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&RPSDULVRQ�RI�6WDWLF�6WUHWFKLQJ�DQG�0XVFOH�(QHUJ\�7HFKQLTXHV�

RQ�+DPVWULQJ�7LJKWQHVV�LQ�$V\PSWRPDWLF�)HPDOHV 
$\HVKD� 0DMHHG��� 6\HGD� 5DILD� 0DQVRRU��� $KPDG� %LODO� $ULI��� 0XKDPPDG� 0XGDVVDU� <DVLQ���
0LQDKLO�:DVLP���)DUDK�1DHHP� 

$%675$&7� 
%DFNJURXQG��+DPVWU LQJ�IOH[LELOLW\�LV�DQ�HVVHQWLDO�YDU LDEOH�EHFDXVH�GHFUHDVHG�H[WHQVLELOLW\�FDQ�FDXVH�
LQMXULHV��QRQ-VSHFLILF� ORZ�EDFN�SDLQ�DQG�DOWHUHG� OXPERSHOYLF�UK\WKP��)OH[LELOLW\� WUDLQLQJ� LV�DQ� LPSRUWDQW�
FRPSRQHQW�LQ�SUHYHQWLQJ�RU�UHKDELOLWDWLRQ�RI�LQMXULHV�DQG�DOVR�D�PHWKRG�RI�LPSURYLQJ�RQH¶V�SHUIRUPDQFH�LQ�
HYHU\GD\�DFWLYLWLHV�DQG�VSRUWV� � 
2EMHFWLYHV�� 7R� FRPSDUH� WKH� HIIHFWV� RI� VWDWLF� VWUHWFKLQJ�	�PXVFOH� HQHUJ\� WHFKQLTXHV� RQ� KDPVWU LQJ�
VKRUWQHVV�LQ�IHPDOHV�� 
0HWKRGV�� $� UDQGRPL]HG� FRQWUROOHG� WU LDO� FRQGXFWHG� DW� 'HSDU WPHQW� RI� +HDOWK� 6FLHQFHV�� .KDZDMD�
)DUHHG� 8QLYHUVLW\� RI� (QJLQHHULQJ� 	� ,QIRUPDWLRQ� 7HFKQRORJ\� 5DKLP� <DU� .KDQ� RQ� ��� DV\PSWRPDWLF�
IHPDOHV��,Q�WKLV�VWXG\�����IHPDOHV�ZHUH�UDQGRPO\�DOORFDWHG�LQ�WZR�JURXSV�VWULFWO\�IROORZLQJ�WKH�LQFOXVLRQ�
H[FOXVLRQ�FULWHULD��*URXS�$�UHFHLYHG�KDPVWULQJ�VWDWLF�VWUHWFKLQJ��ZKLOH�JURXS�%�PXVFOH�HQHUJ\�WHFKQLTXHV�
�$XWRJHQLF�LQKLELWLRQ���,QIRUPHG�ZULWWHQ�FRQVHQW�ZDV�WDNHQ�IURP�HDFK�SDUWLFLSDQW����-���WHVW��6/5��6LW�DQG�
UHDFK� WHVW�ZHUH� XVHG� DV� RXWFRPH�PHDVXUHPHQW� WRROV�RI� KDPVWULQJ� WLJKWQHVV�� �� VHVVLRQV� LQ� ��ZHHNV�ZHUH�
JLYHQ�WR�HDFK�SDUWLFLSDQW��%DVHOLQH�DV�ZHOO�DV�IROORZ-XS�GDWD�DIWHU���FRQVHFXWLYH�ZHHNV�ZDV�UHFRUGHG�� 
5HVXOWV��0HDQ�DJH�RI�SDU WLFLSDQWV�RI�*URXSV�$�	�%�ZHUH����������������\HDUV�UHVSHFWLYHO\��*URXS�%�
SDUWLFLSDQWV� VKRZHG�PDUNHG� LPSURYHPHQW� DW� ��-��� WHVW��6/5��6LW� DQG� UHDFK�RXWFRPH�PHDVXUHPHQW� WRROV�
FRPSDUHG�WR�JURXS�$�DV�S-YDOXH�ZDV�IRXQG�OHVV�WKDQ������ZKLFK�LV�FRQVLGHUHG�VLJQLILFDQW�� 
&RQFOXVLRQ�� 0XVFOH� HQHUJ\� WHFKQLTXHV� SDU WLFXODU O\� DXWRJHQLF� LQKLELWLRQ� KDYH� EHWWHU � WUHDWPHQW�
RXWFRPH� DV� FRPSDUHG� WR� KDPVWULQJ� VWDWLF� VWUHWFKLQJ� DORQH� LQ� DV\PSWRPDWLF� IHPDOHV� ZLWK� KDPVWULQJ�
VKRUWQHVV�� 
.H\ZRUGV��$XWRJHQLF�,QKLELWLRQ��+DPVWU LQJ�0XVFOH���0DQXDO�7KHUDS\��0XVFOH�(QHUJ\�7HFKQLTXHV��
6WUHWFKLQJ� 

