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���,QWURGXFWLRQ 
5XEEHU-PRGLILHG� DVSKDOW� KDV� ORQJ� EHHQ� NQRZQ� WR�
LPSURYH� UKHRORJLFDO� SURSHUWLHV� DW� ORZ� DQG� KLJK�
WHPSHUDWXUHV� DQG� JLYH� WKUHH� WLPHV� ORQJHU� GXUDELOLW\�
FRPSDUHG� WR�FRQYHQWLRQDO�DVSKDOW��$OWKRXJK� WKH�SULFH�

RI� UXEEHU-PRGLILHG� DVSKDOW� LV� PXFK� KLJKHU� WKDQ� WKH�
FRQYHQWLRQDO�DVSKDOW��WKH�EHQHILWV�RI�LQFUHDVLQJ�WKH�OLIH�
RI�WKH�PRGLILHG�DVSKDOW�PDNH�WKH�WRWDO�SULFH�ORZHU� 

7KHUH� DUH� VHYHUDO� VWXGLHV� WR� HYDOXDWH� SDYHPHQW�
SHUIRUPDQFHV�XVLQJ�DGGLWLYH�RU� ILOOHU�� VXFK�DV�6XEDJLR�
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HW�� DO�� ����� VWXGLHV� DERXW� WKH� IDWLJXH� SHUIRUPDQFH� RI�
+RW� UROOHG� DVSKDOW� DQG� VXSHUSDYH� PL[HV� XVLQJ�
,QGRQHVLDQ� URFN� DVSKDOW� DV� ILQH� DJJUHJDWHV� DQG� ILOOHU��
6XEDJLR� HW� DO�� ����� VWXGLHG� DERXW�� WKH� UHVLOLHQW�
PRGXOXV� DQG� SODVWLF� GHIRUPDWLRQ� SHUIRUPDQFH� RI� KRW�
PL[�UHF\FOLQJ�DVSKDOW��+05$��XVLQJ�PRGLILHG�ELQGHU�
HOYDOR\��-DKDQLDQ�HW�DO�VWXGLHG�SHUIRUPDQFH�HYDOXDWLRQ�
RI�+RW�0L[�$VSKDOW�FRQWDLQLQJ�ELWXPHQ�PRGLILHG�ZLWK�
JLOVRQLWH�� 'XODLPL� HW�DO� HYDOXDWHG� WKH� SHUIRUPDQFH� RI�
+0$� FRQWDLQLQJ� FDOFLXP� FDUELGH� UHVLGXH� DV� D� ILOOHU��
0D� HW� DO� VWXGLHG� WKH� SHUIRUPDQFH� HYDOXDWLRQ� RI�
WHPSHUDWXUH� HIIHFW� RQ� KRW� LQ� SODFH� UHF\FOLQJ� DVSKDOW�
PL[WXUH��DQG�RWKHU�VWXGLHV� 

7KH�DGGLWLRQ�RI�UXEEHU�WR�DVSKDOW�FDQ�LPSURYH�VHYHUDO�
SDUDPHWHUV�� L�H�� WKH� LQFUHDVH� LQ� VRIWHQLQJ� SRLQW��
HODVWLFLW\��DQG�DGKHVLYHQHVV�VR�WKDW�WKH�DVSKDOW�LV�PRUH�
GXUDEOH�� 5XEEHU-PRGLILHG� DVSKDOW� LV� DOVR� VXSHULRU� WR�
FRQYHQWLRQDO� DVSKDOW� EHFDXVH� LWV� PHOWLQJ� SRLQW� LV�
KLJKHU��DQG�LI�H[SRVHG�WR�VXQOLJKW��LW�GRHV�QRW�PHOW�DQG�
LV�PRUH� VWDEOH� VR� LW�� GRHV�QRW� EUHDN�TXLFNO\�� GRHV�QRW�
VXUJH� TXLFNO\� DQG� GRHV� QRW� HURGH� TXLFNO\�� 5XEEHU-
PRGLILHG� DVSKDOW� LV� DOVR� VWLFNLHU� DQG�PRUH� IOH[LEOH� VR�
WKDW� LW� FDQ� UHGXFH� FUDFNLQJ� GXH� WR� RYHUORDG�� 7KH� WHVW�
UHVXOWV�DOVR�VKRZ�WKDW�UXEEHU�DVSKDOW�KDV�D�GXUDELOLW\�RI�
���-�� WLPHV� WKH� GXUDELOLW\� RI� FRQYHQWLRQDO� DVSKDOW�
�3UDVWDQWR�HW�DO��������� 

$FFRUGLQJ� WR� 6LVZDQWR�� �������� FRPSDUHG� WR�
FRQYHQWLRQDO� DVSKDOW�� DVSKDOW� PL[WXUH� PRGLILHG� ZLWK�
QDWXUDO� UXEEHU� �ODWH[�� SURGXFHV� D� KLJKHU� G\QDPLF�
VWDELOLW\� YDOXH�� VR� LW� FDQ� H[WHQG� WKH� OLIH� RI� SDYHPHQW�
ZLWK� WKH� VPDOOHVW� SHUFHQWDJH� RI� QDWXUDO� UXEEHU� �ODWH[��
RI� ���� %DVHG� RQ� WKH� SKHQRPHQRQ�� D� VWXG\� ZDV�
FRQGXFWHG� WR� PHDVXUH� WKH� SHUIRUPDQFH� RI� $VSKDOW�
&RQFUHWH�-�%LQGHU�&RXUVH��$&-%&��ZLWK�QDWXUDO�UXEEHU�
�ODWH[�� PRGLILFDWLRQ�� 7KH� QDWXUDO� UXEEHU� �ODWH[��
SHUFHQWDJH� YDULDWLRQ� XVHG� IROORZHG� WKH�
UHFRPPHQGDWLRQ�RI� WKH� VPDOOHVW�SHUFHQWDJH�RI� QDWXUDO�
UXEEHU� �ODWH[�� RI� ���� $V� D� FRPSDULVRQ�� WHVWLQJ� ZDV�
GRQH� RQ� LQFUHDVLQJ� WKH� SHUFHQWDJH� RI� QDWXUDO� UXEEHU�
�ODWH[�� E\� ��� DQG� RQ� FRQYHQWLRQDO� DVSKDOW� ZLWK� ���
QDWXUDO�UXEEHU��ODWH[�� 

