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$� VSHFLILF� IHDWXUH� RI� RSWLFDO� HOHPHQWV�2(��PDGH�IURP�FU\VWDOOLQH�=Q6H LQJRWV�FRQ�VLVWV�LQ�VSDWLDO�LQKRPRJHQHLW\�RI�HODVWLF�DQGHOHFWULF�ILHOGV��7KLV�GXH�WR�FRQVLGHUDEOH�QRQ�HTXLOLEULXP� LQ� FRQGLWLRQV� RI� JURZLQJWKHUHRI�IURP�WKH�PHOW�XQGHU�DUJRQ�SUHVVXUHE\� %ULGJPDQ� WHFKQLTXH�� 7KDW� LV� ZK\� HYHQHDFK� RI� QHLJKERULQJ� FXWV� RI� RQH� FU\VWDOOLQHLQJRW�� DQG� WKXV� HDFK� FU\VWDOOLQH� HOHPHQWPDGH� WKHUHRI�� LV� FKDUDFWHUL]HG� E\� DQ� LQGL�YLGXDO� VWUHVV�VWUDLQHG� VWDWH� �666��� 7KLV� LVHYLGHQFHG� DOVR� E\� FRPSOH[� RSWLFDO� SRODUL]D�WLRQ� DQG� VKDGRZ� LPDJHV� DV� ZHOO� DV� SLH]R�UHVRQDQFH� VSHFWUD� RI� WKH� HOHPHQWV� >�Ü�@�7KH� SXUSRVH� RI� WKLV� ZRUN� LV� WR� GHYHORS� DIOH[LEOH�PHDVXULQJ�V\VWHP�DQG�WR�VHDUFK�IRUWKH� GLDJQRVWLF� GDWD� SURFHVVLQJ�PHWKRG� SUR�YLGLQJ� WKH� LQIRUPDWLRQDO� PDLQWHQDQFH� RISRZHU�RSWLFDO�HOHPHQWV�WR�HVWLPDWH�WKH�TXDO�

LW\� WKHUHRI� DQG� SUHGLFW� WKH� RSWLFDO� HOHPHQWOLIH�WLPH�$�KLJK�HIILFLHQF\�PHDVXULQJ�V\VWHP�SUR�YLGLQJ�WKH�FRPSUHKHQVLYH�H[DPLQDWLRQV�LV�DGLDJQRVWLF� FRPSOH[� RQ� WKH� EDVLV� RI� D� SHU�VRQDO� FRPSXWHU� �3&�� LQFOXGLQJ�D� VFDQQHU�� DSULQWHU�� DQG� RULJLQDO� PHDVXULQJ� PRGXOHV�00��WKDW�LV�LQ�HVVHQFH�DQ�XQLYHUVDO�RSWLFDOGHYLFH� �)LJ������ 7KH� UHDOL]DWLRQ� RI� PDLQIXQFWLRQV�ZLWKLQ�DQ�LQWHJUDO�PHDVXULQJ�V\V�WHP�PDNHV� LW� SRVVLEOH� WR� XVH� WKH�ZKROH� SR�WHQWLDO� RI�:LQGRZV� JUDSKLF� LQWHUIDFHV� WKDWSURYLGH�D�PXFK�PRUH�ZLGH�DSSOLFDWLRQ�UDQJHWKDQ� D� XVXDO�PHDVXULQJ� LQVWUXPHQW�� WR� VD\QRWKLQJ� RI� SRWHQWLDOLWLHV� RIIHUHG� E\� QRYHOJHQHUDWLRQ�RI� VRIWZDUH��7KH�XVH�RI�RULJLQDOPHDVXULQJ�PRGXOHV� LQ� WKH� V\VWHP�DOORZV� WRUHDOL]H�WKH�PDLQ�IXQFWLRQDOLWLHV�RI�D�SRODULV�FRSH��LQWHUIHURPHWHU��SKRWRPHWHU��DQG�RWKHU
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LQVWUXPHQWV�� :KHQ� WKH� V\VWHP� LV� RSHUDWHGDV� DQ\� RI� WKH� LQVWUXPHQWV� RQ� WKH� 3&� EDVLV�H[FHSW�IRU�VKDGRZ�PRGXOH���WKH�OLJKW�HPLW�WHG� E\� WKH� VFDQQHU� VOLGH� H[WHQVLRQ� SDVVHVWKURXJK�WKH�FRUUHVSRQGLQJ�00�ZLWK�2(�DQGKLWV� WKH� PDWUL[� VFDQQLQJ� WKH� LPDJH�� 7KHLPDJH� LV� SUHVHQWHG� DV� D� PDWUL[� RI� SL[HOVZLWK� D� 0 × 1 GLPHQVLRQDOLW\� ZKHUH�0 LVWKH�QXPEHU�RI�URZV�DQG�1 LV�WKH�QXPEHU�RISL[HOV�LQ�D�URZ��(DFK�SL[HO�ZLWK�FRRUGLQDWHV�[�\�� LV� FKDUDFWHUL]HG� E\� D� FHUWDLQ� EULJKW�QHVV�YDOXH�X  �I�[�\���$OO�WKH�SRVVLEOH�YDOXHVRI� WKH� LPDJH� EULJKWQHVV� FDQ� WDNH� * OHYHOYDOXHV�� 7KH� SURFHVVLQJ� RI� GLJLWL]HG� 2(� LP�DJHV� XVLQJ� WKH� NQRZQ� UDVWHU� JUDSKLF� SUR�JUDPV� PDNHV� LW� SRVVLEOH� WR� GHWHUPLQH� WKHW\SH�RI�RSWLFDO�LQKRPRJHQHLWLHV��WR�HVWDEOLVKWKH� GLVWULEXWLRQ� FKDUDFWHU� WKHUHRI� �UDGLDO�HOOLSWLF��]RQDO��HWF���DV�ZHOO�DV�WR�UHYHDO�WKHGHIHFWV� LQGXFHG� E\� JURZLQJ� DQG� WUHDWPHQW�7KH�XVH�RI�GLJLWDO�HIIHFWV� �RXWOLQH�GLVFULPL�QDWLRQ�� FRUUHFWLRQ�� HWF��� PDNHV� LW� SRVVLEOHQRW�RQO\�WR�UHYHDO�WKH�ERXQGDULHV�RI�RSWLFDO�DFRXVWLF�� DQG� RWKHU� LQKRPRJHQHLWLHV�� EXWDOVR� WR� WUDFH� FKDQJHV� WKHUHRI� LQ� WKH� FRXUVHRI�WKH�RSWLFDO�HOHPHQW�RSHUDWLRQ��)LJ�����2QH�RI�PDLQ�DGYDQWDJHV�RI�WKH�3&�EDVHGGLDJQRVWLF�FRPSOH[�DV�FRPSDUHG�WR�WKH�FRQ�YHQWLRQDO� RSWLFDO� LQVWUXPHQWV� FRQVLVWV� LQWKH�SRVVLELOLW\�WR�REWDLQ�WKH�RSWLFDO�SRODUL]D�WLRQ� LPDJH� DV�ZHOO� DV� VKDGRZ� DQG� LQWHUIHU�HQFH� RQHV� RI� WKH� 2(� XQGHU� VWXG\� LQ� WKHRQ�OLQH�UHJLPH��WR�FRPSDUH�WKHVH�LPDJHV�RE�WDLQHG�SULRU� WR�DQG�DIWHU�D�SRZHU�DFWLRQ�DVZHOO�DV�WR�VWRUH�WKH�GDWD�REWDLQHG��7KH�GLJL�WDO�IRUPDW�RI�WKH�GDWD�DOORZV�WR�PDNH�XVH�RIERWK�VWDQGDUG�DQG�RULJLQDO�VRIWZDUH�DQG�DO�JRULWKPV�� 6R�� WR� WUDFH� WKH� LUUHYHUVLEOHFKDQJHV� LQ� RSWLFDO� HOHPHQWV�� D� VWDWLVWLFDOGDWD� SURFHVVLQJ� LV� IRXQG� WR� EH� HIIHFWLYH�QDPHO\�� WKH� FRQVWUXFWLRQ� DQG� DQDO\VLV� RIKLVWRJUDPV� UHIOHFWLQJ� WKH� UHODWLYH� DSSHDU�DQFH� IUHTXHQF\� RI� VSHFLILHG� EULJKWQHVV� DQGFRORU�OHYHOV�LQ�WKH�LPDJHV��7KH�UHODWLYH�IUH�TXHQF\� RI� WKH� J�WK� EULJKWQHVV� OHYHO� IRU� DSL[HO�LV�GHILQHG�DV�3I(J) = QJ ⁄ (01) DW J = ��������*−��ZKHUH� QJ LV� WKH� QXPEHU� RI� WKH� LPDJH� HOH�PHQWV�ZLWK�WKH�OHYHO�J����

7KH� GLVWULEXWLRQ� VWDWLVWLFV� RI� KDOI�WLQWVDQG� WKXV� WKH� KDOI�WLQW� GLVWULEXWLRQ� KLVWR�JUDPV� LQ� WKH�RSWLFDO�SRODUL]DWLRQ� LPDJHV�RID�ODVHU�ZLQGRZ�SULRU�WR��)LJ�����FXUYH����DQGDIWHU� D� VSHFLDO� WUHDWPHQW� �)LJ����� FXUYH� ��UHVXOWLQJ� LQ� LUUHYHUVLEOH� FKDQJHV� RI� LWV�666LOOXVWUDWH� FOHDUO\� WKH� FKDUDFWHU� RI� WKRVHFKDQJHV��7R�DQDO\]H�WKHVH�GDWD�� OHW�HQWURS\+ EH� XVHG� WKDW� FDQ� VHUYH� WR� HVWLPDWH� WKHDYHUDJH� LQIRUPDWLRQ� FRQWHQW� RI� DQ\� 2(LPDJH�
+ = ∑3IJ=�

*−�
(J)ORJ�3I(J)�

7R�HVWLPDWH�WKH�LUUHYHUVLEOH�FKDQJHV�LQ�DFU\VWDO��WKH�HQWURS\�GLIIHUHQFH�EHWZHHQ�WZRLPDJHV� REWDLQHG� DIWHU� DQG� SULRU� WR� DQ� LQ�WHQVH� LQIOXHQFH� WKHUHRQ�� 7KH� HQWURS\FKDQJHV�GXH�WR�LUUDGLDWLRQ�UHODWHG�WR�WKH�LWVGXUDWLRQ� FKDUDFWHUL]H� WKH� LUUHYHUVLEOH� SURF�HVV� UDWH� DQG� WKXV� WKH� 2(� UDGLDWLRQ� UHVLV�WDQFH�� 7R� HYDOXDWH� WKH� HQWURS\� FKDQJH�� D

)LJ�����2SWLFDO�SRODUL]DWLRQ�LPDJHV�IRU�D�ODVHUZLQGRZ�PDGH�IURP�D�=Q6H FU\VWDO�SULRU�WR��D�DQG� DIWHU� D� WUHDWPHQW� �E�� �WKH�PRVW� FKDQJHGFU\VWDO�]RQH�LV�VKRZQ�E\�FLUFOH��

)LJ�����3&�EDVHG�GLDJQRVWLF�FRPSOH[�
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VXLWDEOH�SURFHGXUH�LV�WR�EH�VHOHFWHG�IRU�SURF�HVVLQJ� RI� DQ\� LPDJH��$�QXPEHU� RI� SDUDPH�WHUV� FDQ� EH� SURSRVHG� WR� UHIOHFW� LQWHJUDOO\WKH� LUUHYHUVLEOH�FKDQJHV� LQ�RSWLFDO�HOHPHQWVGXULQJ�WKH�PDQXIDFWXULQJ�DQG�RU�RSHUDWLRQWKHUHRI�� 6R�� LQ� WKH� FRXUVH� RI� 2(� SUHSDUD�WLRQ�� WUHDWPHQW�� RU� RSHUDWLRQ�� WKH� 