�DQ�event��

,Q� DGGLWLRQ� WR� WKH� JHQHUDO� VWDWHV� DQG� HYHQWV�� *(620� SURYLGHV� D� ZD\� WR� VXSSO\�
DGGLWLRQDO� LQIRUPDWLRQ� WKDW� PD\� RSWLRQDOO\� EH� XVHG� GXULQJ� UHDOL]DWLRQ� RI� D� SDUWLFXODU�
IXQFWLRQ��7KLV�LQIRUPDWLRQ�LV�HQFRGHG�XVLQJ�WKH�background�DWWULEXWH�WKDW�FDQ�DFFRPSDQ\�
DQ\�WDJ��$Q�H[DPSOH�RI�XVDJH�LV�WR�FKRRVH�D�SURSHU�UHDOL]DWLRQ�RI�HPSKDVLV�LQ�D�WDONLQJ�KHDG�
EDVHG�RQ�ZKHWKHU�WKH�FXUUHQW�VWDWHPHQW�LV�DIILUPDWLYH��LQ�ZKLFK�FDVH�D�KHDG�QRG�PLJKW�EH�
DSSURSULDWH��RU�QHJDWLYH��LQ�ZKLFK�FDVH�DQ�H\HEURZ�ORZHULQJ�RU�D�KHDG�VKDNH�ZRUNV�EHWWHU���
%DFNJURXQG�DWWULEXWHV�FRXOG�DOVR�EH�XVHG�WR�HQFRGH�HPRWLRQDO�LQIRUPDWLRQ��VR�WKDW�JHVWXUH�
RU�YRLFH�UHDOL]DWLRQV�FRXOG�EH�DIIHFWHG�DSSURSULDWHO\����

,Q�RUGHU�WR�PD[LPL]H�IOH[LELOLW\��WKH�*(620�VSHFLILFDWLRQ�GRHV�QRW�GHILQH�D�VWULFW�VHW�RI�
VWDWHV� DQG� HYHQWV� WKDW� VKRXOG� EH� XVHG� LQ� D� JLYHQ� DSSOLFDWLRQ�� +RZHYHU�� WR� LOOXVWUDWH� WKH�
LQWHQGHG�XVH��WKH�VHW�RI�VWDWHV��HYHQWV�DQG�EDFNJURXQG�DWWULEXWHV�XVHG�WR�FRQWURO�WKH�DJHQW�LQ�
WKH�$G$SW�V\VWHP��*XVWDIVRQ�HW�DO���������DUH�OLVWHG�LQ�WDEOH����$V�FDQ�EH�VHHQ��WKH�VWDWH�VHW�
UHSUHVHQWV� D� UDWKHU� VWUDLJKWIRUZDUG� HQFRGLQJ� RI� WKH� GLIIHUHQW� VWDJHV� WKDW� RFFXU� GXULQJ� D�
GLDORJXH�WXUQ��DQG�LW� LV� OLNHO\� WKDW�WKLV�VHW�FDQ�EH�XVHG�XQPRGLILHG�LQ�RWKHU�DSSOLFDWLRQV�DV�
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ZHOO��EXW�WKHUH�PLJKW�EH�FDVHV�ZKHUH�DGGLWLRQV�RU�DOWHUDWLRQV�DUH�QHFHVVDU\��,W�FDQ�EH�QRWHG�
WKDW� RQO\� WZR� HYHQWV� DUH� GHILQHG�� emphasis� DQG� break�� 7KHVH� HYHQWV� KDYH� WKH� VDPH�
PHDQLQJ�DV�WKHLU�660/�FRXQWHUSDUWV��DQG�FDQ�WKXV�EH�HDVLO\�PDSSHG�LQWR�660/�WDJV�LI�WKH�
RXWSXW�GHYLFH�HPSOR\V�DQ�660/�FRPSDWLEOH�776�V\VWHP��

�
��� 7KH�JHVWXUH�OLEUDU\�
,W� LV� WKH� WDVN�RI� WKH�DQLPDWHG�DJHQW�PRGXOH� WR�FRQYHUW� WKH� VWDWHV�� HYHQWV� DQG�EDFNJURXQG�
LQIRUPDWLRQ�SUHVHQW�LQ�WKH�*(620�HQFRGHG�PHVVDJH�LQWR�IDFLDO�JHVWXUHV�WR�DFFRPSDQ\�WKH�
VSHHFK��7KLV�SURFHVV� LV�EDVHG�DURXQG�D�JHVWXUH� OLEUDU\��7KH�JHVWXUH� OLEUDU\�FRQWDLQV�HQWULHV�
IRU� HDFK� VWDWH� DQG� HYHQW�� DQG� KROGV� JURXSV� RI� VHPDQWLFDOO\� HTXLYDOHQW�RU� VLPLODU� JHVWXUHV��
7KH�JHVWXUHV� IRU� WKH�SDUDPHWHULVHG� WDONLQJ�KHDG�DUH�HQFRGHG�DV�SDUDPHWHU� WUDMHFWRULHV�DQG�
LQFOXGH�WKH�WLPH�RIIVHW�WR�WKH�VWURNH�RI�WKH�JHVWXUH��L�H��WKH�SDUW�WKDW�FDUULHV�WKH�PHDQLQJ�RI�
WKH�JHVWXUH��ZKLFK�QHHGV�WR�EH�V\QFKURQLVHG�WR�WKH�WLPLQJ�RI�RWKHU�HYHQWV�VXFK�DV�VWUHVVHG�
V\OODEOHV��

)RU�HDFK�HYHQW��WKH�OLEUDU\�KROGV�D�OLVW�RI�FDQGLGDWH�JHVWXUHV�WKDW�FDQ�EH�XVHG�WR�UHDOLVH�
WKLV�HYHQW��6WDWHV�FDQQRW�EH�UHDOLVHG�ZLWK�D�VLQJOH�JHVWXUH��VLQFH�WKH\�DUH�RI�DUELWUDU\�OHQJWK��
7KHUHIRUH�� VWDWHV� DUH� GLYLGHG� LQWR� WKUHH� SKDVHV�� HQWU\�� VXVWDLQ� DQG� H[LW�� )RU� HDFK� RI� WKH�
SKDVHV�� WKH� JHVWXUH� OLEUDU\� KROGV� D� OLVW� RI� FDQGLGDWH� JHVWXUHV�� (QWHU� DQG� H[LW� JHVWXUHV� DUH�
H[HFXWHG�RQFH��ZKLOH�WKH�VXVWDLQ�JHVWXUHV�DUH�H[HFXWHG�UHSHDWHGO\�RQ�UDQGRP�LQWHUYDOV�EDVHG�
RQ� DQ� LQWHQVLW\� OHYHO� WKDW� FDQ� EH� VHW� RQ� D� SHU� VWDWH� EDVLV�� 7KH� XVH� RI�PXOWLSOH� FDQGLGDWH�
UHDOLVDWLRQV� PDNHV� LW� SRVVLEOH� WR� DYRLG� WKH� UHSHWLWLYHQHVV� WKDW� PD\� RFFXU� LI� D� SDUWLFXODU�
IXQFWLRQ��H�J��HPSKDVLV��LV�UHDOLVHG�XVLQJ�WKH�VDPH�JHVWXUH�HYHU\�WLPH��
����� &KRRVLQJ�EHWZHHQ�JHVWXUH�FDQGLGDWHV�
*HVWXUH� VHOHFWLRQ� LV� GRQH� LQ� D� ZHLJKWHG�UDQGRP� IDVKLRQ�� (DFK� FDQGLGDWH� JHVWXUH� KDV� DQ�
DVVRFLDWHG�ZHLJKW�WKDW�LQGLFDWHV�KRZ�OLNHO\�LW�LV�WR�EH�FKRVHQ��7KHVH�ZHLJKWV�PD\�EH�VWDWLF�RU�
PD\�EH�G\QDPLFDOO\�XSGDWHG�WR�UHIOHFW�FKDQJHV�LQ�EDFNJURXQG�DWWULEXWHV�RU�DV�D�IXQFWLRQ�RI�
WLPH�� /HWWLQJ� WKH� EDFNJURXQG� DWWULEXWHV� DIIHFW� WKH� ZHLJKWV� RI� JHVWXUHV� FDQ� EH� D� ZD\� RI�
PRGHOOLQJ�DWWLWXGHV�RU�HPRWLRQV��WKH�JHVWXUH�UHSHUWRLUH�LV�DOWHUHG�RU�FRPSOHWHO\�UHSODFHG�WR�
UHIOHFW�WKH�DWWLWXGH��

7DEOH���� 6WDWHV��HYHQWV�DQG�EDFNJURXQG�DWWULEXWHV�LQ�WKH�$G$SW�V\VWHP�*(620�LPSOHPHQWDWLRQ��
6WDWHV�

1DPH� 'HVFULSWLRQ�
idle 6\VWHP�LV�LQDFWLYH�
attentive 6\VWHP�LV�UHDG\�IRU�LQSXW�
cont_attentive 6\VWHP�KDV�UHFHLYHG�LQSXW�WKDW�LV�QRW�VXIILFLHQW�WR�SUHSDUH�D�UHVSRQVH�
busy 6\VWHP�LV�EXV\�SUHSDULQJ�D�UHVSRQVH�
text_presentation 6\VWHP�LV�SUHVHQWLQJ�D�UHVSRQVH�
sleep 6\VWHP�LV�RII�OLQH�

(YHQWV�
1DPH� 'HVFULSWLRQ�
break 6\VWHP�VKRXOG�SDXVH�WKH�SUHVHQWDWLRQ�DW�WKLV�HYHQW�
emphasis 0DUNHG�WH[W�VKRXOG�EH�HPSKDVLVHG�

%DFNJURXQG�DWWULEXWHV�
1DPH� 'HVFULSWLRQ�
attitude:negative 
attitude:positive 
attitude:neutral 
attitude:question 

5HODWHV�WR�W\SH�RI�UHVSRQVH�

�
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7LPH�YDU\LQJ� ZHLJKWV� DOORZ� IRU� WKH� SRVVLELOLW\� RI� PRGHOOLQJ� D� JUDGXDO� FKDQJH� LQ� WKH�
EHKDYLRXU�RI�WKH�DJHQW�GXULQJ�D�VWDWH��7KLV�LV�XVHIXO�LQ�WKH�LGOH�VWDWH��ZKHUH�ORQJ�LGOH�SHULRGV�
FDQ�FDXVH�WKH�DJHQW�WR�H[KLELW�VLJQV�RI�ERUHGRP�VXFK�DV�\DZQLQJ�RU�HYHQ�IDOOLQJ�DVOHHS��
��� 5HSUHVHQWDWLRQ�RI�FRPPXQLFDWLYH�VLJQDOV�LQ�*(620�
:H�VWDUWHG�WKLV�FKDSWHU�E\�ORRNLQJ�DW�(NPDQ
V�FDWHJRULVDWLRQ�RI�QRQ�YHUEDO�FRPPXQLFDWLYH�
JHVWXUHV��:H�ZLOO�QRZ�FRQVLGHU�KRZ�WKHVH�FDWHJRULHV�PDS�LQWR�WKH�SURSRVHG�IUDPHZRUN�RI�
WKH�JHVWXUH�OLEUDU\�DQG�WKH�*HQHULF�6\VWHP�2XWSXW�0DUNXS�ZLWK�WKH�WDJ�VHW�VKRZQ�LQ�WDEOH�
���

7KH� ILUVW� FDWHJRU\�� PDQLSXODWRUV�� DUH� FRPSDFWO\� UHSUHVHQWHG� E\� VXVWDLQ�JHVWXUHV� LQ� WKH�
JHVWXUH� OLEUDU\�� WKH\�DUH�H[HFXWHG�UHSHDWHGO\�ZLWK�UDQGRPO\�YDU\LQJ� WLPH� LQWHUYDOV��DQG�DUH�
QRW�V\QFKURQLVHG�ZLWK�DQ\�RWKHU�HYHQWV��

(PEOHPV�DUH�SUREDEO\�EHVW� UHSUHVHQWHG�E\� WKHLU�RZQ�HYHQW� W\SHV� LQ�*(620��DOWKRXJK�
WKH\�KDYH�QRW�EHHQ�LPSOHPHQWHG�LQ�WKH�SUHVHQW�V\VWHP��

,OOXVWUDWRUV�HVVHQWLDOO\�FRUUHVSRQG�WR�WKH�emphasis�HYHQW�LQ�*(620��ZKLOH�WKH�SXQFWXDWRU�
JHVWXUHV�DUH�UHSUHVHQWHG�E\�WKH�break�HYHQW��

,Q�*(620��GLDORJXH�IORZ�LQIRUPDWLRQ�LV�HQFRGHG�LQ�WHUPV�RI�VWDWHV��DQG�FRQVHTXHQWO\��
WKH�UHJXODWRU�JHVWXUHV�RFFXU�ZKHQ�WKH�DJHQW�HQWHUV�GLIIHUHQW�FRQYHUVDWLRQDO�VWDWHV��D�WDNH�WXUQ�
VLJQDO�RFFXUV�ZKHQ�WKH�text_presentation� VWDWH� LV�HQWHUHG��ZKLOH�HQWHULQJ� WKH�attentive�
VWDWH� UHVXOWV� LQ� D� JLYH�WXUQ�VLJQDO�� %DFN�FKDQQHOOLQJ� VLJQDOV� FDQ� RFFXU� ZKHQ� WKH�
cont_attentive� VWDWH� LV� HQWHUHG�� LQGLFDWLQJ� WKDW� WKH� V\VWHP� KDV� UHFHLYHG� LQSXW� WKDW� LV�
LQFRPSOHWH�RU�RWKHUZLVH�LQVXIILFLHQW�WR�SUHSDUH�D�UHVSRQVH��
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� (9$/8$7,21�
$V� ZH� KDYH� VHHQ�� FRPSXWHU�EDVHG� WDONLQJ� KHDGV� FDQ� EH� JHQHUDWHG� XVLQJ� D� YDULHW\� RI�
WHFKQLTXHV�� DQG�ZLWK� GLIIHUHQW� JRDOV� DQG�PRWLYHV��+RZHYHU�� WKHUH� LV� RQH� WKLQJ� XQLWLQJ� DOO�
WDONLQJ�KHDGV��WKH\�DUH�DOO� LQ�WKH�HQG�LQWHQGHG�IRU�KXPDQ�FRQVXPSWLRQ��7KXV��DQ�HVVHQWLDO�
SDUW�RI�WDONLQJ�KHDG�GHYHORSPHQW�LV�SHUFHSWXDO�HYDOXDWLRQ�ZLWK�KXPDQ�VXEMHFWV��WR�PHDVXUH�
WKH� GHJUHH� WR� ZKLFK� WKH� WDONLQJ� KHDG� LV� VXFFHVVIXO� LQ� LWV� SXUVXLW�� 'HSHQGLQJ� RQ� WKH�
DSSOLFDWLRQ�� LW�PD\�EH�UHOHYDQW� WR�PHDVXUH� WKH�GHJUHH�RI�YLVXDO� UHDOLVP��RU� LW�PD\�EH�PRUH�
LQWHUHVWLQJ�WR�VWXG\�KRZ�ZHOO�LW�FRPPXQLFDWHV�WKH�LQWHQGHG�PHVVDJH��EH�LW�VSRNHQ�RU�QRQ�
YHUEDO���
��� 9LVXDO�UHDOLVP�YHUVXV�FRPPXQLFDWLYH�IXQFWLRQ�
7KHUH� DUH� PDQ\� DVSHFWV� RI� WDONLQJ� KHDGV� WKDW� FDQ� EH� VXEMHFW� WR� HYDOXDWLRQ�� 2QH� DVSHFW�
FRQFHUQV�WKH�YLVXDO�UHDOLVP�RI�WKH�WDONLQJ�KHDG��L�H��WR�ZKDW�GHJUHH�LW�LV�PLVWDNDEOH�IRU�D�UHDO�
KXPDQ� FKDUDFWHU�� RIWHQ� UHIHUUHG� WR� DV� SKRWR�UHDOLVP�� )RU� REYLRXV� UHDVRQV�� YLGHR�EDVHG�
V\VWHPV� FRPPRQO\� REWDLQ� D�PXFK� KLJKHU� GHJUHH� RI� SKRWR�UHDOLVP� WKDQ� �'�PRGHO� EDVHG�
V\VWHPV�� VLQFH� WKH\� DUH� LQGHHG�EDVHG�RQ� SKRWRV�� ,W� LV� RIWHQ� D�SUREOHP�� KRZHYHU�� WKDW� WKH�
LOOXVLRQ� JLYHQ� E\� WKH� VWLOO� IDFH� FDQ�EUHDN�GRZQ�TXLFNO\� DV� WKH� IDFH� VWDUWV� WR� VSHDN�� VR� DQ\�
HYDOXDWLRQ� RI� SKRWR�UHDOLVP� KDV� WR� EH� EDVHG� RQ� PRYLQJ� VHTXHQFHV�� SUHIHUDEO\� VSHHFK��
*HLJHU� HW� DO�� ������� SHUIRUPHG� VXFK� DQ� HYDOXDWLRQ�ZLWK� WKH� YLGHR�EDVHG� V\VWHP�0DU\� ����
�(]]DW�HW�DO����������VHH�ILJXUH��D����,Q�WKHLU�YLVXDO�´7XULQJ�WHVWµ��VXEMHFWV�ZHUH�SUHVHQWHG�ZLWK�
V\QWKHWLFDOO\�JHQHUDWHG�VHTXHQFHV�DQG�ZRUGV�DV�ZHOO�DV�WKHLU�QDWXUDO�FRXQWHUSDUWV��DQG�ZHUH�
DVNHG� WR� MXGJH� DIWHU� HDFK� SUHVHQWDWLRQ� ZKHWKHU� LW� ZDV� UHDO� RU� V\QWKHWLF�� $YHUDJH�
LGHQWLILFDWLRQ� IRU� WKH� ��� VXEMHFWV� GLG� QRW� GLIIHU� VLJQLILFDQWO\� IURP� ���� �FKDQFH�� ZKLFK�
PHDQV� VXEMHFWV� ZHUH� QRW� DEOH� WR� WHOO� WKH� V\QWKHWLF� IDFH� IURP� WKH� UHDO�� :KLOH� WKLV� LV� DQ�
LPSUHVVLYH� UHVXOW�� LW� LV� LQWHUHVWLQJ� WR�QRWH� WKDW� LQ� D� VHFRQG�H[SHULPHQW��ZKHQ� IDFHG�ZLWK�D�
VSHHFKUHDGLQJ�WDVN��WKH�VDPH�VXEMHFWV�SHUIRUPHG�PXFK�ZRUVH�ZLWK�WKH�V\QWKHWLF�IDFH�WKDQ�
ZLWK�WKH�QDWXUDO�RQH��VHH�WDEOH�����7KLV�WHOOV�XV�VRPHWKLQJ�LPSRUWDQW��:H�PD\�EH�VHGXFHG�E\�
YLGHR�UHDOLVWLF� DQLPDWLRQV�� EXW� ZKHQ� LW� FRPHV� WR� VSHHFK� SHUFHSWLRQ� ZH� DUH� PXFK� PRUH�
GLVFULPLQDWLQJ��7KLV� UHVXOW� LV� LQ� OLQH�ZLWK�RQH�RI� WKH�XQGHUO\LQJ�DVVXPSWLRQV� LQ� WKLV� WKHVLV��
WKDW� WKH� YLVXDO� UHDOLVP� DQG� FRPPXQLFDWLYH� IXQFWLRQ� RI� D� WDONLQJ� KHDG� DUH� QRW� QHFHVVDULO\�
FRUUHODWHG��

,Q�WKH�DSSOLFDWLRQV�SULPDULO\�WDUJHWHG�LQ�WKLV�WKHVLV��DQG�IXUWKHU�GLVFXVVHG�LQ�FKDSWHU�����
FRPPXQLFDWLYH� IXQFWLRQ� KDV� EHHQ� FRQVLGHUHG� WR� EH� RI� SULPDU\� LPSRUWDQFH�� ZKLOH� YLVXDO�
UHDOLVP�RI�WKH�WDONLQJ�KHDGV�KDYH�EHHQ�D�VXERUGLQDWH�JRDO��,QGHHG��LQ�VRPH�FDVHV�GHOLEHUDWHO\�
XQUHDOLVWLF�FDUWRRQ�OLNH� IDFHV�KDYH�EHHQ�HPSOR\HG��7KH�PDLQ�FRPPXQLFDWLYH�IXQFWLRQ� WKDW�
KDV�EHHQ�LQ�IRFXV�WKURXJKRXW�WKLV�WKHVLV�LV�WKH�DXGLRYLVXDO�LQWHOOLJLELOLW\��
��� ,QWHOOLJLELOLW\�VWXGLHV�
,W�LV�REYLRXV�WKDW�WKH�LQWHOOLJLELOLW\�RI�D�WDONLQJ�KHDG�LV�RI�FUXFLDO�LPSRUWDQFH�LQ�DSSOLFDWLRQV�
VXFK�DV�WKDW�HQYLVLRQHG�LQ�WKH�7HOHIDFH�DQG�6\QIDFH�SURMHFWV�GLVFXVVHG�LQ�VHFWLRQ������EXW�LW�LV�
DOVR� UHOHYDQW� LQ� PDQ\� RWKHU� VLWXDWLRQV� VXFK� DV� GLDORJXH� V\VWHPV� LQ� SXEOLF� HQYLURQPHQWV�
ZKHUH�WKH�DXGLR�VLJQDO�PD\�EH�GHJUDGHG�E\�QRLVH��

$� QXPEHU� RI� LQYHVWLJDWRUV� KDYH� UHSRUWHG� UHVXOWV� IURP� LQWHOOLJLELOLW\� H[SHULPHQWV� ZLWK�
WDONLQJ�KHDGV��VXPPDULVHG�LQ�WDEOH����$JHOIRUV�HW�DO���������%HVNRZ�HW�DO���������&RKHQ�HW�DO���
������ *HLJHU� HW� DO��� ������ /H� *RII� HW� DO��� ������ 2OLYqV� HW� DO��� ������ 3DQG]LF� HW� DO��� �������
7\SLFDOO\��WKH�EDVLF�VWUXFWXUH�RI�WKHVH�H[SHULPHQWV�LV�ERUURZHG�IURP�DXGLRYLVXDO�SHUFHSWLRQ�
VWXGLHV� �F�I��(UEHU��������6XPE\�DQG�3ROODFN�� ������ DQG�DLPV� WR�PHDVXUH�HLWKHU�SKRQHPH�
LGHQWLILFDWLRQ� �UHSUHVHQWLQJ� ERWWRP�XS� SURFHVVLQJ�� RU� VSHHFKUHDGLQJ� SHUIRUPDQFH� �WRS�
GRZQ�SURFHVVLQJ���
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,QWHOOLJLELOLW\�HYDOXDWLRQ�KDV�EHHQ�DQ�LQWHJUDO�SDUW�RI�WKH�WDONLQJ�KHDG�GHYHORSPHQW�WKDW�
WKLV�WKHVLV�UHSUHVHQWV��&RQVHTXHQWO\��IRXU�RI�WKH�HLJKW�SDSHUV� �SDSHUV���������DQG����UHSRUW�
UHVXOWV� IURP�SHUFHSWXDO� LQWHOOLJLELOLW\� HYDOXDWLRQV�� DQG� LQ�SDSHU���� HYDOXDWLRQ�FRPSULVHV� WKH�
PDLQ� WKHPH� RI� WKH� VWXG\�� $� VHULHV� RI� VXFK� LQWHOOLJLELOLW\� VWXGLHV� KDV� EHHQ� SHUIRUPHG��
SKRQHPH� LGHQWLILFDWLRQ� �%HVNRZ� HW� DO�� ������ %HVNRZ� HW� DO��� ������� VSHHFKUHDGLQJ� DQG�
SKRQHPH� LGHQWLILFDWLRQ�ZLWK�KHDULQJ� LPSDLUHG� VXEMHFWV� �$JHOIRUV� HW� DO��� ������� DV�ZHOO� DV� D�
PXOWLOLQJXDO�VSHHFKUHDGLQJ�VWXG\��SDSHU�����7KXV�SDSHU���UHSUHVHQWV�WKH�ODWHVW�UHVXOW�LQ�WKLV�
VHULHV�RI�DVVHVVPHQWV���

,Q�SDSHU����D�FRPSDUDWLYH�VWXG\�EHWZHHQ�GLIIHUHQW�IDFH�PRGHOV�LV�UHSRUWHG��WKH�PRGLILHG�
3DUNH�PRGHO�RI�SDSHU���LV�FRPSDUHG�WR�WKH�PRUH�FDUWRRQ�OLNH�2OJD�PRGHO��ILQGLQJ�WKH�WZR�
PRGHOV� HTXDOO\� LQWHOOLJLEOH�� VHH� WDEOH� ���� 7KLV� VWXG\� ZDV� SLJJ\EDFNHG� RQWR� WKH� HYDOXDWLRQ�
UHSRUWHG�LQ��%HVNRZ�HW�DO���������EXW�WKDW�SDSHU�QHYHU�UHSRUWHG�WKH�2OJD�VFRUHV��

,Q�SDSHUV���DQG����LQWHOOLJLELOLW\�VWXGLHV�DUH�LQFOXGHG�DV�SDUW�RI�WKH�HYDOXDWLRQ�VFKHPH�IRU�
QHZ� FRQWURO� PRGHOV�� ,Q� SDSHU� ��� WKH� $11�EDVHG� DFRXVWLF�WR�YLVXDO�VSHHFK� PDSSLQJ� LV�
HYDOXDWHG�DQG�FRPSDUHG� WR� WKH� WH[W�WR�YLVXDO�VSHHFK�FDVH��+HUH��D�SXUH�VSHHFKUHDGLQJ� WHVW�
ZDV�GRQH��L�H��QR�DXGLR�VLJQDO�ZDV�DYDLODEOH��

,Q�SDSHU����D�VSHHFKUHDGLQJ�FRPSDULVRQ�RI�IRXU�GDWD�GULYHQ�PRGHOV�DQG�RQH�UXOH�EDVHG�
DUWLFXODWRU\� FRQWURO�PRGHO� LV� FDUULHG� RXW�� ZLWK� DQ� DXGLWRU\� DORQH� FRQGLWLRQ� SURYLGLQJ� WKH�
EDVHOLQH�OHYHO��

:KDW� DOO� HYDOXDWLRQV� RI� WKLV� W\SH� KDYH� LQ� FRPPRQ� LV� WKDW� VXEMHFWV� DUH� SUHVHQWHG�ZLWK�
DQLPDWLRQV�YLGHR� VHTXHQFHV�RI� VSHHFK�� DQG�DUH�DVNHG� WR� UHSRUW�ZKDW� WKH\�SHUFHLYH��7KHLU�
UHVSRQVHV�DUH�VFRUHG�DFFRUGLQJ�WR�VRPH�SUH�GHILQHG�VFKHPH��$SDUW�IURP�WKDW��WKH�GHWDLOV�RI�
WKH�VWXGLHV�FDQ�GLIIHU�LQ�PDQ\�ZD\V��
����� 3XUSRVH�
$V�LOOXVWUDWHG�E\�WKH�SDSHUV�LQ�WKLV�WKHVLV��WKH�SXUSRVH�RI�FRQGXFWLQJ�DQ�LQWHOOLJLELOLW\�VWXG\�
YDULHV� DFURVV� VWXGLHV��2IWHQ�� WKH� LQWHQW� LV� D� JHQHUDO� DVVHVVPHQW� RI� WKH� TXDOLW\� RI� D� WDONLQJ�
KHDG� ZLWKRXW� D� SDUWLFXODU� DSSOLFDWLRQ� LQ� PLQG�� ,Q� VRPH� FDVHV�� DQ� DGGLWLRQDO� JRDO� LV� D�
GLDJQRVWLF� HYDOXDWLRQ�� LQ� RUGHU� WR� SLQSRLQW� SUREOHP� DUHDV� WR� JXLGH� IXUWKHU� GHYHORSPHQW�
HIIRUWV� �%HVNRZ� HW� DO��� ������ &RKHQ� HW� DO��� ������� 7KLV� LV� RIWHQ� D� IUXLWIXO� VWUDWHJ\� ZKHQ�
GHYHORSLQJ� UXOH�EDVHG� V\VWHPV�� 6RPHWLPHV� WKH� HYDOXDWLRQ� LV� GRQH� ZLWK� D� ZHOO�GHILQHG�
DSSOLFDWLRQ� LQ� PLQG�� LQ� ZKLFK� FDVH� WKH� VWXG\� FDQ� EH� GHVLJQHG� WR� VLPXODWH� WKH� JLYHQ�
DSSOLFDWLRQ�VFHQDULR��DV�ZDV�GRQH�LQ�WKH�7HOHIDFH�UHODWHG�VWXG\�RI�$JHOIRUV�HW�DO���������ZKHUH�
KHDULQJ� LPSDLUHG� VXEMHFWV� ZHUH� XVHG� DQG� VSHHFK�ZDV� ILOWHUHG� WR� WHOHSKRQH� EDQGZLGWK�� ,Q�
RWKHU� FDVHV�� WKH� JRDO� RI� DQ� HYDOXDWLRQ� LV� WR� FRPSDUH� WKH� SHUIRUPDQFH� RI� D� QXPEHU� RI�
FDQGLGDWH�WHFKQRORJLHV�IRU�D�FHUWDLQ�FRPSRQHQW��IRU�H[DPSOH�GLIIHUHQW�IDFH�PRGHOV��SDSHU����
RU� GLIIHUHQW� FRQWURO�PRGHOV� �SDSHUV� �� DQG� ���� 3DQG]LF� HW� DO�� ������� FRPSDUHG� D� �'�EDVHG�
WDONLQJ�KHDG�WR�D�VDPSOH�EDVHG�RQH��&RVDWWR�HW�DO����������7KH�VWXG\�E\�%HVNRZ�HW�DO���������
KDG�WKH�VSHFLILF�JRDO�RI�ILQGLQJ�RXW�ZKHWKHU�D�VLPSOH�OLQHDU�DPSOLILFDWLRQ�RI�WKH�DUWLFXODWRU\�
SDUDPHWHUV�LQ�WKH�UXOH�EDVHG�V\QWKHVLV�FRXOG�OHDG�WR�LPSURYHG�LQWHOOLJLELOLW\���
����� ,WHPV�DQG�VFRULQJ�
7KH�W\SH�RI�LWHPV�XVHG�LQ�WKH�WHVWV�YDULHV�EHWZHHQ�QRQVHQVH�ZRUGV��9&9��9&9&9���ZRUGV�
DQG� VHQWHQFHV��&RQVRQDQW� LGHQWLILFDWLRQ� WDVNV�ZLWK� QRQVHQVH�9&9�ZRUGV� �$JHOIRUV� HW� DO���
������%HVNRZ�HW�DO����������SURYLGH�D�VKDUS�GLDJQRVWLF�WRRO�WR�SLQSRLQW�SUREOHPDWLF�VHJPHQW�
UHDOLVDWLRQV� EXW� UHSUHVHQW� D� UDWKHU� XQQDWXUDO� FRQGLWLRQ�� 6HQWHQFH� VSHHFKUHDGLQJ� WDVNV�
�$JHOIRUV�HW�DO���������3DSHU����DUH�EHWWHU�VXLWHG�IRU�PHDVXULQJ�RYHUDOO�LQWHOOLJLELOLW\��EXW�PDNH�
LW� GLIILFXOW� WR� VWXG\� LQGLYLGXDO�SKRQHPH� FRQIXVLRQV�� VLQFH� OH[LFDO� DQG� VHPDQWLF� FRQVWUDLQWV�
DIIHFW�WKH�VXEMHFWV·�UHVSRQVHV��$�FRPSURPLVH�FDQ�EH�WR�XVH�LVRODWHG�PRQRV\OODELF�ZRUGV�DV�
ZDV�GRQH�E\�&RKHQ�HW�DO���������DQG�LQ�SDSHU����RU�GLJLW�VHTXHQFHV��3DQG]LF�HW�DO�����������
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6FRULQJ�RI�WKH�UHVXOWV�REYLRXVO\�GLIIHUV�DFFRUGLQJ�WR�WKH�W\SH�RI�LWHPV�XVHG��:LWK�9&9�
ZRUGV�� WKH� FRPPRQ� ZD\� RI� VFRULQJ� LV� FRXQWLQJ� SHUFHQWDJH� RI� FRUUHFWO\� LGHQWLILHG�
FRQVRQDQWV�� :LWK� WKH� PRQRV\OODELF� ZRUG� FRUSXV�� VFRULQJ� LV� W\SLFDOO\� GRQH� RQ� LQLWLDO�
FRQVRQDQW�� ILQDO� FRQVRQDQW� RU� YRZHO�� &RKHQ� HW� DO�� ������� DOVR� FOXVWHU� WKH� UHVSRQVHV�
DFFRUGLQJ�WR�YLVHPHV�SULRU�WR�VFRULQJ��ZKLFK�OHDGV�WR�KLJKHU�VFRUHV���

6FRULQJ� RI� VHQWHQFH�EDVHG� PDWHULDOV� FDQ� EH� GRQH� RQ� SKRQHPH�� V\OODEOH�� ZRUG� RU�
NH\ZRUG� OHYHO�� 0F/HRG� DQG� 6XPPHUILHOG� ������� SURSRVHG� D� VHW� RI� VHQWHQFHV� DQG� D�
NH\ZRUG�EDVHG� VFRULQJ� SURFHGXUH� IRU� DXGLR�YLVXDO� VSHHFK� LQWHOOLJLELOLW\� WHVWLQJ� LQ�(QJOLVK��
7KH� VHQWHQFHV� ZHUH� VKRUW� HYHU\GD\� VHQWHQFHV�� �� WR� �� ZRUGV� LQ� OHQJWK�� ZLWK� WKUHH� ZRUGV�
PDUNHG�DV�NH\ZRUGV��6FRULQJ�LV�EDVHG�RQ�QXPEHU�RI�FRUUHFWO\�LGHQWLILHG�NH\ZRUGV��LJQRULQJ�
HUURUV�RI�PRUSKRORJ\��$�FRUUHVSRQGLQJ�VHQWHQFH�PDWHULDO�KDV�EHHQ�GHYHORSHG�IRU�6ZHGLVK�
E\�*��gKQJUHQ��XQSXEOLVKHG��WKH�VHQWHQFHV�DUH� OLVWHG�LQ�gKPDQ���������7KLV�PDWHULDO�ZDV�
XVHG�IRU�WKH�VHQWHQFH�LQWHOOLJLELOLW\�WHVWV�LQ�$JHOIRUV�HW�DO���������DQG�LQ�SDSHUV���DQG����
����� 0HWKRGV�RI�DXGLR�PDQLSXODWLRQ�
$QRWKHU�YDULDEOH�EHWZHHQ�VWXGLHV�LV�ZKHWKHU�RU�QRW�DXGLR�LV�SUHVHQWHG�DORQJ�ZLWK�WKH�YLVXDO�
VSHHFK��´3XUHµ�YLVXDO�VSHHFKUHDGLQJ�WDVNV��&RKHQ�HW�DO���������*HLJHU�HW�DO��������SDSHU����DUH�
QRUPDOO\�YHU\�GLIILFXOW��DQG�WKH�VFRUHV�DW�ZRUG�OHYHO�DUH�W\SLFDOO\�UDWKHU�ORZ��EXW�QHYHUWKHOHVV�
LQIRUPDWLYH��

0RUH� FRPPRQ�� KRZHYHU�� DUH� VSHHFK�LQ�QRLVH� H[SHULPHQWV�� IROORZLQJ� WKH� SDUDGLJP� RI�
DXGLRYLVXDO� LQWHOOLJLELOLW\�H[SHULPHQWV� IRU�QDWXUDO� VSHHFK� �6XPE\�DQG�3ROODFN��������(UEHU��
������%HQRvW�HW�DO����������ZKHUH�WKH�DFRXVWLF�VSHHFK�VLJQDO�LV�GHJUDGHG�E\�YDULRXV�OHYHOV�RI�
EDFNJURXQG�QRLVH��LQ�RUGHU�WR�SUHYHQW�FHLOLQJ�HIIHFWV��VLQFH�FOHDU�DXGLR�ZRXOG�QRUPDOO\�\LHOG�
LQWHOOLJLELOLW\�VFRUHV�FORVH�WR�������$Q�H[FHSWLRQ�LV�ZKHQ�KHDULQJ�LPSDLUHG�VXEMHFWV�DUH�XVHG�
�$JHOIRUV� HW� DO�� �������ZKHUH� FOHDQ� DXGLR� FDQ� EH� XVHG��/H�*RII� HW� DO�� ������� XVHG� DGGLWLYH�
ZKLWH�QRLVH�DW�VL[�6LJQDO�WR�1RLVH�5DWLR��615��OHYHOV�UDQJLQJ�IURP�����WR���G%��RQO\�WKH�����
DQG���G%�FDVHV�DUH�VKRZQ�LQ�WDEOH�����2OLYqV�HW�DO���������XVHG�SLQN�QRLVH�DW�IRXU�OHYHOV�IURP�
����WR���G%�615��2WKHU�VWXGLHV�KDYH�XVHG�QRLVH�DW�D�VLQJOH�615�OHYHO��%HVNRZ�HW�DO���������
3DQG]LF� HW� DO��� ������� $� SRWHQWLDO� SUREOHP� ZLWK� VWDWLF� DGGLWLYH� QRLVH� LV� WKDW� ORFDO� HQHUJ\�
SHUWXUEDWLRQV� LQ� WKH� VLJQDO� FDQ� FDXVH� WKH� HIIHFWLYH� 615� WR� FKDQJH�� SRUWLRQV� ZLWK� ORZ�
DPSOLWXGH�FDQ�HDVLO\�´GURZQµ�LQ�QRLVH��$�GLIIHUHQW�W\SH�RI�DXGLR�GHJUDGDWLRQ�LV�WKH�QRLVH�
H[FLWHG�YRFRGHU�SURSRVHG�E\� 6KDQQRQ� HW� DO�� ������� WKDW� LV� XVHG� LQ�SDSHUV� �� DQG��� LQ� WKLV�
WKHVLV�� +HUH�� WKH� VLJQDO� LV� UHFRQVWUXFWHG� DV� D� VXP� RI� EDQGSDVV�ILOWHUHG� FKDQQHOV� RI� ZKLWH�
QRLVH��GLVWULEXWHG�DFURVV����������+]��ZKHUH�WKH�DPSOLWXGH�RI�HDFK�FKDQQHO�LV�PRGXODWHG�E\�
WKH� HQHUJ\� LQ� WKH� FRUUHVSRQGLQJ� IUHTXHQF\�EDQG�RI� WKH� RULJLQDO� VLJQDO��7KH� UDQJHV� RI� WKH�
IUHTXHQF\�EDQGV�DUH�VHOHFWHG�WR�FRYHU�HTXDO�SDUWV�RI�WKH�EDVLODU�PHPEUDQH��7KH�DGYDQWDJH�
RI�WKLV�PHWKRG�RYHU�VWDWLF�DGGLWLYH�QRLVH�LV�WKDW�LW�LV�UREXVW�WR�ORFDO�HQHUJ\�SHUWXUEDWLRQV�LQ�
WKH� VLJQDO�� 7KH� GHJUHH� RI� GLIILFXOW\� FDQ� EH� FRQWUROOHG� E\� YDU\LQJ� WKH� QXPEHU� RI� FKDQQHOV�
XVHG�LQ�WKH�UHFRQVWUXFWLRQ��LQ�SDSHU����WZR�DQG�WKUHH�FKDQQHOV�ZHUH�XVHG��,Q�SDSHU����WKUHH�
FKDQQHOV�ZHUH�XVHG��
����� 6XEMHFWV�
$� WKLUG� IDFWRU� WKDW� GLIIHUV� EHWZHHQ� VWXGLHV� LV� WKH� VXEMHFWV� XVHG��0RVW� VWXGLHV� XVH�QRUPDO�
KHDULQJ� VXEMHFWV�� DV� WKLV� KDV� VRPH� REYLRXV� PHWKRGRORJLFDO� DGYDQWDJHV�� QRUPDO�KHDULQJ�
VXEMHFWV�DUH�HDV\�WR�ILQG��DQG�WKHUH�LV�RQH�OHVV�YDULDEOH�WR�FRQWURO�IRU��WKH�GHJUHH�RI�KHDULQJ�
LPSDLUPHQW��:KHQ�KHDULQJ�LPSDLUHG�VXEMHFWV�DUH�XVHG��DV�LQ�$JHOIRUV�HW�DO����������WKH�OHYHO�
RI� SHUIRUPDQFH� YDULHV� VLJQLILFDQWO\�� EHFDXVH� HDFK� VXEMHFW·V� KHDULQJ� LPSDLUPHQW� LV� XQLTXH��
DQG� WKHUH� LV� D� ODUJHU� ULVN�RI� H[SHULHQFLQJ� IORRU� DQG� FHLOLQJ� HIIHFWV� IRU� VRPH� VXEMHFWV�� 6WLOO��
ZKHQ�HYDOXDWLQJ�WHFKQRORJ\�ZLWK�WKH�JRDO�RI�EHLQJ�XVHG�E\�KHDULQJ�LPSDLUHG�XVHUV��WKHUH�LV�
QR�UHDO�VXEVWLWXWH�IRU�XVLQJ�KHDULQJ�LPSDLUHG�VXEMHFWV��
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����� 5HVXOWV�
7DEOH� �� VXPPDULVHV� WKH� PDLQ� YDULDEOHV� DQG� UHVXOWV� IURP� WKH� LQWHOOLJLELOLW\� HYDOXDWLRQV�
UHSRUWHG�RQ� LQ� WKLV�FKDSWHU��7KH�ILUVW�FRQFOXVLRQ� WKDW�FDQ�EH�GUDZQ�IURP� WKH� WDEOH� LV� WKDW�
V\QWKHWLF�IDFHV�LPSURYH�LQWHOOLJLELOLW\�RYHU�DXGLR�DORQH�FRQGLWLRQV�LQ�DOO�VWXGLHV��7KH�VHFRQG�
LV� WKDW� WKH\� W\SLFDOO\� IDOO� VKRUW� RI� QDWXUDO� IDFHV�� QR� VWXG\� KDV� UHSRUWHG� V\QWKHWLF� IDFHV�
DFKLHYLQJ� KLJKHU� LQWHOOLJLELOLW\� WKDQ� D� QDWXUDO� IDFH�� DOWKRXJK� LQ� SDSHU� ��� WKHUH� ZDV� QR�
VLJQLILFDQW�GLIIHUHQFH�IRXQG�EHWZHHQ�WKH�V\QWKHWLF�DQG�QDWXUDO�IDFH�FRQGLWLRQ�IRU�6ZHGLVK��
DQG�/H*RII�HW�DO� �������UHSRUW�HTXDO�VFRUHV�IRU�V\QWKHWLF�DQG�QDWXUDO�IDFH�DW���G%�615��$�
QDWXUDO� IDFH� LV� KRZHYHU� QR� DEVROXWH� FDOLEUDWLRQ� OHYHO� IRU� LQWHOOLJLELOLW\�� WKHUH� LV� ODUJH� LQWUD�
WDONHU�YDULDELOLW\�� ,W� LV� OLNHO\� WKDW�PDQ\�RI� WKH� V\QWKHWLF� IDFHV�FRXOG�SURYH�PRUH� LQWHOOLJLEOH�
WKDQ� VRPH� QDWXUDO� WDONHUV� ZKRVH� DUWLFXODWRU\� PRYHPHQWV� DUH� UHVWULFWHG�� RU� REVFXUHG�� IRU�
H[DPSOH�E\�IDFLDO�KDLU��

7KLV�LQWUD�WDONHU�YDULDELOLW\�LV�RQH�UHDVRQ�WKDW�WKH�LQWHOOLJLELOLW\�VFRUHV�RI�GLIIHUHQW�VWXGLHV�
DUH� GLIILFXOW� WR� FRPSDUH�� ,Q� WKH� FURVV�OLQJXDO� VWXG\� RI� SDSHU� ��� WKHUH� ZHUH� VLJQLILFDQW�
LQWHOOLJLELOLW\�GLIIHUHQFHV�EHWZHHQ�QDWXUDO�DQG�V\QWKHWLF�IDFHV�IRU�(QJOLVK�DQG�'XWFK��EXW�QRW�
IRU� 6ZHGLVK�� DV� QRWHG� DERYH�� (YHQ� WKRXJK� WKH� H[SHULPHQWDO� FRQGLWLRQV� ZHUH� LGHQWLFDO�
H[FHSW� IRU� WKH� QDWXUDO� VSHDNHU� XVHG� �DQG� ODQJXDJH�� REYLRXVO\�� LW� LV� QRW� SRVVLEOH� WR� WHOO�
ZKHWKHU� WKLV� IDFW� FRXOG� EH� H[SODLQHG� E\� D� PRUH� UHILQHG� DUWLFXODWRU\� FRQWURO� PRGHO� IRU�
6ZHGLVK� WKDQ� IRU�(QJOLVK�DQG�'XWFK�RU�E\� ORZHU�DXGLRYLVXDO� LQWHOOLJLELOLW\�RI� WKH�6ZHGLVK�
WDONHU��

7DEOH���� 2YHUYLHZ�RI�LQWHOOLJLELOLW\�VWXGLHV�ZLWK�V\QWKHWLF�WDONLQJ�KHDGV��RUGHUHG�E\�SXEOLFDWLRQ�GDWH��
0DLQ�UHVXOWV��
���FRUUHFW��� $XGLR� ,WHPV� 6FRULQJ� /DQJ�
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IDFH�
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VHQWHQFHV� :RUGV�� (QJOLVK� �� �� ��� �
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� $33/,&$7,216�
7R�FRQFOXGH�WKH�WKHVLV��WKLV�FKDSWHU�ZLOO�UHYLHZ�KRZ�WDONLQJ�KHDGV�KDYH�EHHQ�DQG�DUH�EHLQJ�
DSSOLHG� LQ� RWKHU� UHVHDUFK� SURMHFWV� DQG� V\VWHPV� GHYHORSHG� DW� &77�� ,Q� IDFW�� PXFK� RI� WKH�
GHYHORSPHQW� UHSUHVHQWHG� LQ� WKLV� WKHVLV� ZDV� GLUHFWO\� GULYHQ� E\� LPPHGLDWH� QHHGV� LQ� WKHVH�
V\VWHPV�� 7KHUH� DUH� WKUHH� PDLQ� DUHDV� RI� DSSOLFDWLRQV� WKDW� KDYH� EHHQ� WDUJHWHG� GXULQJ� WKH�
FRXUVH�RI�GHYHORSPHQW��VSRNHQ�PDQ�PDFKLQH�GLDORJXH�V\VWHPV��FRPPXQLFDWLRQ�DLGV�IRU�WKH�
KDUG�RI�KHDULQJ�DQG�VSHHFK�WUDLQLQJ�IRU�KHDULQJ�LPSDLUHG�FKLOGUHQ��
��� (PERGLHG�DJHQWV�LQ�VSRNHQ�GLDORJXH�V\VWHPV�
6SRNHQ� GLDORJXH� V\VWHPV� IRU� KXPDQ�PDFKLQH� FRPPXQLFDWLRQ� KDYH� EHHQ� DQ� LQFUHDVLQJO\�
SRSXODU�DUHD�IRU�UHVHDUFK�RYHU�WKH�SDVW�GHFDGH��2I�SDUWLFXODU�UHOHYDQFH�KHUH�LV�WKH�EUDQFK�RI�
VXFK� UHVHDUFK� IRFXVLQJ� RQ� PXOWLPRGDO� V\VWHPV� LQFRUSRUDWLQJ� DQLPDWHG� WDONLQJ� DJHQWV�
FDSDEOH� RI� VSHHFK� DQG� QRQ�YHUEDO� EHKDYLRXU�� 7KHUH� DUH� VHYHUDO� FRPSHOOLQJ� UHDVRQV� WR�
LQFOXGH�DQLPDWHG�DJHQWV��LQ�WKH�IRUP�RI�WDONLQJ�KHDGV�RU�IXOO�ERGLHG�FKDUDFWHUV��LQWR�VSRNHQ�
GLDORJXH�V\VWHPV��WKH�QRQ�YHUEDO�VLJQDOV�UHYLHZHG�LQ�FKDSWHU���FDQ�EH�RI�VLJQLILFDQW�YDOXH�LQ�
D�GLDORJXH�V\VWHP�LI�XVHG�SURSHUO\��)XUWKHUPRUH��WKH�DJHQW�SURYLGHV�D�VHQVH�RI�SUHVHQFH�WR�
WKH� V\VWHP�� SRWHQWLDOO\� PDNLQJ� WKH� GLDORJXH� VLWXDWLRQ� PRUH� FRPIRUWDEOH�� DQG� WKH� OLS�
PRYHPHQWV� RI� WKH� DJHQW� ERRVWV� WKH� LQWHOOLJLELOLW\� RI� WKH� VSHHFK� VLJQDO�� ZKLFK� FDQ� EH� DQ�
LPSRUWDQW�VLGH�HIIHFW�LQ�NLRVN�W\SH�V\VWHPV�LQ�QRLV\�HQYLURQPHQWV��$W�.7+��&77���WKHUH�LV�
D� ORQJ� WUDGLWLRQ�RI� UHVHDUFK� LQ� WKH�DUHD�� WKH� ILUVW� VSRNHQ�GLDORJXH� V\VWHP�UHVHDUFK�SURMHFW��
:D[KROP��ZDV�LQLWLDWHG�LQ�������7KH�UHDGHU�LV�UHIHUUHG�WR�*XVWDIVRQ��������IRU�D�WKRURXJK�
UHYLHZ�RI� WKH� VWDWH� RI� WKH� DUW� LQ�PXOWLPRGDO� GLDORJXH� V\VWHPV� LQ� JHQHUDO�� DQG� WKH� V\VWHPV�
GHYHORSHG�DW�.7+�LQ�SDUWLFXODU��%HORZ�LV�D�EULHI�VXPPDU\��IRFXVLQJ�RQ�WKH�UROH�RI�WKH�DJHQW�
LQ�WKH�YDULRXV�V\VWHPV��
����� :D[KROP�
7KH�JRDO�RI�WKH�:D[KROP�SURMHFW��%HUWHQVWDP�HW�DO���������ZDV�WR�EXLOG�D�PL[HG�LQLWLDWLYH��
VSHDNHU�LQGHSHQGHQW�GLDORJXH�V\VWHP�IRU�WRXULVW�LQIRUPDWLRQ�LQ�WKH�6WRFNKROP�DUFKLSHODJR��
8VHUV�ZHUH�DEOH�WR�DVN�TXHVWLRQV�DERXW�WLPHWDEOHV�IRU�ERDWV��LQIRUPDWLRQ�DERXW�UHVWDXUDQWV�
DQG�DFFRPPRGDWLRQ�DQG�ORFDWLRQ�RI�LVODQGV�DQG�KDUERXUV��,Q�DGGLWLRQ�WR�VSHHFK��WKH�V\VWHP�
IHDWXUHG�JUDSKLFDO�RXWSXW�LQ�WKH�IRUP�RI�WDEOHV��FKDUWV�DQG�D�PDS��7KH�JUDSKLFDO�LQWHUIDFH�LV�
VKRZQ�LQ�ILJXUH������

7KH�ILUVW�JHQHUDWLRQ�RI�WKH�YLVXDO�VSHHFK�V\QWKHVLV�V\VWHP��SDSHU����ZDV�LQWHJUDWHG�LQWR�
WKLV� V\VWHP�� 2WKHU� WKDQ� SURYLGLQJ� YLVLEOH� OLS� PRYHPHQWV� WR� DFFRPSDQ\� WKH� V\QWKHVLVHG�
YRLFH� RXWSXW�� WKH� KHDG� ZDV� FDSDEOH� RI� GHLFWLF� PRYHPHQWV�� ZKHQ� LQIRUPDWLRQ� �H�J�� D�
WLPHWDEOH��ZDV�SUHVHQWHG�VRPHZKHUH�LQ�WKH�JUDSKLFDO�LQWHUIDFH��WKH�IDFH�ZRXOG�ORRN�DQG�WXUQ�
WRZDUGV�WKDW�ORFDWLRQ�RQ�WKH�VFUHHQ��WKHUHE\�JXLGLQJ�WKH�XVHU·V�DWWHQWLRQ���
����� 2OJD�
7KH�2OJD�SURMHFW�ZDV�LQLWLDWHG�LQ������DV�D�FROODERUDWLRQ�EHWZHHQ�VHYHUDO�6WRFNKROP�EDVHG�
UHVHDUFK� SDUWQHUV�� .7+� &77�� .7+� &,'� �&HQWUH� IRU� XVHU� RULHQWHG� ,7� GHVLJQ��� WKH�
/LQJXLVWLFV� GHSDUWPHQW� DW� 6WRFNKROP� 8QLYHUVLW\� DQG� 6ZHGLVK� ,QVWLWXWH� IRU� &RPSXWHU�
6FLHQFH��6,&6���7KH�LQLWLDO�JRDO�RI�WKH�SURMHFW�ZDV�DPELWLRXV��D�PXOWLPRGDO�VSRNHQ�GLDORJXH�
V\VWHP��IHDWXULQJ�D�GLUHFW�PDQLSXODWLRQ�LQWHUIDFH�DQG�D�IXOO�ERGLHG�DJHQW�FDSDEOH�RI�QDWXUDO�
YHUEDO�DV�ZHOO�DV�QRQ�YHUEDO�FRPPXQLFDWLRQ��DFWLQJ� LQ�D�FRQVXPHU� LQIRUPDWLRQ�GRPDLQ� WR�
SURYLGH�JXLGDQFH�UHJDUGLQJ�PLFURZDYH�RYHQV��7KH�V\VWHP�ZDV�EDVHG�RQ�D�PRGXODU�GHVLJQ�LQ�
ZKLFK� WKH� EDVLF� PRGXOHV� ,0� �LQSXW� PDQDJHU��� '0� �GLDORJXH� PDQDJHU��� '0,� �GLUHFW�
PDQLSXODWLRQ� LQWHUIDFH�� DQG� $$� �DQLPDWHG� DJHQW�� FRPPXQLFDWHG� RYHU� VRFNHWV� YLD� D� KXE�
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WKURXJK�D�VLPSOH�$6&,,�EDVHG�SURWRFRO��7KLV�VWULFW�PRGXODULW\�ZDV�D�NH\�IHDWXUH�VLQFH�WKH�
'0��'0,�DQG�$$�ZHUH�GHYHORSHG�DW�GLIIHUHQW� VLWHV�� LQ�GLIIHUHQW�SURJUDPPLQJ� ODQJXDJHV�
DQG�UDQ�XQGHU�GLIIHUHQW�RSHUDWLQJ�V\VWHPV��

'XH� WR� ODFN� RI� IXQGLQJ�� WKH� V\VWHP�RQO\�PDGH� LW� WR� WKH� LQLWLDO� SURWRW\SH� VWDJH��ZKLFK�
LPSOLHG�D�YHU\�OLPLWHG�,0�RQO\�FDSDEOH�RI�GHDOLQJ�ZLWK�D�KDQGIXO�RI�SKUDVHV��7KH�'0�DQG�
$$� PRGXOHV� ZHUH� KRZHYHU� IXOO\� IXQFWLRQDO� �%HVNRZ� DQG� 0F*ODVKDQ�� ������ DOEHLW� QRW�
WKRURXJKO\�HYDOXDWHG��7KH�$$�PRGXOH�IHDWXUHG�DXGLRYLVXDO�VSHHFK�V\QWKHVLV��ZLWK�D�IHPDOH�
YHUVLRQ�RI� WKH�.7+�IRUPDQW�V\QWKHVLV��DQG�WKH�HPERGLHG�2OJD�DJHQW��VHH�ILJXUH������7KH�
DJHQW� KDG� D� VPDOO� UHSHUWRLUH� RI� IDFLDO� H[SUHVVLRQV� DQG� JHVWXUHV� �VKUXJV�� QRGV�� GHLFWLF�
JHVWXUHV�� LGOH� JHVWXUHV� HWF��� WKDW� ZHUH� WULJJHUHG� IURP� WKH� '0� OHYHO� WKURXJK� WKH� state�
GLUHFWLYH�� )RU� H[DPSOH�� GXULQJ� SUHVHQWDWLRQ� RI� GDWD� LQ� WKH� '0,�� WKH� PHVVDJH�
state(attention_display)� ZRXOG� FDXVH� WKH� DJHQW� WR� WXUQ� WRZDUGV� WKH� '0,� �RQ� D�
GLIIHUHQW�VFUHHQ��DQG�PDNH�D�JHVWXUH�ZLWK�WKH�DUP��,I�WKH�'0�IDLOHG�WR�VDWLVI\�D�XVHU�UHTXHVW��
WKH� PHVVDJH� state(regret)� UHVXOWHG� LQ� WKH� DJHQW� SHUIRUPLQJ� D� UHJUHWIXO� VKUXJ� �KDQGV�
WXUQHG�XS��H\HEURZV�UDLVHG��PRXWK�FRUQHUV�WXUQHG�GRZQ�DQG�KHDG�VORZO\�VKDNLQJ�VLGHZD\V����

'HVSLWH�WKH�IDFW�WKDW�2OJD�QHYHU�ZDV�WXUQHG�LQWR�D�IXOO\�IXQFWLRQDO�GLDORJXH�V\VWHP��WKH�

��
)LJXUH�����7KH�JUDSKLFDO�LQWHUIDFH�RI�WKH�:D[KROP�V\VWHP��

�

�)LJXUH�����2OJD���D�FDUWRRQ�OLNH�IXOO�ERGLHG�DQLPDWHG�DJHQW�SHUIRUPLQJ�D�UHJUHWIXO�JHVWXUH��ULJKW���
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SURMHFW�ZDV�VWLOO�YHU\�LQIOXHQWLDO�RQ�WKH�WDONLQJ�KHDG�WHFKQRORJ\�GHYHORSPHQW�UHSUHVHQWHG�E\�
WKLV�WKHVLV��7KH�SURMHFW�GHPDQGV�RI�D�IXOO�ERGLHG�DJHQW�ZLWK�D�FDUWRRQ�OLNH�DSSHDUDQFH�DQG�
DUWLFXODWHG� ERG\� UHTXLUHG� D� QHZ� DUFKLWHFWXUH� IRU� WDONLQJ� KHDG� PRGHOOLQJ�� ZKHUH� DUELWUDU\�
SRO\JRQ� JHRPHWULHV� FRXOG� EH� SDUDPHWHULVHG� DQG� DUWLFXODWHG�� IRUFLQJ� DEDQGRQPHQW� RI� WKH�
KDUG�ZLUHG�3DUNH�DSSURDFK�SUHYLRXVO\�XVHG��ZKHUH�WKH�IDFH�PRGHO�GHILQLWLRQ�LV�LQWHUWZLQHG�
LQWR� WKH�DQLPDWLRQ�HQJLQH�FRGH���7KLV� IXHOOHG� WKH�GHYHORSPHQW�RI� WKH�*6'6�GHVFULEHG� LQ�
SDSHU�����
����� $XJXVW�
7KH�$XJXVW�V\VWHP��*XVWDIVRQ�HW�DO���������GHYHORSHG�LQ�������UHSUHVHQWHG�QHZ�FKDOOHQJHV�
LQ�WHUPV�RI�V\VWHP�UREXVWQHVV��ZKHUHDV�SUHYLRXV�V\VWHPV�ZHUH�GHYHORSHG�DQG�WHVWHG�LQ�ZHOO�
FRQWUROOHG� ODE� VHWWLQJV�� $XJXVW� ZDV� D� SXEOLFO\� DYDLODEOH�� XQVXSHUYLVHG� V\VWHP�ZKHUH� XVHUV�
FRXOG� IUHHO\� ZDON� XS� WR� WKH� V\VWHP� �ORFDWHG� LQ� WKH� FHQWUH� RI� FXOWXUH� LQ� GRZQWRZQ�
6WRFNKROP��DQG�HQJDJH�LQ�FRQYHUVDWLRQ�ZLWKRXW�SULRU�LQVWUXFWLRQ�RU�JXLGDQFH�UHJDUGLQJ�WKH�
V\VWHPV�FDSDELOLWLHV�DSDUW� IURP�WKRVH�SURYLGHG�E\� WKH�V\VWHP� LWVHOI��7KH�V\VWHP�IHDWXUHG�D�
WDONLQJ�KHDG�PRGHOOHG�DIWHU�WKH�IDPRXV�6ZHGLVK��� �

� �FHQWXU\�DXWKRU�$XJXVW�6WULQGEHUJ��VHH�
ILJXUH������7KH�V\VWHP�KDG�NQRZOHGJH�LQ�PXOWLSOH�VKDOORZ�GRPDLQV��HDFK�KDQGOHG�E\�LWV�RZQ�
GLDORJXH� PDQDJHU�� UHVWDXUDQWV�� .7+�� WKH� OLIH� RI� $XJXVW� 6WULQGEHUJ� DQG� JHQHUDO� VRFLDO�
FRQYHUVDWLRQ��JUHHWLQJV�HWF����,Q�RUGHU�WR�EH�HQJDJLQJ�DQG�HQWHUWDLQLQJ�WR�WKH�JHQHUDO�SXEOLF��
$XJXVW�ZDV�JLYHQ�D�ULFK�QRQ�YHUEDO�UHSHUWRLUH��LQFOXGLQJ�VRPH�VXSHUQDWXUDO�EHKDYLRXUV�VXFK�
DV� URWDWLQJ� WKH�KHDG�����GHJUHHV�RU� WZLVWLQJ� WKH�PRXVWDFKH��)RU�PRUH� LQIRUPDWLRQ�RQ� WKH�
FUHDWLRQ� RI� WKH� $XJXVW� PRGHO� DQG� WKH� DVVRFLDWHG� JHVWXUHV� WKH� UHDGHU� LV� UHIHUUHG� WR�
/XQGHEHUJ�DQG�%HVNRZ���������
����� $G$SW�

7KH�PRVW�UHFHQW�LQ�WKH�OLQH�RI�GLDORJXH�V\VWHPV�LQFRUSRUDWLQJ�DQLPDWHG�DJHQWV�DW�&77�LV�
$G$SW��*XVWDIVRQ�HW�DO����������7KH�V\VWHP�LV�D�UHDO�HVWDWH�EURZVLQJ�V\VWHP�IRU�GRZQWRZQ�
6WRFNKROP�� IHDWXULQJ� PXOWLPRGDO� LQSXW� �VSHHFK� DQG� DQ� LQWHUDFWLYH� PDS�� DQG� RXWSXW�
�DXGLRYLVXDO� VSHHFK��PDSV�DQG�WDEOHV���$�VFUHHQVKRW� IURP�WKH�$G$SW�V\VWHP��VKRZLQJ� WKH�
YLUWXDO�UHDO�HVWDWH�EURNHU�8UEDQ�FDQ�EH�VHHQ�LQ�ILJXUH������

,Q�$G$SW��D�XQLILHG�DQG�VWUXFWXUHG�ZD\�RI�VSHFLI\LQJ�DQG�JHQHUDWLQJ�VSRNHQ�DV�ZHOO�DV�
QRQ�YHUEDO� RXWSXW� IRU� WKH� DQLPDWHG� DJHQW� ZDV� QHHGHG�� 7KLV� UHTXLUHPHQW� OHG� WR� WKH�
GHYHORSPHQW� RI� WKH� ;0/�EDVHG� *(620� IRUPDOLVP� DQG� WKH� JHVWXUH� OLEUDU\� DSSURDFK�
GHVFULEHG�LQ�SDSHU����DQG�VXPPDULVHG�LQ�FKDSWHU�����
��� 6\QWKHWLF�IDFHV�DV�DLGV�LQ�FRPPXQLFDWLRQ�
7KH� VHFRQG� FDWHJRU\� RI� DSSOLFDWLRQV� WKDW� KDV� EHHQ� SLYRWDO� LQ� GULYLQJ� WKLV� UHVHDUFK� LV�
FRPPXQLFDWLRQ�DLGV� IRU�KHDULQJ�LPSDLUHG�SHRSOH��7ZR�SURMHFWV�KDYH� IUDPHG� WKLV� UHVHDUFK�
RYHU� WKH� \HDUV�� WKH� QDWLRQDO�7HOHIDFH� SURMHFW�� ODVWLQJ� IURP� ����� WR� ������ DQG� WKH� (8�,67�
SURMHFW�6\QIDFH�VFKHGXOHG�IURP������WR�������

7KH� IXQGDPHQWDO� LGHD� EHKLQG� ERWK� SURMHFWV� LV� WKH� DPELWLRXV� �EXW� UHDOLVWLF�� JRDO� RI� D�
FRPPXQLFDWLRQ�GHYLFH� WKDW�� LQ� D� VSHDNHU� LQGHSHQGHQW� IDVKLRQ�� WUDQVODWHV� WHOHSKRQH�TXDOLW\�
VSHHFK�VLJQDOV�LQWR�YLVLEOH�DUWLFXODWRU\�PRYHPHQWV�LQ�D�V\QWKHWLF�WDONLQJ�KHDG�ZLWK�VXIILFLHQW�
DFFXUDF\� WR� SURYLGH� VLJQLILFDQW� VSHHFKUHDGLQJ� VXSSRUW� WR� WKH� KHDULQJ�LPSDLUHG� XVHU��
LPSURYLQJ�KLV�KHU�DELOLW\�WR�FRPPXQLFDWH�RYHU�WKH�WHOHSKRQH��

6\QIDFH�FDQ�HVVHQWLDOO\�EH�YLHZHG�DV�D�FRQWLQXDWLRQ�RI�WKH�HIIRUWV�LQLWLDWHG�LQ�WKH�7HOHIDFH�
SURMHFW�� H[SDQGLQJ� WKH� VFRSH� LQWR� PXOWLSOH� ODQJXDJHV�� 7KH� 6\QIDFH� SURWRW\SHV� ZLOO� EH�
GHYHORSHG�IRU�6ZHGLVK��(QJOLVK�DQG�'XWFK��
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,Q�WKH�7HOHIDFH�SURMHFW��LW�ZDV�UHDOLVHG�WKDW�EHIRUH�DWWHPSWLQJ�DFWXDO�FRQVWUXFWLRQ�RI�WKH�
GHYLFH��WKH�HIIHFWLYHQHVV�RI�WKH�WDONLQJ�KHDG�IRU�WKH�WDVN�KDG�WR�EH�DVVHVVHG�VHSDUDWHO\��7KXV�
D� VHULHV� RI� LQWHOOLJLELOLW\� HYDOXDWLRQ� VWXGLHV� ZHUH� FRQGXFWHG�� ZKHUH� WKH� WDONLQJ� KHDG� ZDV�
FRQWUROOHG�E\� LGHDO�FRQGLWLRQV�� L�H��PDQXDOO\�FRUUHFWHG�SKRQHWLF�DOLJQPHQWV��7KH�VDPH�W\SH�
RI�H[SHULPHQWV�ZHUH�DOVR�UXQ�LQ�WKH�6\QIDFH�SURMHFW�LQ�D�XQLIRUP�ZD\�IRU�DOO�WKUHH�ODQJXDJHV�
�SDSHU����VHH�VHFWLRQ�����IRU�IXUWKHU�GHWDLOV���

7KH�DFWXDO�FRQVWUXFWLRQ�RI�WKH�FRPPXQLFDWLRQ�GHYLFH�UHSUHVHQWV�D�VLJQLILFDQW�WHFKQLFDO�
FKDOOHQJH��,Q�FKDSWHU���WKH�VWDWH�RI�WKH�DUW�LQ�WKH�ILHOG�ZDV�UHYLHZHG��DQG�SDSHU���GHVFULEHV�
RQH� SRVVLEOH� DSSURDFK�� +RZHYHU�� QRW� DOO� DSSURDFKHV� DUH� VXLWHG� IRU� WKH� GHPDQGV� RI� WKH�
6\QIDFH� DSSOLFDWLRQ�� ,Q� SDUWLFXODU�� WKHUH� DUH� WZR� IDFWRUV� PDNLQJ� WKH� 6\QIDFH� VFHQDULR�
GLIILFXOW�����WKH�GHYLFH�KDV�WR�EH�VSHDNHU�LQGHSHQGHQW��DQG����LW�KDV�WR�ZRUN�LQ��FORVH�WR��UHDO�
WLPH��ZLWK�QR�PRUH�WKDQ�DERXW�����PLOOLVHFRQGV�GHOD\���

,Q�IDFW��ZLWK�WKH�H[FHSWLRQ�RI�gKPDQ�DQG�6DOYL��������DQG�0RULVKLPD���������DOO�RI�WKH�
V\VWHPV�UHYLHZHG�LQ�FKDSWHU���DUH�VSHDNHU�GHSHQGHQW��DQG�LQ�WKH�FDVH�RI�0RULVKLPDV�V\VWHP��
QHZ�XVHUV�KDG�WR�XQGHUJR�DQ�DXGLRYLVXDO�HQUROPHQW�SURFHGXUH��ZKLFK�ZRXOG�EH�GLIILFXOW�WR�
LPSOHPHQW� LQ� WKH� SURSRVHG� GHYLFH�� ,W� VHHPV� WKDW� V\PERO�EDVHG� $9�PDSSLQJV� KDYH� DQ�
DGYDQWDJH�RYHU� WKH�UHJUHVVLRQ�EDVHG�� LQ� WKDW� WKH�DFRXVWLFV�WR�V\PEROV� VWDJH� �H�J��SKRQHPH�

����� �)LJXUH�����$XJXVW�WKH�WDONLQJ�KHDG�DQG�WKH��� �
� �FHQWXU\�6ZHGLVK�DXWKRU�$XJXVW�6WULQGEHUJ���

�

�)LJXUH�����7KH�JUDSKLFDO�LQWHUIDFH�RI�WKH�$G$SW�V\VWHP�LQFOXGHV�DQ�LQWHUDFWLYH�VFUROODEOH�PDS��LFRQV�IRU�
YLVXDOLVDWLRQ�RI�V\VWHP�EHOLHIV��DQG�WKH�DQLPDWHG�DJHQW�8UEDQ��
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UHFRJQLWLRQ��FDQ�EH�WUDLQHG�RQ�YHU\�ODUJH�TXDQWLWLHV�RI�DXGLR�RQO\�PDWHULDO��ZKLFK�LV�UHTXLUHG�
LI�WKH�V\VWHP�LV�WR�JHQHUDOLVH�ZHOO�DFURVV�WDONHUV����

7KH�UHDO�WLPH�FULWHULRQ�LV�XVXDOO\�QRW�FRQVLGHUHG�LQ�WKH�V\PERO�EDVHG�DSSURDFKHV��W\SLFDO�
+00�EDVHG� UHFRJQLWLRQ� V\VWHPV� DUH�XQDEOH� WR�RXWSXW� SKRQHPHV� LQFUHPHQWDOO\�� VLQFH� WKH�
VWDQGDUG�9LWHUEL� DOJRULWKP�XVHV� D�EDFNWUDFNLQJ� VWDJH�RYHU� WKH�ZKROH�XWWHUDQFH�EHIRUH� DQ\�
RXWSXW� LV� SURGXFHG�� )XUWKHUPRUH�� LQ� WKH� V\PERO�EDVHG� PHWKRGV�� DQ� DGGLWLRQDO� GHOD\� LV�
LQWURGXFHG� LQ� PDSSLQJ� WKH� UHFRJQLVHG� V\PEROV� LQWR� YLVXDO� SDUDPHWHU� WUDMHFWRULHV�� ,Q� WKH�
JHQHUDO�FDVH��PDQ\�DUWLFXODWRU\�FRQWURO�PRGHOV�UHTXLUH�LQIRUPDWLRQ�DERXW�WKH�IXOO�XWWHUDQFH�
EHIRUH� DQ\� RXWSXW� FDQ� EH� SURGXFHG�� 7R� GHDO� ZLWK� WKLV� SUREOHP�� SDSHU� �� SUHVHQWV� D� ORZ�
ODWHQF\�$11�EDVHG�DUWLFXODWRU\�FRQWURO�PRGHO�WKDW�RQO\�LQWURGXFHV����PLOOLVHFRQGV�GHOD\��

7KH� UHJUHVVLRQ�EDVHG� DSSURDFKHV� KDYH� DQ� DGYDQWDJH� ZLWK� UHVSHFW� WR� WKH� UHDO�WLPH�
FULWHULRQ��6LQFH�WKH\�XVH�D�VPDOO��IL[HG�QXPEHU�RI�IUDPHV�ORRN�DKHDG��WKH� LQWURGXFHG�GHOD\�
ZLOO�EH�VPDOO�DQG�SUHGLFWDEOH���

,Q� WKH� 6\QIDFH� SURMHFW�� D� ILUVW� ZRUNLQJ� SURWRW\SH� LV� FXUUHQWO\� XQGHU� GHYHORSPHQW��
([SHULPHQWV�KDYH� EHHQ�SHUIRUPHG�ZLWK� VSHDNHU� LQGHSHQGHQW�SKRQHPH� UHFRJQLVHUV�EDVHG�
RQ� +00� DQG� K\EULG� $11�+00� �6DOYL�� ������ 6HZDUG�� ������� 7R� DOORZ� IRU� UHDO�WLPH�
SHUIRUPDQFH�� D�QHZ� ORZ�ODWHQF\� UHFRJQLWLRQ�HQJLQH�KDV�EHHQ�GHYHORSHG�HVSHFLDOO\� IRU� WKLV�
SXUSRVH��
��� /DQJXDJH�WUDLQLQJ�ZLWK�WDONLQJ�KHDGV�
7KH� ZRUN� GHVFULEHG� LQ� SDSHU� �� ZDV� FDUULHG� RXW� DV� SDUW� RI� D� SURMHFW� DLPLQJ� DW� XWLOLVLQJ�
ODQJXDJH�DQG�VSHHFK�WHFKQRORJ\�FRPSRQHQWV�LQFOXGLQJ�WDONLQJ�KHDGV�LQ�VSHHFK�WUDLQLQJ�IRU�
SURIRXQGO\�GHDI�FKLOGUHQ��&ROH�HW�DO����������7KH�SURMHFW�ZDV�D�FROODERUDWLRQ�EHWZHHQ�VHYHUDO�
86� UHVHDUFK� LQVWLWXWHV�� 8QLYHUVLW\� RI� &DOLIRUQLD� 6DQWD� &UX]� �8&6&��� 2UHJRQ� *UDGXDWH�

�
�
�

��� ��� ��
)LJXUH����� 6SHHFK�WKHUDS\�XVLQJ�WDONLQJ�KHDGV��&6/8�5DSLG�$SSOLFDWLRQ�'HYHORSPHQW�WRRO��OHIW��WKDW�
LQFOXGHV�WKH�DQLPDWHG�WDONLQJ�KHDG�%DOGL�ZLWK�D�WRQJXH�PRGHO�WUDLQHG�RQ�XOWUDVRXQG�GDWD��PLGGOH���7R�
WKH�ULJKW�D�VWXGHQW�DW�WKH�7XFNHU�0D[RQ�2UDO�6FKRRO�LQWHUDFWLQJ�ZLWK�D�VSHHFK�WUDLQLQJ�DSSOLFDWLRQ���

�



��� $SSOLFDWLRQV� ��
�
,QVWLWXWH��2*,��DV�ZHOO�DV�&DUQHJLH�0HOORQ�8QLYHUVLW\��&08���$VVRFLDWHG�ZLWK� WKH�SURMHFW�
ZDV� DOVR� WKH� 7XFNHU�0D[RQ�2UDO� 6FKRRO� �7026�� LQ� 3RUWODQG�� 2UHJRQ�� 7KH� VWXGHQWV� RI�
7026�DUH�SURIRXQGO\�GHDI��PDQ\�XVH�FRFKOHDU� LPSODQWV� WR�HQKDQFH� WKHLU�KHDULQJ��5DWKHU�
WKDQ�DLPLQJ�DW�EXLOGLQJ�D� IL[HG�VHW�RI�VSHHFK� WUDLQLQJ�DSSOLFDWLRQV�� WKH�SURMHFW� IRFXVHG�RQ�
LQWHJUDWLQJ�D�QXPEHU�RI�UHOHYDQW�WHFKQRORJLHV�LQWR�DQ�LQWHUDFWLYH��HDV\�WR�XVH�HQYLURQPHQW��
PDNLQJ�LW�SRVVLEOH�IRU�WHDFKHUV��SDUHQWV�DQG�RWKHU�LQWHUHVWHG�SDUWLHV�WR�FRQVWUXFW�DSSOLFDWLRQV�
LQYROYLQJ�PXOWLPRGDO� VSHHFK� WHFKQRORJ\�� 7KLV� HQYLURQPHQW�ZDV� EDVHG� DURXQG� WKH�&6/8�
6SHHFK� 7RRONLW � � �� D� UDSLG�SURWRW\SLQJ� WRRO� IRU� FRQVWUXFWLRQ� RI� VLPSOH� VSRNHQ� GLDORJXH�
V\VWHPV�� 7KH� LPSURYHG� WRQJXH� PRGHO� DQG� WRQJXH�SDODWH� FRQWDFW� GHWHFWLRQ� GHYHORSHG� LQ�
SDSHU� �� ZDV� LQWHJUDWHG� LQWR� WKH� WRRONLW�� DQG� FRXOG� HDVLO\� EH� LQWHJUDWHG� LQWR� DSSOLFDWLRQV�
GHYHORSHG� E\� WKH� WHDFKHUV� DW� 7026�� 8VLQJ� VLPSOH� *8,� FRQWUROV�� XVHUV� FRXOG� VHOHFW�
GLIIHUHQW�ZD\V�RI�YLHZLQJ�WKH�IDFH�DQG�WRQJXH��GLIIHUHQW�DQJOHV��VHPL�WUDQVSDUHQW�VNLQ��KDOI�
IDFH�FXW�DZD\�HWF���DV�ZHOO�DV�KLJKOLJKWLQJ�RI�WRQJXH�SDODWH�FRQWDFW��

�����������������������������������������������������������
� � �http://cslu.cse.ogi.edu/toolkit�
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� 6800$5<�2)�3$3(56�
%HORZ�� HDFK� RI� WKH� LQFOXGHG� SDSHUV� LV� EULHIO\� VXPPDULVHG�� 7KH� RULJLQDO� VFLHQWLILF�
FRQWULEXWLRQ� LV� H[SOLFLWO\� VWDWHG� IRU� HDFK� SDSHU� �RULJLQDO� FRQWULEXWLRQ��� DQG� ZKHQ� WKHUH� LV�
PRUH� WKDQ� RQH� DXWKRU�� WKH� FRQWULEXWLRQ� RI� WKH� DXWKRU� RI� WKLV� WKHVLV� LV� GHVFULEHG� �DXWKRU�
FRQWULEXWLRQ���
��� 3DSHU���
5XOH�EDVHG�9LVXDO�6SHHFK�6\QWKHVLV�
-RQDV�%HVNRZ�
(XURVSHHFK·���

�
7KH� SDSHU� FRYHUV� WKH� LQLWLDO� LPSOHPHQWDWLRQ� RI� D� FRPSOHWH� UXOH�EDVHG� V\VWHP� IRU� WH[W�WR��
DXGLRYLVXDO�VSHHFK��77$96��V\QWKHVLV��7KH�FRPSRQHQWV�RI�WKH�V\VWHP�KDYH�VLQFH�WKHQ�EHHQ�
FRQWLQXRXVO\�UHILQHG��7KH�UXOH�EDVHG�DUWLFXODWRU\�FRQWURO�PRGHO�ZDV�HPSOR\HG� LQ�PDQ\�RI�
WKH�VWXGLHV�UHSRUWHG�RQ�LQ�WKLV�WKHVLV��

$Q� H[LVWLQJ� WKUHH�GLPHQVLRQDO� SDUDPHWHULVHG� IDFH� PRGHO� �3DUNH�� ������ ZDV� H[WHQGHG�
ZLWK�D�WRQJXH�DV�ZHOO�DV�D�QRYHO�VHW�RI�DUWLFXODWRULO\�PRWLYDWHG�FRQWURO�SDUDPHWHUV��LQFOXGLQJ�
GHGLFDWHG�SDUDPHWHUV�IRU�OLS�URXQGLQJ��ELODELDO�RFFOXVLRQ�DQG�ODELRGHQWDO�RFFOXVLRQ��7KH�IDFH�
PRGHO�ZDV� LQWHJUDWHG� LQWR� WKH�.7+�776� V\VWHP��$� UXOH�EDVHG�DUWLFXODWRU\�FRQWURO�PRGHO�
ZDV�GHYHORSHG�LQ�RUGHU�WR�GULYH�WKH�DUWLFXODWLRQ�RI�WKH�PRGHO�IURP�SKRQHWLF�LQIRUPDWLRQ�LQ�
WKH�776� V\VWHP�� ���6ZHGLVK�SKRQHPHV�ZHUH�FOXVWHUHG� LQWR����YLVHPHV�� IRU�ZKLFK�SURSHU�
SDUDPHWHU� VHWWLQJV� ZHUH� HVWLPDWHG� EDVHG� RQ� LQWURVSHFWLRQ� DQG� SKRQHWLF� NQRZOHGJH�� 7KH�
FRQWURO�PRGHO�DFFRXQWV�IRU�IRUZDUG��DQG�EDFNZDUG�FRDUWLFXODWLRQ� LQ�D�VLPSOH�\HW�HIIHFWLYH�
ZD\� WKURXJK� XQGHU�VSHFLILFDWLRQ� RI� WKH� YLVHPH� WDUJHWV�� ZKHUH� XQVSHFLILHG� WDUJHWV� DUH�
GHWHUPLQHG� XVLQJ� OLQHDU� LQWHUSRODWLRQ� EHWZHHQ� QHDUHVW� QHLJKERXULQJ� VHJPHQWV� ZKHUH� WKH�
WDUJHW� LV�VSHFLILHG��(DFK�UHVXOWLQJ�DUWLFXODWRU\�SDUDPHWHU�WUDMHFWRU\� LV� LQGHSHQGHQWO\�ILOWHUHG�
WR�REWDLQ�VXLWDEOH�G\QDPLFDO�SURSHUWLHV��7KH�SDSHU�DOVR�GHVFULEHV� WKH� LQFRUSRUDWLRQ�RI� WKH�
DXGLRYLVXDO�WH[W�WR�VSHHFK�V\VWHP�LQWR�D�VSRNHQ�KXPDQ�PDFKLQH�GLDORJXH�V\VWHP�GHYHORSHG�
DW�WKH�GHSDUWPHQW���
2ULJLQDO�FRQWULEXWLRQ�
7KH� LQWURGXFWLRQ� RI� DUWLFXODWRU\� PRWLYDWHG� FRQWURO� SDUDPHWHUV� DQG� WKH� UXOH�EDVHG�
DUWLFXODWRU\�FRQWURO�PRGHO�ZKHUH�FRDUWLFXODWLRQ�LV�PRGHOOHG�E\�WDUJHW�XQGHU�VSHFLILFDWLRQ��,Q�
DGGLWLRQ�WKH�SDSHU�GHVFULEHV�WKH�ILUVW�DXGLRYLVXDO�VSHHFK�V\QWKHVLV�V\VWHP�IRU�6ZHGLVK��
��� 3DSHU���
$QLPDWLRQ�RI�7DONLQJ�$JHQWV�
-RQDV�%HVNRZ�
$963·���

�
7KLV�SDSHU�GHVFULEHV�DQ�DSSURDFK� WR�IDFLDO�DQLPDWLRQ�EDVHG�RQ�SDUDPHWULF�GHIRUPDWLRQ�RI�
SRO\JRQ�PHVKHV��7KH�SURSRVHG�GHIRUPDWLRQ�VFKHPH��*6'6�� LV�D�JHQHUDOLVDWLRQ�RI�3DUNH
V�
������� DSSURDFK�� RYHU� ZKLFK� LW� FDQ� EH� FRQVLGHUHG� WR� KDYH� WZR� PDLQ� DGYDQWDJHV�� ���
SDUDPHWHULVDWLRQ�GDWD�LV�VHSDUDWHG�IURP�WKH�DQLPDWLRQ�HQJLQH�FRGH��ZKLFK�JUHDWO\�LQFUHDVHV�
IOH[LELOLW\�DQG�DOORZV�IRU�UDSLG�SDUDPHWHULVDWLRQ�RI�QHZ�JHRPHWULHV��DQG����LW�RIIHUV�D�ZD\�WR�
GHILQH�WKH�VSDWLDO�WDUJHW�RI�D�GHIRUPDWLRQ��WR�HQVXUH�WKDW�H�J��DQ�DUWLFXODWRU�UHDFKHV�D�FHUWDLQ�
SRVLWLRQ��UHJDUGOHVV�RI�RWKHU�GHIRUPDWLRQV�DIIHFWLQJ�WKH�VDPH�UHJLRQ���
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$�WHFKQLTXH�EDVHG�RQ�SDUDPHWHULVHG�WHPSODWHV�IRU�FRQWUROOLQJ�WKH�IDFLDO�H[SUHVVLRQV�DQG�
ERG\�JHVWXUHV�WR�VXSSOHPHQW�WKH�VSHHFK�RXWSXW�RI�DQ�DQLPDWHG�DJHQW�LQ�D�VSRNHQ�GLDORJXH�
V\VWHP� LV�DOVR�RXWOLQHG�� �)LQDOO\��D�FDUWRRQ�OLNH�FKDUDFWHU� LPSOHPHQWHG�XVLQJ� WKH�SUHVHQWHG�
GHIRUPDWLRQ�VFKHPH�ZDV�HYDOXDWHG�LQ�D�YLVXDO�VSHHFK�LQWHOOLJLELOLW\�WHVW��ZKHUH�LW�ZDV�VKRZQ�
WR�SURYLGH�D�VXEVWDQWLDO� LQFUHDVH� LQ�VSHHFK�LQWHOOLJLELOLW\�ZKHQ�FRPSDUHG�WR�DQ�DXGLR�DORQH�
FRQGLWLRQ��
2ULJLQDO�FRQWULEXWLRQ�
7KH�JHQHUDOLVHG� VXUIDFH�GHIRUPDWLRQ� VFKHPH� �*6'6��� DV�ZHOO� DV� WKH�HYDOXDWLRQ� UHVXOWV� IRU�
WKH�FDUWRRQ�OLNH�2OJD�FKDUDFWHU��
��� 3DSHU���
5HFHQW�'HYHORSPHQWV�LQ�)DFLDO�$QLPDWLRQ��DQ�,QVLGH�9LHZ�
0LFKDHO�0��&RKHQ��-RQDV�%HVNRZ�DQG�'RPLQLF�:��0DVVDUR�
$963·���

�
7KLV�SDSHU�UHSRUWV�RQ�GHYHORSPHQWV�ZLWKLQ�WKH�%DOGL�IDFLDO�DQLPDWLRQ�V\VWHP��GHYHORSHG�DW�
8&6&��7KH�IDFH�LV�DXJPHQWHG�ZLWK�D�KLJKO\�UHDOLVWLF�SDODWH��WHHWK��DQG�DQ�LPSURYHG�WRQJXH�
PRGHO��7KH� DLP�RI� WKHVH� DGGLWLRQV� LV� WZRIROG�� WR� LPSURYH� UHDOLVP� DQG� DFFXUDF\�RI� YLVLEOH�
VSHHFK� SURGXFWLRQ�� DQG� WR� SURYLGH� DQ� DQDWRPLFDOO\� YDOLG� DQG� SHGDJRJLFDOO\� XVHIXO� GLVSOD\�
WKDW� FDQ� EH� XVHG� LQ� VSHHFK� WUDLQLQJ� RI� FKLOGUHQ� ZLWK� KHDULQJ� ORVV�� 7KH� JHQHUDO� DSSURDFK�
WDNHQ� LV� WR�XVH�ERWK� VWDWLF� DQG�G\QDPLF�REVHUYDWLRQV�RI�QDWXUDO� VSHHFK� WR�JXLGH� WKH� IDFLDO�
PRGHOOLQJ�� +LJK�UHVROXWLRQ�PRGHOV� RI� SDODWH� DQG� WHHWK�ZHUH� UHGXFHG� WR� D� UHODWLYHO\� VPDOO�
QXPEHU�RI�SRO\JRQV�IRU�UHDO�WLPH�DQLPDWLRQ��)RU�WKH�WRQJXH�PRGHO���'�XOWUDVRXQG�GDWD�ZDV�
XVHG� LQ� FRPELQDWLRQ� ZLWK� HUURU� PLQLPLVDWLRQ� DOJRULWKPV� WR� WUDLQ� WKH� SDUDPHWULF� E�VSOLQH�
EDVHG� WRQJXH�PRGHO� WR� VLPXODWH� UHDOLVWLF� VSHHFK�� ,Q� DGGLWLRQ�� D� KLJK�VSHHG� DOJRULWKP�ZDV�
GHYHORSHG�IRU�GHWHFWLRQ�DQG�FRUUHFWLRQ�RI�FROOLVLRQV��WR�SUHYHQW�WKH�WRQJXH�IURP�SURWUXGLQJ�
WKURXJK� WKH� SDODWH� DQG� WHHWK�� DQG� WR� HQDEOH� WKH� UHDO�WLPH� GLVSOD\� RI� V\QWKHWLF�
HOHFWURSDODWRJUDSK\��(3*��SDWWHUQV��
$XWKRU�FRQWULEXWLRQ�
7KH� DXWKRU� RI� WKLV� WKHVLV� FROODERUDWHG�ZLWK�00&�RQ� WKH� GHYHORSPHQW� RI� WKH� DOJRULWKPV�
XVHG� LQ�FROOLVLRQ�GHWHFWLRQ�FRUUHFWLRQ�� V\QWKHWLF�(3*�GLVSOD\�DQG�HUURU�PHWULFV� IRU� WKUHH�
GLPHQVLRQDO� WRQJXH� VKDSH� WUDLQLQJ�� 7KH� E�VSOLQH� EDVHG� WRQJXH� PRGHO� ZDV� GHYHORSHG� E\�
00&��
2ULJLQDO�FRQWULEXWLRQ�
7KH� XVH� RI� XOWUDVRXQG� GDWD� WR� WXQH� VWDWLF� DUWLFXODWRU\� WDUJHWV� RI� D� SDUDPHWHULVHG� WRQJXH�
PRGHO��DV�ZHOO�DV�WKH�DOJRULWKPV�IRU�FROOLVLRQ�GHWHFWLRQ�FRUUHFWLRQ�DQG�GLVSOD\�RI�V\QWKHWLF�
(3*�SDWWHUQV��
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��� 3DSHU���
3LFWXUH�P\�9RLFH��$XGLR�WR�9LVXDO�6SHHFK�6\QWKHVLV�XVLQJ�$UWLILFLDO�1HXUDO�
1HWZRUNV�
'RPLQLF�:��0DVVDUR��-RQDV�%HVNRZ��0LFKDHO�0��&RKHQ��&KULVWRSKHU�/��)U\�DQG�7RQ\�5RGULJXH]�
$963
���

�
7KLV� SDSHU� SUHVHQWV� DQ� LQLWLDO� LPSOHPHQWDWLRQ� DQG� HYDOXDWLRQ�RI� D� V\VWHP� WKDW� V\QWKHVLVHV�
YLVXDO�VSHHFK�GLUHFWO\�IURP�WKH�DFRXVWLF�ZDYHIRUP��$Q�DUWLILFLDO�QHXUDO�QHWZRUN��$11��ZDV�
WUDLQHG� WR� PDS� WKH� FHSVWUDO� FRHIILFLHQWV� RI� DQ� LQGLYLGXDO·V� QDWXUDO� VSHHFK� WR� WKH� FRQWURO�
SDUDPHWHUV�RI�DQ�DQLPDWHG�V\QWKHWLF�WDONLQJ�KHDG��7UDLQLQJ�GDWD�IRU�WKH�$11V�LQ�WHUPV�RI�
YLVXDO� SDUDPHWHU� WUDMHFWRULHV�ZHUH� JHQHUDWHG� IURP�SKRQHWLFDOO\� ODEHOOHG� DXGLR�GDWD��$11V�
ZHUH� WUDLQHG�RQ� WZR�GDWD�VHWV��RQH�ZDV�D�VHW�RI�����ZRUGV�VSRNHQ� LQ� LVRODWLRQ�E\�D�VLQJOH�
VSHDNHU�DQG�WKH�RWKHU�D�VXEVHW�RI�H[WHPSRUDQHRXV�VSHHFK�IURP�WHQ�GLIIHUHQW�VSHDNHUV��IRU�
ZKLFK� WHQ� VSHDNHU�VSHFLILF�$11V�ZHUH� WUDLQHG�� 7KH�$11� WUDLQHG� RQ�ZRUGV�ZDV� DEOH� WR�
JHQHUDOLVH�WR�QHZ�VSHHFK�IURP�WKH�VDPH�VSHDNHU��$�SHUFHSWXDO�HYDOXDWLRQ�WHVW�LQGLFDWHG�WKDW�
WKH� SURGXFHG� DQLPDWLRQV� SURYLGHG� VLJQLILFDQW� YLVLEOH� LQIRUPDWLRQ�� EXW� VLJQLILFDQWO\� EHORZ�
WKDW� JLYHQ� E\� D� WH[W�WR�VSHHFK� DOJRULWKP�� 7KH� $11V� WUDLQHG� RQ� H[WHPSRUDQHRXV� VSHHFK�
ZHUH�SRRU�DW�JHQHUDOLVLQJ�WR�QHZ�VSHHFK�IURP�WKH�VDPH�VSHDNHU��ZKLFK�LV�SUREDEO\�GXH�WR�
ODFN�RI�WUDLQLQJ�GDWD��
$XWKRU�FRQWULEXWLRQ�
7KH�DXWKRU�RI� WKLV� WKHVLV�ZDV� UHVSRQVLEOH� IRU�SUHSDULQJ� WHVW� DQG� WUDLQLQJ�GDWD� DQG� IRU� WKH�
REMHFWLYH�DQG�SHUFHSWXDO�HYDOXDWLRQ�RI�WKH�UHVXOWV��$11�WUDLQLQJ�ZDV�GRQH�FROODERUDWLYHO\�E\�
&/)� DQG� WKH� DXWKRU�RI� WKLV� WKHVLV��75� DVVLVWHG� LQ�SHUFHSWXDO� WHVWLQJ��7KH�PDQXVFULSW�ZDV�
SUHSDUHG�E\�':0�LQ�FROODERUDWLRQ�ZLWK�00&�DQG�WKH�DXWKRU�RI�WKLV�WKHVLV���
2ULJLQDO�FRQWULEXWLRQ�
7KH�XVH�RI�$11V�WUDLQHG�RQ�SDUDPHWHU�WUDMHFWRULHV�JHQHUDWHG�IURP�SKRQHWLF�WUDQVFULSWLRQV��
UDWKHU�WKDQ�GLUHFW�YLVXDO�PHDVXUHPHQWV���
��� 3DSHU���
$�0RGHO�IRU�*HQHUDOLVHG�0XOWL�PRGDO�'LDORJXH�6\VWHP�2XWSXW�$SSOLHG�WR�DQ�
$QLPDWHG�7DONLQJ�+HDG�
-RQDV�%HVNRZ��-HQV�(GOXQG�DQG�0DJQXV�1RUGVWUDQG�
6SRNHQ�PXOWLPRGDO�KXPDQ�FRPSXWHU�GLDORJXH�LQ�PRELOH�HQYLUQRQPHQWV�

�
7KLV�SDSHU�GHDOV�ZLWK�WKH�SUREOHP�RI�HQFRGLQJ�QRQ�YHUEDO�RXWSXW��VXFK�DV�IDFLDO�JHVWXUHV�LQ�
DQ� DQLPDWHG� WDONLQJ� KHDG�� IURP� D� PXOWLPRGDO� GLDORJXH� V\VWHP�� $� KLJK�OHYHO� ;0/�EDVHG�
RXWSXW� VSHFLILFDWLRQ� SURYLGHV� LQIRUPDWLRQ� DERXW� FRPPXQLFDWLYH� IXQFWLRQV� RI� WKH� RXWSXW��
ZLWKRXW� GHWDLOLQJ� WKH� UHDOLVDWLRQ� RI� WKHVH� IXQFWLRQV�� 7KH� DLP� LV� WR� OHW� GLDORJXH� V\VWHPV�
JHQHUDWH�WKH�VDPH�RXWSXW�IRU�D�ZLGH�YDULHW\�RI�RXWSXW�GHYLFHV�DQG�PRGDOLWLHV��([DPSOHV�DUH�
JLYHQ�IURP�DQ�LPSOHPHQWDWLRQ�LQ�WKH�PXOWLPRGDO�VSRNHQ�GLDORJXH�V\VWHP�$G$SW��DQG�LW� LV�
GHVFULEHG�KRZ�IDFLDO� JHVWXUHV� IRU� VLJQDOOLQJ�RI� WXUQ�WDNLQJ��EDFN�FKDQQHOOLQJ�DQG�HPSKDVLV�
DUH�LPSOHPHQWHG�LQ�WKH��'�DQLPDWHG�WDONLQJ�KHDG�PRGXOH�XVHG�ZLWKLQ�WKLV�V\VWHP��$�JHVWXUH�
OLEUDU\�KROGV�D�VHW�RI�PXOWLSOH�DOWHUQDWLYH�UHDOLVDWLRQV�RI�HDFK�FRPPXQLFDWLYH�IXQFWLRQ�WR�EH�
VLJQDOOHG��DQG�D�V\VWHP�IRU�VHOHFWLQJ�EHWZHHQ�UHDOLVDWLRQV�EDVHG�RQ�EDFNJURXQG�LQIRUPDWLRQ�
LV�RXWOLQHG�DV�ZHOO�DV�D�IDFLDO�JHVWXUH�FRDUWLFXODWLRQ�VFKHPH��
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$XWKRU�FRQWULEXWLRQ�
7KH�DXWKRU�RI�WKLV�WKHVLV�ZDV�UHVSRQVLEOH�IRU�WKH�LQLWLDO�LGHD��GHVLJQ�DQG�LPSOHPHQWDWLRQ�RI�
WKH�;0/�EDVHG�RXWSXW� VSHFLILFDWLRQ�DQG� WKH�JHVWXUH� OLEUDU\�� -(� LPSURYHG�DQG�JHQHUDOLVHG�
WKH�RXWSXW� VSHFLILFDWLRQ� WR� FDWHU� IRU�RWKHU�RXWSXW�GHYLFHV� WKDQ� WKH� DQLPDWHG� WDONLQJ� KHDG�
DQG� ZDV� UHVSRQVLEOH� IRU� LQWHJUDWLRQ� LQWR� WKH� $G$SW� V\VWHP�� 01� GHYHORSHG� WKH� IDFLDO�
JHVWXUHV�LQ�WKH�JHVWXUH�OLEUDU\��7KH�PDQXVFULSW�ZDV�SUHSDUHG�LQ�FROODERUDWLRQ�E\�-(�DQG�WKH�
DXWKRU�RI�WKLV�WKHVLV��
2ULJLQDO�FRQWULEXWLRQ�
7KH�;0/�EDVHG�RXWSXW�VSHFLILFDWLRQ��DQG�WKH�XVH�RI�D�JHVWXUH�OLEUDU\�IRU�UHDOLVDWLRQ�RI�IDFLDO�
JHVWXUHV��
��� 3DSHU���
(YDOXDWLRQ�RI�D�0XOWLOLQJXDO�6\QWKHWLF�7DONLQJ�)DFH�DV�D�&RPPXQLFDWLRQ�$LG�IRU�WKH�
+HDULQJ�,PSDLUHG�
&DWKHULQH�6LFLOLDQR��*HRII�:LOOLDPV��-RQDV�%HVNRZ�DQG�$QGUHZ�)DXONQHU�
,&3K6·���

�
7KLV� SDSHU� UHSUHVHQWV� WKH� ODWHVW� UHVXOWV� LQ� D� VHULHV� RI� LQWHOOLJLELOLW\� HYDOXDWLRQV� SHUIRUPHG�
ZLWKLQ� WKH� 7HOHIDFH� DQG� 6\QIDFH� SURMHFWV�� WZR� SURMHFWV� DLPHG� DW� GHYHORSLQJ� D� V\QWKHWLF�
WDONLQJ�IDFH�WR�DLG�WKH�KHDULQJ�LPSDLUHG�LQ�WHOHSKRQH�FRQYHUVDWLRQ���7KLV�UHSRUW�LQYHVWLJDWHV�
WKH� JDLQ� LQ� LQWHOOLJLELOLW\� IURP� WKH� V\QWKHWLF� WDONLQJ� KHDG� ZKHQ� FRQWUROOHG� E\� SKRQHWLF�
DQQRWDWLRQV� RI� DFRXVWLF� VSHHFK�� $XGLR� IURP� 6ZHGLVK�� (QJOLVK� DQG�'XWFK� VHQWHQFHV� ZDV�
GHJUDGHG� WR� VLPXODWH� WKH� LQIRUPDWLRQ� ORVVHV� W\SLFDO� IRU� VHYHUH�WR�SURIRXQG� KHDULQJ�
LPSDLUPHQW�����QRUPDO�KHDULQJ�QDWLYH�VSHDNHUV�IRU�HDFK�ODQJXDJH�WRRN�SDUW��$XGLWRU\�VLJQDOV�
ZHUH�SUHVHQWHG�DORQH��ZLWK�WKH�V\QWKHWLF�IDFH��DQG�ZLWK�D�YLGHR�RI�WKH�RULJLQDO�WDONHU���3XUHO\�
DXGLWRU\�LQWHOOLJLELOLW\�ZDV�ORZ��:LWK�WKH�DGGLWLRQ�RI�WKH�V\QWKHWLF�IDFH��DYHUDJH�LQWHOOLJLELOLW\�
LQFUHDVHG� E\� ����� 6FRUHV� ZLWK� WKH� V\QWKHWLF� IDFH� ZHUH� VLJQLILFDQWO\� ORZHU� WKDQ� IRU� WKH�
QDWXUDO�IDFH�IRU�(QJOLVK�DQG�'XWFK��EXW�QRW�IRU�6ZHGLVK��
$XWKRU�FRQWULEXWLRQ�
7KH�DXWKRU�RI�WKLV�WKHVLV�ZDV�UHVSRQVLEOH�IRU�LPSOHPHQWLQJ�WKH�WHVWLQJ�HQYLURQPHQW�XVHG�LQ�
DOO�H[SHULPHQWV��DV�ZHOO�DV�GHVLJQLQJ�WKH�6ZHGLVK�VHQWHQFH�LQWHOOLJLELOLW\�H[SHULPHQW��
2ULJLQDO�FRQWULEXWLRQ�
7KH�PXOWLOLQJXDO� LQWHOOLJLELOLW\� VWXG\�� ZKHUH� LGHQWLFDO� H[SHULPHQWV� DUH� SHUIRUPHG� IRU� WKUHH�
ODQJXDJHV��
��� 3DSHU���
5HV\QWKHVLV�RI�)DFLDO�DQG�,QWUDRUDO�$UWLFXODWLRQ�IURP�6LPXOWDQHRXV�0HDVXUHPHQWV�
-RQDV�%HVNRZ���2ORY�(QJZDOO�DQG�%M|UQ�*UDQVWU|P�
,&3K6·���

�
6LPXOWDQHRXV� PHDVXUHPHQWV� RI� WRQJXH� DQG� IDFLDO� PRWLRQ�� XVLQJ� D� FRPELQDWLRQ� RI�
HOHFWURPDJQHWLF�DUWLFXORJUDSK\��(0$��DQG�RSWLFDO�PRWLRQ�WUDFNLQJ��DUH�DQDO\VHG�WR�LPSURYH�
WKH�DUWLFXODWLRQ�RI�DQ�DQLPDWHG�WDONLQJ�KHDG�DQG�WR�LQYHVWLJDWH�WKH�FRUUHODWLRQ�EHWZHHQ�IDFLDO�
DQG�YRFDO�WUDFW�PRYHPHQW��7KH�UHFRUGHG�PDWHULDO�FRQVLVWV�RI�9&9�DQG�&9&�ZRUGV�DQG�����
VKRUW� HYHU\GD\� VHQWHQFHV� VSRNHQ� E\� RQH� 6ZHGLVK� VXEMHFW�� 7KH� UHFRUGHG� DUWLFXODWRU\�
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PRYHPHQWV� DUH� UH�V\QWKHVLVHG� E\� D� SDUDPHWULFDOO\� FRQWUROOHG� �'� PRGHO� RI� WKH� IDFH� DQG�
WRQJXH��XVLQJ�D�SURFHGXUH� LQYROYLQJ�PLQLPLVDWLRQ�RI� WKH�HUURU�EHWZHHQ�PHDVXUHPHQW�DQG�
PRGHO�� ,Q� RUGHU� WR� REWDLQ� DQ� HVWLPDWH� RI� WKH� LQQHU� OLS� FRQWRXU�� WKDW� LV� FUXFLDO� WR� YLVXDO�
VSHHFK�SHUFHSWLRQ�EXW�GLIILFXOW�WR�PHDVXUH�XVLQJ�WKH�HPSOR\HG�WHFKQLTXHV��OLQHDU�HVWLPDWRUV�
DUH�XVHG�WR�SUHGLFW�WKH�LQQHU�OLS�SRLQWV�IURP�WKH�RXWHU��/LQHDU�HVWLPDWRUV�DUH�DOVR�HPSOR\HG�
IRU�SUHGLFWLRQ�RI�WRQJXH�GDWD�IURP�WKH�IDFH�DQG�YLFH�YHUVD��DQG�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�
PHDVXUHPHQW�DQG�SUHGLFWLRQ�LV�FRPSXWHG��
$XWKRU�FRQWULEXWLRQ�
7KH� DXWKRU� RI� WKLV� WKHVLV� ZDV� UHVSRQVLEOH� IRU� GDWD� DQDO\VLV� DQG� UHV\QWKHVLV� RI� WKH� WDONLQJ�
KHDG� DQG� WRQJXH�� /LQHDU� HVWLPDWLRQ� DQG� FRUUHODWLRQ� DQDO\VLV�� DV� ZHOO� DV� PDQXVFULSW�
SUHSDUDWLRQ�ZDV�SHUIRUPHG�E\�2(�DQG�WKH�DXWKRU�RI�WKLV�WKHVLV�LQ�FROODERUDWLRQ��$OO�WKUHH�
DXWKRUV�SDUWLFLSDWHG�LQ�WKH�GDWD�FROOHFWLRQ��
2ULJLQDO�FRQWULEXWLRQ�
&RPELQHG� UHV\QWKHVLV� RI� WRQJXH� DQG� IDFLDO� PRWLRQ� LQ� D� WDONLQJ� KHDG� IURP� VLPXOWDQHRXV�
PHDVXUHPHQWV�� DQG� D� QRYHO� UHV\QWKHVLV� SURFHGXUH�� ZKHUH� D� PRGHO� FDQ� EH� GULYHQ� E\�
PHDVXUHPHQWV� IURP� D� IDFH� ZLWK� D� GLIIHUHQW� RYHUDOO� VKDSH� WKDQ� WKH� PRGHO�� 7KH� LGHD� RI�
SUHGLFWLQJ� WKH� LQQHU� OLS� FRQWRXU� IURP� WKH� RXWHU� LV� DOVR� QHZ�� )XUWKHUPRUH�� WKH� UHFRUGHG�
GDWDEDVH� FRQWDLQV� D�PRUH� GLYHUVH� DQG� H[WHQVLYH� FRUSXV� WKDQ� KDV� EHHQ� UHSRUWHG� IRU� RWKHU�
VLPLODU�VWXGLHV��DQG�UHSUHVHQWV�WKH�ILUVW�UHSRUWHG�VLPXOWDQHRXV�RSWLFDO�DQG�LQWUD�RUDO��(0$��
DUWLFXODWRU\�PHDVXUHPHQWV�IRU�6ZHGLVK��
��� 3DSHU���
7UDLQDEOH�$UWLFXODWRU\�&RQWURO�0RGHOV�IRU�9LVXDO�6SHHFK�6\QWKHVLV�
-RQDV�%HVNRZ�
6XEPLWWHG�WR�,QWHUQDWLRQDO�-RXUQDO�RI�6SHHFK�7HFKQRORJ\�

�
7KLV� SDSHU� GHDOV� ZLWK� WKH� SUREOHP� RI� PRGHOOLQJ� WKH� G\QDPLFV� RI� DUWLFXODWLRQ� IRU� D�
SDUDPHWHULVHG�WDONLQJ�KHDG�EDVHG�RQ�SKRQHWLF�LQSXW��)RXU�GLIIHUHQW�PRGHOV�DUH�LPSOHPHQWHG�
DQG� WUDLQHG� WR� UHSURGXFH� WKH�DUWLFXODWRU\�SDWWHUQV�RI� D� UHDO� VSHDNHU��EDVHG�RQ�D�FRUSXV�RI�
RSWLFDO�PHDVXUHPHQWV��7ZR�RI�WKH�PRGHOV�DUH�EDVHG�RQ�FRDUWLFXODWLRQ�PRGHOV�IURP�VSHHFK�
SURGXFWLRQ�WKHRU\�DQG�WZR�DUH�EDVHG�RQ�DUWLILFLDO�QHXUDO�QHWZRUNV��RQH�RI�ZKLFK�LV�VSHFLDOO\�
LQWHQGHG� IRU� VWUHDPLQJ� UHDO�WLPH�DSSOLFDWLRQV��7KH�GLIIHUHQW�PRGHOV� DUH�HYDOXDWHG� WKURXJK�
FRPSDULVRQ�EHWZHHQ� SUHGLFWHG� DQG�PHDVXUHG� WUDMHFWRULHV�� DV�ZHOO� DV� WKURXJK� D� SHUFHSWXDO�
LQWHOOLJLELOLW\� H[SHULPHQW�� 5HVXOWV� VKRZ� WKDW� DOO� PRGHOV� JLYH� VLJQLILFDQWO\� LQFUHDVHG� VSHHFK�
LQWHOOLJLELOLW\�RYHU�WKH�DXGLR�DORQH�FDVH��EXW�QRQH�RI�WKH�PRGHOV�FDQ�EH�VDLG�WR�RXWSHUIRUP�
WKH�RWKHUV��
2ULJLQDO�FRQWULEXWLRQ�
7KH�XVH�RI�$11V�WR�GULYH�WKH�DUWLFXODWLRQ�RI�D�WDONLQJ�KHDG�IURP�SKRQHWLF� LQSXW��DQG�WKH�
REMHFWLYH� DQG� VXEMHFWLYH� HYDOXDWLRQ� RI� VHYHUDO� DUWLFXODWRU\� FRQWURO� PRGHOV� WUDLQHG� RQ� D�
FRPPRQ�GDWDEDVH��
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�

/,67�2)�38%/,&$7,216�
7KH�IROORZLQJ�LV�D�OLVW�RI�DUWLFOHV�WKDW�KDYH�EHHQ�SXEOLVKHG�RU�VXEPLWWHG�DV�SDUW�RI�WKLV�WKHVLV�
ZRUN�� RUGHUHG� DFFRUGLQJ� WR�SXEOLFDWLRQ�GDWH��$UWLFOHV�PDUNHG�ZLWK�z� DUH� LQFOXGHG� LQ� WKLV�
WKHVLV��WKRVH�PDUNHG�ZLWK��x��DUH�QRW���

�
z� %HVNRZ�� -�� �VXEPLWWHG���� 7UDLQDEOH� $UWLFXODWRU\� &RQWURO� 0RGHOV� IRU� 9LVXDO� 6SHHFK�

6\QWKHVLV��VXEPLWWHG�WR�,QWHUQDWLRQDO�-RXUQDO�RI�6SHHFK�7HFKQRORJ\��
z� %HVNRZ�� -��� (QJZDOO�� 2�� DQG� *UDQVWU|P�� %�� �VXEPLWWHG���� 5HV\QWKHVLV� RI� )DFLDO� DQG�

,QWUDRUDO�$UWLFXODWLRQ� IURP�6LPXOWDQHRXV�0HDVXUHPHQWV��7R� DSSHDU� LQ�3URFHHGLQJV� RI� WKH�
�� � � ��,QWHUQDWLRQDO�&RQJUHVV�RI�3KRQHWLF�6FLHQFHV��,&3K6
�����%DUFHORQD��6SDLQ��

z� 6LFLOLDQR��&���:LOOLDPV��*��� %HVNRZ�� -�� DQG�)DXONQHU�� $�� �VXEPLWWHG���� (YDOXDWLRQ� RI� D�
0XOWLOLQJXDO�6\QWKHWLF�7DONLQJ�)DFH�DV�D�&RPPXQLFDWLRQ�$LG�IRU�WKH�+HDULQJ�,PSDLUHG��
WR� DSSHDU� LQ� 3URFHHGLQJV� RI� WKH� �� � � � ,QWHUQDWLRQDO� &RQJUHVV� RI� 3KRQHWLF� 6FLHQFHV� �,&3K6
�����
%DUFHORQD��6SDLQ��

z� %HVNRZ�� -��� (GOXQG�� -��� DQG� 1RUGVWUDQG�� 0�� �VXEPLWWHG���� $� 0RGHO� IRU� *HQHUDOLVHG�
0XOWL�0RGDO�'LDORJXH�6\VWHP�2XWSXW�$SSOLHG�WR�DQ�$QLPDWHG�7DONLQJ�+HDG��7R�DSSHDU�
LQ� 0LQNHU�� :��� %�KOHU�� '�� DQG� '\ENM U�� /�� �(GV�� 6SRNHQ� 0XOWLPRGDO� +XPDQ�&RPSXWHU�
'LDORJXH� LQ� 0RELOH� (QYLUQRQPHQWV�� 'RUGUHFK�� 7KH� 1HWKHUODQGV�� .OXZHU� $FDGHPLF�
3XEOLVKHUV��

x� 6LFLOLDQR�� &���:LOOLDPV��*��� %HVNRZ�� -��� )DXONQHU�� $�� �������� (YDOXDWLRQ� RI� D� V\QWKHWLF�
WDONLQJ� IDFH� DV� D� FRPPXQLFDWLRQ� DLG� IRU� WKH� KHDULQJ� LPSDLUHG�� 6SHHFK�� +HDULQJ� DQG�
/DQJXDJH���:RUN�LQ�3URJUHVV������������SS���������

x� %HVNRZ�� -��� (GOXQG��� -�� DQG� 1RUGVWUDQG�� 0�� �������� 6SHFLILFDWLRQ� DQG� 5HDOLVDWLRQ� RI�
PXOWLPRGDO� RXWSXW� LQ� GLDORJXH� V\VWHPV�� LQ�3URFHHGLQJV� RI� WKH� � � � � ,QWHUQDWLRQDO�&RQIHUHQFH� RQ�
6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3��������'HQYHU��&2��

x� %HVNRZ�� -���*UDQVWU|P�� %�� DQG� 6SHQV�� .�(�� �������� $UWLFXODWLRQ� VWUHQJWK� �� UHDGDELOLW\�
H[SHULPHQWV� ZLWK� D� V\QWKHWLF� WDONLQJ� IDFH�� LQ� 3URFHHGLQJV� RI� )RQHWLN� ������ 6WRFNKROP��
6ZHGHQ���

x� *UDQVWU|P��%���+RXVH��'��DQG�%HVNRZ��-����������6SHHFK�DQG�JHVWXUHV�IRU�WDONLQJ�IDFHV�
LQ�FRQYHUVDWLRQDO�GLDORJXH�V\VWHPV��,Q�*UDQVWU|P��%���+RXVH��'���DQG�.DUOVVRQ��,���HGV���
0XOWLPRGDOLW\� LQ� ODQJXDJH�DQG� VSHHFK� V\VWHPV��.OXZHU�$FDGHPLF�3XEOLVKHUV��'RUGUHFKW��7KH�
1HWKHUODQGV��SS����������

x� +RXVH��'���%HVNRZ��-��DQG�*UDQVWU|P��%����������7LPLQJ�DQG�,QWHUDFWLRQ�RI�YLVXDO�FXHV�
IRU� SURPLQHQFH� LQ� DXGLRYLVXDO� VSHHFK� SHUFHSWLRQ�� ,Q� 3URFHHGLQJV� RI� WKH� � � � � (XURSHDQ�
&RQIHUHQFH� RQ� 6SHHFK� &RPPXQLFDWLRQ� DQG� 7HFKQRORJ\� �(85263((&+� ������� $DOERUJ��
'HQPDUN���

x� %HVNRZ��-���%��*UDQVWU|P�DQG�'��+RXVH� ��������$�0XOWLPRGDO�6SHHFK�6\QWKHVLV�7RRO�
$SSOLHG�WR�$XGLR�9LVXDO�3URVRG\��,Q�(��.HOOHU��*��%DLOO\��$��0RQDJKDQ��-��7HUNHQ��	�0��
+XFNYDOH��HGV���,PSURYHPHQWV�LQ�6SHHFK�6\QWKHVLV��1HZ�<RUN��-RKQ�:LOH\�	�6RQV��SS������
�����

x� *UDQVWU|P�� %��� +RXVH�� '��� %HVNRZ�� -�� DQG� /XQGHEHUJ�� 0�� �������� 9HUEDO� DQG� YLVXDO�
SURVRG\� LQ� PXOWLPRGDO� VSHHFK� SHUFHSWLRQ�� ,Q� YRQ� 'RPPHOHQ�� :�� DQG� )UHWKHLP�� 7��
�HGV���1RUGLF�3URVRG\�9,,,��7URQGKHLP��1RUZD\��SS����������
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x� 6M|ODQGHU�� .�� DQG� %HVNRZ�� -�� �������� :DYH6XUIHU� �� DQ� 2SHQ� 6RXUFH� 6SHHFK� 7RRO��
3URFHHGLQJV� RI� WKH� � � � � ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 6SRNHQ� /DQJXDJH� 3URFHVVLQJ� �,&6/3·�������
%HMLQJ��&KLQD���

x� *XVWDIVRQ�� -�� %HOO�� /��� %HVNRZ�� -��� %R\H�� -��� &DUOVRQ�� 5��� (GOXQG�� -��� *UDQVWU|P�� %���
+RXVH��'��	�:LUpQ��0����������$G$SW²D�PXOWLPRGDO�FRQYHUVDWLRQDO�GLDORJXH�V\VWHP�LQ�
DQ� DSDUWPHQW� GRPDLQ�� 3URFHHGLQJV� RI� WKH� � � � � ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 6SRNHQ� /DQJXDJH�
3URFHVVLQJ��,&6/3·�������%HMLQJ��&KLQD��SS�����������

x� 0DVVDUR�� '�:��� &RKHQ�� 0�� 0��� %HVNRZ�� -��� &ROH�� 5�$�� �������� 'HYHORSLQJ� DQG�
(YDOXDWLQJ�&RQYHUVDWLRQDO�$JHQWV�� LQ�&DVVHOO��-���6XOOLYDQ��-���3UHYRVW��6���DQG�&KXUFKLOO��
(���(GV���(PERGLHG�&RQYHUVDWLRQDO�$JHQWV��&DPEULGJH��0$��0,7�3UHVV���

x� /XQGHEHUJ��0��DQG�%HVNRZ��-�� ��������'HYHORSLQJ�D��'�DJHQW�IRU�WKH�$XJXVW�GLDORJXH�
V\VWHP��,Q�'��:��0DVVDUR��(G���3URFHHGLQJV�RI�$963·����6DQWD�&UX]��&$��SS������������

x� $JHOIRUV��(���%HVNRZ��-���'DKOTXLVW��0���*UDQVWU|P��%���/XQGHEHUJ��0���6DOYL��*���6SHQV��
.�(�	�gKPDQ��7�� ��������6\QWKHWLF�YLVXDO� VSHHFK�GULYHQ�IURP�DXGLWRU\�VSHHFK�� ,Q�'��
:��0DVVDUR��(G���3URFHHGLQJV�RI�$963·����6DQWD�&UX]��&$��SS�����������

z� 0DVVDUR��'�:���%HVNRZ�� -���&RKHQ��0�0���)U\�&�/���5RGULTXH]��7�� ��������3LFWXUH�0\�
9RLFH�� $XGLR� WR� 9LVXDO� 6SHHFK� 6\QWKHVLV� XVLQJ� $UWLILFLDO� 1HXUDO�1HWZRUNV�� ,Q�'��:��
0DVVDUR��(G���3URFHHGLQJV�RI�$963·����6DQWD�&UX]��&$��SS������������

x� 6M|ODQGHU��.���%HVNRZ��-���*XVWDIVRQ��-���/HYLQ��(���&DUOVRQ��5��� �*UDQVWU|P��%����������
:HE�EDVHG� HGXFDWLRQDO� WRROV� IRU� VSHHFK� WHFKQRORJ\�� 3URFHHGLQJV� RI� WKH� � � � � ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3·�����6\GQH\��$XVWUDOLD���

x� $JOHIRUV��(���%HVNRZ��-���'DKOTXLVW��0���*UDQVWU|P��%���/XQGHEHUJ��0���6SHQV��.�(�	�
gKPDQ��7����������6\QWKHWLF�IDFHV�DV�D�OLSUHDGLQJ�VXSSRUW��3URFHHGLQJV�RI�WKH�� � � �,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3·�����6\GQH\��$XVWUDOLD��SS�������������

z� &RKHQ�� 0�� 0��� %HVNRZ�� -�� 0DVVDUR�� '�� :�� �������� 5HFHQW� GHYHORSPHQWV� LQ� IDFLDO�
DQLPDWLRQ�� DQ� LQVLGH� YLHZ�� ,Q� '�� %XUQKDP�� -�� 5REHUW�5LEHV� 	� (�� 9DWLNLRWLV�%DWHVRQ�
�(GV��� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� $XGLWRU\�9LVXDO� 6SHHFK� 3URFHVVLQJ�
�$963·�����7HUULJDO��$XVWUDOLD��SS�����������

x� %HVNRZ�� -�� �������� $� 7RRO� IRU� 7HDFKLQJ� DQG� 'HYHORSPHQW� RI� 3DUDPHWULF� 6SHHFK�
6\QWKHVLV��3URFHHGLQJV�RI�)RQHWLN�
����6WRFNKROP��6ZHGHQ���

z� %HVNRZ��-����������$QLPDWLRQ�RI�7DONLQJ�$JHQWV��,Q�%HQRvW��&��DQG�&DPSEHOO��5���(GV���
3URFHHGLQJV� RI� WKH� (6&$�(6&23�:RUNVKRS� RQ� $XGLR�9LVXDO� 6SHHFK� 3URFHVVLQJ� �$963·�����
5KRGHV��*UHHFH��SS�����������

x� %HVNRZ�� -�� DQG�0F*ODVKDQ�� 6�� ��������2OJD� �� D� FRQYHUVDWLRQDO� DJHQW�ZLWK� JHVWXUHV�� ,Q�
$QGUp��(���(G���3URFHHGLQJV�RI�WKH�,-&$,·���:RUNVKRS�RQ�$QLPDWHG�,QWHUIDFH�$JHQWV���0DNLQJ�
7KHP�,QWHOOLJHQW��1DJR\D��-DSDQ���SS��������

x� %HVNRZ�� -��� (OHQLXV�� .�� 	�0F*ODVKDQ�� 6�� �������� 2OJD� �� $� GLDORJXH� V\VWHP� ZLWK� DQ�
DQLPDWHG�WDONLQJ�DJHQW��3URFHHGLQJV�RI�WKH�� � � �(XURSHDQ�&RQIHUHQFH�RQ�6SHHFK�&RPPXQLFDWLRQ�DQG�
7HFKQRORJ\��(85263((&+·�����5KRGRV��*UHHFH��

x %HVNRZ�� -���'DKOTXLVW��0���*UDQVWU|P��%���/XQGHEHUJ��0��� 6SHQV��.�(�	�gKPDQ��7��
�������� 7KH� 7HOHIDFH� SURMHFW� �� 0XOWLPRGDO� 6SHHFK� &RPPXQLFDWLRQ� IRU� WKH� +HDULQJ�
,PSDLUHG��3URFHHGLQJV� RI� WKH� � � � �(XURSHDQ�&RQIHUHQFH� RQ� 6SHHFK�&RPPXQLFDWLRQ� DQG� 7HFKQRORJ\�
�(85263((&+·�����5KRGRV��*UHHFH��
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x %HVNRZ�� -��� (OHQLXV�� .�� 	�0F*ODVKDQ�� 6�� ��������2OJD� �� $� GLDORJXH� V\VWHP� ZLWK� DQ�

DQLPDWHG�WDONLQJ�DJHQW��3URFHHGLQJV�RI�)RQHWLN�����8PHn��6ZHGHQ��
x %HVNRZ��-���'DKOTXLVW��0���*UDQVWU|P��%���/XQGHEHUJ��0���6SHQV��.�(��	�gKPDQ��7��

�������� 7KH� 7HOHIDFH� SURMHFW� �� GLVDELOLW\�� IHDVLELOLW\� DQG� LQWHOOLJLELOLW\�� 3URFHHGLQJV� RI�
)RQHWLN·����8PHn��6ZHGHQ��

x %HVNRZ�� -�� �������� 7DONLQJ� +HDGV� �� FRPPXQLFDWLRQ�� DUWLFXODWLRQ� DQG� DQLPDWLRQ�� ,Q�
70+�4365���������3URFHHGLQJV�RI�)RQHWLN�
����1lVVOLQJHQ��6ZHGHQ��

z %HVNRZ�� -�� �������� 5XOH�EDVHG� 9LVXDO� 6SHHFK� 6\QWKHVLV�� 3URFHHGLQJV� RI� WKH� � � � � (XURSHDQ�
&RQIHUHQFH�RQ�6SHHFK�&RPPXQLFDWLRQ�DQG�7HFKQRORJ\��(85263((&+·�����0DGULG��6SDLQ��

x %HVNRZ�� -�� ��������5HJHOVW\UG�9LVXHOO� 7DOV\QWHV��0DVWHU�RI� VFLHQFH� WKHVLV��'HSDUWPHQW�RI�
6SHHFK�&RPPXQLFDWLRQ�DQG�0XVLF�$FRXVWLFV��.7+��6WRFNKROP��6ZHGHQ��

�
�
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5()(5(1&(6�
$JOHIRUV�� (��� %HVNRZ�� -��� 'DKOTXLVW�� 0��� *UDQVWU|P�� %��� /XQGHEHUJ�� 0��� 6SHQV�� .�(� 	�

gKPDQ��7����������6\QWKHWLF�IDFHV�DV�D�OLSUHDGLQJ�VXSSRUW��3URFHHGLQJV�RI�WKH�� � � �,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3·�����6\GQH\��$XVWUDOLD��SS�������������

$KOEHUJ�� -�� �������� ([WUDFWLQJ� 03(*��� )$36� IURP� 9LGHR�� ,Q� 3DQG]LF�� ,�� 6�� DQG�
)RUFKKHLPHU�� 5�� �(GV��� 03(*��� )DFLDO� $QLPDWLRQ� �� WKH� 6WDQGDUG�� ,PSOHPHQWDWLRQ� DQG�
$SSOLFDWLRQV����&KLFKHVWHU��(QJODQG��-RKQ�:LOH\�	�6RQV��SS����������

$UVODQ�� /�0�� 	� 7DONLQ�� '�� ������� ��'� )DFH� 3RLQW� 7UDMHFWRU\� 6\QWKHVLV� XVLQJ� DQ�
$XWRPDWLFDOO\�'HULYHG� 9LVXDO� 3KRQHPH� 6LPLODULW\�0DWUL[�� ,Q�'�� %XUQKDP�� -�� 5REHUW�
5LEHV�	�(��9DWLNLRWLV�%DWHVRQ� �(GV���3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO�&RQIHUHQFH� RQ�$XGLWRU\�
9LVXDO�6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��SS�����������

%DLOO\�� *�� ������� /HDUQLQJ� WR� VSHDN�� 6HQVRUL�PRWRU� FRQWURO� RI� VSHHFK� PRYHPHQWV�� 6SHHFK�
&RPPXQLFDWLRQ��������������������

%DVX�� 6��� 2OLYHU�� 1�� DQG� 3HQWODQG�� $�� �������� �'� OLS� VKDSHV� IURP� YLGHR�� $� FRPELQHG�
SK\VLFDO�VWDWLVWLFDO�PRGHO��6SHHFK�&RPPXQLFDWLRQ���������������������

%HLHU�� 7�� DQG� 1HHO\�� 6�� �������� )HDWXUH�EDVHG� LPDJH� PHWDPRUSKRVLV�� &RPSXWHU� *UDSKLFV��
�������������

%HQRvW��&���*XLDUG�0DULJQ\��7���/H�*RII��%���DQG�$GMRXGDQL��$����������:KLFK�FRPSRQHQWV�
RI� WKH� )DFH�'R�+XPDQV� DQG�0DFKLQHV� %HVW� 6SHHFKUHDG"� ,Q�'��*�� 6WRUN� DQG�0�� (��
+HQQHFNH� �(GV��� 6SHHFKUHDGLQJ� E\� +XPDQV� DQG� 0DFKLQHV�� 0RGHOV�� 6\VWHPV� DQG� $SSOLFDWLRQV��
%HUOLQ��6SULQJHU��SS�����������

%HUQVWHLQ�� /�(�� 	� (EHUKDUGW�� 6�3�� �������� -RKQV� +RSNLQV� OLSUHDGLQJ� FRUSXV� YLGHRGLVN� VHW��
%DOWLPRUH��0'��7KH�-RKQV�+RSNLQV�8QLYHUVLW\��

%HUWHQVWDP�� -��� %HVNRZ�� -��� %ORPEHUJ�� 0��� &DUOVRQ�� 5��� (OHQLXV�� .��� *UDQVWU|P�� %���
*XVWDIVRQ�� -���+XQQLFXWW��6���+|JEHUJ�� -���/LQGHOO��5���1HRYLXV��/���1RUG��/���GH�6HUSD�
/HLWDR��$��DQG�6WU|P��1����������7KH�:D[KROP�V\VWHP���D�SURJUHVV�UHSRUW��3URFHHGLQJV�RI�
WKH�(6&$�:RUNVKRS�RQ�6SRNHQ�'LDORJXH�6\VWHPV��9LJV¡��'HQPDUN���

%HVNRZ��-���'DKOTXLVW��0���*UDQVWU|P��%���/XQGHEHUJ��0���6SHQV��.�(���gKPDQ��7���������
7KH� 7HOHIDFH� SURMHFW�� � 0XOWLPRGDO� VSHHFK� FRPPXQLFDWLRQ� IRU� WKH� KHDULQJ� LPSDLUHG��
3URFHHGLQJV� RI� WKH� � � � � (XURSHDQ� &RQIHUHQFH� RQ� 6SHHFK� &RPPXQLFDWLRQ� DQG� 7HFKQRORJ\�
�(85263((&+·�����5KRGRV��*UHHFH��

%HVNRZ��-��DQG�0F*ODVKDQ��6����������2OJD���D�FRQYHUVDWLRQDO�DJHQW�ZLWK�JHVWXUHV��,Q�$QGUp��
(�� �(G���3URFHHGLQJV� RI� WKH� ,-&$,·���:RUNVKRS� RQ�$QLPDWHG� ,QWHUIDFH�$JHQWV� ��0DNLQJ� 7KHP�
,QWHOOLJHQW��1DJR\D��-DSDQ���SS���������

%HVNRZ�� -��� *UDQVWU|P�� %�� DQG� 6SHQV�� .�(�� �������� $UWLFXODWLRQ� VWUHQJWK� �� UHDGDELOLW\�
H[SHULPHQWV� ZLWK� D� V\QWKHWLF� WDONLQJ� IDFH�� LQ� 3URFHHGLQJV� RI� )RQHWLN� ������ 6WRFNKROP��
6ZHGHQ��

%UDQG��0����������9RLFH�SXSSHWU\��3URFHHGLQJV� RI�6,**5$3+�����/RV�$QJHOHV��&$��SS�����
�����

%UDQGHUXG�� 3�� �������� 0RYHWUDFN� �� D� PRYHPHQW� WUDFNLQJ� V\VWHP�� 3URFHHGLQJV� RI� WKH� )UHQFK�
6ZHGLVK�6\PSRVLXP�RQ�6SHHFK��*UHQREOH��)UDQFH��SS�����������
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�
%UHHQ��$��3���%RZHUV��(��� DQG�:HOVK��:�� ��������$Q� ,QYHVWLJDWLRQ� LQWR� WKH�*HQHUDWLRQ�RI�

0RXWK� 6KDSHV� IRU� D�7DONLQJ�+HDG��3URFHHGLQJV� RI� WKH� � � � � ,QWHUQDWLRQDO�&RQIHUHQFH� RQ� 6SRNHQ�
/DQJXDJH�3URFHVVLQJ��,&6/3·�����3KLODGHOSKLD��3$��

%UHJOHU��&���&RYHOO��0��6ODQH\��0����������9LGHR�5HTULWH��'ULYLQJ�9LVXDO�6SHHFK�ZLWK�$XGLR��
3URFHHGLQJV�RI�6,**5$3+·����/RV�$QJHOHV��&$��SS�����������

%URRNH��0��1����������7DONLQJ�+HDGV�DQG�6SHHFK�5HFRJQLVHUV�7KDW�&DQ�6HH��7KH�&RPSXWHU�
3URFHVVLQJ� RI� 9LVXDO� 6SHHFK� 6LJQDOV�� ,Q� '�� *�� 6WRUN� DQG� 0�� (�� +HQQHFNH� �(GV���
6SHHFKUHDGLQJ�E\�+XPDQV�DQG�0DFKLQHV��0RGHOV��6\VWHPV�DQG�$SSOLFDWLRQV��SS�����������%HUOLQ��
6SULQJHU��

%URRNH��1��0�� DQG� 6FRWW�� 6�� '�� �������� 7ZR�� DQG� WKUHH�GLPHQVLRQDO� DXGLR�YLVXDO� VSHHFK�
V\QWKHVLV�� ,Q�'��%XUQKDP��-��5REHUW�5LEHV�	�(��9DWLNLRWLV�%DWHVRQ��(GV���3URFHHGLQJV� RI�
,QWHUQDWLRQDO� &RQIHUHQFH� RQ�$XGLWRU\�9LVXDO� 6SHHFK� 3URFHVVLQJ� �$963·����� 7HUULJDO�� $XVWUDOLD��
SS�����������

%XUQHWW��'�� &���:DONHU��0�� 5��� DQG�+XQW�� $�� �������� 6SHHFK� 6\QWKHVLV�0DUNXS� /DQJXDJH�
6SHFLILFDWLRQ��:�&:RUNLQJ�'UDIW��XSGDWHG�������������DFFHVVHG�������������
http://www.w3.org/TR/2002/WD-speech-synthesis-20021202/ 

&DVVHOO�� -��� 3HODFKDXG��&��� %DGOHU��1��� 6WHHGPDQ��0���$FKRUQ��%��� %HFNHW�� 7���'RXYLOOH�� %���
3UHYRVW��6���6WRQH��0����������$QLPDWHG�&RQYHUVWDLRQ��5XOH�%DVHG�*HQHUDWLRQ�RI�)DFLDO�
([SUHVVLRQ�� *HVWXUH� DQG� 6SRNHQ� ,QWRQDWLRQ� IRU� 0XOWLSOH� &RQYHUVDWLRQDO� $JHQWV��
3URFHHGLQJV�RI�6,**5$3+�����2UODQGR��)/��SS�����������

&DVVHOO�HW�DO���-����������+XPDQ�&RQYHUVDWLRQ�DV�D�6\VWHP�)UDPHZRUN��'HVLJQLQJ�(PERGLHG�
&RQYHUVDWLRQDO�$JHQWV��,Q�&DVVHOO��-���6XOOLYDQ��-���3UHYRVW��6���DQG�&KXUFKLOO��(���HGLWRUV��
(PERGLHG�&RQYHUVDWLRQDO�$JHQWV��&DPEULGJH��0$��0,7�3UHVV��SS���²����

&DYp�� &��� *XDwWHOOD�� ,��� %HUWUDQG�� 5��� 6DQWL�� 6��� +DUOD\�� )��� (VSHVVHU�� 5�� �������� $ERXW� WKH�
UHODWLRQVKLS� EHWZHHQ� H\HEURZ� PRYHPHQWV� DQG� )�� YDULDWLRQV�� 3URFHHGLQJV� RI� WKH� � � � �
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3·�����3KLODGHOSKLD��3$��

&KDQGOHU�� -��3�� ��������6XEURXWLQH�67(3,7���)LQGV� ORFDO�PLQLPD�RI�D� VPRRWK�IXQFWLRQ�RI�
VHYHUDO�SDUDPHWHUV��%HKDYLRUDO�6FLHQFH�������������

&RKHQ��0�� 0�� DQG�0DVVDUR�� '�� :�� �������� 0RGHOOLQJ� &RDUWLFXODWLRQ� LQ� 6\QWKHWLF� 9LVXDO�
6SHHFK��0DJQHQDW�7KDOPDQQ�1���7KDOPDQQ�'�� �(GV���0RGHOV� DQG�7HFKQLTXHV� LQ�&RPSXWHU�
$QLPDWLRQ��6SULQJHU�9HUODJ��7RN\R��SS�����������

&RKHQ��0��0���:DONHU��5�� /�� DQG�0DVVDUR��'��:�� �������� 3HUFHSWLRQ� RI� 6\QWKHWLF�9LVXDO�
6SHHFK��,Q�'��*��6WRUN�DQG�0��(��+HQQHFNH��(GV���6SHHFKUHDGLQJ�E\�+XPDQV�DQG�0DFKLQHV��
0RGHOV��6\VWHPV�DQG�$SSOLFDWLRQV��%HUOLQ��6SULQJHU��SS�����������

&RKHQ��0��0���0DVVDUR��'��:��DQG�&ODUN��5����������7UDLQLQJ�D�WDONLQJ�KHDG��3URFHHGLQJV�RI�� � � �
,(((�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�0XOWLPRGDO�,QWHUIDFHV��,&0,·�����3LWWVEXUJK��3$��

&ROH�� 5��� &DUPHOO�� 7��� &RQQRUV�� 3��� 0DFRQ��0���:RXWHUV�� -�� GH� 9LOOLHUV�� -��� 7DUDFKRZ�� $���
0DVVDUR��'���&RKHQ��0���%HVNRZ��-���<DQJ��-���0HLHU��8���:DLEHO��$���6WRQH��3���)RUWLHU��
*���'DYLV��$���DQG�6RODQG��&����������$QLPDWHG�DJHQWV�IRU�LQWHUDFWLYH�ODQJXDJH�WUDLQLQJ��
6SHHFK�7HFKQRORJ\�LQ�/DQJXDJH�/HDUQLQJ�(6&$�ZRUNVKRS��0DUKROPHQ��6ZHGHQ��

&RVDWWR��(��DQG�*UDI��+��3����������3KRWR�UHDOLVWLF�WDONLQJ�KHDGV�IURP�LPDJH�VDPSOHV��,(((�
7UDQV��RQ�0XOWLPHGLD��YRO�����QR�����SS������������

&RVDWWR�� (�� �������� 6DPSOH�%DVHG� 7DONLQJ�+HDG� 6\QWKHVLV�� 'RFWRUDO� 'LVVHUWDWLRQ�� 6LJQDO�
3URFHVVLQJ�/DE��6ZLVV�)HGHUDO�,QVWLWXWH�RI�7HFKRORJ\��/DXVDQQH��6ZLW]HUODQG��
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&RVL� 3��� 0DJQR� &DOGRJQHWWR� (��� 3HULQ� *�� DQG� =PDULFK� &�� ������� /DELDO� &RDUWLFXODWLRQ�
0RGHOLQJ�IRU�5HDOLVWLF�)DFLDO�$QLPDWLRQ��3URFHHGLQJV�RI�� � � �,(((�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�
0XOWLPRGDO�,QWHUIDFHV��,&0,�
�����3LWWVEXUJK��3$��SS�����������

(NPDQ��3��DQG�)ULHVHQ��:����������8QPDVNLQJ� WKH� IDFH��$�JXLGH� WR�UHFRJQLVLQJ�HPRWLRQ� IURP�IDFLDO�
FOXHV��3UHQWLFH�+DOO��

(NPDQ��3��DQG�)ULHVHQ��:����������0DQXDO�IRU�WKH�)DFLDO�$FWLRQ�&RGLQJ�6\VWHP��3DOR�$OWR��&$��
&RQVXOWLQJ�3V\FKRORJLVWV�3UHVV��

(OLVHL�� )��� 2GLVLR�� 0��� %DLOO\�� *��� DQG� %DGLQ�� 3�� �������� &UHDWLQJ� DQG� FRQWUROOLQJ� YLGHR�
UHDOLVWLF�WDONLQJ�KHDGV��,Q�0DVVDUR��'��:���/LJKW��-���DQG�*HUDFL��.���(GV���3URFHHGLQJV�RI�WKH�
:RUNVKRS�RQ�$XGLRYLVXDO�6SHHFK�3URFHVVLQJ��$963��������6FKHHOVPLQGH��'HQPDUN��SS�����
����

(QJZDOO� ��������7RQJXH� 7DONLQJ� �� 6WXGLHV� LQ� ,QWUDRUDO� 6SHHFK� 6\QWKHVLV�� 'RFWRUDO� 'LVVHUWDWLRQ��
.7+��6WRFNKROP��6ZHGHQ��

(UEHU��1��3����������,QWHUDFWLRQ�RI�DXGLWLRQ�DQG�YLVLRQ�LQ�WKH�UHFRJQLWLRQ�RI�VSHHFK�VWLPXOL��
-RXUQDO�RI�6SHHFK�DQG�+HDULQJ�5HVHDUFK��������������

(]]DW��7�� DQG�3RJJLR��7�� ��������9LVXDO� 6SHHFK�6\QWKHVLV� E\�0RUSKLQJ�9LVHPHV��0,7�$,�
0HPR�1R������&%&/�0HPR�1R������

(]]DW�� 7�� *HLJHU�� *��� 3RJJLR�� 7�� �������� 7UDLQDEOH� 9LGHRUHDOLVWLF� 6SHHFK� $QLPDWLRQ��
3URFHHGLQJV�RI�$&0�6,**5$3+�������6DQ�$QWRQLR��7;��SS�����������

*DODQHV��)��0���8QYHUIHUWK��-���$UVODQ��/���DQG�7DONLQ��'����������*HQHUDWLRQ�RI�OLS�V\QFKHG�
IDFHV�IURP�SKRQHWLFDOO\�FOXVWHUHG�IDFH�PRYHPHQW�GDWD��,Q�'��%XUQKDP��-��5REHUW�5LEHV�
	�(��9DWLNLRWLV�%DWHVRQ� �(GV���3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO�&RQIHUHQFH� RQ�$XGLWRU\�9LVXDO�
6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��SS�����������

*HLJHU�� *��� (]]DW�� 7�� DQG� 3RJJLR�� 7�� �������� 3HUFHSWXDO� (YDOXDWLRQ� RI� 9LGHR��5HDOLVWLF�
6SHHFK��$,�0HPR�����������0,7�$,�/DE��

*LURVL��)��� -RQHV��0�� DQG�3RJJLR��7�� ��������3ULRUV�� VWDELOL]HUV�� DQG� EDVLV� IXQFWLRQV��)URP�
UHJXODUL]DWLRQ�WR�UDGLDO��WHQVRU��DQG�DGGLWLYH�VSOLQHV��7HFK��5HS��������0,7�$,�/DE��-XQH��

*UDI��+�3���&RVDWWR�(���6WURP��9���+XDQJ��)�-�� ��������9LVXDO�3URVRG\��)DFLDO�0RYHPHQWV�
$FFRPSDQ\LQJ�6SHHFK��3URFHHGLQJV�RI�WKH�� � � �,(((�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XWRPDWLF�)DFH�
DQG�*HVWXUH�5HFRJQLWLRQ��)*5������:DVKLQJWRQ��'&��

*UDQVWU|P��%���+RXVH��'���%HVNRZ��-��DQG�/XQGHEHUJ��0����������9HUEDO�DQG�YLVXDO�SURVRG\�
LQ�PXOWLPRGDO�VSHHFK�SHUFHSWLRQ��,Q�YRQ�'RPPHOHQ��:��DQG�)UHWKHLP��7���HGV���1RUGLF�
3URVRG\�9,,,��7URQGKHLP��1RUZD\��SS����������

*UD\��+����������*UD\·V�DQDWRP\��1HZ�<RUN��1<��5DQGRP�+RXVH��
*XVWDIVRQ��-��%HOO��/���%HVNRZ��-���%R\H��-���&DUOVRQ��5���(GOXQG��-���*UDQVWU|P��%���+RXVH��'��

	� :LUpQ�� 0�� �������� $G$SW²D� PXOWLPRGDO� FRQYHUVDWLRQDO� GLDORJXH� V\VWHP� LQ� DQ�
DSDUWPHQW�GRPDLQ��3URFHHGLQJV�RI�WKH�� � � �,QWHUQDWLRQDO�&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ�
�,&6/3·�������%HMLQJ��&KLQD��SS�����������

*XVWDIVRQ��-����������'HYHORSLQJ�0XOWLPRGDO�6SRNHQ�'LDORJXH�6\VWHPV��(PSLULFDO�6WXGLHV�RI�6SRNHQ�
+XPDQ�&RPSXWHU�,QWHUDFWLRQ��'RFWRUDO�'LVVHUWDWLRQ��.7+��6WRNKROP��6ZHGHQ��

*XVWDYVVRQ��&���6WULQGOXQG��/���:LNQHWU]��(���%HDUG��6���+X\QK��4���0DUULRW��$���DQG�6WDOOR��-��
��������9+0/��:RUNLQJ�'UDIW�Y�����XSGDWHG�������������DFFHVVHG�������������
http://www.vhml.org/documents/VHML/2001/WD-VHML-20011021/ 
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+RQJ�� 3��� :HQ�� =��� +XDQJ�� 7�� 6�� �������� 5HDO�7LPH� 6SHHFK�'ULYHQ� )DFH� $QLPDWLRQ�� ,Q�

3DQG]LF�� ,�� 6�� DQG� )RUFKKHLPHU�� 5�� �(GV��� 03(*��� )DFLDO� $QLPDWLRQ� �� WKH� 6WDQGDUG��
,PSOHPHQWDWLRQ�DQG�$SSOLFDWLRQV��&KLFKHVWHU��(QJODQG��-RKQ�:LOH\�	�6RQV��SS�����������

+RXVH��'���%HVNRZ��-��DQG�*UDQVWU|P��%����������7LPLQJ�DQG�,QWHUDFWLRQ�RI�YLVXDO�FXHV�IRU�
SURPLQHQFH�LQ�DXGLRYLVXDO�VSHHFK�SHUFHSWLRQ��,Q�3URFHHGLQJV�RI�WKH�� � � �(XURSHDQ�&RQIHUHQFH�RQ�
6SHHFK�&RPPXQLFDWLRQ�DQG�7HFKQRORJ\��(85263((&+��������$DOERUJ��'HQPDUN��

+XQW��$�� DQG�%ODFN��$�� ��������8QLW� VHOHFWLRQ� LQ� D� FRQFDWHQDWLYH� VSHHFK� V\QWKHVLV� V\VWHP�
XVLQJ�D�ODUJH�VSHHFK�GDWDEDVH��3URFHHGLQJV�RI�,&$663·����SS�����������

+lOOJUHQ��c��DQG�/\EHUJ��%����������9LVXDO�6SHHFK�6\QWKHVLV�ZLWK�&RQFDWHQDWLYH�6SHHFK��,Q�
'�� %XUQKDP�� -�� 5REHUW�5LEHV� 	� (�� 9DWLNLRWLV�%DWHVRQ� �(GV���3URFHHGLQJV� RI� ,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��SS�����������

-LDQJ�� -���$OZDQ��$��� %HUQVWHLQ��/���.HDWLQJ��3��� DQG�$XHU��(���2Q� WKH� FRUUHODWLRQ�EHWZHHQ�
IDFLDO� PRYHPHQWV�� WRQJXH� PRYHPHQWV� DQG� VSHHFK� DFRXVWLFV�� 3URFHHGLQJV� RI� WKH� � � � �
,QWHUQDWLRQDO�&RQIHUHQFH� RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ� �,&6/3·�������%HMLQJ��&KLQD��SS�����
����

.XUDWDWH��7���<HKLD��+���9DWLNLRWLV�%DWHVRQ��(���������.LQHPDWLFV�EDVHG�V\QWKHVLV�RI�UHDOLVWLF�
WDONLQJ�IDFHV��,Q�'��%XUQKDP��-��5REHUW�5LEHV�	�(��9DWLNLRWLV�%DWHVRQ��(GV���3URFHHGLQJV�
RI�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��
SS�������������

/DYDJHWWR�� )�� DQG� /DYHJHWWR�� 3�� �������� 7LPH� 'HOD\� 1HXUDO� 1HWZRUNV� IRU� $UWLFXODWRU\�
(VWLPDWLRQ�IURP�6SHHFK��6XLWDEOH�6XEMHFWLYH�(YDOXDWLRQ�3URWRFROV�� ,Q�'��*��6WRUN�DQG�
0�� (�� +HQQHFNH� �(GV��� 6SHHFKUHDGLQJ� E\� +XPDQV� DQG� 0DFKLQHV�� 0RGHOV�� 6\VWHPV� DQG�
$SSOLFDWLRQV��%HUOLQ��6SULQJHU��SS�����������

/HH��<���7HU]RSRORXV��'���DQG�:DWHUV��.����������3URFHHGLQJV�RI�6,**5$3+�����/RV�$QJHOHV��
&$��SS���������

/H� *RII�� %�� �������� $XWRPDWLF� 0RGHOLQJ� RI� &RDUWLFXODWLRQ� LQ� 7H[W�WR�9LVXDO� 6SHHFK�
6\QWKHVLV�� 3URFHHGLQJV� RI� WKH� � � � � (XURSHDQ� &RQIHUHQFH� RQ� 6SHHFK� &RPPXQLFDWLRQ� DQG� 7HFKQRORJ\�
�(85263((&+·�����5KRGRV��*UHHFH��SS������²������

/XFHUR�� -�� &��� DQG� 0XQKDOO�� .�� *�� �������� $� PRGHO� RI� IDFLDO� ELRPHFKDQLFV� IRU� VSHHFK�
SURGXFWLRQ��-��$FRXVW��6RF��$P�����������²������

/XQGHEHUJ�� 0�� DQG� %HVNRZ�� -�� �������� 'HYHORSLQJ� D� �'� DJHQW� IRU� WKH� $XJXVW� GLDORJXH�
V\VWHP��,Q�'��:��0DVVDUR��(G���3URFHHGLQJV�RI�$963·����6DQWD�&UX]��&$��SS�����������

/|ITYLVW��$����������6SHHFK�DV�DXGLEOH�JHVWXUHV��,Q�+DUGFDVWOH��:��-��DQG�0DUFKDO��$���(GV���
6SHHFK�3URGXFWLRQ�DQG�6SHHFK�0RGHOOLQJ��'RUGUHFKW��.OXZHU�$FDGHPLF�3XEOLVKHUV��SS������
�����

0F$OOLVWHU�� '�)��� 5RGPDQ�� 5�� '��� %LW]HU�� '�� /�� DQG� )UHHPDQ�� $�� 6�� �������� /LS�
V\QFKURQLVDWLRQ� RI� VSHHFK�� ,Q� %HQRvW�� &�� DQG� &DPSEHOO�� 5�� �(GV��� 3URFHHGLQJV� RI� WKH�
(6&$�(6&23�:RUNVKRS� RQ�$XGLR�9LVXDO� 6SHHFK�3URFHVVLQJ� �$963·�����5KRGHV��*UHHFH��
SS�����������

0F*XUN��+��	�0DF'RQDOG��-��:����������+HDULQJ�OLSV�DQG�VHHLQJ�YRLFHV��1DWXUH�����������
������

0DF/HRG��$��DQG�6XPPHUILHOG��4����������$�SURFHGXUH�IRU�PHDVXULQJ�DXGLWRU\�DQG�DXGLR�
YLVXDO� VSHHFK�UHFHSWLRQ� WKUHVKROGV� IRU� VHQWHQFHV� LQ� QRLVH�� UDWLRQDOH�� HYDOXDWLRQ�� DQG�
UHFRPPHQGDWLRQV�IRU�XVH��%ULWLVK�-RXUQDO�RI�$XGLRORJ\�������������
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0RULVKLPD�� 6�� �������� 5HDO�WLPH� WDONLQJ� KHDG� GULYHQ� E\� YRLFH� DQG� LWV� DSSOLFDWLRQ� WR�
FRPPXQLFDWLRQ� DQG� HQWHUWDLQPHQW�� ,Q� '�� %XUQKDP�� -�� 5REHUW�5LEHV� 	� (�� 9DWLNLRWLV�
%DWHVRQ� �(GV��� 3URFHHGLQJV� RI� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� $XGLWRU\�9LVXDO� 6SHHFK� 3URFHVVLQJ�
�$963·�����7HUULJDO��$XVWUDOLD��SS�����������

1DJDR��.��DQG�7DNHXFKL��$����������6SHHFK�GLDORJXH�ZLWK�IDFLDO�GLVSOD\V��0XOWLPRGDO�KXPDQ�
FRPSXWHU�FRQYHUVDWLRQ��,Q�3URFHHGLQJV�RI�WKH���QG�$&/·����SS�����²�����

2OLYqV��-��/���0|WW|QHQ��5���.XOMX��-��DQG�6DPV��0����������$XGLR�YLVXDO�VSHHFK�V\QWKHVLV�IRU�
)LQQLVK��,Q�'��:��0DVVDUR��(G���3URFHHGLQJV�RI�$963·����6DQWD�&UX]��&$��SS������������

2VWHUPDQQ�� -�� ��������)DFH�$QLPDWLRQ� LQ�03(*����,Q�3DQG]LF�� ,��6��DQG�)RUFKKHLPHU��5��
�(GV���03(*���)DFLDO�$QLPDWLRQ���WKH�6WDQGDUG��,PSOHPHQWDWLRQ�DQG�$SSOLFDWLRQV��&KLFKHVWHU��
(QJODQG��-RKQ�:LOH\�	�6RQV��SS���������

3DQG]LF��,��6���2VWHUPDQQ��-���DQG�0LOOHQ��'����������8VHU�HYDOXDWLRQ��6\QWKHWLF�WDONLQJ�IDFHV�
IRU�LQWHUDFWLYH�VHUYLFHV��7KH�9LVXDO�&RPSXWHU��������������

3DQG]LF�� ,�� 6�� DQG� )RUFKKHLPHU�� 5�� �����D��� � 03(*��� )DFLDO� $QLPDWLRQ� �� WKH� 6WDQGDUG��
,PSOHPHQWDWLRQ�DQG�$SSOLFDWLRQV��&KLFKHVWHU��(QJODQG��-RKQ�:LOH\�	�6RQV��

3DQG]LF��,��6��DQG�)RUFKKHLPHU��5�������E���7KH�2ULJLQV�RI�WKH�03(*���)DFLDO�$QLPDWLRQ�
6WDQGDUG�� ,Q�3DQG]LF�� ,�� 6�� DQG�)RUFKKHLPHU��5�� �(GV���03(*���)DFLDO�$QLPDWLRQ� �� WKH�
6WDQGDUG��,PSOHPHQWDWLRQ�DQG�$SSOLFDWLRQV��&KLFKHVWHU��(QJODQG��-RKQ�:LOH\�	�6RQV��SS����
����

3DUNH��)��,����������3DUDPHWUL]HG�PRGHOV�IRU�IDFLDO�DQLPDWLRQ��,(((�&RPSXWHU�*UDSKLFV��������
SS��������

3DUNH��)��,��DQG�:DWHUV��.����������&RPSXWHU�)DFLDO�$QLPDWLRQ��:HOOHVOH\��0DVVDFKXVHWWV��$�.�
3HWHUV��

3HODFKDXG�� &�� �������� &RPPXQLFDWLRQ� DQG� &RDUWLFXODWLRQ� LQ� )DFLDO� $QLPDWLRQ�� 'RFWRUDO�
'LVVHUWDWLRQ��8QLYHUVLW\�RI�3HQV\OYDQLD��3$��

3HODFKDXG��&�� ��������9LVXDO�7H[W�WR�6SHHFK�� ,Q�3DQG]LF�� ,��6�� DQG�)RUFKKHLPHU��5�� �(GV���
03(*��� )DFLDO� $QLPDWLRQ� �� WKH� 6WDQGDUG�� ,PSOHPHQWDWLRQ� DQG� $SSOLFDWLRQV�� &KLFKHVWHU��
(QJODQG��-RKQ�:LOH\�	�6RQV��SS�����������

3HODFKDXG��&���YDQ�2YHUYHOG��&��:��$��0���DQG�6HDK��&�� ��������0RGHOOLQJ�DQG�$QLPDWLQJ�
WKH�+XPDQ�7RQJXH� GXULQJ� 6SHHFK�3URGXFWLRQ��� 3URFHHGLQJV� RI�&RPSXWHU�$QLPDWLRQ�
·����*HQHYD��SS���������

3HODFKDXG��&���%DGOHU��1�� ,��� DQG�6WHHGPDQ��0�� ��������*HQHUDWLQJ�)DFLDO�([SUHVVLRQV� IRU�
6SHHFK��&RJQLWLYH�6FLHQFH����������������

3HODFKDXG��&���%DGOHU��1��,���DQG�9LDXG��0��/����������)LQDO�5HSRUW�WR�16)�RI�WKH�6WDQGDUGV�
IRU�)DFLDO�$QLPDWLRQ�:RUNVKRS��8QLYHUVLW\�RI�3HQV\OYDQLD��3$��

3HWDMDQ�� (�� DQG� *UDI�� +�� 3��� �������� 5REXVW� )DFH� )HDWXUH� $QDO\VLV� IRU� $XWRPDWLF�
6SHHFKUHDGLQJ� DQG�&KDUDFWHU�$QLPDWLRQ�� ,Q�'��*�� 6WRUN� DQG�0��(��+HQQHFNH� �(GV���
6SHHFKUHDGLQJ�E\�+XPDQV�DQG�0DFKLQHV��0RGHOV��6\VWHPV�DQG�$SSOLFDWLRQV��%HUOLQ��6SULQJHU��SS��
���������

3LJKLQ��)���+HFNHU�� -���/LVFKLQVNL��'��� 6]HOLVNL��5��� DQG�6DOHVLQ���'��+�� �������� 6\QWKHVL]LQJ�
UHDOLVWLF�IDFLDO�H[SUHVVLRQV�IURP�SKRWRJUDSKV��3URFHHGLQJV�RI�6,**5$3+�����2UODQGR��)/��
SS����������
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�
3RJJL��,��DQG�3HODFKDXG��&����������3HUIRUPDWLYH�)DFLDO�([SUHVVLRQV�LQ�$QLPDWHG�)DFHV��,Q�

&DVVHOO�� -��� 6XOOLYDQ�� -��� 3UHYRVW�� 6��� DQG� &KXUFKLOO�� (��� �(GV���� (PERGLHG� &RQYHUVDWLRQDO�
$JHQWV��0,7�3UHVV��&DPEULGJH��0$��SS�����²�����

3UHVV�� :�� +��� 7HXNROVN\�� 6�� $��� 9HWWHUOLQJ�� :��� 7�� DQG� )ODQQHU\�� %�� 3�� ��������1XPHULFDO�
5HFLSHV�LQ�&��7KH�$UW�RI�6FLHQWLILF�&RPSXWLQJ�²�� � � �HG��&DPEULGJH�8QLYHUVLW\�3UHVV��

5HYHUHW�� /�� DQG�%HQRvW�� &�� �������� $� QHZ� �'� OLS�PRGHO� IRU� DQDO\VLV� DQG� V\QWKHVLV� RI� OLS�
PRWLRQ�LQ�VSHHFK�SURGXFWLRQ��,Q�'��%XUQKDP��-��5REHUW�5LEHV�	�(��9DWLNLRWLV�%DWHVRQ�
�(GV��� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� $XGLWRU\�9LVXDO� 6SHHFK� 3URFHVVLQJ�
�$963·�����7HUULJDO��$XVWUDOLD��SS�����������

5HYHUHW��/���%DLOO\��*��DQG�%DGLQ��3�� ��������0RWKHU��D�1HZ�*HQHUDWLRQ�RI�7DONLQJ�+HDGV�
3URYLGLQJ� D� )OH[LEOH� $UWLFXODWRU\� &RQWURO� IRU� 9LGHR�5HDOLVWLF� 6SHHFK� $QLPDWLRQ��
3URFHHGLQJV� RI� WKH� � � � � ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 6SRNHQ� /DQJXDJH� 3URFHVVLQJ� �,&6/3·�������
%HMLQJ��&KLQD��SS�����������

6DOYL�� *�� �������� 7UXQFDWLRQ� (UURU� DQG� '\QDPLFV� LQ� 9HU\� /RZ� /DWHQF\� 3KRQHWLF�
5HFRJQLWLRQ�� 7R� DSSHDU� LQ� SURFHHGLQJV� RI� ,6&$� :RUNVKRS� RQ� 1RQ�OLQHDU� VSHHFK� SURFHVVLQJ�
�12/,63·�����/H�&URLVLF��)UDQFH��

6DPV��0���.XOMX��-���0|WW|QHQ��5��-XVVLOD��9���2OLYqV��-�/���=KDQJ��<���.DVNL��.���0DMDUDQWD��
3���DQG�5LK��.�-�� ��������7RZDUGV�D�+LJK�4XDOLW\�DQG�:HOO�&RQWUROOHG�)LQQLVK�$XGLR�
9LVXDO�6SHHFK�6\QWKHVL]HU��,Q�3URFHHGLQJV�RI�� � � :RUOG�0XOWLFRQIHUHQFH�RQ�6\VWHPLFV��&\EHUQHWLFV�
DQG� ,QIRUPDWLFV� DQG� � � � � ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� ,QIRUPDWLRQ� 6\VWHPV� $QDO\VLV� DQG� 6\QWKHVLV��
2UODQGR��)/��

6HZDUG��$�� ��������/RZ�/DWHQF\�,QFUHPHQWDO�6SHHFK�7UDQVFULSWLRQ� LQ� WKH�6\QIDFH�3URMHFW��
6XEPLWWHG� WR� WKH� � � � � (XURSHDQ� &RQIHUHQFH� RQ� 6SHHFK� &RPPXQLFDWLRQ� DQG� 7HFKQRORJ\�
�(85263((&+��������*HQHYD��6ZLW]HUODQG��

6KDQQRQ�� 5�� 9��� =HQJ�� )�*��� .DPDWK�� 9��� :\JRQVNL�� -�� DQG� (NHOLG�� 0�� �������� 6SHHFK�
UHFRJQLWLRQ�ZLWK�SULPDULO\�WHPSRUDO�FXHV��6FLHQFH����������������

6WRQH��0�� DQG�/XQGEHUJ��$�� �������� 7KUHH�GLPHQVLRQDO� WRQJXH� VXUIDFH� VKDSHV� RI� (QJOLVK�
FRQVRQDQWV�DQG�YRZHOV��-��$FRXVW�6RF��$P�����������������

6WU|P�� 1�� �������� 3KRQHPH� 3UREDELOLW\� (VWLPDWLRQ� ZLWK� '\QDPLF� 6SDUVHO\� &RQQHFWHG�
$UWLILFLDO�1HXUDO�1HWZRUNV��7KH�)UHH�6SHHFK�-RXUQDO��YRO��������

6XPE\��:��+���DQG�3ROODFN��,����������9LVXDO�&RQWULEXWLRQ�WR�6SHHFK�,QWHOOLJLELOLW\�LQ�1RLVH��
-��$FRXVW�6RF��$P���YRO������SS�����������

7DPXUD��0���0DVXNR�� 7��� .RED\DVKL�� 7��� DQG�7RNXGD��.�� �������� 9LVXDO� VSHHFK� V\QWKHVLV�
EDVHG�RQ�SDUDPHWHU�JHQHUDWLRQ�IURP�+00��VSHHFK�GULYHQ�DQG�WH[W�GULYHQ�DSSURDFKHV��
,Q�'��%XUQKDP��-��5REHUW�5LEHV�	�(��9DWLNLRWLV�%DWHVRQ��(GV���3URFHHGLQJV�RI�,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��SS�����������

0DJQHQDW�7KDOPDQQ��1��DQG�.DOUD��3����������$�0RGHO�IRU�&UHDWLQJ�DQG�9LVXDOL]LQJ�6SHHFK�
DQG� (PRWLRQ�� LQ� 'DOH� 5�� HWDO�� �HGV��$VSHFWV� RI� $XWRPDWHG� 1DWXUDO� /DQJXDJH� *HQHUDWLRQ��
/HFWXUH�1RWHV�LQ�$UWLILFLDO�,QWHOOLJHQFH��6SULQJHU�9HUODJ��+HLGHOEHUJ��SS��������

7KHREDOG��%��-���%DQJKDP��-��$���0DWWKHZV��,��$���DQG�&DZOH\��*��&���������7RZDUGV�YLGHR�
UHDOLVWLF�V\QWKHWLF�YLVXDO�VSHHFK��3URFHHGLQJV�RI�WKH�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$FRXVWLFV��6SHHFK�
DQG�6LJQDO�3URFHVVLQJ��,&$663·�����2UODQGR��)/��SS��������������

7KzULVVRQ�� .�� 5�� �������� $� 0LQG� 0RGHO� IRU� 0XOWLPRGDO� &RPPXQLFDWLYH� &UHDWXUHV� DQG�
+XPDQRLGV��,QWHUQDWLRQDO�-RXUQDO�RI�$SSOLHG�$UWLILFLDO�,QWHOOLJHQFH�������������²�����
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:DWHUV�� .�� �������� $� PXVFOH� PRGHO� IRU� DQLPDWLQJ� WKUHH�GLPHQVLRQDO� IDFLDO� H[SUHVVLRQV��
&RPSXWHU�*UDSKLFV��6,**5$3+�·������������������

<DPDPRWR��(���1DNDPXUD��6��DQG�6KLNDQR��.����������/LS�PRYHPHQW�V\QWKHLV�IURP�VSHHFK�
EDVHG�RQ�+LGGHQ�0DUNRY�0RGHOV��6SHHFK�&RPPXQLFDWLRQ���������������������

<HKLD��+���5XELQ�� 3�� DQG�9DWLNLRWLV�%DWHVRQ�� (�� ��������4XDQWLWDWLYH� DVVRFLDWLRQ� RI� YRFDO�
WUDFW�DQG�IDFLDO�EHKDYLRU��6SHHFK�&RPPXQLFDWLRQ�������������������

gKPDQ��7����������$Q�DXGLR�YLVXDO�VSHHFK�GDWDEDVH�DQG�DXWRPDWLF�PHDVXUHPHQWV�RI�YLVXDO�
VSHHFK��70+�4365������������SS���������

gKPDQ��7��DQG�6DOYL��*�� ��������8VLQJ�+00V�DQG�$11V�IRU�PDSSLQJ�DFRXVWLF� WR�YLVXDO�
VSHHFK��70+�4365������������

gKPDQ�� 6�� �������� 1XPHULFDO� PRGHO� RI� FRDUWLFXODWLRQ�� -RXUQDO� RI� WKH� $FRXVWLFDO� 6RFLHW\� RI�
$PHULFD���������������


