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,Q�RUGHU�WR�PHHW�WKH�HYHU-LQFUHDVLQJ�GHPDQG�IRU�
KLJK� TXDOLW\� DQG� ORZ� FRVW� SURGXFWV�� LW� LV� YHU\�
LPSRUWDQW� WR� REWDLQ� DFFXUDWH� PRGHOV� IRU� WKH�
HYDOXDWLRQ� RI� SURFHVV� SDUDPHWHUV�� � 6LQFH� WKH�
RXWSXW� RI� UROOLQJ� SURFHVV� LV� DOPRVW� D� ILQLVKHG�
SURGXFW�� FRQWUROOLQJ� WKH� SDUDPHWHUV� DIIHFWLQJ�
WKLV� SURFHVV� LV� LPSRUWDQW�� (QJLQHHUV� KDYH� WR�
PDQLSXODWH� D� ORW� RI� SDUDPHWHUV� VXFK� DV� WKH�
VSHHG� RI� GHIRUPDWLRQ�� WKH� DPRXQW� RI� GHIRU�
PDWLRQ�� WKH� WHPSHUDWXUH� DW� GHIRUPDWLRQ�� OXEUL�
FDWLRQ�� DQG� PDWHULDO� SURSHUWLHV� LQ� RUGHU� WR�
DFKLHYH� D� GHVLUHG� RXWFRPH� LQ� WKH� UROOLQJ� SUR�

FHVV��7KH�JRDO� RI� WKLV� UHVHDUFK� LV� WR� GHYHORS� D�
WHFKQLTXH� WR� DFFXUDWHO\� GHWHUPLQH� WKH�FKDUDF�
WHULVWLFV� RI� WKH� SUHVVXUH� GLVWULEXWLRQ� GXULQJ� D�
UROOLQJ�SURFHVV��7KH�GHWHUPLQDWLRQ�RI�WKH�DFFX�
UDWH� FKDUDFWHULVWLFV� RI� SUHVVXUH� GLVWULEXWLRQ�
ZLWKLQ�WKH�FRQWDFW�]RQH�LV�HVVHQWLDO�IRU�WKH�DFFX�
UDWH� HVWLPDWLRQ� RI� WKH� HQHUJ\� DQG� SRZHU� UH�
TXLUHPHQWV� IRU� WKH� SODVWLF� GHIRUPDWLRQ� RI� WKH�
SDUW�� ,W� KDV� EHHQ� GHWHUPLQHG� E\�PHWDO� IRUPHUV�
WKDW� WKH� QDWXUH� RI� WKH� SUHVVXUH� GLVWULEXWLRQ� LV�
YHU\�VHQVLWLYH�WR�WKH�YDOXH�RI�WKH�FRHIILFLHQW�RI�
IULFWLRQ� EHWZHHQ� WKH� UROOHU� DQG� WKH� GHIRUPHG�
SDUW� �%HLN� DQG� 'HKJKDQL�� ������� ,W� KDV� DOVR�
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$FFXUDWH�FKDUDFWHULVWLFV�RI�UROO�SUHVVXUH�GLVWULEXWLRQ�LV�HVVHQWLDO�LQ�WKH�HVWLPDWLRQ�RI�WKH�HQHUJ\�
DQG�SRZHU� UHTXLUHPHQWV� IRU�SDUWV�XQGHUJRLQJ�SODVWLF� GHIRUPDWLRQ��7KH�QDWXUH�RI� WKH�SUHVVXUH�
GLVWULEXWLRQ�LV�YHU\�VHQVLWLYH�WR�WKH�IULFWLRQ�FRHIILFLHQW�EHWZHHQ�WKH�UROOHU�DQG�WKH�GHIRUPHG�SDUW��
7KH�SK\VLFV�RI�WKH�GHIRUPDWLRQ�SURFHVV�SRLQWV�WR�D�YDULDEOH�IULFWLRQ�FRHIILFLHQW��KRZHYHU��FXUUHQW�
UHVHDUFK�DQG�SUDFWLFHV�UHVXOW�LQ�WKH�XVH�RI�D�FRQVWDQW�IULFWLRQ�FRHIILFLHQW��7KLV�ZRUN�H[SORUHG�WKH�
GHYHORSPHQW�RI�D�WHFKQLTXH�WR�GHWHUPLQH�D�TXDQWLWDWLYH�UHODWLRQVKLS�EHWZHHQ�WKH�YDULDEOH�IULFWLRQ�
FRHIILFLHQW�DQG�WKH�SURFHVV�SDUDPHWHUV��7KH�SUHVVXUH�GLVWULEXWLRQ�ZDV�WKHQ�GHYHORSHG�ZLWKLQ�WKH�
FRQWDFW�UHJLRQ�XVLQJ�WKH�YDULDEOH�IULFWLRQ�FRHIILFLHQW�PRGHO��5HVXOWV�VKRZ�WKDW�FXUUHQW�DSSURDFK�
XVHG�E\� LQGXVWU\��µWKH�UXOH�RI� WKXPE¶��RYHUHVWLPDWHV� WKH�SUHVVXUH�GLVWULEXWLRQ��FRPSDUHG� WR� WKH�
FXUUHQW�UHVHDUFK��WKXV�ZDVWLQJ�SRZHU�QHHGHG�IRU�WKH�UROOLQJ�RSHUDWLRQ�E\�DERXW������ 
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 8VLQJ� WKH� H[LW� WKLFNQHVV� DV� WKH� UHIHUHQFH�� LQ�
FUHPHQWDO� WKLFNQHVVHV� ZHUH� HYDOXDWHG� XVLQJ�
HOHPHQWDO� UROO� DQJOHV�� � 7KH� UHVXOW� IURP� WKH�
LQFUHPHQWDO� WKLFNQHVV� ZDV� VXEVWLWXWHG� LQWR� D�
IULFWLRQ�FRHIILFLHQW�PRGHO�ZKLFK�LV�PRGLILHG�WR�
HYDOXDWH�IULFWLRQ�FRHIILFLHQW�DW�HDFK�LQFUHPHQ�
WDO�SRLQW��'DYLV�HW�DO�����������7KH�REMHFWLYH�RI�
WKLV� ZRUN� LV� WR� GHYHORS� WKH� SUHVVXUH� GLVWULEX�
WLRQ�ZLWKLQ�WKH�FRQWDFW�UHJLRQ��DVVXPLQJ�D�YDU�
\LQJ� IULFWLRQ� FRHIILFLHQW� IURP� WKH� HQWU\� WR� WKH�
H[LW�SRLQW�DQG�WR�FRPSDUH�WKH�UHVXOWV�ZLWK�H[�
LVWLQJ�PRGHOV� 
 
52//,1*�35(6685(�02'(/ 
)LJ���� VKRZV�D�PRGHO� IRU�SODVWLF�FRQWDFW� UROO�
LQJ�� � ,Q� WKLV� ILJXUH��K��LV� WKH� LQLWLDO�VODE� WKLFN�
QHVV�� KI� � LV� WKH� ILQDO� VODE� WKLFNQHVV�� 9�� LV� WKH�
HQWU\�YHORFLW\��9I��LV�WKH�H[LW�YHORFLW\��5��LV�WKH�
UROO�UDGLXV��1�LV�WKH�URWDWLRQDO�VSHHG�RI�WKH�UROO��
9U� LV� WKH� UROO� YHORFLW\�� DQG�Gș� LV� WKH� LQFOXGHG�
UROO� DQJOH� IRU� WKH� HOHPHQWDO� VWULS� ZLWKLQ� WKH�
GHIRUPDWLRQ�]RQH�  

'DYLV�HW�DO� �� 

EHHQ�GHWHUPLQHG� WKDW� WKH�SK\VLFV� RI� WKH�GHIRU�
PDWLRQ� SURFHVV� SRLQWV� WR� D� YDULDEOH� FRHIILFLHQW�
RI� IULFWLRQ� EHWZHHQ� WKH� UROOHU� DQG� WKH� SDUW�
�0XUWK\� DQG� 9DGLYXFKH]KLDQ�� ������� � &XUUHQW�
PHWKRGV� XVHG� LQ� WKH� HVWLPDWLRQ� RI� WKH� IULFWLRQ�
FRHIILFLHQW� ZLWKLQ� WKH� FRQWDFW� UHJLRQ� LQFOXGH�
H[SHULHQFH�� UXOH� RI� WKXPE�� WULDO� DQG� HUURU�� DQG�
XVH� RI� HPSLULFDO� IRUPXODH�� 7KHVH� PHWKRGV��
�$YLW]XU�� ������ +LOO�� ������ /HQDUG�� ������
0XUWK\� DQG� 9DGLYXFKH]KLDQ�� ������ 5REHUWV��
������7LHX�DQG�/LX���������DVVXPH�WKDW�WKH�IULF�
WLRQ� FRHIILFLHQW� LV� FRQVWDQW� ZLWKLQ� WKH� FRQWDFW�
UHJLRQ�� �$Q� DFFXUDWH� HVWLPDWLRQ� RI� WKH� IULFWLRQ�
FRHIILFLHQW� OHDGV� WR�D� YDULDEOH�YDOXH�ZLWKLQ� WKH�
FRQWDFW� UHJLRQ��'DYLV�HW� DO��� �������SURYLGHG� D�
UHDOLVWLF� HVWLPDWLRQ� RI� LQVWDQWDQHRXV� IULFWLRQ�
FRHIILFLHQW� ZLWKLQ� WKH� FRQWDFW� UHJLRQ� IRU� VODE�
UROOLQJ� RSHUDWLRQ�� � ,Q� WKHLU� VWXG\�� WKH� ³UXOH� RI�
WKXPE´� DQG� RWKHU� FXUUHQW� PHWKRGV� ZHUH������������
LPSURYHG� XVLQJ� D� QHZ� PRGHOOLQJ� WHFKQLTXH�
ZKHUH� WKH� FRQWDFW� UHJLRQ� ZDV� LQFUHPHQWDOO\�
DQDO\]HG�WR�REWDLQ�WKH�FRHIILFLHQW�RI�IULFWLRQ��� 

 

)LJ������3ODVWLF�UROOLQJ�FRQWDFW�PRGHO 
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5HVHDUFKHUV� LQ� WKLV� ILHOG�KDYH�VROYHG� WKH�VWUHVV�
HTXDWLRQ�ZLWK� VHYHUDO� DVVXPSWLRQV��2QH�RI� WKH�
DVVXPSWLRQV� LV� WKDW� WKH� IULFWLRQ� FRHIILFLHQW� LV�
FRQVWDQW� ZLWKLQ� WKH� FRQWDFW� UHJLRQ�� $FFRUGLQJ�
WR� WKH�SULQFLSOHV�RI�SK\VLFV�� WKH�PDJQLWXGH�RI�
WKH� IULFWLRQ� IRUFH� EHWZHHQ� VXUIDFHV� LQ� FRQWDFW�
GHFUHDVHV� �FRQWLQXRXVO\�DV� LW� FKDQJHV�IURP�WKH�� 

)URP�)LJ�����D� IRUFH�DQDO\VLV�RQ�DQ�HOHPHQWDO�
VWULS� ZLWKLQ� WKH� FRQWDFW� UHJLRQ� UHVXOWV� LQ� D�
VWUHVV� HTXDWLRQ� VKRZQ� LQ� (TXDWLRQ� ��� ,Q� WKLV�
HTXDWLRQ�� ı[� LV� WKH� D[LDO� VWUHVV�� 3ș� LV� WKH� UROO�
SUHVVXUH�DW�DQJOH�ș��DQG�ȝș�LV�WKH�IULFWLRQ�FRHI�
ILFLHQW��7KH�VWUHVV�HTXDWLRQ�VKRZV�D�KLJK�LQIOX�
HQFH�RI�WKH�IULFWLRQDO�FRHIILFLHQW� ��� 

7R�UHGXFH�WKH�HIIHFWV�RI�IULFWLRQ��D�VHFRQG�UROO�
HU� FRXOG� EH� LQWURGXFHG� DV� VKRZQ� LQ� )LJ�� ���
2QFH� DJDLQ�� D� IRUFH� DQDO\VLV� RQ� DQ� HOHPHQWDO�
VWULS� ZLWKLQ� WKH� FRQWDFW� UHJLRQ� UHVXOWV� LQ� D�
VWUHVV�HTXDWLRQ�VKRZQ�LQ�(TXDWLRQ����,W�FDQ�EH�
VHHQ� IURP� (TXDWLRQ� �� WKDW� WKH� LQIOXHQFH� RI�
IULFWLRQ�KDV�EHHQ�JUHDWO\�UHGXFHG�ZLWK�WKH�ORVV�
RI� WKH�VHFRQG� WHUP�LQ�(TXDWLRQ����(TXDWLRQ���
ZDV� ILUVW� GHULYHG� E\� 9RQ� .DUPDQ� �'LHWHU��
�������� 

)LJ�����'RXEOH�UROOHU�SODVWLF�UROOLQJ�FRQWDFW�PRGHO 

 

TXDVL-VWDWLF� WR� WKH�G\QDPLF�PRGHV��7KH�SK\VL�
FDO� EHKDYLRU� RI� WKH� IULFWLRQ� IRUFH� LV� LOOXVWUDWHG�
LQ� )LJ�� ��� � ,Q� UHODWLRQ� WR� G\QDPLF� UROOLQJ� FRQ�
WDFW��WKH�IULFWLRQ�IRUFH�EHWZHHQ�VXUIDFHV�LQ�FRQ�
WDFW� FKDQJHV� IURP� WKH� SDUW� HQWU\� SRLQW� WR� WKH�
H[LW� SRLQW�� $V� D� UHVXOW�� WKH� IULFWLRQ� FRHIILFLHQW�
VKRXOG�DOVR�YDU\��7KH�UHODWLRQVKLS�EHWZHHQ�WKH�
QRUPDO� SUHVVXUH� 3� DQG� WKH� KRUL]RQWDO� FRP�
SUHVVVLYH� VWUHVV� ı[� LQ� (TXDWLRQ� �� LV� JLYHQ� E\�
FRQVLGHULQJ� WKH� GLVWRUWLRQ� HQHUJ\� FULWHULRQ� RI� 
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�� 'DYLV�HW�DO� 