666WKHUHRI�� WKH� LPSXULW\� GLVWULEXWLRQ� WKHUHLQ�DQG� RWKHU� FKDUDFWHULVWLFV� XQGHUJR� FKDQJHVGXH� WR� PHFKDQLFDO�� KHDW�� DQG� HOHFWURPDJ�QHWLF� LQIOXHQFHV�� $V� D� UHVXOW�� WKH� 2(� EH�FRPHV� WUDQVIRUPHG� LQWR� D� QHZ� PHWDVWDEOHVWDWH� WKH� LV� FKDUDFWHUL]HG� XQLTXHO\� E\� DFKDQJHG�VHW�RI�UHVSRQVHV�WR�D�SRZHU�DFWLRQ�'LVFULPLQDWLRQ�RI�VXEVHWV�RI�SL[HOV�GLIIHULQJLQ� WKH� EULJKWQHVV� OHYHO�� FRQWUDVW�� RU� FRORUDOORZV� WR� RSHUDWH� ZLWK� WKRVH� VXEVHWV� �VXP�PDUL]H��PXOWLSO\��VXEWUDFW��HWF���WKXV�IRUP�LQJ� QHZ� VXEVHWV�� 'LIIHUHQW� UHODWLRQVKLSV� RIWKH� QHZ� VXEVHWV� DUH� SDUDPHWHUV� UHIOHFWLQJLQWHJUDOO\� YDULRXV� DVSHFWV� RI� LUUHYHUVLEOHFKDQJHV� LQ� WKH� FU\VWDO�� ,Q� VSLWH�RI� WKDW� WKHLQWHQVH� LQIOXHQFHV� DUH� UHIOHFWHG� LQ� WKHEULJKWQHVV� DQG� FRORU� FKDQJHV� RI� SL[HOVZLWKLQ�WKH�VDPH�LPDJH��WKH�UHODWLYH�FKDQJHVLQ�WKH�FDUGLQDOLW\�DQG�QXPEHU�RI�VXEVHWV�LQYDULRXV�LPDJHV�DUH�LQWHUUHODWHG��VLQFH�WKRVHDUH�UHIHUUHG�WR�RQH�DQG�WKH�VDPH�2(�$V� DQ� H[DPSOH�� OHW� WKH� LQIOXHQFH� RI� DVSHFLDO� WUHDWPHQW� RQ� WKH� 666� RI� DQ� 2(� EHFRQVLGHUHG�� 7KH� WUHDWPHQW� FDXVHG� LUUH�YHUVLEOH� FKDQJHV� LQ� WKH� VDPSOH� DQG� WKXV� LQWKH� KLVWRJUDP��� �)LJ������1RW� RQO\� WKH� GLV�WULEXWLRQ� RI� SL[HO� EULJKWQHVV� OHYHOV� LQ� WKHRSWLFDO� SRODUL]DWLRQ� LPDJH� LV� VHHQ� WR� EH

FKDQJHV� EXW� DOVR� WKH� DUHD� XQGHU� WKH� KLVWR�JUDP��,W�FKDUDFWHUL]HV�WKH�FDUGLQDOLW\�RI�WKHSL[HO� VXEVHWV� UHIOHFWLQJ� DOO� WKH� IHDWXUHV� RIWKH� ODVHU� ZLQGRZ� 666� DIWHU� WKH� WUHDWPHQW�7KH� LQLWLDO� VWDWH� RI� WKH� ZLQGRZ� LV� FKDUDF�WHUL]HG� E\� WKH� DUHD�XQGHU� WKH�KLVWRJUDP���,Q�)LJ�����WKH�DUHD�6 UHIOHFWV�WKH�QXPEHU�RIJHQHUDO�VWDWHV��6���WKH�QXPEHU�RI�VWDWHV�GLV�DSSHDUHG� DIWHU� WKH� WUHDWPHQW�� 6��� WKDW� RIWKH� WUHDWPHQW�LQGXFHG� RQHV�� 7KHQ��6� ��6�LV� WKH� QXPEHU� RI� FKDQJHG� VWDWHV�� 7KLV� DO�ORZV�WR�GHWHUPLQH�WKH�LQWHJUDO�SDUDPHWHU�RILUUHYHUVLELOLW\� DV� .  ��6� ��6���6�� 7KHDQDO\VLV� RI� WKH� FKDQJH� UDWH� RI�. XQGHU� H[�WUHPH�RSHUDWLRQ�FRQGLWLRQV�PDNHV�LW�SRVVLEOHWR�SUHGLFW� WKH�FU\VWDO�UHVLVWDQFH�DJDLQVW� LQ�WHQVH� LQIOXHQFHV�� 2WKHU� UHODWLRQVKLSV� DUHDOVR� SRVVLEOH� EHWZHHQ� WKH� DUHDV� RI� KLVWR�JUDPV� DV� SDUDPHWHUV� UHIOHFWLQJ� RWKHU� DV�SHFWV� RI� FKDQJHV� LQ� 2(�� 7KRVH� RIIHU� ZLGHSRVVLELOLWLHV� IRU� FRPSXWHUL]HG� DQDO\VLV� RITXDQWLWDWLYH� DQG� TXDOLWDWLYH� FKDQJHV� LQ� DFU\VWDO� XQGHU� SRZHU� DFWLRQ� RU� XQGHU� WUHDW�PHQW�DV�ZHOO�DV�WR�FRPSDUH�DQG�FODVVLI\�WKHVWDWH� RI� YDULRXV� VDPSOHV� IURP� WKH� VDPHLQJRW�7KXV�� WKH� XVH� RI� LQIRUPDWLRQ� WHFKQROR�JLHV� RIIHUV� QHZ�SRVVLELOLWLHV� IRU� DSSOLFDWLRQRI�NQRZQ�RSWLFDO�PHWKRGV�WR�VROYH�WKH�GLDJ�QRVWLF� SUREOHPV� RI� LUUHYHUVLEOH� FKDQJHV� LQSRZHU� RSWLFV� HOHPHQWV�� ,Q� WKH� VDPH� WLPH�UHDOL]DWLRQ� RI� VRPH� RSWLFDO�PHWKRGV� RQ� WKHEDVLV� RI� 3&� DOORZV� WR� SURYLGH� D� GLDJQRVWLFFRPSOH[� VROYLQJ�QRW�RQO\�SUREOHPV�RI�GLDJ�QRVWLF� GDWD� REWDLQLQJ� DQG� SURFHVVLQJ� EXWDOVR�WKH�V\VWHPLF�DQDO\VLV�WKHUHRI�7KLV�ZRUN�ZDV�SHUIRUPHG�XQGHU�ILQDQFLDOVXSSRUW�RI�6WDWH�)RXQGDWLRQ�IRU�IXQGDPHQWDOUHVHDUFKHV�RI�8NUDLQH�5HIHUHQFHV���$�6�*HUDVLPHQNR�� 9�.�.RPDU��� 9�3�0LJDO�2�1�&KXJDL�� )XQFWLRQDO� 0DWHULDOV�� ��� �������������9�.�.RPDU±�� 9�3�0LJDO�� 2�1�&KXJDL�� 1HRUJ�0DWHU�������������������-�� )�� 1\H�� 3K\VLFDO� 3URSHUWLHV� � RI� &U\VWDOV�2[IRUG�3UHVV�����������<X�$�=DJRU\LNR�� 9�.�.RPDU±�� 9�3�0LJDO�2�1�&KXJDL�� )L]��7HNKQ��3ROXSURY��� ���� ��������������,�$�.OLPHQNR�� 9�3�0LJDO�� )L]��7HNKQ��3ROXSURY�����������������

)LJ�����+LVWRJUDPV�RI�UHODWLYH�DSSHDUDQFH�IUH�TXHQF\�IRU�EULJKWQHVV�OHYHOV�LQ�LPDJHV�RI�WKH=Q6H RSWLFDO� HOHPHQW� SULRU� WR� �FXUYH� ��� DQGDIWHU�D�WUHDWPHQW��FXUYH����
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