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8QOLPLWHG�5HOHDVH

3ULQWHG�0D\���������

'LVFUHWH�2SWLPL]DWLRQ�RI�,VRODWRU�/RFDWLRQV

IRU�9LEUDWLRQ�,VRODWLRQ�6\VWHPV�

DQ�$QDO\WLFDO�DQG�([SHULPHQWDO�,QYHVWLJDWLRQ

(��5��3RQVOHW�DQG�0��6��(OGUHG

6WUXFWXUDO�'\QDPLFV�'HSDUWPHQW

6DQGLD�1DWLRQDO�/DERUDWRULHV

$OEXTXHUTXH��1HZ�0H[LFR�����������

$EVWUDFW

$Q� DQDO\WLFDO� DQG� H[SHULPHQWDO� VWXG\� LV� FRQGXFWHG� WR� LQYHVWLJDWH� WKH� HIIHFW� RI

LVRODWRU� ORFDWLRQV� RQ� WKH� HIIHFWLYHQHVV� RI� YLEUDWLRQ� LVRODWLRQ� V\VWHPV�� 7KH� VWXG\� XVHV

LVRODWRUV� ZLWK� IL[HG� SURSHUWLHV� DQG� HYDOXDWHV� SRWHQWLDO� LPSURYHPHQWV� WR� WKH� LVRODWLRQ

V\VWHP�WKDW�FDQ�EH�DFKLHYHG�E\�RSWLPL]LQJ�LVRODWRU�ORFDWLRQV�

%HFDXVH�WKH�DYDLODEOH� ORFDWLRQV� IRU� WKH� LVRODWRUV�DUH�GLVFUHWH� LQ� WKLV�DSSOLFDWLRQ��D

*HQHWLF�$OJRULWKP� �*$�� LV� XVHG� DV� WKH� RSWLPL]DWLRQ�PHWKRG��7KH� V\VWHP� LV�PRGHOHG� LQ

0$7/$% � DQG� FRXSOHG� ZLWK� WKH� *$� DYDLODEOH� LQ� WKH� '$.27$� RSWLPL]DWLRQ� WRRONLW

XQGHU� GHYHORSPHQW� DW� 6DQGLD� 1DWLRQDO� /DERUDWRULHV�� 'HVLJQ� FRQVWUDLQWV� GLFWDWHG� E\

KDUGZDUH� DQG� H[SHULPHQWDO� OLPLWDWLRQV� DUH� LPSOHPHQWHG� WKURXJK� SHQDOW\� IXQFWLRQ

WHFKQLTXHV��$�VHULHV�RI�*$�UXQV�UHYHDO�GLIILFXOWLHV�LQ�WKH�VHDUFK�RQ�WKLV�KHDYLO\�FRQVWUDLQHG�

PXOWLPRGDO�� GLVFUHWH� SUREOHP�� +RZHYHU�� WKH� *$� UXQV� SURYLGH� D� YDULHW\� RI� RSWLPL]HG

GHVLJQV� ZLWK� SUHGLFWHG� SHUIRUPDQFH� IURP� ��� WR� ��� WLPHV� EHWWHU� WKDQ� D� EDVHOLQH

FRQILJXUDWLRQ�� $Q� DOWHUQDWH� DSSURDFK� LV� DOVR� WHVWHG� RQ� WKLV� SUREOHP�� LW� XVHV� FRQWLQXRXV

RSWLPL]DWLRQ�� IROORZHG� E\� �URXQGLQJ�� RI� WKH� VROXWLRQ� WR� QHLJKERULQJ� GLVFUHWH

FRQILJXUDWLRQV��5HVXOWV�VKRZ�WKDW�WKLV�DSSURDFK�OHDGV�WR�HLWKHU�LQIHDVLEOH�RU�SRRU�GHVLJQV�

)LQDOO\��D�QXPEHU�RI��RSWLPL]HG��GHVLJQV�REWDLQHG�IURP�WKH�*$�VHDUFKHV�DUH�WHVWHG

LQ�WKH�ODERUDWRU\�DQG�FRPSDUHG�WR�WKH�EDVHOLQH�GHVLJQ��7KHVH�H[SHULPHQWDO�UHVXOWV�VKRZ�D

��WR����WLPHV�LPSURYHPHQW�LQ�YLEUDWLRQ�LVRODWLRQ�IURP�WKH�EDVHOLQH�FRQILJXUDWLRQ�
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$FNQRZOHGJPHQWV

7KLV� ZRUN� ZDV� IXQGHG� E\� '2(� WKURXJK� 6DQGLD� 1DWLRQDO� /DERUDWRULHV� XQGHU

FRQWUDFW�QXPEHU�$3������ZLWK�$03$52�&RUSRUDWLRQ��6DQWD�)H��10�

7KH�DXWKRUV�ZLVK�WR�WKDQN�'DYLG�0DUWLQH]�IRU�LQLWLDWLQJ�VXSSRUW�IRU�WKLV�UHVHDUFK�

&OD\�)XOFKHU�IRU�KLV�DGYLFH�DQG�DVVLVWDQFH�ZLWK�PDQ\�SUDFWLFDO�SUREOHPV��%LOO�+DUW�IRU�KLV

DVVLVWDQFH�ZLWK�WKH�JHQHWLF�DOJRULWKP�LQ�'$.27$��DQG�7RP�5LFH�IRU�KLV�LQYDOXDEOH�KHOS�LQ

SUHSDULQJ�WKH�H[SHULPHQWDO�VHWXS�
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&RQWHQW

���,QWURGXFWLRQ����������������������������������������������������������������������������������������������������������������� �

���6\VWHP�'HVFULSWLRQ���������������������������������������������������������������������������������������������������� ��

���2SWLPL]DWLRQ�3UREOHP������������������������������������������������������������������������������������������������ ��

���0RGHOLQJ ������������������������������������������������������������������������������������������������������������������� ��

����6XVSHQGHG�5LJLG�%RG\�0RGHOLQJ�������������������������������������������������������������������������� ��

����0DVV�3URSHUWLHV���������������������������������������������������������������������������������������������������� ��

����6WLIIQHVV�DQG�'DPSLQJ ������������������������������������������������������������������������������������������ ��

������$LUEDJV����������������������������������������������������������������������������������������������������������� ��

������6WHHO�6SULQJV �������������������������������������������������������������������������������������������������� ��

����$QDO\VLV�&RGH������������������������������������������������������������������������������������������������������� ��

������2EMHFWLYH�)XQFWLRQ�&DOFXODWLRQ ����������������������������������������������������������������������� ��

������&RQVWUDLQW�(YDOXDWLRQ ������������������������������������������������������������������������������������� ��

���%DVHOLQH�'HVLJQ ��������������������������������������������������������������������������������������������������������� ��

���2SWLPL]DWLRQ�7HFKQLTXHV ������������������������������������������������������������������������������������������� ��

����5DQGRP�6HDUFK ���������������������������������������������������������������������������������������������������� ��

����*HQHWLF�$OJRULWKP ������������������������������������������������������������������������������������������������ ��

������'HVFULSWLRQ����������������������������������������������������������������������������������������������������� ��

������'HILQLQJ�WKH�&KURPRVRPH��&RGLQJ� ��������������������������������������������������������������� ��

������6HOHFWLRQ�2SHUDWRU ����������������������������������������������������������������������������������������� ��

������&URVVRYHU�2SHUDWRU ���������������������������������������������������������������������������������������� ��

������0XWDWLRQ�2SHUDWRU ����������������������������������������������������������������������������������������� ��

������&RQVWUDLQW�(QIRUFHPHQW���������������������������������������������������������������������������������� ��

����5RXQGLQJ�RI�&RQWLQXRXV�2SWLPXP ����������������������������������������������������������������������� ��

���2SWLPL]DWLRQ�5HVXOWV�������������������������������������������������������������������������������������������������� ��

����*HQHWLF�$OJRULWKP�DQG�5DQGRP�6HDUFK ���������������������������������������������������������������� ��

����5RXQGLQJ�RI�&RQWLQXRXV�2SWLPXP ����������������������������������������������������������������������� ��

����$�/RRN�DW�WKH�'HVLJQ�6SDFH ��������������������������������������������������������������������������������� ��

���([SHULPHQWDO�5HVXOWV ������������������������������������������������������������������������������������������������� ��

���&RQFOXVLRQV ��������������������������������������������������������������������������������������������������������������� ��

����2SWLPXP�,VRODWLRQ�6\VWHP�'HVLJQ ������������������������������������������������������������������������ ��

����'LVFUHWH�2SWLPL]DWLRQ������������������������������������������������������������������������������������������� ��

����5HIHUHQFHV��������������������������������������������������������������������������������������������������������������� ��
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/LVW�RI�)LJXUHV

)LJXUH����9LEUDWLRQ�LVRODWLRQ�V\VWHPV�������������������������������������������������������������������������������� �

)LJXUH����7\SLFDO�WUDQVPLVVLRQ�FKDUDFWHULVWLFV�RI�LVRODWLRQ�V\VWHP� ������������������������������������ �

)LJXUH����,PSURYLQJ�LVRODWLRQ�E\�VRIWHQLQJ�WKH�LVRODWRUV���������������������������������������������������� �

)LJXUH����1RQ�JHQHULF�LVRODWLRQ�SUREOHP� ����������������������������������������������������������������������� ��

)LJXUH����([SHULPHQWDO�YLEUDWLRQ�LVRODWLRQ�VHWXS� ������������������������������������������������������������ ��

)LJXUH����6WHHO�VSULQJ�LVRODWRU� ��������������������������������������������������������������������������������������� ��

)LJXUH����9LEUDWLRQ�LVRODWLRQ�GHVLJQ�SUREOHP� ����������������������������������������������������������������� ��

)LJXUH����/RFDWLRQV�RI�LVRODWRUV�LQ�EDVHOLQH�GHVLJQ� ��������������������������������������������������������� ��

)LJXUH����7UDQVPLVVLELOLW\�RI�EDVHOLQH�GHVLJQ� ������������������������������������������������������������������ ��

)LJXUH�����5DQGRP�VHDUFK�WHFKQLTXH������������������������������������������������������������������������������ ��

)LJXUH�����&ODVVLFDO�JHQHWLF�DOJRULWKP� ��������������������������������������������������������������������������� ��

)LJXUH�����9DULRXV�ZD\V�RI�FRGLQJ� LVRODWRU� ORFDWLRQV� LQWR�D��FKURPRVRPH�� IRU�D�JHQHWLF

DOJRULWKP����������������������������������������������������������������������������������������������������������������� ��

)LJXUH�����5DQNLQJ�VHOHFWLRQ�RSHUDWRU���������������������������������������������������������������������������� ��

)LJXUH�����1RQ�DYHUDJLQJ���SRLQW�FURVVRYHU�RSHUDWRU� ��������������������������������������������������� ��

)LJXUH�����0XWDWLRQ�RSHUDWRU����������������������������������������������������������������������������������������� ��

)LJXUH�����'HVLJQ�SUREOHP�ZLWK�GLVMRLQW�IHDVLEOH�VSDFH� �������������������������������������������������� ��

)LJXUH�����$�VLPSOH�UHSDLU�RSHUDWRU�IRU�WKH�FRUQHU�FRQVWUDLQW� ���������������������������������������� ��

)LJXUH�����3HQDOW\�IXQFWLRQ�DSSURDFK�XVHG�LQ�WKLV�DSSOLFDWLRQ��WKH�VKDGHG�DUHD�LV�LQIHDVLEOH���

)LJXUH� ��� � 8VLQJ� FRQWLQXRXV� DSSUR[LPDWLRQ� IROORZHG� E\� URXQGLQJ� WR� QHDUE\� GLVFUHWH

VROXWLRQ� ������������������������������������������������������������������������������������������������������������������ ��

)LJXUH� ��� �&RPSDULVRQ� RI� JHQHWLF� DOJRULWKP� DQG� UDQGRP� VHDUFK� UHVXOWV� XVLQJ� WKH� VDPH

QXPEHU�RI�IXQFWLRQ�HYDOXDWLRQV��������'HVLJQV�VKRZQ�DUH�WKH�EHVW�IRXQG�IRU�HDFK�UXQ���

)LJXUH� ��� � *$� RSWLPL]HG� GHVLJQV� DQG� WKHLU� WUDQVPLVVLELOLWLHV� DW� ��� +]� �LQ� LQ�VHF�OE��

FRPSDUHG�WR�EDVHOLQH�FRQILJXUDWLRQ� ������������������������������������������������������������������������ ��

)LJXUH� ��� � 7UDQVPLVVLELOLW\� FXUYHV� RI� RSWLPL]HG� GHVLJQV� FRPSDUHG� WR� EDVHOLQH

FRQILJXUDWLRQ��PRGHO�SUHGLFWLRQV�� ��������������������������������������������������������������������������� ��

)LJXUH�����5HVXOWV�IURP�FRQWLQXRXV�RSWLPL]DWLRQ�DQG�URXQGLQJ� ������������������������������������� ��

)LJXUH�����5RXQGLQJ�D�FRQWLQXRXV�RSWLPXP�WR�QHLJKERULQJ�GLVFUHWH�VROXWLRQV� ��������������� ��

)LJXUH�����7ZR�GLPHQVLRQDO�FXW�WKURXJK�WKH�GHVLJQ�VSDFH�REWDLQHG�E\�PRYLQJ�RQH�LVRODWRU

LQ�ERWK�GLUHFWLRQV��IRU�FODULW\��WKH�FRQVWUDLQHG�REMHFWLYH�SORW�RQO\�VKRZV�VWHS�SHQDOWLHV���

)LJXUH� ��� � 'HVLJQ� VSDFH� FURVV� VHFWLRQ� VKRZLQJ� XQFRQVWUDLQHG� REMHFWLYH�� GLVFUHWH� JULG�

FRQWRXU� OLQHV�� FRQVWUDLQW� ERXQGDULHV�� IHDVLEOH� GRPDLQ� �VKDGHG��� DQG� IHDVLEOH� GLVFUHWH

GHVLJQV�ZLWK�WKHLU�WUDQVPLVVLELOLWLHV��WKH�+�VKRZV�WKH�GLVFUHWH�RSWLPXP�������������������� ��

)LJXUH� ��� � ([SHULPHQWDO� WUDQVPLVVLELOLWLHV� DW� ���+]� RI� � EDVHOLQH� DQG� RSWLPL]HG� GHVLJQV�

FRPSDUHG�WR�DQDO\WLFDO�SUHGLFWLRQV��������������������������������������������������������������������������� ��
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/LVW�RI�7DEOHV

7DEOH����([SHULPHQWDO�PRGHV�RI�VHLVPLF�EDVH�RQ�DLUEDJV ������������������������������������������������ ��

7DEOH����6HLVPLF�EDVH�RQ�DLU�VSULQJV��DQDO\WLFDO�DQG�H[SHULPHQWDO�PRGHV������������������������� ��

7DEOH����([SHULPHQWDO�PRGHV�RI�RSWLFDO�WDEOH�RQ���VSULQJ�LVRODWRUV� �������������������������������� ��

7DEOH����2SWLFDO�WDEOH�RQ���VSULQJ�LVRODWRUV��DQDO\WLFDO�DQG�H[SHULPHQWDO�PRGHV� ������������� ��
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��� ,QWURGXFWLRQ

9LEUDWLRQ� LVRODWLRQ� V\VWHPV� DUH� XVHG� LQ� D� ZLGH� YDULHW\� RI� DSSOLFDWLRQV� WR� UHGXFH

WUDQVPLVVLRQ� RI�PHFKDQLFDO� YLEUDWLRQV� JHQHUDWHG� E\� QRLV\� FRPSRQHQWV� RU� FDUULHG� E\� WKH

HQYLURQPHQW�WR�D�VHQVLWLYH�GHYLFH��([DPSOHV�LQFOXGH�LVRODWLRQ�RI�D�ODVHU�WDEOH�IURP�IORRU�

ERUQH�VHLVPLF�GLVWXUEDQFHV��LVRODWLRQ�RI�D�FDU�RU�DLUSODQH�ERG\�IURP�HQJLQH�YLEUDWLRQV��DQG

VXVSHQVLRQ�V\VWHPV�RI�YHKLFOHV�

,VRODWLRQ� LV� DFKLHYHG� E\� LQVHUWLQJ� VRIW�PHFKDQLFDO� OLQNV� �¦LVRODWRUV§�� EHWZHHQ� WKH

VXEV\VWHP� FRQWDLQLQJ� WKH� VRXUFH� RI� WKH� GLVWXUEDQFHV� DQG� WKH� VXEV\VWHP� WR� EH� LVRODWHG�

%DVHG�RQ�WKH�UHODWLYH�VL]HV�RI��WKHVH�VXEV\VWHPV��WZR�FODVVHV�RI� LVRODWLRQ�V\VWHPV�FDQ�EH

GLVWLQJXLVKHG��)LJ�����

7

)ORRU�9LEUDWLRQV

4XLHW�'HYLFH

7

4XLHW�)ORRU

9LEUDWLQJ
'HYLFH

)LJXUH����9LEUDWLRQ�LVRODWLRQ�V\VWHPV�

,Q�WKH�ILUVW�VLWXDWLRQ��OHIW�VLGH�RI�)LJ������WKH�HQYLURQPHQW�LV�LVRODWHG�IURP�YLEUDWLRQV

FUHDWHG�E\� D� SLHFH� RI�PDFKLQHU\��$� W\SLFDO� H[DPSOH� LV� WKH� LVRODWLRQ� RI� D� FDU� ERG\� IURP

YLEUDWLRQV� FDXVHG� E\� WKH� HQJLQH�� ,Q� WKH� RWKHU�� D� VHQVLWLYH� GHYLFH� LV� SURWHFWHG� IURP

GLVWXUEDQFHV�FDUULHG�E\�LWV�VXSSRUWLQJ�VWUXFWXUH��,VRODWLRQ�RI�D�ODVHU�WDEOH�IURP�IORRU�ERUQH

YLEUDWLRQV� LV�D�FRPPRQ�H[DPSOH�� ,Q�ERWK�FDVHV�� WKH�HIIHFWLYHQHVV�RI� WKH� LVRODWLRQ� V\VWHP

FDQ�EH�H[DPLQHG�LQ�WHUPV�RI�WUDQVPLVVLELOLW\�IXQFWLRQV��7��LQ�WKH�IUHTXHQF\�GRPDLQ��,Q�WKH

ILUVW�FODVV�RI�V\VWHPV��WKHVH�WUDQVPLVVLELOLWLHV�FDQ�EH�H[SUHVVHG�DV�UDWLRV�RI�H[FLWDWLRQ�IRUFHV

WR� IRUFHV� WUDQVPLWWHG� WR� WKH� IORRU�� ,Q� WKH� VHFRQG� FODVV�� WKH\� DUH� H[SUHVVHG� DV� UDWLRV� RI

FRPSRQHQW�RI�IORRU�PRWLRQ�WR�FRPSRQHQW�RI�GHYLFH�PRWLRQ��1RWH�WKDW�PL[HG�IRUPXODWLRQV

DUH�DOVR�SRVVLEOH��:KDWHYHU�H[DFW�GHILQLWLRQ�LV�XVHG�IRU�7��LWV�PDJQLWXGH�W\SLFDOO\�UHVHPEOHV

WKH�FXUYH�VKRZQ�LQ�)LJ����

G%�7�

ORJ�)UHTXHQF\�

LVRODWLRQ�UDQJH

VXVSHQVLRQ

PRGHV

IOH[LEOH

PRGHV

)LJXUH����7\SLFDO�WUDQVPLVVLRQ�FKDUDFWHULVWLFV�RI�LVRODWLRQ�V\VWHP�
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7KUHH� UHJLRQV� FDQ�EH�GLVWLQJXLVKHG� LQ� WKH� ILJXUH��$W� ¦ORZ§� IUHTXHQFLHV�� UHVRQDQW

SHDNV�FRUUHVSRQGLQJ� WR� WKH�VXVSHQVLRQ�PRGHV�DUH�REVHUYHG��7KHUH� LV�QR� LVRODWLRQ� LQ� WKLV

EDQG��LQ�IDFW�WKHUH�LV�DPSOLILFDWLRQ���'DPSLQJ�LV�XVXDOO\�GHVLJQHG�LQWR�WKH�LVRODWRUV�WR�OLPLW

WKH�DPSOLWXGHV�RI�WKHVH�SHDNV�DQG�DYRLG�ODUJH�UHVSRQVHV�WR�WUDQVLHQWV��$W�WKH�¦KLJK§�HQG�RI

WKH�VSHFWUXP��IOH[LEOH�PRGHV�RI�WKH�GHYLFH�DQG�RU�VXSSRUWLQJ�VWUXFWXUH�WKHPVHOYHV�SURGXFH

RWKHU�UHVRQDQW�SHDNV��,Q�D�SURSHUO\�GHVLJQHG�LVRODWLRQ�V\VWHP��WKRVH�WZR�IUHTXHQF\�UDQJHV

DUH�VHSDUDWHG�E\�D�ZLGH�¦LVRODWLRQ�EDQG§�ZKHUH�WUDQVPLVVLRQ�GHFD\V�UDSLGO\�ZLWK�IUHTXHQF\

�DERXW� ���G%�GHFDGH� IRU� D� OLJKWO\� GDPSHG�� VLQJOH� VWDJH� V\VWHP��� $� SURSHUO\� GHVLJQHG

V\VWHP�ZLOO�¦VHH§�PRVW�RI�WKH�GLVWXUEDQFH�HQHUJ\�RFFXU�LQ�WKLV�EDQG�

%HFDXVH� RI� WKH� VKDUS� GHFD\� LQ� WKH� LVRODWLRQ� EDQG�� WKH� WUDGLWLRQDO� GHVLJQ

PHWKRGRORJ\� IRFXVHV� SULPDULO\� RQ�PLQLPL]LQJ� WKH� VWLIIQHVVHV� RI� WKH� LQGLYLGXDO� LVRODWRUV�

7KLV�ORZHUV�WKH�IUHTXHQFLHV�RI�WKH�VXVSHQVLRQ�PRGHV�DQG�UHVXOWV�LQ�D�FRUUHVSRQGLQJ�GURS

LQ�WUDQVPLVVLRQ�LQ�WKH�LVRODWLRQ�EDQG��)LJ������7KH�FRQILJXUDWLRQ�RI�WKH�FRPSOHWH�V\VWHP��LQ

SDUWLFXODU�WKH�QXPEHU��ORFDWLRQV��DQG�RULHQWDWLRQV�RI�WKH�LVRODWRUV��UHFHLYHV�OLWWOH�DWWHQWLRQ

LQ�WKLV�DSSURDFK��$FWXDOO\��WKH�V\VWHP�FRQILJXUDWLRQ�LV�RIWHQ�GHVLJQHG�WR�HQVXUH�GHFRXSOLQJ

EHWZHHQ�WUDQVODWLRQV�DQG�URWDWLRQV�LQ�WKH�VXVSHQVLRQ�PRGHV�DQG�VLPSOLI\�WKH�DQDO\VLV
>�@
�

)LJXUH����,PSURYLQJ�LVRODWLRQ�E\�VRIWHQLQJ�WKH�LVRODWRUV�

7KLV� DSSURDFK� LV� MXVWLILHG� IRU� ¦JHQHULF§� LVRODWLRQ� SUREOHPV�� 1DPHO\�� ZKHQ� WKH

ORFDWLRQ�� GLUHFWLRQ�� DPSOLWXGH�� RU� IUHTXHQF\� FRQWHQW� RI� WKH� GLVWXUEDQFHV� DUH� QRW� ZHOO

NQRZQ� DQG�RU� ZKHQ� QR� SDUWLFXODU� SRLQW� RQ� WKH� LVRODWHG� GHYLFH� PRUH� FULWLFDOO\� UHTXLUHV

LVRODWLRQ� WKDQ�RWKHUV��$Q�H[DPSOH�RI� D� JHQHULF� SUREOHP� LV� WKDW� RI� LVRODWLQJ� D� ODVHU� WDEOH

IURP� IORRU� YLEUDWLRQV�� GDWD� ZLOO� RIWHQ� QRW� EH� DYDLODEOH� WR� DFFXUDWHO\� FKDUDFWHUL]H� WKH

GLVWXUEDQFH�DQG�WKH�GHVLJQHU�RI�WKH�LVRODWLRQ�V\VWHP�KDV�QR�NQRZOHGJH�RI�ZKDW�H[SHULPHQW

ZLOO�EH�SHUIRUPHG�RQ�WKH�WDEOH��,Q�VXFK�FDVHV��D�JHQHULF�LVRODWLRQ�V\VWHP��ZLWK���LVRODWRUV�

RQH�LQ�HDFK�FRUQHU�IRU�H[DPSOH��LV�DSSURSULDWH�
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+RZHYHU�� LQ�VRPH�DSSOLFDWLRQV�� WKH�GLVWXUEDQFH�V�� DUH�YHU\�ZHOO� NQRZQ� �URWDWLQJ

PDFKLQHU\�� IRU� H[DPSOH�� DQG� UHVLGXDO� PRWLRQ� LV� FULWLFDO� DW� RQH� RU� D� IHZ� VSHFLILF

SRLQWV�GLUHFWLRQV� RQ� WKH� LVRODWHG� GHYLFH�� $V� DQ� H[DPSOH�� FRQVLGHU� DQ� LVRODWLRQ� V\VWHP

GHVLJQHG�WR�SUHYHQW�H[FHVVLYH�WUDQVPLVVLRQ�RI�YLEUDWLRQV�IURP�D�FU\RFRROHU�WR�D�WHOHVFRSH

PRXQWHG� RQ� D� VDWHOOLWH� VWUXFWXUH� �)LJ�� ���� &OHDUO\�� WKH� VRXUFH� RI� WKH� GLVWXUEDQFH� LV� ZHOO

NQRZQ� LQ� GLUHFWLRQ�� DPSOLWXGH�� DQG� IUHTXHQF\� FRQWHQW��$OVR�� WR�PLQLPL]H� MLWWHU�� UHVLGXDO

WLOWLQJ�YLEUDWLRQV�RI�WKH�WHOHVFRSH�PXVW�EH�PLQLPL]HG��9LEUDWLRQV�DW�RWKHU�SRLQWV�GLUHFWLRQV

LQ�WKH�V\VWHP�DUH�OHVV�FULWLFDO��,Q�RWKHU�DSSOLFDWLRQV��WKH�FULWLFDO�SRLQW�GLUHFWLRQ�PLJKW�EH�WKH

ORFDWLRQ� RI� D� YLEUDWLRQ�VHQVLWLYH� FRPSRQHQW� RU� SRLQWV�GLUHFWLRQV� RI� VWURQJ� G\QDPLF

FRXSOLQJ�ZLWK� DQ� HODVWLF� VXE�V\VWHP�� ,Q� DOO� VXFK� FDVHV�� LW� LV� H[SHFWHG� WKDW� ORFDWLRQV� DQG

RULHQWDWLRQV�RI�WKH�LVRODWRUV�ZLOO�KDYH�D�VXEVWDQWLDO�HIIHFW�RQ�WKH�LVRODWLRQ�HIIHFWLYHQHVV
>�@
�

7

)LJXUH����1RQ�JHQHULF�LVRODWLRQ�SUREOHP�

7KH�SUHVHQW�VWXG\�H[DPLQHV�WKLV�TXHVWLRQ�LQ�PRUH�GHWDLO��7KH�DXWKRUV�FRQVLGHU�WKH

GHVLJQ�RI�D���LVRODWRU� V\VWHP� WR�PLQLPL]H� WUDQVPLVVLRQ�RI�ZHOO� FKDUDFWHUL]HG� IORRU�ERUQH

SHUWXUEDWLRQV�WR�D�VSHFLILF�SRLQW�DQG�GLUHFWLRQ�RQ�DQ�RSWLFDO�WDEOH��7KH�QXPEHU�DQG�W\SH�RI

LVRODWRUV� XVHG� LV� IL[HG� DQG� WKHLU� ORFDWLRQV� XQGHU� WKH� WDEOH� DUH� RSWLPL]HG�� 7KH� RSWLPL]HG

GHVLJQV�DUH�FRPSDUHG�WR�D�EDVHOLQH��JHQHULF�FRQILJXUDWLRQ��7KHVH�GHVLJQV�DUH�WKHQ�WHVWHG�LQ

WKH�ODE�WR�YDOLGDWH�WKH�DSSURDFK�

%HFDXVH�RXU�RSWLFDO�WDEOH�SURYLGHV�RQO\�D�GLVFUHWH�JULG�RI�PRXQWLQJ�KROHV� IRU� WKH

LVRODWRUV�� WKH� GHVLJQ� YDULDEOHV� RI� WKH� RSWLPL]DWLRQ� SUREOHP� DUH� GLVFUHWH� DQG� WKH

RSWLPL]DWLRQ� LV� SHUIRUPHG� ZLWK� 6*237©V
>�@
� *HQHWLF� $OJRULWKP� �*$�� DYDLODEOH� LQ� WKH

'$.27$
>�@
�RSWLPL]DWLRQ�WRRONLW�XQGHU�GHYHORSPHQW�DW�6DQGLD�1DWLRQDO�/DERUDWRULHV�

7KH�JRDO�RI�WKH�VWXG\�LV�WZRIROG��ILUVW�� LQYHVWLJDWH�WKH�SRWHQWLDO�RI�RSWLPL]DWLRQ�LQ

LPSURYLQJ� WKH� SHUIRUPDQFH� RI� YLEUDWLRQ� LVRODWLRQ� V\VWHPV� DQG� VHFRQG�� E\� H[HUFLVLQJ� WKH

*$�ZLWK�D� UHDO�OLIH�SUREOHP��KRSHIXOO\� LGHQWLI\�FULWLFDO�GLUHFWLRQV� IRU� IXWXUH�*$� UHVHDUFK

DQG�GHYHORSPHQW�HIIRUWV�

��� 6\VWHP�'HVFULSWLRQ

7KH� H[SHULPHQWDO� YLEUDWLRQ� LVRODWLRQ� VHWXS� �)LJ�� ��� FRQVLVWV� RI� D� VWDLQOHVV� VWHHO

KRQH\FRPE� VDQGZLFK� RSWLFDO� WDEOH� �1HZSRUW
>�@
�� PRGHO� 56����������� PHDVXULQJ

DSSUR[LPDWHO\����E\����E\����� LQFKHV�DQG�ZHLJKLQJ� DSSUR[LPDWHO\����� OEV��7KH� WDEOH� LV

UHVWLQJ�RQ��� VWHHO� FRLO� VSULQJ� LVRODWRUV� �FXVWRP� GHVLJQHG�� XVLQJ� VSULQJV� IURP�$VVRFLDWHG

6SULQJ�5D\PRQG
>�@
�� PRGHO� &9��������������� ZKRVH� ORFDWLRQV� XQGHU� WKH� WDEOH� DUH� WKH

IRFXV�RI�WKH�RSWLPL]DWLRQ��7KLV�V\VWHP�LV�LQ�WXUQ�UHVWLQJ�RQ�D�ODUJH��VROLG�DOXPLQXP�VHLVPLF
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PDVV��FXVWRP�PDGH��DSSUR[LPDWHO\����E\����E\����LQFKHV�������OE���� LWVHOI� LVRODWHG� IURP

WKH�ODE�IORRU�E\�IRXU�DLU�EDJV��)LUHVWRQH�$LUPRXQW �LVRODWRUV
>�@
��PRGHO����&���1RWH�WKDW�WKH

VHLVPLF� PDVV� ZLOO� DFWXDOO\� EH� FRQVLGHUHG� WKH� ¦IORRU§� LQ� WKLV� SUREOHP�� 7KH� DLU� EDJ

VXVSHQVLRQ� LV� WKHUH� WR�HOLPLQDWH� DQ\�XQNQRZQ�GLVWXUEDQFHV� IURP� WKH� H[SHULPHQW�EXW�ZLOO

QRW� EH� SDUW� RI� WKH� RSWLPL]DWLRQ� SUREOHP�� 7KH� VXVSHQVLRQ� IUHTXHQFLHV� RI� WKH� V\VWHP� RQ

WKHVH�DLUEDJV�UDQJH�IURP�DERXW�����WR�����+]�

=

<

;

2SWLFDO�7DEOH

6KDNHU

$FFHOHURPHWHU

$GDSWHU�3ODWHV

6HLVPLF�%DVH

/RDG�&HOO
/LIWHU

$LUEDJ

$FFHOHURPHWHUV

0RXQWLQJ�+ROH

=

<

;

)LJXUH����([SHULPHQWDO�YLEUDWLRQ�LVRODWLRQ�VHWXS�

7KH� ERWWRP� RI� WKH� RSWLFDO� WDEOH� DQG� WKH� WRS� RI� WKH� VHLVPLF� EDVH� DUH� ILWWHG� ZLWK

LGHQWLFDO�DOXPLQXP�DGDSWHU�SODWHV�IHDWXULQJ�PDWFKLQJ�DUUD\V�RI���E\���WKUHDGHG�KROHV��RQ�D

�� LQ�� JULG��� 7KH� VSULQJ� LVRODWRUV� DUH� DWWDFKHG� WR� WKRVH� KROHV� ZLWK� WKUHDGHG� URGV� DQG

DOXPLQXP�HQG�SODWHV�DV�VKRZQ�LQ�)LJ�����1RWH�WKDW�EHFDXVH�WKH�VSULQJV�DUH�VLPSO\�UHVWLQJ

LQ�WKH�HQG�SODWHV��WKH�LVRODWRUV�FDQ�RQO\�WDNH�FRPSUHVVLYH�IRUFHV�

FRLO�VSULQJ

HQG�SODWH
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)LJXUH����6WHHO�VSULQJ�LVRODWRU�

)RXU� K\GUR�SQHXPDWLF� OLIWHUV� DUH� DWWDFKHG� WR� WKH� VHLVPLF� EORFN�� DOORZLQJ

FRQYHQLHQW� � DFFHVV� WR� WKH� LVRODWRUV�� 7KH� IRXU� FRUQHUV� RI� WKH� DOXPLQXP� DGDSWHU� SODWH

DWWDFKHG� WR� WKH� VHLVPLF� EORFN� DUH� PDFKLQHG� WR� SURYLGH� FOHDUDQFH� IRU� WKH� OLIWHUV�� 7KLV

HOLPLQDWHV���RI�WKH����SRVVLEOH�LVRODWRU�PRXQWLQJ�ORFDWLRQV�

%RWK� WKH� VHLVPLF� EDVH� DQG� WKH� RSWLFDO� WDEOH� DUH� IXOO\� LQVWUXPHQWHG� IRU� �� G�R�I�

PRWLRQ�SLFNXS�IRU�V\VWHP�LGHQWLILFDWLRQ�DQG�PRGHO�YDOLGDWLRQ�SXUSRVHV��VHH�6HFWLRQ������

)RXU�VHWV�RI���DFFHOHURPHWHUV� �(QGHYFR
>�@
��PRGHO���������P9�J�� DUH�PRXQWHG�QHDU� WKH

IRXU� FRUQHUV�RI� WKH� VHLVPLF�EDVH� DV� VHHQ� LQ�)LJ�� ���7KH� RSWLFDO� WDEOH� LV� HTXLSSHG�ZLWK� �

WULD[LDO� DFFHOHURPHWHUV� �(QGHYFR
>�@
�� PRGHO� ������P9�J��� HPEHGGHG� LQ� WKH� DOXPLQXP

DGDSWHU�SODWH�QHDU�WKH�IRXU�FRUQHUV�DQG�WKH�FHQWHU��$OO�DFFHOHURPHWHUV�DUH�SRZHUHG�E\����

FKDQQHO�VLJQDO�FRQGLWLRQHUV��3&%
>�@
��PRGHO����$�����,Q�DGGLWLRQ��D�KLJK�VHQVLWLYLW\�VHLVPLF

DFFHOHURPHWHU� �:LOFR[RQ�5HVHDUFK
>��@
�� PRGHO� ����� �������P9�LQ�VHF�� LQ� YHORFLW\� PRGH�

PHDVXUHV� UHVLGXDO� YLEUDWLRQ� DW� WKH� FULWLFDO� SRLQW�� QHDU� WKH� IURQW� OHIW� FRUQHU� RI� WKH� RSWLFDO

WDEOH�

7KH� ¦IORRU§� �VHLVPLF�EDVH�� LV� H[FLWHG�QHDU� LWV� IURQW� ULJKW� FRUQHU� �)LJXUH���� E\� DQ

HOHFWURPDJQHWLF� VKDNHU� �0%� '\QDPLFV
>��@
�� PRGHO� 0RGDO� ��$��� 7KH� H[FLWDWLRQ� IRUFH� LV

PHDVXUHG�E\�D�SLH]RHOHFWULF�ORDG�FHOO��3&%
>�@
��PRGHO����$������P9�OE���

��� 2SWLPL]DWLRQ�3UREOHP

7KH� YLEUDWLRQ� LVRODWLRQ� SUREOHP� LV� VKRZQ� VFKHPDWLFDOO\� LQ� )LJ�� ��� $V�PHQWLRQHG

SUHYLRXVO\�� WKH�JRDO� LV� WR� ILQG�RSWLPDO� ORFDWLRQV� IRU� �� VWHHO� VSULQJ� LVRODWRUV� EHWZHHQ� WKH

RSWLFDO� WDEOH� DQG� WKH� VHLVPLF� EDVH�� 7KH� QXPEHU� RI� LVRODWRUV� ZDV� VHW� WR� �� WR� PLQLPL]H

XQFHUWDLQWLHV�LQ�WKH�H[SHULPHQWDO�VHWXS�WKDW�ZRXOG�RFFXU�GXH�WR�VWDWLF�LQGHWHUPLQDF\�ZLWK��

RU� PRUH� LVRODWRUV�� %\� GHVLJQ�� RQO\� �[� ��� GLVFUHWH� ORFDWLRQV� DUH� DYDLODEOH� IRU� WKHVH

LVRODWRUV��)RXU�RI�WKRVH�ORFDWLRQV��DW�WKH�FRUQHUV��DUH�QRW�DYDLODEOH��VHH�6HFWLRQ����

4XLHW�/RFDWLRQ�	�'LUHFWLRQ
��9��YHUWLFDO�YHORFLW\�

3HUWXUEDWLRQ
�)�����+]�VLQH�

6HLVPLF�%DVH��¦IORRU§�

��[���'LVFUHWH
/RFDWLRQV

2SWLFDO�7DEOH

��,VRODWRUV

/DE�)ORRU

7� �9���)

)LJXUH����9LEUDWLRQ�LVRODWLRQ�GHVLJQ�SUREOHP�

)RU� VLPSOLFLW\�� DQG� WR� UHGXFH� FRPSXWDWLRQDO� H[SHQVHV� LQ� WKH� VLPXODWLRQV�� WKH

GLVWXUEDQFH�LV�D�SXUH�VLQXVRLGDO�YHUWLFDO�IRUFH�)�DW�D�IUHTXHQF\�RI����+]��7KLV� IUHTXHQF\

ZDV�FKRVHQ� WR�EH�ZLWKLQ� WKH� LVRODWLRQ�EDQG�� L�H��PXFK�KLJKHU� WKDQ� WKDW�RI� WKH�VXVSHQVLRQ

PRGHV�RI�WKH�RSWLFDO�WDEOH�EXW�ZHOO�EHORZ�WKH�IUHTXHQF\�RI�WKH�ORZHVW�HODVWLF�PRGHV�����
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WR�����+]��� ,W�ZLOO�EH�VKRZQ�WKDW� WKH�XVH�RI�D�VLQJOH� WDUJHW� IUHTXHQF\� LQVWHDG�RI� D�ZLGH

EDQG� GRHV� QRW� OLPLW� WKH� LPSURYHPHQWV� WR� WKDW� VLQJOH� IUHTXHQF\�� ,QVWHDG�� WKH� RSWLPL]HG

GHVLJQV�DFWXDOO\�KDYH�LPSURYHG�SHUIRUPDQFH�DFURVV�WKH�LVRODWLRQ�UDQJH�
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7KH�REMHFWLYH�LV�WR�PLQLPL]H�WKH�UHVLGXDO�YHUWLFDO�YHORFLW\�9�DW�D�WDUJHW�ORFDWLRQ�RQ

WKH� WDEOH� �)LJXUH� ���� LQ� UHVSRQVH� WR� D� JLYHQ� DPSOLWXGH� RI� SHUWXUEDWLRQ� IRUFH� )�� 7KLV

DPRXQWV�WR�PLQLPL]LQJ�WKH�WUDQVIHU�IXQFWLRQ�7� �9�)�� LQ�VHF�OE��IURP�WKH�H[FLWDWLRQ�IRUFH

WR� WKH� UHVLGXDO� YHORFLW\�� 7KLV� IXQFWLRQ� 7� ZLOO� EH� UHIHUUHG� WR� DV� WUDQVPLVVLELOLW\� LQ� WKH

UHPDLQGHU�RI�WKLV�UHSRUW��7KH�ORFDWLRQV�RI�WKH�H[FLWDWLRQ�DQG�WKH�FULWLFDO�SRLQW�ZHUH�FKRVHQ

WR�FUHDWH�DV\PPHWU\�LQ�WKH�SUREOHP��7KLV�LV�H[SHFWHG�WR�OHDG�WR�QRQ�LQWXLWLYH��DV\PPHWULF

RSWLPDO�ORFDWLRQV�IRU�WKH�LVRODWRUV��LQ�VKDUS�FRQWUDVW�WR�D�EDVHOLQH�FRQILJXUDWLRQ�

3UDFWLFDO� OLPLWDWLRQV� GLFWDWH� D� QXPEHU� RI� GHVLJQ� FRQVWUDLQWV� RQ� WKLV� SUREOHP� �WKH

LPSOHPHQWDWLRQ�RI�WKRVH�FRQVWUDLQWV�LV�H[SODLQHG�LQ�PRUH�GHWDLO�LQ�WKH�QH[W�VHFWLRQ��

'HSHQGLQJ�RQ� KRZ� WKH� LVRODWRU� ORFDWLRQV� DUH� FRGHG� LQWR� GHVLJQ� YDULDEOHV�� LW�PD\� EH

QHFHVVDU\�WR�HQIRUFH�WKH�FRQGLWLRQ�WKDW�WKH���ORFDWLRQV�DW�WKH�FRUQHUV�RI� WKH��[��JULG

DUH�QRW�XVHG�

7KHUH�FDQQRW�EH�PRUH�WKDQ�RQH�LVRODWRU�DW�DQ\�JLYHQ�JULG�ORFDWLRQ�

7KH� LVRODWRUV� FDQQRW� EH� DOLJQHG� RQ� D� VWUDLJKW� OLQH� EHFDXVH� WKH� WDEOH� ZRXOG� WKHQ� EH

XQVWDEOH��1RWH�WKDW��ZLWK���LVRODWRUV��WKLV�FRQGLWLRQ�DOVR�WDNHV�FDUH�RI�WKH�SUHYLRXV�RQH�

LI�DQ\�WZR�LVRODWRUV�DUH�DW� WKH�VDPH� ORFDWLRQ� WKH\�DUH�DOVR�RQ�D�VWUDLJKW� OLQH�ZLWK� WKH

WKLUG�RQH�

$OVR��VLQFH�VRIWHU�LVRODWLRQ�JHQHUDOO\�LPSOLHV�EHWWHU�SHUIRUPDQFH��VHH�6HFWLRQ����WKHUH

PD\� EH� D� WHQGHQF\� IRU� WKH� RSWLPL]HU� WR� JHQHUDWH� GHVLJQV� ZLWK� YHU\� ORZ� QDWXUDO

IUHTXHQFLHV� �E\� SODFLQJ� WKH� LVRODWRUV� YHU\� FORVH� WR� HDFK� RWKHU� IRU� H[DPSOH��� 7KLV� LV

XQGHVLUDEOH�LQ�SUDFWLFH�EHFDXVH�VXFK�GHVLJQV�ZRXOG�KDYH�YHU\�ODUJH�WUDQVLHQW�UHVSRQVHV

WR�LPSDFW�DQG�KDQGOLQJ�ORDGV��7R�SUHYHQW�WKLV��D�ORZHU�OLPLW�RI�����+]�LV�HQIRUFHG�RQ

WKH�ILUVW�QDWXUDO�IUHTXHQF\�RI�WKH�RSWLFDO�WDEOH�RQ�LWV�LVRODWRUV��1RWH�WKDW�WKLV�YDOXH�DOVR

HQVXUHV�GHFRXSOLQJ�ZLWK�WKH�VXVSHQVLRQ�PRGHV�RI�WKH�VHLVPLF�EDVH�RQ�LWV�DLUEDJV����WR

����+]��

%HFDXVH�WKH�VSULQJV�DUH�QRW�DWWDFKHG�WR�WKHLU�HQG�SODWHV��WKH�VWDWLF�JUDYLWDWLRQDO�ORDG�RQ

HDFK�LVRODWRU�PXVW�EH�FRPSUHVVLYH�

7KH�VWDWLF�GHIOHFWLRQV�RI� WKH� VSULQJV� FDQQRW� H[FHHG�DQ�XSSHU� OLPLW� EH\RQG�ZKLFK� WKH

VSULQJV�PLJKW�QRW�EH�OLQHDU�RU�PLJKW�EH�FRPSUHVVHG�WR�WKHLU�VROLG�OHQJWK��7KLV�OLPLW�ZDV

VHW�WR�����LQ�

7KH�GLVFUHWH�QDWXUH�RI�WKH�GHVLJQ�YDULDEOHV��LVRODWRU�ORFDWLRQV��FDOOV�IRU�WKH�XVH�RI

VSHFLDOL]HG� RSWLPL]DWLRQ� WHFKQLTXHV�� $Q� DSSURDFK� EDVHG� RQ� D� JHQHWLF� DOJRULWKP� ZLOO� EH

H[DPLQHG�LQ�WKLV�VWXG\�DQG�FRPSDUHG�WR�RWKHU�WHFKQLTXHV��,W�ZLOO�EH�VKRZQ�WKDW�WKH�XVH�RI

FODVVLFDO�FRQWLQXRXV�RSWLPL]DWLRQ� WHFKQLTXHV� IROORZHG�E\� URXQGLQJ�RI� WKH� VROXWLRQ� LV� QRW

DSSURSULDWH�

��� 0RGHOLQJ

���� 6XVSHQGHG�5LJLG�%RG\�0RGHOLQJ

7KH� ORZHVW� ¦IOH[LEOH§�PRGHV� LQ� WKH� V\VWHP�RFFXU� DW� IUHTXHQFLHV� RI� DERXW� ���� WR

����+]��7KH\�FRUUHVSRQG�WR�UHVRQDQFHV�RI�WXQHG�YLEUDWLRQ�DEVRUEHUV�ZKLFK�DUH�HPEHGGHG

LQ�WKH�RSWLFDO�WDEOH��$W�IUHTXHQFLHV�ZHOO�EHORZ�WKHVH�IOH[LEOH�PRGHV��VD\�IURP���WR����+]��

WKH�V\VWHP�FDQ�EH�DSSUR[LPDWHG�DV�D�VHW�RI���ULJLG�ERGLHV��VHLVPLF�EDVH�DQG�RSWLFDO�WDEOH�

FRQQHFWHG� E\� ��GLPHQVLRQDO�� OLQHDU� VSULQJV� ZLWK� YLVFRXV� GDPSLQJ� �DLUEDJV� DQG� VSULQJ
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LVRODWRUV��� �(DFK� ULJLG� ERG\� LV� JLYHQ� �� GHJUHHV� RI� IUHHGRP� DQG� GHILQHG� E\� LWV�PDVV� DQG

LQHUWLD�WHQVRU��7KH�VSULQJV�DUH�GHILQHG�E\�VWLIIQHVVHV��N[��N\��N]��DQG��GDPSLQJ�FRHIILFLHQWV

�F[��F\��F]��LQ���PXWXDOO\�RUWKRJRQDO�GLUHFWLRQV��SDUDOOHO� WR� WKH�JOREDO� UHIHUHQFH�GLUHFWLRQV

;��<��DQG�=�RI�)LJ�����)RU�WKH�V\VWHP�DW�KDQG��ZH�KDYH�N[ N\ NVKHDU��N] ND[LDO��F[ F\ FVKHDU�

DQG�F] FD[LDO�EHFDXVH�RI�D[LV\PPHWU\�RI�ERWK�WKH�DLUEDJV�DQG�WKH�VWHHO�VSULQJV��%HQGLQJ�DQG

WRUVLRQDO�VWLIIQHVVHV�RI�WKH�VSULQJV�ZHUH�QHJOHFWHG�

���� 0DVV�3URSHUWLHV

0DVV�SURSHUWLHV�IRU�PRVW�FRPSRQHQWV��VHLVPLF�EDVH��DGDSWHU�SODWHV��DLUEDJ�DGDSWHU

EORFNV�� HWF���ZHUH�REWDLQHG� IURP�3UR�(QJLQHHU
>��@
�PRGHOV�� 7KH� OLIWHUV�ZHUH�ZHLJKHG� DQG

WKHLU� LQHUWLD� WHQVRUV�ZHUH� DSSUR[LPDWHG�EDVHG�RQ�XQLIRUP�GHQVLW\� DVVXPSWLRQV� LQ� D�3UR�

(QJLQHHU � JHRPHWULF� PRGHO�� 7KH� RSWLFDO� WDEOH� SRVHG� VSHFLDO� SUREOHPV�� EHFDXVH� RI� WKH

SUHVHQFH� RI� HPEHGGHG� WXQHG� YLEUDWLRQ� DEVRUEHUV� RI� XQNQRZQ� SURSHUWLHV� �DFFXUDWH� GDWD

FRXOG� QRW� EH� REWDLQHG� IURP� WKH� PDQXIDFWXUHU��� WKH� PDVV� SURSHUWLHV� FRXOG� QRW� EH

GHWHUPLQHG�DQDO\WLFDOO\� DQG�ZHUH� LQVWHDG�PHDVXUHG� E\� WKH�0DVV� 3URSHUW\� /DERUDWRU\� DW

6DQGLD�1DWLRQDO�/DERUDWRULHV��7KH�FHQWHU�RI�PDVV�RI�WKH�WDEOH�ZDV� IRXQG�WR�EH�RIIVHW�E\

�����LQ��LQ�WKH�QHJDWLYH�<�GLUHFWLRQ�IURP�LWV�JHRPHWULF�FHQWHU��GXH�WR�XQHYHQ�GLVWULEXWLRQ�RI

WXQHG�GDPSHUV��

���� 6WLIIQHVV�DQG�'DPSLQJ

������ $LUEDJV

7KH�VWLIIQHVV�RI�DQ�DLUEDJ�LV�DOPRVW�H[DFWO\�SURSRUWLRQDO�WR�WKH�VWDWLF�D[LDO�ORDG��WKH

QDWXUDO� IUHTXHQF\� RI� D� �� G�R�I�� V\VWHP�PDGH� RI� DQ� DLUEDJ� DQG� D� PDVV� LV� DSSUR[LPDWHO\

LQGHSHQGHQW�RI��WKH�PDJQLWXGH�RI�WKH�PDVV���,QLWLDO�GDWD�IRU�D[LDO�VWLIIQHVV�YHUVXV�D[LDO�ORDG

ZDV�REWDLQHG�IURP�WKH�PDQXIDFWXUHU©V�FDWDORJ
>�@
�DQG�FDQ�EH�DSSUR[LPDWHG�DV

ND[LDO� ����������������3�

ZKHUH� 3� LV� WKH� D[LDO� VWDWLF� ORDG� LQ� OE� DQG� ND[LDO� LV� LQ� OE�LQ�� 6KHDU� VWLIIQHVVHV� ZHUH� QRW

DYDLODEOH��0RGDO�WHVWV�ZHUH� WKHQ�SHUIRUPHG�RQ� WKH�VHLVPLF�PDVV�DORQH��VXSSRUWHG�E\� WKH

DLUEDJV��WKH�RSWLFDO�WDEOH�DQG�VSULQJV�ZHUH�UHPRYHG�IRU�WKLV�WHVW���1DWXUDO�IUHTXHQFLHV�DQG

PRGDO�GDPSLQJ�UDWLRV�ZHUH�H[WUDFWHG�IRUP�WKRVH�PHDVXUHPHQWV�DQG�DUH�OLVWHG�LQ�7DEOH���

0RGH�� )UHTXHQF\�>+]@ 'DPSLQJ�>�@

� ����� ���� VKHDU�DORQJ�;����URFNLQJ�DURXQG�<�

� ����� ���� VKHDU�DORQJ�<����URFNLQJ�DURXQG�;�

� ����� ���� WZLVW�DURXQG�=

� ����� ���� V\PPHWULF�XS�GRZQ�DORQJ�=

� ����� ���� URFNLQJ�DURXQG�<

� ����� ���� URFNLQJ�DURXQG�;

7DEOH����([SHULPHQWDO�PRGHV�RI�VHLVPLF�EDVH�RQ�DLUEDJV

0RGH� �� �SXUH� XS� DQG� GRZQ�PRWLRQ�� ZDV� XVHG� WR� DGMXVW� WKH� D[LDO� VWLIIQHVV� DQG

GDPSLQJ� �FDWDORJ�YDOXHV� IRU� VWLIIQHVV�ZDV� VFDOHG� E\� �������� DQG�PRGH� �� �SXUH� WZLVWLQJ

PRWLRQ�DURXQG�=��VWUDLQLQJ�WKH�DLUEDJV�LQ�SXUH�VKHDU��SURYLGHG�WKH�UDWLR�RI�VKHDU�WR�D[LDO

VWLIIQHVV� �NVKHDU�ND[LDO�  � �������� DQG� WKH� VKHDU� GDPSLQJ�� :LWK� WKRVH� YDOXHV�� WKH� PRGHO

SUHGLFWLRQV�FRPSDUH�UHDVRQDEO\�ZHOO�ZLWK�WKH�H[SHULPHQW��7DEOH����
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)UHTXHQF\�>+]@ 'DPSLQJ�UDWLR�>�@