 

\LHOGLQJ� IRU� WKH� SODQH� VWUDLQ� FRQGLWLRQ��7KLV� LV�
H[SUHVVHG�LQ�(TXDWLRQ���� 

)LJ�����)ULFWLRQ�&RHIILFLHQW�&XUYH 

 

:KHUH�ı��DQG�ı��DUH�WKH�SULQFLSDO�VWUHVVHV�ZLWK�
LQ� WKH� FRQWDFW� ]RQH�� DQG�ı\�� ı��� DQG�.�DUH� WKH�
\LHOG� VWUHQJWK�� IORZ�VWUHVV�� DQG� WKH� VKHDU�\LHOG�
VWUHQJWK�RI�WKH�ZRUN�PDWHULDO��UHVSHFWLYHO\� 
 
&RQVLGHULQJ�D� VWUHVV�HOHPHQW�ZLWKLQ� WKH�GHIRU�
PDWLRQ�]RQH�DV� VKRZQ� LQ�)LJ����DQG�DVVXPLQJ�
WKDW� WKH� IULFWLRQDO� IRUFH� LV� YHU\� VPDOO� DQG� FDQ�
EH�QHJOHFWHG�� WKH�SULQFLSDO� VWUHVVHV� LQ� WKH� HOH�
PHQW�FDQ�EH�HYDOXDWHG�DV�ı�� �ı[��DQG�ı�� �-3���
7KH�QHJDWLYH�VLJQ�DFFRXQWV�IRU�WKH�FRPSUHVVLYH�
QDWXUH� RI� WKH� VWUHVV�� 7KXV� HTXDWLRQ� �� FDQ� EH� 

ZULWWHQ�LQ�WHUPV�RI��ı[�DQG�3�DV�VKRZQ�LQ�HTXD�
WLRQ��� 

 

1RZ�� HOLPLQDWLQJ� ı[�IURP� (TXDWLRQV� �� DQG� ��
DQG�QRWLQJ�WKDW�WKH�IULFWLRQ�IRUFH�FKDQJHV�GLUHF�
WLRQ� LQ� DFFRUGDQFH�ZLWK� WKH� UHODWLYH� VSHHG� EH�
WZHHQ�WKH�UROOHU�DQG�WKH�SDUW�UHVXOWV�LQ�(TXDWLRQ�
�� 
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9DU\LQJ�IULFWLRQ�FRHIILFLHQW�RQ�SUHVVXUH�GLVWULEXWLRQ��� �� 

  
 
 
 

)LJ������6WUHVV�HOHPHQW�LQ�GHIRUPDWLRQ�]RQH 
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7KH�FRPSOH[LW\�RI�(TXDWLRQ���PDNHV�LW�QHFHV�
VDU\�WR�REWDLQ�VROXWLRQV�E\�QXPHULFDO�PHWKRGV���
6RPH� VLPSOLILFDWLRQ� KDV� EHHQ� VXJJHVWHG� E\�
RWKHU�UHVHDUFKHUV�IRU�WKH�SXUSRVH�RI�REWDLQLQJ�D�
FORVHG-ORRS� VROXWLRQ� WR�(TXDWLRQ���� �7KH� VLP�
SOLILFDWLRQV�DUH�WKDW������WKH�FRHIILFLHQW�RI�IULF�
WLRQ� �ȝ�� LV� FRQVWDQW� DW� DOO� SRLQWV� RQ� WKH� DUF�RI�
FRQWDFW������WKH�DQJOH�ș�VXEWHQGHG�E\�WKH�ZRUN�
LQ� WKH�GHIRUPDWLRQ� ]RQH� LV� YHU\� VPDOO�� ���� WKH�
VKHDU� \LHOG� VWUHQJWK� �.�� LV� FRQVWDQW�� DQG� ����
WKHUH�LV�DQ�LGHQWLILDEOH�SRLQW�ZKHUH�QR�VOLS�RF�
FXUV�EHWZHHQ�UROOHU�DQG�WKH�SDUW��NQRZQ�DV�WKH�
QHXWUDO�SRLQW�� �$SSO\LQJ� WKH� DERYH�VLPSOLILFD�
WLRQV� WR�(TXDWLRQ� �� DQG� LQWHJUDWLQJ�� UHVXOWV� LQ�
(TXDWLRQV�������DQG���� �)RU�GHWDLOV�RI�WKH�LQWH�
JUDWLRQ�UHIHU�WR��*RVK�DQG�0DOOLN���������� 

 

 

:KHUH��K��DQG�KI�UHSUHVHQW�HQWU\�DQG�H[LW�WKLFN�
QHVV� RI� WKH� GHIRUPHG� SDUW�� UHVSHFWLYHO\� 

 
SUHVVXUH��ı[E�DQG� ı[I��UHSUHVHQW� EDFN� DQG� IURQW�
WHQVLRQV�UHVSHFWLYHO\�� �7KH�SUHVVXUH�DW� WKH�QHX�
WUDO�SRLQW�LV�GHWHUPLQHG�IURP�HLWKHU�(TXDWLRQ���
RU����7KH�YDOXH�RI�WKH�SDUDPHWHU�Ȝ�FRUUHVSRQG�
LQJ� WR� WKH� QHXWUDO� SRLQW� �ȜQ�� LV� REWDLQHG� E\�
HTXDWLQJ� (TXDWLRQV� �� DQG� ��� 7KH� UHVXOW� LV�
VKRZQ�LQ�(TXDWLRQ���� 
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'DYLV�HW�DO� 

7KH�ORFDWLRQ�RI�WKH�QHXWUDO�SRLQW�șQ�FRUUHVSRQG�
LQJ� WR� ȜQ� FDQ� EH� REWDLQHG� IURP�(TXDWLRQ� ��� ,Q�
SUDFWLFH��WKH�HVWLPDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�
DVVXPLQJ�FRQVWDQW�IULFWLRQ�FRHIILFLHQW�KDV�EHHQ�
IRXQG� WR�EH�GHILFLHQW�DQG� UHVXOWV� LQ�JURVV�RYHU�
HVWLPDWLRQ�RI�WKH�UROOLQJ�VWUHVVHV�DQG�WKLV�OHDGV�
WR�LQFRQVLVWHQFLHV�LQ�SURGXFW�SHUIRUPDQFH��7LHX�
DQG�/LX���������7KLV�UHVHDUFK�VHHNV�WR�LPSURYH�
WKH� DFFXUDF\� LQ� WKH� HVWLPDWLRQ� RI� IRUFH� DQG�
SUHVVXUH�GLVWULEXWLRQ�DQG�IULFWLRQ�KLOO�ZLWKLQ�WKH�
FRQWDFW� UHJLRQ� RI� D� UROOLQJ� F\OLQGULFDO� HOHPHQW�
RQ�D�IODW�VXUIDFH��7KH�QH[W�VHFWLRQ�DQDO\]HV�WKH�
SUHVVXUH� GLVWULEXWLRQ� ZLWKLQ� WKH� FRQWDFW� UHJLRQ�
XVLQJ�YDU\LQJ�IULFWLRQ�FRHIILFLHQW�PRGHO��'DYLV�
HW� DO��� ������ DQG� DOVR� FRPSDULQJ� WKH� UHVXOWV�
ZLWK�H[LVWLQJ�PRGHOV� �$YLW]XU��������7LHX�DQG�
/LX�������� 
 
$1$/<6,6� 2)� 35(6685(� ',675,%8�
7,21 
3UHVVXUH� GLVWULEXWLRQV�ZHUH� DQDO\]HG� XVLQJ� WKH�
FRQVWDQW� IULFWLRQ� FRHIILFLHQW� DSSURDFK� DQG� WKH�
YDU\LQJ� IULFWLRQ� FRHIILFLHQW� PRGHOV�� 7KH� FRQ�
VWDQW� IULFWLRQ� FRHIILFLHQW� PRGHOV� FRQVLGHUHG�
ZHUH� WKH� 5XOH� RI� 7KXPE�� 7LHX� 0RGHO�� DQG�
$YLW]XU�0RGHO��7KH�YDU\LQJ�IULFWLRQ�FRHIILFLHQW�
PRGHOV�FRQVLGHUHG�ZHUH�6*�5ROO�([SHULPHQWDO�
0RGHO�� 0RGLILHG� 7LHX� 0RGHO�� DQG� 0RGLILHG�
$YLW]XU�0RGHO��'DYLV�HW�DO����������� 
 
3UHVVXUH� GLVWULEXWLRQ� IRU� FRQVWDQW� IULFWLRQ�
FRHIILFLHQW 
)RU� UROOLQJ� WR� EH� DFFRPSOLVKHG�� WKH� IULFWLRQ�
FRHIILFLHQW�EHWZHHQ�WKH�ZRUN�DQG�UROO�LQWHUIDFH�
PXVW�EH�VXIILFLHQW�HQRXJK�WR�RYHUFRPH�WKH�UROO�
UHVLVWDQFH�� (TXDWLRQ� ��� SURYLGHV� WKH� SK\VLFDO�
FRQVWUDLQW�RI�WKH�SURFHVV��ZKHUH��ȝ�DQG�șPD[�DUH�
IULFWLRQ�FRHIILFLHQW�DQG�ELWH�DQJOH�UHVSHFWLYHO\�� 

VXUH� GLVWULEXWLRQ� IRU� D� UXOH� RI� WKXPE� IULFWLRQ�
FRHIILFLHQW�PRGHO� ��� ������ LV�SURYLGHG� LQ�)LJ��
���)ULFWLRQ�EHWZHHQ�WKH�ZRUN�DQG�UROO� LQWHUIDFH�
FDXVHG�WKH�SUHVVXUH�WR�LQFUHDVH�H[SRQHQWLDOO\�DV�
WKH� ZRUN� HQWHUHG� WKH� UROOV� XQWLO� WKH� PD[LPXP�
SUHVVXUH�LV�DWWDLQHG�DW�D�ORFDWLRQ�RI�DERXW�������
UDGLDQV� IURP� WKH� H[LW� SRLQW�� � 7KHUHDIWHU�� WKH�
SUHVVXUH� GHFUHDVHG� DOPRVW� OLQHDUO\� XQWLO� WKH�
ZRUN�H[LWHG�WKH�UROO��� 
 
 

7KH� FRHIILFLHQW� RI� IULFWLRQ� EDVHG� RQ� 7LHX� DQG�
$YLW]XU�PRGHOV�ZHUH�HVWLPDWHG��$YLW]XU��������
7LHX�DQG�/LX���������7KH�YDULDWLRQ�RI�SUHVVXUH�
GLVWULEXWLRQ�ZDV�GHWHUPLQHG�EDVHG�RQ�WKHVH�WZR�
PRGHOV�DQG�DUH�SUHVHQWHG�LQ�)LJV����DQG����7KH�
SUHVVXUH�GLVWULEXWLRQ�SDWWHUQV�IRU�WKH�WKUHH�FDVHV�
IRU� WKH� FRQVWDQW� IULFWLRQ� FRHIILFLHQW� PRGHOV�
ZHUH�VLPLODU�ZLWK�PLQRU�GLIIHUHQFHV�LQ�WKH�SHDN�
SUHVVXUHV�DQG�WKHLU�ORFDWLRQ��&RPSDULVRQ�RI�WKH�
WKUHH�FDVHV�RI�FRQVWDQW�IULFWLRQ�FRHIILFLHQW�PRG�
HOV� �5XOH� RI� 7KXPE�� 7LHX�0RGHO�� DQG�$YLW]XU�
0RGHO�� ZDV� PDGH�� 7KH� UHVXOWV� DUH� VKRZQ� WR�
JHWKHU�LQ�)LJ�����,W�FDQ�EH�VHHQ�WKDW�DV�WKH�FRHI�
ILFLHQW� RI� IULFWLRQ� LQFUHDVHG�� WKH� QR� VOLS� SRLQW�
VKLIWHG�WRZDUGV�WKH�HQWU\��DQG�WKH�SHDN�SUHVVXUH�
LQFUHDVHG� 
 

7KH�DUHD�XQGHU�WKH�SUHVVXUH�GLVWULEXWLRQ�FXUYHV�
FDQ� EH� VKRZQ� WR� EH� SURSRUWLRQDO� WR� WKH� SRZHU�
DQG� IRUFH� UHTXLUHG� IRU� WKH� UROOLQJ� RSHUDWLRQ���
7KXV�� DV� WKH� IULFWLRQ� FRHIILFLHQW� LQFUHDVHG�� WKH�
SRZHU� UHTXLUHG� LQ� SHUIRUPLQJ� WKH� RSHUDWLRQ�
LQFUHDVHG�� 7KH� GHWHFWDEOH� FKDQJHV� LQ� WKH� DUHD�
XQGHU� WKH� SUHVVXUH� FXUYHV�� SHDN� SUHVVXUHV� DQG�
WKH�ORFDWLRQ�RI�QR-VOLS�SRLQW�FRPSDUHG�ZLWK�WKH�
VPDOO� FKDQJHV� LQ� IULFWLRQ� FRHIILFLHQW� YDOXHV�
FRQILUPHG�WKDW�WKH�IULFWLRQ�FRHIILFLHQW�LV�D�YHU\�
VHQVLWLYH�SDUDPHWHU��� 
 