'2,��KWWSV���GRL�RUJ����������IXMUV�Y�L����� 

,QWURGXFWLRQ� 

������)OH[LELOLW\� KDV� EHHQ�GHILQHG� DV� WKH� DELOLW\� RI� D�
PXVFOH� WR� OHQJWKHQ� DQG� DOORZV� RQH� MRLQW� �RU�PRUH�
WKDQ�RQH�MRLQW�LQ�D�VHULHV��WR�PRYH�WKURXJK�D�UDQJH�
RI� PRWLRQ����� $� GHFUHDVH� LQ� PXVFXODU� IOH[LELOLW\�
UHGXFHV� QRW� RQO\� IXQFWLRQDO� OHYHO� RI� DQ� LQGLYLGXDO�
EXW� DOVR� KDUPV� WKH�PXVFXORVNHOHWDO� V\VWHP� GXH� WR�
RYHUXVH����� 0XVFOH� WLJKWQHVV� LV� FDXVHG� E\� D�
GHFUHDVH�LQ�WKH�DELOLW\�RI�D�PXVFOH�WR�GHIRUP�ZKLFK�
UHVXOWV� LQ� GHFUHDVHG� UDQJH� RI�PRWLRQ� DW� WKH� DFWLQJ�
MRLQW��+DPVWULQJV�DUH�WZR�MRLQW�DFWLQJ�PXVFOHV�DQG�
PRVW� IUHTXHQWO\� GDPDJHG� LQ� ERG\����� 6WDWLF�
VWUHWFKLQJ�KHOSV� LQ�UHGXFLQJ�PXVFOH�VWLIIQHVV�ZKLOH�

HQKDQFLQJ�UDQJH�RI�PRWLRQ�ZLWKLQ�D�GXUDWLRQ�RI���WR�
��� VHFRQGV� VWUHWFK� FRPPRQO\� VXLWDEOH� IRU� DWKOHWHV�
RU� JHQHUDO� SRSXODWLRQ�� 0XVFOH� (QHUJ\� 7HFKQLTXH�
�0(7�� LV� D� PDQXDO� WHFKQLTXH� GHYHORSHG� E\�
RVWHRSDWKV� DQG� LV� QRZ� XVHG� LQ� PDQ\� GLIIHUHQW�
PDQXDO�WKHUDS\�SURIHVVLRQV���� 
������2QH� VXFK� DSSURDFK� ZKLFK� WDUJHWV� WKH� VRIW�
WLVVXHV� SULPDULO\� �DOWKRXJK� LW� PDNHV� D� PDMRU�
FRQWULEXWLRQ� WRZDUGV� MRLQW� PRELOL]DWLRQ�� KDV� EHHQ�
WHUPHG� DV� PXVFOH� HQHUJ\� WHFKQLTXH� ZKLFK� LV� DOVR�
NQRZQ�DV�DFWLYH�PXVFXODU�UHOD[DWLRQ�WHFKQLTXH��,W�LV�
FODLPHG� WR� EH� HIIHFWLYH� IRU� D� YDULHW\� RI� SXUSRVHV�
LQFOXGLQJ� OHQJWKHQLQJ� D� VKRUWHQHG� PXVFOHV�� DV� D�
O\PSKDWLF� RU� YHQRXV� SXPS� WR� DLG� WKH� GUDLQDJH� RI�
IOXLG�RU�EORRG�DQG� LQFUHDVLQJ� WKH� UDQJH�RI�PRWLRQ�
���� $Q� LQFUHDVHG� VWUHWFK� WROHUDQFH� LV� D� SRVVLEOH�
PHFKDQLVP� EHKLQG� WKH� LQFUHDVHG� 520� DIWHU� WKH�
FRQWUDFW-UHOD[�H[HUFLVH�SURJUDP���� 
������+DPVWULQJV�KDYH�SUR[LPDO�DWWDFKPHQW�WR�LVFKLDO�
WXEHURVLW\� ZLWK� H[FHSWLRQ� RI� VKRUW� KHDG� RI� ELFHSV�
IHPRULV�� 'XH� WR� WKLV� DWWDFKPHQW�� KDPVWULQJV�
LQIOXHQFH�SHOYLF�SRVWXUH��3HOYLF�LV�WKH�EDVH�RI�VSLQH�
DQG� LWV� WLOWLQJ�GRHV�DIIHFW� WKH�VDJLWWDO�FXUYDWXUHV�RI�
VSLQH��+DPVWULQJ�IOH[LELOLW\�LV�DQ�HVVHQWLDO�YDULDEOH�

$IILOLDWLRQV�� ��� 8QLYHUVLW\� RI� 0DQDJHPHQW� 	�
7HFKQRORJ\� �807��� /DKRUH�� ��� )DWLPD� 0HPRULDO�
+RVSLWDO� /DKRUH�� ��� 'HSDUWPHQW� RI� +HDOWK� 6FLHQFHV�
.KDZDMD� )DUHHG� 8QLYHUVLW\� RI� (QJLQHHULQJ� 	�
,QIRUPDWLRQ� 7HFKQRORJ\� 5DKLP\DU� .KDQ�� ��� &KLOGUHQ�
+RVSLWDO�	� ,QVWLWXWH�RI�&KLOG¶V�+HDOWK��/DKRUH�����6KLID�
7DPHU-H-0LOODW� 8QLYHUVLW\� ,VODPDEDG�� ��� 3K\VLRWKHUDS\�
'HSDUWPHQW��&RPELQHG�0LOLWDU\�+RVSLWDO��&0+���2NDUD 
&RUUHVSRQGHQFH��'U ��$KPDG�%LODO�$U LI�37 
(PDLO��DKPDG�ELODO#NIXHLW�HGX�SN 
5HFHLYHG��2FWREHU ���WK�������5HYLVLRQ��'HFHPEHU ���WK�
������$FFHSWDQFH��'HFHPEHU ���WK������ 
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-RXUQDO�RI�5HKDELOLWDWLRQ�6FLHQFHV ��� 

EHFDXVH� GHFUHDVHG�H[WHQVLELOLW\� FDQ� FDXVH� LQMXULHV��
QRQ-VSHFLILF�/%3�DQG�DOWHUHG�/XPERSHOYLF�UK\WKP�
��� 
������)OH[LELOLW\� WUDLQLQJ� LV� DQ� LPSRUWDQW� FRPSRQHQW�
LQ� SUHYHQWLQJ� DQG� UHKDELOLWDWLRQ� RI� LQMXULHV�� ,W� LV� D�
PHWKRG� RI� LPSURYLQJ� RQH¶V� SHUIRUPDQFH� LQ�
HYHU\GD\� DFWLYLWLHV� DQG� VSRUWV����� 6HYHUDO�
UHVHDUFKHUV� KDYH� FRPSDUHG� GLIIHUHQW� VWUHWFKLQJ�
WHFKQLTXHV� WR� GHWHUPLQH� ZKLFK� WHFKQLTXH� LV� PRUH�
HIIHFWLYH� IRU� LQFUHDVLQJ� UDQJH� RI�PRWLRQ� RI� MRLQWV��
6WUHWFKLQJ� KDV� � PDQ\� SK\VLFDO� EHQHILWV� LQFOXGLQJ��
LPSURYHG� DWKOHWLF� SHUIRUPDQFH�� IOH[LELOLW\��
GHFUHDVHG� HQHUJ\� H[SHQGLWXUH�� LQMXU\� SUHYHQWLRQ��
GHFUHDVHG�'206��DQG�SURPRWLRQ�RI�KHDOLQJ����� 
������6WUHWFKLQJ� LV�DOVR�XVHG�DV�SUH-H[HUFLVH� WUDLQLQJ�
SURWRFRO�� ,W� KDV� EHHQ� VXJJHVWHG� WKDW� LW� HQKDQFHV�
IOH[LELOLW\� RI� PXVFOHV�� LQFUHDVHV� SK\VLFDO�
SHUIRUPDQFH� DQG� SUHYHQWV� LQMXU\������ 6WUHWFKLQJ�
LQFUHDVHV� IOH[LELOLW\� RI� PXVFOHV� DURXQG� KLS�� NQHH��
DQG� WUXQN��$���-��V�VWUHWFK� LV�PRUH�HIIHFWXDO� WKDQ�
VKRUWHU�GXUDWLRQ�VWUHWFK�� ,W� LV�DV�HIIHFWLYH�DV� ORQJHU�
GXUDWLRQ� VWUHWFK�� 3DVVLYH� VWUHWFKLQJ� KDV� PRUH�
SURIRXQG�UHVXOWV�WKDQ�G\QDPLF�VWUHWFKLQJ��$���V�WR�
��V� RI� VWUHWFK� UHVXOWV� LQ� VLJQLILFDQW� LQFUHDVH� LQ�
520��7KH�DXWKRUV�FRQFOXGHG� WKDW�D���V�RI� VWUHWFK�
LV� LGHDO������ $PRQJ� DOO� WKH� PXVFOH� VWUDLQV�
DVVRFLDWHG� ZLWK� VSRUWV�� WKH� PRVW� FRPPRQ� DUH� WKH�
KDPVWULQJ� VWUDLQV�� ���� RI� WKH� LQMXULHV� KDV� EHHQ�
UHSRUWHG� LQ� $XVWUDOLDQ� 5XOHV� IRRWEDOO������ 7KH�
DW\SLFDO� IHDWXUH� RI� KDPVWULQJ� LV� WKDW� LW� LV� EL-
DUWKURGLDO��PDGH� SULPDULO\� RI� W\SH� ,,� ILEHUV�� ,W� KDV�
OHVV� DPRXQW� RI� WLWDQ� SURWHLQV�� 7KDW� LV� ZK\� LW� KDV�
KLJKHU� ULVNV� RI� VWUDLQV�� 7KHVH� DUH� VORZ� LQ�
UHKDELOLWDWLRQ� SURFHVV� DQG� KLJKHU� LQ� LQMXU\� UDWHV�
����� &RQVHUYDWLYH� PDQDJHPHQW� VWUDWHJLHV� DUH�
KHOSIXO� LQ� WUHDWLQJ� ORZ� EDFN� SDLQ�� 7KHVH� LQFOXGH�
PDQLSXODWLRQ��H[HUFLVH�WKHUDS\��PRGDOLWLHV��NLQHVLR�
WDSLQJ� DQG� P\RIDVFLDO� UHOHDVH� DQG� IOH[LELOLW\�
UHJLPHQ�HVSHFLDOO\�RI�KDPVWULQJV������ 
0HWKRGV� 

������$� SDUDOOHO� GHVLJQ� UDQGRPL]HG� FRQWUROOHG� WULDO�
ZDV� FRQGXFWHG� RQ� ��� IHPDOHV� SUHVHQWHG� ZLWK�
KDPVWULQJ�WLJKWQHVV�VWULFWO\�IROORZLQJ�WKH�LQFOXVLRQ�
DQG�H[FOXVLRQ�FULWHULD��7KH�VWXG\�ZDV�FRQGXFWHG�DW�
'HSDUWPHQW� RI� +HDOWK� 6FLHQFHV�� .KDZDMD� )DUHHG�
8QLYHUVLW\� RI� (QJLQHHULQJ� 	� ,QIRUPDWLRQ�
7HFKQRORJ\� �.)8(,7�� 5DKLP� <DU� .KDQ� IURP�
6HSWHPEHU� ����� WR� $SULO� ������ 7KH� LQFOXVLRQ�
FULWHULD�RI�VWXG\�ZDV�KHDOWK\�IHPDOHV�DJHG�EHWZHHQ�
��� -� ��� \HDUV� KDYLQJ� VFRUHV� RI� ��-��� WHVW���� 	�
6/5����� )HPDOHV� ZLWK� DQ\� NQRZQ� PHQWDO�
GLVDELOLW\�� SUHJQDQW� IHPDOHV�� KDYLQJ� DQ\� DFWLYH�
FRPSODLQW� RI� ORZ�EDFN� SDLQ� RU� RI� ORZHU� H[WUHPLW\�
ZHUH� H[FOXGHG� IURP� WKLV� VWXG\�� 1RQ-SUREDELOLW\�
SXUSRVLYH� VDPSOLQJ� WHFKQLTXH� ZDV� XVHG� 	� JURXS�
DOORFDWLRQ�ZDV� UDQGRPO\� GRQH� LQWR� WZR� UHVSHFWLYH�

JURXSV�� 7RWDO� ��� SDUWLFLSDQWV� ZHUH� VFUHHQHG� RXW��
2XW�RI�ZKLFK���GLG�QRW�PHHW�WKH�LQFOXVLRQ�FULWHULD�	�
��ZHUH�XQDEOH�WR�FRQWLQXH�WKH�WUHDWPHQW�GXH�WR�WKHLU�
GRPHVWLF�UHDVRQV�� 
������(WKLFDO� DSSURYDO� IRU� VWXG\� ZDV� REWDLQHG� IURP�
5HVHDUFK� (WKLFV� FRPPLWWHH� RI� .)8(,7� �.IXHLW�
KHVF�5-����� ,QIRUPHG� ZULWWHQ� FRQVHQW� ZDV� WDNHQ�
IURP� HDFK� SDUWLFLSDQW�� 'HPRJUDSKLF� GHWDLOV�
LQFOXGLQJ� DJH�� KHLJKW�� ZHLJKW�� %0,�ZHUH� QRWHG� DV�
SHU� VWXG\� UHTXLUHPHQWV�� *URXS� $� �Q ���� UHFHLYHG�
VWDWLF� KDPVWULQJ� VWUHWFKLQJ� 	� *URXS� %� �Q ����
SDUWLFLSDQWV� WUHDWHG�ZLWK�PXVFOH�HQHUJ\� WHFKQLTXHV�
�$XWRJHQLF� LQKLELWLRQ�� )LJXUH� ��� (DFK� JURXS� ZDV�
WUHDWHG� IRU� �� ZHHNV� RQ� DOWHUQDWH� GD\V� PDNLQJ� ��
WUHDWPHQW� VHVVLRQV� LQ� WRWDO�� 7KH� JURXS� ZLVH�
WUHDWPHQW� EUHDNGRZQ� RI� VHVVLRQ� ZDV� DV� IROORZ��
*URXS� $� ZDV� WUHDWHG� ZLWK� KDPVWULQJ� VWDWLF�
VWUHWFKLQJ�RI����VHFRQGV�î���WLPHV� ���VHVVLRQ�DQG�
*URXS� %� ZDV� WUHDWHG� ZLWK� PXVFOH� HQHUJ\�
WHFKQLTXHV� �$XWRJHQLF� LQKLELWLRQ�� ZLWK� WLPH�
GXUDWLRQ� RI� ��� VHFRQGV� î� �� WLPHV�  � �� VHVVLRQ��
7UHDWPHQW� SURJQRVLV� ZDV� PHDVXUHG� LQ� WHUPV� RI�
RXWFRPHV� XVLQJ�6/5�� VLW� DQG� UHDFK� WHVW� DQG� ������
WHVW� �NQRZQ� DV� WKH�$FWLYH�.QHH� ([WHQVLRQ� �$.(��
+DPVWULQJ� )OH[LELOLW\� 7HVW��� 'DWD� DQDO\VLV� ZDV�
GRQH� XVLQJ� ,%0�6366� YHUVLRQ� ���� 6KDSLUR-:LON�
WHVW� RI� QRUPDOLW\� VKRZHG� GDWD� WR� EH� QRQ-QRUPDOO\�
GLVWULEXWHG� KDYLQJ� S� YDOXH� OHVV� WKDQ� ����� VR�0DQ�
:KLWQH\� 8� WHVW� ZDV� DSSOLHG� IRU� LQWHU� JURXS�
FRPSDULVRQV� 

5HVXOWV� 
������7RWDO����IHPDOHV�ZLWK�KDPVWULQJ�WLJKWQHVV�ZHUH�
UHFUXLWHG� LQ� WKLV� VWXG\�� 7KH� GHPRJUDSKLF� GDWD�
GHWDLOV� DUH� VKRZQ� LQ� 7DEOH-��� 6WDWLVWLFDO� DQDO\VLV�
VKRZHG� *URXS� %� SDUWLFLSDQWV� KDYLQJ� VLJQLILFDQW�
LPSURYHPHQW� FRPSDUHG� WR� JURXS� $� RQ� VLW� DQG�
UHDFK�� 6/5�� DQG� ��-��� WHVW� DV� S-YDOXH� ZDV� IRXQG�

)LJXUH����&216257�'LDJUDP 
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OHVV� WKDQ� ����� ZKLFK� LV� FRQVLGHUHG� VLJQLILFDQW� DV�
VKRZQ�LQ�7DEOH-�� 

'LVFXVVLRQ� 
������$�SDUDOOHO�GHVLJQ� UDQGRPL]HG�FRQWUROOHG� WULDO�RQ�
ILIW\� VXEMHFWV� ZDV� FRQGXFWHG� WR� ILQG� WKH� HIIHFWV� RI�
WZR� GLIIHUHQW� VWDWLF� VWUHWFKLQJ� DQG� PXVFOH� HQHUJ\�
WHFKQLTXHV�RQ�520��EDODQFH�DQG�PXVFOH�DFWLYDWLRQ��
%RWK� WKH� WHFKQLTXHV� VKRZHG� VLJQLILFDQW� LQFUHDVH� LQ�
NQHH� H[WHQVLRQ� DQJOH������ $� V\VWHPDWLF� UHYLHZ� RQ�
LPSDFW�RI�VWUHWFKLQJ�RQ�VSRUWV� LQMXU\�FRQFOXGHG� WKDW�
VWUHWFKLQJ� HQKDQFHV� PXVFOH� IOH[LELOLW\� ZKLFK� LV� DQ�
LPSRUWDQW� FRPSRQHQW� IRU�DWKOHWH¶V� SHUIRUPDQFH������
6RPH� VWXGLHV� DOVR� VKRZHG� WKDW� WKHUH� LV� QR� HIIHFW� RI�
VWUHWFKLQJ�RQ�WLJKWQHVV�DQG�IOH[LELOLW\�RI�WKH�PXVFOHV�� 
*LZRQ�.LP� HW� DO� FDUULHG� RXW� D� UDQGRPL]HG� FOLQLFDO�
WULDO� GHWHUPLQLQJ� HIILFDF\� RI� VWUHWFKLQJ-EDVHG�
UHKDELOLWDWLRQ� RQ� SDLQ�� IOH[LELOLW\�� DQG� PXVFOH�
VWUHQJWK�� 7KH\� FRQFOXGHG� WKDW� VWUHWFKLQJ� HIIHFWLYHO\�
HOLPLQDWHV� SDLQ� DQG� HQKDQFHV� IOH[LELOLW\� LQ� SDWLHQWV�
ZLWK�KDPVWULQJ�LQMXU\������$�V\VWHPDWLF�UHYLHZ�GRQH�
E\� 'LXOLDQ� 0�� 0HGHLURV� HW� DO� XQGHU� WKH� WLWOH� RI�
³LQIOXHQFH� RI� VWDWLF� VWUHWFKLQJ� RQ� KDPVWULQJ�
IOH[LELOLW\� LQ�KHDOWK\�\RXQJ�DGXOWV´�FRQFOXGHG�VWDWLF�
VWUHWFKLQJ� WR� EH� HIIHFWLYH� LQ� LQFUHDVLQJ� KDPVWULQJ�
IOH[LELOLW\� LQ� KHDOWK\� \RXQJ� DGXOWV������ 6LPLODUO\�

DQRWKHU�VWXG\�REVHUYHG�VXVWDLQHG�VWUHWFKLQJ�UHVXOWHG�
LQ� LQFUHDVHG� UDQJH�RI�PRWLRQ� LQ�KDPVWULQJ�VKRUWQHVV�
LQGLYLGXDOV����� 
������'DYLV� HW� DO� FRQGXFWHG� D� VLQJOH� EOLQGHG�
UDQGRPL]HG�WULDO�WR�VHH�WKH�HIIHFWV�RI�VWDWLF�VWUHWFKLQJ�
RI� PXVFOHV�� VXUURXQGLQJ� WKH� NQHH-RQ-NQHH� MRLQW�
SRVLWLRQ� VHQVH´�� 7KUHH� GLIIHUHQW� WHFKQLTXHV� RI�
VWUHWFKLQJ�ZHUH�FRQGXFWHG�WR�VHH�WKH�HIIHFWV�RQ�520�
DQG� IOH[LELOLW\� RI� KDPVWULQJV�� 6HOI-VWUHWFKLQJ�� VWDWLF�
VWUHWFKLQJ� DQG� 31)� ZHUH� LQFOXGHG�� 2XW� RI� DOO� WKH�
WKUHH�� VWDWLF� VWUHWFKLQJ� VKRZHG� SURIRXQG� HIIHFWV� RQ�
IOH[LELOLW\� RI� KDPVWULQJV������ $KPHG� HW� DO� VKRZHG�
WKDW� WKHUH� LV� DQ� HTXDO� HIIHFW� RI� VWDWLF� VWUHWFKLQJ� DQG�
KROG� UHOD[�RQ�KDPVWULQJV��6LPLODUO\��31)�VWUHWFKLQJ�
KDV� DOVR� DQ� HIIHFW� RQ� KDPVWULQJV�� $OO� WKH� WKUHH�
WHFKQLTXHV� KDYH� VDPH� HIIHFW� EXW� DPRQJ� DOO� VWDWLF�
VWUHWFKLQJ� KDV� PRUH� SURQRXQFHG� HIIHFW������
6KDGPHKU�HW�DO�FRQFOXGHG�LQ�WKHLU�UHVHDUFK�ZRUN�WKDW�
WKDW� WKHUH� LV� QR� FRQVLGHUDEOH� GLIIHUHQFH� EHWZHHQ�
SDVVLYH� VWUHWFK� DQG� PXVFOH� HQHUJ\� WHFKQLTXHV������
0RKDPHG� 6HUDJ� HW� DO� DIWHU� UXQQLQJ� D� UDQGRPL]HG�
FRQWUROOHG� WULDO�� UHYHDOHG� DXWRJHQLF� LQKLELWLRQ� WR� EH�
PRUH� HIIHFWLYH� WKDQ� UHFLSURFDO� LQKLELWLRQ� WHFKQLTXH�
RQ� UHGXFLQJ� KHPLSOHJLF� FKLOGUHQ� VSDVWLFLW\������
0DULDQD� 2OLYHLUD� %RUJHV� HW� DO� FRQFOXGHG� LQ� WKHLU�
UHVHDUFK� ZRUN� WKDW� ERWK� VWDWLF� KDPVWULQJ� VWUHWFKLQJ�
DQG� SURSULRFHSWLYH� QHXURPXVFXODU� IDFLOLWDWLRQ� KDYH�
HTXDO�HIILFDF\�LQ�UHGXFLQJ�KDPVWULQJ�VKRUWQHVV����� 
&RQFOXVLRQ� 
�������,Q� FRQFOXVLRQ�� PXVFOH� HQHUJ\� WHFKQLTXHV�
SDUWLFXODUO\� DXWRJHQLF� LQKLELWLRQ� PXVFOH� HQHUJ\�
WHFKQLTXH�KDV�EHWWHU�WUHDWPHQW�RXWFRPH�DV�FRPSDUHG�WR�
KDPVWULQJV� VWDWLF� VWUHWFKLQJ� DORQH� LQ� DV\PSWRPDWLF�
IHPDOHV�RI�KDPVWULQJ�WLJKWQHVV� 
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2XWFRPH�0HDVXUHPHQW�9DULDEOHV *URXS�RI�7UHDWPHQW 
0HGLDQ�
�,45� 