H[S� DQDO� H[S� DQDO�

VKHDU�DORQJ�;����URFNLQJ�DURXQG�<� ����� ����� ���� ����

VKHDU�DORQJ�<����URFNLQJ�DURXQG�;� ����� ����� ���� ����

WZLVW�DURXQG�= ����� ����� ���� ����

V\PPHWULF�XS�GRZQ�DORQJ�= ����� ����� ���� ����

URFNLQJ�DURXQG�< ����� ����� ���� ����

URFNLQJ�DURXQG�; ����� ����� ���� ����

7DEOH����6HLVPLF�EDVH�RQ�DLU�VSULQJV��DQDO\WLFDO�DQG�H[SHULPHQWDO�PRGHV�

������ 6WHHO�6SULQJV

:LWK�WKH�DVVXPSWLRQ�RI�OLQHDULW\��WKH�G\QDPLF�D[LDO�DQG�VKHDU�VWLIIQHVVHV�RI�D�FRLO

VSULQJ�DUH�LQGHSHQGHQW�RI�VWDWLF�ORDGV��$Q�LQLWLDO�YDOXH�ND[LDO� ������OE�LQ�ZDV�REWDLQHG�IURP

WKH�PDQXIDFWXUHU
>�@
��7KH�VKHDU�VWLIIQHVV�ZDV�QRW�DYDLODEOH��0RGDO�WHVWV�ZHUH�SHUIRUPHG�RQ

WKH�RSWLFDO�WDEOH�UHVWLQJ�RQ���VSULQJ�LVRODWRUV��V\PPHWULFDOO\�DUUDQJHG�DURXQG�LWV�JHRPHWULF

FHQWHU��7KH�DLUEDJV�VXSSRUWLQJ�WKH�VHLVPLF�EDVH�ZHUH�UHSODFHG�ZLWK�VWLII�VXSSRUW�EORFNV�IRU

WKRVH�WHVWV��0HDVXUHG�QDWXUDO�IUHTXHQFLHV�DQG�PRGDO�GDPSLQJ�UDWLRV�DUH�OLVWHG�LQ�7DEOH���

0RGH�� )UHTXHQF\�>+]@ 'DPSLQJ�>�@

� ����� ���� VKHDU�DORQJ�;�OHIW�VLGH

� ����� ���� VKHDU�DORQJ�;�ULJKW�VLGH

� ����� ���� VKHDU�DORQJ�<����URFNLQJ�;�

� ������ ���� URFNLQJ�DURXQG�<

� ������ ���� XS�GRZQ�OHIW�VLGH

� ������ ���� XS�GRZQ�ULJKW�VLGH

7DEOH����([SHULPHQWDO�PRGHV�RI�RSWLFDO�WDEOH�RQ���VSULQJ�LVRODWRUV�

)UHTXHQF\�>+]@ 'DPSLQJ�UDWLR�>�@

H[S� DQDO� H[S� DQDO�

VKHDU�DORQJ�;�OHIW�VLGH ����� ����� ���� ����

VKHDU�DORQJ�;�ULJKW�VLGH ����� ����� ���� ����

VKHDU�DORQJ�<����URFNLQJ�;� ����� ����� ���� ����

URFNLQJ�DURXQG�< ������ ������ ���� ����

XS�GRZQ�OHIW�VLGH ������ ������ ���� ����

XS�GRZQ�ULJKW�VLGH ������ ������ ���� ����

7DEOH����2SWLFDO�WDEOH�RQ���VSULQJ�LVRODWRUV��DQDO\WLFDO�DQG�H[SHULPHQWDO

PRGHV�

7KH� VLPSOH� DQDO\WLFDO� WHFKQLTXH� XVHG� WR� LGHQWLI\� DLUEDJ� VWLIIQHVVHV� DQG� GDPSLQJV

FDQQRW�EH�XVHG�KHUH�EHFDXVH�RI�WKH�DEVHQFH�RI�SXUH�XS�GRZQ�RU�VKHDU�PRGHV�� ,QVWHDG��D

SDUDPHWHU� LGHQWLILFDWLRQ�RSWLPL]DWLRQ�SUREOHP�ZDV� IRUPXODWHG� WKDW�PLQLPL]HV�D�ZHLJKWHG

VXP�RI�VTXDUHV�RI�HUURUV�RQ�QDWXUDO�IUHTXHQFLHV�DQG�GDPSLQJ�UDWLRV��)RXU�SDUDPHWHUV�ZHUH

DGMXVWHG�WR�PLQLPL]H�WKLV�HUURU��D[LDO�VWLIIQHVV�ND[LDO�DQG�GDPSLQJ�FD[LDO��DQG�VKHDU�VWLIIQHVV

NVKHDU� DQG� GDPSLQJ� FVKHDU�� 7KH� PLQLPL]DWLRQ� ZDV� SHUIRUPHG� XVLQJ� 237��
>��@
� FRQMXJDWH
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JUDGLHQW� RSWLPL]HU� LQ�'$.27$��7KH� UHVXOWV� OHDG� WR� D� FRUUHFWLRQ� IDFWRU� RI� ����� RQ� WKH

FDWDORJ�YDOXH�IRU�ND[LDO��D�UDWLR�NVKHDU��ND[LDO� �������DQG�GDPSLQJ�FRHIILFLHQWV�FD[LDO� ������DQG

FVKHDU� �������7KHVH�YDOXHV�DFKLHYH�JRRG�DQDO\WLFDO�H[SHULPHQWDO�PDWFK��7DEOH����

���� $QDO\VLV�&RGH

7KH� ULJLG� ERG\� HTXDWLRQV� RI� PRWLRQ� ZHUH� FRGHG� LQWR� D� VHW� RI� 0�ILOHV� LQ

0$7/$%
>��@
�� )RU� WKH� RSWLPL]DWLRQ�� LQWHUIDFLQJ� ZLWK� '$.27$

�
� ZDV� GRQH� GLUHFWO\

�ZLWKRXW�WKH�XVH�RI�LQSXW�DQG�RXWSXW�ILOWHUV
>�@
��VLQFH�WKH�0$7/$%�FRGH�FRXOG�EH�GHVLJQHG

WR� H[FKDQJH� LQIRUPDWLRQ� �GHVLJQ� YDULDEOHV� DQG� REMHFWLYH� IXQFWLRQ�� LQ� WKH� '$.27$

FRPSDWLEOH�IRUPDW�

������ 2EMHFWLYH�)XQFWLRQ�&DOFXODWLRQ

7KH�WUDQVPLVVLELOLW\�7�DW�D�VLQJOH�IUHTXHQF\�RI����+]��VHH�6HFWLRQ����LV�FDOFXODWHG

E\�VROYLQJ�WKH����[����VHW�RI�OLQHDU�G\QDPLF�HTXDWLRQV�IRU�WKDW�IUHTXHQF\�

������ &RQVWUDLQW�(YDOXDWLRQ

FRUQHU� FRQVWUDLQWV�� VLPSOH� FKHFNV� DUH� SHUIRUPHG� IRU� HDFK� LVRODWRU� ORFDWLRQ�� 7KUHH

%RROHDQ�FRQVWUDLQWV�J���J���J��DUH�GHILQHG�DV

JL� � ��LV�LVRODWRU���L�DW�FRUQHU"� ���L �����������ERROHDQ�FRQVWUDLQWV�

DOLJQPHQW� FRQVWUDLQW�� VLQFH� QDWXUDO� IUHTXHQFLHV� DUH� QHHGHG� IRU� WKH� �+]� OLPLW� LQ� WKH

VWDELOLW\� FRQVWUDLQW�� DOLJQPHQW� ZDV� FKHFNHG� E\�PRQLWRULQJ� WKH� YDOXH� RI� WKH� ILUVW� QDWXUDO

IUHTXHQF\�I���RXW�RI�����RI�WKH�V\VWHP��$�YDOXH�RI�]HUR�LQGLFDWHV�DOLJQPHQW��RU�PRUH�WKDQ��

VSULQJ�DW�DQ\�ORFDWLRQ���7R�DFFRXQW�IRU�QXPHULFDO�URXQGRIIV��D�WKUHVKROG�YDOXH�RI������+]

ZDV�XVHG��7KLV�GHILQHV�WKH��
WK
�%RROHDQ�FRQVWUDLQW�

J�� � �I���������+]�"� �������ERROHDQ�FRQVWUDLQW�

1RWH�WKDW�LI�WKLV�FRQVWUDLQW�LV�YLRODWHG��WKH�V\VWHP©V�VWLIIQHVV�PDWUL[�LV�QHDUO\�VLQJXODU�DQG

VWDWLF�HTXLOLEULXP�FDQQRW�EH�FRPSXWHG��$OVR��WKHUH�LV�D�VZLWFK�LQ�WKH�RUGHU�RI�WKH�QDWXUDO

IUHTXHQFLHV�EHFDXVH� WKH� ILUVW� QDWXUDO� IUHTXHQF\� LV� QRZ�DVVRFLDWHG�ZLWK� WKH� XSSHU� V\VWHP

LQVWHDG� RI� EHLQJ� D� VHLVPLF� EDVH� VXVSHQVLRQ� PRGH� �ZKLFK� LV� DOVR� ZK\� WKH� DOLJQPHQW

FRQVWUDLQW� LV� WUHDWHG� VHSDUDWHO\� IURP� WKH� VWDELOLW\� FRQVWUDLQW��� )RU� WKHVH� UHDVRQV�� DOO

IROORZLQJ�FRQVWUDLQWV�J��J���DUH�HYDOXDWHG�RQO\�LI�J��LV�IDOVH�

VWDELOLW\� FRQVWUDLQW�� $V� PHQWLRQHG� HDUOLHU�� WKH� XSSHU� V\VWHP� QDWXUDO� IUHTXHQFLHV� DUH

UHTXLUHG�WR�EH�DERYH���+]��L�H�

J�� �����I�������+]����������UHDO�FRQVWUDLQW�

ZKHUH�I�� LV�WKH�ILUVW�QDWXUDO�IUHTXHQF\�RI�WKH�XSSHU�KDOI�RI�WKH�V\VWHP��EHFDXVH�WKH�ILUVW��

IUHTXHQFLHV�FRUUHVSRQG�WR�WKH�ORZHU�KDOI��L�H��WKH�VHLVPLF�PDVV�RQ�LWV�DLUEDJV��

FRPSUHVVLRQ�FRQVWUDLQW��ZLWK���LVRODWRUV��WKH�XSSHU�WDEOH�LV�VWDWLFDOO\�GHWHUPLQDWH�VR�WKDW

UHDFWLRQ� ORDGV� FDQ� EH� UHDGLO\� FRPSXWHG� E\� VROYLQJ� �� HTXLOLEULXP� HTXDWLRQV�� 7KUHH

FRQVWUDLQWV�DUH�IRUPXODWHG�WR�JXDUDQWHH�WKDW�WKH�ORDGV�DUH�FRPSUHVVLYH�

J��L� �3L�������L �����������UHDO�FRQVWUDLQWV�

ZKHUH�3L�LV�WKH�VWDWLF�ORDG�RQ�VSULQJ��L��SRVLWLYH�LQ�WUDFWLRQ��

�����������������������������������������������
�
�'$.27$�LV�DQ�REMHFW�RULHQWHG�&���WRRONLW�IRU�LQWHUIDFLQJ�EURDG�OLEUDULHV�RI�RSWLPL]DWLRQ�PHWKRGV��H�J�

1/3��*$©V��FRRUGLQDWH�SDWWHUQ�VHDUFK��ZLWK�HQJLQHHULQJ�DSSOLFDWLRQV�LQ�D�YDULHW\�RI�GLVFLSOLQHV�
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VWDWLF�GHIOHFWLRQ�FRQVWUDLQW��WKUHH�FRQVWUDLQWV�HQIRUFH�WKDW�WKH�VWDWLF�GHIOHFWLRQV� L�RI�WKH

VSULQJV�UHPDLQ�EHORZ�D�OLPLW� PD[� �����LQ��

J��L� � L��� PD[�����������L ������������UHDO�FRQVWUDLQWV�

��� %DVHOLQH�'HVLJQ

%HIRUH� RSWLPL]LQJ� WKH� LVRODWLRQ� V\VWHP�� ZH� ILUVW� GHILQH� D� JHQHULF�� EDVHOLQH

FRQILJXUDWLRQ��,W�ZLOO�EH�XVHG�DV�D�SRLQW�RI�FRPSDULVRQ�WR�HYDOXDWH�LPSURYHPHQWV�DFKLHYHG

E\� RSWLPL]DWLRQ�� 7KLV� EDVHOLQH� FRQILJXUDWLRQ� LV� JHQHUDWHG� IROORZLQJ� WKH� JHQHULF� GHVLJQ

DSSURDFK�GHVFULEHG�LQ�6HFWLRQ���� WKH� WKUHH� LVRODWRUV�DUH�SODFHG�V\PPHWULFDOO\�DURXQG�WKH

FHQWHU�RI�PDVV�RI�WKH�LVRODWHG�ERG\��WKH�RSWLFDO�WDEOH���%HFDXVH�RI�WKH�FRDUVH�GLVFUHWH�JULG

RI�PRXQWLQJ�KROHV� IRU� WKH� LVRODWRUV�� SHUIHFW� V\PPHWU\� FDQQRW� EH� DFKLHYHG�� 7KH� VHOHFWHG

ORFDWLRQV�DUH�VKRZQ�LQ�)LJ����

9

)

7RS�9LHZ

)LJXUH����/RFDWLRQV�RI�LVRODWRUV�LQ�EDVHOLQH�GHVLJQ�

1RWH� WKDW��ZLWKRXW�SULRU� DQDO\VLV�� D� FRQILJXUDWLRQ� VLPLODU� WR� WKDW�RI�)LJ�� ��ZRXOG

SUREDEO\�EH�XVHG�LQ�SUDFWLFH��7KLV�VWXG\�ZLOO�VKRZ�WKDW�RWKHU�FRQILJXUDWLRQV�FDQ�EH�IRXQG

WKDW�OHDG�WR�PXFK�VXSHULRU�SHUIRUPDQFH�

7KH�WUDQVPLVVLELOLW\�SUHGLFWHG�E\�WKH�0$7/$%�PRGHO�IRU�WKLV�GHVLJQ�LV�SORWWHG�LQ

)LJXUH����$�QXPEHU�RI�UHVRQDQW�SHDNV�FRUUHVSRQGLQJ�WR�VXVSHQVLRQ�PRGHV�FDQ�EH�VHHQ�DW

IUHTXHQFLHV�XS� WR�DERXW����+]��$W�KLJKHU� IUHTXHQFLHV�� WKH� WUDQVPLVVLELOLW\�GHFD\V�UDSLGO\

DQG�UHDFKHV�7� ������� LQ�VHF�OE�DW�WKH����+]�WDUJHW�IUHTXHQF\�

IUHTXHQF\��+]�

�

���

�����

�������

� �� �� �� �� ���

I� ����+]

7� ������

7� �9�)

�� LQ�VHF�OE��

)LJXUH����7UDQVPLVVLELOLW\�RI�EDVHOLQH�GHVLJQ�
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)OH[LEOH�PRGHV� DUH� DEVHQW� IURP� WKH� ILJXUH�EHFDXVH� ILUVW�� WKH\� DUH� QRW� UHSUHVHQWHG� LQ� WKH

ULJLG�ERG\�VSULQJ�PRGHO�DQG�VHFRQG��WKH\�VWDUW�DW�IUHTXHQFLHV�RI�DERXW�����+]�

,W�VKRXOG�EH�QRWHG�WKDW�WKH�SHUIRUPDQFH�RI�WKLV�GHVLJQ�LV�YHU\�UHSUHVHQWDWLYH�RI�WKLV

SDUWLFXODU� LVRODWLRQ� V\VWHP�� 0RQWH� &DUOR� VLPXODWLRQV� ZLWK� ����� UDQGRP� FRQILJXUDWLRQV

VKRZ�WKDW�WKH�DYHUDJH�WUDQVPLVVLELOLW\�RI�IHDVLEOH�GHVLJQV�LV������ LQ�VHF�OE��DOPRVW�H[DFWO\

HTXDO�WR�WKDW�RI�WKH�EDVHOLQH�GHVLJQ�

��� 2SWLPL]DWLRQ�7HFKQLTXHV

7KUHH�RSWLPL]DWLRQ�WHFKQLTXHV�DUH�DSSOLHG�WR�WKLV�GLVFUHWH�SUREOHP��UDQGRP�VHDUFK�

JHQHWLF� DOJRULWKP� �*$��� DQG� FRQWLQXRXV� RSWLPL]DWLRQ� IROORZHG� E\� URXQGLQJ� RI� WKH

VROXWLRQ��7KHVH� WHFKQLTXHV�DQG� WKHLU� LPSOHPHQWDWLRQ� IRU�VROYLQJ� WKH�SUREOHP�DW�KDQG�DUH

SUHVHQWHG�LQ�WKH�IROORZLQJ�VHFWLRQV��3DUWLFXODU�DWWHQWLRQ�LV�JLYHQ�WR�WKH�*$�VROXWLRQ�

���� 5DQGRP�6HDUFK

7KH� UDQGRP� VHDUFK� WHFKQLTXH� �)LJXUH� ���� LV� XVHG� DV� D� SRLQW� RI� FRPSDULVRQ� WR

HYDOXDWH�WKH�HIILFLHQF\�RI�WKH�*$�VHDUFK��,W�FRQVLVWV�RI�JHQHUDWLQJ�D�JLYHQ�QXPEHU��Q��RI

UDQGRP� FRQILJXUDWLRQV� RI� �� LVRODWRUV�� HOLPLQDWLQJ� WKRVH� WKDW� YLRODWH� RQH� RU� PRUH

FRQVWUDLQW�V��DQG�VHOHFWLQJ�WKH�EHVW�UHPDLQLQJ�GHVLJQ��7KLV�SURFHVV�LV�H[WUHPHO\�VLPSOH�DQG

JHQHUDO�EXW�REYLRXVO\�LQHIILFLHQW�

UHMHFW

Q�FRQILJXUDWLRQV

*HQHUDWH�Q�UDQGRP�FRPELQDWLRQV�RI

GHVLJQ�SDUDPHWHUV

IHDVLEOHDQDO\VHLQIHDVLEOH VHOHFW�EHVW

¨RSWLPL]HG©�GHVLJQ

)LJXUH�����5DQGRP�VHDUFK�WHFKQLTXH�

���� *HQHWLF�$OJRULWKP

������ 'HVFULSWLRQ

$� JHQHWLF� DOJRULWKP� �*$�� LV� D� UDQGRP� VHDUFK� WHFKQLTXH� WKDW� PLPLFV� VRPH

PHFKDQLVPV� RI� QDWXUDO� HYROXWLRQ�� 7KH� DOJRULWKP� ZRUNV� RQ� D� SRSXODWLRQ� RI� GHVLJQV

�LQGLYLGXDOV��ZKLFK� LV� WKH�FRXQWHUSDUW�RI�D�SRSXODWLRQ�RI� ELRORJLFDO� FUHDWXUHV��)ROORZLQJ

SULQFLSOHV�RI�WKH�'DUZLQLDQ�WKHRU\��WKH�SRSXODWLRQ�HYROYHV�IURP�JHQHUDWLRQ�WR�JHQHUDWLRQ�

JUDGXDOO\� LPSURYLQJ� LWV� DGDSWDWLRQ� WR� WKH� HQYLURQPHQW�� WKURXJK� QDWXUDO� VHOHFWLRQ�� ILWWHU

LQGLYLGXDOV� KDYH� EHWWHU� FKDQFHV� RI� WUDQVPLWWLQJ� WKHLU� FKDUDFWHULVWLFV� WR� ODWHU� JHQHUDWLRQV

�VXUYLYDO�RI�WKH�ILWWHVW��
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,Q�WKH�DOJRULWKP��)LJXUH������ WKH�VHOHFWLRQ�RI� WKH�QDWXUDO�HQYLURQPHQW� LV� UHSODFHG

