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$EVWUDFW��,Q�WKLV�SDSHU��D��'�FRQVWUDLQW�EDVHG�GUDZLQJ�V\VWHP�ZKLFK�GLVWLQJXLVKHV�EHWZHHQ
YLVLEOH�DQG�DX[LOLDU\�JHRPHWU\�LV�SUHVHQWHG��7KH�DX[LOLDU\�JHRPHWU\�LV�IL[HG�E\�WKH�JHRPHWULFDO
FRQVWUDLQWV� DQG� UHSUHVHQWV� D� IUDPHZRUN� RQ� ZKLFK� WKH� HQWLWLHV� RI� WKH� YLVLEOH� JHRPHWU\� DUH
PDSSHG�� ,Q� FRQWLQXDWLRQ� RI� WKH� SDSHU�� WKH� XVHG� FRQVWUDLQWV� DQG� WKH� SDUDPHWULVDWLRQ� RI� WKH
JHRPHWULF� REMHFWV� DUH� SUHVHQWHG�� 7KH� SDUDPHWULVDWLRQ� RI� JHRPHWULF� REMHFWV� H[SLUHV
DXWRPDWLFDOO\�DV�WKH�XVHU�DGGV�QHZ�FRQVWUDLQWV�WR�WKH�REMHFW��:LWK�FKDQJH�RI�WKHVH�SDUDPHWHUV�
WKH�XVHU�FDQ�LQWHUDFWLYHO\�FUHDWH�DQ�LQVWDQFH�RI�WKH�REMHFW��6R�WKH�LQVWDQFH�JHQHUDWLRQ�LV�PDGH
YHU\�VLPSOH�IRU�WKH�XVHU�

.H\�ZRUGV��*HRPHWULF�PRGHOOLQJ��FRQVWUDLQW�EDVHG�V\VWHP��YDULDWLRQ�RI�JHRPHWU\��LQWHUDFWLRQ�

���,QWURGXFWLRQ

$�WLPH�EHWZHHQ�QHZ�VHULHV�RI�QHZ�DUWHIDFWV�LQ�WRGD\¶V�FRPSHWLWLYH�LQGXVWU\�LV�VKRUWHU�DQG
VKRUWHU�� $� GHVLJQ� WLPH� LV� ZLWKRXW� D� GRXEW� WKH� FULWLFDO� SDUW� LQ� D� SURGXFWLRQ� SURFHVV� DQG
WKHUHIRUH�� FRPSXWHUV� KDYH� EHHQ� LQWHQVLYHO\� LQYROYHG� LQWR� WKLV� SURFHVV�� )RU� WKLV� SXUSRVHV�
DSSURSULDWH�FRPSXWHU�VRIWZDUH���JHRPHWULF�PRGHOOHUV���KDYH�EHHQ�GHYHORSHG��$OWKRXJK�WKHVH
SURJUDPV�RIIHU�VSHHG��UHOLDELOLW\�DQG�YHUVDWLOH�FRQVWUXFWLRQ�SRVVLELOLWLHV��WKH�FODVVLFDO�VROXWLRQV
RI�JHRPHWULF�PRGHOOHUV�KDYH�UHPDUNDEOH�GUDZEDFN��VHH�IRU�H[DPSOH�>$5%$��@���7KH�LQDELOLW\
WR�H[SUHVV�VSDWLDO�UHODWLRQVKLSV�EHWZHHQ�SUHVHQWHG�JHRPHWULFDO�REMHFWV�RU�HOHPHQWV�LV�ZLWKRXW�D
GRXEW� RQH� RI� WKH�PRVW� FULWLFDO�� ,QVLGH� WKH� FODVVLFDO� JHRPHWULF�PRGHOOHU� LW� LV� QRW� SRVVLEOH� WR
H[SODLQ��IRU�H[DPSOH��WKDW�D�VFUHZ�LV�SODFHG�LQ�WKH�PLGGOH�RI�D�KROH��,I�WKH�KROH�LV�PRYHG��WKH
VFUHZ�KDV�WR�EH�PRYHG��WRR��+RZHYHU��WKLV�WDVN�KDV�WR�EH�SHUIRUPHG�E\�WKH�XVHU�LWVHOI�ZLWKRXW
DQ\�KHOS�RI�WKH�FRPSXWHU�SURJUDP�DOWKRXJK�LW�FRXOG�EH�ZHOO�GHILQHG�DQG�WKHUHIRUH��H[HFXWHG
DXWRPDWLFDOO\�� ,Q� WKLV�ZD\�� D� UHXVDELOLW\�� D� QHZ� GHVLUHG� IHDWXUH� LQ� GHVLJQ� SURFHVV�� LV� KLJKO\
OLPLWHG�WR�WKH�VLPSOH�JHRPHWULF�WUDQVIRUPDWLRQV�

$� QHZ� JHQHUDWLRQ� RI� JHRPHWULF� PRGHOOHUV� WULHV� WR� RYHUULGH� PHQWLRQHG� GUDZEDFNV� E\
LQWURGXFWLRQ� RI� IHDWXUH�EDVHG� >5266��@� DQG� FRQVWUDLQW�EDVHG� >52//��@� SDUDGLJP�� ,Q� RXU
SDSHU��DQ�H[SHULPHQWDO��'�FRQVWUDLQW�EDVHG�JHRPHWULF�PRGHOOHU�LV�SUHVHQWHG��$OWKRXJK�EHLQJ
FRQVWUDLQW�EDVHG�� LW� LV� KLJKO\� LQWHUDFWLYH� DQG� XVHU�IULHQGO\� ZKDW� LV� DFKLHYHG� E\� VSOLWWLQJ� WKH
JHRPHWU\�LQWR�YLVLEOH�DQG�DX[LOLDU\�SDUW��7KH�SDSHU�LV�RUJDQLVHG�LQWR����FKDSWHUV��,Q�WKH�VHFRQG
FKDSWHU��WKH�GLYLVLRQ�RI�JHRPHWU\�LQWR�YLVLEOH�DQG�DX[LOLDU\�JHRPHWU\�DQG�GLIIHUHQFH�EHWZHHQ
WKHP�DUH�SUHVHQWHG�� ,Q� WKH� WKLUG� FKDSWHU�� WKH� JHRPHWULFDO� FRQVWUDLQWV� XVHG� LQ� RXU� V\VWHP� DUH
GHVFULEHG��,Q�WKH�IRXUWK�FKDSWHU��DQ�LQWHUDFWLYH�SDUDPHWULVDWLRQ�DQG�WKH�LQVWDQFHV�JHQHUDWLRQ�LV
SUHVHQWHG��7KH�ILIWK�FKDSWHU�GHVFULEHG�RXU��'�FRQVWUDLQW�EDVHG�PRGHOOLQJ�V\VWHP�DQG�KRZ�LW