0HDQ�
UDQN 

S-YDOXH 

$FWLYH�.QHH�([WHQVLRQ�7HVW�DW�%DVHOLQH�  
*URXS�$ �������� ����� 

�����  
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$FWLYH�.QHH�([WHQVLRQ�7HVW��DW���WK��VHVVLRQ�  
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6WUDLJKW�/HJ�5DLVH�7HVW�DW���EDVHOLQH�  
*URXS�$ �������� ����� 

�����  
*URXS�% �������� ����� 

6WUDLJKW�/HJ�5DLVH�7HVW�DW���WK��VHVVLRQ�  
*URXS�$ �������� ����� 

�����  
*URXS�% �������� ����� 

6LW�	�5HDFK�7HVW�DW�EDVHOLQH�  
*URXS�$ �������� ����� 

�����  
*URXS�% �������� ����� 

*URXS�$ �������� ����� 
�������  

*URXS�% �������� ����� 
6LW�	�5HDFK�7HVW�DW���WK�VHVVLRQ�  

7DEOH����0DQ�:KLWQH\�8�7HVW�IRU�%HWZHHQ�*URXS�&RPSDULVRQ�DW�%DVHOLQH�	�)ROORZ-XS�VHVVLRQV� 
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)RXQGDWLRQ�8QLYHUVLW\� 
-RXUQDO�RI�5HKDELOLWDWLRQ�6FLHQFHV ��� 

&RQIOLFW�RI�,QWHUHVW��1RQH 

)XQGLQJ�6RXUFH��1RQH 

5HIHUHQFHV� 
�� 0DQ]L�9�� ,HOODPR� )��$ODVKUDP�$5��'
RQRIULR�

5��3DGXD�(��&DVDVFR�0��HW�DO��(IIHFWV�RI�WKUHH�
GLIIHUHQW� VWUHWFKLQJ� SURWRFROV� RQ� KDPVWULQJ�
PXVFOH� IOH[LELOLW\� LQ� SURIHVVLRQDO� VRFFHU�
SOD\HUV�� D� UDQGRPL]HG� VWXG\�� 7KH� -RXUQDO� RI�
6SRUWV�0HGLFLQH�DQG�3K\VLFDO�)LWQHVV���������
�������-������ GRL�� ���������V����-
�������������-� 

�� :DQ� ;�� /L� 6�� %HVW� 70�� /LX� +�� /L� +�� <X� %��
(IIHFWV� RI� IOH[LELOLW\� DQG� VWUHQJWK� WUDLQLQJ� RQ�
SHDN� KDPVWULQJ� PXVFXORWHQGLQRXV� VWUDLQV�
GXULQJ� VSULQWLQJ�� -RXUQDO� RI� VSRUW� DQG� KHDOWK�
VFLHQFH�6����-���� ����� �����-��� GRL���������
M�MVKV������������ 

�� 'H�5LGGHU�5��'H�%ODLVHU�&��9HUUHOVW�5��'H�6DHU�
5�� 'HVPHW� $�� 6FKXHUPDQV� -�� 1HXURG\QDPLF�
VOLGHUV� SURPRWH� IOH[LELOLW\� LQ� WLJKW� KDPVWULQJ�
V\QGURPH�� (XURSHDQ� MRXUQDO� RI� VSRUW� VFLHQFH��
��������������-����
GRL������������������������������ 

�� 6ULYDVWDYD�6��.8�'.��0LWWDO�+��'L[LW�6��1DLU�
$�� 6KRUW-WHUP� HIIHFW� RI� PXVFOH� HQHUJ\�
WHFKQLTXH� DQG� PHFKDQLFDO� GLDJQRVLV� DQG�
WKHUDS\� LQ� VDFURLOLDF� MRLQW�G\VIXQFWLRQ��$�SLORW�
UDQGRPL]HG�FOLQLFDO�WULDO��-RXUQDO�RI�%RG\ZRUN�
DQG� 0RYHPHQW� 7KHUDSLHV�� �������������-����
GRL����������M�MEPW������������ 

�� 2VDPD� 0�� (IIHFWV� RI� VWDWLF� VWUHWFKLQJ� DV�
FRPSDUHG� WR� DXWRJHQLF� LQKLELWLRQ� DQG�
UHFLSURFDO� LQKLELWLRQ�PXVFOH�HQHUJ\� WHFKQLTXHV�
LQ�WKH�PDQDJHPHQW�RI�PHFKDQLFDO�QHFN�SDLQ��D�
UDQGRPL]HG�FRQWUROOHG�WULDO��-30$�7KH�-RXUQDO�
RI� WKH� 3DNLVWDQ�0HGLFDO� $VVRFLDWLRQ�� �������
�������-����GRL����������-30$����� 

�� 2VDPD� 0�� 7DVVDGDT� 1�� 0DOLN� 5-�� (IIHFW� RI�
PXVFOH� HQHUJ\� WHFKQLTXHV� DQG� IDFHW� MRLQW�
PRELOL]DWLRQ� RQ� VSLQDO� FXUYDWXUH� LQ� SDWLHQWV�
ZLWK� PHFKDQLFDO� QHFN� SDLQ�� $� SLORW� VWXG\��
-30$� 7KH� -RXUQDO� RI� WKH� 3DNLVWDQ� 0HGLFDO�
$VVRFLDWLRQ�� ��������������-��� GRL�� ��������
-30$������ 