E\� DUWLILFLDO� VHOHFWLRQ� EDVHG� RQ� D� FRPSXWHG� ILWQHVV� IRU� HDFK� GHVLJQ�� 7KLV� ILWQHVV� LV

HVVHQWLDOO\� WKH� REMHFWLYH� IXQFWLRQ� RI� WKH� RSWLPL]DWLRQ� SUREOHP� �SRVVLEO\� DXJPHQWHG�ZLWK

FRQVWUDLQW�SHQDOWLHV���7KH�FKURPRVRPHV�WKDW�GHILQH�FKDUDFWHULVWLFV�RI�ELRORJLFDO�EHLQJV�DUH

UHSODFHG�E\�VWULQJV�RI�QXPHULFDO�YDOXHV�UHSUHVHQWLQJ�WKH�GHVLJQ�YDULDEOHV��:KHQ�FRXSOHV�RI

VHOHFWHG�LQGLYLGXDOV��GHVLJQV�� UHSURGXFH�� WKH\�FRPELQH�SRUWLRQV�RI� WKHLU�JHQHWLF�PDWHULDO

WR�FUHDWH�DQ�RIIVSULQJ�WKDW�VKDUHV�WUDLWV�IURP�HDFK�SDUHQW��,Q�WKH�*$��WKLV�UHFRPELQDWLRQ�RI

WKH�SDUHQWV©�FKURPRVRPHV�LV�SHUIRUPHG�E\�WZR�JHQHWLF�RSHUDWRUV�ZKLFK�DUH�WKH�VLPSOLILHG

YHUVLRQV� RI� WKHLU� QDWXUDO� FRXQWHUSDUWV�� FURVVRYHU� DQG�PXWDWLRQ� �VHYHUDO� RWKHU� RSHUDWRUV

KDYH� EHHQ� LQWURGXFHG� EXW� FURVVRYHU� DQG� PXWDWLRQ� DUH� DOPRVW� DOZD\V� SUHVHQW��� 7KH

FURVVRYHU�FRPELQHV�H[LVWLQJ�IHDWXUHV�RI�ERWK�SDUHQWV�WR�H[SORLW�WKH�JHQHWLF�KHULWDJH�RI�WKH

SRSXODWLRQ�ZKLOH�WKH�PXWDWLRQ�LQWURGXFHV�QHZ�IHDWXUHV�WR�H[SORUH�QHZ�DUHDV�RI�WKH�GHVLJQ

VSDFH�� ,Q� WXQLQJ� WKH� DOJRULWKP�� D� GHOLFDWH� EDODQFH� �ZKLFK� XQIRUWXQDWHO\� LV� SUREOHP�

GHSHQGHQW��PXVW�EH�DFKLHYHG�EHWZHHQ�H[SORLWDWLRQ�DQG�H[SORUDWLRQ��WRR�OLWWOH�PXWDWLRQ�DQG

WKH�*$�ZLOO�¦FRQYHUJH§�SUHPDWXUHO\�� SRVVLEO\� WR� D� ORFDO�RSWLPXP��GHVWUR\LQJ� WKH�JOREDO

FKDUDFWHU�RI�WKH�VHDUFK��WRR�PXFK�DQG�WKH�VHDUFK�ZLOO�EH�H[FHHGLQJO\�GLVUXSWHG��SUHYHQWLQJ

HIILFLHQW�H[SORLWDWLRQ�RI�H[LVWLQJ�GHVLJQ�IHDWXUHV�

)LQDO�3RSXODWLRQ

,QLWLDO�3RSXODWLRQ

$QDO\VH�	�5DQN

5HSURGXFWLRQ

6HOHFW���SDUHQWV

&URVVRYHU

0XWDWLRQ

&ORQH

%HVW

3XW�&KLOG�LQWR

1HZ�JHQHUDWLRQ

)LJXUH�����&ODVVLFDO�JHQHWLF�DOJRULWKP�

:KLOH� LQQXPHUDEOH� YDULDWLRQV� RI� JHQHWLF� DOJRULWKPV� DUH� SRVVLEOH�� WKH� IROORZLQJ

VXEVHFWLRQV�GHVFULEH�WKH�FRGLQJ��RSHUDWRUV��DQG�FRQVWUDLQW�HQIRUFHPHQW�VWUDWHJLHV�VSHFLILF

WR�6*237
>�@
�LQ�'$.27$

>�@
�DQG�WKLV�DSSOLFDWLRQ�

������ 'HILQLQJ�WKH�&KURPRVRPH��&RGLQJ�

7KH�ILUVW�DQG�PRVW�LPSRUWDQW�VWHS�LQ�SUHSDULQJ�DQ�RSWLPL]DWLRQ�SUREOHP�IRU�D�*$

VROXWLRQ� LV� WKDW� RI� GHILQLQJ� D� SDUWLFXODU� FRGLQJ� RI� WKH� GHVLJQ� YDULDEOHV� DQG� WKHLU

DUUDQJHPHQW�LQWR�D�VWULQJ�RI�QXPHULFDO�YDOXHV�WR�EH�XVHG�DV�WKH�FKURPRVRPH�E\�WKH�*$�

7KH�FKRLFH�RI�D�SDUWLFXODU�FRGLQJ�KDV� ODUJH�UDPLILFDWLRQV�RQ� WKH� HIILFLHQF\�RI� WKH

VHDUFK�� $OWKRXJK� KLVWRULFDOO\� *$©V� ZHUH� GHYHORSHG� WR� RSHUDWH� RQ� VWULQJV� RI� ELQDU\

QXPEHUV� �GHVLJQ� YDULDEOHV� ZRXOG� EH� FRQYHUWHG� WR� WKHLU� ELQDU\� UHSUHVHQWDWLRQV� DQG

FRQFDWHQDWHG� LQWR� D� ORQJ� ELQDU\� FKURPRVRPH��� VWXGLHV
>�����@

� KDYH� VKRZQ� WKDW� RWKHU
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UHSUHVHQWDWLRQV��XVLQJ�WULQDU\��GHFLPDO��RU�UHDO�DOSKDEHWV��FDQ�EH�XVHG�ZLWK�VLPLODU�RU�EHWWHU

SHUIRUPDQFH��

)RU�WKH�SUREOHP�DW�KDQG��D�IHZ�FRGLQJ�RSWLRQV�DUH�LOOXVWUDWHG�LQ�)LJ������7KH�ILUVW

WKUHH�RSWLRQV��D���WR�D����DUH�EDVHG�RQ�D�FRQWLQXRXV�QXPEHULQJ�RI�DOO�DYDLODEOH� ORFDWLRQV

IURP���WR�����7KH�ODVW�WZR��E���DQG�E����XVH�DUUD\�LQGLFHV���WR���DQG���WR���LQ�WKH�;�DQG�<

GLUHFWLRQV��7KH� ILUVW� QXPEHULQJ� VFKHPH� �D��� SUHVHQWV� WKH�GLVDGYDQWDJH�RI� QRW� HPERG\LQJ

WKH�SK\VLFV�RI�WKH�SUREOHP��FKRRVLQJ�WKH�ORFDWLRQ�RI�LVRODWRUV�LQ�D�SODQH�LV�D���GLPHQVLRQDO

SUREOHP�� FDOOLQJ� IRU� D� ��GLPHQVLRQDO� FRGLQJ�� 7KLV� QXPEHULQJ� DOVR� FUHDWHV� DUWLILFLDO

GLVFRQWLQXLWLHV�LQ�WKDW�D�VPDOO�FKDQJH�LQ�FRGH�YDOXH�GRHV�QRW�DOZD\V�OHDG�WR�D�VPDOO�FKDQJH

LQ�LVRODWRU�ORFDWLRQ��)RU�H[DPSOH��FKDQJLQJ�DQ�LVRODWRU� ORFDWLRQ� IURP����WR�����)LJ����D�

PRYHV�LW�DOO�WKH�ZD\�DFURVV�WKH�DGDSWHU�SODWH�

� � � � � � ��

�

�

�

�

�

�

� �� �� ��� �� ��

� �� ��� �� �� ��

�� �� �� �� ��

� � � � �

�

��

�

��%LQDU\�����%LWV

���/RJLFDO��VSULQJ���QR�VSULQJ�

��%LQDU\�����%LWV

��,QWHJHUV

�� � �

��,QWHJHUV

� � � � � �

D�

E�

D��

D��

D��

E��

E��

)LJXUH�����9DULRXV�ZD\V�RI�FRGLQJ�LVRODWRU�ORFDWLRQV�LQWR�D��FKURPRVRPH�

IRU�D�JHQHWLF�DOJRULWKP�

&RGLQJ� D��� LV� SDUWLFXODUO\� LQHIILFLHQW�� FURVVRYHU� RSHUDWLRQV� EHWZHHQ� WZR� VXFK

FKURPRVRPHV�KDYH�YHU\� OLWWOH�FKDQFH�RI�JHQHUDWLQJ�DQ�RIIVSULQJ�ZLWK�H[DFWO\��� LVRODWRUV�

7KH�DOJRULWKP�ZRXOG�WKHQ�VSHQG�PRVW�RI�LWV�WLPH�JHQHUDWLQJ�DQG�DQDO\]LQJ�GHVLJQV�WKDW�GR

QRW�KDYH�WKH�UHTXLUHG�QXPEHU�RI�LVRODWRUV��7KLV�LV�D�PDQLIHVWDWLRQ�RI�D�PRUH�JHQHUDO�LGHD��D

FRGLQJ� VKRXOG� LQFOXGH� DV� PDQ\� FRQVWUDLQWV� DV� SRVVLEOH� WR� UHGXFH� WKH� SUREDELOLW\� RI

JHQHUDWLQJ� LQIHDVLEOH� GHVLJQV��$QRWKHU� H[DPSOH� RI� WKLV� LV� WKH� FRUQHU� FRQVWUDLQW�� WKH� ILUVW

QXPEHULQJ�VFKHPH��D���LPSOLFLWO\�JXDUDQWHHV�VDWLVIDFWLRQ�RI�WKDW�FRQVWUDLQW�

'HVSLWH� WKLV� ODVW�REVHUYDWLRQ�� WKH�GHVLJQV�ZHUH� FRGHG�XVLQJ� D� VWULQJ� RI� �� LQWHJHU

JHQHV� IRU� WKH�;�DQG�<�JULG� LQGLFHV�RI� WKH��� LVRODWRU� ORFDWLRQV�� L�H�� >[��� \��� [��� \��� [��� \�@

�FRGLQJ�E���LQ�)LJ�������7KLV�FRGLQJ�FORVHO\�UHSUHVHQWV�WKH�SK\VLFV�RI�WKH�SUREOHP�DQG�GRHV
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DZD\� ZLWK� WKH� QHHG� IRU� EDFN� DQG� IRUWK� FRQYHUVLRQV� EHWZHHQ� LQWHJHU� DQG� ELQDU\

UHSUHVHQWDWLRQV�RI�WKH�GHVLJQ�YDULDEOHV��7KH�DOSKDEHW� �UDQJH�� LV������ IRU�[�JHQHV�DQG�����

IRU�\�JHQHV�

������ 6HOHFWLRQ�2SHUDWRU

7KH�VHOHFWLRQ�RSHUDWRU�LV�LQ�FKDUJH�RI�SLFNLQJ�LQGLYLGXDOV�IRU�UHSURGXFWLRQ��,W�XVHV

D�ELDVHG�URXOHWWH�ZKHHO�ZKHUH�ILWWHU�LQGLYLGXDOV�JHW�ODUJHU�SRUWLRQV�RI�WKH�ZKHHO�DQG�KDYH

WKHUHIRUH�EHWWHU�FKDQFHV�RI�UHSURGXFLQJ�DQG�WUDQVPLWWLQJ�WKHLU�FKDUDFWHULVWLFV�

$� UDQNLQJ� WHFKQLTXH� LV� XVHG� WR� DVVLJQ� SRUWLRQV� RQ� WKH� URXOHWWH� ZKHHO�� WKH

SUREDELOLW\�RI�VHOHFWLRQ�RI�DQ�LQGLYLGXDO�LV�D�IXQFWLRQ�RI�LWV�UDQN�LQ�WKH�SRSXODWLRQ���QRW�LWV

ILWQHVV��7KLV�DYRLGV�WKH�FODVVLFDO�SUREOHP�RI�WKH�VXSHU�LQGLYLGXDO��LI��HDUO\�LQ�WKH�VHDUFK��D

VLQJOH�GHVLJQ�LV���E\�FKDQFH���YDVWO\�VXSHULRU�WR�DOO�RWKHUV��D�ILWQHVV�EDVHG�VHOHFWLRQ�ZRXOG

DOPRVW� DOZD\V� SLFN� WKDW� VXSHU�LQGLYLGXDO� DQG� FUHDWH� D� SRSXODWLRQ� RI� FORQHV�� OHDGLQJ� WR

FRPSOHWH�ORVV�RI�JHQHWLF�GLYHUVLW\��7KLV�GRHV�QRW�KDSSHQ�ZLWK�D�UDQN�EDVHG�VHOHFWLRQ�UXOH�

6(/(&7

3UREDELOLW\�RI�6HOHFWLRQ

5DQN

6HOHFWLRQ

3UHVVXUH

)LJXUH�����5DQNLQJ�VHOHFWLRQ�RSHUDWRU�

)LJXUH� ��� LOOXVWUDWHV� WKH� SDUWLFXODU� UXOH� XVHG� LQ� WKLV� DSSOLFDWLRQ�� 7KH� VHOHFWLRQ

SUHVVXUH�LV�GHILQHG�DV�WKH�UDWLR�RI�WKH�SUREDELOLW\�RI�VHOHFWLRQ�RI�WKH�EHVW�LQGLYLGXDO�LQ�WKH

SRSXODWLRQ� WR� WKDW� RI� WKH� ZRUVW�� +LJK� VHOHFWLRQ� SUHVVXUHV� SXVK� WKH� VHDUFK� WR� IDVWHU

LPSURYHPHQW�EXW�DOVR�JLYHV�LW�OHVV�WLPH�WR�H[SORUH�WKH�GHVLJQ�VSDFH��$JDLQ��D�FRPSURPLVH

PXVW�EH�IRXQG��7KH�VHOHFWLRQ�SUHVVXUH�ZDV�VHW�WR���IRU�WKLV�DSSOLFDWLRQ�

������ &URVVRYHU�2SHUDWRU

2QFH� WZR� SDUHQWV� KDYH� EHHQ� VHOHFWHG�� WKHLU� FKURPRVRPHV� XQGHUJR� D� FURVVRYHU

RSHUDWLRQ�WKDW�JHQHUDWHV�DQ�RIIVSULQJ�FKURPRVRPH��7KLV�*$�XVHV�D���SRLQW��QRQ�DYHUDJLQJ

FURVVRYHU�LOOXVWUDWHG�LQ�)LJ�����
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3DUHQW��

3DUHQW��

&KLOG

��UDQGRP

FXWWLQJ

SRLQWV

&URVVRYHU

)LJXUH�����1RQ�DYHUDJLQJ���SRLQW�FURVVRYHU�RSHUDWRU�

7KH�RSHUDWRU�VHOHFWV� WZR�UDQGRP�FXWWLQJ�SRLQWV�DQG�FUHDWHV� D� FKLOG� FKURPRVRPH

E\�DVVHPEOLQJ�WKH�LQQHU�DQG�RXWHU�VXEVWULQJV�IURP�HLWKHU�SDUHQW��7KLV�RSHUDWLRQ�LV�DSSOLHG

ZLWK�D�JLYHQ�SUREDELOLW\�3F��W\SLFDOO\�ODUJH�����WR��������:KHQ�FURVVRYHU�LV�QRW�DSSOLHG�

RQH�RI�WKH���SDUHQW�FKURPRVRPHV��FKRVHQ�DW�UDQGRP��LV�VLPSO\�FORQHG�

1RWLFH� WKDW� WKH�FKLOG� W\SLFDOO\�KDV�VRPH�IHDWXUHV� IURP�HDFK�SDUHQW�EXW� DOVR� VRPH

QHZ�FKDUDFWHULVWLFV�� WKH������� ORFDWLRQ� LQ� WKH�FKLOG©V�FKURPRVRPH� LQ�)LJ�� ��� IRU� H[DPSOH

UHVXOWV� IURP� WKH� FRPELQDWLRQ� RI� WKH� [� LQGH[� IURP� RQH� SDUHQW� DQG� WKH� \� LQGH[� IURP� WKH

RWKHU�

7KLV�FURVVRYHU�LV�FDOOHG�QRQ�DYHUDJLQJ�EHFDXVH�WKH�FXWWLQJ�SRLQWV�DUH�RQO\�DOORZHG

WR�IDOO�EHWZHHQ�JHQHV��,Q�FRQWUDVW��DQ�DYHUDJLQJ�FURVVRYHU��VHH

�IRU�H[DPSOH�
>��@

��JHQHUDWHV�FXWWLQJ�SRLQWV�WKDW�FDQ�IDOO�DQ\ZKHUH�ZLWKLQ�D�JHQH��:KHQ�WKLV

KDSSHQV�� WKH� FKLOG� JHQH� LV� FRPSXWHG� DV� D� ZHLJKWHG� DYHUDJH� RI� WKH� SDUHQW� JHQHV�� 7KH

DYHUDJLQJ�FURVVRYHU�ZDV�LQWURGXFHG�WR�LPSURYH�WKH�*$©V�EHKDYLRU�IRU�SUREOHPV�ZLWK�ODUJH

DOSKDEHWV��ZKHQ�D�JHQH�FDQ�WDNH�D�ODUJH�QXPEHU�RI�YDOXHV��WKH�LQLWLDO�SRSXODWLRQ�LV�XQOLNHO\

WR�FRQWDLQ�HYHU\�SRVVLEOH�YDOXH�IRU�WKDW�JHQH��:LWKRXW�DYHUDJLQJ�FURVVRYHU��WKH�JHQHUDWLRQ

RI�QHZ�YDOXHV�LV�OHIW�H[FOXVLYHO\�WR�WKH�PXWDWLRQ��$UWLILFLDOO\�ODUJH�DQG�GLVUXSWLQJ�PXWDWLRQ

UDWHV� DUH� WKHQ� QHHGHG� WR� PDLQWDLQ� GLYHUVLW\�� 7KH� DYHUDJLQJ� FURVVRYHU� LV� DOVR� QDWXUDOO\

LQGLFDWHG�IRU�SUREOHPV�ZLWK�UHDO�YDOXHG�JHQHV��ZKLFK�KDYH�DQ�LQILQLWH�DOSKDEHW��

)RU�WKH�FXUUHQW�DSSOLFDWLRQ��WKH�DOSKDEHW�LV�OLPLWHG�HQRXJK����WR����RU���WR����WKDW�D

QRQ�DYHUDJLQJ� FURVVRYHU� PD\� EH� VXIILFLHQW�� DOWKRXJK� IXUWKHU� WHVWLQJ� ZRXOG� FODULI\� WKLV

SRLQW�

������ 0XWDWLRQ�2SHUDWRU

7KH�PXWDWLRQ� LQWURGXFHV� UDQGRP� FKDQJHV� LQ� WKH� RIIVSULQJ� FKURPRVRPH� UHVXOWLQJ

IURP� WKH� FURVVRYHU� RSHUDWLRQ�� 7KH� UROH� RI� WKH� PXWDWLRQ� LV� WR� SUHYHQW� ORVV� RI� JHQHWLF

GLYHUVLW\�E\�LQWURGXFLQJ�GHVLJQ�IHDWXUHV�WKDW�PD\�KDYH�QHYHU�EHHQ�SUHVHQW�LQ�WKH�SRSXODWLRQ

RU�PD\�KDYH�EHHQ�ORVW�RYHU�WLPH�
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0XWDWLRQ

