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6LQFH� WKH�GLVFRYHU\�RI� IXOOHUHQH�� FDUERQ�EDVHG�QDQRVWUXFWXUHV�KDYH�EHFRPH�RQH�RI� WKH

KRWWHVW� UHVHDUFK� WRSLFV� LQ� VFLHQFH��&DUERQ�DOORWURSHV�EDVHG�RQ�VS��K\EULGL]HG�FDUERQ� �GLD�
PRQG��DQG�VS��K\EULGL]HG�FDUERQ��JUDSKLWH��JUDSKHQH��IXOOHUHQHV��QDQRWXEHV��KDYH�ZHOO�HV�
WDEOLVKHG�SURSHUWLHV��PDQ\�RI�ZKLFK�DUH�WHFKQRORJLFDOO\�UHOHYDQW��%XW�FDUE\QH�Û�WKH�WKLUG
DOORWURSLF�IRUP�RI�FDUERQ��EDVHG�RQ�WKH�VS�K\EULGL]DWLRQ�RI� LWV�DWRPV��GHVSLWH�RI�WKH�IDFW
WKDW� LW� ZDV� RSHQHG� ��� \HDUV� DJR�� VWLOO� UHPDLQV� RQH� RI� WKH� PRVW� FRQWURYHUVLDO� DOORWURSLF
IRUPV�RI�FDUERQ��,Q�WKLV�FULWLFDO�UHYLHZ�WKH�ZLGH�VSHFWUXP�RI�WKH�LQIRUPDWLRQ�FRQFHUQLQJ
V\QWKHVLV��LQYHVWLJDWLRQ�RI�SURSHUWLHV�DQG�DSSOLFDWLRQ�RI�FDUE\QH�DQG�FDUE\QH�EDVHG�QDQRV�
WUXFWXUHV� LV� SUHVHQWHG�� 1HFHVVLW\� RI� FRQVLGHUDWLRQ� FDUE\QH� DV� FOXVWHU� QDQRPDWHULDO� ZLWK
VSHFLDO�FKDUDFWHULVWLFV�LV�SURYHG��
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���,QWURGXFWLRQ
6LQFH�WKH�GLVFRYHU\�RI�IXOOHUHQHV�LQ�����

LQYHVWLJDWLRQV�RI�FDUERQ�DQG�YDULRXV�FDUERQ�
EDVHG� PDWHULDOV� LV� RQH� RI� WKH� PRVW� DFWXDO
GLUHFWLRQV� LQ� IXQGDPHQWDO� DQG� DSSOLHG� VFL�
HQFH�� ,Q�UHVHQW�\HDUV� DPRQJ�D�JUHDW� IDPLO\
RI� GLIIHUHQW� FDUERQ� PDWHULDOV� UHVHDUFK� RI
FDUERQ�EDVHG� QDQRVWUXFWXUHV�� QDPHO\�
QDQRJUDSKLWHV�� QDQRGLDPRQGV�� IXOOHUHQHV�
QDQRILEHUV�� FDUERQ� QDQRWXEHV�� JUDSKHQHV
DQG�RWKHUV�QDPHG�DOORWURSLF�IRUPV�RU�VLPSO\
FDUERQ�QDQRIRUPV�KDYH�DURXVHG�FRQVLGHUDEOH
LQWHUHVW��7KLV�LV�DWWULEXWDEOH�WR�WKHLU�XQLTXH
SK\VLFR�FKHPLFDO�SURSHUWLHV�DQG�WKHLU�DSSOL�

FDWLRQV�LQ�YDULRXV�ILHOGV�RI�VFLHQFH�DQG�HQJL�
QHHULQJ� ERWK� DOUHDG\� UHDOL]HG�� DQG� SRWHQ�
WLDOO\�SRVVLEOH��$W� WKH� VDPH� WLPH� WKH� VFLHQ�
WLILF�GLVFXVVLRQ� FRQFHUQLQJ�FDUERQ�DOORWURS\
LV�QRW� WHUPLQDWHG��$QG� LI� WKHUH� DUH�QR� VLJ�
QLILFDQW� FRQWUDGLFWLRQV� LQ� XQGHUVWDQGLQJ� RI
WZR� DOORWURSLF� PRGLILFDWLRQV� RI� FDUERQ�
QDPHO\�� JUDSKLWH� DQG� GLDPRQG� NQRZQ� WR� D
PDQ�VLQFH�DQFLHQW�WLPHV��WKH�VDPH�FDQQRW�EH
VDLG� DERXW� LWV� WKLUG� DOORWURSLF� PRGLILFDWLRQ
Û�FDUE\QH�

&DUE\QH�� ZKLFK� ZDV� V\QWKHVL]HG� DUWLIL�
FLDOO\�PRUH�WKDQ����\HDUV�DJR��VWLOO�UHPDLQV
RQH�RI�WKH�OHDVW�FOHDU�DQG�FRQWUDGLFWRU\�DOOR�
WURSHV�RI�FDUERQ��7KHUH�DUH�YDVWO\�GLIIHUHQW

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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RSLQLRQV� DV� WR� LWV� H[LVWHQFH� DV� LQGHSHQGHQW
DOORWURSLF� PRGLILFDWLRQ� RI� FDUERQ� Û� IURP
UHFRJQLWLRQ� WR� FRPSOHWH� QHJDWLRQ�� /HW� XV
FLWH� VRPH� MXGJPHQWV� RQ� LW� RI� H[SHUWV�� FRP�
SOHWH� DXWKRULWLHV� LQ� WKH� ILHOG� RI� FDUERQ�PD�
WHULDOV� SXEOLVKHG� DW� GLIIHUHQW� WLPH�� �2YHU
PDQ\�\HDUV�GLDPRQG�DQG�JUDSKLWH�ZHUH� WKH
REMHFWV� RI� WKH� VRSKLVWLFDWHG� WUHDWPHQW� DQG
KHQFH� WKH\� DUH� VWXGLHG� DQG� FKDUDFWHUL]HG
FRPSUHKHQVLYHO\��%XW�XQDPELJXRXV�DQG�ULJ�
RURXV� HYLGHQFHV� RI� FDUE\QH� LQGLYLGXDOLW\
DQG� LWV� VWUXFWXUH� KDYH� QRW� EHHQ� \HW� UH�
FHLYHG�� XQIRUWXQDWHO\�� %XW� WKHUH� LV� D� JUHDW
QXPEHU� RI�SXEOLFDWLRQV�GHYRWHG� WR� FDUE\QH�
WKHUH� DUH� FULWLFDO� UHYLHZV� RI� WKH� DFFXPX�
ODWHG� H[SHULPHQWDO� GDWD��QHZ�DSSURDFKHV� WR
V\QWKHVLV�DQG�PHWKRGV�IRU�DQDO\VLV�RI�FDUE�
RQ�OLQHDU�IRUPV��,QWHUHVW�LQ�WKHP�KDV�TXLFN�
HQHG�DSSUHFLDEO\�ZLWKLQ�UHFHQW�\HDUV��%DVHG
RQ� DOO� WKLV� RQH� PLJKW� H[SHFW� WKDW� FDUE\QH
H[LVWHQFH�ZLOO� EH� VRRQ� IRXQG� LPSHUDWLYHO\��
7KLV� TXRWDWLRQ� LV� WDNHQ� IURP� WKH� ZRUN� >�@
SXEOLVKHG� LQ� ������ %XW� �� \HDU� ODWHU�� LQ
������ +DUROG� &URWR� Û� RQH� RI� WKH� 1REHO
SUL]H�ODXUHDWHV�LQ�FKHPLVWU\�DZDUGHG�WR�KLP
LQ������IRU�GLVFRYHU\�RI�IXOOHUHQHV�VWDWHG�KLV
H[SOLFLW�EHOLHI�WKDW������H[LVWHQFH�RI�FDUE\QH�LV
D� P\WK� EDVHG� RQ� SRRU� VFLHQFH� DQG�� LI� QRW�
DFFHSWLQJ�RI�GHVLUDEOH�IRU�WKH�UHDOLW\��>�@��

1RERG\�KDV�QRW�\HW�VXFFHHGHG�LQ�V\QWKH�
VL]LQJ� FDUE\QH� FU\VWDOV� RI� PDFURVFRSLF� GL�
PHQVLRQV� DQG� DW� SUHVHQW� VROXWLRQ� RI� WKLV
SUREOHP� VHHPV� KDUGO\� SUREDEOH� RU� LPSRVVL�
EOH� LQ� JHQHUDO�� $OO� H[SHULPHQWDO� UHVXOWV� LQ
FDUE\QH�EHLQJ�SXEOLVKHG�WLOO�QRZ�DUH�DVVRFL�
DWHG�ZLWK�V\QWKHVLV�DQG� LQYHVWLJDWLRQ�RI�LWV
QDQRFOXVWHUV��QDQRZLUHV� DQG�QDQRILOPV�� L�H�
QDQRVWUXFWXUHV�ZLWK��'���'�DQG��'�GLPHQ�
VLRQDOLW\� ZKLFK� FDQ� EH� XVHG� DFFRUGLQJ� WR
GLIIHUHQW�IXQFWLRQV��6R��LI�FDUE\QH�LV�FRQVLG�
HUHG� QRW� DV� DQ� RUGLQDU\� DOORWURSLF� IRUP� RI
FDUERQ�� FRPSDULQJ� LW� WR� JUDSKLWH� DQG� GLD�
PRQG��EXW�DV�D�FOXVWHU�PDWHULDO��L�H��LWV�VSH�
FLDO�QDQRDOORWURSLF�IRUP��WKHQ�FRQVHQVXV�FDQ
EH� UHDFKHG� EHWZHHQ� FRQWUDGLFWRU\� SRLQWV� RI
YLHZ� DERXW� LWV� H[LVWHQFH�� 7DNLQJ� LQWR� DF�
FRXQW� WKLV� FLUFXPVWDQFH� DQG� PHQWLRQHG
DERYH� GLVFUHSDQF\� RI� RSLQLRQV� DERXW� FDU�
E\QH��WKH�DLP�RI�WKLV�SDSHU�FRQVLVWV�LQ�PDN�
LQJ�FULWLFDO�DQDO\WLFDO�RYHUYLHZ�RI�WKH�DYDLO�
DEOH� LQIRUPDWLRQ� UHODWLQJ� WR� WKH� KLVWRU\� RI
GLVFRYHU\� DQG� VWXG\� RI� WKH� VWUXFWXUH� DQG
GLIIHUHQW�SURSHUWLHV� DV�ZHOO�DV� ILHOGV�RI�DS�
SOLFDWLRQ� RI� FDUE\QH�� 6XFK� LQIRUPDWLRQ� RI
WKH�UHYLHZ�ZLOO�EH�XVHIXO�WR�H[SHUWV�ZKR�DUH
LQWHUHVWHG� LQ� FDUERQ� PDWHULDOV� DQG� WKRVH
ZKR�ZDQW�WR�XQGHUVWDQG�WKH�H[LVWLQJ�FRQWUD�
GLFWLRQV� RI� GLIIHUHQW� SRLQWV� RI� YLHZ� WR� FDU�

E\QH� DV� RQH� RI� WKH� DOORWURSLF�PRGLILFDWLRQV
RI�FDUERQ��

���&RQGHQVHG�FDUERQ�DV�D
SRO\PHULF�PDWHULDO

&DUERQ�� DFFRUGLQJ� WR� LWV� SURSHUWLHV�� GLI�
IHUV� JUHDWO\� IURP� WKH� HOHPHQWV� IROORZLQJ� LW
LQ�WKH�0HQGHOHHY�V�SHULRGLF�V\VWHP�Û�QLWUR�
JHQ�� R[\JHQ� DQG� IOXRULQH�� 7KH� ILUVW� DQG
IRUHPRVW� VXUSULVLQJ� WKLQJ� LV� WKDW� FDUERQ� LQ
DQ\� RI� LWV� IRUPV� XQGHU� FRQYHQWLRQDO� FRQGL�
WLRQ� LV� D� VROLG��ZKLOH� QLWURJHQ�� R[\JHQ� DQG
IOXRULQH� DUH� JDVHV�� 0HOWLQJ� SRLQW� RI� QLWUR�
JHQ� LV� DERXW� Ü����&�� DQG�PHOWLQJ� SRLQW� RI
FDUERQ� LQ� WKH� IRUP� RI� JUDSKLWH� LV� DERXW
������&�� '�,�0HQGHOHHY� SDLG� DWWHQWLRQ� WR
WKLV� IDFW�DQG�VXSSRVHG�WKDW�VXFK�GLIIHUHQFH
LQ� WKHLU� SURSHUWLHV� ZDV� GHWHUPLQHG� E\� WKH
SRO\PHULF�VWUXFWXUH�RI�FDUERQ�PROHFXOH��L�H�
VROLG� FDUERQ� LV� D� SRO\PHULF� VXEVWDQFH� >�@�
1RZ� WKH� IDFW� WKDW� WKH� GLDPRQG� FU\VWDO� �RI
HLWKHU� PRGLILFDWLRQ� Û� FXELF� RU� KH[DJRQDO�
UHSUHVHQWV� RQH� JLDQW� VSDWLDO�ODFHG� PDFUR�
PROHFXOH� ZLWK� VS��K\EULGL]DWLRQ� RI� YDOHQFH
HOHFWURQV� �)LJ���D�� LV� EH\RQG� GRXEW�� $W� WKH
VDPH� WLPH� D� PRQDWRPLF� OD\HU� LQ� WKH� LGHDO
JUDSKLWH� DOVR� UHSUHVHQWV� RQH� SRO\PHULF� EXW
WZR�GLPHQVLRQDO�ODFHG�PDFURPROHFXOH�ZLWK�VS��
K\EULGL]DWLRQ�RI�YDOHQFH�HOHFWURQV��)LJ���E����

,W�DSSHDUHG�UHDVRQDEOH�WR�DVVXPH�WKH�SRV�
VLELOLW\� RI� H[LVWHQFH� RI� RQH�GLPHQVLRQDO
�FKDLQ�� OLQHDU�� IRUP� RI� FDUERQ� ZLWK� VS�K\�
EULGL]DWLRQ�� ZKLFK� WKH� DWRP� RI� FDUERQ� UH�
YHDOV� LQ� PDQ\� FRPELQDWLRQV� ZLWK� RWKHU
DWRPV����

���6KRUW�KLVWRU\�RI�FDUE\QH
GLVFRYHU\��

7KH� OLQHDU�IRUP�RI�WKH�FRQGHQVHG�FDUERQ
KDV�QRW�EHLQJ�GLVFRYHUHG�LQ�D�QDWXUH�RU�V\Q�
WKHVL]HG�DUWLILFLDOO\�DQG�UHPDLQHG�D�PLVVLQJ
OLQN�LQ�WKH�FDUERQ�DOORWURS\�IRU�D�ORQJ�WLPH�
,Q� ����� $�%D\HU�� WKH� NQRZQ� *HUPDQ
FKHPLVW�� WULHG�WR�SHUIRUP�V\QWKHVLV�RI�WKH
FKDLQ�FDUERQ�XVLQJ�GHULYDWLYH�RI�DFHW\OHQH

)LJ����� 6FKHPH� RI� VS�� �D�� DQG� VS��K\EULGL]HG
�E��RUELWDOV�RI�WKH�FDUERQ�DWRPV�

1�,�6OLSFKHQNR��9�*�8GRYLWVN\���&DUE\QH�DV�D�FOXVWHU����
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�+±&{&±+��� +RZHYHU� %D\HU�V� DWWHPSWV� WR
UHFHLYH� SRO\\QH� �FRPSRXQG� FRQWDLQLQJ� QR
OHVV�WKDQ�WKUHH�LQVXODWHG�RU�FRQMXJDWHG�&{&
ERQGV� LQ�WKH�PROHFXOH��ZHUH�QRW�VXFFHVVIXO�
+H�UHFHLYHG�YHU\�XQVWDEOH�K\GURFDUERQ�FRQ�
VLVWLQJ� RI� IRXU�PROHFXOHV� RI� DFHW\OHQH� MRLQW
LQ� D� FKDLQ�� ,QVWDELOLW\� RI� WKH� ORZHVW
SRO\\QHV� VHUYHG� %D\HU� DV� D� EDVLV� IRU� FUHD�
WLRQ�RI� WKH� VWUHVV� WKHRU\� LQ�ZKLFK�KH�PDGH
WKH�FRQFOXVLRQ�DERXW�LPSRVVLELOLW\�WR�REWDLQ
WKH�FKDLQ�FDUERQ��$XWKRULW\�RI�WKH�VFLHQWLVW
�LQ������KH�ZDV�DZDUGHG�WKH�1REHO�3UL]H�LQ
FKHPLVWU\�IRU�WKH�ZRUNV�LQ�RUJDQLF�G\HV�DQG
K\GURDURPDWLF�FRPSRXQGV��GDPSHG�DUGRU�RI
UHVHDUFKHV� WR� WKH� SRO\\QHV� V\QWKHVLV� DQG
RYHU�DQ�H[WHQGHG�SHULRG�WKH�ZRUNV�ZHUH�QRW
FRQGXFWHG�LQ�WKLV�GLUHFWLRQ�

,Q� ����� 6RYLHW� VFLHQWLVWV� 9�,�.DVDWR�
FKNLQ��$�0�6ODGNRY��<X�3�.XGU\DYWVHY�DQG
9�9�.RUVKDN� UHFHLYHG� FDUE\QH� Û� SRO\\QH
�±&{&±�Q� DQG� FXPXOHQH� � & & �Q� IRUPV� RIFDUERQ�ZLWK�OLQHDU�K\EULGL]DWLRQ�H[SHULPHQ�
WDOO\�XVLQJ�WKH�PHWKRG�RI�R[LGL]DWLRQ�GHK\�
GURSRO\FRQGHQVDWLRQ� RI� DFHW\OHQH� DQG� ODWHU
XVLQJ�RWKHU�PHWKRGV��7KH�SRO\\QH�DQG�SRO\�
FXPXOHQH� IRUPV� DUH� IXUWKHUPRUH� GHQRWHG�
UHVSHFWLYHO\�� E\� D�IRUP� �D�FDUE\QH�� DQG� E�
IRUP� �E�FDUE\QH��� ,W� ZDV� DOVR� GHWHUPLQHG
WKDW� FDUE\QH� FDQ� EH� FU\VWDOOL]HG� LQ� D� KH[�
DJRQDO� V\VWHP� DQG� XQGHU� WKH� SUHVVXUH� RI
��03D�DW������&�D�WUDQVIRUPDWLRQ�RI�D�OHVV
GHQVH�D�IRUP�LQWR�PRUH�GHQVH�E�IRUP�>�@����
\HDUV�ODWHU�WKH�VFLHQWLILF�GLVFRYHU\�ZLWK�WKH
IRUPXOD�� �H[LVWHQFH� RI� D�QHZ�XQNQRZQ�HDU�
OLHU� SKHQRPHQRQ� RI� D� FU\VWDOOLQH� IRUP� RI
FDUERQ� Û� FDUE\QH� FKDUDFWHUL]HG� E\� FKDLQ
�OLQHDU�� VWUXFWXUH�RI� FDUERQ�PDFURPROHFXOHV
LQ� FRQWUDVW� WR� GLDPRQG� DQG� JUDSKLWH� LV� HV�
WDEOLVKHG� H[SHULPHQWDOO\��ZDV� UHJLVWHUHG� LQ
WKH�8665�>�@��5HJLVWUDWLRQ�RI�WKH�JLYHQ�GLV�
FRYHU\�ZLWK� WKH�SULRULW\�RI�������DV� LW�ZDV
PHQWLRQHG� LQ� >�@�� EHFDPH� SRVVLEOH� DQG� WRRN
SODFH� RQO\� DIWHU� GLVFRYHU\� RI� FDUE\QH�OLNH
PDWHULDOV� LQ� WKH�QDWXUH�� ,Q������ LW�ZDV� UH�
SRUWHG�DERXW�GHWHFWLRQ�RI� WKH�PDWHULDO�YHU\
FORVH� WR� WKH� FDUE\QH� VWUXFWXUH� LQ� WKH�PHWH�
RULWH�1HZ�8UH\�>�@��,Q������LQ�D�PHWHRULWLF
FUDWHU�5LFH� �%DYDULD��*HUPDQ\��WKH�FU\VWDO�
OLQH� IRUP� RI� FDUERQ� RI� ZKLWH� FRORXU� FDOOHG
FKDRLWH� ZDV� GHWHFWHG� >�@�� /DWHU� LW� ZDV� UH�
YHDOHG��WKDW�WKH�FKDUDFWHULVWLFV�RI�;�UD\�GLI�
IUDFWLRQ� IURP� FKDRLWH� DOVR� FORVHO\� FRLQFLGH
ZLWK�UHWULHYHG�RQHV�IRU�FDUE\QH��$IWHU�ILQG�
LQJ�RI�FDUE\QH�DERXW�WZR�WHQV�RI�RWKHU�PD�
WHULDOV� VLPLODU� WR� FDUE\QH� ZHUH� V\QWKHVL]HG
H[SHULPHQWDOO\�DQG�IRXQG�RXW�LQ�WKH�QDWXUH�
D��DQG�E�FDUE\QH��FKDRLW�DQG�VRPH�IRUPV�QRW
KDYLQJ� WLWOHV�� DQG� VLPSO\� ODEHOHG� E\� VHULDO

QXPEHUV� >�@��%XW� LQ� DOO� WKHVH�PDWHULDOV� H[�
FHSW� IRU� VS�FDUERQ� DWRPV� WKH� SUHVHQFH� RI
DWRPV� LQ� WKH� FRQGLWLRQV� RI� VS��� DQG� VS��K\�
EULGL]DWLRQ�ZDV�UHYHDOHG��DQG�DOVR�DWRPV�RI
RWKHU�FKHPLFDO�HOHPHQWV��L�H��VXFK�PDWHULDOV
ZKLFK�FRXOG�QRW�EH�FRQVLGHUHG�DV�FDUE\QH�LQ
WKH�SXUH�VWDWH�>�@��

���&DUE\QH�VWUXFWXUH
$OO�ORQJ�VWDQGLQJ�KLVWRU\�RI�LQYHVWLJDWLRQ

LQWR�FDUE\QH�VWUXFWXUH�DQG�LWV�RWKHU�SURSHU�
WLHV�GRZQ�WR�WKH�SUHVHQW�WLPH�LV�GLVSXWDEOH�
,W�FRQWDLQV�FRQWUDGLFWRU\�MXGJHPHQWV�RI�WKH
FRQWULEXWRUV�� DPRQJ� ZKLFK� WKHUH� LV� HYHQ� D
IXOO�GHQ\LQJ�FDUE\QH�DV�DQ�LQGHSHQGHQW�DOOR�
WURSLF�PRGLILFDWLRQ�RI�FDUERQ�JURXQGHG�RQO\
RQ�WKH�VS�K\EULGL]DWLRQ�RI�LWV�DWRPV�>�����Ü
��@�� 7KH� ILUVW� PRGHO� RI� FDUE\QH� VWUXFWXUH�
RIIHUHG� E\� WKH� DXWKRUV� RI� LWV� GLVFRYHU\�
JXHVVHG�� WKDW� WKH� FDUERQ� FKDLQV� KDYH� WKH
VWULFWO\�OLQHDU�IRUP�DQG�DUH�DUUDQJHG�LQ�SDU�
DOOHO�ZLWK�HDFK�RWKHU� IRUPLQJ�D� ODWWLFH�RI�D
KH[DJRQDO� W\SH�� /DWHU� WKLV� PRGHO� ZDV� LP�
SURYHG� DQG� IRU� WKH� EHVW� FRQIRUPLW\� WR� WKH
GDWD� RI� ;�UD\� GLIIUDFWLRQ� D� OLWWOH� ELW� RWKHU
DUUDQJHPHQW� RI� OLQHDU� FDUERQ� FLUFXLWV� LQ� D
XQLW� FHOO� ZDV� RIIHUHG� >��@�� %XW� WKLV� PRGHO
DOVR�GLGQ�W�JLYH� D�JRRG�FRQIRUPLW\�EHWZHHQ
WKHRUHWLFDO�DQG�H[SHULPHQWDO�GDWD�DQG�5�+H�
LPDQQ�KDV�RIIHUHG�D��ORRS��PRGHO�IRU�EHWWHU
FRUUHVSRQGHQFH� ZLWK� H[SHULPHQWDO� GDWD� >��
��@�� $FFRUGLQJ� WR� WKLV� PRGHO� WKH� FDUE\QH
FKDLQV� DUH� SHUFHLYHG� QRW� WR� EH� OLQHDU�� DQG
FRQWDLQ�IUDFWXUHV��ORRSV���DV�LW�LV�VKRZQ�LQ�D
)LJ����

,W� LV� VXSSRVHG� WKDW� VXFK� FKDLQV� ZLWK
ORRSV�IUDFWXUHV�DUH�SODFHG�LQ�VSDFH�LQ�VXFK�D
ZD\� WKDW� WKH\�DOVR� IRUP�D� ODWWLFH�RI�D�KH[�
DJRQDO�W\SH��)LJ�����>��@��

0DWKHPDWLFDO� FDOFXODWLRQV� VKRZ� WKDW� WKH
ORRS� OHQJWK�� L�H�� F�� SDUDPHWHU� FDQ� EH� H[�

)LJ�����/RRS�PRGHO�RI�FDUE\QH�IRU�SRO\\QH��D�
DQG�FXPXOHQH��E��RI�+HLPDPP�V�HW�DO��>��@�
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SUHVVHG�WKURXJK�WKH�IUDFWXUHV�DQJOHV�RI�WKH
FKDLQ� LQ� SRO\\QH� DS� DQG� FXPXOHQH� DF�� DQGDOVR� WKURXJK� D� QXPEHU� RI� DWRPV� LQ� WKH
FKDLQ� IUDFWXUH� Q� DQG� D� OHQJWK� RI� VLQJOH�
GRXEOH� DQG� WULSOH� ERQGV� EHWZHHQ� DWRPV� RI
FDUERQ� �&±&�� & &�� &{&�� LQ� WKH� IROORZLQJ
ZD\�>��@�

F��SRO\\QH�� 

 �Q�U�&�{�&�����
Q
��������FRVDS�U�&���&��

F��FXPXOHQH�� 
 ��Q�����U�&� �&����FRVDF�U�&���&��

3DUDPHWHUV�Q��DS��DF� DUH�YDULDEOH� LQ� WKHJLYHQ�PRGHO��WKLV�PDNHV�LW�SRVVLEOH�WR�FDUU\
RXW� ILWWLQJ� IRU� UHDFKLQJ� EHWWHU� FRUUHVSRQ�
GHQFH� EHWZHHQ� WKHRUHWLFDO� FDOFXODWLRQV� DQG
H[SHULPHQWDO�GDWD�RI�GLIIUDFWLRQ��1RZ�ZKHQ
DQDO\]LQJ� WKH� SHFXOLDULWLHV� RI� WKH� FDUE\QH
VWUXFWXUH�EDVHG�RQ�WKH�ORRS�PRGHO�WKH�LGHDV
DUH� DOVR� VXJJHVWHG� WKDW� LQ� VXFK�D� VWUXFWXUH
WKH�FDUERQ�DWRPV�FDQ�IRUP�D�FRYDOHQW�ERQG
QRW�RQO\�ZLWK� DWRPV�RI� WKLV� FKDLQ�EXW�ZLWK
WKH� FDUERQ� DWRPV� IURP� WKH� FORVHO\� ORFDWHG
QHLJKERULQJ� FKDLQV� >��@�� ,W� ZDV� K\SRWKH�
VL]HG�>��@�WKDW�WKH�FDUE\QH�VWUXFWXUH�FDQ�EH
FRQVLGHUHG� DV� DQ� LQWHUPHGLDWH� EHWZHHQ� WKH
JUDSKLWH� DQG� GLDPRQG� VWUXFWXUHV�� 6XFK� D
VWUXFWXUH� LQ� DXWKRUV�� RSLQLRQ� FDQ� EH� RE�
WDLQHG� LI� JUDSKLWH� LV� VXEMHFWHG� WR� D� VWURQJ
FRPSUHVVLRQ� DORQJ� WKH� D[LV� F�� 2QH� PRUH
VWUXFWXUH�PRGHO�VXJJHVWV�WKDW�WKH�OLQHDU�VS�
VHFWLRQV� LQ� FDUE\QRLGV� DOWHUQDWH� ZLWK� WKH
FDUERQ�DWRPV� LQ�VS���DQG�VS��VWDWHV�� ,Q�WKLV
FDVH�VS���DQG�VS��DWRPV�EHQG�FKDLQV��DQG�WKH
ERQGV�UHPDLQLQJ�IUHH�FDQ�EH�XVHG�IRU�IRUPD�
WLRQ� RI� LQWHUFKDLQ� ERQGV� RU� IRU� ELQGLQJ� RI
LPSXULW\�DWRPV�>���������@�

$� VKRUW� RYHUYLHZ�RI� WKH� RIIHUHG� FDUE\QH
VWUXFWXUH�PRGHOV�KDV�VKRZQ�WKDW�WKHUH�LV�QR
JHQHUDO�DJUHHPHQW�DV�WR�WKH�JLYHQ�SUREOHP�
DQG�WKUHH�GLPHQVLRQDO�VWUXFWXUH�RI�WKH�LGHDO
FDUE\QH�UHPDLQV�WKH�VXEMHFW�RI�WKH�FRQWLQX�
LQJ�GLVFXVVLRQV��,Q�WKH�ODVW�IHZ�\HDUV�LQWHU�
HVW� WR� FRPSXWHU�PRGHOLQJ� LQFUHDVHG� DQG� LQ�
YHVWLJDWLRQV� LQWR� FRPSXWHU� PRGHOLQJ� RI� D
SRVVLEOH� WKUHH� GLPHQVLRQDO� FDUE\QH� VWUXF�
WXUH�ZHUH�VWDUWHG�>������Ü��@��

���'LDJUDP�RI�WKH�FDUERQ�SKDVH
VWDWH�DQG�GLVFXVVLRQ�DERXW�WKH

FDUE\QH�SODFH�RQ�LW
3ORWWLQJ�WKH�FDUERQ�SKDVH�GLDJUDP�LQ�WKH

SRVVLEOH�ELJJHU�UDQJH�RI�YDOXHV�IRU�SUHVVXUH
DQG�WHPSHUDWXUH�UHSUHVHQWV�FRQVLGHUDEOH�VFL�

HQWLILF� LQWHUHVW� IRU� VWXG\LQJ� WKH� SURSHUWLHV
RI� FDUERQ� LQ�GLIIHUHQW� DJJUHJDWH� IRUPV�DQG
XQGHUVWDQGLQJ�RI�SDWWHUQV�RI�IRUPDWLRQ�DQG
LQWHUFRQYHUVLRQV� RI� LWV� GLIIHUHQW� DOORWURSLF
PRGLILFDWLRQV��0RUHRYHU��WKH�SKDVH�GLDJUDP
RI� FDUERQ� UHSUHVHQWV� DOVR� D� FRQVLGHUDEOH
SUDFWLFDO� LQWHUHVW�� DV� LW� DOORZV� IRUHFDVWLQJ
FDSDELOLWLHV� RI� FUHDWLRQ� DQG� SURSHUWLHV� RI
GLIIHUHQW�FDUERQ�PDWHULDOV��)LUVW�RI�DOO�� WKH
SKDVH� GLDJUDP� RI� FDUERQ� LV� LQWHUHVWHG� HDU�
OLHU� �DQG� FRQWLQXRXV� WR� EH� LQWHUHVWHG� QRZ�
IRU� WKH� VFLHQWLVWV� LQYROYHG� LQ� WKH� VWXG\LQJ
RI� WKH� SUREOHP� RI� GLDPRQGV� V\QWKHVLV�� 7KH
FXUYH� RI� JUDSKLWH� Û� GLDPRQG� HTXLOLEULXP
DQG�FRQGLWLRQ�RI�HDFK�RI� WKHVH�SKDVHV�HTXL�
OLEULXP�UHSUHVHQW�D�VSHFLDO�LQWHUHVW�IRU�VXFK
SXUSRVHV��2QH�RI�WKH�ILUVW�SKDVH�GLDJUDPV�RI
FDUERQ� LQ� D� EURDG� EDQG� RI� SUHVVXUHV� DQG
WHPSHUDWXUHV�KDV�EHHQ� FUHDWHG�E\�)��%DQG\
DQG�KLV� HPSOR\HHV� >��@�� /DWHU�� LQ� WKH� SURF�
HVV�RI�DSSHDUDQFH�RI�QHZ�H[SHULPHQWDO�GDWD�
LW�ZDV�UHSHDWHGO\�XSGDWHG�DQG�VXSSOHPHQWHG
E\�KLP��2QH�RI�WKH�ODVW�YHUVLRQV�RI�WKH�GLD�
JUDP�SORWWHG�E\�WKLV�DXWKRU�RQ�WKH�GDWD�IRU
������ ZKLFK� HYHQ� QRZ� DUH� IUHTXHQWO\� XVHG
DQG� FLWHG� LQ� WKH� OLWHUDWXUH�� LV� VKRZQ� LQ
)LJ����>��@�

,W� VKRXOG� EH� QRWHG�� WKDW�� GHVSLWH� RI� D
JUHDW�QXPEHU�RI�FDUULHG�RXW�UHVHDUFKHV�LQWR
WKHUPDO�SURSHUWLHV�RI�FDUERQ��LWV�SKDVH�GLD�
JUDP�VWLOO�FRQWDLQV�PXFK��EODQN�VSDFHV��DQG
LQFRQVLVWHQF\� EHWZHHQ� UHVXOWV� REWDLQHG� E\
GLIIHUHQW�DXWKRUV��,W�LV�VWLSXODWHG�E\�FRQVLG�
HUDEOH�H[SHULPHQWDO�GLIILFXOWLHV��EHFDXVH�WKH
PLVFHOODQHRXV� SKDVHV� RI� FDUERQ� EHFRPH� VWD�
EOH� DW� H[WUHPH� WHPSHUDWXUHV� DQG� SUHVVXUH�
7KH�UHVHDUFKHV�LQ�WKH�ILHOG�RI�KLJK�WHPSHUD�
WXUHV� DQG� SUHVVXUHV� DUH� KDPSHUHG� QRW� RQO\
E\� FRPSOH[LW\� RI� WKHLU� UHDFKLQJ�� EXW� DOVR
PHWKRGLFDOO\� H[DFW� PHDVXUHPHQW� ZLWK� D

)LJ����� &DUE\QH� KH[DJRQDO� ODWWLFH� PRGHO
IRUPHG�E\�WKH�FKDLQV�ZLWK�ORRSV�>��@�
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PLQLPXP� HUURU�� WKDW� LV� QHFHVVDU\� IRU� FRP�
SDULVRQ� RI� WKH� UHVXOWV� RI� GLIIHUHQW� UH�
VHDUFKHV�� ,Q� VXFK� D� VLWXDWLRQ� WKH� UROH� RI
WKHRUHWLFDO�FDOFXODWLRQV�DQG�SK\VLFDO�VLPXOD�
WLRQ�� DQG� FRPSDULVRQ� EHWZHHQ� WKH� REWDLQHG
UHVXOWV� DQG� H[SHULPHQWDO� GDWD� LQFUHDVHV
>��Ü��@��

$V�RI�FDUE\QH��WKH�SUREOHP�ZKHUH�RQ�WKH
SKDVH�GLDJUDP�LV�D�VHJPHQW�RI�LWV�H[LVWHQFH
LV�DOVR�GHEDWDEOH��8QWLO�UHFHQWO\�WKH�SUREOHP
RI� FDUE\QH� H[LVWHQFH� RQ� WKH� SKDVH� GLDJUDP
RI� FDUERQ� IRXQG� WKH� UHIOHFWLRQ� LQ� H[LVWHQFH
RI�WZR�DOWHUQDWLYH�SKDVH�GLDJUDPV�RI�FDUERQ
>��@��$FFRUGLQJ�WR�ILUVW�RI�WKHP�>������@� LQ
WHPSHUDWXUH� UDQJH� ����Ü����� .� WKHUH� DUH
VWHDG\�SKDVHV�RI�FDUE\QH��$W�IXOO�FRQYHUVLRQ
RI� JUDSKLWH� LQWR� FDUE\QH� WKH� FDUE\QH� WULSOH
SRLQW� D� VROLG�OLTXLG�YDSRU� LV� LPSOHPHQWHG�
LWV� SUHVVXUH� DQG� WHPSHUDWXUH� DUH�� UHVSHF�
WLYHO\�� HTXDO� WR��3� �������3D��7� ������.�
$FFRUGLQJ�WR�WKH�VHFRQG�SKDVH�GLDJUDP�>��@

WKHUH� LV� RQO\�JUDSKLWH� WULSOH� SRLQW�ZLWK�SD�
UDPHWHUV�� 3�a����� 3D��7�a������ .�� 7KH� H[�
LVWHQFH� RI� WKH� FDUE\QH� VHJPHQW� LQ� WKLV� GLD�
JUDP�LV�TXHVWLRQLQJ��2QH�RI�WKH�PRVW�LPSRU�
WDQW�PRWLYHV�IRU�GLVFXVVLRQ�DERXW�WKH�SKDVH
GLDJUDP�RI�FDUERQ�LV�WKH�QHFHVVLW\�RI�OHJLEOH
XQGHUVWDQGLQJ�RI�EHKDYLRU�DQG�SUHGLFWLRQ�RI
PHOWLQJ� SRLQW� RI� FDUERQ� FRQVWUXFWLRQ�PDWH�
ULDOV�� ILUVW� RI� DOO� RI�JUDSKLWH� DW� LWV�KHDWLQJ
WR�KLJK�WHPSHUDWXUHV��7KH�JHQHUDOL]DWLRQ�RI
QXPHURXV� H[SHULPHQWDO� ZRUNV� UHVXOWV� LQ� D
FRQFOXVLRQ� WKDW� JUDSKLWH� DV� D� FRQVWUXFWLRQ
PDWHULDO�� GHSHQGLQJ� RQ� KHDWLQJ� YHORFLW\�
ZLOO� EHKDYH� YDULRXVO\�� $W� IDVW� KHDWLQJ�� IRU
H[DPSOH�� ZLWK� D� SXOVHG� ODVHU� EHDP�� LQ� H[�
SHULPHQWV�LW�ZDV�REWDLQHG�WKH�PHOWLQJ�SRLQW
7PHOW��a������.�� DQG� DW� VOXJJLVK� KHDWLQJ� LQIL[HG� H[SHULPHQWV� 7PHOW�� RI� JUDSKLWH� WXUQVRXW� WR� EH� DSSUR[LPDWHO\� ����� .� �RU� HYHQ
PRUH��OHVV��,W�LV�TXLWH�FRUUHFWO\�H[SODLQHG�E\
IDFW� WKDW� DW� VOXJJLVK� KHDWLQJ� WKH� JUDSKLWH�
FDUE\QH�VROLG�SKDVH�WUDQVLWLRQ�LV�SRVVLEOH�LQ
JUDSKLWH� >��@�� )RU� WKH� ILUVW� WLPH� VXFK� VXJ�
JHVWLRQ�ZDV�SURSRVHG�E\�$�*�:KLWWDNHU�>���
��@� DQG�KH�PDUNHG� WKH�FDUE\QH�VHJPHQW�RQ
WKH�SKDVH�GLDJUDP��)LJ���� VKRZV� WKLV�SKDVH
GLDJUDP� VXSSOHPHQWHG� E\� YDOXH� D� WULSOH
SRLQW�����REWDLQHG�LQ�>��@�

8QWLO� WKH� SUHVHQW� WLPH� WKH� VROLG� VWDWH
JUDSKLWH�Û�FDUE\QH�WUDQVLWLRQ�ZDV�REVHUYHG
E\� GLIIHUHQW� DXWKRUV� LQ� PDQ\� H[SHULPHQWV
DQG�FRQVHTXHQWO\�GRHV�QRW�SURYRNH�WKH�VSH�
FLDO�REMHFWLRQV�DJDLQVW�WKH�SRVVLELOLW\�IRU�H[�
LVWHQFH�RI�WKH�PHQWLRQHG�DERYH�WZR�DOWHUQD�
WLYH� SKDVH� GLDJUDPV� Û� ZLWK� FDUE\QH� VHJ�
PHQW� DQG� ZLWKRXW� LW� >������Û��@�� 7KH
DSSDUHQW� LQFRQVLVWHQF\� LQ� H[LVWHQFH� RI� GLI�

)LJ�����3��7�Û�SKDVH�GLDJUDP�RI�FDUERQ��VROLG
OLQHV�UHSUHVHQW�HTXLOLEULXP�SKDVH�ERXQGDULHV�
$� Û� D� VHJPHQW� RI� FRPPHUFLDO� V\QWKHVLV� RI
GLDPRQG�IURP�JUDSKLWH�XVLQJ�FDWDO\VWV��%�Û
3�7� WKUHVKROG� RI� YHU\� IDVW� VROLG�VROLG� WUDQV�
IRUPDWLRQ��OHVV�WKDQ���PV��RI�JUDSKLWH�WR�GLD�
PRQG��&�Û�3�7�WKUHVKROG�RI�YHU\�IDVW�WUDQV�
IRUPDWLRQ� RI� GLDPRQG� WR� JUDSKLWH�� '� Û� D
VHJPHQW� RI� D� KH[DJRQDO� GLDPRQG�� (� Û� WKH
XSSHU�HQGV�RI�VKRFN�FRPSUHVVLRQ�WKDW�FRQYHUW
RI�SDUWLFOHV�RI�KH[DJRQDO�JUDSKLWH�WR�SDUWLFOHV
RI�KH[DJRQDO�GLDPRQG��)�Û�WKH�XSSHU�HQGV�RI
VKRFN� FRPSUHVVLRQ� WKDW� FRQYHUW� KH[DJRQDO
JUDSKLWH�WR�FXELF�GLDPRQG��%��)��*�Û�WKUHVK�
ROG�RI�3�7�F\FOHV�WKDW�FRQYHUW�HLWKHU�W\SH�RI
JUDSKLWH� RU� KH[DJRQDO� GLDPRQG� LQWR� FXELF�
W\SH�GLDPRQG��+��,��-�Û�D�SDWK�DORQJ�ZKLFK
D�VLQJOH�FU\VWDO�KH[DJRQDO�W\SH�JUDSKLWH�FRP�
SUHVVHG� LQ� WKH� F�GLUHFWLRQ� DW� URRP� WHPSHUD�
WXUH� UHYHUVLEO\� ORVHV� VRPH� JUDSKLWH� � FKDUDF�
WHULVWLFV�DQG�DFTXLUHV�SURSHUWLHV�RI�GLDPRQG�
OLNH�SRO\W\SH�>��@��

)LJ����� 7KH� SDUW� RI� WKH� SKDVH� GLDJUDP� RI
FDUERQ��LQ�ZKLFK�WKHUH�LV�D�FDUE\QH�VHJPHQW�
��Û�GLDPRQG����Û�FDUE\QH����Û�OLTXLG����Û
JUDSKLWH����Û�YDSRU�
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IHUHQW� SKDVH� GLDJUDPV� RI� FDUERQ� LV� HOLPL�
QDWHG�LQ�WKH�HYHQW�WKDW�IRU�WKH�GHVFULSWLRQ�RI
DOO�SRVVLEOH� WKHUPRG\QDPLF� VWDWHV�SDVVLQJ�E\
FDUERQ� DW� LWV� KHDWLQJ�� QRW� RQO\� SUHVVXUH� DQG
WHPSHUDWXUH� �3��7��� EXW� DOVR� WKH� WKLUG� YDUL�
DEOH�Û�G7�GW� �KHDWLQJ�UDWH�8K�� DUH�XVHG�� ,QVXFK�D�FDVH� WKH�SKDVH�GLDJUDPV�� FORVH� WR� WKH
IL[HG�GLDJUDPV�ZLWK� WKH�FDUE\QH�WULSOH�SRLQW
�FDUE\QH�OLTXLG�YDSRU�� DUH� LPSOHPHQWHG� DW
8Kd���.�F��$W����.�Fd8Kd����.�F� WKH� QRQ�VWHDG\�SKDVH�GLDJUDPV� DUH� LPSOHPHQWHG�� ,Q
WKH�SURFHVV�RI�LQFUHDVH�LQ�8K�WKH�H[SDQVLRQRI� FDUE\QH� VHJPHQW� LV� QDUURZLQJ� DQG� WHP�
SHUDWXUH�DQG�SUHVVXUH�LQ�WKH�WULSOH�SRLQWV�RI
JUDSKLWH�FDUE\QH�YDSRU� DQG� FDUE\QH�OLTXLG�
YDSRU� DUH� LQFUHDVLQJ�� $W� 8Kt���� .�F� WKHSKDVH�GLDJUDP�ZLWKRXW�WKH�FDUE\QH�VHJPHQW
LV�LPSOHPHQWHG�>������@�

���'HYHORSPHQW�RI�PHWKRGV�RI
FDUE\QH�V\QWKHVLV�RQ�WKH�EDVLV�RI

PRGHUQ�WHFKQRORJLHV
7KH� GHYHORSPHQW� DQG� UHVHDUFK� RI� GLIIHU�

HQW� FKHPLFDO� DQG� SK\VLFDO� PHWKRGV� RI� FDU�
E\QH�DQG�FDUE\QH�FRQWDLQLQJ�VWUXFWXUHV�V\Q�
WKHVLV�� IRU� H[DPSOH�� WKLQ� ILOPV�� FRPSRVLWHV
HWF��LV�QRZ�SURFHHGHG��$ORQJVLGH�ZLWK�HODER�
UDWHG�HDUOLHU�PHWKRGV�RI� FKHPLFDO� V\QWKHVLV
RI� FDUE\QH� E\� UHDOL]DWLRQ� RI� GLIIHUHQW� UHDF�
WLRQV�RI�OLTXLG�DQG�JDVHRXV�UHDFWDQWV��PHWK�
RGV�RI�HOHFWURFKHPLFDO�V\QWKHVLV�DQG�V\QWKH�
VLV� LQ� D� IODPH� RI� FRPEXVWLRQ� RI� GLIIHUHQW
K\GURFDUERQ� DQG� RWKHU� FDUERQ�FRQWDLQLQJ
FRPSRXQG� DUH� DOVR� GHYHORSHG�� $PRQJ� WKH
SK\VLFDO� PHWKRGV� RI� V\QWKHVLV�� ZKLFK� QRZ
DUH� IUHTXHQWO\� PHQWLRQHG� LQ� WKH� SXEOLFD�
WLRQV�DVVRFLDWHG�ZLWK�ODERUDWRU\�V\QWKHVLV�RI
FDUE\QHV��LW�VKRXOG�EH�QRWHG�WKH�IROORZLQJ�

Û� 6\QWKHVLV� LQ� SODVPD� RI� DQ� DUF� GLV�
FKDUJH� EHWZHHQ� JUDSKLWH� HOHFWURGHV� ORFDWHG
LQ�WKH�JDV�RU�OLTXLG�HQYLURQPHQW�

Û�6\QWKHVLV�DW�ODVHU�DEODWLRQ�RI�JUDSKLWH�
Û�6\QWKHVLV� DW�PDJQHWURQ�DQG� LRQ�EHDP

VSXWWHULQJ�RI�FDUERQ�WDUJHWV�HWF��
,W� LV� SRVVLEOH� WR� DFTXDLQW� LQ�PRUH� GHWDLO

ZLWK�GLIIHUHQW�PHWKRGV� RI� FDUE\QH�DQG�FDU�
E\QH� FRQWDLQLQJ� PDWHULDOV� V\QWKHVLV� LQ� WKH
PRQRJUDSKV� DQG� UHYLHZV� >������������Ü��@�
DQG� DOVR� LQ� WKH� QXPHURXV� RULJLQDO� DUWLFOHV
LQGLFDWHG� LQ� WKH� UHIHUHQFHV� RI� WKHVH� ZRUNV�
%XW� GHVSLWH� RI� D� JUHDW� QXPEHU� RI� H[HFXWHG
H[SHULPHQWDO� V\QWKHVLV� RI� FDUE\QH� QRERG\
KDV�\HW�VXFFHHGHG�LQ�UHFHLYLQJ�LWV�SXUH�FU\V�
WDOV�RI�WKH�PDFURVFRSLF�VL]HV�RU�SXUH�SRZGHU
WLOO� QRZ��2QO\� FDUE\QH� FRQWDLQLQJ�PL[WXUHV
ZLWK� GLIIHUHQW� TXDQWLW\� RI� LPSXULWLHV� DQG
FURVV�OLQNV� EHWZHHQ� WKH� FKDLQV� ZHUH� DOZD\V
UHFHLYHG�>��@��7KHUHIRUH�FRPPHUFLDO�SURGXF�

WLRQ�DQG�VDOHV�RI�WKH�FHUWLILFDWHG�PDWHULDO�LV
DOVR� DEVHQW�� DQG� WKH� UHVHDUFKHV� DUH� FDUULHG
RXW� RQO\� XVLQJ� WKH� VDPSOHV� REWDLQHG� XQGHU
ODERUDWRU\� FRQGLWLRQV��0RUHRYHU�� WKH� ZRUNV
RQ� FKHPLFDO� V\QWKHVLV� RI� VROLG� SKDVH� VWUXF�
WXUHV�FRQVLVWLQJ�RQO\�RI�FDUERQ�OLQHDU�FKDLQV
DUH�H[SORVLRQ�GDQJHURXV�RZLQJ�WR�D�KLJK�UH�
DFWLYLW\�RI�VXFK�FKDLQV�DQG�WHQGHQF\�WR�IRU�
PDWLRQ� RI� FURVV�OLQNV� EHWZHHQ� WKHP� ZLWK
H[RWKHUPLF�HIIHFW�>�����@��7KHUHIRUH��DFFRUG�
LQJ� WR� WKH� VHWWOHG� QRZ� RSLQLRQ� D� SXUH� FDU�
E\QH�DV�WKH�WKLUG�DOORWURSLF�IRUP�RI�FDUERQ�
LQ� FRQWUDVW� WR� JUDSKLWH� DQG� GLDPRQG�� FDQ
H[LVW� RQO\� LQ� WKH� IRUP� RI� QDQR� VWUXFWXUHV
�SDUWLFOHV��ILOPV��FOXVWHUV�HWF���RU�LQFRUSRUD�
WLRQV�LQ�PDWUL[HV�RI�DQ\�RWKHU�PDWHULDOV��,Q
>��@�� IRU� H[DPSOH�� LW� LV� VDLG�� WKDW� WKH� FDU�
E\QH� FU\VWDOV�� V\QWKHVL]HG� DQG� GHWHFWHG� LQ
WKH�QDWXUH��GR�QRW�H[FHHG�����QP�LQ�VL]H�

���0HWKRGV�RI�FDUE\QH�FKDLQV
VWDELOL]DWLRQ

'LIIHUHQW�PHWKRGV�RI�ORQJ�FDUE\QH�FKDLQV
VWDELOL]DWLRQ� DUH� QRZ�GHYHORSHG� WDNLQJ� LQWR
DFFRXQW� WKH� VXUYH\HG�DERYH�SUREOHPV�RI� LQ�
VWDELOLW\�DQG�SRRU�UHSURGXFLELOLW\�DULVLQJ�DW
WKHLU� V\QWKHVLV�� 2QH� RI� VXFK� PHWKRGV� FRQ�
VLVWV� LQ� IDVWHQLQJ� �YDFFLQDWLRQ�� RI�GLIIHUHQW
PROHFXOHV� RU� IXQFWLRQDO� JURXSV� RQ� HDFK� RI
HQG�RI�WKH�FKDLQ�>������@��ZKLFK�VKRXOG�SHU�
IRUP� VRPH� UROH� RI� DQ� DQFKRU� VWDELOL]LQJ� D
FKDLQ��DV�LW�LV�VKRZQ�LQ�D�)LJ����>��@�

,Q� WKLV� FDVH� WKH� PD[LPXP� ORQJ� OLQHDU
FDUERQ� FKDLQV�� ZKLFK� KDV� EHHQ� V\QWKHVL]HG
DQG� VWDELOL]HG� XVLQJ� D� YDFFLQDWLRQ� RI
HQGJURXSV�� FRQWDLQ� QR�PRUH� WKDQ� ��� DWRPV
RI� FDUERQ� >������@�� $Q� DOWHUQDWLYH� PHWKRG�
ZKLFK� LV� WKHRUHWLFDOO\� PRGHOHG� QRZ� DQG� LV
DOUHDG\� LPSOHPHQWHG� LQ� H[SHULPHQW�� LV� WKH
V\QWKHVLV� RI� FDUE\QH� FKDLQV� LQVLGH� FDUERQ
QDQRWXEHV� >��Ü��@�� )LJ���D� VKRZV� WKH
DWRPLF�PRGHO� RI� D� FDUE\QH� FKDLQ�SODFHG� LQ�
VLGH�WKH�FHQWUDO�WXEH�RI�WKH�IRXU�OD\HU�FDUE�

)LJ����� 0RGHO� GHPRQVWUDWLQJ� VWDELOL]DWLRQ� RI
FDUE\QH�FKDLQV�
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RQ�QDQRWXEH�DQG�)LJ���E�VKRZV�WUDQVPLVVLRQ
HOHFWURQ�PLFURVFRS\�LPDJH�RI�D�KLJK�UHVROX�
WLRQ� >��@�� VXSSRUWLQJ� WKH� RSLQLRQ� RI� WKH
DXWKRUV� DERXW� WKH� SUHVHQFH� RI� WKH� FDUERQ
FKDLQ� �&�FKDLQ��� DERXW� ��� QP� LQ� OHQJWK
�VXFK� D� FKDLQ� VKRXOG� FRQWDLQ� PRUH� WKDQ
���� DWRPV� RI� FDUERQ��� LQ� D� ULJKW�KDQG�SDUW
RI� WKH� LQQHUPRVW� WXEH� RI� WKH� PXOWLOD\HU
FDUERQ�QDQRWXEH�

7KH�SUHVHQFH�RI�FDUERQ�FKDLQV�LQVLGH�WKH
PXOWLOD\HU�&17��REWDLQHG�E\�DQ�DUF�PHWKRG
LQ�>��@��EHVLGHV�WKH�HOHFWURQ�PLFURVFRS\�LP�
DJHV�LV�DOVR�FRQILUPHG�LQVWUXPHQWDOO\�E\�WKH
5DPDQ�VSHFWURVFRS\��7KH�VSÜVS��K\EULG�V\V�
WHPV��&Q#6:17���FRQVLVWLQJ�RI�WKH�DOLJQHG
VLQJOH�ZDOO�&17�FRQWDLQLQJ�LQVLGH�WKH�OLQHDU
FDUERQ� FLUFXLWV� �&Q�� REWDLQHG�XVLQJ�3(&9'
PHWKRG�DUH�FRQVLGHUHG�LQ�>��@��&RQILUPDWLRQ
RI� WKH� SUHVHQFH� RI� OLQHDU� FDUERQ� FKDLQV� LQ�
VLGH� VLQJOH�ZDOO�&17�LQ�VXFK�K\EULG�V\VWHP
LV� DOVR� WKH� SUHVHQFH� RI� D� VWURQJ� EDQG� LQ
UDQJH�RI�ZDYH�QXPEHUV�a����Ü�����FPÜ��RI
LWV� 5DPDQ� VSHFWUXP�� ,W� LV� DOVR� QRWHG�� WKDW
WKH�FRQGXFWLRQ�HOHFWURQV�LQ�VXFK�K\EULG�V\V�
WHP�EHKDYH�VLPLODUO\�WR�D�7RPRQDJD�/XWWLQ�
JHU� OLTXLG�� ,Q� >��@� LW� ZDV� UHSRUWHG� WKDW�$J
QDQRSDUWLFOHV��WKHLU�DYHUDJH�VL]H�EHLQJ�HTXDO
WR� ��Ü��� QP�� IRUPLQJ�ZDWHU�FROORLGDO� VROX�
WLRQ� DUH� XVHG� IRU� VWDELOL]DWLRQ� RI� OLQHDUO\�
ERXQG� FDUERQ� FKDLQV�� 6XFK� VROXWLRQ� ZDV
PL[HG� ZLWK� D� VROXWLRQ� FRQWDLQLQJ� SRO\\QH
FKDLQV� DQG� WKHQ� SXW� RQ� D� VXEVWUDWH�� $IWHU
HYDSRUDWLRQ�RI�D� VROYHQW� WKH�FOXVWHU� V\VWHP
FRQWDLQLQJ� VLOYHU� QDQRSDUWLFOHV� DQG� FDUERQ
FKDLQV� ZDV� IRUPHG�� 7KH� V\VWHP� ZDV� VWDEOH
HQRXJK�LQ�WLPH��2WKHU�PHWKRGV�IRU�VWDELOL]D�
WLRQ� RI� WKH� FKDLQV� RI� OLQHDUO\�ERXQG� FDUERQ
DWRPV�DUH�DOVR�EHLQJ�GHYHORSHG��

���7KH�PDLQ�SURSHUWLHV�DQG
DSSOLFDWLRQ�RI�FDUE\QH�DQG

FDUE\QH�FRQWDLQLQJ�PDWHULDOV�
/HW�V�GZHOO�RQ�WKH�SURSHUWLHV�DQG�DOUHDG\

NQRZQ�DQG�SRWHQWLDO�DSSOLFDWLRQV�RI�FDUE\QH
DQG�PDWHULDOV�EDVHG�RQ��7KXV�LW�LV�QHFHVVDU\
WR� WDNH� LQWR� DFFRXQW� WKH� IDFW� WKDW� QRZ�� DV
PHQWLRQHG� DERYH�� WKHUH� DUH� QR� ZHOO� UHSUR�
GXFLEOH�PHWKRGV� DQG� WHFKQLTXHV� IRU� REWDLQ�
LQJ� FDUE\QH� VDPSOHV� LGHQWLFDO� HQRXJK� LQ� D
VWUXFWXUH� DQG� SURSHUWLHV�� 7KHUHIRUH� WKH� UH�
VXOWV��UHFHLYHG�E\�WKH�GLIIHUHQW�DXWKRUV��GH�
VFULELQJ�FDUE\QH�SURSHUWLHV�FDQ�QRW�EH�FRP�
SDUHG�DPRQJ�WKHPVHOYHV�TXDQWLWDWLYHO\�ZLWK
D�KLJK�FRUUHFWQHVV�DQG�LW�LV�SRVVLEOH�WR�FRP�
SDUH� WKHP� RQO\� TXDOLWDWLYHO\�� )RU� H[DPSOH�
FKDRLWH�� IRXQG� LQ� WKH� QDWXUH�� KDV� ZKLWH
FRORU��VRPHWLPHV�ZLWK�D�JUH\�VKDGH��>�@�DQG
LW� LV� IUHTXHQWO\� QDPHG� DV� D� ZKLWH� FDUERQ�
7KH�PDLQ�SURSHUWLHV�RI� FDUE\QH�V\QWKHVL]HG