7KXV�PD[LPXP�FDUH�PXVW� EH� WDNHQ� LQ� LWV� HVWL�
PDWLRQ�� �,W�FDQ�EH�VDLG�WKDW� WKH�5XOH�RI�7KXPE�
YDOXH�ZKLFK�LV�XVHG�LQ�LQGXVWU\�OHDGV�WR�DQ�RYHU
-HVWLPDWLRQ� DFFRUGLQJ� WR� WKH� 7LHX� DQG�$YLW]XU�
PRGHOV� 
 

3UHVVXUH� GLVWULEXWLRQ� IRU� YDU\LQJ� IULFWLRQ�
FRHIILFLHQW 
5HIHUULQJ� WR� )LJ�� ��� WKH� SULQFLSDO� VWUHVVHV� DUH�
HYDOXDWHG�E\� FRQVLGHULQJ� WKH� IDFW� WKDW� WKH� IULF�
WLRQDO� VWUHVVHV� OHDG� WR� QRQ-QHJOLJLEOH� VKHDU�
VWUHVVHV��/HW�WKH�SULQFLSDO�VWUHVVHV�EH�ı���ı��� 

)URP�(TXDWLRQ�����DQG�WKH�LQSXW�SDUDPHWHUV�RI�
7LHX�� WKH� WKHRUHWLFDO� IULFWLRQ� FRHIILFLHQW� ZDV�
HYDOXDWHG�WR�EH�D�PLQLPXP�RI��������ZKLOH�WKH�
UXOH� RI� WKXPE� IULFWLRQ� FRHIILFLHQW� LV� QRUPDOO\�
FKRVHQ� DV� ���� IRU� D� FROG-UROOLQJ� RSHUDWLRQ�
�*URRYHU���������6ROYLQJ�(TXDWLRQV���� ��� ��� ���
XVLQJ� 0DWODE� 6RIWZDUH�� WKH� YDULDWLRQ� RI� SUHV- 

?? = tan ???????? … … … … . (10) 
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)LJ������9DULDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�5XOH�RI�WKXPE 

 

)LJ�����9DULDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�7LHX 
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)LJ�����9DULDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�$YLW]XU 

)LJ�����&RPSDULVRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�&RQVWDQW�)ULFWLRQ�0RGHOV� 

 

�� 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

9DU\LQJ�IULFWLRQ�FRHIILFLHQW�RQ�SUHVVXUH�GLVWULEXWLRQ��� 

DQG�ı��UHVSHFWLYHO\� 

 

 

  

1RZ��HYDOXDWLQJ�ı[�� IURP�WKH�GLVWRUWLRQ�HQHUJ\�
FULWHULRQ�RI�\LHOGLQJ�IRU�SODQH�VWUDLQ�FRQGLWLRQ��
E\�VXEVWLWXWLQJ�ıDY�DQG�5�LQWR�(TXDWLRQV���������
DQG� WKHQ� IXUWKHU� VXEVWLWXWLRQ� LQWR� (TXDWLRQ� ��
UHVXOWV�LQ�WKH�H[SUHVVLRQ�IRU�ı[��ZKLFK�LV�VKRZQ�
LQ�(TXDWLRQ���� 

 

$VVXPLQJ�WKDW�WKH�HIIHFW�RI�VWUDLQ�KDUGHQLQJ�RQ�
WKH� PDWHULDO� LV� QHJOLJLEOH� DQG� WKXV� WKH� IORZ�
VWUHVV� �ı��� LV� FRQVWDQW�� DQG� GLIIHUHQWLDWLQJ� ı[�
ZLWK� UHVSHFW� WR� ș� UHVXOWV� LQ� WKH� H[SUHVVLRQ�
VKRZQ�LQ�(TXDWLRQ���� 

PDWHULDO���1RZ��UHZULWLQJ�9RQ�.DUPDQ¶V�(TXD�
WLRQ��(TXDWLRQ����LQ�DQRWKHU�IRUP�UHVXOWV�LQ�WKH�
H[SUHVVLRQ�VKRZQ�LQ�(TXDWLRQ����� 

6XEVWLWXWLRQ�RI�WKH�H[SUHVVLRQV�IRU  

q
s
¶
¶ x DQG 

ı[��LQWR� (TXDWLRQ� ��� UHVXOWV� LQ� WKH� H[SUHVVLRQ�
VKRZQ�LQ�(TXDWLRQ������ 

 

0DNLQJ� �3
� WKH� VXEMHFW� RI�(TXDWLRQ����� UHVXOWV�
LQ�WKH�H[SUHVVLRQ�VKRZQ�LQ�(TXDWLRQ�����ZKHUH�
WKH�QRUPDO�SUHVVXUH��3��DQG�IULFWLRQ�FRHIILFLHQW�
�ȝ��DUH�IXQFWLRQV�RI�UROO�DQJOH��ș�� 
 
(TXDWLRQ���� LV� WKH�H[SUHVVLRQ�GHULYHG� IRU�HVWL�
PDWLQJ�WKH�SUHVVXUH�GLVWULEXWLRQ�DORQJ�WKH�FRQ�
WDFW� OHQJWK� ZKHQ� IULFWLRQ� FRHIILFLHQW� EHWZHHQ�
WKH�ZRUN�DQG�UROO�LQWHUIDFH�LV�QRW�DVVXPHG�WR�EH�
FRQVWDQW��7KH�FRPSOH[LW\�RI�(TXDWLRQ����PDNHV�
LW� QHFHVVDU\� WR� REWDLQ� D�VROXWLRQ� E\� QXPHULFDO�
PHWKRGV��8VLQJ�ILQLWH�IRUZDUG�GLIIHUHQFH�PHWK�
RG� WR� IXUWKHU� VLPSOLI\� (TXDWLRQ� ���� UHVXOWV� LQ�
(TXDWLRQV���� 
 
7KH� PLQXV� DQG� SOXV� ���� VLJQV� LQ� HTXDWLRQ� ���
RFFXU�EHFDXVH�WKH�GLUHFWLRQ�RI�WKH�IULFWLRQ�IRUFH�
FKDQJHV�DW� WKH�QR-VOLS�SRLQW��7KH�SOXV�VLJQ�DS�
SOLHV� EHWZHHQ� H[LW� SRLQW� DQG� WKH� QR-VOLS�SRLQW��
ZKLOH� WKH� PLQXV� VLJQ� DSSOLHV� EHWZHHQ� WKH� HQ�
WUDQFH� DQG� WKH� QR-VOLS� SRLQW�� 7KH� QH[W� SDUD�
JUDSKV� GHPRQVWUDWH� WKH� YDULDWLRQ� RI� SUHVVXUH�
GLVWULEXWLRQ�XVLQJ� WKUHH�YDU\LQJ�IULFWLRQ�FRHIIL�
FLHQW� PRGHOV� QDPHO\� 6*� 5ROO� ([SHULPHQWDO��
0RGLILHG� $YLW]XU�� DQG�0RGLILHG� 7LHX�0RGHOV� 
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GHYHORSHG� DQG� SUHVHQWHG� E\� 'DYLV� HW� DO���
������� 
 
7KH� 6*�5ROO� ([SHULPHQWDO� IULFWLRQ� FRHIILFLHQW�
LV� PRGHOHG� DQG� SUHVHQWHG� DV� VKRZQ� LQ� (TXD�
WLRQV����DQG���� 

 

 

1RZ�� ZH� LOOXVWUDWH� WKH� HVWLPDWLRQ� RI� SUHVVXUH�
GLVWULEXWLRQ� XVLQJ� WKH� IULFWLRQ� FRHIILFLHQW� RE�
WDLQHG� IURP� WKH� 6*�5ROO� ([SHULPHQW�� 6ROYLQJ�
(TXDWLRQV� ���� ���� ���� XVLQJ�0DWODE� 6RIWZDUH��
WKH�YDULDWLRQ�RI� WKH�SUHVVXUH�GLVWULEXWLRQ�XVLQJ�
WKH�YDU\LQJ�6*�5ROO�([SHULPHQWDO� IULFWLRQ�FR�
HIILFLHQW�PRGHO�LV�GHWHUPLQHG��7KLV�LV�VKRZQ�LQ� 

)LJ���� 
 
)URP�)LJ�� ��� IULFWLRQ� DQG� VOLSSLQJ�EHWZHHQ� WKH�
SDUW�DQG�WKH�UROO�LQWHUIDFH�FDXVHG�WKH�SUHVVXUH�WR�
LQFUHDVH� FRQWLQXRXVO\� DV� ZRUN� HQWHUHG� WKH� UROO� 

 044.12 =K
PXQWLO�D�PD[LPXP�SUHVVXUH�RI� 

ZDV� DWWDLQHG� DW� WKH� QR-VOLS� SRLQW� HVWLPDWHG� WR�
������UDGLDQV�IURP�WKH�H[LW�SRLQW�� �$�FRPSDUL�
VRQ� RI� )LJXUH� �� VKRZV� WKDW� WKH� QR-VOLS� SRLQWV�
KDV�VKLIWHG�VOLJKWO\�WRZDUG�WKH�H[LW�DQG�WKH�SHDN�
SUHVVXUH� LV� ORZHU� WKDQ� WKH�FRQVWDQW� IULFWLRQ�FR�
HIILFLHQW� YDOXH� PHWKRG�� 7KH� YDU\LQJ� IULFWLRQ�
FRHIILFLHQW� PRGHOV� IRU� WKH� PRGLILHG� 7LHX� DQG�
$YLW]XU� IULFWLRQ�FRHIILFLHQW� PRGHOV� DUH� VKRZQ�
LQ�(TXDWLRQV�������������DQG�����UHVSHFWLYHO\� 
 
6ROYLQJ� (TXDWLRQV� ���� ���� ���� ���� ��� XVLQJ�
0DWODE� 6RIWZDUH�� WKH� YDULDWLRQ� RI� WKH� SUHVVXUH�
GLVWULEXWLRQ� IRU� WKH�0RGLILHG�7LHX�DQG�$YLW]XU�
IULFWLRQ� FRHIILFLHQW� PRGHOV� DUH� VKRZQ� LQ� )LJV��
���DQG����UHVSHFWLYHO\� 
 

$�FRPSDULVRQ�RI�WKH�YDU\LQJ�IULFWLRQ�FRHIILFLHQW�
PRGHOV� �6*�5ROO�([SHULPHQWDO��0RGLILHG�7LHX�
0RGHO�� DQG�0RGLILHG�$YLW]XU��ZDV�PDGH��7KH�
UHVXOW�LV�VKRZQ�LQ�)LJ������7KH�YDU\LQJ�IULFWLRQ�� 
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9DU\LQJ�IULFWLRQ�FRHIILFLHQW�RQ�SUHVVXUH�GLVWULEXWLRQ���  

 

)LJ������9DULDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�6*�5ROO�)ULFWLRQ�0RGHO 

 

 

 

FRHIILFLHQW�PRGHOV�VKRZHG�WKH�VDPH�WUHQG�DQG�
WKH� VDPH� VKDSH�� 7KH� SHDN� SUHVVXUH� IRU� WKH�
PRGLILHG�7LHX�PRGHO�ZDV�KLJKHU�WKDQ�WKH�SHDN�
SUHVVXUHV� RI� WKH� PRGLILHG� $YLW]XU� DQG� WKH� 

PHDVXUHG��7KH� SRZHU� UHTXLUHG� IRU� WKH� UROOLQJ�
RSHUDWLRQ� LV�SURSRUWLRQDO� WR� WKH�DUHD�XQGHU� WKH�
SUHVVXUH� GLVWULEXWLRQ� FXUYH�� )RU� WKH�VDPH� SD�
UDPHWHUV�� 7LHX¶V� PRGLILHG� PRGHO� ZRXOG� HVWL�
PDWH�WKH�KLJKHVW�SRZHU�UHTXLUHPHQW�� 
 
$� FRPSDULVRQ� RI� 5XOH� RI� 7KXPE�� 7LHX��
$YLW]XU��0HDVXUHG��0RGLILHG�7LHX�0RGHO��DQG�
0RGLILHG�$YLW]XU�0RGHO�ZDV�PDGH��7KH�UHVXOWV�
DUH� VKRZQ� LQ� )LJ�� ���� � )URP� )LJ�� ���� DV� WKH�
FRHIILFLHQW�RI�IULFWLRQ�YDULHG������SHDN�SUHVVXUH�
FKDQJHG�� ���� DUHD� XQGHU� WKH� SUHVVXUH� GLVWULEX�
WLRQ� FXUYH� FKDQJHG�� DQG� ���� WKH� QR-VOLS� SRLQW�
VKLIWHG��&RPSDULQJ�HDFK�PRGHO�ZLWK�WKH�H[SHU�
LPHQWDO�UHVXOWV�VXJJHVWV�WKDW��WKH�UXOH�RI�WKXPE�
PRGHO� RYHU-HVWLPDWHV� WKH� SRZHU� UHTXLUHPHQWV�
ZKLOH� 7LHX� DQG� $YLW]XU¶V� PRGHOV� XQGHU-
HVWLPDWH� WKH� SRZHU�� � 7KH� XQGHU� HVWLPDWHG� SD�
UDPHWHUV� DUH� XQGHVLUDEOH� LQ� WKH� FROG� UROOLQJ�
RSHUDWLRQ�EHFDXVH�RI�WKH�IROORZLQJ�UHDVRQV������
FROG� UROOLQJ� LV� D� ILQLVKLQJ� RSHUDWLRQ� LQ� PHWDO�
IRUPLQJ�DQG�WKH�SURGXFW�TXDOLW\�FRXOG�EH�KLJK�
O\� FRPSURPLVHG� DQG� ���� WKH� OLIH� RI� WKH� UROOLQJ�
HTXLSPHQW� PD\� EH� VKRUWHQHG� GXH� WR� KLJK� 

?? ????????????   = 10.11??2 - 0.3877??

+ 0.0871 … … … … . (21) 
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?? ????????????   = 0.8395??

+ 0.1002 … … … … . (23) 

?? ??????????  = - 0.106??2 + 5.222??