7KLV� VWXG\� DLPV� WR� PHDVXUH� WKH� SHUIRUPDQFH� RI� +RW�
0L[� $VSKDOW� IRU� $VSKDOW� &RQFUHWH� -� %LQGHU� &RXUVH�
�$&-%&�� ZLWK� DGGLWLRQ� RI� QDWXUDO� UXEEHU� �ODWH[�� DW�
YDULDWLRQV�RI��������DQG����E\�ZHLJKW� 

,Q� WKLV� VWXG\�� DGYDQFHG� WHVWLQJ� ZDV� FDUULHG� RXW� WR�
GHWHUPLQH�WKH�YDOXH�RI�5HVLOLHQW�0RGXOXV�IURP�DVSKDOW�
PL[� PRGLILHG� ZLWK� QDWXUDO� UXEEHU� �ODWH[�� ZLWK�
UHSHWLWLYH�ORDGLQJ�XVLQJ�80$77$��,Q�DGGLWLRQ��WHVWLQJ�
ZDV� FDUULHG� RXW� XVLQJ� D� )RXU-3RLQW� %HQGLQJ� 7HVW� WR�
GHWHUPLQH� WKH�IDWLJXH� OLIH�RI� WKH�DVSKDOW�PL[�PRGLILHG�
ZLWK�QDWXUDO�UXEEHU��ODWH[�� 

���0DWHULDOV�DQG�/DERUDWRU\�7HVWV 

����$JJUHJDWH 

$JJUHJDWH� LV� D� FRQVWLWXHQW� WKDW� KDV� D� YHU\� LPSRUWDQW�
UROH� LQ� WUDQVSRUWDWLRQ� LQIUDVWUXFWXUH�� HVSHFLDOO\� LQ� WKLV�
FDVH�RQ�URDG�SDYHPHQW��7KH�DJJUHJDWH� UHTXLUHPHQW� LQ�
WKH�PL[WXUH� UDQJHV� IURP� ���� -� ����RI� WKH�PL[WXUH
V�
WRWDO� ZHLJKW� RU� ���� -� ���� RI� WKH� PL[WXUH
V� YROXPH�

�$VSKDOW� ,QVWLWXWH�� �������7KH� DJJUHJDWH�XVHG�PXVW� EH�
FOHDQ� IURP� LPSXULWLHV�� RUJDQLF� PDWHULDOV� RU� RWKHU�
XQGHVLUDEOH� VXEVWDQFHV� EHFDXVH� WKH\� ZLOO� UHGXFH� WKH�
PL[WXUH
V�SHUIRUPDQFH��+DUGL\DWPR�������� 

����$VSKDOW 

$VSKDOW� LQ� WKH� SDYHPHQW� OD\HU� IXQFWLRQV� DV� D� ELQGLQJ�
PDWHULDO� EHWZHHQ� DJJUHJDWH� JUDLQV� WR� IRUP� D� GHQVH�
PDWHULDO� VR� WKDW� LW� FDQ� JLYH� WKH� PL[WXUH� VWUHQJWK� DQG�
GXUDELOLW\� LQ� VXSSRUWLQJ� YHKLFOH� ORDGV�� $VSKDOW� LV�
QHHGHG�LQ�D�FHUWDLQ�DPRXQW�WR�ELQG�DJJUHJDWH�SDUWLFOHV��
ILOOLQJ�YRLGV�EHWZHHQ� DJJUHJDWHV��/RZ�DVSKDOW� FRQWHQW�
LQ� WKH� PL[WXUH� ZLOO� UHGXFH� GXUDELOLW\�� IOH[LELOLW\��
VWUHQJWK�� LPSHUPHDELOLW\�� DQG� ZRUNDELOLW\�� +RZHYHU��
WRR� PXFK� DVSKDOW� ZLOO� DOVR� UHVXOW� LQ� ORZ� PL[WXUH�
VWDELOLW\�DQG�VWLIIQHVV��+DUGL\DWPR�������� 

����5XEEHU�DVSKDOW 

$FFRUGLQJ� WR� 0LQLVWHU� IRU� 3XEOLF� :RUNV� DQG� +XPDQ�
6HWWOHPHQWV� ������ *HQHUDO� 6SHFLILFDWLRQV��� QDWXUDO�
UXEEHU� LV� D� QDWXUDO� PDWHULDO� REWDLQHG� IURP� UXEEHU-
SURGXFLQJ� WUHHV� LQFOXGLQJ� +DYHD� %UDVLOLHQVLV�� E\�
WDSSLQJ�WKH�SDUW�EHWZHHQ�WKH�FDPELXP�DQG�WUHH�VNLQ� 

7KH�UXEEHU�DVSKDOW�PDWHULDO�LV�SUH-YXOFDQL]HG�ODWH[�IRU�
OLTXLG�QDWXUDO� UXEEHU�DQG�VROLG�QDWXUDO� UXEEHU��$VSKDOW�
PRGLILFDWLRQ� ZLWK� OLTXLG� UXEEHU� FDQ� EH� GRQH� LQ� DQ�
DVSKDOW� PL[LQJ� SODQW� �ELWXPHQ� SODQW�� WKURXJK� WKH�
PL[LQJ� SURFHVV� XVLQJ� D� VSHFLDO� PL[LQJ� WRRO� �0LQLVWHU�
IRU� 3XEOLF� :RUNV� DQG� +XPDQ� 6HWWOHPHQWV� ������
*HQHUDO�6SHFLILFDWLRQV�� 

����0DUVKDOO�DQG�DEVROXWH�GHQVLW\ 

+RW�PL[�DVSKDOW�SODQQLQJ�WR�GHWHUPLQH�WKH�SHUIRUPDQFH�
RI� DVSKDOW� FRQFUHWH�PL[WXUH� WKDW� LV� FRPPRQO\�GRQH� LQ�
,QGRQHVLD�LV� WKURXJK�WKH�0DUVKDOO�PHWKRG��)URP�WKHVH�
WHVWV�� VWDELOLW\� DQG� IORZ� YDOXHV� DUH� REWDLQHG�� WKHQ� WKH�
UDWLR� RI� VWDELOLW\� DQG� IORZ� �0DUVKDOO� 4XRWLHQW�� DQG�
RWKHU� YROXPHWULF� TXDQWLWLHV� ZLOO� EH� FDOFXODWHG�� ,Q� WKLV�
WHVW��WKH�2SWLPXP�$VSKDOW�&RQWHQW��2$&��FDQ�DOVR�EH�
DQDO\]HG�ODWHU� 

$EVROXWH�GHQVLW\�LV�WKH�KLJKHVW��PD[LPXP��GHQVLW\�WKDW�
FDQ�EH�DFKLHYHG�E\�D�PL[WXUH�XQWLO� WKH�PL[WXUH�FDQQRW�
JHW� HYHQ� GHQVHU�� 7KH� DEVROXWH� GHQVLW\� LV� D� UHILQHPHQW�
RI�WKH�FRQYHQWLRQDO�0DUVKDOO�PHWKRG��)RU�KHDY\�WUDIILF�
FRQGLWLRQV�� WKH� FRQYHQWLRQDO� 0DUVKDOO� VHWV� WKH�
FRPSDFWLRQ� RI� WHVW� VSHFLPHQ� ZLWK� �� [� ��� FROOLVLRQV�
ZLWK�YRLG� LQ�PL[� OLPLW�RI���� -�����7KH�UHVXOWV�RI� WKH�
TXDOLW\� FRQWURO� WHVW� LQGLFDWH� WKDW� WKH� FRPSDWLELOLW\� RI�
FRQWURO� SDUDPHWHUV� LQ� WKH� ILHOG� LV� RIWHQ� QRW� PHW� WR�
DFKLHYH� WKH� UHTXLUHPHQWV� LQ� WKH� VSHFLILFDWLRQV� VR� WKDW�
WKH�SHUIRUPDQFH�RI�URDG�SDYHPHQW�LV�QRW�DFKLHYHG� 

����0DUVKDOO�LPPHUVLRQ 

0DUVKDOO� LPPHUVLRQ� WHVW� LV� D� WHVW� WR� GHWHUPLQH� WKH�
GXUDELOLW\� RI� DVSKDOW� PL[WXUH�� ZKLFK� LQ� WKLV� FDVH� LV�
VKRZQ� E\� H[DPLQLQJ� WKH� VXVFHSWLELOLW\� RI� WKH�PL[WXUH�
WR� GDPDJH� FDXVHG� E\� ZDWHU�� 6HYHUDO� 0DUVKDOO�
VSHFLPHQV�ZHUH�SUHSDUHG�LQ�2SWLPXP�$VSKDOW�&RQWHQW��
KDOI� RI� WKH� SUHSDUHG� VSHFLPHQV� ZHUH� WHVWHG� XQGHU�
QRUPDO� FRQGLWLRQV� DQG� WKHLU� DYHUDJH� VWDELOLW\� ZDV�
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)LJXUH����5HVHDUFK�IORZFKDUW 

FDOFXODWHG�� WKH� UHPDLQLQJ� VSHFLPHQV�ZHUH� LPPHUVHG� IRU�
��� KRXUV� DW� ���&� DQG� WKHLU� DYHUDJH� VWDELOLW\� ZDV�
FDOFXODWHG��&RPSDULVRQ� EHWZHHQ� WKH� VWDELOLW\� RI� WKH� WHVW�
VSHFLPHQV� DIWHU� LPPHUVLRQ� DQG� WKH� VWDELOLW\� RI� WKH�
VWDQGDUG�WHVW�VSHFLPHQV�ZHUH�H[SUHVVHG�LQ�SHUFHQW��FDOOHG�
WKH�0DUVKDOO�,QGH[�RI�5HWDLQHG�6WUHQJWK� 