E\�WKH�DXWKRUV�RI�WKH�GLVFRYHU\� >�@�ZHUH�DV
IROORZV� >�@�� 2XWZDUGO\� LW� UHSUHVHQWHG� D�PL�
FURFU\VWDOOLQH�SRZGHU�RI�D�EODFN�FRORU�ZLWK�D
GHQVLW\�RI�a����Ü��J�FP���,W�ZDV�D�VHPLFRQ�
GXFWRU�RI�Q�W\SH�� LWV�EDQG�JDS�ZDV�a�y��H9
DQG� SKRWRFRQGXFWLYLW\� ZDV� FRQVLGHUDEOH�
ZKLFK�ZDV�QRW�ORVW�XS�WR�WKH�WHPSHUDWXUH�RI
����&��7KLV�JDYH�WKH�SRVVLELOLW\�WR�XVH�LW�IRU
FUHDWLRQ�RI�SKRWRUHVLVWRUV�DQG�GLIIHUHQW�SKR�
WRHOHFWULF� GHYLFHV��+HDW� FDSDFLW\� RI� DOO� FDU�
E\QH� VDPSOHV� EHLQJ� VWXGLHG� ZDV� VLJQLIL�
FDQWO\�KLJKHU�WKDQ�WKDW�RI�JUDSKLWH��IRU�H[�
DPSOH��DW�WKH�WHPSHUDWXUH�RI����.�Û�LW�ZDV
PRUH� WKDQ� E\� D� IDFWRU� RI� ����� 7KXV� RQ� LQ�
FUHDVH�RI�WKH�KHDW�FDSDFLW\�D�VHULHV�DSSHDUV�
GLDPRQG�JUDSKLWH�FDUE\QH��7KH�VWXGLHG�VDP�
SOHV� RI� FDUE\QH� GHPRQVWUDWHG� LQHUWQHVV� WR
GLIIHUHQW� R[LGL]HUV�� H[FHSW� IRU� R]RQH��:LWK
FKORULQH�WKH�UHDFWLRQ�WRRN�SODFH�DW�WHPSHUD�
WXUHV� DERYH� ����&�� &DUE\QH� VKRZHG� FKHPL�
FDO� LQHUWQHVV� DSSURDFKLQJ� WR� GLDPRQG� DW
ERLOLQJ�LQ�D�PL[WXUH�RI�QLWURJHQ�DQG�VXOSKX�
ULF� DFLGV� ������ >�@��%XW� WKHVH�DQG�D�QXPEHU
RI�RWKHU�UHVXOWV�REWDLQHG�HDUOLHU�DERXW�WKHU�
PDO� DQG� FKHPLFDO� VWDELOLW\� RI� FDUE\QH� DQG
PDWHULDOV� RQ� LWV� EDVLV�ZHDNO\� FRQIRUP�ZLWK
WKH�UHFHQWO\�REWDLQHG�UHVXOWV�FRQFHUQLQJ�VWD�
ELOLW\�RI�FDUE\QH�OLNH�VWUXFWXUHV�LQFOXGHG�LQ
WKH� VWUXFWXUH� RI� FOXVWHU� FDUERQ� PDWHULDOV�

)LJ�����$WRPLF�PRGHO�RI�D�FDUERQ�FKDLQ�LQVLGH
WKH�IRXU�OD\HU�&17��D��DQG�WUDQVPLVVLRQ�HOHF�
WURQ� PLFURVFRS\� LPDJH� RI� D� KLJK�UHVROXWLRQ
IUDJPHQW�RI�PXOWLOD\HU�&17�FRQWDLQLQJ�LQ�WKH
LQWHUQDO�WXEH�D�FDUERQ�FKDLQ��E��>��@�
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1DQRVWUXFWXUH� FDUERQ� ILOPV� SUHSDUHG� LQ� D
KLJK� YDFXXP� KDV� EHHQ� LQ� VLWX� DQG� H[� VLWX
VWXGLHG� LQ� WKH� ZRUNV� >������@�� 7KH� ILOPV
UHSUHVHQWHG�PDWUL[HV�RI�VS��FDUERQ�ZLWK� LQ�
FOXVLRQV� RI� VS�FDUERQ� FOXVWHUV�� LQ� ZKLFK
SRO\\QH� DQG�SRO\FXPXOHQH� FKDLQV�ZHUH�SUH�
VHQW��6WDELOLW\�RI�WKH�ILOPV�FRQWHQW�LQ�D�KLJK
YDFXXP��DQG�DOVR�DW�HIIHFW�RQ�WKHP�RI�JDVH�
RXV�K\GURJHQ��KHOLXP�DQG�QLWURJHQ�ZDV�GH�
WHFWHG� E\�5DPDQ� VSHFWURVFRS\�PHWKRG��7KH
HIIHFW�RI�GU\�DLU�UHVXOWHG�LQ�GHVWUXFWLRQV�RI
D� VS�IUDFWLRQ�� DV� D� UHVXOW� DQ� HVVHQWLDO� GH�
FUHDVH� LQ� LQWHQVLW\� RI� DQ� DSSURSULDWH� EDQG
�a�����FPÜ���DW�LQYDULDEOH�'�DQG�*�EDQGV�LQ
5DPDQ� VSHFWUD� ZDV� REVHUYHG�� 7KH� RQH� RI
WKHVH�VSHFWUD�LV�VKRZQ�LQ�)LJ����>��@��

)URP�WKH�JLYHQ�ILJXUH�LW�LV�DSSDUHQW�WKDW
WKH�EDQG�a�����FPÜ��LV�VWURQJO\�DV\PPHWUL�
FDO� DQG� LWV� ILWWLQJ� E\� *DXVVLDQ� IXQFWLRQV
JLYHV�WZR�VHSDUDWH�EDQGV�DSSURSULDWH�WR�FX�
PXOHQH� DQG� SRO\\QH�� 7KH� DXWKRUV� RI� WKH
ZRUN�>��@�DOVR�VWXGLHG�VWDELOLW\�RI�WKH�ILOPV
FRPSRVLWLRQ� DW� WKHLU� KHDWLQJ� LQ� WKH� UDQJH
IURP�WKH�URRP�WHPSHUDWXUH�XS�WR�����&�DQG
KDYH� IRXQG� RXW�� WKDW� WKH� VDPSOHV� KHDWLQJ�
HYHQ� D� OLWWOH� ELW� DERYH� WKDW� RI� WKH� URRP
WHPSHUDWXUH��UHVXOWHG�LQ�GHVWUXFWLRQ�RI�FDU�
E\QH� IUDFWLRQ� LQ� WKH� ILOPV�� ,W�ZDV� UHSRUWHG
LQ� >��@� WKDW� WKHUPDO� GHVWUXFWLRQ� RI� FDU�
E\QRLGH� VWUXFWXUHV�� REWDLQHG� WKURXJK� GHK\�
GURFKORULQDWLRQ�RI�SRO\YLQ\OFKORULGH��VWDUWHG
RQO\�DW�KHDWLQJ�DERYH�����&��WKLV�LV� LQGLFD�
WLYH� RI� KLJKHU� WKHUPDO� VWDELOLW\� RI� WKH� UH�
VHDUFKHG� VWUXFWXUHV�� WKDQ� LW� ZDV� LQIRUPHG
LQ�>��@��

&DUE\QH�DQG�D�QXPEHU�RI�PDWHULDOV�EDVHG
RQ� LW�EDVLV�KDYH�WKH�SURSHUWLHV�UDWKHU�YDOX�
DEOH� IRU� WKHLU�ELRPHGLFDO� DSSOLFDWLRQ��7KHVH
DUH� VXFK� SURSHUWLHV�� DV� DEVHQFH� RI� WR[LFLW\�
KLJK� ELRORJLFDO� FRPSDWLELOLW\�� DQG� FKHPLFDO
VWDELOLW\� WR� ELRORJLFDO� OLTXLGV�� KLJK� WKURP�
ERUHVLVWHQFH�DQG�DOVR�DQWLEDFWHULDO�DQG�DQWL�
IXQJDO� DFWLRQ�� 6XFK� YDOXDEOH� SURSHUWLHV
PDNH� LW� SRVVLEOH� WR� XVH� FDUE\QH�EDVHG� FRDW�
LQJV��IRU�H[DPSOH��IRU�FUHDWLRQ�RI�V\QWKHWLF
SURVWKHVHV�RI�EORRG�YHVVHOV�RU�YDULRXV�W\SHV
RI� LPSODQWV�� ZKLFK� DUH� XVHG� LQ� RUWKRSHG\�
XULQRORJ\��VWRPDWRORJ\�HWF��>��Ü��@�

7KHUH� DUH�JUHDW�SRWHQWLDOV� LQ� DSSOLFDWLRQ
RI� VHSDUDWHO\� WDNHQ� FDUE\QH� FKDLQV� LQ
QDQRHOHFWURQLFV��LQ�SDUWLFXODU��WR�UHDOL]DWLRQ
RI� WKH� FDUERQ� HOHFWURQLFV� FRQFHSW� RIIHULQJ
FUHDWLRQ� RI� DOO� XQLWV� RI� HOHFWURQLF� FLUFXLWV
RQO\�RQ�WKH�EDVLV�RI�FDUERQ�PDWHULDOV��7KHR�
UHWLFDO� LQYHVWLJDWLRQV� VKRZ�� WKDW� WKH� OLQHDU
FDUERQ� FKDLQV� FRQVLVWLQJ� RQO\� RI� VS�K\EULG�
L]HG�FDUERQ�DWRPV��VKRXOG�KDYH�SHUIHFW�FRQ�
GXFWLYLW\�� L�H�� WKH\� VKRXOG� KDYH� SURSHUWLHV
RI� TXDQWXP�PROHFXODU� FRQGXFWRUV�ZLWK� �'�

GLPHQVLRQDOLW\� >������@�� 0RUH� VRSKLVWLFDWHG
TXDQWXP�VWUXFWXUH�ZLWK�VWLOO�ZHDNO\�VWXGLHG
SURSHUWLHV��ZKLFK�FDQ�ILQG�EURDG�DSSOLFDWLRQ
LQ� QDQRHOHFWURQLFV�� LV� DOVR� D� XQLW� FDUERQ
FKDLQ� VXUURXQGHG� E\� D� VLQJOH�� RU� PXOWL�
ZDOOHG� FDUERQ� QDQRWXEH� >��Ü��@�� WRJHWKHU
ZLWK� HYHU\� SRVVLEOH� RWKHU� VWUXFWXUHV� FRQ�
WDLQLQJ� FDUERQ� FKDLQV� DQG� &17�� 7KXV�� LW
ZDV�UHYHDOHG��WKDW�WKH�FDUERQ�FKDLQV�ORFDWHG
LQ� WKH� VWUXFWXUHV� ZLWK� &17�� KDYH� UDWKHU
KLJK� WKHUPDO� VWDELOLW\�� ,Q� >��@� WKH� FOXVWHUV
RI� GRXEOH�ZDOOHG� &17�ZHUH� VXEMHFWHG� WR� DQ
DQQHDOLQJ� LQ� WKH� JUDSKLWH� IXUQDFH� DW� WHP�
SHUDWXUH� �����&� LQ� DUJRQ� HQYLURQPHQW�
6XFK�KHDW�WUHDWPHQW�KDV�UHVXOWHG� LQ�IRUPD�
WLRQ� RI� FDUERQ� FKDLQV� LQ� WKH� VSDFH� EHWZHHQ
RXWVLGH�ZDOOV�RI�DGMDFHQW�WXEHV�� ,W�ZDV�VXE�
VWDQWLDWHG�E\�D�KLJK�UHVROXWLRQ�HOHFWURQ�PL�
FURVFRS\� DQG� RFFXUUHQFH� RI� QHZ� EDQG� VDP�
SOHV� DW� ����� FPÜ�� LQ� WKH� 5DPDQ� VSHFWUXP
ZKLFK�ZDV� UHIHUUHG� WR� RVFLOODWRU\�PRGHV� RI
DJDLQ� IRUPHG� FDUERQ� FKDLQV�� 2WKHUZLVH
5DPDQ� VSHFWUXP� GLG� QRW� XQGHUJR� FKDQJHV�
7KHQ� WKH� REWDLQHG� VDPSOHV� ZLWK� FDUERQ
FKDLQV�ZHUH�VXEMHFWHG�WR�D�KHDW�WUHDWPHQW�LQ
WKH� R[\JHQ�FRQWDLQLQJ� HQYLURQPHQW�� 7KH
QHZ�EDQG�UHPDLQHG�VWURQJ�HQRXJK�DIWHU�WKH
KHDW� WUHDWPHQW� DW� ����&�� LW� FRQVLGHUDEO\
ZHDNHQHG�DIWHU�WKH�KHDW�WUHDWPHQW�DW�����&
DQG�DIWHU�WKH�KHDW�WUHDWPHQW�DW�����&�IDGHG
DEVROXWHO\�� ,Q� >��@� WKHUH� ZDV� GHYHORSHG� DQ
RULJLQDO� WHFKQRORJ\� RI� REWDLQLQJ� QDQRVWUXF�
WXUHV� UHSUHVHQWLQJ�&17�� LQVLGH�ZKLFK� WKHUH
DUH� WZR� RWKHU� &17V�� EULGJHG� DPRQJ� WKHP�
VHOYHV�E\�WKH�FKDLQ�RI�FDUERQ�DWRPV��)LJ�����

7KH�DXWKRUV�PDUN�D�VXIILFLHQWO\�KLJK�VWD�
ELOLW\� RI� VXFK� D� QDQRVWUXFWXUH�� ZKLFK� GLG
QRW� IDLO� XQGHU� WKH� DFWLRQ� RI� DQ� HOHFWURQ
EHDP� ZLWKLQ� ��� VHFRQGV�� %\� WKH� UHVXOWV� RI
PROHFXODU�G\QDPLF�PRGHOLQJ� WKH\� FRQFOXGH�
WKDW�VXFK�QDQRVWUXFWXUH��ZKLFK�FDQ�ILQG�DS�
SOLFDWLRQ� LQ� QDQRHOHFWURQLFV�� FDQ� EH� VWDEOH
XS�WR�WKH�WHPSHUDWXUH�RI������.��+RZHYHU�

)LJ�����)UDJPHQW�RI�5DPDQ�VSHFWUD��WDNHQ�LQ
VLWX��XSSHU��DQG�H[�VLWX��ORZHU��
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WKLV� FRQFOXVLRQ� KDV� QRW� EHHQ� \HW� FRQILUPHG
H[SHULPHQWDOO\�

2ZLQJ�WR�WKH�XQLTXH�HOHFWURQLF�VWUXFWXUH
RI�FDUE\QH�DQG�GLIIHUHQW�VWUXFWXUHV�EDVHG�RQ
LW� KDYH� D� QRQ�OLQHDU� RSWLFDO� VHQVLWLYLW\� DQG
K\SHUSRODUL]DELOLW\� >��@�� WKDW� LV� YDOXDEOH
ZKHQ� GHYHORSLQJ� GLIIHUHQW� HOHFWURRSWLFDO
V\VWHPV�� 7KH� IHDVLELOLW\� RI� REWDLQLQJ� D� IHU�
URPDJQHWLF� VWDWH� LV� DOVR�GHPRQVWUDWHG� >��@�
WKH�SUREDELOLW\�RI�H[LVWHQFH�RI�VXSHUFRQGXF�
WLYLW\�LQ�FDUE\QH�OLNH�VWUXFWXUHV�LV�DOVR�VXS�
SRVHG�>�����@��0RUHRYHU��WKH�PDWHULDOV�EDVHG
RQ� FDUE\QH� KDYH� DOVR� GHPRQVWUDWHG� LQWHUHVW�
LQJ� PDJQHWR�UHVLVWDQFH� DQG� WKHUPRHOHFWULF
SURSHUWLHV��ZKLFK�FDQ�ILQG�SUDFWLFDO�XVH�>��@�

&DUE\QH�DV�D�QDQRFOXVWHU
PDWHULDO�

,Q�UHVHQW�\HDUV�FOXVWHUV�DQG�FOXVWHU�PDWH�
ULDOV�DWWUDFW� WKH� LQFUHDVLQJ�DWWHQWLRQ�RI�H[�
SHUWV� RI� GLIIHUHQW� SURILOH�� EHFDXVH� LQ� FRP�
SDULVRQ�ZLWK� FRQYHQWLRQDO�PDWHULDOV� KDYLQJ
KRPRJHQHRXV� VWUXFWXUH� DQG� FRPSRVLWLRQ�
FOXVWHUV� KDYH� VSHFLDO� HOHFWULFDO�� RSWLFDO�
PDJQHWLF�� PHFKDQLFDO� HWF�� SURSHUWLHV� >��Ü
��@��$�QXPEHU�RI�WKH�WKHRUHWLFDO�DQG�H[SHUL�
PHQWDO� ZRUNV� SXEOLVKHG� UHFHQWO\� WHVWLILHV
YDOLGLW\� RI� FDUE\QH�FRQWDLQLQJ� � PDWHULDOV
FRQVLGHUDWLRQ� DV� FOXVWHU�PDWHULDOV�ZLWK� GLI�
IHUHQW�GHJUHH�RI�RUGHULQJ��$Q�HVWLPDWLRQ�RI
WKH�TXDQWLWDWLYH� FRQWHQWV�RI� FDUE\QH� FKDLQV
LQ�WKH�QDQRFOXVWHU�PDWHULDO�LV�JLYHQ�LQ�VRPH
RI� WKHP��7KH�5DPDQ�VSHFWURVFRS\� LV�RQH�RI
WKH�EDVLF�PHWKRGV� IRU�GHWHUPLQDWLRQ�D� W\SH
RI� FDUERQ� DWRPV� K\EULGL]DWLRQ� LQ� D� VDPSOH
>��@�� ,W� ZDV� HVWDEOLVKHG� LQ� >��@�� WKDW� LQ
DPRUSKRXV� GLDPRQG�OLNH� ILOPV� RI� FDUERQ�
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RI�MXPS�FRQGXFWLYLW\��LW�ZDV�IRXQG��WKDW�WKH
LQFUHDVH�LQ�SDUW�RI�VS��ERQG�LQ�FDUE\QH�VDP�
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WKH�IHDWXUHV�RI�FOXVWHU�FDUERQ�PDWHULDO�FRQ�
GXFWDQFH� JLYHV� WKH� SRVVLELOLW\� WR� HVWLPDWH
DSSUR[LPDWHO\�VL]H�RI�WKH�FOXVWHUV�LQ�LW��,W�LV
UHSRUWHG�LQ�>��@��WKDW�SK\VLFDO�SURSHUWLHV�RI
WKH� V\QWKHVL]HG� FDUE\QH�FRQWDLQLQJ� VROLG�
VWDWH�VDPSOHV�FDQ�EH�GHVFULEHG�LQ�WKH�IUDPH�
ZRUN� RI� WKH� PRGHO� RI� QDQRFOXVWHU� PDWHULDO
ZLWK� W\SLFDO�GLPHQVLRQV� RI� FDUE\QH�FOXVWHUV
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SKDVHV� ZLWK� GLIIHUHQW� VSDWLDO� GLVWULEXWLRQ
DQG�TXDQWLWDWLYH�UDWLR�EHWZHHQ�WKHP��ZKLFK
FDQ� FKDQJH� LQ� WLPH�RU�DW�YDULDWLRQ�RI� WKHU�
PRG\QDPLF�FRQGLWLRQV��7KXV� LW� LV�VXSSRVHG�
WKDW� LQVLGH� WKH� FOXVWHU� WKH� DWRPV�RI� FDUERQ
KDYH�WKH�VDPH�K\EULGL]DWLRQ�DQG�RQO\�RQ�WKH
ERXQGDU\� RI� FOXVWHUV��ZKHUH� WKHLU� LQWHUFRQ�
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FRQVLVWLQJ�RI�K\EULG� FDUERQ�SKDVHV� DUH� DOVR
FRQVLGHUHG� LQ� WKH� VFLHQWLILF� OLWHUDWXUH� QRZ�
2QH�RI� VXFK� VWUXFWXUHV��ZKHUH� WKH�SUHVHQFH
RI� FRQVLGHUDEOH� TXDQWLW\� RI� FDUE\QH� FKDLQV
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