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7KLV� SDSHU� SUHVHQWV� DQ� LQWHJUDWLRQ� PRGHO� IRU� NQRZOHGJH� UHSUHVHQWDWLRQ� LQ�
QDWXUDO� ODQJXDJH� NQRZOHGJH� EDVHV� WKDW� DOORZV� WR� DFKLHYH� JRRG� FRPSXWDWLRQDO�
FRPSOH[LW\� RI� RSHUDWLRQV� RI� DGGLQJ� DQG� VHDUFKLQJ� GDWD� LQ� WKH� NQRZOHGJH� EDVH�� 7KH�
PRGHO� FDQ� EH� XVHG� DV� DQ� LQWHUPHGLDWH� GDWD� VWUXFWXUH� EHWZHHQ� VSHFLDOL]HG� WH[W�EDVHG�
DQG�NQRZOHGJH�EDVHG�V\VWHPV�LQ�6HPDQWLF�:HE�HFRV\VWHP��

.H\� ZRUGV�� TXDQWXP� RI� NQRZOHGJH�� NQRZOHGJH� EDVH�� QDWXUDO� ODQJXDJH�
SURFHVVLQJ��LQWHJUDWLRQ�DSSURDFK��

)LJ������7DEO������%LEO�������

5HOHYDQFH�RI�UHVHDUFK�WRSLF��&UHDWLQJ�RI�6HPDQWLF�:HE�DQG�LQVWUXPHQWV�EDVHG�
RQ� LW� KDV� EHHQ� D� ZHOO�HVWDEOLVKHG� DUHD� RI� UHVHDUFK� IRU� DW� OHDVW� ODVW� WZR� GHFDGHV�� ,W�
UHPDLQV�DQ�DFWLYH�WRSLF��ZRUNHG�RQ�DV�SDUW�RI�WKH�³:HE����´�E\�WKH�:�&�FRPPLWWHH�
>�@�DV�ZHOO�DV�E\�LQGHSHQGHQW�UHVHDUFKHUV�DURXQG�WKH�ZRUOG��'HVSLWH�WKLV�IDFW��WKHUH�DUH�
VWLOO� XQUHVROYHG� SUREOHPV�ZLWK� IXOO\� LPSOHPHQWLQJ� LW� >�@�� PDQ\� RI�ZKLFK� DUH� OLQNHG�
FORVHO\�WR�WKH�GDWD�PRGHO�XVHG�LQ�WKH�XQGHUO\LQJ�NQRZOHGJH�EDVH��

)RUPXODWLRQ� RI� WKH� SUREOHP�� 5HFHQW� UHVHDUFK� LQ� WKH� ILHOG� VKRZV� SURPLVLQJ�
VXFFHVV�LQ�VROYLQJ�VRPH�RI�WKH�XQGHUO\LQJ�SUREOHPV��QDPHO\�PLQLQJ�H[LVWLQJ�6HPDQWLF�
:HE� IRU� GRPDLQ�VSHFLILF� WDVNV� >�@�� ILQH�WXQLQJ� XVHU� WRROV� LQ� RUGHU� WR� UHWULHYH� PRUH�
SUHFLVH�UHVXOWV�>�@�DQG�FUHDWLQJ�NQRZOHGJH�EDVHV�ERWK�IRU�UDZ�QDWXUDO�ODQJXDJH�GDWD�>�@�
DQG� VWUXFWXUHG� NQRZOHGJH� >�@�� +RZHYHU�� WKHUH� VWLOO� UHPDLQV� WKH� SUREOHP� RI�
FRRUGLQDWLQJ�GLIIHUHQW�SDUWV�RI�WKH�V\VWHP�WR�DFKLHYH�FRKHVLYH�VWUXFWXUH�RI�NQRZOHGJH�
LQ�LW�WKDW�ZRXOG�DOORZ�WR�FRRUGLQDWH�SURFHVVLQJ�RI�QDWXUDO�ODQJXDJH�GDWD�DQG�VWUXFWXUHG�
NQRZOHGJH��7KLV�SDSHU�SURSRVHV�D�QHZ�PRGHO�IRU�NQRZOHGJH�UHSUHVHQWDWLRQ�IRU�QDWXUDO�
ODQJXDJH�NQRZOHGJH�EDVH�WR�EH�XVHG�DV�D�SDUW�RI�6HPDQWLF�:HE�HFRV\VWHP��

$QDO\VLV� RI� UHFHQW� UHVHDUFK� DQG� SXEOLFDWLRQV�� 7KH� 6HPDQWLF� :HE�
WHFKQRORJLHV�UHO\�RQ�YDULRXV�GDWD�PRGHOV�WR�VWRUH�VHPDQWLFDOO\�LQWHUOLQNHG�NQRZOHGJH��
ZKLFK�WRJHWKHU�FDQ�EH�JHQHUDOL]HG�DV�NQRZOHGJH�EDVHV��PRVW�SURPLQHQWO\�RQWRORJLHV��
IUDPH� QHWZRUNV� DQG� VHPDQWLF� QHWZRUNV� >�@�� 2Q� WKH� RWKHU� KDQG�� GDWD� VWUXFWXUHV� IRU�
VWRULQJ� WH[W� LQIRUPDWLRQ� DUH�PRVWO\� EDVHG� RQ� ODQJXDJH�VSHFLILF� V\QWDFWLFDO� VWUXFWXUH��
VXFK� DV� SDUVH� WUHHV�� JUDPPDUV� DQG� Q�JUDPV� >�@�� %RWK� JURXSV� RI� PRGHOV� ZRUN� ZLWK�
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IXQGDPHQWDOO\� VLPLODU� W\SHV� RI� GDWD�� IURP�ZRUGV� WR� WH[WV� LQ� QDWXUDO� ODQJXDJH�PRGHOV�
DQG� IURP� FRQFHSWV� WR� UXOHV� V\VWHPV� LQ� NQRZOHGJH� EDVHV�� EXW� WKH\� W\SLFDOO\� DUH� QRW�
ZHOO�VXLWHG�WR�KDQGOH�WKH�RWKHU�W\SH��

%RWK�NQRZOHGJH�EDVHV�DQG�QDWXUDO�ODQJXDJH�GDWD�VWUXFWXUHV�DUH�XVHG�IRU�YDULRXV�
KLJK�OHYHO� WDVNV�� EXW� WKHLU� IXQFWLRQV� FDQ� EH� W\SLFDOO\� EURXJKW� GRZQ� WR� WKH� EDVLF� ,�2�
RSHUDWLRQV�RI�³UHDG�ZULWH´��7DNLQJ� LQWR�DFFRXQW� VSHFLILFV�RI�DIRUHPHQWLRQHG�V\VWHPV��
WKHVH�RSHUDWLRQV�UHSUHVHQW�WZR�PDMRU�IXQFWLRQV�RI�D�NQRZOHGJH�EDVH��

� UHDGLQJ��RU�VHDUFKLQJ�DQG�UHDGLQJ��NQRZOHGJH�DFFRUGLQJ�WR�D�VSHFLILF�TXHU\��
� ZULWLQJ��RU�DGGLQJ�QHZ�NQRZOHGJH�LQWR�DQ�H[LVWLQJ�NQRZOHGJH�EDVH��
%RWK� WKHVH� IXQFWLRQV� UHTXLUH� DGGLWLRQDO� RSHUDWLRQV� WR� EH� H[HFXWHG� LQVLGH� WKH�

V\VWHP�� DQG� ERWK� QDWXUDO� ODQJXDJH� DQG� VWUXFWXUHG� NQRZOHGJH� EDVHV� LQWURGXFH�
DGGLWLRQDO�FRPSOH[LW\�WR�WKHVH�RSHUDWLRQV���

)LJ�����'DWD�IORZ�LQ�QDWXUDO�ODQJXDJH�DQG�VWUXFWXUHG�NQRZOHGJH�EDVHV��

6HOHFWLRQ� RI� XQH[SORUHG� SDUWV� RI� WKH� JHQHUDO� SUREOHP�� 1DWXUDO� ODQJXDJH�
NQRZOHGJH�EDVHV�UHO\�KHDYLO\�RQ�SDUVLQJ�V\QWDFWLF�VWUXFWXUH�RI�WKH�LQFRPLQJ�WH[W��7KLV�
DOORZV�IRU�HDVLHU�DGGLWLRQ�RI�QHZ�LQIRUPDWLRQ��DV�WKH�NQRZOHGJH�VWUXFWXUH�RI�LQFRPLQJ�
WH[W�LV�E\�GHILQLWLRQ�VDPH�DV�WKDW�RI�WKH�NQRZOHGJH�EDVH��EXW�VHDUFKLQJ�GDWD�RYHU�VXFK�
EDVH�UHTXLUHV�WUDYHUVLQJ�DOO�WH[W�EDVHG�GDWD�VWUXFWXUHV��ZKLFK�PDNHV�DSSO\LQJ�DGYDQFHG�
VHDUFKLQJ�DOJRULWKPV�YHU\�KDUG�RU�RXWULJKW�LPSRVVLEOH���

6WUXFWXUHG�NQRZOHGJH�EDVHV��RQ�WKH�RWKHU�KDQG��SURYLGH�ULJLG�GDWD�VWUXFWXUH�WKDW�
DOORZV� IRU� HIIHFWLYH� VHDUFKLQJ�� EXW� UHTXLUH� DQ\� LQFRPLQJ� GDWD� WR� EH� DGDSWHG� DQG�
SRVVLEO\�WULPPHG�LQ�DFFRUGDQFH�ZLWK�WKLV�VWUXFWXUH��PDNLQJ�H[SDQGLQJ�WKH�NQRZOHGJH�
EDVH�DQ�DOJRULWKPLFDOO\�DQG�FRPSXWDWLRQDOO\�FRPSOH[�WDVN��

7KLV� DOORZV� H[LVWLQJ� NQRZOHGJH� PRGHOV� WR� EH� HIILFLHQW� LQ� FHUWDLQ� WDVNV� WKDW�
GHPDQG� JRRG� SHUIRUPDQFH� IURP� RQO\� FHUWDLQ� SDUW� RI� WKHLU� IXQFWLRQV�� EXW� HIIHFWLYHO\�
SUHYHQWV�DQ\�RI�WKH�PRGHOV�WR�EH�XVHG�DV�DQ�DYHUDJH�XELTXLWRXV�VROXWLRQ��

3UHVHQWDWLRQ� RI� WKH�PDLQ�PDWHULDO�� ,Q� WKLV�ZRUN�� D� QHZ�PRGHO� RI� FRPELQHG�
NQRZOHGJH� UHSUHVHQWDWLRQ� LV� SUHVHQWHG� WKDW� DOORZV� WR� FRPELQH� EHVW� SDUWV� RI� H[LVWLQJ�
PRGHOV�ZKLOH�DYRLGLQJ�WKHLU�GRZQVLGHV��7KH�PRGHO�LV�EDVHG�RQ�WKH�LGHDV�RI�LQWHJUDWHG�
DSSURDFK�WR�PRGHOOLQJ�RI�KXPDQ�VSHHFK�DFWLYLW\��GHVFULEHG�LQ�>�±��@��PRVW�QRWDEO\�WKH�
SURSRVHG� EDVLF� VHPDQWLFR�V\QWDFWLF� VWUXFWXUH�� RU� %666�� WKDW� UHSUHVHQWV� D� VLQJOH�
³VLWXDWLRQ´��RU�TXDQWXP�RI�NQRZOHGJH�LQ�KXPDQ�EUDLQ���
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*LYHQ�WKDW�D�VLQJOH�%666�UHSUHVHQWV�D�VLQJOH�XQLW�RI�NQRZOHGJH��FORVHO\�WLHG�WR�
FRUUHVSRQGLQJ� VHQVRU\�PHPRULHV�� DQG� DQ\� IUDJPHQW� RI� WH[W� FDQ� EH� GHFRPSRVHG� LQWR�
VHYHUDO�%666�DQG�UHODWLRQV�EHWZHHQ�WKHP��LW�FDQ�EH�XVHG�DV�DQ�LQWHUPHGLDWH�VWUXFWXUH�
EHWZHHQ�NQRZOHGJH�EDVHV�RI�QDWXUDO�ODQJXDJH�DQG�RI�VWUXFWXUHG�NQRZOHGJH��

)LJ�����'DWD�IORZ�LQ�LQWHJUDWLRQ�PRGHO�NQRZOHGJH�EDVH��

7KLV� PRGHO� DOORZV� WR� FRQVROLGDWH� WKH� NQRZOHGJH� LWVHOI� LQ� D� VLQJOH�� XQLYHUVDO�
VWUXFWXUH�� ILOOHG� ZLWK� %666¶V� DQG� UHODWLRQV� EHWZHHQ� WKHP�� WKDW� SURYLGHV� FHUWDLQ�
EHQHILWV�FRPSDUHG�WR�RWKHU�DSSURDFKHV��

)LUVW�� OLNH�LQ�VWUXFWXUHG�NQRZOHGJH�EDVHV��GDWD�LV�VWRUHG�LQ�VWUXFWXUHG��IRUPDOO\�
ZHOO�GHILQHG�IRUP��ZKLFK�DOORZV�IRU�HDVLHU�SURFHVVLQJ�DQG�DXWRPDWLF�PDQLSXODWLRQ�RI�
WKLV�GDWD��

6HFRQG�� OLNH� QDWXUDO� ODQJXDJH� NQRZOHGJH� EDVHV�� D� PRGHO� OLNH� WKLV� SURYLGHV�
VWUXFWXUDO� OLQNV�EHWZHHQ�WKH�FRQWHQWV�RI� WKH�NQRZOHGJH�EDVH�DQG�VWUXFWXUH�RI� WKH�WH[W�
OLQNHG� WR� WKHVH� FRQWHQWV��ZKLFK� SUHVHUYHV� HDVLQHVV� RI� DGGLQJ� QHZ� NQRZOHGJH� WR� WKH�
NQRZOHGJH�EDVH�IURP�QDWXUDO�ODQJXDJH�WH[W��

7KLUG�� XQOLNH� WKH� RWKHU� DSSURDFKHV�� LQ� LQWHJUDWHG� NQRZOHGJH� EDVH� QHZ�
NQRZOHGJH�LV�DGGHG�WR�DQ�H[LVWLQJ�VWUXFWXUH�ZLWKRXW�DOWHULQJ�LW�±�WKDW�LV��FRPSOH[LW\�RI�
H[SDQGLQJ� WKH� EDVH� UHPDLQV� UHODWLYHO\� FRQVWDQW� UHJDUGOHVV� RI� LWV� VL]H� DQG� GRHVQ¶W�
UHTXLUH�PDQGDWRU\�UHEXLOGLQJ�RI�SUHYLRXVO\�DGGHG�GDWD��

,W� LV� DOVR� ZRUWK� QRWLQJ� WKDW� DQ� LQWHJUDWHG� NQRZOHGJH� EDVH� FDQ� EH� OLQNHG� WR�
VHSDUDWH� QDWXUDO� ODQJXDJH� DQG� VWUXFWXUHG� NQRZOHGJH� EDVHV�� WKXV� DOORZLQJ� WR� XVH�
ODQJXDJH�VSHFLILF�ODQJXDJH�SURFHVVLQJ�WRROV�DQG�GRPDLQ�VSHFLILF�ORJLF�DQG�UHVROXWLRQ�
HQJLQH�WR�HQKDQFH�FDSDELOLWLHV�RI�WKH�ZKROH�V\VWHP��

&RQFOXVLRQV��)XWXUH�ZRUN�ZLOO�LQYROYH�LPSURYLQJ�EXLOGLQJ�OLQNV�EHWZHHQ�QDWXUDO�
ODQJXDJH� FRQVWUXFWV�� HVSHFLDOO\�PXOWL�ZRUG� DQG� DUWLILFLDO� RQHV� OLNH� DEEUHYLDWLRQV�� DQG�
FRPSOH[� VHPDQWLF� FRQFHSWV�� 0RUH� UHVHDUFK� LV� DOVR� UHTXLUHG� WR� FUHDWH� D� OLQJXLVWLF�
SURFHVVRU�FDSDEOH�RI�ZRUNLQJ�ZLWK�WKH�GDWD�PRGHO�SUHVHQWHG�LQ�WKLV�SDSHU��

5HIHUHQFHV�

���� :��RUJ�6HPDQWLF�ZHE���Z�F���:��RUJ��²�������
���� %HQMDPLQV�9��5�� 6L[� FKDOOHQJHV� IRU� WKH� VHPDQWLF�ZHE� ��9��5��%HQMDPLQV�� -��

&RQWUHUDV��2��&RUFKR��$��*yPH]�3pUH]����&KDOOHQJHV��²�������²�9RO�����1R��L��²�3���±����
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���� <RQJ�JXL�:��5HVHDUFK�RQ�VHPDQWLF�ZHE�PLQLQJ���:��<RQJ�JXL��-��=KHQ��²�
������²�9�����9�����S��²�,6%1��������������������

���� &HROLQ�'��6XEMHFWLYH�ORJLF�H[WHQVLRQV�IRU�WKH�VHPDQWLF�ZHE���'��&HROLQ��$��
1RWWDPNDQGDWK��:��)RNNLQN��²�������²���±���S��

���� .DXIPDQQ�(��(YDOXDWLQJ�WKH�XVDELOLW\�RI�QDWXUDO�ODQJXDJH�TXHU\�ODQJXDJHV�
DQG�LQWHUIDFHV�WR�VHPDQWLF�ZHE�NQRZOHGJH�EDVHV���(��.DXIPDQQ��$��%HUQVWHLQ����:HE�
6HPDQWLFV��6FLHQFH��6HUYLFHV�DQG�$JHQWV�RQ�WKH�:RUOG�:LGH�:HE��²�������²�9RO�����
1R�����²�3�����±�����

���� $XHU�6��6HPDQWLF�ZLNL�UHSUHVHQWDWLRQV�IRU�EXLOGLQJ�DQ�HQWHUSULVH�NQRZOHGJH�
EDVH���6��$XHU��%��-XQJPDQQ��)��6FK|QHIHOG����5HDVRQLQJ�:HE��²�������²�3�����±�����

���� %UDFKPDQ�5��.QRZOHGJH� UHSUHVHQWDWLRQ�DQG� UHDVRQLQJ� ��5��%UDFKPDQ��+��
/HYHVTXH��²�������²�,6%1�������������

���� 6WDYULDQRX�$��2YHUYLHZ�DQG�VHPDQWLF�LVVXHV�RI�WH[W�PLQLQJ���$��6WDYULDQRX��3��
$QGULWVRV��1��1LFROR\DQQLV����$&0�6,*02'�5HFRUG��²�������²�9RO������1R�����²�3������

���� .\VOHQNR� <�� ,�� %DFN� WR� EDVLFV� RI� VSHHFK� DFWLYLW\� �� <�� ,�� .\VOHQNR� ���
%LRORJLFDOO\�,QVSLUHG�&RJQLWLYH�$UFKLWHFWXUHV��²�������²�9RO�����²�3����±����

�����.\VOHQNR� <�� &RJQLWLYH� DUFKLWHFWXUH� RI� VSHHFK� DFWLYLW\� DQG� PRGHOOLQJ�
WKHUHRI���<��.\VOHQNR��'��6HUJHLHY����%LRORJLFDOO\�,QVSLUHG�&RJQLWLYH�$UFKLWHFWXUHV��²�
������²�9RO������
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'DQ\OR6HUJHLHY� ±� DVVLVWDQW� SURIHVVRU�� 'HSDUWPHQW� RI� 7HFKQLFDO� &\EHUQHWLFV��
1DWLRQDO�7HFKQLFDO�8QLYHUVLW\�RI�8NUDLQH�³,JRU�6LNRUVN\�.\LY�3RO\WHFKQLF�,QVWLWXWH´��

(�PDLO��G�VHUJHLHY#JPDLO�FRP��
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