
3URF��RI�WKH�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�(OHFWULFDO��&RPSXWHU�DQG�(QHUJ\�7HFKQRORJLHV��,&(&(7��
�����'HFHPEHU�������&DSH�7RZQ�6RXWK�$IULFD�
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)DXOW�'LDJQRVLV�RI�6TXLUUHO�&DJH�,QGXFWLRQ�*HQHUDWRU�
IRU�:LQG�7XUELQH�$SSOLFDWLRQV�8VLQJ�D�+\EULG�'HHS�

1HXUDO�1HWZRUN�DQG�'HFLVLRQ�7UHH�$SSURDFK�

�
+DPLG�7RVKDQL��

6FKRRO�RI�(QJLQHHULQJ�
8QLYHUVLW\�RI�(DVW�$QJOLD��8($��

1RUZLFK��8.�
+�7RVKDQL#XHD�DF�XN�

6DOPDQ�$EGL�
6FKRRO�RI�(QJLQHHULQJ�

8QLYHUVLW\�RI�(DVW�$QJOLD��8($��
1RUZLFK��8.�

6�$EGL�-DOHEL#XHD�DF�XN�

1DUJHV�.KDGHP�+RVVHLQL�
(QJLQHHULQJ�'HSDUWPHQW�

,UDQ�8QLYHUVLW\�RI�6FLHQFH�DQG�
7HFKQRORJ\�
7HKUDQ��,UDQ�

1B.KDGHP#HOHF�LXVW�DF�LU�
�

(KVDQ�$EGL�
:LQG�7HFKQRORJLHV�/WG��

&DPEULGJH��8.�
(KVDQ��$EGL#ZLQGWHFKQRORJLHV�FRP

�
$EVWUDFW²3KDVH�WR�3KDVH� )DXOW� �33)�� DQG� 3KDVH�WR�*URXQG�

)DXOW� �3*)�� DUH� YHU\� OLNHO\� WR� RFFXU� LQ� WKH� JHQHUDWRUV� RI� ZLQG�
WXUELQHV��'HWHFWLQJ�DQG�FODVVLI\LQJ�WKHVH�IDXOWV�DUH�YLWDO�WR�LPSURYH�
UHOLDELOLW\� DQG� UHGXFH� WKH� PDLQWHQDQFH� FRVW� LQ� ZLQG� WXUELQH�
DSSOLFDWLRQV��,Q�WKLV�SDSHU��D�K\EULG�DSSURDFK�EDVHG�RQ�'HFLVLRQ�
7UHH��'7��DQG�&RQYROXWLRQ�1HXUDO�1HWZRUN��&11��LV�SURSRVHG�WR�
PDNH� D� KLJK�SHUIRUPDQFH� IDXOW� GLDJQRVLV� V\VWHP� WR� GHWHFW� DQG�
FODVVLI\�33)�DQG�3*)�LQ�WKH�VTXLUUHO�FDJH� LQGXFWLRQ�JHQHUDWRUV��
'7� DOJRULWKP� LV� XVHG� WR� GHWHFW� WKH� IDXOW\� FRQGLWLRQV� RI� WKH�
JHQHUDWRU� XVLQJ� VHYHUDO� IHDWXUHV� WKDW� DUH� GHULYHG� IURP� WKH�
HOHFWULFDO� VLJQDOV��&11�PRGHO� LV� REWDLQHG� WR� SUHGLFW� WKH� NLQG� RI�
IDXOWV� LQFOXGLQJ� 33)� DQG� 3*)� XVLQJ� RQO\� IDXOW\� GDWD�� 7KH�
DFFXUDF\� RI� WKH� SURSRVHG� IDXOW� GLDJQRVLV� DSSURDFK� LV� HYDOXDWHG�
EDVHG�RQ�WKH�VLPXODWLRQ�UHVXOWV�IRU�D�������0:�ZLQG�WXUELQH��

.H\ZRUGV²:LQG� WXUELQH�� VTXLUUHO� FDJH� LQGXFWLRQ� JHQHUDWRU��
IDXOW�GLDJQRVLV��GHFLVLRQ�WUHH��GHHS�QHXUDO�QHWZRUN��

,�� ,1752'8&7,21��
:LQG�HQHUJ\� LV� D�FOHDQ�DQG�VXVWDLQDEOH� IXHO� VRXUFH� WKDW� LV�

NQRZQ�DV�RQH�RI�WKH�IDVWHVW�JURZLQJ�HQHUJ\�VRXUFHV�LQ�WKH�ZRUOG��
7KHUH�LV�DERXW�����*:�ZLQG�SRZHU�FDSDFLW\�ZRUOGZLGH��ZKHUH�
RQO\� ��� *:� RI� QHZ� FDSDFLW\� LV� LQVWDOOHG� LQ� ����� >�@�� ,W� LV�
H[SHFWHG� WR� UHDFK� PRUH� WKDQ� ��� *:� DGGLWLRQV� XVLQJ� RQO\�
RIIVKRUH� ZLQG� QHW� FDSDFLW\� XS� WR� ����� >�@�� 1RZDGD\V�� ZLQG�
WXUELQHV� DUH� EHFRPLQJ� ODUJHU�� PRUH� H[SHQVLYH�� DQG� PRUH�
FRPSOLFDWHG� WR� JHQHUDWH� ODUJH� DPRXQWV� RI� HQHUJ\�� ,QVWDOOLQJ�
RIIVKRUH� ZLQG� WXUELQHV� FRVWV� DOPRVW� ���� PLOOLRQ� SRXQGV� SHU�
PHJDZDWWV� >�@��)RU�D�UHODWLYHO\� ODUJH�ZLQG� WXUELQH�� WKH�FRVW�RI�
KDYLQJ�UHOLDEOH�SHUIRUPDQFH�DQG�PDLQWHQDQFH�LV�JUHDWO\�KLJK��

0HDQZKLOH�� WKH� RFFXUUHQFH� RI� GLIIHUHQW� IDXOWV� IRU� WKHVH�
V\VWHPV� LV� XQDYRLGDEOH� DV� WKH\� ZRUN� LQ� D� UHODWLYHO\� KDUVK�
HQYLURQPHQW� DQG� DUH� FRPSRVHG� RI� VHYHUDO� LQWHU�FRQQHFWLQJ�
HOHFWUR�PHFKDQLFDO� FRPSRQHQWV�� $FFRUGLQJO\�� GHYHORSLQJ� D�
FRQGLWLRQ� PRQLWRULQJ� V\VWHP� WR� GHWHFW� DQG� FODVVLI\� IDXOWV� LV�
LQGLVSHQVDEOH�WR�HQVXUH�WKH�UHOLDELOLW\��VDIHW\��DQG�HIIHFWLYHQHVV�
RI�ZLQG�WXUELQHV���

7KH� JHQHUDWRU� ZLWK� D� ������ IDLOXUH� UDWH� KDV� WKH� KLJKHVW�
FRQWULEXWLRQV� WR� WKH�RYHUDOO�RIIVKRUH�ZLQG� WXUELQH� IDLOXUHV� >�@��
7KH� PDLQ� IDXOWV� LQ� D� JHQHUDWRU� RFFXUUHG� LQ� WKH� VWDWRU�� URWRU��
EHDULQJ��DQG�LQVXODWLRQ�>�@��7KH�IDLOXUH�UDWH�IRU�WKH�RQO\�VWDWRU�LV�

DERXW�����ZKHUH�WKH�PRVW�FRPPRQ�ZLQGLQJ�IDXOWV�LQ�WKH�VWDWRU�
DUH�33)�DQG�3*)�>�@���

&XUUHQW� VLJQDWXUH� DQDO\VLV� LV� D� FRPPRQ� IDXOW� GHWHFWLRQ�
DSSURDFK��ZKHUH� WKH� IDXOW� IUHTXHQF\�FRPSRQHQWV� DUH� DQDO\VHG�
EDVHG�RQ�WKH�VSHFWUD�RI�WKH�HOHFWULFDO�VLJQDOV�>�@��7KLV�WHFKQLTXH�
XVXDOO\� FRQVLVWV� RI� VLJQDO� FRQGLWLRQLQJ�� VSHFWUDO� DQDO\VLV�� DQG�
IDXOW�GHWHFWLRQ��7KH�LQWHU�WXUQ�VKRUW�FLUFXLW�LQ�WKH�VWDWRU�ZLQGLQJ�
PD\� FKDQJH� WKH� DLU�JDE� IOX[� ZKLFK� H[FLWHV� WKH� KDUPRQLF�
IUHTXHQFLHV�LQ�WKH�VWDWRU�ZLQGLQJ�>�@��:DYHOHW�WUDQVIRUPV�RQ�WKH�
VWDWRU�FXUUHQW�VLJQDOV�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�IDXOW�UHODWHG�
IUHTXHQF\�FRPSRQHQWV�IRU�D�PRUH�DFFXUDWH�GLDJQRVLV�RI�IDLOXUH�
PRGHV�>�@��7R�HIIHFWLYHO\�GHWHFW�WKH�IDXOWV�LQ�WKH�URWRU��GLVFUHWH�
ZDYHOHW�WUDQVIRUP�FDQ�EH�XVHG�WR�DQDO\VH�WKH�IDXOW�IUHTXHQFLHV�
RI�HOHFWULFDO�VLJQDOV�>��@��2QH�GUDZEDFN�RI�WKH�FXUUHQW�VLJQDWXUH�
DQDO\VLV� LV�WKDW�WKH�VWDWLVWLFDO�SURSHUWLHV�RI� WKH�VLJQDWXUH�RI�WKH�
IDXOWV� LQ� HOHFWULFDO� VLJQDOV� DUH� FKDQJLQJ� WKURXJK� WLPH�� ,W� LV� D�
FKDOOHQJLQJ� LVVXH� GXH� WR� WKH� QHHG� WR� GHVLJQ� D�PRUH� FRPSOH[�
FRQGLWLRQ�PRQLWRULQJ�V\VWHP�>��@��,Q�DGGLWLRQ��WKLV�PHWKRG�PD\�
VXIIHU� IURP�ZHDN� SHUIRUPDQFH� WR� GHWHFW� IDXOWV�ZLWK� UHODWLYHO\�
VPDOO�VHYHULW\���

$V�D�GLVWLQFW�WHFKQLTXH��WKH�LQVWDQWDQHRXV�OLQH�FXUUHQWV�FDQ�
EH�FRQYHUWHG�LQWR�WKH�3DUNV�YHFWRUV�ZKHUH�WKH\�FRQWDLQ�D�SRVLWLYH�
VHTXHQFH�FRPSRQHQW�LQ� WKH� WKUHH�SKDVH�FXUUHQW��7KHVH�YHFWRUV�
VKRZ�DQ�HOOLSWLF�UHSUHVHQWDWLRQ�LQ�WZR�GLPHQVLRQDO�VSDFH�ZKHQ�
D�IDXOW�RFFXUV�LQ�WKH�JHQHUDWRU�>��@��,Q�WKLV�DSSURDFK��WKH�WZLFH�
IXQGDPHQWDO�FRPSRQHQW�RI�SDUNV�YHFWRU�VTXDUH�FDQ�EH�XVHG�DV�D�
IDXOW� LQGLFDWRU� >��@�� 3DUN
V� YHFWRUV� DUH� QRW� VXLWDEOH� ZKHQ�
GLIIHUHQW� IDXOWV� KDYH� FORVH� HIIHFWV� RQ� WKH� ZLQG� WXUELQH�
SHUIRUPDQFH��0RUHRYHU��LWV�DFFXUDF\�PD\�GHFUHDVH�LI�WKH�WKUHH�
SKDVH�FXUUHQWV�DUH�IDU�IURP�LGHDO�FRQGLWLRQV���

0RGHO�EDVHG�DSSURDFKHV�DUH�DQRWKHU�PHWKRG�WR�GHWHFW�IDXOWV�
LQ�WKH�JHQHUDWRU�XVLQJ�HOHFWULFDO�VLJQDOV��6OLGLQJ�PRGH�REVHUYHU�
LV�D�WHFKQLTXH�WR�HVWLPDWH�WKH�LQWHUQDO�VWDWHV�RI�WKH�JHQHUDWRU�>��@��
%\� FRPSDULQJ� WKH� PHDVXUHG� DQG� HVWLPDWHG� YDOXHV� RI� VWDWRU�
FXUUHQWV�� WKH� IOXFWXDWLRQV� GXR� WR� WKH� LQWHU�WXUQ� IDXOWV� FDQ� EH�
REVHUYHG��$Q�DOWHUQDWLYH�REVHUYHU� LV�D�QHXUDO�QHWZRUN�WKDW�KDV�
WKH� FDSDELOLW\� RI� HVWLPDWLQJ� QRQOLQHDULWLHV� LQ� ZLQG� WXUELQHV�
UHJDUGLQJ�XQFHUWDLQWLHV�DQG�IDXOWV�>��@��.DOPDQ�ILOWHU�LV�DOVR�XVHG�
WR�HVWLPDWH�WKH�WKUHH�SKDVH�FXUUHQWV�DQG�WKH�UHVLGXDO�VLJQDOV�DUH�
XVHG�WR�GHWHFW�WKH�LQWHU�WXUQ�IDXOWV�DV�ZHOO�DV�IDXOW�VHYHULW\�>��@��



'HSHQGHQFH� RQ� PDWKHPDWLFDO� PRGHOV� LV� DFFRPSDQLHG� E\�
GLIILFXOW\� DV� ZLQG� WXUELQHV� FRQVLVW� RI� YDULRXV� KLJKO\� FRXSOHG�
FRPSRQHQWV�DQG�WKH\�DUH�EHFRPLQJ�ODUJHU�WR�JDLQ�PRUH�HQHUJ\���

)HDWXUH�H[WUDFWLRQ�EDVHG�PHWKRGV�DUH�ZLGHO\�XVHG�IRU�IDXOW�
GHWHFWLRQ�LQ�ZLQG�WXUELQH�DSSOLFDWLRQV��7KH\�FDQ�EH�XVHG�IRU�ERWK�
VWDWLRQDU\� DQG� QRQ�VWDWLRQDU\� VLJQDOV�� KDYH� OHVV� VHQVLWLYLW\� WR�
VHYHULW\�RI� IDXOWV�DV�ZHOO� LGHDOLW\�RI� WKH�HOHFWULFDO� VLJQDOV��DQG�
KDYH� QR� GHSHQGHQF\� RQ� WKH� PRGHO� RI� WKH� ZLQG� WXUELQH�� $�
FRPELQDWLRQ�RI�WKH�ZDYHOHW�WUDQVIRUP�DQG�1DwYH�%D\HV�FODVVLILHU�
LV� SURSRVHG� LQ� >��@� ZKHUH� WKH� HDUOLHVW� LV� XVHG� IRU� IHDWXUH�
H[WUDFWLRQ� DQG� WKH� ODWWHU� LV� GHVLJQHG� WR� FODVVLI\� WKH� LQWHU�WXUQ�
IDXOWV��$Q�DSSURDFK�EDVHG�RQ�ZDYHOHW�WUDQVIRUP�DQG�HPSLULFDO�
PRGH� GHFRPSRVLWLRQ� LV� LQWURGXFHG� LQ� >��@�� 7KLV� PHWKRG�
GHWHUPLQHV�GLIIHUHQW�PRGHV�RI�WKH�PDLQ�VLJQDO�DQG�XVHV�IHDWXUH�
H[WUDFWLRQ� WR� GHWHFW� WKH� IDXOWV�� ,W� LV� VXLWDEOH� IRU�QRQ�VWDWLRQDU\�
VLJQDOV�DQG�KDV�UREXVWQHVV�DJDLQVW�QRLVH��$�FKDOOHQJLQJ�LVVXH�LQ�
WKHVH�PHWKRGV�LV�GHWHFWLQJ�WKH�IDXOWV�ZLWK�FORVH�LPSDFWV�RQ�WKH�
ZLQG� WXUELQH� SHUIRUPDQFH�� $� VROXWLRQ� LV� XVLQJ� GHHS� QHXUDO�
QHWZRUNV�DV�WKH\�DUH�FDSDEOH�RI�UHGXFLQJ�DQG�RSWLPDOO\�WXQLQJ�
IHDWXUHV�E\�WKHPVHOYHV��7KHVH�QHWZRUNV�KDYH�WKH�UREXVWQHVV�WR�
WKH� GDWD� YDULDWLRQV� DQG� GR� QRW� QHHG� GDWD� ODEHOLQJ� >��@��'HHS�
QHXUDO� QHWZRUNV� DUH� XVHG� IRU� IDXOW� GHWHFWLRQ� LQ� YDULRXV� ZLQG�
WXUELQH� FRPSRQHQWV� OLNH� JHDUER[� >�����@�� SLWFK� DFWXDWRU� >��@��
DQG�FRQYHUWHU�>��@���

7KH� PDLQ� GUDZEDFNV� RI� GHHS� QHXUDO� QHWZRUNV� DUH� WKHLU�
FRPSOH[� VWUXFWXUH�� KLJK� FRPSXWDWLRQDO� WLPH�� DQG� WKH�
UHTXLUHPHQW� IRU� D� ODUJH� DPRXQW� RI� GDWD�� 7R� RYHUFRPH� WKHVH�
LVVXHV��D�K\EULG�DQG�SDUDOOHO�DSSURDFK�EDVHG�RQ�'HFLVLRQ�7UHH�
�'7��DQG�&RQYROXWLRQDO�1HXUDO�1HWZRUN��&11��DV�D�FRPPRQ�
GHHS�OHDUQLQJ�EDVHG�QHWZRUN�LV�SURSRVHG�LQ�WKLV�SDSHU��'7�LV�D�
SRZHUIXO�DSSURDFK�WR�HDVLO\� UHDG�DQG�LQWHUSUHW�GDWD��,W�GRHVQ¶W�
UHTXLUH�QRUPDOL]DWLRQ�DQG�VFDOLQJ�GDWD�DQG�KDV�ORZ�VHQVLWLYLW\�WR�
PLVVLQJ�GDWD�>��@��7KH�DLP�RI�XVLQJ�'7�LV� WR�GHWHFW� WKH�IDXOW\�
FRQGLWLRQ� RI� WKH� JHQHUDWRU� XVLQJ� HOHFWULFDO� VLJQDOV�� 7KHQ�� WZR�
&11V�DUH�GHVLJQHG�WR�SUHGLFW�WKH�33)�DQG�3*)�XVLQJ�RQO\�IDXOW\�
GDWD��8VLQJ�'7�DOORZV�XVLQJ�IHZHU�DPRXQWV�RI�GDWD�IRU�&11��
,QGHHG��XVLQJ�RQO\�IDXOW\�GDWD�IRU�&11�VLPSOLILHV�WKH�VWUXFWXUH�
RI� WKH� QHXUDO� QHWZRUN� DQG� UHGXFHV� WKH� RYHUDOO� FRPSXWDWLRQDO�
WLPH�� ,Q� RUGHU� WR� HVWDEOLVK� '7�� VHYHUDO� IHDWXUHV� DUH� H[WUDFWHG�
XVLQJ� WKH� PDLQ� HOHFWULFDO� VLJQDOV� IRU� ERWK� KHDOWK\� DQG� IDXOW\�
FRQGLWLRQV��

7KH� UHVW� RI� WKLV� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� WKH�
PDWKHPDWLFDO�PRGHO�RI�WKH�ZLQG�WXUELQH�LV�GHVFULEHG�LQ�6HFWLRQ�
���7KH�JHQHUDO�VWUXFWXUH�RI�WKH�SURSRVHG�DSSURDFK�LV�LQWURGXFHG�
LQ�6HFWLRQ����)HDWXUH�H[WUDFWLRQ�LV�JLYHQ�LQ�6HFWLRQ����7KH�IDXOW�
GHWHFWLRQ�XVLQJ�'��DQG�IDXOW�GLDJQRVLV�XVLQJ�&11�DORQJ�ZLWK�WKH�
VLPXODWLRQ� UHVXOWV� DUH� SUHVHQWHG� LQ� 6HFWLRQV� ��� DQG� ���
UHVSHFWLYHO\��7KH�FRQFOXVLRQ�LV�JLYHQ�LQ�6HFWLRQ����

,,�� 0$7+(0$7,&$/�02'(/�2)�:,1'�785%,1(�
$V�VKRZQ�LQ�)LJ�����WKH�GULYHWUDLQ�PDLQO\�LQFOXGHV�D�JHDUER[��

DQG�D�JHQHUDWRU��ZKLFK�DUH�FRQQHFWHG�XVLQJ�D�KLJK�VSHHG�VKDIW��
7KH�JHQHUDWRU�WHUPLQDOV�DUH�FRQQHFWHG�WR�D�JULG�WKURXJK�D���.P�
WUDQVPLVVLRQ�OLQH���

$FFRUGLQJ�WR�)LJ�����WKH�JHDUER[�FRQVLVWV�RI�D�SODQHWDU\�JHDU��
$QG� WZR� KHOLFDO� JHDUV�� 7KH� SODQHWDU\� JHDU� LQFOXGHV� D� FDUULHU��
ULQJ��SODQHW��DQG�VXQ�JHDUV��,WV�WXUQ�UDWLR� S1 �LV�JLYHQ�EHORZ��
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ZKHUH� U1 �DQG� V1 �DUH� WKH�QXPEHU�RI� WHHWK�LQ�WKH�ULQJ�DQG�VXQ�
JHDUV��UHVSHFWLYHO\��

�
)LJ����� 7KH�PDLQ�EORFNV�RI�ZLQG�WXUELQH�GULYHWUDLQ�

7KH�KHOLFDO�JHDUV�LQFOXGH�EDVH�JHDU�DQG�IROORZHU�JHDU��

�
)LJ����� 7KH�PDLQ�EORFNV�RI�WKH�JHDUER[�

7KHLU�WXUQ�UDWLRV�DUH�GHILQHG�EHORZ��
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ZKHUH� I1 �DQG� E1 �DUH�WKH�QXPEHU�RI�WHHWK�LQ�WKH�IROORZHU�DQG�
EDVH�JHDUV��UHVSHFWLYHO\��%\�DSSO\LQJ�WKH�PHFKDQLFDO�WRUTXH� P7 �
IURP� WKH�JHDUER[� WR� WKH�JHQHUDWRU�� WKH�DQJXODU�YHORFLW\�RI� WKH�
URWRU� PZ �FDQ�EH�REWDLQHG�DV�IROORZV�>��@��
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ZKHUH� H7 �LV� WKH� HOHFWURPHFKDQLFDO� WRUTXH�� + �DQG� ) �DUH� WKH�
FRPELQHG�URWRU�DQG� ORDG� LQHUWLD�FRQVWDQW��DQG�YLVFRXV� IULFWLRQ�
FRHIILFLHQW��UHVSHFWLYHO\��7KH�HOHFWULFDO�SDUW�RI�WKH�DV\QFKURQRXV�
PDFKLQH�FDQ�EH�UHSUHVHQWHG�E\�D�IRXUWK�RUGHU�VWDWH�VSDFH�PRGHO�
DV�IROORZV��
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ZKHUH� � �� �TV TV TV9 L M �� � �� �GV GV GV9 L M �� DUH� WKH� T�D[LV� DQG� G�D[LV�
VWDWRU�YROWDJHV�� FXUUHQWV�� DQG� IOX[HV�� UHVSHFWLYHO\�� V5 �DQG� 
U5 �
DUH�WKH�VWDWRU�DQG�URWRU�UHVLVWDQFHV��UHVSHFWLYHO\�� UZ �GHQRWHV�WKH�
HOHFWULFDO�DQJXODU�YHORFLW\�DQG�FDQ�EH�REWDLQHG�DV�EHORZ��

� U PZ S Z u � ����

ZKHUH� S �LV�WKH�QXPEHU�RI�SROHV��7KH�UHIHUHQFH�YHORFLW\�LQ�WKH�

UHIHUHQFH� IUDPH� IL[HG� WR� WKH� URWRU� LV� Z �� � �
 � 
 � 
TU TU TU9 L M �DQG�

� �
 � 
 � 
GU GU GU9 L M �DUH� WKH� T�D[LV� DQG� G�D[LV� URWRU� YROWDJHV��
FXUUHQWV�� DQG� IOX[HV�� UHVSHFWLYHO\��7KH� HTXDWLRQV� IRU� WKH� URWRU�
DQG�VWDWRU�IOX[HV�DUH�JLYHQ�EHORZ�>��@��
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ZKHUH� P/ �LV� WKH� PDJQHWL]LQJ� LQGXFWDQFH�� V/ �DQG� 
U/ DUH� WKH�
WRWDO� VWDWRU� DQG� URWRU� LQGXFWDQFHV�� UHVSHFWLYHO\�� H7 �FDQ� EH�
REWDLQHG�DV�IROORZV��

� � ����H GV TV TV GV7 S L LM M � � ����

,Q� WKLV� SDSHU�� WKH� WXUQ� UDWLR� RI� WKH� JHDUER[� LV� �������� 7KH�
PHFKDQLFDO�SRZHU��UDWHG�SRZHU��DQG�UDWHG�FXUUHQW�RI�WKH�WXUELQH�
DUH� ����� .:�� ����� .:�� DQG� ����� $�� UHVSHFWLYHO\�� 7KH�
JHQHUDWRU� LV� �� SROHV� DV\QFKURQRXV� LQGXFWLRQ� PDFKLQH� ZKLFK�
RSHUDWHV�DW����+]�������USP�URWDWLRQDO�VSHHG��

7KH� 33)� DQG� 3*)� DUH� HPXODWHG� DW� WKH� WHUPLQDOV� RI� WKH�
JHQHUDWRUV�DV�VKRZQ�LQ�)LJ�����7KH�SKDVH�UHVLVWRU� RQ5 �LV�HTXDO�WR�

���� : �� ZKLOH� WKH� JURXQG� UHVLVWRU� *5 �LV� FKRVHQ� ���� : �DQG�
��� : �ZKHQ� LW� DLPV� WR�PDNH�33)�DQG�3*)�� UHVSHFWLYHO\��7KH�

FLUFXLW�EUHDNHU�KDV�WKH�UROH�RI�DFWLYDWLQJ�33)�DQG�3*)�DPRQJ�
WKH�RSHUDWLQJ�ZLQG�GULYHWUDLQ���

�
)LJ����� (PXODWLQJ�33)�DQG�3*)�DW�WKH�WHUPLQDOV�RI�WKH�JHQHUDWRU�

,,,�� 7+(�352326('�)$8/7�',$*126,6�$/*25,7+0�
7KH�JHQHUDO�EORFN�GLDJUDP�RI�WKH�SURSRVHG�IDXOW�GLDJQRVLV�

DOJRULWKP�LV�VKRZQ�LQ�)LJ������$V�LW�FDQ�EH�VHHQ��WKH�SURSRVHG�
DOJRULWKP� LV�FRPSRVHG�RI� WKUHH�PDLQ� VXEV\VWHPV��7KH� IHDWXUH�
H[WUDFWLRQ� VWDJH�� WKH� )DXOW� GHWHFWLRQ� VWDJH�� DQG� D� )DXOW�

FODVVLILFDWLRQ�VWDJH��7R�GHWHFW�DQG�FODVVLI\�33)�DQG�3*)�LQ�WKH�
JHQHUDWRU��WKH�WKUHH�SKDVH�VWDWRU�FXUUHQWV�DUH�JDWKHUHG�IRU�ERWK�
KHDOWK\� DQG� IDXOW\� FRQGLWLRQV� DW� YDULRXV� ZLQG� VSHHGV� DQG�
GLUHFWLRQV�� 7KHVH� VLJQDOV� LQ� DGGLWLRQ� WR� WKHLU� SRZHU� VSHFWUDO�
GHQVLW\� DUH� XVHG� WR� H[WUDFW� VHYHUDO� IHDWXUHV� LQFOXGLQJ� PHDQ��
VWDQGDUG�GHYLDWLRQ��NXUWRVLV�� FUHVW� IDFWRU�� VNHZQHVV��DQG�VKDSH�
IDFWRU��'7�0RGHO�LV�WUDLQHG�XVLQJ�WKHVH�IHDWXUHV�IRU�ERWK�KHDOWK\�
DQG�IDXOW\�FRQGLWLRQV��7KH�PRGHO�LV�XVHG�WR�FDUU\�RXW�WKH�IDXOW�
GHWHFWLRQ�VWDJH��%\�XVLQJ�WKH�IHDWXUHV�IRU�IDXOW\�IHDWXUHV��D�&11�
LV�WUDLQHG�WR�FODVVLI\�WKH�IDXOWV�LQFOXGLQJ�33)�DQG�3*)���

�
)LJ����� %ORFN�GLDJUDP�RI�WKH�SURSRVHG�IDXOW�GLDJQRVLV�V\VWHP�

,9��)($785(�(;75$&7,21�
)HDWXUH� H[WUDFWLRQ� LV� DQ� HIIHFWLYH� DSSURDFK� WR� UHGXFH� WKH�

GLPHQVLRQ�RI�WKH�RULJLQDO�GDWDVHW�E\�FUHDWLQJ�QHZ�VSHFLILFDWLRQV�
IURP�WKH�H[LVWLQJ�RQHV��)HDWXUHV�FDQ�EH�REWDLQHG�XVLQJ�WKH�WLPH�
GRPDLQ�VLJQDOV�� IDVW�)RXULHU� WUDQVIRUP��ZDYHOHW� IXQFWLRQV��DQG�
3RZHU�6SHFWUDO�'HQVLW\��36'���,Q�WKLV�SDSHU��WKUHH�SKDVH�VWDWRU�
FXUUHQWV�DQG�WKHLU�36'�DUH�XVHG�WR�H[WUDFW�WKH�IHDWXUHV�DW�YDULRXV�
ZLQG� SURILOHV�� )LJXUH� �� VKRZV� WKH� GLIIHUHQW� ZLQG� VSHHGV� DQG�
GLUHFWLRQV���

�
)LJ����� 9DULRXV�ZLQG�VSHHGV�DQG�GLUHFWLRQV���

,GHQWLI\�DSSOLFDEOH�IXQGLQJ�DJHQF\�KHUH��,I�QRQH��GHOHWH�WKLV�WH[W�ER[��



,W� LV� VXSSRVHG� WKDW� WKH�33)�DQG�3*)�RFFXUUHG� DW�GLIIHUHQW�
SKDVHV�DQG�GLIIHUHQW�SHULRGV�RI� WLPH��$V�DQ�H[DPSOH�� WKH� ILUVW�
SKDVH� FXUUHQW� VLJQDO� IRU� ERWK� KHDOWK\� DQG� IDXOW\� FRQGLWLRQV� LV�
VKRZQ�LQ�)LJ�����7KH�33)�DQG�3*)�RFFXUUHG�EHWZHHQ����VHF�WR�
���VHF��DQG�EHWZHHQ����VHF�DQG����VHF��UHVSHFWLYHO\���

�
)LJ����� 7KH�KHDOWK\�DQG�IDXOW\�ILUVW�SKDVH�FXUUHQW�VLJQDOV��

7KH�36'�RI� WKH�FXUUHQW� VLJQDOV� LV� DOVR�XVHG� WR�H[WUDFW� WKH�
IHDWXUHV��)LJXUH���VKRZV�WKH�UHVXOWV�RI�36'�IRU�WKH�KHDOWK\�DQG�
IDXOW\�ILUVW�SKDVH�FXUUHQW�VLJQDOV��

�
)LJ����� 7KH�36'�RI�ILUVW�SKDVH�FXUUHQW�VLJQDO�IRU�KHDOWK\�DQG�IDXOW\�FRQGLWLRQV�

,Q�WKLV�SDSHU��PHDQ��VWDQGDUG�GHYLDWLRQ��VNHZQHVV��NXUWRVLV��
DQG�FUHVW�IDFWRU�DUH�FKRVHQ�DV�WKH�IHDWXUHV�WR�JDWKHU�WKH�UHTXLUHG�
GDWD�IRU�WUDLQLQJ�'7��6NHZQHVV� N6 LV�D�PHDVXUH�WR�GHWHUPLQH�WKH�
GHYLDWLRQ� RI� D� GLVWULEXWLRQ� IURP� D� QRUPDO� RQH� DQG� FDQ� EH�
GHVFULEHG�DV�IROORZV�>��@��
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ZKHUH� 15�[ �LV�WKH�GDWDVHW�� 1 �LV�WKH�QXPEHU�RI�GDWD�� [ ��DQG�
VWG[ �DUH�WKH�PHDQ��DQG�VWDQGDUG�GHYLDWLRQ��UHVSHFWLYHO\��.XUWRVLV�

X. �ZKLFK�LV�JLYHQ�EHORZ�LV�D�PHDVXUH�WR�ILQG�KRZ�GLVWULEXWLRQ�
LV�WRR�SHDNHG�RU�WRR�IODW��
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7KH�FUHVW�IDFWRU� U& �LV�WKH�UDWLR�RI�SHDN�YDOXH�WR�WKH�HIIHFWLYH�
YDOXH�RI�D�VLJQDO��)LJXUH���VKRZV�WKH�UHVXOWV�RI�VNHZQHVV�IRU�ERWK�
KHDOWK\�DQG�IDXOW\�FRQGLWLRQV��7KHVH�GDWD�DORQJ�ZLWK�WKH�UHVXOWV�
RI�RWKHU�IHDWXUHV�DUH�XVHG�DV�WUDLQLQJ�GDWD�IRU�WKH�'7�DOJRULWKP�
DV�ZHOO�DV�WKH�&11��

9�� )$8/7�'(7(&7,21�86,1*�7+(�'7�$/*25,7+0�
'7�LV�D�KLHUDUFKDO�DOJRULWKP�WKDW�DLPV�WR�H[WUDFW�WKH�SDWWHUQV�

LQ�WKH�GDWDVHW�IRU�GDWD�FODVVLILFDWLRQ��,W�LV�FRPSRVHG�RI�GHFLVLRQ�
UXOHV� WKDW� DUH� DSSOLHU� WKH� SDWWHUQV� WR� GLVFULPLQDWH� WKH� IHDWXUH�
VSDFH�LQWR�VLQJOH�FODVV�VXEVSDFHV�>��@��7KH�EORFN�GLDJUDP�RI�WKH�
'7�DOJRULWKP�LV�VKRZQ�LQ�)LJ�����ZKHUH�WKH�URRW�QRGH�GHQRWHV�
WKH�GDWDVHW��WKH�GHFLVLRQ�QRGH�UHIHUV�WR�VXE�QRGHV�VSOLWV�WR�IXUWKHU�
VXE�QRGHV��DQG�WKH�OHDI�QRGH�LV�D�QRGH�WKDW�GRHVQ¶W�VSOLW��,Q�WKLV�
SDSHU��WKH�&ODVVLILFDWLRQ�DQG�5HJUHVVLRQ�7UHH��&$57��DOJRULWKP�
LV� XVHG� WR� FDUU\� RXW� '7�� 7KLV� DOJRULWKP� XVHV� WKH� IROORZLQJ�
REMHFWLYH�IXQFWLRQ�FDOOHG�*LQL�WR�PHDVXUH�WKH�UHGXFWLRQ�LQ�FODVV�
LPSXULW\��

�
)LJ����� 6NHZQHVV�YDOXHV�IRU�ERWK�KHDOWK\�DQG�IDXOW\�FRQGLWLRQV�

�
)LJ����� 7KH�EORFN�GLDJUDP�RI�WKH�'7�DOJRULWKP�>��@�
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7LPH�>VHF@

���

���

�

��

��

�� ���� �� ���� �� ���� ��
7LPH�>VHF@

��

�

�

+HODWK\
33)
3*)3KDVH�WR�3KDVH�)DXOW

*HQHUDWRU�7ULS
3KDVH�WR�*URXQG�)DXOW

� ��� ��� ��� ��� ��� ��� ��� ��� ��� ����
VDPSOH
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+HDOWK\
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VDPSOH
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��� 33)
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VDPSOH
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1XPEHU�RI�7HVWV
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+HDOWK\ 33) 3*)
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ZKHUH�WKH�LPSXULW\� LV� WKH�SUREDELOLW\�RI� LQFRUUHFWO\�FODVVLI\LQJ�
GDWD�DQG�LV�JLYHQ�EHORZ��
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ZKHUH� � �S M �LV�WKH�SULRU�SUREDELOLW\�WKDW�WKH�MWK�VDPSOH�EHORQJV�
WR�D�FODVV�� M1 �LV�WKH�QXPEHU�RI�VDPSOHV�LQ�FODVV�M��3DUHQWV�DQG�
&KLOGV�UHIHU�WR�GHFLVLRQ�DQG�OHDI�QRGHV��

7KH�GDWDVHW�IRU�'7�LV�D�PDWUL[�WKDW�LQFOXGHV�ILYH�IHDWXUHV�DV�
WKH�URZV�DQG�����GDWD�IRU�HDFK�FROXPQ�ZLWK�KHDOWK\�DQG�IDXOW\�
ODEHOV��7KH�NH\�SDUDPHWHU�WR�DFKLHYH�WKH�EHVW�SHUIRUPDQFH�LV�WKH�
QXPEHU�RI�OHDI�QRGHV�WKDW�FRUUHVSRQGV�WR�WKH�PLQLPXP�REMHFWLYH�
IXQFWLRQ��$FFRUGLQJ�WR�)LJ������D�PLQLPXP�RI�ILYH�OHDI�QRGHV�LV�
UHTXLUHG�IRU��

�
)LJ������2EWDLQLQJ�D�PLQLPXP�QXPEHU�RI�OHDI�QRGHV�

)LJXUH���� VKRZV� WKH� VWUXFWXUH� RI� WKH�'7� DOJRULWKP�ZKLFK�
GHVFULEHV� WKH� FODVVLI\LQJ� UXOHV� IRU� GLVFULPLQDWLQJ� KHDOWK\� DQG�
IDXOW\� FRQGLWLRQV�� 7KH� DFFXUDF\� RI� WKH� '7� DOJRULWKP� IRU�
FODVVLI\LQJ�KHDOWK\�DQG�IDXOW\�IHDWXUHV�LV��������

�
)LJ������7KH�FODVVLI\LQJ�UXOHV�RI�WKH�'7�DOJRULWKP�

9,�� �)$8/7�',$*126,6�86,1*�&11��
7KH�WKLUG�VWDJH�RI�WKH�SURSRVHG�DOJRULWKP�LV�FODVVLI\LQJ�33)�

DQG�3*)�XVLQJ�RQO\�IDXOW\�IHDWXUHV��$�&11�PRGHO�EDVHG�RQ�WKH�
FRQILJXUDWLRQ�LQ�)LJ�����LV�WUDLQHG�ZKHUH�WKH�QHWZRUN�FRQVLVWV�RI�
D�FRQYROXWLRQ�OD\HU��D�SRROLQJ�OD\HU��DQG�D�IXOO\�FRQQHFWHG�OD\HU��
7KH�ORFDO�IHDWXUHV�RI�WKH�LQSXW�GDWD�DUH�LGHQWLILHG�DQG�VDYHG�DV�
IHDWXUH� PDSV�� 7KH� SURFHVV� LV� FDUULHG� RXW� XVLQJ� WKH� IROORZLQJ�
FRQYROXWLRQ�>��@��

� � �� �
� �

) )

LM UF U L V F M V
U F

\ K Z [ E� u � u
  

§ ·
 �¨ ¸

© ¹
¦¦ � �����

ZKHUH� LM\ LV�WKH�UHVXOW�RI�WKH�IHDWXUH�PDS�IRU�HDFK�QRGH�� � ��K �LV�
WKH�QRQOLQHDU�DFWLYDWLRQ�IXQFWLRQ��DQG� E LV�WKH�ELDV��,Q�DGGLWLRQ��

UFZ �LV�WKH�ZHLJKW�DW�SRLQW� � ��U F ��DQG� � �� �U L V F M V[ � u � u ��LV�DQ�HOHPHQW�
RI� LQSXW� VSDFH��: �DQG� + DUH� WKH� ZLGWK� DQG� KHLJKW� RI� LQSXW�
VSDFH�� UHVSHFWLYHO\�� ) DQG� 6 �DUH� WKH�ZLGWK� DQG� KHLJKW� RI� WKH�
PDSSHG�VSDFH��

�
)LJ������7KH�EORFN�GLDJUDP�RI�&11�

7KH� SRROLQJ� OD\HU� KDV� WKH� UROH� RI� GLPHQVLRQ� UHGXFWLRQ� E\�
RSWLPDOO\�UHGXFLQJ�WKH�QXPEHU�RI�SDUDPHWHUV��7KH�FODVVLILFDWLRQ�
SURFHVV� LV�FDUULHG�RXW� LQ� WKH�IXOO\�FRQQHFWHG�OD\HU�� ,Q�RUGHU� WR�
FODVVLI\�WKH�IDXOWV��WKH�IHDWXUHV�IRU�33)�DQG�3*)�DUH�ODEHOHG�DV�
��� DQG� ��� UHVSHFWLYHO\�� %\� FRQVLGHULQJ� ��� SHUFHQW� RI� GDWD� IRU�
WUDLQLQJ��DQG����SHUFHQW�RI�GDWD�IRU�WHVWLQJ��WKH�&11�PRGHO� LV�
REWDLQHG��$V�VKRZQ�LQ�)LJ������WKH�&11�FDQ�SUHGLFW�WKH�W\SH�RI�
IDXOWV�LQ�PRVW�FDVHV��2QH�RI�WKH�NH\�SDUDPHWHUV�WR�REWDLQ�WKH�EHVW�
SHUIRUPDQFH�RI�&11�LQ�FDVH�RI�DFFXUDF\�DQG�URRW�PHDQ�VTXDUH�
HUURU�LV�WKH�QXPEHU�RI�KLGGHQ�XQLWV��$FFRUGLQJ�WR�7DEOH����WKH�
EHVW�SHUIRUPDQFH�LV�DFKLHYHG�ZKHQ����KLGGHQ�XQLWV�DUH�FKRVHQ�
IRU�&11��

�
)LJ������7KH�UHVXOWV�RI�&11�IRU�IDXOW�GLDJQRVLV�
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0RGHO�PHDQ
0RGHO�HUURU�EDUV
0RGHO�PLQLPXP�IHDVLEOH
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1XPEHU�RI�KLGGHQ�
XQLWV�

$FFXUDF\����� 5RRW�PHDQ�VTXDUH�
HUURU�
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9,,��&21&/86,21�
,Q�WKLV�SDSHU��D�K\EULG�DSSURDFK�EDVHG�RQ�WKH�'7�DOJRULWKP�

DQG�&11�LV�SURSRVHG� WR�GHWHFW� DQG�FODVVLI\�33)� DQG�3*+� LQ�
ZLQG�GULYHWUDLQ��$�GDWDVHW�WKDW�LQFOXGHV�WKH�WKUHH�SKDVH�FXUUHQW�
VLJQDOV�DQG�WKHLU�36'�LV�SURYLGHG�WR�H[WUDFW�IHDWXUHV��%DVHG�RQ�
ILYH� IHDWXUHV� LQFOXGLQJ� PHDQ�� VWDQGDUG� GHYLDWLRQ�� VNHZQHVV��
NXUWRVLV�� DQG�FUHVW� IDFWRU�� WKH� LQSXW�GDWD� LV� DSSOLHG� WR� WKH�'7��
8VLQJ�WKH�FODVVLI\LQJ�UXOHV�RI�'7��������DFFXUDF\�LV�REWDLQHG�LQ�
WKH�IDXOW�GHWHFWLRQ�VWDJH��%\�SURSHUO\�WUDLQLQJ�WKH�&11V�XVLQJ�
RQO\� IDXOW\� IHDWXUHV�� ������ DFFXUDF\� LV� DFKLHYHG� LQ� WKH� IDXOW�
GLDJQRVLV�VWDJH��,Q�RXU� IXWXUH�ZRUNV�� LW�DLPV� WR�FRQVLGHU�RWKHU�
NLQGV�RI�IDXOWV�LQ�ZLQG�GULYHWUDLQ�LQFOXGLQJ�DLU�JDS�HFFHQWULFLW\��
URWRU�LPEDODQFH��DQG�EURNHQ�URWRU�EDU����

5()(5(1&(6�
>�@� KWWSV���JZHF�QHW�JOREDO�ZLQG�UHSRUW�������
>�@� KWWSV���ZZZ�LHD�RUJ�UHSRUWV�UHQHZDEOHV������ZLQG�
>�@� =�� *DR�� DQG� ;�� /LX�� ³$Q� RYHUYLHZ� RQ� IDXOW� GLDJQRVLV�� SURJQRVLV� DQG�

UHVLOLHQW�FRQWURO�IRU�ZLQG�WXUELQH�V\VWHPV�´�3URFHVVHV��YRO�����SS���±����
������

>�@� -��&DUUROO��$��0F'RQDOG��DQG�'��0F0LOODQ��³)DLOXUH�UDWH��UHSDLU�WLPH�DQG�
XQVFKHGXOHG� 2	0� FRVW� DQDO\VLV� RI� RIIVKRUH� ZLQG� WXUELQHV�´� :LQG�
(QHUJ\��YRO������SS�������������������

>�@� %�� +DKQ��0�� 'XUVWHZLW]�� DQG� .�� 5RKULJ�� 5HOLDELOLW\� RI� ZLQG� WXUELQHV��
6SULQJHU��%HUOLQ��+HLGHOEHUJ��������

>�@� >�@�3��9��-��5RGUtJXH]��0��1HJUHD��DQG�$��$UNNLR��³$�VLPSOLILHG�VFKHPH�
IRU�LQGXFWLRQ�PRWRU�FRQGLWLRQ�PRQLWRULQJ�´�0HFK��6\VW��6LJQDO�3URF��YRO��
����SS�������������������

>�@� >�@� (�� $UWLJDR�� 6�� .RXNRXUD�� $�� +RQUXELD�(VFULEDQR�� -�� &DUUROO�� $��
0F'RQDOG�� DQG� (�� *yPH]�/i]DUR�� ³&XUUHQW� VLJQDWXUH� DQG� YLEUDWLRQ�
DQDO\VHV�WR�GLDJQRVH�DQ�LQ�VHUYLFH�ZLQG�WXUELQH�GULYH�WUDLQ�´�(QHUJLHV��YRO��
����S�������������

>�@� (��� $UWLJDR�� $��� +RQUXELD�(VFULEDQR�� DQG� (�� *RPH]�/D]DUR�� ³&XUUHQW�
VLJQDWXUH� DQDO\VLV� WR� PRQLWRU� '),*� ZLQG� WXUELQH� JHQHUDWRUV�� $� FDVH�
VWXG\�´�5HQHZ��(QHUJ\��YRO�������SS��������������

>�@� (��$UWLJDR��(��*RQ]DOH]��$��+RQUXELD�(VFULEDQR��DQG�(��*RPH]�/D]DUR��
³$QDO\VLQJ� &XUUHQW� 6LJQDWXUH� 'DWD� WR� 'LDJQRVH� DQ� ,Q�6HUYLFH� :LQG�
7XUELQH�*HQHUDWRU�´�-��3K\VLFV��&RQI��6HULHV��,23�3XEOLVKLQJ��YRO��������
SS��������������

>��@� +���*DUJ��DQG�5��'DKL\D��³&XUUHQW�VLJQDWXUH�DQDO\VLV�DQG�LWV�DSSOLFDWLRQ�
LQ�WKH�FRQGLWLRQ�PRQLWRULQJ�RI�ZLQG�WXUELQH�IRU�URWRU�IDXOWV�´�(QHUJ\�6\VW���
YRO�����SS�����������������

>��@� :��4LDR��DQG�'��/X��³$�VXUYH\�RQ�ZLQG�WXUELQH�FRQGLWLRQ�PRQLWRULQJ�DQG�
IDXOW�GLDJQRVLV²3DUW�,,��6LJQDOV�DQG�VLJQDO�SURFHVVLQJ�PHWKRGV�´�,(((�
7UDQV��,QGXVW��(OHF��YRO������SS�������������������

>��@� (���$UWLJDR��$���+RQUXELD�(VFULEDQR��DQG�(��*RPH]�/D]DUR��³&RQGLWLRQ�
PRQLWRULQJ� RI� D� ZLQG� WXUELQH� GRXEO\�IHG� LQGXFWLRQ� JHQHUDWRU� WKURXJK�
FXUUHQW�VLJQDWXUH�DQDO\VLV�´�-��3K\VLFV��&RQIHUHQFH�6HULHV��YRO�������1R��
���S�������������

>��@� 6��:HL��;��=KDQJ��<��;X��<��)X��=��5HQ�� DQG�)�� /L�� ³([WHQGHG�3DUN
V�
YHFWRU�PHWKRG�LQ�HDUO\�LQWHU�WXUQ�VKRUW�FLUFXLW�IDXOW�GHWHFWLRQ�IRU�WKH�VWDWRU�
ZLQGLQJV�RI�RIIVKRUH�ZLQG�GRXEO\�IHG� LQGXFWLRQ�JHQHUDWRUV�´� ,(7�*HQ��
7UDQV��'LVWU��YRO������SS�������������������

>��@� 7��6HOODPL��+��%HUULUL��6��-HODVVL��$��0��'DUFKHULI��DQG�0��)��0LPRXQL��
³6OLGLQJ� PRGH� REVHUYHUV�EDVHG� IDXOW� GHWHFWLRQ� DQG� LVRODWLRQ� IRU� ZLQG�
WXUELQH�GULYHQ�LQGXFWLRQ�JHQHUDWRU�´�,QWHU��-��3RZHU�(OHFW��'ULYH�6\VW��YRO��
���SS�������������������
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