7KH�0DUVKDOO� ,QGH[�RI�5HWDLQHG�6WUHQJWK�RI� ���� LV� WKH�
PLQLPXP�YDOXH�UHTXLUHG�LQ�WKH�%LQD�0DUJD�6SHFLILFDWLRQ�
�0LQLVWU\� RI� 3XEOLF� :RUNV�� ������� $W� WKLV� YDOXH�� WKH�
DVSKDOW� PL[WXUH� LV� FRQVLGHUHG� TXLWH� UHVLVWDQW� WR� GDPDJH�
FDXVHG�E\�ZDWHU� 

����6WLIIQHVV�PRGXOXV 

7KLV� WHVW� ZDV� FRQGXFWHG� WR� GHWHUPLQH� WKH� YDOXH� RI� WKH�
DVSKDOW�PL[WXUH
V�UHVLOLHQW�PRGXOXV��5HVLOLHQW�PRGXOXV�LV�
WKH� OHYHO� RI� PDWHULDO� HODVWLFLW\� DQG� VWLIIQHVV� WKDW� LV�
WKHRUHWLFDOO\� REWDLQHG� IURP� WKH� UHODWLRQVKLS� EHWZHHQ�
VWUHVV�DQG�VWUDLQ�RI�D�PDWHULDO��5HVLOLHQW�PRGXOXV�FDQ�EH�
XVHG�� DPRQJ� RWKHUV�� DV� DQ� DVVHVVPHQW� WR� SUHGLFW� VWUHVV��
VWUDLQ�DQG�GLVSODFHPHQW��DQG�FDQ�EH�XVHG�DV�DQ�DSSURDFK�
WR� SDYHPHQW� SODQQLQJ� DQG� WR� HYDOXDWH� SDYHPHQW�
SHUIRUPDQFH�� 

,Q�WKLV�VWXG\��WKH�UHVLOLHQW�PRGXOXV�ZDV�REWDLQHG�E\�XVLQJ�
WKH� 8QLYHUVDO� 0DWHULDO� 7HVWLQJ� $SSDUDWXV� �80$77$���
ZKLFK�UHIHUV�WR�%6�(1������-��-�����$QQH[�)��7KH�WHVW�
LV�FODVVLILHG�DV�D�QRQ-GHVWUXFWLYH�WHVW�WKDW�GR�QRW�GDPDJH�
WKH� WHVW� PDWHULDOV� DV� WKH� ORDG� JLYHQ� LV� UHODWLYHO\� VPDOO��
7KH� 80$77$� FRQVLVWV� RI� D� &RQWURO� DQG� 'DWD�
$FTXLVLWLRQ�6\VWHP��&'$6��GHYLFH��D�SHUVRQDO�FRPSXWHU�
GHYLFH�DQG�DQ�LQWHJUDWHG�VRIWZDUH� 

����)DWLJXH�FUDFN 

)DWLJXH� LV� D� SKHQRPHQRQ� RI� FUDFN� RFFXUUHQFHV� GXH� WR�
UHSHDWHG� ORDGV� WKDW�RFFXU�GXH� WR� UHSHWLWLRQ�RI�VWUHVVHV�RU�
VWUDLQV�ZKRVH� OLPLWV�DUH�VWLOO�EHORZ�WKH�PDWHULDO�VWUHQJWK�
OLPLW� �<RGHU� HW� DO��������� 7KH� VWUHVV� DQG� VWUDLQ� YDOXHV�
GHSHQG�RQ�WKH�ZKHHO�ORDG��VWLIIQHVV�DQG�WKH�EDVLF�QDWXUH�
RI�WKH�SDYHPHQW�� 

$FFRUGLQJ� WR� 6+53-$-���� �������� 7KH� ODERUDWRU\�
WHVWLQJ�PHWKRGV�WKDW�DUH�TXLWH�JRRG�DQG�DUH�SRVVLEOH�WR�EH�
XVHG� LQ� PHDVXULQJ� WKH� SURSHUWLHV� RI� WKH� PL[WXUH� WKDW�
DIIHFW�IDWLJXH�SHUIRUPDQFH�DUH�� 

�� 'LUHFW�D[LDO�WHQVLOH 
�� ,QGLUHFW�WHQVLOH 
�� )OH[WXUH�IDWLJXH�WHVW�ZLWK�������DQG���IOH[XUH�SRLQWV 
�� 5RWDWLQJ�EHQGLQJ 

7HVW� IRU� UHVLVWDQFH� WR� IDWLJXH� FDQ�EH� FDUULHG�RXW� XVLQJ� D�
IRXU-SRLQW�ORDGLQJ�WHVW�WRRO� 

���5HVHDUFK�0HWKRGRORJ\ 

7KH�PHWKRG�XVHG�LQ�WKLV�VWXG\�LV�DQ�H[SHULPHQWDO�PHWKRG�
LQ� WKH� ODERUDWRU\�� 3ULPDU\� GDWD� FROOHFWLRQ� ZDV� GRQH�
WKURXJK� D� VHULHV� RI� WHVWV� RQ� DJJUHJDWHV�� DVSKDOW�� DQG�
PL[WXUHV�� 7KLV� UHVHDUFK� ZDV� FRQGXFWHG� DW� WKH� %DQGXQJ�
,QVWLWXWH� RI� 7HFKQRORJ\� ODERUDWRU\�� %DODL� %HVDU�
3HODNVDQD� -DODQ� GDQ� -HPEDWDQ� :LOD\DK� 9� /DERUDWRU\��
DQG� WKH� 0LQLVWU\� RI� 3XEOLF� :RUNV� DQG� 3XEOLF� +RXVLQJ�

/DERUDWRU\�� ,Q�JHQHUDO�� WKLV� UHVHDUFK� FDQ�EH� VHHQ� IURP�
WKH�IORZFKDUW�LQ�)LJXUH��� 

���'DWD�3UHVHQWDWLRQ�DQG�$QDO\VLV 

����0DUVKDOO�VWDELOLW\ 

6WDELOLW\� LV� DQ� HPSLULFDO� SDUDPHWHU� WR� GHWHUPLQH� WKH�
DELOLW\� RI� WKH� SDYHPHQW� OD\HU� WR� ZLWKVWDQG� SHUPDQHQW�
GHIRUPDWLRQ� ZKHQ� UHFHLYLQJ� WUDIILF� ORDGV� ZLWKRXW�
SHUPDQHQW� FKDQJHV� LQ� VKDSH� VXFK� DV� ZDYHV�� UXW�� DQG�
EOHHGLQJ� �$VSKDOW� ,QVWLWXWH�� ������� 7KH� VWDELOLW\� YDOXH�
DFFRUGLQJ� WR� WKH�*HQHUDO�6SHFLILFDWLRQV�RI�%LQD�0DUJD�
�����LV�OLPLWHG�WR�D�PLQLPXP�RI�����NJ�IRU�WKH�$&-%&�
DQG� DFFRUGLQJ� WR� WKH� +RW� 0L[� $VSKDOW� ZLWK� 1DWXUDO�
5XEEHU� 6SHFLILFDWLRQV�� LW� LV� OLPLWHG� WR� D� PLQLPXP� RI�
���� NJ�� $� FRPSDULVRQ� RI� WKH� VWDELOLW\� YDOXHV� RI� HDFK�
PL[WXUH�LV�SUHVHQWHG�LQ�)LJXUH��� 

)URP� WKH� )LJXUH� ��� WKH� VWDELOLW\� RI�$.�� LV� WKH� ORZHVW��
IROORZHG� E\� $.�� DQG� $.��� 7KH� RSWLPXP� DVSKDOW�
FRQWHQW� IRU� $.��� $.��� DQG� $.�� LV� DERXW� ������ 7KH�

'DWD�3UHVHQWDWLRQ�DQG�$QDO\VLV 

&RQFOXVLRQV�DQG�UHFRPPHQGDWLRQV 

)LQLVK 

0DUVKDOO� 
,PPHUVLRQ�7HVW 

)DWLJXH�7HVW�XVLQJ��
-�3RLQW�%HQGLQJ�7HVW 

5HVLOLHQW�0RGXOXV�
7HVWLQJ�ZLWK�
80$77$ 

1DWXUDO�
$JJUHJDWH 

³1DWXUDO�5XEEHU´�–�PRGLILHG�
DVSKDOW�����DQG���� 

6WDUW 

/LWHUDWXUH�5HYLHZ 

0DWHULDO�3UHSDUDWLRQ 

$VSKDOW�3HQ�
����� 

0HHW�WKH�%LQD�0DUJD�
6SHFLILFDWLRQV 

1R 

<HV 

3UHSDUDWLRQ�RI�$&-%&�0L[WXUH�7HVW�6SHFLPHQV 

'HWHUPLQDWLRQ�RI�0DUVKDOO�2$&�XVLQJ�0DUVKDOO�
0HWKRG��6WDELOLW\��)ORZ��9,0��90$��9)$� 

0DNLQJ�7HVW�6SHFLPHQV�IRU�$GYDQFHG�7HVWLQJ�RQ�
0DUVKDOO�2$& 
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,.6��0DUVKDOO�,QGH[�RI�5HWDLQHG�6WUHQJWK 

)LJXUH����0DUVKDOO�LQGH[�RI�UHWDLQHG�VWUHQJWK�RI�HDFK�
PL[WXUH 

)LJXUH����&RPSDULVRQ�RI�PL[WXUH
V�UHVLOLHQW�PRGXOXV� 
YDOXHV�DW�YDULDWLQJ�WHPSHUDWXUHV 

)LJXUH����&RPSDULVRQ�RI�VWDELOLW\�YDOXHV 

)LJXUH����&RPSDULVRQ�RI�2$&�YDOXHV� 

PLQLPXP�$&�VKRZQ� LQ�RUDQJH� OLQH�ZLWK� WKH�YDOXH�RI�
���NJ�DQG�PLQLPXP�15�VKRZQ�LQ�WKH�EOXH�OLQH�ZKLFK�
LV�����NJ� 

2SWLPXP�$VSKDOW� &RQWHQW� LV� WKH� DVSKDOW� FRQWHQW� WKDW�
SURGXFHV� D� PL[WXUH� WKDW� VDWLVILHV� DOO� HOHPHQWV� RI�
0DUVKDOO�SDUDPHWHUV��LQFOXGLQJ�WKH�9,0�5HIXVDO��9,0�
5HIXVDO� FDQ� UHGXFH� WKH� SHUFHQWDJH� RI� 2SWLPXP�
$VSKDOW�&RQWHQW�LQ�WKH�PL[WXUH�EHFDXVH�LW�FRQVLGHUV�WKH�
FRQGLWLRQV� LQ� ZKLFK� WKH� PL[WXUH� LQ� WKH� SDYHPHQW�
H[SHULHQFHV� IXUWKHU� FRPSDFWLRQ� E\� WKH� WUDIILF� ORDG��$�
FRPSDULVRQ� RI� WKH�2SWLPXP�$VSKDOW�&RQWHQW� RI� HDFK�
PL[WXUH�LV�SUHVHQWHG�LQ�)LJXUH��� 

%DVHG�RQ�)LJXUH����WKH�2$&�LQ�WKH�DVSKDOW�SHQ�������
PL[WXUH� LV� KLJKHU� WKDQ� WKH� PRGLILHG� DVSKDOW� PL[WXUH��
7KLV� LV�EHFDXVH� WKH�PRGLILHG� DVSKDOW� LV� KDUGHU�DQG� LWV�
DELOLW\�WR�IORZ�LV�EHWWHU�VR�WKDW�DIWHU�EHLQJ�DEVRUEHG�E\�
WKH�DJJUHJDWH��WKLV�PRGLILHG�DVSKDOW�ZLOO�QRW�HDVLO\�JHW�
RXW�RI�WKH�YRLG�LQ�DJJUHJDWH�DQG�WKH�UHTXLUHG�DVSKDOW�LV�
OHVV�WKDQ�WKH�UHTXLUHPHQW�IRU�DVSKDOW�SHQ�������FRQWHQW�
WR�SURGXFH�D�PL[WXUH�ZLWK�RSWLPXP�VWUHQJWK� 

����0DUVKDOO�VWDELOLW\�DIWHU�LPPHUVLRQ 

0DUVKDOO� LPPHUVLRQ� WHVWLQJ� DLPV� WR� GHWHUPLQH� WKH�
PL[WXUH
V�UHVLVWDQFH�WR�ZDWHU��ZKLFK�LV�FKDUDFWHUL]HG�E\�
WKH� ORVV� RI� ERQGV� EHWZHHQ� DVSKDOW� DQG� DJJUHJDWH�
JUDLQV��7KLV�LV�LPSRUWDQW�LQ�PDLQWDLQLQJ�VWDELOLW\�� 

%DVHG� RQ� WKH� 0DUVKDOO� LPPHUVLRQ� WHVW�� LW� ZDV� IRXQG�
WKDW� WKH�0DUVKDOO� ,QGH[�RI�5HWDLQHG�6WUHQJWK�YDOXH� LQ�
WKH� $.�� PL[WXUH� ZDV� �������� LQ� WKH� PL[WXUH� ZLWK�

$.�� ZDV� �������� DQG� LQ� WKH� $.�� PL[WXUH� ZDV�
��������$OO� W\SHV� RI� PL[WXUHV� PHHW� WKH� UHTXLUHPHQWV�
DV�RI�WKH������%LQD�0DUJD�*HQHUDO�6SHFLILFDWLRQV�WKDW�
UHTXLUH� 0DUVKDOO� ,QGH[� RI� 5HWDLQHG� 6WUHQJWK� WR� EH�
JUHDWHU�WKDQ������DV�VKRZQ�LQ�)LJXUH��� 

����5HVLOLHQW�PRGXOXV�WHVW 

5HVLOLHQW�PRGXOXV� LV� D�PRGXOXV�RI� HODVWLFLW\�EDVHG�RQ�
UHFRYHUDEOH� VWUDLQ� �+XDQJ�� �������7KLV� WHUPLQRORJ\� LV�
XVHG� EHFDXVH� DVSKDOW� PL[WXUH� LV� D�PDWHULDO� WKDW� LV� QRW�
SHUIHFWO\� HODVWLF�� 7KH� YLVFR� HODVWLF� DVSKDOW� PL[WXUH�
FDXVHV� WKH� UHVLOLHQW� PRGXOXV� WR� FKDQJH� GHSHQGLQJ� RQ�
WKH� WHPSHUDWXUH� DQG� WLPH� RI� ORDGLQJ� UHFHLYHG�� 7KH�
KLJKHU�WKH�WHPSHUDWXUH��WKH�ORZHU�WKH�UHVLOLHQW�PRGXOXV��
7KLV� LV� EHFDXVH� DW� KLJK� WHPSHUDWXUHV� WKH� DVSKDOW� ZLOO�
EHFRPH� D� PDWHULDO� WKDW� LV� PRUH� OLTXLG� DQG� QR� ORQJHU�
VROLG�� VR� WKH� DVSKDOW
V� DELOLW\� WR� ELQG� ZLOO� EH� JUHDWO\�
UHGXFHG�ZKLFK�PDNHV�WKH�ERQG�EHWZHHQ�WKH�DJJUHJDWHV�
LQ�WKH�PL[WXUH�QRW�LQWHUORFNLQJ� 

�7KH� WHVW�FRQGXFWHG�IRU� WKH� WHPSHUDWXUH�RI���R&����R&�
DQG� ��R&� ZLWK� $.��� $.��� DQG� $.�� IRH� HDFK�
WHPSHUDWXUH�� 7KH� UHVXOW� RI� UHVLOLHQW� PRGXOXV� FDQ� EH�
VHHQ�LQ�)LJXUH��� 

,Q�DGGLWLRQ�WR�WKH�WHVW� WHPSHUDWXUH�� WKH�KDUGQHVV�RI�WKH�
DGKHVLYH� �DVSKDOW�� DQG� DJJUHJDWH� FKDUDFWHULVWLFV� DOVR�
DIIHFW� WKH�YDOXH�RI� WKH� UHVLOLHQW�PRGXOXV�RI�DQ�DVSKDOW�
PL[WXUH�� 5HVLOLHQW� PRGXOXV� WHVWLQJ� LQ� WKLV� VWXG\� ZDV�
FRQGXFWHG�DW�WHVW�WHPSHUDWXUHV�RI����&�����&�DQG����&�� 
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)LJXUH����&RPSDULVRQ�RI�IDWLJXH�OLIH�WR�VWUDLQ 