+ 0.0508 … … … … . (24) 
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)LJ�������9DULDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�0RGLILHG�7LHX�0RGHO 

)LJ�������9DULDWLRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�0RGLILHG�$YLW]XU�0RGHO 
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)LJ������&RPSDULVRQ�RI�SUHVVXUH�GLVWULEXWLRQ�–�0RGLILHG�0RGHOV�DQG�6*�5ROO�([SHULPHQWDO�
'DWD 

)LJ������&RPSDULVRQ�RI�SUHVVXUH�GLVWULEXWLRQ�IRU�WKH�YDULRXV�PRGHOV� 

 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

VWUHVVHV��� 
 
7DEOH���SURYLGHV�D�QXPHULFDO�FRPSDULVRQ�RI�WKH�
SDUDPHWHUV� RI� WKH� SUHVVXUH� GLVWULEXWLRQ�� ,W� FDQ�
EH� VHHQ� WKDW� WKH�PHDVXUHG�SDUDPHWHUV�FRPSDUH�
PRVW� IDYRUDEO\� ZLWK� WKH� 0RGLILHG� $YLW]XU�
0RGHO�� 7KHLU� QR-VOLS� SRLQWV� DUH� VLPLODU�� WKH�
SHDN�SRLQWV�DUH�HVVHQWLDOO\�HTXDO�LQ�PDJQLWXGH���
7KH�DUHD�XQGHU�WKH�FXUYH�DUH�FORVH�WR�HDFK�RWK�
HU��7KHLU�VDYLQJV�LQ�SRZHU�FRPSDUHG�WR�WKH�UXOH�
RI�WKXPE�PRGHO�DUH�DOPRVW�WKH�VDPH��7KH�0RG�
LILHG�$YLW]XU�0RGHO�UHVXOWHG�LQ�����VDYLQJV�LQ�
SRZHU� FRPSDUHG� WR� WKH� UXOH� RI� WKXPE� PRGHO�
ZKLOH�WKH�0RGLILHG�7LHX�0RGHO�UHVXOWHG�LQ�����
VDYLQJV�� $YLW]XU� DQG� 7LHX¶V� RULJLQDO� PRGHOV�
VXJJHVW�����DQG�����VDYLQJV�LQ�SRZHU�UHVSHF�
WLYHO\� FRPSDUHG� WR� WKH� UXOH� RI� WKXPE� PRGHO���
7KLV� VDYLQJV� VXJJHVW� OHVVHU� GHIRUPDWLRQ� IRUFHV�
ZKLFK� FRXOG� EH� D� FRQFHUQ� ZLWK� UHVSHFW� WR� WKH�
GLPHQVLRQDO� DFFXUDF\� DQG� SUHFLVLRQ� RI� WKH�
SURGXFW� 
 
&21&/86,21 
3UHVVXUH� GLVWULEXWLRQ� PRGHOV� KDYH� EHHQ� GHYHO�
RSHG�ZLWKLQ� WKH�FRQWDFW� UHJLRQ�XVLQJ�D�YDU\LQJ�
IULFWLRQ� FRHIILFLHQW� PRGHO�� 7KH� UHVXOWV� RI� WKLV�
ZRUN� DOORZV� WKH� VFLHQWLILF� DQG� WKH� HQJLQHHULQJ�
ZRUN�WR�UHDOL]H�WKH�LPSRUWDQFH�RI�DSSO\LQJ�YDU�
\LQJ�FRHIILFLHQW�RI� IULFWLRQ� LQ� WKH�HYDOXDWLRQ�RI�
WKH� FKDUDFWHULVWLFV� RI� WKH� SUHVVXUHV� LQ� WKH� FRQ�
WDFW� UHJLRQ�GXULQJ� WKH�SODVWLF� GHIRUPDWLRQ�RI� D 

'DYLV�HW�DO� �� 

7DEOH����&RPSDULVRQ�RI�SUHVVXUH�GLVWULEXWLRQ�SDUDPHWHUV�IRU�YDULRXV�PRGHOV� 
 

3DUDPHWHU 

)ULFWLRQ�&RHIILFLHQW�0RGHOV 

&XUUHQW�$SSURDFK��&RQVWDQW�
)ULFWLRQ�0RGHO� 

%DVHG�RQ�WKLV�5HVHDUFK��9DU\LQJ�)ULFWLRQ�
0RGHO� 

5XOH�RI�
7KXPE 7LHX $YLW]XU 0RGLILHG�

7LHX 
0RGLILHG�
$YLW]XU ([SHULPHQWDO 

  
7KHWD�1HXWUDO��ș1��-�
5DGLDQV 

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

  
3HDN�-��3����
.� ����� ����� ����� ����� ���� ����� 

$UHD��$��–�XQLW� ������ ������ ������ ������ ������ ������ 
3HUFHQWDJH�&KDQJH�
LQ�$UHD��$��� � -����� -����� -����� -����� -����� 

PHWDOOLF� VODE�� 7KURXJK� WKLV� ZRUN�� WKH� SRZHU�
DQG�HQHUJ\� UHTXLUHPHQWV�DUH�GHWHUPLQHG�PRUH�
DFFXUDWHO\� WKDQ� WKH� SUHVHQW� PHWKRGRORJLHV���
7KH� IROORZLQJ� VSHFLILF� FRQFOXVLRQV� PD\� EH�
GUDZQ�IURP�WKH�UHVXOWV�REWDLQHG�LQ�WKH�ZRUN� 
 
�� &XUUHQW� LQGXVWULDO� SUDFWLFHV� RYHUHVWLPDWH�

WKH� �SUHVVXUHV� UHTXLUHG�IRU� WKH�UROOLQJ�RS�
HUDWLRQ���7KRXJK�WKLV�HQVXUHV�D�SHUPDQHQW�
GHIRUPDWLRQ��LW�FRXOG�OHDG�WR�SRRU�SURGXFW�
TXDOLW\�VXFK�DV�FUDFNLQJ� 

 
�� $� FODVVLFDO� PHWKRG� SURSRVHG� E\� $YLW]XU�

DQG� DQ� HPSLULFDO� PHWKRG� SURSRVHG� E\�
7LHX�LQ�DWWHPSWV�WR�LPSURYH�XSRQ�WKH�SUH�
GLFWLRQ�RI� WKH�UROOLQJ�SUHVVXUH� WHQG� WR�XQ�
GHUHVWLPDWH� WKH�SUHVVXUH�GLVWULEXWLRQ� IURP�
WKH�HQWU\�WR�WKH�QR-VOLS�SRLQW�DQG�RYHUHVWL�
PDWH� LW� IURP� WKH� QR-VOLS� SRLQW� WR� WKH� H[LW�
SRLQW� 

 
�� 7KHUH�LV�����WR�����VDYLQJV�LQ�WKH�UROOLQJ�

SRZHU�UHTXLUHPHQW�XVLQJ�WKH�YDU\LQJ�FRHI�
ILFLHQW� RI� IULFWLRQ� PRGHOLQJ� WHFKQLTXHV�
RYHU�WKH�WUDGLWLRQDO�FRQVWDQW�FRHIILFLHQW�RI�
IULFWLRQ�PHWKRG� 