3
P

5DQGRP�YDOXH

)LJXUH�����0XWDWLRQ�RSHUDWRU�

0XWDWLRQ�LV�DSSOLHG�ZLWK�D�VPDOO�SUREDELOLW\�3P� WR�HDFK�JHQH� LQ� WKH�FKURPRVRPH�

)LJXUH����LOOXVWUDWHV�WKLV�SURFHVV��:KHQ�PXWDWLRQ�RFFXUV��WKH�FXUUHQW�YDOXH�RI�WKH�JHQH�LV

UHSODFHG�E\� D� UDQGRP�YDOXH��XQLIRUPO\�GLVWULEXWHG� LQ� WKH� UDQJH� RI� WKDW� SDUWLFXODU� GHVLJQ

YDULDEOH�

������ &RQVWUDLQW�(QIRUFHPHQW

,W� LV� LQWHUHVWLQJ� WR�QRWH� WKDW� DOWKRXJK�PRVW� UHDOLVWLF� HQJLQHHULQJ� GHVLJQ� SUREOHPV

LQYROYH� QXPHURXV� FRQVWUDLQWV�� OLWWOH� ZRUN� KDV� EHHQ� GRQH� WR� LQYHVWLJDWH� FRQVWUDLQW

HQIRUFHPHQW� VWUDWHJLHV� IRU�JHQHWLF� DOJRULWKPV��2QH�RI� IRXU� DSSURDFKHV� LV� W\SLFDOO\� XVHG�

GDWD�VWUXFWXULQJ��GLUHFW�HOLPLQDWLRQ��UHSDLU�RSHUDWRUV��RU�SHQDOW\�IXQFWLRQV�

'DWD� VWUXFWXULQJ� FRQVLVWV�RI�GHVLJQLQJ� WKH� FRGLQJ� LQ� VXFK� D�ZD\� WKDW� FRQVWUDLQWV

DUH�DXWRPDWLFDOO\�VDWLVILHG�EHFDXVH�LQIHDVLEOH�GHVLJQV�FDQ�VLPSO\�QRW�EH�UHSUHVHQWHG��,Q�RXU

SUREOHP�IRU�H[DPSOH��WKH�UHTXLUHPHQW�WR�KDYH�H[DFWO\���LVRODWRUV�LV�DXWRPDWLFDOO\�VDWLVILHG

ZKHQ�XVLQJ�DQ\�FRGLQJ�VFKHPH�LQ�)LJ������H[FHSW�D����6DWLVIDFWLRQ�RI�WKH�FRUQHU�FRQVWUDLQW

RQ�WKH�RWKHU�KDQG�LV�LPSOLFLW�ZLWK�FRGLQJV�D���WR�D���EXW�QRW�ZLWK�E���RU�E����$OWKRXJK�GDWD

VWUXFWXULQJ�LV�DOZD\V�WKH�PRVW�HIILFLHQW�WHFKQLTXH��LW�LV�RQO\�DSSOLFDEOH�IRU�SDUWLFXODU�W\SHV

RI�FRQVWUDLQWV�DQG�LV�YHU\�SUREOHP�VSHFLILF�

�

�

�

�
�

�

+ O

)LJXUH�����'HVLJQ�SUREOHP�ZLWK�GLVMRLQW�IHDVLEOH�VSDFH�

,Q� WKH� GLUHFW� HOLPLQDWLRQ� WHFKQLTXH�� HDFK� GHVLJQ� UHVXOWLQJ� IURP� VHOHFWLRQ�

FURVVRYHU��DQG�PXWDWLRQ�LV�H[DPLQHG�IRU�FRQVWUDLQW�VDWLVIDFWLRQ�EHIRUH�LW�LV�LQFOXGHG�LQ�WKH

QHZ�JHQHUDWLRQ��,I�DQ\�FRQVWUDLQW�LV�YLRODWHG��WKH�RIIVSULQJ�LV�HOLPLQDWHG�DQG�D�UHSODFHPHQW

LV� FUHDWHG� WKURXJK� QHZ� VHOHFWLRQ�� FURVVRYHU� DQG� PXWDWLRQ� RSHUDWLRQV�� 7KLV� SURFHVV� LV

UHSHDWHG�XQWLO�D�IHDVLEOH�GHVLJQ�LV�IRXQG��7KLV�FUHDWHV�HQWLUHO\�IHDVLEOH�SRSXODWLRQV�DW�HYHU\

JHQHUDWLRQ�� FRQVWUDLQLQJ� WKH� VHDUFK� H[FOXVLYHO\�ZLWKLQ� WKH� IHDVLEOH� UHJLRQV� RI� WKH� GHVLJQ

VSDFH�� ,Q� FDVHV� ZKHUH� WKH� GHVLJQ� VSDFH� FRQWDLQV� QRQ�FRQYH[� DQG�RU� GLVMRLQW� IHDVLEOH

UHJLRQV��WKLV�PDNHV�WKH�VHDUFK�LQHIILFLHQW�DQG�XQUHOLDEOH��7KH�UHDVRQ�LV�EHVW�H[SODLQHG�RQ�D
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VLPSOH�H[DPSOH��)LJXUH����UHSUHVHQWV�WKH�GHVLJQ�VSDFH�RI�D���GLPHQVLRQDO�GHVLJQ�SUREOHP�

7KH�VKDGHG�DUHDV�UHSUHVHQW�LQIHDVLEOH�UHJLRQV�DQG�WKH�DUURZ�JLYHV�WKH�JHQHUDO�GLUHFWLRQ�RI

LPSURYHPHQW�RI�WKH�REMHFWLYH�IXQFWLRQ�ZLWKLQ�WKH�ODUJH�IHDVLEOH�DUHD�DW�WKH�XSSHU�ULJKW�RI

WKH�ILJXUH��$Q�LQLWLDO�IHDVLEOH�SRSXODWLRQ�IRU�WKLV�SUREOHP�LV�OLNHO\�WR�UHVLGH�HQWLUHO\�LQ�WKH

ODUJH� IHDVLEOH� UHJLRQ�RI� WKH�GHVLJQ� VSDFH�� ,I� GLUHFW� HOLPLQDWLRQ� LV� XVHG�� WKH�*$�ZLOO� WKHQ

FRQYHUJH�WR�WKH�ORFDO�PLQLPXP�ZLWKLQ�WKDW�DUHD�� �LQ�)LJ�������PLVVLQJ�WKH�JOREDO�RSWLPXP

�+���,W�LV�FOHDU�WKDW�FRQYHUJHQFH�WR�WKH�JOREDO�RSWLPXP�LV�OLNHO\�RQO\�LI�WKH�*$�SRSXODWLRQ

LV�DOORZHG�WR�PLJUDWH�WKURXJK�WKH�LQIHDVLEOH�¦EDUULHU§�WR�UHDFK�WKH�VPDOO�IHDVLEOH�LQFOXVLRQ�

1RWH�WKDW�WKH�IHDVLEOH�VSDFH�GRHV�QRW�KDYH�WR�EH�GLVMRLQW�IRU�WKLV�SUREOHP�WR�RFFXU��LI�WKH

IHDVLEOH� VSDFH� LV� QRQ�FRQYH[�� WKH� *$�PD\� KDYH� WR� PLJUDWH� DURXQG� D� FRQVWUDLQW� EDUULHU

LQVWHDG�RI�VKRUW�FXWWLQJ�WKURXJK�LW�

$QRWKHU� DSSURDFK� XVHV� UHSDLU� RSHUDWRUV� WR� ¦IL[§� LQIHDVLEOH� GHVLJQV� EHIRUH

LQFRUSRUDWLQJ� WKHP� LQ� WKH�QHZ�JHQHUDWLRQ��5HSDLU� RSHUDWRUV� XVH� VRPH� NQRZOHGJH� DERXW

WKH�SUREOHP�WR�WU\�DQG�HOLPLQDWH�FRQVWUDLQW�YLRODWLRQV�WKURXJK�¦VPDOO§�PRGLILFDWLRQV�RI�WKH

GHVLJQ�� 7KLV� DSSURDFK� LV� LQKHUHQWO\� SUREOHP�VSHFLILF� DQG� LV� XVHG� PRVWO\� LQ� UHVHDUFK

DOJRULWKPV� RU� *$V� GHVLJQHG� VSHFLILFDOO\� IRU� D� SDUWLFXODU� FODVV� RI� SUREOHPV�� $� VLPSOH

H[DPSOH�LV�VKRZQ�LQ�)LJ�����IRU�WKH�FRUQHU�FRQVWUDLQW��DQ�LVRODWRU�ORFDWHG�DW�D�FRUQHU�FRXOG

EH�PRYHG�WR�RQH�RI�WKH�QHLJKERULQJ�ORFDWLRQV��RQH�RI�WKUHH�DW�UDQGRP�IRU�H[DPSOH��

,Q� OHVV� WULYLDO� FDVHV� KRZHYHU�� LW� PD\� EH� GLIILFXOW� WR� GHILQH� GHVLJQ� FKDQJHV� WKDW

HOLPLQDWH� JLYHQ� FRQVWUDLQW� YLRODWLRQV�� $OVR�� LQ� KLJKO\� FRQVWUDLQHG� SUREOHPV�� RQH� FDQQRW

JXDUDQWHH� WKDW� ¨IL[LQJ©� D� GHVLJQ� IRU� RQH� FRQVWUDLQW� ZLOO� QRW� FDXVH� YLRODWLRQ� RI� DQRWKHU�

)LQDOO\�DQG�PRVW�LPSRUWDQWO\��UHSDLU�RSHUDWRUV�DUH�SUREOHP�VSHFLILF�VR�WKH\�FDQQRW�EH�XVHG

LQ�D�JHQHUDO�SXUSRVH�RSWLPL]DWLRQ�SDFNDJH�OLNH�'$.27$�

)LJXUH�����$�VLPSOH�UHSDLU�RSHUDWRU�IRU�WKH�FRUQHU�FRQVWUDLQW�

7KH� IRXUWK� FRQVWUDLQW� HQIRUFHPHQW� WHFKQLTXH� XVHV� SHQDOW\� IXQFWLRQV�� LQ� D

PLQLPL]DWLRQ� SUREOHP�� HDFK� FRQVWUDLQW� YLRODWLRQ� SURGXFHV� DQ� LQFUHDVH� LQ� WKH� REMHFWLYH

IXQFWLRQ��%HFDXVH� SHQDOW\� IXQFWLRQV�ZHUH� RULJLQDOO\� LQWURGXFHG� WR� HQIRUFH� FRQVWUDLQWV� LQ

WKH� FRQWH[W� RI� JUDGLHQW�EDVHG� RSWLPL]DWLRQ�� FODVVLFDO� GHILQLWLRQV� SURGXFH� D� VPRRWK�

GLIIHUHQWLDEOH�WUDQVLWLRQ�IURP�IHDVLEOH� WR� LQIHDVLEOH� UHJLRQV��7KLV� ¨EOXUV©� WKH�ERXQGDULHV�RI

WKH� IHDVLEOH� GHVLJQ� VSDFH�� $� FRQWLQXRXV� RSWLPL]DWLRQ� WKHQ� FRQYHUJHV� WR� HLWKHU� VOLJKWO\

LQIHDVLEOH� GHVLJQV� �ZKHQ� XVLQJ� H[WHULRU� SHQDOW\� IXQFWLRQV
>��@

�� RU� VOLJKWO\� FRQVHUYDWLYH

GHVLJQV� �ZLWK� LQWHULRU� SHQDOW\� IXQFWLRQV��� 7R� DYRLG� WKLV� DQG� VLQFH� WKHUH� LV� QR� QHHG� WR

DFKLHYH� FRQWLQXLW\� LQ� WKH� SHQDOW\� IXQFWLRQV� ZLWK� D� ]HUR� RUGHU� PHWKRG� OLNH� D� *$�� D

FRPELQDWLRQ�RI�VWHS�DQG�JUDGXDO�SHQDOWLHV
>��@

��DV�VKRZQ�LQ�)LJ������ZLOO�EH�XVHG�
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7KH�VWHSV�SUHYHQW�FRQYHUJHQFH�WR�VOLJKWO\�LQIHDVLEOH�GHVLJQV�ZKLOH�JUDGXDO�SHQDOWLHV

PDLQWDLQ� D� ORJLFDO� KLHUDUFK\� EHWZHHQ� GHVLJQV� ZLWK� PRUH� RU� OHVV� VHYHUH� FRQVWUDLQW

YLRODWLRQV�� *UDGXDO� SHQDOWLHV� DUH� RI� FRXUVH� DSSOLHG� RQO\� WR� WKH� TXDQWLILDEOH� FRQVWUDLQWV

�VWDELOLW\�� FRPSUHVVLYH� VSULQJ� ORDGV�� DQG� VWDWLF� VSULQJ� GHIOHFWLRQV��� %RROHDQ� FRQVWUDLQWV

�FRUQHU�FRQVWUDLQWV�DQG�LVRODWRU�DOLJQPHQW��UHFHLYH�RQO\�D�VWHS�

0LQ

8QFRQVWUDLQHG

2EMHFWLYH

6WHS�3HQDOWLHV

*UDGXDO�3HQDOWLHV

7

�� �VWHSV

�

��
�

PXOWLSOLHUV�[��JL�
�

L

L

)LJXUH�����3HQDOW\�IXQFWLRQ�DSSURDFK�XVHG�LQ�WKLV�DSSOLFDWLRQ��WKH�VKDGHG

DUHD�LV�LQIHDVLEOH�

-XVW�OLNH�LQ�JUDGLHQW�EDVHG�RSWLPL]DWLRQ��DGMXVWLQJ�SHQDOW\�PXOWLSOLHUV��DQG�VWHSV��LV

WULFN\�� 7RR� OLWWOH� SHQDOW\� OHDGV� WR� LQIHDVLEOH� GHVLJQV�� ZKLOH� WRR� PXFK� PDNHV� WKH� VHDUFK

LQHIILFLHQW� E\� UHVWULFWLQJ� LW� WR� IHDVLEOH� UHJLRQV�� 8QIRUWXQDWHO\�� EHFDXVH� *$V� DUH� UDQGRP

VHDUFKHV�DQG�QHFHVVLWDWH�ODUJH�QXPEHUV�RI�IXQFWLRQ�HYDOXDWLRQV��WULDO�DQG�HUURU�DGMXVWPHQWV

DUH�LPSUDFWLFDO��$�VWXG\�E\�5LFKDUGVRQ�HW�DO�
>��@
�LQGLFDWHV�WKDW�SHQDOWLHV�VKRXOG�EH�DV�VPDOO

DV�SRVVLEOH��EXW�ODUJH�HQRXJK�WR�SUHYHQW�IUHTXHQW�FRQYHUJHQFH�WR�LQIHDVLEOH�VROXWLRQV�DQG

WKDW�XVLQJ�KDUVK�SHQDOWLHV�OHDGV� WR�SRRU�FRQYHUJHQFH�DQG�RU�SUHPDWXUH�FRQYHUJHQFH� WR�D

VXSHU�LQGLYLGXDO��+RZHYHU��WKDW�VWXG\�XVHV�SURSRUWLRQDO�VHOHFWLRQ��SUREDELOLW\�RI�VHOHFWLRQ

EDVHG� RQ� REMHFWLYH� IXQFWLRQ� YDOXH��� LWV� FRQFOXVLRQV� GR� QRW� KROG� ZKHQ� XVLQJ� D� UDQNLQJ

VHOHFWLRQ�UXOH��,Q�IDFW�� LW�DSSHDUV�IURP�OLPLWHG�H[SHULPHQWDWLRQ�ZLWK�WKLV�SUREOHP�WKDW�WKH

UHOLDELOLW\� RI� WKH� VHDUFK� LV� EHVW� ZLWK� KDUVK� SHQDOWLHV� DVVRFLDWHG� ZLWK� D� ZHDN� VHOHFWLRQ

SUHVVXUH��WKH�VHOHFWLRQ�SUHVVXUH�ZDV�VHW�WR����VHH�6HFWLRQ���������1RWH�DJDLQ�WKDW�EHFDXVH

RI� WKH� UDQGRP� FKDUDFWHU� RI� *$©V� DQG� WKH� LQWHUDFWLRQ� EHWZHHQ� PXOWLSOH� SDUDPHWHUV

�SUREDELOLWLHV�RI�PXWDWLRQ� DQG�FURVVRYHU�� SRSXODWLRQ� VL]H� DQG�QXPEHU�RI�JHQHUDWLRQV�SHU

VHDUFK�� SHQDOW\� PXOWLSOLHUV� DQG� VWHSV�� HWF���� VWDWLVWLFDOO\� VLJQLILFDQW� FRQFOXVLRQV� FDQ� EH

UHDFKHG�RQO\�WKURXJK�H[WHQVLYH��DQG�H[SHQVLYH��H[SHULPHQWDWLRQ�

���� 5RXQGLQJ�RI�&RQWLQXRXV�2SWLPXP

,Q� WKLV� DSSURDFK� �)LJ�� ����� DOO� GHVLJQ� YDULDEOHV� DUH� WHPSRUDULO\� YLHZHG� DV

FRQWLQXRXV� DQG� FODVVLFDO� JUDGLHQW�EDVHG� WHFKQLTXHV� DUH� XVHG� WR� VROYH� WKH� RSWLPL]DWLRQ

SUREOHP��7KH�UHVXOWLQJ�RSWLPDO�GHVLJQ�LV�LQIHDVLEOH�DQG�LWV�SDUDPHWHUV�PXVW�EH�¦URXQGHG§

WR�GLVFUHWH�YDOXHV�
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'LVFUHWH�'HVLJQ�V�

6ROYH�2SWLPL]DWLRQ�3UREOHP�LQ
FRQWLQXRXV�GHVLJQ�VSDFH

[� �>�����@���DQG���\� �>�����@

¦5RXQG§�WR�FORVH�GLVFUHWH�VROXWLRQ

&RQWLQXRXV�2SWLPXP

)LJXUH�����8VLQJ�FRQWLQXRXV�DSSUR[LPDWLRQ�IROORZHG�E\�URXQGLQJ�WR

QHDUE\�GLVFUHWH�VROXWLRQ�

7KH�DSSHDO�RI� WKLV� WHFKQLTXH� LV� WKH�PXFK� VPDOOHU� QXPEHU�RI� IXQFWLRQ� HYDOXDWLRQV

W\SLFDOO\� QHHGHG� WR� DFKLHYH� FRQYHUJHQFH� ZLWK� D� JUDGLHQW� EDVHG� WHFKQLTXH� WKDQ� ZLWK� D

UDQGRP�VHDUFK�PHWKRG��+RZHYHU��WKH�URXQGLQJ�RSHUDWLRQ�FDQ�PDNH� WKH�GHVLJQ� LQIHDVLEOH

RU�VXERSWLPDO��$OVR��PDQ\�GLIIHUHQW�GHVLJQV�FDQ�EH�GHILQHG�E\�URXQGLQJ�XS�RU�GRZQ� WKH

YDULRXV�GHVLJQ�YDULDEOHV��7R�LQFUHDVH�WKH�FKDQFHV�RI�RSWLPDOLW\��DOO�WKHVH�¦GLUHFW�QHLJKERUV§

PXVW�EH�FRQVLGHUHG�DQG�DQDO\]HG��:KHQ�WKH�QXPEHU�RI�GLVFUHWH�GHVLJQ�YDULDEOHV� LV� ODUJH�

WKLV� PD\� UHTXLUH� D� VXEVWDQWLDO� QXPEHU� RI� DGGLWLRQDO� IXQFWLRQ� HYDOXDWLRQV� ��
Q
� LI� Q� LV� WKH

QXPEHU�RI�GHVLJQ�YDULDEOHV��VR�WKDW�WKH�FRPSXWDWLRQDO�DGYDQWDJH�PD\�EH�ORVW��7KHVH�SRLQWV

DUH�IXUWKHU�GLVFXVVHG�LQ�6HFWLRQ�����

��� 2SWLPL]DWLRQ�5HVXOWV

���� *HQHWLF�$OJRULWKP�DQG�5DQGRP�6HDUFK

7KH� *$� LQ� '$.27$� SURYLGHV� D� QXPEHU� RI� RSWLRQV� DQG� DGMXVWPHQWV�� 7KH

IROORZLQJ�FKRLFHV�ZHUH�PDGH�IRU�WKLV�DSSOLFDWLRQ�

SRSXODWLRQ�RI����LQGLYLGXDOV��GHVLJQV���7KH�LQLWLDO�SRSXODWLRQ�LV�UDQGRP��:LWK���

LQGLYLGXDOV��WKH�SUREDELOLW\�RI�UHSUHVHQWDWLRQ�RI�DQ\�JHQH�YDOXH����WR����RU��� WR����DW�DQ\

JHQH�ORFDWLRQ�LV�FORVH�WR����ZKLFK�VKRXOG�HQVXUH�JRRG�SHUIRUPDQFH�ZLWK�D�QRQ�DYHUDJLQJ

FURVVRYHU

SUREDELOLW\�RI�FURVVRYHU������

SUREDELOLW\� RI� PXWDWLRQ�� ������ 7KLV� JLYHV� D� ��� WR� ���� SUREDELOLW\� IRU� DQ\

RIIVSULQJ�WR�EH�DIIHFWHG�E\�PXWDWLRQ�

HOLWLVW�VWUDWHJ\�DOZD\V�FORQHV�WKH�EHVW�LQGLYLGXDO�RI�WKH�FXUUHQW�JHQHUDWLRQ�LQWR�WKH

QH[W� JHQHUDWLRQ�� 7KLV� JXDUDQWHHV� WKDW� WKH� EHVW� IRXQG� GHVLJQ� LV� QHYHU� ORVW� LQ� IXWXUH

JHQHUDWLRQV�

QXPEHU�RI�JHQHUDWLRQV�������H[SHULPHQWV�ZLWK�VPDOOHU�QXPEHUV�RI�JHQHUDWLRQV�GLG

QRW�DFKLHYH�VXIILFLHQW�UHOLDELOLW\�

PRGHUDWH�VHOHFWLRQ�SUHVVXUH��WKH�SUREDELOLW\�RI�VHOHFWLRQ�RI�WKH�EHVW�LQGLYLGXDO�LV

WZLFH�WKDW�RI�WKH�ZRUVW��L�H��VHOHFWLRQ�SUHVVXUH ���
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3HQDOW\�PXOWLSOLHUV�DQG�VWHSV�ZHUH�DGMXVWHG�VRPHZKDW�DUELWUDULO\��/LPLWHG�WULDO�DQG

HUURU�H[SHULPHQWDWLRQ�ZDV�SHUIRUPHG�DQG�OHDG�WR�WKH�IROORZLQJ�YDOXHV�

FRUQHU�FRQVWUDLQWV�J���J���J���VWHS� �����

DOLJQPHQW�FRQVWUDLQW�J���VWHS� ����

VWDELOLW\�FRQVWUDLQW�J���VWHS� ����PXOWLSOLHU� ����

FRPSUHVVLRQ�FRQVWUDLQWV�J���J���J���VWHS� ����PXOWLSOLHU� ������

VWDWLF�GHIOHFWLRQ�FRQVWUDLQWV�J���J����J����VWHS� ����PXOWLSOLHU� �����

�

�

�

�

�

��
5DQGRP�6HDUFK *$�6HDUFK

���5XQV�������)XQFWLRQ�HYDOXDWLRQV�HDFK

7

> LQ�VHF�OE@

)LJXUH�����&RPSDULVRQ�RI�JHQHWLF�DOJRULWKP�DQG�UDQGRP�VHDUFK�UHVXOWV

XVLQJ�WKH�VDPH�QXPEHU�RI�IXQFWLRQ�HYDOXDWLRQV��������'HVLJQV�VKRZQ�DUH

WKH�EHVW�IRXQG�IRU�HDFK�UXQ�

7KH�GHVLJQ�VSDFH�IRU�WKLV�SUREOHP� LV� UHODWLYHO\�VPDOO��� �� ORFDWLRQV� IRU�HDFK�RI��

LVRODWRUV�JLYHV���
��
����������:LWK����JHQHUDWLRQV�RI����LQGLYLGXDOV��HDFK�VHDUFK�HYDOXDWHV

XS�WR�����GHVLJQV��RU�������RI�WKH�GHVLJQ�VSDFH��1RWH�WKDW�EHFDXVH�WKLV�*$�NHHSV�WUDFN�RI

SUHYLRXVO\� DQDO\]HG�GHVLJQV�� WKH� DFWXDO� QXPEHU� RI� IXQFWLRQ� HYDOXDWLRQV� DYHUDJHV� DURXQG

����SHU�VHDUFK���������7R�JHW�DQ�LGHD�RI�WKH�UHOLDELOLW\�RI�WKH�VHDUFK��D�VHULHV�RI����UXQV

ZHUH� SHUIRUPHG� DQG� WKH� UHVXOWV� DUH� FRPSDUHG� WR� D� VHULHV� RI� ��� UDQGRP� VHDUFKHV�� 7KH

QXPEHU�RI�GHVLJQV�LQ�WKH�UDQGRP�VHDUFK�LV�VHW�WR�����VR�WKH�FRPSXWDWLRQDO�H[SHQVH�LV�WKH

VDPH�DV�LQ�WKH�*$��7\SLFDO�UHVXOWV�DUH�VKRZQ�LQ�)LJ������7KH�ILJXUH�VKRZV�RQO\� WKH�EHVW

GHVLJQ�IRXQG�LQ�HDFK�UXQ�RI�WKH�*$�RU�WKH�UDQGRP�VHDUFK��7KH�UDQGRP�VHDUFKHV�JHQHUDWH

VRPH�JRRG�GHVLJQV�DQG�PDQ\�PHGLRFUH�RQHV��,Q�FRQWUDVW��DOO����GHVLJQV�REWDLQHG�IURP�WKH

*$� UHSUHVHQW� VLJQLILFDQW� LPSURYHPHQWV� IURP� WKH� EDVHOLQH� FDVH�� +RZHYHU�� WKH� *$

RFFDVLRQDOO\��FRQYHUJHV��WR�D�UHODWLYHO\�SRRU�GHVLJQ��7 �����LQ�)LJ�������7KLV�LPSOLHV�WKDW

PRUH�UHOLDEOH�UHVXOWV�FDQ�EH�REWDLQHG�E\�UXQQLQJ�D�VPDOO�QXPEHU�RI�VKRUW�VHDUFKHV�� LI� WKH

SUREDELOLW\�WKDW�WKH�EHVW�IRXQG�GHVLJQ�LV��SRRU��LV�����IRU�D�RQH�UXQ��WKHQ�LW�LV�RQO\������IRU

WKH�EHVW�RI��� UXQV�� ������ IRU� WKH� EHVW� RI� ��� HWF��%HFDXVH�*$
V� DUH�PRVW� HIILFLHQW� LQ� WKH

LQLWLDO� SKDVHV� RI� WKH� VHDUFK� DQG� IXUWKHU� �FRQYHUJHQFH�� LV� XVXDOO\� VORZ�� WKLV� DSSURDFK� LV

RIWHQ�SUHIHUDEOH�WR�UXQQLQJ�D�VLQJOH�ORQJHU�VHDUFK
>��@
�

,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� FODVVLFDO� DUJXPHQW� WKDW� D�*$�SURYLGHV� D� FKRLFH

EHWZHHQ� VHYHUDO� JRRG� GHVLJQV� LQ� WKH� ILQDO� SRSXODWLRQ� GRHV� QRW� KROG� LQ� WKLV� DSSOLFDWLRQ�

,QVWHDG��ILQDO�SRSXODWLRQV�W\SLFDOO\�FRQWDLQ�RQO\�RQH�RU�WZR�IHDVLEOH�GHVLJQ�V��� ,Q� IDFW��DOO

JHQHUDWLRQV�LQ�WKH�VHDUFK�DUH�FRPSRVHG�PRVWO\�RI�LQIHDVLEOH�GHVLJQV��7KLV�VKRZV�WKDW� WKH
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VHDUFK� LV� WDNLQJ� SODFH� SULPDULO\� LQ� LQIHDVLEOH� UHJLRQV� RI� WKH� GHVLJQ� VSDFH�� 8QGHU� WKHVH

FRQGLWLRQV�� LW� LV� SDUWLFXODUO\� FUXFLDO� WR� DOORZ� WKH� VHDUFK� WR� PLJUDWH� WKURXJK� LQIHDVLEOH

UHJLRQV��7KLV�PD\�DOVR�H[SODLQ�ZK\�D�ZHDN�VHOHFWLRQ�SUHVVXUH�SURYLGHV�EHWWHU�UHVXOWV�ZLWK

WKLV�SUREOHP�

�����

���� ���� ����

���� ���� ����

���� ���� ����

%DVHOLQH

)LJXUH�����*$�RSWLPL]HG�GHVLJQV�DQG�WKHLU�WUDQVPLVVLELOLWLHV�DW����+]��LQ

LQ�VHF�OE���FRPSDUHG�WR�EDVHOLQH�FRQILJXUDWLRQ�

6HYHUDO�VHWV�RI����UXQV�HDFK�ZHUH�SHUIRUPHG� LQ� WKH�FRXUVH�RI� WKLV�VWXG\��1LQH�RI

WKH� EHVW� GHVLJQV� REWDLQHG� IRUP� WKRVH� UXQV� DUH� VKRZQ� LQ� )LJ�� ��� DQG� FRPSDUHG� WR� WKH

EDVHOLQH�GHVLJQ��7KH�WUDQVPLVVLELOLWLHV�DW����+]�DUH�DOVR�OLVWHG� LQ� WKH� ILJXUH��&OHDUO\��DOO��

RSWLPL]HG� GHVLJQV� UHSUHVHQW� YHU\� VLJQLILFDQW� LPSURYHPHQWV� IURP� WKH� EDVHOLQH� FDVH�

WUDQVPLVVLELOLWLHV�DUH�UHGXFHG�E\�IDFWRUV����WR����FRPSDUHG�WR�EDVHOLQH�

1RWH� DOVR� WKDW� WKH� �� RSWLPL]HG� GHVLJQV� GR� QRW� KDYH� DQ\� DSSDUHQW� VLPLODULWLHV

DOWKRXJK�WKH\�SURYLGH�YHU\�VLPLODU�SHUIRUPDQFHV��7KLV�LQGLFDWHV� WKH�H[LVWHQFH�RI�PXOWLSOH

ORFDO�RSWLPD�IRU�WKLV�SUREOHP�

)LJXUH����VKRZV�IUHTXHQF\�UHVSRQVH�IXQFWLRQV��)5)©V�� IRU�DOO�GHVLJQV�RI�)LJ�����

7KH\�VKRZ�WKDW�WKH�*$�LV�VHHNLQJ�RXW�DQ�DQWL�UHVRQDQFH�FRQGLWLRQ�LQ�WKH�YLFLQLW\�RI����+]�

7KH� IDFW� WKDW� WKH� DQWL�UHVRQDQFHV� ¦PLVV§� WKH����+]� WDUJHW� LV� GXH� WR� WKH�GLVFUHWH� LVRODWRU

ORFDWLRQV�� ,Q� IDFW�� WKH� FRQWLQXRXV� RSWLPXP�RI� WKH� QH[W� VHFWLRQ� SODFHV� WKH� DQWLUHVRQDQFH

DOPRVW�H[DFWO\�DW���+]��DFKLHYLQJ�D� WUDQVPLVVLELOLW\�RI����� LQ�VHF�OE��$QRWKHU� LPSRUWDQW

REVHUYDWLRQ�LV�WKDW�WKHUH�LV�VLJQLILFDQW�EURDG�EDQG�LPSURYHPHQW�LQ�WKH�WUDQVPLVVLELOLWLHV�RI

WKH�RSWLPL]HG�GHVLJQV� FRPSDUHG� WR� WKH�EDVHOLQH�GHVLJQ��7KDW� LV�� WKH� LPSURYHPHQW� LV� QRW

FRQILQHG�RQO\� WR� WKH����+]�WDUJHW� IUHTXHQF\��7KLV� LV�DQ�HVSHFLDOO\� LPSRUWDQW�REVHUYDWLRQ

VLQFH� LW� LQGLFDWHV� WKDW� SHUIRUPDQFH� LV� QRW� VHULRXVO\� GHJUDGHG� IRU� RII�QRPLQDO� H[FLWDWLRQ

LQSXWV� DQG� PRUH� VRSKLVWLFDWHG� REMHFWLYH� IXQFWLRQ� IRUPXODWLRQV� PLQLPL]LQJ� EURDG� EDQG

WUDQVPLVVLELOLW\�DUH�SUREDEO\�XQQHFHVVDU\�
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%DVHOLQH�'HVLJQ

2SWLPL]HG�GHVLJQV

����G%

)LJXUH�����7UDQVPLVVLELOLW\�FXUYHV�RI�RSWLPL]HG�GHVLJQV�FRPSDUHG�WR

EDVHOLQH�FRQILJXUDWLRQ��PRGHO�SUHGLFWLRQV��

���� 5RXQGLQJ�RI�&RQWLQXRXV�2SWLPXP

'27©V
>��@
�PRGLILHG�PHWKRG� RI� IHDVLEOH� GLUHFWLRQV� �DFFHVVLEOH� WKURXJK�'$.27$�

ZDV�XVHG�WR�VROYH�WKH�FRQVWUDLQHG��QRQ�OLQHDU�FRQWLQXRXV�SUREOHP��$�FRQWLQXRXV�VROXWLRQ

�+� LQ� )LJ�� ����ZDV� IRXQG� DW� ������� ������ ������ ������ ������ ������ ZLWK� D� WUDQVPLVVLELOLW\

7 ����� LQ�VHF�OE�DW����+]��5RXQGLQJ�WR�WKH�FORVHVW�GLVFUHWH�VROXWLRQ��O�LQ�)LJ������OHDGV

WR� ��������������� ZKLFK� LV� LQIHDVLEOH� �YLRODWHV� WKH� �+]� VWDELOLW\� OLPLW��� ,I� ZH� FRQVLGHU� DOO

LPPHGLDWH�QHLJKERUV�RI�WKH�FRQWLQXRXV�VROXWLRQ��DOO�FRPELQDWLRQV�RI�O�DQG�O� LQ�)LJ������

ZH�ILQG�WKDW�RXW�RI�WKH����GHVLJQV��RQO\����DUH�IHDVLEOH�DQG�WKH�EHVW�RI�WKHVH��������������

JLYHV�7 ����� LQ�VHF�OE��7KLV�WUDQVPLVVLELOLW\�LV����WLPHV�KLJKHU�WKDQ�WKDW�RI� WKH�EHVW�*$

VROXWLRQ��7 ������DQG�RQO\���WLPHV�EHWWHU�WKDQ�WKH�EDVHOLQH�FRQILJXUDWLRQ��7 �������

&RQWLQXRXV�RSWLPXP

&ORVHVW�GLVFUHWH�GHVLJQ

,PPHGLDWH�QHLJKERUV

����������������������������������������������

��������������������������������������������������������

���GHVLJQV� �����LQIHDVLEOH

�����IHDVLEOH����������������

7� �����

LQIHDVLEOH

EHVW��7� �����

)LJXUH�����5HVXOWV�IURP�FRQWLQXRXV�RSWLPL]DWLRQ�DQG�URXQGLQJ�
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&RQWLQXRXV�DSSUR[LPDWLRQ�OHDGV���IRU�WKLV�SUREOHP���WR�PDQ\�LQIHDVLEOH�GHVLJQV�DQG