7DEOH����6XPPDU\�RI�UHVXOWV�RI�$&-%&�PL[WXUH�PRGLILHG�ZLWK�QDWXUDO�UXEEHU��ODWH[� 

7HVW� UHVXOW� DW� D� WHPSHUDWXUH� RI� ���&� VKRZV� D� VPDOOHU�
UHVLOLHQW� PRGXOXV� YDOXH� FRPSDUHG� WR� WHVWV� DW� D�
WHPSHUDWXUH�RI����&�DQG�DW�D� WHPSHUDWXUH�RI����&��7HVW�
UHVXOWV� DUH� VKRZQ� LQ� )LJXUH� ��� ZKHUH� WKH� 5HVLOLHQW�
0RGXOXV� YDOXH� IRU� HDFK� PL[WXUH� W\SH� GHFUHDVHV� DV� WKH�
WHPSHUDWXUH�LQFUHDVHV� 

����)DWLJXH�WHVW 

7KLV�IDWLJXH�WHVW�ZDV�FDUULHG�RXW�E\�XVLQJ�VWUDLQ�FRQWURO��
7KH� VWUDLQ� JLYHQ� WR� WKH� WHVWHG� PL[WXUH� FRQVLVWHG� RI� ��
�WKUHH�� OHYHOV�� ���� ȝİ�� ���� ȝİ�� DQG� ���� ȝİ�� 7KH�
UHODWLRQVKLS� EHWZHHQ� VWUDLQ� DQG� IDWLJXH� OLIH� IRU� DOO� WKUHH�
W\SHV�RI�PL[WXUHV�FDQ�EH�VHHQ�LQ�)LJXUH��� 

3DUDPHWHU 
$&-%&�15 

$VSKDOW�3HQ������ $VSKDOW�3HQ������������/DWH[ $VSKDOW�3HQ�����������/DWH[ 
0DUVKDOO 
2$& � ��� ��� ��� 
'HQVLW\ W�P� ����� ����� ������ 
0DUVKDOO�6WDELOLW\ NJ ������� �������� ��������� 
)ORZ PP ����� ����� ����� 
0DUVKDOO�4XRWLHQW NJ�PP ������� ������� ������ 
0DUVKDOO�,PPHUVLRQ 
0DUVKDOO�,QGH[�RI�5HWDLQHG�6WUHQJWK � ����� ����� ����� 
'\QDPLF�7HVWLQJ�6\VWHP��80$77$� 
5HVLOLHQW�0RGXOXV����R&� 0SD ���� ���� ���� 
5HVLOLHQW�0RGXOXV����R&�   ���� ���� ���� 
5HVLOLHQW�0RGXOXV����R&�   ��� ��� ��� 
)DWLJXH�WHVW 
)DWLJXH�OLIH������႞�� F\FOHV ����� ����� ������ 
)DWLJXH�OLIH������႞�� F\FOHV ����� ���� ����� 
)DWLJXH�OLIH������႞�� F\FOHV ���� ���� ����� 

%DVHG� RQ� )LJXUH� ��� WKH� VWUDLQ� YDOXH� LV� LQYHUVHO\�
SURSRUWLRQDO� WR� WKH� IDWLJXH� OLIH�� ZKHUH� WKH� JUHDWHU� WKH�
VWUDLQ� JLYHQ�� WKH� VKRUWHU� ORDGLQJ� F\FOHV�� 7KLV� LV� EHFDXVH�
WKH� JUHDWHU� WKH� VWUDLQ� JLYHQ�� WKH� JUHDWHU� WKH� VWUHVV�
SURGXFHG� WR� PDLQWDLQ� WKH� VWUDLQ�� $V� D� UHVXOW�� WKH� ORDG�
UHFHLYHG�E\�WKH�PL[WXUH�LV�JUHDWHU��ZKLFK�LPSDFWV�RQ�WKH�
IDVWHU�WKH�PL[WXUH�FROODSVHV�� 

����$QDO\VLV 

$� WHVW� XVLQJ� WKH� 0DUVKDOO� PHWKRG� ZDV� FRQGXFWHG� WR�
GHWHUPLQH�ZRUNDELOLW\�� WKH�80$77$�PHWKRG�ZDV� XVHG�
WR� GHWHUPLQH� 5HVLOLHQW� 0RGXOXV�� DQG� WKH� )DWLJXH� 7HVW�

ZDV�FDUULHG�RXW�WR�GHWHUPLQH�WKH�IDWLJXH�OLIH�RI�$&-%&�
PL[WXUH� ZLWK� QDWXUDO� UXEEHU� �ODWH[�� PRGLILHG� DVSKDOW��
7KH�UHVXOWV�RI�WKH�UHVHDUFK�FDQ�EH�VHHQ�LQ�7DEOH��� 

