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0LQLVWU\�RI�6FLHQFH��5HVHDUFK 	�7HFKQRORJ\
�� 6RLO� &RQVHUYDWLRQ� 	�:DWHUVKHG� 0DQDJHPHQW� 5HVHDUFK� ,QVWLWXWH� �6&:05,��� 7KH�
0LQLVWU\�RI�-LKDG�H�$JULFXOWXUH

$EVWUDFW
7KLV� SDSHU� SUHVHQWV� WKH� UHVXOWV� RI� K\GUDXOLF� PRGHO� WHVWV� RQ� WKH� VWDELOLW\� RI� UXEEOH�

PRXQG� EUHDNZDWHUV� ZLWK� DUPRXU� OD\HUV� RI� DQWLIHU� FXEHV�� � 7KH� WHVWV� ZHUH� SHUIRUPHG�
XVLQJ� LUUHJXODU� ZDYHV�� 7KH� HIIHFW� RI� ZDYH� SDUDPHWHUV� DQG� WKH� VWUXFWXUH� VORSH� RQ� WKH�
VWDELOLW\� RI� WKHVH� DUWLILFLDO� DUPRXU� XQLWV� KDV� EHHQ� LQYHVWLJDWHG� DQG� WKH� VWDELOLW\�
IRUPXODH� KDYH� EHHQ� GHULYHG�� )LQDOO\� D� FRPSDULVRQ� EHWZHHQ� WKHVH� IRUPXODH� DQG� WKH�
VWDELOLW\�UHODWLRQVKLSV�GHULYHG�E\�YDQ�GHU�0HHU���������IRU�FXEHV�KDV�EHHQ�PDGH�
.H\ZRUGV�� 5XEEOH� 0RXQG� %UHDNZDWHUV�� 6WDELOLW\�� $QWLIHU� &XEHV�� 3K\VLFDO� 0RGHOOLQJ�

,QWURGXFWLRQ
$� UXEEOH� PRXQG� EUHDNZDWHU� LV�

FRPSRVHG� RI VHYHUDO� OD\HUV� RI� UDQGRP�
VKDSHG� DQG� UDQGRP�SODFHG� VWRQHV��
SURWHFWHG�ZLWK� D� FRYHU� OD\HU� RI� VHOHFWHG�
DUPRXU� XQLWV� RI� HLWKHU� TXDUU\� VWRQH� RU�
VSHFLDOO\� VKDSHG� FRQFUHWH� XQLWV�� 7KH�
UHODWLRQVKLS� EHWZHHQ� ZDYH� SDUDPHWHUV�
DQG�WKH�ZHLJKW�RI�DUPRXU�XQLWV�LQ�UXEEOH�
PRXQG�EUHDNZDWHUV�KDV�EHHQ�WKH�VXEMHFW�
RI� D� ODUJH� QXPEHU� RI� H[SHULPHQWDO�
VWXGLHV�RYHU�PDQ\�\HDUV���

(GJH� HW� DO� ������� UHYLHZHG� WKH�
HYROXWLRQ� RI� EUHDNZDWHU� GHVLJQ�����
$FFRUGLQJ� WR� (GJH� HW� DO�� WKH� PDMRU�
EUHDNWKURXJK�IRU�GHVLJQ�RI�UXEEOH�PRXQG�
EUHDNZDWHUV� RFFXUUHG� GXULQJ� WKH� SHULRG�
FDOOHG� WKH� ,ULEDUUHQ�DQG�+XGVRQ�(UD�� � ,Q�
WKLV� HUD�� D� GLUHFW� UHODWLRQVKLS� ZDV�
GHYHORSHG� WR� OLQN� WKH� ZHLJKW� RU� VL]H� RI�
WKH� DUPRXU� XQLW� WR� WKH� LQFLGHQW� ZDYH�
FKDUDFWHULVWLFV� DQG� VSHFLILFDWLRQV� RI� WKH�
DUPRXU�XQLW�DQG�WKH�VWUXFWXUH�

,ULEDUUHQ� ������� SUHVHQWHG� WKH�
IROORZLQJ� IRUPXOD� IRU� WKH�ZHLJKW� RI� WKH�
DUPRXU�VWRQH�
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ZKHUH�
 1 VWDELOLW\�FRHIILFLHQW
 '+ GHVLJQ�ZDYH�KHLJKW
 U6 VSHFLILF�JUDYLW\�RI�VWRQH��LQ�PHWULF������
WRQV�SHU�FXELF�PHWHU�

 D DQJOH��RI��WKH���IURQW���IDFH���RI����WKH�
VWUXFWXUH�ZLWK�WKH�KRUL]RQWDO

 T DQJOH�RI�UHSRVH�RI�WKH�VWRQHV
)ROORZLQJ� ,ULEDUUHQ�� FRPSUHKHQVLYH�

LQYHVWLJDWLRQV�ZHUH�PDGH�E\�+XGVRQ�DQG�
D� IRUPXOD� ZDV� GHYHORSHG� WR� GHWHUPLQH�
WKH�ZHLJKW�RI�DUPRXU�XQLWV� �8��6��$UP\�
&RUSV�RI�(QJLQHHUV��������
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ZKHUH�
 '. VWDELOLW\�FRHIILFLHQW

 ' UHODWLYH� EXR\DQW� GHQVLW\� RI� DUPRXU�
XQLW� ���� � ' ZU UU

 UU PDVV� GHQVLW\� RI� DUPRXU� XQLW�
�VDWXUDWHG�VXUIDFH�GU\�GHQVLW\�

 ZU PDVV�GHQVLW\�RI�ZDWHU
+XGVRQ
V� IRUPXOD� KDV� VRPH�

OLPLWDWLRQV�� )RU� H[DPSOH� WKH� HIIHFWV� RI�
ZDYH�SHULRG�DQG�VWRUP�GXUDWLRQ�KDYH�QRW�
EHHQ�FRQVLGHUHG�LQ�WKLV�IRUPXOD�

9DQ� GHU� 0HHU� ������� FDUULHG� RXW� DQ�
H[WHQVLYH� UHVHDUFK� SURJUDP� RQ� WKH�
VWDELOLW\� RI� UXEEOH�PRXQG� VWUXFWXUHV� DQG�
GHULYHG�WKH�IROORZLQJ�IRUPXODH�
L��IRU�SOXQJLQJ�ZDYHV�
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7KH� WUDQVLWLRQ� IURP� SOXQJLQJ� WR�
VXUJLQJ�ZDYHV�FDQ�EH�FDOFXODWHG�XVLQJ�D�
FULWLFDO�YDOXH�RI� PF[ �
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ZKHUH�
 ��Q' QRPLQDO�GLDPHWHU�RI�DUPRXU�VWRQH�

���
���� ��� UQ 0' U 

 ��0 PDVV� RI� XQLW� JLYHQ� E\� ���� RQ�
PDVV�GLVWULEXWLRQ�FXUYH

 V+ VLJQLILFDQW�ZDYH�KHLJKW��
 3 QRWLRQDO� SHUPHDELOLW\� IDFWRU��GHILQHG�

E\�9DQ�GHU�0HHU
 6 GLPHQVLRQOHVV�GDPDJH�� �

��� QH '$6  �
 H$ HURVLRQ� DUHD� RQ� SURILOH� RI� WKH�
VWUXFWXUH�DURXQG�VWLOO�ZDWHU�OHYHO

 1 QXPEHU�RI�ZDYHV�LQ�D�VWRUP

9DQ�GHU�0HHU��������KDV�DOVR�FDUULHG�
RXW� D� VHULHV� RI� K\GUDXOLF� PRGHO� WHVWV� WR�
GHULYH� WKH� VWDELOLW\� IRUPXODH� IRU� URFN��
FXEHV�� WHWUDSRGV� DQG� DFFURSRGHV�� � +LV�
UHVHDUFK�� KRZHYHU�� ZDV� OLPLWHG� WR� RQO\�
RQH� FURVV�VHFWLRQ� �L�H�� RQH� VORSH� DQG�
SHUPHDELOLW\�� IRU� HDFK� DUPRXU� XQLW���
7KXV� WKH� HIIHFW� RI� WKH� VXUI� VLPLODULW\�
SDUDPHWHU� � P[ �� ZDV� QRW� LQFOXGHG� LQ� WKH�
GHVLJQ�IRUPXODH�

9DQ� GHU� 0HHU� ������� GHVFULEHG� WKH�
GDPDJH� WR�FRQFUHWH�XQLWV�E\� WKH�1RG�DQG�
1RPRY SDUDPHWHUV�� � 1RG LV� WKH� DFWXDO�
QXPEHU� RI� GLVSODFHG� XQLWV� UHODWHG� WR� D�
ZLGWK��DORQJ�WKH�ORQJLWXGLQDO�D[LV�RI�WKH�
EUHDNZDWHU��RI�RQH�QRPLQDO�GLDPHWHU��'Q
�9DQ� GHU� 0HHU�� ������� � 1RPRY LV� WKH�
QXPEHU�RI�PRYLQJ�XQLWV�

7KH�IRUPXODH�IRU�FXEHV�DUH�JLYHQ�E\�
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ZKHUH�
 RPV ZDYH� VWHHSQHVV� IRU� PHDQ� SHULRG�
� ��� PVRP J7+V S �

 J JUDYLWDWLRQDO�DFFHOHUDWLRQ
 P7 PHDQ�ZDYH�SHULRG
$QWLIHU� FXEHV� KDYH� EHHQ� XVHG� DV�

DUPRXU� OD\HU� RI� UXEEOH� PRXQG�
EUHDNZDWHUV� LQ� ,� 5� RI� ,UDQ� DQG� RWKHU�
FRXQWULHV�� )RU� H[DPSOH�� WKH� EUHDNZDWHUV�
RI� &KDEDKDU� DQG� 6RXWKHUQ� 3DUV
3HWURFKHPLFDO� DQG� 6RUYLFH� 3RUWV KDYH�
EHHQ�FRYHUHG�E\�WKHVH�FXEHV���

*�QEDN� ������� SUHVHQWHG� D� VXPPDU\�
RI� WKH� DQWLIHU� FXEH� DSSOLFDWLRQV� DURXQG�
WKH� ZRUOG� LQ� D� FRPSDULVRQ� EDVHV� ZLWK�
UHVSHFW� WR� GHVLJQ� VWDELOLW\� QXPEHU� �.'��
XVHG�LQ�WKH�+XGVRQ
V�IRUPXOD���+RZHYHU��
DV� PHQWLRQHG� EHIRUH�� WKLV� IRUPXOD� KDV�
VRPH�OLPLWDWLRQV���0RUHRYHU��WKH�VWDELOLW\�
IRUPXOD�IRU�DQWLIHU�FXEHV�LV�QRW�LQFOXGHG�
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LQ�WKH�VHW�RI�UHODWLRQVKLSV�GHULYHG�E\�9DQ�
GHU� 0HHU� ������� IRU� FRQFUHWH� DUPRXU�
XQLWV��

,Q� WKLV� SDSHU�� WKH� HIIHFWV� RI� ZDYH�
FKDUDFWHULVWLFV� �L�H�� ZDYH� KHLJKW�� ZDYH�
SHULRG��DQG�VWRUP�GXUDWLRQ��DQG�WKH�VORSH�
RI�WKH�VWUXFWXUH�RQ�WKH�VWDELOLW\ RI�UXEEOH�
PRXQG� EUHDNZDWHUV� ZLWK� DUPRXU� OD\HUV�
RI� DQWLIHU� FXEHV� DJDLQVW� UDQGRP� ZDYHV�
DUH�FRQVLGHUHG�DQG�D�QHZ�VHW�RI�IRUPXODH�
LV� SUHVHQWHG� WR� FDOFXODWH� WKH� ZHLJKW� RI�
DQWLIHUV�� ,W� VKRXOG�EH�PHQWLRQHG� WKDW� WKH�
HIIHFWV� RI� ZDYH� SHULRG� DQG� VWRUP�
GXUDWLRQ� KDYH� QRW� EH� FRQVLGHUHG� LQ� WKH�
SUHYLRXV� VWXGLHV� RQ� WKH� VWDELOLW\� RI�
DQWLIHU�FXEHV�

6HW�XS�RI�([SHULPHQW
7KH� ODERUDWRU\� WHVWV� ZHUH� SHUIRUPHG�

LQ�WKH����P�OHQJWK������P�ZLGWK�DQG�WKH�
����P�KHLJKW�RI�WKH�ZDYH�IOXPH�RI�6KRUH�
3URWHFWLRQ� 6HFWLRQ� RI� 6RLO� &RQVHUYDWLRQ�
	 :DWHUVKHG� 0DQDJHPHQW� 5HVHDUFK�
,QVWLWXWH� �6&:05,��� WKH� 0LQLVWU\� RI�
-LKDG�H�$JULFXOWXUH�� ,� 5� RI� ,UDQ�� � 7KH�
ZDYH� IOXPH� LV� HTXLSSHG� ZLWK� D� SLVWRQ�
W\SH�ZDYH�PDNHU�FDSDEOH�RI�RSHUDWLQJ�LQ�
D�UHJXODU�DQG�LUUHJXODU�PRGH���7KH�IOXPH�
LV�GLYLGHG�LQWR�WKUHH�SDUWV��ILJXUH������7KH�
WHVWV�ZHUH�FDUULHG�RXW� LQ� WKH�PLGGOH�SDUW�
RI� WKH� ZDYH� IOXPH�� XVLQJ� LUUHJXODU�
ZDYHV�� � 7KH� FURVV� VHFWLRQV� RI� WKH�ZDYH�
IOXPH� DQG� WKH� VWUXFWXUH� DUH� VKRZQ� LQ�
ILJXUHV�����DQG������UHVSHFWLYHO\�

7KH�ZDYH� SURILOHV�ZHUH�PHDVXUHG� E\�
XVLQJ� IRXU� ZDYH� KHLJKW�PHWHUV� LQVWDOOHG�
LQ�VLWXDWLRQV�VKRZQ�LQ�ILJXUH�������*RGD
V�
WHFKQLTXH�ZDV�XVHG�WR�FDOFXODWH�WKH�ZDYH�
UHIOHFWLRQ� FRHIILFLHQWV�� 6KLQJOH� VORSHV�
ZHUH� HPSOR\HG� WR� GLVVLSDWH� WKH� LQFLGHQW�
ZDYH� HQHUJ\� DW� WKH� HQG� RI� WKH� ZDYH�
IOXPH�� 7KH� VORSH� RI� WKHVH� DEVRUEHUV� LV�
����

7KH� VLJQLILFDQW� ZDYH� KHLJKW� UDQJHG�
IURP� ���� WR� ��� FP� DQG� WKH� SHULRGV�
DSSOLHG� ZHUH�� 7P�  � ����� ������ ����� DQG�
����� VHFRQGV��&RQVLGHULQJ� WKH� UDQJHV�RI�

ZDYH� KHLJKWV� DQG� SHULRGV�� LW� PD\� EH�
FRQFOXGHG� WKDW� D� ZLGH� UDQJH� RI� ZDYH�
VWHHSQHVV� LQ� QDWXUH� KDV� EHHQ� FRYHUHG��
(DFK� FRPSOHWH� WHVWV� FRQVLVWHG� RI� D� SUH�
WHVW� VRXQGLQJ�� D� WHVW� RI� �����ZDYHV�� WKH�
VHFRQG� VRXQGLQJ�� D� WHVW� RI� �����ZDYHV��
WKH�WKLUG�VRXQGLQJ��D�WHVW�RI������ZDYHV��
D�ILQDO�VRXQGLQJ�

7KH� VORSH�RI� WKH� VWUXFWXUH�ZHUH�������
DQG������ �7KH�VHFRQG�VORSH�ZDV VHOHFWHG�
WR� LQYHVWLJDWH� WKH� HIIHFW� RI� WKH� VXUI�
VLPLODULW\�SDUDPHWHU�� P[ ��RQ�WKH�VWDELOLW\�
RI�DQWLIHUV�

7KH�ZDWHU�GHSWK� LQ� IURQW�RI� WKH�ZDYH�
SDGGOH� DQG� WKH� VWUXFWXUH� ZHUH� ��� DQG�
����� FP�� UHVSHFWLYHO\�� � $� -216:$3�
W\SH� VSHFWUXP�ZDV� XVHG� WR� JHQHUDWH� WKH�
UDQGRP� ZDYHV�� � 7RWDOO\� ���� WHVWV� ZHUH�
SHUIRUPHG�

([SHULPHQWDO 5HVXOWV� DQG�
'LVFXVVLRQV

7KH� UHVXOWV� RI� WKH� H[SHULPHQWDO� WHVWV�
IRU� WKH� VWUXFWXUHV� EXLOW� ZLWK� VORSHV� RI�
������DQG�����DUH�GHSLFWHG� LQ� ILJXUHV� ����
DQG�����UHVSHFWLYHO\���7KHVH�ILJXUHV�VKRZ�
WKH�YDULDWLRQV�RI� RG1 DQG� RPRY1 YHUVXV�WKH�
VWDELOLW\�QXPEHU��7KLV�QXPEHU�LV�GHILQHG�
DV�IROORZV�

��Q

V
V '

+1
'

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

RG1 DQG� RPRY1 ZHUH� GHWHUPLQHG� XVLQJ�
9DQ�GHU�0HHU� 
V�GHILQLWLRQV�GLVFXVVHG�LQ�
LQWURGXFWLRQ�VHFWLRQ��DQG�WKH�SKRWRV�ZHUH�
WDNHQ� DQG� YLGHR� FDPHUD� ILOPV� ZHUH�
UHFRUGHG�GXULQJ�WKH�ODERUDWRU\�WHVWV�

&RQVLGHULQJ� WKH� QXPEHU� RI� ZDYHV�
�VWRUP� GXUDWLRQ��� WKH� H[SHULPHQWDO�
UHVXOWV� VKRZHG� WKDW� WKH� LQIOXHQFH� RI�
VWRUP� GXUDWLRQ� LV� QHJOLJLEOH� IRU� WKH� QR�
GDPDJH�FULWHULRQ���+RZHYHU��ZKHQ�VRPH�
GDPDJHG� LV� FRQVLGHUHG�� WKH� GDPDJH�
EHFRPHV� D� IXQFWLRQ� RI� WKH� VWRUP�
GXUDWLRQ�
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)LJXUH� ���� GHSLFWV� YDULDWLRQV� RI� WKH�
VWDELOLW\� QXPEHU� DJDLQVW� WKH� ZDYH�
VWHHSQHVV� IRU� PHDQ� ZDYH� SHULRG�� � 7KLV�
ILJXUH�ZDV�SORWWHG�XVLQJ�([FHOO�VRIWZDUH��
'XH� WR� WKH� ODUJH� QXPEHU� RI� GDWD�� WKHVH�
GDWD�KDYH�QRW�EHHQ�VKRZQ�RQ�WKH�ILJXUH���
7KLV� ILJXUH� VKRZV� D� VOLJKW� HIIHFW� RI� WKH�
ZDYH� SHULRG� RQ� WKH� VWDELOLW\� RI� DQWLIHU�
FXEHV�� VR� WKDW�� E\� LQFUHDVLQJ� WKH� ZDYH�
SHULRG�� WKH� VWDELOLW\� LV� LQFUHDVHG�� � 7KH�
VDPH� UHVXOW� ZDV� REWDLQHG� E\� 9DQ� GHU�
0HHU��������RQ�URFN�VORSHV�DQG�FXEHV�

7KH� H[SHULPHQWDO� WHVWV� VKRZHG� WKDW�
WKH�VWDELOLW\�QXPEHU�RI�DQWLIHU�EORFNV�FDQ�
EH� GHWHUPLQHG� IURP� WKH� IROORZLQJ�
IRUPXODH��
L��FRW�.  ����
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&RQVLGHULQJ� WKH� VXUI� VLPLODULW\�
SDUDPHWHU�� P[ ���WKH�VWDELOLW\�IRUPXODV�IRU�
ERWK�VORSHV�FDQ�EH�JLYHQ�E\�

)RUPXODH� ���� WR� ����� ZHUH� GHULYHG�
XVLQJ� 6<67$7� VRIWZDUH�� 7KH� VTXDUH� RI�
FRUUHODWLRQ� FRHIILFLHQW� REWDLQHG� IURP�
HDFK� QRQOLQHDU� UHJUHVVLRQ� KDV� EHHQ�
ZULWWHQ� DIWHU� HDFK� VHW� RI� HTXDWLRQV���
7KHVH� FRHIILFLHQWV� VKRZ� WKDW� WKH�
SUHVHQWHG�IRUPXODH�DUH�TXLWH�UHOLDEOH�

)LJXUH� ���� FRPSDUH� WKH� UHVXOWV� RI� WKH�
SUHVHQW� VWXG\� DQG� WKH� VWDELOLW\� IRUPXOD�
GHULYHG� E\�9DQ� GHU�0HHU� �������� � 7KLV�
ILJXUH� VKRZV� WKDW� WKH� DQWLIHU� FXEHV� DUH�
PRUH�VWDEOH�WKDQ�WKH�RUGLQDU\�FXEHV��7KH�
LQFUHDVLQJ� RI� WKH� VWDELOLW\� LV� GXH� WKH�
VSHFLILF� JHRPHWU\� RI� WKLV� NLQG� RI� FXEH��
ZKLFK�SURYLGHV�D�PRUH�SRURXV�PHGLD�IRU�
GLVVLSDWLRQ� RI� ZDYH� HQHUJ\� LQ�
FRPSDULVRQ�ZLWK�WKH�RUGLQDU\�FXEH�

&RQFOXVLRQ
$� VHULHV� RI� ODERUDWRU\� WHVWV� ZHUH�

SHUIRUPHG�WR�VWXG\�WKH�VWDELOLW\�RI�UXEEOH�
PRXQG�EUHDNZDWHUV�ZLWK�OD\HUV�RI�DQWLIHU�
FXEHV���7KH�HIIHFWV�RI�ZDYH�SHULRG��ZDYH�
KHLJKW��VWRUP�GXUDWLRQ��GHQVLW\�RI�DUPRXU�
XQLW�� DQG� WKH� VWUXFWXUH� VORSH� RQ� WKH�
VWDELOLW\�RI�WKHVH�XQLWV�ZHUH�H[DPLQHG���

7KH� UHVXOWV� RI� WHVWV� VKRZHG� WKDW� WKH�
VWRUP� GXUDWLRQ� DQG� WKH� ZDYH� SHULRG�
DIIHFW� WKH� VWDELOLW\� RI� DQWLIHU� FXEHV���
7KHUHIRUH�� WKH� ZHLJKW� RI� WKLV� NLQG� RI
DUPRXU�XQLWV�DJDLQVW�UDQGRP�ZDYH�DWWDFN�
FDQ� EH� FDOFXODWHG� XVLQJ� WKH� QHZ� VHW� RI�
HTXDWLRQV� SUHVHQWHG� LQ� WKH� SUHYLRXV�
VHFWLRQ�
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