�� 0HQGLJXFKLD� -�� *RQ]DOH]� 'H� OD� )ORU� $��
0HQGH]-9LOODQXHYD�$��0RULQ� --%��(GRXDUG�3��
*DUUXHV� 0$�� 7UDLQLQJ-LQGXFHG� FKDQJHV� LQ�
DQWHULRU� SHOYLF� WLOW�� SRWHQWLDO� LPSOLFDWLRQV� IRU�
KDPVWULQJ� VWUDLQ� LQMXULHV�PDQDJHPHQW�� -RXUQDO�
RI� 6SRUWV� 6FLHQFHV�� ������-��� GRL��
����������������������������� 

�� %RRQVRP�1��(IIHFWV� RI� D� FRPELQHG� VWUHWFKLQJ�
WUDLQLQJ� RQ� IOH[LELOLW\� RI� VWXGHQWV� LQ� VSRUWV�
VFLHQFH� SURJUDP� 6LOSDNRUQ� 8QLYHUVLW\�� -XUQDO�
63257,)�� -XUQDO� 3HQHOLWLDQ� 3HPEHODMDUDQ��

�������������-����� GRL�� ���������
MVBXQSJUL�Y�L������� 

�� *yPH]-+HUQiQGH]� 0�� *DOOHJR-,]TXLHUGR� 7��
0DUWtQH]-0HULQHUR� 3�� 3HFRV-0DUWtQ� '��
)HUUDJXW-*DUFtDV� $�� +LWD-&RQWUHUDV� )�� HW� DO��
%HQHILWV� RI� DGGLQJ� VWUHWFKLQJ� WR� D� PRGHUDWH-
LQWHQVLW\� DHURELF� H[HUFLVH� SURJUDPPH� LQ�
ZRPHQ� ZLWK� ILEURP\DOJLD�� D� UDQGRPL]HG�
FRQWUROOHG� WULDO�� &OLQLFDO� 5HKDELOLWDWLRQ��
��������������-���� GRL��
������������������������ 

��� 6KDUPD�.��(IILFDF\�RI�6WUHWFKLQJ�([HUFLVHV�2Q�
'DLO\� $FWLYLW\� RI� 2OG� $JH� 3HRSOH� ZLWK�
2VWHRDUWKULWLV�$PRQJ�(OGHUO\�LQ�6HOHFWHG�$JHG�
&DUH� 6HWWLQJV�� $� 4XDVL� ([SHULPHQWDO� 6WXG\��
,QWHUQDWLRQDO� -RXUQDO� RI� 3URJUHVVLYH� 5HVHDUFK�
LQ�6FLHQFH�DQG�(QJLQHHULQJ��������������-��� 

��� 7KRPDV� (�� %LDQFR�$�� 3DROL� $�� 3DOPD�$�� 7KH�
UHODWLRQ� EHWZHHQ� VWUHWFKLQJ� W\SRORJ\� DQG�
VWUHWFKLQJ� GXUDWLRQ�� WKH� HIIHFWV� RQ� UDQJH� RI�
PRWLRQ�� ,QWHUQDWLRQDO� MRXUQDO� RI� VSRUWV�
PHGLFLQH�� ���������������-���� GRL�� ��������V-
����-������ 

��� 'DGHER� %�� :KLWH� -�� *HRUJH� .�� $� VXUYH\� RI�
IOH[LELOLW\� WUDLQLQJ� SURWRFROV� DQG� KDPVWULQJ�
VWUDLQV� LQ� SURIHVVLRQDO� IRRWEDOO� FOXEV� LQ�
(QJODQG�� %ULWLVK� MRXUQDO� RI� VSRUWV� PHGLFLQH��
��������������-���� GRL�� ��������
EMVP������������ 

��� �.H\DQL� 6�� *RQGDO� -�� 5DVRRO� $�� :DTDV� 06��
8EDLGXOODK�40��&RPSDUDWLYH�(൵HFWLYHQHVV� RI�
0XVFOH� )DFLOLWDWLRQ� .LQHVLR� 7DSLQJ� DQG�
&RUUHFWLYH� .LQHVLR� 7DSLQJ� 7HFKQLTXHV� DORQJ�
ZLWK� &RQYHQWLRQDO� 3K\VLRWKHUDS\� LQ� WKH�
7UHDWPHQW� RI� 1RQ-VSHFL¿F� /RZ� %DFN� 3DLQ��
$QQDOV� RI� .LQJ� (GZDUG� 0HGLFDO� 8QLYHUVLW\��
��������������-��� GRL�� KWWS���
G[�GRL�RUJ����������
MRXUQDO�DNHPX�������������-�� 

��� /LP� .-,�� 1DP� +-&�� -XQJ� .-6�� (IIHFWV� RQ�
KDPVWULQJ�PXVFOH�H[WHQVLELOLW\��PXVFOH�DFWLYLW\��
DQG� EDODQFH� RI� GLIIHUHQW� VWUHWFKLQJ� WHFKQLTXHV��
-RXUQDO� RI� SK\VLFDO� WKHUDS\� VFLHQFH�� �������
�������-���� GRL�� KWWSV���GRL�RUJ���������
MSWV������� 

��� 7KDFNHU�6%��*LOFKULVW�-��6WURXS�')��.LPVH\�-U�
&'��7KH� LPSDFW� RI� VWUHWFKLQJ� RQ� VSRUWV� LQMXU\�
ULVN�� D� V\VWHPDWLF� UHYLHZ� RI� WKH� OLWHUDWXUH��
0HGLFLQH� 	� 6FLHQFH� LQ� 6SRUWV� 	� ([HUFLVH��
��������������-��� GRL��
�����������066������������������)� 