ZRUNV��+HUH��WKH�LQWHUDFWLYH�FRQVWUDLQW�DGGLQJ�SURFHVV�DQG�WKH�LQWHUDFWLYH�LQVWDQFHV��JHQHUDWLRQ
LQ�RXU�V\VWHP�DUH�SUHVHQWHG��7KH�VL[WK�FKDSWHU�FRQWDLQV� WKH�FRQFOXVLRQ�RI� WKLV�SDSHU��$W� WKH
HQG�RI�WKH�SDSHU��WKH�UHIHUHQFHV�FDQ�EH�IRXQG�

���9LVLEOH�DQG��$X[LOLDU\�*HRPHWU\

)URP�WKH�HDUO\�GD\V�RI�JHRPHWULF�GHVLJQ��WKH�JHRPHWU\�KDV�EHHQ�GLYLGHG�LQWR�D�YLVLEOH�DQG
DQ�DX[LOLDU\�SDUW��:LWK�WKH�LQWURGXFWLRQ�RI�FRPSXWHUV�LQWR�WKH�GHVLJQ�SURFHVV��WKLV�GLYLVLRQ�ZDV
ORVW��7KH�FODVVLFDO�UHSUHVHQWDWLRQ�RI�D�JHRPHWULFDO�REMHFW�LQ�D�FRPSXWHU�FRQVLVWV�RI�WRSRORJLFDO
DQG� JHRPHWULF� GDWD� DV� VKRZQ� LQ� )LJXUH� �D�� 7KH� WRSRORJ\� GHWHUPLQHV� WKH� QHLJKERXUKRRG
UHODWLRQV� EHWZHHQ� WRSRORJLFDO� HOHPHQWV� DQG� WKH� JHRPHWU\�� ZKLFK� LV� PDSSHG� RQWR� WKH
WRSRORJLFDO�GDWD��GHWHUPLQHV�WKH�SRVLWLRQ�RI�FRUUHVSRQGLQJ�JHRPHWULF�HOHPHQWV��+RZHYHU��WKLV
UHSUHVHQWDWLRQ�GRHV�QRW�HQDEOH�WKH�XVHU�WR�GHILQH�HYHQ�VLPSOH�VSDWLDO�UHODWLRQVKLSV��ZKLFK�DUH
QHHGHG�DW�FRQVWUXFWLRQ��,W�LV�QRW�SRVVLEOH�WR�VD\��IRU�H[DPSOH��WKDW�WZR�OLQH�VHJPHQWV�PDUNHG�DV
OV � �DQG�OV � �LQ�)LJXUH��D�OLHV�RQ�WKH�VDPH�OLQH�O��,I�WKH�VORSH�RI�OLQH�O�LV�FKDQJHG��WKH�VORSHV�RI
ERWK�OLQH�VHJPHQWV�KDYH�WR�EH�FKDQJHG��WRR�

%HFDXVH�RI�WKLV��LQ�RXU�V\VWHP�WKH�JHRPHWU\�LV�GLYLGHG�LQWR�WZR�SDUWV���WKH�YLVLEOH�DQG�WKH
DX[LOLDU\� SDUW� >ä$/,��D@� �)LJXUH� �E��� 7KH� WRSRORJ\� DJDLQ� GHWHUPLQHV� KRZ� WKH� SUHVHQWHG
JHRPHWULF�HOHPHQWV�RI�WKH�YLVLEOH�JHRPHWU\�DUH�FRQQHFWHG��+RZHYHU��WKH�DFWXDO�SRVLWLRQ�RI�WKH
YLVLEOH� JHRPHWU\� LV� GHWHUPLQHG� E\� WKH� DX[LOLDU\� JHRPHWU\� ZKLFK� LV� GHWHUPLQHG� E\� WKH
JHRPHWULF�FRQVWUDLQWV�

)LJXUH�� D��$�FODVVLFDO�DSSURDFK�RI�UHSUHVHQWDWLRQ�RI�WKH�VKDSH�RI�JHRPHWULF�REMHFW
E��$�UHIRUPHG�UHSUHVHQWDWLRQ�RI�JHRPHWULF�REMHFW

2QO\�WKH�PRVW�HOHPHQWDU\�JHRPHWULF�HQWLWLHV�DUH�QHHGHG�WR�H[SUHVV�WKH�DX[LOLDU\�JHRPHWU\�
2Q�WKH�RWKHU�KDQG��WKH�YLVLEOH�JHRPHWU\�FDQ�WDNH�D�IRUP�RI�DQ\�NQRZQ�ZHOO�GHILQHG�IRUP��H�J��
OLQH�VHJPHQW��%�VSOLQH��185%6���,Q�RXU�V\VWHP��SRLQWV��OLQHV��DQG�FLUFOHV�GHILQH�WKH�DX[LOLDU\
JHRPHWU\�� ZKLOH� OLQH� VHJPHQWV�� FLUFXODU� DUFV�� DQG� %p]LHU� FXELF� DUH� PHPEHUV� RI� WKH� YLVLEOH
JHRPHWU\��)LJXUH��E�H[SODLQV�KRZ�HDV\� WKH�GLVWLQJXLVKLQJ�EHWZHHQ� WKH� DX[LOLDU\� DQG�YLVLEOH
JHRPHWU\�FDQ�EH�GRQH�LQ�WKH�FDVH�RI�WKH�%p]LHU�FXELF��7KH�FRQWURO�SRLQWV�S � ��S � ��S � ��S � �EHORQJ
WR� WKH� DX[LOLDU\� JHRPHWU\�� 7KH� LQQHU� FRQWURO� SRLQWV� S � � DQG� S � � DUH� GHWHUPLQHG� DV� WKH
LQWHUVHFWLRQV�EHWZHHQ�DX[LOLDU\�OLQHV��,I�WKH�SRVLWLRQ��RU�VORSH��RI�DQ\�DX[LOLDU\�OLQH�LV�FKDQJHG
WKH�LQQHU�FRQWURO�SRLQWV�S � �DQG�S � �JHW�WKH�QHZ�SRVLWLRQ�DQG�LQ�WKLV�ZD\��WKH�ZKROH�VKDSH�RI�WKH
%p]LHU�FXELF�LV�FKDQJHG�



)LJXUH����D��/LQH�VHJPHQWV�OV � �DQG�OV � �OLHV�RQ�OLQH�O
E��&XELF�%p]LHU�FXUYH�ZLWK�FRUUHVSRQGLQJ�DX[LOLDU\�JHRPHWU\

$OO�FKDQJHV��WKDW�XVHU�ZDQWV�WR�PDNH��KDYH�WR�KDSSHQ��LQWHUDFWLYHO\��+H�KDV�WR�EH�DEOH�WR
VHH� WKH� VNHWFK� RI� WKH� GHVLJQHG� JHRPHWULFDO� REMHFW� HYHQ� LI� WKH� DX[LOLDU\� JHRPHWU\� LV
XQGHUFRQVWUDLQHG���ZLWK�RWKHU�ZRUGV��LI�WKHUH�LV�QRW�HQRXJK�GDWD�WR�VROYH�DOO�VSDWLDO�UHODWLRQV�
6\VWHP�KDYH�WR�XSGDWH�DX[LOLDU\�JHRPHWU\�HDFK�WLPH�WKH�QHZ�FRQVWUDLQW�LV�REWDLQHG��,Q�WKH�QH[W
VHFWLRQ�WKH�WRRO�LV�UHSUHVHQWHG�WKDW�HQDEOHV�WKHVH�RSHUDWLRQV�

���7KH�8VH�RI�&RQVWUDLQWV�LQ�2UGHU�WR�'HVFULEH�WKH�6SDWLDO�5HODWLRQV

7R� GHVFULEH� VSDWLDO� UHODWLRQV� EHWZHHQ� JHRPHWULFDO� HQWLWLHV�� JHRPHWULFDO� FRQVWUDLQWV� DUH
XVHG� LQ� RXU� V\VWHP�� &RQVWUDLQWV� DUH� H[SUHVVHG� XVXDOO\� LQ� D� GHFODUDWLYH� � ZD\�� WKDW� LV� GRQH
FRPPRQO\� E\� SUHGLFDWHV� >$/'(���� 68=8��@�� 7KH� SUHGLFDWHV� LQ� RXU� V\VWHP� DUH� GLYLGHG� LQ
WKUHH�JURXSV�

� � � � 'LPHQVLRQDO� FRQVWUDLQWV� GHWHUPLQH� SRVLWLRQV�� FRRUGLQDWHV�� GLVWDQFHV� DQG� DQJOHV�� 7KHLU
FRQVWLWXHQW� SDUW� DUH� YDULDEOHV� ZKLFK� FDQ� EH� FRQVLGHUHG� DV� WKH� SDUDPHWHUV� RI� JHRPHWULF
REMHFW��+HUH�LV�WKH�OLVW�RI�GLPHQVLRQDO�FRQVWUDLQWV�XVHG�LQ�RXU�V\VWHP�

3RLQW�S � ��[��\� 3RLQW�S � �JHWV�DEVROXWH�FRRUGLQDWHV��[��\��
$QJOH9DOXH�O � ��a� /LQH�O � �JHWV�DEVROXWH�YDOXH�RI�LWV�VORSH�
'LVWDQFH�S � �O � ��S� �O� ��G� 'LVWDQFH�EHWZHHQ�SRLQWV�S � �DQG�S� ��OLQHV�O � �DQG�O� ��LV�G�
$QJOH�O � ��O� ��a� $QJOH�EHWZHHQ�OLQHV�O � �DQG�O� �LV�a�

� 6WUXFWXUDO� FRQVWUDLQWV� GHWHUPLQH� � WKH� VSDWLDO� UHODWLRQVKLSV� EHWZHHQ� JHRPHWULFDO� HQWLWLHV�
7KRVH�VSDWLDO� UHODWLRQV�DUH�QRW� FKDQJHDEOH�� ,I�ZH� UHTXLUH� WKDW� WZR� OLQHV� DUH�SDUDOOHO�� WKH
OLQHV�KDYH�WR�VWD\�SDUDOOHO�IRUHYHU�

+/LQH�O � � /LQH�O � �LV�KRUL]RQWDO�
9/LQH�O � � /LQH�O � �LV�YHUWLFDO�
7KURXJK�O � ��S� � /LQH�O � �SDVVHV�WKURXJK�SRLQW�S� �
2Q�S � ��O� � 3RLQW�S � �OLHV�RQ�OLQH�O� �



3HUSHQGLFXODU�O � ��O� � /LQHV�O � �DQG�O� �DUH�SHUSHQGLFXODU�
3DUDOOHO�O � ��O� � /LQHV�O � �DQG�O� �DUH�SDUDOOHO�
0LGGOH�S � ��S� ��S � � 3RLQW�S� �LV�LQ�WKH�PLGGOH�RI�SRLQWV�S � �DQG�S � �
&RLQFLGHQFH�S � �O � ��S� �O� � 3RLQWV�S � �DQG�S� ��OLQHV�O � �DQG�O� ��FRLQFLGH�
6\PPHWULF�S � ��O � ��S� ��O� ��S � ��O � � 3RLQWV� S � � DQG� S � � �OLQHV� O � � DQG� O � �� DUH� V\PPHWULF

