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.DELU�8QLYHUVLW\�RI�7HFKQRORJ\
�� )��$EHG�+���0�6F�� LQ�1DYDO�$UFKLWHFWXUH� 'HSDUWPHQW�RI�0DULQH�7HFKQRORJ\��$PLU�
.DELU�8QLYHUVLW\�RI�7HFKQRORJ\

$EVWUDFW
7KH�VHD�ZDYH�FDXVHV�H[FHVV�UHVLVWDQFH�ZKLFK�LV�RXW�RI�VFRSH�RI�FDOP�ZDWHU�UHVLVWDQFH��7KH�

WRWDO�ZDYH�IRUFH�LQ�KRUL]RQWDO�SODQH�LV�GLYLGHG�LQWR�³$GGHG�5HVLVWDQFH´�DQG ³'ULIW�)RUFH´�
,Q� WKLV� VWXG\�� EDVHG� RQ�*HUULWVPD� DQG� %HXFNHOPDQ>�@ K\SRWKHVLV� D� FRPSXWHU� SURJUDP� KDV�

EHHQ�GHYHORSHG� IRU�FDOFXODWLRQ�RI�DGGHG� UHVLVWDQFH�DQG�GULIW� IRUFH�DW�YDULRXV�VKLS�VSHHGV�DQG�
YDULRXV�KHDGLQJ�DQJOHV�LQ�REOLTXH�VHDV��7KLV�SURJUDP�FDOFXODWHV�ZDYH�IRUFH�ERWK�LQ�UHJXODU�DQG�
LUUHJXODU�ZDYHV��$IWHU�YDOLGDWLRQ�RI�WKH�SURJUDP��HIIHFWV�RI�GLIIHUHQW�SDUDPHWHUV�RQ�ZDYH�IRUFH�
LPSRVHG�RQ�YHVVHO�KDYH�EHHQ�VWXGLHG�
.H\ZRUGV��:DYH��$GGHG�5HVLVWDQFH��'ULIW�)RUFH��6KLS��6WULS�7KHRU\

��,QWURGXFWLRQ� DQG� OLWHUDWXUH�
5HYLHZ

7KH� VHD� ZDYH� FDXVHV� H[FHVV�
UHVLVWDQFH��ZKLFK�LV�RXW�RI�VFRSH�RI�FDOP�
ZDWHU� UHVLVWDQFH��:DYH� IRUFH� LV�GHILQHG�
DV� UHVLVWDQFH� LPSRVHG� RQ� VKLS� E\� VKLS�
PRWLRQV�

7KH� WRWDO�ZDYH� IRUFH� LV� GLYLGHG� LQWR�
WZR�SDUWV�

� DGGHG� UHVLVWDQFH� WKDW� LV� WKH�
FRPSRQHQW� RI� ZDYH� IRUFH� LQ�
ORQJLWXGLQDO� GLUHFWLRQ� ZKLFK� FDXVHV� WR�
UHGXFH�VKLS¶V�VSHHG�

� 'ULIW�IRUFH�WKDW�LV�WKH�FRPSRQHQW�RI�
ZDYH� IRUFH� LQ� WUDQVYHUVH� GLUHFWLRQ� DQG�
FDXVHV� WR� GULIW� YHVVHO� IURP� LWV� PDLQ�
FRXUVH��$GGLWLRQDOO\��WKH�GULIW�IRUFH�DOVR�
FDXVHV� VRPH GLIILFXOWLHV� WR� FRQWURO� D�
YHVVHO�LQ�VHDZD\�

+DYHORFN>�@� ZDV� WKH� ILUVW� ZKR�
LQYHVWLJDWHG� WKH� SUREOHP� RI� DGGHG�

UHVLVWDQFH��KRZHYHU�KLV�WKHRU\�EDVHG�RQ�
D� ILUVW� RUGHU� DSSUR[LPDWLRQ� ZKLFK� LV�
FRQVLGHUHG� WR� EH� QRW� DFFXUDWH� LQ�
FRPSDULVRQ�ZLWK�WKRVH�EDVHG�RQ�VHFRQG
RUGHU�DSSUR[LPDWLRQ�

0DUXRV¶V� WKHRU\>�@� LV� EDVHG� RQ�
SRWHQWLDO� IORZ� VROXWLRQ� LQ� ZKLFK�
YHORFLW\� SRWHQWLDO� LV� GLYLGHG� LQWR� WKUHH�
FRPSRQHQWV�� LQFLGHQW� ZDYH� SRWHQWLDO��
UDGLDWHG� SRWHQWLDO� DQG� GLIIUDFWHG�
SRWHQWLDO�� 7KLV� WKHRU\� LV� YDOLG� RQO\� IRU�
KHDG� VHD�� %RHVH� DQG� +DIIPDQ>�@�
FRQVLGHUHG� WKH� SUREOHP� RI� DGGHG�
UHVLVWDQFH�EDVHG�RQ�SUHVVXUH�GLVWULEXWLRQ�
RQ� VKLS� KXOO�� 6DOYHVHQ>�@� XVHG� YHORFLW\�
SRWHQWLDO� WR�ILQG�WKH�DGGHG�UHVLVWDQFH�LQ�
KHDG�DQG�REOLTXH�VHDV��+H�VDLG� WKDW� WKH�
SLWFK�DQG�KHDYH�PRWLRQV�KDYH�GRPLQDQW�
HIIHFWV� RQ� DGGHG� UHVLVWDQFH�� +H�
VXVWDLQHG� D� JRRG� DJUHHPHQW� EHWZHHQ�
H[SHULPHQW� DQG� WKHRU\�� *HUULWVPD� DQG�
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%HXFNHOPDQ>�@� PHWKRG� LV� EDVHG� RQ�
UDGLDWHG�HQHUJ\�E\�VKLS�VLGHZD\V�

7KH� RULJLQDO� WKHRU\� LV� IRU� KHDG� VHD�
DQG� ODWHU� RQ� LW� ZDV� GHYHORSHG� IRU�
REOLTXH� VHDV� E\� /RXNDNLV>�@�� 7KURXJK�
RXW� SXEOLFDWLRQV� WKH� *HUULWVPD� 	�
%XHFNHOPDQ�PHWKRG�LV�NQRZQ�DV�VLPSOH�
DFFXUDWH�PHWKRG�IRU�DOO�W\SH�RI�VKLSV�

=HUDDWJDU>�@� KDV� XVHG� *HUULWVPD� 	�
%HXFNHOPDQ� DQG� /RXNDNLV� PHWKRG� DQG
GHYHORSHG� LW� IXUWKHU� RQ�� ,Q� KLV� ZRUN�
VRPH� VLPSOLILFDWLRQV� DUH� LQWURGXFHG�
WKHQ� LQ� FRPSDULVRQ� ZLWK� 6DOYHVHQ�
PHWKRG� WKH� VLPSOLILHG� PHWKRG� KDV�
DOPRVW� WKH� VDPH� DJUHHPHQW� LQ�
FRPSDULVRQ�ZLWK�WKH�RULJLQDO�RQH�

,Q� WKLV� SDSHU� EDVHG� RQ� *HUULWVPD�	�
%HXFNHOPDQ�DQG�/RXNDNLV�K\SRWKHVLV�D�
FRPSXWHU� SURJUDP�� ³:DYH�5HVLVWDQFH´��
KDV� EHHQ� GHYHORSHG� IRU� FDOFXODWLRQ� RI�
DGGHG� UHVLVWDQFH� DQG� GULIW� IRUFH� DW�
YDULRXV�VKLS�VSHHGV�DQG�YDULRXV�KHDGLQJ�
DQJOHV� LQ� REOLTXH� VHDV�� 7KLV� SURJUDP�
FDOFXODWHV� DGGHG� UHVLVWDQFH� DQG� GULIW�
IRUFH� ERWK� IRU� UHJXODU� DQG� LUUHJXODU�
ZDYHV��&RPSDULQJ�ZLWK�H[FLWLQJ�UHVXOWV�
WKH�UHVXOWV�RI�WKLV�FRPSXWHU�SURJUDP�DUH�
TXLWH� VDWLVIDFWRU\�� ³:DYH� 5HVLVWDQFH´�
SURJUDP� LV� XVHG� WR� VKRZ� WKH� HIIHFW� RI�
SDUDPHWHUV� VXFK� DV� VKLS� VSHHG�� KHDGLQJ�
DQJOH��VLJQLILFDQW�ZDYH�KHLJKW�DQG�ZDYH�
SHULRG�
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��0DWKHPDWLFDO�0RGHO
$FFRUGLQJ� WR� WKH� *HUULWVPD� 	�

%XHFNHOPDQ� K\SRWKHVLV�� WKH� HQHUJ\�
UDGLDWHG� E\� VKLS¶V� PRWLRQV� GXULQJ� D�
SHULRG� RI� HQFRXQWHU� LV� HTXDO� WR� HQHUJ\�
ORVW� E\� VKLS� EHFDXVH� RI� ZDYH� IRUFH��
$FFRUGLQJ�WR�WKLV�SULQFLSOH�

������� E&RV8&5553
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:KHUH�
�53 7RWDO�UDGLDWHG�HQHUJ\

55 ��7RWDO�UDGLDWHG�IRUFH
&���:DYH�VSHHG�
8��6KLS�VSHHG�
� ��+HDGLQJ�DQJOH
$FFRUGLQJ�WR�6DOYHVHQ¶V�WKHRU\�SLWFK�

DQG� KHDYH� PRWLRQV� KDYH� GRPLQDQW�
HIIHFWV� RQ� ZDYH� UHVLVWDQFH�� LW� FDQ� EH�
ZULWWHQ�

��335  ����
���3 +HDYH� 3LWFK�UDGLDWHG�HQHUJ\�
)RU� FDOFXODWLRQ� RI� WKH� UDGLDWHG�

HQHUJ\�� WZR� FRRUGLQDWH� V\VWHPV� DUH�
XVHG�� RQH� IL[HG� LQ� VSDFH�ZLWK� LWV�RULJLQ�
RQ�FDOP�ZDWHU�VXUIDFH��WKH�;�D[LV�DORQJ�
WKH�SDWK�RI� WKH�VKLS�DQG�=� D[LV�QRUPDO�
WR� WKH� FDOP�ZDWHU� VXUIDFH� DQG� SRLQWLQJ�
GRZQZDUG�� $QRWKHU� V\VWHP� LV� IL[HG� LQ�
WKH�ERG\�DQG�PRYHV�ZLWK� WKH� VKLS�ZLWK�
VKLS� IRUZDUG� VSHHG�� 9�� 0RYLQJ�
FRRUGLQDWH� V\VWHP� LV� VKRZQ� LQ
ILJXUH�����

)LJ���0RYLQJ�FRRUGLQDWH�V\VWHP

':7
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GDPSLQJ� FRHIILFLHQW� RI� KHDYH�SLWFK�
PRWLRQ

���D 6HFWLRQDO��WZR�GLPHQVLRQDO��DGGHG�
PDVV�FRHIILFLHQW�DW�KHDYH�SLWFK�PRWLRQ

7KH� PHDQ� YHUWLFDO� YHORFLW\� RI� ZDWHU�
SDUWLFOHV� LQ� ZDYHV� P]8 LQ� HDFK� VWDWLRQ�
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5
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5
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�53 5DGLDWHG�HQHUJ\
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$GGHG� UHVLVWDQFH� DQG� GULIW� IRUFH� DUH�
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WKH�ZDYH�IRUFH��UHVSHFWLYHO\���)LJ���
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��&RPSXWHU� SURJUDP� DQG�
YDOLGDWLRQ