��� .LP� *�� .LP� +�� .LP� :.�� .LP� -�� (IIHFW� RI�
VWUHWFKLQJ-EDVHG� UHKDELOLWDWLRQ� RQ� SDLQ��
IOH[LELOLW\�DQG�PXVFOH�VWUHQJWK� LQ�GDQFHUV�ZLWK�
KDPVWULQJ� LQMXU\�� D� VLQJOH-EOLQG�� SURVSHFWLYH��
UDQGRPL]HG�FOLQLFDO�WULDO��7KH�MRXUQDO�RI�VSRUWV�
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PHGLFLQH�DQG�SK\VLFDO�ILWQHVV�����������������-
����GRL�����������V����-�������������-� 

��� 0HGHLURV� '0�� &LQL� $�� 6EUX]]L� *�� /LPD� &6��
,QIOXHQFH� RI� VWDWLF� VWUHWFKLQJ� RQ� KDPVWULQJ�
IOH[LELOLW\� LQ� KHDOWK\� \RXQJ� DGXOWV�� 6\VWHPDWLF�
UHYLHZ� DQG�PHWD-DQDO\VLV��3K\VLRWKHUDS\� WKHRU\�
DQG� SUDFWLFH�� ��������������-���� GRL�� KWWSV���
GRL�RUJ������������������������������ 

��� 'DYLV�'6��$VKE\�3(��0F&DOH�./��0F4XDLQ�-$��
:LQH� -0�� 7KH� HIIHFWLYHQHVV� RI� �VWUHWFKLQJ�
WHFKQLTXHV� RQ� KDPVWULQJ� IOH[LELOLW\� XVLQJ�
FRQVLVWHQW� VWUHWFKLQJ� SDUDPHWHUV��7KH� MRXUQDO� RI�
VWUHQJWK�	�FRQGLWLRQLQJ�UHVHDUFK���������������-
����GRL����������������� 

��� $KPHG�+��,TEDO�$��$QZHU�6��$OJKDGLU�$��(IIHFW�
RI� PRGLILHG� KROG-UHOD[� VWUHWFKLQJ� DQG� VWDWLF�
VWUHWFKLQJ� RQ� KDPVWULQJ� PXVFOH� IOH[LELOLW\��
-RXUQDO� RI� SK\VLFDO� WKHUDS\� VFLHQFH�� �������
�������-��� GRL�� KWWSV���GRL�RUJ���������
MSWV������� 

��� 6KDGPHKU�$��+DGLDQ�05��1DLHPL�66�� -DODLH�6��
+DPVWULQJ�IOH[LELOLW\�LQ�\RXQJ�ZRPHQ�IROORZLQJ�
SDVVLYH� VWUHWFK� DQG� PXVFOH� HQHUJ\� WHFKQLTXH��
-RXUQDO� RI� EDFN� DQG� PXVFXORVNHOHWDO�
UHKDELOLWDWLRQ�� ��������������-��� GRL�� ��������
%05-����-���� 

��� (O�06��0RVWDID�'00��(OVKDIH\�0$��$XWRJHQLF�
LQKLELWLRQ�YHUVXV�UHFLSURFDO�LQKLELWLRQ�WHFKQLTXHV�
RQ� VSDVWLF� FKLOGUHQ�� ������ GRL�� ���������
3'�������� 

��� %RUJHV�02��0HGHLURV� '0��0LQRWWR� %%�� /LPD�
&6�� &RPSDULVRQ� EHWZHHQ� VWDWLF� VWUHWFKLQJ� DQG�
SURSULRFHSWLYH� QHXURPXVFXODU� IDFLOLWDWLRQ� RQ�
KDPVWULQJ� IOH[LELOLW\�� V\VWHPDWLF� UHYLHZ� DQG�
PHWD-DQDO\VLV�� (XURSHDQ� -RXUQDO� RI�
3K\VLRWKHUDS\�� �������������-��� GRL�� KWWSV���
GRL�RUJ������������������������������ 

$XWKRU�&RQWULEXWLRQ� 

0DMHHG� $�� 6XEVWDQWLDO� FRQWU LEXWLRQV� WR� WKH�
FRQFHSWLRQ�RU�GHVLJQ�RI�WKH�ZRUN� 
0DQVRRU� 65��)LQDO�DSSURYDO�RI�WKH�YHUVLRQ�WR�
EH�SXEOLVKHG� 
$ULI� $%�� 6XEVWDQWLDO� FRQWU LEXWLRQV� WR� WKH�
FRQFHSWLRQ� RU� GHVLJQ� RI� WKH� ZRUN�� 'DWD�
FROOHFWLRQ��,QWHUSUHWDWLRQ�RI�GDWD�IRU�WKH�ZRUN� 
<DVLQ� 00�� $QDO\VLV�� ,QWHUSUHWDWLRQ� RI� GDWD�
IRU�WKH�ZRUN� 
:DVLP� 0�� 'UDIWLQJ� WKH� ZRUN� RU � UHYLVLQJ� LW�
FULWLFDOO\�IRU�LPSRUWDQW�LQWHOOHFWXDO�FRQWHQW� 
1DHHP�)��$JUHHPHQW�WR�EH�DFFRXQWDEOH�IRU �DOO�
DVSHFWV� RI� WKH� ZRUN� LQ� HQVXULQJ� WKDW� TXHVWLRQV�
UHODWHG�WR�WKH�DFFXUDF\�RU�LQWHJULW\�RI�DQ\�SDUW�RI�
WKH� ZRUN� DUH� DSSURSULDWHO\� LQYHVWLJDWHG� DQG�
UHVROYHG� 