 
�����7KH�SUHVVXUH�GLVWULEXWLRQ�UHVXOWLQJ�IURP�WKH�

H[SHULPHQWDO� IULFWLRQ� FRHIILFLHQW� PRGHO�
FRPSDUHV� IDYRUDEO\� ZLWK� WKH� PRGLILHG�
7LHX�PRGHO�EHWZHHQ�WKH�HQWU\�DQG�WKH�QR-� 



-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\����.1867��$XJXVW����� 

 

 

9DU\LQJ�IULFWLRQ�FRHIILFLHQW�RQ�SUHVVXUH�GLVWULEXWLRQ��� �� 

VOLS� SRLQWV� DQG� FRPSDUHV� IDYRUDEO\� ZLWK� WKH�
PRGLILHG� $YLW]XU� PRGHO� EHWZHHQ� WKH� QR-VOLS�
DQG�WKH�H[LW�SRLQWV� 

 
5()(5(1&(6 
$QGHUVVRQ��6���6|GHUEHUJ��$��DQG�%M|UNOXQG��6���
�������� )ULFWLRQ� PRGHOV� IRU� VOLGLQJ� GU\��
ERXQGDU\�DQG�PL[HG�OXEULFDWHG�FRQWDFWV��7UL�
ERORJ\�,QWHUQDWLRQDO������������-���� 

 
$YLW]XU�� %�� �������� $Q� XSSHU-ERXQG� DSSURDFK�
WR� FROG-VWULS� UROOLQJ�� -RXUQDO� RI� (QJLQHHULQJ�
IRU�,QGXVWU\����������-��� 

 
%HLN��+��$��$��DQG�'HKJKDQL��.���������,UUHJX�
ODULW\� LQ�)ULFWLRQ�+LOOV�GXULQJ� WKH�&ROG�5ROO�
LQJ�RI�0DWHULDOV��,QWHUQDWLRQDO�-RXUQDO�RI�0D�
WHULDO�)RUPLQJ�����������-���� 

 
'DYLV�� )��� $QGRK�� 3��<��� 6DFNH\�� 0��1�� DQG�
2ZXVX-2IRUL�� 6��3�� �������� $VVHVVPHQW� RI�
IULFWLRQ�EHWZHHQ�D�UROOLQJ�F\OLQGULFDO�HOHPHQW�
DQG�D�GHIRUPDEOH�IODW�VXUIDFH��-RXUQDO�RI�6FL�
HQFH�DQG�7HFKQRORJ\�����������-��� 

 
'DYLV�� )��� 6DFNH\�� 0�� 1��� $QGUHZV�� $�� DQG�
2ZXVX-2IRUL��6��3����������5HDOLVWLF� IULFWLRQ�
FRHIILFLHQW�PRGHO�EHWZHHQ�D� UROOLQJ�F\OLQGUL�
FDO� HOHPHQW� DQG� D� GHIRUPDEOH� IODW� VXUIDFH��
7ULERORJ\�,QWHUQDWLRQDO����������-���� 

 
'LHWHU� �*�� (�� �������� 0HFKDQLFDO� 0HWDOOXUJ\��
0DWHULDOV� 6FLHQFH� DQG� (QJLQHHULQJ� 6HULHV��
0F*UDZ-+LOO� %RRN� &RPSDQ\�� 1HZ� <RUN�� 

����QG��(GLWLRQ��3S�����-��� 
 
*RVK��$�DQG�0DOOLN��$��.����������0DQXIDFWXU�
LQJ� 6FLHQFH��(OOLV�+RUZRRG�/LPLWHG��&KLFK�
HVWHU���3S�����-��� 

 
*URRYHU��0��3����������)XQGDPHQWDOV�RI�0RG�
HUQ�0DQXIDFWXULQJ��0DWHULDOV�3URFHVVHV�� DQG�
6\VWHPV��-RKQ�:LOH\�	�6RQV� 

 
+LOO�� 5�� ��������$� JHQHUDO�PHWKRG� RI� DQDO\VLV�
IRU� PHWDO-ZRUNLQJ� SURFHVVHV�� -RXUQDO� RI� WKH�
0HFKDQLFV�DQG�3K\VLFV�RI�6ROLGV�������������
-���� 

 
/HQDUG�� -�� *�� �������� �7KH� (IIHFW� RI� 5ROO�
5RXJKQHVV�RQ�WKH�5ROOLQJ�3DUDPHWHUV�GXULQJ�
&ROG�5ROOLQJ�RI� DQ�$OXPLQXP�$OOR\���-RXU�
QDO� RI� 0DWHULDOV� 3URFHVVLQJ� 7HFKQRORJ\��
��������-���� 

 
0XUWK\�� +�� DQG� 9DGLYXFKH]KLDQ�� .�� ��������
(VWLPDWLRQ� RI� IULFWLRQ� GLVWULEXWLRQ� LQ� SDUWLDO-
VOLS� FRQWDFWV� IURP� UHFLSURFDWLQJ� IXOO-VOLGLQJ�
WHVWV��7ULERORJ\�,QWHUQDWLRQDO���������-���� 

 
5REHUWV��&��'������������0HFKDQLFDO�3ULQFLSOHV���
RI� 5ROOLQJ��� -RXUQDO� RI� ,URQ� DQG� 6WHHO�� � ����
���-���� 

 
7LHX��$��.��DQG�/LX��<��-���������)ULFWLRQ�YDULD�
WLRQ� LQ� WKH� FROG-UROOLQJ� SURFHVV�� 7ULERORJ\�
,QWHUQDWLRQDO������������-���� 

 
K����   ,QLWLDO�6ODE�7KLFNQHVV���PP� 
KI��   )LQDO�6ODE�7KLFNQHVV��PP� 
5��   5ROO�5DGLXV��PP� 
Gș  ��������&KDQJH�LQ�5ROO�$QJOH��UDGLDQV� 
ș   5ROO�$QJOH��UDGLDQV� 
3ș�   5ROO�3UHVVXUH�DW�5ROO�$QJOH 
)   )ULFWLRQ�)RUFH��,EI� 
3   1RUPDO�3UHVVXUH��,EI� 
ı   1RUPDO�6WUHVV��1�PP�� 

ȝ   )ULFWLRQ�&RHIILFLHQW 
3U   5ROO�6HSDUDWLRQ�)RUFH��1� 

   $YHUDJH�)ORZ�6WUHVV��1�PP�� 

   5DGLXV�RI�)ODWWHQHG�5ROO��PP� 
ı\   <LHOG�6WUHQJWK��1�PP�� 
ı[E   %DFN�7HQVLRQ��1�PP�� 
ı[I   )URQW�7HQVLRQ��1�PP�� 
1U   /HQJWK�RI�5ROOHG�3DUW��NP� 
.   6KHDU�<LHOG�6WUHQJWK 
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