)URP�WKH�UHVXOWV�RI�WKH�0DUVKDOO� WHVW�� LW�ZDV�IRXQG�WKDW�
WKH�YDOXH�RI�2$&�LV�GHFUHDVLQJ��VWDELOLW\� LV� LQFUHDVLQJ��
DQG� PHOWLQJ� LV� LQFUHDVLQJ�� 7KH� VWDELOLW\� DQG� PHOWLQJ�
TXDOLW\� RI� WKH� PL[WXUH� LQFUHDVHV� ZLWK� WKH� LQFUHDVLQJ�
SHUFHQWDJH�RI�QDWXUDO�UXEEHU��ODWH[��LQ�WKH�PL[WXUH��:LWK�
D�GHFUHDVH�LQ�2$&�LQ�WKH�PL[WXUH��WKH�XVH�RI�DVSKDOW�LV�
OHVV� VR� LW� VDYHV� WKH� DPRXQW� RI� DVSKDOW� LQ� WKH� PL[WXUH��
)URP� WKH� UHVXOWV� RI� WKH� 0DUVKDOO� ,PPHUVLRQ� WHVW�� WKH�
VWDELOLW\� YDOXH� DQG� WKH� 0DUVKDOO� ,QGH[� RI� 5HWDLQHG�
6WUHQJWK�LQFUHDVHG�DQG�PHW�WKH�VSHFLILFDWLRQV�ZKHUH�WKH�
0DUVKDOO� ,QGH[� RI� 5HWDLQHG� 6WUHQJWK� ZDV� JUHDWHU� WKDQ�
����� )URP� WKH�80$77$� WHVW�� WKH� 5HVLOLHQW�0RGXOXV�
YDOXH� IRU� PL[WXUHV� WKDW� XVH� QDWXUDO� UXEEHU� �ODWH[��
PRGLILFDWLRQ� LV� ORZHU� WKDQ� WKH�PL[WXUH�ZLWKRXW� QDWXUDO�
UXEEHU� �ODWH[�� �FRQYHQWLRQDO��� )DWLJXH� UHVLVWDQFH� WHVW�
ZLWK�VWUDLQ�FRQWURO�VKRZV�WKDW�WKH�XVH�RI�QDWXUDO�UXEEHU�
�ODWH[�� FDQ� LQFUHDVH� IDWLJXH� OLIH�ZKHQ� FRPSDUHG� WR� WKH�
PL[WXUH�ZLWKRXW�QDWXUDO�UXEEHU��ODWH[���FRQYHQWLRQDO��� 

����&RQFOXVLRQV 

%DVHG�RQ� WKH�SUHVHQWDWLRQ�DQG�DQDO\VLV�RI� WKH�GDWD�� WKH�
IROORZLQJ�FRQFOXVLRQV�ZHUH�REWDLQHG� 

�� (YDOXDWLRQ� RI� WKH� FKDUDFWHULVWLFV� RI� WKH� KRW� PL[�
DVSKDOW� IRU� $VSKDOW� &RQFUHWH� -� %LQGHU�&RXUVH� �$&-
%&�� ZLWK� WKH� DGGLWLRQ� RI� QDWXUDO� UXEEHU� �ODWH[�� FDQ�
UHGXFH� WKH� RSWLPXP� DVSKDOW� FRQWHQW� �2$&�� DQG�
LQFUHDVH�WKH�PL[WXUH
V�GXUDELOLW\� 

�� (YDOXDWLRQ�RI�5HVLOLHQW�0RGXOXV�YDOXH 
7KH� UHVXOWV�RI� WKH�80$77$�WHVW�RQ� WKH�DGGLWLRQ�RI�
��� QDWXUDO� UXEEHU� �ODWH[�� UHVXOWHG� LQ� D� KLJKHU�
5HVLOLHQW�0RGXOXV� YDOXH� FRPSDUHG� WR� WKH�RWKHU� WZR�
PL[WXUHV�DOWKRXJK�WKH�UHVLOLHQW�PRGXOXV�YDOXH�GLG�QRW�
VKRZ�D�VLJQLILFDQW�LQFUHDVH� 

�� 7KH� $&-%&� PL[WXUH� ZLWK� WKH� DGGLWLRQ� RI� QDWXUDO�
UXEEHU� �ODWH[�� UHVXOWHG� LQ�D� ORQJHU� IDWLJXH� OLIH�EDVHG�
RQ� WKH�UHVXOWV�RI� IDWLJXH� WHVWLQJ�DW�VWUDLQV�RI�����ȝİ��
����ȝİ��DQG�����ȝİ�� 
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���5HFRPPHQGDWLRQV 

%DVHG� RQ� WKH� UHVXOWV� RI� WKH� VWXG\�� IXUWKHU� WHVWLQJ� LV�
SURSRVHG�IRU�WKH�EDVLF�UKHRORJLFDO�SURSHUWLHV�RI�DVSKDOW�
ZLWK� QDWXUDO� UXEEHU� �ODWH[�� PRGLILFDWLRQ� DQG� IXUWKHU�
WHVWLQJ�IRU�WKH�$&-%&�PL[WXUH� 

����5HIHUHQFHV 

$VSKDOW� ,QVWLWXWH�� �������� 7KH� $VSKDOW� +DQGERRN��
0DQXDO�6HULHV�1R����06-����/H[LQJWRQ��86$�� 

$VSKDOW�,QVWLWXWH����������0L[�'HVLJQ�0HWKRG��0DQXDO�
6HULHV� 1R��� �06-��� �WK� HGLWLRQ�� /H[LQJWRQ��
86$� 

%6� (1� �����-��������� %LWXPLQRXV� PL[WXUHV�� 7HVW�
PHWKRGV�IRU�KRW�PL[�DVSKDOW��6WLIIQHVV��%6, 

'XODPL�� $��� 6KDQEDUD�� +.��� -DIHU�� +��� 6DGLTXH�� 0��
������$Q�HYDOXDWLRQ�RI� WKH�SHUIRUPDQFH�RI�KRW�
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