UHJDUGLQJ�WR�SRLQW�S� ��OLQH�O� ��

%\� XVLQJ� WKH� GLPHQVLRQDO� DQG� VWUXFWXUDO� FRQVWUDLQWV�� VSDWLDO� UHODWLRQV� DUH� VXFFHVVIXOO\
GHVFULEHG�LQ�D�GHFODUDWLYH�ZD\�E\�WKH�XVHU��6XFK�GHVFULSWLRQ�VHHPV�WR�EH�FORVH�WR�WKH�KXPDQ
ZD\� RI� WKLQNLQJ�� 3UHGLFDWHV� RI� GLPHQVLRQDO� DQG� VWUXFWXUDO� FRQVWUDLQWV� DUH� VXIILFLHQW� IRU
GHVLJQLQJ� D� VKDSH� RI� D� JHRPHWULF� REMHFW�� EXW� LQ� WLPH� ZH� HVWDEOLVK� WKDW� ZH� QHHG� DQRWKHU
FRQVWUDLQWV�IRU�HIILFLHQW�SDUDPHWULVDWLRQ�RI�WKH�JHRPHWULF�REMHFWV��:LWK�H[LVWLQJ�SUHGLFDWHV�WKH
SDUDPHWULVDWLRQ� RI� JHRPHWULF� REMHFWV� LV� QRW� WKH� EHVW�� :H� DGG� WKHUHIRUH� PRUH� FRQVWUDLQWV�
QDPHO\�SXUH�QXPHULFDO�SUHGLFDWHV�

� %\� WKH� SUHGLFDWHV� RI� SXUH� QXPHULFDO� FRQVWUDLQWV�� VLPSOH� QXPHULFDO� UHODWLRQV� EHWZHHQ
SDUDPHWHUV�RI��GLPHQVLRQDO�FRQVWUDLQWV�DUH�H[SUHVVHG�

3URGXFW�D��E��F� F� �D��E� D� �F��E
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� E� �F��D
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�

6XP�D��E��F� F� �D���E� D� �F���E� E� �F���D�

:LWK�WKH�SXUH�QXPHULFDO�FRQVWUDLQWV�ZH�FDQ��IRU�H[DPSOH��GHILQH�WKDW�WZR�GLVWDQFHV��OHW�XV
FDOO�WKHP�G � �DQG�G � ��DUH�UHODWHG�ZLWK�HDFK�RWKHU��,I�GLVWDQFH�G � �LV�FKDQJHG��WKHQ�WKH�GLVWDQFH�G �

VKRXOG�EH�DOVR�FKDQJHG�DXWRPDWLFDOO\�DFFRUGLQJ�WR�WKH�HVWDEOLVKHG�FRQVWUDLQW��,Q�WKLV�ZD\��WKH
FRQQHFWLRQ�EHWZHHQ�SDUDPHWHUV�RI�WZR�RU�PRUH�GLPHQVLRQDO�FRQVWUDLQWV�LV�PDGH�

(DFK� LQVHUWHG�FRQVWUDLQW�KDV� WR�EH��RI�FRXUVH�� VROYHG�VRPHKRZ�� ,Q�RXU� V\VWHP�ZH�XVH� D
ORFDO�SURSDJDWLRQ�RI�NQRZQ� VWDWHV� >/(/(����)5((��@� DQG� LWV� LPSOHPHQWDWLRQ� LV� GRQH� E\� D
%LFRQQHFWHG� &RQVWUDLQW� 'HVFULSWLRQ� *UDSK� �� %&'*� >ä$/,��E@�� %&'*� LV� YHU\� IOH[LEOH
VWUXFWXUH� ZKLFK� HQDEOHV� DQ� LQWHUDFWLYH� LQVHUWLQJ� RI� FRQVWUDLQWV� DQG� VXSSRUWV� WKH� ZRUN� ZLWK
FRPSOHWHO\�DQG�SDUWLDOO\�FRQVWUDLQHG�JHRPHWULF�REMHFWV�

���$Q�,QWHUDFWLYH�3DUDPHWULVDWLRQ�RI�*HRPHWULF�2EMHFWV�DQG�*HQHUDWLRQ�RI

,QVWDQFHV

,Q�UHDO�VLWXDWLRQV��D�KXJH�QXPEHU�RI�FRQVWUDLQWV�KDYH�WR�EH�LQVHUWHG�E\�WKH�XVHU�>.85/��@
WR�FRQVWUDLQ�D�JHRPHWULF�REMHFW�FRPSOHWHO\��7KLV�WDVN�LV�H[WUHPHO\�GHPDQGLQJ�EHFDXVH�WKH�XVHU
KDV�WR�LQVHUW�PDQXDOO\�DQ�H[DFW�QXPEHU�RI�QRQ�FRQIOLFW�FRQVWUDLQWV��,I�WKH�FRQVWUDLQLQJ�SURFHVV
LV�QRW�LQWHUDFWLYH��WKLV�WDVN�LV�HYHQ�KDUGHU��4XLWH�RSSRVLWH��RXU�V\VWHP�LV�FRPSOHWHO\�LQWHUDFWLYH
DQG�LW�VROYHV�HDFK�LQVHUWHG�FRQVWUDLQW�DV�VRRQ�DV�SRVVLEOH�DQG�VKRZV�WKH�UHVXOWV�WR�WKH�XVHU��7R
UHGXFH� WKH� QXPEHU� RI�PDQXDOO\� LQVHUWHG� FRQVWUDLQWV�� WKH� V\VWHP� REVHUYHV� WKH� DFWLRQV� RI� WKH
XVHU�DQG�WULHV�WR�H[WUDFW�DOO�VHOI�XQGHUVWDQGDEOH�FRQVWUDLQWV�DXWRPDWLFDOO\�>ä$/,��D@�

7KH�FRQVWUDLQLQJ�RI�D�JHRPHWULF�REMHFW�FDQ�EH�GRQH�LQ�GLIIHUHQW�ZD\V�JLYLQJ�LQ�WKH�ILQDO
VWDJH�GLIIHUHQW�GHVFULSWLRQV�ZLWK�GLIIHUHQW�SDUDPHWHUV�ZKLFK�FRQWURO�WKH�VKDSH�RI�WKH�JHRPHWULF
REMHFW�� 7R� JHQHUDWH� DQ� LQVWDQFH�� LQ� GLIIHUHQW� VLWXDWLRQV�� GLIIHUHQW� SDUDPHWULF� VFKHPHV� DUH
XVHIXO�� 7R� RYHUULGH� WKLV� SUREOHP�� RXU� V\VWHP� VXSSRUWV� WKH� ZRUN� ZLWK� SDUWLDOO\� FRQVWUDLQHG
JHRPHWULF�REMHFWV��7KLV�PHDQV�WKDW�GXULQJ�WKH�GHVLJQ�VWDJH��RQO\�VRPH�NH\�SDUDPHWHUV�KDYH�WR
EH� GHILQHG�� )RU� H[DPSOH�� LQ� ILJXUH� ��� D� JHRPHWULF� REMHFW� �� VPRNLQJ� SLSH� �� LV� VKRZQ�ZKHUH
SDUDPHWHUV�G � ��G � ��G � ��DQG�a�DUH�LQWURGXFHG��$�FORVHU�ORRN�DW�ILJXUH���VKRZV�WKDW�SRLQW�S � �LV�QRW
FRQVWUDLQHG� DW� DOO�� 'HVSLWH� WKLV�� LQ� RXU� V\VWHP�ZH� FDQ� ZRUN� QRUPDOO\� ZLWK� VXFK� JHRPHWULF



REMHFW� DQG� HYHQ� FKDQJH� LQWHUDFWLYHO\� GHILQHG� SDUDPHWHUV�� 7KH� XVHU� FDQ� DGG� WKH� PLVVLQJ
FRQVWUDLQWV�ODWHU��ZKHQ�KH�QHHGV�WKHP�

)LJXUH��� 6PRNLQJ�SLSH��ZLWK�VRPH�NH\�SDUDPHWHUV

+RZ� GRHV� RXU� V\VWHP� EHKDYH� ZKHQ� LW� ZRUNV� ZLWK� D� SDUWLDOO\� FRQVWUDLQHG� JHRPHWULF
REMHFW"�,Q�JHQHUDO��LQVHUWHG�FRQVWUDLQWV�WULHG�WR�EH�VROYHG�DQG�FRUUHVSRQGLQJ�JHRPHWULF�HQWLWLHV
DUH�PRGLILHG�DSSURSULDWHO\��7KRVH�JHRPHWULF�HQWLWLHV�ZKLFK�DUH�QRW�\HW�UHODWHG�ZLWK�JHRPHWULF
FRQVWUDLQWV� WDNH� LQLWLDO� DSSUR[LPDWH� YDOXHV�� )RU� H[DPSOH�� LI� LQ� ILJXUH� ��� WKH� GLVWDQFH� G � � LV
FKDQJHG�DQG�D�FRQVWUDLQW�SURSDJDWLRQ�VWDUWV�DW�WKH�SRLQW�S � ��RQO\�WKH�SRLQWV�S � ��S ��� �DUH�PRYHG�
2WKHU�SRLQWV�VWD\�DW�WKH�VDPH�SRVLWLRQ�LQFOXGLQJ�WKH�SRLQW�S � ��7KH�SRLQW�S � �FDQ�EH�FRQVWUDLQHG�
IRU� H[DPSOH�� ZLWK� GHILQLQJ� WKH� GLVWDQFH� EHWZHHQ� SRLQWV� S � � DQG� S � � �OHW� XV� QDPH� LW� G � ��� 7R
SUHYHQW�WKH�UHTXLUHG�VKDSH�RI�WKH�SLSH��DQ�QXPHULF�FRQVWUDLQW�ELQGLQJ�GLVWDQFHV�G � �DQG�G � �KDV
WR�EH�HVWDEOLVKHG�

)LJXUH�� $Q�LQVWDQFH�RI�WKH�VPRNLQJ�SLSH�DIWHU�ZH�UHGXFH�WKH�GLVWDQFH�G �

1RZ��LI� WKH�GLVWDQFH�G � � LV�FKDQJHG�� WKH�GLVWDQFH�G � �KDV�WR�EH�FKDQJHG�� WRR��DFFRUGLQJ� WR
HVWDEOLVKHG�QXPHULF�FRQVWUDLQW��,Q�RXU�V\VWHP��WKH�VDPH�UHVXOW�LV�DFKLHYHG�ZLWKRXW�LQWURGXFLQJ
WKHVH�WZR�FRQVWUDLQWV�E\�XVLQJ�WKH�LQLWLDO�JHRPHWULF�GDWD�

���$Q�,QWHUDFWLYH�*HQHUDWLRQ�RI�,QVWDQFHV�LQ�RXU�6\VWHP

,Q�WKLV�VHFWLRQ��WKH�XVH�RI�RXU�V\VWHP�LV�SUHVHQWHG��7KH�PDLQ�ZLQGRZ�LQ�RXU�DSSOLFDWLRQ�LV
WKH�GUDZLQJ�ZLQGRZ�ZKHUH�WKH�XVHU�FDQ�GHVLJQ�WKH�JHRPHWULF�REMHFW��,Q�WKLV�ZLQGRZ��WKH�WRROV
IRU�GUDZLQJ�JHRPHWULFDO� HQWLWLHV�RI�YLVXDO� DQG� DX[LOLDU\� JHRPHWU\� VXFK� DV� SRLQWV�� OLQHV�� OLQH



VHJPHQWV��%p]LHU�FXELF�DQG�DUFV�DUH�DYDLODEOH��7KH�XVHU�FDQ�GHVLJQ�JHRPHWULF�REMHFWV�H[DFWO\
LQ�WKH�VDPH�ZD\�DV�LQ�WKH�FODVVLFDO�KDQG�PDGH�EOXHSULQWV��RU�KH�FDQ�VWDUW�ZLWK�DQ�VNHWFK�RI�WKH
JHRPHWULF� REMHFW� WKDW� LV� FKDQJHG� WKHQ� WR� WKH� GHVLUHG� IRUP�� ,Q� ERWK� FDVHV�� WKH� JHRPHWULFDO
FRQVWUDLQWV�DUH�QHHGHG�WR�GHVFULEH�VSDWLDO�UHODWLRQVKLSV�EHWZHHQ�JHRPHWULFDO�HQWLWLHV�

)LJXUH�����7KH�VNHWFK�RI�JHRPHWULF�REMHFW�VPRNLQJ�SLSH

7KH� RWKHU� ZLQGRZV� VKRZQ� LQ� ILJXUH� �� FRQWDLQ� WH[WXDO� GDWD� DERXW� WRSRORJ\�� XVHG
FRQVWUDLQWV�DQG�WKH�QDPH�RI�HGLWHG�JHRPHWULF�REMHFW��DQG�DUH�QRW�QHFHVVDU\�IRU�GHVLJQLQJ�RI�WKH
JHRPHWULFDO�REMHFWV��,Q�GUDZLQJ�ZLQGRZ��LQ�ILJXUH����D�VNHWFK�RI�D�JHRPHWULF�REMHFW�VPRNLQJ
SLSH�FDQ�EH� VHHQ��7KH�SLSH� LV�SDUWLDOO\�FRQVWUDLQHG�ZLWK� VHOI�H[WUDFWHG� VWUXFWXUDO� FRQVWUDLQWV�
$OO� WKH� GLPHQVLRQDO� FRQVWUDLQWV� QHHGHG� IRU� WKH� SDUDPHWULVDWLRQ� RI� WKH� JHRPHWULF� REMHFW� VWLOO
KDYH�WR�EH�DGGHG�E\�WKH�XVHU�PDQXDOO\��7KLV�LV�GRQH�E\�SLFNLQJ�RI�WKH�FRPPDQG�IRU�DGGLQJ�WKH
FRQVWUDLQWV�LQ�V\VWHPV�PHQX��$�GLDORJ�ER[�ZLWK�D�OLVW�RI�DYDLODEOH�FRQVWUDLQWV�DSSHDUV�RQ�WKH
VFUHHQ�DIWHU�WKDW��VHH�ILJXUH�����7KH�XVHU�FKRRVHV�WKH�QHHGHG�FRQVWUDLQW�LQ�WKLV�OLVW��DQG�VHOHFW
WKH�JHRPHWULF�HQWLWLHV�WKDW�ZLOO�EH�FRQQHFWHG�E\�VHOHFWHG�FRQVWUDLQW��5HVXOW�RI�WKLV�RSHUDWLRQ�LV
YLVLEOH�RQ�WKH�VFUHHQ�LPPHGLDWHO\�

7KH�JHRPHWULF�REMHFW�VPRNLQJ�SLSH�KDYH�QRW�WKH�GHVLUHG�VKDSH�LQ�WKH�GUDZLQJ�ZLQGRZ�LQ
WKH�ILJXUH����/LQHV�O � �DQG�O � ���VHH�ILJXUH����KDYH�ZURQJ�VORSHV��7KHUHIRUH��ZH�DGG�WKH�FRQVWUDLQW
+/LQH��WR�UHSDLU�WKH�VORSH�RI�OLQH�O � ��7KH�VORSH�RI�OLQH�O � �ZDV�DOVR�VHW�WR����DXWRPDWLFDOO\��DV�ZH
GHILQH� WKDW� OLQHV� O � � DQG� O � � DUH� SDUDOOHO�� $V� WKH� VORSHV� RI� OLQHV� O � � DQG� O � � ZHUH� FRUUHFWHG�� WKH
GLPHQVLRQDO�FRQVWUDLQWV�ZHUH�DGGHG���5HVXOW�RI�GHVFULEHG�FRQVWUDLQLQJ�SURFHVV�FDQ�EH�VHHQ�LQ
ILJXUH���



)LJXUH���7KH�JHRPHWULF�REMHFW�6PRNLQJ�SLSH�DIWHU�ZH�UHSDLU�WKH�OLQHV

7KHUH�DUH�VRPH�V\PEROV�YLVLEOH�LQ�WKH�GUDZLQJ�ZLQGRZ�LQ�ILJXUH����/HW�XV�H[SODLQ�WKHLU
PHDQLQJ��%\�GHVLJQLQJ�RXU�V\VWHP�ZH�WULHG�WR�HQDEOH�WKH�XVHU�VR�HDV\�EXLOGLQJ�RI�LQVWDQFHV��DV
DGGLQJ� FRQVWUDLQWV� � WR� WKH� REMHFW�� )RU� WKDW� SXUSRVH�� ZH� HVWDEOLVK� WKH� VSHFLDO� PDUNV� IRU� DOO
FRQVWUDLQWV�LPSRUWDQW�IRU� WKH�XVHU��7KHVH�PDUNV�DQG�WKH�FRQVWUDLQWV� WKDW�DUH�UHSUHVHQWHG�ZLWK
WKHP�DUH�SUHVHQWHG�LQ�WDEOH����7KH�PDUNV�KDYH�WZR�PHDQLQJV��)LUVW��WKH\�FDQ�EH�XVHG�WR�VKRZ
DOO� WKH� FRQVWUDLQWV� LPSRUWDQW� IRU� WKH� XVHU� RQ� WKH� VFUHHQ� LQ� WKH� GHVLJQ� SURFHVV�� 7KLV� FDQ� EH
KHOSIXO� WR� WKH� XVHU� IRU� WKH� EHWWHU� SDUDPHWULVDWLRQ� RI� WKH� JHRPHWULF� REMHFW�� EHFDXVH� LQ� WKH
ZLQGRZ� RI� XVHG� FRQVWUDLQWV�� WKHUH� DUH� PDQ\� FRQVWUDLQWV� OLNH�2Q� DQG� 7KURXJK� WKDW� DUH� QRW
LPSRUWDQW�IRU�WKH�SDUDPHWULVDWLRQ��,Q�WKH�ILJXUH����VXFK�XVH�RI�PDUNV�RI�JHRPHWULF�FRQVWUDLQWV
LV�SUHVHQWHG�

*HRPHWULF�FRQVWUDLQW 0DUN

$QJOH�O � ��O� ��a�
$QJOH9DOXH�O � ��a�
'LVWDQFH�S � �O � ��S� �O� ��G�
3DUDOOHO�O � ��O� �
3HUSHQGLFXODU�O � ��O� �

6\PPHWULF�S � ��O � ��S� ��O� ��S � ��O � �
3RLQW�S � ��[��\�

7DEOH����0DUNV�IRU�VRPH�JHRPHWULF�FRQVWUDLQWV�LQ�RXU�V\VWHP



7KH�VHFRQG�DQG�PRUH�LPSRUWDQW�XVH�RI�V\PEROV�LQ�RXU�V\VWHP�LV�PHDQW�IRU�LQFUHDVLQJ�RI
LQWHUDFWLYLW\��E\�WKH�LQVWDQFHV�JHQHUDWLRQ�SURFHVV��$V�WKH�XVHU�FKRRVH�FRPPDQG�IRU�LQVWDQFHV
JHQHUDWLRQ�� KH� KDV� WR� VHOHFW� RQH� JHRPHWULF� HQWLW\� WKDW� ZLOO� EH� FKDQJHG�� 0DUNV� IRU� DOO
FRQVWUDLQWV��DVVRFLDWHG�ZLWK�VHOHFWHG�JHRPHWULF�HQWLW\�DSSHDU�RQ�WKH�VFUHHQ��:KHQ�WKH�XVHU�SLFN
WKH� V\PERO�RI�GLPHQVLRQDO�FRQVWUDLQWV�� WKH�GLDORJ�ER[� IRU� DWWULEXWH� FKDQJLQJ� DSSHDUV�RQ� WKH
VFUHHQ��VHH�ILJXUH�����$WWULEXWHV�FDQ�EH�HDVLO\�FKDQJHG�E\�WKH�VFUROO�EDU��$IWHU�WKH�XVHU�FOLFN�RQ
WKH� EXWWRQ� $SSO\�� WKH� FKDQJHV� DUH� YLVLEOH� RQ� WKH� VFUHHQ��:LWK� EXWWRQ� 2N�� WKH� FKDQJHV� DUH
FRQILUPHG�

)LJXUH���,QWHUDFWLYH�EXLOGLQJ�RI�LQVWDQFHV�ZLWK�XVH�RI�VFUROO�EDU

$OO�GLDORJ�ER[HV�IRU�DWWULEXWH�FKDQJLQJ�ORRN�VLPLODU���7KH\�KDYH�RQH�VFUROO�EDU��H[FHSW�WKH
GLDORJ�ER[�IRU�FKDQJLQJ�DWWULEXWHV�IRU�FRQVWUDLQW�3RLQW��7KHUH�DUH�WZR�VFUROO�EDUV�LQ�WKDW�GLDORJ
ER[��IRU�WKH�HDFK�FRRUGLQDWH�RQH��$�JHQHUDWLRQ�RI�LQVWDQFHV�LV�PDGH�YHU\�VLPSOH�ZLWK�XVH�RI
VXFK�GLDORJ�ER[HV�

,Q� RUGHU� WR� FKDQJH� WKH� VKDSH� RI� JHRPHWULF� REMHFW� VPRNLQJ� SLSH�� ZH� FKDQJH� WKH� DQJOH
EHWZHHQ� OLQH� O � � DQ� O � �� 7KH� SURFHHGLQJV� RI� � WKLV� FKDQJH� ZDV� QH[W�� )LUVW�� WKH� FRPPDQG� IRU
LQVWDQFH� JHQHUDWLRQ� LV� VHOHFWHG�� 7KHQ� WKH� OLQH� O � � DQG�PDUN� IRU� DQJOH� EHWZHHQ� WZR� OLQHV� DUH
VHOHFWHG�� $IWHU� WKDW�� WKH� GLDORJ� ER[� IRU� DWWULEXWH� FKDQJLQJ� DSSHDUV�� ,Q� WKH� GLDORJ� ER[�� ZH
FKDQJH� WKH� DWWULEXWH� IRU� WKH� DQJOH� EHWZHHQ� OLQHV��:H� VHW� WKH� YDOXH� RI� WKH� DQJOH� RQ� ���� DQG
SUHVV� WKH�$SSO\� EXWWRQ�� 6LWXDWLRQ� DIWHU� WKDW� FDQ� EH� VHHQ� LQ� ILJXUH� ��� 7KH� SDUDPHWHUV� RI� WKH
VHOHFWHG�FRQVWUDLQW�FDQ�EH�FKDQJHG�VR�PDQ\�WLPHV��WKDW�WKH�XVHU�LV�VDWLVILHG�ZLWK�WKH�VKDSH�RI
WKH�GHVLJQHG�JHRPHWULF�REMHFW��$IWHU�WKH�FKDQJHV�DUH�DFFHSWHG�E\�WKH�XVHU��KH�ZLOO�ZRUN�LQ�WKH
UHVW�RI� WKH�GHVLJQ�SURFHVV�ZLWK�FKDQJHG�VKDSH�RI�JHRPHWULF�REMHFW��)RU�H[DPSOH��ZH� UHGXFH
GLVWDQFH�G � �RQ�RXU�JHRPHWULF�REMHFW�VPRNLQJ�SLSH��DQG�DFFHSW�WKLV�FKDQJH��7KH�UHVXOW�RI� WKLV



FKDQJH�FDQ�EH�VHHQ�LQ�ILJXUH��D��%XW�ZH�DUH�VWLOO�QRW�VDWLVILHG�ZLWK�ORRN�RI�RXU�REMHFW��WKHUHIRUH
ZH�LQFUHDVH�DQJOH�a�DQG�DFFHSW�LWV�FKDQJH��5HVXOW�RI�WKLV�RSHUDWLRQ�LV�SUHVHQWHG�LQ�ILJXUH��E�
%RWK�WKH�SLSHV�LQ�ILJXUHV��D�DQG��E�ORRN�VLPLODU� WR�WKDW� LQ�ILJXUH����EXW� LQ�FODVVLFDO�GUDZLQJ
V\VWHPV�� LW� LV� TXLFNHU� WR� GHVLJQ� WKHLU� VKDSHV� IURP� WKH� EHJLQQLQJ� WKDQ� WR�PRGLI\� WKH� SLSH� LQ
ILJXUH����,Q�RXU�V\VWHP��WKHVH�WZR�QHZ�VKDSHV�DUH�HDVLO\�JHQHUDWHG�IURP�WKH�RQH�LQ�ILJXUH���E\
FKDQJLQJ�WKH�YDOXHV�RI�WZR�SDUDPHWHUV�RQO\�

�

D� E�

�������������)LJXUH�� D��6PRNLQJ�SLSH�DIWHU�ZH�FKDQJH�DWWULEXWH�RI�FRQVWUDLQW�'LVWDQFH
E��6PRNLQJ�SLSH�DIWHU�ZH�FKDQJH�DWWULEXWH�RI�FRQVWUDLQW�$QJOH

7KH�REMHFW� VPRNLQJ�SLSH�ZDV�XQGHU�FRQVWUDLQHG� LQ�SUHVHQWHG� H[DPSOH��7KLV�PHDQV� WKDW
WKH� H[DFW� YDOXHV� RI� SRVLWLRQ� RI� VRPH� JHRPHWULF� HQWLWLHV� FRXOG� QRW� EH� H[DFWO\� GHWHUPLQDWH�
'HVSLWH� WKLV�� WKH� LQVWDQFH� JHQHUDWLRQ� LV� SRVVLEOH�� 7KLV� LV� YHU\� LPSRUWDQW� IHDWXUH�� EHFDXVH� LW
HQDEOHV�WR�XVH�WKH�XQGHU�FRQVWUDLQHG�REMHFWV�IRU�FRPSRVLQJ�WKHP�WR�WKH�FRPSOH[�JHRPHWULFDO
REMHFWV��,Q�WKLV�ZD\��WKH�UHXVDELOLW\�RI�JHRPHWULF�REMHFWV�LV�LQFUHDVHG��%HVLGH�WKLV�IHDWXUH��RXU
V\VWHP�DXWRPDWLFDOO\�DGGV�WKH�VHOI�XQGHUVWDQGDEOH�FRQVWUDLQWV��VXFK�DV�2Q�DQG�7KURXJK�WR�WKH
REMHFWV�DQG�WKH�XVHU�FDQ�VHH�DOO�WKH�FKDQJHV�PDGH�E\�FRQVWUDLQWV�RQ�WKH�VFUHHQ�DW�DQ\�WLPH�

���&RQFOXVLRQ

,Q� WKLV� SDSHU�� DQ� LQWHUDFWLYH� �'� FRQVWUDLQW�EDVHG� PRGHOOLQJ� V\VWHP� ZDV� GHVFULEHG�� ,W
GLVWLQJXLVKHV� EHWZHHQ� WZR� W\SHV� RI� JHRPHWU\�� 7KH� DX[LOLDU\� JHRPHWU\� LV� FRQWUROOHG� E\
JHRPHWULF� FRQVWUDLQWV�� DQG� WKH� YLVLEOH� JHRPHWU\� LV� EXLOW� RQ� WKH� IUDPHZRUN� GHILQHG� E\� WKH
DX[LOLDU\� JHRPHWU\��7KH� DX[LOLDU\� JHRPHWU\� KDV� EHHQ� XVHG�ZLGHO\� LQ� WKH� SDVW� DW� KDQG�PDGH
EOXHSULQWV�� EXW� LW� LV� QRW� KDQGOHG� DW� DOO� LQ� WKH� SUHVHQW� GUDZLQJ� SDFNDJHV�� ,Q� RXU� V\VWHP�� WKH
DX[LOLDU\�JHRPHWU\�LV�YHU\�LPSRUWDQW�IRU�LWV�ZRUNLQJ��7KH�FRQVWUDLQW�VROYHU�XVHG�KHUH�WULHV�WR
FDOFXODWH�RQO\�WKH�SRVLWLRQV�RI� WKH�HQWLWLHV�RI� WKH�DX[LOLDU\�JHRPHWU\��3RVLWLRQV�RI� WKH�YLVLEOH
JHRPHWU\�DUH�IL[HG�WKHQ�ZLWK�SRVLWLRQ�RI�WKH�DX[LOLDU\�JHRPHWU\��,I�VRPH�JHRPHWULF�HQWLWLHV�DUH
QRW� \HW� UHODWHG�ZLWK� JHRPHWULF� FRQVWUDLQWV�� VR� WKDW� WKHLU� SRVLWLRQV� FDQQRW� EH� FDOFXODWHG�� WKH
V\VWHP�XVH�WKH�LQLWLDO�DSSUR[LPDWH�YDOXHV��,Q�WKLV�ZD\�WKH�WHUPV�ZHOO�FRQVWUDLQHG�DQG�XQGHU�
FRQVWUDLQHG�ORRVH�WKHLU�PHDQLQJ��)RU�WKH�V\VWHP��LW�LV�QRW�LPSRUWDQW�LI�WKH�JHRPHWULF�REMHFW�LV
ZHOO�FRQVWUDLQHG�RU�QRW��WKH�XVHU�FDQ�LQ�ERWK�FDVHV�LQWHUDFWLYHO\�FKDQJH�WKH�VKDSH�RI�WKH�REMHFW�
7KHUHIRUH� LW� LV�SRVVLEOH� WR�PDNH� LQVWDQFHV�RI�HYHQ�SDUWLDOO\�FRQVWUDLQHG�REMHFWV��%HVLGH� WKDW�
RXU� V\VWHP� DXWRPDWLFDOO\� H[WUDFWV� DOO� VHOI�XQGHUVWDQGDEOH� FRQVWUDLQWV� E\� IROORZLQJ� XVHUV
DFWLRQV��7KH�QXPEHU�RI�FRQVWUDLQWV�UHTXLUHG�IURP�WKH�XVHU�LV�LPSRUWDQWO\�UHGXFHG�LQ�WKLV�ZD\�

3UHVHQWHG� V\VWHP� KDV� EHHQ�ZULWWHQ� LQ� &��� DQG� UXQV� RQ� SHUVRQDO� FRPSXWHUV� XQGHU�06
:LQGRZV�� 2XU� IXWXUH� ZRUN�ZLOO� EH� FRQFHQWUDWHG� RQ� LQWHUDFWLYH� WRROV� IRU� OLQNLQJ� LQGLYLGXDO
IRUP�IHDWXUHV�LQWR�ILQDO�JHRPHWULF�REMHFW�
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