D�IHZ�VXE�RSWLPDO�VROXWLRQV��$OWKRXJK�WKLV�SDUWLFXODU�DSSOLFDWLRQ�LV�SDUWLFXODUO\�GLIILFXOW�IRU

FRQWLQXRXV� DSSUR[LPDWLRQ� �EHFDXVH� RI� WKH� ORZ� GHQVLW\� RI� IHDVLEOH� GHVLJQV� DQG� WKH� YHU\

FRDUVH�GLVFUHWH�JULG���WZR�JHQHUDO�REVHUYDWLRQV�FDQ�EH�PDGH�

FRQWLQXRXV�VROXWLRQV�IRU�FRQVWUDLQHG�SUREOHPV�WHQG�WR�PDNH�RQH�RU�PRUH�FRQVWUDLQW�V�

DFWLYH�� 5RXQGLQJ� WKRVH� VROXWLRQV� LV� OLNHO\� WR� SURGXFH� YLRODWLRQV� RI� WKH� DFWLYH

FRQVWUDLQW�V��

RSWLPDO�UHJLRQV�LQ�WKH�FRQWLQXRXV�SUREOHP�PD\�QRW�FRQWDLQ�DQ\�GLVFUHWH�VROXWLRQ��7KH

GLVFUHWH� RSWLPXP� PD\� WKHQ� EH� YHU\� GLIIHUHQW� IURP� WKH� FRQWLQXRXV� RQH�� 7KLV� LV

SDUWLFXODUO\�WUXH�ZKHQ�WKH�GLVFUHWH�JULG�LV�FRDUVH�FRPSDUHG�WR�WKH�VKRUWHVW�ZDYHOHQJWKV

LQ�WKH�REMHFWLYH�IXQFWLRQ�UHVSRQVH�VXUIDFH�

'LVFUHWH

RSWLPXP

&RQWLQXRXV

2SWLPXP

FORVHVW

GLVFUHWH

EHVW�QHLJKERU

2EMHFWLYH

'HVLJQ�9DULDEOH

&RQVWUDLQW�ERXQGDU\

)LJXUH�����5RXQGLQJ�D�FRQWLQXRXV�RSWLPXP�WR�QHLJKERULQJ�GLVFUHWH

VROXWLRQV�

)LJXUH����LOOXVWUDWHV�WKHVH�SRLQWV�IRU�D�RQH�GLPHQVLRQDO�FRQVWUDLQHG�SUREOHP��7KH

FXUYH� UHSUHVHQWV� WKH� YDULDWLRQ� RI� WKH� REMHFWLYH� IXQFWLRQ� LQ� D� FRQWLQXRXV� GHVLJQ� VSDFH�

'RWWHG�YHUWLFDO�OLQHV�VKRZ�WKH�GLVFUHWH�JULG�RI�WKH�DFWXDO�SUREOHP�DQG�WKH�VROLG�OLQH�JLYHV

WKH� FRQVWUDLQW� ERXQGDU\�� ,I� DSSURSULDWH� VWDUWLQJ� SRLQWV� DUH� XVHG� IRU� WKH� FRQWLQXRXV

RSWLPL]DWLRQ�� WKH�JOREDO�FRQWLQXRXV�RSWLPXP�ZLOO�EH� IRXQG�DW�+� �WKH�JOREDO�RSWLPXP� LQ

WKH� FRQWLQXRXV� VHQVH��� 7KLV� GHVLJQ� PDNHV� WKH� FRQVWUDLQW� DFWLYH�� 7KH� FORVHVW� GLVFUHWH

VROXWLRQ� �O�� YLRODWHV� WKH� FRQVWUDLQW� ZKLOH� WKH� RWKHU� GLUHFW� QHLJKERU� VROXWLRQ� LV� IDU� IURP

RSWLPDO��7KH�GLVFUHWH�RSWLPXP��VKRZQ�E\�WKH�DUURZ�LQ�WKH�ILJXUH��GRHV�QRW�¦UHVHPEOH§�LWV

FRQWLQXRXV�FRXQWHUSDUW�

���� $�/RRN�DW�WKH�'HVLJQ�6SDFH

7R�XQGHUVWDQG�WKH�EHKDYLRU�RI�WKH�RSWLPL]HUV��LW�LV�LQWHUHVWLQJ�WR�WDNH�D�ORRN�DW�WKH

WRSRJUDSK\�RI�WKH�GHVLJQ�VSDFH�� ,Q�SDUWLFXODU�� WKH�UHODWLYH�VL]HV�RI� IHDVLEOH�DQG� LQIHDVLEOH

UHJLRQV�DQG�WKH�UDWHV�RI�YDULDWLRQ�RI�WKH�REMHFWLYH�IXQFWLRQ�DUH�FULWLFDO�IDFWRUV�WKDW�LQIOXHQFH

WKH�HIILFLHQF\�RI�RSWLPL]DWLRQ�DOJRULWKPV�

7R�DQVZHU� WKH� ILUVW� TXHVWLRQ�� D�0RQWH�&DUOR� VLPXODWLRQ�ZDV�SHUIRUPHG� LQ�ZKLFK

����� UDQGRP� FRPELQDWLRQV� RI� LVRODWRU� ORFDWLRQV� ZHUH� VHOHFWHG� DW� UDQGRP� DQG� WKHLU

REMHFWLYH� IXQFWLRQ�DQG�FRQVWUDLQWV�ZHUH�FDOFXODWHG��7KH�UHVXOWV�VKRZ� WKDW�RQO\�������RI

WKH� GHVLJQV� DUH� IHDVLEOH�� LQGLFDWLQJ� D� KHDYLO\� FRQVWUDLQHG� SUREOHP�� 7KH� PHDQ� REMHFWLYH

IXQFWLRQ�YDOXH�IRU�WKH�IHDVLEOH�GHVLJQV�LV�HTXDO�WR�7 ����� LQ�VHF�OE��$V�PHQWLRQHG�HDUOLHU�
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WKLV�YDOXH�LV�DOPRVW�H[DFWO\�HTXDO�WR�WKH�WUDQVPLVVLELOLW\�RI�WKH�EDVHOLQH�FRQILJXUDWLRQ�ZKLFK

FDQ� WKHUHIRUH� EH� FRQVLGHUHG� UHSUHVHQWDWLYH� �LQ� RWKHU� ZRUGV�� WKH� EDVHOLQH� GHVLJQ� LV� QRW

H[FHSWLRQDOO\�SRRU���$OVR��WKH�GLVWULEXWLRQ�RI�LVRODWRU�ORFDWLRQV�DPRQJ�WKH�IHDVLEOH�GHVLJQV

GRHV�QRW�GHSDUW�VLJQLILFDQWO\�IURP�XQLIRUP��H[FHSW�IRU�WKH���FRUQHUV�ZKLFK�DUH�QHYHU�XVHG��

7KLV�LQGLFDWHV�WKDW�¦JRRG§�GHVLJQV�GR�QRW�WHQG�WR�XVH�SDUWLFXODU�ORFDWLRQV�RQ�WKH�JULG��,W�LV

RQO\�WKH�FRPELQDWLRQ�RI���ORFDWLRQV�WKDW�GHWHUPLQHV�D�GHVLJQ©V�IHDVLELOLW\�

)LJXUH�����7ZR�GLPHQVLRQDO�FXW�WKURXJK�WKH�GHVLJQ�VSDFH�REWDLQHG�E\

PRYLQJ�RQH�LVRODWRU�LQ�ERWK�GLUHFWLRQV��IRU�FODULW\��WKH�FRQVWUDLQHG

REMHFWLYH�SORW�RQO\�VKRZV�VWHS�SHQDOWLHV�

7KH� ��GLPHQVLRQDO� GHVLJQ� VSDFH� RI� WKLV� SUREOHP� FDQQRW� EH� YLVXDOL]HG� HDVLO\�

+RZHYHU����GLPHQVLRQDO�FXWV�FDQ�EH�REWDLQHG�E\�IL[LQJ�WKH�ORFDWLRQV�RI���RI�WKH�LVRODWRUV

DQG�PRYLQJ� WKH� WKLUG� RQH� LQ� WKH�;� DQG�<� GLUHFWLRQV�� 7KH�*$� GHVLJQ� �������������� ZLWK

7 �����IURP�)LJ�����LV�XVHG�DV�D�VWDUWLQJ�SRLQW��7KH�ORFDWLRQV�RI�WKH�WZR�LVRODWRUV�QHDU�WKH

WRS�ULJKW�FRUQHU� ������DQG�������DUH� IL[HG�ZKLOH� WKH� WKLUG�RQH� LV�PRYHG�DFURVV� WKH�SODQH�

LJQRULQJ� WKH�JULG��7KLV�JHQHUDWHV� WKH���GLPHQVLRQDO� FXW� ���������[�\�ZLWK� [�\ � �� LQ� WKH

GHVLJQ�VSDFH��)LJXUH����VKRZV�ERWK�XQFRQVWUDLQHG�DQG�FRQVWUDLQHG��VWHSV�SHQDOWLHV�RQO\�

UHVSRQVH�VXUIDFHV��1RWH�WKDW�¥LQ�WKH�FRQWLQXRXV�VHQVH¥�WKHUH� LV�QRW�D�XQLTXH�RSWLPXP

EXW� UDWKHU� D� LQILQLW\�RI� ORFDWLRQV� �WKH�GRWWHG� FXUYH� LQ�)LJ�� ���� IRU� WKH� WKLUG� LVRODWRU� WKDW

DFKLHYH�D�VPDOO�WUDQVPLVVLELOLW\�������E\�GHVLJQLQJ�DQ�DQWL�UHVRQDQFH�DW�WKH�H[DFW� ORFDWLRQ

RI�WKH�SLFNXS�SRLQW�
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)LJXUH�����'HVLJQ�VSDFH�FURVV�VHFWLRQ�VKRZLQJ�XQFRQVWUDLQHG�REMHFWLYH�

GLVFUHWH�JULG��FRQWRXU�OLQHV��FRQVWUDLQW�ERXQGDULHV��IHDVLEOH�GRPDLQ

�VKDGHG���DQG�IHDVLEOH�GLVFUHWH�GHVLJQV�ZLWK�WKHLU�WUDQVPLVVLELOLWLHV��WKH�++

VKRZV�WKH�GLVFUHWH�RSWLPXP�

7KH� VDPH�FXW� LV� UHSUHVHQWHG� LQ�)LJ�� ���� KHUH�� FRQWRXU� OLQHV� RI� WKH� XQFRQVWUDLQHG

REMHFWLYH� IXQFWLRQ� DUH� SORWWHG� WRJHWKHU� ZLWK� FRQVWUDLQW� ERXQGDULHV�� 'LVFUHWH� LVRODWRU

ORFDWLRQV�DUH�VKRZQ�ZLWK�VPDOO�FLUFOHV��1RWH�WKH�VPDOO�VL]H�RI�WKH�IHDVLEOH�GRPDLQ��VKDGHG��

2QO\���GLVFUHWH�GHVLJQV�DUH�FRQWDLQHG� LQ� WKDW�DUHD�� WKHLU� WUDQVPLVVLELOLWLHV�7�DW����+]�DUH

OLVWHG�LQ�WKH�ILJXUH�

1RWH�DOVR�WKDW�WKH�ORFDWLRQ�������IRXQG�E\�WKH�*$�IRU�WKH��
UG
�LVRODWRU�LV�WKH�GLVFUHWH

RSWLPXP��+��IRU�WKH�JLYHQ�ORFDWLRQV�RI�WKH�RWKHU���LVRODWRUV��,W�ZDV�IRXQG�WKDW�WKLV�LV�WKH

FDVH� RI� DOPRVW� DOO� ORFDWLRQV� XVHG� LQ� WKH� GHVLJQV� RI� )LJ�� ���� ZKLFK� LQGLFDWHV� WKDW� WKH\

FRUUHVSRQG� WR� YDULRXV� ORFDO� RSWLPD� DQG� FRQILUPV� WKH� VWURQJ� PXOWL�PRGDOLW\� RI� WKLV

SUREOHP�

7KH� VPDOO� VL]H� RI� WKH� IHDVLEOH� UHJLRQV� ������� RI� GHVLJQ� VSDFH�� DQG� WKH� FRDUVH

GLVFUHWH�JULG�FUHDWH�VPDOO�IHDVLEOH�¦SRFNHWV§��HDFK�FRQWDLQLQJ�IHZ�GLVFUHWH�VROXWLRQV��7KLV

H[SODLQV� WKH� GLIILFXOWLHV� HQFRXQWHUHG� LQ� WKH� *$� VHDUFKHV�� 7KH� VHDUFK� KDV� WR� WDNH� SODFH

DOPRVW� HQWLUHO\� LQ� WKH� LQIHDVLEOH� GHVLJQ� VSDFH� EHFDXVH� WKH� QXPEHU� RI� GHVLJQV� LQ� HDFK

¦SRFNHW§�LV�WRR�VPDOO�WR�DOORZ�HIILFLHQW�H[SORLWDWLRQ�E\�WKH�*$��7KLV�DOVR�OHDGV�WR�PRVWO\

LQIHDVLEOH�SRSXODWLRQV�VR�WKDW�HDFK�UXQ�SURYLGHV�RQO\�RQH�RU�WZR�IHDVLEOH�GHVLJQ�V��

$OVR�� WKHUH� LV� YHU\� VWURQJ� FRXSOLQJ� EHWZHHQ� GHVLJQ� YDULDEOHV�� LW� LV� RQO\� VSHFLILF

FRPELQDWLRQV�RI���ORFDWLRQV�WKDW�HQDEOH�WKH�VPDOO�WUDQVPLVVLELOLWLHV�RI�)LJ������,Q�)LJ�����IRU

H[DPSOH��WKH�ORFDWLRQV�RI�WKH���IL[HG�LVRODWRUV�VHOHFWHG�E\�WKH�*$�DUH�VXFK�WKDW�WKHUH�LV�D

IHDVLEOH� GLVFUHWH� ORFDWLRQ� DOPRVW� H[DFWO\� RQ� WKH� DQWL�UHVRQDQFH� OLQH� �GRWWHG� FXUYH� LQ� WKH

ILJXUH��

��� ([SHULPHQWDO�5HVXOWV

7KH�EDVHOLQH�FRQILJXUDWLRQ�DQG�DOO���RSWLPL]HG�GHVLJQV�RI�)LJ�����ZHUH�WHVWHG�LQ�WKH

ODERUDWRU\��%HFDXVH�RI� WKH� OLPLWHG� ORDG�FDSDELOLW\�RI� WKH�VKDNHU�� WKH�YHU\� ODUJH� LQHUWLD�RI

WKH� VHLVPLF� EDVH�� DQG� WKH� HIIHFWLYHQHVV� RI� WKH� RSWLPL]HG� LVRODWLRQ� V\VWHPV�� UHVLGXDO
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YHORFLWLHV� SURYHG� GLIILFXOW� WR�PHDVXUH� EHFDXVH� RI� PDUJLQDO� VLJQDO� WR� QRLVH� UDWLR� DQG� WKH

SUHVHQFH�RI�DFRXVWLF�GLVWXUEDQFHV��7R� ¦FOHDQ�XS§� WKH�YHORFLW\� VLJQDO�� DERXW����� VDPSOHV

WULJJHUHG�RQ�WKH���+]�VLQXVRLGDO�H[FLWDWLRQ�VLJQDO�ZHUH�DYHUDJHG�LQ�WKH�WLPH�GRPDLQ��7KH

UHVXOWV�DUH�VKRZQ�LQ�)LJ�����DQG�FRPSDUHG�WR�DQDO\WLFDO�SUHGLFWLRQV��7KH�ILJXUH�DOVR�VKRZV

SUHGLFWHG� UDQJHV� RI� WUDQVPLVVLELOLWLHV� ZLWK� ��� VFDWWHU� LQ� WKH� VSULQJ� VWLIIQHVVHV�� 7KRVH

UDQJHV�ZHUH�REWDLQHG�IURP�0RQWH�&DUOR�VLPXODWLRQV�XVLQJ�XQLIRUP�GLVWULEXWLRQV�RI�VSULQJ

VWLIIQHVVHV� ZLWK� ��� YDULDWLRQV�� WKH� VWLIIQHVVHV� RI� WKH� �� VSULQJ� LVRODWRUV� ZHUH� YDULHG

LQGHSHQGHQWO\�IURP�HDFK�RWKHU�

7

� LQ�VHF�OE�

�

�

��

��

��

��

H[SHULPHQWDO

QRPLQDO

�������VSULQJ�VWLIIQHVV�YDULDWLRQV

)LJXUH�����([SHULPHQWDO�WUDQVPLVVLELOLWLHV�DW����+]�RI��EDVHOLQH�DQG

RSWLPL]HG�GHVLJQV��FRPSDUHG�WR�DQDO\WLFDO�SUHGLFWLRQV�

7KH� DQDO\WLFDO�H[SHULPHQWDO� DJUHHPHQW� LV� TXDOLWDWLYHO\� H[FHOOHQW�� WKH� GUDPDWLF

LPSURYHPHQW�LQ�SHUIRUPDQFH�DFKLHYHG�WKURXJK�RSWLPL]DWLRQ�DV�SUHGLFWHG�E\�WKH�DQDO\VLV�LV

FRQILUPHG�E\� WKH� H[SHULPHQW��$OO� �� RSWLPL]HG� GHVLJQV� SHUIRUP� EHWZHHQ� �� DQG� ��� WLPHV

EHWWHU�WKDQ�WKH�EDVHOLQH�FRQILJXUDWLRQ��SUHGLFWHG�UDWLRV�ZHUH�EHWZHHQ����DQG�����

��� &RQFOXVLRQV

���� 2SWLPXP�,VRODWLRQ�6\VWHP�'HVLJQ

2XU� UHVXOWV� FRQILUP� WKDW� LQ� FDVHV� ZKHUH� YLEUDWLRQ� LVRODWLRQ�PXVW� EH� SURYLGHG� DW

VSHFLILF� SRLQWV�GLUHFWLRQV� RQ� D� GHYLFH� DQG� VXIILFLHQW� LQIRUPDWLRQ� LV� DYDLODEOH� DERXW� WKH

GLVWXUEDQFHV��YHU\�VLJQLILFDQW�LPSURYHPHQWV�LQ�SHUIRUPDQFH�FDQ�EH�DFKLHYHG�E\�H[SOLFLWO\

RSWLPL]LQJ�WKH�ORFDWLRQV�RI�WKH�LVRODWRUV��,Q�WKH�SDUWLFXODU�DSSOLFDWLRQ��WKH�SHUIRUPDQFH�RI

WKH�RSWLPL]HG�GHVLJQV�ZDV�SUHGLFWHG�EHWZHHQ����WR����WLPHV�EHWWHU�WKDQ�WKDW�RI�D�EDVHOLQH

FRQILJXUDWLRQ�� 7KRVH� LPSURYHPHQWV� ZHUH� DOVR� REVHUYHG� LQ� WKH� ODERUDWRU\�� ZLWK

SHUIRUPDQFH� UDWLRV� EHWZHHQ� �� DQG� ���� ,W� ZDV� DOVR� VKRZQ� WKDW�� HYHQ� WKRXJK� WKH

RSWLPL]DWLRQ�ZDV� IRUPXODWHG� WR�¦WDUJHW§� WUDQVPLVVLELOLW\�DW�D�VLQJOH� IUHTXHQF\�� VLJQLILFDQW
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EURDG�EDQG�LPSURYHPHQW�ZDV�REWDLQHG�LQ�WKH�RSWLPL]HG�GHVLJQV�FRPSDUHG�WR�WKH�EDVHOLQH

FRQILJXUDWLRQ�

���� 'LVFUHWH�2SWLPL]DWLRQ

� $SSO\LQJ� FRQVWUDLQWV� WKURXJK� SHQDOW\� IXQFWLRQV� LQ� D� *$� SUREOHP� LV� D� GHOLFDWH

RSHUDWLRQ��$�EDODQFH�PXVW�EH�DFKLHYHG�EHWZHHQ�WKH�GHVLUH�WR�REWDLQ�D�IHDVLEOH�ILQDO�GHVLJQ

DQG� WKH� QHHG� WR� DOORZ� WKH� VHDUFK� WR� FURVV� LQIHDVLEOH� UHJLRQV� RI� WKH� GHVLJQ� VSDFH�

6XUSULVLQJO\�OLWWOH�UHVHDUFK�KDV�EHHQ�GHYRWHG�WR�WKLV�DVSHFW��2QH�UHDVRQ�LV�WKDW��LQ�UHVHDUFK

*$
V��SUREOHP�VSHFLILF�UHSDLU�RSHUDWRUV�DUH�RIWHQ� LQWURGXFHG�WR�HQIRUFH�FRQVWUDLQWV��7KLV
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