,Q� RUGHU� WR� FDOFXODWH� ZDYH� IRUFH� RQ�
VKLS�� ILUVWO\�� WKH� VKLS�PRWLRQV� DUH� WR� EH�
FDOFXODWHG�� ,Q� WKLV� ZRUN� WKH� VKLS�
PRWLRQV� DUH� FDOFXODWHG� E\� 67$7(.>�@

FRPSXWHU� SURJUDP�� 7KHQ�� EDVHG� RQ�
DERYH PDWKHPDWLFDO�PRGHO�� D� FRPSXWHU�
SURJUDP� LV� GHYHORSHG� ZKLFK� LV� FDOOHG�
³:DYH�5HVLVWDQFH´�� ,Q� WKLV� SURJUDP�� DW�
ILUVW�� WKH�67$7(.�SURJUDP�LV�H[HFXWHG�
WKHQ�KDYLQJ�NQRZQ� WKH� VKLS�PRWLRQ� WKH�
DGGHG� UHVLVWDQFH� DQG� GULIW� IRUFH� DUH�
FDOFXODWHG�ERWK�IRU�UHJXODU�DQG�LUUHJXODU�
ZDYHV�
����9DOLGDWLRQ

&DOFXODWLRQV� KDYH� EHHQ� GRQH� IRU� D�
VDPSOH� VKLS� FDOOHG� 0$5,1(5� ZLWK�
PDLQ�SDUWLFXODUV�VKRZQ�LQ�WDEOH��

/2$ ��������P�
/%3 ���������P�
%UHDWK ����������P�
'HSWK ���������P�
'UDXJKW �����������P�
6SHHG ��������P�V�
&% �����

7DEOH��0DLQ�SDUWLFXODUV�RI�0$5,1(5

7KH� UHVXOWV� RI� WKH� ³:DYH�
5HVLVWDQFH´FRPSXWHU� SURJUDP� LV�
FRPSDUHG�ZLWK�WKH�UHVXOWV�RI�6DOYHVHQ>�@�
PHWKRG�LQ�)LJ����)LJ����)LJ���DQG�)LJ���

)LJ��D�� �E�� �D� DQG� �E� FRPSDUHV�
DGGHG� UHVLVWDQFH� FDOFXODWHG� E\�
6DOYHVHQ>�@ DQG���³:DYH�5HVLVWDQFH´
FRPSXWHU�SURJUDP�IRU�)U� �������DW�VKLS�
KHDGLQJ� RI� ���R�� ���R�� ���R DQG� ���R
UHVSHFWLYHO\�� )RU� VKLS� KHDGLQJ� RI� �����
����DQG�����WKH�GLIIHUHQFH�EHWZHHQ�WZR�
PHWKRGV�LV�TXLWH�IDLU�

)RU� WKH� VKLS� KHDGLQJ� RI� ���� WKH�
GLIIHUHQFH� EHWZHHQ� WZR� PHWKRGV� LV�
PRUH�� ,W� LV� ZRUWK� WR� PHQWLRQ� WKDW�� WKH�
HUURU�RI��R��IRU�FDOFXODWHG�VKLS�PRWLRQ�
DQG� PRGHO� WHVWV� LV� TXLWH� VDWLVIDFWRU\��
$GGLWLRQDOO\�� DV� RQH� PD\� VHH� IURP�
(TXDWLRQ� ���� WKH� DGGHG� UHVLVWDQFH� LV�
SURSRUWLRQDO� WR� VTXDUH� RI� VKLS�PRWLRQV��
7KHUHIRUH�� WKH� GLIIHUHQFH� EHWZHHQ�
SUHVHQW� PHWKRG� DQG� 6DOYHVHQ� PHWKRG�
IRU� VKLS� KHDGLQJ� RI� ���� GHJUHHV� LV� GXH�
WR� WKH� QDWXUH� RI� VXFK� D� PHWKRG��
+RZHYHU�� WKH�6DOYHVHQ�PHWKRG� LWVHOI� LV�
WKH�UHVXOW�RI�FDOFXODWLRQV�

)LJ� �D�� �E�� �D� DQG� �E� VKRZ� 'ULIW�
)RUFH� FDOFXODWHG� E\� 6DOYHVHQ>�@� DQG�
�:DYH� 5HVLVWDQFH�� SURJUDP� IRU
)U� �������DW�VKLS�KHDGLQJ�RI�����������
���� DQG� ���� GHJUHHV� UHVSHFWLYHO\��
7DNLQJ�LQWR�DFFRXQW�UHOLDELOLW\�RI�D�VWULS�
WKHRU\� PHWKRG>�@�� WKH� PD[LPXP�
GLIIHUHQFHV� EHWZHHQ� WKH� ³:DYH�
5HVLVWDQFH´� SURJUDP� DQG� WKH�
6DOYHVHQ>�@� � PHWKRG� IRU� DOO� VKLS�
KHDGLQJV�DUH�ZLWKLQ�WKH�DFFHSWHG�UDQJH�

)LJ���'LILQLWLRQ�RI�DGGHG�UHVLVWDQFH�DQG
GULIW�IRUFH

9RO������1R������:LQWHU�������(
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DSSHDUV�WKDW�FKDQJLQJ�VKLS�KHDGLQJ�IURP�
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)LJ� ��� DQG� )LJ� ��� VKRZ� HIIHFW� RI�

GLIIHUHQW� 7 XSRQ� DGGHG� UHVLVWDQFH� DQG�
)LJ� ��� DQG� )LJ� ��� VKRZ� HIIHFW� RI� WKH�
GLIIHUHQW�7 RQ�GULIW�IRUFH�

:DYH� SHULRG�7 �� KDV� D� GRPLQDQW�
HIIHFW� RQ� GLVWULEXWLRQ� RI� WKH� VSHFWUDO�
HQHUJ\�DQG�GRHV�QRW�DIIHFW�WKH�HQHUJ\�RI�
LUUHJXODU�ZDYHV��7KHUHIRUH��YDULDWLRQV�RI�
WKH� 7 GRHV� QRW� KDYH� FOHDU� HIIHFW� RQ�
DPRXQW� RI� DGGHG� UHVLVWDQFH� DQG� GULIW�
IRUFH�� ,W� PD\� FDXVH� PRUH� DGGHG�
UHVLVWDQFH� IRU� VPDOOHU� VLJQLILFDQW� ZDYH�
KHLJKWV�RU�YLVH�YHUVD�

��&RQFOXVLRQV�DQG�)LQDO�5HPDUNV
,Q� WKLV� VWXG\�D� VLPSOLILFDWLRQ� LQWURGXFHG�
WR� DGGHG� UHVLVWDQFH� DQG� GULIW� IRUFH� VWULS�
WKHRU\� EDVHG� PDWKHPDWLFDO� PRGHO�� 7KLV�
QHZ�PRGHO�KDV�EHHQ�XVHG�IRU�D�FRPSXWHU�
SURJUDP�FDOOHG�³:DYH�5HVLVWDQFH´��7KLV�
FRPSXWHU�SURJUDP�KDV�EHHQ�YDOLGDWHG�E\�
FRPSDULVRQ� ZLWK� SXEOLVKHG� UHVXOWV��
)LQDOO\�� WKH� HIIHFW� RI� VHYHUDO� SDUDPHWHUV�
XSRQ� DGGHG� UHVLVWDQFH� DQG� GULIW� IRUFH�
KDYH�EHHQ�VWXGLHG��7KH�FRQFOXVLRQ�LV�

�7KH� PD[LPXP� $GGHG� 5HVLVWDQFH�
KDSSHQV� LQ� ����� KHDGLQJ� DQJOH� ZKHUH�
'ULIW�)RUFH�LV�DOPRVW�]HUR�

� 7KH�PD[LPXP�'ULIW� )RUFH� KDSSHQV�
LQ� ���� KHDGLQJ� DQJOH� ZKHUH� $GGHG�
5HVLVWDQFH�LV�DOPRVW�]HUR�

� %\� LQFUHDVLQJ� RI� VKLS� VSHHG�� DGGHG�
UHVLVWDQFH�DQG�GULIW�IRUFH�LQFUHDVH�

� %\� LQFUHDVLQJ� RI� WKH�
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+ �� DGGHG�
UHVLVWDQFH� DQG� GULIW� IRUFH� LQFUHDVH�� 7KLV�
LQFUHDVH�LV�DOPRVW�SURSRUWLRQDO WR�VTXDUH�
RI�
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FOHDU� HIIHFW� RQ� PHDQ� YDOXH� RI� DGGHG�
UHVLVWDQFH�DQG�GULIW�IRUFH�
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1DYDO�$UFKLWHFWXUH´�9ROXPH���������
�� %DKDWWDFKDULD� ³'\QDPLFV� 2I� 0DULQH�
9HKLFOHV´�������
�� +DPLG� =HUDDWJDU� ³$� 1HZ� )DFH� 2I�
$GGHG�5HVLVWDQFH�3UHGLFWLRQ� ,Q�2EOLTXH�
6HDV� ³��0DULQH� 7HFKQRORJ\� 7UDQVDFWLRQ�
9RO���������
�� +DPLG�=HUDDWJDU� ³3UHGLFWLRQ�2I�6KLS�
6DLOLQJ� 7LPH� %\� 3UREDELOLVWLF�
$SSURDFK�´�� 3K�'� 7KHVLV�� 7HFKQLFDO�
8QLYHUVLW\� 2I� *GDQVN�� )DFXOW\� 2I�
6KLSEXLOGLQJ� 	� 2FHDQ� (QJLQHHULQJ��
���� �
�� 7KHRUGHU� $�� /RXNDNLV� 	� 3DXO� '��
6FODYRXQRV� ³6RPH� ([WHQVLRQV� 2I 7KH�
&ODVVLFDO� $SSURDFK� 7R� 6WULS� 7KHRU\�2I�
6KLS�0RWLRQV��,QFOXGLQJ�7KH�&DOFXODWLRQ�
2I�0HDQ�$GGHG�)RUFH�$QG�0RPHQWV�³��
-RXUQDO�2I�6KLS�5HVHDUFK���9RO�����1R����
0DUFK������

�� *HUULWVPD� ,U�� -��� 9DQGHQ�%RVFK� ,U�� -��
$QG� %HXFNHOPDQ� :�³� 3URSXOVLRQ� ,Q�
5HJXODU� $QG� ,UUHJXODU� :DYHV�´�
,QWHUQDWLRQDO� 6KLSEXLOGLQJ� 3URJUHVV�
9RO���-XQH�����1R����
�� *UULWVPD� ,U�� -�� $QG� %HXFNHOPDQ�
:�³$QDO\VLV� 2I� 5HVLVWDQFH� ,QFUHDVH� ,Q�
:DYHV� 2I� $� )DVW� &DUJR� 6KLS�´�
,QWHUQDWLRQDO� 6KLSEXLOGLQJ� 3URJUHVV�
9RO����6HSWHPEHU������1R�����
�� *UULWVPD� ,U�� -�� $QG� %HXFNHOPDQ�
:�³$QDO\VLV� 2I� 7KH� 0RGLILHG� 6WULS�
7KHRU\� )RU� 7KH� &DOFXODWLRQ� 2I� 6KLS�
0RWLRQV�$QG�:DYH�%HQGLQJ�0RPHQWV�´�
3DSHUV� 2Q� 6KLS +\GURPHFKDQLFV� 9RO���
7HFKQLFDO�8QLYHUVLW\�'HOIW�
�� ³6WDWHN�&RPSXWHU�3URJUDP�0DQXDO�´��
,QWHUQDO�5HSRUW��)DFXOW\�2I�6KLSEXLOGLQJ�
	� 2FHDQ� (QJLQHHULQJ�� 7HFKQLFDO�
8QLYHUVLW\�2I�*HGDQVN�
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