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�ĞƐŝŐŶĂƚŝŽŶ�͗h/��͗^ƵƉĞƌǀŝƐŽƌ�EĂŵĞ�͗ DĂŶŝƐŚ��ŚĂǁĂŶ ϭϰϲϯϬ �ƐƐŝƐƚĂŶƚ�WƌŽĨĞƐƐŽƌ
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,� KHUHE\� FHUWLI\� WKDW� WKH� ZRUN� EHLQJ� SUHVHQWHG� LQ� WKH� GLVVHUWDWLRQ� HQWLWOHG� ³0HFKDQLFDO�
FKDUDFWHUL]DWLRQ RI� IXQFWLRQDOL]HG� &17 UHLQIRUFHG� QDWXUDO� UXEEHU SRO\PHU´� LQ� SDUWLDO�
IXOILOOPHQW� RI� WKH� UHTXLUHPHQW� RI� WKH� DZDUG� RI� WKH� 'HJUHH� RI� PDVWHU� RI� WHFKQRORJ\� DQG�
VXEPLWWHG�WR� WKH�'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ�RI�/RYHO\�3URIHVVLRQDO�8QLYHUVLW\��
3KDJZDUD��LV�DQ�DXWKHQWLF�UHFRUG�RI�P\�RZQ�ZRUN�FDUULHG�RXW�XQGHU�WKH�VXSHUYLVLRQ�RI�0DQLVK�
'KDZDQ��$VVLVWDQW� 3URIHVVRU� 'HSDUWPHQW� RI�0HFKDQLFDO� (QJLQHHULQJ�� /RYHO\� 3URIHVVLRQDO�
8QLYHUVLW\��7KH�PDWWHU�HPERGLHG�LQ�WKLV�GLVVHUWDWLRQ�KDV�QRW�EHHQ�VXEPLWWHG�LQ�SDUW�RU�IXOO�WR�
DQ\�RWKHU�8QLYHUVLW\�RU�,QVWLWXWH�IRU�WKH�DZDUG�RI�DQ\�GHJUHH��
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7KLV�LV�WR�FHUWLI\�WKDW�WKH�DERYH VWDWHPHQW�PDGH�E\�WKH�FDQGLGDWH�LV�FRUUHFW�WR�WKH�EHVW�RI�P\�
NQRZOHGJH�
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,W� LV� D� KLJKO\� HYHQWIXO� VHVVLRQ� DW� WKH� /29(/<� 352)(66,21$/� 81,9(56,7<��
3+$*:$5$� ZRUNLQJ� ZLWK� KLJKO\� GHYRWHG� PHFKDQLFDO� WHDFKHU
V� FRPPXQLW\� DQG� ZLOO�
SUREDEO\�UHPDLQ�WKH�PRVW�PHPRUDEOH�H[SHULHQFH�RI�P\�OLIH��+HQFH�WKLV�DFNQRZOHGJHPHQW�LV�D�
KXPEOH�DQ�DWWHPSW�WR�HDUQHVWO\�WKDQNV�WR�DOO�WKRVH�ZKR�DUH�GLUHFWO\�DQG�LQGLUHFWO\�LQYROYHG�LQ�
P\�SURMHFW�ZRUN�DQG�ZKHUH�RI�LPPHQVH�KHOS�WR�PH�
,�ZLVK�WR�H[SUHVV�P\�SURIRXQG�WKDQNV�WR�P\�JXLGH��$VVW��3URIHVVRU��0U��0DQLVK�'KDZDQ�ZKR�
JXLGHG�PH�WKURXJKRXW�P\�SURMHFW�UHSRUW�DQG�KHOSHG�PH�LQ�FUHDWLQJ�P\�SURMHFW�UHSRUW��+LV�LGHDV�
DQG�KHOS�SURYHG�WR�EH�H[WUHPHO\�YDOXDEOH�GXULQJ�WKH�FUHDWLRQ�RI�WKH�UHSRUW��,�KLJKO\�LQGHEWHG�
WR�RXU�KHDG�RI�GHSDUWPHQW�IRU�SURYLGLQJ�PH�WKLV�RSSRUWXQLW\�WR�SUHSDUH�WKLV�UHSRUW��)LQDOO\��,�
DOVR�WKDQN�P\�IDPLO\�PHPEHUV��$OO�WKHVH�KDYH�PDGH�P\�SURMHFW�VXFFHVV�
7KDQNV�WR�DOO�

'HHSDN�6KDUPD
5HJG��1R����������
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/LVW�RI�)LJXUHV��
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)LJXUH�����0ROHFXODU�PRGHO�RI����UHSHDW�XQLWV�RI���15�FKDLQ�FRQVLVWLQJ�RI�����DWRPV� ���������� �
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/LVW�RI�DEEUHYLDWLRQV��
�� &17� &DUERQ�QDQRWXEH
�� 6:17� 6LQJOH�ZDOOHG�FDUERQ�QDQRWXEH
�� 0:17� �0XOWLZDOOHG�FDUERQ�QDQRWXEH
�� 15� �1DWXUDO�5XEEHU
�� 870� �8QLYHUVDO�WHVWLQJ�PDFKLQH
�� &9'� �&KHPLFDO�YDSRXU�GHSRVLWLRQ
�� 0'� �0ROHFXODU�'\QDPLFV
�� 39&� �3RO\YLQ\O�FKORULGH
�� 7(0� �7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\
��� $)0� $WRPLF�IRUFH�PLFURVFRS\
��� 6(0� VFDQQLQJ�HOHFWURQ�PLFURVFRS\
��� ;36� ;�UD\�SKRWRHOHFWURQ�VSHFWURVFRS\
��� ,*&  ,QYHUVH�JDV�FKURPDWRJUDSK\
��� 7*$� �7KHUPDO�JUDYLPHWULF�DQDO\VLV



ϭ

&KDSWHU��
,1752'8&7,21

&DUERQ� QDQRWXEH�&17�� FDQ� VLPSO\� EH� GHVFULEHG� DV� VKHHW� RI� JUDSKHQH� WUDQVIRUPHG� LQWR� D�
F\OLQGHU��,Q�VWUXFWXUDO�IRUP��&17�LV�FRQVWUXFWHG�IURP�KH[DJRQDO�ULQJV�RI�FDUERQ��7KH\�FDQ�EH�
VLQJOH�OD\HUHG�RU�PXOWL�OD\HUHG��DQG�IURP�WKLV�OD\HULQJ�ZH�GHULYH�LWV�W\SHV�L�H��LI�&17�LV�VLQJOH�
OD\HUHG�LW�LV�FDOOHG�DV�6LQJOH�ZDOOHG�FDUERQ�QDQRWXEH�6:17���RU�LI�LW�LV�PXOWL�OD\HUHG�LW�LV�FDOOHG�
DV�0XOWL� ZDOOHG� FDUERQ� QDQRWXEH�0:17��� $� VLPSOH� FODVVLILFDWLRQ� RI� &17� LV� GHSLFWHG� LQ�
)LJ���>�@ %\�QRZ��&17V�KDYH�DOUHDG\�DWWUDFWHG�D�ORW�RI�UHVHDUFKHUV�EHFDXVH�RI�WKHLU�HPLQHQW�
SK\VLFDO�SURSHUWLHV� WKDW� LQFOXGHV�PHFKDQLFDO�� WKHUPDO�DV�ZHOO�DV�HOHFWULFDO�SURSHUWLHV��&17V�
ZHUH�XQNQRZQ�WKUHH�GHFDGHV�DJR��,W�ZDV�\HDU������ZKHQ�&17V�ZHUH�GLVFRYHUHG�E\�,LMLPD�>�@��
,Q�UHFHQW�\HDUV��PRUH�H[FLWHPHQW�KDV�EHHQ�VSDUNHG�IRU�WKHLU�XQGHUVWDQGLQJ�DQG�D�ODUJH�DPRXQW�
RI�VWXG\�KDV�EHHQ�SHUIRUPHG��&XUUHQWO\��WKH�SK\VLFDO�SURSHUWLHV�DUH�VWLOO�EHLQJ�GLVFRYHUHG�DQG�
GLVSXWHG��$�EURDG�UDQJH�RI�WKHUPDO��VWUXFWXUDO�DQG�HOHFWURQLF�SURSHUWLHV�KDYH�EHHQ�VKRZQ�E\�
WKH�&17��7KHVH�SURSHUWLHV�YDU\�ZLWK�WKH�QDQRWXEH�W\SHV�ZKLFK�DUH�QRW�MXVW�FRQILQHG�WR�6:17�
RU�0:17��EXW�W\SHV�DUH�QXPHURXV�EDVHG�RQ�WKHLU�OHQJWK��DVSHFW�UDWLR��IXQFWLRQDO�JURXS�DWWDFKHG�
RU�DQJOH�RI�WZLVW�HWF��,Q�PRVW�RI�WKH�FDVHV��HYHQ�VWHHO�DQG�.HYODU�KDYH�D�ORZHU�WHQVLOH�VWUHQJWK�
WKDQ�WKH�&DUERQ�QDQRWXEHV��6LQFH�PDQ\�UHVHDUFKHUV�KDYH�GRQH�D�JUHDW�MRE�ZLWK�UHVSHFW�WR�&17V��
WKHUH�LV�D�KLGGHQ�]RQH�DQG�WKDW�LV�FRPSRVLWHV�EDVHG�RQ�&17V��$OWKRXJK�QXPHURXV�UHVHDUFKHV�
DUH�GRQH�LQ�WKLV�FDVH�DOVR�ZLWK�YDU\LQJ�UHVLQV�EXW�PXFK�PRUH�FDQ�EH�GRQH�KHUH��5HVHDUFKHUV�LQ�
WKH�SXUVXLW�RI�EHWWHU�SK\VLFDO�SURSHUWLHV�KDYH�WHVWHG�DQG�WULHG�PDQ\�FRPSRVLWHV�OLNH�HSR[\�RU�
SRO\SURS\OHQH�HWF��4XLWH�DQ�XQWRXFKHG�DUHD�LV�IXQFWLRQDOL]DWLRQ RI�&17V��LQ�ZKLFK�YHU\�OHVV�
UHVHDUFK� KDV� EHHQ� GRQH�� 6R�� WKLV� VWXG\� LV�PRUH� IRFXVHG RQ� IXQFWLRQDOL]DWLRQ RI�&17�EDVHG�
FRPSRVLWHV�DQG�WKH�UHVLQ�FKRVHQ�LV�QDWXUDO�UXEEHU��7KLV�VWXG\�LV�EDVHG�RQ�6:17�W\SH�RI�&17��
PL[HG�ZLWK�QDWXUDO�UXEEHU�DV�UHLQIRUFHPHQW��DQG�)XQFWLRQDOL]DWLRQ RI�&17�EDVHG�FRPSRVLWHV��
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)LJXUH�� ��7\SHV�RI�&17
���� 7\SHV�RI�&17
�������6LQJOH�ZDOOHG�FDUERQ�QDQRWXEH��6:17�
%\�UROOLQJ� D� VKHHW�RI�JUDSKLWH�DORQJ�FKLUDO� D[LV�ZH�FDQ�JHW� VLQJOH�ZDOOHG�QDQRWXEH��6:17�
FDUULHV�YHU\�ODUJH�GHQVLW\�RI�FXUUHQW�ZLWKRXW�KHDWLQJ�EHFDXVH�RI�LWV�EDOOLVWLF�QDWXUH�RI�FRQGXFWLRQ�
RI� HOHFWURQV� DQG� SKRWRQV�� &DUERQ�PDWHULDOV� KDYH� H[FHOOHQW� WKHUPDO� FRQGXFWLYLW\�� HOHFWULFDO�
FRQGXFWLYLW\��VSHFLILF�KHDW�FDSDFLW\��,WV�VWUXFWXUH�LV���GLPHQVLRQDO�D[LDO�V\PPHWU\��6:17�FDQ�
EH�SURGXFHG�E\�SODFLQJ�D�VPDOO�DPRXQW�RI�LURQ�D�GLPSOH�LQ�D�FDWKRGH�DQG�PL[WXUH�RI�EHQ]HQH�
DQG�DUJRQ�DWPRVSKHUH�LV�YHU\�QHFHVVDU\�LQ�WKLV�PHWKRG��7KLV�PHWKRG�LV�FDOOHG�DUF�GLVFKDUJH�
PHWKRG��6:17�FDQ�DOVR�EH�SURGXFHG�E\�HYDSRUDWLRQ�RI�KRW�WUDQVLWLRQ�PHWDO�FRQWDLQLQJ�FDUERQ�
DQG�IROORZHG�E\�FRQGHQVDWLRQ�FROG�ILQJHU��6LQJOH�ZDOOHG�FDUERQ�QDQRWXEHV�FDQ�EH�FUHDWHG�LQ�
GLIIHUHQW�GHVLJQ�VXFK�DV�&KLUDO��=LJ]DJ�DQG�$UPFKDLU��7KH�&17�GHVLJQ�GHSHQGV�RQ�WKH�PHWKRG�
RI�ZUDSSLQJ�JUDSKHQH�LQWR�D�F\OLQGHU��)RU�H[DPSOH��RQH�GHVLJQ�FDQ�EH�IRUPHG�E\�UROOLQJ�WKH�
SDSHU�IURP�LWV�FRUQHU�DQG�RWKHU�GHVLJQ�FDQ�EH�FUHDWHG�E\�UROOLQJ�WKH�VKHHW�RI�SDSHU�IURP�LWV�
HGJH��

)LJXUH�� ��0ROHFXODU�PRGHO�RI�6:17������



ϯ

1DQRWXEH¶V�HOHFWULFDO�SURSHUWLHV�FDQ�EH�GLUHFWO\�DIIHFWHG�E\�LWV�GHVLJQ��7KH�QDQRWXEH�ZLOO�EH�
FDOOHG�DV�PHWDOOLF��KLJKO\�FRQGXFWLQJ��ZKHQ�Q�� P�LV�D�PXOWLSOH�RI����RWKHUZLVH�WKH�QDQRWXEH�LV�
D�VHPLFRQGXFWRU��7KH�$UPFKDLU�GHVLJQ�LV�DOZD\V�PHWDOOLF�ZKLOH�RWKHU�GHVLJQV�FDQ�PDNH�WKH�
QDQRWXEH� D� VHPLFRQGXFWRU�� 6:17�FDQ�EH� FDWHJRUL]HG� DV� $UPFKDLU� W\SH�� =LJ]DJ� W\SH� DQG�
FKLUDO�W\SH��,W�KDV�EHHQ�GLVFXVVHG�EHORZ�
�L��$UPFKDLU�7\SH�&17
7KH�W\SH�RI�&17�DV�VKRZQ�LQ�)LJ����LV�DQ�DFKLUDO�QDQRWXEH�DQG�LW�KDV�EHHQ�GHFLGHG�RQ�EDVLV�RI�
³6\PPHWULF�FODVVLILFDWLRQ´��DFKLUDO�PHDQV�WKH�QDQRWXEH�VWUXFWXUH�LV�V\PPHWULFDO��:KHQ�FKLUDO�
YHFWRU�EHFRPHV�Q� �P��WKHQ�&KLUDO  ��Q��Q���7KH�YDOXH�RI�FKLUDO�DQJOH��ș��LV������ZH�FDOO LW�DV�
DUPFKDLU�

)LJXUH�� ��$UPFKDLU�6:17
�LL��=LJ]DJ�7\SH�&17
:KHQ�FKLUDO�YHFWRU�EHFRPHV��P� ����WKHQ�&KLUDO  ��Q������7KH�DQJOH�RI�FKLUDOLW\��ș��LV�����:H�
WHUP�LW�DV�=LJ�=DJ�W\SH�RI�&17��DQG�LW�LV�VKRZQ�LQ�)LJ���

)LJXUH�� ��=LJ]DJ�6:17
�LLL��&KLUDO�7\SH�&17
7KH�QDQRWXEH�LV�ZLWK�D�VSLUDO�V\PPHWU\�LV�FDOOHG�DV�FKLUDO�DQG�LW�GRHV�QRW�JLYH�LW�D�PLUURU�LPDJH��
$�FKLUDO�QDQRWXEH�KDV�JHQHUDO�Q�DQG�P�YDOXHV��WKHUHIRUH�&KLUDO  ��Q��P���7KH�DQJOH�RI�FKLUDOLW\�
�ș��OLHV�LQ�EHWZHHQ���DQG�����WKHUHIRUH������ș��������LW�LV�GHSLFWHG�LQ�ILJ���



ϰ

)LJXUH�� ��&KLUDO�&17
�������0XOWL�:DOOHG�&DUERQ�1DQRWXEH�6WUXFWXUH
0XOWL�ZDOOHG�&17�FDQ�EH�SURGXFHG�E\�HYDSRUDWLRQ�RI�FDUERQ�IURP�DQRGH�DQG�GHSRVLWLRQ�DW�
FDWKRGH�� &9'� JURZQ� FDUERQ� QDQRWXEH� LV� LPSXUH� LQ� FRPSDULVRQ� WR� DUF� GLVFKDUJH� FDUERQ�
QDQRWXEH��,W�KDSSHQV�GXH�WR�WKH�SUHVHQFH�RI�1DQR�FDWDO\VW�SDUWLFOHV��0:17�VWUXFWXUHV�JURZQ�
E\�WKH�&9'�SURFHVV�DUH�KLJK�GHIHFW�GHQVLWLHV�SURQH�DQG�WKLV�LV�WKH�PDMRU�GUDZEDFN�RI�WKLV�&9'�
WHFKQLTXH��0:17�LV�ILYH�WLPHV�VWURQJHU�WKDQ�FDUERQ�ILEHU��
�����3URGXFWLRQ�RI�&17
7KHUH�DUH�PDQ\�PHWKRGV�DYDLODEOH�ZKLFK�LV�EHLQJ�XVHG�IRU�SURGXFLQJ�FDUERQ�QDQRWXEH��VRPH�
RI�WKHP�DUH�GLVFXVVHG�KHUH�
�������$UF�'LVFKDUJH�0HWKRG
&DUERQ�DUF�GLVFKDUJH�PHWKRG�LV�PRVW�FRPPRQO\�XVHG�PHWKRG�IRU�SURGXFLQJ�&17�LQ�HDV\�ZD\��
%\�XVLQJ� WKLV�PHWKRG��&17�FDQ�EH�VHSDUDWHG�IURP�FDWDO\WLF�PHWDOV�DQG�VRRW�E\� WKH�KHOS�RI�
SURGXFHG� FRPSOH[� FRPSRQHQWV�� &17� DUH� SURGXFHG� E\� XVLQJ� $UF� YDSRUL]DWLRQ� DQG� LQ� WKLV�
PHWKRG�WZR�FDUERQ�DWRPV�ZLOO�EH�SODFHG�LQ�DQ�HQFORVXUH�IURP�HQG�WR�HQG�DQG�ZLOO�EH�VHSDUDWHG�
E\���PP��8VXDOO\�,QHUW�JDV�LV�ILOOHG�LQ�WKH�HQFORVXUH�DW�ORZ�SUHVVXUH��$�GLUHFW�FXUUHQW�RI����WR�
����$�EHWZHHQ�WZR�HOHFWURGHV�LV�DSSOLHG�IRU�FUHDWLQJ�D�KLJK�WHPSHUDWXUH�GLVFKDUJH��%\�WKH�KLJK�
WHPSHUDWXUH�GLVFKDUJH�FDUERQ�HOHFWURGHV�VXUIDFH�JHWV�YDSRUL]HG�DQG�WKXV�D�VPDOO�HOHFWURGH��URG�
VKDSHG�� JHWV� IRUPHG�� ,Q� KLJK� \LHOG� WKH� &17� SURGXFWLRQ� LV� IXOO\� GHSHQGHQW� RQ� SODVPD� DUF�
XQLIRUPLW\��&17�FDQ�DOVR�EH�SURGXFHG�ZLWK�OLTXLG�QLWURJHQ�E\�DUF�GLVFKDUJH�PHWKRG�
�������/DVHU�0HWKRG
,Q� ������ IRU� SURGXFLQJ� &17� D� WHFKQLTXH� ZDV� XVHG� FDOOHG� DV� D� GXDO�SXOVHG� ODVHU�� 7KLV�
V\QWKHVL]LQJ�WHFKQLTXH�ZDV�SURGXFHG�&17�ZLWK�SXULW\�RI�������1RZDGD\V��IRU�SURGXFLQJ�&17�
ODVHU�YDSRUL]DWLRQ�SURFHVV�LV�EHLQJ�XVHG��,Q�WKLV�SURFHVV�SURGXFHG�&17�DUH�KDYLQJ�GLDPHWHU�
��±���QP�PRUH�DQG������P�RU�PRUH�LQ�OHQJWK��$YHUDJH�GLDPHWHU�DQG�VL]H�GLVWULEXWLRQ�IRU�&17�
GHSHQGV� RQ� FDWDO\VW� FRPSRVLWLRQ�� JURZWK� WHPSHUDWXUH� DQG� RWKHU� SURFHVV� SDUDPHWHUV�� )RU�



ϱ

SURGXFLQJ�KLJK�TXDOLW\�&17�LQ�VPDOO�DPRXQW�ODVHU�YDSRUL]DWLRQ�DQG�DUF�GLVFKDUJH�PHWKRGV�DUH�
XVHG�LQ�UHFHQW�\HDUV��7KHVH�WZR�PHWKRGV�DUH�DOVR�KDYLQJ�VRPH�GUDZEDFNV�OLNH��
����(YDSRUDWLRQ�RI�FDUERQ�VRXUFH�LV�EHLQJ�XVHG�LQ�WKLV�PHWKRG�DQG�IRU�VFDOH�XS�WKH�SURGXFWLRQ�
ZLWK�LQGXVWULDO�VWDQGDUG�LW�IROORZV�DQ�XQFOHDU�DSSURDFK�
���� 7KH� SURGXFHG� &17� JHW� PL[HG� ZLWK� UHVLGXHV� RI� FDUERQ� LQ� WKH� DUF� GLVFKDUJH� PHWKRG��
7KHUHIRUH��SXULILFDWLRQ��PDQLSXODWLRQ�DQG�DVVHPEOLQJ�RI�&17�IRU�EXLOGLQJ�QDQRWXEH�GHYLFH�
DUFKLWHFWXUHV�IRU�SUDFWLFDO�DSSOLFDWLRQV�LV�TXLWH�GLIILFXOW�
�������&KHPLFDO�9DSRXU�'HSRVLWLRQ
,Q� WKLV�SURFHVV��E\�FDWDO\WLF�&9'�RI�DFHW\OHQH�&17�LQ� ODUJH�DPRXQW�FDQ�EH�SURGXFHG�RYHU�
FREDOW�DQG�LURQ��$ORQJ�ZLWK�WKH�0:17�IXOOHUHQHV�DQG�EXQGOHV�RI�6:17�FDQ�EH�SURGXFHG�E\�
WKH� FDUERQ�]HROLWH� FDWDO\VW��$W� �����&� KLJK� \LHOGV� RI� 6:17� FDQ� EH� REWDLQHG E\�&DWDO\WLF�
GHFRPSRVLWLRQ�RI�+��&+� PL[WXUH�RYHU�QLFNHO�� LURQ�DQG�FREDOW�� ,Q�WKLV�PHWKRG�E\�XVLQJ�WKH�
GHFRPSRVLWLRQ�RI�&+� RYHU�WKH�QHZO\�IRUPHG�QDQRSDUWLFOHV�ORZHU�SURSRUWLRQV�RI�0:17�DQG�
KLJKHU�SURSRUWLRQV�RI�6:17�FDQ�EH�DFKLHYHG�
�������%DOO�0LOOLQJ
%DOO�PLOOLQJ� LV� RQH� RI� WKH� VLPSOH�PHWKRGV� IRU� SURGXFLQJ� WKH�&17� IROORZHG�E\� VXEVHTXHQW�
DQQHDOLQJ��)URP�ERURQ�QLWULGH�SRZGHU�DQG�FDUERQ�&17�FDQ�EH�SURGXFHG�E\�WKHUPDO�PLOOLQJ��
,Q�WKLV�PHWKRG�� LQ�D�VWDLQOHVV�VWHHO�FRQWDLQHU�ZKLFK�FRQVLVWV�RI�IRXU�KDUGHQHG�VWHHO�EDOOV� WKH�
JUDSKLWH�SRZGHU�ZLOO�EH�SODFHG��$W�URRP�WHPSHUDWXUH��IRU�PLOOLQJ�SURFHVV�DUJRQ�LV�LQWURGXFHG�
IRU�XS�WR����K�DQG�WKH�VWHHO�FRQWDLQHU�LV�SXUJHG�XVLQJ�WKH�PLOOLQJ�SURFHVV��XQGHU�DQ�LQHUW�JDV�
IORZ�DW������& IRU��K�WKH�JUDSKLWH�SRZGHU�LV�DQQHDOHG��0RUH�0:17�DQG�IHZ�6:17�FDQ�EH�
SURGXFHG�E\�WKLV�PHWKRG�
�������2WKHU�0HWKRGV
&17�FDQ�DOVR�EH�SURGXFHG�XVLQJ�IODPH�V\QWKHVLV��HOHFWURO\VLV��V\QWKHVLV�IURP�EXON�SRO\PHU��
XVH�RI�VRODU�HQHUJ\�DQG� ORZ�WHPSHUDWXUH�VROLG�S\URO\VLV�� ,Q�HOHFWURO\VLV�PHWKRG��DQ�HOHFWULF�
FXUUHQW� LV� EHLQJ� LQ�PROWHQ� LRQLF� VDOW� EHWZHHQ�JUDSKLWH� HOHFWURGHV� IRU�SURGXFLQJ�&17��$V�D�
FDWKRGH�KLJK�SXULW\�FDUERQ�URG� LV�XVHG��%\�FRQVXPLQJ� WKH�FDWKRGH�DW�KLJK�PHOWLQJ�SRLQW��D�
EURDG� UDQJH� RI� &17� DUH� SURGXFHG�� ,Q� WKH� IODPH� V\QWKHVLV� PHWKRG�� IRU� IXQFWLRQLQJ� WKH�
K\GURFDUERQ�UHDJHQWV�DW�DQ�HOHYDWHG�WHPSHUDWXUH�D�SRUWLRQ�RI�WKH�K\GURFDUERQ�JDV�
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�����3URSHUWLHV�RI�&17
&17�KDYH�H[WUD�RUGLQDU\�PHFKDQLFDO��WKHUPDO�DQG�HOHFWULFDO�SURSHUWLHV�DQG�RQO\�FDUERQ�DWRPV�
UHDUUDQJHPHQW� DUH� UHVSRQVLEOH� IRU� WKHVH� XQLTXH SURSHUWLHV�� 6RPH� RI� WKH� SURSHUWLHV� DUH� DV�
IROORZV�
�������(OHFWULFDO�&RQGXFWLYLW\
0HWDOOLF� &17� DUH� KLJKO\� HOHFWULFDO� FRQGXFWLYH� PDWHULDO�� &RQGXFWLYLW\� RI� &17� FDQ� EH�
GHWHUPLQHG� E\� FKLUDOLW\�� 'HSHQGLQJ� XSRQ� FKLUDO� D[LV�� ERWK� WKH� PHWDOOLF� DV� ZHOO� DV�
VHPLFRQGXFWLQJ� SURSHUWLHV� FDQ� EH� H[KLELWHG� E\� &17�� ,Q� FDVH� RI� 0:17�� LWV� HOHFWULFDO�
FRQGXFWLYLW\� LV� YHU\� FRPSOH[� GXH� WR� QRQ�XQLIRUP� GLVWULEXWLRQ� RI� FXUUHQW� E\� LQWHU�ZDOO�
LQWHUDFWLRQ�RYHU�WKH�LQGLYLGXDO�WXEH��+RZHYHU��LQ�FDVH�RI�PHWDOOLF�6:17��LW�KDV�EHHQ�REVHUYHG�
WKDW�FXUUHQW�LV�XQLIRUPO\�GLVWULEXWHG�DFURVV�GLIIHUHQW�SDUWV�RI�PHWDOOLF�6:17�
�������6WUHQJWK�DQG�(ODVWLFLW\
&17�DFWV�DV�DQ�XOWLPDWH�KLJK�VWUHQJWK�ILEHU��6:17�KDV�KLJKHU�PRGXOXV�RI�HODVWLFLW\�WKDQ�VWHHO�
DQG�LW�PDNHV�LW�DV�D�KLJKO\�UHVLVWDQW�ILEHU��$OWKRXJK &17�FDQ�EHQG�RQ�SUHVVLQJ�RQ�WKH�WLS�DQG�
LW�UHWDLQV�LWV�RULJLQDO�VWDWH�ZKHQ�IRUFHV�ZLOO�UHPRYH��,W�KDV�EHHQ�UHSRUWHG�WKDW�6:17V�DUH�KDYLQJ�
\RXQJ¶V�PRGXOXV�RI�HODVWLFLW\�LV�DERXW��7SD�
�������7KHUPDO�&RQGXFWLYLW\�DQG�([SDQVLRQ
,Q� JUDSKHQH� VKHHW� FDUERQ�DWRPV DUH� VWURQJO\�ERQGHG�ZLWK� WKUHH� FDUERQ� DWRPV�DQG�GXH� WKLV�
VWURQJ� LQ�SODQH� ERQGLQJ� SURSHUWLHV�&17� FDQ� VKRZ�SURSHUWLHV� OLNH� VXSHUFRQGXFWLYLW\� EHORZ�
��.��&17�DUH�KDYLQJ�H[WUDRUGLQDU\�VWUHQJWK�DQG�VWLIIQHVV�DJDLQVW�D[LDO�VWUDLQV�RQO\�GXH�WKH�
VWURQJ� &�&� FKHPLFDO� ERQGLQJ��0RUHRYHU�� 6:17� H[KLELW� KLJK� IOH[LELOLW\� DJDLQVW� QRQ�D[LDO�
VWUDLQV�GXH�WR�]HUR�LQ�SODQH�WKHUPDO�H[SDQVLRQ�DQG�WKH�JUHDWHU�LQWHU�SODQH��
�������)LHOG�(PLVVLRQ
)LHOG� HPLVVLRQ�SKHQRPHQRQ�FDQ�EH�REVHUYHG�ZKHQ� IURP�PHWDO� WLS� WR�YDFXXP� WXQQHOLQJ RI�
HOHFWURQV�RFFXUV�E\�WKH�VWURQJ�HOHFWULF�ILHOG��,W�UHVXOWV�IURP�VPDOO�GLDPHWHU�RI�QDQRWXEHV�DQG�
WKH�KLJK�DVSHFW�UDWLR��7KH�ILHOG�HPLWWHUV�DUH�EHVW�IRU�IODW�SDQHO�GLVSOD\V�DSSOLFDWLRQ��'XH�WR�WKH�
HPLVVLRQ�RI�OLJKW�DQG�HOHFWURQV�WKH�SURSHUWLHV�RI�ILHOG�HPLVVLRQ�RFFXU�LQ�0:17��
�������$VSHFW�5DWLR
)RU�&17V��KLJK�DVSHFW�UDWLR�LV�XQLTXH�DQG�H[FLWLQJ�SURSHUWLHV��LQIHUULQJ�WKDW�VLPLODU�HOHFWULFDO�
FRQGXFWLYLW\�RI�RWKHU�FRQGXFWLYH�DGGLWLYHV�FDQ�EH�DFKLHYHG�E\�DSSO\LQJ�D�ORZHU�ORDG�RI�&17��
,W�KDV�EHHQ�REVHUYHG�WKDW�XQLTXH�HOHFWULFDO�FRQGXFWLYLW\�KDV�EHHQ�SRVVHVVHG�E\�KLJK�DVSHFW�UDWLR�
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RI�&17�LQ�FRPSDULVRQ�WR�WKH�FRQYHQWLRQDO�DGGLWLYH�PDWHULDOV�VXFK�DV�FKRSSHG�FDUERQ� ILEHU��
FDUERQ�EODFN��RU�VWDLQOHVV�VWHHO�ILEHU�
�������$EVRUEHQW
'XH� WR� WKH� XQLTXH� SURSHUWLHV� OLNH� VXSHULRU� HOHFWULFDO� SURSHUWLHV�� H[WUDRUGLQDU\� PHFKDQLFDO�
VWUHQJWK��ODUJHU�IOH[LELOLW\�DQG�OLJKW�ZHLJKW��&17�DQG�&17�FRPSRVLWHV�KDYH�EHHQ�HPHUJLQJ�DV�
SHUVSHFWLYH�DEVRUELQJ�PDWHULDOV��7KHUHIRUH��IRU�XVLQJ�LQ�ZDWHU��JDV�DQG�DLU�ILOWUDWLRQ�RQO\�&17�
ZLOO�EH�DQ�LGHDO�FDQGLGDWH�
�����$SSOLFDWLRQV�RI�&17
7KH�RXWVWDQGLQJ�SURSHUWLHV�RI�&17V�PDNH�WKHQ�YHU\�XVHIXO�DQG�WKXV�H[SDQG�LWV�DSSOLFDWLRQ�DUHD�
IURP�WKHUPDO�FRQGXFWLYLW\��ILHOG�HPLVVLRQ��FRQGXFWLYH�SURSHUWLHV��HQHUJ\�VWRUDJH��FRQGXFWLYH�
DGKHVLYH��PROHFXODU� HOHFWURQLFV� EDVHG� RQ� &17V�� WKHUPDO�PDWHULDOV�� VWUXFWXUDO� DSSOLFDWLRQV��
ILEHUV 	�)DEULFV��FDWDO\VW�VXSSRUWV��ELRPHGLFDO�DSSOLFDWLRQV��DLU�	�ZDWHU�ILOWUDWLRQ�DQG�VRPH�
RWKHU�DSSOLFDWLRQV�
�����3RO\PHU
$�SRO\PHU� LV�GHILQHG�DV�D�PDFURPROHFXOH�ZKLFK� LV� IRUPHG�E\� WKH� UHSHDWHG�FRPELQDWLRQ�RI�
VHYHUDO�VLPSOH�PROHFXOHV�FDOOHG�PRQRPHUV�WKURXJK�FRYDOHQW�ERQGV��3RO\HVWHU��3RO\HWK\OHQH��
7HIORQ��39&��%DNHOLWH��1\ORQ��DUH�WKH�H[DPSOHV�RI�SRO\PHU� 3RO\PHUL]DWLRQ�KDV�EHHQ�GHILQHG�
DV�³WKH�FKHPLFDO�UHDFWLRQ�LQ�ZKLFK�PRQRPHU�LV�FRQYHUWHG�LQWR�SRO\PHU´��0RQRPHU�QHHGV�WKH�
LQLWLDWRU� EXW�LW�FDQ¶W�XQGHUJR�SRO\PHUL]DWLRQ� ,Q�WKLV�VWXG\�QDWXUDO�UXEEHU�KDV�EHHQ�WDNHQ�DV�D�
SRO\PHU�DQG�KDV�EHHQ�FUHDWHG�XVLQJ�PDWHULDO�VWXGLR������5HSHDW�XQLW�KDV�EHHQ�WDNHQ�DV����DQG�
LW� LV� RI� D� VLQJOH� FKDLQ�� ³'LHQH´� OLEUDU\� KDV� EHHQ� XVHG� IRU� FUHDWLQJ� QDWXUDO� UXEEHU� LQ� 0'�
VLPXODWLRQ��
�������&ODVVLILFDWLRQ�RI�SRO\PHUV
D��%DVHG�RQ�WKHLU�RULJLQ�SRO\PHU�
�L��1DWXUDO�SRO\PHUV�� WKH�SRO\PHUV�ZKLFK�DUH�REWDLQHG�IURP�QDWXUDO�VRXUFHV�OLNH�SODQWV�DQG�
DQLPDO�FDOOHG�QDWXUDO�UXEEHUV��6WDUFK��3URWHLQ��&RWWRQ��6LON��:RRO��&HOOXORVH�DQG�*O\FRJHQ�DUH�
WKH�QDWXUDO
�LL��6\QWKHWLF�SRO\PHUV�� WKH�SRO\PHUV�ZKLFK�DUH�V\QWKHVL]HG�IURP�VLPSOH�PROHFXOH�LV�FDOOHG�
V\QWKHWLF� SRO\PHUV�� 3RO\HWK\OHQH�� SRO\HVWHU�� 7HIORQ�� 39&� DQG� 1\ORQ� DUH� WKH� V\QWKHWLF�
SRO\PHUV�
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E��%DVHG�RQ�WKHLU�WKHUPDO�EHKDYLRU�
�L��7KHUPRSODVWLFV�SRO\PHU��7KH�SRO\PHU�ZKLFK�EHFRPHV�VRIW�RQ�KHDWLQJ�DQG�KDUG�RQ�FRROLQJ�
DUH� FDOOHG� 7KHUPRSODVWLFV�� 7HIORQ�� 3RO\HWK\OHQH�� 39&� DQG� 3OH[LJODV� DUH� WKH� WKHUPRVHWWLQJ�
SRO\PHU�
�LL��7KHUPRVHWWLQJ�SRO\PHU��7KH�SRO\PHUV�ZKLFK�XQGHUJR�FKHPLFDO�FKDQJHV�DQG�FURVV�OLNLQJV�
RQ�KHDWLQJ�DQG�EHFRPH�SHUPDQHQWO\� ULJLG��KDUG�DQG� LQIXVLEOH�DUH�NQRZQ�DV�7KHUPRVHWWLQJ��
8UHD�IRUPDOGHK\GH�UHVLQ��3KHQRO�IRUPDOGHK\GH�UHVLQV�DQG�HSR[\�UHVLQ�DUH�WKH�WKHUPRVHWWLQJ�
SRO\PHUV�
F��%DVHG�RQ�WKHLU�PHWKRGV�RI�SRO\PHUL]DWLRQ�
�L��$GGLWLRQ�SRO\PHUV��7KH�SRO\PHUV�ZKLFK�DUH�IRUPHG�E\�DGGLWLRQ�SRO\PHUL]DWLRQ�UHDFWLRQ�LQ�
ZKLFK�VHOI�DGGLWLRQ�RI�VHYHUDO�ROHILQ�PRQRPHUV�WR�HDFK�RWKHU�WDNHV�SODFH�ZLWKRXW�HOLPLQDWLRQ�
RI�E\�SURGXFWV�DUH�FDOOHG�DGGLWLRQ�SRO\PHUV��39&��3RO\VW\UHQH��7HIORQ�DQG SRO\HWK\OHQH�DUH�
WKH�DGGLWLRQ�SRO\PHUV�
�LL��&RQGHQVDWLRQ�SRO\PHUV��7KH�SRO\PHUV�ZKLFK�DUH�IRUPHG�E\�LQWHUPROHFXODU�FRQGHQVDWLRQ�
UHDFWLRQ�WKURXJK�IXQFWLRQDO�JURXSV�RI�PRQRPHUV�ZLWK�FRQWLQXRXV�HOLPLQDWLRQ�RI�E\�SURGXFWV�
DUH� FDOOHG� FRQGHQVDWLRQ� SRO\PHUV�� 1\ORQV�� SRO\HVWHUV� DQG� SKHQRO�IRUPDOGHK\GH� UHVLQV� DUH�
FRQGHQVDWLRQ�SRO\PHUV�
�����1DWXUDO�5XEEHU
1DWXUDO�UXEEHU�FRQVLVWV�RI�SRO\PHUV�RI�WKH�RUJDQLF�FRPSRXQG�LVRSUHQH��ZLWK�PLQRU�LPSXULWLHV�
RI�VRPH�RWKHU�RUJDQLF�FRPSRXQGV��DQG�VRPH�ZDWHU��3UHVHQWO\��UXEEHU�LV�KDUYHVWHG�PDLQO\�LQ�
WKH�IRUP�RI�WKH�ODWH[�IURP�WKH�UXEEHU�WUHH�RU�RWKHUV��)RUPV�RI�SRO\�LVRSUHQH�WKDW�DUH�XVHG�DV�
QDWXUDO� UXEEHUV� DUH� FDOOHG� DV� HODVWRPHUV�� 1DWXUDO� UXEEHU� LV� XVHG� LQ� PDQ\� SURGXFWV� DQG�
DSSOLFDWLRQ��HLWKHU�DORQH�RU�LQ�FRPELQDWLRQ�ZLWK�RWKHU�PDWHULDOV��,Q�PRVW�RI�LWV�XVHIXO�IRUPV��LW�
KDV�D�KLJK�VWUHWFK�UDWLR�DQG�KLJK�UHVLOLHQFH��DQG�LV�KLJKO\�ZDWHUSURRI��7KH�HDUOLHVW�XVH�RI�QDWXUDO�
UXEEHU�ZDV�E\�WKH�FLYLOL]DWLRQ�RI�0HVRDPHULFD��1DWXUDO�5XEEHU�H[KLELWV�XQLTXH�FKHPLFDO�DQG�
SK\VLFDO�SURSHUWLHV��1DWXUDO�5XEEHU
V�VWUHVV±VWUDLQ�EHKDYLRU VKRZV�WKH�0XOOLQV�HIIHFW�DQG�WKH�
3D\QH�HIIHFW�DQG�LV�RIWHQ�FRQVLGHUHG�DV�K\SHU�HODVWLF��7KH�SUHVHQFH�RI�D�GRXEOH�ERQG�LQ�HDFK�
UHSHDWLQJ�PRQRPHULF�XQLW�PDNHV�QDWXUDO�UXEEHU�VHQVLWLYH�WR�R]RQH�FUDFNLQJ�DQG�VXVFHSWLEOH�WR�
YXOFDQL]DWLRQ��7KH�WZR�PDMRU�VROYHQWV�IRU�UXEEHU�DUH�QDSKWKD�DQG�WXUSHQWLQH��6LQFH�UXEEHU�GRHV�
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QRW� GLVVROYH� HDVLO\�� WKH�PDWHULDO� LV� GLYLGHG� ILQHO\� E\� VKUHGGLQJ� SULRU� WR� LWV� LPPHUVLRQ��$Q�
DPPRQLD�VROXWLRQ�LV�JHQHUDOO\�XVHG�WR�SUHYHQW�WKH�FRDJXODWLRQ�RI�UDZ�ODWH[��1DWXUDO�5XEEHU�
EHJLQV� WR�PHOW� DW� DSSUR[LPDWHO\�����&�RU�����)�7KH�PRGHOOLQJ�PRGHO�RI�QDWXUDO� UXEEHU� LV�
VKRZQ�LQ�ILJ���

)LJXUH�� ��0ROHFXODU�PRGHO�RI����UHSHDW�XQLWV�RI���15�FKDLQ�FRQVLVWLQJ�RI�����DWRPV�
�����3URSHUWLHV�RI�1DWXUDO�5XEEHU
7KH�EXON�PHFKDQLFDO�DQG�WKHUPDO�SURSHUWLHV�IRU�FRQWLQXXP�VFDOH�DQDO\VLV�DUH�KLJKO\�GHSHQGHQW�
RQ�H[SHULPHQWDO�VWXG\��0ROHFXODU�VLPXODWLRQV�SURYLGH�DQ�H[FHOOHQW�RSSRUWXQLW\�WR�HDVLO\�VWXG\�
WKH� LQIOXHQFH� RI� QDQRSDUWLFOHV� RQ� WKH� VWUXFWXUH� DQG� G\QDPLFV� RI� SRO\PHUV�� IRU� GHWDLOHG�
LQIRUPDWLRQ�RQ�WKH�SURSHUWLHV�QHDU�D�QDQRSDUWLFOH�VXUIDFH�LV�GLIILFXOW�WR�REWDLQ�H[SHULPHQWDOO\��
1DWXUDO�UXEEHU�SRVVHVVHV�H[FHOOHQW�DEUDVLRQ�UHVLVWDQFH��WHDU�UHVLVWDQFH�DQG�UHVLOLHQFH�SURSHUWLHV���
�����)XQFWLRQDOLVHG�&17�SRO\PHU�FRPSRVLWHV
$GGLWLRQ� RI� DGGLWLRQDO� IXQFWLRQDO� JURXSV� WR� WKH� VXUIDFH� RI� DQ\� PDWHULDO� LV� FDOOHG�
IXQFWLRQDOL]DWLRQ��,Q�RWKHU�ZRUGV��LW�LV�WKH�SURFHVV�RI�DGGLQJ�QHZ�IHDWXUHV��IXQFWLRQV��SURSHUWLHV��
RU�FDSDELOLWLHV� WR�D�PDWHULDO�E\�FKDQJLQJ� WKH�VXUIDFH SURSHUWLHV RI� WKH PDWHULDO�� ,W� LV� D�EDVLF�
WHFKQLTXH� XVHG� WKURXJKRXW� PDWHULDOV� VFLHQFH�� FKHPLVWU\�� ELRORJLFDO� HQJLQHHULQJ�� DQG�
QDQRWHFKQRORJ\��$�SUH�IXQFWLRQDOL]HG &17��LV�WR�EH�PL[HG�ZLWK�SRO\PHU�PDWUL[�E\�DQ\�RI�WKH�
FRPSRVLWH�IRUPLQJ�PHWKRGV�



ϭϬ

7\SHV�RI�)XQFWLRQDOL]DWLRQ�
������1RQ�&RYDOHQW�)XQFWLRQDOLVDWLRQ
������3L�VWDFNLQJ
������'HIHFW�)XQFWLRQDOLVDWLRQ
������(QGRKHGUDO�)XQFWLRQDOLVDWLRQ
������6LGHZDOO�)XQFWLRQDOLVDWLRQ

)LJXUH�� ��7\SHV�RI�IXQFWLRQDOLVDWLRQ >�@
)RU�WKLV�VWXG\�VLGHZDOO�IXQFWLRQDOL]DWLRQ LV�FKRVHQ��DV�LW�LV�YHU\�DGYDQFHG��DQG�D�SURSHU�FDUH�LV�
WDNHQ�WR�PDLQWDLQ�WKH�VWUXFWXUDO�V\PPHWU\�DV�ZHOO�
�����0ROHFXODU�'\QDPLFV
%\�XVLQJ�0'�VLPXODWLRQ�DQ\�FRPSOH[�VLPXODWLRQ�FDQ�EH�SHUIRUPHG��,Q�PROHFXODU�G\QDPLFV�D�
PROHFXOH� LV� GHVFULEHG� DV� D� VHULHV� RI� FKDUJHG�SRLQWV� OLQNHG�E\� VSULQJV��7KHUH� DUH� IROORZLQJ�
PHWKRGV� DYDLODEOH� IRU� FDUU\LQJ� RXW� FRPSXWDWLRQ� OLNH� PROHFXODU� PHFKDQLFV�� PROHFXODU�
G\QDPLFV��0RQWH�&DUOR��)UHH�HQHUJ\�DQG�VROYDWLRQ�PHWKRGV��VWUXFWXUH�DFWLYLW\�UHODWLRQVKLS�DQG�
PDQ\�RWKHU�HVWDEOLVKHG�SURFHGXUHV��,W�LV�WKH�RQO\�PHWKRG�DYDLODEOH�IRU�VROYLQJ�FRPSOH[�ERG\�
SUREOHPV��+DPLOWRQLDQ�LV�QRW�NQRZQ�WR�XV�XQWLO�ZH�FDOFXODWH�WKH�TXDQWXP�PDQ\�ERG\�SUREOHP��
,W�UHTXLUHV�ORWV�RI�DSSUR[LPDWLRQV��VR�LW�LV�QRW�SRVVLEOH�LQ�PRVW�RI�WKH�FDVHV��)RU�VROYLQJ�FRPSOH[�
PDQ\�ERG\�V\VWHPV�0ROHFXODU�VLPXODWLRQV�DUH�WKH�RQO\�PHWKRG�DYDLODEOH�WKHUH��([SHULPHQWV�
DUH�H[SHQVLYH�DQG�OLPLWHG�LQ�PDQ\�FDVHV��([SHULPHQW�FDQ�EH�FRPSOHPHQWHG�E\�WKH�VLPXODWLRQV��
(YHQ� DW� D� VLQJOH� PROHFXOH OHYHO� PROHFXODU� OHYHO� XQGHUVWDQGLQJ� FDQ� EH� SURYLGHG� E\� WKH�
PROHFXODU�G\QDPLF�VLPXODWLRQ��0ROHFXODU�G\QDPLFV�FDQ�EH�SHUIRUPHG�XVLQJ�IROORZLQJ�VWHSV�



ϭϭ

6WHS����&UHDWH�PROHFXOH�OLNH�QDQRVWUXFWXUH��SRO\PHU�HWF�
6WHS�����3DFNLQJ�RI�D�FRPSRVLWH�V\VWHP�XVLQJ�³DPRUSKRXV�FHOO�PRGXOH´�
6WHS����*HRPHWU\�RSWLPL]DWLRQ�XVLQJ�IRUFLWH�WRROV�
6WHS����'\QDPLFV�XVLQJ�IRUFLWH�WRROV��8VLQJ�137 �&RQVWDQW�SUHVVXUH��FRQVWDQW�WHPSHUDWXUH���
³1RVH´�DV�D�WKHUPRVWDW�DQG�³%HUHQGHUVRQ´�DV�D�%DURVWDW�
6WHS� ��� *HRPHWU\� RSWLPL]DWLRQ� XVLQJ� IRUFLWH� WRROV�� IRU� PLQLPL]LQJ� WKH� HQHUJ\� DQG� IRU�
VWDELOL]DWLRQ�RI�VWUXFWXUH�
6WHS����'\QDPLFV�XVLQJ�IRUFLWH� WRROV��8VLQJ�197 �&RQVWDQW�YROXPH��FRQVWDQW� WHPSHUDWXUH���
³$QGHUVRQ´�DV�D�WKHUPRVWDW�
6WHS����*HRPHWU\�RSWLPL]DWLRQ�XVLQJ�IRUFLWH WRROV��)RU�VWDELOL]DWLRQ�RI�VWUXFWXUH�
6WHS����0HFKDQLFDO�SURSHUWLHV��E\�XVLQJ�IRUFLWH�WRROV�DQG�FRQVWDQW�VWUDLQ�PHWKRG�
�����8QLYHUVDO�WHVWLQJ�PDFKLQH��870�
870�LV�PRVW�ZLGHO\�XVHG�PDFKLQH�ZKHQ�LW�FRPHV�WR�WHVW�WHQVLOH�RU�FRPSUHVVLYH�VWUHQJWK�RI�
DQ\�PDWHULDO��,W�LV�XVHG�WR�WHVW�PHFKDQLFDO�SURSHUWLHV�RI�DQ\�PDWHULDO��)RU�FRPSUHVVLRQ�WHVW��WKH�
VSHFLPHQ�LV�MXVW�SODFHG�LQ�EHWZHHQ�WZR�MDZV�DQG�D�FRPSUHVVLYH�IRUFH�LV�DSSOLHG��WKH�UHVXOWV�FDQ�
EH�REWDLQHG�IURP�WKH�GLJLWDO�PDFKLQH�GLVSOD\��6LPLODU�LV�WKH�FDVH�RI�WHQVLOH�WHVWLQJ��LQ ZKLFK�WKH�
PDWHULDO�LV�SXOOHG�RXWVLGH�L�H��WHQVLOH�IRUFH�LV�DSSOLHG�RQ�WKH�PDWHULDO�DQG�VLPLODUO\���UHVXOWV�FDQ�
EH�REWDLQHG�IURP�WKH�GLJLWDO�PDFKLQH�GLVSOD\�



ϭϮ

&KDSWHU��
6FRSH�RI�WKH�6WXG\

7KLV�VWXG\�IRFXVHV�RQ�&17�UHLQIRUFHG�SRO\PHU QDQRFRPSRVLWH��&17�FDQ�SOD\�DQ�H[FHOOHQW�
UROH� LQ� WKH� SRO\PHU� QDQRFRPSRVLWH� DQG� LW� KDV� EHHQ� SURYHG� E\�PDQ\� VWXGLHV� FRQGXFWHG� E\�
UHVHDUFKHUV�� 6R�� D� 6:17� UHLQIRUFHG� ZLWK� QDWXUDO� UXEEHU� LV� WDNHQ� WR� IRUP� &17�SRO\PHU�
FRPSRVLWHV��$QDO\VLV�RI�PHFKDQLFDO�SURSHUWLHV�RI�&17�15�FRPSRVLWHV�LV�GRQH�ZKHQ�6:17�
LV�QRW�SULVWLQH�EXW�IXQFWLRQDOL]HG�ZLWK�YDULRXV�JURXSV�OLNH��2+���&22+���&22&+���%\�XVLQJ�
6:17�DV� D� UHLQIRUFLQJ� DJHQW��PHFKDQLFDO� SURSHUWLHV� OLNH� \RXQJ¶V�PRGXOXV�RI� WKH�SRO\PHU�
QDQRFRPSRVLWH�FDQ�EH�HDVLO\�HQKDQFHG��ZKLFK�IXUWKHU�FDQ�EH�HQKDQFHG�E\�XVLQJ�IXQFWLRQDOL]HG�
JURXSV��7KH�PRVW�VXLWDEOH�IXQFWLRQDO�JURXS�FDQ�EH�DSSOLHG�IRU�SUDFWLFDO�XVHV��%\�DGGLQJ�D�IHZ�
IXQFWLRQDOL]HG�&17�ZLWK�QDWXUDO�UXEEHU��ZH�FDQ�DFKLHYH�WKH�VWUHQJWK�RI�FRPSRVLWH�VDPH�DV�WKH�
JUDSKLWH�ILEHU� 6R��LW�ZLOO�EH�WKH�EHVW�RSWLRQ�IRU�UHPRYLQJ�JUDSKLWH�ILEHU�LQ�FRPLQJ�\HDUV�EHFDXVH�
LW�FRVWV�OHVV�WKDQ�JUDSKLWH�ILEHU�DQG�KDYLQJ�HTXDO�VWUHQJWK��&RPSDUHG�WR�WKH�RWKHU�&17�SRO\PHU�
PDWUL[�FRPSRVLWH�FDQ�HDVLO\�EH�PDGH�EHFDXVH�RI�HDV\�WHFKQLTXHV��9HU\�ZLGH�DSSOLFDWLRQ�DUHD�
RI�ERWK�&17V�DQG�QDWXUDO�UXEEHU�ZLOO�H[SDQG�LW�IXUWKHU�ZKHQ�ERWK�XVHG�DV�D�FRPSRVLWH�PDWHULDO��



ϭϯ

&KDSWHU��
2EMHFWLYHV�RI�WKH�6WXG\

0DLQ�REMHFWLYHV�RI�WKLV�VWXG\�DUH�
x 7R�ILQG�PHFKDQLFDO�SURSHUWLHV�RI�6:17�15�FRPSRVLWHV��ZKHQ�6:17�LV�IXQFWLRQDOLVHG�ZLWK�

YDULRXV�JURXSV�OLNH��2+���&22+���&22&+��
x 7R�FRPSDUH�PHFKDQLFDO�SURSHUWLHV�RI�6:17�15�SRO\PHUV�ZLWK�YDU\LQJ�IXQFWLRQDO�JURXSV�
x 7R� FRPSDUH�PHFKDQLFDO� SURSHUWLHV� REWDLQHG� E\�PROHFXODU� G\QDPLFV� VLPXODWLRQV� WR� WKDW� RI�

H[SHULPHQWDO�REVHUYDWLRQ�RQ�870����



ϭϰ

&KDSWHU��
/LWHUDWXUH�5HYLHZ

(��7��0LFNHOVRQ�HW� DO�� ������� >�@� IRUPHG�³IOXRURWXEHV´�E\� IOXRULQDWLQJ WKH�SULVWLQH�6:17��
)OXRURWXEHV� ZHUH� WKHQ� VROYDWHG� LQ� DOFRKRO� VROYHQWV� XVLQJ� ³XOWUDVRQLFDWLRQ´�� $WRPLF� IRUFH�
PLFURVFRS\� �$)0�� ZDV� XVHG� IRU� WKH� H[DPLQDWLRQ�� (OHPHQWDO� DQDO\VLV� DQG� QXPEHU� RI�
PLFURVFRS\�DQG�VSHFWURVFRSLHV�ZHUH�XVHG�IRU�DFFXUDWH�UHVXOWV��,W�ZDV�REVHUYHG�WKDW�6:17V�
FDQ�EH�IOXRULQDWHG�RU�IXQFWLRQDOL]HG ZLWK�IOXRULQH�DQG�VRQLFDWHG�LQ�DOFRKRO�WR�JLYH�KLJKO\�VWDEOH�
IOXRURWXEHV�� 7KLV� VROYDWLRQ� WHFKQLTXH� DOORZV� XV� WR� PDQLSXODWH� IXQFWLRQDOL]HG 6:17V� LQ�
QXPHURXV�ZD\V��,PSRUWDQW�SRLQW�LV�WKDW�DOFRKRO�VROYHQW�ZDV�XVHG�LQ�WKLV�UHVHDUFK�ZKLFK�LWVHOI�
KHOS�LQ�IXUWKHU�IXQFWLRQDOL]DWLRQ��DQG�VWDELOLW\�RI�)OXUR�WXEHV�

<D�3LQJ� 6XQ� HW� DO�� ������� >�@� DWWHPSWHG� WR� LGHQWLI\� DQG� DQDO\]H SURSHUWLHV� DV� ZHOO� DV�
DSSOLFDWLRQV�RI�IXQFWLRQDOL]HG &17V��,W�ZDV�REVHUYHG�WKDW�&17V�FDQ�EH�IXQFWLRQDOL]HG�WKURXJK�
HVWHULILFDWLRQ�DQG�DPLGDWLRQ�RI�WKH�QDQRWXEH�ERXQG�FDUER[\OLF�DFLGV��7KH�GLVVROYDELOLW\�RI�WKH�
IXQFWLRQDOL]HG�&17V�PDNHV�LW�FRQFHLYDEOH�WR�GHVFULEH�DQG�FRQWHPSODWH�WKH�SURSHUWLHV�RI�FDUERQ�
QDQRWXEHV�XWLOL]LQJ�DUUDQJHPHQW�EDVHG�VWUDWHJLHV��$JHQW�FRPHV�DERXW�FRQFHUQLQJ�WKH�VROYHQF\��
GH�IXQFWLRQDOL]DWLRQ��VFDWWHULQJ��DQG�RSWLFDO�SURSHUWLHV�RI�WKH�IXQFWLRQDOL]HG�FDUERQ�QDQRWXEHV�
ZHUH�GLVSOD\HG��)XQFWLRQDOLW\�DQG�VROXELOLW\�RI�IXQFWLRQDOL]HG &17V�ZHUH�IRXQG�WR�EH�XS�WR WKH�
PDUN�

+DLTLQJ� 3HQJ� HW� DO�� ������� >�@� UHDFWHG� 6:17V� ZLWK� JOXWDULF� DFLG� DF\O� SHUR[LGHV� ZLWK� R�
GLFKORUREHQ]HQH�DW� D� WHPSHUDWXUH�RI� DURXQG�������GHJUHH� FHQWLJUDGH�� WR�JHW� WKUHH� FDUER[\�
SURS\O� JURXSV� RQ� WKH� VLGH� ZDOOV� RI� 6:17�� )75�� 5DPDQ� VSHFWURVFRS\�� DQG� WUDQVPLVVLRQ�
HOHFWURQ�PLFURVFRS\��7(0��ZDV�GRQH�IRU�EHWWHU�UHVXOWV��,Q�H[DPLQDWLRQ�ZLWK�WKH�SHUIHFW�RU�SXUH�
6:17V�� WKH� IXQFWLRQDOL]HG� 6:17V� ZHUH� IRXQG� WR� EH� GHPRQVWUDWLQJ� DQ� HQKDQFHG�
GLVVROYDELOLW\� LQ� SRODU� VROYHQWV�� IRU� LQVWDQFH�� DOFRKROV� DQG� ZDWHU�� ZKLFK� HPSRZHUV� WKHLU�
SUHSDULQJ�IRU�MRLQLQJ�LQWR�SRO\PHU�FRPSRVLWH�VWUXFWXUHV�DQG�DGGLWLRQDOO\�IRU�DQ�DVVRUWPHQW�RI�
ELRPHGLFDO�DSSOLFDWLRQV�



ϭϱ

1�2�9��3ODQN�HW�DO���������>�@�IXQFWLRQDOL]HG 6:17V�XVLQJ�WUDGLWLRQDO�5HDFWLYH�,RQ�(WFKLQJ�
WR�JHW�IOXRULQDWHG�6:17V�ZKHQ�UHDFWHG�ZLWK�&)��DQG�6)���7KH�IXQFWLRQDOL]HG 6:17V�ZHUH�
WKHQ� H[DPLQHG� ZLWK� ;�UD\� SKRWRHOHFWURQ� VSHFWURVFRS\�� 0LFURVFRSLF� SODVPD� SDUDPHWHUV�
LQFOXGLQJ�LRQ�FXUUHQW�GHQVLW\�DQG�IOXRULQH�SUHVVXUH�ZLWKLQ�WKH�SODVPD�ZHUH�DOVR�VWXGLHG�XVLQJ�
D�/DQJPXLU�SUREH�DQG�RSWLFDO�HPLVVLRQ�VSHFWURVFRS\��7KLV�SURFHVV�RI�PDNLQJ�IXQFWLRQDOL]HG
6:17�LV�IRXQG�WR�EH�UHOLDEOH�DV�IOXRULQH�ZDV�DWWDFKHG�WR�6:17�IRU�D�ORQJHU�SHULRG�

%XPVX�.LP�HW�DO���������>�@�R[LGL]HG�0:17V�XVLQJ�QLWULF�DQG�VXOIXULF�DFLG��LQ�LQ�UDWLR�RI������
WKDW�LV�XOWUDVRQLFDWLRQ�RI�0:17V��&RPSOH[�GHYHORSPHQW�RI�FKDUJHG�JROG�QDQRSDUWLFOHV�DQG�
QHJDWLYH�0:17V�ZDV�DFFRPSOLVKHG�RI�DQG�ZLWKRXW�SRO\HOHFWURO\WH�FRDWLQJV�E\�HOHFWURVWDWLF�
FROODERUDWLRQ��7KH�SHUSOH[LQJ�DUUDQJHPHQW�ZDV�GHVFULEHG�E\�KLJK�GHWHUPLQDWLRQ�WUDQVPLVVLRQ�
HOHFWURQ�PLFURVFRS\� DQG� GLVSHUVLYH�;�UD\� VSHFWURVFRS\�� 7KLV� WHFKQLTXH� LV�PRUH� RI� D� IDXOW�
GHWHFWLRQ�WKDQ�D�FRPSRVLWH�IRUPDWLRQ�

0�&��3DLYD HW�DO���������>�@�IXQFWLRQDOL]HG &17V�ZLWK�YLQ\O�JURXS�ZHUH�UHLQIRUFHG�LQWR�39$�
PDWUL[�DQG�PHFKDQLFDO�DV�ZHOO�DV�PRUSKRORJLFDO�SURSHUWLHV�ZHUH�REVHUYHG��%RWK�3ULVWLQH�DV�
ZHOO�DV�IXQFWLRQDOL]HG 6:17V�ZHUH�WHVWHG�XQGHU�WHQVLRQ��LW ZDV�REVHUYHG�WKDW�IXQFWLRQDOL]HG
6:17�LV� VXSHULRU� WR�SULVWLQH�6:17�LQ�HYHU\�DVSHFW�RI�PHFKDQLFDO�SURSHUWLHV��&17V�ZHUH�
ZHWWHG�ZHOO�E\�39$�PDWUL[��LQ�FDVH�RI�IXQFWLRQDOL]HG 6:17��DV�SHU�6(0�UHVXOWV�

5DPDQDWKDQ HW�DO���������>��@�6LQJOH�ZDOOHG�FDUERQ�QDQRWXEHV��6:&17��IXQFWLRQDOL]HG�ZLWK�
DPLQR�JURXSV�ZHUH�UHDGLHG�WKURXJK�FKHPLFDO�DGMXVWPHQW�RI�FDUER[\O�JURXSV�SUHVHQWHG�RQ�WKH�
FDUERQ� QDQRWXEH� VXUIDFH�� 7ZR� YDU\LQJ� PHWKRGRORJLHV� �DPLGH� DQG� DPLQH�PRLHWLHV�� ZHUH�
XWLOL]HG�WR�FUHDWH�WKH�DPLQR�IXQFWLRQDOL]HG�QDQRWXEHV��7KH�DPLQR�HQG�SHUPLWV�SURPRWH�VFLHQFH�
RI� WKH� IXQFWLRQDOL]HG� 6:&17V� DQG�PDNHV� FRQFHLYDEOH� FRYDOHQW� ERQGLQJ� WR� SRO\PHUV� DQG�
QDWXUDO�IUDPHZRUNV��IRU�H[DPSOH��'1$�DQG�VXJDUV��7KH�IXQFWLRQDOL]DWLRQ�RI�WKH�6:&17V�ZDV�
DOVR�SRUWUD\HG�LQ�GHWDLO�XWLOL]LQJ�)7,5�DQG�;36�



ϭϲ

/�/LX�HW�DO���������>��@�REVHUYHG�PHFKDQLFDO�SURSHUWLHV�RI�QDQRFRPSRVLWHV�RI�IXQFWLRQDOL]HG
6:17V��SRO\YLQ\O�DOFRKRO��$EVRUSWLRQ�VSHFWURVFRS\�ZDV�XVHG��DQG�VLGHZDOO�IXQFWLRQDOL]DWLRQ
ZDV� REWDLQHG� YLD� FKHPLVRUSWLRQ�� ,W� ZDV� REVHUYHG� WKDW� IXQFWLRQDOL]HG &17V� SURGXFH�
FRPSDUDWLYHO\�EHWWHU�\RXQJ¶V�PRGXOXV�WKDQ�SULVWLQH�&17V�IRU�WKH�FRPSRVLWH�FDVH�ZLWK�39$�
PDWUL[��+\GUR[\O�JURXSV�ZHUH�IRXQG�WR�LQFUHDVH�LQWHUIDFLDO�SURSHUWLHV�WR�D�VLJQLILFDQW�H[WHQW�

-LH�/LX�HW�DO���������>��@�XVHG�IUHH�UDGLFDO�DGGLWLRQ�XVLQJ�DU\O�WR�GR�VLGHZDOO�IXQFWLRQDOL]DWLRQ
RI�6:17V��7KH\�UHSRUWHG�DQRWKHU�6:17�IXQFWLRQDOL]DWLRQ�WHFKQLTXH�XVLQJ���PHWKR[\SKHQ\O�
IUHH�UDGLFDO�H[SDQVLRQ��7KH���PHWKR[\SKHQ\O�UDGLFDOV�ZHUH�SURGXFHG�YLD�DLU�R[LGDWLRQ�RI���
PHWKR[\SKHQ\OK\GUD]LQH�K\GURFKORULGH��5DPDQ�VSHFWURVFRS\�GHPRQVWUDWH�WKH�FRYDOHQW�LGHD�
RI�WKH�ERQG�DPRQJ�WKH�QDQRWXEHV�DQG�WKH�IXQFWLRQDO�JURXSV��7KH�;36�DQG�7*$�LQIRUPDWLRQ�
RXWILW�TXDQWLWDWLYH�GDWD�RQ�WKH�OHYHO�RI�IXQFWLRQDOL]DWLRQ�

3UDEKMHHW�VLQJK�HW�DO���������>��@�GLG�(VWHULILFDWLRQ�DQG�IOXRULQDWLRQ�DW�GLIIHUHQW�FRQGLWLRQV�WR�
REWDLQ�IXQFWLRQDO�JURXSV�DV�HVWHU�DQG�IOXRULQH�RQ�WKH�VXUIDFH�RI�&17��2UJDQLF�IXQFWLRQDOL]DWLRQ
SURFHVV�ZHUH�XVHG�IRU�WKLV�UHVHDUFK�DQG�UHVXOWV�REWDLQHG�VD\V�WKDW�SURFHVV�DELOLW\�DQG�FDSDELOLW\�
LV�PRUH�LQ�WKH�FDVH�RI�IXQFWLRQDOL]HG &17V�

5REHUW�0HQ]HO�HW�DO���������>��@�XVHG�D�VROYHQW�IUHH��YHUVDWLOH�PHWKRGRORJ\�WR�IXQFWLRQDOL]H�
&17V��7KH�FRQYH\DQFH�RI�WKH�IXQFWLRQDOL]HG GHVWLQDWLRQV�ZDV�UHVHDUFKHG�DW�WKH�LQILQLWHVLPDO�
VFDOH� XWLOL]LQJ� ODEHOOLQJ� UHVSRQVHV�� 7KH� MRLQHG� LWHPV� KDYH� EHHQ� GHVFULEHG� E\� HOHFWURQ�
PLFURVFRS\�� WKHUPDO� DQDO\VLV� �7*$��� LQYHUVH� JDV� FKURPDWRJUDSK\� �,*&��� DQG� 5DPDQ�
VSHFWURVFRS\�

$LOLQ /LX�HW�DO���������>��@�REVHUYHG�WKH�LPSDFW�RI�IXQFWLRQDOL]DWLRQ�6:17V�RQ�WKH�GDPSLQJ�
DWWULEXWHV�RI�6:17�EDVHG�HSR[\�FRPSRVLWHV�E\�PHDQV�RI�PXOWLVFDOH�DQDO\VLV��&DUER[\OLF���
&22+��JURXS�ZDV�XVHG�WR�IXQFWLRQDOL]H WKH�6:17��DQG�HSR[\�ZDV�XVHG�DV�PDWUL[��5HVXOWV�
ZHUH�REWDLQHG�XVLQJ�PROHFXODU�VLPXODWLRQV��,W�ZDV�REVHUYHG�WKDW�DV�WKH�QXPEHU�RI�IXQFWLRQDO�



ϭϳ

JURXSV�LQFUHDVHV��WKH�LQWHUIDFLDO�VKHDU�VWUHQJWK�DOVR�LQFUHDVHV��7KRXJK��WKH�GDPSLQJ�SURSHUWLHV�
GLG�QRW�IROORZ�DQ\�JHQHUDO�WUHQG��XQSUHGLFWDELOLW\�ZDV�REVHUYHG�LQ�FDVH�RI�GDPSLQJ�SURSHUWLHV�

+DLORQJ�&KHQ�HW�DO���������>��@�XVHG�0HWKR[\�3RO\HWK\OHQH�*O\FRO�$PLQH�DV�IXQFWLRQDO�JURXS�
DQG� XVHG� PLFUR� 51$� DQDO\VLV� IRU� IXQFWLRQDOL]LQJ 6:17V�� 7KLV� W\SH� RI� DSSURDFK� WR� GR�
IXQFWLRQDOL]DWLRQ ILQG�LWV�DSSOLFDWLRQ�LQ�WKH�ILHOG�RI�ELRORJ\��DV�LW�PDNHV�GUXJ�GHOLYHU\�HDV\�

9DOHQWLQL�/DUD�HW�DO���������>��@�XVHG�UDGLDO�GHIRUPDWLRQ�PHWKRG�WR�IXQFWLRQDOL]H &17�ZLWK�
FDUER[\OLF�JURXSV�� ,Q�WKLV�UHVHDUFK�WKH�UHOLDQFH�RI�WKH�EDVLF�DQG�WKH�HOHFWURQLF�SURSHUWLHV�RI�
IXQFWLRQDOL]HG��������6:17V�ZHUH�H[DPLQHG�WKURXJK�DE�LQLWLR�WKLFNQHVV�XWLOLWDULDQ�VLPXODWLRQV�
ZKHQ�WKH�FDUER[\O�JDWKHULQJ�LV�IRUWLILHG�RQ�WKH�EHQGHG�RU�IODWWHU�DUHDV��5DGLDO�GHIRUPDWLRQV�
UHVXOW� LQ�PHDVXUHPHQW�GLPLQLVKLQJ�RI�XS� WR����IRU�HDFK�SHQQ\�RI� WKH�ILUVW�VL]H�RI�GLDPHWHU��
ZKLFK� ZDV� WKH� EUHDNLQJ� SRLQW� GHFUHDVH� WKDW� NHHSV� XS� WKH� 6:17� IXQFWLRQDOL]HG� VWUXFWXUH��
&KDQJHV�RQ�WKH�HOHFWURQLF�VWUXFWXUH�ZHUH�VHHQ�EHFDXVH�RI�WKH�V\PPHWU\�EUHDN�RI�WKH�6:17�
FDXVHG� E\� ERWK� WKH� FDUER[\O� JURXS� DQG� WKH� &±&� ERQG� WZLVWV� FDPH� DERXW� E\� WKH� UDGLDO�
GHIRUPDWLRQ��,W�ZDV�FRQFOXGHG�WKDW�WKH�IXQFWLRQDOL]DWLRQ�SURFHGXUH�LV�XQFRPPRQO\�VXSSRUWHG�
E\�WKH�VS� K\EULGL]DWLRQ�DFWXDWHG�RQ�WKH�PRUH�EHQGHG�GLVWULFW�RI�WKH�WZLVWHG�6:17�

=DKUD�0RKDPPDGL�HW�DO���������>��@�GLG�D�UHODWLYH�UHSRUW�RQ�QRQ�FRYDOHQW�IXQFWLRQDOL]DWLRQ�RI�
&17V�E\�FKLWRVDQ��DV�IXQFWLRQDO�HOHPHQW��DQG�LWV�VXEVLGLDULHV�IRU�FRQYH\DQFH�RI�GR[RUXELFLQ��
7KLV�W\SH�RI�DSSURDFK�WR�GR�IXQFWLRQDOL]DWLRQ ILQG�LWV�DSSOLFDWLRQ�LQ�WKH�ILHOG�RI�ELRORJ\��DV�LW�
PDNHV� GUXJ� GHOLYHU\� HDV\�� ,W� ZDV� REVHUYHG� WKDW� DSSO\LQJ� &DUER[\PHWK\O� &KLWRVDQ� UDWKHU�
FKLWRVDQ�IRU�IXQFWLRQDOL]DWLRQ�SURPSWHG�����H[SDQVLRQ�LQ�VWDFNLQJ�SURGXFWLYLW\�

(�9��%DVLXN HW�DO���������>��@�XVHG�DPLQHV�WR�GR�VROYHQW�IUHH�IXQFWLRQDOL]DWLRQ RI�&17V��,Q�WKLV�
VWXG\� ILOWUDWLRQ�RI� WKH�0:&17V�R[� VFDWWHULQJV� FUHDWHG�XQLIRUP�SHUIHFW�%3�PDWV�� SURPSWO\�
H[SHOOHG�IURP�WKHLU�IXQGDPHQWDO�KHOS�PHPEUDQHV��7KH�WDQJOH�WKLFNQHVV�DV�PHDVXUHG�E\�6(0�
DQG�+H,0�GLIIHUHG�LQ�WKH�VFRSH�RI������ȝP��7KH�PD[LPXP�DPLQH�FRQWHQW��DV�H[DPLQHG�IURP�



ϭϴ

7*$�FXUYHV��ZDV�IRXQG�IRU�%3�2'$��DQG�WKH�PLQLPXP�RQH�ZDV�IRXQG�IRU�%3�'$1��7KRXJK��
LW�LV�DFFXUDWH��EXW�H[SHQVLYH�DSSURDFK�IRU�IXQFWLRQDOL]DWLRQ�

.RQJ�1��HW�DO���������>��@�XVHG�D�GLIIHUHQW�DSSURDFK�IRU�IXQFWLRQDOL]DWLRQ RI�&17V��,Q�RXWOLQH��
WKH\�SURSRVHG�D�VXFFHVVIXO�VWUDWHJ\� WR�FRQMXJDWH�FDUERK\GUDWH�VWUXFWXUHV� WR�SHUIHFW�6:17V�
XWLOL]LQJ�PLFURZDYH�KHOSHG� UHVSRQVH�RI� SHUIOXRUR�SKHQ\O D]LGHV��7KLV�ZDV� WKH� ILUVW� FDVH�RI�
DSSO\LQJ�PLFURZDYH�UDGLDWLRQ�WR�3)3$�DFWXDWLRQ��VSHDNLQJ�WR�DQRWKHU�DSSURDFK�WR�LQWHJUDWH�
FDUERQ�QDQRWXEH�EDVHG�JO\FRQDQRSDUWLFOHV��7KLV�VWUDWHJ\�XWLOL]HG�SULVWLQH�6:17V�UDWKHU�WKDQ�
R[LGL]HG�6:17V��PDLQWDLQLQJ�D�VWUDWHJLF�GLVWDQFH�IURP�EURDG�PRGLILFDWLRQ�WR�WKH�FURVV�VHFWLRQ�
DQG�WKH�LQKHUHQW�SURSHUWLHV�RI�6:17V��7KH�VXEVHTXHQW�PDWHULDOV�ZHUH�OHVV�SDFNDJHG�DQG�YHU\�
PXFK�VFDWWHUHG�LQ�ZDWHU�FRQWUDVWHG�ZLWK�SULVWLQH�6:17V�

9LQD\�'HHS�3XQHWKD�HW�DO���������>��@�GLG�D�FRPSDUDWLYH�DQDO\VLV�EHWZHHQ�&17�DQG�JUDSKHQH�
EDVHG�RQ�WKH�QDQRFRPSRVLWHV�IRUPHG�E\�IXQFWLRQDOL]DWLRQ�RI�&17V��0HFKDQLFDO��HOHFWULFDO��DQG�
WKHUPDO�SURSHUWLHV�ZDV�FRPSDUHG� DQG�LW�ZDV�IRXQG�WKDW�&17�DV�ZHOO�DV�JUDSKHQH�ERWK�VKRZV�
UHPDUNDEOH� SURSHUWLHV�� ,W� ZDV� UHSRUWHG� WKDW� WKH� RQO\� GLIIHUHQW� DULVHV� ZLWK� WKHLU� FRPSDWLEOH�
SRO\PHU�PDWUL[�

*H�7LDQ�HW�DO�������� >��@ REVHUYHG�VXEVWLWXHQW�LPSDFWV�LQ�S�VWDFNLQJ�RI�KLVWLGLQH�RQ�JUDSKHQH�
DQG� IXQFWLRQDOL]HG�6:17��0ROHFXODU� VLPXODWLRQ�ZDV� UXQ� IRU� 6:17� ]LJ�]DJ �������� WKUHH�
YDU\LQJ�JURXSV�±&22+��±2+�DQG�±1+���ZHUH�DWWDFKHG�GLUHFWO\�RQ�WKH�VLGHZDOOV�RI�WKH�6:17�
VWUXFWXUH��7KH�UHVXOWV�VKRZ�WKDW�WKH�SL�VWDFNLQJ�IRU�IXQFWLRQDOL]HG�6:17�LV�ZHDNHQHG�

6XPLW� 6KDUPD� HW� DO�� ������ >��@� XVHG� PROHFXODU� G\QDPLFV� VLPXODWLRQV� WR� DQDO\]H�
IXQFWLRQDOL]HG� 6:17�SRO\PHU� QDQRFRPSRVLWHV�� ,Q� WKLV� UHVHDUFK� ERWK� G\QDPLFV� DV�ZHOO� DV�
PHFKDQLFDO�SURSHUWLHV�RI�6:17�ZLWK�YDU\LQJ�IXQFWLRQDO�JURXSV�ZHUH�REVHUYHG��$UPFKDLU�������
6:17�ZDV�FKRVHQ�DQG�PROHFXODU�VLPXODWLRQ�ZDV�GRQH�ZLWK�SURSHU�FRQVLGHUDWLRQ�RI�SUDFWLFDO�
HQYLURQPHQW�FRQGLWLRQV��$VSHFW�UDWLR�ZDV�IL[HG�WR�����,W�ZDV�UHSRUWHG�WKDW�IXQFWLRQDOL]DWLRQ�



ϭϵ

UHGXFHV� WKH� \RXQJ¶V� PRGXOXV� RI� 6:17�� WKH� ODUJHVW� UHGXFWLRQ� ZDV� REVHUYHG� LQ� FDVH� RI�
FDUER[\OLF���&22+��IXQFWLRQDO�JURXS�



ϮϬ

&KDSWHU��
0DWHULDOV DQG�(TXLSPHQW

����6:17��6LQJOH�ZDOOHG�FDUERQ�QDQRWXEH�
%\�UROOLQJ� D� VKHHW�RI�JUDSKLWH� DORQJ�FKLUDO� D[LV�ZH�FDQ�JHW� VLQJOH�ZDOOHG�QDQRWXEH��6:17�
FDUULHV�YHU\�ODUJH�GHQVLW\�RI�FXUUHQW�ZLWKRXW�KHDWLQJ�EHFDXVH�RI�LWV�EDOOLVWLF�QDWXUH�RI�FRQGXFWLRQ�
RI�HOHFWURQV�DQG�SKRWRQV�
6:17�SURSHUWLHV�
� +LJK�HOHFWULFDO�FRQGXFWLYLW\
� 9HU\�HODVWLF
� +LJK�WHQVLOH�VWUHQJWK
� /RZ�FRHIILFLHQW�RI�WKHUPDO�H[SDQVLRQ
� +LJKO\�IOH[LEOH
� +LJK�WKHUPDO�FRQGXFWLYLW\

����15��1DWXUDO�5XEEHU�
1DWXUDO�UXEEHU�FRQVLVWV�RI�SRO\PHUV�RI�WKH�RUJDQLF�FRPSRXQG�LVRSUHQH��ZLWK�PLQRU�LPSXULWLHV�
RI�VRPH�RWKHU�RUJDQLF�FRPSRXQGV��DQG�VRPH�ZDWHU��3UHVHQWO\��UXEEHU�LV�KDUYHVWHG�PDLQO\�LQ�
WKH�IRUP�RI�WKH�ODWH[�IURP�WKH�UXEEHU�WUHH�RU�RWKHUV�
15�SURSHUWLHV�
� *RRG�HORQJDWLRQ
� *RRG FRPSUHVVLRQ�VWUHQJWK
� 0RGHUDWH�WHQVLOH�VWUHQJWK
� +LJK�DEUDVLRQ�UHVLVWDQFH
� 9HU\�KLJK�UHVLOLHQFH

����0DWHULDO�6WXGLR
0DWHULDOV�6WXGLR�LV�D�VRIWZDUH�WKDW�LV�XVHG�IRU�PRGHOOLQJ�PDWHULDOV�DQG�UXQ�VLPXODWLRQV��,W�LV�
GHYHORSHG�E\�%,29,$� 7KLV�VRIWZDUH�LV�ZLGHO\�XVHG�IRU�DGYDQFHG�UHVHDUFKHV�LQ�
� &RPSXWDWLRQDO�FKHPLVWU\�
� %LRLQIRUPDWLFV
� 0ROHFXODU�G\QDPLFV�VLPXODWLRQ�
� 4XDQWXP�PHFKDQLFV�



Ϯϭ

&KDSWHU��
7HVW�DQG�PHWKRGRORJ\

�� 6HOHFWLRQ�RI�SURSHU�PDWHULDO��6:17��IXQFWLRQDO�JURXSV�DQG�15�
�� 6HOHFWLRQ�RI�FRPSRVLWLRQ��6:17����9ROXPH�IUDFWLRQ�
�� 0ROHFXODU�'\QDPLFV�VLPXODWLRQ��)RU�6:17�UHLQIRUFHG�LQ�15�PDWUL[�
�� &KRRVH�EHVW�IXQFWLRQDO�JURXS�IRU�H[SHULPHQWDO�ZRUN�
�� 0HFKDQLFDO�VWUHQJWK�WHVW�RI�IXQFWLRQDOLVHG�6:17�RQ�870��
�� &DOFXODWLRQ�RI�PHFKDQLFDO�VWUHQJWK�DV�SHU�870�UHVXOWV�
�� &RPSDULVRQ�RI�H[SHULPHQWDO�DQG�PROHFXODU�G\QDPLFV�EDVHG�ZRUN�

Ͳ

6HOHFWLRQ�RI�
PDWHULDO

6HOHFWLRQ�RIĐŽŵƉŽƐŝƚŝŽŶ
3UHSDULQJ�WKH�
6LPXODWLRQ�ƚĞƐƚƐ

)LQGLQJ�WKH
%HVW�JURXS 3HUIRUP�7HVW�RQ�870� &DOFXODWLRQ�ZRUN

&RPSDUH
DQG�DQDO\]H�
UHVXOWV



ϮϮ

&KDSWHU��
:RUN�SODQ�DQG�WLPHOLQH

)LJXUH�� ��:RUN�3ODQ�3LH�&KDUW
7KH�UHVHDUFK�ZRUN�VWDUWHG�LQ�$XJXVW�DQG�ZLOO�HQG�E\�$SULO�QH[W�\HDU��$V�FOHDU�IURP�WKH�SLH�
FKDUW� OLWHUDWXUH�UHYLHZ�WRRN�PRVW�RI� WKH� WLPH�DV� LW� LV� WKH�PRVW�FUXFLDO�ZRUN� LQ� LGHQWLI\LQJ�D�
UHVHDUFK�JDS�DQG�WRRN�IRXU�PRQWKV��([SHULPHQWDO�DQG�VLPXODWLRQ�ZRUN�LV�VXSSRVHG�WR�WDNH�WZR�
PRQWKV�HDFK� L�H�� WKH�PRQWKV� IURP�'HFHPEHU� WR�0DUFK�� ,W� LQYROYHV�PROHFXODU� VLPXODWLRQ� LQ�
PDWHULDO�VWXGLR�IROORZHG�E\�FROOHFWLRQ�RI�PDWHULDO�DQG�SHUIRUPLQJ�WKH�H[SHULPHQW��2QH�PRUH�
PRQWK�L�H��$SULO��LV�VXSSRVHG�WR�EH�FRQVXPHG�E\�UHVXOW�DQDO\VLV�

>/d�Z�dhZ��^hZs�z�;�h'ͲEKsͿϰϱй

^/Dh>�d/KE�tKZ<;���Ͳ:�EͿϮϮй

�yW�Z/D�Ed�>�tKZ<;&��ͲD�ZͿϮϮй

Z�^h>d^��E���E�>z^/^;�WZͿϭϭй

tKZ<W>�E

>/d�Z�dhZ��^hZs�z�;�h'ͲEKsͿ ^/Dh>�d/KE�tKZ<;���Ͳ:�EͿ
�yW�Z/D�Ed�>�tKZ<;&��ͲD�ZͿ Z�^h>d^��E���E�>z^/^;�WZͿ



Ϯϯ

&KDSWHU��
([SHFWHG�2XWFRPHV

,W�LV�H[SHFWHG�WKDW�WKH�QHZ�FRPSRVLWH�IRUPHG�ZLOO�EH�RI KLJK�VWUHQJWK��ORZ�FRVW�DQG�RI�ZLGH�
XVH��7KRXJK�WKH�VWUHQJWK�RI�WKH�QDWXUDO�UXEEHU LV�OHVV WKDQ�WKH�&17V��EXW�QDWXUDO�UXEEHU�HQMR\V�
SURSHUWLHV�OLNH�UHVLOLHQFH�DQG�HODVWLFLW\��VR�FRPSRVLWH�RI�WKH�WZR�LV�H[SHFWHG�WR�EH�RI�D�JUHDWHU�
TXDOLW\�� $OVR� E\� DGGLQJ� VRPH� IXQFWLRQDO� JURXSV�� SURSHUWLHV� RI� &17� DUH� VXSSRVHG� WR� EH
LPSURYHG�� ,I� QRW� DOO�� LW� LV� H[SHFWHG� WKDW� VRPH� RI� WKH� IXQFWLRQDO� JURXSV� ZLOO� DGG� RQ� WR� WKH�
PHFKDQLFDO�SURSHUWLHV�RI�WKH�6:17��



Ϯϰ

&KDSWHU��
/LVW�RI�5HIHUHQFHV

�� ZZZ�QSWHO�DF�LQ�FRXUVHV�����������PRGXOH��OHFWXUH��SGI�
�� ,LMLPD��6XPLR���+HOLFDO�PLFURWXEXOHV�RI�JUDSKLWLF�FDUERQ�� QDWXUH �����������������

������
�� +WWSV���ZZZ�UHVHDUFKJDWH�QHW�ILJXUH����������BILJ�B)LJ���0RVW�FRPPRQ�W\SHV�RI�

IXQFWLRQDOL]DWLRQ�&17�FDUERQ�QDQRWXEH�5HSULQWHG�IURP
�� 0LFNHOVRQ��(��7���HW�DO���6ROYDWLRQ�RI�IOXRULQDWHG�VLQJOH�ZDOO�FDUERQ�QDQRWXEHV�LQ�

DOFRKRO�VROYHQWV�� 7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�% �������������������������
�� 6XQ��<D�3LQJ��HW�DO���)XQFWLRQDOL]HG�FDUERQ�QDQRWXEHV��SURSHUWLHV�DQG�

DSSOLFDWLRQV�� $FFRXQWV�RI�FKHPLFDO�UHVHDUFK ������������������������
�� 3HQJ��+DLTLQJ��HW�DO���6LGHZDOO�FDUER[\OLF�DFLG�IXQFWLRQDOL]DWLRQ�RI�VLQJOH�ZDOOHG�

FDUERQ�QDQRWXEHV�� -RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\ ���������������������
�������

�� 3ODQN��1DWDOLH�29��DQG�5��&KHXQJ���)XQFWLRQDOLVDWLRQ�RI�FDUERQ�QDQRWXEHV�IRU�
PROHFXODU�HOHFWURQLFV�� 0LFURHOHFWURQLF�HQJLQHHULQJ �������������������

�� .LP��%XPVX��DQG�:ROIJDQJ�0��6LJPXQG���)XQFWLRQDOL]HG�PXOWLZDOO�FDUERQ�
QDQRWXEH�JROG�QDQRSDUWLFOH�FRPSRVLWHV�� /DQJPXLU ������������������������

�� 3DLYD��0��&���HW�DO���0HFKDQLFDO�DQG�PRUSKRORJLFDO�FKDUDFWHUL]DWLRQ�RI�SRO\PHU±
FDUERQ�QDQRFRPSRVLWHV�IURP�IXQFWLRQDOL]HG�FDUERQ�QDQRWXEHV���&DUERQ���������������
����������

��� 5DPDQDWKDQ�7��)LVKHU�)7��5XRII�56��%ULQVRQ�/&��$PLQR�IXQFWLRQ� DOL]HG�FDUERQ�
QDQRWXEHV�IRU�ELQGLQJ�WR�SRO\PHUV�DQG�ELRORJLFDO�V\VWHPV��&KHP�0DWHU�������
�������±��

��� /LX��/XTL��HW�DO���0HFKDQLFDO�3URSHUWLHV�RI�)XQFWLRQDOL]HG�6LQJOHǦ:DOOHG�&DUERQǦ
1DQRWXEH�3RO\��YLQ\O�DOFRKRO��1DQRFRPSRVLWHV�� $GYDQFHG�)XQFWLRQDO�
0DWHULDOV ���������������������

��� /LX��-LH��HW�DO���6LGHZDOO�IXQFWLRQDOL]DWLRQ�RI�VLQJOH�ZDOO�FDUERQ�QDQRWXEHV��6:17V��
WKURXJK�DU\O�IUHH�UDGLFDO�DGGLWLRQ�� &KHPLFDO�SK\VLFV�OHWWHUV ��������������������

��� 6LQJK��3UDEKSUHHW��HW�DO���2UJDQLF�IXQFWLRQDOLVDWLRQ�DQG�FKDUDFWHULVDWLRQ�RI�VLQJOH�
ZDOOHG�FDUERQ�QDQRWXEHV�� &KHPLFDO�6RFLHW\�5HYLHZV �����������������������



Ϯϱ

��� 0HQ]HO��5REHUW��HW�DO� �$�YHUVDWLOH��VROYHQW�IUHH�PHWKRGRORJ\�IRU�WKH�IXQFWLRQDOLVDWLRQ�
RI�FDUERQ�QDQRWXEHV�� &KHPLFDO�6FLHQFH ��������������������

��� /LX��$LOLQ��.��:��:DQJ��DQG�&KDUOHV�(��%DNLV���(IIHFW�RI�IXQFWLRQDOL]DWLRQ�RI�VLQJOH�
ZDOO�FDUERQ�QDQRWXEHV��6:17V��RQ�WKH�GDPSLQJ�FKDUDFWHULVWLFV�RI�6:17�EDVHG�
HSR[\�FRPSRVLWHV�YLD�PXOWLVFDOH�DQDO\VLV�� &RPSRVLWHV�3DUW�$��$SSOLHG�6FLHQFH�DQG�
0DQXIDFWXULQJ ������������������������

��� &KHQ��+DLORQJ��HW�DO���)XQFWLRQDOL]DWLRQ�RI�VLQJOH�ZDOOHG�FDUERQ�QDQRWXEHV�HQDEOHV�
HIILFLHQW�LQWUDFHOOXODU�GHOLYHU\�RI�VL51$�WDUJHWLQJ�0'0��WR�LQKLELW�EUHDVW�FDQFHU�
FHOOV�JURZWK�� %LRPHGLFLQH�	�3KDUPDFRWKHUDS\ ���������������������

��� /DUD��,YL�9DOHQWLQL��,YDQD�=DQHOOD��DQG�6RODQJH�%LQRWWR�)DJDQ���)XQFWLRQDOL]DWLRQ�RI�
FDUERQ�QDQRWXEH�E\�FDUER[\O�JURXS�XQGHU�UDGLDO�GHIRUPDWLRQ�� &KHPLFDO�3K\VLFV ����
����������������

��� 0RKDPPDGL��=DKUD�$OL��HW�DO���$�FRPSDUDWLYH�VWXG\�RQ�QRQ�FRYDOHQW�
IXQFWLRQDOL]DWLRQ�RI�FDUERQ�QDQRWXEHV�E\�FKLWRVDQ�DQG�LWV�GHULYDWLYHV�IRU�GHOLYHU\�RI�
GR[RUXELFLQ�� &KHPLFDO�3K\VLFV�/HWWHUV ������������������

��� %DVLXN��(OHQD�9���HW�DO���6ROYHQW�IUHH�IXQFWLRQDOL]DWLRQ�RI�FDUERQ�QDQRWXEH�
EXFN\SDSHU�ZLWK�DPLQHV�� $SSOLHG�6XUIDFH�6FLHQFH ����������������������

��� .RQJ��1D��HW�DO���&DUERK\GUDWH�FRQMXJDWLRQ�WKURXJK�PLFURZDYH�DVVLVWHG�
IXQFWLRQDOL]DWLRQ�RI�VLQJOH�ZDOOHG�FDUERQ�QDQRWXEHV�XVLQJ�SHUIOXRURSKHQ\O�
D]LGHV�� &DUERK\GUDWH�UHVHDUFK ������������������

��� 3XQHWKD��9LQD\�'HHS��HW�DO���)XQFWLRQDOL]DWLRQ�RI�FDUERQ�QDQRPDWHULDOV�IRU�DGYDQFHG�
SRO\PHU�QDQRFRPSRVLWHV��$�FRPSDULVRQ�VWXG\�EHWZHHQ�&17�DQG�JUDSKHQH�� 3URJUHVV�
LQ�3RO\PHU�6FLHQFH �������

��� *H�7LDQ��HW�DO��³6XEVWLWXHQW�HIIHFWV�LQ�S�VWDFNLQJ�RI�KLVWLGLQH�RQ�IXQFWLRQDOL]HG�6:17�
DQG�JUDSKHQH´��&RPSXWDWLRQDO�DQG�7KHRUHWLFDO�&KHPLVWU\�������������������

��� 6KDUPD��6XPLW��HW�DO���0ROHFXODU�G\QDPLFV�VLPXODWLRQ�RI�IXQFWLRQDOL]HG�6:&17±
SRO\PHU�FRPSRVLWHV�� -RXUQDO�RI�&RPSRVLWH�0DWHULDOV �������������������������




